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Abstract: Muonium has been used as an H atom analogue to investigate the free radicals formed by H addition to the
polyaromatic hydrocarbon fluoranthene. There are nine unique carbons in the molecule, but only five radicals were de-
tected. Muon and proton hyperfine constants were determined by transverse field µSR and µLCR, respectively, and
compared with calculated values. All signals were assigned to radicals formed by Mu addition to C-H sites. There is
no evidence for addition to the tertiary carbons at ring junctions.
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Résumé : Les radicaux libres formés par addition de l’atome d’hydrogène à la molécule aromatique du fluoranthène
ont été étudiés en utilisant le muonium comme analogue de l’atome d’hydrogène. Il y a neuf carbones non-équivalents
présents dans la molécule, toutefois, seulement cinq radicaux libres ont été détectés. Les constantes hyperfines du
muon et de certains des protons ont pu être déterminées par spectroscopies µSR et µLCR et les valeurs obtenues ont
été comparées à des valeurs calculées. Tous les signaux observés ont pu être attribués aux radicaux libres formés par
l’addition de Mu aux carbones portant le groupe C-H; l’addition de Mu aux carbones tertiaires qui joignent les cycles
aromatiques ne se fait pas.

Mots clés : muonium, fluoranthène, radicaux libres, constantes hyperfines.

Brodovitch et al. 6

Introduction

One of the interesting questions raised in the past decade
of research on fullerenes is how reactivity to radical attack is
influenced by curvature of a carbon skeleton (1–3). Consider
the addition of a single H atom or other small radical to C60
and to C70. In the former case there is only one possible rad-
ical product, since all carbons are identical. In contrast, the
ellipsoidal C70 has five chemically inequivalent sets of car-
bon atoms, and therefore five distinct radicals could be
formed. Of these, the least reactive is the carbon at the
“equator” where the curvature is least. Since high reactivity
is associated with release of strain energy at a site of high
curvature (1), it follows that planar carbon sites would be
least reactive.

To test the reactivity of “flat” polyaromatic hydrocarbons
(PAHs) we investigated Mu or H atom addition to pyrene,
whose carbon skeleton can be considered a fragment of C70
(4). Three radicals were identified, but all are formed by Mu
addition to secondary carbons at the edge of the molecule, in
the same way that cyclohexadienyl is formed by H or Mu

addition to benzene. No evidence was found for addition at
the tertiary carbon sites that most resemble those of a fullerene.

The present study is an extension of our investigation to
fluoranthene (Fig. 1). Although the PAH itself is planar, its
carbon skeleton is a common fragment of fullerenes where
isolated five-membered rings are surrounded by 6-rings.
Since this feature introduces curvature to a fullerene, its
presence might promote radical addition at ring junctions in
PAHs.

As far as we know there is no literature data on mono-
hydrofluoranthene radicals.

Muon spin rotation and muon level-crossing
resonance experiments

Experiments were performed at the M20 muon beam line
of the TRIUMF cyclotron facility in Vancouver, BC. The
sample was pure fluoranthene sealed oxygen-free in a stain-
less steel vessel fitted with a thin steel foil window. Its tem-
perature was maintained at ≈ 117°C (above the melting point
of fluoranthene) by passing fluid from a constant tempera-
ture bath (set at 120°C) through the sample mount, which
was surrounded by vacuum. A liquid sample was needed to
ensure sharp spectral features by averaging anisotropic
hyperfine parameters. The alternative to a neat liquid is to
use a solution, as in the previous study (4), but this generally
leads to less intense radical signals, as a fraction of the inci-
dent muons end up in the solvent.

Transverse field muon spin rotation (µSR) and muon
(avoided) level-crossing resonance (LCR) spectra were accu-
mulated over a period of several days. Apart from the higher
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temperature, the apparatus and measurement procedures
were as described previously (4). Spin-polarized positive
muons (4 MeV) were extracted from the beam line and
stopped in the sample, which was mounted in the
HELIOS µSR spectrometer whose magnetic field was
aligned along the beam direction. Transverse muon polariza-
tion was used for the µSR measurements and longitudinal
polarization for LCR, with the positron counters arranged
accordingly (4). Figure 2 shows an example of a µSR spec-
trum at a fixed magnetic field, 17.34 kG. The LCR spectrum
displayed in Fig. 3 is a composite of many individual runs
over different field ranges. Repeated runs were needed to
achieve acceptable signal-to-noise for the weakest signals.

The signals of five radicals are evident in the transverse
field µSR spectra; two of them are almost degenerate (close
to 60 MHz in Fig. 2). Although each radical gives rise to a
pair of muon precession frequencies (νR1 and νR2; see eq. [1]
below), only the lower frequency signals are visible in the
range displayed in Fig. 2. (Their higher frequency partners
are less intense, mainly because of the limited time resolu-
tion of the apparatus.) Measurements at different magnetic
fields confirmed the assignment of the signals to muoniated
radicals. Their muon hyperfine constants (Aµ) were calcu-
lated from theoretical expressions for the precession fre-
quencies (4, 5)

[1] ν ν ν νµ µR1 mid R2 midand= − = +1
2

1
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and νe and νµ are the electron and muon Larmor frequencies.
The results are summarized in Table 1, which also lists

the relative abundances of the five radicals as determined
from the signal amplitudes. In principle, nine different radi-
cals could be formed by Mu addition to fluoranthene, since
there are nine unique carbons (1, 2, 3, 7, 8, 10a, 10b, 10c,
and 3a; all but the last two are doubly degenerate; see
Fig. 1). Assignment of the µSR signals to specific radical
structures is not possible without further information, so at
this stage they are simply labeled 1–5 in decreasing order of
intensity.

Interpretation of the LCR spectrum (Fig. 3) is more com-
plicated. Each of the five radicals detected by µSR will also
have hyperfine interactions between the unpaired electron
and the protons in the molecule. Since fluoranthene has ten
protons, each muoniated radical could potentially give rise
to ten LCR resonances, with the signals from different radi-
cals distributed in overlapping field regions. In practice only
the largest proton couplings are likely to give detectable sig-
nals, and the LCR signals will also be scaled by the radical
abundances (Table 1). Up to 17 resonances can be distin-
guished in Fig. 3. Their differential-like shape is a result of
square-wave modulation of a small component of the ap-

© 2003 NRC Canada

2 Can. J. Chem. Vol. 81, 2003

Fig. 1. The fluoranthene molecule and the IUPAC numbering
system used in this paper.

Fig. 2. Part of the Fourier power µSR spectrum from liquid
fluoranthene at 118°C in an applied magnetic field of 17.34 kG.
The peaks labeled 1–5 are due to free radicals formed by Mu
addition to different sites in the fluoranthene molecule.

Fig. 3. Muon level-crossing resonance spectrum from liquid
fluoranthene at 117°C.

Radical Aµ (MHz) Abundance (%)

1 263.87(1) 35.8(7)
2 348.95(2) 26.8(7)
3 347.35(3) 14.2(7)
4 434.86(5) 13.7(6)
5 402.25(6) 9.5(1.1)

aStatistical uncertainties are shown in parentheses.

Table 1. Measured muon hyperfine constants for the five ob-
served Mu-fluoranthenyl radicals and their relative abundance de-
rived from µSR signal amplitudes.a
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plied magnetic field, which is used to suppress some of the
baseline fluctuations (4). The resonances were fitted with a
Lorentzian line shape; the fit parameters for the strongest 14
are gathered in Table 2. The few extra features that could
not be fitted with physically meaningful parameters are
barely above the noise and were ignored in the final analy-
sis.

For protons, the resonance field is given by (4,5)

[3] B
A A A A

LCR
p

p

p

e
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−
−

−
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where Ap is the proton hyperfine constant (hfc) and γµ, γp,
and γe are the magnetogyric ratio of the muon, proton, and
electron, respectively. In addition, the width and the ampli-
tude of a resonance are given by
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where ωLCR is the frequency at resonance and λeff the effec-
tive relaxation rate (muon decay rate plus any additional re-
laxation contribution),

[6] ω
π

γ
µ

LCR
p

e LCR

=
c A A

B

and c is the number of magnetically equivalent protons at
resonance.

Clearly, to calculate the hyperfine constant of a particular
proton from its resonance field position (BLCR) it is neces-
sary to know the value of the muon hfc (Aµ) for that particu-
lar radical. Thus, the first step in assigning the LCR
resonances is to deduce which resonances correspond to
which Aµ values. Our experience interpreting the LCR spec-
trum of muoniated pyrenyl isomers was beneficial, and fol-
lowing the procedure described in ref. (4) we identified five
resonances due to the –CHMu– group. As indicated in

Table 3, the ratio of muon and proton hfcs is in the range
1.20–1.25 after correction for the different magnetic mo-
ments (correction factor = 3.183). This muon–proton isotope
effect is typical for cyclohexadienyl type radicals and is con-
sistent with zero-point vibrational effects in anharmonic vi-
brational modes (5, 6).

The remaining resonances from Table 2 are narrower than
those assigned to the methylene groups and can be attributed
to α protons (protons attached to a carbon that carries signif-
icant unpaired spin density). Beyond that one must turn to
theoretical prediction to help in the assignment.

Computation and discussion

Model calculations were performed on the nine isomeric
H atom adducts of fluoranthene using density functional the-
ory (DFT) as implemented in the Gaussian suite of programs
(7). The structures were optimized at the UB3LYP/STO-3G
level, and then single-point computations were performed at
the UB3LYP/6–31G** level to calculate the hyperfine con-
stants and Hartree–Fock energies.

The molecular geometry for each H adduct radical should
also be valid for the muoniated species, within the Born–
Oppenheimer approximation. Similarly, electron distribu-
tions should be identical for isotopomers. However, zero-
point vibrational effects are larger for normal modes involv-
ing Mu, and this can result in considerable isotope effects on
vibrationally averaged hyperfine interactions. In particular,
such effects have been investigated for cyclohexadienyl (6)
and HC60 (8). In view of the preliminary assignments and
hfc ratios indicated in Table 3 we scaled computed proton
hfcs by a factor of 1.20 to predict the muon hfc (a factor of

© 2003 NRC Canada
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Field (kG) Width (G) Relative amplitude

10.434(1) 38(2) 1.00
13.771(1) 53(2) 0.60(2)
13.867(3) 42(5) 0.18(2)
15.4272(5) 15.4(7) 0.38(1)
16.120(4) 57(7) 0.11(8)
17.325(5) 70(14) 0.18(2)
19.161(2) 13(3) 0.067(8)
19.349(2) 20(4) 0.077(8)
19.466(4) 17(8) 0.033(8)
19.721(4) 24(6) 0.042(6)
22.819(34) 45(19) 0.013(7)
23.717(7) 46(14) 0.03(4)
24.246(6) 11(8) 0.03(2)
24.771(7) 24(11) 0.026(8)

Table 2. Fitted parameters of muon level-crossing resonances de-
tected for Mu-fluoranthenyl radicals.

Mu site
∆E
(kJ mol–1) a

Aµ(calcd.)
(MHz)a,b

Aµ(exptl.)
(MHz) Radical

C-3 0 278 264 1
C-1 17 346 347 3
C-8 35 355 349 2
C-2 42 394 402 5
C-7 43 430 435 4
C-6a 58 441 — —
C-6b 72 498 — —
C-10c 107 732 — —
C-3a 139 893 — —

aSingle point UB3LYP/6–31G** on UB3LYP/STO-3G optimized
geometry.

bIncludes a factor of 1.20 to account for the primary isotope effect.

Table 4. Relative energies of formation and muon hfcs calcu-
lated for the nine possible fluoranthenyl radicals, compared with
the experimental muon hfcs and the radical assignment.

Field (kG) Assignment Aµ (MHz) Ap (MHz) (Aµ/Ap)/3.183

10.434(1) 1 263.87(1) 68.81(2) 1.20
13.771(1) 2 348.95(2) 91.50(3) 1.20
13.867(3) 3 347.35(3) 88.13(6) 1.24
16.120(4) 5 434.86(5) 111.01(10) 1.23
17.325(5) 4 402.25(6) 100.93(9) 1.25

Table 3. Assignment of muon level-crossing resonances due to
methylene (–CHMu–) groups in Mu-fluoranthenyl radicals.
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3.183 is also required to account for the magnetic moment).
Similarly, taking account of prior experience (4), we used a
factor of 0.94 for the corresponding H in a –CHMu– group.

The relative Hartree–Fock energies of the nine H adduct
radical isomers are listed in Table 4 together with the corre-
sponding predicted muon hfcs. The hfcs of the first five en-
tries (lowest energies) are well matched to the experimental
data, although one cannot exclude the H adduct to carbon 6a
on this ground alone. The radicals were thus assigned as in
the last column of Table 4. It is significant that, as in the
case of pyrene (4), only products of attack at H-bearing car-
bons are experimentally detected. Otherwise, we would have
found a muon hfc without a corresponding –CHMu– proton;
Table 3 shows that this was not the case.

The calculations also provide the hfc of each proton for
each radical species. Using eqs. [3–6], the LCR field, width,
and amplitude (weighted with the radical abundance) of the
corresponding signals may be predicted. It is then possible
to test if the calculated hfc values are found to be a reason-
ably close match with experimental data obtained after mak-
ing an a priori assumption of the muon hfc to use for each
level-crossing resonance. The results of our analysis are dis-
played in Table 5.

In this fashion most of the observed LCR signals were as-
signed, although ambiguity and inconsistency remain for some
of the weaker features observed. For example, in the case of
the Mu-1-fluoranthenyl radical (radical 3), calculations predict
four negative hfcs for protons in positions 2 (–9.3 MHz), 8
(–10.8 MHz), 5 (–14.1 MHz), and 10 (–11.1 MHz). Experi-
mentally, in the expected field region only two LCR reso-
nances are observed (at 19.35 kG and 19.47 kG), from which
one derives proton hfcs of –9.93 MHz and –13.43 MHz. A

good fit is obtained if it is assumed that each of these
resonances is actually accidentally doubly degenerate, which
suggests that protons in positions 2, 8 and 5, 10 have,
pairwise, very close hfcs not quite reproduced by the calcu-
lations.

Conclusions

Five muoniated radicals (out of the possible nine) are
formed by the addition of muonium to fluoranthene. Using
DFT calculations as guides for the assignment of the various
experimental spectral features, the hyperfine constants of the
muon and selected protons in the various radicals could be
obtained. The results are summarized in Fig. 4, in which all
the assigned hfcs are shown on the structure diagrams for
the radicals detected. Unlike the situation for C60 or C70,
there is no evidence of a radical being formed by Mu attack
on one of the trigonal carbon sites (positions 3a, 6a/10b,
6b/10a, 10c), although calculations suggest that an attack at
position 6a/10b might be possible.

From the hyperfine constants of the α-protons obtained
experimentally, it is also possible to deduce the distribution
of unpaired π-spin density ρα on the corresponding carbon
using McConnell’s relation (9)

[7] A Q QH where 75 MHz= ≈ −α α αρ ,

The results are displayed in schematic form in Fig. 5. For
clarity, only positive spin densities are displayed. Since the
experimental data reported here give no direct information
on carbon atoms not bearing a hydrogen (such information
could be obtained from experiments on 13C enriched fluo-
ranthene), the corresponding unpaired spin density displayed
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1 (3-Mu-FA) 2 (8-Mu-FA) 3 (1-Mu-FA) 4 (7-Mu-FA) 5 (2-Mu-FA)

Nucleus Site Calcd. Exptl. Calcd. Exptl. Calcd. Exptl. Calcd. Exptl. Calcd. Exptl.

Mu … 278b 263.87 355b 348.95 346b 347.35 430b 434.86 394b 402.25
H C3 68.8c 68.81(2) … … … … … … … …
H C8 … … 87.4c 91.50(3) … … … … … …
H C1 … … … … 85.4c 88.13(6) … … … …
H C2 –31.2 –23.70(1) … … … … … … … …
H C2 … … … … … … … … 97.1c 100.93(9)
H C7 … … … … … … 105.9c 111.01(10) … …
H C2 ⋅ ⋅ ⋅ … … … –9.3 −9.93(5)d … … … …

C8 –10.8
H C5 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ –14 –13.43(4)d ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

C10 –11.1
H C7 … … –19.9 –14.00(8) … … … … … …
H C9 … … –27.7 –18.74(7) … … … … … …
H C6 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ –18.8 −23.2(6)d

C4 –17.0
H C3 … … … … … … … … –47.9 –39.8(1)
H C8 … … … … … … –22.8 –17.22(12) … …
H C10 … … … … … … –31.6 –26.94(14) … …

aSingle point UB3LYP/6–31G** on UB3LYP/STO-3G optimized geometry.
bIncludes a factor of 1.20 to account for primary isotope effect.
cIncludes a factor of 0.94 to account for secondary isotope effect.
dAccidentally doubly degenerate (see text).

Table 5. Comparison between calculateda and experimental muon and proton hfcs (in MHz) for the five assigned Mu-fluoranthenyl
radicals (Mu-FA). The experimental proton hfcs were determined from eq. [3] and are listed in order of the corresponding level-
crossing resonances.
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in Fig. 5 was taken from the calculations. It is apparent that
most of the protons adjacent to significant unpaired spin
density have been detected in the present experiment. How-
ever, the calculations seem to indicate that there is signifi-
cant unpaired spin density on carbons 1 and 3 of radical 2
and carbons 4 and 6 of radical 4, and that the corresponding
proton hfcs may be measurable. In addition, there are a few
cases where negative spin density may be sufficient to give
rise to measurable positive α-proton hfcs.

It is evident from Fig. 5 that radical 1, the lowest energy
isomer, is also the one with the greatest spread of unpaired
π-spin density, consistent with a general notion of resonance
stabilization. However, it would be dangerous to infer much
from the apparent correlation between Aµ and radical energy
(Table 4), since other factors contribute to both the relative
energies of the radicals and to the muon hfc. In particular,
the hfc depends on geometric factors (the dihedral angle be-
tween the C—Mu bond and the z-axis of the π-spin system)
and the unpaired spin density on the adjacent carbon atoms
(10, 11).

Similarly, the fact that the lower energy radicals were de-
tected and not those corresponding to Mu(H) addition at
trigonal carbon sites is related to the energy required to dis-
tort the carbon skeletons of the latter. However, it is impor-
tant to realize that the relative abundance of the radical
isomers depends on kinetic competition for the various sites,
and that this reactivity is determined by the activation en-
ergy for Mu(H) addition, which is only indirectly linked to
the radical (product) energy.

The findings reported in this paper and the preceding
study of Mu addition to pyrene (4) show that planar PAHs

are not good models to investigate the reactivity of fullerene
fragments. Therefore, as the next stage in our exploration of
this topic we have undertaken a study of Mu addition to a
pyrenophane, a PAH with a curved carbon skeleton (12).
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Fig. 5. Principal sites of positive unpaired π-spin density in the five muoniated fluoranthenyl radicals detected. The circled areas are
proportional to the spin density as determined from calculations and confirmed from experimentally determined proton hyperfine con-
stants (shaded areas).

Fig. 4. Assigned hyperfine constants (in MHz) for the five fluoranthenyl radicals. Alternative assignments or degenerate values for rad-
icals 3 and 5 are shown by question marks.
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Formation of the charge-transfer exciton in 1,3,5-
triphenyl-2-pyrazoline nanocrystals

Hongbing Fu, Debao Xiao, Ruimin Xie, Xuehai Ji, and Jian-Nian Yao

Abstract: A series of 1,3,5-triphenyl-2-pyrazoline (TPP) nanocrystals were prepared by the reprecipitation method. The
electronic transitions of TPP nanocrystals have been studied using both absorption and fluorescence spectra. An absorp-
tion feature at about 400 nm gradually appeared with increasing nanocrystal size. This feature resulted from the forma-
tion of the charge-transfer (CT) exciton in nanocrystals. It was also supported by the longer decay time of the
nanocrystal emission from CT compared with that of the solution emission from S1 at 298 K. On the other hand, the
different behavior of the molecular π–π* and n–π* transitions originates from the different overlapping modes of the
pyrazoline π orbital and n-electron orbital, according to the molecular model calculations. The nanocrystal emission
from both the S1 and CT states was found at 77 K; moreover, the emission intensity redistributed from S1 to CT with
increasing nanocrystal size. In contrast, at 298 K, only the emission from the CT states was observed, since the ther-
mal fluctuation easily relaxes the excited electrons into CT states through vibration.

Key words: reprecipitation method, organic nanocrystals, charge-transfer exciton, size-dependent property.

Résumé: Utilisant la méthode de reprécipitation, on a préparé une série de nanocristaux de 1,3,5-triphényl-2-pyrazoline
(TPP). On a étudié les spectres d’absorption et de fluorescence ainsi que les transitions électroniques des nanocristaux
de TPP à l’échelle nanocristalline. Une caractéristique d’absorption aux environs de 400 nm apparaît graduellement
avec une augmentation de la taille nanocristalline qui conduit à la formation de l’exciton de transfert de charge (TC)
dans les nanocristaux; ceci est supporté par le fait que, à 298 K, le temps de décroissance de l’émission nanocristaline
à partir de l’état TC est plus long que celui de l’émission en solution à partir de S1. Par ailleurs, il semble sur la base
de calculs de modèles moléculaires, que le comportement différent des transitions π–π* et n–π* moléculaires trouve
son origine dans un mode de recouvrement différent de l’orbitale π de la pyrazoline et de l’orbitale de l’électron n. À 77 K,
on a observé une émission nanocristalline tant à partir de l’état S1 que de l’état TC; toutefois, avec une augmentation
de la taille nanocristalline, on observe que l’intensité de l’émission se redistribue de S1 à TC. Toutefois, à 298 K, on
n’observe que l’émission provenant des états de TC puisque la fluctuation thermique permet de faire facilement passer
les électrons excités vers les états de TC par le biais de vibrations.

Mots clés : méthode de reprécipitation, nanocristaux organiques, exciton de transfert de charge, propriété qui varie avec
la taille.

[Traduit par la Rédaction] Fu et al. 13

Introduction

In the past decades, the synthesis of semiconductor nano-
crystals with controlled size (1–2), shape (3), and composi-
tion (4) have paved the way for numerous spectroscopic
studies, which assigned the quantum dot electronic states
and mapped their evolution as a function of size. One of the
most interesting findings is the strong effect of confinement
on electron-hole pairs in semiconductor quantum dots,
which leads to their size-tunable optical properties (5). This
type of confinement is not expected in organic crystals be-
cause of the small radius of the Frenkel exciton, which is the

reason for the scarcity of reports on the preparation of nano-
crystals from general organic molecules (6–11). However,
by alternating multiple quantum-well structures grown by
organic molecular beam deposition, Forrest and co-workers
(12, 13) were able to report the confinement effect on the
charge-transfer exciton in 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA) and 3,4,7,8-naphthalenetetracar-
boxylic dianhydride (NTCDA). Because of the great diver-
sity of organic molecules compared with inorganic
compounds, there is a challenge to extend the research on
nanocrystals from metals and semiconductors to the organic
field. The electronic and optical properties of organic semi-
conductors are fundamentally different from those of inor-
ganic metals and semiconductors owing to the weakness of
the van der Waals type intermolecular interaction forces (14,
15). To understand how these properties develop as a func-
tion of size is of fundamental (16) and technological interest
(17).

Pyrazoline derivatives have been widely used as optical
brightening agents for textiles and paper because of strong
fluorescence (18, 19) and as a hole-conducting medium in
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photoconductive materials (20, 21) and electro-luminescence
(EL) devices (22). 2-Pyrazolines containing electron donors
and acceptors at their 1- and 3-positions have intrinsically
large molecular hyperpolarizabilities and are considered to be
important organic heterocyclic semiconductors (23). In our
previous work, the optical size dependence of nanoparticles
of 1-phenyl-3-((dimethylamino)styryl)-5-((dimethylamino)phe-
nyl)-2-pyrazoline (PDDP) was identified and found to origi-
nate from the formation of the charge-transfer (CT) exciton.
The optical size dependence was found to correspond to in-
creasing nanoparticle size (24). The research outlined in this
article is an extension of the above research. For this paper
1,3,5-triphenyl-2-pyrazoline (TPP) nanocrystals of different
sizes have been prepared; further, their optical properties
have been found to present as a function of crystal size ow-
ing to the formation of the charge-transfer exciton. The opti-
cal size effects presented by pyrazoline nanocrystals are
likely to be important, considering future luminescence ap-
plications of organic materials.

Experimental section

Materials
The compound 1,3,5-triphenyl-2-pyrazoline (TPP) was

synthesized according to ref. 18 and confirmed by NMR and
MS. TPP nanocrystals were prepared as follows: quantities
of TPP–ethanol solution (1.0 × 10–3 mol·L–1) were injected,
with vigorous stirring, into 10 mL of water using a 100 µL
microsyringe. The TPP molecules began to aggregate at
once and nanocrystals dispersed in water were obtained. By
controlling both the quantity of TPP–ethanol solution in-
jected into water and the temperature, the size of the nano-
crystals could also be controlled. For example, when 40 and
100 µL of the TPP–ethanol solution was injected, the final
nanocrystal sizes were 60 and 125 nm at 25°C or 90 and
170 nm at 50°C, respectively.

Methods
The UV–vis absorption spectra of the nanocrystals in wa-

ter dispersion were measured using a SHIMADZU UV-1601
PC double beam spectrophotometer. The steady-state fluo-
rescence excitation and emission spectra were recorded with
a Hitachi F-4500 spectrometer. The measurements of fluo-
rescence lifetimes with excitation at 360 nm were per-
formed, with monitoring at 445 nm for the solution and at
465 nm for the nanocrystals, on a Horiba NAES 1100 nano-
second fluorometer. The sizes and shapes of the nanocrystals
were observed by means of the field emission scanning elec-
tron microscope (JSM-6301F). The mean size and the size
distribution of nanocrystals dispersed in water were also
evaluated by the dynamic light-scattering (DLS) technique
using a Zetaplus BI-9000 (Brookhaven Instruments Corpora-
tion, U.S.A.). The same instrument was also used to measure
the surface electric ξ-potential of the nanocrystals.

Molecular modeling calculations were carried out using
CHEM3D Pro 4.0, which was developed by CambridgeSoft
Corporation (Mass., U.S.A.). Molecular modeling was done
on a Pentium 266 using an MM2 force field. The structures
of two neighboring TPP molecules in the nanocrystals were
drawn and the minimum energy of configuration was ob-
tained by energy minimization in vacuum conditions. The

modeling was also done using the PM3 semiempirical quan-
tum mechanical method for a TPP molecule pair in the
nanocrystal. The minimization procedure involved systemat-
ically altering the coordinates of the atoms and estimating
the conformation until a minimum energy configuration was
reached.

Results and discussion

We successfully prepared a series of TPP nanocrystals
ranging in size from tens to hundreds of nanometers, la-
belled NC1, NC2, NC3, NC4, and NC5 — corresponding to
the average nanocrystal sizes 30, 60, 90, 125, and 170 nm,
respectively. The nanocrystal dispersions in water appeared
turbid white because of the light scattering property of nano-
crystals; moreover, the color deepened as the nanocrystal
size increased. Some of the field emission scanning electron
microscopy (FESEM) photographs are shown in Fig. 1, in
which the average crystal sizes are 60, 125, and 170 nm.
These values agree roughly with those determined by the dy-
namic light scattering (DLS) technique. It can be seen from
Fig. 1 that the shape of the TPP nanocrystals is cubic, which
suggests that the crystallization of the TPP nanocrystals is
good. In the process of observation, the original sharp mar-
gins of the cubic nanocrystals was blurred over time by the
bombardment of electrons, as a result of the surface effect,
which caused a reduction in the melting point (16). The
measurements of the surface electric ξ-potential of the nano-
crystals shows that they are negatively charged.

Figure 2 displays the UV–vis absorption spectra of differ-
ent sizes of TPP nanocrystals dispersed in water. For com-
parison, the spectrum of a dilute TPP–ethanol solution (1.0 ×
10–5 mol·L–1), which has three peaks at 240, 305, and
357 nm, is also displayed (Fig. 2(m)). It has been reported
that the UV band at 240 nm arises from the phenyl ring
(Pphenyl), and the other two peaks at 305 and 357 nm are due
to the pyrazoline ring n–π* (Pn–π*) and π–π* (Pπ–π*) transi-
tions, respectively (25–27). No spectral changes were ob-
served when the concentration changed from 1.0 × 10–5 to
1.0 × 10–3 mol·L–1. As the nanocrystal size increases from
NC1 to NC5, the Pphenyl of the TPP nanocrystal is observed
to shift to longer wavelengths, while the Pn–π* remains at al-
most the same position. Moreover, the peak in the region of
350~425 nm broadens and its shape changes from symmet-
ric to asymmetric. The asymmetric peak located at approxi-
mately 350~425 nm actually consists of two peaks,
especially for NC4 or NC5. The one at shorter wavelengths
originates from the π–π* transition of TPP molecules. The
other at longer wavelengths is strongly affected by the nano-
crystal size, becoming vanishingly small for crystal sizes
≤30 nm. This behavior is expected for an aggregate state
arising from the π–π orbital overlap of closely stacked TPP
molecules in nanocrystals; it is similar to previous observa-
tions of absorption by aggregate states in other organic mo-
lecular crystals such as α-perylene (28), C60 (29), and
3,4,9,10-perylenetetracarboxylic dianhydride (30). In addi-
tion, the absorption spectrum of the solution has no detect-
able peak in the region of 400–420 nm, in contrast to the
absorption spectrum of NC1, although the solution concen-
tration of TPP molecules in the system is greater than that of
the NC1–water dispersion, which was prepared by injecting
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40 µL of a 1.0 × 10–3 mol·L–1 TPP–ethanol solution into
10 mL of water at 0°C. From this, we infer that the peak at
longer wavelengths is associated only with aggregate forma-
tion; we have labelled it PCT.

To accurately determine the detailed behavior of absorp-
tion transitions based on nanocrystal sizes, each spectrum in
Fig. 2 was fitted to four Gaussian peaks using the parame-
ters provided in Table 1. The inset in Fig. 2 is a sample fit
for the spectrum of NC4. The most interesting phenomenon

is that the relative oscillator strength of the π–π* transition,
Fπ–π*, which was determined from the peak area percentage
of π–π* absorption for the whole absorption of the
pyrazoline ring, basically keeps the same value (about
83.5%) for different nanocrystal sizes. On the other hand,
Fn–π* decreases from 14.2 to 4.9%; this decrease is accompa-
nied by an increase of FCT from 3.8 to 10.7% with increas-
ing nanocrystal size (from 30 to 170 nm).

The fluorescence excitation spectra of TPP nanocrystals in
Fig. 3 show similar changes to those found in the absorption

© 2003 NRC Canada
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Fig. 1. The FESEM photographs of TPP nanocrystals: (a) 60,
(b) 125, and (c) 170 nm.

Fig. 2. The UV–vis absorption spectra of different sizes of TPP
nanocrystal dispersed in water. The spectrum of a 1.0 × 10–5 mol·L–1

TPP–ethanol solution (m). Inset: the sample numerical fit to the
absorption spectrum of NC4.

Fig. 3. The fluorescence excitation spectra of different sizes of
TPP nanocrystals dispersed in water, measured at room tempera-
ture. The spectrum of a 1.0 × 10–5 mol·L–1 TPP–ethanol solution
(m).
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spectra. The dashed line in Fig. 4 is the emission spectrum
for a 1.0 × 10–5 mol·L–1 TPP–ethanol solution, with an
asymmetric peak centered at 445 nm. The emission spec-
trum of NC4, with a peak at 465 nm, presents as a typical
example of nanocrystal emission, since the nanocrystal size
hardly influences its shape and peak energy. Note that the
shape of the nanocrystal emission is similar to that of the so-
lution emission; only the peak energy is red-shifted by
0.12 eV from the value for the dilute solution. Moreover, no
significant changes in the emission shape were observed as
the pump energy changed from E = 4.96 to 3.1 eV for both
the solution and nanocrystal. To further clarify their assign-
ment, fluorescence decays were measured for the solution
(monitored at 445 nm) and for the nanocrystal (monitored at
465 nm) with the same excitation wavelength at 360 nm. All
decay curves shown in Fig. 5 are well described using a sin-
gle-exponential function with high accuracy. The fluores-
cence lifetimes of the solution and the nanocrystal were
determined to be τs = 1.43 ± 0.12 ns and τn = 3.86 ± 0.44 ns,
respectively. Since monomers are the dominant species in
the dilute solution, and since the solution emission spectrum
does not change with concentration, the solution emission

spectrum is assigned to the direct monomer transition from
S1 to S0. In general, the emission from the intermolecular
charge-transfer (CT) state exhibits a longer decay time than
that from the initially excited state (31). As stated above, τn
is about 2.5 × τs. Therefore, it is likely that the increased flu-
orescence lifetime of τn results from the emission from CT
to the ground state. Returning to Fig. 2, the gradually ap-
pearing absorption feature by aggregates at about 400 nm
(PCT) reasonably corresponds to the absorption from S0 to CT.

To interpret the data of Figs. 2–5, we have indicated sche-
matically the various transitions between the lowest energy
states found for TPP nanocrystals (Fig. 6). Here, the lower
energy of CT, as compared with S1, is also consistent with
this picture, where CT states are found generally at energies
lower than the corresponding maxima of the monomer spec-
trum (14, 15). The difference between the solution and
nanocrystals is that the latter presents the transitions involv-
ing CT states; the former rarely does. However, the fine
structure shown in Fig. 6 cannot be observed at room tem-
perature because of thermal fluctuation. Therefore, we have
also measured the emission spectra, with excitation at 360 nm,
in liquid nitrogen (temperature 77 K), as shown in Fig. 7.

In Fig. 7(m), the solution emission spectrum measured at
77 K, four peaks are observed at 405, 428, 454, and 482 nm,
respectively. The equal spacing between them indicates that

© 2003 NRC Canada
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Pphenyl Pn– π* Pπ – π* PCT

Sample Position (nm) Position (nm) F n– π*
a (%) Position (nm) Fπ – π*

a (%) Position (nm) FCT
a (%)

m 240 304 17.0 357 83.0 — —
NC1 253 308 14.2 368 82.0 398 3.8
NC2 255 310 9.7 372 83.5 400 6.8
NC3 259 311 7.5 378 84.0 402 8.5
NC4 262 311 6.8 382 83.8 405 9.4
NC5 270 310 4.9 390 84.4 408 10.7

aFi were determined from the area percentage of peak i for the whole absorption of the pyrazoline ring; i denotes Pn– π *, Pπ – π *, and PCT, respectively.

Table 1. The results of a numerical fit to the absorption spectra of a dilute solution of TPP (m) and different sizes of nanocrystals
(NC1 to NC5).

Fig. 4. The fluorescence emission spectra of NC4 and the dilute
solution (1.0 × 10–5 mol·L–1) measured at room temperature. The
spectrum of a 1.0 × 10–5 mol·L–1 TPP–ethanol solution (m). The
excitation wavelength is 360 nm.

Fig. 5. Fluorescence decay curves for the dilute solution (moni-
tored at 445 nm) and for NC4 (monitored at 465 nm) with exci-
tation at 360 nm, at 298 K.

0

5

25

75

95

100

I:\cjc\cjc8101\V02-193.vp
Tuesday, January 14, 2003 7:51:54 AM
Plate: 4 of 7

Color profile: Disabled
Black  100 lpi at 45 degrees



they originate from different vibrational states (νn = 0, 1, 2,
3) in S0. As for nanocrystals, the intensity of the peak at
405 nm, I405, gradually decreases with increasing nano-
crystal size; moreover, the low energy tail extends to longer
wavelengths simultaneously. The nanocrystal emission at 77 K
is different from that at room temperature, as it is influenced
not only by nanocrystal size but also by the excitation wave-
length λex. An example is shown in Fig. 8(a), where the
emission spectra of NC4 with different λex display this ten-
dency. When λex is less than 400 nm, corresponding to exci-
tation directly into S1,

2 the two low-energy peaks (<450 nm)
gradually rise as λex increases. When λex is bigger than

400 nm with excitation into CT states,2 the nanocrystal
emission is similar to that of the solution and may come di-
rectly from the CT states. In Fig. 8(b), we have added the
solution emission spectrum (dashed line) — of which the in-
tensity at 405 nm has been adjusted to be equal to I405 of
NC4 excited at 360 nm — to the emission spectrum of NC4
excited at 405 nm (alternating dashed and dotted line). It is
interesting that the sum (dotted line) is superposed with the
emission spectrum of NC4 excited at 360 nm (solid line).
This indicates that the nanocrystal emission originates from
both S1 and CT at 77 K when excitation energy is above
S1 (cf. Fig. 6). Further, the intensity is redistributed from
S1 to CT with increasing nanocrystal size. The coexistence
of emission transitions [S1–S0] and [CT–S0] indicates that
the S1 and CT states are in equilibrium in the nanocrystals at

© 2003 NRC Canada
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Fig. 6. Proposed transitions for TPP molecules in nanocrystals.
The wavy lines indicate the vibrational relaxation process. The
dashed arrows indicate those transitions occurring only at 77 K.

Fig. 7. The emission spectra of different sizes of TPP nano-
crystals dispersed in water measured at 77 K. The spectrum of a
1.0 × 10–5 mol·L–1 TPP–ethanol solution (m). The excitation
wavelength is 360 nm.

Fig. 8. The emission spectra of NC4 measured at 77 K using
different excitation wavelengths.

2 According to the absorption spectra of TPP nanocrystals with parameters listed in Table 1, the wavelength 400 nm (3.1 eV) is just the divid-
ing line between the S1 and CT states.

0

5

25

75

95

100

I:\cjc\cjc8101\V02-193.vp
Tuesday, January 14, 2003 7:51:55 AM
Plate: 5 of 7

Color profile: Disabled
Black  100 lpi at 45 degrees



77 K. At room temperature, the S1 states are efficiently de-
activated nonradiatively via the exciton band by thermal ac-
tivation and energy hopping, and thus only the [CT–S0]
emission can be observed.

Figure 9, the optimized structure of two neighboring TPP
molecules in the nanocrystals, provides a clue to help our
understanding of how the intermolecular charge transfer oc-
curs in TPP nanocrystals. It can be seen from Fig. 9 that the
phenyl and pyrazoline rings of two neighboring molecules
overlap to some extent, resulting in their absorption shifting
to the lower energy side. Because of the inverse orbital ori-
entation of n electrons the orbital overlap between them is
small, leading to the small differences in n–π* absorption
with differing nanocrystal sizes. In 2-pyrazolines, the charge
distribution of N-1 (N at the 1-position) changes from nega-
tive in the ground state to positive in the excited state be-
cause of the conjugated charge-transfer from N-1 to C-3
(23). We infer that the intermolecular charge-transfer may
occur from N-1 of one molecule to its neighbors. This
should lead to a decrement in the probability of optical tran-
sitions that involve the n electrons of nitrogen and is further
supported by the simultaneous occurrence of the decrement
of Fn–π* and the increment of FCT with increasing nano-
crystal size, as mentioned above. The increment of FCT re-
flects the formation process of the CT exciton in TPP
nanocrystals.

Summary

In summary, the size-dependent optical properties of TPP
nanocrystals were studied using absorption and fluorescence
spectra on nanocrystals of different sizes. Their absorption

and emission transitions, as compared with those of a dilute
solution, have been investigated, as a function of nanocrystal
size, at both 298 and 77 K. We found that the optical proper-
ties of TPP nanocrystals possess a special size-dependence
because of the formation of the charge-transfer exciton and
the various interactions between different molecular orbitals
according to the molecular model calculations. The present
study adds to our understanding of excitons in organic semi-
conductors.
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An ab initio study of conformations and IR
spectra of 5-substituted 1,3-cyclopentadienes

Cory C. Pye, James D. Xidos, D. Jean Burnell, and Raymond A. Poirier

Abstract: A computational study of 5-substituted cyclopentadienes is presented. The substituents considered are the
group 14–17 elements of the second through fifth periods, saturated by hydrogens as needed to fulfill normal valence
requirements. The conformational characteristics are examined and rationalized using bond–antibond interactions and steric
arguments. Trends in vibrational frequencies are discussed and compared with experiment where possible.

Key words: cyclopentadiene, ab initio, spectra.

Résumé : On présente les résultats d’une étude théorique de cyclopentadiènes portant des substituants en position 5. Les
substituants considérés sont les éléments des groupes 14 à 17, de la deuxième à la cinquième période, saturés par des
atomes d’hydrogène pour satisfaire les valences normales requises. On a examiné les caractéristiques conformationnelles et
on les a rationalisées en faisant appel à des arguments stériques et d’autres basés sur des interactions liantes et antiliantes.
On discute des tendances dans les fréquences de vibration et on les compare avec des valeurs expérimentales lorsque
celles-ci sont disponibles.

Mots clés : cyclopentadiène, ab initio, spectres.

[Traduit par la Rédaction]

Introduction

During the course of our investigations of facial selectivity in
the Diels–Alder reaction, we found that 5-substituted cyclopen-
tadienes could give a range of facial selectivities from 100% syn
to 100% anti selectivity, simply by varying the substituent (1,2).
Although a variety of explanations have been proposed (3–6),
our own investigations have suggested that a simple modifica-
tion of the concept of steric bulk is sufficient to explain this
phenomena (7, 8).

The synthesis of 5-substituted cyclopentadienes and their
subsequent reaction with dienophiles is useful for validating or
refuting theories of facial selectivity, but the existence of these
compounds is sometimes fleeting. The identification of these
species, once created, needs to be proven. In this paper, various
spectroscopic data are calculated and compared to known ex-
perimental literature data where available. It is hoped that the
following analysis will eventually aid in the experimental de-
tection of other as yet unknown species. In particular, we will
give information on the structure and harmonic vibrational fre-
quencies to facilitate comparison with experimental diffraction,
microwave measurements, and IR and Raman spectra, respec-
tively. In addition, a full examination of substituent conforma-
tion is presented and rationalized.
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Method

Calculations were performed using MUNGAUSS (9), Gaus-
sian 92 (10), or Gaussian 98 (11), utilizing the STO-3G (12), 3-
21G (13), 6-31G* (14), and 6-31+G* (15) basis sets. Huzinaga’s
basis sets for Ge-Br (4333/433/4) and Sn-I (43333/4333/44),
decontracted in the sp-valence region (21/21) and polarization
functions added, were used in conjunction with the 6-31G* ba-
sis set (16). Cartesian (six) d-functions were used throughout
except for STO-3G. Diffuse functions were determined in an
even-tempered fashion separately for the s and p shells and
then geometrically averaged to give the exponent of an sp dif-
fuse shell. These augmented the Huzinaga basis sets for use in
conjunction with the 6-31+G* calculations, as in reference (17).
The resulting diffuse-sp exponents are 0.015 (Ge), 0.019 (As),
0.036 (Se), 0.042 (Br), 0.021 (Sn), 0.026 (Sb), 0.030 (Te), and
0.034 (I). For brevity, the results and discussion using the STO-
3G and 3-21G basis sets are presented in the supplementary
material2 (18).

The MP2 calculations utilize the frozen core approximation.
Default optimization specifications were normally used. For the
6-31G* and higher basis sets, a frequency calculation was per-
formed at the same level and the resulting Hessian was used in
the following optimization. Z-matrix coordinates constrained to
the appropriate symmetry were used as required to speed up the
optimizations. If symmetry constraints led to a transition state
instead of a minimum, this would show up as the presence of
one or more imaginary frequencies not belonging to the totally
symmetric irreducible representation. The Hessian was evalu-
ated at the first geometry for the first level in a series in order

2 Supplementary data may be purchased from the Depository
of Unpublished Data, Document Delivery, CISTI, National
Research Council Canada, Ottawa, ON K1A 0S2, Canada
(http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on order-
ing electronically).
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to aid geometry convergence.
In all tables, bond lengths are given in Ångströms and angles

in degrees.A general trend that was noticed is that d-polarization
functions added to heteroatoms of the first and second row tend
to shorten bonds to adjacent atoms, whereas when they are
added to heteroatoms to the third and fourth row they tend to
leave unchanged or to increase bond lengths to adjacent atoms.
Of course, for first and second row atoms the d-functions are
genuine polarization functions in the sense that they augment
the basis set with functions of higher symmetry. For third and
fourth row atoms, however, these functions may serve partly
to describe the more diffuse region of the occupied d-shells in
addition to polarizing the atom in the molecular environment.

Results and discussion

Geometry and conformation
1,3-Cyclopentadiene

The structure of cyclopentadiene is presented in Fig. 1. The
total electronic energies, selected geometrical data, lower-level
conformational energies, predicted IR spectra of synclinal struc-
tures, and a short discussion of the lower-level results are found
in the supplementary material. Within Hartree–Fock levels the
structure varied little with basis set, and the largest structural
changes were about 0.015 Å in the C—C bond lengths, 0.012 Å
in the C—H bond lengths, and about 1◦ in the angles (see Ta-
ble 1 and Supplementary Table S5). At the MP2 level the an-
gles are relatively unchanged; however, the bond lengths are
changed. The C—C single bond length decreases by up to
0.01 Å, whereas the C=C double bond increases by 0.025 Å.
The C—H bond length increases by about 0.01 Å. The 6-31G**
structure differed from the 6-31G* structure only in the last
reported significant figure and is not listed, whereas the 6-
31+G* differed a little more. The geometry is reasonably close
to previous ab initio calculations (19,20) and to the experimen-
tal temperature-independent microwave structures (21–24), but
somewhat further from the temperature-dependent X-ray (25),
electron diffraction (26) (see Table 2), and NMR (27) struc-
tures. The errors at the MP2/6-31+G* level are within 0.01 D
(1 D = 3.335641×10−30 C m) (dipole moment; expt = 0.420 ±
0.003 (24)) and 0.01 Å (structure).

In the C5-substituted cyclopentadienes similar basis set
changes occur in the cyclopentadienyl unit. The largest geome-
try changes upon substitution should occur in the bond lengths
and angles adjacent to the substituent.

5-Halocyclopentadienes
The structures of 5-halocyclopentadienes are given in Fig. 1.

The picture of 5-fluorocyclopentadiene in particular shows how
this diene would react syn, as the C—F bond is angled away
from the π -system; therefore, it would not have to distort as
much for syn addition as for anti addition (7, 8). Accurate ge-
ometries for 5-halocyclopentadienes have not yet been deter-
mined experimentally, though all have been prepared (28–30).
The X-C-H and X-C-C angles decrease down the group at the
6-31G* level, whereas the H-C-C angle increases (Table 3).

The addition of diffuse functions and of adding correlation
has very little effect on the bond angles listed. The effect of
adding diffuse functions is to shorten the carbon—halogen bond

Table 1. Selected geometric parameters of 1,3-cyclopentadiene.

Hartree–Fock Møller-Plesset

Parameter 6-31G* 6-31+G* 6-31G* 6-31+G*

C2—C3 1.4764 1.4770 1.4647 1.4661
C2—C1 1.3285 1.3294 1.3540 1.3550
C1—C5 1.5064 1.5070 1.5009 1.5020
C2—H2 1.0742 1.0735 1.0855 1.0853
C1—H1 1.0735 1.0730 1.0846 1.0846
C5—H5 1.0890 1.0884 1.0993 1.0994
C3-C2-C1 109.17 109.13 109.20 109.17
C5-C1-C2 109.59 109.11 109.11 109.59
C4-C5-C1 102.47 103.37 103.37 102.52
H2-C2-C3 124.39 124.38 124.67 124.67
H1-C1-C2 126.70 126.64 126.76 126.67
H5-C5-H′

5 106.72 106.96 106.35 106.58
H5-C5-C1 111.94 111.81 111.81 111.90
µ (D) 0.3049 0.3324 0.3982 0.4286

length by about 0.005 Å, except for fluorine, for which it in-
creases it by a similar amount. The effect of adding correlation
is to decrease the carbon—halogen bond length by up to 0.01Å,
except for fluorine, where the bond length increases by 0.03 Å.
These results demonstrate the extreme importance of basis set
and correlation effects for fluorine-containing systems.

5-Chalcocyclopentadienes and conformation

No unsubstituted 5-chalcocyclopentadienes have been iso-
lated, presumably because of a rapid [1,5]-sigmatropic rear-
rangement (i.e., 1,2-hydrogen shift) to give an enol analogue
followed by rapid conversion via a 1,3-hydrogen shift to the cor-
responding ketone analogue (see Fig. 2). 5-Chalcocyclopenta-
dienes have been implicated in the decomposition of substituted
dicyclopentadienes (Cp2OX, X = H, COCH3) (31, 32) via a
retro-Diels–Alder reaction. The MNDO method estimates that
2,4-cyclopentadien-1-ol is about 30 kJ mol−1 less stable than its
isomeric enol forms (33), as suggested by the acetate derivative
ratios (34). Some examples of substituted derivatives that have
been prepared include the pentamethyl-2,4-cyclopentadiene-
1-ol and its methyl ether, the analogous thiol and S-oxidized
forms (35, 36), and 1-(methylthio)cyclopenta-2,4-diene (37).

Figure 3 gives the structures of all four conformations for all
four compounds. Tables S7, S8, S9, and S10 show that the C—C
bond is lengthened relative to cyclopentadiene, but this differ-
ence decreases quickly down the series. The O-C-C, S-C-C,
Se-C-C, and Te-C-C angles are all larger than the correspond-
ing H-C-C angle of cyclopentadiene, as was noted previously
for CpF, but this difference also decreases down the series. The
H-C-C angle is smaller in both CpOH and CpSH than in CpH,
but the other two members of the series show little difference.

Adding correlation increases the C—O and the O—H bond
lengths by 0.02–0.03 Å. With the exception of H-O-C, the bond
angles seem insensitive to level. The S—C bond length hardly
changes when correlation is included, but the S—H bond length
increases by about 0.015 Å. Correlation effects on the geometry
of CpSeH and CpTeH are similar to that of CpSH. It should
be noted that there are relatively few ab initio calculations for
organic selenium and tellurium compounds (38–40).

©2003 NRC Canada
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Fig. 1. Structures of 1,3-cyclopentadiene and with halo and group-14 derivatives

Table 2. Literature parameters of 1,3-cyclopentadiene.

Parameter ED (26) MW (22) MW (23) MW (24) XR (25) STO-3G (19) DZ (20)

C2—C3 1.46 1.469 1.4682 1.44 1.490 1.480
C2—C1 1.35 1.342 1.3445 1.32 1.319 1.329
C1—C5 1.53 1.509 1.5063 1.495 1.522 1.516
C2—H2 1.08 1.0797 1.081 1.067
C1—H1 1.08 1.0782 1.080 1.067
C5—H5 1.09 1.0993 1.091 1.084
C3-C2-C1 109 109.3 109.29 109.5 109.3
C5-C1-C2 110 109.3 109.24 109 109.7
C4-C5-C1 101 102.7 102.93 102 102.1
H2-C2-C3 125 124.67 124.4
H1-C1-C2 131 127.13 126.7
H5-C5-H5′ 110 106.33 107.4 107.4

An alternate conformational view of chalcogenocyclopenta-
dienes is shown in Fig. 4. The conformational changes resemble
in many respects those presented in reference (41). In general,
when there is an eclipsing interaction between the X—H bond
and either a C—C or C—H bond the X—H bond shortens (by
up to 0.006 Å) and the connecting X—C bond lengthens (by
up to 0.017 Å). In general, the H-X-C bond angle increases by
at most 1.6◦ upon eclipsing, but as one goes down a group this
increase becomes smaller, especially when comparing the two
asymmetric structures. The X-C-H bond angle is anomalously
small in the anti-periplanar conformers (by up to 5◦), but this be-
comes less pronounced as one progresses down the group. The
H-C-C angle changes by at most 2◦, but in no obvious pattern.
The X-C-C angle undergoes large changes of up to 5◦, with the
smallest angle consistently being for the synclinal conformer
in which the C—C bond is trans to the X—H bond. For CpOH,

the largest X-C-C angle is found for the anticlinal conformer
in which the C—C bond is cis to the X-H bond, whereas for
the others the anti-periplanar conformer gives the largest angle.
For the larger atoms, the relation between torsion and X-C-C is
fairly flat near the maximum X-C-C angle.

5-Pnictocyclopentadienes

Very recently, the first report of the preparation of unsubsti-
tuted 2,4-cyclopentadienylphosphine and arsine appeared (42).
The amine and stibine are unknown. Several substituted deriva-
tives are known, such as the cyclopentadienyl difluorophos-
phine (46–48) and the pentamethylcyclopentadienyl amine (35,
36, 43), phosphine (44), and dichlorostibine (45). In addition,
an MNDO study of the [1,5]-sigmatropic rearrangement in-
volving the motion of the phosphorus group has been carried
out (49, 50).
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Fig. 2. Possible decomposition routes for 2,4-cyclopentadien-1-ol analogues.

Fig. 3. Structures of 2,4-cyclopentadiene-1-ol analogues.

The structures are given in Fig. 5. In general, the adjacent
C—C bond shortens, the X-C-C and X-C-H angles become

smaller, and the H-C-C angle becomes larger as one goes down
this group. The trend is the same as that for the chalcosubstituted
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Fig. 4. Conformation of 2,4-cyclopentadien-1-ol.
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Fig. 5. Structures of 2,4-cyclopentadienylamine analogues.

cyclopentadienes, but unlike these, the angular parameters are
not disposed predominantly to one side of those of CpH, which
is most likely a result of the electronegativity changes relative
to hydrogen. The parameters of CpPH2 most closely resem-
ble CpH. Diffuse functions have little effect on the geometry,
whereas adding correlation effects increases the N—C bond
length by about 0.01 Å and the X—H bond length by about
0.015 Å.

An alternate view of conformation of pnictocyclopentadienes
is shown in Fig. 6, in which the conformational designation
refers to the pnictogen lone pair. If there exists an eclipsing
interaction with an X—H bond, then the X—C bond lengthens
by up to 0.02 Å, and the X—H bond shortens by as much as
0.008Å in some cases.An eclipsing interaction can also increase
the H-X-C angle by up to 2◦. The X-C-H angle is anomalously
larger in the anti-periplanar conformation by up to 5◦. The
largest X-C-C angle always occurs in the synclinal structure,

in which the nitrogen lone pair is trans to the C—C bond in
question. The smallest X-C-C angle usually occurs in the anti-
periplanar structure.

Group 14 cyclopentadienes
The group 14 cyclopentadienes have been the most exten-

sively studied of our series. 5-Methylcyclopentadiene was first
separated from its more stable isomers by Csicsery (51) using
vapor-phase chromatography, and it constituted about 3% of
the total equilibrium mixture. It can also be prepared by the
methylation of CpMgBr at 263 K, but this isomerizes to the
1-isomer at 298 K in about 3 h. Further isomerization to an
equilibrium mixture of the 1- and 2-isomers occurs within a
couple of days (52). The isomerization was shown to proceed
by a 1,2-hydrogen shift with an activation barrier of 83.3 ±
1.3 kJ mol−1 as determined by NMR (53, 54). Evidence for
methyl migration was also seen in trimethylcyclopentadienes
with a barrier of about 185 kJ mol−1 (55), which agreed well
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Fig. 6. Conformation of 2,4-cyclopentadienylamine.
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with the MINDO/3 result of 194.3 kJ mol−1 for CpMe (56).
Silylcyclopentadiene was first prepared by the reaction of

potassium cyclopentadienide with silyl bromide at 77 K (57).
The structure was determined by electron diffraction soon af-
ter (58). CpSiH3 undergoes a rapid 1,2-silyl migration (248 K)
and a slower 1,2-hydrogen shift (339 K) (59). A joint photo-
electron and ab initio study suggested that the fluxional be-
havior of CpSiH3 may be related to the delocalization of the
Si—C bonding orbital with the π -system (60). The activation
barrier for silyl migration was determined both from proton
(59.4 ± 1.0 kJ mol−1) and 13C NMR lineshape analysis (57.7 ±
0.1 kJ mol−1) (61). An MNDO study overestimates this barrier
(99.1 kJ mol−1) (62).

Germylcyclopentadiene was prepared in a similar fashion to
silylcyclopentadiene and the NMR behavior suggested a flux-
ional molecule (63). The X-ray and electron diffraction struc-
ture of this compound has been published (64). The trimethyl
derivative undergoes a 1,2-shift with a barrier of 38.5 ±
4.2 kJ mol−1, and the corresponding stannane, 32.6 ±
4.2 kJ mol−1 (65).

Tables S15, S16, S17, and S18 show that, upon substitution,
the C—C bond length becomes slightly longer in the case of
CpCH3, but becomes shorter for the higher analogues. The X-
C-C and X-C-H angles decrease upon going down a group,
with only the CpCH3 angle being larger than cyclopentadiene,
whereas the H-C-C angle increases. The effect of correlation is
to slightly lengthen the X—H bond lengths.

The existence of only two conformational possibilities sim-
plifies our analysis considerably. The X—C and C—C bonds in
the syn-periplanar conformer are longer than in the staggered
conformer by as much as 0.015 Å and 0.005 Å, respectively,
whereas no clear trend exists for the H—X bond length. The
X-C-C and H-C-C angles increase and decrease by as much as
2.7◦ and 1.8◦, respectively, upon eclipsing. The X-C-H angle al-
ways decreases (except for CpCH3) by up to 1.4◦. No persistent
trend for the angles surrounding the substituent emerges.

A comparison between the experimental and our best theoret-
ical structures is given in Table 4. The X—C and X—H distance
is overestimated here, whereas no obvious trend is seen for the
C—C distance. It is understandable that the hydrogen positions
are given with poor accuracy by these diffraction techniques.
The calculated results are outside the error bars of experiment
because they provide the re structure (0 K, bottom of PES),
whereas the experiment measures the time-averaged structure
at a finite temperature, resulting in a sampling of several vibra-
tional states. It is also possible that the agreement may improve
with an extension of the basis set. A microwave-determined
structure for these compounds would prove useful in this case,

as with cyclopentadiene itself. In addition, the barrier to rotation
could possibly be determined in this way (66).

Conformation energies
Chalcocyclopentadienes

The barriers to rotation are shown in Table 5. The barriers
Esc→spp are compared to the corresponding results for CH3XH
at 6-31G* (67) (See Table S20. The ‘*’represents our calculated
value). In general, the methanol analogue barriers are larger for
O and S, similar for Se, and smaller for Te. Generally speak-
ing, adding diffuse functions or correlation effects changes the
relative potential energies usually by less than 1 kJ mol−1.

Pnictocyclopentadienes

The barriers to internal rotation in 5-pnictocyclopentadienes
are shown in Table 6. The preference for an anti-periplanar
conformer increases as one goes down a period, even though
CpNH2 itself assumes the synclinal conformer at 6-31G*. In
general the barriers in substituted cyclopentadienes are larger
than the corresponding pnictomethanes, as seen from Table
S20. The effect of adding diffuse functions or correlation ef-
fects is still small, but larger than the effect for the chalcogen-
containing systems. Correlation is the more important of the
two effects.

Group 14 Cyclopentadienes

From Table 7, the barriers are seen to be relatively insensi-
tive to basis set with the values agreeing quite well at the split-
valence level. The barriers are larger than in the corresponding
methyl derivatives (see Table S20). Diffuse functions have lit-
tle effect, but correlation energy seems to be very important
here for the silyl-, germyl-, and stannyl-substituted cyclopen-
tadienes. This follows the trend of the increasing importance
of correlation energy as the number of attached hydrogens in-
creases.

Discussion of conformation

There are numerous ways of explaining the conformational
preferences about a σ -bond, but the approach used in this work
will be that taken by Brunck, Reed, and Weinhold (68, 69),
which states that the predominant conformational preferences
can be explained by bond–antibond interactions. Other studies
(70) have used Fourier analysis, but are strictly applicable only
to molecules possessing a rough three-fold symmetry axis and
thus cannot be applied meaningfully to molecules involving the
higher pnictogen series in which the H-X-H angles are closer
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Table 3. Selected geometric parameters of 5-halocyclopentadienes (CpX).

Hartree–Fock Møller-Plesset

X Parameter 6-31G* 6-31+G* 6-31G* 6-31+G*

F F—C 1.3694 1.3731 1.3983 1.4073
C—C 1.5093 1.5104 1.5061 1.5065
H—C 1.0865 1.0845 1.1014 1.0990
F-C-C 113.42 113.55 113.55 113.12
H-C-C 110.06 109.36 109.36 110.51
F-C-H 106.85 107.07 107.07 106.49

Cl Cl—C 1.8027 1.8000 1.7947 1.7938
C—C 1.5062 1.5072 1.5019 1.5030
H—C 1.0822 1.0817 1.0967 1.0968
Cl-C-C 112.78 112.69 113.34 112.93
H-C-C 111.57 110.85 110.17 111.38
Cl-C-H 105.18 105.92 105.94 105.23

Br Br—C 1.9755 1.9695 1.9732 1.9687
C—C 1.5022 1.5035 1.4976 1.4989
H—C 1.0797 1.0795 1.0943 1.0944
Br-C-C 111.81 110.96 111.38 111.73
H-C-C 113.07 113.12 112.72 112.98
Br-C-H 103.84 104.44 104.46 104.26

I I—C 2.2004 2.1956 2.1965 2.1929
C—C 1.4992 1.5003 1.4939 1.4950
H—C 1.0794 1.0791 1.0938 1.0940
I-C-C 111.36 110.15 110.29 111.35
H-C-C 113.96 114.24 114.11 113.88
I-C-H 102.83 103.53 103.53 103.03

Table 4. Comparison between calculated MP2/6-31+G* and experimental
structures of 2,4-cyclopentadienyl-1-silane and germane.

Silane Germane

Paramater ED (47) Calcd ED (64) XR (64) Calcd

X—C 1.881 1.910 1.969 1.965 1.986
X—H 1.483 1.4 1.545
C—C 1.500 1.490 1.478 1.474 1.486
X-C-C 106.6 106.6 106.3 107.7 106.0
X-C-H 107.9 104 106.7
H-X-C 109.1 109 108.6

to 90◦ than 109.5◦. The justification for our chosen approach
will lie in the ease of explanation of the major geometric and
energetic conformational trends.

If we consider the anti-periplanar form of CpOH, then we can
count four trans vicinal localized orbital interactions, giving an
interaction energy

[1] Eantiperiplanar = 2En,σ ∗
CC

+ EσOH,σ ∗
CH

+ EσCH,σ ∗
OH

Similarly, the synclinal form of CpOH gives

[2] Esynclinal = En,σ ∗
CC

+ En,σ ∗
CH

+ EσOH,σ ∗
CC

+ EσCC,σ ∗
OH

The strongest interactions are normally those involving lone
pairs donating into vicinal antibonds polarized toward the ro-
tation axis, i.e., corresponding to vicinal bonds (such as C—F)

polarized away from the axis, since in this case the overlap is
greatest. The C—H bond is slightly polarized toward the car-
bon atom — which has the higher electronegativity — and thus
its ‘antibond’ would be slightly polarized toward the hydrogen.
This results in poorer overlap with the ‘lone pair’ than that seen
in a C—C antibond. In this case the anti-periplanar conformer
will be favored. Because the overlap depends on the distance
between the axis atoms, the difference in energy between these
conformers should decrease as oxygen is successively replaced
by sulfur, selenium, and tellurium, which it does. In fact, the
two conformers of CpTeH are essentially degenerate on the
potential energy surface.

If we consider the anti-periplanar form of CpNH2, then we
can count five trans interactions, giving an interaction energy

[3] Eantiperiplanar = En,σ ∗
CH

+ 2EσNH,σ ∗
CC

+ 2EσCC,σ ∗
NH
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Table 5. Conformational energies of chalcocyclopentadienes (kJ mol−1).

HF MP2

System Energy 6-31G* 6-31+G* 6-31G* 6-31+G*

CpOH Eapp→ac 13.36 12.13 13.28 11.48
Eapp→sc 9.96 8.91 9.79 8.52
Eapp→spp 13.91 12.29 14.91 12.55
Esc→ac 3.40 3.23 3.49 2.96
Esc→spp 3.95 3.38 5.12 4.03

CpSH Eapp→ac 13.14 13.04 12.40 12.59
Eapp→sc 5.05 5.28 4.64 5.21
Eapp→spp 10.32 10.20 11.39 11.03
Esc→ac 8.09 7.76 7.75 7.38
Esc→spp 5.27 4.92 6.74 5.82

CpSeH Eapp→ac 10.65 9.42 9.37 8.57
Eapp→sc 2.86 2.16 2.02 1.67
Eapp→spp 7.46 6.76 8.95 8.27
Esc→ac 7.79 7.26 7.34 6.90
Esc→spp 4.60 4.60 6.92 6.60

CpTeH Eapp→ac 7.27 7.37 6.08 6.54
Eapp→sc −0.09 −0.10 −1.34 −1.12
Eapp→spp 3.87 3.71 5.70 5.41
Esc→ac 7.36 7.46 7.41 7.67
Esc→spp 3.96 3.81 7.04 6.53

Table 6. Conformational energies of pnictocyclopentadienes (kJ mol−1).

HF MP2

System Energy 6-31G* 6-31+G* 6-31G* 6-31+G*

CpNH2 Eapp→ac 5.52 4.80 6.91 5.75
Eapp→sc −10.79 −9.86 −10.56 −9.17
Eapp→spp 5.67 5.73 5.09 5.12
Esc→ac 16.31 14.66 17.46 14.92
Esc→spp 16.46 15.59 15.64 14.29

CpPH2 Eapp→ac 12.67 11.95 16.09 14.58
Eapp→sc −1.01 −1.63 −0.07 −1.41
Eapp→spp 13.96 13.48 14.94 14.29
Esc→ac 13.68 13.58 16.15 15.99
Esc→spp 14.97 15.10 15.01 15.70

CpAsH2 Eapp→ac 11.80 11.31 15.20 14.49
Eapp→sc 1.01 0.96 2.05 1.69
Eapp→spp 13.90 13.81 14.70 14.55
Esc→ac 10.79 10.35 13.15 12.81
Esc→spp 12.89 12.85 12.65 12.86

CpSbH2 Eapp→ac 10.80 10.35 12.15 12.81
Eapp→sc 3.91 3.70 5.88 5.32
Eapp→spp 14.52 15.00 16.97 17.50
Esc→ac 6.89 7.16 9.60 10.03
Esc→spp 10.61 11.30 11.09 12.17

Similarly, the synclinal form of CpNH2 gives

[4] Esynclinal = En,σ ∗
CC

+ EσNH,σ ∗
CC

+ EσNH,σ ∗
CH

+ EσCC,σ ∗
NH

+ EσCH,σ ∗
NH

For similar reasons, the synclinal form of CpNH2 will be fa-
vored in this case. Because of the quicker drop in electronegativ-
ity and longer bond lengths in this case the preference does not

persist down the group and other terms start playing an impor-
tant role, but the difference is still very slight, being less than
4.0 kJ mol−1. Steric interactions between the anti-periplanar
hydrogen and the two vicinal C—C bonds in the larger sub-
stituents may favor the anti-periplanar arrangement because of
the closer match in the lengths of these bonds.

The geometry changes also agree with the idea of bond–
antibond interactions. The shorter X—H bond in the syn-peri-
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Table 7. Conformational barrier of group IV
cyclopentadienes (kJ mol−1).

HF MP2

System 6-31G* 6-31+G* 6-31G* 6-31+G*

CpCH3 17.62 17.47 18.37 18.24
CpSiH3 13.71 13.46 18.59 17.33
CpGeH3 11.11 11.73 15.09 15.67
CpSnH3 8.05 8.95 12.42 13.11

planar forms is a result of the cis-interaction being weaker
than the trans-interaction, and thus the antibond contribution
is lower. The longer X—C bond may simply be explained by
stronger steric interactions in the Lewis structure. In the Group
IV series, hardly any trend is noticed, because the X—H anti-
bond, being polarized predominantly toward the hydrogen, is a
poor acceptor.

For CpOH, the widening of H-O-C in a syn-periplanar ar-
rangement is consistent with a simple steric effect, especially
with the C—H bond. As one goes down the group, the steric
interaction with the C—C bonds become greater leading to the
largest angles in the synclinal form. The ‘anomalous’ smallness
of the X-C-H angle in the anti-periplanar conformer can be ex-
plained simply as the absence of any strong lone pair donation
into the C—H antibond, whereas all of the other conformers
have either a cis or trans donation to C—H. For the same rea-
son the smallest X-C-C angle will be that containing no lone
pair donation, i.e., trans to the X—H bond.

For CpNH2, the “anomalous” largeness of the X-C-H an-
gle in the anti-periplanar conformer is consistent with a strong
interaction of the nitrogen lone pair with the C—H antibond.
Similarly, the largest X-C-C angle occurs for the synclinal struc-
ture, in which the nitrogen lone pair is trans to the C—C bond
in question.

Vibrational frequencies

The vibrational frequencies of cyclopentadiene itself are given
in Table 8. Adding diffuse functions hardly affects the fre-
quency (usually within 10 cm−1). Adding correlation effects
has a large influence on the frequency, generally decreasing
it, although some modes are affected much more than others.
The correlated frequency could be predicted from the Hartree–
Fock frequency by using a mode-specific multiplicative factor
(for example, 0.97 for C(sp3)—C (or H), 0.962 for C(sp2)—H,
0.906 for C=C, 0.94 for CH bends, 0.83–0.90 for out-of-plane
(oop) H bends, 0.87–0.95 for ring deformations, and 0.92 for
CH2 rock, twist, and wags).

The IR spectra of cyclopentadiene and 5-methylcyclopenta-
diene (51) (% transmittance vs. wavelength) were converted to
absorbance vs. wavenumber and compared with the theoretical
spectra (MP2/6-31+G*) in Fig. 7. Errors in the experimental
estimation of frequencies range from 2–40 cm−1. Because of
the lack of an internal standard, the intensity scales will be dif-
ferent. The assignment of modes is fairly straightforward here.
The most intense modes observed in liquid cyclopentadiene
correlate well with the predicted gas phase results. There ap-
pears to be an enhancement of the (predicted) very weak C=C
stretching motion (1590, 1640), which appears to be in Fermi

Table 8. Vibrational frequencies of cyclopentadiene.

HF MP2

Symmetry Assignment 6-31G* 6-31+G* 6-31G* 6-31+G*

B1 ring def 380 377 334 324
A2 ring def 559 556 502 490
B1 CH oop 752 746 683 671
A2 CH oop 809 806 699 684
A1 ring def 866 865 818 816
B2 ring def 867 867 820 819
A1 CH2-C str 985 983 961 956
B1 CH2 rock 1035 1028 947 936
B2 CH2-C str 1040 1038 1009 1005
A1 C-C str 1069 1067 1051 1047
A2 CH oop 1074 1069 888 866
B1 CH oop 1081 1080 918 907
B2 CH def 1217 1213 1141 1135
A1 CH def 1233 1229 1157 1151
A2 CH2 twist 1254 1252 1147 1121
B2 CH2 wag 1413 1411 1304 1300
B2 CH def 1454 1452 1349 1342
A1 CH def 1534 1530 1442 1433
A1 CH2 def 1584 1576 1479 1462

A1 C=C str 1741 1721 1578 1560
B2 C=C str 1818 1797 1652 1633
A1 CH2 str 3194 3193 3087 3077
B1 CH2 str 3221 3219 3131 3119
B2 CH str 3381 3382 3253 3244
A1 CH str 3391 3391 3262 3253
B2 CH str 3409 3409 3279 3270
A1 CH str 3417 3417 3285 3276

resonance with the first overtone of a ring deformation at 812.
The H-C= deformation also appears to be in Fermi resonance
(1240, 1290) with the first overtone of the H-C out-of-plane de-
formation at 664. Of course, we cannot rule out environmental
effects or impurities.

The theoretical spectra of the halosubstituted cyclopentadi-
enes are given in Fig. 8. The intense hydrogen out-of-plane de-
formation, the carbon-halogen stretching motion, and the HCX
hydrogen bending motion increases in frequency on progress-
ing from iodine to fluorine. In the fluoro derivative, many bands
are predicted to be more intense in the IR spectra compared
with the other halogens. This is probably due to the difference
in electronegativity between carbon and fluorine, which gives a
large bond dipole. Any normal mode that has a significant C-F
stretching component would be increased in intensity.

The theoretical spectra of the anti-periplanar and synclinal
chalcosubstituted cyclopentadienes are given in Figs. 9 and S1.
For the anti-periplanar series it is the OH and TeH that give
the largest number of intense modes. In these cases, the elec-
tronegativity of the substituent is sufficiently different from car-
bon to give rise to a greater number of intense modes. Some
trends when comparing the two conformers are the lower C5-
H stretching frequency (OH) and HCX deformation frequen-
cies (all) in the synclinal conformers. These indicate that the
C—H bond is weaker, which is consistent with strong donation
of the chalcogen lone pair into the C—H antibond. If the alcohol
is ever observed our predictions suggest that it will predomi-
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Fig. 7. Experimental and theoretical vibrational frequencies of 1,3-cyclopentadiene.
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Fig. 8. MP2/6-31+G* frequencies of 5-halo-1,3-cyclopentadiene.

nantly be in the app conformer, whereas the higher analogues
will have significant contribution from the sc conformer, and
thus the bands will be averaged out.

The theoretical spectra of the anti-periplanar and synclinal

pnictosubstituted cyclopentadienes are given in Figs. 10 and
S2. Except for the amine, the spectra of the app conformer is
similar to the sc conformer, as contrasted with the chalcogen
cases. Except for the amine, the two X-H stretching modes are
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Fig. 9. MP2/6-31+G* frequencies of 5-chalco-1,3-cyclopentadiene.

very intense. The wagging motion of the substituent is also
prominent, whereas the bending motion is less intense. The
C5-H stretching frequency (NH2) and the HCX deformation
frequencies (all) are lower in the anti-periplanar conformer,

which is consistent with interaction of the pnictogen lone pair
into the C—H antibond.

The theoretical spectra of the group 14 substituted cyclopen-
tadienes are given in Fig. 11. The H-stretching modes of the
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Fig. 10. MP2/6-31+G* frequencies of 5-pnicto-1,3-cyclopentadiene.

substituent are very prominent in the IR spectra. There is also
significant mode delocalization and spreading out of intensity
in the case of the stannane. More significant is the compari-

son with the known experimental spectra of the methyl (51),
silyl (59), and germyl (63) derivatives in Fig. 12. For the latter
two, the intensities were converted from qualitative to quan-
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Fig. 11. MP2/6-31+G* frequencies of 5-methyl-1,3-cyclopentadiene, and 2,4-cyclopentadienylsilane, germane and stannane
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Fig. 12. Experimental and MP2/6-31+G* frequencies of group 14-substituted cyclopentadienes.
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titative designators (vw 95% T, w 90% T, m 65%, s 35%, vs
10% T, vvs 5% T) and then to absorbance. The agreement in
both the intensity and frequency axes is very good if one takes
into account the standard errors associated with anharmonicity,
especially for the modes involving hydrogen stretches.

Conclusions

The structures of 5-substituted cyclopentadienes agree well
with most of the available experimental results. A pronounced
basis set dependence of the structures is noted in some cases.
The conformational trends in geometry and energy can be ex-
plained on the basis of bond–antibond interaction, especially
where formal lone pairs are involved. Our calculated structures
and vibrational spectra agree with available experimental data.
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Simultaneous determination of copper, lead,
cadmium, zinc, and selenium in cow liver by
differential pulse polarography

Güler Somer, Gülbeniz Guliyeva, Güler Ekmekci, and Olcay Sendil

Abstract: A fast and simple method was established for the determination of trace elements in liver. DP polarograms
of wet digested liver samples were taken in acetate buffer, pH about 4, for lead, cadmium, and zinc determinations. For
copper, addition of EDTA at pH 4 was needed for a better separation from the iron peak. Selenite ion was determined
using the hydrogen catalytic peak after the addition of Mo(VI) to the same solution. Trace element levels were differ-
ent for two separate sections of liver. For the first section (S1) the quantities were found to be 8.12 ± 0.21 mg g–1 Cu,
1.16 ± 0.12 mg g–1 Zn, 1.09 ± 0.11 mg g–1 Cd, 0.59 ± 0.07 mg g–1 Pb, and 2.05 ± 0.22 mg g–1 Se, in dry liver. For
the second section (S 2) the results were the same for selenium, but Cd was too small to be detected. The other trace
element quantities were 0.48 mg g–1 Cu, 0.22 mg g–1 Pb, and 0.29 mg g–1 zinc. The validity of the method was dem-
onstrated with a synthetic sample resembling liver composition. This method enabled the simultaneous determination of
heavy trace elements such as copper, lead, cadmium, molybdenum, selenium, and zinc by using an inexpensive instru-
ment and without any separation or pre-concentration procedures.

Key words: cow liver, determination, differential pulse polarography, trace elements.

Résumé : On a développé une méthode simple et rapide pour déterminer les éléments à l’état de trace dans le foie.
Afin d’évaluer les concentrations de plomb, de cadmium et de zinc, on a mesuré les polarogrammes à pulsation diffé-
rentielle d’échantillons frais de foie dans un tampon d’acétate, à un pH d’environ 4. Pour le cuivre, à un pH de 4, il
est nécessaire d’ajouter de l’EDTA afin d’obtenir une meilleure séparation du pic du fer. On a déterminé l’ion sélénite
en faisant appel au pic catalytique de l’hydrogène après addition de Mo(VI) à la solution. Les concentrations des élé-
ments à l’état de trace sont différentes pour deux sections différentes du foie. Dans la première section (S1) de foie
sec, on a trouvé les quantités suivantes: 8,21 ± 0,21 mg g–1 de Cu, 1,16 ± 0,12 mg g–1 de Zn, 1,09 ± 0,11 mg g–1 de
Cd, 0,59 ± 0,07 mg g–1 de Pb et 2,05 ± 0,22 mg g–1 de Se. Dans la deuxième section (S2) les résultats sont les mêmes
pour le sélénium, mais les quantités de Cd sont trop faibles pour être détecter. Les quantités des autres éléments pré-
sents à l’état de trace sont de 0,48 mg g–1 de Cu, 0,22 mg g–1 de Pb et 0,29 mg g–1 de zinc. On a démontré la validité
de la méthode à l’aide d’un échantillon synthétique dont la composition ressemble à celle du foie. Cette méthode per-
met de déterminer de façon simultanée des traces d’éléments de métaux lourds, tels le cuivre, le plomb, le cadmium, le
molybdène, le sélénium et le zinc en faisant appel à des instruments peu coûteux et sans nécessité de procéder à des
séparations ou à des préconcentrations.

Mots clés: foie de vache, polarographie à pulsation différentielle, éléments à l’état de trace.

[Traduit par la Rédaction] Somer et al. 36

Introduction

The total trace element levels have become of prime im-
portance to aid both the clinician in the diagnosis and treat-
ment of a variety of diseases and the life science researcher
in the investigation of the role of trace elements in health
and disease. Considering biological research, the role of
some trace and ultra-trace elements in the body is very rich

and varied. Some of them are essential to life while others
are toxic even at very low concentrations (1–3). Since these
elements are taken in mostly by human diet, the determina-
tion of their concentration in food is very important. Liver is
known to deposit many trace elements; thus, cow liver is a
potent source of heavy elements. Unfortunately, very few in-
vestigations have been attempted relating to the determina-
tion of the concentration of heavy elements. Most of the
work has been concentrated on their effect on liver and
physiologic body functions (4–6). The effect of ingestion of
heliotrope (homeopathic medicine) and copper on the con-
centration of zinc, selenium, and molybdenum in the liver of
the sheep has been studied (4); the ingestion of heliotrope
was found to reduce liver concentrations of zinc and molyb-
denum. The concentration of selenium in the liver was found
to increase only when heliotrope was given with copper. The
depletion of glutathion in selenium-deficient liver and kid-
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ney of rats lead to necrosis in these organs, which is associ-
ated with evidence of lipid peroxidation (7). Some elements
such as Co, Se, Mo, and Cu in liver have been analyzed by
flame and electrothermal AAS after extraction of their com-
plexes with APDC into chloroform (8). These analyses have
shown the analytical details and instrument parameters for
the determination of these four elements in National Institute
of Standards and Technology standard reference material
(NIST SRM) bovine liver. In another study, it was found
that the quantitative distribution of trace elements (P, Fe, Zn,
Cu, Mn, Mo, Co) in the liver lobes of cattle and of pigs was
not uniform, as a result of different metabolism in different
parts of the organ (9).

Since many elements important in the biological life of
the body deposit in the liver, their concentrations have to be
determined very accurately. Determination of trace elements
in biological samples is usually difficult because of long and
tedious digestion procedures and risks of interference prob-
lems. The interfering ions have to be separated by pre-
concentration techniques such as solvent extraction, ion ex-
change, or hydride generation. These are all time-consuming
procedures, and losses of elements are also possible. It is
therefore very important to accomplish the determination
with minimum interference problems. With electrochemical
methods, the interference problems can be solved by chang-
ing only either the supporting electrolyte or the pH (10, 11).
These methods require relatively inexpensive instrumenta-
tion, are capable of determining elements accurately at trace
and ultra-trace levels, and have demonstrated the ability for
multi-element determination.

This paper describes a simple polarographic method for
the determination of trace elements in liver. In this proposed
method there is no need for sophisticated instruments or te-
dious separation procedures.

Experimental

Materials
A polarographic analyzer (PAR 174 A) equipped with a

PAR mercury drop timer was used. The drop time of the
electrode was in the range 2 to 3 s (2.37 mg s–1). A Kalusek
electrolytic cell with a reference saturated calomel electrode
(SCE), separated by a liquid junction, was used in the three-
electrode configuration. The counter electrode was platinum
wire. The polarograms were recorded with a Linseis (LY
1600) X-Y recorder under the conditions of a drop life of
1 s, a scan rate of 5 mVs–1, and a pulse amplitude of 50 mV.

Reagents
All reagents used were of analytical reagent grade (pro-

analysis). Triply-distilled water was used in the preparation
of all solutions and at all stages of analysis. The mercury
used in the dropping mercury electrode was obtained from
Merck (Darmstadt, Germany). Contaminated mercury was
cleaned by passing it successively through dilute HNO3 and
water columns, in the form of fine droplets, using a platinum
wire gauze. The collected mercury was dried between sheets
of filter paper. A polarogram of this mercury was taken be-
fore use to ensure the absence of impurities.

Stock standard solutions (0.1 M) of Pb, Cu, Cd, and Zn
were prepared with triply distilled water from their nitrate

and sulphate salts. Selenite stock solution was prepared from
SeO2 by dissolving it in hot water. The stock solution of mo-
lybdenum was prepared from (NH4)2Mo7O24·4H2O. Dilute
solutions were prepared before every use to avoid solution
degradation.

A 1.0 M acetic acid buffer, pH 4, was prepared as follows:
a 1.0 M NaOH solution was added to 1.0 M acetic acid until
the chosen pH was reached, according to a pH meter.

Methods

Digestion of the liver sample
According to former studies (9), the deposition of trace el-

ements vary in different sections of the liver. Thus two dif-
ferent sections (S1 and S2) were taken as two separate
samples from one cow liver. They were dried for 48 h in an
oven at 120°C to remove the water content and to obtain a
constant weight. The water content was found to be 72.2%.
Samples of dried liver (3.02 g (S1) and 2.90g (S2)) were
transferred into a 100 ml long-necked glass flask. For the di-
gestion of the sample, a concentrated acid mixture of 0.5 ml
H2SO4, 5 ml HClO4, and 5 ml HNO3 was added and left to
stand overnight. A glass funnel was inserted into the diges-
tion flask to prevent rapid evaporation. The solution was
kept in an oil bath at 50°C until the foaming stopped. Then
the temperature was increased to 150°C and heating was
continued until the evolution of brown fumes of nitrogen ox-
ides ceased. When the digestive sample turned yellowish to
deep dark brown, there was a danger of explosion, so 5 ml
of nitric acid had to be added; the flask was cooled for about
2 min before addition. Heating was continued until nitrogen
oxide fumes were no longer given off. The digestion was
completed, with the appearance of white fumes of perchloric
acid, when approximately 1.0 ml solution remained. Finally,
2.0 ml of hydrochloric acid was added and heated for at
least 20 min to convert all selenium to selenium(IV). The fi-
nal solution was evaporated to approximately 1.0 mL and
cooled to room temperature. The funnel was rinsed with wa-
ter into the flask and the contents transferred into a 10.0 ml
teflon flask, which was made up to the mark with triply-
distilled water. Depending on the concentration of each ele-
ment in the liver, the digests had to be diluted 10, 100, or
500 times before use.

To check the recovery of the elements during digestion,
the same digestion procedure was applied to a synthetic
sample containing the same elements. The recovery efficien-
cies were found to be between 95 and 97%.

Voltammetric determination
For the determination of lead, cadmium, and zinc in liver,

10.0 mL of a 1.0 M acetic acid – acetate buffer (about pH 4)
in a polarographic cell was deoxygenated by a stream of
high-purity nitrogen for 5 min. The DP polarogram was re-
corded by scanning the potential in the negative direction
from 0.0 V to –1.5 V at a scan rate of 5 mV s–1. Then, ac-
cording to the need, 0.05–0.1 mL digested sample of liver
was added, and once more the DP polarogram was recorded.
Standard additions were made according to the correspond-
ing element. For the determination of copper, EDTA solution
was added so that the final concentration was 0.02 M. The
selenium content, on the other hand, was determined using
the catalytic hydrogen wave. For this purpose, Mo(VI) had
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to be added in 50–100 times larger amounts than the concen-
tration of selenite present.

Results and discussion

Preliminary experiments
Various supporting electrolytes including KCl, HCl, HAc–

NaOAc, and HAc buffer with and without EDTA were used
over a wide range of pH. The peak potential values of ele-
ments that may be present in liver such as Fe, Cu, Pb, Cd,
Zn, Ti, Mo, and Se were determined in these supporting
electrolytes. Acetate buffer was found to be the most suit-
able electrolyte because of its ability to function at various
pH values and thus enable the separability of the peaks.

Determination of trace elements in liver
The DP polarograms of digested liver samples in acetate

buffer at pH 4.2 have peaks at –0.23 V, –0.40 V, –0.60 V,
and –0.98 V. Figure 1 is given as an example where copper,
lead, selenium, and zinc peaks are observable. The polaro-
gram of the S1 sample had similar peaks, but the copper
peak was off the scale because of its high concentration. By
the additions of Pb, Cd, and Zn standard solutions, the peaks
at –0.40 V, –0.60 V, and –0.98 V increased, respectively, in-
dicating the presence of these ions, as expected. For the de-
termination of these elements a 10-times dilution was
sufficient, but for the determination of copper in the S1 sam-
ple, because of its high concentration (the peak was too
large to observe), either a 100-times dilution or a change in
current density was required. On the other hand, the solution
either had to be diluted or the current range had to be ad-
justed accordingly for selenium, since the very sensitive
method of catalytic polarography had been used in that case.

Determination of selenium
In our earlier polarographic work (12) we observed a hy-

drogen catalytic peak when Se(IV) and Mo(VI) were present
together in a solution. These kinds of catalytic currents are
obtained with many organic compounds including amines,
proteins, thiols, and phosphines. They are also observed with
some inorganic substances, for example, complexes of tung-
sten (VI) with certain carboxylic acids (13). The catalytic
peak obtained with Mo(VI) and Se(IV) has been used for the
determination of very low concentrations of both ions in
blood (14). The detection limit (signal to noise ratio, S/N = 3)
of the method for Mo(VI) and for Se(IV) was 1.5 × 10–9 M.
For the determination of one of these ions, the second ion
concentration had to be about 102–103 times higher than the
other ion that was being investigated. However, at concentra-
tions higher than 10–6 M, this ratio may be 1:1. Although it
is not possible to see a peak for selenite at a concentration
lower than 10–6 M with DPP, by the addition of Mo(VI) a
peak at –1.1 V becomes observable, and by standard addi-
tions of selenite the amount of it can be determined. The DP
polarogram of a 500-times diluted liver sample in acetate
buffer, pH 4, is given in Fig. 2(a). The sample had to be di-
luted 500 times since at lower dilution the catalytic peak was
off the scale. As can be seen in Fig. 2 there was no peak for
selenium, but by the addition of Mo(VI) a hydrogen cata-
lytic peak at about –1.1 V appeared. At first with further ad-
ditions of molybdenum it increased, but then it became

constant. At that point standard additions of selenite were
made for the determination of selenium (Fig. 2(b)). Because
of overlapping peaks, zinc usually interferes with the hydro-
gen catalytic peak; thus, EDTA addition is needed. How-
ever, although zinc was present in this sample, because of
the 500-times dilution for selenite determination no peak
corresponding to zinc was visible. The Se(IV) content for
six different samples were determined with the above
method, and the following concentrations were found: 2.05
± 0.22 mg g–1 Se in the S1 sample and 2.08 ± 0.21 mg g–1 Se
in the S2 sample.

Determination of copper
According to our preliminary experiments, copper and iron

peaks may overlap in acetate buffer with pH about 4. Addi-
tion of EDTA, however, enabled their separation: the copper
peak was found at –0.23 V and the iron peak at –0.13 V. In
the liver sample that was diluted only ten times, the polaro-
gram had a very large copper peak at –0.23 V; thus, the sam-
ple solution had to be diluted 100 times. The polarogram for
this liver sample, S1, is given in Fig. 3. As can be seen from
the figure, the iron peak, which may appear at –0.13 V, was
not observable because of low sensitivity in this medium.
According to our previous studies, the current obtained for
iron in this medium was ten times smaller than the one that
was observed for copper for the same concentration. The
copper content was determined with standard additions and
was found to be 8.12 ± 0.21 mg g–1 in the S1 sample and
0.48 ± 0.02 mg g–1 in the S2 sample.

Determination of zinc, cadmium, and lead
As mentioned earlier, the polarogram (Fig. 2) of the liver

sample had peaks belonging to lead, cadmium, and zinc.
Standard addition was used for the determination of their
concentrations. The polarograms are given in Figs. 4, 5, and

© 2003 NRC Canada
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Fig. 1. DP polarogram of liver sample S2: 10.0 mL of a 1.0 M
HAc–Ac buffer (pH = 4.2) and 0.1 mL liver sample (10 times
diluted).
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6. In the S1 sample, lead, cadmium, and zinc concentrations
were found to be 0.59 ± 0.04 mg g–1, 1.09 ± 0.11 mg g–1,

and 1.16 ± 0.12 mg g–1, respectively. The S1 sample was
also analyzed by flame AAS for zinc content, and it was
found to be 1.01 ± 0.24 mg g–1, which was consistent with
the result obtained with polarography. In the S2 sample,
however, while no detectable amount of cadmium was ob-
served, lead content was found to be 0.22 ± 0.03 mg g–1, and
zinc content was found to be 0.29 ± 0.03 mg g–1. These re-
sults are summarized in Table 1. The trace element quanti-

© 2003 NRC Canada
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Fig. 2. Determination of selenium in liver. Panel (a): Formation of the hydrogen catalytic peak: (a) 10.0 mL of a 1.0 M Hac–Ac
buffer, pH = 4.3, (b) a + 0.1 mL S1 sample (500 times diluted), (c) b + 0.2 mL of a 10–3 M solution of Mo(VI), (d) c + 0.1 mL of a
10–3 M solution of Mo(VI), (e) d + 0.05 mL of a 10–3 M solution of Mo(VI); Panel (b): Standard additions of Se (IV): (f) e, taken
once more, (g) f + 0.1 mL of a 10–4 M solution of Se(IV), (h) g + 0.05 mL of a 10–4 M solution of Se(IV), and (i) h + 0.05 mL of a
10–4 M solution of Se(IV).

Fig. 3. Determination of copper in liver: (a) 2.0 mL of a 1.0 M
solution of HAc–Ac buffer + 5.0 mL of a 0.1 M solution of
EDTA + 3.0 mL water, pH = 4.3; (b) a + 0.1 mL of the S1 sam-
ple (100 times diluted); (c) b + 0.3 mL of a 10–3 M solution of
Cu2+; (d) c + 0.3 mL of a 10–3 M solution of Cu 2+; and (e) d +
0.3 mL of a 10–3 M solution of Cu2+.

Fig. 4. Determination of lead in liver: (a) 10 mL of a 1.0 M
HAc–Ac buffer, pH = 4.3; (b) a + 0.1 mL of the S2 sample (10
times diluted); (c) b + 0.05 mL of a 10–3 M solution of Pb2+;
(d) c + 0.05 mL of a 10–3 M solution of Pb2+; and (e) d +
0.05 mL of a 10–3 M solution of Pb2+.
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ties found in different sections of liver proves that their
distribution is not uniform, as mentioned (9) earlier for cattle
and pigs.

Proposed procedure
About 1–2 g of dried liver was digested and then diluted

to 10 or 100 mL. An aliquot (0.1 ml) was added to an ace-
tate buffer (pH 4) solution, and the DP polarogram was
taken. Lead, cadmium, and zinc were determined by stan-
dard additions. Then EDTA solution was added, so that its
final concentration was 0.05 M, and copper content was de-
termined. For selenite, Mo (VI) was added to obtain the hy-
drogen catalytic peak, and the selenite content was
determined by standard additions of selenite.

Synthetic sample
To check the validity of the suggested method, a synthetic

sample containing similar amounts of metal ions present in
liver was used. The polarogram of the metal ions in acetate
buffer at pH 4 is shown in Fig. 7. The elements present were
determined with the proposed method. The results are given
in Table 2 with their standard deviations. As can be seen, a
good consistency was observed for most of the ions, except
cadmium. Only 55% of the quantity of cadmium could be
determined. This can be explained by the interference of se-
lenium with cadmium (15), which was further investigated
by us.

Conclusions

The present DP polarographic method, which was used
for the first time for the determination of heavy elements in
liver, enabled the direct determination of their concentration
without any separation or pre-concentration techniques.

© 2003 NRC Canada
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Sample Cu(II) Pb(II) Cd(II) Zn(II) Se (IV)

S1 8.12 ± 0.21 0.59 ± 0.14 1.09 ± 0.11 1.16 ± 0.12 2.05 ± 0.22
S2 0.48 ± 0.21 0.22 ± 0.03 — 0.29 ± 0.03 2.08 ± 0.21

Note: t = confidence interval (90%); (N = 6).

Table 1. Trace elements in dry liver, mg g–1 (x ± (txs)/ N ).

Elements Cu (M × 10–6) Pb (M × 10–7) Cd (M × 10–7) Zn (M × 10–7) Se (M × 10–7)

Present 1.00 1.00 1.00 1.00 1.00
Found 1.07 ± 0.09 1.00 ± 0.11 0.57 ± 0.12 1.21 ± 0.11 1.05 ± 0.09

Table 2. Determination of trace elements in a synthetic sample.

Fig. 5. Determination of cadmium in liver: (a) 10.0 mL of a
1 M HAc–Ac buffer, pH 4.3 + 0.1 mL of the S1 sample (10
times diluted); (b) a + 0.1 mL of a 10–3 M solution of Cd+2; and
(c) b + 0.1 mL of a 10–3 M solution of Cd+2.

Fig. 6. Determination of zinc in liver: (a) 10.0 mL HAc–Ac,
pH = 4.3; (b) a + 0.1 mL of the S1 sample; (c) b + 0.1 mL of a
10–3 M solution of Zn2+; (d) c + 0.2 mL of a 10–3 M solution of
Zn2+; and (e) d + 0.2 mL of a 10–3 M solution of Zn2+.
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Electroanalytical methods are quite simple, their sensitivity
and selectivity are high, and the instruments used are inex-
pensive. By digestion of about 1–2 g of sample, dilution to
10–100 ml, and by using 0.1 ml aliquots it is possible to de-
termine the concentration of at least five to six elements si-

multaneously. This method can be applied to other
biological samples containing complex mixtures of metal
ions.
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Fig. 7. DP polarogram of a synthetic sample: (a) 9.5 mL of a
1.0 M HAc–Ac buffer; (b) 0.1 ml of a 10–2 M solution of Cu2+;
0.1 ml of a 10–3 M solution of Pb2+; 0.1 ml of a 10–3 M solution
of Cd2+; 0.1 ml of a 10–3 M solution of Se(IV); 0.1 ml of a 10–2 M
solution of Zn2+.
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The differing mechanisms of photo-formation of 7-
cyanobenzocyclooctatetraene from 7- and 6-
cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene

Christopher Owen Bender, Douglas Dolman, Jeremy Christian Foesier,
Sherry Lee Lawson, and Kathryn Elvia Preuss

Abstract: It is known that 7-cyanobenzocyclooctatetraene (COT 2) is a product of the thermolysis and direct
photolysis of 7- and 6-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene (1 and 5), though the mechanisms of these rear-
rangements have not been reported. In the present study experiments have been carried out using the deuterium-labelled
trienes 1a (93%-d1 at C-6) and 5a (93%-d1 at C-8), which were formed from 2π + 2π photo-closure (direct irradiation)
of COT 2a labelled at C-8. The results reveal that whereas the thermolysis of 1a and 5a and the direct irradiation of
5a reform COT 2a, probably via cleavage of the strained cyclobutene C-1—C-6 bond, the direct irradiation of triene 1a
gives a differently labelled COT product, containing the deuterium exclusively at C-9. The mechanism proposed for the
latter phototransformation is a modification of the Zimmerman di-π-methane rearrangement.

Key words: mechanisms, rearrangements, photochemistry, di-π-methane rearrangement.

Résumé : Il est connu que le cyano-7 benzocyclooctatétraène (COT 2) est un produit soit lorsqu’on chauffe des solu-
tions des composés cyano-7 et -6 benzo-2,3 bicyclo[4.2.0]octatriènes-2,4,7 (1 et 5) ou lorsqu’on les photolyses directe-
ment, mais les mécanismes pour les transpositions n’étaient pas données. Ces transpositions ont été réétudiées avec des
triènes marqués au deutérium: le triène 1a contient 93 %-d1 à C-6, tandis que le triène 5a contient 93 %-d1 à C-8. Des
triènes 1a et 5a sont issus de l’irradiation directe du COT 2a marqué au deutérium à C-8 (93 %). Des études de mar-
quages démontrent que le COT 2a se formant thermiquement du 1a et du 5a, et photochimiquement du 5a, dérive vrai-
semblablement d’une ouverture de la liaison C-1—C-6 des triènes. Par contre, l’irradiation directe du triène 1a conduit
à COT 2b marqué au deutérium uniquement à C-9 (93 %). Un mécanisme modifié de Zimmerman est suggéré pour
cette dernière transposition, 1a → 2b.

Mots clés : mécanismes, transpositions, photochimie, di-π-méthane.
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Introduction

Routes to cyclooctanoids continue to be of interest be-
cause of their wide occurrence in natural products, many of
which exhibit potent biological activity, with the anti-cancer
drug paclitaxel being a notable example (1). Some time ago
(2) we reported that 7-cyanobenzocyclooctatetraene (i.e., 7-
cyano-COT, 2) is the unique product from the thermolysis of
7- and 6-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene (1
and 5; note Scheme 1), and the major product from the di-
rect irradiation of 1. Other products from the direct irradia-
tion of 1 are 7-cyanobenzosemibullvalene (3), 4-cyano-7,8-
benzotetracyclo[3.3.0.02,4.03,6]oct-7-ene (4), and naphthalene.
The COT 2 is also formed from the direct photolysis of
triene 5, though only in meager amounts; the main products
are 1-cyanobenzosemibullvalene (6) and 2-cyanonaphthalene
(note Scheme 1). Triplet-sensitized irradiations of either

triene 1 or 5 yield semibullvalenes and naphthalenes but do
not generate COT products (2). We now report results from
the study of deuterium-labelled derivatives of the trienes
(viz. 1a and 5a, Scheme 2) which show that the skeletal re-
organization that occurs in the photoformation of COT 2
from triene 5, and the thermolyses of 1 and 5, is different to
that observed in the 1 → 2 photoisomerization.

Results

The deuterium-labelled trienes 1a and 5a (93%-d1 at C-6
and C-7, respectively) were obtained as outlined in Scheme 2
(yields given in the Schemes are based on amounts of start-
ing materials consumed) from a multistep procedure starting
with the readily available 3,4-dibromobenzobarrelene 7 (3).
All compounds in the synthetic sequence are either known
or are deuterium-labelled derivatives of known compounds.
Incorporation of deuterium at C-3 of barrelene 8 was
achieved by treating dibromide 7 with 1 equiv of butyl-
lithium, followed by quenching the resulting mono-anion
with deuterium oxide. Crude 8 was then converted to the
cyanolated derivative 9a (52% overall yield from 7) using
cuprous cyanide according to established methodology (4).
The final two synthetic steps are known photorearrangements.

Can. J. Chem. 81: 37–44 (2003) doi: 10.1139/V02-204 © 2003 NRC Canada
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The first involves the direct irradiation (Corex filter) of
barrelene 9a to give the labelled COT 2a as the major prod-
uct (4). In the second step, the COT was photocyclized (di-
rect irradiation at λ ≥ 318 nm, conditions under which the
photolabile products absorb no light) to the desired triene
1a, along with the alternate closure isomer 5a (2).

The assignment of the deuterium attachment at C-6 of 1a
follows from the reduction in integration signal of the lower-

field bridgehead signal in the proton NMR spectrum. Differ-
entiation between the two bridgehead hydrogens (i.e., H-1 at
δ 4.22 and H-6 at δ 4.00) was previously established (2)
from spin decoupling results and the observation that the
triplet H-6 signal in nonlabelled triene 1 collapses to a dou-
blet in the spectrum of the deuterium-labelled compound 1b.
As expected, the signal due to H-1 (broad doublet) is essen-
tially unchanged upon replacement of H-5 with deuterium.

© 2003 NRC Canada
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Scheme 1. Thermolysis and direct photolysis products from trienes 1 and 5.

Scheme 2. Preparation of deuterium-labelled trienes 1a and 5a.
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The NMR details are given at the triene structures 1/1b, in
Scheme 2. In the case of triene 5a, the assignment of the
deuterium attachment at C-7 is based on the signal designa-
tions previously given to nonlabelled 5 (2).

As indicated above, trienes 1 and 5 are known to revert to
COT 2 upon heating (2). In the present study, the NMR
spectra of the COT material isolated from the thermolyses
(in n-nonane at 150°C) of the labelled trienes 1a and 5a re-
vealed the same label distributions as were found in COT 2a
originally prepared from barrelene 9a (i.e., deuterium exclu-
sively at C-8; note the observed 1H NMR integration values
given in Table 1, entries 1, 2, and 7). These findings are con-
sistent with the operation of a mechanism involving cleavage
of the strained C-1—C-6 bridging bond of the trienes (see
Schemes 3 and 4), and is a ground-state reaction common to
other benzobicyclo[4.2.0]octa-2,4,7-trienes (5).

In contrast to the thermal results, NMR analysis of the
COT product isolated as the major component from the di-
rect irradiation of labelled triene 1a shows the deuterium to

be uniquely located at C-9 (Scheme 3; note Table 1, entry
3), i.e., the observed COT product is identical to the known
β-labelled compound 2b previously obtained (4) as the major
product from the direct irradiation of the C-5 labelled
barrelene 9b (note Scheme 3). Thus mechanistically, the
photoformation of COT 2 from triene 1 is not a simple re-
versal of the 2π + 2π photoclosure process proposed in the
generation of triene 1 from COT 2. The other isomeric prod-
ucts (semibullvalene 3a and tetracycle 4a) isolated from the
direct irradiation of triene 1a contain deuterium distributions
that are unexceptional and fully compatible with those antic-
ipated by previously described mechanistic routes (2), viz.
via a Zimmerman di-π-methane (DPM) rearrangement (6) in
the case of 3a, and a 2πs + 2πs cycloaddition in the case of
4a (4).

Interestingly, the photochemical (direct irradiation) behav-
iour of triene isomer 5a differs from that of 1a in giving
COT product (Scheme 4) in which the deuterium distribution
corresponds to 2a, within experimental uncertainty (note

© 2003 NRC Canada
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Hydrogen atom distributions at:a

Entry no. Origin of 7-cyano-COT C-5 and C-10 δ6.75 and δ6.73 C-6 δ5.95 C-8 δ6.66 C-9 δ6.07

1 Observed for direct hν of barrelene 9ab 2.04H 0.99H 0.07H 0.98H
2 Observed for thermolysis of triene 1ac 1.98H 0.97H 0.08H 0.95H
3 Observed for direct hν of triene 1ab 1.98H 1.02H 0.98H 0.10H
4 Calcd. for direct hν of triene 1a via route A 2.00H 1.00H 0.07H 1.00H
5 Calcd. for direct hν of triene 1a via routes B or C 2.00H 1.00H 0.54H 0.54H
6 Calcd. for direct hν of triene 1a via route D 2.00H 1.00H 1.00H 0.07H
7 Observed for thermolysis of triene 5ac 2.00H 0.99H 0.08H 0.99H
8 Observed for direct hν of triene 5ac 1.98H 0.98H 0.11H 0.95H

aIn each case the aromatic multiplet at δ6.95–7.06 was set as the normalized integration standard of 2.00H; the other aromatic multiplet at δ7.22–7.31
gave variable integration values due to the presence of residual CHCl3.

bSee the experimental section for complete NMR details.
cThe signal multiplicities were identical to those reported for 8-deuterio-COT (2a).

Table 1. Hydrogen atom distributions of the nonaromatic positions in deuterium-labelled 7-cyanobenzocyclooctatetraene.

Scheme 3. Observed label locations in products from triene 1a thermolysis and direct photolysis.
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Table 1, entry 8). The major product from the direct irradia-
tion of 5a is semibullvalene 6a labelled at C-7, which is
considered to form from a Zimmerman DPM rearrangement
(6) involving initial bridging between C-5 and C-7, as pro-
posed in the earlier investigation of triene 5 (2).

Discussion

Previous studies of deuterium-labelled 2,3-benzobi-
cyclo[4.2.0]octa-2,4,7-trienes have led to the postulation of
at least three mechanistic pathways which may operate in
the photogeneration of COTs (7–12). However, none of these
pathways (depicted as routes A, B, and C in Scheme 5) can
account for the labelling pattern observed in the photocon-
version of 1a to 2b. Thus, operation of a route A-type mech-
anism (7–9), which is formally equivalent to a 2σs + 2πs
electrocyclic opening (13), would lead to 2a (not observed).
Operation of a route B-type (10–12) or a route C-type mech-
anism (11), both of which involve the initial formation of a
Zimmerman DPM rearrangement diradical 10a, should give
approximately equal amounts of 2a (not observed) and 2b
(observed) from the thermal reorganization of the proposed

octavalene intermediate 12a, assuming minor deuterium iso-
tope effects (14, 15).

To rationalize the photoconversion of 1a → 2b, we pro-
pose a novel mechanism (route D, Scheme 6) which is a
modification of the Zimmerman DPM pathway identified as
route B in Scheme 5. The modification allows for the rear-
rangement of the initially formed diradical 10a to the more
stabilized species 13a (Scheme 6). The transformation of
10a to 13a can be viewed as an interconversion between two
housane-type species, i.e., 14 → 15. Interestingly, the di-
radical 13, in which favorable stabilization is afforded the
radical centres by the cyano and benzo groups, was invoked
previously by us (4) to explain the formation of COT 2b
from the direct irradiation of barrelene 9b (note Scheme 7)2.
However, lest it be thought that barrelene 9b is involved in
the present case through a two-step process (viz., 1a → 9b →
2b, the primary step would be an excited-state allowed 1,3-
shift), we point out that the subsequent photolysis of 9b
would have led not only to COT 2b but also to the co-
formation of semibullvalene 6a and COT 16b (note
Scheme 7) (2). Since neither the barrelene 9b nor 6a nor 16b
are observed in photolysates of triene 1a, at any conversion

© 2003 NRC Canada

40 Can. J. Chem. Vol. 81, 2003

Scheme 4. Observed label locations in products from triene 5a thermolysis and direct photolysis.

Scheme 5. Mechanisms that do not account for photoformation of COT from triene 1a.

2 Following the suggestion of a referee, we note that the same overall skeletal organization of COT 2b would result from two 1,2-shifts of the
cyanovinyl group of triene 1a via the mechanism given in Fig. 1.

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8101\V02-204.vp
Wednesday, January 22, 2003 1:27:04 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



level (GC and NMR monitoring), it follows that 9b does not
feature in the production of COT 2 from triene 1.

For triene 5a, the deuterium results are most readily inter-
preted in terms of a route A-type mechanism, wherein cleav-
age of the strained C-1—C-6 bond would be particularly
favorable due to the extensive stabilization of the “diradical-
like” centres in the proposed transition state, approximated
by structure 17a (Scheme 8). A similar explanation was

given to account for the facile photoformation of COT 16b
in the case of triene 18b, which also contains a cyano group
at a bridgehead location (C-1) (8).

A last point of interest is that the deuterium-labelled
triene 1b (i.e., deuterium attached to C-5; note structure 1b
in Scheme 2), which was initially prepared in 1986 to delin-
eate the mechanistic details of the photoformations of semi-
bullvalene 3 and 6 from trienes 1 and 5, respectively (2), is

© 2003 NRC Canada
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Scheme 6. Suggested mechanism for photoformation of COT 2b from triene 1a.

Fig. 1. Alternative mechanism for photoformation of COT 2b from triene 1a.

Scheme 7. Pathway not observed from triene 1a to COT 2b.
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not appropriately labelled to distinguish between operation
of the route B- (or C-) type mechanisms (Scheme 5) and the
novel pathway proposed here (route D, Scheme 6). Thus, ac-
cording to either route B (or C) in Scheme 5, or the modi-
fied mechanism (route D) shown in Scheme 6, a label at C-5
of the triene becomes a label at C-6 in the COT product.3

Experimental

Instrumentation and general procedures
The NMR spectra were recorded on a Bruker 250-MHz

instrument in CDCl3 solvent with TMS as the internal stan-
dard; the chemical shifts are in δ units and the coupling con-
stants (J) in Hz. The abbreviations br, s, d, t, q, and m refer
to broad, singlet, doublet, triplet, quartet, and multiplet, re-
spectively. The photolysis apparatus consisted of a 450-W
Hanovia medium-pressure mercury arc surrounded by a wa-
ter-cooled quartz immersion well. Unless otherwise stated,
the light was filtered through either a cylindrical sleeve of
Pyrex or Corex glass, or an aqueous lead nitrate solution
(1 g of Pb(NO3)2 and 100 g of NaBr in 1 L of water; trans-
mittance was 0% below 318 nm) contained in a concentric
filter jacket (10 mm path length). Three types of sample cell
(A, B, or C) were used. Cell A (250 mL sample volume)
consisted of a cylindrical vessel (Pyrex) which surrounded
the immersion well. Cell B (200 mL sample volume) con-
sisted of a cylindrical collar (Pyrex) which surrounded the
aqueous filter jacket. Both Cells A and B were fitted with
gas inlet and outlet ports, and sample solutions were deoxy-
genated by flushing with argon, before and during irradia-
tions. Cell C (40 mL sample volume) was a test tube-like
vessel (quartz), and sample solutions were deoxygenated by
flushing with argon and sealed under a positive pressure; the
solutions were magnetically stirred throughout the course of
the irradiations. Column chromatography was carried out on
Lobar (Merck; size B, LiChroprep Si 60) or on Silica Gel
60/AgNO3 columns (10:1 by weight). All compounds de-
scribed in this study are either known or are deuterium-
labelled derivatives of known compounds; their purities were
estimated to be ≥98% by a combination of NMR and GC
analyses.

3-Deuteriocyanobarrelene (9a) from 2,3-dibromo-1,4-
dihydro-1,4-ethenonaphthalene (7)

To a magnetically stirred solution of 3.62 g (12 mmol) of
2,3-dibromobenzobarrelene 7 (3) in 90 mL of dry, freshly
distilled THF at –70°C was added dropwise 8.90 mL
(14 mmol) of 1.6 M butyllithium in hexane over a 15 min
period under a nitrogen atmosphere. Stirring was continued
for an additional 25 min followed by the dropwise addition
of 1.8 mL (99 mmol) of deuterium oxide during 5 min at
–70°C. After stirring for 10 min, the cooling was removed
and the reaction mixture allowed to warm to room tempera-
ture. The mixture was concentrated on the rotovap and dis-
tilled water (200 mL) and hexane (200 mL) were added.
The aqueous layer was removed and extracted with hexane
(100 mL). The combined organic layers were washed with
distilled water (2 × 100 mL) and dried (MgSO4). The sol-
vent was removed via the rotovap and the crude 3-deuterio-
bromobenzobarrelene 8 was converted without purification
to 3-deuterio-2-cyano-1,4-dihydro-1,4-ethenonaphthalene (9a)
using 2.10 g (23 mmol) of cuprous cyanide, according to the
method previously described (4) for the conversion of unla-
belled 2-bromo-1,4-dihydro-1,4-ethenonaphthalene to 2-
cyano-1,4-dihydro-1,4-ethenonaphthalene. Crystallization of
the crude product from 95% ethanol yielded 1.09 g (52%) of
9a, mp 65–67°C (lit. (4) value 66 to 67oC for the non-
deuterated parent). 1H NMR: 7.61 (dd, 0.06H, residual H-3,
J3,4 = 6, J1,3 = 2), 7.19–7.3 (m, 2.21H, 2 aromatics and resid-
ual CHCl3), 6.86–7.01 (m, 4.04H, 2 aromatics, H-5 and H-
6), 5.00–5.10 (m, 2.00H, H-1 and H-4), corresponding to
94%-d1 at C-3; uncertainties from NMR signal integrations
are within ±0.05H for 9a and for all subsequent integrations
of deuterated compounds.

8-Deuterio-7-CN-COT (2a) from 3-deuteriocyanobarrelene
(9a)

A solution containing 1.039 g (5.77 mmol) of labelled
cyanobarrelene (9a) in 1 L of cyclohexane was irradiated in
four equal aliquots in Cell A (Corex filter) for 40 min each.
The photolysates were combined and chromatographed as
described previously (4) for the preparation of COT 2 from
unlabelled cyanobarrelene, to give 395.1 mg (38%) of 8-
deuterio-COT (2a) as the major product, mp 99–101o C (lit.

© 2003 NRC Canada
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Scheme 8. Possible mechanism for photoformation of COT 2a from triene 5a.

3 Triene 1b does in fact give 7-cyanobenzocyclooctatetraene exclusively labelled with deuterium at C-6 upon direct photolysis (C.O. Bender,
P.D. England, and K.E. Preuss. Unpublished results).
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(4) value 102 to 103o C for non-deuterated 2) after recry-
stallization from 95% ethanol. 1H NMR: 7.22–7.31 (m,
2.67H, 2 aromatics + residual CHCl3), 6.95–7.06 (m, 2.00H,
2 aromatics), 6.75 and 6.73 (d and d, 2.04H, H-5 and H-10,
J5,6 = J9,10 = 11.5), 6.66 (d, 0.07H, residual H-8, J8,9 = 4.5),
6.07 (d, 0.98H, H-9, J9,10 = 11.5), and 5.95 (d, 0.99H, H-6,
J6,5 = 11.5). Also note 1H NMR data given in entry number
1 in Table 1.

Direct irradiation of 8-deuterio-COT (2a)
A solution containing 366.5 mg (2.04 mmol) of 2a in

200 mL of cyclohexane was irradiated directly in Cell B
(Pb(NO3)2 filter) for 96 h. The photolysate was concentrated
to 8 mL and chromatographed (in four 2 mL aliquots) on a
Lobar column with 1% ethyl acetate – hexane solvent; the
eluant was monitored by UV spectroscopy at λ = 300 nm.
The last band from the column contained 116.6 mg (32%) of
labelled 6-cyano-2,3-benzobicyclo[4.2.0]octa-2,4,7-triene
(5a). 1 H NMR: 7.10–7.30 (m, 4.28H, 4 aromatics + residual
CHCl3), 6.46 (d, 1.00H, H-4, J4,5 = 10), 6.19 (dd, 0.06H, re-
sidual H-7, J7,8 = 2.8, J7,1 = 1), 6.07 (d, 0.95H, H-8, J8,1 =
1), 5.85 (d, 0.98H, H-5, J5,4 = 10), and 4.46 (br s, 0.97H, H-
1). The first band from the column contained COT 2a and
triene 1a, and was rechromatographed in three equal aliquots
on a Silica Gel 60/AgNO3 column (0.9 cm × 11 cm; 0.5%
ethyl acetate – hexane). The first band gave 93.8 mg (26%)
of triene 1a. 1H NMR: 7.16–7.22 (m, 2.05H, 2 aromatics),
7.06–7.13 (m, 2.07H, 2 aromatics), 6.71 (d, 1.00H, H-8, J8,1 =
1), 6.42 (d, 1.00H, H-4, J4,5 = 10), 5.93 (d, 0.98H, H-5, J5,4 =
10), 4.22 (br s, 1.01H, H-1), and 4.00 (t, 0.07H, residual H-
6, J6,1 = J6,5 = 4.5). The second band gave 133.8 mg (37%)
of recovered COT starting material (2a). 1 H NMR: 7.22–
7.31 (m, 2.08H, 2 aromatics + residual CHCl3), 6.95–7.06
(m, 2.00H, 2 aromatics), 6.75 and 6.73 (d and d, 1.95H, H-5
and H-10, J5,6 = J9,10 = 11.5), 6.66 (d, 0.08H, residual H-8,
J8,9 = 4.5), 6.07 (d, 0.94H, H-9, J9,10 = 11.5), and 5.95 (d,
0.96H, H-6, J6,5 = 11.5).

Thermolysis of triene 1a
A solution of 8.0 mg (0.044 mmol) of 1a in 4 mL of n-

nonane was refluxed (ca. 150°C) under a nitrogen atmo-
sphere for 8 h. The thermolysis product was chromatogra-
phed on Silica Gel 60 (0.9 cm × 10 cm) with 3% ethyl
acetate – hexane to give 7.1 mg (89%) of 8-deuterio-COT
(2a) (the 1H NMR data are given in entry 2, Table 1).

Direct irradiation of triene 1a
A solution containing 42.3 mg (0.24 mmol) of 1a in

40 mL of cyclohexane was irradiated directly in Cell C (Py-
rex filter) for 3.2 h. The photolysate was concentrated and
chromatographed on Silica Gel 60 (0.9 cm × 7 cm) with 4%
ethyl acetate – hexane to remove polymeric materials, and
then rechromatographed on a Lobar column with 2% ethyl
acetate – hexane solvent; the eluant was monitored by UV
spectroscopy at λ = 265 nm. The first band off the column
gave 3.3 mg (11%) of naphthalene-d1. The second band con-
tained a mixture of the triene starting material and COT
product. The third band contained ca. 1 mg (2%) of semi-
bullvalene 3a. 1H NMR: 7.22–7.31 (m, 1.00H, 1 aromatic),
7.03–7.26 (m, 5.14H, 3 aromatics + residual CHCl3), 6.30
(d, 1.03H, H-6, J6,5 = 2.5), 4.04 (d, 1.02H, H-5, J5,6 = 2.5),

3.38 (q, 0.09H, residual H-1, J1,2 = J1,5 = J1,8 = 6.5), 3.19 (d,
1.03H, H-2, J2,8 = 6.5), and 2.94 (d, 1.01H, H-8, J2,8 = 6.5).
The last band gave ca. 1 mg (2%) of tetracycle 4a. 1H NMR:
7.16–7.28 (m, 4.38H, 4 aromatics and residual CHCl3),
4.32–4.36 (m, 2.00H, H-1 and H-6), 3.28 (q, 1.01H, H-5,
J5,1 = J5,2 = J5,6 = 4.5), and 2.91–2.98 (m, 1.00H, H-2 and
residual H-3).

The second band containing the triene starting material
and COT product was rechromatographed on a Silica Gel
60/AgNO3 column (0.9 cm × 11 cm; 0.25% ethyl acetate –
hexane), monitored by UV spectroscopy at λ = 300 nm. The
first band gave 29.0 mg (69%) of recovered triene starting
material 1a. 1H NMR: 7.16–7.22 (m, 1.99H, 2 aromatics),
7.06–7.13 (m, 2.03H, 2 aromatics), 6.71 (d, 1.00H, H-8, J8,1 =
1), 6.42 (d, 1.00H, H-4, J4,5 = 10), 5.93 (d, 0.97H, H-5, J5,4 =
10), 4.22 (br s, 0.99H, H-1), and 4.00 (t, 0.07H, residual H-
6, J6,1 = J6,5 = 4.5). The second band gave 7.0 mg (17%) of
COT product 2b. 1H NMR: 7.22–7.31 (m, 2.07H, 2
aromatics + residual CHCl3), 6.95–7.06 (m, 2.00H, 2
aromatics), 6.75 and 6.73 (d and br s, 1.98H, H-5 and H-10,
J5,6 = 11.5), 6.66 (br s, 0.98H, H-8), 6.07 (dd, 0.10H, resid-
ual H-9, J9,8 = 4.5, J9,10 = 11.5), and 5.95 (d, 1.02H, H-6,
J6,5 = 11.5); also note the 1H NMR data given in entry num-
ber 3, Table 1.

Thermolysis of triene 5a
A solution of 8.5 mg (0.047 mmol) of 5a in 5 mL of n-

nonane was refluxed (ca. 150°C) under a nitrogen atmo-
sphere for 5.2 h. The thermolysis product was chromato-
graphed on Silica Gel 60 (0.9 cm × 10 cm) with 3% ethyl
acetate – hexane to give 6.0 mg (71%) of 8-deuterio-COT
(2a); for 1H NMR details note entry 7, Table 1.

Direct irradiation of 7-deuterio-6-cyano-triene (i.e., triene
5a)

A solution containing 20.2 mg (0.09 mmol) of 5a in
40 mL of cyclohexane was irradiated directly in Cell C (Py-
rex filter) for 1.5 h. The photolysate was worked up as in the
case of the direct irradiation of unlabelled triene 5 (2) to
give ca. 1 mg (5%) of 2-cyanonaphthalene and ca. 1 mg
(5%) of 8-deuterio-COT (2a); for the 1 H NMR details note
entry number 8, Table 1; 8.5 mg (42%) of recovered triene
5a (1H NMR: 7.10–7.30 (m, 4.50H, 4 aromatics + residual
CHCl3), 6.46 (d, 1.00H, H-4, J4,5 = 10), 6.19 (dd, 0.06H, re-
sidual H-7, J7,8 = 2.8, J7,1 = 1), 6.07 (d, 0.98H, H-8, J8,1 =
1), 5.85 (d, 1.00H, H-5, J5,4 = 10), and 4.46 (br s, 1.00H, H-
1)); and 7.5 mg (37%) of semibullvalene 6a (1H NMR:
7.32–7.40 (m, 1.00H, 1 aromatic), 7.06–7.25 (m, 3.10H, 3
aromatics + residual CHCl3), 5.70 (d, 0.95H, H-6, J6,5 =
2.5), 5.20 (dd, 0.06H, residual H-7, J7,6 = 5.0, J7,8 = 2.5),
4.22 (d, 1.01H, H-5, J5,6 = 2.5), 3.68 (d, 1.01H, H-2, J2,8 =
7.0), and 3.35 (d, 1.02H, H-8, J8,2 = 7)).
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The use of �-cyclodextrins to enhance the
aqueous solubility of trichloroethylene and
perchloroethylene and their removal from soil
organic matter: Effect of substituents

Salma Shirin, Erwin Buncel, and Gary W. vanLoon

Abstract: This paper describes a systematic study for the evaluation of different substituted β-cyclodextrins (β-CDs), as
agents for the enhancement of the aqueous solubility of two major organic pollutants, trichloroethylene (TCE) and
perchloroethylene (PCE). The aqueous solubility enhancement occurs through the formation of host–guest inclusion
complexes between the CD molecule (host) and the polychloroethylene (guest) and is driven primarily by hydrophobic
forces. The CDs evaluated are: methyl-β-CD (Mβ-CD), hydroxypropyl-β-CD (HPβ-CD), carboxymethyl-β-CD (CMβ-
CD1, CMβ-CD2), and sulfated-β-CD (Sβ-CD1, Sβ-CD2); the degree of substitution was also varied. Using a 5% (w/v)
aqueous CD solution, solubility enhancement factors (St/So) up to 5.5 and 14 were determined for TCE and PCE, re-
spectively. Binding constants (K11) for TCE with the substituted CDs were evaluated using an 1H NMR technique;
these were found to range from 3 to 120 M–1. It was shown that solubility enhancement, as well as the binding con-
stant, is dependent on the type and degree of substitution of the β-CD molecule; the determining factors are discussed.
The CDs are also capable of effective removal of PCE and TCE retained by soil organic matter. Thus, a suitably sub-
stituted β-CD may be a valuable additive in pump-and-treat protocols for site remediation of polychlorinated organics.

Key words: cyclodextrin, trichloroethylene, perchloroethylene, solubility enhancement, binding constant, soil and water
remediation.

Résumé : Dans ce travail, on décrit une étude systématique réalisée pour évaluer l’utilité de diverses β-cyclodextrines
substituées (β-CD) comme agents d’augmentation de la solubilité aqueuse de deux agents polluants importants, le tric-
hloroéthylène (TCE) et le perchloroéthylène (PCE). L’augmentation de la solubilité aqueuse résulte de la formation de
complexes d’inclusion hôte–invité entre une molécule de CD (hôte) et le polychloroéthylène (invité) et elle résulte prin-
cipalement de forces hydrophobes. On a évalué les CD suivantes en faisant aussi varier le degré de substitution: mé-
thyl-β-CD (M-CD), hydroxypropyl-β-CD (HPβ-CD), carboxyméthyl-β-CD (CMβ-CD1; CMβ-CD2) et de β-CD sulfatées
(Sβ-CD1; Sβ-CD2). Utilisant des solutions aqueuses à 5% (m/v) de CD, on a observé des facteurs d’augmentation de
la solubilité (St/S0) de 5,5 et 14 respectivement pour TCE et PCE. Faisant appel à une technique de RMN, on a évalué
que les constantes de fixation (K11) du TCE avec les CD substituées varient de 3 à 120 M–1. On a montré que le degré
d’augmentation de solubilité ainsi que la constante de fixation dépendent du type et du degré de substitution sur la mo-
lécule de β-CD; on discute des facteurs déterminants. Les CD sont aussi capables d’extraire de façon efficace les PCE
et TCE qui sont retenus dans les portions organiques du sol. Une β-CD substituée de façon appropriée peut être un ad-
ditif utile dans les protocoles d’extraction de composés organiques polychlorés réalisés pour remédier à des déverse-
ments.

Mots clés : cyclodextrine, trichloroéthylène, perchloroéthylène, augmentation de la solubilité, constante de fixation, re-
médier à des contaminations de sol ou d’eau.

[Traduit par la Rédaction] Shirin et al. 52

Introduction

Trichloroethylene (TCE) and perchloroethylene (PCE) are
among a number of chlorinated organic compounds that have

been listed as major organic contaminants in soil and water
systems throughout the industrialized areas of North Amer-
ica (1, 2). These two compounds are released into the envi-
ronment from a variety of industrial sources and are
frequently found in aquifers as dense, non-aqueous phase
liquids (DNAPLs). The hydrophobic liquids accumulate in
relatively large bodies known as pools or as residuals in the
form of disconnected blobs and ganglia (2). Because the
aqueous solubilities of TCE and PCE are small (200 ppm
and 1100 ppm, respectively (2)), only a limited concentra-
tion of the DNAPL dissolves in the associated groundwater.
In addition, both compounds are resistant to biotic and
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abiotic degradation under most natural environmental condi-
tions. Therefore, the DNAPL is not rapidly removed by ei-
ther dissolution or degradation and its lifespan in the soil
and (or) groundwater system may be on the order of several
decades, even centuries. Both TCE and PCE, along with vi-
nyl chloride, one of their daughter products, are considered
to be potential carcinogens and mutagens (1, 3). As a result
of their environmental persistence and mutagenicity, removal
from the subsurface has become a priority, and numerous
studies have focused on the environmental remediation of
PCE and TCE. The traditional method for remediation of
these two and other DNAPL compounds involves pump-
and-treat technology where ground water is pumped from
the soil, treated chemically or photochemically to destroy
the contaminant, and then returned; however, their low
aqueous solubility limits the effectiveness of this method (4,
5). In this regard, chemically enhanced dissolution of such
organic compounds using surfactants or alcohols is usually
considered (6, 7). However, a major problem associated with
the use of surfactants and alcohols is that both of them tend
to lower the DNAPL–water interfacial tension (8, 9).
Lowering of interfacial tension could result in remobiliza-
tion of DNAPLs in the vertical plane, making the remedia-
tion process more difficult. In addition, surfactants tend to
be retained in the soil by sorption onto various types of soil
particles. To overcome these problems, a new enhanced
solubilization strategy involving the use of cyclodextrins
may be attractive.

Cyclodextrins (CDs) are cyclic glucose oligosaccharides
formed by the action of Bacillus macerans on starch (10).
Depending on the number of glucose units in the ring, cyclo-
dextrins are classified as α, β, or γ, corresponding to 6, 7, or
8 glucose units, respectively. The donut-shaped molecule has
one rim lined with primary -OH groups and another rim
lined with secondary -OH groups. The -OH groups are di-
rected outward, providing a hydrophilic exterior, while the
interior is substantially hydrophobic, a result of the hydro-
carbon portion of the glucose skeleton. The combination of
these properties enables cyclodextrins to act as “host” in

forming complexes with other “guest” molecules that are ei-
ther non-polar or of low polarity and that have a size and
shape that is complementary to the cavity dimensions of the
CD. Several intermolecular interactions have been proposed
to account for the formation of CD–inclusion complexes in
aqueous solution. They include van der Waals forces be-
tween the guest and host molecules, hydrophobic interac-
tion, release of high-energy H2O molecules from the CD
cavity, and relief of conformational strain in a CD–water
adduct upon substrate inclusion. (11).

The ability of CDs to form water-soluble inclusion com-
plexes with a wide range of organic compounds makes them
suitable for application in a variety of situations (12) includ-
ing in the pharmaceutical industry (time-release drugs) and
in the manufacture of household items (odour reducing spray).
Importantly, cyclodextrins are non-toxic, non-carcinogenic,
and environmentally benign. Thus far, β-CDs have been used
more frequently than other CDs because of the appropriate
cavity size with respect to a wide range of organic com-
pounds. However, underivatized β-CD has the lowest aque-
ous solubility (1.8 g per 100 mL) compared with α- and γ-
CD (14.5 and 23.2 g per 100 mL, respectively) (11). To in-
crease solubility, modification of the -OH groups in the CD
molecule can be carried out (11, 13, 14). In principle, any or
all of the three -OH groups in each glucose unit of the CD
molecule can be functionalized (Fig. 1). Hence, there can be
from 0 to 21 degrees of substitution (DS) in each β-CD mol-
ecule (three -OH groups per glucose unit and 7 glucose units
in each molecule).

The possibility of using derivatized CDs for effecting the
remediation of nonpolar and low-polarity organic pollutants
in soil and (or) water systems has been investigated in a
number of studies (15–23). These reports describe laboratory
and field experiments that demonstrate the application of
substituted CDs in environmental remediation strategies. In
laboratory-based studies, it was found that an increase in
aqueous solubility of a range of nonpolar and low-polarity
organic compounds, including TCE and PCE, could be
achieved using various types of substituted �-CDs such as

© 2003 NRC Canada
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Fig. 1. Illustration of the 7 glucose units in β-CD. Substitution can occur at the C-2, C-3, and C-6 hydroxyl functionalities in each
unit.
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hydroxypropyl-β-CD (HPβ-CD), methylated-β-CD (Mβ-CD),
and carboxymethyl-�-CD (CM�-CD). For example, aqueous
solubility enhancement using 5% HP-βCD ranges from ca. 3
(for TCE) to 147 (for anthracene) depending on the size and
other properties of the guest molecule (15).

To evaluate the performance of CDs in the field, HPβ-CD
was applied in a waste disposal site (Hill air force base,
Utah, U.S.A.) that had been contaminated with TCE as well
as with other polar and nonpolar organic compounds (17).
Flushing the contaminated aquifer with 10% (w/v) HPβ-CD
resulted in significant reduction of the concentration of or-
ganic pollutants in the contaminated zone.

The overall goal of the present research is to develop a ra-
tional basis for selecting modified CDs that would be most
appropriate for maximizing solubilization of PCE and TCE.
To this end, we have examined the following: methyl-β-CD
(Mβ-CD), hydroxypropyl-β-CD (HPβ-CD), carboxymethyl-
β-CD (CMβ-CD1, CMβ-CD2), and sulfated-β-CD (Sβ-CD1,
Sβ-CD2); the degree of substitution was also varied. Since
an increase of the aqueous solubility of different organic
compounds in the presence of CD is believed to be due to
guest–host complexation, determination of binding constants
(K) is informative in assessing the utility of the CD (24, 25).

Finally, the interaction of hydrophobic organic compounds
with organic matter present in soil is of importance in the
remediation of contaminated sites. TCE and PCE are known
to be retained by soil organic matter, and this is reflected in
the relatively large log KOW (octanol–water partition coeffi-
cient) values, which are 2.88 and 2.61 for PCE and TCE,
respectively (26). The ability of CDs to extract the hydro-
phobic compounds that are retained by soil into an aqueous
medium is an important issue in remediation strategy. To
evaluate this, the solubilization of PCE and TCE retained by
peat was monitored using solutions of the derivatized CDs.
It is shown that a suitably substituted β-CD may be a valu-
able additive in pump-and-treat technology for site remedi-
ation of polychlorinated organics.

Experimental

The following substituted β-cyclodextrins were used as re-
ceived: hydroxypropyl-(HPβ-CD) (Aldrich), sulfated-(Sβ-
CD1), sulfated-(Sβ-CD2), methyl-(Mβ-CD), and carboxy-
methyl-(CM�-CD1) (Cerester). In addition, we used car-

boxymethyl-(CMβ-CD2), which had been synthesized in the
laboratory of Professor G. R. Thatcher at Queen’s Univer-
sity (see below for synthetic procedure). The aqueous solu-
bility of each of the substituted CDs was found to be >50%
(w/v). Table 1 lists the properties of the CDs, including the
type of substituent group, average molar mass, and degree of
substitution. The CDs were used as received. Analytical
grade TCE and PCE, with reported purities of 99.5+% and
99+%, respectively, were obtained from Aldrich. HPLC-
grade acetonitrile was purchased from Fisher. The D2O (pu-
rity 99.9%) used in the NMR experiments was obtained
from Cambridge Isotopic Laboratories. International Humic
Substance Society (IHSS) Peat had the following elemental
composition (%) (27): C 57.1, H 4.49, O 33.9, N 3.60, S
0.65. The organic matter content of this material was re-
ported to be 100%.

Synthesis of CMβ-CD2
To a solution of 4.2 g of NaOH in 98 mL H2O at 70°C

was added slowly 57.5 g of β-CD, and the mixture was kept
at that temperature for 2 h. A Na-chloroacetate solution,
made of 101 g of chloroacetic acid in 100 mL H2O and neu-
tralized with 42 g NaOH, was added drop-by-drop to the β-
CD – Na salt solution; after standing for 5 h at 70°C the re-
action mixture was poured into 2.5 L CH3OH for precipita-
tion. The solid mass was filtered, washed twice with 150 mL
H2O, then redissolved in 100 mL H2O and reprecipitated in
1.5 L CH3OH, followed by washing with 2 × 100 mL water
and 2 × 100 mL acetone. Finally, the product was dried un-
der vacuum. The solubility of the compound was >70%
(w/v) and the pH of a 1% solution was 7.93. The compound
was characterized by 13C NMR and mass spectroscopy.

13C NMR (75.5 MHz, D2O) δ: 178.3 (COOH), 99.4 (CH-
anomeric), 81.2 (CH), 72.0 (CH), 70.5 (CH2), 61.7 (CH2),
49.4 (CH), and 30.9 (CH). FAB-MS (using glycerol as the
matrix) m/z: 1430.1, 1510.5, 1590.2, 1670.5 (major), 1750.8,
1830.5, and 1911.3.

HPLC conditions
HPLC analysis was performed using a Varian 9002 series

solvent delivery system fitted with a Varian 9050 variable
wavelength UV–vis detector and Varian Star Chromatogra-
phic Workstation Version 4.5 for peak integration. For sepa-
ration, a C18 APEX ODS 5 � particle size column

© 2003 NRC Canada
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Compound Substituent group R Degree of substitution (average) Average molar mass (g mol–1)

Hydroxypropyl -CH2CH(OH)CH3 3–8 1500
(HPβ-CD) (5.5)
Methyl -CH3 10–16 1303
(Mβ-CD) (12)
Carboxymethyl (CMβ-CD1) -CH2COO– 3 1375
Carboxymethyla -CH2COO– 1–11 1671
(CMβ-CD2) (7)
Sulfated -SO3

– 3–16 1543

(Sβ-CD1) (4)
Sulfated -SO3

– 3–16 2563

(Sβ-CD2) (14)
aMolar mass was determined from the major peak obtained using FAB-MS. For all other CDs, average values provided by the supplier were used.

Table 1. Substituted CDs used in this work: molar mass and degree of substitution.
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(Chromatographic Specialties, 4.6 mm × 250 mm) protected
by a guard column was employed. The mobile phase was a
70:30 acetonitrile–water solution that had been filtered
through a Millipore system. For both PCE and TCE, the
detector was set to a wavelength of 210 nm and the flow rate
was 1.0 mL min–1. Under these conditions, the TCE peak
appeared at a retention time of ca. 6.5 min while PCE was
detected at ca. 9.5 min. A large, irregular peak ascribed to
CD also appeared between ca. 2 to 3 min; therefore, elution
of the CDs did not interfere with the peak of interest. The
method detection limits, measured as 3 times the standard
deviation of the blank signal, were 0.12 ppm for TCE and
0.14 ppm for PCE.

Solubility enhancement
The experimental procedure for solubility enhancement of

PCE and TCE was adapted from ref. 15. To distilled de-
ionized water (25 mL) containing 1% to 5% concentrations
of CD in a 100-mL volumetric flask was added a large ex-
cess (above the solubility limit) of TCE or PCE. A control
flask that contained only water and the substrate was also
prepared. TCE or PCE aqueous mixtures containing CD
were then equilibrated by shaking on a wrist action shaker
for 48 h at room temperature. Samples were transferred into
capped, glass centrifuge tubes and centrifuged at 3500 rpm
for 20 min. A 100 or 500 µL portion of the aqueous super-
natant was withdrawn using a micropipette and diluted with
water in a 10-mL volumetric flask. Samples of the diluted
solution were then injected into the HPLC, and both peak
height and area of the substrate peak were recorded.

Binding constant
The binding constant (K11) was determined using an 1H

NMR titration method (28). For the titration experiments, a
2 × 10–3 M TCE solution in D2O and ca. 0.4 M CD stock so-
lutions in D2O were prepared. A 2.00 mL portion of the
TCE solution was placed in an NMR tube and the 1H spec-
trum was recorded using a Bruker AM-400 spectrophoto-
meter operating at 400.1 MHz. Different amounts of CD
stock solution were then added successively into the NMR
tube containing TCE solution, using a graduated gas-tight
Hamilton syringe. After each addition, the solution was thor-
oughly mixed before the spectrum was acquired. The chemi-
cal shift of the 1H peak of TCE was monitored after each
addition of CD solution, using the residual solvent proton
signal HDO peak (at 4.6 ppm relative to internal tetra-
methylsilane) as the reference. The final ratio of CD to TCE
was such that the CD concentration was present in a 10:1 to
20:1 excess compared with the TCE concentration, depend-
ing on the CD being used.

Uptake and release in soil organic matter
A 50 to 100 mg portion of peat was placed in an 8-mL

vial, and the aqueous PCE (165 ppm) or TCE (200 ppm) so-
lution was added without leaving any headspace. Each sam-
ple vial was prepared in duplicate along with one control
omitting the peat, and these were allowed to equilibrate on
the shaker for periods of either 1 or 7 days. After equilibra-
tion, the sample vials were centrifuged and the supernatant
was withdrawn for HPLC analysis without any further dilu-
tion. A 5% CD (w/v) solution was then added to the sample

vials, which were again equilibrated for 18 h overnight be-
fore analysis. The sample vials were centrifuged and
supernatant was withdrawn for analysis by HPLC.

Results

Solubility enhancement
Data obtained for the solubility of TCE and PCE in the

presence of varying amounts of different CDs were used to
calculate solubility enhancement factors. Under equilibrium
conditions and assuming the formation of a 1:1 complex be-
tween TCE and CD, eqs. [1] and [2] apply.

[1]

[2] K11
[TCE CD]
[TCE][CD]

= −

where K11 is the 1:1 binding constant.
When excess TCE is added to an aqueous CD solution,

both free TCE, [TCE]o, and complexed TCE ([TCE–CD])
will exist in the solution. [TCE]o represents the aqueous sol-
ubility of the uncomplexed material and remains constant
upon addition of increasing amounts of CD. In that situation,
the total aqueous solubility of TCE at any CD concentration,
[TCE]t, can be expressed as:

[3] [TCE]t = [TCE–CD] + [TCE]o

Combining eqs. [2] and [3], [TCE]t = [TCE]o(K11[CD] +
1). This relation is generally valid for non-polar and low-
polarity organic compounds, and can be expressed in general
as [S]t = [S]o(K11[CD] + 1). Therefore,

[4] [S]t/[S]o = K11[CD] + 1

where [S]t = aqueous concentration of substrate in the pres-
ence of CD and [S]o = aqueous solubility, i.e., aqueous con-
centration of substrate in the absence of CD. The ratio of
[S]t:[S]o represents the “aqueous solubility enhancement” of
the compound for a given concentration of CD.

It was found that upon addition of increasing amounts of
CD the solubility of PCE or TCE increased in a linear fash-
ion. In each experiment the intercept of the linear regression
line was found to be unity, within experimental error, in ac-
cordance with eq. [4]. The [S]t/[S]o values, calculated at 5%
CD concentration, are listed in Table 2. The 1:1 binding con-
stants (K11) obtained from the slope of plots of eq. [4] are
reported in Table 3.

Binding constants (K11) obtained by 1H NMR
In the NMR experiments, as the concentration of CD was

increased, the 1H peak for TCE shifted downfield. The ob-
served chemical shift (δ) is the average of the chemical shifts
of the nuclei in TCE and the TCE–CD complex, weighted
by the fractional occupancy of these states, i.e.

[5] δ = f10δTCE + f11δTCE–CD

where f10 = fraction of free TCE and f11 = fraction of
complexed TCE.

The chemical shift difference (∆) between free and
complexed TCE can be expressed as:

[6] ∆ = δ – δTCE

© 2003 NRC Canada
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At saturation, the maximum change in chemical shift (∆11)
can be described as (28)

[7] ∆11 = δTCE–CD – δTCE

Combining eqs. [5], [6], and [7]

[8] ∆ = f11∆11

Combining eqs. [8] and [2] and rearranging gives

[9] ∆ ∆=
+
11 11

111
K
K

[ ]
[ ]
CD
CD

Equation [9] is valid for a 1:1 binding isotherm. For each
CD, the plot of chemical shift difference (∆ in ppm) of TCE
versus the CD concentration gave a hyperbolic curve that
reached a plateau at higher CD concentration. K11 was ob-
tained using non-linear regression analysis of the data set in
the Graph Pad Prism program byminimizing the sums of the
squares of the residuals. Values of the individual analysis of
each of the CDs are listed in Table 3. A representative plot
for the TCE–Mβ-CD system is shown in Fig. 2.

Retention of PCE and TCE by soil organic matter and
extraction by CDs

The retention of TCE or PCE by soil organic matter was
calculated by comparing the aqueous concentration obtained
from samples containing a given amount of peat and known
concentrations of added TCE or PCE with that from controls
containing the same concentration of added TCE or PCE
only. This allowed for the calculation of distribution coeffi-
cients (Kd = concentration of TCE or PCE in peat (µg g–1) /
concentration in water (µg mL–1)). Table 4 gives the percent
retention of these two compounds under different conditions
along with Kd values. After 5% CD was added, new reten-
tion values were determined (Table 5).

Discussion

Solubility enhancement
The observed increase in solubility of TCE and PCE upon

addition of substituted CDs can be attributed to complex-
ation of the low polarity species within the hydrophobic CD
cavity. Solubility enhancement depends on several factors,
including size, structure, polarity, and hydrophobicity of the
guest molecule (15), as well as size of the CD cavity. As
PCE differs from TCE by only one additional Cl atom, size
and structure may not be the major factor in this case. How-
ever, PCE is less polar and more hydrophobic than TCE,
which would favour inclusion for the former. The overall
solubility enhancement values for PCE were found to be
higher than for TCE (Table 2). Similarly, Boving et al. (18)
showed that the enhancement was greater for PCE than TCE

© 2003 NRC Canada

Shirin et al. 49

Compound HPβ-CD Mβ-CD CMβ-CD1 CMβ-CD2 Sb-CD1 Sβ-CD2

PCE 14 ± 0.4 14 ± 0.4 10.9 ± 0.5 2.7 ± 0.6 9.6 ± 0.9 1.1 ± 0.1
(8.1)b (16.1)b

TCE 3.1 ± 0.2 5.5 ± 0.4 2.2 ± 0.2 1.9 ± 0.1 2.8 ± 0.3 1.1 ± 0.2
(3.4)b (4.6)b

(2.6)c

aAssociated error is the standard error of the slope at the 95% confidence level.
bValues from ref 18.
cValue from ref. 15.

Table 2. Solubility enhancement factors (standard errors)a for PCE and TCE in the presence of 5% substituted CDs.

Fig. 2. Plot showing a change in the chemical shift of TCE upon
addition of Mβ-CD. The curve has been fitted to the data using
Graph Pad Prism.

Amount of peat (mg
per 8 mL of solution)

Amount sorbeda after 1 day
equilibration (µg g–1 peat)

Distribution coefficienta

Kd (mL g–1)
Amount sorbeda after 7 days
equilibration (µg g–1 peat)

PCEb 50 6600 ± 800 48 ± 3 6700 ± 600
PCE 100 5400 ± 700 48 ± 4 —
TCEc 50 2200 ± 900 14 ± 3 3800 ± 500
TCE 100 3000 ± 300 16 ± 2 —

aAverage value from multiple measurements ± SD.
bInitial [PCE] = 165 ppm.
cInitial [TCE] = 200 ppm.

Table 4. Retention of PCE and TCE by soil organic matter.
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for both 5% and 10% HPβ-CD and Mβ-CD, respectively.
Where overlapping data were obtained, most results from
their work were in reasonable agreement with the present
enhancement factors (Table 2).

Other than the factors noted above, the variation in solu-
bility enhancement values with different CDs can be ex-
plained by the presence and nature of the substituent groups
on the β-CD molecule. Among the CDs used, Sβ-CD1, Sβ-
CD2, CMβ-CD1, and CMβ-CD2 are modified by negatively
charged substituent groups. In these cases there would be a
repulsive interaction between the negatively charged groups
and the π-electron cloud density of the C=C double bond in
polychloroethylenes. The repulsive interaction would act as
a barrier for an electron-rich guest molecule, disallowing its
entry into the cavity; it may also destabilize the inclusion
complex. In this situation, formation of the inclusion com-
plex will be both kinetically and thermodynamically unfa-
vorable, which is reflected in the lower magnitude of the
solubility enhancement found for these CDs in comparison
to the CDs with neutral substituents.

Another factor that may affect the extent of enhancement
is the degree of substitution (DS) in the CD molecule. A
higher DS could cause steric inhibition for an incoming
guest molecule. CMβ-CD2, which showed lower aqueous
solubility enhancement for both compounds, has a higher
degree of substitution than CMβ-CD1. Moreover, addition of
the highly substituted Sβ-CD2 also contributed to the very
low enhancement.

Substitution of the CD by neutral substituent groups in-
creases the hydrophobicity of the molecule as a whole,
which leads to increased interaction with a hydrophobic
guest molecule (29). With TCE, the enhancement factor was
found to be largest for methylated-β-CD. The hydroxypropyl
group is also neutral but is larger in size compared to the
methyl group, so steric interference may again be of impor-
tance here (30). In accordance with this argument, TCE
showed higher enhancement with Mβ-CD compared to HPβ-
CD. Interestingly, however, PCE showed similar enhance-
ment factors with both HPβ-CD and Mβ-CD.

Binding constant
In the CD molecule, the H-3 and H-5 protons of the glu-

cose subunits are projected inwards towards the cavity, and
it is these protons that experience a change in chemical shift
upon inclusion of a guest molecule, while protons on the
outer face are unaffected (31). The observed shifts are a re-
sult of the altered magnetic environment due to the presence

of the guest molecule. Furthermore, in the inclusion process,
protons of the guest molecule also experience changes in
their magnetic environment, thus affecting their chemical
shift values (24, 25). The magnitude of chemical shift
changes for both guest and host depend on various factors,
especially the anisotropic effect, altered solvation, and the
conformation of the guest molecule inside the cavity. The
maximum chemical shift changes for the 1H TCE observed
in the experiments conducted here were found to be ca.
0.2 ppm.

Inhomogeneity in the substitution of the CDs used in the
present work complicates their observed NMR spectra, caus-
ing broadening of some peaks and rendering it difficult to
make assignments for individual protons. On the other hand,
the guest TCE methine proton gave a sharp peak at 6.6 ppm,
and it was possible to follow the change in the chemical
shift upon addition of CD. An illustratory figure showing the
NMR spectra of both CD and TCE with increasing amounts
of CD is provided as Supplementary material.2 Upon com-
plexation with CD, one sharp downfield-shifted methane
peak was observed, indicating that the magnetic environment
experienced by the TCE proton is averaged over the environ-
ment of the free and bound states. The presence of a singlet
can be attributed to a fast equilibrium between the free and
bound guest molecules, as is applicable to loosely bound
complexes (28).

Since TCE is a considerably smaller molecule (0.155 nm3)
when compared with the size of the CD cavity (0.262 nm3),
the possibility of there being two guest molecules in each
host CD (i.e., a 2:1 complex) must be considered. In treating
the NMR results, such a possibility was tested by attempting
to fit the experimental data to equations for both 1:1 and 2:1
complexation (28). Using the Graph Pad Prism program,
converging fits could be obtained for both cases, but the 2:1
situation gave values with extremely large uncertainties, and
in some cases K21 results were negative. On the other hand,
when using eq. [9], which is based on a 1:1 model (28), the
same data sets converged to consistent values for K11 with
relatively small uncertainties (Table 3). The predicted 1:1
binding is supported in the hyperbolic curves generated,
with correlation coefficients ranging from 0.98 to 0.99.

A similar situation was encountered in an investigation
(32) of the binding of both α- and β-CDs with a large range
of small aliphatic and aromatic molecules. Attempts to fit
the data sets into a 2:1 model using both calorimetric and 1H
NMR measurements were unsuccessful, as the generated pa-
rameters were associated with very large errors. The possi-
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Residual amount sorbeda (µg g–1 peat) % of sorbed PCE or TCE removed by CDsb

PCE + 5% HPβ-CD 640 ± 130 90
PCE + 5% Sβ-CD1 140 ± 40 98
PCE + 5% Mβ-CD 480 ± 50 93
TCE + 5% HPβ-CD 600 ± 150 73
TCE + 5% Sβ-CD1 480 ±160 78
TCE + 5% Mβ-CD 150 ± 60 93

a50 mg peat per 8 mL solution and 1 day equilibration.
bValues obtained comparing the amount of sorbed PCE or TCE on peat (Table 4) with that present after extraction with CD solutions.

Table 5. Effect of added 5% CD on retention of PCE and TCE by soil peat material.

2 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically).
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bility of 2:1 binding was excluded based on the poor curve
fitting.

Because of the relatively small size of TCE compared to
the host molecules, positioning of the TCE inside the cavity
may not be specific and loose binding is expected. Notably,
the magnitudes of the binding constant values found in this
work (Table 3) are small compared to systems where a com-
plementary fit between guest and host was postulated (10,
11, 14, 25).

As noted above for TCE, plots of [S]t/[S]o against [CD]
according to eq. [4] were linear with intercepts near unity
and slopes with values of K11. An alternative method of
treating eq. [4] is to plot [S]t against [CD]. For such plots it
has been shown (28) that the slope (= K11So) is always less
than or equal to 1 if only 1:1 complexation occurs. In the
present situation, slopes range from 0.2 to 1.0 depending on
the CD, again consistent with a 1:1 binding model.

In most cases, for TCE binding with various CDs, we
found good agreement (Table 3) between the K11 values ob-
tained from solubility and the NMR experimental results.
For PCE, however, the NMR method could not be used be-
cause of the lack of a proton as a probe for binding. Theo-
retically, K11 could be measured using 13C NMR, but the low
aqueous solubility of PCE precluded such experiments. As
well, having two tertiary carbons in the PCE molecule con-
tributes to very low sensitivity with respect to 13C NMR.
However, the good agreement (Fig. 3) between the K11 val-
ues for TCE using the two methods gives some confidence
regarding the corresponding values obtained for PCE by the
single applicable procedure. The plot of [S]t/[S]o for PCE
against K11 according to eq. [4] was linear with a correlation
coefficient of 0.981 (Fig. 4) and an intercept close to unity.

Overall, it is concluded that aqueous solubility enhance-
ment occurs because of the formation of a host–guest com-
plex between CD and TCE or PCE, and it is driven primarily
by hydrophobic forces. A high degree of substitution results
in steric congestion for cavity opening and, consequently,
leads to diminished inclusion of the polychloroethylenes ex-
amined. Nonpolar substituents in the CD host enhance bind-
ing by creating a more hydrophobic cavity. The interplay of
these opposing influences gives rise to the magnitude of

binding constants (K11) and solubility enhancements
([S]t/[S]o) found in the present work.

Extraction of retained PCE and TCE from soil organic
matter by CDs

The ability of CDs to solubilize TCE and other hydropho-
bic compounds that are bound to soils has been previously
observed (16). In soil column experiments, enhanced trans-
port of a range of organic compounds has been achieved in
this way. Humic acid, a primary component of peat and soil
organic matter in general, is a polydisperse polymeric mate-
rial composed of a three-dimensional aromatic and alkyl
chain framework modified by a variety of mostly oxygen-
containing functional groups. The substantially hydrophobic
nature of this material contributes to the ability of peat to
sorb nonpolar and low-polarity organic compounds (33). Ta-
ble 4 shows the % retention and Kd values for TCE and PCE
when equilibrated with IHSS peat in an aqueous medium. It
is not surprising, then, that of the two compounds investi-
gated here the more hydrophobic PCE showed greater ten-
dency to be retained by peat than did TCE. As expected, the
calculated Kd values were found to be constant, independent
of the amount of peat.

In the extraction process, it was found that addition of 5%
CD (HPβ-CD or Sβ-CD1 or Mβ-CD) enabled the fairly effi-
cient desorption of PCE or TCE (Table 5); between 2% and
27% of the original material remained after a single extrac-
tion. As is predicted from the established K11 values, PCE
was more efficiently extracted than TCE. Thus, a suitably
substituted β-CD may be a valuable additive for extracting
and solubilizing polychlorinated organics during site reme-
diation using pump-and-treat methods.
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Fig. 3. Plot of the aqueous solubility enhancement of TCE with
different CDs (at 5% concentration) versus respective K11 ob-
tained from 1H NMR experiment. r2 = 0.9913; y intercept = 1.05.

Fig. 4. Plot of aqueous solubility enhancement of PCE with dif-
ferent CDs (at 5% concentration) versus respective K11 obtained
from eq. [4]. r2 = 0.9814; y intercept = 0.962.
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Alkali metal ion catalysis in nucleophilic
displacement by ethoxide ion on p-nitrophenyl
phenylphosphonate: Evidence for multiple metal
ion catalysis1

Erwin Buncel, Ruby Nagelkerke, and Gregory R.J. Thatcher

Abstract: In continuation of our studies of alkali metal ion catalysis and inhibition at carbon, phosphorus, and sulfur
centers, the role of alkali metal ions in nucleophilic displacement reactions of p-nitrophenyl phenylphosphonate (PNPP)
has been examined. All alkali metal ions studied acted as catalysts. Alkali metal ions added as inert salts increased the
rate while decreased rate resulted on M+ complexation with 18-crown-6 ether. Kinetic analysis indicated the interaction
of possibly three potassium ions, four sodium ions, and five lithium ions in the transition state of the reactions of
ethoxide with PNPP. Pre-association of the anionic substrate with two metals ions in the ground state gave the best fit
to the experimental data of the sodium system. Thus, the study gives evidence of the role of several metal ions in
nucleophilic displacement reactions of ethoxide with anionic PNPP, both in the ground state and in the transition state.
Molecular modeling of the anionic transition state implies that the size of the monovalent cation and the steric require-
ment of the pentacoordinate transition state are the primary limitations on the number of cations that can be brought to
bear to stabilize the transition state and catalyze nucleophilic substitution at phosphorus. The bearing of the present
work on metal ion catalysis in enzyme systems is discussed, in particular enzymes that catalyze phosphoryl transfer,
which often employ multiple metal ions. Our results, both kinetic and modeling, reveal the importance of electrostatic
stabilization of the transition state for phosphoryl transfer that may be effected by multiple cations, either monovalent
metal ions or amino acid residues. The more such cations can be brought into contact with the anionic transition state,
the greater the catalysis observed.

Key words: alkali metal ion catalysis, nucleophilic displacement at phosphorus, multiple metal ion catalysis, phosphoryl
transfer. 63

Résumé: Dans le cadre de nos études sur la catalyse par les ions de métaux alcalins et sur l’inhibition au niveau des
centres carbonés, phosphorés et sulfurés, on a examiné le rôle des métaux alcalins sur les réactions de substitutions nu-
cléophiles du phénylphosphonate de p-nitrophényle (« PNPP »). Tous les ions de métaux alcalins étudiés agissent
comme catalyseurs. Les ions de métaux alcalins ajoutés sous la forme de sels inertes augmentent la vitesse alors que
l’on observe des diminutions de vitesse lorsque les ions M+ sont complexés par l’éther 18-couronne-6. L’analyse ciné-
tique indique qu’il pourrait exister une interaction de trois ions potassium, quatre ions sodium et cinq ions lithium dans
l’état de transition des réactions de l’éthanolate avec le « PNPP ». Une préassociation du substrat anionique avec deux
ions métalliques dans l’état fondamental permet de réaliser le meilleur ajustement des données expérimentales du sys-
tème du sodium. Cette étude permet donc de mettre en évidence le rôle de plusieurs ions métalliques dans les réactions
de substitutions nucléophiles de l’éthanolate avec le « PNPP » anionique, tant dans l’état fondamental que dans l’état
de transition. Des calculs de modélisation moléculaire de l’état de transition anionique impliquent que la taille du ca-
tion monovalent et les nécessités stériques de l’état de transition pentacoordiné sont les limitations primaires du nombre
de cations qui peuvent être amenés à stabiliser l’état de transition et à catalyser la substitution nucléophile au niveau
du phosphore. On discute des implications du présent travail sur la catalyse par des ions métalliques sur les systèmes
enzymatiques, particulièrement ceux qui catalysent le transfert de groupes phosphoryles qui font souvent appel à de
multiples ions métalliques. Nos résultats, tant cinétiques que théoriques, révèlent l’importance de la stabilisation élec-
trostatique de l’état de transition pour le transfert de phosphoryle qui peut être affecté par de plusieurs cations, ions
métalliques monovalents ou résidus d’acides aminés; plus on peut amener de tels cations en contact avec l’état de tran-
sition anionique meilleure est la catalyse observée.
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Mots clés : catalyse par des ions métalliques alcalins, substitution nucléophile au niveau du phosphore, catalyse par des
ions métalliques multiples, transfert de phosphoryle.

[Traduit par la Rédaction]

Buncel et al.Introduction

The role of metal ions in the mechanism of phosphoryl
transfer reactions (2, 3) has been under extensive investiga-
tion owing to the importance of these processes in biological
systems (4, 5). The ubiquitous presence of alkali metal ions
in biological systems calls for intensive investigation of ca-
talysis by these monovalent ions, but such studies have only
rarely been undertaken. The majority of studies have been
directed towards the catalytic effects of divalent ions such as
Mg2+, Ca2+, Mn2+, Fe2+, Cu2+, and Zn2+ in the hydrolysis of
phosphate esters (6–8).

We have initiated systematic studies of the influence of al-
kali metal ions in nucleophilic displacement reactions at car-
bon, phosphorus, and sulfur centers (9–20). Our previous
reports have shown that in the reaction of alkali metal ethox-
ides and phenoxides with p-nitrophenyl diphenylphosphinate
1 (PNPDP), all the alkali metals functioned as catalysts,
with the MOEt reactivity order LiOEt > NaOEt > KOEt >
CsOEt > EtO– (13, 14). However, with p-nitrophenyl ben-
zenesulfonate 2 (PNPBS), both catalysis and inhibition was
observed, the reactivity order now being KOEt > CsOEt >
NaOEt > EtO– > LiOEt (15, 16).

In the present work we have extended our investigations
to p-nitrophenyl phenylphosphonate 3 (PNPP), as the first
monoanionic phosphorus ester in this series, noting the im-
portance of charged phosphate esters in biological systems.
In the reaction of 3 with alkali metal ethoxides in ethanol
the order of catalytic effectiveness was determined to be
LiOEt > NaOEt > KOEt > CsOEt > > EtO–, i.e., qualita-
tively similar to the situation with PNPDP (1). However, in-
depth analysis shows that the kinds of treatment that we

have applied in the previous cases (i.e., simple ion pair and
dissociated ion reaction pathways) are no longer applicable
here, but that multiple ion association has to be invoked.
Both ground state and transition state interactions are dis-
cussed.

Results

The reaction under investigation is shown below with the
assumption that the substrate is fully ionized in basic etha-
nol.

The rate of the reaction in anhydrous ethanol at 25°C was
followed spectrophotometrically by monitoring the forma-
tion of p-nitrophenoxide ion under pseudo-first-order condi-
tions with the alkoxide in at least 20-fold excess. Excellent
first-order kinetics were observed up to 90% reaction and
rate constants were obtained from linear log (A∞ – At) vs.
time plots. Slower reactions were conducted for only one
half-life or less, and rate constants were obtained by an ini-
tial rate method. Results are presented in Tables 1–3 and dis-
played in Fig. 1.

The effect of added complexing agent has been examined;
Fig. 2 and Table 4 show the effect of added 18-crown-6 on
the rate of reaction of PNPP with KOEt at a constant base
concentration. The rate decreased until 1 equiv of complex-
ing agent had been added, after which point increasing the
crown concentration had no effect on the reaction rate. The
constant rate observed after 1 equiv of complexing agent had
been added corresponds to the reaction of free ethoxide with
the phosphonate ester on the assumption that cations are
fully complexed by the added 18-crown-6 and are unreac-
tive. The average rate constant for the free ethoxide so ob-
tained is 5 ± 2 × 10–7 s–1 M–1.

The role of the metal ion in the reaction mechanism was
further investigated by adding metal ions in the form of
unreactive salts to reactions of alkali metal ethoxides with 3.
The effect of added LiCl and LiNO3 on the LiOEt reaction is
shown in Table 5. To achieve a substantial [salt]:[base] ratio,
a low concentration of base was used for these experiments.
The reactions were so slow that plots of absorbance vs. time
did not show the curvature expected for first-order reactions.
Instead, the absorbance varied linearly with time and zero-
order rates were observed. The reported rate constants were
determined in the same manner as for initial rates,

© 2003 NRC Canada

54 Can. J. Chem. Vol. 81, 2003

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8101\V02-202.vp
Wednesday, January 22, 2003 2:39:46 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



converting the change in absorbance per run time, ∆A/∆t, to
a zero-order rate constant and dividing the rate constant by
the substrate concentration to get kobs.

Discussion

Catalytic role of alkali metal ions
The order of reactivity exhibited (Fig. 1) in the present

work with PNPP is LiOEt > NaOEt > KOEt > > EtO–, which
is qualitatively similar to that observed in our previous work
with PNPDP (1), but the rates of reaction are much smaller
in the present work: kEtO− (PNPP)/kEtO− (PNPDP) is ca. 10–6.
This is in accord with nucleophilic attack occurring in the
present case on an anionic substrate. The increase in rate on
addition of the unreactive salts LiCl and LiNO3 to the LiOEt
reaction, while moderate (Table 5), is in accord with a cata-
lytic effect of Li+ (see also ref. 1).

Catalysis by alkali metal ethoxide ion pairs
In our previous studies with p-nitrophenyl diphenylphos-

phinate (1) as well as with p-nitrophenyl benzenesulfonate
(2) results were analyzed in terms of reactivity by dissoci-
ated EtO– (or PhO–) ions and by the associated EtO–M+ (or
PhO–M+) ion pairs (13–17). Since the association constants

of alkali – metal ethoxides in ethanol are known (21), one
could calculate the contribution of each species to the two
separate reaction pathways (for the case of PhO–M+ the re-
spective contributions could be evaluated by a mathematical
treatment) (14). For the phosphinate 1 it was found that for
all the alkali metal ethoxides and phenoxides, associated
RO–M+ ion pairs were more reactive than free RO– ions.
This could be rationalized in terms of a more effective stabi-
lization of the transition state by M+ than of the ground
state. Stabilization energies of the transition state and of the
ground state could be evaluated by a method developed orig-
inally by Kurz (22) and applied by Mandolini and coworkers
(23), Tee (24), and others (25–28). For the sulfonate (2) –
ethoxide reaction the higher alkali metal ions acted as
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[MOEt] (M) kobs (s–1)

0.100 5.18 × 10–6

0.106 3.93 × 10–6

0.140 6.67 × 10–6

0.140 1.25 × 10–5

0.200 1.65 × 10–5

0.240 2.32 × 10–5

0.300 3.95 × 10–5

0.320 4.12 × 10–5

0.400 7.49 × 10–5

0.400 7.31 × 10–5

0.400 6.46 × 10–5

0.500 1.39 × 10–4

0.560 1.83 × 10–4

0.600 2.34 × 10–4

0.700 3.76 × 10–4

0.800 6.34 × 10–4

Table 1. Kinetic data for the reaction of
PNPP with LiOEt in EtOH at 25.0°C.

[MOEt] (M) kobs (s–1)

0.170 6.64 × 10–6

0.239 1.32 × 10–5

0.242 1.28 × 10–5

0.298 2.05 × 10–5

0.401 3.82 × 10–5

0.501 6.73 × 10–5

0.601 1.09 × 10–4

0.700 1.70 × 10–4

0.800 2.61 × 10–4

Table 2. Kinetic data for the reaction of
PNPP with NaOEt in EtOH at 25.0°C.

[MOEt] (M) kobs (s–1)

0.189 3.52 × 10–6

0.245 3.86 × 10–6

0.283 7.47 × 10–6

0.300 6.56 × 10–6

0.377 1.32 × 10–5

0.415 1.28 × 10–5

0.500 1.94 × 10–5

0.604 2.97 × 10–5

0.698 4.57 × 10–5

0.792 6.15 × 10–5

Table 3. Kinetic data for the reaction of
PNPP with KOEt in EtOH at 25.0°C.

Fig. 1. Kinetic data for the reaction of PNPP with LiOEt, KOEt,
and NaOEt, and with KOEt in the presence of excess 18-crown-6
in EtOH at 25°C.
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catalysts but Li+ acted as inhibitor, which is indicative of
greater stabilization of the ground state than of the transition
state (17–19).

Applying the free ethoxide – metal ethoxide ion pair mo-
del to the present system, with reaction pathways for both
species (Scheme 1), leads to the rate eqs. [1] and [2] where
S– refers to the substrate

[1] rate = kEtO− [EtO−][S−] + kMOEt[MOEt][S−]

[2] kobs/[EtO−] = kEtO− + kMOEtKa[EtO−]

According to eq. [2], plots of kobs/[EtO–] vs. [EtO–] calcu-
lated (see Tables S1–S3)4 using the known (21) values of Ka
should be linear. However, it may be seen from the curved
nature of the plot in Fig. 3 for LiOEt and the very similar
plots for NaOEt and KOEt (not shown) that the ion pair
mechanism does not adequately describe the reaction of

PNPP with metal ethoxides. The upward curvature in Fig. 3
suggests that higher involvement in M+ should be consid-
ered.

Catalysis by pre-association mechanism
One can consider a pre-association pathway in which one

metal ion associates with the substrate and the consequent
reaction of ethoxide with S– M+, along with the parallel reac-
tions of S– with EtO– and S– with MOEt, as shown in
Scheme 2.
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[KOEt] (M) [18C6] (M) kobs (s–1) k2 (s–1M–1) [18C6]/[KOEt]

0.1008 0 6.61 × 10–7 6.55 × 10–6 0
0.1008 0 8.35 × 10–7 8.28 × 10–6 0
0.1008 0.030 5.96 × 10–7 5.91 × 10–6 0.301
0.1008 0.061 2.81 × 10–7 2.79 × 10–6 0.602
0.1008 0.061 3.22 × 10–7 3.20 × 10–6 0.602
0.1008 0.061 4.01 × 10–7 3.97 × 10–6 0.602
0.1008 0.091 1.49 × 10–7 1.48 × 10–6 0.903
0.1008 0.101 7.49 × 10–8 7.43 × 10–7 1.01
0.1008 0.127 5.82 × 10–8 5.77 × 10–7 1.26
0.1008 0.134 3.27 × 10–8 3.24 × 10–7 1.33
0.1008 0.210 3.98 × 10–8 3.95 × 10–7 2.08

Note: Average kEtO− value for kEtO− ([18C6]/[KOEt] > 1.0) = 5 ± 2 × 10–7 s–1M–1.

Table 4. Kinetic data for the reaction of PNPP with KOEt in the presence of 18-crown-6 in EtOH at 25.0°C.

Fig. 2. Kinetic data for the reaction of PNPP with KOEt in the
presence of 18-crown-6 in EtOH at 25°C.

(a) Ratio LiCl/LiOEt kobs (s–1)

0 0a

9.47 6.2 × 10–7

23.7 6.7 × 10–7

37.7 7.0 × 10–7

52.1 7.8 × 10–7

66.3 8.0 × 10–7

(b) Ratio LiNO3/LiOEt kobs (s–1)

0 0a

9.26 6.4 × 10–7

23.2 7.5 × 10–7

37.1 7.8 × 10–7

51.0 8.4 × 10–7

64.9 9.0 × 10–7

Note: [LiOEt] = 0.00398 M.
aNo reaction was observed without added salt.

Table 5. (a) Kinetic data for the reaction of PNPP with LiOEt in
the presence of LiCl in EtOH at 25.0°C; and (b) kinetic data for
the reaction of PNPP with LiOEt in the presence of LiNO3 in
EtOH at 25.0°C.

Scheme 1. Metal ethoxide ion pair catalysis.

4 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically).
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The rate equation corresponding to Scheme 2 is given in
eq. [3] from which eq. [4] follows, which is of the same
form as eq. [2].

[3] rate = kEtO− [EtO−][S−] + kM+ [EtO−][M+S−]

+ kMOEt[MOEt][S−]

[4] kobs/[EtO−] = kEtO− + (kM+ Kc + kMOEtKa)[EtO−]

As before, it follows from eq. [4] that plots of kobs/[EtO–]
vs. [EtO–] should be linear, but as has already been noted
these plots (e.g., Fig. 3) are curved upward thus ruling out
the pre-associative mechanism of Scheme 2.

Catalysis by both pre-associative and ion pair
mechanism

To explore a pathway involving two metal ions, we con-
sider the possibility of attack on S– M+ by MOEt in parallel
with the pathways shown in Scheme 2. This mechanism,

given in Scheme 3, leads to the rate law in eq. [5] from
which eq. [6] can be derived where kN refers to the “new”
rate constant for attack of an ion pair on a metal-complexed
substrate.

[5] rate = kEtO− [EtO−][S−] + kM+ [EtO–][M+S−]

+ kMOEt[MOEt][S−] + kN[MOEt][M+S−]

[6] kobs = kEtO− [EtO−] + (kM+ Kc + kMOEtKa)[EtO−]2

+ kNKcKa[EtO−]3

The relationship given in eq. [6] is more complex, having
[EtO–], [EtO–]2, and [EtO–]3 terms, and the previously used
plot of kobs vs. an independent variable (for the PNPDP sys-
tem) is not possible for this relationship. In an attempt to try
to fit the experimental data using the relationship presented
in eq. [6], a spreadsheet (Lotus 123 (Release 2.01)) was
used. Arbitrary values were input for the unknown constants
(kN, kM+ , and Kc) and these values were optimized iteratively
until a best fit to the experimental data was observed. Once a
relationship was determined, the fit of the calculated values
of kobs to the experimental value of kobs was measured using
standard linear regression methods present in the Lotus pro-
gram.

However, no combination of values for the unknown con-
stants could be found for eq. [6] that would satisfactorily fit
all the kobs experimental data, especially the data for the
higher base concentrations (0.06–0.09 M). Equation [6] con-
tains first-, second-, and third-order terms in [EtO–]. How-
ever, it will be shown in the following section that a plot of
kobs vs. [EtO–] has curvature that is adequately fit by a fifth-
order [EtO–] term and this curvature cannot be fit by second-
and third-order terms. This result is taken to indicate that the
proposed mechanism in Scheme 3, involving just two metal
ions, is not adequate to describe the reaction of metal ethox-
ides with PNPP.

Multiple ion catalysis
From attempts to fit the kinetic data to third-order terms

in [EtO–] it became apparent that higher order terms in
[EtO–] were needed to fit kobs over the entire [EtO–] range
studied (0–0.1 M). Given that [EtO–] is equal to [M+],
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Fig. 3. Ion pairing treatment of the data for the reaction of
PNPP with LiOEt in EtOH at 25°C.

Scheme 2. Pre-association catalysis.

Scheme 3. Ion pair and pre-association catalysis.
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attempts were made to fit the observed kinetic data to [M+]n.
The relationship being examined is shown in eq. [7], where
kp refers to the rate constant for reaction of free ethoxide
with the substrate as mediated by n metal ions. The results
are shown in Figs. 4, 5, and 6. Table 6 gives the coefficients
and the goodness of the fits (as measured by r2) for the best
fit lines shown in these figures.

The rate increase from reaction of the mono-anion at rela-
tively high concentrations (0.05–0.1 M) of alkali metal ion is
consistent with rate constants that are approximately fourth-
order in K+, fifth-order in Na+, and sixth-order in Li+, or
their kinetic equivalents, as shown below.

[7] EtO− + S− + n[M+] →
kp

products

[8] rate = kobs[S
−]

[9] kobs = kp[M+]n

[10] kobs = 1.42 × 104 [Li+]6 = 1.42 × 104[Li+]5[EtO−]

[11] kobs = 60.8 [Na+]5 = 60.8 [Na+]4[EtO−]

[12] kobs = 0.963[K+]4 = 0.963[K+]3[EtO−]

The results are interpreted as approximately three K+, four
Na+, and five Li+ ions being involved in the transition states
of the respective reactions, assuming there is no pre-
association with the ground state. Consideration of metal ion
association with the substrate will not affect the calculation
of the number of metal ions present in the transition state, as
shown below. The number of metal ions appears to be re-
lated to the size of the ions, which suggests that size limits
the number of ions that may participate with the transition
state.

The role of the metal ions is not discernible from the
above treatment, which only gives an estimate of the number
of metal ions that associate with the transition state. It
should be noted that the use of eq. [9] (based on eq. [7]) as-

sumes a “one-step”, or elementary, reaction, which would
preclude pre-association of these metal ions with the anionic
substrate followed by subsequent attack of ethoxide, a two-
step reaction. Pre-association of the substrate with metal
ions would increase the number of metal ions present in the
transition state.

© 2003 NRC Canada
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Fig. 4. Curve fitting of the data for the reaction of PNPP with
LiOEt in EtOH at 25°C with [Li+]n, n = 4, 5, 6, and 7 (see Ta-
ble 6).

Fig. 5. Curve fitting of the data for the reaction of PNPP with
NaOEt in EtOH at 25°C with [Na+]n, n = 4, 5, and 6 (see Ta-
ble 6).

Fig. 6. Curve fitting of the data for the reaction of PNPP with
KOEt in EtOH at 25°C with [K+]n, n = 3, 4, 5, and 6 (see Ta-
ble 6).
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To further analyze the kinetic data, a detailed reaction
mechanism needs to be proposed, which requires assump-
tions about how many ions interact with the ground state.
The data for sodium, for example, could be accounted for by
association of one metal ion with the ethoxide and one with
the anionic substrate, or, alternatively, by the kinetically
equivalent free ethoxide attack on the substrate pre-
associated by two metal ions in the ground state, both with
possibly four additional ions in the transition state. There are
several kinetically equivalent possibilities, which will be dis-
cussed below.

Pre-association and multiple ion catalysis — Possible
rate laws

An example of the complexity of the analysis of multiple
ion catalytic participation is given by Herschlag and Jencks
who studied the Na+ catalyzed reaction of the anions acetyl
phosphate (AcP) and orthophosphate (Pi) to yield acetate
and pyrophosphate (PPi) anions (7). In their analysis they
noted that the data was well fit by a fourth-order term in Na+

concentration. When they considered a mechanism that in-
cluded pre-association of the dianionic substrate they were
able to re-analyze their data in terms of the associated rate
laws. They interpreted their data in terms of two Na+ ions
that bind in the ground state and five additional ions that
bind in the transition state. They noted, however, that the
data could be interpreted by the kinetically equivalent asso-
ciation of two Na+ ions with AcP dianion, two Na+ ions with
Pi dianion, or one Na+ ion with each dianion, all in the
ground state. On the basis of the kinetic dependence alone,
Herschlag and Jencks have speculated on a possible transi-
tion state structure for reaction of the dianions of acetyl
phosphate and orthophosphate, with three bridging Na+ ions
and with four additional bound Na+ ions not shown
(Scheme 4) (7). The transition state for this reaction has a

charge of –4 delocalized over seven monovalent and two
divalent oxygens. There is thus ample scope for the four ad-
ditional bound Na+ ions, not shown, to coordinate with sev-
eral of these oxygens in the transition state.

In an attempt to investigate the possible role of the metal
ions in the ground state of the present system, the associa-
tion of one and two metal ions with mono-anionic PNPP in
the ground state was considered. In support for the pre-
association of two metal ions in the present system, theoreti-
cal ab initio studies of the anion PO2H2

– by Streitwieser et
al. (29) indicate that the best simple representation of the di-
sodium complex of PO2H2

– in the gas phase is the structure
Na-O-PH2

+-O-Na, tetrahedral at phosphorus and containing
co-linear P—O—Na bonds.

If one metal ion is presumed to associate with the anionic
substrate with free ethoxide as the nucleophile, then the fol-
lowing mechanism and associated rate laws may be pro-
posed (Scheme 5). Ka refers to the association of the
substrate with either one or two metal ions, kc refers to the
rate constant for the attack of free ethoxide on an uncom-
plexed substrate, and kc′ refers to the rate constant for the at-
tack of free ethoxide on a metal-complexed substrate.

[13] rate = kobs[S]total

[14] rate = kobs[S + S·M] = kc[S·M] + kc′ [M]n[S·M]

[15] Ka = [S·M]/[S−][M+]

[16] kobs = (kc[S·M] + kc′ [M]n[S·M]) / ([S + S·M])

[17] kobs = (kcKa[M+])/(1+ Ka[M+])

+ kc′ [M+]n(Ka[M+])/(1 + Ka[M+])

© 2003 NRC Canada
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Coefficient (r2)

Metal ethoxide system [M+]3 [M+]4 [M+]5 [M+]6 [M+]7

LiOEt 41.7 783 1.42 × 104 2.53 × 105

(0.928) (0.978) (0.995) (0.991)
NaOEt 4.73 60.8 762

(0.970) (0.996) (0.993)
KOEt 7.63 × 10–2 0.963 11.7 138

(0.934) (0.990) (0.986) (0.951)

Note: Equation to be fit: kobs = (coefficient)[M+]n. See Figs. 4, 5, and 6. The correlation coefficients (r2) are shown and the terms with the best fit are in
bold type. The data for kobs are given in supplementary tables S1, S2, and S3.

Table 6. Table of the coefficients used to fit [M+]n terms to the experimental values of kobs for the reaction of MOEt on PNPP in etha-
nol at 25°C.

Scheme 4. Na+ catalyzed reaction of AcP with Pi.
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If two metal ions are presumed to associate with the an-
ionic substrate and free ethoxide is the nucleophile, then the
following mechanism and associated rate laws may be pro-
posed (Scheme 6).

[18] rate = kobs[S]total

[19] rate = kobs[S + S·M2] = kc2 [S·M2]

+ kc2′ [M]n[S·M2]

[20] ka2 = [S·M2]/[S−][M+]2; [S·M2] = Ka2[S−][M+]2

[21] kobs = (kc2[S·M2] + kc2′ [M]n[S·M2])/(S + S·M2])

[22] kobs = (kc2Ka2[M+]2)/(1 + Ka2[M+]2)

+ kc2′ [M+]n(Ka2[M+]2)/(1 + Ka2[M+]2)

It was possible to fit the experimental data to the relation-
ships presented in eqs. [17] and [22] using a spreadsheet
program. The data for the Na+ system was arbitrarily used to
fit to the models presented above. There are several un-
known parameters to be placed in the relationships, namely
kc2, kc2′ , Ka2, and n, the number of metal ions associated
with the transition state. By putting in arbitrary values for
these constants and optimizing them iteratively, it was possi-
ble to find several sets of values that fit the experimental val-
ues of kobs well, as measured by a linear regression
correlation coefficient (r2). In the previous section a good fit
to the experimental data for the Na+ system was given by
n = 5, so this was the value used for this parameter.

The best fit to the experimental data was found via
eq. [22] with n = 5 and values from set 8 in Table 7 for the
mechanism that had two metal ions pre-associated with the
substrate in the ground state (Fig. 7, r2 = 0.9994). It is inter-
esting to compare Fig. 7, in which a pre-association term is
included in the data treatment, with Fig. 5, in which only the

[Na+]5 term was used to fit the kinetic data. It may be seen
that inclusion of a term for the pre-association of the sub-
strate with two metal ions in the rate law gives a better fit
over the low range of sodium ion concentration (0.03–
0.06 M).

In the curve fitting, the values assigned to the parameters
kc2, kc2′ , and Ka2 were arbitrary. Sets 1–4 and 5–8 are just a
few of the many possible values that could be used to fit the
data. However, it is important to note that the magnitude of
kc(2), the rate constant for the unassociated ethoxide for both
sets of parameters (≈10–6 – 10–4) is much smaller in magni-
tude than that for the corresponding values of kc2′ (≈101 –
102), the rate constant for the associated ethoxide. This is in-
terpreted as further evidence for multiple ion catalysis.

Proceeding to Li+ and K+ catalysis, Figs. 8 and 9 show
sample fits for the plots of kobs vs. [M+], which were calcu-
lated based on the rate laws associated with the pre-
association of two metal ions with the substrate using the
stoichiometry from eq. [22] and n = 4 (K+) and 6 (Li+). The
arbitrary values for the parameters used are given in the

© 2003 NRC Canada
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Scheme 5. Pre-association with one Na+.

Scheme 6. Pre-association with two Na+.

Set 1 Set 2 Set 3 Set 4

kc(M
–1s–1) 1.65 × 10–5 5.0 × 10–6 3.9 × 10–6 3.8 × 10–6

kc′ (M–6s–1) 136 70 64 67
Ka(M

–2) 10 60 120 140
Fit (r2) 0.9987 0.9964 0.9957 0.9957

Set 5 Set 6 Set 7 Set 8

kc2(M–1s–1) 4.5 × 10–4 8.0 × 10–5 4.8 × 10–5 3.5 × 10–5

kc2′ (M–6s–1) 850 190 142 110
Ka2(M–2) 10 60 100 160
Fit (r2) 0.9982 0.9993 0.9993 0.9994

Table 7. Parameters used in curve fitting (Figs. 7–9).
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figure captions, as well as the correlation coefficients. Good
fits (r2 > 0.99) were obtained for both systems.

Pre-association and multiple ion catalysis – Possible
mechanisms

It has been shown that alkali metal catalysis of the reac-
tion of ethoxide with PNPP cannot be attributed simply to
catalysis by one metal ion, by either ion pair catalysis or a
pre-associative mechanism. Even catalysis by two metal
ions, as described by a combination of the two modes —
namely ion pair catalysis on a single metal-complexed sub-
strate — was not supported by the data treatment. The re-
sults of curve fitting the experimental rate data are consistent
with the participation of possibly 3–5 metal ions in the tran-
sition state, in addition to possible pre-association of metal
ions with the ground state. The largest ion (K+) has probably
three and the smallest ion (Li+) has probably five ions in the
transition state, while Na+ is intermediate, having probably
four. The high sensitivity of the observed reaction rates to
the concentration of the metal ion suggests that the metal
ions lower charge repulsion between the anionic ethoxide
nucleophile and the PNPP substrate. Direct binding of metal
ions to the reactants by pre-association or ion pairing could
lower charge repulsion between the reactants (7).

The data treatment suggests that pre-association of an-
ionic PNPP with probably two metal ions in the ground
state, in addition to multiple cations binding in the transition
state, may account for the multiple alkali metal ion catalysis

observed for this reaction. A full kinetic analysis was under-
taken for sodium based on this multiple ion mechanism, and
good fits to the experimental data for all three systems stud-
ied were possible with arbitrary values used for the un-
known parameters. The unknown parameters were the rate
constants for the uncomplexed and complexed ground states
and the association constant for the ground state with either
one or two metal ions, as well as the number of metal ions
added in the transition state.

The mechanism proposed on the basis of the kinetic anal-
ysis is just one of several that are possible, but the good
agreement with the experimental data is evidence for multi-
ple metal ion catalysis of nucleophilic substitution at phos-
phorus and suggests possible roles for metal ions in both the
ground states and transition states of the reaction.

It is interesting to speculate on the location of the four
Na+ ions stabilizing the probable trigonal bipyramidal (TBP)
transition state structure for PNPP ethanolysis. This transi-
tion state bears a charge of –2 and possesses relatively bulky
ligands at one equatorial and both apical positions. In con-
trast, the TBP transition state structure postulated by
Herschlag and Jencks (7) for pyrophosphate formation from
acetyl phosphate bears a charge of –4, is stabilized by seven
Na+ ions, and possesses no equatorial ligands and no bulky
hydrocarbon ligands (Scheme 4). The apical–equatorial met-
al ion coordination proposed for the TBP intermediate in al-
kaline phosphatase catalysis and in other metaloenzyme-
catalyzed phosphoryl transfer reactions would support the
transition state structure shown in Fig. 10a. However,
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Fig. 7. Multi-ion catalysis treatment, including pre-association of
the substrate with two sodium ions, of the data for the reaction
of PNPP with NaOEt in EtOH at 25°C. (Data for kobs in supple-
mentary table S2 and parameters from set 8). Note the goodness
of the fit for the entire range of data.

Fig. 8. Multi-ion catalysis treatment, including pre-association of
the substrate with two Li+ ions, of the data for the reaction of
PNPP with LiOEt in EtOH at 25°C (r2 = 0.997). (Data for kobs

in supplementary table S1 and values for the parameters used are
kc2 = 1 × 10–5 M–1s–1, kc2′ = 2000 M–7s–1, and Kc2 = 1000 M–2).
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molecular orbital calculations on a putative TBP intermedi-
ate for PNPP ethanolysis stabilized by four Na+ ions show
that the steric requirement of the aryl, aryloxy, and alkoxy
ligands prevents such an ideal geometry (Fig. 10a). In this
crowded pentacoordinate TBP transition state, only a smaller
number of the larger metal ions can be brought into contact
with the anionic oxygens surrounding phosphorus. Our mo-
lecular modeling thus provides support for the stoichiometry
of the transition states for catalysis by Li+, Na+, and K+ ob-
tained from the kinetic analysis.

Experimental section

Materials
The general procedure of Williams and coworkers (30)

was followed for the synthesis of the phosphonate PNPP (1).
The crude product was recrystallized from ethanol to a con-
stant melting point (116–118°C, lit. (31) value mp 117–
119°C). 18-Crown-6 (Aldrich) was recrystallized from ace-
tonitrile, then dried over P2O5 in vacuo. LiCl (Aldrich, Gold
Label) and LiNO3 (Merck Suprapur) were dried over P2O5
in vacuo.

Kinetic method
The reaction of p-nitrophenyl phenylphosphonate (PNPP)

with alkali metal ethoxides was studied in anhydrous ethanol
at 25°C. The rates of the reactions were determined by mon-
itoring of the formation of p-nitrophenoxide spectrophoto-
metrically using either a Varian Cary3 or a Hewlett-Packard
8452A Diode Array spectrophotometer. An at least 20-fold

excess of base was used (relative to the phosphonate ester
concentration) to ensure pseudo-first-order conditions for all
reactions. Rate constants were calculated from at least 30
absorbance readings. Rate constants for reactions involving
added metal ions were calculated as the slope of a plot of
ln(A∞ – At) vs. time. Rate constants for reactions involving
complexing agents were calculated using initial rate methods
(zero-order kinetics) and the data spanned less than one half-
life. Plots of absorbance vs. time were linear; therefore, the
reported rate constants were determined by converting the
observed change in absorbance to a change in concentration
of the product and dividing through by the initial concentra-
tion of the substrate (kzero = k1 [substrate]).

Molecular modeling
An equilibrium geometry was obtained from geometry op-

timization at the PM3 level of a putative TBP intermediate
([p-NO2PhOPPh(O)2OEt]2–). After addition of four sodium
atoms and constraint of the four atoms consisting of phos-
phorus, apical oxygens, and equatorial carbon, an equilib-
rium geometry was obtained by iterative relaxation of
molecular fragments, followed by relaxation of all atoms but
the four constrained atoms (Fig. 10b).

Conclusions

Metal ion catalysis is important in many enzyme systems
including those that catalyze phosphoryl transfer (4, 31). In
the catalysis of reactions at phosphorus, enzymes often em-
ploy multiple metal ions; for example, phospholipase C and
nuclease P1 employ two or three catalytic Zn2+ ions at the
active site (4). Whilst divalent metal ions and in particular
Zn2+ are the most important biological Lewis acid catalysts,
catalytic roles for monovalent cations have been suggested
in enzymic phosphoryl transfer. The location of two alkali
metal ions (Na+ or K+) in addition to Mg2+ at the ATP bind-
ing site of Hsc70 has been explained in terms of a catalytic
role in the ATPase activity of Hsc70 involving stabilization
of the pentacoordinate transition state (32). Interestingly, the
relative size of Na+ versus K+ is reflected in quite different
coordination in the protein crystal structures and presumably
different catalytic effects. Similarly, the active site of fruc-
tose-1,6-bisphosphatase contains three metal ion binding
sites, one of which is a monovalent cation binding site at
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Fig. 9. Multi-ion catalysis treatment, including pre-association of
the substrate with two K+ ions, of the data for the reaction of
PNPP with KOEt in EtOH at 25°C (r2 = 0.996). (Data for kobs in
supplementary table S3 and values for the parameters used are
kc2 = 1 × 10–4 M–1s).

Fig. 10. Possible transition state structures for Na+ catalyzed
ethanolysis of PNPP (net charge +2): (a) idealized geometry,
with structure (b) obtained by semi-empirical calculations with
alkyl and aryl groups removed for ease of visualization.
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which K+ is postulated to exert Lewis acid catalysis of nu-
cleophilic substitution at phosphorus (whereas the smaller
size of Li+ results in inhibition rather than activation) (33).
In some proteins, cationic amino acid residues replace
monovalent metal ions, suggesting that monovalent cations
mimic the properties of cationic amino acids in stabilizing
anionic transition states.

Enzyme models have been reported that demonstrate bi-
functional catalysis by two metal ions (34). However, the
best metal-containing systems for acceleration of phosphoryl
transfer employ lanthanides (35), exchange-inert Co3+ sys-
tems, and ligand-coordinated Cu2+ (36).

The simple system reported herein reveals multiple metal
ion catalysis of nucleophilic substitution at phosphorus in a
phosphonate monoester monoanion by the monovalent cat-
ions Na+, K+, and Li+. More unexpectedly, the detailed ki-
netic treatment of the data requires possibly three, four, or
five cations in the transition state, even though the putative
pentacoordinate transition state is only dianionic. The pri-
mary limitation to the number of cations involved in the
transition state appears to be the size of the cation and steric
limitations on the number of cations that can access the oxy-
gen ligands. Our results, both kinetic and modeling, reveal
the importance of electrostatic stabilization of the transition
state for phosphoryl transfer that may be effected by multi-
ple cations, either monovalent metal ions or amino acid resi-
dues. The more such cations can be brought into contact
with the anionic transition state, the greater the catalysis ob-
served.
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Taxanes in rooted cuttings vs. mature Japanese
yew

Qing-Wen Shi, Tracy L. Petzke, Françoise Sauriol, Orval Mamer, and
Lolita O. Zamir

Abstract: Two novel taxanes were identified from rooted cuttings of the Japanese yew, Taxus cuspidata Sieb. et Zucc.
Their structures were characterized as taxa-4(20),11-dien-2α,5α-diacetate-14β-(2′S,3′R)-3′ -hydroxy-2′ -methylbutyrate-
10-β-glucoside (1) and 2α,5α,9α,10β-tetraacetoxy-13α-(Z)-cinnamoyloxy-taxa-4(20),11-diene (2). In addition, metabo-
lites 3–43 were also characterized in the same cuttings. Taxanes 3–16 as well as three non-taxane metabolites (17–19)
have not previously been reported in the needles, stems, seeds, or bark of the mature T. cuspidata plant, although they
have been found in other yews. The known taxanes 20–43 were also detected for the first time in the rooted cuttings
of the Japanese yew.

Key words: Taxus cuspidata, Taxacae, taxanes, rooted cuttings, metabolites.

Résumé : Deux nouveaux taxanes ont été identifiés pour la première fois dans des boutures de l’if Japonais, Taxus
cuspidata Sieb. et Zucc. Leurs structures ont été caracterisées : taxa-4(20),11-dien-2α,5α-diacetate-14β-(2′S, 3′R)- 3′-
hydroxy-2′-methylbutyrate-10-β-glucoside (1) et 2α,5α,9α,10β-tetraacetoxy-13α-(Z)-cinnamoyloxy-taxa-4(20),11-diene
(2). De plus, les métabolites 3–43 ont été caracterisés dans les boutures de l’if Japonais. Les taxanes 3–16 ainsi que
trois métabolites non-taxanes (17–19) isolés dans d’autres ifs n’ont jamais été identifiés dans les tiges, graines ou
écorce de la plante mature T. cuspidata. Les taxanes connus 20–43 ont aussi été detectés pour la première fois dans les
boutures de l’if Japonais.

Mots clés : Taxus cuspidata, Taxacae, taxanes, boutures, métabolites.
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Introduction

The Japanese yew Taxus cuspidata Sieb. et Zucc. has been
investigated since 1963 and more than 90 taxanes have been
found in its needles, bark, stem, or seeds (1–6). Rooted cut-
tings are used for the production of ornamental yews. The
required hormones and environmental conditions for their
production are kept confidential by competitive garden cen-
tres. We were interested to compare the composition of taxanes
in rooted cuttings vs. needles of mature plants. Indeed, we
thought it could give us some insights about the biosynthetic
pathways of taxanes in yews. Taxinine derivatives lacking
constituents on C-7 and C-9 have been isolated from the
Chinese yew and T. baccata, and are sometimes found in
higher yield than paclitaxel (7, 8). Taxanes with a substituent
on C-14 are very rare in nature (7–9), but are easily obtained
from biotransformation reactions (10). In addition, the only
taxanes with a sugar substitution found in nature have been
7-xylosylbaccatin III derivatives (7).

In this study, two novel taxinine derivatives are reported
from the rooted cuttings of the Japanese yew (T. cuspidata

Sieb. et Zucc.). Taxane 1 has a C-10-O-glucosyl-group (the
first taxane reported with a sugar moiety on ring B) and a
C-14β-2′-butyrate. Taxane 2 has a C-13-cis-cinnamoyloxy-
side chain (Fig. 1). In addition, we characterized 14 taxanes
(3–16) and three non-taxanes (17–19) in the rooted cuttings
of the Japanese yew previously isolated in other yews, but
found for the first time in T. cuspidata. In addition, taxanes
20–43 were found both in rooted cuttings, needles, and
stems of T. cuspidata, as well as in needles, bark, or roots of
other yews (7, 8).

Results and discussion

Characterization of the structures of the novel taxanes
1 and 2

Taxane (1) was obtained as a colorless amorphous solid in
a very low yield from dried rooted cuttings of the Japanese
yew. The molecular composition of 1 (C35H54O13) was es-
tablished from the combined analysis of HR-FAB-MS and
2D-13C NMR spectra. The 1H NMR spectrum of 1 (shown in
Table 1) exhibited three-proton signals due to the four
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methyl groups at δ1.66, 1.16, 1.97, and 0.85 ppm, and two
acetyl groups at relatively lower fields (δ2.01 and 2.16 ppm).
The 13C NMR signals at δ21.9, 169.7 and δ21.3, 170.0 ppm
confirmed this assignment, suggesting 1 had a taxane-type
core skeleton. Indeed, the HMBC correlations of H3-18 to
C-11, C-12, and C-13 and H3-16 and H3-17 to C-1, C-11,
and C-15 revealed that Me-18 was attached to C-12 whereas
Me-16 and Me-17 to C-15, implying that 1 has a regular 6–
8–6 ring system. The connectivities of the protons on the
skeleton of 1 were determined by analysis of the 1H-1H
COSY spectrum. Interpretation of 1H NMR, 13C NMR, and
HMBC spectra permitted the positional assignment of all the
functional groups. The 1H NMR signals at δ5.26 (1H, br.s),
4.81 ppm (1H, br.s) together with the signals at δ142.2 and
116.7 ppm in the 13C NMR spectrum and δ2.86 ppm (1H, d,
J = 7.0 Hz) in the 1H NMR spectrum are characteristic of an
exocyclic methylene with C-3 ring junction proton in a taxa-
4(20),11-diene (11). Using H-3 as a starting point, the
connectivities from C-3 to C-2 to C-1 to C-14 to C-13 were
deduced from the 1H-1H COSY spectrum. The signal at
δ5.28 ppm (1H, br.s), which correlated with C-3 in the
HMBC spectrum, was assigned to H-5. Similarly, using H-5
as a starting point, the spin system derived from C-5 to C-7
was readily interpreted from the analysis of the 1H-1H
COSY spectrum. Detailed analysis of the 1H-1H COSY
spectrum revealed an α-methyl-β-hydroxybutyrate group.
This moiety has been found in several natural taxane ana-
logues (7, 8). The α-methyl-β-hydroxybutyrate group was
connected to C-14 as deduced from the HMBC correlations.
The similarity of the NMR data of the α-methyl-β-
hydroxybutyrate moiety with known taxanes reveals the
configuration to be (2S,3R) (12). Taxanes with a C-2, C-5,

C-10, and C-14 oxygenation pattern have an unusual chemi-
cal shift of δ59.2 ppm for C-1 in the 13C NMR spectrum (13,
14), a rather unusual chemical shift value for a non-
oxygenated methine. Carbon-1 usually resonates at about
δ50 ppm (11) when it is a non-oxygenated methine lacking
oxygen substitution at C-14. The downfield shifts of H-2
and H-5 signals suggested the position of two acetate
groups, and were confirmed by HMBC correlations. An
anomeric carbon signal at δ98.2 ppm as well as six hydrogen
signals between δ3.35 and 4.42 ppm in the 1H NMR spec-
trum indicated the existence of one sugar moiety in taxane 1,
and it was assigned as a glucopyranosyl unit from the chem-
ical shift, multiplicity, and coupling constant values. Analy-
sis of the 2D NMR data (COSY, HMBC) as well as the MS
fragment of [M-OH-181]+ confirmed the presence of the
glucopyranosyl group. The coupling constant J = 7.7 Hz for
the anomeric proton H-1 ′′ indicated that this moiety is con-
nected to the aglycon via a β-linkage (J ~ 6–8 Hz). The
anomeric proton H-1 ′′ (δ4.35 ppm, J = 7.7 Hz) showed a
long-range correlation with C-10 in the HMBC experiment,
suggesting the attachment of the glucose at C-10. The chem-
ical shift of H-10 (δ5.23 ppm, 1H) supports this assignment,
since the H-10 proton resonates at about δ6.0 ppm (11) when
acetoxylated and at about δ5.0 ppm when it is hydroxylated
(11). The orientations of the substituents on the taxane skel-
eton were confirmed by the coupling constants in the proton
NMR and the NOESY spectra (Table 1A). We noticed that
when the sample was solubilized in CHCl3 it solidified as a
gel giving broad signals in the NMR spectrum (Table 1A)
which initially suggested we did not have a pure compound
and had two isomers instead. Indeed, the 1H NMR showed
two doublets at δ4.35 ppm (major peaks) and at δ4.42 ppm
(minor peak) for the anomeric proton. The acetone spec-
trum, however, (Table 1B) gave sharp signals, only one peak
for H-1 ′′ confirming the purity of 1. The strong NOE corre-
lation of H-14 and H-1 and the small coupling constant be-
tween H-1 and H-14 suggested that their dihedral angle was
about 90°; the C-14 side chain is therefore β and H-14 is α.
The chemical structure of 1 was therefore established as
taxa-4(20),11-dien-2α,5α-diacetate-14β-(2′S,3′R)-3 ′-hydroxy-
2′-methylbutyrate-10-β-glucoside (1). Taxane 1 is the first
reported example of a taxane with a glucose substitution on
ring B. This is the second report of a C-2-, C-5-, C-10-, and
C-14-oxygenated taxane from the Japanese yew, the first
one being isolated from the hardwood of this species (9).

© 2003 NRC Canada
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Fig. 1. New taxanes from rooted cuttings of T. cuspidata Sieb. et
Zucc.

Fig. 2. Taxane 1: Arrows show the key HMBC correlations
(H → C) of 1. Bold lines indicate the 1H-1H COSY correlations.
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Position δ (1H) Multiplictya J (Hz) δ (13C)b HMBC NOESYc

(A) CDCl3

1 ′′ 4.35 (d) maj 7.7 98.2 72.3(10) 3 ′′ m, 5 ′′ s, 10m, 17m

4.42 (d) min 7.6 98.9
2 ′′ 3.44 (br.t) ~8.2 73.8 1 ′′
3 ′′ 3.55 (t) 8.8 76.5 2 ′′,4 ′′
4 ′′ 3.64 (t) 9.2 70.6 3 ′′, 5 ′′, 6 ′′
5 ′′ 3.35 (dt) 9.2, 4.2 75.2 1 ′′, 3 ′′, 4 ′′
6 ′′a/b 3.86 (o.m) 62.5 4 ′′, 5 ′′
1 1.90 (o.m) ~2.0 59.2 2s, 14s, 3/13am, 16s, 17s

2 5.35 (dd) 7.0, 2.0 70.2 170.0 1s, 3/13aw, 9a/13bm, 16s, 19m

3 2.86 (d) 7.0 42.4 2, 8
4 — 142.2 6s, partly overlap 20a
5 5.28 (br.s) 78.2 3, 169.7
6 1.80 (o.m) 28.0
7a 1.86 (o.m) 33.9
7b 1.23 (o.m)
8 — 39.5
9a 2.41 (o.m) 44.4 2s, 9bs

9b 1.70 (o.m) 10, 8, 11 9as, 1s, 2s, 17s, 19m

10 5.23 (o.m) 72.3 8, 9, 15 1 ′′m, 3/13aw, 18s

11 — 135.5
12 — 137.1
13a 2.87 (o.m) 39.7 1, 11, 12, 18 13bs

13b 2.40 (o.m) 13as, 14s

14 5.02 (dd) 8.7, 4.5 70.5 1, 2, 12, 15, 1′ 3/13as, 1s

15 — 37.1
Me16 1.66 (o.s) 24.9 1, 11, 15, Me
Me17 1.16 (s) 31.5 1, 11, 15, Me
Me18 1.97 (br.s) 20.9 11, 12, 13 3/13as, Ac(2.16)s, 10s

1.96 (br.s) 20.9 11, 12, 13
Me19 0.85 (s) 22.5 3, 7, 8, 9,
20a 5.26 (br.s) 116.7 3, 4 20bs
20b 4.81 (br.s) 3, 4, 5 20as, Ac (2.01)m, 19m

OAc 2.16 (s) 21.9 169.7 18m, 3/13am

OAc 2.01 (s) 21.3 170.0 2w, 20bm

1′ — 174.9
2′ 2.40 (o.m) 47.0 1′, 3′ , 5′
3′ 3.86 (o.m) 69.4 1′ 2′ /9a/13bm, 4′ s, 5′ w

4′ 1.20 (d) 6.5 20.9 2′ , 3′
5′ 1.16 (o.d) ~7.0 14.1 1′, 2′, 3′
(B) CD3COCD3

1 1.85 (d) 2.0 59.4 2, 11 2s, 14s, 16m, 17m

2 5.37 (dd) 6.5, 2.0 70.0 8, 14, 168.9 1s, 3w, 9as, 17s, 19s, 20bw

3 2.98 (d) 6.5 42.1 1, 2, 8, 19, 20 7as, 14s

4 — 143.0
5 5.24 (o) 77.7 168.7 6s

6ab 1.77 (m) 28.6
7a 1.97 (o.m) 33.7 3s, 5s, 6w, 7bs

7b 1.19 (o.m)
8 — 39.2
9a 2.37 (dd) 14.9, 12.2 44.7 2s, 9bs, 17s, 19s

9b 1.61 (dd) 14.9, 5.3 3, 7, 8, 10, 11 7bm, 9as, 10s, 19w

10 5.31 (dd) 12.2, 5.3 70.9 9, 12, 15, G1 7as, 9aw, 9bs, 18s, G1
m

11 — 135.5
12 — 136.2
13a 2.86 (dd) 19.1, 9.4 39.6 1, 11/12, 14, 18 13bs, 14s

13b 2.46 (dd) 19.1, 4.7 12 13as, 16s

Table 1. 1H and 13C NMR spectral data of 1 (500 MHz for 1H NMR, 125 MHz for 13C NMR).
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Compound 2 was isolated as a stable colorless gummy
substance. HR-FAB-MS analysis revealed its molecular for-
mula to be C36H40O10. Its 1H NMR spectrum (listed in Ta-
ble 2) showed the characteristic signals of taxanes, including
four tertiary methyl groups and four acetyls. The chemical
shifts of the characteristic proton resonances due to an
exomethylene moiety were observed at δ5.35 and δ4.81 ppm
(each 1H, s). The HMBC correlations of H3-18 to C-11, C-
12, and C-13 and of H3-16 and H3-17 to C-1, C-11, and C-
15 revealed that Me-18 was attached to C-12 and Me-16 and
Me-17 attached to C-15. Taxane 2 therefore has a regular 6–
8–6 ring system. The connectivities of the protons on the
taxane skeleton of 2 were determined by analysis of the 1H-
1H COSY spectrum.

The presence of a cinnamoyloxy-moiety in 2 was revealed
by signals at δ6.26 (1H, d, J = 12.7 Hz), 6.96 (1H, d, J =
12.7 Hz), 7.47 (2H, dd, J = 8.0, 2.1 Hz), and 7.32–7.4 ppm
(3H, m) in the 1H NMR spectrum. The fragment ions at m/z
131 [C9H7O]+ and [M-cinn]+ corresponding to the fission of
a cinnamoyl group in the HR-FAB-MS spectrum confirmed
this assignment. The unusual appearance of H-2′ and H-3′ as
an AX spin system with a coupling constant of J = 12.7 Hz
instead of the normal J = 16.0 to 17.0 Hz indicated that the
double bond in the cinnamoyl group was in the unusual (Z)-
geometry (15). The chemical shifts of H-2β, 5β, 9β, and H-
10α suggested that four acetoxyl groups were attached at C-
2, C-5, C-9, and C-10 or C-13, and one remaining
cinnamoyl group at C-10 or C-13. We observed NOE be-
tween H-2′ and H3-18 in the NOESY spectrum. This would
fit if the side chain is at C-10 or C-13. Taxanes with a C-10-
cinnamoyl group are not known. Taxanes such as taxinine E

(16) and its analogues (11) have a C-5-cinnamoyl, their
NMR spectra is however very different from that of 2. The
three-bond H–C correlation between H-13β and C-1′ was not
observed, but the other NMR data supports the assignment
of taxane 2 as 2α,5α,9α,10β-tetraacetoxy-13α-(Z)-cinnamoyl-
oxy-taxa-4(20),11-diene. The relative stereochemistry of 2
(Table 2) was shown by NOESY correlations to be the same
as its analogs (7, 11).

Taxane 1 is the first reported example of a taxane with a
glucose substitution on ring-B and the second taxane with a
glucose substitution (7, 17). Taxane 2 is the second taxane
with a cis-cinnamoyloxy side chain; the first taxane with a
cis-cinnamoyloxy side chain was isolated recently from the
needles of the Canadian yew (Taxus canadensis) (18). A new
non-taxane derivative with a cis-cinnamoyloxy side chain
was isolated previously from the Chinese yew, Taxus mairei
(15). Taxane 2 is only the fourth example of a taxane with a
cinnamoyloxy side chain at C-13 (18–20).

Characterization of taxanes 3–16
Taxanes 3–16 were isolated from T. cuspidata Sieb. et

Zucc. rooted cuttings and have also been found in the nee-
dles, bark, or stems of other yew species, but they have not
been previously reported from the Japanese yew. They were
identified by comparing their NMR data with those reported
in the literature as 2α,5α,9α-trihydroxy-10β,13α-diacetyl-
taxa-4(20),11-diene (3) (21), taxinine E (4) (7), taxinine A
(5) (2) 5-cinnamoyltaxicin I (6) (22), 2-deacetoxytaxinine B
(7) (23), baccatin VI (8) (24), 1β-dehydroxybaccatin VI (9)
(7), baccatin IV (10) (24), deaminoacyltaxine A (11) (25), 7-
acetoxy-taxuspine C (12) (26), 7-(�-xylosyl)-10-deacetyl-
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Position δ (1H) Multiplictya J (Hz) δ (13C)b HMBC NOESYc

14 4.99 (dd) 9.4, 4.7 69.8 1, 2, 13, 173.4 1m, 3s, 13as

15 — 36.9
16 1.17 (s) 31.0 1, 11, 15, Me
17 1.68 (s) 24.3 1, 11, 15, Me 1s, 2s, 9as, 16s

18 2.04 (o.s) 20.2 11, 12, 13 3w, 10s, 13as
19 0.84 (s) 21.9 3, 7, 8, 9, 10 (weak) 2s, 6s, 7bw, 9as, 9bs, 20bm

20a 5.24 (s) 116.0 3, 4
20b 4.83 (s) 3, 4, 5
OAc 2.14 (s) 21.0 168.7

1.95 (s) 20.4 168.9
1′ — 173.5
2′ 2.40 (quint) 7.1 47.4 4′, 2
3′ 3.88 (quint) 7.1 68.5 2′ ′
4′ (Me) 1.12 (d) 7.0 19.7 2′, 3′
2′ ′(Me) 1.06 (d) 7.2 12.4 2′, 3′, 173.5
G1 4.32 (d) 7.8 98.5 G3, 10
G2 3.25 (t) 8.0 73.7 G3

G3 3.35 (o.m) 77.4 G4

G4 3.35 (o.m) 70.8 G3

G5 3.21 (m) 76.5
G6a 3.84 (dd) 11.7, 2.7 61.9
G6b 3.66 (dd) 11.7, 5.7 G5

aMutiplicity: singlet (s), doublet (d), doublet of doublets (dd), doublets of doublets of doublets (ddd), multiplet (m), overlapped (o).
bThe 13C NMR chemical shifts were extracted from the HMQC experiment (±0.2 ppm). The numbers in italics represent quaternary carbons whose

chemical shifts were obtained from the HMBC experiment (±0.2 ppm).
cNOESY intensities are marked as strong (s), medium (m), or weak (w).

Table 1. (concluded)
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taxol (13) (27), 7-(β-xylosyl)-10-deacetyltaxol C (14) (27),
decinnamoyltaxinine B 11,12-oxide (15) (28), and 15-
benzoyl-10-deacetyl-2-debenzoyl-10-dehydro-1(15→11)-abeo-
baccatin III (16) (29). The previously recorded spectral data
of 7β-xylosyl-10-deacetyltaxol (13) and 7β-xylosyl-10-
deacetyltaxol C (14) were obtained in a mixture of CDCl3
and DMSO, and their 13C NMR data were not published
(27). In this work, we report their 1H and 13C NMR data in
acetone-d6 for 13 and in CDCl3 for 14.

Identification of non-taxane metabolites 17–19
The non-taxane metabolites 17–19 were found previously

in the yews T. baccata (30), T. media (31), and T. canadensis
(32). They were identified as (–)-2-epinortrachelogenin (17)
(30), (–)-matairesinol (18) (31), and taxicatin (19) (32) on
the basis of spectroscopic methods and these assignments
were confirmed by comparing their spectroscopic data with
those found in the literature. These compounds are reported
for the first time from the Japanese yew.

Identification of known taxanes 20–43
The spectroscopic properties of compounds 20–43 were

identical to the literature values. They were characterized as
2-deacetyltaxinine J (20) (7), decinnamoyl-taxinine J (21)
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Fig. 3. The structures of taxanes 3–16 isolated from the rooted cuttings of T. cuspidata Sieb. et Zucc.

Fig. 4. The structures of non-taxane metabolites 17–19 isolated
from the rooted cuttings of T. cuspidata Sieb. et Zucc.
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(33), taxezopidine G (22) (34), 2α,5α-dihydroxy-
7β,9α,10β,13α-tetraacetyl-taxa-4(20),11-diene (23) (35), 5
α-decinnamoyloxy-9α,10β ,13α-triacetoxytaxa-4(20),11-diene
(24) (34), 2-deacetyldecinnamoyltaxinine E (25) (36), 9-
deacetyltaxinine (26) (37), 10-deacetyltaxinine B (27) (7), 1-
hydroxytaxinine A (28) (36), 1-hydroxytaxinine (29) (7),
taxinine (30) (2), 5-cinnamoyl-10-acetyltaxicin I (31) (38),
taxinine M (32) (39), 5α-decinnamoyltaxagifine (33) (40),
19-debenzoyl-19-acetyltaxinine M (34) (41), taxuspine B
(35) (42), taxuspine L (36) (43), 5α-cinnamoyl-9α-
acetylphototaxicin I (37) (44), baccatin III (38) (27),
taxayunnansin A (39) (45), 10-deacetyltaxol (40) (46), 10-
deacetylcephalomannine (41) (46), taxuyunnansine (42) (7),
and taxol (43) (47).

Rooted cuttings composition of taxanes vs. mature
plants: Insights on biosynthesis of taxanes in yews?

Initially, we started these studies thinking that it will re-
veal some information about the biosynthesis of taxanes in
yews. Taxanes with sugar moieties were not detected in the

needles, stems, or bark of the Japanese yew. However, it
could be that the polar fractions containing sugar moieties
were not investigated in mature plants. Furthermore, it is
quite possible that different parts of the plants have the ca-
pability of doing very different chemical reactions. There-
fore, we cannot derive simple biosynthetic explanations for
these reactions, which might be dependent on many factors.
On the other hand, enzymatic extracts from plants of differ-
ent ages could be useful for biotransformation reactions,
which are difficult to perform chemically.

Experimental

General experimental procedures (18, 26)

Plant material
Rooted cuttings of T. cuspidata Sieb. et Zucc. were ob-

tained from Cramer and Cramer Nurseries in April 2001.
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Position δ (H) Multiplictya J (Hz) δ (C)b HMBC NOESYc

1 1.94 (br.d) 9.1 47.8 2m, 14as, 16m, 17m

2 5.48 (dd) 6.9, 2.2 71.2 1m, 3m, 9s, 17s, 19m

3 3.32 (d) 6.9 43.3 14bm

4 —
5 5.34 (o.m) 77.6 See 20a
6 1.89, 1.70 28.5
7 1.80, 1.71 27.3
8 — 44.1
9 5.93 (d) 10.5 75.9 170.2 2s, 10w, 17s, 19w

10 6.02 (d) 10.5 71.6 12 9w, 18s

11 — 133.3
12 — 137.4
13 5.89 (br.t) 69.5 14aw, 16s

14a 2.60 (dt) * 1s, 13m, 14bs

14b 1.54 (o.m) 3s, 14as

15 — 37.5
16 1.13 (s) 30.7 1, 11, 15, Me 1m, 13s, 17s

17 1.76 (s) 26.2 1, 11, 15, Me 1m, 2s, 9s, 16s, 19m

18 2.17 (br.s) 14.5 11, 12, 13 3m, 10s, 2′m
19 0.89 (s) 17.3 3, 8, 7, 9 9w, 6/7w

20a 5.35 (o.s) 117.4 20bs

20b 4.81 (s) 20as

OAc 2.18 (s) 20.8 170.5
2.04 (s) 20.1 170.0
2.02 (s) 20.7 169.6
2.00 (s) 20.3 170.0

1′ — *
2′ 6.26 (d) 12.7 119.0 3′ m, 18m

3′ 6.96 (d) 12.7 143.9 2′ m

Ph′
o 7.47 (dd) 8.0, 2.1 129.5
m, p 7.4–7.32 (m) 127.4

128.8
aMutiplicity: singlet (s), doublet (d), doublet of doublets (dd), doublets of doublets of doublets (ddd), multiplet (m), overlapped (o).
bThe 13C NMR chemical shifts were extracted from the HMQC experiment (±0.2 ppm). The numbers in italics represent quaternary carbons whose

chemical shifts were obtained from the HMBC experiment (±0.2 ppm).
cNOESY intensities are marked as strong (s), medium (m), or weak (w).
*The signals were not detected.

Table 2. 1H and 13C NMR spectral data of 2 (500 MHz for 1H, 125 MHz for 13C, CDCl3).
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Extraction and isolation
Ground air-dried whole rooted cuttings of the Japanese

yew (Taxus cuspidata Sieb. et Zucc.) (148.8 g) were ex-
tracted with 900 mL of MeOH by shaking in the dark for
1 day at room temperature. The ground plants were filtered

and extracted with fresh solvent every day for a week, twice
with 900 mL of MeOH, and four times with a mixture of
MeOH:CH2Cl2 (1:1). The combined organic extracts were
evaporated under reduced pressure. Water was added to the
crude extract and lipids were extracted with hexane. The
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Position δ (H) Multiplicitya J (Hz) δ (C)b HMBC NOESYc

1 — 77.6
OH-1 3.78 (o.s) 1, 14, 15
2 5.65 (d) 7.1 74.7 1, 3, 8, 14, 165.6 17s, 19s, OH-1w

3 3.93 (d) 7.1 46.6 1, 2, 8, 19 14am, 7s, 10w

4 — 80.1
5 4.93 (dd) 9.7, 1.6 83.8 6am

6a 2.68 (ddd) 14.9, 9.6, 6.8 35.6
6b 1.88 (o.m)
7 4.20 (dd) 10.8, 6.8 81.4 1 ′′ 3s, 6as, 10s

8 — 56.3
9 — 209.7
10 5.35 (br.s) 74.6 9, 11, 12, 15 3w, 7s, 18s, 1′ ′m
11 — 136.0
12 — 137.3
13 6.18 (br.t) 8.9 70.9 14bs, 16s

14a 2.34 (br.dd) 15.4, 9.7 36.0 1, 2, 15 3s, 14bs

14b 2.15 (dd) 15.4, 9.0 13s, 14as, OH-1s

15 — 42.9
16 1.16 (s) 26.1 1, 11, 15, Me 13s

17 1.13 (s) 20.3 1, 11, 15, Me 2s, 19w, OH-1m

18 1.89 (br.s) 13.6 11, 12, 13
19 1.45 (s) 10.1 3, 7, 8, 9 2s, 17w, 1 ′′/20s

20ab 4.15 (o.m) 75.7 4
OAc 2.41 (s) 22.1 170.1
OBz-2 165.6
C1
o 8.10 ~8.5 129.9 165.6
m 7.56 (o.t) 128.5
p 7.65 (t) ~7.5 133.0
1′ — 172.7
2′ 4.82 (o.d) 4.9 73.8 3′ , 172.7
3′ 5.74 (dd) 8.8, 4.9 56.0 2′ , 139.2, Ph-o, 166.5 2′ w, 4′ w, Ph3′ -om, Acm

4′ NH 8.14 (d) ~8.5 —
5′ CO — 166.5
Ph 6′
o 7.92 (d) 7.5 127.1 166.5
m 7.43 (o.t) 128.2
p 7.51 (t) 7.3 131.0
Ph3′ 139.2
o 7.57 (o.d) 127.2 3′
m, p 7.40 (o.t) 128.3

7.28 (t) 7.5 127.2
Sugar 1′′ 4.18 (o.d) ~7.1 105.1 7 5b ′′ s, 10s

2′′ 3.03 (br.t) ~8.2 73.3
3′′ 3.28 (br.t) ~8.3 76.2
4′′ 3.42 (m) 69.4
5a′′ 3.78 (o.m) 65.4
5b′′ 3.21 (dd) 9.9, 11.5

aMutiplicity: singlet (s), doublet (d), doublet of doublets (dd), doublets of doublets of doublets (ddd), multiplet (m), overlapped (o).
bThe 13C NMR chemical shifts were extracted from the HMQC experiment (±0.2 ppm). The numbers in italics represent quaternary carbons whose

chemical shifts were obtained from the HMBC experiment (±0.2 ppm).
cNOESY intensities are marked as strong (s), medium (m), or weak (w).

Table 3. 1H and 13C NMR spectral data of 7-(β-xylosy)-10-deacetyltaxol (13) (500 MHz for 1H, 125 MHz for 13C, acetone-d6).
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aqueous phase was then saturated with NaCl and extracted
four times with CH2Cl2 (each 750 mL). The combined
CH2Cl2 extracts were dried over anhydrous sodium sulphate,
filtered, and evaporated using a rotary evaporator to yield
about 1 g of a dark brown extract.

The CH2Cl2 extract was dissolved in a minimum volume
of acetone and absorbed onto 1.5 g of silica gel. It was then
subjected to normal phase column chromatography on silica
gel (silica gel 60, 60–200 mesh, 75 g, bed size 3.3 × 20 cm)
and eluted successively with a mixture of hexane and ace-
tone (1:1, 1:2, and 100% acetone). Twenty-seven fractions
were obtained: Fr1–7 (hexane:acetone, 1:1), Fr8–15 (hex-
ane:acetone, 1:2), and Fr16–27 (100% acetone).

Fr1 (32 mg) was applied to reversed-phase HPLC, eluted
with a linear gradient of CH3CN in water from 25 to 100%
for 50 min at a flow rate of 18 mL min–1 and detected at
215 nm. The material eluted at Rt = 50.37 min (a mixture of
20 and 30, further separated by preparative TLC in hex-
ane:EtOAc (1:1), 20 (0.8 mg, Rf = 0.70), 30 (0.7 mg, Rf =
0.78)) and 53.90 min (24 (0.4 mg)) was collected and con-
centrated. Fr2 (120 mg) was applied to preparative TLC (six
plates (each 20 × 20 cm), hexane:EtOAc (50:60, v/v)) and
yielded 12 subfractions (Fr2-1 to Fr2-12). The fraction Fr2-2
(10 mg) was subjected to semipreparative HPLC, and eluted
with a linear gradient of CH3CN in water (25–100% in
50 min at a flow rate of 3 mL min–1 detected at 210 nm) to
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Fig. 5. The structures of known taxanes 20–43 from the rooted cuttings of T. cuspidata Sieb. et Zucc.
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give 21 (3 mg, Rt = 33.99 min) and 24 (2.0 mg, Rt =
53.37 min). The subfraction Fr2-3 (12 mg) was purified by
semipreparative HPLC to give 3 (0.7 mg, Rt = 26.93 min),
21 (1.6 mg, Rt = 34.02 min), and 41 (3.0 mg, Rt =
42.22 min). The subfraction Fr2-4 (9 mg) was separated by a
semipreparative HPLC to give 5 (2.0 mg, Rt = 31.71 min),
15 (1.2 mg, Rt = 34.58 min), and an impure taxane at Rt =

42.49 min, which was further purified by preparative TLC to
give 8 (2.0 mg, solvent hexane:acetone (3:2), Rf = 0.58). The
subfraction Fr2-5 (9 mg) was separated by semipreparative
HPLC to give 28 (0.5 mg, Rt = 28.46 min), 26, 27 (2 mg,
Rt = 39.34 min), and 9 (1.0 mg, Rt = 45.39 min). The
subfraction Fr2-6 (11 mg) was submitted to HPLC (Rt =
41.40 min) and further purified by preparative TLC
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Position δ (1H) Multiplicitya J (Hz) δ (13C)b HMBC ROESYc

1 — 78.6
2 5.65 (d) 7.2 74.5 17s, 19s

3 3.89 (d) 7.2 46.2 7s, 18w, 14s

4 —
5 4.89 (d) 9.9 83.8 6am

6a 2.73 (m) 5s, 6bs, 7m

6b 2.02 (m) 6as, 19s

7 4.06 (o.m) 81.5 3s, 6am, 10s, 3′′ w, 2′′ m (overlap H-1′′ )
8 — 57.0
9 — 211.7
10 5.16 (s) 74.7 9, 11, 12, 15 3w, 7s, 18s

11 — 135.7
12 — 138.1
13 6.18 (br.t) ~9.0 72.3 14s, 16s

14 2.27 (d) 9.3 35.8 12
15 — 42.9
16 1.23 (s) 26.4 1, 11, 15, Me 13s

17 1.10 (s) 20.7 1, 11, 15, Me 2s

18 1.83 (br.s) 14.3 11, 12, 13 3m, 10s

19 1.81 (s) 10.8 3, 7, 8, 9 2s, 6bs, 20bs

20a 4.29 (d) 9.0 76.4 20bs, Bz-om

20b 4.19 (d) 9.0 20as, 19s, 2w

OAc 2.35 (s) 22.5 170.5
1′ —
2′ 4.66 (br.s) 73.1 3′ s, Ac-4m, Ph-3′ m

3′ 5.57 (dd) 9.5, 1.8 54.4 2′ s, Ph-3′ s, Ac-4s

Ph-3′ 128.8
o/m 7.39 126.7 128.8, 137.9 3′w, 2′w
p 7.34 128.1
4′ NH 6.24 (d) 9.2 — 6′ s, Ph-3′ s

5′ (CO) —
6′ 2.20 (t) 7.7 36.6
7′ 1.55 (o.m) 25.3
8′ 1.25 (o.m) 31.3
9′ 1.25 (o.m) 22.2
10′ Me 0.83 (br.t) 13.7 22.2, 31.3
Sugar 1′′ 4.06 (o.m) 105.2 See 7
2′′ 3.24 (o.m) 72.9 1′′ /7s, 4′′ w, 3′′ w, 5′′as (overlap with 5′′b)
3′′ 3.48 (o.t) ~8 75.2 2′′ /5′′bw, 1′′ w

4′′ 3.68 (m) 5′′bw

5a′′ 3.96 (dd) 11.7, 4.8 64.9 4′′ w, 5′′bs

5b′′ 3.25 (dd) 11.7, 9.8 5′′as

Bz-2
o 8.09 (d) 8.1 130.0 166.6
m 7.50 (t) 7.7 128.6
p 7.61 (t) 7.2 133.5

aMutiplicity: singlet (s), doublet (d), doublet of doublets (dd), doublets of doublets of doublets (ddd), multiplet (m), overlapped (o).
bThe 13C NMR chemical shifts were extracted from the HMQC experiment (±0.2 ppm). The numbers in italics represent quaternary carbons whose

chemical shifts were obtained from the HMBC experiment (±0.2 ppm).
cNOESY intensities are marked as strong (s), medium (m), or weak (w).

Table 4. 1H and 13C NMR spectral data of 7-β-xylosy-10-deacetyltaxol C (14) (500 MHz for 1H, 125 MHz for 13C, CDCl3).
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(hexane:EtOAc, 5:6) to give 31 (1.0 mg, Rf = 0.49) and 6
(1.5 mg, Rf = 0.65). The subfraction Fr2-10 (11 mg) was sep-
arated by semipreparative HPLC and afforded 12 (1.0 mg,
Rf = 47.06 min) and 4 (2.0 mg, Rf = 51.35 min). The sub-
fraction Fr2-11 (9 mg) was separated by a semipreparative
HPLC to give 35 (1.0 mg, Rf = 44.69 min) and 7 (1.0 mg,
Rf = 48.43 min). The subfraction Fr2-12 (6 mg) was separated
by semipreparative HPLC to give 2 (1 mg, Rf = 49.87 min).
The fraction Fr3 (110 mg) was applied to preparative TLC
(four plates (20 × 20 cm), CH2Cl2:CNCH3 (85:25)) to give
14 subfractions (Fr3-1 to Fr3-14). The subfraction Fr3-2
(10 mg) was subjected to semipreparative HPLC and yielded
11 (3.0 mg, Rt = 21.18 min), 33 (1.3 mg, Rt = 24.58 min),
and 23 (2.0 mg, Rt = 26.53 min). The subfraction Fr3-3
(9 mg) was applied to semipreparative HPLC and afforded
32 (2.2 mg, Rt = 31.37 min) and 41 (1.2 mg, Rt =
34.71 min). The subfraction Fr3-4 (14.7 mg) was separated
by HPLC to give 40 (3.2 mg, Rt = 35.61 min) and 41
(1.0 mg, Rt = 34.65 min). The subfraction Fr3-5 (8.0 mg) was
subjected to semipreparative HPLC and yielded 38 (1.5 mg,
Rt = 26.73 min), 36 (1.0 mg, Rt = 30.42 min), and 40 (1 mg,
Rt = 35.62 min). The subfraction Fr3-7 (7 mg) was applied to
semipreparative HPLC to give 10 (1 mg, Rt = 29.71 min)
and 39 (1.5 mg, Rt = 38.88 min). The subfraction Fr3-9
(4 mg) was applied to semipreparative HPLC to give 40
(2 mg, Rt = 21.24 min). The subfraction Fr3-10 (3 mg) was
applied to HPLC and yielded 18 (1 mg, Rt = 24.76 min). The
subfraction Fr3-12 (6 mg) was applied to semi-preparative
HPLC and afforded 22 (2 mg) and 29 (1 mg, Rt =
46.30 min). The fractions Fr4 (92 mg) and Fr5 (46 mg) were
combined and applied to preparative TLC (four plates (20 ×
20 cm), CH2Cl2:CNCH3 (85:30)) and yielded 14 subfrac-
tions (Fr4-1 to Fr 4-14). The subfraction Fr4-2 (7 mg) was sub-
jected to semipreparative HPLC to give 34 (1 mg, Rt =
28.75 min), 11 (1 mg), 37 (1 mg, Rt = 28.75 min), and 16
(1.0 mg, Rt = 25.15 min). The subfraction Fr4-3 (13 mg) was
subjected to HPLC and yielded 8 (1 mg), 5 (1 mg, Rt =
24.58 min), and 32 (1.0 mg, Rt = 31.37 min). The subfrac-
tions Fr13 (18 mg) and Fr14 (20 mg) were applied to HPLC
to give 43 (2 mg, Rt = 35.61 min), 13 (2 mg, Rt =
27.51 min), 14 (4 mg, Rt = 27.27 min), 1 (1 mg, Rt =
20.39 min), and 19 (2 mg, Rt = 9.23 min).

Taxa-4(20),11-dien-2α,5α-diacetate-14β-(2′S,3′R)-3′-
hydroxy-2′-methyl-butyrate-10-β-glucoside (1):

Amorphous gum; [α]D
22 +15° (c 0.05, CHCl3). The 1H and

13C NMR data are shown in Table 1. HR-FAB-MS m/z:
721.3205 [M + K]+ (calcd. for C35H54O13K (721.3202)).

3α,5α,9α,10β-Tetraacetoxy-13α-(Z)-cinnamoyloxy-taxa-
4(20),11-diene (2):

Amorphous gum; [α]D
22 +150° (c 0.01, CHCl3). The 1H

and 13C NMR data are shown in Table 2. HR-FAB-MS m/z:
689.2726 [M + K]+ (calcd. for C37H46O10K (689.2728)).
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The oxidation of sulfides by chromium(V)

Carmela R. Jackson Lepage, Lynn Mihichuk, and Donald G. Lee

Abstract: The mechanism for the oxidation of sulfides by [(me4-salen)CrV(O)(pyO)]CF3SO3, where me4-salen is
8,8,8′,8′-tetramethylsalen and pyO is pyridine N-oxide, has been investigated. Results from Hammett correlations on the
rates of oxidation of substituted thioanisoles, frontier molecular orbital calculations, and product studies are consistent
with a mechanism that is initiated by a single electron transfer to give a radical cation intermediate.

Key words: oxidation, chromium(V), sulfides, radical cation, oxygen transfer.

Résumé : On a étudié le mécanisme d’oxydation des sulfures par le [(me4-salen)CrV(O)(pyO)]CF3SO3 dans lequel me4-
salen correspond à 8,8,8′,8′-tétraméthylsalène et pyO est un N-oxyde de pyridine. Les résultats de corrélations de Ham-
mett avec les vitesses d’oxydation de thioanisoles substitués, de calculs d’orbitales moléculaires frontières et d’études
de produits sont en accord avec un mécanisme qui serait initié par un seul transfert d’oxygène conduisant à la forma-
tion d’un intermédiaire cation radical.

Mots clés : oxydation, chrome(V), sulfures, cation radical, transfert d’oxygène.

[Traduit par la Rédaction] Jackson Lepage et al. 80

Introduction

The reaction between high valent chromium oxo com-
plexes and sulfides is known to result in the formation of
sulfoxides (1). However, the mechanism by which an oxygen
atom is transferred from chromium to sulfur in these reac-
tions has not been well defined. By comparison with other
similar reactions, there appears to be two primary reaction
pathways that should be considered. In one mechanism the
reaction would be initiated, as depicted in Scheme 1, by an
electron transfer from sulfur to the oxidant, followed by ox-
ygen rebound and solvolysis steps. In this process it is ap-
parent that an intermediate radical cation, 1, is formed by
loss of an electron from sulfur in the initial step.

Alternatively, the reaction could proceed by a concerted
oxygen transfer mechanism that does not involve the forma-
tion of discrete intermediates, as illustrated in Scheme 2. Al-
though nucleophilic attack on an oxygen atom, as proposed
in this scheme, may seem improbable, it should be noted
that the process results in a concurrent reduction of the chro-
mium and, therefore, could be regarded as a remote nucleo-
philic attack on the metal. This process does not involve the
formation of intermediate sulfur radicals or cations.

The objective of this work has been to distinguish be-
tween these two possible mechanisms for the oxidation of
sulfides by a well-characterized chromium(V) complex,
[(me4-salen)CrV(O)(pyO)](CF3SO3), where me4-salen is
8,8,8′,8′-tetramethylsalen and pyO is pyridine N-oxide. The
approach that has been taken is to test for the presence of
radical cations by a Hammett analysis applied to the rates of
oxidation of substituted thioanisoles, by the use of frontier

molecular orbital calculations, and by a study of the prod-
ucts obtained from the oxidation of sulfides, which would
produce radical cations that can react to form aldehydes and
disulfides in addition to sulfoxides.

Experimental

The preparation and purification of the sulfides and sul-
foxides used in this study have been reported previously (2–4).

Preparation of [(me4-salen)CrV(O)(pyO)]CF3SO3
Chromium(II) triflate hexahydrate was prepared from the

reaction of chromium metal with triflic acid as follows (5):
Trifluoromethanesulfonic acid (9.235 g, 61.54 mmol), ob-
tained from Aldrich, was diluted to 10 mL with distilled and
degassed water in a Schlenk tube. Electrolytic Cr chips, size
≤6 mm, purity 99.997% (1.692 g, 32.54 mmol), obtained
from AESAR, were added to the Schlenk tube. One of the
chips was dipped in perchloric acid and rinsed with water
before addition to provide a fresh, clean surface on which
the reaction could start. The Schlenk tube was evacuated and
back-filled with argon. This mixture was heated to 40°C and
left to stir for 7 days. The royal blue solution produced was
divided into two portions using cannula techniques and
placed in argon-filled Schlenk tubes. Some unreacted Cr
chips (0.148 g) were recovered. Water and triflic acid were
evaporated in vacuo with the aid of a heat gun, leaving a
pale blue solid. The yield, calculated from the amount of un-
recovered Cr, was 91.2%. A quartz cell with a side arm
Schlenk was used to obtain the UV spectrum of this com-
pound in water. A λmax, observed at 714 nm, corresponds
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well with that previously reported for chromium(II) com-
pounds (5). There was no maximum at 580 nm correspond-
ing to chromium(III). Since this compound is extremely air-
sensitive, it was stored and transferred under argon.

Chromium(II) hexahydrate was ligated with dihydro
8,8,8′,8′-tetramethylsalen (6, 7) and oxidized to the corre-
sponding chromium(III) complex as follows: (me4-salen)H2
(3.570 g, 11.00 mmol) was placed in a 100 mL round-
bottom flask fitted with a stopcock. The flask was evacuated
and back-filled with argon. Methanol (45 mL), freshly dis-
tilled under an argon atmosphere, was added to the flask,
and [CrII(H2O)6](CF3SO3)2 (3.23 g, 7.05 mmol) in an argon-
filled Schlenk tube was dissolved in methanol (5 mL) and
added dropwise to the round-bottom flask through a cannula.
The mixture, initially blue, turned brown. Stirring was con-
tinued for 5 h at room temperature. The flask was opened to
the atmosphere and heated to reflux for 1 h. The mixture
was cooled and the solvent removed on a rotoevaporator.
Distilled water (80 mL) was added and the mixture stirred
for 2 h. The rusty-orange solid that formed was collected in
a Buchner funnel and placed in a 70°C oven to dry over-
night. This solid was recrystallized from water giving 2.59 g
(4.63 mmol, 65.6%) purified product. The UV and IR spec-
tra compared satisfactorily with literature spectra for [(me4-
salen)CrIII(H2O)2]CF3SO3 (6, 8). UV–vis (CH3CN) (nm) (ε
(L mol–1 cm–1)): 418 (3049), 320 (8376), 286 (15 000), 230
(36 000), 202 (25 000). IR (Nujol) (cm–1): 3389–3553 (b),
2954 (s), 2923 (s), 2854 (s), 1618 (s), 1602 (m), 1551 (m),
1465 (s), 1443 (s), 1401 (w), 1379 (m), 1338 (w), 1284 (m),
1238 (s), 1224 (m), 1173 (m), 1146 (m), 1128 (m), 1027
(m), 958 (w), 907 (w), 880 (w), 843 (w), 797 (w), 752 (m),
639 (m).

This chromium(III) complex was oxidized to the corre-
sponding chromium(V) complex by iodosobenzene as fol-
lows: [(me4-salen)CrIII(H2O)2]CF3SO3 (1.21 g, 0.37 mmol)
was placed in a 100 mL round-bottom flask, and 80 mL of
HPLC-grade acetonitrile (CH3CN), obtained from Fisher
Scientific, was added along with iodosobenzene (0.60 g,
2.7 mmol), prepared as described in the literature (9). The
flask was sealed and the solution stirred. The orange
solution that formed initially when the [(me4-

salen)CrIII(H2O)2]CF3SO3 dissolved became greenish-black,
indicative of [(me4-salen)CrV(O)]+. Prior to rate measure-
ments, any unreacted iodosobenzene was removed by filtra-
tion, and pyridine N-oxide in acetonitrile was added to
produce [(me4-salen)CrV(O)(pyO)]+. UV–vis spectroscopic
analysis indicated that this was the same complex that had
been previously characterized (6).

In addition to UV–vis spectroscopy, the [(me4-
salen)CrV(O)]+ solution was analyzed using electrospray
mass spectrometry (ESI-MS) (10). When the expanded ex-
perimental spectrum of the M+ region (m/z 390) was com-
pared with the theoretical spectrum for C20H22N2O3Cr+, the
isotopic distribution and relative intensities in Table 1 were
obtained.

The only mass with a relative abundance that is not within
5% of the predicted value is that of m/z 389.11. That the re-
sulting abundance, 2.13%, is much greater than the theoreti-
cal value of 1.21% is not entirely surprising, since the area
of a small peak on the shoulder of a very large peak can be
substantially altered by isobaric interferences (11). Over-
lapping peaks with the same nominal mass can result in a
large deviation from the expected value for a small peak.
The other isotopic distribution peaks, all within 5% of the
expected values, along with a good comparison between the
UV–vis spectrum of this complex with that reported for the
complex previously characterized (6) provide convincing
evidence for its structure.

Kinetic methods
The visible spectrum of a solution of [(me4-sa-

len)CrV(O)]CF3SO3 in acetonitrile decreases in intensity uni-
formly from 350 to 800 nm. However, when pyridine N-ox-
ide (pyO) is added to the solution, a broad band centered at
628 nm appears (in accordance with work previously
described in the literature (6)). Data summarized in Fig. 1
indicate that the intensity of this band increases as the con-
centration of pyO is increased. The most reasonable expla-
nation for this observation is reversible ligation with
formation of a new complex, [(me4-salen)CrV(O)(pyO)]+,
when pyridine N-oxide is present. Since the absorbance pla-
teaus when the concentration of pyO is 0.1 M or greater, it
can be assumed that the equilibrium expressed in eq. [1] lies
substantially to the right under such conditions.

[1] [(me4-salen)CrV(O)(CH3CN)]+ + pyO

� [(me4-salen)CrV(O)(pyO)]+ + CH3CN

When a reductant is added to these solutions, the band at
628 nm diminishes with time, thus providing a convenient
physical change that can be used to monitor reaction rates.

© 2003 NRC Canada
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Scheme 1.

Scheme 2.

Relative abundance (%)

Mass Theoretical Experimental

388.11 5.18 5.41
389.11 1.21 2.13
390.10 100.00 100.00
391.11 34.73 35.03
392.11 8.69 9.02

Table 1. Electrospray mass spectral data for [(me4-salen)CrV(O)]+.
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For example, when an excess of thioanisole is added to a so-
lution of [(me4-salen)CrV(O)(pyO)]+, good pseudo-first-order
rate plots are obtained (see Fig. 2). The final product exhib-
its a spectrum identical to that obtained by adding pyridine
N-oxide to [(me4-salen)CrIII(H2O)2]

+. It is necessary to cor-
rect the observed pseudo-first-order rate constants, kobs, ob-
tained from the slope of such plots for a slow reduction of
the oxidant that occurs in the absence of added reductant.
The corrected pseudo-first-order rate constants, k1, are ob-
tained by subtraction of the rate constant for the correspond-
ing blank reactions, kb, from the observed rate constant (k1 =
kobs – kb). The observation that the magnitude of k1 is di-

rectly proportional to the concentration of added reductant
(Table 2) indicates that the reaction is second order overall —
first order in oxidant and first order in reductant.

The effect of pyridine N-oxide on the reaction kinetics
was determined by measuring the rate constants for solu-
tions containing variable concentrations of pyO. As can be
seen from Fig. 3, rates are increased by the addition of
pyridine N-oxide; however, the effect plateaus at about
0.1 M pyO and above. This result is consistent with the
absorbance data in Fig. 1 and the previous suggestion that
the equilibrium in eq. [1] must be shifted to the right above
0.1 M pyO. To ensure that the effect of pyridine N-oxide
would be constant throughout this study, its concentration
was maintained above 0.1 M in all experiments, the usual
working concentration being about 0.3 M.

In a series of similar experiments it was found that addi-
tion of water to the solvent had a negligible effect on the
magnitudes of the observed rate constants (see Table 3). It is
apparent, therefore, that small amounts of moisture would

© 2003 NRC Canada
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[Sulfide] (M) kobs × 104 (s–1) kb × 105 (s–1) k1 × 104 (s–1) k2 × 103 (s–1 M–1)

0.02977 3.009 3.191 2.690 9.04
0.02977 3.080 3.100 2.770 9.30
0.08932 7.877 3.694 7.507 8.40
0.08932 8.146 3.834 7.763 8.69
0.1191 10.76 4.648 10.30 8.65
0.1191 11.54 4.495 11.09 9.31
0.1488 14.22 4.611 13.76 9.25
0.1488 13.68 4.002 13.28 8.92
0.1488 14.00 3.312 13.67 9.19
0.1488 13.60 2.759 13.32 8.95

aTemperature = 25°C.

Table 2. Rate constants for the oxidation of methyl p-tolyl sulfide.a

Fig. 1. Dependence of absorbance at 628 nm on pyridine N-ox-
ide concentration. [[(me4-salen)CrV(O)]+] = 2.58 × 10–4 M.

Fig. 2. Pseudo-first-order rate plot for the oxidation of thio-
anisole. [Thioanisole] = 0.341 M. [[(me4-salen)CrV(O)(pyO)]+] =
3.69 × 10–4 M. Slope = –1.01 × 10–3 s–1. r2 = 0.999.

Fig. 3. Dependence of second-order rate constants on pyridine
N-oxide concentration. [Thioanisole] = 0.328 M.

[H2O] (M) k2 × 103 (s–1 M–1)

0 2.69b

0.19 2.64b

1.85 2.92c

a[Methyl phenyl sulfide] = 0.341 M; [[(me4-
salen)CrV(O)(pyO)](CF3SO3)] = 2.40 × 10–4 M.

b[pyO] = 0.115 M.
c[pyO] = 1.58 M.

Table 3. Effect of added water on rate constants.a
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not have an impact on the accuracy of the measured rate
constants.

In a typical kinetic experiment, 2.0 mL aliquots of 0.3 M
pyO in acetonitrile were added to two 10-mm cuvettes. One
cuvette was fitted with a Teflon septa-seal top. Additional
solvent (0.1 mL) was added to the other cuvette to compen-
sate for the volume difference that would occur when reduct-
ant was added through the septa-seal. An aliquot of freshly
prepared oxidant (0.30 mL) was added to each of the cu-
vettes. They were then flushed with argon for 3 min and
sealed. Both cuvettes were placed in the thermostated cell
compartment of an HP8452 Diode Array UV–vis spectro-
photometer and held at a constant temperature for 29 min. A
solution of thermostated and degassed reductant (0.10 mL)
was injected through the septa-seal using a microlitre sy-
ringe. This cuvette was inverted several times to ensure good
mixing and replaced in the thermostated cell compartment.
The reaction rates were then monitored at 628 nm. Observed
pseudo-first-order rate constants, kobs, were obtained from
the data collected from the cuvette containing reductant, and
the blank rate constants, kb, were simultaneously obtained
using data collected for the solution in the other cuvette.

Activation parameters
Activation parameters, as defined by application of the

Eyring Equation (eq. [2]), were determined by measuring
the rate constants at several temperatures and preparing plots
of ln k2/T vs. 1/T (12). A typical plot has been reproduced in
Fig. 4 and the results are summarized in Table 4. Since both
of the proposed mechanisms predict second-order kinetics,
the large negative entropies of activation observed are con-
sistent with either Scheme 1 or Scheme 2.

[2] ln k2/T = –∆H‡/RT + ∆S‡/R + ln kB/h

Results and discussion

If a radical cation (see Scheme 1) is formed during the ox-
idation of substituted thioanisoles, it would be stabilized by
substituents that could enter into a direct resonance interac-
tion with it, as depicted in Scheme 3. Since resonance of this
type requires interaction of the 3p orbitals of sulfur with the
carbon 2p orbitals of the aromatic ring, it may not make a
large contribution to the stability of the radical cation; how-
ever, it should be sufficient to cause the rates of oxidation of

substituted thioanisoles to correlate somewhat better with
Hammett σ+ substituent constants, as compared with the cor-
responding σ constants. From a comparison of the plots in
Figs. 5 and 6, it can be seen that this is, in fact, the case. The
correlation is obviously better when σ+ substituent constants
are used.

A similar direct resonance effect for the intermediate pro-
posed in Scheme 2 would require overlap between a sulfur
3d orbital and the 2p orbitals of the aromatic ring. There-
fore, its contribution to the stability of the transition state
would be insignificant, and a better correlation would be ex-
pected with σ substituent constants, as observed for the oxi-
dation of sulfides by high valent manganese and ruthenium
oxides, both of which exhibit better correlations with σ sub-
stituent constants (3, 13, 14). This result, therefore, suggests
that the oxidation of sulfides by [(me4-salen)CrV(O)(pyO)]+

likely involves the formation of intermediate radical cations
as in Scheme 1.

The observation that sulfoxides are not oxidized by [(me4-
salen)CrV(O)(pyO)]+ is also consistent with an electron
transfer mechanism. Since the electron density at the sulf-
oxide sulfur would be decreased by polarization of the S=O
bond, as in Scheme 4, the activation energy for electron
transfer would be greatly increased. Other oxidants such as
permanganate and ruthenium tetroxide, which are believed
to proceed by a mechanism similar to the one depicted in
Scheme 2, oxidize sulfoxides more readily than sulfides (3, 4).

Also consistent with this conclusion is the observation
that the rate of oxidation of 4-nitrothioanisole is too slow to
measure under these conditions. In this compound the elec-
tron density at sulfur is decreased by resonance, as depicted
in Scheme 4. Frontier molecular orbital theory predicts that
there should be a direct correlation between the energies of
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Fig. 4. Eyring plot for the oxidation of thioanisole. Slope =
–6.04 × 103 K. Intercept = 8.68. r2 = 0.996.

X k2 × 103 (M–1 s–1)a ∆H‡ (kJ mol–1) ∆S‡ (J mol–1 K–1) ∆G‡ (kJ mol–1)a

4-MeO 47.0 ± 1.8 38.0 ± 1.7 –142.9 ± 6.0 80.6 ± 2.5
4-Me 9.88 ± 0.21 49.6 ± 1.0 –117.6 ± 3.2 84.7 ± 1.4
H 3.27 ± 0.31 49.6 ± 1.4 –127.5 ± 4.8 87.6 ± 2.0
4-F 2.23 ± 0.03 51.3 ± 1.5 –123.8 ± 4.8 88.2 ± 2.1
4-Cl 1.49 ± 0.08 64.3 ± 2.7 –83.3 ± 9.3 89.1 ± 3.9
3-Cl 0.607 ± 0.023 53.0 ± 1.7 –128.8 ± 5.7 91.4 ± 2.4

aTemperature = 25.0°C.

Table 4. Rate constants and activation parameters for the oxidation of X-substituted thioanisoles by [(me4-salen)CrV(O)(pyO)]CF3SO3.

Scheme 3.
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the sulfide HOMOs and the rates of reactions initiated by
single electron transfers. Assuming that the LUMO of the
oxidant is at a higher energy than the HOMOs of the sul-
fides, increasing the energy of the HOMO should result in a
faster reaction (15). When the energies of the HOMOs of the
substituted thioanisoles were calculated at the B3LYP/6-
31G* level, a good correlation with activation energies was
observed (16) (see Fig. 7). This result is most consistent
with the mechanism in Scheme 1 where the reaction is initi-
ated by a single electron transfer.

It is also possible to test for the formation of intermediate
radical cations by studying the products formed when
methoxy-substituted benzyl phenyl sulfides are oxidized.
The radical cations formed from these compounds can react
to give aldehydes in competition with the formation of sul-
foxides in the oxygen rebound step depicted in Scheme 1
(17–19). For example, reaction of 3,4,5-trimethoxybenzyl
phenyl sulfide gives only 3,4,5-trimethoxybenzaldehyde and

diphenyl disulfide when oxidized by cerium(IV) ammonium
nitrate, a known one-electron transfer oxidant (2). Previous
work has indicated that the formation of aldehydes and di-
sulfides is initiated by loss of a proton from the radical cat-
ion to give a free radical, 2, which is known to be readily
oxidized to the corresponding aldehyde, as in Scheme 5. In-
troduction of the methoxy substituents increases the acidity
of the radical cation, promoting proton loss and subsequent
aldehyde formation.

When the products obtained from the oxidation of benzyl
phenyl sulfide, 4-methoxybenzyl phenyl sulfide, and 3,4,5-
trimethoxybenzyl phenyl sulfide were compared, the results
summarized in Table 5 were obtained. The product ratios
were determined using 1H NMR integrals as previously de-
scribed (2). These data, which show that the ratio of alde-
hyde to sulfoxide increases from 0 for unsubstituted benzyl
phenyl sulfide to 0.10 and 0.55 for 4-methoxybenzyl phenyl
sulfide and 3,4,5-trimethoxybenzyl phenyl sulfide, respec-
tively, are most consistent with the reaction mechanism pre-
sented in Scheme 1. Oxidations by high valent manganese
and ruthenium oxides, which have been proposed to react by
a concerted oxygen transfer, as in Scheme 2, give only
sulfoxides and sulfones with these same sulfides (2).
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Fig. 6. Hammett correlation with σ+-substituent constants. From
left to right the substituents are 4-methoxy, 4-methyl, 4-fluoro,
hydrogen, 4-chloro, and 3-chloro. Slope = –1.64. r2 = 0.98.

Scheme 4.

Fig. 7. Correlation of second-order rate constants with HOMO
energies. From left to right the substituents are 3-chloro, 4-
chloro, 4-fluoro, hydrogen, 4-methyl, and 4-methoxy. Slope =
–410. r2 = 0.985.

Product Ratiosa

Sulfide Sulfoxide Aldehyde Starting material

Benzyl phenyl sulfide 0.47 — 0.53
4-Methoxybenzyl phenyl sulfide 0.31 0.031 0.66
3,4,5-Trimethoxybenzyl phenyl sulfide 0.16 0.088 0.75

aProduct ratios were determined, as previously described (2), from the integrals of 1H NMR spectra.

Table 5. Product distributions for the oxidation of substituted benzyl phenyl sulfides by [(me4-salen)CrV(O)(pyO)]CF3SO3.

Fig. 5. Hammett correlation with σ-substituent constants. From
left to right the substituents are 4-methoxy, 4-methyl, hydrogen,
4-fluoro, 4-chloro, and 3-chloro. Slope = –2.65. r2 = 0.95.
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Although any one of these tests individually do not pro-
vide compelling evidence for the electron transfer mecha-
nism, the combined impact of the three tests (i.e., the
Hammett analysis, the frontier molecular orbital calcula-
tions, and the product studies) is convincing, and it appears
that the reaction between sulfides and [(me4-
salen)CrV(O)(pyO)]+ is most likely initiated by a single elec-
tron transfer.

It is of interest to note that the oxidation of sulfides by
chromium(V) and most other high valent transition metals
appears to proceed by different mechanisms. Because the
oxidation of proteins and lipids in free radical processes has
been associated with the onset of several diseases (20–22),
the observed tendency of chromium(V) to react by a one-
electron transfer is consistent with the belief that the carci-
nogenic properties of oxochromium compounds are associ-
ated with their tendency to react by free radical oxidation
mechanisms. The oxides of manganese, ruthenium, molyb-
denum, and iron are not carcinogenic, presumably because
they react with sulfides by concerted mechanisms that do not
involve the formation of intermediate radicals (2, 23).
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A diene-transmissive approach to the quassinoid
skeleton

Claude Spino, Bryan Hill, Pascal Dubé, and Stéphane Gingras

Abstract: Several tetracyclic molecules were prepared by diene-transmissive Diels–Alder cycloadditions. Control over
the stereochemical outcome of the cycloaddition was achieved and the structural features of the precursors affecting the
stereochemistry is discussed. Useful information was gathered concerning the factors governing this stereocontrol,
which will be indispensable for the future of this strategy.

Key words: quassinoid, anticancer agent, diene-transmissive Diels–Alder cycloaddition, oxadiene, hetero Diels–Alder.

Résumé : On a préparé plusieurs molécules tétracycliques en faisant appel à des réactions de cycloaddition de Diels–
Alder à dienes-transmissibles. On a pu contrôler le résultat stéréochimique des cycloadditions et on discute des caracté-
ristiques des structures des précurseurs qui affectent la stéréochimie. Des informations utiles ont été accumulées
concernant les facteurs qui gouvernent ce contrôle stéréochimique et celles-ci seront indispensables pour le futur de
cette stratégie.

Mots clés : quassinoïde, agent antinéoplasique, cycloaddition de Diels–Alder à dienes-transmissibles, oxadiène,
hétéro-Diels–Alder.

[Traduit par la Rédaction] Spino et al. 108

Introduction

Blomquist and Bailey and co-workers (1) reported the first
diene-transmissive Diels–Alder cycloaddition in 1955. They
coupled the unstable cross-conjugated triene 3-methylene-
1,4-pentadiene 1 with excess maleic anhydride and obtained
tetracyclic adduct 3 in moderate yield (eq. [1]) (1). Later,
Tsuge and co-workers and others (2–4) investigated a series
of intermolecular diene-transmissive [4 + 2]-cycloadditions
on simple substituted cross-conjugated trienes. For several
reasons that are explained in previous publications, this
strategy stayed without a useful application until our report
of a diene-transmissive Diels–Alder approach to the synthe-
sis of anticancer quassinoids (eq. [2]) (5). In this synthetic
route to quassinoids, a cross-conjugated oxadiene 4 was
transformed into tetracycle 6 via an intermolecular hetero
Diels–Alder reaction followed by an intramolecular normal
[4 + 2]-cycloaddition. In 1999, Fallis and co-workers (6) re-
ported the use of diene-transmissive Diels–Alder reactions
for the construction of advanced intermediates toward the
synthesis of other terpenoids.

Quassinoids are formidable synthetic targets. The extent
of the oxygenation of their carbon skeleton contributes to the
synthetic difficulties (7). Subtropical shrubs of the plant
family Simaroubaceae constitute the most common source
for these degraded triterpenoid natural products (8). They
possess a large spectrum of biological activities, including
antiviral, antimalarial, antineoplastic, and insect antifeedant
properties (8). Recently reported biological activities have
increased the interest in the synthesis of this family of tri-
terpenes (9). The vast majority of quassinoids possess a C-
20 picrasane skeleton, of which quassin 7, glaucarubolone 8,
and bruceantin 9 are typical examples (Fig. 1) (8). We report
herein a comprehensive investigation of the diene-
transmissive double Diels–Alder approach to quassinoids.
The quassinoid numbering and lettering shown in Fig. 1,
will be used throughout this manuscript on all structures for
ease of reference to the potential target molecules.

Several stereochemical issues arise from the key cyclo-
addition reactions. The substituents on the cyclohexene ring
in 4 direct the incoming ethylvinyl ether to the α face of the
diene but they may also affect the stereochemical outcome
of the intramolecular Diels–Alder reaction (eq. [2]) (10).
The appendages on the exocyclic chain serve to differentiate
the energies of the two endo transition states (TS) accessible
to the intermediate 5 (Fig. 2). They must be brought in with
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the exact stereochemistry shown for all-equatorial α-endo
TS that will lead to the tetracyclic nucleus 6 having the cor-
rect stereochemistry for quassinoids.

Synthesis of the precursor oxadienes

Besides the introduction of the ring and chain substituents
in 4 with the correct stereochemistry, the formation of the
exocyclic double bond with the correct geometry represents
a fierce challenge (eq. [2]) (11). Compounding the problem
is the fact that the exocyclic double bond in 4 and 5 should
preferably be a tetra-substituted double bond (R3 = Me), oth-
erwise the C-10 methyl group (cf. Fig. 1) would have to be
introduced at a later stage of the synthesis, a more difficult
(though possible) task than introducing the methyl group as

part of the Diels–Alder strategy. Several ways to construct
the exocyclic double bonds were envisioned. It was initially
thought that starting with an appropriately substituted cyclo-
hexenone would be most expeditious. In that respect, the
known compound 13 (12), derived from (–)-quinic acid, pre-
sented itself as an attractive starting material (Scheme 1).
Protection of the C-13 alcohol as a TBDPS ether was
achieved, and reduction of the lactone in 14 followed by in
situ oxidative cleavage of the resulting diol afforded a β-
hydroxycyclohexanone, which was dehydrated to the desired
substituted cyclohexenone 15d. For simpler model com-
pounds, 1,4-cyclohexadione monoketal 10 was an adequate
starting material. It was reduced with NaBH4 and then pro-
tected as its silyl ether 11a (TBDPSCl, imid., DMF, quant.),
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Fig. 1. Three examples of quassinoids. Fig. 2. The four chair-like transition states of 5.

Scheme 1.
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benzyl ether 11b (KH, BnBr, THF, 83%), or PMB ether 11c
(KH, PMBCl, THF, 96%). Conversion of 11a–c to 15a–c,
respectively, was straightforward as shown in Scheme 1.

Bromination and dehydrobromination of each cyclohex-
enone 15 gave the corresponding vinylbromide 16 in 80–
94% yield (Scheme 2). Subsequent addition of vinyllithium
to 16a–d in the presence of anhydrous CeCl3 afforded 17a–
d, which were converted to the corresponding acetates 18a–
d under standard conditions. Compounds 19a–g, possessing
a tri-substituted exocyclic double bond of E configuration,
were prepared in one of three ways. Cuprate displacements
of allylic acetates 18a–d with alkylcyanocuprates gave the
corresponding products 19a–d in 89–96% yield
(Scheme 2).2 Alternatively, the palladium-catalyzed substitu-
tion of 18a with malonate furnished 19e in 81% yield as a
single stereoisomer (Scheme 3). Aldehyde 19f or ester 19g
could be accessed directly from a Claisen rearrangement of
17a.

Vinyl bromides 19a–d were separately treated with n-
BuLi and the resulting vinyllithium intermediates trapped

with DMF to give 20a–d (Scheme 4). The syntheses of 20e
and 20f were reported elsewhere (5a). Compounds 20c and
20d were further transformed in four steps to 24a and 24b,
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Scheme 2.

Scheme 3.

2 Compound 19c was prepared using a racemic cuprate reagent and was isolated as an inseparable mixture of stereoisomers (for clarity, only
the diastereomer of interest is shown in Scheme 2). All isomers of 19c were separated at a later stage (vide infra). Compound 19d was pre-
pared with the enantiomerically pure cuprate reagent and was isolated diastereo- and enantiomerically pure.
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respectively, and 24a was deprotected under oxidizing con-
ditions to give 25 (Scheme 5).

All synthesized alkenes 19a–g had exclusively the E-ge-
ometry. This selectivity is attributable to the flatness of the
structural system 19 that brings the vinylic hydrogen and the
bromine atom in a rigid syn-pentane-like relationship
(Fig. 3). Any group larger than hydrogen is likely to raise
the energy of the system considerably. Basic MM2 calcula-

tions placed the Z-isomer B 5.1 kcal mol–1 above the E-
isomer A for R = Me.

This finding was corroborated by the fact that not a trace
of product 27 was formed starting from compound 26a or
26b using any of the reactions described in Schemes 2 and 3
under many different reaction conditions (Scheme 6). Most
reactions with 26a and 26b gave the starting material back
or decomposition products under forcing conditions.
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Scheme 4.

Scheme 5.

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8101\V02-196.vp
Friday, January 24, 2003 8:28:45 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



McMurry coupling between 16 and 2-butanone also failed to
give any usable yields of an exocyclic alkene (13). The pros-
pect of achieving the stereocontrolled synthesis of this tetra-
substituted double bond appeared bleak. A reaction was
needed that would simultaneously generate the required cyc-
lohexene and the tetra-substituted, exocyclic double bond.

A solution to the problem of the exocyclic, tetra-sub-
stituted double bond was found in the [4 + 2]-cycloaddition
of vinylallene 30 and 32a and 32b. The syntheses of 30 and
32a and 32b starting from α,β-unsaturated ketone 28 are
shown in Scheme 7. The addition of methylcuprate to ace-
tate 29a yielded 30 accompanied with 27% of a product re-
sulting from the addition on the alkene. This side product
was difficult to separate at this stage, but it was innocuous
because it is an enyne incapable of undergoing a Diels–Al-
der reaction. Compounds 29b and 29c were first treated with
fluoride and the resulting alcohols underwent methylcuprate
addition to give high yields of vinylallene 31a and 31b, re-
spectively, as 1:1 mixtures of two diastereomers. This time,
less than 10% of alkene-addition products were formed in
each case.

Vinylallene 30 reacted with methyl fumarate at the
refluxing temperature of benzene to give a single cyclo-
adduct 33 (Scheme 8). The structure of 33 was secured by a
single crystal X-ray diffraction analysis of a later derivative

41 (vide infra). The temperature at which this Diels–Alder
reaction occurs is remarkable considering the steric interac-
tions in the final product. In fact, we have reported the syn-
thesis of a series of cycloadducts like 33, with much larger
substituents around the exocyclic double bond and in some
cycloadducts, the exocyclic double bond was twisted by
more than 20° (14). It can be argued that the Diels–Alder re-
action has an early transition state, the structure of which re-
sembles the starting vinylallene where the severe steric
interactions of the cycloadduct 33 are not present.

The dienophile always comes from the least-hindered face
of the vinylallene in an intermolecular Diels–Alder cyclo-
addition (12, 15). This would give a cycloadduct with the
wrong geometry of the double bond for quassinoid synthesis
(as if R were larger than Me in 33). It was necessary to at-
tach the dienophile to the tether to accomplish the desired
synthesis as shown by the conversion of 32a and 32b to 35a
and 35b, respectively. The yields of cycloadducts 35a and
35b were good to excellent and the stereochemistry was
completely controlled. The stereochemistry of 35a was de-
duced by 2D-NOESY spectroscopy and by analogy with the
NMR spectra with that of 33. Note that the enyne side prod-
uct formed along with 30 and 31a and 31b (cf. Scheme 7)
are easily removed at this stage. Deprotection of the trityl
group in 33 and 35a and oxidation of the resulting alcohols
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Fig. 3. Relative energies of the E and Z geometries in a struc-
tural system like 19.

Scheme 6.

Scheme 7.
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afforded the required aldehydes 34 and 36 respectively
(Scheme 8). The tether in cycloadduct 35b, was elaborated
to enoate-aldehyde 38, in preparation for the intramolecular
Diels–Alder reaction. The deprotection of 35a and 37
yielded separable diastereomeric alcohols. The subsequent
reactions were performed on each isomer separately.

Hetero Diels–Alder cycloaddition

With the problem of the exocyclic double bond solved, ef-
forts were directed at the investigation of the hetero Diels–
Alder reaction for the construction of bicyclic adducts. A se-
ries of cycloadditions was performed on model compounds
20 and 24, bearing oxygen or carbon substituents at C-12
and (or) C-13 (Scheme 9). Most quassinoids possess a car-
bon at C-13 (either methyl or carboxy ester) and an oxygen
atom at C-12. The C-13 position is also often linked to an
oxygen atom (cf. Fig. 1). Contrary to oxadienes 20a–f,
oxadienes 24a and 24b and 25 (cf. Scheme 4) bear a teth-
ered dienophile capable of undergoing an intramolecular
Diels–Alder immediately after the hetero Diels–Alder. In
these cases, the intermediates 40a–c are in fact not isolated

(except for 13β,14β-40c) and their stereochemistry were
therefore deduced from the stereochemistry of the corre-
sponding final tetracycle adducts 48–52 (vide infra). The
tether in racemic oxadienes 24a and 25 contains a chiral
center that creates up to four possible diastereomers for each
of 40a and 40c, respectively. Oxadiene 24b is homochiral,
however, and there are only two possible diastereomers for
40b (Scheme 9). Table 1 displays the results of the inter-
molecular hetero Diels–Alder cycloadditions of ethylvinyl
ether with 20a, 20b, 20e, 20f, and 24a and 24b, and 25 cata-
lyzed by Yb(FOD)3. Only the ratios of 14β- to 14α-diastere-
omers are important to the discussion at this stage.

From earlier studies, we knew that a single carbon
substituent R1 was enough to differentiate between the two
faces of the oxadiene (Table 1, entry 3) (5a). However, an al-
cohol or a protected hydroxyl offers little bias for the incom-
ing dienophile, giving nearly equal mixtures of 14β and 14α
adducts (entries 2, 5–7). A bulky protecting group is β-face
selective (entry 1), presumably because of a preferred con-
formation 20-A where the protecting group is eclipsed with
the carbinol hydrogen at C-13, placing the bulky phenyl
rings underneath the oxadiene as drawn in Fig. 4. It seems
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Scheme 8.
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obvious that if conformation 20-B were preferred, it would
effectively shield the β-face of the oxadiene. To obtain better
results, the oxadiene must be induced to adopt the conforma-
tion 20-B or force the C-13 substituent to orient its atoms
away from the α-face. The latter case is exemplified by the
isopropylidene-protected C-12/C-13 diol 20f that was able to

hinder sufficiently the β-face of the oxadiene (entry 4) (5a).
In contrast, protected diol 24b gave a 3:1 ratio favoring the
undesired 13β,14α-40b diastereomer (entry 6). Again, the
tert-butyldiphenylsilyl group is likely responsible for this re-
sult, shielding the α-face through a preferred conformation
20-A (R2 = OBn, Fig. 4).

In contrast to the results obtained in the hetero Diels–Al-
der cycloadditions of oxadienes 20a, 20b, 20e, 20f, 24a and
24b, and 25, results obtained with compounds 34, 36a and
36b, and 38a and 38b are particularly helpful (Scheme 10).
The cycloadditions of 34, 36a, 36b, 38a, and 38b gave only
one detectable isomer 41, 42a, 42b, 43a, and 43b, respec-
tively. The stereochemistry of 41 was secured from a single
crystal X-ray diffraction analysis. Compounds 42a and 42b
and 43a and 43b were characterized by 2D-NMR experi-
ments and their NMR spectra compared well with that of 41.
Most likely, the oxadienes take on conformations 34-B or
36-B, forcing the methyl group into a pseudo-axial orienta-
tion (Fig. 4).
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Scheme 9.

Entry Enal Product 14β:14αa Yield (%)

1 20a 39a 1:4 96
2 20b 39b 1:1.6 82
3 20e 39c 4:1 96
4 20f 39d 11:1 95
5 24a 40a 1:1 92
6 24b 40b 1:3 82
7 25 40c 1:1 83

aDetermined by 1H NMR.

Table 1. 14α/14β-Ratio of adducts 39a–d and 40a–c from the
hetero Diels–Alder reaction (cf. Scheme 9).
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Intramolecular Diels–Alder cycloaddition

The substituents on ring C and D and the substituents on
the tether are able to affect the stereochemical outcome of
the intramolecular Diels–Alder cycloaddition. This concern
had to be addressed first and two things were known from
earlier studies (5a): (a) in absence of substituent on the
tether and on the ring (44), the β-endo TS (cf. Fig. 1) is fa-
vored by a factor of six leading to the formation of 45b as
the major product (Scheme 11); (b) two tether substituents in
46 are able to completely reverse this selectivity in favor of

the desired α-endo TS (47a, Scheme 11). However, it was
also evident that an α-C-3 substituent (the α-oxygen of the
dioxolane in 47a) should be avoided as it increases the en-
ergy of both α- and β-endo TS to the advantage of the α-exo
TS leading to the formation of 47b.

Intramolecular Diels–Alder cycloaddition:
Results

Since intermediates 13β,14β–40a, 40b, 40c and 13α,14β–
40a, 40c were not isolated, their structures were deduced
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Fig. 4. Possible transition states for the intermolecular hetero Diels–Alder reaction of 20a, 34, 36, and 38.

Scheme 10.
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from those of the corresponding tetracycles 48–52 (Schemes
12 and 13). Note that intermediates 13β,14α–40a, 40b, 40c
and 13α,14α–40a, 40c (cf. Scheme 9) are of no interest for
quassinoids because they possess the wrong 14-α stereo-
chemistry. Although their corresponding tetracycles were
isolated and fully characterized, they will not be discussed
further.

Aldehyde 24a (racemic mixture of diastereomers) gave a
mixture of cycloadducts, of which 48a, 48b, and 50b could
be obtained partially pure (Scheme 12). Each cycloadduct
was treated with LiAlH4 and separation of the resulting alco-
hols yielded pure 53a, 53b, and 55a, respectively,
(Scheme 14). The structure of 53a was deduced from a sin-
gle crystal X-ray diffraction analysis, which secured the
structure of 48a. The structure of 48b was correlated with

© 2003 NRC Canada

Spino et al. 89

Scheme 11.

Scheme 12.

Scheme 13.
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that of 49b (vide infra) because the structure of 53b could
not be determined unambiguously. The primary alcohol in
compound 55a was silylated under standard conditions to
give 55b, for which an X-ray analysis was obtained, con-
firming the structure for 50b. With the structures secured,
we were able to determined the ratios of tetracycles in the
crude mixture of 48 and 50. Tetracycles 48a and 48b were
found in a 1:1 ratio while compound 50b was the sole
tetracycle to emanate from intermediate 13α,14β-40a. All of
48a, 48b, and 50b possess the desired 14β-stereochemistry.
However, 48b and 50b have the wrong configuration at C-5,
C-7, and C-10. As explained later, the OPMB group is re-
sponsible for the formation of these two diastereomers.

Aldehyde 24b (diastereo- and enantiomerically pure) gave
two tetracycles that were desilylated to separate them more
easily. Compound 52a was the sole product having the 14β-
stereochemistry and thus to arise from intermediate 13β,14β–
40b (Scheme 13). The other tetracycle had the 14-α stereo-
chemistry and must have come from intermediate 13β,14α–
40b. The stereochemistry of 52b was determined from care-
ful NMR and 2D-NMR analysis of both tetracycles.

Lastly, aldehyde 25 led to a mixture of cycloadducts, of
which 49a, 49b, and 51a were separated and isolated in a
pure state (Scheme 12). The stereochemistry of 51a was de-
duced from a single crystal X-ray diffraction analysis.
Cycloadduct 49b was silylated to afford 54 that was crystal-
line and amenable to X-ray diffraction analysis (Scheme 14).
Conversion of 49b to 48b confirmed the structure of the lat-
ter. The now known product 48a was converted to 49a using
DDQ, which proved the structure of 49a. With the structure

of each cycloadduct secured, it was established that 49a and
49b were formed in a 2:1 ratio and arose from the
intramolecular Diel–Alder reaction of intermediate 13β,14β-
40c (Scheme 12). Cycloadduct 51a was the sole tetracycle to
emanate from intermediate 13α,14β-40c. All three
diastereomers 49a, 49b, and 51a have the desired 14β-
stereochemistry and only 49b, the minor isomer from 13β,14
β-40c, has the wrong stereochemistry at C-5, C-7, and C-10.
Therefore, removing the PMB group on the C-13 alcohol
proved beneficial.

Intramolecular Diels–Alder cycloaddition:
Analysis

It was clear, from the cycloaddition of 44, that a 14β-
stereochemistry favors a β-face attack of the dienophile (5a).
Fortunately, this trend was partly overcome by the presence
of a single methyl group on the tether at C-4 as shown in the
conversion of 13β,14β-40c into a 2:1 mixture of 49a and 49b
(Scheme 12). With a protected alcohol (13β,14β-40a) the ra-
tio 48a:48b was 1:1. It was particularly informative to ob-
serve the cycloaddition results with alcohol 13α,14β-40c and
PMB-protected alcohol 13α,14β-40a. The free alcohol
13α,14β-40c gave a single isomer 51a arising from an α-
endo transition state (Scheme 12). By contrast, the protected
alcohol 13α,14β-40a underwent the IMDAC to give a single
adduct 50b that emerged from a preferred β-endo transition
state having the methyl axial.

These results are explained as follows (Fig. 5): two α-
endo TS can be considered, namely α-endo TS-I and α-endo
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Scheme 14.
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TS-II. All α-endo TS-Is have the ethoxy group and the
dienophile in close proximity resulting in a steric interac-
tion. It is doubtful that any α-attack would take place via α-
endo TS-I. This is corroborated by MM2 calculations.
Therefore, only the α-endo TS-IIs will be considered in our
analysis and their energies will be compared with that of the
β-endo TSs.

In the absence of substituents on the ring or on the chain,
β-endo TS is favored over α-endo TS-II by approximately

2 kcal mol–1 (cf. 44 → 45b, Scheme 11). An α-C-4 methyl
group will be axial on a β-endo TS and should destabilize it
by roughly 2 kcal mol–1, approximately counterbalancing the
advantage β-endo TS enjoys when there are no substituents.
This is what was observed, 13β,14β-40a and 13β,14β-40c
giving nearly equal mixtures of adducts regardless of the C-
13 β-substituent. The slight difference between the ratios of
13β,14β-40a and 13β,14β-40c may be attributable to small
conformational perturbations. However, an α-protected

© 2003 NRC Canada

Spino et al. 91

Fig. 5. Possible transition states for the intramolecular DAC of 40a–c.
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alcohol at C-13 (13α,14β-40a) dramatically raises the energy
of the corresponding α-endo TS-II (or alternatively, it could
force a high-energy conformation like α-endo TS-I). This
explains why compound 13α,14β-40a gave a single tetra-
cycle 50b via a β-endo TS. The fact that 13α,14β-40c gave
only 51a can only be explained by a hydrogen bond in α-
endo TS-II. As a matter of fact, the cycloaddition of alcohol
13β,14β-40c was slower than that of alcohol 13α,14β-40c,
the former requiring benzene at reflux to go to completion
while the latter occurs rapidly at room temperature. This is
consistent with a hydrogen bond activating the ester in β-
endo TS for 13α,14β-40c.

If our analysis is correct, two β-substituents at C-12 and
C-13 (as in 13β,14β-40b) should come together to lead to a
single tetracycle resulting from α-endo TS-II. Indeed, re-
gardless of the conformation of the C-ring, one of the sub-
stituents at C-12 or C-13 has to be pseudoaxial, thereby
significantly raising the energy of the β-endo TS due to
steric interaction with the incoming dienophile (Fig. 5,
right). Comparatively, the energy of the α-endo TS-II should
not be raised as much. We were pleased to find that diene 13
β,14β-40b gave a single tetracycle 52a, thereby confirming
our hypothesis (Scheme 13).

There is now a good indication that a single stereo-
defined substituent on the tether and two β-substituents at C-
12 and C-13 will force the intramolecular Diels–Alder to
take place through an α-endo TS. Adding a methyl group on
the exocyclic double bond should not change anything.
However, it became clear in preliminary studies that such a
methyl substituent considerably slows down the rate of
cycloaddition. For example, compound 41 underwent a clean
Diels–Alder cycloaddition reaction at the refluxing tempera-
ture of xylenes for 5 days to give 56 as a mixture of two
stereoisomers (Scheme 15, ratios and stereochemistry of 56
not determined). While this result indicated that the Diels–
Alder is definitely possible, trials with 43a or 43b always
gave decomposition products because it could not withstand

such harsh conditions. The use of Lewis acids also led to de-
composition products only. We have established that the
main reason for the decomposition of 43a and 43b is the
lability of the C-1 oxygen functionality as shown in
Scheme 15. We are working to build different models in the
hopes of overcoming this obstacle. Those results will be re-
ported in due course.

Experimental section

All reactions were carried out under an argon atmosphere.
Ethyl ether, toluene, and benzene were dried over metallic
sodium using benzophenone as an indicator, while
tetrahydrofuran was dried over both sodium and potassium
using the same indicator. Dichloromethane, dimethyl
formamide, carbon tetrachloride, 1,2-dichloroethane,
triethylamine, pyridine, acetonitrile, and diisopropylamine
were distilled over calcium hydride. Hexanes were pur-
chased in anhydrous form from Aldrich. Ethyl vinyl ether
was distilled prior to use. Cerium trichloride was purchased
in hydrated form and dried at 200°C under high vacuum
overnight. Thin layer chromatography was performed using
0.25 mm Silica Gel 60 F254 (EM Science-Merck) and flash
chromatography using silica gel Kieselgel 60 (230–400
mesh ASTM).

All NMR spectra were taken in deuterated chloroform on
a Brüker AC-300 (1H (300 MHz), 13C (75 MHz)). Chemical
shifts are reported in ppm (δ) downfield from tetra-
methylsilane. The splitting patterns are designated as singlet
(s), doublet (d), triplet (t), quartet (q), multiplet (m), and AB
quartet (ABq). The IR spectra were determined on a Perkin-
Elmer 1600 FT spectrometer. The IR spectra were deter-
mined neat, unless otherwise stated. The melting points were
performed on a Mettler Toledo model 62. High- and low-
resolution mass spectra (HR-MS and LR-MS) were obtained
with a micromass spectrometer ZAB-1F model VG.
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Scheme 15.
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tert-Butyldiphenylsilyl ether 11a
To a cooled 0°C solution of cyclohexanedione, mono-

ethylene ketal (22.1 g, 141 mmol) and methanol was added,
in portions, sodium borohydride (5.35 g, 141 mmol). The re-
action was stirred for 3 h before being brought to pH 7 by
the addition of 1 N HCl. The mixture was partitioned be-
tween dichloromethane and brine, and the aqueous phase ex-
tracted with CH2Cl2. The aqueous layer was concentrated
until a precipitate began to form and this layer was extracted
again with CH2Cl2. The combined organic layers were dried
over MgSO4, filtered, and concentrated. The crude alcohol
(22.69 g, 100%) was coevaporated with benzene and used
without further purification. 1H NMR (CDCl3) δ: 3.85 (s,
4H), 3.67–3.66 (m, 1H), 2.67 (bs, 1H), 1.80–1.68 (m, 4H),
1.61–1.43 (m, 4H). 13C NMR (CDCl3) δ: 108.2 (s), 67.7 (d),
64.0 (t), 31.7 (t), 31.4 (t). LR-MS (m/z (relative intensity)):
158 ([M]+, 10), 99 (100). HR-MS calcd. for C8H14O3:
158.0943; found: 158.0937. To a solution of this alcohol
(5.00 g, 31.6 mmol), imidazole (5.38 g, 79.0 mmol) in DMF
(20 mL) was added TBDPSCl (9.86 mL, 37.9 mmol) at
room temperature. The mixture was stirred at room tempera-
ture for 4 h before being poured into hexane (30 mL). The
layers were separated and the DMF layer washed with hex-
anes (2 × 30 mL) and ethyl ether (30 mL). The combined
hexanes – ethyl ether layer was washed with brine, dried
over MgSO4, filtered, and concentrated. The crude residue
was purified by flash chromatography eluted with hex-
anes:EtOAc (9:1) to give 12.5 g (100%) of ketal 11a as a
colourless oil. IR (cm–1): 3446, 3070, 1589, 1472, 1427. 1H
NMR (CDCl3) δ: 7.73–7.65 (m, 4H), 7.45–7.34 (m, 6H),
3.98–3.85 (m, 5H), 1.97–1.88 (m, 2H), 1.71–1.63 (m, 4H),
1.51–1.43 (m, 2H), 1.06 (s, 9H). 13C NMR (CDCl3) δ: 135.7
(d), 134.8 (d), 134.5 (s), 129.5 (d), 127.6 (d), 127.4 (d),
108.6 (s), 68.4 (d), 64.1 (t), 31.7 (t), 30.8 (t), 26.9 (q), 19.2
(s). LR-MS (m/z (relative intensity)): 339 ([M+ – C4H9], 10),
199 (100), 200 (25). HR-MS calcd. for C20H23O3Si:
339.1416; found: 339.1412. Anal. calcd. for C24H32O3Si: C
72.68, H 8.13, O 12.10, Si 7.08; found: C 72.53, H 8.18, O
11.98.

Benzyl ether 11b
To an oil-free suspension of KH (10.19 g, 254 mmol) in

THF (400 mL) was added a solution of the same alcohol
used to make 11a (16.4 g, 102 mmol) in THF (50 mL) via
cannula at 0°C. After hydrogen evolution had ceased, the
mixture was warmed to room temperature and the reaction
stirred for 3 h. Benzyl bromide (18.1 mL, 152 mmol) was
added neat and the reaction stirred overnight. The reaction
was quenched with satd. aq NH4Cl, and the product ex-
tracted with CH2Cl2. The combined organic layers were
washed with brine, dried over MgSO4, filtered, and concen-
trated. Purification by flash chromatography (hex-
anes:EtOAc (9:1 to 3:1)) yielded 20.8 g (83%) of ketal 11b
as a colourless oil. IR (cm–1): 3030, 2949, 1370. 1H NMR
(CDCl3) δ: 7.34–7.26 (m, 5H), 4.53 (s, 2H), 3.94–3.92 (m,
4H), 3.56–3.50 (m, 1H), 1.89–1.79 (m, 6H), 1.58–1.53 (m,
2H). 13C NMR (CDCl3) δ: 139.0 (s), 128.2 (d), 127.3 (d),
108.4 (s), 74.0 (d), 69.8 (t), 64.2 (t), 31.2 (t), 28.5 (t). LR-
MS (m/z (relative intensity)): 248 ([M]+, 5), 99 (100), 86
(98). HR-MS calcd. for C15H20O3: 248.1412; found:

248.1408. Anal. calcd. for C15H20O3: C 72.55, H 8.12, O
19.33; found: C 72.51, H 8.23.

PMB ether 11c
To an oil-free suspension of KH (3.04 g, 75.8 mmol) in

THF (200 mL) was added a solution of the same alcohol
used to make 11a (10.0 g, 63.2 mmol) in THF (70 mL) via
cannula at 0°C. After hydrogen evolution had ceased (1 h), a
solution of PMBCl (10.4 g, 66.4 mmol) and THF (30 mL)
was added via cannula. The ice bath was removed and the
reaction stirred overnight. The reaction was quenched with
satd. aq NH4Cl, and the product extracted with ether (3 ×
80 mL). The combined organic layers were washed with
brine, dried over MgSO4, filtered, and concentrated. Purifi-
cation by flash chromatography (hexanes:EtOAc (3:1 to
1:1)) yielded 16.9 g (96%) of ketal 11c as a clear oil. IR
(cm–1): 2943, 1611, 1513. 1H NMR (CDCl3) δ: 7.26 (d, 2H,
J = 8.6 Hz), 6.86 (d, 2H, J = 8.6 Hz), 4.45 (s, 2H), 3.92 (s,
4H), 3.78 (s, 3H), 3.52–3.47 (m, 1H), 1.86–1.75 (m, 6H),
1.56–1.53 (m, 2H). 13C NMR (CDCl3): δ: 158.9 (s), 131.0
(s), 128.8 (d), 113.6 (d), 108.4 (s), 73.7 (d), 69.4 (t), 64.2 (t),
55.1 (q), 31.2 (t), 28.5 (t). LR-MS (m/z (relative intensity)):
278 ([M]+, 10), 86 (100), 121 (90), 99 (90), 142 (65). HR-MS
calcd. for C16H22O4: 278.1518; found: 278.1515. Anal.
calcd. for C16H22O4: C 69.04, H 7.97, O 22.99; found: C
69.05, H 7.95.

Ketone 12a
A mixture of ketal 11a (12.5 g, 31.6 mmol), THF

(226 mL), and 1 N HCl (75 mL) was heated to reflux for
3 h. The mixture was cooled, neutralized by the addition of
satd. aq NaHCO3 and extracted with CH2Cl2. The combined
organic layers were washed with brine, dried over MgSO4,
filtered, and concentrated. The product was crystallized by
the addition of petroleum ether. Three crystallizations
yielded 10.8 g (97%) of ketone 12a as a white solid; mp:
106.0°C. IR (cm–1): 3069, 1716, 1427. 1H NMR (CDCl3) δ:
7.69–7.67 (m, 4H), 7.45–7.36 (m, 6H), 4.16–4.13 (m, 1H,
J = 2.6 Hz), 2.79–2.69 (m, 2H), 2.25–2.17 (dt, 2H, J = 14.4,
5.3 Hz), 1.99–1.93 (m, 2H), 1.83–1.78 (m, 2H), 1.09 (s, 9H).
13C NMR (CDCl3) δ: 211.5 (s), 135.6 (d), 133.8 (s), 129.7
(d), 127.6 (d), 66.9 (d), 36.9 (t), 33.7 (t), 26.9 (q), 19.2 (s).
LR-MS (m/z (relative intensity)): 295 ([M+ – C4H9], 92),
199 (100). HR-MS calcd. for C18H19O2Si: 295.1154; found:
295.1151. Anal. calcd. for C22H28O2Si: C 74.95, H 8.01, O
9.08, Si 7.97; found: C 74.86, H 8.02, O 8.99.

Ketone 12b
Followed the same procedure as per 12a, starting with

ketal 11b yielding 7.70 g (94%) of ketone 12b as a colour-
less oil. IR (cm–1): 3031, 2941, 1716, 1103. 1H NMR
(CDCl3) δ: 7.37–7.28 (m, 5H), 4.59 (s, 2H), 3.83–3.79 (m,
1H), 2.67–2.56 (m, 2H), 2.30–2.22 (m, 2H), 2.19–2.09 (m,
2H), 2.00–1.89 (m, 2H). 13C NMR (CDCl3) δ: 211.0 (s),
138.4 (s), 128.3 (d), 127.4 (d), 127.3 (d), 72.1 (d), 70.1 (t),
37.1 (t), 30.3 (t). LR-MS (m/z (relative intensity)): 204 ([M]+,
7), 91 (100). HR-MS calcd. for C13H16O2: 204.1150; found:
204.1152. Anal. calcd. for C13H16O2: C 76.44, H 7.90, O
15.67; found: C 76.44, H 7.95.
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Ketone 12c
A solution of ketal 11c (15.28 g, 54.9 mmol) and PPTS

(4.1 g, 16.5 mmol) in wet acetone (550 mL) was heated to
reflux for 5.5 h. The mixture was cooled and the solvent re-
moved in vacuo. The residue was taken up in ethyl ether and
washed with satd. aq NaHCO3, and brine, dried over
MgSO4. Flash chromatography using a mixture of hex-
anes:EtOAc (3:1 to 1:1) procured 11.89 g (92%) of ketone
12c as a white solid; mp: 34.9°C. IR (CHCl3, cm–1): 3011,
1708, 1612, 1513. 1H NMR (CDCl3) δ: 7.29 (d, 2H, J =
8.6 Hz), 6.90 (d, 2H, J = 8.6 Hz), 4.53 (s, 2H), 3.81 (s, 3H),
3.82–3.78 (m, 1H), 2.67–2.56 (m, 2H), 2.31–2.22 (m, 2H),
2.17–2.10 (m, 2H), 2.00–1.91 (m, 2H). 13C NMR (CDCl3) δ:
211.2 (s), 159.0 (s), 130.4 (s), 128.9 (d), 113.7 (d), 71.8 (d),
69.8 (t), 55.1 (q), 37.1 (t), 30.4 (t). LR-MS (m/z (relative in-
tensity)): 234 ([M]+, 35), 121 (100). HR-MS calcd. for
C14H18O3: 234.1256; found: 234.1259. Anal. calcd. for
C14H18O3: C 71.77, H 7.74, O 20.49; found: C 71.82, H
7.88.

Lactone 14
To a stirred solution of known diol 13 (8.05 g,

30.4 mmol), imidazole (10.3 g, 152.0 mmol), DMAP
(750 mg, 6.08 mmol), and dichloromethane (300 mL) was
added TBDPSCl (7.9 mL, 30.4 mmol) at room temperature.
The reaction was stirred for 7 days before being partitioned
between water and dichloromethane. The aqueous layer was
extracted with dichloromethane, washed with brine, dried
over MgSO4, filtered, and concentrated. Purification by flash
chromatography eluted with hexanes:EtOAc (9:1 to 6:1 to
1:1) yielded 12.0 g (78%) of silyl ether 14 and 1.82 g (22%)
of starting diol 13, resulting in a corrected overall yield of
100%. [α]D: –48.4° (c 1.59, CHCl3). IR (cm–1): 3439, 3069,
1794, 1427. 1H NMR (CDCl3) δ: 7.73–7.59 (m, 4H), 7.44–
7.23 (m, 9H), 7.07–7.04 (m, 2H), 4.40 (t, 1H, J = 5.4 Hz),
4.27–4.21 (m, 3H), 3.48–3.41 (m, 1H), 2.84 (d, 1H, J =
11.3 Hz), 2.66 (s, 1H), 2.31–2.13 (m, 3H), 1.08 (s, 9H). 13C
NMR (CDCl3) δ: 177.8 (s), 137.5 (s), 136.0 (d), 135.6 (d),
133.2 (s), 132.4 (s), 129.9 (d), 129.6 (d), 128.0 (d), 127.6
(d), 127.3 (d), 76.1 (d), 73.3 (d), 72.3 (s), 70.7 (t), 65.8 (d),
36.8 (t), 36.5 (t), 26.8 (q), 19.2 (s). LR-MS (m/z (relative in-
tensity)): 445 ([M+ – C4H9], 20), 353 (65), 91 (90), 277
(100). HR-MS calcd. for C26H25O5Si: 445.1471; found:
445.1465. Anal. calcd. for C30H34O5Si: C 71.68, H 6.82, O
15.91, Si 5.59; found: C 71.64, H 6.84, O 16.01.

Enone 15a
To a solution of ketone 12a (10.59 g, 30.0 mmol) and

PhSO2Me (4.70 g, 30.0 mmol) in THF (70 mL) was added
an oil-free suspension of KH (3.01 g, 75.2 mmol) in THF
(60 mL) via cannula at room temperature. The mixture was
stirred at room temperature for 30 min before being concen-
trated to dryness. The residue was partitioned between di-
chloromethane (100 mL) and 0.5 M aq H3PO4 (50 mL). The
layers were separated and the aqueous layer extracted with
dichloromethane (2 × 70 mL). The combined organic layers
were dried over MgSO4, filtered, and concentrated. The
crude residue was taken up in toluene (300 mL) and Na2CO3
(15.9 g, 150 mmol) was added. The suspension was heated
to reflux for 30 min, cooled, filtered through Celite, and
concentrated. Purification by flash chromatography using

hexanes:EtOAc (20:1 to 9:1) gave 9.80 g (93%) of enone
15a as a clear liquid. IR (cm–1): 3056, 1824, 1684, 1472. 1H
NMR (CDCl3) δ: 7.72–7.67 (m, 4H), 7.48–7.38 (m, 6H),
6.78 (dd, 1H, J = 10.2, 2.5 Hz), 5.86 (d, 1H, J = 10.2 Hz),
4.52–4.47 (m, 1H), 2.52 (dt, 1H, J = 16.4, 4.5 Hz), 2.25–
2.17 (m, 1H), 2.15–2.03 (m, 2H), 1.08 (s, 9H). 13C NMR
(CDCl3) δ: 198.8 (s), 153.1 (d), 135.7 (d), 133.3 (s), 129.9
(d), 129.5 (d), 128.7 (d), 127.7 (d), 67.5 (d), 35.2 (t), 32.5
(t), 26.8 (q), 19.0 (s). LR-MS (m/z (relative intensity)): 293
([M+ – C4H9], 65), 199 (100). HR-MS calcd. for C18H17O2Si:
293.0998; found: 293.0996. Anal. calcd. for C22H26O2Si: C
75.38, H 7.48, O 9.13, Si 8.01; found: C 75.44, H 7.40, O
9.11.

Enone 15b
Following the procedure outlined for enone 15a, enone

15b was prepared starting from ketone 12b. The yield of
enone 15b was 3.18 g (70%) isolated as a colourless oil. IR
(cm–1): 3031, 2954, 2870, 1693, 1454, 1201, 1093. 1H NMR
(CDCl3) δ: 7.38 (m, 5H), 7.00–6.96 (m, 1H, J = 10.4 Hz),
5.99 (dt, 1H, J = 10.6, 1.2 Hz), 4.29–4.23 (m, 1H), 2.65–
2.56 (m, 1H), 2.39–2.27 (m, 2H), 2.11–1.98 (m, 1H). 13C
NMR (CDCl3) δ: 198.6 (s), 150.4 (d), 137.7 (s), 129.6 (d),
128.4 (d), 127.8 (d), 127.6 (d), 127.3 (d), 72.4 (d), 70.9 (t),
35.2 (t), 29.1 (t). LR-MS (m/z (relative intensity)): 203
([M + 1], 48), 220 ([M + NH4], 38), 91 (100). HR-MS calcd.
for C13H15O2: 203.1072; found: 203.1077. Anal. calcd. for
C13H14O2: C 77.20, H 6.98, O 15.82; found: C 77.12, H
7.05.

Enone 15c
Followed the same procedure as per 15a yielding 7.80 g

(82%) of enone 15c as a colourless oil. IR (cm–1): 2999,
2955, 2836, 1681, 1613, 1514, 1249, 1087. 1H NMR
(CDCl3) δ: 7.29 (d, 2H, J = 8.6 Hz), 6.96 (d, 1H, J =
10.3 Hz), 6.90 (d, 2H, J = 8.6 Hz), 5.98 (d, 1H, J =
10.3 Hz), 4.58 (AB quartet, 2H, J = 11.4, 5.9 Hz), 4.27–4.21
(m, 1H), 3.81 (s, 3H), 2.64–2.56 (m, 1H), 2.39–2.29 (m,
2H), 2.09–1.98 (m, 1H). 13C NMR (CDCl3) δ: 198.5 (s),
159.2 (s), 150.6 (d), 129.5 (s), 129.3 (d), 129.2 (d), 113.8
(d), 71.9 (d), 70.4 (t), 55.1 (q), 35.1 (t), 28.9 (t). LR-MS
(m/z (relative intensity)): 232 ([M]+, 40), 122 (60), 121 (100).
HR-MS calcd. for C14H16O3: 232.1099; found: 232.1094.
Anal. calcd. for C14H16O3: C 72.39, H 6.94, O 20.66; found:
C 72.40, H 6.90.

Enone 15d
NaBH4 (499 mg, 13.2 mmol) was added to a 0°C solution

of lactone 14b (6.66 g, 13.2 mmol) and ethyl alcohol
(45 mL). The reaction mixture was stirred at 0°C for a total
of 2 h before being quenched by the slow addition of aq
NH4Cl. The ice bath was removed and phosphate buffer and
water were added, followed by sodium periodate (3.67 g,
17.1 mmol). The reaction mixture was stirred overnight and
the resulting suspension filtered through Celite. The alcohol
was extracted with dichloromethane, washed with brine,
dried over MgSO4, filtered, and concentrated. Purification by
flash chromatography (hexanes:EtOAc, 3:1) yielded 4.67 g
(75%) of a keto alcohol as a colourless oil. [α]D: –22.6° (c
3.16, CHCl3). IR (cm–1): 3433, 3061, 2930, 2854, 1714,
1471, 1427, 1136, 1112. 1H NMR (CDCl3) δ: 7.76–7.67 (m,
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4H), 7.45–7.18 (m, 11H), 4.42 (d, 1H, J = 11.7 Hz), 4.32 (d,
1H, J = 11.7 Hz), 4.17–4.15 (m, 1H), 4.08 (dd, 1H, J = 6.4,
2.3 Hz), 3.84–3.79 (m, 1H), 2.91–2.81 (m, 2H), 2.48 (dd,
1H, J = 14.2, 3.9 Hz), 2.31–2.24 (m, 1H), 1.77 (d, 1H, J =
3.1 Hz), 1.10 (s, 9H). 13C NMR (CDCl3) δ: 207.5 (s), 138.0
(s), 136.1 (d), 135.8 (d), 133.6 (s), 132.9 (s), 130.0 (d),
129.8 (d), 128.2 (d), 127.8 (d), 127.5 (d), 127.3 (d), 75.5 (d),
73.5 (d), 70.9 (t), 69.5 (d), 44.8 (t), 43.4 (t), 27.0 (q), 19.3
(s). LR-MS (m/z (relative intensity)): 417 ([M+ – C4H9], 8),
249 (95), 91 (100). HR-MS calcd. for C25H25O4Si:
417.1522; found: 417.1533. Anal. calcd. for C29H34O4Si: C
73.38, H 7.22, O 13.48, Si 5.92; found: C 73.41, H 7.35, O
13.32.

To a cooled 0°C solution of the keto alcohol (4.51 g,
9.49 mmol), methanesulfonyl chloride (880 µL, 11.4 mmol),
and dichloromethane (32 mL) was added triethylamine
(4 mL, 28.5 mmol). After 15 min at 0°C, the reaction was
quenched with water. After extraction with dichloromethane,
the organic layers were washed with satd. aq NaHCO3, and
brine, dried over MgSO4. Filtration, concentration, and puri-
fication by flash chromatography (hexanes:ethyl acetate,
3:1) yielded 4.03 g (93%) of enone 15d as an oil. [α]D:
+78.1° (c 3.61, CHCl3). IR (cm–1): 3069, 1682, 1427. 1H
NMR (CDCl3) δ: 7.73–7.65 (m, 4H), 7.47–7.24 (m, 11H),
6.60 (dd, 1H, J = 10.3, 3.2 Hz), 5.93 (d, 1H, J = 10.5 Hz),
4.62 (d, 1H, J = 12.2 Hz), 4.60–4.57 (m, 1H), 4.54 (d, 1H,
J = 12.2 Hz), 3.84–3.80 (m, 1H), 2.89 (dd, 1H, J = 16.5,
7.1 Hz), 2.43 (dd, 1H, J = 16.5, 3.2 Hz), 1.10 (s, 9H). 13C
NMR (CDCl3) δ: 197.1 (s), 148.5 (d), 138.0 (s), 135.8 (d),
133.3 (s), 132.9 (s), 129.9 (d), 129.6 (d), 128.2 (d), 127.7
(d), 127.4 (d), 76.6 (d), 71.3 (t), 68.4 (d), 40.9 (t), 26.8 (q),
19.2 (s). LR-MS (m/z (relative intensity)): 399 ([M+ – C4H9],
8), 231 (38), 91 (100). HR-MS calcd. for C25H23O3Si:
399.1416; found: 399.1422. Anal. calcd. for C29H32O3Si: C
76.28, H 7.06, O 10.51, Si 6.15; found: C 76.29, H 7.09, O
10.54.

Bromoenone 16a
To a solution of enone 15a (19.0 g, 54.3 mmol) in CCl4

(500 mL) was added over 1 h a solution of bromine (8.25 g,
51.6 mmol) in CCl4 (100 mL) at 0°C. Once complete the
mixture was stirred for 45 min at 0°C before a solution of
triethylamine (9.89 g, 97.8 mmol) in carbon tetrachloride
(100 mL) was added over a 20 min period. The reaction
mixture was stirred for 20 min and filtered. The filtrate was
washed with 1 N HCl and satd. aq NaHCO3. The aqueous
layers were extracted with ether and combined organic lay-
ers dried over MgSO4, filtered, and concentrated. Purifica-
tion by flash chromatography using a mixture of
hexanes:EtOAc (20:1 to 8:1) gave 21.0 g (90%) of bromo-
enone 16a as a white solid and trace amounts of a dibromo-
ketone; mp: 78.2°C. IR (cm–1): 3060, 2955, 1699. 1H NMR
(CDCl3) δ: 7.68–7.65 (m, 4H), 7.48–7.38 (m, 6H), 7.20 (d,
1H, J = 3.1 Hz), 4.48 (dt, 1H, J = 6.4, 3.1 Hz), 2.76 (dt, 1H,
J = 16.7, 5.0 Hz), 2.33 (dt, 1H, J = 16.4, 8.2 Hz), 2.13–2.06
(m, 2H), 1.08 (s, 9H). 13C NMR (CDCl3) δ: 190.6 (s), 153.1
(d), 135.7 (d), 132.9 (s), 130.2 (d), 127.9 (d), 124.1 (s), 68.8
(d), 34.7 (t), 32.4 (t), 26.8 (q), 19.1 (s). LR-MS (m/z (rela-
tive intensity)): 373 ([M+ – C4H9], 50), 371 ([M+ – C4H9],
48), 199 (100). HR-MS calcd. for C18H16BrO2Si: 371.0103;
found: 371.0098.

Bromoenone 16b
Followed the same procedure as per 16a. Purification by

flash chromatography using a mixture of hexanes:EtOAc
(6:1) gave 7.23 g (78%) of bromoketone 16b as a thick oil.
IR (cm–1): 3066, 2959, 2871, 1703, 1454, 1317, 1096. 1H
NMR (CDCl3) δ: 7.45 (dd, 1H, J = 13.0, 1.2 Hz), 7.39–7.32
(m, 5H), 4.64 (s, 2H), 4.29–4.24 (m, 1H), 2.84 (ddd, 1H, J =
16.8, 5.6, 4.5 Hz), 2.53–2.32 (m, 2H), 2.18–2.08 (m, 1H).
13C NMR (CDCl3) δ: 190.4 (s), 150.5 (d), 137.2 (s), 128.5
(d), 128.0 (d), 127.7 (d), 125.0 (s), 73.6 (d), 71.1 (t), 34.7
(t), 29.0 (t). LR-MS (m/z (relative intensity)): 280 ([M]+, 5),
282 ([M]+, 5), 201 ([M+ – Br], 40), 175 (100). HR-MS
calcd. for C13H13BrO2: 280.0099; found: 280.0107.

Bromoenone 16c
Same procedure as per 16a. Purification by flash chroma-

tography eluting with a mixture of hexanes:EtOAc (3:1 to
1:1) gave 9.58 g (92%) of 16c as a white solid; mp: 62.7°C.
IR (cm–1): 2955, 1697, 1611, 1513, 1463, 1318, 1249, 1174,
1032, 1000, 817. 1H NMR (CDCl3) δ: 7.42 (d, 1H, J =
3.5 Hz), 7.28 (d, 2H, J = 8.6 Hz), 6.90 (d, 2H, J = 8.6 Hz),
4.57 (s, 2H), 4.27–4.22 (m, 1H), 3.81 (s, 3H), 2.83 (dm, 1H,
J = 16.8, 10.7 Hz), 2.47 (m, 1H, J = 16.8, 11.7 Hz), 2.37–
2.28 (m, 1H), 2.16–2.04 (m, 1H). 13C NMR (CDCl3) δ:
190.4 (s), 159.3 (s), 150.7 (d), 132.0 (s), 129.3 (d), 124.8 (s),
113.9 (d), 73.2 (d), 70.7 (t), 55.2 (q), 34.6 (t), 29.0 (t). LR-
MS (m/z (relative intensity)): 310 ([M]+, 8), 136 (27), 121
(100). HR-MS calcd. for C14H15O3Br: 310.0204; found:
310.0195.

Bromoenone 16d
Followed the same procedure as per 16a. Flash chroma-

tography eluting with a mixture of hexanes:EtOAc (6:1)
gave 9.27 g (94%) of 16d as a thick oil. [α]D: +81.9° (c 1.81,
CHCl3). IR (cm–1): 3069, 2957, 1700, 1427, 1113, 1066,
741, 702. 1H NMR (CDCl3) δ: 7.73–7.63 (m, 4H), 7.48–7.22
(m, 11H), 6.99 (d, 1H, J = 4.2 Hz), 4.58 (d, 1H, J =
12.3 Hz), 4.56–4.52 (m, 1H), 4.50 (d, 1H, J = 12.2 Hz), 3.80
(dt, 1H, J = 7.1, 3.2 Hz), 3.10 (dd, 1H, J = 16.4, 7.7 Hz),
2.60 (dd, 1H, J = 16.4, 3.2 Hz), 1.10 (s, 9H). 13C NMR
(CDCl3) δ: 189.1 (s), 148.7 (d), 137.6 (s), 135.8 (d), 132.9
(s), 132.6 (s), 130.1 (d), 128.3 (d), 127.9 (d), 127.5 (d),
125.1 (s), 75.9 (d), 71.3 (t), 69.7 (d), 40.3 (t), 26.8 (q), 19.3
(s). LR-MS (m/z (relative intensity)): 477 ([M+ – C4H9], 5),
479 ([M+ – C4H9], 5), 311 (30), 309 (30), 91 (100). HR-MS
calcd. for C25H22O3SiBr: 477.0521; found: 477.0511.

Alcohol 17a
To a 0°C solution of tetravinyl tin (320 mg, 1.41 mmol) in

THF (20 mL) was added 1.08 M n-butyl lithium (4.73 mL,
5.11 mmol). After 30 min at 0°C the ice bath was removed
and the mixture stirred for 1 h. This solution was added via
cannula to a cooled –78°C suspension of CeCl3 (2.86 g,
7.67 mmol) and ketone 16a (1.10 g, 2.55 mmol) in THF
(40 mL). The reaction mixture was stirred for 4 h at –78°C
before being quenched with satd. aq NH4Cl. The layers were
separated (a portion of 1 N HCl was added for clarification)
and the aqueous layer extracted with ethyl ether. The organic
layers were washed (brine), dried over MgSO4, filtered, and
concentrated. Flash chromatography eluting with a mixture
of hexanes:EtOAc (9:1) gave 447 mg and 646 mg of two
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diastereomeric alcohols (93%) as thick oils. Less polar iso-
mer: 1H NMR (CDCl3) δ: 7.73–7.65 (m, 4H), 7.46–7.35 (m,
6H), 6.12 (d, 1H, J = 3.6 Hz), 5.72 (dd, 1H, J = 17.1,
10.6 Hz), 5.26 (d, 1H, J = 17.1 Hz), 5.17 (d, 1H, J =
10.6 Hz), 4.15 (q, 1H), 2.18–2.10 (m, 1H), 1.83–1.67 (m,
2H), 1.06 (s, 9H). 13C NMR (CDCl3) δ: 141.2 (d), 135.7 (d),
135.4 (d), 133.7 (s), 131.1 (s), 129.7 (d), 127.6 (d), 114.9 (t),
74.1 (s), 68.3 (d), 33.0 (t), 28.2 (t), 26.9 (q), 19.1 (s). More
polar isomer: IR (cm–1): 3548, 3435, 3066, 2953, 2861,
1630, 1589, 1471, 1425, 1364, 1323, 1076. 1H NMR
(CDCl3) δ: 7.72–7.64 (m, 4H), 7.47–7.35 (m, 6H), 6.10 (d,
1H, J = 3.1 Hz), 5.88 (dd, 1H, J = 17.3, 10.6 Hz), 5.35 (d,
1H, J = 17.2 Hz), 5.27 (d, 1H, J = 10.6 Hz), 4.29–4.23 (m,
1H), 2.07–2.01 (m, 1H), 1.87–1.80 (m, 1H), 1.77–1.70 (m,
2H), 1.06 (s, 9H). 13C NMR (CDCl3) δ: 141.0 (d), 135.9
(d), 135.7 (d), 133.7 (s), 129.8 (d), 127.6 (d), 115.3 (t),
74.4 (s), 69.1 (d), 34.1 (t), 29.0 (t), 26.8 (q), 19.1 (s). LR-
MS (m/z (relative intensity)): 399 ([M+ – C4H9], 5), 199
(100), 200 (41). HR-MS calcd. for C20H20BrO2Si:
399.0416; found: 399.0424. Anal. calcd. for C24H29BrO2Si:
C 63.01, H 6.39, Br 17.47, O 6.99, Si 6.14; found: C 62.97,
H 6.40, O 6.95.

Acetate 18a
To a 0°C solution of tetravinyl tin (464 µL, 2.55 mmol) in

THF (30 mL) was added 1.0 M n-butyl lithium (9.30 mL,
9.30 mmol). After 2.5 h at 0°C this solution was added via
cannula to a cooled –78°C suspension of CeCl3 (5.19 g,
13.9 mmol) and ketone 16a (1.99 g, 4.64 mmol) in THF
(70 mL). The reaction mixture was stirred for 5 h at –78°C
before being quenched with acetic anhydride (10 mL) and
warmed to room temperature. After 30 min, satd. aq NH4Cl
was added and the layers were separated. The aqueous layer
extracted with ethyl ether, and the organic layers washed
with brine, dried over MgSO4, filtered, and concentrated.
Flash chromatography eluting with a mixture of hex-
anes:EtOAc (15:1) gave 786 mg and 1.05 g (79%) of acetate
18a. Less polar acetate: 1H NMR (CDCl3) δ: 7.72–7.65 (m,
4H), 7.46–7.35 (m, 6H), 6.10 (d, 1H, J = 4.5 Hz), 5.87 (dd,
1H, J = 10.8, 17.4 Hz), 5.23 (d, 1H, J = 10.8 Hz), 5.17 (d,
1H, J = 17.4 Hz), 4.10 (q, 1H, J = 4.3 Hz), 3.00 (dt, 1H, J =
11.7, 3.2 Hz), 2.12 (s, 3H), 1.97–1.89 (m, 1H), 1.82–1.62
(m, 2H), 1.07 (s, 9H). 13C NMR (CDCl3) δ: 168.9 (s), 136.4
(d), 135.8 (d), 135.7 (d), 135.2 (d), 133.7 (s), 129.7 (d),
127.6 (d), 116.3 (t), 82.3 (s), 66.7 (d), 28.2 (t), 28.0 (t), 26.8
(q), 22.0 (q), 19.1 (s). More polar acetate: IR (cm–1): 3056,
1743, 1635, 1471. 1H NMR (CDCl3) δ: 7.69–7.63 (m, 4H),
7.45–7.34 (m, 6H), 6.25 (d, 1H, J = 2.5 Hz), 5.88 (dd, 1H,
J = 17.3, 10.7 Hz), 5.37 (d, 1H, J = 16.8 Hz), 5.33 (d, 1H,
J = 10.4 Hz), 4.42–4.38 (m, 1H), 2.43 (dt, 1H, J = 13.2,
3.8 Hz), 2.03 (s, 3H), 2.00–1.92 (m, 1H), 1.81–1.69 (m 2H),
1.05 (s, 9H). 13C NMR (CDCl3) δ: 169.1 (s), 137.9 (d),
136.7 (d), 135.7 (d), 133.4 (s), 129.8 (d), 127.7 (d), 127.6
(d), 124.4 (s), 116.6 (t), 82.4 (s), 69.5 (d), 30.6 (t), 29.8 (t),
26.8 (q), 21.9 (q), 19.1 (s). LR-MS (m/z (relative intensity)):
441 ([M+ – C4H9], 18), 443 ([M+ – C4H9], 16), 241 (100),
199 (70). HR-MS calcd. for C22H22O3BrSi: 441.0521;
found: 441.0529. Anal. calcd. for C26H31BrO3Si: C 62.52, H
6.26, Br 16.00, O 9.61, Si 5.62; found: C 62.66, H 6.19, O
9.44.

Acetate 18b
Followed the same procedure as per 18a, starting from

17b. Flash chromatography using a hexanes:EtOAc (8:1 to
4:1) mixture yielded 2.29 g (83%) of a mixture of acetates
18b as a colourless oil. Less polar isomer: 1H NMR (CDCl3)
δ: 7.36–7.28 (m, 5H), 6.45 (d, 1H, J = 4.5 Hz), 5.95 (dd, 1H,
J = 10.8, 17.3 Hz), 5.30 (d, 1H, J = 10.8 Hz), 5.28 (d, 1H,
J = 17.5 Hz), 4.59 (s, 2H), 3.88 (q, 1H, J = 4.3 Hz), 2.93–
2.83 (m, 1H), 2.09 (s, 3H), 2.07–1.81 (m, 3H). 13C NMR
(CDCl3) δ: 169.1 (s), 138.3 (s), 136.3 (d), 132.9 (d), 128.4
(d), 127.7 (d), 116.4 (t), 82.4 (s), 71.4 (d), 70.4 (t), 28.5 (t),
24.9 (t), 22.0 (q). More polar isomer: IR (cm–1): 3030, 1745.
1H NMR (CDCl3) δ: 7.36–7.30 (m, 5H), 6.45 (dd, 1H, J =
3.5, 2.3 Hz), 5.90 (dd, 1H, J = 17.3, 10.7 Hz), 5.38 (d, 1H,
J = 17.2 Hz), 5.33 (d, 1H, J = 10.7 Hz), 4.58 (ABq, 2H, J =
22.1 Hz), 4.17 (ddd, 1H, J = 2.3, 5.4, 9.8 Hz), 2.63 (m, 1H,
J = 3.2, 12.9 Hz), 2.14–2.03 (m, 2H), 2.09 (s, 3H), 1.80–
1.68 (m, 1H). 13C NMR (CDCl3) δ: 168.9 (s), 137.8 (s),
136.6 (d), 135.0 (d), 128.3 (d), 127.5 (d), 116.7 (t), 82.2 (s),
74.5 (d), 70.3 (t), 30.5 (t), 26.5 (t), 21.9 (q). LR-MS (m/z
(relative intensity)): 368 ([M + NH4], 25), 308 ([M + NH4 –
AcOH], 25), 291 ([M+ – AcOH], 25), 211 (100). HR-MS
calcd. for C17H23NO3Br: 368.0861; found: 368.0857. Anal.
calcd. for C17H19BrO3: C 58.13, H 5.45, Br 22.75, O 13.67;
found: C 58.22, H 5.35, O 13.74.

Acetate 18c
Followed the same procedure as per acetate 18a, starting

from 17c. Purification by flash chromatography eluting with
hexanes:EtOAc (6:1) yielded 10.01 g (82%) of 20d as a
mixture of two diastereomers. First isomer: 1H NMR
(CDCl3) δ: 7.25 (d, 2H, J = 8.6 Hz), 6.88 (d, 2H, J =
8.6 Hz), 6.42 (d, 1H, J = 1.1 Hz), 5.89 (dd, 1H, J = 17.3,
10.7), 5.37 (d, 1H, J = 18.8 Hz), 5.32 (d, 1H, J = 10.9 Hz),
4.50 (ABq, 2H, J = 13.5 Hz), 4.17–4.10 (m, 1H), 3.80 (s,
3H), 2.68–2.58 (m, 1H), 2.22–2.20 (m, 2H), 2.08 (s, 3H),
1.77–1.65 (m, 1H). 13C NMR (CDCl3) δ: 169.1 (s), 159.1
(s), 136.5 (d), 135.1 (d), 129.8 (s), 129.2 (d), 125.2 (s),
116.7 (t), 113.7 (d), 82.5 (s), 74.2 (d), 70.1 (t), 55.1 (q), 30.4
(t), 26.5 (t), 21.8 (q). Second isomer: IR (cm–1): 3035, 1744,
1612, 1513. 1H NMR (CDCl3) δ: 7.28 (d, 2H, J = 8.6 Hz),
6.88 (d, 2H, J = 8.6 Hz), 6.43 (d, 1H, J = 4.5 Hz), 5.94 (dd,
1H, J = 17.3, 10.9 Hz), 5.29 (d, 1H, J = 10.3 Hz), 5.25 (d,
1H, J = 17.0 Hz), 4.51 (s, 2H), 3.86 (q, 1H, J = 4.4 Hz),
3.80 (s, 3H), 2.86 (dt, 1H, J = 11.8, 3.4), 2.09 (s, 3H), 2.06–
1.99 (m, 1H), 1.92–1.89 (m, 1H), 1.85–1.79 (m, 1H). 13C
NMR (CDCl3) δ: 168.9 (s), 159.0 (s), 136.2 (d), 132.9 (d),
130.2 (s), 129.1 (d), 128.9 (s), 116.2 (t), 113.6 (d), 82.2 (s),
70.9 (d), 69.9 (t), 55.1 (q), 28.3 (t), 24.7 (t), 21.8 (q). LR-
MS (m/z (relative intensity)): 323 ([M+ – OAc], 10), 321
([M+ – OAc], 10), 184 (40), 121 (100). HR-MS calcd. for
C16H18BrO2: 321.0490; found: 321.0485. Anal. calcd. for
C18H21BrO4: C 56.70, H 5.55, Br 20.96, O 16.79; found: C
56.85, H 5.71, O 16.90.

Acetate 18d
Followed the same procedure as per 18a, starting from

17d. Flash chromatography using hexanes:EtOAc (9:1) as
the eluent gave 8.77 g (83%) of a single acetate 18d as a
clear oil. [α]D: +126.5° (c 4.443, CHCl3). IR (cm–1): 3068,
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1749, 1472. 1H NMR (CDCl3) δ: 7.78–7.74 (m, 4H), 7.44–
7.28 (m, 9H), 7.18–7.15 (m, 2H), 5.98 (d, 1H, J = 6.0 Hz),
5.84 (dd, 1H, J = 17.3, 10.7 Hz), 5.20 (d, 1H, J = 10.7 Hz),
5.16 (d, 1H, J = 17.3 Hz), 4.39 (d, 1H, J = 12.0 Hz), 4.30 (d,
1H, J = 12.0 Hz), 4.14–4.12 (m, 1H), 3.38 (dt, 1H, J = 12.2,
3.0 Hz), 3.24 (dd, 1H, J = 12.0, 11.7 Hz), 2.33–2.29 (m,
1H), 2.12 (s, 3H), 1.09 (s, 9H). 13C NMR (CDCl3) δ: 168.4
(s), 138.0 (s), 136.1 (d), 134.1 (s), 133.3 (s), 132.5 (d), 129.6
(d), 129.0 (s), 128.1 (d), 127.4 (d), 116.6 (t), 82.4 (s), 73.1
(d), 69.8 (t), 66.2 (d), 32.7 (t), 26.7 (q), 21.8 (q), 19.3 (s).
LR-MS (m/z (relative intensity)): 547 ([M+ – C4H9], 1), 399
(100). HR-MS calcd. for C29H28BrO4Si: 547.0940; found:
547.0947. Anal. calcd. for C33H37BrO4Si: C 65.44, H 6.16,
Br 13.19, O 10.57, Si 4.64; found: C 65.41, H 6.22, O 10.50.

Diene 19a
To a suspension of Mg turnings (336 mg, 13.8 mmol) in

ethyl ether (28 mL) was added 1-bromo-5-propene (2.07 g,
13.9 mmol) drop wise, resulting in a refluxing mixture. The
reaction was kept at reflux for 3 h, until all the magnesium
was consumed. The Grignard was cooled and added via can-
nula to a suspension of copper(I) iodide (968 mg, 5.08 mmol)
in ethyl ether (24 mL) at 0°C. After 25 min at 0°C a solution
of acetate 18a (1.269 g, 2.54 mmol) in Et2O (8 mL) was
added via cannula. The resulting mixture was stirred for 1 h
at 0°C then quenched by the addition of satd. aq NH4Cl. The
product was extracted with Et2O, dried over MgSO4, filtered,
and concentrated. The crude residue was purified by flash
chromatography (100% hexanes to 25:1 hexanes: EtOAc) to
provide 1.24 g (96%) of 19a as a slightly yellow-coloured
liquid. IR (cm–1): 3070, 2930, 2856, 1427, 1105. 1H NMR
(CDCl3) δ: 7.69–7.65 (m, 4H), 7.46–7.35 (m, 6H), 6.09 (d,
1H, J = 3.7 Hz), 5.92 (t, 1H, J = 7.4 Hz), 5.79 (ddt, 1H, J =
17.0, 10.2, 6.7 Hz), 5.03–4.92 (m, 2H), 4.33–4.28 (m, 1H),
2.61 (dt, 1H, J = 14.9, 5.9 Hz), 2.23–2.01 (m, 4H), 1.76–
1.69 (m, 2H), 1.45–1.37 (m, 4H), 1.06 (s, 9H). 13C NMR
(CDCl3) δ: 138.8 (d), 135.8 (d), 134.0 (s), 133.9 (s), 133.7
(d), 132.6 (d), 131.7 (s), 129.7 (d), 127.7 (d), 126.1 (s),
114.4 (t), 69.0 (d), 33.6 (t), 31.5 (t), 28.7 (t), 28.6 (t), 27.9
(t), 26.9 (q), 23.0 (t), 19.2 (s). LR-MS (m/z (relative inten-
sity)): 453 ([M+ – C4H9], 6), 451 ([M+ – C4H9], 6), 199
(100), 200 (23). HR-MS calcd. for C29H37OBrSi: 508.1797;
found: 508.1793

Diene 19b
Followed the same procedure as per 19a, starting from

18b. The crude residue was purified by flash chromatogra-
phy (hexanes:EtOAc, 9:1) to provide 737 mg (89%) of 19b
as a colourless liquid. 1H NMR (CDCl3) δ: 7.36–7.27 (m,
5H), 6.32 (d, 1H, J = 3.8 Hz), 5.98 (t, 1H, J = 7.5 Hz), 5.80
(ddt, 1H, J = 17.0, 10.2, 6.7 Hz), 5.04–4.92 (m, 2H), 4.59 (s,
2H), 4.10–4.06 (m, 1H), 2.65–2.60 (m, 1H), 2.37–2.28 (m,
1H), 2.19–1.91 (m, 5H), 1.87–1.77 (m, 1H), 1.47–1.38 (m,
4H). 13C NMR (CDCl3) δ: 138.7 (d), 138.3 (s), 133.2 (d),
131.5 (s), 130.6 (d), 128.3 (d), 127.6 (d), 114.4 (t), 73.9 (d),
70.2 (t), 33.5 (t), 28.6 (t), 28.0 (t), 27.8 (t), 23.0 (t).

Diene 19c
To a cooled –78°C solution of 4-(tert-butyldimethylsilyl-

oxy)-3-methylbutyl iodide (4.51 g, 13.7 mmol) in Et2O

(126 mL) was added a 1.31 M solution of tert-butyl lithium
(20.9 mL, 27.4 mmol). After 5 min this solution was
warmed to 0°C and stirred for 30 min before being cooled to
–78°C. This cooled solution was added via cannula to a
stirred suspension of CuCN (1.22 g, 13.7 mmol) in THF
(103 mL) at –68°C. This suspension was stirred for 1 h fur-
ther before a solution of acetate 18c (3.48 g, 9.13 mmol) in
THF (70 mL) was added via cannula at –50°C. The reaction
mixture was gradually warmed to 0°C over 1 h, and stirred
2 h at 0°C before being quenched with a solution of satd. aq
NH4Cl:conc. NH4OH (9:1). The mixture was extracted with
ethyl ether, washed with brine, dried over MgSO4, filtered,
and concentrated. The crude product was purified by flash
chromatography using hexanes:EtOAc (15:1) to give 4.43 g
(92%) of 19c as a colourless oil. IR (cm–1): 2952, 2855,
1612, 1513, 1462, 1248, 1089, 1038, 835. 1H NMR (CDCl3)
δ: 7.27 (d, 2H, J = 8.6 Hz), 6.88 (d, 2H, J = 8.6 Hz), 6.31 (d,
1H, J = 3.7 Hz), 5.97 (t, 1H, J = 7.4 Hz), 4.51 (s, 2H), 4.08–
4.03 (m, 1H), 3.80 (s, 3H), 3.39 (ddd, 2H, J = 9.8, 6.5,
6.0 Hz), 2.66–2.59 (m, 1H), 2.36–2.31 (m, 1H), 2.16–2.09
(m, 2H), 1.98–1.89 (m, 1H), 1.84–1.77 (m, 1H), 1.61–1.52
(m, 1H), 1.46–1.37 (m, 3H), 1.09–1.02 (m, 1H), 0.89 (s,
9H), 0.86 (d, 3H, J = 6.7 Hz), 0.03 (s, 6H). 13C NMR
(CDCl3) δ: 159.1 (s), 133.2 (d), 131.4 (s), 130.7 (d), 130.3
(s), 129.2 (d), 127.3 (s), 113.7 (d), 73.6 (d), 69.9 (t), 68.2 (t),
51.2 (q), 35.6 (d), 32.8 (t), 28.3 (t), 28.0 (t), 26.6 (t), 25.8
(q), 23.0 (t), 18.2 (s), 16.6 (q), –5.4 (q). LR-MS (m/z (rela-
tive intensity)): 465 ([M – C4H9], 5), 467 ([M+ – C4H9], 5),
122 (50), 74 (50), 121 (100). HR-MS calcd. for C23H34BrO3Si:
465.1460; found: 465.1470. Anal. calcd. for C27H43BrO3Si:
C 61.93, H 8.28, Br 15.26, O 9.17, Si 5.36; found: C 61.99,
H 8.35, O 9.34.

Diene 19d
Followed the same procedure as per 19c, starting from

18d. Purified by flash chromatography using hexanes:EtOAc
(25:1) to give 3.79 g (96%) of 19d as a colourless oil. [α]D:
+94.6 (c 1.80, CHCl3). IR (cm–1): 2929, 2856, 1471, 1427,
1361, 1250, 1111, 836, 700. 1H NMR (CDCl3) δ: 7.76–7.64
(m, 5H), 7.44–7.22 (m, 10H), 6.02 (t, 1H, J = 7.3 Hz), 5.90
(d, 1H, J = 5.5 Hz), 4.51 (d, 1H, J = 12.1 Hz), 4.37 (d, 1H,
J = 12.1 Hz), 4.33–4.30 (m, 1H), 3.49–3.34 (m, 3H), 2.84–
2.81 (m, 1H), 2.62–2.56 (m, 1H), 2.18–2.11 (m, 2H), 1.60–
1.37 (m, 5H), 1.08 (s, 9H), 0.89 (s, 9H), 0.87 (d, 3H, J =
6.6 Hz), 0.03 (s, 6H). 13C NMR (CDCl3) δ: 138.4 (s), 136.0
(d), 134.9 (d), 134.1 (s), 133.6 (s), 130.5 (s), 130.1 (d),
129.7 (d), 128.2 (d), 127.8 (s), 127.6 (d), 75.4 (d), 70.4 (t),
68.2 (t), 67.8 (d), 35.7 (d), 33.0 (t), 28.5 (t), 27.9 (t), 26.9
(q), 26.6 (t), 25.9 (q), 19.4 (s), 18.3 (s), 16.7 (q), –5.3 (q).
LR-MS (m/z (relative intensity)): 691 ([M+ – C4H9], 18),
689 ([M+– C4H9], 16), 91 (100), 74 (65), 199 (58), 135 (52).
HR-MS calcd. for C38H50BrO3Si2: 689.2482; found:
689.2489. Anal. calcd. for C42H59BrO3Si: C 67.44, H 7.95,
Br 10.68, O 6.42, Si 7.51; found: C 67.65, H 7.90, O 6.38.

Diene 19e
Oil-free NaH (45 mg, 1.129 mmol) was suspended in

THF (8 mL) and dimethyl malonate (117 µL, 1.03 mmol)
was slowly added at 25°C. The reaction was stirred until gas
evolution ceased. Then, this solution was transfered via can-
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nula to a solution of acetate 18a (256 mg, 0.513 mmol) and
Pd(PPh)4 (29 mg, 0.026 mmol). The reaction was stirred at
room temperature for 1 h before the THF was evaporated.
The residue taken up in Et2O and the organic phase washed
with brine, dried over MgSO4, filtered, and concentrated un-
der reduced pressure. The crude product was purified by
flash chromatography using hexanes:EtOAc (15:1) to give
217 mg (74%) of diester 19e as a colourless oil. 1H NMR
(CDCl3) δ: 7.68–7.63 (m, 4H), 7.46–7.33 (m, 6H), 6.13 (d,
1H, J = 3.5 Hz), 5.83 (t, 1H, J = 7.2 Hz), 4.28 (m, 1H), 3.74
(s, 3H), 3.72 (s, 3H), 3.45 (t, 1H, J = 7.6 Hz), 2.73 (t, 2H,
J = 7.6 Hz), 2.7–2.6 (m, 1H), 2.25–2.17 (m, 1H), 1.8–1.65
(m, 2H), 1.06 (s, 9H).

Diene 19f
To a stirred solution of alcohol 17a (1.74 g, 3.80 mmol),

ethylvinyl ether (50 mL), and triethylamine (1 mL) was
added mercury(II) trifluoroacetate (1.62 g, 3.80 mmol) at
room temperature. The mixture was stirred a total of 3 days
before the solvent was removed in vacuo. The residue was
taken up in ethyl ether, washed with 10% aq KOH and satd.
aq NaHCO3, dried over MgSO4, filtered, and concentrated.
Purification by flash chromatography using a mixture of
hexanes:EtOAc (15:1 to 9:1) yielded 1.61 g (88%) of alde-
hyde 19f. 1H NMR (CDCl3) δ: 9.79 (s, 1H), 7.72–7.68 (m,
4H), 7.48–7.38 (m, 6H), 6.16 (d, 1H, J = 3.7 Hz), 5.87 (t,
1H, J = 7.2 Hz), 4.37–4.31 (m, 1H), 2.70–2.63 (m, 1H),
2.60–2.56 (m, 2H), 2.49–2.42 (m, 2H), 2.26–2.21 (m, 1H),
1.80–1.74 (m, 2H), 1.09 (s, 9H). 13C NMR (CDCl3) δ: 201.2
(d), 135.7 (d), 134.6 (d), 133.8 (s), 132.9 (s), 129.7 (d),
129.6 (d), 127.6 (d), 125.4 (s), 68.8 (d), 43.2 (t), 31.5 (t),
26.8 (q), 22.9 (t), 20.6 (t), 19.1 (s). LR-MS (m/z (relative in-
tensity)): 425 ([M+ – C4H9], 25), 199 (100). HR-MS calcd.
for C22H22O2BrSi: 425.0572; found: 425.0575.

Diene 19g
Alcohol 17a was dissolved in toluene (2 mL) along with

propionic acid (2 drops) and ethyl orthoacetate (575 µL,
3.14 mmol). The mixture was refluxed overnight and the sol-
vent was removed in vacuo. Purification by flash chromatog-
raphy using a mixture of hexanes:EtOAc (25:1 to 9:1)
yielded 38.9 mg (21%) of ester 19g and 113 mg of starting
alcohol (92% corrected yield). 1H NMR (CDCl3) δ: 7.70–
7.65 (m, 4H), 7.46–7.36 (m, 6H), 6.12 (d, 1H, J = 3.7 Hz),
5.88 (t, 1H, J = 7.2 Hz), 4.31 (m, 1H), 4.13 (q, 2H, J =
6.9 Hz), 2.70–2.63 (m, 1H), 2.48–2.38 (m, 4H), 2.29–2.15
(m, 1H), 1.80–1.70 (m, 2H), 1.25 (t, 3H, J = 6.9 Hz), 1.06
(s, 9H).

Aldehyde 20a
To a cooled –78°C solution of vinyl bromide 19a (1.10 g,

2.17 mmol) in THF (28 mL) was added 2.0 M n-butyl lith-
ium (2.17 mL, 4.34 mmol). After 20 min DMF (1.26 mL,
16.3 mmol) was added at –78°C and the reaction stirred for
1 h further before being quenched with satd. aq NH4Cl. The
layers were separated and the product extracted with ethyl
ether. The combined organic layers were dried over MgSO4,
filtered, and concentrated. The crude aldehyde was purified
by flash chromatography (100% hexanes to hexanes:EtOAc
(15:1)) to provide 977 mg (98%) of aldehyde 20a as a

faintly yellow-coloured oil. IR (cm–1): 3069, 2932, 2857,
1696, 1427, 1107. 1H NMR (CDCl3) δ: 9.42 (s, 1H), 7.71–
7.67 (m, 4H), 7.47–7.37 (m, 6H), 6.64 (t, 1H, J = 7.3 Hz),
6.32 (d, 1H, J = 2.9 Hz), 5.78 (ddt, 1H, J = 16.9, 10.2,
6.7 Hz), 5.01–4.91 (m, 2H), 4.54–4.48 (m, 1H), 2.55 (dt,
1H, J = 15.5, 4.9 Hz), 2.13–1.99 (m, 4H), 1.85–1.77 (m,
1H), 1.73–1.61 (m, 1H), 1.43–1.36 (m, 4H), 1.08 (s, 9H).
13C NMR (CDCl3) δ: 193.9 (d), 151.8 (d), 138.8 (d), 137.1
(s), 135.7 (d), 133.7 (s), 131.3 (d), 129.9 (d), 127.7 (d),
114.3 (t), 68.4 (d), 33.6 (t), 31.2 (t), 28.6 (t), 27.9 (t), 26.8
(q), 22.9 (t), 19.1 (s). LR-MS (m/z (relative intensity)): 458
([M]+, 8), 401 ([M+ – C4H9], 25), 199 (100), 241 (95), 86
(49). HR-MS calcd. for C30H38O2Si: 458.2641; found:
458.2650

Aldehyde 20b
Followed the same procedure as per aldehyde 20a, start-

ing with 19b. The crude aldehyde was purified by flash
chromatography (hexanes:EtOAc, 15:1) to provide 320 mg
of aldehyde 20b (74%) as a colourless oil. 1H NMR (CDCl3)
δ: 9.56 (s, 1H), 7.38–7.30 (m, 5H), 6.69 (t, 1H, J = 7.5 Hz),
6.55 (d, 1H, J = 2.9 Hz), 5.80 (ddt, 1H, J = 17.0, 10.2,
6.7 Hz), 5.02–4.92 (m, 2H), 4.67 (ABq, 2H, J = 18.4 Hz),
4.28–4.26 (m, 1H), 2.62 (m, 1H), 2.19–2.04 (m, 6H), 1.75–
1.68 (m, 1H), 1.45–1.39 (m, 4H). 13C NMR (CDCl3) δ:
193.7 (d), 148.6 (d), 138.7 (d), 137.9 (s), 131.7 (d), 128.4
(d), 127.7 (s), 127.6 (d), 114.2 (t), 73.3 (d), 70.6 (t), 33.5 (t),
28.5 (t), 27.9 (t), 27.7 (t), 22.8 (t).

Aldehyde 20c
Followed the same procedure as per aldehyde 20a, start-

ing with 19c. The residue was purified by flash chromatog-
raphy using hexane:EtOAc (9:1) as the eluent, providing
2.73 g (90%) of aldehyde 20c as a clear colourless oil. IR
(cm–1): 2953, 2855, 1698, 1612, 1513, 1248, 1090, 836. 1H
NMR (CDCl3) δ: 9.55 (s, 1H), 7.29 (d, 2H, J = 8.6 Hz), 6.89
(d, 2H, J = 8.6 Hz), 6.68 (t, 1H, J = 7.4 Hz), 6.52 (d, 1H, J =
2.8 Hz), 4.60 (ABq, 2H, J = 18.2 Hz), 4.28–4.23 (m, 1H),
3.80 (s, 3H), 3.43 (dd, 1H, J = 9.8, 5.9 Hz), 3.35 (dd, 1H,
J = 9.8, 6.5 Hz), 2.63 (dt, 1H, J = 15.3, 4.8 Hz), 2.22–2.05
(m, 4H), 1.73–1.54 (m, 2H), 1.48–1.34 (m, 3H), 1.12–1.02
(m, 1H), 0.89 (s, 9H), 0.86 (d, 3H, J = 6.7 Hz), 0.03 (s, 6H).
13C NMR (CDCl3) δ: 193.8 (d), 159.3 (s), 148.8 (d), 138.0
(s), 131.8 (d), 130.1 (s), 129.3 (d), 127.8 (s), 113.8 (d), 73.0
(d), 70.4 (t), 68.2 (t), 55.2 (q), 35.6 (d), 32.9 (t), 28.5 (t),
27.8 (t), 26.6 (t), 25.9 (q), 22.9 (t), 18.3 (s), 16.6 (q), –5.3
(q). LR-MS (m/z (relative intensity)): 415 ([M+ – C4H9], 3),
122 (50), 74 (54), 121 (100). HR-MS calcd. for C24H35O4Si:
415.2304; found: 415.2313.

Aldehyde 20d
Followed the same procedure as per 20c, starting with

19d. Purification by flash chromatography using hex-
ane:EtOAc (25:1) as the eluent, provided 2.81 g (80%) of al-
dehyde 20d as a clear colourless oil. [α]D: +47.3° (c 1.10,
CHCl3). IR (cm–1): 3070, 2954, 2856, 1700, 1471, 1427,
1255, 1112, 836, 702. 1H NMR (CDCl3) δ: 9.38 (s, 1H),
7.74–7.65 (m, 4H), 7.46–7.28 (m, 11H), 6.78 (t, 1H, J =
7.4 Hz), 6.15 (d, 1H, J = 3.5 Hz), 4.61–4.58 (m, 1H), 4.56
(ABq, 2H, J = 19.4 Hz), 3.59–3.54 (m, 1H), 3.42 (dd, 1H,
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J = 9.7, 5.8 Hz), 3.32 (dd, 1H, J = 9.7, 5.8 Hz), 2.79 (dd,
1H, J = 15.6, 7.2 Hz), 2.24–2.19 (m, 1H), 2.07 (q, 2H, J =
7.2 Hz), 1.57–1.26 (m, 5H), 1.11 (s, 9H), 0.87 (s, 9H), 0.85
(d, 3H, J = 6.6 Hz), 0.02 (s, 6H). 13C NMR (CDCl3) δ:
193.4 (d), 148.6 (d), 138.5 (s), 137.5 (s), 135.9 (d), 133.7
(d), 133.3 (s), 129.9 (d), 128.2 (d), 127.7 (d), 127.4 (d),
125.8 (s), 75.2 (d), 71.1 (t), 69.3 (d), 68.2 (t), 35.6 (d), 33.0
(t), 28.6 (t), 28.1 (t), 26.9 (q), 26.6 (t), 25.9 (q), 19.3 (s),
18.3 (s), 16.6 (q), –5.4 (q). LR-MS (m/z (relative intensity)):
696 ([M]+, 20), 639 ([M+ – C4H9], 68), 91 (100), 74 (99),
199 (99), 135 (88), 531 (70), 197 (68). HR-MS calcd. for
C43H60O4Si2: 696.4030; found: 696.4037.

Acetal 21a
A solution of aldehyde 20c (5.15 g, 10.9 mmol), PPTS

(547 mg, 2.18 mmol), and ethylene glycol (6.07 mL,
109 mmol) in benzene (140 mL) was heated to reflux for
6 h. The solvent was removed in vacuo and the residue taken
up in Et2O. The ether layer was washed with satd. aq
NaHCO3, and brine. The combined aqueous layers were ex-
tracted once with ethyl ether. The organic layers were dried
over MgSO4, filtered, and concentrated to give 5.71 g
(100%) of acetal 21a as an oil. The crude acetal was used in
the next step without further purification. IR (cm–1): 3030,
1612. 1H NMR (CDCl3) δ: 7.28 (d, 2H, J = 8.6 Hz), 6.86 (d,
2H, J = 8.6 Hz), 6.21 (d, 1H, J = 2.9 Hz), 5.69 (t, 1H, J =
7.2 Hz), 5.55 (s, 1H), 4.54 (s, 2H), 4.12–4.07 (m, 1H), 4.04–
3.99 (m, 2H), 3.97–3.92 (m, 2H), 3.80 (s, 3H), 3.43 (dd, 1H,
J = 9.7, 5.8 Hz), 3.33 (dd, 1H, J = 9.7, 6.6 Hz), 2.56 (dt, 1H,
J = 15.4, 5.5 Hz), 2.22–2.07 (m, 3H), 2.04–1.94 (m, 1H),
1.74–1.66 (m, 1H), 1.62–1.54 (m, 1H), 1.46–1.32 (m, 3H),
1.08–1.02 (m, 1H), 0.88 (s, 9H), 0.86 (d, 3H, J = 6.7 Hz),
0.03 (s, 6H). 13C NMR (CDCl3) δ: 158.9 (s), 135.2 (s),
131.4 (s), 130.7 (s), 129.0 (d), 126.9 (d), 126.4 (d), 113.6
(d), 101.2 (d), 72.5 (d), 69.6 (t), 68.1 (t), 64.7 (t), 55.0 (q),
35.5 (d), 32.8 (t), 28.2 (t), 26.8 (t), 25.8 (t and q), 22.8 (t),
18.2 (s), 16.6 (q), –5.4 (q). LR-MS (m/z (relative intensity)):
516 ([M]+, 2), 459 ([M – C4H9], 8), 186 (70), 74 (75), 121
(100). HR-MS calcd. for C26H39O5Si: 459.2567; found:
459.2574.

Acetal 21b
Followed the same procedure as per 21a, starting with

20d. Purification by flash chromatography eluting with a
hexanes:EtOAc (15:1 to 6:1) mixture provided 2.46 g (95%)
of acetal 21b as a colourless oil. [α]D: +105.3° (c 0.74,
CHCl3). IR (cm–1): 3070, 2954, 1471. 1H NMR (CDCl3) δ:
7.77–7.66 (m, 4H), 7.43–7.22 (m, 11H), 5.82 (d, 1H, J =
5.1 Hz), 5.75 (t, 1H, J = 7.1 Hz), 5.54 (s, 1H), 4.52 (d, 1H,
J = 12.2 Hz), 4.41–4.37 (m, 2H), 3.91–3.81 (m, 4H), 3.47–
3.41 (m, 2H), 3.34 (dd, 1H, J = 9.7, 6.6 Hz), 2.80–2.72 (m,
1H), 2.54–2.47 (m, 1H), 2.17–2.12 (m, 2H), 1.59–1.33 (m,
5H), 1.07 (s, 9H), 0.89 (s, 9H), 0.86 (d, 3H, J = 6.7 Hz),
0.03 (s, 6H). 13C NMR (CDCl3) δ: 138.8 (s), 136.1 (d),
135.7 (s), 134.5 (s), 134.0 (s), 130.7 (s), 129.5 (d), 128.6 (d),
128.1 (d), 127.4 (d), 127.2 (d), 125.3 (d), 101.2 (d), 76.0 (d),
70.2 (t), 68.3 (t), 66.2 (d), 64.7 (t), 35.7 (d), 33.0 (t), 28.5
(t), 27.2 (t), 27.0 (q), 26.9 (q), 25.9 (d), 19.3 (s), 18.3 (s),
16.7 (q), –5.3 (q). LR-MS (m/z (relative intensity)): 683

([M+ – C4H9], 30), 91 (100). HR-MS calcd. for C41H55O5Si2:
683.3588; found: 683.3593.

Alcohol 22a
TBAF (12.6 mL, 12.6 mmol) was added to a solution of

acetal 21a (5.45 g, 10.5 mmol) in THF (105 mL) at room
temperature. After 6 h, a solution of EtOAc:ethyl ether (1:1)
was added to the mixture. The resulting mixture was washed
with satd. aq NH4Cl, and the aqueous layer extracted once
with EtOAc:ethyl ether (1:1). The combined organic layers
were dried over MgSO4, filtered, and concentrated. The
crude residue was purified by flash chromatography using a
mixture of hexanes:EtOAc (3:1 to 1:1) as the eluent to give
3.66 g (87% for two steps) of alcohol 22a as a colourless oil.
IR (cm–1): 3441, 2931, 1613, 1513, 1463, 1247, 1172, 1048,
821. 1H NMR (CDCl3) δ: 7.28 (d, 2H, J = 8.6 Hz), 6.86 (d,
2H, J = 8.6 Hz), 6.21 (d, 1H, J = 2.9 Hz), 5.68 (t, 1H, J =
7.2 Hz), 5.55 (s, 1H), 4.54 (s, 2H), 4.12–4.07 (m, 1H), 4.04–
3.99 (m, 2H), 3.97 (m, 2H), 3.80 (s, 3H), 3.49 (dd, 1H, J =
9.5, 5.8 Hz), 3.41 (dd, 1H, J = 9.5, 6.4 Hz), 2.58 (dt, 1H, J =
15.3, 5.3 Hz), 2.23–2.09 (m, 3H), 2.01–1.94 (m, 1H), 1.74–
1.59 (m, 2H), 1.49–1.35 (m, 3H), 1.17–1.08 (m, 1H), 0.91
(d, 3H, J = 6.7 Hz). 13C NMR (CDCl3) δ: 158.9 (s), 135.2
(s), 131.4 (s), 130.6 (s), 129.1 (d), 126.7 (d), 126.5 (d),
113.6 (d), 101.2 (d), 72.4 (d), 69.6 (t), 67.9 (t), 64.7 (t), 55.1
(q), 35.5 (d), 32.7 (t), 28.1 (t), 26.7 (t), 22.8 (t), 16.4 (q).
LR-MS (m/z (relative intensity)): 402 ([M]+, 1), 264 (45),
136 (50), 91 (55), 131 (60), 77 (60), 122 (90), 121 (100).
HR-MS calcd. for C24H34O5: 402.2406; found: 402.2397.
Anal. calcd. for C24H24O5: C 71.61, H 8.51, O 19.87; found:
C 71.61, H 8.60.

Alcohol 22b
Followed the same procedure as per 22a, starting with

21b. Flash chromatography (6:1 to 3:1 to 1:1 hexanes:ethyl
acetate, followed by 100% EtOAc) gave 2.10 g (58%) of al-
cohol 22b as a clear colourless oil and 908 mg of diol as a
by-product. [α]D: +70.6° (c 1.33, CHCl3). IR (cm–1): 3439,
3069, 1471. 1H NMR (CDCl3) δ: 7.81–7.70 (m, 4H), 7.46–
7.27 (m, 11H), 5.88 (d, 1H, J = 6.0 Hz), 5.80 (t, 1H, J =
7.2 Hz), 5.59 (s, 1H), 4.57 (d, 1H, J = 12.3 Hz), 4.44 (d, 1H,
J = 12.3 Hz), 4.46–4.42 (m, 1H), 3.93–3.83 (m, 4H), 3.52–
3.47 (m, 2H), 3.41 (dd, 1H, J = 10.5, 6.4 Hz), 2.86–2.78 (m,
1H), 2.58–2.52 (m, 1H), 2.22–2.15 (m, 2H), 1.73 (s, 1H),
1.65–1.61 (m, 1H), 1.56–1.40 (m, 3H), 1.22–1.15 (m, 1H),
1.12 (s, 9H), 0.94 (d, 3H, J = 6.7 Hz). 13C NMR (CDCl3) δ:
138.7 (s), 136.0 (d), 135.6 (s), 134.4 (s), 133.9 (s), 130.6 (s),
129.4 (d), 128.4 (d), 128.0 (d), 127.4 (d), 127.1 (d), 125.4
(d), 101.1 (d), 75.9 (d), 70.2 (t), 68.0 (t), 66.2 (d), 64.7 (t),
35.5 (d), 32.8 (t), 28.2 (t), 27.3 (t), 26.9 (q), 26.7 (d), 19.3
(s), 16.5 (q). LR-MS (m/z (relative intensity)): 626 ([M]+, 1),
569 ([M+ – C4H9], 20), 91 (100), 83 (80), 199 (65). HR-MS
calcd. for C39H50O5Si: 626.3427; found: 626.3417. Anal.
calcd. for C39H50O5Si: C 74.72, H 8.04, O 12.76, Si 4.48;
found: C 74.61, H 8.01, O 12.79.

Enoate 23a
To a stirred solution of alcohol 22a (3.02 g, 7.49 mmol) in

dichloromethane (61 mL) at room temperature was added
Dess–Martin periodinane (4.76 g, 11.2 mmol). After 1.5 h,
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ethyl ether (100 mL) was added to the reaction mixture, fol-
lowed by a solution (100 mL) of Na2S2O3 (25 g) in satd. aq
NaHCO3. The mixture was stirred for 5 min until all the sol-
ids had entered solution. The layers were separated and the
aqueous extracted with ethyl ether. The etheric layer was
washed with sad. aq NaHCO3, water, dried over MgSO4, fil-
tered, and concentrated, yielding 2.98 g (99%) of an alde-
hyde as a clear colourless oil that was used in the next step
without further purification. IR (cm–1): 2934, 2861, 1722,
1613, 1513, 1462, 1247, 1058, 945, 821. 1H NMR (CDCl3)
δ: 9.61 (d, 1H, J = 1.9 Hz), 7.28 (d, 2H, J = 8.6 Hz), 6.87 (d,
2H, J = 8.6 Hz), 6.23 (d, 1H, J = 3.0 Hz), 5.66 (t, 1H, J =
7.2 Hz), 5.53 (s, 1H), 4.54 (s, 2H), 4.13–4.07 (m, 1H), 4.04–
3.99 (m, 2H), 3.97–3.92 (m, 2H), 3.80 (s, 3H), 2.62–2.53
(m, 1H), 2.37–2.31 (m, 1H), 2.22–2.12 (m, 3H), 2.01–1.93
(m, 1H), 1.76–1.62 (m, 2H), 1.50–1.34 (m, 3H), 1.09 (d, 3H,
J = 7.0 Hz). 13C NMR (CDCl3) δ: 205.0 (d), 158.9 (s), 135.0
(s), 131.9 (s), 130.6 (s), 129.0 (d), 126.8 (d), 126.0 (d),
113.6 (d), 101.2 (d), 72.4 (d), 69.7 (t), 64.7 (t), 55.1 (q), 46.0
(d), 30.0 (t), 28.1 (t), 27.8 (t), 26.6 (t), 22.8 (t), 13.1 (q). LR-
MS (m/z (relative intensity)): 400 ([M]+, 1), 264 (35), 77
(58), 91 (61), 122 (63), 132 (70), 121 (100). HR-MS calcd.
for C24H32O5: 400.2250; found: 400.2253.

To a 0°C suspension of NaH (389 mg, 9.74 mmol) in THF
(40.5 mL) was added MDEPA (1.78 mL, 9.74 mmol). After
1.25 h at 0°C this clear colourless solution was added via
cannula to a solution of the crude aldehyde (2.98 g,
7.49 mmol) in THF (37.5 mL) at 0°C. After 30 min at 0°C
the reaction was quenched with satd. aq NH4Cl and the lay-
ers separated. The mixture was extracted with ethyl ether
and the combined organic layers dried over MgSO4, filtered,
and concentrated. The crude residue was purified by flash
chromatography eluting with a mixture of hexanes:EtOAc
(3:1) yielding 2.72 g (80% for two steps) of 23a as a single
isomer. IR (cm–1): 3035, 1712, 1655, 1612, 1513. 1H NMR
(CDCl3) δ: 7.27 (d, 2H, J = 8.6 Hz), 6.89–6.81 (m, 3H), 6.21
(d, 1H, J = 3.0 Hz), 5.77 (d, 1H, J = 15.7 Hz), 5.65 (t, 1H,
J = 7.1 Hz), 5.53 (s, 1H), 4.54 (s, 2H), 4.12–4.06 (m, 1H),
4.04–3.99 (m, 2H), 3.97–3.92 (m, 2H), 3.80 (s, 3H), 3.72 (s,
3H), 2.59–2.52 (m, 1H), 2.32–2.27 (m, 1H), 2.22–2.10 (m,
3H), 2.00–1.94 (m, 1H), 1.74–1.66 (m, 1H), 1.39–1.36 (m,
4H), 1.03 (d, 3H, J = 6.7 Hz). 13C NMR (CDCl3) δ: 167.1
(s), 158.9 (s), 154.5 (d), 135.1 (s), 131.6 (s), 130.6 (s), 129.0
(d), 126.6 (d), 126.3 (d), 119.2 (d), 113.6 (d), 101.2 (d), 72.4
(d), 69.6 (t), 64.7 (t), 55.0 (q), 51.2 (q), 36.3 (d), 35.6 (t),
28.1 (t), 27.8 (t), 26.9 (t), 22.8 (t), 19.2 (q). LR-MS (m/z
(relative intensity)): 456 ([M]+, 15), 320 (30), 77 (55), 91
(60), 122 (80), 121 (100). HR-MS calcd. for C27H36O6:
456.2512; found: 456.2509. Anal. calcd. for C27H36O6: C
71.03, H 7.95, O 21.03; found: C 71.00, H 7.92.

Enoate 23b
Followed the same procedure as per 23a, starting with

22b. The aldehyde (clear colourless oil) was used in the next
step without further purification. IR (cm–1): 3069, 2930,
2856, 1724, 1427, 1116. 1H NMR (CDCl3) δ: 9.60 (d, 1H,
J = 1.9 Hz), 7.76–7.65 (m, 4H), 7.44–7.22 (m, 11H), 5.84
(d, 1H, J = 5.1 Hz), 5.73 (t, 1H, J = 7.2 Hz), 5.52 (s, 1H),
4.52 (d, 1H, J = 12.3 Hz), 4.41–4.37 (m, 2H), 3.91–3.81 (m,
4H), 3.49–3.42 (m, 1H), 2.80–2.72 (m, 1H), 2.51–2.45 (m,

1H), 2.20–2.10 (m, 2H), 1.74–1.69 (m, 1H), 1.51–1.37 (m,
3H), 1.23–1.18 (m, 1H), 1.08 (d, 3H, J = 6.9 Hz), 1.06 (s,
9H). LR-MS (m/z (relative intensity)): 624 ([M]+, 1), 567
([M+ – C4H9], 25), 199 (100), 91 (92), 135 (60). HR-MS
calcd. for C39H48O5Si: 624.3271; found: 624.3261.

The crude enoate from the following step was purified by
flash chromatography eluting with a mixture of hex-
anes:EtOAc (6:1) yielding 1.34 g (66% for two steps) of 23b
as clear colourless oil. [α]D: +19.5° (c 1.32, CHCl3). IR (cm–1):
3046, 2929, 2856, 1722, 1427, 1272, 1111, 983. 1H NMR
(CDCl3) δ: 7.78–7.67 (m, 4H), 7.44–7.23 (m, 11H), 6.87
(dd, 1H, J = 15.7, 8.0 Hz), 5.85 (d, 1H, J = 5.1 Hz), 5.79 (d,
1H, J = 15.9 Hz), 5.74 (t, 1H, J = 7.1 Hz), 5.54 (s, 1H), 4.53
(d, 1H, J = 12.3 Hz), 4.42–4.40 (m, 1H), 4.40 (d, 1H, J =
12.3 Hz), 3.92–3.82 (m, 4H), 3.72 (s, 3H), 3.45 (dt, 1H, J =
10.0, 3.5 Hz), 2.81–2.73 (m, 1H), 2.53–2.47 (m, 1H), 2.34–
2.29 (m, 1H), 2.15–2.13 (m, 2H), 1.42–1.39 (m, 4H), 1.08
(s, 9H), 1.05 (d, 3H, J = 6.7 Hz). 13C NMR (CDCl3) δ:
167.2 (s), 154.7 (d), 138.8 (s), 136.1 (d), 135.7 (s), 134.5 (s),
134.0 (s), 131.0 (s), 129.5 (d), 128.1 (d), 127.4 (d), 127.3
(d), 125.6 (d), 119.3 (d), 101.2 (d), 76.0 (d), 70.3 (t), 66.2
(d), 64.8 (t), 51.4 (q), 36.5 (d), 35.8 (t), 28.1 (t), 27.3 (t),
27.0 (q), 19.4 (q). LR-MS (m/z (relative intensity)): 680
([M]+, 2), 623 ([M+ – C4H9], 35), 91 (100). HR-MS calcd.
for C42H52O6Si: 680.3533; found: 680.3526. Anal. calcd. for
C42H52O6Si: C 74.08, H 7.70, O 14.10, Si 4.12; found: C
73.97, H 7.77, O 14.12.

Aldehyde 24a
A solution of enoate 23a (2.67 g, 5.84 mmol), PPTS

(440 mg, 1.75 mmol), and wet acetone (117 mL) was heated
to reflux for 3 h. The solvent was removed in vacuo and the
residue taken up in ethyl ether (200 mL) and washed with
saturated aq NaHCO3 (60 mL) and brine (60 mL). The com-
bined aqueous layers were back-extracted once with ether.
The combined organic layers were dried over MgSO4, fil-
tered, and concentrated. Purification by flash chromatogra-
phy (hexanes:EtOAc, 3:1) yielded 2.23 g (92%) of aldehyde
24a as a colourless oil. IR (cm–1): 2932, 2857, 1722, 1694,
1656, 1612, 1513, 1435, 1248, 1072, 822. 1H NMR (CDCl3)
δ: 9.53 (s, 1H), 7.29 (d, 2H, J = 8.6 Hz), 6.89 (d, 2H, J =
8.6 Hz), 6.84 (dd, 1H, J = 15.7, 8.0 Hz), 6.66 (t, 1H, J =
7.3 Hz), 6.53 (d, 1H, J = 2.8 Hz), 5.77 (d, 1H, J = 15.6 Hz),
4.59 (ABq, 2H, J = 18.4 Hz), 4.28–4.22 (m, 1H), 3.80 (s,
3H), 3.71 (s, 3H), 2.65–2.57 (m, 1H), 2.31–2.26 (m, 1H),
2.20–2.02 (m, 4H), 1.72–1.60 (m, 1H), 1.44–1.37 (m, 4H),
1.03 (d, 3H, J = 6.7 Hz). 13C NMR (CDCl3) δ: 193.7 (d),
167.1 (s), 159.2 (s), 154.5 (d), 149.2 (d), 137.7 (s), 131.1
(d), 129.9 (s), 129.2 (d), 127.9 (s), 119.2 (d), 113.7 (d), 72.8
(d), 70.3 (t), 55.1 (q), 51.2 (q), 36.3 (d), 35.5 (t), 28.0 (t),
27.7 (t), 26.7 (t), 22.8 (t), 19.2 (q). LR-MS (m/z (relative in-
tensity)): 412 ([M]+, 3), 122 (100), 121 (75). HR-MS calcd.
for C25H32O5: 412.2250; found: 412.2247.

Aldehyde 24b
Followed the same procedure 24a, starting from 23b. Af-

ter purification by flash chromatography (hexanes:ethyl ace-
tate, 6:1) 467 mg (92%) of aldehyde 24b were collected as a
clear colourless oil. [α]D: +16.4 (c 0.63, CHCl3). IR (cm–1):
3069, 2930, 2857, 1722, 1698, 1428, 1272, 1112. 1H NMR
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(CDCl3) δ: 9.39 (s, 1H), 7.76–7.68 (m, 4H), 7.48–7.24 (m,
11H), 6.86 (dd, 1H, J = 15.7, 8.0 Hz), 6.80 (t, 1H, J =
7.4 Hz), 6.20 (d, 1H, J = 3.5 Hz), 5.78 (d, 1H, J = 15.6 Hz),
4.64–4.62 (m, 1H), 4.59 (ABq, 2H, J = 21.0 Hz), 3.71 (s,
3H), 3.62–3.58 (m, 1H), 2.81 (dd, 1H, J = 15.6, 7.0 Hz),
2.32–2.20 (m, 2H), 2.14–2.05 (m, 2H), 1.46–1.34 (m, 4H),
1.13 (s, 9H), 1.04 (d, 3H, J = 6.8 Hz). 13C NMR (CDCl3) δ:
193.3 (d), 167.1 (s), 154.5 (d), 149.0 (d), 138.4 (s), 137.3
(s), 135.8 (d), 133.5 (s), 133.2 (s), 133.0 (d), 129.8 (d),
127.6 (d), 127.4 (d), 127.3 (d), 125.9 (s), 119.2 (d), 75.1 (d),
71.1 (t), 69.2 (d), 51.2 (q), 36.4 (d), 35.6 (t), 28.1 (t), 26.8
(q), 19.3 (q). LR-MS (m/z (relative intensity)): 636 ([M]+,
10), 579 ([M+ – C4H9], 25), 471 (100), 91 (48). HR-MS
calcd. for C40H48O5Si: 636.3271; found: 636.3277.

Alcohol 25
To a cooled 0°C biphasic mixture of aldehyde 24a

(744 mg, 1.80 mmol), dichloromethane (15 mL), and water
(830 µL) was added DDQ (532 mg, 2.34 mmol) resulting in
a deep green coloured mixture. The mixture was stirred for
2.5 h at which time the colour had become orange and TLC
indicated reaction completion. The mixture was poured into
a separatory funnel containing dichloromethane and satd aq
NaHCO3. The mixture was vigorously shaken and the layers
separated. After extraction with dichloromethane, a brine
wash, drying over MgSO4, filtration, and concentration in
vacuo, the crude product was purified by flash chromatogra-
phy (hexanes:EtOAc, 3:1 to 1:1) yielded 367 mg (70%) of
aldehyde 25 as a colourless oil. IR (cm–1): 3426, 2930, 2858,
1719, 1694, 1436, 1274, 1199, 1035, 870. 1H NMR (CDCl3)
δ: 9.53 (s, 1H), 6.83 (dd, 1H, J = 15.7, 8.0 Hz), 6.65 (t, 1H,
J = 7.3 Hz), 6.48 (d, 1H, J = 2.9 Hz), 5.75 (d, 1H, J =
15.7 Hz), 4.57–4.51 (m, 1H), 3.70 (s, 3H), 2.56 (dt, 1H, J =
15.4, 4.9 Hz), 2.32–2.02 (m, 6H), 1.58 (dt, 1H, J = 12.3,
4.4 Hz), 1.43–1.33 (m, 4H), 1.02 (d, 3H, J = 6.7 Hz). 13C
NMR (CDCl3) δ: 193.9 (d), 167.3 (s), 154.7 (d), 150.8 (d),
137.5 (s), 131.4 (d), 127.7 (s), 119.2 (d), 66.9 (d), 51.4 (q),
36.5 (d), 35.6 (t), 31.2 (t), 28.1 (t), 26.7 (t), 22.9 (t), 19.3
(q). LR-MS (m/z (relative intensity)): 292 ([M]+, 1), 261
([M+ – MeO], 10), 133 (100), 77 (60), 95 (60). HR-MS
calcd. for C17H24O4: 292.1674; found: 292.1664. Anal. calcd.
for C27H36O6: C 71.03, H 7.95, O 21.03; found: C 71.00, H
7.92.

Acetate 29a
Propyne (1.65 mL, 29.3 mmol) was condensed at –78° C

in a 100 mL round-bottomed flask. THF (15 mL) was added
followed by a solution of n-BuLi (4.66 mL, 1.88 M in
pentane, 8.76 mmol). The resulting white suspension was
stirred for 1 h at –78° C. Then, (E)-1-triphenylmethoxy-3-
penten-2-one 28 (1.96 g, 5.72 mmol) in THF (7 mL) was
added to the white suspension. The reaction mixture was
warmed to –20° C and stirred for 2 h. Acetic anhydride
(1.42 mL, 15.0 mmol) was added and the reaction mixture
warmed to 0°C. The reaction was quenched with saturated
ammonium chloride and the two phases were separated. The
aqueous phase was extracted with Et2O, the combined or-
ganic fractions were washed with satd. aq NaHCO3, water
and brine, dried over MgSO4, filtered, and evaporated under
reduced pressure to give 2.64 g of 29a as a yellow oil. Flash

chromatography on silica gel eluting with EtOAc and hex-
anes (20:80) yielded a white solid (2.04 g, 84%). IR
(neat, cm–1): 3058, 1747. 1H NMR (C6D6) δ: 7.67–7.62 (m,
6H), 7.15–6.99 (m, 9H), 6.27 (dq, 1H, J = 15.3, 6.6 Hz),
5.92 (dd, 1H, J = 15.3, 1.6 Hz), 3.88 (d, 1H, J = 9.0 Hz),
3.66 (d, 1H, J = 9.0 Hz), 1.71 (s, 3H), 1.54 (dd, 3H, J = 6.6,
1.6 Hz), 1.47 (s, 3H). LR-MS (m/z (relative intensity)): 424
([M]+, 2), 243 (100), 165 (55). HR-MS calcd. for C29H28O3:
424.2038; found: 424.2047.

Acetate 29b
Followed the same procedure as per acetate 29a. Flash

chromatography on silica gel eluting with EtOAc and hex-
anes (10:90) gave 29b as a colourless oil (4.63 g, 90%). IR
(neat, cm–1): 3060, 2930, 1749, 1229, 1100, 837, 704. 1H
NMR (C6D6) δ: 7.49–7.45 (m, 6H), 7.36–7.14 (m, 9H),
6.10–5.97 (m, 1H), 5.63 (dm, 1H, J = 15.4 Hz), 4.59 (qd,
1H, J = 6.5, 2.2 Hz), 3.41–3.28 (m, 2H), 2.02 (s, 3H), 1.72
(dd, 3H, J = 6.6, 1.0 Hz), 1.41 (dd, 3H, J = 6.5, 1.8 Hz),
0.86 (s, 9H), 0.07–0.05 (m, 6H). LR-MS (m/z (relative inten-
sity)): 568 ([M]+, 1), 243 (100), 165 (50). HR-MS calcd. for
C36H44O4Si: 568.3009; found: 568.3000.

Acetate 29c
Followed the same procedure as per acetate 29a. Flash

chromatography on silica gel eluting with EtOAc and hex-
anes (5:95) gave a colourless oil (5.36 g, 85%). IR
(neat, cm–1): 3059, 2928, 1748. 1H NMR (CDCl3) δ: 7.48–
7.44 (m, 6H), 7.33–7.21 (m, 9H), 6.10–5.96 (m, 1H), 5.63
(dm, 1H, J = 14.7 Hz), 4.42–4.36 (m, 2H), 3.39 (d, 1H, J =
9.0 Hz), 3.29 (d, 1H, J = 9.0 Hz), 3.23- 3.11 (m, 4H), 2.03
(s, 3H), 1.85–1.49 (m, 6H), 1.72 (d, 3H, J = 6.5 Hz), 0.86 (s,
9H), 0.06–0.04 (m, 6H). LR-MS (m/z (relative intensity)):
700 ([M]+, 5), 640 ([M+ – AcOH], 20), 243 (100), 165
(100). HR-MS calcd. for C41H52O4S2Si: 700.3076; found:
700.3085.

Allene 30
Copper iodide (2.70 g, 14.2 mmol) and lithium bromide

(1.23 g, 14.2 mmol) were suspended in THF (30 mL) and
the suspension was cooled to 0° C. A suspension of magne-
sium bromide (4.73 mL, 3.0 M in Et2O, 14.2 mmol) was
added and the resulting yellow suspension was stirred for
0.5 h. Acetate 29a (1.00 g, 2.36 mmol) in THF (10 mL) was
added drop wise and the reaction mixture was stirred for an
additional 0.5 h at 0° C. Then, Et2O was added (40 mL) and
the mixture was poured into a saturated aqueous NH4Cl–
NH4OH (9:1) solution and vigourously stirred in an atmo-
sphere of air for 1 h. The phases were separated, the aqueous
phase was extracted with Et2O, the combined organic frac-
tions were washed with water and brine, dried over MgSO4,
filtered, and evaporated under reduced pressure to give 1.1 g
of a yellow oil. Flash chromatography on silica gel eluting
with EtOAc and hexanes (5:95) yielded a colourless oil
(837 mg, 93%). IR (neat, cm–1): 3058, 1955, 1491. 1H NMR
(C6D6) δ: 7.66–7.61 (m, 6H), 7.15–6.99 (m, 9H), 6.08 (dd,
1H, J = 15.8, 1.6 Hz), 5.54 (dq, 1H, J = 15.8, 6.6 Hz), 3.96
(s, 2H), 1.74 (s, 6H), 1.54 (dd, 3H, J = 6.6, 1.6 Hz). LR-MS
(m/z (relative intensity)): 380 ([M]+, 1), 243 (100). HR-MS
calcd. for C28H28O: 380.2140; found: 380.2147.
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Allene 31a
Acetate 29b (4.60 g, 8.09 mmol) was dissolved in THF

(20 mL). Tetrabutylammonium fluoride (16.17 mL, 1.0 M in
THF, 16.17 mmol) was added and the orange solution was
stirred for 12 h. Then, the mixture was poured into sat.
NH4Cl, the phases were separated, and the aqueous phase
was extracted with Et2O. The combined organic fractions
were washed with water and brine, dried over MgSO4, fil-
tered, and evaporated under reduced pressure to give 3.70 g
of an orange oil. Flash chromatography on silica gel eluting
with EtOAc and hexanes (20:80) gave a fluffy white powder
(2.80 g, 76%). IR (neat, cm–1): 3467, 3023, 1738, 1449. 1H
NMR (C6D6) δ: 7.49–7.44 (m, 6H), 7.33–7.22 (m, 9H),
6.10–5.96 (m, 1H), 5.61 (dd, 1H, J = 15.4, 1.6 Hz), 4.63–
4.56 (m, 1H), 3.39–3.30 (m, 2H), 2.04 (s, 3H), 1.73 (dd, 3H,
J = 6.6, 1.6 Hz), 1.46 (d, 3H, J = 6.6 Hz). LR-MS (m/z (rela-
tive intensity)): 454 ([M]+, 1), 243 (100), 165 (75). HR-MS
calcd. for C30H30O4: 454.2144; found: 454.2151.

The cuprate addition on this compound was performed as
per allene 30. Flash chromatography on silica gel eluting
with EtOAc and hexanes (20:80) gave 31a as a white pow-
der (2.54 g, 100%) as a mixture of two inseparable isomers.
IR (neat, cm–1): 3588–3146, 3058, 1950, 1448. 1H NMR
(C6D6) δ: 7.50–7.42 (m, 6H), 7.32–7.21 (m, 9H), 5.85 (dm,
1H, J = 15.7 Hz), 5.49–5.36 (m, 1H), 4.34–4.25 (m, 1H),
3.75–3.65 (m, 2H), 1.86 (d, 3H, J = 1.8 Hz), 1.69 (dd, 3H,
J = 6.6, 1.6 Hz), 1.36 (dd, 3H, J = 6.4, 1.8 Hz). LR-MS (m/z
(relative intensity)): 409 ([M – 1], 10), 259 (50), 243 (100).
HR-MS calcd. for C29H29O2: 409.2167; found: 409.2149.

Allene 31b
Followed the same procedure as per allene 31a, starting

from 29c. Flash chromatography of the intermediate alcohol
on silica gel eluting with EtOAc and hexanes (30:70) gave a
white powder (5.09 g, 89%). IR (neat, cm–1): 3407, 3022,
1738. 1H NMR (CDCl3) δ: 7.48–7.44 (m, 6H), 7.34–7.22
(m, 9H), 6.03 (dq, 1H, J = 15.4, 6.6 Hz), 5.62 (dd, 1H, J =
15.4, 1.7 Hz), 4.44 (q, 1H, J = 5.7 Hz), 4.38 (td, 1H, J = 7.0,
1.8 Hz), 3.39–3.30 (m, 2H), 3.26–3.12 (m, 4H), 2.05 (s, 3H),
1.85–1.70 (m, 4H), 1.74 (dd, 3H, J = 6.6, 1.7 Hz), 1.64–1.52
(m, 2H), 1.56 (s, 1H). LR-MS (m/z (relative intensity)): 568
([M+ – H2O]), 3), 508 (5), 243 (100), 105 (100). HR-MS
calcd. for C35H36O3S2: 568.2106; found: 568.2114.

The alcohol was submitted to the cuprate reaction as per
the alcohol precursor of 31a. Flash chromatography on silica
gel eluting with EtOAc and hexanes (20:80) gave 31b as a
white powder (4.31 g, 93%) containing an inseparable mix-
ture of two isomers. IR (cm–1): 3559, 3431, 3021, 1952,
1597. 1H NMR (CDCl3) δ: 7.49–7.42 (m, 12H), 7.32–7.21
(m, 18H), 5.86 (dd, 2H, J = 16.0, 1.6 Hz), 5.44 (dm, 2H, J =
16.0 Hz), 4.41 (q, 2H, J = 7.1 Hz), 4.16–4.06 (m, 2H), 3.75–
3.65 (m, 4H), 3.27–3.13 (m, 8H), 1.89–1.72 (m, 4H), 1.83
(s, 6H), 1.71–1.48 (m, 8H), 1.70 (dd, 6H, J = 6.6, 1.6 Hz),
1.55 (s, 2H). LR-MS (m/z (relative intensity)): 542 ([M]+, 1),
513 ([M+ – C2H5], 3), 299 (10), 243 (100). HR-MS calcd.
for C34H38O2S2: 542.2313; found: 542.2309.

Diester 32a
Allene 31a (1.84 g, 4.49 mmol), fumaric acid, monoethyl

ester (775 mg, 5.38 mmol), and DMAP (110 mg,
0.90 mmol) were dissolved in CH2Cl2 (40 mL). The solution

was cooled to 0°C and stirred for 0.5 h. DCC (1.11 g,
5.38 mmol) was added in small portions and the reaction
mixture stirred for 2.5 h during which time a white precipi-
tate formed. The solvent was evaporated and the product pu-
rified by flash chromatography on silica gel eluting with
EtOAc and hexanes (15:85) giving 32a as a colourless oil
(2.24 g, 93%) containing a 1:1 mixture of inseparable
diastereomers. IR (neat, cm–1): 3039, 1957, 1722, 1449. 1H
NMR (C6D6) δ: 7.64–7.57 (m, 6H), 7.16–7.09 (m, 9H),
7.06–7.00 (m, 2H), 5.93 (dm, 1H, J = 15.8 Hz), 5.74–5.59
(m, 1H), 5.51–5.39 (m, 1H), 3.94–3.92 (m, 2H), 3.90–3.78
(m, 2H), 1.77 (d, 3H, J = 7.8 Hz), 1.45 (dd, 3H, J = 6.6,
1.6 Hz), 1.36 (t, 3H, J = 6.1 Hz), 0.84–0.80 (m, 3H). LR-MS
(m/z (relative intensity)): 537 ([M + 1], 2), 243 (95), 167
(90), 105 (100). HR-MS calcd. for C35H37O5: 537.2641;
found: 537.2622.

Diester 32b
Followed the same procedure as per diester 32a, starting

from 31b. Flash chromatography on silica gel eluting with
EtOAc and hexanes (15:85) gave a colourless oil (1.83 g,
88%) containing a mixture of two isomers. IR (neat, cm–1):
3026, 1958, 1723, 1646. 1H NMR (CDCl3, integrated for
two isomers) δ: 7.48–7.42 (m, 12H), 7.32–7.20 (m, 18H),
6.85–6.80 (m, 4H), 5.88–5.73 (m, 2H), 5.47–5.37 (m, 4H),
4.42–4.19 (m, 6H), 3.67 (s, 4H), 3.27–3.10 (m, 8H), 1.95–
1.74 (m, 14H), 1.71–1.64 (m, 6H), 1.55–1.41 (m, 4H), 1.30
(t, 3H, J = 7.1 Hz), 1.29 (t, 3H, J = 7.1 Hz). LR-MS (m/z
(relative intensity)): 623 ([M+ – OEt], 5), 381 (20), 243
(100). HR-MS calcd. for C38H39O4S2: 623.2290; found:
623.2303.

Cycloadduct 33
Allene 30 (837 mg, 2.2 mmol) and methyl fumarate

(634 mg, 4.4 mmol) were dissolved in benzene (10 mL) and
refluxed for 12 h. Benzene was evaporated to yield 1.6 g of
a yellow oil. Flash chromatography on silica gel eluting with
EtOAc and hexanes (5:95) afforded 1.04 g of a colourless oil
(90%). IR (neat, cm–1): 3059, 1732, 1448. 1H NMR (CHCl3)
δ: 7.46–7.42 (m, 6H), 7.32–7.19 (m, 9H), 5.92 (d, 1H, J =
2.7 Hz), 4.04 (d, 1H, J = 5.1 Hz), 3.75–3.62 (m, 2H), 3.71
(s, 3H), 3.51 (s, 3H), 2.89 (dd, 1H, J = 7.9, 5.1 Hz), 2.43–
2.33 (m, 1H), 1.76 (s, 3H), 1.43 (s, 3H), 1.20 (d, 3H, J =
7.2 Hz). LR-MS (m/z (relative intensity)): 524 ([M]+, 0.5),
443 (1), 243 (100), 165 (5). HR-MS calcd. for C34H36O5:
524.2563; found: 524.2569.

Aldehyde 34
Cycloadduct 33 (369 mg, 0.75 mmol) was dissolved in

Et2O (2 mL). An 88% aqueous solution of formic acid
(23 mL) in Et2O (17 mL) was added and the mixture was
stirred for 20 min. It was poured into EtOAc (100 mL). The
phases were separated, the organic phase was washed with
water, satd. NaHCO3 and brine, dried over MgSO4, filtered,
and evaporated under reduced pressure to give 215 mg of a
yellow oil. Flash chromatography on silica gel eluting with
EtOAc and hexanes (30:70) yielded a colourless oil
(156 mg, 73%). IR (neat, cm–1): 3454, 1732, 1435. 1H NMR
(CHCl3) δ: 5.69 (d, 1H, J = 3.1 Hz), 4.48 (dd, 1H, J = 12.3,
5.5 Hz), 4.13 (dd, 1H, J = 12.3, 5.5 Hz), 4.08 (d, 1H, J =
4.9 Hz), 3.72 (s, 3H), 3.67 (s, 3H), 2.73 (dd, 1H, J = 7.0,
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4.9 Hz), 2.51–2.39 (m, 1H), 2.28 (t, 1H, J = 5.5 Hz), 1.82 (s,
3H), 1.79 (s, 3H), 1.10 (d, 3H, J = 7.3 Hz). LR-MS (m/z
(relative intensity)): 282 ([M]+, 1), 264 ([M+ – H2O], 5), 232
(20), 204 (100), 173 (85), 145 (60), 91 (30). HR-MS calcd.
for C15H22O5: 282.1467; found: 282.1471.

This alcohol (146 mg, 0.52 mmol) was dissolved in
CH2Cl2 (5 mL). Dess–Martin periodinane (288 mg,
0.68 mmol) was added and the mixture was stirred for 0.5 h.
Et2O (10 mL) was added provoking the formation of a white
precipitate. The suspension was neutralized with satd.
NaHCO3 (20 mL) containing 5 g of sodium thiosulfate. The
resulting bilayered mixture was vigorously stirred for 0.5 h.
The phases were separated, the aqueous phase was extracted
with Et2O, the combined organic fractions were washed with
water and brine, dried over MgSO4, filtered, and evaporated
under reduced pressure to give 146 mg of 34 as a colourless
oil (146 mg, 100%). IR (neat, cm–1): 2954, 2713, 1732,
1694. 1H NMR (C6D6) δ: 9.30 (s, 1H), 6.10 (d, 1H, J =
3.0 Hz), 4.24 (d, 1H, J = 4.2 Hz), 3.26 (s, 3H), 3.20 (s, 3H),
3.05 (dd, 1H, J = 6.3, 4.2 Hz), 2.69 (quint, 1H, J = 7.1,
3.0 Hz), 1.71 (s, 3H), 1.61 (s, 3H), 1.02 (d, 3H, J = 7.3 Hz).
LR-MS (m/z (relative intensity)): 280 ([M]+, 50), 221 (65),
161 (100). HR-MS calcd. for C15H20O5: 280.1311; found:
280.1306.

Cycloadducts 35a
Allene 32a (2.32 g, 4.32 mmol) was dissolved in benzene

(100 mL). The solution was refluxed for 15 h. The solvent
was evaporated and the crude product (2.75 g) was purified
by flash chromatography on silica gel eluting with EtOAc
and hexanes (30:70) giving a white powder (1.59 g, 69%)
containing an inseparable mixture of two diastereomers. IR
(neat, cm–1): 3022, 2978, 1732, 1449. 1H NMR (C6D6, inte-
grated for two isomers) δ: 7.57–7.52 (m, 12H), 7.15–7.01
(m, 18H), 6.38 (d, 1H, J = 7.5 Hz), 6.36 (d, 1H, J = 7.5 Hz),
4.17–4.00 (m, 6H), 3.96–3.70 (m, 6H), 3.32 (dd, 1H, J =
11.2, 4.8 Hz), 3.23 (dd, 1H, J = 11.7, 5.0 Hz), 2.77–2.61 (m,
2H), 1.25–1.02 (m, 12H), 0.99 (d, 6H, J = 7.0 Hz), 0.93 (d,
6H, J = 7.0 Hz). LR-MS (m/z (relative intensity)): 536
([M]+, 1), 491 ([M+ – C2H5O], 5), 243 (100). HR-MS calcd.
for C33H31O4: 491.2222; found: 491.2230.

Cycloadducts 35b
Followed the same procedure as per 35a, starting from

32b. Flash chromatography on silica gel eluting with EtOAc
and hexanes (20:80) gave a colourless oil (1.41 g, 69%) con-
taining an inseparable mixture of two isomers. IR (neat, cm–1):
3023, 1732, 1597. 1H NMR (CDCl3, integrated for two iso-
mers) δ: 7.48–7.38 (m, 12H), 7.33–7.22 (m, 18H), 6.43 (d,
1H, J = 7.3 Hz), 6.38 (d, 1H, J = 7.0 Hz), 4.82 (dm, 1H, J =
8.4 Hz), 4.49–4.40 (m, 3H), 4.24 (q, 2H, J = 7.1 Hz), 4.23
(q, 2H, J = 7.1 Hz), 3.87–3.73 (m, 4H), 3.68 (dm, 1H, J =
11.6 Hz), 3.59 (dt, 1H, J = 11.3, 2.4 Hz), 3.26–3.12 (m, 8H),
3.04 (dd, 1H, J = 11.3, 4.8 Hz), 2.97 (dd, 1H, J = 11.6,
5.0 Hz), 2.89–2.74 (m, 2H), 1.97–1.52 (m, 12 H), 1.60 (s,
3H), 1.57 (s, 3H), 1.32 (t, 3H, J = 7.1 Hz), 1.31 (t, 3H, J =
7.1 Hz), 0.95 (d, 3H, J = 7.0 Hz), 0.93 (d, 3H, J = 7.0 Hz).
LR-MS (m/z (relative intensity)): 668 ([M]+, 3), 381 (20),
243 (100). HR-MS calcd. for C40H44O5S2: 668.2630; found:
668.2643.

Aldehydes 36a and 36b
Followed the same procedure as for the deprotection of 33

and the Dess–Martin oxidation to 34. Flash chromatography
on silica gel eluting with EtOAc and hexanes (40:60) gave
two diastereomeric alcohols as a colourless oils (each
256 mg for a total of 512 mg, 82%). Less polar isomer: 1H
NMR (CDCl3) δ: 6.27 (d, 1H, J = 7.0 Hz), 5.08 (q, 1H,
6.8 Hz), 4.42–4.31 (m, 2H), 4.21 (q, 1H, J = 7.2 Hz), 4.21
(q, 1H, J = 7.2 Hz), 3.63 (dt, 1H, J = 10.9, 2.5 Hz), 3.04 (dd,
1H, J = 10.9, 4.8 Hz), 2.86–2.74 (m, 1H), 2.03–2.00 (m,
3H), 1.57 (d, 3H, J = 6.8 Hz), 1.48–1.42 (m, 1H), 1.29 (t,
3H, J = 7.2 Hz), 0.94 (d, 3H, J = 7.1 Hz). More polar iso-
mer: IR (neat, cm–1): 3453, 1732, 1454. 1H NMR (CDCl3) δ:
6.20 (d, 1H, J = 6.9 Hz), 4.74 (q, 1H, J = 6.9 Hz), 4.41 (dd,
1H, J = 12.6, 5.2 Hz), 4.32 (dd, 1H, J = 12.6, 6.2 Hz), 4.23
(q, 2H, J = 7.1 Hz), 3.71 (dt, 1H, J = 11.6, 1.8 Hz), 2.94 (dd,
1H, J = 11.6, 5.1 Hz), 2.80–2.69 (m, 1H), 2.04 (d, 3H, J =
2.4 Hz), 1.56 (d, 3H, J = 6.9 Hz), 1.41 (t, 1H, J = 5.8 Hz),
1.30 (t, 3H, J = 7.1 Hz), 0.95 (d, 3H, J = 7.1 Hz). LR-MS
(m/z (relative intensity)): 294 ([M]+, 45), 203 (75), 175 (55),
159 (100). HR-MS calcd. for C16H22O5: 294.1467; found:
294.1473.

Each of the isomeric alcohols were oxidized separately
and each crude product obtained was purified by flash chro-
matography on silica gel eluting with EtOAc and hexanes
(30:70) to give a colourless oil. Aldehyde 36a having the α-
methyl group (44 mg, 76%). IR (neat, cm–1): 2981, 2730,
1732, 1699. 1H NMR (CDCl3) δ: 9.55 (s, 1H), 7.04 (d, 1H, J
= 6.3 Hz), 5.11 (q, 1H, J = 6.7 Hz), 4.18 (q, 2H, J = 7.1 Hz),
3.62 (dt, 1H, J = 8.5, 2.6 Hz), 3.16 (dd, 1H, J = 8.5, 4.5 Hz),
2.98–2.86 (m, 1H), 1.81 (s, 3H), 1.59 (d, 3H, J = 6.7 Hz),
1.27 (t, 3H, J = 7.1 Hz), 1.17 (d, 3H, J = 7.2 Hz). LR-MS
(m/z (relative intensity)): 292 ([M]+, 20), 247 (25), 86 (90),
78 (100). HR-MS calcd. for C16H20O5: 292.1311; found:
292.1315. Aldehyde 36b having the β-methyl group (42 mg,
70% yield): 1H NMR (CDCl3) δ: 9.57 (s, 1H), 6.97 (d, 1H,
J = 6.1 Hz), 4.84 (qd, 1H, J = 7.1, 0.9 Hz), 4.19 (q, 2H, J =
7.1 Hz), 3.69 (dt, 1H, J = 8.4, 2.1 Hz), 3.19 (dd, 1H, J = 8.4,
4.6 Hz), 2.88–2.77 (m, 1H), 1.80 (d, 3H, J = 2.5 Hz), 1.59
(d, 3H, J = 7.1 Hz), 1.28 (t, 3H, J = 7.1 Hz), 1.19 (d, 3H, J =
7.2 Hz).

Enoates 37
Mercuric oxide red (520 mg, 2.4 mmol) was dissolved in

THF:water (85:15) (8.2 mL) and BF3·OEt2 (0.30 mL,
2.4 mmol) was added drop wise. Cycloadduct 35b (800 mg,
1.2 mmol) in THF (2 mL) was slowly added to the orange
mixture, which was stirred for 0.5 h. Et2O (30 mL) was
added and the resulting precipitate was filtered through a
cintered glass. The organic phase was washed with satd.
NaHCO3 and brine, dried over MgSO4, filtered, and evapo-
rated under reduced pressure to give a white powder
(711 mg, 100%) containing an inseparable mixture of two
diastereomers. IR (neat, cm–1): 3060, 2724, 1730, 1709,
1598. 1H NMR (CDCl3) δ: 9.77 (s, 2H), 7.48–7.39 (m, 12H),
7.33–7.20 (m, 18H), 6.42 (d, 1H, J = 7.3 Hz), 6.38 (d, 1H,
J = 7.0 Hz), 4.84 (dm, 1H, J = 7.4 Hz), 4.43 (dm, 1H, J =
10.1 Hz), 4.24 (q, 2H, J = 7.1 Hz), 4.23 (q, 2H, J = 7.1 Hz),
3.86–3.73 (m, 4H), 3.65 (dm, 1H, J = 11.7 Hz), 3.60 (dt, 1H,
J = 11.5, 2.4 Hz), 3.03 (dd, 1H, J = 11.5, 4.8 Hz), 2.97 (dd,
1H, J = 11.7, 5.0 Hz), 2.90–2.75 (m, 2H), 2.52 (t, 4H, J =
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5.9 Hz), 2.00–1.65 (m, 8 H), 1.60 (s, 3H), 1.57 (s, 3H), 1.32
(t, 3H, J = 7.1 Hz), 1.31 (t, 3H, J = 7.1 Hz), 0.95 (d, 3H, J =
6.6 Hz), 0.92 (d, 3H, J = 6.6 Hz). LR-MS (m/z (relative in-
tensity)): 610 ([M + NH4], 5), 566 (5), 243 (100). HR-MS
calcd. for C38H44NO6: 610.3168; found: 610.3154.

Sodium hydride (58 mg, 60% in oil, 1.44 mmol) was sus-
pended in THF (7 mL) at 0°C. Methyl diethoxyphosphono-
acetate (0.27 mL, 1.44 mmol) was added slowly and the
mixture was stirred for 0.5 h. The anion was added via can-
nula to a solution of the above aldehyde (711 mg, 1.2 mmol)
in THF (7 mL) at 0°C. After 1 h, the reaction was poured
into a saturated solution of NH4Cl, the phases were sepa-
rated and the aqueous phase was extracted with EtOAc. The
combined organic fractions were washed with water and
brine, dried over MgSO4, filtered, and evaporated under re-
duced pressure to give 800 mg of a yellow powder. Flash
chromatography on silica gel eluting with EtOAc and hex-
anes (20:80) gave 37 as a white powder (544 mg, 70%) con-
taining an inseparable mixture of two isomers. IR (neat, cm–1):
3058, 1729, 1657. 1H NMR (C6D6, integrated for two iso-
mers) δ: 7.45–7.40 (m, 12H), 7.33–7.22 (m, 18H), 6.95 (dt,
1H, J = 15.7, 6.7 Hz), 6.93 (dt, 1H, J = 15.7, 6.8 Hz), 6.42
(d, 1H, J = 7.3 Hz), 6.38 (d, 1H, J = 7.0 Hz), 5.84 (dd, 2H,
J = 15.7, 2.1 Hz), 4.82 (dm, 1H, J = 8.3 Hz), 4.42 (dm, 1H,
J = 10.6 Hz), 4.24 (q, 2H, J = 7.1 Hz), 4.23 (q, 2H, J =
7.1 Hz), 3.86–3.72 (m, 4H), 3.74 (s, 3H), 3.73 (s, 3H), 3.66
(dm, 1H, J = 11.7 Hz), 3.59 (dt, 1H, J = 11.3, 2.4 Hz), 3.04
(dd, 1H, J = 11.3, 4.8 Hz), 2.97 (dd, 1H, J = 11.7, 5.0 Hz),
2.88–2.73 (m, 2H), 2.31–2.19 (m, 4H), 1.93–1.50 (m, 14 H),
1.31 (t, 3H, J = 7.1 Hz), 1.30 (t, 3H, J = 7.1 Hz), 0.95 (d,
3H, J = 7.3 Hz), 0.93 (d, 3H, J = 7.3 Hz). LR-MS (m/z (rela-
tive intensity)): 666 ([M + NH4], 2), 407 (15), 243 (100),
165 (20). HR-MS calcd. for C41H48NO7: 666.3431; found:
666.3420.

Aldehydes 38a and 38b
Followed the same procedure as per the deprotection of

33 and oxidation to give 34. Flash chromatography on silica
gel eluting with EtOAc and hexanes (30:70) gave two sepa-
rable alcohols as colourless oils (153 mg, 46% and 153 mg,
46%). Less polar isomer: 1H NMR (CDCl3) δ: 6.97 (dt, 1H,
J = 15.7, 6.9 Hz), 6.28 (d, 1H, J = 7.0 Hz), 5.86 (d, 1H, J =
15.7 Hz), 4.89 (dm, 1H, J = 8.9 Hz), 4.40–4.30 (m, 2H),
4.21 (q, 2H, J = 7.1 Hz), 3.73 (s, 3H), 3.61 (dt, 1H, J = 10.8,
2.5 Hz), 3.03 (dd, 1H, J = 10.8, 4.8 Hz), 2.84–2.74 (m, 1H),
2.30 (q, 2H, J = 6.9 Hz), 2.00 (s, 3H), 1.99–1.78 (m, 3H),
1.72–1.60 (m, 1H), 1.57 (s, 1H), 1.29 (t, 3H, J = 7.1 Hz),
0.93 (d, 3H, J = 7.1 Hz). More polar isomer: IR (neat, cm–1):
3480, 1732, 1658. 1H NMR (CDCl3) δ: 6.95 (dt, 1H, J =
15.7, 7.0 Hz), 6.19 (d, 1H, J = 6.8 Hz), 5.86 (d, 1H, J =
15.7 Hz), 4.54 (dm, 1H, J = 10.2 Hz), 4.42–4.29 (m, 2H),
4.22 (q, 2H, J = 7.1 Hz), 3.73 (s, 3H), 3.67 (dm, 1H, J =
11.4 Hz), 2.95 (dd, 1H, J = 11.4, 5.1 Hz), 2.79–2.69 (m,
1H), 2.34–2.23 (m, 2H), 2.04 (d, 3H, J = 2.5 Hz), 2.00–1.55
(m, 4H), 1.30 (t, 3H, J = 7.1 Hz), 0.94 (d, 3H, J = 7.1 Hz).
LR-MS (m/z (relative intensity)): 406 ([M]+, 15), 297 (50),
175 (100). HR-MS calcd. for C22H30O7: 406.1991; found:
406.1999.

Each alcohol was then oxidized separately. Flash chroma-
tography on silica gel eluting with EtOAc and hexanes
(30:70) gave a colourless oil. Aldehyde 38a with the α-chain

(180 mg, 87%): IR (neat, cm–1): 2728, 1738, 1714, 1694. 1H
NMR (CDCl3) δ: 9.53 (s, 1H), 7.04 (d, 1H, J = 6.3 Hz), 6.97
(dt, 1H, J = 15.7, 7.0 Hz), 5.87 (d, 1H, J = 15.7 Hz), 4.94
(dm, 1H, J = 8.7 Hz), 4.19 (q, 2H, J = 7.1 Hz), 3.74 (s, 3H),
3.61 (dt, 1H, J = 8.5, 2.6 Hz), 3.15 (dd, 1H, J = 8.5, 4.5 Hz),
2.97–2.86 (m, 1H), 2.31 (q, 2H, J = 7.0 Hz), 2.00–1.82 (m,
3H), 1.79 (s, 3H), 1.78–1.60 (m, 1H), 1.27 (t, 3H, J =
7.1 Hz), 1.16 (d, 3H, J = 7.2 Hz). LR-MS (m/z (relative in-
tensity)): 422 ([M + NH4], 15), 405 ([M + H+], 100). HR-
MS calcd. for C22H29O7: 405.1913; found: 405.1911. Alde-
hyde 38b with the β-chain (52 mg, 100%): 1H NMR
(CDCl3) δ: 9.55 (s, 1H), 6.96 (d, 1H, J = 5.6 Hz), 6.95 (dt,
1H, J = 15.6, 7.0 Hz), 5.86 (d, 1H, J = 15.6 Hz), 4.66 (dm,
1H, J = 9.7 Hz), 4.18 (q, 2H, J = 7.1 Hz), 3.73 (s, 3H), 3.63
(dt, 1H, J = 7.4, 2.2 Hz), 3.27 (dd, 1H, J = 7.4, 4.8 Hz),
2.82–2.72 (m, 1H), 2.34–2.25 (m, 2H), 1.96–1.75 (m, 3H),
1.79 (d, 3H, J = 2.2), 1.72–1.60 (m, 1H), 1.27 (t, 3H, J =
7.1 Hz), 1.22 (d, 3H, J = 7.2 Hz).

Cycloadducts 14β-39a and 14α-39a
Followed the same procedure as per the preparation of

cycloadduct 39b. The crude mixture was purified by flash
chromatography (mixture of hexanes:EtOAc, 15:1) to pro-
vide 145 mg (84%) of cycloadducts as an approximate 4:1
mixture of two separable diastereomers. 14α-39a: 1H NMR
(CDCl3) δ: 7.7–7.3 (m, 10H), 6.51 (d, 1H, J = 0.5 Hz), 5.80
(ddt, 1H, J = 17.0, 10.3, 6.6 Hz), 5.28 (t, 1H, J = 6.8 Hz),
4.97 (dt, 1H, J = 17.0, 1.0 Hz), 4.90 (dt, 1H, J = 10.3,
1.0 Hz), 4.78 (dd, 1H, J = 7.8, 0.5 Hz), 4.09 (m, 1H), 3.88
(dq, 1H, J = 9.5, 7.0 Hz), 3.55 (dq, 1H, J = 9.5, 7.0 Hz),
2.40–2.33 (m, 1H), 2.21–2.17 (m, 3H), 2.06–1.87 (m, 3H),
1.85–1.77 (m, 2H), 1.48–1.37 (m, 1H), 1.36–1.28 (m, 3H),
1.23–1.07 (m, 2H), 1.21 (t, 3H, J = 7.0 Hz), 1.09 (s, 9H). 14
β-39a: 1H NMR (CDCl3) δ: 7.7–7.3 (m, 10H), 6.60 (d, 1H,
J = 0.5 Hz), 5.81 (ddt, 1H, J = 17.0, 10.3, 6.6 Hz), 5.08–
4.90 (m, 3H), 4.94 (dd, 1H, J = 7.8, 0.5 Hz), 4.03 (m, 1H),
3.96 (dq, 1H, J = 9.5, 7.0 Hz), 3.11 (dq, 1H, J = 9.5,
7.0 Hz), 2.55–2.41 (m, 1H), 2.25–2.00 (m, 4H), 1.85–1.79
(m, 1H), 1.77–1.20 (m, 9H), 1.27 (t, 3H, J = 7.0 Hz), 1.05
(s, 9H).

Cycloadducts 14β-39b and 14α-39b
To a stirred solution of aldehyde 20b (307 mg,

0.990 mmol) and ethyl vinyl ether (4.6 mL) was added
Yb(FOD)3 (127 mg, 0.120 mmol) at room temperature. The
reaction mixture was stirred for 1 day before a solution of
brine was added. This mixture was stirred for about 1 h then
separated and the product extracted with ethyl ether, dried
over MgSO4, filtered, and concentrated. The crude mixture
was purified by flash chromatography (mixture of hexanes:
EtOAc, 15:1) to provide 308 mg (81%) of cycloadducts as
an approximate 1:1 mixture of inseparable diastereomers. IR
(neat, cm–1): 3076, 1640. 1H NMR (CDCl3) δ: 7.35–7.24 (m,
5H), 1 isomer 6.44 (d, 1H, J = 2.1 Hz), one isomer 6.39 (d,
1H, J = 1.9 Hz), 5.80 (ddt, 1H, J = 17.0, 10.3, 6.6 Hz),
5.34–5.26 (m, 1H), 5.03–4.91 (m, 2H), 4.85–4.81 (m, 1H),
one isomer 4.67 (d, 1H, J = 11.4 Hz), one isomer 4.64 (d,
1H, J = 12.1 Hz), one isomer 4.47 (d, 1H, J = 11.4 Hz), one
isomer 4.42 (d, 1H, J = 12.2 Hz), 4.01–3.91 (m, 1H), one
isomer 3.64–3.61 (m, 1H), 3.61–3.53 (m, 1H), one isomer
3.20–3.12 (m, 1H), one isomer 2.64 (dt, 1H, J = 14.3,

© 2003 NRC Canada

104 Can. J. Chem. Vol. 81, 2003

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8101\V02-196.vp
Friday, January 24, 2003 8:28:54 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



3.5 Hz), 2.54–1.94 (m, 7H), 1.83–1.74 (m, 1H), 1.63–1.52
(m, 1H), 1.44–1.29 (m, 5H), 1.26 (t, 3H, J = 7.1 Hz). 13C
NMR (CDCl3) δ: 138.9 (d), 138.6 (s), 136.7 (d), 136.4 (d),
134.3 (s), 133.9 (s), 128.4 (d), 128.2 (d), 127.8 (d), 127.6
(d), 127.3 (d), 122.3 (d), 121.5 (d), 116.8 (s), 116.2 (s),
114.2 (t), 100.1 (d), 99.9 (d), 82.5 (d), 74.1 (d), 73.7 (d),
71.0 (t), 70.5 (t), 64.5 (t), 64.4 (t), 39.9 (d), 38.8 (d), 33.7
(t), 33.5 (t), 30.9 (t), 30.1 (t), 29.4 (t), 28.5 (t), 27.7 (t), 27.6
(t), 27.4 (t), 25.4 (t), 21.3 (t), 15.2 (q). LR-MS (m/z (relative
intensity)): 382 ([M]+, 40), 91 (100). HR-MS calcd. for
C25H34O3: 382.2520; found: 382.2553.

Cycloadducts 40a–c
These cycloadducts were not isolated because they spon-

taneously underwent the subsequent intramolecular cyclo-
addition. Their stereochemistries were therefore deduced
from the isolation of tetracycles 48–51.

Cycloadduct 41
Aldehyde 34 (140 mg, 0.50 mmol) was dissolved in ethyl

vinyl ether (5 mL) and Yb(FOD)3 (79 mg, 0.075 mmol) was
added. After 12 h, the solvant was evaporated and a colour-
less oil was obtained (260 mg). Flash chromatography on
silica gel eluting with EtOAc and hexanes (10:90) yielded
41 as a white crystalline compound (167 mg, 95%). IR
(neat, cm–1): 2975, 1733, 1640, 1164, 1132. 1H NMR (C6D6)
δ: 6.47 (d, 1H, J = 2.3 Hz), 4.83 (dd, 1H, J = 9.3, 2.9 Hz),
4.21 (d, 1H, J = 3.1 Hz), 3.90 (dq, 1H, J = 9.5, 7.1 Hz),
3.38–3.27 (m, 2H), 3.32 (s, 3H), 3.32 (s, 3H), 2.36–2.24 (tm,
1H, J = 11.6 Hz), 1.97 (ddd, 1H, J = 12.7, 4.5, 3.1 Hz), 1.80
(s, 3H), 1.76 (s, 3H), 1.75–1.65 (m, 1H), 1.57–1.46 (m, 1H),
1.10 (t, 3H, J = 7.1 Hz), 0.91 (d, 3H, J = 6.5 Hz). 13C NMR
(C6D6) δ: 175.2 (s), 174.8 (s), 141.6 (d), 129.1 (s), 124.6 (s),
114.2 (s), 100.6 (d), 64.5 (t), 52.1 (q), 51.5 (q), 51.1 (d),
47.1 (d), 36.6 (d), 35.5 (d), 33.4 (t), 23.8 (q), 21.7 (q), 17.7
(q), 15.7 (q). LR-MS (m/z (relative intensity)): 352 ([M]+,
60), 221 (80), 189 (50), 161 (100), 129 (40), 91 (40). HR-
MS calcd. for C28H28O: 352.1886; found: 352.1875.

Cycloadducts 42a and 42b
Each aldehyde 36a and 36b were separately submitted to

the same protocol as per cycloadduct 41. Each crude product
was purified by flash chromatography on silica gel eluting
with EtOAc and hexanes (30:70) to give a white powder.
Cycloadduct 42a: IR (neat, cm–1): 2977, 1735, 1626. 1H
NMR (C6D6) δ: 6.02 (d, 1H, J = 2.3 Hz), 4.74 (dd, 1H, J =
7.5, 3.0 Hz), 4.24 (qd, 1H, J = 7.7, 1.9 Hz), 4.20–4.01 (m,
2H), 3.80 (qd, 1H, J = 9.4, 7.1 Hz), 3.52 (dt, 1H, J = 11.9,
2.5 Hz), 3.31 (qd, 1H, J = 9.4, 7.1 Hz), 3.09 (dd, 1H, J =
11.9, 4.8 Hz), 2.16–2.07 (m, 1H), 1.90–1.82 (m, 1H), 1.74–
1.58 (m, 2H), 1.41 (d, 3H, J = 1.9 Hz), 1.11 (t, 3H, J =
7.1 Hz), 1.07–1.02 (m, 6H), 0.90 (d, 3H, J = 7.2 Hz). LR-
MS (m/z (relative intensity)): 364 ([M]+, 10), 318 (90), 78
(100). HR-MS calcd. for C20H28O6: 364.1886; found:
364.1888. Cycloadduct 42b: 1H NMR (C6D6) δ: 6.12 (d, 1H,
J = 2.2 Hz), 4.73 (dd, 1H, J = 7.4, 2.6 Hz), 4.28 (qd, 1H, J =
6.8, 1.2 Hz), 4.25–4.02 (m, 2H), 3.79 (qd, 1H, J = 9.4,
7.1 Hz), 3.72 (dt, 1H, J = 11.6, 1.9 Hz), 3.31 (qd, 1H, J =
9.4, 7.1 Hz), 3.07 (dd, 1H, J = 11.6, 6.0 Hz), 2.12–2.01 (m,
1H), 1.93–1.85 (m, 1H), 1.73 (ddd, 1H, J = 13.1, 5.9,
2.6 Hz), 1.62–1.52 (m, 1H), 1.30 (d, 3H, J = 2.4 Hz), 1.10

(t, 3H, J = 7.0 Hz), 1.06 (t, 3H, J = 7.1 Hz), 1.01 (d, 3H, J =
6.8 Hz), 0.89 (d, 3H, J = 7.1 Hz).

Cycloadducts 43a and 43b
Followed the same procedure as per 42a and 42b. Isomers

38a and 38b were reacted separately. Flash chromatography
on silica gel eluting with EtOAc and hexanes (30:70) gave a
white powder. Cycloadduct 43a having the α-chain (41 mg,
72%): 1H NMR (C6D6) δ: 6.89 (dt, 1H, J = 15.7, 6.9 Hz),
6.18 (d, 1H, J = 1.6 Hz), 5.80 (d, 1H, J = 15.7 Hz), 4.74 (dd,
1H, J = 7.4, 2.6 Hz), 4.19 (dm, 1H, J = 10.8 Hz), 4.16 (q,
1H, J = 7.1 Hz), 4.07 (q, 1H, J = 7.1 Hz), 3.81 (dq, 1H, J =
9.4, 7.1 Hz), 3.74 (dt, 1H, J = 11.3, 2.3 Hz), 3.45 (s, 3H),
3.32 (dq, 1H, J = 9.4, 7.0 Hz), 3.05 (dd, 1H, J = 11.3,
5.7 Hz), 2.07–1.94 (m, 2H), 1.79–1.71 (m, 1H), 1.70–1.52
(m, 3H), 1.48–1.20 (m, 4H), 1.36 (d, 3H, J = 2.3 Hz), 1.11
(t, 3H, J = 7.0 Hz), 1.06 (t, 3H, J = 7.1 Hz), 0.89 (d, 3H, J =
6.7 Hz). 13C NMR (C6D6) δ: 173.4 (s), 171.1 (s), 166.6 (s),
148.6 (d), 142.1 (d), 128.8 (s), 126.0 (s), 125.1 (s), 121.8
(d), 99.0 (d), 82.9 (d), 64.2 (t), 60.7 (t), 51.0 (q), 45.0 (d),
39.5 (d), 35.6 (d), 34.5 (d), 33.6 (t), 31.5 (t), 30.9 (t), 24.3
(t), 17.0 (q), 16.6 (q), 15.3 (q), 14.3 (q). Cycloadduct 43b
having the β-chain (40 mg, 71%): IR (neat, cm–1): 2955,
1729, 1630. 1H NMR (C6D6) δ: 6.97 (dt, 1H, J = 15.7,
6.9 Hz), 6.09 (d, 1H, J = 2.2 Hz), 5.85 (d, 1H, J = 15.7 Hz),
4.76 (dd, 1H, J = 7.8, 2.7 Hz), 4.21 (dm, 1H, J = 7.2 Hz),
4.15 (q, 1H, J = 7.1 Hz), 4.08 (q, 1H, J = 7.1 Hz), 3.82 (dq,
1H, J = 9.4, 7.1 Hz), 3.60 (dt, 1H, J = 11.7, 2.2 Hz), 3.45 (s,
3H), 3.33 (dq, 1H, J = 9.4, 7.1 Hz), 3.11 (dd, 1H, J = 11.7,
5.0 Hz), 2.17–2.07 (m, 1H), 1.98–1.90 (m, 1H), 1.77–1.59
(m, 4H), 1.54–1.40 (m, 1H), 1.42 (d, 3H, J = 2.2 Hz), 1.39–
1.15 (m, 3H), 1.12 (t, 3H, J = 7.1 Hz), 1.05 (t, 3H, J =
7.1 Hz), 0.93 (d, 3H, J = 7.2 Hz). 13C NMR (C6D6) δ: 173.4
(s), 171.9 (s), 166.7 (s), 148.9 (d), 142.5 (d), 129.2 (s), 129.2
(s), 127.8 (s), 121.7 (d), 99.3 (d), 79.3 (d), 64.1 (t), 60.7 (t),
51.0 (q), 43.2 (d), 41.6 (d), 36.6 (d), 34.7 (d), 34.1 (t), 31.8
(t), 31.1 (t), 24.1 (t), 17.0 (q), 15.3 (q), 14.7 (q), 14.2 (q).
LR-MS (m/z (relative intensity)): 476 ([M]+, 1), 432 (65),
305 (100). HR-MS calcd. for C26H37O8: 477.2488; found:
477.2477.

Tetracycles 53a and 53b
Aldehyde 24a underwent the same procedure as per the

formation of cycloadduct 41. The crude tetracycles 48
(186 mg, 0.384 mmol) were isolated in 92% combined yield
but only two could be obtained pure and characterized.
Therefore, the crude mixture was mixed with LiAlH4
(32 mg, 0.844 mmol) in THF (4 mL). The yield of the com-
bined reduced tetracycles was 80% and the yield of pure
tetracycle 53 was 45 mg (21% for two steps) and the yield of
53b was 30 mg (14% for two steps). Tetracycle 53a: mp
131.4°C. IR (CHCl3, cm–1): 3506, 3008, 2927, 2857, 1612,
1513, 1380, 1249, 1066, 1035. 1H NMR (C6D6) δ: 7.24 (d,
2H, J = 8.6 Hz), 6.78 (d, 2H, J = 8.6 Hz), 4.52 (d, 1H, J =
11.4 Hz), 4.44 (dd, 1H, J = 9.6, 2.1 Hz), 4.23 (d, 1H, J =
11.4 Hz), 4.07–4.02 (m, 1H), 3.90 (dd, 1H, J = 9.4, 3.0 Hz),
3.87 (dq, 1H, J = 9.3, 7.0 Hz), 3.67–3.66 (m, 1H), 3.32 (dq,
1H, J = 9.3, 7.0 Hz), 3.28 (s, 3H), 3.01 (ddd, 1H, J = 11.5,
8.3, 3.2 Hz), 2.95 (bs, 1H), 2.63 (ddd, 1H, J = 12.6, 4.8,
2.1 Hz), 2.36 (m, 1H), 2.00–1.93 (m, 1H), 1.83–1.78 (m,
3H), 1.66–1.61 (m, 2H), 1.59–1.26 (m, 5H), 1.25 (s, 3H),
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1.24–1.00 (m, 3H), 1.06 (t, 3H, J = 7.0 Hz), 0.79–0.70 (m,
1H). 13C NMR (acetone d-6) δ: 160.6 (s), 135.2 (s), 132.8
(s), 130.6 (d), 129.2 (s), 114.9 (d), 103.1 (d), 82.0 (d), 74.1
(d), 71.4 (t), 64.9 (t), 63.6 (t), 56.0 (q), 49.7 (d), 47.9 (d),
45.8 (d), 43.1 (d), 40.4 (t), 38.5 (t), 35.2 (d), 30.1 (t), 28.3
(t), 27.9 (t), 27.0 (t), 24.4 (q), 16.2 (q). LR-MS (m/z (relative
intensity)): 456 ([M]+, 5), 121 (100), 122 (89). HR-MS
calcd. for C28H40O5: 456.2876; found: 456.2868. X-ray data
can be found in the supplementary material.3 Tetracycle
53b: 1H NMR (C6D6) δ: 7.25 (d, 2H, J = 8.6 Hz), 6.86 (d,
2H, J = 8.6 Hz), 5.00 (t, 1H, J = 7.3 Hz), 4.60 (d, 1H, J =
11.2 Hz), 4.37–4.33 (m, 2H), 3.84–3.74 (m, 1H), 3.79 (s,
3H), 3.68–3.61 (m, 1H), 3.49 (dq, 1H, J = 9.8, 7.0 Hz), 3.24
(dd, 1H, J = 11.2, 2.6 Hz), 3.08 (ddd, 1H, J = 11.6, 8.5,
3.1 Hz), 2.59 (ddd, 1H, J = 13.5, 7.0, 4.0 Hz), 2.35–2.10 (m,
4H), 2.07–1.96 (m, 2H), 1.90–1.81 (m, 2H), 1.57–1.40 (m,
5H), 1.21 (t, 3H, J = 7.1 Hz), 1.17–0.99 (m, 3H), 0.96 (d,
3H, J = 7.0 Hz), 0.73–0.66 (m, 1H).

Tetracycles 49a and 49b
Aldehyde 25 underwent the same treatment as per the for-

mation of cycloadduct 41. A mixture of tetracyles 49a and
49b was isolated and purified by flash chromatography on
silica gel eluting with EtOAc and hexanes (1:3) in 84% com-
bined yield. Of this mixture, 49a and 49b could be isolated
in pure form in 12 and 7%, respectively (the reported ratio
was determined by GC from the crude mixture after charac-
terization of the pure compounds). In this particular case,
some of the precursor 13β,14β-40c (starting material) could
be isolated pure. When 13β,14β-40c was refluxed in benzene
overnight, it gave 97% of pure tetracycle 49a and 49b (same
2:1 ratio). Tetracycle 49a: mp 159.4°C. IR (cm–1): 3499,
1738, 1434. 1H NMR (CDCl3) δ: 4.50 (dd, 1H, J = 9.7,
1.8 Hz), 3.84–3.77 (m, 2H), 3.65 (s, 3H), 3.47–3.39 (m, 2H),
2.67 (dd, 1H, J = 11.9, 7.2 Hz), 2.36–2.29 (m, 1H), 2.15–
2.00 (m, 4H), 1.96–1.76 (m, 3H), 1.67–1.58 (m, 3H), 1.50–
1.21 (m, 4H), 1.17 (t, 3H, J = 7.1Hz), 1.02–0.89 (m, 1H),
0.83 (d, 3H, J = 6.1 Hz). 13C NMR (CDCl3) δ: 173.4 (s),
132.8 (s), 124.6 (s), 101.5 (d), 73.3 (d), 69.4 (d), 63.7 (t),
50.9 (q), 49.0 (d), 44.3 (d), 43.0 (d), 41.9 (d), 39.9 (d), 37.6
(t), 36.5 (t), 31.2 (t), 29.2 (t), 26.7 (t), 20.6 (q), 15.0 (q). LR-
MS (m/z (relative intensity)): 363 ([M+ – H], 5), 318 (70),
301 (100). HR-MS calcd. for C21H31O5: 363.2171; found:
363.2180. Anal. calcd. for C21H32O5: C 69.20, H 8.85, O
21.95; found: C 69.25, H 8.80. Tetracycle 49b: 1H NMR
(CDCl3) δ: 4.95 (t, 1H, J = 7.2 Hz), 4.28–4.25 (m, 1H), 3.75
(dq, 1H, J = 9.8, 7.1 Hz), 3.66 (s, 3H), 3.46 (dq, 1H, J = 9.8,
7.1 Hz), 3.45–3.36 (m, 1H), 2.91 (t, 1H, J = 8.4 Hz), 2.49
(ddd, 1H, J = 13.6, 6.8, 4.2 Hz), 2.37–2.30 (m, 1H), 2.16–
2.05 (m, 2H), 2.02–1.77 (m, 4H), 1.69–1.58 (m, 4H), 1.56–
1.42 (m, 4H), 1.28–1.23 (m, 1H), 1.19 (t, 3H, J = 7.1 Hz),
0.92 (d, 3H, J = 7.1 Hz).

Tetracycle 51a
Followed the same procedure as per cycloadduct 41, start-

ing with aldehyde 25. IR (cm–1): 3499, 1738, 1434. 1H NMR

(CDCl3) δ: 4.61 (dd, 1H, J = 8.2, 2.3 Hz), 4.03–4.01 (m,
1H), 3.88–3.86 (m, 1H), 3.84 (dq, 1H, J = 9.5, 7.1 Hz), 3.66
(s, 3H), 3.44 (dq, 1H, J = 9.5, 7.0 Hz), 2.73 (dd, 1H, J =
11.5, 7.1 Hz), 2.50–2.47 (m, 1H), 2.28–2.20 (m, 2H), 2.15–
2.07 (m, 1H), 1.99–1.69 (m, 5H), 1.65–1.44 (m, 4H), 1.38–
1.20 (m, 2H), 1.17 (t, 3H, J = 7.1 Hz), 1.12–1.02 (m, 1H),
0.85 (d, 3H, J = 6.5 Hz). 13C NMR (CDCl3) δ: 174.3 (s),
133.0 (s), 123.3 (s), 100.2 (d), 69.8 (d), 66.6 (d), 63.1 (t),
51.1 (q), 49.6 (d), 43.5 (d), 39.6 (d), 38.8 (d), 36.3 (t), 32.3
(t), 29.0 (t), 26.4 (t), 21.5 (t), 20.6 (q), 15.0 (q). LR-MS (m/z
(relative intensity)): 363 ([M+ – H], 5), 318 (70), 301 (100).
HR-MS calcd. for C21H31O5: 363.2171; found: 363.2180.
Anal. calcd. for C21H32O5: C 69.20, H 8.85, O 21.95; found:
C 69.16, H 8.81. X-ray data can be found in the supplemen-
tary material.3

Tetracycle 52b
Followed the same procedure as per cycloadduct 41, start-

ing with aldehyde 24b. Flash chromatography yielded
414 mg (82%) of 52 as a mixture of two tetracycles of
which only the one with the 14α-stereochemistry could be
isolated pure. Therefore, the crude mixture (440 mg,
0.62 mmol) was treated with a 1.0 M solution of TBAF
(2.5 mL, 2.5 mmol) in THF (1 mL). The mixture was
refluxed for 4 h before being cooled and concentrated to
dryness. The crude residue was purified by flash chromatog-
raphy (hexanes:EtOAc, 3–1:1) to give 69 mg (24%) of the
TBS-hydrolysis product 52b and 205 mg (70%) of its
stereoisomers as amorphous solids for a combined yield of
94%. Tetracycle 52b: IR (film, cm–1): 3482, 2925, 1736. 1H
NMR (C6D6) δ: 7.25–7.07 (m, 5H), 4.43 (dd, 1H, J = 9.4,
1.9 Hz), 4.38 (s, 2H), 3.91 (dq, 1H, J = 9.5, 7.1 Hz), 3.80–
3.78 (m, 1H), 3.55–3.52 (m, 1H), 3.48 (s, 3H), 3.39 (dq, 1H,
J = 9.5, 7.1 Hz), 3.26 (dd, 1H, J = 8.0, 2.3 Hz), 2.59 (dd,
1H, J = 12.0, 7.7 Hz), 2.44–2.37 (m, 3H), 2.05–1.99 (m,
1H), 1.91–1.51 (m, 5H), 1.49–1.19 (m, 5H), 1.14 (t, 3H, J =
7.1 Hz), 0.99 (s, 3H), 0.87–0.76 (m, 1H). 13C NMR (C6D6)
δ: 172.7 (s), 139.5 (s), 130.6 (s), 128.6 (d), 128.3 (d), 127.7
(d), 126.2 (s), 101.9 (d), 76.7 (d), 74.1 (d), 71.6 (t), 69.4 (d),
63.7 (t), 50.6 (q), 49.3 (d), 43.7 (d), 42.8 (d), 40.5 (d), 39.2
(d), 37.6 (t), 36.9 (t), 30.8 (t), 29.8 (t), 26.9 (t), 21.1 (q),
15.5 (q). LR-MS (m/z (relative intensity)): 424 ([M+ –
EtOH], 35), 91 (100), 315 (72). HR-MS calcd. for C26H32O5:
424.2250; found: 424.2248.

Tetracycle 54
Tetracycle 49b (42 mg, 0.116 mmol) was mixed with

imidazole (20 mg, 0.29 mmol), TBSCl (23 mg, 0.151 mmol)
in CH2Cl2 (0.5 mL). The mixture was stirred overnight and
quenched with water. The aqueous layer was extracted with
CH2Cl2 and the combined organic fractions were washed
with brine, dried over MgSO4, filtered, and concentrated un-
der reduced pressure. Flash chromatography on silica gel
(hexanes:EtOAc, 6:1) of the crude product gave 54 (50 mg,
90%). 1H NMR (CDCl3) δ: 4.93 (t, 1H, J = 7.2 Hz), 4.28–
4.25 (m, 1H), 3.76 (dq, 1H, J = 9.7, 7.1 Hz), 3.66 (s, 3H),
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3.45 (dq, 1H, J = 9.7, 7.1 Hz), 3.44–3.34 (m, 1H), 2.89 (t,
1H, J = 8.6 Hz), 2.43–2.27 (m, 2H), 2.18–2.07 (m, 1H),
2.05–1.82 (m, 6H), 1.70–1.55 (m, 3H), 1.51–1.44 (m, 3H),
1.20 (t, 3H, J = 7.1 Hz), 1.14–1.08 (m, 1H), 0.91 (d, 3H, J =
7.1 Hz), 0.88 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H). X-ray data
can be found in the supplementary material.3

Tetracycles 55a and 55b
Tetracycle 50b was reduced following the procedure for

the reduction of 48a. The alcohol 55a was isolated in 80%
yield (51 mg). 1H NMR (CDCl3) δ: 7.24 (d, 2H, J = 8.6 Hz),
6.86 (d, 2H, J = 8.6 Hz), 5.02 (t, 1H, J = 7.3 Hz), 4.55 (d,
1H, J = 11.9 Hz), 4.43–4.42 (m, 1H), 4.35 (d, 1H, J =
11.9 Hz), 3.84–3.74 (m, 1H), 3.79 (s, 3H), 3.68–3.60 (m,
2H), 3.48 (dq, 1H, J = 9.8, 7.0 Hz), 3.29 (dd, 1H, J = 11.1,
2.6 Hz), 2.36–2.31 (m, 1H), 2.17–1.89 (m, 9H), 1.76 (d, 1H
t, J = 13.8, 7.8 Hz), 1.57–1.39 (m 5H), 1.21 (t, 3H, J =
7.0 Hz), 1.09–0.98 (m, 1H), 0.95 (d, 3H, J = 7.1 Hz), 0.78–
0.72 (m, 1H). Alcohol 55a was protected, as per the protec-
tion of tetracycle 49b, which gave 55b (186 mg, 100%); mp
221.8°C. IR (cm–1): 3007, 2929, 2856, 1612, 1513, 1249,
1059, 1036. 1H NMR (CDCl3) δ: 7.24 (d, 2H, J = 8.6 Hz),
6.85 (d, 2H, J = 8.6 Hz), 4.97 (t, 1H, J = 7.2 Hz), 4.54 (d,
1H, J = 11.9 Hz), 4.36 (d, 1H, J = 11.9 Hz), 4.21–4.19 (m,
1H), 3.87 (dd, 1H, J = 9.5, 4.4 Hz), 3.79 (s, 3H), 3.76 (dq,
1H, J = 9.9, 7.1 Hz), 3.58–3.56 (m, 1H), 3.48 (dq, 1H, J =
9.9, 7.1 Hz), 3.23 (t, 1H, J = 9.5 Hz), 2.25–2.20 (m, 1H),
2.12–1.88 (m, 9H), 1.66 (dt, 1H, J = 13.7, 7.3 Hz), 1.51 (bs,
3H), 1.47–1.33 (m, 2H), 1.19 (t, 3H, J = 7.1 Hz), 1.15–1.07
(m, 1H), 0.92 (d, 3H, J = 7.1 Hz), 0.87 (s, 9H), 0.01 (d, 6H,
J = 2.2 Hz). 13C NMR (CDCl3) δ: 158.9 (s), 131.1 (s), 129.5
(s), 129.3 (d), 113.6 (d), 98.1 (d), 72.3 (d), 69.9 (t), 66.8 (d),
64.3 (t), 62.5 (t), 55.3 (q), 43.6 (d), 43.4 (d), 34.2 (d), 33.8
(d), 33.2 (t), 33.1 (d), 30.9 (t), 30.2 (t), 25.9 (q), 25.5 (t),
20.9 (t), 20.2 (t), 18.2 (s), 15.4 (q), 13.4 (q), –5.2 (q). LR-
MS (m/z (relative intensity)): 524 ([M+ – C2H6O], 15), 74
(100), 403 (93). HR-MS calcd. for C32H48O4Si: 524.3322;
found: 524.3318. X-ray data can be found in the supplemen-
tary material.3

Tetracycles 56
Cycloadduct 41 (97 mg, 0.28 mmol), hydroquinone

(1.5 mg, 0.014 mmol), and methyl acrylate (0.25 mL,
2.8 mmol) were dissolved in m-xylene (10 mL). The solu-
tion was heated to reflux for 5 days. Methyl acrylate
(0.25 mL, 2.8 mmol) was added and reflux was continued
for 2 days. Methyl acrylate (0.25 mL, 2.8 mmol) was added
one last time and reflux was continued 1 more day and the
reaction was monitored by TLC. The solvent was evaporated
to give a yellow oil (150 mg). Flash chromatography on sil-
ica gel eluting with EtOAc and hexanes (20:80) gave 56 as a
colourless oil (82 mg, 66%) containing two separable
diastereomers. First isomer: 1H NMR (C6D6) δ: 4.82–4.71
(m, 2H), 4.00–3.87 (m 1H), 3.81–3.75 (m, 1H), 3.44 (s, 3H),
3.43–3.33 (m, 1H), 3.30 (s, 3H), 3.27 (s, 3H), 3.01–2.90 (m,
2H), 2.02–1.87 (m, 2H), 1.75–1.34 (m, 3H), 1.24 (t, 3H, J =
7.0 Hz), 1.20–0.98 (m, 1H), 0.95 (s, 3H), 0.94 (s, 3H), 0.83
(d, 3H, J = 6.6 Hz). Second isomer: IR (neat, cm–1): 2954,
1738, 1435. 1H NMR (C6D6) δ: 4.71 (m, 1H, J = 8.7,
5.4 Hz), 4.49 (dm, 1H, J = 7.3 Hz), 3.92–3.85 (m, 1H),
3.84–3.72 (m, 1H), 3.50 (s, 3H), 3.33–3.23 (m, 1H), 3.27 (s,

6H), 3.03–2.96 (m, 2H), 2.09–1.90 (m, 3H), 1.87–1.75 (m,
1H), 1.57–1.45 (m, 2H), 1.15 (t, 3H, J = 7.1 Hz), 1.00 (s,
3H), 0.93 (d, 3H, J = 6.7 Hz), 0.80 (s, 3H). 13C NMR (C6D6)
δ: 174.4 (s), 173.3 (s), 172.1 (s), 135.7 (s), 134.2 (s), 98.4
(d), 63.2 (d), 62.4 (t), 51.7 (q), 51.5 (q), 51.2 (q), 50.9 (d),
44.5 (d), 41.0 (d), 33.0 (t), 36.8 (d), 36.1 (d), 34.4 (t), 32.3
(s), 27.2 (q), 26.8 (q), 19.4 (q), 15.4 (q). LR-MS (m/z (rela-
tive intensity)): 456 ([M + NH4], 5), 437 ([M – 1], 30), 393
(100), 361 (70). HR-MS calcd. for C23H33O8: 437.2175;
found: 437.2159.

Conclusion

We have successfully completed an in-depth study of the
stereochemical aspect of the cycloadditions involved in the
diene-transmissive Diels–Alder strategy. The results clearly
show that the stereochemistry of both cycloadditions can be
controlled by proper positioning of susbtituents in the pre-
cursors. The study also procured useful information about
what structural features should be avoided in the
cycloaddition precursors that lead to lower selectivity. Im-
portantly, we were able to construct vinyl allene precursors
possessing the C-10 methyl group and showed that those
precursors underwent two highly stereoselective Diels–Alder
cycloadditions. We were not yet able, however, to effect the
third and last Diels–Alder reaction in those systems. Current
investigations are aimed at solving this difficulty.
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From T-antigen to plasmalogen-derived aldehydes:
The identification of a marker of colorectal cancer
in human rectal mucous

Jiri J. Krepinsky, Gabor P. Kandel, Ka Sing Yeung, Jacek Chociej, Min Chen,
Gideon Cohen, Stephen P. Douglas, Rudolf Furrer, Vishal Kukreti,
Niculina Lupescu, Enoka Richens, and Keith L. Tanner

Abstract: Recently, a simple noninvasive screening test for colorectal cancer was proposed, based on a hypothesis in-
volving galactose-containing carbohydrate moieties such as the Thomsen–Friedenreich antigen. According to the hy-
pothesis, such carbohydrate moieties, present in the human rectal mucous of patients with colorectal cancer, can be
specifically oxidized with galactose oxidase to form substances that, upon reaction with Schiff reagent, yield purple
(magenta) coloured compounds. While evaluating this proposed test, we discovered that the colour formation is not due
to the proposed reaction between oxidized galactose moieties present in rectal mucous and Schiff reagent. We found in-
stead that the mucous from colorectal cancer patients contains compounds that form purple (magenta) adducts with the
Schiff reagent directly, i.e., they do not require oxidation by galactose oxidase. We have identified these compounds as
long-chain aliphatic aldehydes, mainly palmitic aldehyde C15H31CH=O and stearic aldehyde C17H35CH=O. We have
further found that the aldehydes originate from plasmalogens present in the phospholipid fraction of the mucous ob-
tained from colorectal cancer patients. The aldehydes, present in plasmalogens as enol ethers, are released by the acid-
ity of the Schiff reagent and in turn react with the Schiff reagent to form the coloured adducts. Correct identification
of these markers could lead to the development of a more accurate colorectal cancer screening tool and to a deeper un-
derstanding of colorectal carcinogenesis.

Key words: T-antigen, plasmalogen-derived aldehydes, colorectal cancer marker.

Résumé : Récemment une nouvelle méthode simple et non invasive de dépistage du cancer colorectal a été proposée;
elle est fondée sur une hypothèse impliquant des portions de sucre contenant du galactose, tel l’antigène de Thomsen–
Friedenreich. Selon cette hypothèse, de telles portions de sucre présentes dans les muqueuses rectales de patients hu-
mains atteints d’un cancer colorectal peuvent être spécifiquement oxydées par l’oxydase du galactose pour former des
substances qui réagissent avec le réactif de Schiff et qui produisent des composés colorés en violet magenta. En éva-
luant la méthode proposée, on a découvert que la formation de la couleur n’est pas due à la réaction suggérée du réac-
tif de Schiff et des portions de galactose oxydé présentes dans la muqueuse rectale. On a plutôt trouvé que la muceuse
de patients atteints de cancer colorectal contiennent des composés qui, avec le réactif de Schiff, forment directement
des adduits colorés en violet magenta, c’est-à-dire qu’il n’est pas nécessaire de procéder par l’oxydation à l’aide
d’oxydase du galactose. On a identifié ces composés comme étant des aldéhydes aliphatiques à longues chaînes carbo-
nées, principalement l’aldéhyde palmitique, C15H31CH=O, et l’aldéhyde stéarique, C17H35CH=O. On a de plus trouvé
que ces aldéhydes trouvent leur origine dans les plasmalogènes présents dans la fraction phospholipide de la muqueuse
des patients atteints de cancer colorectal. Ces aldéhydes sont présents dans le plasmalogène sous la forme d’éthers éno-
liques, ils sont libérés par l’acidité du réactif de Schiff et ils réagissent alors avec le réactif de Schiff pour former les
adduits colorés. L’identification correcte de ces marqueurs pourrait conduire au développement d’un outil de dépistage
plus précis du cancer colorectal et à une meilleure compréhension du développement de ce type de cancer.

Mots clés : antigène T, aldéhydes dérivés du plasmalogène, marqueur du cancer colorectal.

[Traduit par la Rédaction] Krepinsky et al. 117
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Introduction

Colorectal carcinoma is the second most frequent cause of
cancer mortality in men and women in industrialized coun-
tries (1, 2). Primary prevention (i.e., averting the development
of the tumour by altering risk factors) is not yet feasible,
since the etiology of the disease is not adequately under-
stood. Therefore, there has recently been a great deal of in-
terest in secondary preventive measures (i.e., detection at an
asymptomatic, curable stage).

Recently, a promising screening test was proposed. It is
based on the observation that most colorectal neoplasms ex-
press a disaccharide D-Galp(β1-3)-D-GalpNAcα1 (also called
Thomsen–Friedenreich antigen or T-antigen) — bound as an
O-glycoside to (-)-Ser or (-)-Thr (I; Scheme 1) — among the
carbohydrate components of colonic mucin. This antigen is
usually detected by applying fluorescently labeled peanut
agglutinin (PNA) (3, 4) to histological specimens obtained
from the tumour. Obviously, obtaining biopsy specimens
from neoplasms inside the colon for screening purposes is
not possible. Therefore, a technique (5) was proposed
whereby this carbohydrate marker could be detected in colo-
rectal mucous collected during digital rectal examination.
The technique further assumes that the two galactose moi-
eties in T-antigen are oxidizable by galactose oxidase to C-6
aldehydes in dialdehyde II. These two C-6 aldehydes, on
subsequent reaction with Schiff reagent (6, 7), would yield
an adduct detectable by its purple (magenta) colour (5, 8).
Other galactose-containing oligosaccharides were subsequently
added to T-antigen as carbohydrate markers of colorectal
cancer (9). In addition to being simple and noninvasive, this
technique has the advantage that it samples mucous from the
whole colorectum because mucous from the total length of
the colon flows towards the rectum. (5)

Because of the potential advantage of such a screening
test, we initiated its clinical and laboratory evaluation in
1989. In 1991 we discovered unexpectedly that colorectal
mucous from individuals with colorectal neoplasia devel-
oped a purple (magenta) colour after direct addition of
Schiff reagent to the mucous specimens, without the treat-
ment with galactose oxidase (10). The oxidation step was
somewhat puzzling, since the galactose oxidase treatment
could be shortened to 10 min (8) without any effect on the
test results, although the oxidation of a terminal galactose to
the C-6 aldehyde usually requires 15–30 min at 37°C, while
nonterminal galactose units are much less efficient substrates
(10). Seeking an explanation to why colorectal mucus from
patients with colorectal cancer developed a magenta colour
directly upon addition of Schiff reagent, we first found that
the component(s) of the mucous responsible for the colour
development (referred to as a marker in this article) were
soluble in lipophilic solvents. This suggested that the marker
could not be a carbohydrate, which should be hydrophilic.
We also found that asialofetuin (a suitable model glyco-
protein because it contains T-antigen) does not undergo a
change in colour when reacted with Schiff reagent, whether
treated with galactose oxidase or not.

Since the marker reacted with Schiff reagent directly, we
speculated that such a marker could become the basis of a
simpler and more economical screening test (11) than the
test involving galactose oxidase. The elimination of the oxi-
dation step would reduce the costs of chemicals, equipment,

and technician time. The first step toward this practical goal
was to identify the chemical structure(s) of the marker(s). In
this article we describe both the isolation and the identifica-
tion of the chemical structure of the markers. Although the
objective of this investigation has been the identification of
the chemical structure of the markers, patient data gathered
while collecting colorectal mucous in the process of the
identification of the markers are presented (cf. Fig. 1 for ex-
amples). These data suggest that further epidemiologic in-
vestigations of the usefulness of the markers in a screening
test for colorectal cancer are warranted.

Materials and methods

Materials and general procedures
Thin layer chromatography (TLC) was performed on sil-

ica gel 60 plates (thickness 0.25 mm) or preparative plates
(thickness 1 mm). Analytical plates were visualized by
spraying with 50% aq H2SO4 and heating to 200°C. Silica
gel (200–400 mesh, Toronto Research Chemicals) was used
for column chromatography. PE (brain extract) and PC
(heart extract) plasmalogens were purchased from Doosan
Serdary Research Laboratories (Toronto, Canada). Schiff re-
agent was prepared from p-rosaniline chloride (#1528, also
basic fuchsin or magenta from Sigma Chemical Co.,

© 2003 NRC Canada
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Scheme 1. Chemical formulae of T-antigen before (I) and after
(hypothesized II) oxidation with galactose oxidase, palmitic (III)
and stearic (IV) aldehydes, and plasmalogens of ethanolamine
(V) and choline (VI) types.
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St. Louis, Mo.) or from basic fuchsin (ICN, Aurora, Ohio).
Asialofetuin (A1908 and A4781) and galactose oxidase were
purchased from Sigma. HPLC was performed on a variety of
silica gel columns (5 µm, e.g., Hypersil) using a Beckman
System Gold with a Beckman UV 166P detector or a Varex
Evaporative Light Scattering Detector IIA. 1H NMR spectra
were recorded at 500 MHz with a Varian Unity spectrometer
in the NMR spectroscopy laboratory of the Molecular Medi-
cine Research Centre, University of Toronto. Spectra were
obtained in CDCl3, mixtures of CDCl3–CD3OD containing a
trace of TMS (δ = 0 ppm) as the internal standard, or D2O
and are reported using a δ (ppm) scale. Mass spectra were
recorded with VG Analytical ZAB-SE, SCIEX API III, or
Voyager-Elite MALDI (Perseptive Biosystems) mass spec-
trometers in the mass spectrometry laboratory, Molecular
Medicine Research Centre, University of Toronto. O-
(2,3,4,5,6-Pentafluorobenzyl)oximes of aldehydes were ana-
lyzed by GC–CI(–)-MS (reagent gas: ammonia) using a VG-
Trio 2A quadrupole mass spectrometer interfaced to a
Hewlett-Packard 5890 Series II gas chromatograph at the
Hospital for Sick Children, Toronto. Visible spectra were re-
corded with a Beckman DU 600 or a Varian CARY 300 Bio
UV–Vis spectrometer (in solution or on the plates in trans-
mittance mode). Reflectance scans were executed directly on
the plates with a Varian CARY 50 spectrometer with remote
reflectance probe.

Isolation of markers from surgical (colectomy) specimens

Mucous collection
Mucous was obtained from colectomy specimens from

surgeries performed in operating theatres of several hospitals

in Toronto, Ont., Canada. The colectomy specimens were
washed with water to remove blood and fecal matter 15–
20 min after surgery. Mucous was collected by gently scrap-
ing the surface with a small spatula. The scraped mucous
was placed into small plastic vials and frozen. One
colectomy specimen typically yielded 0.5–1.0 g of mucous;
some specimens, however, were much larger. To determine
whether the collected mucous gave a colour reaction with
Schiff reagent, the frozen vials were allowed to thaw at
room temperature for 60 min, and a small amount of mucous
on the tip of a spatula was smeared on the support and tested
as described in the following section.

Separation of mucous components
Mucous collected as above was pooled (66 g) and lyo-

philized for 24 h to give a semi-solid residue (6.0 g). This
residue was consecutively extracted with hexane, ethylacetate,
chloroform–methanol (2:1), modified Folch extraction (12),
and water; the final residue after extractions was a gel-like
solid (colonic mucin). Ethylacetate extract gave a weak col-
our reaction with Schiff reagent, while the chloroform–
methanol extract gave a very strong colour reaction with
Schiff reagent. Both extracts giving colour with Schiff
reagent (i.e., positive) were combined and subjected to chro-
matography on a column of silica gel using solvents of
increasing polarity: hexane, ethylacetate, chloroform,
chloroform–methanol (with increasing contents of methanol),
and methanol. Chloroform–methanol (7:2.5) afforded posi-
tively reacting fractions, which were combined and evapo-
rated to dryness to give an amorphous residue containing
phospholipids (36.6 mg), which reacted strongly positive
with Schiff reagent (using conditions described in the

© 2003 NRC Canada
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Fig. 1. Proportion of positives on five groups of subjects. Mucus examples were (1) from colectomy specimens from colorectal cancer
patients obtained in several Toronto hospitals; (2) from individuals scheduled for colonoscopy at the Endoscopy suite, Wellesley Hospi-
tal, Toronto, subsequently diagnosed with cancer (mucus specimens were collected immediately before colonoscopy); (3) from individ-
uals scheduled for colonoscopy at the Endoscopy suite, Wellesley Hospital, Toronto, subsequently diagnosed with large (larger than
1 cm in diameter) polyps (mucus specimens were collected immediately before colonoscopy); (4) from individuals scheduled for col-
onoscopy at the Endoscopy suite, Wellesley Hospital, Toronto, subsequently diagnosed with small (1 cm or smaller in diameter) polyps
(mucus specimens were collected immediately before colonoscopy); (5) symptoms-free young adults (without any lavage performed be-
fore mucus collection). Note that colorectal cancer often, but not always, develops in polyps.
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preceding paragraphs). This fraction was repeatedly
chromatographed on a series of silica gel columns using
chloroform with a gradient of methanol to give two highly
positively reacting fractions, PL-1 and PL-2, which were
further analyzed by 1H NMR spectroscopy.

Testing mucous obtained in digital rectal examination

Mucous collection
Mucous samples were collected from individual human

subjects by a physician during routine digital rectal examina-
tion using a gloved finger lubricated with MUKO or a simi-
lar lubricant that would not react with the Schiff reagent
under the testing conditions. Informed consent of the tested
individuals was obtained as per the protocol approved by the
Ethics Committee, University of Toronto. Mucous collected
on the gloved finger was smeared onto a support (e.g., glass
fibre (Whatman GF) or polyester (polymacron, Dupont,
Wilmington, Del.) fabric), showing through an aperture of
1.0–1.3 cm in diameter and fastened between two glass
plates (7.5 × 7.5 cm) or sealed between two plastic plates (of
microscope slide size). The plates with smeared mucous
samples were sent to a laboratory for processing. If pro-
cessed at the place of collection, the work-up should have
started no earlier than 90 min after depositing the sample to
obtain sufficient specimen adherence to the fabric. The
plates carrying specimens could be stored for short periods
of time at room temperature (several days) or stored frozen
for prolonged periods of time (several months).

Treatment of mucous specimens with Schiff reagent
Plates carrying mucous specimens were placed in the

holder part of a Wheaton glass staining dish (capacity 10
plates), immersed in phosphate buffer (0.1 M, pH 7.0), and
washed by gentle agitation for 10 min. The holder was then
transferred into a dish containing distilled water and gently
agitated for 3 min. The aqueous wash was repeated; any ex-
cess water was allowed to drip for 10–15 min to render the
plates and the holder visibly dry. The holder was then im-
mersed into a dish containing Schiff reagent for 2 min under
gentle agitation followed by three washes with distilled wa-
ter (3 min each). The plates were removed from the holder
and air dried. The pink-red-magenta colour (positive reac-
tion) appeared almost immediately in some cases (or within
a few minutes (20–25 min at the most)) after removal from
the Schiff reagent.

Preparation of suitable Schiff reagent
Many variations of the reagent are described (6). The

Schiff reagent used in this study was prepared as follows: p-
rosaniline (0.4 g; also basic fuchsin, magenta) was added to
distilled water (220 mL) at approximately 95–97°C. The
mixture was stirred well, brought to boil for 5 min, cooled to
50°C, and filtered through doubly folded paper filter. Aque-
ous HCl (1 N, 34 mL) was added to the filtrate with stirring
and was allowed to cool to room temperature. Sodium bi-
sulfite (2.34 g) was added and the solution was stirred well —
the flask was sealed with parafilm — and stored in the dark
at room temperature for 4 days. To the resulting straw-
coloured solution was added charcoal (NORIT; 300 mg); the
mixture was vigorously stirred for 1.5 min, and the charcoal

was removed by filtration. The resulting colourless solution
was stored in a dark-glass bottle at 3–5°C.

Identification of compounds giving colour reaction with
Schiff reagent

2,4-Dinitrophenylhydrazones of aldehydes from mucous
Mucous (4.27 g) obtained from a colectomy as described

above and giving a colour reaction with Schiff reagent was
spread with a spatula on five sheets (10 × 4 cm) of polyester
fabric (polymacron) and allowed to dry for 1 h. The sheets
were soaked in phosphate buffer (pH 7) for 20 min, then
lifted from the buffer, washed with water until all the dark
coloured material was removed and the sheets were slightly
yellow, and air-dried. The sheets were then cut into smaller
pieces (1 × 2 cm) and immersed into a solution of 2,4-
dinitrophenylhydrazine hydrochloride (30 mL; prepared by
dissolving 2,4-dinitrophenylhydrazine hydrochloride (0.25 g)
in 6 N HCl (100 mL)) at room temperature for 30 min. The
polyester cuttings were then removed from the reagent solu-
tion and washed with water until the eluant remained colour-
less; the deep-yellow 2,4-dinitrophenyl hydrazones were
extracted from the cuttings by acetonitrile. Acetonitrile was
removed on a rotary evaporator; ethylacetate (10 mL) was
added and evaporated (to remove traces of water) to yield a
dry yellow residue. The residue was dissolved in dry ace-
tonitrile (1.5 mL) and applied on a silica gel 60 plate (20 ×
20 cm; thickness 1 mm) in a single line; the plate was devel-
oped with a hexane – ethyl acetate solution (4:1). The yel-
low band at Rf 0.37 containing 2,4-dinitrophenylhydrazones
was cut out and extracted with 10% MeOH in CH2Cl2; the
solvents were evaporated to give a deeply yellow solid,
which was subsequently analyzed by MS. Two major ions
were [M+H]+ (m/z = 421) and [M+H]+ (m/z = 449). 1H
NMR (CDCl3) confirmed the presence of 2,4-dinitrophenyl
derivatives of long chain aldehydes: 0.88 (t, 3H, CH3, J =
6.84 and 7.08 Hz), 1.25–1.42 (m, CH2), 6.96 (t, CH=N),
7.53 (t, CH=N), 7.93 (d, H-6 (arom), J = 9.52 Hz), 7.96 (d,
H-6 (arom), J = 9.52 Hz), 8.29 (dd, H-5 (arom), J = 3.18
and 9.76 Hz), 8.33 (dd, H-5 (arom), J = 3.17 and 9.52 Hz),
9.12 (d, H-3 (arom), J = 2.45 Hz), 9.14 (d, H-3 (arom), J =
2.45 Hz), 11.00 (s, NH), 11.18 (s, NH).

Two controls were applied: (1) the above procedure up to
the chromatography was repeated with blank polyester
sheets (no mucous deposited) — no reaction with 2,4-di-
nitrophenylhydrazine was detectable; and (2) the above pro-
cedure was repeated using mucus from colectomies that did
not give a colour reaction with Schiff reagent — no reaction
with 2,4-dinitrophenylhydrazine was detectable.

2,4-Dinitrophenylhydrazone of palmitic aldehyde from a
plasmalogen

A mixture of PE plasmalogen (from brain extract; 10 mg
in 2 mL CHCl3), a solution of 2,4-dinitrophenylhydrazine
hydrochloride (25 mL, prepared as above), and isooctane
(20 mL) was stirred for 1 h at room temperature. The aque-
ous phase was separated and washed with isooctane; organic
phases were combined and evaporated to dryness. The yel-
low residue was dissolved in dry acetonitrile (0.4 mL) and
applied on a silica gel 60 plate (20 × 20 cm; thickness
0.2 mm) in a single line, and the plate was developed with
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hexane – ethyl acetate (4:1). The yellow band containing
2,4-dinitrophenylhydrazone was cut out and extracted with
10% MeOH in CH2Cl2. Solvents were removed from the ex-
tract by evaporation to give a yellow amorphous solid,
which was examined by MS. The major ion was [M+H]+

(m/z = 421). 1H NMR (CDCl3; major isomer is E (syn); mi-
nor isomer is Z (anti)): 0.88 (t, 3H, CH3, J = 6.84 and
7.08 Hz), 1.25–1.42 (m, 24H, CH2), 1.61 (q, 2H, CH2 β to
CH, J = 7.33 Hz and J = 14.65 Hz, E isomer), 1.67 (q, 2H,
CH2 β to CH, J = 7.06 Hz and J = 15.38 Hz, Z isomer), 2.38
(ddd, 2H, CH2 α to CH, J = 5.44, 7.33, and 12.94 Hz, Z iso-
mer), 2.43 (ddd, 2H, CH2 α to CH, J = 5.70, 7.57 Hz and J =
12.94 Hz, E isomer), 6.96 (t, 1H, CH=N, J = 5.37 and
5.62 Hz, Z isomer), 7.53 (t, 1H, CH=N, J = 5.37 and
5.13 Hz, E isomer), 7.93 (d, 1H, H-6 (arom), J = 9.52 Hz, E
isomer), 7.96 (d, 1H, H-6 (arom), J = 9.52 Hz, Z isomer),
8.29 (dd, 1H, H-5 (arom), J = 3.18 and 9.76 Hz, E isomer),
8.33 (dd, 1H, H-5 (arom), J = 3.17 and 9.52 Hz, Z isomer),
9.12 (d, 1H, H-3 (arom), J = 2.45 Hz, E isomer), 9.14 (d,
1H, H-3 (arom), J = 2.46 Hz, Z isomer), 11.00 (s, 1H, NH, E
isomer), 11.18 (s, 1H, NH, Z isomer).

Preparation of palmitic aldehyde (13)
A solution of diisobutylaluminum hydride (DIBAL-H) in

toluene (1 M, 2.95 mL, 2 eq) was added dropwise over
5 min to a solution of methyl palmitate (0.4 g, 1.48 eq) in
dry toluene (10 mL) cooled to –70°C. The reaction mixture
was stirred for an additional 15 min, and excess reagent was
decomposed by 2 N HCl (10 mL); the mixture was allowed
to warm up to 0°C, and the aqueous layer was separated and
extracted with ethyl acetate (2 × 10 mL). The combined or-
ganic extracts were washed with water (3 × 5 mL), dried
over Na2SO4, and evaporated to dryness to give an amor-
phous solid containing both the aldehyde (60%) and starting
ester (40%). 1H NMR (CDCl3) (aldehyde): 9.77 (d, J 1,2 =
1.95 Hz, CH2CH=O), 2.42 (m, J 1,2 = 1.95 Hz, CH2CH=O);
(unreacted ester): 3.7 (s, CH3OC[=O]-).

Preparation of 2,4-dinitrophenylhydrazone of palmitic
aldehyde

The crude aldehyde (50 mg) dissolved in isooctane
(25 mL) and a solution of 2,4-dinitrophenylhydrazine hydro-
chloride (25 mL, prepared as above) was stirred at room
temperature for 1 h. After work-up (analogous to the work-
up described for 2,4-dinitrophenylhydrazones of aldehydes
from plasmalogens) and ensuing chromatography, a yellow
amorphous solid was obtained. MS: [M+H]+ m/z = 421. The
chemical shifts in the 1H NMR spectrum were identical with
the shifts in the 1H NMR spectrum of 2,4-dinitrophenyl
hydrazone of stearic aldehyde (cf. below).

Preparation of stearic aldehyde
A 1 M solution of diisobutylaluminum hydride (DIBAL-H)

in toluene (2.95 mL, 2 eq) was added dropwise over 5 min
to a solution of methyl stearate (0.44 g, 1.48 eq) in dry tolu-
ene (10 mL) cooled to –70°C. The reaction mixture was
stirred for an additional 15 min, and excess reagent was de-
composed by 2 N HCl (10 mL); the mixture was allowed to
warm up to 0°C, and the aqueous layer was separated and
extracted with ethyl acetate (2 × 10 mL). The combined or-
ganic extracts were washed with water (3 × 5 mL), dried

over Na2SO4, and evaporated to dryness to give an amor-
phous solid containing both the aldehyde (30%) and starting
ester (70%). 1H NMR (CDCl3) (aldehyde): 9.77 (d, J1,2 =
1.95 Hz, CH2CH=O); 2.42 (m, J1,2 = 1.95 Hz, CH2CH=O);
(unreacted ester): 3.7 (s, CH3OC[=O]-).

Preparation of 2,4-dinitrophenylhydrazone of stearic
aldehyde

A solution of the crude aldehyde (50 mg) in CH2Cl2
(4 mL) with added solution of 2,4-dinitrophenylhydrazine
hydrochloride (26 mL, prepared as above) was stirred at
room temperature overnight. After work-up (analogous to
the work-up described for 2,4-dinitrophenylhydrazone of
palmitic aldehyde) and following thin layer chromatography
on silica gel, a yellow amorphous solid was obtained. MS:
449 ([M+H]+). 1H NMR (CDCl3, major isomer: E, minor
isomer: Z): 0.88 (t, 3H, CH3, J = 6.84 and 7.08 Hz), 1.25–
1.43 (m, 28H, CH2), 1.61 (q, 2H, CH2 β to CH, J = 7.31 Hz
and J = 14.89 Hz, E isomer), 1.67 (q, 2H, CH2 β to CH, J =
7.08 Hz and J = 15.65 Hz, Z isomer), 2.38 (ddd, 2H, CH2 α
to CH, J = 5.44, 7.33, and 12.94 Hz, Z-isomer), 2.43 (ddd,
2H, CH2 α to CH, J = 5.68, 7.57 Hz and J = 12.94 Hz, E
isomer), 6.96 (t, 1H, CH=N, J = 5.38 and 5.37 Hz, Z iso-
mer), 7.53 (t, 1H, CH=N, J = 5.61 and 5.13 Hz, E isomer),
7.93 (d, 1H, H-6 (arom), J = 9.52 Hz, E isomer), 7.96 (d,
1H, H-6 (arom), J = 9.52 Hz, Z isomer), 8.29 (dd, 1H, H-5
(arom), J = 3.17 and 9.52 Hz, E isomer), 8.33 (dd, 1H, H-5
(arom), J = 3.17 and 9.52 Hz, Z isomer), 9.12 (d, 1H, H-3
(arom), J = 2.44 Hz, E isomer), 9.14 (d, 1H, H-3 (arom), J =
2.45 Hz, Z isomer), 11.00 (s, 1H, NH, E isomer), 11.18 (s,
1H, NH, Z isomer).

O-(2,3,4,5,6-Pentafluorobenzyl) oximes of aldehydes (14)
The above compounds were prepared from O-(2,3,4,5,6-

pentafluorobenzyl)hydroxylamine (250 µL of a 0.05 M solu-
tion in sodium acetate buffer, pH 5), added, in separate ex-
periments, to the phospholipid mixtures PL-1 and PL-2 (cf.
section “Separation of mucous components”) as well as to
authentic specimens of palmitic and stearic aldehydes (1 mg
in 100 µL of water), vortexed for 1 min, and allowed to react
for 30 min. Then 1 N HCl (10 µL) was added, and the reac-
tion mixture was extracted three times with hexane (1 mL).
The combined hexane extracts were dried over sodium sul-
fate and evaporated to dryness under a stream of nitrogen;
the residue was redissolved in hexane (50 µL). This solution
(1 µL injections) was used for GLC–MS identification of the
aldehydes. Negative ion CI-MS (reagent gas: ammonia) was
executed on a quadrupole mass spectrometer VG-Trio 2A in-
terfaced with a Hewlett-Packard 6890 Series II GC using a
DB-5 capillary column (length: 30 m, diameter: 0.25 µm),
employing helium as the carrier gas at a flow rate of
1 mL min–1, and with the temperature increasing from 60 to
310°C while maintaining the injection port temperature at
250°C (15).

Results

Aldehyde identification
Analytical chemists have been using Schiff reagent for de-

cades to demonstrate that the aldehydic group is present in
the examined samples. However, although the reagent is
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very sensitive, it is extremely difficult to isolate the products
of its reaction with aldehydes (6, 7). 2,4-Dinitrophenylhy-
drazine in a strongly acid solution, on the other hand, pro-
duces chemically stable 2,4-dinitrophenylhydrazones, which
can be isolated and purified; often they can be obtained in a
crystalline form. Employing modern spectroscopic methods,
the chemical structure of such pure compounds can be deter-
mined with relative ease. As no aldehydic hydrogen H-C=O
could be identified in the NMR spectra of the extracts from
which 2,4-dinitrophenylhydrazones were prepared, the alde-
hydes had to be released from precursors during the treat-
ment with Schiff reagent. Since both Schiff reagent and 2,4-
dinitrophenylhydrazine operate in strongly acidic environ-
ments, it is reasonable to presume that the acidity of the re-
agents allowed for the release of the aldehydes from their
precursors. Therefore, 2,4-dinitrophenylhydrazones (2,4-
DNPH) are valuable derivatives for the identification of the
structure of markers. Indeed, palmitic and stearic aldehydes
were identified via their 2,4-dinitrophenylhydrazones as the
aldehydes originating in colorectal mucous from cancer pa-
tients by the combination of MS and 1H NMR spectroscopy.
First, strong molecular ions were found in FAB-MS, which
corresponded to the 2,4-dinitrophenylhydrazones of palmitic
([M+H]+: m/z = 421) and stearic ([M+H]+: m/z = 449) alde-
hydes. This finding was confirmed by 1H NMR spectros-
copy, by comparison of the NMR spectra of the 2,4-DNPH
of aldehydes obtained from mucous fractions with synthetic
authentic specimens, and by a further comparison with the
previously published 1H NMR data. As expected, two geo-
metric isomers were present in all specimens of 2,4-DNPH
of aldehydes and assigned as described in reference 16. The
1H NMR chemical shifts of the 2,4-dinitrophenylhydrazones
of palmitic and stearic aldehydes were found to be practi-
cally identical. These results indicated that the above alde-
hydes are the markers detected by Schiff reagent in
colorectal mucous. The next question to be answered was:
From what precursors were the aldehydes released?

During the chromatography of colorectal mucous, we ob-
served that the fractions containing phospholipids produced
the strongest colour with Schiff reagent. Since the only
phospholipids that could release the long chain aliphatic al-
dehydes by treatment with acids are the plasmalogens, we
therefore attempted to detect plasmalogens in the phospho-
lipid fraction. To purify the plasmalogens, the phospholipid
fraction was further rechromatographed on silica gel col-
umns. Two well-separated groups of phospholipids (PL-1
and PL-2) were obtained. The first group contained
ethanolamine and the other contained choline classes of
phospholipids; both groups gave strong colouration on treat-
ment with Schiff reagent. As these groups could not be fur-
ther fractionated, we employed 1H NMR spectroscopy to
confirm the presence of the plasmalogens in these fractions
(and consequently, to confirm the hypothesis that the alde-
hydes were released from the plasmalogens).

Plasmalogen identification
1H NMR analysis (17) showed that both fractions were

phospholipids with long fatty chain acids (sn-glycero-3-
phosphoryl derivatives) based on 1H resonances characteris-
tic for glycerol and CH2-groups of polar head groups and for

aliphatic chains of fatty acid ester groups. The less polar
fraction consisted of a mixture of phospholipids containing
ethanolamine (PL-1), while the more polar fraction con-
tained a mixture of phospholipids with choline (PL-2); nei-
ther of the two fractions was further separable by
chromatography on silica gel. In the fraction PL-1, hydrox-
yls in the 2-position and partially in the 1-position of sn-
glycerol were esterified with fatty acids. The ethanolamine
(-OCH2CH2NH2) moiety was identified by 1H resonances at
δ = 3.13 ppm (triplet) and at δ = 4.03 ppm (overlapping with
H-3 of sn-glycerol). The presence of a signal of an α,β-un-
saturated ether was confirmed through a doublet (J1,2 =
6.1 Hz) at δ = 5.90 ppm, which was assigned to the vinylic
proton O-CH=CH-. This proton was further coupled to a
quartet at δ = 4.38 ppm and a multiplet at δ = 2.02 ppm in a
COSY spectrum confirming the presence of the O-CH=CH-
CH2 moiety in the molecule. Other allylic CH2 groups giv-
ing rise to signals at δ = 2.82–2.88 ppm were probably pres-
ent in the olefinic chains of aliphatic acids. Two 1H
multiplets assigned to H-2 of the glycerol moiety centered at
δ = 5.18 ppm and δ = 5.25 ppm suggested that this fraction
contained two derivatives of ethanolamine-containing phos-
pholipids. The integrations of the vinylic signal and the H-2
glycerol signal at δ = 5.18 ppm were of the same intensity
(1:1). The estimate of the ratio (7:3) between the 1-alk-1′-
enyl-2-acyl-sn-glycerophospholipids (= plasmalogens) and
1,2-diacyl-sn-glycerophospholipids was made on the basis of
a comparison of the integration of signals for CH-2 of the
glycerol moiety (cf. above).

In the more polar fraction PL-2, OH-2 and, partially, OH-1
in sn-glycerol were again esterified with fatty acids. The sig-
nals at δ = 3.24 ppm and δ = 3.40 ppm were identified as be-
longing to two different phospholipids containing a choline
moiety (CH2CH2-N(CH3)3). As in the PL-1 fraction, this
fraction contained an α,β-unsatured ether, which was con-
firmed through a doublet at δ = 5.90 ppm assigned to the
vinylic proton O-CH=CH-. Two proton multiplets, centered
at δ = 5.16 ppm and δ = 5.25 ppm and assigned to H-2 of the
glycerol moiety, suggested that this fraction contained two
derivatives of choline-containing phospholipids. The integra-
tion of the vinylic signal and the H-2 sn-glycerol signal at
δ = 5.16 were again of the same intensity (1:1). The ratio be-
tween the 1-alk-1′-enyl-2-acyl-sn-glycerophospholipids (=
plasmalogens) and 1,2-diacyl-sn-glycerophospholipids in
PL-2 was estimated to be 4:1 by comparison of the integra-
tion of signals for CH-2 of the glycerol moiety (cf. above).

Stereochemistry of the glycerol moiety was not deter-
mined, although it was assumed that it does not differ from
stereochemistry commonly found in natural phospholipids
based on comparisons of the 1H NMR spectra. Similarly, the
geometry of the vinylic ether double bond in plasmalogens
isolated from the colorectal mucus of cancer patients and
plasmalogens from other natural sources was found to be
identical (based on the identity of the coupling constant of
the vinylic signal for 1H at δ = 5.90 ppm).

The aldehydes released by hydrolysis of PL-1 and PL-2
were identified as stearaldehyde and palmitaldehyde by
comparison with authentic specimens of O-(2,3,4,5,6-penta-
fluoro)benzyl oximes of the aldehydes using MS combined
with GLC. These derivatives exhibited positive ions at m/z
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435 ([M – H]), 415 ([M – 20]), and 350 ([M – 50]) — with
[M – 20] predominating owing to the loss of HF (palmit-
aldehyde) — and at m/z 463 ([M – H]), 443 ([M – 20]), and
413 ([M – 50]), again with [M – 20] predominating, for
stearaldehyde.

Structure of the marker
Thus, we have identified the markers as a mixture of long

chain aliphatic aldehydes released from plasmalogens, pre-
dominantly palmitic (III) and stearic (IV) aldehydes (cf.
Scheme 1). Plasmalogens are phospholipids of both the
ethanolamine V and the choline VI types (cf. Scheme 1) in
which the aldehydes are cryptic in the form of unsaturated
ethers (18). A minor contribution from other aldehydes can-
not be excluded; similarly, acetal phospholipids in which the
aldehydes are bound as acetals to the C1–C2 of glycerol
may be minor precursors. Because of the acid lability of un-
saturated ether bonds, the aldehydes are released from plas-
malogens under very mild acid conditions (19); therefore, it
is not surprising that the aldehydes are released upon expo-
sure to the strongly acidic Schiff reagent. The free alde-
hydes, on reaction with the leuko (colorless) form of the dye
in Schiff reagent, provide shades of magenta colour consid-
ered characteristic of aldehydes (7, 8).

The lack of colour of the Schiff reagent depends critically
on the presence, in sufficient concentration, of SO2 and HCl
in the reagent. Should this concentration decrease, the Schiff
reagent may be partially restored to the original red colour
of p-rosaniline. Therefore, depending on the aldehyde con-
centration, the shade of colour on the solid support may be
observed as a mixture of red (20) and magenta (purple). The
adduct of p-rosaniline–aldehyde (resulting from the reaction
of an aldehyde with Schiff reagent) has a typical absorption
>560 nm; therefore, the presence of such an absorption band
in a reflectance spectrum should resolve the occasional col-
our identification problems (21). Schiff reagent further re-
sorts to the original colour of p-rosaniline on treatment with
an excess of basic substances, for instance, basic amino ac-
ids such as lysine, histidine, and arginine; nucleosides such
as cytidine; or simple bases such as sodium carbonate. Thor-
ough washing with water and a buffer solution ensures that
all such result-altering components of mucous are removed
from the specimens before treatment with the Schiff reagent.

Potential of the detection of marker aldehydes in a
screening test for colorectal cancer

In the course of the marker identification studies it was
necessary to use mucous from individuals whose disease sta-
tus was known (usually determined by colonoscopy). It was
also necessary to determine whether the treatment of the col-
lected mucous with Schiff reagent resulted in colour forma-
tion (positive reaction). Therefore, rectal mucous was
obtained from patients with colorectal cancer, from patients
with various other pathological findings, and from individu-
als who had no complaints and thus were presumed to be
disease free. It was also necessary to establish suitable con-
ditions (as described in the Material and methods section) of
the treatment of specimens, such as length of time for the re-
action with the Schiff reagent, washings with buffers and
water, different supports on which the treatment was per-

formed, and the choice of a variant of Schiff reagent.
Through these investigations we could confirm that nearly
all mucus specimens from patients with colorectal cancer
were positive. For instance, the aldehydes were detected in
close to 94% of the mucus samples removed from colectomy
specimens obtained in several Toronto hospitals from 101
patients diagnosed with colorectal cancer by colonoscopy
(cf. Fig. 1). In rectal mucous specimens collected from colo-
rectal cancer patients attending the Endoscopy suite of the
Wellesley Hospital (after the lavage of the colon but before
the colonoscopy) and in the rectal mucous of patients with
polyps a high proportion of positive results was obtained (cf.
Fig. 1). Similar results were obtained with mucous from pa-
tients before the lavage (data not shown). In symptom-free
individuals (47 students of medicine, ages 20–29), the alde-
hydes were not detectable in mucus from 43 individuals.
Mucous specimens were treated with Schiff reagent as de-
scribed in the Materials and methods section.

Discussion

A number of clinical (8) and population studies on the
mucous test employing the sequence galactose oxidase –
Schiff reagent have shown (22) that the test has the potential
(23) to become an alternative to the fecal occult blood test
(FOBT) (24) as an efficaceous, simple, and economical
screening tool for colorectal cancer (25). Some of the short-
comings of the galactose oxidase – Schiff reagent test appear
to be due to the targeting of the incorrect carbohydrate
marker, one which required repeated, extensive washings and
treatments with enzymes (galactose oxidase and catalase),
leading to the loss of the marker from test plates. Our find-
ing — that the marker of the mucous test for colorectal can-
cer screening is of a lipid rather than of a carbohydrate
character (including the disaccharide T-antigen) — makes it
possible to correlate more accurately the presence of the
marker with the disease and to develop a more reliable
screening test for the disease. Significantly increased quanti-
ties of the plasmalogens in neoplasms of the large bowel
(26, 27) and some other tissues (28, 29) were independently
found by 31P NMR spectroscopy. Since the amounts of both
the ethanolamine and choline families of plasmalogens in
neoplastic tissues appear to be significantly increased com-
pared with disease-free tissues, it appears likely that it is a
biochemical pathway leading to the unsaturated ether forma-
tion that has a connection with the neoplastic transformation.

Plasmalogens are a class of ubiquitous membrane phos-
pholipids. Although the highest levels are normally found in
tissues such as brain and heart, small concentrations have
been reported in most other normal tissues, and small in-
creases in plasmalogen levels in cancer cells have been pre-
viously observed (30, 31). Increased concentrations in the
colon were ascribed to a combination of an increased level
of the synthetic enzyme CTP – phosphocholine cytidyltrans-
ferase and a decreased concentration of hydrolytic enzymes,
phospholipases C and D (32). However, biosynthesis of the
“aldehydic moiety” of plasmalogens is varied (33, 34).

Presently, a connection between colorectal cancer and
plasmalogens can only be hypothesized. For instance, plas-
malogens, because of their effect on membrane fluidity, may
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facilitate the cellular uptake of carcinogenic substances (35),
e.g., of dietary (36) or microbial origin (37, 38). It is of in-
terest to note that the majority of strict anaerobes contain
detectable plasmalogens, while aerobic and facultative anaero-
bic bacteria lack plasmalogens (39). However, plasmalogen-
like fecal mutagens (fecapentaenes, produced in the human
colon by several anaerobes) seem to play no role in the etiol-
ogy of human colon cancer (19).

An aldehyde-based test for colorectal cancer screening
would be expected to have an advantage over fecal occult
blood test (FOBT) and colonoscopy (for screening purposes
only!). It could, potentially, uncover earlier stages of the
neoplastic progression than both FOBT and colonoscopy be-
cause the latter two techniques target more developed can-
cer. Therefore, the aldehyde test could detect cases not
sufficiently developed to be detected by colonoscopy. For in-
stance, we have found several patients with strongly positive
aldehyde mucus tests who were given a clean bill of health
by colonoscopy (therefore they were rated as “false”
positives). The same patients returned to the clinic within no
later than 1–2 years with frank cancer. Given the lengthy
progression of colon carcinogenesis, it is not unlikely that
these individuals already harbored the disease at the time of
the first aldehyde test. Since it is believed that the progres-
sion from early neoplastic changes to frank cancer may span
decades (40), an earlier detection of the disease may lead to
the realization of the hope that drugs could control and per-
haps reverse the disease progression. Early results with non-
steroid antiinflammatory drugs (e.g., aspirin) (41), inhibitors
of cyclooxygenase-2 (COX-2) (42), and identification of
molecular targets of these drugs (43) suggest that such hopes
are not unrealistic. Equally encouraging is the prospect that
the early neoplastic changes could be reverted, for example,
through dietary or other lifestyle measures.

In summary, we believe that the identification of alde-
hydes from plasmalogens — rather than galactose-containing
oligosaccharides — as the substances in colonic mucous that
seem to correlate with colorectal cancer and that react with
Schiff reagent, will make it possible to design meaningful
epidemiologic studies that will confirm whether the alde-
hydes are indeed markers of colorectal cancer suitable for
population screening.
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A new phenolic metabolite, involutone, isolated
from the mushroom Paxillus involutus

Róza Antkowiak, Wieslaw Z. Antkowiak, Izabela Banczyk, Lucyna Mikolajczyk

Abstract: A new optically active metabolite, involutone, was found in methanol, ethanol, or n-butanol extracts of
freshly collected Paxillus involutus. The structure of this compound was proved to be 5-(3,4-dihydroxyphenyl)-2-
(4-hydroxyphenyl)-2-hydroxy-4-cyclopenten-1,3-dione on the basis of the spectral and chemical properties of involutone
and its tetraacetyl derivative. In addition, a number of compounds of known structures such as linoleic and crotonic
acids, mannitol, ergosterol, involutin, as well as methyl, ethyl, or n-butyl-β-D-glucopyranosides, and methyl, ethyl, or
n-butyl linoleates, depending in both cases on the alcohol used in the extraction, were also isolated in a pure state
from the mushroom.

Key words: Paxillus involutus, Brown Roll-rim, metabolite isolation, structure study, quaternary hydroxycyclopenta-
nedione, NMR of mushroom pigments, glucosides and linoleates, enzymic glucosylation and esterification.

Résumé : L’extraction de Paxillus involutus par du méthanol, de l’éthanol ou du butanol a permis d’isoler un nouveau
métabolite optiquement actif, l’involutone. Sur la base des propriétés spectrales et chimiques de l’involutone et de son
dérivé tétraacétylé, on a déterminé sa structure, la 5-(3,4-dihydroxyphényl)-2-(4-hydroxyphényl)-2-hydroxycyclopent-
4-ène-1,3-dione. De plus, les extractions du champignon ont permis d’isolé à l’état pur un certain nombre de composés
de structures connues, dont les acides linoléique et crotonique, du mannitol, de l’ergostérol, de l’involutine ainsi que
des β-D-glucopyranosides de méthyle, d’éthyle ou de butyle et des linoléates de méthyle, éthyle ou butyle suivant, dans
chaque cas, la nature de l’alcool utilisé pour les extractions.

Mots clés : Paxillus involutus, chanterelle brune, isolement d’un métabolite, étude de structure, hydroxycyclopentane-
dione quaternaire, RMN des pigments, glucosides et linoléates du champignon, glucosylation et estérification enzyma-
tique.

[Traduit par la Rédaction] Antkowiak et al. 124

Introduction

The usefulness of Paxillus involutus (Brown Roll-rim) as
an edible mushroom has been a matter of controversy for a
long time, which is evident both in the literature and espe-
cially when comparing the opinions of amateur mushroom
gatherers with those of most research reports, and the prob-
lem was the subject of a few review articles (1, 2). The
hemolytic symptoms caused by P. involutus consumption,
which are most often reported as being very serious, were
found in the cases of both laboratory animals (3–5) and of
human beings (6–11), yet the chemical compound responsi-
ble for the mortal toxicity is still unknown.

Research on the chemical composition of the mushroom
carried out at the end of the 1960s and in the early 1970s of
the previous century showed, mainly on the basis of paper
chromatography, electrophoresis and TLC pattern, the pres-
ence of such metabolites as fatty acids, carbohydrates, and

nitrogen-containing compounds (including traces of
muscarine and β-acetylcholine) known from their occurrence
in other fungi species (12, 13). In another laboratory,
involutin, an unknown pigment at that time, was isolated
and its structure determined on the grounds of spectral data
and chemical properties (14, 15). In subsequent years, the
supposed presence in P. involutus of two additional com-
pounds, chamonixin (16) and anhydroinvolutin (17), both
with closely related structures to involutin, was suggested.
More recently, studies on the absolute configuration of
involutin and chamonixin were reported (18). Additionally,
the content and metabolism of polyamines occurring in P.
involutus has been of interest in recent years (19).

Results and discussion

Research carried out recently in our laboratory confirmed
the occurrence of involutin2 in P. involutus. Moreover, for
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the first time ever, we have isolated from this mushroom
several metabolites in an homogeneous form, namely
D-mannitol, crotonic acid, (–)-ergosterol, and β-methyl,
-ethyl, or -n-butyl-D-glucopyranosides,3 depending on the al-
cohol (MeOH, EtOH, or n-BuOH) used for the extraction at
room temperature. Additionally, the presence in the mush-
room of some fatty acids with linoleic acid as the main com-
ponent was proved, but most of the acid was isolated in the
form of methyl, ethyl, or n-butyl linoleate, depending on the
alcohol (MeOH, EtOH, or n-BuOH) used for the extraction,
respectively; according to GC–MS, the presence of a small
amount of palmitic acid and oleic acid was also identified.

The formation of both glucosides and linoleate esters
from the original metabolites4 suggests enzymatically cata-
lyzed reactions and, consequently, the presence of the suit-
able, active enzymes (glucosidase or glucosyltransferase and
lipase, respectively) as the constituents of P. involutus.

A number of mushrooms are able to produce metabolites
as a response to a mechanical injury of the fruit bodies, but,
as a rule, this involves an enzymatically induced oxidation
process (20). The syntheses of glycosides and fatty acid es-
ters can also be catalyzed by enzymes of fungal origin but
mostly derived from lower fungi (21–23).

The ability of P. involutus to produce some artefacts in the
isolation procedure and, thereby, changing its original chem-
ical composition (especially if transglucosylation and (or)
transesterification takes place), could be responsible for the
hitherto difficulties in finding the right metabolite which
causes the toxic properties of the mushroom.

Additionally to the compounds of known structure, we
found and isolated with a high degree of purity an optically
active metabolite of an unknown structure, which melted at
181 to 182°C and showed a specific rotation ([α]D +96.3°),
and was yellow or, when hydrated, orange in colour. The
molecular formula of this metabolite was determined to be
C17H12O6 on the basis of HR-MS. The trivial name involu-
tone was given to that compound, refering both to the mush-
room species as well as to the elemental compositions only
differing from that of involutin by two hydrogens
(Scheme 1).

In spite of the small difference in elemental composition,
the structural analysis showed that the new compound is not

the product of a simple oxidation of the secondary alcohol
(involutin) to a corresponding ketone (didehydroinvolutin).
Such a transformation would leave the asymmetric benzylic
carbon, to which one hydrogen is attached, as the only chiral
center. According to the literature data (14, 15, 24), the
NMR absorption of a benzylic proton of similar systems was
recorded as being somewhere in the range of 3.98–4.32 ppm.
In the case of involutone, the absence of an absorption in
that region eliminated such a chiral center in the molecule.

Other spectroscopic data recorded for involutone showed
the absence of protons attached to sp3 hybridized carbons
(1H NMR, Distortionless enhancement by polarization
transfer (DEPT) and the presence in the molecule of two
substituted benzene rings, 4-hydroxyphenyl and 3,4-dihy-
droxyphenyl (the aromatic ring protons gave the AA′XX′
and AMX systems, respectively, in the range 7.59–
6.79 ppm). The region of aromatic carbons (158–115 ppm)
contained, apart from the 10 signals originating from the 12
carbons composing the two benzene rings, two additional
peaks of vinyl carbons. One of these carbon atoms, absorb-
ing at 139.57 ppm (C-4), is bonded to a proton of chemical
shift 7.51 ppm (Heteronuclear correlation spectroscopy
(HETCOR) experiment), while the other one (C-5) of the vi-
nyl system gave a resonance absorption, together with the
signals of the carbon atoms of the sp2 hybridization bearing
the OH groups, in the range of 158.19–145.78 ppm.

The presence of the three phenolic groups and one addi-
tional hydroxyl in the molecule was demonstrated by a
broad and intense IR absorption with the maximum at
3350 cm–1, and the strong band at 1250 cm–1. Especially im-
portant in this respect was, however, the 1H NMR spectrum
run in DMSO-d6 solution, which consisted of three signals
of phenolic OH in the region 9.4–10.0 ppm and of one sin-
glet at 6.60 ppm of the fourth hydroxyl proton separated
from those of aromatic OH by about 3 ppm. Further evi-
dence, which confirmed the presence of four hydroxyl
groups in the molecule, followed from the observations that
four protons are easily exchangeable for deuterium (1H
NMR) and that the metabolite can be easily transformed into
its tetraacetyl derivative.

Besides the carbons of the aromatic rings and the vinyl
system, the molecule of involutone contains three additional

© 2003 NRC Canada
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Scheme 1. The structural relationship between involutin and involutone.

3 In the cases of ethyl and n-butyl β-glucosides, the chemical shifts of the diastereotopic protons of the aglycone methylene group attached to
the anomeric carbon through oxygen differ by 0.33 ppm (Jgem = 9.6 Hz), due to the long range influence of the D-glucose molecule’s
chirality.

4 The transformations proceeded in a corresponding alcohol, being diluted with a great deal of water occurring naturally in the mushroom.

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8101\V02-194.vp
Tuesday, January 28, 2003 8:30:53 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



carbons, from which two (absorbing at 202.86 and
200.63 ppm) are components of the two carbonyl groups,
giving both a weak and a strong absorption at 1740 and
1692 cm–1 for C=O and C=C-C=O, respectively. The non-
aromatic structural elements, together with the final
remaining carbon, which shows a weak resonance signal at
78.30 ppm, compose a cyclopentenedione skeleton, to which
the two substituted phenyl rings and a hydroxyl group are
attached. This, consequently, gave a system in which the
only sp3 hybridized carbon constitutes a chiral center, bind-
ing either both the differently substituted phenyl rings (while
the nonphenolic hydroxyl is involved in an enol system) or
one of the phenolic rings and the OH group. This problem
was solved by an examination of the intramolecular proton
interactions through the space and the heteronuclear
long-range connectivity through bonds.

First, to avoid autooxidation when treated with acetic an-
hydride in the presence of pyridine, involutone was trans-
formed quantitatively into a tetraacetyl derivative, the
chromatography of which gave bright yellow crystals of mp
68–70°C and [α]D +44.2°.

A routine analysis of the 1H and 13C NMR spectra of the
obtained product5 showed, as in the case of nonacetylated
involutone, the presence in the molecule of tri- (1, 3, 4) and
di- (1, 4) substituted phenyl rings, a vinyl system, as well as
two keto carbonyls and, additionally, four acetoxy groups.

On the basis of the HMQC and HMBC experiments
carried out for the CD3CN solutions of the tetraacetyl in-
volutone, the assignments of all carbons in the molecule
were possible. The presence of a five-membered ring was
proved by the observed correlation of the vinyl hydrogen
H-4, that absorbed at 7.70 ppm then and at 7.51 ppm before
acetylation, with the two carbonyl carbons (C-3 and C-1) ab-
sorbing at 197.36 and 196.03 ppm, respectively. The differ-
entiation of these carbonyl carbons was based on the
different intensities of the cross-peaks from H-4 to C-1 and
from H-4 to C-3, the smaller for the former being coupled
through three bonds in comparison with the latter, which
was more intense because of the coupling through two bonds
only. An additional correlation of proton H-4 was found
with both the vinyl carbons C-4 (141.12 ppm) and C-5
(153.55 ppm) by HETCOR and HMBC, respectively, and
with the sp3 hybridized carbon (C-2) absorbing at
81.70 ppm.

Apart from the two signals of the ketone function carbons,
the 13C NMR spectrum showed the presence of four ester
carbonyl carbons. The protons of one of the four acetoxy
groups (2.18 ppm) were found to be correlated (4JC-H) with
C-2 (81.70 ppm) being the only sp3 hybridized element of
the five-membered ring. The remaining three (169.90,
169.03, and 168.80 ppm) were recognized as the elements of
acetoxy substituents attached to phenyl rings on the basis of
their carbonyl carbons’ coupling with the suitable aromatic
ring protons6 through four bonds, which gave cross-peaks
(of weak intensities, but easily recognizable) in the HMBC

spectrum. Already knowing the chemical shifts of aromatic
ring protons at that time, we were able to find the position of
attachment to the phenyl ring of each of the acetoxy groups.
The two-proton signal of H-3′′ and H-5′′ (7.16 ppm) gave a
correlation point with carbonyl carbon absorption at
169.90 ppm, showing on a coupling through C-4′′, to which
that acetoxy group has to be bound. Similarly, the coupling
of H-2′ (7.92 ppm) with the carbonyl carbon giving a signal
at 169.03 ppm made it possible to locate the acetoxy group
at C-3′, while the correlation of the chemical shift of H-5′
(7.40 ppm) with that at 168.80 ppm showed the position C-4′
as the attachment point for the acetoxy group responsible for
that absorption. The assignment of the chemical shift of
146.16 ppm to C-4′ was proved by its correlation with both
H-2′ (7.92 ppm) and H-6′ (7.95 ppm) of the trisubstituted
phenyl ring, while of the value 152.55 ppm to C-4 ′′, due to
its correlation (3JCH) with H-2 ′′ and H-6 ′′ (7.46 ppm). The
assignment of the third aromatic ring carbon bearing the
acetoxy group resulted from the coupling of H-2′ (7.92 ppm)
and H-5′ (7.40 ppm) with C-3′ absorbing at 143.50 ppm
through two and three bonds, respectively.

The assignment of the chemical shifts 127.72 and
129.91 ppm to the aromatic ring carbons C-1′ and C-1 ′′, re-
spectively, was based on the observation that the 127.72 ppm
value is correlated with the chemical shift of H-5′ and H-4
(3JCH), which proved the C-1′ position for that carbon, while
H-3 ′′ and H-5 ′′ is coupled (3JCH) with the carbon absorbing
at 129.91 ppm, which has to be C-1 ′′. The other pair of pro-
tons of that ring (H-2 ′′ and H-6 ′′ (7.46 ppm)) gave a
cross-peak with C-2 (81.70 ppm), which, as an element of
the five-membered ring, binds the 4-acetoxyphenyl group.

The protons (H-2′ and H-6′) mentioned above in connec-
tion with the phenyl carbon – proton relationship elucida-
tion, are additionally correlated with a sp2-hybridized carbon
of a chemical shift 153.55 ppm, which, in turn, gave a strong
cross-peak (2JC-H) with vinyl proton H-4. This observation
led us to the conclusion that the carbon of 153.55 ppm
is C-5 of the vinyl system and constitutes the position of the
attachment of the 3,4-diacetoxyphenyl group to the
five-membered ring.

The conclusions concerning the location of both the phe-
nolic substituents and the hydroxyl group in the molecule
were confirmed by a NOE difference experiment, which
indicated that a significant interproton contact through the
space of the vinyl hydrogen (H-4) only exists with H-2′ and
H-6′ of the 3,4-diacetoxyphenyl ring (a diagnostic enhance-
ment of signals at δ 7.92 and 7.95 ppm), while the
corresponding protons (H-2′′ and H-6′′) of the monoace-
toxyphenyl ring revealed inertness when the vinyl proton
was irradiated. These observations indicated the presence of
a (AcO)2C6H3-C=C-H fragment in the molecule, thus, ruling
out the previously considered possibility of the immediate,
geminal vicinity of both phenolic substituents.

Based on the presented arguments, the structure of
5-(3,4-dihydroxyphenyl)-2-(4-hydroxyphenyl)-2-hydroxy-4-

© 2003 NRC Canada
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5 The acetylation of involutone to its tetraacetyl derivative caused the chemical shift of the chiral carbinol carbon to be move downfield from
78.30 to 81.85 ppm, and of the four aromatic carbons (C-2′, C-5′, C-3 ′′, and C-5 ′′ ) being ortho to OAc positions to be deshielded by about
8 ppm.

6 Besides, there is an evident coupling (2JC-H) with the methyl protons, which, however, appeared to be difficult to analyse, due to the small
differences between the chemical shifts of the methyl protons.

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8101\V02-194.vp
Tuesday, January 28, 2003 8:30:53 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



cyclopenten-1,3-dione for the new pigment involutone was
assigned.7 The most significant observations for structure
elucidation concerning the scalar coupling (HMBC) and
through-space interactions (1D NOE) are shown in
Scheme 2.

Experimental

Melting points were determined on a Büchi 535 capillary
apparatus and are uncorrected. Optical rotations were deter-
mined with a PerkinElmer 243B digital polarimeter. UV
spectra were taken with a JASCO V-550 spectrophotometer
in an acetonitrile solution. IR spectra were measured on a
FT IR Bruker IFS 113v instrument for KBr discs. 1H and
13C NMR spectra were recorded on Varian Mercury-300 and
Bruker DRX-600 spectrometers. A Bruker DRX-600 spec-
trometer, operating at 600.055 MHz (1H) and 150.898 MHz
(13C), was used for 2D spectra. All spectra were acquired
with a Bruker 5 mm inverse triple resonance gradient probe
(TBI), using standard Bruker pulse sequences for the respec-
tive experiments. Proton and carbon assignments were based
on COSY, NOE, HETCOR, HMQC, and HMBC experi-
ments. MS spectral data were obtained on an AMD 402
mass spectrometer.

TLC analyses were carried out using Uniplate™ silica gel
plates GHLF 250 µ (Analtech, Inc.) and PhH–CHCl3–MeOH
(3:6:1) as a developing system. Column chromatography
was carried out using Merck Kieselgel 60 (230–400 mesh)
and a 2:1 mixture of Whatman cellulose-silica gel
(MN-Kieselgel 60, 100–200 mesh) as the stationary phase,
while hexane, benzene, AcOEt, CH2Cl2, CHCl3, and 5%
MeOH in CHCl3 were successively applied as the eluting
solvents.

The fruit bodies of the mushroom P. involutus (growing
near birch trees) were collected in Rybojedzko, a southern
district of Poznan, Poland, every September in recent suc-
cessive years.

General procedure of the metabolite isolation
Freshly collected fruit bodies of P. involutus were, first

rinsed with water to remove sand and pieces of grass and
leaves, then, either cut into small pieces or ground and, next
treated with methanol, ethanol, or n-butanol (1.5 mL of the
alcohol per 1 g of the mushroom) at room temperature for a
few weeks or months.8 When MeOH or EtOH were used,
some foam appeared on the surface in the first hours of di-
gestion. The resulting dark brown alcohol solution, after sep-
aration from the insoluble, semi-solid material by
decantation and filtration, was concentrated under dimin-
ished pressure until all the alcohol was removed. The re-
maining aqueous residue, containing the naturally occurring
mushroom components, including water (or a solid residue
in the case of the n-butanol extract), was digested succes-
sively with n-hexane (A), benzene (B), ethyl acetate (C), and
a mixture of PhH, AcOEt, and MeCN (1:2:4) (D). When
kept for a week, the aqueous residue separated a light-brown
solid (E) of a carbohydrate character.

Following this procedure in an experiment taken by way
of example, the extraction of 900 g of fresh fruit bodies gave
the individual fractions as follows: 0.84 g (A), 0.52 g (B),
0.53 g (C), 1.39 g (D), and 1.75 g (E). In the case of the ex-
tracts A–D, the soluble material was recovered by drying the
particular solution over Na2SO4, followed by concentrating
it under diminished pressure, and, finally, as a rule, subject-
ing the residue to chromatographic separation on silica gel.
The products of the known structure isolated in a homoge-
neous state, namely methyl, ethyl, or n-butyl linoleate (A),
linoleic acid, ergosterol (B), methyl, ethyl, or n-butyl-β-
D-glucoside, involutin (C), crotonic acid, mannitol (D), were
identified on the basis of their physical properties, including
the comparisons of their EI-MS and NMR spectra with those
reported in the literature (the source of consistent data was
shown in a reference following the spectral method).

Linoleic acid ((Z,Z)-9,12-octadecadienoic acid)
The pure acid was obtained from extract B by an elution

of the silica gel column with PhH-n-hexane (1:1) solution.
References: EI-MS (25), 1H NMR (25), 13C NMR (26).

Linoleic acid esters
The A and B extracts, during the chromatography on sil-

ica gel, gave a methyl, ethyl, or n-butyl ester as a colourless
oil when n-hexane, benzene, and 10% AcOEt-n-hexane were
used as the eluents.

Methyl linoleate
References: EI-MS (27), 1H NMR (28), 13C NMR (29).

Ethyl linoleate
References: EI-MS (25), 1H NMR (25), 13C NMR (25).

© 2003 NRC Canada
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Scheme 2. Selected HMBC (← → ) and NOE (← − →) correla-
tions in the structure of tetraacetylinvolutone.

7 A possible synthetic relationship between involutin and involutone can consist of a process in which the former is subjected both to a water
molecule elimination and the benzylic position oxidation, as suggested by the reviewer, to whom we are very grateful. To preserve the opti-
cal activity in such a biotransformation, when not assisted by an enzyme, the benzylic oxidation should precede the elimination.

8 The treatment of the freshly collected mushrooms (being under nitrogen) with ethyl acetate at room temperature led to the formation of ace-
tic acid, most likely due to enzymic hydrolysis of the solvent.
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n-Butyl linoleate
1H NMR (600 MHz, CDCl3): δ 5.40–5.31 (4H, m, H-9,

H-10, H-12 and H-13), 4.07 (2H, t, J = 6.7 Hz, H-1′), 2.77
(2H, t, J = 6.8 Hz, H-11), 2.29 (2H, t, J = 7.5 Hz, H-2),
2.07–2.01 (4H, m, H-8 and H-14), 1.63–1.53 (4H, m, H-3
and H-2′), 1.42–1.25 (16H, m, H-4, H-5, H-6, H-7, H-15,
H-16, H-17 and H-3′), 0.93 (3H, t, J = 7.1 Hz, H-4′), 0.92
(3H, t, J = 7.1 Hz, H-18). 13C NMR of the alcohol moiety
(see ref. (30)). EI-MS m/z (%): 336 ([M]+), 279, 263, 220,
209, 196, 185, 164, 150, 137, 129, 123, 109, 79, 67 (100),
57, 41.

Ergosterol
The continuing chromatography of fraction B, after re-

moving linoleic acid and its methyl, ethyl, or n-butyl ester,
led to obtaining, by elution with benzene, a colourless solid,
the rechromatography of which, carried out twice, gave crys-
tals of mp 168 to 169°C and [α]D –135° (c = 1, CHCl3). The
spectral data of the product were consistent with those for
ergosterol reported elsewhere (EI-MS (31), IR (32a), 1H
NMR and 13C NMR (33a, 34)).

Alkyl-β-D-glucopyranosides
A suitable (methyl, ethyl, or n-butyl) β-glucoside was ob-

tained when fraction C was chromatographed on silica gel
and the column was washed with CHCl3. With the exception
of the OH proton absorptions, the 1H and 13C NMR data ob-
tained for these glucosides dissolved in DMSO-d6 were
close to the corresponding values reported for D2O solutions
(35). Each of the glucosides was additionally characterized
by the properties of its tetraacetyl derivative obtained when a
solution of the corresponding alkyl-β-glucoside in Ac2O
(supplied with a catalytic amount of pyridine) was kept at
room temperature for 10 h, followed by an ice addition. Af-
ter 30 min, the product was taken up into AcOEt.

Methyl-β-D-glucopyranoside
A recrystallization from MeOH gave colourless needles of

mp 110 to 111°C and [α]D –33° (c = 1, MeOH). References
for: EI-MS (36), 1H NMR (35, 37), 13C NMR (35, 37).

2,3,4,6-Tetra-O-acetyl-1-methyl-β-D-glucopyranoside
A colourless solid of mp 108 to 109°C and [α]D –18.89°

(c = 0.5, MeOH). References for: EI-MS (38), 1H NMR (38,
37), 13C NMR (37).

Ethyl-β-D-glucopyranoside
A colourless semi-solid of [α]D –35.2° (c= 0.565, MeOH).

1H NMR: see refs. (35, 39). 13C NMR: see ref. (35). EI-MS
m/z (%): 207 ([M – 1]+), 177, 159, 144, 131, 118, 98, 88, 75,
74, 73, 71, 61, 60 (100), 59, 57, 47, 43, 31.

2,3,4,6-Tetra-O-acetyl-1-ethyl-β-D-glucopyranoside
A colourless solid of mp 102.5 to 103.5°C and [α]D –30.6°

(c = 0.20, MeOH). 1H NMR: see ref. (39). 13C NMR
(75 MHz, CDCl3) δ: 170.61 (COCH3), 170.23 (COCH3),
169.31 (COCH3), 169.25 (COCH3), 100.54 (C-1), 72.89
(C-3), 71.75 (C-5), 71.34 (C-2), 68.45 (C-4), 65.66 (C-1′),

62.00 (C-6), 20.79 (COCH3), 20.71 (COCH3), 20.67
(COCH3), 20.65 (COCH3), 15.08 (C-2′). EI-MS m/z (%): 375
([M – 1]+), 331, 303, 256, 243, 214, 200, 183, 169, 157, 145,
141, 127, 115, 112, 102, 98, 81, 70, 69, 43 (100).

n-Butyl-β-D-glucopyranoside
A colourless solid of mp 52–54°C, [α]D –25.6° (c = 0.55,

MeOH). 1H NMR: see ref. (35). 13C NMR: see ref. (35).
EI-MS m/z (%): 237 ([M + 1]+), 205, 187, 163, 145, 144,
116, 103, 98, 97, 87, 85, 74, 73, 60 (100), 57 (95), 44, 42.

2,3,4,6-Tetra-O-acetyl-1-n-butyl-β-D-glucopyranoside
A colourless solid of mp 54.5 to 55.5°C, [α]D –9.36° (c =

0.435, MeOH). IR (KBr, cm–1): 2967, 2904, 2871, 1759,
1743, 1433, 1378, 1226, 1169, 1099, 1069, 1040, 958, 603.1

H NMR (600 MHz, CDCl3) δ: 5.21 (1H, t, J = 9.6 Hz, H-3),
5.09 (1H, dd, J = 9.8 Hz, J = 9.6 Hz, H-4), 4.99 (1H, dd, J =
9.6 Hz, J = 8.0 Hz, H-2), 4.49 (1H, d, J = 8.0 Hz, H-1), 4.27
(1H, dd, Jgem = 12.3 Hz, J = 4.8 Hz, HA-6), 4.14 (1H, dd,
Jgem = 12.3 Hz, J = 1.9 Hz, HB-6), 3.88 (1H, dq, Jgem =
9.6 Hz, J = 7.1 Hz, HA-1′), 3.69 (1H, ddd, J = 9.8 Hz, J =
4.8 Hz, J = 1.9 Hz, H-5), 3.48 (1H, dq, Jgem = 9.6 Hz, J =
7.1 Hz, HB-1′), 2.09 (3H, s, COCH3), 2.04 (3H, s, COCH3),
2.03 (3H, s, COCH3), 2.01 (3H, s, COCH3), 1.54 (2H, quin-
tet, J = 7.0 Hz, H-2′), 1.35 (2H, sextet, J = 7.1 Hz, H-3′),
0.90 (3H, t, J = 7.1 Hz, H-4′). 13C NMR (150 MHz, CDCl3)
δ: 170.55 (COCH3), 170.17 (COCH3), 169.24 (COCH3),
169.14 (COCH3), 100.79 (C-1), 72.84 (C-3), 71.70 (C-5),
71.33 (C-2), 69.93 (C-1′), 68.46 (C-4), 62.00 (C-6), 31.44
(C-2′), 20.84 (COCH3), 20.73 (2 × COCH3), 20.70
(COCH3), 19.03 (C-3′), 13.82 (C-4′). EI-MS m/z (%): 403
([M – 1]+), 345, 331, 284, 243, 211, 200, 157, 115, 81, 43
(100).

Involutin
(5-(3,4-dihydroxyphenyl)-3,4-dihydroxy-2-(4-hydroxyphe
nyl)-2-cyclopenten-1-one)

After the elution of glucosides from fraction C, the silica
gel column was washed with a 3% solution of MeOH in
CHCl3, which gave a cream-coloured solid of mp 173–
175°C (with decomp.) and [α]D –24.7° (c = 0.4, AcOEt). An
addition of 10% aq NaOH to a methanol solution of the
product changed its colour to deep purple. IR: see ref. (18).
1H NMR (300 MHz, CD3CN) δ:9 7.68 (2H, d of AA′XX′ ,
J = 9.0 Hz, H-2 ′′ and H-6 ′′), 6.83 (2H, d of AA′XX′ , J =
9.0 Hz, H-3 ′′ and H-5 ′′), 6.75 (1H, d, J = 8.0 Hz, H-5′),
6.59 (1H, d, J = 2.2 Hz, H-2′), 6.52 (1H, dd, J = 8.0 Hz, J =
2.2 Hz, H-6′), 4.69 (1H, d, J = 6.9 Hz, H-4), 3.95 (1H, d,
J = 6.9 Hz, H-5). 13C NMR (150 MHz, CD3CN) δ: 190.50
(C-1), 174.63 (C-3), 156.91 (C-4 ′′), 145.25 (C-3′), 144.77
(C-4′), 130.48 (C-2 ′′ ,6 ′′), 128.95 (C-1′), 123.53 (C-1 ′′),
123.02 (C-6′), 117.60 (C-2′), 116.75 (C-2), 116.21 (C-5′),
115.76 (C-3 ′′ ,5 ′′), 71.88 (C-4), 55.14 (C-5). HMBC
(600 MHz, CD3CN): H-2 ′′ (3JCH) and H-6 ′′ (3JCH) ⇒ C-4 ′′;
H-3 ′′ (2JCH) and H-5 ′′ (2JCH) ⇒ C-4 ′′; H-5′ (3JCH) ⇒ C-3′;
H-2′ (3JCH) and H-6′ (3JCH) ⇒ C-4′; H-5 (2JCH) and H-5′
(3JCH) ⇒ C-1′; H-3 ′′ (3JCH) and H-5 ′′ (3JCH) ⇒ C-1 ′′; H-2 ′′

© 2003 NRC Canada
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9 The 1H and 13C NMR data recorded by us for CD3CN and CD3OD solutions were very similar to each other, but differed to some extent
from those reported in ref. (18). The use of CD3CN as a solvent made it possible to observe the C-1, C-2, and C-3 signals.
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(3JCH) and H-6′′ (3JCH) ⇒ C-2; H-2′ (3JCH) and H-6′ (3JCH) ⇒
C-5. EI-MS: see ref. (18).

D-Mannitol
The crude residue obtained after a concentration of the

PhH–AcOEt–MeCN extract (fraction D) was dissolved in
hot MeOH and the solution allowed to cool. The separated
colourless crystals of mannitol, when recrystallized from
MeOH, melted at 168 to 168.5°C and showed [α]D ±0° (c =
1, H2O). The spectral data (EI-MS, IR, 1H NMR, and 13C
NMR) were consistent with those reported elsewhere (40,
32b, 33b).

Hexaacetyl-D-mannitol
Mannitol obtained in the above way, when treated with

Ac2O in the presence of pyridine, gave hexaacetylmannitol
in a yield of above 80%. A recrystallization from AcOEt fur-
nished colourless needles of mp 124 to 125°C and [α]D
+24.83° (c = 1, CHCl3).

1H NMR (300 MHz, CDCl3) δ: 5.45
(2H, d, J = 8.8, H-3 and H-4), 5.08 (2H, ddd, J = 8.8., J =
5.1, J = 2.7, H-2 and H-5), 4.22 (2H, dd, Jgem = 12.5, J =
2.7, HA-1 and HA-6), 4.07 (2H, dd, Jgem = 12.5, J = 5.1,
HB-1 and HB-6), 2.10 (6H, s, COCH3), 2.08 (6H, s, COCH3),
2.06 (6H, s, COCH3).

13C NMR (75 MHz, CDCl3) δ: 170.37
(2 × COCH3), 169.70 (2 × COCH3), 169.49 (2 × COCH3),
71.47 (C-2 and C-5), 67.38 (C-3 and C-4), 61.84 (C-1 and
C-6), 20.94 (2 × COCH3), 20.76 (2 × COCH3), 20.68 (2 ×
COCH3). EI-MS: see ref. (41).

Involutone
(5-(3,4-dihydroxyphenyl)-2-(4-hydroxyphenyl)-2-hydroxy
-4-cyclopenten-1,3-dione)

The soluble in MeOH material of fraction D, after
mannitol separation by crystallization, contained crotonic
acid in an amount of about 50%, which was sublimed off at
40°C and 0.06 mmHg (1 mmHg = 133.322 Pa); (mp 64 to
65°C. 1H NMR (300 MHz, CDCl3) δ: 12.20 (1H, s, COOH),
7.10 (1H, dq, J = 15.5, J = 6.9, H-3), 5.86 (1H, dq, J = 15.5,
J = 1.7, H-2), 1.92 (1H, dd, J = 6.9, J = 1.7, H-4). A nonvol-
atile deep orange residue was subjected to column chroma-
tography on silica gel, which allowed, first, the removal
from it of the remaining crotonic acid by using hexane–ben-
zene (1:1), and, next, the isolation of a product, the
rechromatography of which, when 10% AcOEt in PhH was
used as an eluant, afforded a bright yellow, hygroscopic
solid (Rf 0.23) melting sharply at 181 to 182°C and showing
[α]D +96.3° (c = 0.3, MeOH). Treated with 10% aq NaOH,
the compound changed colour to purple-violet.10 IR
(KBr, cm–1): 3350, 1740, 1692, 1609, 1565, 1512, 1443,
1301, 1250, 1177, 1120, 1060, 875, 833. 1H NMR
(300 MHz, CD3CN) δ: 7.59 (1H, d, J = 2.2 Hz, H-2′), 7.56
(1H, dd, J = 8.2 Hz, J = 2.2 Hz, H-6′), 7.51 (1H, s, H-4),
7.22 (2H, d of AA′XX′ , J = 8.8 Hz, H-2 ′′ and H-6 ′′), 6.95
(1H, d, J = 8.2 Hz, H-5′), 6.79 (2H, d of AA′XX′ , J =
8.8 Hz, H-3 ′′ and H-5 ′′). 1H NMR (300 MHz, DMSO-d6) δ:
10.02 (1H, s, OH), 9.59 (1H, s, OH), 9.43 (1H, s, OH), 7.73

(1H, s, H-4), 7.59 (1H, d, J = 2.2 Hz, H-2′), 7.53 (1H, dd,
J = 8.2 Hz, J = 2.2 Hz, H-6′), 7.11 (2H, d of AA′XX′ , J =
8.8 Hz, H-2 ′′ and H-6 ′′), 6.89 (1H, d, J = 8.2 Hz, H-5′),
6.72 (2H, d of AA′XX′ , J = 8.8 Hz, H-3 ′′ and H-5 ′′), 6.60
(1H, s, OH). 13C NMR (75 MHz, CD3CN) δ: 202.86 (C=O),
200.63 (C=O), 158.19, 156.87, 149.91, 145.78 (C-5, C-3′ ,
C-4′ , C-4 ′′), 139.57 (C-4), 129.27 (C-1′ or C-1 ′′), 128.36
(C-2 ′′ and C-6 ′′), 124.09 (C-6′), 122.13 (C-1′ or C-1 ′′),
117.00 (C-2′), 116.69 (C-5′), 115.52 (C-3 ′′ and C-5 ′′),
78.26 (C-2). 13C NMR (75 MHz, DMSO-d6) δ: 203.57
(C=O), 201.32 (C=O), 157.61, 155.55, 150.27, 145.92 (C-5,
C-3′ , C-4′ , C-4 ′′), 138.39 (C-4), 128.05 (C-1′ or C-1 ′′),
127.58 (C-2′′ and C-6′′), 122.96 (C-6′), 120.52 (C-1′ or
C-1 ′′), 116.36 (C-2′), 116.11 (C-5′), 77.39 (C-2). EI-MS
m/z (%): 312 ([M]+), 296, 284, 239, 189, 181, 163, 134, 121
(100), 93, 91, 77, 65. HR-MS calcd. for C17H12O6:
312.06339; found: 312.06170.

Tetraacetylinvolutone
(5-(3,4-diacetoxyphenyl)-2-(4-acetoxyphenyl)-2-acetoxy-4
-cyclo-penten-1,3-dione)

A solution of involutone ([α]D +96.3°, 6.5 mg) in 1 mL of
Ac2O was supplied with one drop of anhydrous pyridine and
stirred at room temperature for 60 h. The reaction mixture
was worked up in a usual way and the product taken up into
AcOEt. The solution, when washed with aq Na2CO3, dried
over Na2SO4, and concentrated, gave 9.9 mg (99% yield) of
a yellow crude tetraacetate. The pure product was eluted
from silica gel column by 2% AcOEt in PhH and the result-
ing solution, when concentrated, afforded an oil (solidifying
eventually) of Rf 0.76, mp 68–70°C and [α]D +44.2° (c =
0.275, CHCl3). UV (CH3CN) λmax (ε): 231 (18 480), 312
(11 720). IR (KBr, cm–1): 3076 (w), 2935 (w), 2853 (w),
1770 (s), 1743 (s), 1714 (s), 1609 (m), 1574 (m), 1505 (s),
1429 (m), 1372 (s), 1265–1165 (s, b with max at 1202),
1118 (m), 1051 (m), 1013 (m), 904 (m), 846 (m). 1H NMR
(600 MHz, CD3CN) δ: 7.95 (1H, dd, J = 8.4 Hz, J = 2.2 Hz,
H-6′), 7.92 (1H, d, J = 2.2 Hz, H-2′), 7.70 (1H, s, H-4), 7.46
(2H, d of AA′XX′ , J = 8.8 Hz, H-2 ′′ and H-6 ′′), 7.40 (1H,
d, J = 8.4 Hz, H-5′), 7.16 (2H, d of AA′XX′, J = 8.8 Hz,
H-3 ′′ and H-5 ′′), 2.29 (3H, s, COCH3), 2.28 (3H, s,
COCH3), 2.23 (3H, s, COCH3), 2.18 (3H, s, 2-OCOCH3).

1H
NMR (300 MHz, CDCl3) δ: 7.92–7.88 (2H, m, H-2′ and H-6
′), 7.46 (2H, d of AA′XX′ , J = 9.0 Hz, H-3 ′′ and H-5 ′′),
7.43 (s, H-5), 7.35 (1H, d, J = 8.2 Hz, H-5′), 7.11 (2H, d of
AA′XX′, J = 9.0 Hz, H-2 ′′ and H-6 ′′), 2.33 (COCH3), 2.32
(COCH3), 2.29 (COCH3), 2.19 (COCH3).

13C NMR
(150 MHz, CD3CN) δ: 197.36 (C-3), 196.03 (C-1), 170.79
(2-OCOCH3), 169.90 (4′ ′-OCOCH3), 169.03 (3′-OCOCH3),
168.80 (4′-OCOCH3), 153.55 (C-5), 152.55 (C-4 ′′), 146.14
(C-4′), 143.50 (C-3′), 141.12 (C-4), 129.91 (C-1 ′′), 128.65
(C-2 ′′ and C-6 ′′), 128.47 (C-6′), 127.72 (C-1′), 125.25
(C-2′), 125.22 (C-5′), 123.44 (C-3 ′′ and C-5 ′′), 81.70 (C-2),
21.09 (OCOCH3), 20.73 (OCOCH3), 20.65 (OCOCH3),
19.97 (C2-OCOCH3). HMBC–NMR (600 MHz, CD3CN):
see Scheme 2. 13C NMR (75 MHz, CDCl3) δ: 196.33 and

© 2003 NRC Canada
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10The phenoxide ion, formed as a result of the C(4′)-OH proton abstraction, constitutes a conjugated system, made by 10 π and n electrons
and can be responsible for the colour change.
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195.15 (C-1 and C-3), 169.82 (OCOCH3), 168.97
(OCOCH3), 167.93 (OCOCH3), 167.64 (OCOCH3), 152.70,
151.73, 145.22, and 142.55 (C-5, C-4 ′′ , C-4′, and C-3′),
138.68 (C-4), 128.49 (C-2 ′′ and C-6 ′′), 127.61 (C-6′),
124.47 (C-2′), 124.29 (C-5′), 122.32 (C-3 ′′ and C-5 ′′),
128.49 (C-1′ or C-1 ′′), 122.29 (C-1′ or C-1 ′′), 80.82 (C-2),
21.08 (OCOCH3), 20.66 (OCOCH3), 20.55 (OCOCH3), and
19.91 (OCOCH3). EI-MS m/z (%): 480 ([M]+), 452, 438, 410,
396, 380, 368, 354, 312, 296, 284, 239, 163, 134, 121, 105,
93, 69, 43 (100). HR-MS calcd. for C25H20O10: 480.10565;
found: 480.10534.
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Semiclassical and quantum-mechanical study of
the reaction mechanism for the N2 + N2

+ electron
transfer system

Yu-Mei Xing, Lan Chen, Chong Zhang, Zun-Sheng Cai, and Xue-Zhuang Zhao

Abstract: Density functional theory (DFT) calculations, including electron correlation, were carried out on the N2 +
N2

+ electron transfer system. Six geometries of the precursor complex were assumed and their stabilities were calcu-
lated and compared. The activation energy, the electronic transmission factor, and the electronic coupling matrix ele-
ment in the electron transfer process were also calculated. The electronic transmission factor for this system was far
less than unity (ca. 0.006~0.09); thus, the electron transfer reaction was considered to be diabatic in nature. Therefore,
the electron transfer rate for the selected structures was calculated using semiclassical and quantum-mechanical theo-
ries. The calculated values were compared with each other and were in good agreement with the experimental value.

Key words: N2 + N2
+ electron transfer reaction, semiclassical and quantum-mechanical theories, electronic transmission

factor, electronic coupling matrix element, B3LYP.

Résumé : On a effectué des calculs selon la théorie de la densité fonctionnelle (TDF), y compris une corrélation élec-
tronique, du système de transfert d’électron N2 + N2

+. On pris pour acquis les six géométries du complexe précurseur
et on a calculé et comparé leurs stabilités. On a aussi calculé l’énergie d’activation, le facteur de transmission électro-
nique et l’élément de matrice du couplage électronique du processus de transfert d’électron. Le facteur de transmission
électronique pour ce système est de beaucoup inférieur à l’unité (environ de 0,006 à 0,09); on en a déduit que la réac-
tion de transfert d’électron est de nature diabatique. On a donc calculé la vitesse de transfert d’électron en faisant ap-
pel à des calculs selon les théories de mécanique quantique et semiclassique pour des structures choisies. Les valeurs
calculées ont été comparées entre elles et elles sont en bon accord avec la valeur expérimentale.

Mots clés : réaction de transfert d’électron N2 + N2
+, théories de mécanique quantique et semiclassique, facteur de

transmission électronique, élément de matrice du couplage électronique, B3LYP.

[Traduit par la Rédaction] Xing et al. 132

Introduction

In the last two decades, the simple electron transfer (ET)
theory provided by Marcus (1), Hush (2), Sutin (3), and
Newton and coworkers (4, 5) has been very actively pursued,
both theoretically and experimentally (6–16). This interest is
not surprising, considering the ubiquity of the electron trans-
fer process in chemistry, physics, and biology. ET reactions
are commonly thought to be embodied by two potential sur-
faces, one for the reactants and the other for the products,
and are well understood within two distinct limits (see
Fig. 1) (17–19). First, for a very weak electronic coupling
between the two potential surfaces (the so-called “diabatic
limit”), the theoretical developments include semiclassical
extensions of the classical formalisms, as well as quantum-
mechanical treatments in which the ET is treated with a per-
turbation theory (7, 20), and its lowest order perturbation in

the electronic coupling leads to the Fermi golden rule ex-
pression of the ET rate constant. For the opposite limit (the
“adiabatic limit”), in which the electronic coupling is large
and the ET reaction is actually limited on one potential sur-
face, the rate is well described by classical transition rate
theory (7).

In the two diabatic theories, two important quantities —
the electronic coupling interaction and the FC factor —
depend strongly on the potential energy surfaces of the reac-
tant and product and on the structural properties of the pre-
cursor complex. A considerable effort has been focused on
understanding how the structural properties, such as the dis-
tance and orientation between donors and acceptors, affects
the electron transfer rate (12, 13, 16, 21, 22).

N2 + N2
+ is a gas-phase ion–molecule ET reaction that

plays an important role in stratospheric chemistry. Although
the N4

+ dimer cation, which may be identified as the precur-
sor complex of the above ET reaction, has received much at-
tention from both the experimental and theoretical
standpoints (23, 24), the kinetics of this ET reaction has not
been explicitly investigated. This reaction would involve a
collision between the ion and the molecule, followed by the
ET step, and detection. The encounter complex must be
formed for the collision process to occur. Three methods
were adopted to investigate the mechanism and calculate the

Can. J. Chem. 81: 125–132 (2003) doi: 10.1139/V03-005 © 2003 NRC Canada
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rate of the ET process. The main purposes of this investiga-
tion are: (i) to obtain a more complete understanding of the
nature of the interaction between the donor (N2) and the ac-
ceptor (N2

+) at the DFT level; (ii) to compare the electronic
structural properties and the relative stability of various pos-
sible precursor complexes; (iii) to obtain relevant ET kinetic
parameters and to compare their contributions to the ET rate
from various precursor structures; and (iv) to compare the
applicability of the semiclassical expressions, the quantum-
mechanical method, and the golden rule simplification in
studying the nonadiabatic ET problem of the N2 + N2

+ self-
exchange system.

Theoretical model and computational
details

Simple description of theoretical model
For the following thermal electron transfer process

(eq. [1]),

[1] N2(r0) + N2
+(r+) � N2

+(r+) + N2(r0)

according to the framework of the outer-sphere self-
exchange ET model (1, 2, 6, 8), the electron transfer be-
tween the acceptor, N2

+(X2Σ+
g), and the donor, N2(X

1Σ+
g),

can be separated into the following three distinct steps:
1. Formation of the precursor complex or the encounter

complex

N2(r0) + N2
+(r+) � N2(r 0′ ) || N2

+(r+′ )

2. Activation of the precursor complex, electron transfer-
ring, and then relaxation into the successor complex

N2(r 0′ ) || N2
+(r+′ ) → N2

+(r+′ ) || N2(r 0′ )

3. Dissociation of the successor complex into products

N2
+(r+′ ) || N2(r 0′ ) → N2

+(r+) + N2(r0)

In step 2, it is assumed that there is an energy barrier for
the precursor complex to surpass. This process conforms to
the Marcus model: an electron is transferred between the do-
nor and the acceptor with very little coupling resonance in-
teraction and with an energy barrier largely originating from

Franck–Condon restrictions, i.e., the electron transfer occurs
on a time scale in which the positions of all atomic nuclei
are frozen. For ease of discussion we may separate step 2
into three detailed steps:

(i) Reorganization of the precursor complex

N2(r 0′ ) || N2
+(r+′ ) → N2(r 0

*) || N2
+(r +

*)

(ii) Elementary electron transfer step (according to the
Franck–Condon principle)

N2(r 0
*) || N2

+(r +
*) → N2

+(r 0
*) || N2(r +

*)

(iii) Relaxation into the successor complex

N2
+(r 0

*) || N2(r +
*) → N2

+(r+′ ) || N2(r 0′ )

Obviously, step 1 is the collision process between the ion
and the molecule. Its energy change corresponds to the sta-
bilization energy (Es), which is the sum of the electrostatic
work required to bring the reactants closer with an optimized
constant distance of R and the energy associated with the
change of geometry from r to r ′. The product in step 1 is the
precursor complex and may exist in various structural forms.

Using the steady state approximation, assuming the reac-
tion is not diffusion limited, and assuming that dissociation
in step 3 is fast, the overall rate (kovr), which is usually ob-
served, is determined as the product of the equilibrium con-
stant for the formation of the precursor complex (Kpre) and
the rate of electron transfer (ket), i.e., the overall rate in-
cludes the collision and ET processes.

[2] kovr = Kpreket,

where the unimolecular rate constant for the ET (ket) may be
determined by either the semiclassical or the quantum-
mechanical method.

Semiclassical method
Taking quantum effects into account, the rate of the ET

reaction, ket, can be expressed as (4, 5, 9–11, 25, 26)

[3] ket = νnΓnκelexp(–∆G*/RT),

where νn is the nuclear frequency factor (s–1), Γn is the nu-
clear tunneling factor, κel is the electronic transmission coef-
ficient, and ∆G* is the activated free energy of the reaction.
If the entropy effects are not taken into account, the acti-
vated free energy can be substituted by the activated energy
Ead (see below for definition). At room temperature, nuclear
tunneling does not typically contribute significantly to the
electron transfer rate, so Γn is assumed to be equal to unity
throughout this study (27, 28).

The electronic transmission factor denotes the diabaticity
of the ET reaction and must be treated explicitly. For the
weak coupling electron transfer system, as in the outer-
sphere mechanism, the Landau–Zener (LZ) model (29, 30) is
available. In terms of the LZ model, the electronic transmis-
sion coefficient can be expressed as

[4] κel = 2P0/(1 + P0),

where the probability (P0) of hopping from the initial state
potential energy surface (i) to the final state potential energy
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Fig. 1. Parabolic energy profiles of two diabatic states along the
reaction coordinate.
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surface (f) on a single passage of the system through the
crossing region is given by

[5] P0 = 1 – exp(–4π2Hif
2/(hvs|S2 – S1|)),

where h is the Planck constant and vs is the velocity (as-
sumed constant) of the reacting system passing through the
crossing region along the reaction coordinate. |S2 – S1| is the
net force exerted on the system, tending to return it to the
original and the final state; S1 and S2 are the negative slopes
of the potential energy surfaces, at the transition state, of the
reactant and product, respectively. Hif is the electronic cou-
pling matrix element between the initial state and the final
state.

Obviously, the main factors influencing the electron trans-
fer rate are the activated energy, the coupling matrix ele-
ment, and the slopes of the potential energy surfaces, and
these quantities depend strongly on the potential energy sur-
face of the reacting system (31). In the following section,
some valid schemes are introduced to determine these quan-
tities on the basis of the potential energy surfaces obtained
from ab initio calculations, including electron correlation.

Quantum-mechanical method
Instead of using the LZ expression for the electronic

transmission coefficient, the quantum-mechanical expression
for the ET rate is given as (9, 14, 32–35)

[6] ket = (4π2/h)Z–1 exp
wv
∑∑ (–βErv)

× |(χrv|�φr|H| φp�|χpw)|2 δ(Erv – EPw)

= (4π2/h)Hif
2Z–1 exp

wv
∑∑ (–βErv)

× |�χrv| χpw� |2 δ(Erv – EPw)

= (4π2/h)Hif
2 (DWFC),

where Z denotes the vibrational partition function. This ex-
pression gives the probability per unit time that a system in
an initial vibration state φr(r,Q)χrv(Q,t) will pass to a set of
final vibration states φp(r,Q)χpw(Q,t). DWFC is the density
weighted Franck–Condon factor. This formulation is correct
for the case of diabatic ET within the Franck–Condon ap-
proximation; for adiabatic ET, the ET is processed on one
potential energy surface and can be treated using transition
state theory. For the N2 + N2

+ reacting system, we focus on

the treatment of diabatic ET; thus, the application of eq. [6]
leads to (7, 10, 11, 32–34)

[7] ket = (4π2/h)Hif
2 (FC),

where λ is the reorganization energy. In the classical limit,
and when frequency changes in individual vibrational modes
are neglected, the FC factor given in eq. [7] reduces to (18,
25)

[8] FC = (4πλRT)–1/2exp(–(∆G° + λ)2/(4λRT)),

where (4πλRT)–1/2 is the classical density of states and ∆G°
is the standard Gibbs free energy of the reaction and equal to
zero for the self-exchange ET reaction.

One can also use other approximations to represent the
DWFC factor in eq. [6]. According to the golden rule (9, 10,
14), we can rewrite eq. [6] into the formula of the Fermi
golden rule (36)

[9] ket = (4π2/h)Hif
2ρ(Ef),

where ρ(Ef) denotes the density of the final (product) state
(see below).

Computational details
Standard ab initio molecular orbital calculations were per-

formed with the GAUSSIAN 94 program package, Revision
E.3 (37). The B3LYP procedure was employed in the density
functional theory (DFT) (38) calculations, which cover elec-
tron correlation in the self-consistent Kohn–Sham procedure
through the functions of electron density. It also gives good
descriptions for systems that require sophisticated treatments
of electron correlation in the conventional ab initio ap-
proach. A large basis set of 6–311+G* (39) was used at the
B3LYP level. For the precursor complex, six structural
forms, i.e., collinear (L), two T-type (T1 and T2), parallel
(P), Z-type (Z), and crossing (C) (see Fig. 2), were assumed
and optimized under the symmetry constraint and by opti-
mizing in turn the contact distance (R) and the N—N dis-
tances (r0 in the N2 fragments and r+ in the N2

+ fragments of
the precursor complex). The first five forms were assumed to
be coplanar to keep the largest overlap of the orbitals, while
the crossing one was assumed to be nonplanar, owing to the
rotation of one of the two molecular fragments by 90° about
the C2 principal axis in the P structure.

The stabilization energy (Es) of the corresponding precur-
sor complex was defined as the difference between the
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Fig. 2. Geometrical structure of the precursor complex (r 0′ and r +′ denote the N—N bond distance of N2 and N2
+ in the precursor

complex; R is the contact distance)
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corresponding precursor complex and the isolated species,
N2(X

1Σ+
g) and N2

+(X2Σ+
g), in step 1. The diabatic transition

state — which by no means corresponds to a real structure
that exists physically — was defined as the “structure” along
the seam of crossing between the two diabatic potential en-
ergy surfaces, corresponding to the initial and the final states
of the ET. On the other hand, the adiabatic transition state
was defined at the saddle point on one potential surface,
which can be found by transition state theory.

Results and discussion

Optimized structure and properties of the isolated
species

Before we start the discussion on the structure of the pre-
cursor complex for the ET system, it is useful to test the ap-
plicability of ab initio calculation levels to this system. The
calculations on the isolated species, N2(X

1Σ+
g) and

N2
+(X2Σ+

g), were performed at the Hartree–Fock (HF),
B3LYP, and MP2 (full) levels with the 6–311+G* basis set.
The optimized structures, energies, and relevant spectro-
scopic properties are summarized in Table 1.

By comparing the calculated and experimental values for
the structure and the force constants, some trends regarding
the dependence of the quality of the results on the level of
theory can be identified. It can be noted that, even if a larger
basis set such as 6–311+G* is used, the calculated equilib-
rium N—N bond lengths for both species, N2(X

1Σ+
g) and

N2
+(X2Σ+

g), possess larger errors at the HF level (about
0.03 Å shorter than the experimental values); even the vibra-
tional frequencies are higher, at about 340~375 cm–1

(70~85 cm–1 if the scale factor of 0.8929 is considered), than
the experimental values. At the MP2 level, full electron cor-
relation correction may decrease the errors, but the calcula-
tion still deviates from experimental values. However, the
B3LYP calculations are in good agreement with the experi-
mental values. For the bond length, the largest deviation is
0.0077 Å, and 35 cm–1 (considering the scale factor of
0.9613) is the largest deviation for the vibrational frequency.
Especially for the dissociation energy (De) and the force
constants (f and g), the result is indeed improved effectively
at the electron correlation level. Of course, the deviation
trend of the force constants (f and g) from experimental val-
ues is the same as that for vibrational frequency. Compari-
son of the experimental re, De, and force constants values
with HF, B3LYP, and MP2 (full) results indicates that signif-

icant accuracy is achieved at the B3LYP/6–311+G* level for
N2 and N2

+ systems.

The geometry of the complexes in precursor state
The geometrical configuration of the precursor complex

directly influences not only the activated energy of the reac-
tion but also the electron transfer coupling matrix element
and, thus, the ET rate. Therefore, it is very important to find
all possible geometrical configurations for the precursor
complex. For the ET reaction between N2 and N2

+, six possi-
ble precursor-state structures have been assumed (Fig. 2).
The geometrical parameters and relevant energies are dis-
played in Table 2. However, the Z-type and C-type geome-
tries did not converged at the B3LYP/6–311+G* level, which
may be due to the limitation of the method employed or to
the extreme instability of these two configurations. So, in the
following discussions, only the four remaining geometries
are considered. From Table 2, it can be seen that the N—N
bond lengths of the fragments have minor changes compared
with the isolated N2(X

1Σ+
g) molecule and N2

+(X2Σ+
g) ion.

From the viewpoint of energy, the larger is the Es, the more
stable the complex. So, the most stable precursor complex
is L (172.52 kJ mol–1), and the order of stabilization energy
is L > T2 > T1 > P.

Transition state of the reaction and the activated
energies

According to Marcus’ outer-sphere or diabatic ET theory,
the interaction between the donor and the acceptor in this
case should be very weak and can thus be neglected in some
calculations (8, 41–43). Thus, the energy of every point on
the potential energy curve of the reactant or the product may
be estimated as the sum of energies of the donor and the ac-
ceptor. We can write E(q) = EN 2

(q) + E
N 2

+ (q) in general
terms, where q specifies the location on the potential curves.
According to part (ii) of step 2, and as presented by Bu et al.
(44), the energy of the activated complex N2(r 0

*)||N2
+(r +

*) be-
fore (Ei) and after (Ef) ET can be expressed as

[10] Ei = EN 2
(r 0

*) + E
N 2

+ (r +
*)

and

[11] Ef = E
N 2

+ (r 0
*) + EN 2

(r +
*),

respectively, and we have the energy conservation principle,
Ef = Ei. Therefore,
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re (Å) ωe (cm–1) f a (10 µN Å–1) ga (10 µN Å–2) αa (Å–1) De (kJ mol–1)

N2 Expt. (40) 1.0977 2358.57 22.95 186.48 2.709 941.581
HF/6–311+G* 1.0706 2734.48 30.85 414.61 4.480 462.884
B3LYP/6–311+G* 1.0956 2444.34 24.65 207.90 2.809 940.577
MP2(full)/6–311+G* 1.1195 2181.33 19.63 149.76 2.543 914.149

N2
+ Expt. (40) 1.1164 2207.00 20.09 161.72 2.683 840.563

HF/6–311+G* 1.0871 2548.50 26.79 427.53 5.318 285.351
B3LYP/6–311+G* 1.1087 2332.66 22.45 192.59 2.860 826.221
MP2(full)/6–311+G* 1.1384 2089.00 18.00 135.77 2.514 857.800

aFrom the Dunham expression of the Morse function, f = 4π 2c2ω e
2µ /NA, α = (f/2De)

1/2, and g = 3f 3/2/(2De)
1/2; µ is the reduced mass.

Table 1. Calculated structural and spectroscopic properties for N2(X1 Σ+
g ) and N2

+(X2 Σ+
g ).
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[12] EN 2
(r 0

*) + E
N 2

+ (r +
*) = E

N 2
+ (r 0

*) + EN 2
(r +

*)

Or it may simply be written as

[13] E(r*) = EN 2
(r*) + E

N 2
+ (r*),

where r* is r in the activated state, i.e., r 0
* = r +

* = r*. Evi-
dently, eq. [13] represents the energy curve constructed at
the crossing point between the two diabatic potential energy
surfaces, and the lowest E(r), with varying r, is the energy of
the activated complex (E(r*)) at the crossing point with ge-
ometry r*.

However, to ensure the ET reaction occurs, the two
diabatic potential energy curves must be coupled to a certain
extent so that the crossing point of the two curves is avoided
and a 2Hif separation between the lower and upper potential
curves arises (see Fig. 1). Indeed, Hif = 0 means no ET hap-
pens, which can be indicated by equations of ket. That is, the
interaction of the donor and the acceptor should be taken
into account when we refer to the activated state of the ET
reaction. The activation energy is then defined by subtract-
ing the energy of the precursor complex from the corre-
sponding energy at the activated state; namely,

[14] Ead = E N2 || N2
+ (r*, r*) – E N2 || N2

+ (r 0′ , r+′ ),

where the energies on the right hand side are the single point
energies calculated at B3LYP of DFT at the same contact
distance R, but with the relevant internal coordinates being
optimized as before.

The definition of the diabatic activated energy Ed we have
adopted here is found in eq. [15] (44)

[15] Ed = EN 2
(r*) + E

N 2
+ (r*) – EN 2

(r0) – E
N 2

+ (r+)

The interaction between acceptor and donor can be quan-
titatively described by the coupling matrix element (Hif). Ac-
curate theoretical calculations on Hif have been made by
Newton (45), German (46), and German and Kuznetsov
(47). The magnitude of Hif is a direct parameter, determining
the degree of diabatic character in the electron exchange re-
action. If the interaction is strong, the values of the elec-
tronic transmission factors are high (κel tend to 1) and the
system can remain in the lower potential surface; that is, the
reaction is adiabatic and the reaction process can be treated
by classical transition state theory. As shown in Fig. 1, be-
cause Ead and Ed denote the adiabatic and diabatic activation
energy, respectively, the magnitude of the coupling matrix
element Hif at the crossing point is approximated by (6, 48)

[16] Hif = Ed – Ead

= EN 2
(r*) + E

N 2
+ (r*) – EN 2

(r0) – E
N 2

+ (r+)

– E N2 || N2
+ (r*, r*) + E N2 || N2

+ (r 0′ , r+′ )

For the precursor complex N2(r 0′ ) || N2
+(r+′ ), of the four

different geometries, the activated energies (calculated at the
B3LYP/6–311+G* level) are 0.33 (T2), 0.26 (T1), 0.12 (L),
and 0.0097 (P) kJ mol–1, respectively, and the coupling ma-
trix elements are 0.33 (L), 0.19 (T1), 0.12 (T2), and 0.44 (P)
kJ mol–1, respectively. The P-type transition state with C2v
symmetry has the largest coupling matrix element and the
T2-type transition state with C2v symmetry has the smallest.
This phenomenon may be explained in terms of the orbital
overlap interaction between the donor and the acceptor (see
Fig. 3). Although the contact distance is larger than the other
structures, the P-type structure is favorable with both π= and
π� maximum overlaps and the largest coupling matrix ele-
ment. For the L-type structure, the smallest contact distance
is favorable for the orbital overlap. T1-type and T2-type

© 2003 NRC Canada
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L T1 T2 P

Coupling state 2Σg
2A1

2A1
2A1

precursor complex
R (Å) 2.1736 2.4791 2.4339 2.6293
r 0′ (Å) 1.10085 1.110 1.101 1.1054
r +′ (Å) 1.1009 1.1011 1.112 1.1068
Es (kJ mol–1) 172.52 132.38 132.51 102.47
Transition state
Ed (kJ mol–1) 0.45
r 0

* = r +* (Å) 1.10088 1.1056 1.1065 1.1061
Ead (kJ mol–1) 0.12 0.26 0.33 0.0097
Hif (kJ mol–1) 0.33 0.19 0.12 0.44
|S2 – S1| (kJ mol–1 Å–1) 53.828 47.244 44.242 44.294
κel 0.0404 0.0158 0.00673 0.0833
10–17ρ (Ef) (J–1) 2.941 3.825 3.687 4.303
kovr (L mol–1 s–1)a 3.85 × 109~1010 1.41 × 109~1010 5.89 × 108~109 6.98 × 1010~1011

kovr (L mol–1 s–1)b 1.94 × 1012 6.42 × 1011 2.56 × 1011 3.447 × 1012

kovr (L mol–1 s–1)c 5.25 × 1012 2.27 × 1012 8.71 × 1010 1.37 × 1013

aThe results of the semiclassical method according to eq. [3].
bThe results of the quantum-mechanical method according to eq. [7].
cThe results of Fermi golden rule according to eq. [9].

Table 2. The geometrical parameters, relevant energies, coupling matrix elements, and rate constants calculated at the B3LYP/6–
311+G* level for the reacting system in the precursor complex and the transition state.
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structures have similar geometries that may be presented by
a T-type orbital coupling diagram. Due to the symmetry re-
striction on the orbital overlap, its coupling interaction
should be small.

According to the Franck–Condon principle, the definition
of the reorganization energy is the energy that is required to
reorganize the molecular structure of the reactants and the
surrounding solvent to be compatible with ET. In this gas-
phase ET reaction, it may be defined by (49, 50)

[17] λ = EN 2
(r+) – E

N 2
+ (r+) + E

N 2
+ (r0) – EN 2

(r0)

The reorganization energy calculated according to eq. [17]
is 2.43 kJ mol–1, which is consistent with the previous study
(2.20 kJ mol–1) (50).

The slopes of the potential energy surfaces and the
final-state density

For a given potential energy surface, E(q), the value of its
slope, Sj, can be obtained from the relationship

[18] Sj = – ∂Ej(q)/ ∂q,

where j = 1 corresponds to the reactant and j = 2 corre-
sponds to the product. Considering that E(q) can be ex-
pressed as the sum of Er and Eo, where the subscripts r and o
stand for the reduced and oxidized fragment of the reaction
system at the crossing point, eq. [18] may be further written
as

[19] S1 = – ∂Ei(qr)/∂qr = – ∂Er(qr)/∂qr

+ ∂Eo(x – qr)/∂(x – qr) = Sr – So

[20] S2 = – ∂Ei(qo)/∂qo = – ∂Er(x – qo)/∂(x – qo)

+ ∂Eo(qo)/∂qo = –Sr + So,

where it is assumed that qr + qo = x. Thus, the difference in
slope between the reactant state and the product state may
be further expressed as

[21] |S2 – S1| = 2|Sr – So|,

where Sr and So denote the slopes of the diabatic potential
energy surfaces of the reduced and the oxidized fragments,
respectively, at the crossing point of the two diabatic poten-
tial surfaces.

Moreover, the slopes of one dimensional potential curves
can be calculated in terms of the Morse potential function

(E(q) = De(1 – exp(–αq))2). Thus, the calculation formula is
expressed as

[22] Sj = –2Deα(1 – exp(–αqt))exp(–αqt),

where j (= r, o) denotes the reduced and the oxidized spe-
cies, respectively, and qt denotes the geometry at the cross-
ing point. The calculated results of the slopes are displayed
in Table 2 and they are similar to each other.

To define the final-state density, ρ(Ef), one may note that
under perturbation there must be three product states, which
all come from the same initial state of Ei. These final states
have energy Ei + ∆E, Ei, and Ei – ∆E, so that there are three
final states per 2∆E (51, 52). Hence, the maximum value of
the final state density is

[23] ρ(Ef) = dN/dE = 3/(2∆E),

where ∆E is the difference between the initial- and the final-
state energies and can be taken as the perturbation or uncer-
tainty in the electron energy, ∆E = (∆p)2/(2me). Then, ac-
cording to the uncertainty principle,

[24] ρ(Ef) = 3me/(∆p)2 = 3me(∆x)2/h2,

where ∆x is the uncertainty in the position of an electron at
the crossing point and may be approximately equal to the
contact distance. This indicates that the longer the distance,
the larger the final-state density. The final results of ρ(Ef) are
also displayed in Table 2.

Electron transfer rate
The electronic transmission coefficients were calculated in

terms of eqs. [4] and [5]. The results were also listed in Ta-
ble 2. The values were far less than unity (0.006~0.09); thus,
the electron transfer reaction was indeed diabatic in nature.
Moreover, it shows the validity of using quantum-
mechanical theory to calculate this ET rate.

Once the electronic transmission coefficient, the coupling
matrix element, and the relevant energies are obtained, the
rate of the ET reaction can be found in terms of eqs. [3], [7],
and [9], according to the different methods. At the
semiclassical theoretical level, considering the role of the
collision between the N2 molecule and N2

+ ion, the effective
collision frequency Zeff (the combination of Kpre·νn·Γn) lies
between 1011~1012 L mol–1 s–1 (53). All the calculated re-
sults are shown in Table 2. It can be seen that the P-type
mechanism has the largest rate constant, then the L-type, and
the T-type has the smallest at all the calculated levels. The
mean values of the overall ET rates are 3.21 × 109~1010,
1.57 × 1012, and 5.32 × 1012 L mol–1 s–1 at the semiclassical
(eq. [3]), quantum-mechanical (eq. [7]), and golden rule
(eq. [9]) levels, respectively. The experimental value for the
ET rate of the N2 + N2

+ system in the gaseous phase was
found to be about 3.97 × 1011 L mol–1 s–1 (54, 55). Our cal-
culated values showed a good agreement with the experi-
mental values, considering the many approximations
employed. On comparing the results of the rate constant it
can be seen that the values obtained from the quantum-
mechanical theory are higher than those from the
semiclassical theory, and the rate constant derived from the
final-state density also provides a valid treatment for the
diabatic ET reaction.
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Fig. 3. The diagram of the orbital couplings between the donor
and the acceptor.
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Conclusions

The structures, properties, and electron-transfer reactivity
of the N2 + N2

+ system in the gas phase have been studied
using semiclassical and quantum-mechanical methods based
on the single point energies calculated at the B3LYP/6–
311+G* level. Six possible precursor structures were as-
sumed and the order of their stability was L > T2 > T1 > P.
For these precursor complexes, the larger the contact dis-
tance, the weaker is the interaction between the donor and
the acceptor, and the floppier is the structure. So, neglecting
the interaction between the donor and the acceptor is reason-
able in the N2 + N2

+ ET reaction. The electronic transmis-
sion factor for this system is generally substantially less than
unity (ca. 0.006~0.09), thus this ET reaction is diabatic in
nature. The coupling matrix elements were calculated and
were found to be a crucial factor in determining ET occur-
rence and an important factor in determining ET rate. The
rate constant was found to be strongly dependent on the
slopes of the potential energy surface at the crossing point.
The results of ET rates from the semiclassical and quantum-
mechanical theories were in good agreement with the experi-
mental values, which indicates that it is reasonable to ne-
glect the entropy effects of the reaction in the semiclassical
calculation and take into account the vibrational ground state
contribution only on the FC term in the quantum-mechanical
calculation. Moreover, it can be concluded that if the interac-
tion is so weak that it can be represented by a perturbation,
this reacting system can be treated using the Fermi golden
rule (i.e., first-order perturbation theory). Most importantly,
it was demonstrated that both theories are successful in in-
terpreting the diabatic electron transfer reaction.

Since the N2 + N2
+ system is a simple and typical diabatic

ET reaction system, demonstrating its reaction mechanism is
useful for a forthcoming investigation — the pattern and rule
of diabatic character for self-exchange ET in the periodic ta-
ble.
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The influence of competing factors on the
endothermic nature of bile salt binding by cationic
adsorbent

Celia K. Williams, William C. Galley, and G. Ronald Brown

Abstract: The binding of sodium chenodeoxycholate, a hydrophobic bile salt, by a polyacrylamide resin with N,N,N-
trimethylammonium dodecyl chloride (QPDA12) pendant groups was studied in the presence of elevated concentrations
of competing anions. The equilibrium bile salt concentration was determined from HPLC data for a range of initial bile
salt concentrations. Binding constants extracted from the fit of the isotherms to the Langmuir equation were obtained
for data for temperatures from 24 to 60°C. A reduction in chenodeoxycholate binding affinity was observed in compar-
ison with that reported previously at lower overall anion concentrations. A van’t Hoff analysis of the data revealed that
a decrease in the favourable entropy of binding was responsible for this reduced affinity. Decomposition of the binding
constants into specific contributions for the competing buffer anions and the chenodeoxycholate anion returned positive
values of ∆H° and ∆S° for the binding of both the competing ions and bile salt. These findings reveal that the weaken-
ing of the bile salt binding that occurs with added salt is not due to Debye screening of an attraction between ions of
opposite charge. A binding mechanism consistent with the thermodynamics observed was proposed in which the domi-
nant role of hydration changes that occur on binding provides the principal driving force for the process.

Key words: bile salts, endothermic binding, polymer sorbents, solvent randomization.

Résumé : La liaison d’un sel biliaire hydrophobique, le chénodeoxycholate de sodium, par une résine de polyacryla-
mide comportant des substituants chlorure de N,N,N-trimethyldodecylammonium a été étudiée en présence d’une forte
concentration d’ions compétiteurs. Les concentrations en sel biliaire libre à l’équilibre, pour différentes concentrations
initiales, ont été obtenues à partir de mesures HPLC. Les constantes de liaison ont été extraites des isothermes ajustés
à l’équation de Langmuir pour des températures de 24°C à 60°C. Une analyse van’t Hoff des données a révélé qu’une
diminution de l’entropie favorable à la liaison était responsable de l’affinité réduite. Des valeurs positives de ∆H° et
∆S° pour la liaison des ions compétiteurs ainsi que pour le sel biliare ont été obtenues par la décomposition des cons-
tantes de liaison. Ces résultats révélent que l’affaiblissement de la liaison du sel biliaire n’est pas seulement due à
l’effet d’écran de Debye sur l’attraction d’ions de charges opposées. Un mécanisme de liaison incluant les changements
d’hydratation a été proposé pour expliquer les caractéristiques du processus de liaison.

Mots clés : sels biliaires, liaison endothermique, sorbents polymères, désorganisation de la cage d’hydratation. William
s et al. 140

Introduction

The ingestion of insoluble polymeric resins serves to se-
quester bile acids in the intestines, resulting in their elimina-
tion through the gastrointestinal tract. Prevention of their
reabsorption stimulates the breakdown of cholesterol to bile
acids, which in turn leads to a reduction in plasma choles-
terol levels. The resins currently in wide clinical use,
cholestyramine (Questran), a styrene–divinylbenzene copol-
ymer developed in 1959 (1), and colestipol (Colestid), a co-
polymer of tetraethylene-pentamine and epichlorohydrin (2),

are cationic in nature, as are many of the other resins inves-
tigated for this purpose. Although the use of these polymeric
sequestrants for the removal of bile acids from the gastroin-
testinal tract is an accepted means of lowering plasma cho-
lesterol levels, little work has been done to elucidate the
nature of the binding interactions.

The binding of bile salts with the cationic resins has been
considered to be dominated by the attraction between the op-
positely charged ions (3–5). Comparisons of the binding af-
finities of cationic polymeric resins with uncharged resins
have been taken as evidence for the contribution of coulom-
bic interactions in the binding process (3–8). In addition, the
significant impact of added salt (6, 7, 9) and phosphate
buffer in reducing the binding through Debye screening of
an ionic interaction has been taken as support (4, 5, 8) for a
model in which ion-pair formation provides the driving force
for the process. As a consequence, it has been implicitly as-
sumed that the binding of the participating ions is an exo-
thermic process.

However, recent temperature-dependent studies of the
binding of bile salts to a quaternized polyacrylamide resin

Can. J. Chem. 81: 133–140 (2003) doi: 10.1139/V03-003 © 2003 NRC Canada
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conjugated with N,N,N-trimethylammonium dodecyl chlo-
ride (QPDA12) (Fig. 1) demonstrated that the binding affin-
ity was enhanced with increasing temperature (10). This
indicated that an increase in entropy was responsible for the
binding and that a considerable enthalpic barrier had to be
surmounted in the process. The observed endothermic nature
of the process is inconsistent with an association dominated
by favourable coulombic interactions between the participat-
ing bile salt and resin. Calorimetric binding studies of bile
salts with human serum albumin and bovine serum albumin
have been observed in previous work to be endothermic.
This was taken as evidence for a major hydrophobic in-
volvement in the association of bile salts with these plasma
proteins (11).

Alternate molecular descriptions to those that involve a
simple electrostatic attraction between bile salts and macro-
molecular assemblies are required to account, at least quali-
tatively, for the thermodynamic parameters that are
associated with binding. These models, however, must also
encompass the earlier evidence that supports the role of
ionic interactions in the binding process (3–8).

To provide additional data that might assist in reconciling
the endothermic nature of the binding with the known de-
pendence on added salt, binding studies were carried out as
a function of temperature and electrolyte composition. The
adsorption of sodium chenodeoxycholate with QPDA12 was
examined in the presence of an elevated buffer ion concen-
tration and with added salt. A van’t Hoff analysis was used
to obtain a measure of the ∆H° and ∆S° associated with the
binding. The manner in which the bile salt binding thermo-
dynamics are influenced by the ionic composition of the me-
dium are interpreted in terms of binding of competing
anions in the system and of the role of solvation in the over-
all process.

Experimental

Materials
Sodium chenodeoxycholate (NaCDC) was purchased from

Sigma and was used as received. Sodium cacodylate
(CH3)2AsO2Na was from Baker. The QPDA12 resin with
chloride as counter ions was a previously synthesized and
quaternized sample (12). The functionality (f) was deter-
mined to be 2.00 ± 0.07 mmol of trimethylammonium pen-
dant groups per gram of dry resin, performed by gravimetric
analysis. The chloride counter-ions were precipitated in the
form of silver chloride by the addition of 1:1 of 16 M nitric
acid and 0.103 M silver nitrate. The precipitate was filtered,
washed, dried, and weighed to constant weight.

Adsorption studies
The procedures used for the sorption studies were as de-

scribed previously (13). The bile salt solutions were pre-
pared in aqueous 50 mM sodium cacodylate buffer, a
mixture of 5 mM sodium cacodylate and 41 mM sodium
chloride, and a mixture of 5 mM and 8 M urea all at a pH of
7.2. A stock bile salt solution (7 mM) was normally diluted
with buffer to generate concentrations as low as 0.23 mM.
The polymer resin (10 mg) was added to 20 mL of buffer so-
lution containing varying bile salt concentrations. These
mixtures were agitated with a mechanical shaker in a con-

stant temperature bath at 120 oscillations per minute for
more than 18 h at the desired temperature (24–60°C). The
density change of the bile salt solutions over this tempera-
ture range was less than 1%; therefore the concentrations of
the bile salt solutions were not corrected for increase in tem-
perature. Reverse-phased high-performance liquid chroma-
tography (HPLC) was used to follow the binding according
to procedures described previously (13). The bile salt con-
centrations in the solutions at equilibrium (Ceq) and the
amount of bile salt bound per gram of resin Q (mmol g–1)
were calculated, and the binding isotherms were plotted
from these results. The isotherms were then analyzed in
terms of the Langmuir equation, eq. [14],

[1] Q
Q KC

KC
=

+
m eq

eq1

with the use of SigmaPlot Software Version 5.00, which
yielded the “best-fit” values for K and Qm, the equilibrium
site binding constant and maximum Q or binding capacity,
respectively.

From the thermodynamic relation

[2] ∆G RT KT° = − ln

the standard Gibb’s free energy change for a process can be
related to K, which is unitless in that the concentrations of
the species involved are expressed relative to that of the
standard state that is chosen. With an experimental binding
constant expressed in terms of molarity, the standard state is
the state in which the ligand, or binding species, is at a con-
centration of 1.0 M, assuming ideal behaviour.

Results

The binding isotherms for chenodeoxycholate to QPDA12
in 50 mM cacodylate buffer appear in Fig. 2. The equilib-
rium bile salt concentration required to produce half satura-
tion of the binding sites can be seen to decrease with rising
temperature, reflecting an increasing binding affinity. This
enhanced affinity with temperature is accompanied by an in-
crease in concentration of the bile salt required to saturate
the resin. The shape of the isotherms within experimental er-
ror remains unaltered. The increase with temperature in both
the affinity and the available binding sites for the bile salt re-
flects the pattern of behaviour observed previously at a
10-fold lower cacodylate buffer concentration (10). These
observed changes in binding with temperature cannot be

© 2003 NRC Canada
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Fig. 1. The chemical structure of (N,N,N)-trimethylammonium
dodecyl chloride (QPDA12) resin.
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accounted for by a change in pH. In the temperature range
studied (24–60°C) only a 0.1 decrease in pH was observed.

The binding isotherms illustrated in Fig. 2 were fitted to
the Langmuir equation, eq. [14], with the values of K, the
equilibrium site binding constant, the corresponding ∆G°,
and the number of available binding sites n being listed in
Table 1. The increase in K with rising temperature, charac-
teristic of an endothermic process, is apparent in Table 1.
Binding constants for chenodeoxycholate with QPDA12 at
5 mM cacodylate buffer concentration plus 41 mM sodium
chloride3 are also included in Table 1. The particular sodium
chloride concentration was chosen to achieve the ionic
strength as the 50 mM cacodylate buffer system. The values
of K in the presence of added sodium chloride were derived
from the isotherms appearing in Fig. 3. The magnitude of
the K values is also seen to increase with temperature. The
values of K under both conditions are smaller than those ob-
tained with the lower buffer concentration (10), as shown in
Table 1 from earlier data (10). This result is in agreement
with weakening of the binding observed in the presence of

increased buffer and salt concentrations that has been dem-
onstrated previously with other systems of this type (6, 7, 9).

The van’t Hoff plot in Fig. 4 was generated from site
binding constants from the isotherms obtained in the pres-
ence of 50 mM cacodylate buffer and the buffer mixture of
5 mM cacodylate and 41 mM sodium chloride. The negative
slope under both conditions reflects the increase in binding
constant K with temperature or the endothermic nature of
the process. A linear analysis on the binding data in the
50 mM buffer yielded values of ∆H° and ∆S° of 36 ±
4 kJ mol–1 and 190 ± 12 J mol–1 K–1 from the slope and in-
tercept, respectively.

The ∆H° and ∆S° for the system with the buffer mixture
of 5 mM cacodylate and 41 mM sodium chloride are 18 ±
1 kJ mol–1 and 134 ± 4 J mol–1 K–1. Comparison of data ob-
tained at the lower 5 mM buffer concentration yielded a ∆H°
of 53 ± 11 kJ mol–1 and ∆S° of 253 ± 34 J mol–1 K–1 (10).
The steeper van’t Hoff plot for the binding at the low buffer
concentration is included for comparison with the data ob-

© 2003 NRC Canada
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Temperature (K) Buffer K × 10–3 (M–1) ∆G° = –RT ln K (kJ mol–1) n = Qm/f

297 5 mM cacodylate 8 ± 3 –22.1 ± 0.9 0.6
41 mM sodium chloride 6 ± 3 –22 ± 1 0.5

303 5 mM cacodylate 12 ± 3 –23.7 ± 0.7 0.8
50 mM sodium cacodylate 5 ± 1 –21.5 ± 0.7 1.0
41 mM sodium chloride 8 ± 3 –23 ± 1 0.7

313 5 mM cacodylate 28 ± 5 –26.6 ± 0.5 1.0
50 mM sodium cacodylate 7 ± 3 –23 ± 1 1.2
41 mM sodium chloride 10 ± 2 –23.9 ± 0.5 1.0

323 5 mM cacodylate 25 ± 16 –27 ± 2 1.5
50 mM sodium cacodylate 11 ± 3 –24.9 ± 0.8 1.2
41 mM sodium chloride 11 ± 3 –25.1 ± 0.6 1.2

333 5 mM cacodylate 103 ± 19 –32.0 ± 0.5 1.2
50 mM sodium cacodylate 18 ± 4 –27.2 ± 0.6 1.4

Table 1.

Fig. 2. Binding isotherms of sodium chenodeoxycholate by
QPDA12 in 50 nM sodium cacodylate buffer.

Fig. 3. Binding isotherms of sodium chenodeoxycholate by
QPDA12 in 5 mM sodium cacodylate and 41 mM sodium chlo-
ride buffer.

3 Refers to an increased chloride concentration greater than the 1 mM of chloride already present from the chloride counter-ion of the resin.
This value was calculated by dividing the functionality of the resin by the 20 mL of the bile salt solution used in the binding experiments.
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tained in the present study. The values of ∆H°, ∆S°, and ∆G°
at 313 K under all three conditions appear in Table 2.

The thermodynamic parameters in Table 2 illustrate the
fact that despite the lower unfavourable ∆H°, or enthalpy
barrier, observed with the higher buffer or salt concentra-
tions, binding is weaker than at low salt concentrations. The
weaker binding reflected in the more positive ∆G313° values
at high salt concentrations derives from the lower ∆S° values
that represent the driving force for the binding under all con-
ditions. The influence of the changes that occurred in the
enthalpic and entropic contributions becomes more evident
at a specific temperature. Using data from the temperature of
313 K as an example, the increase in buffer concentration
from 5 to 50 mM results in a reduction of 17 kJ mol–1 in the
enthalpic barrier and is offset by a corresponding larger de-
crease of 19.7 kJ mol–1 in T∆S°. In agreement with the ini-
tial observations (10), binding of chenodeoxycholate with
the resin does not occur as a consequence of a favourable
energetic interaction. It derives rather from an overall ran-
domization that occurs within the system.

Discussion

The van’t Hoff enthalpies (∆HvH) in this work were calcu-
lated from a simple equilibrium involving binding of the bile
salt to a resin-binding site. In recent years, with the wide-
spread use of isothermal calorimetry discrepancies have
been found between van’t Hoff binding enthalpies and di-
rectly determined calorimetric enthalpies, ∆Hcal (15). It has

been suggested that ∆HvH to a first approximation repre-
sented values for the intrinsic binding, while ∆Hcal included
concomitant reactions involving, for example, hydration or
conformation changes that do not directly affect the binding
(16, 17). However, an analysis of the errors on a recent
study of a binding reaction involving protein conformational
isomerization (18) revealed that the ∆HvH and ∆Hcal within
experimental errors were the same. Concomitant processes
involving solvent rearrangements such as hydrophobic inter-
actions, which do not appear explicitly in the binding equi-
librium, directly influence K and its temperature
dependence, and their influence will contribute to the van’t
Hoff enthalpy.

The thermodynamic parameters associated with the bind-
ing of the bile salt with the polymeric resin and the changes
in those parameters observed in the presence of higher
buffer and added salt concentrations can be accounted for in
terms of a binding model. The model emphasizes competi-
tion for the binding of the bile salt anion with the buffer or
other anions in the system. Changes in hydration on binding,
particularly within the resin, feature as a dominant factor in
accounting for the sign and magnitude of the thermody-
namic parameters that are observed.

Consideration of binding models: A model for the
binding of chenodeoxycholate with the hydrophobic
cationic resin

Competitive binding
Binding equilibria involving a common binding site are

assumed, and an equation for an isotherm for the binding of
bile salt in the presence of added competing ions is derived.
The Langmuir equation from eq. [1] was rewritten in the
form of eq. [3] (19).

[3] Q
Q K C

K C
=

+
m eff eq

eff eq1

where

K
K
K S

eff
B

s

=
+1 [ ]

in which [S] is the equilibrium concentration of the compet-
ing anion involved and KB and KS are the specific binding
constants for the bile salt and competing anion, respectively.
With the use of binding isotherms at more than one concen-
tration of competing anion, the experimental values of Keff
were decomposed into specific binding constants for the bile
salt and competing anion. Decomposition of this kind at sev-
eral temperatures provided a measure of the temperature de-
pendence of the specific binding constants and, as a result,
within the assumptions of the analysis, a measure of the ∆H°
and ∆S° associated with each process.
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Fig. 4. The van’t Hoff Plot for the binding of sodium
chenodeoxycholate by QPDA12 in 5 mM (�) and 50 mM (�)
sodium cacodylate and 5 mM sodium cacodylate with 41 mM
sodium chloride buffer (�).

Buffer ∆H° (kJ mol–1) ∆S° (J mol–1 K–1) ∆G°313 = ∆H° – T∆S° (kJ mol–1)

5 mM sodium cacodylate 53 ± 11 253 ± 34 –26.2
50 mM sodium cacodylate 36 ± 4 190 ± 12 –23.5
5 mm sodium cacodylate + 41 mM sodium chloride 18 ± 1 134 ± 4 –23.9

Table 2. The thermodynamic parameters associated with bile salt binding by QPDA12 under three different buffer conditions, 5 mM
sodium cacodylate, 50 mM sodium cacodylate buffer and a buffer mixture of 5 mM sodium cacodylate and 41 mM sodium chloride.
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The values of the bile salt (KB) and cacodylate ion (KS) at
a given temperature were obtained by solving eq. [3] simul-
taneously for Keff at two different salt [S] concentrations of
4.5 and 45 mM basic cacodylate anion. The concentrations
of the cacodylate anion were obtained from substituting the
5 and 50 mM total buffer concentrations into the
Henderson–Hasselbach equation at a pH of 7.2. The result-
ing values of the specific binding constants for KB and KS
appear in the form of a van’t Hoff plot in Fig. 5. The line
was obtained from the linear regression on the data.

The negative slopes in these plots reveal that the caco-
dylate binding and the bile salt binding for the cationic resin
are both endothermic. It is this endothermic nature of the
competing anion binding that produces the observed reduc-
tion in the magnitude of the slope for the van’t Hoff plot for
the apparent chenodeoxycholate binding. The decrease arises
from the increase in the buffer anion concentration. With in-
creasing temperature, the increasing KB is in competition
with a concomitant increase in the KS for the cacodylate an-
ion. The ∆H°, ∆S°, and ∆G313° values for both KB and KS ap-
pear in Table 3. The ∆H° values associated with the bile salt
and the cacodylate binding are 62 and 34 kJ mol–1, respec-
tively, and the ∆S° values are 282 and 142 J mol–1 K–1. It is
clear from the value for ∆G313° that cacodylate anion binding
is considerably weaker than that of the bile salt. Weaker
binding for the cacodylate anion relative to that of the bile
salt is seen to be due to a significant decrease in the favour-
able binding entropy and, despite a 45% reduction in the
positive, or unfavourable, ∆H° of binding.

The decomposition of Keff at the two chloride ion concen-
trations into specific site binding constants for the bile salt
(KB) and chloride ion (KS) with QPDA12 was performed in
the same manner as with the cacodylate buffer. The equilib-
rium concentrations of chloride were not determined by
HPLC analysis, but under weak binding conditions it was as-
sumed that the initial and final concentration of chloride was
the same and the initial concentration of chloride was em-
ployed. The result of the extraction of KB and KS appear in
Fig. 6 in the form of a van’t Hoff plot.

As with the cacodylate perturbation, the specific binding
constant for the added chloride ion is much weaker than that
for the bile salt, and the numbers are still within the same
range as of the cacodylate anion. The analysis of the temper-
ature dependence of the specific bile salt and chloride bind-
ing constants yielded the same pattern of behavior that was
observed with the cacodylate ion, which is that ∆H° and ∆S°
are both positive, as seen in Table 4. The ∆H° of
115 kJ mol–1 and ∆S° of 403 J mol–1 K–1 derived for KS are
actually more positive than the corresponding ∆H° of 88 kJ
mol–1 and ∆S° of 368 J mol–1 K–1 associated with the spe-
cific bile salt binding (KB). This implies that while the bind-
ing of the competing chloride ion is also weaker than that of

the bile salt, in this case it is due to a relatively higher
enthalpic barrier rather than a lower ∆S°.

Competition for binding by the resin between bile salt and
other anionic counterions or co-ions in the system can ac-
count for the endothermic nature of the bile salt binding as
well as the impact of higher concentrations of the competing
ions. However, as revealed by the decomposition of the ob-
served salt binding isotherms into KB and KS, binding of the
competing ions must also be endothermic and entropy-
driven. It is the endothermic nature of the competitive ion
binding that accounts for the large decreases observed in the
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Fig. 5. Computed van’t Hoff plots for competitive binding of so-
dium chenodeoxycholate and cacodylate anions.

∆H° (kJ mol–1) ∆S° (J mol–1 K–1) ∆G° at 313 K (kJ mol–1)

Sodium chenodeoxycholate 62 282 –26.8
Cacodylate ion 34 142 –10.9

Table 3. The resulting standard enthalpy, entropy changes and Gibbs free energy changes (313 K) associated
with sodium chenodeoxycholate and cacodylate ion obtained from binding data of sodium chenodeoxycholate
by QPDA12 in 50 mM sodium cacodylate buffer.

Fig. 6. Computed van’t Hoff plots for competative binding of so-
dium chenodeoxycholate and chloride anions.
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slope of the van’t Hoff plots for bile salt sequestering at the
higher salt concentrations. The enhancement in sodium
chenodeoxycholate binding observed with increasing tem-
perature becomes significantly reduced in the presence of
high salt because there is also an enhancement in the com-
peting process as the temperature rises. The presence of a
competing endothermic process appears as a definitive re-
quirement in accounting for the data irrespective of the pre-
cision of the site-binding model.

Molecular model involving changes in hydration
An overall molecular description of chenodeoxycholate

sequestering by the cationic QPDA12 resin must, within the
context of the competitive binding model, account for the
endothermic and entropy-driven nature of the binding of the
competing ions as well as that of the bile salt. Changes in
hydration on binding are proposed as a major feature of the
bile salt binding or ion-exchange process.

The molecular model is centered on the existence of an
equilibrium between two putative solvated states of an unoc-
cupied pendant-binding site4 as depicted in Fig. 7. In the
process of binding the bile salt or competing anions with
state II of the system to form the bound state III, the equilib-
rium is shifted from state I to the otherwise less favoured
state II. The proposed state I to state II transition is accom-
panied by large positive ∆H°I → II and ∆S°I → II values that
compensate, resulting in smaller positive ∆G°I → II values.

The direct associations (state II → III, in Fig. 7) of the
chenodeoxycholate or competing anions with the resin are
considered to be enthalpically favoured (∆H°II → III = (–)).
The ∆S°II → III associated with the direct binding to state II of
the resin is purported to involve a balance between a positive
contribution due to solvent liberation from the ions and a
negative contribution from loss in the degrees of freedom
possessed by the free ions themselves. The resulting ∆G°II → III
values for these transitions are negative and sufficiently fa-
vourable to shift the equilibrium in the resin in the direction
of overall binding.

The large ∆H°I → II and ∆S°I → II values associated specifi-
cally with the state I → II transition within the resin are pro-
posed to involve the hydrophobic pendant groups. The
positive ∆H°I → II during contraction of the binding area
arises from an increased electrostatic repulsion between qua-
ternary ammonium-terminated pendant groups and the dis-
ruption of the hydrophobic hydration of the methylene
chains.

This relaxation of the extended pendant chains (elastomer
contribution) and the liberation of the ordered hydrophobic
solvation form the basis of the accompanying positive
∆S°I → II. The compensating enthalpy and entropy contribu-
tions result in a relatively smaller positive ∆G° that, in the
absence of anions, favours the expanded state I.

It is only the addition of state II → III transitions in the
presence of anions that shifts the equilibrium resulting in an
overall favourable ∆G° for binding that nonetheless displays
large positive ∆H° and ∆S° values that in large part reflect
the contraction of the resin binding area. It should be noted
that these significant positive contributions would appear ir-
respective of whether the chenodeoxycholate or other com-
peting anions are involved. The thermodynamic parameters
for the separate stages in the model and the predicted overall
transition are summarized in Table 5.

The changes observed in the enthalpy and entropy of bile
salt binding in the presence of higher buffer and sodium
chloride concentrations that can be accounted for with the
present model cannot be reconciled with other common
mechanisms. Debye screening of the attraction between the
opposing charges or an ionic strength effect has often been
assumed to be responsible for the general weakening of bile
salt binding with added salt (4–8). However, such an effect
would be manifested as a decrease in the attraction between
bile salt and resin or an increase in binding enthalpy, which
is clearly inconsistent with the data.

The general endothermic and entropy-driven nature of the
bile salt sequestering process could be accounted for in
terms of a direct interaction between the bile salt and resin
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State I → II State II → III State I → III

∆H° + – +
∆S° + 0 +
∆G° + – –

Table 5. Summary of the signs of the thermodynamic parameters involved in step 1 (state I → II), step 2
(state II → III) and for the overall process (state I → III) for the binding of aqueous bile salt by QPDA12
resin.

∆H° (kJ mol–1) ∆S° (J mol–1 K–1) ∆G° at 313 K (kJ mol–1)

Sodium chenodeoxycholate 88 368 –27.0
Chloride ion 115 403 –11.0

Table 4. The resulting standard enthalpy, entropy changes and Gibbs free energy changes (313 K) associated with
sodium chenodeoxycholate and chloride ion obtained from binding data of sodium chenodeoxycholate by QPDA12
in 5 mM sodium cacodylate and 41 mM NaC1 buffer.

4 The pendant binding areas of the resin are viewed as fluctuating among the many members within the assembly of states that exist at a
given temperature. These states are arbitrarily divided here into two classes: the more extended members (state I) and the more contracted
members (state II) that favour binding. A model involving pre-existing states in equilibrium is employed as compared with one in which the
final state of the pendant binding area is induced by binding.
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that was largely hydrophobic in character. However, such a
model does not readily account for the nature of the pertur-
bations introduced at higher buffer or sodium chloride con-
centrations. An essential element of the proposed model
involves the local contraction of the binding area of the resin
(state I → II). It should be noted that this step, in association
with large positive enthalpy and entropy contributions, oc-
curs with both sodium chloride and buffer ion binding and
with the anion of the bile salt. This feature accounts for the

endothermic binding of the competing inorganic anions with
the hydrophobic cationic resin that would not be accounted
for in a more direct hydrophobic bile salt – resin interaction.

The significance of hydration changes in the process fol-
lows not only from the recurring enthalpy–entropy compen-
sation observed in this work. A major perturbation to the
temperature dependence of the bile salt binding was ob-
served when 8 M urea, a known solvent structure breaker,
was added to 5 mM sodium cacodylate buffer solution. The
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Figure 7. Molecular model for bile salt and competitive anion binding consistent with the observed thermodynamic parameters.
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large positive entropy and enthalpy contributions that were
observed without urea disappeared, and the process appears
exothermic with a ∆H° of –3.4 kJ mol–1 and a ∆S° of
56.4 J mol–1 K–1. This dramatic change in the thermody-
namic parameters supports the model in which solvent plays
a key role in the binding.

Conclusions

The enhancement in the binding of sodium chenodeoxy-
cholate by QPDA12 observed with increasing temperature
was significantly reduced in the presence of elevated com-
peting ion concentration. This was entirely due to the posi-
tive entropy manifested in the decrease in the slope of the
van’t Hoff plot. A competing model was used to describe the
binding process and the decomposition of the observed bind-
ing constants produced positive values for ∆H° and ∆S° for
binding both the competing ions (Ks) and the bile salt (KB).

The dominant feature of the model involves equilibrium
between an expanded (low energy, low entropy) state of the
binding site in the resin and a more contracted (high energy,
high entropy) state. In this picture the expanded, more hy-
drated state is favoured in the absence of bile salt or other
anions. These anions, however, preferentially stabilize the
contracted state, shifting the equilibrium. The loss of
hydration accompanying this transition is primarily responsi-
ble for the endothermic and entropy-driven nature of the
overall process.
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Chemical potential and concentration fluctuation
in some aqueous alkane-mono-ols at 25oC

Jianhua Hu, Charles A. Haynes, Amy H.Y. Wu, Candy M.W. Cheung,
Mark M. Chen, Eric G.M. Yee, Takehiko Ichioka, Keiko Nishikawa, Peter Westh,
and Yoshikata Koga

Abstract: Vapour pressures of binary aqueous solutions of methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, and 1-
hexanol were measured at 25.00oC in small compositional increments over the entire compositional range. Without re-
sorting to any fitting function, the partial pressures were calculated numerically by methods based on the Gibbs–
Duhem relation. When the system had an azeotrope, near which the numerical methods caused large errors, a graphical
readjustment was applied such that the concentration fluctuation, SXX(0) = RT(1 – xAL)/(∂µAL

E /∂xAL), connected
smoothly across the azeotrope. Values of SXX(0) from scattering experiments were also used as a guide for the read-
justment procedure. Hence, we report here chemical potential data free from any model or any fitting function.

Key Words: aqueous mono-ols, partial pressures by the Boissonnas method, concentration fluctuations.

Résumé : Opérant à 25.00°C sur toute la plage de compositions en procédant à de faibles incréments de composition,
on a mesuré les tensions de vapeur de mélanges binaires aqueux de méthanol, d’éthanol, de propan-1-ol, de propan-2-
ol, de butan-1-ol et d’hexan-1-ol. Sans faire appel à aucune fonction d’ajustement, on a pu calculer d’une façon numé-
rique les tensions de vapeur partielles à l’aide de méthodes basées sur la relation de Gibbs–Duhem. Quand le système
comporte un azéotrope près duquel les méthodes numériques peuvent provoquer de graves erreurs, on a appliqué un
ajustement graphique de façon à ce que la fluctuation de la concentration SXX(0) = RT(1 – xAL)/∂µAL

E /∂xAL puisse être
arrimée pour tout l’azéotrope. Comme guide pour la méthode de réajustement, on a aussi utilisé des valeurs de SXX(0)
obtenues à partir d’expériences de diffusion. On rapporte donc ici des données de potentiel chimique qui ne sont pas
liées à un modèle ou à une fonction d’ajustement.

Mots clés : monoalcools aqueux, tensions de vapeur partielles par la méthode de Boissonnas, fluctuations de concentra-
tion.

[Traduit par la Rédaction] Hu et al. 149

Introduction

For the last decade or so, we have been studying aqueous
solutions of alkane-mono-ols (abbreviated as AL hereinafter)
by determining the following partial molar quantities: the
excess chemical potential (µAL

E ), the excess partial molar
enthalpy (HAL

E ), and the entropy (SAL
E ) of alcohols. They

were all determined accurately and in small increments, so
that we were able to graphically take the derivatives with re-
spect to the mole fraction without resorting to any fitting
function. The resulting higher-order derivative quantities
provided a model-free, experimentally accessible measure
for intermolecular interactions. With the aid of these higher-

order derivative quantities, we have successfully advanced
our understanding of the mixing schemes, or “structures”, of
aqueous solutions (1–3).

Briefly, there are three distinct compositional regions; in
each of these regions, the mixing scheme is qualitatively dif-
ferent from those in other regions. In the most water-rich re-
gion, “mixing scheme I” is operative, in which alcohol
molecules enhance the hydrogen-bond network of H2O in
their immediate vicinities — the so called “iceberg forma-
tion”. At the same time, the hydrogen bond probability of
bulk H2O away from solute molecules is reduced. “Mixing
scheme II”, operative in the intermediate region, is under-
stood to consist of two kinds of clusters, each rich in H2O

Can. J. Chem. 81: 141–149 (2003) doi: 10.1139/V03-007 © 2003 NRC Canada

141

Received 11 February 2002. Accepted 13 January 2003. Published on the NRC Research Press Web site at http://canjchem.nrc.ca
on 20 February 2003.

J. Hu and C.A. Haynes. Biotechnology Laboratory, The University of British Columbia, 6174 University Boulevard, Vancouver,
B.C. V6T 1Z3, Canada.
A.H.Y. Wu, C.M.W. Cheung, M.M. Chen, E.G.M. Yee, and Y. Koga.1 Department of Chemistry, The University of British
Columbia, 2036 Main Mall, Vancouver, B.C. V6T 1Z1, Canada.
T. Ichioka, K. Nishikawa and Y. Koga. Division of Diversity Science, Graduate School of Science and Technology, Chiba
University, 1–33 Yayoi, Inage-ku, Chiba 263–8522, Japan.
P. Westh. Department of Chemistry, Roskilde University, Roskilde DK-4000, Denmark.

1Corresponding author (e-mail: koga@chem.ubc.ca).

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8102\V03-007.vp
Thursday, February 13, 2003 10:56:41 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



and in AL, respectively. In “mixing scheme III”, in the sol-
ute-rich region, the solute molecules cluster together and
H2O interacts with the solute cluster as single H2O mole-
cules, at least for aqueous 2-butoxyethanol (BE) (4, 5) and
DMSO (6, 7).

For small alcohols (3), however, mixing scheme III may
deviate from what is described for BE–H2O (5) and DMSO–
H2O (6), above. The excess partial molar enthalpies of AL
are not strictly zero, though very small in the AL-rich region
(3). For BE–H2O (5) and DMSO–H2O (6), they are equal to
zero and constant, which signifies a strictly constant value of
the excess partial molar enthalpy of H2O, HW

E , in the AL-
rich region.

In continuation of our effort to advance the understanding
of mixing schemes by determining model-free, higher-order
derivative quantities, we wish to study the mixing schemes
in the AL-rich region in detail for a series of aqueous mono-
ols. This compositional region is far less studied than water-
rich systems, and its properties may have a bearing on wa-
ter-stressed biopolymers and the effect of H2O molecules in-
side membranes (8) and protein conformations. This work is
the first step, in which we determine the excess chemical po-
tentials.

Table 1 lists the references for the excess partial molar
quantity data (at 25oC) that we have determined so far. We
use the following abbreviations: methanol (ME), ethanol
(ET), 1-propanol (1P), 2-propanol (2P), 1-butanol (1B), 1-
hexanol (1H), tert-butanol (TBA), and 2-n-butoxyethanol
(BE). In this work we have determined the excess chemical
potentials in aqueous ME, ET, 1P, 2P, 1B, and 1H over the
entire concentration range.

Data analysis
In a binary system consisting of AL and W (water), the

chemical potentials are conveniently determined by mea-
surement of the vapour pressure, p, in small increments of
the mole fraction of AL, xAL. From the (xAL, p) data set, the
partial pressures pAL and pW are calculated basically by two
techniques. The commonly used method, which originated
with Barker (17), is to assume a fitting function for the
Gibbs energy, G, and curve-fit to the observed vapour pres-
sure data. The second technique is to analyze the data purely
numerically by using the Gibbs–Duhem relation, as per
Boissonnas (18), or using the equivalent method by Lam and
Benoit (19). With the resulting pAL and pW data, the excess
chemical potential is then calculated as

[1] µ i
E = RTln{pi/(pi

*xi)},

where the subscript i = AL or W, pi
* is the vapour pressure

of pure i at the same temperature, and xi is the mole fraction
of i. Strictly, eq. [1] should also contain the virial correction
term owing to nonideality in the gas phase. However, for
TBA–H2O (10) and BE–H2O (4), the value of the first term
on the right of eq. [1] is orders of magnitude larger than the
correction term on the left, and thus it was ignored. We as-
sumed that the same situation prevails in other aqueous solu-
tions, and ignored the virial correction. µ i

E reflects the
degree of nonideality in solution, comprising both enthalpy
and entropy effects. In aqueous solutions, however, the en-
tropy–enthalpy compensation is prevalent, and the resulting

value of excess chemical potential becomes rather small in
comparison (20). Thus, in discussing molecular processes in
solution, the excess partial molar enthalpy and entropy are
together more useful than the resulting excess chemical po-
tential alone, though the net effect is shown in the latter. A
more sensitive indication of nonideality than excess chemi-
cal potential may be the osmotic coefficient, φ, calculated as

[2] φ = 1 + (µW
E /RT) / ln(xW).

Barker’s method (17) or its various modifications start off
by assuming that an analytic function can be fitted to the ex-
cess Gibbs function over the entire compositional range.
Since we did not wish to resort to any fitting function, we
instead used the second numerical methods, as we have been
doing for all the vapour pressure measurements (4, 9, 10, 14,
15). Briefly, the Boissonnas method makes use of the differ-
ential form of the Gibbs–Duhem or the Duhem–Margules re-
lations, which are rearranged as

[3] ∆pAL = kAL∆p,

[4] kAL = 1/{1 – (pW/pAL)(xAL/xW)}

Thus, if the (xAL, pAL, pW) data are known at a point, then
the measured total pressure increment to the next point, ∆p,
may be converted to ∆pAL through eqs. [3] and [4]. To start
the procedure, however, the first data point in the H2O-rich
region was assumed to be in the Henry’s law region, and the
vapour pressure of the major component, pW, was calculated
using Raoult’s law. The subsequent data points were then
solved successively by eqs. [3] and [4].

This Boissonnas procedure could be initiated from the
AL-rich end by interchanging the subscripts in eq. [3] and
[4]. Both treatments are identical mathematically, but in
practice it is preferential to start from the end that brings the
absolute values of ki (i = AL or W) closer to unity.

The method by Lam and Benoit (19) uses the integral
form of the Gibbs–Duhem relation,

[5] lnpW = lnpW
0 –

x

x

AL
0

AL

∫ (xAL/xW) d(lnpAL),

where the superscript 0 stands for the data for the first, most
dilute, solution, which is also assumed to be in the Henry’s
law region. Equation [5] was used to improve the values of
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AL µAL
E µW

E HAL
E HW

E SAL
E SW

E

ME 3
ET 3
1P 14a 14a 3 14a

2P 15b 15b 3 15b

1B 9c 9c 9c 9c

TBA 10 10 11, 12 13 10 10
IH 16d

BE 4 4 5 5 4 4
aIn the water-rich region only, x1P < 0.3.
bx2P < 0.2.
cUp to the two phase boundary, x1B < 0.0018.
dUp to the two phase boundary, x1H < 0.001.

Table 1. Literature references for the partial molar quantities.
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pAL and pW, which were initially estimated. The iteration
was repeated until the resulting data converged.

As will become evident below, 1P–H2O and 2P–H2O sys-
tems possess a maximum in the p vs. xAL plots, similarly to
TBA–H2O (5), i.e., ∆p = 0. This is the azeotrope at which
the gas phase composition is identical to that of the liquid
phase. Hence, the absolute values of kAL and kW are infinite,
and eq. [3] becomes indefinite. The integration method,
eq. [5], also results in chaotic behaviour at this point. These
problems can be resolved by applying the Boissonnas proce-
dure from both ends, starting separately at the W-rich and
the AL-rich sides, respectively, and working towards the
azeotrope. This was done for TBA–H2O (10). The azeotrope
occurred at xTBA = 0.6 at 25oC, and at data points close to
the azeotrope the values of kW and kTBA were not infinity but
were large: kTBA = 4 at xTBA = 0.52 and kW = –6 at xTBA =
0.66 (10). Barker’s method was then used, in the range 0.39
< xTBA < 1, with only marginal success (10). In this work, to
keep our principle of not resorting to any fitting function and
to circumvent the difficulty associated with the azeotrope,
we used data for the concentration fluctuation,

[6] SXX(0) = RT(1 – xAL)/( ∂µAL / ∂xAL),

determined by a scattering technique, to more correctly eval-
uate partial pressures near the azeotrope.

The determination of the concentration fluctuation in the
liquid mixtures and the long-wavelength limit of the struc-
ture factor, SXX(0) — and its relationship with the “struc-
ture” of aqueous solution — started with pioneering work by
T. Fujiyama and co-workers (21–23). A more direct method
of obtaining SXX(0) is small angle X-ray scattering (SAXS),
as has been used in previous studies of aqueous alcohols
(24–29). The forward SAXS intensity is the sum of two
terms, proportional to the SXX(0) that we are interested in
and the density fluctuation that can be calculated in a stan-
dard manner using isothermal compressibility data, respec-
tively (24–29). Thus, as long as the latter data are available,
SXX(0) can be evaluated from the forward SAXS intensity.
Usually, where the value of SXX(0) is relatively large, its un-
certainty is approximately equal to a few %, while the same
data calculated as the right hand side of eq. [6] above could
have a large uncertainty, since the slope of µAL is small.
Thus, SXX(0) data from the SAXS measurement provides a
rigorous test for µAL

E data from vapour pressure measure-
ments.

Experimental

H2O was distilled three times (twice in a Pyrex glass im-
mediately before use). Methanol (Aldrich, 99.9+% GLC),
ethanol (Aldrich, H2O < 0.005%), 1-propanol (Aldrich,
99.5% HPLC), 2-propanol (Sigma–Aldrich, 99.5% by
HPLC), 1-butanol (Sigma, ACS Reagent, 99.9%), and 1-
hexanol (Aldrich, 98%) were handled in a dry nitrogen at-
mosphere.

Vapour pressures were determined by a static method. De-
tails have been described elsewhere (4, 10). The total vapour

pressures were corrected for a temperature of 25.00oC by the
Gibbs–Konovalov method (4, 10). The excess partial molar
enthalpy data, HAL

E and HW
E , necessary for the correction,

were taken either from references listed in Table 1 or from
our unpublished data. The precision of the vapour pressures
is estimated to be ±0.01 Torr (1 Torr = 101 325/760 Pa) or
better. SAXS measurements for aqueous methanol were
made at 25 ± 1oC using a Kratky camera. Details have been
described elsewhere (24). The SAXS intensity curve was de-
tected by a position sensitive proportional counter (PSPC),
also described elsewhere (25).

Results and discussion

Table II (ME), III (ET), IV (1P), V (2P), VI (1B), and VII
(1H) have been deposited as supplemental material2 and
contain the total vapour pressure, p, of the six AL–H2O sys-
tems at 25.00°C. Figure 1 shows the plots of p against xAL.
Where available, the previously reported data, though not
exhaustive, have also been plotted for comparison (see
Fig. 1).

Methanol(ME) – H2O and ethanol (ET) – H2O systems
The Boissonnas method was first applied from the H2O-

rich end, for both the ME–H2O and ET–H2O data. The val-
ues of kAL for both start at an ideal value of about 1.1. How-
ever, kME increases to about 1.5 at the ME-rich end for ME–
H2O. For ET–H2O, on the other hand, kET increases gradu-
ally to 1.3 at xET = 0.28 and rapidly to about 8 at xET = 0.8.
Thereupon, kET values fluctuate wildly. This is due to the
flatness of the p vs. xET curve in this range. We therefore
used the integral form of the Gibbs–Duhem relation, eq. [6],
for data analysis for both ET–H2O and ME–H2O. The result-
ing partial pressures are listed in Table II. The uncertainty in
the resulting partial pressure is estimated to be ±0.03 Torr
(1 Torr = 101 325/760 Pa) or better. The chemical potentials
are calculated using eq. [1] and are listed in Table II and
plotted in Figs. 2 and 3. The uncertainty is estimated to be
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µAL
E at xAL = 0

(kJ mol–1)
µW

E at xAL = 1
(kJ mol–1) φ min. Sxx(0) max.

ME 1.2 1.2 0.72 0.37
ET 3.2 2.1 0.45 0.8
1P 6.4 3.4 0.20 3.2
2P 4.8 2.7 0.26 1.5
1B 10a 4.2
1H 4.0
TBA 6.7b 3.0b

BE 9.2c 0.2c

Note: Order in AL: column I, ME < ET < 2P < 1P ≤ TBA < BE <
1B; column II, BE < ME < ET < 2P < TBA < 1P < 1H ≤ 1B; column
III, ME < ET < 2P < 1P; column IV, ME < ET < 2P < 1P.

aReference 9.
bReference 10.
cReference 4.

Table 2. Degree of nonideality in AL–H2O and the hydrophobic
moiety of AL.

2 Tables II, III, IV, V, VI, and VII have been deposited. Copies of the material on deposit may be purchased from the Depository of Unpub-
lished Data, Document Delivery, CISTI, National Research Council Canada, Ottawa, ON, Canada K1A 0S2
(http://nrc.ca/cisti/irm/unpub_e.shml for information on ordering electronically).
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Fig. 1. (a) Vapour pressures of aqueous alcohols at 25°C over the entire compositional range. Filled symbols, this work. Hollow sym-
bols, literature values; (b) vapour pressures of ME–H2O at 25°C in the dilute region; (c) vapour pressures of ET–H2O at 25°C in the
dilute region; (d) vapour pressures of 2P–H2O at 25°C in the dilute region.
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±0.05 kJ mol–1. The osmotic coefficients calculated using
eq. [2] are plotted in Fig. 4. Figure 5 shows the concentra-
tion fluctuation, calculated using eq. [4], and SXX(0), as de-
termined by SAXS. Since the scattering intensity for ME–
H2O is low, the uncertainty in SXX(0) is substantial, as
shown in Fig. 5a. The literature vapour pressure data (30,
31, 34, 35) were analyzed using Barker’s method. The fol-
lowing polynomial was assumed to represent the excess mo-
lar Gibbs energy, Gm

E, as,

[7] Gm
E = xAL(1 – xAL) ∑ gn (1 – xAL)n,

where gn are the adjustable parameters. For ME–H2O in the
limited H2O-rich region (34), the first three terms were used.
For the entire compositional range, Fenby and co-workers
used four terms for ME–H2O (30) and five for ET–H2O (31).
The resulting data are also plotted in Figs. 2, 3, and 4a. As
is evident from Figs. 1, 2, 3, 4a, and 4b, an almost negligible
deviation in the p-data (Fig. 1) leads to a small but still neg-
ligible difference from our numerical results for the chemi-
cal potentials (Figs. 2 and 3). Some curve-fitting
imperfections, however, appear more conspicuous in φ
(Fig. 4a). In particular, the xME-dependence of φ with a
three-term polynomial, as discussed by Christian et al. (34),
shows an upwards trend of concavity, towards the upper data
limit of the mole fraction. This may be a result of the cut-off
effect of the fitted polynomial. Indeed, the authors them-
selves later cautioned against blindly curve fitting using
polynomials (37). Figure 4a shows a small but systematic
deviation in φ between our numerical analysis and a four-
term curve fitting (31). This may suggest that the number of
terms should be increased.

Hansen and Miller (36) determined the gas phase compo-
sitions for about 10 data points by analysis and, hence, de-
termined the partial pressures directly for ET–H2O and 1P–
H2O, at 25°C, over the entire compositional range. Unfortu-
nately, these partial pressure data were not published. How-
ever, they fitted the following function relating to the excess
chemical potential of ET, µET

E /RT,

[8] µET
E /RT = (1 – xET)2 {A + BxET + C exp(–DxET)}

and the consistent equation for µW
E /RT. The resulting plots

are shown in Figs. 2a, 3, and 4b. It is evident that eq. [8] is
not satisfactory in the range xET < 0.2 in terms of φ (see
Fig. 4b), while such an imperfection is not conspicuous in
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Fig. 2. (a) Excess chemical potentials of alcohols in aqueous so-
lution at 25°C over the entire compositional range. Filled sym-
bols, this work, without using a fitting function. Hollow symbols,
literature data by curve fitting; (b) excess chemical potentials of
alcohols in aqueous solutions at 25°C in the dilute region.

Fig. 3. Excess chemical potentials of H2O in aqueous alcohols at
25°C.
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µET
E or µW

E (see Figs. 2a and 3). The six-term polynomial,
eq. [7], used by Nord et al. (35) and the five-term polyno-
mial used by Phutela et al. (31) appear to be reasonable even
for φ (see Fig. 4b). The general smoothness of SXX(0) calcu-
lated from our chemical potential data suggests that the raw
data and the subsequent data analysis are reasonable.

1-Propanol (1P) – H2O system
The p vs. x1P curve, Fig. 1, shows a rather flat plateau, and

the position of the azeotrope is not immediately obvious. In

a review of azeotropic data (38), the azeotropic composition
at 25°C is quoted as x1P = 0.3770. The original data (39)
consist of partial pressures determined by the transpiration
method at the following compositions: 0.01, 0.02, 0.05, 0.1,
0.2, 0.4, 0.6, 0.8, 0.9, 0.95, and 1. Thus, the azeotropic data
quoted above is not measured but is estimated using these
rather widely-spaced data points. Here we present closely-
spaced data points (Table IV), which indicate that the maxi-
mum in p appears to be at about x1P = 0.3987. We deter-
mined the actual value to be 0.390 as described below. The
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Fig. 4. (a) Osmotic coefficient of ME–H2O at 25°C. Filled symbols, this work, numerically calculated. Hollow symbols, literature data
by curve fitting; (b) osmotic coefficient of ET–H2O at 25°C; (c) osmotic coefficient of 1P–H2O at 25°C; (d) osmotic coefficient of 2P–
H2O at 25°C.
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Boissonnas method was applied from both ends. The values
of k1P and kW are plotted in Fig. 6a. In the range 0.3 < x1P <
0.6, near the azeotrope, k1P and kW are significantly larger
than unity, and the resulting partial pressures would have
some systematic errors. Figure 6b shows the plots of the
gas-phase mole fraction, y1P = p1P/p, against x1P. The data
points in Fig. 6b are reliable except for the above region
near the azeotrope. By the aid of a flexible ruler, the reliable

portion of the data points were connected smoothly, as
shown in the figure. The values of y1P were read off the
smooth, drawn curve and the values of p1P were recalculated
accordingly. The resulting data are listed in Table IV and
plotted in Figs. 2, 3, 4c, and 5c. Comparison with SXX(0)
data from the SAXS measurement (27) indicates that our re-
adjusted y1P data are acceptable. The uncertainty in this re-
adjusted region is estimated to be, at most, twice that of the
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Fig. 5. (a) Concentration fluctuation in ME–H2O at 25°C, calculated using vapour pressure (VP) and SAXS data; (b) concentration
fluctuation in ET–H2O at 25°C, calculated using vapour pressure (VP) and SAXS data; (c) concentration fluctuation in 1P–H2O at
25°C, calculated using vapour pressure (VP) and SAXS data; (d) concentration fluctuation in 2P–H2O at 25°C, calculated using vapour
pressure (VP) data.
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normal uncertainty. From the point of intersection of the
smooth curve drawn with the line of y1P = x1P in Fig. 6b, we
conclude that the azeotrope of 1P–H2O at 25°C is at x1P =
0.390 ± 0.005. It is evident that the fitting function devised
by Hansen and Miller (36),

[9] µ1P
E /RT = (1 – x1P)2 {Ax1P + B exp(–Cx1P)

+ Dx1P exp(–Ex1P)},

seems reasonable even for φ (Fig. 4c).

2-Propanol (2P) – H2O system
For 2P–H2O, the analysis was identical to that for 1P–

H2O above. The azeotrope was found to be at x2P = 0.640 ±
0.005. An azeotropic data collection (38) gave x2P = 0.6650,
and 0.6700 for the azeotropic mole fraction. Both were esti-
mated using data obtained by a dynamic method (33, 40). A
dynamic method, while the partial pressures are determined
directly, may be less advantageous for locating an azeotrope
than the static method we have used here. Furthermore, we
have two to three times more data points. The graphical re-
adjustment was made in the region 0.58 < x2P < 0.69. Fig-
ure 5d shows the plots of SXX(0), and we conclude the
connection around the azeotrope, x2P = 0.640, is acceptably
smooth. It is unfortunate that there are no compressibility
data for 2P–H2O in the literature and, hence, SXX(0) data
cannot be calculated, although the zero-angle SAXS data are
available (27). Small discrepancies (Fig. 1d) between Nord
et al.’s p-data (35) and ours are not conspicuous in the chem-
ical potentials (see Figs. 2b and 3), while the φ data show
clear differences (see Fig. 4d).

Both 1B–H2O and 1H–H2O systems were analyzed from
the AL-rich end to the respective phase separation boundary,
x1B = 0.50 and x1H = 0.54. For both cases, the values of kW
were found to be from 1.0 to 1.3. The resulting data can be
found in the respective tables and plotted in Figs. 2 and 3.

Thus, we have devised a way of circumventing the diffi-
culty associated with the azeotrope when obtaining partial
pressures by numerical methods, and we present here the
model-free partial pressures data, obtained without resorting
to any fitting function for aqueous mono-ols. We point out
that various curve fitting attempts in the literature have had
mixed success, as shown above, and there is no guarantee
that a chosen function can account for the data over the en-
tire compositional range. Instead, we have used a purely nu-
merical method, circumventing the difficulties associated
with azeotropes. These partial pressure data, except for the
first few points at the dilute end, are correct and model-free.
Thus, we now have various indications of nonideality of
AL–H2O systems in terms of chemical potentials (first deriv-
atives of G), osmotic coefficients (calculated using µW

E ), and
concentration fluctuations (second derivative of G). The fact
that µAL

E and µW
E stay positive and, hence, φ is less than 1 in-

dicates that AL–H2O is an unfavorable mixture and tends to
separate. Indeed, the fact that the concentration fluctuation,
SXX(0), is positive and shows a maximum is a reflection of
this tendency. In the event that SXX(0) becomes infinity,
phase separation occurs. The positive values of µAL

E or µW
E

seem generally to increase in the order of increasing size of
the hydrophobic moiety (Figs. 2 and 3). This suggests that
the predominant effect of AL on solution properties arises
from its hydrophobicity, at least for the alcohols studied
here. Table 2 summarizes this evidence. With the additional
data relating to TBA (10) and BE (4) in Table 2, the order of
the effect of AL on H2O (and particularly the effect of H2O
on AL) cannot be rationalized simply with respect to the
hydrophobicity of AL (see column ranking in Table 2). As
mentioned in the discussion of the data analysis, although
the chemical potentials show the net effect, the detailed mo-
lecular mechanism is not very apparent in their behaviour,
owing to entropy–enthalpy compensation, prevalent particu-
larly in aqueous solutions (20). Thus, an elucidation of these
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Fig. 6. (a) Boissonnas coefficients, k1P and kW, for 1P–H2O. See
eq. [4] and text; (b) graphical method of solving partial pressure
near azeotrope. See text.
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details requires further data of partial molar enthalpies and
entropies and perhaps even higher order derivatives of G.

In a subsequent paper, we will calculate the excess partial
molar entropy of AL, SAL

E , using the present µAL
E data and

previously-determined HAL
E data (3). By the aid of SAL

E data,
we will make an attempt at confirming or adding to the mix-
ing schemes mentioned above in the Introduction section,
particularly for the W-rich region. In the W-rich region, the
absolute values of HAL

E and SAL
E are much larger and their

changes are much sharper than in the AL-rich region, where
they are small, almost zero. Hence, to study the mixing
schemes operating in the AL-rich region in more detail, it is
advantageous to determine HW

E and SW
E data and learn from

their compositional dependence. We have just started deter-
mining the excess partial molar enthalpies of H2O, HW

E , in
the AL-rich regions of aqueous mono-ols. In the event of the
completion of these determinations, we can then calculate
the excess partial molar entropies of H2O, SW

E . These, to-
gether with other second derivative quantities, excess partial
molar volumes, heat capacities, compressibilities, and ther-
mal expansivities, we plan to study the details of for mixing
schemes in the AL-rich region.
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Excess partial molar entropy of alkane-mono-ols
in aqueous solutions at 25°C

Yoshikata Koga, Peter Westh, and Keiko Nishikawa

Abstract: In the preceding paper, we reported the values of model-free chemical potentials for aqueous methanol, etha-
nol, 1-propanol, 2-propanol, 1-butanol, and 1-hexanol at 25°C over the entire compositional region. Using alcohol ex-
cess partial molar enthalpies, HAL

E , determined earlier in this laboratory (Can. J. Chem. 74, 713 (1996)), we have
calculated excess partial molar entropies for the alcohols, SAL

E , where AL stands for an alcohol. We then calculated,
numerically, the entropic interaction, SAL AL

E
− = N(∂ SAL

E /∂nAL)p,T,nW, where nAL is the amount of AL, nW is the amount
of H2O, and N is the total amount of solution. SAL AL

E
− signifies the effect of addition of AL upon the entropic situation

of existing AL in solution. Using these quantities, the mixing schemes in aqueous alcohols have been studied. The ear-
lier conclusions, which used HAL

E and HAL AL
E

− alone, are confirmed. Furthermore, the order of the relative hydrophobic
nature of alcohols is established from the behaviour of SAL AL

E
− and of HAL AL

E
− as methanol < ethanol < 2-propanol <

1-propanol.

Key Words: aqueous alcohols, excess partial molar entropies, entropic interaction mixing schemes, hydrophobicity
ranking.

Résumé : Dans le travail précédent, on a rapporté des valeurs de potentiels chimiques qui ne dépendant d’aucun mo-
dèle pour des mélanges binaires aqueux de méthanol, d’éthanol, de propan-1-ol, de propan-2-ol, de butan-1-ol et
d’hexan-1-ol, à 25°C, sur l’ensemble des plages de composition. Utilisant les enthalpies molaires partielles en excès de
l’alcool, HAL

E , déterminées antérieurement (Can. J. Chem. 74, 713 (1996)) dans ce laboratoire, on a calculé les entro-
pies molaires partielles en excès des alcools, SAL

E , où AL représente un alcool. On a par la suite calculé d’une façon
numérique l’interaction entropique SAL AL

E
− = N(∂SAL

E /∂nAL)p,T,nW où nAL = quantité d’alcool, nW = quantité d’eau et
N = quantité totale de solution. La valeur de SAL AL

E
− définie plus haut correspond à l’effet d’une addition d’alcool sur

la situation entropique réelle d’alcool existant en solution. Utilisant ces quantités, on a étudié les schémas de mélange
dans alcools en solutions aqueuses. Les conclusions auxquelles on était arrivé antérieurement en se basant uniquement
sur des valeurs de HAL

E et HAL AL
E

− sont confirmées. De plus, sur la base des valeurs de SAL AL
E

− et de HAL AL
E

− , on a éta-
bli que l’ordre de l’hydrophobicité relative des alcools est méthanol < éthanol < propan-2-ol < propan-1-ol.

Mots clés : alcools en solutions aqueuses, entropies molaires partielles en excès, entropie d’interaction, schémas de mé-
lange, valeurs relatives d’hydrophobicité.

[Traduit par la Rédaction] Koga et al. 155

Introduction

In the preceding paper (1), called paper I hereinafter, we
have reported the excess chemical potentials of alcohols (ab-
breviated as AL), µAL

E , and those of water, µW
E , for aqueous

solutions at 25°C. They were calculated from total vapour
pressure data without resorting to any fitting function. In an-
other earlier paper (2), called paper II, we directly deter-

mined alcohol excess partial molar enthalpies, HAL
E , at 25°C.

Thus, we can now calculate model-free alcohol excess par-
tial molar entropies, SAL

E , purely experimentally. HAL
E and

SAL
E are the second derivatives of G. SAL

E , for example, is

[1] SAL
E = (∂SE/∂nAL) = –{∂2G/(∂T ∂nAL)},

where nAL is the number of moles of AL in the aqueous so-
lution. In this paper, partial differentiation is understood as
being performed by keeping other variables constant. Equa-
tion [1] implies that SAL

E is the response of the entire system
in terms of excess entropy when nAL alone is perturbed.
Hence, it signifies the actual contribution of alcohol towards
SE of the system or the actual entropic situation of AL in the
solution. If we have accurate SAL

E data in small increments in
composition, as is the present case, then the following deriv-
ative can be calculated to within an uncertainty of several %:

[2] SAL AL
E

− � N(∂SAL
E /∂nAL)

= (1 – xAL) (∂SAL
E /∂xAL),
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where xAL is the mole fraction of AL and N is the total num-
ber of moles of the solution. The last derivative of eq. [2] is,
in practice, calculated as (δSAL

E /δxAL), where δ represents the
difference in the values of two data points taken from the
smooth curve drawn through all the data points by the aid of
a flexible ruler. The issue of an appropriate size of δxAL was
dealt with earlier in detail (3) and led us to choose δxAL =
0.01 for this paper. The physical meaning of SAL AL

E
− , eq. [2],

is the effect of the addition of an infinitesimal amount of AL
on the actual entropic situation of alcohol in the solution.
Thus, we define SAL AL

E
− as the entropic interaction between

AL molecules in the system (4, 5). In paper II (2), the
enthalpy analogs of eqs. [1] and [2], HAL

E and HAL AL
E

− , were
used to study the mixing schemes in aqueous alcohol solu-
tions, and some findings were briefly summarized in the In-
troduction of paper I (1). In this paper, we add information
provided by the xAL-dependences of SAL

E and SAL AL
E

− and
examine if any additional or clearer pictures emerge from
them. We direct our attention mainly to methanol (ME), eth-
anol (ET), 1-propanol (1P), and 2-propanol (2P).

Results and discussion

Table I, deposited at CISTI,2 lists smoothed values of µAL
E

from paper I (1) and HAL
E values from paper II (2) for AL =

ME, ET, 1P, or 2P, from which TSAL
E were calculated and

also listed in Table I. Figure 1 shows the plots of TSAL
E thus

calculated. As for HAL
E , the plots of TSAL

E exhibit a sharp
xAL-dependence in the H2O-rich region. In the AL-rich re-
gion, on the other hand, TSAL

E is almost zero and almost in-
dependent of composition. This immediately suggests that
there are at least two compositional regions, in each of
which the thermodynamic behaviour and, hence, the mixing
scheme are different. Whether there is an intermediate re-
gion, as for 2-butoxyethanol (BE)–H2O (4–8), is not so obvi-
ous from HAL

E and SAL
E data alone. The existence of the

intermediate region for other AL–H2O systems becomes evi-
dent when we calculate SAL AL

E
− data, as shown below.

In the alcohol-rich region, the fact that the values of SAL
E

and HAL
E (2) are almost zero suggests that the thermody-

namic situation of the alcohol in solution is very close to
that of the pure alcohol. It is likely that alcohol molecules
cluster together in almost the same manner as in the pure
state. This is consistent with structural studies conducted us-
ing neutron scattering (9–11). Dixit et al. (9) claim that clus-
ter formation occurs over the entire compositional range
and, hence, cast doubt on the classical picture of “iceberg
formation”. Their detailed neutron-scattering study was per-
formed at the ME-rich region, at xME = 0.7. As shown below,
this composition falls in the region of mixing scheme III. We
stress that Fig. 1 and the HAL

E data in paper II (2) indicate
that the mixing scheme operating in the H2O-rich region,
mixing scheme I, must be qualitatively different from that of
the alcohol-rich region.

Table 1 lists the values of TSAL
E at infinite dilution to-

gether with the values of HAL
E from paper II (2). Thus, an al-

cohol molecule breaks away from its pure state and is
dissolved into pure H2O with a large enthalpy gain (–7 to

–17 kJ mol–1) and a larger entropy loss (–9 to –26 kJ mol–1).
This is consistent with the enhancement of the hydrogen
bond network of H2O in the vicinity of solute molecules,
i.e., “iceberg formation”. Figure 1 also indicates that in the
H2O-rich region, the sharpness of the xAL-dependence seems
to increase roughly with the increasing order of the alkyl
group size. This hints that the predominant cause of thermo-
dynamic behaviour in this range is the effect of the hydro-
phobic alkyl group. The sharpness of the xAL-dependence is
much more accurately represented in the interaction SAL AL

E
− .

© 2003 NRC Canada

Koga et al. 151

Fig. 1. Excess partial molar entropy of the alcohol multiplied by
the temperature at 25°C (TSAL

E ).

2 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically).
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Using the smoothed data in Table I, we have calculated the
entropic interaction, TSAL AL

E
− (eq. [2]), with δxAL = 0.01.

The results are plotted in Figs. 2–6. It is striking that the
xAL-dependences are all similar to each other among the dif-
ferent alcohols, except for the varying scales. This suggests,
again, that all the alcohol–water systems studied here share
the same thermodynamic behaviour. Furthermore, the xAL-
dependences of TSAL AL

E
− are also similar to those of HAL AL

E
−

shown in paper II (2). This is a direct consequence of en-
tropy–enthalpy compensation (14). Following the same ar-
gument as in paper II (2), we recognize the regions of
mixing schemes I, II, and III, as indicated in the figures. The
transition from mixing scheme I to II starts at point X and
ends at Y. Table 2 summarizes the loci of these points ob-
served from the behaviour of TSAL AL

E
− . In Table 3, corre-

sponding points observed by HAL AL
E

− from paper II (2) are
shown. The sharpness of the xAL-dependence in the H2O-
rich region is reflected in the maximum value of TSAL AL

E
−

and the loci of points X and Y. The sharper the dependence,
the larger the maximum value and the smaller the loci of X

and Y. In terms of these quantities given in Tables 2 and 3, the
strength of the effect of alcohol on H2O is in the order of ME <
ET < 2P < 1P < TBA < BE. We suggest that this provides a
measure of the hydrophobicity of the mono-ols. It is puz-
zling, however, that the values of TSAL

E and HAL
E at infinite

© 2003 NRC Canada
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Alcohol Abbreviation
HAL

E at xAL = 0
(kJ mol–1)

TSAL
E at xAL = 0

(kJ mol–1)

Methanol ME –7.4a –8.6
Ethanol ET –10.2a –13.3
1-Propanol 1P –10.4a –16.8
2-Propanol 2P –13.1a –18.0
tert-Butanol TBA –17.0b –23.6c

2-Butoxyethanol BE –17.0d –26.2e

aReference (2).
bReference (12).
cReference (13).
dReference (6).
eReference (8).

Table 1. The values of TSAL
E and HAL

E at infinite dilution.

Fig. 2. AL–AL entropic interaction multiplied by the temperature
at 25°C (TSAL AL

E
− ).

Fig. 3. ME–ME entropic interaction multiplied by the tempera-
ture at 25°C (TSME ME

E
− ).

AL
Max. TSAL AL

E
−

(kJ mol–1) X Y II–III

ME 34±3 0.065 0.25 0.54
ET 81±5 0.05 0.19 0.38
1P 225±10 0.05 0.09 0.30
2P 1851±0 0.05 0.11 0.19
TBAa 360±20 0.045 0.065 0.38
BEb 1150±50 0.017 0.021 0.43

Table 2. The maximum values of TSAL AL
E

− and the loci of mix-
ing scheme boundaries.
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dilution (see Table 1) do not follow the same order. In par-
ticular, the order of 1-propanol and 2-propanol is reversed,
in terms of information given in Table 1. The values of T
SAL

E and HAL
E at infinite dilution is associated with the pro-

cess of an alcohol molecule (or an appropriate cluster
thereof) breaking away from its pure environment and mix-
ing into bulk H2O. The latter process may be broken down
into: (a) creating a cavity of the size of the alcohol molecule
in bulk H2O and (b) allowing the surrounding H2O mole-
cules to relax into its final form of “iceberg structure” with a

concomitant reduction of the hydrogen-bond probability of
bulk H2O away from the solute. Both processes (a) and
(b) are associated with an order-of-magnitude larger abso-
lute value of entropy and enthalpy changes with opposite
signs, resulting in the net values of TSAL

E and HAL
E of the or-

der of –7 to –30 kJ mol–1. A subtle alcohol-specific differ-
ence in either process could bring about a few kJ mol–1

difference in the resulting values of TSAL
E and (or) HAL

E ,
which is sufficient to change the order of apparent
hydrophobicity. Furthermore, we generally note that the
thermodynamic information contained in the higher-order
derivative of G is more detailed (4, 5). Thus, at this point,
the most reliable ranking of the effect of alcohol on H2O,
derived here from TSAL AL

E
− and HAL AL

E
− , is ME < ET < 2P <

1P < TBA < BE. This seems reasonable considering the
amount of nonpolar surface area for these six alcohols.

As mentioned above, SAL
E is the second derivative and

SAL AL
E

− is the third derivative of G. Another second deriva-
tive of G is the excess partial molar volume, VAL

E :

© 2003 NRC Canada
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Fig. 4. ET–ET entropic interaction multiplied by the temperature
at 25°C (TSET ET

E
− ).

Fig. 5. 1P–1P entropic interaction multiplied by the temperature
at 25°C (TS1P 1P

E
− ).

Fig. 6. 2P–2P entropic interaction times the temperature at 25°C
(TS2P 2P

E
− ).

AL
Max. HAL AL

E
−

(kJ mol–1) X Y II–III

ME 32 ± 3 0.07 0.25 0.45
ET 73 ± 5 0.06 0.19 0.35
1P 210 ± 10 0.05 0.09 0.27
2P 180 ± 10 0.05 0.11 0.16
TBAa 350 ± 20 0.045 0.065 0.38
BEb 1100 ± 50 0.017 0.021 0.42

Note: Data mostly taken from paper II (2), unless otherwise indicated.
aReference (12).
bReference (6).

Table 3. Maximium values of HAL AL
E

− and the loci of mixing
scheme boundaries.
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[3] VAL
E = (∂VE/∂nAL) = {∂2G/(∂p∂nAL)}

In analogy with eq. [2], we define (4, 5) the volumetric in-
teraction, VAL AL

E
− , as

[4] VAL AL
E

− � N(∂VAL
E /∂nAL)

= (1 – xAL) (∂VAL
E /∂xAL).

Figure 7 shows VAL
E values calculated graphically using

literature density data at 25°C (15, 16). The initial decrease
in VAL

E , as xAL increases from infinite dilution, was earlier at-
tributed to being one of the signatures of mixing scheme I
(4, 5). Equivalently, the excess partial molar volume of H2O,
VW

E, initially increases, owing to the Gibbs–Duhem relation,
as is evident in Fig. 7. This is a reflection of “iceberg forma-
tion”. Moreover, VAL

E at infinite dilution is determined by the
size difference between the alcohol and water molecules
(sand-and-pebble analogy) and the characteristic bulkiness
of liquid H2O due to the hydrogen-bond network. The size-
difference effect alone gives a negative value of VAL

E , while
the latter effect has a positive contribution, resulting in the
net value of VAL

E at infinite dilution. As xAL increases, the
latter contribution decreases because of the reduction of the
hydrogen-bond probability of bulk H2O away from an “ice-
berg”-clad solute, while the former is basically independent
of xAL. As a result, the value of VAL

E decreases; or, rather, the
fact that VAL

E shows the characteristic initial decrease was
used as evidence for the reduction of the hydrogen-bond
probability of bulk H2O away from solute. We point out that
this initial decrease is also clearly evident for ME–H2O.
Thus, there must be a hydrophobic effect operating in this
system that is different from the mixing scheme operating in
the AL-rich region.

Figure 8 shows the third derivative quantity, VAL AL
E

− (see
eqs. [3] and [4]). These quantities also show anomalous be-

haviour near the mixing scheme boundary between I and II.
To obtain VAL AL

E
− , two consecutive graphical differentiations

of the raw density data were required. Hence, the precision
of VAL AL

E
− data is poorer than that for the SAL AL

E
− and

HAL AL
E

− data. Thus, we did not attempt to locate points X
and Y. Nevertheless, Fig. 8 shows that the maximum value
of VAL AL

E
− evidently increases in the order ME < ET < 2P <

1P, consistent with the order observed for HAL AL
E

− and
SAL AL

E
− . Our earlier measurements of the density of 2-

butoxyethanol (BE) – H2O was performed for the purpose of
evaluating VAL AL

E
− by two successive graphical differentia-

tions. We therefore determined about 200 densities in the
range 0 < xBE < 0.04. VBE BE

E
− thus obtained showed anoma-

lous behaviour at exactly the same locus as HAL AL
E

− ,
SAL AL

E
− , and other third derivative quantities (4–8, 17–20).

This fact was used as supporting evidence for the existence
of the transition between mixing schemes I and II in BE–
H2O mixtures.

Kozak et al. (21) have suggested the same ranking for the
first four alcohols, ME < ET < 2P < 1P, using the virial coef-
ficients, B, in the expansion of the logarithm of the activity
coefficient of the solvent W, γW (see eq. [5]). However, TBA
does not follow this trend, even though TBA is more hydro-
phobic than 1P (See Table 1 in ref. (21)). The logarithm of
γW is written as

[5] lnγW � µW
E /RT = BxAL

2 + CxAL
3 + …

It follows from the Gibbs–Duhem relation that

[6] (∂µW
E /∂nAL) = –2RTB(1 – xAL)2 + ….

Thus, the use of B is equivalent to using (∂µW
E /∂nAL) at in-

finite dilution rather than the entropic interaction SAL AL
E

−
(eq. [2]). Due to the entropy–enthalpy compensation (14),
sharp changes in the entropic and the enthalpic interactions,
SAL AL

E
− and HAL AL

E
− , are compensated by each other, and as

© 2003 NRC Canada
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Fig. 7. Excess partial molar volumes of AL and H2O (VAL
E and

VW
E, respectively) at 25°C, calculated using the density data from

refs. (19) and (20).

Fig. 8. AL–AL volumetric interaction (VAL AL
E

− ) at 25°C, calcu-
lated using the data from refs. (19) and (20).
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a result the changes in (∂µW
E /∂nAL) usually becomes less

conspicuous. Thus, it is more advantageous to use SAL AL
E

−
and HAL AL

E
− than (∂µW

E /∂nAL) or its equivalent B in contrast-
ing the propensities of the hydrophobic moieties.

Determination of the boundary between mixing schemes
II and III using HAL AL

E
− and SAL AL

E
− data is problematic, as

is evident in Table 2 and 3 and Figs. 3–6. This is due to shal-
low intersections between two curves of TSAL AL

E
− (and

HAL AL
E

− ) against xAL. Furthermore, the values of HAL
E and

SAL
E themselves are small, and subtle changes in curvature

are not very conspicuous. To locate the boundary between
mixing schemes II and III and, further, to study subtle differ-
ences in mixing scheme III among individual alcohols, data
are needed for the excess partial molar enthalpy and entropy
of H2O, HW

E , and SW
E in the alcohol-rich region. In this re-

gion the absolute values of HW
E and SW

E are expected to be
larger than those of HAL

E and SAL
E and, hence, their xAL-

dependences should be more conspicuous.
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A new method for the preparation of
peroxymonophosphoric acid

Tian Zhu, Hou-min Chang, and John F. Kadla

Abstract: A new method for the preparation of peroxymonophosphoric acid (H3PO5) has been developed. It utilizes a
biphasic solution to moderate the vigorous reaction between phosphorous pentoxide (P2O5) and hydrogen peroxide
(H2O2). P2O5 is suspended in carbon tetrachloride (CCl4), and concentrated H2O2 is slowly added while being vigor-
ously stirred at low temperature. Careful control of the reaction temperature through the slow addition of H2O2 is criti-
cal. Using typical preparation conditions (P2O5:H2O2 = 0.5:1, H2O2 70 wt %, 2°C, 120–180 min), ~70% of the H2O2 is
effectively converted to H3PO5. Increasing the concentration of H2O2, as well as the mole ratio of P2O5:H2O2, leads to
an even higher % conversion of H2O2 to H3PO5. The addition of glacial acetic acid to the P2O5:H2O2 suspension at the
end of the 120–180 min reaction (P2O5:H2O2:CH3COOH = 0.5:1:0.3) leads to the formation of peracetic acid in addi-
tion to H3PO5, and to an overall increase in the conversion ratio of total peroxy acids based on H2O2 (>95%).

Key words: peroxymonophosphoric acid, synthesis, stability, conversion ratio.

Résumé : On a mis au point une nouvelle méthode de préparation de l’acide peroxymonophosphorique (H3PO5). Elle
fait appel à une solution biphasique pour modérer la réaction vigoureuse du pentoxyde de phosphore (P2O5) et du pe-
roxyde d’hydrogène (H2O2). Le P2O5 est mis en suspension dans le tétrachlorure de carbone (CCl4) et le H2O2 est
ajouté lentement à basse température sous agitation vigoureuse. Il est critique de bien contrôlé la température de la
réaction par une addition lente du H2O2. Utilisant des conditions de préparation typiques (P2O5:H2O2 = 0,5:1; H2O2 à
70% en poids; à 2°C; 120–180 min), environ 70% du H2O2 est effectivement converti en H3PO5. Une augmentation de
la concentration du H2O2 ainsi qu’une augmentation du rapport molaire P2O5:H2O2 conduit à des pourcentages encore
plus élevés de conversion du H2O2 en H3PO5. L’addition d’acide acétique glacial à la suspension de P2O5:H2O2 à la fin
de la réaction de 120 à 180 min ((P2O5:H2O2:CH3COOH = 0,5:1:0,3) conduit à la formation d’acide peracétique en
plus du H3PO5 et à une augmentation globale du rapport de conversion globale en peroxyacides par rapport à la quan-
tité de H2O2 utilisée (>95%).

Mots clés : acide peroxymonophosphorique, synthèse, stabilité, rapport de conversion.

[Traduit par la Rédaction] Zhu et al. 160

Introduction

Peroxy acids are widely used, versatile oxidizing agents.
The mechanisms of reactions involving peroxy acids have
been extensively studied by a variety of techniques and have
provided a fundamental understanding of autoxidation and
other reactions involving peroxygen compounds (1,2). In
spite of their importance as oxidants, the number of peroxy
acids available for organic synthesis and oxidation chemistry
is rather limited: peroxy formic acid and peroxy trifluoro-
acetic acid are formed readily in situ from hydrogen perox-
ide and the corresponding acid, whereas peracetic acid, m-
chloro-peroxy benzoic acid (MCPBA), and the potassium
salt of peroxymonosulfuric acid (OXONE®) are commer-
cially available products.

In addition to peroxymonosulfuric acid, several other inor-
ganic peroxy acids have been utilized in oxidation reactions,
e.g., pernitric acid (3) and peroxymonophosphoric acid
(4–8). Peroxymonophosphoric acid was first prepared in
1910 by Schmidlin and Massini according to the following
reaction (eq. [1]) (9):

[1] P2O5 + 2 H2O2 + H2O  → 2 H3PO5

However, the reaction was extremely vigorous, generating
a large amount of heat, which rapidly decomposed the
peroxy acid. As a result, only a small amount of peroxy acid
could be obtained by this method. Subsequently, in 1937,
Toennies tried to moderate the vigorous reaction by intro-
ducing acetonitrile as an “inert diluent”, and claimed to ob-
tain relatively stable solutions containing 51% peroxy acid at
–11°C (10). However, problems concerning reproducibility
exist, as hydrogen peroxide and peroxy acids are known to
hydrolyze acetonitrile (eq. [2]) (11, 12).

[2] CH3CN + H2O2  → [(CH3C(NH)O2H]

 → CH3CONH2 + [O]

As a result, the most widely used method for preparing
H3PO5 is the hydrolysis of potassium or lithium
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peroxodiphosphate in a strong acid solution such as HClO4
(eq. [3]) (13).

[3] P2O8
4– + H2O HCIO4 → H3PO5 + H3PO4

Unfortunately, the extreme reagents, combined with the
high costs and the low peroxy acid yields have hindered its
utilization in large-scale commercial applications. Several
other methods for preparing H3PO5 have been utilized and
include electrolysis of solutions of phosphates (14), as well
as the reaction of H4P2O7 with hydrogen peroxide (15).
However, none of these methods gave reasonable yields of
H3PO5. In this study we report a novel method for the prepa-
ration of H3PO5 in high yields.

Experimental

Materials
Phosphorous pentoxide (ACS reagent grade), carbon tetra-

chloride (ACS reagent grade), ceric sulfate (0.25 N), sodium
thiosulfate (0.1 N), potassium iodide (1.0 N), Ferroin (1,10-
phenanthroline ferrous sulfate), sulfuric acid (ACS reagent
grade), and glacial acetic acid were purchased from Aldrich
Chemicals and used as received. Hydrogen peroxide (70%
and 90%) was obtained from FMC Corporation (Tonamanda,
N.Y.). DTPA (diethylenetriaminepentaacetic acid) and DTMPA
(diethylenetriaminepentamethylene phosphonic acid) were
gifts from Buchman Chemicals Inc. All solutions were pre-
pared in deionized water.

H3PO5 synthesis
In the preparation of H3PO5, P2O5 (17.0 g, 0.061 mole)

was suspended in CCl4 (10 mL), and the suspension was
cooled in an ice bath to a temperature of ~2°C while being
vigorously stirred. Aqueous hydrogen peroxide (0.121 mole,
5 mL of 70 wt %) was then added dropwise to the suspen-
sion, while the reaction temperature was carefully moni-
tored. CAUTION: the addition rate of H2O2 must be
carefully controlled to maintain the reaction temperature be-
low 5°C. If the addition of H2O2 is too fast, the reaction is
too vigorous and a violent exotherm can occur. However, if
the addition of H2O2 is too slow, the P2O5 powder will tend
to form larger aggregate particles, which are slow to react
with the H2O2 and result in the accumulation of H2O2, and a
potentially violent reaction can occur. Therefore, careful
monitoring of the temperature while adding H2O2 at a suffi-
cient rate to minimize P2O5 aggregation is required. Upon
complete addition of H2O2 the biphasic reaction system was
further stirred, for up to 3 h, to maximize peroxy acid yield
(Fig. 1); prolonged mixing can lead to decreased H3PO5
yields. The aqueous phase was separated and the CCl4 layer
was extracted 2–3 times with deionized water (5 mL) to ex-
tract the H3PO5 along with phosphoric acid and hydrogen
peroxide. The aqueous solutions were combined and the
concentration of H3PO5 and H2O2 were determined by
chemical methods. Accordingly, a sample of the reaction
mixture (0.2 mL) was acidified with H2SO4 (200 mL, 1 N
H2SO4) and cooled in an ice bath to permit titration within a
temperature range of 0–10°C. Three drops of Ferroin solu-
tion was added, and the mixture was titrated with 0.1 N ceric
sulfate until the disappearance of the salmon color. KI
(5 mL, 1.0 N KI) was added, and the iodine liberated was ti-

trated with sodium thiosulfate (0.1 N) to a starch end point.
The amount (%) of peroxy acid and hydrogen peroxide was
calculated according to eqs. [4] and [5], respectively.

[4] % peroxy acid =
mL Na S O 0.1N 0.038 100

sample weight
2 2 3 × × ×

[5] % hydrogen peroxide =
mL Ce(SO ) 0.1N 0.017 100

sample weight
4 2 × × ×

Results and discussion

Analogous to the work of Toennies (10), we have focused
on moderating the reaction between H2O2 and P2O5
(eq. [1]). To avoid some of the problems associated with
acetonitrile, we have chosen an inert solvent, CCl4, which
unlike acetonitrile is inert to most oxidants, and neither P2O5
nor H2O2 are soluble in it.

In a typical preparation, the reaction mixture was mixed
for no longer than 3 h to maximize peroxy acid yield
(Fig. 1). Careful control of the reaction system is required,
as longer reaction times result in lower yields of H3PO5 be-
cause of the slow reaction between H3PO5 and H2O2
(eq. [6]).

[6] H3PO5 + H2O2  → H3PO4 + H2O + O2

By controlling the volume of CCl4, the stirring speed, and
the rate of the addition of hydrogen peroxide, approximately
70% of H2O2 was converted to H3PO5 at a mole ratio
P2O5:H2O2 = 0.5:1. To the best of our knowledge such a
high conversion ratio has never been reported.

Effect of P2O5:H2O2 on the preparation of H3PO5
The conversion ratio of H3PO5 based on H2O2 can be in-

creased by increasing the mole ratio of P2O5:H2O2 (Fig. 2).
When the mole ratio of P2O5:H2O2 is greater than 0.9, 100%
conversion was achieved.

Effect of H2O2 concentration
The effect of H2O2 concentration on the preparation of

H3PO5 is shown in Fig. 3. As expected, the concentration of
H2O2 had a dramatic influence on the generation of H3PO5.
Increasing the peroxide concentration decreases the amount
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Fig. 1. The effect of reaction time on % conversion of H2O2 to
H3PO5 (P2O5:H2O2 = 0.5:1, 70 wt % H2O2, 2°C).
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of water available for the hydrolysis of P2O5 (eq. [7]). As a
result, a higher percent of the H2O2 is converted into H3PO5.
As can be seen from Fig. 3, 90 wt % H2O2 gave quantitative
conversion. However, concerns exist regarding the safe han-
dling of such highly concentrated H2O2 solutions. Therefore,
the 70 wt % H2O2, which gave satisfactory results (>70%
conversion), is a good compromise between H2O2 conver-
sion and safe handling.

[7] P2O3 + 3H2O  → 2H3PO4

H3PO5 stability
To further characterize the peroxy acid synthesis, the sta-

bility of the respective peroxides was determined during the
reaction process. Five reactions were conducted (P2O5:H2O2
(0.5:1), 2°C, 180 min), and the total peroxide species present
was determined. Analysis of the aqueous solution, which
contained H3PO5, H2O2, and H3PO4, showed a total peroxide
concentration of 98.2 ± 0.5%. In fact, after 30 days of refrig-
eration (~5°C), more than 95% of the H3PO5 remained.
Thus, any decomposition of the peroxide species during the
preparation protocol or storage at low temperature is negligi-
ble. This remarkable stability provides the possibility that
H3PO5 may not need to be generated on site when it is uti-
lized in commercial processes.

The thermal stability at higher temperatures was also in-
vestigated. Figure 4 shows the effect of increasing tempera-
ture on H3PO5 stability. As expected, increasing the
temperature from 50 to 90°C resulted in a dramatic decrease

in H3PO5 stability. At 90°C more than 90% of the peroxy
acid was decomposed within 120 min.

The decrease in H3PO5 concentration may be attributed to
several factors, e.g., thermal- and (or) metal-catalyzed de-
composition or aqueous hydrolysis. It is known that under
acidic conditions in the presence of water peroxy acid hy-
drolysis takes place according to the equilibrium reaction
present in eq. [8] (2).

[8] H3PO5 + H2O  → H3PO4 + H2O2

The hydrolysis of H3PO5 would result in the correspond-
ing liberation of H2O2 and H3PO4. During the thermal treat-
ments we monitored the concentration of H3PO5 and H2O2.
Figure 5 shows the results obtained at 90°C.

It can be seen that very little H2O2 is generated during the
180 min of thermal treatment. However, this may be because
of the thermal decomposition of the generated H2O2. To
eliminate this possibility, H2O2 was thermally treated under
the same reaction conditions (pH 1, 90°C), and no decompo-
sition was observed. These results indicate that the rate of
H3PO5 hydrolysis is extremely slow, and not responsible for
the observed decrease in H3PO5 concentration under the
conditions used. These results are in agreement with those of
Battaglia and Edwards who reported that the hydrolysis of
H3PO5 is negligible unless the pH is much less than 0 (16).

It is well established that peroxides undergo facile decom-
position in the presence of transition metal ions. A kinetic
chain reaction can be catalyzed by traces (10–20 ppm) of
transition metal ions, particularly iron, cobalt, manganese,
and copper, and is often referred to as Fenton’s chemistry (2,
17). Under such conditions the peroxide acts as both a re-
ducing and an oxidizing reagent with the transition metal
ions in the higher and lower valence states, respectively
(Scheme 1).

To minimize the effect of transition-metal-induced decom-
position reactions, many techniques have been employed,
which include the addition of sequestering agents and (or)
inorganic salts to remove the majority of these metal ion
contaminants (2, 18). To avoid the influence of trace amount
of metal ions, which may be introduced during the prepara-
tion of H3PO5, the effect of DTPA on the reaction system
was studied. Increasing concentrations of DTPA were used,
and the effect on H3PO5 stability measured. There was no
observable difference among any of the DTPA-included
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Fig. 3. Effect of H2O2 concentration on the conversion of H2O2

to H3PO5 (P2O5:H2O2 = 0.5:1, 2°C, 120 min).

Fig. 4. Effect of temperature on H3PO5 stability: � 50°C, �

70°C, � 90°C. Initial [H3PO5] = 0.100 M, [H2O2] = 0.0 M,
pH = 1.02.
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reactions, and this indicates that metal-induced decomposi-
tion is not prevalent in our system.

Thermodynamically, peroxides, particularly peroxy acids,
are potentially unstable, decomposing exothermically ac-
cording to eq. [9].

[9] ROOH ∆ → ROH + 1/2 O2

The facile decomposition is a result of the weak O—O
bonds, ~31 kcal mol–1 for CH3C(O)O—OH vs. 51 kcal mol–1

for HO—OH, which are easily cleaved by light and heat (2).
In both peroxy acids and hydroperoxides, heating above a
critical temperature (peracetic acid: ~80°C, H2O2: ~120°C
(19)) initiates homolysis of the O—O bond, leading to the
formation of radical species. What ensues is the kinetic de-
composition of the peroxide to a variety of radical interme-
diates (2). Although we did not calculate the critical
temperature for H3PO5, we are of the opinion that the de-
creased stability is mainly due to the thermal decomposition
of H3PO5.

Finally, the effect of pH on the stability of H3PO5
(0.10 M) was studied at 70°C (Fig. 6). To avoid the influ-
ence of trace amounts of metal ions at high pH conditions
where DTPA is not effective, DTMPA (0.1%) was added
(20). The reaction was maintained at constant pH and tem-
perature for 120 min, at which time the residual H3PO5 was
determined. The results are shown in Fig. 6 and reveal that
at approximately pH 7, H3PO5 has the maximum stability,
which rapidly decreases with increasing pH.

Peracetic acid – peroxymonophosphoric acid preparation
To further increase the peroxy acid concentration of the

reaction system, we investigated the effect of acetic acid ad-
dition. In previous studies, we found that the addition of ace-
tic acid during peroxymonosulfuric acid synthesis results in
an increase in peroxy acid concentration through the produc-
tion of peracetic acid (21). In this system, the unreacted
H2O2 reacts with the acetic acid to form peracetic acid,
CH3CO3H, and the conversion ratio of the total peroxy acids

based on H2O2 is increased. Therefore, glacial acetic acid
was added to the P2O5–H2O2 reaction system prior to work-
ing up the reaction system (after approximately 2–3 h of re-
action). The system was mixed for a further 30 to 45 min to
promote CH3CO3H formation (21). The peroxy acids were
then extracted from the CCl4 layer and the concentration of
peroxy acids and remaining hydrogen peroxide were deter-
mined by chemical methods. In a typical preparation, at a
mole ratio of P2O2:H2O2:CH3COOH = 0.5:1:0.3, using
70 wt % H2O2, the overall conversion ratio of H2O2 to
peroxy acids was >95%.

Normally, the generation of peracetic acid from acetic
acid and hydrogen peroxide requires a strong acid catalyst
such as H2SO4. The advantage of this method is that no ad-
ditional strong acid catalyst is needed, as H3PO4 and H3PO5
are both medium to strong acids. Although both acetic acid
and peracetic acid are soluble in the CCl4, they can be easily
extracted by water at the end of the reaction. In fact, after
2–3 extractions (30 mL) with water, there was no acetic acid
or peroxy acids left in the CCl4. Thus, this system enables
the CCl4 to be reused, addressing some of the concerns sur-
rounding its use.

Conclusions

In this paper we describe a new method for the prepara-
tion of peroxymonophosphoric acid (H3PO5). It utilizes a
biphasic solution to moderate the vigorous reaction between
phosphorous pentoxide (P2O5) and hydrogen peroxide
(H2O2). Through careful control of the reaction temperature
by the slow dropwise addition of H2O2, H2O2 can be con-
verted to H3PO5 with high conversion ratios. Typical prepa-
ration conditions involve suspending the P2O5 in CCl4,
cooling the reaction system to 2°C, then slowly adding the
70 wt % H2O2 (P2O5:H2O2 = 0.5:1) while vigorously mixing
the solution. The preparation is then left mixing at 2°C for
between 120–180 min. Increasing the concentration of H2O2
as well as the mole ratio of P2O5:H2O2 leads to a higher %
conversion of H2O2 to H3PO5. The addition of glacial acetic
acid to the P2O5:H2O2 suspension at the end of the 120–
180 min reaction (P2O5:H2O2:CH3COOH = 0.5:1:0.3) leads
to the formation of peracetic acid in addition to H3PO5 and
an overall increase in the conversion ratio of total peroxy ac-
ids based on H2O2 (>95%).

The H3PO5 solution can be stored for more than 30 days
under refrigeration with only minimal loss in H3PO5 concen-
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Fig. 6. Effect of pH on the stability of H3PO5 at 70°C and
120 min (initial [H3PO5] = 0.10 M).
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tration. Temperature and pH have dramatic effects on the
H3PO5 stability. At high temperature (70°C), the maximum
H3PO5 stability was observed at a pH ~7, with both increas-
ing and decreasing pH resulting in a decrease in residual
H3PO5 after 120 min. Increasing the temperature to 90°C
lead to the rapid reduction in H3PO5 concentration. Experi-
mental results indicate that aqueous mediated hydrolysis and
transition-metal-catalyzed decomposition are not prevalent.
The observed decrease in H3PO5 can be attributed to the
thermal homolysis of the peroxygen bond.
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Electrocatalytic oxidation and flow amperometric
detection of hydrazine on a dinuclear ruthenium
phthalocyanine-modified electrode

Mehrdad Ebadi

Abstract: Electrocatalytic oxidation of hydrazine on a dinuclear ruthenium phthalocyanine ((RuPc)2) modified electrode
was studied using cyclic voltammetry (CV) and rotating disc electrode (RDE) techniques. At pH = 13, a four-electron
oxidation of hydrazine to N2 was observed. A suitable mechanism was proposed by analyzing the rate equation and the
Tafel slope. The flow injection analysis was performed to characterize the (RuPc)2-modified electrode as an ampero-
metric sensor for the detection of hydrazine. The electrode displays an excellent accuracy and precision in phosphate
solution at pH 12 and 13. The linearity range was from 30 nM to 1 mM with a correlation coefficient of 0.9998.

Key words: ruthenium phthalocyanine, electrocatalysis, surface-modified electrode, hydrazine, amperometric sensor.

Résumé : On a étudié l’oxydation électrocatalytique de l’hydrazine sur une électrode modifiée de phtalocyanine de ru-
thénium dinucléaire (RuPc)2 en faisant appel aux techniques de voltampérométrie cyclique (VC) et d’électrode à disque
tournant (EDT). À un pH = 13, on observe une oxydation à quatre électrons de l’hydrazine en N2. On propose un mé-
canisme approprié en faisant une analyse de l’équation de vitesse et de la pente de Tafel. On a réalisé une analyse de
l’écoulement de l’injection pour caractériser l’électrode modifiée de (RuPc)2 comme détecteur ampérométrique pour la
détection de l’hydrazine. L’électrode est à la fois exacte et précise dans une solution de phosphate à des pH de 12 et
13. La plage de linéarité va de 30 nM à 1 mM avec un coefficient de corrélation de 0,9998.

Mots clés : phtalocyanine de ruthénium, électrocatalyse, électrode à surface modifiée, détecteur ampérométrique.

[Traduit par la Rédaction] Ebadi 168

Introduction

Recently (1) we reported the electrochemical properties of
the dinuclear ruthenium phthalocyanine (RuPc)2 species and
the electroreduction of O2 and H2O2 catalyzed by (RuPc)2-
modified graphite electrodes. The solution and surface cyclic
voltammetry of (RuPc)2 displays a series of metal-localized
processes. Previous studies of ruthenium phthalocyanine
complexes have focused on their synthesis and chemical and
physical properties (2–9). The exploration of ruthenium
phthalocyanine as a catalyst has not been adequately investi-
gated. Most of the work reported in the literature on catalysis
by metallophthalocyanine species (MPcs) has been directed
toward the study of cobalt and iron phthalocyanine. How-
ever, our work indicates that ruthenium phthalocyanine is as
versatile a catalyst as CoPc and FePc (10). The modified
(RuPc)2 electrode exhibits catalytic activity towards a wide
variety of molecules, including hydrazine.

There have been many published reports on the mecha-
nism and kinetics of hydrazine oxidation. Oxidation of
hydrazine catalyzed by platinum (11, 12), palladium (13,
14), nickel (15), gold (16), mercury (17), silver (18), vana-
dium (19), manganese (20, 21), iridium (22), rhodium (23),
iron (24), cobalt (25–27), ruthenium (28), and graphite elec-
trodes modified by metallophthalocyanines of VO, Fe, Zn,
Co, Cu, Ni, and Mn (29, 30) have been reported. In aqueous

solutions, four-electron oxidation of hydrazine to N2 was re-
ported, while a two-electron oxidation to N2H2 was observed
in organic solvents (12, 31).

The electrode materials and solvents have a profound in-
fluence on the oxidation mechanism. Fukumoto et al. stud-
ied the catalytic activity of metal electrodes in the anodic
oxidation of hydrazine by means of the palladium membrane
method (32). The experimental results revealed that the ini-
tial step in the mechanism occurred either through depro-
tonation of hydrazine followed by four-electron oxidation to
N2 (mechanism I) or via formation of the N2H3 radical fol-
lowed by three-electron oxidation to N2 (mechanism II). The
oxidation of hydrazine on Pt, Ir, and Co proceeds via mecha-
nism I, whereas on metals such as Pd, Au, and Ni oxidation
occurs via mechanism II.

Zagal and co-workers have reported the oxidation of
hydrazine catalyzed by MPc, MTSPc, and MP compounds
(M = Cu, Cr, Ni, Fe, Co, VO, Zn, or Mn; TSPc = tetra-
sulphophthalocyanine; P = porphyrin) adsorbed on graphite
electrodes (25). They proposed that the initial step in the
mechanism involves oxidation of the metal center, followed
by catalytic oxidation of coordinated hydrazine.

Many reports have become available on the detection of
hydrazine using techniques such as amperometry (33–40),
chemiluminescence (41–43), and spectrophotometry (44–48).
In the spectrophotometry and chemiluminescence methods,

Can. J. Chem. 81: 161–168 (2003) doi: 10.1139/V03-012 © 2003 NRC Canada

161

Received 19 September 2002. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 28 February 2003.

E. Mehrdad. Chemistry Department, York University, Toronto, ON M3J 1P3, Canada. (e-mail: Mehrdad.ebadi@penw.com).

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8102\V03-012.vp
Friday, February 28, 2003 10:07:18 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



hydrazine is analyzed through its ability to inhibit or pro-
mote a chemical reaction. An example is the kinetic–
spectophotometric determination of hydrazine via inhibition
of the reaction between bromate and hydrochloric acid (46).

In the amperometric method, hydrazine is detected by oxi-
dation on a working electrode. The oxidation potential of
1.0 V vs. AgCl/Ag is reported (37). To reduce the applied
potential and increase the electrode sensitivity, many groups
have reported the use of chemically modified electrodes
(CME). The choice of the surface modifier is based on its
catalytic activity and stability towards hydrazine.

In this article, the catalytic activity of the (RuPc)2-modi-
fied electrodes toward the oxidation of hydrazine is described.
The main products of the redox reaction are determined us-
ing electrochemical methods such as cyclic voltammetry (CV)
and rotating disc electrode (RDE). A suitable mechanism is
proposed by analyzing the Tafel slopes and the rate equa-
tions. The performance of an (RuPc)2-modified electrode for
the detection of hydrazine in a flow-through system is re-
ported.

Experimental

Material
Hydrazine sulfate (NH2NH2·H2SO4) (Analar), potassium

hydrogen phosphate monobasic (KH2PO4) (Analar), and so-
dium hydroxide (NaOH) (Analar) were used without further
purification. THF was distilled over sodium wire.

The buffer solutions were prepared using 0.1 M KH2PO4.
The desired pH was obtained by the addition of a 0.1 M
phosphoric acid or a 0.1 M NaOH solution. Nitrogen gas
was used to remove dissolved oxygen in the solutions prior
to the cyclic voltammetric experiment (CV).

The following parameters were used in all calculations:
DN H2 4

= 1.4 × 10–5 cm2 s–1, and 0.01 cm2 s–1 for the kine-
matic viscosity of water (49).

Apparatus and electrode preparation
Electrochemical measurements were performed with an

RDE3 Pine potentiostat and an X-Y recorder. A pyrolytic
graphite disc, sealed to a copper shaft with polyolefin heat-
shrinkable tubing, was used as a working electrode in the
surface CV experiments. The graphite electrode was mounted
on the shaft with the basal plane of the graphite exposed
(BPG). The surface of the electrode was polished with
0.05 mµ alumina powder, sonicated in doubly distilled wa-
ter, and rinsed with acetone and water before each experi-
ment. A saturated calomel electrode was used as a reference
electrode.

The chromatograms were obtained using an HPLC system
consisting of a Waters 590 isocratic pump, a Waters 715
auto sampler, and an HP G1049 electrochemical cell. An
AgCl/Ag electrode was used as a reference electrode and
glassy carbon (GC) was used as a working electrode. The
GC electrode was modified as described below.

Exposing polished GC and BPG electrodes to the THF so-
lution of (RuPc)2 (0.1 mM) modified the graphite electrodes.
After 1 min of soaking, the electrode was removed, rinsed
with doubly distilled water, and transferred to an electro-
chemical cell. The (RuPc)2 that was deposited on the elec-
trode was determined to be between 3 to 5 layers thick,

assuming that (RuPc)2 adsorbed flat onto the surface of BPG
(1, 10).

Results and discussion

Solution and surface CV of (RuPc)2
In our previous paper (1) we have reported the solution

and surface CV of (RuPc)2 in organic and inorganic media.
The solution CV of (RuPc)2 in THF displays four reversible
redox waves at 0.98 V (wave I), 0.48 V (wave II), –0.13 V
(wave III), and –0.55 V (wave IV) vs. SCE and an irrevers-
ible wave at –1.38 V (wave V) vs. SCE. The reversible
waves are assigned to one-electron redox couples centered at
metal centers, and the irreversible wave is assigned to a two-
electron redox process centered at the Pc rings (1, 10).

[1] Wave I: [(Ru(III)Pc(–2))2]2+

+ e– ⇔ [(Ru(II, III)Pc(–2)) 2]+

[2] Wave II: [(Ru(II, III)Pc(–2))2]+

+ e– ⇔ (Ru(II)Pc(–2))2

[3] Wave III: (Ru(II)Pc(–2))2

+ e– ⇔ [(Ru(I, II)Pc(–2))2]–

[4] Wave IV: [(Ru(I, II)Pc(–2))2]–

+ e– ⇔ [(Ru(I)Pc(–2))2]2–

[5] Wave V: [(Ru(I)Pc(–2))2] 2–

+ 2e– ⇔ [(Ru(I)Pc(–3))2]4–

The surface CV of (RuPc)2 in methylene dichloride dis-
plays four quasi-reversible surface waves at 0.85 V (wave
A), 0.31 V (wave B), –0.45 V (wave C), and –0.94 V (wave
D) vs. AgCl/Ag. They are assigned to the metal localized
processes corresponding in assignment to those described
above as I, II, III, and IV (1, 10). The surface CV of (RuPc)2
in aqueous medium displays pH-dependent surface waves
(Fig. 1). At low pH, two reversible surface waves (waves C
and D) are observed, while at high pH two additional waves
(waves A and B), positive of wave C, are detected. Wave A
is only observed at very high pH values (not shown) (1, 10).

[6] Wave D: [(Ru(I, II)Pc(–2))2H]

+ e– + H + ⇔ [(Ru(I)Pc(–2))22H]

[7] Wave C: [(Ru(II)Pc(–2))2]

+ e– + H + ⇔ [(Ru(I, II)Pc(–2))2H]

[8] Wave B: [OH(Ru(II, III)Pc(–2))2]

+ e– ⇔ [(Ru(II)Pc(–2)) 2] + OH–

[9] Wave A: [(OHRu(III)Pc(–2))2]

+ e– ⇔ [OH(Ru(II, III)Pc(–2))2] + OH–

A Pourbaix diagram of waves B, C, and D along with the
hydrazine oxidation wave are shown in Fig. 2.

Hydrazine electrocatalytic oxidation
An (RuPc)2-modified electrode shows strong catalytic ac-

tivity towards the oxidation of hydrazine at pH = 13, while a
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bare BPG electrode shows no activity toward the oxidation
of hydrazine (Fig. 3). A plot of the hydrazine oxidation cur-
rent as a function of the square root of the scan rate yields a
straight line (R = 0.999, n = 8), characteristic of a diffusion-
controlled process.

The oxidation current shows a strong dependence on pH
(Fig. 2). As the pH decreases, the oxidation peak potential
shifts toward a more positive potential and at the same time
the oxidation current decreases. At pH values lower than 9,
the (RuPc)2-modified electrode loses its activity toward the
oxidation of hydrazine. Similar behavior has been reported
for hydrazine oxidation catalyzed by polymeric iron tera-
aminophthalocyanine (50). The oxidation current is at its
highest intensity at pH = 13. As the pH is lowered, the cur-
rent intensity gradually decreases until pH = 8, where the
catalyst loses it activity (50).

To calculate the number of electrons involved in the oxi-
dation at pH = 13, a series of rotating disc electrode CVs
was conducted at different spin velocities. In these experi-
ments, the catalytic activity of the (RuPc)2-modified elec-
trode was reduced by 10% after each cycle. The decrease in
activity was due to gradual loss of (RuPc)2 from the surface
of the electrode. By increasing the number of adsorbed
(RuPc)2 layers, the loss of activity was significantly reduced.
To eliminate the surface variation and the loss of electrode
activity a new surface was used for each spin velocity.

For a rotating-disc electrode, the mass transfer limiting
current is described by (51)

[10] Id = 0.201zFAD2/3v–1/6ω1/2Co,

where A (cm2) is the area of the electrode, v (cm2 s–1) is the
kinematic viscosity, ω (rpm) is the spin rate, Co (mole cm–3)
is the bulk concentration of the redox active species, and z is
the number of electrons involved in the redox reaction.

For a first order reaction, the plot of 1/IRD vs. 1/ω1/2,
known as the Koutecky–Levich plot, yields a straight line
(R = 0.99, n = 6). The slopes of the plots obtained in the
mass transfer region at pH = 13 (slope = 8.5 × 103) corre-
spond well with a theoretical value for z = 4 (slope = 8.3 ×
103). The linearity of the plot also indicates that hydrazine
oxidation is first order with respect to dissolved N2H4.

In a confirmatory experiment, the oxidation of N2H4 at
pH = 13 was examined during CV at an (RuPc)2-modified
electrode. For a totally irreversible redox reaction, the peak
current in cyclic voltammetry is expressed as (51):

[11] Ip = 2.99 × 105 z(αnα)1/2 ACo D1/2 υ1/2

where υ (V s–1) is the scan rate and αna is a parameter re-
flecting the irreversibility of the reaction. When A, Co, D,
and αna are known, the value of z can be calculated from the
slope of Ip vs. υ1/2.

To determine the value of αnα, one can use the relation
for the peak potential.

[12] Ep = k – (0.03/αnα) log(υ)

The value of αnα can then be calculated from the slope of
Ep vs. log(υ). The slope of the line at high over-potential
yields a value of αnα = 0.22 (R = 0.999, n = 8). By substitut-
ing this value into eq. [11] along with known values for the
other parameters the number of electrons involved in the ox-
idation of hydrazine is calculated to be z = 4.2.

The calculated number of electrons at pH = 13 (i.e., z = 4)
indicates that the net oxidation of hydrazine occurs as fol-
lows (11–32)

[13] NH2NH2 + 4OH– → N2 + 4H2O + 4e–

Using the procedure described above, a value of z = 1 at
pH = 9 was observed. A value of z = 0.7 has been reported
for hydrazine oxidation in organic solvents (12, 31). The ex-
perimental data show that the formation in the solution of
N2H5

+, which is not easily oxidizable, resulted in the small z
value. Based on the above argument we propose that at pH
values lower than 9, the formation of N2H5

+ in solution and
(or) the incapability of the solution to deprotonate the coor-
dinated N2H4 prevents the oxidation of hydrazine to nitro-
gen.

Kinetics of N2H4 oxidation at pH = 13
The rate of hydrazine oxidation can be defined as

[14] I = zFAk [N2H4]p[OH–]q,

where k is the heterogeneous rate constant, z is the total
number of electrons involved in the oxidation reaction, and p
and q are the reaction orders of hydrazine and hydroxide
ion, respectively. The reaction order of hydrazine is deter-
mined from a plot of the logarithm of the kinetic current vs.
log [N2H4]. The slope of the line is close to unity (slope =
0.9, R = 0.99, n = 5), indicating first-order dependence.

The reaction order of OH– is determined from a plot of
the hydrazine oxidation peak potential as a function of pOH.
The slope of the line (slope = 100 mV per pH) is close to the
theoretical value of 59 q αnα

–1 for q = 1 and αnα = 0.5, indi-
cating that one OH– is involved in the rate-determining step
of hydrazine oxidation (10, 51, 52). Substituting these values
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Fig. 1. Cyclic voltammetry of surface bound (RuPc)2 on a BPG
electrode in phosphate buffer solution; pH = 11.3 (——) and
pH = 2.4 (—).
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into eq. [14], one then derives k = 1.19 × 10–10 cm4 mole s–1

at E = –0.4 vs. SCE. We would not attempt to compare the
observed k value to published data since the experimental
conditions, such as cell design, applied potential, and con-
centration of electrolytes, will have a profound influence on
the value of the rate constant. A quantitative comparison

will require that the studies be performed under similar con-
ditions.

According to these results, the kinetic current of hydra-
zine oxidation can be written as:

[15] I = zFAk [N2H4][OH–]

Mechanism of N2H4 oxidation at pH = 13
Oxidation of hydrazine at pH = 13 occurs in the positive

waves C and D (Fig. 2). The CVs of (RuPc)2 obtained in the
presence and the absence of N2H4 show that hydrazine oxi-
dation occurs at the potential where wave B is observed, in-
dicating that the active catalyst on the surface is [(Ru(III,
II)Pc(–2))2]

+. By transferring the (RuPc)2 surface into an
N2H4-free solution following a hydrazine oxidation experi-
ment, the initial surface CV of (RuPc)2 is observed, showing
that the ruthenium dimer retains its structure during and af-
ter the oxidation process.

Based on our CV data, the calculated electron stoichio-
metries, and previously published reports, we propose the
following mechanism for the oxidation of hydrazine on an
(RuPc)2-modified electrode.

[16] (Ru(II)Pc(–2))2 ⇔ [(Ru(III, II)Pc(–2))2]+ + e–

[17] [(Ru(III, II)Pc(–2))2]+

+ NH2NH2 ⇔ [N2H4(Ru(III,II)Pc(–2))2]+
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[18] [N2H4(Ru(III,II)Pc(–2))2]+

+ OH– ⇔ [N2H3(Ru(II)Pc(–2))2] + H2O

[19] [N2H3(Ru(II)Pc(–2))2] → intermediate product + e–

The steps following eq. [19] are very fast and are not rate-
determining steps. These steps would lead to the formation
of N2 as the final oxidation product.

The rate equation for the proposed mechanism for
hydrazine oxidation (eq. [16] to [19]) under steady-state
conditions is as follows (10, 52):

[20] I
z k S

k k
= FA [NH NH ][OH ]

{(( [N H ][OH– ]/ ) exp(–(1 –
2 2

–

2 2 4 1
o

2

α η α η1 1 2
–

2 4 4
o

4 2 4) ) + ( [OH [N H ]/ [N Hf k k f k] ) exp( ( ) )− − +1 4 2 ]/

+ ( [N H ] / [OH– ]

3

2 2 4 3 4
o

4

k

k K k f k k) exp( ( ) ) /− − + + +−1 4 2 3α η ( / ) exp( ( ) )

( / ) exp( ( )

k K k f

k K k f

−

−

− −

+ − −

2 3 4

2 3 4

1

1

4
o

4

4
o

α η

α η η η η4 1 1 1[OH– ]exp) exp( ) ( ) exp( ))}− + − + −−f f k k f2 3

where S (mole cm–2) = (Ru(II)Pc(–2))2 + [(Ru(III, II)Pc(–2))2]
+ + [N2H4(Ru(III,II)Pc(–2))2]

+ + [N2H3(Ru(II)Pc(–2))2];
[NH2NH2] and [OH–] are concentrations with units of mole cm–3; ηi is defined as (Eapplied – Ei

o′); k1, k–2, k–3, k–1, and k4 have
units of s–1 while k2 and k3 have units of cm3 mole–1 sec–1; and K3 = k–3/k3.

1

The analysis of the rate equation — to predict experimentally observed data such as the Tafel slope and the rate dependence —
has been used as a diagnostic method, to examine the validity of the proposed mechanism (10, 52). The experimental Tafel
slopes are obtained from the plot of Ep vs. log (υ), and the rate dependence of hydrazine oxidation towards [N2H4] and [OH–]
is described above.

When k3<<k1
o, k4

o, K3, k2, and k–2, eq. [20] simplifies to

[21] I
z k S

k k k k f
=

+ − +

−

−

FA NH NH OH
N H

2 2

2 4 2

[ ][ ]
( [ ]/ / exp( )

2

2 3 3 1η k k− 2 / )3

Equation [21] predicts first-order dependency on dissolved hydrazine, [OH–], and a Tafel slope of 60 mV per decade for
η1 << 0 or infinity for η1 >> 0.

When k4
o << k2[NH2NH2][OH–], k1

o, k–2, k–3, and k3, eq. [20] can be written as

[22] I
zFAk S

f k
=

− −

−

−
2

4 4 21
[ ][ ]

(exp( ( ) )( [ ][
NH NH OH

N H OH
2 2

2 4α η ]/ [ ] / / ) exp( ))k k K k k K k f4
o

2 4 4
o

2 4
oN H+ + −−2 3 3 1η

When η1 >> 0, eq. [22] simplifies to

[23] I
z k S f

k
= −−

−
FA NH NH OH

N H OH
2 2

2 4

[ ][ ] exp(( ) )
[ [ ][ ]/

2 4 4

2

1 α η
k k K k k K k4

o
2 4 4

o
2 4

oN H+ + −2 3 3[ ] / / ]

Equation [23] predicts a Tafel slope of 60/(1 – α4) at high over-potential. The reaction orders in hydrazine and OH– are

[24] p
k k K

k
= = − +−

∂ ∂log / log
[ ]

[
i [N H ]

[N H ][OH [N H ] ]
2 4

2 4 2 4 31 2 2

2[N H ][OH [N H ]2 4 2 4 3
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−+ +] ]k K k K2 2 3

[25] q
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[N H ][OH
[N H ][OH

2 4

2 4

1 2

2 2[N H ]2 4 3K k K+ − 2 3]

In a case where k–2 >> K3 and k2, both eqs. [24] and [25]
predict a first-order dependence towards [N2H4] and [OH–].

The experimentally observed Tafel slope of 64 mV (R =
0.998, n = 6) at low over-potential (η1 << 0) is consistent
with the slope predicted by eq. [21], and the observed slope
of 134 mV (R = 0.998, n = 6) at high over-potential (η1 >>
0) is predicted by eq. [23] using α4 = 0.5. Equation [21] also
predicts the correct rate dependence toward [N2H4] and

[OH–]. Equation [23] predicts the correct rate dependence
under the condition mentioned above.

Detection of hydrazine at (RuPc)2 under flow injection
conditions

Figure 4 illustrates the chromatograph of a hydrazine sam-
ple (0.1 mM) on an (RuPc)2-modified GC and a bare GC
electrode. The intense LC signals are observed only on the

1 k–1 and k1 have the same magnitude and dimension (i.e., k–1/k1 = 1) (10, 52).
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modified electrode, demonstrating that hydrazine can only
be detected by an (RuPc)2 GC electrode at 0.0 V vs.
AgCl/Ag. The applied potential of 0.0 V vs. SCE was se-
lected to eliminate interference arising from the reduction of
any O2 dissolved in the mobile phase. The precision, accu-
racy, linearity, and detection limits of the hydrazine detec-
tion method, utilizing an (RuPc)2-modified GC electrode,
are discussed below.

The precision of the hydrazine detection method, using an
(RuPc)2-modified electrode, was examined by multiple in-
jections of 0.1 mM N2H4 in a mobile phase consisting of
phosphate solution at pH = 12. After twenty successive in-
jections (5 µL each) of the sample solution, a relative stan-
dard deviation of 2.7% (peak height) was observed, which

indicates a good precision and stability of the surface. The
precision of the method was further examined using sample
solutions containing 0.1 mM to 0.01 M hydrazine. Only at
hydrazine concentrations of not more than 1 mM a good pre-
cision was observed.

To determine a desirable pH, the response factor of a 0.1
mM sample at 0.0 V vs. AgCl/Ag was examined at different
pH. The best response factor was observed in the pH range
of 12–13. At lower pH, the signal intensity would signifi-
cantly decrease until pH = 9 where the surface would lose its
catalytic activity.

To determine the optimum injection volume, multiple in-
jections of from 1 to 100 µL of a 0.1 mM N2H4 sample were
performed, and the signal precision was examined. The best
results were obtained for an injection volume of 5 µL.

Based on the above results, the optimum method parame-
ters are an injection volume of 5 mL, a hydrazine concentra-
tion <1 mM, and a mobile phase pH between 12 and 13.

The accuracy of the method was examined by spiking
drinking water with known amounts of hydrazine. 100%
hydrazine recovery was observed for the samples containing
1 mM hydrazine. The substances present in the drinking wa-
ter showed no interference with the analysis of hydrazine.

The linearity and detection limits of this method were
studied using the parameters selected during the precision
study. The detection limits and the linearity data are summa-
rized in Table 1, along with published data for comparison.
The linear response for hydrazine is in the range of 30 nM to
1 mM with a correlation coefficient of 0.9998. In compari-
son with the published work (Table 1), this method displays
an acceptable linearity range with an excellent correlation
coefficient.

The detection limit of this method is estimated to be
30 nM, based on a signal-to-noise ratio of 3:1 (Fig. 5). The
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Fig. 4. Chromatogram of hydrazine on an (RuPc)2-modified GC
and bare GC electrodes. HPLC parameters: flow rate =
0.5 mL min–1, mobile phase phosphate solution (pH = 12.0), in-
jection volume 5 µL, potential applied = 0.0 V vs. AgCl/Ag.

Method
Detection limit
(LOD) (µg L–1)

Range
(µg L–1)

Correlation
coefficient Reference

Amperometric 0.96 0.96–32000 0.9992 This worka

Amperometric 0.5 1–800 0.992 33
Amperometric 3b 0.0128–0.128c 0.9963 34
Amperometric 2.56 3.2–320 35
Amperometric 0.1 0.3–500 0.995 36
Amperometric 19.84 0.999 37
Amperometric 3.2 6.4–12 800 0.9998 38
Amperometric 320 3200–19 200 0.998 38
Amperometric 3.2 5.76–19 200 0.998 40
Chemiluminescence 2 5–40 000 41
Chemiluminescence 0.04 0.1–100 42
Chemiluminescence 3 10–10 000 43
Spectrophotometric 0.05 0.12–60 44
Spectrophotometric 99.2 150–992 0.994 45
Spectrophotometric 2.72 9.6–1024 0.999 46
Spectrophotometric 40 50–5000 47
Spectrophotometric 100 150–1000 48

aHPLC system; flow rate 0.5 mL min–1; mobile phase NaOH–KHCO3 buffer (pH = 12.0); injection volume 5 µL; potential
applied = 0.0 V vs. AgCl/Ag.

bUnits are (mg L–1) for this entry only.
cUnits are (g L–1) for this entry only.
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modified surface has a good detection limit in comparison to
published work (Table 1).

In the interference tests, the presence of species such as F–,
Cl–, Br–, I–, [ SO4]

2–, [CH3COO]–, [NO3]
–, [CO3]

2–, and
[HCO3]

– in the sample solution did not produce any signifi-
cant interference.

The results presented here illustrate that an (RuPc)2-modi-
fied GC is a very sensitive electrode for the detection of
hydrazine, and it can accurately and precisely measure
hydrazine concentration in water samples. It also has an ex-
cellent linearity range.

Conclusion

An (RuPc)2-modified electrode is catalytically active to-
ward the oxidation of hydrazine. Based on the experimen-
tally observed Tafel plot, the analysis of the rate equations,
and the calculated electron stoichiometries, a suitable
mechanism has been proposed. The pH-dependence experi-
ment shows that the active catalyst on the surface is [(Ru(III,
II)Pc(–2))2]

+. The initial step is the oxidation of [(Ru(II)Pc
(–2))2] to [(Ru(III, II)Pc(–2))2]

+, followed by coordination of

hydrazine to the ruthenium metal center. The hydrazine co-
ordinated with RuIII loses first a proton and then an electron
in consecutive steps until all the protons are removed and ni-
trogen is formed on the surface. N2 will then dissociate from
(RuPc)2, and the catalytic cycle continues. At low pH values
(≤9), the chemical steps involving the removal of protons
from the coordinated hydrazine are hindered, and therefore
the complete oxidation to nitrogen does not take place.

The (RuPc)2-modified electrode has been shown to be an
excellent hydrazine detector with an acceptable linearity
range and detection limit.
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The relative stabilities of PhE(NH-t-Bu)2 and
PhE(�-N-t-Bu)2EPh (E = As, Sb, and Bi): X-ray
structures of {Li2[PhAs(N-t-Bu)2]}2 and PhE(�-N-t-

Bu)2EPh (E = Sb, Bi)

Glen G. Briand, Tristram Chivers, and Masood Parvez

Abstract: The reaction of PhECl2 with 2 equiv of LiHN-t-Bu has been studied for the series E = As, Sb, and Bi to
determine the effect of the phenyl group on subsequent amine condensation processes. For PhAsCl2, the metathesis
product PhAs(NH-t-Bu)2 4 was obtained as a colourless oil. Similar reactions involving PhECl2, where E = Sb or Bi,
yielded the cyclodipnict(III)azanes PhE(µ-N-t-Bu)2EPh 5 (E = Sb) and 6 (E = Bi), respectively. Treatment of 4 with 2
equiv of n-BuLi produced the dilithium salt Li2[PhAs(N-t-Bu)2] 7a. Products 4, 5, 6, and 7a were characterized by 1H,
7Li (7a), and 13C NMR spectra, while 5, 6, and 7a were also structurally characterized by X-ray crystallography. Com-
pound 7a is dimeric in the solid state via intermolecular Li···N and η6-Li···Ph interactions. The cyclodipnict(III)azanes
5 and 6 have similar structures, with the exocyclic phenyl groups in trans positions relative to the E2N2 ring. This syn-
thetic approach provides a new route to the four-membered rings RE(µ-N-t-Bu)2ER (E = Sb, Bi) and the first example
of a bis(organyl)cyclodibism(III)azane.

Key words: arsenic, antimony, bismuth, amides, imides.

Résumé : Afin de pouvoir déterminer l’effet du groupe phényle sur les processus subséquents de condensation de
l’amine, on a étudié la réaction de PhECl2 (E = As, Sb et Bi) avec deux équivalents de LiHN-t-Bu. Dans le cas du
PhAsCl2, le produit de dismutation, PhAs(NH-t-Bu)2 (4), a été obtenu sous la forme d’huile incolore. Les réactions
semblables de PhECl2 dans lesquelles E = Sb ou Bi conduisent respectivement aux cyclodipnict(III)azanes, PhE(µ-N-t-
Bu)2EPh (5, E = Sb) et (6, E = Bi). Le traitement du composé 4 avec deux équivalents de BuLi conduit à la formation
du sel dilithié Li2[PhAs(N-t-Bu)2] (7a). Les produits 4, 5, 6 et 7a ont été caractérisés par leurs spectres RMN du 1H et
du 7Li (7a) et des spectres RMN du 13C alors que les produits 5, 6 et 7a ont aussi été caractérisés par diffraction des
rayons X. À l’état solide, le composé 7a existe à l’état trimère par le biais d’interactions Li···N et η6-Li···Ph. Les cy-
clodipnict(III)azanes 5 et 6 ont des structures semblables avec des groupes phényles exocycliques en positions trans par
rapport au cycle E2N2. Cette approche fournit une nouvelle voie de synthèse vers les cycles à quatre chaînons RE(µ-N-
t-Bu)2ER (E = Sb, Bi) et le premier exemple d’une bis(organyl)cyclodibism(III)azane.

Mots clés : arsenic, antimoine, bismuth, amides, imides.

[Traduit par la Rédaction] Briand et al. 174

Introduction

Pnicogen(III) compounds of secondary amines have been
employed extensively as reagents for the preparation of com-
pounds containing other functional groups (1). Homoleptic
species E(NR2)3 (E = P, As, Sb, Bi) are synthesized via sim-
ple metathesis reactions of a pnicogen(III) halide with the
appropriate amine or alkali metal amide. Analogous studies
involving primary amines, on the other hand, have proven to
be less predictable as a result of the remaining acidic amino

proton after initial E—N bond formation. Reactions involv-
ing primary amines and PCl3 do not afford tris(amino)pnic-
tines P(NHR)3; rather, further amine elimination occurs to
yield [cyclodiphosph(III)azanes] 1, 2, cyclic systems (ClPNR)3,
P4(NR)6 cages, or other condensation products, depending
on the choice of amine substituent and reaction stoichio-
metry (2, 3). Although there have been fewer such studies
involving ECl3 (E = As, Sb, Bi), similar condensation reac-
tions are observed (4–12).

Can. J. Chem. 81: 169–174 (2003) doi: 10.1139/V03-019 © 2003 NRC Canada

169

Received 16 October 2002. Published on the NRC Research
Press Web site at http://canjchem.nrc.ca on 3 March 2003.

G.G. Briand, T. Chivers,1 and M. Parvez. Department of
Chemistry, The University of Calgary, Calgary, AB T2N
1N4, Canada.

1Corresponding author (e-mail: chivers@ucalgary.ca).

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

I:\cjc\cjc8102\V03-019.vp
Wednesday, February 26, 2003 1:10:01 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



In contrast to reactions involving PCl3, metathesis prod-
ucts of H2N-t-Bu and RPCl2 (R = Ph, Me, -t-Bu, C5Me5)
yield RP(NH-t-Bu)2 rather than the condensation products 3
(E = P) (6c, 13). The intermediates RP(NH-t-Bu)Cl (R = Me,
t-Bu) are also isolable, given the appropriate reaction
stoichiometry (14). Similar observations have been made for
reactions of H2N-t-Bu and RAsCl2, which yield RAs(NH-t-
Bu)2 and RAsCl(NH-t-Bu) with formation of minor amounts
of 3 (E = As; R′ = t-Bu) (15). To our knowledge, related
studies involving RECl2 (E = Sb, Bi) have not been reported.
They are of interest in determining the effect of the pnicogen
organyl substituent on condensation processes in these sys-
tems. We now report the results of an investigation of the re-
action between LiNH-t-Bu and PhECl2 for the series E = As,
Sb, and Bi, which gives the metathesis product 4 for arsenic
and the condensation products 5 and 6 for antimony and bis-
muth, respectively. Further, we describe the metallation of 4
to give 7a, and the solid-state structures of 5, 6, and 7a.

Experimental section

Reagents and general procedures
Solvents were dried and distilled over Na/benzophenone

prior to use: diethyl ether and n-hexane. Phenylarsonic acid,
triphenylantimony, and thionyl chloride were used as re-
ceived from Aldrich. Antimony(III) chloride, triphenylbis-
muth, and bismuth(III) chloride were used as received from
Strem. PhAsCl2 (16), PhSbCl2 (17), [PhBiCl2(thf)](18), and
LiHN-t-Bu (19) were prepared according to literature proce-
dures (thf = tetrahydrofuran). Compound 4 has been re-
ported previously, but was prepared via a different route and
characterized by elemental analysis only (15a).

Instrumentation
1H, 13C, 31P, and 7Li NMR spectra were recorded on a

Bruker DRX 400 NMR spectrometer at 298 K. Chemical
shifts are reported relative to Me4Si in C6D6 (1H and 13C),
85% H3PO4 in D2O (31P), and 1 M LiCl in D2O (7Li). Ele-
mental analyses were provided by the Analytical Services
Laboratory, Department of Chemistry, University of Calgary.

Preparation of PhAs(NH-t-Bu)2, 4
A slurry of LiHN-t-Bu (4.134 g, 52.29 mmol) in diethyl

ether (40 mL) was added dropwise to a solution of PhAsCl2
(5.828 g, 26.14 mmol) in diethyl ether (15 mL) at –90°C to
give a cloudy white mixture. The mixture was allowed to
warm to 23°C, and after 18 h, the solvent was removed un-
der vacuum. Hexane (30 mL) was added and the mixture
was centrifuged. The supernatant was decanted and the sol-
vent removed under vacuum to give 4 as a yellow oil, which
was distilled (10–3 mm, ~80°C) to give a colourless oil

(5.140 g, 17.35 mmol, 66%). NMR data (thf-d8):
1H NMR δ:

1.25 (s, 18 H, N-t-Bu), 1.85 (s, 2 H, NH), 7.21–7.25 (m, 1
H, AsPh-p), 7.28–7.32 (m, 2H, AsPh-o), 7.69–7.72 (m, 2 H,
AsPh-m). 13C NMR δ: 33.7 (NCMe3), 52.5 (NCMe3), 128.9
(AsPh), 129.0 (AsPh), 131.6 (AsPh), 150.1 (AsPh).

Preparation of PhSb(µ-N-t-Bu)2SbPh, 5
A slurry of LiHN-t-Bu (2.108 g, 26.67 mmol) in diethyl

ether (20 mL) was added dropwise to a solution of PhSbCl2
(3.597 g, 13.33 mmol) in diethyl ether (5 mL) at 0°C to give
a cloudy yellow mixture, which was allowed to warm to
23°C. After 18 h, the solvent was removed under vacuum.
Hexane (20 mL) was added, and the mixture was centri-
fuged. The supernatant was decanted, and the solvent was
removed under vacuum to give 5 as a yellow-orange oil
(3.071 g, 5.69 mmol, 85%). The oily product crystallized on
standing at 23°C for 1 day. NMR data (thf-d8):

1H NMR δ:
1.26 (s, 18 H, N-t-Bu), 7.25–7.31 (m, 6 H, SbPh-p/o), 7.54–
7.72 (m, 4 H, SbPh-m). 13C NMR δ: 35.1 (NCMe3), 52.4
(NCMe3), 128.9 (SbPh), 129.2 (129.3) (SbPh), 134.1
(135.2) (SbPh). Anal. calcd. for C20H28N2Sb2 (%): C 44.49,
H 5.23, N 5.19; found: C 43.95, H 4.81, N 5.42.

Preparation of PhBi(µ-N-t-Bu)2BiPh, 6
A slurry of LiHN-t-Bu (0.100 g, 1.27 mmol) in diethyl

ether (5 mL) was added dropwise to a solution of
[PhBiCl2(thf)] (0.272 g, 0.633 mmol) in diethyl ether (5 mL)
at 0°C to give a cloudy orange mixture, which was allowed
to warm to 23°C. After 3 h, the solvent was removed under
vacuum. After addition of hexane (5 mL), the mixture was
centrifuged, and the supernatant was decanted and concen-
trated to 1 mL. After 2 days, red crystals of 6 were collected
(0.040 g, 0.056 mmol, 18%). NMR data (thf-d8):

1H NMR δ:
0.66 (s, 18 H, N-t-Bu), 7.33 (m, 2 H, BiPh-p), 7.64 (m, 4 H,
BiPh-o), 8.78 (m, 4 H, BiPh-m). 13C NMR δ: 35.5 (NCMe3),
55.1 (NCMe3), 128.8 (BiPh), 131.3 (BiPh), 136.7 (BiPh).
Anal. calcd. for C20H28Bi2N2 (%): C 33.62, H 3.95, N 3.92;
found: C 33.84, H 4.03, N 4.17.

Preparation of Li2[PhAs(N-t-Bu)2], 7a
A solution of 2.5 M n-BuLi in hexanes (8.10 mL,

20.28 mmol) was added dropwise to a solution of PhAs(NH-
t-Bu)2 (3.003 g, 10.14 mmol) in diethyl ether (30 mL) at 0°C
to give a cloudy yellow mixture, which was allowed to warm
to 23°C. After 5 h, the solvent was removed under vacuum.
The resulting product was washed with n-hexane (3 × 5 mL)
to give 7a as a white powder (2.002 g, 6.50 mmol, 64%). X-
ray quality crystals were grown from diethyl ether – hexane
at –15°C. NMR data (thf-d8):

1H NMR δ: 1.04 (s, 18 H, N-t-
Bu), 6.95 (t, 1 H, AsPh-p), 7.06 (t, 2 H, AsPh-o), 7.60 (d, 2
H, AsPh-m). 13C NMR δ: 38.2 (NCMe3), 53.5 (NCMe3),
126.0, (AsPh), 127.5 (AsPh), 131.1 (AsPh). 7Li NMR δ:
1.92, 2.41. Anal. calcd. for C14H23AsLi2N2 (%): C 54.57, H
7.52, N 9.09; found: C 55.83, H 7.44, N 8.98.

X-ray structural analyses
Crystals of 5, 6, and 7a were coated with oil (Paratone

8277, Exxon) and mounted on glass fibres. Measurements
were made on a Nonius KappaCCD diffractometer using

© 2003 NRC Canada
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monochromated Mo Kα radiation. Crystallographic data are
summarized in Table 1.2

Data were measured using ω and ϕ scans. The crystals
showed no sign of decay during data collection, and no de-
cay correction was employed. Cell constants were obtained
from the refinement (20) of 2330 (5), 2208 (6), or 3484 (7a)
reflections in the range 1 < φ < 27.5°. The space groups for
5 and 6 were uniquely determined from the systematic ab-
sences. The data were corrected for Lorentz and polarization
effects and for absorption using the multiscan method (20).
The structures were solved using direct methods (21) and
expanded using Fourier techniques (22) (SHELXL97) (23).
The nonhydrogen atoms were refined anisotropically. Hy-
drogen atoms were included at geometrically idealized posi-
tions and were not refined.

The Sb atom in 5 was disordered over two sites, Sb1 and
Sb2, with occupancy factors 0.574(1) and 0.426(1), respec-
tively. The t-Bu group exhibited rotational disorder wherein
the methyl C atoms were located over two sites each with
site occupancy factors 0.83(1) and 0.17(1). The disorder in
the phenyl ring was also apparent from the large thermal dis-
placement parameters of its carbon atoms.

Results and discussion

Synthetic and NMR studies
The treatment of PhAsCl2 with 2 equiv of LiHN-t-Bu in

diethyl ether yields PhAs(NH-t-Bu)2 4 in ca. 65% yield, as a
colourless oil, after vacuum distillation. 1H and 13C NMR
spectra of the unpurified material show that primarily one
product is formed in this reaction with very minor amounts

of impurities. The absence of the condensation product 3
(E = As, R = R′ = t-Bu) represents an improvement on the
existing synthesis of 4 (15a). The identity of 4 was estab-
lished by 1H and 13C NMR spectra and by metallation with 2
equiv of n-butyllithium to yield the dilithium salt
Li2[PhAs(N-t-Bu)2] 7a (R = Ph), cf., the formation of
Li2[PhP(N-t-Bu)2] 7b from PhP(NH-t-Bu)2 (13a). The re-
sulting colourless crystals were of sufficient quality to allow
a definitive characterization via X-ray crystallographic anal-
ysis (vide infra). Wright and co-workers have recently de-
scribed extensive studies of the formation of the [As(N-t-
Bu)3]

3– trianion by the reaction of As(NMe2)3 (1 equiv) with
a mixture of t-BuNH2 and t-BuNHLi (3:3 equiv) (24). Al-
though the formation of As(NH-t-Bu)3 is implied in this syn-
thesis, this intermediate was not isolated. The authors
propose a facile condensation to produce the cyclo-
diars(III)azane, t-BuN(H)As(µ-N-t-Bu)2AsN(H)-t-Bu (3, E =
As, R = R′ = t-Bu) to explain this observation (24).

The reaction of PhSbCl2 with 2 equiv of LiHN-t-Bu yields
a yellow-orange oil after removal of the solvent. The oil
crystallizes after 1 day at 23°C, and it was identified by
CHN analyses and NMR spectra as the condensation product
PhSb(µ-N-t-Bu)2SbPh 5. Compound 5 was obtained in 85%
yield and the 1H and 13C NMR spectra of the unpurified ma-
terial indicated a single product. For PhBiCl2, the corre-
sponding reaction proceeds in a similar manner but, in this
case, the crude product was isolated as a solid. Crystals were
obtained from n-hexane and characterized as PhBi(µ-N-t-
Bu)2BiPh 6. The 1H NMR spectrum of the reaction mixture
exhibits three N-t-Bu resonances at δ 0.66, 1.01, and 1.07,
with approximate relative intensities 1:2:1, in addition to a
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5 6 7a

Empirical formula C20H28N2Sb2 C20H28Bi2N2 C14H23AsLi2N2

Formula mass 539.94 714.40 308.14
Space group P21/c P21/c P1
a (Å) 6.6067(2) 9.0544(3) 9.0354(1)
b (Å) 20.1293(6) 9.3725(2) 10.1088(2)
c (Å) 8.4739(3) 12.6567(5) 10.6036(3)
α (°) 90 90 87.9151(9)
β (°) 106.475(2) 92.641(1) 67.968(1)
γ (°) 90 90 64.324(1)
V (Å3) 1080.66(6) 1072.94(6) 799.86(3)
Z 2 2 2
F(000) 528 656 320
Dcalcd(g cm–3) 1.659 2.211 1.279

µ (mm–1) 2.50 16.4 2.11
T (K) 170(2) 170(2) 170(2)
λ (Å) 0.71069 0.71073 0.71073
R1

a 0.048 0.024 0.027
wR2

a 0.111 0.059 0.066
aR1 = (Σ||Fo| – |Fc||)/(Σ|Fo|) for (Fo

2 > 2σ(Fo
2)), [I > 2 σ(I)]; wR2 = {[Σw(Fo

2 – Fc
2)2]/[Σw(Fo

2)2]}1/2 (all data).

Table 1. Crystallographic data for 5, 6, and 7a.

2 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
188507(7a), 188508(5), and 188509(6) contain the supplementary data for this paper. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax
+44 1223 336033; or deposit@ccdc.cam.ac.uk).
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complex set of overlapping Ph resonances. The trans-isomer
of 6 was isolated in ca. 20% yield and shown to be attribut-
able to the resonance at δ 0.66. It is tentatively proposed that
one of the other products is the cis-isomer of 6, but attempts
to isolate this component by fractional crystallization were
unsuccessful. A candidate for the second unidentified prod-
uct is the monosubstituted derivative PhBi(Cl)(NH-t-Bu).
However, when the reaction was carried out in a 1:1
stoichiometry, no resonances were observed at δ 0.66, 1.01,
or 1.07 in the 1H NMR spectrum. Resonances attributable to
the N-t-Bu groups of an unidentified product appeared at δ
1.70 and 1.88.

[1] Ph Cl

( = Sb,Bi)

Ph (NH- -Bu2
2 LiNH- -Bu

2LiCl
E

E

E tt+
−

 → )2

− →t E t E

E

E

-BuNH
2

2 1/2 Ph ( -N- -Bu) Ph

, = Sb

, = Bi

µ

5

6

For both 5 and 6, the 1H NMR spectra of the pure prod-
ucts show resonances for N-t-Bu and Ph groups in the ratio
1:1, suggesting that a condensation reaction has occurred
(eq. [1]). Previous routes to bis(organyl)cyclodis-
tib(III)azanes 3 (E = Sb; R = Me, t-Bu) involve metathesis
reactions between the organolithium reagents and ClSb(µ-N-
t-Bu)2SbCl (2, E = Sb, R = t-Bu), which is prepared from
SbCl3 and Li(Me3Si)N-t-Bu (24a, 24b). Bismuth analogues
of 3 (E = Bi) have not been reported, nor have the dichloro
derivatives 2 (E = Bi). The reaction of organyldihalopnic-
tines and lithiated primary amides thus represents a novel
synthetic route to these cyclodipnict(III)azanes.

X-ray structural analyses
ORTEP diagrams of 5 and 6 are shown in Figs. 1 and 2,

respectively. The X-ray structure analyses of 5 and 6 con-
firm the formation of condensation products. In both struc-
tures, the exocyclic Ph groups are in a trans arrangement
with respect to the E2N2 ring. In the case of 5, there is a
static disorder in the Sb atom over two positions, giving two
unique molecules (Fig. 1). In one molecule, Sb(1) is bound
to C(5) of the phenyl ring and N(1) of the N-t-Bu group,
giving a trans-PhSb(µ-N-t-Bu)2SbPh structure, as a result of
inversion symmetry. The second molecule shows Sb(2)
bound to C(6) of the phenyl ring, as well as N(1) of the N-t-
Bu group, giving an Sb2N2 ring that also has a trans-PhSb(µ-
N-t-Bu)2SbPh structure. The Sb—N and Sb—N* interac-
tions are quite different in one molecule, but not in the other
(Sb(1)—N(1) = 1.988(4) Å, Sb(1)—N(1*) = 2.063(4) Å;
Sb(2)—N(1) = 2.019(4) Å, Sb(2)—N(1*) = 2.034(4) Å).
However, the average Sb—N bond distances are similar for
the two molecules (|Sb(1)—N| = 2.02(4) Å; |Sb(2)—N| =
2.027(8) Å), while the Sb—Cphenyl bond distances are signif-
icantly different (Sb(1)—C(5) = 2.169(5) Å; Sb(2)—C(6) =
2.234(7) Å). The structural parameters for 5 and 6 are com-
pared in Table 2. As expected, bond lengths to the bismuth
centre in 6 are longer than those to the antimony centres
(Bi—C = 2.285(4) Å vs. Sb—C = 2.169(5) and 2.234(7) Å;
Bi—N = 2.163(3) and 2.167(3) Å vs. Sb—N = 1.988(4)–
2.063(4) Å), and the bond angles at the bismuth centre are

considerably smaller than those at antimony. These observa-
tions can be attributed to the larger covalent radius of Bi(III)
vs. Sb(III).

Only one example of a bis(organyl)cyclodistib(III)azane
has been structurally characterized, i.e., trans-t-BuSb(µ-N-t-
Bu)2Sb-t-Bu 8 (25). Comparison of the bond angles and
Sb—Nring bond distances in 5 and 8 show all values to be in
the same range. The Sb—C bond distances in 5 are shorter
than those of 8 (2.252(6) Å), presumably as a result of sp2

rather than sp3 hybridization of carbon. Comparison with
other analogues shows that the bond angles at antimony in 5
are greater than those in [(RHN)Sb(µ-NR)2(NHR)] (R = 2,6-
Me2C6H3) 9 (8), while the Sb—Nring bond distances are in
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Fig. 1. ORTEP diagram of 5 showing the two disordered mole-
cules (30% probability ellipsoids). Symmetry transformations
used to generate equivalent atoms: –x + 1, –y, –z + 1.

Fig. 2. ORTEP diagram of 6 (30% probability ellipsoids). Sym-
metry transformations used to generate equivalent atoms: –x, –y,
–z + 1.
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same range. As 6 is the first structurally characterized exam-
ple of a bis(organyl)cyclodibism(III)azane, RBi(µ-NR′)2BiR,
no direct structural comparisons can be made. However,
comparison with [(RHN)Bi(µ-NR)2(NHR)] (R = 2,6-i-
Pr2C6H3) 10, the only reported analogue (9), shows the bond
angles in 6 to be larger, while the Bi—Nring bond distances
are similar. The larger bond angles for 5 and 6 are
counterintuitive given the steric bulk of the substituted
phenyl substituents in 9 and 10, respectively.

An ORTEP diagram of 7a is depicted in Fig. 3. The com-
plex 7a is isostructural with 7b, reported previously (13a),
and the metrical parameters are compared in Table 3. The
structure shows the pnicogen atom bound to a phenyl carbon
atom and two tert-butylamido nitrogen atoms in a pyramidal
arrangement. One of the lithium atoms (Li(2)) is symmetri-
cally chelated by the ligand in an N,N ′ manner (Li(2)—N(1) =
2.015(4) Å; Li(2)—N(1) = 2.011(4) Å), while the second
lithium atom (Li(1)) is bound to one nitrogen atom (N(1))
only (1.916(4) Å). The resulting moiety dimerizes via a
short Li(1)—N(2*) interaction (1.920(4) Å) and an η6-
Li···Ph* interaction (Li(2)—C phenyl

∗ = 2.624(4)–2.752(4) Å)
to the second molecule. The most significant differences in

the structures of 7a and 7b involve the longer E—C and (or)
E—N bond distances and the smaller bond angles at the
pnicogen center in 7a (see Table 3), both of which are a re-
sult of the larger covalent radius of As(III) vs. P(III). For
comparison with the unsolvated structure of 7a, crystalliza-
tion of 7a from THF produces the trisolvated monomer
{(THF)3Li2[PhAs(N-t-Bu)3]} in which the [PhAs(N-t-
Bu)2]

2– ligand is N,N′ chelated to both Li+ ions. Each Li+ ion
is further coordinated by one terminal and one bridging THF
molecule (26).

Conclusions

The reaction of PhECl2 with 2 equiv of LiHN-t-Bu has
been studied for comparison with previous work on the anal-
ogous phosphorus systems, which yield bis(amido)organyl-
phosphines. These reactions result in the formation of
PhAs(NH-t-Bu)2 in the case of arsenic, while a subsequent
condensation reaction to afford the trans-cyclodipnict(III)az-
anes PhE(µ-N-t-Bu)2EPh is observed for both the antimony
and bismuth systems. This synthetic route represents a novel
pathway to RE(µ-NR′)2ER (E = Sb, Bi) species, including
the first example of a bismuth analogue. The metallation of
PhAs(NH-t-Bu)2 with Li-n-Bu produces a dimeric dilithiated
derivative that is isostructural with the phosphorus analogue.
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Solvent-dependent rate constants of muonium
atom reactions

Stefan Karolczak, Hugh A. Gillis, Gerald B. Porter, and David C. Walker

Abstract: The rates of reaction of muonium atoms with solutes, ionic and organic, were studied in solvents of wildly
differing polarities (water, methanol, and hexane) and their rate constants were compared, where possible. In these re-
actions — which are those of a highly reactive atom, an isotope of hydrogen — it transpires that the reaction rates are
higher in solvents in which the solute is more soluble and muonium diffuses faster. This study leads to various kinetic-
solvent-effect ratios and to the observation of the reaction of muonium with free radicals being among the fastest reac-
tions recorded so far between two neutral species in solution.

Key words: muonium atoms, kinetic isotope effects, solvent-dependent rates, non-aqueous solvents, muon spin rotation
technique.

Résumé : Opérant dans des solvants de polarités extrèmement différentes (eau, méthanol et hexane), on a déterminé les
vitesses de réaction des atomes de muonium avec des solutés ioniques et organiques et, dans les cas où cela était pos-
sible, on a comparé leurs constantes de vitesse. Dans ces réactions — qui sont celles d’un atome très réactif, un iso-
tope de l’hydrogène il est normal que les vitesses de réaction soient plus élevées dans les solvants dans lesquels le
soluté est le plus soluble et le muonium diffuse le plus rapidement. Cette étude conduit à divers rapports « d’effet ci-
nétique du solvant » et à l’observation que les vitesses de réactions des muonium avec des radicaux libres sont les plus
élevées qui aient pu être mesurées pour des réactions entre des espèces neutres en solution.

Mots clés : atomes de muonium effets isotopiques cinétiques, vitesses de réaction qui varient avec le solvant, solvants
non aqueux, technique de la rotation de spin du muon.

[Traduit par la Rédaction] Karolczak et al. 178

Introduction

Reactions in solution are expected to have rates that are
somewhat influenced by the physicochemical properties of
the solvent and its interactions with the reacting solutes. In
this paper we explore the potential of using the muonium
atom (Mu, µ+e–) to study solvent-dependent kinetics and its
possible value in determining cross-solvent kinetic isotope
effects. Water and n-hexane were taken as a pair of solvents
at opposite extremes in terms of polarity and solvating power,
with methanol squarely in between. Muonium is readily
formed in all three solvents and is sufficiently long-lived
(>1 µs) in each to allow for the evaluation of muonium-
reaction rate constants, kM In these experiments kM is evalu-
ated by directly observing the rate-of-disappearance of Mu
due to the presence of solutes at known concentrations.

Whereas there is a wealth of data on the reaction of H-
atoms with solutes dissolved in water (1), for comparison
with Mu (2), there is a dearth of comparable information in
organic solvents.

Experimental

These were transverse-field muon spin rotation experi-
ments (TF-µSR). They involved placing deoxygenated solu-
tions in 50 mL round-bottomed glass flasks in the SFUMU
cart in the “backward” muon beam of the M9B beamline at
TRIUMF. The results are now archived as experiments
15 045 – 15 109 in the µSR Facility. The observed count
rates were subjected to on-line analysis; and then computer-
fitted to the usual TF-µSR equation, eq. [1] (3).

[1] Nt = N0 exp (–t /τ) [1 + AM exp (-λt) cos (ωMt

+ ϕM) + AD cos (ωDt + ϕD)] + N0Bg

In this equation, N (at times t and 0) is the observed count
rate, τ is the mean muon lifetime of 2.2 µs, Bg a background
factor, AM, ωM, and ϕM are, respectively, the asymmetry, pre-
cession frequency, and initial phase of the Mu signal, with
AD, ωD, and ϕD the corresponding values for all diamagnetic
muon states collectively designated as D. For these experi-
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ments the important parameter is λ, a pseudo first-order rate
constant representing the decay of Mu by chemical reactions
(and by any other Mu-loss processes beyond the spontane-
ous muon decay accounted for in the exp(t/τ) term). On-line
computer analysis based on eq. [1] gives “best-fit” values
for λ.

A typical plot of “asymmetry” (AM + AD) versus time is
shown in Fig. 1a for neat hexane and Fig. 1b for a solution
of nitrobenzene. Here the computer has plotted asymmetry
alone by dividing by the exp(t/τ) term, so that the only relax-
ation of the signal is represented by λ. (It also renormalizes
N by subtracting the background factor.) In all the experi-
ments reported here a transverse magnetic field of 7.5 G was
applied, so ωM is about 10.5 MHz (corresponding to the wig-
gles seen in the asymmetry plot), whereas ωD is merely
0.1 MHz, and its time variation is seen only as the general
upward curvature corresponding to one tenth of one cycle
over the first microsecond. The effect of a solute that reacts
with Mu appears as a relaxation of the Mu asymmetry signal
as can be seen in Fig. 1 by comparing 1b with 1a. This rep-
resents a “direct” method of observing Mu as it reacts with a
solute in an analogous manner to many pulse radiolysis stud-
ies.

The organic solvents used were the best commercially
available to us and were not purified further because they
had acceptable Mu background decay constants (λ0), which
arise from a combination of inherent impurities and reaction
with the solvent. The hexane was from ACROS Organics
and gave λ0 ~ 0.7 µs–1, the methanol from Aldrich gave
λ0 ~ 0.5 µs–1, and the water purified locally had λ0 < 0.2 µs–1.
These λ0 values contributed to the overall errors in the values
of kM reported, because λ = λ0 + kM[S], and kM is evaluated
from the slope of plots of λ versus solute concentration [S].
In fact the realistic error-bars on kM were usually in the ±15–
25% range because of different sensitivities of one counter
compared with another in the µSR measurement itself due to
variations in positioning and thickness of cell walls, etc. For
all solutions the “up” and “down” counters on the SFUMU
cart were treated as separate detectors to give a pair of read-
ings at each concentration of solute. A typical λ versus [S]
plot involved six or eight points covering three or four con-

centrations. When using the TF-µSR technique it is neces-
sary to keep changing the concentration of the solute until
the chemical lifetime of Mu falls into the narrow observa-
tion window of about 0.3 to 1.5 µs. This can be tedious
when kM is completely unknown.

Results

The values obtained for muonium rate constants (kM) in
water, methanol, and hexane towards six solutes are given in
Table 1 (where solubility and reactivity allowed). Of the six
solutes studied, two were a related pair of ionic solutes (ni-
trate and nitrite), two were a related pair of organic free-
radicals (“TEMPO”, 2,2,6,6-tetramethyl-1-piperidine-N-
oxyl, and “TEMPO-OH”, 4-hydroxy-TEMPO), and two were
powerful electron scavengers (nitrobenzene and CCl4). The
two values in water referenced in Table 1 (nitrate and
nitrobenzene) are data already published.

Various ratios of these values of kM are collected in
Table 2 from the data in Table 1. These include (i) the Mu-
to-H kinetic isotope effect (KIE, kM/kH) in water using pub-
lished data for kH(water) and (ii) the ratio of kM in methanol
and hexane compared with water, where possible. Unfortu-
nately, KIEs in non-aqueous solvents cannot be determined
at present because of the scarcity of H-atom data in solvents
other than water.

© 2003 NRC Canada
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Fig. 1. (a) Plot of the TF-µSR asymmetry (AM + AD) over the first µs in neat n-hexane at room temperature with an applied transverse
magnetic field of 7.5 G. (The 0.1 µs (10.5 MHz) oscillation corresponds to AM, which is superposed on the AD oscillation at 0.1 MHz —
where the latter happens to appear as the overall gradual rise because its initial phase is caught in an upward arch in these plots from
the UP counter of SFUMU.) (b) Analogous plot to that in (a), except the hexane contains nitrobenzene at a concentration of 0.15 mM.
(The “relaxation” (decay) of the 10.5 MHz Mu signal in (b) compared with (a) corresponds to λ for the reaction of nitrobenzene with
Mu.)

Solute kM (water) kM (methanol) kM (hexane)

NO2
– 8.0 (±1.5) 5.3 (±1.5) —

NO3
– 1.5 (±0.2)a 1.1 (±0.3) —

TEMPO 16 (±3) 48 (±7) 80 (±20)
TEMPO-OH 14 (±3) 50 (±10) 60 (±20)
Nitrobenzene 11 (±3)b — 13 (±1.5)
CCl4 — 0.3 (±0.2) <0.5 (±0.2)

aReference (4) (and confirmed in ref. (10)).
bReference (5).

Table 1. Rate constants (kM (109 M–1 s–1)) for Mu reactions in
three solvents at ~295 K.
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Discussion

Several interesting points emerge from the information re-
ported in Tables 1 and 2.

(1) The water-soluble ions evidently react with Mu mar-
ginally faster in water than in methanol, while the TEMPO
solutes react faster in hexane than in methanol and faster in
methanol than in water. Nitrobenzene, on the other hand, re-
acts at virtually the same rate in water and hexane. Several
solvent-dependent factors must be involved to account for
this variety of kM data.

These factors will undoubtedly include the following: (i)
the degree-of-solvation of Mu (and solute) in the different
solvents; (ii) the relative mobility of Mu in the different sol-
vents, including the ratio of inverse-viscosities of the sol-
vents for those values of kM that are approaching the
diffusion-controlled limit; and (iii) the relative tunneling
probability for Mu in the different solvents, especially for
the reactions with the free radicals TEMPO and TEMPO-
OH that could alternatively interact by spin-exchange. All
these factors have been discussed in various forms previ-
ously (see, for example refs. (6), (7), and (8)).

(2) The KIEs for NO2
– and NO3

– make an interesting con-
trast, the first being in the commonly found range of 1 to 5,
while the latter is exceptionally large at ~270 (8). This mas-
sive KIE shown by NO3

– ions was noted 25 years ago when
Mu was first observed in water and when the first basic reac-
tions of Mu were studied (4). This leads to the idea that kM
might be exceptionally large because of the possibility of a
depolarizing spin-exchange involving a particularly long-
lived, pre-equilibrium, paramagnetic transition state of Mu–
NO3

–. This would register as a “chemical reaction” in the
case of Mu, but not of H.

Here the KIE of NO2
– is seen to be ~5, and all kM values

with NO2
– and NO3

– in methanol are in the same range as in
water; therefore a spin-exchange explanation for kM is an un-
likely explanation for KIE being 270 for NO3

– in water. In
fact these results indicate that it is the H+NO3

– reaction that
is the “exception”. This H-atom reaction has already been
reported (9) to have an unusually high Arrhenius pre-
exponential A-factor (2 × 1015 M–1 s–1) and a very high acti-
vation barrier (49 kJ mol–l) for such a simple interaction.
This is in sharp contrast with the Mu + NO3

– reaction, where
particularly small values of both A (2 × 1010 M–1 s–1) and Ea
(6 kJ mol–l s–1) were obtained (10), together with a shallow
convex-upward Arrhenius plot indicative of a dominant tun-
neling mechanism.

(3) Other implications of the data include the following:
(i) All these KIEs show Mu to be more reactive than H to-
wards the solutes (by factors of 3.7 to 7). In general it has
been found that KIEs are >1 in water for all reaction types

except those with high activation barriers (such as “abstrac-
tion” reactions) where the zero-point energy effect favours
H (8). This suggests that the reaction of Mu with NO2

– has a
“combination” rate-determining step, with subsequent disso-
ciation to OMu–, rather than direct “abstraction” of O–.
(ii) The similarity of the ratio of values of kM of TEMPO
and TEMPO-OH in the different solvents indicates that the
extra –OH group does not affect the relative rates regardless
of the polarity of the solvent. Their absolute rates change by
factors of about 1 to 3 to 5 with solvent and are probably
close to their diffusion-controlled limits. This suggests the
reaction rate may be governed by the mobility of Mu in wa-
ter versus methanol versus hexane. But the ratios of inverse
viscosities are only 1 to 1.6 to 3.0, so other factors, such as
tunneling propensity in the different solvents, might be in-
volved. (iii) The highest absolute rate constant for a Mu re-
action seen here is with TEMPO in hexane, which at 8 ×
1010 M–1 s1, makes it one of the fastest reactions reported so
far between a pair of neutral species in the liquid phase, in
any solvent.
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Aqueous nonelectrolyte solutions. Part XIX.
Congruent dissociation melting point and the
formula of structure II methane hydrate

David N. Glew

Abstract: Twenty-four equilibrium pressures, P(h2l1g), of structure II methane hydrate h2 with water l1 between 27.0
and 46.9°C are well represented by a four-parameter equation, which indicates a standard error (SE) of 1.95% on a
single pressure measurement. Forty equilibrium constants Kp(h2→l1g) for dissociation of structure II methane hydrate
into water and methane between 27.0 and 47.7°C and at pressures up to 784 MPa at 45.0°C are best represented by a
three-parameter thermodynamic equation, which indicates an SE 1.25% on a single Kp(h2→l1g) determination. The con-
gruent dissociation melting point C(h2l1gxm) of structure II methane hydrate is at 47.71°C with SE 0.03°C and at pres-
sure 533 MPa with SE 5 MPa. The congruent Kp(h2→l1g) is 102.9 with SE 0.3 MPa, ∆H°t(h2→l1g) is 61 531 with SE
244 J mol–1, and the congruent formula is CH4·5.670H2O with SE 0.061H2O. At congruent point ∆V(h2→l1g) = 0 and
its estimate is 1.0 with SE 1.6 cm3 mol–1. Stability range of structure II methane hydrate with water extends from qua-
druple point Q(h1h2l1g) at 26.7°C and 55.5 MPa up to quadruple point Q(h2h3l1g) at 47.3°C and 620 MPa. The
metastability range of structure I methane hydrate with water is discussed.

Key words: methane hydrate, clathrate structure II, stability range, dissociation equilibrium constant, formula, congruent
melting point, metastability of structure I hydrate.

Résumé : Vingt-quatre pressions d’équilibre, P(h2l1g), de la structure II de l’hydrate de méthane, h2, avec de l’eau, l1,
entre 27,0 et 46,9°C sont bien représentées par une équation à quatre paramètres qui indique que l’erreur standard (ES)
est de 1,95% pour chaque mesure individuelle de pression. Quarante constantes d’équilibre, Kp(h2→l1g) pour la disso-
ciation de la structure II de l’hydrate de méthane en eau et en méthane, entre 27,0 et 47,7°C et à des pressions allant
jusqu’à 784 MPa, à 45°C, sont bien représentées par une équation thermodynamique à trois paramètres qui indique que
l’erreur standard (ES) est de 1,25% pour chaque détermination individuelle de Kp(h2→l1g). Le point de fusion dissocia-
tion congruent, C(h2l1gxm), de la structure II de l’hydrate de méthane se situe à 47,71°C, avec une ES de 0,03°C, et à
une pression de 533 MPa, avec une ES de 5 MPa. La valeur congruente de Kp(h2→l1g) est de 102,9 MPa avec une ES
de 0,3 MPa, celle de ∆H°t(h2→l1g) est de 61 531 avec une ES de 244 J mol–1 et la formule congruente est CH4·5,670H2O
avec une ES de 0,061H2O. Au point congruent ∆V(h2→l1g) = 0 et elle est évaluée à 1,0 avec une ES de 1,6 cm3 mol–1.
La plage de stabilité de la structure II de l’hydrate de méthane avec l’eau s’étend du point quadruple, Q(h1h2l1g), à
26,7°C et une pression de 55,5 MPa jusqu’au point quadruple, Q(h2h3l1g), à 47,3°C et une pression de 620 MPa. On
discute de la plage de métastabilité de la structure I de l’hydrate de méthane avec l’eau.

Mots clés : hydrate de méthane, clathrate de structure II, plage de stabilité, constante d’équilibre de dissociation, for-
mule, point de fusion congruent, métastabilité de la structure I de l’hydrate.

[Traduit par la Rédaction] Glew 185

Introduction

The natural abundance of methane hydrate in the perma-
frost and oceanic regions of the world is enormous (1, 2) and
is conservatively estimated within an order of magnitude as
3 × 1015 m3, making it greater than that estimated for all
conventional natural gas reserves. Naturally occurring meth-
ane hydrate deposits are formed over millions of years, so
that these deposits exist in their thermodynamically stable
forms, in temperature, pressure, and composition equilib-
rium with their environment. The formulae and the stability

ranges of the methane hydrates are clearly important to more
accurately assess the methane content stored in the naturally
occurring methane hydrate deposits.

Recent work (3) gives formula estimates for two methane
hydrates and shows that structure I methane hydrate, phase
h1, is the stable phase in equilibrium with water between the
quadruple points Q(h1s1l1g) at –0.29°C and 2.53 MPa and
Q(h1h2l1g) at 26.7°C and 55.5 MPa. Structure II methane hy-
drate, phase h2, is the stable phase in equilibrium with water
from quadruple point Q(h1h2l1g) up to 46.87°C and
397 MPa.

In the present work we evaluate additional measurements
at higher pressure for the three-phase (h2l1g) equilibrium of
structure II methane hydrate with water, from 27.0°C at
56.9 MPa up to 47.7°C at 572 MPa and down to 43.7°C at
816 MPa. The 13 methane hydrate pressure measurements of

Can. J. Chem. 81: 179–185 (2003) doi: 10.1139/V03-004 © 2003 NRC Canada
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data set MSK64 by Marshall et al. (4) serve as the base set
with which we compare 27 measurements from Dyadin and
Aladko (5): 11 measurements of data set D&A96 lie within
the temperature and pressure range of data set MSK64 (4),
and 16 measurements are at higher pressure. The level of
agreement between these two data sets (4, 5) is good, con-
sidering the totally different methods of measurement.

The earlier study MSK64 (4) achieves hydrate equilibrium
in a rocked 95 cm3 stainless steel cell, and the methane pres-
sure change is recorded with a slow variation of the temper-
ature of the hydrate cell. Methane pressures are accurate to
0.1%, and temperatures are accurate to 0.004°C (4). In data
set D&A96 (5) the equilibrium hydrate decomposition tem-
perature is measured by thermocouple using a high-pressure
DTA method on a small sample of compressed methane gas
plus water and methane hydrate. Methane pressures are ac-
curate to 1.0% (5), and hydrate temperatures are accurate to
0.1°C.

The present study of methane hydrate extends our earlier
work (3) to higher pressure and uses the same numerical
methods and thermodynamic equations.

A third data set, NMO99, of 16 hydrate pressures between
31.93 and 47.39°C by Ohgaki et al. (6) deviates systemati-
cally with higher pressures than the earlier work (4, 5) be-
cause of persistence of the meta-stable structure I methane
hydrate.

In the temperature range from quadruple point Q(h1h2l1g)
at 26.7°C up to the congruent dissociation melting point
C(h2l1gxm) at 47.7°C we reconfirm that, in equilibrium with
water and gaseous methane, the stable methane hydrate is
phase h2 (3), the clathrate structure II methane hydrate (7–
10) first observed and characterized by Chou et al. (9, 10).

Equilibrium pressure P(h2l1g) of structure II
methane hydrate with water between 27.0
and 46.9°C

In the temperature range from 27.0 to 46.9°C the equilib-
rium total pressure P(h2l1g) of methane hydrate h2 with
liquid water l1 is well represented by the unbiased thermody-
namic equation,

[1a] lnP(h2l1g) = b0 + b1u1 + b2u2 + b3u3.

This equation is mathematically equivalent (11) to the nu-
merically ill-conditioned unbiased thermodynamic equation,

[1b] lnP(h2l1g) = A + B/T + C lnT + DT.

Temperature variables u1 to u3 in [1a] are described
briefly in Appendix A and in greater detail in ref. (11).

Table 1 presents 24 estimates of P(h2l1g) between 27.0
and 46.9°C, using the 13 measurements of data set MSK64
(4) and 11 measurements from data set D&A96 (5). The ar-
rangement and range of Table 1 is the same as for Table 7 in
ref. (3).

The least-squares estimates of the four parameters and
their standard errors (SE)s in eq. [1a] are b0 = 3.7425
(0.0269), b1 = 43.975 (3.02), b2 = –818.02 (171), and b3 =
10 386 (2070). These parameters give an SE estimate of
0.0193 on ln P, or of 1.95% on a single methane hydrate
pressure determination with 20 degrees of freedom. The co-
efficient of determination R2 is 0.9992. The 13 measure-

ments of data set MSK64 give a root mean squared (rms)
deviation of 0.0167 on ln P or of 1.68% on P. The 11 mea-
surements of data set D&A96 give a larger rms deviation of
0.0188 on ln P or of 1.89% on P and a mean methane hy-
drate pressure estimate 0.69% larger than data set MSK64.

Equilibrium constant for dissociation of
structure II methane hydrate between 27.0
and 47.7 C

The equilibrium constant for dissociation of 1 g molar
mass of structure II methane hydrate of formula CH4·nH2O
phase h2 into n mol of pure water l1 plus 1 mol of gaseous
methane is written Kp(h2→l1g) and is defined by eq. [2],

[2] lnKp(h2→l1g) = lnf2(h2l1g) + nlnx1
l 1

+ n(1/RT) ( )d1
l

1
h

0.1 MPa

(h l g)
2

2 1

V V P
P

1 −∫ .

In eq. [2] V1
1l is the molar volume of water and V1

h 2 is the
molar volume of structure II lattice water at pressure
P(h2l1g) and temperature T. Equilibrium values of P(h2l1g)
are given in Tables 1 and 3. Equilibrium values of methane
fugacity f2(h2l1g) are evaluated from P(h2l1g) using the
IUPAC fugacity eq. [12] and are given in Table 3. Equilib-
rium volumes of compressed water are interpolated from
tables by Haar et al. (13). Equilibrium values of x 1

l 1 = (1 –
x 2

l 1 ) are from x 2
l 1 values, which are listed in Table 2 and
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P(h2l1g) (MPa)

Data set t (°C) w1/2 Obsd Calcd Diff (%) SE (%)

Q(h1h2l1g) 26.7 — — 55.5 — 9.08

MSK64 26.98 1 56.9 55.5 2.56 0.94
MSK64 28.37 1 65.4 65.9 –0.68 0.62
MSK64 28.43 1 65.4 66.3 –1.33 0.61
MSK64 33.54 1 110.8 112.3 –1.35 0.68
MSK64 37.15 1 152.7 154.6 –1.22 0.48
MSK64 39.54 1 187.3 190.2 –1.51 0.47
MSK64 40.48 1 206.3 206.8 –0.20 0.49
MSK64 41.04 1 223.9 217.4 3.01 0.50
MSK64 41.87 1 237.5 234.6 1.20 0.51
MSK64 43.65 1 271.7 278.3 –2.38 0.48
MSK64 45.15 1 319.7 324.6 –1.52 0.47
MSK64 46.42 1 367.8 373.4 –1.52 0.63
MSK64 46.87 1 397.0 393.0 1.03 0.74
D&A96 27.6 1 59 60.0 –1.65 0.75
D&A96 30.4 1 84 82.6 1.72 0.65
D&A96 34.0 1 117 117.2 –0.17 0.65
D&A96 35.5 1 133 134.0 –0.73 0.56
D&A96 37.5 1 162 159.4 1.65 0.47
D&A96 37.8 1 166 163.6 1.50 0.46
D&A96 40.7 1 216 210.9 2.43 0.50
D&A96 42.4 1 242 246.6 –1.87 0.51
D&A96 45.2 1 317 326.5 –2.91 0.47
D&A96 45.9 1 358 352.2 1.64 0.53
D&A96 46.9 1 405 394.5 2.67 0.75

Table 1. Equilibrium pressure for structure II methane hydrate
with water.
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evaluated using the equation of Rettich et al. (14). Estimates
for V1

h 2 cm3 mol–1 and its SE at temperature t and at pres-
sure P are 22.63 ± 0.24 at 26.98°C and 56.92 MPa, 22.37 ±
0.24 at 37.15°C and 152.7 MPa, 21.89 ± 0.23 at 45.2°C and
317 MPa, 21.28 ± 0.23 at 47.71°C and 533 MPa, and
20.57 ± 0.22 at 45.0°C and 784 MPa.

The 40 equilibrium constants between 27.0 and 47.7°C
from data sets MSK64 and D&A96 are converged as de-
scribed in ref. (3) and are best (11) represented by the unbi-
ased thermodynamic equation

[3] lnKp(h2→l1g) = d0 + d1u1 + d2u2.

Temperature variables u1 and u2 and thermodynamic pa-
rameters d0 to d2 are defined at reference temperature Θ =
298.15 K (25°C) and are described in Appendix A. The un-
certainty of parameter d2 is such that we are unable to con-
verge and solve the three-parameter equation, eq. [3], directly.
Thus the dependent variable is modified to (lnKp(h2→l1g) –
d2u2) with a pre-defined d2 and the complementary two-
parameter thermodynamic eq. [4],

[4] (lnKp(h2→l1g) – d2u2) = d0 + d1u1,

is converged and solved by least-squares for parameters d0
and d1.

The parameters of the best converged eq. [4] with their
(SE)s are d0 = 2.9279 (0.0056) and d1 = 23.421 (0.099) with
the pre-defined d2 = 18.4 and SE estimate of 10.6. The SE
estimate on a single determination of unit weight of
lnKp(h2→l1g) is 0.0124 or 1.25% for Kp(h2→l1g) with 37 de-
grees of freedom. The number of degrees of freedom is
counted from the 40 data minus the two undetermined pa-
rameters minus the one weighted datum leaving 37. The co-
efficient of determination R2 is 0.9998.

Because we assign unit weight to the 26 measurements of
data set D&A96 (5) equal to the unit weight assigned to the
less extensive but more accurate 13 measurements of data
set MSK64 (4), the best equation for lnKp(h2→l1g) in this
work is slightly different numerically from that given earlier
(3). The present equation is preferred because it represents a
greater number and wider range of equilibrium measure-
ments.

The rms of the 13 Kp(h2→l1g) residuals for data set
MSK64 is 1.02%, the same as earlier (3). The rms of the 27
residuals, one weighted, for data set D&A96 is 1.31%. The
equilibrium constants from data set D&A96 are an average
of 0.38% larger than those from data set MSK64.

Table 2 has the same arrangement as Table 8 in ref. (3)
and extends the measurements of MSK64 (4) to higher pres-
sure with the measurements of D&A96 (5).

Table 2 shows the 40 converged best estimates of the
equilibrium constant Kp(h2→l1g) for dissociation of structure
II methane hydrate to liquid water and methane gas with n =
r. Standard thermodynamic function changes refer to dissoci-
ation of 1 g mol of CH4·rH2O h2 at 0.10 MPa to form
r g mol of pure water l1 at 0.10 MPa and 1 g mol of methane
gas at 1.0 MPa fugacity. Parameter r is used to indicate the
best estimate of n, as described in ref. (3).

The estimates of Kp(h2→l1g) observed in Table 2 are seen
to increase monotonously from 22.0 MPa at 26.98°C to
84.7 MPa at 45.2°C, increase more slowly to a maximum
between 102.7 and 104.3 MPa at 47.7°C, and then decrease

to 84.4 MPa at 45.0°C. It is noted that the Kp(h2→l1g) ob-
served at 45.2°C and 317 MPa pressure is substantially the
same as that observed at 45.0°C and 784 MPa pressure.

The calculated Kp(h2→l1g) estimates in Table 2 properly
represent these changes with an SE of 1.25% on a single de-
termination of unit weight. The maximum of Kp(h2→l1g)
near 47.7°C and at pressure between 527 and 572 MPa de-
fines the invariant congruent dissociation melting point of h2
methane hydrate, to be discussed fully and located more ac-
curately later.

The measurement at 43.7°C and 816 MPa is an outlier and
is assigned weight w1/2 = 0.001 because its deviation from
the best converged eq. [4] is 76 times its estimated standard
error.

Standard enthalpy change ∆H°t(h2→l1g) and
formula number estimate r for structure II
methane hydrate with water

The first four columns in Table 3 list the data set, the Cel-
sius temperature (ITS-90), the equilibrium hydrate total
pressure P(h2l1g) MPa, and the equilibrium methane fugacity
f2(h2l1g) MPa, respectively. Table 3 also presents the con-
verged best estimates of the standard enthalpy change
∆H°t(h2→l1g) and the approximate formula number r for
standard dissociation of structure II methane hydrate
CH4·rH2O into water and methane gas. The SE on
∆H°t(h2→l1g) is 244 J mol–1 and on r is 0.061 at all tempera-
tures.

The predefined standard heat capacity change
∆Cp

ot (h2→l1g) is 153 with SE 88 J mol–1 deg–1. The SE is
evaluated for eq. [3] with three parameters using the SE
lnKp(h2→l1g) = 0.0124.

At quadruple point Q(h1h2l1g) 26.7°C the estimated for-
mula for structure II methane hydrate h2 is CH4·5.766H2O
with SE 0.061H2O; this agrees roughly with the earlier esti-
mate CH4·5.822H2O with SE 0.064H2O given in (3). The
new formula estimate for structure II methane hydrate at
26.7°C is nearer to the equilibrium formula found (3) for the
structure I methane hydrate h1 CH4·5.759H2O with SE
0.077H2O. These three formula estimates are insignificantly
different from each other.

In Table 3 the value of r is shown to decrease with in-
creasing temperature and attains its minimum value 5.670
with SE 0.061 at 47.7°C. This gives the limiting formula
CH4·5.670H2O with SE 0.061H2O for the congruent struc-
ture II methane hydrate (7–10) estimated from the equilib-
rium pressures (4, 5) and the volumetric properties of
methane (12) and of water (13).

The number of methane guest molecules, defined as m per
unit cell of 136H2O, increases from 23.59 with SE 0.25 at
26.7°C and 55.5 MPa to 23.95 with SE 0.26 at 45.2°C and
317 MPa to a maximum of 23.99 with SE 0.26 at 47.7°C
and 536 MPa, and it decreases to 23.95 with SE 0.26 at
45.0°C and 784 MPa. These values of m between 26.7 and
47.7°C show the increasing number of the 24 lattice sites
that must be occupied by methane guests to stabilize the
structure II methane hydrate against thermal collapse due to
increasing temperature.

Consistent with the observed equilibrium constants, we
note that m at 45.2°C and 317 MPa has the same value as at
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45.0°C and 784 MPa despite the large difference of methane
equilibrium pressure. These externally applied methane pres-
sures remain relatively small, being only 12.4% and 30.7%
of the hydrate internal pressure 2551 MPa at 46.87°C (3).

Congruent dissociation melting point of
structure II methane hydrate

Eighteen methane hydrate measurements between
317 MPa and 784 MPa from data set D&A96 (5) show that
the equilibrium hydrate temperature can be accurately repre-
sented by eq. [5] as an empirical quartic function of the
equilibrium hydrate pressure,

[5] t (°C) = e0 + e1∆P + e2(∆P)2 + e3(∆P)3

+ e4(∆P)4.

In eq. [5], t (°C) is the equilibrium methane hydrate tem-
perature (ITS-90), ∆P is the equilibrium pressure difference
(P(h2l1g) – 532.75) MPa, and 532.75 MPa with SE
5.13 MPa is the estimated pressure at maximum hydrate
temperature, tmax. The estimated maximum congruent disso-
ciation melting temperature of structure II methane hydrate
is tmax = e0 = 47.714°C with SE 0.032°C. Parameter e1 =
2.87 × 10–12 with SE 4.2 × 10–4, parameter e2 = –5.80 × 10–5

with SE 4.3 × 10–6, parameter e3 = 1.94 × 10–8 with SE
1.1 × 10–8, and parameter e4 = 1.63 × 10–10 with SE 8.3 ×
10–11. The SE estimate on a single methane hydrate tempera-
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Kp(h2→l1g) (MPa)

Data set t (°C) w1/2 Obsd Calcd Diff (%) SE (%) 1000x 2
l 1

Q(h1h2l1g) 26.7 — — 21.3 — 7.31 4.57
MSK64 26.98 1 22.0 21.8 0.84 0.49 4.61
MSK64 28.37 1 24.3 24.3 –0.17 0.45 4.85
MSK64 28.43 1 24.3 24.4 –0.55 0.45 4.85
MSK64 33.54 1 36.1 36.1 –0.17 0.31 5.88
MSK64 37.15 1 46.9 47.4 –1.11 0.24 6.52
MSK64 39.54 1 55.7 56.7 –1.78 0.21 6.88
MSK64 40.48 1 60.3 60.8 –0.80 0.20 7.02
MSK64 41.04 1 64.2 63.3 1.45 0.20 7.14
MSK64 41.87 1 67.5 67.3 0.28 0.20 7.18
MSK64 43.65 1 75.4 76.7 –1.68 0.21 7.24
MSK64 45.15 1 85.0 85.5 –0.56 0.22 7.19
MSK64 46.42 1 93.6 93.8 –0.20 0.24 6.99
MSK64 46.87 1 98.0 96.9 1.18 0.25 6.83
D&A96 27.6 1 22.6 22.9 –1.24 0.47 4.66
D&A96 30.4 1 29.0 28.4 2.10 0.39 5.34
D&A96 34.0 1 37.6 37.4 0.55 0.30 6.00
D&A96 35.5 1 41.8 41.9 –0.27 0.27 6.25
D&A96 37.5 1 49.1 48.7 0.85 0.23 6.65
D&A96 37.8 1 50.1 49.8 0.67 0.23 6.69
D&A96 40.7 1 62.4 61.8 1.04 0.20 7.09
D&A96 42.4 1 68.8 70.0 –1.72 0.20 7.18
D&A96 45.2 1 84.7 85.9 –1.39 0.22 7.19
D&A96 45.9 1 91.7 90.3 1.46 0.23 7.05
D&A96 46.9 1 99.0 97.1 1.98 0.25 6.78
D&A96 47.2 1 98.5 99.2 –0.71 0.25 6.52
D&A96 47.2 1 97.3 99.2 –1.97 0.25 6.46
D&A96 47.6 1 104.8 102.1 2.64 0.26 6.32
D&A96 47.6 1 100.8 102.1 –1.25 0.26 5.99
D&A96 47.7 1 102.7 102.9 –0.17 0.26 5.80
D&A96 47.7 1 102.6 102.9 –0.20 0.26 5.72
D&A96 47.7 1 102.9 102.9 0.03 0.26 5.61
D&A96 47.7 1 104.3 102.9 1.38 0.26 5.38
D&A96 47.6 1 102.4 102.1 0.26 0.26 5.31
D&A96 47.6 1 103.5 102.1 1.32 0.26 5.21
D&A96 47.4 1 99.6 100.7 –1.08 0.26 5.12
D&A96 46.8 1 95.0 96.4 –1.49 0.25 4.59
D&A96 45.9 1 92.1 90.3 1.99 0.23 3.91
D&A96 45.5 1 86.9 87.8 –1.01 0.23 3.78
D&A96 45.0 1 84.4 84.6 –0.22 0.22 3.49
D&A96 43.7 0.001 65.9 77.0 –14.38 0.21 3.25

Table 2. Equilibrium constant for structure II methane hydrate with water.
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ture determination is 0.088°C with 13 degrees of freedom
and is in good agreement with the 0.1°C accuracy of temper-
ature measurement indicated by the authors (5). The coeffi-
cient of determination R2 is 0.9934.

The estimate of parameter e1 is zero. Estimates of parame-
ters e0 = tmax and e2 are highly significant and could arise by
random chance with a probability less than 0.05%. The esti-
mate of parameter e3 could arise by random chance with a
probability ~4.9% and the estimate of parameter e4 could
arise by chance with a probability ~3.8%. This quartic equa-
tion gives a flatter maximum and better representation of the
methane hydrate temperatures than the best cubic equation.

At the congruent temperature tmax, (dt/dP) = 0; thus, the
volume change for the hydrate dissociation melting reaction
is ∆V(h2→l1g) = (dt/dP) ∆H(h2→l1g)/T = 0, with
∆H(h2→l1g)/T > 0.

In the two-component methane–water system, the congru-
ent dissociation melting point of structure II methane hy-
drate is an invariant three-phase point, denoted C(h2l1gxm),
at which the volume and composition xm of the equilibrium
methane hydrate phase h2 is equal to the volume and compo-
sition of its fused reaction products, water and methane.

At the congruent point C(h2l1gxm), 47.71°C, and 533 MPa,
the thermodynamic model gives a maximum equilibrium
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Data set t (°C)
P(h2l1g)
(MPa)

f2(h2l1g)
(MPa)

∆Hot(h2→l1g)
(J mol–1) r

Q(h1h2l1g) 26.7 55.5 41.4 58 318 5.766
MSK64 26.98 56.9 42.7 58 362 5.765
MSK64 28.37 65.4 51.8 58 574 5.756
MSK64 28.43 65.4 51.8 58 583 5.756
MSK64 33.54 110.8 127.8 59 365 5.728
MSK64 37.15 152.7 264.5 59 917 5.711
MSK64 39.54 187.3 460.6 60 282 5.700
MSK64 40.48 206.3 617.1 60 427 5.696
MSK64 41.04 223.9 803.0 60 512 5.694
MSK64 41.87 237.5 979.7 60 639 5.691
MSK64 43.65 271.7 1597 60911 5.684
MSK64 45.15 319.7 3089 61 140 5.678
MSK64 46.42 367.8 5834 61 336 5.674
MSK64 46.87 397.0 8513 61 404 5.673
D&A96 27.6 59 44.9 58 456 5.761
D&A96 30.4 84 76.4 58 885 5.745
D&A96 34.0 117 143 59 435 5.726
D&A96 35.5 133 189 59 665 5.718
D&A96 37.5 162 308 59 971 5.709
D&A96 37.8 166 328 60 017 5.708
D&A96 40.7 216 714 60 460 5.695
D&A96 42.4 242 1046 60 720 5.689
D&A96 45.2 317 2978 61 149 5.678
D&A96 45.9 358 5143 61 256 5.676
D&A96 46.9 405 9434 61 409 5.673
D&A96 47.2 443 15 270 61 455 5.672
D&A96 47.2 450 16 670 61 455 5.672
D&A96 47.6 467 20 560 61 516 5.670
D&A96 47.6 506 33 280 61 516 5.670
D&A96 47.7 527 42 950 61 531 5.670
D&A96 47.7 536 47 910 61 531 5.670
D&A96 47.7 548 55 390 61 531 5.670
D&A96 47.7 572 73 880 61 531 5.670
D&A96 47.6 580 81 380 61 516 5.670
D&A96 47.6 590 91 670 61 516 5.670
D&A96 47.4 600 103 500 61 485 5.671
D&A96 46.8 658 206 200 61 393 5.673
D&A96 45.9 734 502 900 61 256 5.676
D&A96 45.5 749 601 000 61 195 5.677
D&A96 45.0 784 902 500 61 118 5.679
D&A96 43.7 816 1 328 000 60 919 5.684

aThe standard errors of ∆Hot(h2→l1g) and r are 244 J mol–1 and 0.061, respectively.

Table 3. Standard enthalpy change for dissociation and the formula of structure II methane hydrate
with water.a
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constant Kp(h2→l1g) of 102.9 MPa with SE 0.3 MPa and a
maximum CH4:H2O mol ratio for the methane hydrate for-
mula CH4·5.670 ± 0.061H2O with an h2 formula volume
120.7 ± 1.3 cm3 mol–1 CH4 and a cubic hydrate lattice (7–
10) spacing 1.688 ± 0.006 nm. The equilibrium volume (12)
of methane g is 32.3 ± 0.3 cm3 mol–1 CH4, and the equilib-
rium water volume (13) of 5.670H2O l1 is 89.3 ±
1.0 cm3 mol–1 CH4. At C(h2l1gxm) the estimated ∆V (prod-
ucts – reactants) = 1.0 ± 1.6 cm3 mol–1 CH4. Similarly, for
the hydrate with formula CH4·5.678 ± 0.061H2O at 45.2°C
and 317 MPa ∆V = 5.1 ± 1.7 cm3 mol–1 CH4 and with
formula CH4·5.679 ± 0.061H2O at 45.0°C and 784 MPa
∆V = –1.2 ± 1.6 cm3 mol–1 CH4.

Between quadruple point Q(h1h2l1g) 55.5 MPa at 26.7°C
and up to hydrate pressure 533 MPa at 47.71°C, it is shown
that with increasing temperature methane from the gas phase
is forced into the equilibrium structure II methane hydrate
lattice, enriching its methane content up to its congruent
maximum. At methane pressures beyond 533 MPa, increas-
ing up to 816 MPa, the mechanically compressed structure II
methane hydrate is forced increasingly to exude guest meth-
ane into the gas phase, thereby destabilizing the solid meth-
ane hydrate so that it can only exist in equilibrium with
water at increasingly lower temperatures.

The quadruple point with a denser hydrate at 620 MPa re-
ported in (5, 15) defines the four measurements between
46.8°C at 658 MPa and 45.0°C at 784 MPa to be in a region
of meta-stable equilibrium. Nonetheless these measurements
are members of the same (h2l1g) equilibrium set as those
measurements at pressures less than 527 MPa. This is
proved by the accurate representations of the methane hy-
drate measurements by eqs. [4] and [5] between 317 and
784 MPa.

It is particularly valuable that the high-pressure experi-
mental DTA decomposition technique developed by Dyadin
et al. (5) enables the determination of meta-stable (h2l1g)
equilibria.

There is little doubt that the more stable and denser meth-
ane hydrate, indicated by quadruple point Q(h2h3l1g) at
620 MPa and 47.3°C and by its smooth (h3l1g) decomposi-
tion curve between 48.6°C at 642 MPa and 53.6°C at
1000 MPa (5, 15), is the clathrate structure-H methane hy-
drate phase h3 first described and characterized by Chou et
al. (10). The growth of single crystals of clathrate structure-
H methane hydrate is shown during slow cooling at 33°C
and 910 MPa (10). The hexagonal clathrate structure-H
methane hydrate is confirmed by a single crystal synchrotron
X-ray structure determination at 25°C and 600 MPa, to-
gether with a Raman spectrum at 880 MPa (10).

The congruent dissociation melting point of structure II
methane hydrate is not unique. Dyadin et al. (16) describe an
entirely similar behaviour for structure II argon hydrate with
a very gentle maximum congruent dissociation melting point
33.4°C at about 620 MPa going down slightly to 31.5°C at
720 MPa.

Metastability of structure I methane
hydrate

The present work and earlier studies (3, 9, 10) show that
structure I methane hydrate is metastable between 26.7°C at

55.5 MPa, 47.7°C at 572 MPa, and 45.0°C at 784 MPa and
that the structure II methane hydrate clathrate is the stable
phase, as demonstrated by Chou et al. (9, 10) at 25°C and at
pressures between 100 and 600 MPa.

The initial methane hydrate made at 7°C by Nakano et al.
(6) is structure I. The 16 equilibrium pressures reported (6)
between 31.93 and 47.39°C are all higher than the pressures
estimated for the structure II methane hydrate (4, 5). The
positive pressure deviations increase continuously from
1.5 MPa at 31.93°C to 34.7 MPa at 47.39°C and indicate
that structure I methane hydrate is meta-stable relative to
structure II methane hydrate. The Raman spectrum at
100 MPa pressure (4) confirms the structure I methane hy-
drate at 31.93°C, and continuity of the spectral shifts con-
firms the structure I hydrate between 100 MPa at 31.93°C
and 500 MPa at 47.39°C. It is remarkable that the single
crystal of methane hydrate annealed and aged at 47.85°C
and 493 MPa (6) retained its meta-stable structure I form.
Over the short experimental time frame of a few days, the
metastability of structure I methane hydrate is demonstrated
between 32°C at 100 MPa and 47.4°C at 500 MPa (6).

The work of Hirai et al. (17, 18) shows the formation of
structure I methane hydrate at room temperature at between
200 and 300 MPa, and with compression up to 700 MPa.
The authors provide a powder X-ray diffraction pattern at
400 MPa showing structure I methane hydrate and give unit
cell parameters at pressures 260, 300, 380, and 700 MPa,
which confirm retention of the structure I hydrate. Structure
factor analyses show (17, 18) that within the structure I unit
cell both the six tetrakiadecahedral sites and the two pentag-
onal dodecahedral sites are completely filled by methane at
all pressures between 260 and 700 MPa at room tempera-
ture. Our estimate of a 99.84% filled structure I methane hy-
drate at 55.5 MPa and 26.7°C (3) indicates full site
occupancy by methane at higher pressures and temperatures.
Over the short experimental time frame of days the
metastability of structure I methane hydrate at room temper-
ature between 200 and 700 MPa pressure is demonstrated
(17, 18).

Chou et al. (9) point out that in some experiments struc-
ture I methane hydrate is found to exist metastably at higher
pressures. The Raman spectra of metastable structure I
methane hydrate are shown at 25°C and at pressures of 125,
649, and 880 MPa (9) and are contrasted with the spectrum
of the stable structure II methane hydrate at 25°C and
125 MPa (9, 10). Direct optical observation of single crys-
tals of structure II methane hydrate by Chou et al. (9) shows
structure II crystal survival at 41°C and 223 MPa and struc-
ture II crystal growth at temperatures down to 35°C and
136 MPa in the presence of metastable structure I methane
hydrate. Chou et al. (9, 10) confirm the cubic clathrate struc-
ture II methane hydrate by a complete single-crystal syn-
chrotron X-ray structure determination at 25°C and
250 MPa.

The work of Loveday et al. (19) starts with the poly-
crystalline neutron diffraction pattern of metastable structure
I methane D-hydrate at room temperature and 800 MPa
pressure and thereby unfortunately misses the entire equilib-
rium three-phase region for formation of the clathrate struc-
ture II methane hydrate (9, 10), from 26.7°C at 55.5 MPa up
to 47.7°C at 572 MPa and down to 45.0°C at 784 MPa (3–5).
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The metastability of clathrate structure I methane hydrate
with water relative to clathrate structure II methane hydrate
at room temperature and at pressures between 200 and
880 MPa (6, 9, 17–19) most probably derives from the slow
kinetics of reaction [6],

[6] 0.9855CH4·5.750H2O (h1) + 0.0145CH4 (g, l1)

= CH4·5.667H2O (h2)

in which additional methane (gaseous or aqueous) is re-
quired to drive and balance the reaction at temperatures be-
low Q(h1h2l1g) at 26.7°C.

We consider the slow kinetics at 25°C to be due to (i) the
lack of excess gaseous and aqueous methane in contact with
the methane-full structure I hydrate to force the reaction,
(ii) the small positive difference of hydrate water molar vol-
ume, ∆V1 = V1

h 2 – V1
h 1 = 0.41 cm3 mol–1, which increases

rather than decreases the lattice water Gibbs’ energy differ-
ence with increasing pressure, and (iii) the small negative
difference of mean molecular volume of about –1.0 Å3,
which decreases the overall Gibbs’ energy of the structure II
hydrate relative to the structure I hydrate with increasing
pressure. Apparently the increased applied pressures of 900
to 1500 MPa at room temperature (17–19) are sufficient to
squeeze methane from the gaseous and aqueous phases into
faster reaction with the metastable methane-full structure I
hydrate lattice to form the more stable methane-full structure
II hydrate lattice. This view is supported by the relatively
unhindered growth kinetics of single crystals of clathrate
structure II methane hydrate (9, 10) in the presence of
clathrate structure I methane hydrate at 35.0°C and at low
pressures between 130 and 600 MPa.
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Appendix A: Definition of thermodynamic
parameters at reference Θ K

When the dependence of equilibrium constant Kp on tem-
perature T is properly represented by the unbiased, three-
variable, four-parameter, thermodynamic equation, eq. [A1]

[A1] lnKp = A + B/T + C lnT + DT,

then ref. (11) shows that an identical temperature representa-
tion of Kp can be obtained using the unbiased, three-
variable, four-parameter, thermodynamic equation, eq. [A2]

[A2] lnKp = b0 + b1u1 + b2u2 + b3u3.

The least-squares fits of Kp data sets by eqs. [A1] and
[A2] are identical when the variables u1, u2, and u3 in
[A2] are defined as functions of temperature T and a prede-
fined reference temperature Θ, with u1 = [(T – Θ)/T], u2 =
[(Θ – T)/T) + ln(T/Θ)], and u3 = [(T – Θ)(T + Θ)/ΘT –
2ln(T/Θ)], and then the corresponding thermodynamic pa-
rameters b0 to b3 are defined at reference Θ, with b0 =
(lnKp)Θ = –∆GΘ

o /RΘ, b1 = ∆HΘ
o /R, b2 = ∆Cp

o
Θ/R, and b3 =

Θ(d∆Cp
o/dT)Θ/2R. Reference Θ = 298.15 is used here and in

ref. (3).
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Outer-sphere electron transfer reactions of
aqua(5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane-1-acetato)
nickel(II) and (III).

Robert I. Haines and Dean R. Hutchings

Abstract: The outer-sphere oxidation of the nickel(II) complex of the deprotonated pendant-arm macrocycle,
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane-1-acetate, [NiL1(OH2)]+ by bis-(1,4,7-triazacyclono-
nane)nickel(III), [Ni(tacn)2]3+ has been studied in aqueous perchlorate media. The reaction displays reversible second-
order behaviour and the kinetic study reveals the forward and reverse rate constants for the reaction:

[Ni(tacn)2]3+ + [NiL1(OH2)]+ � [Ni(tacn)2]2+ + [NiL1(OH2)]2+

The kinetics show the forward reaction to be acid dependent, a feature that is attributed to protonation of the acetato
group of the nickel(II) complex. Using Marcus theory, the self-exchange rate for the [NiL1(OH2)]+/2+ couple has been
calculated. The nickel(II/III) electron transfer is a reversible one electron process with E° = 1.04 V (vs. S.H.E.). The
formation of the authentic nickel(III) product has been confirmed by esr spectroscopy. The kinetics of reduction of the
[NiL1(OH2)]2+ species by Fe2+(aq) exhibits a second-order rate law, the reaction being independent of acid. Using the
calculated self-exchange rate for the nickel complex, its reaction with Fe2+(aq) has been examined in terms of an inner-
versus outer-sphere mechanism.

Key words: nickel(III), pendant-arm macrocycles, hexaaquairon(II), outer sphere, kinetics, Marcus theory.

Résumé : Opérant en solution aqueuse de perchlorate, on a étudié l’oxydation dans la sphère extérieure du complexe
de nickel du macrocycle à bras pendant déprotoné 5,5,7,12,12,14-hexaméthyl-1,4,8,11-tétraazacyclotétradécane-1-
acétate, [NiL1(OH2))]+, par le bis-(1,4,7-triazacyclononane)nickel(III), [Ni(tacn)2]3+. La réaction présente un comporte-
ment réversible du deuxième ordre et l’étude cinétique permet de mesurer les constantes de vitesse pour les deux direc-
tions de la réaction:

[Ni(tacn)2]3+ + [NiL1(OH2)]+ � [Ni(tacn)2]2+ + [NiLi1(OH2)]2+

La cinétique montre que la réaction vers la droite dépend de l’acide, une caractéristique qui est attribuée à la protona-
tion du groupe acétato du complexe de nickel(II). Faisant appel à la théorie de Marcus, on a calculé la vitesse
d’autoéchange du couple [NiL1(OH2)]+/2+. Le transfert d’électron nickel(II/III) et un processus réversible à un électron
avec E° = 1,04 V (vs S.H.E.). La formation du produit authentique nickel(III) a été confirmée par spectroscopie RPE.
La cinétique de la réduction d’espèces [NiL1(OH)2)]2+ par le Fe2+ (aq) présente une équation de vitesse du deuxième
ordre et la réaction est indépendante de l’acide. Utilisant la vitesse d’autoéchange calculée pour le complexe de nickel,
on a examiné sa réaction avec le Fe2+ (aq) en fonction des mécanismes à l’intérieur ou à l’extérieur de la sphère.

Mots clés : macrocycles à bras pendant, hexaaquafer(II), extérieur de la sphère, théorie de Marcus.

[Traduit par la Rédaction] Haines and Hutchings 192

Introduction

Pendant-arm macrocyclic complexes, because of their
thermodynamic stability and extremely slow acid-dependent
dissociation, have important radioimmunotherapeutic value
(1, 2). Although many studies examine the properties of
amino-, nitro-, and pyridyl-arms, the majority involve car-

boxylato-pendant arms (3). The ability of polyazamacro-
cycles to stabilize transition metal ions in unusual oxidation
states has been well known for many years (4). We are inter-
ested in the redox behaviour of transition metal macrocycles
that contain pendant carboxylato-arms, since these append-
ages coordinate to the central metal ion and may provide an
inner-sphere pathway for electron transfer to or from other
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metal centres. Such behaviour has application, for example,
in reductive dissolution of iron(III)-bearing ferrites, which
constitute corrosion films found in industrial boilers and nu-
clear reactors (5). Such complexes also find application as
chemical sensors for detection of heavy metals in natural
waters (6) and as lanthanide complexing agents for use in
magnetic resonance imaging (7). Related work in our labora-
tory involves the use of platinum(II) and (IV) complexes of
these macrocycles as potential anti-tumour agents (8).

This work examines the kinetics of oxidation of the
nickel(II) tetraazamacrocyclic complex, 5,5,7,12,12,14-hexa-
methyl-1,4,8,11-tetraazacyclotetradecane-1-acetate, [NiL1-
(OH2)]

+, which bears one pendant acetato group to the
nickel(III) state. The use of the resulting nickel(III) macro-
cycle as a potential inner-sphere oxidant is also discussed in
relation to its reaction with hexaaquairon(II).

Experimental

Materials
All reagents were of AnalaR grade and were used as re-

ceived. Sodium perchlorate (Aldrich) solutions were stan-
dardized by passing an aliquot through a Dowex ion
exchange resin and titrating the liberated acid. Stock solu-
tions of iron(II) perchlorate were prepared by dissolving
iron(II) perchlorate (Aldrich) in perchloric acid under a ni-
trogen atmosphere. The iron(II) concentration was deter-
mined spectrophotometrically as [Fe(phen)3]

2+ (ε510 =
11 200 dm3 mol–1 cm–1) after addition of an excess of 1,10-
phenanthroline to the solution. The presence of iron(III) in
the solutions, tested for by addition of sulfite and 1,10-
phenanthroline, was found to be negligible. Acid concentra-
tion was determined by titration with standard NaOH, using
phenolphthalein indicator. All solutions were prepared using
deionized, double-distilled water.

Solutions of hexaaquacobalt(III) (ε605 = 35.3 dm3 mol–1 cm–1)
(9) were prepared by electrochemical oxidation of
Co(ClO4)2 in 5.0 mol dm–3 HClO4, under nitrogen at 5°C in
the dark. Stock solutions were stored at –12°C and were di-
luted and standardized freshly each day. Solutions of
[Ni(tacn)2]

3+, to be used for kinetics studies, were prepared
in situ by oxidation of the Ni(II) form with a stoichiometric
deficiency of Co3+(aq). The resultant Co2+(aq) is inert with
respect to interaction with the nickel macrocycles under
study, and so Co3+(aq) can be used safely to generate Ni(III)
without interference from the Co2+(aq) formed in situ.

Synthesis of ligands and complexes
1,4,7-Triazacyclononane (tacn) and its nickel(II) perchlor-

ate complex were synthesized by a modified literature

method (10). The functionalized macrocycle meso-
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane-
1-acetic acid (L1H) and the nickel(II) complex bromide,
[NiL1(OH2)]Br, were prepared according to the literature
(11). The nature of the nickel complex was confirmed by X-
ray crystallography. Pink needles (0.04 × 0.15 × 0.80 mm),
grown by the vapour diffusion method, crystallized in the
P21/n (#14) space group. Empirical formula is
C18H39BrN4NiO3. Unit cell dimensions were a = 9.203(4) Å,
b = 19.952(3) Å, c = 12.538(4) Å, and β = 106.35(3)°. Since
the crystal structure of this compound has been reported pre-
viously (11), the details of the structure, which agree with
the literature, will not be repeated here. For kinetic studies,
the nickel complex was converted to the perchlorate salt and
was recrystallized from water prior to use.

ESR spectroscopy
The ESR spectrum of [NiL1(OH2)]

2+, generated in situ by
oxidation of the nickel(II) complex by peroxodisulfate, was
run on a Varian E360 spectrometer at 77 K in frozen 0.10 M
HClO4. An internal standard of diphenylpicrylhydrazine
(DPPH) was used.

Cyclic voltammetry
The cyclic voltammogram for a 1.00 × 10–3 mol dm–3

solution of [NiL1(OH2)]
+ was measured in 0.50 mol dm–3

HClO4 using a platinum disc working electrode, a platinum
wire counter electrode, and an aqueous silver – silver chlo-
ride reference electrode. An EG &G model 283 potentiostat–
galvanostat was used. Solutions were purged for 15 min with
argon and voltammograms were collected with the solutions
blanketed by argon at 25°C.

Kinetics
Kinetic measurements were made using a Hi Tech SF61-

DX2 stopped flow spectrometer, thermostatted to ±0.05°C
with a Lauda model RM6 refrigerated recirculating water
bath. A constant ionic strength (NaClO4/HClO4) was main-
tained for all experiments. The reactions were followed by
monitoring the increase in absorbance at 440 nm due to for-
mation of the nickel(III) complex. Pseudo-first-order rate
constants were determined by non-linear least-squares fitting
of absorbance-time data, using Hi Tech’s “Kinetasyst” soft-
ware, on a Dell 466 MHz Pentium III computer.

Ionic strength was kept constant at 0.500 mol dm–3 for the
oxidation of [NiL1(OH2)]

+ by [Ni(tacn)2]
3+. Pseudo-first-

order conditions were maintained using a concentration of
2.00 × 10–5 mol dm–3 of [NiL1(OH2)]

+ with an excess of
both [Ni(tacn)2]

3+ (varied between 1.10 × 10–3 and 2.30 ×
10–3 mol dm–3) and [Ni(tacn)2]2+ (held constant at 2.01 ×
10–4 mol dm–3). The presence of both forms (Ni(II) and
Ni(III)) of the tacn complex is explained in the Results and
Discussion Section below.

In the oxidation of hexaaquairon(II) by [NiL1(OH2)]
2+, the

kinetics were studied under pseudo-first-order conditions
using an excess of reductant. The oxidant concentration was
kept constant at 5.0 × 10–5 mol dm–3. The ionic strength was
maintained at 0.100 mol dm–3 using NaClO4–HClO4. For the
study of the acid dependence on this reaction, the ionic
strength was 1.00 mol dm–3 (to allow a wide range of [H+]
to be used).

© 2003 NRC Canada
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Results and discussion

ESR spectroscopy and electrochemistry
Figure 1 shows the ESR spectrum of the [NiL1(OH2)]

2+

cation in frozen 0.10 mol dm–3 HClO4, at 77 K. The typical
spectrum of a low-spin d7 nickel(III) centre shows distinct g//
and g features when the single unpaired electron resides in
the dz2 orbital and when the system is tetragonally distorted.
In the present case, there appears to be only slight distortion
from an octahedral environment, since the ESR signal is al-
most isotropic. A g// feature is discernable, and values of g//
and g were measured at 2.031 and 2.182, respectively. Simi-
larly, slight deviations from octahedral geometry have been
seen previously for nickel(III) centres, for the family of tris-
bidentate chelate complexes, [Ni(LL)3]

3+, where LL is 2,2′-
bipy, phen, and their derivatives (12).

The cyclic voltammogram of the [NiL1(OH2)]
+/2+ couple

in 0.500 mol dm–3 HClO4 is shown in Fig. 2. The peak sepa-
ration is 75 ± 10 mV, (for sweep rates between 25 and
100 mV s–1), corresponding to a reversible one-electron re-
dox process. This is reasonable because the purple aqueous
solution of [NiL1(OH2)]

+ indicates the presence of an
octahedrally coordinated high-spin nickel(II) centre that is
also present in the solid state (from crystallography). The
ESR spectrum also indicated an octahedrally coordinated
nickel(III) centre for the complex in its oxidized form.
Hence there is expected to be little structural change on elec-
tron transfer. The electrode potential for the nickel(II/III)
couple was measured at 1.04 V (vs. S.H.E.). The stabiliza-
tion of tervalent nickel by polyazamacrocycles has been well
known for more than 30 years (4). The presence of an
acetato pendant arm coordinated to the nickel centre lends
further stabilization, resulting in a lower electrode potential
for the nickel(II/III) couple. This is seen by comparing the
electrode potential for the mono-acetato-complex in the
present study (1.04 V) with those of the analogues nickel
macrocycles with no (L2) or two (L3) acetato arms (1.24 and
0.72 V, respectively) (13, 14). Indeed, there is an almost lin-
ear relationship among the electrode potentials of these three
nickel macrocycles and the number of pendant acetato arms
(incremental drop in E° = 0.26 ± 0.06 V). Busch et al. (13)
have shown that there is an additive relationship between
electrode potentials of nickel macrocycles and structural fea-
tures for which a drop of 0.43 V per charge was found for
systems with delocalized charges in the macrocyclic ring.
Axial anionic ligands such as sulfate are also well known to
stabilize nickel(III) macrocycles (4). While the [Ni(tacn)2]

3+

cation is not a strong enough oxidant to oxidize [NiL2]2+, it
easily oxidizes [NiL3]2+ (14). The electrode potential of
[NiL1(OH2)]

+ is close to that of [Ni(tacn)2]
3+, allowing for

an equilibrium redox reaction to occur. One advantage of
such a situation is that the equilibrium constant for the cross
reaction may be obtained kinetically and may be used in a
Marcus theory analysis of the electron transfer mechanism.

Kinetics

Oxidation of [NiL1(OH2)]
+ by [Ni(tacn)2]

3+

The [Ni(tacn)2]
3+ cation is a well-known outer-sphere oxi-

dant that is not susceptible to protonation or deprotonation
reactions in solution (15). Thus, it provides a useful probe

for the elucidation of the mechanisms of electron transfer
reactions of oxidizable substrates. In the present study oxi-
dation of [NiL1(OH2)]

+ occurred smoothly under conditions
of excess [Ni(tacn)2]

3+, the reaction being first-order in
nickel(II) complex, according to the expression:

[1] rate = d [NiL(OH2)2+]/dt = kobs [NiL1(OH2)+]

Preliminary studies using varying concentrations of oxi-
dant at a constant [H+] showed a linear dependence of rate
on oxidant concentration with persistent intercepts in the
plots of kobs versus [Ni(tacn)2]

3+ concentration. Hence the
observed pseudo-first-order rate constant has the form kobs =
a + b[Ni(tacn)2

3+]. Reaction of [NiL1(OH2)]
2+ with

[Ni(tacn)2]
2+ using excess oxidant also resulted in an elec-

tron transfer reaction producing [NiL1(OH2)]
+ and

[Ni(tacn)2]
3+. This is the reverse of reaction [1], and so the

overall reaction may be described as a second-order revers-
ible redox:

[2] [Ni(tacn)2]3+ + [NiL1(OH2)]+ [Ni(tacn)2]2+

+ NiL1(OH2)]2+

Subsequent kinetics measurements were performed under
conditions of excesses of both [Ni(tacn)2]

3+ and
[Ni(tacn)2]

2+, according to the method of Pellizzetti and
Mentasti (16). This procedure avoids the need to use com-
plex integrated rate laws (17) and yields a pseudo-first-order
expression identical to eq. [1], where

[3] kobs = k2[Ni(tacn)2
3+] + k–2 [Ni(tacn)2

2+]

© 2003 NRC Canada

188 Can. J. Chem. Vol. 81, 2003

Fig. 1. ESR spectrum of the [NiL1(OH2)]2+ cation in frozen 0.10
mol dm–3 HClO4, at 77 K.
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The reaction was found to be dependent on [H+], with the
reaction rate decreasing with increasing [H+]. Table 1 gives
the raw data for the acid dependence of the oxidation of
[NiL1(OH2)]

2+ by [Ni(tacn)2]
3+ at an ionic strength of 1.00

mol dm–3 for a range of temperatures. There is a small but
real and reproducible dependence of rate on acid concentra-
tion. Values for k2 and k–2 reported in Table 2 were derived
from kobs vs. [Ni(tacn)2

3+] at constant [Ni(tacn)2
2+], accord-

ing to eq. [3]. Separate kinetic studies on the oxidation of

iron(II) by [NiL1(OH2)]
2+, reported later in this paper, were

independent of acid. This suggested that, since the
[Ni(tacn)2]

2/3+ system is known to be unaffected by acid
(15), the source of the [H+] dependence must be from a
protonation equilibrium involving the [NiL1(OH2)]

+ species.
The reaction may be described by the mechanism:

[4] [NiL1H(OH2)]2+ [NiL1(OH2)+] + H+

[5] [NiL1H(OH2)]2+ + [Ni(tacn)2]3+

k5 → [NiL1(OH2)]2+ + [Ni(tacn)2]3+ + H+

[6] [NiL1(OH2)]+ + [Ni(tacn)2]3+

k6 → [NiL1(OH2)]2+ + [Ni(tacn)2]3+

Using the law of mass balance, k2 = (k5 + k6Ka [H+])/(1+
Ka[H

+]), whence the expression for the pseudo-first-order
rate constant becomes:

[7] kobs =

k k K
K

k5 6 a

a
2

3
2

[H ]
1 [H ]

[Ni(tacn ] [Ni(tacn
+
+







+

+

+
+

−) )2
2 + ]

Hence a plot of kobs/[Ni(tacn)2
2+] versus

[Ni(tacn)2
3+]/[Ni(tacn)2

2+] is linear, with a slope of (k5 +
k6Ka[H

+])/(1 + Ka[H
+]) and an intercept of k–2 (Fig. 3). A

consequent plot of k2(1 + Ka[H
+]) versus [H+] (Fig. 3 inset)

yields k6 as slope/Ka and k5 as the intercept. Thus, at 25°C,
k5 and k6 have values of 110 and 2 700 mol–1 dm3 s–1, re-
spectively. A non-linear least-squares curve fit of the kobs
versus [H+] gave a value for the protonation constant, Ka for
[NiIIL(OH2)]

+ of 15 ± 4 mol–1 dm3. Although the value of Ka
was estimated at several temperatures, it was found to vary
little with temperature. We have not determined activation
parameters for pathways k5 and k6 because the estimated
values of k5 and k6 at the various temperatures have large un-
certainties due to the limited range of acid concentrations
possible. From the k–2 data, ∆H and ∆S were estimated for
the reverse of reaction [2] to be 30 ± 2 kJ mol–1 and –60 ±
5 J K–1 mol–1, respectively. Such values for activation pa-
rameters are typical of outer sphere electron transfer reac-
tions.
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Fig. 2. Cyclic voltammogram of the [NiL1(OH2)]+ cation in
0.500 mol dm–3 HClO4, at 25°C. Scan rates: (a) 25 mV s–1,
(b) 50 mV s–1, (c) 75 mV s–1, and (d) 100 mV s–1.

[H+] (mol dm–3) kobs (s–1)

Temperature (K) 285.3 294.1 301.0 306.7 312.0

0.250 0.86(3) 1.76(6) 2.67(4) 3.68(6)
0.300 0.84(1) 1.57(4) 2.27(7) 2.88(6) 3.44(4)
0.350 0.78(2) 3.29(9)
0.400 0.79(2) 1.33(7) 2.17(4) 2.52(4) 3.08(9)
0.500 0.70(1) 1.22(4) 1.78(7) 2.22(10) 2.93(5)
0.600 0.65(1) 1.11(1) 1.53(4) 1.73(3) 2.53(4)
0.700 0.62(1) 0.950(3) 1.39(6) 1.76(3) 2.16(6)
0.800 0.950(3) 1.18(4) 1.56(4)
0.850 0.62(2) 1.92(3)
0.900 1.14(5) 1.41(1)
1.00 0.57(1) 0.89(2) 1.08(4) 1.36(3) 1.76(2)

Table 1. Observed first-order rate constants, kobs (s–1), for the oxidation of [NiL1(OH2)]+ by [Ni(tacn)2]3+ as a function of acid concen-
tration and temperature.
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The rate of oxidation of the deprotonated nickel macro-
cycle is approximately 25 times faster than the protonated
form. This difference is in keeping with the discussion above
and may be attributed to a lower electrode potential of the
deprotonated form since the negatively charged acetato
group will tend to stabilize the tervalent nickel centre. This
is not unusual; for example, in redox reactions involving
Co3+(aq), the inverse acid dependence in the rates of its re-
dox reactions is due to the reactivity of the hydrolysed form,
CoOH2+(aq) (9). Similarly, ascorbate is several orders of
magnitude more reactive than ascorbic acid (18).

Owing to the equilibrium nature of this reaction, we may
estimate the cross-reaction equilibrium constant for reduc-
tion of the deprotonated nickel(III) macrocycle by
[Ni(tacn)2]

2+ as k–2/k6. At 25°C, this has a value of 0.77.
Since the self-exchange rate for the [Ni(tacn)2]

2/3+ couple is
known (19), Marcus theory may be used to determine the
self-exchange rates for the [NiL1(OH2)]

+/2+ couple.
According to Marcus theory (20), for an outer-sphere

electron transfer mechanism, the rate constant for the cross-
reaction (k12) is related to the rate constants for the self-
exchange rates of the components, k11 and k22, and the cross
reaction equilibrium constant (K12) by the expression:

[8] k12 = (k11 k22 K12f12)1/2W12

where

ln
[ln ( )/ ]

[ln( / ) (
f

K w w RT
k k Z w w

12
12 12 21

2

11 23
2

11 24
= + −

+ + 2)/ ]RT

and

W12 = exp[–(w12 + w21 – w11 – w22)]/2RT

where wij = 4.225 × 103 Z Zi j /σij (1 + 0.329σij (µ1/2)). The
term wij is the work required to bring the ions i and j (with
charges Zi and Zj, respectively) to the separation distance σij.
This distance is assumed to be equal to the sum of the radii
of the ions i and j; and µ is the ionic strength.

The self-exchange rate, k11, for the [NiL1(OH2)]
+/2+ sys-

tem is calculated from eq. [8] as 870 mol–1 dm3 s–1, where
K12 has a value of 0.77 (above) and k12 (= k–2 in our mecha-
nistic scheme) was measured as 2.00 × 103 mol–1 dm3 s–1.
The estimate of k11 is in close agreement with self-exchange
rates of other nickel(II/III) macrocyclic systems (21). It is
interesting to note that the self-exchange rate for the
diacetato complex [NiL3]0/+ has been estimated (14) at
55 mol–1 dm3 s–1, whereas those for nickel complexes of pla-
nar tetraazamacrocycles of the type L2 have self-exchange
rates in the region of 1500 mol–1 dm3 s–1. This trend may be
explained by an increase in internal reorganizational ener-
gies with increasing stricture of the metal ion within the
macrocycle. The nickel ion is quite confined in the
octahedral complex of L2. For planar tetraazamacrocyclic
complexes, the nickel(III) form, being in a tetragonally dis-
torted octahedral geometry, has axial ligands that are not
tethered to the macrocycle and so can “breathe”. This lack
of tethering allows for bond length changes on electron
transfer. A similar situation pertains to the case of
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[Ni(tacn)2
3+] (× 103) (mol dm–3) kobs (s–1)

Temperature (K) 288.2 293.1 299.3 305.6 312.5

1.10 1.69(6) 2.00(5) 2.70(5) 3.48(3) 4.71(9)
1.40 1.83(2) 2.27(4) 3.09(5) 4.06(6) 5.36(8)
1.70 2.01(4) 2.50(5) 3.48(9) 4.53(8) 5.93(8)
2.00 2.25(2) 2.77(5) 3.83(4) 4.93(9) 6.60(9)
2.30 2.46(2) 3.06(2) 4.14(4) 5.44(8) 7.22(9)
k2 740 ± 40 940 ± 40 1190 ± 30 1520 ± 60 2100 ± 100
k–2 3900 ± 100 4600 ± 200 7300 ± 100 9700 ± 200 11 900 ± 300

Table 2. Observed first-order rate constants, kobs (s–1) and derived second-order rate constants, k2, k–2 (mol–1 dm3 s–1) for the oxidation
of [NiL1(OH2)]+ by [Ni(tacn)2]3+; ionic strength maintained at 0.500 mol dm–3 (HClO4); [Ni(tacn)2

2+] = 2.01 × 10–4 mol dm–3.

Fig. 3. Plot of kobs/[Ni(tacn)2
2+] versus [Ni(tacn)2

3+]/[Ni(tacn)2
2+]

at 25.0°C and ionic strength 1.00 mol dm–3. [H+]: (�)
0.40 mol–1 dm–3, (�) 0.55 mol–1 dm–3, (�) 0.70 mol–1 dm–3,
(�) 0.85 mol–1 dm–3, (�) 1.00 mol–1 dm–3. Inset Fig. shows acid
dependence of k2 (see text).
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[Ni(tacn)2]
2/3+, in which, even though the complex is octahe-

dral, the macrocyclic ligands cap the metal ion and can
move in or out with changes in metal-ligand bond length
upon change in the metal ion oxidation state. The mono-
acetato-macrocycle in the present study is intermediate in
that one axial position of the metal ion is confined by the co-
ordinated pendant-arm group but the other axial position, co-
ordinated to an aqua ligand, can “breathe”. Hence it seems
reasonable that the self-exchange rate for the last case is in-
termediate between the previous two.

Oxidation of Fe2+(aq) by [NiL1(OH2)]
2+

The pendant-arm macrocyclic complex [NiL1(OH2)]
2+

was originally chosen for study because it provides the pos-
sibility of an acetato bridging ligand, which might provide a
conduit for an inner-sphere electron transfer, from iron(II) to
the nickel(III) centre. The reaction was followed by monitor-
ing the disappearance of the strong absorption at 440 nm
(ε = 8000 mol–1 dm3 cm–1), typical of UV–visible spectra of
nickel(III) macrocycles (4). Spectrophotometric titration
showed the reaction to have a 1:1 stoichiometry, within ex-
perimental error. The reaction is clearly first order with re-
spect to the oxidant, and the dependence of the rate on
[Fe2+] also exhibits excellent first-order behaviour (Table 3).
Owing to the high reaction rate, the range of iron(II) concen-
trations was limited to between 4.7 × 10–4 and 1.3 ×
10 mol3− dm–3. The lower limit ensured a sufficient excess of
reductant for pseudo-first-order conditions ([NiL1(OH2)

2+] =
4.0 × 10–5 mol dm–3 for all experiments). The reaction was
studied at various acid concentrations between 0.10 and
1.00 M HClO4 (at constant ionic strength) at 14°C for a con-
stant iron(II) concentration of 9.98 × 10–4 mol dm–3. The
rate was found to be independent of [H+], with a mean value
of kobs of 37.0 ± 0.5 s–1 at 14°C. The lack of dependence of
the rate on [H+] suggests that there is negligible hydrolysis
of either reactant under the experimental conditions. This is
not unexpected, since a similar lack of dependence on acid
concentration has been observed previously for oxidation of
iron(II) by [Ni(oxime)]2+ (22) and [Ni(bipy)3]

3+ (23). While
hydrolysis of diaquanickel(III) macrocycles is common, the
aquanickel(III) complex in the present study contains a
deprotonated pendant acetato group coordinated to the metal
centre, resulting in an overall 2+ charge on the complex.
Thus, hydrolysis of this species is expected to be minimal.
Addition of [NiL1(OH2)]

+ to the system had no effect on
rate, indicating that equilibrium conditions do not obtain in
this reaction. Hence the reaction equation is

[9] [NiL1(OH2)]2+ + Fe2+(aq) k9 → [NiL1(OH2)]+

+ Fe3+(aq)

and it obeys a simple second-order overall rate law:

[10] rate = –d[NiL1(OH2)2+]/dt

= k9[NiL1(OH2)2+][Fe2+]

The activation enthalpy and entropy were calculated, from
the data in Table 3, to be 29.9 ± 0.5 kJ mol–1 and –54 ±
2 J K–1 mol–1, respectively. The magnitudes of the activation
parameters are similar to those for oxidation of iron(II) by
other nickel(III) macrocycles (24) and by metal complexes
(25, 26). In these systems, an outer-sphere mechanism has
been invoked. Since we have evaluated the self-exchange
rate for the [NiL1(OH2)]

+/2+ couple (vide supra), we can
compare the experimental value of the cross-reaction rate
constant (k9) with that calculated from Marcus theory.

The self-exchange rate of the Fe2+/3+ couple (k22) has been
reported as 1.1 mol–1 dm3 s–1 by Sutin and co-workers (27)
and by Swaddle and co-workers (28), whereas Jordan (29) sug-
gests that the true rate of self-exchange is 4.2 mol–1 dm3 s–1,
after compensation for an inner-sphere pathway via a
hydroxo-bridged species. We have used Jordan’s value in
our calculations. The equilibrium constant, K12, was esti-
mated at 4.0 × 104 from the difference in electrode potentials
between the reactants. Using eq. [8], the theoretical cross-
reaction rate constant for eq. [9] is calculated to be 1.2 ×
104 mol–1 dm3 s–1 (using k11 = 870 mol–1 dm3 s–1). There is
good agreement with the experimentally measured value for
k9 of 5.57 × 104 mol–1 dm3 s–1, lending support to the con-
clusion that the oxidation of iron(II) by the acetato pendant-
arm macrocyclic nickel(III) complex is outer-sphere.

The hexaaquairon(II) species is labile with a solvent ex-
change rate (30) of 4.4 × 106 M–1 s–1 at 25°C. Since the
cross-reaction rate is significantly slower than this, it is con-
ceivable that an inner-sphere pathway for electron transfer is
possible. In this case, rapid dissociation of an aqua- ligand
from the iron(II) centre, followed by coordination of the
bridging acetato pendant arm to the iron(II) centre is re-
quired. Rapid electron transfer from iron(II) to the
nickel(III) centre would result in a bridged Ni(II)-OCO-
Fe(III) species. Since the acetato group is coordinated to the
nickel(II) centre, both in the solid state and in solution, and
iron(III) is a hard Lewis acid, it is conceivable that the
bridged intermediate may be isolated or, at least, be
kinetically observable. We were unable to isolate or
kinetically detect such an intermediate. Conversely, since
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[Fe2 +] (× 104) (mol dm–3) kobs (s–1)

Temperature (K) 287.9 291.2 294.6 298.1 303

4.58 15.6(1) 18.0(1) 20.7(2) 25.0(2) 30.8(1)
9.16 31.3(3) 36.0(2) 41.8(3) 49.5(2) 61.0(3)
18.3 63.4(5) 73.2(7) 84.0(2) 99.6(8) 122(1)
27.5 96.8(9) 111(1) 128(1) 150(2) 184(2)
36.6 130(3) 149(2) 173(2) 203(2) 248(3)
k8 (mol–1 dm3 s–1) 35 100 ± 100 40 500 ± 300 47 100 ± 400 55 800 ± 400 68 300 ± 500

Table 3. Observed first-order rate constants, kobs (s–1), together with the derived second-order rate constants, k9 (mol–1 dm3 s–1), for the
oxidation of Fe2+(aq) by [NiIIIL(OH2)]2+ in 1 .00 mol dm–3 HClO4, for a series of temperatures.
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iron(II) is a soft Lewis acid, it will not have a high affinity
for the oxygen donor atom of the acetato group and so the
inner-sphere pathway will be less favoured. Additionally,
the magnitude and sign of the activation parameters obtained
for this reaction are in keeping with those for outer-sphere
oxidations of iron(II) (26–28). Thus, while the system has
the requisite conditions for an inner-sphere mechanism, viz.
a bridging ligand, a labile reductant, and a cross-reaction
rate that is slower than the solvent-exchange rate of the
reductant, the experimental rate constant is in very good
agreement with that calculated for an outer-sphere mecha-
nism from Marcus theory.
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XANES of chromium in sludges used as soil
ameliorants

R.R. Martin, S.J. Naftel, T.K. Sham, B. Hart, and M.A. Powell

Abstract: Samples of sewage sludges proposed for use as soil ameliorants in an Indo-Canadian project were tested for
chromium content. Standard aqua regia extractions found one sludge to have excessive amounts of Cr. X-ray absorption
near-edge structure (XANES) spectroscopy, however, indicated that the Cr was present in the relatively benign Cr(III)
oxidation state in all the sludge samples.

Key words: soil, chromium, synchrotron, XANES.

Résumé : On a déterminé la teneur en chrome d’échantillons de boues d’égouts dont l’utilisation a été proposée pour
l’amélioration de sols dans un projet indo-canadien. Des extractions standards à l’eau régale ont permis de montrer
qu’une de ces boues contient des quantités excessives de chrome. Toutefois, la spectroscopie d’absorption des rayons X
(XANES) indique que, dans toues les échantillons de boues, le chrome est présent à l’état d’oxydation relativement bé-
nin de Cr(III).

Mots clés : sol, chrome, synchrotron, XANES.

[Traduit par la Rédaction] Martin et al. 196

Introduction

Various solid organic wastes can be added to soil, both as
an effective means of disposal and for soil amelioration. The
practice of adding wastes to soils can improve the soil fertil-
ity and the physical and chemical properties of the soil such
as organic content and pH. There is some concern, however,
that adding wastes to soil may also introduce toxic heavy
metals into the soil environment and subsequently into the
food chain. Analysis by standard extraction techniques may
exaggerate the risk, as metals may be present but may not be
bioavailable or may be in a relatively benign form.

Chromium is one of the more abundant trace elements in
the lithosphere, ranging in concentration from <1 to 1000s
of mg kg–1 in soils, with an average near 100 mg kg–1 (1, 2),
and is most abundant in soils developed on ultramafic–
basaltic igneous rocks, which may host Cr at concentrations
>10 000 mg kg–1. Anthropogenic sources of Cr are varied
and may contribute significantly to soil Cr (3, 4). Both fly
ash and sewage sludge have been identified as major sources
of soil Cr when used as agricultural amendments (4–8).

Soil Cr has received considerable attention in the litera-
ture; much of the interest is related to the potential of the
soil as a starting point for Cr in the food chain and, second-

arily, as a reservoir that can release Cr into groundwater un-
der certain conditions. While the abundance of Cr in a soil is
closely related to parent material, the addition of soil amend-
ments such as sewage sludge and fly ash (from coal burning
power plants) can account for the majority of soil Cr (3, 5,
6, 9).

The role of chromium in plant and animal nutrition is not
well understood (6, 9–11). It is, however, well known that Cr
can be toxic to both plants and animals (4). The relative
toxic, mutagenic, and (or) carcinogenic affects of Cr are a
function of the oxidation state present (1, 12). Cr(VI) is
acutely toxic to plants and animals at small concentrations
and is highly soluble and, hence, mobile. The much more
abundant Cr(III), typically found in soil environments, is
comparatively harmless and relatively insoluble.

Because Cr is a transition group metal, much of its behav-
iour in the near-surface environment (soils and groundwater)
is controlled by the redox chemistry of chromium and the lo-
cal pH (12–14), which in turn are affected by the occurrence
and form of organic matter (15, 16) in the soils and ground-
water. Hence, the factors that control the transition from
Cr(VI) to Cr(III) are the most important in determining tox-
icity and mobility. Cr(VI) is easily reduced by a variety of
reductants that are common in soils, including Fe(II) (either
aqueous or crystalline), humic and (or) fulvic acids, and sul-
fides (1, 17). Once Cr has been reduced in a soil, the transi-
tion back to the oxidized state is very difficult and requires
the presence of dissolved oxygen or compounds such as
MnO, under most soil conditions.

The data presented here are derived from samples col-
lected as part of a large Indo-Canadian project designed to
test the viability of using municipal sludge mixed with fly
ash (from thermal power generation) to regenerate degraded
soils in India. The main focus of this paper is to highlight
the oxidation state (from X-ray absorption near-edge
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structure (XANES) analysis) of Cr in some of the sludges in
order to address the potential for Cr toxicity in the amended
soil. The selected sludges are from Kanpur, Uttar Pradesh
and Jaipur, Rajasthan, India.

Sample locations

Two sample sites were chosen for this study because of
their potential for Cr contamination. At the Kanpur, Uttar
Pradesh site, samples were collected from domestic sludge
drying beds. The distinction of “domestic” is made because
this sludge was not supposed to receive any effluent from
the extensive tannery operations in the area. However, field
observations indicated that there is a partial contribution to
this sludge from the tannery industries, a major source of Cr
contamination. The Jaipur, Rajasthan site sludge samples
were collected from a municipal sludge treatment facility
that receives both domestic and industrial effluents. The ma-
jor sources of Cr in the Jaipur sludge are metal plating and
dying industries.

Extraction analysis of chromium in the
sludges

Metal speciation studies are typically preceded by the de-
termination of the background concentration of the metal in
the material of interest. Data presented here represent the
two sludges of interest and the soils receiving them, since Cr
concentrations in both must be considered when biosolids
are used in agriculture. The concentration of Cr in air-dried
sludges worldwide varies significantly, from a few mg kg–1

to approximately 10% (3, 4, 18, 19). All samples were air
dried, desegregated, passed through a 2 mm sieve, and
ground to <150 microns prior to aqua regia extraction and
analysis by inductively coupled plasma - optical emission
spectrosopy (ICP-OES) according to standard analytical
techniques.

The average concentration of Cr in the Kanpur sludge is
6200 mg kg–1. This sludge was planned for application to al-
kaline–sodic soils around Hardoi, Uttar Pradesh, which con-
tain 32 mg kg–1 Cr (n = 71, std. deviation = 8 mg kg–1). The
Kanpur sludge was rejected for use based on this high Cr
content.

Sludge from Jaipur, Rajasthan contains an average of
126 mg kg–1 Cr. The Jaipur sludge was planned for applica-
tion to a stony soil near Bundi, Rajasthan, where both pit
soils and reservoir tank sediments are mixed with the sludge.
Unlike the Hardoi soil, both the pit soils and tank sediments
at Bundi were highly variable in Cr content, ranging from
37–788 mg kg–1 for the tank sediments and 31–2416 mg kg–1

for the pit soils. Thus, the soils and sediments at Bundi
could be the major source of Cr, rather than the sewage
sludge.

In this work, samples of the two sewage sludges were
analysed using XANES spectroscopy to determine the oxi-
dation state of Cr. The soil materials were not analysed as
part of this study, although this would be important for the
Bundi soils. As noted above, the oxidation state of the Cr is
essential in assessing the bioavailability of Cr and, hence,
the potential risk in using the sludges as ameliorants.

Methods

Two representative sludge samples were selected for
XANES analysis: a Kanpur high-chromium sludge
(~5000 ppm) and a relatively low-chromium sludge from
Jaipur (~120 ppm). The dried sludge material was spread
thinly on clear tape to make the XANES measurements. The
Cr K-edge XANES were taken at the PNC-CAT, 20-BM-B
beamline at the Advanced photon source (APS) Argonne na-
tional laboratory.

The XANES of the sludges were measured in fluores-
cence yield mode using an Oxford instruments NaI scintilla-
tion detector placed at right angles to the incident beam. The
Cr standard materials (CrCl3·6H2O and K2CrO4), used to es-
tablish the oxidation state(s) of chromium in the sludge ma-
terial, were obtained from Fisher Scientific Co. and used as
received. Standards were spread thinly on tape and the
XANES measured in transmission mode.

The spectra shown all represent the average of at least 3
scans and have had a linear pre-edge background removed.
The energy scales shown have not been calibrated to a Cr
metal standard.

Results and discussion

Synchrotron radiation techniques are becoming important
analytical techniques for studying metals in soil (20, 21) and
other environmentally important matrices, where the analy-
sis of small volumes containing low concentrations of
analyte is required. Naturally the ability of XANES to pro-
vide chemical information makes this technique especially
attractive.

As the oxidation state of an atom increases, the core elec-
tronic states become more tightly bound, producing a mea-
surable shift in the XANES spectra to higher photon
energies. The local geometry around the absorbing atom also
affects the XANES spectra. The spectra of four-coordinate
transition metal ions (such as those of Cr (VI)) exhibit an

© 2003 NRC Canada
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Fig 1. Cr K-edge XANES spectra of CrCl3 [Cr3+] and K2CrO4

[Cr6+].
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intense pre-edge peak due to 3d–4p mixing (22–25). The
XANES spectra of Cr (III) compounds do not have this
sharp feature; thus, the differences between the two oxida-
tions states of Cr can be clearly seen, as shown in Fig. 1.

The XANES of the two sludge samples are shown in
Fig. 2. The spectra have been scaled for clarity. Neither the
high-Cr (Kanpur) sludge nor the low-Cr (Jaipur) sludge
spectra exhibit a pre-edge peak indicative of the presence of
Cr(VI), indicating that only Cr(III) was present in the
sludges within the detection limits. A conservative estimate
of the detection limits in the present analyses can be ob-
tained by multiplying the concentration of chromium in the
sample by the percentage noise level relative to the edge
jump. This gives 19 ppm and 50 ppm for the low-Cr sludge
and the high-Cr sludge, respectively.

While the XANES data shown here provides an unambig-
uous identification of the oxidation state of the chromium
present in the sludge, the chemical speciation of chromium
cannot be identified from the XANES spectrum without
matching standards. The spectra may be consistent with or-
ganic chromium species and (or) adsorbed chromium. The
spectra do suggest that the high chromium levels do not rep-
resent a significant environmental hazard in the form in
which the samples have been received.

Conclusions

Virtually all the chromium in the sludges studied was
present as the relatively benign Cr(III), and, as a result, these
sludges might be used as agricultural amendments at proper
application rates; however, additional measurements should
be carried out to ensure that these results are representative
of all the sludge materials. The result has been obtained
from both high- and low-chromium samples, providing evi-
dence that XANES is an effective technique for studying the
oxidation states of metals in low concentration in real, envi-
ronmentally relevant samples. It also provides important in-

formation for the regulation of metal concentrations in sensi-
tive soil systems.

This result is consistent with measurements of chromium
bioavailability in other contaminated soils (26).
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Nitroarene reduction using Raney nickel alloy with
ammonium chloride in water

Kankan Bhaumik and K.G. Akamanchi

Abstract: Aromatic nitroarenes are reduced in high yields using a user-friendly combination of Raney nickel alloy and
ammonium chloride in water at 80–90°C.

Key words: Raney nickel alloy, nitroarenes reduction, ammonium chloride, water.

Résumé : Les nitroarènes aromatiques sont réduits avec des rendements élevés à l’aide d’une combinaison d’un mé-
lange facile à utiliser pour l’utilisateur d’un alliage de nickel de Raney et de chlorure d’ammonium, dans l’eau, à des
températures allant de 80 à 90°C.

Mots clés : alliage de nickel de Raney, réductions de nitroarènes, chlorure d’ammonium, eau.

[Traduit par la Rédaction] Bhaumik and Akamanchi 198

Introduction

Nitroarene reduction is one of the fundamental organic
transformations and varieties of methods are available (1).
The most commonly used reagents (2) are zinc, tin, or iron
in the presence of an acid, catalytic hydrogenation (3) with
catalysts such as Ni, Pd/C, or PtO2, and many more. Other
reagents include sulfides (4) (sodium sulfhydrate, ammo-
nium sulfide, or polysulfides and others), metal-reducing agents
such as Sm (5), In (6), etc., metal-hydride complexes, such
as NaBH4–NiCl2 (7). It can also be reduced electrochemi-
cally (8) and enzymatically (9). Reduction of nitroarene
compounds often generates a mixture of nitroso- and hy-
droxylamine (10) products, which then couple to form azoxy
(11), azo (12), hydrazo, and hydrazine (13) compounds.
Raney nickel alloy in alkali (14) solution appears to be a
very good reagent for convenient quantitative general reduc-
tion of nitroarenes and cleavage of -N—N- and -N—O- bonds
and hence practically no formation of by-products. However,
a strong basic condition, a vigorous reaction with exother-
micity, and a large evolution of hydrogen gas make this sys-
tem less attractive. To overcome these problems we have
developed a new system using Raney nickel alloy and am-
monium chloride in water instead of drastic Raney nickel
alloy and alkali for the reduction of nitroarenes to amino-
arenes. The new system was studied using different sub-
strates and the results are presented in Table 1.

Experimental

All compounds used were purified before use. Solvents
were obtained commercially and used without further drying
or purification. Each reaction was performed in an efficient

fume hood. All reactions were magnetically stirred and
monitored by thin layer chromatography (TLC).

Typical procedure for the reduction of 4-nitrocumene to
4-cumidine

4-Nitrocumene (0.5 g, 3.03 mmol) was added to a 100 mL
round-bottomed flask and a solution of NH4Cl (0.40 g,
7.48 mmol) in distilled water (60 mL) was added to it. Then
Raney nickel alloy (0.60 g, 1.5 times by wt. of NH4Cl) was
added with a lot of stirring and the reaction mixture was
heated to 80–90°C for 1.5 h. Progress of the reaction was
monitored by TLC. The reaction mixture was cooled to
room temperatue (rt) and ethyl acetate (50 mL) was added
and the mixture was stirred for 30 min. The solids (solids
contain generated active Raney nickel (to be disposed of
carefully)) were then filtered off and the organic layer sepa-
rated; the aqueous phase was extracted with ethyl acetate
(2 × 30 mL). The combined organic layer was concentrated
under reduced pressure. The residue obtained was purified
by extracting with 15 mL of concd HCl, followed by char-
coaling and reextraction with ethyl acetate (2 × 50 mL) after
basification. The organic layer was dried over sodium sul-
phate and concentrated under reduced pressure to yield
(0.385 g, 96%) 4-cumidine as a liquid. It was characterized
by comparing with a known sample.

Results and discussion

In this work, we investigated the aqueous medium reduc-
tion of nitroarenes using Raney nickel (Ni–Al (1:1)) alloy in
combination with NH4Cl. To the best of our knowledge this
system is still not reported. The system is good enough for
the reduction of nitroarenes (Table 1, entries 1–10). All reac-
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tions were carried out by refluxing a mixture of substrate,
Raney nickel alloy, and ammonium chloride in water. There
was no vigorous reaction, nor foaming, and also no vigorous
evolution of hydrogen gas and the pH of the medium was
neutral. The method is very simple to adopt in the labora-
tory. However, it has low chemoselectivity towards alde-
hydes, esters, amides, and halogenated nitroarenes (Table 1,
entries 11–15). This lack of chemoselectivity is very similar
to that of Raney nickel alloy in an alkali system.

In conclusion, we have demonstrated a mild user-friendly
method for reduction of nitroarenes to aminoarenes that can
be used for laboratory synthesis. The method is valuable be-
cause of its simplicity.

Acknowledgments

KB thanks the University Grants Commission of India
(UGC) for the Senior Research Fellowship.

References

1. (a) R.C. Larock. Comprehensive organic transformations: a
guide to functional group preparations. 2nd ed. VCH, New
York. 1999. pp. 821–828; (b) G.W. Kabalka and R.S. Varma.
Comprehensive organic synthesis. Vol. 8. Edited by B.M. Trost
and I. Fleming. Pergamon Press, Oxford. 1991. pp. 363–379;
(c) J. March and M.B. Smith. March’s advanced organic chem-
istry. 5th ed. Wiley, New York. 2001. pp. 1552–1559.

2. (a) G.H. Coleman, S.M. McClosely, and F.A. Stuart. Org.
Synth. Coll. lll, 668 (1955); (b) W.W. Hartman, J.B. Dickey,
and J.G. Stampfli. Org. Synth. Coll. ll, 175 (1943); (c) C.A.
Merlic, S. Motamed, and B.J. Quinn. J. Org. Chem. 60, 3365
(1995); (d) K.M. Doxsee, M. Feigel, K.D. Stewart, J.W. Ca-
nary, C.B. Knobler, and D.J. Cram. J. Am. Chem. Soc. 109,
3098 (1987).

3. (a) A.M. Tafesh and J. Weiguny. Chem. Rev. 96, 2035 (1996);
(b) G.V. Smith and F. Nohteisz. Heterogeneous catalysis in or-
ganic chemistry. Academic Press, New York. 1999. pp. 71–79.

4. H.K. Porter. Org. React. (N.Y.), 20, 455 (1973).
5. (a) C. Yu, B. Liu, and L. Hu. J. Org. Chem. 66, 919 (2001);

(b) B.K. Banik, C. Mukhopadhyay, M.S. Venkatraman, and
F.F. Becker. Tetrahedron Lett. 39, 7243 (1998); (c) L. Wang, L.
Zhon, and Y. Zhang. Synlett, 1065 (1999).

6. C.J. Moody and M.R. Pitts. Synlett, 1028 (1998).
7. A. Nose and T. Kudo. Chem. Pharm. Bull. 29, 1159 (1981).
8. J.M. Chapuzet, R. Labrecque, and M.J. LaVoie. J. Chim. Phys.

Phys. Chim. Biol. 93, 601 (1996).
9. T.I. Davidenko and G.L. Bondarenko. Appl. Biochem.

Microbiol. (Transl. of Prikl. Biokhim. Mikrobiol.), 36, 63
(2000).

10. (a) C.S. Rondestvedt and T.A. Johnson. Synthesis, 850 (1977);
(b) I.D. Entwistle, T. Gilkerson, R.A.W. Johnstone, and R.P.
Telford. Tetrahedron, 34, 213 (1978); (c) P.W. Oxley, B.M.
Adger, M.J. Sasse, and M.A. Forth. Org. Synth. 67, 187
(1989); (d) K. Yanada, H. Yamaguchi, H. Meguri, and S.
Uchida. J. Chem. Soc., Chem. Commun. 1655 (1986); (e) H.
Feuer, R.S. Bartlett, B.F. Vincent, and R.S. Anderson. J. Org.
Chem. 30, 2880 (1965).

11. R.O. Hutchins, D.W. Lamson, L. Rua, C. Milewski, and B.
Maryanoff. J. Org. Chem. 36, 803 (1971).

12. (a) K.J. Ohe, S. Uemura, N. Sugita, H. Masuda, and T. Taga. J.
Org. Chem. 54, 4169 (1989); (b) Y. Ogata and J. Mibae. J.
Org. Chem. 27, 2048 (1962).

13. (a) A. Furst and R.E. Moore. J. Am. Chem. Soc. 79, 5492
(1957); (b) G.A. Olah. J. Am. Chem. Soc. 81, 3165 (1959);
(c) B.M. Adger and R.G. Young. Tetrahedron Lett. 25, 5219
(1984); (d) F. Yuste, M. Saldana, and F. Walls. Tetrahedron
Lett. 23, 147 (1982).

14. (a) E. Schwenk, D. Papa, B. Whiteman, and H. Ginsberg. J.
Org. Chem. 9, 1 (1944); (b) G. Lunn and E.B. Sansone. Syn-
thesis, 1104 (1985); (c) P. Sarmah and N.C. Barua. Tetrahe-
dron Lett. 31, 4065 (1990); (d) L.K. Keefer and G. Lunn.
Chem. Rev. 89, 459 (1989).

Entry Substrate Time (h) Products Isolated yield (%)a

1 PhNO2 2.1 PhNH2 92
2 2-CH3-C6H4-NO2 1.5 2-CH3-C6H4-NH2 95
3 4-CH3-C6H4-NO2 1.5 4-CH3-C6H4-NH2 96
4 4-Isopropyl-C6H4-NO2 1.5 4-Isopropyl-C6H4-NH2 96
5 4-Isobutyl-C6H4-NO2 1.5 4-Isobutyl-C6H4-NH2 90
6 3-NH2-C6H4-NO2 2 3-NH2-C6H4-NH2 92
7 2-CH3-4-NH2-C6H3-NO2 2.1 2-CH3-4-NH2-C6H3-NH2 86
8 2-CH3CONH-C6H4-NO2 2.1 2-CH3CONH-C6H4-NH2 91
9 2-OH-C6H4-NO2 2 2-OH-C6H4-NH2 91
10 4-OH-C6H4-NO2 2 4-OH-C6H4-NH2 90
11 2-Cl-C6H4-NO2 2 2-Cl-C6H4-NH2 80 (20)b

12 2-CH3-4-Cl-C6H3-NO2 2.1 2-CH3-4-Cl-C6H3-NH2 80
13 3-EtO2C-C6H4-NO2 3 3-EtO2C-C6H4-NH2 60
14 3-CHO-C6H4-NO2 3 3-CHO-C6H4-NH2 66
15 3-NH2CO-C6H4-NO2 3 3-NH2CO-C6H4-NH2 57

aAll product anilines are known compounds and characterized by comparing with the authentic sample.
bDehaloganated product (20%) was formed.

Table 1. Reduction of nitroarenes with Raney nickel alloy with NH4Cl in water.
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Hot model of muonium formation in liquids

David C. Walker, Stefan Karolczak, Hugh A. Gillis, and Gerald B. Porter

Abstract: The mechanism of formation of muonium atoms from positive muons was studied here through measure-
ments of the yield of diamagnetic muon states in dipolar aprotic solvents and for scavenger solutions in hexane and
methanol. The results are compared with published data on common solvents covering a full range of the physico-
chemical properties of liquids that affect an ionic formation mechanism, namely their static dielectric constants, elec-
tron mobilities, and radiolysis yields of electrons. It is concluded that muonium is not formed by a thermal charge-
neutralization reaction in these chemically-active media, though that mechanism does contribute to muonium formation
in inert media like liquefied noble gases. It is clear that muonium materializes on a much shorter timescale than the re-
cently proposed “delayed” mechanism (microseconds) and the earlier “spur” model (nanoseconds). In contrast, the data
referring to all these liquids are consistent with the intra-track “hot” model. This is the only Mu-formation model pro-
posed so far in which the immediate precursors of Mu (Mu(hot)) are neither scavengable nor ionic.

Key words: muonium atoms, formation mechanism, hot model, spur model, delayed-muonium-formation model, dia-
magnetic yields.

Résumé : On a étudié le mécanisme de formation des atomes de muonium à partir de muons positifs en faisant appel
à des mesures de rendement d’états muons diamagnétiques dans des solvants aprotiques dipolaires et pour des solutions
de pièges dans l’hexane et le méthanol. On compare les résultats obtenus avec les données publiées pour divers sol-
vants communs couvrant l’ensemble des propriétés physicochimiques des liquides qui affectent un mécanisme de for-
mation ionique, soit les constantes diélectriques statiques, les mobilités électroniques et les rendements en électrons
lors de la radiolyse. On en conclut que, dans ces milieux chimiquement actifs, le muonium ne se forme pas par une
réaction de neutralisation de charge même si ce mécanisme contribue à la formation du muonium dans des milieux
inertes comme les gaz rares liquéfiés. Il est clair que le muonium se forme à une vitesse beaucoup plus rapide que
celle proposée récemment sur la base d’un mécanisme « à retardement » (microsecondes) ou du modèle des « spur »
(nanosecondes). Par ailleurs, les données se référant à tous ces liquides sont en accord avec le modèle « intra-track
chaud ». Ce modèle de formation du Mu est le seul jusqu’à maintenant dans lequel les précurseurs intermédiaires du
Mu (Mu(chaud)) ne sont ni piégeables ni ioniques.

Mots clés : atomes de muonium, mécanisme de formation, modèle chaud, modèle des « spur », modèle de formation
du muonium à retardement, rendements diamagnétiques.
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Introduction

Whereas the muonium atom (Mu, µ+e–) has already
yielded about 150 rate constants for kinetic-isotope-effect
comparisons with the hydrogen atom (1) and has provided
many new free radical structures (2), its formation mecha-
nism (3–5) is still (6–8) in dispute after 25 years. The issue
of how Mu is actually formed at the end of the track of a
high-energy positive muon remains to be resolved.

When high-energy positive muons (µ+) reach thermal-
energy after impinging on a material they are observed by
the muon-spin-rotation technique (µSR) (3) to exist in one of
three chemical states — as free muonium atoms (Mu), as
muoniated free radicals in which Mu typically has added to
a double or triple bond (R), or as “diamagnetic” muon states

(D). The latter includes free µ+ ions and diamagnetic mole-
cules with Mu substituting for H. All such diamagnetic
muon states are recorded collectively as “D” because one
cannot distinguish among them with current µSR techniques.

The “yields” of these different muon states are presented
as P-values or “fractions” of the total number of incident
muons (see Experimental section). Thus PM, PR, and PD rep-
resent the fractions of incident muons that are observed as
Mu atoms, Mu-radicals, and D, respectively. When PM, PR,
and PD sum to less than 1.0, the remainder is known as the
missing (lost) fraction, PL. For liquids with no unsaturated
bonds, PR = 0 because free radicals are not formed; for most
saturated hydrogenated materials PL has been found to be
similar in magnitude to PM. This arises after thermalization
of Mu because evidently about half of the Mu atoms that are
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formed initially are depolarized by paramagnetic species
such as electrons, radicals, and H-atoms on the timescale of
the “expanding track” (9) either by combination or spin-
exchange. Longitudinal-field repolarization studies confirm
this (10), since all muon spins are recovered in high fields.
For common solvents that do not form Mu-radicals one thus
has PD = 1 – PM(initial) and since PM(init) ≈ PM(obs) + PL ≈ 2PM,
then PD ≈ 1– 2PM. Consequently, no change in PD implies
no change in Mu formation. In this paper we look for
changes in PD as a test for changes in the yield of Mu.

There are two fundamentally different models in the liter-
ature used to describe the mechanism by which Mu atoms
are initially formed at the end of muon tracks:

(1) The “hot” model, in which some of the hot-Mu atoms
formed during charge-exchange cycles undergo hot-
abstraction or hot-substitution reactions before thermali-
zation to form stable diamagnetic species such as MuH,
MuOH, and CnH2n+1Mu. Those that do not undergo such a
hot-atom reaction may reach thermal energy as free Mu at-
oms or occasionally as µ+ ions. The charge-exchange cycles
of µ+

(hot)/Mu(hot) interchanges from ~10 4 to ~10 eV are rep-
resented by the reactions in [1], where S is a solvent mole-
cule.

[1] µ+
(hot) + S → Mu(hot) + S+ and

Mu(hot) + S → µ+
(hot) + e– + S

Hot Mu reactions that produce diamagnetic species can be
represented by eq. [2], where D may be MuH, MuOH,
Mu–R, etc., and the radical does not contain the muon when
S has no multiple bonds.

[2] Mu(hot) + S → D + radical

Hot atom reactions are well known in the gas phase (11)
but should be somewhat different from those in a liquid, as
here, because of third-body effects and the importance of
inter-molecular structures for liquids.

(2) The alternative model calls for Mu atoms to be formed
as a consequence of the thermal, post-track, neutralization
reaction, represented by [3].

[3] µ+ + e– → Mu

The presumption here is that all the muons emerge “unat-
tached” from the charge-exchange cycles as thermalized µ+

ions. They may subsequently encounter an electron from the
radiolysis track of the muon to produce Mu (with yield PM),
otherwise they remain as µ+ and constitute the diamagnetic
yield (PD).

Reaction [3] represents the “spur” model (4) when
geminate-electrons are involved and the “delayed-muonium-
formation” model (DMF) (6) when free-electrons are in-
volved. In radiation chemistry terms, “geminate” electrons
are those still within the Onsager escape distance (e2/εkBT)
and doomed to return to geminate cations, whereas “free”
electrons are those whose distance exceeds the critical
Onsager distance and which first escape from their geminate
ion and then from the whole track. Geminate electrons thus
have intra-spur lifetimes only on the nanosecond timescale,
whereas free electrons can have lifetimes of microseconds or
longer. The timescale of the hot model, on the other hand,
corresponds to the thermalization time of the charge-

exchange cycles during approximately the last 104 eV of the
track of the muon, which is less than 10–10 s (12).

Formation of Mu by the DMF process (reaction [3]) has
been shown by external electric field effects to occur on the
microsecond timescale in four chemically inert liquids
(superfluid He, Ne, Ar, and N2) at very low temperatures
(13). A DMF model was also developed from the simulation
of hydrocarbon data at room temperature and was inter-
preted in terms of reaction [3] over the 1–10 µs timescale
(6). But this microsecond timescale has now been shown to
be totally inconsistent with electron scavenger effects at low
concentrations in chemically reactive media such as hex-
ane (8).

In this paper we report data obtained for some special liq-
uids at room temperature including the dipolar aprotic sol-
vents that have the distinction of high cation, low anion
solvation energies. A fully fluorinated saturated carbon com-
pound was also studied. In addition, we report here results
for solutions of n-hexane, and one for methanol, containing
high concentrations of scavengers for electrons or muons or
both. These solutions have high enough scavenging powers
(k[c]) to completely eliminate one or the other (or both) of
the species of a “thermal” reaction such as [3]. However, the
solutes are not at sufficiently high concentrations to interfere
directly with “hot” reactions as represented by [1] and [2],
as already seen in solvent mixtures (14).

Experimental

The experiments conducted in this work were transverse-
field muon spin rotation experiments (TF-µSR) and involved
placing a sample of deoxygenated liquid (plus additives as
indicated) in 50 mL round-bottomed flasks in the SFUMU
cart in the “backward” muon beam of the M9B beamline at
TRIUMF. The results are now archived as experiments in the
range 15000–15109 at the µSR Facility. The observed count
rates were subjected to computer-fitting to the familiar TF-
µSR equation, eq. [4] (3, 15).

[4] Nt = N0 exp (–t/τ) [1 + AM exp (–λt) cos(ωMt

+ φM) + AD cos(ωDt + φD)] + N0Bg

In this equation, N (at times t and 0) is the observed count
rate, τ is the mean muon lifetime of 2.2 µs, λ is the Mu de-
cay constant, Bg is a background factor, AM, ωM, and φM are,
respectively, the asymmetry, precession frequency, and ini-
tial phase of the Mu signal, with AD, ωD, and φD being the
corresponding values for all diamagnetic muon states collec-
tively designated as D. The AM term corresponds to free Mu
atoms and AD to all muon states that are diamagnetic. In the
on-line analysis the computer was made to divide out the
natural muon decay factor (exp(–t/τ)), deduct the background
(Bg), and display only the asymmetries (A). This enables one
to distinguish the “decay” of Mu and D as chemical species
from the spontaneous decay of the muon itself.

The computer-fitted AD values were converted to frac-
tional muon yields, PD, using PD(x) = (AD(x) /AD(water)) × 0.62,
based on the diamagnetic yield in water of 0.62 (3, 4). There
is a possible error-bar of ±5% on all reported PD values. This
arises because each beam has an inherent polarization, each
liquid has a different density, and each cell has a slightly dif-
ferent glass thickness, shape, and position. All these differ-
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ences alter the mean penetration depth of the muons or the
effective stopping-power in the path of the decay positrons
on their way to the counters. This causes variations of the
positrons’ mean polarization, which alters the magnitude of
all A-values. They have to be referenced to a sample, cell,
and liquid of similar density with a known P-value. Water
was used here.

For these experiments, magnetic fields of 91 G were used
(and 500 G merely for confirmation purposes). This made
the precession frequencies of Mu too high to observe (ωM =
123 and 131 MHz), so the only asymmetry seen corre-
sponded to AD (ωD = 1.23 MHz). An example of the asym-
metry of D is given in Fig. 1 for (a) pure hexane and (b) a
solution of hexane containing a powerful electron scavenger,
nitrobenzene, at 0.2 M concentration.

The liquids were used as obtained from commercial
sources without further purification, except for deoxygen-
ation by bubbling with pure nitrogen. The hexane and meth-
anol were seen in other experiments (8) to be pure enough
for Mu to have a chemical lifetime in excess of 1 µs. The
dipolar aprotic solvents were of “reagent grade” quality
whereas the perfluoromethylcyclohexane was only of “tech-
nical grade” and known to contain ~5% impurities which
were probably mainly in the form of other saturated fluori-
nated compounds. As the results with hexane and methanol
show, purity is not an important factor in most PD measure-
ments. In fact for water, hexane, and formamide, for in-
stance, it was found that the same PD value was obtained
whether the liquid had been deoxygenated or was air-
saturated.

Results

The first 16 entries of Table 1 contain the basic results for
the observed values of PD in these liquids and solutions.
They are then compared with published data on other com-
mon solvents, as given in the lower 7 entries of Table 1.2 Ta-
ble 1 also provides values of the physicochemical properties
that are expected to be directly related to the efficacy of re-

action [3] in these solvents: ε, the static dielectric constant
(relative permittivity); µe, the mobility of electrons in the
liquid (cm2 V–1 s–1); G(fi), the radiolysis yields of free elec-
trons that escape the track; and G(gi), the radiolysis yields of
geminate electrons that do not escape the coulombic field of
geminate cations. (There is a possible error of ±0.5 in the
values of G(gi) as these were estimated from an assumed to-
tal ionization yield of 4.5 ± 0.5 for all the liquids, based on a
mean ion yield of W ≈ 22 eV mol–1 (16).)

All the PD values fall within the small range 0.53 to 0.68,
with the majority of saturated H/C/O/N compounds lying
within the even narrower range of 0.60 ± 0.03. PD was also
measured in methanol and hexane containing high concen-
trations of electron scavengers, as reported in Table 1. These
additives would be powerful scavengers for the solvated
electrons (in methanol) or quasi-free/localized electrons (in
hexane) in reaction [3]. In fact, nitrobenzene, benzophenone,
styrene, CCl4, and oxygen all have rate constants for electron
capture in hexane of the order of 1012 M–1s–1 (17), yet they
do not alter the yield of D. This is displayed directly in
Fig. 1, where the initial asymmetry of (b) is seen to be es-
sentially the same as (a), despite the lifetime of any elec-
trons in hexane having been reduced to <5 ps in (b). In
addition, one can see that there was no change in AD over
the 5 µs of Figs. 1a and 1b, which would have been evident
had reaction [3] occurred on the DMF timescale.

In the cases of N(C2H5)3 and CH3OH as scavengers, they
are expected to capture and hold onto free µ+ ions by virtue
of being good proton acceptors. As final confirmation, in
two experiments (lines 15 and 16 of Table 1), both an elec-
tron and a muon scavenger were present. In these experi-
ments there would be a greatly reduced chance of Mu being
formed by reaction [3], even if the “adducts” from e– and µ+

scavenging eventually encountered each other.

Discussion

Table 1 shows that for all these liquids and solutions, PD
has no dependence on any of the physicochemical properties

© 2003 NRC Canada
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Fig. 1. Plot of AD vs. time from the µSR analysis of muons injected into (a) pure hexane and (b) hexane containing 0.2 M nitroben-
zene (a powerful electron scavenger). (The initial yields are seen to be same and there is no decay evident in either.)

2 Table 1 (lower part) does not include liquids that are known to have quite different PD values for other reasons (9, pp. 66–67; 166–168).
Thus, unsaturated compounds that form muoniated free radicals during thermalization were not included (benzene having PD = 0.17 and
PR = 0.83, for instance), nor were chlorinated compounds that evidently undergo pre-thermalization reactions to give PD values according to
the number of halogen atoms (with CH2Cl2 = 0.70, CHCl3 = 0.85, and CCl4 = 1.0, for instance) nor “inert” liquids such as the condensed
noble gases.
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that should affect the neutralization reaction [3]. Spe-
cifically, PD changes by <20% (much less in most cases)
while: (i) ε changes by a factor of 60, from 1.8 to 109; (ii) µe
by a factor of 400 000, from 0.00025 to 100 cm2 V–1 s–1;
and (iii) G(fi) by a factor of 118, from 0.028 to 3.3. Two of
these limits arose from the new liquids studied in this paper.
In other words, the yield of D (and hence Mu) is not influ-
enced by the coulombic force between reactants, nor by the
mobility of electrons in the medium, nor by the number (lo-
cal concentration) of electrons available for reaction. There-
fore, reaction [3] cannot be a significant source of Mu atoms
in these systems.

Equally conclusive is the direct evidence provided by the
electron and muon scavengers in hexane and methanol
(methanol itself being a µ+ trap, like water). In those solu-
tions, free electrons and free muons are simply not available
to react together in reaction [3]. These electron scavengers
react at rate constants of about 1012 M–1s–1 in hexane, so the
lifetime of e– would be reduced to a few picoseconds in the
nitrobenzene, styrene, and benzophenone solutions, thereby
almost completely inhibiting reaction [3] on its proposed
timescales. Figure 1 shows that the yield of D, and hence
Mu, is not affected by capturing electrons by nitrobenzene
on the picosecond timescale. PD would have increased to al-
most 1.0 in Fig. 1b if the yields were governed by reaction
[3]. Even at the concentrations used for CCl4 and oxygen the

lifetime of electrons would be <500 ps. In the solutions that
contain both electron and muon scavengers, the probability
of both of their “adducts” reacting at the same rate as the
free species is negligible. Thus it must be concluded that Mu
is not formed to any measurable extent in a thermalized
ionic reaction in this range of solvents, even on the
timescale of intraspur reactions.

The literature already contains considerable evidence that
has been interpreted in this way. The most obvious examples
are data for solvent mixtures covering the whole composi-
tion range: for c-hexane, CCl4, and CH3OH versus benzene,
and CHCl3 versus CH3OH, none of which showed the curva-
ture to be expected if scavenging occurred (9, pp. 68–70). In
the case of water, there is overwhelming scavenger evidence
against reaction [3] in addition to the expectation that µ+

would be solvated like H+ and thus assimilated into the water
structure as MuHO within picoseconds (9, p. 79).

All of these factors prove that reaction [3] is not the
source of Mu. They are not in conflict with reactions [1] and
[2], however, and in fact conform to what one would expect
from a hot model in which the precursors (hot Mu) are nei-
ther scavengable electrons nor scavengable muons. The hot
model wins by default! This conclusion corroborates, using
a new range of media, the arguments presented earlier
against reaction [3] as the source of Mu atoms in water (9,
pp. 77–92).

© 2003 NRC Canada
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Liquid PD ε µe
a G(fi)a G(gi)

Experimental data (this work)
HCONH2 0.63 109 3.3 1.2
HCON(CH3)2 0.55 38.3 2.0 2.5
N(C2H5)3 0.62 2.4 0.24 4.3
(CH3)2SO 0.60 47.2 1.8 2.7
c-C6F13CF3 0.68 1.8 0.028 4.5
Methanol 0.58 33.0 0.00059 2.0 2.5

+ styrene (0.2 M) 0.55
n-hexane 0.61 1.9 0.076 0.13 4.4

+ nitrobenzene (0.2 M) 0.59
+ benzophenone (0.1 M) 0.60
+ CCl4 (4 mM) 0.6
+ oxygen (8 mM) 0.60
+ N(C2H5)3 (0.2 M) 0.60
+ methanol (0.5 M) 0.61
+ N(C2H5)3 (0.2 M) + nitrobenzene (0.2 M) 0.60
+ methanol (0.5 M) + styrene (0.1 M) 0.61

Previously published datab

H2O 0.62 80.1 0.00187 2.7 1.8
D2O 0.57 79.8 0.00151 3.0 1.5
Ethanol 0.59 25.3 0.00025 1.7 2.8
2-propanol 0.62 20.2 0.00051 1.2 3.3
c-hexane 0.69 2.0 0.23 0.14 4.4
Neopentane 0.55 1.8 71 1.1 3.4
Si(CH3)4 0.53 1.9 100 0.74 3.8

aReference (17).
bReference (9, pp. 166–168).

Table 1. The PD values obtained in this study; also given are the values, where available, of dielectric constant (ε), electron mobility
(µe (cm2 V–1 s–1)), radiolysis free ion yield (G(fi)), and geminate ion yield (G(gi)) based on total ion yields of 4.5 ± 0.5; comparisons
with literature values of PD for a range of other saturated, non-chlorinated liquids are also shown (last seven rows).
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Kinetics of oxidation of �,�-unsaturated aldehydes
by quinolinium dichromate

Girija S. Chaubey, Simi Das, and Mahendra K. Mahanti

Abstract: A series of α,β-unsaturated aldehydes (crotonaldehyde, cinnamaldehyde, acrylaldehyde, and methacrylalde-
hyde) were oxidized by quinolinium dichromate in sulfuric acid to the corresponding acids in 50% (v/v) acetic acid –
water medium. The kinetic data have been discussed with reference to the aldehyde hydration equilibria. The kinetic
results support a mechanistic pathway proceeding via a rate-determining oxidative decomposition of the chromate ester
of the aldehyde hydrate.

Key words: kinetics, oxidation, unsaturated aldehydes, quinolinium dichromate.

Résumé : Le dichromate de quinolinium dans l’acide sulfurique utilisé en solution d’acide acétique aqueux à 50%
(v/v) permet d’oxyder une série d’aldéhydes α,β-insaturés (crotonaldéhyde; cinnamaldéhyde; acrylaldéhyde; méthacry-
laldéhyde) en acides correspondants. On discute des données cinétiques en fonction de l’équilibre d’hydratation de
l’aldéhyde. Les données cinétiques sont en accord avec un mécanisme réactionnel impliquant une décomposition oxy-
dante de l’ester chromique de l’hydrate d’aldéhyde qui serait cinétiquement limitante.

Mots clés : cinétique, oxydation, aldéhydes insaturés, dichromate de quinolinium.

[Traduit par la Rédaction] Chaubey et al. 208

Introduction

In the oxidation of α,β-unsaturated aldehydes, it has been
suggested that the reaction could proceed by way of (a) eno-
lization being the rate-determining step (1, 2); (b) hydration
of the double bond to form a β-hydroxyaldehyde (3); or
(c) oxidation of the aldehyde hydrate (4).

With a view to establishing the mechanistic pathway for
this oxidation process, we have carried out a kinetic study of
the oxidation of α,β-unsaturated aldehydes (crotonaldehyde,
cinnamaldehyde, acrylaldehyde, and methacrylaldehyde) by
quinolinium dichromate (QDC, (C9H7N

+H)2Cr2O7
2–) in 50%

acetic acid – water medium under a nitrogen atmosphere.
This study forms part of our continuing efforts, concerning
the quinolinium dichromate oxidation of organic substrates
in general (5) and aldehydes in particular (6).

Experimental

Materials and methods
Acrylaldehyde and methacrylaldehyde (Aldrich) and

crotonaldehyde and cinnamaldehyde (Merck-Schuchardt)
were used without further purification. The oxidant,
quinolinium dichromate (QDC, (C9H7N

+H)2Cr2O7
2–) was

prepared by the reported method (7), and its purity was
checked by spectral analysis. The IR spectrum (KBr) exhib-
ited bands at 930, 875, 765, and 730 cm–1, characteristic of

the dichromate ion. Acetic acid (SD, AR grade) was distilled
before use. Sulfuric acid (E. Merck) was used after a check
of its physical constants. The deuterated compounds were
prepared by the reported method (8). The IR spectra were
recorded on a Bomem DA-8 FT-IR spectrophotometer.

The method used for the kinetic determinations has been
described previously (5). All the reactions were performed
under nitrogen. The rate constants have been evaluated from
the linear (r > 0.995) plots of log[QDC] against time, and
the values reported are the mean of two or more runs
(reproducibility ±3%). The solvent was 50% aqueous acetic
acid, and the dielectric constant was varied using acetic acid –
water mixtures. The reaction mixtures remained homoge-
neous in the solvent systems used.

Product analysis
Thirty mL of water was taken and cooled in ice. Concen-

trated H2SO4 (7.9 g, 0.08 M) was added slowly with con-
stant cooling. When the acid solution had cooled to room
temperature, quinolinium dichromate (QDC 9.52 g, 0.02 M)
was added and the mixture was warmed to 313 K for com-
plete dissolution of the QDC. To this mixture, 0.01 M of
substrate (0.71 g of methacrylaldehyde, 0.57 g of acrylalde-
hyde, 0.71 g of crotonaldehyde, and 1.33 g of cinnamal-
dehyde) taken up in 25 mL of a 50% acetic acid – water
solution was added. The reaction mixture was stirred at
313 K for 48 h under nitrogen. The organic layer was ex-
tracted thrice with ether (25 mL each time) and the com-
bined  organic  extracts  were  washed  with  water  and  dried
over anhydrous Na2SO4. The oxidized products (methacrylic
acid from methacrylaldehyde, acrylic acid from
acrylaldehyde, crotonic acid from crotonaldehyde, and
cinnamic acid from cinnamaldehyde) were obtained after the
complete removal of ether (boiling and melting points were
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in agreement with literature values; yields ≈ 85–90%). Each
reaction product was characterized by IR analysis.

Results and discussion

The oxidation of α,β-unsaturated aldehydes (crotonalde-
hyde, cinnamaldehyde, acrylaldehyde, and methacrylalde-
hyde) by QDC results in the formation of the corresponding
acids. Under the present experimental conditions, there is no
further oxidation of the acids.

The stoichiometry of the reaction was determined (5).
Stoichiometric ratios, ∆[QDC]/∆[substrate], in the range
0.66 to 0.69 conform to the following overall equation (rep-
resentative):

[1] 3C3H4O + 2Cr(VI) + 3H2O → 3C3H4O2

+ 2Cr(III) + 6H+ (acrylaldehyde)

Using pseudo-first-order conditions, individual kinetic
runs are first order in QDC. The pseudo-first-order rate con-
stants (k) are independent of the initial concentration of the
oxidant (Table 1). The order of the reaction with respect to
substrate concentration has been obtained by varying the al-
dehyde concentration and observing the effect on the rate at
constant [QDC] and [H+]. The order with respect to the con-
centration of acid, at constant [aldehyde] and [QDC], is
unity. The kinetic results are shown in Table 1. In the range
of acid concentrations used, the protonation of the aldehydes
would be less significant, though it cannot be ruled out. At
present, it may not be possible to decide whether protonation
of the aldehyde or protonation of the dichromate results in
the observed acid catalysis, since these two processes cannot
be distinguished on the basis of the data obtained. Since the
acid concentrations used were in the range 0.5 to 1.5 M, it
would be justified to suggest that the dichromate ion would
be the predominant species in these oxidation reactions.

The oxidation of the substrates by QDC has been studied
over the temperature range 303–323 K. The rate data and ac-
tivation parameters are shown in Table 2. The negative val-
ues of ∆S* provide support for a polar bimolecular reaction.

The effect of a change in the solvent composition (water –
acetic acid, %, v/v) on the rate of oxidation has been deter-

mined. The dielectric constants (D) of water – acetic acid
mixtures have been calculated (at 313 K: water = 73.28, ace-
tic acid = 6.29) (9). The data in Table 3 shows that a de-
crease in D of the medium results in an increase in the rate
of the reaction (Table 3). The magnitude of this effect could
be analyzed by suggesting that, for the equilibrium
2HCrO4 � Cr2O7

2– + H2O, a decrease in D of the medium
(increase in the acetic acid content) favors the dichromate
form over the chromate form. If ion pairs are formed in this
medium, they would have a higher ion-pair association con-
stant for the dichromate ion, and this would again favor the
dichromate ion. Although the range of D used for these reac-
tions is not large, plots of log k versus 1/D are linear, with
positive slopes, suggesting an ion–dipole type of interaction
(10).

There is no induced polymerization of acrylonitrile (11),
which indicates that a one-electron oxidation is quite un-
likely. Control experiments, performed in the absence of the
substrate, did not show any appreciable change in the con-
centration of QDC.

Variations in the ionic strength of the medium, using so-
dium perchlorate (µ = 0.01–0.25 M), did not influence the
rates of these reactions.

Aldehydes are extensively hydrated in aqueous solutions
and many oxidation reactions have been reported to proceed
via the hydrated form (12–17). Table 4 records the experi-
mental rate constants (k) for the oxidation of the aldehydes
by QDC. The aldehyde hydrate dissociation constants (Kd)
pertaining to the reaction:

[2] RCH(OH)2 RCHO + H2O

are also given (12). From k and Kd, two sets of rate constants
for the oxidation of the aldehyde in only one of the forms
present in solution are computed. The values of kHy (Hy =
hydrated form of the substrate) are obtained by assuming
that only the hydrate form appears in the rate law:

[3] v = kHy [QDC] [RCH(OH)2].

Similarly, the values of kA (A = substrate) are calculated
using the concentration of free aldehyde according to the
rate law:
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103 k (s–1)

102 [Substrate]
(M)

102 [QDC]
(M)

[H2SO4]
(M) Methacrylaldehyde Acrylaldehyde Crotonaldehyde Cinnamaldehyde

3.1 0.31 0.51 1.3 1.2 0.51 0.080
10.0 0.30 0.52 4.6 4.0 1.5 0.26
17.0 0.31 0.51 7.6 7.1 2.9 0.41
25.0 0.30 0.51 11 9.9 4.1 0.62
30.0 0.32 0.53 14 12 4.9 0.78
3.0 0.12 0.50 1.3 1.2 0.52 0.081
3.2 0.06 0.52 1.3 1.3 0.51 0.080
3.1 0.04 0.50 1.3 1.2 0.54 0.082
3.0 0.03 0.51 1.3 1.2 0.53 0.083
3.1 0.31 0.75 2.0 1.8 0.81 0.12
3.1 0.32 1.02 2.7 2.4 1.1 0.16
3.0 0.30 1.25 3.4 3.1 1.4 0.21
3.2 0.31 1.50 4.0 3.7 1.6 0.25

Table 1. Rate data for the oxidation of α,β -unsaturated aldehydes in 50% acetic acid at 313 K.



[4] v = kA [QDC] [RCHO].

The values of kHy and kA have been shown in Table 4.
Using the σ values as reported by Taft and co-workers (18),
a plot of log kHy against σ is found to be linear, with a slope
of ρ = –0.92 (r = 0.993). On the other hand, the correlation
of σ with kA gave a value of ρ = –0.56 (r = 0.997). This
might suggest the involvement of the aldehyde hydrate in the
oxidation process. Hence, a mechanism involving a direct
hydrogen transfer reaction between a free aldehyde and
QDC is very unlikely. In the chromic acid oxidation of
benzaldehyde, it has been shown that the reaction proceeds
via the chromic acid ester of hydrated benzaldehyde as the
intermediate (19). This similarity provides additional support
for the mechanistic pathway suggested in the present investi-
gation: that the rate-determining step involves the oxidative
decomposition of the chromate ester of an aldehyde hydrate.

Since aldehyde hydrates very closely resemble alcohols
both in structure and in many aspects of oxidation, a similar-
ity in the nature of the two oxidation reactions is expected.
In the oxidation of alcohols by chromic acid, the rate-
determining step has been shown to be the decomposition of
the protonated acid chromate ester (20). By analogy, the oxi-
dation of aldehydes would proceed via the formation of a
similar intermediate (an ester of the aldehyde hydrate),

which would undergo decomposition in the rate-determining
step (21). The ester of the aldehyde hydrate would be in
equilibrium with the free aldehyde and the aldehyde hydrate
and could be formed either by a carbonyl addition reaction
to the free aldehyde or by the esterification of the hydrate
(22). It may be added that the esterification reaction has
more utility, since it helps one to understand and predict al-
dehyde oxidation reactions and their relationship to the
closely related oxidation of alcohols.

The rate data shows that both acrylaldehyde and meth-
acrylaldehyde are oxidized at approximately equal rates,
with methacrylaldehyde reacting marginally faster than
acrylaldehyde (Table 1), which suggests that the α-CH3
group has little influence on the rates. It is justified to as-
sume that the oxidation process does not involve an eno-
lization step. The enolization of acrylaldehyde would have
yielded hydroxyallene, which would be improbable. Further,
the oxidation of methacrylaldehyde is a rapid reaction even
though there is no enolizable hydrogen atom. The argument
that unsaturated aldehydes could undergo a reaction involv-
ing the hydration of the double bond to form a β-
hydroxyaldehyde can be ruled out, since no such intermediate
could be isolated from the reaction. The order of reactivity
is: methacrylaldehyde > acrylaldehyde > crotonaldehyde >
cinnamaldehyde (Table 1). The presence of the methyl group
(in methacrylaldehyde) accelerates the reaction by increas-
ing the electron availability at the oxygen of the aldehydic
carbonyl group. In crotonaldehyde, the methyl group at the
β-position is far removed from the site of reaction, suggest-
ing that β-substitution influences the rate of the reaction to a
much lesser extent. Hence, the reactivity of crotonaldehyde
is much less than that of methacrylaldehyde. The presence
of the phenyl group in cinnamaldehyde exerts a deactivating
influence on the rate of the reaction and hence its reactivity
is the lowest in the series.
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103k (s–1)

T (K) Methacrylaldehyde Acrylaldehyde Crotonaldehyde Cinnamaldehyde

303.0 0.71 0.62 0.25 0.031
308.1 1.0 0.91 0.39 0.062
313.0 1.3 1.2 0.51 0.081
318.0 2.0 1.9 0.77 0.130
323.1 2.7 2.5 1.10 0.16
∆H* (kJ mol–1) 52 ± 1.9 54 ± 2.6 57 ± 2.2 63 ± 2.4
∆S* (J mol–1 K–1) –135 ± 6 –129 ± 7 –127 ± 6 –123 ± 8

a[Substrate] = 0.03 M; [QDC] = 0.003 M; [H2SO4] = 0.5 M.

Table 2. Temperature and activation parameters for the oxidation of α,β -unsaturated aldehydesa in 50% acetic acid by QDC.

103 k (s–1)

H2O:AcOH
(%, v/v)

Dielectric
constants D Methacrylaldehyde Acrylaldehyde Crotonaldehyde Cinnamaldehyde

60:40 46.48 0.79 0.64 0.36 0.053
55:45 43.14 1.1 0.93 0.43 0.065
50:50 39.79 1.3 1.2 0.51 0.080
45:55 36.44 1.7 1.5 0.59 0.10
40:60 33.09 2.1 1.9 0.67 0.13

a[Substrate] = 0.03 M; [QDC] = 0.003 M; [H2SO4] = 0.5 M.

Table 3. Solvent effect for oxidation of α,β-unsaturated aldehydesa by QDC at 313 K.

Aldehydes Kd
a

103 k
(s–1)

kHy

(M–1 s–1)
kA

(M–1 s–1)

Methacrylaldehyde 2.3 1.3 34 ± 0.23 15 ± 0.30
Acrylaldehyde 1.7 1.2 23 ± 0.24 13 ± 0.23
Crotonaldehyde 1.1 0.51 5.9 ± 0.25 5.4 ± 0.27
Cinnamaldehyde 0.6 0.080 0.51 ± 0.22 0.85 ± 0.24

aReference 12.

Table 4. QDC oxidation of α,β-unsaturated aldehydes at 313 K.



The mechanistic pathway involves the formation of the es-
ter of the aldehyde hydrate (step 1), followed by the slow
oxidative decomposition of this ester (step 2). A cyclic struc-
ture for the reaction intermediate would explain all the fea-
tures of the oxidation reaction. The manner of electron
transfer must be established. Electron flow in a cyclic transi-
tion state has been considered (23) and can be rationalized
by assuming that if the chromium is coordinated through the
-OH group (of the aldehyde hydrate), then the process of
electron transfer could take place through the carbon—
oxygen—chromium bonds, enabling the formation of the
chromate ester and enhancing the ease of conversion to the
product.

The slow step of the reaction involves the participation of
the aldehyde hydrate, protonated QDC, and two electrons in
a cyclic system. Removal of the hydrogen (on the carbon) is
part of this step, as seen from the kinetic isotope effect for
the oxidation of the respective aldehyde-d1 compounds
(Table 5), which indicates a cleavage of the carbon—hydro-
gen bond in the rate-determining step of the reaction.

This step allows one to envisage a reaction via an
electrocyclic mechanism involving six electrons; being a
Hückel-type system (4n+2), this is an allowed process (24).
The kinetic isotope effect could be interpreted to indicate
that the reaction proceeds via the formation of the chromate
ester of the aldehyde hydrate as an intermediate, and that
this is converted to the product in the rate-determining step.

The last step would be rate-determining, in accord with the
observation of the deuterium kinetic isotope effect. Further,
the oxidation rate for the aldehydes is not increased as rap-
idly by a decrease in the water concentration in acetic acid –
water mixtures (Table 3), which suggests that a molecule of
water is involved in a kinetically important stage in the oxi-
dation of the aldehydes.

The sequence of reactions for the oxidation of α,β-unsatu-
rated aldehydes by QDC is shown in Scheme 1. In acidic
medium, the oxidant QDC is converted to the protonated
dimetallic chromium(VI) species (PQ) (in the acid range
used for the present investigation, the Cr(VI) in the
protonated QDC would exist mainly as Cr2O7

2–). The sub-
strate (A) is converted to the hydrated form (Hy). The reac-
tion of the hydrated form (Hy) with the protonated QDC
(PQ) results in the formation of the monochromate ester (E)
and a Cr(VI) monomer. The monochromate ester (E) under-
goes decomposition in the rate-determining step to give the
product (the corresponding acid), along with the Cr(IV) spe-
cies. The conversion of Cr(IV) to Cr(III) is a dispropor-
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Scheme 1.

Substrate 103 kH (s–1) 103 kD (s–1) kH/kD

Crotonaldehyde-d1 0.51 0.084 6.25
Cinnamaldehyde-d1 0.080 0.013 6.15

a[Substrate] = 0.03 M; [QDC] = 0.003 M; [H2SO4] = 0.5 M.

Table 5. Kinetic isotope effect at 313 K.a
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tionation reaction. It has been shown that for the reaction
Cr(IV) + Cr(VI) → 2Cr(V), the standard potential for the
Cr(VI)–Cr(V) couple is extremely favourable (E° = 0.62 V)
(25), and this reaction proceeds rapidly. The Cr(V)–Cr(III)
couple has a potential of 1.75 V, which enables the rapid
conversion of Cr(V) to Cr(III) after the reaction of Cr(V)
with the substrate (25, 26).

If the mechanism shown in Scheme 1 is correct, then the
attack of the protonated QDC (PQ) on the aldehyde hydrate
(Hy) is crucial and would be favored by the formation of the
cyclic chromate ester (E). The rate law has been derived as
follows:

[5] –d[QDC]/dt = k3[E] = k3[Hy][PQ],

where [PQ] = K1[QDC][H+] and [Hy] = K2[A][H2O].
Hence, –d[QDC]/dt = K1K2 k3[A][QDC][H+], which

shows a first-order dependence on each of the concentrations
(substrate, oxidant, and acid). Hence, –2.303d(log[QDC])/dt =
k = K1K2 k3[A][QDC][H+]. This rate law explains all the ex-
perimentally observed results.

The data collected demonstrates that the QDC oxidation
of α,β-unsaturated aldehydes results in the formation of
carboxylic acids, substantiating the mechanism wherein
there is an attack of the oxidant on the aldehyde hydrate.
There is no cleavage of the carbon—carbon bond, thus rul-
ing out the possibility of any enolization. This study empha-
sizes the efficiency of QDC reacting with α,β-unsaturated
aldehydes, suggesting a regioselective route for the synthesis
of carboxylic acids.
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One-pot synthesis of terpyridines and
macrocyclization to C3-symmetric
cyclosexipyridines

Lucie Masciello and Pierre G. Potvin

Abstract: Four examples of 2,6-dicinnamoylpyridines were obtained in 60–65% yields in condensations of commer-
cially available 2,6-diacetylpyridine and benzaldehydes in 1:2 stoichiometry. At 2:1 ratios, four related 6,6 ′′-diacety-
lated-4′-arylterpyridines were isolated in 70–73% yields in one-pot condensations in the presence of NH3. 4,4′-
Azobenzaldehyde, prepared from nitrobenzaldehyde in three steps and 40% overall yield was similarly converted to a
novel azo-linked bis(terpyridine) in 50% yield in a reaction that assembles seven molecules in one step. The 6,6 ′′-
diacetylated-4′-arylterpyridines and the correspondingly substituted 2,6-dicinnamoylpyridines were condensed in 1:1 ra-
tio together with NH3 to form 4,4 ′′,4IV-triarylcyclosexipyridines in 22–26% yields. These were obtained as mixed Na+

and K+ complexes and were insoluble amorphous solids, except for one example bearing 4-neopentoxyphenyl substitu-
ents. 1H NMR showed that the 4,4 ′′,4IV-tri(4-neopentoxyphenyl)cyclosexipyridine complexes form aggregates in solu-
tion and at low concentrations show twofold symmetry arising from a loss of planarity.

Key words: terpyridines, 4′-aryl-6,6 ′′-diacetylterpyridines, azo-bisterpyridine, cyclosexipyridines, macrocyclization.

Résumé : La condensation de la 2,6-diacétylpyridine avec des benzaldéhydes commercialement disponibles, à une stoe-
chiométrie de1:2, a permis d’obtenir quatre 2,6-dicinnamoylpyridines avec des rendements de 60 à 65 %. Lors de
condensations monotopes, à des rapports de 2:1, en présence d’ammoniac, les quatre 6,6 ′′-diacétyl-4′-arylterpyridines
apparentées peuvent être isolées avec des rendements de 70 à 73 %. Le 4,4′-azobenzaldéhyde qui a été préparé en trois
étapes et avec un rendement global de 40 % à partir du nitrobenzaldéhyde a été converti, avec un rendement de 50 %,
en une nouvelle bis(terpyridine) liée par une fonction azo qui permet d’assembler sept molécules en une seule étape.
Les 6,6 ′′-diacétyl-4′-arylterpyridines et les 2,6-dicinnamoylpyridines substituées de la même façon peuvent être conden-
sées l’une à l’autre dans un rapport de 1:1 en présence d’ammoniac, pour former de 4,4 ′′,4IV-triarylcyclosexipyridines
avec des rendements allant de 22 à 26 %. Celles-ci sont obtenues sous la forme de complexes avec des ions Na+ et K+

et il s’agit de solides amorphes insolubles, à l’exception de celle portant des subtituants 4-néopentoxyphényles. Les spec-
tres RMN du 1H montrent que les complexes de 4,4 ′′,4IV-tri(4-néopentoxyphényl)cyclosexipyridines forment des agrégats
en solution et que, à faibles concentrations, ils présentent une symétrie binaire qui découle d’une perte de planéité.

Mots clés : terpyridines, 4′-aryl-6,6 ′′-diacétylterpyridines, azo-bisterpyridine, cyclosexipyridines, macrocyclisation.
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Introduction

The parent, C6-symmetric cyclosexipyridine 1 (Scheme 1)
was first reported by Newkome and Lee in 1983 (1) as the
insoluble and uncharacterized product of a seven-step syn-
thesis. Kelly et al. (2) prepared the curious, inverted cyclo-
sexipyridine 2, a highly insoluble and partly characterized
C3-symmetric tris(bipyridine), after a lengthy synthetic se-
quence. Bell and Firestone (3) used Friedlander reactions to
assemble torand 3, a C3-symmetric hexaazakekulene deriva-
tive with rigidifying ethylene bridges and solubilizing butyl
side-chains, isolated in 3% yield after 11 steps as a Ca2+

complex in which the Ca2+ apparently originated as a minute

impurity in a reagent. Toner (4) reported C2-symmetrical
cyclosexipyridines (e.g., 4) prepared from bipyridines as in-
soluble and only partly characterized Na+ complexes, in
which the Na+ was apparently abstracted from the glassware.

Macrocyclic polypyridines such as cyclosexipyridine con-
stitute interesting, rigid supramolecular hosts for cations and
H-bond donors, and this was the motivation for the earlier
work. With competition experiments, Bell et al. showed that
the related torands, with stronger imino dipoles and a more
rigid architecture than in crown ethers, are extremely strong
complexing agents (5). We anticipated that cyclosexipyri-
dines would also be interesting ligands for transition metals
in that they would provide a planar, conjugated π system oc-
cupying the equatorial plane of the metal, as do the porphy-
rins and phthalocyanines. However, unlike those ligands, the
cyclopolypyridines are neutral and do not form a contiguous
aromatic system. The macroligand LUMO would thus re-
main relatively high energy, as would any MLCT transition
and photochemistry therefrom, and the reduction potentials
would remain relatively more negative. The binding geome-
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try could be trigonal or (distorted) square planar and the
binding may be fluxional.

For studies of cyclosexipyridine coordination, one would
need a short, high-yield synthesis of material. In the course
of our work with Ru(II) complexes of nonmacrocyclic poly-
pyridines, we developed a one-step route from commercially
available materials to symmetrical dipyrazinylpyridines (6)
and recently applied it to the synthesis of two phenylene-
linked bisterpyridines (7, 8). This provided an opening to an
expedient synthesis of novel C3-symmetric cyclosexipyri-
dines (e.g., 5), which, we reasoned, should be more soluble
than Toner’s C2-symmetric varieties yet much easier to pre-
pare than were the torands. Furthermore, our ability to pre-
pare bisterpyridines provides an entry to an unprecedented
bis(cyclosexipyridine). In this paper, we report the prepara-
tion of a number of diacetylated terpyridines and an azo-
linked bisterpyridine that are of distinct interest and on
macrocyclization reactions to form C3-symmetric
cyclosexipyridines.

Experimental section

General
NMR spectra were acquired on a Bruker AMX 400 MHz

spectrometer in CDCl3 unless otherwise indicated. A Kratos
Profile mass spectrometer was used for EI-MS acquisitions.
MALDI-MS spectra were acquired on a Voyager-DE STR
instrument. High resolution mass spectroscopy was per-
formed by the McMaster Regional Centre for Mass Spec-
trometry in Hamilton, Ont. Mass peaks are presented as
mass-to-charge ratios (m/z) with, in brackets, peak assign-

ments and % relative intensities. UV–visible spectra were
obtained at room temperature on a Hewlett-Packard 8452A
diode array spectrophotometer. IR spectra were obtained on
a Genesis II FT-IR spectrometer. Elemental analyses were
preformed by Guelph Chemical Laboratories Ltd. in Guelph,
Ont.

DMF and CH2Cl2 were made anhydrous by distillation of
reagent grade material over MgSO4 or P2O5, respectively,
and stored over 4 Å molecular sieves. All other materials
were used as received, except for p-tolualdehyde and 4-tert-
butylbenzaldehyde, which were washed with 5% aq. NaOH,
dried (MgSO4), and then stored under Ar. Thin layer chro-
matography used Macherey–Nagel Alugram silica gel plates.
Preparative thin layer chromatography used EM Science sil-
ica gel 60F glass plates. The petroleum ether (PE) used had
a bp range of 60–80°C.

2,6-Di-(3-p-tolylpropenoyl)pyridine (7a)
A solution of 2,6-diacetylpyridine (3.08 g, 1.9 mmol) in

MeOH (40 mL) was added to a solution of p-tolualdehyde
(4.99 g, 42 mmol) in a 1:2 mixture of MeOH and 5% aq.
KOH (60 mL), and the resulting mixture was stirred vigor-
ously at room temperature for 48 h. The precipitate was iso-
lated by vacuum filtration. A second crop was obtained by
adding 30 mL of H2O to the filtrate, allowing it to stir for
8 h, and collecting the precipitate by vacuum filtration. The
combined crops were dissolved in CHCl3 and extracted with
H2O (3 × 25 mL), 5% aq. NaHSO3 (2 × 25 mL), and brine
(2 × 25 mL). The combined organic fractions were dried
with MgSO4, filtered, and freed of solvent in vacuo. The
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Scheme 1.
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resulting yellow residue was recrystallized (CHCl3:MeOH)
to afford yellow needles (4.51 g, 65%). mp 198–200°C. 1H
NMR (ppm) δ: 8.43 (d, J = 16 Hz, 2H, H-3′), 8.39 (d, J =
7.5 Hz, 2H, H-3), 8.10 (t, J = 7.9 Hz, 1H, H-4), 8.03 (d, J =
16 Hz, 2H, H-2′), 7.69 (d, J = 8.0 Hz, 4H, Ar H-3), 7.29 (d,
J = 7.1 Hz, 4H, Ar H-2), 2.46 (s, 6H, CH3).

13C NMR (ppm)
δ: 188.7, 153.3, 145.1, 141.4, 138.3, 132.5, 129.8, 128.8,
125.8, 119.8, 21.7; EI-MS: 367 ([M+], 100). Elemental anal-
ysis calcd. for C25H21NO2: C 81.72, H 5.76, N 3.81; found:
C 81.79, H 5.36, N 3.89.

2,6-Di-(3-(4-chlorophenyl)propenoyl)pyridine (7b)
A mixture of 2,6-diacetylpyridine (1.28 g, 7.82 mmol) in

MeOH (20 mL) and 4-chlorobenzaldehyde (2.39 g,
17.2 mmol) in 1:2 MeOH:15% aq. KOH (60 mL) reacted at
room temperature for 2 d and the product mixture was
worked up as with 7a to provide a yellow residue that
recrystallized (cold CHCl3) as a pale yellow powder (1.97 g,
62%). mp 210–212°C. 1H NMR (warm CDCl3) (ppm) δ:
8.41 (d, J = 8.8 Hz, 2H, H-3), 8.38 (d, J = 16 Hz, 2H, H-3),
8.12 (t, J = 8.6 Hz, 1H, H-4), 7.99 (d, J = 16 Hz, 2H, H-2′),
7.69 (d, J = 9.1 Hz, 4H, Ar H-3), 7.45 (d, J = 8.9 Hz, 4H, Ar
H-2). EI-MS: 407 ([M+], 100). Elemental analysis calcd. for
C23H15NO2Cl2: C 67.66, H 3.70, N 3.43; found: C 67.37, H
3.62, N 3.44.

2,6-Di-(3-(4-tert-butylphenyl)propenoyl)pyridine (7c)
By an entirely analogous process, 2,6-diacetylpyridine

(1.02 g, 6.25 mmol) in MeOH (25 mL) and 4-tert-butyl-
benzaldehyde (2.51 g, 15.5 mmol) in 1:2 MeOH:5% aq.
KOH (75 mL) reacted for 2 d at room temperature, and the
product mixture was worked up as with 7a to provide a yel-
low residue that was converted to a yellow powder by
sonication in MeOH (25 mL) and then recrystallized
(CHCl3:MeOH) to afford yellow needles (1.69 g, 60%). mp
169–171°C. 1H NMR (ppm) δ: 8.4 (d, J = 16 Hz, 2H, H-3′),
8.40 (d, J = 7.8 Hz, 2H, H-3), 8.10 (t, J = 7.7 Hz, 1H, H-4),
8.05 (d, J = 16 Hz, 2H, H-2′), 7.76 (d, J = 8.5 Hz, 4H, Ar H-
3), 7.52 (d, J = 8.3 Hz, 4H, Ar H-2), 1.40 (s, 18H). 13C
NMR (ppm) δ: 188.5, 154.5, 153.2, 144.9, 138.4, 132.6,
128.6, 126.0, 125.7, 120.2, 35.0, 31.2. EI-MS: 451 ([M+],
100). Elemental analysis calcd. for C31H33NO2: C 82.44, H
7.37, N 3.10; found: C 82.48, H 7.81, N 3.16.

4-Neopentoxybenzaldehyde
A suspension of NaH (1.25 g, 52.1 mmol) in anhydrous

DMF (15 mL) was vigorously stirred in a three-neck round-
bottom flask fitted with a condenser and an Ar inlet. A
dropwise solution of 4-hydroxybenzaldehyde (1.05 g,
8.59 mmol) in anhydrous DMF (4 mL) was added to this
suspension. After 10 min, a solution of neopentyl tosylate
(9) (3.93 g, 16.4 mmol) and tetrabutylammonium iodide
(0.34 g) in anhydrous DMF (5 mL) was added by syringe
pump at a rate of 1 drop per 10 s. The solution was heated to
reflux for 2 d, poured into H2O (100 mL), and extracted with
diethyl ether (4 × 100 mL). The combined ether layers were
concentrated and then washed with 5% aq. NaOH (2 ×
50 mL) and brine (2 × 50 mL). The organic fraction was
dried with MgSO4, filtered, and freed of solvent in vacuo.
The residue was dissolved in a small amount of CHCl3 and
separated from contaminants (starting materials, identified

by 1H NMR) by preparative TLC (5:95 EtOAc:PE). The ma-
jor UV-active band was scraped off and extracted by
sonicating in 30:70 MeOH:CH2Cl2. The extract was filtered,
reduced in vacuo, and dried to afford a colourless oil
(0.70 g, 42%). The 1H NMR, EI-MS, IR, and elemental
analysis data were in agreement with the literature data (10).

2,6-Di-(3-(4-neopentoxyphenyl)propenoyl)pyridine (7d)
By analogy to the preparation of 7a, a mixture of 2,6-

diacetylpyridine (56.2 mg, 0.345 mmol) in MeOH (5 mL)
and 4-neopentoxybenzaldehyde (130.5 mg, 0.680 mmol) re-
acted at room temperature for 48 h. As with 7a, working up
provided a yellow residue that recrystallized (MeOH:H2O)
as a bright yellow powder (111 mg, 63%). mp 143–145°C.
1H NMR (ppm) δ: 8.39 (d, J = 7.9 Hz, 2H, H-3), 8.35 (d, J =
16 Hz, 2H, H-3′), 8.08 (t, J = 7.9 Hz, 1H, H-4),7.9 (d, J =
16 Hz, 2H, H-2′), 7.73 (d, J = 8.3 Hz, 4H, Ar H-3), 6.70 (d,
J = 8.5 Hz, 4H, Ar H-2), 3.70 (s, 4H, CH2), 1.09 (s, 18H,
CH3). EI-MS: 511 ([M+], 100). Elemental analysis calcd. for
C33H37NO4: C 77.47, H 7.29, N 2.74; found: C 77.21, H
7.52, N 2.73.

3-(p-Tolyl)-1-(2-(6-acetylpyridyl))-2-propenone (8a)
A solution of 2,6-diacetylpyridine (3.08 g, 18.9 mmol) in

MeOH (50 mL) was added to a vigorously stirring solution
of p-tolualdehyde (2.23 g, 18.6 mmol) in a 1:4 mixture
(50 mL) of MeOH and 2.5% aq. KOH with a syringe pump
at a rate of one drop per 10 s. The resulting mixture was
stirred vigorously at room temperature for 24 h. The precipi-
tate was isolated by vacuum filtration. A second crop was
obtained by adding 30 mL of H2O to the filtrate, allowing it
to stir for 8 h, and collecting the precipitate by vacuum fil-
tration. The combined crops were dissolved in CHCl3 and
extracted with H2O (3 × 25 mL), 5% aq. NaHSO3 (2 ×
25 mL), and brine (2 × 25 mL). The organic fraction was
dried with MgSO4, filtered, and freed of solvent in vacuo.
The residue was sonicated in MeOH to precipitate the con-
taminating bispropenone 7a as a yellow powder (0.58 g)
from the mixture. The yellow filtrate was freed of solvent in
vacuo and the remaining yellow residue recrystallized
(MeOH:H2O) as yellow flakes (3.31 g, 67%). mp 114–
116°C. 1H NMR (ppm) δ: 8.37 (d, J = 7.7 Hz, 1H, H-3/5),
8.30 (d, J = 16 Hz, 1H, H-3′), 8.24 (d, J = 7.8 Hz, 1H, H-
5/3), 8.04 (t, J = 7.8 Hz, 1H, H-4), 7.98 (d, J = 16 Hz, 1H,
H-2′), 7.63 (d, J = 8.1 Hz, 2H, Ar H-3), 7.28 (d, J = 8.0 Hz,
2H, Ar H-2), 2.89 (s, 3H, COCH3), 2.44 (s, 3H, Ar CH3).
13C NMR (ppm) δ: 199.4, 188.6, 153.7, 152.6, 145.7, 141.4,
137.9, 132.7, 129.3, 128.8, 126.1, 124.5, 119.4, 25.8, 22.2.
EI-MS: 265 ([M+], 100). Elemental analysis calcd. for
C17H15NO2: C 76.96, H 5.70, N 5.28; found: C 76.55, H
5.51, N 5.27.

Alternatively, the residue containing the two products can
be separated by column chromatography (silica, gradient
eluent beginning with 3:95 EtOAc:PE and adding 5:95
EtOAc:PE) to afford each as pure yellow products.

3-(4-tert-Butylphenyl)-1-(2-(6-acetylpyridyl))-2-
propenone (8c)

As for 8a, 2,6-diacetylpyridine (1.25 g, 7.7 mmol) in
MeOH (30 mL) and p-tert-butylbenzaldehyde (1.25 g,
7.7 mmol) in 1:2 MeOH:2.5% aq. KOH (90 mL) reacted for
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24 h, and the reaction mixture was worked up as before. The
residue was dissolved in a minimal amount of EtOAc and
passed down a short column (silica, 10:90 EtOAc:PE). The
major yellow fore-fraction was collected, freed of solvent in
vacuo, and sonicated in MeOH (25 mL) to precipitate the
bispropenone 7c in pure form (0.18 g). The filtrate was freed
of solvent and the yellow residue recrystallized
(MeOH:H2O) as yellow needles (0.44 g, 19%). mp 83–85°C.
1H NMR (ppm) δ: 8.39 (d, J = 7.8 Hz, 1H, H-3/5), 8.35 (d,
J = 16 Hz, 1H, H-3′), 8.26 (d, J = 7.7 Hz, 1H, H-5/3), 8.05
(t, J = 8.0 Hz, 1H, H-4), 8.02 (d, J = 16 Hz, 1H, H-2′), 7.70
(d, J = 8.4 Hz, 2H, Ar H-3), 7.51 (d, J = 8.4 Hz, 2H, Ar H-
2), 2.90 (s, 3H, COCH3), 1.38 (s, 9H, C(CH3)3). EI-MS: 307
([M+], 100). Elemental analysis calcd. for C20H21NO2: C
78.15, H 6.88, N 4.55; found: C 78.29, H 7.00, N 4.49.

6,6 ′′-Diacetyl-4′-(p-tolyl)-2,2′:6′,2 ′′-terpyridine (9a)

One-pot method A
A solution of 2,6-diacetylpyridine (1.51 g, 9.27 mmol) in

MeOH (35 mL) was quickly added to a vigorously stirring
solution of p-tolualdehyde (0.56 g, 4.64 mmol) in MeOH
(10 mL), 30% aq. KOH (7.5 mL), and concd. NH4OH
(7.5 mL). An additional 30 mL of NH4OH was added and the
mixture was allowed to stir at room temperature for 4–5 d.
The precipitate was filtered by vacuum filtration, washed
with H2O, and dissolved in CHCl3. The solution was washed
sequentially with H2O (2 × 25 mL) and brine (2 × 25 mL).
The organic fraction was dried with MgSO4 and freed of sol-
vent in vacuo. The residue was sonicated in MeOH (30 mL)
to afford a golden yellow powder that was filtered and
recrystallized (CHCl3:MeOH) as a brown-yellow powder
(0.76 g, 70%). mp 191–193°C (dec.). 1H NMR (ppm) δ:
8.89 (d, J = 7.6 Hz, 2H, H-5), 8.85 (s, 2H, H-3′), 8.14 (d, J =
7.7 Hz, 2H, H-3), 8.03 (t, J = 7.7 Hz, 2H, H-4), 7.81 (d, J =
7.8 Hz, 2H, Ar H-3), 7.43 (d, J = 8.0, 2H, Ar H-2), 2.91 (s,
6H, COCH3), 2.50 (s, 3H, Ar CH3). EI-MS: 407 ([M+], 68).
365 ([M+-COCH3], 45), 43 ([COCH3], 100). Elemental anal-
ysis calcd. for C26H21N3O2: C 76.64, H 5.19, N 10.31;
found: C 76.26, H 5.05, N 10.65.

Two-step method B
A solution of 2,6-diacetylpyridine (409 mg, 2.51 mmol) in

MeOH (20 mL) was quickly added to a vigorously stirring
solution of the propenone 8a (664 mg, 2.51 mmol) in MeOH
(62.5 mL) and 15% aq. KOH (22 mL). Concentrated
NH4OH (60 mL) was added in portions and the mixture was
allowed to stir at room temperature for 4–5 d. The precipi-
tate was filtered by vacuum filtration, dissolved in CHCl3,
and washed sequentially with H2O (2 × 25 mL) and brine
(2 × 25 mL). The organic fraction was dried with MgSO4
and freed of solvent in vacuo. The residue was triturated
with MeOH (20 mL) to afford a golden yellow powder that
was filtered and recrystallized (CHCl3:MeOH) as a brown-
yellow powder (358 mg, 35%). The mp and 1H NMR data
were identical to those from material obtained by Method A.

6,6 ′′-Diacetyl-4′-(4-chlorophenyl)-2,2′:6′,2 ′′-terpyridine
(9b)

By analogy to the preparation of 9a by Method A, 2,6-
diacetylpyridine (1.960 g, 12.0 mmol) in MeOH (40 mL) re-

acted with 4-chlorobenzaldehyde (819 mg, 5.85 mmol) in
MeOH (20 mL), 15% aq. KOH (7 mL) and concd. NH4OH
(10 mL) at room temperature for 3 days, and the reaction
mixture was worked up as before. The yellow solid crude
product was passed down a short column (silica, 20:80
EtOAc:PE) with slow elution of the major yellow band and
10:90 MeOH:CH2Cl2 for elution of the baseline fraction.
Both fractions were combined and recrystallized
(CHCl3:MeOH) to afford a pure brown-yellow powder
(1.80 g, 72%). mp 166–168°C. 1H NMR (ppm) δ: 8.89 (d,
J = 7.8 Hz, 2H, H-5), 8.82 (s, 2H, H-3′), 8.15 (d, J = 7.4 Hz,
2H, H-3), 8.06 (t, J = 7.8 Hz, 2H, H-4), 7.83 (d, J = 8.5 Hz,
2H, Ar H-3), 7.57 (d, J = 8.41 Hz, 2H, Ar H-2), 2.91 (s, 6H,
CH3). EI-MS: 427 ([M+], 100). Elemental analysis calcd. for
C25H18N3O2Cl: C 70.18, H 4.24, N 9.82; found: C 69.70, H
4.24, N 9.57.

6,6 ′′-Diacetyl-4′-(4-tert-butylphenyl)-2,2′:6′,2 ′′-
terpyridine (9c)

By analogy to the preparation of 9a by Method A, 2,6-
diacetylpyridine (1.503 g, 9.22 mmol) in MeOH (35 mL) re-
acted with 4-tert-butylbenzaldehyde (0.742 g, 4.58 mmol) in
MeOH (10 mL), 30% aq. KOH (7.5 mL) and concd. NH4OH
(7.5 mL) at room temperature for 3–4 days, and the reaction
mixture was worked up as before. The yellow solid crude
product was dissolved in a small amount of CHCl3 and sepa-
rated from contaminants by preparative TLC (silica, 1:9
EtOAc:hexane). The major UV-active band was extracted
from the silica with 30:70 MeOH:CH2Cl2, filtered, and re-
duced in vacuo to afford a white residue. Sonicating in
MeOH (30 min,100 mL) and recrystallization (CHCl3:Et2O)
afforded a white powder (1.51 g, 73%). mp 185–187°C
(dec.). 1H NMR (ppm) δ: 8.88 (d, J = 7.8 Hz, 2H, H-5), 8.85
(s, 2H, H-3), 8.12 (d, J = 7.6 Hz, 2H, H-3), 8.04 (t, J =
7.7 Hz, 2H, H-4), 7.86 (d, J = 8.1 Hz, 2H, Ar H-3), 7.64 (d,
J = 8.2 Hz, 2H, Ar H-2), 2.93 (s, 6H, COCH3), 1.74 (s, 9H,
C(CH3)3). EI-MS: 449 ([M+], 100). Elemental analysis
calcd. for C29H27N3O2: C 77.48, H 6.05, N 9.35; found: C
77.82, H 6.34, N 8.89.

6,6 ′′-Diacetyl-4′-(4-neopentoxyphenyl)-2,2′:6′,2 ′′-
terpyridine (9d)

By analogy to the preparation of 9a by Method A, 2,6-
diacetylpyridine (335 mg, 2.05 mmol) in MeOH (5 mL) re-
acted with 4-neopentoxybenzaldehyde (191 mg, 0.99 mmol)
in MeOH (10 mL), 30% aq. KOH (2.5 mL), and concd.
NH4OH (2.5 mL) at room temperature for 4 days, and the
reaction mixture was worked up as before. Purification of
the yellow solid crude product by preparative TLC (1:3
EtOAc:hexane) gave a major yellow band that was extracted
from the silica with 30:70 MeOH:CH2Cl2, filtered, and re-
duced in vacuo. The yellow solid proved difficult to
recrystallize and was isolated as a golden-yellow powder by
drying under vacuum (334 mg, 70%). mp 167–170°C. 1H
NMR (ppm) δ: 8.88 (d, J = 7.8 Hz, 2H, H-5), 8.83 (s, 2H,
H-3′), 8.13 (d, J = 7.7 Hz, 2H, H-3), 8.05 (t, J = 7.6 Hz, 2H,
H-4), 7.85 (d, J = 8.2 Hz, 2H, Ar H-3), 7.15 (d, J = 8.1 Hz,
2H, Ar H-2), 3.75 (s, 2H, CH2), 2.92 (s, 6H, COCH3), 1.10
(s, 9H, C(CH3)3). EI-MS: 479 ([M+], 87). Elemental analysis
calcd. for C30H29N3O3: C 75.16, H 6.10, N 8.79; found: C
74.80, 6.49, 8.48.
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4′,4 ′′′,4v-Tri-(p-tolyl)-[(2,6)-pyridyl-6-corand-6] (5a)

Method A
A mixture of 9a (40.1 mg, 0.098 mmol) and bispropenone

7a (37.9 mg, 0.103 mmol) were heated at reflux in glacial
acetic acid (25 mL) and excess concd. NH4OAc (1.3 g) for
24 h. The precipitate was filtered hot and washed with CHCl3,
MeOH, and Et2O to give a dark black solid (16.5 mg, 22%).
This solid was found to be insoluble in all common organic
solvents examined. mp 207–210°C (dec.). MALDI-MS: 755.1
([M+ + Na+], 100). 771.0 ([M+ + K+], 7). HRMS calcd. for
C51H36N6K: 771.264; found: 771.262 ± 0.005.

Method B
A mixture of bispropenone 10 (5.0 mg, 8.17 µmol) and

2,6-di[2-(N-pyridyl)-1-oxoethyl]pyridine diiodide 11 (11)
(4.6 mg, 8.23 µmol) were heated to reflux in glacial acetic
acid (25 mL) containing NH4OAc (0.72 g) for 24 h. The pre-
cipitate was filtered hot and washed with CHCl3, MeOH,
and Et2O to give a dark black solid (1.23 mg, 20%), identi-
cal in all respects to material obtained by Method A.

4′,4 ′′,4v-Tri-(4-chlorophenyl)-[(2,6)-pyridyl-6-corand-6]
(5b)

The preparation of 5a by Method A was followed by us-
ing 9b (43.4 mg, 0.102 mmol) and bispropenone 7b
(38.5 mg, 0.0946 mmol) to obtain a dark brown, insoluble
solid (16.7 mg, 22%). mp 198–200°C (dec.). MALDI-MS:
815.2 ([M+ + Na+], 100). 831.2 ([M+ + K+], 7). HRMS
calcd. for C48H27N6Cl3Na: 815.125; found: 815.126 ± 0.005.

4′,4 ′′,4v-Tri-(4-tert-butylphenyl)-[(2,6)-pyridyl-6-corand-6]
(5c)

A solution of 9c (24.3 mg, 0.054 mmol) in 4:1 n-
butanol:MeOH (25 mL) was added to a stirring solution of
bispropenone 7c (17.0 mg, 0.0377 mmol) in 2:1 n-
butanol:MeOH (15 mL), 30% aq. KOH (10 mL) and concd.
NH4OH (30 mL). The mixture was heated at reflux for 24 h.
The precipitate was filtered hot and washed with H2O,
CHCl3, and MeOH to give a tan solid (9.0 mg, 26%) that
was insoluble in all common organic solvents examined. mp
204–207°C (dec.). MALDI-MS: 881.4 ([M+ + Na+], 25),
897.4 ([M+ + K+], 37). HRMS calcd. for C60H54N6Na and
C60H54N6K: 881.431 and 897.405; found: 881.427 ± 0.005
and 897.408 ± 0.005.

4′,4 ′′,4v-Tri-(4-neopentoxyphenyl)-[(2,6)-pyridyl-6-
corand-6] (5d)

In analogy to the preparation of 5a by Method A, 9d
(42.3 mg, 0.0885 mmol) and bispropenone 7d (45.4 mg,
0.0888 mmol) were used to provide a fine precipitate, which
was filtered hot, dissolved in CHCl3, and washed with H2O
(3 × 15 mL). The organic layer was freed of solvent in vacuo
and dried under vacuum to give a yellow solid (18.5 mg,
22%). mp 173–175°C (dec.). UV–vis (CHCl3) λmax (nm) (ε
(103 M–1 cm–1)): 264 (45), 316 (49). 1H NMR (ppm)
(0.64 µM, refer to Fig. 1 for assignments) δ: 9.04 (2H, s, H-
3B), 8.95 (2H, d, H-3/5C), 8.83 (2H, s, H-3/5D), 8.83 (1H, t,
H-4F), 8.76 (2H, d, H-5/3C), 8.14 (2H, d, H-3F), 8.07 (2H,
t, H-4C), 7.97 (2H, d, H-2A or H-2/6E), 7.92 (2H, d, H-2A
or H-2/6E), 7.92 (2H, s, H-5/3D), 7.14 (8H, d, H-3A, H-

3/5E, H-2A or H-2/6E), 3.75 (6H, s, CH2), 2.89 (3H, s, OAc
CH3), 1.13 (27H, s, CH3). MALDI-MS: 971.2 ([M+ + Na+],
100). 987.4 ([M+ + K+], 37).

4′-(p-Tolyl)-6,6 ′′-di-(3-(p-tolyl)propenoyl)-2,2′:6′,2 ′′-
terpyridine (10)

A solution of 9a (100.3 mg, 0.25 mmol) in THF (20 mL)
was added, dropwise, to a vigorously stirring solution of p-
tolualdehyde (208.4 mg, 1.74 mmol), MeOH (23 mL), and
15% aq. KOH (25 mL), and the mixture was stirred for 3 d.
The precipitate was filtered, dissolved in CHCl3, and washed
sequentially with 5% aq. NaHSO3, (2 × 15 mL), H2O (2 ×
15 mL), and brine (2 × 15 mL). The product was contami-
nated with a small quantity of unreacted 9a that was par-
tially removed by seven cycles of preparative TLC (silica,
10:90 EtOAc:PE). The baseline fraction was removed from
the silica (30:70 MeOH:CH2Cl2), freed of solvent, and
recrystallized (CHCl3:MeOH) to afford a tan powder
(30.1 mg, 20%). 1H NMR (ppm) δ: 8.89 (d, J = 8.0 Hz, 2H,
H-5), 8.85 (s, 2H, H-3′), 8.53 (d, J = 16 Hz, 2H, H-3), 8.14
(d, J = 7.2 Hz, 2H, H-3), 8.05 (t, J = 7.6 Hz, 2H, H-4), 8.04
(d, J = 16 Hz, 2H, H-2), 7.81 (d, J = 8.0 Hz, 2H, Ar H-3),
7.70 (d, J = 7.9 Hz, 2H, Ar H-3), 7.43 (d, J = 7.9 Hz, 6H, Ar
H-2), 2.50, (s, 6H, Ar CH3), 2.46 (s, 3H, Ar CH3). MALDI-
MS: 611 ([M+], 87).

2-(4-Nitrophenyl)-1,3-dioxolane (12)
A mixture of 4-nitrobenzaldehyde (1.508 g, 9.9 mmol),

ethylene glycol (1.21 mL, 21.7 mmol), and chlorotri-
methylsilane (5.61 mL, 44.2 mmol) in anhydrous CH2Cl2
(55 mL) was stirred at reflux under Ar for 48 h. A 5% aq.
solution of NaHCO3 (100 mL) was added and the mixture
was extracted with Et2O (4 × 75 mL). The ether layer was
extracted with brine (4 × 75 mL), dried with MgSO4, fil-
tered, and reduced in vacuo. The yellow residue was
recrystallized (CHCl3) as cream flakes (1.523 g, 79%). 1H
NMR, EI-MS, and mp data were in agreement with those re-
ported in the literature (12, 13).

4,4′-Di-(1,3-dioxolanyl)azobenzene (13)
A suspension of LiAlH4 (1.510 g, 3.98 mmol) in Et2O

(50 mL) was vigorously stirred at –78°C in a three-neck
round-bottom flask fitted with a mechanical stirrer, dropping
funnel, and an Ar inlet. To this suspension, a solution of 2-
(4-nitrophenyl)-1,3-dioxolane 12 (0.6954 g, 3.58 mmol) in
Et2O (40 mL) was added, dropwise. The mixture was al-
lowed to slowly warm to room temperature (3 h) and stirred
for an additional 30 min. The reaction was quenched slowly
and successively with EtOAc, MeOH, and H2O with vigor-
ous stirring. The addition of a 5% aq. H2SO4 solution pro-
duced two brightly coloured (orange and yellow) layers. The
orange layer was extracted into Et2O (40 mL), and the ether
layer was washed with H2O (1 × 25 mL), NaHCO3 (2 ×
25 mL), and brine (2 × 25 mL). The ether-borne extract was
concentrated and purified by preparative TLC (silica, 1:3
EtOAc:hexane). The major orange band was extracted from
the silica with 30:70 MeOH:CH2Cl2. The extract was fil-
tered, concentrated in vacuo, and recrystallized (cold
MeOH) to afford a bright orange powder (0.7236 g, 62%).
mp 140–142°C. 1H NMR (ppm) δ: 7.96 (d, J = 7.9 Hz, 4H,
H-2), 7.66 (d, J = 8.0 Hz, 4H, H-3), 5.92 (s, 2H, Ar-CH),
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4.20–4.08 (m, 8H, CH2). EI-MS: 326 ([M+], 48). 149 ([M+ –
C9H9O2], 100). Elemental analysis calcd. for C18H18N2O4: C
66.25, H 5.56, N 8.58; found: C 66.77, H 5.69, N 8.31.

4,4′-Azobenzaldehyde (14)
A 10% aq. H2SO4 solution (100 mL) was added to a vig-

orously stirring solution of 4,4′-di-(1,3-dioxolanyl)azoben-
zene 13 (0.700 g, 2.15 mmol) in MeOH (60 mL) at room
temperature. The mixture was allowed to stir for 20 h, fil-
tered, dissolved in CHCl3, and washed sequentially with 5%
aq. NaHCO3 (1 × 75 mL), H2O (1 × 75 mL), and brine (2 ×
50 mL). The organic fraction was dried with MgSO4, freed
of solvent in vacuo, and recrystallized (MeOH) to afford red
leaflets (0.420 g, 82%). 1H NMR, EI-MS, and mp data were
in agreement with those reported in the literature (14–16).
UV–vis (CHCl3) λmax (nm) (ε (M–1 cm–1)): 336 (53 500),
478 (1 240).

4,4′-Di-(4′-(6,6 ′′-diacetyl-2,2′:6′,2 ′′-terpyridinyl))azoben-
zene (15)

A solution of 2,6-diacetylpyridine (0.4890 g, 3.0 mmol) in
MeOH (10 mL) was added slowly to a vigorously stirring
mixture of 4,4′-azobenzaldehyde 14 (0.1017 g, 0.49 mmol),
MeOH (90 mL), 15% aq. KOH (2.5 mL), and concd.
NH4OH (23 mL). The mixture was heated to reflux for 20 h.
The orange precipitate was filtered and washed with H2O.
Trituration with CHCl3 afforded an orange filtrate and an in-
soluble orange precipitate. The filtrate was washed with
NaHCO3 (2 × 25 mL), NaOH (1 × 25 mL), and brine (2 ×
25 mL), dried with MgSO4, and freed of solvent in vacuo.
The residue was purified by preparative TLC (silica, 31:2:1
MeCN: saturated KNO3:H2O). The baseline fraction was ex-
tracted from the silica with 30:70 MeOH:CH2Cl2. The ex-
tract was filtered and concentrated in vacuo. The orange
solid recrystallized (CHCl3:MeOH) as an orange powder
(175.0 mg, 50%). mp 207–209°C. UV–vis (CHCl3) λmax
(nm) (ε (M–1 cm–1)): 356 (12 400), 274 (31 400). IR (neat)
(cm–1): 1698 (s, C=O). 1H NMR (ppm) δ: 8.94 (d, J =
7.6 Hz, 4H, H-5), 8.91 (s, 4H, H-3′), 8.23 (d, J = 7.6 Hz, 4H,
H-3), 8.15 (d+d, J = 7.8 Hz, 8H, Ar H-2 & H-3), 8.10 (t, J =
7.5 Hz, 4H, H-4), 2.94 (s, 12H, CH3). MALDI-MS: 812
([M+], 100). HRMS calcd. for C50H37N8O4: 813.294. found:
813.295 ± 0.005.

Results and discussion

As illustrated in Scheme 2, we explored two approaches
to the synthesis of C3-symmetrical cyclosexipyridines:
(i) coupling a diacetylterpyridine 9 with a bispropenone 7 in
the presence of a source of NH3 via a dihydropyridine inter-
mediate and (ii) coupling a more elaborate bispropenone 10
with the salt 11 under Kröhnke’s conditions (17). Both ap-
proaches required diacetylated terpyridines 9 whose synthe-
sis was to make use of our one-pot preparation of
dipyrazinylpyridines (6), essentially a modified Chichibabin
synthesis (18). This would start from commercial 2,6-
diacetylpyridine 6, which would be the only source of pre-
manufactured pyridine rings and would require a differential
reactivity of the two acetyl groups.

The substituents on the macroring, originating from aro-
matic aldehydes, could presumably be varied at will. In prin-
ciple, this approach can also lead to less symmetrical
products with one macroring substituent different from the
other two, but this possibility was not explored here. Our
initial goal was to prepare three examples of cyclosexipy-
ridines, one with electron-releasing substituents, another
with electron-withdrawing substitution, and the first example
of a bis(cyclosexipyridine) with an azo linkage. The latter
necessitated the preparation of a novel azo-linked bisterpy-
ridine.

Diacetylpyridine 6 was treated with 2 equiv of p-tolualde-
hyde under basic conditions to afford a 65% isolated yield of
recrystallized bispropenone 7a (Scheme 2). Similarly, 4-
chlorobenzaldehyde afforded 7b in 62% isolated yield. Their
NMR and EI-MS spectra and their elemental analyses were
consistent with the proposed structures. According to 1H
NMR, they appeared to be exclusively trans,trans isomers.
When only 1 equiv of p-tolualdehyde and weaker base were
used, a 67% isolated yield of monopropenone 8a was iso-
lated, again as the trans isomer according to 1H NMR, along
with some 7a. Hence, the two acetyl groups of 6 seem to re-
act fairly independently, and the reaction of one apparently
reduces the reactivity of the other, thereby making our ap-
proach promising.

When 6 and propenone 8a were combined in 1:1 ratio un-
der basic conditions in the presence of NH3 at room temper-
ature, a precipitate formed over the course of several days.
After collection, washing, and recrystallization, a 35% yield
of diacetylterpyridine 9a was obtained. If, instead, p-
tolualdehyde or 4-chlorobenzaldehyde were combined with
2 equiv of 6 in the presence of NH3, terpyridines 9a and 9b
precipitated in essentially pure form over a few days at room
temperature. These terpyridines were isolated in 70% and
72% yields, respectively, after recrystallization. Given the
number of intermediates involved in the assembly of the
central pyridine ring, such yields are remarkable. Both of
these terpyridines were fully characterized by NMR, EI-MS,
and elemental analyses. A distinctive feature of these materi-
als was the appearance of a new aromatic singlet in their 1H
NMR spectra, signalling the creation of the symmetrical,
central pyridine ring.

By an analogous process, 4,4′-azobenzaldehyde (14) and
4 equiv of 6 were converted to the novel azo-linked
bis(terpyridine) 15, an orange solid, in 50% yield after pre-
parative TLC and recrystallization (Scheme 3). Considering
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Fig. 1. Cyclosexipyridine 5d, showing twisting of rings A and F
out of plane. The 1H NMR assignments used the position num-
bers given.
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that this transformation assembled a total of seven molecules
(including NH3) and eliminated a total of six molecules of
H2O (as well as 2 equiv of H2), the 50% yield is quite re-
markable. For this synthesis, the known dialdehyde 14 (14–
16) was prepared from 4-nitrobenzaldehyde involving its
TMSCl-catalyzed (19) protection to nitroacetal 12 (12, 13)
(79% yield), reductive coupling with cold LiAlH4 (20) to the
previously unknown azo-acetal intermediate, the bright or-
ange 13 (62% yield), followed by deprotection (82% yield).
The nitro–azo transformation caused an upfield migration of
the aromatic signals and the structure of 13 was otherwise
supported by MS and elemental analysis as well as its trans-
formation to 14. In the 1H NMR spectrum of 15, the
azophenyl doublets (identified by COSY) were overlapping.
This had been also observed with the aromatic doublets
from 14 where the aldehyde group is conjugated with the
azo group but not in 12 or 13 where the aldehyde is masked.

The overlap with 15 is therefore consistent with conjugation
of the terpyridine unit with the azo group and hence π-over-
lap among the terpyridines. The high degree of conjugation
present was also evident from the energy of the π→π* band
for 15 (356 nm), which is at a lower energy than had been
found with a phenylene-linked bis(terpyridine) (280 nm) (7)
or with azobenzene itself (320 nm) (21, 22).

These terpyridine compounds are also of evident interest
in transition metal complexation. The synthesis provides for
variation of the 4′ substituent, and the products may be fur-
ther elaborated at the acetyl groups, for instance, to prepare
macrocyclic Schiff bases with diamines.

To effect macrocyclization, 7a and 9a were combined in
1:1 ratio and heated to reflux in acetic acid in the presence
of excess NH4OAc. This produced a black powder in 22%
yield that was insoluble in all solvents tested and appeared
to decompose on the melting point apparatus. NMR analysis
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Scheme 2. Conditions: (a) ≥2 equiv Ar-CHO, 5–15% aq. KOH, MeOH, 2 d; (b) 1 equiv Ar-CHO, 2.5% aq. KOH, MeOH, 24 h; (c) 1
equiv 6, 15% aq. KOH, concd. NH4OH, MeOH, 4–5 d; (d) 0.5 equiv 6, 15–30% aq. KOH, concd. NH4OH, MeOH, 3–5 d; (e) 1 equiv
7a,b, or d, NH4OAc, HOAc, reflux, 24 h, or 1 equiv 7c, 30% aq. KOH, concd. NH4OH, MeOH:n-BuOH, reflux, 24 h; (f) 7 equiv
CH3C6H4-4-CHO, 15% aq. KOH, MeOH, 3 d; (g) 1 equiv 11, NH4OAc, HOAc, reflux, 24 h. The 1H NMR assignments used the posi-
tion numbers given.
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of the mother liquor was not informative. MALDI-MS anal-
ysis of the insoluble material revealed two principal signals
consistent with the presence of both Na+ (M + 23) and K+

(M + 39) complexes of cyclosexipyridine 5a, in roughly
15:1 ratio, with no sign of metal-free macrocycle. This result
is consistent with Toner’s obtention of his cyclosexipyridine
as a NaOAc complex. It seems that the presence of a third
substituent on our macroring failed to produce a more solu-
ble product. Essentially the same result was obtained by the
analogous combination of the chlorophenyl-bearing
terpyridine 9b with chlorophenyl–bispropenone 7b; a 22%
yield of an insoluble black powder analyzing as Na+ and K+

complexes of macrocycle 5b in ca. 15:1 ratio.
The condensation reactions forming the last two pyridine

rings of the macrocycle actually produce dihydropyridines
that require aerial oxidation. In case this might be rate-
limiting and contribute to the low yields of macrocycles 5,
an alternative synthesis was performed using Krönhke meth-
odology (17) such as was applied by Toner (4) and by Kelly
et al. (2). This leads to fully formed pyridines without need
for aerial oxidation but requires extra steps in substrate prep-
aration. Diacetylterpyridine 9a was converted to the
trans,trans-bispropenone 10 by base-catalyzed condensation
with excess p-tolualdehyde. This gave a disappointing,
though unoptimized, yield of 20% of material that was,
moreover, contaminated with some unreacted 9a that proved
to be very tedious to remove. Compound 10 was not fully
characterized, but its structure was proven by MALDI-MS
and 1H NMR, which showed the absence of acetyl CH3 sig-
nals, the appearance of trans-alkenyl signals, and the pres-
ence of two benzylic CH3 signals in 2:1 integration ratio.
Bispropenone 10 was subsequently treated with the known
dipyridinium salt 11 and excess NH4OAc in acetic acid at re-
flux, according to the Krönhke method (17). This afforded
the Na+ and K+ complexes of 5a identical in all respects to

material prepared earlier and in a similar yield (20%). There
was, therefore, no apparent advantage to applying the
Krönhke method and aerial oxidation was evidently not a
limiting factor. We also attempted the direct, one-pot ap-
proach that was successful in our terpyridine synthesis using
a 1:1 ratio of 6 and p-tolualdehyde in the presence of NH3.
However, the major product was the monopropenone 8a. It
appears that, once the first acetyl group of 6 has reacted to
give 8a, the reaction of the second is too slow in Michael
addition to the propenone moiety of 8a.

By analogy to other flat, extended π-conjugated systems
such as phthalocyanines (23, 24), the insolubility of these
cyclosexipyridines was likely due to aggregation. To dis-
courage this, we turned to the commercially available 4-tert-
butylbenzaldehyde to deliver bulkier substituents. We were
able to prepare the tert-butylated bispropenone 7c and
terpyridine 9c in yields very similar to those obtained previ-
ously (60 and 73%, respectively), but the monopropenone 8c
was obtained in just 19% yield, in part because of difficulty
encountered in separating it from the 7c that accompanies it,
and 8c was not used further. The macrocyclization was per-
formed this time under basic conditions analogous to those
used in our terpyridine synthesis, as opposed to the acidic
conditions used earlier for 5a and 5b, to control the cation
content of the reaction mixture. Thus, terpyridine 9c and
bispropenone 7c were treated with aqueous KOH and con-
centrated NH4OH in a butanol–MeOH mixture to produce a
tan deposit in 26% yield that again analyzed as a mix of Na+

and K+ complexes of cyclosexipyridine 5c, this time in a K-
rich ratio of ca. 2:3 Na:K, with OH– as the likely counterion.
The Na+ probably again originated from the glass reaction
vessel, and the failure of the large excess of K+ in solution to
prevent the incorporation of Na+ suggests that the latter
forms the stronger complexes. Indeed, Bell et al. measured
equilibrium binding constants for torand 2 and found a ca.
2.5-fold preference for Na+ over K+ (5). This contrasts with
the usual preference for K+ by crowns (25) and discounts the
primacy of cavity size in cation selection, i.e., the “hole-size
concept”, by which the cyclosexipyridine cavity size, esti-
mated at 1.3 Å (26), better fits the hexacoordinate ionic ra-
dius of K+ (1.38 Å) than that of Na+ (1.02 Å) and is
therefore expected to better bind K+.

In any case, macrocycle 5c was just as insoluble as the pre-
vious two examples. We then turned to neopentoxy groups to
provide solubilizing power, as had been used with success to
prepare soluble phthalocyanines (27). There is a two-step
published preparation of 4-neopentoxybenzaldehyde (10), but
we prepared it by alkylation of 4-hydroxybenzaldehyde using
neopentyl tosylate (9) in 42% isolated yield. Conversions to
bispropenone 7d and terpyridine 9d proceeded in the same
fashion and in similar yields (63% 7d, 70% 9d) as for their
analogues. Also, the macrocyclization proceeded as well as
the previous examples (22% isolated yield) but this time the
precipitated product was soluble in a variety of solvents,
though not aromatic ones. This material defied all attempts at
crystallization. TLC with various eluents showed that it was
chromatographically homogeneous and free of impurities.
MALDI-MS identified the material as 5d, again obtained as a
mix of Na+ and K+ complexes in ca. 5:2 ratio.

1H NMR showed broad aliphatic singlets for this material,
one for C(CH3)3 and one for OCH2 in 9:2 ratio, in accord
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Scheme 3. Conditions: (a) LiAlH4, Et2O, –78°C → RT, 30 min;
(b) 10% aq. H2SO4, MeOH, 20 h; (c) 6 equiv 6, 15% aq. KOH,
concd. NH4OH, MeOH, reflux, 20 h. The 1H NMR assignments
used the position numbers given.
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with the structure, as well as one attributable to the OAc
counterion, but the aromatic region contained broad and
overlapping signals, indicating a pronounced tendency to ag-
gregate in spite of being well dissolved. Heating the sample
to 62°C failed to affect the spectrum, but dilution caused a
sharpening of the signals. Progressively sharper signals were
obtained with progressive dilution, confirming that 5d, as a
Na+:K+ complex, was subject to aggregation. Even at its
sharpest, at sub-micromolar concentrations, the NMR spec-
trum was not readily interpretable, and it became evident
that the symmetry was lower than threefold. Since COSY
could not be performed at such high dilutions, homo-
decoupling experiments were carried out to help assign the
signals, and a total of 11 aromatic signals were thereby lo-
cated. Their number, multiplicities, and integration values
were consistent with twofold symmetry, allowing for some
accidental overlap, compared with the five signals expected
with the threefold symmetry. Twofold symmetry may result
from an out-of-plane twist of any one of the six pyridine
rings or of any transannularly opposed pair of rings, as de-
picted in Fig. 1. Such out-of-plane twisting was indeed pres-
ent in the crystal structures of the torand alkali metal
complexes (26) and was predicted by computation to occur
with the Na+ and Li+ complexes of the parent cyclosexi-
pyridine (28), but those structures were of D3-symmetry,
with the pyridine rings twisting “up” then “down” in alterna-
tion, a reduction from the sixfold symmetry of the flat lig-
ands. The D3 conformation probably minimizes lone pair –
lone pair repulsions and contacts between pyridine H-3/5.
The same conformation with the less symmetrical com-
plexes of 5d would place all three neopentoxy groups on the
same face of the macroring, which may be destabilizing.

Twofold symmetry would give rise to a maximum 14 aro-
matic signals, 12 with free rotation of the side-chains. Our
analysis of the 11 signals observed implies that one of the
H-2/6 2H doublets has suffered an upfield shift of about
0.8 ppm, consistent with an out-of-plane twist of one
phenylene ring such that its H-2 and H-6 are thereby less
deshielded by the neighbouring pyridines. This analysis also
implies that the two equivalent side-chains (rings E), if not
all three, are not freely rotating owing to conjugation and
(or) aggregation.

Metal-free torand 3 was isolated after macrocyclization
catalyzed by triflic acid (3). We attempted to prepare 5d in
the same manner from 9d and 7d using excess NH4OAc in
glacial acetic acid spiked with 4% triflic acid. However,
heating this to reflux for 3 d failed to cause any precipita-
tion, and NMR indicated the presence of only the starting
materials. Triflic acid apparently inhibited the macro-
cyclization, likely because of its stronger acidity and the fa-
vourable protonation of the pyridine rings in the starting
materials.

Interestingly, sonicating a CDCl3 solution of 5d with a so-
lution of potassium picrate in D2O for 24 h failed to cause
any detectable anion or cation exchange according to NMR
and MALDI-MS. Encapsulating hosts also showed slow ion
exchanges (5).

Azo-bis(terpyridine) 15 was also subjected to our
macrocyclization conditions with 2.2 equiv of 7d for 48 h
and a precipitate formed as before. Though four neopentoxy
groups were intended to be present, this material proved to

be insoluble in all solvents tested, as was true with 5a–c.
MALDI-MS revealed numerous high-mass species, but none
at or near m/z 1798, the molecular weight expected for the
desired bis(cyclosexipyridine). No further cyclization at-
tempts were made.

Conclusion

We have extended our one-pot synthesis of dipyrazinyl-
pyridines and phenylene-linked bisterpyridines to four exam-
ples of terpyridines and one example of an azo-linked
bisterpyridine. The simple terpyridines were converted to
novel C3-symmetrical triarylated cyclosexipyridines without
resorting to the Kröhnke method, but this was only soluble
with neopentoxy substitution. Aggregation and demetalation
remain issues to be resolved.
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Photobehavior of aqueous uranyl ion and photo-
oxygenation of isobutane using light from the
visible region

Trevor M. Bergfeldt, William L. Waltz, Xiangrong Xu, Petr Sedlák, Uwe Dreyer,
Hermann Möckel, Jochen Lilie, and John W. Stephenson

Abstract: The photochemical and photophysical behavior of the aqueous uranyl ion [UO2(H2O)5]2+ has been studied
under the influence of visible light and with added perchloric acid over the range of 0.01–4 M. In the presence of 2-
methylpropane (isobutane), photo-oxygenation of isobutane occurs to yield, as the major product, 2-methyl-2-propanol
(tert-butyl alcohol) along with lesser amounts of 2-methyl-2-propene (isobutene) and other C1–C8 products. The quan-
tum yield for formation of tert-butyl alcohol is independent of light intensity at the irradiation wavelength of 415 nm
and of uranyl concentration, but it increases from 0.016 ± 0.001 at 0.01 M HClO4 (pH 2) to 0.13 ± 0.01 at 4 M
HClO4. The emission spectrum from the electronically excited uranyl ion and the associated quantum yields have been
measured in the presence and absence of isobutane, as a function of added perchloric acid. While in both cases the
shape of the spectrum remains invariant, the quantum yields increase with increasing perchloric acid concentration. The
strong dependence on added perchloric acid is interpreted within the context of the presence and interconversion of two
electronically excited species, an acid form, *[UO2(H2O)5]2+, and a base form, *[UO2(H2O)n(OH)]+. It is proposed that
both forms react with isobutane to give a tert-butyl radical, and that oxidation of coordinated aqua ligands occur, the
latter generating a hydroxyl radical whose reaction with isobutane rapidly leads also to a tert-butyl radical. The reac-
tion of this alkyl radical with ground-state [UO2(H2O)5]2+ then gives rise to the stable tert-butyl alcohol product and
reduced forms of uranyl ion. Based upon the values of the quantum yields and of excited-state lifetime measurements
reported in the literature, a comprehensive mechanism has been developed in a quantitative manner to provide calcu-
lated values of the rate constants for the individual mechanistic steps. The calculated rate constants provide a basis to
calculate the values of quantum yields for emission and chemical reaction, as well as for lifetimes, that agree very sat-
isfactorily with the experimental values over a 400-fold concentration change in added perchloric acid.

Key words: photo-oxidation, photo-oxygenation, uranyl ion, isobutane, tert-butyl alcohol, lifetime, quantum yield, acid–
base dissociation. 229

Résumé : On a étudié les comportements photochimique et photophysique de l’ion uranyle aqueux [UO2(H2O)5]2+ sous
l’influence de la lumière visible, en présence d’acide perchlorique ajouté à des concentrations allant de 0,01 M à 4 M.
En présence de 2-méthylpropane (isobutane), il se produit une photooxygénation de l’isobutane qui conduit à la forma-
tion de 2-méthylpropan-2-ol (tert-butanol) comme produit principal aux côtés de quantités plus faibles de 2-méthylprop-
2-ène (isobutène) ainsi que d’autres produits comportant de un à huit atomes de carbone. À une longueur d’onde
d’irradiation de 415 nm, le rendement quantique pour la formation du tert-butanol est indépendant de l’intensité de la
lumière et de la concentration en uranyle, mais il augmente de 0,016 ± 0,001 à une concentration de HClO4 de 0,01 M
(pH = 2) jusqu’à 0,13 ± 0,01 à une concentration de HClO4 de 4 M. On a mesuré le spectre d’émission de l’ion ura-
nyle électroniquement excité et les rendements quantiques associés, en présence et en l’absence d’isobutane et en fonc-
tion de la quantité d’acide perchlorique ajouté. Même si dans les deux cas la forme des spectres ne varie pas, les
rendements quantiques augmentent avec une augmentation de la concentration d’acide perchlorique. Cette forte dépen-
dance sur l’acide perchlorique ajouté est interprétée dans le contexte de la présence et de l’interconversion de deux es-
pèces électroniquement excitées, une forme acide *[UO2(H2O)5]2+ et une forme basique *[UO2(H2O)n(OH)]+. Il est
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suggéré que les deux formes réagissent avec l’isobutane pour produire le radical tert-butyle et qu’il se produit une oxy-
dation des ligands aqua coordinés qui génèrent la formation du radical hydroxyle qui, par réaction avec l’isobutane,
conduit aussi rapidement à la formation du radical tert-butyle. La réaction de ce radical avec du [UO2(H2O)5]2+ à l’état
fondamental conduit alors à la formation du tert-butanol, le produit stable, ainsi qu’aux formes réduites de l’ion ura-
nyle. Sur la base des valeurs des rendements quantiques et des mesures de temps de vie rapportées dans la littérature,
on a développé un mécanisme global de manière quantitative qui permet d’obtenir des valeurs calculées pour les cons-
tantes de vitesse de chacune des étapes mécanistiques individuelles. Les constantes de vitesse calculées ont permis de
calculer des valeurs des rendements quantiques de l’émission et de la réaction chimique ainsi que des temps de vie qui
sont en bon accord avec les valeurs expérimentales pour des changements de concentration en acide perchlorique
ajouté qui varient par un facteur allant jusqu’à quatre cents.

Mots clés : photooxydation, photooxygénation, ion uranyle, isobutane, tert-butanol, temps de vie, rendement quantique,
dissociation acide-base.

[Traduit par la Rédaction] Bergfeldt et al.

Introduction

This investigation was undertaken with two complemen-
tary objectives in mind: namely, to investigate in a quantita-
tive manner the photochemical and photophysical features of
the electronically excited uranyl ion, *[UO2(H2O)5]

2+, and at
the same time to study the use of this species as a quantita-
tive means to convert 2-methylpropane (isobutane) into 2-
methyl-2-propanol (tert-butyl alcohol). Baird and Kemp
have recently provided an in-depth review of the many facets
of the intriguing yet complicated photobehavior of the ura-
nyl ion and other related forms found in aqueous media (1).
Uranyl ion absorbs in the 350–500 nm region to yield a
long-lived excited state (µs timescale); however, its behavior
is sensitive to pH, temperature, and the nature and concen-
tration of the counter anion. Under our conditions, where we
have used the perchlorate salt and added amounts of
perchloric acid (0.01–4 M) to vary the pH, the ground state
species is the monomeric form [UO2(H2O)5]

2+. At the higher
concentrations of added HClO4, ion pairing between
*[UO2(H2O)5]

2+ and ClO4
– is likely to occur to some extent

in the excited-state species (2); however, our results can be
satisfactorily interpreted without invoking this facet.

Electronically excited uranyl ion is a powerful oxidant
(E° ~ 2.6 V) and is well known to engage in electron-
transfer processes and to participate in hydrogen-abstraction
reactions with many organic compounds (1, 3–16). Thus one
anticipates that in the presence of isobutane, the excited state
will abstract a hydrogen atom to generate an alkyl radical
and the uranoyl ion, [UO2]

+, leading to subsequent free radi-
cal reactions to form the organic products. Mao and Bakac
have found with related alkanes and alcohols that the loga-
rithm of the quenching constant for excited uranyl ion in-
creases with decreasing C—H bond energy, which is
supportive of hydrogen-abstraction mechanisms (17). The
extension of this observation to isobutane implies that hy-
drogen abstraction will occur preferentially at the tertiary
hydrogen rather than at the primary positions, and our find-
ings that the tertiary alcohol is the major product in
deaerated media — whereas acetone occurs in the presence
of dioxygen — is commensurate with the major occurrence
of the tert-butyl radical (18).

[1] *[UO2(H2O)5]2+ + (CH3)3CH → [UO2(H2O)5]+

+ H+ + (CH3)3C·

However, two additional features need to be considered in
evaluating our results. There is now substantial evidence that
because of the powerful oxidizing nature of *[UO2(H2O)5]

2+,
water can be oxidized to form a hydroxyl radical that will
readily react with isobutane to form further amounts of tert-
butyl radical (1, 10, 19–21).

[2] *[UO2(H2O)5]2+ → [UO2(H2O)4]+ + H+ + ·OH

[3] ·OH + (CH3)3CH → H2O + (CH3)3C·

Above, we have portrayed that the oxidation of water is
of coordinated water because Xu (21) finds that when the
coordinated waters are replaced by a fluoride ion, the oxi-
dation of isobutane is not detectable. The observations by
many researchers that the excited-state reactivity and emis-
sion lifetime are strongly dependent on the acidity of the
media has given rise to different mechanistic interpretations.
Marcantontos proposed, at relatively high concentrations of
uranyl ion, the additional formation of an exciplex complex,
*[U2O4H]2+, to account for bi-exponential lifetimes, multiple
emission spectra, and dependence of such on concentrations
of acid and uranyl ion (1, 12). Under our conditions we do
not observe bi-exponential behavior or multiple emission,
and thus we conclude that exciplex formation is not a signif-
icant factor in our study. Burrows and co-workers initially
offered a mechanism focusing on the interconversion be-
tween two closely spaced excited states of the uranyl ion (1,
22). More recently they have adopted the proposal made by
Darmanyan, Khudyakov, and co-workers of an electronically
excited acid–base mechanism in competition with other re-
activity modes (22, 23); the number of waters of hydration
for the base form, *[UO2(H2O)n(OH)]+, are unknown.

[4] *[UO2(H2O)5]2+ → *[UO2(H2O)n(OH)]+ + H+ k12

[5] *[UO2(H2O)n(OH)]+ + H+ → *[UO2(H2O)5]2+ k21

Our findings are consistent with these acid–base steps, as
shown in more detail in the Discussion section (see Fig. 1).
In this report, we present a comprehensive mechanism incor-
porating acid–base behavior, radiative and nonradiative pro-
cesses, and quenching by water and isobutane; specific
values are provided for the rate constants associated with the
individual steps of the mechanism. A comprehensive and
self-consistent set of values has not been available, to our
knowledge, until now. The estimates of the rate constant val-
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ues have been achieved by using an integrated package of
information obtained from both time-resolved and steady-
state experiments. Specifically we have measured the inte-
grated emission intensities that lead to emission quantum
yields and chemical quantum yields for tert-butyl alcohol as
a function of acidity. We have used and analyzed in detail
the lifetime measurements reported by Moriyasu et al. after
we first confirmed that their findings are appropriate to our
conditions (13).

The choice of isobutane used here in the quenching and
photo-oxygenation processes warrants comment because it
has associated with it several useful and advantageous fea-
tures. Nizova and Shul’pin appear to have been the first to
report on the photo-oxygenation of alkanes (cyclohexane
and methane) with uranyl ion, although such was performed
in acetic acid and acetonitrile solvents (24). Subsequently
Mao and Bakac extended such studies to aqueous 0.1 M
H3PO4 for alkyl aromatic compounds (17). Of concern in
such studies is that the products of the reactions are known
or expected to be highly reactive in their own right. To mini-
mize such secondary reactions is difficult; however, our ob-
served major product tert-butyl alcohol is considerably less
reactive as a quenching agent and in its reaction with
hydroxyl radical than is isobutane. Even to a much higher
conversion (ca. 65%) than normally done here (ca. 10%), we
find no evidence for complications arising from the reactiv-
ity of the alcohol product. As a further precaution, we have
in general carried out the experiments with continuous bub-
bling of the isobutane gas through the liquid phase before
and during photolysis.

Experimental

Apparatus
For steady-state measurements of quantum yields and

product analysis, a 1000 W Hg–Xe arc lamp (Oriel 6293)
was used with the collimated light beam being passed
through an 11-cm water cell and a 9.6-cm cell of 0.1 M
CuSO4(aq) (310 nm < band pass < 640 nm) to filter out IR
and UV light. In addition, either a cut-off filter (Schott Glass
Technologies Inc., GG400) or, for quantum-yield determina-
tions, an interference filter (Edmund Scientific Co.,

CWL415, λmax = 415 nm, fwhm = 12 nm) was placed in the
light beam prior to the reaction cell. Two types of reaction
cells (water-cooled, 25.0 ± 0.15°C) were used: one of fixed
path length (8.7 cm) and the second of variable path length
(ca. 5 cm to 10 cm). The latter was constructed from a
100 mL syringe (J. Young Scientific, GTS/100/GS) with the
end of the barrel having — affixed to it by optical adhesive
(Norland 61) — a borosilicate window. A schematic dia-
gram of this cell is shown in Fig. 2. A major advantage of
this arrangement is that periodic sampling of the liquid solu-
tion can be done during the course of irradiation without the
development of a separate gas phase. For ease of carrying
out the actinometry, both the actinometric solution and the
uranyl solutions have been irradiated under optically dense
conditions (absorbance = 2–2.5). Because of this procedure
and because of the longer light path, a more dilute concen-
tration of the ferrioxalate actinometry solution (3.9 mM) was
used than is generally employed (25); however, all such
measurements have been carried out using linear calibration
plots. Spectroscopic data were obtained using a Cary 2315
or HP 8451A PhotoDiode Array spectrophotometer for UV–
vis spectra; Spex Fluorolog-2 for emission spectra; Bio-Rad
FTS-40 FT-IR and FT-NMR, Bruker AM-300 MHz (1H).
Mass spectrometry was done with a Fisions GC 8000 (in
splitless mode) interfaced with a VG70-VSE mass spectrom-
eter with a Dec Vax 4000 model 60 workstation; authentic
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Fig. 1. Schematic diagram of the proposed acid–base model. Note: Processes involving the acid and base forms are distinguished by
subscripts 1 and 2, respectively; Ia is the intensity of absorbed light; and BH and B. are the isobutane and tert-butyl radical, respec-
tively.

Fig. 2. Variable pathlength cell.
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samples and the NIST library were used to identify products.
Gamma radiolysis experiments of saturated isobutane with-
out the presence of uranyl ion were performed with a
Gammcell 60Co source (Serial #260, Atomic Energy of Can-
ada Limited (AECL)) using either Millipore or triply dis-
tilled water, and acidified with HClO4 (Ultrapure, BDH).
These radiolysis results allow us to compare the nature of
the organic products arising from the reaction of the
hydroxyl radical with isobutane to those products formed in
the photolysis of the uranyl–isobutane solutions.

Chromatography
A Hewlett-Packard 5890 GC was employed in conjunction

with a PC286 computer with Baseline 810 software. The in-
jection port and FI-detector temperatures were 200°C. For
aqueous solutions, injections were either 1 mL samples taken
directly from the photolysis cell, 1 mL tetrahydrofuran (THF)
extractions, or an injection of solid phase micro-extraction
fibres. THF extractions were prepared as follows: a sample
was withdrawn from the photolysis cell with a 5-mL syringe
and passed through a Sep-Pak cartridge (Millipore, Sep-Pak
Plus, t-C18) using a syringe pump (rate 1 mL min–1, Sage
Instruments 341B). The retained organic material was then
eluted at the same rate with 1.2 mL of THF solution contain-
ing isopropanol as the GC internal standard followed by
1.5 mL of THF. Extraction using solid phase micro-
extraction (SPME) involved the following procedure: a sam-
ple was withdrawn from the photolysis cell with a 5 mL sy-
ringe and transferred to a 2 dram vial containing 2 g NaCl
and a magnetic stirring bar; 0.5 mL 1,4-dioxane was added
as the GC internal standard. The SPME fibre (100 mm
polydimethyl-siloxane, Supelco) was introduced into the
headspace of the sealed vial and the solution magnetically
stirred for a period of 10 min in a thermostated water jacket
set at 50°C. The fibre was then introduced into the injection
port of the GC and left to desorb for 5 min. There was found
to be no difference between results obtained by Sep-Pak and
SPME methods (±10%). The use of these two different pro-
cedures gives considerable confidence as to the validity of
the results in the context of our desire to keep the percent
product formation as low as possible (normally <10%). The
use of the SPME technique also permitted us to carry out re-
actions at much higher concentrations of HClO4 (>0.1 M)
than was possible with the Sep-Pak cartridge approach. To
circumvent the degradation of the SPME fibres in the
headspace at extreme acid conditions, appropriate amounts
of aqueous NaOH were added to bring the pH of the solu-
tions up to approximately one. For gaseous samples, 5–
100 mL gas-tight syringes were used to draw samples from
the reaction vessel. For hydrocarbon substances of a carbon
number less than 5, a GSQ column (J&W Scientific, 30 m ×
0.546 mm) was used, while a DB-210 column (J&W Scien-
tific, 30 m × 0.53 mm) was employed for all other analyses.
Calibration of the GC for isobutane was done by injection of
weighted amounts of isobutane dissolved in isopropanol. For
our typical irradiated solution (ca. 35 mM aqueous uranyl
solution at pH = 1 (HClO4)), the solubility of isobutane was
found to be 0.91 ± 0.02 mM at 22°C and 95.33 kPa partial
pressure of isobutane; this compares very favorably with that
of 0.94 mM isobutane in pure water at 25°C and
101.325 kPa (26).

Materials and solutions
Aqueous solutions were prepared from water purified by a

Millipore Super-Q system, and where compared with those
of triply distilled water, the results were found to be the
same. The chemicals employed were: isobutane (Linde, in-
struments grade; Aldrich, 99.9%); isobutene (Matheson,
99.0% min); 2,2,3,3-tetramethylbutane (Aldrich, 99%); tert-
butyl and iso-butyl alcohols (BDH, reagent); and
tetrahydrofuran (BDH, AnalaR grade). Identifications by GC
retention times of C1–C4 alkanes and alkenes were made us-
ing a Matheson standard gas mixture. Uranium solutions
were prepared from UO2(ClO4)2·6H2O (ROC/RIC, reagent;
reclaimed uranium) or more generally from UO3 (Cameco,
99.4%, natural abundance). As these two sources gave the
same results, the background radioactivity of the uranium
was not a detectable factor. Uranyl stock solutions were typi-
cally prepared by dissolving 178 g UO3 in 102 mL of 70%
perchloric acid (BDH, analytical grade) and 150 mL water,
heating at 80°C until dissolution followed by filtering, and
allowing the solution to stand for 1 day before use. The con-
centration of uranyl ion was determined spectrophotometri-
cally using a calibration curve based on dissolved UO3 in
perchloric acid, and this was verified by using U3O8 as an al-
ternate source. The latter was prepared from heating, at 800°C
for 4 h, uranyl acetate (Fisher, ACS grade), and the uranium
content was measured by laser phosphorescence and delayed
neutron counting (Saskatchewan Research Council). The mo-
lar absorption coefficients, at 414 nm, of [UO2(aq)]2+ in aque-
ous perchloric acid media were 7.8 ± 0.2 M–1 cm–1 (pH 1.1),
8.0 ± 0.2 M–1 cm–1 (pH 2.0), and 8.3 ± 0.2 M–1 cm–1

(pH 3.0); Bell et al. (27) reported 7.7 M–1 cm–1 at pH 0.95
(HClO4).

Uranium(V) was measured spectrophotometrically, in the
presence of [UO2(aq)]2+, where a complex [U2O4]

3+ occurs
with an absorption peak at 740 nm (ε = 24.3 M–1 cm–1) (28,
29). Uranium(IV) in aqueous perchloric acid media (pH ~ 1)
was prepared by photoreduction of uranyl ion in the pres-
ence of ethanol, and its concentration was determined by us-
ing potassium dichromate oxidation – titration (30). From
this procedure, the molar absorption coefficient at 652 nm
was determined to be 43.2 ± 0.9 M–1 cm–1 (pH 1.0, 22°C),
which agrees with that reported by Betts (31).

Results

Our most frequently used condition was a pH of 1 and
35 mM [UO2(aq)]2+ with the solutions being deaerated and
saturated with isobutane by continuously bubbling with iso-
butane gas during and prior to irradiation (30 min or more at
room pressure before irradiation to achieve saturation). For
specific cases, the concentration of uranyl ion was varied
from 25–148 mM, the light was changed from 2.1 × 10–7 –
1.2 × 10–6 ein L–1 s–1 (1 ein = 1 mol of light photons), and
the concentration of HClO4 ranged from 0.01–4 M. At pHs
of about 2 and higher, polyuranium species occur, leading in
part to bi-exponential decay of the electronically excited ura-
nyl ion. To confirm the mono-exponential decay behavior re-
ported by Moriyasu and co-workers (13, 14) for conditions
very similar to our perchloric acid media, lifetime measure-
ments were performed using laser excitation at 347 nm with
a pH of 1 for both argon-saturated and aerated solutions. We
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find the emission decay (510 nm), as well as the excited-
state absorption decay (590 nm), to exhibit a single expo-
nential decay with a lifetime of 2.2 ± 0.1 µs. This single-
decay behavior and the value of the associated lifetime are
in agreement with the findings of Moriyasu and co-workers,
as well as those of other reports (1, 7, 13–16). Results pre-
sented earlier by us indicate that quenching by isobutane is
about 3 × 107 M–1 s–1 (20). In our modeling studies, as put
forward in the Discussion section, this value has proven use-
ful as a guide; however, the value is, from our current find-
ings, indicative of the quenching by isobutane of two
excited-state species coupled through acid–base processes
(see below).

As one would anticipate from the presence of acid–base
processes, the emission quantum yields are strongly depend-
ent on the acidity of the medium, as shown in Figs. 3 and 4
(solid circles). These quantum yields and emission spectra
were determined as follows. The emission spectrum, cen-
tered at the 506 nm peak, is broad and overlaid with a vibra-
tional structure (1, 32); maxima or estimated maxima for
shoulders occurred at 470, 484, 506, 530, and 546 nm. The
positions of the maxima and their relative intensities did not
change whether the solutions were aerated or saturated with
either oxygen or argon, and thus, in general the data was ob-
tained for aerated media. The emission spectrum was re-
corded two to four times at each concentration of perchloric
acid (0.01–4 M), and then for each recording the emission
intensities from 430–600 nm were integrated with reference
to a Rhodamine B quantum counter (Spex Fluorolog-2
Spectrofluorometer) and averaged for each set of perchloric
acid concentrations. The reproducibility of the integrated
emission values was good, being within several percent. To
minimize the possibility of systematic error, the measure-
ments for different acid concentrations were done in a ran-
dom manner. The emission spectra were recorded for 35 and
10 mM uranyl ion; the latter concentration was used by
Moriyasu et al. in their lifetime studies (0.01–10 M HClO4)
(13). While the integrated emission intensities were, for

10 mM, lower than for 35 mM uranyl ion, the calculated
quantum yields for emission were the same within experi-
mental error. Of particular note is that while the emission in-
tensities increased with perchloric acid concentration, the
spectral features for the peak maxima and minima and their
relative intensities were invariant. Thus we conclude that un-
der our conditions, the emission is predominantly from one
species, and because the emission intensities are greatest at
high concentrations of HClO4, the emission can be ascribed
to *[UO2(H2O)5]

2+, the acid form. Baird and Kemp in their
review (1) have proposed that the absolute emission quan-
tum yield value of 0.0055 for 1.0 M HClO4, found by
Katsumura et al. (33), was the most reliable measurement,
and we have used this value to convert our integrated emis-
sion intensities into the quantum yields shown in Figs. 3 and 4.

Aqueous uranyl solutions saturated with isobutane and
kept in the dark are found to be thermally unreactive. Upon
exposure to steady-state irradiation at 415 nm radiation, the
major products are tert-butyl alcohol (t-BuOH) and the inor-
ganic products [UO2(aq)]+ and [U(aq)]4+, accompanied by
minor amounts of isobutene and other organic products. The
U(IV) observed is likely due to the disproportionation of
uranoyl [UO2(aq)]+ (28, 34):

[6] 2[UO2(aq)]+ + 4H+ → [UO2(aq)]2+

+ [U(aq)]4+ + 2H2O

At pH 3, where the disproportionation of uranoyl to U(IV)
is slow, the visible spectrum clearly shows the characteristic
peaks of [U(aq)]4+ at 652 nm and of the U(V)–U(VI) com-
plex [U2O4]

3+ at 400 and 740 nm, whereas only [U(aq)]4+ is
seen at pH 1 (28, 34). The results of our mass-balance ex-
periments at pH 1 show the ratios of d[U(VI)]/d[U(IV)] and
d[isobutane]/d[U(IV)] to be (1.0 ± 0.1)/1 and (0.9 ± 0.1)/1,
respectively.

The organic products are indicative of C—H bond activa-
tion. The tertiary alcohol accounts for 85 ± 5% of the loss of
isobutane, along with isobutene (ca. 5%) and, to a lesser
amount, other C1–C8 products. Although isobutene can un-
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Fig. 3. Plot of the experimental ( ) and calculated (�) values of
the emission quantum yield of the electronically excited uranyl
ion [UO2(aq)]2+ in the absence of isobutane, as a function of the
concentration of HClO4 at 34.8 mM [UO2(aq)]2+. Average root-
mean-square difference between experimental and calculated val-
ues is ±8%.

Fig. 4. Plot of the experimental ( ) and calculated (�) values of
the emission quantum yield of the electronically excited uranyl
ion in the presence of isobutane, as a function of the concentra-
tion of HClO4 at 34.8 mM [UO2(aq)]2+. Average percent differ-
ence between experimental and calculated values is ±21%.
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dergo hydrolysis to yield t-BuOH, we find that the thermal
rate is approximately two to three times slower than the
photoproduction of t-BuOH. This is in accord with the re-
sults of a previous study (35), and therefore, it seems un-
likely that the observed t-BuOH is the result of the
hydrolysis of isobutene. The possible bimolecular self-
recombination products arising from tert-butyl and (or) iso-
butyl radicals (i.e., 2,2,3,3-tetramethylbutane, 2,2,4-
trimethylpentane, and 2,5-dimethylhexane) are found only in
trace amounts. Gamma radiolysis of aqueous solutions at
pH 2, saturated with isobutane but without uranyl ion, re-
sults in the major products (>80%) being the aforementioned
bimolecular self-recombination products, while t-BuOH is a
minor product (~20%). Additionally, when an aqueous
acidic uranyl ion solution containing both oxygen and isobu-
tane is irradiated, the major products are acetone and tert-
butyl alcohol (18). These results all point to the tert-butyl
radical as the common reactive intermediate resulting from
hydrogen abstraction. The overall major chemical reaction at
pH 1 can therefore best be described as

[7] [UO2(aq)]2+ + (CH3)3CH + 2H+ → [U(aq)]4+

+ (CH3)3COH + H2O

The chemical quantum yield measurements were con-
strained to t-BuOH, owing to the low concentrations of the
other products. The quantum yield (Φ) for formation of t-
BuOH was determined from the slope of plots of the quo-
tient (alcohol concentration) × (irradiation volume)/(ab-
sorbed light intensity) vs. time. Where the conversion of
isobutane was high (upwards of 65%, as in the mass-balance
experiments), curvature in the plots occurred. Linear plots
were obtained, however, when isobutane was bubbled
through the reaction solution during the entire irradiation pe-
riod. At pH 1, the average observed quantum yield of t-
BuOH was 0.022 ± 0.002, as determined from the slopes. In
the mass-balance experiments, the curvature was well de-
scribed by a second order polynomial. The average coeffi-
cient for the linear term gave the same average Φ value as
that previously cited for the continuous bubbling experi-
ments. This comparison indicates that continuous bubbling
of isobutane did not give rise to detectable loss of t-BuOH
from the liquid phase. The chemical quantum yield is inde-
pendent of light intensity (2.1 × 10–7 – 1.2 × 10–6 ein L–1 s–1)
and of uranyl concentration (25–148 mM) but is dependent
on the concentration of added HClO4, as shown in Fig. 5
(solid circles).

Discussion

Results from numerous studies have established that the
electronically excited uranyl ion in aqueous media can ab-
stract a hydrogen atom from the C—H bonds of hydrocar-
bon materials, and, in some instances, products also arise
from C—C bond cleavage (1, 4, 6, 17). Our results are in
agreement with these features, as we observe tert-butyl alco-
hol as the major product arising from activation of the
weaker tertiary C—H bond (85 ± 5%). Activation of the pri-
mary C—H bonds and C—C bonds also occurs, as evi-
denced by formation of isobutene (ca. 5%) along with much
lesser amounts of methane, propane, and radical recombina-

tion products. Our earlier report on the photo-oxidation of
water in aqueous uranyl solutions using conductivity detec-
tion shows the formation of a hydroxyl radical (eq. [2]).
Thus, one recognizes that both hydrogen abstraction
(eq. [1]) and hydroxyl radical reaction with isobutane
(eq. [3]) lead to generation of the tert-butyl radical, desig-
nated as B·, and its subsequent conversion to tert-butyl alco-
hol (t-BuOH).

The emission and lifetimes of the uranyl ion in aqueous
acidic solutions are well documented to be dependent on pH
(1, 2, 13, 14, 16, 22, 23, 36–39). Our results for the emission
quantum yield and quantum yields for formation of t-BuOH
show that the yields increase with increasing HClO4
(Figs. 3–5). The yields of t-BuOH range from 0.016 at
0.01 M HClO4 to 0.13 at 4 M HClO4 (±10%).

We have interpreted our results in terms of the presence of
acid–base processes for two electronically excited species, to
account for this strong dependence on acid concentration.
The electronically excited “acid” form is denoted as
*[UO2(H2O)5]

2+, and it is the nascent species formed upon
absorption of visible light by the ground-state species
[UO2(H2O)5]

2+, according to the Franck–Condon Principle.
Subsequent and rapid loss of a proton from one of the coor-
dinated aqua ligands (eq. [4]) can then lead to the formation
of the “base” form *[UO2(H2O)n(OH)]+; however, reproto-
nation of this conjugate base must occur to some extent, to
account for the observed dependence on acid concentration.
The important roles played by coordinated water both in
these acid–base steps and in the nonradiative events is un-
derscored by the fact that the replacement of aqua ligands by
fluoride and phosphate anions, which are not easily oxi-
dized, leads to much longer lifetimes (1, 14).

The excited-state portion of our mechanism is given in
Fig. 1. We have assumed that both the acid and base forms
undergo reactions with isobutane to form the tert-butyl radi-
cal (CH3)3C·, and that both excited-state species can oxidize
coordinated water to give rise to a hydroxyl radical; the re-
sults of our modeling studies, given below, support this in-
terpretation. The second-order rate constants kq1 and kq2
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Fig. 5. Plot of the experimental ( ) and calculated (�) quantum
yields of t-BuOH as a function of the concentration of HClO4 at
34.8 mM [UO2(aq)]2+. Average root-mean-square difference be-
tween experimental and calculated values is ±8%.
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pertain to the hydrogen-abstraction processes for the
quenching by isobutane of the acid and base entities, respec-
tively. Correspondingly, the first-order constants kOH1 and
kOH2 pertain to the formation of hydroxyl radical, which re-
acts rapidly under our conditions to yield additional amounts
of tert-butyl radical, eq. [3]. Consequently, two competitive
modes are envisioned in the formation of the tert-butyl radi-
cal. Nonradiative decays of the excited states are designated
by knr1 (acid form) and knr2 (base form) and those for emis-
sion by kem1 and kem2. The invariant shape of the emission
spectrum with changes in acid concentration, however, im-
plies that kem2 is of little consequence under our conditions,
and the outcomes of our modeling investigation are support-
ive of this.

The tert-butyl radical formed via the foregoing excited-
state events and via eq. [3] is proposed to react primarily —
and nearly quantitatively — with ground state [UO2(H2O)5]

2+

to yield t-BuOH and, initially, uranoyl ion, which can then
undergo disproportionation (eq. [6]).

[8] (CH3)3C· + [UO2(H2O)5]2+ + H2O

→ [UO2(aq)]+ + H+ + (CH3)3OH

The basis for this proposal rests, in part, on the fact that t-
BuOH is the major product (85 ± 5%) and on the mass-
balance ratios given in the Results section, although the ac-
tual source of oxygen in t-BuOH is not known. Furthermore,
the products of bimolecular self-reactions of tert-butyl and
iso-butyl radicals such as isobutene (disproportionation),
2,2,3,3-tetramethylbutane, 2,2,4-trimethylpentane, and 2,5-
dimethylhexane (recombination), which are major products
in steady-state gamma radiolysis in the absence of uranyl
ion, are found to be minor products of photolysis in the pres-
ence of uranyl ion.

Both the tert-butyl radical and the α-ethyl alcohol radical
react readily with the mild oxidant [Fe(CN)6]

3– (E° =
0.36 V), and the latter also reacts with [UO2(aq)]2+ (E° =
0.16 V) (7, 40–42). The electrochemistry of the tert-butyl
radical in acetonitrile also indicates it is a mild reducing
agent (43). These comparisons point towards a reaction of
[UO2(aq)]2+ with tert-butyl radical (eq. [8]). Attempts to
measure the rate constant for the reaction of [UO2(aq)]2+

with tert-butyl radical were undertaken using our pulse-
radiolysis conductivity and optical techniques at low dose
(0.5 µM radical concentration, pH 2.7), to try to minimize
the self-reaction of the tert-butyl radical. This pulse
radiolysis approach was only partially successful because
even at low dose, the bimolecular self-reactions of the tert-
butyl radical dominated. An estimate to the upper limit for
the rate constant in eq. [8] is 1 × 106 M–1 s–1. In the context
of our steady-state photolysis experiments where the radical
concentration will be very low (<< 10–8 M), the situation is
likely to be quite different. Even if the rate constant was
many powers of ten below 106 M–1 s–1, the rate of eq. [8]
would prevail over other processes, particularly second-order
events such as the self-reaction of tert-butyl radical, which
has, therefore, not been included in our treatment.

To fit our model and thus obtain values of the rate con-
stants, both time-resolved measurements of lifetimes and
quantum yields are required. The mathematical development
for the lifetimes is given elsewhere (32, 38), and two time

constants (lifetimes) occur where the entry into the excited-
state scheme (Fig. 1) takes place by a short pulse of light ab-
sorbed by [UO2(H2O)5]

2+ to give the electronically excited
*[UO2(H2O)5]

2+. The values of the rate constants given be-
low indicate that the shorter of the two time constants is less
than 100 ns, so it is not observed on the µs time scale either
by us or by Moriyasu et al. (13). The longer time constant
gives rise, on the µs scale, to mono-exponential decay in
emission and excited-state absorption under both our and
Moriyasu’s conditions, and the reciprocal lifetime (τ–1) that
equals the observed first-order rate constant in the absence
of isobutane is given by

[9] τ–1 = 1/2{(k1 + k(2) + k21[H+])

– ((k1 – k(2) – k21[H+])2 + 4k12k21[H+])}1/2

where:

[10] k1 = knr1 + kem1 + k12 + kOH1

[11] k(2) = knr2 + kem2 + kOH2

[12] k2 = k(2) + k21[H+]

We have used the lifetimes measured by Moriyasu et al.
over the range of 0.01–5 M HClO4 (13) for 10 mM uranyl
perchlorate at 25°C. The software program SigmaPlot for
Windows 4.00, SPSS Inc. was then employed to fit the life-
time data, to obtain values of the parameters k1, k(2), k12, and
k21. The SigmaPlot program employs a convergence routine,
and as a confirmation of the SigmaPlot results, an Excel
spreadsheet (Microsoft Office 2000) was used to allow for
the input of a range of values for the individual rate con-
stants. The two approaches were in agreement. This proce-
dure has been used in the other cases of the fitting of data,
as described below. For the lifetimes, the resulting best fit of
the experimental points and the calculated curve is shown in
Fig. 6. The fit is very “rigid” in the sense that changes as
small as ±10% to the individual rate constants give rise to
clearly discernable differences in lifetimes between the cal-
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Fig. 6. Comparison of the data of Moriyasu et al. ( ) and the
fitted values based on our model (�) for the inverse lifetime of
the electronically excited uranyl ion as a function of the concen-
tration of HClO4. Average root-mean-square difference between
experimental (Moriyasu et al. (13)) and calculated values is ±6%.
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culated and experimental values. The “best” fit has been de-
termined from the minimization of the value of the root-
mean-square difference between the calculated points and
experimental ones; the average difference is small (±6%).
Furthermore, the differences show no readily apparent sys-
tematic trend over the 500-fold change in perchloric acid
concentration. Thus the fit is considered to be satisfactory,
and the values of the calculated parameters are: k1 = 1.1 ×
106 s–1, k(2) = 3.5 × 106 s–1, k12 = 1.1 × 106 s–1, and k21 =
2.2 × 107 M–1 s–1. The ratio of k12/k21 leads to a pKa of 1.3.
A range of values from 1.7 to >3.6 have been reported by
others (1, 32). However, some caution should be exercised
in comparing the different pKa values. Different methods
have been used to obtain the values and, frequently, for sys-
tems having different counter anions, so ion pairing may
play a subtle but notable role. From the viewpoint of the de-
pendence of the behaviors of the excited states on the acid
concentration, the pKa value is not the critical facet; rather,
it is the values of k12 and k21 in relation to the rate constants
of the competing processes that determines the course of
events. The rate constants given above, in conjunction with
the quantum yields for emission and for formation of the
tert-butyl alcohol, now provide the basis to evaluate the
chemical and nonchemical rate constants for the reactions in
competition with the acid and base processes.

The expression for the total quantum yield for the produc-
tion of t-BuOH alcohol arising from the hydrogen-
abstraction reactions (kq1 and kq2) and from generation of the
·OH radical (kOH1 and kOH2), followed by eqs. [3] and [8], is

[13] ΦTotal = {1/(1 – η12
ΒΗηΒΗ

21 )}(kRx
A /k1 + kRx

B /k2)

The derivation is given in Appendix 1, and it is based on
the assumption that multiple passes between
*[UO2(H2O)5]

2+ and *[UO2(H2O)n(OH)]+ via eqs. [4] and
[5] occur in the decay of these excited-state species. The
symbols η12

ΒΗ and ηΒΗ
21 designate the efficiencies of loss of a

proton from the acid *[UO2(H2O)5]
2+ to form the base

*[UO2(H2O)n(OH)]+ (eq. [4]) and the re-protonation of the
latter (eq. [5]) in the presence of saturated isobutane solu-
tions, respectively. The value, kRx

A , represents the sum,
kq1[BH] + kOH1, that leads to the formation of tert-butyl al-

cohol via the hydrogen abstraction and the formation of ·OH
from the acid excited-state species. Correspondingly, kRx

B

equals kq2[BH] + kOH2 for the base where [BH] is the con-
centration of isobutane (0.91 mM). Thus, the ratios kRx

A /k1
and kRx

B /k2 pertain to the total efficiencies for the chemical
reactions from *[UO2(H2O)5]

2+ and *[UO2(H2O)n(OH)]+, re-
spectively.

Values for kq1, kq2, kOH1, and kOH2 were obtained by “best
fitting” the calculated quantum yields to the experimental
ones. The fits were judged on the basis of the minimization
of root-mean-square differences, and they are very sensitive
to changes in the inputted values of the kqs and kOHs
(±10%). The comparison between the calculated and experi-
mental values for the best fit is shown in Fig. 5 with the two
sets agreeing very well within experimental error (±8% aver-
age root-mean-square difference), and the deviations appear
to be random. The error bars shown for the experimental
points (filled circles) are the estimated standard deviations (1
σ), and the calculated points are shown with a deviation of
±10%. (The same procedure has been used for the emission
results presented in Figs. 3 and 4). The rate constants ob-
tained from the fit in Fig. 5 are kq1 = 1.0 × 107 s–1, kq2 =
2.0 × 107 s–1, kOH1 = 1500 s–1, and kOH2 = 2500 s–1. Gaziev
et al. (10) provided an estimate of kOH from the photo-
stimulated 18O exchange of 4.4 × 104 s–1, and that obtained
from time-resolved lifetime measurements by Waltz et al.
(20) is 5.4 × 104 s–1; the latter studies also yielded a value of
3.3 × 107 M–1 s–1 for quenching by isobutane. Our values of
kOH1 and kOH2 are lower by a factor of about ten, whereas the
values of kq1 and kq2 are of the same magnitude as that re-
port previously (20). The comparison of our present results
and those reported previously is perhaps somewhat tenuous
because the previous studies were modeled on the presence
of only one excited-state species (i.e., the acid form).

In the absence of isobutane, our model gives rise (Appen-
dix 2) to the following expression for the quantum yield of
emission, where the efficiencies are,

[14] φem
Total = (ηem1 + ηem2η12° ){1/(1 – η12° η21° )}

as previously, symbolized by ηs. The comparison between
the experimental results and the calculated ones is shown in
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Reaction ki k value Efficiencya (ηi)

*[UO2(H2O)5]2+ → [UO2(H2O)5]2+ + hν′ kem1 900 s–1 0.00083

*[UO2(H2O)5]2+ → [UO2(H2O)5]2+ + ∆ knr1 1.8 × 104 s–1 0.017

*[UO2(H2O)5]2+ → *[UO2(H2O)n(OH)]+ + H+ k12 1.1 × 106 s–1 0.97

*[UO2(H2O)n(OH)]+ + H+ → *[UO2(H2O)5]2+ k21 2.2 × 107 M–1 s–1 0.39b

*[UO2(H2O)n(OH)]+ → [UO2(H2O)n(OH)]+ + hν′′ kem2 0 s–1 0

*[UO2(H2O)n(OH)]+ → [UO2(H2O)n(OH)]+ + ∆ knr2 3.5 × 106 s–1 0.61b

*[UO2(H2O)5]2+ + BH → [UO2(H2O)5]+ + B· + H+ kq1 1.0 × 107 M–1 s–1 0.0088c

*[UO2(H2O)5]2+ + H2O → [UO2(H2O)5]+ + ·OH + H+ kOH1 1500 s–1 0.0014

*[UO2(H2O)n(OH)]+ + BH → [UO2(H2O)5]+ + B· kq2 2.0 × 107 M–1 s–1 0.0033b,c

*[UO2(H2O)n(OH)]+ + H2O → [UO2(H2O)5]+ + ·OH kOH2 2500 s–1 0.00044c

aEfficiency is defined as η1 1 1i i ik k= ∑/ and η2 2 2i i ik k= ∑/ , where subscripts 1 and 2 refer to acid and base forms, respectively (e.g., the efficiency of
the dissociation of the acid form to the base form is given by η12; the efficiency of the reverse reaction is given by η21).

b[HClO4] = 0.1 M.
c[isobutane] = [BH] = 0.9 mM.

Table 1. Summary of values of the rate constants and efficiencies.
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Fig. 3. The average root-mean-square difference for all
points is ±8% with no apparent systematic deviations. Al-
though we initially assumed that both excited-state species
could emit, the best fit as shown here was obtained for a
kem1 of 900 s–1 and for kem2 being zero, i.e., kem2 << kem1.
This situation implies that the emission arises predominantly
from *[UO2(H2O)5]

2+, and this is consistent with the emis-
sion spectral features remaining stationary as the perchloric
acid concentration was varied, as described in the Results
section. Using the aforementioned rate constants derived
from the model, we extended the fitting procedure to the sit-
uation where isobutane was now present. The expression for
Φem

Total is given in Appendix 2, and it is analogous to that of
eq. [14]. The results are shown in Fig. 4. The average root-
mean-square difference between the calculated and experi-
mental yields is somewhat larger, at ±21%, than that in the
absence of isobutane (±8%) with deviations being more ap-
parent at low concentrations of perchloric acid. This less sat-
isfactory situation seems to derive, in part, from the low
signal levels for integrated emission encountered at low acid
concentrations (coupled perhaps with scattered light) and
from the further lowering of emission in the presence of iso-
butane relative to that in its absence.

The information given in Table 1 summarizes the values
of the rate constants calculated from the excited-state model.
To provide perspective on the relative influence of the differ-
ent excited-state processes, the efficiencies (ηi) of the indi-
vidual steps are presented based upon calculations for the
condition of 0.1 M HClO4 and 0.9 mM isobutane. For the
acid form *[UO2(H2O)5]

2+, the dominant event for all of our
conditions is the deprotonation reaction (eq. [4]) with a η12
of ca. 0.97. Furthermore, the efficiency of hydrogen-
abstraction reactions is greater for the acid form than for the
base species, whereas the reverse prevails in the generation
of hydroxyl radical. The efficiency of protonation of
*[UO2(H2O)n(OH)]+ is 0.39 at 0.1 M HClO4; however, this
value rapidly increases on going to higher acid concentra-
tions. Consequently, the calculated percentage of tert-butyl
alcohol, which has its origins in the hydrogen-abstraction
and ·OH-formation reactions of the acid form
*[UO2(H2O)5]

2+, accounts for greater than 90% (0.8–4 M
HClO4) of the product formation. Even at our lowest
perchoric acid concentration, the acid form is the dominant
reacting species (64%).

The mechanism that is provided here, involving the acid–
base processes of the electronically excited uranyl ion, pro-
vides a comprehensive framework in which to interpret the
experimental results. For over a 400-fold change in
perchloric acid concentration (0.01–4 M HClO4), this model
predicts well the lifetimes of the excited uranyl ion, the
quantum yields of emission in both the absence and pres-
ence of a quencher (i.e., isobutane), as well as the quantum
yields for the production of tert-butyl alcohol.

This study clearly brings into focus the fact that organic
products can arise from both hydrogen-abstraction processes
and the competitive occurrence of the oxidation of coordi-
nated water to generate hydroxyl radical, which is, in gen-
eral, highly reactive towards a large variety of organic
substances (19). The apparent quantum yields for organic
products derived from alkanes reported here and elsewhere
(17) tend to be low, partly owing to solubility limitations.

For a saturated isobutane solution, the percent quenching is,
in total, about 7%. Because isobutane is a condensable gas
at room temperature, it was not feasible to increase the pres-
sure and thus its concentration. However, with less
condensable, low molar mass alkanes such as methane,
which is known to quench excited uranyl (24), the solubility
factor should prove less restrictive through the use of in-
creased pressure and lower temperatures. As a further ap-
proach to increasing the apparent quantum yields, the free
radicals generated can be used to initiate chain processes. In
this context, we report elsewhere (21, 32) that the addition
of millimolar amounts of potassium peroxydisulphate gives
a 75-fold increase in the apparent quantum yield for tert-
butyl alcohol formation (Φobserved ~ 1.5) with the additional
advantage that there is no net consumption of [UO2(aq)]2+

(i.e., the [U(aq)]4+ product is oxidized back to [UO2]
2+ dur-

ing photolysis). The use of visible light coupled with the
broad absorption spectrum of uranyl ion provides a strategy
to explore further the conversion of alkanes, in particular
ones with low molecular mass where product selectivity is
of lesser concern, into useful oxygenated products.
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Appendix 1: Derivation of the expression
for the total chemical quantum yield by
species A (acid form) and B (base form)

The quantum yield for the reaction of the A species is
given by

[A1] φ η η η η η η ηRx
A

q q 12
BH

21
BH

q 12
BH

21
BH= ′ + ′ + ′ +1 1 1

2( ) ...

For multiple passes through the excited states via
protonation and deprotonation and for ηs less than one, this
series converges to the limit of

[A2] φ
η

η ηRx
A q

12
BH

21
BH

=
′

−
1

1

where

[A3] ηq
q

q

BH

BH
1

1

1 1

′ =
+
k

k k

[ ]

[ ]

[A4] η12
BH

q BH
=

+
k

k k
12

1 1[ ]

[A5] η21
BH

2 q BH
=

+
k

k k
21

2[ ]

Accounting for hydrogen abstraction of isobutane by
hydroxyl radical produced by species A

[A6] φ η
1 − η ηOH1

OH1

12
BH

21
BH

=

where

[A7] η
−OH1

OH1

1 q1[BH]
= k

k k

Similarly, the quantum yield for the reaction from species
B, along with hydrogen abstraction from isobutane by
hydroxyl radical produced by species B are given by

[A8] φ
η η

1 − η ηRx
B 12

BH
q2

12
BH

21
BH

=
′

[A9] φ η η
1 − η ηOH2

12
BH

OH2

12
BH

21
BH

=

The total quantum yield is

[A10] φ φ φ φ φTotal Rx
A

OH1 Rx
B

OH2= + + +

or

[A11] φ
η + η η (η η

1 − η ηTotal
q1 OH1 12

BH
q2 OH2

12
BH

21
BH

=
′ + ′ + )

Using the rate constants from the fitting of Moriyasu et
al.’s data (A1), η12

BH = 0.973. Let ηQ represent the total effi-
ciency of quenching of both species by isobutane; then

[A12] η η η η η ηQ q1 12
BH

q2 q1 q2= ′ + ′ ≅ ′ + ′

and

[A13] η η η η η ηOH OH1 12
BH

OH2 OH1 OH2= + ≅ +

Equation [A1.11] can be written as

[A14] φ
η ηTotal

12
BH

21
BH

Rx
A

1

Rx
B

2

=
−







 +








1
1

k
k

k
k

where

[A15]
k
k

k k

k
Rx
A

1

q1 OH1

1
q1 OH1=

′ +
= ′ +η η
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and

[A16]
k
k

k k

k
Rx
B

2

q2 OH2

2
q2 OH2=

′ +
= ′ +η η

where

[A17] k1 = knr1 + kem1 + k12 + kOH1

[A18] k2 = knr2 + kem2 + kOH2 + k21[H+]
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Appendix 2. Derivation of expression for
emission quantum yields

The efficiencies of emission by the acid (A) species (ηem1)
and the base (B) species (ηem2) can be expressed as:

[B1] ηem1
em1

1

= k
k

[B2] ηem2
em2

2

= k
k

where

[B3] k1 = knr1 + kem1 + k12 + kOH1

[B4] k2 = knr2 + kem2 + kOH2 + k21[H+]

The quantum yield of emission by the A species in the ab-
sence of isobutane can be expressed as

[B5] φ η η η η η η η12 1 12 1em1 em1 em1 em1= + ° ° + ° ° +2 2
2( ) ...

where

[B6] η12° = k
k
12

1

[B7] η21° =
+k

k
21

2

H[ ]

For η12° η21° < 1, eq. [A2.5] converges to

[B8] φ η
η η12 1

em1
em1=

− ° °1 2

Similarly, the quantum yield of emission of the B species
in the absence of isobutane can be shown to be

[B9] φ η η
η η

12

12 1
em2

em2= °
− ° °1 2

The total emission quantum yield from both species in the
absence of isobutane is

[B10] φ η η η
η η

12
12 1

em
Total

em1 em2= + °
− ° °











( )

1

1 2

In the presence of isobutane, the total emission quantum
yield from both species is

[B11] φ η η η
η η 1

em
Total

em1 em2 12
BH

12
BH BH

= +
−







( )

1
1 2

where

[B12] η12
BH 12

1 q1[BH]
=

+
k

k k

[B13] η21
BH 21

+

2 q2

[H ]
[BH]

=
+
k

k k

and kq1 and kq2 are the quenching constants of the A species
and the B species by isobutane, respectively.
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Aqueous–gas phase partitioning and hydrolysis of
organic iodides

G.A. Glowa and J.C. Wren

Abstract: The volatility and decomposition of organic iodides in a reactor containment building are important parame-
ters to consider when assessing the potential consequences of a nuclear reactor accident. However, there are few exper-
imental data available for the volatilities (often reported as partition coefficients) or few rate constants regarding the
decomposition (via hydrolysis) of organic iodides. The partition coefficients and hydrolysis rate constants of eight or-
ganic iodides, having a range of molecular structures, have been measured in the current studies. This data, and data
accumulated in the literature, have been reviewed and discussed to provide guidelines for appropriate organization of
organic iodides for the purpose of modelling iodine behaviour under postulated nuclear reactor accident conditions. Af-
ter assessment of the partition coefficients and their temperature dependences of many classes of organic compounds, it
was found that organic iodides could be divided into two categories based upon their volatility relative to molecular io-
dine. Similarly, hydrolysis rates and their temperature dependences are assigned to the two categories of organic iodides.

Key words: organic iodide, hydrolysis, partition coefficient, iodine behaviour model, nuclear reactor safety.

Résumé : La volatilité et la décomposition d’iodures organiques dans un bâtiment contenant un réacteur sont des para-
mètres importants à considérer lorsqu’on évalue les conséquences potentielles d’un accident à un réacteur nucléaire.
Toutefois, il y a peu de données expérimentales relatives aux volatilités (souvent rapportées sous la forme de coeffi-
cient de partage) ou de constantes de vitesse concernant la décomposition (par voie d’hydrolyse) des iodures organi-
ques. Dans le présent travail, on a mesuré les coefficients de partage et les constantes d’hydrolyse de huit iodures
organiques représentatifs de diverses structures moléculaires. On a fait une revue de ces données et de celles recueillies
dans la littérature et on en discute dans le but de fournir des indications claires pour l’organisation appropriée des io-
dures organiques dans le but d’établir un modèle du comportement de l’iode dans les conditions postulées lors d’un ac-
cident dans un réacteur nucléaire. Après une évaluation des coefficients de partage de plusieurs classes de composés
organiques et de leurs dépendances sur la température, on a trouvé que les composés organiques peuvent être divisés
en deux catégories suivant leur volatilité relative en iode organique. Les vitesses d’hydrolyse et leurs dépendances sur
la température ont aussi été divisées de la même manière.

Mots clés : iodure organique, hydrolyse, coefficient de partage, modèle de comportement de l’iode, sécurité d’un réac-
teur nucléaire.
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1. Introduction

The production and decomposition of volatile forms of
radioiodine in, and their release from, a reactor containment
building are important processes to consider when assessing
the potential consequences of a nuclear reactor accident. A
considerable number of studies on these processes have been
carried out with the objective of developing a model that can
predict iodine volatility in containment during the course of
an accident (1–6). Recent critical reviews on iodine behav-
iour in containment (7, 8, and refs. therein) provide a com-
prehensive technical background on this subject.

Iodine would be released into the containment atmosphere
from fuel via the reactor coolant system, mainly as nonvola-
tile species (e.g., CsI under most accident conditions) (8).

The initial fraction of volatile iodine species (i.e., molecular
iodine and organic iodides) in containment would be very
small. However, although CsI is water soluble and would
initially be dissolved in containment water, a small fraction
of the nonvolatile I– initially dissolved in water would be
continuously oxidized to volatile molecular iodine (I2) in the
presence of the high radiation field following an accident.
Molecular iodine reacts easily with organic compounds in
the presence of radiation to form organic iodides. Therefore,
a significant portion of the gaseous iodine in containment
would be in the form of organic iodides. Measurements at
the TMI (Three Mile Island) 2-reactor following the 1979
accident showed that organic iodides were a major compo-
nent of the small amount of iodine that became airborne (9).
Studies on total iodine volatility under containment accident
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conditions in an intermediate-scale facility have also shown
that the organic iodide fraction in the gas phase could be as
high as 90% in the presence of painted surfaces (7). Organic
iodides are thus very important in the assessment of the ra-
diological consequences of a nuclear reactor accident.

Early studies on organic iodide formation and decomposi-
tion under potential nuclear reactor accident conditions fo-
cused mainly on CH3I because it is the simplest organic
iodide with a high volatility. Recent studies have shown,
however, that organic iodides are formed mainly from the re-
action of I2 with organic impurities in the aqueous phase,
which then become airborne, and that a large fraction of the
organic iodides formed in the aqueous phase under contain-
ment conditions would be less volatile than CH3I (7, 10, 11).
A wide range of organic radicals may be formed by the
radiolytic degradation (10) of a wide range of organic impu-
rities dissolved in the containment sump water from contain-
ment paints (7, 11). This, in turn, leads to formation of a
wide range of organic iodides, whose volatility and decom-
position rates differ considerably. The contribution of each
of these species to the overall iodine gas-phase concentration
will therefore vary considerably from one species to another.
Therefore, the partition coefficients and hydrolysis rate con-
stants of eight organic iodides, having a range of molecular
structures, have been measured in the current studies.

2. Background

Although the possibility of formation of various organic
iodides in containment had been recognized, early studies on
organic iodide formation focused mainly on CH3I. As men-
tioned above, this was because it is the simplest organic io-
dide, and it has a high volatility. Radioiodine Test Facility
(RTF)2 experiments performed in painted vessels have
found, however, that a large fraction of the organic iodides
formed from containment paint impurities are less volatile
than CH3I (7). Formation of low volatility compounds has
been further supported by bench-scale studies on the disso-
lution of organic solvents from painted surfaces into water
(11, 12) and on the radiolytic decomposition of organic im-
purities in water (10, 13–18). Studies on the dissolution of
organic solvents from painted surfaces have shown that the
molecular structure of compounds released varies (e.g.,
aromatics, alcohols, and ketones), and that commonly used
paint solvents contain from one to 10 carbons (Table 1). Cal-
culations suggest that the amount of organic solvents re-
leased from painted surfaces into the sump could result in
concentrations of up to 1 × 10–2 mol dm–3 (11, 12). (Note
that this concentration is subject to many parameters that
would be accident scenario and reactor specific such as paint
thickness, paint age, compound solubility, water volume, and
paint area in contact with water, etc.).

Once released into the sump water, these organic solvents
would undergo radiolytic decomposition. Studies on methyl
ethyl ketone (MEK) in the absence of iodine species
(10,13,14) have shown that the radiolytic decomposition of
MEK in the aqueous phase under aerated conditions results

in the sequential formation of smaller and more oxidized or-
ganic compounds, and eventually complete conversion to
CO2:

[1] RH(aq) + ·OH(aq) → R·(aq) + H2O

[2] R·(aq) + O2(aq) → RO2·(aq) →→ R′·,

alcohols, aldehydes, acids, and CO2

where RH and R· (or R′·) represent an organic compound
and organic radical, respectively. Among the intermediate
decomposition products observed during the radiolysis of
MEK were 3-hydroxy-2-butanone, 2,3-butanedione, ethanoic
acid, ethanal, and methanal (13).

The dissolution and MEK radiolysis studies imply that the
range of organic compounds present in the sump could be
considerable, with a large proportion of them being highly
soluble oxygen-containing compounds (i.e., alcohols, ke-
tones, and carboxylic acids). Various organic radicals would
be formed from these organic compounds and, in the pres-
ence of I2, which is known as a very good radical scavenger,
a small fraction of the radicals would react with I2 to form
organic iodides:

[3] R·(aq) (or R′·(aq)) + I2(aq)

→ RI(aq) (or R′I) + I(aq)

where RI (or R′I) represents an organic iodide. Conse-
quently, the range of organic iodides formed under contain-
ment accident conditions could be large and could include
alkyl iodides, iodoketones, -alcohols, -phenols, and -acids.
With the exception of the alkyl iodides, these species would
have low volatility (discussed in Section 5.2), and would be
very difficult to detect in the gas phase. Generally, only alkyl
iodides are detected during RTF tests, or bench-scale experi-
ments (15) by gas chromatographic methods.

Organic iodides, which can be formed in irradiated solu-
tions of iodide and organic compounds (7, 15, 16), will par-
tition between the aqueous and gas phases (rxn. [4])
according to Henry’s Law (see Section 3.2). Meanwhile, or-
ganic iodides in the aqueous phase will undergo decomposi-
tion via hydrolysis (rxn. [5]) and radiolysis (rxn. [6]).

[4] RI(aq) ↔ RI(g)

© 2003 NRC Canada

Glowa and Wren 231

No. of carbons Organic solvent constituents

1 Methanol
2 Ethanol
3 Propanol, propanone
4 2-Butanone, butanol
5 Furfuryl alcohol
6 4-Methyl-2-pentanone
7 2-Heptanone, methylbenzene
8 Xylene, ethylbenzene
9 Trimethyl benzene

Table 1. Some commonly used paint solvents.

2 The Radioiodine Test Facility (RTF) is an intermediate scale facility containing a 345 dm3 containment vessel that provides a combination
of potential reaction media (gas phase, aqueous phase, and a variety of surfaces) and conditions (pH, temperature, radiation, initial concen-
trations, and speciation of iodine), to simulate a reactor containment building following an accident (7).
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[5] RI(aq) + H2O → ROH(aq) + I− + H+

[6] RI(aq) + eaq
− → R·(aq) + I−

Therefore, to determine the overall behaviour of organic
iodides, and their contributions to the gaseous iodine con-
centration under containment accident conditions, the forma-
tion and the decomposition of organic iodides must be
adequately quantified. The rate of the hydrated electron re-
action (rxn. [6]) is diffusion-controlled and is therefore
nearly independent of the type of organic iodide. Therefore,
the current study focuses on the partitioning and the hydro-
lysis of organic iodides. The partition coefficients (see Sec-
tion 3.2 for its definition) and the hydrolysis rate constants
of a range of organic iodides have been measured, and com-
pared with the literature data of organic iodides, if available,
and also with compounds of similar structure that do not
contain iodine. These values were reviewed for the purpose
of providing guidelines to appropriately group organic io-
dides so that modelling of organic iodide behaviour under
radiolytic conditions can be more easily managed.

3. Experimental

A small set of compounds was chosen to cover the major
structural possibilities (methyl, primary, secondary, tertiary,
benzyl, aryl) of organic compounds that may be present in
reactor containment. For example, a primary alcohol
(iodoethanol) and a carboxylic acid (iodoethanoic acid) were
chosen to explore the effect of neighbouring oxygen-
containing functional groups on hydrolysis rate and partition
coefficients. All compounds studied were purchased from
Aldrich Chemical Co., except (iodomethyl)benzene, which
was from Alfa-Aesar (a Johnson Matthey company), and 2-
iodobenzenol, which was from ICN Biomedicals Inc. Com-
pounds were of the highest purity available and were used as
received without further purification.

3.1 Measurement of hydrolysis rates
Two methods were used to study the hydrolysis rates of

these compounds. The first method used a solid-state ion se-
lective electrode (ISE) designed for iodide measurements
(Orion 9553) with a double junction reference electrode
(Orion 900200) to measure the concentration of iodide pro-
duced by hydrolysis. These probes were connected to a
Fisher Accumet 950 pH meter. The electrode was calibrated
for each temperature of interest using NaI solutions of
known concentration. The plot of mV vs. log10 [I–] was
found to be linear over the concentration range studied. This
method was successfully used for the hydrolysis of 2-
iodobutane. Due to baseline drift however, this method was
found to be unsuitable for the time periods required to mea-
sure the hydrolysis rates of the other compounds.

For the majority of the studies, the hydrolysis rates were
determined from the growth of the absorbance of I– (ε =
12 980 dm3 mol–1 cm–1 at 225 nm) monitored using a HP
8450A spectrophotometer. In some cases there was minor
absorbance at 225 nm attributed to the starting material and
(or) the resulting alcohol, in addition to the absorbance by I–.
But because the change in concentration of the three compo-
nents (organic iodide, alcohol, and I–) occurs at the same
rate, the first-order hydrolysis rate constant of the organic

compound can still be obtained from the change in
absorbance at 225 nm (see Section 4.1 for the relationship
between the absorbance and the first-order rate constant).

In general, the measurements were repeated at least once.
The reproducibility of the measurements was better (<5%)
when measuring fast hydrolysis rates (i.e., for 2-iodobutane
and (iodomethyl)benzene). During the measurement of slow
hydrolysis rates (i.e., iodomethane and iodoethane), repro-
ducibility was generally in the 20% range. Measurements
lasted between 3–5 half-lives during experiments using the
electrode method. For each spectrometer measurement, the
absorbance at 225 nm was then monitored until a limiting
absorbance was approached (generally > 3 half-lives).

Solutions were prepared by adding the pure compound (as
received) to purified (distilled and deionized) water
(Millipore Milli-Q Plus) in a temperature-controlled cell.
After dissolution of the compound, the electrodes were in-
troduced, and the I– signal was monitored until completion.
For the spectrophotometric method, an aliquot of the solu-
tion was removed and placed in a temperature-controlled
optical cell (10 cm path length). Starting concentrations of
all species for these measurements were approximately 1 ×
10–4 mol dm–3. This concentration is below the saturation
level of the compounds studied, but high enough to ensure
an adequate increase in absorbance as the reaction pro-
gresses. To avoid loss of the compound to the gas phase, the
cell was completely filled to eliminate any headspace. The
water pH was slightly acidic (~pH 6) at the start of a test,
but was not controlled or buffered and generally decreased
to ~4 during the hydrolysis.

3.2 Partition coefficient determination
In this report, the partition coefficient (HK) is defined as

the ratio of the aqueous phase concentration to the gas phase
concentration at equilibrium.

[7] HK =
[Compound(aq)]

[Compound(g)]
eq

eq

Partition coefficients were determined in ~400 mL
temperature-controlled cells at ambient pressure. Prior to be-
ing added to the temperature-controlled cell, 200 mL of pu-
rified water was purged with high purity air for 20–30 min.
The vessel and water was conditioned at a given temperature
for several hours before the pure compound, or an aliquot of
a concentrated stock solution, was added to the aqueous
phase of the vessel. A concentration of approximately 1 ×
10–4 mol dm–3 was typically used for the partition coefficient
measurement. For iodoethanol and iodoethanoic acid, a
higher concentration (~1 × 10–3 mol dm–3), which is still be-
low saturation concentration, was used because of their low
volatility.

Aqueous samples (400–1000 µL) were analyzed using a
Waters high performance liquid chromatography system
(LC-18 DB column, detection by UV at 254 nm). Gas sam-
ples (200–500 µL) were analyzed by gas chromatography
(GC). The volatile species (iodomethane, iodoethane, and 2-
iodobutane) were detected using a Varian GC system fitted
with a photoionization detector, and an Altec polymethyl
siloxane column (30 m, 0.53 mm i.d., 5 µm film thickness).
The less volatile species required thinner phase capillary
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columns more suitable for polar compounds (which was on
our HP Model 5972 GC–MS system). For iodophenol and
iodoethanol, a J&W Scientific DB-1 column (30 m,
0.32 mm i.d., 3.0 µm film thickness) was used, and a HP-5
column (25 m, 0.32 mm i.d., 0.17 µm film thickness) was
used for iodoacetic acid. Iodoethanoic acid, the least volatile
of the compounds studied, required a solid phase micro ex-
traction (SPME) technique (acrylate fibre) to concentrate
material from the gas phase (17). This SPME fibre was cali-
brated with solutions of known concentration of iodo-
ethanoic acid.

Equilibrium of the organic iodides between the gas and
aqueous phase was generally reached within an hour, but
sampling continued for several hours (every 30–60 min). Ex-
periments were performed in duplicate.

4. Results

4.1 Hydrolysis rates
A typical absorbance growth curve at 225 nm observed

during the hydrolysis of organic iodides is shown in Fig. 1.
The first-order rate constant for the hydrolysis of an or-

ganic compound was obtained from the growth curve of the
absorbance at 225 nm as a function of time. The absorbance
is related to the rate constant of the hydrolysis of the organic
compound as follows.

Assuming that the rate of the hydrolysis reaction (rxn. [5])
has a first-order rate dependence3 (more discussion in Sec-
tion 5.1), the following expressions can be written:

[8] − = = ⋅
−d[RI(aq)]

dt
d[I ]

dt
[RI(aq)]t t

tk

[9] [RI(aq)]t = [RI(aq)]0·e–kt

[10] [I−]t = [I−]o + [RI(aq)]o(1 – e–kt)

[11] [ROH(aq)]t = [ROH(aq)]o + [RI(aq)]o(1 – e–kt)

where k is the rate constant for the hydrolysis reaction of or-
ganic iodide, [RI(aq)]t, [I–]t, and [ROH(aq)]t are the concen-
trations of reactant, organic iodide, and products, iodide and
alcohol, at time t, and [RI(aq)]o and [I–]o are the initial con-
centrations of organic iodide and iodide.

The main contributor to the absorbance at 225 nm is I–,
but alcohols and organic iodides also absorb at this wave-
length:

[12] A225nm(t) = ε I− [I−]t + εROH[ROH(aq)]t

+ εRI[RI(aq)]t

where A225nm is the observed absorbance at 225 nm, and ε I− ,
εRI, εROH are the molar absorptivities of iodide, the organic
iodide, and the corresponding alcohol, at 225 nm, respec-
tively. Therefore, the observed absorbance as a function of
time, A225nm(t) has the following relationship:

[13a] A225nm(t) = ε I− ([I−]o + [RI(aq)]o(1 – e–kt))

+ εROH([ROH(aq)]o + [RI(aq)]o(1 – e–kt))

+ εRI[RI(aq)]o·e–kt = (ε I− [I−]o

+ εROH[ROH(aq)]o + εRI[RI(aq)]o)

+ (ε I− + εROH – εRI)[RI(aq)]o(1 – e–kt)

= A225nm(t = 0) + (ε I− + εROH

– εRI)[RI(aq)]o(1 – e–kt) = A225nm
INF

– (ε I− + εROH – εRI)[RI(aq)]e–kt

where A225nm(t = 0) is the absorbance at 225 nm at time zero
(see eq. [12]) and A225nm

INF is the absorbance at 225 nm at time
infinity (i.e., when the reaction is completed);

[13b] A225nm
INF = A225nm (t = ∞) = A225nm (t = 0)

+ (ε I− + εROH – εRI)[RI(aq)]o
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Fig. 1. Growth of absorbance at 225 nm during the hydrolysis of iodoethane at 80°C. Inset shows the log plot of A225nm
INF – A225.

3 The hydrolysis of organic iodides occurs via either an SN1 or SN2 mechanism (see section 5.1). For a given constant pH, both mechanisms
yield a first-order dependent rate equation.
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Equation [13a] can be rewritten as:

[13c] ln A225nm
INF (–A225nm(t)) = ln ((ε I− + εROH

– εRI)[RI(aq)]o) – kt = const – kt

The plot of ln A225nm
INF (– A225nm(t)) vs. time therefore pro-

vides the rate constant for hydrolysis of RI. The absorbance
growth curve is replotted in the semi-log scale in the inset of
Fig. 1 and shows first-order behaviour.

A sample electrode response observed of the hydrolysis of
2-iodobutane is shown in Fig. 2. The signal was first con-
verted into I– concentration according to the probe calibra-
tion. The [I–]∞ – [I–]t is plotted on a log scale in the inset of
Fig. 2, because the slope yields the rate constant.

[14] ln ([I−]∞ – [I−]t) = const – kt

Because the response is nonlinear, there is greater uncer-
tainty at the beginning of the experiment. The uncertainty
becomes larger again later when the electrode response is
very small. This was considered when extracting a pseudo-
first-order rate constant from the log plot, i.e., more weight
was given to the data points in the middle of the test. As
mentioned in Section 3.1, the iodide electrode method was
used only for the hydrolysis of 2-iodobutane.

The hydrolysis of all the organic iodides studied in this
work exhibited a first-order dependence on organic iodide
concentration. Furthermore, the rate constant (k) for the or-
ganic iodide hydrolysis was, in general, observed to have a
simple Arrhenius temperature dependence (Figs. 3–5), sug-
gesting that the main hydrolysis mechanism did not change
over the temperature range studied.

Repeat measurements agreed to within 10%, except for
iodomethane and iodoethanoic acid. For these cases, the lon-
ger duration required for each measurement made
reproducibility more difficult to achieve. The rate constants
at 70°C (or at a specified temperature if 70°C data were not
obtained) and the activation energies are summarized in Ta-
ble 2. Also given in the table are the values of the
preexponential factors that provide the best fits to the data

over the studied temperature ranges. Individual data are dis-
cussed in more detail below.

Iodoalkanes
The hydrolysis rate for alkyl iodides was observed to in-

crease from primary (iodomethane and iodoethane) to sec-
ondary (2-iodobutane) to tertiary (2-iodo-2-methylpropane)
compounds. Because of the low rate, measurements for
iodomethane were made only at higher temperatures. The
rate constants obtained at 50 and 60°C have higher uncer-
tainty because only a small portion of the organic iodide had
hydrolysed over the test period. The reproducibility im-
proved at 70°C, where the standard error was ~20%, based
on the standard deviation of the measurements made at each
temperature. The iodomethane data obtained in this work
were compared to data available in the literature (Fig. 3),
showing reasonable agreement with data taken from
Laughton and Robertson (18), Moelwyn-Hughes (19), and
Adachi et al. (20). Adachi et al. (20) presented formulas to
generate both the SN1 and the SN2 rate constants at each
temperature. The line in Fig. 3 attributed to Adachi et al.
(20) was generated from the formula for the SN1 rate con-
stant.

The activation energy measured in the current work is
(104 ± 10) kJ mol–1 and is slightly lower than the value
(115 kJ mol–1) reported by Adachi et al. (20). A fit to
Moelwyn-Hughes’ data provides an activation energy of
106 kJ mol–1. The uncertainty quoted for the activation ener-
gies measured in the current work is the statistical standard
error of the regression analysis.

The hydrolysis rate of iodoethane (a primary alkyl iodide)
was only marginally faster than that of iodomethane at a
given temperature (Fig. 4). An activation energy of
(100 ± 6) kJ mol–1 was determined for the hydrolysis of
iodoethane. For the determination of the activation energy,
less emphasis was placed on the lower temperature data
points due to the uncertainty in the measurements. Also
shown in Fig. 4 is the value measured by Laughton and Rob-
ertson (18) at 99°C, which falls on the linear extrapolation
of the Arrhenius dependence of our 60–90°C data.

© 2003 NRC Canada
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Fig. 2. Plot of electrode response during the hydrolysis of 2-iodobutane at 60°C. Inset shows the log plot of [I–].
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The hydrolysis rates of the secondary alkyl iodide (2-
iodobutane) were obtained using the iodide specific elec-
trode method. The observed rates are in line with other data
in the literature on hydrolysis of secondary iodides (Fig. 4).
Extrapolating the 2-iodobutane results to 80°C yields a hy-
drolysis rate of about 3.3 × 10–3 s–1, which is comparable to
Laughton and Robertsons’s (18) 2-iodopropane value of
(2.75 ± 0.004) × 10–3 s–1 at this temperature. An activation
energy of (97 ± 5) kJ mol–1 was determined for 2-iodo-
butane.

The hydrolysis rate for the tertiary alkyl iodide (2-iodo-2-
methylpropane) was very fast, and could not be measured in
pure water using the chosen method. Instead, a lower limit
for the hydrolysis rate for the compound was determined in
a 30% water, 70% methanol solution at only two tempera-
tures (15 and 25°C) (Fig. 4). This slowed the reaction down

to the point where it could be measured (t1/2 ~ 60 s), how-
ever, there may be a mixture of reactions occurring (i.e., the
methanol may be reacting with the 2-iodo-2-methylpropane
to form an ether). Therefore, the measurement is considered
to be a lower limit for the hydrolysis reaction. An activation
energy of ~106 kJ mol–1 was determined from the data as-
suming a simple Arrhenius dependence.

Organic iodides with functional groups
The hydrolysis rates for (iodomethyl)benzene (benzyl io-

dide) were measured using the spectrophotometric method.
Difficulties encountered due to the low solubility of this
compound were circumvented by decanting an aliquot of
homogeneous solution from a dissolution vessel to avoid un-
dissolved globules of (iodomethyl)benzene at the bottom of
the reaction vessel.

© 2003 NRC Canada
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Fig. 3. Arrhenius plot for the hydrolysis of iodomethane.

Fig. 4. Arrhenius plot for the hydrolysis of iodoethane, 2-iodobutane, and 2-iodo-2-methylpropane. Laughton and Robertson’s (18) val-
ues for iodoethane and 2-iodopropane (another secondary iodide) are also included. Note that the “hydrolysis” of 2-iodo-2-
methylpropane was performed in a 70% methanol:30% water solution.
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The Arrhenius plot (Fig. 5) appears linear over the range
of temperatures measured (30–70°C), and extrapolation to
the entire aqueous range (0–100°C, at a total pressure of
1 bar) should be acceptable. The rates of this reaction can be
compared to those of other benzyl halides measured by
Laughton and Robertson (18) (2.7 × 10–4 s–1 at 30°C for
(bromomethyl)benzene and 5.8 × 10–4 s–1 at 60°C for
(chloromethyl)benzene). The rate of (iodomethyl)benzene
hydrolysis seems to fall in between the rates of (bromo-
methyl)benzene and (chloromethyl)benzene hydrolysis, a
trend that has been noted in the past for alkyl halides (18,
19). An activation energy of 95 ± 5 kJ mol–1 was extracted
from the data.

The hydrolysis rate of iodoethanoic acid was slower than
that of iodoethane (and therefore only high temperature
measurements were made), even though the basic carbon
chain is the same. Iodoethanoic acid has a pKa of 3.12 (21);
therefore, most of it would have been dissociated at the start-

ing pH of the solution (measured at approximately 4.5). One
can speculate that perhaps the hydrolysis occurs with pri-
marily the neutral form, the concentration of which, under
these conditions, is effectively reduced. The larger field and
steric effects of the carboxylic acid group in iodothanoic
acid, compared to the effects of alkyl group in iodoethane,
may also contribute to the slower hydrolysis rate (22). An
activation energy of 122 ± 5 kJ mol–1 was extracted from the
Arrhenius plot.

Iodoethanol has a very slow hydrolysis rate. Due to the
length of time required for the measurements, the rate con-
stant was measured only at 90°C, and was found to be (1.8 ±
0.1) × 10–5 s–1 (average of two values).

The rate of hydrolysis for 2-iodobenzenol (2-iodophenol)
was too slow to measure directly. The rate was estimated to
be less than 6 × 10–8 s–1, based upon the minor increase in
absorbance observed after 85 h at 80°C.
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Fig. 5. Arrhenius plot for the hydrolysis of (iodomethyl)benzene and iodoacetic acid.

Compound Hydrolysis rate at 70°C (s–1)a Temperature dependence (Ae– Ea/RT)

ln (A)b Ea (kJ mol–1)b

Iodomethane (3.2 ± 0.7) × 10–5 26.0 ± 4.0 104 ± 10
Iodoethane (7.4 ± 0.3) × 10–5 25.4 ± 2.0 100 ± 6
2-Iodobutane (1.04 ± 0.06) × 10–3 27.1 ± 1.2 97 ± 5
Iodoethanoic acid (2.92 ± 0.08) × 10–6 33.6 ± 3.2 122 ± 10
(Iodomethyl)benzene (4.4 ± 0.3) × 10–3 27.1 ± 0.8 95 ± 5
Iodoethanolc (1.8 ± 0.1) × 10–5 (at 90°C) Not determined Not determined
2-Iodobenzenol <6 × 10–8 (at 80°C)d Not determined Not determined
2-Iodo-2-methylpropane >1.2× 10–2 (at 25°C)e 38.2 ± 0.9f 106 ± 2f

aUncertainty given is the statistical standard error in the duplicate measurements at a given temperature. The error given for the rate is the standard
deviation among the measured values.

bUncertainty is the statistical standard error of the Arrhenius fit to the data.
cOnly two measurements were made, both at 90°C.
dEstimated upper limit.
eLower limit estimated in a 70% methanol/30% water solution. It is not known if methanol is reacting with the 2-iodo-2-methylpropane as well.
fEstimate based on data from a 70% methanol/30% water solution.

Table 2. Hydrolysis rates and temperature dependencies.
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4.2 Partition coefficients
Henry’s Law states that at equilibrium, the solubility of a

gas is proportional to the partial pressure of the gas (PCom-

pound) above the liquid phase:4

[15] Henry’s Constant =
[Compound(aq)]

Compound eq
P











There are many units available to describe this ratio be-
cause there are many different units of pressure and concen-
tration (e.g., mol dm–3 atm–1). In this document, we use the
term “partition coefficient” and the symbol “HK” to signify a
unitless form of Henry’s Law constants as it is a more com-
monly adopted definition in the nuclear industry (see
eq. [7]).

Henry’s Law constants depend upon temperature, and are
independent of the volume of gas or volume of liquid phase.
The partition coefficients of the organic iodides were ob-
served to follow a simple exponential temperature depend-
ence over the studied temperature range:

[16] ln lnH HK K
H

R T
T r

o
= + − −













298 1 1

298
∆

where T is absolute temperature, R is the gas constant, ∆rH°
is the enthalpy of reaction (i.e., gas–aqueous phase partition-
ing) and HKT and HK298 are the partition coefficients of a
given compound at temperature T and 25°C (298 K).5

In this work, the aqueous and gas samples were analyzed
simultaneously as a function of time until the system
reached equilibrium between the aqueous and gas phases.
The equilibrium was generally reached within an hour, but
sampling continued for several hours (every 30–60 min). An
example of the ratio of the aqueous phase concentration to
the gas phase concentration observed as a function of time is
shown in Fig. 6. Shown in the figure are data for 2-
iodobutane at 60°C. The limiting value provides the partition
coefficient (HK).

The results are summarized in Tables 3 and 4 along with
the literature values of similar organic iodides. The examples
of the scatter in the data for the partition coefficient and its
temperature dependence are presented in Figs. 7 and 8 for
iodomethane and iodoethanol. Individual data are discussed
below.

Iodoalkanes
The partition coefficient of iodomethane determined in

this study showed an exponential relationship of ln HK =
(3430 ± 60)/T – (9.9 ± 0.2) (Fig. 7). Our results agree with
the partition coefficient measured by Hunter-Smith et al.
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Fig. 6. Ratio of the aqueous to gas phase concentration of 2-iodobutane as a function of time after the pure compound is introduced
into the aqueous phase of the vessel (60°C).

4 This law holds for solutions dilute enough that the environment of the solute remains constant. Mackay and Shiu (23) suggest a mol fraction
of 0.01 as an upper limit.

5 The partition coefficient is an equilibrium constant, and has the following relationship at a given temperature:
∆rG° = –RT ln (HK/RT) = ∆rHT

o – T∆rS°

or ln (HK) – ln (RT) = –(∆rHT
o/RT) + ∆rS°/R

where HK is the Henry’s constant as defined in eq. [15]. The use of eq. [16] to determine the exponential temperature dependence of the par-
tition coefficient thus implies that the ∆rH° value reported in this document is the average enthalpy of the gas–liquid partitioning over a tem-
perature range of the aqueous phase. Over the studied temperature range, the enthalpy of the partitioning of the organic iodides appears to
be nearly temperature-independent. The use of eq. [16] also implies that the second term of the left hand side of the above thermodynamic
relationship (ln (RT)) is ignored in obtaining the slope (the contribution of the term to the slope is very small). Thus, the ∆rH° value reported
here is the enthalpy of reaction to a first-order approximation.
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(24), and to within 20–60% of those obtained by Hasty (25),
and Moore et al. (26). The partition coefficients of
Iodoethane and 2-iodobutane and their temperature
dependences are very similar to those of iodomethane (Ta-
bles 3 and 4).

Organic iodides with functional groups
For the remaining compounds, the partition coefficients of

only iodoethanol and iodoethanoic acid were obtained.6

These compounds are highly soluble in water and have very
high partition coefficients and steep temperature
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Compound HK (25°C) Reference Iodine-substituted compound HK (25°C) Reference Rel. ratio

Methane 0.04 27 Iodomethane 4.82 ± 0.01 This work 120
Diiodomethane 56 23 1400
Triiodomethane 88 28 2200

Ethane 0.05 27 Iodoethane 2.84 ± 0.01 This work 57
Propane 0.04 27 1-Iodopropane 2.6 23 65

2-Iodopropane 2.2 23 55
Butane 0.03 27 1-Iodobutane 1.5 23 50

2-Iodobutane 2.1 ± 0.3 This work 70
Benzene 4.5 27 Iodobenzene 19 27 4
Chloromethane 2.6 27 Chloroiodomethane 22 23 8
Ethanol 4900 23 Iodoethanol 73 000 ± 3000 This work 15
Ethanoic acid 127 000 23 Iodoethanoic acid 490 000 ± 90 000 This work 4

Note: The errors listed are the statistical standard error.

Table 3. Effect of iodine atoms on partition coefficients.

Compound –∆rH°/Ra (K) Reference Iodine-substituted compound –∆rH°/Ra (K) Reference

Methane 1800 23 Iodomethane 3430 ± 60 This work
Diiodomethane 5000 26

Chloromethane 3000 26 Chloroiodomethane 4300 26
Ethane 2300 23 Iodoethane 3800 ± 120 This work
Butane 3100 23 2-Iodobutane 3400 ± 400 This work
Ethanol 6600 23 Iodoethanol 7900 ± 600 This work
Ethanoic acid 6400 23 Iodoethanoic acid 11 500 ± 800 This work

Note: The errors listed are the statistical standard error.
aSee footnote 5.

Table 4. The temperature dependence of partition coefficients of compounds with and without iodine atoms.

Fig. 7. Temperature dependence of the partition coefficient of iodomethane.

6 The partition coefficients of (iodomethyl)bezene and 2-iodo-2-methylpropane could not be determined because they hydrolysed too quickly
to obtain any meaningful results.
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dependences (Tables 3 and 4, see also Fig. 8). Because of
the high partition coefficients, a higher aqueous concentra-
tion (~1 × 10–3 mol dm–3) was used for these compounds to
ensure a detectable amount in the gas phase. Furthermore,
for iodoethanoic acid, a microextraction technique was used
for the gas phase detection, in which small amount of
iodoethanoic acid was adsorbed and concentrated onto a mi-
cro-extraction fibre before injection into the GC.

5. Discussion

5.1 Hydrolysis rates
Hydrolysis of halogenated aliphatic compounds (rxn. [5])

occurs via well-known nucleophilic substitution mechanisms
(SN1 and SN2). Because the relative contribution of these
two mechanisms to the overall hydrolysis of organic iodides
impacts on the dependence of its rate on the OH– concentra-
tion, the nucleophilic substitute mechanisms are reviewed
briefly below, prior to the discussion on the hydrolysis rate
of organic iodides.

The SN2 hydrolysis reaction of iodo-compounds is a sec-
ond-order process, with a rate dependent upon the concen-
tration of both OH– and the organic iodide. Because of the
dependence on [OH–], the hydrolysis rate of organic iodides
would depend strongly on pH. Because the SN2 mechanism

involves the hydroxide ion approaching the reactive carbon,
steric hindrance affects the rate. Therefore, the relative SN2
hydrolysis rate at a given pH and temperature, is as follows
(21, 29):

methyl > primary > benzylic > secondary >
tertiary

The SN1 reaction rate depends only on the concentration
of iodo-alkane because the rate-determining step is the
unimolecular dissociation of the carbon—halogen bond.
Thus, for SN1, the hydrolysis rate depends on the stability
(and therefore, the structure) of the intermediate carbocation,
and the relative SN1 rates are (21, 29):

tertiary > secondary, benzylic > primary, methyl

The structure of the iodo-compound and the OH– concen-
tration governs which one of the two nucleophilic substitu-
tion mechanisms is dominant. The primary alkyl-iodides
should be the most sensitive to pH, as they can hydrolyse
faster than other iodo-compounds via the SN2 reaction,
where the nucleophile is OH–. Thus, if there were any signif-
icant pH dependence of hydrolysis rate, it would be most
pronounced for iodomethane. Adachi et al. (20) have mea-
sured both the SN1 and SN2 rates of iodomethane hydrolysis
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Compound Temperature (°C) Rate constant (s–1) Reference

Iodomethane 60 8.72 × 10–6 19
Iodomethane 60 2.3 × 10–5 20
Iodomethane 70 2.49 × 10–5 19
Iodomethane 80 2.34 × 10–4 20
Iodomethane 80 8.19 × 10–5 18
Iodomethane 90 1.8 × 10–4 19
Iodoethane 99 8.78 × 10–4 18
2-Iodopropane 80 2.75 × 10–3 18
1-Iodopropane 100 5.49 × 10–4 18
1-Iodo-2-methylpropane 100 3.55 × 10–4 18

Table 5. Literature hydrolysis rates.

Fig. 8. Temperature dependence of the partition coefficient of iodoethanol.
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separately, over a temperature range of 25–65°C. Their mea-
surements show that, at a given temperature, the SN2 contri-
bution to the overall hydrolysis of iodomethane is negligible
at pH 6, and does not become significant until about pH 11.
Therefore, the SN2 portion of the reaction can be ignored for
the pH range studied in this work. Furthermore, since
methyl iodide represents the structure which undergoes SN2
hydrolysis the fastest, it follows that the SN2 portion of the
hydrolysis rates of all other iodinated compounds can be ig-
nored as well, for the pH range used in this work, and for
the pH range (pH 4–10) expected in containment.

Table 5 lists the hydrolysis rates of various alkyl iodides re-
ported by other groups (18–20). (The hydrolysis rates mea-
sured in the current study are summarized in Table 2). A
hydrolysis rate of (3.2 ± 0.7) × 10–5 s–1 at 70°C and an activa-
tion energy of (104 ± 10) kJ mol–1 obtained for iodomethane
in this study are in good agreement with the values observed
by Molewyn-Hughes (19): a hydrolysis rate of 2.49 × 10–5 s–1

at 70°C and an activation energy of 106 kJ mol–1. Adachi et
al. (20) obtained an activation energy of 113 kJ mol–1 for the
SN1 portion of the reaction, and also provided an expression
for the temperature dependence for the SN2 contribution.

Since the main mechanism for the hydrolysis of organic
iodides under the experimental conditions (and also expected
under accident conditions) is SN1, the hydrolysis can be ex-
pressed as a simple first-order process. The first-order rate
constant (k) for the hydrolysis of organic iodides (given in
Tables 2 and 5) varies widely at a given temperature. The
observed trend is in good agreement with the relative rates
expected for SN1 reactions previously discussed: slow for
primary alkyl iodides (e.g., (3.2 ± 0.7) × 10–5 s–1 at 70°C
for iodomethane) and aromatic iodides (e.g., less than 6 ×
10–8 s–1 for 2-iodobenzenol) and faster for benzylic and sec-
ondary alkyl iodides (e.g., (4.4 ± 0.3) × 10–3 s–1 for
(iodomethyl)benzene and (1.04 ± 0.05) × 10–3 s–1 for 2-
iodobutane) and fastest for tertiary alkyl iodides (e.g., very
fast even at 25°C for 2-iodo-2-methylpropane). As could be
predicted by its nucleophilic substitution mechanism, the
most important factor affecting hydrolysis rate is the posi-
tion of the iodine atom on the carbon structure, rather than
the number of carbons in the molecule. For example, 1-
iodobutane would be expected to have a hydrolysis rate
comparable to that of iodoethane (another primary iodide).

Functional groups adjacent to the iodide atom appear to
modify the rates slightly as well (e.g., the hydrolysis rates of
iodoethanoic acid and iodoethanol are lower than that of
iodoethane). More data would be required to fully assess the
effect of functional groups.

The rate constants of the organic iodides studied were ob-
served to have a simple Arrhenius temperature dependence,
indicating that for a given compound, the main hydrolysis
mechanism (i.e., SN1 for all the compounds studied) did not
change over the temperature range studied. The observed
trend for the activation energy also follows that expected
from the SN1 mechanism, lower for (iodomethyl)benzene
and 2-iodobutane than for primary alkyl iodides or iodo-
ethanoic acid.

5.2 Partition coefficients
Partition coefficients reported in the literature, along with

our data, are listed in Tables 3 and 6. Also shown in these

tables are the partition coefficients of non-iodine substituted
organic compounds. Comparison of the partition coefficients
of these organic iodides with their non-iodine-substituted
counterparts provides a reasonable approach to estimate the
partition coefficients of other organic iodides. The partition
coefficients of organic compounds at 25°C are reviewed
first, followed by their temperature dependencies.

Table 3 compares the partition coefficients at 25°C of the
few measured organic iodides to those of their non-iodine-
substituted counterpart. An examination of Table 3 shows
that substituting an iodine atom into a molecule makes the
compound less volatile, but the impact of the change de-
creases as the partition coefficient increases.

Studies on Henry’s Law constants have found relation-
ships between the partition coefficient and structural compo-
nents of a molecule, such as bonds and functional groups
(30–33). In general, hydrophilic components such as halo-
gen, oxygen, nitrogen, and sulphur containing functional
groups increase the partition coefficient, whereas hydropho-
bic components such as long chains of carbon—carbon
bonds and carbon—hydrogen bonds, decrease the partition
coefficient. Some of these trends are apparent by examining
the values listed in Tables 3 and 6. Several methods of esti-
mating partition coefficients by empirically correlating parti-
tion coefficients with structural parameters have been
devised (30–33). These methods provide ways to predict
Henry’s Law constants for molecules with different func-
tional groups to within a factor of two or three, based upon
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Compound class Examples HK (approx.)a

Alkanes Hexane 0.02
Alcohols Methanol 5300

Ethanol 4900
Butanol 2900
Hexanol 1500
Phenylmethanol 220 000

Diols 1,2-Ethanediol 9.8 × 107

Aldehydes Formaldehyde 73 000
Acetaldehyde 370
Hexanal 120

Ketones Acetone 730
Methyl ethyl ketone 500
Methyl isobutyl ketone 54

Carboxylic acids Ethanoic acid 122 000
Phenylmethanolic acid 580 000
Hexanoic acid 29 000

Aromatic Benzene 4.5
Toluene 4.1
1,4-Dimethylbenzene 3.2
Ethyl benzene 3.2
Styrene 9

Phenolic Benzenol 39 000
4-Methylbenzenol 15 000

Multifunctional Phenylmethanol 220 000
Hydroxyethanol 1 000 000
Hydroxypropanoic acid 1.7 × 109

Propanonal 780 000
aValues taken from refs. 23 and 27.

Table 6. Selected partition coefficients (25°C) for various classes
of compounds.
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sets of compounds for which the constant has been experi-
mentally determined. These structure-based calculation
methods predict the trend observed in Table 3 that the sub-
stitution of an iodine atom for a hydrogen atom within a
molecule generally increases the partition coefficient. This
increase ranges from two orders of magnitude for low solu-
bility alkane organic compounds (i.e., methane to butane in
Table 3), to a factor of 5–10 for highly soluble organic com-
pounds containing a carbonyl, alcohol, or carboxylic acid
group.

Table 6 lists the partition coefficients of non-iodinated
compounds, from which the partition coefficients of the
counterpart organic iodides can be estimated. In general, the
partition coefficient increases with the number of oxygen at-
oms, and decreases with length of the carbon chain. Not all
functional groups containing one oxygen atom are equal
though; for example, alcohols have much higher partition
coefficients than ketones.

The temperature dependences for the partition coefficients
of organic iodides reported in the literature and from this
work are compared with the temperature dependence of cor-
responding non-iodine-substituted (parent) organic com-
pounds in Tables 4 and 7.

The value of –∆rH°/R of an organic iodide is consistently
higher than that of the corresponding non-iodine-substituted
organic compound for the small number of comparisons
available (Table 4). However, the increase is small enough
that the temperature dependencies of the partition coefficient
of an organic iodide may be approximated from that of non-
iodine-substituted counterpart. Table 7 lists the range of
–∆rH°/R for various classes of organic compounds. The
value of –∆rH°/R ranges from about 500–10 000 K. Organic
iodides and corresponding non-iodine-substituted organic
compounds that are more volatile than I2 at 25°C (i.e.,
alkane and aromatic compounds), have –∆rH°/R, of the order

of 3400 K, whereas the other more soluble compounds have a
–∆rH°/R of the order of 6500 K. Note that the partition coef-
ficient of I2 has a temperature dependence (–∆rH°/R) of
~4000 K (34–36).

The pH is not likely to affect the partitioning of a com-
pound, unless the solubility of a compound is affected,
which is not expected to occur at the pH range expected in
containment (pH < 11). However, for the compounds that
have pKa values within the pH range being considered, the
distribution between the acid and base forms must be con-
sidered.

5.3 Proposed grouping of organic iodides for reactor
safety analysis applications

The wide range of organic iodides expected to be formed
in containment following an accident presents several prob-
lems for models of iodine behaviour. The precise nature of
the important organic iodides to be modelled cannot be pre-
dicted because of the number of different sources of organic
material within containment, and the variety of organic spe-
cies that may be derived from these sources. Detailed physi-
cal modelling of all of the possible organic species would be
computationally intensive and fraught with uncertainty be-
cause precise rate information is lacking for many of the po-
tential species. The review of the partition coefficients and
hydrolysis rates provides a basis for reasonable and defensi-
ble grouping of organic iodide species, and the assignment
of common rate constants. This would greatly simplify the
challenge facing those who model iodine behaviour. The
suggested grouping is presented below.

Recommended hydrolysis rates
If the division of organic iodides based on hydrolysis rates

is required, it is recommended that the division be done on
the basis of molecular structure because the hydrolysis rates
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Compound Class Range of –∆rH°/Ra (K) Examples –∆rH°/Ra (K)

Alkanes 1500–8000 Methane 1800
Butane 3100

Alcohols 5000–8000 Methanol 5400
Butanol 7300
2-Propanol 7500

Aldehydes 4000–9000 Methanal 7000
Ethanal 5000
Hexanal 6500

Ketones 4000–10 000 Propanone 5000
2-Butanone 5500
3-Pentanone 9200

Carboxylic acids 5700–11 000 Ethanoic acid 6400
Phenylmethanoic acid 6500
Hexanoic acid 6300

Aromatic (one ring) 3000–5000 Benzene 4000
Methylbenzene 4000
1,4-Dimethylbenzene 5000

Phenolic 7000–8000 Benzenol 7000
4-Methylbenzenol 7300

Multifunctional — Hydroxyethanol 4600
Propanonal 7500

aRanges and approximate values taken from ref. 27.

Table 7. Range of temperature dependencies of HK for various classes of organic compounds.
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of organic iodides are sensitive to the structure. Based on the
hydrolysis rates listed in Tables 2 and 8, it is proposed that
organic iodides be divided into two groups, primary alkyl io-
dides (PRI) and nonprimary organic iodides (NRI). The NRI
group would include secondary, tertiary, and benzylic io-
dides, as well as any other carbon structure that would en-
hance hydrolysis rate.

The hydrolysis rates of primary alkyl iodides range from
(2.92 ± 0.08) × 10–6 s–1 (iodoethanoic acid) to (7.4 ± 0.3) ×
10–5 s–1 (iodoethane) at 70°C. Iodomethane appears to ade-
quately represent the average behaviour of the primary alkyl
group. After conversion to 25°C (using the activation energy
measured in this work), the iodomethane values can be used
to represent the primary alkyl iodides:

[17] ln ln
8.3145

1
298

PRI PRI
298 ak k

E
T

= + ⋅ −





∆ 1

where kPRI
298 = (1.3 ± 0.9) × 10–7 s–1) and ∆Ea = 104 ±

10 kJ mol.
For the second group, the hydrolysis rate constants are

larger than 1 × 10–4 s–1 at 70°C. For this group, 2-iodobutane
is recommended to represent the average of the NRI organic
iodides (after conversion to 25°C):

[18] ln ln
8.3145

1
298

NRI NRI
298 ak k

E
T

= + ⋅ −





∆ 1

where kNRI
298 = (7.7 ± 0.3) × 10–6 s–1) and ∆Ea = 97 ± 5 kJ mol.

Recommended partition coefficients
Examination of Tables 3 to 7 reveals that the range of vol-

atility of organic iodides can be enormous. However, under
accident conditions, organic iodides would be formed from
the reaction between organic radicals and molecular iodine
(rxn. [3]). The fraction of molecular iodine converted to or-
ganic iodides is nearly independent of the type of organic
impurities present in the containment sump. Hence, the most
logical organization of organic iodides for modelling the
volatility of organic iodides in containment following an ac-
cident is based on their partition coefficient with respect to
that of molecular iodine, i.e., whether the compound is more
or less volatile than molecular iodine. The partition coeffi-
cient of iodine (~79 at 25°C) (27, 34–36) is such that the di-
vision essentially corresponds to whether the compound
contains oxygen or not. Except in rare cases, the presence of
a single oxygen atom within a molecule raises the partition
coefficient at a given temperature to above 100, whereas
multiple oxygen atoms within a molecule generally raise the
partition coefficient to well above 1000. Thus, the proposed
strategy for managing the wide range of partition coeffi-
cients in containment under accident conditions is to divide
organic iodides into two groups, which are based on their
volatility relative to the volatility of I2: (i) “high” volatility
organic iodides (HVRI) such as alkyl iodides (e.g., methyl-,
ethyl-, and butyl-iodides) and aromatic iodides (e.g., iodo-
bezene); and (ii) “low” volatility organic iodides (LVRI)
containing oxygen such as alcohol and acid (e.g., iodo-
ethanol and iodoethanoic acid).

Since iodomethane exhibits the average behaviour of
HVRI, the partition coefficient of iodomethane and its tem-

perature dependence are recommended to represent the
HVRI compounds:

[19] ln ln (3430 60)
1 1

298
H

HVRI
H

HVRI
298K K

T
= + ± ⋅ −















The LVRI compounds encompass a much broader range
of compounds containing oxygen. A partition coefficient of
(1000 ± 250), which is a conservatively averaged (i.e., a low
value that provides a conservatively large gas phase concen-
tration) value of alcohols, aldehydes, ketones, and acids
from Table 6, is recommended to represent the partition co-
efficient of LVRI at 25°C. The temperature dependence of
the partition coefficients of the LVRI compounds is also
somewhat steeper than those of the HVRI compounds, with
–∆H/R generally ranging from 5000 to 7500 K. An interme-
diate value of (6500 ± 1000) K for –∆H/R is therefore rec-
ommended to represent the temperature dependence of
LVRI:

[20] lnH
LVRIK =

ln (6500 )
1 1

298
H

LVRI
298K

T
+ ± ⋅ −













1000

where H
LVRI
298K = (1000 ± 250).

The proposed organization and the assignment of the aver-
age partition coefficients should be evaluated with the pro-
posed strategies for handling the other aspects of organic
reactions. For example, the overall rate of organic iodide for-
mation (via rxns. [1]–[3]) and the relative ratio of HVRI and
LVRI formation are also crucial in determining organic io-
dide volatility in containment. The organization should be
also consistent with the organic iodide decomposition pro-
cesses, such as hydrolysis and radiolysis.

Conclusions

Experiments have been performed to obtain the partition
coefficients and hydrolysis rates of various organic iodides.
These data, and data accumulated in the literature, have been
reviewed to provide guidelines for appropriate organization
of organic iodides for the purpose of modelling iodine be-
haviour under postulated nuclear reactor accident conditions.

If the grouping of organic iodides based on hydrolysis
rates is required, it could be done on the basis of molecular
structure because the hydrolysis rates of organic iodides are
sensitive to the structure. Thus, organic iodides could be di-
vided into two groups, primary alkyl iodides (PRI) and
nonprimary organic iodides (NRI). The NRI group would in-
clude secondary, tertiary, and benzylic iodides, as well as
any other carbon structure that would enhance hydrolysis
rate.

Based on the partition coefficients, organic iodides could
be divided into two groups based upon their volatility rela-
tive to molecular iodine: (i) HVRI (high volatility organic
iodides), which is comprised of alkyl iodides having a parti-
tion coefficient smaller than I2; and (ii) LVRI (low volatility
organic iodides), which is comprised of compounds gener-
ally containing at least one oxygen atom, and having a parti-
tion coefficient higher than that of I2.
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Medium-sized cyclophanes. Part 62:1 Formylation
of anti-[n.2]metacyclophanes — Through-space
electronic interactions between two benzene
rings

Takehiko Yamato, Tsuyoshi Furukawa, Kan Tanaka, Tsutomu Ishi-i, and
Masashi Tashiro

Abstract: Formylation of anti-[n.2]metacyclophanes (1) (n = 2, 3, 4) with dichloromethyl methyl ether in the presence
of TiCl4 occurred selectively at para-position to the internal methyl substituents of anti-[n.2]metacyclophanes. Similar
reaction of anti-5,13-di-tert-butyl-8,16-dimethyl[2.2]metacyclophane (6a) with dichloromethyl methyl ether in the pres-
ence of TiCl4 led to ipso-formylation at the tert-butyl group to give anti-5-tert-butyl-13-formyl-8,16-dimethyl[2.2]-
metacyclophane (7a) as well as the corresponding 2,7-di-tert-butyl-trans-10b,10c-dimethyl-10b,10c-dihydropyrene (10),
anti-5-tert-butyl-8,16-dimethyl-13-(3-methyl-1-butene-2-yl)[2.2]metacyclophane (8), and anti-5,13-di-tert-butyl-exo-1-
hydroxy-8,16-dimethyl[2.2]metacyclophane (9) depending on the reaction conditions. The higher yield of ipso-formy-
lated product is obtained in the presence of AlCl3 MeNO2 in 80% yield along with anti-5-tert-butyl-8,16-dimethyl-13-
(3-methyl-1-butene-2-yl)[2.2]metacyclophane (13). Thus, the yield of ipso-formylation at the tert-butyl group of 6a was
strongly affected by the activity of the formylation catalyst. Interestingly, in the formylation of anti-6,14-di-tert-butyl-
9,17-dimethyl[3.2]metacyclophane (6b) under the same reaction conditions, syn-6,14-di-tert-butyl-7-formyl-9,17-dimeth-
yl[3.2]metacyclophane (14b) was obtained in 40% yield arising from the anti-syn-ring inversion of the formylation in-
termediate along with ipso-formylation product 7b in 42% yield. In the formylation of anti-[4.2]metacyclophane (6c)
only the mono-ipso-formylated product 7c was obtained in 92% yield. The formation of a two-fold ipso-formation
product, i.e., anti-5,13-diformyl-8,16-dimethyl[2.2]metacyclophane (3a), was not observed under the reaction conditions
used. The mechanism of the ipso-formation as well as the formation of the present novel reaction products 8 and 9 is
also discussed.

Key words: cyclophanes, strained molecules, electrophilic aromatic substitution, ipso-formylation, σ-complex intermedi-
ates, through-space electronic interactions.

252Résumé : La formylation des anti-[n.2]métacyclophanes (1) (n = 2, 3, 4) à l’aide d’oxyde de méthyle et de dichloro-
méthyle, en présence de TiCl4, se produit d’une façon sélective en position para par rapport aux substituants méthyles
internes des anti-[n.2]métacyclophanes. Une réaction semblable de l’anti-5,13-di-tert-butyl-8,16-diméthyl[2.2]métacyclo-
phane (6a) avec de l’oxyde de méthyle et de dichlorométhyle, en présence de TiCl4, conduit à une formylation en posi-
tion ipso par rapport au groupe tert-butyle et, suivant les conditions réactionnelles à la formation de l’anti-5-tert-butyl-
13-formyl-8,16-diméthyl[2.2]métacyclophane (7a) ainsi que du 2,7-di-tert-butyl-trans-10b,10c-diméthyl-10b,10c-dihy-
dropyrène (10), de l’anti-5-tert-butyl-8,16-diméthyl-13-(3-méthylbut-1-én-2-yl)[2.2]métacyclophane (8) et de l’anti-5,13-
di-tert-butyl-exo-1-hydroxy-8,16-diméthyl[2.2]métacyclophane (9). Le rendement le plus élevé de produit formylé en
position ipso (80%) est obtenu en présence de AlCl3, dans le MeNO2; à ses côtés, il se forme aussi de l’anti-5-tert-bu-
tyl-8,16-diméthyl-13-(3-méthylbut-1-én-2-yl)[2.2]métacyclophane (13). Le rendement en formylation en position ipso
par rapport au groupe tert-butyle du produit 6a est donc fortement affecté par l’activité du catalyseur de formylation. Il
est intéressant de noter que la formylation de l’anti-6,14-di-tert-butyl-9,17-diméthyl[3.2]métacyclophane (6b) dans les
mêmes conditions expérimentales conduit à la formation, avec un rendement de 40%, du syn-6,14-di-tert-butyl-7-
formyl-9,17-diméthyl[3.2]métacyclophane (14b) qui résulte d’une inversion de cycle anti-syn de l’intermédiaire de for-
mylation; ce produit se forme aux côtés du produit de formylation ipso (7b) obtenu avec un rendement de 42%. Lors
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de la formylation de l’anti-[4.2]métacyclophane (6c), on n’obtient que le produit de formylation ipso (7c) avec un ren-
dement de 92%. Dans les conditions réactionnelles utilisées, on n’a pas observé de formation de double formylation
ipso, l’anti-5,13-diformyl-8,16-diméthyl[2.2]métacyclophane (3a). On discute du mécanisme de formation des produits
de formylation ipso ainsi que de la formation des nouveaux produits 8 et 9.

Mots clés : cyclophanes, molécules tendues, substitution aromatique électrophile, formylation ipso, complexes-σ comme
intermédiaires, interactions électroniques à travers l’espace.

[Traduit par la Rédaction] Yamato et al.

Introduction

Because of electronic interaction between two benzene
rings, the proximity of 8,16-positions, and the considerable
strain energy, [2.2]metacyclophane (MCP = metacyclo-
phane) is prone to giving transannular reaction products un-
der the electrophilic, radical, and photolytic reaction
conditions together with other transformation products de-
rived from tetrahydropyrene (2,3). These products have usu-
ally been rationalized as involving initial dehydrogenation to
4,5,9,10-tetrahydropyrene.

Maquestiau et al. (4) reported formylation of [2.2]MCP
with dichloromethyl n-butyl ether in the presence of TiCl4
according to the Rieche procedure (5) to give 4-
formyl[2.2]MCP, as shown in Scheme 1. This result was dif-
ferent from other electrophilic aromatic substitution of
[2.2]MCP; e.g., bromination, iodination, and nitration,
which afforded the corresponding 2-substituted 4,5,9,10-
tetrahydropyrenes via addition-elimination mechanism (2).
The relatively late transition state in the formylation of
[2.2]MCP compared with other electrophilic aromatic substi-
tution might be proposed.

However, there is no report concerning the formylation of
internally substituted [2.2]MCPs. We undertook the present
work to obtain further information about the chemical be-
haviour of [2.2]MCPs as well as [3.2]- and [4.2]MCPs,
which are less strained than [2.2]MCPs.

Results and discussion

When formylation of anti-8,16-dimethyl[2.2]MCP (1a)
(6) with dichloromethyl methyl ether in the presence of
TiCl4 as a catalyst was carried out at 0°C for 1 h, anti-5-
formyl-8,16-dimethyl[2.2]MCP (2a) and anti-5,13-diformyl-
8,16-dimethyl[2.2]MCP (3a) were obtained in 20 and 80%
yield, respectively. Treatment of 1a with dichloromethyl
methyl ether at room temperature for 3 h increased the yield
of the diformyl compound (3a) to 95% (Scheme 2).

Formylation of anti-9,17-dimethyl[3.2]- (1b) (7) and anti-
10,18-dimethyl[4.2]MCP (1c) (7) at 0°C for 1 h under the
same conditions used with 1a, afforded diformyl derivatives
(3b) and (3c) in 93 and 91% yield, respectively. In the [3.2]-
and [4.2]MCP systems the diformylations were both com-
pleted within 1 h, which is different from the result that the
complete diformylation required at least 3 h in the [2.2]MCP
system. The different formylation behaviors of [n.2]MCPs
can be explained by the stability of the cationic intermedi-
ates, which could arise from the through-space electronic in-
teraction with the benzene ring located on the opposite side.
Thus, in the case of the [2.2]MCP system, the second
electrophilic substitition with dichloromethyl methyl ether

can be more strongly suppressed because of deactivation of
the second aromatic ring by CH(OMe)Cl group-like nitra-
tion of 8,16-dimethyl[2.2]MCP, which only afforded mono-
nitration product even in the drastic nitration conditions (8).

It should be noted that formyl groups of 2a and 3a are in-
troduced at positions 5 and 13 of the MCP ring with formy-
lation occurring selectively para to the methyl substituents
of [2.2]MCP. Similar orientations are observed in the [3.2]-
and [4.2]MCP systems. In contrast, treatment of 1,2,3-tri-
methylbenzene (4) with dichloromethyl methyl ether under
the same conditions used with 1 afforded a 90% yield of
2,3,4-trimethylbenzaldehyde (5). The above results suggest
that the orientation of the formylation of 1 is determined by
the internal methyl substituents in place of methylene groups
of the bridges and quite different from the orientation that
can be expected from the result of formylation of 1,2,3-
trimethylbenzene (4). The deviation of the benzyl carbon
atom of methylene groups from the plane of the benzene
ring (9) might decrease the degree of stabilization of the σ-
complex intermediate by hyperconjugation compared with
that of the internal methyl groups.

Attempted formylation of anti-5,13-di-tert-butyl-8,16-di-
methyl[2.2]MCP (6a) (6) with dichloromethyl methyl ether
(Table 1) in the presence of TiCl4 at room temperature for
0.5 h gave mono-ipso-formylated product anti-5-formyl-
13-tert-butyl-8,16-dimethoxy[2.2]MCP (7a) in 25% yield
as a major product along with anti-5,13-di-tert-butyl-exo-1-
hydroxy-8,16-dimethyl[2.2]MCP (9), anti-5-tert-butyl-
8,16-dimethyl-13-(3-methyl-1-butene-2-yl)[2.2]MCP (8),
and the corresponding 2,7-di-tert-butyl-trans-10b,10c-
dimethyl-10b,10c-dihydropyrene (10), depending on the re-
action conditions. Thus, decreasing the reaction temperature
from 25°C to 0°C or to –20°C decreases the yield of ipso-
formylated product 7a but increases the yield of 8 and 9. In
contrast, prolonging the reaction time to 3 h or increasing
the reaction temperature to 40°C leads to a slight increase of
the yield of ipso-formylated product 7a. Therefore, the pres-
ent ipso-formylation at the tert-butyl group of 6a was found
to be strongly affected by the reaction time and temperature.
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However, in spite of the prolonged reaction time, di-ipso-
formylated compound 3a was not obtained. Furthermore,
formation of the corresponding syn-8,16-dimethyl[2.2]MCP
arising from the anti-syn-ring inversion like the nitration of
anti-5,13-di-tert-butyl-8,16-dimethoxy[2.2]MCP was also
not observed (10).

Formylation of anti-6,14-di-tert-butyl-9,17-dimethyl[3.2]-
MCP (6b) and anti-7,15-di-tert-butyl-10,18-dimethyl[4.2]-
MCP (6c), carried out under the same conditions, afforded
anti-6-formyl-14-tert-butyl-9,17-dimethyl[3.2]MCP (7b) in
95% yield but the latter MCP (6c) afforded only recovered.
From this finding, the order of reactivity of anti-[n.2]MCPs
for formylation is estimated to be [2.2]- > [3.2]- > [4.2]MCP.
This finding also suggests that the degree of the stability of
the cation intermediate, which may be due to a through-
space electronic interaction with the opposing benzene ring,
decreases as the size of the polymethylene bridge increases.

On the other hand, Reinhoudt and co-workers (11) re-
ported the high-yield four-fold ipso-nitration of tert-
butylcalix[4]arenes. To the best of our knowledge, none of
the ipso-formylation reactions have been reported in the nor-
mal aromatic systems (12). In the MCP system, a first σ-
complex intermediate would be stabilized by a through-
space electronic interaction with the opposing benzene ring,
thus accelerating the reaction. However, only one tert-butyl
group is ipso-formylated because of deactivation of the sec-
ond aromatic ring by the CH(OMe)Cl group.

The structures of products 7a and 8 were determined on
the basis of their elemental analyses and spectral data. The
IR (NaCl) spectrum of 7a shows υC=O at 1670 cm–1, typical
of an aromatic aldehyde. The 1H NMR (CDCl3) spectrum of
7a shows two methyl protons at 0.49 and 0.64 ppm, a tert-
butyl proton at 1.30 ppm, two aromatic protons at 7.14 and
7.64 ppm, and a formyl proton at 9.84 ppm, respectively.
The 1H NMR spectrum of 8 shows internal methyl protons
as singlets at δ 0.58 and 0.69 and three methyl protons as
singlets at δ 1.65, 1.80, and 1.93 (relative intensity 1:1:1).
Two aromatic protons are observed at δ 6.89 and 7.12 as
singlets that are clearly associated with the protons at C-12
and C-14, and C-4 and C-6, respectively. Structure 8 can
also be determined by the fact that there are five nonequiva-
lent methyl groups at 14.38, 14.70, 20.70, 20.75, and 22.16
and two olefinic carbons at 126.25 and 129.86 in 13C NMR
spectrum. Furthermore, when 8 was treated with cetyltri-
methylpermanganate in methylene dichloride (13), the corre-
sponding oxidation product anti-5-acetyl-13-tert-butyl-8,16-
dimethyl[2.2]MCP (11) was obtained in 87% yield
(Scheme 4). On the basis of this chemical conversion and
spectral data, 8 is assigned the structure anti-5-tert-butyl-
8,16-dimethyl-13-(3-methyl-2-butene-2-yl)[2.2]MCP. It was
also found that the formylation of 8 in methylene dichloride
under the same reaction conditions did not afford ipso sub-
stitution product 7a. Only the recovery of the starting com-
pound 8 resulted. This finding suggests that the intermediate
for the formation of 7a is not 8.

The structures of products 9 and 10 were also determined
on the basis of their elemental analyses and spectral data.
The assignment of 10 was carried out by the comparison
with physical properties and spectral data of the authentic
sample (14). We previously assigned (15) the 1H NMR sig-
nals of anti-1-exo-5,13-trichloro-8,16-dimethyl[2.2]MCP
and have assigned the 1H NMR signals of 9 in a similar
fashion. Thus, the 1H NMR spectrum of 9 shows two inter-
nal methyl resonances as singlets at δ 0.52 and 0.86 and a
bridge methine signal as double doublets at δ 5.34 (J =
2.2/4.6 Hz). One of the two methyl protons is in a strongly
deshielding region of oxygen atoms of exo-OH on the ethyl-
ene bridge resulting in a much larger downfield shift (δ 0.86)
than that of the other methyl proton (δ 0.52). In contrast, the
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Scheme 2.

Products (%)a

Run Temp (°C) Time (h) 6a 7a 8 9

1b 0 0.5 9 15 25 27
2b –20 0.5 6 13 31 27
3b 25 0.5 4 25 16 20
4 25 3 3 35 6 15
5 40 0.5 <1 30 <1 <1

aIsolated yields are shown.
bSmall amount of 2,7-di-tert-butyl-trans-10b,10c-dimethyl-10b,10c-

dihydropyrene (10) was obtained.

Table 1. Treatment of [2.2]MCP 6a with dichloromethyl methyl
ether in the presence of titanium tetrachloride.
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aromatic protons were observed as a multiplet around
δ 7.18–7.21 that is almost same as that for the exo-Cl ar-
rangement of anti-1-exo-5,13-trichloro-8,16-dimethyl[2.2]-
MCP (δ 7.0–7.3). A deshielded aromatic proton due to the
endo-OH oxygen atom on the ethylene bridge was not ob-
served. On the basis of the spectral data, compound 9 is as-
signed the structure anti-5,13-di-tert-butyl-exo-1-hydroxy-
8,16-dimethyl[2.2]MCP.

Although the detailed mechanism of formation of 8 is not
clear, a reaction pathway for the formation of 8 from 6a is
tentatively proposed in Scheme 5. The ipso-electrophilic at-
tack at the tert-butyl group could afford the cation interme-
diate A, which could eliminate the isobutene to afford
intermediate B following hydrolysis by the quenched with
water to give ipso-formylation product 7a. On the other
hand, Brüggen et al. (16) reported that isobutene reacts with
dichloromethyl methyl ether to afford the addition product
12. In fact, generated isobutene was trapped by the reaction
with toluene in the presence of AlCl3 under the Ar gas flow
condition to afford tert-butyltoluene. Thus, the addition
product generated in the present system can react with 6a on

the ipso-position at the tert-butyl group to afford the inter-
mediate C from which the elimination of formaldehyde and
HCl form the cyclopropane ring (intermediate D) following
the ring opening reaction that occurs to afford 8.

The formation of alcohol 9 during the formylation of 6a
with dichloromethyl methyl ether leads to the first direct in-
troduction of hydroxy group into the methylene group of
[2.2]MCP 6a. However, the detailed mechanism of forma-
tion of 9 is not clear in the present stage.

It was also found that dehydration of alcohol 9 with TiCl4
or concd. HCl in benzene at room temperature for 80 h af-
forded trans-10b,10c-dimethyl-10b,10c-dihydropyrene 10 in
10% and 32% along with recovery of the starting compound.
Therefore, the reaction pathway for the formation of trans-
10b,10c-dimethyl-10b,10c-dihydropyrene 10 in the present
formylation reaction via the elimination of H2O from the al-
cohol 9 itself to afford the corresponding [2.2]MCP-1-ene
can be proposed. From [2.2]MCP-1-ene, 10 might be pro-
duced via intermediate [2.2]MCP-1,9-diene, as expected on
the basis of earlier reported observations that [2.2]MCP-1,9-
dienes gave the tautomerization product 10b,10c-dihydro-
pyrenes (17).

Interestingly, the higher yield of ipso-formylated product
is obtained in the presence of AlCl3–MeNO2 in 80% yield
along with anti-5-tert-butyl-8,16-dimethyl-13-(3-methyl-1-
butene-2-yl)[2.2]MCP (13a). Thus, the yield of ipso-
formylation at the tert-butyl group of 6a was strongly af-
fected by the activity of the formylation catalyst. In contrast,
in the formylation of anti-6,14-di-tert-butyl-9,17-dimethyl-
[3.2]MCP (6b) under the same reaction conditions, syn-6,14-
di-tert-butyl-7-formyl-9,17-dimethyl[3.2]MCP (14b) was
obtained in 40% yield arising from the anti-syn-ring inver-
sion of the formylation intermediate along with ipso-formy-
lation product 7b in 42% yield. In the formylation of anti-
[4.2]MCP (6c) only the mono ipso-formylated product 7c
was obtained in 92% yield. The formation of a two-fold
ipso-formation product, i.e., anti-5,13-diformyl-8,16-di-
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methyl[2.2]MCP (3a), was not observed under the reaction
conditions used (Scheme 6, Table 2).

Previously we reported (7b) that anti-6b is thermally sta-
ble and does not interconvert at 150°C in DMSO solution or
at 400°C in the solid state. Although the detailed mechanis-
tic conclusion to rationalize the present observation of anti-
to-syn-conversion is not clear, one might assume similar be-
havior to that of the nitration or protic acid induced intra-
molecular condensation of anti-8,16-dimethoxy[2.2]MCP to
afford the corresponding 17-oxa[2.2.1](1,3,2)cyclophane via
anti-to-syn-ring inversion (9).

The structures of products 13a and 14b were determined
on the basis of their elemental analyses and spectral data.
The 1H NMR spectrum of 13a shows internal methyl pro-
tons as singlets at δ 0.59 and 0.65 and two methyl protons as
a doublet at δ 1.11. Two exo-methylenes are observed at δ
4.92 and 5.08 as doublets (J = 1.3 Hz). Furthermore, 13a
was alternatively prepared by the ipso-acylation of 6a with
isobutanoyl chloride in the presence of TiCl4 followed by
Wittig reaction of 15 with methyltriphenylphosphonium io-
dide in the presence of butyllithium (Scheme 7). On the ba-
sis of the spectral data and the comparison of the authentic
sample synthesized, 13a is assigned the structure anti-5-tert-
butyl-8,16-dimethyl-13-(3-methyl-1-butene-2-yl)[2.2]MCP.

The IR (NaCl) spectrum of 14b shows υC=O at 1683 cm–1,
typical of an aromatic aldehyde. Especially, the mass spec-
tral data for 14b (M+ = 390) strongly support the mono
formylated product for 6b. Interestingly, the 1H NMR spec-
tra of 14b showed the methyl protons at δ 1.73 and
1.96 ppm, respectively, quite a different chemical shift from
that of 6a (δ 0.68 ppm) because of the ring current of the op-
posite aromatic ring (2,18). The aromatic protons were ob-
served at δ 6.71 and 7.12 ppm (relative intensity 2:1). The
former protons are observed at much higher field position
than that of anti-6a (7.04 ppm) because of the face-to-face

overlapping between the two benzene rings. These findings
strongly support the theory that the structure of 14a adopts
syn-conformation. It was also found that one of the ethano-
bridge protons has been observed in a deshielded region (δ
3.45–3.50) owing to the formyl group at position seven (the
ortho position for the ethano-bridge). Consequently, 14b is
assigned the structure syn-6,14-di-tert-butyl-7-formyl-9,17-
dimethyl[3.2]MCP.

Experimental

All melting points (Yanagimoto MP-S1) were uncor-
rected. Proton nuclear magnetic resonance (1H NMR) spec-
tra were recorded on a Nippon Denshi JEOL FT-270
spectrometer. Chemical shifts are reported as δ values (ppm)
relative to internal Me4Si. Mass spectra were obtained on a
Nippon Denshi JMS-01SG-2 mass spectrometer at an ioniza-
tion energy of 70 eV using a direct-inlet system through
GLC; m/z values reported include the parent ion peak. Infra-
red (IR) spectra were obtained on a Nippon Denshi JIR-
AQ2OM spectrophotometer as KBr disks. Elemental analy-
ses were performed by Yanaco MT-5. Gas–liquid chromato-
graph (GLC) analyses were performed using a Shimadzu gas
chromatograph (GC-14A); silicone OV-1, 2 m; programmed
temperature rise, 12°C min–1; carrier gas nitrogen,
25 mL min–1.

Materials

The preparation of anti-5,13-di-tert-butyl-8,16-dimethyl-
[2.2]metacyclophane (6a), anti-6,14-di-tert-butyl-9,17-di-
methyl[3.2]MCP (6b), and anti-7,15-di-tert-butyl-10,18-di-
methyl[4.2]MCP (6c) was carried out as previously reported
(6,7).

Formylation of dimethyl[2.2]MCP (1) with
Cl2CHOCH3. Typical procedure

To a solution of anti-8,16-dimethyl[2.2]MCP (6) (1a)
(236 mg, 1.0 mmol) and Cl2CHOCH3 (0.56 mL, 6.2 mmol)
in CH2Cl2 (10 mL) was added a solution of TiCl4 (0.45 mL,
4.1 mmol) in CH2Cl2 (4 mL). After the reaction mixture was
stirred at 0°C for 1 h, it was poured into a large amount of
ice-water and extracted with CH2Cl2. The CH2Cl2 extract
was washed with water, dried over Na2SO4, and evaporated
in vacuo to leave a residue that was chromatographed on sil-
ica gel (CHCl3 as an eluent) to give 2a (52.8 mg, 20%) and
3a (232.4 mg, 80%), respectively.

anti-5-Formyl-8,16-dimethyl[2.2]MCP (2a)
Colorless prisms (hexane), mp 182–185°C. IR (KBr) υmax:

3050, 2940, 2860, 2810, 1685 (C=O), 1580, 1375, 1265,
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Run Substrate Number of methylene units (n) Products (%)b,c

1 6a 2 7a (80)[60] 13a (20)[15] 14a (0)
2 6b 3 7b (42)[35] 13b (0) 14b (40)[22]
3 6c 4 7c (92)[72] 13c (0) 14c (0)

aConditions: AlCl3 (5 equiv) Cl2CHOMe (14 equiv).
bRelative yields determined by GLC analysis are shown.
cIsolated yields are shown in square brackets.

Table 2. Treatment of [n.2]MCPs 6a–c with dichloromethyl methyl ether in the presence of AlCl3 MeNO2.a

Scheme 7.
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1180, 1110, 780, 745, 720. 1H NMR (CDCl3) δ: 0.52 (s, 3
H), 0.65 (s, 3H), 2.60–3.20 (m, 8H), 6.84–7.23 (m, 3H),
7.64 (s, 2H), 9.85 (s, 1H). MS m/z: 264 ([M]+). Anal. calcd.
for C19H20O: C 86.32, H 7.62; found: C 86.33, H 7.65.

anti-5,13-Diformyl-8,16-dimethyl[2.2]MCP (3a)
Colorless prisms (hexane), mp 280–282°C. IR (KBr) υmax:

2960, 2825, 2790, 2725, 1670 (C=O), 1585, 1550, 1450,
1375, 1330, 1315, 1260, 1245, 1200, 1190, 1145, 1115, 970,
910, 755, 725, 685. 1H NMR (CDCl3) δ: 0.58 (s, 6H), 2.60–
3.30 (m, 8H), 7.64 (s, 4H), 9.86 (s, 2H). MS m/z: 292
([M]+). Anal. calcd. for C20H20O2: C 82.16, H 6.89; found:
C 82.20, H 6.93.

Formylation of anti-9,17-dimethyl[3.2]MCP (1b) (7) and
anti-10,18-dimethyl[4.2]MCP (1c) (7) was carried out as a
same procedure as described above to afford (3b) and (3c) in
93 and 91% yield, respectively.

anti-6,14-Diformyl-9,17-dimethyl[3.2]MCP (3b)
Colorless prisms (hexane), mp > 300°C. IR (KBr) υmax:

2950, 1680 (C=O), 1590, 1570, 1550, 1445, 1387, 1265,
1255, 1137, 1123, 1111, 1025, 965, 907, 885, 753, 732, 678.
1H NMR (CDCl3) δ: 0.77 (s, 6H), 1.62 (s, 4H), 2.65–3.20
(m, 6H), 7.60 (s, 4H), 9.91 (s, 2H). MS m/z: 306 ([M]+).
Anal. calcd. for C21H22O2: C 82.31, H 7.23; found: C 82.24,
H 7.30.

anti-7,15-Diformyl-10,18-dimethyl[4.2]MCP (3c)
Colorless prisms (hexane), mp 202–205°C. IR (KBr) υmax:

2950, 2810, 1672 (C=O), 1582, 1560, 1425, 1378, 1258,
1184, 1138, 1103, 1015, 956, 876, 745, 772. 1H NMR
(CDCl3) δ: 0.97 (s, 6H), 1.32 (m, 2H), 1.50–1.70 (m, 4H),
2.30–2.47 (m, 2H), 2.79–3.19 (m, 4H), 7.44 (d, J = 1.5 Hz,
2H), 7.69 (d, J = 1.5 Hz, 2 H), 9.93 (s, 2H). MS m/z: 320
([M]+). Anal. calcd. for C22H24O2: C 82.46, H 7.55; found:
C 82.62, H 7.71.

Formylation of 1,2,3-trimethylbenzene (4) with
Cl2CHOCH3

To a solution of 1,2,3-trimethylbenzene (4) (240 mg,
2.0 mmol) and Cl2CHOCH3 (0.56 mL, 6.2 mmol) in CH2Cl2
(10 mL) was added a solution of TiCl4 (0.45 mL, 4.1 mmol)
in CH2Cl2 (4 mL). After the reaction mixture was stirred at
0°C for 1 h and at room temperature for 3 h, it was treated
as described above to give 2,3,4-trimethylbenzaldehyde (5)
as a pale yellow oil (266.4 mg, 90%); IR (NaCl) υmax: 1670
(C=O). 1H NMR (CDCl3) δ: 2.20 (s, 3H), 2.33 (s, 3H), 2.57
(s, 3H), 7.13 (d, J = 8.1 Hz, 1H), 7.53 (d, J = 8.1 Hz, 1H),
9.80 (s, 1H). MS m/z: 148 ([M]+). Anal. calcd. for C10H12O:
C 81.04, H 8.16; found: C 81.30, H 8.10.

General procedure for treatment of anti-5,13-di-tert-
butyl-8,16-dimethyl[2.2]MCP (6a) with Cl2CHOCH3 in
the presence of TiCl4

To a solution of 6a (348 mg, 1.0 mmol) and Cl2CHOCH3
(0.54 mL, 6.0 mmol) in CH2Cl2 (10 mL) was added,
dropwise, titanium tetrachloride (0.44 mL, 4.0 mmol) in
CH2Cl2 (4 mL) at 0°C under an argon. After the reaction
mixture was stirred under several reaction conditions, it was
poured into ice-water and extracted with CH2Cl2 (30 mL ×
3). The extracts were washed with water, dried over Na2SO4,

and concentrated. The residue was chromatographed over
silica gel (Wako, C-300; 100 g) with hexane–ether (1:1) as
eluent to give 7a, 8, 9, and 10. The reaction conditions and
product yields are compiled in Table 1.

The isobutene, which was generated in the reaction sys-
tem, was passed through a mixture of toluene (10 mL) con-
taining aluminium chloride (5 mg, 0.037 mmol) with argon
gas at room temperature. The reaction mixture was poured
into ice-water and extracted with CH2Cl2 (10 mL × 3). The
extracts were washed with brine, dried over Na2SO4, and
evaporated in vacuo (30°C 20 torr–1) (1 torr = 133.322 Pa).
The residue was analyzed by 1H NMR spectroscopy and gas
chromatography from which the formation of tert-
butyltoluene was qualitatively confirmed.

anti-5-tert-Butyl-13-formyl-8,16 dimethyl[2.2]metacyclo-
phane (7a)

Pale yellow oil. IR (NaCl) υmax: 1670 (C=O). 1H NMR
(CDCl3) δ: 0.49 (s, 3H), 0.64 (s, 3H), 1.30 (s, 9H), 2.70–3.10
(m, 8H), 7.14 (s, 2H), 7.64 (s, 2H), 9.84 (s, 1H). MS m/z:
320 ([M]+). Anal. calcd. for C23H28O (320.48): C 86.20, H
8.81; found: C 86.45, H 8.65.

2,7-Di-tert-butyl-trans-10b,10c-dimethyl-10b,10c-dihydro-
pyrene (10)

Colorless prisms (hexane); mp 203–204°C (lit. (14) value
mp 203–204°C).

anti-5-tert-Butyl-8,16-dimethyl-13-(3-methyl-2-butene-2-
yl)[2.2]metacyclophane (8)

Colorless needles (hexane), mp 141–142°C. IR (KBr)
υmax: 2990, 2960, 2890, 1465, 1360, 1290, 1280, 1190, 890,
860, 740, 710. 1H NMR (CDCl3) δ: 0.58 (s, 3H, Me-8), 0.69
(s, 3H, Me-16), 1.29 (s, 9H, t-Bu), 1.65 (s, 3H, Me), 1.80 (s,
3H, Me), 1.93 (s, 3H, Me), 2.57–2.99 (m, 8H, CH2), 6.89 (s,
2H, ArH-4,6), 7.12 (s, 2H, ArH-12,14). 13C NMR (CDCl3)
δ: 14.38 (q, CH3-8), 14.70 (q, CH3-16), 20.70, 20.75, 22.16
(q, CH3), 31.39 (q, C(CH3)3), 33.93 (s, C(CH3)3), 36.46,
36.60 (t, CH2), 124.10 (d, ArCH), 126.25 (s, β-olefin),
127.10 (d, ArCH), 129.86 (s, α-olefin), 136.17, 136.58,
139.48, 140.41, 140.61, 146.77 (s, ArC). MS m/z: 360
([M]+). Anal. calcd. for C27H36 (360.59): C 89.94, H 10.06;
found: C 89.81, H 10.20.

anti-5,13-Di-tert-butyl-exo-1-hydroxy-8,16-dimethyl-
[2.2]metacyclophane (9)

Colorless needles (hexane), mp 258–259°C. IR (KBr)
υmax: 3580 (OH), 2980, 2880, 1475, 1460, 1360, 1280, 1190,
1020, 880, 770. 1H NMR (CDCl3) δ: 0.52 (s, 3H, Me), 0.86
(s, 3H, Me), 1.27 (s, 9H, t-Bu), 1.30 (s, 9H, t-Bu), 2.01
(broad s, 1H, OH, exchange with D2O), 2.73–3.13 (m, 6H,
CH2 and CH2CH(OH)), 5.34 (dd, 1H, J = 2.2/4.6 Hz,
CHOH), 7.01 (d, 1H, J= 2.0 Hz, ArH), 7.18–7.21 (m, 3H,
ArH). 13C NMR (CDCl3) δ: 14.03, 14.34 (q, CH3), 31.30,
31.34 (q, C(CH3)3), 33.84, 33.89 (s, C(CH3)3), 35.83, 36.34
(t, CH2CH2), 44.56 (t, CH2CH(OH)), 80.66 (d, CH(OH)),
122.73, 124.98, 125.21, 125.80 (d, ArCH), 133.65, 135.22,
136.71, 136.94, 139.66, 140.77, 146.23, 146.34 (s, ArC)).
MS m/z: 364 ([M]+). Anal. calcd. for C26H36O (360.59): C
85.66, H 9.95; found: C 85.35, H 9.78.
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Oxidation of 8 with cetyltrimethylpermanganate
affording anti-5-acetyl-13-tert-butyl-8,16-dimethyl-
[2.2]MCP (11)

To a solution of 8 (36 mg, 0.1 mmol) in CH2Cl2 (1 mL)
was added, dropwise, CTAP (40 mg, 0.1 mmol) in CH2Cl2
(1 mL) within 1 min at room temperature. After being
stirred for 2.5 h, the reaction mixture was filtered over celite
and Na2SO4. The filtrate was evaporated in vacuo to give 11
(29 mg, 87%) as a colourless solid. Recrystallization from
hexane gave the title compound 11 as colorless prisms; mp
155–157°C; IR (KBr) υmax: 1665 (C=O). 1H NMR (CDCl3)
δ: 0.50 (s, 3H), 0.63 (s, 3H), 1.30 (s, 9H), 2.55 (s, 3H), 2.73–
3.04 (m, 8H), 7.13 (s, 2H), 7.73 (s, 2H). MS m/z: 334
([M]+). Anal. calcd. for C24H30O: C 86.18, H 9.04; found: C
86.65, H 8.98.

Conversion of 9 to 10: Typical procedure
A solution of 9 (182 mg, 0.5 mmol) in CH2Cl2 (5 mL) or

benzene (5 mL) was stirred at room temperature for several
times. The reaction mixture was evaporated in vacuo. The
residue was purified through silica gel column by eluting
with hexane–ether (1:1) to give 10. When titanium tetrachlo-
ride (379 mg, 0.22 mL, 2.0 mmol) or concd. HCl (1 drop)
was used as an additive the reaction mixture was poured into
ice-water and extracted with CH2Cl2. The extracts were
washed with brine, dried over Na2SO4, and evaporated in
vacuo. The residue was purified according to the same man-
ner described above.

General procedure for treatment of 6 with Cl2CHOCH3
in the presence of AlCl3 MeNO2

To a solution of 6b (207 mg, 0.572 mmol) and
Cl2CHOCH3 (0.72 mL, 7.9 mmol) in CH2Cl2 (12 mL) was
added, dropwise, a solution of AlCl3 (458 mg, 3.4 mmol) in
MeNO2 (1.0 mL) at 0°C under argon. After the reaction
mixture was stirred at 0°C for 1 h and at room temperature
for 5 h it was poured into ice-water and extracted with
CH2Cl2 (30 mL × 3). The extracts were washed with water,
dried over Na2SO4, and concentrated to give, as an oil, a
mixture of (161 mg, 82%), in the ratio 50:50 (GLC analy-
sis). The residue was chromatographed over silica gel
(Wako, C-300; 100 g) with benzene and benzene–CHCl3
(1:1) as eluent to give 7b (77 mg, 35%) and 14b (42 mg,
22%) as an oil, respectively.

syn-6,14-Di-tert-butyl-7-formyl-9,17-dimethyl[3.2]meta-
cyclophane (14b)

Pale yellow oil. IR (NaCl) υmax: 1683 (C=O). 1H NMR
(CDCl3) δ: 1.28 (9 H, s), 1.46 (s, 9H), 1.73 (s, 3H), 1.96 (s,
3H), 2.25–2.35 (m, 2H), 2.15–3.20 (m, 7H), 3.45–3.50 (m,
1H), 6.71 (broad s, 2H), 7.12 (s, 1H), 10.09 (s, 1H). MS m/z:
390 ([M]+). Anal. calcd. for C28H38O (390.61): C 86.10, H
9.81; found: C 86.24, H 9.52.

anti-14-tert-Butyl-6-formyl-9,17-dimethyl[3.2]MCP (7b)
Pale yellow oil. IR (NaCl) υmax: 1680 (C=O). 1H NMR

(CDCl3) δ: 0.64 (s, 3H), 0.78 (s, 3H), 1.30 (s, 9H), 2.00–2.20
(m, 2H), 2.50–3.20 (m, 8H), 7.04 (d, 1H, J = 2.0 Hz), 7.08
(d, 1H, J = 2.0 Hz), 7.56 (s, 2H), 9.87 (s, 1H). MS m/z: 334
([M]+). Anal. calcd. for C24H30O (334.51): C 86.18, H 9.04;
found: C 86.40, H 9.25.

Similarly, compounds 7a, 13a, and 7c were prepared in
the same manner as described above in 60, 15, and 72%
yields, respectively.

anti-5-tert-Butyl-8,16-dimethyl-13-(3-methyl-1-butene-2-
yl)[2.2]metacyclo-phane (13a)

Colorless needles (hexane), mp 154–155°C. IR (KBr)
υmax: 2970, 2930, 2860, 1615, 1470, 1455, 1350, 1270,
1180, 890, 880, 850. 1H NMR (CDCl3) δ: 0.59 (s, 3H), 0.65
(s, 3H), 1.11 (d, 6H, J = 6.6 Hz), 1.29 (s, 9H), 2.70–3.03 (m,
9H, CH2 and CH), 4.92, 5.08 (d, each 1H, J = 1.3 Hz,
olefinic proton), 7.12 (s, 4H). MS m/z: 360 ([M]+, 57), 303
([M+– t-Bu]). Anal. calcd. for C27H36 (360.59): C 89.93, H
10.07; found: C 89.65, H 10.01.

anti-15-tert-Butyl-7-formyl-10,18-dimethyl[4.2]MCP (7c)
Pale yellow prisms (hexane), mp 86–89°C. IR (KBr) υmax:

1693 (C=O). 1H NMR (CDCl3) δ: 0.85 (s, 3H), 0.99 (s, 3H),
1.31 (s, 9H), 1.05–1.20 (m, 4H), 2.16–2.42 (m, 2H), 2.71–
3.11 (m, 6H), 6.87 (d, 1H, J = 1.8 Hz), 7.15 (d, 1H, J =
1.8 Hz), 7.36 (d, 1H, J = 1.8 Hz), 7.65 (d, 1H, J = 1.8 Hz),
9.91 (s, 1H, CHO). MS m/z: 348 ([M]+). Anal. calcd. for
C25H32O (348.53): C 86.15, H 9.19; found: C 86.37, H 9.25.

Acylation of 6a with isobutanoyl chloride in the
presence of TiCl4

To a solution of 6a (299.1 mg, 0.858 mmol) and isobu-
tanoyl chloride (365.3 mg, 3.43 mmol) in CH2Cl2 (6.6 mL)
was added, dropwise, a solution of TiCl4 (1.21 mL,
11.03 mmol) in CH2Cl2 (1.5 mL) at 0°C under an argon. Af-
ter the reaction mixture was stirred at 0°C for 1 h and at
room temperature for 1 h, it was poured into ice-water and
extracted with CH2Cl2 (30 mL × 3). The extracts were
washed with water, dried over Na2SO4, and concentrated.
The residue was chromatographed over silica gel (Wako, C-
300; 100 g) with CHCl3 as an eluent to give 15 as prisms.
Recrystallization from hexane gave anti-13-tert-butyl-5-iso-
butanoyl-8,16-dimethyl[2.2]metacyclophane (15) (223 mg,
71.8%) as colorless prisms (hexane), mp 114–116°C. IR
(KBr) υmax: 1672 (C=O). 1H NMR (CDCl3) δ: 0.52 (s, 3H),
0.63 (s, 3H), 1.30 (s, 9H), 1.20 (d, 6H, J = 6.7 Hz), 2.70–
3.10 (m, 8H), 3.50–3.60 (m, 1H), 7.13 (s, 2H), 7.75 (s, 2H).
MS m/z: 362 ([M]+). Anal. calcd. for C26H34O (360.59):
C 86.13, H 9.45; found: C 86.08, H 9.51.

Wittig reaction of 15 with methyltriphenylphosphonium
iodide affording anti-5-tert-butyl-8,16-dimethyl-13-(3-
methyl-1-butene-2-yl)[2.2]MCP (13a)

To a suspension of methyltriphenylphosphonium iodide
(121 mg, 0.3 mmol) in dry THF (10 mL) was added,
dropwise, 1.6 N butyllithium hexane solution (0.19 mL,
0.30 mmol) within 1 min at room temperature under an ar-
gon. After the reaction mixture was stirred for 0.5 h, a solu-
tion of 15 (54 mg, 0.15 mmol) in dry THF (1 mL) was
added, dropwise, within 1 min. After being stirred for 1 h,
the reaction mixture was poured into ice-water and extracted
with ether. The extracts were washed with water, dried over
Na2SO4, and evaporated in vacuo. The residue was purified
through silica gel column (Wako, C-300; 100 g) by eluting
with hexane to give 13a (25 mg, 46%) and unchanged 15

© 2003 NRC Canada

Yamato et al. 251

I:\cjc\cjc8103\V03-023.vp
Monday, March 17, 2003 8:36:08 AM

Color profile: Disabled
Composite  Default screen



© 2003 NRC Canada

252 Can. J. Chem. Vol. 81, 2003

(21 mg, 38%) as colourless solid. Recrystallization from
hexane gave 13a as colorless prisms.

Conclusions

We conclude that the selective ipso-formylation reactions
of anti-di-tert-butyl[n.2]MCPs 6 led to the first-reported di-
rect introduction of one formyl group because of a through-
space electronic interaction with the opposing benzene ring,
similar to the electrophilic aromatic substitution of MCPs.
The yield of ipso-formylation of 6 was controlled by the ac-
tivity of the catalyst used. Especially, the present ipso-
formylation with dichloromethyl methyl ether in the pres-
ence of AlCl3 MeNO2 provides excellent yields and easy
isolation of the products. The presently developed procedure
was further applied to the direct removal of a tert-butyl
group by electrophilic substitution of anti-di-tert-butyl-8,16-
dimethyl[2.2]MCP 6a, which are prone to give transannular
reaction products under the electrophilic reaction conditions.
The chemical behaviours of [n.2]MCPs for other
electrophilic reagents are now under study.
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A pentanortriterpenoid with a novel carbon
skeleton and a new pregnane from Trichilia
connaroides

Hua-Ping Zhang, Shao-Hua Wu, Yue-Mao Shen, Yun-Bao Ma, Da-Gang Wu,
Shu-Hua Qi, and Xiao-Dong Luo

Abstract: A new rearranged pentanortriterpenoid (trijugin C) and a new pregnane (3β,4α-dihydroxypregnan-16-one)
were isolated from the EtOH extract of Trichilia connaroides (Meliaceae). Trijugin C has been shown to be a deriva-
tive of methyl angolensate with a novel carbon skeleton. The structures were elucidated on the basis of spectral analy-
sis including 1H-1H COSY, HMQC, HMBC, and NOESY experiments. The possible biogenetic pathway of trijugin C is
discussed.

Key words: Trichilia connaroides, Meliaceae, pentanortriterpenoid, trijugin C, pregnane.

Résumé : On a isolé un nouveau pentanortriterpénoïde réarrangé, la trijucine C, et un nouveau dérivé du prégnane, la
3β,4α-dihydroxyprégnan-16-one, à partir des solutions éthanoliques d’extraction du Trichilia connaroides (Meliaceae).
On a montré que la trijucine C est un dérivé de l’angolensate de méthyle à base d’un nouveau squelette carboné. On a
élucidé les structures à l’aides d’analyses spectrales, y compris des expériences de « COSY », « HMQC », « HMBC »
et « NEOSY » 1H-1H. On discute des voies de formations biogénétiques possibles de la trijucine C.

Mots clés : Trichillia connaroides, Meliaceae, pentanortriterpénoïde, trijucine C, prégnane.
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Introduction

The roots of Trichilia connaroides Wight. & Arn. (syn:
Heynea trijuga Roxb.) (Meliaceae) are used as a Chinese
crude drug to treat arthritis, pharyngitis, tonsillitis, and other
ailments (1). Four tetranortriterpenoids (trijugin A, trijugin
B, trijugin B acetate, and 2-hydroxy-3-O-tigloyl-6-O-
acetylswietenolide) have been isolated from the leaves and
pericarps of this plant previously (2–4). Our investigation of
the EtOH extract of the roots of T. connaroides resulted in
the isolation of a rearranged pentanortriterpenoid (trijugin C
(1)) with a new carbon skeleton, and a new pregnane (3β,4α-
dihydroxypregnan-16-one (2)) (Fig. 1).

Results and discussion

Trijugin C (1) showed a [M]+ ion at m/z 502.1837 in the
HR-EI-MS spectrum, indicating a molecular formula of
C26H30O10. Twenty-six carbon signals were observed in the
13C NMR spectrum. The multiplicities of the carbons deter-
mined by DEPT led to the attribution: 5 CH3, 3 CH2, 8 CH,
10 C, including one ketone (δ 217.2), three ester carbonyls

(δ 174.9, 169.9, 168.9), a β-substituted furan (δ 143.2, 139.9,
121.5, 108.6), one methoxyl group (δ 52.9), three oxy-
methines (δ 80.8, 79.0, 74.1), and two oxyquaternary car-
bons (δ 92.3, 87.6). The absorption band at 3491 cm–1 in the
IR spectrum showed the presence of the hydroxyl group.
Based on the molecular formula and 13C DEPT spectrum,
only one hydroxyl was present in the structure. The 1H and
13C NMR spectra of 1 showed similarities to those of
trijugin A (2). The signals of the β-substituted furan ring in
the 1H NMR spectrum occurred at δ 7.39 (H-21), 7.37 (H-
23), and 6.25 (H-22) and the corresponding carbon signals at
δ 139.9, 143.2 and 108.6, respectively, in the HMQC spec-
trum. Ring D was oxidized to a C-16 lactone, with H-17 oc-
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Fig. 1. Structures of 1 and 2.
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Position δH δC HMBC correlation (H-C) NOESY (H-H)

1 4.31 (d, 4.2) 79.0 C-3, 5, 10, 19 H-2, 11β, 12β, 19
2 2.81 (d, 4.2) 52.9 C-3, 8, 11, 14 H-1, 11β, 19, 29, OH
3 217.2
4 47.9
5 3.28 (d, 8.6) 45.4 C-1, 3, 4, 6, 9, 10, 19, 28, 29 H-6, 15β, 28
6 5.03 (d, 8.6) 74.1 C-5, 7, 9, 10 H-5, 28
7 169.9
8 87.6
9 174.9
10 43.1
11α 2.34 (m) 42.4 C-2, 8, 12 H-11β, 12α, 18
11β 2.07 (m) C-2, 8, 12, 13, 14 H-1, 2, 11α
12α 1.50 (m) 33.0 C-11, 13, 17, 18 H-11α, 12β, 18
12β 1.73 (m) C-8, 11, 13, 18 H-1, 12α
13 48.2
14 92.3
15α 2.88 (d, 17.0) 36.7 C-8, 14, 16 H-15β, 18
15β 2.09 (d, 17.0) C-13, 14, 16 H-5, 15α
16 168.9
17 5.62 (s) 80.8 C-12, 13, 14, 18, 20, 21, 22 H-12β
18 0.97 (s) 15.6 C-12, 13, 14, 17 H-11α, 12α, 15α, 22
19 1.56 (s) 19.1 C-1, 5, 9, 10 H-1, 2, 29
20 121.5
21 7.39 (s) 139.9 C-22, 23
22 6.25 (s) 108.6 C-20, 21, 23
23 7.37 (s) 143.2 C-20, 21
28 1.41 (s) 25.0 C-3, 4, 5, 29 H-5, 6, 29
29 1.11 (s) 20.9 C-3, 4, 5, 28 H-2, 19
OMe 3.85 (s) 52.9 C-7
OH 5.87 (s) C-2, 8, 11 H-2

aIn ppm relative to the internal TMS run at 500 MHz. Multiplicities and splittings (Hz) are given in brackets.

Table 1. 1H, 13C, HMBC, and NOESY spectra data of trijugin C (1) (in CDCl3).a

Scheme 1. Proposed biogenetic pathway of trijugin C (1).
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curring as a singlet at δ 5.62 and H2-15 occurring as a pair of
doublets at δ 2.88 and 2.09 (J = 17.0 Hz). Four shielded
methyl singlets at δ 1.56, 1.41, 1.11, and 0.97 were attrib-
uted to H3-19, H3-28, H3-29, and H3-18, respectively. The
signal at δ 3.85 (3H, s) showed an HMBC correlation with
an ester carbonyl carbon at δ 169.9 (Table 1), indicating the
presence of a carbomethoxy group at C-7. H2-11 (δ 2.34
(1H, m), 2.07 (1H, m)) and H2-12 (δ 1.73 (1H, m), 1.50
(1H, m)) were assigned from their 1H-1H COSY correlations
as well as an HMBC correlation to C-18. In addition,
HMBC correlations were observed for H-15α (δ 2.88) to C-8
(δ 87.6) and C-14 (δ 92.3), and for H-11β (δ 2.07) to C-8 and
C-14, supporting a contracted ring C formed by C-11, 12,
13, 14, 8. This was also confirmed by the absence of other
coupling to the H2-11 in the 1H-1H COSY spectrum.

In the HMBC spectrum, correlations were observed for H-
6 (δ 5.03) to two ester carbonyl carbons C-7 (δ 169.9) and C-
9 (δ 174.9), and for H3-19 (δ 1.56) and H-5 (δ 3.28) to C-9.
The presence of two C-11 protons and the absence of an
HMBC correlation between H-11 and C-9 suggested that the
C-9—11 bond had been cleaved. Thus, C-5, C-6, O, C-9,
and C-10 formed a five-membered lactone ring.

The exchangeable sharp singlet at δ 5.87 (1H) in the 1H
NMR spectrum (removed on addition of D2O) was ascribed
to the proton of the hydroxyl group attached to C-8 sup-
ported by HMBC correlations between the hydroxyl proton
and C-2 (δ 52.9), C-8 (δ 87.6), and C-11 (δ 42.4). Cross
peaks observed from H-2 (δ 2.81) to C-3 (δ 217.2), C-8 (δ
87.6), C-11 (δ 42.4), and C-14 (δ 92.3), and from H2-11 (δ
2.34, 2.07) to C-2, C-8, and C-14 suggested the linkage of
ring A and ring C by the C-2—8 bond. Finally, a 1,14-ether
linkage (as found in trijugin A) was proposed to satisfy the
molecular formula and the deshielded nature of C-1 (δ 79.0)
and C-14 (δ 92.3).

The relative stereochemistry at the chiral centers is sug-
gested by the NOESY correlations summarized in Table 1.
The NOESY plot showed a correlation between H3-18 and
H-22, suggesting the α-orientation of the furan ring at C-17,
and correlations among H-2 and H-1, H-11β, H-12β, H3-29
and H3-19, revealing the β-orientation of H-2 and H-1 fur-
ther supported by the small coupling constant (J = 4.2 Hz)
of H-1 to H-2. Furthermore, the hydroxyl proton showed a
correlation with H-2 but no correlation with H-1, H2-11, and
H2-12, thus the hydroxyl group attached to C-8 was in the α
orientation. Based on the above spectral data, the structure
of trijugin C was determined to be as shown for 1.

Usually tetranortriterpenoids with an open ring B have an
8,30 double bond. Trijugin class compounds have a rare con-
tracted ring C and Connolly and co-workers (2) postulated

that the trijugins may be formed by ring C contraction oc-
curring by a pinacol–pinacolone rearrangement of a 9,11-
dihydroxy precursor and anticipated more detailed examina-
tion of such compounds would be necessary. Up to now, 11
other analogues, E.P.4, E.P.5 (5), capensolactones 1, 2a, 2b,
3a, and 3b (6), voamatin A, B (7), and voamatin C, D (8)
have been reported. These 14 compounds have either an
8,30 double bond or an 8,30-epoxide by oxidation, and ei-
ther an exocyclic carbonyl or a hemi-ketal carbon atom at C-
9. In pentanortriterpenoid 1, C-30 has been removed by fur-
ther oxidation of the 8,30 double bond. Retro-aldol cleavage
of the C-9 (11) bond was followed by an aldol condensation
between C-2 and C-8 to form a new ring. The cleavage and
the formation of these C—C bonds have not been described
before. A suggested biogenesis for 1, starting with methyl
angolensate (9), is given in Scheme 1. The oxidation of C-6
of tetranortriterpenoids with a lactone ring D and an opened
ring B had been reported (10, 11).

Compound 2 had a molecular formula of C21H34O3, as
confirmed by HR-EI-MS (m/z 334.2511 [M]+, calcd.
334.2508) and the 13C NMR spectrum showing 21 carbon
signals (3 C, 7 CH, 8 CH2, 3 CH3, including two oxy-
methines at δ 76.3, 75.3 and a ketonic carbonyl at δ 219.6).
The absorption bands at 3564, 3271, and 1741 cm–1 in the
IR spectrum were attributable to two hydroxyl groups and a
five-membered ring ketone. The skeleton of 2 was similar to
those of 2α,3β-dihydroxypregnan-16-one and 2β,3β-dihydr-
oxypregnan-16-one (12, 13) by comparison of the NMR
spectral data, as confirmed by 1H-1H COSY, HMQC, and
HMBC spectra. The A/B ring junction was deduced as trans
by the chemical shift value δ 13.5 of the C-19 methyl carbon
(14). The two hydroxyl groups were concluded to be adja-
cent to each other, since the correlation was observed be-
tween the two oxymethine protons at δ 3.34 (1H, m) and
3.23 (1H, dd, J = 8.9, 11.2 Hz) in the 1H-1H COSY spec-
trum. Moreover, the correlations between the proton at
δ 3.34 with a methylene group and the proton at δ 3.23 with
a methine group indicated the only possibility for the posi-
tions of these two hydroxyl groups on the tetracyclic skele-
ton to be at C-3 and C-4. The large coupling constants (8.9
and 11.2 Hz) of H-4 indicated that H-3, H-4, and H-5 were
axial. This result was also substantiated by H-5 and H-3, H-
2α and H-3 showing spatial proximity in the NOESY experi-
ment (Fig. 2). Thus, the structure of compound 2 was deter-
mined as 3β,4α-dihydroxypregnan-16-one.

Experimental

General procedure
The melting point was uncorrected. Instrumentation used

for: [α]D: Horiba-300; NMR spectra: Bruker DRX-500; IR:
Bio-Rab FTS-135; MS: VG Autospec-3000.

Plant material
The roots of T. connaroides were collected at

Xishuangbanna, Yunnan Province, the People’s Republic of
China in August 1997 and identified by Professor Guoda
Tao, Xishuangbanna Botany Garden, Chinese Academy of
Sciences. A voucher specimen (No. 0620834) was deposited
at the Herbarium of the Kunming Institute of Botany, Chi-
nese Academy of Sciences.

© 2003 NRC Canada
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Fig. 2. Selected NOESY correlations of 2.
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Extraction and isolation
Dried and powdered roots (3.5 kg) of T. connaroides were

extracted with 95% ethanol three times at room temperature.
After removal of the solvent by evaporation, the residues
(250 g) were suspended in H2O, and then extracted with
CHCl3. The CHCl3 extract was evaporated to give a red ex-
tract (40 g), which was subjected to a Si gel column, eluting
with a CHCl3–Me2CO mixture containing increasing
amounts of Me2CO to afford seven fractions. Fraction 6 was
purified further on a Si gel column, eluted with CHCl3–
Me2CO (4:1) to yield compound 1 (12 mg). Fraction 5 was
rechromatographed on a Si gel column and eluted with
CHCl3–Me2CO (10:1) to give compound 2 (32 mg).

Trijugin C (1): amorphous, mp 144–146 °C, [α]D
27 –49.4

(c 0.18, CHCl3). IR (KBr) νmax (cm–1): 3491, 1743, 1636,
1503, 874. 1H and 13C NMR data, see Table 1. EI-MS m/z
(%): 502 ([M]+, 93) 487, 95 (100). HR-EI-MS m/z: 502.1837
[M]+.

3β,4α-Dihydroxypregnan-16-one (2): colorless needles
(petroleum ether – acetone), mp 152–154 °C, [α]D

27 –128.3
(c 0.31, CHCl3). IR (KBr) νmax (cm–1): 3564, 3271, 1741,
1451, 1380, 1055, 1010. 1H and 13C NMR data, see Table 2.
EI-MS m/z (%): 335 ([M + H]+, 40), 334 ([M]+, 82), 316
([M – H2O]+, 13), 248 (100). HR-EI-MS m/z: 334.2511 [M]+.
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Considerations about phenol electrohydrogenation
on electrodes made with reticulated vitreous
carbon cathode

François Laplante, Louis Brossard, and Hugues Ménard

Abstract: The electrocatalytic hydrogenation (ECH) of phenol was carried out in aqueous media with catalytic pow-
ders. The catalytic powders were composed of palladium nanoaggregates deposited on various substrates such as Al2O3,
BaSO4, and BaCO3. Composite powders are trapped (upon stirring) into a reticulated vitreous carbon (RVC) matrix, al-
lowing a rapid in situ build-up of the electrode and alleviating the use of a binder, since the latter may have a detri-
mental effect on the ECH. For a given amount of noble metal (5% palladium by weight), it is observed that the ECH
of phenol to cyclohexanol increases in the following order: Pd/BaCO3 < Pd/BaSO4 < Pd/Al2O3. It is deduced that the
ECH rate is largely dependent on the adsorption of organic molecules on the nonmetallic substrate, and a model is
considered to explain such a behavior. The ECH of phenol is also feasible at a reasonable rate with composite
Pd/Al2O3 (0.25% Pd by weight) powders fabricated by physical vapor deposition because the peripheral distribution of
Pd nanoaggregates is favorable towards the ECH.

Key words: electrocatalytic hydrogenation (ECH) of phenol, reticulated vitreous carbon (RVC), alumina-based catalyst,
agglomeration process, adlineation point, adsorption.

Résumé : On a effectué l’hydrogénation électrocatalytique (HEC) du phénol, en milieu aqueux, en présence de diver-
ses poudres catalytiques. Ces poudres étaient formées de nanoaggrégats de palladium déposés sur divers substrats, tels
que Al2O3, BaSO4 et BaCO3. Les poudres composites sont piégées (par agitation) sur une matrice de carbone vitreux
réticulé (CVR) qui permet d’obtenir une accumulation rapide in situ de l’électrode, ce qui permet d’éviter d’avoir à uti-
liser un agglomérant puisque ceux-ci peuvent avoir un effet néfaste sur l’HEC. Pour une quantité donnée de métal
noble (5 % de palladium en poids), on a observé que l’HEC du phénol en cyclohexanol augmente dans l’ordre suivant:
Pd/BaCO3 < Pd/BaSO4 < Pd/Al2O3. On en déduit que la vitesse d’HEC dépend grandement sur l’adsorption des molé-
cules organiques sur le substrat non métallique et on considère un modèle pour expliquer un tel comportement. L’HEC
du phénol peut se faire à une vitesse raisonnable avec des poudres composites de Pd/Al2O3 (0,25 % de Pd en poids)
préparées par déposition physique de vapeur parce que la distribution périphérique des nanoaggrégats de Pd est favo-
rable à l’HEC.

Mots clés : hydrogénation électrocatalytique (HEC) du phénol, carbone vitreux réticulé (CVR), catalyseur à base
d’alumine, processus d’agglomération, point d’adlinéation, adsorption.
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Introduction

The electrode materials used for the electrocatalytic hy-
drogenation (ECH) of organic molecules are of paramount
importance, since the kinetics of the electrohydrogenation
process is quite dependent on the nature of the electrode ma-
terials (1). As far as the electrodes made with pressed metal-
lic powder particles are concerned (1–3), their mechanical

strength is generally weak without the use of a binding ma-
terial (4). The electrohydrogenation process may also be car-
ried out in the presence of composite metallic powder
particles by an alternate method: the powder particles are
trapped inside the pores of a porous electrode possessing a
very high hydrogen (molecular or adsorbed) overpotential.
Such electrodes are made by the entrapment of composite
powder particles with nano-deposits of a metal at their sur-
face, and thus the use of a binding material is not necessary
(2, 5, 6). It is an attractive way to discriminate the ability of
new powders for use in the electrohydrogenation process
without changing their chemical and (or) physical character-
istics.

Reticulated vitreous carbon (RVC) is particularly suitable,
since this excellent electronic conductor is generally electro-
chemically stable and has a well-developed tridimensional
network of large pores (7–11) (Fig. 1). The specific RVC
surface is 66 cm2 per cm3 for a 100 pore-per-inch (1 inch =
25.4 mm) matrix with a void volume of 97% (7). The high
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porosity of the RVC offers a great number of large pores ac-
cessible to the composite powder particles. The electrolyte
penetrates through the RVC by forced convection, and the
electrocatalytic particles in suspension in the electrolyte are
trapped inside the pores. Recently, papers dealing with the
use of agglomerated electrodes in the dechlorination of poly-
chlorophenol and the electrocatalytic hydrogenation of
lignin showed the successful use of Pd–alumina and Rh–alu-
mina electrocatalysts (2, 5, 6).

The rate of the electrohydrogenation process is largely de-
pendant on several experimental parameters, particularly
those connected to the electrode fabrication. The present pa-
per deals with the key parameters for the successful entrap-
ment of the electrocatalytic particles by the RVC, that is: the
size of the particles, the applied current density during the
agglomeration process, and the appropriate design of the
electrochemical cell used for the agglomeration process. The
reaction under consideration is phenol electrohydrogenation.
In addition, different palladium powders supported on vari-
ous adsorbents (substrates) were considered, to show that the
adsorption of the phenol molecule may be the rate-
determining step of the ECH process for a given amount of
palladium (5% w/w).

Experimental

The electrodes
The electrode was a piece of RVC foam (25 mm ×

20 mm × 6 mm, 100 pores per inch (ppi), Electrosynthesis
Co.). The electrode was mounted by inserting a glass rod
(OD 5~6 mm, ID 3.5 mm) in the horizontal axis of a piece
of RVC (20 mm × 40 mm × 6 mm). The excess of RVC was
then removed and a copper wire was inserted into the RVC
to be further cemented with silver epoxy (Epoxy Technol-
ogy). Finally, the electrical contact zone on the RVC matrix
was glued to the glass rod with epoxy, to isolate the electri-
cal contact from the electro-active part of the electrode. The
use of a nickel strip, as a contact with the RVC electrode,
should be avoided because the activity of the nickel towards
the electrocatalytic hydrogenation of ketone (12) may affect
the data.

The physical embodiment of the composite material into
the RVC occurred under moderate stirring of the catholyte

(~450 rpm), and the catalyst powder particles were trapped
into the RVC matrix pores spontaneously (provided that no
sudden perturbation occurred); the RVC electrode was under
cathodic polarization during the agglomeration process. The
catalytic powder remained in the pores of the RVC electrode
(without any apparent loss during polarization); it also re-
mained cathodically polarized (J = 100 mA dm–2) for the
electrohydrogenation process and was in electrical contact
with the matrix (Fig. 2). With this type of RVC, the diame-
ter of the particle size should be between 15 and 43 µm. The
entrapment process is completed within 2 h, up to a charge
of 50 C. The dimensions of the H-cell and those related to
the other parts are given in Fig. 3. We observed that the ag-
glomeration process was successful with this specific cell,
since the process is closely dependent on the fluid dynamics.
The powder characteristics are summarized in Table 1. Note
that the average particle size refers to composite Pd –
support-particles when Pd is present.

Electrolysis
The electrolysis was carried out in a two-compartment,

jacketed glass H-cell (Fig. 3), having a Nafion-324 (E.I.
Dupont de Nemours & Co) membrane as a separator. The
cell temperature was fixed at 21°C during the electrohydro-
genation process by a circulating thermostated bath (VWR
1160A); to prevent analyte evaporation, a water-cooled con-
denser was added to the top of the cell. Afterwards, the cath-
odic compartment was filled with a phosphate buffer
(29 mL, 1 M KH2PO4 + 1 M NaOH) previously adjusted to
pH 7, and 200 mg of the composite powder was added to the
catholyte. The electrode was built-up in situ, using the previ-
ously described technique. The anodic compartment was
filled with a 1 M NaOH solution (Fisher); the counter-
electrode was a platinum mesh. Prior to the electrohydro-
genation process, 1 mL of a phenol solution in water
(25 mg mL–1) was added to the catholyte, giving a total vol-
ume of 30 mL and a phenol concentration of 8.8 mMol L–1.
Further, the electrocatalytic hydrogenation was performed
under galvanostatic control (J = 100 mA dm–2) using an
EG&G PAR model 273. All of the commercial powder parti-
cles considered in the present paper (Pd/Al2O3, Pd/BaCO3,
Pd/BaSO4 5 or 10 w/w %) were bought from Aldrich and
used as received.

During the electrocatalytic hydrogenation process (ECH),
500 µL aliquots were withdrawn from the catholyte, further
saturated with NaCl, acidified to pH 1 with HCl (HCl concn.
10 N), and then extracted with 1 mL ethyl acetate, to be fur-
ther dried under sodium sulfate. After the completion of
ECH, both the RVC electrode and the whole cell were rinsed
with pure water. Internal standard (ISTD, 2-cyclohexen-1-
one) was added to the cell solution; further, the extraction
was carried out twice (2 × 20 mL) with distilled ethyl ace-
tate. The organic layer was dried on sodium sulfate and fil-
tered. The filtrate was collected in a 50 mL volumetric flask
containing an external standard (ESTD, 3-methylcyclo-
hexanol). The GC analyses were carried out on a Hewlett-
Packard 5890 chromatograph equipped with an FID detector
on a 30-m-long HP-5 column. The products were then iden-
tified by comparison with the retention time of the authentic
compound, and the mass balance was obtained from the
ISTD:ESTD ratio of the corrected peak surface area.
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Fig. 1. Electron scanning micrograph of a piece of reticulated
vitreous carbon foam of 80 pores per inch (ppi).
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RVC electrode plated with mercury
Mercury depositions on RVC were achieved in accordance

with the method described by Armalis and Kubiliene (13).

Catalyst synthesis
Noncommercial catalyst synthesis was carried out accord-

ing to the technique described by Fournier et al. (14).

Galvanostatic measurements
The potentials were recorded vs. standard calomel elec-

trode (SCE). Reagents (NaOH 99.999% and KH2PO4
99.99%) used for the galvanostatic measurements were pro-
vided by Aldrich, and high purity water from a Milli-Q unit
was used for the preparation of solutions. A constant applied
current (from 250 to 0.02 mA dm–2) with an applied current
time of 10 s was used to record the galvanostatic traces.

Results and discussion

Catalyst characterization
Despite the presence of a small amount of metal deposited

onto the surface of the powder particles, a disk made with
pressed composite powder particles (commercially available)
is characterized by a very high electrical resistance. How-
ever, those powder particles, when agglomerated inside the
RVC pores, show an electrocatalytic activity. The beneficial
effect of the composite powder particles entrapped in an RVC
electrode on the evolution of hydrogen is illustrated in Fig. 4
(curve A and B). At a current density of 100 mA cm–2, the
hydrogen overpotential is ~50 mV lower when Pd/Al2O3 is
present, as compared with the absence of any catalyst. To
show that the current may circulate through the agglomer-
ated composite powder particles — the latter being in elec-
trical contact with the RVC electrode surface — mercury
was electrodeposited on a bare RVC electrode. As antici-
pated, the overpotential for water reduction is very high on
an Hg–RVC cathode (Fig. 4, curve C). The picture is com-
pletely different with Pd/Al2O3 particles agglomerated on
the Hg–RVC cathode (Fig. 4, curve D): the hydrogen over-
potential is considerably lower. From the curves of Fig. 4, it

is deduced that the agglomerated powder particles are in
electrical contact with the RVC electrode.

Composite Pd/Al2O3 powders were fabricated by physical
vapor deposition (PVD) of Pd on alumina powder particles
according to the method described in ref. 14. Palladium nano-
aggregates are randomly distributed over the entire alumina
particle surfaces (Fig. 5). In Fig. 6, galvanostatic traces show
the influence of both powders (that is, commercially available
or obtained through PVD) on the electrocatalytic activity to-
wards the hydrogen evolution reaction. A tremendous benefi-
cial effect is observed for the hydrogen-evolution reaction
with the catalyst obtained by PVD (Pd/Al2O3 0.1% w/w) rela-
tive to the commercial catalyst (Pd/Al2O3 5% w/w). The
overpotential shift of +410 mV at 100 mA dm–2 is related to
peripheral distribution of the palladium nanoaggregate
(Fig. 5). Palladium deposited onto alumina by PVD favors
an efficient electrical contact between the powder particles
and the RVC matrix, since the preferential location of nano-
aggregates is in the “skin” of the powder particles. More-
over, the electrolyte may easily reach the Pd nanoaggregates.
On the other hand, the particles of the commercial Pd/Al2O3
powder, which are obtained by an impregnation method, are
most likely characterized by a large amount of Pd deposited
deeply inside the pores of the alumina and in such a way
that the contact with the Pd–RVC matrix is hindered.

Kinetics
The ECH process of phenol in the presence of commer-

cially available Pd/Al2O3 (5% w/w) results in the formation
of cyclohexanone and, further, cyclohexanol (Fig. 7). The
amount of cyclohexanone is at its maximum for a charge of
~200 C, with the phenol being almost completely exhausted.
For a charge (Q) larger than 200 C, the larger the Q, the
larger the amount of cyclohexanol and the lower the amount
of cyclohexanone. If the amount of palladium is 10% w/w
rather than 5% w/w, the current efficiency of the cyclo-
hexanol production remains practically unchanged (Table 2).

The ECH of phenol, made with the catalytic powder pro-
duced by PVD (0.25% of Pd w/w), shows a significant activ-
ity despite the low amount of metal present at the surface.
However, the rate of ECH is lower compared with that for
the commercials powders (Fig. 8). The higher ECH yield ob-
served with the commercial powder is attributed to lower hy-
drogen flow rate, the hydrogen evolution reaction being in
competition with the ECH reaction.

Since alumina is slightly soluble in alkaline solution and
BaSO4 is not, the effect of pH over a range of 4.1 to 14.0 on
the kinetics of phenol ECH was investigated with BaSO4 as
the adsorbent (Fig. 9). The rate of the reaction is consider-
ably lower at pH 14.0 — by a factor of 25 — in comparison
with the rates at pH 7.0 and 4.1. The adsorption ability of
the matrix is linked to the nature of the molecules (ionized
or not) present in the solution. In a basic media, phenol is in
the phenolate form, which has a strong affinity for polar sol-
vents, and the adsorption of phenol is sluggish; hence phenol
adsorption becomes the rate-limiting step for the ECH pro-
cess. The picture is different at pH 7.0 and below since phe-
nol is principally in its molecular form (pKa 9.9), and the
adsorption is greatly promoted. In addition, the phenolate
form most likely induces the enhancement of the resonance,
which in return renders the ECH of phenol more difficult.

© 2003 NRC Canada
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Fig. 2. SEM micrograph of Pd–alumina (5%) entrapped in RVC
pores (Iapp = 5 mA, T = 25°C, pH 7).
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In acidic media, the rate of the phenol ECH is unchanged
in comparison with the rate in neutral media. The difference
recorded between the production of cyclohexanol and cyclo-
hexanone can be explained by the hydrogen evolution reac-
tion (HER), which is favoured in acidic media. Hence, the
cyclohexanol production is retarded because the Heyrovsky
and (or) the Tafel steps (eqs. [5] and [6] below) for the hy-
drogen evolution are easier.

In Table 2, the remaining concentration of phenol during
its electrohydrogenation is expressed against Q for different
electrode materials. The main features are: (i) in the pres-
ence of the bare RVC matrix, the rate of the ECH process is

marginal; (ii) in the presence of an RVC electrode entirely
covered with Pd metal, the rate of ECH is very slightly im-
proved; (iii) the activity towards the ECH increases in the
following order: Pd/BaCO3 (5%) < Pd/BaSO4 (5%) <
Pd/Al2O3 (5–10%). Alumina is recognized as an efficient
adsorbent for organic molecules; this is ascribed to the pres-
ence of aluminum sites (15), which become the Lewis sites.
For a given amount of palladium, it is deduced that the ad-
sorption of organic compounds is lower for BaSO4 and
BaCO3 in comparison with Al2O3.

It is generally admitted that the noble metals possess the
ability to generate hydrogen and to adsorb unsaturated mole-

© 2003 NRC Canada
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Fig. 3. Electrochemical cell and electrode design. Length: mm.

Entry Particlesa BET surface (m2 g–1) Average particle size (10–3 mm) Particle entrapment in RVCb

1 Alumina 119.0 11.5 Nonec

2 BaSO4 4.3 5.0 None
3 BaCO3 1.5 10.17 None
4 Pd/Al2O3 (1% Pd) 237.2 68.5 Faird

5 Pd/Al2O3 (5% Pd) 78.3 12.4 Very goode

6 Pd/Al2O3 (10% Pd) 85.3 42.6 Very good
7 Pd/BaSO4 (5% Pd) 4.4 14.9 Very good
8 Pd/BaCO3 (5% Pd) 4.9 16.8 Very good
9 Pd/Al2O3

f (0.25% Pd) 98.0 16.0 Very good
10 RVC 50.0g — —

aCommercially available from Aldrich.
bStep under galvanostatic control (5mA).
cNo agglomeration. Those powders were not further used for the ECH process.
dThe agglomeration was not complete in the sense that some particles were remaining in the solution. Those powders were not further

used for the ECH process.
eThe particles were completely agglomerated in the electrode, i.e., the solution was becoming very clear.
fCatalyst synthesized by PVD.
gSpecific surface calculated in cm2 per cm3.

Table 1. Powder characteristics.

I:\cjc\cjc8103\V03-027.vp
Monday, March 17, 2003 10:59:04 AM

Color profile: Disabled
Composite  Default screen



cules (16). Since the phenol electrohydrogenation may not
be carried out on a Pd foil, it is tentatively deduced that the
adsorption of the unsaturated organic molecule on Pd is
marginal.

Assuming that Pd deposited onto the oxide surface pos-
sesses marginal specific adsorptive properties, the choice of
the adsorbent becomes of prime importance. The existence
of such a discrimination between the adsorbent and the
metal (adlineation point) in catalytic hydrogenation was pre-
viously suggested by Maxted and Ali (17). Later, Chou and
Vannice (18) refer to the adlineation point to explain their

results on the gas-phase hydrogenation of benzene. Simi-
larly, in HEC, a discrimination between the adsorption sites
(A) and the metallic sites (M) was proposed to explain the
ECH process on composite materials, i.e., a metal deposited
onto an oxide. The mechanism proposed for the electro-
hydrogenation of unsaturated bonds is described by eqs. [1]–
[4]. First, electrosorbed hydrogen is formed on the metallic
aggregates by reduction of water (eq. [1], where (H)adsM is
the electrosorbed hydrogen).

[1] 2H2O + 2e– + M → 2(H)adsM + 2OH–

[2] A + (Y=Z) � (Y=Z)adsA

[3] 2(H)adsM + (Y=Z)adsA → (YH–ZH)adsA + M

[4] (YH–ZH)adsA � YH–ZH + A

© 2003 NRC Canada
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Fig. 4. Galvanostatic traces of agglomerated electrodes without
any catalyst (curve A, � and C, �) and with Pd/Al2O3 5%*

(curve B, � and D, �). Both curve C and D are RVC mercury
plated. Solution T = 21°C, pH 7, applied current time = 10 s.
*Commercially available.

Fig. 5. TEM micrograph of Pd on alumina deposited by PVD
(0.1% of Pd).

Fig. 6. Galvanostatic traces on RVC (80 ppi) electrodes without
any catalyst (curve A, �), with Pd/Al2O3 5%* (curve B, �), and
with Pd/Al2O3 0.1% obtained by PVD (curve C, �). Applied
current time = 10 s. *Commercially available.

Fig. 7. ECH of phenol through cyclohexanol with Pd/Al2O3 5%*,
RVC 80 ppi, Iapp = 5 mA, T = 21°C, pH 7. (�) Phenol, (�)
cyclohexanone, and (�) cyclohexanol. *Commercially available.
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Hydrogenation of the C�C bond then proceeds as in cata-
lytic hydrogenation, i.e., by the reaction of the adsorbed sub-
strate with the electrosorbed hydrogen (eq. [3], adsorption
step shown in eq. [2]) at the adlineation point followed by
the desorption of the product (eq. [4]). The adlineation point
can be defined as the junction between the adsorbent and the
metal; it is the site of the ECH process. For a given adsor-
bent, the larger the area related to the adlineation point, the
higher the rate of the ECH reaction. It is relevant to point
out that the efficiency of the ECH of a given organic com-
pound depends also on the relative rates of the adsorption
step, the hydrogenation step (eq. [3]), and the hydrogen
desorption (eqs. [5] and [6]).

[5] (H)adsM + H2O + M + e– → H2 + 2OH–

[6] (H)adsM + (H)adsM � H2

The hydrogen desorption can be controlled by adjusting
the current density at the electrode to optimize the current
efficiency.

The effect of the adsorption process on the kinetics of the
ECH is illustrated in Fig. 10. From the suggested ECH
mechanisms, eq. [2], and the curves of Fig. 10, barium car-
bonate is considered a less efficient support for the adsorp-
tion of phenol than is barium sulphate. Both catalysts have
the same amount of metal on the surface and have approxi-
mately the same specific surface area.

The use of a bare RVC matrix (Table 2, entry 1) shows no
catalytic properties. The absence of metallic sites (M) and
weak adsorptive properties between the RVC and phenol ex-
plain the poor yield of hydrogenation. We suspect that the
phenol is practically not adsorbed onto vitreous carbon un-
less it is modified with an organic functional group (19–21).

By controlling the chemical nature of the adsorption sites
and the metallic nanoaggregates, our goal is to tailor a cata-

© 2003 NRC Canada
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Particles Relative %

Entry (% of metal) Phenol Cyclohexanone Cyclohexanol Current efficiency

1 RVC 100 0 0 0
2 Pd/Al2O3 5% 2.2 19.7 78.1 26.3
3 Pd/Al2O3 10% 0.0 26.0 74.0 25.2
4 Pd/BaSO4 5%a 11.7 33.0 55.3 18.8
5 Pd/BaSO4 5%b 7.4 77.8 14.8 5.1
6 Pd/BaSO4 5%c 95.4 3.3 1.3 0.4
7 Pd/BaCO3 5% 87.6 12.4 0 0
8 Pd on RVCd 94.9 3.4 1.7 0.6
9 Pd foile 95.0 5.0 0 0
10 Pd/Al2O3

f 0.25% 22.3 61.5 16 5.5
aNeutral media in a phosphate buffer at pH 7.
bAcid media, pH 4.1, in KH2PO4 1 M.
cBasic media (NaOH 1 M).
dGalvanic deposition of 105 mg of palladium deposited from a PdCl2 solution.
e2 × 2.5 cm2.
fCatalyst synthesized by PVD.

Table 2. Percentage of organic compound after the ECH of phenol (charge consumption = 450 C).

Fig. 8. ECH of phenol through cyclohexanol with Pd/Al2O3

0.25% obtained by PVD, RVC 80 ppi, Iapp = 5 mA, T = 21°C,
pH 7. (�) Phenol, (�) cyclohexanone, and (�) cyclohexanol.

Fig. 9. Phenol depletion (Iapp = 5 mA, T = 25°C) through ECH
with Pd/BaSO4 5% at different pH: (�) pH 7.0, (�) pH 4.1, (�)
pH 14.0.
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lyst that has some selectivity for targeted molecules. Ad-
sorption sites determine catalyst selectivity and influence the
chemical nature of the collected organic products; this is in
agreement with the views of Neri et al. (22). Neri uses the
idea that the catalytic support plays a predominant role in
phenol hydrogenation. Moreover, it was stated that hydroge-
nation occurs through the phenol adsorption onto the adsorp-
tion sites followed by transfer of the chemisorbed hydrogen.

However, the catalyst performance remains highly influ-
enced by the kinetics of hydrogenation, which is highly in-
fluenced by the nature of the metal used. In this case, the
adsorption is not the limiting step; the rate-determining step
is the hydrogen transfer itself from the metal surface to the
unsaturated molecule (eq. [6]).

Conclusion

The key parameters for the agglomeration process of cata-
lytic powders are the catalyst particle size and the applied
cathodic current. Composite electrode material powders of
Pd nanoaggregates deposited onto oxide particles, which
were different in nature, were characterized for the electro-
catalytic hydrogenation of phenol. A model is proposed to
explain the kinetics of the ECH, in which the sites for the
adsorption of generated atomic hydrogen are the metallic
sites (M) and the sites for the adsorption of the organic mol-
ecules to be hydrogenated are the oxide sites (A).
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A novel synthesis of N-fluoroalkanesulfonyl-
amidines using a three-component reaction

Shizheng Zhu, Yong Xu, and Guifang Jin

Abstract: A novel, general, and efficient multicomponent reaction of fluoroalkanesulfonyl azides, secondary amines,
and carbonyl compounds for the synthesis of N-fluoroalkanesulfonylamidines is presented. This reaction gave a good
yield of products under very mild reaction conditions.

Key words: multicomponent reactions, synthetic methods, N-fluoroalkanesulfonyl azide, N-fluoroalkanesulfonylamidine.

Résumé : On présente une nouvelle réaction générale, efficace et à plusieurs composants des azotures de fluoroalcane-
sulfonyles avec une amine primaire et des composés carbonylés qui permet de faire la synthèse de N-fluoroalcanesulfo-
nylamidines. Cette réaction s’effectue avec de bons rendements, dans des conditions réactionnelles très douces.

Mots clés : réactions à plusieurs composants, méthodes synthétiques, azoture de N-fluoroalcanesulfonyles, N-fluoroalca-
nesulfonylamidine.

[Traduit par la Rédaction] Zhu et al. 268

Introduction

Multicomponent reactions (MCRs), by virtue of their con-
vergence, productivity, facile execution, and generally high
yields of products, have attracted much attention from the
vantage point of combinatorial chemistry (1). Of pivotal im-
portance in this area are the isocyanide-based MCRs such as
the versatile Ugi reactions (2–3).

In the context of our ongoing studies on the reaction of
fluoroalkanesulfonylazide with the electron-rich olefines
such as vinyl ether, enamines appeared attractive from the
viewpoint of devising a novel MCR (4–5).

Prompted by the recent successful preparation of N-
fluoroalkanesulfonylamidines from the reaction of fluoro-
alkanesulfonyl azides 1 with the β-ketoester enamines or
1,2-dihydro-pyridines (6–8) (see Scheme 1), we reasoned
that a three-component reaction (3-CR, i.e., the azide,
amine, and the carbonyl substrate) would be workable.

It is well known that enamine compounds are formed by
treatment of the carbonyl compound with a secondary
amine; in this reaction, the equilibrium between the enamine
and the carbonyl compound should go forward if the added
azide 1 could react fast enough with the enamine.

Experiment section

Typical procedure for the preparation of 4 and 6

N′-Perfluorobutanesulfonyl-N,N-cyclo(ethyleneoxyethylene)-
cyclopentanamidine (4a)

To a solution of cyclohexanone 2a (0.118 g, 1.2 mmol)
and morpholine (0.113 g, 1.3 mmol) in absolute Et2O (5 ml),

fluoroalkanesulfonyl azide 1a (0.325 g, 1.0 mmol) was
added dropwise with magnetic stirring at room temperature.
The reaction was completed after 5 h (monitored by TLC).
After removal of solvent, the residue obtained was purified
by column chromatography (petroleum ether:EtOAc, 6:1,
Rf = 0.42) to give the pure product 4a (colorless oil)
(0.357 g, 77%).

4a
FT-IR (KBr) (ν, cm–1): 1540 (C=N), 1478 (SO2), 1120–

1236 (C-F). 1H NMR (CDCl3) δ: 3.85 (m, 2H), 3.73 (m, 4H),
3.60 (m, 2H), 3.55 (m, 1H), 2.12 (m, 2H), 1.87 (m, 4H), 1.70
(m, 2H). 19F NMR (CDCl3) δ: –79.9 (s, 3F), –113.0 (m, 2F),
–120.8 (m, 2F), –125.8 (m, 2F). MS (70 eV) m/z (%): 465
([M+ + 1], 17.53), 245 ([M+ – Rf], 2.85), 181 ([M+ – SO2Rf],
3.63), 86 ([C4H8NO+], 100.00). Elemental anal. calcd. for
C14H17F9N2O3S (%): C 36.21, H 3.66, N 6.02; found:
C 36.14, H 3.78, N 5.87.

6a
FT-IR (KBr) (ν, cm–1): 1542 (C=N), 1487 (SO2), 1123–

1274 (C-F). 1H NMR (CDCl3) δ: 3.82 (m, 2H), 3.76 (m,
6H), 3.48 (m, 1H), 1.82 (m, 1H), 1.70 (m, 1H), 1.38 (d,
3H, J = 11.0 Hz), 1.05 (t, 3H, J = 7.0 Hz). 19F NMR
(CDCl3) δ: –80.0 (s, 3F), –113.8 (m, 2F), –120.2 (m, 2F),
–125.3 (m, 2F). MS (70eV) m/z (%): 453 ([M+ + 1], 6.50),
424 ([M+ – C2H4], 2.71), 217 ([M+ – ORf], 4.29), 86
([C4H8NO]+, 100.00). Element anal. calcd. for
C13H17F9N2O3S (%): C 34.51, H 3.76, N 6.19; found: C
34.12, H 3.81, N 6.22.
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6e
FT-IR (KBr) (ν, cm–1): 2981 (C-H), 1546 (C=N), 1455

(SO2), 1321 (C-F). 1H NMR (CDCl3) δ: 3.71–3.64 (m, 4H),
3.22 (m, 1H), 2.09 (m, 2H), 1.95 (m, 2H), 1.28 (d, 6H, J =
7.1 Hz). 19F NMR (CDCl3) δ: –79.7 (s, 2F), –109.3 (s, 2F),
–116.7 (s, 2F), –122.1 (s, 2F). MS (70eV) m/z (%): 423
([M+ + 1], 31.08), 203 ([M+ – C4F9], 16.40), 70 ([C4H8N]+,
100.0). Element anal. calcd. for C12H15F9N2O2S (%):
C 34.12, H 3.55, N 6.64; found: C 34.36, H 3.66, N 6.69.

Results and discussion

The result of our investigations are presented here.
Initially, fluoroalkanesulfonyl azide 1a was added slowly

to a solution of morpholine 2a and cyclohexanone 3a in dry
toluene at room temperature; TLC analysis showed that the
reaction was finished in 5 h. The one-carbon ring contrac-
tion condensation product 4a was obtained in 66% yield (see
Scheme 2). Its structure was fully characterized by spectral
methods and elemental analysis. Other solvents such as ben-

zene, THF, and ether were also suitable for this reaction, and
it was found that the reaction gave the best yield in diethyl
ether. For example, when the reaction of 1a with 2a and 3a
were carried out in Et2O, the yield could be increased to
77%.

The three component reactions were found to be general
and efficient. The amine used could be cyclic, such as
morpholine and pyrrolidine, or acyclic, such as N-methyl an-
iline or diethylamine, etc. It should be noted that the less re-
active tosyl azide 1c can also react with 2 and 3 to give the
corresponding N-tosyl-substituted amidine in the presence of
actived 4 Å molecular sieves (see Scheme 2).

To further explore the scope of this reaction, we have ex-
tended it to other carbonyl substrates. We found that the
acyclic ketone and aldehydes such as 3-pentanone and iso-
butylaldehyde were readily present in this reaction; in the
case of the aldehyde, the reaction occurred more rapidly: it
finished in 1 h (Scheme 3).

A possible reaction pathway is shown in Scheme 4.
All the reaction results are summarized in Table 1.

© 2003 NRC Canada
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Scheme 1.

Scheme 2.

Scheme 3. Scheme 4.
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Table 1. Preparation of N-fluoroalkanesulfonyl amides using a three-component reaction.
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In conclusion, we uncovered a novel and efficient multi-
component reaction of fluoroalkanesulfonyl azides, second-
ary amines, and carbonyl compounds for the synthesis of N-
fluoroalkanesulfonylamidines. This reaction also conforms
to the principle of green chemistry and atom economics, as
the by-products are water and nitrogen gas and, also, the sol-
vent can be reused.
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Synthesis and in vitro reactivity of cis-dichloro-
(pyridin-2-ylcarboxaldimine)platinum(II) complexes
with DNA

Liliya G. Nikolcheva, Christopher M. Vogels, R. Alexandra Stefan,
Hanni A. Darwish, Stephen J. Duffy, Robert J. Ireland, Andreas Decken,
Robert H.E. Hudson, and Stephen A. Westcott

Abstract: Five platinum pyridin-2-ylcarboxaldimine complexes of the type cis-[PtCl2(2-C5H4NCH=NR)] (R = CH2CH2OH
(1); R = N(CH2CH2)2O (2); R = C6H5 (3); R = 1-C10H7 (4); R = (CH2)8CH=CH(CH2)7CH3 (5)) were prepared and
their in vitro reactivity towards a 20-base pair (single- and double-stranded) DNA determined using nuclease digest
studies and RP-HPLC. Variation of the imine functionality allowed for the design of compounds with different physical
and chemical properties. Complexes 1 and 3 showed binding to both single- and double-stranded DNA comparable to
that of cisplatin (cis-[PtCl2(NH3)2]). Crystals of 1 were monoclinic, space group P2(1)/n, a = 9.6612 (15), b = 12.9678
(19), c = 9.7004(13) Å, β = 117.73(3)°, Z = 4.

Key words: platinum, pyridin-2-ylcarboxaldimines, DNA binding studies.

Résumé : On a préparé cinq complexes de pyridin-2-carboxaldimine et de platine du type cis-[PtCl2(2-C5H4NCH=NR)]
(R = CH2CH2OH (1); R = N(CH2CH2)2O (2); R = C6H5 (3); R = 1-C10H7 (4); R = (CH2)8CH=CH(CH2)7CH3 (5)) et,
faisant appel à des études de « RP-HPLC » et de digestion par une nucléase, on a évalué leur réactivité in vitro une
molécule d’ADN à vingt paires de bases (à simple et à double brin). La variation de la fonction imine a permis de
mettre au point des composés ayant des propriétés physiques et chimiques différentes. La fixation des complexes 1 et 3
à l’ADN à simple et à double brin semble être comparable à celle du cisplatine, cis-[PtCl2(NH3)2]. Les cristaux du
composé 1 sont monocliniques, groupe d’espace P2(1)/n, avec a = 9,6612(15), b = 12,9678(19) et c = 9,7004(13) Å,
β = 117,73(3)° et Z = 4.

Mots clés : platine, pyridin-2-ylcarboxaldimines, études de fixation à l’ADN.

[Traduit par la Rédaction] Nikolcheva et al. 274

Introduction

Cisplatin (cis-[PtCl2(NH3)2]) and a few related platinum-
based complexes such as carboplatin and oxaliplatin are cur-
rently used as cancer therapeutic agents and exhibit particu-
lar effectiveness against testicular and ovarian malignancies
(1–15). The mechanism of action of this family of drugs is
believed to arise primarily from their interactions with DNA.
The platinum center reacts with the N-7 position of purine
bases, especially guanine, commonly resulting in the forma-

tion of 1,2-intrastrand adducts. This interaction can severely
distort the DNA duplex geometry and it is believed that
these structural distortions are responsible for altered DNA –
protein interactions, which ultimately cause programmed
cell death (13). There are several limitations to cisplatin
therapy, however, such as neural and kidney toxicity as well
as intrinsic and acquired resistance of tumor cells to the drug
(14). These complications have spurred further research in
the development of platinum-based complexes that are less
toxic than cisplatin and show enhanced specificity towards
cancer cells.

Since structural analogues of cisplatin react with DNA in
a way similar to the parent drug, a new platinum drug can-
didate should demonstrate unique biological activity that
eliminates multifactorial drug resistance. Therefore, con-
siderable research has focused on designing platinum com-
plexes that do not follow the classical structure–activity
relationships for cisplatin analogues. Indeed, recent studies
have shown that cis-amminedichloro(2-methylpyridine)plati-
num(II) (AMD473 or ZD0473, Fig. 1) shows considerable
cytotoxicity in cisplatin-resistant cell lines (15, 16). Steric
crowding from the methyl group is believed to decrease the
rates of hydrolysis and substitution reactions of AMD473
thereby permitting high selectivity in binding with DNA
(17). Toward this goal, we have begun to develop AMD473
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analogues by replacing the NH3 group with a pendant imine
group. Varying the imine functionality allows us to design
compounds with a wide range of physical and chemical
properties that may provide steric congestion around the
platinum atom (18). As well, the use of didentate ligands
prevents trans-labilization and undesired displacement of the
ligands by sulfur and nitrogen donors in biomolecules, inter-
actions believed responsible for some of the adverse side ef-
fects associated with cisplatin (12). We report herein our
initial results on the synthesis and in vitro testing of the
DNA-binding properties of five cis-dichloro(pyridin-2-ylcar-
boxaldimine)platinum(II) compounds with various physical
properties.

Experimental

Reagents and solvents used were obtained from Aldrich
Chemicals. Platinum salts were obtained from Precious
Metals Online Ltd. NMR spectra were recorded on a JEOL
JNM-GSX270 FT NMR spectrometer. 1H NMR chemical
shifts are reported in ppm and referenced to residual protons
in deuterated solvent at 270 MHz. 13C NMR chemical shifts
are referenced to solvent carbon resonances as internal stan-
dards at 68 MHz. Multiplicities are reported as singlet (s),
doublet (d), triplet (t), quartet (q), multiplet (m), broad (br),
and overlapping (ov). Infrared spectra were obtained using a
Mattson Genesis II FT-IR spectrometer and reported in cm–1.
Melting points were measured uncorrected with a Mel-Temp
apparatus. Microanalyses for C, H, and N were carried out at
Desert Analytics (Tucson, AZ). All reactions were carried
out in the air and products are stable indefinitely under such
conditions.

General procedure for the preparation of complexes 1–5
The pyridin-2-ylcarboxaldimines were prepared by the ad-

dition of equimolar amounts of the primary amine and 2-
pyridinecarboxaldehyde in CH2Cl2 containing 4 Å molecular
sieves. Filtration and removal of the solvent under vacuum
afforded the desired ligand. The corresponding pyridin-2-
ylcarboxaldimine (0.55 mmol) was then dissolved in 5 mL
of CH2Cl2 and added drop-wise to a stirred solution of
[PtCl2(coe)]2 (0.25 mmol, coe = cis-cyclooctene) in 10 mL
of CH2Cl2 at 0°C. The resulting precipitate was collected by
suction filtration and washed with CH2Cl2 (2 mL), hexane
(3 × 5 mL), and Et2O (3 × 5 mL) and dried under vacuum.
Complex 3 was prepared as described previously (18). Com-
plex 5 was isolated by removing solvent followed by an
Et2O (3 × 5 mL) trituration.

Complex 1
Yield: 68%, mp 172°C (decomp.). IR (Nujol): 3419, 2931,

2856, 1597, 1460, 1377, 1298, 1240, 1163, 1113, 1049, 928,

868, 781, 733, 666, 571, 523. 1H NMR (DMSO-d6) δ: 9.38
(d, J = 5 Hz, JH-Pt = 37 Hz, 1H, Ar), 9.03 (s, JH-Pt = 100 Hz,
1H, C(H) = N), 8.39 (dd, J = 5 Hz, 1H, Ar), 8.21 (d, J =
5 Hz, 1H, Ar), 7.91 (dd, J = 5 Hz, 1H, Ar), 5.07 (br, 1H,
OH), 4.03 (t, J = 5 Hz, JH-Pt = 37 Hz, 2H, NCH2), 3.78 (br t,
J = 5 Hz, 2H, NCH2CH2).

13C NMR (DMSO-d6) δ: 171.8,
157.5, 149.5, 141.3, 129.5, 128.8, 62.4, 59.5. Anal. calcd.
for C8Cl2H10N2OPt: C 23.08, H 2.43, N 6.73; found: C
23.36, H 2.45, N 6.43.

Complex 2
Yield: 63%, mp 240°C (decomp.). IR (Nujol): 2937, 2912,

2860, 1606, 1543, 1464, 1377, 1271, 1250, 1144, 1111,
1095, 1068, 1011, 918, 876, 769, 700, 598. 1H NMR
(DMSO-d6) δ: 9.28 (d, J = 6 Hz, JH-Pt = 41 Hz, 1H, Ar), 8.81
(s, JH-Pt = 69 Hz, 1H, C(H) = N), 8.32 (dd, J = 6 Hz, 1H,
Ar), 8.00 (d, J = 6 Hz, 1H, Ar), 7.75 (dd, J = 6 Hz, 1H, Ar),
3.79 (m, 6H, CH2), 3.44 (br, 2H, CH2).

13C NMR (DMSO-
d6) δ: 157.8, 153.3, 148.9, 141.1, 127.4, 127.1, 66.0, 55.1.
Anal. calcd. for C10Cl2H13N3OPt: C 26.26, H 2.87, N 9.19;
found: C 26.00, H 2.82, N 8.84.

Complex 4
Yield: 68%, mp 246°C (decomp.). IR (Nujol): 2926, 2856,

1734, 1506, 1462, 1377, 1346, 1300, 1269, 1225, 1157, 939,
816, 783, 760, 737, 669, 586. 1H NMR (DMSO-d6) δ: 9.52
(d, J = 6 Hz, 1H, Ar), 9.49 (s, JH-Pt = 94 Hz, 1H, C(H) = N),
8.48 (dd, J = 6 Hz, 1H, Ar), 8.24 (d, J = 6 Hz, 1H, Ar), 8.16
(m, 1H, Ar), 8.05–8.01 (ov m, 3H, Ar), 7.64–7.59 (ov m,
3H, Ar), 7.51 (d, J = 6 Hz, 1H, Ar). 13C NMR (DMSO-d6) δ:
174.0, 156.9, 149.0, 144.0, 140.6, 132.8, 129.8, 129.7,
128.5, 127.7, 127.4, 126.5, 126.4, 124.9, 123.1, 120.3. Anal.
calcd. for C16Cl2H12N2Pt: C 38.56, H 2.43, N 5.62; found: C
38.77, H 2.31, N 5.57.

Complex 5
Yield: 56%, mp 124°C (decomp.). IR (Nujol): 2914, 2858,

1622, 1595, 1464, 1377, 1300, 1238, 1151, 1120, 919, 767,
723, 519. 1H NMR (CDCl3) δ: 9.49 (d, J = 6 Hz, JH-Pt = 38 Hz,
1H, Ar), 8.74 (s, JH-Pt = 97 Hz, 1H, C(H) = N), 8.14 (dd, J =
6 Hz, 1H, Ar), 7.92 (d, J = 6 Hz, 1H, Ar), 7.63 (dd, J = 6 Hz,
1H, Ar), 5.30 (m, 2H, CH=), 4.10 (t, J = 6 Hz, JH-Pt = 45 Hz,
2H, NCH2), 1.99–1.90 (ov m, 4H, CH2CH=), 1.24 (br, 24H,
CH2), 0.85 (t, J = 7 Hz, 3H, CH2CH3).

13C NMR (CDCl3) δ:
168.0, 157.2, 149.7, 139.7, 130.1, 129.8, 128.2, 127.8, 61.1,
32.0, 31.1, 29.9, 29.8 (2C), 29.7, 29.6, 29.5, 29.4 (2C), 29.3,
27.3, 26.5, 22.5, 14.2. Anal. calcd. for C24Cl2H40N2Pt: C
46.29, H 6.49, N 4.50; found: C 46.12, H 6.63, N 4.62.

© 2003 NRC Canada

270 Can. J. Chem. Vol. 81, 2003

Fig. 1. AMD473 (ZD0473). Fig. 2. Platinum complexes tested in this study.
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X-ray crystallography
Crystals of 1 were grown from a saturated acetone solu-

tion at 5°C. Single crystals were coated with Paratone-N oil,
mounted using a glass fibre and frozen in the cold stream of
the goniometer. A hemisphere of data were collected on a
Bruker AXS P4/SMART 1000 diffractometer using ω and φ
scans with a scan width of 0.3° and 10 s exposure times. The
detector distance was 5 cm. The data were reduced (19) and

corrected for absorption (20). The structure was solved by
direct methods and refined by full-matrix least-squares on F2

(21). All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were located in Fourier difference maps
and refined isotropically.

Nuclease digest studies
Binding of the platinum complexes to DNA was investi-

gated using enzymatic degradation of the DNA to nucleo-
sides. The sequence of the model 20-base pair DNA strand
used in this study (eq. [1]) has two predominant cisplatin-
binding sites, TGGT on one strand and AGGA on the com-
plementary strand. Both the single and the double DNA
strands were incubated with each platinum complex in a 1:3
DNA:Pt molar ratio at 37°C for 24 h in the dark. Samples
(2.0 nmol of single-stranded and 1.0 nmol of double-
stranded DNA) were digested in series with DNAse I
(Amersham Biosciences, 36 U for 4 h), nuclease P1 (Sigma,
12.5 U for 18 h), and alkaline phosphatase (Promega, 20 U
for 4 h) at 37°C to convert the DNA strand into mono-
nucleosides. The samples were heated to 90°C for 2 min,
centrifuged at 10 000 g for 30 s and the protein pellet dis-
carded. The nucleoside composition in each sample was ana-
lyzed at 254 nm on a C18 column on a Pro-Star RP-HPLC
(Varian). The isocratic solvent system used was 93%
[Et3NH][OAc] (20 mM, pH 6.5) and 7% CH3CN at
1 mL min–1. The areas under the nucleoside peaks were inte-
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Complex 1

Formula C8H10Cl2N2OPt
fw 416.17
Crystal system Monoclinic
Space group P2(1)/n
a (Å) 9.6612(15)
b (Å) 12.9678(19)
c (Å) 9.7004(13)
β (°) 117.734(3)
V (Å3) 1075.7(3)
Z 4
ρcalcd (mg m–3) 2.570
Crystal size (mm3) 0.6 × 0.25 × 0.2
Temperature (K) 198(2)
Radiation MoKα (λ = 0.71073)
µ (mm–1) 13.508
Total reflectionsa 7456
Total unique relections 2439
No. of variables 165
Rint 0.0419
θ range (°) 2.85–27.49
Largest difference peak; hole (e Å–3) 1.370; –2.094
Sa (GoF) on F2 1.089
R1b (I > 2σ(I)) 0.0218
wR2c (all data) 0.0497

aS = (Σ[w(Fo
2 – Fc

2)2/(n – p))1/2.
bR1 = Σ||(Fo| – |Fc||/Σ|Fo|.
cwR2 = (Σ[w(Fo

2 – Fc
2)2/Σ[wFo

4])1/2 where w = 1/[σ2(Fo
2) + (0.0219P)2],

where P = (max (Fo
2, 0) + 2 × Fc

2)/3.

Table 1. Crystallographic data collection parameters for 1.

Fig. 3. The structure of 1 showing the atomic labeling scheme
and 30% probability displacement ellipsoids.

Bond lengths (Å)
Pt(1)—N(8) 1.985(3)
Pt(1)—N(1) 1.996(3)
Pt(1)—Cl(2) 2.2759(8)
Pt(1)—Cl(1) 2.2914(9)
N(1)—C(2) 1.332(5)
N(1)—C(6) 1.356(4)
C(2)—C(3) 1.378(5)
C(3)—C(4) 1.373(6)
C(4)—C(5) 1.365(6)
C(5)—C(6) 1.386(5)
C(6)—C(7) 1.423(5)
C(7)—N(8) 1.282(4)
N(8)—C(9) 1.456(5)
C(9)—C(10) 1.505(6)
C(10)—O 1.410(5)

Bond angles (°)

N(8)-Pt(1)-N(1) 80.11(11)
N(8)-Pt(1)-Cl(2) 95.30(8)
N(1)-Pt(1)-Cl(2) 175.41(8)
N(8)-Pt(1)-Cl(1) 175.45(8)
N(1)-Pt(1)-Cl(1) 95.41(8)
Cl(2)-Pt(1)-Cl(1) 89.17(4)
C(2)-N(1)-C(6) 118.4(3)
C(2)-N(1)-Pt(1) 128.1(2)
C(6)-N(1)-Pt(1) 113.4(2)
N(1)-C(2)-C(3) 122.4(4)
C(4)-C(3)-C(2) 119.1(4)
C(5)-C(4)-C(3) 119.3(4)
C(4)-C(5)-C(6) 119.3(4)

Table 2. Selected bond lengths (Å) and angles (°) for 1.
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grated and the G:C ratio analyzed and compared with
ANOVA followed by post-hoc multiple comparisons with
Bonferonni’s adjustment.

[1] 5′ T C T C C T T C T G G T C T C T T C T C 3 ′

3′ A G A G G A A G A C C A G A G A A G A G 5 ′

(Equation [1] shows the sequence of the DNA 20-mer
used in the platination studies. Possible platinum binding
sites are in bold).

Results and discussion

Addition of a primary amine to commercially available 2-
pyridinecarboxaldehyde affords the corresponding pyridin-2-
ylcarboxaldimine ligand in high yield (11–18, 22–31). Varia-
tion of the amine allows for the facile design of ligands and
platinum complexes with different physical and chemical
properties. In this study, the metal complexes 1–5 (Fig. 2)
were prepared by the addition of the pyridin-2-ylcarbox-
aldimine ligands to CH2Cl2 solutions of [PtCl2(coe)]2 (coe =
cis-cyclooctene) (32). The ethanol and morpholine deriva-
tives, 1 and 2, respectively, were prepared in an attempt to

increase the hydrophilicity of the metal complexes as
compared to cisplatin. The low solubility of cisplatin in wa-
ter results in the administration of relatively high doses of
the drug and accounts for many of the toxic side effects.
Conversely, 3–5 were designed to increase the lipophilic na-
ture of the complexes (6). Indeed, the oleyl compound 5 is
soluble in common organic solvents such as CHCl3. Com-
pounds 3 and 4 are of special interest as recent studies have
shown that structurally similar planar or semiplanar chromo-
phores, such as acridine derivatives, play an important role
in the class of DNA-intercalating anticancer drugs (33). In
fact, the platinum complex derived from aniline (3) has been
previously shown to display considerable activity against the
hormone-independent human mammary carcinoma cell line
MDA-MB 231 (18).

Complexes 1–5 have been characterized by a number of
physical methods, including multinuclear NMR spectros-
copy. A significant downfield shift in the 1H NMR is ob-
served for the imine sp2 proton upon coordination of the
ligand to the metal center. For instance, the singlet at δ
8.37 ppm for the free oleyl amine derived ligand shifts to
8.74 ppm in complex 5. Platinum satellites are also observed
for this resonance (JH-Pt = 97 Hz) upon complexation of the

© 2003 NRC Canada

272 Can. J. Chem. Vol. 81, 2003

Fig. 4. Chromatograms of nuclease digests of double-stranded model DNA (unplatinated DNA control (a) and DNA platinated with
cisplatin (b)).
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ligand to the metal. Similar trends are observed for the
pyridine hydrogen α to the nitrogen atom as the chemical
shift changes from δ 8.64 to 9.49 ppm (JH-Pt = 38 Hz).

Complex 1 has also been characterized by an X-ray dif-
fraction study (Fig. 3). Crystallographic data are given in Ta-
ble 13 and selected bond distances and angles shown in
Table 2. The nitrogen—platinum bonds of 1.996(3) Å
(pyridine) and 1.985(3) Å (imine) are similar to those re-
ported in other iminopyridine platinum systems (34–36).
Slightly longer Pt—N bond distances are observed in related
five-coordinate Pt(II) (37, 38) and Pt(IV) complexes (39).
The C(7)—N(8) distance is 1.282(4) Å which is in the range
of accepted carbon–nitrogen double bonds (40). Although
there is no considerable interaction of the hydroxy group
with the metal center, as observed with AMD473, a network
of hydrogen bonding is observed in the solid state with the
OH group interacting with the Cl of an adjacent molecule
(OH···Cl(1′) = 2.329 Å and O···Cl(1′) = 3.145 Å). Molecules
are also linked by weak Pt(1)···N(8′) (3.561 Å) and
Cl(1)···Pt(1′) (3.794 Å) interactions. Hydrogen bonding has
been used recently to self-assemble related organometallic
platinum complexes (41).

The efficacy of platinum complexes as anticancer agents
is believed to arise, at least in part, from the ability of the
metal center to coordinate to DNA. We therefore decided to

examine the in vitro activity of complexes 1–5 with a well-
studied 20-base pair DNA strand (42). This DNA model
strand contains one preferential binding site in the single
strand, a TGGT motif, and a second binding site (AGGA) on
the complementary strand. The degree of platination can be
quantified by enzymatically degrading the DNA strand and
separating the mononucleosides and Pt-containing dinucleo-
tides using RP-HPLC (43–45). A typical chromatogram of
nuclease digests derived from the double-stranded DNA
treated with cisplatin is shown in Fig. 4. Cytosine is not af-
fected by platination and is used as an internal standard so a
decrease in the G:C ratio indicates a decrease in the amount
of free guanosine. The amount of free guanosine can there-
fore be inversely correlated to the degree of platination, as
binding will result in the formation of cis-
[Pt(NH3)2{d(GpG)}] (1).

Complexes 1–5 were examined for their activity against
both single- and double-stranded DNA, the results of the
nuclease digest studies are shown in Fig. 5. Although the
long-chain oleyl derivative 5 did not show significant bind-
ing to either type of strand, complexes 2 and 4 showed a
small degree of binding specific to single-strand DNA. This
selectivity is interesting as highly proliferating populations
of cancer cells replicate their DNA continuously and are of-
ten in the single-stranded form, whereas in a normal healthy
cell the usual state of DNA is the double-stranded form. As
expected (18), complex 3 showed binding similar to that ob-
served for cisplatin. More remarkable, however, is the obser-
vation that ethanol complex 1 also showed significant
binding to both single- and double-stranded DNA, compara-
ble to that observed for the control cisplatin. It is plausible
that hydrogen bonding plays a role in how this complex in-
teracts with DNA. These results show that complexes 1–5
show various degrees of binding to DNA. Future studies in
this area will therefore relate the biochemical activities of
these complexes to their cytotoxicities against cisplatin-
sensitive and cisplatin-resistant cells. We are also investigat-
ing other iminopyridine analogues of AMD473, the results
of which will be published in due course.
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Solid-state 25Mg NMR, X-ray crystallographic, and
quantum mechanical study of bis(pyridine)-
(5,10,15,20-tetraphenylporphyrinato)magnesium(II)

Gang Wu, Alan Wong, and Suning Wang

Abstract: We report solid-state 25Mg NMR, X-ray crystallographic, and quantum-mechanical calculation results for
bis(pyridine)(5,10,15,20-tetraphenylporphyrinato)magnesium(II), Mg(TPP)·Py2. Mg(TPP)·Py2 crystallizes in the triclinic
form, in the space group P1. The unit cell parameters are: a = 9.6139(13) Å, b = 11.0096(16) Å, c = 11.8656(15) Å;
α = 102.063(3)°, β = 103.785(3)°, γ = 114.043(2)°; Z = 1. The Mg(II) ion is coordinated to four nitrogen atoms from
the porphyrin ring and two nitrogen atoms from the axial pyridine ligands, forming a regular octahedron. The 25Mg
quadrupole coupling constant (CQ) is 15.32 ± 0.02 MHz, which represents the largest value so far observed for 25Mg
nuclei. The electric field gradient tensor at the Mg site is axially symmetric, ηQ = 0.00 ± 0.05. The 25Mg chemical
shielding anisotropy is too small to be accurately determined. Quantum-mechanical calculations using a 6–31G(d) basis
set reproduce reasonably well the observed 25Mg NMR data for Mg(TPP)·Py2. The calculations also suggest that the
span of the 25Mg chemical shift tensor is less than 50 ppm. Using a theoretical approach, we also investigate the de-
pendence of the 25Mg quadrupole coupling constant on the Mg—Nax bond distance. The calculation suggests that the
25Mg quadrupole coupling constant for an Mg(II) ion at the center of a porphyrin ring without axial ligands is approxi-
mately 22 MHz, which may be treated as an upper limit of the 25Mg quadrupole coupling constant for all Mg–porphy-
rin complexes.

Key words: 25Mg NMR, crystal structure, quantum chemical calculation, quadrupole parameter, tetraphenylporphyrin.

Résumé : Dans ce travail, on rapporte les résultats d’études RMN du 25Mg, de diffraction des rayons X et de calculs
théoriques de mécanique quantique sur la bis(pyridine)(5,10,15,20-tétraphénylporphinato)magnésium(II), Mg(TPP)·Py2.
Le Mg(TPP)·Py2 cristallise dans la forme triclinique, groupe d’espace P1, avec a = 9,6139(13) Å, b = 11,0096(16) Å
et c = 11,8656(15) Å; α = 102,063(3)°, β = 103,785(3)° et γ = 114,043(2)° et Z = 1. L’ion Mg(II) est coordiné à
quatre atomes d’azote du noyau porphyrine et à deux atomes d’azote des ligands pyridine axiaux et il forme un oc-
taèdre régulier. La constante de couplage quadripolaire du 25Mg (CQ) est de 15,32 ± 0,02 MHz, ce qui correspond à la
valeur la plus élevée jusqu’à maintenant pour le noyau 25Mg. Le tenseur du gradient du champ électrique au niveau du
site Mg présente une symétrie axiale avec ηQ = 0,00 ± 0,05. L’anisotropie de blindage chimique du 25Mg est trop
faible pour être mesurée de façon fiable. Des calculs de mécanique quantique effectués à l’aide d’un ensemble de base
6-31G(d) permettent de reproduire raisonnablement les données observées par RMN du 25Mg pour le Mg(TPP)·Py2.
Les calculs suggèrent aussi que la plage du tenseur du déplacement chimique du 25Mg est inférieure à 50 ppm. Faisant
appel à une approche théorique, on a aussi étudié la dépendance de la constante de couplage quadripolaire du 25Mg sur
la longueur de la liaison Mg—Nax. Les calculs suggèrent que la constante de couplage quadripolaire du 25Mg pour
l’ion Mg(II) au centre d’un noyau porphyrine sans ligands axiaux est d’environ 22 MHz, ce qui peut être considéré
comme une limite supérieure pour la constante de couplage quadripolaire du 25Mg pour tous les complexes Mg–por-
phyrine.

Mots clés : RMN du 25Mg, structure cristalline, calculs de mécanique quantique chimique, paramètre quadripolaire, té-
traphénylporphyrine.

[Traduit par la Rédaction] Wu et al. 283

Introduction

Metalloporphyrins have been extensively studied for many
years because of their biological and catalytic functions (1–
3). Several spectroscopic techniques such as EPR (4), NMR
(5), and Mössbauer spectroscopy (6) have been used to di-

rectly probe the metal centers in metalloporphyrin systems.
Magnesium porphyrins represent an important class of
metalloporphyrin compounds because of their relevance to
chlorophyll (7). Until now it has not been possible to di-
rectly study the Mg(II) ion in Mg–porphyrin complexes by
25Mg (spin: –5/2) NMR. The 25Mg nucleus is among a group
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of low-γ quadrupolar nuclides that are known to be notori-
ously difficult to study by NMR. Although solution 25Mg
NMR techniques have been applied to many chemical and
biological systems, including proteins and nucleic acids (8),
the scope of applications is severely restricted to cases
where either the cation exchange is fast or the Mg(II) ion is
at a symmetrical site, avoiding the unfavorable consequence
of rapid 25Mg quadrupolar relaxation. When an Mg(II) ion is
tightly bound to a biological macromolecule, the molecular
rotational correlation time of the complex is determined by
the macromolecule and may be on the order of tens of nano-
seconds. Under such a circumstance, the quadrupolar relax-
ation is so efficient that 25Mg NMR signals may become too
broad to be detected.

With recent advances in NMR methodology and high-field
magnet technology, solid-state NMR has been recognized as a
viable technique for studying half-integer quadrupolar nuclei.
Previous solid-state 25Mg NMR studies have almost exclu-
sively focused on inorganic systems (9). In addition, all re-
ported 25Mg nuclear quadrupole coupling constants are
relatively small (ca. <9 MHz). Recently, two research groups
have extended solid-state 25Mg NMR to organic systems.
More specifically, Sham and Wu reported a solid-state 25Mg
NMR study of several Mg(II) coordination complexes (10).
These compounds were used as models for inner-sphere Mg
binding often found in nucleic acids. Frydman and co-workers
obtained solid-state 25Mg NMR spectra for an Mg(II)
adenosine 5′-triphosphate (ATP) complex (11). These two
studies demonstrate the great potential of solid-state 25Mg
NMR in probing the Mg(II) binding environment in
biomolecular systems. In this paper we report the first set of
solid-state 25Mg NMR data for an Mg(II)–porphyrin system.
To make the solid-state 25Mg NMR experiment feasible, we
prepared 25Mg isotopically enriched bis(pyridine)(5,10,15,20-
tetraphenylporphyrinato)magnesium(II), 25Mg(TPP)·Py2. We
also determined the molecular and crystal structures of
Mg(TPP)·Py2 by single crystal X-ray crystallography. To
better understand the 25Mg NMR properties and to examine
their relationship to molecular structure, we carried out ex-
tensive quantum mechanical calculations for the electric
field gradient and chemical shielding tensors in two Mg–
porphyrin systems.

Experimental details

Sample preparation
Labeled 25Mg(ClO4)2 (272 mg) was prepared by dissolv-

ing 50 mg of 25MgO (25Mg 99.1%, purchased from Trace
Science International, Toronto, Canada) in HClO4(aq) and
evaporating to dryness. The labeled 25Mg(TPP)·Py2 complex
was prepared following the method described in the litera-
ture (12, 13). To a pyridine solution containing 310 mg of
5,10,15,20-tetraphenyl-21H, 23H-porphine (99+% obtained
from Aldrich Chemicals Co., Canada) was added 225 mg of
25Mg(ClO4)2. The solution was gently refluxed for 12 h in

darkness and then evaporated to dryness in a rotary evapora-
tor. The resulting purple precipitate was then washed three
times with cold distilled water. 1H NMR (400.13 MHz,
CDCl3, 298 K) (ppm) δ: 8.92 (s, 8H, pyrrole), 8.26 (d, 8H,
o-phenyl), 7.75 (m, 12H, m,p-phenyl), 7.07 (t, 2H, γ-
pyridine), 6.49 (t, 4H, β-pyridine), 5.92 (d, 4H, α-pyridine).
13C NMR (100.61 MHz, CDCl3, 298 K) (ppm) δ: 150.25 (q,
α-pyrrole), 146.93 (t, α-pyridine), 143.84 (q, i-phenyl),
135.87 (t, γ-pyridine), 134.68 (t, o-phenyl), 131.80 (t, β-
pyrrole), 126.20 (t, m-phenyl), 127.03 (t, p-phenyl), 122.96
(t, β-pyridine), 121.65 (q, meso). The atomic labeling
scheme is shown in Scheme 1.

Solid-state NMR
Solid-state 25Mg NMR spectra were recorded on a Bruker

Avance-500 (11.75 T) digital NMR spectrometer operating
at 30.6 MHz for 25Mg nuclei. The radio frequency (RF) field
strength at the 25Mg frequency was approximately 50 kHz.
A single-channel wideline probe (5 mm insert) was used. A
Hahn echo sequence (14) was employed to acquire static
25Mg NMR spectra: P1(φ1) – τ1 – P2(φ2) – τ2 – Acq(φ3),
where φ1 = x, x, x, x, y, y, y, y, –x, –x, –x, –x, –y, –y, –y, –y;
φ2 = 4 × (x, y, –x, –y); φ3 = –y, y, –y, y, –x, x, –x, x, y, –y, y,
–y, x, –x, x, –x. The radio-frequency (RF) pulse widths were
P1 = 1.50 µs and P2 = 3.20 µs. The delay between the two
RF pulses, τ1, was 400 µs. A much shorter delay was chosen
between P2 and acquisition (τ2 = 30 µs) so that a whole echo
signal could be obtained. Recycle delays of 1 and 2 s were
used. To record the very short-lived free induction decay
(FID) signals, a 12-bit fast digitizer was used with a dwell
time of 0.5 µs, corresponding to a spectral window of
1 MHz. A sample of MgO(s) was used as a secondary chem-
ical-shift reference, δ = 26 ppm (15).

X-ray crystallography
Crystallographic data for Mg(TPP)·Py2 were collected

from a shiny red-purple, hexagonal-shaped crystal
(0.1 mm × 0.2 mm × 0.4 mm) obtained by slow recrystal-
lization from pyridine.2 The X-ray diffraction data were col-
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Scheme 1.

2 Two tables containing hydrogen atom coordinates and anisotropic displacement parameters for Mg(TPP)·Py2 have been deposited as supple-
mentary data. Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Re-
search Council Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering
electronically). CCDC 205592 contain the supplementary data for this paper. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax
+44 1223 336033; or deposit@ccdc.cam.ac.uk).
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lected on a Siemens P4 single-crystal diffractometer with
graphite-monochromated Mo Kα radiation, operating at
50 kV and 40 mA at 296 K. Data were corrected for Lorentz
and polarization effects and analyzed using the Siemens
SHELXTL software package (16). The structure was solved
by direct methods. Neutral atom scattering factors were
taken from Cromer and Waber (17).

Quantum mechanical calculations
All quantum mechanical calculations were performed on a

SunFire 6800 symmetric multiprocessor system (24 ×
900 MHz processors and 24 GB of memory) using the
Gaussian98 suite of programs (18). For each calculation, 4
or 8 processors were allocated. For 25Mg EFG calculations,
the following convention was used for the nuclear
quadrupole coupling constant (CQ) and the asymmetry pa-
rameter (ηQ):

[1] CQ[MHz] =
eQV

h
ZZ = –46.85 × VZZ [au]

[2] ηQ =
V V

V
XX YY

ZZ

−

where VZZ, VYY, and VXX are the principal components of
the EFG tensor (|VZZ| ≥ |VYY | ≥ |VXX | and VZZ + VYY +
VXX = 0). The coefficient in eq. [1] is obtained using the
25Mg quadrupole moment value recommended by Pyykkö,
Q(25Mg) = 19.94 × 10–30 m2 (19). The computed EFG tensor
components are reported in atomic units (1 au = 9.717365 ×
1021 V m–2).

To calculate 25Mg magnetic shielding tensors, the Gauge
including atomic orbital (GIAO) method (20), as imple-
mented in Gaussian98, was used. Because GIAO magnetic
shielding calculations are in general more time consuming
than EFG calculations, we employed a simplified molecular
model to reduce computational time. In particular, the four
phenyl groups in TPP were replaced by hydrogen atoms, re-
sulting in a 59-atom model, which is significantly smaller
than the total number of atoms in Mg(TPP)·Py2, 99. To con-
firm the validity of the 59-atom model, we performed sev-
eral tests in which calculations were done for both the
complete molecule and the simplified model. The shielding
tensor results are essentially the same for both clusters,
while the computational cost for the 59-atom model was sig-
nificantly smaller than that for the 99-atom cluster. For ex-
ample, the HF/6–311G(2d,p) calculation gave σ11 = 571,
σ22 = 578, and σ33 = 616 ppm for the 59-atom model with a
CPU time of 23 h. In comparison, the CPU time for the
complete 99-atom molecule at the same level of theory was
84 h and the 25Mg magnetic shielding tensor components
were: σ11 = 571, σ22 = 578, and σ33 = 613 ppm. Therefore,
we have assumed that the 59-atom model can be safely used
for all shielding calculations.

Results and discussion

Crystal structure
Mg(TPP)·Py2 crystallizes in triclinic form (space group,

P1). The Mg(II) ion is located at the origin (0, 0, 0), which
is also the center of inversion. The Mg(II) ion, lying in the
approximate porphyrin plane, is coordinated to six nitrogen

atoms in a distorted octahedral fashion. Detailed
crystallographic data, atomic coordinates, and selected struc-
tural parameters are reported in Tables 1, 2, and 3, respec-
tively. As shown in Fig. 1, the four equatorial nitrogen
atoms are from the porphyrin moiety and the two remaining
axial nitrogen ligands are pyridine molecules. The most im-
portant structural feature in Mg(TPP)·Py2 is that the Mg—
Neq bond lengths, 2.062 and 2.065 Å, are significantly
shorter than that for the Mg—Nax bond, 2.369 Å. Several
precedents exist in the literature for long Mg—Nax bonds in
Mg–porphyrin systems. For example, the Mg—Nax bond
length in Mg(TPP)·(piperdine)2 is 2.419 Å (21). For
Mg(octaethylporphyrin)·Py2 and Mg(TPP)·(4-picoline)2, the
Mg—Nax bonds are 2.389 and 2.386 Å, respectively (21,
22), which are both very similar to that in Mg(TPP)·Py2. In
contrast, the Mg—Nax distance for Mg(TPP)·(1-methylimi-
dazole)2 is much shorter, 2.297 Å (21). Because in all these
systems the Mg(II) ion is at the center of the porphyrin ring,
not surprisingly, the Mg—Neq bond distances are essentially
the same. The porphyrin core is slightly non-planar. The di-
hedral angle between the mean pyridine plane and the mean
porphyrin plane is 70°. As seen from Fig. 1, the four phenyl
groups exhibit two unique orientations with respect to the
mean plane of the porphyrin core, 60 and 80°. Clearly, the
two different orientations of the phenyl groups are related to
the orientation of the pyridine ring. Other structural features
regarding the TPP moiety are expected from previous exam-
ples.
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Empirical formula C54 H38 N6 Mg
Formula weight 795.22
Temperature (K) 293(2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P1
Unit cell dimensions a = 9.6139(13) Å

b = 11.0096(16) Å
c = 11.8656(15) Å
α = 102.063(3)°
β = 103.785(3)°
γ = 114.043(2)°

Volume (Å3) 1045.5(2)
Z 1
Density (calculated) (g cm–3) 1.263
Absorption coefficient (mm–1) 0.089
Max. and min. transmission 1.000 and 0.663
Crystal size (mm3) 0.1 × 0.2 × 0.4
θ range for data collection (°) 1.88–23.31
Index ranges –10 ≤ h ≤ 10, –12 ≤ k ≤ 12,

–13 ≤ l ≤ 9
Reflections collected 5436
Independent reflections 3019 (Rint = 0.0350)
Completeness to θ = 23.31° (%) 99.7
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3019/0/293
Goodness-of-fit on F2 0.807
Final R indices [I > 2σ(I)] R1 = 0.0426, wR2 = 0.0819
R indices (all data) R1 = 0.0872, wR2 = 0.0911

Table 1. Crystallographic data and structure refinement for
Mg(TPP)·Py2.
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Solid-state NMR
Figure 2a shows the time-domain 25Mg free induction de-

cay (FID) signal for a stationary powder sample of
Mg(TPP)·Py2. The whole echo can be clearly seen. As ex-
plained by Massiot et al. (23), the whole-echo approach
leads to a signal-to-noise enhancement by a factor of 2.
Figure 2b shows the direct FT of the whole echo. As ex-
pected, because of the long time delay used for obtaining the
whole echo signal, a large phase distortion is present in the
spectrum. This distortion can be readily corrected by a linear
phase correction, as shown in Fig. 2c. The 25Mg NMR cen-
tral-transition spectrum observed for Mg(TPP)·Py2 exhibits
an extremely large line width, ca. 260 kHz at 11.75 T. Be-
cause the width of the NMR line shape is much larger than
the strength of the B1 field (50 kHz), line shape distortions
are observed. To obtain accurate values of CQ and ηQ, it is
important to determine the precise positions of the spectral
singularities in a powder pattern. To overcome the so-called
“rolling off” effect from a relatively weak RF field, we ob-
tained several spectra with the RF transmitter being set to
different frequency positions. As shown in Fig. 3, the entire
25Mg NMR line shape depends strongly on the position of
the RF transmitter. For example, when the RF transmitter

was set close to one edge of the powder line shape, the other
edge shows very low intensity, as a result of low RF excita-
tion efficiency. Using the NMR spectra shown in Figs. 3a
and 3c, we obtained CQ = 15.32 ± 0.02 MHz and ηQ =
0.00 ± 0.05. These values were confirmed by analyzing an
25Mg QCPMG NMR spectrum obtained at 9.40 T (data not
shown). It is important to point out that the above 25Mg
quadrupole parameters were extracted from the static 25Mg
NMR spectra by considering the second-order quadrupole
interaction alone. By comparing the spectra obtained at
11.75 and 9.40 T, we have estimated that the span of the
25Mg chemical shielding tensor (Ω = σ33 – σ11) is less than
100 ppm for 25Mg(TPP)·Py2. This estimate is confirmed by
quantum mechanical calculations, as described in the next
section.

The 25Mg quadrupole coupling constant observed for
Mg(TPP)·Py2 is significantly larger than all previously re-
ported CQ values for 25Mg nuclei (9). Such a large CQ value
made it very challenging to record a satisfactory solid-state
25Mg NMR spectrum for Mg(TPP)·Py2. The observed axial
symmetry for the EFG tensor is expected from the crystal
structure where an approximate axial symmetry is present at
the Mg site. Because of the extremely large line width of the
static 25Mg NMR spectrum, it is not possible to obtain a reli-
able value for the isotropic 25Mg chemical shift. It is also
worth noting that our attempt to record 25Mg NMR spectra
for Mg(TPP)·Py2 in CDCl3 solution was unsuccessful. This
may be attributed to either the rapid relaxation due to a large
25Mg quadrupole coupling constant or the fast ligand ex-
change in solution. It is also possible that both of these fac-
tors are operative. Assuming that the molecular rotational
correlation for the complex is approximately 200 ps, the
value of T1 and T2 was estimated to be 5.6 µs under the ex-
treme narrowing condition. This was much shorter than the
typical probe deadtime at low frequencies. This example fur-
ther illustrates the advantage of solid-state NMR over tradi-
tional solution NMR for studying low-γ quadrupolar nuclei.

Quantum mechanical calculations
Because we have obtained both NMR and structural infor-

mation for Mg(TPP)·Py2, we decided to test whether quan-
tum mechanical calculations can reproduce the experimental
NMR parameters in this Mg–porphyrin system. This attempt
is of particular interest because there has been no previous
theoretical work on 25Mg NMR parameters in organic sys-
tems. The paucity of theoretical studies on 25Mg NMR pa-
rameters arises primarily from the fact that very little
experimental 25Mg NMR data are available because of the
practical difficulties mentioned earlier. For comparison, we
also studied a closely related Mg–porphyrin compound,
Mg(TPP)·(1-MeIm)2. Mg(TPP)·(1-MeIm)2 crystallizes in the
tetragonal space group P42/n with Z = 4 (21). In this com-
pound, the Mg(II) ion is also six-coordinated to nitrogen at-
oms. The Mg—Neq bonds, 2.082 and 2.074 Å, are very
similar to those found in Mg(TPP)·Py2. However, the Mg—
Nax bond length in Mg(TPP)·(1-MeIm)2, 2.297 Å, is much
shorter than that in Mg(TPP)·Py2, 2.369 Å. The calculated
results for the 25Mg quadrupole parameters and chemical
shielding tensors in Mg(TPP)·Py2 and Mg(TPP)·(1-MeIm)2
are summarized in Tables 4 and 5. The data shown in Ta-
ble 4 indicate that, for a given basis set, the EFG calcula-
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x y z U(eq)

Mg(1) 0 0 0 47(1)
N(1) 436(3) 2304(2) 965(2) 54(1)
C(1) –677(4) 2706(4) 608(3) 66(1)
N(2) 1040(2) –180(2) 1647(2) 43(1)
C(2) –424(4) 4065(4) 1006(3) 75(1)
N(3) 2296(2) 1007(2) –82(2) 43(1)
C(3) 1072(5) 5096(4) 1827(3) 85(1)
C(4) 2245(4) 4720(4) 2214(3) 100(1)
C(5) 1870(4) 3336(4) 1769(3) 81(1)
C(6) –2176(3) –2404(3) 2728(2) 46(1)
C(7) –2845(3) –3851(3) 2371(3) 65(1)
C(8) –3403(4) –4572(3) 3125(3) 75(1)
C(9) –3307(3) –3861(4) 4245(3) 64(1)
C(10) –2677(4) –2437(4) 4613(3) 70(1)
C(11) –2120(3) –1712(3) 3852(3) 62(1)
C(12) 5632(3) 1499(3) 2713(2) 44(1)
C(13) 6186(3) 2428(3) 3908(2) 58(1)
C(14) 7800(4) 3042(3) 4685(3) 70(1)
C(15) 8850(4) 2696(4) 4278(3) 70(1)
C(16) 8323(3) 1745(3) 3135(3) 67(1)
C(17) 6721(3) 1159(3) 2344(3) 59(1)
C(18) –1515(3) –1623(3) 1926(2) 44(1)
C(19) 184(3) –975(3) 2244(2) 43(1)
C(20) 1303(4) –1097(3) 3203(3) 52(1)
C(21) 2796(4) –384(3) 3188(2) 52(1)
C(22) 2650(3) 189(3) 2209(2) 43(1)
C(23) 3927(3) 976(3) 1856(2) 42(1)
C(24) 3759(3) 1363(3) 793(2) 42(1)
C(25) 5066(4) 2251(3) 474(3) 51(1)
C(26) 4408(3) 2430(3) –570(2) 50(1)
C(27) 2672(3) 1657(3) –917(2) 43(1)

Table 2. Atomic coordinates (× 104) and equivalent isotropic dis-
placement parameters (Å2 × 103) for Mg(TPP)Py2.
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tions at the Hartree–Fock (HF), B3LYP, and MP2 levels of
theory show very similar results. The calculations using the
6–31G(d) basis set seems to give the best agreement be-
tween the calculated and observed 25Mg quadrupole parame-

ters. The CQ values for Mg(TPP)·(1-MeIm)2 are consistently
smaller than those for Mg(TPP)·Py2 by approximately 3–
4 MHz. This is attributed to the shorter Mg—Nax bond
length in Mg(TPP)·(1-MeIm)2 (vide infra). Because no abso-
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Bond lengths (Å)
Mg(1)—N(2) 2.062(2) C(9)—C(10) 1.353(4)
Mg(1)—N(3) 2.065(2) C(10)—C(11) 1.387(4)
Mg(1)—N(1) 2.369(2) C(12)—C(17) 1.377(3)
N(1)—C(5) 1.321(3) C(12)—C(13) 1.390(3)
N(1)—C(1) 1.329(3) C(12)—C(23) 1.498(3)
C(1)—C(2) 1.369(4) C(13)—C(14) 1.385(3)
N(2)—C(22) 1.373(3) C(14)—C(15) 1.367(4)
N(2)—C(19) 1.377(3) C(15)—C(16) 1.356(4)
C(2)—C(3) 1.358(4) C(16)—C(17) 1.385(3)
N(3)—C(27) 1.371(3) C(18)—C(19) 1.401(3)
N(3)—C(24) 1.377(3) C(18)—C(27)#1 1.409(3)
C(3)—C(4) 1.367(4) C(19)—C(20) 1.438(3)
C(4)—C(5) 1.362(4) C(20)—C(21) 1.333(4)
C(6)—C(11) 1.367(3) C(21)—C(22) 1.438(3)
C(6)—C(7) 1.372(3) C(22)—C(23) 1.401(3)
C(6)—C(18) 1.495(3) C(23)—C(24) 1.408(3)
C(7)—C(8) 1.377(3) C(24)—C(25) 1.435(3)
C(8)—C(9) 1.354(4) C(25)—C(26) 1.344(3)

C(26)—C(27) 1.432(3)
Bond angles (°)
N(2)#1-Mg(1)-N(2) 180.00(11) C(17)-C(12)-C(13) 117.9(2)
N(2)-Mg(1)-N(3)#1 90.83(7) C(17)-C(12)-C(23) 122.5(2)
N(2)-Mg(1)-N(3) 89.17(7) C(13)-C(12)-C(23) 119.5(3)
N(3)#1-Mg(1)-N(3) 180.00(10) C(14)-C(13)-C(12) 121.0(3)
N(2)-Mg(1)-N(1)#1 86.47(8) C(15)-C(14)-C(13) 119.3(3)
N(3)-Mg(1)-N(1)#1 94.07(8) C(16)-C(15)-C(14) 120.8(3)
N(2)-Mg(1)-N(1) 93.53(8) C(15)-C(16)-C(17) 120.0(3)
N(3)-Mg(1)-N(1) 85.93(8) C(12)-C(17)-C(16) 120.9(3)
N(1)#1-Mg(1)-N(1) 180.00(14) C(19)-C(18)-C(27)#1 127.4(2)
C(5)-N(1)-C(1) 114.7(3) C(19)-C(18)-C(6) 116.1(2)
C(5)-N(1)-Mg(1) 122.5(2) C(27)#1-C(18)-C(6) 116.4(2)
C(1)-N(1)-Mg(1) 122.1(2) N(2)-C(19)-C(18) 125.4(2)
N(1)-C(1)-C(2) 125.0(3) N(2)-C(19)-C(20) 109.0(2)
C(22)-N(2)-C(19) 106.5(2) C(18)-C(19)-C(20) 125.5(2)
C(22)-N(2)-Mg(1) 127.15(17) C(21)-C(20)-C(19) 107.7(3)
C(19)-N(2)-Mg(1) 124.96(16) C(20)-C(21)-C(22) 107.6(3)
C(3)-C(2)-C(1) 118.4(3) N(2)-C(22)-C(23) 124.8(2)
C(27)-N(3)-C(24) 106.6(2) N(2)-C(22)-C(21) 109.2(2)
C(27)-N(3)-Mg(1) 125.75(16) C(23)-C(22)-C(21) 126.0(2)
C(24)-N(3)-Mg(1) 126.81(17) C(22)-C(23)-C(24) 126.0(2)
C(2)-C(3)-C(4) 118.1(4) C(22)-C(23)-C(12) 117.0(2)
C(5)-C(4)-C(3) 119.0(3) C(24)-C(23)-C(12) 116.9(2)
N(1)-C(5)-C(4) 124.7(3) N(3)-C(24)-C(23) 125.1(2)
C(11)-C(6)-C(7) 117.2(3) N(3)-C(24)-C(25) 108.6(2)
C(11)-C(6)-C(18) 121.7(3) C(23)-C(24)-C(25) 126.1(2)
C(7)-C(6)-C(18) 121.1(3) C(26)-C(25)-C(24) 108.2(2)
C(6)-C(7)-C(8) 121.4(3) C(25)-C(26)-C(27) 106.7(3)
C(9)-C(8)-C(7) 120.4(3) N(3)-C(27)-C(18)#1 124.7(2)
C(10)-C(9)-C(8) 119.5(3) N(3)-C(27)-C(26) 109.8(2)
C(9)-C(10)-C(11) 120.0(3) C(18)#1-C(27)-C(26) 125.4(2)
C(6)-C(11)-C(10) 121.4(3)

Note: Symmetry transformations used to generate equivalent atoms: #1 –x,–y,–z.

Table 3. Selected bond lengths (Å) and angles (°) for Mg(TPP)·Py2.
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lute shielding scale for 25Mg is available in the literature, we
decided to compute the chemical shielding constant for the
referencing species, [Mg(H2O)6]

2+. Using the shielding con-
stant for [Mg(H2O)6]

2+, σref, we were able to convert the cal-
culated shielding values for Mg(TPP)·Py2 and Mg(TPP)·(1-
MeIm)2 into the “chemical shifts”, δiso = σref – σiso. The ge-
ometry of [Mg(H2O)6]

2+ was obtained by a full geometry
optimization at the MP2/6–311G(d,p) level. The Mg—O dis-
tance is 2.105 Å and the O—H bond is 0.963 Å. The H-O-H
angle for the water molecule is 105.3°. The [Mg(H2O)6]

2+

species has an Oh point group symmetry. To avoid the ap-

parent basis set dependence, we obtained σref for each basis
set. As seen from Table 5, the GIAO shielding calculations
indicate that the span of the 25Mg chemical shielding tensor,
Ω = σ33 – σ11, can be safely estimated to be less than
50 ppm for Mg(TPP)·Py2. At 11.75 T, the line width contri-
bution from a chemical shielding anisotropy of this magni-
tude would be expected to be less than 1.5 kHz in 25Mg
NMR spectra. Since the experimental 25Mg NMR spectrum
for Mg(TPP)·Py2 is 260 kHz wide at 11.75 T, it is not sur-
prising that the 25Mg chemical shielding anisotropy can be
ignored in our spectral analysis. For the same reason, it was
also impossible to obtain experimentally a meaningful esti-
mate for the isotropic 25Mg chemical shift for Mg(TPP)·Py2.
The GIAO shielding calculations suggest that the isotropic
25Mg chemical shift for an Mg(II) ion coordinated to six ni-
trogen ligands is approximately 10–20 ppm. We believe that
this estimate is reasonably accurate; however, to our knowl-
edge, no experimental 25Mg NMR data are available for six-
coordinate MgN6 species.

Another piece of useful information obtained from the
quantum mechanical calculations is the orientation of the

© 2003 NRC Canada

280 Can. J. Chem. Vol. 81, 2003

Fig. 1. Molecular structure of Mg(TPP)·Py2. Hydrogen atoms are
not shown for clarity.

Fig. 2. (a) Real and imaginary parts of the 25Mg FID signal for
25Mg(TPP)·Py2; (b) Fourier transform of the whole-echo FID;
(c) Phase-corrected 25Mg NMR spectrum. Detailed experimental
parameters: transmitter offset = –3000 ppm, 1 s recycle delay,
302 224 transients.

Fig. 3. Experimental (a, b, c) and simulated (d) 25Mg NMR spec-
tra for 25Mg(TPP)·Py2. The spectral widow for each of the above
spectra was 1 MHz. The arrows indicate the positions to which
the RF transmitter was set. The dashed lines indicate the singulari-
ties of the powder line shape. Detailed experimental parameters
are: (a) transmitter offset = 2700 ppm, 1 s recycle delay, 237 788
transients; (b) transmitter offset = –3000 ppm, 1 s recycle delay,
425 216 transients; (c) transmitter offset = –5000 ppm, 1 s recycle
delay, 339 773 transients.
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NMR tensors in the molecular frame of reference. Figure 4
shows the orientations of both EFG and chemical shielding
tensors for the 25Mg nucleus in Mg(TPP)·Py2. The largest
EFG tensor component, VZZ, is 5.3° off the Mg—Nax bond
direction. The smallest EFG component, VXX, lies approxi-
mately in the porphyrin plane, making an angle of 58.6°
with respect to one of the Mg—Neq bonds. The chemical
shielding tensor exhibits essentially the same orientation as
the EFG tensor. In particular, the tensor component with the
most shielding, σ33, is approximately 7.5° off the Mg—Nax
direction, while the tensor component with the least shield-
ing, σ11, lies in the porphyrin plane and makes an angle of
45.6° relative to the same Mg—Neq bond described for the
EFG tensor.

As mentioned earlier, one obvious structural feature that
might be responsible for the observation of a large CQ value
at the Mg center in Mg(TPP)·Py2 is the large difference be-
tween Mg—Neq and Mg—Nax distances. To further explore
the influence of the Mg—Nax bond on the EFG at the Mg
center, we performed a series of EFG calculations for a
model where the position of the axial pyridine ligands is sys-
tematically varied. The geometry of the porphyrin core in

the model is identical to that in Mg(TPP)·Py2. The results
are shown in Table 6 and depicted in Fig. 5. It is interesting
to see that the value of CQ increases monotonically with the
increase of Mg—Nax bond distance. As shown in Table 6,
the calculation also gave an estimate for an Mg(II) ion in a
square-planar binding geometry, CQ ≈ 22 MHz. At 11.75 T,
this CQ value would correspond to a central-transition 25Mg
NMR spectrum two times wider than the one shown in
Fig. 2c. On the basis of these results, we believe that many
Mg–porphyrin complexes should be accessible by solid-state
25Mg NMR at currently available high magnetic fields (from
11.75 to 21.15 T).

It is also of interest to compare the EFG tensor observed
for Mg(TPP)·Py2 with those reported for two isostructural
TPP complexes, FeII(TPP)·Py2 and CoIII(TPP)·Py2. From a
Mössbauer experiment, Kobayashi et al. (24) reported an 57Fe
quadrupole splitting for FeII(TPP)·Py2 (low spin) at 300 K,
∆EQ = 1.22 mm s–1. This quadrupole splitting corresponds to
VZZ = 0.75 au, assuming Q(57Fe) = 16.0 × 10–30 m2. This
EFG value is much larger than the corresponding value
found at the Mg nucleus in Mg(TPP)·Py2, VZZ = 0.3202 au.
As illustrated in Fig. 5, the VZZ value is a function of the
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Method and (or) Basis set σref
b δiso

c σ11 σ22 σ33 Ωd

Mg(TPP)·Py2 HF/6–31G(d) 621 11 595 603 631 36
HF/6–311G(d,p) 609 20 572 580 616 44
HF/6–311G(2d,p) 608 19 571 579 616 45
B3LYP/6–31G(d) 599 9 578 589 602 24
B3LYP/6–311G(d,p) 585 19 551 559 589 38
B3LYP/6–311G(2d,p) 584 19 549 558 588 39

Mg(TPP)·(1-MeIm)2 HF/6–31G(d) 621 8 595 608 636 41
HF/6–311G(d,p) 609 15 576 585 621 45
HF/6–311G(2d,p) 608 15 574 583 621 47
B3LYP/6–31G(d) 599 6 577 595 607 30
B3LYP/6–311G(d,p) 585 14 555 565 594 39
B3LYP/6–311G(2d,p) 584 14 554 563 593 39

aAll magnetic shielding tensor components and isotropic chemical shifts are in ppm.
bσref is calculated for [Mg(H2O)6]

+2 with an optimized geometry at the MP2/6–311G(d,p) level.
cδiso = σref – σ iso.
dSpan Ω = σ33 – σ11.

Table 5. Calculated 25Mg magnetic shielding tensors for Mg(TPP)·Py2 and Mg(TPP)·(1-MeIm)2.a

Method and (or) Basis set CQ (MHz) ηQ

Mg(TPP)·Py2 Exptl. 15.32 ± 0.02 0.00 ± 0.05
HF/6–31G(d) 15.013 0.034
HF/6–311G(d,p) 18.524 0.047
HF/6–311G(2d,p) 18.816 0.046
B3LYP/6–31G(d) 14.763 0.018
B3LYP/6–311G(d,p) 17.732 0.043
B3LYP/6–311G(2d,p) 18.022 0.043
MP2/6–31(d) 14.971 0.035

Mg(TPP)·(1-MeIm)2 HF/6–31G(d) 11.981 0.096
HF/6–311G(d,p) 14.680 0.100
HF/6–311G(2d,p) 14.969 0.103
B3LYP/6–31G(d) 11.566 0.161
B3LYP/6–311G(d,p) 14.164 0.103
B3LYP/6–311G(2d,p) 14.456 0.104

Table 4. Experimental and calculated 25Mg quadrupole parameters for Mg(TPP)·Py2 and Mg(TPP)·(1-MeIm)2.
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M—Nax distance. In FeII(TPP)·Py2, however, the Fe—Nax
bond length, 2.039 Å, is similar to the Fe—Neq bonds, 1.989
and 1.997 Å (25). This immediately suggests that the d6

metal TPP complexes behave differently as the Mg—TPP
compounds. In CoIII(TPP)·Py2, the VZZ value at the metal
center is 0.167 au, as reported by Medek et al. from a solid-
state 59Co NMR study (5g). This value is much smaller than
that in FeII(TPP)·Py2. This may be explained by a general
trend, in which the M—Nax distance is usually smaller in
CoIII–TPP complexes than in FeII–TPP complexes (21). In
this regard, the d6 metal–TPP compounds exhibit a similar
M—Nax dependence to that observed for Mg–TPP com-
plexes.

Conclusion

We have reported solid-state 25Mg NMR, crystallographic,
and computational results for an Mg(II)–porphyrin complex,
Mg(TPP)·Py2. The 25Mg quadrupole coupling constant ob-
served for Mg(TPP)·Py2, CQ = 15.32 ± 0.02 MHz, is the
largest so far reported for 25Mg nuclei. The 25Mg chemical
shielding anisotropy is, however, too small to be measured
reliably. We have performed quantum mechanical calcula-
tions for the 25Mg NMR tensors in two related Mg–por-
phyrin complexes: Mg(TPP)·Py2 and Mg(TPP)·(1-MeIm)2.
Quantum mechanical calculations were carried out at various
levels of theory including restricted Hartree–Fock, density
functional theory, and MP2 with different basis sets. The cal-
culations with a 6–31G(d) basis set have reproduced reason-
ably well the observed 25Mg NMR data for Mg(TPP)·Py2.
The calculations also suggest that the span of the 25Mg chem-
ical shift tensor is less than 50 ppm for Mg(TPP)·Py2.

To obtain an upper limit for the 25Mg quadrupole coupling
constant in Mg–porphyrin systems, we have performed
quantum mechanical calculations for an Mg(II) ion at the
center of a porphyrin moiety without axial ligands, which
represents the most asymmetrical environment for the Mg
cation. For such a model, the 25Mg quadrupole coupling

© 2003 NRC Canada
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R(Mg—Nax) (Å) CQ (MHz) ηQ

2.091 3.677 0.070
2.233 10.502 0.042
2.369 15.013 0.034
2.510 18.056 0.032
2.604 20.094 0.032
2.807 21.151 0.033
2.952 21.716 0.034
3.103 21.987 0.036
+∞a 21.988 0.038

aCalculated without axial ligands.

Table 6. Calculated dependence of the 25Mg quadrupole parame-
ters on the Mg—Nax distance in Mg(TPP)·Py2 at the HF/6–
31G(d) level.

Fig. 4. Orientations of the 25Mg EFG tensor (top) and the
chemical shielding tensor (bottom) in the molecular frame of
Mg(TPP)·Py2. Quantum mechanical calculations were done at the
HF/6–31G(d) level.

Fig. 5. Calculated dependence of CQ(25Mg) on the Mg—Nax

bond length in Mg(TPP)·Py2. The dashed line indicates the
CQ(25Mg) value for an Mg–(TPP) complex without axial ligands.
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constant is approximately 22 MHz. This may suggest that
most of Mg(II)–porphyrin complexes should be accessible
by high-field 25Mg NMR. The present work represents the
first solid-state 25Mg NMR study for an Mg(II)–porphyrin
system. Extension of this research to chlorophyll models is
under way in this laboratory.
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Insect toxins from spruce endophytes

John A. Findlay, Guoqiang Li, J. David Miller, and Taiwo O. Womiloju

Abstract: Extracts of fermentation cultures of a fungal endophyte (DAOM 221611) from spruce needles have afforded
the known macrocyclic antibiotic vermiculin (1), 7α ,8β,11-trihydroxydrimane (2), and eight novel 13-carbon γ-lactones,
namely trans-3-methyldodec-cis-6-en-4-olide (3), trans-8-hydroxy-3-methyldodec-cis-6-en-4-olide (4), trans-8-acetoxy-3-
methyldodec-cis-6-en-4-olide (5), trans-9-hydroxy-3-methyl-8-oxo-dodec-trans-6-en-4-olide (6), trans-8,9-dihydroxy-3-
methyldodec-cis-6-en-4-olide (7), trans-9-hydroxy-8-oxo-3-methyldodecan-4-olide (8), trans-7,9-dihydroxy-3-methyl-8-
oxo-dodecan-4-olide (9), and trans-6-hydroxymethyl-3-methyl-7-oxo-undecan-4-olide (10). A known JH III metabolism
product, 10,11-dihydroxyfarnesenic acid (11), was also isolated and synthesized from farnesol. Other endophyte cul-
tures from black spruce and white spruce afforded the novel 6,7-dihydroxy-2-propyl-2,4-octadien-4-olide (16), 5,6,8-
trihydroxy-4-(1′-hydroxyethyl) isocoumarin (17) plus the known sescandelin (18), sescandelin B (19), and 4-hydroxy-2-
methoxyacetanilide (20). Several of the γ-lactones showed toxicity to spruce budworm (Choristoneura fumiferana
Clem.) larvae and vermiculin 1 and compound 16 were toxic to spruce budworm cells.

Key words: toxigenic endophytes, insect toxins, γ-lactones, isocoumarins.

Résumé : L’extraction des milieux de cultures de fermentation d’un champignon endophyte (DAOM 221611) des ai-
guilles d’épinette a permis d’isoler la vermiculine (1), un antibiotique macrocyclique connu, le 7α ,8β,11-trihydroxy-
drimane (2) ainsi que huit nouvelles γ-lactones à 13 atomes de carbone, soit les trans-3-méthyldodéc-cis-6-én-4-olide
(3), trans-8-hydroxy-3-méthyldodéc-cis-6-én-4-olide (4), trans-8-acétoxy-3-méthyldodéc-cis-6-én-4-olide (5), trans-9-
hydroxy-3-méthyl-8-oxododéc-cis-6-én-4-olide (6), trans-8,9-dihydroxy-3-méthyldodéc-cis-6-én-4-olide (7), trans-9-
hydroxy-8-oxo-3-méthyldodécan-4-olide (8), trans-7,9-dihydroxy-3-méthyl-8-oxododécan-4-olide (9) et trans-6-hydroxy-
méthyl-3-méthyl-7-oxoundécan-4-olide (10). On a aussi isolé un produit connu de métabolisme JH III, l’acide 10,11-
dihydroxyfarnésique (11) qu’on a synthétisé à partir du farnésol. D’autres milieux de cultures d’endophytes provenant
d’épinettes noire ou blanche ont permis d’isoler de nouveaux produits, dont le 6,7-dihydroxy-2-propylocta-2,4-dién-4-
olide (16) ainsi que la 5,6,8-trihydroxy-4-(1′-hydroxyéthyl)isocoumarine (17) en plus de produits connus comme la ses-
candéline (18), la sescandéline B (19) et le 4-hydroxy-2-méthoxyacétanilide (20). Plusieurs γ-lactones présentent de la
toxicité pour les larves de la tordeuse des bourgeons d’épinette (Choristoneura fumiferana Clem.) alors que la vermicu-
line 1 et le composé 16 sont toxiques pour les cellules de la tordeuse des bourgeons d’épinette.

Mots clés : endophytes toxigènes, toxines d’insectes, γ-lactones, isocoumarines.

[Traduit par la Rédaction] Findlay et al. 292

Recently, we reported that inoculation of white spruce,
Picea glauca (Moench voss.), seedlings with a rugulosin-
producing endophyte resulted in a significant reduction in
larval growth rate of the destructive forest pest, the spruce
budworm Choristoneura fumiferana Clem., in feeding exper-
iments (1). This latter study followed from our pioneering
discovery that some conifer needles are inhabited by insect-
toxin-producing endophytes (2), consistent with the proposal
of Carroll and Carroll that fungal endophytes recovered from
conifer needles might be mutualistic symbionts (3). In our
continuing studies in search of additional toxin-producing
endophytic fungi from spruce needles we have encountered

cultures capable of producing an interesting array of novel
γ-lactones (3–10), as well as 10,11-dihydroxyfarnesenic acid
11, the macrocyclic antibiotic, vermiculin 1 (4), and the
known sesquiterpene, 7α,8β,11-trihydroxydrimane 2 (5).
Other spruce-needle-derived endophyte cultures gave the
novel 2,4-dien-4-olide 16, the novel isocoumarin 17, plus
the known sescandelin 18 (6), sescandelin B 19 (7), and 4-
hydroxy-2-methoxyacetanilide 20 (Scheme 1). Both 18 and
19 have been previously isolated from the fungus Sesquil-
lium candelabrum, and sescandelin 18 is reported to be a
root-promoting agent (6). Compound 20 has recently been
reported as a metabolite of a soil fungus (8).

The endophyte strain 5WS11I, obtained from needles of a
white spruce (P. glauca (Moench voss)), was cultured ac-
cording to established protocols (9) using two different kinds
of vessels. In the first case the fermentation was conducted
in 250-mL Erlenmeyer flasks (2 L total), and in the second
case Glaxo bottles (10 L total) were employed but no other
changes in culturing procedures were made, and the fermen-
tations proceeded simultaneously. The fermentation-medium
filtrates were extracted with EtOAc, and crude extracts E
(from Erlenmeyer flask culture) and G (from Glaxo bottle
culture) were obtained by removal of solvent under vacuum

Can. J. Chem. 81: 284–292 (2003) doi: 10.1139/V03-044 © 2003 NRC Canada
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at room temperature. From the crude extract G, a number of
γ-lactones 3–10 and the sesquiterpenes 11 and 7α,8β,11-
trihydroxydrimane have been isolated and their structures
elucidated by spectral data analyses. From the crude extract
E, only the 16-membered ring dilactone, vermiculin, and
7α,8β,11-trihydroxydrimane were isolated. The antibiotic
vermiculin was previously reported from Penicillium
vermiculatum (4) and a soil fungus Talaromyces wortmannii
(10) while the γ-lactones 3–10 are closely related to a γ-
decalactone (11) and cis-6-dodecen-4-olide (12), fungal me-
tabolites previously reported from the cultures of Sporobolo-
myces odorus. Sesquiterpene 11 was previously reported as
a biotransformation product of the corresponding 10,11-
epoxide, an insect juvenile hormone (JHIII) homologue (13),

and 7α,8β,11-trihydroxydrimane was isolated previously
from the fungus, Fomes annosus, a destructive forest patho-
gen (5). Compounds 4, 6–8, 11 and 7α,8β,11-trihydroxy-
drimane 2 were toxic to spruce budworm in a larval feeding
bioassay, and vermiculin 1 and 16 were toxic to budworm
cells.

Compound 3 was isolated as an optically active, oily sub-
stance from a nonpolar fraction of the crude extract G. Its
molecular formula, C13H22O2, was determined by HR-EI-
MS. The IR spectrum is consistent with the presence of a
lactone carbonyl group (1780 cm–1) and a vinyl group
(1640 cm–1), and the 13C NMR and DEPT spectra (Table 1)
indicate the presence of one carbonyl, four methines, six
methylenes, and two methyls. A total of four downfield car-

© 2003 NRC Canada
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bon signals are assigned to an ester carbonyl, a double bond,
and an oxygenated methine carbon. The proton and carbon
chemical shifts were assigned on the basis of analysis of 1H
NMR, 13C NMR, DEPT, HMQC, 1H-1H COSY, and HMBC
spectra and NOE data, as were those of the other compounds
reported here. The 1H-1H COSY spectrum displays a cou-
pled spin system, which fully supports the sequence of pro-
tons from C-2 to C-8 and the methyl at C-3. The location of
the γ-lactone is apparent from the chemical shifts of H-2 and
H-4 and confirmed by HMBC correlations from the protons
at C-2 to the C-1 carbonyl. The trans relationship of the two
substitutents on the γ-lactone ring is concluded on the basis
of NOE enhancements between H-4 and methyl-13. The
double bond is assigned the cis geometry based on the cou-
pling constant (J = 11.0 Hz) between H-6 and H-7 and the
large NOE enhancements between them. We therefore as-
sign the structure trans-3-methyldodec-cis-6-en-4-olide to 3.

The optically active, oily γ-lactone alcohol 4 was the ma-
jor metabolite isolated from the extract G. Its IR spectrum
supports the presence of hydroxyl (3443 cm–1) and lactone
(1777 cm–1) functional groups. The 13C NMR and DEPT
spectra are very similar to those of γ-lactone 3 but feature
one additional oxygenated methine in place of one methy-
lene carbon. The molecular formula, C13H22O3, was deduced
on the basis of NMR spectral data and supported by an HR-
EI-MS (found: m/z = 226.1584; calculated for C13H22O3:
226.1569, [M+]) The 1H-1H COSY spectrum shows an ex-
tended coupled spin system, similar to that of compound 3,
supporting the C-2 to C-8 substitution pattern. The γ-lactone
ring is established by comparing the 13C chemical shifts with
those of compound 3 and confirmed in detail by HMBC cor-
relations. The relative stereochemistry of the five-membered
ring lactone was resolved by the NOE enhancements be-
tween the methine proton at H-4 and methyl-13. The cis ge-
ometry of the double bond was apparent from the NOE
enhancements between the homo-allylic protons H-8 and H-
5, and thus we conclude 4 is trans-8-hydroxy-3-methyl-
dodec-cis-6-en-4-olide.

The IR spectrum of optically active oil 5 shows the pres-
ence of vinyl (1641 cm–1), ester (1729 cm–1), and lactone
(1781 cm–1) functional groups. The 1H NMR spectrum is
nearly identical to that of γ-lactone alcohol 4 except for the
presence of an additional methyl singlet at δ 2.01 and the
downfield shift of H-8, indicating the presence of an acetate
group. The mass spectral data support a molecular formula
of C15H24O4 and show a major fragment corresponding to
[M+ – C2H2O], typical for acetates. The 1H-1H COSY spec-
trum displays an extended coupling sequence, attesting to
the C-2 to C-8 substitution pattern, and the stereochemistry
of the double bond and lactone ring substituents were re-
solved by NOE and coupling constant data as in the case of
3. We therefore conclude that 5 is trans-8-acetoxy-3-methyl-
dodec-cis-6-en-4-olide.

The IR spectrum of the optically active oil 6 indicates the
presence of hydroxyl (3459 cm–1), vinyl (1632 cm–1), ketone
(1713 cm–1), and lactone (1777 cm–1) functional groups. Its
13C NMR spectrum and DEPT spectra are similar to those of
compound 3 but feature one more carbonyl in place of a
methylene carbon. The molecular formula, C13H20O4, was
determined on the basis of NMR data. The HR-EI-MS spec-
trum did not show a molecular ion, but major fragments of

[M+ – C4H8O] and [M+ – C4H9O] correspond to cleavage
at the C-8 — C-9 bond. The 1H-1H COSY spectrum dis-
plays two distinct coupled spin systems,
CH3CH2CH2CHO- and -CH=CHCH2CHCH(Me)CH2-, es-
tablishing the connectivity and substitution pattern in 6. The
coupling constant (J = 15.6 Hz) for H-6/H-7 indicates a
trans double bond, and HMBC correlations of H-6 and H-9
to C-8 and of H-2 and H-4 to C-1 complete the structural
analysis, and we conclude that 6 is trans-9-hydroxy-3-
methyl-8-oxo-dodec-trans-6-en-4-olide.

Compound 7 was isolated as an optically active, oily sub-
stance whose IR spectrum is nearly identical to that of γ-
lactone 4 and indicates the presence of hydroxyl (3430 cm–1),
vinyl (1630 cm–1), and lactone (1775 cm–1) functions. The
13C NMR and DEPT spectra display one additional oxygen-
ated methine relative to 4. The molecular formula was deter-
mined as C13H22O4 on the basis of MS and NMR data. The
1H-1H COSY spectrum revealed an extended spin-coupling
system containing the sequence -CH2CHCHCH=CHCH2CH-
CH(Me)CH2-, and the coupling constant (J = 11.2Hz) for H-
6/H-7 established the cis geometry of the double bond. Thus
lactone 7 is trans-8,9-dihydroxy-3-methyldodec-cis-6-en-4-
olide.

Compound 8 was isolated as an optically active, oily
substance whose IR spectrum indicates the presence of
hydroxyl (3474 cm–1), lactone (1777 cm–1), and carbonyl
(1711 cm–1) functionalities. Its molecular formula was de-
termined as C13H22O4 on the basis of NMR and HR-EI-MS
data (Table 2). The 1H-1H COSY spectrum shows the two
independent spin coupling systems CH3CH2CH2CHO- and
-CH2CH2CH2CHCH(Me)CH2- in agreement with formula-
tion 8. The HMBC correlations of H-7 and H-9 with C-8
and H-2 and H-4 with C-1 and NOE enhancements between
H-4 and Me-13 support the conclusion that 8 is trans-9-
hydroxy-3-methyl-8-oxo-dodecan-4-olide.

The minor compound 9 was isolated as an optically active
oil and its IR spectrum indicates the presence of hydroxyl
(3417 cm–1) and carbonyl (1777 and 1757 cm–1) functional
groups. The 13C NMR and DEPT spectra are similar to those
of γ-lactone 8 but feature an additional oxygenated methine
in place of a methylene. The molecular formula, C13H22O5,
is assigned based on spectral data, including an EI-MS frag-
mentation pattern paralleling that of 6 with loss of C4H9O
from the molecular ion due to cleavage at the C-8 — C-9
bond. The placement of the second oxygenated methine at
C-7 follows from the 1H-1H COSY spectrum, which affirms
the presence of the -CH(O)CH2CH2CH(O)CH(Me)CH2-
moiety. HMBC correlations and NOE data confirm our con-
clusion that 9 is trans-7,9-dihydroxy-3-methyl-8-oxo-
dodecan-4-olide.

The IR spectrum of the optically active, oily γ-lactone 10
indicates the presence of hydroxyl (3471 cm–1) and carbonyl
(1778, 1723 cm–1) groups. The 13C NMR and DEPT spectra
show a total of 13 carbons, comprising two methyls, six
methylenes, three methines, and two quaternary carbons.
The composition, C13H22O4, was ascertained from EI-MS
and NMR data. The two discreet spin coupling systems,
CH3CH2CH2CH2- and CH2(O)CHCH2CHCH(Me)CH2-, are
apparent from the 1H-1H COSY spectrum. Comparison of
spectral data with those for the similar compounds 8 and 9
led us to conclude that 10 is trans-6-hydroxymethyl-3-
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methyl-8-oxo-undecane-4-olide. This conclusion is fully
consistent with HMBC and NOE experiments.

Compound 11 was isolated as an optically active oil
whose IR spectrum supports the presence of hydroxyl, α,β-
unsaturated carboxyl (3500–2500, 1694 cm–1), and vinyl
(1647 cm–1) groups. The composition, C15H26O4, follows
from NMR spectral data and an HR-EI-MS that lacks a mo-
lecular ion but features prominent ions corresponding to
[M+ – C3H7O] and [M+ – C3H7O – H2O]. The 13C NMR and
DEPT data attest to the presence of four methyls, four
methylenes, two sp2 methines and one sp3 methine, three
fully substituted sp2 carbons, and one quaternary carbon.
The 1H-1H COSY spectrum shows the two separate coupling
spin systems =CHCH2CH2- and -CH(O)CH2CH2-. The con-
nection of these and the remaining structural units is readily
achieved by an examination of the HMBC correlations
(Fig. 1). The strong NOE correlations of H-2 with H-4 and
H-6 with H-8 indicate the trans stereochemistry of the dou-
ble bonds, and we conclude that 11 is trans,trans-10,11-
dihydroxyfarnesenic acid.

It should be noted that 11 is closely related to a Cecropia
juvenile hormone (JHIII), methyl 10,11-epoxy-3,7,11-trim-
ethyldodecanoate 15, which profoundly affects metamorpho-
ses of many insects and that 11 has been found to be a
metabolic product of JHIII (13). The structure of this
sesquiterpene was confirmed via synthesis. Farnesol was
converted to farnesenic acid via a two-step oxidation by
MnO2 followed by NaClO2–NaH2PO4. The resulting acid
was treated with N-bromosuccinimide, producing the corre-
sponding 10,11-bromohydrin 12 in 74% isolated yield,
which was then converted to the corresponding 10,11-
epoxide 13. Opening the epoxide ring under acidic condi-
tions produced the racemic diol 11 in 46% yield from 12
plus the 11-membered lactone 14 in 36% yield from 12.
This lactone can be converted to the racemic diol 11 upon
treatment with base.

The 13C NMR data (Table 3) of compound 16 support the
presence of five sp2 carbons, two of which are protonated,
together with two methyl, two methylene, and two oxygen-
substituted methines. The 1H-1H COSY spectrum attests to

the presence of an n-propyl group and the sequence CH3CH-
CHCH- assigned to the side chains H-3′, H-2′, H-1′ and H-8,
H-7, H-6, H-5, respectively, in structure 16. Furthermore,
the signal for H-5 (5.34 ppm) shows a long-range coupling
to the other vinylic proton H-3 (δ 7.37), while both of these
show further couplings to the signal for H-1′ (δ 2.31) consis-
tent with their relationships in structure 16. The placement
of the lactone carbonyl follows from the HMBC correlations
from H-1′ and H-3 to C-1.The NOE difference spectrum dis-
plays significant correlations from H-3 to H-1′ and H-5. The
UV spectrum (λmax = 272) is close to the calculated value
(λmax = 268) for this dienone chromophore. The HR-EI-MS
showed an [M+ – H2O] ion at m/z 194.0962 (calcd. 194.0943
for C11H14O3), which supports formulation 16. Thus, we
conclude compound 16 is 6,7-dihydroxy-2-propyl-octa-2,4-
dien-4-olide. A conformational search of 16 (in acetone) re-
vealed that four out of five of the lowest-energy conforma-
tions for the threo isomer displayed an H-6/H-7 dihedral
angle near to 180°, whereas the erythro lowest-energy con-
formations favoured an H-5/H-6 dihedral angle near 70°,
consistent with the observed coupling constant of 4.3 Hz.
2,4-Dien-4-olides have been reported from the gorgonians
Plexaura flava (14) and Euplexaura flava (15) and from the
liverwort Marchantia paleacea subsp. diptera (16) but not
previously from a fungal source.

Compound 17 was isolated as an optically active, yellow-
ish solid, and its molecular formula C11H10O6 was deter-
mined by its HR-EI-MS molecular ion at m/z 238.0467
(calcd. 238.0477). The 1H NMR spectrum of 17 (Table 4)
closely resembles that of sescandelin 18 except for a signal
corresponding to H-5. The 13C NMR data attest to the pres-
ence of nine sp2 carbons, two of which are protonated, plus
a methine and a methyl group. There is a close correspon-
dence in the chemical shift of signals for 17 assigned to C-1,
C-3, C-4, C-8a, C-1′, and C-2′ and those of sescandelin 18
(6). The HMBC correlations of the signal at δ 11.47 with
signals assigned to C-7, C-8, and C-8a establish the 5,6,8-
substitution pattern of the aromatic ring, and correlations be-
tween the aromatic proton signal at δ 6.56 with signals as-
signed to C-5, C-6, C-8, and C-8a confirm this conclusion.
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Compound 8 Compound 9 Compound 10

Carbon δ Proton (J Hz) δ Proton (J Hz) δ Proton (J Hz)

1 176.2 (s) 176.2 (s) 177.2 (s)
2 36.9 (t) 2.65 (m, β), 2.16 (m, α) 37.0 (t) 2.67 (m, β), 2.19 (m, α) 36.9 (t) 2.65 (m, β), 2.18 (m, α)
3 36.1 (d) 2.19 (m, β) 36.4 (d) 2.20 (m, β) 37.0 (d) 2.19 (m, β)
4 87.0 (d) 3.97 (ddd, α , 10.8, 8.8, 3.2) 86.9 (d) 3.98 (m, α) 85.2 (d) 3.87 (ddd, α , 10.0, 7.2, 2.0)
5 33.2 (t) 1.76 (m), 1.56 (m) 29.9 (t) 1.96 (m), 1.69 (m) 32.8 (t) 2.24 (m), 1.59 (m)
6 19.9 (t) 1.81 (m), 1.76 (m) 31.0 (t) 2.09 (m), 1.55 (m) 50.4 (d) 3.04 (m)
7 37.2 (t) 2.53 (t, 7.2), 2.51 (t, 6.8) 73.3 (d) 4.43 (m) 213.3 (s)
8 211.8 (s) 213.5 (s) 43.5 (t) 2.57 (dt, 17.2, 7.6),2.53 (dt,

17.2, 7.2)
9 76.2 (d) 4.15 (ddd, 8.0, 4.8, 4.4) 73.6 (d) 4.45 (m) 25.4 (t) 1.54 (2H, m)
10 35.9 (t) 1.75 (m), 1.47 (m) 36.4 (t) 1.76 (m), 1.51 (m) 22.3 (t) 1.31 (2H, m)
11 18.2 (t) 1.48 (m), 1.37 (m) 18.1 (t) 1.49 (m), 1.42 (m) 13.9 (q) 0.89 (3H, t, 7.3)
12 13.9 (q) 0.93 (3H, t, 7.3) 13.8 (q) 0.96 (3H, t, 7.2) 64.0 (t) 3.81 (dd, 11.2, 4.8),3.75

(dd, 11.2, 5.2)
13 17.3 (q) 1.12 (3H, d, 6.3) 17.1 (q) 1.14 (3H, d, 6.4) 16.9 (q) 1.12 (3H, d, 6.2)

Table 2. NMR data (CDCl3) for lactones 8–10.
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The 13C NMR chemical shifts of C-4a, C-6, and C-8 in 17
are significantly downfield relative to the corresponding sig-
nals of sescandelin 18, consistent with the presence of an
hydroxyl at C-5. The absolute configuration of 17 is implied
from the co-occurrence of S-(–)-6,8-dihydroxy-4-(1′-hydr-
oxyethyl) isocoumarin 18 with the same sign of optical rota-
tion. Isocoumarin derivatives are fairly common metabolites
of plants, fungi, and insects and show a wide range of bio-
activities (14). While 6,8-dihydroxylated variations are quite
common, compound 17 is the first example of a 5,6,8-trihy-
droxyisocoumarin. Two 6,8-dihydroxy-5-methoxyisocou-
marin derivatives have been reported from both Aspergillus
ustus (17) and Paecilmyces victoriae (18).

Crude extracts and compounds 16–19 were tested for
cytotoxicity against the spruce budworm (C. fumiferana
Clem.) cell line CF-1 (9). Compound 16 was found to be

20–30% as toxic as the control, deoxynivalenol, while 17,
18, and 19 were individually weakly toxic. These findings
may provide additional options for our ongoing development
of insect resistance in conifers via inoculation of seedlings
with toxin-producing endophytes (1).

Experimental section

General
High-resolution mass spectra (HR-EI-MS) were recorded

on a Kratos MS-50 instrument. Optical rotations were mea-
sured on a PerkinElmer 241 polarimeter. Melting points
were taken with a Kofler hot-stage apparatus and are uncor-
rected. The IR spectra were recorded as films on a Bruker
IF-S25 spectrometer. UV spectra were determined on a
PerkinElmer 330 spectrometer. Preparative thin layer chro-
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Fig. 1. Selected HMBC correlations for 11.

Carbon δ Proton (J Hz) HMBC (H to C) NOE diff. (%)

1 170.8
2 135.1
3 138.7 7.37 (s) C-1, C-4, C-1′ H-5 (3.1), H-1′ (0.7), H-2′ (1.0)
4 150.0
5 114.0 5.34 (d, 9.0) C-3, C-4, C-6, C-7 H-3 (4.0), H-6 (0.3), H-7 (0.8)
6 71.3 4.52 (dd, 9.1, 4.3) C-4, C-7, C-8 H-5 (0.8), H-7 (1.1), H-8 (0.7)
7 71.0 3.83 (m) C-5, C-6 H-5 (0.2), H-6 (1.9), H-8 (3.1)
8 19.0 1.09 (d, 6.7) C-6, C-7 H-5 (0.5), H-6 (1.2), H-7 (1.7)
1′ 27.9 2.31 (m) C-1, C-2, C-3, C-2′, C-3′ H-3 (0.8), H-2′ (2.6)
2′ 21.7 1.60 (m) C-2, C-1′, C-3′ H-3 (1.2), H-1′ (2.1), H-3′ (3.2)
3′ 14.1 0.95 (t,7.5) C-1′, C-2′ H-1′ (0.8), H-2′ (3.3)

Table 3. NMR data (acetone-d6) for compound 16.

Carbon δ Proton (J Hz) HMBC (H to C) NOE diff. (%)

1 166.2
3 140.1 7.36 (s) C-1, C-4, C-1′ H-2′ (0.7), H-1′ (2.9)
4 119.5
4a 119.6
5 132.1
6 155.9
7 102.7 6.56 (s) C-5, C-6, C-8, C-8a
8 158.6
8a 97.8
1′ 67.2 5.02 (q, 6.7) C-3, C-4, C-2′ H-2′ (4.0), H-3 (3.9)
2′ 22.1 1.54 (d, 6.7) C-4, C-1′ H-1′ (1.1), H-3 (0.4)
8-OH 11.47 (s) C-7, C-8, C-8a
1′-OH 6.05 (bs)a

aMeasured in DMSO-d6.

Table 4. NMR data (acetone-d6) for compound 17.
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matography (ptlc) was performed with precoated silica gel
F254 (1 mm) plates unless otherwise indicated. NMR data
were recorded at room temperature in CDCl3 (unless other-
wise specified) on a Varian Unity 400 spectrometer operat-
ing at 399.944 MHz for 1H and 100.575 MHz for 13C. All
2D NMR were recorded non-spinning at 25°C using stan-
dard Varian software (VNMR 4.3).

Fungal strain 5WS11I1 (DAOM 221611)
The first fungal strain 5WS11I1 was isolated from a white

spruce (P. glauca (Moench voss)). This fungus was grown
on 2% malt extract agar (MEA) in 250 mL Erlenmeyer
flasks (2 L total) and Glaxo bottles (10 L total) according to
the established protocols (6). There were no other changes in
culturing procedures, and the fermentations proceeded si-
multaneously.

Isolation of compounds 1–11
The culture filtrate, fermented in 250 mL Erlenmeyer

flasks, was extracted with EtOAc (3 × 600 mL). The crude
extract E (64.7 mg), obtained by removal of solvents under
vacuum at room temperature, was purified on Kieselgel 60
F254 plates (1 mm) using CHCl3–MeOH (9:1). The fraction
(23 mg, Rf = 0.2–0.8) was further purified by ptlc using
CHCl3–acetone (4:1) and yielded vermiculin 1 (1.7 mg)
(Kieselgel 60 F254, 0.5 mm, Rf = 0.70) and 7α,8β,11-tri-
hydroxydrimane 2 (3.4 mg) (Kieselgel 60 F254, 0.5 mm,
Rf = 0.11). The culture filtrate from the Glaxo bottles was
extracted with EtOAc (3 × 3 L), and the total extract was
evaporated to dryness at room temperature in vacuum to
yield crude extract G (0.972 g). A portion of the crude ex-
tracts (0.800 g) was chromatographed on a silica column
(Kieselgel 60G, 2.8 × 3.0 cm) and eluted with a discontinu-
ous gradient of CHCl3–MeOH (1:0–0:1). The fractions
(40 mL each) were combined on the basis of tlc scrutiny and
further purified by repeated ptlc, yielding 3 (1.5 mg) (Baker
Si-C18F, 0.20 mm, MeOH–H2O (4:1), Rf = 0.22), 4
(40.0 mg) (Baker Si-C18F, 0.20 mm, acetone–H2O (3:2),
Rf = 0.43), 5 (2.5 mg) (0.25 mm, hexane–EtOAc (3:2), Rf =
0.56), 6 (6.2 mg) (Baker Si-C18F, 0.20 mm, MeOH–H2O
(7:3), Rf = 0.62), 7 (6.3 mg) (Baker Si-C18F, 0.20 mm,
MeOH–H2O (13:7), Rf = 0.56), 8 (11.1 mg) (0.25 mm,
CHCl3–acetone (17:3), Rf = 0.62), 9 (5.7 mg) (Baker Si-
C18F, 0.20 mm, acetone–H2O (3:2), Rf = 0.69), and 10
(1.1 mg) (Baker Si-C18F, 0.20 mm, acetone–H2O (3:2), Rf =
0.54), as well as sequiterpenes 11 (12.0 mg), (0.25 mm,
CHCl3–MeOH (9:1), Rf = 0.47) and 7α,8β,11-trihydroxy-
drimane 2 (4.0 mg) (Baker Si-C18F, 0.20 mm, MeOH–H2O
(13:7), Rf = 0.25).

γ-Lactone 3
An oil, [α]D = +25.3° (CHCl3, 0.00075). IR (film, cm–1):

2959 (s), 1780 (s), 1640 (w), 1452 (m), 1382 (m), 1209 (s),
1157 (s), 940 (s), 748 (m). HR-EI-MS m/z (%): 210.1627
([M+], 100) (calcd. for C13H22O2: 210.1620). EI-MS m/z
(%): 210 (0.8), 209 (3.8), 166 (3.8), 149 (7.0), 99 (100), 96
(8.1), 81 (6.7), 71 (23.6).

γ-Lactone 4
An oil, [α]D = +47.7° (CHCl3, 0.020). IR (film, cm–1):

3443 (br), 3020 (w), 2957 (s), 1777 (s), 1457 (s), 1210 (s),

1157 (s), 1007 (s), 920 (s), 733 (s). HR-EI-MS m/z (%):
226.1584 ([M+], 100) (calcd. for C13H22O3: 226.1569). EI-
MS m/z (%): 226 ([M]+, 9.0), 209 (13.6), 208 (8.8), 197
(11.1), 184 (46.3), 170 (18.7), 169 (75.6), 167 (15.0), 166
(35.8), 154 (24.7), 152 (55.7), 151 (100), 139 (66.1), 127
(40.3), 110 (83.3), 109 (85.7), 105 (54.0), 99 (98.1), 95
(77.6), 85 (72.9), 81 (70.9), 71 (75.1).

γ-Lactone 5
An oil, [α]D = +12.8° (CHCl3, 0.0013). IR (film, cm–1):

2960 (s), 1781 (s), 1729 (s), 1641 (w), 1462 (m), 1370 (s),
1244 (s), 1014 (s), 943 (s), 747 (m), 668 (m). HR-EI-MS
m/z (%): 226.1568 ([M+ – CH2CO], 100) (calcd. for
C13H22O3: 226.1569). EI-MS m/z (%): 226 (3.4), 225 (15.1),
208 (6.5), 207 (24.8), 168 (29.2), 165 (10.9), 150 (26.7), 138
(26.1), 110 (29.4), 99 (100), 81 (28.6), 71 (31.9).

γ-Lactone 6
An oil, [α]D = +105.8° (CHCl3, 0.0031). IR (film, cm–1):

3459 (br), 2962 (s), 1777 (s), 1713 (s), 1632 (m), 1420 (m),
1384 (m), 1213 (s), 1158 (s), 1030 (m). HR-EI-MS m/z (%):
168.0776 ([M+ – C4H8O], 5.0) (calcd. for C9H12O3:
168.0786), 167.0689 ([M+ – C4H9O], 18.1) (calcd. for
C9H11O3: 167.0708), 150 (31.0), 149 (20.1), 142 (13.0), 139
(73), 128 (23.6), 113 (16.1), 109 (30.4), 108 (26.9), 100
(19.9), 99 (100), 98 (12.1), 82 (91.6), 71 (82.7).

γ-Lactone 7
An oil, [α]D = +51.1° (CHCl3, 0.0032). IR (film, cm–1):

3430 (br), 2959 (s), 1775 (s), 1630 (w), 1458 (m), 1211 (s),
1014 (s), 942 (m), 749 (m). EI-MS m/z (%): 242 ([M+], 0.4),
224 ([M+ – H2O], 0.7), 206 ([M+ – 2H2O], 6.5), 171 (9.6),
170 (15.5), 152 (51.8), 110 (63.2), 99 (47.2), 83 (100), 82
(16.1), 71 (43).

γ-Lactone 8
An oil, [α]D = +45.6° (CHCl3, 0.0056). IR (film, cm–1):

3474 (br), 2960 (s), 1777 (s), 1711 (s), 1462 (m), 1368 (m),
1291 (m), 1214 (s), 1029 (s), 938 (s), 668 (s). HR-EI-MS
m/z (%): 241.1410 ([M+ – H], 6.8) (calcd. for C13H21O4:
241.1440), 226.1550 ([M+ + H – OH], 20.2) (calcd. for
C13H22O3: 226.1569), 225.1468 ([M+ – OH], 22.8) (calcd.
for C13H21O3: 225.1491), 224.1391 ([M+ – H2O], 9.9)
(calcd. for C13H20O3: 224.1412), 209 (23.5), 208 (12.2), 193
(16.3), 171 (16.4), 169 (31.5), 153 (22.2), 151 (30.5), 143
(30.7), 105 (28.9), 99 (79.4), 82 (51.8), 71 (38.4).

γ-Lactone 9
An oil, [α]D = +51.6° (CHCl3, 0.0029). IR (film, cm–1):

3417 (br), 2961 (s), 1777 (s), 1757 (s), 1454 (m), 1383 (m),
1217 (m), 1078 (s), 983 (m). EI-MS m/z (%): 257 ([M+ – H],
3.5) 256 ([M+ – 2H], 4.5), 240 ([M+ – H2O], 2.5), 186
([M+ – C4H8O], 6.5), 185 ([M+ – C4H9O], 3.5), 169 (18.5),
155 (15.0), 139 (26.5), 110 (45.0), 99 (49.50), 97 (64.6), 83
(65.6), 69 (98.2), 55 (100).

γ-Lactone 10
An oil, [α]D = +65.5° (CHCl3, 0.0006). IR (film, cm–1):

3471 (br), 2958 (s), 1778 (s), 1723 (s), 1462 (m), 1382 (m),
1215 (s), 1158 (s), 1035 (s), 940 (m), 668 (m). EI-MS m/z
(%): 242 (2.8), 224 (4.9), 208 (14.6), 166 (10.2), 150 (25.9),
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148 (13.1), 138 (10.6), 137 (13.1), 99 (100), 85 (22.4), 69
(41.6), 57 (29.4).

Sesquiterpene 11
An oil, [α]D = +11.8° (CHCl3, 0.0039). IR (film, cm–1):

3391 (br, s), 2927 (s), 1694 (s), 1647 (s), 1381 (m), 1077
(m). HR-EI-MS m/z (%): 234.1636 ([M+ – 2H2O], 3.5)
(calcd. for C15H22O2: 234.1612), 211.1359 ([M+ – C3H7O],
19.5) (calcd. for C12H19O3: 211.1334), 206 (2.1), 194 (9.5),
193 (42.1), 163 (21.9), 143(58.1), 123 (28.9), 100 (40.3), 93
(33.5), 81 (76.2), 59 (100).

Synthesis of sesquiterpene 11
To a solution of 10-bromo-11-hydroxy-farnesylic acid 12

(0.220 g, 0.660 mmole) in DMF–H2O (3:1) (12.5 mL),
NaOH (0.055 g, 1.38 mmole) was added, and the solution
was stirred at room temperature for 1.5 h before quenching
with 0.01 M HCl. The mixture was extracted with CHCl3
(3 × 10.0 mL) and combined extracts washed with brine
(15 mL) and evaporated at room temperature under vacuum
to yield the crude epoxide 13 (0.197 g), which was dissolved
in DMF–H2O (3:1) (12.5 mL), and p-toluenesulfonic acid
(0.006 g, 0.003 mmole) was added. The solution was stirred
for 2 h before addition of brine (10.0 mL). The mixture was
extracted with CHCl3 (3 × 10.0 mL), and the combined ex-
tracts were washed with brine and evaporated under vacuum
to give a crude mixture, which was purified by column to
give sesquiterpene 11 (0.083 g, 46% from 12) and the
lactone 14 (0.060 g, 36% from 12).

Lactone 14
An oil. IR (film, cm–1): 3420 (s, br), 2972 (s), 1720 (s),

1640 (s), 1440 (s), 1376 (m), 1172 (s). 1H NMR (CDCl3,
ppm) δ: 5.69 (s), 5.08 (m), 4.83 (dd), 2.20 (m, 4H), 2.15 (s,
3H), 2.05–1.90 (m, 2H), 1.80–1.6 (m, 2H), 1.58 (s, 3H),
1.20 (s, 6H). 13C NMR (CDCl3, ppm) δ: 162.64 (C), 161.23
(C), 134.98(C), 123.89 (CH), 115.07 (CH), 79.56 (CH),
72.24(C), 40.92 (CH2), 35.88 (CH2), 27.64 (CH2), 26.52
(CH3), 25.76 (CH3), 25.76 (CH3), 24.85 (CH3), 19.09 (CH3),
15.93 (CH3). EI-MS m/z (%): 252 ([M+], 4.5), 211 (28.7),
193 (62.9), 163 (37.64), 143 (100), 135 (65.4), 125 (53.1),
100 (52.4).

Larval bioassays
Compounds 4, 6, 7, 8, 11, and 7α,8β,11-trihydroxydri-

mane 2 were subjected to a budworm larval feeding bioassay
according to established protocol (2) at a concentration of
0.0004 g g–1 of diet, resulting in mortalities of 60, 76, 68,
72, 52, and 72% relative to control (42% mortality).

Fungal strain 5WS26H1 (DAOM 229664)
Strains were transferred to slants containing 2% malt ex-

tract agar (Difco) and incubated at 20°C for at least one
month. For each fermentation, the slant was macerated in
sterile water (30 mL). An aliquot (2.5 mL) was used to inoc-
ulate each of six Erlenmeyer flasks (250 mL) containing
50 mL of medium (CZ Met) made from glucose (20 g),
NH4Cl (3 g), KH2PO4 (2 g), MgSO4 (2g), FeSO4·7H2O
(0.2 g), yeast extract (2 g), malt extract (2 g), and peptone
(2 g) per L of water. The flasks were put on a rotary shaker
(3.81 cm throw) at 220 rpm at 20°C for 48 h in the dark.

The culture was then macerated, and 50 mL was used to in-
oculate three Glaxo bottles containing CZ Met medium (1 L)
and three Glaxo bottles containing 2% malt extract medium
(1 L). These were incubated at 20°C for 6 weeks. After incu-
bation, each Glaxo bottle was filtered under vacuum though
Whatman #1 filter paper and extracted with three portions of
ethyl acetate (200 mL). The combined extract was dried
with anhydrous sodium sulfate, filtered, and concentrated
under vacuum at room temperature. The extracts were trans-
ferred into a pre-weighed vial using a small amount of ethyl
acetate, which was then evaporated under nitrogen. Com-
pounds 16–20 were variably isolated from a series of white
spruce and black spruce strains, but all were produced by
DAOM 229664 in CZ met medium incubated under the con-
ditions described. This isolate and DAOM 221611 have
been deposited in the Canadian Collection of Fungal Cul-
tures (DAOM, Agriculture Agri-food Canada, Ottawa, ON
K1A 0C6). They are preserved in liquid nitrogen.

Isolation of compounds 16–20
Endophyte crude extract 5WS19B2-AMSF OCT 22/98

(73.8 mg) was fractionated by ptlc (two plates) using
CHCl3–C6H12–CH3OH (7:2:1). Seven fractions A–G (in or-
der of increasing polarity) were collected. Fraction E
(20.8 mg, Rf 0.34 to 0.40) was purified by ptlc using C6H6–
CH3COCH3 (4:1) to afford pure compound 16 (0.65 mg, Rf
0.51) and pure compound 17 (7.1 mg, Rf 0.56). Fraction F
(21.2 mg, Rf 0.32) was purified by ptlc using C6H6–
CH3COCH3 to afford compound 19 (5.5 mg, Rf 0.20).
Endophyte crude extracts 5BS21B1-ACZGF, 5BS21B1-
BCZGF, and 5BS21B1-CCZGF NOV 30/98 were combined
(257.3 mg) and fractionated by ptlc (six plates) using
CHCl3–C6H12–CH3OH (7:2:1). Five fractions A–E (in order
of increasing polarity) were collected. Fraction D (58.1 mg)
was purified by ptlc with CH3COOC2H5–C6H12 (4:1) to give
two major fractions, one containing 18 (8.8 mg) and the
other a mixture of 19 and 16 (8.4 mg). Compound 18 was
further purified by ptlc with CH3COOC2H5–C6H12 (3:2),
(5.5 mg, Rf 0.52). Further purification of the mixture by ptlc
with CHCl3–C6H12–CH3OH (15:5:1) gave 19 (1.6 mg, Rf
0.38) and 16 (2.7 mg, Rf 0.42). Crude extract 5WS14G1-
ACZGF NOV 10/98 (34.7 mg) was fractionated by ptlc
(0.5 mm, two plates) using CHCl3–C6H12–CH3OH (7:2:1).
The major fraction (8.1 mg) was further purified by ptlc us-
ing CH3COOC2H5–C6H12 (4:1) to give pure compound 20
(3.1 mg, Rf 0.30)

6,7-Dihydroxy-2-propyl-2,4-octadien-4-olide 16
A pale yellow oil; [α]D = +17.1° (c 0.0021, MeOH). UV

(EtOH) λmax (nm) (ε): 272 (8600). HR-EI-MS m/z (%):
194.0962 ([M+ – H2O], 1.6) (calcd. for C11H14O3:
194.0943), 168 (100), 152 (11.6), 43 (29.8). See Table 3 for
spectral data.

5,6,8-Trihydroxy-4-(1′-hydroxyethyl) isocoumarin 17
A yellow solid; mp 150–155°C; [α]D = –13.1° (c 0.007,

CH3COCH3). UV (EtOH) λmax (nm)(ε): 204 (8320), 238
(12 500), 252 (10 730), 272 (9820), 348 (9120). HR-EI-MS
m/z (%): 238.0467 ([M+], 10.8) (calcd. for C11H10O6:
238.0477), 220 ([M+ – H2O], 100), 205 (36.9), 43 (16). See
Table 4 for spectral data.

© 2003 NRC Canada
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4-Hydroxy-2-methoxyacetanilide 20
A yellow amorphous solid; mp 166–169°C (synthetic

(synth.) 169–171°C). 1H NMR (CD3OD, 400 MHz) δ: 8.57,
7.53 (1H, br s, 4-OH and 1H, s, NH measured in CDCl3 + 5
drops of DMSO-d6), 7.48 (1H, d, J = 8.0 Hz, H-6), 6.45
(1H, d, J = 2.4, 9.6, H-5), 3.81 (1H, s, OCH3), 2.1 (1H, s,
CH3). 13C NMR (CD3OD, MHz) δ: 170.4 (C=O), 155.6 (C-
4), 152.4 (C-2), 124.5 (C-6), 118.3 (C-1), 105.9 (C-5), 98.7
(C-3), 54.6 (OCH3), 21.9 (CH3). HR-EI-MS m/z (%):
181.0740 ([M+], 60) (calcd. for C9H11NO3: 181.0739), 139
(70), 124 (100).

Cell line assays
The spruce budworm cell line CF-1 was used according to

the method of Clark et al. (9) to screen extracts and purified
compounds for cytotoxicity. Deoyxnivalenol (2 µg mL–1, cell
culture medium) was used as the positive control and etha-
nol (2 µL mL–1) as the negative control; no effect of ethanol
on the CF-1 cells was detected at this concentration. Crude
extracts were dissolved in ethanol and tested at 1, 2, and
4 µL mL–1 culture medium. The crude extract arising from
the non-sporulating strain 5WS26H1 (DAOM 229664) was
as cytotoxic as the positive control solution. Compounds 16–
19 were individually dissolved in ethanol and tested at
2 µg mL–1 culture medium as above. Compound 17, sescan-
delin 18, and sescandelin B 19 were individually weakly
cytotoxic. Compound 16 was ca. 20–30% as cytotoxic to
CF-1 as deoxynivalenol at 2 µL mL–1 culture medium.
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Convenient, tandem and one-reaction vessel
synthesis of mixed dialkylated 2-naphthols from
2-tetralone

Amitabh Jha and Jonathan R. Dimmock

Abstract: A convenient acid-catalyzed method for the synthesis of 1-alkyl-2-alkoxynaphthalenes by one-reaction vessel
mixed alkylation of 2-tetralone, using aryl or alkyl aldehydes and alcohols followed by aromatization, is described.

Key words: ethers, aromatization, rearrangement, alkylation, 2-alkoxynaphthalenes.

Résumé : On décrit une méthode pratique de synthèse acidocatalysée des 1-alkyl-2-alkoxynaphtalènes impliquant une
réaction monotope d’alkylation mixte de la 2-tétralone à l’aide d’alcools et d’aldéhydes aliphatiques ou aromatiques
suivie d’une aromatisation.

Mots clés : éthers, aromatisation, réarrangement, alkylation, 2-alkoxynaphtalènes.
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Introduction

A variety of methods are known for the synthesis of 2-
alkoxy-1-arylmethylnaphthalenes (1, R = aryl), including the
reduction of 1-(2-alkoxynaphthyl) aryl ketones (1) or the re-
duction of 1-(2-alkoxynaphthyl) aryl carbinols (2), Pd(II)-
catalyzed C—C bond formation among 2-alkoxy-1-halon-
aphthalenes and substituted toluenes (3), and other proce-
dures that are cumbersome (4, 5). The C-1 alkylation and
etherfication of 2-naphthol using dialkyl sulfates leading to
2-alkoxy-1-alkylnaphthalenes (1, R = H, R′ = CH3; R = CH3,
R′ = C2H5) is known (6). This procedure has at least two
limitations: (i) the synthesis of the corresponding mixed
dialkyl derivatives is not possible; and (ii) the unavailability
of dialkyl sulfates limits the wider utility of this procedure.
Another compound belonging to this class, namely 1-butyl-
2-methoxynaphthlene (1, R = n-C3H7, R′ = CH3), was made
by a very lengthy and unwieldy procedure (7).

2-Alkoxy-1-arylmethylnaphthalenes (1, R = aryl, R′=
alkyl) may also be obtained by the etherification of the cor-
responding 1-arylmethyl-2-naphthols (1, R = aryl, R′ = H),
for which a number of methods are known. These include a
Fries-type rearrangement of 2-benzyloxynaphthalene (8), a
base-catalyzed reaction between benzyl chloride or benzyl
alcohol and 2-naphthol (9–12), as well as Zn-catalyzed
transfer of a benzyl group from various benzyl aryl ethers to

2-naphthol (8). Some of these reactions yield side products
(5, 8, 9, 11).

Recently this research group reported a novel synthetic
route to this class of compounds, which involved two simple
reaction steps (13). 1-Arylmethylene-2-tetralones (A, R =
aryl) (14) were converted to 2-alkoxy-1-arylmethylnaphth-
alenes (1, R = aryl, R′ = alkyl) under anhydrous acidic con-
ditions in common alcohols and the yields were generally
satisfactory (13). As the synthesis of 1-arylmethylene-2-
tetralones (A, R = aryl) can be carried out under anhydrous
acidic conditions (13–15) and the subsequent reactions
yielding the title compounds were also carried out under an-
hydrous acidic conditions (13), we thought that it should be
possible to carry out these two reactions in the same pot,
without isolating the corresponding intermediate 1-aryl-
methylene-2-tetralones (A, R = aryl). It was also realized
that the success of this three-component reaction would de-
pend on the sequence of occurrence of the two competing
reactions, viz. condensation of the aldehyde group with the
active methylene of 2-tetralone and the vinyl ether formation
between the alcohol and the enolic form of 2-tetralone based
on the reaction mechanism described previously (13) (and
later in this paper). This could easily be verified by perform-
ing the reactions.

The formation of 2-alkoxy-1-alkylnaphthalenes 1a–1i
(Fig. 1) from a mixture of 2-tetralone, aryl or alkyl alde-
hydes, and an absolute alcohol under anhydrous acidic con-
ditions (Scheme 1) is reported herein.

Experimental section

General
2-Tetralone and the substituted aldehydes were obtained

from Aldrich Chemical Co. Column chromatography
purifications were undertaken using silica gel (60–230 mesh)
obtained from Aldrich Chemical Co. Hydrogen chloride gas
was freshly generated in the laboratory by the action of con-
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centrated sulfuric acid on the mixture of sodium chloride in
concentrated hydrochloric acid in an appropriate apparatus.
1H NMR spectra were recorded on a Bruker AMX 300
NMR spectrometer at 300 MHz and HR-MS spectra were
obtained on VG-Analytical (Manchester, U.K.) VG-70 SEQ
spectrometer. Melting points were recorded on an electro-
thermal apparatus and are uncorrected.

Syntheses of 2-alkoxy-1-alkylnaphthalenes (1a–1i)

General procedure
A mixture of 2-tetralone (3 mmol) and an appropriate al-

dehyde (3 mmol) in absolute alcohol (10 mL) was cooled by
an ice bath to 0–5°C. Under anhydrous conditions, freshly
generated dry hydrogen chloride gas was passed briskly
through the solution for 20 min. The reaction mixture was
stirred at room temperature for 24 h. Thin layer chromatog-
raphy using precoated fluorescent silica gel and a developing
solvent of hexane:chloroform (1:4) showed the formation of
a faster moving product. The reaction mixture was evapo-
rated to dryness under vacuum. Products (1a–1c, 1e, 1f, 1h,
1i) were purified using a silica gel (230–400 mesh) column
with hexane as the eluent. Compounds 1d and 1g were ob-
tained as solid powders from the reaction and were quite
pure after filtration as viewed on TLC.

2-Methoxy-1-phenylmethylnaphthalene (1a)
White crystalline solid (yield: 76%). Rf = 0.59 (10%

EtOAc – hexane), mp 91 to 92°C (Lit. value (1) 81 to 82°C.
1H NMR (300 MHz, CDCl3) δ: 3.95 (3H, s, -OCH3), 4.50
(2H, s, Ar-CH2-Ar′), 7.10–7.22 (5H, m, Ar′-Hs), 7.30–7.36
(2H, m, H-3, 6), 7.38–7.42 (1H, m, H-7), 7.79–7.82 (2H, m,
H-4, 5), 7.91 (1H, d, J = 8.6 Hz, H-8). HR-MS calcd. for
C18H16O: 248.1201; found: 248.1196. EI-MS (70 eV) m/z
(% int.): 248 (100), 233 (16), 215 (39), 202 (24), 171 (21),
141 (17), 91 (14).

2-Ethoxy-1-phenylmethylnaphthalene (1b)
White crystalline solid (yield: 71%). Rf = 0.67 (10%

EtOAc – hexane), mp 74–76°C. 1H NMR (300 MHz,
CDCl3) δ: 1.40 (3H, t, J = 7.0 Hz, CH3), 4.17 (2H, q, J =
7.0 Hz, OCH2), 4.49 (2H, s, Ar-CH2-Ar′), 7.10–7.21 (5H, m,
Ar′-Hs), 7.29–7.34 (2H, m, H-3, 6), 7.38–7.41 (1H, m, H-7),
7.75–7.80 (2H, m, H-4, 5), 7.92 (1H, d, J = 8.4 Hz, H-8).
HR-MS calcd. for C19H18O: 262.1357; found: 262.1354. EI-
MS (70 eV) m/z (% int.): 262 (100), 233 (44), 215 (34), 156
(19), 128 (21), 91 (31).

2-Butoxy-1-phenylmethylnaphthalene (1c)
White crystalline solid (yield: 76%). Rf = 0.78 (10%

EtOAc – hexane), mp 30–32°C. 1H NMR (300 MHz,

CDCl3) δ: 0.95 (3H, t, J = 7.4 Hz, CH2CH3), 1.44–1.54
(2H, m, CH2), 1.73–1.82 (2H, m, CH2), 4.11 (2H, t, J =
6.4 Hz, OCH2), 4.50 (2H, s, Ar-CH2-Ar′), 7.10–7.22 (5H, m,
Ar′-Hs), 7.30–7.34 (2H, m, H-3, 6), 7.38–7.42 (1H, m, H-7),
7.76–7.80 (2H, m, H-4, 5), 7.93 (1H, d, J = 8.5 Hz, H-8).
HR-MS calcd. for C21H22O: 290.1670; found: 290.1677. EI-
MS (70 eV) m/z (% int.): 290 (100), 234 (89), 215 (36), 202
(30), 156 (29), 128 (24), 91 (47).

2-Methoxy-1-(4-nitrophenylmethyl)naphthalene (1d)
White solid (yield: 87%). Rf = 0.41 (10% EtOAc – hex-

ane), mp 103–105°C (Lit. value (3) 106–108°C). 1H NMR
data was found to be identical to that of the literature report
(3). HR-MS calcd. for C18H15NO3: 293.1052; found:
293.1058. EI-MS (70 eV) m/z (% int.): 293 (100), 278 (6),
262 (7), 231 (18), 215 (29), 202 (28), 171 (24), 141 (21),
128 (12), 101 (9).

1-(4-Chlorophenylmethyl)-2-methoxynaphthalene (1e)
White crystalline solid (yield: 92%). Rf = 0.49 (10%

EtOAc – hexane), mp 51 to 52°C. 1H NMR (300 MHz,
CDCl3) δ: 3.94 (3H, s, OCH3), 4.44 (2H, s, Ar-CH2-Ar′),
7.10 (2H, d, J = 8.6 Hz, H-2′, 6′), 7.16 (2H, d, J = 8.6 Hz, H-
3′, 5′), 7.32–7.36 (2H, m, H-3, 6), 7.39–7.47 (1H, m, H-7),
7.79–7.87 (3H, m, H-4, 5, 8). HR-MS calcd. for C18H15ClO:
282.0811; found: 282.0820. EI-MS (70 eV) m/z (% int.): 282
(100), 267 (13), 251 (20), 231 (26), 215 (49), 202 (31), 171
(29), 141 (20), 125 (18), 115 (14), 101 (17).

2-Methoxy-1-(4-methylphenylmethyl)naphthalene (1f)
White crystalline solid (yield: 84%). Rf = 0.47 (10%

EtOAc – hexane), mp 58 to 59°C. 1H NMR (300 MHz,
CDCl3) δ: 2.27 (3H, s, Ar-CH3), 3.95 (3H, s, OCH3), 4.46
(2H, s, Ar-CH2-Ar′), 7.02 (2H, d, J = 8.0 Hz, H-2′, 6′), 7.09
(2H, d, J = 8.2 Hz, H-3′, 5′) 7.30–7.37 (2H, m, H-3, 6),
7.38–7.43 (1H, m, H-7), 7.78–7.82 (2H, m, H-4, 5), 7.93
(1H, d, J = 8.6, H-8). HR-MS calcd. for C19H18O: 262.1357;
found: 262.1363. EI-MS (70 eV) m/z (% int.): 262 (100),
247 (25), 231 (34), 215 (34), 202 (19), 189 (8), 171 (15),
158 (10), 141 (14), 115 (13), 105 (16).

1-(4-Carbomethoxyphenylmethyl)-2-methoxynaphthalene
(1g)

White solid (yield: 90%). Rf = 0.28 (10% EtOAc – hex-
ane), mp 88 to 89°C. 1H NMR (300 MHz, CDCl3) δ: 3.86
(3H, s, CO2CH3), 3.94 (3H, s, OCH3), 4.52 (2H, s, Ar-CH2-
Ar′), 7.21–7.25 (2H, d, J = 8.5 Hz, H-2′, 6′), 7.32–7.44
(3H, m, H-3′, 5′, 6), 7.78–7.89 (5H, m, Ar-Hs). HR-MS
calcd. for C20H18O: 306.1256; found: 306.1266. EI-MS
(70 eV) m/z (% int.): 306 (100), 291 (4), 275 (14), 231 (15),
215 (27), 202 (14), 171 (13), 141 (12), 101 (7), 83 (27).
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2-Methoxy-1-propylnaphthalene (1h)
Light brown viscous oil (yield: 30%). Rf = 0.61 (10%

EtOAc – hexane). 1H NMR (300 MHz, CDCl3) δ: 1.02 (3H,
t, J = 7.3 Hz, CH2CH3), 1.63–1.70 (2H, m, CH2CH2CH3),
3.07 (2H, t, J = 7.9 Hz, ArCH2), 3.95 (3H, s, OCH3), 7.25–
7.37 (2H, m, H-3, 6), 7.44–7.51 (1H, m, H-7), 7.70–7.81
(2H, m, H-4, 5), 7.97 (1H, d, J = 8.6, H-8). 13C NMR
(75 MHz, CDCl3) δ: 14.70, 23.57, 27.20, 56.82, 113.75,
123.31, 123.64, 124.46, 126.26, 127.55, 128.70, 129.48,
133.28, 154.55. HR-MS calcd. for C14H16O: 200.1201;
found: 200.1208. EI-MS (70 eV) m/z (% int.): 200 (44), 183
(26), 171 (100), 157 (96), 141 (66), 128 (56), 115 (24).

1-Heptyl-2-methoxynaphthalene (1i)
Colorless viscous oil (yield: 78%). Rf = 0.65 (10%

EtOAc – hexane). 1H NMR (300 MHz, CDCl3) δ: 0.93 (3H,
t, J = 6.8 Hz, CH2CH3), 1.30–1.53 (8H, m,
ArCH2CH2(CH2)4CH3), 1.63–1.69 (2H, m, ArCH2CH2CH2),
3.11 (2H, t, J = 7.7 Hz, ArCH2), 3.96 (3H, s, OCH3), 7.29
(1H, d, J = 9.0 Hz, H-3), 7.33–7.39 (1H, m, H-6), 7.47–7.52
(1H, m, H-7), 7.73 (1H, d, J = 9.0 Hz, H-4), 7.81 (1H, d, J =
8.1, H-5), 8.0 (1H, d, J = 8.5, H-8). HR-MS calcd. for
C18H24O: 256.1827; found: 256.1825. EI-MS (70 eV)
m/z (% int.): 256 (51), 171 (100), 141 (31), 115 (7).

Results and discussion

It was found that when dry hydrogen gas was passed
through a solution of 2-tetralone and benzaldehyde in abso-
lute methanol for 20 min, and the reaction stirred at room
temperature for 24 h, the TLC showed the formation of a
faster moving spot. This product upon workup was charac-
terized as 2-methoxy-1-phenylmethylnaphthalene (1a) in
good yield.

The initial reactions in the present study were carried out
in methyl alcohol (1a, 1d–1g), but to confirm the generality
of this procedure, one reaction in each of ethyl alcohol and
n-butyl alcohol were also carried out under similar condi-
tions. These attempts with 2-tetralone and benzaldehyde suc-
cessfully yielded the compounds 1b and 1c. In the case of
the reaction of 2-tetralone with 4-carboxybenzaldehyde in
methanol, the obtained product (1g) had the carbomethoxy
group as expected. We also found that this reaction worked
for aliphatic aldehydes also and using propionaldehyde and
heptaldehyde in methanol, we were able to make 2-meth-

oxy-1-propylnapthalene 1h and 1-heptyl-2-
methoxynapthalene 1i in 30 and 78% yield, respectively.

The likely mechanism of formation of these compounds
seems similar to what was proposed in our previous paper
(13) except that 1-arylidene-2-tetralone (A, R = Ar) or 1-
alkylidene-2-tetralone (A, R = alkyl) are intermediates here.
The formation of the enol ether B and subsequent rearrange-
ment to C makes use of the extended conjugation
(Scheme 2). Formation of an α,β-unsaturated species from
the corresponding active methylene compound and alde-
hyde is very common in anhydrous acidic conditions (14,
15). Enol ethers are also easily formed under similar condi-
tions especially when the ketone has an α-hydrogen atom
(16), while hydronaphthalenes are quite amenable to
aromatization (13, 17). Aromatization reactions usually re-
quire catalysts and harsh conditions (17), though highly fac-
ile aromatizations in different structural moieties are known
(18). It was demonstrated by isotopic labeling studies in our
previous work (13) that the rearrangement of protons does
not take place by the less likely concerted 1,5-sigmatropic
type rearrangement (for which a cisoid conformation is a
prerequisite (19)) but follows the more favorable dissocia-
tion mechanism.

Based on these results, it can also be concluded that the
condensation of the aldehyde group with the active methy-
lene of 2-tetralone leading to the formation of A was favored
over the formation of vinyl ether D as the highly predomi-
nant (or exclusive) intermediate. No efforts were made to
detect the formation of D in the reaction mixture.

Conclusions

In conclusion, we have devised an exceptionally simple
method to perform efficient and selective mixed C- and O-
alkylation leading to 2-alkoxy-1-alkylnaphthalenes from 2-
tetralone using an aldehyde and an alcohol under anhydrous
acidic conditions. This transformation could be of impor-
tance to synthetic and combinatorial chemists. We are work-
ing towards widening the scope of this procedure.
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Corrosion et passivation de l’étain dans un milieu
simulé à une eau industrielle

El Habib Ait Addi, Lahcen Bazzi, Mostafa Hilali, El Alami Zine, Rachid Salghi et
Souad El Issami

Résumé : Le comportement à la corrosion de l’étain dans un milieu simulé à une eau industrielle a été étudié par em-
ploi des méthodes électrochimiques (tracé des courbes potentiodynamiques et mesure de la résistance de polarisation).
L’effet de la variation du pH, de la température et de la concentration des anions en solution a été étudié. Les résultats
obtenus montrent que la variation du pH (autour de la valeur 8,2 du milieu synthétique) n’a pas d’effet sur la sensibi-
lité à la piqûration de l’étain. Cependant, l’augmentation de la température de 20 à 70 °C accélère le processus de cor-
rosion. La présence des anions Cl– et SO4

2– favorise le processus de piqûration de l’étain. Les ions Cl– sont plus
agressifs que les ions SO4

2– alors que les ions HCO3
– ont une action inhibitrice vis-à-vis de la corrosion par piqûre de

l’étain dans le milieu étudié.

Mots clés : étain, corrosion, piqûration, eau industrielle.

Abstract: The corrosion behaviour of tin in a synthetic medium similar to an industrial water has been studied by us-
ing electrochemical methods (plotted potentiodynamic curves and polarization resistance measurement). The effect of
pH variation, temperature and concentration of anions in solution has been investigated. The results obtained show that
pH variation (around the value 8.2 of the synthetic medium) has no effect on the pitting sensitivity of tin. However, the
increasing of temperature in the range of 20–70°C accelerates the corrosion process. The presence of anions Cl– and
SO4

2– leads to pitting corrosion of tin. Cl– ions are more aggressive than SO4
2– ions, whereas HCO3

– ions acted as an
inhibitor for pitting corrosion of tin in the studied medium.

Key words: tin, corrosion, pitting, industrial water.
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Introduction

L’étain est un métal qui est largement utilisé dans
l’industrie agro-alimentaire. Il permet le recouvrement su-
perficiel des matériaux tel que l’acier pour les rendre plus
résistants à la corrosion dans les eaux industrielles. Cepen-
dant, ce matériau est susceptible d’être attaqué par le milieu
environnant. L’examen du diagramme potentiel–pH de
l’étain (1) montre que ce métal peut être dans un état actif
ou passif. Ainsi, l’étain réagit dans les milieux acides et ba-
siques et il est relativement stable et résistant dans les mi-
lieux neutres. Sa dissolution est minimale pour une valeur de
pH voisine de 8,5.

Plusieurs travaux ont été entrepris sur la corrosion de
l’étain en milieux neutres ou légèrement alcalins (2–11).

Parmi ces travaux, nous citons ceux de Drogowska et al. (2)
et de Brossard et al. (3) en milieu bicarbonate. Ces auteurs
ont montré que l’étain présente dans ce milieu un phéno-
mène de passivation sans rupture de passivité. Ils ont attri-
bué ce phénomène à la formation d’un film passif constitué
essentiellement par l’oxyde SnO2. En présence des ions Cl–,
l’étain devient sensible à la piqûration. La valeur du poten-
tiel de piqûration dépend à la fois de la teneur des ions Cl–

et des ions HCO3
– en solution (3). Les travaux de Refaey (4)

sur la corrosion de l’étain ont été entrepris dans une solution
de borate de sodium (pH = 8,35). Il a montré que l’addition
des ions Cl– ou Br– dans ce milieu provoque la corrosion par
piqûre de ce matériau et que les ions Cl– sont plus agressifs
que les ions Br–. Alvarez et al. (5) ont réalisé une étude sur
le comportement anodique de l’étain dans une solution conte-
nant soit les ions HCO3

––CO3
2– ou bien les ions B4O7

2–. Ces
auteurs ont suggéré que l’oxydation successive de Sn en
Sn(II) et de Sn(II) en Sn(IV) stabilise le film passif par le
processus de déshydratation. Les mêmes auteurs ont étudié
l’effet de la variation du pH entre 7,6 et 11,9 sur la dissolu-
tion de l’étain dans la solution de borate. Ils ont montré que
la meilleure résistance à la corrosion est obtenue pour une
valeur de pH égale à 11,9. Ils ont alors attribué ce phéno-
mène à la formation d’un film compact et résistant.

Le but de ce travail est d’étudier le comportement à la
corrosion de l’étain dans une solution simulée à une eau in-
dustrielle qui est utilisée dans l’industrie agroalimentaire à
Agadir (sud du Maroc). Cette eau industrielle est caracté-
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risée par des teneurs en ions Cl–, HCO3
– et SO4

2– variables
d’une unité de conserve à une autre. Nous évoquerons l’effet
de la variation du pH, de la température et de la concentration
des ions Cl–, HCO3

– et SO4
2– en solution. Notons l’absence à

notre connaissance de travaux antérieurs dans de tels milieux
contenant simultanément les trois anions précités.

Conditions expérimentales

Au cours de ce travail, nous avons fait appel à deux mé-
thodes électrochimiques. Il s’agit du tracé des courbes po-
tentiodynamiques et la mesure de la résistance de
polarisation.

Les essais électrochimiques ont été réalisés dans une cel-
lule étanche thermostatée munie d’orifices permettant
l’introduction de trois électrodes. L’électrode de référence
est une électrode au calomel saturée (ECS). La contre élec-
trode est en platine. L’électrode de travail est sous forme
d’un disque de surface S = 0,5 cm2 en étain enrobé dans une
résine et fixé verticalement sur un porte-échantillon. Avant
chaque essai, les échantillons subissent un polissage méca-
nique à l’aide de papier abrasif de granulométrie décrois-
sante allant jusqu’à 1200, un dégraissage à l’acétone, un
rinçage à l’eau bidistillée et un séchage à l’air comprimé.
L’étude électrochimique est réalisée à l’aide d’un
potentiostat–galvanostat PGP 201 piloté par ordinateur à
l’aide du logiciel (VoltaMaster). La vitesse de balayage
choisie est de 60 mV/min pour avoir des conditions quasi
stationnaires (12,13). Avant chaque tracé de la courbe de po-
larisation, l’électrode de travail est maintenue à son potentiel
libre pendant 30 min. La mesure de la résistance de polarisa-
tion Rp est réalisée dans les mêmes conditions que le tracé
des courbes de polarisation. Une surtension de –10 mV/ECS
est imposée à l’électrode de travail. La valeur de Rp est alors
déterminée à partir de la pente de droite obtenue. La solution
électrolytique est préalablement désaérée par un barbotage
continu d’azote et elle est soumise à une agitation constante.
Le milieu synthétique (milieu témoin) contenant 0,01 M Cl–,
0,008 M SO4

= et 0,003 M HCO3
–, est préparé par dissolution

dans l’eau bi-distillée de NaCl, Na2SO4 et Na2HCO3 de
grade pour analyse. La valeur du pH mesurée dans ces
conditions est égale à 8,2.

Résultats

Effet du pH
La variation du pH du milieu synthétique est assurée par

ajout dans le milieu témoin (pH = 8,2) de quelques gouttes
d’une solution de NaOH ou d’une solution de H2SO4. La va-
riation de la concentration anionique provoquée par cet ajout
reste négligeable. La température de la solution est fixée à
20 °C.

Les courbes de polarisation de l’étain enregistrées pour
différentes valeurs de pH du milieu sont représentées à la fi-
gure 1. Nous constatons que l’allure générale de la courbe
potentiodynamique est similaire pour les trois valeurs de pH.
La branche cathodique est caractérisée par un domaine li-
néaire indiquant la réduction de l’eau selon un mécanisme
d’activation pure (14) :

[1] 2 H2O + 4 e– → 4 OH–

Pour des surtensions plus cathodiques, il y a apparition
d’un palier de courant qui pourrait être attribué à la réduc-
tion des ions Sn2+ en solution.

[2] Sn2+ + 2 e– → Sn

L’examen de la branche anodique permet de conclure que
l’étain présente un phénomène de passivation avec rupture
de passivité par attaque localisée. En effet partant du poten-
tiel de corrosion, la densité de courant anodique augmente
avec le potentiel d’électrode pour atteindre un palier de cou-
rant appelé palier de passivation. La densité de courant de
passivation Ip est alors déterminée par la mesure de la hau-
teur du palier de courant. Lorsqu’on atteint la valeur du po-
tentiel de piqûration Epiq, la densité de courant anodique
augmente brusquement. Il y a alors piqûration de l’étain.

L’examen de la figure 1 montre que lorsque la valeur du
pH passe de 6,2 à 9,2, le potentiel de corrosion se déplace
vers les valeurs plus actives; alors que la valeur du potentiel
de piqûration reste sensiblement constante. Les densités de
courant de corrosion Icor et de passivation Ip subissent une
légère augmentation. Ce résultat est corroboré par la décrois-
sance subie par la résistance de polarisation lorsque le pH
croît et traduit la faible tendance à la corrosion uniforme de
l’étain.

Effet de la concentration des ions sulfates
La variation de la teneur en ions SO4

2– est réalisée par
dissolution de la quantité correspondante de Na2SO4 dans la
solution contenant 0,01 M Cl– et 0,003 M HCO3

–. Le pH de
la solution ainsi préparée reste voisin de la valeur 8,2 et la
température est fixée à 20 °C.

Les courbes de polarisation de l’étain dans le milieu
contenant les ions SO4

2– à différentes concentrations sont re-
présentées sur la figure 2. L’examen des résultats obtenus
montre que l’augmentation de la concentration des ions sul-
fates de 0,0002 à 0,08 M a pour effet un déplacement du po-
tentiel de piqûration vers des valeurs plus actives et du
potentiel de corrosion vers des valeurs plus nobles. Ce résul-
tat traduit la tendance de l’étain à la corrosion par piqûre en
présence de ces ions. Notons que les densités de courant de
corrosion Icor et de passivation Ip ne subissent qu’une légère
augmentation lorsque la teneur de ces ions croît en solution.

Effet de la concentration des ions chlorures
Les essais concernant l’effet de la variation de la teneur

en ions Cl– sont réalisés dans une solution contenant
0,008 M SO4

2– et 0,003 M HCO3
– et x M de Cl–. La valeur

de x désirée (entre 0,002 et 1 M) est obtenue par dissolution
de cristaux de NaCl dans la solution contenant les ions
SO4

2– et HCO3
–. Le pH de la solution obtenue est voisin de

la valeur 8,2 et la température est maintenue à 20 °C.
La figure 3 représente les courbes de polarisation de

l’étain enregistrées dans le milieu contenant différentes
concentrations en ions chlorures.

Dans la branche cathodique, nous constatons l’existence
de la portion linéaire au voisinage du potentiel de corrosion.
Ce qui traduit un comportement Tafelien pour la réduction
de l’eau (réaction 1). Néanmoins, le palier de courant ob-
servé pour des surtensions plus cathodiques a tendance à
s’élargir lorsque la teneur en ions Cl– en solution croît. Dans
la branche anodique, on assiste à un déplacement remar-
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Fig. 1. Courbes de polarisation de l’étain dans le milieu témoin pour différentes valeurs de pH à 20 °C.

Fig. 2. Courbes de polarisation de l’étain dans le milieu témoin pour différentes concentrations en ions sulfates à 20 °C.
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quable du potentiel de piqûration vers des valeurs plus acti-
ves au fur et à mesure que la teneur des ions Cl– en solution
augmente. L’étain devient donc plus sensible à la piqûration
à forte concentration en ions Cl–. L’évolution du potentiel de
piqûration Epiq en fonction du logarithme de la concentration
des ions Cl– (log[Cl–]) est représentée à la figure 4. À titre
de comparaison nous avons également représenté l’évolution
de Epiq en fonction de log[SO4

2–]. Nous constatons que les
deux variations sont sous forme de droites d’équations :

Epiq1 = a1 log[Cl–] + b1

Epiq2 = a2 log[SO4
2–] + b2

Où a1 et a2 représentent les pentes des deux droites, a1 =
–99 et a2 = –67; b1 et b2 sont des constantes.

Ce résultat traduit le caractère agressif des ions Cl– et
SO4

2– vis-à-vis de la corrosion par piqûre de l’étain dans le
milieu étudié.

Notons que les valeurs des autres paramètres électrochi-
miques (tableau 1) ne subissent qu’une légère variation en
présence des ions chlorures. Ces derniers n’ont pratiquement
pas d’effet sur la valeur Ip de la densité de courant de passi-
vation.

Effet de la concentration des ions hydrogénocarbonates
Les solutions contenants les ions HCO3

– à différentes
concentrations sont obtenues par dissolution de NaHCO3
dans le milieu contenant 0,008 M SO4

2– et 0,01 M de Cl–.
Le pH de la solution est ensuite ramené à la valeur 8,2 par
ajout de quelques gouttes de NaOH ou H2SO4. La tempéra-
ture est fixée à 20 °C.

La figure 5 illustre l’effet de la variation de la teneur en
ions hydrogénocarbonates sur les courbes de polarisation de
l’étain dans le milieu synthétique. L’examen de cette figure
révèle un changement remarquable dans la branche ano-
dique. En effet, lorsque la teneur en ions hydrogénocarbona-
tes augmente en solution, il y a apparition d’un domaine

d’activité au voisinage du potentiel de corrosion. Ce do-
maine est caractérisé par l’existence de deux pics I et II.
Drogowska et al. (2), Brossard et al. (3) et Alvares et al. (5)
ont observé le même phénomène dans des solutions conte-
nant les ions HCO3

–. Ces auteurs ont attribué les pics I et II
à la formation de Sn (II) et Sn (IV) respectivement. Pour des
surtensions plus anodiques, nous assistons à un large do-
maine de passivation avant d’atteindre la rupture de passi-
vité par attaque localisée. Signalons que la position du
potentiel de piqûration a tendance à se déplacer vers des va-
leurs plus nobles lorsque la concentration en ions hydrogé-
nocarbonates augmente. Ce résultat traduit le caractère
inhibiteur de ces ions vis-à-vis de la corrosion par piqûre de
l’étain dans le milieu étudié (fig. 6). Cependant, l’examen
des résultats présentés dans le tableau 2 révèle la tendance
de l’étain à la corrosion uniforme lorsque la concentration
des ions hydrogénocarbonates croît en solution. En effet, les
densités de courant de corrosion Icor et de passivation Ip aug-
mentent avec la teneur de ces ions en solution. Ces résultats
sont corroborés par les valeurs de Rp qui subissent une dé-
croissance monotone.

Pour étudier l’effet des ions hydrogénocarbonates en pré-
sence des ions Cl– à forte concentration, nous avons réalisé
des essais avec une teneur en ions Cl– égale à 1 M. La fi-
gure 7 représente les courbes de polarisation enregistrées
dans le milieu contenant 1 M Cl– à différentes concentra-
tions en ions hydrogénocarbonates. Nous constatons que ces
derniers ont un effet moins marqué sur l’inhibition de la cor-
rosion par piqûre de l’étain. Le potentiel de piqûration n’est
déplacé que de 230 mV vers des valeurs plus nobles pour
une augmentation de la teneur en ions hydrogénocarbonates
de 0,003 M. Signalons que pour le même intervalle, Epiq est
déplacé de plus de 2434 mV lorsque la concentration des
ions chlorures est égale à 0,01 M.

Les densités de courant de corrosion Icor et de passivation
Ip subissent quant à elles une nette augmentation (tableau 2)
lorsque la teneur en ions HCO3

– croît en solution. Ce résul-
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Fig. 3. Courbes de polarisation de l’étain dans le milieu témoin pour différentes concentrations en ions chlorures à 20 °C.
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tat traduit la tendance de l’étain à la corrosion généralisée en
présence de ces ions.

Effet de la température
Du fait que la température est l’un des facteurs suscepti-

bles de modifier le comportement des matériaux dans un mi-
lieu corrosif, nous avons mené une étude potentiodynamique
de l’étain dans le milieu synthétique (milieu témoin) à diffé-
rentes températures comprises entre 20 et 70 °C. Les cour-
bes de polarisation correspondantes sont représentées à la
figure 8. Les paramètres électrochimiques sont regroupés
dans le tableau 3. L’examen de ces résultats permet de faire
les constatations suivantes :

L’allure générale des courbes de polarisation n’est pas
modifiée par l’élévation de la température. En effet dans la
branche cathodique et partant du potentiel de corrosion, nous
constatons l’existence du domaine linéaire Tafelien qui tra-
duit la réduction de l’eau selon un mécanisme d’activation
pure (réaction 1). Pour des surtensions plus cathodiques,
nous retrouvons le palier de courant attribué à la réduction
des ions Sn2+ en solution (réaction 2) (15). L’élévation de la
température a cependant pour effet un accroissement des
densités de courant de corrosion et de passivation (tableau
3). Les potentiels de corrosion Ecor et de piqûration Epiq su-
bissent un déplacement vers des valeurs plus actives. Les ré-

sultats présentés dans le tableau 3 montrent que la corrosion
uniforme de l’étain dans le milieu étudié s’accentue avec
l’augmentation de la température.

Discussion

Dans ce travail, nous avons étudié le comportement à la
corrosion de l’étain dans une eau synthétique simulée à une
eau industrielle (pH = 8,2). Les résultats obtenus montrent
que l’étain présente un phénomène de passivation avec rup-
ture de passivité par attaque localisée. Le phénomène de
passivation est probablement dû à la formation d’une couche
passive protectrice qui limite la mise en solution de l’étain.
En effet, les densités de courant de corrosion Icor et de passi-
vation Ip ne dépassent pas quelques micro-ampères
(≈3 µA/cm2). Selon certains auteurs (2, 5), dans les milieux
ayant des pH voisins du pH du milieu neutre, la formation
de la couche passive suit le mécanisme réactionnel :

Sn + 2 OH– → Sn(OH)2 + 2 e–

Sn(OH)2 → SnO + H2O

SnO + H2O + 2 OH– → Sn(OH)4 + 2 e–

Sn(OH)4 → SnO2 + 2 H2O
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Fig. 4. Variation du potentiel de piqûration Epiq en fonction de la concentration des ions chlorures et sulfates.

[Cl–] (mol/L) Ecor (mV/ECS) Epiq (mV/ECS) Icor (µA/cm2) Ip (µA/cm2) Rp (kΩ·cm2)

0,002 –777 –145 1,5 3,3 16,10
0,01 –769 –234 1,4 3,1 16,94
0,1 –735 –284 1,3 3,4 17,61
1 –740 –430 1,0 3,4 28,11

Tableau 1. Effet de la concentration des ions chlorures sur les paramètres électrochimiques de l’étain dans le
milieu synthétique à 20 °C.
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Fig. 5. Courbes de polarisation de l’étain dans le milieu témoin pour différentes concentrations en ions hydrogénocarbonates à 20 °C.

Fig. 6. Variation du potentiel de piqûration Epiq en fonction de la concentration des ions hydrogénocarbonates à différentes concentra-
tions en ions chlorures à 20 °C.
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Ces auteurs ont également évoqué la possibilité de
l’oxydation directe de Sn (0) en Sn (IV) :

Sn + 4 OH– → Sn(OH)4 + 4 e–

Sn(OH)4 → SnO2 + 2 H2O

Dans le cas de notre milieu synthétique, la variation du
pH autour de la valeur 8,2 n’affecte pas la sensibilité à la pi-
qûration de l’étain. Le potentiel de piqûration demeure cons-
tant. Cependant, une légère augmentation des valeurs de Icor
et de Ip et un déplacement de Ecor vers des valeurs plus acti-
ves se produit lorsque le pH devient plus alcalin (pH = 9,2).
Ce phénomène pourrait être attribué à la solubilité des oxy-
des et des hydroxydes de Sn (II) et Sn (IV) qui croît avec la
teneur des ions OH– en solution (4).

L’effet de la variation de la concentration des anions
SO4

2–, HCO3
– et Cl– sur la résistance à la corrosion de

l’étain dans le milieu synthétique a été étudié. Ainsi les ions
SO4

2– et Cl– sont des stimulateurs de la corrosion par piqûre
de l’étain. En effet, lorsque la concentration de ces ions croît

en solution, le potentiel de piqûration Epiq a tendance à se
déplacer vers des valeurs plus actives. Les variations de Epiq
en fonction de log[Cl–] et log[SO4

2–] sont des droites de
pentes négatives a1 et a2. Nous remarquons que la valeur de
a1 est supérieure à celle de a2; ce qui montre que les ions Cl–

sont plus agressifs que les ions SO4
2– vis-à-vis de la corro-

sion par piqûre de l’étain dans le milieu synthétique. Ce ré-
sultat pourrait être attribué à la taille des ions Cl– plus petite
que celle des ions SO4

2–; ce qui facilite leur adsorption à la
surface du film passif puis leur pénétration à travers les dé-
fauts ponctuels et les pores. Il y a alors rupture de passivité
(4). Notons que la densité de courant de corrosion est prati-
quement indépendante de la concentration des ions Cl– et
SO4

2–; résultats en accord avec les travaux de Drogowska et
al. (16).

Dans le cas des ions HCO3
–, deux phénomènes antagonis-

tes se produisent. Le premier est relatif au caractère inhibi-
teur de ces ions vis-à-vis de la corrosion par piqûre de
l’étain dans le milieu étudié. Ce phénomène est clairement
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Fig. 7. Courbes de polarisation de l’étain dans le milieu témoin pour différentes concentrations en ions hydrogénocarbonates et pour
une concentration en ions Cl– égale à 1 M.

[Cl–]
(mol/L)

[HCO3
–]

(mol/L)
Ecor

(mV/ECS)
Epiq

(mV/ECS)
Icor

(µA/cm2)
Ip

(µA/cm2)
Rp

(kΩ·cm2)

3 –765 –271 1,2 2,3 21,41
0,003 –769 –234 1,4 3,1 16,94

0,01 0,03 –763 500 1,8 3 14,21
0,1 –771 1300 4 12 4,12
0,3 –797 2200 13 66 0,90
0,003 –740 –430 1 3,4 28,10

1 0,1 –747 –285 4,4 7,5 3,72
0,3 –776 –200 17 90 1,12

Tableau 2. Effet de la concentration des ions hydrogénocarbonates sur les paramètres électrochimiques de l’étain, à différentes concen-
trations en ions chlorures, dans le milieu synthétique à 20 °C.
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démontré par l’évolution du potentiel de piqûration Epiq en
fonction de log [HCO3

–] et qui présente une pente positive
(fig. 6, tracé a). Cependant, la valeur de la pente de la droite
décroît sans devenir négative lorsque la teneur des ions Cl–

en solution passe de 0,01 à 1 M (fig. 6, tracé b). Ce résultat
montre que les ions HCO3

– ont un caractère inhibiteur moins
marqué vis-à-vis de la corrosion par piqûre à forte concen-
tration en ions Cl–.

Le deuxième phénomène traduit le caractère agressif des
ions HCO3

– vis-à-vis de la corrosion uniforme de l’étain. En
effet, les valeurs de Icor, estimées par extrapolation des pen-
tes de Tafel cathodiques au potentiel de corrosion, ont ten-
dance à augmenter avec la concentration des ions HCO3

–. Ce
résultat est corroboré par la décroissance subie par la valeur
de la résistance de polarisation Rp et pourrait être attribué à
la stabilisation des cations Sn2+ et Sn4+ par leur complexa-
tion avec les anions HCO3

––CO3
2– en solution (3).

Pour des concentrations en ions HCO3
– supérieures à

0,03 M, il y a apparition dans la branche anodique d’un do-
maine d’activité caractérisé par l’existence de deux pics
d’oxydation I et II attribué à la formation de Sn (II) et Sn(IV)
respectivement (2–5). La hauteur de ces deux pics a tendance
à croître avec la concentration en ions HCO3

– en solution. Ce

phénomène pourrait être expliqué par la participation directe
de ces ions dans le processus de dissolution et la formation de
certains complexes solubles en solution (2, 3, 4).

L’influence de la température sur la résistance à la corro-
sion de l’étain dans le milieu synthétique a été étudiée.
L’intervalle de température choisi est compris entre 20 et
70 °C. Les résultats obtenus (fig. 8; tableau 5) montrent clai-
rement l’effet défavorable de l’augmentation de la tempéra-
ture sur la corrosion et la passivation de l’étain. Ceci se
traduit par une croissance monotone des densités de courant
de corrosion Icor et de passivation Ip. Ce résultat est en ac-
cord avec la décroissance des valeurs de la résistance de po-
larisation Rp. Nous assistons également à un déplacement
des potentiels de corrosion Ecor et de piqûration Epiq vers des
valeurs plus actives lorsque la température augmente.
L’évolution du logarithme des densités de courant de corro-
sion Icor et de passivation Ip en fonction de l’inverse de la
température absolue est représentée sur la figure 9. Nous
constatons que la loi d’Arhénius est vérifiée pour chacune
des variations log Icor en fonction de (1/T) et log Ip en fonc-
tion de (1/T). Nous pouvons ainsi calculer les valeurs des
énergies d’activation apparentes en utilisant les relations sui-
vantes :
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Fig. 8. Courbes de polarisation de l’étain dans le milieu témoin à différentes températures.

Température
(°C)

Ecor

(mV/ECS)
Epiq

(mV/ECS)
Icor

(µA/cm2)
Ip

(µA/cm2)
Rp

(kΩ·cm2)

20 –769 –234 1,4 3,1 16,94
30 –794 –240 2 3,7 14,10
40 –811 –275 3,1 5,4 7,22
50 –826 –330 4,4 7 3,72
60 –839 –320 6,9 11 2,04
70 –852 –327 9,2 18 1,58

Tableau 3. Effet de la variation de la température sur les paramètres électrochimiques de l’étain dans le
milieu synthétique.
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Icor = A exp(–E/RT)

Ip = A′ exp(–E′/RT)

Où E et E′ représentent les énergies d’activation apparen-
tes, R la constante des gaz parfaits et A et A′ sont des cons-
tantes.

Les valeurs des énergies d’activation apparentes trouvées
sont : E = 14 KJ/mole et E′= 20 KJ/mole.

Nous remarquons que l’énergie d’activation E calculée à
partir de la densité de courant de corrosion Icor est inférieure
à celle calculée à partir de la densité de courant de passiva-
tion Ip. Selon certains auteurs (3), les valeurs de E caractéri-
sent le processus de dissolution de l’étain. Ainsi, lorsque le
métal est au potentiel libre de corrosion, il y a probablement
formation d’un film mince et poreux. Le processus de corro-
sion se fait alors à travers ce film. En appliquant une surten-
sion anodique dans le domaine de passivation, le film passif
devient compact et protecteur probablement à travers un mé-
canisme de dissolution–précipitation (3). La mise en solution
de l’étain serait plus difficile; ce qui explique la valeur de E′
plus importante par rapport à celle de E.

Conclusion

Dans ce travail, nous avons étudié le comportement à la
corrosion de l’étain dans une eau synthétique simulée à une
eau industrielle. L’effet de la variation du pH du milieu, de
la concentration des anions en solution et de la température
a été évoqué. Ainsi :

L’étain présente dans le milieu synthétique un phénomène
de passivation avec rupture de passivité par attaque localisée.

La variation du pH autour du pH du milieu synthétique
(8,2) n’a pas d’effet sur la sensibilité à la piqûration de
l’étain.

L’augmentation de la température provoque une accéléra-
tion du processus de corrosion.

L’étain s’annonce très sensible aux variations de la
concentration des anions en solution. En effet, les ions Cl– et
SO4

2– stimulent la corrosion par piqûre mais restent sans ef-
fet notable sur la corrosion uniforme de l’étain. Par contre,
les ions HCO3

– réduisent la sensibilité à la piqûration de
l’étain dans le milieu étudié.
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Fig. 9. Droites d’Arhénius pour l’étain dans le milieu témoin.
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Volumetric studies of ion solvation in propylene
carbonate + N,N-dimethylformamide electrolyte
solutions

Yang Zhao, Jianji Wang, Xiaopeng Xuan, and Ruisen Lin

Abstract: Apparent molar volumes V2,φ and standard partial molar volumes V2,φ
� for tetraethylammonium bromide

(Et4NBr), tetrapropylammonium bromide (Pr4NBr), tetrabutylammonium bromide (Bu4NBr), and tetrahexylammonium
bromide (Hex4NBr) have been determined at 298.15 K from precise density measurements in solvent mixtures of pro-
pylene carbonate (PC) with N,N-dimethylformamide (DMF). Combined with our previous data for LiClO4 and LiBr in
the same solvents, ionic molar volumes of Li+, Et4N+, Pr4N+, Bu4N+, Hex4N+, and related anions have been deduced
from the extrapolation method suggested by Conway and co-workers. It is shown that the molar volumes of these cat-
ions are quite independent of the nature of the solvent and the composition of the solvent mixtures, in contrast to those
of ClO4

– and Br– anions. This suggests that the Lewis-base-type solvents with similar molecular volumes have similar
interactions with Li+. The constancy in partial molar volume for tetraalkylammonium ions provides helpful evidence for
the lack of solvation of large tetraalkylammonium cations in organic solvents. These findings have been interpreted us-
ing scaled-particle theory. The results are discussed in terms of ion solvation, packing effects of solvent molecules in
the solvation shell, and the electrostriction of solvents.

Key words: ionic volumes, propylene carbonate, N,N-dimethylformamide, solvent mixtures, solvation, lithium batteries.

Résumé : Faisant appel à des mesures précises de densité faites à 298,15 K dans des mélanges de carbonate de propy-
lène (CP) et de N,N-diméthylformamide (DMF) comme solvant, on a déterminé les volumes molaires apparents, V2,φ, et
les volumes molaires partiels standards, V2,φ

� , du bromure de tétraéthylammonium (Et4NBr), du bromure de tétrapropyl-
ammonium (Pr4NBr), du bromure de tétrabutylammonium (Bu4NBr) et du bromure de tétrahexylammonium (Hex4NBr).
Faisant appel à la méthode d’extrapolation suggérée par Conway et ses collaborateurs, on a combiné ces données avec
celles obtenues antérieurement pour le LiClO4 et le LiBr dans les mêmes solvants pour en déduire les volumes molai-
res ioniques de Li+, Et4N+, Pr4N+, Bu4N+, Hex4N+ et des anions apparentés. Il est démontré que les volumes molaires
de ces cations sont assez indépendants de la nature du solvant et de la composition des mélanges de solvants; ce com-
portement est en opposition à celui des anions ClO4

– et Br–. Ceci suggère que les solvants de type base de Lewis de
volumes moléculaires semblables ont des interactions semblables avec le Li+. La constance du volume molaire partiel
des ions tétraalkylammonium fournit des indications utiles pour le manque de solvatation des cations tétraalkylammo-
nium volumineux dans les solvants organiques. Ces observations ont été interprétées à l’aide de la théorie de la parti-
cule scalaire. Les résultats sont discutés en fonction de la solvatation des ions, des effets d’entassement des molécules
de solvant dans la couche de solvatation et de l’électrostriction des solvants.

Mots clés : volumes ioniques, carbonate de propylène, N,N-diméthylformamide, mélanges de solvants, solvatation, bat-
teries au lithium.

[Traduit par la Rédaction] Zhao et al. 314

Introduction

Molar volumes of electrolytes affect the properties of lith-
ium-battery electrolyte solutions such as conductivity and
viscosity, etc. (1). They also influence the behavior of the
electrodes during cycling. Therefore, studies of volumetric
properties are important for developing an understanding of

ion–solvent and ion–ion interactions in lithium-battery
electrolyte solutions.

Literature surveys reveal that there have been numerous
studies of conductivity, viscosity, and other properties for
lithium-battery electrolyte solutions. However, very little in-
vestigation has been carried out on the related volumetric
properties. Zana et al. (2) obtained the ionic volume of sev-
eral electrolytes in PC from densities, ultrasonic vibration
potentials, and transference numbers of electrolytes mea-
sured at 298.15 K. They compared their results with those
deduced by other ionic scales and found that the electro-
striction in PC is close to that for water, ethylene glycol, eth-
anol, and dimethyl sulfoxide. The apparent molar volumes
of several electrolytes in solvent mixtures of PC with aceto-
nitrile (AN), dimethoxyethane (DME), and tetrahydrofuran
(THF) have been determined by Atkins et al. (3), but the
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volumes were measured at an electrolyte concentration of
0.05 mol dm–3. No standard partial molar volumes were re-
ported for these systems. Couture et al. (4) reported the vol-
umes, heat capacities, and specific conductivities of LiClO4
and LiBr in mixtures of γ-butyrolactone (BL) with DME or
PC. The properties of water in DME, BL, and their mixtures
have been compared in the presence of LiClO4 and LiBr.
Recently, Naejus et al. (5) determined the standard partial
molar volumes of LiClO4, LiCF3SO3, and LiPF6 in PC, eth-
ylene carbonate (EC), and DMC, and of LiClO4 in mixtures
of EC with dimethyl carbonate (DMC) or PC. Partial molar
volumes of Li+ and related anions in these solvents have
been deduced and the effects are discussed in terms of ion–
solvent interactions. The solvation of LiAsF6 in PC has been
discussed by Afanas’ev et al. (6) on the basis of the dissolu-
tion heat, conductivity, and solution density and viscosity. It
was shown that the donor–acceptor interaction between Li+

ions and the oxygen atoms of the carbonyl groups of PC
makes the main contribution to the enthalpy. In a prelimi-
nary study (7), the standard partial molar volumes of LiClO4
and LiBr in solvent mixtures of PC with DMF, AN, THF,
and methyl formate (MF) as a function of the mole fraction
of the co-solvent have been reported by us. It was shown
that these standard partial molar volumes are strongly de-
pendent on the nature of the solvents and that the trends in
V2,φ

� with changes in composition of the solvent mixtures are
determined by the interaction volumes of electrolytes with
solvents.

To study the solvation of Li+ and related anions in PC +
DMF mixed solvents, which show potential as battery sol-
vents (8), the partial molar volumes of tetraethylammonium
bromide, tetrapropylammonium bromide, tetrabutyl-
ammonium bromide, and tetrahexylammonium bromide are
reported here. The Conway extrapolation method (9) is used
to separate the contribution of the anion and cation. The re-
sults are discussed in terms of ion–solvent interactions.

Experimental

Materials
Et4NBr (Shanghai Chem. Co., A.R.) was recrystallized

from ethanol and dried at 333–353 K under vacuum for
2 days. Pr4NBr (Fluka, A.T.) was recrystallized from acetone
or methanol and dried at 383 K under vacuum for 2 days.
Bu4NBr (Shanghai Chem. Co., A.R.) was recrystallized from
acetone or ethyl ether and dried at 333–353 K under vacuum
for 2 days. Hex4NBr (ACROS Organic, New Jersey, U.S.A.)
was dried at room temperature under vacuum for 2 days be-
fore use.

Propylene carbonate (Luoyang Chemical Factory, A.R.)
was dried over 4 Å molecular sieves for several days,
refluxed for 5 h in the presence of sodium, and then distilled
at reduced pressure. The middle fraction of the distillate was
collected. N,N-Dimethylformamide (Tianjin Chemical Fac-
tory, A.R.) was mixed with 10% (by volume) of benzene
(Beijing Chemical Factory, A.R.). The azeotrope was re-
moved by distillation under atmosphere pressure at about
353 K. The product was dried over silica gel and distilled at
reduced pressure.

Both solvents are highly hygroscopic, so the purified sol-
vents were stored over P2O5 in desiccators before use. The

water content, determined by the Karl Fischer method, was
less than 100 ppm.

Measurements
All solutions were prepared by weight, and the concentra-

tions of the electrolytes are expressed as molalities (mol kg–1).
Every precaution was taken to minimize contamination by
water. The composition of the binary solvents is always repre-
sented by mole fraction (x) of DMF in the solvent mixtures.

Solution densities accurate to ±1.5 × 10–5 g cm–3 were de-
termined with an Anton Paar DMA 60/602 vibrating-tube
densimeter. The temperature around the density meter cell
was controlled to 298.15 ± 0.005 K using a CT-1450 tem-
perature controller and a CK-100 ultracryostat. The densi-
meter was calibrated with pure water and dry air every day.
Other experimental details have been described previously
(7, 10).

Results and discussion

Molar volume of electrolytes
Apparent molar volumes of tetraalkylammonium bro-

mides in a given solvent were calculated from solution den-
sities by

[1] V
M

m
2

3
0

0

10
,

( )
φ = − −

ρ
ρ ρ
ρρ

where M and m are, respectively, molar mass and molality of
the electrolytes; ρ and ρ0 are densities of the ternary solutions
and the binary solvents, respectively, in units of g cm–3. Ap-
parent molar volumes of tetraalkylammonium bromides in
PC + DMF solvent mixtures are given in Table 1.

It was found that V2,φ varied linearly with the square root
of molalities of the salts in the studied concentration range
(0.01 mol kg–1 < m < 0.11 mol kg–1).

[2] V V S mv2 2
1 2

, ,
/

φ φ= +�

where V2,φ
� is the infinite-dilution apparent molar volume and

SV is the slope. Values of V2,φ
� obtained by least-squares fit-

ting are listed in Table 2, along with their standard devia-
tions. Our standard partial molar volumes for Et4NBr,
Pr4NBr, and Bu4NBr in PC are, respectively, 166.16, 235.65,
and 304.09 cm3 mol–1, in excellent agreement with those
reported by Zana et al. (2) (166.15, 235.64, and
304.17 cm3 mol–1, respectively). No literature data can be
found in regards to the mixed solvents.

It can be seen from Table 2 that the standard partial molar
volumes of the tetraalkylammonium bromides in a given sol-
vent increase with increasing number of carbon atoms (nC)
in the alkyl chains of the cation of the electrolyte and de-
crease with increasing mole fraction of DMF in the mix-
tures. The dependence of V2,φ

� on nC in every mixed solvent
can be accurately fitted with the following series of linear
equations:

[3] xDMF = 0.0000, VR NBr4

� = 28.43 + 17.24 nC

[4] xDMF = 0.2500, VR NBr4

� = 26.88 + 17.22 nC

[5] xDMF = 0.5000, VR NBr4

� = 23.65 + 17.23 nC

[6] xDMF = 0.7500, VR NBr4

� = 18.89 + 17.29 nC

© 2003 NRC Canada
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[7] xDMF = 1.0000, VR NBr4

� = 11.74 + 17.30 nC,

with correlation coefficient r ≥ 0.9999. Values of the slopes
in these equations, which represent the contribution of -CH2-
groups to the partial molar volumes of tetraalkylammonium
salts, are almost identical. However, the intercepts of the
above equations, which represent the contribution of N+Br–,
decrease with increasing mole fraction of DMF. The trend in
the partial molar volume for N+Br– with changes in the com-
position of the solvent mixtures is the same as that for the
tetraalkylammonium bromides. This indicates that it is the
interactions of N+Br– with solvent molecules that play an
important role in the molar volumes of the salts. It should be
pointed out that the above equations can be used to predict
the partial molar volumes of other tetraalkylammonium salts
in PC + DMF mixed solvents. For example, VPen NBr4

� =
373.21 cm3 mol–1 has been calculated for Pen4NBr in PC by
eq. [3]. It is in excellent agreement with the value
(373.49 cm3 mol–1) reported in literature (2).

On the other hand, the standard partial molar volumes of
LiClO4 and LiBr are also found to be dependent on the na-
ture of the solvents and the composition of the solvent mix-
tures. To understand these experimental results, it is essential
to divide the standard partial molar volumes of the electro-
lytes into individual ionic contributions.

Molar volume of ions
The major methods for obtaining individual ionic standard

partial molar volumes from whole electrolyte data in both
aqueous and nonaqueous solutions were critically reviewed
by Hefter and Marcus (11). Of the proposed methods, only
the “direct” methods such as the ultrasonic vibration poten-
tial method, reference electrolyte methods, extrapolation
methods, and the method involving crystal ionic radii of al-
kali metal and halide ions have either been widely used or
may be considered to present relatively few theoretical diffi-
culties. However, the reference electrolyte approach, using
an electrolyte such as tertraphenylarsonium tetraphenyl-
borate (TATB), appears to be the least objectionable of those
available methods. On the other hand, the extrapolating
method for the division of the standard partial molar vol-
umes of the electrolyte into ionic contributions has been
demonstrated to be more reliable (5), especially when or-
ganic solvents are used. Following the latter suggestion, the
approach proposed by Conway et al. (9) has been employed
in the present work. This approach was based on the as-
sumption of the lack of solvation of large tetraalkyl-
ammonium ions in organic solvents. In the last few years,
this method has been used more frequently. For example,

Saha and Das (12) used this method to separate the partial
molar volumes of six symmetric tetraalkylammonium bro-
mides in methanol + acetonitrile binary mixtures into ionic
contributions. It has been found that V2,φ

� values for R4N-
halides (R4NX) are linear functions of the molar mass for
the cation ( )M NR4

+ :

[8] V V bMR NX X R N +
4 4

° °= +−

The intercept represents the standard partial molar volume of
X–, such as Cl–, Br–, and I–.

Figure 1 shows the linear plots between the partial molar
volume for tetraalkylammonium bromides in PC + DMF
mixtures and the molar mass of the corresponding tetra-
alkylammonium ions. From the standard partial molar vol-
umes of Br– in the mixtures obtained by least-squares
analysis, the ionic molar volumes of Li+, ClO4

–, and the
tetraalkylammonium ions have been inferred based on the
additivity law for electrolyte molar volumes and are reported
in Table 3. It can be seen that VLi +

� is quite independent of
the nature of the solvents under investigation. The mean
value of 9.5 cm3 mol–1 is different from that obtained in pre-
vious studies (3) using the TATB assumption ( /V VTA TB+ − =� �

1.000): VLi +
� = –9 cm3 mol–1. As the ratio V VTA TB+ −

� �/ has been
found to be solvent dependent, the TATB method may there-
fore sharply affect the volume of cation relative to those of
anions. However, our result is in approximate agreement

© 2003 NRC Canada
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V2,φ
� (cm3 mol–1)

x LiClO4
a LiBra (Et)4NBr (Pr)4NBr (Bu)4NBr (Hex)4NBr

0.0000 37.15 ± 0.08 15.26 ± 0.11 166.16 ± 0.05 235.65 ± 0.06 304.09 ± 0.05 442.16 ± 0.01
0.2500 36.11 ± 0.03 14.23 ± 0.09 164.23 ± 0.02 234.07 ± 0.03 302.56 ± 0.01 440.06 ± 0.01
0.5000 34.30 ± 0.10 11.19 ± 0.12 160.98 ± 0.03 230.71 ± 0.03 299.83 ± 0.03 436.80 ± 0.06
0.7500 31.36 ± 0.06 5.97 ± 0.16 156.96 ± 0.03 227.00 ± 0.06 295.28 ± 0.02 433.96 ± 0.02
1.0000 25.97 ± 0.20 –0.92 ± 0.16 150.29 ± 0.11 219.52 ± 0.10 288.08 ± 0.14 427.20 ± 0.04

aReference 7.

Table 2. Standard partial molar volumes ( ),V2 Φ
� of tetraalkylammonium bromides and lithium slats in (1 – x)PC +

xDMF mixtures at 298.15 K as a function of the mole fraction of DMF.

Fig. 1. Linear plots of V2,φ
� vs. the molar mass of R4N+ ions in

(1 – x)PC + xDMF mixtures as a function of the mole fraction
of DMF.
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with the value of 5.2 cm3 mol–1 obtained at 313.15 K using
the King method (5). This is attributed to the fact that both
the King and Conway methods have the same theoretical
base.

It is interesting to find from Table 3 that the partial molar
volumes for a given quaternary ammonium ion R4N

+ are al-
most constant in value from one solvent to another. Similar
behavior has also been reported for tetraalkylammonium ions
in other pure organic solvents (12, 13). The average values for
the partial molar volumes of the tetraalkylammonium ions in
PC + DMF mixtures at 298.15 K obtained are as follows:
VEt N4

+
� = 160.0 ± 0.9 cm3 mol–1, VPr N4

+
� = 229.7 ±

0.9 cm3 mol–1, VBu N4
+

� = 298.3 ± 0.9 cm3 mol–1, and
VHex N4

+
� = 436.4 ± 0.9 cm3 mol–1. These values are in fair

agreement with VEt N4
+

� = 160.8 ± 1.0 cm3 mol–1, VPr N4
+

� =
230.8 ± 0.1 cm3 mol–1, VBu N4

+
� = 298.6 ± 1.3 cm3 mol–1, and

VHex N4
+

� (at 313.15 K) = 442.2 ± 4.8 cm3 mol–1 reported by
Krumgalz (14) with PC, EC, dimethylsulfoxide, formamide,
and N-methyl acetamide as solvents at 298.15 K. This con-
stancy in different solvents and solvent mixtures is evidence
for the lack of solvation of large tetraalkylammonium cat-
ions in organic solvents. Furthermore, the proportionality of
the partial molar volumes of tetraalkylammonium cations to
the number of alkyl carbon atoms nC (see Fig. 2) means that
the contribution of -CH2- to the partial molar volumes of
these cations is constant. This contribution can be expressed
by

[9] V a V ncR N CH4
+

� = + °
2

with correlation coefficient r ≥ 0.9999. An average value for
VCH 2

� has been calculated to be 17.26 ± 0.04 cm3 mol–1,
which is in good agreement with the value of 17.33 ±
0.09 cm3 mol–1 reported for a series of organic solvents (14)
at 298.15 K. Therefore, the contribution of the -CH2- group
to the volumes of tetraalkylammonium cation apparently has
little to do with the nature of solvent and the composition of
the solvent mixtures. The most likely explanation is that the
-CH2- group and, accordingly, the hydrocarbon chain for the
cations are not solvated by the solvent molecules. The cen-
tral meaning of the Conway method is fully embodied in
these results. Moreover, it is surprising to note that the inter-
cepts of the five straight lines, which are the contributions
from N+, are almost identical. An average value of
22.22 cm3 mol–1 was obtained. This suggests that the contri-
bution of N+ is also unrelated to the solvent properties.
Therefore, it can be concluded that the contribution of N+Br–

to the molar volumes of the electrolytes is mainly owing to
the interaction of Br– with the solvent molecules.

Interactions of ion with the solvents
At infinite dilution, where ion–ion interactions are absent,

the partial molar volumes of ions are particularly appropriate
for the study of ion–solvent interactions. IR and Raman
spectra for PC + DMF mixtures investigated by us (15) indi-
cated that PC and DMF molecules interact very weakly.
Density and viscosity measurements (16) confirmed this ob-
servation. It can be concluded that the weak interaction be-
tween PC and DMF molecules would not affect the
interaction of ions with solvents.

IR, Raman, and 7Li NMR data (15, 17) suggest that the
interactions of Li+ with PC or DMF are strong in PC + DMF
electrolyte solutions and that anions do not influence solva-
tion of the Li+ ions. A coordination number of 4 has been re-
ported for Li+ in PC (15) and DMF (17), reflecting the
extent of ion solvation. Therefore, a similar solvation mech-
anism is operative in PC and DMF. Since no great difference
in molecular size (molar volumes for PC and DMF at
298.15 K are 85.2 and 77.4 cm3 mol–1, respectively) and sol-
vation properties toward Li+ was observed between PC and
DMF, it is not surprising that the partial molar volume of Li+

is independent of the nature of the pure solvents and the
composition of the solvent mixtures.

In a partial molar volume study of ions in carbonate sol-
vents such as EC, DMC, and their mixtures, Naejus et al. (5)
pointed out that the independence of Li+ volumes on the na-
ture of these solvents could be attributed to the fact that Li+
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Vion
° (cm3 mol–1)

x Li+ Br– ClO4
– (Et)4N+ (Pr)4N+ (Bu)4N+ (Hex)4N+

0.0000 9.1 ± 0.4 6.2 ± 0.4 28.1 ± 0.4 160.0 ± 0.4 229.5 ± 0.4 297.9 ± 0.4 436.0 ± 0.4
0.2500 9.5 ± 0.7 4.7 ± 0.7 26.6 ± 0.7 159.5 ± 0.7 229.4 ± 0.7 297.9 ± 0.7 435.4 ± 0.7
0.5000 9.7 ± 0.9 1.5 ± 0.9 24.6 ± 0.9 159.5 ± 0.9 229.2 ± 0.9 298.3 ± 0.9 435.3 ± 0.9
0.7500 9.4 ± 0.7 –3.4 ± 0.7 22.0 ± 0.7 160.4 ± 0.7 230.4 ± 0.7 298.7 ± 0.7 437.4 ± 0.7
1.0000 9.6 ± 0.6 –10.5 ± 0.6 16.4 ± 0.6 160.8 ± 0.6 230.0 ± 0.6 298.6 ± 0.6 437.7 ± 0.6

Table 3. Ionic standard partial molar volume ( )Vion
� at 298.15 K in (1 – x)PC + xDMF mixtures as a function of the

mole fraction of DMF.

Fig. 2. Dependence of partial molar volumes of R4N+ on the
number of carbon atoms in (1 – x)PC + xDMF mixtures as a
function of the mole fraction of DMF.
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is strongly coordinated by Lewis-base-type solvents. In our
opinion, the solvent molar volumes are also an important
factor for ion solvation in solvent mixtures. For example,
Li+ is also solvated strongly by AN, as reported by Atkins et
al. (3). However, the molar volume of AN (52.9 cm3 mol–1)
is significantly different from that of PC (85.2 cm3 mol–1). It
is expected that the standard partial molar volumes of Li+ in
PC + AN mixtures should decrease with increasing mole
fraction of AN. This expectation is supported by the results
of Atkins et al. (3). Of course, this point should be con-
firmed by more experimental work.

Because the molar volume of Li+ is almost constant in the
solvents studied, the dependence of the molar volumes for
Br– and ClO4

– on the composition of the solvent mixtures is
similar to those for LiBr and LiClO4 (see Fig. 3), showing a
trend that decreases with increasing mole fraction of DMF
in the mixtures. According to the Drude–Nernst equation,
the electrostatic field of an ion can penetrate much deeper
into a low-dielectric-constant solvent such as DMF than into
PC, leading to the increased electrostriction of the solvents
and the decreased partial molar volumes of ions. This is also
responsible for the decreased intercept in eqs. [3–7], which
is mainly the contribution of Br–, with the addition of DMF
in PC.

Since both PC and DMF have weak acceptor properties
(acceptor number (AN) for PC and DMF is 18.3 and 13.6, re-
spectively), anions are usually considered as non-
coordinated in these solvents. Steric crowding of solvent
molecules around anions will not occur to the same extent as
with the cations because of the much larger size of the an-
ions and the weaker interactions with the solvents. Thus, sol-
vent molecules tend to collapse around the anion. It can be
expected that the larger the anion, the less steric hindrance
there would be to the packing of the solvent molecules, but
this effect would be weakened by the decreased charge field
around the larger anion (ClO4

–). Moreover, taking into ac-
count the structural differences between the tetrahedral
ClO4

– and linear Br–, steric hindrance for the penetration of
the solvent will occur for ClO4

– in the bulky solvent mole-
cules, and a higher molar volume than Br– is expected.

Interpretation by scaled particle theory
Volumetric properties are quite informative regarding sol-

ute–solvent interactions. Changes in the molar volumes of
ions reflect the relative electrostriction (negative contribu-
tion) of solvent in the presence of a given ion. To see if the
above experimental findings can be interpreted theoretically,
scaled-particle theory (SPT) (18, 19) was used to evaluate
the measured particle volume as a sum of the geometric vol-
ume of the ion and the change in the solvent due to its inter-
action with the ion. That is,

[10] V2,φ
� = Vc + Vin + βRT,

where Vc is the partial molar volume of cavity formation and
Vin is the interaction volume; β is the isothermal compress-
ibility of the solvent. The term βRT describes the volume ef-
fect of the ideal part of the solute dissolution and is often
neglected. Cavity volumes for Li+, Br–, and ClO4

– were cal-
culated from

[11] V N rc = +( / ) ( )4 30 1
3π ∆

[12] ∆ = −( / ) /3 41 0
1 3

2V N rπ

on the basis of the small spherical ions in the study. Paulings
crystal radii (20) are used as ionic radii (r1) in the calcula-
tions, and the radii of the solvents (r2) were calculated from
the van der Waals volume using the method proposed by
Bondi (21). Other details of the calculations can be found
elsewhere (7).

The cavity volume of organic cations can be estimated by
(22):

[13] Vc
� (R4N+) = –33 + 1.42MR N4

+

The interaction volumes of these ions with solvent mixtures
were then calculated by eq. [10] and reported in Table 4,
along with the partial molar volumes of cavity formation.

It can be seen from Table 4 that values of Vc for Li+, Br–,
and ClO4

– vary slightly with the mole fraction of DMF,
whereas those for the tetraalkylammonium ions are constant
in the studied mixtures. In fact, Vc consists of two terms:

[14] Vc = Vg + Vv,
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Fig. 3. Dependence of the partial molar volume for LiClO4,
ClO4

–, LiBr, and Br– and the interaction volume for ClO4
– and

Br– on the mole fraction of DMF in the mixtures.
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where Vg is the geometric volume occupied by the solute
molecule itself and Vv is the “empty” volume, namely the
volume of the void space surrounding the solute molecules
(23), which is of the greatest importance for highly struc-
tured solvents such as water but is negligible in the case of
unstructured solvents such as alkyl carbonates. As a first ap-
proximation for low-molecular-weight substances, the value
of Vg can be taken as the van der Waals volume Vw, which is
considered to be independent of the nature of the solvent and
the composition of solvent mixtures. Therefore, it is under-
standable that no significant differences were observed in
the Vc of the ions.

The most interesting result obtained from Table 4 is that
the interaction volumes of Li+, Et4N

+, Pr4N
+, Bu4N

+, and
Hex4N

+ with the solvents are not sensitive to the nature of
solvent and composition of the solvent mixtures, in contrast
to the interaction volumes of Br– and ClO4

–. Because the
standard partial volumes of ions can be viewed as the sum of
the intrinsic volume of the ion (which is independent of the
nature of solvents) and the volume resulting from the inter-
action of the ion with the solvents, the experimental findings
for the ionic volumes represented in Table 3 have been inter-
preted qualitatively by scaled-particle theory.

In Fig. 4, Vin values for tetraalkylammonium ions have
been plotted vs. the number of carbon atoms in the alkyl
chains (nC). Good linear relations are observed. The slopes
of the straight lines, which denote the contribution of the
CH2 groups to the interaction volumes of tetraalkyl-
ammonium cations, are nearly the same within experimental
uncertainty. The increment per CH2 groups is approximately
–2.6 cm3 mol–1. The same increment value has been inferred
by Naejus et al. (5) in a study of the volumetric properties of
electrolytes in mixed-carbonate solvents. The low magnitude
of Vin shows that the electrostriction interaction of these sol-
vents by the larger cations is very small. This is in accor-
dance with the conclusion of the lack of solvation of
tetraalkylammonium ions in the solvents investigated.

The mean value for Vin (Li+) is 6.3 cm3 mol–1 in the inves-
tigated solvents. In the solvation shell, solvent molecules
that are coordinated have only restricted motions and do not
allow for tight packing of uncoordinated solvent molecules
by electrostriction. The excluded volume owing to coordi-
nated molecules tends to attenuate the electrostriction effect.
Other solvent molecules belonging to the primary or second-
ary solvation shell of the ion are oriented by the field in a
manner that is incompatible with the normal, mutual orienta-
tion in the bulk, producing a region of disorder around the
ion. Therefore, the constancy in Vin (Li+) values results from
a compensation between the negative contribution of the
electrostriction term and the positive contribution owing to
the excluded volume of the coordinated molecules and the
disordered volume around the ion.

Finally, the dependence of the interaction volume between
the solvents and ClO4

– or Br– on the mole fraction of DMF
in the mixtures is also included in Fig. 3 for the sake of
comparison. It is clear that the interaction volumes of these
anions determine the trends in the partial molar volume of
the ions and even those of LiClO4, LiBr, and the tetraalkyl-
ammonium bromides with the changing composition of sol-
vent mixtures. This suggests that anion–solvent interactions
are important and interesting.
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Conclusions

The ionic molar volumes of Li+, tetraalkylammonium cat-
ions, and related anions in PC + DMF mixed solvents have
been deduced by the extrapolation method of Conway. It
was found that the partial molar volumes of the cations are
not sensitive to the nature of solvents and the composition of
the solvent mixtures, whereas those of Br– and ClO4

– are.
These findings have been interpreted qualitatively by scaled-
particle theory.

The constancy in the partial molar volumes of Li+ in the
mixtures suggests that Lewis-base-type solvents with similar
molecular sizes have similar and strong interactions with
Li+. The independence of the partial molar volumes of
Et4N

+, Pr4N
+, Bu4N

+, and Hex4N
+ on the composition of the

solvent mixtures provides indirect evidence that these tetra-
alkylammonium cations are not associated and not solvated
in the studied solvents. The central meaning of the Conway
extrapolating method is embodied adequately in these re-
sults.

The trends in the partial molar volumes of LiBr, LiClO4,
and the tetraalkylammonium bromides associated with
changes in composition of the solvent mixtures are deter-
mined by the interaction volumes of ClO4

– and Br– with the

solvents, suggesting that anion solvation cannot be neglected
in the ternary solutions investigated.
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Huperzines S, T, and U: New Lycopodium alkaloids
from Huperzia serrata

Chang-Heng Tan, Xiao-Qiang Ma, Guo-Fu Chen, and Da-Yuan Zhu

Abstract: Three new Lycopodium alkaloids, huperzines S (1), T (2), and U (3), along with eight known compounds,
were isolated from the total alkaloids of the whole plant of Huperzia serrata (Thunb) Trev. (Huperziaceae). Those
novel alkaloids were identified as 2β,13β-epoxyalopecuridine (1), 5α-hydroxy-6-oxodihydrophlegmariurine A (2), and
2,3-dihydro-12-hydroxyhuperzine B (3), respectively, by means of spectral techniques including NMR studies.

Key words: Huperzia serrata, Lycopodium alkaloids, huperzines S, T, U.

Résumé : À partir des alcaloïdes totaux obtenus de toute la plante Huperzia serrata (Thumb) Trev., Huperziaceae, on a
isolé trois nouveaux alcaloïdes du Lycopodium, les hupérzines S (1), T (2) et U (3) ainsi que huit composés connus. Sur
la base de techniques spectrales impliquant des études de RMN, on a établi les structures des nouveaux alcaloïdes qui
sont respectivement le 2β,13β-époxyalopécuridine (1), la 5α-hydroxy-6-oxodihydrophlégmariurine A (2) et la 2,3-
dihydro-12-hydroxyhuperzine B (3).

Mots clés : Huperzia serrata, alcaloïdes du Lycopodium, huperzines S, T et U.

[Traduit par la Rédaction] Tan et al. 318

Introduction

The genus Lycopodium, which produces a potential thera-
peutic agent, huperzine A, for treatment of Alzheimer’s dis-
ease (1, 2), has been extensively studied in recent years (3).
This work resulted in the isolation of several new Lycopodium
alkaloids (4). Recently, we have reported the isolation of
new alkaloids with novel frameworks, such as huperzines P
(5), Q and its N-oxide (6), R (7), and W (8) from Huperzia
serrata (Thunb.) Trev. (= Lycopodium serratum Thunb.). In
the continuing search for new chemical constituents on this
plant, we examined the low-polarity fraction of the crude al-
kaloids and isolated huperzines S (1), T (2), and U (3), three
new alkaloids with fawcettimine-type, phlegmariurine B-type,
and lycodine-type skeletons, respectively, along with eight
known compounds, alopecuridine (4) (9), 4α-hydroxyphleg-
mariurine A (lycoposerramine-E, 5) (10), des-N-methyl-α-
obscurine (6) (11), phlegmariurine B (7) (12), lycodine (8)
(13), fawcettimine (9) (14), huperzine B (10) (1), and
huperzinine (11) (15). Like most Lycopodium alkaloids, the
above compounds exhibited far lower activity against AChE
than huperzine A in biological tests. In this paper we report
the isolation and structure elucidation of the above alkaloids.

Results and discussion

Huperzine S (1) was obtained as white needles and
showed a positive response with Dragendorff’s reagent. Its
HR-EI-MS spectrum gave the empirical molecular formula

as C16H23NO3 (found: [M+] 277.1674; C16H23NO3 requires
277.1678) with six double bond equivalents. IR bands
pointed to the presence of a five-membered ring ketone
(1747 cm–1) and a hydroxyl (3361 cm–1) group. In the 13C
NMR (Table 1) spectrum, two sp3 quaternary carbons signals
at δ 91.7 (C-13) and 46.9 (C-12) and a five-membered ring
ketone signal at δ 217.8 (C-5), diagnostic of fawcettimine-type
Lycopodium alkaloids (3), demonstrated that 1 was a
fawcettimine analogue. Since no IR bands and 13C NMR
signals indicated a double bond, 1 must be pentacyclic,
which suggested the possibility that a new ring was formed
through an ether bond between two of the three oxygen-
bearing carbons (δ 91.7, 76.6, and 70.0). Its 1H-1H COSY
and HMQC spectra displayed three isolated spin systems, -
CH2CH2CH2- (C9-C10-C11), -CH2CH(OH)CH2- (C1-C2-C3),
and -CH2CH(Me)CH2CHCH2- (C14-C15(C16)-C8-C7-C6).
The fawcettimine-type skeleton and the presence of an O-
atom connected with C-2 and C-13 were deduced by HMBC
analysis, as shown in Fig. 1, which illustrated the long-range
correlations for C-12/H2-11 and H-7, C-13/H2-14 and H2-11,
C-4/H2-3, H-2 and H2-6, as well as C-5/H2-3 and H2-6. With
the exception that the 4-OH group was assigned as α-config-
uration on the basis of biogenetic consideration (from 4), the
relative configuration of huperzine S was elucidated as 1 by
NOESY experiments (Fig. 1). Consequently, 1 was formu-
lated as 2β,13β-epoxyalopecuridine.

The molecular formula C16H23NO3 for compound 2 was
deduced from the HR-EI-MS spectrum. IR bands revealed a
hydroxyl (3413 cm–1), a lactam (1622 cm–1), and an α,β-un-
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saturated carbonyl (1712, 1689, 1456 cm–1) group. Its 13C
NMR and DEPT (Table 1) spectra displayed signals for one
methyl (δ 22.7, C-16), two N-bearing methylene (δ 49.8 and
50.5, C-1 and C-9), six high-field methylene (δ 21.1, 26.9,
30.2, 30.3, 31.9, and 40.0), three methine (δ 29.2, 50.6, and
73.6), and four sp2 quaternary carbons (δ 137.9, 172.7,
173.9, and 206.8), indicating a phlegmariurine B-type
framework (12). By comparison with the 13C NMR data of
phlegmariurine B (7) (12), 2 could be assigned a
phlegmariurine B carbon skeleton with a rearranged five-
membered ring either >C12=C4-C5(=O)-C6(OH)-C7(H)< or
>C12=C7-C6(=O)-C5(OH)-C4<. The latter structure was
supported by 2D NMR (1H-1H COSY, TOCSY, HMQC, and
HMBC) analysis (Fig. 2). The 5-OH group was positioned
as α-orientated based on the inspection of H-5 (d, J =
1.5 Hz) and H-4 (br.s) combined with molecular modeling
studies. Thus, the relative stereochemistry of huperzine T (2)
was proved to be 5α-hydroxy-6-oxodihydrophlegmariurine A.

Huperzine U (3) was isolated from the mother liquor that
yielded huperzine B (10). Its EI-MS peaks at m/z 274 ([M+]),

257 ([M+ – 17]), 219 ([M+ – 55]), and 203 ([M+ – 71]) indi-
cated a hydroxylated lycodine-type Lycopodium alkaloid
with a dedihydrogen bridge ring (16). An olefinic signal at δ
5.36 (br.d, J = 5.5 Hz, H-8) and a methyl signal at δ 1.66 (s,
16-Me) in the 1H NMR spectrum indicated the double bond
of the bridge ring was localized between C-8 and C-15. In a
comparison of the 13C NMR data of 3 with those of 10, the
main differences were the absence of two sp2 methines (C-2
and C-3) and an sp3 methine (C-12) and the presence of two
additional methylenes (δ 31.3 and 20.5) and an O-bearing
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Fig. 1. Key 2D NMR correlations for 1.

Fig. 2. Selected 2D NMR correlations for 2 and 3.

Site 1 2 3

1 59.5 t 49.8 t 173.3 s
2 70.0 d 21.1 t 31.3 t
3 40.8 t 30.2 t 20.5 t
4 76.6 s 50.6 d 108.4 s
5 217.8 s 73.6 d 134.9 s
6 38.8 t 206.8 s 33.3 t
7 40.8 d 137.9 s 42.0 d
8 32.0 t 31.9 t 124.0 d
9 46.9 t 50.5 t 42.7 t

10 20.1 t 26.9 t 20.4 t
11 28.0 t 30.3 t 30.3 t
12 46.9 s 173.9 s 68.6 s
13 91.7 s 172.7 s 63.7 s
14 42.2 t 40.0 t 38.6 t
15 23.5 t 29.2 d 132.6 s
16 22.1 q 22.7 q 23.0 q

Table 1. 13C NMR chemical shifts for
1–3.
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quaternary carbon (δ 68.6), respectively, in 3. These data
demonstrated that 3 is 2,3-dihydro-12-hydroxyhuperzine B.
The postulated structure was further confirmed by HMBC
(Fig. 2). Since its optical rotation was zero (c 0.675,
MeOH), 3 was considered to be a racemic compound.

As a corollary, we note that the 13C NMR assignments of
C-9 and C-14 of 10 in the literature (1) need to be reversed.
Carbon signals at δ 41.7 and 48.0 could easily be assigned to
C-9 and C-14, respectively, via correlation with the distin-
guishable proton signals (δ 2.29 and 2.74, H2-9; δ 2.02 and
1.83, H2-14) in the HMQC spectrum of 10. This result is in
agreement with the γ-gauche effect exerted by the 12-OH of
3 (∆δ(3–10)C-14: –9.4; ∆δ(3–10)C-10: –4.5) (17).

Experimental

General
All melting points were determined on a Fisher-Johns

melting point apparatus and are uncorrected. The optical ro-
tations were measured using a PerkinElmer 241 MC
polarimeter in CHCl3 or MeOH. CD spectra were taken on a
JASCO J-715 spectropolarimeter. IR spectra were recorded
on a Nicolet Magna 750 FT-IR spectrophotometer. All NMR
spectra were recorded on a Bruker AM-400 instrument
(400 MHz for 1H and 100 MHz for 13C) in CDCl3 or
CD3OD with TMS as internal standard. EI-MS and HR-EI-
MS data were obtained with a MAT-95 mass spectrometer.
Silica gel (200–300, 400 mesh) and precoated plates of silica
gel (HSGF254) (Qingdao Haiyang Chemical Group Co. Ltd.,
Qingdao, P.R. China) were used for column chromatography
(CC) and TLC, respectively.

Plant material
Fresh whole plants of H. serrata (Thunb) Trev.

(Huperziaceae) were collected in Zhejiang Province, China,
in August 2000, and identified by Dr. X-Q. Ma. A voucher
sample was deposited in the herbarium of this institute.

Extraction and isolation
A large-scale isolation of huperzine A (HA) from 50 kg of

dry H. serrata, as described in ref. 1, separated the total al-
kaloids into pre-HA, HA, and post-HA fractions in polar or-
der. A part (86 g) of the pre-HA fraction was subjected to
silica gel (1.5 kg) CC with petroleum ether, petroleum ether –
CHCl3 (1:1), and a gradient CHCl3–MeOH (1:0, 50:1, 25:1,
15:1, 10:1, 0:1) and gave 8 fractions in sequence. Fraction
(fr.) 2 was chromatographed on silica gel to afford needle-
shaped crystals of 1 (24 mg); fr. 3 gave 7 (1.2 g), 5
(560 mg), and 2 (8 mg), respectively, after CC on silica gel
with EtOAc–Me2CO (2:1) as eluent and recrystallization
(Me2CO). Further purification of fr. 4 on a silica gel column
(CHCl3–MeOH, 30:1) yielded needle-shaped crystals of 11
(210 mg). Fraction 6 yielded 8 (15 mg), 9 (34 mg), and 4
(5 mg) by repeated silica gel CC (CHCl3–MeOH, 15:1).
Compound 10 (1.0 g) was obtained as a powdery precipitate;
the mother liquor gave 6 (24 mg) and 3 (18 mg) after re-
peated purification by silica gel CC (CHCl3–MeOH, 10:1
and 5:1) and recrystallizations.

Huperzine S (1)
White needles from petroleum ether – acetone; mp 146–

148°C. [ ]α D
25: +156.6 (c 1.345, CHCl3). IR (KBr) νmax (cm–1):

3361, 1747, 1460, 1054, 897. 1H (CDCl3) and 13C (CDCl3)
NMR data: see Tables 2 and 1. EI-MS (m/z): 277 ([M+],
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Site 1 (in CDCl3) 2 (in CDCl3) 3 (in CD3OD)

1α 3.45 dd (8.7, 4.9) 2.45 td (13.8, 2.0) ——
β 2.58 d (8.7) 3.91 dt (13.8, 3.2) ——
2α 4.22 ddd (9.2, 5.0, 1.8) 2.10 a 2.52 td (10.7, 3.3)
β —— 1.51 a 2.41 dd (10.5, 6.5)
3α 2.96 dd (13.4, 2.6) 2.40 a 2.34 a

β 1.62 a 2.09 a 2.32 a

4 —— 2.66 br.s ——
5 —— 3.84 d (1.5) ——
6α 2.54 dd (18.6, 12.8) —— 2.49 br.d (17.2)
β 2.30 dd (18.6, 8.9) —— 1.96 d (17.2)
7 1.62 a —— 2.41 d (5.9)
8 endo 1.58 dd (13.8, 11.2) 2.44 dd (12.7, 2.0) 5.36 br.d (5.5)
exo 1.29 a 1.94 t (12.7) ——
9α 3.06 dt (14.2, 2.1) 3.11 br.d (13.9) 2.81 td (13.0, 3.1)
β 2.95 td (13.9, 2.6) 4.03 td (13.9, 3.3) 3.09 dt (13.0, 2.0)
10α 1.65 a 1.96 br.d (13.1) 1.67 br.d (14.0)
β 1.30 br.d (13.2) 2.40 qt (12.8, 4.4) 2.13 tt (13.5, 4.0)
11α 2.06 dq (13.5, 2.4) 2.41 br.d (13.7) 1.52 br.d (12.7)
β 1.52 td (13.5, 3.3) 2.99 td (13.7, 4.4) 1.97 dd (13.4, 4.4)
14 endo 1.62 a 1.95 br.d (13.6) 2.34 d (15.6)
exo 1.62 a 2.53 dd (13.6, 11.2) 2.02 d (15.8)
15 1.85 m 2.25 m ——
16 0.93 d (6.4) 1.09 d (6.8) 1.66 s

aOverlapped signals.

Table 2. 1H NMR (400 MHz, J in Hz) data of 1–3.
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100), 260 (58), 249 (10), 221 (15), 220 (6). HR-EI-MS
calcd. for C16H23NO3: 277.1678; found: 277.1674 ([M+]).

Huperzine T (2)
Amorphous powder. [ ]α D

25: –1.493 (c 0.075, CHCl3), CD
(c 3.2 × 10–3, CHCl3): [θ]272 –1.9 × 104. IR (KBr) νmax (cm–1):
3413, 2926, 2854, 1712, 1689, 1622, 1456. 1H (CDCl3) and
13C (CDCl3) NMR data: see Tables 2 and 1. EI-MS (m/z):
263 ([M+], 10), 262 (4), 256 (4), 219 (5), 206 (43), 167 (3),
149 (9), 123 (6), 117 (9), 85 (64), 83 (100). HR-EI-MS
calcd. for C16H23NO3: 277.1678; found: 277.1697 ([M+]).

Huperzine U (3)
Colorless powders, mp >300°C (decomposition). [ ]α D

25 0
(c 0.675, MeOH), CD (c 1.8 × 10–3, CH3OH): [θ]240 +1.7 ×
104, [θ]313 –6.4 × 102. IR (KBr) νmax (cm–1): 3311, 3209,
2679, 2357, 1676, 1653, 1585, 1464, 1433, 1377, 1226,
1124, 1012. 1H (CD3OD) and 13C NMR (CD3OD) data: see
Tables 2 and 1. EI-MS (m/z): 274 ([M+], 80), 257 (66), 246
(10), 219 (8), 203 (15), 190 (14), 164 (11), 83 (100). HR-EI-
MS calcd. for C16H22N2O2: 274.1681; found: 274.1692
([M+]).
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Thermodynamics of mixtures containing
alkoxyethanols: Part XVII — ERAS characterization
of alkoxyethanol + alkane systems

Juan Antonio González, Susana Villa, Nicolás Riesco, Isaías García de la Fuente,
and José Carlos Cobos

Abstract: Alkoxyethanol + alkane systems have been examined in the framework of the ERAS model. An exact ex-
pression for the molar excess heat capacity at constant pressure, CP

E, of solutions formed by a self-associated com-
pound and an inert solvent has been derived. The CP

E and the molar excess enthalpies (HE) and excess volumes (VE),
as well as the molar enthalpies of vaporization of the pure alkoxyethanols, are represented accurately by ERAS. The
calculated curves for HE and VE are skewed towards high mole fractions of the alkane. The experimental curves are
more symmetrical. The opposite behaviour is observed for CP

E in solutions with 2-ethoxyethanol, 2-propoxyethanol, or
2-butoxyethanol. The differences between the experimental and theoretical values arise because ERAS does not prop-
erly take into account the enhanced dipole–dipole interactions due to the formation of intramolecular H-bonds in alk-
oxyethanols. As in previous applications, ERAS cannot simultaneously represent molar excess Gibbs energies and
liquid–liquid equilibria. DISQUAC, a purely physical theory, improves ERAS predictions for HE (except at high tem-
peratures and pressures) and for CP

E. Liquid–liquid equilibria are also described more consistently. The self-association
of alkoxyethanols via intramolecular H-bonds and the strong dipole–dipole interactions lead to values of the self-
association enthalpy and of the adjustable parameter of the physical contribution to HE and VE that are higher than
those of the homomorphic 1-alkanols. In contrast, the equilibrium constants are lower. There is good agreement be-
tween the partial molar excess enthalpies at 298.15 K and infinite dilution of 2-alkoxyethanol in 2-alkoxyethanol(1) +
n-heptane(2) mixtures and the values of the self-association enthalpies.

Key words: alkoxyethanol, intermolecular, intramolecular, H-bond, dipole–dipole interactions.

Résumé : On a étudié les systèmes alkoxyéthanol + alcane dans le cadre du modèle ERAS. On a développé une ex-
pression exacte de la capacité calorifique molaire en excès à pression constante, CP

E, des solutions formées par un com-
posé autoassocié et un solvant inerte. Le modèle ERAS permet de faire une représentation exacte de CP

E, des enthalpies
molaires en excès (HE), des volumes molaires en excès (VE) ainsi que les enthalpies molaires de vaporisation d’alkoxy-
éthanols purs. Les courbes calculées pour HE et VE sont biaisées vers les fractions molaires élevées de l’alcane. Les
courbes expérimentales sont plus symétriques. Le comportement opposé est observé pour les valeurs de CP

E en solu-
tions avec le 2-éthoxyéthanol, le 2-propoxyéthanol et le 2-butoxyéthanol. Les différences entre les valeurs expérimenta-
les et théoriques découlent du fait que la méthode ERAS ne tient pas correctement compte des interactions dipôle–
dipôle dont l’importance est augmentée en raison de la formation de liaisons hydrogènes intramoléculaires dans les al-
koxyéthanols. Comme il a été observé dans des applications antérieures, ERAS ne permet pas de représenter simultané-
ment les énergies molaires de Gibbs en excès et les équilibres liquide–liquide. DISQUAC, une théorie purement
physique, améliore les prédictions d’ERAS pour HE (excepté pour les pressions et les températures élevées) et pour
CP

E. Les équilibres liquide–liquide sont aussi décrits de façon plus cohérente. L’autoassociation des alkoxyéthanols par
le biais de liaisons hydrogènes intramoléculaires et les fortes interactions dipôle–dipôle conduisent aux valeurs de
l’enthalpie d’autoassociation et du paramètre ajustable de la contribution physique à HE et VE qui sont plus élevées que
celles des 1-alcanols homomorphes. Par ailleurs, les constantes d’équilibre sont plus faibles. Il existe un bon accord
entre les valeurs des enthalpies d’autoassociation et les enthalpies molaires partielles en excès à 298,15 K et à dilution
infinie d’un 2-alkoxyéthanol dans des mélanges de 2-alkoxyéthanol(1) + n-heptane(2).

Mots clés : alkoxyéthanol, intermoléculaires, intramoléculaires, liaison hydrogène, interactions dipôle–dipôle.
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Introduction

The extended real associated solution (ERAS) model (1)
combines the real association solution model (2–5) with
Flory’s equation of state (6). The excess functions are split
into two additive terms that arise from hydrogen-bonding ef-
fects (the so-called chemical contribution) and non-polar van
der Waals interactions, including free-volume effects (the so-
called physical interactions). Moreover, it is assumed that
only consecutive linear association occurs, which is de-
scribed by a chemical equilibrium constant KA independent
of the chain length i of the associated species. Under these
basic assumptions, ERAS has been applied successfully to
the characterization of the following types of systems: self-
associated component + inert solvent (alkanol + alkane (7–
9), linear primary amine + alkane (10)); self-associated com-
ponent + polar solvent (alkanol + linear or branched
monoether (11–13) or + triethylamine (14)); or to solutions
containing two self-associated compounds (1-alkanol + pri-
mary or secondary linear amine (15–16)).

Alkoxyethanols, CH3-(CH2)n-O-(CH2-CH2O)m-OH, are a
very interesting class of substances, owing to the presence of
the O and OH groups in the same molecule, which allow
self-association via inter- and intramolecular hydrogen
bonds. The existence of intramolecular hydrogen bonds has
been investigated using different spectroscopic techniques
(17–22). For molecules of the type CH3-(CH2)n-O-(CH2-
CH2)p-OH, 5-, 6-, and 7-membered rings are formed for p =
2, 3, and 4, respectively. The formation of intramolecular H-
bonds is more favourable when the molecules are in gauche
conformations. The stability of these conformations de-
creases with increasing p, resulting in a smaller number of
rotational conformations favourable for intramolecular H-
bonds. On the other hand, the increasing ring size of the
intramolecularly H-bonded monomers results in greater re-
striction to internal rotation and is responsible for increasing
the entropy changes involved in the interconversion of the
mentioned species into free monomers. Alkoxyethanols with
two ether groups and m = 1 form 5-membered rings similar
to those previously cited but can also form 8-membered
rings of quite different properties. This can be ascribed to
the replacement of a methylene group by a less bulky oxy-
gen atom, which increases the stability of the ring system by
decreasing the ring strain caused by crowding repulsions
(20).

The formation of the intramolecular H-bonds leads to en-
hanced dipole–dipole interactions in solutions containing
alkoxyethanols relative to those present in mixtures with ho-
momorphic alkanols (23). This is supported by the following
evidence: (i) The effective dipole moment (24) of alkoxy-
ethanols is higher than that of the homomorphic 1-alkanol
(23), and consequently, for a given alkane, the upper critical
solution temperature (UCST) of the system including an
alkoxyethanol is higher than that of the solution with the ho-
momorphic 1-alkanol (23, 25, 26); (ii) The Trouton’s con-
stant of hydroxyethers (27), 99.58 J mol–1 K–1, is closer to
the value of non-self-associated compounds (27),
92.05 J mol–1 K–1, than the value for 1-alkanols (27),
110.88 J mol–1 K–1; (iii) HE

1
,∞(2-alkoxyethanol(1) +

alkane(2)) < HE
1

,∞(1-alkanol(1) + alkane(2)) (23, 28), where
Hi

E ,∞ is the excess partial enthalpy at infinite dilution of
component i. This has been interpreted by assuming that the

hydroxyether molecules become free via the destruction of
the intermolecular H-bonds on addition of the solvent mole-
cules and that each alkoxyethanol molecule forms an intra-
molecular H-bond between the O and the OH group of the
same molecule and thus stabilizes itself (28); (iv) The HE

curves for alkoxyethanol + alkane mixtures are more symmet-
rical than those for alcoholic solutions, which are skewed to-
wards low concentration of the self-associated compound.
This also demonstrates that the contribution to the thermody-
namic properties from the dipole–dipole interactions is higher
in solutions with alkoxyethanols than in the corresponding
mixtures with the homomorphic 1-alkanols (23).

All these features make the theoretical study of mixtures
with alkoxyethanols very interesting. We have presented a
complete treatment of hydroxyether + alkane systems (23) in
terms of DISQUAC (dispersive-quasichemical) (29–30), a
purely physical model based on the rigid lattice model de-
veloped by Guggenheim (31). In that work, we showed that
the proximity effects between the O and OH groups of
alkoxyethanols substantially change the interaction parame-
ters of 1-alkanol + CH3(CH2)uO(CH2)vCH3 systems (32).

The purpose of this work is to examine the ability of the
ERAS model to represent the thermodynamic properties of
alkoxyethanol + alkane mixtures. This is useful to gain in-
sight into the interactions present in such solutions. 2-Meth-
oxyethanol + alkane systems have been previously studied in
terms of the MUNIQUAC-RAS model (33), which combines
a modification (34) of the UNIQUAC equation (35) with the
real-associated solution model (3).

ERAS model
In this model, only consecutive, linear self-association of

the alkoxyethanol is assumed, which can be described by a
chemical equilibrium constant KA independent of the chain
length i of the associated species.

[1] Ai + A1 Ai + 1

The dependence of KA on temperature is given by the
van’t Hoff relation

[2] KA = KAo exp − −






















∆h
R T T

A

o

* 1 1
,

where ∆hA
* is the molar association enthalpy related to the

intermolecular hydrogen bond formation. KAo is the associa-
tion constant at temperature To. Values of the parameters
∆hA

* and KA are required for calculating the chemical contri-
bution to the excess properties. A further molecular
parameter used in the ERAS model is the hydrogen bonding
volume ∆vA

* , which is assumed to be a negative value, indi-
cating that hydrogen bonding between alkoxyethanol mole-
cules leads to a contraction of the hard-core volume of the
molecules. KA is a property of the individual alkoxyethanol.
The chemical contributions to HE and VE are given by

[3] H x K hE
A A A A Achem = −∆ * *( )ϕ ϕ1 1

− −









•P x v K
V

M A A A A

M

* * ( )∆ ϕ ϕ1 1

[4] V x V K vE
A M A A A Achem = − •∆ * ( )ϕ ϕ1 1
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where ϕ1A and ϕ1A
• are the hard-core volume fractions of the

monomeric species in the mixture and in the pure compo-
nent, respectively. These volume fractions are related to the
hard-core volume fraction ΦA (= 1 – ΦB = xAVA

*/(xAVA
* +

xBVB
*)) and KA

[5] ϕ1 2

2 1 4 1

2
A

A A A A

A A

K K

K
=

+ − +Φ Φ
Φ

with ϕ1A → ϕ1A
• as ϕ A → 1.

The physical contribution is derived from Flory’s equation
of state, which holds not only for pure components (index A
or B) but also for the mixture (M)

[6]
PV
T

V

V V T
i i

i

i

i i i

=
−

−
1

3

1
3 1

1

with P P Pi i i= / *; Vi = Vi / Vi
*, and Ti = Ti / Ti

* being the re-
duced pressure, volume, and temperature, respectively. Pi

*,
Vi

*, and Ti
* are the corresponding reduction parameters. For

associating molecules, the procedure to obtain reduction pa-
rameters is somewhat different from the original one applied
in Flory’s model. In the ERAS model, the reduction parame-
ters are calculated from P–V–T data (density, thermal expan-
sion, αP, and isothermal compressibility, κ T ), but they also
depend on KA, ∆hA

* , and ∆νA
* . The method is explained else-

where (36–38). The physical contribution is given by
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Alkoxyethanol T (K) αP (10–3 K–1) κT (10–9 Pa–1) Vm (cm3 mol–1) V* (cm3 mol–1) P* (J cm–3)

2-Methoxyethanol (2ME) 298.15 0.956a 0.7008a 79.25b 66.38 479.8
303.15 0.956a 0.7199a 79.64a 66.59 474.6
313.15 0.965c 0.7586c 80.40c 66.88 472.1
323.15 0.974c 0.797c 81.18c 67.17 471.5
348.15 0.998c 0.894c 83.21c 67.89 474.2
373.15 1.024c 0.990c 85.34c 68.55 486.8

2-Ethoxyethanol (2EE) 298.15 1.033d 0.7836d 97.41b 80.89 464.9
303.15 1.04d,e 0.815c 97.92d 81.03 460.6
323.15 1.06c 0.930c 99.96c 81.66 449.6
328.15 1.07c 0.945c 100.47c 81.72 458.9

2-Propoxyethanol (2PE) 298.15 1d 0.792d 114.75b 94.39 491
303.15 1.003d 0.825c 115.33d 94.64 480.2

2-Butoxyethanol (2BE) 298.15 0.8815d 0.7651d 131.85b 109.77 448.7
303.15 0.885d 0.810f 132.45f 110.0 432.4

2-(2-Methoxyethoxyethanol) (22MEE) 298.15 0.88g 0.74g 118.2g 98.71 452.7
2-(2-Ethoxyethoxyethanol) (22EEE) 298.15 0.86 0.71 136.37 113.98 467.1
2-(2-Butoxyethoxyethanol) (22BEE) 298.15 0.82 0.67 171.14h 143.56 477.2

aReference 40.
bReference 41.
cEstimated value.
dReference 42.
eReference 43.
fReference 44.
gReference 45.
hReference 46.

Table 1. Physical constants of alkoxyethanols: thermal expansion coefficient, α P, isothermal compressibility, κT , molar volume, Vm,
and reduction parameters for volume, V*, and pressure, P*, needed for ERAS calculations.

∆H ν(kJ mol–1)f

Alkoxyethanola KA
b ∆h a

* (kJ mol–1)c ∆ Αν * (cm3 mol–1)d s (nm–1)e Expl. Calcd.

2ME 75 –18 –11 15.0 45.17 45.19
2EE 20 –16 –10 14.67 48.21 46.51
2PE 20 –13.5 –9 14.44 52.12 51.40
2BE 20 –13.5 –7 14.28 56.59 54.28
22MEE 20 –13.5 –7 14.53 50.60
22EEE 20 –13.5 –7 14.36 57.78
22BEE 20 –13.5 –7 14.33 70.74

aFor symbols, see Table 1.
bEquilibrium constant at 298.15 K for self-association of alkoxyethanol.
cSelf-association enthalpy of alkoxyethanol.
dSelf-association volume of alkoxyethanol.

eSurface to volume ratio of alkoxyethanol, calculated according to the Bondi method (39).
fMolar enthalpy of vaporization at 298.15 K (from ref. 49).

Table 2. ERAS parameters (this work) and enthalpies of vaporization for alkoxyethanols.
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The reduction parameters for the binary mixtures are cal-
culated using the mixing rules
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fraction of compound B calculated using the surface to vol-
ume ratios of molecules B and A, sB and sA, which are deter-
mined from the Bondi method (39) of molecular group
contributions. XAB is the only adjustable parameter of the
physical contribution. It characterizes the differences in
dispersive intermolecular interactions of molecules A and B
in the mixture and in the pure liquids.

On the other hand, for the application of eqs. [3–4] and
[7–8], VM must be determined. This is done using eq. [6] to-
gether with eqs. [9–10].
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The expression usually employed for CP
E
,chem is (7, 11)
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which is obtained from eq. [11] when ∆hA
* > ∆νA M MP V* * / , as

in the case of 1-alkanols (7, 11), and it is recognized that
ϕ ϕA A− •

1 is negligible.

In eqs. [11–12], α A, αB, and αM are calculated from the
equation of state
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For the activity coefficients, the chemical contribution is
written for each component as
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while the physical contributions are given by the following
expressions
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where QAB characterizes the entropic contribution to the dif-
ferent intermolecular interactions.

Finally, using the ERAS model, it is possible to evaluate
the enthalpy of vaporization (7, 38) of the pure compounds

[19] ∆ ∆
m

i i

i

i

i
i iH

P V
V

h
K

K K RTν = − + − + +
* * *

( )
2

2 1 4 1

Here, the first term arises from the van der Waals interac-
tions and free volume effects, while the second term is ow-
ing to the intermolecular association due to hydrogen
bonding.

Estimation of the ERAS parameters
The reduction parameters Pi

* and Vi
* (i = A) of the n-

alkoxyethanols are listed in Table 1. For the alkanes, the re-
duction parameters were calculated from αP and κ T data
available in the literature (40, 47, 48) (Table A1 of Appen-
dix A). The adjustable parameters are KA, ∆hA

* , ∆νA
* , XAB,

QAB, and dXAB/dT. KA, ∆hA
* , ∆νA

* , and XAB are fitted to HE

and VE data at 298.15 K for n-alkoxyethanol + alkane mix-
tures. For the CP

E calculations, it is necessary to evaluate
dXAB/dT. This was done by taking into account the available
CP

E and HE data at T ≠ 298.15 K and assuming a linear de-
pendence with T for XAB (7). The entropic parameter QAB
was obtained from GE data (see below) (7, 9).
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The values used in this work for KA, ∆hA
* , ∆νA

* , and s are
listed in Table 2. The values of XAB, QAB, and dXAB/dT are
given in Table 3.

Discussion

ERAS results
The results of the calculations from the ERAS model for

HE, VE, CP
E , and GE are presented in Tables 4–7 (see also

Figs 1–6). For HE, CP
E , and GE, these values are compared

with those obtained using DISQUAC with the interaction
parameters previously determined (23).

The composition dependence of HE is better represented
by DISQUAC than by ERAS except when the measurements
were carried out at very high temperatures and (or) pres-
sures. See, for example, the results for the 2-methoxy-
ethanol + n-heptane system at 373.15 K and 15 MPa
(Table 4). In this case, the term PV Ti i i/ in the equation of

© 2003 NRC Canada
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Systema T (K) KA
b XAB

c (J cm–3) QAB
d (J cm–3 K–1) (dXAB/dT)e (J cm–3 K–1)

2ME + n-C6 313.15 53 46.8 0.053 0.32
323.15 43 50 0.057 0.32
348.15 26 58 0.32

2ME + n-C7 298.15 75 42 0.32
323.15 43 50 0.056 0.32
348.15 26 58 0.32
373.15 17 66 0.32

2ME + n-C8 348.15 26 51 0.32
373.15 17 63 0.32

2ME + n-C10 348.15 26 51 0.32
373.15 17 63 0.32

2ME + C6H12 298.15 75 48 0.60
303.15 66.5 51 0.050 0.60
323.15 43 63 0.067 0.60

2EE + n-C6 298.15 20 27 0.25
303.15 18 28.2 0.020 0.25
323.15 12 32 0.025 0.25

2EE + n-C7 298.15 20 26 0.25
303.15 18 27 0.015 0.25
323.15 12 32 0.02 0.25

2EE + n-C8 298.15 20 23 0.30
303.15 18 24.5 0.30
328.15 11 32 0.30

2EE + n-C10 298.15 20 18
2EE + n-C12 298.15 20 18
2EE + C6H12 298.15 20 34 0.35

303.15 18 36 0.020 0.35
323.15 12 43 0.025 0.35
328.15 11 44.75 0.35

2PE + n-C7 298.15 20 23
2PE + n-C8 298.15 20 22 0.30

303.15 18 23.5 0.30
2BE + n-C6 303.15 18 22 0.030 0.25
2BE + n-C7 298.15 20 20

303.15 18 21.2 0.25
2BE + n-C8 298.15 20 19 0.25

303.15 18 20.2 0.25
2BE + n-C10 298.15 20 18
2BE + n-C12 298.15 20 18
2BE + n-C14 298.15 20 18
22BEE + n-C7 298.15 20 24

aFor symbols, see Table 1.
bEquilibrium constant for self-association of alkoxyethanol at temperature T.
cPhysical interaction parameter in Flory’s equation of state.
dEntropy parameter needed for GE calculations.
eTemperature dependence of XAB, required for calculations on C P

E .

Table 3. ERAS parameters (this work) for the alkoxyethanol + alkane mixtures.
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state (eq. [6]), only negligible at atmospheric pressure, was
included in the ERAS calculations.

ERAS provides VE curves skewed towards high mole frac-
tions of the alkane (Figs 3–4). Note that the predicted HE

curves are also slightly shifted towards that region (Fig. 2).
The experimental curves are more symmetrical. Such behav-
iour may be interpreted, assuming that, for the solutions
studied here, the model overestimates the chemical contribu-
tion to these thermodynamic properties. It should be noted
that typically the experimental HE, VE, and CP

E curves are
also shifted toward the region of high alkane mole fraction
in solutions with 1-alkanols (24).

At 303.15 K, the experimental CP
E curve for the 2-meth-

oxyethanol(1) + cyclohexane(2) system is rather symmetri-
cal (40) (Fig. 5). In contrast, the CP

E curve is skewed towards
low mole fractions of 2-alkoxyethanol in solutions of 2-
ethoxyethanol, 2-propoxyethanol, or 2-butoxyethanol with

n-octane (64) (Fig. 6). In the case of the 2-methoxyethanol
mixture, the different shape of the CP

E curve may be ascribed
to the existence of large fluctuations in concentration due to
the proximity of the UCST (294.58 K (65)). Consequently,
the importance of the self-association of 2-methoxyethanol
becomes less relevant, and the model properly describes the
CP

E curve with CP
E
,phys > CP

E
,chem. For the same reason, HE for

2-methoxyethanol + n-alkane mixtures is well represented at
high temperatures and pressures. The inequality CP

E
,phys >

CP
E
,chem is still valid for the 2-ethoxyethanol, 2-propoxy-

ethanol, or 2-butoxyethanol + n-octane systems and leads to
more symmetrical curves than the experimental ones
(Fig. 6). That is, at room temperature the experimental data
indicate that the more important contribution to CP

E comes
from the structure of the solution. ERAS cannot represent
this behaviour because CP

E
,phys > CP

E
,chem. So, for the systems

including 2-ethoxyethanol, 2-propoxyethanol, or 2-butoxy-
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HE(x1 = 0.5) (J mol–1) dev(HE)c (J mol–1)

Systema T (K) Nb Expl. ERAS Expl. ERAS DQd Ref.

2ME + n-C6 323.15 15 1367 1464 0.006 0.064 0.042 50
348.15 13 1680e 1705 0.009 0.091 0.035 50

2ME + n-C7 298.15 30 751f 688 0.021 0.098 0.065 51
7 697g 629 0.004 0.190 0.067 28

323.15 14 1470 1593 0.008 0.057 0.051 50
348.15 14 1795e 1847 0.007 0.066 0.044 50
373.15 11 2146e 2154 0.003 0.078 0.13 50

2ME + n-C8 348.15 11 1891 1923 0.006 0.063 0.030 50
373.15 11 2270 2253 0.002 0.059 0.21 50

2ME + n-C10 348.15 10 1965 2127 0.006 0.090 0.061 50
373.15 10 2451 2485 0.002 0.064 0.18 50

2ME + C6H12 298.15 19 1083 1154 0.010 0.076 0.068 52
21 1064 0.008 0.095 0.090 40

303.15 21 1140 1200 0.004 0.083 0.075 40
2EE + n-C7 298.15 21 1124 1156 0.004 0.045 0.052 53
2EE + n-C8 298.15 9 945 1172 0.014 0.180 0.018 54

19 1130 0.003 0.052 0.043 55
2EE + C6H12 298.15 21 1072 1073 0.002 0.048 0.041 55
2PE + n-C7 298.15 21 974 987 0.003 0.050 0.033 28
2PE + n-C8 298.15 21 1023 1040 0.003 0.064 0.040 64
2BE + n-C7 298.15 21 903 918 0.004 0.045 0.036 28

20 850 0.015 0.080 0.058 56
28 904 0.007 0.076 0.066 57

2BE + n-C8 298.15 21 919 971 0.001 0.063 0.049 57
19 965 0.005 0.068 0.051 64

2BE + n-C10 298.15 18 1076 1073 0.005 0.074 0.051 57
2BE + n-C12 298.15 20 1167 1191 0.003 0.071 0.048 57
2BE + n-C14 298.15 20 1270 1292 0.002 0.062 0.038 57
22BEE + n-C7 298.15 19 1008 1025 0.003 0.034 0.029 46

aFor symbols, see Table 1.
bNumber of data points.
cdev(HE) = deviation(HE) =

{ }[( ) / ]exp exp

/
H H H

N

E E E−∑ calc
2

1 2

.

dDISQUAC calculations using the interaction parameters given in ref. 23.
eExperimental data at 15 bars (1 bar = 105 Pa).
fx1 = 0.1101.
gx1 = 0.1000.

Table 4. Molar excess enthalpies, HE, for alkoxyethanol(1) + alkane(2) mixtures at temperature T and equimolar composition.
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ethanol, the model cannot simultaneously describe their
rather symmetrical HE curves and the corresponding asym-
metric CP

E curves.
The composition dependence of CP

E is also usually better
represented by DISQUAC (Table 6, Figs. 5–6), although
VE = 0 in terms of this rigid lattice theory. ERAS yields a
quite satisfactory description for VE (Table 5, Figs. 3–4)

Table 7 lists results for GE using the entropic parameters QAB
collected in Table 3. These parameters were determined from
GE data available in the literature. As in the case of 1-alkanol +
alkane mixtures (7), the same QAB parameter cannot be used to
simultaneously represent vapor–liquid equilibria and liquid–liq-
uid equilibria. So, for 2-methoxyethanol + cyclohexane, the
calculated UCST is 305 K using QAB = 0.07 (DISQUAC gives
304 K for the UCST; the measured UCST (65) is 294.58 K).
With this QAB value, ERAS predicts for the cited system
GE(x = 0.5, 305 K) = 1339 J mol–1, which is quite different
from the values given in Table 7 at 303.15 K and 323.15 K.
This is one of the most important limitations of the ERAS
model and of any association theory, as the type of association
normally observed is not sufficient by itself to produce phase
separation (66). Nevertheless, at temperatures far from the
UCST, both models give similar results. This is the case for the
2-butoxyethanol + n-hexane system at 303.15 K (Table 7).

The ERAS parameters
It is interesting to compare KA, ∆hA

* , and ∆νA
* for alkoxy-

ethanols and homomorphic 1-alkanols. We note that ∆hA
* in-

creases when passing from 1-alkanol (–25.1 kJ mol–1) to

alkoxyethanol (see Table 2). These increases in ∆hA
* indicate

that the intermolecular H-bonds between 1-alkanol molecules
are stronger than between alkoxyethanol molecules. In terms
of the ERAS model, only consecutive linear self-association
is assumed, while ring formation is neglected. That is, the
model does not take into account the self-association via
intramolecular hydrogen bonding characteristic of the
alkoxyethanols. This means that ERAS probably overesti-
mates the magnitude of ∆hA

* . In contrast, KA(1-alkanol) >
KA(alkoxyethanol). So, at 298.15 K, KA(1-butanol) = 175 (37,
67) while KA(2-methoxyethanol) = 75 (Table 2) and KA(1-
decanol) = 88 (37, 67); KA(2-(2-butoxyethoxyethanol)) = 20
(Table 2). The more relevant contribution of dipole–dipole in-
teractions to the thermodynamic properties of alkoxyethanol +
alkane mixtures is represented by the large values of the XAB
parameter. For example, at 298.15 K, XAB = 5.42 J cm–3 for 1-
hexanol + n-hexane (7); for 2-propoxyethanol + n-heptane,
XAB = 23 J cm–3. Similar behaviour is observed in 1-alkanol +
linear organic carbonate systems (67).

The value ∆νA
* = –5.6 cm3 mol–1, widely used for 1-

alkanol + alkane mixtures (37, 67), differs from those listed
in Table 2. A comparison of ∆νA

* values becomes difficult
because other values of ∆νA

* have been used for 1-alkanols
in order to provide a more accurate representation of the VE.
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VE(x1 = 0.5) (cm3 mol–1)

Systema T (K) Expl. ERAS Ref.

2ME + C6H12 298.15 0.910 0.878 40
303.15 0.951 1.10 40

2EE + n-C6 298.15 0.368 0.351 58
303.15 0.352 0.490 58

2EE + n-C7 298.15 0.635 0.613 58
0.6147 59

303.15 0.653 0.722 58
2EE + n-C8 298.15 0.708 0.745 58

0.738 43
0.753 42

303.15 0.795 0.853 42
328.15 1.004 1.167 43

2EE + n-C10 298.15 0.876 0.898 58
2EE + n-C12 298.15 0.898 1.060 58
2EE + C6H12 298.15 0.900 0.948 43

328.15 1.087 1.340 43
2PE + n-C8 298.15 0.588 0.595 42

303.15 0.625 0.709 42
2BE + n-C6 303.15 0.363 0.247 44
2BE + n-C7 303.15 0.470 0.462 44
2BE + n-C8 298.15 0.444 0.442 42

303.15 0.461 0.616 42
aFor symbols, see Table 1.

Table 5. Molar excess volumes, VE, for alkoxyethanol(1) +
alkane(2) mixtures at temperature T and equimolar composition.

CP
E (x1 = 0.5) (J mol–1 K–1)

Systema T (K) Expl. ERAS DQb Ref.

2ME + C6H12 298.15 14.35 14.4 14.1 40
13.0 60

303,15 13.71 14.2 13.3 40
2EE + n-C8 298.15 11.14 12.6 11.1 64
2PE + n-C8 298.15 10.30 11.6 10.2 64
2BE + n-C8 298.15 9.38 10.4 8.3 64

aFor symbols, see Table 1.
bDISQUAC calculations using the interaction parameters given in ref. 23.

Table 6. Molar excess heat capacities, CP
E, for alkoxyethanol(1) +

alkane(2) mixtures at temperature T and equimolar composition.

GE(x1 = 0.5) (J mol–1)

Systema T (K) Expl. ERAS DQb Ref.

2ME + n-C6 313.15 1590 1514 1492 61
323.15 1600 1537 1495 61

2ME + n-C7 323.15 1640 1563 1567 61
2ME + C6H12 303.15 1500 1426 1351 61

323.15 1520 1479 1351 61
2EE + n-C6 303.15 1330 1249 1207 62

323.15 1340 1261 1209 62
2EE + n-C7 303.15 1370 1282 1283 62

323.15 1380 1337 1284 62
2EE + C6H12 303.15 1230 1210 1111 62

323.15 1240 1252 1099 62
2BE + n-C6 303.15 1030 1025 1054 63

aFor symbols, see Table 1.
bDISQUAC calculations using the interaction parameters given in ref. 23.

Table 7. Molar excess Gibbs energies, GE, for alkoxyethanol(1) +
alkane(2) mixtures at temperature T and equimolar composition.
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So, ∆νA
* = –9 cm3 mol–1 for ethanol when mixed with n-hex-

ane (7); or –5.6 cm3 mol–1 when mixed with n-hexadecane
(7); or ∆νA

* = –6.9 cm3 mol–1 for 1-hexanol when mixed
with n-hexane (7). The ∆νA

* values determined in this work
provide a reasonable description of the corresponding VE

curves.

The KA, ∆hA
* , and ∆νA

* parameters for alkoxyethanols re-
ported in this article are supported by the ERAS predictions
for the molar enthalpy of vaporization (Table 2). In addition,
the experimental HE

1
,∞ values (28) at 298.15 K for CH3-

(CH2)n-O-CH2-CH2-OH(1) + n-heptane(2) are in good
agreement with our ∆hA

* values (HE
1

,∞ (kJ mol–1) = 17.6,
15.5, 15.5, and 14.4, respectively, for n = 0, 1, 2, and 3)

Finally, it should be emphasized that the relative variation
of the KA and ∆hA

* parameters is consistent with the variation
encountered previously for the enthalpic interchange coeffi-
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Fig. 4. VE for the 2-propoxyethanol(1) + n-octane(2)system at
298.15 K. Symbols, experimental data (42). Solid lines, ERAS
calculations. Dashed lines, chemical and physical contributions.

Fig. 3. VE for the 2-ethoxyethanol(1) + n-heptane(2) system at
298.15 K. Symbols, experimental data (59). Solid lines, ERAS
calculations. Dashed lines, chemical and physical contributions.

Fig. 1. HE for the 2-methoxyethanol(1) + n-heptane(2) system.
Symbols, experimental data: (�) T = 298.15 K (51); (�) T =
373.15 K and 15 bar (1 bar = 105 Pa) (50). Solid lines, ERAS
calculations. Dashed lines, chemical and physical contributions at
373.15 K and 15 bar.

Fig. 2. HE for the 2-ethoxyethanol(1) + n-heptane(2) system at
298.15 K. Symbols, experimental data (53). Solid lines, ERAS
calculations. Dashed lines, chemical and physical contributions
or DISQUAC (DQ) results (23).
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cients in the DISQUAC model (Fig. 7). For instance, the ex-
cellent results obtained for HE for the 2-(2-
butoxyethoxy)ethanol + heptane system (Table 4) using
∆hA

* = –13.5 kJ mol–1 (the same value for 2-propoxyethanol
or 2-butoxyethanol) are remarkable. Similarly, in the
DISQUAC model, mixtures of 2-propoxyethanol, 2-butoxy-

ethanol, or 2-(2-alkoxyethoxyethanol) with alkane are charac-
terized by the same quasichemical enthalpic parameter (23).

Conclusions

Alkoxyethanol + alkane systems have been examined in
the framework of the ERAS model. The thermodynamic
properties HE, VE, and CP

E are represented accurately. How-
ever, DISQUAC, a purely physical theory, improves the HE

(except at high temperatures and pressures) and CP
E results

from ERAS. The observed differences between experimental
and theoretical values that can be ascribed to ERAS do not
properly take into account the enhanced dipole–dipole inter-
actions due to the intramolecular H-bonds of the alkoxy-
ethanols. As in previous applications, ERAS cannot
simultaneously represent GE and liquid–liquid equilibria.
There is good agreement between the partial molar excess
enthalpies at 298.15 K and infinite dilution of 2-alkoxy-
ethanol in 2-alkoxyethanol(1) + n-heptane(2) mixtures and
∆hA

* . The variation of KA and of ∆hA
* with the molecular

structure of alkoxyethanol is supported by that of the
enthalpic interchange coefficients in DISQUAC.
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Alkane T (K) αP (10–3 K–1) κT (10–9 Pa–1) Vm (cm3 mol–1) V* (cm3 mol–1) P* (J cm–3)

n-C6 298.15 1.387 1.7039 131.57 99.52 424.2
303.15 1.440 1.745 132.51 99.21 446.0
313.15 1.46 1.925 134.45 99.76 431.4
323.15 1.48 2.138 136.44 100.35 413.5
348.15 1.54 2.82 141.71 101.86 368.0

n-C7 298.15 1.256 1.4606 147.45 113.6 431.9
303.15 1.289 1.501 148.32 113.4 445.5
323.15 1.320 1.805 152.25 114.49 417.9
348.15 1.360 2.184 157.45 116.03 399.2
373.15 1.410 2.565 163.01 117.62 394.0

n-C8 298.15 1.164 1.3024 163.50 127.70 436.8
348.15 1.25 1.880 173.70 130.12 412.5
373.15 1.29 2.183 179.30 131.70 408.7

n-C10 298.15 1.051 1.1096 195.94 155.75 447.0
348.15 1.11 1.546 206.76 158.38 426.0
373.15 1.14 1.775 212.66 160.0 423.3

n-C12 298.15 0.96 0.9876 228.55 184.40 445.2
n-C14 298.15 0.886 0.872 261.32 213.52 453.7
C6H12 298.15 1.22 1.140 108.75 84.23 532.0

303.15 1.31 1.172 109.41 83.39 583.3
323.15 1.25 1.334 112.20 85.25 524.6
328.15 1.26 1.374 112.86 85.37 525.9

Appendix A

Table A1. Physical constants of alkanes: thermal expansion coefficient, α P, isothermal compressibility, κT , molar
volume, Vm, and reduction parameters for volume, V*, and pressure, P*.
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AWARD LECTURE / CONFÉRÉNCE D’HONNEUR

Catalysis by organotransition metal compounds:
Synergism between the pure and the applied1

Michael C. Baird

Abstract: The modern era of transition-metal-catalyzed polymerization of alkenes began with the Nobel Prize winning
work of Ziegler and Natta in the 1950s, but the field has exploded since the mid-1980s and anticipated applications of
organometallic catalysts are being spectacularly realized. Our research in metal-catalyzed alkene polymerization began
about ten years ago with an investigation of the catalytic applications of half-sandwich complexes of the Group 4 met-
als, and this lecture will describe our efforts to find both better initiators to make known commercial polymers and
new initiators to make novel polymeric materials. Good luck, bad luck, blind alleys, and serendipity have all played
key roles in our research, resulting ultimately in a very satisfying convergence of the motives for pure, and the needs
of applied, research.

Key words: alkene, polymerization, Ziegler, catalysis, carbocationic, titanium.

Résumé : L’ère moderne de la polymérisation des alcènes à l’aide de catalyseurs à base de métaux de transition a dé-
buté dans les années 1950 avec les travaux qui ont valu un prix Nobel à Ziegler et à Natta; toutefois, le champ a ex-
plosé depuis le milieu des années 1980 et des applications anticipées de catalyse par des organométalliques sont
maintenant réalisées de façon spectaculaire. Nos travaux de recherches dans le domaine de la polymérisation des alcè-
nes à l’aide de catalyseurs à base de métaux de transition ont débuté il y a une dizaine d’années avec une étude sur les
applications catalytiques de complexes à demi-sandwich de métaux du groupe 4 et cette conférence décrira les efforts
que nous avons déployés dans le but de trouver de meilleurs initiateurs pour faire des polymères commerciaux connus
et de nouveaux initiateurs pour faire de nouveaux matériaux polymères. La chance, bonne et mauvaise, les voies sans
issue et la sérendipité ont joué des rôles clés dans nos recherches qui ont permis éventuellement de conduire à une
convergence satisfaisante des motifs de la recherche pure et des besoins de la recherche appliquée.

Mots clés : alcène, polymérisation, Ziegler, catalyse, carbocationique, titane.

[Traduit par la Rédaction] Baird 337

Transition-metal-based catalysts for alkene polymerization
are — given the importance of plastics such as polyethylene
and polypropylene — among the keystones of western civili-
zation. For instance, current world production of polyethylene
(PE) and polypropylene (PP) are >42 × 106 and >24 × 106

tonnes per annum (p.a.), respectively (1). The most important
type (isomer) of PE is linear, i.e., Me(CH2)nMe (n ≥~400),
and may be considered a long molecular strand, as in A.

This type of polymer was discovered serendipitously by
Ziegler in the early 1950s and led quickly to the Nobel Prize
in chemistry in 1955. The long chains of linear PE pack very
effectively in the solid, resulting in a tough, high-melting

(~140°C), semi-crystalline material with a relatively high
density (0.94–0.97 g mL–1); thus it is oft referred to as high-
density PE or HDPE (1). Degrees of branching can also be
induced in various ways to give products with a range of
properties. For instance, the usual manufacturing processes
can produce semi-crystalline material containing the occa-
sional short methyl (or longer) branch, as in the cartoon
drawing B.

The resulting materials exhibit slightly lower melting
points (130–135°C), and hence offer greater ease of
processability (1).

Can. J. Chem. 81: 330–337 (2003) doi: 10.1139/V03-065 © 2003 NRC Canada
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Isomeric with HDPE are highly branched forms of PE,
which may be represented by C.

This type of material packs much less efficiently as a
solid and thus is amorphous, low melting (106–112°C), and
of relatively low density (0.915–0.935 g mL–1); hence LDPE
(1). Not strictly isomeric but generally regarded as a third
major classification of PE is a type of polymer obtained by
copolymerizing ethylene with monomers such as propylene
or 1-butene. The resulting material contains a random distri-
bution of identical branches (D) and exhibits an intermediate
melting temperature (~125°C) but low density (0.915–
0.935 g mL–1). This material is referred to as linear low den-
sity PE or LLDPE (1).

The major commercial catalysts used for the manufacture
of both PE and PP are generated by combining TiCl3 with
aluminum alkyls such as AlEt3, although Cr2O3 is also an
important catalyst for PE (1). These catalysts are heteroge-
neous, but there is currently a growing interest in applica-
tions of homogeneous catalysts based on metallocenes of
titanium, zirconium, and hafnium (2). The most important
class of homogeneous alkene polymerization initiators is of
the type [Cp′2ZrMeL]+ (E).

These contain a labile ligand L, cis to the alkyl ligand, im-
portant if a vacant site is to be made available for alkene co-
ordination as shown in Scheme 1. The reactivity is also
enhanced by the positive charge on the complex (2).

A very important sub-class of metallocene catalysts con-
tains a dicyclopentadienyl ligand, which has local C2 sym-
metry (F).

The strap between the Cp rings, which may be, e.g., a
- CH -( )2 2 or an -SiMe2- group, maintains a chiral structure
that induces molecules of a prochiral monomer such as pro-
pylene to coordinate via the same face almost every time.
This has major implications for the stereochemistry of the
polymer propagation process (2) (see discussion below con-
cerning polypropylene).

The mechanism of polymerization initiation and chain
propagation for PP and most types of PE involves coordina-
tion of an alkene such as ethylene followed by repeated mi-

gratory insertion steps, as illustrated in Scheme 1 for a
metallocene catalyst. Here (and below) the letter P is used to
indicate a growing polymer chain.

As the HDPE originally discovered by Ziegler was the first
example established as an application of this mechanism, the
process is often referred to as Ziegler polymerization, al-
though it is often known as coordination polymerization.
Chain-termination and chain-transfer steps generally involve
very similar chemistry, as in Scheme 2.

Polypropylene can also be obtained in isomeric forms, as
regio- and stereoisomers rather than as structural isomers
with varying degrees of branching. As a polymer chain
grows, whether initiation and propagation involve 1,2- (G)
or 2,1-insertion (H), incorporation of a molecule of mono-
mer generates a new chiral centre (M = catalytic centre;
~P = growing polymer chain).

If the sense of handedness is decided purely randomly
(mixture of R- and S-), the product is “atactic” polypropy-
lene (I) (1).

With chiral, C2-symmetric catalysts of type F, the stereo-
chemistry of insertion is often highly controlled (asymmetric
induction) (1, 2). Each molecule of monomer inserts in the
same way to give a stereoregular polymer, as in, e.g., J.

Chiral catalysts can therefore produce polymers with very
high degrees of handedness at each step, i.e., for polypropy-
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lene, semi-crystalline isotactic (K) and syndiotactic forms
(L) are known.

Atactic (random stereochemistry), isotactic (each chiral
centre has the same configuration), and syndiotactic (alter-
nate chiral centres have the same configuration) polymers
bear diastereomeric relationships with respect to each other,
and thus have different chemical, physical, and mechanical

properties. For instance, a-PP is soft (unimportant), while i-
PP (mp ~176°C) and s-PP (mp ~148°C) are high-melting,
hard plastics. i-PP was discovered by Natta in the 1950s
(shared the Nobel Prize of 1955) and is the commercially
important variety (1).

There is an extremely extensive literature on metallocene-
based catalytic systems (2), but homogeneous catalysts may
also be based on monocyclopentadienyl compounds, little
studied when we began in early 1991. We have worked
largely with the “piano-stool compound” Cp*TiMe3 (Cp* =
η5-C5Me5) (M).

This is a catalyst precursor that can be activated in many
ways, as in eq. [1] (3–5).

© 2003 NRC Canada
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Scheme 1.

Scheme 2.
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[1] Cp*TiMe3 + B(C6F5)3 → [Cp*TiMe2]+

+ [MeB(C6F5)3]–

The resulting cationic complex has coordinated alkyl
groups, vacant site(s), and a positive charge, as is important
for metallocene catalysts (see above). However, it could be
more active than metallocenes for both steric and electronic
reasons. The structure of “[Cp*TiMe2][MeB(C6F5)3]” actu-
ally involves a non-classical mode of coordination of the bo-
rate anion, as in N.

The chemistry of Cp*TiMe2(µ-Me)B(C6F5)3 proved to be
very interesting. For instance, the borate anion is readily
substituted in solution (eq. [2]) (4–6).

[2] Cp*TiMe2(µ-Me)B(C6F5)3 + L →
[Cp*TiMe2(L)]+ + [MeB(C6F5)3]–

L = amines, phosphines

Similarly, arene complexes are formed in aromatic sol-
vents (3, 6), e.g., in toluene:

[3] Cp*TiMe3 + B(C6F5)3 →
[Cp*TiMe2(toluene)][MeB(C6F5)3]

The products, which have been characterized for Ti, Zr,
and Hf complexes, contain η6-bonded arene rings and thus
are isoelectronic with the corresponding neutral dimethyl-
metallocenes. The anticipated structure (O), has been dem-
onstrated by an X-ray structure of a hafnium analogue (6).

The cationic moiety [Cp*TiMe2]
+ also behaves as a Lewis

acid towards Cp*TiMe3, giving the dititanium species
[Cp*TiMe2(µ-Me)TiMe2Cp*]+ (P), as in eq. [4] (5).

[4] Cp*TiMe2(µ-Me)B(C6F5)3 + Cp*TiMe3 →
[Cp*TiMe2(µ-Me)TiMe2Cp*]+ (P)

+ [MeB(C6F5)3]–

Thus the neutral Cp*TiMe3 is a better ligand than the an-
ionic [MeB(C6F5)3]

–!
We have found that Cp*TiMe2(µ-Me)B(C6F5)3 is an excel-

lent alkene polymerization catalyst. Polymerizations of eth-
ylene (4), propylene (7), and 1-hexene (8, 9) occur readily
over a range of temperatures, and we obtain high-molecular-
weight, linear polyethylene (HDPE), as well as high-
molecular-weight, atactic polypropylene and poly-1-hexene.
We can also make copolymers of ethylene with propylene
(10) and 1-hexene (11) and commercially important terpoly-
mers of ethylene, propylene, and 5-ethylidene-2-norbornene,

known as EPDM (10). These reactions undoubtedly involve
Ziegler mechanisms and η2-alkene complexes of the type
shown as Q.

Initiation and the dominant mode of propagation involve
1,2-insertions, as shown in Scheme 3.

This was demonstrated using 13C NMR spectroscopy and
a labeled catalyst, as in Scheme 4 for 1-hexene ([Ti] =
Cp*TiMe2) (9).

In situ 13C NMR experiments of the reaction of Cp*Ti-
(13CH3)2(µ-13CH3)B(C6F5)3 with 1-hexene in CD2Cl2 at
−50°C also give interesting mechanistic information. The
resonance of the free borate [B(13CH3)(C6F5)3]

– appeared,
and thus the anion had clearly been displaced, as expected.
Interestingly, the Ti–Me resonance also disappeared and no
new ones appeared. Thus both methyl groups must become
involved and polymerization must occur at two sites on the
titanium, as expected although not previously demonstrated
for any Ziegler-catalyst system. New resonances did appear
at δ ~20 (methyl branch) and 10.5 (ethyl branch), and the
latter implies an initial 2,1-insertion in CD2Cl2 (Scheme 5).
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NMR analyses of end groups of low-molecular-weight
polypropylene indicate two major modes of chain transfer
for this olefin, as shown in Scheme 6. Following 2,1-
insertion of 1-hexene, β-H elimination in the opposite direc-
tion also occurs (Scheme 7).

Very different chemistry was observed with styrene using
Cp*Ti(CH3)2(µ-CH3)B(C6F5)3. For instance, we obtain only
atactic polystyrene (PS) in toluene at temperatures below
~–15°C but highly (>98%) syndiotactic PS (s-PS) in neat
styrene or in toluene above room temperature (reaction very
rapid and exothermic) (4). Atactic PS is familiar as styro-
foam, but s-PS is a hard solid (mp ~270°C), insoluble in all
solvents at 20°C. It is therefore of great interest as a new
plastic. That polymerization by Cp*Ti(CH3)2(µ-CH3)B-
(C6F5)3 is initiated and proceeds via a Ziegler process in-
volving 2,1-insertions is shown by NMR studies utilizing
Cp*Ti(13CH3)2(µ-13CH3)B(C6F5)3 (Scheme 8) (4).

Chain propagation thus proceeds with an extremely high
degree of stereoselectivity despite occurring at an achiral (!!)
metal centre. As it happens, the stereochemistry of insertion
is under chain-end control, as the handedness at C1
(Scheme 8) controls the mode of insertion of the next mono-
mer (12). There follow conventional termination – chain
transfer processes (β-eliminations, migratory insertions). The
nature of the catalytic species, possibly of Ti(III), is not
known, although we and others have carried out consider-
able research on what is, at the time of writing, a very con-
troversial issue (13).

It was during the early days of our research on the utiliza-
tion of Cp*Ti(CH3)2(µ-CH3)B(C6F5)3 to polymerize styrene
that we carried out our initial experiments with propylene, a
line of experimentation that through bad luck resulted in
data misinterpretation. The consequences were at the time
somewhat embarrassing, but resulted serendipitously in an
avenue of exploration that we would not have otherwise
taken but that led quickly to the development of a series of
novel, quite unanticipated but very useful findings. During
our earliest experiments, we had found that Cp*Ti(CH3)2(µ-
CH3)B(C6F5)3 was seemingly an excellent catalyst for the
polymerization of ethylene and styrene to HDPE and s-PS,
respectively, but a poor catalyst for the polymerization of
propylene. This trend did not make sense for a Ziegler cata-

lyst, for which one would anticipate an order of activity eth-
ylene > propylene > styrene, and we wondered if some other
mechanism might be applicable in the formation of s-PS. A
radical chain mechanism was clearly inappropriate as it is
known to give a-PS (1), and we mistakenly gave serious
consideration (14) to the possible role of carbocationic initi-
ation (15).

Carbocationic polymerization of alkenes involves activa-
tion of the monomer (initiation) by a good electrophile, as
shown in Scheme 9 (E+ = electrophilic reagent) for styrene.
The mechanism clearly requires a monomer that can form a
stable cation (15).

When the electrophilic activator is [Cp*Ti(CH3)2]
+, the

process would involve η1-coordination, as in Scheme 10.
While we eventually found that this mode of activation

does occur under certain circumstances (see below), we
were soon disabused of the appropriateness of the mecha-
nism for the synthesis of s-PS. We found that the propylene
being used had not been dried appropriately and was killing
the catalyst (4); indeed propylene is in fact polymerized
quite effectively by Cp*Ti(CH3)2(µ-CH3)B(C6F5)3 (7, 16).
The results of the labeling experiment described above re-
quire a Ziegler mechanism, but, before we realized just what
was going on, we investigated monomers that prefer to be
polymerized via a carbocationic mechanism. In view of the
undeniable novelty of an established Ziegler–Natta catalyst
behaving preferentially as a carbocationic initiator, we
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thought we would ascertain its possibly wider applicability.
Obvious candidates were vinyl ethers, N-vinylcarbazole, and
isobutene (15), shown in Scheme 11.

These are known to be polymerized only via a carbo-
cationic mechanism, much as in Schemes 9 and 10, because
their carbocationic centres are readily stabilized by the adja-
cent functionalities but never via a Ziegler mechanism (15).

Much to our delight, polymers of vinyl ethers and N-
vinylcarbazole are readily prepared using Cp*TiMe2(µ-
Me)B(C6F5)3 (17). Low temperatures (–78°C) are required
for high molecular weights to be achieved, as with conven-
tional initiators, and in most cases the poly(vinyl ether)
products exhibit tacticities very similar to those obtained
with conventional Lewis-acid initiators and molecular
weights comparable with the better literature results. Also in
agreement with the postulated carbocationic mechanism,
there is no reaction with 2,5-dihydrofuran (R), for which a
carbocationic intermediate cannot be stabilized by a free
electron pair on an adjacent oxygen atom.

While not in the commercial league of high-volume poly-
mers such as PE and PP, polyvinyl ethers are important and
are used as adhesives, plasticizers, hair spray, etc. Poly(N-
vinylcarbazole) is also obtained with very high molecular

weights and is a material that forms interesting semiconduc-
tors when doped appropriately.

Polymerization by Cp*TiMe2(µ-Me)B(C6F5)3 presumably
involves an η1 metal–alkene interaction, stabilized by a sec-
ondary interaction with the counteranion, as in S.
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This is an unusual mode of metal—alkene bonding, but it
resembles the transition state involved in nucleophilic attack
on alkenes activated by coordination to electrophilic metals
(18). Near-η1 structures have precedent in a variety of
known complexes of vinyl ethers, vinyl alcohol, and vinyl
amine (19). By way of evidence that poly(vinyl ethers) are
indeed formed via the carbocationic process, we found that
the 1H NMR spectrum of poly(ethyl vinyl ether) formed ex-
hibits a weak resonance at δ 9.88 attributable to an aldehyde
end group, arising from hydrolysis of the acetal end group,
-CH(OMe)(OEt), formed by methanolysis (eqs. [5], [6])
(17).

[5] Cp*TiMe2[{CH2CH(OEt)}n(CH2C+HOEt)]

+ MeOH →
Cp*TiMe2[{CH2CH(OEt)}n(CH2CHOEtOMe)] + H+

[6] Cp*TiMe2[{CH2CH(OEt)}n(CH2CHOEtOMe)]

+ H+ + H2O →
CH3CH(OEt){CH2CH(OEt)}(n–1)CH2CHO

+ EtOH + MeOH

While carbocationic initiation is not a factor in the poly-
merization of styrene to s-PS, we did demonstrate its appli-
cability to the formation of atactic PS in, e.g., toluene at
temperatures below ~–15°C. 1H NMR monitoring of the
polymerization reaction of styrene-d8 to atactic polymer in
CD2Cl2 by Cp*Ti(13CH3)2(µ-13CH3)B(C6F5)3 at –50°C
showed quite clearly that this process results in no measur-
able loss of initiator, consistent with a carbocationic mecha-
nism. The 1H NMR spectrum of Cp*Ti(13CH3)2(µ-13CH3)-
B(C6F5)3 before addition of styrene-d8 and after polymeriza-
tion of the latter was unchanged (4).

The remaining monomer of Scheme 11, which is known
to insist on being polymerized only via carbocationic
initiation, is isobutylene. We quickly found that this mono-
mer is indeed polymerized by Cp*Ti(CH3)2(µ-CH3)B-
(C6F5)3 in toluene and methylene chloride at temperatures
in the range –78°C to 20°C with conversions often >95%
(20, 21). The polymer forms as a high-molecular-weight
(>700 000), rubbery solid at lowest temperatures and a vis-
cous, oily liquid at room temperature, as with conventional
Lewis-acid initiators. The 1H and 13C NMR spectra are also
consistent with polymers (T) synthesized using conventional
initiators. Polyisobutylene is useful in a large range of appli-
cations, depending on molecular weight (bicycle inner tubes,
chewing gum, engine oil additives).

A related, very interesting, and useful material is isobutyl-
ene–isoprene copolymer (butyl rubber). We obtain a copoly-
mer containing ~1% isoprene at –78°C if the monomer ratio
is 99:1. Molecular weights are lower if polymerization is

carried out at higher temperatures and (or) with higher
isoprene:isobutylene ratios. The 1H and 13C NMR spectra

suggest primarily trans-1,4-addition across the isoprene (U).
This polymer is used primarily as inner lining for tubeless
tires.

Virtually all production of this material worldwide is by
Bayer and Exxon. Both use essentially the same technol-
ogy; polymerization is carried out at cryogenic tempera-
tures, ~–100°C, and chloromethane is the solvent of choice.
Clearly higher temperatures and a more environmentally be-
nign solvent are desirable for commercial processes, and we
are currently focused on the development of initiators that
form high-molecular-weight polyisobutylene and polyiso-
butylene–co-isoprene in hydrocarbon solvents at tempera-
tures significantly higher than –100°C.

Summary

The 2002 Catalysis Award Lecture and this resulting arti-
cle outline the early days and some of the resulting develop-
ments of our research into the utilization of Cp*Ti(CH3)2(µ-
CH3)B(C6F5)3 as an initiator of olefin polymerization. As
has been shown, Cp*Ti(CH3)2(µ-CH3)B(C6F5)3 is probably
the most versatile of all olefin polymerization initiators in its
effectiveness as both a very highly active Ziegler catalyst
and as a very highly active carbocationic initiator. We have,
of course, extended the above discussed research, including
a variety of modifications of Cp*Ti(CH3)2(µ-CH3)B(C6F5)3,
and some of these have resulted in more active species (22–
29). Having succumbed to the thrills that can result from the
convergence of organometallic chemistry and polymers, we
have also explored a variety of other catalytic systems, in
part to find better catalysts for known processes and new
catalysts for new polymers, in part to better understand the
mechanisms applicable to the various systems studied (30–
36). However, while time restrictions required omission of
these facets of our research from the Award Lecture, the
reader is invited to peruse the publications cited.
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A fibre-optic biosensor for detection of microbial
contamination1

Amer Almadidy, James Watterson, Paul A.E. Piunno, Inge V. Foulds,
Paul A. Horgen, and Ulrich Krull

Abstract: A fibre-optic biosensor is described for detection of genomic target sequences from Escherichia coli. A
small portion of the LacZ DNA sequence is the basis for selection of DNA probe molecules that are produced by auto-
mated nucleic acid synthesis on the surface of optical fibres. Fluorescent intercalating agents are used to report the
presence of hybridization events with target strands. This work reviews the fundamental design criteria for development
of nucleic acid biosensors and reports a preliminary exploration of the use of the biosensor for detection of sequences
that mark the presence of E. coli. The research work includes consideration of the length of the strands and non-selective
binding interactions that can potentially block the selective chemistry or create background signals. The biosensors
were able to detect genomic targets from E. coli at a picomole level in a time of a few minutes, and dozens of cycles
of use have been demonstrated. In a step towards the preparation of a completely self-contained sensor technology, a
new intercalating dye known as SYBR 101 (Molecular Probes, Inc.) has been end-labelled to the LacZ nucleic acid
probe, to examine whether dye tethered onto an oligonucleotide terminus could fluorimetrically transduce the formation
of hybrids. The results obtained from experiments in solution indicate that the use of tethered dye provides fluores-
cence signals that are due to hybridization, and that this process is functional even in the presence of a high concentra-
tion of non-selective background DNA obtained from sonicated salmon sperm.

Key words: biosensor, DNA, fibre optic, hybridization, fluorescence, pathogen, E. coli.

Résumé : On décrit une fibre optique servant de biosenseur pour la détection du génome cible dans la séquence du
Escherichia coli. Une petite portion de la séquence du LacZ-ADN sert de base pour la sélection des molécules sondes
d’ADN obtenues par la synthèse automatique d’acides nucléiques à la surface des fibres optiques. On a utilisé des
agents intercalants fluorescents pour mettre en évidence la présence de phénomènes d’hybridation avec la fibre cible.
Ce travail passe en revue le critère de conception fondamental de développement de biosenseurs d’acides nucléiques, et
rapporte également une exploration préliminaire de l’utilisation des biosenseurs pour détecter les séquences qui témoi-
gnent de la présence du E.coli. Les travaux de recherche tiennent compte de la longueur de la fibre et des interactions
liantes non sélectives qui peuvent potentiellement bloquer la sélectivité chimique ou créer un bruit de fond. Les biosen-
seurs ont été capables de détecter le génome cible à partir du E. coli au niveau de la picomole et en quelques minutes,
on a ainsi pu effectuer des douzaines de cycles d’études. Dans une étape en vue de la préparation de la technologie du
senseur auto-contenu, on a marqué un nouveau colorant intercalaire connue sous le nom de SYBR 101 (Molecular
Probes, Inc.) à l’extrémité de la sonde d’acide nucléique LacZ, pour voir si le colorant attaché dans l’oligonucléotide
terminal peut fluorométriquement induire la formation d’hybrides. Les résultats obtenus à partir des expériences en so-
lution indiquent que l’utilisation de colorant attaché fournit des signaux fluorescents qui sont dus à l’hybridation, et
que ce processus est fonctionnel même en présence d’une forte concentration d’ADN d’arrière plan non sélectif ob-
tenue à partir du sperme de saumon traité à l’ultrason.

Mots clés : biosenseur, ADN, fibre optique, hybridation, fluorescence, pathogène, E. coli.
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Introduction

Design of a nucleic acid biosensor
Methods that are suitable for the routine determination of

the presence of bacterial species are of obvious importance
in the quality control of foodstuff and water resources every-
where. Classical methods of nucleic acid hybridization assay
are often time consuming and so may be inappropriate for
laboratories that require rapid turnover of results and high
sample throughput (1–6). As a result, significant research
has been devoted to the development of biosensors in an at-
tempt to generate assays that are reversible, reusable, sensi-
tive, selective, and relatively simple to use. Methods of
signal transduction to detect nucleic acid hybridization on
biosensor surfaces include electrochemical, piezoelectric,
and optical approaches (7–11) and compete favourably with
the recent developments in wet-chemical methods such as
those based on the polymerase chain reaction (12, 13).

The development of biosensors must take into consider-
ation the effects of the local environment on the binding ca-
pacity of the immobilized selective molecular recognition
elements. This involves careful consideration of the nature
of the solid substrate used, the method of immobilization,
solution conditions under which experiments will generally
be done, and probe density and length. Each of these param-
eters has direct consequences on the reproducibility and sen-
sitivity of signal generation (14–17).

To examine the effects of immobilization on nucleic acid
hybridization, thermal denaturation experiments were done
at the surface of fibre-optic nucleic acid biosensors to deter-
mine whether trends in hybridization observed in bulk solu-
tion could be extrapolated to describe nucleic acid
hybridization in an interfacial environment (17).

The immobilization of oligonucleotide probes onto the
surface of fused-silica optical fibre substrates was achieved
by means of a modification using a silane reagent (15, 17).
The modified optical fibre substrates were then subjected to
standard β-cyanoethyl-phosphoramidite oligonucleotide syn-
thesis protocols in order to undergo the stepwise synthesis of
oligonucleotides at controlled densities onto the surface of
the substrates.

To examine the energetics of interfacial hybridization, the
van’t Hoff enthalpy changes and temperature-corrected stan-
dard enthalpy changes were computed for a series of dena-
turation experiments, conducted based on the method
developed by Piunno and co-workers (17). This model ap-
plies to denaturation occurring within a film of immobilized
nucleic acids, with the complementary DNA freely able to
float in and out of the membrane. The model assumes no
interaction between neighbouring strands and that the dena-
turation is a two-state transition. The enthalpic change ac-
companying denaturation in an interfacial environment was
significantly lower than that observed in experiments con-
ducted in bulk solution. The sensitivities of ∆HVH (Tm) to
changes in the characteristic melt temperature (Tm) were a
factor of 2–4 smaller for the transitions occurring at the in-
terface of the optical biosensors relative to those observed
for the experiments done in bulk solution and were usually
opposite in sign. This suggested that the changes in heat ca-
pacity that accompanied the denaturation were not the same
in an interfacial environment as they were in bulk solution.

This may be owing to local density changes in the nucleic
acid films as a result of the denaturation. The results sug-
gested that there may be significant differences in the nature
of the base pairing in an interfacial environment compared
with that which occurred in bulk solution. There did not ap-
pear to be a relationship between the packing density of im-
mobilized oligonucleotides and the reduction in the
endothermicity of the denaturation. The observed Tm values
were still of comparable magnitude to those that were ob-
served in experiments done in bulk solution, so it is likely
that there is a significant difference in entropy changes ac-
companying hybridization and denaturation in an interfacial
environment relative to those observed in experiments done
in bulk solution.

The data further suggest that the selectivity of hybridiza-
tion in an interfacial environment may be substantially dif-
ferent and advantageous in comparison with that observed in
a bulk solution environment. Furthermore, the selectivity of
hybridization does not necessarily follow the trend of Tm,
which is seen as a function of ionic strength and oligo-
nucleotide immobilization density. These results corroborate
the notion that there is an ensemble of interactions that will
occur, along with the hybridization–denaturation transition,
in an interfacial environment. These interactions contribute
to the overall stability of the binding of target DNA and
therefore play an important role in defining the Tm values of
a particular probe–target complex, as well as the shape of
the thermal denaturation profile, and therefore ultimately af-
fect the selectivity of hybridization.

The results of such work (15, 17) indicate that the choice
of density of immobilized single-stranded DNA (ssDNA)
does provide for control of selectivity. The optimization of
the analytical function of a fibre-optic biosensor for any par-
ticular hybridization assay must consider both the issues of
selectivity and the amount of fully complementary double-
stranded DNA (dsDNA) that is formed, as this is the source
of the analytical signal. A review of the data suggests that it
is possible to select a combination of ssDNA density, solu-
tion ionic strength, and temperature that provides an im-
provement in the selectivity coefficient of about two orders
of magnitude when comparing the formation of the fully
complementary duplex to that which contains one central
base-pair mismatch. Bulk solution experiments do not attain
the same magnitude of selectivity coefficient. Importantly,
only about 30% of the maximum amount of fully matched
dsDNA is available under the conditions in bulk solution
where the best case of selectivity is achieved. This does not
compare favourably with the immobilized ssDNA system,
where about 55% of the maximum amount of fully matched
dsDNA is available under conditions where selectivity is
maximized.

An important consideration in the evaluation of the sensi-
tivity and selectivity of hybridization for a given sensor sys-
tem is the nature of the sample that is being introduced.
Samples may contain various levels of large, non-
complementary genomic DNA and RNA molecules, which
may interfere with analysis. Also, most nucleic acid sensor
systems will be exposed to the target DNA of interest in
double-stranded form. This imposes the requirement of de-
naturing these double-stranded targets so that selective hy-
bridization may subsequently take place at the sensor
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surface. In practice, this may result in a competition for
hybridization of target strands in bulk solution between im-
mobilized probe oligonucleotides and the complementary
DNA in bulk solution. This competition for hybridization
may impart some significant limitations on the sensitivity
and selectivity of the assay. A balance can be struck be-
tween the desired sensitivity and selectivity of a given hy-
bridization assay, and this balance is somewhat tunable by
means of controlling the density of ssDNA immobilization.
If non-selective adsorption occurs predominantly in regions
between the immobilized oligonucleotide probes, then it
may be that optimal assay sensitivity and selectivity would
be achieved using a sensor with a higher density of probe
molecules, where the number of exposed surface sites for
non-selective adsorption is decreased.

To more accurately model the effects of interferences as
experienced in a real sample, experiments were done to in-
vestigate the effects of the presence of large genomic DNA
strands (20 kbp average size) on the response of the sensors
to labeled oligonucleotides. The experiments were designed
such that the relative concentrations of oligonucleotides and
genomic DNA were adjusted. Experiments were done using
concentration regimes where both fully complementary
(cDNA) and non-complementary (ncDNA) oligonucleotide
20mers were introduced at a concentrations of about 1015

molecules L–1, while genomic DNA from E. coli was intro-
duced at a concentration of 1012 to 1014 molecules L–1 (15).
The results suggest that the presence of genomic DNA as a
background species does not substantially block hybridiza-
tion of very short target oligonucleotides or the extent of
non-selective adsorption of short non-complementary
oligonucleotides. This trend was observed for all concentra-
tion regimes used. Additionally, the presence of genomic
DNA did not affect the response times of the sensors in the
first few minutes of an analysis. Interestingly, the pretreat-
ment of the sensor surface with genomic DNA for 10 min
reduced the response time of the sensors to cDNA. It may be
that the larger genomic DNA acted to reduce the effective
solution volume near the sensor surface and to increase the
effective analyte concentration. This effect was more signifi-
cant at the lower analyte concentration, where response
times were more sensitive to changes in analyte concentra-
tion. The response time of sensors to the addition of
1015 molecules L–1 cDNA was 224 ± 5 s, while the response
time after pretreatment with genomic DNA was 192 ± 5 s.
The response time for addition of 1016 molecules L–1 cDNA
was 28 ± 1 s, while the response time after pretreatment of
the surface with genomic DNA was 21 ± 1 s.

These results have ramifications for analyses of real-world
samples. The preliminary results suggest that the process of
non-selective adsorption by interfering short and long nu-
cleic acid sequences in solution may not occur in such a
manner as to substantially inhibit the extent of hybridization
of a target sequence when early in an analytical experiment.

A fibre-optic biosensor for E. coli
Coliforms are aerobic and facultatively anaerobic, gram-

negative, non-spore forming bacilli, encompassing members
of Escherichia, Citrobacter, Klebsiella, and Enterobacter
(1–3). Although several of the coliform bacteria are not usu-
ally pathogenic themselves, they serve as an indicator of po-

tential bacterial pathogen contamination. Using such indica-
tors, researchers in the U.S.A. estimate that 40% of private
water supplies and 70% of spring-fed supplies contain
coliform bacteria (4). Coliform bacteria concentrations are
determined using methods specified by the Environmental
Protection Agency (EPA) and those found in ref. 5. These
methods can be slow, and new biosensor technologies may
offer substantial advantages in providing analyses within
seconds to minutes.

Currently, several methods are used for the detection or
enumeration of E. coli cells in water, including microbiolog-
ical, serological, and immunological procedures. Polymerase
chain reaction (PCR) methods have been developed, where
LacZ, lamB, and uid genes have been used as targets for the
design of primers for coliform detection (6). False positive
and negative results can arise when using these techniques,
and only a very limited number of strains have been used to
test for specificity of the primers. Standard PCR generally
only provides information about detection, and even when
using quantitative real-time PCR, the analyses still often re-
quire hours.

Herein we report the development of a fibre-optic biosen-
sor for the detection of short sequences of oligonucleotides
that indicate the presence of E. coli. Single-stranded DNA
(ssDNA) was immobilized by covalent binding to a fused
silica optical fibre. Hybridization on the solid surface was
detected by use of the fluorescent intercalating dye, ethidium
bromide (EB). Testing to detect coliform contamination of
water was demonstrated using selective hybridization of nu-
cleic acid sequences. A 25mer sequence on the LacZ gene of
the E. coli was targeted using a 25mer ssDNA probe. The in-
vestigation has shown that the biosensor was capable of de-
tecting minute amounts of synthetic cDNA and also genomic
DNA that was extracted from E. coli. The biosensor could
provide analytical information in less than 1 min and was
regenerable for many cycles of application.

Preliminary work that targets the development of a self-
contained biosensor has involved attachment of the interca-
lating fluorescent reporter dye to the probe by means of a
short molecular tether. The intercalating fluorescing dye
(SYBR 101) was covalently attached through a short tether
to the 25mer ssDNA (labelled DNA, L-DNA), and the fluo-
rescence changes caused by hybridization have been investi-
gated in bulk solution using free L-DNA. In the design of a
self-contained biosensor, this approach may help reduce
background fluorescence from free dye in solution, will al-
low internal standardization, and will substantially reduce
the risk of exposure of the operator to toxic chemicals by
confining the intercalating dye to the surface of the device.

Experimental

Chemicals
SYBR 101, succinimidyl ester, was donated by Molecular

Probes, Eugene, Oregon. Biosynthesis-grade solvents were
purchased (EM Science, Toronto, ON) and further purified
or dried by standard laboratory protocols. Reagents for DNA
synthesis were purchased from Dalton Chemical Labora-
tories Inc. (Toronto, ON) and were used as received or were
prepared as below. Anhydrous acetonitrile (EM Science) was
pre-dried by distillation from P2O5 and redistilled from
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calcium hydride under dry argon. Tetrahydrofuran (EM Sci-
ence) was pre-dried over CaH2, filtered, and distilled imme-
diately prior to use from sodium metal (Aldrich) /
benzophenone (Aldrich). Water was double distilled in
glass, treated with diethyl pyrocarbonate (Aldrich), and
autoclaved. Molecular-biology-grade polyacrylamide gel
electrophoresis reagents and apparatus were obtained
through Bio-Rad (Hercules, California). Silica gel (Toronto
Research Chemicals, Toronto, ON) had a particle size of 30–
70 microns.

Instrumentation
Fluorescence studies of LacZ-target hybridization onto the

probe at the surface of the E. coli biosensors were done us-
ing an optic-fibre spectrofluorimeter operated in an intrinsic-
mode configuration (17). The spectrofluorimeter was
equipped with a fluid-handling system for stop-flow fluores-
cence investigations of nucleic acid hybridization. Prelimi-
nary fluorescence studies of LacZ target to the dye labelled
ssDNA in solution were done using a spectrofluorimeter in-
strument.

Attachment of SYBR 101 to ssDNA probe
The SYBR 101 – ssDNA probe consisted of three parts:

the ssDNA, a C6 aminomodifier as a tether, and the fluores-
cent dye SYBR 101 (absorption 483 nm, emission 515 nm).
The tether was attached to the ssDNA using an ABI 392
DNA/RNA synthesizer. C6 aminomodifier is a phosphor-
amidite synthon containing a six-carbon atom chain termi-
nated by a protected amine moiety. The reagent was used in
analogy to a phosphoroamidite nucleoside. The modifier was
activated with tetrazole to form an active intermediate that
coupled to the 5′-hydroxyl terminus of the oligonucleotide,
which was bound to controlled pore glass (CPG) in the final
coupling cycle. Oxidation and ammonium hydroxide cleav-
age – deprotection yielded the 5′-amine-modified oligonu-
cleotide.

The ssDNA-linker at this stage bore a nucleophilic, unpro-
tected primary amine group, which reacted with the electro-
philic N-hydroxy succinamide group of the SYBR 101.
SYBR 101 succinimidyl ester (reactive dye) was used to la-
bel the amine-modified oligonucleotide because it forms a
very stable amide bond between the dye and the amine-
modified oligonucleotide probe. The reactive dye is a hydro-
phobic molecule, so it was dissolved in high-purity
dimethylsulfoxide before reaction with the amine-modified
oligonucleotide probe. The reaction was done in a tetra-
borate buffer at pH 8.5, so that the reactive dye reacted with
the non-protonated amine group on the modified oligo-
nucleotide probe.

In this protocol, 250 µg of the reactive dye was dissolved
in 14 µL dimethylsulfoxide. To this vial, 7 µL of deionized,
distilled H2O was added followed by 75 µL of the sodium
tetraborate buffer and 4 µL of a 25 µg µL–1 of gel-purified
5′-amine-modified oligonucleotide. The vial was placed on
an oscillating platform stirrer at low speed to insure that the
reaction remained well mixed. The reaction was allowed to
continue overnight. The labelled oligonucleotide (L-DNA)
was purified from the reaction mixture by use of a
Pharmacia NAP-10 column containing Sephadex G-25 me-

dium of DNA Grade, in distilled water containing 0.15%
Kathone CG/ICP Biocide as a preservative.

Preparation of optical fibres
The jacket material surrounding the fused silica optical

fibres (400 µm core diameter, 3M Power Core™ Series Op-
tical Fibre, FT-400-URT or FP-400-UHT, distributed by
Thor Labs Inc., Newton, NJ, U.S.A.) was mechanically re-
moved by use of a fibre-stripping tool (Thor Labs Inc.) to re-
veal the fused silica core material and cladding layer.
Optical fibre pieces 48 mm in length were then made by use
of a custom-built, diamond-edged fibre-scoring device. The
termini of the fibre pieces were visually inspected at 40 ×
magnifications to ensure the fibre termini were flat, orthogo-
nal to the length of the fibre, and free of chips and nicks.

The fused silica fibre segments were cleaned prior to sur-
face modification according to the published methods (14).
CPG was used to grow ssDNA in tandem with fused silica
fibres and was subsequently used for recovery of ssDNA to
determine the quality and quantity of synthesis. CPG was
treated identically to fused silica fibres. The fibre substrates
were first immersed and gently agitated in a 1:1:5 (v/v) solu-
tion of 30% ammonium hydroxide – 30% hydrogen peroxide
– water at 80°C for 5 min. The substrates were then recov-
ered, washed with copious amounts of water, and then
treated with 1:1:5 (v/v) concd. HCl – 30% hydrogen perox-
ide – water for 5 min at 80°C with gentle agitation. The sub-
strates were recovered and washed with 100 mL portions of
water, methanol, chloroform, and diethyl ether, respectively,
dried under reduced pressure, and stored in vacuo and over
P2O5 until required.

Functionalization of fused silica substrates with 3-
glycidoxypropyltrimethoxysilane (GOPS)

The cleaned fused silica substrates were suspended in an
anhydrous solution of xylene – 3-glycidoxypropyltrimeth-
oxysilane – diisopropylethylamine (100:30:1 v/v/v). The re-
action was stirred under argon at 80°C for 24 h. The fibres
were then collected and twice washed with 50 mL portions
of methanol, chloroform, and diethyl ether, respectively, and
then dried and stored in vacuo and over P2O5 at room tem-
perature until required.

Synthesis of dimethoxytrityl hexaethylene glycol (DMT-
HEG)

A solution of dimethoxytrityl chloride (7.1 g, 21 mmol) in
dry pyridine (10 mL) was added dropwise to a stirred solu-
tion of hexaethylene glycol (5.6 mL, 21 mmol in 5 mL
pyridine) under an argon atmosphere. Stirring was continued
overnight, after which time the reaction mixture was com-
bined with dichloromethane (50 mL). The mixture was
shaken against 5% aqueous bicarbonate (2 × 900 mL) and
then with water (2 × 900 mL) to remove unreacted HEG,
pyridine, and salts. The organic layer was dried under re-
duced pressure to yield the crude product. The product was
purified by liquid chromatography using a silica gel column
and an eluent of 1:1 dichloromethane – diethyl ether con-
taining 0.1% triethylamine (2.9 g, 24% yield). 1H NMR
(200 MHz, CDCl3) δ: 7.47–7.19 (m, 9H), 6.81 (d, 4H, J =
8.8 Hz), 3.78 (s, 6H), 3.74–3.51 (m, 22H), 3.22 (t, 2H, J =
5.8 Hz). Purity DMT-HEG = 96%.
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Linkage of DMT-HEG onto GOPS-functionalized
substrates

DMT-HEG (10 equiv relative to the quantity of surface
hydroxyl moieties, 700 mg DMT-HEG – 100 mg CPG) that
had been dried by extended storage in vacuo and over P2O5
(>72 h) was dissolved in 20 mL of anhydrous pyridine and
introduced to an excess of NaH (10 equiv) that had been
thrice washed with dry hexane to remove the oil in which it
had been suspended. The reaction was permitted to proceed
with stirring for 1 h at room temperature under an argon at-
mosphere. The reaction mixture was filtered through a
sintered glass frit under a positive pressure of argon and the
filtrate immediately introduced to the reaction vessel con-
taining the GOPS-functionalized substrates. One batch of
GOPS-functionalized substrates containing both optical
fibres and CPG was created, for which the DMT-HEG cou-
pling reaction was permitted to proceed under a positive
pressure of argon gas at room temperature with gentle agita-
tion on an oscillating platform stirrer for durations of 4 h.
Following the coupling reaction, the substrates were quickly
recovered by filtration over a fritted glass funnel and washed
with 150 mL portions of methanol, water, methanol, and di-
ethyl ether, respectively, to quench the coupling reaction and
remove non-specifically adsorbed reactants. The DMT-
protected polyether-functionalized substrates were dried by
placement in vacuo and over P2O5 and were maintained un-
der these conditions until further required.

Capping of unreacted silanol and hydroxyl
functionalities with chlorotrimethylsilane

Sites on the surfaces of the fused silica fibres and CPG
onto which undesired nucleotide synthon coupling could oc-

cur were capped prior to oligonucleotide assembly using
chlorotrimethylsilane (TMS-Cl), as per the method of
Watterson et al. (17). The substrates that had been dried by
storage in vacuo and over P2O5 for a minimum duration of
16 h were suspended in a solution of 1:10 (v/v) chloro-
trimethylsilane–pyridine for 16 h under an argon atmosphere
at room temperature. The fused silica substrates were thrice
washed with 20 mL portions of pyridine, methanol, and di-
ethyl ether, respectively, and stored in vacuo and over P2O5
at 25°C until required.

Solid-phase phosphoramidite synthesis of
oligonucleotides

All oligonucleotide synthesis was done using a PE-ABI
391-EP DNA synthesizer (PerkinElmer Applied Biosystems,
Foster City, CA, U.S.A.). The manufacturer-supplied synthe-
sis cycles were employed for oligonucleotide assembly with
modifications to the delivery times of the reagents as re-
quired to completely fill the synthesis columns that were
used. Oligonucleotide synthesis onto optical fibres (400 µm
i.d. × 48 mm) was done in a custom-manufactured Teflon®

synthesis column (6 mm i.d. × 50 mm) capable of holding 8
fibres in an evenly distributed and non-contacting fashion
via cylindrical bores (400 µm i.d. × 2 mm deep) machined
into one of the end caps (9).

A nucleic acid oligonucleotide having the sequence
(5′)CAGGTAATGTGGCGGATGAGCGGCA(3′) was syn-
thesized onto the sensor surface as the ssDNA probe. The
target nucleic acid (cDNA) used to challenge the probe was
an oligonucleotide having the sequence (5′)TGCCGC-
TCATCCGCCACATATCCTA(3′), which was derived from a
portion of the LacZ gene sequence. The 25mer
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Fig. 1. HPLC anion-exchange chromatogram of the 25mer mixed-base LacZ probe that was grown on CPG and then quantitatively re-
moved by base cleavage. The chromatogram indicates the synthetic purity of the sample used in this investigation.
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oligonucleotides were prepared by use of a phosphoramidite
synthon (Dalton) and standard protocols for oligonucleotide
assembly, purification, and quantitation, as have previously
been reported (15).

Determination of the extent of surface coverage of CPG
substrates with covalently immobilized oligonucleotide–
polyether conjugates was done by anion-exchange HPLC us-
ing methods that have been reported elsewhere (16).

E. coli and salmon sperm DNA preparation
A 60 mL culture of E. coli was grown overnight at 37°C

in LB media. Bacteria were harvested by centrifugation at
3000g for 10 min. Cells were lysed using TRIZOL reagent
(Life Technologies, Canada) by repetitive pipetting, using
1 mL of the reagent per 1 × 107 cells of the E. coli. The ho-
mogenized sample was incubated for 5 min at room temper-
ature, and chloroform was then added (0.2 mL chloroform
per 1 mL of TRIZOL). Sample tubes were capped and
shaken vigorously for 15 s and incubated at room temp for
2–3 min. The sample tubes were then centrifuged at 12 000g
for 15 min at 2–8°C, to separate the mixture into a lower,
red phenol–chloroform phase, an interphase, and a colour-
less upper aqueous phase. DNA was precipitated from the
interphase and the organic phase by the addition of 0.3 mL
of 100% ethanol per 1 mL of TRIZOL reagent originally
used. Samples were mixed by inversion and permitted to
equilibrate at room temperature for a few minutes, followed

by precipitation of DNA by centrifugation at 2000g for
5 min at 2–8°C. Phenol–ethanol supernatant was removed
and the DNA pellet was washed twice with ethanol and
dried under vacuum. DNA was finally reconstituted by add-
ing 1 mL of 1 × PBS and measurement of absorption at
260 nm showed that the DNA concentration of the resultant
solution was about 350 µg mL–1. The extracted E. coli DNA
was sheared by syringe and then by sonication for 5 min
with a Vibra cell sonicator (Sonics & Materials, Inc.)
equipped with a 5-mm tip and set to 125 W maximum
power at 20 kHz. Samples were kept on ice at all times until
they were used for examination of hybridization.

Lyophilized salmon sperm genomic DNA was reconsti-
tuted in 1 mL of 1 × PBS to a concentration of 350 µg mL–1,
as indicated by measurement of absorption at 260 nm. This
DNA was sheared by syringe and then by sonication for
5 min, as was done for the DNA from E. coli.

Hybridization assays of the E. coli biosensor
All sensors were cleaned by sonication in ethanol in a

40 W bath sonicator for 30 min to remove adsorbed contam-
inants from the sensor surface. In all cases, sensors were ac-
tivated for hybridization by undergoing three consecutive
thermal denaturation – re-annealing cycles, in which the sen-
sors were exposed to a 1 × 10–7 M solution of the comple-
mentary 25mer oligonucleotide sequence (cDNA) in
phosphate-buffered saline (PBS) hybridization buffer
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Fig. 2. E. coli biosensor response to serial dilutions of cDNA as a function of cDNA concentration at various times. Maximum re-
sponse was observed at about 2 min for all concentrations of cDNA.
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(1.0 mol L–1 NaCl, 50 mmol L–1 total phosphate ion,
pH 7.0) and subsequently subjected to a temperature ramp of
0.3°C per min, over a range from 20 to 80°C. Hybridization
assays were done for optical sensors that were exposed to
solution-phase cDNA mixed with the staining intercalator
ethidium bromide at a final concentration of 0.1 µmol L–1.
Each sample solution had a total volume of 26 µL, once in
the reaction chamber. The flow was stopped and the signal
was recorded over a period of up to 10 min. After reaction,
the sensor was washed at a flow rate of 3 mL min–1. Re-
moval of the bound DNA that had associated with the sensor
surface from the previous analysis was done prior to each
experiment by flushing 15 mL of 90°C water through the
flow cell (3 mL min–1, 5 min), followed by 1 mL of 95%
ethanol, and final wash with 90% formamide in TE buffer
(10 mm L–1 Tris HCl, 5 mmol L–1 EDTA, pH = 8.3).

Salmon sperm DNA (0.1 µmole L–1) served as a control for
genomic non-complementary DNA. Assays were performed
using a solution temperature of 40°C. All hybridization as-
says were done in triplicate.

The L-DNA probe hybridization assays were done in bulk
solution, by titrating the tethered SYBR 101-probe with a
fully complementary synthetic LacZ sequence. A concentra-
tion range, from 0.133 to 6.00 µg mL–1 of each sequence,
was used in a total volume of 700 µL.

Results and discussion

The rapid detection of microbes in samples of water is be-
coming more critical as the population of the world in-
creases. Our research group has focused on developing a
biosensor that is rapid and sensitive for the detection of
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Fig. 3. Chronofluorimetric response profile of a biosensor for E. coli using immobilized 25mer mixed-base probe on a fused silica op-
tical fibre. Biosensor was exposed to 10 pmols of fully complementary LacZ 20mer (cDNA), 35 ng ssDNA from E. coli (prepared by
treatment of whole genomic DNA by sonication and shearing), 35 ng of dsDNA from E. coli, and 35 ng ssDNA from salmon sperm
(prepared by treatment of whole genomic DNA with sonication and shearing), in 1 × PBS containing 10–7 M ethidium bromide at
40°C with full washing and chemical regeneration with water at 90°C and formamide solution (90% in TE buffer) between samples.
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coliforms as an indicator of microbial contamination in sur-
face and ground water. Immobilized oligonucleotides on
solid supports for use as molecular recognition elements in
bioassays and biosensors are short sequences conjugated at

the strand terminus to a linker molecule, which in turn is
covalently linked to the substrate. This strategy has proven
advantageous in terms of the enhanced nucleotide coupling
efficiency realized during solid-phase assembly of the oligo-
nucleotide onto the linker and the rapid kinetics of hybrid
formation of the immobilized strand with target sequences.

The single-stranded probe was immobilized via hexaethyl-
ene glycol linker (HEG) to functionalized fused silica sub-
strates. This effectively provided an oligonucleotide surface
where each molecule covered an approximate area of 400–
1300 Å2 when using linear co-polymer strands of ca. 100 Å
lengths (18). This chemistry is highly stable toward water
hydrolysis and physical cleavage, which can occur, owing to
treatment of the surface by heating, cooling, and detergent
washing. The use of HEG also provides advantages based on
high solubility and hydrophilicity (19).

All sensors that were used were checked for quality of
oligonucleotide immobilization by an indirect method based
on concurrent immobilization of DNA on fibres and CPG.
The material on the CPG was cleaved quantitatively from
the surface with base, and anion exchange HPLC was then
used for separation and analysis of recovered material (16).
Figure 1 shows the HPLC analysis of the ssDNA LacZ
probe that was synthesized on CPG. The chromatogram
demonstrates the sequence integrity of the oligonucleotides
that were used throughout this investigation.

Prior to hybridization, sensors were thermally activated by
multiple cycles of heating (90°C) and cooling (30°C) in the
presence of 1 × 10–7 M cDNA. The response of the biosen-
sor to a series of samples introduced sequentially is shown
in Fig. 2. The fluorescence signal was a function of the con-
centration of cDNA. In these experiments, the maximum sig-
nal was obtained at about 120 s after the cDNA was
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Fig. 4. HPLC anion-exchange chromatogram of the mixed base 5′ amine-modified LacZ probe that was grown on CPG and then quan-
titatively removed by base cleavage. The chromatogram indicates the high purity of the synthetic samples used in this investigation.

Fig. 5. MALDI-TOF mass spectrometric analysis of the mixed
base SYBR 101-LacZ probe showing the molecular weight of
the probe m/z (8402 amu). The results confirm the tethering of
the dye to the probe.
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introduced to the sensor. Figure 3 provides an indication of
the shape of the curves and the speed of response. Quantities
as low as about 100 fmole provided signals at the three-
standard-deviation level. Fibres were washed and chemically
regenerated using water at 90°C and 90% formamide solu-
tion in TE buffer between samples. The reproducibility was
excellent, and dozens of cycles of use have been demon-
strated.

Figure 3 shows that the sensor does respond selectively to
the synthetic cDNA LacZ sequence in comparison to the
non-complementary genomic sonicated DNA from salmon
sperm. The fact that the signal for cDNA was present and re-
producible after challenging the biosensor with sonicated
genomic salmon sperm DNA provides an indication that, for
real environmental samples, the possible co-existence of
other non-complementary DNA would not block the biosen-
sor from functioning. Upon challenging the biosensor with
sonicated genomic E. coli DNA, the time dependence of the
signal obtained demonstrates hybridization between the
probe and the genomic LacZ.

Further results investigating the use of PCR products with
the target sequences located in various positions within a

longer product have demonstrated that signal magnitude is
somewhat dependent on the location of the target sequence
(20), with the signals of greatest magnitude appearing when
the target sequence is farthest removed from the biosensor
surface.

Tethered dye
In a preliminary experiment that was designed as a first

step towards preparation of tethered dye, a second probe was
constructed in which the fluorescent intercalator SYBR 101
was chemically conjugated to the probe via a tether. The
dye-conjugated probe was purified and examined by anion
exchange HPLC for purity (Fig. 4). The mass spectral analy-
sis confirmed the formation of SYBR 101 labelled LacZ
probe (Fig. 5).

The ability of the L-DNA to hybridize with fully comple-
mentary DNA was shown by the change in fluorescence
when complementary, in comparison to non-complementary,
DNA was added. Importantly, the results confirmed that the
tethered dye could still bind into double-stranded DNA and
achieve a substantial change in quantum yield. A second im-
portant observation was that the fully complementary target
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Fig. 6. Spectrofluorimetric scan of SYBR 101-LacZ probe. The probe was treated with an equivalent amount of synthetic cDNA
(LacZ) in the presence of an equivalent number of molecules of salmon sperm ssDNA, in 1 × PBS at 515 nm (room temperature).
Salmon sperm ssDNA (SP-DNA) was prepared by treatment of whole genomic DNA with sonication.
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could still be detected in the presence of a large background
of salmon sperm DNA. Figure 6 provides spectral informa-
tion about the tethered dye and a summary of the fluorescent
signal due to binding events of the labelled probe at a con-
centration of 1 × 1014 molecules in 700 µL PBS solution.
When the probe was mixed with an equivalent number of
molecules of salmon sperm DNA, the signal remained rela-
tively high.

To observe the response to hybridization at different con-
centrations of target cDNA of the SYBR 101 labelled probe,
a titration curve was generated using 25mer fully comple-
mentary target LacZ. In this experiment, a PBS solution of
cDNA containing 5.7 µg mL–1 (1 × 1014 molecules) was
titrated against the SYBR101-LacZ probe. A maximum of
hybridization was achieved when a stoichiometrically equiv-
alent amount of the labelled probe was added to the cell.
The intensity of fluorescence did not substantially change
beyond the 1:1 stoichiometric equivalence point, indicating
that hybridization was necessary to bring the tethered dye
into close proximity to a duplex for stable intercalation to
occur (Fig. 7).

Preliminary work using tethered thiazole orange labels on
short mixed nucleotide probes that were immobilized to the
biosensor surface confirmed that such tethered dyes can re-
port selective hybridization (21). The results also indicated
that adsorption of non-complementary DNA had a signifi-
cant effect on the environment of the tethered TO. This ap-

peared to be largely an electrostatic phenomenon where the
positively charged dye interacted with the relatively concen-
trated DNA at the solid interface. The non-selective adsorp-
tion was largely eliminated by moving to high salt (3 ×
PBS), with the concurrent advantage being that the dsDNA
stability was improved. The background intensity effect pro-
duced by non-complementary DNA could be reduced to less
than 10%. Another limitation that was identified was sensi-
tivity to photobleaching (21), which was easily ameliorated
by use of gated detection. Further research has now demon-
strated that a more complicated time-dependent chemical
process, based on availability of intercalant after denatur-
ation and biosensor regeneration, was the main cause of re-
duction in signal intensity as a series of experiments were
done sequentially.

Conclusions

A fibre-optic biosensor for a portion of the LacZ gene was
constructed as a diagnostic device to provide a surface for
the hybridization with markers from E. coli.

The LacZ gene of E. coli was selected because conven-
tional coliform monitoring is based on detection of the activ-
ity of the gene product (β galactosidase) produced by
coliform bacteria. Also, the LacZ sequence was selected as a
target because it is specific to total coliforms, while the
lamB gene is within E. coli, Salmonella, and Shigella spp.,
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Fig. 7. Spectrofluorimetric titration curve of SYBR 101-LacZ probe (5.7 µg mL–1) against concentrations of LacZ cDNA from
0.1 µg mL–1 to 7.7 µg mL–1 in 1 × PBS at 515 nm (room temperature).
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and the uid gene is within E. coli and Shigella spp. The
25mer length of the probe was shown to be sufficiently se-
lective to hybridize genomic target from E. coli bacteria and
was further investigated by searching within the GenBank
nucleotide sequence data to insure that there were no other
homologies with potential non-target sequences (22). The
short length of the probe provides advantages in terms of re-
versibility and high speed of hybridization.

The LacZ probe was covalently attached through a C6
amino-modifier tether to SYBR 101 fluorescent intercalating
dye. This labelled probe was used free in solution to investi-
gate whether the dye could still participate in intercalation as
hybridization with fully complementary target in the pres-
ence of a high concentration of non-complemetary DNA
(salmon sperm DNA) proceeded. The results are encourag-
ing, as there was no indication that the fluorescent signal
from hybridization was dramatically affected by the pres-
ence of the non-complementary material.
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Benzotriazolium ylides: Experimental and
theoretical study on the tautomeric equilibrium of
monosubstituted benzotriazolium ylides

Neculai Doru Miron, Patrice Woisel, Georgiana G. Surpateanu, Gérard Vergoten,
Ludovic Depature, and Gheorghe Surpateanu

Abstract: The biphenacyl benzotriazolium salts 12 give a tautomeric equilibrium 13�14 in the presence of triethyl-
amine (TEA) or NaOH. The evaluation of this tautomeric equilibrium has been studied using a dynamic NMR analysis
and a new synthetic procedure of disubstituted benzotriazolium ylides 15 and 16, which have in their structures a
picryl fragment. This study also includes a theoretical analysis on the reactivity of salts 12a–c and the thermodyna-
mical stability of tautomeric forms 13 and 14 by AM1 and PM3 procedure methods.

Key words: synthesis, salts, ylides, semiempirical calculations, kinetics.

Résumé : En présence de TEA ou de NaOH, les sels de biphénacylbenzotriazolium (12) donnent lieu à un équilibre
tautomère. On a évalué cet équilibre tautomère par le biais d’une analyse RMN dynamique et on a mis au point une
nouvelle méthode de synthèse des ylures de benzotriazolium disubstitués 15 et 16 comportant, dans leurs structures, un
fragment picryle. Cette étude comporte aussi une analyse théorique, à l’aide des méthodes AM1 et PM3, de la réacti-
vité des sels 12a–c et de la stabilité thermodynamique des formes tautomères 13 et 14.

Mots clés : synthèse, sels, ylures, calculs semiempiriques, cinétique.

[Traduit par la Rédaction] Miron et al. 356

Introduction

The presence of the two tautomeric forms 1 and 2 for
some triazolium ylides has been revealed by NMR spectros-
copy and confirmed by trapping each monosubstituted ylide
with picryl chloride (Scheme 1) (1, 2).

The two tautomeric forms 1 and 2 were generated by ad-
dition of aqueous potassium carbonate on a suspension of
the corresponding triazolium salt in DMSO-d6. The ratio of
concentrations was evaluated at 23°C from the integration
curves of the signals corresponding to the 5-H protons in the
triazole ring.

Earlier, two different disubstituted carbanion triazolium
ylides 3 and 4 (Scheme 2) had been isolated and character-
ized as stables compounds (3, 4) by the reaction between
tautomeric monosubstituted carbanion ylides 1 and 2 and
picryl chloride. These two procedures, dynamic NMR spec-
tra and chemical synthesis of the disubstituted ylides from
their tautomeric forms and picryl chloride, represent the ba-
sic handling of the characterization of ylidic tautomers.

The synthetic utility of ylidic compounds is widely recog-
nised (5, 6). The reaction of this class of compounds with
strong electrophiles such as picryl chloride (7) has also been
described and used, in particular in the synthesis of a new
azaheterocyclic framework as isoindoles (3, 4).

In this paper, for the first time, the synthesis and charac-
terization of tautomeric benzotriazolium ylides are reported.
Systematically, molecular modelling has been used to ex-
plain the ratio and the chemical behaviour of ylidic tauto-
meric forms.

Results and discussion

The monosubstituted benzotriazolium ylides reported in
this paper are prepared using the well-known “salt method”
(8). 1-Benzylbenzotriazole 5 is obtained from the commer-
cially available benzotriazole via the corresponding anion
and benzyl bromide. Thus, the 1-benzylbenzotriazole 5
treated with 4-substituted ω-bromoacetophenones 6 in dry
boiling acetone furnish, after recrystallization (ethanol), the

Can. J. Chem. 81: 350–356 (2003) doi: 10.1139/V03-050 © 2003 NRC Canada

350

Received 25 September 2002. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 15 May 2003.

N.D. Miron. Catedra CTPA, Facultatea de inginerie, Universitatea Bacau, Romania.
P. Woisel, L. Depature, and G. Surpateanu.1 Laboratoire de Synthèse Organique et Environnement, EA 2599, MREID, 145, rue
Maurice Schymann, 59140 Dunkerque, France.
G.G. Surpateanu. Departamentul de Chimie Organica si Biochimie, Facultatea de Chimie, Universitatea “Al.Cuza”, B-dul Copou
nr.11, Iasi, Romania.
G. Vergoten. CRESIMM Centre de Recherche et d’Etudes en Simulation et Modélisation Moléculaire, Université des Sciences et
Technologies de Lille, Bâtiment C8, 59650 Villeneuve d’Ascq, France.

1Corresponding author (e-mail: Surpatea@univ-littoral.fr).

I:\cjc\cjc8105\V03-050.vp
May 26, 2003 1:37:17 PM

Color profile: Disabled
Composite  Default screen



corresponding salts 7 in good yields (Scheme 3). Next, these
salts 7 in the presence of triethylamine (TEA) form “in situ”
monosubstituted carbanion ylides 8, which with picryl chlo-
ride offer directly benzotriazolium trinitrophenylmethylides
9. However, this reaction must be carried out under 10°C
and without light to prevent cleavage of the –C —N+ bond.

By our experimental procedure only disubstituted benzo-
triazolium ylides 9 have been isolated. That corresponds to a
single type of phenacylide structure (8). Another potential
tautomeric benzylidic structure, 10, could not be character-
ized. That is why we extended our synthesis to a new benzo-
triazolium ylide (Scheme 4) in which two phenacyl
fragments are linked to nitrogen atoms 1 and 3 in a triazole
ring. The general synthetic procedure is similar to those em-
ployed for the preparation of the benzotriazolium ylides 8.
Indeed, in this case two disubstituted benzotriazolium ylides
15 and 16 have been identified, in different ratios, as the fi-
nal reaction mixture (Table 1).

Quantitative data were obtained by 1H NMR spectra, tak-
ing into account the chemical shifts and the integration of
the signals belonging to the protons in the picryl fragments
and methylene groups in every pair of corresponding benzo-
triazolium ylides 15 and 16.

We supposed that this experimental result could be ex-
plained by the existence of a tautomeric equilibrium 13�14
between two monosubstituted benzotriazolium ylides.

Moreover, the absence of the ylide equilibrium 8�10
prompted us to develop a theoretical study on the reactivity
of salts 7 and 12, to generate the corresponding monosub-
stituted benzotriazolium ylides. Also, the reactivity of all
tautomeric forms towards picryl chloride has been consid-
ered.

First, the semiemperical AM1 and PM3 calculations were
performed using the PC-Spartan Plus package (9). For each
compound, a multiconformational search has been devel-
oped. The employed method, which gave satisfactory results
on our structures, has been described in recent papers (10,
11). Briefly, the procedure consists in studying the ∆H (heat
of formation variation) according to the variation of the di-
hedral angle by rotational increments of 15°. The minimum
value of ∆H is chosen according to the curve scribing. All
constraints are removed and a new geometry optimization is
made to obtain the most stable conformation. All single
bonds have been taken in consideration.

In Table 2 the electrostatic and Mulliken charges of four
methylenic hydrogens are given. Normally, the positive
charges have similar values, as in the case of biphenacylide
salts 12. Otherwise, more important differences, especially

for the Mulliken charges, are observed, as in the case of
benzylphenacyl salts 7.

In this last case based on positive atomic charges, e.g.,
their acidities (12), we consider as more probable the forma-
tion of phenacylide system 8 than benzylide system 10.
Qualitatively, the presence of a tautomeric equilibrium
13�14 and the absence of an equilibrium similar to the case
of benzylphenacyl salts 5�7 seems to be an expected result.

Next, to evaluate the intervention of a possible thermody-
namic factor in the generation of monosubstituted benzotria-
zolium ylides 8, 10, 13, and 14, we calculated the heats of
formation of these monosubstituted ylides.

From the survey data in Table 3, some complementary
conclusions could be extracted: (i) larger differences in the
range of 2.03–2.81 kcal (AM1) and 1.08–1.68 kcal (PM3) in
the case of ylide forms 8 and 10 and (ii) smaller differences
of 0.21–0.65 kcal mol–1 (AM1 and PM3) for ylide tauto-
meric forms 13 and 14. In the first case, the formation of
phenacylide forms 8 is favoured. Otherwise, in the second
case the formation of both the tautomeric forms 13 and 14 is
effective.

The reaction between a monosubstituted benzotriazolium
ylide and picryl chloride could be considered to be proceed-
ing as a donor–acceptor interaction, respectively. Thus, the
atomic orbital coefficient of the ylide carbon atom in the
HOMO (High occupied molecular orbital) could be taken
into consideration as a chemical reactivity parameter (Ta-
ble 4) (13–15).

By the absolute values of these coefficients, the reactivity
of ylide carbon atoms in tautomeric benzotriazolium ylides
13 and 14 are comparable. Moreover, we proved experimen-
tally that the reaction rate of monosubstituted ylides with
picryl chloride is very important (the reaction is instanta-
neous). The visible disappearance of the colour (orange) of
monosubstituted benzotriazole ylide 13 or 14 and the ap-
pearance of a deep purple colour corresponding to formation
of the disubstituted benzotriazolium ylide have also been
highlighted by UV–vis spectra and analytical thin layer
chromatography.

Briefly, both experimental and theoretical results pre-
sented in this paper permit us to point out some conclusions:
(i) the 1-phenacyl-3-benzyl benzotriazolium salt 7 in the
presence of TEA gave a single monosubstituted benzotria-
zolium ylide 8. The mobility of the methylenic hydrogens
and the heat of formation of the hypothetical two tautomeric
forms 8 and 10 reinforce the absence of an equilibrium;
(ii) otherwise, the same theoretical parameters, e.g., the mo-
bility of methylenic hydrogens in salt 12 and the heat of for-
mation of the corresponding pair of forms 13 and 14
recommend the co-existence of tautomeric equilibrium of
these two form; (iii) the small difference in the values of the
charges of the two pairs of methylenic hydrogens in 12, the
closer heat of formation of 13 and 14, and their comparable
atomic orbital coefficients suggest formation of both these
two tautomeric forms. At this stage of our experiments that
is not proved. Experimentally, in all three analyzed equilib-
ria, the form of 13 is the dominant one and much more so in
the nitrophenacylide structure 13c. The increasing trend of
substituant constants — σCl(0.22) < σOCH3(0.22) <
σNO2(0.78) (12) — is also found from the ratio of concentra-
tions of the tautomeric equilibrium 13�14. Nevertheless,
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Scheme 1. Monosubstituted triazolium ylides.
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others factors (e.g., the nature of the solvent, the polarity of
the reaction mixture) could influence the final concentra-
tions of the two tautomeric forms. Next, we choose the equi-
librium 13c�14c (the extreme case) for a more detailed
experimental study, monitoring the kinetics of the tauto-
meric equilibrium using 1H NMR. The analyses were di-
rectly performed in the NMR tube with addition of NaOD
(2 equiv) – D2O to the solution of benzotriazolium salt 12c
(2.10–2 mol L–1) – D2O. The addition of NaOD was consid-
ered the starting time (t = 0). The 1H NMR spectra unambig-

uously indicated the completion of the dehydrohalogenation
reaction. The concentration of each tautomer was evaluated,
as already mentioned, from the integrals of the remaining
methylenic and picryl protons. The results are presented in
Table 4.

After 15 min, equilibrium was achieved (no significant
modification of involved signals was observed), but the deg-
radation of the reaction mixture was growing significantly.

Finally, taking into account the quantitative data in Ta-
ble 3, we imagined a new kind of synthesis of disubstituted

© 2003 NRC Canada
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Scheme 2. Reactivity of the monosubstituted triazolium ylides.

Scheme 3. Preparation of the disubstituted benzotriazolium ylides.
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benzotriazolium ylides 15c and 16c. Always, the aim was to
highlight the evolution of the equilibrium 13c�14c.

Concretely, this equilibrium was generated by adding
TEA in one step to the benzotriazolium salt 12c in chloro-
form. Then a solution of picryl chloride in chloroform was
added, also in one step, after 10 min. All other aspects con-
cerning this new procedure are described in the experimental
section of this paper.

Indeed, as we supposed, the ratio of disubstituted ylides
15c and 16c in the final reaction mixture was changed.
Taking into account this new ratio, we could indirectly eval-
uate a corresponding equilibrium mixture of 78% 13c and
22% 14c.

Really, these values are slightly different with respect to
those performed by dynamic NMR analysis at the same

time, t = 10 min, but deeply different (89% 13c and 11%
14c) at time t = 0 from those for the experiment described in
the experimental section. Thus, we consider that the exis-
tence of a dynamic equilibrium 13c�14c is undoubtedly
proven by this new synthetic procedure. The developed dy-
namic NMR analysis and the new synthetic procedure in-
volve different experimental conditions; NaOD or TEA as
base and DMSO-d6 or CHCl3 as solvent, respectively, so
that the quantitative differences on the concentrations of the
tautomeric forms could be easily justified.

Conclusion

The benzylphenacylbenzotriazolium salts 7 in the pres-
ence of TEA give exclusively one monosubstituted benzotri-
azolium ylide 8.

The 1,3-biphenacylbenzotriazolium salts 12 under the
same experimental condition form a tautomeric mixture of
13 and 14.

The differences in these previous behaviours are proven
by theoretical data, e.g., the mobility of methylenic groups
and the thermodynamic stabilities of the tautomeric forms.

© 2003 NRC Canada
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Salt Ylide 15 Ylide 16

12a 76 24
12b 75 25
12c 89 11

Table 1. Mixture of ylides 15 and 16.

Scheme 4. Preparation of the disubstituted biphenacyl benzotriazolium ylides.
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In the case of tautomeric ylides 13 and 14, their reactivi-
ties with picryl chloride are comparable (see the absolute
values of atomic orbital coefficients of the ylide carbon at-
oms in HOMO).

The existence and the evolution of the equilibrium 13�14
was proven by a dynamic NMR analysis and by a new
method of synthesis.

The slow rate of ylidic tautomeric equilibrium is due to a
migration of a proton between two similar ylidic carbanion
atoms.

Experimental section

General remarks
1H and 13C NMR spectra were recorded with a Bruker

AM 250 spectrometer with trimethylsilane as the internal
standard. The abbreviations used are s (singlet), d (doublet),
t (triplet), and m (multiplet). Mass spectra were measured

using a Platform II Micromass Apparatus. IR spectra were
recorded using a PerkinElmer instrument. Melting points
were obtained with a Reichert Thermopan apparatus and are
uncorrected. Chromatographic separations were carried out
on SDS silica gel 60 (70–200 µm). All reagents were used as
purchased unless otherwise stated. Solvents were dried ac-
cording to standard procedures. All reactions were per-
formed under dry argon.

General procedure for the synthesis of benzotriazolium
salts 7 and 12

The ω-bromoacetophenone compounds 6a–c are commer-
cially available. A solution of ω-bromoacetophenone 6 in an-
hydrous acetone (30 mL) was added, at room temperature
under argon, to a solution of 1-benzyl-[1,2,3]benzotriazole 5
or 1-phenacyl-[1,2,3]benzotriazole 11 (10 mmol) in dry ace-
tone (80 mL). The mixture was refluxed under stirring for
8 h. The crude product was filtered off and recrystallized
from EtOH.

3-Benzyl-1-[2-(4-chlorophenyl)oxoethyl]-3H-benzotriazol-
1-ium bromide (7a)

Yield 3.13 g (71%), mp 158–159°C. IR (KBr) (cm–1) ν:
3028, 1700, 1588, 1338, 1224, 1091, 986, 775. 1H NMR
(DMSO–TMS) δ: 6.44 (s, 2H, CH2), 7.10 (s, 2H, CH2),
7.43–7.50 (m, 3 aromatic H), 7.55–7.63 (m, 2 aromatic H),
7.77 (d, J = 8.2 Hz, 2 aromatic H), 8.00–8.08 (m, 2 aromatic
H), 8.16 (d, J = 8.2 Hz, 2 aromatic H), 8.40–8.45 (m, 1 aro-
matic H), 8.51–8.56 (m, 1 aromatic H). ES+-MS (cone 21)
m/z (%): 364 ([M – Br], 32), 362 ([M – Br], 100). C21H17Br-
ClN3O calcd.: C 57.14, H 3.88, N 9.53; found: C 56.88, H
3.84, N 9.39.

3-Benzyl-1-[2-(4-methoxyphenyl)oxoethyl]-3H-benzotria-
zol-1-ium bromide (7b)

Yield 3.01 g (69%), mp 164–165°C. IR (KBr) (cm–1) ν:
3035, 1684, 1602, 1575, 1184, 1028, 983, 775. 1H NMR
(DMSO–TMS) δ: 3.92 (s, 3H, OCH3), 6.43 (s, 2H, CH2),
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H1 H2 H3 H4

Salt Method E M E M E M E M

7a AM1 0.15 0.16 0.15 0.15 0.17 0.13 0.18 0.14
PM3 0.15 0.13 0.13 0.11 0.10 0.09 0.10 0.11

12a AM1 0.17 0.17 0.16 0.15 0.18 0.17 0.17 0.15
PM3 0.12 0.13 0.11 0.12 0.12 0.13 0.11 0.12

7b AM1 0.17 0.16 0.17 0.15 0.13 0.13 0.13 0.15
PM3 0.11 0.13 0.12 0.12 0.08 0.09 0.10 0.11

12b AM1 0.14 0.16 0.12 0.15 0.17 0.16 0.16 0.15
PM3 0.11 0.13 0.09 0.11 0.17 0.13 0.13 0.11

12c AM1 0.17 0.17 0.16 0.15 0.18 0.17 0.16 0.15
PM3 0.14 0.13 0.13 0.12 0.13 0.13 0.12 0.12

Table 2. Electrostatic (E) and Mulliken (M) charges (au) of benzotriazolium salts 7 and 12.

Ylide Method ∆H (kcal mol–1) HOMO (Pz)

8a AM1 161.96 0.55
PM3 114.76 0.43

10a AM1 164.77 0.38
PM3 116.44 0.39

8b AM1 130.92 0.52
PM3 83.37 –0.42

10b AM1 132.95 0.48
PM3 84.45 –0.40

13a AM1 134.37 –0.64
PM3 83.85 –0.57

14a AM1 134.93 0.64
PM3 83.64 –0.56

13b AM1 103.25 –0.43
PM3 51.81 0.36

14b AM1 103.13 0.53
PM3 52.43 0.48

13c AM1 144.90 0.44
PM3 81.72 –0.35

14c AM1 147.18 0.42
PM3 82.37 –0.38

Table 3. Heat of formation (∆H) and atomic orbital coefficient
of monosubstituted benzotriazolium ylides 8, 10, 13, and 14.

Time (min) 13c (%) 14c (%)

5 80.3 19.7
10 69.5 31.5
15 60.5 39.5

Table 4. The dynamic of equilibrium 13c�14c.
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7.01 (s, 2H, CH2), 7.20 (d, J = 8.8 Hz, 2 aromatic H), 7.43–
7.51 (m, 3 aromatic H), 7.54–7.57 (m, 2 aromatic H), 7.98–
8.05 (m, 2 aromatic H), 8.16 (d, J = 8.8 Hz, 2 aromatic H),
8.37–8.39 (m, 1 aromatic H), 8.48–8.50 (m, 1 aromatic H).
ES+-MS (cone 32) m/z (%): 358 ([M – Br], 100). C22H20Br-
N3O2 calcd.: C 60.40, H 4.61, N 9.61; found: C 59.98, H
4.84, N 9.38.

1-[2-(4-Chlorophenyloxoethyl]-3-(2-phenyloxoethyl)-3H-
benzotriazol-1-ium bromide (12a)

Yield (80%), mp 158–159°C. IR (KBr) (cm–1) ν: 3094,
2968, 2830, 1700, 1588, 1233, 1087, 757. 1H NMR
(DMSO–TMS) δ: 7.15 (s, 2H, CH2), 7.16 (s, 2H, CH2),
7.71–7.84 (m, 5 aromatic H), 8.04–8.07 (m, 2 aromatic H),
8.18 (m, 4 aromatic H), 8.45–8.49 (m, 2 aromatic H). ES+-
MS (cone 31) m/z (%): 392 ([M – Br], 33), 390 ([M – Br],
100). C22H17BrClN3O2 calcd.: C 56.29, H 3.65, N 8.96;
found: C 56.20, H 3.84, N 9.08.

1-[2-(4-Methoxyphenyloxoethyl]-3-(2-phenyloxoethyl)-3H-
benzotriazol-1-ium bromide (12b)

Yield 3.47 g (74%), mp 159–160°C. IR (KBr) (cm–1) ν:
2909, 2836, 1683, 1600, 1356, 1237, 1176, 757. 1H NMR
(DMSO–TMS) δ: 3.93 (s, 3H, OCH3), 7.04–7.24 (m, 6H,
2CH2 + 2 aromatic H), 7.70 (t, J = 7.3 Hz, 2 aromatic H),
7.84 (t, J = 7.3 Hz, 1 aromatic H), 8.01–8.19 (m, 6 aromatic
H), 8.43–8.50 (m, 2 aromatic H). ES+-MS (cone 20) m/z
(%): 386 ([M – Br], 100). C23H20BrN3O3 calcd.: C 59.35, H
4.33, N 9.03; found: C 59.34, H 4.41 N 9.11.

1-[2-(4-Nitrophenyloxoethyl]-3-(2-phenyloxoethyl)-3H-
benzotriazol-1-ium bromide (12c)

Yield 4.13 g (88%), mp 161–162°C. IR (KBr) (cm–1) ν:
2884, 1704, 1600, 1527, 1350, 1226, 994, 756. 1H NMR
(DMSO–TMS) δ: 7.18 (s, 2H, CH2), 7.23 (s, 2H, CH2), 7.70
(d, J = 7.3 Hz, 2 aromatic H), 7.83 (d, J = 7.3 Hz, 2 aro-
matic H), 8.04–8.08 (m, 2 aromatic H), 8.18 (d, J = 7.3, 2
aromatic H), 8.38–8.53 (m, 5 aromatic H). ES+-MS (cone
25) m/z (%): 401 ([M – Br], 100). C22H17BrN4O4 calcd.: C
55.00, H 3.57, N 11.67; found: C 59.94, H 3.62 N 11.71.

General procedure for synthesis of disubstituted benzo-
triazolium ylides 9, 15, and 16

To a mixture formed of salts 12 (2.8 mmol) in CHCl3
(30 mL) and picryl chloride (2.8 mmol) was added gradu-
ally, at O°C under Ar, a solution of freshly distilled Et3N
(5.6 mmol) in dry CHCl3 (10 mL) at 0°C under Ar. Then the
mixture was stirred at room temperature for 3 h. Finally, the
solvent was evaporated, and the deep purple crude product
was chromatographed on SiO2 using acetone–hexane (40:60)
as the eluant.

(3-Benzyl-3H-benzotriazol-1-io)(4-chlorobenzoyl)(2,4,6-
trinitrophenyl)methanide 9a

Yield 0.98 g (61%), mp 119–120°C. IR (KBr) (cm–1) ν:
2910, 1665, 1569, 1489, 1275, 1113, 1015, 766. 1H NMR
(CDCl3–TMS) δ: 5.85 (s, 2H, CH2), 7.23–7.32 (m, 4 aro-
matic H), 7.45–7.57 (m, 6 aromatic H), 7.70–7.79 (m, 3 aro-
matic H), 8.60 (s, 2H, aromatic). ES+-MS (cone 30) m/z (%):
597 ([M + Na], 12), 595 ([M + Na], 40), 575 ([M + H], 31),
573 ([M + H], 100).

(3-Benzyl-3H-benzotriazol-1-io)(4-methoxybenzoyl)(2,4,6-
trinitrophenyl)methanide 9b

Yield 0.87 g (55%), mp 139–140°C. IR (KBr) (cm–1) ν:
3077, 1603, 1558, 1527, 1258, 1252, 1027, 751. 1H NMR
(CDCl3–TMS) δ: 3.85 (s, 3H, OCH3), 5.84 (s, 2H, CH2),
6.81 (d, J = 8.8, 2 aromatic H), 7.30–7.34 (m, 2 aromatic H),
7.47–7.49 (m, 3 aromatic H), 7.52–7.58 (m, 3 aromatic H),
7.66–7.76 (m, 3 aromatic H), 8.58 (s, 2H, aromatic). ES+-
MS (cone 20) m/z (%): 569 ([M + H], 100).

(3-(2-Phenyl-2-oxoethyl)-3H-benzotriazol-1-io)(4-chloro-
benzoyl)(2,4,6-trinitrophenyl)methanide 15a and [(3-(2-(4-
nitrophenyl)-2-oxoethyl)-3H-benzotriazol-1-io](benzoyl)-
(2,4,6-trinitrophenyl)methanide 16a

Yield 1.21 g (72%). IR (KBr) (cm–1) ν: 3077, 1603, 1558,
1527, 1258, 1252, 1027, 751. 1H NMR (CDCl3–TMS) δ:
6.95 (15a) and 6.93 (16a) (s, 2H, CH2), 7.22–7.26 (m, 4 aro-
matic H), 7.62–7.88 (m, 6 aromatic H), 8.09–8.12 (m, 2 aro-
matic H), 8.21–8.24 (m, 1 aromatic H), 8.60 (15a) and 8.64
(16a) (s, 2H, aromatic). ES+-MS (cone 42) m/z (%): 625
([M + Na], 30), 623 ([M + Na], 70), 603 ([M + H], 20), 601
([M + H], 60).

[3-(2-Phenyl-2-oxoethyl)-3H-triazol-1-io](4-methoxy-
benzoyl)(2,4,6-trinitrophenyl)methanide 15b and [(3-(2-(4-
methoxyphenyl)-2-oxoethyl)-3H-triazol-1-io](benzoyl)-
(2,4,6-trinitrophenyl)methanide 16b

Yield 0.93 g (56%). 1H NMR (CHCl3–TMS) δ: 3.71 (16b)
and 3.90 (16a) (s, 3H, OCH3), 6.87 (16b) and 6.94 (15b) (s,
2H, CH2), 7.16–7.29 (m, 6 aromatic H), 7.64–7.88 (m, 4 ar-
omatic H), 8.08–8.21 (m, 3 aromatic H), 8.58 (15b) and 8.61
(16b) (s, 2 aromatic H). ES+-MS (cone 35) m/z (%): 619
([M + Na], 100), 597 ([M + H], 45).

[3-(2-Phenyl-2-oxoethyl)-3H-triazol-1-io](4-nitrobenzoyl)-
(2,4,6-trinitrophenyl)methanide 15c and [(3-(2-(4-nitroxy-
phenyl)-2-oxoethyl)-3H-triazol-1-io](benzoyl)(2,4,6-trini-
trophenyl)methanide 16c

Yield 1.11 g (65%). 1H NMR (CHCl3–TMS) δ: 6.92 (15c)
and 6.94 (16c) (s, 2H, CH2), 7.40–7.43 (m, 2 aromatic H),
7.62–7.68 (m, 2 aromatic H), 7.77–7.92 (m, 4 aromatic H),
8.06–8.13 (m, 4 aromatic H), 8.23 (15c) and (16c) (d, J =
7.9 Hz, 1 aromatic H), 8.61 (16c) and 8.72 (15c) (s, 2 aro-
matic H). ES+-MS (cone 30) m/z (%): 634 ([M + Na], 100),
612 ([M + H], 10).
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Experimental values and ERAS model calculations
for excess molar volumes and enthalpies of the
ternary system 2-butanol + 1,3-dioxolane +
cyclohexane

Ignacio Gascón, Santiago Martín, Beatriz Giner, Marta Haro, and Carlos Lafuente

Abstract: Densities and heats of mixing for the ternary system 2-butanol + 1,3-dioxolane + cyclohexane have been
measured at 298.15 and 313.15 K. Excess molar volumes and excess molar enthalpies have been calculated from ex-
perimental data and fitted by the Redlich–Kister equation. The ERAS model has been used to calculate excess molar
properties of the ternary mixture from parameters obtained from the constituent binary mixtures.

Key words: excess properties, ERAS model.

Résumé : On a mesuré à 298,15 et à 313,15 K les densités et les chaleurs de mélange du système ternaire : butan-2-
ol + 1,3-dioxolane + cyclohexane. On a calculé les volumes molaires en excès, les enthalpies molaires en excès, à
partir des données expérimentales et on les a ajustées à l’aide de l’équation de Redlich–Kister. On a utilisé le mo-
dèle ERAS pour calculer les propriétés molaires en excès du mélange ternaire à partir des paramètres obtenus des
mélanges binaires de constituants.

Mots clés : propriétés en excès, modèle ERAS.

[Traduit par la Rédaction] Gascón et al. 363

Introduction

The study of the thermodynamic properties of binary mix-
tures containing cyclic polyethers has increased in recent
years (1–6) because of industrial applications and theoretical
interest in the structure of such solutions. However, experi-
mental data for ternary mixtures of these compounds are
scarce.

This work is a continuation of our previous investigations
involving thermodynamic and transport properties of binary
and ternary mixtures containing 1,3-dioxolane or 1,4-dioxane
together with isomeric butanols, cyclohexane, and n-hexane
(7–11). Here we report experimental excess molar volumes
and excess molar enthalpies of the ternary mixture 2-
butanol + 1,3-dioxolane + cyclohexane at 298.15 and
313.15 K. Experimental thermodynamic data of the mixtures
provide a better understanding of the molecular interactions
and can be used to test thermodynamic models. In the pres-
ent paper the reported excess molar volumes and excess mo-
lar enthalpies are used to test the applicability of the ERAS
model for describing excess molar properties of the ternary
mixture at different temperatures from binary parameters.

Experimental

2-Butanol (>99%), 1,3-dioxolane (>99%), and cyclohex-
ane (>99.9%) were obtained from Aldrich. The purities of
these compounds were checked by comparing the measured
densities with those reported in the literature and also by a
chromatographic method. This confirmed the absence of sig-
nificant impurities. No further purification was considered
necessary, but the 2-butanol was dried with 0.3 nm molecu-
lar sieves from Merck.

Properties of the pure compounds at 298.15 and 313.15 K,
along with literature density values at 298.15 K (2, 12), are
given in Table 1.

Densities, ρ, of the pure compounds and their mixtures
were determined with an Anton Paar DMA-58 vibrating tube
densimeter whose temperature was controlled within
±0.01 K. The accuracy of the densimeter after proper cali-
bration is ±1 × 10–5 g cm–3 and the precision of the density
measurements was ±5 × 10–6 kg m–3.

Mixtures were prepared by mass using a Mettler H20T
balance. The uncertainty of mole fraction of the mixtures is
estimated to be less than ±1 × 10–4.

Excess molar enthalpies were determined using a Thermo-
metric 2277 thermal activity monitor with a combination
measuring cylinder (LKB 2277–204) running under constant
flow conditions (total flow rate = 5 × 10–3 mL s–1). During
the experiments the temperature is kept constant within ±2 ×
10–4 K. Two Shimadzu LC-10ADVP HPLC pumps were
used to drive the liquids. One of the pumps delivered pure 2-
butanol while the other pump delivered a liquid mixture of
1,3-dioxolane and cyclohexane of known composition. Each
pump was calibrated with pure 2-butanol or the binary mix-
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ture, respectively, before calorimetric measurements were
registered. The uncertainty in the mole fractions of the ter-
nary mixture, calculated from the uncertainty in the flow
delivered by the pumps, is ±0.001. The accuracy in the de-
termination of the excess molar enthalpies could be expected
to be ±1%. More details about procedure and calibration can
be found in a previous paper (18).

Results and discussion

The experimental densities of the ternary system 2-butanol
(1) + 1,3-dioxolane (2) + cyclohexane (3) at 298.15 and
313.15 K are shown in Table 2 along with calculated excess
molar volumes. The excess molar enthalpies are presented in
Table 3. HE was determined according to the following rela-
tion:

[1] H
Q n n H

n n n
E

E
= + +

+ +

� ( � � )
� � �

2 3 23

1 2 3

where �Q is the measured heat effect upon mixing, �n1 is the
molar flow of the components (i = 1, 2, 3), and HE

23 is the
excess molar enthalpy of the binary mixture 1,3-dioxolane +
cyclohexane delivered by one of the pumps. The HE values
for this binary mixture are given in Table 4.

The Redlich–Kister equation for ternary mixtures (19) was
fitted to the measured excess molar volumes and enthalpies

[2] Y Y x x x x C D x D xE E= + − − + +bin 1 2 1 2 1 1 2 21( )[ ]

YE is the excess molar property (VE or HE) of the ternary
mixture, xi is the mole fraction of component i in the mix-
ture, C and Di are adjustable parameters obtained by the
least-squares method, and Y E

bin is the contribution to the ex-
cess molar property of the constituent binary mixtures given
by

[3] Y Y Y YE E E E
bin 12 13 23= + +

Each binary contribution, Yij
E , is obtained by means of a

Redlich–Kister polynomial equation for binary mixtures

[4] Y x x A x xij
E

i j p ij
p

n

j
p= −

=
∑ , ( )

0
i

where xi is the mole fraction of component i in the ternary
mixture and Ap,ij are adjustable parameters obtained by least-
squares fitting. Table 5 gives the parameters for the constitu-
ent binary mixtures obtained either from experimental mea-
surements carried out in our laboratory or taken from
previous papers (7, 9, 20). The standard deviations of the
fits, σ, are also tabulated.

In Table 5 the parameters obtained for the excess molar
enthalpies of the binary mixture 2-butanol + cyclohexane are
included; these were fitted with the fractional equation pro-
posed by Treszczanowicz and Benson (21)

[5] H x x A xE
p

p

m
p

13 1 3 1
2=

=
∑

0

/
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Property T (K) 2-Butanol 1,3-Dioxolane Cyclohexane

ρ (g cm–3) 298.15 Exptl. 0.8022 1.05862 0.77372
Lit. 0.80241a 1.05866b 0.77389b

313.15 Exptl. 0.78959 1.03997 0.75947
Vm (cm3 mol–1) 298.15 92.398 69.977 108.774

313.15 93.874 71.232 110.815
103 α (K–1) 298.15 1.059 1.164 1.220

313.15 1.105 1.226 1.257
1012 κT (Pa–1) 298.15 1 006 758.3 1131.0

313.15 1 114.7 862.7 1282.8
Cp,m (J K–1 mol–1) 298.15 196.9c 122.21 156.2d

313.15 212.6e 125.01 162.0d

s (Å–1) 1.484 1.230 0.961
Ki

f 298.15 72g 4 —
313.15 44 3.1 —

∆vi
* (cm3 mol–1)f –5.6h –6.8 —

∆hi
* (J mol–1)f –25 100h –12 750 —

V*0 (cm3 mol–1) 298.15 74.951 57.422 84.267
313.15 75.169 57.238 84.588

P* (J cm–3) 298.15 421 544 536
313.15 423 557 527

aReference (12).
bReference (2).
cReference (13).
dReference (14).
eReference (15).
fi = A for 2-butanol, i = B for 1,3-dioxolane.
gReference (16).
hReference (17).

Table 1. Physical properties and ERAS model parameters of the pure components at 298.15 and 313.15 K.
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where HE
13 is the excess molar enthalpy of the binary mixture,

x1 and x3 are the mole fractions of 2-butanol and cyclohexane,
respectively, and Ap are adjustable parameters obtained by the
least-squares method.

The C and Di parameters of the Redlich–Kister equation
for ternary mixtures are given in Table 6 along with the stan-
dard deviations of the fits.

Isolines at constant values of excess molar volumes and

enthalpies of the ternary mixture at 298.15 and 313.15 K are
plotted in Figs. 1 and 2, respectively. The mixtures have rel-
atively large positive excess molar volumes and enthalpies
throughout the entire composition range. Both excess molar
properties increase slightly with increasing temperature.

The observed behaviour of the excess molar properties
can be interpreted in terms of molecular interactions. In par-
ticular, the mixtures show positive excess molar volumes

T = 298.15 K T = 313.15 K

x1 x2 ρ (g cm–1) VE (cm3 mol–1) x1 x2 ρ (g cm–1) VE (cm3 mol–1)

0.0528 0.0500 0.78114 0.447 0.0550 0.0642 0.76928 0.447
0.0525 0.1020 0.78998 0.609 0.0538 0.1071 0.77636 0.654
0.1009 0.0498 0.78166 0.541 0.1005 0.0513 0.76752 0.583
0.1042 0.0952 0.78936 0.704 0.1007 0.1039 0.77628 0.767
0.0957 0.1988 0.80853 0.930 0.1070 0.1895 0.79200 0.994
0.1937 0.0966 0.7914 0.802 0.1900 0.1014 0.77728 0.924
0.1020 0.2909 0.82806 1.040 0.0978 0.2975 0.81388 1.133
0.2059 0.1872 0.80914 0.986 0.1919 0.2066 0.79744 1.125
0.2958 0.0978 0.79419 0.854 0.2979 0.0987 0.77964 0.975
0.1025 0.3873 0.85063 1.070 0.1009 0.3979 0.83723 1.166
0.1961 0.2885 0.83074 1.067 0.2008 0.2946 0.81683 1.177
0.2985 0.2002 0.81494 1.000 0.2971 0.2028 0.80036 1.118
0.3940 0.0973 0.79707 0.848 0.3994 0.0970 0.78252 0.968
0.1052 0.4969 0.87952 1.020 0.1104 0.4907 0.86182 1.107
0.1916 0.3958 0.85669 1.056 0.1909 0.3988 0.84154 1.158
0.3010 0.2859 0.83440 1.035 0.2915 0.2960 0.82096 1.155
0.4119 0.1867 0.81641 0.930 0.3924 0.2090 0.80558 1.072
0.4929 0.0993 0.80091 0.803 0.4988 0.0979 0.78639 0.909
0.1011 0.5964 0.90889 0.885 0.1073 0.5925 0.89134 0.966
0.1981 0.4911 0.88313 0.963 0.2038 0.4924 0.86765 1.047
0.3037 0.3843 0.85948 0.974 0.2964 0.3916 0.84520 1.090
0.4044 0.2897 0.84028 0.939 0.3978 0.2938 0.82571 1.055
0.4968 0.1895 0.82073 0.853 0.4994 0.1887 0.80596 0.957
0.5971 0.1027 0.80591 0.695 0.5971 0.0991 0.79085 0.799
0.1046 0.6968 0.94266 0.686 0.0991 0.7022 0.92702 0.736
0.1951 0.6006 0.91677 0.783 0.1926 0.6023 0.90058 0.851
0.3008 0.4939 0.89052 0.839 0.2965 0.4991 0.87571 0.925
0.4042 0.3926 0.86761 0.841 0.4009 0.3910 0.85145 0.941
0.4875 0.3100 0.85014 0.800 0.4983 0.2926 0.83106 0.909
0.5920 0.2035 0.82878 0.717 0.5979 0.1910 0.81157 0.807
0.6942 0.0980 0.80926 0.561 0.6915 0.1091 0.79763 0.650
0.0498 0.8477 0.99573 0.366 0.0539 0.8460 0.97766 0.392
0.0986 0.7984 0.98051 0.431 0.1031 0.8098 0.96791 0.433
0.1979 0.7032 0.95302 0.535 0.1848 0.7170 0.94038 0.534
0.2928 0.6016 0.92492 0.618 0.2940 0.6019 0.90879 0.673
0.3974 0.4955 0.89806 0.667 0.3943 0.4979 0.88289 0.729
0.5037 0.3968 0.87539 0.664 0.4946 0.4066 0.86237 0.740
0.6051 0.2979 0.85414 0.597 0.5979 0.2979 0.83863 0.722
0.6934 0.2064 0.83532 0.517 0.7040 0.1861 0.81634 0.617
0.7972 0.0999 0.81483 0.385 0.8006 0.0957 0.80024 0.456
0.8440 0.0579 0.80763 0.287 0.8447 0.0505 0.79242 0.358
0.0517 0.8977 1.01741 0.216 0.0536 0.8941 0.99811 0.234
0.1012 0.8481 1.00118 0.294 0.1049 0.8433 0.98188 0.325
0.8423 0.1043 0.81815 0.313 0.8495 0.0989 0.80378 0.347
0.8952 0.0513 0.80873 0.189 0.8836 0.0603 0.79674 0.276

Table 2. Densities and excess molar volumes of ternary 2-butanol (1) + 1,3-dioxolane (2) + cyclohexane (3) mixtures at 298.15 and
313.15 K.
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and enthalpies, which result from the breaking up of alcohol
agglomerates and ether–ether interactions that dominate over
the negative contributions from heteromolecular interaction.

Although both HE and VE are related to molecular interac-
tions, VE is a better indicator of structural and packing ef-
fects. Maximum values of HE appear for binary 2-butanol +
1,3-dioxolane mixtures, indicating that more bonds are bro-

ken in 2-butanol + 1,3-dioxolane mixtures than in ternary 2-
butanol + 1,3-dioxolane + cyclohexane mixtures. Maximum
values of VE appear at small mole fractions of 2-butanol
where dissociation of the alcohol agglomerates is more ex-
tensive.

Comparing our results with those previously reported (7)
for the ternary system 1-butanol + 1,3-dioxolane + cyclohex-
ane, we observe that the composition dependence of the ex-
cess molar functions is very similar for both systems, but the
HE and VE values are slightly larger in the ternary system
containing 2-butanol.

ERAS model calculations

The ERAS theory combines the real-associated solution
model (22–25) with Flory’s equation of state (26). The ver-
sion of the ERAS model used here (17, 27) allows a descrip-
tion of the excess molar properties of mixtures containing
two associating components, provided one of these shows a
weak self-association. In the present work cyclohexane was
assumed to be an inert component and 2-butanol presents a
strong association, while 1,3-dioxolane is a weak-associated
compound. Cross association between alcohol and ether was
also considered.

The ERAS parameters of the pure compounds along with
their physical properties are collected in Table 1. Molar vol-
umes, Vm, and thermal expansion coefficients, α, were derived
from measured densities. Isothermal compressibilities, κT , at
a given temperature T were calculated from molar volumes,
thermal expansion coefficients, isentropic compressibilities,
κ S , and molar heat capacities, Cp,m, using the thermodynamic
equation

[6] κ κ α
T S

m

p m

TV
C

= +
2

,

Values of κ S were evaluated from experimental densities, ρ,
and ultrasonic velocities, u (through the relation κ S = (ρu2)–1).
An Anton Paar DSA-48 density and sound analyzer was
used to determine ρ and u. Cp,m values for 1,3-dioxolane
were determined with a programmable, differential-scanning
microcalorimeter (Setaram DSC II), while molar heat capac-
ities of 2-butanol and cyclohexane were taken from literature
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T = 298.15 K T = 313.15 K

x1 x2 HE (J mol–1) x1 x2 HE (J mol–1)

0.087 0.777 1440 0.044 0.815 1228
0.176 0.701 1788 0.087 0.778 1450
0.268 0.623 2011 0.176 0.702 1809
0.299 0.596 2056 0.268 0.624 2052
0.363 0.542 2121 0.363 0.543 2174
0.460 0.459 2128 0.460 0.460 2192
0.561 0.373 2023 0.561 0.374 2094
0.665 0.285 1797 0.665 0.286 1861
0.773 0.193 1413 0.773 0.194 1450
0.884 0.099 839 0.884 0.099 862
0.941 0.050 448 0.941 0.050 451
0.046 0.669 1679 0.046 0.669 1718
0.092 0.637 1823 0.092 0.637 1867
0.184 0.572 1993 0.184 0.572 2060
0.279 0.506 2043 0.279 0.506 2132
0.376 0.438 2004 0.376 0.438 2113
0.474 0.369 1901 0.474 0.369 2013
0.575 0.298 1733 0.575 0.298 1841
0.678 0.226 1488 0.678 0.226 1580
0.784 0.152 1127 0.783 0.152 1194
0.891 0.076 630 0.946 0.038 350
0.946 0.038 332 0.050 0.475 1973
0.050 0.475 1905 0.100 0.450 2073
0.100 0.450 1988 0.199 0.401 2122
0.199 0.401 2007 0.298 0.351 2044
0.298 0.351 1921 0.398 0.301 1898
0.398 0.301 1789 0.498 0.251 1731
0.498 0.251 1590 0.598 0.201 1507
0.598 0.201 1385 0.699 0.151 1230
0.699 0.151 1126 0.054 0.283 1817
0.800 0.100 809 0.107 0.267 1905
0.055 0.282 1710 0.212 0.236 1886
0.108 0.267 1752 0.316 0.205 1780
0.213 0.235 1694 0.418 0.175 1621
0.316 0.204 1591 0.518 0.144 1436
0.418 0.174 1436 0.617 0.115 1223
0.518 0.144 1264 0.715 0.085 968
0.617 0.114 1001 0.060 0.140 1400
0.715 0.085 765 0.118 0.131 1524
0.232 0.101 1305 0.231 0.115 1559
0.342 0.087 1255 0.341 0.098 1502
0.448 0.073 1157 0.447 0.082 1392
0.550 0.059 1016 0.549 0.067 1251
0.649 0.046 861 0.648 0.052 1068
0.745 0.034 670 0.744 0.038 843
0.838 0.021 457 0.837 0.024 583
0.928 0.010 230 0.928 0.011 296

Table 3. Excess molar enthalpies of ternary 2-butanol (1) + 1,3-
dioxolane (2) + cyclohexane (3) mixtures at 298.15 and 313.15 K.

T = 298.15 K T = 313.15 K

x1 HE (J mol–1) x1 HE (J mol–1)

0.047 349 0.047 362
0.097 691 0.097 701
0.201 1201 0.201 1232
0.301 1522 0.301 1573
0.401 1703 0.401 1761
0.501 1746 0.501 1806
0.603 1677 0.603 1730
0.705 1489 0.705 1534
0.805 1165 0.805 1197
0.907 665 0.907 679
0.956 355 0.956 366

Table 4. Excess molar enthalpies of binary 1,3-dioxolane (1) +
cyclohexane (2) mixtures at 298.15 and 313.15 K.

I:\cjc\cjc8105\V03-068.vp
May 26, 2003 1:33:59 PM

Color profile: Disabled
Composite  Default screen



data (13–15). Finally, the surface to volume ratios, s, were
estimated using Bondi’s method (28).

The association parameters for 2-butanol (KA, ∆vA
*, and

∆hA
*) were obtained from the literature (16, 17). For 1,3-

dioxolane, KB, ∆vE
*, and ∆hE

* were obtained using the ERAS
model equations (29) to fit, simultaneously, the experimental
excess molar properties (VE and HE) of 1,3-dioxolane + n-
hexane mixtures (30) and the enthalpy of vaporization of the
pure 1,3-dioxolane (13). In the ERAS model, the parameters
∆vi

* and ∆hi
* are considered to be temperature independent

and the parameter Ki can be obtained at a given temperature
using the van’t Hoff equation from the corresponding Ki and
∆hi

* values at 298.15 K.
The adjustable parameters of the ERAS model are: the en-

ergetic interaction parameter (Xij) for the three binary mix-
tures and the cross-association parameters (KAB, ∆vAB

* , ∆hAB
* )

for the 2-butanol + 1,3-dioxolane mixtures. For the 2-

butanol + 1,3-dioxolane mixtures at 313.15 K, it can be
pointed out that the only adjustable parameter is XAB, since
∆vAB

* and ∆hAB
* are temperature independent, and KAB is cal-

culated using the van’t Hoff equation from KAB and ∆hAB
*

values at 298.15 K.
Evaluation of the parameters at each temperature was based

on minimization, using the simulated annealing method (31,
32) of an objective function F defined in terms of experi-
mental and calculated VE and HE values of the binary mixtures

[7] F
V V

V

H H

H

E E

E

E E

E
=

−












+

−







ERAS exp

exp

ERAS exp

exp 


















=

=

∑
2

i

i N

1

where N is the number of experimental data. The parameter
values are given in Table 7.
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Property T (K) A0 A1 A2 A3 A4 σ (YE)

2-Butanol (1) + 1,3-dioxolane (2)
VE (cm3 mol–1)a 298.15 1.731 0.352 0.251 0.072 — 0.003

313.15 1.891 0.769 0.641 –0.089 — 0.002
HE (J mol–1)b 298.15 9 340 147 20 –1 065 — 16

313.15 9 582 –45 509 725 — 17
2-Butanol (1) + cyclohexane (3)
VE (cm3 mol–1)c 298.15 2.521 –0.838 0.521 –0.403 — 0

313.15 3.033 –1.048 0.336 0.321 — 0
HE (J mol–1)c 298.15 21 543 –95 233 203 597 –199 639 73 142 6

313.15 27 593 –118 161 244 647 –235 593 86 063 7
1,3-Dioxolane (2) + cyclohexane (3)
VE (cm3 mol–1)d 298.15 3.698 –0.882 0.704 –0.183 — 0.003

313.15 4.264 –0.622 0.061 –0.674 — 0.003
HE (J mol–1) 298.15 6 987 –209 1 320 428 — 6

313.15 7 224 –250 1 227 526 — 6
aReference (7).
bReference (9).
cUnpublished results.
dReference (20).

Table 5. Coefficients of the Redlich–Kister equation (eq. [4]) or the Treszczanowicz and Benson equation (eq. [5]), Ap, for VE, and HE

of the constituent binary mixtures of the ternary system 2-butanol (1) + 1,3-dioxolane (2) + cyclohexane (3) at 298.15 and 313.15 K.

Property T (K) C D1 D2 σ (YE)

VE (cm3 mol–1) 298.15 4.426 –3.763 –0.957 0.013
313.15 3.713 –3.299 –1.741 0.013

HE (J mol–1) 298.15 –2920 –26 993 669 31
313.15 –2098 –27 684 –4707 42

Table 6. Coefficients of the Redlich–Kister equation (eq. [2]) for VE and HE of ternary 2-butanol
(1) + 1,3-dioxolane (2) + cyclohexane (3) mixtures at 298.15 and 313.15 K.

Mixture T (K) Xy (J cm–3) KAB ∆vAB
* (cm3 mol–1) ∆hAB

* (J mol–1)

2-Butanol (1) + 1,3-dioxolane (2) 298.15 7.2 3 –15 –3150
313.15 12 2.8 –15 –3150

2-Butanol (1) + cyclohexane (3) 298.15 21.4 — — —
313.15 26.9 — — —

1,3-Dioxolane (2) + cyclohexane (3) 298.15 50.3 — — —
313.15 51.1 — — —

Table 7. ERAS model parameters for the constituent binary mixtures of ternary 2-butanol (1) + 1,3-dioxolane (2) +
cyclohexane (3) mixtures at 298.15 and 313.15 K.
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From these parameters, ERAS model calculations for the
ternary system have been made. These calculations are graph-
ically represented in Figs. 1 and 2. We have also obtained the
corresponding mean relative standard deviations (MRSD) be-
tween experimental and calculated excess molar properties,
defined as:

[8] MRSD
1 ERAS exp

exp

2
1/ 2

(%) =
−





























∑
m

Y Y

Y

E E

E
× 100

where Y E
exp and Y E

ERAS are, respectively, the experimental and
calculated excess molar properties of the ternary mixture
(HE or VE) and m is the number of experimental points.
MRSD values are given in Table 8.

In Figs. 1 and 2 we can see that the ERAS model cor-
rectly describes the variation with composition of the excess
molar volumes and enthalpies of the ternary mixture at
298.15 and 313.15 K. In general, ERAS model predictions
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Figure 1. Isolines of constant excess molar volumes for ternary
2-butanol (1) + 1,3-dioxolane (2) + cyclohexane (3) mixtures:
experimental correlation (continuous lines) and ERAS model pre-
dictions (dashed lines). (a) 298.15 K; (b) 313.15 K.

Figure 2. Isolines of constant excess molar enthalpies for ternary
2-butanol (1) + 1,3-dioxolane (2) + cyclohexane (3) mixtures:
experimental correlation (continuous lines) and ERAS model pre-
dictions (dashed lines). (a) 298.15 K; (b) 313.15 K.

Property T (K) MRSD (%)

VE (cm3 mol–1) 298.15 22.3
313.15 24.6

HE (J mol–1) 298.15 19.8
313.15 20.9

Table 8. ERAS model predictions for VE and
HE of ternary 2-butanol (1) + 1,3-dioxolane
(2) + cyclohexane (3) mixtures at 298.15 and
313.15 K.
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could be considered satisfactory, since the model only uses
parameters obtained from the constituent binary mixtures.
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Control of disaccharide conformation by
�-stacking

Jonathan Watts, Jesús Jiménez-Barbero, Ana Poveda, and T. Bruce Grindley

Abstract: The conformations of a series of derivatives of the disaccharide α-L-fucopyranosyl-(1→3)-2-acetamido-2-
deoxy-D-glucopyranoside, part of the Lex determinant, were studied by molecular modelling using the MM3* forcefield
and by 1H NMR spectroscopy. Unusually shielded O-benzyl protons were observed in the 1H NMR spectrum of phenyl
2,3,4-tri-O-benzyl-α-L-fucopyranosyl-(1→3)-2-deoxy-2-phthalimido-1-thio-α-D-glucopyranoside and assigned to the 2-O-
benzyl group. This observation was explained by a shift in the population of the conformational mixture present about
the glycosidic linkage from the positive Ψ region in the unsubstituted disaccharide to the negative Ψ region induced by
π-stacking between the phthalimide and the 2-O-benzyl phenyl ring. The experimental nuclear Overhauser enhance-
ments confirm the accuracy of the calculations.

Key words: disaccharide, conformation, π-stacking, Lex determinant, NOE measurements, MM3 calculations.

Watts et
al.

Résumé : Faisant appel à la modélisation moléculaire à l’aide du champ de force MM3* et à la spectroscopie RMN
du 1H, on a étudié les conformations d’une série de dérivés du disaccharide α-L-fucopyranosyl-(1→3)-2-acétamido-2-
désoxy-D-glucopyranoside, une portion du déterminant Lex. Dans le spectre RMN du 1H du 2,3,4-tri-O-benzyl-α-L-fuco-
pyranosyl-(1→3)-2-désoxy-2-phtalimido-1-thio-α-D-glucopyranoside de phényle, on a observé des protons O-benzyliques
exceptionnellement blindés qui ont été attribués au groupe 2-O-benzyle. Cette observation est expliquée par un déplace-
ment dans la population du mélange conformationnel présent autour de la liaison glycosidique par rapport à la région
Ψ positive dans le disaccharide non substitué à une région Ψ négative induite par un empilement π entre le phtalimide
et le noyau phényle du groupe 2-O-benzyle. Des rehaussements expérimentaux d’effet Overhauser nucléaire confirment
l’exactitude des calculs.

Mots clés : disaccharide, conformation, empilement π, déterminant Lex, mesures d’effets Overhauser nucléaire, calculs
MM3.

[Traduit par la Rédaction] 375

Introduction

Recognition of carbohydrate epitopes by protein depends
on the conformation adopted by the carbohydrate chains.
Normally, the most populated conformations are recognized
(1–5), but often less populated conformers are the epitopes
(6–8). Therefore, it is important to fully define the factors
that influence conformational stability and also to determine
the conformational potential energy surface of biologically
active oligosaccharides completely.

The sequence α-L-fucopyranosyl-(1→3)-2-acetamido-2-deoxy-
D-glucose (8) is a principal constituent of Lex-bearing glycocon-
jugates, which mediate protein binding to the selectins and
other proteins in several processes: inflammation (9), cancer,
and others. As part of a project to synthesize conjugates of

the oligosaccharides present on mamalian zona pellucidas as
potential immunocontraceptives, we prepared a disaccharide,
phenyl 2,3,4-tri-O-benzyl-α-L-fucopyranosyl-(1→3)-2-deoxy-
2-phthalimido-1-thio-α-D-glucopyranoside (4). Fucose-containing
oligosaccharides were targeted because of a report that the
presence of fucose markedly enhanced sperm binding to the
murine zona pellucida glycoprotein ZP3 (10). The confor-
mation adopted by this disaccharide (4) appeared to be rather
unusual because a signal of one of its benzyl protons ap-
peared at 3.38 ppm in its 1H NMR spectrum in chloroform-d,
far from the normal region for benzyl protons, ~4.4–4.9 ppm
(11). This report summarizes our determination of the cause
of this unusual observation and provides additional informa-
tion about the conformational energy surface for the very
important disaccharide 8.

Results and discussion

Synthesis
A summary of the synthetic procedures is shown in

Scheme 1. Benzylation of phenyl 1-thio-α-L-fucopyranoside
(12) gave the 2,3,4-tri-O-benzyl derivative (1), whose NMR
spectra had not been fully assigned previously. Reaction of
phenyl 2-deoxy-2-phthalimido-1-thio-α-D-glucopyranoside with
benzaldehyde dimethyl acetal and p-toluenesulfonic acid in
DMF afforded the 4,6-O-benzylidene acetal (2) in 80% yield,
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a compound prepared previously by a different method (13).
Oxidation of 1 to a mixture of sulfoxide diastereomers with
3-chloroperbenzoic acid (14, 15) and glycosidation with 2
and triflic acid yielded the de-O-benzylidenated disaccharide
4 in 31% yield. Direct reaction of 1 with 2 catalyzed by N-
iodosuccinimide and triflic acid gave a good yield of the
succinimide derivative of the glycosyl donor. Such products
have been observed previously when active glycosyl donors
were reacted with inactive glycosyl acceptors in the pres-
ence of succinimide (16). Catalysis of the reaction of 1 and
2 by dimethyl(methylthio)sulfonium triflate (DMTST) (17,
18), a cationic catalyst with a non-nucleophilic counterion,
yielded the expected disaccharide 3 in 73% yield. The N-
acetyl analogs of 3 and 4, compounds 5 and 6, respectively,
were obtained by removal of the phthalimide group from 4
with ethylenediamine, N-acetylation to give 5, then de-O-
benzylidenation with aqueous sulphuric acid to give 6.
Methyl 2,3,4-tri-O-benzyl-α-L-fucopyranoside (7) was ob-

tained from 1 by reaction with methanol and iodine (19).
These latter three compounds were prepared in order to dis-
cover which interactions were critical in determining the con-
formations that caused the unusual chemical shift for the
benzyl proton of 4 (Scheme 1).

NMR spectroscopy and conformational analysis
Conformations about glycosidic bonds are discussed in

terms of the Φ and Ψ angles, defined as shown in Scheme 2
(20). In the following discussion, protons on the fucosyl res-
idue are indicated by following the ring position by F, e.g.,
H1F is the fucosyl anomeric proton, while those on the N-
acetylglucosaminyl residue are indicated by a following G.
NMR chemical shifts of the compounds discussed are shown
in Table 1, while details of the calculations and the NOE re-
sults are listed in Table 2.

Adiabatic potential energy surfaces for α-L-fucopyranosyl-
(1→3)-2-acetamido-2-deoxy-D-glucopyranoside (8) derivatives

© 2003 NRC Canada
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Scheme 1.
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have been explored previously using a variety of force fields
(21, 22). The major low-energy region is centered in the so-
called (23, 24) syn-Φ/Ψenergy region, where both Φ and Ψ
have absolute values <60°. For 3 and 4, MM3* calculations
indicate that the global minimum is located in the syn-Φ/Ψre-
gion and has dihedral angles of ca. Φ = 32° andΨ = –52° (see
Table 2). A second minimum was also found for 3 and 4 with
positive Ψ angles, with Φ ca. 65° and Ψ ca. 40° — about 9 kJ
mol–1 higher in energy than the global minimum. Obviously,
low-amplitude motions around both glycosidic linkages may
take place, as commonly found for oligosaccharide molecules.
The computed Φ/Ψ values are in agreement with those re-
ported for the natural deprotected disaccharide 8 and its thio-
analogue (22). However, for 8, the Ψ-positive conformer was

calculated (22) to be more stable by about 3 kJ mol–1, the re-
verse of the preferences calculated for 3 and 4. Ψ-positive
conformers are also calculated (25, 26) and observed (25) to
be more stable for the α-L-fucopyranosyl linkage to O-3 of N-
acetyl-D-glucosamine in Lex. Both conformers have Φ values
in the +syn region, in agreement with expectations based on the
exo-anomeric effect (20). For 3 and 4, the calculations indicate
that the anti minima were, respectively, 24 and 31 kJ mol–1

less stable than the global minimum, in contrast to those for 8
(22), where it was only 10 kJ mol–1 less stable than the global
minimum.

Analysis of the key structural factors present in both min-
ima for 3 and 4 was performed. For the global minimum (Ψ
negative), it is evident that the aromatic rings of the phthali-
mide moiety and the benzyl group at position C-2′ are per-
fectly stacked (see Fig. 1). Short interresidue proton–proton
distances between H1F–H3G (2.3 Å), H5F–H4G (2.5 Å),
H6F–OH4G (2.7 Å), and H1F–OH4G (2.7 Å) are predicted
for 4 (see Table 2). In addition, for 4, a short distance was
calculated between the hydroxyl hydrogen OH4G and O5F
(2.7 Å), which suggests that a hydrogen bond may exist be-
tween them.

For the Ψ-positive minimum, the π-stacking between the
phthalimide moiety and the benzyl group at position O2F
disappears with a concomitant change in the interproton dis-
tances. The short interresidue distances from the global mini-
mum conformer are calculated to be longer in this conformer
of 4: H1F–H3G is 3.0 Å; H5F–H4G is 4.0 Å; H6F–OH4G is
4.7 Å; and H1F–OH4G is 4.8 Å; and the two hydrogen atoms
in the potentially hydrogen-bonded pair OH4G–O5F are now
far apart (4.1 Å). In this conformer, the short interproton dis-
tances are H5F–H3G (2.5 Å) and H5F–OH4G (2.6 Å). As
mentioned above, the calculated relative energy difference
between the minima amounts to 10 kJ mol–1. This difference
in stability results in the prediction that the population of the
Ψ-positive minimum will be negligible.

NMR spectral data for 4 were recorded and scrutinized to
assess the possible existence of both conformers (or con-
formational families). The most striking feature was the dou-
blet in the spectrum of 4 due to an unusually shielded benzyl
proton, which sparked this investigation (see Table 1); it was
assigned to the O2F benzyl group through HMBC and NOESY
experiments. This shielded position indicated that this benzy-
lic proton is in the vicinity of an aromatic moiety. Obviously,
this moiety could correspond to its vicinal OBn moiety at
position C3F or to the interresidue phthalimide ring attached
to C2G. The observation of normal chemical shifts for the
benzyl groups of methyl 2,3,4-tri-O-benzyl-α-L-fucopyran-
oside (7) suggests that the vicinal OBn moiety at position
C3F is not responsible for the shielding. As will be shown
below, by using non-aromatic substituents at C2G, this latter
hypothesis is valid.

Relevant interproton NOEs were observed for 4 (see Ta-
ble 2). Thus, the methyl group of the Fuc residue gives an
NOE to OH4G (see Fig. 2), and the H1F gives NOEs to
H3G and to OH4G. These NOEs are consistent with the ex-
istence of a major conformation in the negative Ψ area, as
predicted by the calculations. There was a peak that could
also correspond to the fourth expected NOE, according to
the short distances explained above, H5F–H4G, but the sig-
nal of H5F overlaps with the more deshielded of the
benzylic protons at O2F and that of H4G overlaps with that
of the other O2F benzylic proton (see Figs. 2 and 3), and the
geminal O2F benzylic protons must have a large NOE. No
NOEs were observed for H5F–H3G and H5–OH4G, consis-
tent with the predicted negligible contribution from con-
formers around the positive Ψ area. The presence of the
intramolecular O4G—H···O5F hydrogen bond was indirectly
deduced from the appearance of the OH signal. This reso-
nance is an unusually deshielded, slightly broadened signal
(4.3 ppm) with a vicinal coupling smaller than 1.5 Hz. There-
fore, the hydroxyl proton adopts a particular orientation with
respect to its vicinal H4G and does not freely rotate in solu-
tion. Otherwise, a medium-size coupling of ca. 5–7 Hz
would have been expected. This particular orientation may
be due to its involvement in an intramolecular hydrogen
bond to O5F, as deduced from the calculations.

In the 1H NMR spectrum of the 4,6-O-benzylidene deriva-
tive of 4, compound 3, a single benzyl proton (assigned to the
2-O-benzyl group) is again markedly shielded (3.84 ppm).
This indicates that 3 also prefers Ψ-negative conformers, al-
though probably not to the same extent as for 4. The fucose
methyl group was also shielded, appearing at 0.87 ppm,
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Scheme 2.
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compared to a shift of 1.11 ppm for the methyl of α-L-
fucopyranose (11), presumably because it is in the shielding
cone of the benzylidene phenyl (see Fig. 1). In this case, the
MM3* calculations indicate again that the Ψ-negative region
contains the global minimum, while the Ψ-positive and anti
conformers are less stable by 8.6 and 23.9 kJ mol–1, respec-
tively (see Table 2).

As a further step, the existence and importance of the π-
stacking interaction between both aromatic rings located at
the different GlcN and Fuc moieties was explored. Thus, the
GlcNAc-containing analogs of compounds 3 and 4 were stud-
ied — disaccharides 5 and 6, respectively. The molecular me-
chanics calculations on 5 and 6 also predict the occurrence
of conformers with negative and positive Ψ values (see
Table 2). However, in contrast with results of the MM3* cal-
culations for 4, the energy preference for the Ψ-negative con-
former is calculated to be much less, ca. 3 kJ mol–1 for the
unprotected derivative 6 and only 1 kJ mol–1 for compound
5. The anti conformers are also destabilized to a lesser ex-
tent, 14.1 and 12.8 kJ mol–1 for 5 and 6 with respect to the
global minima, respectively, but are still too energetic to
contribute perceptibly to the conformational mixture. These
relatively smaller values, in comparison to those of 3 and 4,
are probably owing to the significant stabilization provided
by the Ar–Ar interaction in the phthalimide-containing mol-
ecules. Therefore, for both 5 and 6, significant populations
of the Ψ-positive conformers are calculated to be present in
equilibrium mixtures in which the Ψ-negative conformers
are most populated. The local minimum geometries in this
area have Φ/Ψ 62°/43° for the unprotected derivative 6 and
slightly different values, Φ/Ψ 45°/17°, for the benzylidene
analogue 5. For both compounds, the Φ/Ψ values and the
corresponding geometrical features in the Ψ-negative region
are basically identical to those described above for 4 (Φ/Ψ
30°/–50°). In both cases, interactions between the aromatic
rings of the 2-O-benzyl groups of the Fuc moieties and the
methyl groups of the acetamide units of the GlcNAc resi-
dues are evident. The H1F–HNAc distance is greater than
4 Å.

The expected distances for the secondary Ψ-positive mini-
mum of the non-benzylidenated derivative 6 are analogous
to those described above. One additional interresidue contact
does appear: H1F–HNAc (2.5 Å). Some changes in the dis-
tances take place for the benzylidene analogue 5: H1F–H3G
(2.4 Å); H5F–H4G (3.6 Å); H5F–H3G (3.4 Å); and H1F–
HNAc (2.5 Å).

In the 1H NMR spectrum of the unprotected analogue 6,
the 2-O-benzylic protons of the Fuc residue have normal

chemical shifts, similar to those observed for the other CH2
protons of the benzyl groups at positions 3 and 4 and very
similar to those of the monosaccharide 7. However, the
methyl group of the acetamide unit is strongly shielded
(1.61 ppm), in contrast with the chemical shift of 2.02 ppm
for the acetamido methyl of phenyl 2-acetamido-2-deoxy-1-
thio-β-D-glucopyranoside, the related monosaccharide (27).
These features provide evidence about two points, namely
that the phthalimide moieties of 3 and 4 are π-stacked with
the fucose O2 benzyl groups and that a conformer with an
analogous Me–aromatic interaction is present for 6. The
NOESY experiments showed the presence of the short H1F–
H3G, H5F–H4G, and H1F–OH4G distances, as expected for
the presence of the negative Ψ conformer. However, addi-
tional crosspeaks appear in the spectrum that cannot be ex-
plained by the exclusive presence of conformers from the
negative Ψ area. These are H5F–H3G and H1F–HNG NOEs
that can only take place when conformers with positive Ψ
values coexist in the conformational mixture.

Similar observations were made for the benzylidene deriva-
tive 5. The acetamide methyl group was shielded (1.66 ppm),
as was the methyl group of the fucose moiety (0.83 ppm),
indicating the presence of conformers having interactions of
these methyl groups with aromatic moieties. H1F–HNG and
H1F–H3G NOEs were observed, indicating the presence of
conformers in both positive and negative Ψ areas. The analy-
sis of the geometry of the MM3*-derived conformers indi-
cate that the shielding of the methyl group of the fucose
moiety is owing to the benzylidene unit of the GlcNAc moi-
ety for both positive and negative Ψ angles, while that of the
acetamide methyl group is owing to the 2-O-benzyl group of
the Fuc unit only when Ψ adopts negative values.

In conclusion, a number of NMR observations assisted by
MM3* calculations have shown the importance of stacking
interactions for the existence of conformational variations
around the glycosidic torsion angles of oligosaccharides. It
has been shown that the existence of π-stacking Ar–Ar inter-
action in the phthalimide derivatives (3 and 4) limits the
populated conformers to the Ψ-negative region of the com-
plete Φ/Ψ map. In comparison with the unsubstituted
disaccharide (22), this is a change of about 13 kJ mol–1. The
stabilization provided by π-stacking of benzene rings is
about 10 ± 5 kJ mol–1 (28–31), similar in magnitude to this
change. The change of the phthalimide unit to an acetamide
shifts the conformational equilibrium in a way that the posi-
tive Ψ area starts to be populated. Although an Me–Ar inter-
action is still evident and stabilizes the negative Ψ area, the
removal of the Ar–Ar interaction changes the conform-
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C-2 OCH2Ph C-3 OCH2Ph C-4 OCH2Ph

Compound δHA δHB JA,B δHA δHB JA,B δHA δHB JA,B

1 4.73 4.79 10.3 4.732 4.745 12.0 4.67 5.01 11.6
7 4.69 4.82 12.1 4.73 4.87 11.9 4.65 4.98 11.6
3 3.84 4.26 12.6 4.38 4.43 11.6 4.49 4.79 11.6
4 3.38 4.13 13.0 4.64 4.84 11.5 4.55 4.89 11.4
5 4.61 4.93 11.5 4.75 4.75 —a 4.56 4.93 11.5
6 4.64 4.84 11.5 4.75 4.78 12.6 4.62 4.96 11.5

aChemical shift difference too small to measure JA,B.

Table 1. NMR spectral parameters for benzyl groups in chloroform-d.
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ational distribution towards the “natural” one (more positive
than negative) (22). The inclusion of a 4,6-O-benzylidene
group on the GlcNAc moiety further shifts the equilibrium
towards the positive Ψ area, possibly attributable to an addi-
tional stabilizing Me–Ar interaction, which is stronger for
conformations within this region. Although the MM3* force
field used in this work only uses van der Waals interactions
to model the Me–Ar or the Ar–Ar interactions, it provides
models that satisfactorily explain the experimental observa-
tions.

The fact that a shift in conformational population to the
negative Ψ area occurs on introducing benzyl substituents
onto fucose provides experimental support for the conclu-
sion, based on MM3* calculations (22), that the potential
energy surface for the natural disaccharide 8 contains a min-
imum in the negative Ψ area only slightly higher in energy
than the global minimum.

Experimental

General methods
NMR spectra for synthetic purposes were recorded on

Bruker AC-250 and Bruker AMX-400. The samples were
made up in concentrations of approximately 10–15 mM in
chloroform-d unless otherwise specified. Chemical shifts are
given in parts per million (ppm) (±0.01 ppm) relative to
TMS (tetramethylsilane) in the case of 1H NMR spectra and
to the central line of CDCl3 (δ 77.16) for the 13C NMR
spectra. H-1 chemical shifts and coupling constants were ob-
tained by first-order analyses. NMR experiments for con-
formational studies were recorded on Varian Unity 500 and
Bruker DRX-500 spectrometers, using an approximately
5 mg mL–1 solution of the disaccharides at different temper-
atures. Chemical shifts are reported in ppm, using external
TMS (0 ppm) as references. CDCl3 and (CD3)2CO were
used as solvents. The COSY spectra were performed with a
data matrix of 256 * 1K to digitize a spectral width of
4000 Hz. 16 scans were used with a relaxation delay of 1 s.
The 2D TOCSY experiments were performed using a data
matrix of 256 * 2K to digitize a spectral width of 4000 Hz; 8
scans were used per increment with a relaxation delay of 2 s.
MLEV 17 was used for the 70 ms isotropic mixing time.
The one-bond proton–carbon correlation experiment was col-
lected in the 1H-detection mode using the HSQC gradient-

enhanced sequence and an inverse probe. A data matrix of
256 * 2K was used to digitize a spectral width of 4000 Hz in
F2 and 15 000 Hz in F1. Eight scans were used per increment
with a relaxation delay of 1 s and a delay corresponding to a
J value of 145 Hz. 13C decoupling was achieved by the
WALTZ scheme. HMBC experiments were recorded using
the gradient-enhanced sequence; 16 scans were used per in-
crement (256), adjusting the long-range coupling evolution
delay for values of J = 3, 4, 6, 8, 10, and 12 Hz. 2D NOESY
and 2D-T-ROESY (32) experiments were performed with
the standard sequences and with 600 ms of mixing time.
Data matrixes of 256 * 2K were employed. The exact masses
of compounds 1 and 2 were measured on a CEC 21–110B
mass spectrometer using electron ionization (70 eV). The
others were measured on a Micromass ZAB mass spectrom-
eter at the University of Alberta using electrospray ioniza-
tion. Thin layer chromatography was performed on 0.25-mm
thick Whatman G/UV and Silicycle silica gel aluminum
plates. Components were visualized by spraying with a 2%
ceric sulfate solution in 1 M H2SO4, followed by heating on
a hot plate until coloured spots formed. They were purified
by flash chromatography on TLC standard grade (230–400
mesh) silica gel using mixtures of hexanes and ethyl acetate
as eluents unless otherwise specified. Melting points were
determined with a Fisher-Johns melting point apparatus and
are uncorrected. Optical rotations were measured on a Digi-
Pol model 781 polarimeter.

Pyridine was dried by reflux and distillation over calcium
hydride. Dry methanol was obtained by distillation from mag-
nesium turnings activated by iodine. N,N-Dimethylformamide
was dried by distillation under reduced pressure from 4 Å
molecular sieves onto fresh 4 Å molecular sieves. Toluene
was stored over calcium hydride for 3 h and distilled onto 4 Å
molecular sieves. Dichloromethane was distilled from calcium
hydride and stored over 4 Å molecular sieves. All organic ex-
tracts were dried with anhydrous MgSO4.

Molecular mechanics calculations
Molecular mechanics calculations were performed using

the MM3* force field as implemented in MACROMODEL
4.5 (33). The MM3* force field implemented in MACRO-
MODEL differs from the original MM3 force field (34) in
the treatment of the electrostatic term since it uses charge–
charge instead of dipole–dipole interactions. Atoms from the
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Fig. 1. From the left, positive, anti, and negative Ψ conformers of compound 3. The more important stacking interactions take place in
the negative Ψ conformer, although the positive Ψ conformer also shows a less energetically relevant 6-Me–benzylidene interaction.
The conformers of compound 4 are similar. Torsion angle values and energies are given in Table 2.
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non-reducing monosaccharide are dubbed F and those of the
reducing one, G. The torsional angle Φ across the disacchar-

ide linkage is defined as H1F-C1F-O-C3G and Ψ as C1F-O–
C3F-H3F.

© 2003 NRC Canada

370 Can. J. Chem. Vol. 81, 2003

Fig. 2. Part of the 500 MHz NOESY spectrum of phenyl 2,3,4-tri-O-benzyl-α-L-fucopyranosyl-(1→3)-2 deoxy-2-phtalimido-1-thio-β-D-
glucopyranoside (4).
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MM3* calculations either in vacuo or with the GB/SA sol-
vent model for chloroform were performed. The minimizations
were performed using 10 000 conjugate gradient iterations until

the rms derivative was better than 0.03 kJ Å–1 mol–1. Eighteen
different combinations of geometries of 4 and 6, corresponding
to the combination of the nine possible staggered rotamers

© 2003 NRC Canada
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Fig. 3. Part of the 500 MHz HSQC spectrum of phenyl 2,3,4-tri-O-benzyl-α-L-fucopyranosyl-(1→3)-2-deoxy-2-phthalimido-1-thio-β-D-
glucopyranoside (4).
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around Φ/Ψ with the two major rotamers around C5–C6 (gg
and gt) of the reducing end were built and submitted to energy
minimizations under both dielectric conditions. For 5, only the
nine possible rotamers around Φ/Ψ were considered. The S-
phenyl group was set at a Φ value of –60°, in agreement with an
exo-anomeric orientation (H1G-C1G-S-CPh). The phthalimide
and the benzyl groups were set at positions where steric inter-
actions with their corresponding rings were minimized and let
free during the minimization process, after several trials with
the corresponding monosaccharides. In particular, the starting
position of the phthalimide group defined as H2G-C2G-N-CO
was given an initial value of 30° and H2G-C2G-N-CO′ was
started at –150°. For the 2-O-benzyl group, the starting orienta-
tion H2F-C2F-O-CH2 was given a value of 60° and C2F-O-
CH2-CPh was started in an anti arrangement. For the 3-O-
benzyl group, the starting orientation H3F-C3F-O-CH2 was 60°
and C3F-O-CH2-CPh was also oriented anti. For the 4-O-benzyl
group, the starting orientation H4F-C4F-O-CH2 was –60° and
C4F-O-CH2-CPh was again anti. Depending on the compound,
displacements of these groups from the original positions were
found during the energy minimization steps, particularly for the
2-O-benzyl group. The HO-4 hydroxyl group of compounds 4
and 6 was set with a torsion angle (H-C-O-H) of 60°, pointing
away from the glycosidic linkage and let free during the
minimization process. From the Φ/Ψ viewpoint, and for all of
3–6, three conformers were always the most preferred ones:
those with exo-anomeric orientations for the Φ angle of F,
combined with the three possibleΨ+,Ψ–, andΨanti orientations.
In all cases, the Ψanti conformers displayed the highest energy
values, in agreement with the experimental NOE results (see
text). The non-anomeric (Φ ca. –60°) starting conformers were
not local minima and converged to the exo-anomeric region.
The Φanti conformers were stable, but highly destabilized
(more than 50 kJ mol–1) with respect to the global minimum
and were not considered for subsequent analysis. Values of Φ/
Ψ for the global and local minima oscillated ±10° between the
GB/SA and the ε = 80 values, and between the gg and gt
rotamers of the hydroxymethyl group of the G moiety of 4 and
6. Additionally, the relative steric energy values varied less
than 4 kJ mol–1 between the GB/SA and the ε = 80 values, and
between the gg and gt rotamers of the hydroxymethyl group of
the G moiety of 4 and 6. The most stable conformers, which
agreed with the experimental NOEs, are depicted in the corre-
sponding figures.

Phenyl 2,3,4-tri-O-benzyl-1-thio-β-L-fucopyranoside (1)
A solution of phenyl 1-thio-β-L-fucopyranoside (12) (1.00 g,

3.9 mmol) in DMF (30 mL) was cooled to 0°C. Sodium hy-
dride (60% w/w oil suspension, 30 mmol) was added, and
the mixture was allowed to stir for 30 min. Benzyl bromide
(2.0 mL, 2.9 g, 17 mmol) was added, and the mixture was
allowed to warm to room temperature, then stirred for a fur-
ther 2 h. Methanol (1 mL) was added, and after 15 min, the
mixure was concentrated under reduced pressure, then parti-
tioned between ethyl acetate and water; the water layers
were washed with ethyl acetate and discarded, and the com-
bined ethyl acetate layers dried and concentrated. Recrystal-
lization (ether–hexane) yielded colourless prisms (1.26 g,
61%): mp 97–103°C (lit. (12) mp 107–109°C); [α]D –7.0 (c
1.58, CHCl3), (lit. (12) [α]D –14.0 (c 0.7, CHCl3).

1H NMR
(400.14 MHz, CDCl3) δ: 1.27 (d, 3H, J5,6 = 6.4 Hz, 3 H-6),

3.53 (dq, 1H, J5,6 = 6.4 Hz, J4,5 = 0.9 Hz, H-5), 3.59 (dd,
1H, J3,4 = 2.8 Hz, J2,3 = 9.2 Hz, H-3), 3.63 (dd, 1H, J4,5 =
0.9 Hz, J3,4 = 2.8 Hz, H-4), 4.60 (d, 1H, J1,2 = 9.6 Hz, H-1),
4.67 (d, 1H, J = 11.6 Hz, 1 H of -CH2Bn on O-3), 4.73 and
4.79 (2 d (leaning), 2H, J = 10.2 Hz, -CH2Bn on O-2), 4.74
(s with second-order side peaks, 2H, -CH2Bn on O-4), 5.01
(d, 1H, J = 11.5 Hz, 1 H of -CH2Bn on O-3), 7.0–7.7 (m,
20H, 4 Ph). 13C NMR (100.62 MHz, CDCl3) δ: 17.43 (C6),
72.92 (CH2 of 4-O Bn), 74.69 (C5 + CH2 of 3-O Bn), 75.66
(CH2 of 2-O Bn), 76.68 (C4), 77.19 (C2), 84.61 (C3), 87.60
(C1). EI-HR-MS calcd. for C33H34O4S ([M+]): 526.2178;
found: 526.2178.

Phenyl 4,6-O-benzylidene-2-deoxy-2-phthalimido-1-thio-
β-D-glucopyranoside (2)

Anhydrous phenyl 2-deoxy-2-phthalimido-1-thio-β-D-gluco-
pyranoside (13) (31.1 g, 77.5 mmol) was dissolved in dry
DMF (150 mL) in a 500-mL, round-bottomed flask. Benzal-
dehyde dimethyl acetal (12.3 g, 80.7 mmol) and para-
toluenesulfonic acid hydrate (0.11 g, 0.58 mmol) were added.
The solution was attached to a rotary evaporator, evacuated
with a water aspirator, rotated, and lowered into a water bath
at 60 ± 5°C. After 140 min, another aliquot of benzaldehyde
dimethyl acetal (10.1 g, 66.3 mmol) was added. After 220
min, about half the solvent was removed by reducing the
pressure further with an oil pump, then a solution of NaHCO3
(0.43 g) in water (50 mL) was added. A precipitate formed,
and the mixture was concentrated to near-dryness. The reaction
mixture was partitioned between dichloromethane (500 mL)
and water (300 mL). The water layer was extracted with
dichloromethane (3 × 100 mL) and discarded. The combined
organic layers were washed with water (2 × 100 mL) and
dried. These extractions were relatively difficult owing to the
recurring formation of an emulsion layer. The organic layers
were dried and concentrated, and the residue was purified by
flash chromatography (5:2 Hex:EtOAc to 2:1 Hex:EtOAc),
yielding 2 (30.2 g, 79.5%) as an amorphous solid: [α]D 35.0°
(c 2.04, CHCl3), lit. (13) [α]D 34.2° (c 1.3, CHCl3).

1H NMR
(CDCl3) δ: 2.84 (d, 1H, JH-3,OH = 3.75 Hz, OH), 3.54 (t, 1H,
J3,4 ≈ J4,5 = 9.2 Hz, H-4), 3.63 (dt, 1H, J4,5 ≈ J5,6ax = 9.3 Hz,
J5,6eq = 4.6 Hz, H-5), 3.78 (t, 1H, J6ax,6eq ≈ J5,6 = 9.9 Hz, H-
6ax), 4.30 (t, 1H, J2,3 = J1,2 = 10.3 Hz, H-2), 4.35 (dd, 1H,
J5,6eq = 4.5 Hz, J6ax,6eq = 10.2 Hz, H-6eq), 4.59 (ddd, 1H,
JH3,OH = 3.8 Hz, J3,4 = 8.5 Hz, J2,3 = 9.9 Hz, H-3), 5.53 (s,
1H, PhCH(O-)2), 5.65 (d, 1H, J1,2 = 10.5 Hz), 7.23–7.84 (m,
2 Ph + Phth). 13C NMR (CDCl3) δ: 55.6 (C-2), 68.6 (C-6),
69.7 (C-3), 70.3 (C-5), 81.9 (C-4), 84.3 (C-1), 102.0
(PhCH(OR)2). EI-HR-MS: calcd. for C27H23O6NS ([M+]):
489.1246; found: 489.1241.

First attempt to prepare phenyl 2,3,4-tri-O-benzyl- -L-
fucopyranosyl-(1→3)-4,6-O-benzylidene-2-deoxy-2-
phthalimido-1-thio-β-D-glucopyranoside (3)

Anhydrous compounds 1 (175 mg, 0.332 mmol) and 2
(115 mg, 0.236 mmol), along with N-iodosuccinimide (NIS,
85 mg, 0.378 mmol) and powdered 4 Å molecular sieves
were placed in a 2-necked, round-bottomed flask, which was
fitted with a rubber septum and an argon-filled balloon. The
mixture was cooled to –40°C, and dichloromethane (8 mL)
was added via syringe. The stirred solution was allowed to
warm up to –20°C over 35 min, and triflic acid (0.3 �L,
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0.5 mg, 0.0035 mmol) was added via syringe at 65 min. The
cooling bath was removed after 100 min, and the reaction
continued to stir and was monitored by TLC.

After 175 min, the reaction mixture was diluted with di-
chloromethane (10 mL) and filtered, then washed with satu-
rated aqueous sodium bicarbonate (3 × 50 mL) and brine
(50 mL), dried, and concentrated. The residue was purified
by flash chromatography (4:1 to 2:1 Hex:EtOAc) to give N-
(2,3,4-tri-O-benzyl-β-L-fucopyranosyl)succinimide as a syrup
(132 mg, 77%). 1H NMR (CDCl3) δ: 1.09 (d, J5,6 = 6.4 Hz, 3
H-6), 2.55 (s, 2 CH2 of succinimide), 3.71 (bd, J3,4 = 2.6 Hz,
H-4), 4.28 (bq, J5,6 = 6.4 Hz, H-5), 4.49 (dd, J1,2 = 7.5 Hz,
J2,3 = 9.8 Hz, H-2), 4.58 (dd, J2,3 = 9.8 Hz, J3,4 = 2.9 Hz, H-
3), 4.48, 4.67 (2 leaning d, J = 11.7 Hz, CH2Bn), 4.66, 4.99
(2 leaning d, J = 11.6 Hz, CH2Bn), 4.76, 4.86 (2 leaning d, J =
11.8 Hz, CH2Bn), 6.13 (d, J1,2 = 7.5 Hz, H-1), 7.25–7.33 (m,
3Ph). 13C NMR (CDCl3) δ: 17.5 (C6), 28.3 (2 CH2 of
succinimide), 72.8 (C5), 73.3 (CH2Bn), 73.6 (CH2Bn), 74.9
(C2 + CH2Bn), 76.7 (C1), 77.7 (C4), 80.6 (C3), 127.6,
128.3, 128.4, 138.1, 138.6, 139.1 (aromatic), 178.0 (2 C=O
of succinimide).

Phenyl 2,3,4-tri-O-benzyl-α-L-fucopyranosyl-(1→3)-4,6-
O-benzylidene-2-deoxy-2-phthalimido-1-thio-β-D-
glucopyranoside (3)

Anhydrous compounds 1 (670 mg, 1.28 mmol) and 2
(420 mg, 0.851 mmol) were dissolved in dichloromethane
(40 mL) in a 2-necked, round-bottomed flask, which was
fitted with a rubber septum and an argon-filled balloon. This
solution was cooled to 0°C and a solution of dimethyl-
(methylthio)sulfonium triflate (0.88 g, 3.4 mmol) in dichloro-
methane (40 mL) was added via syringe, with stirring. The re-
action was monitored by TLC. After 1 h, the reaction was
quenched by adding triethylamine (5 mL), then filtered
through Celite. Dichloromethane (70 mL) was added, and the
solution extracted with saturated aqueous sodium bicarbonate
(2 × 100 mL) and water (100 mL), then dried and concen-
trated. The residue was separated by flash chromatography
(5:1 hexanes: ethyl acetate) to give the title compound
(0.47 g, 61%) plus a mixed fraction (0.18 g) in which 3 con-
stituted 50%: total yield 0.56 g, 73%; [α]D 7.1° (c 2.04,
CHCl3).

1H NMR (400.13 MHz, CDCl3) δ: 0.87 (d, 3H, J5,6 =
6.6 Hz, 3 H-6 Fuc), 3.47 (dd, 1H, J3,4 = 2.37 Hz, J4,5 =
1.27 Hz, H-4 Fuc), 3.66–3.76 (m, 4H, H-4 Glc, H-5 Glc, H-
2 Fuc, H-3 Fuc), 3.83 (t, 1H, J5,6ax ≈ J6ax,6eq = 9.5 Hz, H-6ax
Glc), 3.84, 4.26 (2 d, 2H, J = 12.6, CH2Ph), 4.04 (dq, 1H,
J4,5 = 1.1 Hz, J5,6 = 6.6 Hz, H-5 Fuc), 4.38, 4.43 (2 d, 2H, J =
11.6 Hz, CH2Ph), 4.43 (dd, J1,2 = 10.6 Hz, J2,3 = 9.9 Hz, H-2
Glc), 4.43 (dd, 1H, H-6eq Glc), 4.49, 4.79 (2 d, 2H, J =
11.6 Hz, CH2Ph), 4.81 (d, 1H, J1,2 = 2.9 Hz, H-1 Fuc), 5.55
(s, 1H, PhCH(OR)2), 5.74 (d, 1H, J1,2 = 10.7 Hz, H-1 Glc),
7.0–7.8 (m, aromatics). 13C NMR (100.62 MHz, CDCl3) δ:
16.57 (C6 Fuc), 54.98 (C4 Glc), 67.51 (C5 Fuc), 68.77 (C6
Glc), 70.79 (C5 Glc), 72.93 (CH2Bn), 73.29 (CH2Bn), 74.92
(CH2Bn), 75.84 (C4 Glc), 76.72 (C3 Glc), 78.28 (C4 Fuc),
79.83 (C2 Fuc), 82.12 (C3 Fuc), 84.45 (C1 Glc), 99.64 (C1
Fuc), 101.36 (PhCH(OR)2), 123.50, 126.30, 127.61, 127.66,
128.05, 128.28, 128.38, 128.40, 128.48, 128.57, 128.99,
129.15, 133.04, 134.06, 138.55 (aromatics), 167.76, 168.52
(2 C=O of phthalimide). HR-MS calcd. for C54H51NO10S +
Na: 928.3131; found: 928.3130.

Phenyl 2,3,4-tri-O-benzyl-α-L-fucopyranosyl-(1→3)-2-
deoxy-2-phthalimido-1-thio-β-D-glucopyranoside (4)

Compound 1 (473 mg, 0.955 mmol) was dissolved in di-
chloromethane (30 mL) in a 50-mL, round-bottomed flask
fitted with a drying tube and a magnetic stirrer. The solution
was cooled to –78°C using an ethyl acetate – liquid nitrogen
slurry. m-Chloroperbenzoic acid (227 mg of 85% reagent,
1.12 mmol) was added to the stirring solution, and the reac-
tion was monitored by TLC (eluent 2.5% acetone in CH2Cl2;
Rf sulfide = 0.92, Rf sulfoxide = 0.51, 0.39 (R and S iso-
mers), Rf sulfone = 0.82). After 3.5 h, the reaction was al-
lowed to warm up somewhat, then saturated aqueous sodium
bicarbonate (15 mL) and dichloromethane (20 mL) were
added. The aqueous layer was extracted with dichlorome-
thane (2 × 20 mL). The combined organic layers were wash-
ed with water (30 mL), dried, and concentrated, yielding a
residue that was purified by flash chromatography (2.5% ac-
etone in CH2Cl2). The R and S isomers of phenyl 2,3,4-tri-
O-benzyl-1-thio-α-L-fucopyranosyl sulfoxide (1a) were col-
lected together and used for the next step.

Compounds 1a (313 mg, 0.577 mmol) and 2 (200 mg,
0.408 mmol) were combined with 2,6-di-tert-butyl-4-methyl-
pyridine (168 mg, 0.812 mmol) in a 2-necked, round-
bottomed flask. One neck was stoppered and the mixture
was azeotroped with toluene (3 × 10 mL), keeping the tem-
perature low to avoid decomposition of the sulfoxide. The
flask was fitted with a rubber septum and an argon-filled
balloon. Dichloromethane (25 mL) was added by syringe, and
the solution was cooled to –78°C using an ethyl acetate –
liquid nitrogen slurry. To the cold, stirred solution was added
triflic anhydride (0.08 mL, 130 mg, 0.45 mmol), dropwise, by
syringe. Stirring was continued at –78°C, and the reaction
was monitored by TLC. When the reaction neared comple-
tion, it was removed from the ethyl acetate slurry. The
solution was extracted with saturated aqueous sodium bicar-
bonate (25 mL, 2 × 50 mL) and water (50 mL), then dried
and concentrated. The residue was purified using flash chro-
matography (3:1 to 3:2 Hex:EtOAc). The main product was
identified as phenyl 2,3,4-tri-O-benzyl-α-L-fucopyranosyl-
(1→3)-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside in
31% yield. 1H NMR (500.13 MHz, CDCl3) δ: 1.09 (d, 3H,
J5,6 = 6.5 Hz, 3 H-6 Fuc), 3.38, 4.13 (2 leaning d, 2H, J =
13.0 Hz, -CH2Bn), 3.53 (dd, 1H, J3,4 = 2.5 Hz, J4,5 = 1.2 Hz,
H-4 Fuc), 3.57 (bt, 1H, J3,4 ≈ J4,5 = 9.1 Hz, H-4 Glc), 3.64
(ddd, 1H, J5,6 = 4.9 Hz, J5,6′ = 3.4 Hz, J4,5 = 8.3 Hz, H-5
Glc), 3.74 (dd, 1H, J1,2 = 3.3 Hz, J2,3 = 10.3 Hz, H-2 Fuc),
3.78 (dd, 1H, J2,3 = 10.3 Hz, J3,4 = 2.5 Hz, H-3 Fuc), 3.87
(dd, 1H, J5,6 = 4.9 Hz, J6,6′ = 11.8 Hz, H-6 Glc), 4.00 (dd,
1H, J5,6′ = 3.4 Hz, J6,6′ = 11.8 Hz, H-6′ Glc), 4.07 (dq, 1H,
J4,5 = 1.0 Hz, J5,6 = 6.6 Hz, H-5 Fuc), 4.25 (dd, 1H, J2,3 =
10.4 Hz, J3,4 = 8.1 Hz, H-3 Glc), 4.33 (t, 1H, J1,2 = J2,3 =
10.3 Hz, H-2 Glc), 4.55, 4.89 (2 leaning d, 2H, J = 11.4 Hz,
-CH2Bn), 4.56, 4.63 (2 leaning d, 2H, J = 11.8 Hz, -CH2Bn),
4.62 (d, 1H, J1,2 = 3.3 Hz, H-1 Fuc), 5.78 (d, 1H, J1,2 =
10.3 Hz, H-1 Glc), 6.9–7.9 (m, aromatics). 13C NMR
(62.9 MHz, CDCl3) δ: 16.58 (C6 Fuc), 53.67 (C2 Glc),
62.77 (C6 Glc), 68.70 (C5 Fuc), 71.66 (C4 Glc), 72.55
(CH2Bn), 73.54 (CH2Bn), 73.88 (C2 Fuc), 74.86 (CH2Bn),
77.92 (C4 Fuc), 79.01 (C3 Fuc), 79.40 (C5 Glc), 83.33 (C1
Glc), 84.03 (C3 Glc), 101.04 (C1 Fuc), 123.15, 123.33, 127.65,
127.74, 128.29, 128.38, 128.49, 128.56, 129.12, 132.88,
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133.90, 138.16, 138.36, 138.81 (aromatics), 167.80, 168.76 (2
C=O of phthalimide). HR-MS calcd. for C47H47NO10S + Na:
840.2818; found: 840.2824.

Phenyl 2,3,4-tri-O-benzyl-α-L-fucopyranosyl-(1→3)-2-
acetamido-4,6-O-benzylidene-2-deoxy-1-thio-β-D-
glucopyranoside (5)

To a stirred solution of 3 (0.43 g, 0.47 mmol) in anhydrous
1-butanol (80 mL) was added ethylenediamine (15 mL,
13.5 g, 220 mmol). Argon was bubbled through the solution
and stirring continued for 5.5 h, monitoring the reaction by
TLC with a ninhydrin spray reagent (0.25% in ethanol). The
mixture was then evaporated to dryness. Tolune (2 × 25 mL)
and ethanol (25 mL) were in turn added and evaporated. To
the residue was added methanol (60 mL), resulting in a het-
erogeneous mixture, which dissolved upon addition of trie-
thylamine (1 mL, 7.2 mmol) and acetic anhydride (8 mL,
85 mmol) with stirring. After continued stirring for 19 h, the
reaction was added to 250 mL ice water, which melted and
was extracted with dichloromethane (3 × 100 mL). The or-
ganic layers were dried and concentrated. Purification by
flash chromatography yielded a white solid (0.22 g, 57%). 1H
NMR (400.14 MHz, CDCl3) δ: 0.831 (d, 3H, J5,6 = 6.4 Hz, 3
H-6 Fuc), 1.659 (s, 3H, NAc), 3.5–3.65 (complex m, 4H, H-4
Fuc, H-2, H-4, H-5 Glc), 3.774 (t, 1H, J5,6ax = J6ax,6eq =
10.0 Hz, H-6ax Glc), 3.934 (dd, J2,3 = 10.1 Hz, J3,4 =
2.7 Hz, H-3 Fuc), 4.084 (dd, H-2 Fuc), 4.093 (br q, H-5
Fuc), 4.289 (br t, J2,3 = J3,4 = 9.0 Hz, H-3 Glc), 4.363 (dd,
J5,6eq = 4.5 Hz, J6ax,6eq = 10.5 Hz, H-6eq), 4.562, 4.605 (2 d,
2H, J = 11.5, 2 CH2Ph H), 4.754 (s, 2H, CH2Ph), 4.931 (d,
2H, J = 11.5, 2 CH2Ph H), 5.102 (d, 1H, J1,2 = 3.5 Hz, H-1
Fuc), 5.193 (broad d, 1H, J1,2 = 10.4 Hz, H-1 Glc), 5.518 (s,
1H, O2CHPh), 5.741 (d, 1H, J1,2 = 7.7 Hz, NH), 7.2–7.6 (m,
Ph H). 13C NMR (62.9 MHz, CDCl3) δ: 16.42 (C-6 Fuc),
23.53 (NCOCH3), 56.84 (C-2 Glc), 67.03 (C-5 Fuc), 68.79
(C-6 Glc), 70.64 (C-5 Glc), 72.67, 74.32, 75.04 (3 OCH2Ph),
76.65 (C-3 Glc), 77.16 (C-2 Fuc), 77.55 (C-4 Fuc), 79.93
(C-3 Fuc), 80.64 (C-4 Glc), 86.70 (C-1 Glc), 98.39 (C-1
Fuc), 101.61 (O2CHPh), 126.3–129.0, 132.5 (PhCH), 137.3,
138.7 (quat C Ph), 170.6 (C=O). HR-MS calcd. for
C48H51NO9S + Na: 840.3182; found: 840.3188.

Phenyl 2,3,4-tri-O-benzyl-α-L-fucopyranosyl-(1→3)-2-
acetamido-2-deoxy-1-thio-β-D-glucopyranoside (6)

Compound 5 (0.13 g, 0.16 mmol) was dissolved in a solu-
tion of ethanol (150 mL) and water (1 mL). Sulfuric acid
(0.18 g, 1.8 mmol) was added with stirring. The resulting so-
lution was heated to reflux for 2 h, then cooled. Solid
NaHCO3 (0.31 g, 3.7 mmol) was added and the solvent re-
moved under reduced pressure. The residue was partitioned
between water (100 mL) and CH2Cl2 (100 mL) and the
aqueous layer extracted with two further portions of CH2Cl2
(100 mL each). Combined organic layers were dried and
concentrated, and the product was purified by flash chroma-
tography (2:1 to 1:1 hexanes:ethyl acetate) to yield a white
solid (0.10 g, 86%). 1H NMR (250.13 MHz, CDCl3) δ: 1.155
(d, 3H, J5,6 = 6.6 Hz, 3 H-6 Fuc), 1.612 (s, 3H, Nac), 3.42
(complex m, H-5 Glc), 3.47 (t, 1H, J3,4 = J4,5 = 9.5 Hz, H-4
Glc), 3.58–3.73 (complex m, 3H, H-2, H-3 Glc, H-4 Fuc),
3.769 (dd, 1H, J5,6 = 4.7 Hz, H-6 Glc), 3.907 (dd, J5,6′ =
2.9 Hz, J6,6′ = 11.8 Hz, H-6′ Glc), 3.932 (dd, 1H, J3,4 =

2.6 Hz, J2,3 = 10.2 Hz, H-3 Fuc), H-07–4.17 (complex m, H-
2, H-5 Fuc), 4.618, 4.963 (2 d, 2H, J = 11.5 Hz, -CH2Ph),
4.750, 4.779 (AB quartet, 2H, J = 12.6 Hz, -CH2Bn), 4.636,
4.840 (2 d, 2H, J = 11.5, -CH2Ph), 4.946 (d, 1H, J1,2 =
3.2 Hz, H-1 Fuc), 5.056 (d, 1H, J1,2 = 9.4 Hz, H-1 Glc),
5.530 (d, 1H, J1,2 = 7.02 Hz, NH), 7.2–7.5 (m, aromatics).
13C NMR (100.62 MHz, CDCl3) δ: 16.88 (C-6 Fuc), 23.23
(NCOCH3), 54.55 (C-2 Glc), 63.00 (C-6 Glc), 68.63 (C-5
Fuc), 71.19 (C-4 Glc) 72.67, 74.32, 75.04 (3 OCH2Ph),
76.65 (C-3 Glc), 76.48 (C-2 Fuc), 77.55 (C-4 Fuc), 79.33
(C-5 Glc), 79.39 (C-3 Fuc), 85.96 (C-3 Glc), 86.38 (C-1
Glc), 99.96 (C-1 Fuc), 127.9–129.2, 131.9 (PhCH), 133.66,
138.51, 138.45,138.67 (quat C Ph), 171.16 (C=O). HR-MS
calcd. for C41H47NO9S + Na: 752.2869; found: 752.2877.

Methyl 2,3,4-tri-O-benzyl-α-L-fucopyranoside (7)
To a stirred solution of 1 (250 mg, 0.47 mmol) in dry meth-

anol (2 mL) was added iodine (190 mg, 0.75 mmol). The
flask was fitted with a silica gel drying tube and stirred for
4.5 h. Methanol (5 mL) and Rexyn 201 (OH) ion-exchange
resin (4 mL) was added to the flask, and stirring was contin-
ued until the solution became virtually colorless. Filtration,
concentration, and purification by flash chromatography
yielded a syrup (150 mg, 70%). 1H NMR (400.14 MHz,
CDCl3) δ: 1.114 (d, 3H, J5,6 = 6.6 Hz, 3 H-6 Fuc), 3.350 (s,
3H, OMe), 3.630 (dd, 1H, J3,4 = 2.8 Hz, J4,5 = 1.1 Hz, H-4),
3.828 (qd, 1H, H-5), 3.924 (dd, 1H, J2,3 = 10.1 Hz, H-3),
4.035 (dd, 1H, J1,2 = 3.7 Hz, H-2), 4.649, 4.978 (2 d, 2H, J =
11.6 Hz, C-4 -OCH2Ph), 4.653 (d, 1H, H-1), 4.687, 4.821 (2d,
2H, J = 12.1 Hz, C-2-OCH2Ph), 4.730, 4.872 (2d, 2H, J =
11.9 Hz, C-3-OCH2Ph), 7.22–7.41(m, Ph H). 13C NMR
(62.9 MHz, CDCl3) δ: 16.63 (C-6), 55.31 (OMe), 66.08 (C-5),
73.36 (C3- OCH2Ph), 73.48 (C2- OCH2Ph), 74.83 (C4-
OCH2Ph), 76.33 (C-2), 77.83 (C-4), 79.41 (C-3), 98.81 (C-1),
127.5–128.4 (PhC), 138.57 (C-2 quat PhC), 138.62 (C-4 quat
PhC), 138.97 (C-3 quat PhC). HR-MS calcd. for C28H32O5 +
Na: 471.2147; found: 471.2147.
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Derivatives of tetraphenylmethane and tetra-
phenylsilane: Synthesis of new tetrahedral
building blocks for molecular construction

Jean-Hugues Fournier, Xin Wang, and James D. Wuest

Abstract: Useful derivatives of tetraphenylmethane and tetraphenylsilane have been synthesized by efficient methods
that give crystalline products without chromatographic purification. New compounds include tetrakis(4-hydroxyphenyl)-
methane (21), tetrakis(4-formylphenyl)methane (22), tetrakis[(4-hydroxymethyl)phenyl]methane (23), tetrakis(4-bromo-
phenyl)silane (24), tetrakis(4-iodophenyl)silane (25), tetrakis(4-hydroxyphenyl)silane (26), tetrakis[(4-hydroxymethyl)-
phenyl]silane (27), and tetrakis[(4-chloromethyl)phenyl]silane (28). These compounds are valuable precursors for the
construction of complex molecules with tetrahedral geometries.

Key words: organic synthesis, molecular and supramolecular design and construction, tetraphenylmethane, tetraphenyl-
silane, tetrahedral building blocks.

Résumé : On a réalisé la synthèse de dérivés utiles du tétraphénylméthane et du tétraphénylsilane à l’aide de méthodes
efficaces qui conduisent à des produits cristallins sans nécessité de purification chromatographique. Les nouveaux com-
posés incluent les tétrakis(4-hydroxyphényl)méthane (21), tétrakis(4-formyl)méthane (22), tétrakis(4-hydroxyméthyl)mé-
thane (23), tétrakis(4-bromophényl)silane (24), tétrakis(4-iodophényl)silane (25), tétrakis(4-hydroxyphényl)silane (26),
tétrakis(4-hydroxyméthyl)silane (27) et tétrakis(4-chlorométhyl)silane (28). Ces composés sont des précurseurs précieux
pour la construction de molécules complexes à géométries tétraédriques.

Mots clés : synthèse organique, ébauche et construction de molécules et de supramolécules, tétraphénylméthane, tétra-
phénylsilane, blocs tétraédriques de construction moléculaire.
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Introduction

Recent publications have underscored the importance of
derivatives of tetraphenylmethane and tetraphenylsilane as
subunits in molecular construction (1–39). Such tetrahedral
building blocks have been successfully incorporated in
supramolecular networks (1–13) and have also found use as
precursors of dendrimers and polymers (14–22), nanoscale
structures (23–25), optoelectronic materials (26–32), liquid
crystals (33), and materials with other applications (34–39).
Unfortunately, few syntheses of different functionalized de-
rivatives of tetraphenylmethane and tetraphenylsilane have
been reported. Currently known simple tetraphenylmethanes
that are fully substituted in the para positions include com-
pounds 1 (12, 21, 40), 2 (6, 19), 3 (41), 4 (42), 5 (42), 6 (12,
40, 41), 7 (40), 8 (40, 41), 9 (21), 10 (31, 43), 11 (43), 12
(19), and 13 (25), and analogous tetraphenylsilanes include
compounds 14 (13, 44), 15 (8), 16 (13, 45), 17 (45), 18 (22),
19 (22), and 20 (1). To make a wider range of tetrahedral
building blocks readily available for molecular construction,
we now report efficient syntheses of a variety of new and

previously known para-substituted derivatives of tetra-
phenylmethane and tetraphenylsilane. Our syntheses use
simple reactions and yield crystalline products without chro-
matographic purification. Newly characterized derivatives
include tetrakis(4-hydroxyphenyl)methane (21), tetrakis(4-
formylphenyl)methane (22), tetrakis[(4-hydroxymethyl)-
phenyl]-methane (23), tetrakis(4-bromophenyl)silane (24),
tetrakis(4-iodophenyl)silane (25), tetrakis(4-hydroxyphenyl)-
silane (26), tetrakis[(4-hydroxymethyl)phenyl]silane (27), and
tetrakis[(4-chloromethyl)phenyl]silane (28).

Results and discussion

Our general approach to syntheses of derivatives of tetra-
phenylmethane and tetraphenylsilane is based on tetra-
lithiation (41) of tetrakis(4-bromophenyl)methane (1) (12,
21, 40) or tetrakis(4-bromophenyl)silane (24) (4), followed
by the addition of an appropriate electrophile. This approach
has the advantage of providing a wide variety of derivatives
simply by modifying the nature of the electrophile in a com-
mon experimental protocol. For example, treatment of
tetrakis(4-bromophenyl)methane (1) with excess BuLi, fol-
lowed by the addition of CH3I, afforded tetrakis(4-methyl-
phenyl)-methane (3) (41) in 60% yield after purification by
recrystallization. Analogous procedures using B(OCH3)3–
H2O2 or N,N-dimethylformamide (DMF) provided the corre-
sponding tetraphenol 21 and tetraaldehyde 22 in 62% and
46% yields, respectively, again after purification by re-
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crystallization. The reduction of tetraaldehyde 22 with
NaBH4 gave tetrakis[(4-hydroxymethyl)phenyl]methane (23)
in 90% yield. Subsequent treatment with SOCl2 gave a 94%
yield of tetrakis[(4-chloromethyl)phenyl]methane (11), a
known compound prepared previously by direct chloro-
methylation of tetraphenylmethane (43). Compounds 21–23
are useful new tetrahedral building blocks that can be sub-
jected to further chemical modifications for use in molecular
construction.

The corresponding tetraphenylsilanes were made in a sim-
ilar way. Tetrakis(4-bromophenyl)silane (24) was prepared
by the monolithiation of 1,4-dibromobenzene with BuLi,
followed by the addition of SiCl4 (4). This procedure pro-
vided target 24 in 45% yield after two recrystallizations. Al-
ternatively, tetrakis(4-iodophenyl)silane (25) could be
synthesized from 1,4-diiodobenzene by an analogous
method in 56% yield (4). Tetrakis(4-methylphenyl)silane
(14) (13, 44) and tetrakis(4-hydroxyphenyl)silane (26) could
be prepared from tetrakis(4-bromophenyl)silane (24) in 65%
and 59% yields, respectively, by tetralithiation and addition
of appropriate electrophiles, using methods analogous to
those used to make the corresponding tetraphenylmethanes.
However, attempts to synthesize the aldehyde corresponding
to compound 22 by use of DMF as electrophile resulted in
complex mixtures that proved to be difficult to purify.
Tetrakis(4-bromophenyl)silane (24) could be converted into
the known tetraacid 16 (13, 45) by adding excess BuLi in
THF and bubbling CO2 through the resulting solution. This
procedure gave compound 16 in 68% yield after purification
by recrystallization. Previous syntheses of tetraacid 16 have
been accomplished by oxidizing tetrakis(4-methylphenyl)sil-
ane (14) (13, 45). The tetraacid was subsequently reduced
with LiAlH4 in THF to afford tetrakis[(4-hydroxymethyl)-
phenyl]silane (27) in 80% yield. The reaction of tetraol 27

with SOCl2 then yielded tetrakis[(4-chloromethyl)phenyl]sil-
ane (28) in 76% yield.2

Conclusions

The syntheses we describe provide convenient access to a
wide variety of functionalized derivatives of tetraphenyl-
methane and tetraphenylsilane. The availability of these
compounds creates many new opportunities for molecular
and supramolecular construction using tetrahedral building
blocks.

Experimental

Tetrahydrofuran (THF) and ether were dried by distilla-
tion from the sodium ketyl of benzophenone. N,N-Dimethyl-
formamide (DMF) was purified by distillation under reduced
pressure and dried over 4 Å molecular sieves. All other re-
agents were commercial products that were used without
further purification.

Tetrakis(4-methylphenyl)methane (3) (41)
A solution of tetrakis(4-bromophenyl)methane (1;

635 mg, 0.998 mmol) (12, 21, 40) in THF (60 mL) was
stirred at –78°C under dry N2 and treated dropwise with a
solution of butyllithium (3.20 mL, 2.5 M in hexane,
8.0 mmol). The resulting mixture was kept at –78°C for
30 min, and then CH3I (1.00 mL, 16.1 mmol) was added
dropwise. The mixture was stirred overnight while the tem-
perature was allowed to rise to 25°C. Saturated aqueous
Na2S2O3 was then added, and the resulting mixture was con-
centrated by partial evaporation under reduced pressure. The
remaining aqueous concentrate was extracted with ethyl ace-
tate, and the combined organic extracts were washed with
brine and dried over MgSO4. Volatiles were removed by
evaporation under reduced pressure, and the residue was
recrystallized from ethyl acetate to afford tetrakis(4-methyl-
phenyl)methane (41) (3; 226 mg, 0.600 mmol, 60%) as a
colorless solid: mp 254–256°C (lit. (41) mp 254.5–255.5°C).
1H NMR (300 MHz, CDCl3) δ: 7.12–7.03 (m, 16H), 2.31 (s,
12H). 13C NMR (75 MHz, CDCl3) δ: 144.2, 135.0, 130.8,
128.0, 63.5, 20.8. FAB-MS (3-nitrobenzyl alcohol) m/e: 376.
FAB-HR-MS (3-nitrobenzyl alcohol) calcd. for C29H28 m/e:
376.21912; found: 376.22050. Anal. calcd. for C29H28: C
92.50, H 7.50; found: C 92.50, H 7.71.

Tetrakis(4-hydroxyphenyl)methane (21)
A solution of tetrakis(4-bromophenyl)methane (1;

635 mg, 0.998 mmol) (12, 21, 40) in THF (60 mL) was
stirred at –78°C under dry N2 and treated dropwise with a
solution of butyllithium (3.20 mL, 2.5 M in hexane,
8.0 mmol). The resulting mixture was kept at –78°C for
30 min, and then B(OCH3)3 (1.80 mL, 16.1 mmol) was
added dropwise. The mixture was stirred overnight while the
temperature was allowed to rise to 25°C. To the solution was
added 3 M aqueous NaOH (3 mL) followed by 30% aqueous
H2O2 (2 mL), and then the mixture was heated at reflux for

© 2003 NRC Canada
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1 h. The resulting mixture was acidified with 1 M aqueous
HCl and concentrated by partial evaporation under reduced
pressure. The aqueous concentrate was extracted with ethyl
acetate, and the combined organic extracts were washed
with water and brine, dried over MgSO4, and filtered.
Volatiles were removed by evaporation under reduced pres-
sure, and the residue was recrystallized from ethyl acetate –
hexane to afford tetrakis(4-hydroxyphenyl)methane (21;
238 mg, 0.619 mmol, 62%) as a colorless solid: mp >
300°C. IR (KBr) (cm–1): 3601, 3254. 1H NMR (400 MHz,
DMSO-d6) δ: 9.30 (s, 4H), 6.82 (d, 8H, 3J = 8.8 Hz), 6.61
(d, 8H, 3J = 8.8 Hz). 13C NMR (100 MHz, DMSO-d6) δ:
154.9, 138.1, 131.5, 114.0, 61.5. FAB-MS (3-nitrobenzyl al-
cohol) m/e: 384. FAB-HR-MS (3-nitrobenzyl alcohol) calcd.
for C25H20O4 m/e: 384.13617; found: 384.13720. Anal.
calcd. for C25H20O4·0.5 H2O: C 76.32, H 5.38; found: C
76.96, H 5.08.

Tetrakis(4-formylphenyl)methane (22)
A solution of tetrakis(4-bromophenyl)methane (1; 1.12 g,

1.76 mmol) (12, 21, 40) in THF (150 mL) was stirred at
–78°C under dry N2 and treated dropwise with a solution of
butyllithium (6.4 mL, 2.5 M in hexane, 16 mmol). The re-
sulting mixture was kept at –78°C for 30 min, and then
DMF (2.5 mL, 32 mmol) was added dropwise. The mixture
was stirred overnight while the temperature was allowed to
rise to 25°C. To the solution was added 1 M aqueous HCl
(20 mL), and volatiles were partially removed by evapora-
tion under reduced pressure. The remaining aqueous concen-
trate was extracted with ethyl acetate, and the combined
organic extracts were washed with water and brine, dried
over MgSO4, and filtered. Volatiles were removed by evapo-
ration under reduced pressure, and the residue was
recrystallized from ethyl acetate to provide tetrakis(4-
formylphenyl)methane (22; 350 mg, 0.809 mmol, 46%) as a
light yellow solid: mp > 180°C decomposition (dec). IR
(KBr) (cm–1): 1702. 1H NMR (400 MHz, CDCl3) δ: 10.01 (s,
4H), 7.84 (d, 8H, 3J = 8.7 Hz), 7.44 (d, 8H, 3J = 8.7 Hz). 13C
NMR (100 MHz, CDCl3) δ: 191.6, 151.2, 135.1, 131.4,
129.8, 66.4. FAB-MS (3-nitrobenzyl alcohol) m/e: 433.
FAB-HR-MS (3-nitrobenzyl alcohol) calcd. for C29H20O4 +
H m/e: 433.14398; found: 433.14540.

Tetrakis([(4-hydroxymethyl)phenyl]methane (23)
A suspension of tetrakis(4-formylphenyl)methane (22;

90.3 mg, 0.209 mmol) in CH3OH (10 mL) was stirred at 0°C
and treated with NaBH4 (200 mg, 5.29 mmol) added in
small portions. The resulting mixture was stirred at 0°C for
30 min and then at 25°C for 1 h. The mixture was poured
into cold H2O (150 mL), and the resulting precipitate was
filtered, washed with water, and dried under vacuum.
Recrystallization from ethyl acetate – hexane gave tetrakis-
[(4-hydroxymethyl)phenyl]methane (23; 83.4 mg,
0.189 mmol, 90%) as a colorless solid: mp > 300°C. IR
(KBr) (cm–1): 3305. 1H NMR (300 MHz, DMSO-d6) δ: 7.21
(d, 8H, 3J = 8.5 Hz), 7.09 (d, 8H, 3J = 8.5 Hz), 5.12 (t, 4H,
3J = 5.6 Hz), 4.44 (d, 8H, 3J = 5.6 Hz). 13C NMR (100 MHz,
DMSO-d6) δ: 145.2, 140.0, 130.2, 125.9, 63.7, 62.6. FAB-
MS (3-nitrobenzyl alcohol) m/e: 440. FAB-HR-MS (3-
nitrobenzyl alcohol) calcd. for C29H28O4 m/e: 440.19876;
found: 440.20030.

Tetrakis[(4-chloromethyl)phenyl]methane (11) (43)
A solution of tetrakis[(4-hydroxymethyl)phenyl]methane

(23; 440 mg, 0.999 mmol) in dioxane (25 mL) was treated
dropwise with SOCl2 (600 µL, 8.2 mmol) under N2, and the
mixture was heated at reflux for 16 h. Volatiles were re-
moved by evaporation under reduced pressure, and the resi-
due was recrystallized from CHCl3–hexane to give
tetrakis[(4-chloromethyl)phenyl]methane (43) (11; 483 mg,
0.939 mmol, 94%) as light yellow needles: mp > 250°C (lit.
(43) mp 279°C). 1H NMR (400 MHz, CDCl3) δ: 7.28 (d, 8H,
3J = 8.6 Hz), 7.20 (d, 8H, 3J = 8.6 Hz), 4.57 (s, 8H). 13C
NMR (100 MHz, DMSO-d6) δ: 147.2, 136.3, 131.5, 129.5,
65.0, 46.7. Anal. calcd. for C29H24Cl4: C 67.72, H 4.70;
found: C 67.31, H 4.79.

Tetrakis(4-bromophenyl)silane (24)
A solution of 1,4-dibromobenzene (23.6 g, 100 mmol) in

ether (250 mL) was stirred at –10°C under dry N2 and
treated dropwise with a solution of butyllithium (40 mL,
2.5 M in hexane, 100 mmol). The resulting mixture was kept
at –10°C for 15 min, and then SiCl4 (2.85 mL, 24.9 mmol)
was added dropwise. The mixture was stirred at –10°C for
30 min and at 25°C for 1 h. Then 1 M aqueous HCl was
added, and the resulting mixture was extracted with ether.
The combined extracts were washed with H2O and brine,
dried over MgSO4, and filtered. Volatiles were removed by
evaporation under reduced pressure, and the residue was
recrystallized twice from CHCl3–ethanol to afford tetrakis(4-
bromophenyl)silane (24; 7.28 g, 11.2 mmol, 45%) as a col-
orless solid: mp 240–241°C. 1H NMR (300 MHz, CDCl3) δ:
7.55 (d, 8H, 3J = 8.4 Hz), 7.35 (d, 8H, 3J = 8.4 Hz). 13C
NMR (75 MHz, CDCl3) δ: 137.6, 131.4, 131.4, 125.4. FAB-
MS (3-nitrobenzyl alcohol) m/e: 652. Anal. calcd. for
C29H16Br4Si: C 44.21, H 2.47; found: C 43.83, H 2.45.

Tetrakis(4-iodophenyl)silane (25)
A solution of 1,4-diiodobenzene (13.2 g, 40.0 mmol) in

THF (250 mL) was stirred at –78°C under dry N2 and
treated dropwise with a solution of butyllithium (16 mL,
2.5 M in hexane, 40 mmol). The resulting mixture was kept
at –78°C for 20 min, and then SiCl4 (1.15 mL, 10.0 mmol)
was added dropwise. The mixture was stirred at –78°C for
30 min and at 25°C for 1 h. Then 1 M aqueous HCl
(100 mL) was added, and the phases were separated. The or-
ganic phase was washed with saturated aqueous Na2S2O3
(100 mL), H2O (100 mL), and brine (100 mL), and then it
was dried over MgSO4 and filtered. Volatiles were removed
by evaporation under reduced pressure, and the residue was
recrystallized twice from CHCl3–ethanol to afford tetrakis(4-
iodophenyl)silane (25; 4.70 g, 5.59 mmol, 56%) as a color-
less solid: mp > 310°C. 1H NMR (300 MHz, CDCl3) δ: 7.75
(d, 8H, 3J = 7.9 Hz), 7.20 (d, 8H, 3J = 7.9 Hz). 13C NMR
(75 MHz, CDCl3) δ: 137.5, 137.2, 131.7, 97.7. Anal. calcd.
for C29H16I4Si: C 34.31, H 1.92; found: C 34.17, H 1.78.

Tetrakis(4-methylphenyl)silane (14) (13, 44)
A solution of tetrakis(4-bromophenyl)silane (24; 1.31 g,

2.01 mmol) in THF (150 mL) was stirred at –78°C under
dry N2 and treated dropwise with a solution of butyllithium
(6.4 mL, 2.5 M in hexane, 16 mmol). The resulting mixture
was kept at –78°C for 30 min, and then CH3I (2.00 mL,

© 2003 NRC Canada
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32.1 mmol) was added dropwise. The mixture was stirred
overnight while the temperature was allowed to rise to 25°C.
Saturated aqueous Na2S2O3 was then added, and volatiles
were partially removed from the resulting mixture by evapo-
ration under reduced pressure. The aqueous concentrate was
extracted with ethyl acetate, and the combined extracts were
washed with brine, dried over MgSO4, and filtered. Volatiles
were removed by evaporation under reduced pressure, and
the residue was recrystallized from toluene to afford
tetrakis(4-methylphenyl)silane (14; 512 mg, 1.30 mmol,
65%) as a colorless solid. The spectroscopic data were iden-
tical to those reported in the literature (13, 44).

Tetrakis(4-hydroxyphenyl)silane (26)
A solution of tetrakis(4-bromophenyl)silane (24; 652 mg,

1.00 mmol) in THF (60 mL) was stirred at –78°C under dry
N2 and treated dropwise with a solution of butyllithium
(3.20 mL, 2.5 M in hexane, 8.00 mmol). The resulting mix-
ture was kept at –78°C for 30 min, and then B(OCH3)3
(1.80 mL, 16.1 mmol) was added dropwise. The mixture
was stirred overnight while the temperature was allowed to
rise to 25°C. To the solution was added 3 M aqueous NaOH
(3 mL), followed by 30% aqueous H2O2 (2 mL), and then
the mixture was heated at reflux for 1 h. The resulting mix-
ture was acidified with 1 M aqueous HCl and concentrated
by partial evaporation of volatiles under reduced pressure.
The aqueous concentrate was extracted with ethyl acetate,
and the combined extracts were washed with water and
brine, dried over MgSO4, and filtered. Volatiles were re-
moved by evaporation under reduced pressure, and the resi-
due was recrystallized from ethyl acetate – hexane to afford
tetrakis(4-hydroxyphenyl)silane (26; 238 mg, 0.594 mmol,
59%) as a colorless solid: mp 274–278°C. IR (KBr) (cm–1):
3607, 3300. 1H NMR (400 MHz, DMSO-d6) δ: 9.59 (s, 4H),
7.22 (d, 8H, 3J = 8.4 Hz), 6.78 (d, 8H, 3J = 8.4 Hz). 13C
NMR (75 MHz, DMSO-d6) δ: 158.8, 137.5, 124.3, 115.4.
FAB-MS (3-nitrobenzyl alcohol) m/e: 400. Anal. calcd. for
C24H20O4Si·H2O: C 68.88, H 5.30; found: C 69.16, H 5.12.

Tetrakis(4-carboxyphenyl)silane (16) (13, 45)
A solution of tetrakis(4-bromophenyl)silane (24; 2.6 g,

4.0 mmol) in THF (250 mL) was stirred at –78°C under dry
N2 and treated dropwise with a solution of butyllithium
(8.0 mL, 2.5 M in hexane, 20 mmol). The resulting mixture
was kept at –78°C for 30 min, and then CO2 was bubbled
through it. The mixture was stirred at –78°C for 3 h and was
then acidified with 1 M aqueous HCl (125 mL). The organic
phase was separated, washed with H2O (100 mL) and brine
(100 mL), dried over MgSO4, and filtered. Volatiles were re-
moved by evaporation under reduced pressure, and the resi-
due was recrystallized from ethyl acetate – hexane to afford
tetrakis(4-carboxyphenyl)silane (13, 45) (16; 1.40 g,
2.73 mmol, 68%) as a white solid. The physical and spectro-
scopic data were identical to those reported in the literature
(13, 45).

Tetrakis[(4-hydroxymethyl)phenyl]silane (27)
A suspension of tetrakis(4-carboxyphenyl)silane (16;

123 mg, 0.240 mmol) in THF (10 mL) was stirred at 0°C
under N2 and treated with LiAlH4 (45 mg, 1.2 mmol) added
in small portions. The resulting mixture was heated at reflux

overnight. The mixture was then cooled, treated carefully
with 6 M aqueous NaOH and diluted with H2O. The result-
ing mixture was filtered, and volatiles were removed by
evaporation under reduced pressure. The solid residue was
washed with water and dried under vacuum. Recrystal-
lization from ethanol–hexane gave tetrakis[(4-hydroxy-
methyl)phenyl]silane (27; 87.6 mg, 0.192 mmol, 80%) as a
colorless solid: mp 298–299°C. IR (KBr) (cm–1): 3339. 1H
NMR (400 MHz, DMSO-d6) δ: 7.42–7.36 (m, 16H), 5.24
(bs, 4H), 4.52 (s, 8H). 13C NMR (75 MHz, DMSO-d6) δ:
144.4, 135.8, 132.1, 126.3, 63.0. Anal. calcd. for
C24H20O4Si·0.5H2O: C 72.22, H 6.28; found: C 72.45,
H 6.25.

Tetrakis[(4-chloromethyl)phenyl]silane (28)
A solution of tetrakis[(4-hydroxymethyl)phenyl]silane

(27; 205 mg, 0.449 mmol) in dioxane (10 mL) was stirred at
25°C under N2 and treated dropwise with SOCl2 (260 µL,
3.6 mmol). The resulting mixture was heated at reflux for
16 h. Volatiles were removed by evaporation under reduced
pressure, and the residue was recrystallized from ethyl ace-
tate to give tetrakis[(4-chloromethyl)phenyl]silane (28;
180 mg, 0.339 mmol, 76%) as a light yellow solid: mp 251–
253°C. 1H NMR (300 MHz, CDCl3) δ: 7.55 (d, 8H, 3J =
8.1 Hz), 7.42 (d, 8H, 3J = 8.1 Hz), 4.61 (s, 8H). 13C NMR
(100 MHz, CDCl3) δ: 139.1, 136.7, 133.8, 128.1, 46.0.
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�-Irradiation route to photoluminescent CdS–CdSe
with core–shell nanostructures under ambient
conditions

Fen Xu, Xu Zhang, Jun Lu, Wang Xi, Jie Hong, and Yi Xie

Abstract: Photoluminescent CdS–CdSe nanocomposites with core–shell structures were obtained via a novel two-step
γ-irradiation process followed by a simple ion-exchange reaction at room temperature and under ambient pressure. To
fully characterize CdS–CdSe nanocomposites, X-ray photoelectron spectroscopy, UV–vis absorption spectra, and photo-
luminescence spectra were recorded, as well as powder X-ray diffraction, transmission electron microscopy, and high-
resolution electron microscopy, to confirm the presence of the core–shell nanostructure.

Key words: core–shell nanostructure, γ-irradiation, ion-exchange reaction.

Résumé : On a obtenu des nanocomposés de CdS–CdSe, à structure conchoïdale avec un noyau central, en utilisant un
nouveau processus en deux étapes comportant une irradiation γ suivie d’une réaction d’échange d’ion simple à tempé-
rature et pression ambiantes. Dans le but de caractériser complètement les nanocomposés de CdS–CdSe, on a enregistré
les spectres de spectroscopie photoélectronique de rayons X, d’absorption UV–visible et de photoluminescence on a
aussi utilisé la diffraction de poudres de rayons X, la microscopie par transmission d’électrons, la microscopie électro-
nique à haute résolution, pour confirmer la présence de la nanostructure conchoïdale avec un noyau central.

Mots clés : nanostructure conchoïdale avec un noyau central, irradiation γ, réaction d’échange d’ion.

[Traduit par la Rédaction] Xu et al. 384

Introduction

Recently, nanomaterials have become the focus of inten-
sive research because of their numerous applications in
diverse fields such as electro-optical and ultramodern elec-
tronic devices, super-magnets, photographic suspensions, and
catalyst production, etc. (1). Tremendous advances in the
preparation and characterization of semiconductor nano-
particles (2–4) have been made in that these materials ex-
hibit strongly size-dependent optical and electrical properties
when their dimensions are comparable to the Bohr radius.
Because the surface of a nanocrystal is made up of atoms
that are not fully coordinated, it is highly active and acts like
it possesses defects unless passivated (5). To remove these
defects, long-chain organic surfactants have been utilized to
passivate these II–VI and III–V nanocrystals. However, it is
generally very difficult to simultaneously passivate both an-
ionic and cationic surface sites with the use of organic lig-
ands, and there are always some dangling bonds on the
surface. As for the nanocrystals, inorganic epitaxial growth,
such as the growth of the shell on the core, can not only
eliminate both the anionic and cationic surface dangling
bonds but can also generate a new nanocrystal system with

novel properties. Furthermore, most of the properties of
these “core–shell” systems are dependent on both core and
shell materials (6). Hence, inorganic passivation has been
explored in such core–shell structures as CdSe–ZnS (7),
CdSe–ZnS or ZnS–CdSe (8), CdSe–ZnS (9), CdSe–ZnSe
(10), CdS–HgS–CdS (11), CdSe–CdS (6, 12), CdS–CdSe
(13), HgTe–CdS (14), CdSe–CdS–ZnS (15), and CdS–ZnO
and CdS–Pb3O4 (16). Apparently, the design and preparation
of nanocomposites with core–shell structures has been an
important, active research direction; these systems show re-
duced fluorescence lifetimes, exhibit high photoluminescence
(PL) quantum yield, higher photoluminescence efficiency
and superiority to some existing fluorophores, and other
benefits (17) related to tailoring the band-gap positions be-
tween the two materials with respect to the uncoated dots
due to the elimination of surface non-radiative recombina-
tion defects (6, 16, 18, 19).

Among these core–shell systems, the semiconductor pair
of CdS and CdSe is the most attractive to focus attention on
because of the similarities between the CdS and CdSe lat-
tices (lattice mismatch is 4.26%), which dictated the choice
of this semiconductor pair for the present investigation (20).
Several synthesis routes (6, 12–13) have been applied to pre-
pare the core–shell nanostructure; however, two limitations
seem unavoidable: one is the necessary synthesis tempera-
ture (at least 100°C) and the other is the organic precursors.
Here, we put forward a novel approach for the preparation of
CdS–CdSe nanocomposites (with core–shell structures) at
room temperature and under ambient pressure, based on our
previous work on the γ-irradiation synthesis of various semi-
conductor nanoparticles and nanocomposites (21, 22). Using
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this approach, a simple ion-exchange reaction followed with
γ-irradiation can easily form a heterogeneous semiconductor
shell on a certain core. For instance, after γ-irradiating a sim-
ple mixture system consisting of the chosen core and a suit-
able shell precursor solution, the core–shell nanostructure of
the semiconductor pair of CdS–CdSe can be obtained easily
via an ion-exchange reaction. This method may provide a
simple and convenient route to synthesize for various metal
chalcogenides with core–shell nanostructures; it is free of
the use of complex and expensive organometallic precursors,
and all procedures are carried out under ambient condition.
Additionally, the chemistry of the core and (or) shell growth
is clean — the γ-irradiation can offer a mass of reductive
radicals, which are totally clean reductive agents from the
point of view of green chemistry, and thus one can avoid the
by-products from chemical reducing agents.

Experimental

Materials
All agents were analytically pure and were purchased

from Shanghai Chemical Co. Ltd., including cadmium chlo-
ride (CdCl2), sodium thiosulfate (Na2S2O3), selenium (Se),
sodium sulfite (Na2SO3), and isopropyl alcohol
(CH3CHOHCH3).

Synthesis of CdS–CdSe core–shell nanocomposites
In a typical process, two stepwise irradiation processes are

required, and an ion-exchange reaction follows with the γ-ir-
radiation processes. It is also worth mentioning that all oper-
ations were carried out at room temperature and under
ambient pressure.

The formation of the CdS core
A typical solution, consisting of 0.05 mol·L–1 CdCl2,

0.05 mol·L–1 Na2S2O3, and 3 mol·L–1 CH3CHOHCH3 (as a
scavenger for the hydroxyl radicals), was irradiated in the
field of a 2.59 × 1015 Bq 60Co γ-ray source with a radiation
dose of 3.0 × 104 Gy (21, 22). The yellow-orange CdS
nanoparticles obtained were filtered off and washed with
ethanol for the next step.

The growth of the CdSe shell on the CdS core
The prepared CdS nanoparticles, 0.05 mol·L–1 sodium

selenosulfate (Na2SeSO3), and 3 mol·L–1 CH3CHOHCH3
were added to 50 mL distilled water, ultrasonicated for
10 min, and further irradiated for several hours to produce
the yellow-red products. Na2SeSO3 can be synthesized by
refluxing Se powders in an Na2SO3 solution, according to
the literature (23). The final yellow-red products were fil-
tered off and washed with distilled water and ethanol succes-
sively and then dried for 6 h under vacuum at room
temperature.

Measurements
Powder X-ray diffraction (XRD) was performed on a Ja-

pan Rigaku D/Max rA rotation anode X-ray diffractometer,
equipped with a Ni-filter Cu Kα radiation source (λ =
1.54178 Å), 40 kV and 100 mA as the applied voltage and
current, a scanning speed of 8.00° min–1, and a 2θ range of
20°–70°. The nanocrystal size and core–shell nanostructure

investigations were measured by transmission electron mi-
croscopy (TEM) and high-resolution electron microscopy
(HRTEM); measurements were taken on an H-800 transmis-
sion electron microscope with an accelerating voltage of
200 kV and a JEOL-2010 transmission electron microscope,
respectively. Nanocrystals were dispersed in ethanol under
ultrasonication, and 1 drop of the solution was deposited
onto the grid before evaporating naturally. XPS was re-
corded on an ESCALab MKII instrument with Mg Kα radia-
tion as the exciting source. The UV–vis absorption spectra
were recorded on a JANA Spec200PC UV–vis spectrophoto-
meter using quartz cells, and the PL spectra were obtained
using a 970CRT-luminescence spectrophotometer with the
excitation wavelength of 220 nm.

Results and discussion

Structural characterization
Powder X-ray diffraction (XRD) patterns of the three sam-

ples (shown in Fig. 1) give evidence that the final nano-
composites are CdS–CdSe with core–shell nanostructures.
Figure 1a shows the XRD pattern for CdS nanoparticles, and
Fig. 1c is the XRD pattern of CdSe nanoparticles, while
Fig. 1b is the XRD pattern of the CdS–CdSe core–shell
nanocomposites. The reflection peaks of the core–shell
nanocomposites shift only a little from those characteristic
of pure CdS and pure CdSe. As the shell is grown, the dif-
fraction peaks shift towards a larger d-spacing (small 2θ).
Some evidence for a superposition of CdS and CdSe peaks
forming the broader peaks can be observed in the nano-
composites, especially on their high-angle sides. If, consid-
ering the shifts in the peak positions alone, the XRD patterns
may be indicative of alloying, however, a homogeneous al-
loy would show a significant narrowing of XRD peak widths
with increasing size. But in this present case, this narrowing
phenomenon is not observed (6). So, Fig. 1b implies the for-
mation of CdS–CdSe with a core–shell nanostructure rather
than that of a CdSxSe1–x alloy. X-ray photoelectron spectros-
copy (XPS) was used to measure the composition of the
core–shell nanocomposites, and the signal analysis gave an
S:Se ratio of 13:1. To further ascertain the core–shell nano-
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Fig. 1. XRD patterns of (a) CdS nanoparticles, (b) CdS–CdSe
with core–shell nanostructure, and (c) CdSe nanoparticles.
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structure, transmission electron microscopy (TEM) and high-
resolution electron microscopy (HRTEM) were employed.

The morphology and particle sizes are determined by trans-
mission electron microscopy (TEM) and high-resolution
electron microscopy (HRTEM). The TEM image of CdS–
CdSe nanocomposites (shown in Fig. 2a) shows the spheri-
cal and congregated particles. Figure 2b shows a typical
HRTEM micrograph of the CdS–CdSe nanoparticles, in
which the core–shell structure can clearly be seen in the en-
tire area, with the dark cores being surrounded by a light
shell. In addition, the lattice planes of the CdS core are visi-
ble, indicating a high degree of crystallinity. It is also ob-
served that the lattice fringes are continuous throughout the
core and the shell. Furthermore, CdS nanoparticles have def-
initely been overcoated with a thick (>3 nm) layer of CdSe.
An increase of 4.00~5.00 nm in size testified to the success-
ful growth of the CdSe shell on the CdS core.

Optical characterization
The UV–vis absorption spectrum of the bare CdS

nanoparticles and the CdS–CdSe core–shell nanocomposites
dispersed in the distilled water are shown in Figs. 3a and 3b,
respectively; these were carried out using distilled water as
reference. A clear “excitonic” peak is visible for the bare
CdS at 455 nm (2.72 eV), which clearly red-shifts 25 nm
(0.14 eV) after the capping of CdSe is introduced, and this
red shift is indicative of the formation of the core–shell
structure. The nanocrystalline nature of the CdS and the
CdS–CdSe nanocomposites are also reflected by their
photoluminescence (PL) spectra, as shown in Fig. 4. When
the excitation energy is 5.65 eV (λex = 220 nm), the lumines-
cence spectrum of the pure CdS contains a shoulder peak at
~480 nm (2.59 eV) (Fig. 4a) and the luminescence spectrum
of the CdS–CdSe core–shell structure contains shoulders at
~456 nm (2.72 eV) and 530 nm (2.36 eV), along with a peak
at ≈480 nm (Fig. 4b). The peak of ~456 nm and a peak of
~480 nm may result from the CdS excitonic fluorescence.
When the emission at ~480 nm (2.59 eV) passes through a
thin layer of CdSe, it would be absorbed by CdSe and would
excite CdSe to emit luminescence light at ~530 nm. In addi-

tion, the excited energy used (λex = 220 nm) can also excite
CdSe to emit luminescence. So, for this CdS–CdSe system,
the luminescent intensity of CdS would decrease while that
of CdSe would increase, as shown in Fig. 4b. In a compari-
son of Fig. 4a with Fig. 4b, there is little difference in the
profile of the two spectra, probably because of the change in
surface structure. The optical spectra are somewhat broad-
ened, probably owing to the following two reasons:
(i) Broadening may be caused by a gradual “ripening” of the
nanocrystals with time; the effect of aging the core–shell
samples in the experimental process is to red-shift and
broaden the absorption spectra, and this effect has been re-
ported in many cases, such as for HgTe–CdS core–shell
nanoparticles (14). (ii) The shell growth results in a slight
broadening while maintaining the optical spectra profile.
Similarly, Peng et al. (6) reported the epitaxy growth of
CdSe–CdS core–shell nanoparticles in which the absorption
spectrum roughly maintains its profile with a slight broaden-
ing of feature. Meanwhile, the successful growth of the
CdSe shell also causes the fluorescence changes, including
the splitting of peaks and the red shift.

© 2003 NRC Canada
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Fig. 2. (a) TEM image of CdS–CdSe core–shell nanocomposites and (b) a typical HRTEM image of CdS–CdSe with core–shell
nanostructures.

Fig. 3. UV–vis absorption spectra of (a) CdS nanoparticles and
(b) CdS–CdSe core–shell nanocomposites.
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Ion-exchange reaction mechanism
In this approach, the fundamental mechanism of the for-

mation of CdS–CdSe core–shell nanostructure is an ion-
exchange reaction followed by a two-step γ-irradiation pro-
cess. It is known that sodium thiosulfate can homogeneously
release S2– upon γ-irradiation; thus, it is a good sulfur source
to use in the formation of the CdS core. As to the formation
of the CdSe shell, the selection of selenium source is criti-
cal, since the usual selenium source (selenium element) does
not dissolve in distilled water, and this will limit the forma-
tion of the CdSe shell. Sodium selenosulfate (Na2SeSO3) is
a good selenium source, which may well dissolve in distilled
water and homogeneously release Se2– under γ-irradiation,
owing to the similarity in the structures of the SeSO3

2– and
S2O3

2– (21, 22), which is propitious to the crystallization of
the CdS–CdSe core–shell nanoparticles. The formation of
CdSe shell on the CdS core can be described as a substitu-
tion-type process, considering the substantial difference be-
tween the solubility of the CdS (Ksp = 1.4 × 10–19) and that
of the CdSe (Ksp = 1.4 × 10–35) in distilled water. The reac-
tions for the whole process are as follows:

[1] S O S2 3
2 irradiation 2− − − →γ

[2] Cd S CdS2 2+ −+ →

[3] SeSO Se3
2 irradiation 2− − − →γ

[4] CdS + Se CdSe S2 2− −→ +

Conclusions

In general, γ-irradiation has been successfully used to pre-
pare the CdS–CdSe core–shell nanocomposites for the first
time. The keys to the reaction are the selection of the sele-
nium source and the difference between the solubility of
CdS and that of CdSe. Both the XRD pattern and the
HRTEM image clearly ascertain the core–shell structure of

the nanocomposites. In addition, this approach is easily ex-
tended to the preparation of various metal chalcogenides by
changing the core and shell precursor solution. It is reason-
able to expand this method to the synthesis of other core–
shell nanocomposites because of its ease, reproducibility,
and versatility.
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Solubility of carbon dioxide in alkylcarbonates and
lactones

F. Blanchard, B. Carré, F. Bonhomme, P. Biensan, and D. Lemordant

Abstract: The solubility of carbon dioxide in γ-butyrolactone (BL), caprolactone (CL), propylene carbonate (PC), eth-
ylene carbonate (EC), dimethylcarbonate (DMC), diethylcarbonate (DEC), and mixtures of these components has been
determined at temperatures from 275 to 333 K at atmospheric pressure. The Henry’s law constant (kH) for the dissolu-
tion of CO2 in these solvents has been deduced from the solubility data. The value of kH increases in the following or-
der: DEC < DMC < PC < CL < BL < EC, which is identical to the order of the Hildebrand parameters (δ) of the
corresponding solvents. The accuracy of classical theories for predicting gas solubilities in liquids has been examined.
The best results are given by the Vilcu–Perisamu equation, which is derived from the Scatchard–Hildebrand theory but
takes into account the polarizability of the solute and the permittivity of the solvent. A modified form of the Prausnitz
and Shair equation is proposed to estimate the solubility of nonpolar molecules in strongly dipolar solvents. This equa-
tion fits the experimental data with improved precision.

Key words: alkylcarbonate, lactone, carbon dioxide, liquid–gas equilibrium, Henry’s law, Hildebrand parameter.

Résumé : La solubilité du dioxyde de carbone dans la γ-butyrolactone (BL), la caprolactone (CL), le carbonate de pro-
pylène (PC), le carbonate d’éthylène (EC), le diméthylcarbonate (DMC), le diéthylcarbonate (DEC) et dans des mélan-
ges de ces solvants a été déterminée à des températures comprises entre 275 K et 333 K et à pression atmosphérique.
Les constantes de Henry (kH) relatives à la dissolution de CO2 dans les précédents milieux augmentent dans l’ordre:
DEC < DMC < PC < CL < BL < EC. Les variations de kH suivent celles du paramètres d’Hildebrand (δ). La validité
des théories classiques pour la prévision de la solubilité des gaz dans les liquides a été examinée. Les meilleurs résul-
tats ont été obtenus par application de la relation de Vilcu et Perisamu qui dérive de la théorie de Scatchard–Hildebrand
tout en prenant en compte la polarisabilité du soluté et la permittivité du solvant. Une forme modifiée de l’équation de
Prausnitz et Shair est proposée pour estimer la solubilité de molécules apolaires dans des solvants très polaires. Cette
équation décrit les résultats expérimentaux avec une précision accrue.

Mots clés : alkylcarbonate, lactone, dioxyde de carbone, équilibre liquide–gaz, loi de Henry, paramètre de Hildebrand.
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Introduction

Liquid–gas equilibria play an important role in a wide
range of natural and industrial processes. In rechargeable
lithium cells, oxidation of the electrolyte, mainly composed
of alkylcarbonates and lactones, leads to the formation of
CO2 when high potentials are applied to the electrode. The
resulting increase in pressure in the sealed cell container can
be very large when the cell is overcharged. To estimate the
total amount of CO2 generated at a given pressure, it is nec-
essary to know the solubility of CO2 in the solvent or sol-
vent mixture. For this reason it is of interest to determine the

solubility of CO2 as a function of temperature in lactones or
alkylcarbonates such as γ-butyrolactone (BL), caprolactone
(CL), propylene carbonate (PC), ethylene carbonate (EC),
dimethylcarbonate (DMC), and diethyl carbonate (DEC) or
mixtures of these components.

At low or moderate pressures, the solubility of a gas (i) in
a liquid solvent (s) is given by Henry’s law

[1] x
P
k

i
i
s

=
H

where xi represents the mole fraction of dissolved gas in the
solvent, Pi its partial pressure, and ks

H the Henry’s law con-
stant for the dissolution of gas i in solvent s.

If specific interaction effects (e.g., chemical bonds) be-
tween the dissolved molecule and the liquid solvent are neg-
ligible, cohesion parameters can be used to provide
reasonable estimates of gas solubilities. For this reason,
many attempts have been made to predict the solubility of
gases in liquids using the Hildebrand solubility parameter (δ)
(1–3). The Hildebrand solubility parameter is defined by the
following equation:
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where c is the cohesive energy per unit volume, which can
be calculated from the vaporization energy ∆vapU and the
molar volume Vm of the liquid. Hildebrand and others (1–3)
have pointed out that a close relationship exists between the
logarithm of the gas solubility and the solvent parameter δ.
Most of the proposed equations connect the logarithm of the
gas solubility to the difference in solubility parameters of the
gas (δi) and the solvent (δs), as

[3] ln xi = a – b [δs – δi]2

Using relation [3], the numerical values of a and b can be
deduced from the physical properties of the solute at a given
temperature.

To estimate the solubility of gases in liquids, Lawson and
co-workers (4–6) and Gjaldbaeck and co-workers (7–11)
proposed the following equation based on the Hildebrand–
Scatchard theory:

[4] ln ln [ ] lnx x
V
RT

V
V

V
V

i i
i

s i
i

s

i

s

= − − − −










 − −




id δ δ 2 1







where xi
id is the ideal solubility of the gas, Vs the molar vol-

ume of the solvent, and Vi the partial molar volume of the
gas at infinite dilution in the solvent.

Hildebrand, Prausnitz, and Shair (3, 12) considered a two-
stage dissolving process, involving, as an intermediate, a hy-
pothetical liquid state for the gas at room temperature. Using
this process, the gas solubility is given by

[5] ln ln( / ) [ ],
,x f f

V

RT
i i i l

i l
s i= − −δ δ 2

where fi / fi,l is the ratio of the fugacities of the gas in its
pure gaseous state to its hypothetical liquid state, Vi,l is the
molar volume of the hypothetical liquid, and δi is its solubil-
ity parameter. As Vi,l and δi cannot be determined experi-
mentally at room temperature, their values were obtained by
fitting eq. [5] to available solubility data. The hypothetical
fugacity fi,l can be deduced from the vapour pressure of the
dissolved gas and its critical temperature (3, 12). To the best
our knowledge, eq. [5] has never been applied to the dissolu-
tion of CO2 in strongly dipolar solvents such as carbonates
or lactones.

Vilcu, Perisamu, and Cucuiat (13–15) applied eq. [4] to
systems composed of a nonpolar gas and a polar solvent. To
fit experimental data, they introduce a corrected solubility
parameter, δ∗s , which is a function of the dielectric constant
of the solvent (εs) and the polarizability of the solute (αi).
Using δ∗s instead of δs in eq. [5], deviations between experi-
mental and calculated solubilities do not exceed 20%. Nev-
ertheless, when applied to CO2 as the dissolved gas, larger
deviations are observed owing to the fact that polar solvents
dissolve much more CO2 than predicted. To take into ac-
count the quadrupolar interaction of CO2 molecules with
solvent dipoles, an extra term has been added (QCO2

) in the
definition of the corrected solubility parameter δ∗s (16)

[6] δ δ ε α∗
s s s= − − − ×( )1)(0.1225 (8.43 1021

CO2

+ ×( ) )2.52 1024
CO2

Q

In eq. [6], the quadrupole moment of CO2, QCO2
, is given

in esu and the solubility parameters δ∗s and δs in MPa1/2. Nu-
merical factors have been chosen to fit the experimental re-
sults. Parameter values for eqs. [4–6] with CO2 as the solute
are reported in Table 1.

The main advantage of using the Hildebrand parameter is
that δ values are available for a wide variety of solvents (19).
Modern theories (20–22) make use of the Lennard-Jones po-
tential (λ) instead of the cohesive energy density. More pre-
cise equations are provided but, for practical reasons, simple
empirical equation such as (22)

[7] ln xi = a + b (λ / k) 1/2

are frequently used. Values of λ differ considerably accord-
ing to the method used to determine them. Consequently, λ
values are known less precisely than δ values. The applica-
tion of the Lennard-Jones potential to strongly dipolar sol-
vent and molecules having a quadrupolar moment like CO2
is also questionable. We believe that these theories are better
able to predict solubilities of nonpolar gases in nonpolar sol-
vents than polar or nonpolar gases in polar solvents.

Experimental

Materials
Highly pure (99.99%) DMC, DEC, PC, EC, CL, and γ-BL

were obtained from Aldrich and used as received. Three
mixtures (EC–DMC 1:1 w/w, EC–DEC 1:1 w/w, EC–PC–
DMC 1:1:3 w/w/w) were prepared by mixing pure solvent
under a dry atmosphere in a glove box. KOH and HCl solu-
tions, used to determine the amount of dissolved CO2 in the
solvents, were prepared with distilled water. HCl solutions
were standardized against KOH by potentiometric titration.

Methods
The solubility of CO2 in each solvent was measured using

the apparatus illustrated in Fig. 1. The solvent was first satu-
rated with CO2 at atmospheric pressure by dissolving the gas
in the liquid placed in a temperature-controlled vessel. When
saturation was achieved, the dissolved CO2 was displaced
from the saturation vessel by an argon flow. To remove the
solvent vapors from the argon stream, the gas mixture was
passed through a coil immersed in a cold methanol bath
(233 K). The solvent-free gas mixture (CO2 + Ar) was then
introduced into a vessel containing an aqueous KOH solu-
tion of known concentration, which was subsequently
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Parameter eq. [4] eq. [5] eqs. [5], [6]

δ (MPa1/2) 6.8(4–6) 12.3(3–12) 10.63*
106 Vl (m3 mol–1) — 55 (3–12) 35*
fl (MPa) — 4.12(17) 4.12 (17)
ln xid –3.27 (4–6) — —
106 V (m3 mol–1) 105 (4–6) — —
1024 α (esu) — — 2.65 (14–15)
1026 Q (esu) — — 4.1 (18)

*Values obtained by fitting.

Table 1. Parameters values used in eqs. [4–6] for CO2.
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titrated with HCl solution. Each measurement was run in
triplicate. Henry’s law constants at temperatures from 275 to
333 K were calculated from the CO2 solubilities at atmo-
spheric pressure using eq. [1]. The dielectric constants of the
solvents were determined using an impedance spectrometer
(Solartron SI 1260).

Results

CO2 solubility in pure solvents
Henry’s law constants for CO2 in DMC, DEC, PC, EC,

CL, and δ-BL are reported in Table 2 for temperatures from
275 to 333 K. As expected for an exothermic dissolution
process, the CO2 solubility decreases as the temperature is
raised. This is in accord with the van’t Hoff relation applied
to the dissolution of gas in liquids

[8] ln x
H

RT
S

R
i =

° + °∆ ∆dis dis

In eq. [8], ∆disH° is the standard enthalpy of dissolution of
the gas in the liquid, R is the ideal gas constant, and T is the
temperature. ∆disH° can be determined by plotting ln xCO2

against 1/T (Fig. 2). The linearity variation of ln xCO2
with

1/T indicated that ∆disH° (and hence the standard entropy of
dissolution ∆disS°) can be considered to be independent of
temperature in the range of temperatures investigated.

When ∆disH° is known, the Henry’s law constant for CO2
in each solvent can be calculated at 298 K. The standard en-
tropy and Gibbs energy for the dissolution of CO2 can be
calculated by the following equations

[9] ∆disS° = (∆disH° – ∆disG°)/T

[10] ∆disG° = RT ln(kH)

The values of kH, ∆disG°, and ∆disS° at 298 K are reported
in Table 3 together with the boiling temperature of each sol-
vent at atmospheric pressure. The value of kH for PC at
298 K, obtained in the present study, agrees well with pub-
lished values: 6.86 MPa (23), 7.98 MPa (24), 8.21 MPa (25),
8.22 MPa (26), 8.39 MPa (27), 10.01 MPa (28). Moreover,

the standard enthalpy of dissolution of CO2 in PC, deduced
from the variations of kH with temperature (–15.7 kJ mol–1),
is in excellent agreement with the value –15.9 kJ mol–1

given by Murrieta-Guevara et al. (25). In the case of BL and
EC, respectively, our results, kH(BL, 298 K) = 11.66 MPa
and kH(EC, 313 K) = 20.47 MPa, are higher than those pro-
posed by Kassim et al. (29): kH(BL, 303 K) = 6.33 MPa or
by Vilcu et al. (13): kH(EC, 313 K) = 14.41 MPa. The origin
of these discrepancies is not known, but one may remark
that our values fit eq. [3] better, as seen on the graph in
Fig. 3. Among the solvents investigated, DEC dissolves the
largest quantity of CO2 at atmospheric pressure and EC the
smallest. It is noticeable that in each homologous series of
solvents (acyclic carbonates, cyclic carbonates, and lac-
tones), the solvent having the highest molecular weight dis-
solves the largest amount of CO2.

As expected for the dissolution of a gas like CO2, the dis-
solution enthalpies are all negative and increase with the
boiling temperature of the solvent in all series. Following
Hildebrand, Prausnitz, and Shair (3, 12), CO2 dissolution
may be interpreted as a two-step process that involves, as an
intermediate, CO2 in its hypothetical liquid state, as illus-
trated in Fig. 4. From this scheme, the following relation is
easily inferred

© 2003 NRC Canada
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Cyclic
carbonates

Linear
carbonates Lactones

T (K) EC PC DMC DEC BL CL

275 a 5.33 a 4.05 7.18 6.63
283 a — 5.41 — — —
291 16.08 b 8.29 6.17 5.39 9.85 8.81
313 20.47 — — — — 11.78
316 — 13.06 10.95 7.99 16.50 —
333 27.51 — — — — —

aSolid at this temperature.
bExtrapolated value, refer to text.

Table 2. Henry’s law constants (kH in MPa) for CO2 dissolution
in pure solvents.

Fig. 1. Equipment used for the determination of CO2 solubilities.
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Fig. 2. Plot of ln xCO 2
against 1/T for CO2 dissolved in pure solvents.

EC PC DMC DEC BL CL

M (g mol–1) 88.06 102.08 90.08 118.13 86.09 114.15
Tvap (K) 517 513 363 400 477 508
kH (MPa) 17.46 9.27 7.48 6.07 11.64 9.63
∆disH° (kJ mol–1) –9.2 –15.7 –16.2 –11.9 –14.7 –10.8
∆mixH° (kJ mol–1) 7.7 1.2 0.7 5.0 2.2 6.1
∆disG° (kJ mol–1) 12.8 11.2 10.6 10.1 11.7 11.3
∆S° (J K–1 mol–1) –73.8 –90.1 –89.9 –73.8 –88.6 –74.1

Table 3. Thermodynamic parameters and Henry’s law constant at 298 K for pure solvents.

Fig. 3. Variations of ln xCO 2
with (δS – δCO 2

)2 at 298 K.

I:\cjc\cjc8105\V03-069.vp
May 22, 2003 1:25:09 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



[11] ∆disH° = ∆liqH° + ∆mixH°

In eq. [11], ∆liqH° = –16.90 kJ mol–1 is the standard
enthalpy of liquefaction of CO2 at 298 K and ∆mixH° is the
enthalpy of mixing of the solvent with CO2 in its hypotheti-
cal liquid state. Calculated values of ∆disH° and ∆mixH° are
reported in Table 3.

The enthalpies of mixing are all positive, which clearly in-
dicates a lack of specific interactions of CO2 with these
dipolar solvents. The largest ∆mixH° value is observed for
EC, which is known to be partially self-associated, as indi-
cated by its Kirkwood factor (g = 1.2) (30). The ∆disS° val-
ues are relatively large and negative, owing to the entropy of
liquefaction of CO2 in the first step, which is partially coun-
terbalanced by the entropy of mixing that follows according
to the scheme illustrated in Fig. 4.

CO2 solubility in mixed solvents
Solubilities of CO2 at 291 K in PC–EC and EC–DMC

mixtures are listed in Fig. 5 as a function of the weight frac-
tion in EC (wEC). The variations in solubilities follow a lin-
ear relationship when the composition of the solvent is
expressed in weight fractions. This result has been used for
determining, by a linear extrapolation, the solubility of
supercooled CO2 in EC at 291 K (EC is solid below 311 K).

Henry law constants for the dissolution of CO2 in EC–
DMC (1:1), EC–DEC (1:1), and EC–PC–DMC (1:1:3), at
275, 291, and 316 K, are listed in Table 4. Values of kH,
∆disH°, ∆mixH°, ∆disG°, and ∆disS° have been determined at
298 K by use of eqs. [8–11] and are reported in Table 5. The
enthalpies of mixing of CO2 in its hypothetical liquid state
with those mixed solvents containing a large amount of
DMC (EC–DMC and EC–PC–3DMC) are very weak.

Comparison of measured and calculated CO2
solubilities

Equation [3] has been used to estimate solubilities for the
present CO2 – dipolar solvent systems. As illustrated in
Fig. 3, a linear relationship is obtained when ln xCO2

is plot-
ted against (δS – δCO2

)2. For this purpose, the solubility pa-
rameters (19) given in Table 6 were used, and for CO2,
δCO2

= 12.3 MPa1/2 has been adopted (3, 12). The solubility
parameters of the three solvent mixtures are calculated by:

[12] δ δ= ∑Φi
i

n

i

where Φi and δi represent, respectively, the volume fraction
of component i and the solubility parameter of the pure sol-
vent i (19). As show in Fig. 3, only PC exhibits a positive
deviation from the correlation.
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Fig. 4. Scheme for CO2 dissolution in liquids. Fig. 5. CO2 solubility in EC–DMC (a) and PC–EC (b) mixed
solvents as a function of the weight fraction in EC.

T (K) EC–PC–3DMC EC–DMC EC–DEC

275 5.73 6.00 a

291 7.84 9.24 7.74
316 14.10 15.98 11.67

aSolid at this temperature.

Table 4. Henry’s law constant in MPa for CO2 in mixed sol-
vents.

EC–PC–3DMC EC–DMC EC–DEC

kH (MPa) 9.59 10.81 8.75
∆disH° (kJ mol–1) –15.9 –17.2 –12.5

∆mixH° (kJ mol–1) 1.0 –0.3 4.4
∆disG° (kJ mol–1) 11.3 11.6 11.0
∆disS° (J K–1 mol–1) –91.3 –96.6 –78.9

Table 5. Thermodynamic parameters and Henry’s law constant at
298 K for mixed solvents.
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CO2 solubilities given by eqs. [4–6] are reported in Ta-
ble 7, together with our experimental results. The Perisamu
equation, eqs. [5, 6], gives the best agreement, even though
large deviations are observed in the case of PC and EC and
to a lesser extent for DMC and DEC. Moreover, for EC and
PC, the calculated solubilities are lower than the experimen-
tal values, but the reverse is true for DMC and DEC.

To obtain a better fit to the experimental results, the
Prausnitz and Shair equation, eq. [5], has been modified by
taking into account the quadrupolar interaction of the solute
with the solvent. For this purpose a corrected solvent solu-
bility parameter (δ′ in MPa1/2) has been introduced:

[13] δ′ = δs – (0.1εs + 2.41)

Equation [13] is in fact identical to eq. [6], but the numer-
ical values have been fitted to experimental data. This equa-
tion allows for reasonably good predictions of CO2
solubilities when polar, as well a nonpolar, solvents are used
(refer to eqs. [5] and [13] in Table 7).

Conclusions

The solubilities of carbon dioxide in liquid lactones and
alkylcarbonates have been determined at temperatures rang-
ing from 275 to 333 K. In a homologous series of solvents
(acyclic carbonate, cyclic carbonate, and lactone), the solu-
bility increases with the molecular weight of the solvent.
The standard enthalpies and entropies for the dissolution of
CO2 in these solvents have been deduced from the variations
in the Henry’s law constant with temperature.

Classical theories using the well-known Hildebrand pa-
rameter may be used for predicting CO2 solubilities in liq-
uids. The present results show that large discrepancies
between calculated and experimental values are observed
when dipolar aprotic solvents are used as dissolution media.
The quadripolar moment of CO2, interacting with the strong
dipolar moment of the solvent molecules, may be invoked to
explain these deviations. To take into account this specific
intermolecular interaction and to fit experimental data with a
better accuracy, a modified version of the Prausnitz and
Shair equation has been proposed.
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EC PC DEC DMC CL BL EC–PC–3DMC EC–DMC EC–DEC

δ (MPa1/2) 30.1 27.2 18 20.2 25.9 27.2 23.2 24.6 23.1
εr 89.6 64.4 2.8 3.1 41.8 41.8 27.0 29.3 36.0

Table 6. Hildebrand parameters and solvent dielectric constants.

log10xCO 2 EC PC DMC DEC BL CL EC–PC–3DMC EC–DMC EC–DEC

Measured –2.32 –1.96 –1.87 –1.78 –2.06 –1.98 –1.98 –2.03 –1.94
eq. [4] –10.94 –9.08 –4.73 –3.73 –9.08 –8.14 –6.40 –7.28 –6.33
eq. [5] –4.52 –3.75 –2.21 –1.92 –3.75 –3.39 –2.76 –3.08 –2.74
eqs. [5, 6] –1.63 –1.70 –2.12 –1.91 –2.10 –1.92 –1.94 –2.04 –1.79
eqs. [5, 13] –2.01 –1.96 –1.87 –1.70 –2.27 –2.08 –1.93 –2.07 –1.83

Table 7. Comparison of measured and predicted CO2 solubilities.
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UNIFAC calculation of thermodynamic properties
of binary 1-chloroalkane + alkane and �,�-
dichloroalkane + alkane mixtures: Comparison
with Nitta–Chao and DISQUAC predictions

J. García, E.R. López, M.J.P. Comuñas, L. Lugo, and J. Fernández

Abstract: Data available in the literature for vapor–liquid equilibria, activity coefficients at infinite dilution, and enthal-
pies of mixing for binary mixtures of 1-chloroalkanes or dichloroalkanes with alkanes are used to determine interaction
parameters for three versions of the UNIFAC model — the Tassios et al., Larsen et al., and Gmehling et al. versions.
The interaction parameters for chlorine and methyl or methylene groups are calculated using data for the thermodyna-
mic properties of 1-chloroalkane + alkane mixtures. In the case of the Gmehling version, the geometrical parameters
for chlorine are also determined. In addition, structure-dependent interaction parameters for α ,ω-dichloroalkane +
alkane mixtures are presented, taking into account the proximity effect. When the two chlorine atoms of the dichloro-
alkane are more separated, they become more independent, and the reported values of the interaction parameters ap-
proach those of 1-chloroalkane. For all of the properties studied the mean deviation obtained with the new parameter
values is lower than that obtained with older values. The results for the thermodynamic properties obtained using the
new parameters of the three versions of UNIFAC are compared with those of DISQUAC and Nitta–Chao models.

Key words: alkanes, chloroalkanes, DISQUAC, excess thermodynamic properties, proximity effect, UNIFAC.

Résumé : Les données publiées dans la littérature de l’équilibre liquide vapeur, des coefficients d’activité à dilution in-
finie et de l’enthalpie de mélange des systèmes binaires 1-chloroalcane ou dichloroalcane + alcanes, ont été utilisées
dans ce travail pour déterminer les paramètres d’interaction pour trois versions du modèle d’UNIFAC, celle de Tassios
et al., Larsen et al., et Gmehling et al. Premièrement, les paramètres d’interaction pour les groupes chlorine, méthyle et
méthylène ont étés calculés en considérant des données des propriétés thermodynamiques des mélanges 1-chloroalcane +
alcane. Pour la version de Gmehling, les paramètres géométriques du groupe chlorine ont été aussi détermines. Secon-
dement, les paramètres d’interaction pour les mélanges α ,ω-dichloroalcane + alcane ont été calculés en considérant
l’effet de proximité. Si les deux atomes chlorine du dichloroalcane sont de plus en plus écartés, ils sont plus indépen-
dants et les valeurs retrouvées pour les paramètres d’interaction sont très proches a ceux du 1-chloroalcane. Pour toutes
les propriétés thermodynamiques étudiées, la déviation moyenne obtenue avec les nouvelles valeurs des paramètres est
inférieur a celle trouvée avec les anciennes valeurs. Finalement, les résultats obtenus dans ce travail avec les trois ver-
sions du modèle d’UNIFAC, ont été comparés aux résultats des modèles de Nitta–Chao et de DISQUAC.

Mots clés : alcanes, chloroalcanes, DISQUAC, propriété thermodinamique d’excès, effet proximité, UNIFAC.
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Introduction

Knowledge of the thermophysical properties of mixtures
containing halogenated hydrocarbons is of considerable in-
terest because these systems are widely used as solvents,
blowing agents, and working fluids in refrigeration and in

air conditioning systems (1). Furthermore, from a theoretical
point of view, these mixtures provide very interesting tests
of group-contribution models because of the variety of the
molecules and the availability of thermodynamic data.

The fundamental assumption of the group-contribution
models is that the properties of a group and its interaction
energies with other groups are molecule-independent. When
a group is postulated, its contributions are estimated by cor-
relating experimental data, and the group identification is
tested by comparison with experimental data for other sys-
tems. On the basis of this comparison, the group is either ac-
cepted or redefined. The group as a whole should have
approximately the same net charge, independent of the mol-
ecule in which it appears (2). The charge of a group can be
affected by neighboring groups, which is known as the intra-
molecular proximity effect. Proximity effects are especially
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important in cases where two or more polarizing atoms such
as F, Cl, or Br are present in the same molecule. The prox-
imity effect for molecules containing two identical polariz-
ing groups (such as X(CH2)X) is called the homoproximity
effect. The corresponding effect in molecules containing two
different polarizing groups (such as X(CH2)Y) is called the
heteroproximity effect. In 1989 Wu and Sandler (2) tested
proximity effects in the UNIFAC model by analyzing pre-
dictions for mixtures of ether compounds. Wu et al. (3) con-
firmed that the predictions of the UNIFAC model are poor
in systems containing morpholine because of important
proximity effects.

Subsequently, Wu and Sandler (4, 5) proposed several
rules for choosing the definition of groups, specifying that
the groups must be approximately electroneutral. This
method gives rise to an increase in the number of groups
that must be employed and also requires quantum-
mechanical analysis to identify the functional groups. How-
ever, until now, electronic charge contributions were calcu-
lated for only a few halogenated alkanes. Following this
line, Storm (6), Kleiber (7, 8), and Jadot and Frère (9),
among others, have given different group assignments for
fluorocarbons, chlorocarbons, and hydrofluorocarbons. Re-
cently, a new UNIFAC model, to be called KT-UNIFAC, was
proposed by Kang et al. (10), to include proximity effects
and to distinguish between isomers using contributions from
first-order and second-order groups to predict vapor–liquid
equilibria. The first-order functional groups are those cur-
rently applied in the estimation of mixture properties (i.e.,
the original UNIFAC), whereas the second-order functional
groups involve molecular-structure data. The role of the sec-
ond-order groups is to consider the proximity effects and to
distinguish between isomers.

A solution to the above-mentioned problem has been pro-
posed by Kehiaian and Marongiu (11) using the DISQUAC
model. These authors keep the same definition of the groups
and allow the interaction parameters to vary regularly with
the molecular structure. This method is based on the fact
that there is no a priori reason that the force field of an atom
or group of atoms should be completely independent of the
intramolecular environment. The results obtained by these
authors are very good, especially for systems presenting
proximity effects.

Following this point of view, in a previous study (12) we
determined a set of Nitta–Chao interaction parameters that
depend regularly on the chloroalkane length for α,ω-
dichloroalkane + n-alkane mixtures. Furthermore, Ortega
and Placido (13) have published interaction parameters,
which depend on the alkane and dihalogenoalkane chain-
lengths, in the framework of the Tassios version of the
UNIFAC model for the α ,ω-dihalogenoalkane (Cl, Br, I) +
n-alkane binary mixtures. It is not clear, however, why the
reported parameters can change with the alkane length, be-
cause the alkanes do not have polarizing atoms and therefore
do not present the proximity effect. Owing to this fact, we
prefer not to change the parameters with the alkane length.

For the Larsen et al. (14) and Gmehling et al. (15)
UNIFAC versions (also called Lingby and Dortmund
UNIFAC), no literature values are avaliable for parameters
that change regularly with molecular structure. Taking into
account the proximity effect in the present article, we have

determined the interaction parameters of the Tassios, Larsen,
and Gmehling versions of UNIFAC, as a function of the dis-
tance between the chlorine groups, for the α,ω-dichloro-
alkane + alkane mixtures. We have also determined, for 1-
chloroalkane + alkane systems, a unique set of parameters
for each version of the UNIFAC model. An updated data-
base of experimental literature values of excess Gibbs ener-
gies (16–23), excess enthalpies (24–39), and infinite dilution
activity coefficients (40–51) for these kinds of mixtures
have been used.

Application of the theoretical model

The UNIFAC versions
The UNIFAC group-contribution model is based on the

UNIQUAC equation. The activity coefficient is divided arbi-
trarily into two parts; the first is a combinatorial term that
depends on the volume and surface area of each molecule,
and the second, the residual term, is directly related to en-
ergy differences. In this sketch we will show only the main
differences between the three versions of the UNIFAC
model employed here.

The group interaction parameter between m and n groups,
Ψmn, appearing in the residual contribution, is given by

[1] Ψmn
mna
T

= −





exp

In the original UNIFAC model, amn is assumed to be inde-
pendent of the temperature, whereas in the Tassios version
amn is given by

[2] a
z

amn mn= ′
2

where z is the temperature function

[3] z = 35.2 – 0.1272 T + 0.00014 T2

and amn′ are adjustable interaction parameters. This version
can predict only excess enthalpies, using two fitting parame-
ters, amn′ and anm′ , for each pair of groups. The Tassios ver-
sion of the UNIFAC model was developed to predict excess
enthalpies and to complement the original UNIFAC model
that predicts only excess Gibbs energies (GE). Then the pa-
rameter values for the Tassios version are calculated only
from experimental excess enthalpies.

In the Larsen version, amn depends on the temperature, as:

[4] amn = amn,1 + amn,2 (T – T0)

+ amn,3 (T ln (T0/T) + T – T0)

In the Larsen version, GE at the temperature T0 depends
only on the first interaction parameter coefficient, amn,1,
while the excess enthalpy depends on the first and second
coefficients, amn,1 and amn,2. The excess heat capacity de-
pends on the three coefficients, amn,1, amn,2, and amn,3.

For the Gmehling version, amn is expressed as the follow-
ing function of the temperature

[5] amn = amn,1 + amn,2 T + amn,3 T 2

The Larsen and Gmehling versions can predict excess
enthalpies, excess Gibbs energies, and infinite dilution coef-

© 2003 NRC Canada

García et al. 393



ficients with six parameters for each pair of groups, amn,i and
anm,i, with i = 1, 2, and 3. In addition, in the Gmehling modi-
fication the volume parameter of the group m, Rm, and the
surface parameter of the group m, Qm, are determined by fit-
ting to experimental data.

The combinatorial contribution in the original UNIFAC
model is given by the classical Guggenheim (52) approxima-
tion for athermal mixtures, whereas in the Larsen version the
modification suggested by Kikic et al. (53) has been used.
Gmehling et al. (15) changed the original combinatorial part
of the UNIFAC model by introducing an empirical 3/4-
exponent.

Estimation of the characteristic parameters
Three types of groups form the components in the chloro-

alkane + alkane mixtures: chlorine groups (defined as Cl in
the Tassios version and as ClCH2 for the Larsen and
Gmehling versions) and both methyl and methylene groups
(defined as CH3 and CH2, respectively, for the three ver-
sions). As it is standard for the group-contribution models,
the energetic parameters of the CH3 group will be consid-
ered here to be the same as those of the CH2 group. We have
determined the interaction parameters for the 1-chloroalkane +
alkane mixtures using a Marquardt algorithm. In the case of
the Gmehling version, the structural parameters QCl and RCl
were also fitted, whereas QCH 2

, QCH 3
, RCH 2

, and RCH 3
were

taken from the literature (15). The geometrical parameters
for the other versions are determined, as usual, by the Bondi
method. It must be pointed that the values of (z/2)Qm coin-
cide with that of Qm for the original and Tassios versions.
Tables 1–3 list the calculated parameters for the three ver-
sions.

Subsequently, for each dichloroalkane molecule, the ener-
getic parameters were calculated using the database values
and also the Marquardt optimization algorithm with the fol-
lowing constraints: (i) all the sets of parameters must present
a regular dependence on the number of carbons in the
dichloroalkane and (ii) according to the proximity effect,
when the chloro groups of the dichloroalkane are more sepa-
rated they become more independent, and therefore the val-
ues of the energetic parameters should approach those of the
1-chloroalkane. The parameters obtained in this manner are
shown in Tables 4–6.

The databases employed to fit the parameters contained
all of the experimental excess Gibbs energies listed in Ta-
ble 7 and the enthalpy (HE) and activity coefficient at infi-
nite dilution (lnγ∞) values marked with asterisks in Tables 8–
10. One of the criteria used to choose a suitable database
was the overall coherence of the experimental data. In addi-
tion, because the UNIFAC model fails for long-chain com-
ponents, we have not introduced the activity coefficients at
infinite dilution for systems containing compounds with
more than 18 carbon atoms.

In Fig. 1 we have plotted the interaction parameters of the
Tassios version against the number of carbons of the di-
chloroalkane. The interaction parameters for 1,8-dichloro-
octane were guessed by following the regularity obtained
with the dichloroalkane length. For this system, no experi-
mental excess enthalpies — which could have been used to
calculate the interaction parameters — were found in the lit-
erature. It is worth noting that the shapes of the interaction
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Qm Subgroup Main group, m amCH 2
′ amCl′

0.848 CH3

CH2 0.0 70

0.540 CH2

0.720 Cl Cl 140 0.0

Table 1. Geometrical (Qm) and interaction (amn′ (K)) parameters
of 1-chloroalkane + alkane systems for the Tassios version.

Fig. 1. Plot of the interaction parameters of the Tassios version,
aCH Cl2

and aClCH 2
for chloroalkane + alkane mixtures against n,

the number of carbons in the dichloroalkane; (�) adjusted pa-
rameters, (�) guessed parameters.



parameter curves are similar to those found by Kehiaian and
Marongiu (11) for the quasichemical interchange coeffi-
cients of the DISQUAC model and by us (12) for the
dispersive and chemical-energy parameters of the Nitta–
Chao model. For the other versions of UNIFAC, similar
trends of energetic parameters in relation to dichloroalkane
length also exist.

Results and discussion

The thermodynamic properties at equimolar compositions,
calculated using the new and the older UNIFAC parameters,
are shown in Tables 7–10. To compare the performance of
the different analyzed group-contribution models, two quan-
tities will be used: the absolute average deviation (AAD),
defined by

[6] AAD
100 cal=

−
∑

N

Y Y

YY

exp

exp

and the root mean square deviation (RMSD) given by

[7]
( )

R
cal

MSD
Y Y

NY

=
−

∑ exp

2

where Yexp and Ycal are the experimental and the predicted
values for each thermodynamic property and NY the number
of the experimental values for this property. All the devia-
tions were taken for the equimolecular mixtures listed in the
relevant table. Owing to the fact that the logarithms of the
infinite dilution coefficients are small quantities, their AADs
are relatively high. For this reason we prefer to give the
RMSD for this property instead of the AAD.

1-Chloroalkane + alkane mixtures
The predictive capacity of the three versions of the

UNIFAC model has been increased with the new parameters,
especially for the excess Gibbs energies when using the
Gmehling version. Actually, for GE (Table 7) the mean devi-
ations using the new and the older parameters are, respec-
tively: 12%, 14% for the Larsen version and 5% and 44%
for the Gmehling version. Figure 2 shows how both sets of
parameters for the Gmehling version predict the temperature
dependence of GE for the 1-chlorobutane + heptane system.
In Fig. 3 it can be seen that the symmetry and the magnitude
are well predicted for 1-chlorobutane + pentane using the
new parameters.
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Rm Qm Subgroup Main group, m amCH ,12
(K) amClCH ,12

(K)

amCH ,22
amClCH ,22

amCH ,32
(K–1) amClCH ,32

(K–1)

0.6325 1.0608 CH3 0.0 430.0
CH2 0.0 –0.8333

0.6325 0.7081 CH2 0.0 0.0008
–99.0 0.0

1.3389 1.5998 ClCH2 ClCH2 0.2237 0.0
–0.00060 0.0

Table 3. Geometrical (Rm, Qm) and interaction parameters (amn,i) of 1-chloroalkane + alkane systems for the Gmehling version.

z/2Qm Rm Subgroup Main group, m amCH ,12
(K) amClCH ,12

(K)

amCH ,22
amClCH ,22

amCH ,32
amClCH ,32

0.848 0.9011 CH3 0.0 117
CH2 0.0 –1.8

0.540 0.6744 CH2 0.0 –6.6

130 0.0
1.264 1.4654 ClCH2 ClCH2 2.1 0.0

12.1 0.0

Table 2. Geometrical (Rm, (z/2)Qm) and interaction (amn,i, m = 1, 2, 3) parameters of 1-chloroalkane +
alkane systems for the Larsen version.

α ,ω-Dichloroalkanes aCH Cl2
′ aClCH 2

′

Cl-CH2-CH2-Cl 54 30

Cl-CH2-CH2-CH2-Cl 59 60

Cl-CH2-(CH2)2-CH2-Cl 65 90

Cl-CH2-(CH2)3-CH2-Cl 69 130

Cl-CH2-(CH2)4-CH2-Cl 70 140

Cl-CH2-(CH2)n–2-CH2-Cla (n > 6) 70 140
aDisappearance of proximity effect, the same values as for 1-

chloroalkane + alkane mixtures.

Table 4. Interaction parameters (amn′ (K)) for α ,ω-dichloroalkane +
alkane systems for the Tassios version.
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α ,ω-Dichloroalkanes aCH Cl,12
(K) aCH Cl,22

aCH Cl,32
aClCH ,12

(K) aClCH ,22
aClCH ,32

Cl-CH2-CH2-Cl 111.6 –0.2149 –3.5164 31.638 –0.2978 6.1452
Cl-CH2-CH2-CH2-Cl 113.6 –0.4451 –4.5 58.0 –0.0692 9.0
Cl-CH2-(CH2)2-CH2-Cl 115.0 –0.8543 –5.5 90.0 0.4556 10.3
Cl-CH2-(CH2)3-CH2-Cl 116.5 –1.5 –6.2 115.07 1.5 11.5
Cl-CH2-(CH2)4-CH2-Cl 117 –1.7 –6.5 130 2.0 12.0
Cl-CH2-(CH2)n–2-CH2-Cla (n > 6) 117 –1.8 –6.6 130 2.1 12.1

aDisappearance of proximity effect, the same values as for 1-chloroalkane + alkane mixtures.

Table 5. Interaction parameters (amn,i) for α ,ω-dichloroalkane + alkane systems for the Larsen version.

α ,ω-Dichloroalkanes aCH Cl,12
(K) aCH Cl,22

aCH Cl,32
(K–1) aClCH ,12

(K) aClCH ,22
aClCH ,32

(K–1)

Cl-CH2-CH2-Cl 105.9 0.0056 –0.0003 –198.7 1.6941 –0.00320
Cl-CH2-CH2-CH2-Cl 343.3 –0.600 0.0005 –130.0 0.6256 –0.00120
Cl-CH2-(CH2)2-CH2-Cl 419.0 –0.8111 0.0008 –110.0 0.3972 –0.00073
Cl-CH2-(CH2)3-CH2-Cl 429.0 –0.8270 0.0008 –99.0 0.3000 –0.00065
Cl-CH2-(CH2)n–2-CH2-Cla (n ≥ 6) 430.0 –0.8333 0.0008 –99.0 0.2237 –0.00060

aDisappearance of proximity effect, the same values as for 1-chloroalkane + alkane mixtures.

Table 6. Interaction parameters (amn,i) for α ,ω-dichloroalkane + alkane systems for the Gmehling version.

GE (T; x = 0.5) (J mol–1)

System (1)+(2) T (K) I II III IV V

1-Chlorobutane
Pentane 298.15 277a 235 235 268 168

348.35 250a 195 188 231 124
397.00 214a 167 117 197 84

Hexane 300.15 266b 246 248 266 170
325.15 264b 221 226 244 145
350.15 239b 202 197 222 121

Heptane 298.15 268c 253 257 266 173
303.15 257b 247 253 261 168
318.15 254d 230 238 245 151
323.15 247b 225 233 240 146
333.15 225e 216 221 230 135
338.15 256d 211 215 225 129
353.15 224b 200 194 210 114

1,2-Dichloroethane
Hexane 298.15 778f 824 892 818 801

303.15 790g 809 877 804 785
Heptane 303.15 815b 836 922 805 812

343.15 709b 647 747 625 659
719h

1,3-Dichloropropane
Hexane 298.15 886f 775 760 899 651

303.15 880g 764 748 892 638
1,4-Dichlorobutane
Hexane 298.15 858f 725 651 909 546

303.15 860g 716 642 905 534
aVan Ness and Smith (16).
bGutsche and Knapp (17).
cSayegh et al. (18).
dAshraf and Vera (19).
eGrolier (20).
fRoyo and Gutiérrez Losa (21).
gAzpiazu et al. (22).
hEng and Sandler (23).

Table 7. Excess Gibbs energies, GE, for 1-chloroalkane + alkane and α ,ω-dichloroalkane + alkane equimolar mix-
tures; (I) Experimental data; UNIFAC model: (II) and (IV) Larsen and Gmehling version with parameters of this
work, (III) and (V) with older parameters.
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HE (T; x = 0.5) (J mol–1)

System (1)+(2) T (K) I II III IV V VI VII

1-Chlorobutane
Hexane 293.15 *502a 533 542 559 459 541 482

298.15 *511b 519 526 559 473 540 480
*496c

308.15 *514d 492 495 546 504 538 474
323.15 *497a 478 480 536 520 536 472

Heptane 298.15 *532e 557 566 599 506 581 513
Octane 298.15 *553c 590 601 633 535 618 541
Nonane 293.15 *608a 638 652 668 544 653 571

298.15 *604b 620 632 665 561 651 567
313.15 *582a 567 573 631 615 644 556

Decane 298.15 *623e 647 660 692 584 681 590
Dodecane 298.15 *668c 693 709 740 623 732 628
Hexadecane 298.15 *828e 764 785 812 684 811 687

*815c

1-Chloropentane
Hexane 298.15 *438f 438 448 470 394 459 395
Heptane 298.15 *486f 471 483 505 423 496 424
Octane 298.15 *499f 501 514 536 448 529 449
Nonane 298.15 *531g 528 543 564 471 559 472
Decane 298.15 *563g 552 568 589 492 586 492
1-Chlorohexane
Hexane 298.15 *365f 374 386 401 333 395 331
Heptane 298.15 *396f 404 417 432 359 428 357
Octane 298.15 *428f 431 446 460 382 458 379
Nonane 298.15 *451g 455 471 485 403 485 400
Decane 298.15 *477g 477 495 507 421 509 418
Undecane 298.15 *507g 497 516 528 439 532 435
1-Chlorooctane
Hexane 298.15 *289b 284 296 300 248 302 243
Octane 298.15 *334b 330 345 348 288 354 282
1-Chlorodecane
Hexane 298.15 *249a 222 234 233 193 239 186

313.15 *224a 198 205 208 209 232 179
Nonane 293.15 *284a 278 293 299 234 301 232

303.15 *275a 246 256 258 259 291 223
1-Chlorododecane
Octane 298.15 *223c 212 224 247 205 230 174
Dodecane 298.15 *249c 264 280 272 226 288 216
Hexadecane 298.15 *302c 303 323 311 259 332 247
1-Chlorohexadecane
Octane 298.15 *233c 148 158 151 126 162 118
Dodecane 298.15 *198c 188 201 190 159 206 150
Hexadecane 298.15 *209c 219 234 221 185 241 174
1,2-Dichloroethane
Pentane 298.15 *1588h 1536 1348 1551 1601 1510 1582
Hexane 288.15 1595i 1680 1482 1470 1590 1450 1669

298.15 *1618i 1660 1486 1661 1737 1617 1725
1548j

1480k

303.15 *1754l 1646 1482 1757 1812 1703 1751
308.15 1568i 1630 1474 1855 1887 1792 1777

1500k

318.15 1562i 1591 1450 2056 2038 1974 1825

Table 8. Excess enthalpies, HE, for 1-chloroalkane + alkane and α ,ω-dichloroalkane + alkane equimolar mixtures; (I) Experimental
data; UNIFAC model: (II), (IV), and (VI) Tassios, Larsen, and Gmehling versions with parameters of this work; (III), (V), and (VII)
with older parameters.
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HE (T; x = 0.5) (J mol–1)

System (1)+(2) T (K) I II III IV V VI VII

Heptane 288.15 1721m 1792 1610 1559 1701 1532 1794
293.15 *1705n 1781 1612 1657 1778 1619 1822
298.15 *1715h 1768 1610 1755 1857 1708 1850

1840m

1520k

1563°
303.15 *1838l 1752 1603 1855 1935 1798 1876
308.15 *2007m 1734 1593 1956 2015 1891 1902

1230k

313.15 1561o 1713 1579 2059 2095 1986 1926
318.15 *2177m 1691 1562 2165 2175 2083 1950

Octane 303.15 *1936l 1845 1712 1939 2045 1880 1986
Nonane 298.15 *1866h 1947 1823 1909 2057 1853 2057
Decane 293.15 *1904 2041 1925 1868 2053 1815 2118
Undecane 298.15 *1994h 2090 2000 2028 2218 1965 2223
Dodecane 293.15 *1991n 2173 2092 1972 2195 1910 2269
Tridecane 298.15 *2110h 2206 2149 2123 2350 2054 2358
Tetradecane 293.15 *2025n 2282 2234 2056 2312 1987 2393

298.15 1542o 2257 2215 2164 2408 2092 2418
313.15 1670o 2167 2134 2053 2702 2423 2486

Pentadecane 298.15 *2222h 2303 2277 2201 2461 2126 2471
Hexadecane 293.15 *2135n 2373 2357 2126 2412 2049 2497

298.15 1532o 2346 2334 2235 2511 2157 2521
308.15 2106i 2283 2275 2460 2712 2381 2566
318.15 1256i 2212 2203 2702 2918 2617 2607
328.15 2070i 2133 2119 2967 3183 2864 2645

Heptadecane 298.15 *2311h 2385 2387 2266 2556 2186 2566
1,3-Dichloropropane
Pentane 298.15 *1423h 1304 1182 1293 1319 1184 1324
Heptane 298.15 *1565h 1521 1418 1488 1544 1410 1559

1256i

1460p

Nonane 298.15 *1677h 1693 1611 1638 1723 1592 1744
Undecane 298.15 *1815h 1832 1774 1758 1868 1742 1894
Tridecane 298.15 *1967h 1948 1911 1854 1990 1867 2017
Pentadecane 298.15 *2106h 2045 2030 1935 2092 1974 2120

308.15 1834i 2002 1965 2149 2254 2038 2143
318.15 1799i 1952 1891 2386 2421 2102 2163
328.15 1743i 1894 1808 2657 2594 2164 2181

Heptadecane 298.15 *2200h 2128 2133 2003 2180 2065 2208
1,4-Dichlorobutane
Pentane 298.15 *1305h 1111 1043 1111 1109 1029 1121
Hexane 298.15 *1245j 1219 1155 1214 1215 1143 1232
Heptane 298.15 *1437h 1316 1256 1304 1309 1247 1329

1540p

Nonane 298.15 *1549h 1482 1433 1458 1470 1429 1495
Undecane 298.15 *1699h 1620 1583 1583 1603 1582 1631
Tridecane 298.15 *1838h 1737 1710 1867 1714 1712 1743
Pentadecane 298.15 *1976h 1836 1821 1773 1809 1825 1838
Heptadecane 298.15 *2075h 1921 1917 1847 1890 1923 1920
1,5-Dichloropentane
Pentane 298.15 *1132h 961 926 9711 949 952 961
Hexane 298.15 *1160j 1062 1028 1075 1043 1060 1059
Heptane 298.15 *1262h 1153 1120 1168 1127 1159 1146

1280p

Nonane 298.15 *1380h 1311 1283 1330 1273 1332 1296

Table 8 (continued).



© 2003 NRC Canada

García et al. 399

HE (T; x = 0.5) (J mol–1)

System (1)+(2) T (K) I II III IV V VI VII

Undecane 298.15 *1542h 1444 1420 1465 1394 1479 1419
Tridecane 298.15 *1658h 1557 1539 1579 1497 1605 1522
Pentadecane 298.15 *1785h 1655 1642 1676 1585 1714 1610
Heptadecane 298.15 *1916h 1740 1732 1761 1661 1810 1686
1,6-Dichlorohexane
Pentane 298.15 *938h 852 828 859 822 828 832
Hexane 298.15 *990j 944 920 955 907 924 919
Heptane 298.15 *1097h 1028 1005 1042 983 1012 998

1190p

Nonane 298.15 *1210h 1175 1154 1194 1116 1167 1133
Undecane 298.15 *1358h 1299 1282 1323 1227 1299 1246
Tridecane 298.15 *1498h 1406 1392 1433 1322 1414 1341
Pentadecane 298.15 *1592h 1499 1488 1528 1403 1514 1422
Heptadecane 298.15 *1725h 1580 1573 1610 1474 1602 1493

aKohl and Heintz (24).
bDoan-Nguyen and Vera (25).
cValero et al. (26).
dLai et al. (27).
eGrolier et al. (28).
fPaz Andrade and Bravo (29).
gNúñez et al. (30).
hOrtega and Plácido (31).
iBaños et al. (32).
jPolo et al. (33).
kNigam and Aggarwal (34).
lChaudhari and Katti (35).
mRhim and Bae (36).
nHahn and Svejda (37).
oSvejda and Demiriz (38).
pGrolier and Kehiaian (39).

Table 8 (concluded).

Fig. 2. Comparison between the experimental values and the
Gmehling predictions for the excess Gibbs energies, GE (x = 0.5)
of 1-chlorobutane + heptane at different temperatures. Experi-
mental points: (�) (17), (�) (18), (�) (19), (�) (20); theoretical
predictions: (——) new parameters, (- - - -) older parameters.

Fig. 3. Experimental excess molar Gibbs energies and theoretical
predictions using the Gmehling version. Experimental points: (�)
(x)1-chlorobutane + (1 – x)pentane at 397.15 K, (�) (x)1,3-
dichloropropane + (1 – x)hexane at 298.15 K; theoretical predic-
tions: (——) new parameters, (- - - -) older parameters.
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lnγ1
∞

System (1)+(2) T (K) I II III IV V

1-Chloropropane
Heptane 293.15 *0.385a 0.414 0.453 0.463 0.293
Octane 293.15 *0.385a 0.387 0.427 0.432 0.272
Eicosane 326.35 0.051b –0.014 0.029 0.001 –0.104

333.15 –0.065c –0.03 0.009 –0.019 –0.120
347.25 –0.003b –0.061 –0.034 –0.058 –0.151

Heneicosane 333.15 –0.059d –0.051 –0.012 –0.041 –0.141
1-Chlorobutane
Hexane 301.0 *0.419a 0.359 0.415 0.442 0.258

315.3 0.405a 0.319 0.038 0.398 0.223
332.0 *0.358a 0.280 0.332 0.352 0.188
340.3 *0.336a 0.264 0.310 0.332 0.172

Hexadecane 304.85 *0.166e 0.139 0.196 0.176 0.049
315.35 *0.148e 0.110 0.138 0.144 0.024
324.45 *0.113e 0.088 0.143 0.118 0.004

Octadecane 324.55 0.020e 0.047 0.102 0.074 –0.038
334.55 0.030e 0.026 0.080 0.048 –0.058
343.65 0.050e 0.009 0.052 0.026 –0.075
353.65 –0.010e –0.007 0.026 0.003 –0.092

Eicosane 326.35 0.052b 0.004 0.059 0.026 –0.082
333.15 –0.038c –0.010 0.041 0.009 –0.096
347.25 0.012b –0.036 0.004 –0.025 –0.122

Heneicosane 333.15 –0.051d –0.028 0.022 –0.012 –0.115
Tetracosane 324.45 –0.062e –0.063 –0.008 –0.048 –0.154

333.75 –0.117e –0.083 –0.033 –0.072 –0.173
343.55 –0.151e –0.101 –0.058 –0.096 –0.191
349.15 –0.134f –0.111 –0.073 –0.109 –0.201
353.45 –0.186e –0.117 –0.084 –0.118 –0.209
361.15 –0.154f –0.129 –0.105 –0.135 –0.221

Triacontane 349.15 –0.274f –0.206 –0.168 –0.215 –0.305
361.15 –0.307f –0.224 –0.200 –0.241 –0.325

Hexatriacontane 349.15 –0.414f –0.289 –0.252 –0.309 –0.397
361.15 –0.439f –0.308 –0.283 –0.334 –0.417

1-Chloropentane
Hexadecane 304.85 *0.174e 0.143 0.204 0.185 0.060

315.35 0.157e 0.117 0.179 0.156 0.038
324.45 *0.122e 0.098 0.158 0.133 0.020

Octadecane 324.55 0.020e 0.061 0.121 0.092 –0.018
334.55 *0.049e 0.043 0.097 0.069 –0.036
343.65 *0.030e 0.028 0.076 0.049 –0.050
353.65 –0.020e 0.014 0.053 0.029 –0.066

Eicosane 333.15 –0.024c 0.010 0.065 0.033 –0.070
349.15 –0.050g –0.015 0.028 –0.001 –0.096

Heneicosane 333.15 –0.020d –0.007 0.048 0.014 –0.088
Tetracosane 324.45 –0.062e –0.040 0.019 –0.021 –0.125

333.75 –0.094e –0.058 –0.003 –0.043 –0.142
343.55 –0.128e –0.073 –0.025 –0.064 –0.158
349.15 –0.101f –0.081 –0.038 –0.075 –0.167
353.45 –0.151e –0.087 –0.048 –0.084 –0.173
361.15 –0.110f –0.097 –0.066 –0.098 –0.184

Triacontane 349.15 –0.248f –0.171 –0.128 –0.176 –0.264
361.15 –0.272f –0.187 –0.156 –0.199 –0.281

Hexatriacontane 349.15 –0.355f –0.171 –0.128 –0.265 –0.352
361.15 –0.380f –0.266 –0.235 –0.288 –0.369

Table 9. Logarithm of activity coefficients at infinite dilution, lnγ1
∞ , for 1-chloroalkane + alkane and α ,ω-dichloroalkane + alkane mix-

tures; (I) Experimental data; UNIFAC model: (II) and (IV) Larsen and Gmehling version with parameters of this work; (III) and (V)
with older parameters.



Concerning the excess molar enthalpies, the overall AADs
(Table 8) using the new and the older parameters are, respec-
tively: 5%, 6% for the Tassios version; 7%, 11% for the
Larsen version; and 7% and 12% for the Gmehling version.
Again, the best improvements were obtained with the
Gmehling version. Figure 4a shows HE for the system 1-

chlorodecane + nonane using the Larsen version. The mag-
nitude of HE is better predicted with the new parameters.
The experimental excess enthalpies increase as the alkane
length increases and the 1-chloroalkane length decreases.
This behavior is well predicted by all the versions of the
UNIFAC model, but the experimental dependence is best

© 2003 NRC Canada

García et al. 401

lnγ1
∞

System (1)+(2) T (K) I II III IV V

1-Chlorohexane
Eicosane 333.15 –0.014c 0.027 0.084 0.053 –0.046
Heneicosane 333.15 –0.001d 0.012 0.068 0.035 –0.063
Tetracosane 349.15 –0.071f –0.056 –0.011 –0.047 –0.135

361.15 –0.078f –0.069 –0.036 –0.067 –0.150
Triacontane 349.15 –0.224f –0.140 –0.095 –0.142 –0.226

361.15 –0.240f –0.153 –0.120 –0.162 –0.242
Hexatriacontane 349.15 –0.322f –0.215 –0.170 –0.227 –0.310

361.15 –0.354f –0.229 –0.195 –0.247 –0.325
1-Chloroheptane
Eicosane 333.15 –0.006d 0.042 0.098 0.070 –0.025
Tetracosane 349.15 –0.051f –0.034 0.012 –0.022 –0.107

361.15 –0.063f –0.046 –0.011 –0.041 –0.120
Triacontane 349.15 –0.189f –0.112 –0.067 –0.111 –0.193

361.15 –0.218f –0.125 –0.090 –0.130 –0.206
Hexatriacontane 349.15 –0.301f –0.184 –0.138 –0.193 –0.272

361.15 –0.319f –0.196 –0.161 –0.211 –0.286
1,2-Dichloroethane
Hexane 298.0 *1.154a 1.164 1.565 1.130 1.748

316.0 *1.004a 1.018 1.382 0.989 1.005
332.2 *0.896a 0.881 1.217 0.856 0.867
339.4 *0.842a 0.818 1.144 0.795 0.810

Heptane 293.15 *1.194a 1.177 1.588 1.108 1.193
Octane 293.15 *1.065a 1.149 1.560 1.058 1.162
Octadecane 353.15 0.285g 0.381 0.690 0.221 0.362
Eicosane 326.35 0.476b 0.575 0.921 0.397 0.521

333.15 0.365c 0.517 0.852 0.340 0.465
347.25 0.350b 0.392 0.708 0.220 0.357

Heneicosane 333.15 0.366h 0.496 0.831 0.316 0.442
Tetracosane 349.15 0.193f 0.296 0.609 0.109 0.254

361.15 0.134f 0.183 0.486 0.003 0.169
Triacontane 349.15 0.040f 0.193 0.507 –0.013 0.137

361.15 –0.030f 0.081 0.384 –0.119 0.052
Hexatriacontane 349.15 –0.019f 0.105 0.418 –0.117 0.036

361.15 –0.159f –0.008 0.295 –0.223 –0.049
1,3-Dichloropropane
Eicosane 333.15 0.558c 0.600 0.805 0.792 0.406
Heneicosane 333.15 0.568h 0.581 0.786 0.769 0.384
1,4-Dichlorobutane
Eicosane 333.15 0.668c 0.674 0.763 1.007 0.370
Heneicosane 333.15 0.706h 0.656 0.745 0.985 0.350
1,5-Dichloropentane
Eicosane 333.15 0.818h 0.672 0.726 0.882 0.346

aThomas et al. (40).
bMartire and Pollara (41).
cMeyer and Meyer (42).
dMeyer and Baiocchi (43).
eAlessi et al. (44).
fTewari et al. (45).
gHarris and Prausnitz (46).
hMeyer and Baiocchi (47).

Table 9 (concluded).



reproduced with the new parameters, as can be seen in
Fig. 5a for the Tassios and Larsen versions.

For the logarithm of the infinite-dilution activity coeffi-
cients, the RMSDs obtained using the new and the older pa-
rameters are, respectively: 0.060, 0.091 for the Larsen
version and 0.059 and 0.074 for the Gmehling version (Ta-
bles 9 and 10). So, the results obtained with the new param-
eters are similar for both versions.

α,ω-Dichloroalkane + alkane mixtures
These mixtures are very useful for studies of the intra-

molecular proximity effect. In these cases the intermolecular
interactions (and of course their parameters) are affected by
the changes in the net charge of the groups due to the prox-
imity of polarizing atoms. This effect decreases when the
spacing between the non-alkyl functional groups increases.
This is in agreement with the values obtained in Tables 4–6
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lnγ2
∞

System (1)+(2) T (K) I II III IV V

1-Chlorononane
Hexane 303.65 *0.194a 0.127 0.141 0.143 0.092
1-Chlorohexadecane
Pentane 313.25 *0.039b 0.037 0.048 0.047 0.028

320.95 0.010b 0.035 0.045 0.044 0.026
328.35 0.010b 0.033 0.043 0.042 0.024
334.35 –0.010b 0.032 0.041 0.040 0.022

Hexane 313.25 *0.058b 0.043 0.055 0.055 0.032
320.95 *0.030b 0.041 0.052 0.052 0.030
328.55 0.020b 0.038 0.050 0.049 0.028
334.55 0.020b 0.037 0.047 0.047 0.026

Heptane 313.25 *0.077b 0.050 0.063 0.063 0.037
318.15 0.055c 0.048 0.061 0.061 0.035
320.95 *0.049b 0.047 0.060 0.059 0.034
328.35 0.049b 0.044 0.057 0.056 0.032
334.55 –0.039b 0.042 0.054 0.053 0.030

1-Chlorooctadecane
Pentane 315.55 –0.030b 0.030 0.039 0.038 0.022

323.95 *–0.041b 0.028 0.036 0.036 0.020
333.75 –0.041b 0.026 0.034 0.033 0.018
343.75 –0.041b 0.024 0.031 0.031 0.016

Hexane 323.95 –0.010b 0.032 0.042 0.042 0.023
333.75 –0.030b 0.030 0.039 0.039 0.021
343.75 –0.040b 0.028 0.036 0.036 0.019

Heptane 323.95 0.010b 0.037 0.048 0.047 0.027
343.75 –0.010b 0.032 0.041 0.041 0.029

1-Chloroeicosane
Hexane 333.15 –0.045d 0.025 0.033 0.032 0.023
Heptane 333.15 –0.009d 0.028 0.038 0.037 0.027
Octane 333.15 0.028d 0.032 0.042 0.042 0.030
Nonane 333.15 0.056d 0.035 0.047 0.046 0.033
1,2-Dichloroethane
Pentane 293.15 *1.567e 1.357 1.240 1.365 1.275
Hexane 293.15 *1.617e 1.590 1.442 1.593 1.504

304.15 *1.482e 1.548 1.340 1.478 1.507
318.5 *1.384e 1.382 1.204 1.320 1.387
337.2 *1.278e 1.145 1.022 1.100 1.233
354.2 *1.102e 0.915 0.853 0.890 1.096

Heptane 318.5 *1.493e 1.575 1.373 1.508 1.586
337.2 *1.351e 1.305 1.165 1.257 1.410
354.2 *1.131e 1.043 0.973 1.017 1.253

aKorol (48).
bAlessi et al. (49).
cJanini and Martire (50).
dMeyer and Baiocchi (47).
eThomas et al. (51).

Table 10. Logarithm of activity coefficients at infinite dilution (lnγ2
∞) for 1-chloroalkane + alkane and α ,ω-dichloroalkane + alkane

mixtures; (I) Experimental data; UNIFAC model: (II) and (IV) Larsen and Gmehling version with parameters of this work; (III) and
(V) with older parameters.



for the three versions of UNIFAC, since the interaction pa-
rameters for the (Cl(CH2)nCl) dichloroalkanes with n > 6 co-
incide with those of the 1-chloroalkane + alkane systems.

All of the properties that were considered for the α,ω-
dichloroalkane + alkane mixtures are better predicted with
the new parameters. The AADs for excess Gibbs energies
using the new and the older parameters are, respectively:
10%, 14% for the Larsen version and 5%, 16% for the
Gmehling version. As illustrated in Fig. 3, the calculated GE

vs. composition curves, using the Gmehling modification
with the new parameters, agree quite well with the experi-
mental data.

Concerning the excess enthalpies, the AADs obtained us-
ing the new and the older parameters are, respectively: 9%,
10% for the Tassios version; 11%, 15% for the Larsen ver-
sion; and 11% and 14% for the Gmehling version. In Fig. 4b
we compare the predictions of the Larsen and Tassios ver-
sions for two examples. The trend of HE(0.5) with the alkane
and dichloroalkane lengths seems to be fairly well repro-
duced with the Larsen modification, as can be seen in
Fig. 5b.

In the case of the Tassios version, with the new parame-
ters it is possible to predict the excess enthalpies of di-
chloromethane + alkane mixtures. Choosing Cl as a group
instead of CH2Cl allows the same group definition to be
used for all chloroalkanes. The new parameters determined
for these systems follow the trend previously obtained for
the larger dichloroalkanes, as can be seen in Fig. 1. Figure 6

© 2003 NRC Canada

García et al. 403

Fig. 4. Experimental excess molar enthalpies and theoretical pre-
dictions of some chloroalkane + alkane mixtures: (a) experimen-
tal points: (�) (x)1-chlorodecane + (1 – x)nonane at 293.15 K;
theoretical predictions with Larsen version; (b) (�) (x)1,2-
dichloroethane + (1 – x)dodecane at 293.15 K, (�) (x)1,3-
dichloropropane + (1 – x)nonane at 298.15 K; theoretical predic-
tions: (1) Tassios version, (2) Larsen version, (3) Gmehling ver-
sion; (——) new parameters, (- - - -) older parameters.

Fig. 5. Excess molar enthalpies HE (x = 0.5) of chloroalkane +
alkane mixtures against n, the number of carbons in the alkane:
experimental points: (a) (�) 1-chlorohexane; (b) (�) 1,2-
dichloroethane, (�) 1,6-dichlorohexane; theoretical predictions:
(1) Tassios version, (2) Larsen version; (——) new parameters,
(- - - -) older parameters.



illustrates how the new parameters improve the predictions.
The AAD is reduced from 30% to 6%. It is interesting to
point out, however, that Larsen et al. (14) and Gmehling et
al. (15) define dichloromethane as an independent group.
Using the parameters recommended by these authors, the
AADs are 2% and 24%, respectively, for the same systems.

The RMSDs for lnγ∞ using both the new and the older pa-
rameters are, respectively: 0.098, 0.334 for the Larsen ver-
sion and 0.130, 0.184 for the Gmehling version for the
dichloroalkane + alkane systems. For this type of system, a
better representation of lnγ∞

i is obtained using the Larsen
version.

Comparison with other group-contribution models
Finally, we have compared the above-mentioned results

using the UNIFAC model with the predictions of the Nitta–

Chao (12) and DISQUAC (11) models, using molecular-
structure-dependent parameters. The conclusion of this com-
parison was that the different models have similar prediction
accuracies. The AADs for the dichloroalkane + alkane mix-
tures are 6% and 8% for GE and 10% and 6% for HE using
the DISQUAC and the Nitta–Chao models, respectively. The
Gmehling version using the new parameters predicts slightly
better excess Gibbs energies, and the DISQUAC model
gives the smallest AADs for excess enthalpies. Similar re-
sults are obtained for 1-chloroalkane + alkane systems. For
the infinite dilution activity coefficients, the best predictions
for 1-chloroalkane + alkane mixtures are obtained using the
Larsen and Gmehling versions. The corresponding AADs
for the DISQUAC model are significantly larger (0.247),
whereas for dichloroalkane + alkane mixtures the AADs are
similar for the four models.

Based on our experience in fitting length-dependent pa-
rameters using several group-contribution models, we con-
clude that it is generally more difficult to find regular
length-dependence with the UNIFAC model. This fact could
be owing to the multiple solutions that are found in the
minimization process for UNIFAC if there is no imposed
limit on the range of the group interaction parameters. In the
DISQUAC case the range of dispersive and quasichemical
coefficients is small. Similar behavior is observed using the
Nitta–Chao model, for which the hard core volumes must be
close to their Bondi values, and their temperature-
dependence parameter must be positive. The number of de-
grees of freedom of the groups is always between 0.1 and
1.0, and the dispersive and chemical energies have relatively
narrow ranges.

Conclusions and future work
We have determined the interaction parameters between

chlorine and methylene groups for three different versions of
the UNIFAC model (Tassios et al., Larsen et al., and
Gmehling et al.), taking into account the proximity effect.
The HE, GE, and lnγ∞

i values of binary 1-chloroalkane +
alkane and dichloroalkane + alkane systems are fairly well
represented using the parameters proposed in this work. The
results are similar to those obtained with the DISQUAC and
the Nitta–Chao models.

In previous studies we determined the characteristic pa-
rameters representing the interaction of fluorine, bromine,
and iodine with methylene groups for the UNIFAC and
Nitta–Chao models in 1-fluoroalkane (54), 1-bromoalkane
(55), and 1-iodoalkane (56) + alkane systems. We plan to
extend this study to binary mixtures of alkanes with
difluoroalkanes, dibromoalkanes, or diiodoalkanes to investi-
gate the dependence of the interaction parameters on the dis-
tance between the halogen atoms. Furthermore, the halogen–
methylene interaction parameters should follow a well-
defined trend when the size of the halogen atom is varied.
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Fig. 6. Comparison between the experimental values HE and the
Tassios predictions for dichloromethane + alkane systems at
298.15 K: experimental points: (�) hexane, (�) heptane; theoret-
ical predictions: (——) new parameters, (- - - -) older parame-
ters.
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Canadensenes: Natural and semi-synthetic
analogues

Qing-Wen Shi, Anastasia Nikolakakis, Françoise Sauriol, Orval Mamer, and
Lolita O. Zamir

Abstract: The first bicyclic taxanes isolated in the needles of the Canadian yew were named canadensene 1 and 5-epi-
canadensene 2. Four additional analogues (3–6), isolated previously in Taxus chinensis and Taxus mairei, and a new
natural 5-epi-canadensene analog 7 with a C-20-cinnamoyl group, were characterized for the first time in the needles
of Taxus canadensis. A bicyclic derivative 8 with a docetaxel side chain on C-20 was synthesized using 5-epi-
canadensene 2 as starting material. The lack of bioactivities of these bicyclic analogues (tubulin polymerization and
cytotoxicities against human cancer cell lines) is discussed.

Key words: Taxus canadensis, Taxaceae, taxanes, natural products, semi-synthesis.

Résumé : Les premiers taxanes bicycliques isolés des aiguilles de l’if Canadien ont été nommés canadensene 1 et 5-
epi-candensene 2. Quatre analogues additionnels (3–6) isolés auparavant dans Taxus chinensis et Taxus mairei, ainsi
qu’un nouvel analogue 7 du 5-epi-canadensene avec un groupe cinnamoyl en C-20 ont été caractérisés pour la première
fois dans les aiguilles du Taxus canadensis. Un dérivatif bicyclique 8 avec la chaîne latérale du docetaxel en C-20 a
été synthetisé à partir du 5-épi-canadensene 2. Le manque d’activité biologique de ces analogues bicycliques (polyméri-
sation de la tubuline ainsi que cytotoxicités envers des cellules humaines cancérigènes) est discuté dans cette publication.

Mots clés : Taxus canadensis, Taxaceae, taxanes, produits naturels, semi-synthèse. Shi et al. 411

Introduction

Taxus canadensis is a low-trailing bush abundant in the
province of Quebec, with an unusual composition of taxane
analogs (1–4). It is the only yew producing 9-dihydro-13-
acetylbaccatin III in abundance in its needles (2, 3). The
only other yew where it had been found is in the bark of
Taxus chinensis, albeit only as traces (5). We reported the
isolation of two bicyclic oxygenated taxanes in the Canadian
yew that we named canadensene 1 and 5-epi-canadensene 2
(Fig. 1) in 1995 and 1998, respectively, to emphasize their
origin (6, 7). Simultaneously, taxachitrienes 3–6 were re-
ported in the needles of the Chinese and in the stems of the
Japanese yews (8–11).

In the present work, the detailed structures of five 5-epi-
canadensene analogs (3–7) differing in the substituents on
C-2, C-5, C-13, or C-20 are reported from the needles of T.
canadensis. Taxane 7, which has a cinnamoyloxy group on
C-20, is a new metabolite that has never been found in other

yews. It has been synthesized in our laboratory from cinna-
moylation of 5-epi-canadensene (12). We are again reporting
the high-resolution 2D NMR data of taxachitriene B (taxane
3), since some signals had not been assigned. Taxanes 4 and
5 were characterized as 2-deacetyltaxachitriene A and 13,20-
dideacetyltaxachitriene A, respectively. They had been pre-
viously identified in Taxus mairei needles (10, 11). Taxane
6 was identical to 5-deacetyltaxachitriene B previously iso-
lated with taxachitriene B in T. chinensis needles (8, 9). In
addition, we have semi-synthesized a 5-epi-canadensene an-
alog to which the C-13 side chain of docetaxel was attached
to C-20 (docecanadensene 8, Fig. 1). Our hypothesis was
that the canadensene derivative, being flexible because of its
bicyclic structure, might allow for a long side chain on C-20
to reach the known active site of paclitaxel: β-tubulin (13–
15). The lack of activity of these compounds toward tubulin
polymerization and cytotoxicities against human cancer cell
lines is discussed.

Results and discussion

The methanolic extracts of T. canadensis needles were an-
alyzed, and its taxanes were purified by repetitive chroma-
tography, preparative or semi-preparative HPLC, and
preparative TLC.

Characterization of taxanes 3–6 (Fig. 1)
Taxanes 3–6 were identified as taxachitriene B (8), 2-

deacetyltaxachitriene A (10), 13,20-dideacetyltaxachitriene
A (11), and 5-deacetyltaxachitriene B (9), respectively, on
the basis of 1D and (or) 2D spectral analysis and by compar-
ison with the reported spectral data in the literature. Taxanes
3 and 6 have been previously isolated from T. chinensis nee-
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dles (8, 9). Taxanes 4 and 5 have been previously isolated
from T. mairei needles (10, 11). This is the first report of
compounds 3–6 in the Canadian yew.

Characterization of 20-cinnamoyloxy-5-epi-canadensene
7 (Fig. 1, Table 1)

Compound 7 was obtained as a colorless, amorphous solid
in a very small yield (~0.4 × 10–4%) from dried needles of
T. canadensis. The composition of 7, C39H48O13, was estab-
lished from combined analysis of high-resolution FAB-MS
at m/z 763.2734 ([M + K]+) and NMR spectral data. In a
previous publication, 20-cinnamoyloxy-5-epi-canadensene
was prepared from 5-epi-canadensene (12). In this publica-
tion, the 1H NMR has been reported. A more comprehensive
table of all NMR data for 7 is shown in Table 1. The rela-
tively downfield signals of H-20a and H-20b in 7, resonating
at δ 4.93 and δ 4.55 compared with 5-epi canadensene 2 (7)
at δ 4.56 and 3.46 or 5-cinnamoyloxy-epi-canadensene (12)
at δ 4.65 and 3.55, implied that the cinnamoyloxy of 7 was
positioned on C-20. The 1H NMR data at δ 4.55 revealed
that a hydroxy group was attached at C-5. This is in accord
with the chemical shift at δ 4.64 for 2, which has a free C-5-
OH, whereas the chemical shift of 5-cinnamoyloxy-epi-
canadensene for C-5-OH is further downfield at δ 5.91. The
relative stereochemistry of 7 is the same as that of 2, as con-
firmed by comparing their NOESY spectra. The structure of
7 is, therefore, (3E, 8E)-2α,7β,9,10β,13α-pentaacetoxy-5α-
hydroxy-20-cinnamoyloxy-3,8-secotaxa-3,8,11-triene (Fig. 1).

Semi-synthesis of docecanadensene 8 (Scheme 1)
The semi-synthesis of docecanadensene (8) from 2 af-

forded a compound with a C-20 side chain. We postulated
that the primary C-20 alcohol of 2 would be more reactive
than the secondary alcohol at C-5. Direct esterification of 2
was realized with 2-(4-OMe)phenyl-1,3-oxazolidine of N-
Boc phenylisoserine (9) (16); dicyclohexylcarbodiimide and
4-pyrrolidinopyridine in dichloromethane–toluene at 23°C
afforded diastereomers 10 (79%). Deprotection of 10 with a
stoichiometric amount of p-toluenesulfonic acid in MeOH
gave 8 (67%). The downfield shift of H-20a/b at δ 4.56/3.46
in 2 (7) to δ 5.06/4.28 in 8 confirmed the attachment of the
docetaxel side chain at C-20.

Bioactivity of canadensene analogs
The polymerization of tubulin into stable microtubules is

the most characteristic mode of action of paclitaxel (17). Ac-
cording to our original hypothesis, when the configuration of
the taxane is substantially altered, a side chain situated else-
where than on C-13 might lead to bioactivity (13–15).
Taxuspine D and taxagifine have a modified A ring. The for-
mer has a C12=C13 double bond while the latter has a C16–
C12 ether linkage. Both taxuspine D and taxagifine have a
cinnamoyl group attached to the C5-OH, and both promoted
the polymerization of tubulin but to about 1/3 that of
paclitaxel (13–15). Similar results were reported previously
by Kobayashi and co-workers (18, 19). In this work, we
wanted to test if the core skeleton of the taxane — that is, a
6-membered ring fused to two 8- and 6-membered rings —
was essential. We therefore investigated the natural cana-
densene analogs as well as a synthetic canadensene analog
8. In the Taxol® series the replacement of the 3′-N benzoyl
group with a t-butoxycarbonyl group substantially increased
the tubulin activity and the in vitro cytotoxicity of docetaxel,
the 10-deacetyl-3′-N-t-butoxycarbonyl analog of Taxol®
(20). Consequently, we chose to attach a docetaxel side
chain to C-20 of 5-epi-canadensene (8). We proposed that
the bicyclic structure of 5-epi-canadensene, being very flexi-
ble, would enable the C-20 side chain to reach the active site
of β-tubulin, a known target of paclitaxel. Tubulin polymer-
ization activities were investigated for 5-epicanadensene 2,
20-cinnamoyloxy-5-epicanadensene 7, and docecanadensene
8 compared with Taxol® (Fig. 2). Whereas Taxol® induced
the initial rate of tubulin polymerization almost twice as
much as the control, the analogs only showed comparable
activities to the control. We tested the in vitro cytotoxicity of
taxanes 2, 7, and 8 against breast cancer cell lines MCF7
and MCF7-ADR (adriamycin resistant), as compared with
that of Taxol® (Table 2). The IC50 (concentration killing
50% of cells) of compounds 2, 7, and 8 were comparable
around the 700 nM range for the MCF7-wild-type cell line.
However, paclitaxel was a more potent compound as its IC50
was in the 2 nM range. Similarly for the MCF7-ADR cell
line the IC50 for compounds 2, 7, and 8 were 645 nM,
825 nM, and 882 nM, respectively, compared with the IC50
for Taxol® at 5 µM. Unfortunately, these canadensene
analogs 2, 7, and 8 were inactive in both the tubulin assay as
well as the two cytotoxicity assays. We would have liked to
prepare two more synthetic analogs from 5-epi-canadensene,
one having the side chain attached to C-13 and another ana-
log with the side chain attached to C-5. Unfortunately 5-epi-
canadensene can be isolated only in very small quantities,
and therefore we were unable to prepare any more synthetic
analogs. We cannot conclude, therefore, that the core skele-
ton (6/8/6 fused membered rings) is essential since we do
not have the data pertaining to the compounds having a side
chain on the C-13 or C-5 position. It is known, however, that
7,8-secotaxoids have excellent tubulin binding and
cytotoxicity activity (21).

Experimental section

General experimental procedures
Optical rotations were recorded on a Jasco DIP-370 digi-

tal polarimeter. The NMR and HR-FAB-MS data were

© 2003 NRC Canada
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Fig. 1. Canadensene analogs.
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obtained with the instruments and conditions reported previ-
ously (4). Flash chromatography was performed on silica gel
60 (230–400 mesh EM Science). Thin layer chromatography
was conducted on silica gel 60 F254 pre-coated TLC plates
(0.25 mm thickness for analytical, 0.25 and 0.5 mm for pre-
parative, EM Science). The components were visualized on
TLC plates using a UV illumination lamp (254 and 365 nm).
The spraying reagent for TLC plates was 10% sulfuric acid
in EtOH followed by heating the plates to visualize the
spots. Analytical HPLC was performed on a Waters 600
FHU delivery system coupled to a PDA 996 detector. Pre-
parative and semi-preparative HPLC were carried out on a

Waters Delta Prep 3000 instrument coupled to a UV 486
tunable absorbance detector (Waters). Peaks were detected
between 210 and 320 nm, but most chromatograms were
plotted at 227 or 278 nm. Analytical HPLC was performed
with two Whatman partisil 10 ODS-2 analytical columns
(4.6 × 250 mm) in series. Semi-preparative HPLC was per-
formed with two Whatman partisil 10 ODS-2 Mag-9
semi-preparative columns (9.4 × 250 mm) in series. Prepara-
tive HPLC was performed with one partisil 10 ODS-2
MAG-20 preparative column (22 × 500 mm). The products
were eluted with a 50 min linear gradient of acetonitrile
(25–100%) in H2O at a flow rate of 18 mL/min (preparative

© 2003 NRC Canada
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Position δ (1H) multiplicitya J δ (13C)b HMBCc NOESYd

1 1.82 (dd) 6.5, 4.5 46.3 2, 3, 11, 14, 15, 16 2s, 14as, 14bw, 16s, 17m

2 5.84 (dd) 11.7, 4.7 68.9 1, 3, 4, 14, 170.0 1s, 3m, 17s, 20as

3 6.50 (d) 11.7 125.1 4, 5 2m, 7m

4 137.4
5 4.55 (o.m) 68.2 6as, 6bm, 19w. See 20bw

6a 2.63 (ddd) 16.2, 7.8, 2.7 37.4 5/20bs, 6bs, 19s

6b 2.03 (o.m) 3, 4, 5, 169.4 5/20bm, 6as, 7m

7 5.08 (d) 7.8 67.4 5, 6, 8, 9, 19, 172.7 3s, 6bm, 10s, 18s

8 123.6
9 144.5 168.1
10 6.92 (s) 68.0 8, 9, 11, 12, 15, 168.1 7s, 18s

11 136.7
12 135.6
13 5.29 (d) 9.3 68.9 1, 11, 12, 14, 18, 170.9 14as, 14bw, 16w, 18m

14a 2.52 (ddd) 16.6, 8.7, 7.6 25.1 1 1s, 14bs, 13s, 16m

14b 2.17 (o.m) 1, 2/13, 12, 15 1w, 3w, 13w, 14as

15 36.2
16 1.12 (s) 33.9 1, 11, 15, Me 1s, 14as, 13w

17 1.29 (s) 24.6 1, 11, 15, Me 1s, 2s, 16w

18 1.94 (s) 17.0 11, 12, 13, 15, 16 7s, 10s, 13s, 16m

19 1.67 (s) 12.9 7, 8, 9, 11, 168.1 5/20bw, 6as, Ac(2.21)s

20a 4.93 (d) 12.9 59.6 3, 4, 5, 1′ 2s, 20bs

20b 4.55 (d) 12.9 3, 4, 5, 1′ 20as, see 5
OAc 2.21 (s) 20.3 168.1

168.1
2.18 (s) 21.2 170.9

170.9
2.09 (s) 21.6 172.5

172.5
1.97 (s) 21.2 169.9

169.9
1.96 (s) 20.7 168.1

168.1
1′ 166.7
2′ 6.37 (d) 16.1 117.3 1′, 3′, Ph-C1
3′ 7.64 (d) 16.1 145.2 1′, 2′, Ph-C1, Ph-o
Ph′ 134.3
o 7.49 (m) 128.0
m, p 7.38 (m) 128.8

130.3
aMutiplicity: s, singlet; d, doublet; dd, doublet of doublets; ddd, doublets of doublets of doublets; m, mutiplet; o, overlapped.
bThe 13C chemical shifts were extracted from the HMQC experiment (±0.2 ppm). The numbers in bold character represent quaternary carbons whose

chemical shifts were obtained from the HMBC experiment (±0.2 ppm).
cItalic font means weak HMBC correlations.
dNOESY intensities are marked as strong (s), medium (m), or weak (w).

Table 1. 1H and 13C NMR data for taxane 7 (500 MHz for 1H, 125 MHz for 13C, CDCl3).
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HPLC) and 3 mL/min (semi-preparative HPLC). All the re-
agents and solvents were of the best available commercial
quality and were used without further purification.

Plant material
T. canadensis, Marsh were collected in September 1997 at

St-Jean-sur-Richelieu, Quebec, Canada. Several specimens
(voucher # lz97–03) have been deposited in the herbarium of
the Montreal Botanical Garden.

Extraction, isolation, and purification of taxanes (3–7)
Ground, air-dried needles of T. canadensis (4.0 kg) were

extracted with 24 L of MeOH for 1 day at room temperature.
The ground needles were filtered and extracted again with
fresh solvent for another 3 days (8 L MeOH per day). The
combined organic extracts were evaporated under reduced
pressure. Water (3 L) was added and lipids were removed by
stirring the mixture with hexane (3 × 3 L). The hexane layer
was removed and then condensed to 1500 mL and extracted
with 80% MeOH (4 × 500 mL). The 80% MeOH extract, af-
ter being re-extracted with hexane (2 × 300 mL), was evapo-
rated under reduced pressure, diluted with 1 L of H2O, and
extracted with EtOAc (3 × 700 mL). The combined EtOAc
extracts were dried, filtered, and evaporated, yielding a dark
brown extract (25 g). The aqueous phase was then saturated
with 200 g NaCl and extracted with CH2Cl2 (4 × 3 L). The
combined CH2Cl2 extracts were dried, filtered, and evapo-
rated, yielding a dark green extract (115 g).

A portion of the CH2Cl2 extract (50 g) was absorbed onto
110 g silica gel. Purification by flash chromatography on
1320 g silica gel and successive elution with a CH2Cl2–
MeOH gradient, with increasing amounts of MeOH from
5% to 45% (total 15 L), led to 45 fractions (FrD-1 to FrD-45).
Fractions FrD-18 to FrD-24, after being monitored by TLC,
were pooled (3.5 g) and chromatographed over silica gel

© 2003 NRC Canada
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Scheme 1. (a) 9, DCC, 4-PP, CH2Cl2–toluene, 23°C, 2 h, taxane 10 79%; (b) p-toluenesulfonic acid, methanol, 23°C, 45 min, taxane
8 67%.

Fig. 2. Effect of canadensene analogs on tubulin assembly. Mi-
crotubule turbidity was evaluated at 340 nm by incubating tubu-
lin (1 mg/mL) at 37°C in the presence or absence of taxanes.
The slope percentage compared with control is depicted. The ini-
tial rate of tubulin polymerization was determined by initial
slope detected during the first 3 min of tubulin assembly. This
data represents mean ± SEM (standard error mean) for separate
experiments.
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(195 g, 4.2 × 32 cm) while eluting with hexane:EtOAc
(1.2:1, 1.1 L; 1:1, 1.2 L; 1:1.2, 1.1 L; and 1:1.75, 1.1 L).
Twenty-three fractions (FrD-18-1 to FrD-18-23) were collected.
The fraction FrD-18-19 (53 mg) was applied to a preparative
TLC plate (hexane:acetone, 3:2) and cut into 5 bands as vi-
sualized under a UV lamp. The band with an Rf = 0.30
(29 mg) was further separated by preparative HPLC and
yielded 7 (7 mg, tR = 44.30 min).

The fractions FrD-38 to FrD-41 were combined (24 g) and
chromatographed over silica gel (770 g) by eluting with hex-
ane:acetone (3:2, 3 L; 1:1, 3 L; and 2:3, 3 L), affording 28
fractions (FrD-38-1 to FrD-38-28). The fractions FrD-38-19 to
FrD-38-28 were combined (2090 mg) and rechromatographed
over silica gel (180 g, 4 × 35 cm) by elution with
CH2Cl2:CH3CN (3:2, 2 L; 5:4, 1 L; and 1:1, 1 L), yielding
25 fractions (FrD-38-19-1 to FrD-38-19-25). The fraction
FrD-38-19-8 (280 mg) was fractionated by preparative HPLC.
The peak at tR = 24.05 min was collected, concentrated
(45 mg), and further purified by preparative TLC (hex-
ane:acetone, 1:1) affording 3 (4.0 mg, Rf = 0.32). The peak
at tR = 25.18 min was collected (26 mg) and further purified
by preparative TLC (hexane:acetone, 1:1), yielding 4
(3.4 mg, Rf = 0.39). The fraction FrD-38-19-20 (112 mg) was
subjected to preparative HPLC. The peak at tR = 24.08 min
was collected (15 mg) and further purified by preparative
TLC (CH2Cl2: CH3CN, 5:9), yielding 5 (4.0 mg, Rf = 0.34).

The fractions FrD-42 to FrD-45 were combined (2.5 g),
treated with activated charcoal, dissolved in EtOAc, and ex-
tracted three times with 10% HCl. The aqueous acid layer
was adjusted to pH 9–10 and re-extracted with CH2Cl2. The
organic layer was washed with H2O to neutrality, dried, fil-
tered, and evaporated. The residue (200 mg) was fraction-
ated by preparative TLC (hexane:EtOAc, 3:8). The band at
Rf = 0.15 was collected, washed with MeOH, and further pu-
rified by preparative TLC (hexane:acetone, 30:75), affording
6 (5 mg, Rf = 0.15).

(3E,8E)-5α,7β,9,10β,13α-Pentaacetoxy-2α,20-dihydroxy-
3,8-secotaxa-3,8,11-triene (taxachitriene B) (3)

1H NMR (500 MHz, CDCl3): H-1: 1.72 (dd, J = 7.5,
4.6 Hz); H-2: 4.65 (dd, J = 10.7, 4.4 Hz); H-3: 5.61 (d, J =
10.5 Hz); H-5: 5.53 (br.s); H-6a: 2.57 (o.m); H-6b: 2.05
(o.m); H-7: 5.29 (d, J = 9.3 Hz); H-10: 7.11 (s); H-13: 5.36
(br.d, J = 10.1 Hz); H-14a: 2.57 (o.m); H-14b: 2.05 (o.m);
16-Me: 1.06 (s); 17-Me: 1.19 (s); 18-Me: 2.08 (s); 19-Me:
1.57 (s); H-20a: 4.35 (d, J = 12.7 Hz); H-20b: 3.65 (br.d, J =
12.7); 5 × CH3CO-: 2.25 (s), 2.17 (s), 2.11 (s), 2.00 (s), 1.92

(s). 13C NMR (125 MHz, CDCl3): C-1: 48.0; C-2: 66.1; C-3:
126.9; C-4: 134.5; C-6: 34.6; C-7: 66.9; C-8: 124.0; C-9:
143.2; C-10: 68.4; C-11: 135.2; C-12: 135.7; C-13: 69.9;
C-14: 25.1; C-15: 36.2; C-16: 32.5; C-17: 25.6; C-18: 16.2;
C-19: 12.5; C-20: 57.8; 5 × CH3CO-: 21.6, 20.4, 21.6, 21.1,
20.8; 5 × CH3CO-: 170.2, 167.5, 170.0, 169.2, 167.7. As-
signments were achieved on the basis of 2D NMR spectra,
including HMBC and HMQC.

(3E,8E)-2α,7β,9,10β,13α-Pentaacetoxy-5α-hydroxy-20-
cinnamoyloxy-3,8-secotaxa-3,8,11-triene (7)

Amorphous gum. [α]D
22 + 85° (c 0.005, CHCl3).

1H and
13C NMR, HMBC, and NOESY spectral data see Table 1.
HR-FAB-MS m/z: 763.2734 ([M + K]+) (calcd. for
C39H48O13K: 763.2732).

Docecanadensene (8, Scheme 1)
5-Epi-canadensene 2 (20 mg, 0.034 mmol) in toluene

(0.6 mL) was treated with 2-(4-OMe)phenyl-1,3-oxazolidine
of N-Boc phenylisoserine (9), (27 mg, 0.068 mmol) in
0.3 mL CH2Cl2, 4-pyrrolidinopyridine (4 mg, 0.027 mmol),
and DCC (15 mg, 0.073 mmol) at 23°C for 2 h. The reaction
mixture was diluted with ethyl acetate, washed with 5%
NaHSO4, 5% NaHCO3, and then with brine to neutrality.
The organic layer was dried, filtered, and evaporated. The
residue was purified by flash chromatography on silica gel
with hexane:ethyl acetate, 1:1, as eluent to give compound
10 (26 mg, 79%). The protected 5-epi-canadensene ester
(22 mg, 0.023 mmol) in MeOH (4.3 mL) was treated with p-
toluenesulfonic acid (4.3 mg, 0.023 mmol) at 23°C for
45 min. The methanol was evaporated, and the residue was
diluted with EtOAc and washed with brine to neutrality. The
organic layer was dried, filtered, and evaporated. The residue
was purified by flash chromatography on silica gel with hex-
ane:ethyl acetate, 35:65, as eluent to give compound 8
(13 mg, 67%). 1H NMR (500 MHz, CDCl3) δ: 7.32 (m, 5H,
Ph), 6.92 (br.s, 1H, H-10), 6.50 (d, J = 11.6 Hz, 1H, H-3),
5.73 (dd, J = 11.6, 4.5 Hz, 1H, H-2), 5.36 (br.d, J = 9.3 Hz,
1H, NH-4′), 5.28 (d, J = 9.2 Hz, 1H, H-13), 5.22 (br.d, J =
12.2 Hz, 1H, H-3′), 5.06 (o.br.d, J = 11.7 Hz, 2H, H-7, H-
20a), 4.61 (br.s, 1H, H-2′), 4.41 (br.s, 1H, H-5), 4.28 (br.d,
J = 11.7 Hz, 1H, H-20b), 3.76 (br.s, 1H, OH-5), 2.65 (m,
1H, H-6a), 2.52 (m, 1H, H-14a), 2.21 (s, 3H, OAc), 2.17 (s,
3H, OAc), 2.07 (s, 3H, OAc), 1.97 (s, 3H, OAc), 1.95 (s,
3H, OAc), 1.94 (s, 3H, H-18), 1.77 (t, J = 5.3 Hz, 1H, H-1),
1.65 (s, 3H, H-19), 1.39 (s, 9H, t-Bu), 1.23 (s, 3H, H-17),
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Tumor cell cytotoxicity IC50 (nM)a

Compound MCF7-wild type MCF7-ADR

Taxol® 2 ± 1.52 >5b

5-Epicanadensene 2 750 ± 5.38 645 ± 3.51
20-Cinnamoyloxy-5-epicanadensene 7 655 ± 1.42 825 ± 2.14
Docecanadensene 8 740 ± 3.99 882 ± 3.26

aCytotoxicity of taxanes on the breast cancer cell lines MCF7-wild type and MCF7-ADR (adriamycin resis-
tant). Exponentially growing cells were continuously exposed to taxanes at varying concentrations, and cell via-
bility was evaluated by the MTT metabolic assay. Data represents mean ± SEM of three separate experiments.
IC50 is described as the concentration of agent required to inhibit cell proliferation to 50% vs. untreated cells.

bUnit is in µM.

Table 2. Cytotoxicity of canadensene analogs.
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1.12 (s, 3H, H-16). HR-FAB-MS m/z: 896.3467 ([M + K]+)
(calcd. for C44H59N1O16K: 896.3471).

Tubulin and bioactivity assay
Tubulin was extracted from cow brain according to a pre-

viously published procedure. The in vitro cytotoxicity activ-
ity determined on the MCF7 and MCF7-ADR cell lines with
the MTT assay followed a previously published procedure
(22).
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The 30 year anniversary of a seminal paper on
radical ions in solution
(Radical ions in photochemistry. I. The 1,1-
diphenylethylene cation radical)1

J.A. Pincock

Abstract: This article was written to serve as an introduction to this issue of the Canadian Journal of Chemistry that
honors the contributions to chemistry of Professor D.R. Arnold. It summarizes the observations reported in a communi-
cation that appeared in the Journal of the American Chemical Society 30 years ago in June 1973. This historically im-
portant communication laid the foundation for his program on the photochemical generation and reactivity of radical
ions in solution and also served as a guide for a developing area of interest of many other research groups.

Key words: photochemical electron transfer, radical cations, photo NOCAS, benzylic radicals.

Résumé : Cet article se veut une introduction à ce numéro de la Revue canadienne de chimie qui souligne les réalisa-
tions du professeur D.R. Arnold en chimie. Il résume les observations rapportées dans une communication publiée dans
la Journal of the American Chemical Society il y a de cela 30 ans, soit en juin 1973. Cette communication est très im-
portante sur le plan historique puisqu’elle a non seulement servi de pierre d’assise au programme du professeur Arnold
sur la génération et la réactivité photochimiques des ions radicaux en solution, mais aussi au développement d’un do-
maine d’intérêt pour de nombreux groupes de recherche.

Mots clés : transfert d’électron photochimique, cations radicaux, photo-NOCAS, radicaux benzyliques.

[Traduit par la Rédaction] Pincock 416

This issue of the Canadian Journal of Chemistry honours
Professor Donald Arnold’s contributions to chemistry. In
September of 1972, I joined Don’s research group at the
University of Western Ontario as a PDF and began a project
on cyclopropene photochemistry, vinyl diazo compounds,
and the intermediate vinyl carbenes (1). The other PDF in
the laboratory, Robert Neunteufel, had just discovered the
first clear evidence from the Arnold research group of radi-
cal cation involvement in a photochemical reaction. The
concise, seminal paper on these results (2) was published ex-
actly 30 years ago in June 1973. Its impact on the larger
chemistry community is indicated by its high citation count
(over 300). Perhaps more indicative of its long-term impor-
tance is the fact that over two-thirds of these citations are
from the more recent 15 years of the 30-year-period since its
publication. The points2,3 below summarize and highlight
the importance of this paper which proved to be the founda-

tion for Don’s program on the generation of radical ions in
solution.

Point 1: Introduction

As part of our effort to define the scope and limitations
of the photocycloaddition of carbonyl compounds to
olefins, our attention was attracted by the recent finding
that aromatic esters … can undergo this reaction.

In benzene as solvent, p-cyanobenzoate 1 had been shown
to react by photochemical excitation in a bimolecular reac-
tion with 1,1-diphenylethylene 2 to form the oxetane 3
(Scheme 1). Benzoates with other electron-withdrawing
groups also reacted, but methyl benzoate itself did not. Don
knew that these esters had lowest energy π,π* triplet states
(3). He had also written a review on oxetane formation (4)
and knew that this observation was unusual because
oxetanes are normally formed from n,π* states of carbonyl
compounds reacting with alkenes. An exciplex mechanism
was therefore proposed.

Point 2: The critical jump in understanding

When we irradiated solutions of 1 and 1,1-
diphenylethylene 2…in acetonitrile-d3…A new product
was isolated in 70% yield and identified as 1,1,4-
triphenyl-1,2,3,4-tetrahydronaphthalene (4)…

The reaction was performed in acetonitrile, a polar sol-
vent that allows separation of the exciplex into solvent sepa-
rated ion pairs (Scheme 1) making other bimolecular

Can. J. Chem. 81: 413–416 (2003) doi: 10.1139/V03-089 © 2003 NRC Canada
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2The text is from the original manuscript.
3Structure numbers used here are the same as those in the
original manuscript.
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reactions possible. Under these conditions, the tetralin 4 was
now the major product. The important intermediates are the
distonic radical cation and its precursor, 6 (the radical cation
of 2). These observations led directly to a series of papers on
the generation of various distonic radical cations (5), other
cycloadditions of radical cations (6), and Z to E configura-
tional (7) and tautomeric deconjugative (8) isomerization of
alkene radical cations.

Point 3: The extension to a new reaction

Upon irradiation of 1 and 2 in methanol and 2-propanol
… we found formation of 2,2-diphenylethyl methyl ether
(7) and 2,2-diphenylethyl isopropyl ether (8), respec-
tively…

Changing the high dielectric constant solvent from
acetonitrile to an alcohol, a better nucleophile, completely
altered the pathway for the reactivity of the radical cation 6.

This extension arose from the concept that if 6 reacted with
the alkene 2 as a nucleophile, it should react with other
nucleophiles. Now anti-Markovnikov addition of the alcohol
occurred to give 7 and 8 (Scheme 1). This observation initi-
ated a series of publications on additions to radical cations
(9) and to the complementary radical anion of 1,1-
diphenylethylene (10). More recently, the reactivity of radi-
cal cations with nucleophiles in solution (11) and other envi-
ronments (12) has been directly observed by others using
LFP techniques.

Point 4: The importance of minor pathways

…irradiation in 2-propanol produced appreciable
amounts of 3 (3:8 = 1:3.2) besides small quantities of un-
identified products.

Don has always taken pride in insisting that even minor
products must be characterized because they have often been
good predictors of a new pathway which can become the
major one by suitable choice of substrate and reaction condi-
tions. The important phrase is “…besides small quantities of
unidentified products” (2). These “unindentified products”
from 7 were soon identified (13) as diphenylmethane and the
dimethylacetal of formaldehyde. The proposed mechanism
for their formation (Scheme 2), proceeds by cleavage of the
radical cation of 7 to the diphenylmethyl radical and the
methoxy methyl cation. This observation resulted in an ex-
tensive study of cleavage reactions of arylmethyl radical cat-
ions, including other carbon–carbon bond cleavages (14),
carbon–oxygen bond cleavages (15), carbon–hydrogen bond

© 2003 NRC Canada
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Scheme 1. Reactions of the radical cation of 1,1-diphenylethylene 2 in acetonitrile and alcohols, methanol and 2-propanol.

Scheme 2. Carbon–carbon bond cleavage of the radical cation of
1-methoxy-2,2-diphenylethane 7.
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cleavages (16) reflecting the high acidity (pKa ~ –11) of pro-
tons on radical cations of benzylic substrates (17). The
regiochemistry of the cleavage to the radical and cation frag-
ment was shown to be controlled by the relative stability of
the two fragments (oxidation potentials of radicals as a mea-
sure of cation stability (18), the σα⋅ scale as a measure of
radical stability (19), merostabilization of radicals (20)) and
by stereoelectronic requirements (21).

The photo NOCAS reaction
Scheme 1 was later extended to studies on the variation in

alkene structure. When 1,1-diphenylethylene 2 was replaced
by 2,3-dimethyl-2-butene, the product obtained

resulted from nucleophile–olefin, combination, aromatic
substitution and the photo NOCAS reaction was discovered
(22) and developed extensively through the 1990s (23). The
1H NMR spectrum, taken from R. Borg’s laboratory note
book, of that first photo NOCAS product is reproduced on
the cover of this issue of the Canadian Journal of Chemistry.
The complementary process electrophile–olefin, combination,
aromatic substitution (EOCAS) has also been recently ex-
plored (24).

Conclusion

My colleagues (including Don) at Dalhousie have for
many years taught a graduate class in organic photo-
chemistry. In the section on excited-state electron transfer
and radical ion chemistry, I have always used Don’s manu-
script summarized here as an example of how the right sci-
entist at the right time and with the right background
knowledge can make significant changes in our understand-
ing of a research area. Some have called these events para-
digm shifts (25). I think the students acquire an appreciation
of that possibility from this example. I also think that both
those who have contributed to this honorary issue and others
have the same appreciation. Thanks Don.
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Photocycloaddition of cyclohex-2-enones to
acrylonitrile

Lars Meyer, Nacira Alouane, Kerstin Schmidt, and Paul Margaretha

Abstract: The photocycloaddition of cyclohex-2-enones 1a, 1b, and 5a–5c to acrylonitrile (2) in benzene has been
studied. The reactions proceed with moderate regioselectivity and with preferential formation of diastereomeric mix-
tures of endo- and exo-5-oxobicyclo[4.2.0]octane-7-carbonitriles 3, 4, and 6–8. Very similar relative rates of conversion
to products are observed in the photocycloadditions of 1b, 5a, and 5b to 2 and methacrylonitrile (9), respectively. In
contrast, 5,5-dimethylcyclohex-2-enone (1b) forms cycloadducts with 2,3-dimethylbut-2-ene (12) as efficiently as with
the unsaturated nitriles, but the 2,5,5-trialkylcyclohex-2-enones 5a and 5b do not react with this alkene at measurable
rates of conversion. A dual path mechanism is presented that involves either exciplex formation between triplet-excited
cyclohexenones and electron-rich alkenes or radical addition of the former to electron-deficient alkenes bearing a
substituent, exercising a resonance effect.

Key words: [2+2]-photocycloaddition, cyclobutane, cyclobutanecarbonitrile, radical addition to unsaturated nitriles.

Résumé : On a étudié la photocycloaddition de cyclohex-2-énones (1a, 1b, 5a–5c) sur l’acrylonitrile (2) dans le ben-
zène. Les réactions se produisent avec une régiosélectivité modéré impliquant la formation préférentielle de mélanges
diastéréomères des endo- et exo-5-oxobicyclo[4.2.0]octane-7-carbonitriles (3, 4, 6–8). On a observé des vitesses relati-
ves de conversion en produits très semblables pour les photoadditions des composés 1b, 5a et 5b sur respectivement le
composé 2 et sur le méthylacrylonitrile (9). Par ailleurs, la 5,5-diméthylcyclohex-2-énone (1b) forme des cycloadduits
avec le 2,3-diméthylbut-2-ène (12) d’une façon pratiquement aussi efficace qu’avec les nitriles insaturés, mais les 2,5,5-
trialkylcyclohex-2-énones 5a et 5b ne réagissent pas avec cet alcène à des vitesses de conversion mesurables. On pro-
pose un mécanisme réactionnel double impliquant soit la formation d’un exciplexe entre les cyclohexénones excitées à
l’état triplet et les alcènes riches en électrons soit l’addition du radical du premier sur les alcènes déficients en électron
portant un substituant qui exerce un effet de résonance.

Mots clés : photocycloadditions [2+2], cyclobutanes, cyclobutanecarbonitriles, additions radicalaires sur des nitriles
insaturés.

[Traduit par la Rédaction] Meyer et al. 422

Introduction

In the preparative application of [2+2]-photocyclo-
additions of cyclic enones to (substituted) alkenes two fac-
tors concerning product formation are of decisive relevance,
namely the regioselectivity and the (overall) relative rate of
conversion. Regarding the regioselectivity in the addition to
mono- and 1,1-disubstituted alkenes, Corey et al. (1) had
shown that the preferred addition mode of cyclohex-2-enone
to isobutene or dimethoxyethylene was the one leading to
both cis- and trans-fused bicyclo[4.2.0]octan-2-ones with
substituents on C(7), while in the reaction with acrylonitrile
the alternate orientation of addition, leading preferentially to
only cis-fused — so-called head-to-head — cycloadducts
was observed. Similar results were also reported for photo-
cycloadditions of 3-methylcyclohex-2-enone to differently
substituted alkenes by Cantrell et al. (2). No significant dif-

ferences in the overall relative rates of product formation for
the different alkenes were observed in these studies.

To explain these observed regioselectivities it was as-
sumed (1) that an umpolung occurs in the charge distribution
of the C=C double bond in the triplet-excited cyclohexen-
one. Shortly thereafter, a mechanistic sequence was pro-
posed by de Mayo (3), involving the formation of an
exciplex between triplet-excited cyclohexenone and alkene
(which should be the determining factor in the regiochemical
outcome), followed by that of triplet 1,4-biradicals, which in
turn, after intersystem crossing, afford the final product(s)
via 1,4-cyclization. It was also assumed that the triplet-
excited cyclohexenone exhibits an electrophilic behaviour
and, therefore, reacts faster with electron-rich than with
electron-deficient alkenes. This mechanistic description was
corroborated by one of us in studies of the photocyclo-
addition of 4-oxacyclohex-2-enones to 2-chlorodifluoromethyl-
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3-chloro-3,3-difluoropropene (4), which led to a very slow
but exclusive formation of head-to-head cycloadducts, while
the corresponding reaction with isobutene or 1,1-dimethoxy-
ethylene afforded head-to-tail cycloadducts at much higher
overall relative rates. It was pointed out (4) that in contrast
to acrylonitrile this hexahalogenoalkene is not stabilized by
conjugation between the C=C double bond and the
substituent.

In a relevant paper describing triplet lifetime measure-
ments using nanosecond flash photolysis, Schuster et al. (5)
tackled the problem of describing “relative rates” for such
reactions, since product yields in multistep processes depend
on overall quantum efficiencies and not on the rate of a sin-
gle specific step. The results, (a) that the rate constants for
the quenching of enone triplets are much larger for electron-
deficient alkenes than for those bearing electron-donor sub-
stituents, and (b) that no correlation whatsoever was seen be-
tween these quenching rates and the (overall) quantum yield
for product formation, were found to be inconsistent with
expectations based on the exciplex model described above.
The direct formation of triplet biradicals from triplet enones
and alkenes was therefore suggested as a plausible reaction
step. Slightly later, based on results of photocycloaddition
between cyclopent-2-enone and acrylonitrile, Weedon and
co-workers (6) concluded that it was unnecessary to intro-
duce an exciplex into the mechanism of the photocyclo-
addition reaction of cyclic enones with alkenes to explain
the reaction regiochemistry.

We have recently (7) presented results on the photocyclo-
addition of cyclohex-2-enones to 2-alkylprop-2-enenitriles,
leading to the exclusive formation of cyclobutanecarboni-
triles. The choice of these cyclohexenones came from (a) fa-
cilitated interpretation of the 1H NMR spectra of the
photocycloadducts, owing to the geminal dimethyl group in
the six-membered ring, and (b) variation of the substitutent
on C(2), regarding both size and radical stabilization. We
now report on the photocycloaddition of these same
cyclohex-2-enones to acrylonitrile.

Results and discussion

All the photolyses described were run with benzene as
solvent. Irradiation of cyclohexenone (1a) in the presence of
acrylonitrile (2) afforded – as already described (6) – a mix-
ture of six enone + alkene adducts, of which the two major
products 3a (41%) and 4a (35%) were successfully isolated
and analyzed. Similarly, irradiation of 5,5-dimethylcyclohex-
2-enone (1b) in the presence of 2 gave a mixture of five
enone + alkene adducts, of which, again, the two major
products 3b (35%) and 4b (46%) were isolated and charac-
terized. Irradiation of trialkylcyclohexenones 5a and 5b in
the presence of 2 afforded almost equal mixtures of four
cycloadducts. In both reactions the major components 6a
(50%) and 7a (20%), and 6b (40%) and 7b (25%), respec-
tively, were isolated, while one of the minor components, 8a
(17%) and 8b (18%), respectively, was analyzed from the
product mixture. In contrast, irradiation of 5c with 2 gave
only a 4:1 mixture of 6c and 8c. Irradiation of 5b in the
presence of methacrylonitrile (9) gave a 3:2 mixture of
cycloadducts 10 and 11, which were separated and fully
characterized (Scheme 1).

Finally, to determine the relative rates of conversion to
products, cyclohexenones 1b, 5a, and 5b were irradiated in
the presence of either acrylonitrile (2), methacrylonitrile (9),
or 2,3-dimethylbut-2-ene (12) in a merry-go-round setup.
The results of these measurements by GC analysis are sum-
marized in Table 1.

The synthetic utility of cyclohexenone – unsaturated
nitrile photocycloadditions definitively seems to be limited,
as they proceed with rather moderate regio- and stereo-
selectivities. The ratio of HH- vs. HT-photocycloadducts,
both for acrylonitrile (2) and methacrylonitrile (9), is
roughly 3:1 for the cyclohexenones bearing no substituents
on C(2) (i.e., 1a and 1b), about 2:1 for 5a, 3:2 for 5b, and,
finally, >20:1 for 5c. Regarding the exo:endo selectivity in
the formation of these 5-oxobicyclo[4.2.0]octane-7-carboni-
triles, cyclohexenones 1a and 1b and acrylonitrile (2) afford
roughly 1:1 mixtures of 3a,b and 4a,b, while cyclohexen-
ones 5a–c give preponderantly (>3:1) the exo-nitriles 6a–c,
respectively. In contrast, as observed earlier (7), all these
cyclohexenones react with methacrylonitrile (9) to give al-
most exclusively the 7-endo-carbonitriles (e.g., 10).

© 2003 NRC Canada
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The assignment of the exo-nitrile configuration in cyclo-
adducts 3 and 6 and that of the endo-nitrile in 4 and 8 stems
from NOE experiments, as well as from the fact that for all
exo-nitriles 3 and 6 the chemical shift of H(1), in either
CDCl3 or C6D6 solvent, is always larger than that of the cor-
responding H-atom in the endo-nitriles 4 and 8, respectively.
This is most probably due to the cis-relation between H(1)
and the CN group in the former cycloadducts. Similarly, the
cis-relation between the benzyl and the methyl groups on the
cyclobutane ring in 10 is assigned again based on NOE ex-
periments. Another difference between the acrylonitrile and
methacrylonitrile cycloadducts is observed in the conforma-
tion of the six-membered ring. While in all methacrylonitrile
cycloadducts the cyclohexanone ring adopts a twisted-boat
conformation, its preferred alignment in cycloadducts 3, 4,
6, and 8 is that of a boat, as reflected by the coupling con-
stants between H(1) and the H-atoms on C(2), as well as by
the much smaller chemical shift of one of the H-atoms on
C(2) for which the orientation of the C—H bond is almost
parallel to that of the carbonyl group.

The fact that the H-atoms of one of the cyclohexanone-
methyl groups in 10 resonate at negative δ values (–0.12 ppm
in CDCl3, –0.35 ppm in C6D6) is also worth mentioning. Ap-
parently, the axial methyl group on C(3), which is cis to the
benzyl group, experiences a very strong deshielding effect
by the aromatic ring. A more striking finding is the results
of the measurements of relative rates of photocycloadduct
formation between cyclohexenones and unsaturated nitriles,
as the overall efficiency in these reactions is affected neither
by the change of H vs. alkyl group on C(2) of the cyclo-
hexenone nor by the replacement of H vs. CH3 on C(2) in
the nitrile. This contrasts the results of the cycloadditions of
1 and 5 to 2,3-dimethylbut-2-ene, where cycloadduct forma-
tion is totally prevented by the introduction of an alkyl
group on the C(2) of the cyclohexenone. It should neverthe-
less be pointed out that bonding between tertiary C-atoms to
afford cyclobutanes is a commonly encountered process for
3-alkylcyclohex-2-enones (2).

Although such overall relative rates have to be looked at
with caution (5), qualitative conclusions can certainly be
drawn, and the most straightforward one is that the addition
of excited cyclohexenones to nitriles proceeds via a different
path, which is less sensitive to steric interaction than that of
electron-rich alkenes. While for this latter reaction there is
substantial evidence for the interference of exciplexes (3, 4,

8, 9), the efficiency of the former can be attributed to the
predominant interaction between the SOMO of a (nucleo-
philic) alkyl radical and the LUMO of the unsaturated nitrile
(10). Indeed, it has been shown that alkyl radicals add to sty-
rene about 23 times faster than to ethylene (11), and that
cyclohexyl radicals add about 24 times faster to acrylonitrile
than to styrene (12), i.e., the addition of C-centered radicals to
alkenes experiences a 500-fold acceleration in going from
ethylene to acrylonitrile. It seems therefore plausible to define
ethylene as a “standard alkene” and to assume that
cyclohexenone–alkene photocycloadditions are accelerated by
either electron-donating (D) or — mesomerically — electron-
withdrawing (A) substituents on the alkene, the former pro-
moting exciplex formation and the latter radical addition
(Scheme 2). If one neglects the cleavage of the intermediate
biradicals formed by the addition of triplet-excited
cyclohexenones, to unsaturated nitriles, back to starting mate-
rials, the regiochemical outcome of these reactions should
correlate with the relative spin densities on C(2) and C(3) of
the “cyclohexenone-1,2-biradical”, which should be quite
similar for 1b, 5a, and 5b, but significantly altered for 5c.

This would explain, then, why no HT-cycloadduct is
formed from 5c, as the spin density on the propargylic C(2)
is negligible.

Experimental

General
NMR spectra were recorded in either CDCl3 or C6D6 on a

Bruker DRX 500 instrument at 500 and 125.8 MHz, respec-
tively. GC coupled EI-MS was performed on a Varian MAT
311A spectrometer at 70 eV using a 30 m SE-30 capillary
column. Photolyses were carried out in pyrex tubes using a
Rayonet RPR 100 photochemical reactor equipped with
350 nm lamps (up to 16). The solvent (benzene) used for ir-
radiations was of spectrophotometric grade. Cyclohex-2-
enone (1a), acrylonitrile (2), methacrylonitrile (9), and 2,3-
dimethylbut-2-ene (12) were purchased from Merck
(Darmstadt). 5,5-Dimethylcyclohex-2-enone (1b) (13),
2,5,5-trimethylcyclohex-2-enone (5a) (14), 2-benzyl-5,5-
dimethylcyclohex-2-enone (5b) (15), and 2-(3,3-dimethyl-
but-1-ynyl)-5,5-dimethylcyclohex-2-enone (5c) (16) were
synthesized according to literature procedures.

Photolyses: General procedures
In the preparative experiments, an Ar-degassed solution of

cyclohexenone (1 mmol) and acrylonitrile (20 mmol) in ben-
zene (10 mL) was irradiated for the time indicated and to the
degree of conversion indicated (GC monitoring, peak per-
centages in increasing retention times) until maximum con-
version of the enone was achieved. After evaporation, the
residue was worked up using chromatography (CC) on SiO2.
For comparative irradiations of cyclohexenones in the pres-
ence of alkenes 2, 9, and 12, Ar-degassed solutions contain-
ing 0.1 mmol 1b, 5a, or 5b and 2.0 mmol alkene in 2 mL
benzene were irradiated in a merry-go-round setup, and the
formation of products was monitored by GC, using
dodecane as the internal standard, after 15, 30, and 60 min,
respectively.

© 2003 NRC Canada
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Alkene 2 9 12

Cyclohexenone

1b 1.00 1.13 0.67
5a 0.84 0.67 <0.01
5b 0.91 0.66 <0.01

aFor comparative irradiations of cyclohexenones in the presence of
alkenes 2, 9, and 12, Ar-degassed solutions containing 0.1 mmol 1b, 5a,
or 5b and 2.0 mmol alkene in 2 mL benzene were irradiated in a merry-
go-round setup, and the formation of products was monitored by GC,
using dodecane as internal standard, after 15, 30, and 60 min,
respectively.

Table 1. Relative rates for the conversion of cyclohexenones 1b,
5a, and 5b to productsa upon irradiation in the presence of acry-
lonitrile (2), methacrylonitrile (9), or 2,3-dimethylbut-2-ene (12).
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Photolysis of 1a and 2
Irradiation for 2 h with up to 97% conversion led to 6 new

product peaks (9% (unidentified (unident.)), 5% (unident.),
43% (3a), 7% (unident.), 5% (unident.), and 31% (4a)), in
accordance with the product distribution reported in ref. (6),
although no spectral data of the products are given. CC
(Et2O:pentane:toluene:EtOAc = 85:5:5:5) afforded first
50 mg (34%) of 3a (90% purity), Rf = 0.46, and then 25 mg
(17%) of 4a (95% purity), Rf = 0.32, both as colorless oils.

1α,6α-5-oxobicyclo[4.2.0]octane-7-exo-carbonitrile (3a)
1H NMR (C6D6) δ: 0.75 (m, 1H, H(2eq)), 1.10 (m, 1H,

H(2ax)), 1.22 (m, 2H, H(3)), 1.44 (m, 1H, H(8)), 1.69 (m,
1H, H(4)), 1.70 (m, 1H, H(8)), 2.00 (m, 1H, H(4)), 2.57 (m,
1H, H(1)), 2.57 (m, 1H, H(6)), 2.96 (m, 1H, H(7)). 13C
NMR (C6D6) δ: 23.2 (C(3)), 25.4 (C(7)), 26.1 (C(2)), 29.2
(C(8)), 35.6 (C(1)), 40.2 (C(4)), 48.2 (C(6)), 121.7 (CN),
208.5 (CO). MS (%): 149 ([M]+, 28), 55.

1α,6α-5-oxobicyclo[4.2.0]octane-7-endo-carbonitrile (4a)
1H NMR (C6D6) δ: 1.05 (m, 1H, H(2eq)), 1.16 (m, 1H,

H(2ax)), 1.31 (m, 1H, H(3)), 1.49 (m, 1H, H(3)), 1.67 (m,
1H, H(8)), 1.78 (m, 1H, H(8)), 1.81 (m, 1H, H(4)), 2.21 (m,
1H, H(1)), 2.27 (m, 1H, H(4)), 2.59 (dd, J = 9.2, 9.1 Hz, 1H,
H(6)), 2.75 (m, 1H, H(7)). 13C NMR (C6D6) δ: 20.4 (C(3)),
23.2 (C(7)), 26.3 (C(2)), 29.2 (C(8)), 33.6 (C(1)), 40.7
(C(4)), 45.8 (C(6)), 119.9 (CN), 207.9 (CO). MS (%): 149
([M]+, 25), 55.

Photolysis of 1b and 2
Irradiation for 2 h with up to 97% conversion led to five

new product peaks (7% (unident.), 8% (unident.), 46% (4b),
5% (unident.), and 35% (3b)). CC (benzene:EtOAc = 85:15)
afforded first 37 mg (21%) of 3b (75% purity), Rf = 0.51,
and then 57 mg (32%) of 4b (80% purity), Rf = 0.43, both as
colorless oils.

1α,6α-3,3-dimethyl-5-oxobicyclo[4.2.0]octane-7-exo-
carbonitrile (3b)

1H NMR (CDCl3) δ: 0.94 (s, 3H, CH3), 1.06 (s, 3H, CH3),
1.43 (dd, J = 14.5, 10.1 Hz, 1H, H(2ax)), 1.82 (dd, J = 14.5,
7.5 Hz, 1H, H(2eq)), 2.10 (ddd, J = 11.6, 8.5, 4.5 Hz, 1H,
H(8en)), 2.21 (d, J = 16.2 Hz, 1H, H(4eq)), 2.25 (d, J =
16.2 Hz, 1H, H(4ax)), 2.58 (ddd, J = 11.6, 8.5, 8.2 Hz, 1H,
H(8ex)), 3.02 (m, 1H, H(1)), 3.25 (dd, J = 8.5, 8.4 Hz, 1H,
H(6)), 3.36 (ddd, J = 8.6, 8.5, 8.4 Hz, 1H, H(7)). 13C NMR
(CDCl3) δ: 23.9 (C(7)), 28.2 (CH3), 30.2 (C(3)), 30.9 (C(5)),
31.2 (C(1)), 31.4 (C(8)), 32.2 (CH3), 40.6 (C(2)), 47.3
(C(6)), 52.7 (C(4)), 121.9 (CN), 207.9 (CO). MS (%): 177
([M]+, 13), 83.

1α,6α-3,3-dimethyl-5-oxobicyclo[4.2.0]octane-7-endo-
carbonitrile (4b)

1H NMR (CDCl3) δ: 0.89 (s, 3H, CH3), 1.11 (s, 3H, CH3),
1.85 (dd, J = 12.5, 11.5 Hz, 1H, H(2ax)), 1.92 (ddd, J =
12.5, 7.8, 2.0 Hz, 1H, H(2eq)), 2.03 (ddd, J = 12.0, 3.5,
3.2 Hz, 1H, H(8en)), 2.31 (dd, J = 17.4, 2.0 Hz, 1H,
H(4eq)), 2.46 (d, J = 17.4 Hz, 1H, H(4ax)), 2.73 (ddd, J =
12.0, 8.8, 8.7 Hz, 1H, H(8ex)), 2.82 (m, 1H, H(1)), 3.24 (dd,
J = 9.8, 9.0 Hz, 1H, H(6)), 3.43 (dddd, J = 9.8, 8.8, 3.5,
1.4 Hz, 1H, H(7)). 13C NMR (CDCl3) δ: 25.9 (C(7)), 26.9
(CH3), 30.4 (C(3)), 30.8 (C(8)), 31.2 (C(1)), 31.7 (CH3),

42.1 (C(4)), 47.3 (C(6)), 54.1 (C(4)), 122.9 (CN), 208.4
(CO). MS (%): 177 ([M]+, 17), 83.

Photolysis of 5a and 2
Irradiation for 2 h with up to 94% conversion led to four

new product peaks (20% (7a), 17% (8a), 13% (unident.),
and 50% (6a)). CC (pentane:Et2O = 60:40) afforded first
73 mg (38%) of 6a (75% purity), Rf = 0.46, and then 19 mg
(10%) of 7a (90% purity), Rf = 0.38, both as colorless oils.
The data for 8a is obtained from the product mixture.

1α,6α-3,3,6-trimethyl-5-oxobicyclo[4.2.0]octane-7-exo-
carbonitrile (6a)

1H NMR (C6D6) δ: 0.45 (s, 3H, CH3), 0.67 (dd, J = 14.2,
9.8 Hz, 1H, H(2ax)), 0.69 (s, 3H, CH3), 1.08 (dd, J = 14.2,
7.6 Hz, 1H, H(2eq)), 1.20 (ddd, J = 12.0, 9.1, 3.4 Hz, 1H,
H(8en)), 1.25 (s, 3H, CH3), 1.70 (m, 2H, H(1) & H(4ax)),
1.90 (m, 2H, H(4eq) & H(8ex)), 2.72 (dd, J = 9.0, 8.8 Hz,
1H, H(7)). 13C NMR (C6D6) δ: 20.2 (CH3), 28.1 (C(7)), 28.5
(CH3), 29.2 (C(8)), 31.2 (CH3), 33.9 (C(3)), 39.2 (C(1)),
41.3 (C(2)), 50.5 (C(6)), 51.4 (C(4)), 118.7 (CN), 210.1
(CO). MS (%): 191 ([M]+, 4), 41.

1α,6α-1,4,4-trimethyl-2-oxobicyclo[4.2.0]octane-7-exo-
carbonitrile (7a)

1H NMR (C6D6) δ: 0.53 (s, 3H, CH3), 0.69 (s, 3H, CH3),
0.72 (dd, J = 14.5, 8.0, 1H, H(5ax)), 1.05 (dd, J = 14.5,
4.6 Hz, 1H, H(5eq)), 1.06 (s, 3H, CH3), 1.65 (m, 2H, H(3eq)
& H(8ex)), 1.82 (d, J = 14.8 Hz, 1H, H(3ax)), 2.02 (ddd, J =
9.8, 6.5, 6.3 Hz, 1H, H(7)), 2.27 (ddd, J = 8.0, 6.5, 4.6 Hz,
1H, H(6)), 2.30 (dd, J = 12.2, 9.8, 1H, H(8en)). 13C NMR
(C6D6) δ: 23.5 (CH3), 24.2 (C(7)), 27.5 (CH3), 30.9 (C(4)),
31.2 (CH3), 33.9 (C(8)), 39.1 (C(5)), 44.8 (C(1)), 47.3
(C(6)), 51.2 (C(3)), 121.9 (CN), 210.2 (CO). MS (%): 191
([M]+, 12), 83.

1α,6α-3,3,6-trimethyl-5-oxobicyclo[4.2.0]octane-7-endo-
carbonitrile (8a)

1H NMR (C6D6) δ: 0.43 (s, 3H, CH3), 0.88 (s, 3H, CH3),
0.94 (s, 3H, CH3), 1.32 (m, 2H, H(2eq) & H(8en)), 1.53 (dd,
J = 14.2, 8.5 Hz, 1H, H(2ax)), 1.65 (m, 1H, H(1)), 1.85
(ddd, J = 12.0, 9.1, 8.9, 1H, H(8ex)), 2.05 (m, 1H, H(7)),
2.15 (d, J = 17.3 Hz, 1H, H(4eq)), 2.45 (d, J = 17.3 Hz, 1H,
H(4ax)). 13C NMR (C6D6) δ: 20.5 (CH3), 28.1 (C(8)), 28.5
(CH3), 31.0 (C(7)), 31.2 (CH3), 33.9 (C(3)), 39.2 (C(1)),
43.3 (C(2)), 52.1 (C(6)), 54.1 (C(4)), 119.7 (CN), 209.8
(CO). MS (%): 191 ([M]+, 4), 41.

Photolysis of 5b and 2
Irradiation for 4 h with up to 85% conversion led to four

new product peaks (25% (7b), 40% (6b), 17% (unident.),
and 18% (8b)). CC (pentane:toluene:EtOAc = 70:15:15) af-
forded first 106 mg (40%) of 6b (70% purity), Rf = 0.42, and
then 40 mg (15%) of 7b (95% purity), Rf = 0.32, both as col-
orless oils. The data for 8b is obtained from the product
mixture.

1α,6α-6-benzyl-3,3-dimethyl-5-oxobicyclo[4.2.0]octane-7-
exo-carbonitrile (6b)

1H NMR (CDCl3) δ: 0.30 (s, 3H, CH3), 0.92 (s, 3H, CH3),
1.40 (dd, J = 14.3, 8.4 Hz, 1H, H(2ax)), 1.70 (dd, J = 14.3,
8.2 Hz, 1H, H(2eq)), 1.82 (d, J = 16.1 Hz, 1H, H(4ax)), 2.06
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(d, J = 16.1 Hz, 1H, H(4eq)), 2.09 (ddd, J = 11.6, 9.0,
4.5 Hz, 1H, H(8en)), 2.57 (ddd, J = 11.6, 8.3, 8.2 Hz, 1H,
H(8ex)), 2.88 (m, 1H, H(1)), 3.41 (dd, J = 9.0, 8.3 Hz, 1H,
H(7)), 3.42 & 3.55 (AB, J = 13.2 Hz, 2H, CH2Ph), 7.12–
7.30 (m, 5H, arom). 13C NMR (CDCl3) δ: 28.0 (C(8)), 28.2
(C(7)), 28.7 (CH3), 31.0 (CH3), 34.5 (C(3)), 36.3 (C(1)),
40.3 (CH2Ph), 40.8 (C(2)), 52.7 (C(6)), 53.0 (C(4)), 119.6
(CN), 127.6–136.5 (arom), 211.9 (CO). MS (%): 267 ([M]+,
50), 91.

1α,6α-1-benzyl-4,4-dimethyl-2-oxobicyclo[4.2.0]octane-7-
exo-carbonitrile (7b)

1H NMR (CDCl3) δ: 0.70 (s, 3H, CH3), 0.98 (s, 3H, CH3),
1.52 (dd, J = 14.1, 4.6 Hz, 1H, H(5eq)), 1.77 (dd, J = 14.1,
7.6 Hz, 1H, H(5ax)), 1.82 (d, J = 14.7 Hz, 1H, H(3ax)), 2.05
(d, J = 14.7 Hz, 1H, H(3eq)), 2.26 (dd, J = 12.0, 6.8 Hz, 1H,
H(8ex)), 2.78 (m, 2H, H(7) & H(8en)), 3.02 & 3.16 (AB, J =
13.2 Hz, 2H, CH2Ph), 3.17 (m, 1H, H(6)), 7.10–7.30 (m,
5H, arom). 13C NMR (CDCl3) δ: 23.6 (C(7)), 29.4 (CH3),
31.4 (CH3), 32.9 (C(8)), 34.3 (C(4)), 39.2 (C(5)), 44.6
(CH2Ph), 45.4 (C(6)), 51.1 (C(1)), 52.8 (C(3)), 122.2 (CN),
127.6–136.4 (arom), 214.5 (CO). MS (%): 267 ([M]+, 20), 91.

1α,6α-6-benzyl-3,3-dimethyl-5-oxobicyclo[4.2.0]octane-7-
endo-carbonitrile (8b)

1H NMR (CDCl3) δ: 0.39 (s, 3H, CH3), 1.04 (s, 3H, CH3),
1.52 (m, 1H, H(2ax)), 1.75 (m, 1H, H(2eq)), 1.94 (ddd, J =
12.0. 5.0, 4.6 Hz, 1H, H(8en)), 2.02 (d, J = 17.4 Hz, 1H,
H(4eq)), 2.32 (d, J = 17.4 Hz, 1H, H(4ax)), 2.46 (ddd, J =
12.0, 9.1, 9.0 Hz, 1H, H(8ex)), 2.74 (m, 1H, H(1)), 3.00
(ddd, J = 9.1, 5.0, 1.3 Hz, 1H, H(7)), 2.81 & 3.35 (AB, J =
13.2 Hz, 2H, CH2Ph), 7.12–7.30 (m, 5H, arom). 13C NMR
(CDCl3) δ: 27.7 (CH3), 27.9 (C(8)), 29.6 (CH3), 30.1 (C(7)),
32.1 (C(3)), 35.8 (C(1)), 41.7 (CH2Ph), 43.1 (C(2)), 53.8
(C(6)), 53.9 (C(4)), 120.9 (CN), 127.2–136.7 (arom), 211.1
(CO). MS (%): 267 ([M]+, 45), 91.

Photolysis of 5c and 2
Irradiation for 8 h with up to 80% conversion led to two

new product peaks (82% (6c) and 18% (7c)). CC
(pentane:Et2O = 70:30) afforded first 35 mg (18%) of a 1:1
mixture of 6c and 8c, Rf = 0.47, and then 101 mg (49%) of
pure 6c, Rf = 0.42, as light yellow solid, mp 33–35°.

1α,6α-6-(3,3-dimethylbut-1-ynyl)-3,3-dimethyl-5-
oxobicyclo[4.2.0]octane-7-exo-carbonitrile (6c)

1H NMR (CDCl3) δ: 0.96 (s, 3H, CH3), 1.13 (s, 3H, CH3),
1.17 (s, 9H, CH3), 1.24 (dd, J = 13.5, 7.0 Hz, 1H, H(2eq)),
1.73 (dd, J = 13.5, 8.0 Hz, 1H, H(2ax)), 1.99 (ddd, J = 12.0,
9.0, 6.0 Hz, 1H, H(8en)), 2.07 (d, J = 14.6 Hz, H(4ax)), 2.37
(ddd, J = 12.0, 9.0, 6.0 Hz, 1H, H(8ex)), 2.59 (d, J =
14.6 Hz, H(4eq)), 3.17 (m, 1H, H(1)), 3.61 (dd, J = 9.5,
6.0 Hz, 1H, H(7)). 13C NMR (CDCl3) δ: 26.4 (CMe3), 27.1
(C(8)), 28.5 (CH3), 28.6 (CH3), 29.3 (C(7)), 29.6 ((CH3)3),
34.6 (C(3)), 37.7 (C(2)), 41.2 (C(1)), 48.6 (C(4)), 50.6
(C(6)), 74.5 & 95.9 (C�C), 118.0 (CN), 205.1 (CO). MS
(%): 257 ([M]+, 2), 148.

1α,6α-6-(3,3-dimethylbut-1-ynyl)-3,3-dimethyl-5-
oxobicyclo[4.2.0]octane-7-endo-carbonitrile (8c)

1H NMR (CDCl3) δ: 0.99 (s, 3H, CH3), 1.02 (s, 3H, CH3),
1.07 (s, 9H, CH3), 1.55 (dd, J = 13.0, 6.0 Hz, 1H, H(2eq)),

1.81 (dd, J = 13.0, 8.0 Hz, 1H, H(2ax)), 1.99 (ddd, J = 12.0,
6.0, 6.0 Hz, 1H, H(8en)), 2.22 (d, J = 16.4 Hz, H(4ax)), 2.48
(d, J = 16.4 Hz, H(4eq)), 2.63 (ddd, J = 12.0, 9.0, 9.0 Hz,
1H, H(8ex)), 2.87 (m, 1H, H(1)), 3.19 (ddd, J = 9.5, 6.0,
1.2 Hz, 1H, H(7)). 13C NMR (CDCl3) δ: 26.7 (CMe3), 28.6
(C(8)), 28.7 (CH3), 28.8 (CH3), 29.5 ((CH3)3), 30.1 (C(7)),
32.5 (C(3)), 39.1 (C(2)), 40.7 (C(1)), 46.8 (C(6)), 50.6
(C(4)), 71.7 & 92.2 (C�C), 117.9 (CN), 203.3 (CO). MS
(%): 257 ([M]+, 4), 41.

Photolysis of 5b and 9
Irradiation for 4 h with up to 75% conversion led to two

new product peaks (54% (10) and 46% (11)). CC
(pentane:toluene:EtOAc = 70:15:15) afforded first 84 mg
(30%) of pure 11, Rf = 0.47, as a light yellow oil and then
56 mg (20%) of pure 12, Rf = 0.41, as a light yellow solid,
mp 38–39°.

1α,6α-6-benzyl-3,3,7-trimethyl-5-oxobicyclo[4.2.0]octane-7-
endo-carbonitrile (11)

1H NMR (CDCl3) δ: –0.12 (s, 3H, CH3), 0.91 (s, 3H,
CH3), 1.55 (s, 3H, CH3), 1.72 (ddd, J = 14.2, 7.6, 2.6 Hz,
1H, H(2eq)), 1.92 (dd, J = 18.6, 2.6 Hz, 1H, H(4eq)), 1.95
(dd, J = 14.2, 10.7 Hz, 1H, H(2ax)), 2.23 (dd, J = 12.0,
2.5 Hz, 1H, H(8en)), 2.38 (d, J = 18.6 Hz, 1H, H(4ax)), 2.45
(dd, J = 12.0, 8.5 Hz, 1H, H(8ex)), 2.66 (m, 1H, H(1)), 2.66
& 3.49 (AB, J = 12.8 Hz, 2H, CH2Ph), 7.17–7.37 (m, 5H,
arom). 13C NMR (CDCl3) δ: 20.4 (CH3), 25.1 (CH3), 31.7
(C(3)), 32.5 (CH3), 32.8 (C(1)), 35.8 (C(8)), 37.7 (CH2Ph),
37.8 (C(7)), 39.5 (C(2)), 53.3 (C(4)), 55.0 (C(6)), 124.7
(CN), 126.5–136.9 (arom), 212.7 (CO). MS (%): 281 ([M]+,
30), 91.

1α,6α-1-benzyl-4,4,7-trimethyl-2-oxobicyclo[4.2.0]octane-7-
exo-carbonitrile (12)

1H NMR (CDCl3) δ: 0.30 (s, 3H, CH3), 0.95 (s, 3H, CH3),
1.40 (s, 3H, CH3), 1.46 (dd, J = 13.6, 12.3 Hz, 1H, H(5ax)),
1.55 (ddd, J = 13.6, 6.9, 2.2 Hz, 1H, H(5eq)), 2.02 (dd, J =
17.6, 2.2 Hz, 1H, H(3eq)), 2.10 (d, J = 17.6 Hz, 1H,
H(3ax)), 2.30 (d, J = 12.3 Hz, 1H, H(8en)), 2.54 (dd, J =
12.3, 3.0 Hz, 1H, H(8ex)), 3.13 (m, 1H, H(6)), 3.42 & 3.55
(AB, J = 13.2 Hz, 2H, CH2Ph), 7.15–7.38 (m, 5H, arom).
13C NMR (CDCl3) : 20.5 (CH3), 25.6 (CH3), 32.5 (C(4)),
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32.9 (CH3), 35.8 (C(5)), 40.8 (C(8)), 41.1 (C(7)), 42.3
(CH2Ph), 43.3 (C(6)), 48.2 (C(1)), 52.0 (C(3)), 126.7 (CN),
126.8–136.7 (arom), 214.7 (CO). MS (%): 281 ([M]+, 20), 91.
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Stereospecific Grignard reactions of cholesteryl
1-alkenesulfinate esters: Application of the
Andersen Protocol to the preparation of non-
racemic �,�-unsaturated sulfoxides

Rick R. Strickler, John M. Motto, Craig C. Humber, and Adrian L. Schwan

Abstract: Enantiomerically enriched α ,β-unsaturated sulfinate esters of (–)-cholesterol undergo stereospecific substitu-
tions at sulfur when treated in benzene at 6°C with Grignard reagents. Sulfoxides with ees of 85–99.5% are obtained
when enantiopure sulfinates are used. The substitution reactions proceed with inversion of sulfur configuration. Enan-
tiomerically pure cholesteryl (E)-2-carbomethoxyethenesulfinate is not a suitable reactant under the Grignard reaction
conditions. It is suggested that the ester group induces unwanted reactions significantly lowering both the yield and
sulfur stereogenicity.

Key words: sulfinate, sulfoxide, Grignard reagents, stereospecific, unsaturated.

Résumé : Lorsqu’on les traite avec des réactifs de Grignard, dans le benzène à 6 °C, les sulfinates α ,β-insaturés énan-
tiomériquement enrichis du (–)-chlolestérol subissent des réactions de substitution stéréospécifiques au niveau du
soufre. Des sulfoxydes avec des ee de 95 à 99,5 % sont obtenus lorsqu’on utilise des sulfinates énantiomériquement
purs. Les réactions de substitution se produisent avec inversion de configuration au niveau du soufre. Le (E)-2-carbo-
méthoxyéthènesulfinate de cholestéryle énantiomériquement pur n’est pas un réactif approprié dans les conditions utili-
sées avec les réactifs de Grignard. Il est suggéré que le groupe ester induit des réactions indésirables qui abaissent de
façon significative tant le rendement que la stéréogénicité au niveau du soufre.

Mots clés : sulfinate, sulfoxyde, réactifs de Grignard, stéréospécifique, insaturé.

[Traduit par la Rédaction] Strickler et al. 430

Introduction

Enantioentriched sulfoxides can induce the introduction of
carbon chirality into organic molecules by a number of means
including carbanionic chemistry, Diels–Alder reactions and
chiral ligand complexation (1–4). In these reactions it is the
chirality at the sulfur center that plays a pivotal role in con-
trolling the stereochemical outcome of the reaction. As such,
a great deal of effort has gone into developing reliable and ef-
ficient methods for the synthesis of enantiopure sulfoxides.
One mode of preparation of chiral sulfoxides that has enjoyed
sustained popularity (4–7) is based on a protocol introduced
by Andersen (8a). The original Andersen procedure involves
treating a sulfinyl chloride with (–)-menthol to generate a
diastereomeric mixture of menthyl sulfinate esters which, fol-
lowing a separation step, undergo organometallic substitution
to afford enantiomerically pure sulfoxides (Scheme 1,
R*OH = menthol). Since the original Andersen method was
first introduced several improvements have been advanced.
These typically involve the use of other chiral alcohols such

as diacetone-D-glucose (DAG), (5b, 9) (1R,2S)-(–)-trans-2-
phenyl-cyclohexanol (10), and cholesterol (7, 11). The major-
ity of recent applications of this protocol have tended to em-
ploy either DAG (4, 5) or (–)-menthol (6).

To this point, the application of cholesterol to this chemis-
try has been focused on preparing methanesulfinate esters
(11). The propensity of the large cholesteryl auxiliary to crys-
tallize provided the driving force for the sulfinate separation
by recrystallization and the eventual formation of enantiopure
methanesulfinates and methyl sulfoxides (11). Our group has
established a practical method for the synthesis of 1-
alkenesulfinyl chlorides (12, 13) and while investigating their
conversion to enantiopure α,β-unsaturated sulfinate esters, has
found that cholesterol is a preferred chiral alcohol (14). The
aptitude for cholesterol derivatives to crystallize provided a
benefit no other alcohols could equal. In that investigation the
first collection of optically active 1-alkenesulfinate esters was
reported (eq. [1]) (14). As part of our continuing interest in
this area we investigated the nucleophilic conversion of these
α,β-unsaturated sulfinate esters to enantiopure or enriched α,β-
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unsaturated sulfoxides, compounds that are well-established
as useful sources of a variety of chiral derivatives (1, 15).
Most of the existing chiral vinylic sulfoxide preparations ei-
ther create the double bond after a chiral sulfoxide has been
prepared, or treat a chiral arenesulfinate with a vinylic organ-
ometallic reagent (15c, 15d). No such syntheses have estab-
lished the chirality once the C=C-S unit was already intact
which is the strategy investigated by us. This paper reports
the outcome of our investigation, a portion of which has al-
ready been communicated (7).

Results and discussion

A synthetically useful organometallic displacement of the
cholesteryl unit requires both high yield and maintenance of
the stereogenicity at the sulfur. In work outlined in the prelimi-
nary communication (7), it was established using cyclohexyl
analogs of the available enantioenriched sulfinate esters (14)
that Grignard reagents (2 equiv) were readily found to be fa-
vored over organolithiums (16). To find the preferred condi-
tions for maximum enantiomeric excesses, samples of [RS]-(–)-
cholesteryl (E)-3,3-dimethyl-1-butenesulfinate (1) possessing
88–100% optical purity were treated with n-BuMgCl under
various conditions.2 The results directed us to perform all sub-
sequent substitution reactions in benzene (17) at 6°C where
possible, although ethyl ether was the original solvent for such
reactions (8b, 18).

Using the reaction conditions found in those preliminary
experiments, the reactions of enantiopure or enantioenriched
selected [RS]- and [SS]-sulfinates 1–4 with commercial and
prepared Grignard reagents were proved to be efficient and
chemoselective affording a wide variety of substituted α,β-
unsaturated sulfoxides as outlined in Table 1 (eq. [2]). The
enantiomeric excesses and the configurational assignments
of the sulfoxides were determined using the chiral solvating

agent [R]-(–)-2,2,2-trifluoro-1-(9-anthryl)ethanol (19).3 The
sulfoxides possessing the highest ees arose from stereo-
specific reactions of sulfinates 1, 3, and 4. Simple ethenyl
sulfoxides could not be produced with high ee, since the pre-
cursor (–)-cholesteryl ethenesulfinate (2) could only be
formed with des as high as 47% (14). Nevertheless, Grig-
nard reactions of 2 still proceeded with high stereo-
specificity and yield when aromatic Grignard reagents were
employed. Aliphatic Grignard reagents afforded somewhat
lower yield and brought on losses of stereogenicity. Uti-
lizing the availability of [SS]-1 (14) the corresponding Grig-
nard reactions and the obtention of [RS]-sulfoxides confirms
the stereospecificity of the substitution pathway and elimi-
nates the possibility of stereoconvergent Grignard reactions.

It was decided that the 1H NMR – solvating agent method
(19) of ee determination had a detection limit of 98% for
samples that had only one set of peaks evident: the 1H NMR
of solvated 6f shows the minor isomer and the ee of the sam-
ple of 6f was found to be 98%. A closer inspection of the ro-
tation data for 8b further corroborates the detection limit,
and hence the optical purity of the sulfoxides. The literature
reports a value of [α]D

25 +166.0° (CHCl3) for 8b with 100%
optical purity (20) while we obtained [α]D

25 +165.1° (CHCl3)
meaning our isolated sample of 8b possessed an ee of
99.5%.

Successful 2-furyl Grignard reactions were obtained after
several attempts and it was found that 2-furylMgBr gener-
ated in THF by the reaction of 2-furyllithium with MgBr2-
Et2O (6d, 21) reacts with [RS]-1 in THF at –20°C in 78%
yield and with >98% ee. Sulfoxides bearing the furyl group
are important in organic synthesis and have been used in the
synthesis of naturally occurring compounds (22). Also, note-
worthy is that MeMgBr induced a 15% reduction in the
measured ees of the sulfoxides obtained. Several repetitions
and variations were performed but ees could not be im-
proved and yields consistently ranged from 56 to 67%.

Many of the synthetic protocols for racemic and homo-

chiral α,β-unsaturated sulfoxides introduce the double bond
in the last stage of the preparation and sometimes lead to
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Scheme 1.

2 The reader is referred to the table of preliminary data presented in the communication (ref. (7)).
3 In some cases, one can gain confirmation of the assigned sulfur configuration by comparison of the sample’s optical rotation with literature
values.
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mixtures of double bond isomers (6g, 20, 23, 24). At no
point were the sulfoxides obtained herein contaminated with
any cis-isomer. Our protocol establishes the geometry of the
double bond at a very early stage of the chemistry, and the
double bond configuration is never jeopardized thereafter. In
this regard we are demonstrating the stereospecific transfer
of selected chiral alkenesulfinyl units, while maintaining the
double bond geometry. Hence, the sulfinates represent the
first usage of an intact chiral [RCH=CHSO]+ synthon.

Reactions of cholesteryl (E)-2-carbomethoxyethene-
sulfinate

Grignard reactions of optically pure sulfinate 5 proved
troublesome. Under our established conditions little or no
sulfoxide was observed. Hence, cyclohexyl (E)-2-carbo-
methoxyethenesulfinate (10) (12) was enlisted as a model

compound for 5 to employ in an investigation of the behav-
ior of this unique sulfinate. The reaction of 10 with
MeMgBr (eq. [3]) typifies the results of several trials.
Sulfoxide 11 could only be obtained in 0–20% yield and the
reaction mixture always contained vinyl ether 12. Changing
to other organometallic species such as organolithium and
organocerium reagents offered little improvement.

© 2003 NRC Canada
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Sulfoxide

Sulfinate and config. Grignard reagenta Structure % Yield [α]D
25b %eec

1 2: 42% [RS] 7g 80 +153.4° (c 1.09) 41 [RS]

2 2: 22% [SS] 7g 83 –79.9° (c 1.42) 22 [SS]

3 2: 22% [SS] c-C6H11MgCl 7d 42(63)d –51.6° (c 0.32) 23 [SS]
4 2: 42% [RS] p-TolylMgBr 7b 77(85)d +136.3° (c, 1.08)e 42 [RS]
5 2: 42% [RS] 2-FurylMgBrf 7c 59 +72.3° (c, 0.83) 41 [RS]
6 2: 36% [RS] PhCMe2CH2MgCl 7j 39 +43.0° (c 1.96) 28 [SS]
7 1:100% [RS] nBuMgCl 6a 86 +130.7° (c 1.57) >98 [SS]
8 1:100% [RS] MeMgBr 6e 56–67 +238.2° (c 2.90) 85 to 86 [SS]
9 1:100% [RS] i-PrMgCl 6f 85 +150.3° (c 1.95) 98 [SS]
10 1:100% [RS] c-C6H11MgBr 6d 86 +61.4° (c 2.38) >98 [SS]
11 1:100% [RS] PhCH2MgBrg 6h 78 +142.0° (c 1.31) 91 [SS]
12 1:100% [RS] p-TolylMgBr 6b 86 +116.6° (c 1.41)h 94 [RS]
13 1:100% [RS] 2-FurylMgBrf 6c 78 +125.8° (c 1.69) >98 [RS]
14 1:71% [SS] i-PrMgCl 6f 76 –112.3° (c 1.53) 72 [RS]
15 1:71% [SS] c-C6H11MgBr 6d 79 –41.4° (c 2.30) 71 [RS]
16 3:42%[SS] tBuMgCl 8i 70 –46.6° (c 1.08) 41.5 [SS]
17 3:100% [RS] t-BuMgCl 8i 70 +109.8° (c 0.96) 97 [RS]
18 3:100% [RS] i-PrMgCl 8f 87 +116.7° (c 1.69) 91 [SS]
19 3:100% [RS] c-C6H11MgBr 8d 62 +62.3° (c 1.61) 92 [SS]
20 3:100% [RS] n-BuMgCl 8a 74 +62.1° (c 0.89) n/di

21 3:100% [RS] PhCH2MgBrg 8h 56(87)c –53.9° (c 1.04) 91 [SS]
22 3:100% [RS] PhCMe2CH2MgCl 8j 81 +125.3° (c 0.64) 91 [SS]
23 3:100% [RS] p-TolylMgBr 8b 76 +176.9° (c, 1.03)j >98 [RS]
24 3:100% [RS] 8g 82 +152.0° (c 1.11) 95 [RS]

25 4:86%[SS] 9g 61 –49.5° (c 2.52) 86 [SS]

26 4:85% [SS] c-C6H11MgBr 9d 73 –28.0° (c 1.17) 79 [RS]
aUsed 2 equiv of Grignard reagent unless otherwise noted. Reactions were performed in benzene at 6°C unless otherwise noted.
bOptical rotations were obtained in acetone, unless otherwise noted.
cEes were determined using [R]-(–)-2,2,2-trifluoro-1-(9-anthryl)ethanol as an NMR solvating agent. See ref. (19).
dYield in brackets is based on recovered starting material.
eLit. (20) value +386° (ethanol, 94% [RS]).
fPrepared from lithiated furanyl anion; see text and Experimental section for details.
gExperiment was done with 1 equiv of Grignard reagent.
hLit. (23d) value +33° (acetone).
iNot determinable.
j[α] D

25 +165.1° (c, 1.03, CHCl3) (lit. (20) value +166.0°; (CHCl3, 100% [RS])).

Table 1. Grignard reactions of optically enriched α ,β-unsaturated sulfinates.
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A mechanism to account for the observed results is of-
fered in Scheme 2. It was felt that the sulfur substitution is
indeed occurring, but the product is prone to counterattack
by the displaced alkoxide. That attack occurs conjugate to
the ester, the stronger electron-withdrawing group, and to
conclude what appears to be an addition–elimination mecha-
nism, a sulfenic acid anion (13) is released. To test this
mechanism, sulfoxide 11 (R = MeOC6H4CH2), the precursor
of sulfinates 5 (14) and 10 (12), was treated with lithium
cyclohexylate and the mixture was quenched with benzyl
bromide to capture any reactive sulfenate (e.g., 13). The ob-
servation of 12 as a reaction constituent and the isolation of
14 (R = MeOC6H4CH2) in 47% purified yield from that mix-
ture offer strong support for the proposed mechanism
(Scheme 2).

A number of experiments were performed to see if the
sulfoxide could be intercepted before the addition–elimina-
tion reaction took place. To this end, sulfinate 10 was treated
with nucleophiles 15–19. It was hoped that dianions 15 (25),
16, and 17 (26) would effect sulfoxide formation and rapidly
perform an intramolecular Michael addition. As an alterna-
tive strategy, it was suggested that 18 (5d) and 19 could
achieve sulfoxide formation and the presence of a (thio)car-
bonyl group β to the sulfinyl unit would enhance the acidity
of the intervening methylene hydrogens thereby providing
the displaced alkoxide the recourse of deprotonation rather
than Michael attack. None of these efforts provided signifi-
cant sulfoxide and vinyl ether 12 was evident in the reaction
mixtures.

Not completely discouraged, we pursued several reactions
of 5 with Grignard reagents. Equation [4] depicts the best re-
sults that could be achieved, and although the low yields of
sulfoxide 11 and of vinyl ether 20 were foreseen, the loss of
sulfur stereochemistry was unexpected. The loss of sulfur
chirality is presumably because of the presence of the conju-
gating carboxylic ester group. It has recently been shown
(27) that the presence of a vinylic ester conjugating to a
sulfinyl lone pair and the consequent mesomeric donation of
that lone pair toward the ester leads to a reduced inversion
barrier for the sulfinyl group. Based on this behavior, it fol-
lows that the sulfinyl group in a compound such as 11 exhib-
its increased electrophilicity at sulfur. Hence, a reasonable
explanation for the loss of sulfur stereochemistry entails at-
tack of 11 by excess Grignard agent, a pseudorotation step
of the intermediate sulfurane at which time loss of stereo-
genicity occurs followed by release of one of the two car-

bon-based ligands. Alternatively, attack by previously re-
leased cholesteryloxy anion on 5 would bring about a
similar outcome, as precedented by counterattack and race-
mization by thiolate on chiral thiosulfinates (28). However,
control experiments have shown that racemization of 5 by
cholesteryloxy anion is minimal.

Conclusions

Andersen, Mikolazcyk, and co-workers (11) have previ-
ously obtained optically pure cholesteryl [RS]- and [SS]-
methanesulfinates in <5% yield. Although the behavior of
cholesteryl ethenesulfinate would appear to be similar to
those methanesulfinates, we were able to secure more substi-
tuted 1-alkenesulfinates in higher yield through recrystal-
lization chemistry (14) and demonstrate in this paper that
they are suitable 1-alkenesulfinyl transfer agents. Based on
this observation, diastereomeric mixtures of cholesteryl
sulfinate esters bearing large aryl and alkyl groups attached
to sulfur may prove readily separable and hence worthy of
investigation.

Those sulfinate esters that we have been able to secure un-
dergo stereospecific substitution with inversion at sulfur
yielding a range of α,β-unsaturated sulfoxides. The presence
of a carbomethoxy group trans to the sulfinate ester creates
significant unwanted reactions under Grignard treatment
conditions. The method outlined herein is not limited to
vinylic sulfoxides bearing only a p-tolyl group, the prepa-
rations of which have been amply demonstrated in the lit-
erature, buts allows for the preparation of a broader array
of alkyl or aryl 1-alkenyl sulfoxides. It would appear that
the collection of sulfoxides accessible by this protocol is
only limited by the number of enantioenriched sulfinates
available; we are currently exploring other means of pre-
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paring a larger selection of enantiopure 1-alkene-
sulfinates.

Experimental

General
Our general experimental methods have been outlined in a

previous publication (12). Unless noted below, all Grignard
reagents were purchased as stock solutions from Aldrich.
Optical rotation measurements were performed on an
Autopol III automatic polarimeter.

Typical procedure for the conversion of optically enriched
sulfinates 1–4 to sulfoxides

Diastereomerically pure cholesteryl 1-alkenesulfinate ester
(1–4, 1 equiv) was dissolved in benzene (10 mL) and cooled
to 6°C under N2. After 10 min the Grignard reagent (com-
mercially available stock solution; 1 to 2 equiv) was added
dropwise. The reaction mixture was stirred until complete by
TLC analysis (1 to 2 h) and then quenched with NH4Cl
(10 mL). The solution was diluted with EtOAc and the or-
ganic layer separated, washed with brine, dried with MgSO4,
filtered, and concentrated under reduced pressure. The
enantioenriched sulfoxides were isolated using silica gel
flash chromatography, with EtOAc–hexanes as the eluent.
Chemical yields, enantiomeric purities, and optical rotation
data (in acetone) are presented in Table 1. All sulfoxides ex-
cept 6c, 7c, 11a, and 11b were prepared by this protocol.
Structural characterization of the sulfoxides follows.

[RS]-1-Ethenyl 4-methylphenyl sulfoxide (7b) (23c):
1H NMR (400 MHz) δ: 7.52 (d, J = 8.0 Hz, 2H), 7.32 (d,

J = 8.4 Hz, 2H), 6.58 (dd, J = 16.4, 9.6 Hz, 1H), 6.19 (d, J =
16.4 Hz, 1H), 6.18 (d, J = 9.6 Hz, 1H), 2.41 (s, 3H).

[SS]-1-Ethenyl cyclohexyl sulfoxide (7d):
Mp: 48–50°C. IR (CH2Cl2) (cm–1): 3043, 2933, 2856,

1452, 1055. 1H NMR (400 MHz) δ: 6.57 (dd, J = 16.5,
10.0 Hz, 1H), 6.07 (d, J = 16.5 Hz, 1H), 6.00 (d, J =
10.0 Hz, 1H), 2.57 (tt, J = 11.6, 3.6 Hz, 1H), 2.02–1.87 (m,
3H), 1.80–1.60 (m, 2H), 1.50–1.15 (m, 5H). 13C NMR
(100.6 MHz) δ: 138.6, 122.9, 60.2, 26.0, 25.5, 25.3, 24.2.
MS (CI, NH3) m/z (%): 159 ([M + 1]+, 21), 108 (24), 91
(100), 90 (35), 74 (28), 73 (14). Anal. calcd. for C8H14OS: C
60.71, H 8.92; found: C 60.92, H 8.70.

[RS]-4-Fluoro-3-methylphenyl ethenyl sulfoxide (7g):
IR (neat) (cm–1): 3064, 3032, 2928, 1597, 1577, 1485,

1449, 1395, 1384, 1368, 1240, 1183, 1120, 1085, 1055,
1015, 986. 1H NMR (400 MHz) δ: 7.48 (dd, J = 6.8, 1.6 Hz,
1H), 7.42 (m, 1H), 7.14 (t, J = 8.8 Hz, 1H), 6.57 (dd, J =
16.4, 9.6 Hz, 1H), 6.20 (d, J = 16.4 Hz, 1H), 6.91 (d, J =
9.6 Hz, 1H), 2.33 (s, 3H). 13C NMR (100.6 MHz) δ: 162.9
(d, J = 250.6 Hz), 142.8, 138.1, 128.0 (d, J = 6.0 Hz), 126.9
(d, J = 18.5 Hz), 124.3 (d, J = 8.9 Hz), 120.6, 116.1 (d, J =
23.7 Hz), 14.5 (d, J = 3.2 Hz). MS (EI) m/z (%): 184 (M+,
11), 157 (21), 141 (18), 137 (11), 136 (100), 135 (21), 110
(18), 109 (33), 108 (10), 107 (12), 97 (11), 83 (20), 59 (10),
57 (13), 45 (19). Anal. calcd. for C9H9FOS: C 58.68, H
4.92; found: C 58.77, H 5.02.

[SS]-Ethenyl 1-(2-methyl-2-phenylpropyl) sulfoxide (7j):
IR (neat) (cm–1): 3089, 3034, 2967, 2932, 1497, 1444,

1370, 1047. 1H NMR (400 MHz) δ: 7.31–7.24 (m, 3H),
7.17–7.14 (m, 2H), 6.25 (dd, J = 16.4, 9.6 Hz, 1H), 5.92 (d,
J = 16.4 Hz, 1H), 5.73 (d, J = 9.6 Hz, 1H), 2.89 (ABq, J =
13.4 Hz, 2H), 1.16 (s, 3H), 0.78 (s, 3H). 13C NMR
(100.6 MHz) δ: 146.7, 141.5, 128.5, 126.6, 125.6, 120.7,
70.0, 37.8, 29.9, 27.2. MS (EI) m/z (%): 209, (82), 133 (91),
91(100), 55(20). Anal. calcd. for C12H16OS: C 69.19, H
7.74; found: C 69.38, H 7.59.

[SS]-(E)-3,3-Dimethyl-1-butenyl 1-butyl sulfoxide (6a):
IR (neat) (cm–1): 2959, 2932, 2906, 2870, 1625, 1465,

1364, 1265, 1074, 1039, 971. 1H NMR (400 MHz) δ: 6.45
(d, J = 15.4 Hz, 1H), 6.09 (d, J = 15.4 Hz, 1H), 2.70 (t, J =
7.7 Hz, 2H), 1.68 (m, 2H), 1.48 (m, 2H), 1.11 (s, 9H), 0.96
(t, J = 7.3 Hz, 3H). 13C NMR (100.6 MHz) δ: 151.1, 128.1,
53.8, 34.2, 28.8, 24.1, 22.0, 13.7. MS (EI) m/z (%): 188 (8),
171 (39), 132 (35), 118 (21), 117 (100), 115 (34), 101 (40),
99 (33), 97 (25), 85 (32), 84 (20), 83 (86), 79 (18), 74 (29),
71 (22), 69 (27), 67 (29), 65 (26), 59 (71), 57 (78), 56 (18),
55 (70), 53 (28), 51 (17). Anal. calcd. forC10H20OS: C
63.78, H 10.70; found: C 63.83, H 10.45.

[RS]-(E)-3,3-Dimethyl-1-butenyl 4-methylphenyl sulfoxide
(6b) (29):

1H NMR (400 MHz) δ: 7.49 (d, J = 8.0 Hz, 2H), 7.31 (d,
J = 8.0 Hz, 2H), 6.59 (d, J = 15.4 Hz, 1H), 6.11 (d, J =
15.4 Hz, 1H), 2.41 (s, 3H), 1.08 (s, 9H).

[SS]-(E)-3,3-Dimethyl-1-butenyl cyclohexyl sulfoxide (6d):
IR (CH2Cl2) (cm–1): 3029, 2935, 2855, 1622, 1474, 1463,

1451, 1365, 1264, 1055, 971. 1H NMR (400 MHz) δ: 6.42
(d, J = 15.6 Hz, 1H), 6.04 (d, J = 15.6 Hz, 1H), 2.54 (m,
1H), 2.04 (m, 1H), 1.88 (m, 3H), 1.67 (m, 1H), 1.31 (m,
5H), 1.11 (s, 9H). 13C NMR (100.6 MHz) δ: 152.2, 126.1,
60.5, 34.3, 28.9, 26.0, 25.6, 25.5, 25.3, 24.8. MS (EI) m/z
(%): 214 (M+, 8), 198 (19), 183 (32), 132 (100), 117 (78),
115 (27), 101 (48), 83 (88), 81 (19), 74 (20), 67 (26), 59
(41), 53 (17), 55 (85). Anal. calcd. for C12H22OS: C 67.23,
H 10.34; found: C 67.08, H 9.93.

[SS]-(E)-3,3-Dimethyl-1-butenyl methyl sulfoxide (6e) (23d):
1H NMR (400 MHz) δ : 6.47 (d, J = 15.4 Hz, 1H), 6.17

(d, J = 15.4 Hz, 1H), 2.61 (s, 3H), 1.11 (s, 9H). MS (EI) m/z
(%): 146 (M+, 20), 131 (28), 130 (32), 117 (12), 115 (100),
83 (47), 81 (21), 71 (20), 58 (21), 57 (62), 53 (29), 51 (22).
Anal. calcd. for: C7H14OS: C 57.49, H 9.65; found: C 57.45,
H 9.52.

[SS]-(E)-3,3-Dimethyl-1-butenyl 2-propyl sulfoxide (6f):
IR (neat) (cm–1): 2961, 2932, 2905, 2868, 1628, 1475,

1463, 1365, 1266, 1062, 1024, 973. 1H NMR (400 MHz) δ :
6.43 (d, J = 15.6 Hz, 1H), 6.01 (d, J = 15.6 Hz, 1H), 2.78
(m, J = 6.8 Hz, 1H), 1.24 (d, J = 6.8 Hz, 3H), 1.22 (d, J =
6.8 Hz, 3H), 1.10 (s, 9H). 13C NMR (100 MHz) δ: 152.3,
125.4, 51.7, 34.3, 28.9, 15.2, 14.6. MS (EI) m/z (%): 174
(M+, 15), 158 (20), 143 (38), 132 (90), 117 (100), 115 (42),
101 (59), 99 (39), 83 (81), 74 (30), 67 (35), 65 (31), 59 (85),
57 (27). Anal. calcd. for C9H18OS: C 62.02, H 10.41; found:
C 61.82, H 10.25.
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[SS]-(E)-3,3-Dimethyl-1-butenyl benzyl sulfoxide (6h) (30):
1H NMR (400 MHz) δ: 7.25–7.23 (m, 3H), 7.16–7.13 (m,

2H), 6.12 (d, J = 15.5 Hz, 1H), 5.89 (d, J = 15.4 Hz, 1H),
3.89 (ABq, J = 12.6 Hz, 2H), 0.90 (s, 9H).

[RS]-(E)-2-Phenylethenyl 1-butyl sulfoxide (8a):
IR (CDCl3) (cm–1): 3084, 3030, 2961, 2933, 2875, 1615,

1494, 1467, 1070, 1039, 965. 1H NMR (400 MHz) δ: 7.45
(m, 2H), 7.35 (m, 3H), 7.21 (d, J = 15.5 Hz, 1H), 6.82 (d,
J = 15.5 Hz, 1H), 2.78 (m, 2H), 1.75 (m, 2H), 1.48 (m, 2H),
0.94 (t, J = 8 Hz, 3H). 13C NMR (100.6 MHz) δ: 136.8,
133.8, 130.5, 129.6, 128.9, 127.6, 53.9, 24.0, 22.0, 13.7. MS
(EI) m/z (%): 208 (4, M+), 192 (53), 152 (31) 136 (17), 135
(72), 94 (100). Anal. calcd. for C12H16OS: C 69.19, H 7.74;
found: C 68.98, H 7.61.

[RS]-(E)-2-Phenylethenyl 4-methylphenyl sulfoxide (8b) (23c):
1H NMR (400 MHz) δ: 7.58 (d, J = 6.8 Hz, 2H), 7.47–

7.44 (m, 2H), 7.39–7.32 (m, 6H), 6.82 (d, J = 15.6 Hz, 1H),
2.41 (s, 3H).

[SS]-(E)-2-Phenylethenyl cyclohexyl sulfoxide (8d):
Mp: 90 to 91°C. IR (CDCl3) (cm–1): 3088, 3055, 2936,

2857, 1449, 1263, 1253, 1234, 1167, 1159, 1032, 1015, 967.
1H NMR (400 MHz) δ: 7.50–7.47 (m, 2H), 7.41–7.33 (m,
3H), 7.22 (d, J = 15.4 Hz, 1H), 6.81 (d, J = 15.4 Hz, 1H),
2.68 (tt, J = 11.8, 3.5 Hz, 1H), 2.09–1.96 (m, 2H), 1.91–1.87
(m, 2H), 1.73–1.70 (m, 1H), 1.55–1.40 (m, 2H), 1.40–1.15
(m, 3H). 13C NMR (100.6 MHz) δ: 137.7, 134.0, 129.6,
128.9, 128.6, 127.5, 61.1, 26.1, 25.5 (2 C’s), 25.3, 24.6. MS
(EI) m/z (%): 234 (M+, 2), 152 (100), 135 (25), 104 (22), 91
(12), 83 (13), 77 (12), 73 (22), 55 (50), 45 (20), 41 (28).
Anal. calcd. for C14H18OS: C 71.75, H 7.74; found: C 71.73,
H 7.32.

[SS]-(E)-2-Phenylethenyl 2-propyl sulfoxide (8f):
Mp: 50–52°C. 1H NMR (400 MHz) δ: 7.49–7.47 (m, 2H),

7.41–7.34 (m, 3H), 7.23 (d, J = 15.6 Hz, 1H), 6.78 (d, J =
15.6 Hz, 1H), 2.92 (septet, J = 6.8 Hz, 1H), 1.33 (d, J =
6.8 Hz, 3H), 1.30 (d, J = 6.8 Hz, 1H). 13C NMR
(100.6 MHz) δ: 137.9, 134.0, 129.6, 128.9, 127.9, 127.5,
52.3, 15.4, 14.5. IR (CDCl3) (cm–1): 3056, 2973, 2932,
1625, 1449, 1262, 1255, 1167, 1159, 1148, 1121, 1032,
1014, 967. MS (EI) m/z (%): 194 (M+, 6), 152 (100), 135
(55), 134 (16), 104 (55), 91 (34), 77 (27), 73 (39), 51 (15),
45 (34), 43 (45), 41 (21). Anal. calcd. for C11H14OS: C
68.00, H 7.26; found: C 67.77, H 6.75.

[RS]-(E)-2-Phenylethenyl 4-fluoro-3-methylphenyl sulfoxide
(8g):

Mp: 58 to 59°C. IR (CDCl3) (cm–1): 3063, 3023, 3011,
2925, 1488, 1447, 1239, 1079, 1051, 1034. 1H NMR
(400 MHz) δ: 7.55–7.45 (m, 1H), 7.49–7.45 (m, 3H), 7.40–
7.37 (m, 4H), 7.37 (d, J = 15.6 Hz, 1H), 7.14 (t, J = 8.8 Hz,
1H), 6.80 (d, J = 15.6 Hz, 1H), 2.33 (s, 3H). 13C NMR
(100.6 MHz) δ: 162.9 (d, J = 250 Hz), 138.8 (broad), 136.2,
133.6, 132.7, 129.8, 128.9, 128.0 (d, J = 5.9 Hz), 127.3,
126.9 (d, J = 18.4 Hz), 124.3 (d, J = 9.0 Hz), 116.1 (d, J =
23.6 Hz), 14.6. MS (CI, NH3) m/z (%): 261 ([M + H]+, 100),
212 (23), 91 (6). Anal. calcd. for C15H13SOF: C 69.21, H
5.03; found: C 69.40, H 5.07.

[RS]-(E)-2-Phenylethenyl benzyl sulfoxide (8h) (31):
IR (CDCl3) (cm–1): 3032, 2359, 1576, 1497, 1455, 1052,

965. 1H NMR (400 MHz) δ: 7.34 (m, 10H), 7.11 (d, J =
15.5 Hz, 1H), 6.76 (d, J = 15.5 Hz, 1H), 4.09 (ABq, J =
12.5 Hz, 2H). 13C NMR (100.6 MHz) δ: 137.2, 133.8, 130.3,
129.8, 129.7, 129.4, 128.9, 128.8, 128.4, 127.6, 61.2.

[RS]-(E)-2-Phenylethenyl 1-(2-methyl-2-phenylpropyl) sulfoxide
(8j):

1H NMR (400 MHz) δ: 7.31 (m, 10H), 7.10 (d, J =
15.4 Hz, 1H), 6.48 (d, J = 15.4 Hz, 1H), 3.14 (ABq, J =
13.4 Hz, 2H), 1.71 (s, 3H), 1.56 (s, 3H). 13C NMR
(100.6 MHz) δ: 146.6, 135.5, 133.8, 131.3, 129.4, 128.8,
128.6, 127.5, 126.7, 125.7, 70.7, 37.8, 30.2, 27.2. IR
(CDCl3) (cm–1): 3085, 3027, 2967, 2933, 2879, 1615, 1602,
1497, 1044, 1031, 965. Anal. calcd. for C18H20OS: C 76.01,
H 7.09; found: C 76.22, H 7.10.

[RS]-(E)-2-Phenylethenyl 2,2-dimethylethyl sulfoxide (8i) (29):
1H NMR (400 MHz) δ: 7.46 (m, 2H), 7.35 (m, 3H), 7.21

(d, J = 15.5 Hz, 1H), 6.78 (d, J = 15.5 Hz, 1H), 1.28 (s, 9H).

[RS]-(Z)-2-Chloro-2-phenylethenyl cyclohexyl sulfoxide (9d):
IR (neat) (cm–1): 3058, 2933, 2855, 1625, 1594, 1489,

1454, 1296, 1066, 1063, 1030, 992. 1H NMR (400 MHz) δ:
7.49–7.41 m, 3H), 7.39–7.36 (m, 2H), 6.73 (s, 1H), 2.18 (tt,
J = 12.0, 3.6 Hz, 1H), 1.90–1.32 (m, 7H), 1.28–1.11 (m,
3H). 13C NMR (100.6 MHz) δ: 142.4, 130.0, 129.5, 129.0,
128.4, 122.8, 56.7, 27.3, 25.7, 25.2 (2 C’s), 21.5. MS (EI)
m/z (%): 270 (50), 269 (M+, 100), 188 (14), 186 (36), 185
(21), 83 (18), 55 (89), 54 (20). Anal. calcd. for C14H17ClOS:
C 62.55, H 6.38; found: C 63.01, H 6.33.

[SS]-(Z)-2-Chloro-2-phenylethenyl 4-fluoro-3-methylphenyl
sulfoxide (9g):

IR (neat) (cm–1): 3060, 2927, 1580, 1488, 1444, 1239,
1184, 1081, 1060. 1H NMR (400 MHz) δ: 7.35–7.28 (m,
3H), 7.20 (dd, J = 6.8, 1.6 Hz, 1H), 7.11 (s, 1H), 7.10–7.01
(m, 3H), 6.94 (t, J = 8.8 Hz, 1H). 13C NMR (100.6 MHz) δ:
162.9 (d, J = 250.0 Hz), 147.4, 136.7, 129.4, 129.1, 129.0,
128.5, 128.1 (d, J = 6.1 Hz), 126.5 (d, J = 18.5 Hz) 124.6 (d,
J = 9.0 Hz), 122.4, 115.7 (d, J = 23.8 Hz), 14.5 (d, J =
3.1 Hz). Anal. calcd. for C15H12ClFOS: C 61.12, H 4.10;
found: C 61.32, H 4.24.

Synthesis of [RS]-2-furyl ethenyl sulfoxide (7c):
n-BuLi (360 µL, 0.73 mmol) was added to a solution of

furan (50 µL, 0.65 mmol) in dry ether (5 mL) at –20°C un-
der N2. After stirring for 20 min, MgBr2 (180 mg,
0.98 mmol) dissolved in dry ether (5 mL) was added slowly
with vigorous stirring over 20 min and then sulfinate [RS]-2
(301 mg, 0.65 mmol) in dry ether (5 mL) was added. After
1 h the reaction was quenched with NH4Cl. The organic
layer  was  separated,  and  the  aqueous  layer  was  extracted
with EtOAc. The combined organic layers were washed with
brine, dried over MgSO4, and concentrated. Following flash
chromatography (20% EtOAc – hexanes to elute cholesterol,
80% to elute sulfoxide) enantioenriched sulfoxide 7c was
isolated as an oil (42 mg, 59%). IR (neat) (cm–1): 3117,
3039, 3010, 2952, 1600, 1550, 1456, 1453, 1370, 1220,
1165, 1066, 1051. 1H NMR (400 MHz) δ: 7.64 (m, 1H),
6.95 (dd, J = 3.8, 0.4 Hz, 1H), 6.76 (dd, J = 16.4, 9.6 Hz,
1H), 6.53 (dd, J = 3.8, 2.0 Hz, 1H), 6.34 (d, J = 16.4 Hz,
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1H), 6.11 (d, J = 9.6 Hz, 1H). 13C NMR (100.6 MHz) δ:
137.4, 130.5, 130.2, 122.3, 116.4, 111.3. MS (EI) m/z (%):
142 (9), 126 (25), 115 (48), 99 (20), 97 (15), 94 (100),
83(15). Anal. calcd. for C6H6O2S: C 50.69, H 4.25; found: C
50.77, H 4.42.

Synthesis of [SS]-(E)-3,3-dimethyl-1-butenyl 2-furyl sulfoxide
(6c):

As described for 7c, n-BuLi (341 µL, 0.68 mmol), furan
(40 µL, 0.57 mmol) in dry ether (5 mL), MgBr2 (125.8 mg,
0.68 mmol) in dry ether (5 mL) were all brought together
and enantiopure sulfinate [RS]-1 (295 mg, 0.57 mmol, 100%
[RS]) in dry ether (5 mL) was added. Work-up as for 7c and
flash chromatography (20% EtOAc – hexanes to elute cho-
lesterol, 80% to elute sulfoxide) afforded enantioenriched
sulfoxide 6c as an oil (114.2 mg, 78%). Data for 6c: IR
(neat) (cm–1): 3114, 2961, 2905, 2868, 1625, 1475, 1366,
1266, 1218, 1128, 1066, 1008, 970. 1H (400 MHz) δ: 7.63
(m, 1H), 6.88 (d, J = 3.6 Hz, 1H), 6.66 (d, J = 15.4 Hz, 1H),
6.51 (dd, J = 3.6, 1.6 Hz, 1H), 6.35 (d, J = 15.4 Hz, 1H),
1.13 (s, 9H). 13C NMR (100.6 MHz) δ: 152.7, 151.7, 146.8,
125.9, 115.2, 111.3, 34.3, 28.7. MS (EI) m/z (%): 199 ([M +
1]+, 6), 150 (51), 135 (69), 107 (11), 99 (15), 91 (10), 83
(17), 81 (16), 79 (15), 71 (14), 67 (11), 59 (22), 57 (57), 55
(82), 53 (17), 45 (32), 43 (37), 41 (100). Anal. calcd. for
C10H14O2S: C 60.57, H 7.12; found: C 60.69, H 7.06.

Synthesis of (E)-[SS]-2-carbomethoxyethenyl 1-butyl sulfoxide
(11a):

The reaction of sulfinate 5 (336 mg, 0.65 mmol, 100%
[RS]) with n-BuMgCl (388 µL, 0.78 mmol, as a 2 M solution
in Et2O) in anhydrous ether at –78°C generated vinyl ether
by-product 20 (117 mg, 38%) as a solid after chromatogra-
phy (20% EtOAc – hexanes). Enantioenriched sulfoxide 11a
was isolated as a solid (37 mg, 30%, 51% [SS]) after addi-
tional chromatography (80% EtOAc – hexanes); mp: 53 to
54°C. [α]D

25 +120.6° (c 0.73, acetone). IR (cm–1): 3030, 2959,
2932, 1719, 1621, 1292, 1223, 1146, 1041. 1H NMR
(400 MHz) δ: 7.58 (d, J = 15.0 Hz, 1H), 6.66 (d, J =
15.0 Hz, 1H), 3.81 (s, 3H), 2.87 (ddd, J = 13.2, 10.0, 5.8 Hz,
1H), 2.74 (ddd, J = 13.2, 10.0, 5.8 Hz, 1H), 1.81 (m, 1H),
1.69 (m, 1H), 1.48 (m, 2H), 0.96 (t, J = 7.2 Hz, 3H). 13C
NMR (100.6 MHz) δ: 164.3, 149.7, 126.0, 52.6, 52.3, 24.0,
21.9, 6.6. MS (CI, NH3) m/z (%): 191 ([M + 1]+, 100), 175
(5.6), 151 (12), 141 (9), 135 (8), 121 (16), 107 (18), 57 (33).
Anal. calcd. for C7H14O2S: C 50.66, H 7.42; found: C 50.50,
H 7.42.

Synthesis of (E)-[RS]-2-carbomethoxyethenyl 4-methylphenyl
sulfoxide (11b) (23f):

The reaction of sulfinate 5 (471.5 mg, 0.91 mmol, 100%
[RS] with p-tolMgBr (1.09 mL, 1.09 mmol, as a 1 M solution
in Et2O) in anhydrous ether warming from –78 to –40°C gen-
erated vinyl ether by-product 20 (76 mg, 18%) as a solid after
chromatography (20% EtOAc – hexanes). Enantioenriched
sulfoxide 11b was isolated as a solid (50.5 mg, 25%, 21%
[RS]) after additional chromatography (80% EtOAc – hex-
anes). [α]D

25 +62.4° (c 0.22, acetone) (lit. (23f) value +421°)
(acetone, >98% [RS]).

1H NMR (400 MHz) δ: 7.52 (d, J =
8.0 Hz, 2H), 7.48 (d, J = 15.0 Hz, 1H), 7.33 (d, J = 8.0 Hz,
2H), 6.73 (d, J = 15.0 Hz, 1H), 3.77 (s, 3H), 2.47 (s, 3H).

Characterization data for (–)-cholesteryl (E)-2-carbometh-
oxyethenyl ether (20):

IR (CH2Cl2) (cm–1): 2946, 2906, 2868, 2851, 1715, 1643,
1133, 959. 1H NMR (400 MHz) δ: 7.55 (d, J = 12.4 Hz, 1H),
5.40–5.39 (m, 1H), 5.26 (d, J = 12.4 Hz, 1H), 3.84–3.76 (m,
1H), 3.69 (s, 3H), 2.38–2.35 (m, 2H), 1.01 (s, 3H), 0.91 (d,
J = 6.5, 3H), 0.86 (d, J = 6.6 Hz, 3H), 0.68 (s, 3H), 2.09–
0.80 (remaining peaks for cholesteryl skeleton, 26H). 13C
NMR (100.6 MHz) δ: 168.6, 161.7, 139.3, 123.1, 97.0, 82.3,
56.7, 56.1, 51.0, 50.0, 42.3, 39.7, 39.5, 38.5, 36.8, 36.6,
36.2, 35.8, 31.9, 31.8, 28.2, 28.1, 28.0, 24.3, 23.8, 22.8,
22.6, 21.0, 19.3, 18.7, 11.8. MS (CI, NH3) m/z (%):
471([M + H]+, 37), 370 (29), 369 (100), 61 (13). Anal.
calcd. for C31H50O3: C 79.10, H 10.71; found: C 79.21, H
10.60.
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Alkoxy radicals in the gaseous phase: �-scission
reactions and formation by radical addition to
carbonyl compounds

Arvi Rauk, Russell J. Boyd, Susan L. Boyd, David J. Henry, and Leo Radom

Abstract: The structures and reactivities of the alkoxy radicals methoxy (CH3O·), ethoxy (CH3CH2O·), 1-propoxy
(CH3CH2CH2O·), 2-propoxy ((CH3)2CHO·), 2-butoxy (CH3CH2CH(CH3)O·), tert-butoxy ((CH3)3CO·), prop-2-enoxy
(CH2=CHCH2O·), and but-3-en-2-oxy (CH2=CHCH(CH3)O·) have been investigated at the B3-LYP/6-31G(d) and CBS-
RAD levels of theory. Enthalpies of formation (∆f H298

� ) were calculated with CBS-RAD for all the alkoxy radicals, the
carbonyl and radical products of β-scission reactions, and the transition structures leading to them. The mean absolute
deviation between the predicted and available experimental ∆f H298

� values is 5.4 kJ mol–1. Eyring (∆H0
‡, ∆H298

‡ , ∆G298
‡ )

and Arrhenius (log A, Ea) activation parameters for both the forward (β-scission) and reverse (radical addition to car-
bonyl) pathways were calculated. Agreement with available experimental data is very good, generally within 1–5 kJ
mol–1 for Ea, and 0.5 for log A. The transition structures are found to be substantially polarized, with the departing
radical slightly positive, the O atom negative, and the rest of the molecule positive. The barriers for the β-scission reac-
tions decrease with decreasing endothermicity and with decreasing ionization energy of the departing radical.

Key words: alkoxy, alkoxyl, radical, addition, carbonyl, β-scission, calculaton, electronic structure, B3LYP, CBS-RAD,
thermochemistry.

Résumé : Faisant appel à des calculs théoriques aux niveaux B3-LYP/6-31G(d) et CBS-RAD de la théorie, on a étudié
les structures et les réactivités des radicaux alkoxy, méthoxy (CH3O·), éthoxy (CH3CH2O·), 1-propoxy (CH3CH2CH2O·),
2-propoxy [(CH3)2CHO·], 2-butoxy [CH3CH2CH(CH3)O·], tert-butoxy [(CH3)3CO·], prop-2-énoxy (CH2=CHCH2O·) et
but-3-én-2-oxy [CH2=CHCH(CH3)O·]. On a calculé les enthalpies de formation, ∆f H298

� , au niveau CBS-RAD de la
théorie pour tous les radicaux alkoxy, tous les produits carbonylés et tous les produits radicalaires provenant de réac-
tions de β-scission et toutes les structures de transition qui y conduisent. La déviation absolue moyenne entre les
valeurs prédites et les valeurs de ∆f H298

� expérimentales disponibles est de 5,4 kJ mol–1. On a aussi calculé les paramètres
d’activation d’Eyring (∆H0

‡, ∆H298
‡ , ∆G298

‡ ) et d’Arrhenius (log A, Ea) pour la réaction vers la droite (β-scission) et pour
la réaction inverse (addition d’un radical sur le carbonyle). L’accord entre les valeurs calculées et les valeurs expéri-
mentales disponibles est bon, généralement entre 1 et 5 kJ mol–1 pour les valeurs de Ea et de 0,5 pour le log A. On a
trouvé que les structures de transition sont assez polarisées alors que le radical qui se détache est légèrement positif,
l’atome d’oxygène est négatif et que le reste de la molécule est positif. Les barrières aux réactions de β-scission dimi-
nuent avec une augmentation du caractère endothermique et avec une diminution de l’énergie d’ionisation du radical
qui se détache.

Mots clés : alkoxy, alkoxyle, radical, addition, carbonyle, scission-β, calculs théoriques, structure électronique, B3LYP,
CBS-RAD, thermochimie.
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Introduction

Alkoxy radicals (R1R2R3C–O·) are important intermediate
species in the combustion of hydrocarbons (1, 2), and in at-
mospheric chemistry (3–5). They can react by intramolecular
hydrogen abstraction, or by intermolecular hydrogen abstrac-
tion from a suitable donor (R′–H) to yield the corresponding
alcohol:

[1] R1R2R3C-O· + R′-H → R1R2R3C-OH + R′·

Alternatively, alkoxy radicals can undergo β-cleavage to
yield an alkyl radical plus a ketone or aldehyde in up to
three ways:

[2a] R1R2R3C-O· → R1· + R2R3C=O

[2b] → R2· + R1R3C=O

[2c] → R3· + R1R2C=O

In proteins, production of such radicals by oxidative pro-
cesses may lead to protein backbone cleavage (6). In gen-
eral, the pathway that leads to the most stable radical is
found to dominate the endothermic cleavage (7, 8) but ex-
ceptions have been noted in polycyclic systems (9) and have
been investigated computationally (10).

The reverse reaction, alkyl radical addition to the carbonyl
double bond:

[3] R1· + R2R3C=O → R1R2R3C-O·

is hindered by an activation energy (Ea(3)) which has empiri-
cally been found to depend on the ionization energy of the
radical (IE(R1·)) and the exothermicity of the reaction
(∆H(3)) (11):

[4] Ea(3) = 8.8[IE(R1·)] – 0.58|∆H(3)| – 26

where the ionization energy is in units of eV and the
enthalpy of the reaction is in kJ mol–1. The relationship with
the ionization energy was attributed (11) to a tight transition
structure with substantial polarization in the sense:

Additional evidence for charge separation in the TS may
be deduced from the observation of a large solvent effect for
the β-scission of tert-butoxy radical (12). In a similar man-
ner, barriers for the addition of alkyl and related radicals to
alkenes have also been found to be dependent on the reac-
tion enthalpy and the ionization energy of the radical but a
multiplicative-type relationship is found to better describe
this dependence (13).

We investigate here the factors affecting both the decom-
position and radical-addition pathways for a systematic se-
ries of saturated and unsaturated alkoxy radicals, by using
high-level quantum mechanical methods. A number of
alkoxy radicals, including some of the systems of interest
here, have been previously studied both experimentally, by
means of laser flash photolysis – laser-induced fluorescence,

and computationally, by means of ab initio calculations, by
Viskolcz and co-workers (14–18), and others (19, 20). Their
work is discussed in the present context below.

Theoretical methods

Quantum mechanical calculations
Conventional ab initio (21) and density functional theory

(22) calculations were carried out with the Gaussian 94
(23a), Gaussian 98 (23b), and Molpro 2000 (24) suites of
electronic structure codes. Geometries and harmonic vibra-
tional frequencies were obtained for all species at the B3-
LYP/6-31G(d) level of theory. The vibrational frequencies
were used, after appropriate scaling (25), in the calculation
of thermodynamic and kinetic parameters including zero-
point vibrational energies (ZPVEs), and to characterize each
stationary point as a local minimum (no imaginary frequen-
cies), or as a transition structure (one imaginary frequency).
Higher-level energies were determined for all structures by
the CBS-RAD procedure, which has been developed to pro-
vide accurate thermochemistry for radical species (26). The
CBS-RAD(B3-LYP) combination employed here has been
found to yield good reaction enthalpies and barriers for the
addition of C-centered radicals to alkenes (13, 27).

Thermochemical procedures
Gas-phase thermodynamic functions, including thermal

enthalpy contributions (H° – H0
�) (where H° refers to

298.15 K) and entropies (S) may be accurately calculated
by application of standard statistical procedures (28).
Values derived experimentally are available in standard
sources (29–32).

Theoretical enthalpies of formation at 298.15 K for spe-
cies CaHbO may be calculated from the energies of the at-
omization reactions:

[5] aC + bH + O → CaHbO

by eqs. [6]–[8]:

[6] ∆f H298
� (CaHbO) = ∆H(5) + a∆f H298

� (C)

+ b∆f H298
� (H) + ∆f H298

� (O)

where

[7] ∆H(5)(298.15 K) = ∆H(5)(0 K)

+ (H° – H0
�)(CaHbO) – a(H° – H0

�)(C)

– b(H° – H0
�)(H) – (H° – H0

�)(O)

and

[8] ∆H(5)(0 K) = ECBS(CaHbO) – aECBS(C)

– bECBS(H) – ECBS(O)

In this procedure, the enthalpies of formation (∆f H298
� ) and

the (H° – H0
�) values for the gaseous atoms in their lowest

electronic states are taken from experiment (29) (kJ mol–1): C
(716.7, 6.535), H (218.0, 6.197), O (249.2, 6.724). The
CBS-RAD energies (ECBS(CaHbO)) for all species discussed
here are listed in Table 1. For the gaseous atoms in their
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lowest electronic states, the CBS-RAD energies are ECBS

(hartrees): C (–37.785143), H (–0.499818), O (–74.987034).
Calculated enthalpies of formation are compared with

available experimental values in Table 1. We have included

for convenience in Table 1 the enthalpies of formation for
the transition structures, even though the ∆fH would be a
somewhat artificial quantity for such species. In cases where
a substance exists as an equilibrium mixture of two or more

© 2003 NRC Canada

Rauk et al. 433

S(g) ∆f H298
� c ∆f H0

�

Species CBS-RADa nb H298
� – H0

� Exptl. Calcd. Exptl. Calcd. Calcd.

H· –0.49982 1 6.2 114.7d 114.6 218.0
CH3· –39.74402 1 10.6 194.2d 195.4 146.4 150.0 153.1
CH3CH2· –78.96993 1 12.9 252.0d 255.7 120.9 127.8 138.2
CH2=CH· –77.74177 1 10.6 233.6 300.0 301.9 306.1
CH3O· –114.87243 1 10.4 234.0e,f 17.2, 21g 21.0 28.7
CH3OH –115.53807 1 11.1 239.7d 237.7 –201.0 –201.8 –190.6
CH2=O –114.34253 1 10.0 218.8d 218.6 –108.6 –112.2 –108.3
H···CH2O·TS –114.83531 1 11.5 243.9 119.6 126.2
CH3CH2O· –154.10201 1 13.5 278.9e –15.5, –12g –9.9 4.2
CH3CH=O –153.58023 1 12.7 264.2h 262.3 –166.2 –164.8 –154.2
H···CH(CH3)O·TS –154.06979 2 14.0 282.0 75.2 88.8
CH3···CH2O· TS –154.07668 1 14.9 285.9 58.0 70.7
CH3CH2CH2O· –193.32697 3 16.1 316.3e –41.4 –29.3 –8.2
CH3CH2CH=O –192.80566 3 15.6 304.7h 301.5 –185.6 –185.2 –167.8
H···CH(CH2CH3)O·TS –193.29559 3 17.1 316.4 54.1 74.2
CH3CH2···CH2O·TS –193.30643 3 17.8 326.6 26.4 45.8
(CH3)2CHO· –193.33181 1 16.1 305.4e –52.3, –46g –41.9 –20.9
(CH3)2C=O –192.81740 1 15.7i 294.9h 299.5 –217.1 –215.9 –198.6
H···C(CH3)2O· TS –193.30390 1 17.0 304.9 32.2 52.4
CH3···CH(CH3)O·TS –193.31051 2 17.8 319.7 15.7 35.0
CH3CH2CH(CH3)O· –232.55793 6 19.6 351.4e –69.5 –63.4 –36.4
CH3CH2C(CH3)=O –232.04323 1 19.8 338.1h 337.1 –238.5 –235.9 –213.3
H···C(CH3)(CH2CH3)O·TS –232.53034 6 20.3 350.5 9.7 36.1
CH3···CH(CH2CH3)O·TS –232.53579 2 21.2 351.8 –3.6 21.8
CH3CH2···CH(CH3)O·TS –232.54080 6 21.1 360.7 –16.9 8.6
(CH3)3CO· –232.56511 1 19.6 322.6e,f –90.8, –83g –82.2 –55.2
CH3···C(CH3)2=O·TS –232.54493 1 21.1 338.3 –27.8 –2.2
CH2=CHCH2O· –192.11518 2 14.7 303.8e 102.8 116.7
CH2=CHCH=Oj –191.59751 1 13.9 278.0 –77.0k –62.9 –52.4
H···CH(CH=CH2)O·TS –192.08709 2 15.6 300.2 177.5 190.5
CH2=CH···CH2O·TS –192.08108l 3 17.6 328.7 195.2 206.3
CH2=CHCH(CH3)O· –231.34649 6 18.2 342.8e 67.6 87.7
CH2=CHC(CH3)=O –230.83280 1 17.7 313.4 –138.0k –108.2 –92.0
H···C(CH3)(CH=CH2)O·TS –231.32022 6 18.9 338.3 137.3 156.6
CH3···CH(CH=CH2)O·TS –231.32863l 6 19.5 346.6 115.9 134.6
CH2=CH···CH(CH3)O·TS –231.31577l 6 20.6 362.1 150.7 168.3

aEnergies for transition structures correspond to CBS-RAD–Scanmax values (see Table 2 and text) unless otherwise noted.
bNumber of significantly populated conformations (used to calculate entropies of mixing).
cFrom ref. 32 unless otherwise noted.
dReference 29.
eFirst excited state assumed to be significantly populated (adds R ln 2).
fRotational symmetry number = 3 assumed.
g∆f H 300

� values from ref. 36.
hReference 34.
iOne methyl group rotation treated as a free rotation (contributes RT/2).
jEnergies refer to s-trans conformation.
kReference 30.
lStandard CBS-RAD value.

Table 1. CBS-RAD energies (0 K, hartrees), thermodynamic functions (H298
� – H0

� (kJ mol–1), S (J K–1 mol–1), 298.15 K), and
enthalpies of formation (∆f H� (kJ mol–1), 298.15 and 0 K).
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conformers, the enthalpy of formation listed in Table 1 cor-
responds to that of the most stable conformer.

The entropy of a pure substance in the gas phase may be
expressed as a weighted sum of the entropies of individual
conformers, plus an entropy of mixing term (eq. [9]):

[9] Stotal = ΣixiSi – RΣixi ln xi ≅ S1 + R ln n

where xi is the mol fraction of conformer i, S1 is the entropy
of the most stable conformation, and n denotes the number
of significantly populated conformations (33).

The alkoxy radicals investigated in this study exhibit
Jahn–Teller distortions. We have accounted for the near de-
generacy of the A′ and A′ ′ states (Cs symmetry) by the addi-
tion of R ln 2 to the electronic entropy. In addition, for the
methoxy and tert-butoxy radicals we have adopted a rota-
tional symmetry number of 3. Calculated entropies are in-
cluded in Table 1, together with experimental values where
available.

Rates of reaction
In the thermodynamic formulation of transition-state the-

ory (TST) (34), the rate constant (kT) for a reaction at tem-
perature T is related to the free energy barrier (∆G‡) by
eq. [10] (35):

[10] kT = (kBT/h)(c°)1 – m exp(–∆G‡/RT)

where kB and h are Boltzmann’s and Planck’s constants, re-
spectively, R is the ideal gas constant, c° is the standard unit
of concentration (mol L–1), and m is the order of the reac-
tion. The factor ((c°)1 – m) provides the correct units for the
rate constant of unimolecular (m = 1) and bimolecular (m =
2) reactions. In the gas-phase standard state (T = 298.15 K)
the pressure is 1 atm and c° = 0.0408 mol L–1. We apply
eq. [10] for the calculation of both the (forward)
unimolecular β-scission reaction (eq. [2]) and the (reverse)
bimolecular radical-addition reaction (eq. [3]).

In Arrhenius rate theory, the rate constant is given by:

[11] kT = A exp(–Ea/RT)

The Arrhenius activation energy (Ea) is given by:

[12] Ea = ∆H‡ + mRT

The Arrhenius frequency factor (A) contains the entropy
of activation (∆S‡):

[13] A = (kBT/h)(c°)1 – mem exp(∆S‡/R)

Enthalpy barriers (∆H‡ (generally referred to in the course
of this paper simply as barriers)) are calculated directly from
enthalpies of formation of the appropriate species (or equiva-
lently from the calculated total energies and, if appropriate,
the enthalpy temperature corrections). In the present study, we
have not considered quantum mechanical tunneling. This
could in principle be important in the reactions involving hy-
drogen-atom scission and (or) addition but preliminary calcu-
lations suggest that the effect is not particularly significant.

Results and discussion

The energies of all species considered here are given in
Table 1. The variation with the theoretical level of selected

properties of the transition structures are presented in Ta-
ble 2. Table 3 gives the kinetic parameters (∆H‡, ∆G‡, log A,
and Ea) and the reaction enthalpies (∆H) for β-scission reac-
tions (eq. [2]), while corresponding data for the reverse reac-
tion, radical addition to carbonyl (eq. [3]), are collected in
Table 4.

Enthalpies of formation
Enthalpies of formation, calculated from atomization ener-

gies as described above, are listed in Table 1. Comparison with
experimental values may be made for 17 species. The largest
discrepancy occurs for but-3-en-2-one (CH2=CHC(CH3)=O) for
which the calculated value (∆f H298

� = –108.2 kJ mol–1) is
29.8 kJ mol–1 less negative than the experimental (∆f H298

� =
–138.0 kJ mol–1). For the remaining 16 species, the mean
absolute deviation is 3.8 kJ mol–1, consistent with the accu-
racy expected from CBS-RAD (26). The second-largest dis-
crepancy (+14.1 kJ mol–1) also occurs for an α,β-unsaturated
carbonyl compound, acrolein ((E)-CH2=CHCH=O). The cal-
culated values for the heat of formation of the methoxy,
ethoxy, 2-propoxy, and tert-butoxy radicals are in close
agreement with the recent experimental results of Ramond et
al. (36), and support these values over the older results (32)
(which are generally less positive or more negative). Larger-
than-average differences between theory and experiment oc-
cur for two alkoxy radicals 1-propoxy (CH3CH2CH2O·,
+12.1 kJ mol–1) and 2-butoxy (CH3CH2CH(CH3)O·, +6.1 kJ
mol–1), and for the ethyl radical (CH3CH2·, +6.9 kJ mol–1).
Experimental reexamination may be warranted in these in-
stances. We are not aware of any experimental enthalpies of
formation for the prop-2-en-1-oxy (CH2=CHCH2O·) or but-
3-en-2-oxy (CH2=CHCH(CH3)O·) radicals.

Sensitivity of calculated barriers to TS geometry and
theoretical level

The barriers for the β-scission (forward, eq. [2]) and radi-
cal addition (reverse, eq. [3]) reactions are crucial for deter-
mining the kinetic fate of alkoxy radicals in atmospheric
chemistry and for understanding the combustion of hydro-
carbons. Columns 4 and 5 of Table 2 compare the B3-
LYP/6-31G(d) and CBS-RAD barriers (∆H0

‡) for β-scission
of a number of the alkoxy radicals, in both cases using ge-
ometries and ZPVEs obtained at the B3-LYP/6-31G(d) level.
It is evident that the B3-LYP values are significantly higher
than the CBS-RAD values, by 13–20 kJ mol–1 for C-H
scission, and by 3–14 kJ mol–1 for C-C scission. By either
method, methyl-radical loss or ethyl-radical loss has a sig-
nificantly lower barrier than H-atom loss in species where
both channels are available.

The CBS-RAD procedure is expected to produce reason-
ably reliable estimates of the barriers provided that the ge-
ometries of the species derived at the B3-LYP/6-31G(d)
level are adequate. The results should be most sensitive to
the geometries of the transition structures. We have exam-
ined the appropriateness of the B3-LYP/6-31G(d) methodol-
ogy for determining the transition structures by calculating
the CBS-RAD energy at points along the bond-breaking co-
ordinate for most of the β-scission reactions. The breaking
C···H or C···C bond is stepped in 0.02 Å increments from the
B3-LYP/6-31G(d) transition structure with reoptimization of
all the remaining geometric parameters. The zero-point vi-

© 2003 NRC Canada
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brational energy is held constant at the TS value. The geom-
etry at which the CBS-RAD energy, obtained in this manner,
is a maximum, is an approximation to the CBS-RAD transi-
tion structure, while the corresponding ∆H0

‡ represents an
improved CBS-RAD estimate of the barrier. This procedure
has been referred to as Scanmax (37) and is closely related
to the IRCMax procedure of Petersson and co-workers (38).

Table 2 lists the length (r) of the bond being broken in the
TS as obtained with B3-LYP/6-31G(d), the predicted B3-
LYP/6-31G(d), and CBS-RAD values for ∆H0

‡ at the B3-
LYP/6-31G(d) optimized geometry, and the values of r and
∆H0

‡ obtained using the CBS-RAD–Scanmax procedure. In
each case, the CBS-RAD–Scanmax energy is a maximum at
a value of r shorter than the B3-LYP/6-31G(d) optimized
value, leading to an increase in the predicted ∆H0

‡ . The dif-
ferences are listed in the last two columns of Table 2.
Compared with CBS-RAD–Scanmax, B3-LYP/6-31G(d)
overestimates the length of the breaking C—H bonds in the
TS by 0.10–0.16 Å, leading to an underestimation of ∆H0

‡

by the standard CBS-RAD procedure by about 1.6–2.4 kJ
mol–1. For C—C bond cleavage the corresponding differ-
ences in r and ∆H0

‡ are somewhat smaller, 0.04–0.10 Å and
0.4–1.3 kJ mol–1, respectively. Where available, we use the
CBS-RAD–Scanmax values of ∆H‡ rather than standard
CBS-RAD values in the remainder of this paper.

We note that a detailed analysis of the dependence of the
results for some of the alkoxy radicals and their C-C uni-
molecular decomposition reaction characteristics on theoreti-
cal level and basis set, at levels comparable to those
employed here, may be found in the study by Somnitz and
Zellner (20). Their work is discussed further below. We note
also that for most of the alkoxy radicals studied here, the
barriers for the β-cleavage reactions have been previously
determined at the CASSCF/6-31G(d) level of theory, without

zero-point energy correction (10). The values so obtained
are uniformly 30–50 kJ mol–1 higher than the values pre-
sented in Tables 3 and 4. In another study of β-scission reac-
tions (39), AM1 theory was used to calculate barriers for a
number of alkoxy radicals, only one of which is common to
the present study. The AM1 barrier for the decomposition of
the tert-butoxy radical decomposition is 13 kJ mol–1 higher
than the CBS-RAD value (Table 3).

Individual alkoxy radicals
We discuss some of the individual alkoxy radicals prior to

examination of the reactivity trends.

Methoxy radical
The CBS-RAD value of the bond dissociation enthalpy

(BDE) of the O—H bond of methanol may be derived from
the data in Table 1. The values at 0 and 298 K are 435.4 and
440.8 kJ mol–1, respectively, in good agreement with experi-
mental values 431 ± 4 and 436 ± 4 kJ mol–1, respectively
(40). Our calculated enthalpies of formation of the methoxy
radical are ∆f H0

� = 28.7 kJ mol–1 and ∆f H298
� = 21.0 kJ mol–1.

Berkowitz et al. (40) reported ∆f H0
� = 24.7 ± 3.8 kJ mol–1

and ∆f H298
� = 17.2 ± 3.8 kJ mol–1 while Ramond et al. (36)

reported ∆f H300
� = 21 ± 4 kJ mol–1. Osborn et al. (41) re-

ported ∆f H0
� = 28.5 ± 1.7 kJ mol–1, in close agreement with

our calculated value and also with the recent high-level theo-
retical value of Petraco et al. (19) (∆f H0

� = 27.2 kJ mol–1).
The methoxy radical is predicted to undergo β-scission of

a C—H bond with an Arrhenius activation energy (Ea =
101.1 kJ mol–1 (Table 3)) in close agreement with the value
proposed by Dibble (42) (100 ± 4 kJ mol–1) on the basis of
theoretical and experimental results. The length of the break-
ing C···H bond in the transition structure is 1.80 Å (Table 2),
close to that found by Petraco et al. (19) (1.79 Å). The rate

© 2003 NRC Canada
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B3-LYP/6-31G(d) CBS-RADb CBS-RAD–Scanmaxc Differences

Alkoxy radical Bonda r ∆H0
‡ ∆H0

‡ r ∆H0
‡ ∆rd ∆H0

‡e

R1R2CHO· → H· + R1R2C=O
CH3O· C···H 1.956 114.9 95.1 1.80 97.5 –0.16 2.4
CH3CH2O· C···H 1.852 100.6 82.6 1.72 84.6 –0.13 2.0
CH3CH2CH2O· C···H 1.851 98.4 80.6 1.72 82.4 –0.13 1.8
(CH3)2CHO· C···H 1.795 87.1 71.2 1.67 73.2 –0.13 2.0
CH3CH2CH(CH3)O· C···H 1.797 85.6 70.8 1.70 72.4 –0.10 1.6
CH2=CHCH2O· C···H 1.803 85.4 71.8 1.70 73.8 –0.10 2.0
CH2=CHCH(CH3)O· C···H 1.763 80.3 67.1 1.66 69.0 –0.10 1.9
R1R2(CH3)CO· → CH3· + R1R2C=O
CH3CH2O· C···C 2.250 79.2 65.2 2.15 66.5 –0.10 1.3
(CH3)2CHO· C···C 2.182 65.2 55.0 2.10 55.9 –0.08 0.9
CH3CH2CH(CH3)O· C···C 2.192 65.2 57.4 2.13 58.1 –0.06 0.7
(CH3)3CO· C···C 2.148 59.2 52.2 2.09 53.0 –0.06 0.8
R1R2(CH3CH2)CO· → CH3CH2· + R1R2C=O
CH3CH2CH2O· C···C 2.227 61.8 52.9 2.15 53.9 –0.08 1.0
CH3CH2CH(CH3)O· C···C 2.153 47.2 44.6 2.11 45.0 –0.04 0.4

aBond being broken in TS.
bCalculated using B3-LYP/6-31G(d) geometries and (scaled) zero-point vibrational energies.
cCalculated using the CBS-RAD–Scanmax procedure (see text); ZPVEs obtained with B3-LYP/6-31G(d) at the B3-LYP/6-31G(d) TS geometry.
dCBS-RAD–Scanmax – B3-LYP/6-31G(d).
eCBS-RAD–Scanmax – CBS-RAD.

Table 2. Dependence of transition structure bond length (r, Å) and reaction barrier (∆H0
‡, kJ mol–1) on theoretical level.
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constant for unimolecular decomposition at 298 K is pre-
dicted to be 1.1 × 10–5 s–1.

The β-scission reaction (eq. [3]) is highly endothermic for
the methoxy radical and the enthalpy change corresponds to
the bond dissociation enthalpy (BDE) of the C—H bond
(∆H0 = 79.0 kJ mol–1 and ∆H298 = 84.8 kJ mol–1 (Table 3)).
Our calculated 0 K value is slightly lower than that deduced
experimentally by Osborn et al. (41) (82.8 ± 1.7 kJ mol–1)
and that calculated by Petraco et al. (19) (84.1 kJ mol–1).

The reverse reaction, addition of H atom to formaldehyde,
has a predicted barrier height at 0 K (∆H0

‡) of 18.5 kJ mol–1,
in good agreement with the recommended theoretical value
of Petraco et al. (19) (19.7 kJ mol–1). The reverse barrier is
considerably smaller than the forward barrier because of the
endothermicity of the β-scission reaction. Our Arrhenius pa-
rameters are log A = 10.37 and Ea = 18.7 kJ mol–1. The Ea
value is somewhat lower than values reported by Walch (43)
(22 and 26 kJ mol–1), derived experimentally from rates for
deuterium addition at room temperature (log A = 10.30 was
assumed) and an RRKM analysis, respectively. Because of
the large negative entropy of activation calculated for the ad-
dition reaction (–89.6 J mol–1 K–1) the free energy barrier
( ‡∆G298 = 40.5 kJ mol–1) is substantially higher than the
enthalpy barrier (∆H298

‡ = 13.8 kJ mol–1). Our calculated rate
for the addition of H atom to formaldehyde is k = 1.2 ×
107 L mol–1 s–1.

Ethoxy radical
The calculated values for the enthalpy of formation of the

ethoxy radical are ∆f H0
� = 4.2 kJ mol–1 or ∆f H298

� = –9.9 kJ
mol–1 (Table 1). These are in fair agreement with the values
recommended by Berkowitz et al. (40) (∆f H0

� = –1.7 ±
3.8 kJ mol–1 and ∆f H298

� = –15.5 ± 3.8 kJ mol–1, respec-
tively). We find closer agreement with the experimental
value of Ramond et al. (36) (∆f H300

� = –12 ± 7 kJ mol–1).
Viskolcz and co-workers (15) used a variety of high theoreti-
cal levels to obtain ∆f H298

� = 0 ± 3 kJ mol–1, significantly
higher than our CBS-RAD value and the experimental
values.

Our calculated barrier for β-scission of the H atom from
the ethoxy radical (∆H298

‡ = 85.1 kJ mol–1) is close to that
obtained by Viskolcz and co-workers (15) (84.8 kJ mol–1) at
the QCISD(T)/6-311+G(3df,2p) level of theory. It is approx-
imately 14 kJ mol–1 lower than for H-atom scission from the
methoxy radical.

The barrier for the reverse reaction, addition of the H
atom to acetaldehyde (∆H298

‡ = 22.0 kJ mol–1), is somewhat
higher than that for addition to formaldehyde (∆H298

‡ =
13.8 kJ mol–1).

An activation energy of 70.4 kJ mol–1 is predicted for β-
scission of CH3

· from the ethoxy radical, which is in close
agreement with a recent experimental determination (Ea =
70.3 kJ mol–1) measured by laser flash photolysis – laser-in-
duced fluorescence (15). Our predicted rate constant (k =
19 s–1) is higher than the experimental values of Viskolcz and
co-workers (14) (5.2 s–1) and Batt and Milne (44) (1.5 s–1).
This reaction has also been investigated by Somnitz and
Zellner (20) at a modified G2 level of theory, using RRKM
theory to derive Arrhenius activation parameters and reaction
rate constants. Their Ea value (73.6 kJ mol–1) is slightly
higher than ours and their derived log A value (12.99) is sig-

nificantly lower than ours (13.60). Their predicted rate con-
stant at 300 K (1.46 s–1) is in close agreement with the value
of Batt and Milne (44). β-Scission of the ethoxy radical
yielding CH3· + CH2=O is predicted to be endothermic by
40.6 kJ mol–1 at 0 K and 47.8 kJ mol–1 at 298 K (Table 3).

The experimentally determined activation energy for the
addition of the methyl radical to formaldehyde is 31.0 kJ
mol–1 (11), somewhat higher than that found in the present
calculations (Ea = 25.1 kJ mol–1) (Table 4).

1-Propoxy radical
The predicted values for the enthalpy of formation of

the 1-propoxy radical are ∆f H0
� = –8.2 kJ mol–1 and

∆f H298
� = –29.3 kJ mol–1, considerably less negative than the

experimental value (∆f H298
� = –41.4 kJ mol–1) (Table 1). In

the light of the good agreement with recent experimental data
(36) observed for other alkoxy radicals, we believe that exper-
imental reexamination for 1-propoxy radical is desirable.

β-Scission of the 1-propoxy radical yielding CH3CH2-
CH=O + H· has a predicted barrier (∆H298

‡ ) of 83.4 kJ mol–1

(Table 3). This value is only slightly lower than that predicted
for β-scission of the H atom from the ethoxy radical (∆H298

‡ =
85.1 kJ mol–1). The 0 K value ( ‡∆H0 = 82.4 kJ mol–1, Table 2)
is 13.1 kJ mol–1 lower than that calculated by Viskolcz and
co-workers (14) at the B3-LYP/SVP level of theory. The
higher value of Viskolcz is consistent with our observations
that the B3-LYP procedure tends to yield higher values for β-
scission barriers than CBS-RAD (Table 2). The present results
predict that the β-scission reaction of the 1-propoxy radical to
give CH3CH2CH=O + H· is strongly endothermic by 62.1 kJ
mol–1 (∆H298).

The predicted barrier for addition of the H atom to propanal
is 21.3 kJ mol–1 (Table 4) which, not surprisingly, is close to
the value for the addition to acetaldehyde (22.0 kJ mol–1).

The present calculations predict that β-scission of the 1-
propoxy radical yielding CH3CH2· + CH2=O, is impeded by
a barrier (∆H298

‡ ) of 55.7 kJ mol–1 (Table 3) and is endother-
mic by 44.9 kJ mol–1 (∆H298). This reaction has also been in-
vestigated by Somnitz and Zellner (20). Their RRKM-
derived Ea of 62.4 kJ mol–1 is slightly higher than ours
(58.1 kJ mol–1) and, as in the case of ethoxy, their log A
value (13.25) is somewhat lower than ours (13.77).

Our predicted barrier (∆H298
‡ ) for addition of ethyl radical to

formaldehyde is 10.7 kJ mol–1 (Table 4), approximately 9 kJ
mol–1 lower than that for methyl-radical addition (∆H298

‡ =
20.1 kJ mol–1) and approximately 3 kJ mol–1 lower than that
for H-atom addition (∆H298

‡ = 13.8 kJ mol–1).

2-Propoxy radical
The predicted values for the enthalpy of formation of 2-

propoxy radical are ∆f H0
� = –20.9 kJ mol–1 and ∆f H298

� =
−41 9. kJ mol–1, somewhat less negative than the experimen-
tal (∆f H298

� = –52.3 kJ mol–1 and ∆f H300
� = –46 ± 5 kJ mol–1)

and the value recommended by Sun and Bozzelli (45)
(∆f H298

� = –49.6 kJ mol–1).
Loss of the H atom from the 2-propoxy radical by β-

scission is predicted to have a barrier (∆H298
‡ ) of 74.1 kJ

mol–1, which is close to the G2(MP2) value of 76.5 kJ mol–1

obtained by Devolder et al. (16). It is somewhat lower than
the barriers for H-atom loss from the ethoxy and propoxy
radicals which have only a single α-alkyl substituent (CH3
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and CH3CH2, respectively). Conversely, the barrier for addi-
tion of the H atom to acetone (∆H298

‡ = 30.1 kJ mol–1) is
somewhat higher than that for addition to the aldehydes
CH3CH=O and CH3CH2CH=O (∆H298

‡ = 22.0 and 21.3 kJ
mol–1, respectively).

β-Scission of the 2-propoxy radical yielding CH3· +
CH3CH=O is predicted to be endothermic, with ∆H0 =
19.8 kJ mol–1 and ∆H298 = 27.1 kJ mol–1 (Table 3). The bar-
rier ( ‡∆H298) is predicted to be 57.7 kJ mol–1. This value is
similar to that found by Viskolcz and co-workers (16) at the
G2(MP2) level (∆H298

‡ = 61.2 kJ mol–1). Our Arrhenius pa-
rameters log A = 13.96 and Ea = 60.1 kJ mol–1, are in mod-
erate agreement with the experimental values, measured by
laser flash photolysis – laser-induced fluorescence (log A =
14.08, Ea = 63.7 kJ mol–1) (16). Our calculated rate at 298 K
is k = 2.8 × 103 s–1, somewhat higher than the experimental
rate (k = 8.3 × 102 s–1). The corresponding theoretical
RRKM values of Somnitz and Zellner (20) are Ea = 62.2 kJ
mol–1, log A = 13.38, and k = 3.53 × 102 s–1 at 300 K, in
somewhat better agreement with the experimental values of
Viskolcz and co-workers (15).

Addition of the methyl radical to acetaldehyde is pre-
dicted to have a significantly higher barrier (∆H298

‡ = 30.6 kJ
mol–1) than the addition of the H atom to acetaldehyde
( ‡∆H298 = 22.0 kJ mol–1) or the addition of the methyl radical
to formaldehyde (∆H298

‡ = 20.1 kJ mol–1).

2-Butoxy radical
β-Scission of the 2-butoxy radical may proceed by three

pathways: loss of the H atom, methyl radical, or ethyl radi-
cal. Loss of the H atom entails a very similar barrier
(∆H298

‡ = 73.1 kJ mol–1, Table 3) to that for H-atom loss from
the 2-propoxy radical (∆H298

‡ = 74.1 kJ mol–1). Likewise the
barrier for H atom addition to butan-2-one (∆H298

‡ = 27.6 kJ
mol–1, Table 4) is similar to that for the addition to acetone
( ‡∆H298 = 30.1 kJ mol–1).

Loss of either of the two alkyl groups, methyl or ethyl, is
hindered by smaller barriers than that for H-atom loss, with
∆H298

‡ = 59.8 and 46.5 kJ mol–1, respectively. Somnitz and
Zellner (20) also investigated the two β-scission pathways in-
volving alkyl group loss. Their theoretical RRKM values
(methyl, ethyl) are Ea = (60.8 kJ mol–1, 50.0 kJ mol–1), log
A = (12.26, 13.15), and k = (46.0 s–1, 2.67 × 104 s–1) at
300 K. Our corresponding values from Table 3 are (methyl,
ethyl) Ea = (62.3 kJ mol–1, 48.9 kJ mol–1), log A = (13.25,
13.72), and k = (2.2 × 102 s–1, 1.4 × 105 s–1) at 298 K. The
Ea values are in good agreement, but the RRKM log A val-
ues are lower than ours and that recommended by Fittschen
et al. (17), who suggest a common value (log A = 14 ± 0.3)
for β C-C scission in alkoxy radicals. Experimental estimates
of the rate constant for the dissociation to the ethyl radical
plus acetaldehyde lie in the range 7.5 × 102 to 3 × 104 s–1

(see reference (20b) for a review and discussion). An experi-
mental investigation in which both channels were observed
found a difference of 11.2 kJ mol–1 between Ea values, and
that the log A value for the ethyl channel was higher by 0.6
(46). Both features are in reasonable agreement with the the-
oretical results.

The barrier for methyl-radical addition to propanal
(∆H298

‡ = 31.5 kJ mol–1) is quite similar to that for the addi-
tion to acetaldehyde (∆H298

‡ = 30.6 kJ mol–1). However, the

barriers for both of these reactions are significantly greater
than for ethyl-radical addition to acetaldehyde (∆H298

‡ =
20.1 kJ mol–1). The reaction enthalpies for all three proces-
ses are generally similar (∆H298 = –26.4 to –28.3 kJ mol–1).

tert-Butoxy radical
The present calculations predict that β-scission of the tert-

butoxy radical should occur with a barrier of 54.5 kJ mol–1,
only 3.2 kJ mol–1 lower than for β-scission of the methyl
radical from 2-propoxy radical (∆H298

‡ = 57.7 kJ mol–1).
The calculated Arrhenius parameters for the scission re-

action are log A = 14.06 and Ea = 56.9 kJ mol–1. Ex-
perimentally determined kinetics of tert-butoxy radical de-
composition have been reported by Choo and Benson (11)
(log A = 14.1, Ea = 64 kJ mol–1), Batt et al. (47) (log A =
14.04 ± 0.37, Ea = 62.5 ± 0.6 kJ mol–1), Viskolcz and co-
workers (17) (log A = 14.0, Ea = 60.5 kJ mol–1) and Blitz et
al. (48) (log A = 13.15, Ea = 57 ± 2 kJ mol–1). While our Ea
value is close to that of Blitz et al. (48), their log A value is
significantly lower. Our calculations support a value for A
close to 1 × 1014, which is also recommended by Viskolcz
and co-workers (17).

As noted earlier for the corresponding H-atom additions
to acetone, methyl-radical addition to acetone is hindered by
a significantly higher barrier (∆H298

‡ = 38.1 kJ mol–1) than
for the corresponding additions to acetaldehyde and
propanal (∆H298

‡ = 30.6 and 31.5 kJ mol–1, respectively).

Prop-2-en-1-oxy and but-3-en-2-oxy radicals
The two unsaturated oxy radicals, prop-2-en-1-oxy and

but-3-en-2-oxy, may undergo β-scission by losing a vinyl
radical, or by losing a hydrogen atom or a methyl radical, re-
spectively. The structures of the OCCC anticlinal conformers
of these radicals, which are linked to the most stable (also
OCCC anticlinal) conformations of the transition structures
for H loss or CH3 loss, are shown in Fig. 1. In each case, the
<OCCC dihedral angle is such as to orient one of the allylic
groups (H and CH3, respectively) approximately perpendicu-
lar to the plane of the vinyl group and well-positioned for π-
bond-assisted departure.

The barriers (∆H298
‡ ) for H-atom loss from prop-2-en-1-

oxy (74.7 kJ mol–1) and but-3-en-2-oxy (69.7 kJ mol–1) radi-
cals are lower than those for the equivalent processes in the
saturated analogues, 1-propoxy (83.4 kJ mol–1) and 2-butoxy
(73.1 kJ mol–1), consistent with π-bond participation in the
β-scission process for the unsaturated radicals. The lower
barrier for the departure of the methyl radical from but-3-en-
2-oxy (48.2 kJ mol–1) as compared to methyl loss from 2-
butoxy (59.8 kJ mol–1) provides additional support for the π-
bond assistance in the former case.

With the exception of H· loss from methoxy, the loss of
vinyl radicals are the most endothermic of those listed in Ta-
ble 3. The barriers for vinyl group loss from the prop-2-en-
1-oxy and but-3-en-2-oxy radicals are ∆H298

‡ = 92.4 kJ mol–1

and 83.1 kJ mol–1, respectively. The higher values for vinyl
radical loss partly reflects the greater endothermicity in
these cases.

Influence of substituents in β-scission reactions
The data in Table 3 are grouped according to the depart-

ing radical (H·, CH3·, CH3CH2·, or CH2=CH·). It is apparent
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that within any of these groupings, increasing alkyl substitu-
tion at the site of oxygen attachment promotes β-scission.
Thus the barriers (∆H‡) for β-scission of H· decrease in the
sequence: CH3O· >> CH3CH2O· ≈ CH3CH2CH2O· >
(CH3)2CHO· ≈ CH3CH2CH(CH3)O·. Likewise, the ∆H‡ val-
ues for β-scission of CH3· decrease in the sequence:
CH3CH2O· > (CH3)2CHO· ≈ CH3CH2CH(CH3)O· >
(CH3)3CO·. The two examples of loss of ethyl and vinyl
groups also follow this pattern. These results are all consis-
tent with a decrease in ∆H‡ accompanying a decrease in the
reaction endothermicity ∆H, as expected from the Bell–Ev-
ans–Polanyi relationship. The decreased endothermicity may
in turn be associated with increased hyperconjugative stabi-
lization of the product carbonyl compounds with increased
alkyl substitution.

In addition to the reaction enthalpy effect, the barriers for
β-scission (and for the reverse radical addition to carbonyl,
see below) decrease as the ionization energy of the departing
radical decreases, consistent with the development of posi-
tive charge at the incipient radical in the transition structure.
Our calculated Mulliken charges indeed indicate that there is
a small amount of positive charge of approximately +0.05–
0.07 in the incipient radical moiety in the TS. The low net
charge on the departing radical (H·, CH3·, CH3CH2·, or
CH2=CH·) is consistent with a loose (late) TS with more
than 80% of the net spin on the radical. Interestingly, there
is also a significant polarization of charge in the remainder
of the transition structure, with a negative charge of approxi-
mately –0.4 on the incipient carbonyl oxygen and a positive
charge of approximately +0.3 on the remainder of the mole-
cule. The extent of this polarization increases with increas-
ing alkyl substitution.

Radical addition to the carbonyl group
The addition of radicals to alkenes has been extensively

studied by high-level theoretical calculations (for example,
see refs. 13 and 49). However, the addition of radicals to car-
bonyl compounds has received less attention (for example, see
refs. 19 and 50). This reaction is the reverse of the β-scission
reaction that we have discussed in detail above and we there-
fore make only a few brief comparative remarks here.

Table 4 contains our computed data for radical additions
to carbonyl compounds, grouped according to the radical be-
ing added. An initial comment is that, because of the
endothermicity of the β-scission reactions, the barriers for
the reverse radical addition reactions are considerably
smaller than the β-scission barriers.

Transition structures for the addition of hydrogen, methyl,
ethyl, and vinyl radicals to acetaldehyde are shown in Fig. 2,
along with the calculated Arrhenius activation parameters. A
general plot of the calculated activation energies (Ea) against
reaction enthalpies (∆H298) is displayed in Fig. 3. It is clear
that Ea generally decreases with increasing exothermicity, as
expected from the Bell–Evans–Polanyi relationship. In addi-
tion, for a given exothermicity, the barriers tend to be lower
for radicals with a lower ionization energy. These observa-
tions are qualitatively consistent with the empirical relation-
ship (eq. [4]) of Choo and Benson (11), and with
considerations based on a curve-crossing model (13, 51).
Lower ionization energies enable greater participation of
charge-transfer configurations of the type radical+carbonyl–,
which in turn leads to a lowering of the barrier. The barriers
follow the pattern (CH3)2C=O ≈ CH3CH2C(CH3)=O >
CH3CH=O ≈ CH3CH2CH=O > CH2=O, in line with the re-
action exothermicity. Particularly low barriers are observed
for the highly exothermic additions involving the vinyl
radical.

An interesting observation, already noted above for the
addition of H· to CH2=O, is that, in contrast to the situation
for the β-scission reactions, the ∆G298

‡ values for the radical
additions are considerably greater than the ∆H298

‡ values.
This arises because of substantial negative entropies of acti-
vation, a result that is not unexpected for a bimolecular reac-
tion. The differences between ∆G298

‡ and ∆H298
‡ depend on

the radical that is added, and increase in the sequence H·
(26–31 kJ mol–1) < CH3· (37–45 kJ mol–1) ≈ CH2=CH· (37–
40 kJ mol–1) < CH3CH2· (43–46 kJ mol–1).

Examination of the log A values shows that the frequency
factors (A) for H· addition are close to 1 × 1010, while those
for alkyl radical addition are two to three orders of magni-
tude smaller. Frequency factors for vinyl-radical addition are
close to those for methyl-radical addition.

Conclusions

The structures of the alkoxy radicals methoxy (CH3O·),
ethoxy (CH3CH2O·), 1-propoxy (CH3CH2CH2O·), 2-propoxy
((CH3)2CHO·), 2-butoxy (CH3CH2CH(CH3)O·), tert-butoxy
((CH3)3CO·), prop-2-en-1-oxy (CH2=CHCH2O·), and but-3-
en-2-oxy (CH2=CHCH(CH3)O·), and the products of their β-
scission reactions, have been determined at the B3-LYP/6-
31G(d) level of theory. CBS-RAD has been used to calculate
the enthalpies of formation (∆f H298

� ). The predicted ∆f H298
�
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Fig. 1. The unsaturated prop-2-en-1-oxy and but-3-en-2-oxy radicals.
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values agree well with the available experimental data, with
a mean absolute deviation of 5.4 kJ mol–1.

Transition structures (TS) for all the β-scission pathways
were located at the B3-LYP/6-31G(d) level and, in most
cases, at the CBS-RAD–Scanmax level. The bond being
cleaved in the TS tends to be longer with B3-LYP by 0.10–
0.16 Å (C—H) or 0.04–0.10 Å (C—C). At the B3-LYP ge-
ometry, the predicted B3-LYP barriers (∆H0

‡) are 13–20 kJ
mol–1 higher than the CBS-RAD values for C-H scission,
and 3–14 kJ mol–1 higher for C—C bond breaking. The con-
sequence of not reoptimizing the bond being broken at the

CBS-RAD level is an underestimation of ∆H0
‡ by 1.6–2.4 kJ

mol–1 (C—H) or 0.4–1.3 kJ mol–1 (C—C).
Eyring (∆H0

‡ , ∆H298
‡ , ∆G298

‡ ) and Arrhenius (log A, Ea) ac-
tivation parameters for both the forward (β-scission) and re-
verse (radical addition to carbonyl) pathways were
calculated within the rigid rotor – harmonic oscillator model
and transition-state theory. Most of the available experimen-
tal kinetic data refer to the β-scission pathway. Where direct
comparison was possible, the agreement with the experimen-
tal is very good, generally within 1–5 kJ mol–1 for Ea, and
0.5 for log A.

The values of the barriers for either β-scission or radical
addition to carbonyl are dominated by the reaction enthalpy:
the barrier decreases with decreasing endothermicity (β-
scission) or increasing exothermicity (radical addition). As a
consequence, for example, alkyl or vinyl substituents in the
alkoxy radical lower the barrier for β-scission of H·, CH3·, or
CH3CH2· groups. In addition to the enthalpy effect, the barrier
depends on the ionization energy of the departing radical in
the β-scission reaction (or equivalently, the adding radical in
the radical additions). Smaller barriers are associated with
lower ionization energies. These results are consistent with
expectations based on the curve-crossing model, the smaller
ionization energies allowing greater participation of charge-
transfer configurations of the type radical+carbonyl– in the
transition structure. We find that in the transition structures,
the departing radical carries a small positive charge while
there is substantial charge polarization in the nascent carbonyl
compound, the oxygen atom becoming negatively charged
and the rest of the molecule becoming positively charged.
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Scanmax; for vinyl group addition, the value is from B3-LYP/6-31G(d) optimization.

Fig. 3. Activation energies for the addition of hydrogen, methyl,
ethyl, and vinyl radicals to carbonyl compounds vs. the reaction
enthalpy.
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Regioselectivity of Meisenheimer complexation in
reaction of oxygen-centred nucleophiles with
picryl aryl ethers: Polar vs. SET mechanisms

Erwin Buncel, Julian M. Dust, Richard A. Manderville, and Richard M. Tarkka

Abstract: Picryl alkyl ethers react with hydroxide and methoxide ions to give regioisomeric Meisenheimer (anionic σ-)
adducts; the C-3 adduct is kinetically favoured and the C-1 adduct is thermodynamically favoured (K3T1 behaviour). In
the current 400 MHz NMR spectroscopic study of the reactions of two picryl aryl ethers, picryl phenyl ether (PicOPh,
1) and picryl mesityl ether (PicOMes, 2), the charge localized nucleophiles OH– and MeO– displayed the same K3
regioselectivity as found with picryl alkyl ethers; attachment at C-1 leads to SNAr displacement of the aryloxide. In
contrast, phenoxide (PhO–) and the sterically demanding 2,4,6-trimethylphenoxide (mesitoxide, MesO–) react with 1
and 2 to form the C-1 O-adduct as the product of kinetic control (i.e., K1 behaviour). These reactions were studied at
low temperature (–40°C in acetonitrile-d3:dimethoxyethane-d10 1:1) and as a function of increasing temperature (–40°C
to ambient). On the thermodynamic side, the C-1 PhO– O-adduct of 1 is also the more stable of the possible phenoxide
O-adducts; it shows T1 regioselectivity within the manifold of O-adducts (K1T1), but the C-3 C-adduct (via para-at-
tack of PhO–) is the ultimate thermodynamic product. The C-1 O-adducts formed by MesO– with 1 or 2 give way with
time (or temperature increase) in favour of their C-3 regioisomers or a C-1,3-O-diadduct. Mesitoxide, therefore, dis-
plays K1T3 regioselectivity. Stereoelectronic stabilization is discussed as a factor influencing T1 regioselectivity in O-
adduct formation. Frontier molecular orbital (FMO) interactions between the HOMO of the nucleophile and the LUMO
of the picryl ether may play a role in the K1 preference of aryloxides. An alternative argument is presented based on a
single electron (radical) transfer (SET) pathway for the aryloxide nucleophiles rather than the polar (SNAr) pathway for
hydroxide and methoxide. The SET pathway also predicts a kinetic preference for C-1, as the C-1 position is of higher
spin density than C-3 in the radical anion of the picryl ether and thus should be the preferred site for coupling by the
aryloxide radical.

Key words: anionic Meisenheimer adducts, regioselectivity, kinetic–thermodynamic control, FMO, stereoelectronic
stabilization, single electron transfer (SET).

456Résumé : Les oxydes de picryle et d’alkyle réagissent avec les ions hydroxydes et méthylates avec formation d’adduits
(anioniques σ-) de Meisenheimer régioisomères; l’adduit en C-3 est favorisé d’un point de vue cinétique alors que
l’adduit en C-1 est favorisé d’un point de vue thermodynamique (comportement K3T1). Dans l’étude courante, par
spectroscopie RMN à 400 MHz, des réactions de deux oxydes de picryles et d’aryles, l’oxyde de picryle et de phényle
(PicOPh, 1) et l’oxyde de picryle et de mésityle (PicOMes, 2), les nucléophiles à charge localisée, OH– et MeO–, pré-
sentent la même régiosélectivité K3 que celle observée avec les oxydes de picryle et d’alkyle; la fixation en C-1
conduit à un déplacement SNAr de l’aryloxyde. Par opposition, le phénolate (PhO–) et le 2,4,6-triméthylphénolate (mé-
sitylate, MesO–) qui imposent des demandes stériques beaucoup plus importantes réagissent tous les deux avec les
composés 1 et 2 pour former, comme produit de contrôle cinétique, un O-adduit en C-1 (comportement K1). On a étu-
dié ces réactions à basse température (–40 °C, dans un mélange acétonitrile-d3:diméthoxyéthane-d10 1:1) et en fonction
d’une augmentation de la température (–40 °C à la température ambiante). D’un point de vue thermodynamique, le O-
adduit du PhO– en C-1 du produit 1 est aussi le plus stable des O-adduits possibles pour le phénolate; il présente du
régiosélectivé T1 parmi les plusieurs O-adduits (K1T1); toutefois, le C-adduit C-3 (obtenu par une attaque en para du
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PhO–) est le produit thermodynamique ultime. Les O-adduits C-1 qui se forment initialement entre le MeSO– et les
produits 1 et 2 laissent la place, avec le temps ou une augmentation de la température, à leurs régioisomères C-3 ou à
un C-1,3-O-diadduit. Le mésitylate présente donc une régiosélectivité K1T3. On discute de la stabilisation électronique
comme facteur influençant la régiosélectivité T1 dans la formation des O-adduits. Les interactions des orbitales molé-
culaires frontières (OMF) entre l’OM haute occupée et la basse vacante de l’oxyde de picryle pourrait jouer un rôle
dans la préférence K1 des aryloxydes. On présente un argument alternatif, basé sur une voie réactionnelle impliquant le
transfert d’un seul (radical) électron (SET) pour les nucléophiles aryloxydes plutôt qu’une voie polaire (SNAr) pour
l’hydroxyde et le méthanolate. La voie SET permet aussi de prédire une préférence cinétique pour C-1 parce que cette
position possède une densité de spin plus élevée que celle en C-3 dans l’anion radical de l’oxyde de picryle et qu’elle
devrait donc être le site favorisé pour le couplage avec le radical aryloxyde.

Mots clés : adduits anioniques de Meisenheimer, régiosélectivité, contrôles cinétique et thermodynamique, OMF, stabili-
sation stéréoélectronique, transfert d’un seul électron (SET).

[Traduit par la Rédaction] Buncel et al.

Introduction

Reaction of a base (nucleophile) with an electron-deficient
aromatic may give rise to diverse products, namely π-com-
plexes (1), radical anions (2), aryl carbanions (3), and an-
ionic σ-adducts (termed Meisenheimer complexes) (1–4).
With 1-X-2,4,6-trinitrobenzenes, nucleophiles react to form
Meisenheimer complexes according to an accepted general
pattern of the initial formation of a C-3 adduct that gives
way over time to a thermodynamically favoured C-1 adduct
(5). This regioselectivity has been elaborated in a number of
1-X-2,4,6-trinitrobenzene-nucleophile reaction systems, no-
tably with alkoxides and hydroxide as nucleophiles (5), and
has been labelled K3T1 (6, 7) (cf. Fig. 1).

In a series of articles (6, 7), we have delineated a full
range of regioselectivities in Meisenheimer complexation.
Thus, while 2,4,6-trinitroanisole (TNA) reacts with meth-
oxide according to the K3T1 pattern (cf. Fig. 1) (5a–d, 6b),
TNA reacts with the oxygen centre of a phenoxide ion
(PhO–) with K1T1 regioselectivity. In the latter case, a C-1
TNA·OPh– adduct was the first (and only) phenoxide O-
adduct detected by 400 MHz 1H NMR spectroscopy at –40°C
in acetonitrile–dimethoxyethane (MeCN-d3:DME-d10 1:1)
solvent (6b). The regioisomeric C-3 TNA·OPh– adduct was
not observed, in accord with a previous stopped-flow UV–
vis kinetic study in which the initially observed adduct was
identified as the C-1 species (8). Furthermore, the structur-
ally similar phenoxide O-adduct of 1,3,5-trinitrobenzene
(i.e., TNB·OPh–) can be observed by 1H NMR spectroscopy
under the same conditions used in the TNA·PhO– study (9a).
On this basis, the regioselectivity exhibited by the TNA–
PhO– system was classified as K1T1, i.e., a system in which
the C-1 adduct is favoured by both kinetics and thermody-
namics (Fig. 1). However, the ultimate phenoxide product
was the C-3 TNA·PhO(H)– para C-bonded adduct, consis-
tent with the ambident (O- and C-) nucleophilic nature of
PhO– (6b) and in agreement with results gleaned from re-
lated systems (9). The behaviour of phenoxide as a C-
nucleophile corresponds to K3T3 regioselectivity wherein
the C-3 C-adduct is the product of both kinetic and thermo-
dynamic control. Our AM1 calculations on the regioisomeric
adducts formed by TNA with OH– and CH3

– as prototypical
O- and C-nucleophiles, respectively, confirm the thermody-
namic preference for C-3 attack by carbon nucleophiles (6d).
This K3T3 behaviour (Fig. 1) of C-nucleophiles is also im-

plicit in the synthetic results found in vicarious nucleophilic
substitution (VNS) reactions, as documented by Makosza
and co-workers (10). Finally, we have reported the results of
the reaction of TNA with the bulky aryloxide nucleophile
2,4,6-trimethylphenoxide (mesitoxide, MesO–) (6c). In this
system, attack at C-1 to yield a C-1 TNA·OMes–

Meisenheimer complex is kinetically favoured at –40°C, but
as the NMR probe temperature was raised, the C-1 adduct
rapidly declined in concentration and was supplanted by the
C-3 TNA·OMes– adduct, in accord with K1T3 behaviour
(Fig. 1). This reactivity pattern is the inverse of the “nor-
mal” K3T1 isomerization pathway displayed by alkoxides
and hydroxide.

Although a wide range of kinetic and thermodynamic fac-
tors have been advanced (4, 5, 11, 12) to account for the
regioselectivity found in picryl ether – base Meisenheimer
complexation, our analysis has focused primarily on thermo-
dynamics and has highlighted the contribution made by
stereoelectronic stabilization of the relevant C-1 adducts
(6b–d, 7, 9a). In this approach, C-1 adducts, as acetal ana-
logues, can be stabilized by n → σ* donation from an oxy-
gen lone pair of one RO group into the anti-bonding orbital
of the C—OR bond (and vice versa); the interaction is maxi-
mized if the relevant lone pairs and C—OR fragment bonds
can be arranged antiperiplanar to one another. Where stereo-
electronic stabilization is negligible, the C-3 adduct may be-
come the thermodynamic product (7).

The arguments concerning kinetic factors have either re-
lied on assumptions made about the position of the transition
state for adduct formation (5d, 6b) or have consisted of as-
sessments of steric hindrance to attack at C-1 (F-strain) (11,
12d, 12e, 13, 14). In light of the K1T3 behaviour exhibited
in the reaction of TNA with mesitoxide, a bulky nucleophile,
the importance of F-strain in determining the regioselectivity
of Meisenheimer complexation warrants re-examination.

The present article extends the study of picryl ether –
nucleophile interactions to the picryl aryl ethers picryl phenyl
ether (PicOPh, 1) and picryl mesityl ether (PicOMes, 2). The
reactions of these ethers, 1 and 2, with the aryloxide nucleo-
philes, phenoxide ion (PhO–) and mesitoxide (MesO–), were
monitored in acetonitrile–dimethoxyethane (MeCN-d3:DME-
d10 1:1 v/v) as a function of temperature (–40° to ambient),
and the PicOPh–PhO– system was studied in dimethyl sulfox-
ide (DMSO-d6) at room temperature. Thus, the current study
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further probes the effect of steric hindrance at C-1 on the kinet-
ics of these systems, particularly in the case of the highly hin-
dered PicOMes reacting with the bulky MesO– anion.

The results are compared with those obtained in the re-
lated TNA–Nu– systems and are discussed with regard to
possible frontier molecular orbital (FMO) interactions be-
tween the highest occupied molecular orbital (HOMO) of
the aryloxide nucleophiles and the lowest unoccupied molec-
ular orbital (LUMO) of the polynitroaromatic substrate. To
model a 1-X-2,4,6-trinitrobenzene, we have carried out a
semi-empirical (AM1) (15) molecular orbital calculation on
TNA, and these results are included in this article. Finally,
more recent suggestions that related reactions proceed
through transition states having varying degrees of radical
character (16) or via single electron transfer (SET) to give a
radical–radical anion pair (2) are considered.

Results

Reactions of the aryloxides PhO– and MesO– with the
electrophiles PicOPh, 1, and PicOMes 2, were monitored by
400 MHz 1H NMR in acetonitrile–dimethoxyethane (MeCN-
d3-DME-d10 1:1 v/v), a solvent system that has proven use-
ful in NMR studies down to temperatures of –50°C (6b, 6c,
9a). Reactions of 1 and 2 with OH– and MeO– were con-
ducted in DMSO-d6 at ambient temperature. Spectroscopic
characteristics of the species (including coupling constants,
J, in Hz) shown in Schemes 1 and 2 are listed in Table 1. In
general, resonances are located at positions farther downfield

in the MeCN-d3:DME-d10 medium than in DMSO-d6.
13C

NMR peak positions for some relevant σ-adducts measured
in MeCN–DME and substrates measured in DMSO-d6 are
given in Table 2.

As in previous studies of the reaction of aryloxides with
picryl systems (6b, 6c, 9), C-3 hydroxide adducts of 1 (i.e.,
6) and 2 (i.e., 15) were observed also. The assignment of the
signals of these adducts (6 and 15) was confirmed by control
experiments that involved the electron-deficient substrates
and tetramethylammonium hydroxide (Me4NOH) in DMSO.
In general, these C-3 hydroxide adducts gave way over time
to picrate anion (PicO–, 8) following a pattern seen previ-
ously (6b, 6c, 9). Methoxide reacted with 1 and 2 to yield
the respective C-3 adducts 9 and 17, as the products of ki-
netic control; the corresponding C-1 adducts 10 and 18 were
not observed. Relevant spectroscopic data for the observed
adducts are given in Table 1.

Reaction of 1 with excess PhOK in MeCN–DME
To an NMR tube that contained a solution of PicOPh (1)

in MeCN-d3:DME-d10 (1:1, v/v), cooled to –50°C, was in-
jected 1.5 equiv of a similarly cooled MeCN-d3:DME-d10
solution of phenoxide ion (PhOK; final concentrations of
1:PhOK were 0.06:0.09 M). The first 1H NMR spectrum re-
corded at –40°C contained a singlet at δ 8.63 that is consis-
tent with the resonance for two equivalent ring protons (H3,5)
of a C-1 O-adduct. Other signals in the spectrum are simi-
larly attributable to the C-1 PicOPh·OPh– O-adduct, 3
(Scheme 1). The initial low-temperature spectrum was re-
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Fig. 1. Qualitative comparative energy-reaction coordinate profiles for the four general patterns of regioselectivity. Barrier heights and
relative stabilities are exaggerated for clarity. K3T1 describes those systems in which formation of the C-3 adduct is the product of ki-
netic control, but the C-1 adduct is the thermodynamic product. In the K1T1 profile the C-1 adduct is favoured by both kinetics and
thermodynamics. The profile designated K3T3 represents the situation where the C-3 adduct is doubly preferred; that is by kinetics and
by thermodynamics. The K1T3 profile describes the inverse behaviour from that indicated by K3T1; now the C-1 adduct is favoured
kinetically but the C-3 adduct is the most stable product.
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markably free from signals that would arise from formation
of other adducts at this temperature. Therefore, a full assign-
ment could be made for 3: 8.63 (2H, s, H3,5), 7.15 (4H, m,
Hm), 6.95 (2H, m, Hp), and 6.69 (2H, m, Ho).

4 It is pertinent
to note that the signals assigned to the ring protons of the at-
tached phenoxyl group are equivalent, indicating that the
adduct is symmetrical. The 13C NMR spectrum of 3 was also
recorded (Table 2).

As the temperature was gradually raised, resonances of 3
began to broaden, and after ca. 1 h at 10°C a new set of dou-
blets could be seen at 8.57 (1H, J = 1.9) and 6.42 (1H, J =
1.9). These peaks are assignable to H5 and H3, respectively,
of the C-3 PicOPh·OH– adduct, 6 (Scheme 1), that arises
from equilibration of PhO– and adventitious water present in
the solvent (cf. ref. 6b, 6c, 17). The OH resonance of 6 was
not observed and its state of ionization is, therefore, uncer-
tain.

As the temperature was further raised to ambient, a singlet
was noted at 8.65. Comparison with related systems (6)
shows that this singlet represents the two equivalent ring
protons of picrate anion, i.e., PicO–, 8. Eventually (>5 h)
peaks appear that are ascribable to the C-3 para-bonded
adduct, 5 (Scheme 1); resonances belonging to 5 are given in
Table 1. The OH of the attached phenoxyl group was not ob-
served, so the state of ionization of this OH is uncertain.
Moreover, the para proton (Hp) of the C-1 phenoxyl moiety
of the C-3 PicOPh·PhO(H)– adduct, 5, was apparently ob-
scured by resonances of free PhOH (i.e., Hm′, Ho′, Hp′).

In summary, as an O-nucleophile, PhO– reacts at C-1 of
PicOPh, 1, to yield the C-1 O-adduct, 3, as the first phen-

oxide adduct. More significantly, at no time were peaks ob-
served that could be attributed to a C-3 phenoxide O-adduct
(i.e., 4, Scheme 1). We have previously shown (9a) that the
chemical shift of the diagnostic proton bonded to the sp3-hy-
bridized ring carbon in the phenoxide O-adduct of 1,3,5-
trinitrobenzene, TNB·OPh–, is located 0.5–0.8 ppm down-
field from the signal for the comparable proton in analogous
TNB·OR– adducts. On this basis, the signal for the similar
sp3-bound proton in the putative C-3 PicOPh·OPh– adduct,
4, should appear in a region of the spectrum well separated
from the signals of the C-3 hydroxide adduct, 6, and so
should be readily identifiable. In fact, no such signal was
seen before the appearance of the peaks assigned to the C-1
O-adduct, 3, nor did it appear later in response to increasing
temperature. As the temperature was raised, 6 and PicO–, 8,
were observed in the spectrum. Slowly, 6 gave way to 8 and
free phenol, presumably through the intermediacy of a tran-
sient C-1 PicOPh·OH– adduct, 7, that is not observed. Such
adducts have been postulated in analogous reaction systems
(6b–d). In accord with the ambident nature of phenoxide
ion, the eventual product of phenoxide attack is the C-3 para
C-bonded adduct, 5.

Reaction of 1 with equimolar MesOK in MeCN–DME
Upon addition of 1 equiv of potassium 2,4,6-trimethyl-

phenoxide ion (potassium mesitoxide, MesOK) in MeCN-
d3:DME-d10 to the NMR tube that contained a cooled (–50°C)
solution of 1 (final concentration 0.06 M), the sample turned
a deep orange colour. Interestingly, the initial 1H NMR spec-
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Scheme 1.

4 Signals assigned to the para, meta, and ortho (Hp, Hm, and Ho) protons typically appear as somewhat broadened triplets, and triplets and
doublets, respectively. The broadening found is indicative of further unresolved coupling and so throughout this article the signals ascribed
to attached phenoxyl groups and to phenoxide ion or phenol will be listed as multiplets.
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trum, recorded at –40°C, showed the presence of two σ-com-
plexes, the C-1 PicOPh·OMes– O-adduct, 11 (Scheme 2),
and the C-1 PicOPh·OPh– adduct, 3 (Scheme 1). At this
stage, peaks of 11 were found at δ 8.69 (2H, s, H3,5), 7.08
(2H, m, Hm), 6.80 (1H, m, Hp), 6.68 (2H, s, H3′,5′ mesitoxyl),
6.60 (2H, m, Ho), 2.16 (3H, s, p-Me, mesitoxyl), and 1.97
(6H, s, o-Me) and were clearly distinguishable from the sig-
nals assigned to 3 (Table 1). The resonances of 11 were pre-
dominant in this initial spectrum: 11:3 = 2:1.

As the temperature of the system was slowly raised to
−20°C, broad resonances appeared, a set at ca. 8.60 and 6.80
and a signal at ca. 6.67; these resonances were ascribable to
PicOMes, 2, and mesitol (MesOH), respectively. Coincident
with the appearance of the new signals, the resonances as-
signed to 11 declined in favour of those of 3. With the in-
crease to –10°C and the passage of time (ca. 2 h), new
resonances appeared that were assigned to C-3 aryloxide O-
adducts. The sp3-bound protons (H3) of the O-adducts were
doublets at 6.90 (J = 2.2) and 6.87 (J = 2.2), whereas the
sp2-bound protons (H5) appeared as a single triplet that
arises from overlapping doublets centred at 8.43. The down-
field shift of the H3 protons (at 6.90 and 6.87) of these spe-
cies relative to the shift of the corresponding proton
established for the C-3 PicOPh·OH– adduct, 6, was consis-
tent with attachment of the O-centre of an aryloxide (6, 9a).
Although additional signals that would be expected for these
C-3 aryloxide O-adducts were obscured by the peaks of 2, 3,
11, and MesOH, the signals at 6.90, 6.87, and 8.43 (as well
as those for 3, 6, and 11) do not survive acidification
(trifluoroacetic acid, TFA; 5 µL); it is a characteristic of O-
adducts that they are acid labile (4b, 6, 9). Tentative assign-
ment of the structures of the C-3 O-adducts corresponding to
the 6.90, 6.87, and 8.43 set of signals will be made below.

Subsequent monitoring of the reaction as a function of in-
creasing temperature (from –10 to 0°C in ca. 30 min)
showed that the peaks due to 11 vanished while signals at-
tributed to 3 and the C-3 aryloxide O-adducts remained in
the spectrum. Furthermore, peaks assigned to the
PicOPh·OH– adduct, 6, were joined by those of the C-3
PicOMes·OH– adduct, 15 (Table 1, Scheme 2). At ambient
temperature the signals attributed to 3 and the C-3 aryloxide
O-adducts were no longer present; those of the OH– adducts,
6 and 11, dominated the spectrum. Peaks for 2, MesOH, and
8 were also found and a spectrum acquired after 2 days at
ambient still contained peaks for 8 and mesitol as well as
PhOH.

Thus, the results suggest that in the reaction of MesO–

with 1, initial attack gives the C-1 PicOPh·OMes– O-adduct,
11. Breakdown of 11 via an SNAr pathway (18–20) leads to
formation of PicOMes and PhO– and, therefore, to a system
that contains two substrates (1 and 2) as well as two nucleo-
philes (PhO– and MesO–). The liberated PhO– ion reacts at
C-1 of 1 to give 3. As the reaction proceeds, peaks due to 11
decrease in intensity in tandem with growth of the reso-
nances of 2, MesOH and 3. At no time are peaks of 1 and
free PhOH observed at this early stage of the reaction.

The next observable σ-adducts appeared at –10°C and
were identifiable as C-3 aryloxide O-adducts (6, 9a). Al-
though the exact assignment of these adducts is tentative, the
spectroscopic evidence supports the assignment of the sig-
nals to C-3-type aryloxide O-adducts. Moreoever, the C-3
adducts arise from attack of MesO– on 2 and are not C-3 ad-
ducts formed by attack of either PhO– or MesO– on 1. First,
the previous experiment (vide supra) confirmed PhO– attack
at C-1 of 1 to give 3 as the only process that involves 1 and
phenoxide as an O-nucleophile. Thus, none of the C-3 arylo-
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Scheme 2.
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xide O-adducts can arise from interaction of 1 and PhO–. Sec-
ondly, decomposition of the initially formed C-1 PicO-
Ph·OMes– adduct, 11, releases PicOMes, 2, which could
undergo further attack by mesitoxide. Note that 2 and MesOH
are both observed in spectra acquired at this temperature. Fur-
ther justification for the assignments was obtained from study
of the PicOMes–MesO– system (vide infra). By the reasoning
outlined, the peaks of the C-3 aryloxide O-adducts in the
present system are ascribed to the C-3 PicOMes·OMes–

adduct, 12, and the C-1,3 PicOMes·(OMes)2
2– diadduct, 13.

The H3 resonance at 6.90 (d, J = 2.2) is attributed to 12; that
of 13 appears at 6.87 (d, J = 2.2).

The final σ-adducts found in the system are the C-3 hy-
droxide complexes 6 and 15 that result from equilibration of
PhO– and MesO– with residual water in the medium that, in
turn, generates OH–. Ultimately, these too give way to
picrate ion, 8, PhOH, and MesOH.

Reaction of 2 with equimolar PhOK in MeCN–DME
The interaction of PicOMes, 2, with PhOK in MeCN-

d3:DME-d10 (1:1 v/v) was found to give results similar to
those for the PicOPh–MesO– reaction system described
above. Consequently, after the addition of equimolar PhOK
in MeCN-d3:DME-d10 to a solution of 2 in the same medium
(final concentrations: 0.06 M), cooled to –50°C, the first
spectrum (recorded at –40°C) includes resonances of the C-1
PicOMes·OPh– O-adduct, 11 (Scheme 2) as well as the C-1
PicOPh·OPh– O-adduct, 3 (Scheme 1). As the temperature
is raised, peaks reappear for 2 and appear for MesOH, but
at –10°C, signals are observed that correspond to the C-3
mesitoxide adducts, 12 and 13. Observation of the peaks for
these species validates their observation and assignment in
the PicOPh–MesO– reaction system.

Peaks due to 11 disappear from the spectrum at 0°C and
resonances attributable to the C-3 hydroxide adducts, 6 and
15, appear. At ambient temperature the signals for these hy-
droxide adducts, 6 and 15, and for PicO– were dominant,
whereas the peaks of 3, 12, and 13 diminish. Eventually
(>12 h), the spectrum obtained at room temperature consists
mainly of 8, PhOH, and MesOH, although small extraneous,
unidentified signals were also present.

Reaction of 2 with equimolar MesOK in MeCN–DME
To a solution of 2, cooled to –50°C, was added a similarly

cooled solution of MesOK in MeCN-d3:DME-d10 (final con-
centration: 0.06 M). The major peaks in the initial 1H NMR
spectrum measured at –40°C (acquired within 5 min of mix-
ing) were identified as belonging to unmodified 2 and
MesOK. However, two equivalent broad singlets were also
noted at δ 8.62 and 7.17. The 8.62 resonance could corre-
spond to the H3,5 protons of a C-1 MesO– adduct; compari-
son of the chemical shift with those for the H3,5 protons of
the related C-1 TNA·OMes– adduct, 18, (i.e., 8.62 (6c)) and
the C-1 PicOPh·OPh– adduct, 3 (i.e., 8.63) favours this as-
signment. However, in the present system the relative
integrals link the 8.62 peak to the broad signal at 7.17 (i.e.,
1:1 integral ratio). Moreover, peaks, albeit poorly resolved
ones, are observed in the 6.5–6.8 and 1.9–2.2 ppm regions
(other than those for 2 and MesOK) and are taken to repre-
sent the mesitoxyl protons of this initially formed species.
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Combination of these observations with the kinetic
preference shown by aryloxides for attack at the C-1 posi-
tion of picryl alkyl ethers (6, 7) leads to assignment of the
resonances at 8.62 and 7.17 to the ring protons of the C-1
PicOMes·OMes– adduct, 14 (Scheme 2). In this case, the
H3 and H5 protons are non-equivalent as a result of steric
interactions between the C-1 mesitoxy substituents and
the flanking C-2,6 nitro groups. For example, if one of the
C-2,6 NO2 groups in 14 is twisted from the plane of the
cyclohexadienate ring to relieve the proposed steric strain,
then the negative charge of 14 could only be delocalized
to the C-4 and one of the C-2,6 NO2 groups. Thus, assum-
ing that the C-4 and C-6 nitro groups form part of the con-
jugated anionic system, the C-2 nitro group and the
moiety to which it is bonded would resemble an isolated
nitroalkene, and H3, in this example, would approximate a
proton at the 2-position of a 1-nitroalkene (14a,
Scheme 2). In this regard, it is noteworthy that the reso-
nance for the olefinic proton at the 2-position of 1-
nitrocyclohexene appears at 7.20 in DMSO-d6 (21).
Twisting of NO2 groups out of the aromatic plane has
been noted in numerous X-ray crystallographic studies of
neutral nitroaromatic compounds that possess an alkoxy
group adjacent to the nitro group (22).

As the temperature was gradually raised, the spectra ob-
tained showed a sequential decline in the signals that represent
14 (Scheme 2). The spectrum acquired at –30°C (recorded ca.
30 min after the initial spectrum acquired at –40°C) lacked
peaks of 14; signals of 2 were notably broad. Upon further
warming, peaks sharpened, and at –10°C the spectrum con-
tained signals assigned to two C-3 MesO– adducts as fol-
lows: 12 at 8.44 (1H, d, J = 2.2, H5) and 6.90 (1H, d, J =
2.2, H3) and 13 at 8.44 (1H, d, J = 2.2, H5 overlapped with
H5 of 12) and 6.87 (1H, d, J = 2.2, H3). Observation of sig-
nals of these Meisenheimer complexes in this system was in
accord with their previous identification in the PicOPh–
MesO– and PicOMes–PhO– reactions and confirmed their
assignment as adducts arising from attack of MesO– on
PicOMes in all three studies.

At ambient temperature the peaks of 12 and 13 are re-
placed by those due to the C-3 PicOMes·OH– adduct, 15
(Scheme 2). After monitoring the reaction for 12 h at room
temperature, the singlet for 8 at 8.65 is also seen.

Discussion

Reaction pathways and classification of regioselectivity
The interactions of the series of O-nucleophiles, phenoxide

(PhO–), 2,4,6-trimethylphenoxide (mesitoxide, MesO–), hy-
droxide (OH–), and methoxide (MeO–) ions with the picryl
aryl ethers PicOPh, 1, and PicOMes, 2, provide interesting
insights into the variable regioselectivity of Meisenheimer
complex formation. On the basis of comparison of the pKa
values of the parent phenols (23) in water and with the as-
sumption that nucleophilicity follows basicity (24), MesO–

as the more basic aryloxide of the two would be expected to
be a more reactive nucleophile than PhO– (i.e., pKa
(PhOH) = 9.95; pKa (MesOH) = 10.88, see also ref. 25).
However, PhO– may act as an ambident (C- and O-)
nucleophile, whereas MesO– is restricted to O-attack. The
ortho-Me groups in MesO– make it a sterically hindered
nucleophile. This steric bulk would introduce further F-
strain to attack at C-1, which would partly offset the higher
nucleophilicity of MesO– compared with PhO–. Therefore,
the two aryloxides could display similar kinetic activity
overall. Conversely, the steric factor may also render the re-
sultant C-1 MesO– adduct significantly less stable than its C-
1 PhO– oxygen-centred counterpart. Consequently, these
nucleophiles would show different thermodynamic prefer-
ences while displaying the same kinetic preference for C-1
attachment.

The ambident nature of PhO– also results in the formation
and observation of C-centred adducts as the final, stable
Meisenheimer complexes observed in the reaction systems
involving phenoxide as nucleophile. In each case, C-adducts
were identified as the C-3 regioisomers bonded via the para
site of phenoxide.

In all of the aryloxide systems examined, hydroxide ad-
ducts also formed during the period of study as a result of
reaction with adventitious H2O in the solvent systems. The
assignments of these adducts was confirmed in separate con-
trol experiments that included reaction of 1 and 2 with tetra-
methylammonium hydroxide in DMSO and with potassium
methoxide (in MeOH) in DMSO. As in other studies of
picryl ether – alkoxide and picryl ether – hydroxide reac-
tions (5), these localized O-nucleophiles reacted according
to K3 classification in which attack at C-3 is kinetically pre-
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Species C-1 C-2,6 C-3,5 C-4 C-7 C-8,12 C-9,11 C-10

3c 104.4 130.8 130.5 119.9 155.1 120.8 130.4 124.0
10b,c 104.5 129.5 131.1 119.7 155.4 120.5 130.4 124.0
TNAd 151.5 144.3 125.0 141.7 65.2
1d 145.2 144.0 125.5 143.3 156.4 115.8 130.1 124.6
2d,e 145.5 141.0 124.4 140.9 148.0 127.9 130.9 135.7

aChemical shifts are given in ppm (δ) measured at 100 MHz.
bGenerated from reaction of TNA with 1 equiv PhO–.
cCD3CN-DME-d10 (1:1, v/v); obtained at –40°C.
dDMSO-d6 at ambient temperature.
eMesitoxyl o-Me δ 15.9; p-Me 20.2.

Table 2. 13C NMR spectral characteristicsa of the C-1 PicOPh phenoxide adduct, 3, and the C-1 TNA phenoxide adduct 10,b in
MeCN–glyme,c as well as the substrates, PicOMe (TNA), PicOPh (1), and PicOMes (2) in DMSO.d
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ferred. On the other hand, the C-1 O-adducts 7 and (or) 10
(Scheme 1) and 16 and (or) 18 (Scheme 2) are not detected
and represent metastable intermediates in the SNAr displace-
ment reaction to yield picrate (8), TNA, and phenol or
mesitol.

The situation in the picryl aryl ether – methoxide systems
is particularly informative. Although the C-1 adducts
PicOPh·OMe– (10) and PicOMes·OMe– (18) are observed in
the TNA–PhO– (6b) and TNA–MesO– (6c) systems, respec-
tively, these species are not observed in the present studies
where the corresponding picryl aryl ethers react with meth-
oxide to yield the C-3 adducts 9 and 17 as the only observ-
able Meisenheimer complexes. It is important to note that in
the TNA systems, 10 and 18 are the first and only adducts
detected at –40°C in 1:1 MeCN–DME. Both adducts decom-
pose to yield the C-3 hydroxide adduct of TNA via the ther-
modynamically unfavourable equilibrium between the
aryloxide and adventitious water in the MeCN–DME me-
dium (6b–6d, 9a). This observation suggests that the C-3
TNA·OH– adduct is more stable than 10 and 18 and by ex-
tension the C-3 TNA·OMe– adduct should also be more sta-
ble. These arguments suggest strongly that the inability to
detect 10 and 18 in reactions of 1 and 2 with MeO– stems
from the fact that they are not as stable as the C-3 adducts 9
and 17, respectively. The very slow rate of conversion of the
C-3 PicOPh·OMe– adduct 9 and C-3 PicOMes·OMe– adduct
17 into the SNAr products of TNA, PhO–, MesO–, and
picrate (8) is consistent with this hypothesis. These argu-
ments are summarized in the reaction coordinate diagram
depicted in Fig. 2 for the reaction of PicOPh (1) with MeO–.
Here the C-1 O-adduct 10 is shown to be less stable than the
C-3 adduct 9. However, the SNAr product from decomposi-
tion of 10 (TNA, PhO–, and eventually picrate (8)) are the fi-
nal products formed following irreversible processes. Thus,
even though the products from C-1 attack are thermodynami-
cally favoured, the reactions of 1 and 2 with methoxide (and
by extension hydroxide) can be designated as K3T3 on the
basis of the kinetic and thermodynamic preferences in the
initial reactions of 1 and 2 with the alkoxide (hydroxide)
nucleophiles.

Focusing on the aryloxide systems, PicOPh(1)–PhO– and
PicOMes(2)–MesO– are regarded as symmetrical systems, as
the nucleophile and leaving group in the SNAr process are
the same; conversely, PicOPh(1)–MesO– and PicOMes(2)–
PhO– are regarded as nonsymmetric systems. In the symmet-
rical PicOPh(1)–PhO– system, it is clear that reaction of
PhO– with 1 yields the C-1 PicOPh·OPh– adduct, 3, as the
first observable phenoxide O-adduct (at –40°C). No C-3
phenoxide O-adduct (i.e., 4, Scheme 1) is detected either
prior to observation of 3 or later in the reaction. In our previ-
ous study of the TNA–PhO– system we were able to demon-
strate that a similar observation at low temperature indicated
K1T1 regioselectivity (Fig. 1) in which formation of the cor-
responding C-1 TNA·OPh– Meisenheimer complex was fa-
voured by both kinetics and thermodynamics (6b). However,
the TNA–PhO– system had been previously examined by
fast kinetic techniques that supported the assignment of the
first formed O-adduct to the C-1 TNA·OPh– species (8). Fur-
ther, it had been established that the related TNB·OPh–

adduct could be identified and fully characterized by 1H
NMR spectroscopy under the same experimental conditions

(9a). Since the TNB·OPh– O-adduct is a reasonable model
for a hypothetical C-3 TNA·OPh– O-complex, it follows that
any C-3 phenoxide O-adduct would have been observed if it
had formed. It is, therefore, important in following this train
of logic to note that the TNB·OPh– adduct is also a structural
analogue of the C-3 PicOPh·OPh– Meisenheimer complex,
4, and that 4 would be expected to be observed if it formed
during the course of the reaction. Thus, in the symmetrical
PicOPh–PhO– system, PhO– (as an O-nucleophile) follows
K1T1 regioselectivity.

The next observable species, as a function of increasing
temperature, is 6, the C-3 PicOPh·OH– complex. The neces-
sary hydroxide is formed in low concentration via the ther-
modynamically unfavourable equilibrium between PhO– and
adventitious water in the MeCN–DME medium (6b–d, 9a).
The timing of the appearance of the hydroxide adduct in
these systems does not parallel the nucleophilicity of OH–

relative to PhO– because of the expected significant differ-
ence in concentration of the two nucleophiles in these reac-
tion systems. As the reaction proceeds, PicO– (picrate anion,
8) and PhOH appear, presumably as decomposition products
that arise from the transient C-1 PicOPh·OH– adduct, 7
(Scheme 1), whose existence has been postulated in a num-
ber of related systems (6b–6d).

The ultimate product of thermodynamic control is the C-3
para-bonded C-adduct, 5. Formation of this C-3 PicO-
Ph·PhO(H)– Meisenheimer complex further illustrates the
ambident (O- and C-) nucleophilic nature of phenoxide;
compound 5 is formed with effective irreversibility. It is ap-
parent that this C-3 C-adduct is the product of kinetic prefer-
ence for C-attack at the 3-position. AM1 calculations (6d)
suggest that the C-3 C-adduct is also the product of thermo-
dynamic control. The thermodynamic preference for C-3 at-
tack by carbon nucleophiles is also implicit in the reaction
scheme of the VNS reaction (10). Thus, in the PicOPh–
PhO– system, PhO– (as a C-nucleophile) follows K3T3
regioselectivity.

In the nonsymmetric systems (PicOPh(1)–MesO– and
PicOMes(2)–PhO–), reaction of 1 with MesO– forms the C-1
PicOPh·OMes– Meisenheimer complex, 11, as the
kinetically favoured species (Scheme 2). Although 11 is the
dominant adduct observed in the first 1H NMR spectrum ac-
quired at –40°C, significant amounts of the C-1 PicO-
Ph·OPh– adduct, 3, were also present. This observation im-
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Fig. 2. Qualitative reaction coordinate diagram for reaction of
PicOPh (1) with MeO–.
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plied that 11 broke down to yield low concentrations of 2
and free PhO–, which could then attack 1 to yield 3. In this
sense, two nucleophiles (MesO– and PhO–) and two sub-
strates (1 and 2) must be simultaneously present here and,
by extension, in the other nonsymmetric PicOMes(2)–PhO–

reaction system.
Importantly, the initially formed C-1 O-adducts of 1 and 2

eventually give way to the C-3 mesitoxide O-centred adducts
C-3 PicOMes·OMes–, 12, and the C-3 diadduct PicO-
Mes·(OMes)2

2–, 13. The assignment of the structures of 12
and 13 as progeny of 2 was confirmed by the separate study
of the symmetrical PicOMes(2)–MesO– system. Here, the
initially formed C-1 PicOMes·OMes– adduct, 14, decom-
poses in favour of the C-3 species, 12 and 13. Thus, the
complexity of the nonsymmetric systems (PicOPh–MesO–

and PicOMes–PhO–) can render only a tentative classifica-
tion as K1T3 (Fig. 1); however, as noted above, the simpler
symmetrical PicOMes–MesO– system can be definitively
classified as following K1T3 regioselectivity.

Stereoelectronic stabilization of the C-1 adducts
Of the factors that stabilize the respective C-1 picryl ether

O-adducts, stereoelectronic n → σ* interactions have
emerged from our analysis of the TNA–PhO– and TNA–
MesO– systems as an important mechanism of stabilization
of these adducts (6b–d, 7). In brief, full n → σ* stabilization
is possible only when one O—R sigma bond is aligned
antiperiplanar to one of the nonbonding lone pairs of the
other C(1)-OR acetal-like group and vice versa (26), i.e., a
“doubly antiperiplanar” conformation. We previously argued
that in the C-1 TNA·OPh– adduct (i.e., 10), rotameric forms
that would permit single n → σ* interactions would be sig-
nificantly populated in solution. Thus, as depicted in Fig. 3,
Fig. 3a, which represents the most stable rotamer of 10, will
partake in this stereoelectronic stabilization through the anti-
periplanar configuration of orbitals and consequently, adduct
10 is more stable than its C-3 counterpart (6b). However,
from inspection of molecular models (Fieser or Darling) and
on the basis of downfield 13C chemical shifts (6c) that sug-
gested puckering of the cyclohexadienate ring of the TNA–

moiety, it became apparent that the rotamer shown in Fig. 3b
was preferred for the mesitoxide C-1 adduct of TNA, even
though it does not permit stereoelectronic stabilization (6c,
7). Consequently, the C-1 TNA·OMes– adduct is not as sta-
ble as its C-3 analogue (6c).

A further factor impinges on the degree of n → σ* stabili-
zation provided to a given C-1 adduct that is geminally di-
substituted by electronegative groups. Even if suitable dou-
bly antiperiplanar conformers are readily accessible through
rotation and even if such forms would be expected to be
populated at a given temperature, the efficacy of the n → σ*
stabilization will depend on the relative energies of the two
σ* fragment orbitals. Thus, n donation from OPh in adduct
10 to the σ* orbital of the OCH3 fragment may be more or
less effective than n donation from OCH3 to the σ* orbital of
OPh. In general then, unsymmetrical C-1 adducts should ex-
hibit less stereoelectronic stabilization than their symmetri-
cal counterparts regardless of whether their most favourable
rotameric forms are accessible or not (7, 26, 27). Conse-
quently, the C-1 PicOPh·OMe– adduct, 10, the C-1 PicO-
Mes·OMe– adduct, 18, the C-1 PicOMes·OPh– adduct, 11,

and the C-1 hydroxide adducts, 7 and 16, would all be ex-
pected to partake of less stereoelectronic stabilization than
their symmetrical analogues. This factor, no doubt, partly
accounts for the inability to observe the hydroxide adducts,
for example.

Focusing on the symmetrical aryloxide systems
(PicOPh(1)–PhO– and PicOMes(2)–MesO–), whose regio-
selectivity could be clearly defined, it would be expected
that the C-1 PicOPh·OPh– adduct, 3, if it could achieve suit-
able rotameric forms that would permit n → σ* donation,
would be stabilized relative to its C-3 counterpart, 4. There-
fore, the PicOPh–PhO– system would be expected to display
thermodynamic preference for formation of the C-1 adduct,
i.e., T1 in the observed K1T1 regioselectivity, and 4 would
not be detected. Relating the C-1 PicOPh·OPh– adduct, 3, to
its TNA analogue (10, Fig. 3a), inspection of molecular
models (Fieser or Darling) predicts that the rotamer repre-
sented in Fig. 3c would be the most stable for 3. This con-
figuration would be stabilized by n → σ* donation, and
consequently 3 would be more stable than its C-3 analogue
4. These expectations are borne out by the observation of 3
as the sole O-adduct in this system.

For the PicOMes(2)–MesO– system, the rotamer repre-
sented in Fig. 3d is favoured for the C-1 PicOMes·OMes–

adduct, 14, on inspection of molecular models. This adduct
is even more sterically congested than its TNA analogue
(Fig. 3b), and 14 will be unable to derive any stabilization
from n → σ* donation. In fact, the non-equivalence of the
2,4,6-trinitrocyclohexadienate ring protons of 14 showed
that to accommodate the bulky mesitoxyl groups at C-1, the
adduct must sacrifice delocalization of negative charge into
one of the ortho nitro groups as indicated in structure 14a.
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Fig. 3. (a) Illustration of the stereoelectronic stabilization of the
C-1 TNA·OPh– adduct 10 through antiperiplanar interaction be-
tween the lone pair on the methoxy oxygen and the C— OPh
bond; (b) Illustration of the TNA·OMes– adduct, where stereo-
electronic stabilization as in (a) is not possible; (c) Illustration of
the C-1 PicOPh·OPh– adduct 3 where, as in (a), stereoelectronic
stabilization is possible; (d) Illustration of the C-1 PicOMes·OMes–

adduct 14 where, as in (b), stereoelectronic stabilization is not
possible.
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The C-1 PicOMes·OMes– adduct (14) has a relatively short
lifetime even at low temperatures (i.e., 14 is no longer pres-
ent in the spectrum taken at –30°C, a temperature at which
the analogous C-1 PicOPh·OPh– adduct (3) is the only
adduct seen in the PicOPh–PhO– system). The lack of
stereoelectronic stabilization and the consequent instability
of 14 distinguishes the PicOMes–MesO– system that follows
K1T3 regioselectivity from the PicOPh–PhO– system that
exhibits K1T1 behaviour.

Molecular orbital approaches to the kinetic preferences

Frontier molecular orbital analysis
An important question arises from the above consider-

ations. If the PicOMes·OMes– adduct, 14, is inherently so
unstable, why does mesitoxide attack at C-1 occur at all?
Moreover, given the steric bulk of the mesitoxide nucleo-
phile, why is C-1 attack by MesO–, particularly on the con-
gested C-1 centre in PicOMes, 2, favoured kinetically?

Molecular orbital theory, and, notably, the frontier molec-
ular orbital (FMO) approach (28, 29), have been invoked to
rationalize the regioselectivity in aromatic substitution reac-
tions. As applied to the current systems, the FMO treatment
holds that the preferred sites of attack will be those that per-
mit maximum orbital overlap between the incoming (donor)
nucleophile and the nitroaromatic (acceptor) substrate. In
turn, this implies that the regioselectivity will be determined
by the magnitude of the lowest unoccupied molecular orbital
(LUMO) lobe at each ring carbon, as indicated by the orbital
coefficients at each site, for a given nitroaromatic substrate.

Given the similarity in regioselectivity found for PicOPh,
1, and PicOMes, 2, in the current study and the behaviour of
TNA with the same nucleophiles, namely PhO– (6b), MesO–

(6c), and MeO– and OH– (6b, 6c, 5a, 5b), TNA would ap-
pear to be an acceptable general model for all picryl ethers.
In this regard, we have undertaken AM1 calculations on
TNA (and some related compounds (6d)). The two degener-
ate LUMOs of 1,3,5-trinitrobenzene become split upon in-
troduction of the C-1 methoxyl group to form TNA. The
AM1 calculated LUMO and superjacent unoccupied molecu-
lar orbital (SUMO) are illustrated in Fig. 4. The energy of
the LUMO is –2.50 eV according to the AM1 calculation,
while the SUMO is higher in energy at –2.39 eV (a differ-
ence of 0.11 eV or 2.5 kcal mol–1).

Examination of the LUMO (Fig. 4) shows that C-1 is the
site with the largest orbital coefficient. Interestingly, C-4,
which bears a nitro group, is the site with the second highest
orbital coefficient. The regioselectivity found should, in the
FMO treatment, depend also on the energy of the highest oc-
cupied molecular orbital (HOMO) of the attacking nucleo-
phile. The most favourable interaction will then be between
nucleophile HOMO and substrate LUMO, when these are
similar in energy.

Estimates of the HOMO energies of some of the anions
have been made by Pearson (30) using the approximation
that the electron affinity of the corresponding radicals (i.e.,
PhO•, OH•) represents the ionization potential (IP) of the an-
ions that, according to Koopmans’ theorem (31), is taken to
be equal to the negative value of the HOMO energies.
Therefore, the HOMO energy for PhO– and for OH– is esti-
mated to be –2.35 and ca. –1.83 eV, respectively.

On the basis of the energetics, phenoxide (and, by exten-
sion, mesitoxide and other nucleophiles with relatively low-
lying HOMO energies) may interact most strongly with the
LUMO of TNA and, consequently, attack C-1, the site of
highest orbital coefficient, preferentially. Conversely, hy-
droxide and methoxide may interact most strongly with the
SUMO of TNA, which has its highest orbital coefficients at
C-3 and C-5. Hence, aryloxides would show K1 behaviour
while alkoxides and (or) hydroxide display K3 behaviour.
However, such an analysis attributes significant changes in
regioselectivity to relatively small energy differences; the
energy gap between LUMO and SUMO is not large, and in
fact, the HOMO of aryloxide nucleophiles would be ex-
pected to interact both with the LUMO and SUMO.

An alternative to the FMO approach is the configuration
mixing model that is considered in the next section.

Configuration mixing model: Polar vs. SET pathways
The configuration mixing model advanced by Shaik,

Pross, and Hoz in a series of articles (32) and reviews (16)
defines the full reaction profile for an organic reaction by as-
suming, in general, that transition states possess varying pro-
portions of covalent-bonding and radical character. This
model provides a mechanistic spectrum between a single
electron transfer (SET) pathway and a polar one, where the
polar process involves synchronous electron shift and bond
formation through a radical coupling pathway. In the SET
route, SET precedes bond formation. Thus, which particular
pathway is followed in any given reaction depends on the
feasibility of coupling of the two spin-paired electrons (bond
formation) following the electron shift. Factors governing
SET vs. polar pathways include effects of donor–acceptor
ability, steric interactions, the donor–acceptor bond strength,
and radical delocalization (16b). Taking these factors into
consideration allows assessment of which donor–acceptor
pair is likely to follow the SET pathway.

In the present system, single electron transfer from the
nucleophile to the picryl aryl ether would produce the radi-
cal anion of the picryl aryl ether and the requisite radical of
the nucleophile. Change in nucleophile from an alkoxide-
HO– to an aryloxide may cause a shift from a polar to a SET
pathway. Electrochemical measurements in acetonitrile show
that the one-electron half-peak oxidation potential (E1/2) for
the conversion of phenoxide into the phenoxyl radical is
~0.30 V vs. NHE. The corresponding value for HO– is
~0.6 V (33). The lower oxidation potential of phenoxide in-
dicates that the phenoxyl radical is more stable than the
hydroxyl radical as a consequence of the stabilizing effect
exerted by the neighbouring aromatic ring on the radical
centre. Further, since methyl substituents on a benzene ring
are known to impart further stability to a benzylic (and pre-
sumably to an analogous aryloxide) radical, mesitoxyl radi-
cal would be expected to be more stable than phenoxyl
radical and, therefore, to form even more readily (34, 35).
Clearly the SET donor ability of the aryloxide is superior to
that of alkoxides-HO–. In terms of steric interactions, it is
equally clear that mesitoxide is a more sterically hindered
nucleophile than methoxide-HO–. Steric hindrance favours
the SET pathway since the polar pathway is energetically fa-
vourable when the reacting species can approach each other
to within bonding distance. Steric repulsions will cancel en-
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ergy lowering because of bonding changes in the transition
state, thus favouring the SET pathway, as SET processes
take place at distances significantly greater than those at
which incipient bonding takes place (16b). Furthermore,
alkoxides and HO– form strong bonds to give stable
Meisenheimer complexes and generate localized radicals.
These factors favour the polar pathway. In contrast, the
aryloxides generate relatively unstable O-adducts that are
transient in DMSO at room temperature (8, 9a) and
delocalization of the aryloxide radical inhibits bond forma-
tion through radical coupling. These factors favour the SET
pathway.

Shown in Fig. 5 is a schematic illustrating the relationship
between the polar and SET reaction pathways (16b) for the
present picryl aryl ether – nucleophile systems. The reac-
tants are in the lower left corner where phenoxide and
mesitoxide are represented as ArO–. The polar process is in-
dicated by the diagonal arrow, where both electron transfer
and bond formation are synchronous.

The SET pathway depicted in Fig. 5 involves first electron
transfer to generate the picryl aryl ether radical anion and
the aryloxide radical (ArO–) shown in the upper left corner.
The second step involves bond formation. Now the regio-
selectivity (C-1 or C-3) of Meisenheimer complex formation
would be controlled by the spin density at the C-1 or C-3
positions of the radical anion of the picryl aryl ether, an in-
termediate on the reaction pathway. The position of higher
spin density would be expected to be the site where radical
coupling will be most favoured. Calculation of the spin den-
sity of the radical anion of TNA, the model for picryl ethers,
using the AM1 method shows that C-1 is the site of highest
spin density. Thus, subsequent radical combination to form the
Meisenheimer complex would be expected to occur at C-1.

The configuration mixing model provides a rationale for
the regioselectivity observed in reactions of picryl ethers
with O-centred nucleophiles. The regioselectivity depends
on the degree of concertedness of electron shift and bond
formation. When electron shift and bond formation are con-
certed, C-3 attachment is kinetically favoured because of

steric interactions at C-1. However, if the electron shift pre-
cedes bond formation, then the spin density of the picryl
ether radical anion dictates C-1 attachment even though C-1
is clearly the more sterically hindered site.

In summary, on the basis of the above argument it can be
concluded that hydroxide and methoxide follow the polar
(SNAr) pathway; this will favour kinetically C-3 attachment
due to F-strain at C-1. However, phenoxide and mesitoxide
follow the SET pathway. In these cases, C-1 attachment is
favoured kinetically due to the higher C-1 spin density in the
radical anion of the picryl ether.

Conclusions

The present results on the course of the reactions between
picryl phenyl ether (PicOPh, 1) and picryl mesityl ether
(PicOMes, 2) with the oxygen-nucleophiles, phenoxide,
mesitoxide, hydroxide, and methoxide allow us to make the
following conclusions.

The reactions of HO– and MeO– with 1 and 2 carried out
in DMSO-d6 at ambient temperature show K3 behaviour, as
documented in numerous picryl ether – alkoxide systems
(5a–d). In contrast, phenoxide and mesitoxide display ki-
netic preference for C-1 attachment, i.e., K1 behaviour. This
observation is analogous to the reactivity of these aryloxide
nucleophiles towards 2,4,6-trinitroanisole (6b, 6c), and now
appears to be a general trend for the reactions of aryloxide
nucleophiles with picryl ethers. For the reaction of phen-
oxide with 1, the C-1 O-adduct is also thermodynamically
favoured for phenoxide acting as an O-nucleophile. Stereo-
electronic stabilization of the C-1 PicOPh·OPh– adduct
through n → σ* donation confers thermodynamic preference
on this C-1 adduct relative to its C-3 oxygen-centred regio-
isomer. With mesitoxide ion, the C-1 adducts of both sub-
strates are less stable than their C-3 counterparts. In these
cases the steric congestion in the C-1 adducts associated
with the presence of the ortho methyl groups of mesitoxyl
moiety precludes significant stereoelectronic stabilization.
Now the C-3 adducts of mesitoxide are more stable and the
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Fig. 4. Orbital coefficients (pz), according to a semi-empirical calculation (AM1), for the lowest unoccupied molecular orbital (LUMO)
and for the superjascent unoccupied molecular orbital (SUMO) of 2,4,6-trinitroanisole (TNA), a model for picryl ethers, generally. (The px

and py coefficients are negligibly small). The LUMO, which is calculated to be lower in energy (–2.50 eV) than the SUMO (–2.39 eV),
has its largest ring orbital coefficient at C-1 (i.e., –0.600), whereas the largest ring orbital coefficients in the SUMO are located at C-3
and C-5 (0.512 and –0.529, respectively).
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initially formed C-1 adducts decline in favour of their C-3
regioisomers.

Although steric inhibition of stereoelectronic stabilization
can account for the changeover in adduct stability (i.e., C-1
PhO– adduct of 1 are more stable than its C-3 counterpart,
whereas the C-1 MesO– adducts of 1 and 2 are less stable
than their C-3 isomers), there is still kinetic preference to
formation of the C-1 adducts of 1 and 2 even when the at-
tacking nucleophile is the bulky mesitoxide ion. Frontier
molecular orbital considerations suggest that all nucleophiles
would preferentially attack the C-1 site of picryl ethers,
based on AM1 calculations of 2,4,6-trinitroanisole (TNA),
as a general model for picryl ethers. An alternative explana-
tion, which we propose, is that the reactions involving the
aryloxides do not follow the polar SNAr pathway, but rather
proceed according to the SET pathway outlined in Fig 5.

Experimental

Materials and methods
2,4,6-Trinitrophenyl phenyl ether (PicOPh,1) was pre-

pared from picryl chloride and potassium phenoxide in etha-
nol as described by Dyall (36), mp 154–155°C (lit. (36)
value mp 153–154°C). 2,4,6-Trinitrophenyl-2′,4′,6′-trimethyl-
phenyl ether (PicOMes, 2) was prepared from picryl chlo-
ride and ethanolic potassium mesitoxide, mp. 157–158°C
(lit. (37) value mp 154–155°C). Picryl chloride used in these
preparations resulted from the reaction of pyridinium picrate
with POCl3 (38), mp. 80–81°C, after recrystallization from
CCl4 (lit. (39) value mp 81°C). Acetonitrile-d3 and dimeth-
oxyethane-d10 (Merck) were dried by sequential treatment
with 4 Å molecular sieves as advocated by Burfield et al.
(17). 1,4-Dibromobenzene (DBB; Eastman) was recrys-
tallized from ethanol and dried in vacuo prior to use as an
internal integration standard in the NMR experiments. Potas-
sium phenoxide and mesitoxide were prepared from the re-

spective phenol and standard MeOK–MeOH in an N2-filled
glovebox as described previously (6b, 6c). 2,4,6-Trimethyl-
phenol (mesitol; Aldrich) was recrystallized from petroleum
ether and dried in vacuo before use. Trifluoroacetic acid
(TFA; Aldrich) and tetramethylammonium hydroxide
(Me4NOH, 25 wt % solution in water; Aldrich) were used
without further purification. Melting points were measured
on a Thomas Hoover capillary apparatus and are not cor-
rected.

NMR experiments: General
NMR experiments were carried out using a Bruker AM-

400 specrometer (1H: 400.1 MHz, 13C: 100.0 MHz) in
MeCN-d3:DME-d10 (1:1 v/v) or in dried DMSO-d6. In the
mixed solvent system, CD2HCN served as chemical shift
reference (1H: δ = 1.93 ppm) and lock signal, whereas reso-
nances found in spectra determined in DMSO were refer-
enced to the peak for residual CD3SOCD2-H in the solvent
(1H: δ = 2.50 ppm). Chemical shifts are given in parts per
million (ppm) and coupling constants (J) are reported in
hertz. Wilmad PP-507 NMR tubes (5 mm) were used in all
experiments. All stock solutions were prepared in the appro-
priate solvents under a nitrogen atmosphere. NMR tubes
were capped with rubber septa and swept out with dry N2
prior to injection of the reactants into the NMR tube with a
gas-tight syringe.

Low temperature NMR experiments in MeCN–DME
(1:1)

Typically, a weighed quantity of the aryloxide was dis-
solved in a 1:1 (v/v) mixture of MeCN-d3:DME-d10 under a
nitrogen atmosphere such that 300 µL of this stock solution
would yield 1–1.5 equiv of the aryloxide relative to the sub-
strate. An aliquot of the stock solution (300 µL) was injected
into the NMR tube, and the solution frozen by immersion in
liquid N2. To the frozen solution, 1 equiv of PicOPh or
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Fig. 5. Schematic of a potential energy surface diagram illustrating the relationship between polar and SET reaction pathways for reac-
tion of 1 and (or) 2 with aryoxide (ArO–) nucleophiles to give the C-1 Meisenheimer adducts.
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PicOMes was injected by a gas-tight syringe (200 µL; final
concentrations 0.06–0.09 M). The final mixture was placed in
a dry ice – acetone bath that had been maintained at –50°C.
The contents of the tube were allowed to mingle at this tem-
perature. The tube was inverted several times to promote
mixing and was then immersed again in liquid N2. The tube
was transferred to the spectrometer probe (at –40°C), the in-
strument was tuned as previously described (6b), and spectra
were recorded at various intervals. A standard collection of
FID would be made at 3, 5, 7, and 9 min and then as war-
ranted by observed changes in the spectrum. Simulta-
neously, the temperature of the probe was gradually raised.

Room temperature experiments in DMSO
A solution of the substrate was prepared in DMSO-d6 un-

der an N2 atmosphere. An aliquot of this solution was trans-
ferred via syringe into an NMR tube and an initial spectrum
run to ascertain the purity of the substrate. To this solution
1 equiv of nucleophile was injected through the septum and
spectra were recorded as rapidly as possible initially and
then at longer times as the reaction proceeded. 1,4-Dibromo-
benzene was present in the solution of the substrate and in
the NMR tube as an internal integration standard.

Molecular orbital calculations
Semi-empirical calculations were performed using

AMPAC version 2.10 of AM1 (15a) on an IBM 3081 com-
puter. The structure of 2,4,6-trinitroanisole (TNA) was cal-
culated using the PRECISE option within the restricted
Hartree–Fock (RHF; closed shell) scheme. The TNA struc-
ture was fully optimized following a Fletcher–Powell
minimization (40) to a self-consistent field (SCF) that satis-
fied Herbert’s test. The final structure was characterized as a
local minimum when no negative force constants were ob-
tained using the FORCE option.
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Singlet-oxygen reactions sensitized on solid
surfaces of lignin or titanium dioxide: Product
studies from hindered secondary amines and from
lipid peroxidation

L.R.C. Barclay, M.-C. Basque, and M.R. Vinqvist

Abstract: Product analyses and kinetic methods were used to determine the role of singlet oxygen in lignin-catalyzed
oxidations of organic substrates. Method A used the ESR analysis of nitroxide radicals formed by singlet oxygen
(Type II) on 2,2,6,6-tetramethylpiperidine, 1, or tetramethylpiperidone, 2. Method B used HPLC analysis of the 9- and
13-linoleate chain hydroperoxides formed on oxidation of methyl linoleate to distinguish free-radical peroxidation
(Type I) from singlet-oxygen oxidation (Type II) on the basis of different cis,trans (kinetic) to trans,trans (thermody-
namic) product ratios. Applications of method A to solid dispersions of lignin or titanium dioxide (TiO2, a known sin-
glet-oxygen sensitizer) indicated singlet-oxygen reactions. In addition to the nitroxide triplet, irradiation of lignin
produces a persistent broad signal in the solid attributed to phenoxyl radicals. Benzophenone and 3,5-di-tert-butyl-
ortho-benzoquinone, 5, coated on silica gel were used as models to compare the effects of irradiating such compounds
on the products and kinetics of methyl linoleate oxidation. Benzophenone acted as an initiator, giving free-radical per-
oxidation, whereas 5 or lignin coated with methyl linoleate acted as singlet-oxygen sensitizers, according to both prod-
uct studies (method B) and the kinetic order in oxygen consumption during UV photolysis. Photolysis of phase-
separated sensitizer (TiO2 or lignin) and substrate (methyl linoleate) resulted in typical singlet-oxygen products. These
results indicate that singlet oxygen plays a significant role in the photo-yellowing of high-lignin-content wood pulps.

Key words: lignin, singlet oxygen, mechanism, peroxidation, products.

Résumé : Faisant appel à des analyses de produit et à des méthodes cinétiques, on a déterminer le rôle de l’oxygène
singulet dans les réactions d’oxydation catalysées par la lignine de substrats organiques. La méthode d’analyse A uti-
lise la RPE des radicaux nitroxydes formés par l’action de l’oxygène singulet (Type II) sur la 2,2,6,6-tétraméthyl-
pipéridine (1) ou la tétraméthylpipéridone (2). La méthode B est basée sur l’analyse par CLHP des hydroperoxydes des
chaînes 9- et 13-linoléates qui se forment par oxydation du linoléate de méthyle; sur la base des divers rapports de
produits (cis, trans (cinétique)) par rapport à (trans, trans (thermodynamique)), elle permet de distinguer entre la per-
oxydation radicalaire (Type I) et l’oxydation à l’aide d’oxygène singulet (Type II). Les applications de la méthode A à
des dispersions solides de lignine ou de dioxyde de titane, TiO2 bien connu comme sensibilisateur d’oxygène singulet,
indiquent qu’elles se produisent par des réactions d’oxygène singulet. En plus du triplet nitroxyde, l’irradiation de la li-
gnine produit dans le solide un large signal persistant qui est attribué aux radicaux phénoxyles. Des études modèles ont
permis de comparer les effets sur la nature des produits et sur la cinétique de l’oxydation du linoléate de méthyle de
l’irradiation de couches sur du gel de silice avec de benzophénone ou avec de la 3,5-di-tert-butyl-ortho-benzoquinone
(5). La benzophénone agit comme initiateur d’une peroxydation radicalaire alors que, sur la base des études de produits
(méthode B) et de l’ordre cinétique de la consommation d’oxygène au cours de la photolyse UV, le composé 5 et la li-
gnine recouverte d’une couche de linoléate de méthyle agissent comme sensibilisateurs d’oxygène. La photolyse de
photosensibilisateurs, TiO2 ou lignine, en phases séparées du substrat, le linoléate de méthyle, conduisent à la forma-
tion des produits typiques de l’action d’oxygène singulet. Ces résultats indiquent que l’oxygène singulet joue un rôle
significatif dans le photojaunissement des pulpes de bois contenant de fortes proportions de lignine.

Mots clés : lignine, oxygène singulet, mécanisme, peroxydation, produits.
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Introduction

Products from Canada’s wood-pulping industry are the
country’s major export. The use of thermal mechanical pulps
has provided more than 50% of the fibre for Canadian paper
products (1). The high lignin content of these products has
resulted in undesirable oxidative photo-yellowing, which can
reduce the value of these products. Consequently, the inhibi-
tion of such yellowing is of major interest. The excited state
of oxygen, singlet oxygen 1∆g , is known to rapidly oxidize a
wide variety of organic substrates (2 and refs. therein) and
may be involved in photo-yellowing of thermal mechanical
pulps. Singlet oxygen produced by dye sensitization sepa-
rately from the substrates is known to react readily with
lignin model compounds (3–8), lignin (9), high-yield pulps
(10–12), and cellulose (13, 14). While these studies seem to
implicate singlet oxygen as a possible mechanism for oxida-
tive yellowing of lignin, controversy has continued about its
significance in this process (5, 10, 11).

Lignin is a complex polymer of phenylpropyl units cross-
linked and highly substituted by ether, carbonyl, hydroxyl,
and methoxyl groups, as illustrated schematically in Fig. 1.
Consequently, lignin is a paradox, in that the hydroxyl
groups provide antioxidant activity against Type I free-
radical oxidation, as observed for lignin-type monomers (15)
and even in lignin itself (16); however, at the same time, the
aromatic carbonyl chromophores could act as singlet-oxygen
sensitizers and initiate singlet-oxygen (Type II) oxidations.

Earlier studies were limited by the lack of evidence for
singlet-oxygen formation directly on lignin itself as its own
sensitizer. Some evidence for the direct formation of singlet
oxygen on lignin was given in our report, which showed that
the light-induced, self-initiated oxidation of lignin was
quenched by sodium azide, a known singlet-oxygen quencher
(2). We now report in more detail on the issue of the role of
singlet oxygen in lignin photo-oxidation. The structural
complexity of lignin and the fact that lignin chromophores
react readily with singlet oxygen (3–9) requires a multifac-
eted approach to the possible formation of singlet oxygen on
lignin. Accordingly, we approached this problem in several
ways, as follows. (a) Product studies: Two known methods
of product analysis were used for gathering evidence of a
singlet-oxygen reaction: (i) electron spin resonance (ESR)
detection of nitroxide radicals formed by singlet-oxygen oxi-
dation of hindered secondary amines and (ii) product pro-
files by high performance liquid chromatography (HPLC) of
peroxidation of the lipid (methyl linoleate) by singlet oxy-
gen compared with free-radical peroxidation. (b) Solid dis-
persions: A comparison was made of the products formed
using a dispersion of titanium dioxide, a known singlet-
oxygen sensitizer, with products formed by photolysis of
lignin dispersions. (c) Kinetic studies: The kinetic orders in
light intensity were determined for oxidation of methyl lino-
leate on silica gel in water catalyzed by the ketones, benzo-
phenone (BP), and 3,5-di-tert-butyl-ortho-benzoquinone
(DTBQ). The latter was selected as a simple lignin model
compound because ortho-quinones are formed during the
early photochemistry of mechanical pulps (17). These results
were compared with the kinetics of oxidation of methyl lino-
leate “sensitized” by aqueous dispersions of lignin. The ki-
netic data and product analyses of linoleate peroxidation

provided a means of establishing the pathways; namely,
free-radical oxidation (Type I) or singlet-oxygen reaction
(Type II). (d) Phase-separated oxidation: A phase-separated
system was used to mimic the natural lignin–air situation. In
this technique, the substrate, methyl linoleate, is separated
from the sensitizer by a narrow air gap. Product profiles
(HPLC) of linoleate hydroperoxides are compared from irra-
diation experiments using, as sensitizers, titanium dioxide,
benzophenone, and lignin. Structures for the main organic
compounds employed are shown in Fig. 2.

Results

Product studies from singlet-oxygen oxidation of
hindered secondary amines or methyl linoleate

Product studies of (i) oxidation of hindered secondary
(sec.) amines and (ii) peroxidation of methyl linoleate were
carried out initially in solution to evaluate the employed
methods and for comparison with the more complex hetero-
genous systems containing lignin. The conversion by singlet
oxygen of the hindered sec. amines, 2,2,6,6-tetramethyl-
piperidine (TMP, 1) and its 4-oxo derivative (TMPO, 2), to
the corresponding nitroxide radicals, 3, detected by ESR,
have been used for many years and under various conditions
as evidence of a singlet-oxygen reaction (18–30). The method
is simple and very sensitive to ESR detection of the stable
nitroxide radical. However, there are conflicting literature re-
ports on its use. For example, there is at least one report that
states that the TMP reaction with singlet oxygen “is highly
specific” since it does not react with the superoxide anion
nor with the hydroxyl radical (29), while others reported that
these amines, 1 and 2, are useful tools “for trapping hydroxyl
radicals” (30).

We found that great care must be exercised when using
the oxidation of these amines as evidence of singlet oxygen
because nitroxide radicals are often present in commercial 1
and 2 (19, 25). For such work, the following precautions
should be observed: (a) the traces of nitroxide radicals
should be removed before commencing the singlet experi-
ment to avoid ambiguous results. We found a convenient
method to do this is to vortex stir the amine dissolved in
hexane with aqueous hydrazine; (b) parallel control experi-
ments should be done with a singlet-oxygen quencher;
(c) the ESR signals observed should be intense, and the
amount of conversion from the amine to nitroxide radical
measured by integration of the ESR spectra. A typical exam-
ple of the oxidation of TMP using a known singlet-oxygen
sensitizer, methylene blue, and product studies by ESR is il-
lustrated in Fig. 3b. This sample was not pretreated with
hydrazine, and a trace of nitroxide radical is observed at
higher receiver gain (Fig. 3a). However, the conversion on
sensitization (approximately 2%) to the typical nitroxide
triplet (hyperfine nitrogen coupling aN = 16.0 gauss) in
agreement with literature values (23, 29), indicates reaction
by singlet oxygen.

Product distribution of the hydroperoxides from peroxidation
of the lipid, methyl linoleate (Fig. 2, structure 10), is a use-
ful method to distinguish between free-radical (Type I) and
singlet-oxygen (Type II) reactions. Earlier reports described
the separation and identification of the various isomers and
related these to the two mechanisms involved (31–34). Type
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I reactions proceed by initial H-atom abstraction from posi-
tion 11 on the linoleate chain, rapid reaction of the derived
carbon-centered radical with oxygen, and rearrangement of
the peroxyl radicals, giving a distribution between the conju-
gated 9- and 13-substituted oxidation products, two with the
cis,trans configuration (kinetic products 6 and 8) and two
with the trans,trans configuration (thermodynamic products
7 and 9). A recent discovery (35) found that the bis-allylic
11-hydroperoxide is the kinetic product initially formed in
the presence of α-tocopherol, a powerful H-atom donor;
however, this product was not detected in our experiments.
These products are usually analyzed as their corresponding
alcohols (Fig. 2) that are formed on reduction of the hydro-
peroxides. On the other hand, the singlet-oxygen reaction
does not involve free radicals. Whether singlet oxygen reacts
with linoleate by a concerted ′ene reaction or its reaction
possibly involves other intermediates (36), the reaction is

kinetically controlled, producing an excess of the cis,trans
over the trans,trans isomers (e.g., a high cis,trans to
trans,trans ratio). So, a significantly higher cis,trans to
trans,trans ratio is expected from a Type II reaction on
linoleate compared with a Type I for the same linoleate con-
centration, bearing in mind that this ratio depends on the H-
atom donating ability of the medium for Type I reactions
(37, 38). In addition, the less selective singlet-oxygen reac-
tion gives products of reaction at the 10 and 12 positions of
linoleate, leading to two nonconjugated isomers, a total of 6
hydroperoxides (2, 31–34). These two pathways, Type I and
Type II, are outlined in Scheme 1. An example singlet-
oxygen product formation from the photolysis of methyl
linoleate sensitized by methylene blue is shown in Fig. 4. In
this case the cis,trans ratio was found to be 14.2 at 2.8% ox-
idation of linoleate. The HPLC method of separation and de-
tection of the isomers at 234 nm shows the relative
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Fig. 1. Schematic illustration of the lignin polymer.
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composition of the conjugated isomers, but the non-
conjugated ones will actually be more concentrated than
they appear in the chromatogram, since they do not absorb
as strongly as the conjugated isomers at 234 nm. Our results
focus mainly on the conjugated products and their relative
yields (e.g., the cis,trans to trans,trans ratios).

Sensitizations on solid dispersions: Titanium dioxide
and lignin

Photolyses involving excited states and intermediates on
solid surfaces are of continuing interest and the subject of
several reviews (39–42). Solid titanium dioxide, like lignin
(presumably), is classified as a reactive surface (40), since it
is a known singlet-oxygen sensitizer (although despite that,
it is also commonly used in cosmetic sunscreens). Irradiation
of TiO2 with 320–400 nm light causes electronic excitation
from a valence band to a conduction band, which allows en-
ergy transfer to oxygen (27). Because of the expected com-
plexity of the excited state chemistry on the solid lignin
polymer, we employed a comparative study of products
formed from TMP when titanium dioxide sensitization was

used, contrasting these with the products formed from TMP
(if any) when solid lignin was used.

A typical experiment using TiO2 dispersed in methylene
chloride for photo-oxidation of TMP is shown in Fig. 5. The
triplet, which formed only in the presence of TiO2, is attrib-
uted to oxidation via singlet oxygen (Fig. 5b). This proce-
dure was then applied to dispersions of solid lignin in solvents.
Figs. 5c and 5d show the results of irradiation of lignin in
methylene chloride containing TMP and a parallel experi-
ment in the presence of the singlet-oxygen quencher 1,4-
diazabicyclo[2.2.2]octane (Dabco). There was no nitroxide
signal in the presence of the quencher (Fig. 5c), whereas the
strong triplet appeared in its absence (Fig. 5d). In addition, a
quantitative study of the radical concentration showed that it
increased with time, as illustrated in Fig. 6. In a similar ex-
periment, we found that extended irradiation of TMP in
lignin–hexane dispersions (not shown) gave a 10% conver-
sion to the nitroxide radical.

The ESR spectrum resulting from relatively short irradia-
tion of lignin dispersed in hexane in the presence of 4-
OXOTMP (2) was more complex, as shown in Fig. 7a, and
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Fig. 2. Structural formulas of the main compounds used.
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consisted of a very broad signal superimposed on the ni-
troxide triplet. The Lande g-factor for the broad signal was
estimated to be g = 2.004–2.005 with reference to that of the
nitroxide radical, g = 2.006 (29). This g-factor for the broad
signal is in the range of a wide variety of phenoxyl radicals
substituted by alkyl, hydroxyl, methoxy, and keto groups,
where g = 2.003–2.005 (43). The separated solution phase
shows the spectrum of the nitroxide radical more clearly
(Fig. 7b). The broad signal was also very persistent, and it
could be observed in the lignin that was separated from
TMP by filtration. Separate irradiation of lignin alone in
hexane also produced this lignin signal (Fig. 7c), which on
dissolution of the lignin in dioxane disappeared and did not
reappear on further irradiation of the lignin–dioxane solu-
tion. It is also interesting to note that with irradiation of
lignin, under these conditions but in the presence of Dabco,
the broad signal appeared but not the nitroxide triplet (not
shown).

Kinetic and product studies of methyl linoleate
peroxidation sensitized by lignin in water: Comparisons
with sensitizations by benzophenone and by 3,5-di-tert-
butylbenzoquinone, 5

The kinetics of free-radical lipid peroxidation is known to
follow the classical rate law for autoxidation (44) repre-
sented by the following equation (eq. [1]):

[1] –d[O2]/dt = kp/(2kt)1/2 × [lipid] × Ri
1/2

where kp and 2kt are the rate constants for chain propagation
and termination, respectively, and Ri is the rate of free-radical
initiation. For photo-initiated H-atom abstraction by the n,π*
triplet state of ketones (Type I mechanism), the kinetic order
in oxygen consumption is expected to be half-order in light
intensity, since this controls the Ri, and this was observed
earlier for benzophenone photo-initiated peroxidation of
linoleate in heterogeneous aqueous micelles (44). On the
other hand, the kinetic order for the peroxidation of linoleate
photo-initiated by the coloured lignin model quinone (5) was
approximately unity, indicative of a change in mechanism to
Type II with this quinone as sensitizer (2). With these earlier
results in mind, we determined the kinetic order in light
intensity — together with the trends in product profiles —
for oxidation of methyl linoleate initiated by benzophenone
and by 5 in aqueous dispersions, for comparison with similar
data using lignin in water. The ketones and methyl linoleate
were used as films on silica gel since this is classed as a
non-reactive surface (40); moreover, benzophenone is an ef-
fective H-atom abstractor when adsorbed on silica gel (45).
Therefore, these two compounds, benzophenone and 5, were
expected to provide different kinetic orders of oxygen uptake
in the oxidation of methyl linoleate. In an experiment using
lignin, the lipid was evaporated directly onto the lignin. The
results of typical experiments are shown in Fig. 8. The ex-
periment using benzophenone (Fig. 8a) gave a kinetic order
of 0.55, indicative of a Type I pathway, while with the
quinone (5) the kinetic order (Fig. 8b) was significantly
higher at 0.90. The oxygen uptake in the benzophenone –
methyl linoleate experiment was inhibited by the active wa-
ter-soluble antioxidant Trolox, 11, which gave a distinct in-
duction period (not shown) similar to that observed earlier
for photolysis with this combination in micelles (44). It ap-
pears that Trolox can trap chain-propagating peroxyl radicals
generated on the methyl linoleate – silica gel surface, much
like it does in other media. In contrast, Trolox gave no in-
duction period during the photo-reaction combination of 5 –
methyl linoleate. Lignin was also an effective photocatalyst
for lipid oxidation and gave a kinetic order of 0.84 (Fig. 8c),
similar to that observed with the quinone.

Product studies were carried out on oxidations of methyl
linoleate under similar conditions to those in the kinetic
runs. Typical product profiles from reactions using benzo-
phenone and quinone, 5, are shown in Figs. 9a and 9b.
These product profiles are clearly different: the reaction us-
ing benzophenone gave the four conjugated isomers with a
cis,trans to trans,trans isomer ratio of ca. unity (Fig. 9a),
while six isomers were formed with a cis,trans to trans,trans
ratio of ca. 32 when using quinone in the photolysis
(Fig. 9b). The different kinetic orders together with different
product profiles allow one to distinguish between the two
possible mechanisms in these heterogenous systems: a
Type I free-radical oxidation initiated by H-atom abstrac-
tion by excited benzophenone vs. a Type II singlet-oxygen
reaction sensitized by the quinone. Product analysis from
oxidation of methyl linoleate on lignin (not shown) also
showed an excess of the cis,trans isomers, but the
chromatograms were very complex in the region where the
trans isomers appear, preventing reliable calculations of the
isomer ratios. However, these qualitative product studies,
together with the kinetic order experiment, indicate the par-
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Fig. 3. ESR spectra from irradiation in PR–350 of tetramethylpi-
peridine (TMP), 1, 7.7 mM, in methylene chloride for 15 min.
(a) Without sensitizer, receiver gain (R.G.) of 5.0 × 105; (b) with
9.2 × 10–8 mol methylene blue, R.G. = 1.25 × 105, [R·] =
0.14 mM. The peak on the high field part of the triplet, which
appears here and in other spectra, is due to a permanent cavity
signal.
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ticipation of singlet oxygen in the lignin – methyl linoleate
photolysis.

Oxidations by separation of the sensitizer and substrate
(phase separation, PS)

Physical separation of the sensitizer from the substrate
should eliminate complications that are always present when

they are together in solution during singlet-oxygen oxida-
tions, such as competing H-atom abstraction by the sensitizer
or electron transfer reactions. In addition, the lifetime of sin-
glet oxygen is much longer in the gas phase than in solution
(46), which should make the reaction more efficient.

A simple apparatus was constructed for some experiments
with the sensitizer and substrate separated 1 to 2 mm by an
air gap (Fig. 10), a space that is expected to allow for diffu-
sion of singlet oxygen across the gap (46, 47). The sensitizer
was coated on the bottom of the top filter-petri dish either as a
film (e.g., benzophenone) or as a powder on double-sided
tape. The sensitizer and substrate were then separated by two
microscope slides, and the assembly was mounted on a cold
plate and moved into the photoreactor. In practice, our proce-
dure had limitations because the coating of sensitizers often
“screened” much of the light, making the process less effi-
cient so that long irradiation times were needed, and this can
result in thermal or photo-rearrangements of initially formed
hydroperoxides in the products (see Discussion section).

We used benzophenone as a typical photo-initiator to test
the effect of the PS procedure as compared with results ob-
tained using a homogeneous solution. In the latter case, the
classical free-radical reaction (Type I) is known to predomi-
nate (44), and this was confirmed in the present case, since
the isomer distribution showed a predominance to trans,trans
isomers (cis,trans to trans,trans ratio = 0.44, Fig. 11a). The
PS experiment required longer irradiation times to obtain
comparable product buildup for HPLC analysis, and typi-
cally the product profiles (Fig. 11b) from these experiments
were quite different from reactions in solution, showing all
six isomers and an excess of the cis,trans isomers (cis,trans
to trans,trans ratio = 9.1).

To evaluate the effect that lignin might have in the PS pro-
cedure, experiments were carried out with titanium dioxide
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Scheme 1. Free radical (Type I) and singlet-oxygen (Type II) pathways for lipid peroxidation.

Fig. 4. HPLC trace of photo-initiated oxidation products in air
from methyl linoleate, 0.50 M in chloroform, with methylene
blue, 1.11 × 10–2 M, using a 1000 W visible lamp for 10 min.
Peaks labeled 6, 7, 8, and 9 are the 13 cis,trans, 13 trans,trans;
9 cis,trans, and 9 trans,trans isomers, respectively (see Fig. 2).
The sample was 2.8% oxidized, giving a cis,trans to trans,trans
product ratio = 14.2. Peaks marked by vertical arrows are non-
conjugated isomers (see text). In this and other HPLC separa-
tions, PMA = 4-methoxyacetophenone, used as an internal
standard for retention times and total hydroperoxides formed.
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powder and with lignin powder for a comparison of the
product profiles in the oxidation of methyl linoleate. These
results are shown in Fig. 12. For similar relative conversions
of the methyl linoleate (ca. 6%), the product profiles of the
isomers are quite similar, with cis,trans to trans,trans ratios
of 10.4 and 12.7 for the titanium dioxide sensitizer
(Fig. 12a) and lignin as sensitizer (Fig. 12b), respectively.
Both reactions appear to involve significant oxidation by
singlet oxygen. This result indicates the specific advantage
of phase separation to study a singlet-oxygen reaction. When
the benzophenone and methyl linoleate were on separate sil-
ica gel surfaces but irradiated in the same glass vessel the
product distribution (Fig. 9a) was similar to that found for a
homogeneous solution (Fig. 11a). Presumably, this is be-
cause benzophenone and methyl linoleate were in close con-
tact on the two silica gel surfaces, resulting in a process
similar to a homogeneous system but with formation of a
higher cis,trans to trans,trans ratio (on silica = 0.91 cf. in

solution = 0.44), reflecting the effect of a higher substrate
concentration for essentially neat substrate on silica gel.

Experimental

Materials and preparations
The following chemicals used were the purest grade from

Aldrich: 2,2,6,6-tetramethylpiperidine (TMP), 2,2,6,6-tetra-
methyl-4-piperidone (TMPO), 1,4-diazabicyclo[2.2.2]octane
(Dabco), 3,5-di-tert-butyl-ortho-benzoquinone, 4-methoxy-
acetophenone, benzophenone, titanium dioxide (Anatase- pow-
der), N,N-dimethyl-p-phenylene–2HCl (DMP–HCl), triphenyl-
phosphine, and Trolox. Methyl linoleate (>99%) was obtained
from Nu-Chek-Prep and silica gel (100–200 mesh) from
Mallinckrodt. The lignin used was milled from unbleached
softwood at Paprican, Pointe Claire, Quebec, Canada.

The TMP and TEMPO (sublimed in vacuo) were normally
purified to remove nitroxide signals just before use in each
experiment (see text). In a typical purification, an equal vol-
ume of TMP or TMPO and aqueous hydrazine (35%, Aldrich)
in the solvent used (methylene chloride or hexane) were vor-
tex stirred for 2–5 min. The mixture was centrifuged to sepa-
rate the organic layer, which was dried over sodium sulfate
and purged with argon, and the sample was checked for ESR
signals before use. Commercial silica gels were washed free
of traces of free metal ions before use. For this purpose the
material was washed at least three times with distilled water
then twice with methanol, and the samples were oven-dried
overnight. Traces of hydroperoxides were removed from
commercial methyl linoleate by column chromatography on
silica gel under argon, and fractions free of hydroperoxides
(by TLC analysis, as detected by a DMP–HCl spray) were
used in experiments. Alternately, it was convenient to pre-
pare hydroperoxide-free solutions of methyl linoleate by vor-
tex stirring a solution of the ester in distilled hexane with
silica gel (nominally: 200 mg of ester in 50 mL hexane and
70 mg of silica gel). The solutions were checked for hydro-
peroxides by UV absorption at 234 nm (conjugation) and by
TLC before use.
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Fig. 5. ESR spectra from irradiation in air by PR–350 of methy-
lene chloride solutions of TMP treated with hydrazine before ir-
radiation. (a) With TMP, 0.40 M, and irradiated for 3 h, R.G. =
2.0 × 105; (b) TMP, 0.40 M, in the presence of titanium dioxide
dispersion, irradiated for 45 min., R.G. = 4.0 × 104; (c) with
TMP, 7.7 mM, Dabco quencher, 0.34 M, and 20 mg of lignin
dispersion, irradiated for 40 min., R.G. = 5.0 × 105; (d) TMP
and lignin, as in (c) but without Dabco, irradiated for 40 min.,
R.G. = 1.5 × 105. The additional peak on the high field side of
the triplet, which appears here and in other spectra, is due to a
permanent cavity signal.

Fig. 6. Plot of nitroxide concentration vs. time for irradiation of
TMP, 1, 7.7 mM, with a dispersion of lignin, 15 mg, in methy-
lene chloride in PR–350.
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Photolysis methods
Photolyses were carried out using pyrex filters. Irradia-

tions at 350 nm were done in a photoreactor constructed in
the laboratory of J.C. Scaiano, University of Ottawa, Can-
ada, consisting of an air-cooled metal box (30 cm high ×
35 cm × 35 cm) fitted with eight 25 W, 350 nm lamps, a
prototype of a Luzchem Photoreactor, Inc. A cold plate
(Stirr Kool Inc.), fitted into the reactor, permitted samples to
be cooled to between 0 and –10°C. This method, used for
350 nm photolysis, is referred to as PR–350 in the figure
legends. A 200 W Oriel Hg–Xe lamp was used for
photolyses undertaken in the probe of an electron spin reso-
nance spectrometer (ESR); an Oriel 1000 W quartz–tungsten
lamp was used for those experiments employing coloured
dyes as sensitizers, such as methylene blue or 3,5-di-tert-
butyl-ortho-quinone. A solution of the ester in an inert sol-
vent (e.g., hydrocarbons, heptadecane, or dodecane) was used
in the photo-irradiation of methyl linoleate by the phase sep-

aration (PS) method; it was mixed with silica gel (3 g per
500 mL) to hold the sample in the sample well close to the
sensitizer (see Fig. 10 and text). In these cases, the silica gel
was washed with methanol to remove the adsorbed oxidation
products for reduction and HPLC analyses.

Product analyses

Electron spin resonance (ESR)
ESR spectra were obtained on a Varian E-3 EPR Spec-

trometer operated generally at a power level of 3 to 3.2 mW
and a modulation amplitude of 4 G to optimize signals.
Quantitative analysis of nitroxide signals used double inte-
gration of the absorption curves and diphenylpicrylhydrazyl
as a concentration standard (48). The integrations were cor-
rected for ESR cavity response by the signal of a ruby in-
stalled in the probe.

HPLC method
The procedures for reduction of methyl linoleate hydro-

peroxides by triphenylphosphine and HPLC analysis of the
resulting isomeric alcohols and their identification was de-
scribed previously (2, 37). 4-Methoxyacetophenone was
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Fig. 8. Plots of kinetic orders of oxygen uptake vs. light inten-
sity for photo-initiated oxidation of methyl linoleate on silica gel
in water at 30°C; comparing the effects of the ketones, benzo-
phenone, DTBQ, 5, and lignin. (a) Methyl linoleate, 54 µm, on
125 mg silica gel with benzophenone, 5.6 µm, on 100 mg silica
gel, irradiated with 200 W Hg arc lamp; (b) methyl linoleate,
56 µm, on 112 mg silica gel with DTBQ, 5, 8.7 µm, on 185 mg
silica gel irradiated with a 1000 W visible lamp; (c) methyl lino-
leate, 54 µm, evaporated from methylene chloride on lignin,
92 mg, and irradiated with a 200 W Hg arc lamp.

Fig. 7. ESR spectra from irradiation with a 200 W Hg arc lamp
in air of hexane dispersions of lignin, 10 mg, in the probe of the
spectrometer. Samples were purged with argon before recording
spectra. (a) With TMPO, 6.7 mM, irradiated for 5 min., R.G. =
5.0 × 105; (b) the spectrum of the solution after separation of the
lignin, R.G. = 2.0 × 105; (c) Irradiation of lignin dispersion
alone in hexane for 12 min., R.G. = 2.0 × 105.
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used as an internal standard to determine product concentra-
tions, which are reported as “relative concentrations” of the
total 6–9 isomeric compounds (Fig. 2).

Kinetic methods of oxygen uptake
Kinetic studies of oxidation were carried out at 30°C un-

der 760 torr (1 torr = 133.322 Pa) of oxygen on a dual chan-
nel apparatus attached to a pressure transducer, as described
previously (2). The kinetic order in oxygen uptake was de-
termined by inserting seven neutral-density filters on a filter
wheel into the light beam.

Discussion

The combinations of product studies, kinetic measurements,
and phase separations of sensitizer and substrate provide

quite conclusive results on the role of lignin in the genera-
tion of singlet oxygen. ESR studies of nitroxides from the
oxidation of secondary amines 1 and 2 indicate singlet-
oxygen generation by the photolysis of dispersions of solid
lignin. A singlet-oxygen quencher inhibits the reaction, and
in the absence of quencher the reaction products, nitroxides,
increase in quantity with time. This ESR method has the ad-
vantage of high sensitivity, but the appearance of nitroxide
radicals alone does not rule out the possible involvement of
Type I reactions occurring simultaneously with singlet-oxygen
oxidation. In this regard, the broad ESR signal produced
during shorter irradiation times on lignin dispersion together
with nitroxide formation is of special interest. Wan and co-
workers observed similar broad, persistent signals (g =
2.0039) on papers from mechanical pulps, attributed them to
phenoxyl radicals formed by H-atom abstraction by excited
chromophores (49), and showed their importance in the
photo-yellowing of high lignin content pulps and paper (50,
51). Our results show that these radicals are formed from the
photo-excited lignin component, presumably by H-atom ab-
straction by excited carbonyl groups. More importantly, the
complex ESR spectrum (Fig. 7a) demonstrates that both
Type I and Type II reactions are initiated from photo-excited
lignin: one type by H-atom abstraction forming phenoxyl
radicals, which are persistent in the polymer matrix, and the
other by energy transfer to oxygen, resulting in nitroxide
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Fig. 10. Diagram of apparatus used for the phase separation (PS)
method.

Fig. 11. HPLC traces of methyl linoleate oxidation products
showing the result using “initiation” by benzophenone in solution
compared with phase separation of benzophenone as “sensitizer”.
(a) Methyl linoleate, 0.43 M, with benzophenone, 5.5 mM, in
dodecane, irradiated in PR–350 for 1 h, giving 1.6% oxidation of
methyl linoleate at a cis,trans to trans,trans product ratio = 0.44;
(b) methyl linoleate, 0.69 M, in heptadecane and benzophenone
powder, 29 mg, in the PS apparatus (Fig. 10) irradiated for 9 h,
giving 2.2% oxidation at a cis,trans to trans,trans product ra-
tio = 9.1. The identification of the peaks is given in Fig. 4.

Fig. 9. HPLC traces of oxidation products of methyl linoleate on
silica gel in water at 30°C; comparing the effects of benzophe-
none and DTBQ, 5. The quantities of methyl linoleate, benzo-
phenone, and DTBQ were the same as in Fig. 8. (a) Benzophe-
none and irradiation with a 200 W Hg arc lamp. The cis,trans to
trans,trans product ratio was 0.91 at 6.6% oxidation; (b) DTBQ
and irradiation with a 1000 W visible lamp. The cis,trans to
trans,trans product ratio was 32 at 9.4% oxidation. See Fig. 4
for identification of the HPLC peaks.
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radical formation by a singlet-oxygen reaction. The lignin–
phenoxyl radicals were not observed in dioxane, probably
owing to rapid radical–radical recombinations in solution.

The use of both kinetic experiments of oxygen uptake and
product studies using methyl linoleate shows that the two
mechanisms of peroxidation depend on the initiator or
sensitizer used. Thus benzophenone, a known, excellent H-
atom abstractor, showed a kinetic order of 0.55 when coated
on silica gel, consistent with initiation by H-atom abstrac-
tion. The results with an ortho quinone were quite different:
the higher kinetic order indicates a change in mechanism
and the HPLC product profile indicates a singlet-oxygen re-
action. As observed before in homogeneous solution (2), ki-
netic orders for singlet-oxygen oxidation are close to unity,
which is expected if one assumes that the oxygen uptake is
directly related to the steady-state concentration of singlet
oxygen. The somewhat lower kinetic orders, ca. 0.9 — actually
observed for oxidations sensitized by the ortho-quinone, 5, a
known singlet-oxygen sensitizer, and for dispersions of lignin
when coated on silica gel — could be due to some photo-

induced homolysis of the hydroperoxides that accumulate
during prolonged irradiation times, resulting in some com-
peting Type I reaction. In any event, lignin is an active “cat-
alyst” for the oxidation of the lipid, methyl linoleate, on its
surface (Fig. 8c). The reason for the difference in behavior
of the two ketones — as shown by product profiles from the
reactions on silica gel (Fig. 9a and 9b), where benzophenone
causes initiation of a Type I reaction on methyl linoleate
while the ortho-quinone acts as a sensitizer — probably lies
in the nature and energy of two different excited states of
these compounds. The 3(n,π*) of benzophenone is a well-
known, very reactive H-atom abstractor. Although the redox
properties of 5 have been studied in detail, including reduc-
tion by ascorbic acid (52), details on its excited states are
not available. However, the triplet states of 2- to 4-ring aro-
matic ortho-quinones exhibit “inversion” between n,π* and
π,π* triplets where these were not active H-atom abstractors
(53). Similarly, it appears that the excited state of quinone,
5, is not an H-atom abstractor under our conditions but rather
gives energy transfer, forming singlet oxygen.

We are well aware of the limitations of using hydro-
peroxide product studies as evidence for a singlet-oxygen re-
action. In general, secondary photo reactions, especially by
UV light, can cause further reactions on sensitive hydro-
peroxides and complicate the results, as pointed out by oth-
ers (54–56). Consequently, in our results using geometric
product ratios of the cis,trans and trans,trans isomers, it is
not surprising that quite different ratios were observed even
in reactions that apparently proceed via singlet oxygen. Most
ratios were in the range of 9 to 14 (Figs. 4, 11b, 12a, and
12b), and the high ratio combined with the appearance of six
isomers is taken as evidence for a pathway controlled by sin-
glet oxygen, especially when compared with these ratios un-
der conditions recognized to be a Type I reaction (Figs. 9a
and 11a), where the highest ratio was ca. 1. In comparison,
the ratio of ca. 33 when the ortho-quinone, 5, was used as
sensitizer in the visible region (Fig. 9a) is very different and
suggests that the other examples may either indicate second-
ary photo rearrangements or a mixed Type I and Type II
pathway. Triphenylphosphine (TPP) is used to rapidly re-
duce hydroperoxides to alcohols. Since it absorbs only weakly
above 300 nm (57), we considered that photolysis experi-
ments in the presence of TPP would reduce hydroperoxides
as they form and simplify the product analysis. Unfortu-
nately, other reactions of triphenyl phosphine — including
those with excited states of ketones (58, 59) and with singlet
oxygen (60) — actually complicate the system, and this pro-
cedure was abandoned.

Our experiments using lignin indicate that both Type I and
Type II reactions can occur on photolysis. For example, the
observation of two radicals following irradiation of 2 in the
ESR cavity after a comparatively short irradiation time indi-
cates that H-atom abstraction from phenolic hydroxyls (pos-
sibly by excited carbonyl groups) and singlet-oxygen
reactions to generate nitroxide radicals occur simultaneously.
The phase separation method does definitely show that sin-
glet oxygen can be generated by the lignin surface
(Fig. 12b). Overall we conclude that singlet oxygen plays an
important role in the photo-yellowing of high-lignin-content
materials, and consequently, this must be taken into consid-

© 2003 NRC Canada

466 Can. J. Chem. Vol. 81, 2003

Fig. 12. HPLC traces from oxidation of methyl linoleate using
the PS method to compare the effect of lignin with that of tita-
nium dioxide as “sensitizers”. (a) Methyl linoleate, 0.75 M, in
heptadecane and titanium dioxide powder, 7.2 mg, irradiated for
8 h in PR–350, resulting in 6.2% oxidation and a cis,trans to
trans,trans product ratio = 10.4; (b) methyl linoleate, 0.75 M, in
heptadecane and lignin powder, 9.4 mg, irradiated for 1 h in
PR–350, resulting in 6.3% oxidation and a cis,trans to
trans,trans product ratio = 12.7. The identification of the peaks
is given in Fig. 4.
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eration in strategies for inhibition of photo-yellowing of
high-lignin-content mechanical pulps.
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The synthesis and structural characterization of
linear and macrocyclic bis(dinitrosyliron)
complexes supported by bis(phosphine)
bridging ligands

Lijuan Li, Nada Reginato, Michael Urschey, Mark Stradiotto, and
John D. Liarakos

Abstract: Reactions involving Fe(NO)2(CO)2 and the bis(phosphine) ligands bis(diphenylphosphino)methane (DPPM),
bis(diphenylphosphino)acetylene (DPPA), 1,6-bis(diphenylphosphino)hexane (DPPH), and 1,4-bis(diphenylphosphino)-
benzene (DPPB) have been examined. From these reactions, the mononuclear complex, Fe(κ1-DPPM)(NO)2(CO) 3, lin-
ear dinuclear species of the type Fe2(µ-L)(NO)4(CO)2 (L = Ph2PCH2PPh2 4, Ph2PC�CPPh2 5, Ph2PCH2(CH3)4CH2PPh2

6, and Ph2P(p-C6H4)PPh2 7), and macrocyclic dinuclear species of the type Fe2(µ-L)2(NO)4 (L = Ph2PCH2PPh2 8 and
Ph2PC�CPPh2 9) were isolated and spectroscopically characterized. For 4, 5, 8, and 9, the solid-state molecular struc-
tures of the products were determined by use of single-crystal X-ray diffraction techniques.

Key words: dinitrosyliron, iron nitrosyls, dinuclear macrocycles, bis(phosphine) complexes.

Résumé : On a étudié des réactions impliquant le Fe(NO)2(CO)2 et les ligands bis(phosphines), bis(diphénylphos-
phino)méthane (DPPM), bis(diphénylphosphino)acétylène (DPPA), 1,6-bis(diphénylphosphino)hexane (DPPH), et 1,4-
bis(diphénylphosphino)benzène (DPPB). À partir de ces réactions on a isolé le complexe mononucléaire Fe(κ1-DPPM)-
(NO)2(CO) (3), les espèces dinucléaires linéaires du type Fe2(µ-L)(NO)4(CO)2 (L = Ph2PCH2PPh2 (4); Ph2PC�CPPh2

(5); Ph2PCH2(CH3)4CH2PPh2 (6) et Ph2P(p-C6H4)PPh2 (7)) et les espèces dinucléaires macrocycliques de type Fe2(µ-
L)2(NO)4 (L = Ph2PCH2PPh2 (8); Ph2PC�CPPh2 (9)) et on les a caractérisés par spectroscopie. Les structures molécu-
laires à l’état solide des produits 4, 5, 8 et 9 ont été déterminées par la technique de diffraction des rayons X par un
cristal unique.

Mots clés : dinitrosylfer, nitrosyles de fer, macrocycles dinucléaires, complexes de bis(phosphine).

[Traduit par la Rédaction] Li et al. 475

Introduction

Dinitrosyliron-based compounds are known to participate
in a variety of important chemical processes ranging from
the transfer of molecular oxygen to alkenes or phosphines
(1, 2) to the polymerization of olefins (3–6). Some non-
heme iron nitrosyl complexes have also been identified as
nitric oxide storage substances within biological systems;
these have been detected by EPR studies, both as products

after the biosynthetic evolution of NO in vitro and from the
addition of NO to iron-centered proteins (7). As part of our
ongoing study of this class of chemically and biologically
important complexes, we reported on the synthesis, struc-
tural characterization, and electrochemical behavior of com-
pounds such as 1 that are derived from the reaction of
Fe(NO)2(CO)(PR3) with tetracyanoethylene (8–10). These
molecules represent the first crystallographically character-
ized examples of dinitrosyliron-based complexes containing
π-bound olefinic ligands. Subsequently, we have prepared
and studied the non-heme iron complex, 2, which comprises
imidazole and nitrosyl ligands (Scheme 1) (11, 12).

Building upon this research, we have recently turned our
focus to the preparation of both linear and macrocyclic bis-
(dinitrosyliron) complexes bridged by either one or two bis-
(phosphine) ligands, respectively, in the anticipation that these
dinuclear species may exhibit interesting and unusual proper-
ties related to the proximal nature of the two metal fragments
(13). The pioneering work of Cowie and co-workers (14),
Puddephatt and co-workers (15), and others demonstrates the
reactivity advantages that can be brought about by connecting
late metal fragments with bridging bis(phosphine) ligands such
as DPPM (DPPM = bis(diphenylphosphino)methane). More-
over, Hong and co-workers have shown that dinuclear Group
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10 complexes of the type cyclo[M(κ 2-DPPM)]2(µ-DPPA)2
(DPPA = bis(diphenylphosphino)acetylene) exhibit interesting
photoluminescent behavior (16). Despite the well-established
history of dinuclear bis(phosphine) complexes in the field of
inorganic chemistry, bis(dinitrosyliron) derivatives of this class
are still rare, and their reactivity properties remain essentially
unexplored (17).

Herein we report the synthesis and structural characteriza-
tion of bis(dinitrosyliron) complexes spanned by a structur-
ally diverse series of bis(phosphine) ligands, including:
(a) DPPM; (b) DPPH (DPPH = 1,6-bis(diphenylphos-
phino)hexane); (c) DPPA; and (d) DPPB (DPPB = 1,4-bis-
(diphenylphosphino)benzene). Depending on the reaction
conditions employed, either linear diiron constructs con-
nected by one bis(phosphine) linker, (NO)2FeP~PFe(NO)2
(A), or macrocyclic species spanned by two bridging lig-
ands, [(NO)2Fe]2(P~P)2 (B), are obtained.

Results and discussion

The mononuclear complex, 3, and the linear diiron spe-
cies, 4–7, were readily prepared from Fe(NO)2(CO)2 via ad-
dition of the desired bis(phosphine), as depicted in
Scheme 2. For compounds 3–5, these could then be con-
verted into the corresponding cyclic compounds 8 (from ei-
ther 3 or 4) and 9 (from 5) (Scheme 3). Compounds 3–9
are air sensitive and undergo complete decomposition after
several hours. Decomposition also occurs (albeit more
slowly) when these complexes are stored either in degassed
solvents or as pure solids under dinitrogen at ambient tem-
perature. Interestingly, Braunstein et al. have previously
observed the formation of both 3 and 8 as side products in
the process of preparing Pt–Fe clusters (18), while
Atkinson et al., in examining the reaction between [Fe2(µ-
I)2(NO)4] and DPPM, were able to isolate compound 8 as
the corresponding tetrahydrofuran-solvated complex (19).
However, in both cases no X-ray crystallographic structural
data were provided.

The conversion of Fe(NO)2(CO)2 into compounds 3–7 and
subsequently into 8 or 9 is readily monitored by use of infra-
red spectroscopy; selected FT-IR data are listed in Table 1.
The decrease in stretching frequencies observed for the car-

bonyl and the two nitrosyl ligands in 3–7 relative to
Fe(NO)2(CO)2 is characteristic of phosphine-substituted di-
nitrosyliron complexes (9). In turn, the nitrosyl stretching
frequencies observed for both 8 and 9 appear at an even
lower wavenumber. The macrocyclic DPPM-supported com-
plex, 8, exhibits four distinct IR absorptions (1733, 1721,
1687, and 1668 cm–1) in the solid and in solution (spectra
obtained from samples dissolved in CH2Cl2 match previ-
ously reported values (19)), possibly arising from the inter-
action of the Fe(NO)2 centers, as has been observed in other
cyclic systems (19, 20). This phenomenon appears to depend
on ring size, as the related ten-membered ring compound, 9,
displays only two nitrosyl stretching signals (1723 and
1679 cm–1) in both the solid and liquid states. Based on the
observed IR frequencies, the nitrosyl groups are best de-
scribed as linear, donating NO+ fragments (vide infra) (21,
22). The formation of 3–9 was also followed by use of NMR
spectroscopy, and each of the dinuclear compounds (4–9)
exhibit a single 31P NMR resonance in the range of 33–
57 ppm, consistent with a disubstituted bis(phosphine)
complex.

In an attempt to evaluate how altering the characteristics
of the bridging bis(phosphine) ligand impacts the structural
topology of these linear and macrocyclic bis(dinitrosyliron)
complexes, an X-ray crystallographic study of compounds 4,
5, 8, and 9 was conducted. Crystallographic collection and
refinement parameters and selected metrical parameters ap-
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Scheme 1. Substitution reactions of Fe(NO)2(CO)2, yielding 1
and 2.

Scheme 2. Generalized synthetic pathway to compounds 3–7.

Scheme 3. Preparation of compounds 8 and 9.
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pear in Tables 2 and 3, respectively. Thermal ellipsoid plots
of the refined molecular structures of the DPPM compounds,
4 and 8, and the DPPA compounds, 5 and 9, appear in
Figs. 1 to 4, respectively.

The iron centers in all four of the crystallographically
characterized compounds possess distorted tetrahedral ge-
ometries, a structural feature that is common to dinitro-
syliron complexes (12, 22). The iron—iron distances in both
the linear (4, ~5.2 Å; 5, ~7.6 Å) and macrocyclic (8, ~4.4 Å;
9, ~7.0 Å) compounds are all significantly longer than the

related distances found in other structurally characterized
bis(dinitrosyliron) species described as possessing a metal—
metal bond (23). The crystallographically determined struc-
tures of the linear species, 4 and 5, can be compared with
that of [Fe(NO)2Cl]2(µ-DPPE) (DPPE = 1,2-bis(diphenyl-
phosphino)ethane), where DPPE stands as a single bridge
joining the two metal centers (17).

Despite the range in N-Fe-N angles (115.6(4)° to
126.5(4)°), all eight of the Fe(NO)2 units in compounds 4, 5,
8, and 9 exhibit “attracto” conformations (N-Fe-N > O-Fe-

© 2003 NRC Canada
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Compounds νCO (cm–1) νNO (cm–1)

[Fe(DPPM)(NO)2(CO)], 3 2014, 1994; 2005a 1763, 1720 (s), 1700; 1761,a 1718a

[Fe2(µ-DPPM)(NO)4(CO)2], 4 2005; 2004a 1760, 1719 (s), 1702; 1764,a 1718a

[Fe2(µ-DPPA)(NO)4(CO)2], 5 2020, 2005 1767, 1716
[Fe2(µ-DPPH)(NO)4(CO)2], 6 1999 1755, 1701
[Fe2(µ-DPPB)(NO)4(CO)2], 7 2009, 1999 1760, 1707
[Fe2(µ-DPPM)2(NO)4], 8 — 1733, 1721, 1687, 1668
[Fe2(µ-DPPA)2(NO)4], 9 — 1723, 1679

aMeasured in THF solution.

Table 1. Nitrosyl and carbonyl IR stretching frequencies for 3–9 (KBr pellet).

4 5 8 9·CH2Cl2

Empirical formula C27H22P2N4Fe2O6 C28H20P2N4Fe2O6 C50H44P4N4Fe2O4 C53H42P4N4Fe2O4Cl2

Molecular weight 672.13 682.12 1000.47 1105.39
Description Red needle Dark red plate Dark red prism Dark red prism
Size (mm3) 0.42 × 0.09 × 0.03 0.3 × 0.16 × 0.08 0.25 × 0.15 × 0.14 0.28 × 0.25 × 0.12
Temperature (K) 213(2) 213(2) 213(2) 213(2)
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P1 P1 P21/c P21/c
a (Å) 8.3037(1) 8.714(23) 21.2512(1) 21.3908(2)
b (Å) 10.9324(3) 9.539(28) 12.3414(1) 13.8839(1)
c (Å) 17.6037(2) 9.959(25) 22.2870(2) 17.8203(2)
α (°) 78.43(2) 114.52(8) 90.000 90.000
β (°) 77.318(1) 96.13(16) 112.49(1) 101.463(1)
γ (°) 82.198(2) 97.76(12) 90.000 90.000
Volume (Å3) 1520.35(5) 734.1(34) 5400.69(7) 5186.84(8)
Z 2 1 4 4
Dcalcd (g cm–3) 1.468 1.543 1.230 1.416
Scan mode ω-scans ω-scans ω-scans ω-scans
F(000) 684 346 2064 2264
Absorption coefficient (mm–1) 1.105 1.145 0.698 0.834
θ-range (°) 1.20 to 22.50 2.29 to 27.34 1.04 to 22.50 0.97 to 22.50
Index ranges –10 ≤ h ≤ 10 –11 ≤ h ≤ 11 –27 ≤ h ≤ 27 –27 ≤ h ≤ 27

–13 ≤ k ≤13 –12 ≤ k ≤ 12 –16 ≤ k ≤ 16 –17 ≤ k ≤ 17
–21 ≤ l ≤ 21 –12 ≤ l ≤ 12 –28 ≤ l ≤ 20 –22 ≤ l ≤ 22

Reflections collected 11 146 5231 31 207 28 244
Independent reflections 3892 2673 6976 6769
Data/restraints/parameters 3851/0/370 2673/0/190 6922/0/577 6763/12/656
GoF on F2 (all) 1.011 0.938 1.120 1.017
Final R (I > 2σ(I)) R1 = 0.0658; R1 = 0.0772; R1 = 0.0885; R1 = 0.1134;

wR2 = 0.1162 wR2 = 0.1810 wR2 = 0.2818 wR2 = 0.2865
R indices (all data) R1 = 0.1384; R1 = 0.1462; R1 = 0.1201 R1 = 0.1451

wR2 = 0.1466 wR2 = 0.2146 wR2 = 0.3163 wR2 = 0.3264
Transmittance (max., min.) 0.9098, 0.7914 0.8722, 0.1802 0.8944, 0.6976 0.8577, 0.2080
Largest diff. peak (e Å–3) 0.338 0.971 2.932 2.605
Largest diff. hole (e Å–3) –0.302 –0.405 –0.444 –1.606

Table 2. Crystallographic collection and refinement parameters for 4, 5, 8, and 9·CH2Cl2.
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O) (24–26). The observation of contracted Fe—N distances
(~1.64 to ~1.73 Å) and lengthened N—O bonds (~1.16 to
~1.20 Å) in these complexes indicates significant iron–
nitrosyl multiple bond character, arising owing to apprecia-
ble back-donation from the iron fragment into the π*-orbital
on the nitrosyl ligand (22). By comparison, Ray et al. re-
ported crystallographic data for a series of trigonal bipyra-
midal iron nitrosyl complexes, in which the Fe—N(O) and
N—O distances are in the range of ~1.73–1.75 Å and ~1.12–
1.15 Å, respectively (27). These X-ray structural data, in ad-
dition to the observation of nearly linear Fe-N-O linkages,
corroborate the IR spectroscopic results and suggest that the
NO units in 4, 5, 8, and 9 function as three-electron donors.

Compounds 5 and 9 represent the first examples of crys-
tallographically characterized species containing the Fe-
(NO)2(µ-DPPA) fragment, and as such are worthy of further
commentary. The “anti” orientation of the Fe(NO)2 groups,
coupled with the presence of a crystallographic inversion
center, results in an interesting solid-state molecular geome-
try for the linear bis(dinitrosyliron) species, 5, in which ten
of the non-hydrogen atoms (O(1), N(2), Fe(1), P(1), C(1),
C(1A), P(1A), Fe(1A), N(2A), and O(1A)) are essentially
coplanar (mean deviation from the plane ~0.32 Å). The non-
linear nature of the P-C�C fragment in 5 (P(1)-C(1)-C(1A)
172.9(8)°) parallels other crystallographically characterized
compounds of the type LnM-DPPA-MLn (28–34) and pre-
sumably arises because of steric congestion in the vicinity of
the triple bond. Interestingly, such steric demands do not re-
sult in a lengthening of the alkyne bonds in either 5
(1.21(1) Å) or 9 (C(1)-C(2) 1.198(4) Å; C(3)-C(4)
1.20(1) Å), which remain essentially unchanged relative to
free DPPA (35).

The overall molecular structure of the macrocyclic DPPA
compound, 9, can be described as a severely twisted ten-
membered ring, a geometry that is similar to Mo2(µ-
DPPA)2(CO)8 (36), but different from the nearly planar

structure found for PdPtCl4(µ-DPPA)2 (37). The puckering
of the ring framework in 9 gives rise to a “bow-tie” orienta-
tion of the alkyne units, in which these fragments are twisted
by approximately 49° with respect to one another (Fig. 5).
As was observed for 5, the two P-C�C-P units in 9 exhibit
concave bowing; however, one P-C�C-P fragment is only
slightly bent (P(3)-C(3)-C(4) 173.9(9)°; P(4)-C(4)-C(3)
175.5(9)°), while the other exhibits more pronounced asym-
metric bending (P(1)-C(1)-C(2) 170.8(9)°; P(2)-C(2)-C(1)
165.8(9)°). Upon viewing the structure of 9 down the Fe–Fe
vector, it is evident that the DPPA ligands can be loosely
classified as “staggered” (P(1)-C(1)-C(2)-P(2)) and “eclipsed”
(P(3)-C(3)-C(4)-P(4)), with the former experiencing greater
strain and subsequently more pronounced deviation from lin-
earity than the latter. It is interesting to note that although
Mo2(µ-DPPA)2(CO)8 possesses similarly “staggered” and
“eclipsed” DPPA ligands (36), a correlation between the de-
gree of nonlinearity of the DPPA ligands and their relative
orientation does not exist in this Mo-based system.

Experimental

General
All manipulations were carried out in an atmosphere of

dry dinitrogen using freshly distilled and degassed solvents.
Unless otherwise stated, all chemicals, including
bis(diphenylphosphino)methane (DPPM, Aldrich), 1,6-bis-
(diphenylphosphino)hexane (DPPH, Aldrich), bis(diphenyl-
phosphino)acetylene (DPPA, Strem Chemicals), and 1,4-
bis(diphenylphosphino)benzene (DPPB, Organometallics
Inc.) were used as supplied. Fe(NO)2(CO)2 was prepared
following a published procedure (38). The 1H, 13C, and 31P
NMR spectral data were acquired using either a Bruker
AC-200 or AC-300 spectrometer in deuterated chloroform,
unless otherwise stated. All 13C and 31P NMR spectra were
recorded in proton-decoupled mode with phosphorus chem-
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4 5 8 9·CH2Cl2

Bond lengths (Å)
Fe—Fe 5.21 7.60 4.35 7.01
Fe(1)—N(1) 1.693(8) 1.680(7) 1.643(9) 1.66(1)
Fe(1)—N(2) 1.654(6) 1.73(1) 1.644(8) 1.65(1)
Fe(2)—N(3) 1.675(8) — 1.668(9) 1.67(1)
Fe(2)—N(4) 1.705(8) — 1.644(9) 1.646(9)
N(1)—O 1.171(8) 1.169(7) 1.19(1) 1.19(1)
N(2)—O 1.175(6) 1.164(9) 1.20(1) 1.19(1)
N(3)—O 1.182(8) — 1.18(1) 1.16(1)
N(4)—O 1.163(8) — 1.19(1) 1.20(1)
Bond angles (°)
Fe(1)-N(1)-O 177.8(7) 175.9(6) 174(1) 176.2(8)
Fe(1)-N(2)-O 174.8(7) 178.1(7) 168.9(8) 172.9(7)
Fe(2)-N(3)-O 175.0(7) — 166.6(8) 174.5(9)
Fe(2)-N(4)-O 177.1(8) — 177.1(9) 179.6(8)
N(1)-Fe(1)-N(2) 122.1(8) 115.6(4) 117.0(4) 120.5(4)
N(3)-Fe(2)-N(4) 118.1(9) — 116.8(4) 126.5(4)
*O-Fe(1)-O* 119.9 114.1 109.6 116.4
*O-Fe(2)-O* 116.2 — 110.3 124.3

*Nitrosyl oxygen atoms.

Table 3. Selected bond lengths (Å) and angles (°) for 4, 5, 8, and 9·CH2Cl2.
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ical shifts externally referenced relative to 85% H3PO4 in
D2O. Melting and decomposition points were measured us-
ing differential scanning calorimetry performed on a DSC
2910 instrument (TA instruments). IR spectra were re-
corded on a Bio-Rad FTS-40 single-beam spectrometer us-
ing KBr pellets, unless otherwise stated. Mass spectra were
recorded on a Micromass Quattro LC instrument using pos-
itive electrospray ionization (ESI+). Despite repeated at-
tempts, satisfactory elemental analysis data for the
compounds reported herein could not be obtained.

X-Ray crystallography
Crystallographic data for 4, 5, 8, and 9·CH2Cl2 were col-

lected from suitable samples mounted on glass fibers. The
instrument used for the collection of diffraction data was a
Siemens P4 diffractometer equipped with a Siemens
SMART 1K CCD Area Detector (using the program
SMART) and a rotating anode using graphite-mono-
chromated Mo Kα radiation (λ = 0.71073 Å). Data process-
ing was carried out by use of the program SAINT, while the
program SADABS was utilized for the scaling of diffraction
data, the application of a decay correction, and an empirical
absorption correction based on redundant reflections. Struc-
tures were solved by using the direct methods procedure in
the Siemens SHELXTL program library and refined by full-
matrix least squares methods on F2. All non-hydrogen at-
oms, with the exception of the disordered atoms in
9·CH2Cl2, were refined using anisotropic thermal parame-
ters. Hydrogen atoms were added as fixed contributors at
calculated positions, with isotropic thermal parameters based
on the bonded carbon atom. Compound 5 crystallizes in the
space group P1 with half a molecule per asymmetric unit;
the other half of the molecule may be generated by a crystal-
lographic inversion center, resulting in the observation of
only one molecule per unit cell (Z = 1). Combustion analy-
sis, previously obtained by others (39), for compound 8
(similarly prepared in tetrahydrofuran) suggested the pres-
ence of one solvated tetrahydrofuran per molecule of 8 in
the crystalline lattice. However, despite the fact that the data
readily allow for a complete anisotropic refinement of the
target molecule, attempts to resolve atomic positions for the
disordered solvate were unsuccessful, leading to rather high
values for the residual electron density and the refinement
statistics. In the case of 9·CH2Cl2, the final refined structure
involved a disordered model in which the phenyl rings con-
taining C(20)–C(25) and C(50)–C(55) could exist in either
of two orientations resulting from rotation about the P—
C(ipso) bond. Based on the observed thermal displacement
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Fig. 1. The X-ray structure of 4, showing the atomic numbering
scheme. Anisotropic thermal displacement ellipsoids are shown
at the 30% probability level.

Fig. 2. The X-ray structure of 8, showing the atomic numbering
scheme. Anisotropic thermal displacement ellipsoids are shown
at the 30% probability level.

Fig. 3. The X-ray structure of 5, showing the atomic numbering
scheme. Anisotropic thermal displacement ellipsoids are shown
at the 30% probability level.
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ellipsoids, it was assumed that only these carbon atoms were
significantly affected by this disorder process. The occupan-
cies for each of the two orientations were each allowed to be
refined as a free variable (final ratio of approximately 55:45
for both of the phenyl units). Moreover, during the refine-
ment of 9·CH2Cl2, a disordered molecule of dichloro-
methane was located in the asymmetric unit. Given the
magnitude, location, and number of electron density differ-
ence peaks observed in the region of the solvate, the final re-
fined structure was based on a disordered model that
involved two possible orientations generated by rotation
about a fixed and non-disordered (fully occupied) central
methylene carbon. The occupancies for each of the two ori-
entations were each allowed to be refined as a free variable
(final ratio of approximately 90:10). Hydrogen atoms for
each unique component of the disordered phenyl and di-
chloromethane units were added at calculated positions with
occupancy factors equal to the occupancy factor of the asso-
ciated carbon atom. The hydrogen atoms were refined using
a riding model with isotropic displacement parameters equal
to 1.2 times the equivalent isotropic displacement parameter
of the attached carbon (40–43).3

General preparation of compounds 3–7
Method (a): To an Erlenmeyer flask containing Fe(NO)2-

(CO)2 was added a suspension of the phosphine ligand in
pentane at room temperature. After stirring the solution for
18 h, the precipitate generated was filtered and washed with
pentane. Method (b): To an Erlenmeyer flask containing the

phosphine ligand in THF was added Fe(NO)2(CO)2 at room
temperature. After stirring the solution for 18 h, the solvent
was removed under reduced pressure and the remaining
solid washed with pentane.

General preparation of compounds 8 and 9
Method (c): A solution of the reactants was filtered into a

sealable tube, degassed by use of freeze-pump-thaw proce-
dures, flame-sealed under vacuum, and subsequently heated
to 75°C.
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Fig. 4. The X-ray structure of 9·CH2Cl2, with thermal displace-
ment ellipsoids shown at the 30% probability level. For clarity,
hydrogen atoms and the dichloromethane solvate have been omit-
ted, and only the most highly populated components of the dis-
ordered phenyl rings are shown.

Fig. 5. Views of the crystallographically determined structure of
9·CH2Cl2: (a) highlighting the “bow-tie” orientation of the
alkyne units and (b) down the Fe(1)–Fe(2) vector (selected atoms
omitted for clarity).

3 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
205068 (4), 205069 (5), 205070 (8), and 205071 (9·CH2Cl2) contain the supplementary data for this paper. These data can be obtained, free
of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge, U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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[Fe(κ1-DPPM)(NO)2(CO)] 3
Method (a): Fe(NO)2(CO)2 (0.1 mL, 0.9 mmol) and

DPPM (170 mg, 0.44 mmol) in pentane (8 mL) produced 3
as bright orange-red powder (70 mg, 30%). Method (b):
DPPM (170 mg, 0.44 mmol), Fe(NO)2(CO)2 (0.05 mL,
0.45 mmol), and THF (6 mL) produced 3 (160 mg,
69%), m.p. 119°C (with decomposition). IR (KBr) (cm–1) ν:
2014 (CO), 1994 (CO), 1763 (NO), 1720 (shoulder) (NO),
1700 (NO). IR (THF-solution) (cm–1) ν: 2005 (CO), 1761
(NO), 1718 (NO). 1H NMR (200 MHz) δ: 3.21 (d, 2H,
2JHP = 8.7 Hz, CH2), 7.27–7.49 (m, 20H, Ph). 13C NMR
(50 MHz) δ: 31.7 (m, CH2), 127.9–137.6 (Ph), 221.3 (s,
CO). 31P NMR (121 MHz) δ: –25.0 (d, 1P, 2JPP = 105.6 Hz),
48.0 (d, 1P, 2JPP = 105.6 Hz, P-Fe).

[Fe2(µ-DPPM)(NO)4(CO)2] 4
Method (a): Fe(NO)2(CO)2 (0.34 mL, 3.1 mmol) was

added to a suspension of DPPM (120 mg, 0.31 mmol) in
pentane (10 mL). During the course of the reaction the
DPPM dissolved, and a dark red - brown powder precipi-
tated, which was filtered and washed with pentane (190 mg,
92%). Method (b): DPPM (500 mg, 1.3 mmol), Fe(NO)2-
(CO)2 (0.3 mL, 2.7 mmol), and THF (10 mL) produced 4
(690 mg, 79%), m.p. 144°C (with decomposition). IR (KBr)
(cm–1) ν: 2005 (CO), 1760 (NO), 1719 (shoulder) (NO),
1702 (NO). IR (THF-solution) (cm–1) ν: 2004 (CO), 1764
(NO), 1718 (NO). 1H NMR (300 MHz, CD2Cl2) δ: 3.76 (t,
2H, 2JHP = 9.7 Hz, CH2), 7.41–7.44 (m, 20H, Ph). 13C NMR
(75 MHz) δ: 32.6 (t, 1JCP = 11.4 Hz, CH2), 129.3 (t, JCP =
5.2 Hz, Co or Cm), 131.1 (s, Cp), 132.6 (t, JCP = 6.5 Hz, Cm
or Co), 134.3 (t, JCP = 22.2 Hz, Ci), 221.1 (s, CO). 31P NMR
(121 MHz) δ: 45.6 (s). Single crystals suitable for X-ray dif-
fraction studies were grown from pentane by slow evapora-
tion under an atmosphere of dinitrogen.

[Fe2(µ-DPPA)(NO)4(CO)2] 5
Method (b): DPPA (300 mg, 0.76 mmol), Fe(NO)2(CO)2

(0.18 mL, 1.6 mmol), and THF (6 mL) yielded 5 (370 mg,
71%). IR (KBr) (cm–1) ν: 2020 (CO), 2005 (CO), 1716
(NO), 1767 (NO). 1H NMR (300 MHz) δ: 7.43–7.64 (m,
20H, Ph). 13C NMR (50 MHz) δ: 129.1 (d, JCP = 11.5 Hz, Co
or Cm), 131.1 (s, Cp), 131.8 (d, JCP = 14.4 Hz, Cm or Co),
132.0 (d, JCP = 47.9 Hz, Ci), 218.7 (s, C�O). 13P NMR
(121 MHz) δ: 33.1 (s). Single crystals suitable for X-ray dif-
fraction studies were grown from pentane by slow evapora-
tion under an atmosphere of dinitrogen.

[Fe2(µ-DPPH)(NO)4(CO)2] 6
Method (b): DPPH (500 mg, 1.2 mmol), Fe(NO)2(CO)2

(0.3 mL, 2.8 mmol), and THF (15 mL) produced 6 (500 mg,
56%). IR (KBr) (cm–1) ν: 1999 (CO), 1755 (NO), 1701
(NO). 1H NMR (200 MHz) δ: 1.0–1.4 (m, 8H, PCH2(CH2)4-
CH2P), 2.29 (m, 4H, PCH2(CH2)4CH2P), 7.40–7.42 (m, 20H,
Ph). 13C NMR (50 MHz) δ: 24.1 (s, 2 × CH2), 30.0 (d,
1JCP = 8.4 Hz, 2 × PCH2), 30.5 (s, 2 × CH2), 128.7 (d, JCP =
9.5 Hz, Co or Cm), 130.0 (s, Cp), 131.8 (d, JCP = 11.8 Hz, Cm
or Co), 134.0 (d, JCP = 39.6 Hz, Ci), 222.0 (s, CO). 31P NMR
(121 MHz) δ: 49.2 (s).

[Fe2(µ-DPPB)(NO)4(CO)2] 7
Method (b): DPPB (500 mg, 1.1 mmol), Fe(NO)2(CO)2

(0.27 mL, 2.5 mmol), and THF (25 mL) yielded 7 (760 mg,
94%); m.p. 301°C (with decomposition). IR (KBr pellet)
(cm–1) ν: 2009 (CO), 1999 (CO), 1760 (NO), 1707 (NO). 1H
NMR (200 MHz) δ: 7.34–7.42 (m, Ph). 13C NMR (50 MHz)
δ: 129.0 (d, JCP = 10.8 Hz, Co or Cm and o-C6H4), 130.8 (s,
Cp), 132.3 (d, JCP = 24.6 Hz, i-C6H4), 133.2 (d, JCP =
13.6 Hz, Cm or Co), 136.9 (d, JCP = 38.2 Hz, Ci), 221.0 (s,
CO). 31P NMR (121 MHz) δ: 57.1 (s).

[Fe2(µ-DPPM)2(NO)4] 8
Method (c): After stirring DPPM (72 mg, 0.19 mmol) and

4 (125 mg, 0.19 mmol) in THF (6 mL) for 18 h, the solution
gradually turned black. After 24 h a red crystalline product
(8) was isolated by filtration (45 mg, 24%); these crystals
were used for X-ray diffraction studies. Alternative route us-
ing method (c): 3 (150 mg, 0.28 mmol) in THF (5 mL)
(35 mg, 13%); m.p. 167°C. IR (KBr) (cm–1) ν: 1733 (NO),
1721 (NO), 1687 (NO), 1668 (NO); the spectrum run in
CH2Cl2 matches previously reported values (19). 1H NMR
(200 MHz) δ: 3.7 (t, 2JHP = 6.5 Hz, 2 × CH2), 7.5–7.3 (m,
Ph, 40H). 31P NMR (121 MHz) δ: 43.5 (s). MS-MS (90:10
CH2Cl2/MeOH, m/z, (%)): 1000 ([M]+, 100), 970 ([M –
NO]+, 2), 500 ([M/2]+, 45).

[Fe2(µ-DPPA)2(NO)4] 9
Method (c): After stirring 5 (100 mg, 1.5 mmol) and

DPPA (58 mg, 1.5 mmol) in THF (5 mL) for 18 h, the solu-
tion gradually turned black. After 72 h the tube was opened,
the solvent removed under reduced pressure, and the remain-
ing brown solid (9) washed with pentane (90 mg, 64%). Sin-
gle crystals suitable for X-ray analysis were grown from
CH2Cl2 by slow evaporation of the solvent under an atmo-
sphere of dinitrogen. IR (KBr) (cm–1) ν: 1723 (NO), 1679
(NO). 1H NMR (200 MHz) δ: 7.51–7.09 (m, Ph, 40H). 31P
NMR (121 MHz) δ: 38.6 (s).

Summary

The results described herein demonstrate that both linear
and macrocyclic organometallic complexes containing a pair
of dinitrosyliron fragments spanned by either one or two
bis(phosphine) ligands can be selectively prepared from
Fe(NO)2(CO)2. The X-ray crystallographic characterization
of four members of this series reveals that the choice of
bridging bis(phosphine) ligand used in these syntheses has a
profound influence on the molecular structure of the result-
ing diiron framework. This preliminary synthetic and struc-
tural investigation provides the groundwork for exploring the
chemical, physical, and reactivity properties of this class of
molecules. These studies are underway and will be the focus
of future reports.
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Dimethylplatinum(IV) chemistry: Stannyl, hydride,
hydroxide, and aqua complexes

Ernest M. Prokopchuk and Richard J. Puddephatt

Abstract: The dimethylplatinum(II) complex [PtMe2(Me3TACN)] (Me3TACN = 1,4,7-trimethyl-1,4,7-triazacyclononane)
reacts easily with Me3SnCl, Me2SnCl2, or HX (X = CF3CO2, CF3SO3, BF4) to give the thermally stable cationic di-
methylplatinum(IV) complexes [Pt(SnMe3)Me2(Me3TACN)]+, [Pt(SnMe2Cl)Me2(Me3TACN)]+, or [PtHMe2(Me3TACN)]+.
The complexes [PtMe2(Me3TACN)] and [PtHMe2(Me3TACN)]+ are oxidized by moist air to give the hydroxo complex
[PtMe2(OH)(Me3TACN)]+, which can then be protonated reversibly to form the aqua complex [PtMe2(OH2)(Me3TACN)]2+.
The structures of the hydroxo complex [PtMe2(OH)(Me3TACN)]+, as both the BF4

− or CF3SO3
− salt, and of the mixed

hydroxo, aqua complex [PtMe2(OH)(Me3TACN)][PtMe2(OH2)(Me3TACN)][BF4]3 have been determined and the com-
plexes are shown to display interesting hydrogen bonding.

Key words: platinum, oxidation, organometallic, tin, hydride.

Résumé : Le complexe de diméthylplatine(II) [PtMe2(Me3TACN)] (Me3TACN = 1,4,7-triméthyl-1,4,7-triazacyclo-
nonane) réagit facilement avec le Me3SnCl, le Me2SnCl2 ou HX (X = CF3CO2, CF3SO3, BF4) pour conduire à la for-
mation des complexes cationiques thermiquement stables du diméthylplatine(IV) [Pt(Sn(Me3)Me2(Me3TACN)]+,
[Pt(Sn(Me2Cl)Me2(Me3TACN)]+ ou [PtHMe2)Me2(Me3TACN)]+. Les complexes [PtMe2(Me3TACN)] et [PtHMe2)Me2-
(Me3TACN)]+ sont oxydés à l’air humide et fournissent le complexe hydroxo [PtMe2(OH)(Me3TACN)]+ qui peut en-
suite être protoné d’une façon réversible pour former le complexe aqua [PtMe2(OH2)(Me3TACN)]2+. On a déterminé les
structures des complexes hydroxo [PtMe2(OH)(Me3TACN)]+ sous les formes de sels de BF4

− ou de CF3SO3
− et du

complexe mixte hydroxo, aqua [PtMe2(OH)(Me3TACN)][PtMe2(OH2)(Me3TACN)][BF4]3 et on a pu montrer que les
complexes présentent des liaisons hydrogènes intéressantes.

Mots clés : platine, oxydation, organométallique, étain, hydrure.
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Introduction

Aryl and alkyl(hydrido)platinum(IV) complexes are be-
lieved to be the intermediates in arene and alkane activation
by electrophilic organoplatinum(II) complexes (1–6), and
their chemistry has been the subject of much research (7–
22). Octahedral methyl(hydrido)platinum(IV) complexes are
stabilized by the presence of a strongly coordinating ligands
that do not allow formation of the five-coordinate intermedi-
ate from which the reductive elimination of methane occurs
(12, 13, 15, 18d). Facially coordinating tridentate ligands are
ideal for stabilizing methyl(hydrido)platinum(IV) complexes
and some stable examples A, B are shown in Chart 1 (12–15).
In particular, the simple cyclic ligand 1,4,7-triazacyclononane
(TACN) gave the stable cationic dimethyl(hydrido)plati-
num(IV) complex [PtHMe2(TACN)]+ (A) which was slowly
oxidized by air to give the hydroxo complex [PtMe2(OH)-

(TACN)]+ (14). The oxidation of methylplatinum(II) com-
plexes or hydrido(methyl)platinum(IV) complexes is of in-
terest because it would be a key step in potential catalytic
oxidation of methane to methanol, and there have been sev-
eral studies of such reactions (14, 19–22). The dimethyl-
(peroxo)platinum(IV) complex ([PtMe2(OOH)(Tp*)], Tp* =
hydridotris(3,5-dimethylpyrazolyl)borate) is isolated from
the reaction of [PtHMe2(Tp*)] (B) with oxygen and decom-
poses only slowly to the hydroxo complex [PtMe2-
(OH)(Tp*)] (19). The reaction of [PtMe2(tmeda)] (tmeda =
tetramethylethylenediamine) with dioxygen in methanol
gives a mixture of [PtMe2(OH)(OMe)(tmeda)] and [PtMe2-
(OOH)(OMe)(tmeda)] (20), and several complexes
([PtMe2(OH)(OMe)(NN)]) have been obtained with NN =
diimine (20–22).

The work described in this paper involves dimethyl-
platinum complexes of the ligand 1,4,7-trimethyl-1,4,7-tri-
azacyclononane (Me3TACN), and extends earlier studies
using the ligand TACN (14). The ligands are similar but also
different in several respects. The NH groups in TACN can
cause complications by undergoing H,D-exchange with
deuteriated reagents and solvents, while the methyl substitu-
ents in Me3TACN are bulkier and more electron-releasing
than the hydrogen atoms in TACN thus leading to signifi-
cantly different steric and electronic effects. In addition to
this comparative study, the ability of the ligand Me3TACN to
stabilize stannylplatinum(IV) complexes has been investi-
gated. As background, it is noted that the oxidative addition
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of organotin halides to complexes [PtMe2(NN)] (NN =
diimine) to give C (Chart 1) are easily reversible (23, 24)
whereas the reactions with complexes of the type
[PtMe2(HBpz3)]

– to give D (Chart 1) are irreversible (25).

Results

Preparation of [PtMe2(Me3TACN)]
The synthesis is shown in Scheme 1. The reaction of

[Pt2Me4(µ-SMe2)2] with 2 equiv of the ligand Me3TACN in
deuterated acetone slowly gave the desired product
[PtMe2(Me3TACN)] (1). The reaction did not go to comple-
tion but gave an equilibrium with some [PtMe2(SMe2)2].
NMR analysis indicated that a typical reaction over 1 day
gave about 90% 1 and 10% [PtMe2(SMe2)2] and unreacted
ligand. For this reason, complex 1 was normally prepared
and used in situ, without isolation. Since 1 is much more re-
active towards electrophilic reagents than [PtMe2(SMe2)2],
the removal of 1 from the equilibrium mixture led to an
equilibrium shift and the subsequent products with
Me3TACN ligands were formed in good yield and were not
contaminated by dimethylsulfide complex impurities.

Complex 1 was readily identified by its methylplatinum
resonance at δ = 0.18, 2J(PtH) = 90 Hz, in the 1H NMR
spectrum, and δ = –22.50, 1J(PtC) = 869 Hz, in the 13C
NMR spectrum. At room temperature, the CH2 and CH3N
resonances in the 1H NMR spectrum appeared as broad
peaks because of fluxionality involving exchange between
free and coordinated N-donors of the ligand. At –50°C, the
CH2 resonances appeared as complex, overlapping
multiplets in the region δ = 4.61–2.58, while the CH3N reso-
nances were resolved at δ = 2.62, 3J(PtH) = 22 Hz, and δ =
2.26 in a 2:1 ratio, corresponding to the two coordinated
MeN groups and one free MeN group, respectively.

Reactions of complex 1 with organotin halides
The new reactions are shown in Scheme 2. The reactions

with Me3SnCl and Me2SnCl2 gave the ionic platinum(IV)
complexes [PtMe2(SnMe3)(Me3TACN)]Cl (2) and [PtMe2-
(SnMe2Cl)(Me3TACN)]Cl (3), respectively. Both complexes
2 and 3 are colourless, air-stable solids that were readily
characterized by their NMR spectra. For example, complex

2 gave methylplatinum and methyltin resonances in the 1H
NMR at δ = 0.47 (s, 6H, 2J(PtH) = 59 Hz) and 0.16 (s, 9H,
2J(SnH) = 45 Hz, 3J(PtH) = 6 Hz) and in the13C NMR at δ =
–10.11 (1J(PtC) = 609 Hz, 2J(SnC) = 36 Hz) and –8.65
(2J(PtC) = 54 Hz), respectively. The observation of long-
range couplings J(SnPtMe) and J(PtSnMe) clearly shows
that there is a tin–platinum bond in 2. There were two MeN
resonances in the 1H NMR at δ = 2.87 (3J(PtH) = 23 Hz,
PtNMe trans Me) and 2.49 (3J(PtH) = 14 Hz, PtNMe trans
Sn) and in the 13C NMR at δ = 52.61 (2J(PtC) = 15 Hz,
PtNMe trans to Me) and 45.16 (2J(PtC) = 10 Hz, PtNMe
trans to Sn). In both cases the trend in coupling constants re-
flects the higher trans-influence of the stannyl compared to
the methyl group. Complex 3 gave similar NMR spectral
features as described for complex 2 and details are in the ex-
perimental section.

In solution in dichloromethane, there was no evidence for
dissociation of the stannyl group and sealed solutions of 2 or
3 were stable for several months, though they did decom-
pose slowly in the presence of air. The complexes thus have
comparable properties as the corresponding tripyrazolyl-
borate complexes, and have much higher thermal stability
than the complexes with diimine ligands (23–25).

Protonation of complex 1 to give a dimethyl(hydrido)-
platinum(IV) complex cation

Complex 1 reacted with acids HX (X = BF4, CF3CO2,
CF3SO3) in THF solution to form the corresponding dimethyl-
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Scheme 1.

Scheme 2.

Chart 1.
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(hydrido)platinum(IV) complexes [PtHMe2(Me3TACN)]X
(4a–4c) (Scheme 2). The tetrafluoroborate complex 4a (X =
BF4) precipitated as it was formed, while the other complexes
4b (X = CF3CO2) and 4c (X = CF3SO3) were precipitated as
colourless solids on addition of pentane. As expected (14),
these hydridoplatinum(IV)complexes have high thermal sta-
bility, and solid samples or solutions in acetone were stable
for at least 2 months at room temperature in the absence of
air. Thermogravimetric analysis under nitrogen atmosphere
showed that complex 4a, in the solid state, does not begin to
decompose until over 190°C.

The hydride resonance for the cation 4 was observed at
δ = –20.99 with 1J(PtH) = 1406 Hz, and the methylplatinum
resonance was present at δ = 0.62 with 2J(PtH) = 66 Hz,
both in the range found for platinum(IV) complexes with hy-
dride and methyl groups trans to nitrogen (9–15). The
methylamine resonances were at δ = 3.02 (3J(PtH) = 22 Hz)
and 2.63 (3J(PtH) = 17 Hz), in the expected 2:1 ratio for the
methylamine groups trans to the methyl and hydride, respec-
tively. It is clear that the ligand is rigidly bound to the plati-
num centre, that there is no easy ligand exchange, and that
hydride has a higher trans-influence than methyl in the com-
plex cation 4.

For a solution of 4a in acetone-d6, slow exchange of the
hydride ligand by deuteride occurred as monitored by 1H
NMR. As the exchange occurred, the hydride resonance of 4
decreased in intensity and a slight isotope effect on the
chemical shift led to a new methylplatinum resonance at δ =
0.625, 2J(PtH) = 66 Hz. However, there was no deuterium
incorporation into the methylplatinum groups of 4, indicat-
ing that there is no reversible formation of a methane com-
plex (7, 10, 14–17). The complexes 4 were stable in the
presence of excess acid HX, and no deuterium incorporation
into the methylplatinum groups was observed with deuterio
acids DX. All of these results indicate that the strong fac-
tridentate coordination of the ligand Me3TACN does not al-
low easy formation of a five-coordinate intermediate from
complex 4 that could lead to either reversible or irreversible
reductive elimination of methane. Hence, the hydrido com-
plex cation 4 has good thermal stability and does not give H–
D exchange into the methylplatinum groups. It is also note-
worthy that the cation 4 is stable in the presence of free acid,
while the neutral complex [PtHMe2(Tp*)] (B) (Chart 1),
which has similar thermal stability to 4 in the solid state (12),
is decomposed in the presence of acid. This decomposition in-
volves protonation of one Pt—N bond with partial ligand dis-
sociation, thus allowing reductive elimination of methane
(12). The analogous reaction is not observed with the cationic
complex 4, presumably because it is less basic and the Pt—N
bonds are not susceptible to electrophilic attack.

Reactions of the complexes 1 and 4 with air
Exposure of a solution of the dimethylplatinum(II) com-

plex 1 to the atmosphere led to rapid oxidation, with forma-
tion of the cationic dimethyl(hydroxo)platinum(IV) complex
5 (Scheme 3) as the hydroxide salt. The reaction was com-
plete within minutes at room temperature. The cationic com-
plex 4 reacted more slowly, but reaction was complete
within 1 day at room temperature to give the same complex
cation 5, with little dependence on the anion. In the presence
of excess acid, the product of air oxidation was the

dicationic aqua complex 6. In either case, the rate of reac-
tion of 4 with air was not significantly different if carried
out in the presence or absence of light and no long-lived in-
termediates were detected in reactions monitored by 1H
NMR. Using pure 4a, the reaction accelerated with time, but
rate data were difficult to reproduce. The product complexes
5 and 6 were easily interconverted by adjusting the solution
pH.

Characterization of the hydroxo and aqua complexes 5
and 6

Complexes 5 and 6 had distinct 1H NMR spectra that
were essentially independent of the nature of the anion.
Thus, the methylplatinum resonance for 5 and 6 was at δ =
1.00 (2J(PtH) = 68 Hz) and 1.48 (2J(PtH) = 65 Hz), respec-
tively, and proton exchange between 5 and 6 was slow
enough that separate resonances of the two complexes were
observed when both were present. The CH3N resonances for
5 appeared in a 2:1 ratio at δ = 2.80 (3J(PtH) = 12 Hz, trans
to Me) and 2.86 ppm (3J(PtH) = 32 Hz, trans to OH).

The complex cation [PtMe2(OH)(Me3TACN)]+ (5) was
structurally characterized as both the tetrafluoroborate and
triflate salt, 5a and 5c, respectively. Selected bond distances
and angles are listed in Table 1. There were two independent
but similar molecules of 5c as shown in Fig. 1. In each case,
there is a fac-tridentate Me3TACN ligand, two methyl
groups, and a hydroxo ligand at the platinum(IV) centre of
the cation. The Pt—N distances trans to the hydroxo ligand
are shorter than those trans to methyl (Table 1), reflecting
the difference in the trans-influence of these ligands. In both
molecules, there is hydrogen bonding between the triflate
anion and the hydroxo ligand with O(1)···O(5) = 3.18(1) Å
and O(2)···O(7A) = 2.99(1) Å.

The structure of the cation [PtMe2(OH)(Me3TACN)]+ in
the tetrafluoroborate salt 5a is very similar to that in 5c but a
more complex form of hydrogen bonding is present (Table 1,
Fig. 2). There is a molecule of water of crystallization that is
also involved in hydrogen bonding. The hydroxo ligand acts
as a hydrogen bond donor to the BF4

− anion with
O(1)···F(1A) = 2.91(1) Å, while the water molecule acts as a
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hydrogen bond donor to both the hydroxo group and the BF4
−

anion with O(10)···O(1) = 2.69(1) Å and O(10)···F(4) =
3.11(1) Å. The O···H···O hydrogen bonding is strong, and
we note that the data could be interpreted as involving an
aqua complex of platinum(IV) that is hydrogen bonded to a
hydroxide ion, though this is considered a less accurate for-
mulation. The same argument has been applied for hydrogen
bonding in the complex [PtMe2(OH)(Bpz4)]·H2O in which
there is hydrogen bonding between the hydroxo ligand and
water of crystallization (13). The Pt—O distance is slightly
longer in 5a than in either molecule of 5c (Table 1), proba-
bly as a result of the stronger hydrogen bonding in 5a. The
hydrogen bonding in 5a leads to the formation of helical
chains with repeating units ···(OH···FBF···HOH)n···, as
shown in Fig. 2.

It was not possible to grow single crystals of the aqua
complex [PtMe2(OH2)(Me3TACN)]2+ (6) but crystallization

from a solution of the tetrafluoroborate salt containing both
5a and 6a gave a complex formulated as the mixed
hydroxo–aqua salt [PtMe2(OH)(Me3TACN)][PtMe2-
(OH2)(Me3TACN)][BF4]3 (7) in which there is strong hydro-
gen bonding involving both cations and one anion (Fig. 3).
The hydrogen atoms for the hydroxo and aqua ligands were
located and refined isotropically and their locations are
shown in Fig. 3. The platinum centres have distorted octahe-
dral geometry, with stereochemistry and bond parameters
similar to those in the hydroxo complexes 5a and 5c (com-
pare Tables 1 and 2). There is very strong hydrogen bonding
between the hydroxo and aqua ligands of the two cations
with O(1)···O(2) = 2.421(7) Å and weaker hydrogen bonding
between the hydroxo ligand and tetrafluoroborate anion with
O(1)···F(8A) = 2.806(6) Å (Fig. 3). The assignment of Pt(1)
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Molecule 5c (No. 1) 5c (No. 2) 5a·H2O

Bond lengths (Å)
Pt(1)—O(1) 1.999(5) Pt(2)—O(2) 1.992(5) Pt(1)—O(1) 2.024(7)
Pt(1)—C(2) 2.049(8) Pt(2)—C(13) 2.041(9) Pt(1)—C(1) 2.068(8)
Pt(1)—C(1) 2.06(1) Pt(2)—C(12) 2.060(8) Pt(1)—C(2) 2.069(8)
Pt(1)—N(2) 2.100(6) Pt(2)—N(5) 2.101(5) Pt(1)—N(2) 2.096(7)
Pt(1)—N(1) 2.178(7) Pt(2)—N(6) 2.202(7) Pt(1)—N(3) 2.166(6)
Pt(1)—N(3) 2.193(7) Pt(2)—N(4) 2.212(6) Pt(1)—N(1) 2.184(7)

Bond angles (°)
O(1)-Pt(1)-C(1) 88.2(3) O(2)-Pt(2)-C(13) 87.7(3) O(1)-Pt(1)-C(1) 86.1(4)
O(1)-Pt(1)-C(2) 90.2(3) O(2)-Pt(2)-C(12) 90.2(3) O(1)-Pt(1)-C(2) 88.4(3)
C(2)-Pt(1)-C(1) 87.2(5) C(13)-Pt(2)-C(12) 85.9(4) C(1)-Pt(1)-C(2) 86.0(4)
C(1)-Pt(1)-N(1) 97.8(4) C(12)-Pt(2)-N(6) 96.3(3) C(1)-Pt(1)-N(3) 96.5(3)
C(1)-Pt(1)-N(2) 95.1(3) C(12)-Pt(2)-N(5) 95.7(3) C(2)-Pt(1)-N(2) 96.6(3)
C(2)-Pt(1)-N(2) 96.8(3) C(13)-Pt(2)-N(5) 97.2(3) C(1)-Pt(1)-N(2) 97.9(4)
C(2)-Pt(1)-N(3) 94.3(4) C(13)-Pt(2)-N(4) 96.1(3) C(2)-Pt(1)-N(1) 95.3(3)
O(1)-Pt(1)-N(1) 88.8(2) O(2)-Pt(2)-N(4) 90.3(2) O(1)-Pt(1)-N(3) 91.5(3)
O(1)-Pt(1)-N(3) 93.7(3) O(2)-Pt(2)-N(6) 92.0(2) O(1)-Pt(1)-N(1) 93.2(3)
N(1)-Pt(1)-N(2) 83.9(2) N(5)-Pt(2)-N(4) 83.7(2) N(2)-Pt(1)-N(3) 83.3(3)
N(2)-Pt(1)-N(3) 82.9(3) N(5)-Pt(2)-N(6) 82.9(2) N(2)-Pt(1)-N(1) 82.7(3)
N(1)-Pt(1)-N(3) 80.7(3) N(6)-Pt(2)-N(4) 81.7(2) N(3)-Pt(1)-N(1) 82.2(3)

Table 1. Selected bond lengths (Å) and angles (°) for [PtMe2(OH)(Me3TACN)]+ in complexes 5a and 5c.

Fig. 1. A view of the structure of complex [PtMe2(OH)(Me3-
TACN)]+CF3SO3

− (5c) showing the two independent cations, each
hydrogen-bonded to a triflate anion. Hydrogen atoms, except for
those involved in the H-bonding, are omitted for clarity.

Fig. 2. A view of the structure of [PtMe2(OH)(Me3TACN)]-
+BF4

−·H2O (5a) showing part of an infinite helical chain formed
by H-bonding. Hydrogen atoms are omitted for clarity.
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as the hydroxo complex and Pt(2) as the aqua complex is
based only on the difference in the OH distances for the
OH···O hydrogen bonded unit (O(2)H(88) = 1.10(9) Å,
O(1)H(88) = 1.34(9) Å, O(2)H(88)O(1) = 164(7)°, Fig. 3)
and, since the location of hydrogen atoms in the presence of
heavy atoms like platinum is always uncertain and the dif-
ference in OH distances is less than 3σ of the distances, the
opposite assignment cannot be ruled out. Indeed, analysis of
the minor differences in Pt—O distances and Pt—N dis-
tances trans to O suggests the other assignment. In the limit
of very strong hydrogen bonding the combined aqua and hy-
droxide ligands could be considered as symmetrical [H3O2]

–

bridging between two platinum(IV) centres.

Discussion

The ligand Me3TACN is shown to give particularly stable
organoplatinum(IV) complexes, even compared to the simi-
lar ligand TACN (14). This is attributed to the greater ten-
dency of the bowl-shaped Me3TACN ligand to act as a facial
tridentate ligand than TACN (23, 24), and to the greater
electron-releasing properties of the methyl substituents in
Me3TACN than the hydrogen substituents in TACN. For
bidentate TACN in a square-planar platinum(II) complex, the
free nitrogen atom can be accommodated with the nitrogen
lone pair away from platinum, but steric effects in bidentate
Me3TACN lead to a strong preference for the bowl confor-
mation with the free nitrogen directed towards the platinum
atom (26, 27), and the oxidation to platinum(IV) with
synchronous formation of fac-tridentate Me3TACN is very fa-
vorable. Hence, the cationic platinum(IV) complexes [PtMe2-
(SnMe3)(Me3TACN)]+, [PtMe2(SnMe2Cl)(Me3TACN)]+, and
[PtHMe2(Me3TACN)]+ are all thermally stable complexes.
Similarly, the complex [PtMe2(Me3TACN)] (1) is more eas-
ily oxidized by molecular oxygen than the TACN analog, al-
most certainly by the same mechanism, as shown in
Scheme 4 (14). A related mechanism has been suggested re-
cently for the reaction of [PtMe2(tmeda)] with oxygen in
methanol to give [PtMe2(OOH)(OMe)(tmeda)] and [PtMe2-
(OH)(OMe)(tmeda)], and in this case the hydroperoxo com-
plex could be isolated from reactions carried out at high
dilution (20). No hydroperoxide was detected in the reac-

tions of Scheme 4, so it presumably reacts faster than it is
formed under all conditions studied.

The complex cation [PtHMe2(Me3TACN)]+ (4) is also
somewhat more easily oxidized by O2 than its TACN analog,
but the mechanism of reaction is not clear. In neutral solu-
tion, oxidation of 4 is complete in 1 day whereas the oxida-
tion of the TACN analog is only about one-third complete in
this time (14). It has been shown that oxygen insertion into
the Pt—H bond of [PtHMe2(Tp*)] gives [PtMe2
(OOH)(Tp*)] by a radical chain mechanism, and that subse-
quent decomposition gives [PtMe2(OH)(Tp*)] (19). This re-
action is greatly accelerated by light whereas the rate of
reaction of 4 with O2 was not significantly affected by light,
and no hydroperoxide intermediate was detected. An alter-
nate mechanism might involve deprotonation of 4 to give 1,
followed by oxidation as described above (Scheme 5). This
is consistent with the observation that oxidation of 4 is faster
in neutral than in acid solution. It is also consistent with the
observation of increased rate with time since the hydroxo,
peroxo, and hydroperoxo complexes 5, 8, and 9 (Scheme 5)
will all be more basic than 4. Scheme 5 shows only the pro-
posed deprotonation of 4 by the most basic peroxo complex
8, but the overall effect should be that the relative concentra-
tion of 1b:4 should increase as reaction proceeds and so the
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Bond lengths (°)
Pt(1)—O(1) 2.040(4)
Pt(1)—C(1) 2.044(6)
Pt(1)—C(2) 2.052(7)
Pt(1)—N(2) 2.054(5)
Pt(1)—N(1) 2.196(5)
Pt(1)—N(3) 2.199(6)
Pt(2)—O(2) 2.023(5)
Pt(2)—C(12) 2.064(6)
Pt(2)—C(13) 2.064(7)
Pt(2)—N(5) 2.063(5)
Pt(2)—N(6) 2.186(6)
Pt(2)—N(4) 2.197(5)
Bond angles (Å)
C(1)-Pt(1)-N(3) 97.1(3)
O(1)-Pt(1)-N(1) 96.7(2)
O(1)-Pt(1)-N(3) 92.3(2)
N(2)-Pt(1)-N(1) 83.7(2)
N(2)-Pt(1)-N(3) 83.2(2)
N(1)-Pt(1)-N(3) 81.0(2)
O(2)-Pt(2)-C(12) 87.1(3)
O(2)-Pt(2)-C(13) 87.4(3)
C(13)-Pt(2)-C(12) 87.1(3)
N(5)-Pt(2)-C(12) 95.4(3)
N(5)-Pt(2)-C(13) 95.3(3)
C(12)-Pt(2)-N(6) 95.8(3)
C(13)-Pt(2)-N(4) 95.7(3)
O(2)-Pt(2)-N(6) 94.1(2)
O(2)-Pt(2)-N(4) 94.2(2)
N(5)-Pt(2)-N(6) 83.1(2)
N(5)-Pt(2)-N(4) 83.1(2)
N(6)-Pt(2)-N(4) 81.4(2)

Table 2. Selected bond lengths (Å) and
angles (°) for 7·MeOH.

Fig. 3. A view of the structure of the hydrogen bonded unit
[PtMe2(OH)(Me3TACN)]+[PtMe2(OH2)(Me3TACN)]2+BF4

− in com-
plex 7·MeOH. Hydrogen atoms are omitted for clarity.
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rate should increase. However, one might expect complete
inhibition of oxidation under acid conditions if this were the
sole mechanism, and this was not observed. It is possible
that more than one mechanism might operate under different
conditions, with a radical mechanism (19) operating when
the catalysis by 1 cannot occur. The hydroxo and aqua com-
plexes form interesting supramolecular structures through
hydrogen bonding, as seen in Figs. 1–3. Finally, it is noted
that the formation of hydroxo(methyl)platinum(IV) com-
plexes is important for modelling potential intermediates in
the formation of methanol from methane and air (2, 10), and
that the characterization of the hydroxo and aqua complexes
5a, 5c, and 7 adds substantially to the understanding of these
potential intermediates (13, 20).

Experimental

NMR spectra were obtained by using a Varian Inova
400 MHz spectrometer. The complex [Pt2Me4(µ-SMe2)2] was
prepared according to the literature method (28). Solvents
were dried and distilled immediately before use. Except
when noted, reactions were carried out under nitrogen atmo-
sphere by using either Schlenk or drybox techniques.

[PtMe2(Me3TACN)] (1)
To a solution of [Pt2Me4(µ-SMe2)2] (20.0 mg,

0.0348 mmol) in acetone-d6 (0.5 mL) was added Me3TACN
(14 µL, 0.0696 mmol). After 20 h, the solution contained the
product 1 (ca. 90%) and [PtMe2(SMe2)2] (ca. 10%). For 1:
1H NMR (acetone-d6, 20°C) δ: 2.83 (br, 6H, CH2), 2.56 (br,
9H, NCH3), 0.18 (s, 6H, 2J(PtH) = 90 Hz, PtMe). 13C NMR
δ: 57.32 (s, CH2), 46.28 (s, NMe), –22.50 (s, 1J(PtC) =
869 Hz, PtMe). 1H NMR (–50°C) δ: 4.61 (m, 2H, CH2), 3.39
(m, 4H, CH2), 2.70–2.58 (m, 6H, CH2), 2.62 (s, 6H,
3J(PtH) = 21 Hz, Pt–NMe), 2.26 (s, 3H, NMe), 0.17 (s, 6H,
2J(PtH) = 90 Hz, Pt–Me).

For most synthetic reactions, a solution of [Pt2Me4(µ-
SMe2)2] (75.0 mg, 0.131 mmol) and Me3TACN (52 µL,
0.262 mmol) in THF (10 mL) was stirred for 20 h to give a
solution of 1. This solution was used in situ in reactions of 1.

[PtMe2(SnMe3)(Me3TACN)]Cl (2)
A mixture of 1 (0.39 mmol) and Me3SnCl (0.39 mmol) in

THF (5 mL) was stirred for 1 h. A white precipitate of the
product formed. Pentane (30 mL) was added, the solvent
was removed by cannula, and the product was dried under
vacuum. Yield: 68%. 1H NMR (CD2Cl2) δ: 3.83 (m, 2H,
CH2), 3.67 (m, 4H, CH2), 3.01 (m, 2H, CH2), 2.82 (m, 4H,
CH2), 2.87 (s, 6H, 3J(PtH) = 23 Hz, PtNMe trans Me), 2.49
(s, 3H, 3J(PtH) = 14 Hz, PtNMe trans Sn), 0.47 (s, 6H,
2J(PtH) = 59 Hz, PtMe), 0.16 (s, 9H, 2J(SnH) = 45 Hz,
3J(PtH) = 6 Hz, SnMe). 13C NMR δ: 61.56 (s, CH2), 61.28
(s, CH2), 58.22 (s, CH2), 52.61 (s, 2J(PtC) = 15 Hz, PtNMe
trans to Me), 45.16 (s, 2J(PtC) = 10 Hz, PtNMe trans to Sn),
–8.65 (s, 2J(PtC) = 54 Hz, SnMe), –10.11 (s, 1J(PtC) =
609 Hz, 2J(SnC) = 36 Hz, PtMe). Anal. calcd. for
C14H36ClN3PtSn (%): C 28.23, H 6.09, N 7.05; found: C
27.80, H 6.44, N 7.05.

[PtMe2(SnMe2Cl)(Me3TACN)]Cl (3)
A mixture of 1 (0.38 mmol) and Me2SnCl2 (0.38 mmol)

in THF (10 mL) was stirred for 5 h. A white precipitate of
the product formed. Pentane (20 mL) was added, the solvent
was removed by cannula, and the product was dried under
vacuum. Yield: 67%. 1H NMR (CD2Cl2) δ: 3.79 (m, 6H,
CH2), 3.45 (m, 2H, CH2), 2.89 (m, 4H, CH2), 3.04 (s, 6H,
3J(PtH) = 23 Hz, PtNMe trans Me), 2.58 (s, 3H, 3J(PtH) =
19 Hz, PtNMe trans Sn), 0.64 (s, 6H, 2J(SnH) = 47 Hz,
SnMe), 0.53 (s, 6H, 2J(PtH) = 55 Hz, PtMe).13C NMR δ:
61.90 (s, CH2), 61.70 (s, CH2), 59.53 (s, CH2), 52.87 (s,
2J(PtC) = 15 Hz, PtNMe trans to Me), 45.85 (s, 2J(PtC) =
9 Hz, PtNMe trans to Sn), –1.57 (s, 1J(SnC) = 315 Hz,
2J(PtC) = 83 Hz, SnMe), –9.27 (s, 1J(PtC) = 565 Hz,
2J(SnC) = 49 Hz, PtMe). Anal. calcd. for C13H33Cl2N3-
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Scheme 4. Scheme 5.
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PtSn·H2O (%): C 24.62, H 5.48, N 6.72; found: C 24.87, H
5.88, N 6.44.

[PtHMe2(Me3TACN)]CF3SO3 (4c)
To a solution of 1 (0.26 mmol) in THF (10 mL) was

added triflic acid (23.5 µL, 0.265 mmol) and the colourless
solution was stirred for 2 h. The volume of solvent was re-
duced under vacuum and pentane (30 mL) was added to pre-
cipitate the product. The solvent was removed by cannula
and the solid product was dried under vacuum. Yield:
108.8 mg, 76%. IR (Nujol) ν(PtH) (cm–1): 2245. 1 H NMR
(acetone-d6) δ: 3.42 (m, 2H, CH2), 3.27 (m, 6H, CH2), 3.06
(m, 4H, CH2), 3.02 (s, 6H, 3J(PtH) = 22 Hz, PtNMe trans
Me), 2.63 (s, 3H, 3J(PtH) = 17 Hz, PtNMe trans H), 0.62 (s,
6H, 2J(PtH) = 66 Hz, PtMe), –20.99 (s, 1H, 1J(PtH) =
1406 Hz, PtH). 13C NMR δ: 60.81 (s, CH2), 60.45 (s, CH2),
58.55 (s, CH2), 51.50 (s, 2J(PtC) = 15 Hz, PtNMe trans to
Me), 46.05 (s, 2J(PtC) = 8 Hz, PtNMe trans to H), –13.02 (s,
1J(PtC) = 628 Hz, PtMe). Anal. calcd. for C12H28F3N3O3PtS
(%): C 26.37, H 5.16, N 7.69; found: C 26.30, H 5.13, N
7.57.

[PtHMe2(Me3TACN)]BF4 (4a)
To a solution of 1 (0.43 mmol) in THF (10 mL) was

added HBF4 (54% in ether, 60 µL, 0.435 mmol) to give a
colourless solution that was stirred for 2 h. Pentane (30 mL)
was added, to give a white precipitate. The solvent was re-
moved by cannula and the product was dried under vacuum.
Yield: 170 mg, 82%. Decomposition at 193°C. The NMR
parameters are as described for the triflate salt. Anal. calcd.
for C11H28BF4N3Pt: C 27.28, H 5.83, N 8.68; found: C
27.09, H 5.98, N 8.63.

[PtMe2(OH)(Me3TACN)]CF3SO3 (5c)
A solution of [PtHMe2(Me3TACN)]CF3SO3 (0.045 mmol)

in acetone-d6 (0.5 mL) was exposed to the atmosphere for

24 h, resulting in 97% conversion to 5c, as monitored by
NMR. 1H NMR (acetone-d6) δ: 3.48 (m, 2H, CH2), 3.36 (m,
4H, CH2), 3.26 (m, 2H, CH2), 3.19 (m, 4H, CH2), 2.86 (s,
3H, 3J(PtH) = 32 Hz, NMe trans OH), 2.80 (s, 6H,
3J(PtH) = 12 Hz, NMe trans Me), 1.00 (s, 6H, 2J(PtH) =
68 Hz, PtMe). 13C NMR δ: 64.12 (s, 2J(PtC) = 10 Hz, CH2),
58.79 (s, CH2) 57.21 (s, CH2) 50.82 (s, Pt-NMe trans OH),
46.12 (s, Pt-NMe trans Me), –1.01 (s, 1J(PtC) = 665 Hz).

[PtMe2(OH)(Me3TACN)]BF4 (5a)
To a solution of 1 (0.576 mmol) in THF (5 mL) was added

H[BF4] (54% in ether, 79.5 µL, 0.577 mmol) to precipitate
4a. The mixture was stirred for 30 min, then the nitrogen at-
mosphere was replaced with air. After 20 h, the solvent was
evaporated to give the product 5a as a white solid that was
crystallized from acetone. Yield: 139 mg, 48%. NMR data
were identical with those of the triflate analogue. The product
analyzed as 0.8[PtMe2(OH)(Me3TACN)]BF4; 0.2[PtMe2-
(OH2)(Me3TACN)][BF4]2. Anal. calcd. for C11H28.2B1.2F4.8N3-
OPt (%): C 25.51, H 5.49, N 8.12; found: C 25.50, H 5.25,
N 7.82.

[PtMe2(OH2)(Me3TACN)][CF3SO3]2 (6c)
To a solution of [PtMe2(Me3TACN)] (0.07 mmol) in ace-

tone-d6 (0.5 mL) was added triflic acid (0.14 mmol) to give
a solution containing 6c. 1H NMR (acetone-d6) δ:4.30 (br,
2H, OH2), 3.8–3.3 (m, br, CH2), 3.03 (br s, 6H, NMe trans
to Me), 2.95 (br s, 3H, NMe trans to OH2), 1.48 [s, 6H,
2J(PtH) = 65 Hz, PtMe). On attempted isolation, partial de-
protonation to 5c occurred as determined by NMR analysis.

Structure determinations
Crystals of 5a, 5c, and 7 were grown from saturated THF

(5c), acetone (5a), and methanol (7) solutions, and were
mounted on glass fibres. Data were collected at –73°C by
using a Nonius Kappa-CCD diffractometer with COLLECT
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Complex 5a·H2O 5c 7·MeOH

Formula C11H28BF4N3O2Pt C12H28F3N3O4PtS C23H61B3F12N6O3Pt2

Formula wt 516.26 562.52 1120.38
Temperature (K) 200(2) 200(2) 200(2)
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Pna2(1) P21/c P21/c
Cell dimensions: a (Å) 16.9041(4) 16.4314(6) 8.7633(1)
b (Å) 8.9856(2) 15.1084(5) 16.0313(2)
c (Å) 11.4332(3) 15.3976(5) 26.5750(3)
β (°) 90 103.083(1) 95.9070(6)
Volume (Å3), Z 1736.63(7), 4 3723.3(2), 8 3713.62(8), 4
D(calc.) (Mg m–3) 1.975 2.007 2.004
Abs. coeff. (mm–1) 8.126 7.699 7.621
F(000) 1000 2192 2176
Reflns., Ind. reflns. 25 448, 3781 35 907, 8357 48 754, 10 860
Abs. correction Integration Integration Integration
Data/restr./param. 3781/1/206 8357/0/445 10 860/0/466
Gof on F2 1.020 1.023 0.934
R indices (I > 2σ(I) R1 = 0.0332 R1 = 0.0471 R1 = 0.0475

wR2 = 0.0756 wR2 = 0.1117 wR2 = 0.0832

Table 3. Crystal data and structure refinement for the complexes.
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software (Nonius B.V., 1998). The unit cell parameters were
calculated and refined from the full data set. Crystal cell re-
finement and data reduction were carried out using DENZO
(Nonius B.V., 1998). The data were scaled using
SCALEPACK (Nonius B.V., 1998). The crystal data and re-
finement parameters are listed in Table 3.

The SHELXTL V5.1 suite of programs was used to solve
the structures by Patterson methods, followed by successive
difference Fouriers. All of the non-hydrogen atoms in all
three structures were refined with anisotropic thermal pa-
rameters. The hydrogen atom positions were calculated geo-
metrically and were included as riding on their respective
carbon atoms, except for H81, H82, and H88 on the hydroxo
and aqua ligands in the structure of 7, which were refined
with isotropic thermal parameters. The water molecule in 5a
was modelled as an anisotropic oxygen (no hydrogen atoms
added).
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Photogeneration of a diene template for surface
Diels–Alder reactions: Photoenolization of an
ortho-methyl-benzophenone-modified Au cluster

Arnold J. Kell, Christopher C. Montcalm, and Mark S. Workentin

Abstract: A series of monolayer-protected clusters (MPCs) modified with a photoreactive [4-(11-mercaptoundecyl)-
phenyl](2-methylphenyl)methanone (1) moiety have been prepared where 1 is co-absorbed to the MPC surface with
dodecanethiol, octadecanethiol, or 11-mercaptoundecanoic acid methyl ester. Upon irradiation the MPC-anchored 1 re-
acts efficiently through its triplet excited states, yielding 1,4-biradicals that collapse to synthetically useful, long-lived
photodienol intermediates, which can be efficiently trapped in Diels–Alder type chemistry by dienophiles — namely,
dimethyl acetylenedicarboxylate (DMAD). In all cases the Diels–Alder trapping of the dienol occurred efficiently re-
sulting in >60% conversion to the Diels–Alder adduct. This indicates that the local environment surrounding 1 did not
influence its ability to react via the Diels–Alder reaction; however, the reaction could not be taken to completion. The
inability to react completely is attributed to 1 binding to distinct sites on the MPC core; there are edge, vertice, and
terrace sites. Selective population of these specific sites and the subsequent irradiations show that MPCs with 1 an-
chored predominantly at edge and vertice sites results in an extent of reaction of 85 ± 3%, whereas selectively populat-
ing the terrace sites results in an extent of reaction of 36 ± 2%. These results suggest that 1 anchored to edge and
vertice sites is more reactive to the Diels–Alder reaction than that involving terrace sites.

Key words: monolayer protected cluster, site selective reactivity, Diels–Alder, photochemistry.

Resume : On a préparé une série d’agrégats protégés en monocouches (« MPC »), modifiés par une portion photoréac-
tive de [4-(11-mercaptoundécyl)phényl](2-méthylphéyl)méthanone (1) cooabsorbée sur la surface des « MPC » avec du
dodécanethiol, de l’octadécanethiol ou du 11-mercaptoundécanoate de méthyle. Par irradiation, le composé 1 attaché au
« MPC » réagit de façon efficace, par le biais de ses états excités, pour donner des 1,4-biradicaux qui se décomposent
en intermédiaires photodiénoliques utiles d’un point de vue synthétique et qui peuvent être piégés d’une façon efficace
par des diénophiles tel l’acétylènedicarboxylate de diméthyle (ADCM), dans des réactions de type Diels–Alder. Dans
tous les cas, le piégeage de type Diels–Alder du diénol se fait d’une façon efficace conduisant à plus de 60 % de
conversion en adduit de Diels–Alder. Ce résultat indique que l’environnement local autour du composé 1 n’influence
pas sa facilité à réagir par le biais de la réaction de Diels–Alder; toutefois, il n’a pas été possible d’obtenir une réac-
tion complète. On attribue cette inhabilité du composé 1 à réagir complètement à la nature des sites auxquels il est at-
taché sur les « MPC » qui comportent des sites en bordures, aux sommets et sur des terrasses. Une population
sélective de chacun de ces sites spécifiques suivie d’irradiations montrent que le degré de réaction s’élève à 85 ± 3 %
lorsque le composé 1 s’est fixé sur des sites en bordures ou aux sommets des « MPC » mais qu’il n’est que de 36 ±
2 % lorsque le composé 1 s’est fixé sur des sites des terrasses des « MPC ». Ces résultats suggèrent que le composé 1
fixé sur des sites en bordure ou aux sommets sont plus réactifs vis-à-vis de la réaction de Diels–Alder que ceux des
terrasses.

Mots clés : agrégat protégé en monocouche, réactivité sélective d’un site, Diels–Alder, photochimie.

[Traduit par la Rédaction] Kell et al. 494

Introduction

The irradiation of ortho-alkylated benzophenones gener-
ates synthetically useful ortho-quinodimethane enol interme-
diates (1, 2). This reaction, first described by Yang and
Rivas (3), involves an intramolecular γ-hydrogen atom ab-

straction from the ortho-alkyl substituent by the n,π* excited
state of the carbonyl group, which generates a 1,4-biradical
that subsequently collapses to the respective E and Z-dienols
(Scheme 1). The lifetime of the Z-dienol is very short (0.03–
1 µs) whereas that of the E-dienol is significantly longer
(3 s). The Z-dienol has a short lifetime because its orienta-
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tion allows reketonization and re-aromatization to occur eas-
ily through a 1,5-hydrogen shift; the reketonization process
for the E-dienol requires acid or base catalysis. The long-
lived E-dienol provides an intermediate that can be effi-
ciently trapped by Diels–Alder dienophiles to yield, exclu-
sively, the endo products, with excellent regioselectivity (1,
2). In this report we extend this photoinitiated Diels–Alder
reaction to monolayer-protected gold clusters or MPCs.
While there are a variety of reported photoinduced reactions
on planar metal surfaces (4–15), there are surprisingly few
reports of photochemical reactions (16, 17) or photophysical
properties (18–20) of organic molecules anchored to MPCs
even though these substrates are emerging as important new
materials (21, 22). In recent studies we reported the
intramolecular Norrish–Yang Type II photoreaction of an
aryl ketone in this type of MPC environment (23, 24); those
studies illustrated, among other things, that unimolecular
carbonyl photoreactions can be efficient in MPCs and can
lead to surface modifications. Here we report the photo-
dienolization of an ortho-methyl-benzophenone-modified
gold MPC and the subsequent trapping of the dienol by a
model dienophile (Scheme 1). To the best of our knowledge,
this study represents the first example of a bimolecular pho-
tochemical reaction on an MPC. Mrksich and co-workers re-
cently reported elegant studies of an electrochemically
generated quinone-immobilized dienophile on planar gold
using Diels–Alder chemistry and showed that the reaction
can be used for selective modification with proteins (25–28).

Little has been done to elucidate the dynamics (29) and
reactivity associated with substrates anchored to MPC sur-
faces, considering that the MPC core is well known to be in-
homogeneous (21, 30): there are edge, vertice, and terrace
sites on each MPC. These distinct sites may display different
reactivity; we have found evidence for this in our earlier
studies (23). It is of interest to observe how efficiently a
photo-induced bimolecular reaction, such as the Diels–Alder
trapping of the E-dienol, can occur on the MPC surface and
what factors associated with the MPC environment influence

its reactivity. The Diels–Alder reaction between the
photodienol and a dienophile is a versatile probe of the MPC
environment. This reaction allows for the study of (i) the
ability of the ketone to be excited to the dienol in the MPC
environment, (ii) the ability to trap the dienol, and (iii) the
effects that co-absorbed substrates on the MPC surface have
on the ability of the photodienol to react with a dienophile
(will the photodienol in the monolayer environment be too
sterically hindered to allow the subsequent Diels–Alder re-
action?). Additionally, because the MPC core contains a
number of distinct sites, selectively populating the different
sites with 1 will help elucidate where these bimolecular re-
actions occur most efficiently on the MPC surface.

To address our interests in MPC reactivity we have prepared
a series of MPCs designed to probe a variety of properties
within the MPC environment (Fig. 1). A [4-(11-mercaptoun-
decyl)phenyl](2-methylphenyl)methanone (1) (Scheme 2) sub-
strate was “place-exchanged” onto the surface of previously
prepared dodecanethiolate (C12MPC), octadecanethiolate
(C18MPC), and 11-mercaptoundecanoic acid methyl ester
(MeO2CC10MPC) MPCs. The corresponding MPCs, defined
as 1-C12MPC, 1-C18MPC, and 1-MeO2CC10MPC, respec-
tively, where, for example, 1-C12MPC represents the place-
exchange of 1 onto an original C12MPC, were then irradiated
in the presence of a dienophile, namely dimethyl
acetylenedicarboxylate (DMAD). The majority of this report
makes use of DMAD as the dienophile, but the reaction was
also shown to occur efficiently with other dienophiles such
as dimethyl fumarate (DMFr) and dimethyl maleate (DMM).
The dienophiles were selected because they were symmetric,
making product identification more straightforward, and be-
cause the solution photochemistry involving ortho-methyl
benzophenone with these dienophiles is well known to occur
efficiently and regioselectively (i.e., where possible, only the
endo product is generated) (3, 31–33).

The base MPCs were chosen so that a variety of effects
associated with the Diels–Alder reaction between the photo-
dienol and a dienophile could be studied. If we assume that
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Scheme 1. The generation of the photodienol and its subsequent Diels–Alder reaction.
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the methylene chains of both 1 and the dilutant chain (or the
substrate on the original MPC, namely C12, C18, or
MeO2CC10) pack similarly, then the mixed 1-C12MPC will
allow for the photochemical generation of the dienol directly
at the interface. In the case of 1-C18MPC, the resulting
photodienol is expected to be embedded within the
monolayer. This is of interest because embedding the dienol
may hinder its ability to react with a dienophile. Both of
these mixed MPCs bear nonpolar terminal methyl groups on
the dilutant chain. Because the terminal groups on MPCs are
known to influence some of their physical properties (21) —
MPCs containing terminal carboxylic acid groups are solu-
ble in methanol and water, whereas MPCs containing termi-
nal methyl groups are soluble only in nonpolar solvents such
as chloroform, dichloromethane, benzene, and hexanes —
we were also interested in employing a dilutant chain con-
taining a terminal ester. The terminal ester would serve to
change the local polarity at the interface and may allow the
polar dienophile to be incorporated into the interface (be-
cause both are polar), possibly allowing the Diels–Alder re-
action to occur more efficiently. We were also interested in
determining if the reactivity of 1 is influenced by its location
on the MPC surface. As mentioned earlier, MPCs have dis-
tinct sites. Selective population of the different sites of the
MPC surface with 1 will allow for the determination of dif-
ferences in the efficiency of the Diels–Alder reaction when
it occurs at edge and vertice sites, as compared with terrace
sites. The extent of this bimolecular reaction within the
MPC environment will be a valuable tool, employed in de-
termining how steric and environmental effects introduced
by the monolayer affect the ability of the dienophile to react
with the surface-bound dienol.

Results and discussion

The 1-MPCs were prepared from a [4-(11-mercaptoun-
decyl)phenyl](2-methylphenyl)methanone (1) precursor
(Scheme 2). The synthesis of 1 started from (11-bromoun-
decyl)benzene, prepared by the addition of phenyl lithium to
a large excess of 1,11-dibromoundecane. A Friedel–Crafts
acylation reaction between (11-bromoundecyl)benzene gen-
erated in the mixture and o-toluoyl chloride in the presence
of AlCl3 generated 4-(11-bromoundecyl)phenyl(2-methyl-
phenyl)methanone. The bromide was then converted to thiol
through the reaction of potassium thioacetate and the hydro-
lysis of the resulting thioester with ethanolic K2CO3. The re-
sulting thiol (1) was purified via column chromatography
using 3:1 dichloromethane:hexanes as eluant and character-
ized by 1H NMR, 13C NMR, and IR spectroscopy and mass

spectrometry. Details of the synthetic transformations are
provided in the experimental section.

Generally MPCs are prepared by the reduction of hydro-
gen tetrachloroaurate in the presence of a thiol (34, 35). This
protocol is incompatible with 1 because the presence of a re-
ducing agent will convert the carbonyl functionality to an al-
cohol. So, to prepare the desired 1-MPC, we employ the
place-exchange reaction (36, 37) developed by Murray and
co-workers starting from well-defined base MPCs (35). The
place-exchange reaction is an equilibrium-based reaction in-
volving the replacement of free thiol from solution onto the
MPC surface (36, 37). It is accomplished by stirring an ex-
cess of a thiol that is to be exchanged onto the MPC surface
in the presence of an already prepared base MPC for 4–
5 days. As mentioned earlier, the MPC core consists of dif-
ferent sites. It has been suggested that the place-exchange
reaction populates the edge and vertice sites quickly (within
1 h) and population of the terrace occurs over a much longer
timescale (36). This means that depending on the timescale
of the place-exchange reaction, 1 can populate predomi-
nantly the edge and vertice sites (1 h), or all sites (the ter-
race, edge, and vertice sites) can be populated over much
longer exchange times (4–5 days). This is an important
property of the place-exchange reaction that was exploited
and will be addressed later. The base MPCs were prepared
according to procedures outlined by Murray and co-workers,
as they are known to produce relatively monodisperse MPCs
with a core diameter of 2.0 nm and general stoichiometry of
Au314(X)108, where there are 314 gold atoms comprising the
MPC core and X is the thiolate surrounding the MPC core
(35).

Proton NMR spectroscopy was used to determine the pu-
rity and the extent of exchange (stoichiometry) of the result-
ing mixed MPCs (1-C12MPC, 1-C18MPC, and 1-
MeO2CC10MPC, respectively). The purity of the MPC is
judged by the amount of free thiol or disulfide remaining in
solution after work-up and isolation of the MPC. Any free
thiol or disulfide would appear as sharp resonances in the 1H
NMR spectrum. Figures 2a and 3a are typical 1H NMR
spectra, recorded in benzene-d6, of the 1-C12MPC and 1-
MeO2CC10MPC, respectively, isolated after place-exchange;
of particular note is the absence of sharp resonances assign-
able to free thiol (or disulphide in solution). The 1H NMR
spectrum of 1-C18MPC is not shown, but is similar to these
(see supplemental information).2 All of the spectra exhibit
distinctive broad resonances (38, 39) at the chemical shifts
measured for pure 1 in benzene-d6 solution, confirming that
the place-exchange has occurred. These resonances include
those of the aromatic protons on the phenyl rings ortho to
the carbonyl at 7.85 (2H) and 7.22 (1H) ppm, the protons on
the methyl function ortho to the carbonyl at 2.29 ppm, and
the CH2 protons of the alkyl spacer α to the benzophenone
function at 2.57 ppm (Figs. 2a and 3a). The remaining meth-
ylene protons of the alkyl chain for 1 appear between 1.15
and 1.90 ppm along with those of the dilutant chain, either
C12, C18, or MeO2CC10. The resonance signal at 0.9 ppm in
Fig. 2a is due to the terminal methyl protons of the remain-
ing dodecanethiolate present on the MPC after the place-
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Scheme 2. The probe molecule incorporated into the MPC.

2 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically).
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exchange reaction (or in the case of 1-C18MPC, the reso-
nance at 0.9 ppm is due to the terminal methyl group of
octadecanethiolate). As expected, the resonances associated
with the protons α, β, and γ to the thiolate moiety are not ob-
served: because the substrates are anchored to the MPC sur-
face they are unable to rotate freely, and the signal broadens
into the baseline. There is some overlap of the broad reso-
nances attributed to the terminal methyl group of the dilutant
chain and those of the methylene groups of both 1 and the
dilutant chain in the 1-C12 and 1-C18MPCs. This necessitates
the use of an I2 decomposition reaction that quantitatively
liberates any thiolate bound to the MPC surface as disulfide
and reduces the MPC core to elemental gold, allowing accu-
rate integration to determine their stoichiometries (40). As
mentioned above, the MPCs employed in the study have a
general stoichiometry of Au314(X)108, where X is either
C12S, C18S, or MeO2CC10S. The total number of substrates
bound to the MPC surface is expected to remain constant af-
ter place-exchange, so the stoichiometry is based on the 1:X
ratio. The stoichiometries of the MPCs were Au314-

(C12S)50(1)58 and Au314(C18S)74(1)34 for the 1-C12MPC and
the 1-C18MPC, respectively. These stoichiometries were de-
termined in deuteriochloroform solution by comparison of
the integrations for the resonance signal at 7.72 ppm attrib-
uted to the aromatic protons α to the carbonyl in 1 and the
resonance signal at 0.86 ppm attributed to the terminal
methyl group of either C12 or C18 after I2 decomposition of
the appropriate MPC.

In Fig. 3a, the resonance signal at 3.35 ppm and the
shoulder at 2.28 ppm are due to the terminal methyl protons
of the ester and the methylene protons α to the ester, respec-
tively, on the MeO2CC10 moiety. The stoichiometry of the
mixed 1-MeO2CC10MPC was determined directly from the
1H NMR spectrum of the MPC in benzene-d6 by taking the
ratio of the integrations for the resonance at 3.35 ppm (from
MeO2CC10) and 7.85 ppm (from 1) and was found to be
Au314(MeCO2C10S)59(1)49. This was possible because there
was no overlap in these resonance signals, allowing accurate
integration directly from the MPC.

Irradiations were carried out in argon- or N2-purged ben-
zene-d6 solutions in Pyrex NMR tubes using a Rayonet pho-
tochemical reactor fitted with 350 nm bulbs and a merry-go-
round apparatus. Generally, the solutions contained ~15–
20 mg of 1-C12MPC, 1-C18MPC, or 1-MeO2CC10MPC dis-
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Fig. 1. Cartoon depictions of the various MPCs studied, showing that the photodienol will be (a) at the interface, (b) embedded within
the monolayer, or (c) near a more polar co-absorbed substrate.

Fig. 2. The irradiation of Au314(C12S)50(1)58 in benzene-d6 (*)
before irradiation (a) and after an irradiation period of 80 h in
the presence of a 3-times molar excess of DMAD (b). The filled
arrows indicate the decrease in intensity for the resonances asso-
ciated with Au314(C12S)50(1)58 while the hollow arrows indicate
an increase in the resonances associated with the product,
namely Au314(C12S)50(1)26(1-DMAD)32. Note: the DMAD has
been washed away before the final 1H NMR spectra was ac-
quired. The 1H NMR spectrum of an authentic sample of the
model compound (2-DMAD) in benzene-d6 is shown in (c) (ac-
tual molecule pictured).

Fig. 3. The irradiation of Au314(MeO2CC10S)59(1)49 in benzene-
d6 (*) before irradiation (a) and after an irradiation period of
~96 h in the presence of a 3-times molar excess of DMAD (b).
The filled arrows indicate the decrease in intensity for the reso-
nances associated with Au314(MeO2CC10S)59(1)49 while the hol-
low arrows indicate an increase in the resonances associated with
the product, namely Au314(MeO2CC10S)59(1)15(1-DMAD)34.
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solved in 0.5 mL benzene-d6 (~0.008–0.012 M with respect
to 1), with a three-times molar excess of the dienophile,
namely dimethyl acetylenedicarboxylate (DMAD). Irradia-
tion under these conditions produced MPCs consistent with
the trapping of the photodienol (Scheme 1). The reaction can
be monitored directly by NMR spectroscopy; this is illus-
trated in Figs. 2 and 3 for 1-C12MPC and 1-MeO2CC10MPC,
respectively, where the MPCs were irradiated in the pres-
ence of DMAD as the dienophile. The 1H NMR and IR
spectra of the MPCs irradiated in the presence of DMAD
can be compared with those of an authentic sample of the
Diels–Alder products made from irradiation of [4-
(dodecyl)phenyl](2-methylphenyl)methanone (2), with
DMAD as dienophile (Scheme 3). The irradiation product of
2 with DMAD was characterized via 1H NMR, 13C NMR,
and IR spectroscopy, as well as mass spectrometry. The 1H
NMR spectrum of 2-DMAD is shown in Fig. 2c. The key
spectral changes that occur upon irradiation of 1-C12MPC,
1-C18MPC, and 1-MeO2CC10MPC with DMAD are consis-
tent with the formation of the Diels–Alder product. These
include the appearance of two overlapping, broad aromatic
peaks at 7.6 and 7.5 ppm and another aromatic resonance
signal at 6.87 ppm, as well as broad peaks at 4.15 (the
hydroxyl H), 3.62 (the methylene H’s), and 3.35 ppm (the
methyl ester H’s), concomitant with a decrease in the inten-
sity of broad aromatic peaks at 7.85, 7.22, and 7.05, along
with the broad resonance at 2.39 ppm (the ortho methyl
group of 1) (Figs. 2 and 3). The 1H NMR spectra comparing
1-C12MPC, 1-DMADC12MPC, and the model compound 2-
DMAD are shown in Figs. 2a–c, respectively. The IR spec-
tra of the irradiated MPCs are consistent with the product as
well, evidenced by the growth of peaks between 1715–
1730 cm–1 (consistent with an ester functionality) and be-
tween 3434–3468 cm–1 (consistent with a hydroxyl moiety).
Product formation was generally complete after 48–60 h
with no sign of further reaction on extended irradiation. The
success of these trapping experiments allows us to formulate
some ideas about the reactivity and steric constraints of sub-
strates confined to the MPC surface.

We begin our analysis of the Diels–Alder trapping of the
photodienol by comparing the extents of reaction for the
cases where the photodienol is directly at the interface (1-
C12MPC), when it is embedded within the monolayer (1-
C18MPC), and when the local polarity of the interface is var-
ied (1-MeO2CC10MPC). The reaction proceeds efficiently,
generating only one product on extensive irradiation on all
of the MPCs studied. Irradiation of Au314(C12S)50(1)58,
Au314(C18S)74(1)34, and Au314(MeO2CC10S)59(1)49 produces
MPCs with final stoichiometries of Au314(C12S)50(1)26(1-
DMAD)32 (64 ± 2% conversion to the Diels–Alder adduct),
Au314(C18S)74(1)13(1-DMAD)21 (60 ± 2%), and Au314-
(MeO2CC10S)59(1)15(1-DMAD)34 (69%), respectively. The
irradiations were carried out at least twice for Au314(C12S)50-
(1)58 and Au314(C18S)74(1)34, whereas Au314(MeO2CC10S)59-
(1)49 was irradiated only once in parallel with Au314(C12S)50-
(1)58 (Table 1).

These conversions are essentially identical, suggesting
that the ability of the reaction to proceed is not affected by
the length or the polarity of the dilutant chain co-absorbed to

the MPC with 1. The extent of reaction was also not affected
by the relative concentration of DMAD: the concentration
was varied from 1 to 10 times the molar excess of 1. Though
the physical environment of the MPC was different in each
of these MPCs studied, the reaction only proceeds to ~65%
conversion in all cases. Assuming that the substrates bound
to the MPC are distributed over the entire MPC surface be-
cause the place-exchange reaction employed was carried out
over 5 days, the extent of reaction may be related to the
number of 1 bound at the edge and vertice positions of the
MPC as compared with the number bound to the terrace.
That is, there may be a site-dependent reactivity associated
with the substrates bound to the MPC surfaces.

As mentioned above, in the MPCs studied 1 should be po-
sitioned in each of the three distinct sites (i.e., on the edge,
vertice, or terrace) (Fig. 4). It is assumed that every 1 bound
to the MPC is capable of forming the photodienol. If this is
the case, there must be certain sites on the MPC surface
where the photodienol can be more efficiently trapped as the
Diels–Alder adduct and others where the reaction is less ef-
ficient. It is intriguing to propose that there is a correlation
between the position of substrates on the MPC core and the
extent of reaction. To investigate this, the place-exchange re-
action was exploited to selectively populate either the edge
and vertice sites or the terrace sites with 1.

Selective population of the edge and vertice sites occurs if
short (~1 h) place-exchange reactions are carried out (36).
Using this strategy, C12MPC was stirred in the presence of 1
in toluene for 1 h under a nitrogen atmosphere, generating
1(edge)-C12MPC, where 1(edge) implies that the 1 is posi-
tioned predominantly at the edge and vertice sites of a
C12MPC, as suggested by Murray and co-workers.3 The
MPC was purified and I2 decomposition was utilized to de-
termine the stoichiometry of this MPC, which was
Au314(C12S)71(1)37. The MPC was then weighed out
(~15 mg), dissolved in benzene-d6, and irradiated in the
presence of DMAD (three-times excess) until there were no
further change in the 1H NMR spectrum (Fig. 5). The spec-
tral changes were similar to those explained for the above
MPCs. Upon purification to remove the excess DMAD, the
stoichiometry of the irradiated MPC was found to be
Au314(C12S)71(1)5(1-DMAD)32, which translates to an 85 ±
3% conversion to Diels–Alder adduct based on two irradia-
tions. This is a significant increase in the conversion of 1 to
the Diels–Alder adduct, suggesting that 1 positioned at the
edge and vertice more readily undergo the reaction. How-
ever, this result does not indicate if 1 bound to the terrace is
less reactive towards the Diels–Alder reaction. This can only
be determined by preparing an MPC where 1 has been selec-
tively positioned on the terrace.

© 2003 NRC Canada

488 Can. J. Chem. Vol. 81, 2003

Scheme 3. The photochemical generation of 2-DMAD from 2,
which serves as the model for this reaction on the MPC surface.

3 This is known to populate some of the terrace as well; see ref. 36.
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Selectively populating the terrace with 1 is not as straight-
forward as populating the edge and vertice sites. The proce-
dure involves initial preparation 1-C12MPC in a place-
exchange reaction carried out over 5 days. This should popu-
late the terrace, edge, and vertice sites with 1. The resulting
MPC (with a stoichiometry of Au314(C12S)50(1)58) is then
subjected to a subsequent place-exchange reaction in the
presence of an excess of dodecanethiol (C12SH) for 1 h,
which should populate predominantly the edge and vertice
sites with dodecanethiol and displace any 1 positioned there.
Conveniently, any 1 on the terrace should be trapped, allow-
ing for the study of the reaction between its photodienol and
DMAD. The stoichiometry of the resulting MPC was deter-
mined as for the other MPCs and found to be Au314-
(C12S)90(1)18 and will be referred to as 1(terrace)-C12MPC,
where 1(terrace) implies that 1 is predominantly at the ter-
race and the dilutant chain is C12S. Upon irradiation of 1(ter-
race)-C12MPC in the presence of a three-times molar excess
of DMAD, similar spectral changes were observed as for the
previous MPCs, and the final stoichiometry of the MPC was
Au314(C12S)90(1)11(1-DMAD)7, which translates to a 36 ±
2% conversion to the Diels–Alder adduct based on two irra-
diations (Fig. 6). This conversion is much lower than that for
the MPCs containing 1 at the edge and vertice positions,
suggesting that the reactivity on the MPC surface is position
dependent.

It is reasonable to assume that the edge and vertice sites,
which may provide more room for a bimolecular reaction to
occur based on the highly faceted shape of the MPC core
(Fig. 4), are the positions on the MPC surface where the
Diels–Alder reaction is occurring more efficiently. The idea
of the edge and vertice sites anchoring substrates with less

order has been reported recently through an investigation
that described how intracluster hydrogen bonding decreases
the rate of cyanide-induced MPC decomposition (41), pre-
sumably because the highly faceted gold core prohibits ef-
fective intracluster chain interactions directly at the edge and
vertice sites in the absence of substrates capable of hydrogen
bonding. Our own work also suggests that mobility con-
straints imposed by aryl ketones anchored to terrace sites on
MPCs prevent the unimolecular Norrish–Yang Type II reac-
tion from occurring, whereas the reaction occurs more
readily at the edge and vertice sites (23, 24). Also of note is
a study involving the SN2 reaction of amines and MPC-
bound terminal bromides (40). The authors found the SN2
reaction proceeds quite efficiently (at least 80% completion)
regardless of the bulkiness of the amine. Though the product
conversions for this simple reaction are higher than we re-
port, the authors employed MPCs smaller (~140 gold atoms
in the MPC core) than those we used. The smaller MPC
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MPCa
Stoichiometry (before
irradiation)

Stoichiometry (after irradiation in
presence of DMAD)b

Conversion
(%)c

1-C12MPC Au314(C12S)50(1)58
d Au314(C12S)50(1)26(1-DMAD)32 64 ± 2

1-C18MPC Au314(C18S)74(1)34
d Au314(C18S)74(1)13(1-DMAD)21 60 ± 2

1-C10CO2MeMPC Au314(MeO2CC10S)59(1)49
e Au314(MeO2CC10S)59(1)15(1-DMAD)34 69

1(edge)-C12MPC Au314(C12S)71(1)37
d Au314(C12S)71(1)5(1-DMAD)32 85 ± 3

1(terrace)-C12MPC Au314(C12S)90(1)18
d Au314(C12S)90(1)11(1-DMAD)7 36 ± 2

aFor example, 1-C12MPC represents 1 place exchanged onto an original dodecanethiolate MPC.
bDetermined via ratio integrations for of resonances attributed to 1 (7.85 ppm) and 1-DMAD (7.6–7.5 ppm) in the 1H NMR spectrum, uncertainty is ±5%.
cConversion determined as (the number of 1-DMAD ligands generated)/(number of 1 ligands on starting MPC).
dDetermined via ratio of integrations for the mixed disulfides generated upon I2 decomposition of the MPC; uncertainty is ±5%.
eDetermined via ratio of integrations for the substrates on the actual MPC in solution; uncertainty is ±5%.

Table 1. Stoichiometries of the original MPCs and the extents of reaction for their irradiations in the presence of DMAD.

Fig. 4. A cartoon representation of the MPC core and the assign-
ments of the edge, vertice, and terrace sites.

Fig. 5. The irradiation of Au314(C12S)71(1)37 (where 1 is posi-
tioned predominantly at the edge and vertice sites on the MPC
surface) in benzene-d6 (*) before irradiation (a) and after an irra-
diation period fo 96 h in the presence of a 3-times molar excess
of DMAD (b). The filled arrows indicate the decrease in inten-
sity for the resonances associated with Au314(C12S)71(1)37 while
the hollow arrows indicate an increase in the resonances associ-
ated with the product, namely Au314(C12S)71(1)5(1-DMAD)32.
Note: the DMAD was washed away before the 1H NMR spec-
trum was acquired for (b).
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cores may result in more disordered monolayers. There have
also been studies carried out on 2-D self-assembled
monolayers (SAMs) suggesting that if edge sites are pro-
duced within the monolayer, the substrates at the edge sites
are much more mobile and floppy, as evidenced by their
ability to “trap” embedded groups (42, 43).

If the conversion were related to the number of edge and
vertice sites on an MPC one may assume that it would be di-
rectly related to the percentage of edge and vertice sites on
the MPC itself. Our results indicate that the conversion to
Diels–Alder adduct is ~65%. A rough calculation4 indicates
that, assuming equal distribution over all sites on the MPC,
41% of 1 should reside at the edge and vertice sites. If the
substrates at the edge and vertice sites and one atom row ad-
jacent to the edge and vertice sites were able to undergo the
reaction, this would account for 86% of the sites on the
MPC surface. Because the conversion lies somewhere be-
tween these numbers, we offer the following explanation:
there is the possibility that there is not an equal distribution
of 1 over the entire surface of the MPC and slightly more 1
is concentrated at the edge and vertice sites. If this were
true, it could explain why the conversion to Diels–Alder
adduct is higher than the percentage of edge and vertice sites
on the MPC surface. It is also possible that some of the 1 di-
rectly adjacent to the edge and vertice is capable of reacting,
which would increase the conversion as well. We prefer the
former explanation, based on the mechanism of place-
exchange. At the beginning of the place-exchange reaction
there is much more 1 than dodecanethiol in solution. The

edge and vertice sites are populated with 1 quickly, resulting
in the displacement of dodecanethiol into solution. Conse-
quently, both dodecanethiol and 1 will be in solution, but
excess 1 is employed in the place-exchange reaction, so
there will always be a higher concentration of 1 in solution.
Because population of the MPC during the place-exchange
reaction is dependent on the concentration of thiol in solu-
tion, and because the edge and vertice sites are populated
most easily, they may be populated to a greater extent with
1. This could account for the conversion of the Au314-
(C12S)50(1)58, Au314(C18S)74(1)34, and Au314(MeO2CC10)59-
(1)49 to Au314(C12S)50(1)26(DMAD-1)32 (64 ± 2% conversion
to Diels–Alder adduct), Au314(C18S)74(1)13(DMAD-1)21
(62 ± 2%), and Au314(MeO2CC10)59(1)15(1-DMAD)34 (69%),
respectively, being slightly higher than expected.

Also of note are the results of irradiations of 1-C12 and 1-
C18 MPCs in the presence of DMFr and DMM. The spectral
changes observed in the 1H NMR spectra are consistent with
the generation of the Diels–Alder adducts, with the final
stoichiometry of the photolysed MPCs being Au314(C12S)50-
(1)21(1-DMFr)37 (64% conversion), Au314(C18S)74(1)13(1-
DMFr)21 (63% conversion), Au314(C12S)50(1)22(1- DMM)36
(61% conversion), and Au314(C18S)74(1)15(1-DMM)19 (58%
conversion), respectively. The average conversion for these
reactions is 62 ± 4%, which is, within experimental error,
what we would expect based on the results of the analogous
reaction with DMAD. These reactions show a variety of
dienophiles can be employed in this reaction, and we are
working on exploiting this aspect of the chemistry. The spec-
tral data for the DMFr- and DMM-modified MPCs are pro-
vided in the supplemental information.

Experimental

Commercial solvents and reagents used
The compounds dodecanethiol, octadecanethiol, hydrogen

tetrachloroaurate(III), tetraoctylammonium bromide, sodium
borohydride, 1,11-dibromoundecane, 1.8 M phenyl lithium
in cyclohexane-ether, o-toluoyl chloride, potassium thio-
acetate, dimethyl acetylenedicarboxylate, dimethyl maleate,
and dimethyl fumarate were all purchased from Aldrich and
used as received. Potassium carbonate (Caledon), aluminum
chloride (BHD), benzene-d6 (Cambridge Isotope Labora-
tories), and iodine (BDH) were also used as received. Ace-
tone, dichloromethane, benzene, toluene, methanol, diethyl
ether, and hexanes were purchased from either Caledon or
EM Science and used as received. Tetrahydrofuran was dried
by distillation from sodium/benzophenone. Ethanol (both an-
hydrous and 95%) was purchased from Commercial Alco-
hols Inc. Silica gel was purchased from EM Science.

General instrumentation
1H NMR spectra were recorded on a Varian Mercury 400

(400.087 MHz) spectrometer in either deuteriochloroform or
benzene-d6 solutions and are reported in parts per million
(ppm) with respect to chloroform or benzene peaks at
7.26 ppm or 7.15 ppm, respectively. 13C NMR spectra were
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Fig. 6. The irradiation of Au314(C12S)90(1)18 (where 1 is posi-
tioned predominantly at terrace sites on the MPC surface) in ben-
zene-d6 (*) before irradiation (a) and after an irradiation period fo
96 h in the presence of a 3-times molar excess of DMAD (b).
The filled arrows indicate the decrease in intensity for the reso-
nances associated with Au314(C12S)90(1)18 while the hollow ar-
rows indicate an increase in the resonances associated with the
product, namely Au314(C12S)71(1)11(1-DMAD)7. Note: the DMAD
was washed away before the 1H NMR spectrum was acquired for
(b).

4 Our calculation assumes equal distribution of the substrate over the entire surface and involves dividing the number of atoms directly at
edge and vertice sites and by the total number of surface atoms (41%) or dividing the number of atoms at the edge and vertice sites and
those directly adjacent to the edge and vertice sites by the total number of surface atoms (86%).
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recorded on a Varian Mercury 400 (100.602 MHz) spec-
trometer in either deuteriochloroform or benzene-d6 solution
and are reported in parts per million with respect to chloro-
form or benzene peaks at 77.0 or 128.02 ppm. UV–vis ab-
sorption spectra were recorded on a Cary 100Bio
spectrometer in spectrometry-grade benzene. Mass spectra
and exact masses were recorded on a MAT 8200 Finnigan
high resolution mass spectrometer; the latter employed a
mass of 12.0000 for carbon. IR spectra were recorded on a
Bomem MB-Series or a Bruker Vector 33 spectrometer us-
ing a dropcasting technique on NaCl plates and are reported
in wavenumbers (cm–1).

Steady-state photolysis experiments
Steady-state irradiation experiments were carried out in

septa-sealed Pyrex NMR tubes using benzene-d6 as solvent
or 5 mL Pyrex photolysis cells using reagent-grade benzene
as solvent. The light source was a Rayonet photochemical
reactor fitted with bulbs that emitted UV light in the 300–
400 nm range, with a maximum at 350 nm and a merry-go-
round apparatus to ensure an equal amount of radiation was
received. In a typical procedure, ~15–20 mg of MPC was
weighed out and placed under vacuum to ensure all solvent
was removed. The MPC was then dissolved in ~0.5 mL ben-
zene-d6, degassed for 15 min with either argon or nitrogen
gas, and sealed with a rubber septum and Parafilm. An 1H
NMR spectrum was recorded prior to the addition of
dienophile and at intermittent reaction times until the reac-
tion was complete. The temperature of the solutions was
typically 38 ± 2°C.

[4-(11-Mercaptoundecyl)phenyl](2-methylphenyl)metha-
none (1)

To a solution of 1,11-dibromoundecane (5.2 g,
16.5 mmol) in dry THF (25 mL) was added phenyl lithium
(3.7 mL of a 1.8 M solution, 6.7 mmol) dropwise, generat-
ing 11-phenyl-1-bromoundecane in situ. After aqueous
workup and drying, the 11-phenylbromoundecane – 1,11-di-
bromoundecane mixture was redissolved with 25 mL di-
chloromethane and cooled in a salted ice bath. When the flask
was cooled, o-toluoyl chloride (1.12 g, 7.26 mmol) and alu-
minum chloride (1.01 g, 7.59 mmol) were added, and the
mixture was stirred for 4 h, maintaining a temperature of 0°C.
Upon aqueous workup and drying with MgSO4, the resulting
[4-(11-bromoundecyl)phenyl](2-methylphenyl)methanone was
purified via gradient column chromatography on silica gel,
beginning with 10:1 hexanes:dichloromethane to elute the
unreacted dibromoundecane and ending with 2:1 hexanes:di-
chloromethane which eluted [4-(11-bromoundecyl)phenyl](2-
methylphenyl)methanone (0.90 g) as a clear colorless oil.
The bromide was converted to the thioacetate through a re-
action with potassium thioacetate in acetone, quantitatively
generating [4-(11-acetylsulfanylundecyl)phenyl](2-methyl-
phenyl)methanone. The thioacetate (0.72 g, 1.7 mmol) was
then transferred to a 100-mL round-bottom flask fitted with
a reflux condenser, dissolved in absolute ethanol, and the so-
lution degassed with argon for 15 min after which time the
solution was charged with potassium carbonate (0.24 g,
2.07 mmol) and heated to reflux for 3 h. The ethanol was re-
moved via rotary evaporation, and the resulting liquid was
redissolved in dichloromethane and washed with saturated

ammonium chloride (30 mL), washed with 3 × 30 mL of
distilled water, and dried over MgSO4 for 20 min. Concen-
tration yielded a yellowish oil that was purified by column
chromatography using silica gel and 3:1 dichloro-
methane:hexanes as eluant; a colorless oil (0.5 g,
1.30 mmol) was produced in 76% yield. UV–vis (benzene)
(nm) (ε (M–1cm–1)): 339 (9.790 × 10), 277 (7.832 × 103).
IR (cm–1) (dropcast on NaCl): 2925, 2853, 1661, 1604,
1267. 1H NMR (400 MHz, CDCl3) (ppm) δ: 7.73 (d, J =
7.8 Hz, 2H), 7.38 (m, H), 7.28 (m, 5H), 2.67 (t, J = 7.8 Hz,
2H), 2.52 (quartet, J = 7.0 Hz, 2H), 2.33 (s, 3H), 1.61 (m,
4H), 1.44–1.19 (m, 15H (includes SH proton)). 13C NMR
(400 MHz, CDCl3) (ppm) δ: 198.36, 148.99, 138.90, 136.45,
135.24, 130.82, 130.29, 129.94, 128.51, 128.28, 125.08,
36.06, 34.05, 31.16, 29.51, 29.48, 29.45, 29.40, 29.25,
29.02, 28.34, 24.63, 19.91. EI-MS m/z (%): 382 (20), 364
(6), 223 (8), 195 (100), 119 (23), 84 (20), 49 (33). Exact
mass calcd.: 382.2330; found: 382.2329.

[4-(11-Dodecyl)phenyl](2-methylphenyl)methanone (2)
To a flame-dried, 10-mL round-bottom flask fitted with an

argon inlet and condenser was added aluminum chloride
(1.8 g, 13.5 mmol), dichloromethane (7 mL), and phenyldo-
decane (2.5 g, 10.0 mmol), and the mixture was cooled in a
salted ice bath. A solution containing o-toluoyl chloride
(1.7 g, 11.0 mmol) in 2 mL of dichloromethane was then
added to the mixture over 1 min. This mixture was left stir-
ring for 3 h while warming to room temperature. The reac-
tion was then quenched by pouring the entire contents of the
flask into a beaker containing 40 mL of distilled water
cooled in an ice bath. The organic layer was diluted with
20 mL dichloromethane, washed with 4 × 50 mL of distilled
water, and dried over MgSO4 for 30 min. Concentration of
the dried organic phase yielded a yellow oil, which was puri-
fied by column chromatography using silica gel and 1:1 hex-
anes:dichloromethane as eluant, generating a clear, colorless
liquid (1.83 g, 5.02 mmol) in 50% yield. IR (cm–1) (dropcast
on NaCl): 2926, 2853, 1662, 1605, 1264. 1H NMR
(400 MHz, CDCl3) (ppm) δ: 7.72 (d, J = 7.8 Hz, 2H), 7.37
(t, H), 7.30–7.21 (m, 5H), 2.65 (t, J = 2H), 2.31 (s, 3H), 1.62
(quintet, 2H), 1.37–1.21 (m, 18H), 0.86 (t, 3H). 1H NMR
(400 MHz, C6D6) (ppm) δ: 7.84 (d, 2H J = 8.6 Hz), 7.20 (t,
J = 7.8 Hz, H), 7.07 (m, H), 7.01–6.89 (m, 4H), 2.40 (t, J =
7.8 Hz, 2H), 2.28 (s, 3H), 1.45 (broad quintet, 2H), 1.36–
1.16 (m, 18H), 0.91 (t, J = 7.0 Hz, 3H). 13C NMR
(400 MHz, CDCl3) (ppm) δ: 198.36, 149.04, 138.95, 136.48,
135.26, 130.85, 130.30, 129.95, 128.49, 128.25, 125.09,
36.04, 31.90, 31.11, 29.64, 29.61, 29.54, 29.45, 29.33,
29.28, 22.67, 14.11. EI-MS m/z (%): 364 (3.5), 195 (100),
119 (9), 91 (8). Exact mass calcd.: 364.2766; found:
364.2765.

Dodecanethiolate MPC (C12MPC)
Following the procedures of Brust et al. (34) and Murray

and co-workers (35): to a 250-mL round-bottom flask was
added hydrogen tetrachloroaurate(III) trihydrate (0.30 g,
0.768 mmol) dissolved in 28 mL distilled water (resulting in
a bright yellow solution) and tetraoctylammonium bromide
(2.01 g, 0.369 mmol) dissolved in 70 mL toluene (a clear
and colorless solution). The contents were rapidly stirred for
30 min at room temperature to facilitate the phase transfer of
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the hydrogen tetrachloroaurate(III) trihydrate into the tolu-
ene layer, which resulted in the organic layer turning a dark
orange color and the aqueous layer becoming clear and col-
orless. After phase transfer, the aqueous layer was removed
and dodecanethiol (0.15 g, 0.18 mL, 0.762 mmol) was added
via a volumetric pipet to the solution, which was allowed to
stir at room temperature while a fresh solution of sodium
borohydride (0.33 g, 8.68 mmol) in 18 mL water was pre-
pared. The aqueous sodium borohydride was added to the
toluene solution over ~5 s and the mixture was allowed to
stir at room temperature overnight (~18 h). The organic
layer was washed with 3 × 20 mL distilled water, dried with
MgSO4, and concentrated. The concentrated MPC was then
suspended in 200 mL of 95% ethanol and placed in the
freezer overnight, during which time the C12MPC precipi-
tated from solution. The ethanol was then decanted and the
MPC was dissolved in benzene and concentrated, resulting
in the formation of a film in the round-bottom flask. This
film was washed repeatedly with 10 × 15 mL of 95% etha-
nol warmed to 40°C. The MPC was pure, according to the
1H NMR spectrum, which showed no signs of dodecan-
ethiol, dodecyldisulfide, or tetraoctylammonium bromide.

Octadecanethiolate MPC (C18MPC)
The octadecanethiolate MPC was synthesized as described

above for the dodecanethiolate MPC. The procedure in-
volved 0.20 g (0.51 mmol) hydrogen tetrachloroaurate,
1.32 g (2.41 mmol) tetraoctylammonium bromide, 0.20 g
(5.59 mmol) sodium borohydride, and 0.146 g (0.51 mmol)
octadecanethiol.

11-Mercaptoundecanoic acid methyl ester MPC (MeO2-
CC10MPC)

The MPC was synthesized as described above for the
dodecanethiolate MPC. The procedure involved 0.30 g
(0.76 mmol) hydrogen tetrachloroaurate, 2.04 g (3.42 mmol)
tetraoctylammonium bromide, 0.32 g (8.36 mmol) sodium
borohydride, and 0.177 g (0.76 mmol) 11-mercaptounde-
canoic acid methyl ester. The MPC was purified by washing
with hexanes.

[4-(11-Mercaptoundecyl)phenyl](2-methylphenyl)metha-
none – dodecanethiolate MPC (1-C12MPC)

Following the procedure outlined by Murray and co-
workers (36, 37), C12MPC (0.11 g, 0.136 mmol of dodecan-
ethiol) was dissolved in 34 mL toluene in a 100-mL round-
bottom flask fitted with an argon inlet. Excess [4-(11-mercap-
toundecyl)phenyl](2-methylphenyl)methanone (0.0629 g,
0.163 mmol) was then added to the flask and the mixture
was stirred for 4–5 days under argon. After 4–5 days the so-
lution was concentrated and the mixed MPC was washed
with warm (35–40°C) 95% ethanol to remove excess [4-(11-
mercaptoundecyl)phenyl](2-methylphenyl)-methanone and
dodecanethiol. The 1H NMR (400 MHz, C6D6) spectra indi-
cated that the [4-(11-mercaptoundecyl)-phenyl](2-methyl-
phenyl)methanone was incorporated onto the MPC, and
iodine-induced decomposition indicated that the MPC had a
composition of Au314(C12S)50(1)58. Population of the edge
and vertice sites with 1 was accomplished using the same
conditions but with a decreased time period over which the
exchange reaction took place (1 h) (36). The resulting MPC

had a stoichiometry of Au314(C12S)71(1)37. Population of the
terrace with 1 was accomplished by stirring the Au314-
(C12S)50(1)58 (0.050 g) (prepared via the 5 day place-
exchange reaction described above) dissolved in 10 mL tolu-
ene with an excess of dodecanethiol (0.10 g) under a nitro-
gen atmosphere for 1 h. The resulting MPC had a
stoichiometry of Au314(C12S)90(1)18.

[4-(11-Mercaptoundecyl)phenyl](2-methylphenyl)metha-
none – octadecanethiolate MPC (1-C18MPC)

Following the procedure outlined above for Au314(SC12)50-
(1)58, C18MPC (0.05 g, 0.044 mmol octadecanethiolate) was
dissolved in 15 mL toluene in a 100-mL round-bottom flask
fitted with an argon inlet, to which [4-(11-mercap-
toundecyl)phenyl](2-methylphenyl)-methanone (0.0226 g,
0.059 mmol) dissolved in ~3 mL toluene was added. After
stirring for 4 days, the toluene was removed by rotary evapo-
ration, and the mixed MPC was washed with a warmed (35–
40°C) 6:1 ethanol:toluene solution to remove excess [4-(11-
mercaptoundecyl)phenyl](2-methylphenyl)methanone and
octadecanethiol. The resulting MPC had a composition of
Au314(C18S)74(1)34, as determined via iodine decomposition.

[4-(11-Mercaptoundecyl)phenyl](2-methylphenyl)metha-
none – 11-mercaptoundecanoic acid methyl ester MPC
(1-MeO2CC10MPC)

Following the procedure outlined above for Au314(SC12)50-
(1)58, MeO2CC10MPC (0.15 g, 0.16 mmol 11-merca-
ptoundecanoic acid methyl ester) was dissolved in 40 mL to-
luene in a 100-mL round-bottom flask fitted with an argon
inlet, to which [4-(11-mercaptoundecyl)phenyl](2-methyl-
phenyl)methanone (0.073 g, 0.19 mmol) was added. After
stirring for 4 days, the toluene was removed by rotary
evaporation, and the mixed MPC was washed with ethanol
to remove excess [4-(11-mercaptoundecyl)phenyl](2-methyl-
phenyl)methanone and 11-mercaptoundecanoic acid methyl
ester. The resulting MPC had a composition of Au314-
(MeO2CC10S)59(1)49, as determined by direct integration of
the aromatic resonances at 7.85 ppm (resonances from pro-
tons α to carbonyl) and 3.42 ppm (resonances from protons
of the terminal ester) in benzene-d6 solution.

MPC decomposition procedure
As reported by Murray and co-workers (40), approxi-

mately 10 mg of mixed MPC was placed in a 10-mL round-
bottom flask and dissolved in 2 mL dichloromethane. A
small crystal of iodine (~1 mg) was added, and the solution
was stirred until the originally brown, opaque solution be-
came clear and a light purple colour with a black precipitate
(20 min). The dichloromethane was rotary evaporated, and
0.5 mL deuteriochloroform was added to redissolve the re-
sulting mixed disulfide. This was placed in an NMR tube by
first passing it through a pipette equipped with a Kimwipe
filter to remove the precipitate. The sample was then ana-
lyzed by 1H NMR spectroscopy, where the integrations for
the appropriate resonance signals were compared.

Generation of 2-methyl-4′-(dodecyl)benzophenone Diels–
Alder adducts

In a typical procedure, [4-(11-dodecyl)phenyl](2-methyl-
phenyl)methanone (2) (0.1 g, 0.41 mmol) was dissolved in
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5 mL of benzene, transferred to a 5 mL Pyrex photolysis cell
sealed with a septum, and the solution was degassed with ar-
gon for 20 min. The dienophile (namely dimethyl acetylene-
dicarboxylate, dimethyl fumarate, or dimethyl maleate)
(0.41 mmol) was then added to the degassed solution via sy-
ringe, and the mixture was irradiated for 12 h. The product
was purified via column chromatography, employing 1%
methanol in dichloromethane as eluant.

2-DMAD Diels–Alder adduct
IR (cm–1) (dropcast on NaCl): 3474, 2924, 2853, 1732. 1H

NMR (400 MHz, C6D6) (ppm) δ: 7.55 (d, J = 8.6 Hz, 1H),
7.49 (d, J = 8.6 Hz, 2H), 6.9–7.05 (m, 4H), 6.82 (d, J =
7.8 Hz, 1H), 4.26 (s, 1H), 2.61 (s, 2H), 3.34 (s, 3H), 3.28 (s,
3H), 2.95 (t, J = 5.5 Hz, 2H), 2.46 (t, J = 7.0 Hz, 2H), 1.38–
1.60 (m, 4H), 1.0–1.3 (br, 14H) 0.85 (t, J = 7.0 Hz, 3H). 13C
NMR (400 MHz, C6D6) (ppm) δ: 168.06, 166.66, 143.40,
142.09, 141.84, 140.41, 130.78, 128.51, 127.50, 127.36,
126.13, 74.67, 52.17, 36.12, 32.59, 32.01, 31.20, 30.39,
30.36, 30.28, 30.19, 30.09, 30.00, 23.40, 14.69. EI-MS m/z
(%): 554 (45), 552 (42), 303 (6), 223 (8), 195 (100), 119
(23), 84 (20), 49 (33). Exact mass calcd.: 506.3032; found:
506.3028.

Conclusions

The Diels–Alder reaction of the photodienol generated
from 1 in the MPC environment is shown to proceed effi-
ciently, with similar extents of reaction regardless of the lo-
cal environment surrounding the reactive group. In addition,
this reaction exhibited evidence suggesting site-dependant
reactivity. It appears as though there are properties inherent
to substrates bound at specific sites on the MPC core that
render them more or less reactive toward the Diels–Alder re-
action. This is evidenced by the general trend observed with
respect to the reactivity of 1 on the MPC surface: in the
comparison of the reactivity of the multi-site-populated
MPC — where all of the sites on the MPC are populated (1-
C12MPC) — placing 1 predominantly at terrace sites (1(ter-
race)-C12MPC) results in significantly lower conversions,
while placing 1 predominantly at edge and vertice sites
(1(edge)-C12MPC) results in significantly higher conver-
sions. In fact, quantitatively speaking, the same amount of 1
reacts efficiently when the entire MPC is populated (1-
C12MPC) as when the majority of 1 is at the edge and
vertice sites (1(edge)-C12MPC); the number of 1 converted
to 1-DMAD is 32 in each case. Qualitatively, we attribute a
more hindered environment within the terrace of the MPC as
the main cause of the lowered extent of conversion. The
most accessible sites — those at the edge and vertice — on
the MPCs can undergo this rather complex bimolecular reac-
tion more efficiently. Those within the terrace (where the
monolayer is very well packed and more accurately mimics
that of a 2-D SAM) are more hindered and less likely to un-
dergo the rather complex bimolecular reaction. It is difficult
to predict if the decreased ability for the terrace-bound
dienol to react is due to steric constraints that do not allow
the dienophile to reach the photodienol or if the dienophile
is able to reach the dienol but cannot achieve the geometry
required for the reaction to occur. The inability for these bi-
molecular reactions to reach completion is similar to what

we have found for unimolecular reactions carried out on
identical MPC cores (23, 24). However, the reasons for the
lowered extents of reaction are not expected to be the same.
Mobility constraints play a definitive role in the efficiency
of unimolecular reactions carried out on MPCs, but in this
investigation, which involves bimolecular reactivity, sterics
and the ability to adopt specific orientations play key roles
in the efficiency of the reaction.

It is intriguing to propose that there are differences in re-
activity and dynamics associated with the distinct sites on
the MPC surface. We are currently investigating the effect
that increasing and decreasing the size of the MPC core has
on the extent of reaction, because the size of the terrace can
be easily manipulated by increasing or decreasing the size of
the metal core. This study will provide more insight on the
physical properties inherent to substrates when they are an-
chored to specific sites on these highly faceted gold cores.
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Potentiometric titration of metal ions in methanol

Graham Gibson, Alexei A. Neverov, and R.S. Brown

Abstract: The potentiometric titrations of nine lanthanideIII triflates, ZnII and CuII triflate, and the NiII, CoII, MgII, and
TiIV perchlorates were obtained in methanol to determine the titration constants (defined as the s

s pH at which the
[OCH3

−] /[Mx+]t ratios are 0.5 and 1.5) as well as the apparent s
s

apK values for deprotonation of the metal-bound solvent
molecules. The titrations were performed under various conditions with and without added salts as electrolytes, and the
variations in the titration constants are discussed. In selected cases (La3+, Zn2+) the titration profiles were analyzed us-
ing a complex fitting program to obtain information about the species present in solution.

Key words: potentiometric titration, methanol, s
s pH, metal ion, lanthanides, apparent s

s
apK .

Résumé : Opérant en solution méthanolique, on a effectué des titrages potentiométriques de neufs triflates de lanthani-
desIII, des triflates de ZnII et de CuII et des perchlorates de NiII, de CoII, de MgII et de TiIV afin de déterminer les
constantes de titrage (définies comme le s

s pH auquel les rapports [OCH3
−]/[Mx+]t sont égaux à 0,5 et 1,5) ainsi que les

valeurs apparentes de s
s

apK pour la déprotonation des molécules de solvant fixées au métal. On a effectué les titrages
sous diverses conditions, avec et sans addition de sels comme électrolytes, et on discute des variations dans les cons-
tantes de titrage. Dans des cas choisis (La3+, Zn2+) on a analysé les profils de titrage à l’aide d’un programme
complexe d’ajustement des données afin d’en tirer de l’information sur les espèces présentes en solution.

Mots clés : titrage potentiométrique, méthanol, s
s pH, ion métallique, lanthanides, s

s
apK apparent.

[Traduit par la Rédaction] Gibson et al. 504

Introduction

Recently we reported mechanistic aspects of di- and triva-
lent metal ion catalysis of the methanolysis of activated
amides like acetylimidazole (1a) and β-lactams (1b), phos-
phate diesters (1c, 1g), and carbon-based esters (1d, 1f). Cer-
tain metal ions, notably La3+ and Eu3+, give impressive rate
enhancements for methanolysis of the substrates, in some
cases several million- (1d, 1f) and billion-fold (1c, 1g).
These studies revealed a number of interesting aspects about
the Mx+/methanol system that proves of practical and funda-
mental interest in developing other useful catalytic systems
for alcoholysis reactions. Among organic solvents, methanol
is closest to water in terms of structure and solvation, but its
lower dielectric constant of 31.5 vs. 78.5 at 25°C (2) allows
a much greater organic substrate solubility than does water
and promotes ion-pairing (ion association) of the Mx+ and
negatively charged substrates. Furthermore, unlike the situa-
tion in water where precipitation of Mx+(OH–)n is a problem
above the pKa of the metal-coordinated waters (3), we have
observed a greater solubility of most metal ions in MeOH
throughout the entire pH region where ionization of
Mx+(HOMe)y occurs.

While there are several advantages to the Mx+/methanol
system, it became evident to us that detailed kinetic and

mechanistic analyses required reliable methods for determin-
ing and controlling “pH” in methanol as well as determining
equilibrium constants and “pKa” values for the various ion-
izations of Mx+(HOMe)y. Potentiometric titration methods
are relatively simple and effective ways to obtain metal-ion
complex stability constants and acid dissociation constants
and, under favourable conditions, the speciation of complex
mixtures in solution can be estimated with fair confidence
(4). Potentiometric titrations have traditionally been done in
aqueous solvents (5) and extensive tabulated data are avail-
able (6) but titrations in nonaqueous solvents have seen less
use, particularly in the cases with metal ions (7a, 7b). A ma-
jor reason for using nonaqueous solvents has been to deter-
mine acidity constants for compounds that could not be
reliably measured in the relatively narrow range offered by
amphiprotic water, or to better resolve ionizations (8). Since
there was no simple way to reliably convert potentiometric
readings to absolute pH in nonaqueous solvents referenced
to that solvent (denoted s

spH),2 nonaqueous solvents were
generally inconvenient to use (8c) and apply, particularly in
studies of reaction mechanism. Some years ago, deLigny
and Rehbach (9a) empirically determined a method for mea-
suring the s

spH in methanol by adding a correction constant
of 2.34 (on the molality scale) to a measured electrode read-
ing. More recently Bosch and co-workers (10) have reported
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a method for determining s
spH on the molarity scale which

for our purposes is relatively simple: if a glass electrode is
calibrated using standard aqueous buffers but the potentio-
metric measurements are taken in a nonaqueous solvent, the
values are termed w

spH. Subsequently, one computes s
spH =

w
spH – δ, where δ is a correction factor of –2.24 on the

molarity scale for measurements made as above in methanol
(10). Although dependent on the junction potential of the
electrode, there was found to be little difference between
readings taken with different electrodes. Rived et al. (10c)
have presented an extensive tabulation of s

s
apK values in

methanol for many organic acids and bases that can be used
as buffers to control s

spH, and where previously unknown
s
s

apK values for materials are needed, these can be deter-
mined by titration according to the methods presented.

The titration of metal ions, however, is not as straightfor-
ward and forms the subject of the present report concerning
the potentiometric titration of five common divalent metal
ions (ZnII, CoII, MgII, CuII, NiII) and nine LnIII ions, as well
as TiIV in MeOH. We have analyzed the potentiometric data
in two ways depending upon the level of information re-
quired concerning the s

spH-dependent species formed in so-
lution. In addition we have determined qualitatively the
effect on titrations of some added counterions often used as
anionic components of buffers used for pH control in kinetic
experiments and as supporting electrolytes.

Experimental

Materials
Methanol (anhydrous) was obtained in a SureSeal™ bottle

(Aldrich) and used as received. Sodium methoxide was re-
ceived in a SureSeal™ bottle as a 0.5 M solution in metha-
nol which was diluted to make stock solutions (4 × 10–3 –
2 × 10–2 M). Stock Na+OMe– solutions were stored under ar-
gon atmosphere and used within 5 days. All LnIII metal ions
were purchased as trifluoromethanesulfonate (OTf –) salts
from Aldrich. Stock solutions were prepared in methanol
(1 × 10–2 or 5 × 10–2 M) and used within 2 days. Ti(OMe)4
was purchased from Aldrich and a 2 × 10–3 M stock solution
was prepared in methanol and converted to the perchlorate
salt in situ by the addition of 4 equiv of perchloric acid.
Zn(OTf)2, Cu(OTf)2, Co(ClO4)2·6H2O, and Ni(ClO4)2·6H2O
were obtained from Aldrich while Mg(ClO4)2 was obtained
from Alfa Aesar; all were used as received. Tetrabutyl-
ammonium salts were used as purchased from Sigma–
Aldrich (except the chloride, from Fluka) to prepare stock
solutions in methanol (5 × 10–3 – 2 × 10–2 M).

Potentiometric titrations
Titrations were performed using a Radiometer Vit90

Autotitrator equipped with an ABU91 Autoburette. The
electrodes were Radiometer combination glass electrodes
with a double junction design (model pHC2201 had a sleeve
junction, and pHC2501 a porous ceramic pin, the latter type
being recommended in reference (8a) and found to be most
reliable in our studies). The lower reservoir of the pH elec-
trode in contact with the test solution was filled with a 1 M
solution of LiClO4 in methanol. The temperature was kept at
25.0°C using a water bath and all titrations were conducted
under Ar in a jacketed titration cell.

The metal ion concentration ranged from 1 × 10–4 to 4 ×
10–3 M, and ionic strength was controlled with 0.01 M Bu4
NClO4 unless otherwise noted. Sodium methoxide titrant
was standardized by titrating an aliquot of Fisher certified aq
HCl, with the endpoint taken to be pH 7.0. Electrode calibra-
tion was accomplished by the so-called “practical method”
(11), immersing it in standardized aqueous buffers at pH 4.0
and 10.0 followed by rinsing the electrode in anhydrous
methanol. Subsequent acidity measurements in methanol
gave experimental w

spH readings very close to the actual hy-
drogen ion concentration, usually ~ 0.03 units higher (11)
which was sufficient for our purposes. To the w

spH readings
was added the constant 2.24 to give the s

spH as described by
Bosch and co-workers (10). Titration data were analyzed by
standard computer treatments provided within the program
PKAS (4) and, in two selected cases, Hyperquad 2000 (ver-
sion 2.1 NT) (12) as well, with the autoprotolysis constant
of pure methanol taken to be 1 × 10–16.77 at 25°C (10).

Since the stated water content of the Aldrich anhydrous
methanol is <0.002%, the maximum water content for the
metal ion solutions containing 2 × 10–3 M Ni(ClO4)2·6H2O
and Co(ClO4)2·6H2O was ~1.2 × 10–2 M or 0.05%. For
metal salts that were not used as hydrates, the water content
of the methanol solution would be <0.01%. The inclusion of
such a small amount of water did not significantly alter the
characteristics of the solution relative to pure methanol, and
therefore the correction factor of +2.24 was sufficiently pre-
cise for our purposes (9).

Results and discussion

Speciation of La3+

Our initial titration studies focused on La3+ because it was
the first ion we studied as a catalyst of the methanolysis of
acetylimidazole (1a) and esters (1d) where the kinetic stud-
ies pointed to a catalytically active (La3+(–OMe))2 dimer,
formulated as 1. Previously reported studies also support
lanthanide hydroxy-bridged dimer formation in aqueous so-
lution, both in the presence of special ligands (5b, 5d–5g,
5m) and in bare solvent (3, 5h, 5n, 7b), an example being the
La2(OH)5

+ dimer 2 proposed to be important in the hydroly-
sis of an RNA model (5h). It is also known that lanthanide
ions form polymeric species over extended periods in water,
a process termed “ageing” (5e, 5f, 7b).

Shown in Fig. 1 are duplicate titration profiles of 2 × 10–3 M
La(OTf)3 in methanol with no added counterions, similar to the
titration conditions in our first investigations of the La3+-cata-
lyzed methanolysis of esters (1d) and acetyl imidazole (1a).

Visual inspection of the curve indicates a consumption of
~2.5 equiv of methoxide per metal ion by s

spH 11, compris-
ing two regions having, what we will term for the moment,
apparent titration values of ~7.8 (consuming 1 equiv of
methoxide) and 10 (consuming ~1.5 equiv of methoxide).

© 2003 NRC Canada
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Notable is the fact that the titration curve is somewhat
steeper in terms of δ[OCH3

−]/δ[s
spH] than expected for a sim-

ple ionization. This behaviour is consistent with the inter-
vention of cooperative processes such as the formation of
dimers or higher order aggregates (3, 13), or a change in the
metal coordination number (14, 15) accompanying coordina-
tion of the methoxide. Indeed, as shown in Fig. 2 for (1–4) ×
10–3 M [La(OTf)3] conducted in the presence of 0.01 M
Bu4NClO4 (to hold the ionic strength approximately con-
stant), the shapes of the three titration curves change and
move to lower apparent titration values with increasing
[La(OTf)3].

There are several standard methods for obtaining equilib-
rium constants from titrimetric data, one of the most sophis-
ticated and current being the Hyperquad 2000 computer
program (12) which allows one to calculate stability con-
stants for suggested multispecies equilibrium situations.
Through its use we have been able to obtain a satisfactory fit
of the potentiometric data in Fig. 1 to a proposed multi-
equilibrium process involving several sequential associations
of OCH3

− to La3+ to form La2(OCH3)n dimers where n (the
number of associated methoxides) varies from 1–5. The best
fit stability constants are given in Table 1, and illustrated in
Fig. 3 is a speciation diagram calculated on the basis of
those constants which shows the distribution of species as a
function of s

spH. According to this treatment, the two domi-
nant species have even numbers of attached methoxides,
e.g., La2(OMe)2 between s

spH 8 and 10 (maximum concen-
tration of ~80% at s

spH 8.9), and La2(OMe)4 between s
spH 10

and 12 (maximum concentration of ~80% at s
spH 11). Spe-

cies with odd numbers of methoxides (La2(OCH3)1 and La2-
(OCH3)3) are also present to a lesser extent (maximum
concentrations of ~25% in each reached at respective s

spH
values of 7.5 and 10). It is of note that the analogous Ln2-
(OH)2 (suggested structure 3 in the La3+ cases) and
Ln2(OH)4 species, complexed to two molecules of bis-tris
propane (BTP), are observed to be the dominant forms in

aqueous solution (5f). In that case it was suggested that the
BTP stabilizes the dinuclear core and prevents the formation
of complexes with higher nuclearity and, eventually, the
metal hydroxide precipitation. Apparently methanol solvent
serves a similar role in stabilizing the dinuclear core, at least
in the case of La3+.

Knowledge of the species distribution, when combined
with kinetic behaviour as a function of s

spH and [Mx+], al-
lows an insight into a complex multiequilibrium system
where the different components may have different catalytic
activity. Such an approach has been applied by Martell and
co-workers (5d) and Gómez-Tagle and Yatsimirsky (5f) to
Ln3+-catalyzed hydrolysis of phosphate diesters in water.
Previously we determined the kinetic constants for the La3+-
catalyzed methanolysis of the simple carbon-based ester p-
nitrophenyl acetate (1d) as a function of both [La3+]t and
s
spH. The second-order rate constants for the La3+-catalyzed
reaction are superimposed on the speciation plot in Fig. 3,
and coincide nicely with the bell-shaped concentration pro-
file for La2(OMe)2 lending further support to our original

© 2003 NRC Canada
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Fig. 1. Two overlaid potentiometric titration profiles for 2 × 10–3 M
La(OTf)3 in methanol (no added electrolyte, T = 25.0°C).

Fig. 2. Potentiometric titration profiles for [La(OTf)3] = 1 × 10–3 M
(�), 2 × 10–3 M (�), and 4 × 10–3 M (�) in methanol in the pres-
ence of 0.01 M NBu4ClO4.
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suggestions of its intermediacy based exclusively on treat-
ment of the kinetic data.3

Analogous Hyperquad fits of the Fig. 2 titration data for
the three [La3+] determined in the presence of 0.01 M Bu4-
NClO4 provide the average stability constants reported in
Table 1 which can also be used to find the sequential micro-
scopic acid dissociation constants of the La3+-coordinated
methanols (s

s
apK

2
to s

s
apK

5
). It is of note that the constants

determined in the presence of added Bu4NClO4 are some-

what different than those determined in its absence indicat-
ing that the overall equilibria depend upon the conditions
and particularly on the presence of counterions which we
show later can associate with the La3+. In fact this intro-
duces some limitations to the interpretation of the equilib-
rium constants. These must be considered conditional since
they are derived from titrations determined under various
conditions where the concentrations of La(OTf)3 and sup-
porting electrolyte, the activities, and the degree of ion pair-
ing of the various species are not constant. It is important to
realize that the low concentration or absence of supporting
electrolyte is a technical necessity since high concentrations
of anions can seriously impair the catalytic ability of the
metal ion, and our goal is to achieve titration conditions that
approximate as closely as possible the kinetic conditions.

We have not undertaken additional Hyperquad (12) treat-
ment of these data to account for the various La3+/ClO4

− or
La3+/OTf- equilibria because the inclusion of such will inevi-
tably lead to mathematically acceptable results, but in the
end this becomes a fitting exercise and does not provide use-
ful chemical insight. Indeed it is possible to treat any of the
potentiometric titration data for the lanthanides to various
schemes involving complex equilibria similar to those used
for La3+, adding or removing various proposed components
to obtain satisfactory fits. However, unless one has addi-
tional information for the presence or absence of specific
species in any given case, the whole process has inherent un-
certainties because alternative schemes can produce fits of
similar quality implicating species for which there is no con-
firmatory evidence.

Simplification of analysis
Owing to the above limitations, we sought to analyze the ti-

tration data by simpler methods that identify ionization events
associated with the consumption of CH3O

– by the metal ions.

© 2003 NRC Canada
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Equilibrium log s
sKa Microscopic s

s
apK b

[La2(OMe)1]/[La]2[OMe] 10.99 ± 0.42c

11.66 ± 0.04d

[La2(OMe)2]/[La]2[OMe]2 19.62 ± 0.23c
s
s

a
2pK = 8.13 ± 0.22c

20.86 ± 0.07d 7.56 ± 0.10d

[La2(OMe)3]/[La]2[OMe]3 26.08 ± 0.15c
s
s

a
3pK = 10.32 ± 0.12c

27.52 ± 0.09d 10.11 ± 0.02d

[La2(OMe)4]/[La]2[OMe]4 32.60 ± 0.16c
s
s

a
4pK = 10.25 ± 0.09c

34.56 ± 0.20d 9.73 ± 0.11d

[La2(OMe)5]/[La]2[OMe]5 37.07 ± 0.24c
s
s

a
5pK = 12.29 ± 0.08c

39.32 ± 0.26d 12.00 ± 0.07d

aDerived from fits of the potentiometric titration data using the program Hyperquad (12).
bDefined as –log s

s
aK for La2(OMe)n(HOMe)x � La2(OMe)n + 1(HOMe)y + H+, calculated from the data in

column 2 as 16.77 – (s
s pK n – s

s pK n −1) where 16.77 is the –log (auto protolysis constant) for pure methanol.
cAverages of duplicate titrations of three [La(OTf)3] (1, 2, 4 × 10–3 M) in the presence of 0.01 M Bu4NClO4.

Errors are calculated as the standard deviations of the mean of all six titrations.
dAverages of duplicate titrations of La(OTf)3 (2 × 10–3 M) with no added electrolyte. Errors calculated as the

standard deviation of the mean.

Table 1. Stability constants (log s
sK for the formation of La2(OMe)n species in methanol (25.0°C).

Fig. 3. Speciation diagram for 1.0 × 10–3 M La3+ in methanol as
a function of s

s pH. Data superimposed on the figure as (�) are
second-order rate constants for La3+-catalyzed methanolysis of
p-nitrophenyl acetate (1d).

3 Our previous work (1a) indicated that La2(OCH3)2 and some higher order species (La2(OCH3)n where n is uncertain but >2) were involved
in the catalysis. Fitting of the k2 kinetic data shown in Fig. 3 as a linear combination of rate constants for the various La2(OCH3)n species
provides a rate constant of (91.8 ± 8.8) M–1s–1 for the La2(OCH3)2 and (38.0 ± 5.6) M–1s–1 for the La2(OCH3)4 species with no involvement
of La2(OCH3)3.
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Following Simms (16), we define the titration constants s
s ′G1,

s
s ′G2, s

s ′G3, … etc., which are obtained as half neutralization
points determined as if the solution contained monovalent,
noninteracting acids. In our case, for the hypothetical metal
ion methanolysis process shown in eqs. [1–3], the s

sp ′G1,
s
sp ′G2, and s

sp ′G3 values are simply interpreted as the solution
s
spH at which the [OCH3

−]/[Mx+]t is 0.5, 1.5, and 2.5.

[1] Mx+(HOCH3)x � Mx+(OCH3
−)(HOCH3)y + H+

[2] Mx+(OCH3
−)(HOCH3)y

� Mx+(OCH3
−)2(HOCH3)z + H+

[3] Mx+(OCH3
−)2(HOCH3)z

� Mx+(OCH3
−)3(HOCH3)q + H+

The s
s ′Gn values are not the individual s

s ′Kn values (defined
as the dissociation constants of the polyvalent acid, not cor-
rected for activities) pertaining to the three stepwise hypo-
thetical ionizations in eqs. [1–3], but are related to them
through the application of eqs. [4–6]:

[4] s
s ′K1 = s

s ′G1 + s
s ′G2 + s

s ′G3

[5] s
s ′K1 s

s ′K2 = s
s ′G1 s

s ′G2 + s
s ′G1 s

s ′G3 + s
s ′G2 s

s ′G3

[6] s
s ′K1 s

s ′K2 s
s ′K3 = s

s ′G1 s
s ′G2 s

s ′G3

This method identifies the half neutralization points, but it
cannot accommodate the overall appearance of a titration
curve that is too steep to be explained by sequential uncon-
nected ionizations. This is because the method does not al-
low for situations where there is a cooperativity (e.g., pK2

′ –
pK1

′ < 0.6), such as is observed where there is dimerization
of the metal ions accompanying the ionizations.

Baes, Jr. and Mesmer (3a) describe the application of
potentiometric titration to quantifying hydrolysis of cations
in water according to the simplified process in eq. [7].

[7] xMz+ + yH2O � Mx(OH) y
xz y( )− + + yH+

The ligand number (n) is defined by the mol ratio of
bound OH– to the metal ions in solution and is given as:

[8] n y mx y
xz y= − +∑ [ ( ) ]( )M OH M�

where mM is the total metal ion concentration including non-
bound forms or:

[9] m x x y
xz y

M M OH= − +∑ [ ( ) ]( )

In principle it is possible to determine the ligand number n
as a function of both the pH and metal ion concentration and
thereby determine the formula of each hydroxide complex in
eq. [7]. This should also be applicable to titrations performed
in methanol, although such an exact treatment is unreliable at
present because of the ion pairing and lack of ionic strength
control. Nevertheless, it is possible to provide some valuable
conditional constants which pertain to the average number of
CH3O

–/Mx+. From the forms of eqs. [8] and [9], it can be seen
that when n = 0.5, 1.5, or 2.5, the observed s

spH would corre-
spond to the Simms’ titration constants or half-neutralization

points, s
sp ′G1, s

sp ′G2, and s
sp ′G3. The s

sp ′G1, s
sp ′G2 values for

various Ln3+ ions are listed in Table 2.
Since the half neutralization constants do not define the

overall shape of the titration profile we applied the program
PKAS (4) to determine the apparent s

s
apK values pertaining

to the overall titration curves. Simple fitting of the titration
data to a di- or tribasic acid model failed, in most of the
cases, to reproduce the steeper-than-normal shape of the ti-
tration profiles for the Ln3+ species. However, satisfactory
fits can be obtained under the assumption that the Ln3+ ions
exist predominantly as dimers having 1, 2, 3,…,-n associated
ionizations as depicted in eqs. [10–13] (an assumption that is
probably valid in the case of La3+ itself as determined by the
Hyperquad fits described above). The so-determined appar-
ent s

s
ap

1
K to s

s
ap

4
K values listed in columns 4–7 of Table 2

incorporate all microscopic equilibrium constants (such as
those for dimerization, and association with counterions)
that may affect the consumption of CH3O

– by Ln3+.

[10] Ln3+
2(HOCH3)xLn3+

2 �

Ln3+
2(OCH3

−)(HOCH3)m + H+

[11] Ln3+
2(OCH3

−)(HOCH3)m

� Ln3+
2(OCH3

−)2(HOCH3)p + H+

[12] Ln3+
2(OCH3

−)2(HOCH3)p

� Ln3+
2(OCH3

−)3(HOCH3)q + H+

[13] Ln3+
2(OCH3

−)n(HOCH3)r

� Ln3+
2(OCH3

−)n + 1(HOCH3)s + H+

The average of the best fit apparent (s
s

ap
1

K + s
s

ap
2

K ) and
(s

s
ap

3
K + s

s
ap

4
K ) values is within experimental error of the

two titration constants (s
sp ′G1 and s

sp ′G2) for these events. In
addition, the fits of this model to the experimental titration
curves were much better than obtained with a simple dibasic
acid model. Cases where cooperative interactions are at play
are readily identified by the visual steepness of the curve.
This situation invariably leads to a fit having computed ap-
parent s

s
ap

2
K – s

s
ap

1
K < 0.6 suggesting that the second ion-

ization of the dimer is easier than the first, perhaps because
of bridging the ensuing methoxide between the two metal
ions as in 1 and 2.

Some trends among the lanthanide ions
Across the lanthanide series the titration curves all show

consumption of between 2 and 2.5 equiv methoxide per
metal ion comprising two distinct events, a first consuming
1 equiv OMe–/Ln3+ followed by a second event consuming 1
to 1.5 equiv OMe–/Ln3+ at higher s

spH. Among the trends
across the series, one of the most interesting is the shape of
the titration profile, three examples belonging to Pr3+, Eu3+,
and Yb3+ being given in Fig. 4. The difference between the
s
sp ′G1 and s

sp ′G2 values of the two ionization events decreases
with atomic number, with La3+, Pr3+, and Nd3+ having
curves with clearly distinct steps, Sm3+ and Eu3+ to a lesser
extent, and Gd3+ and all elements right of it in the series
having a small difference between s

sp ′G1 and s
sp ′G2. This ef-

fect may be related to the so-called “gadolinium break”,
which refers to trends in complex formation constants across
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the series and has been explained in part by a possible
change in coordination number from 9 to 8 around gadolin-
ium (3, 5k, 7a, 7b).

For the various lanthanide ions tested here, the s
sp ′G1 values

range from 5.3 (Yb3+) to 7.8 (La3+) and, in general, the
methanols associated with the lighter lanthanides (like La3+)
are less acidic than the heavier lanthanides. Shown in Fig. 5 is

a plot of s
sp ′G1 values vs. Ln3+ ionic radii (17) which follows

the expected Lewis acidity trends where electrostatic associa-
tion between OCH3

− and the metal ion is stronger for the
heavier cations because of their smaller ionic radii, stabilizing
the species (Ln3+)1,2(OCH3

−)1,2 (3a). This argument suggests
more extensive oligomerization for the heavier Ln3+ ions,
which is consistent with the general reduction of the s

sp ′G2
across the row and smaller differences between s

sp ′G1 and
s
sp ′G2 for the heavier ions. The plot in Fig. 5 shows breaks in
the middle that may also result from the gadolinium break.
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Fig. 4. Titration profiles for 5 × 10–4 M Pr(OTf)3 (�), Eu(OTf)3

(�), and Yb(OTf)3 (�) in methanol containing 5 × 10–3 M
Bu4NClO4 (T = 25.0°C).

Fig. 5. Relationship of s
s p ′G1 for ionization of Ln3+-bound metha-

nol (Table 2) as a function of Ln3+ ionic radius (17).

Titration
constant

s
s

apK s as fitted by PKAS (4) software to
a dimer model

Mx+
s
s p ′G1 s

s p ′G2 s
s

ap
1

K s
s

ap
2

K s
s

ap
3

K s
s

ap
4

K Conditions

La3+ 7.8 10.0 7.45 8.19 10.60 9.44 a

La3+b 7.7 9.9 7.46 8.13 10.04 9.85 c

La3+b 8.4 10.4 8.17 8.73 10.26 10.41 d

La3+b 8.3 10.2 8.13 8.61 10.15 10.26 e

Pr3+ 6.7 9.5 6.26 7.01 9.73 9.10 a

Nd3+ 7.0 9.1 6.58 7.51 8.89 9.18 a

Sm3+ 6.3 8.5 6.24 6.49 8.07 8.91 a

Eu3+ 6.0 7.9 6.02 6.08 7.34 8.12 a

Gd3+ 6.6 8.0 6.36 6.91 7.54 8.03 a

Tb3+ 6.8 7.9 6.86 6.68 7.90 7.76 f

Ho3+ 6.6 7.8 6.65 6.77 7.36 8.04 f

Yb3+ 5.3 6.8 5.28 5.49 6.52 7.00 a

a5 × 10–4 M Ln(OTf)3 (5 × 10–3 M Bu4NClO4 added).
bAverage of two independent titrations.
c2 × 10–3 M Ln(OTf)3 (no added salt).
d2 × 10–3 M Ln(OTf)3 (0.01 M Bu4NClO4 added).
e4 × 10–3 M Ln(OTf)3 (0.01 M Bu4NClO4 added).
f1 × 10–3 M Ln(OTf)3 (no added salt).

Table 2. Observed titration constants (s
s p ′G1, s

s p ′G2) and best fit s
s

apK values for acid disso-
ciation of Ln3+

n(HOCH3)m in methanol (T = 25.0°C).
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Other metal ions
We have applied the above titration analysis to other metal

ions, notably TiIV, ZnII, CoII, CuII, MgII, and NiII, and the
various titration constants (except for CuII discussed later)
are given in Table 3. The titration profile for Ti4+ (not
shown) shows exactly 3 equiv OMe–/Ti4+ consumed before
s
spH 4 followed by a fourth equivalent having an apparent
s
s

apK of 5.8. This result indicates that the Ti4+ ion is most
likely mononuclear throughout the titration, and is very
acidic in methanol largely because of its tetravalent nature
and small ionic radius which makes it a better Lewis acid
than any of the Ln3+ ions. The formation of Ti(OH)2

2+ even
in a 1.5 M aq HClO4 solution provides further evidence of
the extreme acidity of ROH attached to this metal ion (3a).

The titration curves for the divalent transition metal ions
Zn2+, Co2+, and Ni2+ are remarkably similar, as shown in
Fig. 6. Each consumes 2 equiv OMe–/M2+ in one step, and
shows cooperativity where s

s
ap

2
K < s

s
ap

1
K . In the case of

Zn2+, we have determined through Hyperquad fitting of the
potentiometric data that only the inclusion of Zn2+(OCH3

−)
and Zn2+(OCH3

−)2 is required to explain the data, and that the
microscopic s

s
ap

1
K and s

s
ap

2
K values are 10.66 and 8.94,

close to the values determined by the PKAS fitting. Thus,
the likely source of the cooperativity stems not from
dimerization as was the case with the La3+ ions, but from a
change in the M2+-coordination number following the first
association of methoxide to form M2+(OCH3

−). It has been
shown that for the similar process of ZnCl2 formation in
methanol, a change in coordination number from 6 or 5 to 4
following the association of the first Cl– results in a
cooperativity such that the second association of Cl– pro-
ceeds more easily than the first (15). All three metal ions are
only weakly acidic, with acid strength increasing in the or-
der Co < Ni < Zn as ionic size decreases, a trend that is ex-
pected on the basis of Lewis acidity. The titration profile for
Cu2+ is also shown on Fig. 6, and is quite different from
those of the other transition metal ions in that it shows two
separate titration steps, the first having a s

sp ′G1 of 6.5 con-
suming exactly 1 equiv of OCH3

−/Cu2+. However, the second
titration step with an apparent s

sp ′G2 of 8.1 is extremely steep
indicative of an oligomerization process, which, when fit
with the PKAS program has computed s

s
ap

3
K and s

s
ap

4
K val-

ues of 11.4 and 4.5, respectively. Ultimately, when the titra-

tion mixture containing Cu(OCH3)2 is allowed to stand for
some time, a heavy precipitate is formed consistent with the
proposed oligomerization to form (Cu(OCH3)2)n.

Qualitative salt effects
As has been observed in aqueous systems (4, 5d, 7a), cer-

tain anions can associate with Mx+ in solution and the low
dielectric constant of methanol (31.5 at 25°C (2)) solvent
will increase ion pairing or association (18, 19). Bunzli and
co-workers (20) showed that counterions normally consid-
ered “inert”, such as triflate and perchlorate, coordinate to
lanthanide ions in methanol as do Br–, Cl–, and NO3

−.
Gómez-Tagle and Yatsimirsky (5f) have noted that counter-
ions, specifically perchlorate, inhibited the activity of their
dimeric lanthanide catalyst 3 in H2O. We have earlier ob-
served that the Mx+-catalyzed methanolysis of acetyl
imidazole and β-lactams is inhibited by the presence of cer-
tain counterions such as Cl– (1a, 1b, 21). Thus, all our sub-
sequent studies of the Ln3+ catalysis were undertaken in
media containing as low concentrations of weakly coordinat-
ing counterions such as triflate and perchlorate as possible
and, to better approximate our kinetic conditions, initial ti-
trations were performed without added salts to limit ion
pairing.

The addition of added salts does have profound effects on
the titration profiles as exemplified by the profiles shown in
Fig. 7 for 1 × 10–3 M La(OTf)3 in the presence of 0.04 M
Bu4NX salts. Since the cationic portion is constant and inca-
pable of direct binding to the metal, the effects noticed are
largely due to the chemical nature of the anion. Of the an-
ions investigated, nitrate perturbs the titration profiles most,
moving the s

sp ′G1 value upward by about 3.6 units. Even
though nitrate is not considered to be a strong binding ligand
to most metal ions, it does have a special propensity to bind
to lanthanides forming a mixture of inner and outer sphere
complexes in aqueous solution, depending on concentration
(22). It has also been noted that in a nonaqueous solvent, in-
ner sphere complexes are formed which serve as a basis for
the extraction of LnIII (23) In our study in methanol its asso-
ciation constant with La3+ can be estimated to be at least 1 ×
105 M–1 under the assumption of competitive binding of a
single nitrate, probably indicative of a bidentate binding as
has been observed in several crystal structures of Ln–nitrate
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Titration constant s
s

apK s as fitted by PKAS (4) software

M2+
s
s p ′G1 s

s p ′G2 s
s

ap
1

K s
s

ap
2

K Conditions

Zn2+ 9.7 10.2 10.64 (10.66)a 9.30 (8.94)a b, c

Ni2+ 10.9 11.6 11.24 11.07 d

Mg2+ N.A. N.A. 13.67 12.60 d, e

Co2+ 11.1 11.6 12.84 9.96 d

Note: N.A. = not detected visually in the titration curve.
aValues in brackets determined as microscopic s

s
ap

1
K and s

s
ap

2
K from Hyperquad fit to model containing Zn2+(OCH 3

−) and
Zn2+(OCH 3

−)2.
b2 × 10–3 M M(OTf)2 (no added salt).
c2 × 10–3 M M(OTf)2 (0.01 M Bu4NClO4 added).
d1 × 10–3 M M(ClO4)2 (no added salt).
e2 × 10–3 M M(ClO4)2 (no added salt).

Table 3. Observed titration constants (s
s p ′G1, s

s p ′G2) and best fit s
s

apK values for dissociation of M2+(HOCH3)m in
methanol (T = 25.0°C).
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species (24). For the halide series, the perturbation on s
sp ′G1

follows the order Cl– > Br– > I–. This trend is not surprising
as the notoriously hard cation La3+, which binds via predom-
inantly electrostatic interactions, is expected to bind more
weakly to the softer halides (I– and Br–) that have significant
covalent character in their bonds (5i, 7a).

While we have tried to minimize the salt effects by using
weakly nucleophilic anions such as ClO4

− and CF3SO3
−(OTf –),

these too raise the s
sp ′G1 to a certain extent. To investigate

further the extent of perturbation of the s
sp ′G1 we titrated 1 ×

10–3 M La(OTf)3 solutions containing 1, 2, and 4 × 10–2 M
Bu4NOTf (titration curves not shown). Both the s

sp ′G1 ( )s
sp ′G2

values increase, from 8.0 (10.3) in the absence of added salt
to 8.3 (10.3), 8.4 (10.4), and 8.6 (10.5) at the three concen-
trations employed. This upward shift likely results from an
ion association of the triflate with the La3+ which reduces its
affinity for OCH3

−, possibly by decreasing the Lewis acidity
of the metal ion or by acting as a competitive inhibitor of
methoxide binding in the various metal containing species.
Perchlorate ion behaves similarly as judged by comparison
of the titration s

sp ′G1 and s
sp ′G2 values given in Table 2, rows

2 and 3.
The divalent transition metal ions, already found to be less

acidic than any of the trivalent metal ions studied, are also
much less affected by association with added counterions.
The titration profiles of 2 × 10–3 M Zn(OTf)2 without and
with 0.01 M added Bu4NClO4 (not shown) were essentially
superimposable indicating a lack of ion association in this
case.

Conclusions

The objective of this study was to find a convenient method
to obtain titration constants for various metal ions in methanol
solution, including the lanthanides and certain transition metal
ions. The titration constants are crucial elements for determin-

ing the s
spH values at which species with a known

[OCH3
−]/Mx+ ratio exist. As such they are essential for inter-

preting our findings that La3+, Eu3+, and Zn2+ are remarkably
active in catalyzing certain methanolysis reactions (1, 21). We
have undertaken three different approaches for analyzing the
titration data. We have applied the simplified method of
Simms for determining certain titration constants, defined as
half neutralization constants or s

sp ′G1, conveniently interpreted
as the solution s

spH where the average OCH3
−/Mx+ ratio is 0.5

and 1.5. This allows one to define approximately the s
spH re-

gions where one can form the maximum concentrations of
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Fig. 6. Potentiometric titration of 2 × 10–3 M Zn(OTf)2 (�),
(Ni(ClO4)2 (�), Co(ClO4)2 (�), and Cu(OTf)2 (�) in methanol
(no added electrolyte).

Fig. 7. Potentiometric titration curves of 1 × 10–3 M La(OTf)3 in
the presence of 0.04 M Bu4NX salts. (a) (�) X = NO3

−, (�) X =
OTf,, (�) no added electrolyte; (b) (�) X = Cl–, (�) X = Br–,
(�) X = I–, (�) no added electrolyte.
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certain species that may have kinetic activity. However, this
approach does not reveal the intricate details of the acid–
base equilibria involved and the constants are complicated
composites of various equilibria including ion-pairing be-
tween the Mx+ and solution counterions and metal
dimerizations and (or) oligomerizations which can affect the
ionizations of (Mx+)n(HOCH3)m forms. Through subsequent
application of a computer program (PKAS), the shape of the
titration profile can be modeled, and apparent s

s
apK values

can be derived. While these are also complicated functions
of the various equilibria in solution, one can identify quickly
situations where metal ion association exists because the ti-
tration profiles are much steeper than expected for a simple
ionization.

When necessary, additional detailed information concern-
ing the speciation of the Mx+/OCH3

− forms can be obtained
through fits of the potentiometric titration curves to multi-
equilibrium models using the computer program Hyperquad
which gives the microsopic stability constants for the vari-
ous species in solution. This type of fit is best undertaken
for metal ions shown to be catalytically active, and where
additional information concerning the likely speciation in
solution is available. Through an extensive fitting of the La3+

titration data and comparison with our previous kinetic re-
sults for the catalyzed methanolysis of p-nitrophenyl acetate,
we have confirmed that the active form of the catalyst is a
previously proposed La2(OCH3)2 dimer, giving further cre-
dence to the applicability of the titration and (or) kinetic
treatment. Moreover, this method reveals a much more com-
plex situation where another dimeric form (La2(OCH3)4) is
present and reactive. As such, the advantage of this approach
when applied to metal ion catalysis of methanolyses, is the
ability to analyze complex kinetic behaviour attributable to a
multiequilibrium system which may be difficult, if not im-
possible, to analyze by standard kinetic approaches. Further
work from these laboratories will be aimed at extending the
titration and kinetic methodology to other reactions, metal
ions, and alcohol solvents.
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New potential dendritic cores: Selective chemistry
of dipentaerythritol

Hussein Al-Mughaid, T. Bruce Grindley, Katherine N. Robertson, and
T. Stanley Cameron

Abstract: Methods were developed to convert dipentaerythritol efficiently into di-O-benzylidene, di-O-cyclohexylidene,
di-O-1-ethylpropylidene, and di-O-methylene diacetals. The known di-O-benzylidene acetal, considered to be a single
isomer, was shown to be close to a statistical mixture of the cis,cis-, cis,trans-, and trans,trans-isomers. Structures were
established by a combination of NMR spectroscopy and X-ray crystallography. Reaction of the di-O-benzylidene acetals
with benzyl chloride and potassium hydroxide surprisingly gave good to excellent yields of the monobenzyl ethers. An
explanation for this observation was advanced. The dibenzyl derivatives of the di-O-benzylidene acetals were formed by
reaction of their dianions with benzyl bromide in DMF. Selective reduction of the di-O-benzylidene acetals with triethyl-
silane and boron trifluoride etherate gave 2′,6′-di-O-benzyldipentaerythritol. A crown ether was formed in modest yield
(12%) by reaction of the dianion of the di-O-methylene acetal with α ,α′ -dibromo-m-xylene in DMF.

Key words: dipentaerythritol, pentaerythritol, acetals, dendrimer, selective benzylation, crown ether.

Résumé : On a mis au point des méthodes qui permettent de transformer efficacement le dipentaérythritol en diacétals
di-O-benzylidène, di-O-cyclohexylidène, di-O-1-éthypropylidène et di-O-méthylène. On a démontré que l’acétal connu
di-O-benzylidène, qui était considéré comme un seul isomère, est en fait un mélange pratiquement statistique des trois
isomères cis,cis-, cis,trans- et trans,trans-. On a déterminé les structures par une combinaison de spectroscopie RMN et
de diffraction des rayons X. La réaction des acétals du di-O-benzylidène avec le chlorure de benzyle en présence d’hy-
droxyde de potassium conduit d’une façon surprenante à des rendements allant de bons à excellents des éthers monoben-
zyliques. On propose une explication pour cette observation. Les dérivés dibenzyliques des acétals du di-O-benzylidène se
forment par réaction de leurs dianions avec le bromure de benzyle dans le DMF. Une réduction sélective des acétals du
di-O-benzylidène par le triéthylsilane et l’éthérate de trifluorure de bore conduit au 2′,6′-di-O-benzyldipentaérythritol. La
réaction du dianion de l’acétal du di-O-benzylidène avec le α ,α′ -dibromo-m-xylène, dans le DMF, conduit à la forma-
tion d’un éther couronne avec un rendement modeste (12%).

Mots clés : dipentaérythritol; pentaérythritol; acétals; dendrimère; benzylation sélective; éther couronne.

[Traduit par la Rédaction] Al-Mughaid et al. 516

Introduction

Dendrimers have become the subject of intense interest in
the last few years (1–7). One of the molecules that has at-
tracted the most attention as either the central core or a
branching point of clusters and dendrimers is pentaerythritol
(1) (8–19). In contrast, dipentaerthritol (2), an inexpensive
commercially available compound with many of the favorable
characteristics of pentaerythritol, has been almost totally ne-
glected. Moreover, little is known about the regioselective
substitution of 2, whereas pentaerythritol has been exten-
sively investigated and there are now methods available to
selectively prepare a wide range of derivatives (20–29).

Dipentaerythritol has C2v symmetry making its six pri-
mary hydroxyl groups identical. As a result, it has consider-
able potential as a core or a branching point for the
formation of clusters and dendrimers. It is also a promising
headgroup for gemini surfactants (30). In order for this po-
tential to be achieved, the fundamental chemistry of this
compound must be established. In this paper, we report stud-
ies of the selective formation of acetals of 2 and examine
some further chemistry of these acetals.

Can. J. Chem. 81: 505–516 (2003) doi: 10.1139/V03-006 © 2003 NRC Canada
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There are two previous reports of acetals of dipent-
aerythritol (2). In 1950, Bograchov (31) reported that 2 re-
acted with benzaldehyde in benzene to form a di-O-
benzylidene acetal with a sharp mp (166°C) in 60% yield, but
did not discuss the possibility of stereoisomerism. He also re-
ported di-p-methoxybenzylidene and di-p-nitrobenzylidene
acetals. Later, Cabasso et al. (32) performed a trans-
acetalization reaction of dipentaerythritol with diethyl 2,2-
diethoxyethylphosphonate and obtained a bis-O-(2,2-diethyl
phosphonoethylidene) diacetal in 90% yield, again without
discussion of stereoisomerism. For all acetals derived from
dipentaerythritol, 1,3-dioxane derivatives are produced that
have single substituents at C-2 of the 1,3-dioxane ring and
two different substituents at C-5. In these compounds, the
1,3-dioxane C-5 substituents are similar, both being CH2OR
groups, and the A-values of substituents at C-5 in 1,3-
dioxane rings are small (33). Therefore, under the equilib-
rium conditions used above, mixtures of stereoisomers
should have been produced and the results herein are in ac-
cord with this expectation.

Results and discussion

Acetal formation
Bograchov’s procedure for the preparation of the di-O-

benzylidene acetal of dipentaerythritol (2) in benzene did
not specify reaction time or the precise amount of the cata-
lytic p-toluenesulfonic acid used (31). Under conditions sim-

ilar to those used by Bograchov, a reaction time of 10 h at
reflux in benzene with removal of water was found to give
the best yield of the dibenzylidene acetals of 85%. Longer
reaction times gave faster moving compounds (see later) on
TLC; shorter reaction times resulted in lower consumption
of dipentaerythritol. The use of toluene as the solvent under
azeotropic conditions gave lower yields of the di-O-benzy-
lidene acetals as will also be discussed later. The product
was found to be a mixture of the three possible stereo-
isomers, the cis,cis-, cis,trans-, and trans,trans-isomers
(Scheme 1). One isomer (3, mp 164–166°C) had a smaller Rf
value on TLC on silica gel and it was separated by flash col-
umn chromatography. The other two isomers (4 (mp 123–
125°C), 5 (mp 170–173°C)) had very similar Rf values but
were obtained individually by acetylation, separation of the
diacetates (4a and 5a) by chromatography, and deacetylation.
Based on their melting points, the compound isolated by
Bograchov was the cis,cis-isomer.

In the 1,3-dioxane rings of the acetals and their deriva-
tives discussed in this publication, there are two very similar
groups at C-5 of the 1,3-dioxane rings, CH2OCH2C groups
and CH2OH groups, or derived CH2OR groups. The selec-
tion of which groups are used to determine cis or trans for
all benzylidene acetals described here is based on the Cahn–
Prelog–Ingold priorities (34) for the parent acetal, that is, at
C-5 in each 1,3-dioxane ring, the arrangement of the
CH2OCH2C group with respect to the phenyl group is used
to name the configuration present. This has the advantage
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Fig. 2. ORTEP diagram for trans,trans-2′,2′ ′ :6′,6′ ′ -di-O-
benzylidene-2′,2′ ′ ,6′,6′ ′ -tetra(hydroxymethyl)-4-oxa-1,7-
heptanediol (5).

Fig. 1. ORTEP diagram for 1,7-di-O-benzoyl-cis,cis-2′,2′ ′ :6′,6′ ′ -
di-O-benzylidene-2′,2′ ′ ,6′,6′ ′ -tetra(hydroxymethyl)-4-oxa-1,7-
heptanediol (3b).

Scheme 1.
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that substitution does not change the description of the
stereoisomer. All numbering of atoms in these compounds in

this publication is based on that of the parent 4-oxa-1,7-
heptanediol system as illustrated in the structure of 3, except
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Compound cis Ring trans Ring

H1 H2′a H2′e H3 PhCH Ac H1 H2′a H2′e H3 PhCH Ac
3a 3.94 3.81d 4.10d 3.84 5.43 2.06
4a 3.95 3.84e 4.08e 3.74 5.44 2.10 4.46 3.91f 4.11f 3.32 5.42 2.05
5a 4.47 3.90f 4.11f 3.20 5.44 2.09

C1 C2 C3 C2′ PhCH Ac C1 C2 C3 C2′ PhCH Ac
3a 64.1 38.2 69.9 69.8 101.1 20.8
4a 63.9 38.2 70.1 69.7 101.9 21.0 63.3 38.2 71.3 69.9 102.1 20.9
5a 63.1 38.2 71.4 69.8 102.2 21.0

aThe assignment of H2′a and H2′e based on chemical shifts (35) was supported by a larger NOESY cross-peak between the signal of H2′a and that of
the acetal proton than that of H2′e and the acetal proton.

bAromatic protons and carbons are not shown.
cJ2′a,2′e = J6′a,6′e = 11.90 Hz.
dJ2′a,2′e = J6′a,6′e = 11.90 Hz.
eJ2′a,2′e = 11.75 Hz.
fJ6′a,6′e = 11.90 Hz.

Table 2. Chemical shifts (ppm) of acetates 3a–5a.a–c

Compound cis Ring trans Ring

H1 H2′a H2′e H3 PhCH H1 H2′a H2′e H3 PhCH
3 3.44 3.72d 4.13d 3.97 5.41
4 3.41 3.70 4.11e 3.82 5.41 4.00 3.79f 4.11f 3.32 5.39
5 3.98 3.74g 4.11g 3.21 5.42

C1 C2 C3 C2′ PhCH C1 C2 C3 C2′ PhCH
3 64.5 39.3 71.8 70.5 102.2
4 64.2 39.4 71.6 70.6 102.1 62.3 39.3 72.4 70.2 102.1
5 62.4 39.4 72.7 70.1 102.1

aNumbering shown on structures.
bThe assignment of H2′a and H2′e based on chemical shifts (35) was supported by a larger NOESY cross-peak between the signal of H2′a and that of

the acetal proton than that of H2′e and the acetal proton.
cAromatic protons and carbons are not shown.
dJ2′a,2′e = J6′a,6′e = 11.9 Hz.
eJ2′a,2′e = 12. 5 Hz.
fJ6′a,6′e = 12.2 Hz.
gJ2′a,2′e = J6′a,6′e = 11.6 Hz.

Table 1. Chemical shifts (ppm) of diols 3–5.a–c

Scheme 2.
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where features related to 1,3-dioxane rings are discussed.
Carbons directly attached to carbon-2 are designated carbon-
2′ and carbon-2′ ′ .

Compound 4 was assigned the Cs symmetric cis,trans-
structure from the observation of two sets of signals in the
NMR spectra of it and its diacetate (4a), arising from the
two diasterotopic halves of the molecules (see Tables 1 and
2). The structures of the two C2v symmetric isomers (3 and
5) were obtained from their X-ray structures and from that
of the di-O-benzoyl derivative of 3, 3b. ORTEP diagrams of
the structures of 3b and 5 are shown in Figs. 1 and 2 and the
crystal data is given in Table 3. The X-ray structure of the
cis,cis-structure 3 contains interesting hydrogen-bonding
features that are discussed in detail elsewhere.2 The crystal
structures of it and of its di-O-benzoyl derivative (3b) (see
Fig. 1) establish that 3 has the cis,cis-configuration and that
of 5 confirms its assignment as the trans,trans-isomer.

The 1H NMR chemical shifts of the exocyclic CH2 groups
do not fit the normal pattern (35) in which the signals of
equatorial groups on six-membered rings are more
deshielded than those of axial groups (see Tables 1 and 2).
In the spectrum of the cis,cis isomer 3, the methylene pro-
tons in the equatorial CH2OH group appear at 3.44 ppm,
while those in the axial CH2OC group appear at 3.97 ppm;
in the spectrum of the trans,trans isomer 5, the methylene
protons in the equatorial CH2OC group appear at 3.21 ppm,
while those in the axial CH2OH group appear at 3.98 ppm.
Weber had previously assigned signals for analogous penta-
erythritol signals in the same way (25) and it is well-known
that axial substituents at C-5 of 1,3-dioxane derivatives are
more deshielded than equatorial substituents (36–38).

The 13C NMR chemical signals of the CH2OH groups are
particularly useful for assignments, appearing in an other-

wise unoccupied region. Those of equatorially oriented car-
bons in cis rings appear at 64 to 65 ppm while the axial ones
in trans rings appear at 62.0 to 62.5 ppm. In contrast to the
observations made about for the 1H NMR spectra above, this
trend is opposite to what has been observed for 2-
substituted-5-methyl-1,3-dioxanes; axial methyl carbons are
more deshielded than those of their equatorial counterparts
(37–39).

The individual proportions of the isomers in the 85% total
yield of di-O-benzylidene isomers were obtained by taking
the isolated yields of the diacetates of 4 and 5 and extrapo-
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Compound 3b 5

Empirical formula C38H38O9 C12H15O3.5

FW 638.71 215.25
T (K) 293(2) 293(2)
Wavelength (Å) 1.5418 1.5418
Crystal system Triclinic Monoclinic
Space group P1 C2
a (Å) 14.547(4) 19.760(4)
b (Å) 19.069(4) 5.847(3)
c (Å) 6.004(2) 10.553(3)
α (°) 91.70(2) 90
β (°) 100.07(2) 115.03(2)
γ (°) 90.02(2) 90
V (Å3) 1639.0(7) 1104.8(6)
Z 2 4
Dcalcd. (Mg m–3) 1.294 1.294
µ (mm–1) 0.756 0.781
F(000) 676 460
No. of reflns. collected 4575 1033
No. of indep. reflns., Rint 4342, 0.1200b 999, 0.0432
S (GoF) on F2 0.925 1.108
R [I > 2F(I)] 0.0373 0.0431
wR (all data) 0.1431 0.1255
Largest diff. peak, hole (e Å–3) 0.168, –0.197 0.227, –0.242

aCrystallographic information deposited with the Cambridge
Crystallographic Data Centre3 and CISTI4.

b0.0279 for the 5F data (136 reflections).

Table 3. Crystal data for 3b and 5.a

Scheme 3.

2 T.B. Grindley, H. Al-Mughaid, K.N. Robertson, T.S. Cameron, M.D. Lumsden, D. MacLaren, and M.A. White. In preparation.
3 Crystallographic information has been deposited with the Cambridge Crystallographic Data Centre (CCDC Nos. 199279 and 199280 for 3b
and 5, respectively). Copies of the data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retreiving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax: +44 1223 336033; or deposit@ccdc.cam.ac.uk).

4 Supplementary data, which includes further X-ray data and NMR spectra, may be purchased from the Depository of Unpublished Data, Docu-
ment Delivery, CISTI, National Research Council of Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for
information on ordering electronically).

3 Crystallographic information has been deposited with the Cambridge Crystallographic Data Centre (CCDC Nos. 199279 and 199280 for 3b
and 5, respectively). Copies of the data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retreiving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax: +44 1223 336033; or deposit@ccdc.cam.ac.uk).

4 Supplementary data, which includes further X-ray data and NMR spectra, may be purchased from the Depository of Unpublished Data, Docu-
ment Delivery, CISTI, National Research Council of Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for
information on ordering electronically).
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lating back to the original mixture. These were 34:41:24%
for 3:4:5, respectively, fairly close to a statistical distribu-
tion. As expected from the similarity of the substituents at
the two C-5 positions of each 1,3-dioxane ring, the differ-
ences in stability between the cis- and trans-isomers are
very small.

Murguía et al. (40) recently introduced the use of DMF–
benzene mixtures as solvents for the formation of acetals
from diols and polyols that are very insoluble in benzene or
toluene, particularly from pentaerythritol. Azeotropic re-
moval of water from this solvent mixture can be performed
exactly as with pure benzene. Application of this procedure
to the formation of benzylidene acetals of 2 gave about the
same yield of di-O-benzylidene acetals as obtained under the
conditions described above, that is, using benzene alone as a
solvent. The stereoisomeric distribution, measured from the
intensities of the 13C NMR peaks for the C-2′,2′ ′ ,6′,6′ ′ car-
bons (70 to 71 ppm), was also very close to statistical.

Use of toluene or DMF–toluene mixtures for this reaction
under conditions for the azeotropic removal of water was
less satisfactory in that lower yields of the di-O-benzylidene
acetals were obtained. Under these conditions, the product
mixture always contained products that moved faster than
the di-O-benzylidene acetals on TLC. The compound giving
the most intense fast-moving spot was isolated and identified
as di-O-benzylidenepentaerythritol (23, 41). This product
probably arises from a fragmentation reaction, for which one
possibility is shown in Scheme 2. Intermediates resulting
from dehydration of compounds resulting from the aldol
condensation of formaldehyde and acetaldehyde are thought
to lead to the by-product dipentaerythritol during the prepa-
ration of pentaerythritol (42). A fragmentation reaction, such
as that observed here, is expected to be aided by a large pos-
itive entropy of reaction and thus to be strongly favored by
increased reaction temperature. It appears that the approxi-
mately 30°C increase in reaction temperature on changing
the solvent from benzene to toluene is sufficient to make
fragmentation a significant process.

In the report (32) of the transacetalization reaction of 2
with diethyl 2,2-diethoxyethylphosphonate, 10.2 g of 2 were
stirred with 2.02 equiv of the acetal and 20 mL of concen-
trated hydrochloric acid at room temperature for 8 days. The
product, a syrup, was obtained in 90% yield after neutraliza-
tion and extraction. These were equilibrium conditions. As
for the benzylidene acetals, there is no reason to believe that
the cis- and trans-isomers would have significantly different
stabilities. Therefore, this product should be a mixture of the
three possible stereoisomers. The 1H NMR and 13C NMR
spectra of the product were recorded at either 60 MHz or
100 MHz and at 25.2 MHz, respectively (32). In the 1H
NMR spectra (32), the methylene units in the CH2OH
groups were reported to appear as doublets (J = 7.5 Hz) with
no identified coupling partner (the OH peak was a singlet).

Similarly, the methylene units in the CCH2OCH2C group
were reported (32) to appear as a doublet (J = 6.0 Hz) with
no identified coupling partner. Since neither of these two
groups gave rise to doublets in individual isomers, this is
clear evidence that a mixture was present. We conclude that
the expected mixture was present in this literature product,
even though the reported (32) spectral data cannot be inter-
preted fully. It should be noted that the spectra of the initial
di-O-benzylidene acetal mixture are difficult to interpret,
even on higher field spectrometers.

Reaction of dipentaerythritol with cyclohexanone in the
presence of a 0.1 mol equiv (based on cyclohexanone) of p-
toluenesulfonic acid monohydrate in benzene–DMF
(40:60, v/v) for 6 h at reflux (the conditions of Murguía et
al. (40)) afforded the diacetal 6 in 98% yield (Scheme 3).
The amount of p-toluenesulfonic acid used is important; the
reaction proceeded very slowly in the presence of <1 mol%
but occurred rapidly when >2 mol% was added, again based
on the ketone. Under the same conditions, 3-pentanone gave
the corresponding diacetal 7 in 60% yield. The di-O-methy-
lene acetal (8) derivative of dipentaerythritol was formed in
41% yield by stirring with 37% aqueous formaldehyde and
concentrated hydrochloric acid at 85°C for 14 h.

It is interesting to note that the chemical shift differences
between the two sets of signals for H′2, H2′ ′ , H6′, and H6′ ′
were very small in the 1H NMR spectra of 6–8 in chloro-
form-d (0 (0.034 in pyridine-d5), 0, and 0.025 ppm, respec-
tively) but were much larger in those of 3–5 (0.42, 0.41 and
0.32 (trans-ring), and 0.37 ppm, respectively). These differ-
ences reflect the conformational properties of the two sets of
compounds. In the benzylidene acetals, the 2-phenyl group
in each 1,3-dioxane ring fixes the chair conformer giving
rise to distinct equatorial and axial orientations for the two
protons on C-2′, C-2′ ′ , C-6′, and C-6′ ′ . In contrast, the 1,3-
dioxane rings of 6–8 were present in both chair conformers
in approximately equal amounts, also reflected in the small
chemical shift difference between the acetal protons of the
di-O-methylene acetal 8 (0.046 ppm).

Formation of benzyl ethers

Benzylation of diol 3 by stirring with potassium hydrox-
ide in benzyl chloride as the solvent for 2 h at 105°C sur-
prisingly afforded the monobenzyl ether (9) in 83% yield
(Scheme 4). This high selectivity was reproduced a number
of times in reactions performed at temperatures ranging
from room temperature up to 105°C. Selective formation of
a monoether from a diol in good yield is highly unusual and
is only possible if the rate of the first substitution is substan-
tially faster than that of the second. Neither allowing the re-
action to proceed longer nor raising the reaction temperature
produced the di-O-benzyl derivative. However, this latter
compound (10) could be made by reaction with sodium hy-
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Scheme 4. Scheme 5.
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dride and benzyl bromide in N,N-dimethylformamide (see
Scheme 5).

The normal outcome of attempts to form monosubstituted
products from two identical isolated reactive sites are mix-
tures of unsubstituted, monosubstituted, and disubstituted
products because the site remaining after the first substitu-
tion has about the same reactivity as those in the original
compound (43–47). Selective monobenzylation of these
diols can arise in two ways: the reactivity of one diol
hydroxyl group under these conditions may be greater than
that of an isolated alcohol or the introduction of the first
benzyl may have decreased the reactivity of the unreacted
hydroxyl. The latter possibility could occur if the mono-
benzyl derivative existed mainly in conformations where the
remaining hydroxymethyl group was shielded by the benzyl
group. This possibility was investigated by measuring 1D-
NOEs in chloroform. There were no substantial NOEs be-
tween the methylene hydrogens of the hydroxymethyl group
and either the methylene hydrogens or the phenyl hydrogens
of the benzyl group. We thus concluded that acceleration of
the initial benzylation must be the cause of this effect.

To confirm this hypothesis, a competition reaction was per-
formed in the presence of two equivalents of an unhindered
primary alcohol (1-octanol) (equivalent number of hydroxyl
groups) at room temperature for about the same time as nor-

mally taken for reaction completion with 3. Surprisingly,
these conditions yielded, after work-up, an approximately
2:1:1 mixture of the mono-O-benzyl derivative, the di-O-
benzyl derivative, and 1-octanol benzyl ether with no indica-
tion of the presence of 1-octanol. The benzylation of the
monobenzyl ether was much faster in the presence of 1-
octanol than in its absence. This observation indicates that
complexation of the potassium cation to at least two hydroxyl
groups is key to the selectivity of this reaction. A tentative
hypothesis is that complexation of the second hydroxyl to a
potassium cation makes both hydroxyl protons sufficiently
acidic that one can be removed easily, generating a more po-
tent nucleophile (see Scheme 6). In the absence of 1-octanol,
when one oxygen atom becomes hindered by formation of the
monobenzyl ether, the remaining hydroxyl becomes too insuf-
ficiently acidic to be competitive as a nucleophile.

Bessodes and Boukarim (47) have obtained selective
monobenzylation of 1,n-diols with benzyl bromide in tetra-
hydrofuran containing a catalytic amount of crown ether, us-
ing as base potassium hydroxide or sodium hydroxide, but
not lithium hydroxide. They attributed the selectivity to a
surface effect under their heterogeneous reaction conditions
because the ineffective base (lithium hydroxide) was the
only one to dissolve in the reaction medium. The selectivity
obtained here was obtained under fairly similar conditions to
those of these authors. However, the current selectivity can-
not be attributed to surface reactions because selectivity was
obtained under both homogeneous (higher temperatures) and
heterogeneous conditions. Bouzide and Sauvé (46) obtained
selective monobenzylation of symmetrical diols using silver
oxide and benzyl bromide in dichloromethane and other
nonpolar solvents. They attributed the selectivity to ease of
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Scheme 6.

Scheme 7.

Scheme 8.
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initial deprotonation from an intermediate similar to that
proposed here.

Treatment of the trans,trans-isomer (5) under the same
conditions also gave a mono-O-benzyl derivative (11)
(69%). However, the cis,trans-isomer (4) can form two dif-
ferent monobenzyl ethers. Both isomers were formed; sub-
stitution on the equatorial hydroxymethyl group in the cis-
ring to give compound 12 (54% yield) was preferred to sub-
stitution on the axial hydroxymethyl group in the trans-ring
to give compound 13 (16% yield) (see Scheme 7).

Other reactions
Benzylidene acetals can be reduced to hydroxy benzyl

ethers with a variety of reducing agents, most commonly
LiAlH4–AlCl3 (48, 49), NaCNBH3–HCl (50), and Et3SiH–
TFA (51). Recently, Debenham and Toone (52) have re-
ported a facile procedure for the regioselective reductive
cleavage of the benzylidene group to the corresponding
benzyl ether with Et3SiH–BF3·Et2O. Reduction of 4 under
these latter conditions in dichloromethane for 12 h resulted
in the clean formation of the dibenzyl ether of dipent-
aerythritol (14) in 64% yield. Application of the same proce-
dure to the chromatographically purified mixture of di-O-
benzylidene acetals (3–5) also gave 14 in similar yield
(68%) (see Scheme 8).

Reaction of the di-O-methylene acetal with sodium hydride
in DMF followed by α,α′-dibromo-m-xylene yielded a crown
ether (15) in modest yield (12%) (Scheme 9). The observa-
tion of small chemical shift differences between the two sets
of protons on C2′, C2′ ′ , C6′, and C6′ ′ (0.034 ppm) and also
between the two acetal protons (0.024 ppm) indicates that the
chair conformers of the 1,3-dioxane rings in this crown ether
are still inverting rapidly on the NMR time scale.

We have now developed efficient methods for the forma-
tion of di-O-cyclohexylidene and di-O-benzylidene and
other acetals of dipentaerythritol. We have established that
all diacetals of dipentaerythritol derived from aldehydes, as
exemplified by the di-O-benzylidene acetals, will be present
as mixtures of the cis,cis-, cis,trans-, and trans,trans-isomers
and have developed a method to separate and identify them.
We have demonstrated that these latter acetals can be con-
verted either into monobenzyl ethers or dibenzyl ethers effi-
ciently and have demonstrated other chemistry of these
diacetals. The ability to form selectively substituted dipent-
aerythritol derivatives has allowed us to make both novel
clusters with carbohydrate end groups (glycoclusters) and
novel gemini surfactants which will be reported in subse-
quent publications.

Experimental section

General methods
Melting points were determined with a Fisher-Johns melt-

ing point apparatus and are uncorrected. 1H and 13C NMR
spectra were recorded at 300 K in 5 mm NMR tubes on
Bruker AC-250 MHz or AMX-400 NMR spectrometers op-
erating at 250.13 or 400.13 and 62.9 or 100.08 MHz, respec-
tively, on solutions in chloroform-d, unless otherwise
indicated. Chemical shifts are given in parts per million
(ppm) (±0.01 ppm) relative to that of tetramethylsilane
(TMS) (0.00 ppm) in the case of 1H NMR spectra, and to the
central line of chloroform-d (δ 77.23) for the 13C NMR spec-
tra. All assignments were confirmed by COSY, HETCOR,
HMQC, or HMBC experiments. The exact masses of com-
pounds 3, 3a, 4, 4a, 5, 5a, 8, and 15 were measured on a
CEC 21-110B mass spectrometer using electron ionization
(70 eV). The exact masses of compounds 6, 7, 9, and 14
were measured by positive ion mode electrospray ionization
on a Micromass ZabSpec Hybrid Sector-TOF mass spec-
trometer. The liquid carrier (methanol) was infused into the
electrospray source by means of a Harvard syringe pump at
a flow rate of 10 µL min–1. The masses of 10, 11, and 13
were measured on a Micromass MALDI-TOF mass spec-
trometer calibrated with a Sigma ProteoMass Peptide
MALDI-MS calibration kit. Pyridine was dried by refluxing
over calcium hydride followed by distillation. Dichloro-
methane was refluxed over calcium hydride for 1 h, then dis-
tilled over 3 Å molecular sieve. Chloroform was dried with
magnesium sulfate, then distilled and stored over 4 Å molec-
ular sieve. Cyclohexanone and 3-pentanone were distilled
prior to use. N,N-Dimethylformamide was stored over acti-
vated 4 Å molecular sieve for 72 h. It was distilled under re-
duced pressure over freshly activated 4 Å molecular sieve.
Benzyl chloride was dried with magnesium sulfate, refluxed
over calcium hydride, and then fractionally distilled under
reduced pressure, collecting the the middle fraction. It was
stored over calcium hydride. Benzylidene acetals were visu-
alized by quenching of fluoresence or by spraying the plate
with a solution (53) of 0.2% p-methoxyphenol in ethanol –
2 N H2SO4 (1:1, v/v) and heating on a hot plate until colour
developed. The di-O-methylene acetal was located by spray-
ing (54) with an acidic solution of anisaldehyde in ethanol
(ethanol (9 mL), anisaldehyde (0.5 mL), and concentrated
sulfuric acid (0.5 mL)) and heating on a hot plate until col-
our developed. Other compounds were visualized by UV
where applicable and (or) were located by spraying with a
solution of 2% ceric sulfate in 1 M sulfuric acid followed by
heating on a hot plate until colour developed. Compounds
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were purified on silica gel (TLC standard grade, 230–400
mesh) by flash chromatography using specified eluents.
Analyses were performed by the Canadian Microanalytical
Service, Delta, B.C.

X-ray structure determinations
Crystals of 3b (1.50 × 0.10 × 0.10 mm) and 5 (0.70 ×

0.25 × 0.10 mm) were mounted on glass fibres. All measure-
ments were made at room temperature on a Rigaku AFC5R
diffractometer equipped with a 12 kW rotating anode genera-
tor and using graphite-monochromated Cu-Kα radiation. For
each structure, cell constants and an orientation matrix for
data collection were obtained from a least-squares refinement
using the setting angles of a minimum of 24 reflections. Dur-
ing the data collections the intensities of three representative
reflections were measured after every 150 reflections. Over
this time the standards decreased by 3.9% for compound 5 so
a polynomial decay correction was applied. An empirical ab-
sorption correction was also applied in each case; this resulted
in transmission factors ranging from 0.665 to 1.000 (3b) or
0.660 to 1.000 (5). In both determinations, the data were cor-
rected for Lorentz and polarization effects and a correction
for secondary extinction was applied. The structures were
solved by direct methods (55) and expanded using Fourier
techniques. Full-matrix least-squares refinement on F2 data
was carried out using the program SHELXL97 (56). The non-
hydrogen atoms were refined anisotropically. In general, the
hydrogen atoms were included in geometrically calculated po-
sitions but were not refined. The only exception was H(O1) of
compound 5. The position of H(O1) was located in the Fou-
rier difference map and was refined isotropically. Crystal data
are summarized in Table 3.3,4

cis,cis-, cis,trans-, and trans,trans-2′,2′ ′:6′,6′ ′-Di-O-
benzylidene-2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1,7-
heptanediol (3, 4, and 5, respectively)

A suspension of dipentaerythritol (2) (12.71 g, 0.05 mol),
benzaldehyde (11.2 mL, 0.11 mol, 2.2 equiv), and p-toluene-
sulfonic acid monohydrate (0.1 g) in benzene (270 mL) was
refluxed for 2 h then allowed to cool to room temperature.
Additional benzene (250 mL) and p-toluenesulfonic acid
monohydrate (0.4 g) were then added and the mixture was
refluxed for 8 h using a Dean–Stark apparatus. After being
cooled to room temperature, the homogeneous reaction mix-
ture was stirred with calcium carbonate (5 g) and filtered.
The filtrate was dried over MgSO4 and concentrated to an
oily residue (18.28 g), which solidified upon standing. Part
of the above residue (3.85 g) was separated by flash column
chromatography using ethyl acetate – hexanes (1:1) as the
eluent. A mixture (1.77 g) of isomers 4 and 5 eluted first
(Rf = 0.32) (eluent ethyl acetate – hexanes, 2:1). The second
component was isomer 3 (Rf = 0.15) (eluent ethyl acetate –
hexanes, 2:1) as an amorphous solid (1.32 g, 34%), which
was then recrystallized from 1-propanol to afford pure color-
less needles, mp 164–166°C, lit. value (31) 166°C. For 1H
and 13C NMR data, see Table 1. EI-HR-MS calcd. for
C24H30O7: 430.1991; found: 430.1985.

The first eluting fraction (1.77 g) from the previous col-
umn was dissolved in pyridine (128 mL). The stirred solu-
tion was cooled to 0°C and acetic anhydride (128 mL) was
added dropwise. After being allowed to warm to room tem-

perature, the solution was stirred for 12 h, then poured into
ice water (500 mL). The resulting mixture was extracted
with dichloromethane (4 × 50 mL). The combined extracts
were dried over MgSO4 and concentrated to an oily residue.
The residue was separated by flash column chromatography
on silica gel (ethyl acetate – hexanes, 1:5).

First to elute was 1,7-di-O-acetyl-cis,trans-2′,2′ ′ :6′,6′ ′-di-
O-benzylidene-2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1,7-
heptanediol (4a), an amorphous solid (2.2 g). Rf 0.74
(ethylacetate – hexanes, 1:1), mp 108 to 109°C. For 1H and
13C NMR data, see Table 2. EI-HR-MS calcd. for
C28H34O9: 514.2202; found: 514.2210.

The second component was 1,7-di-O-acetyl-trans,trans-
2′,2′ ′ :6′,6′ ′-di-O-benzylidene-2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-
4-oxa-1,7-heptanediol (5a), an amorphous solid (1.35 g) that
crystallized from acetone–methanol as microcrystalline nee-
dles. Rf 0.66 (ethyl acetate – hexanes, 1:1), mp 139 to
140°C. For 1H and 13C NMR data, see Table 2. EI-HR-MS
calcd. for C28H34O9: 514.2202; found: 514.2211.

A solution of 4a (2.2 g, 0.004 mol) in dry chloroform
(100 mL) was cooled to 0°C and 1 M sodium ethoxide
(2 mL) was added dropwise. The mixture was then stirred
until TLC indicated the disappearance of the starting mate-
rial (3 h). The chloroform solution was washed with water
(6 × 30 mL), dried over MgSO4, and concentrated to afford
the de-O-acetylated cis,trans-isomer 4 (1.53 g, 83%), which
was recrystallized from 1-propanol; mp 126 to 127°C. For
1H and 13C NMR data, see Table 1. EI-HR-MS calcd. for
C24H30O7: 430.1991; found: 430.1987.

1,7-Di-O-acetyl-trans,trans-2′,2′ ′ :6′,6′ ′-di-O-benzylidene-
2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1,7-heptandiol (5a)
(1.35 g, 0.0026 mol) was de-O-acetylated as above, to give
the trans,trans-isomer 5 as an amorphous solid (0.77 g,
82%), which was then recrystallized from 1-propanol to af-
ford thin colorless plates; mp 170–173°C. For 1H and 13C
NMR data, see Table 1. EI-HR-MS calcd. for C24H30O7:
430.1991; found, 430.1978. For X-ray data, see Table 3.3,4

1,7-Di-O-acetyl-cis,cis-2′,2′ ′:6′,6′ ′-di-O-benzylidene-
2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1,7-heptanediol
(3a)

Compound 3 (50 mg) was acetylated as for the 4, 5 mix-
ture above. Colorless crystals (55 mg, 92%) were obtained
that were recrystallized from acetone–methanol; mp 104 to
105°C. For 1H and 13C NMR data, see Table 2. EI-HR-MS
calcd. for C28H34O9 (M+): 514.2202; found: 514.2176.
Calcd. for C28H33O9: 513.2124; found: 513.2117.

Alternative method of preparation of cis,cis-, cis,trans-,
and trans,trans-2′,2′ ′:6′,6′ ′-di-O-benzylidene-2′,2′ ′ ,6′,6′ ′-
tetra(hydroxymethyl)-4-oxa-1,7-heptanediol (3, 4, and 5,
respectively)

A suspension of dipentaerythritol (2) (1.0 g, 3.9 mmol),
benzaldehyde (0.90 mL, 8.8 mmol, 2.2 equiv), and p-
toluenesulfonic acid monohydrate (0.45 g, 2.6 mmol) in dry
benzene (60 mL) and N,N-dimethylformamide (90 mL) was
refluxed for 5 h with azeotropic removal of water. After be-
ing cooled to room temperature, the homogeneous reaction
mixture was stirred with calcium carbonate (2 g) and fil-
tered. The filtrate was dried over MgSO4 and concentrated to
an oily residue, which was purified by flash column chroma-
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tography on silica gel (ethyl acetate – hexane, 1:2) to give a
mixture of compounds 3, 4, and 5 (1.46 g, 85%).

Preparation of cis,cis-, cis,trans-, and trans,trans-
2′,2′ ′:6′,6′ ′-di-O-benzylidene-2′,2′ ′ ,6′,6′ ′-tetra(hydroxy-
methyl)-4-oxa-1,7-heptanediol (3, 4, and 5, respectively)
in toluene

A suspension of dipentaerythritol (5 g, 19.7 mmol), benz-
aldehyde (4.4 mL, 43.3 mol, 2.2 equiv), and p-toluene-
sulfonic acid monohydrate (0.5 g) in toluene (650 mL) was
refluxed for 8 h using a Dean–Stark apparatus. After cooling
to room temperature, the unreacted material (1.55 g) was fil-
tered off. The filtrate was stirred with calcium carbonate
(2 g) and filtered, dried over MgSO4 and concentrated to
dryness. The oily residue was separated by flash column
chromatography using ethyl acetate – hexanes (1:1) as the
eluent. First to elute was di-O-benzylidenepentaerythritol
(0.19 g, 3.3%), mp 155–158°C, lit. value (57) 160°C. 1H
NMR spectrum was identical to that of Clark (41). The sec-
ond component was a mixture (2.81 g) of isomers 4 and 5.
The third component was isomer 3 (0.94 g).

1,7-Di-O-benzoyl-cis,cis-2′,2′ ′:6′,6′ ′-di-O-benzylidene-
2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1,7-heptanediol
(3b)

Benzoyl chloride (0.1 mL) was added dropwise to a
stirred solution of the cis,cis-isomer (3, 100 mg,
0.230 mmol) in dry pyridine (3 mL) and stirring was contin-
ued for 1 h. The reaction mixture was poured into ice water
(20 mL) and the resulting mixture was extracted with di-
chloromethane (3 × 15 mL). The combined extracts were
dried (MgSO4) and concentrated to a solid residue (178 mg,
70%) which was then recrystallized from ethanol to afford
fine colorless needles, mp 165–167°C. 1H NMR δ: 7.97–8.02
(m, 4 × PhH, 20H), 5.45 (s, 2 × PhCH), 4.24 (s, 2 ×
CCH2OCO), 4.23, 3.93 (AB q, 8H, J = 11.9 Hz, H2′, H2′ ′ ,
or H6′, H6′ ′), 4.00 (CCH2OCH2C). 13C NMR δ: 166.25 (2 ×
PhCO), 128.45–138.11 (4 × PhC), 102.07 (2 × acetal C),
70.13 (CCH2OCH2C), 69.89 (C2′, C2′ ′ , C6′, C6′ ′), 64.40
(CCH2OCO). For X-ray data, see Table 3.3,4

2′,2′ ′:6′,6′ ′-Di-O-cyclohexylidene-2′,2′ ′ ,6′,6′ ′-tetra(hydroxy-
methyl)-4-oxa-1,7-heptanediol (6)

Dipentaerythritol (2.60 g, 0.010 mol), freshly distilled
cyclohexanone (0.025 mol, 2.5 equiv), and p-toluenesulfonic
acid (0.45 g, 2.6 mmol) were stirred in a refluxing mixture
of dry benzene and dry dimethylformamide (130 mL, 4:6
(v/v)) for 6 h with removal of water. After being cooled to
room temperature, the homogeneous reaction mixture was
stirred with calcium carbonate (2 g) and filtered. The filtrate
was dried over MgSO4 and concentrated to give the title
compound (4.02 g, 98%) as a pure colorless solid that was
recrystallized from ethyl acetate, mp 116–118°C. 1H NMR
δ: 3.70 (s, 2 × H2′, H2′ ′ , H6′, H6′ ′ , 8H), 3.64 (s, CH2OH,
4H), 3.49 (CCH2OCH2C, 4H), 1.42–1.74 (complex m, 2 ×
cyh H, 20H). 1H NMR (pyridine-d5, 400.13 MHz) δ: 4.05
(AB quartet, 2 × H2′, H2′ ′ ,H6′, and H6′ ′ , ∆ν = 0.0336 ppm,
J = 11.6 Hz, 8H), 4.03 (s, CH2OH, 4H), 3.73 (CCH2OCH2C,
4H), 1.35–1.90 (complex m, 2 × cyh H, 20H). 13C NMR δ:
98.66 (2 × acetal C), 72.55 (CCH2OCH2C), 63.86 (2 ×
CH2OH), 62.21 (C2′, C2′ ′ , C6′, C6′ ′), 39.63 (2 × C2), 32.72,

32.51 (2 × cyh C2, C6), 25.73 (2 × cyh C4), 22.63 (2 × cyh
C3, C5). ES-HR-MS calcd. for C22H38O7+Na: 437.2515;
found: 437.2511.

2′,2′ ′:6′,6′ ′-Di-O-(1-ethylpropylidene)-2′,2′ ′ ,6′,6′ ′-tetra(hy-
droxymethyl)-4-oxa-1,7-heptanediol (7)

Dipentaerythritol (2.60 g, 0.010 mol) was reacted with
freshly distilled 3-pentanone (2.15 g, 2.6 mL, 0.025 mol) as
above, to give the title compound (60%) as a colorless solid,
mp 123–126°C. 1H NMR δ: 3.67 (s, 2 × H2′, H2′ ′ , H6′, H6′ ′ ,
8H), 3.63 (s, CH2OH, 4H), 3.49 (CCH2OCH2C, 4H), 1.71
(q, 4 × CH3CH2-, 8H, J = 7.32 Hz), 0.88 (t, 4 × CH3CH2-,
12H, J = 4.88 Hz). 13C NMR δ: 101.71 (2 × C (CH2CH3)2,
72.32 (CCH2OCH2C), 63.60 (2 × CH2OH), 62.36 (C2′, C2′ ′ ,
C6′, C6′ ′), 39.25 (2 × C quat), 25.80, 25.53 (4 × CH3CH2-),
7.62 (4 × CH3CH2-). H-ES-MS calcd. for C20H38O7 + Na:
413.2515; found: 413.2517.

2′,2′ ′:6′,6′ ′-Di-O-methylene-2,2,6,6-tetrahydroxymethyl-4-
oxa-1,7-heptanediol (8)

2,2,6,6-Tetrahydroxymethyl-4-oxa-1,7-heptanediol 2 (26.0 g)
was stirred with 37% aqueous formaldehyde (26 mL) and
concentrated hydrochloric acid (26 mL) at 85°C for 14 h,
then cooled to room temperature. Sodium hydroxide pellets
were added slowly until the solution was basic (12.5 g) and
the cooled solution was filtered. The filtrate was extracted
with dichloromethane (3 × 50 mL) and the combined ex-
tracts were washed with water (10 mL), dried (MgSO4), and
concentrated to a syrupy residue (25.76 g). The residue was
taken up in chloroform (50 mL). When hexanes (75 mL)
were added, a colorless amorphous precipitate (7.3 g after
air drying) was obtained and concentration followed by rep-
etition yielded more precipitate (2.0 g). The residue (14.0 g)
was separated by flash column chromatography on silica gel
using ethyl acetate – hexanes (3:1) as the eluant and a fur-
ther 2.26 g were obtained. Total yield 11.56 g, 40.6%. Rf
0.34 (ethyl acetate – hexanes, 4:1). Recrystallization from
chloroform—hexanes yielded lustrous colorless plates, mp
95 to 96°C. 1H NMR (400.13 MHz) δ: 3.08 (br t, 2 H, J =
5.8 Hz, OH), 3.51 (s, 4 H, H-3,5), 3.64 (d, 4H, H-1,7), 3.72
(AB q, 8H, JAB = 11.25 Hz, ∆δAB = 0.025, CH2s on C-
2′,2′ ′ ,6′,6′ ′), 4.80 (AB q, 4H, JAB = 6.08 Hz, ∆δAB = 0.036,
acetal CH2).

13C NMR (62.9 MHz) δ: 39.89 (C-2,6), 62.54
(C-1,7), 69.74 (C-2′,2′ ′ ,6′,6′ ′), 71.14 (C-3,5), 94.27 (acetal
C). HR-EI-MS calcd. for C12H21O7 (M – 1): 277.1287;
found: 277.1270.

cis,cis-2′,2′ ′:6′,6′ ′-Di-O-benzylidene-7-benzyloxy-2′,2′ ′ ,6′,6′ ′-
tetra(hydroxymethyl)-4-oxa-1-heptanol (9)

Powdered potassium hydroxide (0.3 g, 5 mmol) was dis-
solved in a stirred solution of dry benzyl chloride (11.0 g,
10.0 mL, 86.9 mmol) over 20 min as the temperature was
raised to 105°C. cis,cis-Diol 4 (100 mg, 0.23 mmol) was
added and the solution was stirred for 2 h at 105°C. The re-
action mixture was allowed to cool to room temperature and
chloroform (25 mL) and water (25 mL) were added. The or-
ganic layer was washed with water (2 × 25 mL) and dried
(MgSO4) and concentrated to a colorless syrup, that was pu-
rified by column chromatography on silica gel using ethyl
acetate – hexanes (1:1) as the eluant. Yield: 100 mg, 83%.
1H NMR δ: 7.23–7.77 (m, 3 × PhH, 15H), 5.41 (2 × PhCH),
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4.45 (s, PhCH2O, 2H), 4.14, 3.73 (AB q, 4H, J = 12.5 Hz,
H2′, H2′ ′ or H6′, H6′ ′), 4.11, 3.85 (AB q, 4H, J = 12.5 Hz,
H6′, H6′ ′ or H2′, H2′ ′), 3.97, 3.92 (s, CCH2OCH2C, 4H),
3.45 (s, CH2OH, 2H), 3.27 (s, CCH2OCH2Ph, 2H). 13C
NMR δ: 126.14–138.20 (3 × PhC), 101.94, 102.08 (2 ×
PhC), 73.64 (PhCH2O), 72.80, 70.67 (CCH2OCH2C), 70.53,
70.35 (C2′, C2′ ′ , C6′, C6′ ′), 70.43 (CCH2OCH2Ph), 65.44
(CH2OH), 39.06, 39.12 (2 × C quat). HR-ES-MS calcd. for
C31H36O7 + Na: 543.2359; found: 543.2360.

1,7-Di-O-benzyl-cis,cis-2′,2′ ′:6′,6′ ′-di-O-benzylidene-
2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1,7-heptanediol
(10)

After a solution of cis,cis-diol 3 (100 mg, 0.23 mmol) in
DMF (20 mL) was cooled to 0°C, a 60% oil suspension of
sodium hydride (50 mg, 1.2 mmol) was added and the mix-
ture was allowed to stir for 30 min. Benzyl bromide
(0.2 mL) was added and the mixture was allowed to warm to
room temperature, then stirred for a further 3 h. Methanol
(1 mL) was added. After 15 min the mixture was concen-
trated under reduced pressure, then partitioned between ethyl
acetate (25 mL) and water (25 mL); the aqueous layer was
extracted with ethyl acetate (25 mL), and the combined ethyl
acetate layers were dried over MgSO4 and concentrated. The
residue was purified by column chromatography on silica
gel (ethyl acetate – hexane (1:5), Rf = 0.37) to give the title
compound (10) as a colorless oil (77 mg, 54%). 1H NMR δ:
7.30–7.50 (m, 4 × PhH, 20H), 5.42 (2 × PhCH, 2H) 4.43 (s,
2 × PhCH2O, 4H), 4.11, 3.90 (AB q, 8H, J = 11.6 Hz, H2′,
H2′ ′ , H6′, H6′ ′), 3.87 (s, CCH2OCH2C, 4H), 3.29 (s,
CCH2OCH2Ph,4H). 13C NMR δ: 126.36–138.59 (4 × PhC),
101.99 (acetal C), 73.71 (CH2Ph), 70.57 (CCH2OCH2C),
70.32 (C2′, C2′ ′ , C6′, C6′ ′) 70.32 (CH2OCH2Ph), 39.38 (C
quat.). MALDI-TOF HR-MS calcd. for C38H42O7 + Na:
633.283; found: 633.274.

trans,trans-2′,2′ ′:6′,6′ ′-Di-O-benzylidene-7-benzyloxy-
2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1-heptanol (11)

Powdered potassium hydroxide (0.3 g, 5 mmol) dissolved
partially in a stirred solution of dry benzyl chloride (11.0 g,
10.0 mL, 86.9 mmol) over 20 min as the temperature was
raised to 58°C. trans,trans-Diol 6 (100 mg, 0.23 mmol) was
added and the mixture was stirred for 5 h at 58°C. The reac-
tion mixture was allowed to cool to room temperature and
chloroform (25 mL) and water (25 mL) were added. The or-
ganic layer was washed with water (2 × 25 mL) and dried
(MgSO4) and concentrated. The residue was purified by col-
umn chromatography on silica gel (ethyl acetate – hexane
(1:1), Rf = 0.72) to give the title compound (11). Yield:
83 mg, 69%. Recrystallization from diethyl ether – hexanes
afforded an amorphous solid, mp 100 to 101°C. 1H NMR δ:
7.26–7.60 (m, 3 × PhH, 15H), 5.41, 5.40 (2 × PhCH), 4.58
(s, PhCH2O, 2H), 4.13, 3.82 (AB q, 4H, J = 11.6 Hz, H2′,
H2′ ′ or H6′, H6′ ′), 4.07, 3.76 (AB q, 4H, J = 11.9 Hz, H6′,
H6′ ′ or H2′, H2′ ′), 3.97 (d, CH2OH, J = 4.9 Hz, 2H), 3.81 (s,
CCH2OCH2Ph, 2H), 3.26, 3.21 (2s, CCH2OCH2C, 4H), 1.27
(t, 1H, OH). 13C NMR δ: 126.25–138.59 (3 × PhC), 102.08
(2 × PhC), 73.70 (PhCH2O), 72.85, 72.11 (CCH2OCH2C),
70.22, 70.00 (C2′, C2′ ′ , C6′, C6′ ′), 69.03 (CCH2OCH2Ph),
62.81 (CH2OH), 39.37, 39.23 (2 × C quat). MALDI-TOF
HR-MS calcd. for C31H36O7 + Na: 543.236; found: 543.217.

trans,cis-2′,2′ ′:6′,6′ ′-Di-O-benzylidene-7-benzyloxy-
2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1-heptanol (12)
and cis,trans-2′,2′ ′:6′,6′ ′-di-O-benzylidene-7-benzyloxy-
2′,2′ ′ ,6′,6′ ′-tetra(hydroxymethyl)-4-oxa-1-heptanol (13)

Powdered potassium hydroxide (0.3 g, 5 mmol) was par-
tially dissolved in a stirred solution of dry benzyl chloride
(11.0 g, 10.0 mL, 86.9 mmol) over 20 min as the tempera-
ture was raised to 80°C. cis,trans-Diol 4 (100 mg,
0.23 mmol) was added and the mixture was stirred for 3 h at
80°C. The reaction mixture was allowed to cool to room
temperature and chloroform (25 mL) and water (25 mL)
were added. The organic layer was washed with water (2 ×
25 mL) then dried (MgSO4) and concentrated. The oily resi-
due was separated by flash column chromatography on silica
gel (ethyl acetate – hexanes, 1:2). First to elute was com-
pound 12, an amorphous solid. Yield: 63 mg, 52%. Rf = 0.4
(ethyl acetate – hexanes, 1:2). It was recrystallized from 1-
propanol; mp 124 to 125°C. 1H NMR δ: 7.32–7.48 (m, 3 ×
PhH, 15H), 5.44, 5.41 (2 × PhCH), 4.50 (s, PhCH2O, 2H),
4.14, 3.78 (AB q, 4H, J = 12.21 Hz, H2′, H2′ ′ or H6′, H6′ ′),
4.12, 3.87 (AB q, 4H, J = 11.6 Hz, H6′, H6′ ′ or H2′, H2′ ′),
4.01 (d, CH2OH, 2H, J = 6.1 Hz), 3.80 (s, 2H, CCH2OCH2C
from the cis-ring), 3.35, 3.27 (2s, 4 H, CCH2OCH2Ph from
the cis-ring, CCH2OCH2C from the trans-ring), 2.15 (t, 1 H,
OH). 13C NMR δ: 126.08–138.06 (3 × PhC), 102.10, 102.07
(2 × PhC), 73.76 (PhCH2O), 73.20, 70.66 (CCH2OCH2C),
70.22, 70.18 (C2′, C2′ ′ , C6′, C6′ ′), 70.44 (CCH2OCH2Ph),
63.33 (CH2OH), 39.16, 39.33 (2 × C quat). Anal. calcd. for
C31H36O7: C 71.52, H 6.97; found: C 71.64, H 7.08.

The second component was also an amorphous solid (13,
19 mg, 16%). Rf = 0.25 (ethyl acetate – hexanes, 1:2), mp
90–92°C. 1H NMR δ: 7.25–7.39 (m, 3 × PhH, 15H), 5.43,
5.40 (2 × PhCH), 4.58 (s, PhCH2O, 2H), 4.16, 3.77 (AB q,
4H, J = 11.9 Hz, H2′, H2′ ′ or H6′, H6′ ′), 4.14, 3.82 (AB q,
4H, J = 11.9 Hz, H6′, H6′ ′ or H2′, H2′ ′), 3.86, 3.84 (2s, 4H,
CH2OCH2Ph in the trans-ring, CCH2OCH2C in the cis-ring),
3.47 (d, 2H, J = 5.8 Hz, CH2OH), 3.41 (s, CCH2OCH2C in
the trans-ring), 2.33 (t, 1H, OH). 13C NMR δ: 126.06–
138.36 (3 × PhC), 102.24, 102.13 (2 × PhC), 73.77
(PhCH2O), 73.06, 72.43 (CCH2OCH2C), 70.60, 70.37 (C2′,
C2′ ′ , C6′, C6′ ′), 69.37 (CCH2OCH2Ph), 65.49 (CH2OH),
39.24, 39.14 (2 × C quat). HR-ES-MS calcd. for C31H36O7 +
Na: 543.236; found: 543.259.

2,6-Bis(benzyloxymethyl)-4-oxa-1,7-heptanediol (14)
(a) From compound 4. To a stirred solution of the

cis,trans-diol 4 (0.16 g, 0.37 mmol, dried under vacuum for
12 h) in dry dichloromethane (5 mL) at 0°C was added
triethylsilane (2.13 mL, 4.5 mmol, 36 equiv) and freshly dis-
tilled boron trifluoride etherate (0.56 mL, 1.5 mmol, 12
equiv). After being allowed to warm to room temperature,
the solution was stirred for 12 h. The mixture was then di-
luted with dichloromethane (30 mL), washed with a satu-
rated sodium hydrogen carbonate solution (40 mL), dried
(MgSO4), and concentrated. The residue was purified by
flash column chromatography (ethyl acetate – hexanes (2:1),
Rf = 0.21) to afford the title compound (14) as a colorless
solid. Yield: 0.10 g, 64%, mp 95–97°C. 1H NMR δ: 7.26–
7.33 (m, 2 × PhH, 10H), 4.46 (s, 2 × PhCH2O, 4H), 3.61 (s,
4 × CH2OH, 8H), 3.46 (s, 2 × CCH2OCH2Ph, 4H), 3.40 (s,
CCH2OCH2C, 4H). 13C NMR δ: 127.68–137.93 (2 × PhC),
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73.82 (2 × PhCH2O), 71.96 (CCH2OCH2C), 71.75 (2 ×
CCH2OCH2Ph), 64.23 (4 × CH2OH), 45.42 (2 × C quat).
HR-ES-MS calcd. for C24H34O7 + Na: 457.2202; found:
457.2202.

(b) From the mixture of compounds 3–5. Application of
the procedure from part (a) to the mixture of diols 3–5
(50 mg, 0.12 mmol) gave the same product (14) (36 mg,
68%).

Reaction of 2′,2′ ′:6′,6′ ′-di-O-methylene-2,2,6,6-tetrahy-
droxymethyl-4-oxa-1,7-heptanediol (8) with 1,3-di(bro-
momethyl)benzene

To a solution of sodium hydride (60% oil dispersion,
320 mg, 8 mmol) in dry DMF (50 mL) magnetically stirred
in a three-necked round-bottomed flask under nitrogen was
added dropwise, simultaneously, solutions of compound 8
(1.113 g, 4 mmol) in DMF (20 mL) and 1,3-di(bromo-
methyl)benzene (1.056 g, 4 mmol) in DMF (15 mL) from
pressure-equalized dropping funnels. After two-thirds of the
addition had been made, more 60% sodium hydride
(400 mg, 10 mmol) was added before the dropwise addition
was complete. The mixture was stirred 3 days, then concen-
trated. The residue was taken up in dichloromethane
(30 mL) and the solution was washed with water (3 ×
10 mL), dried (MgSO4), and concentrated. Crystals of the ti-
tle compound (15) were deposited which were recrystallized
from choroform–hexanes. Yield: 180 mg, 12%. Rf = 0.81
(ethyl acetate — hexanes, 3:1), mp 197–199°C. 1H NMR
(400.13 MHz) δ: 3.30 (s, 4H, H-1,7), 3.53 (s, 4 H, H-3,5),
3.69 (AB q, 8 H, JAB = 11.31 Hz, ∆δAB = 0.0344, CH2s on
C-2′,2′ ′ ,6′,6′ ′), 4.64 (s, 4H, Bn H), 4.80 (AB q, 4H, JAB =
6.08 Hz, ∆δAB = 0.027, acetal CH2), 7.03 (dd, 2H, Jortho =
7.48 Hz, Jmeta = 1.45 Hz, Ph H-4,6), 7.251 (t, 1H, Ph H-5),
7.512 (br s, Ph H-2). 13C NMR (62.9 MHz) δ: 39.29 (C-2,5),
66.91 (C-1,7), 69.27 (Bn CH2), 70.40 (C-2′,2′ ′ ,6′,6′ ′), 71.96
(C-3,5), 94.49 (acetal C), 123.11 (Ph C-2), 126.13 (Ph C-
4,6), 128.17 (Ph C-5), 139.24 (Ph C-1,3). HR-EI-MS calcd.
for C20H28O7 (M+): 380.1835; found: 380.1817.

Competition experiment

Powdered potassium hydroxide (0.15 g, 2.5 mmol) was
suspended in dry benzyl chloride (5.5 g, 5 mL, 43.5 mmol)
and this mixture was stirred at room temperature for 15 min.
cis,cis-Diol 5 (50 mg, 0.12 mmol) was added followed by 1-
octanol (0.23 mmol, 2 equiv, 0.036 mL) and the mixture was
stirred for 2.5 h at room temperature. The solution was con-
centrated and the residue was examined by NMR.
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An unusual abnormal Wolff rearrangement1

Howard E. Zimmerman and Pengfei Wang

Abstract: An unusual example of the abnormal Wolff rearrangement was studied. The bicyclic structure of the reactant
and intermediates precluded some mechanistic possibilities of this unusual abnormal Wolff rearrangement. The study
involved the photochemical rearrangement of diazodehydronorbornone bearing phenyl and 2-pyridyl groups at C-7. A
number of examples of interesting stereoselectivity were encountered. The mechanism was investigated by use of ab in-
itio QST type computations, which located a unique transition structure species accounting for the reaction mechanism.

Key words: abnormal-Wolff, carbene, rearrangement, QM computations, reaction mechanism.

Résumé : On a étudié un exemple inhabituel d’un réarrangement anormal de Wolff. La structure bicyclique du réactif
et des intermédiaires ne permettaient pas certaines possibilités mécanistiques de cet exemple inhabituel d’un réarrange-
ment anormal de Wolff. L’étude implique le réarrangement photochimique d’une diazodéhydronorbornone portant des
groupes phényle et 2-pyridyle au niveau du C-7. On a rencontré un certain nombre d’exemples de stéréosélectivité inté-
ressante. On a étudié le mécanisme sur la base de calculs théoriques ab initio de type QST qui ont permis de localizer
la structure d’une espèce définie de transition permettant d’expliquer le mécanisme réactionnel.

Mots clés : réaction anormale de Wolff, carbène, réarrangement, calculs de type QM, mécanisme réactionnel.

[Traduit par la Rédaction] Zimmerman and Wang 524

Introduction and background

The Wolff rearrangement has been a valuable synthetic
tool. Interestingly, in the special case of β,γ-unsaturation in
the reactant diazoketone, there is a dramatic alteration of the
reactivity (1). Remarkably, this rather interesting reactivity
went unnoticed until the simultaneous efforts of our research
group (2), that of Smith (3), and Lokensgard (4). The exten-
sive studies by Smith established the generality and syn-
thetic utility of the reaction.

Our own research was initiated with the idea of providing
housone reaction intermediates involved in the photochemi-
cal rearrangement of 4,4-diphenylcyclopentenone (2a) which
had been found to afford an unexpected unsaturated ketene.
Indeed, it was found that at low temperature housones were
formed (2) but fragmented on warming to afford ketenes of
structure 5. From room temperature irradiations only the
ketene 5 was observed and isolated as methyl ester 6. The
mechanisms considered are shown in Scheme 1.

An independent generation of the intermediates was
sought in the reaction of the stilbenyl diazoketone 7 which
was observed to afford the same housone 4, ketene 5, and
methyl ester 6 (Scheme 2). Parallel results were observed in
the study of Smith (3) who obtained a large number of ex-
amples of the diazoketone reaction.

Recently, in connection with our studies of intramolecular
proton transfer, we found closely related results in the Wolff
rearrangement of dehydronorbornyl diazoketones. However,
as a consequence of the bicyclic nature of the system, a
number of mechanistic aspects, originally proposed, needed
modification for this system.

Results

Synthesis of the diazoketones
The synthesis of the two diazoketones (12-syn and 12-

anti) of interest is outlined in Scheme 3. The reactant nor-
bornenones, 10-syn and 10-anti derived from our earlier
studies (5), and provided convenient starting points. In the
case of the syn ketone 10-syn, the initially formed lithium
enolate was obtained as a solid and could be used directly
rather than isolating the formylated ketone. Both diazo-
ketone diastereomers (12-syn and 12-anti) were obtained as
yellow crystalline solids.

Results

The abnormal Wolff rearrangement
In contrast to the ordinary Wolff rearrangement of the sat-

urated 7,7-diaryldiazonorbornyl ketones (5), the dehydronor-
bornyl counterparts 12-syn and 12-anti reacted to give
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unanticipated photoproducts. The reaction course of the syn-
phenyl diastereomer (12-anti) is outlined in Scheme 4. In

addition to the expected normal Wolff rearrangement prod-
ucts (14-anti-exo and 14-anti-endo) there were three rather

© 2003 NRC Canada
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Scheme 1. Original reaction mechanisms considered.

Scheme 2. Reaction mechanism variations.

Scheme 3. Synthesis of the diastereomeric dehydronorbornyl diazocompounds.
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interesting but unexpected photoproducts — 15-anti-endo,
15-anti-exo, and 16-anti.

The photolysis of 12-syn led, in addition to the antici-
pated Wolff rearrangement products 14-syn-exo and 14-syn-
endo, to two abnormal Wolff products (15-syn-endo and 16-
syn) (Scheme 5). These structures derived from proton NMR
and NOE experiments. Further, the structures of 14-anti-
exo, 15-anti-exo (see Table 1 for crystal data and structure
refinement), and 16-anti (see Table 2 for crystal data and
structure refinement) were established by X-ray analysis.
Details are given in the Experimental section. Also, the inde-
pendent synthesis of 15-syn-exo, which was not a
photoproduct, but which was helpful in the structure deter-
mination of 15-syn-endo, is outlined in Scheme 6. Also,
Scheme 6 outlines the epimerization of 15-syn-endo to 15-
syn-exo. This conversion favors the thermodynamically
more stable diastereomer.

Discussion

Stereochemistry of the ethyl diazoacetate addition to
the pyridyl cyclopentadiene; the unusual syn–endo
addition to the pyridyl phenyl cyclopentadiene

Before proceeding to discussion of the abnormal Wolff
mechanisms, we need to consider the unusual reaction de-
picted in Scheme 6. Thus, two facets of the cyclopro-
panation, utilized in the synthesis, are of interest and one is
unique. In this highly stereoselective reaction, the preferen-
tial exo configuration of the product is anticipated on the ba-
sis of lesser steric repulsions than in an endo addition. In
contrast, the kinetic preferences for the totally stereo-
selective syn addition to afford 15-syn-exo is not so easily
rationalized. However, copper-catalyzed addition of ethyl
diazoacetate to alkene π bonds has been suggested (6) to
proceed with the carbethoxy carbene sp2-hybrid bonding as
a ligand to copper while the electrophilic carbene p-orbital
attacks the alkene π bond. In the present instance, analogous
coordination of cupric ion to the pyridyl nitrogen and the
carbene sp2 orbital forces the carbene to bond syn (i.e., cis to
the pyridyl group). Also LDA epimerization under thermo-
dynamic conditions of 15-syn-endo, available from the
Wolff rearrangement as described above, led to 15-syn-exo.
However, the mixture of the two diastereomers favored the
exo diastereomer.

The normal Wolff rearrangement and the stereochemistry
of kinetic protonation

The stereochemistry of the normal Wolff rearrangement of
the syn phenyl diazoketone 12-anti, affords the rearrange-

ment products 14-anti-exo and 14-anti-endo (note
Scheme 4). The observed 6:1 preference for formation of the
exo product stereoisomer clearly arises from less hindered
protonation of the intermediate enol 18-anti as anticipated
from the ubiquitous phenomenon originally reported by one
of us (7a) and described in a long list of our publications (5,
7) (Scheme 7).

Interestingly, in the case of the 12-syn diazoketone, al-
though the Wolff rearrangement product from this diastere-
omer also gave the same preference for less hindered
protonation, the stereoselectivity had dropped to 2:1. This is
outlined in Scheme 8. The diminished stereoselectivity may
be attributed to the intervention of some intramolecular hy-
drogen transfer from methanol hydrogen bonded to the
pyridyl group. This was the dominant process in our study
of the dihydro analog of the present system (5).

The abnormal Wolff rearrangement
In comparing our present results with those we and others

carried out much earlier (2–4), we recognize that the
housone (note species 4 of Scheme 2) of the earlier studies
cannot be involved in the bicyclic system currently under
study. Secondly, in contrast to species 3 (Scheme 2 again)
there can be no delocalization in a diradical counterpart of 3
of the earlier study because of Bredt’s rule limitations. Such
a diradical would have an unstable structure discussed below
as 26. Yet housone intermediates were observed in the acy-
clic studies and thus must be taken as possible but not neces-
sary for the abnormal Wolff rearrangement.

Turning now to the abnormal Wolff rearrangement prod-
ucts let us consider the anti-pyridyl reactivity first. Here, in
the formation of 15-anti-endo and 15-anti-exo, we note that
a species of generalized structure such as 20-anti in
Scheme 9 is likely to be involved. Thus, we know that, in
proceeding to the ketene 21-anti, bond 1—2 is severed and a
new bond (4—6) is formed as well as π bond 3—4 being
weakened. Also, the formation of methoxy product 16 in-
volves formation of that same bond, 4—6, and pickup of
methanol at C-3.

To provide some further light on this proposal, we pro-
ceeded with some computational efforts. Gaussian98 RHF/6-
31G* optimization of the S0 carbene 19 and ketene 21 es-
tablished these as energy minima. We next proceeded to
QST2 and QST3 computations on the truncated system as
outlined in Scheme 10. With singlet carbene 23 as reactant
and ketene 25 as product species, with or without interposi-
tion of a species of geometry close to that depicted as a trun-
cated 20-anti, a transition structure of geometry 24 was
obtained. This species was close in structure to that of 26

© 2003 NRC Canada
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Scheme 4. Reaction of the anti-pyridyl diazoketone.
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except that bond 1—2 was elongated while the distance be-
tween atoms 4 and 6 approached normal single bond length.

Interestingly, structure 26 proved not to be an energy min-
imum and stable. Rather, geometry optimization with
RHF/6-31G* of this starting species led to the carbene 23. A
further point of interest was the behavior of species 23 when
a proton, placed in the vicinity (ca. 5 Å) of C-6, was in-
cluded in the optimization. This reactant (i.e., 23) then
picked up the proton to afford cation 27 which proved to be
an energy minimum. When a methanol molecule was intro-
duced close to C-3, methoxyketone 28 resulted.

Thus, the truncated QST system behaved quite parallel to
the experimental sequence suggested in Scheme 9. However,

there is an additional possibility in the case of formation of
15-syn-endo, this deriving from species 27. This alternative
does not involve ketonization and is outlined in Scheme 11.

Finally, we need to consider the stereochemical outcome
of several of the reactions in leading to photoproducts. In the
case of 14-anti-exo and 14-anti-endo being formed in a ra-
tio of ca. 6:1, compared with 14-syn-exo and 14-syn-endo
in a ratio of 2:1 (note Schemes 4 and 5) the preference for
the exo isomers is understood as a consequence of less hin-
dered protonation of the enolic precursors. The lower dia-
stereoselectivity in the syn-pyridyl seems possibly to arise

© 2003 NRC Canada
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Scheme 5. Reaction of the syn-pyridyl diazoketone.

Identification code 15-anti-exo
Empirical formula C19H17NO2

Formula weight 291.34
Temperature (K) 293(2)
Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group P2(1)
Unit cell dimensions: a (Å) 9.5203(11)
b (Å) 7.1738(7)
c (Å) 11.2914(12)
α (°) 90
β (°) 92.251(2)
γ (°) 90
Volume (Å3) 770.57(14)
Z 2
Density (calculated) (Mg m–3) 1.256
Absorption coefficient (mm–1) 0.081
F(000) 308
Crystal size (mm3) 0.50 × 0.40 × 0.40
θ Range for data collection (°) 1.80–26.35
Index ranges –11 ≤ h ≤ 11, –4 ≤ k ≤ 8,

–12 ≤ l ≤ 13
Reflections collected 3708
Independent reflections 2373 (R(int) = 0.0118)
Completeness to θ = 26.35° (%) 96.9
Refinement method Full-matrix least-squares

on F2

Data/restraints/parameters 2373/1/267
Goodness-of-fit on F2 1.064
Final R indices (I > 2σ(I)) R1 = 0.0330, wR2 =

0.0791
R indices (all data) R1 = 0.0396, wR2 =

0.0826
Absolute structure parameter 1.8(14)
Largest diff. peak and hole (e Å–3) 0.116 and –0.164

Table 1. Crystal data and structure refinement for 15-anti-exo.

Identification code 16-anti
Empirical formula C19H17NO2

Formula weight 291.34
Temperature (K) 100(2)
Wavelength (Å) 0.71073
Crystal system Orthorhombic
Space group P2(1)2(1)2(1)
Unit cell dimensions: a (Å) 6.1964(14)
b (Å) 13.703(3)
c (Å) 16.864(4)
α (°) 90
β (°) 90
γ (°) 90
Volume (Å3) 1432.0(5)
Z 4
Density (calculated) (Mg m–3) 1.351
Absorption coefficient (mm–1) 0.088
F(000) 616
Crystal size (mm3) 0.32 × 0.12 × 0.08
θ Range for data collection (°) 1.91–26.40
Index ranges –7 ≤ h ≤ 7, –17 ≤ k ≤ 17,

–21 ≤ l ≤ 21
Reflections collected 11 569
Independent reflections 2929 (R(int) = 0.0580)
Completeness to θ = 26.40° (%) 99.8
Absorption correction None
Refinement method Full-matrix least-squares

on F2

Data/restraints/parameters 2929/0/267
Goodness-of-fit on F2 1.051
Final R indices (I > 2σ(I)) R1 = 0.0498, wR2 =

0.1133
R indices (all data) R1 = 0.0614, wR2 =

0.1189
Absolute structure parameter 1.8(18)
Largest diff. peak and hole (e Å–3) 0.287 and –0.226

Table 2. Crystal data and structure refinement for 16-anti.
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from the 2-pyridyl group delivering hydrogen-bonded meth-
anol to a minor extent.

The preferential formation of 15-anti-exo relative to 15-
anti-endo (Scheme 4) in a ca. 2:1 ratio, does not seem a
consequence of less hindered protonation of their enolic pre-
cursor. Rather, there is some evidence (8) that methanol may
πbond to the face of a phenyl group, thus delivering protons
to the enolic precursor.

Conclusion

This study revealed an unanticipated but remarkable differ-
ence between the ordinary Wolff rearrangement of the satu-

rated norbornyl system previously studied and the dehydro
counterpart. As this research proceeded, a number of stereo-
chemical and mechanistic aspects were uncovered. One of the
most interesting derived from the QST computations.

Experimental section

3-Diazo-7-syn-phenyl-7-anti-pyridin-2-yl-bicyclo[2.2.1]-
hept-5-en-2-one (12-anti)

To diisopropylamine (0.78 mL, 5.2 mmol) dissolved in
2.5 mL of freshly distilled THF under nitrogen at –78°C was
added 3.80 mL of n-BuLi (1.37 M) and stirred for 35 min at

© 2003 NRC Canada
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Scheme 6. Stereoselective carbomethoxycarbene addition.

Scheme 7. Less hindered protonation of the normal Wolff rearrangements.

Scheme 8. Diminished selectivity of the syn-pyridyl diastereomer due to intramolecular protonation.

Scheme 9. Mechanism of the abnormal Wolff rearrangement.
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–78°C. 10-anti dissolved in 25 mL of freshly distilled THF
at room temperature was cooled to –78°C, LDA was added,
and the mixture was stirred for 2 h. HCOOMe (2.4 mL,
14 mmol) was then added and the mixture was stirred over-
night with the temperature gradually rising to ambient and
then stirred for one more day. The suspension was filtered,
and the solid was dissolved in 20 mL of 10% KOH, washed
with 20 mL dichloromethane. The aqueous solution was ad-
justed to pH ca. 8 by addition of dilute HCl, and then ex-
tracted with dichloromethane. The combined organic layers
were dried over Na2SO4 and concentrated to yield 1.0 g
(79%) of 13-anti as a light yellow solid: mp 178 to 179°C.
1H NMR (CDCl3) δ: 9.43 (d, J = 0.6 Hz, 1H), 8.47 (d, J =
5.0 Hz, 1H), 7.51 (td, J = 7.5, 2.0 Hz, 1H), 7.40 (d, J =
8.0 Hz, 2H), 7.28 (t, J = 7.5 Hz, 2H), 7.18 (m, 2H), 7.02
(ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 6.84 (dd, J = 5.5, 3.0 Hz,
1H), 5.84 (m, 1H), 4.37 (m, 1H), 4.33 (m, 1H), 3.15 (m,
1H). 13C NMR (CDCl3) δ: 202.1, 196.4,160.9, 149.0, 142.7,
140.4, 136.2, 129.2, 127.5, 126.8, 125.9, 122.0, 121.3, 74.9,
62.5, 61.2, 47.7.

The formyl ketone 13-anti (1.0 g, 3.46 mmol) was stirred
with tosyl azide (0.68 g, 3.46 mmol) in 23 mL of dichloro-
methane in an ice bath and triethylamine (1.0 mL,
6.92 mmol) was added. The reaction mixture was stirred
overnight in the dark and allowed to warm up to ambient
temperature. The mixture was concentrated in vacuo; the
yellow residue was subjected to chromatography on neutral
alumina (pH ca. 7.5). Elution with dichloromethane yielded
0.744 g (75%) of 12-anti as yellow crystals: Rf 0.57 (di-
chloromethane–ether, 9:1), mp 155°C (decomposed). UV
(CDCl3): 260 nm (ε = 17 027), 322 nm (ε = 1622), 432 nm
(ε = 22). IR (CDCl3) (cm–1): 2076 (strong), 1693 (strong).
1H NMR (CDCl3) δ: 8.45 (d, J = 5.0 Hz, 1H), 7.55–7.00 (m,
8H), 6.90 (dd, J = 5.0, 3.0 Hz, 1H), 6.30 (m, 1H), 5.00 (s,
1H), 4.25 (t, J = 3.0 Hz, 1H). 13C NMR (CDCl3) δ: 200.5,
161.3, 148.9, 143.2, 141.0, 136.3, 132.9, 128.9, 127.1,
127.0, 121.6, 121.2, 81.8, 63.8, 51.9. HR-MS-ESI m/z ([M +
MeOH + Na]+) calcd. for C19H17N3O2Na: 342.1218; found:
342.1199.

3-Diazo-7-anti-phenyl-7-syn-pyridin-2-yl-bicyclo[2.2.1]-
hept-5-en-2-one (12-syn)

To diisopropylamine (2.2 mmol, 0.33 mL) dissolved in
1.0 mL of freshly distilled THF at –78°C was added n-BuLi
(2.2 mmol, 1.6 M). The reaction mixture was stirred at –78°C
for 1 h. The syn ketone 10-syn (1.9 mmol, 0.5 g) in 14 mL
of freshly distilled THF was stirred at room temperature un-
til a clear solution was obtained, then the solution was
cooled to –78°C, and LDA was added. The reaction mixture
became brown, and was stirred at –78°C for 2.5 h. Methyl
formate (1.0 mL, 6.0 mmol) was then added, and the result-
ing mixture was stirred at –78°C for 2 h and allowed to
warm to room temperature during stirring overnight. The re-
sulting brown suspension was filtered and washed with ether
to give 11-syn (0.51 g) as a gray solid. To the crude 11-syn
(372 mg) dissolved in 8.0 mL of dichloromethane and
cooled in an ice bath, was added tosyl azide (248 mg,
1.26 mmol); the reaction mixture was stirred overnight in the
dark and allowed to warm to room temperature. The mixture
was then concentrated in vacuo and the residue was sub-
jected to chromatography on neutral alumina (pH ca. 7.5).
Elution with dichloromethane yielded 170 mg of 12-syn as
nice yellow crystals: Rf 0.57 (dichloromethane–ether, 9:1).
IR (CDCl3) (cm–1): 2082 (strong), 1679 (strong). 1H NMR
(CDCl3) δ: 8.53 (d, J = 5.0 Hz, 1H), 7.55 (td, J = 8.0,
2.0 Hz, 1H), 7.32–7.10 (m, 7H), 6.82 (dd, J = 5.0, 2.5 Hz,
1H), 6.35 (ddd, J = 5.0, 3.0, 1.0 Hz, 1H), 4.94 (m, 1H), 4.22
(m, 1H). 13C NMR (CDCl3) δ: 200.2, 161.2, 149. 6, 141.6,
140.7, 136.6, 128.4, 127.4, 126.5, 121.7, 82.0, 64.1, 51.8.
HR-MS-ESI m/z ([M + Na]+) calcd. for C18H13N3ONa:
310.0956; found: 310.0959.

Irradiation of anti-pyridyl diazoketone (12-anti)
anti-Pyridyl diazoketone (12-anti) (644 mg, 2.23 mmol)

in 200 mL of MeOH was irradiated with a 400 W medium
pressure mercury lamp for 70 min through 0.50 cm of
0.20 M CuSO4 as a filter solution. Methanol was then re-
moved, and the brown residue was subjected to chromatog-
raphy on silica gel. Elution with dichloromethane–ether
(9:1) gave 116 mg (18%) of 15-anti-exo, 66 mg (10%) of
15-anti-endo. The next three fractions were combined and
chromatographed on a second silica gel column, eluted with
hexane–dichloromethane–ether (2:2:1) to yield 16-anti
(16%), 14-anti-exo (29%), and 14-anti-endo (5%). The
combined yield was 78%.

Data for 15-anti-exo: Rf 0.6 (dichloromethane–ether, 9:1).
IR (CDCl3) (cm–1): 1722.9. 1H NMR (CDCl3) δ: 8.60 (ddd,
J = 5.0, 2.0, 1.0 Hz), 7.55 (t, J = 8.0 Hz, 1H), 7.30–7.10 (m,
7H), 6.15 (m, 2H), 3.20 (m, 1H), 2.66 (dtd, J = 6.5, 2.5,
0.7 Hz, 1H), 1.29 (dd, J = 3.5, 2.5 Hz, 1H). 13C NMR
(CDCl3) δ: 172.6, 165.3, 149.1, 144.7, 136.4, 136.1, 132.4,
128.4, 127.7, 126.3, 121.8, 121.3, 65.9, 51.7, 34.7, 34.3,
31.2. HR-MS-EI m/z ([MH]+) calcd. for C19H18NO2:
292.1337; found: 292.1340. The structure was proved by X-
ray analysis.3
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Scheme 10. Computational mechanisms.

3 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
199230 and 199231 contain the supplementary data for this paper. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Data for 15-anti-endo: Rf 0.5 (dichloromethane–ether,
9:1). IR (CDCl3) (cm–1): 1737.1. 1H NMR (CDCl3) δ: 8.56
(ddd, J = 5.0, 2.0, 1.0 Hz, 1H), 7.52 (td, J = 8.0, 2.0 Hz,
1H), 7.37–7.09 (m, 6H), 7.09 (ddd, J = 7.5, 5.0, 1.0 Hz, 1H),
6.34 (dd, J = 5.5, 1.5 Hz, 1H), 6.12 (dd, J = 5.5, 2.0 Hz,
1H), 3.25 (ddd, J = 9.0, 6.0, 1.5 Hz, 1H), 2.57 (ddd, J = 7.0,
6.0, 2.0 Hz, 1H), 2.05 (dd, J = 9.0, 7.0 Hz, 1H). 13C NMR
(CDCl3) δ: 169.7, 166.0, 148.8, 144.2, 136.3, 135.6, 129.9,
127.9, 127.9, 126.0, 121.9, 121.1, 64.0, 50.9, 33.1, 30.1,
27.9. HR-MS-EI m/z ([MH]+) calcd. for C19H18NO2:
292.1337; found: 292.1342.

Data for 16-anti: IR (CDCl3) (cm–1): 1761.2. 1H NMR
(CDCl3) δ: 8.58 (m, 1H), 7.62 (td, J = 8.0, 2.0 Hz, 1H),
7.45–7.09 (m, 7H), 3.81 (t, J = 2.0 Hz, 1H), 3.22 (td, J =
5.0, 1.5 Hz, 1H), 3.11 (s, 1H), 2.56 (m, 1H), 1.79 (t, J =
5.0 Hz, 1H). 13C NMR (CDCl3) δ: 208.9, 162.3, 149.2,
141.29, 136.7, 128.5, 127.2, 127.0, 121.7, 121.3, 82.6, 58.0,
57.2, 50.9, 28.3, 25.8, 20.5. HR-MS-EI m/z ([MH]+) calcd.
for C19H18NO2: 292.1337; found: 292.1323. The structure
was proved by X-ray analysis.3

Data for 14-anti-exo: IR (CDCl3) (cm–1): 1723.0. 1H
NMR (CDCl3) δ: 8.40 (d, J = 5.0 Hz, 1H), 7.58 (d, J =
7.5 Hz, 2H), 7.42 (td, J = 8.0, 2.0 Hz, 1H), 7.24 (t, J =
7.5 Hz, 2H), 7.12 (m, 1H), 6.95 (d, J = 7.5 Hz, 1H), 6.88
(ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 6.72 (t, J = 2.0 Hz, 2H), 3.98
(t, J = 2.0 Hz, 2H), 3.35 (s, 1H), 3.07 (s, 3H). 13C NMR
(CDCl3) δ: 170.8, 166.2, 148.6, 142.0, 141.6, 135.8, 128.5,
127.6, 126.7, 121.5, 120.1, 92.2, 74.7, 51.4, 50.7. HR-MS-
EI m/z ([MH]+) calcd. for C19H18NO2: 292.1337; found:
292.1341. The structure was further proved by preliminary
X-ray analysis.

Data for 14-anti-endo: IR (CDCl3) (cm–1): 1733.1. 1H
NMR (CDCl3) δ: 8.43 (ddd, J = 5.0, 2.0, 1.0 Hz, 1H), 7.60–
7.45 (m, 3H), 7.35–7.20 (m, 4H), 6.91 (ddd, J = 7.5, 5.0,
1.0 Hz, 1H), 6.55 (t, J = 2.0 Hz, 2H), 3.81 (q, J = 2.0 Hz,
2H), 3.75 (t, J = 2.0 Hz, 1H), 3.60 (s, 3H). 13C NMR
(CDCl3) δ: 172.9, 164.3, 148.7, 142.9, 138.4, 128.5, 127.0,
126.6, 122.2, 120.5, 88.0, 71.5, 51.4, 51.3. HR-MS-EI m/z
([MH]+) calcd. for C19H18NO2: 292.1337; found: 292.1332.

Photolysis of syn-pyridyl diazoketone (12-syn)
syn-Pyridyl diazoketone (12-syn) (59 mg, 0.20 mmol) dis-

solved in 40 mL of MeOH was irradiated for 255 min using
the CuSO4 filter solution (vide supra). Methanol was then
removed, and the residue was subjected to column chroma-
tography on silica gel. Elution with dichloromethane–hex-
ane–ether (2:2:1) yielded 14-syn-endo (11%), 15-syn-endo
(43%), 14-syn-exo (23%), and 16-syn (8%), with a com-
bined yield of 85%.

Data for 14-syn-endo: IR (CDCl3) (cm–1): 1735.3. 1H
NMR (CDCl3) δ: 8.55 (ddd, J = 4.5, 1.8, 1.0 Hz, 1H), 7.58

(td, J = 7.5, 1.8 Hz, 1H), 7.41 (d, J = 7.5 Hz, 1H), 7.20~7.05
(m, 6H), 6.57 (t, J = 2.0 Hz, 2H), 3.86 (q, J = 2.5 Hz, 2H),
3.59 (s, 3H), 3.58 (t, J = 2.5 Hz, 1H). 13C NMR (CDCl3) δ:
172.7, 163.6, 149.3, 143.8, 138.3, 136.4, 128.0, 127.8,
125.8, 121.5, 121.3, 88.0, 72.1, 51.7, 51.4, 29.7. HR-MS-EI
m/z ([MH]+) calcd. for C19H18NO2: 292.1337; found:
292.1325.

Data for 15-syn-endo: IR (CDCl3) (cm–1): 1738.1. 1H
NMR (CDCl3) δ: 8.58 (ddd, J = 5.0, 2.0, 1.0 Hz, 1H), 7.61
(td, J = 7.5, 2.0 Hz, 1H), 7.35 (dt, J = 8.0, 1.0 Hz, 1H),
7.30~7.10 (m, 6H), 6.40 (d, J = 5.5 Hz, 1H), 6.05 (dd, J =
5.5, 2.0 Hz, 1H), 3.16 (s, 3H), 2.68–2.58 (m, 2H), 2.11 (t,
J = 8.0 Hz, 1H). 13C NMR (CDCl3) δ: 169.7, 163.5, 148.7,
147.2, 137.8, 135.9, 128.4, 127.6, 126.8, 126.4, 122.9,
121.0, 64.3, 50.9, 34.6, 31.2, 29.7, 28.0. HR-MS-EI m/z
([MH]+) calcd. for C19H18NO2: 292.1337; found: 292.1324.

Data for 14-syn-exo: IR (CDCl3) (cm–1): 1732.0. 1H NMR
(CDCl3) δ: 8.52 (ddd, J = 5.0, 2.0, 1.0 Hz, 1H), 7.53 (td, J =
7.5, 2.0 Hz, 1H), 7.46 (dt, J = 8.0, 1.0 Hz, 1H), 7.20~7.00
(m, 6H), 6.75 (t, J = 2.0 Hz, 2H), 4.05 (t, J = 2.0 Hz, 2H),
3.40 (s, 1H), 3.16 (s, 3H). 13C NMR (CDCl3) δ: 170.6,
162.7, 148.6, 146.4, 141.9, 135.6, 128.5, 128.4, 127.9,
127.3, 126.8, 126.6, 125.4, 123.4, 121.3, 92.1, 75.2, 51.8,
50.9, 29.8. HR-MS-EI m/z ([MH]+) calcd. for C19H18NO2:
292.1337; found: 292.1324.

Data for 16-syn: 1H NMR (CDCl3) δ: 8.51 (ddd, J = 5.0,
2.0, 1.0 Hz, 1H), 7.57 (td, J = 7.5, 2.0 Hz, 1H), 7.46–7.20
(m, 6H), 7.07 (ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 3.82 (t, J =
2.0 Hz, 1H), 3.32 (s, 3H), 3.23 (td, J = 5.0, 1.0 Hz, 1H),
3.05(s, 1H), 2.58 (tdd, J = 5.0, 2.0, 1.0 Hz, 1H), 1.74 (t, J =
5.0, 1H).

Synthesis of 4-anti-phenyl-4-syn-pyridin-2-yl-bicyclo-
[3.1.0]hex-2-ene-6-carboxylic acid methyl ester (15-syn-
exo)

5-Phenyl-5-pyridylcyclopenadiene (238 mg, 1.09 mmol)
and methyl diazo acetate (250 mg, 2.50 mmol) and 12 mg of
anhyd CuSO4 was refluxed in 1 mL of benzene for 75 min.
The reaction mixture was concentrated and the residue was
subjected to column chromatography, eluted with hexane–
ether (3:1) to give 15-syn-exo (15%) as the only adduct: Rf
0.17. IR (CDCl3) (cm–1): 1723.8. 1H NMR (CDCl3) δ: 8.56
(ddd, J = 4.5, 2.0, 1.0 Hz, 1H), 7.67 (td, J = 7.5, 2.0 Hz,
1H), 7.40 (dt, J = 8.0, 1.0 Hz, 1H), 7.32~7.12 (m, 6H), 6.23
(dd, J = 5.5, 1.0 Hz, 1H), 6.09 (dd, J = 5.5, 2.0 Hz, 1H),
3.65 (s, 3H), 2.80 (m, 1H), 2.71 (dt, J = 6.0, 2.5 Hz, 1H),
1.27 (dd, J = 3.5, 2.5 Hz, 1H). 13C NMR (CDCl3) δ: 172.4,
164.2, 149.1, 146.3, 137.7, 136.6, 130.9, 128.4, 126.8,
126.5, 122.8, 121.4, 65.9, 51.7, 36.0, 34.7, 31.6, 29.7. HR-
MS-ESI m/z ([MH]+) calcd. for C19H18NO2: 292.1337;
found: 292.1328.
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Scheme 11. Unique mechanism of the exo-product.
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An ab initio and AIM study on the decomposition
of phosphite ozonides

Jeff L. Langeland and Nick H. Werstiuk

Abstract: DFT calculations at the Becke3PW91/6–31+G(d) level of theory provided optimized geometries, transition
states, and wave functions suitable for the study of the reactivity and molecular structure with Atoms-in-molecules
(AIM) of phosphite ozonide complexes. These calculations also provided activation energies for the extrusion of singlet
oxygen from the ozonides, which occurs in a concerted manner. The molecular species investigated were trimethyl
phosphite ozonide (1), triphenyl phosphite ozonide (2), trifluoromethyl phosphite ozonide (3), trifluoroethyl phosphite
ozonide (4), 4-ethyl-1-phospha-2,6,7-trioxabicyclo[2.2.2]octane ozonide (5), 1-phospha-2,6,7-trioxabicyclo[2.2.2]octane
ozonide (6), 1-phospha-2,8,9-trioxadamantane ozonide (7), and propylene phenyl phosphite ozonide (8). Single-point
calculations at the Becke3PW91/6–311++G(d,p) level on the geometries obtained from the lower level theory yielded
activation energies of 15.1 and 16.4 kcal mol–1 for the nonconstrained complexes 1 and 2, respectively. These values
differed from the electronegative trifluoro derivatives 3 and 4, which had much higher barriers of 23.5 and 20.8 kcal
mol–1, respectively. The activation energies of the bicyclic complexes 5–7 were significantly higher than 1 and 2 and
comparable to 3 and 4, ranging from 23 to 26 kcal mol–1. An intermediate barrier of 20.5 kcal mol–1 was computed for
8. AIMPAC studies showed no direct correlation between the AIM atomic charges on the phosphorus or oxygen atoms
of the ozonide ring with the ease of decomposition of 1–8 to singlet oxygen and the corresponding phosphate.

Key words: phosphite ozonide complexes, decomposition, DFT methods, AIM, activation energy.

Résumé : Des calculs de types « DFT » effectués au niveau Becke3PW91/6–31+G(d) de la théorie ont permis
d’obtenir des géométries optimisées, des états de transition et des fonctions d’onde convenables pour l’étude de la réac-
tivité et la structure moléculaire de complexes d’ozonides de phosphite par la méthode des atomes dans les molécules
(« AIM »). Ces calculs ont aussi permis d’obtenir les énergies d’activation pour l’extrusion d’un atome d’oxygène sin-
gulet à partir des ozonides qui se fait d’une manière concertée. Les espèces moléculaires étudiées sont les ozonides du
phosphite de triméthyle (1), du phosphite de triphényle (2), du phosphite de trifluorométhyle (3), du phosphite de
trifluoroéthyle (4), du 4-éthyl-1-phospha-2,6,7-trioxabicyclo[2.2.2]octane (5), du 1-phospha-2,6,7-trioxabicyclo[2.2.2]octane
(6), du 1-phospha-2,8,9-trioxaadamantane (7) et du phosphite de propylène et de phényle (8). Des calculs ponctuels au ni-
veau Becke3PW91/6–311++G(d,p) effectués sur les géométries obtenues au niveau inférieur de la théorie ont permis
d’évaluer à 15,1 et 16,4 kcal mol–1 les énergies d’activation respectives pour les complexes sans contraintes 1 et 2. Ces
valeurs diffèrent de celles des dérivés trifluoro électronégatifs, 3 et 4, pour lesquels les valeurs étaient beaucoup plus
élevées, soit 23,5 et 20,8 kcal mol–1 respectivement. Les énergies d’activation pour les complexes bicycliques 5–7 sont
beaucoup plus élevées que celles des composés 1 et 2 ainsi que celles des composés comparables 3 et 4; elles s’étalent
de 23 à 26 kcal mol–1. Pour le composé 8, on a calculé que sa valeur est intermédiaire à 20,5 kcal mol–1. Des études
de type « AIMPAC » ont montré qu’il n’existe aucune corrélation directe entre les charges atomiques « AIM » des
atomes de phosphore ou d’oxygène de l’ozonide et la facilité avec laquelle les composés 1–8 se décomposent en oxy-
gène singulet et en phosphate correspondant.

Mots clés : complexes d’ozonides de phosphite, décomposition, méthodes « DFT », « AIM », énergie d’activation.
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Introduction

Thompson (1) was the first to observe the reaction of
ozone with triaryl and trialkyl phosphites at low tempera-
tures. The phosphite ozonide complex (POC) that is pro-

duced from the reaction is thermally unstable and yields the
corresponding phosphate and, as later discovered (2), singlet
oxygen, as shown in Scheme 1.

This reaction was important because the ozonide complex
can react with certain alkenes through a direct bimolecular
reaction (3–5) or by first releasing 1O2 that can react with
the alkene (6–8). The direct attack shows different regio-
selectivity — with the reaction appearing to occur in a step-
wise fashion — as opposed to the concerted attack of singlet
oxygen (3, 9). The product distribution depends on the mode
of attack with allylic hydroperoxides, cyclic peroxides, and
1,2-dioxetanes being formed (8). Various structures were
proposed for the ozonide complex, including several penta-
coordinated monomeric and dimeric species (1, 10). From
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the 31P NMR chemical shift at δ = –63 ppm (1) relative to
H3PO4 and from freezing point depression experiments on
triphenyl phosphite ozonide (2) in CHCl3, Bartlett and Chu
(11) suggested that the ozonide is monomeric with a penta-
coordinated phosphorus atom. Recently, Dimitrov and
Seppelt (12) confirmed this hypothesis by obtaining a crystal
structure of 4-ethyl-1-phospha-2,6,7-trioxabicyclo[2.2.2]oc-
tane ozonide (5).

There have been several kinetic studies involving the rates
of decomposition of various POCs (6, 8, 10, 13). For bicyclic
POCs 5 and 7, Stephenson and McClure (13) observed that
the rate of decomposition varied slightly with substituent.
Amazingly, Ramos et al. (6) observed that there was signifi-
cant variation in the rate of oxygen evolution from bridge-
head-substituted derivatives of bicyclic ozonide 6 (for
example with the substituent -CH2OCO-C6H5 vs -CH2O-
SO2-p-CH3C6H4), even though the change in the R group
was five atoms away from the phosphorus atom. For
ozonides 1–4 that have rotational freedom about the P—OR
bond, the rate constants varied by more than two orders of
magnitude in some cases (13). A reactive intermediate dis-
played as I was first suggested by Stephenson and McClure
(13) (R = Ph) for the decomposition of 2, to account for the
differences in rate constants for unrestrained ozonide com-
plexes 1–4 vs. the restrained POCs 5–8.

These authors did not speculate as to the electronic distribu-
tion of this species. It was suggested that the intermediate
has apical oxygen atoms and equatorial phenoxy groups de-
rived from pseudorotation, which occurs after the cleavage
of an O—O bond. There has been conflicting evidence that I
is a viable species. Mendenhall et al. (10) suggested that the
mode of decay would be through a bimolecular reaction if
an intermediate such as I existed. Bartlett and Chu (11) gave
some evidence that I was not likely because they found no
significant changes in rate constants between hindered and
non-hindered POCs with reactive olefins. However, Bartlett
and Lonzetta (14) rationalized that I (R = CH3) was plausi-
ble, as the methoxy groups would preferentially occupy the
equatorial positions (rather than the phenoxy groups of 2
(R = Ph)).

Our interest in using POCs as a source of singlet oxygen
(1O2) for study by photoelectron spectroscopy and the varia-
tion in the mechanistic proposals presented to date led us to
a computational study of these molecules and their decom-
position to phosphate and 1O2. To our knowledge there have
been no computational studies on this unusual family of
molecules at any level of theory. We undertook a DFT and
Atoms-in-molecules (AIM) (15) study to investigate and
clarify the mechanism of extrusion of 1O2 and to obtain in-
formation on the molecular structure of selected POCs and
transition states, as well as the role of structure in determining
the activation energy. A brief investigation of the molecular
orbitals was also undertaken to examine the consequence of
substituent effects and to draw conclusions as to why these
ozonides are thermally unstable. The results are presented in
this paper.

Methods
Optimized equilibrium geometries of the POCs — dis-

played in Fig. 1 — and transition states (TSs) were obtained
at the Becke3PW91/6–31+G(d) level, which includes the
three-parameter   Becke-Perdew-Wang,   (Becke3PW91)   ex-
change-correlation potential (16), using either Gaussian 94
or Gaussian 98 (17). The transition states were found by
stretching one of the O—O bonds in the optimized geometry
of a POC from 1.44 to 1.75 Å. These geometries were then
optimized with a restraint on that bond distance at the PM3
level, which was followed by removal of the restraints and a
TS search. Final TS structures were obtained at the
Becke3PW91/6–31+G(d) level by performing an opt=TS
calculation, by reading in the force constants from the PM3
level. Selected geometrical parameters of 5 and 5-TS are
collected in Table 1. The Z-matrices of the other optimized
geometries and transition states are included as Supplemen-
tary information.2 Frequency calculations, to characterize the
optimized geometries or TSs as well as the zero point ener-
gies (ZPE), were performed for all structures. Single-point
calculations were carried out at the Becke3PW91/6–
311++G(d,p) on the lower-level optimized geometries. The
Becke3PW91 functional was used because it has been shown
to estimate energies of ionization potentials, proton affini-
ties, and other chemical properties within acceptable values
compared with G2 theory but without the computational cost
(18). Diffuse functions were included with the expectation
that a better description of phosphorus-containing ozonides
and their transition states would be realized. The activation
energies (Ea), calculated from eq. [1], are collected in Ta-
ble 2.

[1] Ea ={ [ (TS)Energy + (TS)ZPE] – [ (POC)Energy

+ (POC)ZPE] } + RT
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Scheme 1.

2 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically).
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Fig. 1. Optimized equilibrium geometries of ozonides investigated: trimethyl phosphite ozonide (1), triphenyl phosphite ozonide (2),
trifluoromethyl phosphite ozonide (3), trifluoroethyl phosphite ozonide (4), 4-ethyl-1-phospha-2,6,7-trioxabicyclo[2.2.2]octane ozonide
(5), 1-phospha-2,6,7-trioxabicyclo[2.2.2]octane ozonide (6), 1-phospha-2,8,9-trioxadamantane ozonide (7), and propylene phenyl phos-
phite ozonide (8).
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Bond critical points and molecular graphs were obtained
with AIM2000 (19). Integrations over atomic basins to ob-
tain electron populations — the L values (15) were less than
10–2 — and net atomic charges (included as Supplementary
information)2 were carried out with PROAIM or PROMEGA
of the AIMPAC (20) suite of programs. The hydrogens of 2
and 4 were not integrated.

Results and discussion

Selected geometrical parameters of 5 and 5-TS are col-
lected in Table 1. The results for 5 agree well with crystal-
structure data obtained recently (12). The geometrical pa-
rameters of the other POCs are very similar to those found
for 5 (see the Z-matrices of the Supplementary informa-
tion).2 The ozonide ring conformation was virtually identical
in all optimized geometries.

The ozonide ring torsional angle varied only slightly, from
a low of 11.0° for 1 to a high of 13.6° for 8. All other bond
distances were essentially the same in the POCs with other
bond and torsional angles varying only as a function of
substituent. For example, in comparing the bicyclic struc-
tures of 5 and 6, the equilibrium geometries were almost
identical. This was expected because of the rigidity of these
molecules, their overall similarity, and the lack of rotational
freedom in the P–OR groups.

In all cases, it was found that the 1O2 is preferentially ex-
truded between two P—OR bonds, as opposed to directly
over one of the oxygens. For example, in the case of 5, sin-
glet oxygen arises from O3 and O4 and is extruded between
and slightly above atoms O7 and O8, thus forming a new
P1=O5 double bond (see Fig. 3 for numbering). This prefer-
ential mode for dissociation can easily be rationalized since
the O5-P1-O3 group of atoms rotates slightly downward and
bonds P1—O3 and O4—O5 stretch, giving rise to the new
P1=O5 double bond and 1O2. Since this process is concerted,
a large amount of structural organization would be required
if the singlet oxygen would be extruded over atom O6. The
transition states also showed little variation in the conforma-
tion of the ozonide ring. The torsional angle of the ozonide
ring for 1 was computed at 16° while the values for all the
other POCs ranged between 22–25°. For the non-ozonide
portion of the molecule, the transition states of 5–7 showed
little variation from their equilibrium geometries. For the

bicyclic structure 5, very little structural rearrangement is
permitted along the reaction coordinate from ozonide to
products. Points A, B, and C in Fig. 2 corresponded to se-
lected geometries along the Intrinsic reaction coordinate
(IRC). This calculation was performed to ensure that 5-TS
connected the ozonide to the products. Because all of the
calculated transition states appeared to exhibit little variation
from one another, only one IRC was calculated. Fig. 3 dis-
plays the geometries A, B, and C of the 5-TS IRC, showing
both the ozonide (negative reaction coordinate) and the
phosphate plus singlet oxygen (positive reaction coordinate)
being formed. The increase in the O5-P1-O3 angle and the
twisting of the ozonide dihedral angle, as well as P1—O3
and O4—O5 bond distances, clearly indicate that the TS
(point B of Fig. 2) is on the reaction coordinate.

The intermediate of the type I proposed by Stephenson
and McClure (13) was not found in our study (when we
studied I with R = Me) for computational efficiency. How-
ever, the Ea for the formation of such an intermediate would
be expected to be quite large. The calculated TSs exhibited
very little structural displacement of the P–OR groups. A
great deal of internal re-organization involving both steric
and electronic factors would be required if an ozonide such
as trimethyl phosphite ozonide (1) was transformed to a
structure that resembles the previously described intermedi-
ate. An “optimized” structure was found for I but the O–O
ligand migrated more than 6 Å away from the phosphorus
atom. Therefore, I with R = Me is not a stationary point on
the potential energy surface.

One imaginary frequency between 400i to 600i cm–1 was
calculated for all POC transition states. With the aid of the
molecular visualization package MOLEKEL (21), these neg-
ative frequencies were animated. The exaggerated animation
showed that, starting with a P1-O3-O4-O5 ozonide torsional
angle of approximately 22° in the TS, the evolving 1O2
would twist to an almost 90° torsional angle (see the side
view of Fig. 3 for a partial sequence) when these atoms were
at the furthest point away from the reaction centre. The ex-
aggerated animated imaginary frequencies clearly exhibited
the correct normal mode for the dissociation to singlet oxy-
gen and phosphate as well as the return to starting material.
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Parametera Calculated X-rayb TS

P1—O3 1.69 1.67 2.14

O3—O4 1.44 1.46 1.31
O4—O5 1.44 1.46 1.74
O5—P1 1.68 1.67 1.57
P1-O3-O4 93.8 94.4 46.2
O3-O4-O5 93.8 92.1 97.3
O4-O5- P1 94.3 94.6 84.4
O5- P1-O3 77.2 78.2 74.8
P1-O3-O4-O5 7.4 7.0 31.7

aDistance units are in Å; bond and torsional angle units are in degrees (°).
bReference 12.

Table 1. Selected calculated (Becke3PW91/6–31+G(d)) and ex-
perimental geometrical parameters of 5 and its transition state.

POC
Experimental
Ea

a
B3PW91/6
–31+G(d)

B3PW91/6–
311++G(d,p)

1 N/A 17.8 15.1
2 14.4b 18.5 16.4
3 N/A 27.9 23.5
4 N/A 22.9 20.8
5 4.4c 26.0 23.9
6 N/A 26.2 24.1
7 19.1d 27.6 25.8
8 N/A 22.6 20.5

aNumerous rate constants have been found experimentally for various
POCs. Very few have been determined at more than one temperature, so
Ea could not always be calculated.

bReference 2.
cSee discussion section.
dReference 6.

Table 2. Experimental and calculated activation energies
(kcal mol–1).
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Stephenson and McClure (13) also suggested that a pre-
equilibrium of an ozonide before decomposition could occur
to give a structure similar to X. They rationalized X from
thermochemical analysis that Benson and Shaw (22) per-
formed, which indicated a maximum oxygen—oxygen bond
strength of only 2 kcal mol–1 — compared with the rela-
tively high Eas for 1–8. However, the analysis by Benson
and Shaw (22) was based on the assumptions that: (a) the
O—O bond would be similar to that of other trioxides;
(b) the ring strain was similar to that in 4-membered rings
containing sulphur, and (c) the solvation enthalpy of 1O2 in
solvent was small. We are unaware of any recent calcula-
tions or experimental evidence of these ozonides to prove
otherwise. However, low temperature 31P NMR (11) re-
vealed only one sharp peak δ = –63 ppm (relative to H3PO4),
suggesting no equilibrium to X.

Also, recent calculations (23) on polyoxides of the type
H(O)nH (n > 2) suggest that the bond dissociation energy for
n = 3 was 33 kcal mol–1 and the minimum barrier for any
n > 2 would be 6.4 kcal mol–1. Mendenhall et al. (10) dis-
counted both a diradical and zwitterionic intermediate of
type X based on the lack of observation of bimolecular self-
reactions. A TS or intermediate structure resembling X at
the uBecke3PW91/6–31+G(d) level was not found in our
study. At the semiempirical level (PM3), a TS was found for
the above, but when the transition state search was per-
formed at the ab initio level by reading in the force constants
from the PM3 calculation, the TS that we described above
was obtained. The “intermediate” for X, found at the PM3

level by restraining the O3—O4 and P1—O5 bonds, also con-
verted to a structure resembling the TSs that we described
above when calculated at the uBecke3PW91/6–31+G(d)
level of theory. The P1—O5 bond would significantly stretch
(approximately 0.5 Å) and the ozonide ring torsion would
twist (approximately 10°). If the O3—O4 bond was not
stretched far enough (less than 0.2 Å from equilibrium dis-
tance) then the X intermediate would return to the ozonide
at the uBecke3PW91/6–31+G(d) level of theory. Therefore,
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Fig. 2. IRC for 5 from the TS (B), to the ozonide A, and to
the product side C. The energies of the ozonide and phosphate
and singlet oxygen relative to the TS (point B) are –23.5 and
–44.6 kcal mol–1, respectively.

Fig. 3. Front and side view of geometries A, B, and C along the
reaction coordinate for the decomposition of 4-ethyl-1-phospha-
2,6,7-trioxabicyclo[2.2.2]octane ozonide (5). The side view is a
90° rotation and tilted forward slightly to show the twisting of
the extruding singlet oxygen. For clarity, the ethyl substituent
and hydrogens have been omitted. Atom O6 lies behind the car-
bon atom in the side view.
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we were unable to locate a stable structure that resembled X
(R = Me) either as a TS or an intermediate.

The computed activation energies are collected in Table 2.
Several identifiable patterns are in the data. The greater the
size and the more electronegative the R substituent of the
POC, the higher is the barrier for extrusion of 1O2. Gen-
erally, the single-point calculations at the Becke3PW91/6–
311++G(d,p) level gave Eas (eq. [1]) of 2.0 to 4.5 kcal mol–1

less than the value obtained at the Becke3PW91/6–31+G(d)
level. The unconstrained POCs 1–4 showed a substantial
variation in their Eas. Trimethyl phosphite ozonide (1) had
the lowest calculated activation energy of the POCs at
15.1 kcal mol–1. An experimental Ea is not known, as the
lifetime, even at –88°C, is extremely short (14). The calcu-
lated Ea for 2, 16.5 kcal mol–1, was in good agreement with
the experimental value (2) of 14.4 kcal mol–1. Steric factors
might play a small role in determining the Ea of 2 vs. 1 in
that the methoxy ligands pose less steric hindrance than the
phenoxy groups of 2. There was only a small increase in ac-
tivation energy for 2, as the singlet oxygen tends to extrude
above the P–OR ligands and was not substantially affected
by the phenoxy groups of 2 relative to the methoxy groups
of 1.

For trifluoromethyl phosphite ozonide (3) and trifluoro-
ethyl phosphite ozonide (4) the calculated activation ener-
gies were approximately 10 and 5 kcal mol–1 higher than
that of the trimethyl analogue. The equilibrium geometries
of 1, 3, and 4 had similar geometry of the P–OR groups and
would be best described as trigonal pyramidal (as well as the
other POCs studied). The transition states of 1, 3, and 4 also
showed this same type of geometry. However, there was a
variation in the torsional angle within the ozonide ring (15.9,
25.2, and 26.2°, respectively), and the P–OR conformations
differed somewhat. The substituent effect of the electro-
negative fluorine groups that caused the large separation of
Ea values between 1 and 3 will be explained qualitatively
though the AIM molecular graphs in the next section.
Ozonide 4 was similar in conformation to 3. The phosphorus
and oxygen atoms in the P–OR ligands are buffered through
an additional methylene group. This buffering relative to 3
appears to be a major factor as to why the Ea of 4 was only
20.4 kcal mol–1, approximately 3 kcal mol–1 less than the Ea
for 3.

For the bicyclic POCs 5–7 the calculated activation ener-
gies were in the range of 23–26 kcal mol–1, much higher
than those found experimentally. The experimental values
for the Ea of 5 were found to be only 8.5 kcal mol–1 with ac-
etone as the solvent (10) and 4.4 kcal mol–1 calculated from
rate constants obtained in CH2Cl2 at two different tempera-
tures (13). These results do not compare well with the
computed value of 26.0 kcal mol–1 (Becke3PW91/6–31+G(d))
or 23.5 kcal mol–1 obtained at the Becke3PW91/6–
311++G(d,p) level. However, the experimental (13) first-order
rate constant was found to be 9.75 × 10–5 s–1 for 5 compared
with 740 × 10–5 s–1 for 2 in dichloromethane at –5°C. This
suggests that 2 would have a lower activation barrier than 5.
For this reason we suggest that the experimental Ea of 5
should have been higher than that observed. We therefore ar-
rive at the same conclusion that Schaap et al. (8) reached, in
that “additional experiments on the thermal stability of 5
seem to be required”. In comparing 5 and 6 there was no

substitution effect noted, as the computed Ea for 5 was only
0.2 kcal mol–1 higher than the value for 5. This was ex-
pected, since the change was small and the substitution was
five atoms away from the reaction centre. As noted earlier,
Ramos et al. (6) saw a variation of one order of magnitude
in rate constants for derivatives of 6 in some cases. They ar-
gued that the remote-substituent effect was perhaps a spatial,
steric, or electronic effect, which affects the stability of the
POCs. Others (13) observed an average rate constant of k =
1.4 ± 0.4 × 10–4 s–1 for a total of eight constrained POCs,
which varied dramatically in their structure. At the semi-
empirical level (PM3) we found no stable conformation for
some of the ozonides studied by Ramos et al. (6) that would
suggest a spatial or electronic effect to account for the varia-
tion they saw in the rate constants. The calculated value for
7 was more than 6 kcal mol–1 higher than the experimental
value (8) of 19.1 ± 1.2 kcal mol–1. The experimental value
was derived from rate constants obtained at five different
temperatures with a small error, so it would appear to be
correct. However, the precautions necessary for the
reproducibility experiments using CH2Cl2 as the solvent has
also been voiced (10). Ozonide 8 showed an approximate
5 kcal mol–1 decrease in Ea compared with POCs 5–7. The
explanation offered here is that there is at least some flexi-
bility within 8. This seems reasonable since the flexibility
and Ea of 8 is generally in between that of 1–4 and 5–7. The
ease of rotation about the P—OR bond along with electro-
negative substituents seems to be the determining factors in
the Eas of the complexes studied. A referee suggested that
the binding energy of ozone to the phosphate should have
been investigated for completeness of this study. However,
we feel that this would have no bearing on the interpretation
of the results. Justification for this arises from the fact that
the ozonides are prepared at –78°C and decompose quantita-
tively to phosphate and singlet oxygen (6, 10) above this
temperature. We therefore conclude that there is no compet-
ing reaction or equilibrium that involves the dissociation of
the POCs to phosphite and ozone; no ozonolysis products of
alkenes have been found in the reactions.

AIM analysis
We carried out AIM analyses with the wave functions ob-

tained at the Becke3PW91/6–31+G(d) level. Bond critical
points and bond paths were obtained for all POCs. With the
exception of 1-, 2-, 3-, and 4-TS, as well as propylene
phenyl phosphate derived from 8, the POCs showed no
anomalies. However, what was truly interesting about these
TSs were the hydrogen and fluorine bond paths from the P–
OR groups (R = CH3, Ph, CF3, or CH2CF3) to the lower oxy-
gen (atom O3) of the extruding singlet oxygen (Fig. 4). Since
atom O3 was found to have a negative charge of –0.74e in the
optimized geometry and –0.34e in the TS (discussed later),
the two hydrogen atoms appear to show a favourable interac-
tion with sufficient electron density, which may stabilize the
TS somewhat. At the unexpected bond critical points 1 and 2
for the 1-TS in Fig. 4, the electron densities, ρ(r), were
0.016 and 0.018 au, respectively. Similar values were found
for the critical points in the 2-, 3-, and 4-TSs. For points 3–7
in Fig. 4, the ρ(r) values were 0.010, 0.012, 0.013, 0.025,
and 0.016 au, respectively. These electron density values
were much less than for the other bond critical points within
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the molecule. For comparison, the density values for some
other bond critical points in 1-TS were; P1—O3 = 0.046,
P1—O5 = 0.195, P1—O6–8 = 0.184–0.187, O3—O4 = 0.377,
O4—O5 = 0.172, O6—C11 = 0.232, and C11—R (R = H) =
0.280–0.285 au. There have been several recent reports on
molecules that show similar, unusual molecular graphs.
Koch and Popelier (24) studied four van der Waals com-
plexes, including formaldehyde–chloroform and benzene–
formaldehyde systems. They suggested that the inter-
molecular interaction energy would be less than 0.5 kJ mol–1

for the complexes. Others (25) suggested a much higher
intramolecular stabilization energy occurs in ribonucleo-
sides. These ribonucleosides exhibited several CH···O inter-
actions, which accounted for approximately 5–18 kcal mol–1

in stability vs. the conformations in which these interactions
were not present. Our intent was not to describe a full quan-
titative analysis of these interactions, as there are eight hy-
drogen-bonding criteria within the AIM formalism (24, 26,
27). However, we would like to suggest that, since 1- and 2-
TS exhibit such a molecular graph, the lower activation en-
ergy compared with POCs 5–7 might result from the stabili-
zation of the transition state through these weak hydrogen-
bonding interactions. This type of stabilization could result
in a lowering of the Ea. Similar interactions, which had acti-
vation barriers moderately higher than 1 or 2, were also
noted for the 3- and 4-TSs. The bond paths in 3-TS connect
two fluorine atoms in one of the P-OCF3 groups to atom O3
in the extruding singlet oxygen (Fig. 4). It is possible that
the extrusion of singlet oxygen is hindered through electro-
static repulsion by the fluorine atoms (typically bearing a
negative charge of –0.67 to –0.69e) with atom O3, which also
carries a net negative charge (approximately –0.33 to –0.34e).
This is contrasted to the slight positive charge (typically

0.05 to 0.06e) found on the hydrogen atoms of 1 and 2. Be-
cause the hydrogen atoms are somewhat electron deficient,
interactions with the partially negatively charged O3 atom
would tend to lower the energy of the TSs. We would sug-
gest that the Ea for 3 would be slightly lower than calculated
if the repulsive interactions between the fluorine atoms and
the oxygen atom of the extruding singlet oxygen were not
present. Similarly, we would suggest that the activation en-
ergies of the POCs 1 and 2 would be slightly higher if these
weak hydrogen interactions with atom O3 were not present.
It is difficult to account for the elevated Ea of 4 relative to 1,
as there are two similar bond paths (points 6 and 7 in Fig. 4)
with relatively high ρ values compared with the previous
points, as discussed in the case of 1-TS. It would be ex-
pected that these weak interactions would stabilize the 4-TS
and lower the Ea, as described for 1-TS. The electronegative
fluorine groups may play a role in determining the Ea of 4
relative to 1, although no unusual bond critical points be-
tween the fluorines and the extruding singlet oxygen were
observed. Still, the Ea for 4 was almost 4 kcal mol–1 less
than that for 3, which suggests that the electronegative fluo-
rine groups, combined with CH···O interactions, give the in-
termediate Ea of 4 relative to 1 or 3. However, at this time, it
is difficult to quantify a precise explanation as to why the
activation energy of 4 had this intermediate value. Since
POCs 5–8 did not exhibit any of the above-mentioned anom-
alous molecular graphs, there is no stabilization or
destabilization of the TSs that leads to the calculated activa-
tion energies, which are very similar (especially for 5–7,
where the Eas differed by less than 2 kcal mol–1).

The AIMPAC results for the atomic charges for the atoms
within the POCs, TSs, and selected phosphates are collected
in Table 3. On the whole, there was little variation in the net
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Fig. 4. Molecular graphs with selected bond critical points of the transition states for POCs 1, 2, 3, and 4. The lines that connect the
atoms are bond paths, and the points between atoms are the bond critical points. For clarity, the phenyl rings of 2-TS have been
truncated.
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atomic charges for individual atoms from the optimized ge-
ometries to the TSs and then to the phosphates of the POCs
studied.

The equilibrium geometries exhibited a highly electron-
deficient phosphorus atom, with the charges varying from
3.48e for 5 to 3.63e for 3. In going to the TS, the phospho-
rus atom essentially retains its net charge, as do the remain-
ing atoms in the molecule with the exception of atoms O3
and O5. Atom O3 exhibits a nominal one-half decrease in
negative charge while atom O5 tends to double its negative
charge. From the TS to the phosphate, essentially only atoms
O5 and O3 are affected. For example, from 1-TS to the phos-
phate (1-P) and singlet oxygen we see that atom O5 in-
creases its negative charge from –0.94 to –1.47e while atom
O3 changes from –0.48e to zero in singlet oxygen. All other
atoms show almost complete retention of atomic populations
from ozonide to TS to phosphate.

It was suggested (12) that the more electropositive the
phosphorus atom in the cyclic and bicyclic systems, the
stronger the O—O bond in the ozonide portion of the mole-
cule, thus resulting in an elevated Ea. However, in the case
of POC 1, the phosphorus atom had a positive charge of
+3.61e, which was marginally higher than the values found
for the bicyclic structures but slightly lower than 3. For 1
and 2, the charges on the phosphorus atom had an intermedi-
ate value compared with the other POCs 3–8. Ozonides 1
and 2 are the most reactive of the series (2, 12) and have sig-
nificantly lower calculated Eas relative to 3. But, since the
atomic charges on the phosphorus atom for 1 and 2 were in-
termediate in their values, there does not seem to be a direct
correlation between atomic charges on the phosphorus atom
and activation parameters. This argument is substantiated by
noting that the atomic charges on the phosphorus atom were
very similar in the starting materials, TSs, and phosphates
for all of the POCs, as seen from Table 3. The electron-
withdrawing fluorine groups, as in 3 and 4, for the most part

did not affect the net atomic charge on the phosphorus. The
substituted trifluoromethyl carbon atoms (C9–C11) in 3 had
substantial positive charges of approximately +2.4e in the
optimized geometry, TS, and phosphate. However, the
neighbouring oxygens to the trifluoromethyl substituent in 3
had no change to their net charges compared with the other
POCs. The bicyclic ozonides (5–7) and 8 had virtually iden-
tical atomic charges in the ozonides and TSs (Table 3).
However, the Ea of 8 was approximately 5 kcal mol–1 less
than 5–7. Therefore, from the above results, we draw the
conclusion that there is no direct correlation with net atomic
charges of individual atoms in the POCs with an increase or
decrease in activation energy.

Because these complexes decompose at low temperatures,
the frontier MOs of the ozonide ring were investigated. It
was found that a large degree of antibonding character ex-
isted in the ozonide ring. For POCs 1, 3, and 5 the molecular
orbitals were investigated to see why the ozonides might be
unstable and why there was “twisting” of the evolving sin-
glet oxygen in all the transition states. The HOMOs of these
POCs and their TSs immediately shed light on the above
two questions. Figure 5 illustrates the HOMO of ozonides 1,
3, and 5 and their associated TSs. The large antibonding
character of the p-orbitals of the oxygen atoms in the
ozonide ring, along with minor contributions from the p-
orbitals of the bicyclic ring oxygens, is evident. Of note is
the bonding interaction seen between atoms O3 and O5.
Also, the HOMO showed no bonding interactions between
the phosphorus and the oxygen atoms in the ozonide ring.
Thus, this result would suggest that the O5—O4 bonds would
break first, followed by the simultaneous cleavage of the
P1—O3 bond, with formation of singlet oxygen and the
phosphate.

With the antibonding character associated with their occu-
pied MOs, it is easy to rationalize why these molecules
readily decompose. Upon heating, POC 5 would go to the
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Speciesa P1 O3 O4 O5 O6 O7 O8 C9 C10 C11

1 3.61 –0.69 –0.05 –0.74 –1.32 –1.31 –1.30 0.42 0.43 0.42
2 3.58 –0.71 –0.04 –0.73 –1.31 –1.33 –1.31 0.43 0.44 0.47
3 3.63 –0.69 0.00 –0.73 –1.29 –1.29 –1.28 2.42 2.41 2.41
4 3.60 –0.70 –0.01 –0.71 –1.29 –1.27 –1.28 0.48 0.47 0.46
5 3.48 –0.68 –0.03 –0.67 –1.25 –1.24 –1.24 0.43 0.45 0.45
6 3.59 –0.69 –0.03 –0.70 –1.27 –1.29 –1.27 0.44 0.45 0.44
7 3.59 –0.70 –0.04 –0.70 –1.27 –1.27 –1.29 0.45 0.43 0.44
8 3.59 –0.70 –0.04 –0.74 –1.29 –1.29 –1.29 0.44 0.43 0.47
1-TS 3.50 –0.48 –0.04 –0.94 –1.28 –1.27 –1.27 0.41 0.42 0.44
2-TS 3.58 –0.41 0.03 –1.03 –1.33 –1.35 –1.33 0.41 0.44 0.44
3-TS 3.56 –0.29 –0.03 –1.09 –1.29 –1.28 –1.28 2.42 2.41 2.42
4-TS 3.61 –0.46 –0.02 –1.00 –1.32 –1.30 –1.31 0.47 0.46 0.49
5-TS 3.56 –0.37 –0.02 –1.03 –1.28 –1.28 –1.28 0.40 0.41 0.44
6-TS 3.56 –0.36 –0.01 –1.03 –1.28 –1.27 –1.27 0.41 0.41 0.45
7-TS 3.56 –0.37 –0.02 –1.03 –1.28 –1.27 –1.27 0.41 0.41 0.45
8-TS 3.57 –0.35 –0.03 –1.07 –1.29 –1.30 –1.33 0.44 0.41 0.44
1-P 3.66 –1.47 –1.32 –1.32 –1.32 0.41 0.41 0.41
3-P 3.66 –1.42 –1.30 –1.30 –1.30 2.41 2.41 2.42
5-P 3.62 –1.45 –1.29 –1.28 –1.29 0.42 0.42 0.42
8-P 3.55 –1.43 –1.30 –1.28 –1.26 0.43 0.41 0.43

a1-P, 3-P, 5-P, and 8-P are the corresponding phosphates derived from 1, 3, 5, and 8.

Table 3. AIM net charges of selected atoms of phosphite ozonides and transition states.
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TS, as depicted above. The twisting of the 1O2 occurs to cre-
ate more bonding character between O3 and O4, within the
HOMO of the TS (Fig. 5, points (e) and (f)). The MOs of 1
and 3 were also investigated and were somewhat similar to
those found for 5. Qualitatively, there did not appear to be
any significant deviation to rationalize the 10 kcal mol–1 dif-
ference in the Eas for 1 and 3. The illustration for the 5-TS
HOMO at points 1 and 2 in Fig. 5f appears to exhibit more
bonding interaction of the oxygen and phosphorus atoms
than does 1. A similar interaction, as for the 5-TS HOMO, is
noted for the 3-TS HOMO, only more substantial (Fig. 5d).
However, the internuclear distances of P1–O3 and P1–O4 in
1-TS were greater than those of 5-TS and even greater than
in 3-TS. Therefore, conclusions as to the relative lowering
of the activation barrier through these weak additional bond-
ing interactions are difficult to quantify.

As a final note, the decomposition of the POC TSs de-
scribed above exhibited similar characteristics to an oxa-
phosphetane transition state (OP-TS) from a Wittig reaction
decomposing to the phosphine oxide and alkene products.
The mechanism for the Wittig decomposition remains some-
what controversial, especially when considering the non-

stabilized and stabilized ylides (28, 29). However, recent
calculations (30) at the Becke3PW91/6–31G(d) show the
OP-TS has a dihedral angle of approximately 7–29° (trans
route) for the four atoms that make up the ring in the TS.
The puckering of the OP-TS is similar to the TSs that we
calculated, and the varying angles may be attributed to the
substituents on the aldehyde examined by Vedejs and Marth
(29). These calculations also showed imaginary frequencies
that ranged between 300i to 400i cm–1, similar to the ones
we described.

Conclusions

Plausible optimized geometries and transition states for
the POCs investigated gave the calculated activation ener-
gies. The computed Eas for the extrusion of singlet oxygen
from the ozonides were within reasonable agreement with
experimental results, with the exception of 4-ethyl-1-
phospha-2,6,7-trioxabicyclo[2.2.2]octane ozonide. The acti-
vation energies ranged from a low of 15.1 kcal mol–1 for
trimethyl phosphite ozonide to a high of 25.6 kcal mol–1 for
1-phospha-2,8,9-trioxadamantane ozonide from single point
calculations at the Becke3PW91/6–31++G(d,p) level of the-
ory. A nice correlation was found: the more hindered and
electronegative the P–OR groups, the higher the activation
barriers. The AIM results indicated that there is no correla-
tion between the atomic charges on the atoms near the reac-
tion centre and the reactivity of the POCs. We have
discounted structures I and X, which were proposed to be
likely intermediates or TSs, as no suitable geometries were
found in our study. Weak electrostatic interactions — both
attractive and repulsive — that either lower or raise the Ea
may occur in POCs in which the TSs are stabilized or
destabilized by such interactions. Qualitative arguments
were presented from a frontier molecular orbital description
to account for the thermal instability of these ozonides.
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An ab initio molecular orbital study of the
geometry of the dicationic Wallach rearrangement
intermediate1

Robin A. Cox, David Y.K. Fung, Imre G. Csizmadia, and Erwin Buncel

Abstract: Ab initio calculations have been performed on several different structures for the dicationic intermediate pro-
posed for the Wallach rearrangement of aromatic azoxy compounds to hydroxy-substituted azo systems in strongly
acidic media. For the unsubstituted parent compound azoxybenzene, these calculations reveal that the preferred struc-
ture for the intermediate is planar, as previously assumed, but bent rather than linear as we have formulated it. The
presence of two methyl groups at the para positions of both aromatic rings does not change this situation, but six
methyl groups at all para and ortho ring positions lead to a different preferred structure — still bent but with the two
aromatic rings now at 90° to one another rather than being coplanar — undoubtedly due to steric interference between
the ortho methyl groups. In all the cases examined the two positive charges reside primarily in the aromatic rings
rather than on the nitrogens, which are sp2 hybridized and still have their lone pairs. The overall structures can best be
regarded as two six-electron π systems joined together, with little communication between the two rings. For the most
part the calculations are in good agreement with experimental observations. Recent calculations on other possible reac-
tion intermediates by other groups are also discussed.

Key words: Ab initio calculations, Wallach rearrangement, azoxyarenes, reaction intermediate, acid catalysis, intermedi-
ate structure, reaction mechanism.

Résumé : On a effectué de calculs théoriques sur plusieurs structures différentes d’intermédiaires dicationiques propo-
sés pour le réarrangement de Wallach, en milieu fortement acide, de composés azoxy aromatiques en systèmes azo por-
tant des substituants hydroxy. Pour le composé azoxybenzène parent, ne comportant pas de substituant, ces calculs
mettent en évidence que la structure privilégiée de l’intermédiaire est planaire comme on le croyait antérieurement,
mais qu’elle est repliée et non pas linéaire comme on l’avait formulé. La présence de deux groupes méthyles dans les
positions para des deux noyaux aromatiques ne modifie pas cette situation, mais si le composé azo comporte six grou-
pes méthyles, un dans chacune des positions ortho et para, la structure privilégiée est différente tout en demeurant
repliée; les deux noyaux aromatiques sont toutefois maintenant à 90° l’un par rapport à l’autre plutôt que d’être copla-
naires et cette situation est probablement causée par l’interférence entre les groupes méthyles en ortho. Dans tous les
cas examinés, les deux charges positives se retrouvent principalement sur les noyaux aromatiques plutôt que sur les
atomes d’azote dont les hybridations sont sp2 alors qu’ils portent toujours leurs paires d’électrons non pairés. La meil-
leure façon de visualiser les structures globales est de les considérer comme deux systèmes à six électrons π reliés sans
grande communication entre les deux noyaux. Dans l’ensemble, les calculs sont en bon accord avec les observations
expérimentales. On discute aussi d’autres calculs récents relatifs à d’autres intermédiaires réactionnels possibles par
d’autres groupes.

Mots clés : calculs ab initio, réarrangement de Wallach, azoxyarènes, intermédiaire réactionnel, catalyse acide, structure
de l’intermédiaire, mécanisme réactionnel.
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Introduction

The Wallach rearrangement, originally discovered by
Wallach and Belli in 1880 (1), is the rearrangement of aro-
matic azoxy compounds in strong aqueous acidic media to
azo compounds having an hydroxy group elsewhere in the
molecule (normally in a para position), as shown below for
the parent compound azoxybenzene 1 rearranging to p-hydr-
oxyazobenzene 2.

The reaction mechanism for the rearrangement of 1 and of
related aromatic azoxy compounds has been the subject of a
considerable amount of work by various research groups; we
have carried out a number of careful kinetic and other stud-
ies of this process over several decades (2–7). Despite com-
ments in advanced-level textbooks about the mechanism
being “not completely settled” (8), the mechanism that we
proposed originally (2) has essentially stood the test of time.

This mechanism has been given in several review articles
(9–13); for 1 itself in concentrated sulfuric and other acids it
is given in Scheme 1. In brief, pre-equilibrium protonation
of 1 gives a species that is stable in the strong acid reaction
media (2); this is then attacked by a second molecule of acid
in the rate-determining step, only the strongest acids in the
medium being capable of reacting in this general-acid-
catalysis process (4). The result is a dicationic intermediate,
which we have been writing as having the structure 3 (and
which could be called 1,2-diaza-1,2-diphenylethyne). Subse-
quent fast processes give the observed reaction product 2 on
workup, as shown; if 4 is the first-formed product it is

known to hydrolyze rapidly to 2 as the reaction mixture is
diluted (14).

In general, aromatic azoxy compounds appear to react via
the mechanism in Scheme 1 if the acidity of the medium is
high (1 and some azoxypyridines (7)). However, at lower
acidities the more reactive compounds (several azoxyn-
aphthalenes (6) and hexamethylazoxybenzene (5)) can react
via a quinonoid intermediate mechanism as well (10); this
will be discussed below.

While compiling information for a recent review (10) we
became aware of an apparent discrepancy in the products
formed from different alkyl-substituted compounds. Hexa-
methylazoxybenzene 5 gives the hydroxymethyl product 6
(5), whereas the 4,4′-dialkyl compounds 7 give at least some
of the rearranged products 8 and 9 (15). Admittedly the re-
action conditions in these two cases were quite different.
The reaction of 5 was carried out under highly dilute kinetic
conditions of some 10–4 M where intermolecular reactions
are quite unlikely; products equivalent to 8 and 9 were

© 2003 NRC Canada
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Scheme 1.
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searched for but not found, 6 being the only product ob-
served (16). The reaction of 7 took place under synthesis
conditions at much higher concentrations (>1 M), and much
byproduct formation was observed, some of it clearly by
intermolecular processes (15). Nevertheless the discrepancy
seems to be real, and we thought that it might be due to the
dicationic intermediate having different geometries in the
two cases — the ortho methyl groups perhaps causing steric
interference in the case of 5 — thus driving the reaction in a
different direction.

There are no recent theoretical calculations on these
dicationic intermediates. Many years ago we performed sim-
ple Hückel MO calculations on the two possible structures
for 3 given above (17); the calculations showed that both ge-
ometries were possible but were unable to distinguish be-
tween them in terms of energy. More recent semi-empirical
AM1 calculations on several possible Wallach rearrange-
ment intermediates (18) did not include these, which is sur-
prising since 3 has actually been observed by NMR at –78°C
in SbF5–HF–SO2 (19). While this observation does not nec-
essarily mean that 3 really is an intermediate in concentrated
aqueous sulfuric acid and related reaction media, it does
make it more probable than other unobserved intermediates.
Consequently we decided to perform some up-to-date ab in-
itio calculations on possible structures for the dicationic in-
termediates in the reactions of 1, 7 (with R = Me for 7), and
5; these are given as 10, 11, and 12 below, with the four dif-
ferent structures calculated for each one being designated as
a, b, c, and d.

Calculations

Gaussian 94/98 (20) was used to perform Hartree–Fock
(HF) calculations using the standard 3–21G and 6–31G* ba-
sis sets on the structures of interest, as has been done before
for cationic intermediates (21) and other species (22–23).
Recently it has been shown that HF/3–21G calculations give
results comparable with those obtained using the higher-
order MP2/6–311++G** level of theory (24), and thus it was
not deemed necessary to use this theory level on these quite
large species. Frequency calculations were performed on op-
timized structures to determine whether the geometry of the
structures found were local minima (λ = 0) or saddle points
(λ = 1, 2, … 3N – 6, where N is the number of atoms in the
molecule) of their potential energy surfaces. (The index λ
represents the number of negative values of the Hessian ma-
trix (corresponding to the number of imaginary frequencies)
for a given critical point.) Surface points generated by scan
calculations were plotted using Axum 5.0C and Microsoft
Excel 97; these plots are not provided as they add little in-
formation to that given in the tables and structures in this pa-
per. The results of the calculations are summarized for the
various structures in Tables 1 and 2, and calculated Mulliken
charges on the relevant atoms of those structures found to be
minima are given in Table 3.

Results

The results of our calculations can be summarized in the
structure diagrams given below; in all the left-hand struc-
tures the two phenyl rings are coplanar, and in all the right-
hand ones they are perpendicular to one another. Both levels
of theory used gave the same results.

In each case the most stable (lowest energy) structure
found for that species is boxed. Not all of the structures
were found to be energy minima; see Tables 1 and 2. Energy
differences between the structures (for each of the three spe-
cies 10, 11, and 12) calculated at the two levels of theory are
given in the Tables. Calculated Mulliken charges on relevant
atoms of those structures found to be minima at the RHF/6–
31G* level are given in Table 3.

Discussion

The global minimum structures, 10a, 11a, and 12d, are all
bent, not linear; the C–N–N bond angles are near 120° (115°

© 2003 NRC Canada
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for 10a and 11a and 131° for 12d). The conclusion must be
that the positive charges in the molecules reside primarily on
the rings and not on the nitrogens, which, with these bond
angles, must be sp2 hybridized with the lone pairs still pres-
ent, as shown above (10a was also found to be the most sta-
ble structure according to simple Hückel MO calculations
(17)).

Communication between the two aromatic rings seems not
to be important. Compound 12d is the global minimum
structure for 12 despite having a torsional angle between the
two rings of close to 90° (actually 105°), undoubtedly
caused by ortho methyl steric interference, whereas 10a and
11a are flat (0°). There is precedence for this, insofar as the
azine R2C=N–N=CR2 species studied by Rademacher and
co-workers have also been shown to consist of two essen-
tially planar halves (25).

© 2003 NRC Canada
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Structure
number

Index of critical
point (λ)

Bond angle
(C-N-N) (°)

Torsional angle
(between rings) (°)

Energy
(Hartrees)

∆E
(kcal mol–1)

10a 0 115.12 0 –565.2234531 0.00
10b 0 180 90 –565.2208280 1.65
10c 1 180 0 –565.2009733 14.11
10d (No energy minimum found)
11a 0 115.07 0 –642.9060893 0.00
11b 0 180 90 –642.8902219 9.96
11c 1 180 0 –642.8651809 25.67
11d (No energy minimum found)
12a (No energy minimum found)
12b 2 180 90 –798.2084115 5.08
12c (No energy minimum found)
12d 0 131.18 104.93 –798.2165135 0.00

Table 1. Computed energies, bond angles, and torsional angles of the Wallach rearrangement dicationic intermediate
at the RHF/3–21G level of theory.

Structure
number

Index of critical
point (λ)

Bond angle
(C-N-N) (°)

Torsional angle
(between rings) (°)

Energy
(Hartrees)

∆E
(kcal mol–1)

10a 0 115.26 0 –568.4326391 0.00
10b 0 179.99 90 –568.4188955 8.62
10c (No energy minimum found)
10d (No energy minimum found)
11a 0 115.22 0.39 –646.5462712 0.00
11b 0 179.83 90.03 –646.5192632 16.95
11c (No energy minimum found)
11d (No energy minimum found)
12a (No energy minimum found)
12b 2 179.84 90 –802.6989699 10.66
12c (No energy minimum found)
12d 0 129.10 105.94 –802.7159544 0.00

Table 2. Computed energies, bond angles, and torsional angles of the Wallach rearrangement dicationic intermediate
at the RHF/6–31G* level of theory.

Structure number Atom position Mulliken charge

10a C(4), C(4′) –0.018327
10b C(4), C(4′) –0.081163
11a C(4), C(4′) 0.175532

H(9), H(9′) 0.261925
H(10), H(10′) 0.280308
H(11), H(11′) 0.260623

11b C(4), C(4′) 0.127457
H(9), H(9′) 0.244912
H(10), H(10′) 0.261886
H(11), H(11′) 0.244915

12b C(4), C(4′) 0.147703
H(9), H(9′) 0.256877
H(10), H(10′) 0.240342
H(11), H(11′) 0.240347

12d C(4), C(4′) 0.176930
H(9), H(9′) 0.266567
H(10), H(10′) 0.251396
H(11), H(11′) 0.249100

Table 3. Mulliken charges for the dicationic intermediate com-
puted at the RHF/6–31G* level of theory.
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Thus the intermediates can probably best be regarded as
two six-electron π systems joined together, as indicated for
the partial structure above, with the torsional angle between
them being of little consequence. Rademacher finds that in
his cases the nitrogen lone pairs are in conjugation with the
opposite part of the molecule (25); there is some evidence
for that here (in Table 3 the charge densities at the 4 and 4′
carbons in 10a are actually very slightly negative), but his
systems did not involve aromatic electron sextets as ours do,
and lone-pair delocalization would add very little extra stabi-
lization in our case. Zuman and Ludvík state that “the
delocalization is either minimal or absent” in both cyclic and
acyclic compounds containing the C=N–N=C grouping, ac-
cording to electrochemically determined reduction potentials
(26).

With methyl groups present, the calculated charge density
on the rings is higher than it is in their absence (Table 3),
and this is consistent with the experimental observation that
alkylated azoxybenzenes react faster than does azoxy-
benzene itself (5). Much of this charge is delocalized onto
the hydrogens of the methyl groups (by hyperconjugation),
see Table 3, which become acidic as a consequence, explain-
ing why 6 is formed from 5 by base attack on the methyl hy-
drogens (5) rather than the rearranged phenols equivalent to

8 and 9 that would result from nucleophilic attack on car-
bon, as in Scheme 1 above for 1. It also makes it likely that
the formation of 8 and 9 from 7 is a secondary reaction of
some sort under the high concentration reaction conditions
used (15); this reaction needs to be re-examined under
reaction conditions corresponding to those used for 5 (5). We
hope to be able to undertake a study of this type in the future.

Consistent with the higher charge density on the methyl
hydrogens found for 5 is the fact that 5 also undergoes a
quinonoid-intermediate mechanism at low acidity, see
Scheme 2 (5); the regular dication mechanism takes over
from this at acidities higher than 80% H2SO4. Even one pos-
itive charge in the molecule is sufficient to make the methyl
hydrogens acidic enough to react.

Recent semi-empirical AM1 calculations concerning the
Wallach rearrangement involved many other postulated reac-
tion intermediates (18). Though the authors state that α–β
interconversions of aromatic azoxy compounds in acid (from
either direction) are low-energy processes taking place via
species like 13 (various states of protonation of 13 being
possible), this is at variance with the experimental facts, i.e.,
that these interconversions are not significant under con-
trolled Wallach rearrangement reaction conditions (13). Only
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Scheme 2.
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one such reaction has been properly investigated, the β–α
isomerization of the 4-NO2 compound (27), and that requires
protonation of the NO2 group first, certainly not a low-
energy process (13).

Another conclusion of these AM1 studies (18) was that
“the quasiplanarity of the azoxybenzene ring is destroyed
during the reaction”. According to the present work this is
clearly not the case for the intermediates formed from
azoxybenzene 1 itself or from 7 — the torsional angles be-
tween the rings found here being 0° — although the rings do
not have to be coplanar; we find 12d with a torsional angle
of 105° to be the stable form for the intermediate formed
from 5.

The major conclusion to which Özen et al. came (18) was
that the reaction mechanism for 1 involved quinonoid inter-
mediate 14, a mechanism originally proposed by Duffey and
Hendley (28). This is also certainly at variance with the ex-
perimental facts, since isotopic substitution studies have
clearly shown that the two nitrogens become equivalent dur-

ing the reaction (12, 13). Interestingly, we know that some
reactive azoxybenzenes can indeed use this mechanism, e.g.,
5 as in Scheme 2 above and the azoxynaphthalene 15 as
shown in Scheme 3 (6), but not azoxybenzene itself! Apart
from the isotopic substitution results the kinetics are also at
variance with this mechanism, since the correct mechanism
clearly requires the involvement of two acid molecules, not
one (4).

Thus we have shown that the mechanism of the Wallach
rearrangement in strong acid media clearly involves
dicationic intermediates such as 10a. Insofar as this has a
bent structure rather than the linear one 3 as given in
Scheme 1, the overall mechanistic scheme requires slight
modification, as shown in Scheme 4. (For clarity, only one
of the possible resonance forms is given for several struc-
tures in Scheme 4.) Note that the azo–azoxy function re-
mains in the same bent format throughout in this
mechanism, which is satisfying in terms of the principle of
least nuclear motion. This principle states that those reac-
tions are favoured that require the least amount of relative
atom displacement in going from reactant to product (29).
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Acrylonitrile (AN)–Cu9(100) interfaces: Electron
distribution and nature of bonded interactions

Petar M. Mitrasinovic

Abstract: There is a fundamental interest in the investigation of the interfacial interactions and charge migration pro-
cesses between organic molecules and metallic surfaces from a theoretical standpoint. Quantum mechanical (QM) con-
cepts of bonding are contrasted, and the vital importance of using combined QM methods to explore the nature of the
interfacial interactions is established. At the one-electron level, the charge distribution and nature of bonded interac-
tions at the AN–Cu9(100) (neutral and charged (–1)) interfaces are investigated by both the Becke (B) – Vosko (V) –
Wilk (W) – Nusair (N)/DZVP density functional theory (DFT) method and the MP2/6–31+G* strategy within the con-
ceptual framework provided by natural bond orbital (NBO) – natural atomic orbital (NAO) population analysis and
Atoms-In-Molecules (AIM) theory. By this approach, the interfacial interactions are given physical definitions free of
any assumptions and are visualized by using the topological features of the total electron density. A natural link be-
tween the electron density on the one side and the shapes (not energies) of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) on the other side is clarified. The question of whether the
spatial extents of the HOMO and LUMO resemble the corresponding spatial maps of the negative (charge locally con-
centrated) and positive (charge locally depleted) Laplacian of the total electron density in [AN–Cu9(100)]–1 is ad-
dressed.

Key words: AN–Cu9(100) interfaces, NBO–NAO population, electron distribution, AIM, bonded interactions.

Résumé : D’un point de vue théorique, il existe un intérêt fondamental pour les recherches sur les interactions interfa-
ciales et les processus de migration de charge entre des molécules organiques et les surfaces métalliques. On met en
relief les concepts de la mécanique quantique (MQ) de liaison et on démontre l’importance vitale d’utiliser des métho-
des de MQ pour explorer la nature des interactions interfaciales. Au niveau d’un électron, on a étudié la distribution de
la charge et la nature des interactions de liaison aux interfaces AN–Cu9(100) (neutres ou portant une charge de (–1))
par la théorie de la densité fonctionnelle (TDF) de Becke (B) – Vosko (V) – Wilk (W) – Nusair (N)/DZVP ainsi qu’en
faisant appel à la stratégie MP2/6–31+G* dans le cadre conceptuel fournit par l’analyse des populations d’orbitale
liante naturelle (OLN) et d’orbitale atomique naturelle (OAN) ainsi que la théorie des atomes dans la molécule (ADM).
Par cette approche, on donne des définitions physiques des interactions interfaciales qui sont exemptes de toute hypo-
thèse et qui sont visualisées en faisant appel à des caractéristiques topologiques de la densité totale d’électron. On a
clarifié un lien naturel entre d’une part la densité électronique et d’autre part les formes (non pas les énergies) de
l’orbitale moléculaire haute occupée (OH) et de la basse vacance (BV). On a essayé de déterminer si, dans [AN–Cu9-
(100)]–1, les distributions spatiales des orbitales moléculaires OH et BV ressemblent aux cartes spatiales correspondan-
tes des laplaciens négatifs (charge ponctuellement concentrée) et positifs (charge ponctuellement appauvrie) de la
densité électronique totale.

Mots clés : interfaces AN–Cu9(100), population OLN–OAN, distribution électronique, ADM, interactions liées.

[Traduit par la Rédaction] Mitrasinovic 554

Introduction

The semiconductor industry is facing difficulties with re-
spect to its ultimate goal: to maintain a stable growth of the
density of packing on a single chip. The permanent trend for
reducing the size of conventional MOS (metal–oxide–semi-
conductor) components, followed by the significant rise in
the costs needed for producing integrated circuits of a larger

scale, reflects the difficulties in the best possible sense (1).
In this context, the potential of molecular electronics to be-
come an alternative to the semiconductor industry is grow-
ing rapidly. Many experimental and theoretical studies have
been addressing the question of identifying the functional
abilities of single molecules or molecular self-assemblies to
behave as wires, diodes, transistors, and rectifiers. An exper-
iment performed by Reed et al. (2) has shown that phenyl-
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ene-based derivatives are capable of behaving as a
conducting wire when inserted into a metallic break junc-
tion. There are indications that some molecules such as nan-
otubes (3) and DNA (4) conduct a current when inserted
between two metal electrodes. An ancient idea — dating
back to Aviram and Ratner (5) — that organic moieties
linked by a saturated spacer between two metallic electrodes
can act as a rectifier has recently been verified experimen-
tally (6, 7). Mujica et al. (8) have noticed that molecular rec-
tification is rare because the interplay between different
transport regimes (for a specific interface) such as tunneling,
hopping, and diffusion is temperature dependent. The au-
thors (8) have also indicated that the current of the charge-
carrying particles in the coherent tunneling regime depends
strongly on the following factors: (i) the nature of the mo-
lecular bridge and the contacts; (ii) the strength of the sur-
face–molecule interaction; (iii) the position of the Fermi
energy; and (iv) the profile of the electrochemical potential
across the interface. The density of states within the
HOMO–LUMO gap (HLG) makes the precise position of
the Fermi energy level sensitive to a small amount of charge
transfer. Thus, the Fermi energy level should be viewed as a
fitting parameter inside a reasonable range. Several theoreti-
cal investigations (9–14) devoted to the understanding of the
conducting mechanisms through molecular wires have
shown that the electronic structure of the molecule and the
geometry of the metal–organic interfaces, as well as the na-
ture of the chemical interactions, are crucial. By modifying
original contacts between a conjugated molecule and a me-
tallic surface by the addition of the sulfur and gold atoms to
a terminal carbon of the molecule, Seminario et al. (15) have
shown that the character of the organic–metal interactions is
local. The authors of ref. 1 have stated on p. 10 077:
“…there is still a fundamental interest from a theoretical
standpoint to address separately, at least in the case of long
molecular wires, the charge injection mechanism (i.e., the
interfacial interactions between molecules and metallic sur-
faces 32, 33) and the charge migration process…” (1). The
present study opens the question of the nature of bonded in-
teraction at organic–metal interfaces from a more rigorous
(in a physical sense) point of view.

There have been theoretical attempts to rationalize the ex-
perimental results that characterize the organic–metal inter-
faces. Although useful, there are well-known problems
associated with such attempts, which have been quite exten-
sively reviewed (16). The partitioning schemes of the molec-
ular interaction energy used are arbitrary, and the definitions
of additive contributions to the energy are obscure. The divi-
sions of the molecular interaction energy into classically in-
terpretable segments do not distinguish different aspects of
electron behavior. The charge transfer and electrostatic com-
ponents do not have the usual physical meanings considered
in the Mulliken and Morokuma analyses, respectively
(17(a)). The descriptions of bonded interactions have also
been sought in orbitals that are not invariant (17(b)). This
study readily makes the distinctions.

Seminario et al. (18, p. 3017) have noticed that most pre-
vious work dedicated to the understanding of conduction
mechanism has been based on “…the orbital energetics

without considering the spatial extent of the conduction
channels…” (18). To predict the electronic transport of a
charged molecule when some unoccupied orbitals of the
neutral molecule become occupied following application of
an external voltage, the spatial profile of the LUMO and the
HLG have been observed, because the HLG may be viewed
as a measure of the hardness of the electron density (18–20).
It has been proposed that a prerequisite for a satisfactory
charge transmission through a molecular junction is the de-
localization of the LUMO without referring to the total elec-
tron density (21). This study is a fundamental reformulation
of this qualitative approach for a deeper reason that the suc-
cess of frontier molecular orbital theory to rationalize the in-
terfacial charge migration process may depend on if the
spatial maps of the HOMO and LUMO resemble those de-
termined by negative and positive values of the Laplacian of
the total electron density, which determines the reactivity.2

Becke and Edgecombe (22) have noted that physically
meaningful descriptions of electron behavior must be sought
in the density matrix (or related functions) and not in the
orbitals. Wave functions (or more generally density matri-
ces) are therefore indispensable for the interpretation of
electron behavior. At the one-electron level, the density ma-
trix may be diagonalized by using the natural orbitals (NOs)
(23, 24). By writing the NOs as linear combinations of the
atomic orbitals, an invariant description of electron behavior
can be related to a localized picture of the atomic orbitals in-
volved in bonding. On one hand, NBO analysis (25, 26) is
often in good agreement with such descriptions (27). On the
other hand, Bader et al. (28) recognized an alternative or-
bital-independent description of electron localization based
on the electron density. A bond path, as defined by Bader in
his AIM theory (29, 30), is a universal indicator of bonded
interactions (31). In this study, the behavior of the electrons
in the AN–Cu9(100) complexes in terms of the charge distri-
bution and nature of bonded interactions is described by use
of the NBO–NAO–AIM strategy.

The plan of this paper is as follows. The theoretical back-
ground is given in the following section. The primary inten-
tion of this part is to emphasize the importance of using
combined theoretical methods in investigating the organic—
metal bonded interactions. By using NBO–NAO (23) popu-
lation analysis and AIM (29, 30) theory, the electron distri-
bution and nature of bonded interactions between AN and
Cu9(100) are explored in the “Electron distribution” and
“Nature of bonded interaction” sections, respectively. The
initial parts of nucleophilic reactions in the complexes are
quantitatively expressed by use of the Fukui function f+ (32).
In the “[AN–Cu9(100)]–1: Laplacian of total electron density
and spatial extents of HOMO and LUMO” section, the spa-
tial extents of the HOMO and LUMO are contrasted to those
of the negative and positive Laplacian in [AN–Cu9(100)]–1,
respectively. Finally, the present qualitative approach is con-
trasted to those used in various contributions to this topic.

Background

It is difficult to explore the nature of bonded interactions
at organic–metal interfaces without the concept of bonding
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and the association of atoms in molecules. Bonds are im-
plicit in the very notion of association. An appropriate ques-
tion to be raised, which is not entirely metaphysical, is
whether the bonds hold the atoms together or whether the
bonds are the outcome of other processes. In the context of
this question, the key quantum mechanical concepts of
bonding are contrasted below, indicating the importance of
the use of NBO analysis and AIM theory to characterize
bonded interactions.

Quantum mechanical descriptions of bonding can be clas-
sified into three groups. The first is based on the partition of
the molecular interaction energy (33–39). The strength of
the arbitrary partitioning schemes to divide the molecular in-
teraction energy into classically interpretable segments is
less pronounced than their weakness to ignore different as-
pects of electron behavior. The determination of electron be-
havior is crucial. The second interprets bonding by using
density matrices (22, 27, 40). Ruedenberg (40) sought to ex-
tract physically meaningful descriptions of bonding, but
Fulton (27) fully succeeded in his attempt of this kind at the
one-electron level. Due to computational costs, the one-
electron density matrices of good quality for organic–metal
complexes are unattainable at the present time. The intention
of this study is, still, to investigate the interfacial interactions
by use of theoretical techniques capable of producing quali-
tative interpretations, which are comparable to those rooted
in the density matrices. NBO analysis fulfils the requirement
(25, 26). The third description of bonding takes advantage of
the characteristics of the electron density within the mole-
cule to interpret bonding (28–31). Note that the electronic
charge density distribution determines the three-dimensional
arrangements of the negative charge of an atom or a mole-
cule, the sizes and shapes of molecules, and the electric mo-
ments. In other words, the electron density, as a physically
measurable quantity, determines all chemical and physical
properties of atoms and molecules. The actual distribution of
charge within the molecule allows us to classify ionic and
covalent bonding patterns, but they are given physical defini-
tions free of any assumptions. AIM theory (28–31) is of par-
ticular interest for characterizing the organic—metal -
bonded interactions.

The original definition of natural orbitals was given by us-
ing the density matrix from a full configuration interaction
(CI) wave function (24). The wave function is the best one
constructed for a given basis set. The idea contained in the
NAO and NBO analyses is that the one-electron density ma-
trix can be used for defining the shape of the atomic orbitals
in the molecules and for deriving chemical bonds from elec-
tron density between atoms (23). The first-order density ma-
trix can be diagonalized by the eigenvectors called NOs and
the eigenvalues called Occupation Numbers. The summation
of all contributions from orbitals on a specific atom gives the
atomic charge. The NAOs usually contribute more than 99%
to the electron density, giving a compact expression of the
wave function in terms of atomic orbitals. Since the NAOs
are defined from the one-electron density matrix, the elec-
tron occupation is between 0 and 2, and the NAOs converge
to defined values as the size of the basis set is increased.
NAO and NBO analyses may be run for correlated wave
functions. On the basis of computational considerations, the
NAO procedure is an attractive choice for analysis purposes,

involving only matrix diagonalization of small subsets of the
density matrix.

The charge density distribution in the donor and acceptor
molecules and in intermolecular regions can be used to char-
acterize weak bonds within AIM theory (28–31). A line of
the highest electron density linking any bonded pair of at-
oms is called a bond path. The existence of a bond path is a
necessary and sufficient condition for the existence of a
bond. The point of a line of the highest electron density
where the gradient, ∇

→
ρ( )r , of the density ρ(r) is equal to

zero is the bond critical point (CP). The properties of the
density at this point give quantitative information about the
characteristics of that bond. A bond path between a pair of
nonchemically bonded atoms is termed an interaction line.
The Laplacian of the electron density (∇ 2ρ(r)) indicates
where the electron density is locally concentrated (∇ 2ρ(r) <
0) and depleted (∇ 2ρ(r) > 0) and, therefore, contains a large
amount of chemical information. Note also that the elec-
tronic charge operator is simply the negative of the number
operator (–1 for an electron) in the quantum mechanical
sense. The problem is in the definition of an atom in a mole-
cule. The most rigorous division of a molecular volume into
atomic subspaces is given by Bader and co-workers (28–31).

In general, a reaction is followed by a change in the elec-
tron density that may be quantified by the Fukui function
(32).

[1] f(r) =
∂
∂
ρ(r)
N

The Fukui function indicates the change in the electron
density at a given position when the number of electrons N
is changed. A finite difference of the function associated
with the addition of an electron is

[2] f+(r) = ρN +1(r) – ρN (r).

The function is expected to be the initial part of a nucleo-
philic reaction, and the reaction will probably occur where
the function is large (41). The function may be written in
terms of orbital contributions as

[3] f+(r) = φLUMO
2 (r) +

∂
∂=

∑ φi

ii

r
n

2

1

( )
N

The last terms become zero in the frozen molecular orbital
approximation, and the Fukui function contains only the
contribution from LUMO (32).

Electron distribution

In this section, analysis of the charge distribution and
charge-transfer processes at the AN–Cu9(100) interfaces is
performed using the NBO–NAO partitioning scheme. The
natural charges obtained in this way were shown to be suffi-
ciently reliable and stable to computational parameters (23).
A two-layer Cu9(100) cluster was used to simulate the actual
surface. The following are recommendations in the litera-
ture: that the geometry of AN is not affected by the size of
the clusters (9 atoms) and that the use of smaller clusters (<9
atoms) will affect the binding energy (42). Also, the use of
larger clusters would mimic the density of states of the ac-
tual surface (43). The chosen cluster size may be viewed
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both as a compromise among the recommendations and as
representative of the problems being addressed. A static
electric field of –0.015 atomic units (au) was chosen to sim-
ulate the driving voltage between the electrode and the mol-
ecule. The results reported below are based on calculations
done at the B-VWN/DZVP(DFT) (44–46) and MP2/6–
31+G* levels of approximation. The optimized geometries
(Fig. 1) were generated using the program DMol (17, 47,
48). The interatomic distances of the Cu9(100) clusters were
frozen at the bulk values (17). The natural population analy-
sis was carried out by use of the Gaussian 98 suite of pro-
grams (49).

B-VWN/DZVP(DFT)
The NBO analysis shows the high percentage (>99%)

contribution of the NAOs to the molecular charge distribu-
tion, i.e., 99.58% of 20 in the AN valence, 99.48% of 119 in
the AN–Cu9(100) valence, and 99.52% of 120 in the [AN–
Cu9(100)]–1 valence. AN is set as a standard against which
the changes in the charge distribution caused by the forma-
tion of the bonds can be measured. The identified sites be-
tween which the bonding occurs are C(1)—Cu(8) and
N(7)—Cu(15) in AN–Cu9(100), as well as C(1)—Cu(8) in
[AN–Cu9(100)]–1. The NECs of these atomic sites, given in
Table 1, contain only those valence NAOs that have been
substantially modified in terms of the electron distribution
by incorporating the isolated AN into the AN–Cu9(100)
complexes. In comparison to the standard, the natural
charges indicate that the C(1) and N(7) sites become more
negative by –0.41 and –0.27 in AN–Cu9(100) and that the
C(1) site gains a negative charge of –0.40 in [AN–
Cu9(100)]–1. The Cu(8) and Cu(15) atoms have the overall
natural charges of +0.15 and +0.32 in AN–Cu9(100), while
the Cu(8) site is essentially neutral (slightly negative, –0.08)
in [AN–Cu9(100)]–1. The C(1)—Cu(8) and N(7)—Cu(15)
bonds in AN–Cu9(100) should be looked upon as being ionic
(charge separated) as far as the natural charges are con-
cerned. The changes in the electron distribution are most
pronounced in the second shells of C(1) and N(7) and in the
3d and 4s NAOs of Cu(8) and Cu(15) in AN–Cu9(100), as
given in Table 1. By adding an electron to the neutral com-
plex AN–Cu9(100), the C(1) site does not experience any
substantial change while Cu(8) gains a negative charge of
–0.23, of which –0.21 is assigned to the 4s. After applying
an electric field to the neutral complex AN– Cu9(100), the
N(7) atom in [AN–Cu9(100)]–1 becomes more positive, by
+0.14, than N(7) in AN–Cu9(100), of which +0.16 is as-
signed to the 2p NAO and –0.02 to the 2s and has an overall
natural charge of –0.45. The Cu(15) atom in [AN–

Cu9(100)]–1 becomes more negative by –0.46 than the
Cu(15) atom in AN–Cu9(100), of which –0.12 is distributed
into the 3d NAO and –0.34 into the 4s and has an overall
natural charge of –0.14.

It is also possible to determine the molecule(AN)–clus-
ter(Cu9) charge separation by simply summing the appropri-
ate natural charges of atoms. The molecule–cluster natural
charge separation is AN(–0.79)–Cu9(+0.79) in the neutral
complex. In some respects the C(1)—Cu(8) and N(7)—
Cu(15) bonds in AN–Cu9(100) can be considered as charge
separated, as far as the molecule–cluster natural charge sepa-
ration is concerned. The molecule–cluster natural charge
separation in [AN–Cu9(100)]–1 is AN(–0.67)–Cu9(–0.33).
Thus, the AN molecule as a whole becomes more positive
by +0.12 while the Cu9 cluster as a whole becomes more
negative by –1.12, after applying an external voltage to the
neutral complex AN–Cu9(100).

Additional information about the nature of bonded inter-
actions is provided by Tables 2 and 3, containing the spin-
separated NAOs at the interaction sites. The letters “a” and
“b” used in the analysis mean “alpha (spin up)” and “beta
(spin down)”, respectively. Since the valence electrons tend
to be chemically active, the total occupancies of the spin-
separated NAOs at the interaction sites in AN–Cu9(100) in-
volved in the bonding are 2.33a and 2.31b at C(1), 2.77a and
2.74b at N(7), 5.4a and 5.34b at Cu(8), and 5.3a and 5.34b
at Cu(15). The occupancies of the σ-bonding and anti-
bonding C(1)—Cu(8) NOs of the alpha spin are 0.79 (72.4%
at C(1)) and 0.28 (27.6% at C(1)) in AN–Cu9(100). The oc-
cupancies of the σ-bonding and antibonding N(7)—Cu(15)
NOs of the alpha spin are 0.77 (81.5% at N(7)) and 0.28
(18.5% at N(7)) in AN–Cu9(100). Table 3 shows that the
valence occupancies of the spin-separated NAOs are 2.36a
and 2.27b at C(1), as well as 5.59a and 5.38b at Cu(8), in
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Fig. 1. Optimized geometries: (a) AN; (b) AN–Cu9(100); (c) [AN–Cu9(100)]–1.

Molecule
Atom
(site)

Natural
charge Configuration

AN C(1) –0.29 2s(1.04)2p(3.24)
N(7) –0.32 2s(1.62)2p(3.67)

AN–Cu9(100) C(1) –0.70 2s(1.12)2p(3.53)
Cu(8) +0.15 4s(0.84)3d(9.88)
N(7) –0.59 2s(1.59)2p(3.96)
Cu(15) +0.32 4s(0.81)3d(9.83)

[AN–Cu9(100)]–1 C(1) –0.69 2s(1.13)2p(3.52)
Cu(8) –0.08 4s(1.05)3d(9.90)

Table 1. B-VWN/DZVP(DFT): natural charges and electron con-
figurations (NECs) at interaction sites.
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[AN–Cu9(100)]–1. The occupancies of the σ-bonding and
antibonding C(1)—Cu(8) NOs of the “up” spin are 0.96
(57.6% at C(1)) and 0.32 (42.4% at C(1)) in [AN–
Cu9(100)]–1.

MP2/6–31+G*
The NBO analysis shows the high percentage (>99%)

contribution of the NAOs to the molecular charge distribu-
tion, that is, 99.40% of 20 in the AN valence, 99.28% of 119
in the AN–Cu9(100) valence, and 99.56% of 120 in the
[AN–Cu9]

–1 valence. The summary of NO population analy-
sis is given in Table 4. By incorporating the isolated AN into
the AN–Cu9(100) complex, the natural charges indicate that
the C(1) and N(7) sites become more negative by –0.41, of
which –0.25 is distributed into 2p and –0.11 into 2s at C(1)
and –0.46 into 2p and +0.06 into 2s at N(7). The Cu(8) and

Cu(15) atoms have the natural charges of –0.05 and +0.49 in
AN–Cu9(100), respectively. As far as the natural charges are
concerned, the N(7)—Cu(15) bond is charge separated
(ionic), while the C(1)—Cu(8) bond is not, in AN–Cu9(100).
By adding an electron to the neutral complex, the C(1) site
becomes slightly more negative by –0.05 while the Cu(8)
site gains a negative natural charge of –0.56, of which –0.55
is assigned to 4s. In comparison to the neutral complex, the
change of the Cu(8) natural charge of –0.56 is substantial.
The overall natural charges of the C(1) and Cu(8) sites in
[AN–Cu9(100)]–1 are –0.78 and –0.61, respectively.

By summing the appropriate natural charges of atoms, the
molecule–cluster natural charge separation is AN(–0.94)–
Cu9(+0.94) in the neutral complex. In some respects the
C(1)—Cu(8) and N(7)—Cu(15) bonds in AN–Cu9(100) can
be considered as charge separated, as far as the molecule–
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Atom (site) Atomic orbital Type (atomic orbital)a Occupancy

C(1) s Val (2s)a 0.56121
C(1) px Val (2p)a 0.54971
C(1) py Val (2p)a 0.58395
C(1) pz Val (2p)a 0.64153
N(7) s Val (2s)a 0.79381
N(7) px Val (2p)a 0.69440
N(7) py Val (2p)a 0.62876
N(7) pz Val (2p)a 0.68147
Cu(8) s Val (4s)a 0.43659
Cu(8) dxy Val (3d)a 0.99714
Cu(8) dxz Val (3d)a 0.99631
Cu(8) dyz Val (3d)a 0.99553
Cu(8) dx2y2 Val (3d)a 0.99814
Cu(8) dz2 Val (3d)a 0.95938
Cu(15) s Val (4s)a 0.39141
Cu(15) dxy Val (3d)a 0.99159
Cu(15) dxz Val (3d)a 0.96475
Cu(15) dyz Val (3d)a 0.99007
Cu(15) dx2y2 Val (3d)a 0.99123
Cu(15) dz2 Val (3d)a 0.98031
C(1) s Val (2s)b 0.56002
C(1) px Val (2p)b 0.54942
C(1) py Val (2p)b 0.58261
C(1) pz Val (2p)b 0.62381
N(7) s Val (2s)b 0.79309
N(7) px Val (2p)b 0.68505
N(7) py Val (2p)b 0.62175
N(7) pz Val (2p)b 0.64960
Cu(8) s Val (4s)b 0.40603
Cu(8) dxy Val (3d)b 0.99695
Cu(8) dxz Val (3d)b 0.99246
Cu(8) dyz Val (3d)b 0.99374
Cu(8) dx2y2 Val (3d)b 0.99420
Cu(8) dz2 Val (3d)b 0.95658
Cu(15) s Val (4s)b 0.41956
Cu(15) dxy Val (3d)b 0.99059
Cu(15) dxz Val (3d)b 0.96412
Cu(15) dyz Val (3d)b 0.99007
Cu(15) dx2y2 Val (3d)b 0.99126
Cu(15) dz2 Val (3d)b 0.98030

aa = alpha (spin up); b = beta (spin down); Val = valence.

Table 2. B-VWN/DZVP(DFT): AN–Cu9(100) — spin-separated valence natural atomic orbitals.
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cluster natural charge separation is concerned. The mole-
cule–cluster natural charge separation in [AN–Cu9(100)]–1 is
AN(–0.36)–Cu9(–0.64). Therefore, the AN molecule as a
whole becomes more positive by +0.58 while the Cu9 cluster
as a whole becomes more negative by –1.58 after applying
an external voltage to the neutral complex AN–Cu9(100).

Additional information about the nature of bonded inter-
actions is provided by Tables 5–7, containing the valence
NAOs at the interaction sites in AN and the spin separated
valence NAOs at the interaction sites in AN–Cu9(100) and
[AN–Cu9(100)]–1, respectively. The total occupancies in-
volved in the bonding in AN are 4.30 at C(1) and 5.26 at
N(7). The total occupancies involved in the bonding in AN–
Cu9(100) are 2.53a and 2.13b at C(1), 2.22a and 3.42b at
N(7), 5.27a and 5.15b at Cu(8), and 5.18a and 5.06b at
Cu(15). By bonding AN to Cu9(100), the site C(1) gains a
bonding NAO occupancy of 0.38a and loses that of 0.02b,
while the site N(7) loses a bonding NAO occupancy of 0.41
having the “up” spin and gains that of 0.79 having the
“down” spin. The occupancies of the σ-bonding and anti-

bonding C(1)—Cu(8) NOs of the alpha spin are 0.73
(66.83% at C(1)) and 0.26 (33.17% at C(1)) in AN–
Cu9(100), respectively. The occupancies of the σ-bonding
and antibonding N(7)—Cu(15) NOs of the alpha spin are
0.62 (65.31% at N(7)) and 0.22 (34.69% at N(7)) in AN–
Cu9(100), respectively. Table 7 also shows that the valence
occupancies of the spin-separated NAOs are 1.48a and 3.24b
at C(1) and 5.7a and 5.05b at Cu(8) in [AN–Cu9(100)]–1. By
adding an electron to the neutral complex, the C(1) site loses
an alpha-bonding occupancy of 1.05 and gains a beta one of
1.11, while the Cu(8) site gains an alpha-valence occupancy
of 0.43 and loses a beta one of 0.1. The occupancies of the
σ-bonding and antibonding C(1)—Cu(8) NOs of spin “up”
are 0.6 (36.12% at C(1)) and 0.2 (63.88% at C(1)) in [AN–
Cu9(100)]–1.

The AN molecule retains its planarity in AN–Cu9(100)
while it becomes distorted after applying an external volt-
age, as given in Fig. 1. The C(1)—C(2), C(3)—N(7), and
C(2)—C(3) geometric bond lengths (GBLs) in AN are 2.52
au, 2.21 au, and 2.66 au, respectively. The C(1)—C(2) and
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Atom (site) Atomic orbital Type (atomic orbital)a Occupancy

C(1) s Val (2s)a 0.57052
C(1) px Val (2p)a 0.57445
C(1) py Val (2p)a 0.58371
C(1) pz Val (2p)a 0.64184
Cu(8) s Val (4s)a 0.61215
Cu(8) dxy Val (3d)a 0.99702
Cu(8) dxz Val (3d)a 0.97963
Cu(8) dyz Val (3d)a 0.99810
Cu(8) dx2y2 Val (3d)a 0.99138
Cu(8) dz2 Val (3d)a 0.99665
C(1) s Val (2s)b 0.56195
C(1) px Val (2p)b 0.55757
C(1) py Val (2p)b 0.58376
C(1) pz Val (2p)b 0.57474
Cu(8) s Val (4s)b 0.44150
Cu(8) dxy Val (3d)b 0.99094
Cu(8) dxz Val (3d)b 0.97103
Cu(8) dyz Val (3d)b 0.98665
Cu(8) dx2y2 Val (3d)b 0.98857
Cu(8) dz2 Val (3d)b 0.99678

aa = alpha (spin up); b = beta (spin down); Val = valence.

Table 3. B-VWN/DZVP(DFT): [AN–Cu9(100)]–1 — spin-separated valence natural atomic orbitals.

Spin natural charge

Molecule Atom (site) Natural charge Configurationa Up Down Mulliken chargeb

AN C(1) –0.32 2s(1.00)2p(3.30) –0.16 –0.16 –0.08
N(7) –0.28 2s(1.62)2p(3.63) –0.14 –0.14 –0.22

AN–Cu9(100) C(1) –0.73 2s(1.11)2p(3.55) –0.57 –0.16 –0.40
Cu(8) –0.05 4s(1.02)3d(9.40)4p(0.44) –0.09 +0.04 –0.28
N(7) –0.69 2s(1.56)2p(4.09) +0.25 –0.94 –0.45
Cu(15) +0.49 4s(0.71)3d(9.53)4p(0.15) +0.18 +0.31 +0.25

[AN–Cu9(100)]–1 C(1) –0.78 2s(1.13)2p(3.59) +0.49 –1.27 –0.04
Cu(8) –0.61 4s(1.57)3d(9.35)4p(0.48) –0.71 +0.10 –0.71

aThe given NAOs have been substantially modified in terms of the charge distribution by incorporating AN into AN–Cu9(100).
bThe Mulliken charges are only to be used to demonstrate the arbitrary and unpredictable behavior of this partitioning scheme.

Table 4. MP2/6–31+G*: natural electron charges, natural electron configurations, and Mulliken charges.
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Atom (site) Atomic orbital Type (atomic orbital)a Occupancy

C(1) s Val (2s)a 0.56951
C(1) px Val (2p)a 0.58950
C(1) py Val (2p)a 0.61067
C(1) pz Val (2p)a 0.76383
N(7) s Val (2s)a 0.75370
N(7) px Val (2p)a 0.53719
N(7) py Val (2p)a 0.32182
N(7) pz Val (2p)a 0.61095
Cu(8) s Val (4s)a 0.53980
Cu(8) dxy Val (3d)a 0.95956
Cu(8) dxz Val (3d)a 0.96381
Cu(8) dyz Val (3d)a 0.96291
Cu(8) dx2y2 Val (3d)a 0.95701
Cu(8) dz2 Val (3d)a 0.89262
Cu(15) s Val (4s)a 0.43380
Cu(15) dxy Val (3d)a 0.96544
Cu(15) dxz Val (3d)a 0.90644
Cu(15) dyz Val (3d)a 0.96552
Cu(15) dx2y2 Val (3d)a 0.96028
Cu(15) dz2 Val (3d)a 0.95151
C(1) s Val (2s)b 0.54128
C(1) px Val (2p)b 0.54188
C(1) py Val (2p)b 0.60240
C(1) pz Val (2p)b 0.44503
N(7) s Val (2s)b 0.80284
N(7) px Val (2p)b 0.86106
N(7) py Val (2p)b 0.89021
N(7) pz Val (2p)b 0.86922
Cu(8) s Val (4s)b 0.47945
Cu(8) dxy Val (3d)b 0.94021
Cu(8) dxz Val (3d)b 0.93111
Cu(8) dyz Val (3d)b 0.95569
Cu(8) dx2y2 Val (3d)b 0.95266
Cu(8) dz2 Val (3d)b 0.88607
Cu(15) s Val (4s)b 0.27714
Cu(15) dxy Val (3d)b 0.96607
Cu(15) dxz Val (3d)b 0.92352
Cu(15) dyz Val (3d)b 0.97039
Cu(15) dx2y2 Val (3d)b 0.96129
Cu(15) dz2 Val (3d)b 0.96313

aa = alpha (spin up); b = beta (spin down); Val = valence.

Table 6. MP2/6–31+G*: AN–Cu9(100) — spin-separated valence natural atomic orbitals.

Atom (site) Atomic orbital Type (atomic orbital)a Occupancy

C(1) s Val(2s) 1.00396
C(1) px Val(2p) 1.14970
C(1) py Val(2p) 1.11966
C(1) pz Val(2p) 1.02730
N(7) s Val(2s) 1.61634
N(7) px Val(2p) 1.14945
N(7) py Val(2p) 1.40741
N(7) pz Val(2p) 1.07615

aa = alpha (spin up); b = beta (spin down); Val = valence.

Table 5. MP2/6–31+G*: AN — valence natural atomic orbitals at the C(1) and N(7) sites.
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C(3)—N(7) GBLs in both AN–Cu9(100) and [AN–
Cu9(100)]–1 are 2.7 au and 2.27 au, while those of the
C(2)—C(3) bonds are 2.57 au and 2.59 au, respectively. The
elongation of the C(1)—C(2) and C(3)—N(7) bonds and the
shortening of the C(2)—C(3) bonds with reference to AN
confirm electron transfer from Cu9 to AN. The calculated
value of the ionization potential (IP) of 4.43 electron volts
(eV) for Cu9 confirms recent measurements of 4.2 eV,
which is comparable with the IPs of Na (5.14 eV) and K
(4.34 eV) (50). A similar electron transfer in NO population
has been reported for an AN molecule with an Na atom, as
well as for an acrolein molecule with an Na atom (51, 52).

Nature of bonded interactions

In this section, the nature of the AN–Cu9(100) interfacial
interactions is investigated by use of AIM theory at the B-
VWN/DZVP(DFT) and MP2/6–31+G* levels of theory. The
calculations pertaining to the topological features of the
electron density were performed by use of the program
EXTREM (53). The figures were created by use of the pro-
gram MOLDEN (54).

B-VWN/DZVP(DFT)
The Bader (AIM) (29, 30) analysis shows the existence of

the C(1)—Cu(8) and N(7)—Cu(15) through-space interac-
tions in AN–Cu9(100), as well as that between the C(1) and
the Cu(8) in [AN–Cu9(100)]–1; that is, bond paths — lines of
the highest electron density linking the pairs of the atoms —
exist. The total bond path lengths (TBPLs) are in agreement
with the geometric bond lengths. For example, the TBPLs of
the C(1)—Cu(8) and the N(7)—Cu(15) in AN–Cu9(100) are
3.9223 au and 3.5795 au, while the corresponding GBLs are
3.9204 au and 3.5779 au, respectively. Also, the TBPL of the
C(1)—Cu(8) bond in [AN–Cu9(100)]–1 is 4.1189 au while the
C(1)—Cu(8) GBL is 4.1172 au. The bond critical point is

determined by the condition that the gradient of the electron
density is equal to zero, and the properties of the density at
this point provide quantitative characteristics of a bond. The
bond CPs have a small electron density of 0.0829 ea0

–3 be-
tween C(1) and Cu(8) and of 0.1093 ea0

–3 between N(7) and
Cu(15) in AN–Cu9(100), as well as of 0.0669 ea0

–3 between
C(1) and Cu(8) in [AN–Cu9(100)]–1. The positions of the
bond CPs are clear as pronounced minima of the electron
density in the regions between the corresponding nuclei in
Fig. 2. The Laplacian (the second derivative of the density)
of the bond CPs has values of +0.1189 (C(1)—Cu(8)) and
+0.3184 (N(7)—Cu(15)) in AN–Cu9(100) and of +0.1095
(C(1)—Cu(8)) in [AN–Cu9(100)]–1, characteristic of a do-
nor–acceptor bond.

Applying an external voltage to the neutral complex
caused a change in the number of electrons, from 289 in
AN–Cu9(100) to 290 in [AN–Cu9(100)]–1. The Fukui func-
tion f+ has values of –0.43 at C(1), +0.39 at Cu(8), –0.02 at
N(7), and +30.18 at Cu(15), respectively. The changes of the
electron density at C(1), Cu(8), and N(7) are not substantial,
and therefore, a nucleophilic reaction may not be expected
to occur in the vicinity of the interaction sites. Such a reac-
tion may be possible in the vicinity of Cu(15).

MP2/6–31+G*
The Bader analysis shows that the total bond path lengths

are in agreement with the geometric bond lengths (i.e., AN–
Cu9(100): C(1)—Cu(8) TBPL = 3.9265 au, GBL = 3.9205;
N(7)—Cu(15) TBPL = 3.5809 au, GBL = 3.5779 au; [AN–
Cu9(100)]–1: C(1)—Cu(8) TBPL = 4.1214 au, GBL =
4.1172). The bond CPs have a small total electron density of
0.0805 ea0

–3 between C(1) and Cu(8) and of 0.1076 ea0
–3

between N(7) and Cu(15) in AN–Cu9(100), as well as of
0.0657 ea0

–3 between C(1) and Cu(8) in [AN–Cu9(100)]–1.
The values of the spin electron densities at the bond CPs are
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Atom (site) Atomic orbital Type (atomic orbital)a Occupancy

C(1) s Val (2s)a 0.46816
C(1) px Val (2p)a 0.42184
C(1) py Val (2p)a 0.56532
C(1) pz Val (2p)a 0.01859
Cu(8) s Val (4s)a 0.9988
Cu(8) dxy Val (3d)a 0.95234
Cu(8) dxz Val (3d)a 0.90209
Cu(8) dyz Val (3d)a 0.95399
Cu(8) dx2y2 Val (3d)a 0.94188
Cu(8) dz2 Val (3d)a 0.95919
C(1) s Val (2s)b 0.65702
C(1) px Val (2p)b 0.71899
C(1) py Val (2p)b 0.65700
C(1) pz Val (2p)b 1.20373
Cu(8) s Val (4s)b 0.40021
Cu(8) dxy Val (3d)b 0.94093
Cu(8) dxz Val (3d)b 0.88619
Cu(8) dyz Val (3d)b 0.92084
Cu(8) dx2y2 Val (3d)b 0.93905
Cu(8) dz2 Val (3d)b 0.95498

aa = alpha (spin up); b = beta (spin down); Val = valence.

Table 7. MP2/6–31+G*: [AN–Cu9(100)]–1 — spin-separated valence natural atomic orbitals.
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0.0414 ea0
–3 (C(1)—Cu(8)) and 0.0554 ea0

–3 (N(7)—
Cu(15)) in AN–Cu9(100), as well as 0.0338 ea0

–3 (C(1)—
Cu(8)) in [AN–Cu9(100)]–1. The Laplacian of the bond CPs
has values of +0.0892 (C(1)—Cu(8)) and +0.3704 (N(7)—
Cu(15)) in AN–Cu9(100) and of +0.0867 (C(1)—Cu(8)) in
[AN–Cu9(100)]–1, characteristic of a donor–acceptor bond.

The Fukui function f+ has values of –0.49 at C(1), +133.2
at Cu(8), +2.84 at N(7), and +172.17 at Cu(15), respectively.
The changes of the electron density of the Cu(8) and Cu(15)
sites are substantial, indicating that a nucleophilic reaction
may be expected to occur in the vicinity of the interaction
sites.

[AN–Cu9(100)]–1: Laplacian of total electron
density and spatial extents of HOMO and
LUMO

In this section, the Laplacian of the electron density is an-
alyzed and contrasted to the spatial extents of the HOMO
and LUMO in [AN–Cu9(100)]–1.

The Laplacian itself contains features such as bonds and
lone pairs, which are not observable in the density itself. The
cut of the Laplacian of the electron density is given in
Figs. 3 and 4. From left to right, the nuclei in the plane of
the cut are N(7), C(1), and Cu(8). The electron density is lo-
cally concentrated in spatial regions determined by a nega-
tive Laplacian and locally depleted in those regions
determined by a positive Laplacian. Having a slightly posi-
tive value of the Laplacian, the position of the bond critical
point is nicely visible in the region between C(1) and Cu(8).

In most previous work, the HLG has been observed as a
crucial parameter for understanding conductance mecha-
nisms through molecular junctions. The ability of a molecule
to rearrange its electron density under the presence of an ex-
ternal electron underlies such observations. If the ability is
not that pronounced, the molecular admittance to the incom-
ing electron is less recognizable and, therefore, a molecule is
more stable. As the first consequence, by employing the
electronegativity equalization theorem and a relative align-
ment of the Fermi energy level with respect to the HLG (20,
55–59), the barrier to electron transfer is proportional to the
HLG to the first approximation. As the second consequence,
the size of the HLG may be regarded as a measure of the
hardness of the electron density. The relative alignment of
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Fig. 2. Electron density. B-VWN/DZVP(DFT). (a) AN–Cu9(100); (b) [AN–Cu9(100)]–1.

Fig. 3. [AN–Cu9(100)]–1 — Laplacian of electron density. B-
VWN/DZVP(DFT).

Fig. 4. [AN–Cu9(100)]–1 — Laplacian of electron density.
MP2/6–31+G*.
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the Fermi energy level is strongly dependent upon the den-
sity of states within the HLG and is sensitive to a small
amount of charge transfer. Thus, the physical essence is con-
tained in the electron density distribution.

Electron transfer, from Cu9 to AN, leads to substantial
change in the molecular structure according to the nature of
the LUMO in AN. Electrons occupy some unoccupied
orbitals of the neutral complex after the action of an external
voltage. An area with locally concentrated electron density
is susceptible to attack by an electrophile while an area with
locally depleted electron density is susceptible to attack by a
nucleophile. In general, it has been found that a map of neg-
ative values of the Laplacian of the total electron density re-
sembles a spatial extent of the HOMO while that of positive
values of the Laplacian resembles a spatial extent of the
LUMO (60). The spatial extent of the LUMO or, more con-
ceivably, the extent of its electron delocalization may be em-
ployed to describe electronic molecular transport of a
charged molecule qualitatively if and only if (according to
this study) a spatial extent of the LUMO resembles a map of
positive values of the Laplacian of the total electron density.
What do the spatial extents of the HOMO and LUMO in
[AN–Cu9(100)]–1 indicate?

B-VWN/DZVP(DFT)
The cut of the HOMO in [AN–Cu9(100)]–1 is given in

Fig. 5. The plane of the cut is the same as that of the
Laplacian in Fig. 3. Note the contour map of the negative
Laplacian (Fig. 3). The contours encompass C(1) and N(7),
showing roughly circular curvatures, but those around C(1)
are not fully closed. Note the contour lines of the HOMO re-
siding in the same regions in Fig. 5. In its immediate vicin-
ity, C(1) is encompassed by the negative contours. The
contours are also shifted behind C(1) where the correspond-
ing lines of the Laplacian are not fully closed. In the vicinity
of N(7), the negative contours encircle N(7) towards C(1)
but not fully behind the N(7) nucleus, in Fig. 5. Regardless
of the qualitative differences, the area determined by nega-
tive values of the Laplacian spreads roughly in the same spa-
tial regions as that of the HOMO.

The cut of the LUMO in [AN–Cu9(100)]–1 is given in
Fig. 6. The plane of the cut is the same as that of the
Laplacian in Fig. 3. Focus on the region between C(1) and
Cu(8). The contour lines of the LUMO in this region are
negative, spreading both toward the left and the right with
respect to the C(1)—Cu(8) bond line. In contrast to it, the
contour lines of the Laplacian in the same region are posi-
tive. It is clear that the spatial extent of the LUMO does not
resemble that of the positive Laplacian.

MP2/6–31+G*
The cut of the HOMO in [AN–Cu9(100)]–1 is given in

Fig. 7. The plane of the cut is the same as that of the
Laplacian given in Fig. 4. The negative contours of the
HOMO show a circular curvature in the immediate vicinity
of C(1), which spreads right under the C(1)—Cu(8) inter-
nuclear axis. In contrast to the Laplacian, there are some
positive contours of the HOMO in the immediate vicinity of
C(1), which are still edged by the negative ones right above
the C(1)—Cu(8) interaction line. The N(7) site is also sur-
rounded by two concentric spatial profiles of the negative

contours, of which the outer one is substantially extended
both toward the left and the right with respect to N(7). Re-
gardless of the qualitative differences, the area determined
by negative values of the Laplacian spreads roughly in the
same spatial regions as that of the HOMO.

The cut of the LUMO in [AN–Cu9(100)]–1 is given in
Fig. 8. The plane of the cut is the same as that of the
Laplacian in Fig. 4. Focus on region between C(1) and
Cu(8). It is clear that the map of the LUMO resembles that
determined by positive values of the Laplacian conspicu-
ously.

The fundamental question related to the essential origin of
the electron distribution in the AN–Cu9 systems is not yet
resolved.
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Fig. 5. [AN–Cu9(100)]–1 — HOMO. B-VWN/DZVP(DFT).

Fig. 6. [AN–Cu9(100)]–1 — LUMO. B-VWN/DZVP(DFT).
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Discussion

Most results related to the characterizations of the interfa-
cial interactions are strongly dependent on the molecular ge-
ometries used. The first aspect is that considerable effects of
the increase of the cluster size and the choice of metal sur-
face on the molecular properties are well known. The second
aspect is that methods chosen to generate the optimized ge-
ometries need to be computationally efficient with respect to
the number of atoms involved in such calculations. The third
aspect is that a satisfactory basis set is required, providing
that the structure is qualitatively correct. In contrast to the
Cu9 cluster, the problems associated with the clusters having
the open-shell characters are well known. The strong de-
pendence of degenerate open-shell atomic energies on the
occupancy of the atomic orbitals within DFT is associated
with the different densities of the degenerate atomic orbitals.
The degenerate atomic orbitals can be populated in different
ways. It is difficult to reproduce the exact degeneracy of
these states within the average thermo chemical accuracy
(2 kcal mol–1) by using approximate exchange-correlation
functionals that depend on density gradient (61). There are
recommendations that the local spin-density (LSD) approxi-
mation, in combination with some improved optimization al-
gorithms (62, 63), is capable of generating reliable
adsorption structures of adsorbates (64, 65).

The questions that have been previously addressed regard-
ing the nature of the organic—metal-bonded interactions can
be summarized as follows (17, 66–68). Where is the energet-
ically preferable adsorption site for a molecule on different
metal surfaces? How are the structures for a molecule at dif-
ferent adsorption sites on different metal surfaces? What are
the different contributions to the bond between interaction
sites? What are the differences for the adsorption of a mole-
cule to different metal surfaces? The extraction of orbitals
important in the bonding to the metal surfaces has been the
key objective, but simplified structures have been needed for
the construction of the orbitals. The simplified structures

sometimes had all atoms except those in the top layer re-
moved (66). There are two reasons for these implications.
First, the energetic requirements are based on the arbitrary
partition of the molecular interaction energy. Second, the de-
scriptions of bonded interactions are sought in orbitals. The
physics underlying these results is not clear for two primary
reasons. In a pure physical sense, the general trend contra-
dictory to the investigations is to have the clusters of larger
sizes involved in calculations to mimic the density of states
of the actual surface. If the analysis of tracing bond paths
between the atoms in the AN–Cu9 systems is carried out in a
greater detail, it is possible to intuitively predict the direc-
tions of “hypothetical” bond paths linking the atoms of the
organic molecule to those of a “hypothetical” cluster pos-
sessing a size that is larger or smaller than the actual one. In
other words, the existence of possible bond paths is physi-
cally independent of increasing or decreasing the cluster
size. This is the essence of the understanding that the bond
path is a universal indicator of bonded interactions, as noted
by Bader in 1990 when his AIM theory was released (29).

The question raised at the very end of the previous section
is fundamentally profound. Possible DFT analyses of the
density of states and band structures would probably indi-
cate that the origin of the electron distribution in this system
is more complicated than that based solely on classical inter-
pretations. The first quantitative measurement of the 2D
band structure at a self-assembling interface between a
thiolate and a silver surface by use of two-photon photo-
emission may be an appropriate guidance for some future
work (69). Experimental and theoretical investigations con-
verging to the same answer are worth being pursued.

Summary

The electron distribution around the nuclei and the nature
of bonded interactions at the AN–Cu9 interfaces need to be
investigated by combining different quantum mechanical
methods. The QM methods include ab initio electron corre-
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Fig. 7. [AN–Cu9(100)]–1 — HOMO. MP2/6–31+G*. Fig. 8. [AN–Cu9(100)]–1 — LUMO. MP2/6–31+G*.
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lation effects and lead toward the invariant descriptions of
the interfacial interactions.

The success of frontier molecular orbital theory to ratio-
nalize the organic–metal charge migration process may de-
pend on whether the spatial extents of the HOMO and
LUMO support the corresponding topological features of the
total electron density, which determines the reactivity.

The essential origin of the electron transfer in the AN–
Cu9 system is not yet described.

The message of this study is best described by C.A.
Coulson, “In a profound sense the description of the bonds
in a molecule is simply the description of the distribution of
electrons around the nuclei”, as quoted from p. 2 of ref. 34.
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Photo aldol reactions with 5-methoxyoxazoles:
Highly regio- and diastereoselective synthesis of
�-amino �-hydroxy carboxylic acid derivatives

Axel G. Griesbeck and Samir Bondock

Abstract: A versatile route to derivatives of α-amino β-hydroxy carboxylic acids, either with tertiary (from a corre-
sponding glycine equivalent) or a quaternary α-carbon center is described. The key reaction is the cycloaddition of
electronically excited carbonyl compounds (aromatic and aliphatic aldehydes, respectively) to oxazoles. To make the
products hydrolytically more labile, a methoxy substituent at position C-5 was introduced leading to the formation of
cycloadducts with an orthoester substructure. The photocycloaddition, either with triplet excited (aromatic) carbonyls or
with singlet excited (aliphatic) carbonyls, led to the formation of mixtures of endo- and exo-diastereoisomers with mod-
erate to very high exo-selectivities. The 4-unsubstituted 5-methoxyoxazole 1 (glycine equivalent) gave the [2 + 2]-ad-
ducts 3a–3f with aldehydes 2a–2f in high yields and excellent diastereoselectivities. Hydrolysis of these compounds
resulted in the α-amino β-hydroxy esters 4a–4f with preferred erythro (S*,S*) configuration. As an extension of this
process, 4-alkylated 5-methoxyoxazoles 5a–5f were applied as alkene components and the corresponding cycloadducts
with benzaldehyde 6a–6f were obtained. Again, the exo-diastereoisomers were formed as the major products in
diastereoselectivities from 73:27 (exo:endo) up to >95:5. Hydrolysis of these adducts resulted in the formation of α-
amino β-hydroxy esters 7a–7f with like (S*,S*) configuration of the major diastereoisomers.

Key words: photo aldol reaction, oxazoles, oxetanes, photocycloaddition, amino acids, hydroxy acids.

Résumé : On décrit une voie versatile pour obtenir des acides α-amino-β-hydroxycarboxyliques portant des centres α-
carbonés tertiaire (à partir de la glycine équivalente correspondante) ou quaternaire. La réaction clé est une cycloaddi-
tion de composés carbonylés électroniquement excités (aldéhydes aromatiques et aliphatiques respectivement) à des
oxazoles. Afin de que les produits soient plus facilement hydrolysables, on a introduit un substituant méthoxyle en po-
sition C-5 afin d’obtenir des cycloadduits comportant une structure orthoester. La photocycloaddition, avec des carbo-
nyles (aromatiques) excités à l’état triplet ou avec des carbonyles (aliphatiques) excités à l’état singulet, conduit à la
formation de mélanges de diastéréomères endo- et exo- dans lesquels la sélectivité en faveur de l’exo- est de modérée à
très élevée. La réaction du 5-méthoxyoxazole non substitué en position 4 (1) (équivalent de la glycine) avec les aldéhy-
des 2a–2f donne les adduits [2 + 2] 3a–3f avec des rendements élevés et d’excellentes diastéréosélectivités.
L’hydrolyse de ces composés conduit aux α-amino-β-hydroxyesters 4a–4f avec la configuration érythro (S*,S*) pré-
férée. Comme extension de ce procédé, on a utilisé les 5-méthoxyoxazoles alkylées en position 4 (5a–5f) comme com-
posants alcéniques et, par réaction avec les benzaldéhyde, on a obtenu les cycloadduits correspondants 6a–6f. Une fois
de plus, les diastéréoisomères se forment comme produits majeurs, avec des diastéréosélectivités allant de 73:27
(exo:endo) jusqu’à >95:5. L’hydrolyse de ces produits conduit à la formation des α-amino-β-hydroxyesters 7a–7f dans
lesquels les diastéomères de configuration apparentée à (S*,S*) sont prépondérants.

Mots clés : réaction photoaldolique, oxazoles, oxétanes, photocycloaddition, acides aminés, hydroxyacides.

[Traduit par la Rédaction] Griesbeck and Bondock 559

Introduction

The photochemical aldol addition route has been devel-
oped by Schreiber (1) as a powerful photochemical tool for
the synthesis of β-hydroxy carbonyl compounds. This con-
cept is surprising because electronic excitation leads, in most
cases, to an umpolung effect, i.e., the regioselectivity of the

carbonyl addition to enolate analogues is expected to be re-
versed. This is in fact the case for monoalkenes such as 2,3-
dihydrofuran (2). The Paternò–Büchi reaction of furan and
furan derivatives, however, with electronically excited
aliphatic as well as aromatic aldehydes proceeds highly
regioselective to give the 2,7-dioxabicyclo[3.2.0]hept-3-enes
with the substituent at C-6 preferentially in the exo-position.

Can. J. Chem. 81: 555–559 (2003) doi: 10.1139/V03-029 © 2003 NRC Canada
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In these cases, the heteroaromatic dienes operate as
vinylogue enolate equivalents. The exo–endo selectivity is
unusually high (e.g., 212:1 for the benzaldehyde–furan case)
for a two-step triplet photocycloaddition (2). Aliphatic alde-
hydes react with slightly lower exo-selectivity and a weak
spin-selectivity effect (3) was determined; singlets favor the
formation of the exo-diastereoisomer less pronounced than
the corresponding triplets (4).2 These photocycloadditions
have been extensively used for synthetic applications espe-
cially because of the extraordinarily high degree of
diastereocontrol (5–12). Several other five-membered aro-
matic heterocycles were used as alkene components in the
Paternò–Büchi photocycloaddition (13–19) and recently the
oxazole-based route to α-amino β-hydroxy ketones was
added by us (20). As substrate, the commercially available
2,4,5-trimethyloxazole was used and excellent (exo-)di-
astereoselectivities were observed for the photocycloaddition
with aldehydes. An attractive family of target compounds,
which might be available by this route, consists of deriva-
tives of α-amino β-hydroxy carboxylic acids (21–26), either
with tertiary (from a corresponding glycine equivalent) or
quaternary α-carbon centers (Fig. 1).

Results and discussion

To investigate this concept, we first applied the 4-
unsubstituted 5-methoxyoxazole 1 (27) as a diene and as the
glycine equivalent in the photocycloaddition with aldehydes
2a–2f. In all cases only one regioisomeric bicyclic oxetane
(3a–3f) was detected in the crude photolysis mixture and, in
most cases, only one diastereoisomer (Scheme 1). From the
comparison with the results from the trimethyloxazole ex-
periment (20) and NMR comparison with the hydrolysis
products, the exo-configuration of the cycloadducts could be
determined. Especially, the strong ring-current-induced up-
field shift for the phenylated product 3a is indicative of the
exo-configuration of the aryl substituent; for 3a: 1H NMR
(H-1) δ: 4.58 ppm; for 3d: 1H NMR (H-1) δ: 5.04 ppm. The
ring-current effects detected for the phenylated compound
3a were analogous in size to effects detected in β-lactams
which resulted from the Yang cyclization of amino-acid-
derived chiral butyrophenone derivatives (28). The primary
photoproducts (3a–3f) were hydrolytically unstable and un-
derwent twofold ring opening to give the β-hydroxy amino
acid esters 4a–4f (Table 1). In most cases, the diastereo-
isomeric ratio (d.r.) of the ring-opened products matched the
d.r. of the oxetane precursors.

The relative configuration of the methyl esters of phenyl-
serine (4a) (29) and β-hydroxyleucine (4e) (30) were already
elucidated in the literature and by comparison with our data,
the erythro (S*,S*) configuration for the major diastereo-
isomers of 4a–4f was established, e.g., for the β-hydroxy-
leucine derivative 4e: 13C NMR for the β-carbon δ: 77.2 ppm
for R*,S* (29); 69.8 ppm for the major diastereoisomer
(S*,S*) obtained via the photo aldol route.

Subsequently, we investigated a series of 5-methoxy
oxazoles (5a–5f) as substrates with an additional substituent
at C-4. These substrates were easily available from the
amino acids alanine, α-amino butyric acid, valine, norvaline,

leucine, and isoleucine (31–33). The photocycloadditions of
5a–5f with benzaldehyde were performed using equimolar
amounts of the substrates in benzene. The primary photo-
adducts (6a–6f) were formed with excellent diastereo-
selectivities except for additions to oxazole substrates with
bulky substituents R2. Again, the strong ring-current-induced
upfield shifts for the phenylated products were indicative of
the exo-configuration of the aryl substituent. Because of the
less-pronounced diastereoselectivities of the benzaldehyde
additions in these cases, both endo- and exo-isomers could
be compared. The isopropyl-substituted oxazole 5d gave in
80% yield a mixture of diastereoisomers (regioisomeric pu-
rity >98% in all cases) (6d). The 1H NMR chemical shifts of
the methyl groups for i-Pr in exo-6d were 0.52 and
0.73 ppm, and in endo-6d were 0.93 and 0.98 ppm, again
analogous to effects detected for photochemically synthe-
sized β-lactams (28).

Upon chromatography, most of the products were hydro-
lyzed to give the (S*,S*) α-acylamino β-hydroxy carboxylic
acid esters 7a–7f (Scheme 2, Table 2). The relative configu-
ration of the oxetanes (6) was confirmed by NMR spectros-
copy and spectral comparison with representative literature-
known products (anti-7) (34–37).

Whereas the high exo-selectivity of the photocyclo-
addition of electronically excited aldehydes to the C4-
unsubstituted oxazole 1 is analogous to the furan case, the
high diastereoselectivity for the trisubstituted oxazoles 5a–5f
deserves a comment. In the triplet photocycloaddition to
cycloalkenes (38), ring alkylation leads to a decrease in se-
lectivity and, in some cases, to selectivity inversion because
of interference with the spin-orbit-coupling geometries (39).
This is obviously not the case for the oxazoles 5a–5f which
indicates that the secondary orbital interaction model origi-
nally applied for the benzaldehyde–furan reaction is operat-
ing (2). Figure 2 shows the triplet 1,4-biradical conformers
A–C with reactive spin-orbit-coupling geometries (40). If
most of the spin inversion process is directed through the
channel C, high exo-selectivity is expected. The endo-contri-
bution from A becomes only relevant for bulky groups R2

(as for 5d–5f).
An alternative interpretation, proposed by Abe, for the

high exo-selectivities observed in triplet photocycloadditions

© 2003 NRC Canada
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Fig. 1. The aldol and photo aldol route to β-hydroxy carbonyl
compounds.

2 A.G. Griesbeck, M. Fiege, and S. Bondock. Unpublished results.
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of aldehydes to heterocyclic dienes was recently proposed
by Abe.3 It is also based on the comparison of the intermedi-
ate 1,4-triplet biradical conformers as depicted in Fig. 2,
however, with emphasis on the additional anomeric stabili-
zation in structure C and B that is not present in A (no lone
pair at oxygen antiperiplanar to the ring oxygen). This small
difference in energy is sufficient to explain the high exo-
selectivities and the cleavage competition as expressed in
the quantum yields (3).

Conclusions

In summary, an efficient stereoselective photochemical
protocol for the synthesis of α-amino β-hydroxy carboxylic
acid derivatives was developed. The major advantage of
these light-induced reactions in comparison with classical
thermal aldol processes is the high diastereocontrol in the
(triplet as well as singlet) photocycloaddition. As a plausible
explanation for the high exo-selectivity, secondary orbital ef-
fects are postulated at the stage of the ISC (intersystem
crossing)-active triplet-1,4-biradical conformers. The ad-
ducts of the Paternò–Büchi reactions were hydrolytically un-
stable and ring-opened to give α-N-acylamino β-hydroxy
carboxylic acid methyl esters. As major diastereoisomers,
the erythro-products with tertiary α-carbon centers and the
like (S*,S*) products with quaternary α-carbon centers were
formed.

Experimental

General remarks
All reactions were carried out in oven-dried glassware

(100°C). All solvents were dried before use. Ether was dis-
tilled from sodium–benzophenone, chloroform, and di-
chloromethane from calcium hydride. Aldehydes were
purchased from Aldrich and were distilled before use. Mix-
tures of ethyl acetate and n-hexane were used as eluents.
TLC: commercially precoated polygram© SIL-G/UV 254
plates (Macherey–Nagel). Spots were detected with UV light
in an iodine chamber. 1H NMR: Bruker AC 300 (300 MHz).
13C NMR: Bruker AC 300 (75.5 MHz), carbon multiplicities
were determined by DEPT. UV–vis: Hitachi U-3200. Mass
spectroscopy (EI or CI): Finnigan Incos 500; m/z (rel. %).
HR-MS (FAB): Finnigan MAT H-SQ 30. Preparative TLC:
silica gel (2–25 µm) on TLC plates (Fluka) (layer thickness
0.25 mm, medium pour diameter 60 Å, 20 × 20 on glass
plates). All melting points were determined with a Büchi
melting point apparatus (type Nr. 535) and are uncorrected.
Combustion analyses: Elementar Vario EL. Rayonet® cham-
ber photoreactors RPR-208 (8 × 3000 Å lamps, ca. 800 W,
λ = 300 ± 10 nm) were used for irradiation.

Synthesis of 5-methoxyoxazoles

General procedure
N-Acetyl-L-amino acid methyl ester (0.1 mol) was dis-

solved in 20 mL of chloroform in a 250 mL flask; 20.8 g
(0.1 mol) of phosphorous pentachloride were added and the
flask was fitted with a calcium chloride tube. The solution
was gently warmed by means of a water bath (ca. 60°C)
with stirring until the HCl gas evolution ceased and the solu-
tion became an intense yellow. Then, the flask was cooled
by an ice–salt bath and 50 mL of absolute ether were added.
To the cooled mixture, 20% aq KOH was added dropwise
with vigorous stirring until neutralization. The mixture was
stirred at room temperature for 30 min. The organic layer
was subsequently separated and the aqueous layer was ex-
tracted with 2 × 200 mL of ether. The combined organic ex-
tracts were washed with water and brine and dried over
anhyd MgSO4. After removal of the solvents under vacuum,
the remaining oil was distilled by a Büchi Kugelrohr appara-
tus to give the product.

© 2003 NRC Canada
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Scheme 1. Photo aldol reaction with oxazole 1.

No. R1 =
d.r.
(3)a

Yield
(3)b

d.r.
(4)a

Yield
(4)c

a Ph >98:2 87 >98:2 70
b β-Naph >98:2 85 >98:2 75
c BnCH2 >98:2 87 >98:2 65
d Et >98:2 90 95:5 72
e i-Pr >98:2 86 >98:2 78
f i-Bu >98:2 88 >98:2 74

aBased on the integration of characteristic signals in the 1H NMR
spectrum of the crude product mixture (±2%).

bYield (%) based on converted oxazole of the isolated mixture of
diastereoisomers 3.

cYield (%) of the isolated mixture of diastereoisomers.

Table 1. Photocycloaddition of aldehydes (2) with 5-methoxy-
oxazole (1) and subsequent ring opening.

3 M. Abe. Personal communication and poster contribution at the XIXth IUPAC Symposium on Photochemistry, Budapest, 14–19 August 2002.
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Photolyses of 5-methoxyoxazoles with aldehydes

General procedure
A mixture of the 5-methoxyoxazole (5 mmol) and the al-

dehyde (5 mmol) was dissolved in 50 mL benzene, the solu-
tion transferred to a vacuum jacket quartz tube, and degassed
with a steady stream of N2 gas. The reaction mixture was ir-
radiated at 10°C in a Rayonet photoreactor (RPR-208, λ =
300 ± 10 nm) for 24 h. The solvent was evaporated (40°C,
20 torr (1 torr = 133.322 Pa)) and the residue was purified
by preparative thick layer chromatography (EA = ethyl ace-
tate, H = hexane).

exo-5-Methoxy-3-methyl-7-phenyl-4,6-dioxa-2-aza-
bicyclo[3.2.0]heptene-2-ene (exo-3a)

A solution of benzaldehyde (0.53 g, 5 mmol) and 2-
methyl-5-methoxyoxazole (0.57 g, 5 mmol) in 50 mL of
benzene was irradiated for 24 h according to the general pro-
cedure. The crude product was purified by preparative thick
layer chromatography (EA:H = 1:4) to give 0.55 g (65%) of
the oxetane as a colorless oil. Rf = 0.43 (EA:H = 1:4). IR
(film) (cm–1): 2987 (C-H), 1635 (C=N), 1600 (Ph), 1440
(CH), 1012 (C-O). 1H NMR (300 MHz, CDCl3) δ: 2.11 (s,
3H, CH3), 3.79 (s, 3H, OCH3), 4.58 (d, J = 7.7 Hz, 1H, 1-
H), 5.68 (d, J = 7.7 Hz, 1H, 7-H), 7.26–7.31 (m, 5H, Harom).
13C NMR (75.5 MHz, CDCl3) δ: 15.9 (q), 52.8 (q), 76.2 (d,
C-1), 83.0 (d, C-7), 122.9 (s, C-5), 125.4 (d), 126.2 (d),
128.1 (d), 134.3 (s), 167.7 (s, C-3). HR-MS calcd.
(C12H13NO3): 219.0892; found: 219.0886.

exo-5-Methoxy-1,3-dimethyl-7-phenyl-4,6-dioxa-2-aza-
bicyclo[3.2.0]heptene-2-ene (exo-6a)

A solution of benzaldehyde (0.53 g, 5 mmol) and 2,4-
dimethyl-5-methoxyoxazole (0.64 g, 5 mmol) in 50 mL ben-
zene was irradiated for 24 h according to the above general
procedure. The crude product was purified by preparative
thick layer chromatography (EA:H = 1:4) to give 0.59 g
(72%) of the oxetane as a colorless oil. Rf = 0.51 (EA:H =
1:4). IR (film) (cm–1): 2987, 2894 (C-H), 1615 (C=N), 1605
(Ph), 1445 (CH), 1008 (C-O). 1H NMR (300 MHz, CDCl3)
δ: 0.79 (s, 3H, CH3), 1.99 (s, 3H, CH3), 3.52 (s, 3H, OCH3),
5.19 (s, 1H, 7-H), 7.21–7.25 (m, 5H, Harom). 13C NMR
(75.5 MHz, CDCl3) δ: 13.4 (q), 14.8 (q), 51.2 (q), 75.8 (s, C-
1), 89.3 (d, C-7), 124.9 (s, C-5), 125.7 (d), 128.2 (d), 129.1
(d), 136.3 (s), 164.9 (s, C-3). HR-MS calcd. (C13H15NO3):
233.0762; found: 233.0758.

Synthesis of erythro (2S*,3S*)-α-acetamido-β-hydroxy
esters

General procedure
To a solution of bicyclic oxetanes (2 mmol) in 20 mL

methylene chloride, 0.5 mL of concd HCl was added. The
mixture was stirred in an open flask at room temperature for
2 h and the reaction was controlled by TLC. The reaction
mixture was quenched by being poured into water and ex-
tracted with methylene chloride (3 × 20 mL). The organic
layer was washed with 5% NaHCO3 and brine and dried
over anhyd MgSO4. The solvent was removed in vacuo and
the residual oil was purified by preparative thick layer chro-
matography.

© 2003 NRC Canada
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Scheme 2. Photo aldol reaction with 5-methoxyoxazoles 5a–5f.

Fig. 2. 1,4-Biradical geometries in oxazole – triplet carbonyl
photocycloadditions.

No. R2 =
d.r.
(6)a

Yield
(6)b

d.r.
(7)a

Yield
(7)c

a Me >98:2 85 >98:2 65
b Et >98:2 84 93:7 73
c n-Pr >98:2 86 90:10 58
d i-Pr 73:27 80 90:10 48
e i-Bu 87:13 78 90:10 57
f sec-Bu 85:15 81 92:8 58

aBased on the integration of characteristic signals in the 1H NMR
spectrum of the crude product mixture (±2%).

bYield (%) based on converted oxazole of the isolated mixture of
diastereoisomers 6.

cYield (%) of the isolated mixture of diastereoisomers 7.

Table 2. Diastereoselective photocycloaddition of benzaldehyde
with 5-methoxyoxazoles 5a–5f and subsequent ring opening.
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Methyl (2S*,3S*) 2-(N-acetylamino)-3-hydroxy-3-phenyl-
propionate (erythro-4a)

According to the above general procedure, bicyclic oxetane
3a (0.44 g, 2 mmol) was cleaved hydrolytically in 3 h. Pre-
parative chromatography yielded 0.33 g (70%) of the product
as a colorless oil. Rf = 0.34 (EA:H = 1:4). IR (film) (cm–1):
3500 (OH), 3370 (NH), 2983, 2894 (C-H), 1725 (COO), 1675
(CON), 1605 (Ph), 1445 (CH), 1018 (C-O). 1H NMR
(300 MHz, CDCl3) δ: 2.07 (s, 3H, CH3CO), 3.97 (s, 3H,
OCH3), 4.45 (d, J = 9.7 Hz, 1H, CHN), 5.85 (d, J = 9.7 Hz,
1H, CHOH), 6.37 (bs, 1H, NH), 7.28–7.35 (m, 5H, Harom).
13C NMR (75.5 MHz, CDCl3) δ: 23.7 (q), 52.4 (q), 75.4 (d,
C-2), 81.6 (d, C-3), 126.2 (s, C-5), 128.9 (d), 129.6 (d),
134.3 (s), 169.3 (s, CON), 170.3 (s, COO). Anal. calcd.
(C12H15NO4): C 60.75, H 6.37, N 5.90; found: C 60.65, H
6.42, N 5.85.

Methyl (2S*,3S*) 2-(N-acetylamino)-3-hydroxy-3-phenyl-
propionate (erythro-7a)

According to the above general procedure, bicyclic
oxetane 6a (0.47 g, 2 mmol) was cleaved hydrolytically in
4 h. Preparative chromatography yielded 0.32 g (65%) of the
product as a colorless oil. Rf = 0.33 (EA:H = 1:4). MS (EI,
70 eV) m/z (%): 249 (M+ – H2, 4), 236 (M+ – Me, 8), 202
(8), 192 (M+ – CO2Me, 15), 191 (78), 160 (10), 131 (100),
105 (50), 91 (20), 77 (30), 51 (10). IR (film) (cm–1): 3500
(OH), 3320 (NH), 2988 (C-H), 1720 (COO), 1680 (CON),
1580 (Ph), 1440 (CH), 1025 (C-O). 1H NMR (300 MHz,
CDCl3) δ: 1.23 (s, 3H, CH3), 2.12 (s, 3H, CH3CO), 3.79 (s,
3H, OCH3), 4.06 (s, 1H, CHOH), 7.28–7.35 (m, 5H, Harom).
13C NMR (75.5 MHz, CDCl3) δ: 13.5 (q), 21.4 (q), 21.4 (q),
23.4 (q), 47.7 (s, C-2), 49.1 (d, C-3), 52.9 (q), 127.6 (s, C-
5), 128.4 (d), 129.6 (d), 133.5 (s), 169.9 (s, CON), 179.4 (s,
COO). HR-MS calcd. (C13H17NO4): 251.1254; found:
251.1249.
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TiO2-photocatalyzed reactions of some benzylic
donors

Laura Cermenati, Maurizio Fagnoni, and Angelo Albini

Abstract: TiO2-photocatalyzed oxidation of toluene (1a), benzyltrimethylsilane (1b), and 4-
methoxybenzyltrimethylsilane (1c) has been carried out in acetonitrile under oxygen, under nitrogen, and in the pres-
ence of electrophilic alkenes under various conditions (using Ag2SO4 as electron acceptor, adding 2.5% H2O, changing
solvent to CH2Cl2). Benzyl radicals, formed via electron transfer and fragmentation, are trapped. A good material bal-
ance is often obtained. The overall efficiency of the process depends on the donor Eox, on the rate of fragmentation of
the radical cation, and on the acceptor present (Ag+ is an efficient oxidant, an electrophilic alkene a poor one, O2 is in-
termediate). With ring-unsubstituted benzyl derivatives 1a and 1b, oxidative fragmentation occurs mainly close to the
catalyst surface. The benzyl radicals form at a high local concentration and give benzaldehyde under O2, bibenzyl un-
der N2 and dibenzylated derivatives by attack on the alkenes (acrylonitrile, fumaronitrile, maleic acid). In this case, us-
ing CH2Cl2–O2 enhances the yield of benzaldehyde. With methoxylated 1c, however, the radical cation migrates into
the solution before fragmentation and, therefore, the free benzyl radical is formed. This radical in part is oxidized to
the cation, giving a considerable amount of benzylacetamide (or of the alcohol with water), and in part is trapped by
the alkenes. The last reaction is less efficient in this case and yields monobenzyl derivatives.

Key words: photocatalysis, oxidation, alkylation.

Résumé : On a effectué l’oxydation photocatalysée du toluène (1a), du benzyltriméthylsilane (1b) et du 4-méthoxy-
benzyltriméthylsilane (1c) par le TiO2 dans l’acétonitrile, sous atmosphère d’azote ou d’oxygène, et en présence
d’alcènes électrophiles et sous diverses conditions (faisant appel au Ag2SO4 comme accepteur d’électron, avec addition
de 2,5% d’eau et en changeant le solvant pour le CH2Cl2). On a piégé les radicaux benzyles qui se forment par trans-
fert d’électron et fragmentation. On a souvent obtenu une bonne balance pour les produits ayant réagi. L’efficacité glo-
bale du processus dépend du Eox du donneur, de la vitesse de fragmentation du cation radical et de la présence d’un
accepteur (Ag+ est un oxydant efficace, un alcène électrophile est mauvais alors que O2 est intermédiaire). Avec les dé-
rivés 1a et 1b comportant un noyau benzyle non substitué, la fragmentation oxydante se produit relativement près de la
surface du catalyseur. Les radicaux benzyles se forment à une concentration locale élevée et conduisent à la formation
de benzaldéhyde en présence de O2, en bibenzyle sous N2 et en dérivés dibenzylés par attaque sur les alcènes (acrylo-
nitrile, fumaronitrile, acide maléique). Dans ce cas, l’utilisation de CH2Cl2–O2 conduit à une augmentation du rende-
ment en benzaldéhyde. Toutefois, avec le dérivé méthoxy 1c, le cation radical migre en solution avant la fragmentation
et on observe la formation d’un radical libre. Ce radical est partiellement oxydé en cation conduisant à la formation de
benzaldéhyde et à une quantité considérable de benzylacétamide (ou d’alcool avec l’eau); il est aussi piégé par les al-
cènes. La dernière réaction est moins efficace dans ce cas et elle conduit aux dérivés monobenzyliques.

Mots clés : photocatalyse, oxydation, alkylation.

[Traduit par la Rédaction] Cermenati et al. 566

Introduction

Titanium dioxide is extensively used for the photoinduced
mineralization of organic contaminants in polluted water (1).
Under these conditions, photoinduced charge separation is
followed by hole and electron transfer to water and oxygen,
respectively, and the reaction of the organic molecule mainly
involves hydrogen abstraction by the thus formed hydroxyl
radicals; the organic radicals then react with oxygen or the

superoxide anion. The alternative possibility that the organic
substrate is directly oxidized at the semiconductor surface is
of interest in two respects. First, because it has been shown
that, at least with reasonable donors, this mechanism partici-
pates in the TiO2 photocatalytic oxidation in water (2) and
second, because, particularly in nonaqueous solvents, such a
path may lead to the controlled oxidation of the substrate,
rather than to the complete oxidation to CO2 that is the tar-
get when photocatalysis is used for the recovery of polluted

Can. J. Chem. 81: 560–566 (2003) doi: 10.1139/V03-048 © 2003 NRC Canada

560

Received 7 January 2003. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 23 May 2003.

Dedicated to Professor Don R. Arnold, the pioneer of electron transfer photochemistry.

L. Cermenati, M. Fagnoni, and A. Albini.1 Dep. Organic Chemistry, University of Pavia, v. Taramelli 10, 27100 Pavia, Italy.

1Corresponding author (e-mail: albini@chifis.unipv.it).

I:\cjc\cjc8106\V03-048.vp
June 9, 2003 8:37:25 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



water. With reference to the second aspect, a number of pos-
itive results have been obtained. As an example, TiO2-
photocatalyzed oxygenation of cyclohexane neat or mixed
with organic solvents gives useful yields of products from
the intermediate oxidation, e.g., of cyclohexanone (3, 4).
Substituting a different electron acceptor for oxygen, e.g.,
the silver cation, adds flexibility (5). In this case different
radical reactions, e.g., radical dimerization, occur in nitro-
gen-flushed solution while controlled oxygenation takes
place in the presence of oxygen. Furthermore, the acceptor
can be an organic molecule, e.g., an electrophilic alkene,
which functions also as a radical trap and is alkylated (6).
More generally, photocatalysis in organic solvents may have
some synthetic interest (7), as opposed to the destructive
mineralization occurring in water.

Both controlled oxygenation and alkylation reactions have
been carried out successfully with benzylic derivatives. This
is not surprising because the pioneering work by Arnold has
shown that these compounds are both susceptible to photo-
induced single electron oxidation and prone to fragmentation
at the radical cation stage (8). In particular, benzylic oxygen-
ation and benzylic coupling in acetonitrile and in aqueous
media by TiO2–Ag+ have been described by Baciocchi and
Sebastiani and co-workers (5, 9) in several reports. We were
curious to compare such a reaction with the TiO2-photo-
catalyzed alkylation of alkenes (6, 10) through a systematic
examination. We surmised that this comparison may give in-
formation about the mode of reaction, in particular with re-
gard to the formation of the radicals either as solvated
species or close to the semiconductor surface, a difference
that is important for synthetic applications.

Therefore, we chose a small group of benzyl derivatives
and compared the effect of some key experimental parame-
ters as well as the effect of trapping by electrophilic alkenes.
As described in the following, this examination indeed re-
vealed new facets and demonstrated the versatility of the
system.

Results and discussion

Photocatalysis of benzylic derivatives
Three benzylic derivatives were examined under standard

conditions (0.02 M solutions in, 3.5 mg mL–1 Degussa TiO2,
3 h irradiation) in tightly stoppered vessels, after flushing ei-
ther with oxygen or with nitrogen. Scheme 1 shows the
products formed and Table 1 reports the % conversion of
starting material and the % yield (calculated on the con-
verted substrate) of products formed.

The effects of adding silver sulfate and of a small percent-
age of water on the reaction in acetonitrile as well as of
changing the solvent to dichloromethane are compared. For
each condition, the results with the three substrates are listed
in sequence. No significant reaction took place over this
time when TiO2 was omitted.

Toluene (1a) reacted sluggishly in oxygen-flushed aceto-
nitrile and gave only traces of benzaldehyde 2a. Both con-
version and yield of the aldehyde increased in the presence
of 2.5% water, and further some benzyl alcohol (3a) and
phenylpropionitrile (6a) were formed. Adding 0.01 M
Ag2SO4 or having both this salt and water present at the

same time did not increase the rate of conversion, but en-
hanced the yield of the aldehyde (35–45%), accompanied, in
the latter case, by some benzyl alcohol. Carrying out the
photoreaction in oxygen-flushed dichloromethane rather
than in MeCN caused more extensive oxidation leading to
the aldehyde (59% at a 42% conversion of 1a), but also to a
large amount of benzoic acid (4a, 29%).

No appreciable reaction took place in nitrogen-flushed
acetonitrile (not reported), but it did in the presence of silver
sulfate, where the main product was bibenzyl (5a, 65% for a
16% conversion) accompanied by minor amounts of alde-
hyde 2a and nitrile 6a, as well as traces of 3a and of
benzylacetamide (7a). No significant reaction occurred in
the presence of 2.5% water in MeCN nor upon irradiation in
nitrogen-flushed CH2Cl2 (not reported; the other substrates
examined likewise did no react under these conditions).

Compared with 1a, benzyltrimethylsilane (1b) was more
easily photooxidized in MeCN–O2 (25% conversion, 66%
aldehyde, compare entries 2 and 1). Adding water had little
effect (except for the formation of a small amount of propio-
nitrile), while adding Ag2SO4 did not increase the rate of ox-
idation but improved selectivity for the formation of
benzaldehyde (92%, entry 8). In dichloromethane the reac-
tion was faster than in MeCN, with a similar product distri-
bution.

Again, no reaction took place under nitrogen in MeCN,
MeCN – 2.5% H2O or CH2Cl2. However, 1b was quite reac-
tive in deoxygenated MeCN in the presence of Ag+. The
conversion was larger than under oxygen (64 rather than
25%, entry 17) and bibenzyl was the main product (70%).
Also formed were small amounts of alcohol, aldehyde, and
propionitrile, as well as compounds resulting, as indicated
by mass spectrometry, from the benzylation of bibenzyl and
the starting benzylsilane. The experiment with both water
and Ag+ gave somewhat less of bibenzyl and more of benzyl
alcohol.

With 4-methoxybenzylsilane (1c) the rate of photooxi-
dation in MeCN further increased (85% conversion) and the
aldehyde (2c, 77%) was accompanied by a significant
amount of the alcohol (3c, 6%), which increased in the pres-
ence of water (12%, entry 6). The presence of the silver salt
made the reaction more selective for the aldehyde (83%, en-
try 9). This time, in dichloromethane the oxidation was
slower than in MeCN (55% rather than 85%, entry 15) and
led to both aldehyde and alcohol. Compound 1c was reactive
under nitrogen, though somewhat slower than under oxygen,
provided, as with the previous donors, that Ag+ was present;
the main product was the bibenzyl derivative (5c, 55%), but
4-methoxybenzylacetamide (7c, 25%) was also important
(entry 18). In the presence of both water and Ag+, 4-meth-
oxybenzyl alcohol (3c) was the main product (36%, entry
21). The solution became acidic during the irradiation and
was neutralized with triethylamine before work-up. If this
precaution was omitted, further benzylation reactions via the
benzylic cation formed from the alcohol led to the formation
of small amount of diphenylmethanes, a fact that has been
previously noted (9a), but is an artifact due to the acidity de-
veloped (compare to 11). Small amounts (0.5 to 1%) of 4-
methoxytoluene were detected in all the photocatalytic ex-
periments with 1c. The photooxidation of 1c was tested at a
somewhat large scale (0.78 g) in an immersion well appara-
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tus and it gave 90% conversion (of which 91% was the alde-
hyde) after 8 h irradiation.

These results clearly support the role of radical cations
formed by hole transfer at the surface of the semiconductor
in the photooxidation of benzylic substrates (see Scheme 2),
adding to previous evidence by Baciocchi and Sebastiani
and co-workers (5, 9), showing that Ag+ can be a substitute
for oxygen in the role of electron acceptor. Favorable condi-
tions for the process are that the reagent is reasonably easily
oxidized and bears a good electrofugal group that makes
fragmentation of the radical cation competitive with back
electron transfer to the semiconductor. Thus, a moderate do-
nor such as toluene (Eox 2.2 V vs. SCE) with a poor leaving
group is slowly oxidized; in MeCN, cleavage of a proton
from the toluene radical cation (1a·+) is more than 100 times
slower than cleavage of a trimethylsilyl cation from 1b.+

(12). Introduction of a silyl group in α and of a methoxy
group on the ring both make the reagents better donors such
as 1b (Eox 1.78 V) and 1c (Eox 1.31V) (13) and offer a good

electrofugal cation Me3Si+ from the radical cation. These
compounds react much faster than 1a and give consistently a
good material balance. Fragmentation is no longer the rate-
limiting step. With these highly reactive radical cations, it
can be appreciated that Ag+ is a superior oxidant to O2 (with
1b, an increase in the rate of reaction by a factor of 2.5 in
MeCN/Ag+ in comparison with the experiments under oxy-
gen).

Fragmentation leads to benzyl radicals (Scheme 2). In ni-
trogen-flushed solution, these mainly dimerize to bibenzyls
5a, 5c. A minor process is hydrogen abstraction from the
solvent, which generates ·CH2CN radicals revealed by the
presence of arylpropionitriles 6a, 6c and is consistent with
the formation of a small amount of methylanisole from 1c.
The ratio of nitrile (6) – bibenzyl (5) is larger with toluene
(0.2) than with silane 1b (<0.02 in neat MeCN, though it
grows to 0.1 with 2.5% H2O), consistently with the fast
desilylation and thus the higher local concentration of radi-
cals in the latter case.

© 2003 NRC Canada
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Conversion (%) Products (%)b

Donor Conditions 1 2 3 4 5 6 7

1 1a MeCN, O2 8 12
2 1b 25 66 3 16
3 1cc 85 77 6 3
4 1a O2, H2Od 20 35 5 4
5 1b 31 66 9 11 1
6 1c 76 72 12 4
7 1a O2, Ag+e 10 35
8 1b 25 92 4 3
9 1c 90 83 2 3
10 1a O2, H2O, Ag+ 11 45 11
11 1b 32 86 8 6
12 1c 75 80 2 3
13 1a CH2Cl2, O2 42 59 2 36
14 1b 57 63 5 1
15 1c 55 55 29 1
16 1a MeCN, N2, Ag+ 16 8 1 65 12 2
17 1b 64 6 1 70
18 1cf 66 tr 53 tr 25
19 1a N2, H2O, Ag+ —
20 1bf 59 2 8 58 6
21 1c 56 1 36 1 7 6

aUpon irradiation of 0.02 M suspensions of the benzylic derivatives 1 (140 mg TiO2, 40 mL acetonitrile) for 3 h.
b% Yields on converted 1.
cSmall amounts (0.5–1%) of 4-methoxytoluene formed in all experiments with 1c.
dH2O (2.5%).
eAg2SO4 (0.01 M).
fSmall amounts (up to 3%) of (4-methoxybenzylbenzyl)trimethylsilane and 4-methoxybenzyltoluenes revealed by GC–MS.

Table 1. TiO2 photocatalytic oxidation of benzylic donors.a

Scheme 1.
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Also with 1c only traces of nitrile are formed, but there
another reaction competes. This is oxidation of the benzyl
radical to the cation (Scheme 2). This process is revealed
both by addition to acetonitrile, resulting after reaction with
adventitious water, in the formation of amide 7c, and, in the
presence of 2.5% water, in the formation of alcohol 3c. As
previously proposed (9), the radical is oxidized by silver cat-
ions (0.4 V in MeCN) (14). Accordingly, from 1c the yield
of amide is 25%, and with the better nucleophile H2O the
sum of the alcohol + amide is 42%, because oxidation of the
4-methoxybenzyl radical, with Eox 0.23 V (15), is fast. In
contrast, no amide is formed from 1b and only traces from
1a, since oxidation of the unsubstituted benzyl radical (Eox
0.73 V) (15) is slow.

In the presence of oxygen, benzyl radicals are trapped by
oxygen or the superoxide anion formed in the initial electron
transfer (Scheme 2). Decomposition of the hydroperoxides
or of the peroxyl radicals leads to the aldehydes (Ag+ when
present makes the decomposition faster). In the case of 1c,
the presence of the hydroperoxide was revealed by an en-
hancement of the yield of alcohol 3c (by a factor of 2) upon
treatment of the irradiated solution by triphenylphosphine.
When this process is efficient, secondary oxidation to ben-
zoic acids is less important. Thus the aldehyde:acid ratio
grows when the SET path is favored by the electron donat-
ing characteristics of the reagent (the ratio is 4 with 1b, 25
with 1c) or by the use of a better acceptor, such as Ag+,
which allows better transient charge separation at the semi-
conductor surface (the ratio is ca. 30 for both 1b and 1c).
Water is oxidized competitively with the aromatic substrate
in the case of poorly reacting toluene and the increased yield

of aldehyde and the formation of some propionitrile (en-
try 4) are indicative of the participation of OH· radicals.
However, competitive oxidation of water does not occur in
the case of silanes 1b and 1c. With these compounds, the re-
sult is not affected by the presence of 2.5% water, except for
the formation of more alcohol with the latter one, another in-
dication of the increased role of the benzyl cation in this
case.

Using dichloromethane in the place of acetonitrile obliter-
ates the difference in the rate of oxidation in the series 1a–
1c, enhancing the rate of the first two substrates and slightly
lowering the rate for the last one. This remarkable effect can
again be rationalized on the basis of the electron transfer
mechanism for the fragmentation. A less polar solvent in-
creases absorption of the substrate on the surface, thus facili-
tating oxidation. Furthermore, superoxide anion is expected
to be a stronger base in less polar CH2Cl2 than in MeCN
(compare to 16), and assists deprotonation of the radical cat-
ion (and apparently also desilylation, since some alcohol is
formed from the silanes), adding to the action of basic cen-
tres on TiO2. This offers an alternative mechanism of reac-
tion (path b in Scheme 3) for substrates for which
fragmentation of the free radical cation is unimportant (see
below).

Photocatalysis of benzylic derivatives in the presence of
electrophilic alkenes

Previous work had shown that TiO2 photocatalysis in the
presence of electrophilic alkenes leads to efficient alkylation
(6, 10). In that case, the alkene functions both as electron ac-
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ceptor and as radical trap, and we were curious to compare
the present system with Ag+ as the oxidant.

As shown in Table 2 and Scheme 4, with TiO2–Ag+ the
percentage conversion of donors 1a–1c was similar to that
observed in the absence of the alkene, but even a poor trap
such as acrylonitrile (8x, 0.1 M) led to the formation of a
certain amount of adduct. As an example, from 1b 15% of
the bibenzylated propionitrile 10ax was formed at the ex-
pense of bibenzyl (dropping from 70% to 39%, entry 3). A
lower amount of 10ax (5%) was formed from 1b with a
lower trap concentration (0.02 M 8x, entry 1) as well as
from a poorer radical precursor such as toluene and 0.1 M
8x (entry 2). However, a better trap such as fumaronitrile
(8y) was effective at the 0.02 M concentration with both 1a
and 1b, making the yield of bibenzylated 10ay (28–33%,
mixture of the two diastereoisomers) comparable to that of
bibenzyl (30–43%, entries 4, 5). Bibenzylation was obtained
in a similar yield (34%) also from 1b and maleic acid (8z,
entry 7).

The result was different with the methoxybenzylsilane 1c.
In this case, the yield of bibenzyl was much reduced when
the alkenes 8 were present (while the yield of amide 7c, if
anything, slightly increased), but trapping by the alkene was
inefficient, giving a small amount of the mono derivatives
9cy, 9cz, and with 8y only traces of bisadduct 10cy (entries
6, 8).

As compared with our previous data on the benzylation
reaction in the absence of the silver salt (6), a large differ-
ence in rate and product distribution is now observed. In the
absence of Ag+, the reaction of 1b with e.g., 8z required
20 h for a 15% conversion and gave 7% bibenzyl, 80%
monoadduct, and 5% bisadduct, rather than 60% conversion
in 3 h and 34, 2, and 34%, respectively, of the products in
the present experiment. In the presence of the alkene alone,
the conversion of 1b reached 35% after 60 h and that of 1c
100% after 30 h; it was 10–50 times slower than in the pres-
ence of Ag+ and the monoadducts were by far the major
products (50–80%). No useful result was obtained from 1a.

The difference is due to the double role of 1,2-electron-
withdrawing substituted alkenes such as 8y and 8z. These
act both as electron acceptors (8y, Ered –1.63 V vs. Ag/Ag+)
(17) and as radical traps. In the absence of other acceptors,
the alkene radical anions build up and either directly trap the
radicals or reduce the radical adducts, thus leading to the
monobenzylated alkenes (path a, a′, Scheme 4).

With the silver cation the two functions are separated, the
inorganic cation being the main oxidant and the alkene func-
tioning as radical trap because Ag+ is a better acceptor. Un-
der these conditions photoinduced fragmentation of the
donors is much faster with 1b and 1c, and even with 1a
some reaction occurs, while none was observed in the ab-
sence of Ag+. Furthermore, the radical anion 8.– does not
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Scheme 4.

Conversion (%) Products (%)b

Donor Alkene 1 2 5 7 9 10

1 1b 8x (0.02 M) 30 3 60 5
2 1a 8x (0.1 M) 9 7 33 2 5
3 1b 65 4 39 15
4 1a 8y (0.02 M) 20 4 30 3 28
5 1b 67 6 43 33
6 1c 66 13 32 8 3
7 1b 8z (0.02 M) 60 3 34 2 34
8 1c 60 10 33 8

aUpon irradiation of 0.02 M suspensions of the benzylic derivatives 1 (140 mg TiO2, 40 mL acetonitrile) for 3 h.
b% Yield on converted 1.

Table 2. TiO2 photocatalytic reactions of benzylic donors in the presence of alkenes 8 and 0.01 M silver sulfate.a
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build up in this case, and the relatively stable (α-cyano or
carboxyl) adduct radicals have no easy path for reduction.
Thus, these couple with a benzyl radical to give the
bisadduct (path b, Scheme 4, see below). This path requires
a high concentration of benzyl radicals, a situation that ap-
plies in the vicinity of the photocatalyst surface with donors
1a, 1b. The nonstabilized radical cations of these substrates
do not migrate and fragment (with different efficiency) close
to the surface (path a in Scheme 3), generating a high local
concentration of the radicals.

On the contrary, migration of the longer lived stabilized
radical cation from 1c precedes fragmentation; thus, the free
benzyl radical is formed from the solvated radical cation
(path c in Scheme 3). The solvated radical is in part oxidized
by Ag+ (soluble in MeCN), and thus, is not available for
trapping. A part is trapped, as revealed by the strong de-
crease of bibenzyl in the presence of alkenes, but the radical
adduct has little opportunity both for coupling with benzyl
radicals (because of the low concentration in solution) and
for reduction (since no reducing 8.– builds up). Presumably
higher molecular weight products are formed and the yield
of isolated products (monoadducts 9 and traces of bisadducts
10) is far from balancing the amount of radicals trapped.

Thus, trapping by alkenes gives an indication about the
mode of α-cleavage, in solution or close to the surface. On
the other hand, the photoinduced reaction becomes mush
faster with Ag+, but the yield of the useful process,
alkylation of the electron-withrawing substituted alkene is
decreased by the competing oxidation of the radical, and
from the synthetic point of view the reaction in the absence
of silver salts (6) is preferable.

Conclusions

The TiO2 photocatalytic oxidation of benzylic donors
gives products resulting from the trapping of benzyl radicals
(benzaldehydes, bibenzyl or alkylated derivatives), some-
times with satisfactory material balance. The efficiency of
the electron transfer oxidation of these substrates depends on
the oxidation potential of the donor, on the presence of an
electrofugal group in the α position, and on the presence of a
good electron acceptor that allows exploitation of the tran-
sient charge separation on the semiconductor surface.
Among these, Ag+ is more efficient than O2, and both of
these are much better than an electrophilic alkene. On the
other hand, the presence of a strong oxidant such as silver
sulfate causes partial further oxidation of the radical to the
cation and limits the benzylation of electrophilic alkenes
since it hinders a required step, reduction of the adduct radi-
cal.

Comparing photocatalysis for the substrates 1a–1c sug-
gests that the reaction occurs via two main mechanisms. The
stabilized radical cation 1c.+ is solvated and fragments in so-
lution (path c, Scheme 3). The free radical formed can be
trapped. Further oxidation of the radical to the cation also
has an important role. The shorter lived, less stable ana-
logues 1a.+, 1b.+ do not migrate and mainly fragment close
to the surface of the catalyst (path a), e.g., yielding bibenzyl
or bibenzylation of added electrophilic alkenes.
Deprotonation of 1a.+ is slow, so that with 2.5% water the

cosolvent is competitively oxidized. This process is faster in
CH2Cl2, probably via a O2

.– assisted reaction (path b).

Experimental

Reagents
Degussa P25 titanium dioxide was dried in a oven at

110°C for 24 h and acetonitrile was distilled over calcium
hydride and stored over molecular sieves. The chemicals
were commercially available or prepared through conven-
tional procedures for the case of 1c.

Irradiations
Irradiations were carried out on magnetically stirred solu-

tions contained in 4.5 cm diameter serum-capped Pyrex cy-
lindrical reactors. Suspensions (40 mL) containing the
benzylic derivatives (0.02 M), the appropriate additives (see
Tables 1 and 2) and 140 mg TiO2 were used. These were
sonnicated for 1 min and then stirred and flushed with either
oxygen or purified nitrogen (through needles) in the dark for
20 min. The tubes were put in the centre of four 15 W phos-
phor-coated lamps (centre of emission, 360 nm) and irradi-
ated for 3 h while maintaining slow gas flow and stirring.
The suspension was then filtered over a 0.2 µm porosity fil-
ter under vacuum and either directly analyzed or rotary
evaporated and taken up to a fixed volume.

The products were identified by comparison of their GC–
MS spectra with authentic samples (compounds 9cy, 9az,
9cz and diastereoisomeric 10ax, 10ay, 10cy, 10az were pre-
viously reported) (6) and quantified by GC on the basis of
calibration curves using dodecane or cyclododecane as the
internal standard. Gas chromatography analyses were carried
out by using an HP 5890 apparatus with a 0.3 mm × 30 m
capillary column with a flame ionization detector. Gas chro-
matography – mass spectrometry determination was per-
formed using an HP 5970B instrument operating at a
ionizing voltage of 70 eV, connected to an HP 5890 instru-
ment equipped with the same column as above.

A larger scale irradiation was carried out with 1c (0.78 g,
0.02 M) in a suspension of TiO2 (0.7 g) in MeCN (200 mL)
in an immersion well apparatus fitted with a Pyrex-filtered,
water-cooled medium pressure mercury arc (150 W). The
suspension was magnetically stirred and flushed with argon
during irradiation (8h).
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Application of time-resolved linear dichroism
spectroscopy: Intensity borrowing in charge
transfer complex absorption spectra

Dustin Levy and Bradley R. Arnold

Abstract: Time-resolved linear dichroism spectroscopy has been used to study the influence of solvent on the charge
transfer complex formed between hexamethylbenzene and 1,2,4,5-tetracyanobenzene. It was shown that cyano-
substituted solvents induce a 1500 cm–1 increase in the charge transfer transition energies relative to those observed in
chlorinated solvents. Furthermore, the angle between the charge transfer absorption transition moments and the photo-
chemically produced radical anion absorption transition moment, after relaxation, has been measured for this complex
in several solvents. A simple model was used to correlate the angles measured using time-resolved linear dichroism
spectroscopy with the extent of localized excitation mixed into the charge transfer transitions. These measurements re-
veal that different charge transfer transitions borrow intensity from the localized excitation to different extents. By us-
ing different excitation wavelengths, the partitioning of the borrowed intensity among the charge transfer transitions of
this complex could be evaluated for the first time.

Key words: 1,2,4,5-tetracyanobenzene, hexamethylbenzene, donor–acceptor complex, photoinduced electron transfer,
photoselection.

Résumé : On a fait appel à la spectroscopie de dichroïsme linéaire résolu en fonction du temps pour étudier
l’influence du solvant sur le complexe de transfert de charge qui se forme entre l’hexaméthylbenzène et le 1,2,4,5-
tétracyanobenzène. On a trouvé que, les solvants portant des groupes cyano induisent une augmentation de 1500 cm–1

dans les énergies de transition du transfert de charge par comparaison avec celles observées par les solvants chlorés.
De plus, on a mesuré dans plusieurs solvants l’angle entre les moments de la transition d’absorption de transfert de
charge et le moment de transition d’absorption de l’anion radical produit photochimiquement, après relaxation. On a
utilisé un modèle simple pour établir une corrélation entre les angles mesurés en faisant appel à la spectroscopie de
dichroïsme linéaire résolu en fonction du temps et le degré d’excitation localisée qui se mêle aux transitions de trans-
fert de charge. Ces mesures révèlent que les diverses transitions de transfert de charge emprunte à des degrés différents
de l’intensité de l’excitation localisée. En utilisant des longueurs d’onde d’excitation différentes, on a pu évaluer pour
la première fois le niveau d’intensité emprunté par les diverses transitions de transfert de charge de ce complexe.

Mots clés : 1,2,4,5-tétracyanobenzène, hexaméthylbenzène, complexe donneur–accepteur, transfert d’électron photoin-
duit, photosélection.

[Traduit par la Rédaction] Levy and Arnold 574

Introduction

An important class of intermolecular interactions leads to
the formation of charge transfer (CT) complexes. These
complexes are characterized by the appearance of a weak
electronic absorption that is not present in the spectrum of
the isolated reaction partners. The CT complex ground state
wave function is usually depicted as a mixture of the wave
functions for nonbonded interactions and of the ion-pair
state (1–5). Several recent spectroscopic studies have sug-

gested that this two-state model is severely oversimplified
and that the contribution of localized excited states must
also be considered (6–13). Our studies of the CT complexes
formed between 1,2,4,5-tetracyanobenzene (TCNB) as ac-
ceptor and methylated benzene donors have shown conclu-
sively that the two-state model is not uniformly applicable to
all CT complexes (6, 7, 14). Significant intensity borrowing
from the localized excitation band (LE) of the acceptor was
proven in the case of several TCNB complexes (14) and has
been proposed for many other types of CT complexes (15,
16).

A clarification is required on this point. It has been cus-
tomary to call the transition that appears when an acceptor
and donor are combined a CT transition. For many CT com-
plexes the transition of interest will not be purely CT in na-
ture and in some cases may not even be dominated by a CT
contribution. For the sake of simplicity and continuity with
the established literature it should be understood that the
term CT transition, as used herein, simply identifies the new
transition and is not making a statement about its character.
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Presently, a distinction between the pure CT transition mo-
ment and the observed CT transition moment, which may in-
clude a contribution from LE states, will be made clear.

Little is known about the nature of the CT excited states
or how the LE contribution influences the processes that
lead to photoinduced charge separation and the formation of
contact radical ion-pairs (CRIP). The effects of mixing LE
and CT states on the CT emission spectrum and rate con-
stants for return electron transfer have been studied (17). It
was shown that a small contribution from the LE dominates
the photophysical behavior of the resultant CRIP–exciplex.
We believe that the rapid relaxation observed for several CT
complexes (6–13) is also a result of the mixing of LE inten-
sity into the CT transition. It is therefore desirable to exam-
ine ways in which the extent of LE mixing may be
influenced and how LE mixing affects the photophysics of
these complexes.

The decrease in the integrated absorption intensities (os-
cillator strengths) of the localized bands within CT complex
absorption spectra has been used as a measure of the degree
of intensity borrowing (14). These measurements require the
CT absorption spectra to be free from the contributions of
unbound acceptor and donor, which in turn requires knowl-
edge of the association constant for complex formation. The
difficulties in determining the association constants for
weakly bound complexes are now well known (15, 16, 18,
19). Such analysis assumes the LE band shape remains con-
stant within the complex when compared to the free chromo-
phore, (14) which is not true in all solvents. Furthermore,
these measurements do not allow the partitioning of the bor-
rowed oscillator strengths among the multiple CT transitions
to be determined.

Time-resolved linear dichroism (TRLD) has been used to
study CT complexes in detail (6, 7). The angle between the
CT absorption transition moment and the photochemically
produced radical anion absorption transition moment, after
relaxation, has been measured for several complexes. A sim-
ple theoretical model was developed which correlated the
extent of localized excitation mixed into the CT transitions
with the results of TRLD measurements. One shortcoming
of the initial study (7) was that the partitioning of the LE in-
tensity among the multiple CT bands could not be deter-
mined because of the severely overlapping CT transitions.
The following report examines the influence of different sol-
vent environments on CT absorption spectra where the bor-
rowing of LE intensity and the partitioning of this intensity
among the possible CT transitions are determined.

Experimental

Methods
The ps pump-probe apparatus used in these time-resolved

linear dichroism experiments has been described in detail
elsewhere (20). A Continuum PY61C Nd:YAG laser was
used to produce 1064-nm pulses of ca. 35 ps in duration.
The 1064-nm fundamental was doubled and subsequently
tripled to produce 355-nm pulses for sample excitation. Fo-
cusing the 355-nm light into a 10-cm solution cell and iso-
lating the stimulated Raman emission at 404 nm (H2O) or
446 nm (cyclohexane) allowed different excitation wave-
lengths to be used. Continuum was generated by focusing

12 mJ of the residual 1064-nm light into a 10-cm quartz cell
containing a 1:1 mixture of D2O–H2O. The resultant contin-
uum pulse was spatially filtered, collimated, passed through
a polarizer, and split into two beams, one of which was used
as a reference beam while the other passed through the sam-
ple. The sample and reference beams were coupled into sep-
arate legs of a bifurcated fiber-optic bundle and dispersed
using a 0.3 m spectrograph. Transient absorption spectra
were obtained using a dual diode array and single wave-
length kinetic measurements were performed using matched
PMT detectors. An IBM compatible computer allowed auto-
mated control of the experiment through serial and general-
purpose interface bus (GPIB) interfaces in addition to data
storage and analysis.

Solutions of TCNB and hexamethylbenzene (HMB) (both
approximately 1 × 10–2 M) were placed in a quartz cuvette
with the appropriate solvent. Ground-state absorption spectra
were recorded using a Beckman DU 640 UV–vis spectrome-
ter. During data collection, the samples were stirred using a
magnetic stirrer and 200 pulse pairs were averaged to obtain
a ∆OD measurement at each delay setting. The resultant
traces were fit using a simplex computer program to find the
nonlinear least-squares minimum of the error between a
model function and the observed data.

Materials
TCNB was purchased from Aldrich Chemical Co. and pu-

rified by passing it through silica gel twice with methylene
chloride as the eluting solvent, followed by recrystallization
from chloroform. HMB was purchased from Aldrich and pu-
rified by passing it through alumina with 1,2-dichloroethane
as the eluting solvent followed by recrystallization from eth-
anol. Chloroform (CLF), methylene chloride (MCL), and
1,2-dichloroethane (DCLE) were purchased from VWR as
HPLC grade and were used as received. Acetonitrile (ACN)
was obtained as HPLC grade from Aldrich and was used
without further purification. Butyronitrile (BCN), pentane-
nitrile (PCN), and octanenitrile (OCN) (all from Aldrich)
were purified by fractional distillation and passed twice
through activated alumina prior to use.

Results

Absorption spectra
The ground-state absorption spectra of mixtures of HMB

and TCNB in CLF or OCN as solvent are shown in Fig. 1.
The observed spectra demonstrate the characteristics of CT
complex formation when two new absorption bands are ob-
served upon mixing the individual acceptor and donor. The
positions of the first absorption maximum observed in sev-
eral solvents are included in Table 1.

Time-resolved spectroscopy
Excitation of the TCNB–HMB complex in CLF solvent

with 355-nm light results in the observation of a new species
that absorbs at 468 nm. This new species has been assigned
previously to the TCNB radical anion produced within the
laser pulse. The production and decay of the radical anion
are recorded in the trace shown in Fig. 2. The excitation was
linearly polarized along the laboratory Z-axis and the probe
beam was linearly polarized at 54.7° with respect to the lab-
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oratory Z-axis. In this configuration the observed trace is
due to the formation and decay of the ion pair convoluted
with the instrument response function and does not contain
dichroic information. The currently accepted model for the
dynamics of photochemically produced ion-pairs gives the
ion-pair decay as a two-exponential function with a constant
offset and requires five adjustable parameters. In an effort to
reduce the number of adjustable parameters, the magic angle
trace was analyzed as a single-exponential decay. A rapid
relaxation process has been reported for this complex with a
lifetime of 5 ps in ACN (10). This process is too rapid to be
resolved by our apparatus and need not be included in the
kinetic scheme. Least-squares analysis yielded the following
pararmeters: AMA = 0.125 (OD), kMA = 1.40 × 109 s–1 with
an instrument response of 35 ps assuming a Gaussian pro-
file. The fitted line is included in Fig. 2 and the parameters
obtained are collected in Table 1.

Two additional decay traces were recorded as shown in
Fig. 3. In the first trace (open squares) the probe beam was
linearly polarized along the laboratory Z-axis (i.e., parallel
to the excitation) and in the second (filled squares) the probe
beam was polarized within the laboratory XY-plane (i.e., per-
pendicular to the excitation). Except for the polarization of
the probe beam, all three traces (Figs. 2 and 3) were col-
lected under identical conditions. The shapes of the traces
shown in Fig. 3 are due to a composite of the ion-pair decay
and the randomizing rotations of the ion-pairs in solution su-
perimposed on the instrument response profile of the laser
system. The set of dichroic traces were fit assuming a single
exponential anisotropy time constant, along with two aniso-
tropy preexponential factors, one for each trace. The param-

eters obtained from the magic angle traces are used to de-
scribe the production and decay of the ion-pair and were
used as fixed parameters in the fitting of the dichroism data.
For the traces shown in Fig. 3, the dichroism decay rate con-
stant obtained was kOR = 3.37 × 1010 s–1 and the pre-
exponential factors were A(||) = –0.038 (OD units) for the
parallel trace and A(�) = 0.0107 (OD units) for the perpen-
dicular trace.

Similar sets of traces were obtained for the 355-nm exci-
tation of HMB–TCNB CT complexes in MCL, DCLE,
OCN, PCN, BCN, and ACN. The analysis of these data fol-
lowed the procedure as described above and led to the fit pa-
rameters collected in Table 1.

The effect of excitation wavelength was also studied
where Raman shifting of 355-nm light was used to allow ex-
citation at 404 nm (water) or 446 nm (cyclohexane). The
magic angle trace for the 446-nm excitation of the HMB–
TCNB complex in OCN solvent is shown in Fig. 4 and the
set dichroic traces is shown in Fig. 5. Additional traces for
HMB–TCNB in DCLE and BCN excited using these wave-
lengths were also measured. The fit parameters resulting
from the analysis of these data are also collected in Table 1.

Discussion

Multiple absorption bands are frequently observed within
CT spectra and examination of Fig. 1 shows this to be true
for the HMB–TCNB complex. These bands arise when mul-
tiple states participate in CT interactions. HMB has a doubly
degenerate ground state and the weak interactions associated
with complex formation are unlikely to split these states sig-
nificantly. On the other hand, TCNB has two low lying ex-
cited states that are separated by 5800 cm–1 (14). Both of
these excited states can participate in CT interactions and
two CT absorption bands are expected for the HMB–TCNB
complex as indicated in the diagram in Fig. 6. Each band
should have approximately the same oscillator strength with
the second absorption band 5800 cm–1 higher in energy than
the first. For convenience these transitions will be designated
CT1 for the low-energy transition and CT2 for the high-
energy transition to distinguish between them and to reflect
the possibility that they may include a significant contribu-
tion from the LE.

Examination of the ground-state spectra in Fig. 1 reveals
that the absorption bands are relatively broad and significant
overlap of the transitions occurs. Band shape analysis was
performed on the CT spectra to help identify band maxima
and to allow the band overlap at the excitation wavelengths
to be assessed. In this analysis two Gaussian band profiles
were assumed with a set width of 2820 cm–1 and a constant
energy difference of 5800 cm–1. These values are consistent
with those found for complexes between TCNB and several
methyl-substituted benzene donors (14). Fig. 1 shows the
HMB–TCNB CT spectra in CLF and OCN, including the
predicted absorption bands. The predicted spectrum, ob-
tained as the sum of the two CT bands along with the LE, is
included in Fig. 1 and it coincides with the experimental
spectrum at all wavelengths in all solvents. Excellent agree-
ment between the experimental and expected spectra was
achieved for all solvents, which justifies the use of the pa-
rameters assumed.

© 2003 NRC Canada
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Fig. 1. Normalized absorption spectra of the HMB–TCNB CT
complex in chloroform (top panel) and octanenitrile (bottom
panel). Both spectra can be described using two CT bands (solid
lines) and a LE band (dashed line). The resulting predicted spec-
trum coincides with the experimental spectrum (dark line) in all
cases. The excitation wavelengths used to excite these com-
plexes, 22 420 cm–1 (446 nm), 24 750 cm–1 (404 nm), and
28 170 cm–1 (355 nm) are included on the diagram (vertical
dashed lines).
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Continuum models are generally used to describe the in-
fluence of solvent on absorption spectra (15, 21, 22). One
such model predicts a linear relationship between the fre-
quency of maximum absorbance (νMAX) and the solvent pa-
rameter f, given by eq. [1] where D and n are the solvent
dielectric constant and refractive index, respectively (22).

[1] f
D
D

n
n

= −
+

− −
+







1

2
1
2

2

2

A plot of (νMAX) for CT1 of the HMB–TCNB complex
vs. f is shown in Fig. 7. Clearly, the chlorinated and cyano-
substituted solvents fall into distinct groups where the transi-
tion energies are lower in chlorinated solvents by 1500 cm–1

relative to cyano-substituted solvents. Similar observations
have been reported previously for chloranil (15, 23), 1,3,5-
trinitrobenzene (15, 23, 24), and tetracyanoethylene (15, 25)
complexes with various donors when the CT absorption
maxima were compared in hydrocarbons, alcohols, and halo-
genated solvents. Specific solvent–solute interactions have
been invoked to account for the large differences in transi-

tion energy with changing solvent, although the exact nature
of the interaction is not well understood. Germane to the
present discussion is that solvent can be used to significantly
alter the energies of the CT transitions and the LE transi-
tions are not affected appreciably. These solvent effects will
facilitate a test of the hypothesis that the magnitude of inten-
sity borrowing will be sensitive to the energy difference be-
tween the CT and LE excited states.

Descriptions of TRLD and the methods of analysis of
dichroic data have been published (6, 7). Recall that the
anisotropic nature of light absorption can be used to produce
partially oriented samples of excited states by a process
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Solvent νCT1 (cm–1)a λEX (nm)b AMA (OD)c kMA (s–1)d A|| A� kOR (s–1)

CLF 23 360 355 0.125 1.40 × 109 –0.038 0.011 3.37 × 1010

MCL 23 420 355 0.171 6.20 × 109 –0.053 0.012 6.69 × 1010

DCLE 23 580 355 0.136 6.16 × 109 –0.040 0.012 2.49 × 1010

404 0.464 5.83 × 109 –0.118 0.069 3.09 × 1010

446 0.275 6.20 × 109 –0.078 0.030 2.20 × 1010

OCN 24 880 355 0.144 6.72 × 109 –0.016 0.017 1.29 × 1010

404 0.389 7.09 × 109 –0.010 0.029 2.22 × 1010

446 0.251 6.98 × 109 –0.066 0.027 1.70 × 1010

PCN 24 880 355 0.219 13.1 × 109 –0.037 0.012 2.32 × 1010

BCN 25 000 355 0.179 17.6 × 109 –0.032 0.008 3.80 × 1010

404 0.228 19.1 × 109 –0.052 0.016 4.75 × 1010

446 0.240 19.3 × 109 –0.054 0.039 2.59 × 1010

ACN 24 940 355 0.143 28.9 × 109 –0.028 0.006 5.90 × 1010

aWavenumber corresponding to the maximum absorbance of CT1. CT2 is 5800 cm–1 higher in energy in each case.
bWavelength used to excite sample.
cPreexponential factor corresponding to analysis of the magic angle traces (AMA) and the dichroic pair of traces (A|| and A�). Please see text.
dRate constants for decay of the TCNB radical anion (kMA) and the decrease in dichroism (kOR).

Table 1. Spectroscopic characterization of hexamethylbenzene–1,2,4,5-tetracyanobenzene CT complexes in various solvents.

Fig. 2. Picosecond pump-probe transient absorption decay trace
of the HMB–TCNB CT complex in chloroform excited at
355 nm and observed with 468-nm light polarized at the magic
angle (open squares). The solid line indicates the best fit of the
observed trace using a single exponential decay convoluted with
a 35 ps instrument response.

Fig. 3. Top panel: ps pump-probe transient absorption decay
trace of the HMB–TCNB CT complex in chloroform excited at
355 nm and observed using 468-nm light polarized parallel
(open squares) and perpendicular (filled squares) to the excita-
tion. The solid lines indicate the best fit of the dichroic traces
assuming a single-exponential anisotropy decay in addition to the
parameters obtained by fitting the magic angle trace (see text
(Fig. 2)). Bottom panel: plot of the orientation factor as a func-
tion of time calculated using the above dichroic traces. The solid
line indicates the fit of the orientation factor based on the pa-
rameters obtained from the fit of the individual traces above. The
dashed line indicates the isotropic Ki value of 0.333.
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known as photoselection (26–30). Two sets of axes systems
are required in the following discussion. The first is the lab-
oratory frame of reference in which three mutually perpen-
dicular axes are depicted using the upper case letters X, Y,
and Z. The second is the molecular frame in which mutually
perpendicular axes will be depicted using the lower case let-
ters x, y, and z. The configuration of the TRLD apparatus al-
lows the excitation beam to be linearly polarized with the
electric vectors of the photons directed along the laboratory
Z-axis. When the sample absorbs these photons and the ex-
cited states produced are subsequently probed with a second
beam of linearly polarized light, the measured absorbance
obtained when the electric vector of the probe beam is paral-

lel (ODZ) compared to the absorbance perpendicular (ODY)
to the laboratory Z-axis may be different. The ratio of the
parallel and perpendicular absorbance at wavelength λ , at
any time, is defined as the dichroic ratio (dλ =
ODZ(λ)/ODY(λ)). It is particularly convenient to describe the
observed orientation in terms of orientation factors as op-
posed to other, perhaps better known, order parameters (29,
30). The orientation factor of the probe transition (Ki) is ob-
tained directly from the dichroic ratio (Ki = dλ/(dλ+2)). The
magnitude of Ki reflects both the degree of alignment of the
sample within the laboratory frame and the angle between
the ground-state absorption transition moment vector (TMV)
and the probe TMV within the molecular frame. The align-
ment of the sample is described by the magnitude of the
principal orientation factors (KX, KY, KZ) which can be pre-
dicted using photoselection theory (29, 30).

Photoselection of linear absorbers results in uniaxial ori-
entation of excited states with the principal orientation fac-
tors: KZ = 0.60 and KX = KY = 0.20 (29, 30). In this case the
unique axis of the sample, the average orientation of the
ground state CT TMV within the molecular frame and the
direction of the electric vector of the excitation beam will all
coincide with the laboratory Z-axis. The measured value of
Ki is then related to the average angle between the ground
state CT TMV (and the laboratory Z-axis) and the TCNB
radical anion transition moment vector after relaxation to the
CRIP. Equation [2] allows the absolute value of this angle to
be calculated and the values obtained are collected in Ta-
ble 2.
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Fig. 4. Picosecond pump-probe transient absorption decay trace
of the HMB–TCNB CT complex in octanenitrile excited at
446 nm and observed with 468-nm light polarized at the magic
angle (open squares). The solid line indicates the best fit of the
observed trace using a single-exponential decay convoluted with
a 45 ps instrument response.

Fig. 5. Top panel: ps pump-probe transient absorption decay
trace of the HMB–TCNB CT complex in octanenitrile excited at
446 nm and observed with 468-nm light polarized parallel (open
squares) and perpendicular (filled squares) to the excitation. The
solid lines indicate the best fit of the dichroic traces assuming a
single-exponential anisotropy decay in addition to the parameters
obtained by fitting the magic angle trace (see text (Fig. 4)). Bot-
tom panel: plot of the orientation factor as a function of time
calculated using the above dichroic traces. The solid line indi-
cates the fit of the orientation factor based on the parameters ob-
tained from the fit of the individual traces above. The dashed
line indicates the isotropic Ki value of 0.333.

Fig. 6. Molecular orbital depiction of the CT1, CT2, and LE
transitions associated with the HMB–TCNB complex.
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A vector addition scheme has been described (6, 7) and is
reproduced in Fig. 8, in which the pure CT transition mo-
ment (MCT

2 ) and the contribution of the LE transition mo-
ment ( fLE LEM2 ) are added, resulting in the observed
transition moment (MCTi

2 ).
To see how these angles relate within the molecular

frame, knowledge of the transition moment vector directions
is required. According to calculations the LE TMV is di-
rected along the long in-plane axis of TCNB. The pure CT
TMV will be directed between the centers of charge density
of the donor and acceptor. For centrosymmetric molecules
like HMB and TCNB the centers of charge density will co-
incide with the centers of mass. The angle θ = 100 ± 4°, was
estimated from crystallographic data and calculated struc-
tures of the CT complex (6, 7). The last TMV direction

needed is that of the TCNB radical anion absorption at
468 nm, which, according to calculations, also coincides
with the long in-plane axis of TCNB, as shown in Fig. 8.
Finally, the angle φ′, also depicted in Fig. 8, will be the an-
gle obtained using TRLD spectroscopy assuming that relax-
ation of the complex does not lead to an observable rotation.
Numerical evaluation of φ′ is possible using eq. [3].

[3] sin ( )
sin ( )

.
′ = − − ′φ θM

M
CT

LE LE

180
0 5

φ
f

Inspection of eq. [3] reveals that the magnitude of φ′ will
depend on the ground-state geometry of the CT complex, the
magnitude of LE intensity borrowed within the specific CT
transition under consideration, and the geometry of the CRIP.

Consider the limiting case when intensity borrowing is
negligible. The predicted angle is φ′ = 80°. A measured
value of |φ| = 70° was reported for HMB–TCNB complexes
in DCLE where intensity borrowing was known to be negli-
gible. It was proposed that the difference between the pre-
dicted and measured angles was due to rotation of the
complex as a result of a small geometry change between the
ground state and the relaxed CRIP (6, 7). Assuming this to
be true, the model predicts the angles before relaxation oc-
curs but the measured angles are those observed after relax-
ation to the CRIP. A topochemical increment to the observed
orientation must be assessed to account for the relaxation.
Based on the measured rotation of several methylbenzene
complexes with TCNB an average value of 7° is expected
(7). Therefore, the measured angles can be compared with
the predicted angles only after the topochemical increment
of 7° has been added (φ′ = |φ| + 7°).

Three excitation wavelengths were used in the current
study (355, 404, and 446 nm). The relevant excitation ener-
gies are shown pictorially in Fig. 1 where it is observed that
different fractions of CT1 and CT2 are excited using these
different wavelengths. In all solvents, 446 nm excites only
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Solvent λEX (nm)a Transitionb Ki
c φd (°)

CLF 355 CT2 0.242 71
MCL 355 CT2 0.244 71
DCLE 355 CT2 0.246 70

404 0.90 CT1 + 0.10 CT2 0.245 70
446 CT1 0.244 71

OCN 355 0.35 CT1 + 0.65 CT2 0.284 63
404 0.95 CT1 + 0.05 CT2 0.252 69
446 CT1 0.249 70

PCN 355 0.35 CT1 + 0.65 CT2 0.282 63
BCN 355 0.35 CT1 + 0.65 CT2 0.282 63

404 0.95 CT1 + 0.05 CT2 0.266 66
446 CT1 0.250 69

ACN 355 0.35 CT1 + 0.65 CT2 0.277 64
aWavelength used to excite sample.
bTransition(s) excited at the excitation wavelength used.
cOrientation factor.
dMeasured angle between the ground state CT transition moment(s) and

the relaxed CRIP transition moment.

Table 2. Observed transition moment vector directions for
hexamethylbenzene–1,2,4,5-tetracyanobenzene CT complexes in
various solvents.

Fig. 7. Plot of the energy of the first CT absorption band
(νMAX) vs. the solvent polarity function (f) defined in eq. [1].
Chlorinated solvents are indicated by filled squares and cyano-
substituted solvents are indicated using open squares.

Fig. 8. Diagram depicting the vector addition of the pure CT
TMV (MCT) with a contribution for the LE TMV ( fLE LE

0 5. M ) to
obtain the observed CT TMV (MCTi). The angle θ is the angle
between the pure CT TMV and the long in-plane axis of TCNB.
The angle φ′ is the angle between the observed CT TMV and the
TCNB radical anion TMV which coincides with the long in-
plane axis of TCNB.
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CT1 and the measured angles are consistently |φ| = 70°. The
magnitude of the angle is comparable with the limiting case
in which CT1 is pure CT in nature. The consistency of the
measured angle in all solvents studied suggests that solvent
does not change the ground-state geometry.

A dramatic difference between the solvent groups is ob-
served when 355-nm light is used to excite the samples. At
this wavelength CT2 is responsible for all of the absorption
in chlorinated solvents and the measured angle remains |φ| =
70°. Thus, it can be concluded that in chlorinated solvents
CT2 is a pure CT transition. In cyano-substituted solvents
355-nm light excites both CT1 (35%) and CT2 (65%) based
on the band shape analysis. In these solvents the measured
angle falls to |φ| = 63°. Figure 9 shows that the orientation
factors for 355- and 446-nm excitation of the HMB–TCNB
complex in OCN are indeed measurably different. Based on
the ratios of CT1 and CT2 excited at 355 nm and assuming
CT1 is pure CT, as the results of 446-nm excitation suggest,
the measured angle if CT2 were excited alone would be
closer to |φ| = 59°.

Having already ruled out differences in ground-state ge-
ometry in these solvents, LE intensity borrowing in the CT2
transitions is the most probable explanation for the variation
in the observed angles. The energy difference between the
LE and CT2 transitions is less than 200 cm–1 in cyano-
substituted solvents as compared to 1700 cm–1 in chlorinated
solvents. The energy differences between the CT1 and LE
transitions are even greater, being about 6000 and 8000 cm–1

in cyano-substituted and chlorinated solvents, respectively. It
appears that the solvent interaction lowers the energy gap
between the LE and CT transitions sufficiently to allow the
two states to mix and intensity borrowing to occur.

Assuming the observed deviation in the angle is indeed
the result of LE intensity borrowing, it is possible to calcu-
late the fraction of LE that must be incorporated into CT2 in
the cyano-substituted solvents to produce the observed an-
gle. Given the measured angle of |φ| = 59°, and taking into
account the topochemical increment of 7°, the percentage of
LE oscillator strength incorporated into CT2 can be calcu-
lated based on the geometric constraints given by the model
depicted in Fig. 8. In cyano-substituted solvents the ob-
served higher energy CT transition, CT2, is 10–20% LE in
character.

Conclusions

Time-resolved linear dichroism spectroscopy has been
used to study the influence of solvent on intensity borrowing
in the charge transfer complex formed between hexamethyl-
benzene and 1,2,4,5-tetracyanobenzene. For the HMB–
TCNB CT complex two CT transitions are observed. It was
shown that cyano-substituted solvents induce a 1500 cm–1

increase in the charge transfer transition energies relative to
those observed in chlorinated solvents. Furthermore, the an-
gle between the charge transfer absorption transition mo-
ments and the photochemically produced TCNB radical
anion absorption transition moment, after relaxation, has
been measured for this complex in several solvents. A sim-
ple model was used to correlate the angles measured using
time-resolved linear dichroism spectroscopy with the extent
of localized excitation mixed into the charge transfer transi-

tion excited. These measurements reveal that the different
CT transitions borrow LE intensity to different extents. It
was shown that both CT transitions of the HMB–TCNB
complex in chlorinated solvents are pure CT in nature. In
cyano-substituted solvents, the lower energy CT transitions
are pure CT in nature but the higher energy transition must
include a significant contribution, as much as 20%, due to
LE oscillator strength.
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Substituent effects in oxime radical cations. 1.
Photosensitized reactions of acetophenone
oximes

H.J. Peter de Lijser, Jason S. Kim, Suzanne M. McGrorty, and Erin M. Ulloa

Abstract: A variety of ortho-, meta-, and para-substituted (-H, -F, -Cl, -CF3, -CN (meta and para only), -CH3, -OCH3,
and -NO2) acetophenone oximes were synthesized and studied using laser flash photolysis (LFP) and steady-state
photolysis experiments in acetonitrile with chloranil as the photosensitizer. In addition, semi-empirical (AM1) calcula-
tions were performed on the neutral species, the radical cations, and the corresponding iminoxyl radicals. The data was
analyzed in terms of the electrochemical peak potentials of the oximes, the quenching rates of triplet chloranil (LFP),
the calculated ionization potentials, and the measured conversions of the oximes in the steady-state photolysis experi-
ments. Photolysis of the oximes in the presence of chloranil results in the formation of the chloranil radical anion,
which reacts rapidly with the oxime radical cation to form the semiquinone radical and an iminoxyl radical. Evidence
for the formation of the chloranil radical anion and the semiquinone radical was obtained from LFP studies. The mea-
sured quenching rates from the LFP studies represent the rates of electron transfer from the oximes to triplet chloranil.
This data was correlated to various radical and polar substituent constants. The Hammett studies suggest that steric,
polar, and radical effects are important for ortho-substituted acetophenone oximes, polar effects are important for para-
substituted oximes, and radical stabilization is more important than polar effects for the meta-substituted substrates.
The calculated ionization potentials of the oximes show an excellent correlation with the measured quenching rates
supporting the electron transfer pathway. On the basis of calculated charge densities, we conclude that the measured
substituent effects are transition state effects rather than ground state effects. At this point all of the available data
suggests that the conversion of the oximes is controlled by two energetically opposing reactions, namely oxidation of
the neutral oxime, which is favorable for oximes with electron-donating substituents, and deprotonation of the oxime
radical cation, which is favorable for oximes with electron-withdrawing substituents. The overall result is a reaction
with little selectivity as far as substituent effects are concerned.

585Key words: oxime, radical cation, iminoxyl radical, electron transfer, substituent effect.

Résumé : On a synthétisé une grande variété d’oximes d’acétophénones substituées en ortho-, méta- et para- (-H, -F,
Cl, -CF3, -CN (uniquement en méta- et para-), -CH3, -OCH3 et -NO2) qu’on a étudiées par des expériences de photo-
lyse éclair au laser (PEL) et de photolyse à l’état stationnaire dans l’acétonitrile, en utilisant le chloranile comme pho-
tosensibilisateur. De plus, on a effectué des calculs semiempiriques (AM1) sur les espèces neutres, les cations radicaux
et les radicaux iminoxyles correspondants. On a analysé les données en fonction des potentiels électrochimiques maxi-
maux des oximes, les vitesses de désactivation du chloranile triplet (PEL), des potentiels d’ionisation calculés et des
conversions mesurées des oximes dans les expériences de photolyse à l’état stationnaire. La photolyse des oximes en
présence de chloranile conduit à la formation de l’anion radical du chloranile qui réagit rapidement avec le cation radi-
cal de l’oxime pour conduire à la formation du radical de la semiquinone et à un radical iminoxyle. On a obtenu des
indications relatives à la formation de l’anion radical du chloranile et du radical de la semiquinone à partir des études
de PEL. Les vitesses mesurées de désactivation obtenues à partir des études de PEL correspondent aux vitesses de
transfert d’électron des oximes vers le chloranile triplet. On a pu établir une corrélation entre ces données et diverses
constantes de radicaux et de substituants polaires. Les études de Hammett suggèrent que les effets stériques, polaires et
radicalaires sont importants pour les oximes des acétophénones substituées en ortho-, que les effets polaires sont im-
portants pour les oximes des acétophénones substituées en para- et que la stabilisation radicalaire est plus importante
que les effets polaires pour les substrats substitués en méta-. Les potentiels d’oxydation calculés des oximes présentent
une excellente corrélation avec les vitesses de désactivation mesurées ce qui supporte une voie de transfert électro-
nique. Sur la base des densités de charge calculées, on en conclut que les effets de substituants mesurés sont des effets
liés aux états de transition plutôt que des effets liés aux états fondamentaux. À ce point, toutes les données disponibles
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suggèrent que la conversion des oximes est contrôlée par deux réactions énergétiquement opposées, soit l’oxydation de
l’oxime neutre qui est favorable aux oximes portant des substituants électrodonneurs ou la déprotonation du cation ra-
dical de l’oxime qui est favorable aux oximes portant des substituants électroattracteurs. Le résultat global est une
réaction qui, du point de vue des effets de substituants, ne présente pas beaucoup de sélectivité.

Mots clés : oxime, cation radical, radical iminoxyle, transfert d’électron, effet de substituant.

[Traduit par la Rédaction] de Lijser et al.

Introduction

Oximes and oxime ethers have found use as protection
groups for carbonyl compounds (1). The regeneration of
carbonyl compounds form oximes can be achieved using a
variety of methods, including oxidative, reductive, and pho-
tochemical techniques (2, 3). Of specific interest to us are
the photochemical techniques (3) as well as other studies fo-
cusing on the photochemical behavior of these compounds
(4). Haley and Yates (3) studied the photohydrolysis of ox-
imes and concluded that the reactive excited state was the
lowest singlet state since triplet sensitization did not result in
the formation of any products, with the exception of syn–
anti isomerization. The latter observation is consistent with
Padwa and Albert’s (4j) work on the triplet-sensitized photo-
lysis of oxime ethers. It is interesting to note, however, that
the measured quantum yields in the aqueous photohydrolysis
reactions were typically low and certain substituted sub-
strates did not react at all. We recently reported on our stud-
ies involving the photosensitized regeneration of carbonyl
compounds from oximes (5). Photolysis of oximes in the
presence of the triplet sensitizer chloranil resulted in forma-
tion of the corresponding carbonyl compounds in reasonable
to good yields. The data is most consistent with an electron
transfer mechanism and we have proposed that the oxime
radical cation reacts rapidly with the sensitizer (chloranil)
radical anion to form the iminoxyl radical and the hydro-
chloranil (semiquinone) radical (Scheme 1).

An important issue that has not yet been addressed is
whether the formation of the iminoxyl radicals from oximes
via an electron transfer pathway is a two-step process or a
concerted proton-coupled electron transfer (PCET) process
(6). Both oxime radical cations and iminoxyl radicals are
important intermediates in chemical and biochemical pro-
cesses (7), however, despite the large amount of data avail-
able on the structure of these species (7, 8), little is known
about their reactivity. A complete understanding of the
mechanistic aspects of these reactions and the intermediates
involved is therefore desirable.

The electronic structure of iminoxyl radicals has been
proposed as that shown in Scheme 2a (8c, 8f).

According to this description, which is based on ESR
measurements, no spin density is available on carbon. Sev-
eral other mechanistic interpretations involving iminoxyl
radicals have suggested the possibility of a resonance struc-
ture as shown in Scheme 2b (9a, 9c).

Although the formation of carbonyl compounds from
oxime radical cations (Scheme 3) can be most easily ex-
plained on the basis of the resonance structure shown in

Scheme 2b, more detailed studies are necessary to support
this hypothesis.

Structure–reactivity studies have been of great value for
the exploration of mechanistic problems and the involvement
of reactive intermediates (10). A number of linear free en-
ergy relationships (LFERs) for dealing with different inter-
mediates (cations, anions, radicals) in both ground state and
excited  state  reactions  have  been  developed  over  the  past
decades (11). It is well established that when studying aro-
matic substrates, only the meta- and para-substituted com-
pounds are considered. In general, steric effects and
hydrogen bonding prohibit the true electronic nature of
ortho-substituent effects and, therefore, are most often not
considered when discussing substituent effects. A variety of
specific scales for dealing with ortho-substituents have been
developed (12). For example, Trible and Traynham (12c) re-
ported a method for measuring electronic effects of ortho-
substituents by means of NMR in DMSO solution using
ortho-substituted phenols. This scale is known as the σo

− or
∆δo scale. A value for o-NO2 was not available as it did
show significant hydrogen bonding even in DMSO solution,
however, a value of 1.20 was reported earlier by Dietrich et
al. (13). Separation of steric and electronic effects has been
an active field of study, initiated by Taft (14) who proposed
Es and Es° values. Charton (15) indicated that the Taft Es
values are a linear function of the van der Waals radii and
independent of electronic effects, whereas the Es° values are
a function of electronic effects only without any significant
contribution of steric effects. A new steric parameter (Es

e)
which was corrected for electronic effects, was introduced
by Unger and Hansch (16).

Although reasonable correlations are obtained for most
ionic reactions by using the traditional polar substituent con-
stants such as σm, σp (referred to here as σpol ), and σ+, those
involving radicals are often much poorer. To deal more ef-
fectively with this problem, a variety of new scales that spe-
cifically deal with free radicals (e.g., σα · (17a–17d), σrad
(17e, 17f), σJ · (17g–17j), and σJJ · (17l)) were developed.
Typically, dual parameter correlations are done for free radi-
cal reactions, which then reveal the relative importance of
the substituent effect on the radical species (17).

The use of LFER studies in radical ion reactions is much
more limited and no specific scales have been developed.
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For reactions involving a radical cation species, the observed
rates are most often correlated with the Brown–Okamoto σ+

parameter (18), owing to the fact that stabilization of the
positive charge is typically more important then that of the
radical. The effect depends on the type of reaction studied,
and both small and large effects have been reported (19).
For example, Nave and Trahanovsky (19a) found a ρ-value
of –2.0 for the one-electron oxidative cleavage of 2-aryl-1-
phenylethanols using cerium(IV), whereas Fox and Chen
(19e) found a relatively small reaction constant (ρ+ = –0.56)
for the TiO2-photocatalyzed oxidative cleavage of olefins.
Clearly, the use of a structure–reactivity study is expected to
aid in the development of an understanding of complicated
mechanistic problems.

Here, we report on a detailed Hammett study involving a
series of ortho-, meta-, and para-substituted acetophenone
oximes to examine the effects of substituents on the reactiv-
ity of the oxime radical cations and iminoxyl radicals. To
obtain as much detailed information as possible, we have in-
cluded all but one (4-tert-butyl) of the groups necessary for
a complete assessment of the reactivity for both radical and
ionic reactions, as suggested by Exner (20) and Dust and Ar-
nold (17a), respectively.

Results and discussion

Laser flash photolysis studies of oximes
Formation of iminoxyl radicals from oximes via photosen-

sitized reactions can potentially result from three pathways:
(i) electron transfer followed by proton transfer; (ii) proton-
coupled electron transfer; or (iii) hydrogen atom transfer. If
the intermediate radical cation – radical anion pair has a
long enough lifetime, it should be possible to distinguish
among pathways (i) and (ii) or (iii) using spectroscopic
methods. A nanosecond laser flash photolysis experiment
would most likely not be able to differentiate between path-
ways (ii) and (iii). The intermediates of interest, triplet
chloranil, chloranil radical anion, and semiquinone radical,
were each generated separately and their spectra were re-
corded. The chloranil radical anion was obtained by photo-
lysis of a chloranil–biphenyl mixture (in acetonitrile) and the
semiquinone radical was obtained from photolysis of a
chloranil–toluene mixture. The spectrum of triplet chloranil
shows a maximum of 508 nm and a shoulder at 480 nm. The

chloranil radical anion shows a sharp absorption around
445 nm, whereas the semiquinone radical is observed at
433 nm. These spectra are consistent with those reported in
the literature (21). Attempts to observe the oxime radical
cation directly via photoionization (308 nm) were unsuc-
cessful and a direct kinetic analysis (observing the rate of
disappearance of the oxime radical cation) was therefore not
possible.

Photolysis of an argon-purged solution containing aceto-
phenone oxime and chloranil resulted in the formation of the
chloranil triplet, which was rapidly quenched by aceto-
phenone oxime (Fig. 1). At approximately 400 ns after the
pulse, two new species were formed. We assigned these two
signals to the chloranil radical anion (445 nm) and the semi-
quinone radical (433 nm). At longer times, the strong signal
of the semiquinone radical was obvious, however, the shoul-
der at 445 nm indicated the presence of the chloranil radical
anion. Similar spectra were obtained for a variety of other
oximes, suggesting that the mode of action for the initial
steps is always the same. On the basis of these results, we
concluded that the initial steps involved in the chloranil-
sensitized photolysis of oximes are electron transfer from
the oxime to triplet chloranil to form a triplet radical ion
pair, followed by deprotonation to form the iminoxyl radical
and the semiquinone radical. Because of the presence of the
chloranil radical anion in these spectra, we believe that nei-
ther hydrogen atom transfer nor proton-coupled electron
transfer are important pathways in these reactions.

Photosensitized reactions of ortho-, meta-, and para-
substituted acetophenone oximes

The results of the photosensitized reactions of the ortho-,
meta-, and para-substituted acetophenone oximes are listed
in Table 1. Accurate peak potentials (Ep) could not be ob-
tained for the o-CF3, o-Cl, and o-CH3 derivatives. Reason-
able numbers (based on electronic properties) were obtained
for o-F, o-OCH3, and o-NO2 acetophenone oximes. A possi-
ble reason for the large positive numbers for the o-CF3, o-Cl,
and o-CH3 derivatives is a steric effect. These three groups
are unable to orient themselves in such a manner that the
oxime moiety can become coplanar with the aromatic ring
upon ionization. This was confirmed by semiempirical
(AM1) calculations (22). The calculated dihedral angles for
these three radical ions are 33.7° (CF3), 28.9° (Cl), and
33.5° (CH3). This is significantly larger than acetophenone
oxime (7.9°) or the o-F derivative (17.3°). The exception is
o-NO2 acetophenone oxime for which the calculated dihed-
ral angle is 70.3°. Further analysis of the structure revealed
that the NO2 group is coplanar with the aromatic ring and
lined up such that one of the oxygens of the nitro group is
directed towards the carbon of the oxime moiety (distance is
2.5 Å) providing some stabilization. This particular orienta-
tion results in the presence of large charge and spin densities
on the oxime carbon.

The calculated ∆GET values (using the Weller equation
(23)) for several of the substituted oximes are positive (en-
dothermic) suggesting that electron transfer is not favorable.
However, the results from nanosecond laser flash photolysis
experiments do not agree with that conclusion. Quenching of
the excited triplet state of chloranil (monitored at 510 nm) is
fast (4 × 107 – 1 × 1010 M–1 s–1) for all ortho-substituted
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acetophenone oximes (Table 1). A typical decay trace and
quenching plot are shown in Fig. 2. The discrepancy be-
tween the ∆GET and quenching rates (kq) can (in part) be
clarified by the results of the product studies. Previously, it
was suggested that the photochemistry (photohydrolysis) of
oximes occurs via their singlet states as triplet sensitization
did not result in the formation of products (3). Results ob-
tained by us2 and others (3, 4j), suggest that triplet sensitiza-
tion (energy transfer) results in syn–anti isomerization in
oximes, whereas electron transfer results in the formation of
carbonyl compounds and other products3 (5). Similar to our
previous studies on the photosensitized electron transfer re-
actions of oximes, the major product formed in these reac-
tions is the corresponding carbonyl compound (5). However,
it is important to note that photolysis of the o-NO2, o-CH3,
and o-Cl oximes also resulted in large amounts of syn–anti
isomerization, suggesting that both electron transfer and en-
ergy transfer pathways are important in these reactions. The
fact that two of these oximes had peak potentials more posi-
tive than 2.5 V and all three oxime radical cations had large
dihedral angles is consistent with the idea that in order for
electron transfer to take place favorably, the substituent must
be able to become coplanar with the aromatic ring upon ion-
ization.

Analysis of the laser flash photolysis (LFP) data reveals
that it is consistent with substituent effects as predicted on
the basis of electronic properties, i.e., oximes with electron-
withdrawing groups such as -NO2 and -CF3 are expected to

react slower than oximes with electron-donating groups such
as -OCH3. To explore the behavior of these substituted ox-
imes further, the energy required for ionization of the neutral
oxime (∆∆Hf) was calculated for each oxime. The results are
listed in Table 1 and a plot of the calculated ionization po-
tentials against the measured kq values (Fig. 3) reveals that
there is an excellent correlation (r2 = 0.85). It must be noted
that some of the measured rates are close to the diffusion-
controlled limit, however, there is no sign of these rates lev-
eling off. One could argue that the value of p-OCH3 is prob-
ably the closest to that limit, however, when that point is
omitted the slope of the line does not change significantly,
nor does the r2 value change much. This correlation supports
the idea that the diffusion-controlled limit is not reached and
we are confident that the measured rate constants reflect the
influence of the substituent on the initial electron transfer
process. Comparison of the ortho- and para-values of ∆∆Hf
(Table 1) is also consistent with a steric effect. The ∆∆Hf
values for the ortho-substituted oximes are consistently
higher than those of the para-substituted oximes (with the
exception of the nitro-substituted oximes).

Analysis of the data for the meta-substituted oximes in
Table 1 indicates that no correlation exists between the mea-
sured peak potentials and the quenching rates (kq). The exact
reason for this is unclear and at this point we will not dis-
cuss these observations. There is an excellent correlation
between the measured kq values and the calculated ∆∆Hf
values. The initial (electron transfer) reaction is fast for all
the meta-substituted oximes and the differences are clearly
due to electronic effects. An energy transfer pathway is ruled
out as no syn–anti isomerization was observed for any of
these oximes. Interesting electronic effects were observed
for the m-OCH3 derivative. Analysis of the spin and charge
distributions from the AM1 calculations reveals that there is
an unusually large (positive) spin density and negative
charge on the carbon of the oxime moiety. In addition, the
dihedral angle (–33.2°) is larger than for all the other sub-
stituents, which suggests that the large peak potential (mea-
sured) is possibly due to the fact that coplanarity cannot be
achieved (as was observed for certain ortho-substrates). The
calculated C=N bond length is much shorter than in any of
the other oximes, the N—O bond length is much longer, and
the O—H bond length is shorter than in the other oxime rad-
ical cations. Also, the calculated charge density on the hy-
droxyl proton is smaller than usual and is only slightly larger
than that of the hydroxyl proton in the neutral oxime. These
results suggest that oxidation does not occur on the oxime
moiety but rather somewhere else in the molecule. Several
other conformers were examined as well, all of which dis-
played the same characteristics, suggesting that electronic
effects rather than conformational effects cause this phenom-
enon.

The data obtained for the para-substituted oximes clearly
shows that the major trends are different from those of the
ortho- and meta-substituted oximes and actually reflect the
true (polar) nature of the substituents much better. This is
not unexpected; many radical ion reactions correlate well
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Fig. 1. Time-resolved (ns) spectra resulting from the quenching
of triplet chloranil by acetophenone oxime in argon-purged
acetonitrile solution showing the spectral bands of triplet
chloranil (λmax = 508 nm), chloranil radical anion (shoulder at
λmax = 445 nm), and the semiquinone radical (λmax = 433 nm).
Delay times are 380, 390, 400, 425, 450, 475, and 500 ns (in-
creasing curves).

2 S.E. Ng’wono, B.V. Marquez, A. Park, and H.J.P de Lijser. Unpublished results.
3 H.J.P. de Lijser, J.S. Kim, S.M. McGrorty, and E.M. Ulloa. More detailed studies on the product formation under these conditions are un-

derway and will be published elsewhere. Manuscript in preparation.
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with the σ+ parameter (18), suggesting a strong polar effect
in these reactions. A reasonable correlation (r2 = 0.84) is ob-
served between the measured Ep and kq values. Electron-
donating substituents activate the molecule (i.e., less posi-

tive peak potentials are obtained relative to the unsubstituted
compound) and electron-withdrawing substituents deactivate
the molecule; the overall range (∆∆GET) spans more than
21 kcal mol–1. On the basis of the measured peak potentials,
calculated ∆GET values, the measured kq values, and the
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Substituent Ep
a (V) ∆GET (kcal mol–1) kq

b (M–1 s–1) Conversion (%)c ∆∆Hf (kcal mol–1)d

H 1.65 –11.5 9.5 × 109 18 193.04
CF3 o >2.50 >8.0 4.7 × 107 43 204.63

m 2.20 +1.2 1.4 × 109 14 201.81
p 2.05 –2.3 2.5 × 109 20 203.54

Cl o >2.50 >8.0 4.5 × 109 48 198.57
m 2.06 –2.1 6.4 × 109 21 196.73
p 1.93 –5.1 9.4 × 109 28 194.35

F o 2.26 +3.7 1.1 × 1010 80 194.92
m 2.26 +2.5 5.6 × 109 19 198.04
p 1.95 –4.6 8.5 × 109 23 194.01

CH3 o >2.50 >8.0 6.5 × 109 54 195.10
m 1.95 –4.6 1.1 × 1010 18 191.60
p 1.50 –15.0 1.1 × 1010 14 189.25

OCH3 o 1.52 –14.5 1.2 × 1010 92 185.92
m 2.19 +0.9 1.3 × 1010 22 188.73
p 1.27 –20.3 1.8 × 1010 55 183.47

NO2 o 1.99 –3.7 6.7 × 107 33 206.45
m 2.16 +0.2 6.5 × 108 20 206.04
p 2.03 –2.8 3.2 × 109 17 208.19

CN m 2.15 0.0 1.5 × 109 56 200.43
p 2.19 +0.9 3.5 × 109 26 200.41

aPeak potential measured by cyclic voltammetry.
bRate of triplet chloranil quenching.
cConversion determined by calibrated GC-FID after 20 min of photolysis except for ortho-substituted oximes which were subjected

to 2 h photolysis.
dCalculated using semiempirical (AM1) methods; the number is the difference between the calculated heats of formation of the

radical cation and the neutral species.

Table 1. Reactivity data for ortho-substituted acetophenone oximes.

Fig. 2. Decay of the chloranil triplet signal (at 510 nm) in the
presence of acetophenone oxime (1.6 × 10–4 M). (Inset) Determi-
nation of the rate constant for quenching triplet chloranil by
acetophenone oxime.

Fig. 3. Correlation between the measured quenching rates (LFP)
of triplet chloranil and the calculated (AM1) ionization potentials
(∆∆Hf) of the acetophenone oximes.
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calculated ∆∆Hf values, we conclude that quenching of trip-
let chloranil proceeds predominantly via an electron transfer
process to form the oxime radical cation. However, as indi-
cated above, a competitive energy transfer pathway for the
o-NO2, o-CH3, and o-Cl derivatives cannot be ruled out.

At this point we believe that the measured kq values most
accurately represent the substituent effect on the initial elec-
tron transfer process. As such, we have used this particular
set of data to determine the influence of steric (Es

e), polar
(σo

−, σmb, σpol ), and radical (σα , σrad , σJJ ·) effects on this ini-
tial process. Since no ortho-substituent constants are avail-
able for these scales, we have opted to use the data available
for the para-substituents. The substituent constants used in
this study are listed in Table 2.

Correlation of the quenching rates with the σo
− substituent

constants for ortho-substituents reveals a reasonable correla-
tion (ρ = –1.76, r2 = 0.81; Table 3) and suggests that there is
a significant polar electronic contribution from the ortho-
substituents. Correlation of the data with the steric parameter
Es

e shows that steric effects are important (ρ = +1.00, r2 =
0.81), however, a dual parameter fit using both Es

e and σo
−

does not improve the correlation. To determine if there was a
radical stabilization effect in these reactions, the data was
correlated with both σo

− and the (para) radical substituent co-
efficients σrad , σJJ ·, and σα ·, however, the correlations were
significantly worse when including σrad or σJJ · and only a
small improvement was observed when using σo

− and σα (ρ·/
ρo = 3.3, r2 = 0.81) suggesting that radical effects are poten-
tially important for ortho-substituents. Care has to be taken
to interpret this data, as no ortho-substituent constants are
available. The fact that better correlations are observed when
using the σα · constants rather than the σrad or σJJ · constants
is most likely due to the fact that the σα · constants are de-
rived from benzylic substrates and take into account the
deviation of the half-empty orbital from the plane of the aro-
matic ring and the resulting decreasing spin delocalization.
If this is correct, it would suggest that a resonance structure
such as shown in Scheme 2b has a significant contribution.

Correlation of the log of the relative rate (log (kX/kH) for
the meta-substituted oximes with a variety of substituent
constants reveals that both polar and radical stabilizing ef-
fects are important, however, the magnitude of the radical
stabilization constant is much larger (Table 3). These analy-
ses indicate that both polar subsituent constants (σpol and
σmb) give similar results, whereas the results from the radi-
cal substituent constants are significantly different. The best
results are obtained when using Creary’s radical (σrad ) sub-
stituent constants. A dual parameter correlation using σpol
and σrad gives a value of 4.2 for the ratio ρrad /ρpol . Similarly,
a value of 6.2 is obtained when using σmb and σrad . All of
these data clearly indicate that radical effects are important
in stabilizing the transition states of the electron transfer re-
actions of meta-substituted acetophenone oximes. This is
consistent with the observation by Jiang and Ji (17l) who
noted a meta-(radical) substituent effect in the thermal cyclo-
addition reactions of α,β,β-trifluorostyrenes, which was inde-
pendent of a polar effect.

Correlation of the quenching rates (kq) for the para-substi-
tuted oximes with the familiar polar and radical substituent
constants shows that good results are obtained when using
polar substituent constants (Table 3). The slope is typically

small, which is not unusual for radical ion reactions, and
supports the formation of a positively charged species in the
transition state. Poor correlations are observed when using
the radical substituent constants. Clearly, radical stabilizing
effects are not of significant importance for these deriva-
tives. Dual parameter correlations do not significantly im-
prove these results, however, there is some variation in the
ρrad /ρpol ratios. Using σ+ and σrad gives ρrad /ρpol = 1.0,
whereas using σ+ and σα gives ρrad �/ρpol = 3.7.

When analyzing kinetic data of this kind it is common
practice to combine the results of the meta- and para-sub-
stituents. When doing so for the data presented here (Ta-
ble 4), the results emphasize the observed trends for the
individual series; however, overall the correlations are worse
than for the individual series. This is most likely due to the
fact that different stabilizing effects are important for each
series of compounds. Poor correlations are observed when
using kq and the radical substituent constants and good cor-
relations when using polar substituent constants or a dual
parameter correlation. However, as stated above, a much
better insight into these reactions is obtained when using in-
dividual series rather than a mixed set.

It has been suggested that substituent effects are often
ground state effects rather than an effect on the transition
state of the reaction under investigation, especially when
considering phenols and similar species (24). To see if this is
also true for these oximes, we have calculated the spin and
charge distributions in the ground state (neutral) and in the
radical cation species. The calculations show that both sets
of compounds are affected by the substituents. In general,
the radical ion species is more susceptible to these effects,
however, large effects are also seen in the calculated charge
densities for the neutral ground state species with -NO2 and
-OCH3 substituents. The calculated charge densities on the
carbon of the oxime moiety of the radical ion seem to accu-
rately reflect the substituent effects. For the ortho-substi-
tuted substrates, a plot of the charge density against the σo

−

values gives an excellent correlation (r2 = 0.90), whereas a
plot of charge density of the neutral compound against the
same σo

− values gives a poor correlation (Fig. 4a). The slopes
of the two lines (0.13 vs. 0.01) are significantly different and
we conclude that for the ortho-substrates ground state effects
are less important than the effect of the substituent in the
transition state of the electron transfer reaction. The calcula-
tions for the meta-substituted oximes show the familiar pat-
tern of larger (more positive) charge densities on the carbon
of the oxime moiety when electron-withdrawing groups are
present, as can be seen from the correlation (slope = 0.08)
between these calculated charge densities and the polar σ
values (σpol ), which is acceptable when the m-OCH3 point is
omitted (Fig. 4b). A better correlation is observed when us-
ing the ground state charge densities of the same carbon and
plotting them against σpol (r2 = 0.91), however, the slope
(0.008) is smaller by a factor of 10. This clearly demon-
strates that polar effects are more important for the radical
ions of the meta-substituted oximes but not as much for the
neutral ground state molecules. A reasonable correlation
(r2 = 0.80) also exists between the calculated spin densities
at the carbon of the oxime moiety and the σrad constants (ig-
noring the m-OCH3 point). The slope in this case (–0.84) is
much larger than that observed for the charge density,
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suggesting that radical effects are more important than polar
effects for the meta-substituted acetophenone oximes. These
results are in good agreement with the Hammett correlations
discussed above. Similar results are obtained for the para-
substituted oximes. The calculated charge densities follow
the trends as expected for typical electron-donating and
electron-withdrawing groups. Correlation of the calculated
charge densities with the polar parameters σpol and σmb re-
vealed that there is a reasonable relationship between these
in the ground state (r2 = 0.92 and 0.91, respectively) as well

as for the radical ions (r2 = 0.70 and 0.79, respectively),
however, the slopes are significantly different (Fig. 4c).
Good correlations are also found when using the σ+ con-
stants. These results suggest that both ground state effects
and stabilization of the transition state of the electron trans-
fer pathways are important. Similar to the results for the
ortho- and meta-substituted oximes, the ground state effects
are less important than the transition state effects. This
observation is consistent with O—H bond dissociation en-
ergy (BDE) data for a series of substituted benzaldehyde
oximes as calculated by Bordwell and Ji (9a). The BDE val-
ues show little variation with different substituents (e.g., p-
OCH3 (87.8 kcal mol–1), p-CN (87.8 kcal mol–1, p-CF3
(87.9 kcal mol–1)), which would be expected for compounds
for which ground state effects are not important. Although it
is not obvious from any of these correlations, the p-OCH3
substituted oxime shows a somewhat abnormal behavior,
similar to that observed for the m-OCH3 derivative. The
C=N bond length is significantly shorter than for most other
para-substituted oxime radical cations and the calculated
N—O bond length is much longer. These results are not as
drastic as those observed for the meta-derivative, however, it
seems to suggest that oxidation elsewhere in the molecule is
competitive with oxidation of the oxime moiety. These re-
sults are supported by a plot of the log of the relative charge
or spin densities against the different substituent constants.
In all cases, the point for the p-OCH3 derivative substan-
tially deviates from the best-fit line.

In contrast to these observations are the results from the
calculations on the iminoxyl radicals. The calculated spin
densities on the carbon of the oxime moiety are all quite
similar and do not reflect any significant substituent effects.
A large amount of (negative) spin density is present on the
carbon and large amounts of positive spin density are pres-
ent on both the nitrogen and the oxygen. Similar results
were obtained for the meta- and para-substituted iminoxyl
radicals. The fact that all of the calculated parameters for the
m-OCH3 derivative are similar to those of the other meta-
substituted oximes, confirms that the unusual behavior noted
before is due to electronic effects in the radical cation. De-
protonation of the meta-methoxyacetophenone oxime radical
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σo
−a Es

eb σ rad
c σpol

d σJJ·
e σmb

e σα · f

o o m p m p m p m p m p

H 0 0 0 0 0 0 0 0 0 0 0 0
CH3 –0.13 –1.24 0.03 0.11 –0.069 –0.17 0 0.15 –0.2 –0.29 –0.001 0.001
OCH3 –0.37 –0.55 –0.02 0.24 0.115 –0.268 0.1 0.23 –0.11 –0.77 0.034
CF3 0.81 –2.4 –0.07 0.08 0.43 0.54 –0.07 –0.01 0.39 0.49 –0.014 0.001
NO2 1.20g –2.52 –0.11 0.57 0.71 0.778 0.001 0.36 0.69 0.86
Cl 0.50 –0.97 –0.04 0.12 0.373 0.227 –0.05 0.22 0.12 0.11 –0.001 0.017
CN 1.18 –0.51 –0.12 0.46 0.56 0.66 0.11 0.42 0.89 0.86 –0.039 0.043
F 0.29 –0.46 –0.05 –0.08 0.337 0.062 0.03 –0.02 0.23 –0.24 –0.018 –0.011

aM.T. Tribble and J.G. Traynham. J. Am. Chem. Soc. 91, 379 (1969).
bS.H. Unger and C. Hansch. Prog. Phys. Org. Chem. 12, 91 (1976).
cX. Creary. J. Org. Chem. 45, 280 (1980); X. Creary, M. Mehrsheikh-Mohammadi, and S. McDonald. J. Org. Chem. 52, 3254 (1987).
dD.H. McDaniel and H.C. Brown. J. Org. Chem. 23, 420 (1958).
eX.-K. Jiang and G.-Z. Ji. J. Org. Chem. 57, 6051 (1992).
fJ.M. Dust and D.R. Arnold. J. Am. Chem. Soc. 105, 1221 (1983); D.D.M. Wayner and D.R. Arnold. Can. J. Chem. 62, 1167 (1984); D.D.M. Wayner

and D.R. Arnold. Can. J. Chem. 63, 2378 (1985); A.M. de P. Nicholas and D.R. Arnold. Can. J. Chem. 64, 270 (1986).
gM.W. Dietrich, J.S. Nash, and R.E. Keller. Anal. Chem. 38, 1479 (1966).

Table 2. Substituent constants used for Hammett studies of ortho-, meta-, and para-substituted acetophenone oximes.

Parameter ortho meta para

σo
− –1.76 (0.81)

Es
e +1.00 (0.81)

σpol –1.63 (0.79) –0.73 (0.88)

σmb –1.15 (0.82) –0.49 (0.83)

σ+ –0.54 (0.91)
σJJ· +1.08 (0.02) –0.36 (0.04)

σ rad +8.46 (0.79) –0.62 (0.20)

σα · +20.0 (0.59) +0.20 (0.00)

Table 3. Hammett data for ortho-, meta-, and para-substituted
acetophenone oximes.

Parameter ρ rad ρJJ ρpol ρmb ρα · r2

σpol –1.06 0.70

σmb –0.70 0.68

σ rad +0.29 0.02

σjj· +0.50 0.19

σα · +7.37 0.21

σpol + σjj· –1.21 –2.49 0.71

σmb + σjj· –1.32 –1.78 0.69

σpol + σα · –0.94 +4.26 0.79

σmb + σα · –0.61 +2.98 0.76

Table 4. Hammett data for meta- and para-substituted
acetophenone oximes (combined).
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cation leads to an iminoxyl radical with electronic properties
similar to those of other iminoxyl radicals. These results in-
dicate that: (i) substituent effects are not important for
iminoxyl radicals; and (ii) a complete electronic structure of
iminoxyl radicals must include both configurations as shown
in Scheme 2.

Steady-state photolysis of meta- and para-substituted
acetophenone oximes

Steady-state photolysis of the oximes was carried out in a
Rayonet photochemical reactor. In a typical experiment, the
oxime (0.015 M) and chloranil (0.005 M) were irradiated us-
ing black lights (λ max = 350 nm) for 20 min to keep the con-
version low. The progress of the reaction was followed by
gas chromatography with flame ionization detection (GC-
FID) and the conversion of the oximes was determined by
calibrated GC-FID. Analysis of the data in Table 1 indicates
that even at these short irradiation times significant conver-
sion occurs. No obvious relationship among conversion and
any other parameter (kq, Ep, ∆∆Hf, etc.) was found and cor-
relation of the log of the relative conversion with the usual
substituent parameters failed as well. These results can be
explained on the basis of the proposed mechanism and addi-
tional data available in the literature. Several pieces of infor-
mation are available. First, the measured quenching rates for
the reactions of the substituted oximes with triplet chloranil
are believed to represent the initial electron transfer reaction
between these two species and the variation in the measured
rate constants is due to substituent effects. As expected on
the basis of electronic properties of these substituents, the
presence of electron-donating groups increases the quench-
ing rate and the presence of electron-withdrawing groups
slows it down. Second, calculations have shown that (i) the
ionization potentials correlate well with the measured rate
constants (supporting the electron transfer pathway), (ii) the
effects are not due to ground state effects, and (iii) the sub-
stituents have no significant effect on the spin distribution of
the iminoxyl radicals. Third, Bordwell and Ji (9a) calculated
the pKa values of a variety of oximes, including several sub-
stituted benzaldehyde oximes and acetophenone oxime it-
self. For example, the calculated pKa values of the oxidized
p-CH3, p-OCH3, and p-NO2 benzaldehyde oximes are –11,
0.7, and –22, respectively. Benzaldehyde oxime radical cat-
ion and acetophenone oxime radical cation both have a pKa
value of –13. These results demonstrate that electron-donating
groups (-CH3, -OCH3) decrease the acidity, whereas electron-
withdrawing groups (-NO2) increase the acidity of the radi-
cal ions. Combining all this data and applying it to the work-
ing mechanism of the first steps of these reactions (electron
transfer followed by deprotonation of the oxime radical cat-
ion) can explain the observed conversions. Compounds with
electron-donating groups are more easily oxidized and ex-
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Fig. 4. Correlation between (a) the ortho-substituent constant σo
−

and the calculated (AM1) charge density on the iminoxyl carbon
of the ortho-substituted acetophenone oximes; (b) the polar
(meta) substituent constant σpol and the calculated charge density
on the iminoxyl carbon of the meta-substituted acetophenone ox-
imes; (c) the polar (para) substituent constant σmb and the calcu-
lated charge density on the iminoxyl carbon of the para-
substituted acetophenone oximes.
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hibit fast quenching rates, however, the resulting radical ions
must overcome larger barriers for the deprotonation step.
The opposite is true for oximes with electron-withdrawing
substituents, which have slower quenching rates but will un-
dergo a faster deprotonation step because the resulting radi-
cal cations are more acidic. Clearly, this is a simplified
picture and many more factors are likely to be important in
the overall reactions of these substrates. For example, this
explanation does not yet include the follow up steps, which
are likely to be important. Oxidation of the iminoxyl radical
(Scheme 3) would result in the formation of a carbocation
species, which would be expected to show a large substi-
tuent effect. We continue to investigate the scope and limita-
tions of the photosensitized electron transfer reactions of
oximes as well as the structure and reactivity of iminoxyl
radicals.

Conclusions

This study has shown that quenching of the excited photo-
sensitizer (chloranil) by substituted acetophenone oximes is
typically fast except in those cases where there is a signifi-
cant steric effect. This steric effect is only observed with the
substituent in the ortho-position reactions and can also be
noticed from the measured peak potentials. It is believed that
bulky ortho-substituents such as -CH3, -CF3, -NO2, and -Cl
prevent the oxime moiety and aromatic ring from becoming
coplanar so that conjugation is minimized. Under these con-
ditions, energy transfer can be competitive with electron
transfer as shown by significant syn–anti isomerization. The
measured quenching rates correlate well with the calculated
(AM1) ionization potentials for the radical ions, suggesting
that the quenching represents an electron transfer pathway.
Correlation of the quenching rates with Hammett substituent
constants revealed that for the ortho-substituted oximes,
steric (Es

e), polar electronic (σo
−), and radical (σα ·) effects

are important. For meta-substituted oximes, both polar and
radical effects dominate the quenching rates, however, the
large magnitude of the radical reaction constants suggests
that radical effects dominate. As expected, polar effects
dominate the para-substituted oximes. It seems clear that to
predict the influence of a substituent on the photosensitized
electron transfer reactions of acetophenone oximes, the best
results will be obtained by analysis of the quenching rates
and when studying individual series of compounds. On the
basis of the correlation between calculated (AM1) charge
densities on the carbon of the oxime moiety and polar
substituent constants it is concluded that ground state effects
are relatively unimportant and the observed substituent ef-
fects represent transition state effects. Also of importance is
the observation that the quenching rates do not correlate
with the measured conversions of the oximes. This is ex-
plained in terms of two important but energetically opposing
steps: oxidation and deprotonation. Whether this process
consists of two individual steps (oxidation followed by
deprotonation) or a single proton-coupled electron transfer
step is unclear, although the LFP studies currently favor the

former pathway. The latter pathway is certainly a possibility
in the electrochemical experiments because of the timescale
in these reactions. In the photochemical experiments it
would be possible if the energetics are favorable, and on the
basis of the results obtained so far, we predict that it would
be more likely to occur in the case of oximes with electron-
withdrawing substituents as their acidity (upon one-electron
oxidation) is much larger and the deprotonation step is ex-
pected to be much faster. Future experiments will have to
clarify this issue.4

Experimental

Materials
All chemicals other than the oximes were commercially

available. Acetonitrile (Fisher) was HPLC grade and used as
received. All oximes were prepared via standard procedures
(25) from the corresponding ketones (Aldrich or Lancaster
Synthesis, Inc.). A typical procedure consisted of combining
equal amounts (~1 g) of hydroxylamine hydrochloride and
the appropriate acetophenone with 5 mL of water and 3 mL
of 3 M NaOH. Ethanol (95%) was used to create a clear so-
lution, which was then refluxed for 60 min. The reaction so-
lution was allowed to cool, and the product was extracted
with diethyl ether. The solvent was evaporated and the crude
product collected and purified by recrystallization or column
chromatography. The purity was checked by GC-FID
(> 98% peak area), GC–MS, 1H NMR, FT-IR, and melting
point determination.

Steady-state photolysis experiments and sample analysis
Appropriate amounts of the ortho-substituted aceto-

phenone oxime (0.025 M) and chloranil (0.025 M) were
weighed out and dissolved in 5 mL of acetonitrile. The stud-
ies on the meta- and para-substituted oximes utilized
0.015 M oxime and 0.005 M chloranil. The solution was
placed in a Pyrex tube and photolyzed in a Rayonet RPR-
100 photochemical reactor, equipped with 16 RPR-3500A
(black light phosphor) bulbs (λ = 350 nm) for up to 3 h. The
progress of the reactions was followed by GC-FID and the
products were identified by GC–MS. Conversion of the
starting material and product yields were determined by cali-
brated GC-FID. Sample analyses were performed on a
Hewlett-Packard 5890 series II gas chromatograph coupled
to a Hewlett-Packard 5971 series mass selective detector
(MSD) and on a Perkin-Elmer (PE) Autosystem equipped
with a flame ionization detector (FID). The HP GC–MS was
equipped with an HP-5 capillary column (30 m × 0.25 mm
i.d., film thickness 0.25 mm). The PE GC-FID was equipped
with a Chrompack CP-Sil–5-Cb capillary column (30 m ×
0.32 mm i.d, film thickness 0.25 mm).

Cyclic voltammetric measurements
Cyclic voltammetry at a sweep rate of 100 mV s–1 was

used to obtain the oxidation potential of the oximes. All
electrochemical experiments were performed using a BAS
CV-50 voltammetric analyzer and a BAS C3 electrochemis-
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try cell stand. The working electrode (BAS MF-2013) con-
sisted of a platinum disk (1.6 mm diameter) embedded in a
CTFE plastic rod. The counter electrode was a platinum
wire (BAS MF-1032). The reference electrode was a BAS
RE-5B Ag/AgCl (MF-2079) electrode. Tetraethylammonium
perchlorate (TEAP, 0.1 M solution in acetonitrile) was used
as the electrolyte; the oxime concentration was ca. 0.005 M.
The reported potentials were referenced to the Fc+/Fc cou-
ple. All measurements were carried out under an argon at-
mosphere.

Theoretical calculations
AM1 calculations (22) were performed using the program

MacSpartan Pro 1.0.4 (26) on a PowerMac G4. The lowest
energy conformers were obtained from a conformer distribu-
tion search. Geometry optimizations were performed at the
AM1 level of theory.

Laser flash photolysis
The apparatus used for the kinetic laser flash photolysis

(LFP) experiments was of standard design (27) and the de-
tails have been described elsewhere (28). The quenching
rates were obtained as follows. An acetonitrile (spectrophoto-
metric grade) solution containing chloranil (CA, OD ~ 0.5–1)
in a glass cuvet was purged with argon for about 5 min. The
sample was subjected to the laser pulse (355 nm, 10 Hz,
0.5–2 mJ/pulse, 4 ns pulse width) and the decay of 3CA at
510 nm was observed. Small amounts (10–25 uL) of the
quencher (~0.015 M oxime standard solutions in acetoni-
trile) were added to the solution after which the decay was
measured. The quenching rate was obtained from a plot of
the measured decay rates against the quencher concentration.

Detailed descriptions of the nanosecond transient absorp-
tion apparatus used for the spectral studies are given else-
where (29). Spectra were obtained by flash photolysis
(343 nm, 15 ns, 3 mJ) of argon-saturated acetonitrile solu-
tions (3 mL) in a quartz cuvet containing the oxime
(10 mM) and chloranil (OD ~ 0.5–1).
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Chemistry of photogenerated �-hydroxy-p-
nitrobenzyl carbanions in aqueous solution:
protonation vs. disproportionation

James Morrison, Peter Wan, John E.T. Corrie, and V. Ranjit N. Munasinghe

Abstract: The photochemistry of p-nitrobenzyl derivatives 6–10 has been studied in aqueous solution as a function of
pH, using product analysis, UV–vis spectrophotometry, and laser flash photolysis (LFP). The compounds were chosen
with the aim of further exploring the propensity of these systems to give rise to α-hydroxy-p-nitrobenzyl carbanions on
photolysis, and to study their mechanisms of subsequent reaction. α-Hydroxy-substituted carbanions are anions that
cannot be readily formed using thermal routes but which are believed to have some interesting chemistry. Three meth-
ods were employed for photogenerating these carbanions: (i) decarboxylation; (ii) retro-Aldol reaction; and (iii) carbon
acid deprotonation. All three methods proved to be successful using the p-nitrobenzyl chromophore. Photogenerated α-
hydroxy-p-nitrobenzyl carbanions react via disproportionation, giving rise to oxidized and reduced products; simple
protonation of the anion was undetectable.

Key words: photodecarboxylation, nitrobenzyl carbanions, photoredox, nitroaromatic compounds, excited-state carbon
acids.

Résumé : Opérant en solutions aqueuses en fonction du pH et faisant appel à l’analyse des produits, à la spectrophoto-
métrie UV–vis et à la photolyse éclair au laser, on a étudié la photochimie des dérivés p-nitrobenzyles (6–10). On a
choisi les composés dans le but de pouvoir explorer plus à fond la propension de ces systèmes de donner naissance à
des carbanions α-hydroxy-p-nitrophényles par photolyse et d’étudier les mécanismes de leur réaction subséquente. Les
carbanions portant un substituant α-hydroxy sont des anions qui ne peuvent pas se former facilement par les voies ther-
miques, mais que l’on soupçonne d’avoir des propriétés chimiques intéressantes. On a utilisé trois méthodes pour la
photogénération de ces carbanions: (i) la décarboxylation; (ii) la réaction rétroaldolique et (iii) la déprotonation d’un
acide carbonique. Ces trois méthodes ont été couronnées de succès avec le chromophore p-nitrobenzyle. Les carbanions
α-hydroxy-p-nitrobenzyles photogénérés réagissent par une réaction de métathèse qui conduit à la formation de produits
oxydés et de produits réduits; on n’a pas pu mettre en évidence de protonation simple de l’anion.

Mots clés : photodécarboxylation, carbanions nitrobenzyles, photorédox, composés nitroaromatiques, état excité d’acides
carbonés.

[Traduit par la Rédaction] Morrison et al. 597

Introduction

Carbanions are synthetically useful and fundamentally im-
portant reactive intermediates in organic chemistry (1). The
reactivity of carbanions as either nucleophiles, bases, or as
electron donors is well-known and substituents strongly in-
fluence their stability and reactivity. This is exemplified by
the enormous range of carbon acid pKa values (1) and these
data are useful in predicting the conditions necessary to gen-
erate a carbanion and its subsequent reactivity. Substituent
effects on the negatively charged intermediate may be mani-
fested through resonance, inductive effects, or by providing
a new reaction pathway. α-Hydroxy carbanions 1, in which

an hydroxy group (an oxygen acid) is directly attached to
the carbanion, are an interesting type of carbanion whose
formation and stability has been the subject of theoretical in-
terest (2, 3). However, for obvious reasons, the breadth of
experimental knowledge of these carbanions is quite limited.
Nonetheless, α-hydroxy carbanions have been proposed as
intermediates in photochemical (4–6) and enzymatically cat-
alyzed (7, 8) reactions.
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To study “free” carbanions in solution it is advantageous
to generate appreciable amounts of these intermediates
quickly. A well-known route is via photochemical reaction
(9), preferably one that is fast and efficient. The simplest
conceivable photochemical route to a carbanion is via a
heterolytic C—C or C—H bond cleavage, for example via
photodecarboxylation or photodeprotonation, respectively.
Nitrobenzyl compounds, with their electron-withdrawing ni-
tro group, are particularly adept at inducing these photo-
cleavage reactions, generally via the triplet excited state (10,
11). While it is well-known that o-nitrobenzyl systems are
highly photoreactive (generally via initial transfer of the
benzylic hydrogen to the nitro group), the m- and p-isomers
also display a range of photochemical reactivity not often re-
ported for the o-isomer (10, 11). Both m- and p-nitrobenzyl
compounds are known to undergo a variety of photofrag-
mentation reactions, such as photodecarboxylation (12),
photodeprotonation (4), and photoretro-aldol reaction (13),
all of which have been proposed to generate m- and p-
nitrobenzyl carbanions as intermediates. However, prior to
our studies, only the parent p-nitrobenzyl carbanion was ob-
served by transient methods (vide infra).

Margerum and Petrussis (12) were the first to investigate
the chemistry of photogenerated p-nitrobenzyl carbanion (2),
which they prepared by photodecarboxylation of p-nitro-
phenylacetic acid (3) (Scheme 1). The observed chemistry of
photogenerated 2, to give p-nitrotoluene (simple proto-
nation) and p,p′-dinitrobibenzyl (4) (disproportionation prod-
uct), may be described as “conventional” p-nitrobenzyl
carbanion chemistry since thermally generated 2 (formed by
deprotonation of p-nitrotoluene in tert-butyl alcohol – KOH)
has also been observed to give 4 (14–16). Carbanion 2 is
strongly stabilized by the p-nitrophenyl ring and is thus
readily observable by UV–vis spectrophotometry as well as
by µs and faster laser flash photolysis (LFP) (λmax 358 nm;
τ = 53 s at pH 13) (12). The complex decay kinetics of car-
banion 2 (mixed first- and second-order) were studied in
some detail by Craig et al. (17, 18), who explained the data
as arising via two competing pathways of reaction: (i) a sim-
ple protonation pathway to give p-nitrotoluene; and (ii) a bi-
molecular coupling pathway (of two molecules of 2),
followed by loss of two electrons (the final fate of which
was not determined) to form 4. Wan and Muralidharan (13)
discovered a second method for generating carbanion 2, by
base-catalyzed photoretro-aldol reaction of 5, with subse-
quent chemistry identical to that reported above.

The chemistry of α-hydroxy-nitrobenzyl carbanions is not
as well understood. Wan and Yates (4) first proposed water
and hydroxide-mediated photodeprotonation of the benzylic
proton of m- and p-nitrobenzyl alcohols, to give the corre-
sponding α-hydroxy nitrobenzyl carbanions (eq. [1]). In ret-
rospect, the proposal of C—H bond deprotonation in the
excited (triplet) state as a primary step was unusual, as there
was no precedent for such a pathway at the time. In addition,
reprotonation of these carbanions apparently does not occur,
as shown by the absence of deuterium exchange, but instead
redox chemistry was observed (4). p-Nitrobenzyl alcohol
was found to give a simple intramolecular redox product in
base (p-nitrosobenzaldehyde), whereas m-nitrobenzyl alco-
hol gave a mixture of m-nitrobenzaldehyde (60–70%) and
m-azoxybenzaldehyde (40–30%) (in neutral, acid, and basic

solutions), via an apparent disproportionation of the photo-
generated carbanion. Disproportionation chemistry has also
been observed for photogenerated α-hydroxy-p-(p-nitro-
phenyl)benzyl carbanion in neutral solution (6). The obser-
vation of disproportionation and redox pathways is perhaps
not unexpected considering that even the parent p-
nitrobenzyl carbanion (2) displays this kind of reactivity.
Moreover, theoretical calculations (3) have shown that sim-
ple anions (in the gas phase) such as –CH2OH and –CH2NH2
are unstable with respect to their radicals. This suggests that
carbanions of this kind have an intrinsic propensity for
disproportionation chemistry (for example, via initial elec-
tron transfer). Some of the products described above (4, 6)
are consistent with this pathway.

The aim of this work is to study in more detail the chem-
istry of a variety of photogenerated α-hydroxy-p-nitrobenzyl
carbanions (1, R′ = p-nitrophenyl) and related species, using
product studies and LFP. For this purpose p-nitromandelic
acid (6) and its O-acetyl derivative 7 are obvious initial sub-
strates since it is anticipated that these compounds will
undergo efficient photodecarboxylation, to give the corre-
sponding α-hydroxy and α-acetoxy-p-nitrobenzyl carban-
ions. p-Nitrophenylethylene glycol (8) would be expected to
undergo base-catalyzed photoretro-aldol reaction to give the
parent α-hydroxy-p-nitrobenzyl carbanion in basic medium.
Finally, p-nitrobenzhydrol (9), and the corresponding methyl
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ether 10 are expected to give α-hydroxy (or methoxy) p-
nitrobenzyl carbanions via photodeprotonation.

Results and discussion

Materials
p-Nitromandelic acid (6) is only sporadically reported in

the literature and its synthesis, unlike that of the correspond-
ing o-nitro isomer (19), is surprisingly difficult. In our hands
the complex procedure described by Carrara et al. (20),
based on formation of p-nitromandelonitrile and subsequent
acidic hydrolysis, was not reproducible. We, therefore,
adopted the route shown in Scheme 2 which yielded first the
O-acetyl derivative 7. Because of concerns about the stabil-
ity of 6 under basic conditions and possible difficulties of
isolation, we chose to prepare it via the tert-butyl ester 12.
Subsequent mild base treatment (CsCO3 in methanol) gave
the alcohol 13, from which 6 was obtained by TFA-mediated
cleavage of the tert-butyl group.

Glycol 8 was available from a previous study (21). p-
Nitrobenzhydrol (9) and its methyl ether derivative 10 were
made by standard methods (see Experimental).

Product studies
UV–vis spectrophotometry was used as a quick and infor-

mative tool to monitor the photochemistry of substrates 6–10
under various conditions and preparative photolyses were
used to identify products formed. Photolysis of p-nitro-
mandelic acid (6) as its carboxylate salt (~100% H2O, pH 7,
Ar purged, Rayonet photoreactor, 300 nm) in a UV cuvette
resulted in formation of new (permanent) absorption bands
at 289 and 308 nm (Fig. 1). No transient species was ob-
served on this time scale. Strikingly different spectral
changes that imply different photochemistry were observed
upon photolysis of the O-acetyl derivative 7 (Fig. 2). A
strong absorption band at 369 nm that was observed imme-
diately after brief irradiation (Ar purged) decayed via com-
plex kinetics over the course of several minutes (Fig. 3; the
decay cannot be satisfactorily fitted to either first- or second-
order kinetics; it is assumed to be a mixture of these compo-
nents). The overall decay was slower in D2O, consistent with
a component of the processes involving proton (deuteron)
transfer from solvent. The 369 nm absorption band was not
observed using this technique upon photolysis of 7 in oxy-
gen-saturated solution (τ < 10 s). These observations are
very similar to those reported for the 358 nm absorption
band of the parent p-nitrobenzyl carbanion (2) (12, 17, 18).

Therefore, the 369 nm transient is assigned to α-acetoxy-p-
nitrobenzyl carbanion (14).

Preparative photolysis of 6 and 7 (1 × 10–3 M, 1:1 H2O–
CH3CN, Rayonet photoreactor, 300 nm) confirmed the ob-
servations from UV–vis spectrophotometry that indicated
different reaction pathways for these compounds. Low con-
version runs (<30%) of 6 at pH 7 (Ar purged) followed by
product isolation gave p-nitrobenzaldehyde (15) and p,p′-
azoxybisbenzaldehyde (16) (Scheme 3). The relative yields
of 15 and 16 (60–70% and 40–30%, respectively) were inde-
pendent of conversion (up to ~40%), consistent with both
being primary photoproducts. These are the expected
disproportionation products of an α-hydroxy-p-nitrobenzyl
carbanion intermediate, analogous to the reported products
of the photochemistry of m-nitrobenzyl alcohol (4) and p-(p-
nitrophenyl)benzyl alcohol (6). At high conversion (>50%)
insoluble orange precipitates and some soluble (but unidenti-
fied) secondary photoproducts were observed. Photolysis of
6 in oxygen-saturated solution gave mostly 15 (>90%) and
some minor unidentified products. At pH 13 (Ar purged),
low conversion (~15%) runs gave 15 and 16 (60–70% and
40–30%, respectively, as at pH 7). Photolysis at pH 3 gave
the intramolecular redox product p-nitrosobenzaldehyde (17)
in addition to 15 and 16 (relative yields 28:50:22). The for-
mation of 17 in acidic solution is reminiscent of the intra-
molecular photoredox chemistry reported for p-nitrobiphenyl
systems (6). We were not able to enhance the relative yield
of 17 since the photodecarboxylation quantum yield be-
comes negligible in solutions below pH 3, because ioniza-
tion of the carboxylic acid is suppressed. For example,
irradiation of 6 at pH 1 resulted in quantitative recovery of
substrate. These observations are consistent with a mecha-
nism in which 17 must arise via initial decarboxylation of
the ionized form of 6. The requirement of an acidic solution
for formation of 17 will be discussed later.

Preparative photolysis of 7 (pH 7, Ar purged) gave the
product of simple decarboxylation, i.e., p-nitrobenzyl acetate
(18) and the expected disproportionation product, α,α′-
bisacetoxy-p,p′-dinitrobibenzyl (19) (eq. [2]). The relative
yield of 18 to 19 was ~ 1:1 in H2O–CH3CN but this ratio
was dramatically altered in 1:1 D2O–CH3CN (~5% α-
deuterated 18 and ~95% 19). Thus, when the protonation
pathway (14 → 18) is retarded in D2O by a primary solvent
isotope effect, the disproportionation pathway that gives 19
becomes dominant. Photolysis of 7 in oxygen-saturated solu-
tion gave 15 (60%) and p-nitrobenzoic acid (40%); neither
18 nor 19 was observed. This indicates that interception of
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Scheme 2. Synthesis of 6 and 7. Reagents and conditions: (a) SOCl2; (b) Br2; (c) Hg(OAc)2, HOAc; (d) Cl3C(NH)O-t-Bu, CH2Cl2;
(e) CsCO3, MeOH; (f) TFA.
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14 by dissolved oxygen is much more efficient than either
protonation or disproportionation.

p-Nitrophenylethylene glycol (8) was found to be photo-
reactive only in basic solution. UV–vis traces of the reaction
(~100% H2O, pH 13, Ar purged) allowed observation of a

strong transient absorption band at λmax 403 nm that
decayed within 1 h (Fig. 4) with complex kinetics (Fig. 4,
inset). The initial decay appears to obey first-order kinetics;
however, after approximately 20 min the decay becomes
(reproducibly) more complex, suggestive of contributions
from competing reactions. This transient was observed only
in basic solution (Fig. 5); no spectral changes were observed
in neutral or acidic solution (below pH 11), even on pro-
longed irradiation. The transient was also not observed in
oxygen-saturated basic solution.

Preparative photolysis of 8 (1 × 10–3 M, pH 13, Ar) gave
15 and 16 (60–70% and 40–30%, respectively), as observed
for 6 in neutral or basic solution. In keeping with the cuvette
results above, no reaction was observed at pH 7. Base catal-
ysis of the reaction of 8 is in line with observations made for
5 (13), although the latter is not known to give an observable
403 nm transient. In a previous study of 8 in our laboratory
(21), a long-lived radical anion species was photogenerated
and assigned from its ESR spectrum as p-nitrobenzaldehyde
radical anion (20). Its lifetime in the ESR spectrum was sim-
ilar to that observed for the transient 403 nm absorption
band. Radical anion 20 has previously been reported to have
an absorption maximum of ~400 nm (22) and the present
data are in good agreement with this.

Irradiation of p-nitrobenzhydrol (9) at pH 13 (~100%
H2O, Ar purged, 300 nm) in a UV cuvette resulted in initial
spectral changes that were consistent with formation of 21.
However, other components were evidently present, as the
initial spectrum was not stable over time and underwent
complex changes over the course of 10–30 min in the ab-
sence of light, indicating that relatively slow dark processes
were occurring. No spectral changes were observed at pH 7,
consistent with base catalysis of photoreaction. Preparative
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Fig. 3. Decay in absorbance of 14 photogenerated from 7 in
~100% H2O (complete within 5 min) or ~100% D2O (complete
within 15 min) measured at 369 nm immediately following 15 s
photolysis (6.7 × 10–5 M, 300 nm, 16 lamps, pH(D) 7, Ar
purged). Neither trace could be fitted satisfactorily to a first- or
second-order kinetic equation.

Fig. 1. UV–vis traces observed on photolysis of 6 in ~100%
H2O (6.6 × 10–5 M, 0.01 M pH 7 phosphate buffer, Ar purged).
Each trace represents 15 s irradiation at 300 nm (4 lamps). Ar-
rows indicate changes in absorbance.

Fig. 2. UV–vis traces observed before (dashed line) and immedi-
ately following 15 s photolysis (300 nm, 16 lamps) of 7 in
~100% H2O (solid lines) (6.7 × 10–5 M, 0.01 M pH 7 phosphate
buffer, Ar purged). Each trace of the dark reaction is separated
by 30 s. Arrows indicate changes in absorbance during the dark
reaction.
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photolysis of 9 (1 × 10–3 M, 1:1 H2O–CH3CN, pH 13) gave
two isolable disproportionation products, p-nitrobenzo-
phenone (21) and p,p′-azoxybisbenzophenone (22) (60–70
and 40–30% relative yield, respectively), and a third minor
(<10%, relative to 21) product that has not been fully char-
acterized but is believed to be derived from further reduction
of 22 (see Experimental) (eq. [3]). Observation of base-
catalyzed products from 9, which is reminiscent of the
photochemistry of m- and p-nitrobenzyl alcohol (4), suggests
that the reaction pathway involves initial deprotonation from
the benzylic position of 9. However, attempts to trap the α-
hydroxybenzyl carbanion intermediate from 9 with D2O (at
pD 13) were unsuccessful. Thus, extended photolysis of 9 in
1:1 D2O–CH3CN (pD 13) to >80% conversion followed by
recovery of unreacted substrate showed complete absence of
deuterium incorporation at the methine positon (as moni-
tored by 1H NMR integration of this signal relative to the ar-

omatic signals). This is in agreement with previous studies
of m- and p-nitrobenzyl alcohols (4), in which the corre-
sponding photogenerated carbanions were also found not to
undergo deuterium incorporation at the benzylic position. p-
Nitrobenzhydryl methyl ether (10) might be expected to dis-
play “conventional” p-nitrobenzyl carbanion chemistry upon
photodeprotonation, which would lead to deuterium incorpo-
ration. However, prolonged irradiation of 10 (pD 13, 10 h)
resulted in complete recovery of substrate, with no evidence
of deuterium exchange.

The quantum yield for reaction of 6 was estimated using
p-nitrophenylacetic acid (3) (Φ = 0.6) (12, 17) as secondary
actinometer. Comparative photolysis of 3 and 6 to low con-
version (<20%) gave a quantum yield for the reaction of 6 in
100% H2O (pH 6) of 0.4 ± 0.1. Quantum yields for reaction
of 7 (pH 7), 8 (pH 14), and 9 (pH 13) were also estimated
using product analysis and were 0.4, 0.5, and 0.02, respec-
tively.
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Scheme 3.

Fig. 4. UV–vis traces observed before (dashed line) and immedi-
ately following 30 s photolysis (300 nm, 16 lamps) of 8 in
~100% pH 13 H2O (7.4 × 10–5 M, Ar purged). Each trace is
separated by 5 min (solid lines). Arrows indicate changes in
absorbance during the dark reaction. Inset: observed decay of the
403 nm absorption band.
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Laser flash photolysis
p-Nitrobenzyl carbanion 2 (which absorbs strongly at λmax

358 nm) has been extensively studied by transient methods
(12, 17). Its lifetime is sensitive to pH but not to oxygen and
is shortened in the presence of IrCl6

2− that acts as a one-
electron acceptor (23–25). When the π system is further ex-
tended with another phenyl ring, as is the case for p-(p′-
nitrophenyl)benzyl carbanion (23), the absorption maximum
is at much longer wavelength (λmax 470 nm) (6). Further

substitution of the carbanion with an α-hydroxy group does
not shift the absorption maximum, as α-hydroxy-p-(p′-nitro-
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Fig. 6. LFP traces for 7 (4.7 × 10–5 M) with 1 × 10–4 M IrCl6
2−

in ~100% H2O (pH 7, N2 purged, λex 308 nm). Diamonds repre-
sent the spectrum sampled 1.8 µs after the laser pulse, which in-
cludes carbanion 14 at 369 nm. Squares and triangles (sampled
at 9.2 and 34 µs) represent the decay of the 369 nm band simul-
taneous with the bleaching of the IrCl6

2− absorption bands at 430
and 490 nm to the final spectrum (at 130 µs) represented by cir-
cles. Top inset: decay of carbanion 14 (kobs = 6.2 × 104 s–1,
monitored at 360 nm). Bottom inset: bleaching of IrCl6

2− (kobs =
6.2 × 104 s–1, monitored at 490 nm).

Fig. 7. LFP traces for 6 in ~100% H2O, pH 6.0 (4.6 × 10–5 M,
0.01 M phosphate buffer, N2 purged, λex 266 nm). Diamonds rep-
resent the spectrum sampled 700 ns after the laser pulse, which
includes α-hydroxy carbanion 25 at 360 nm. Squares and triangles
represent the decay of the spectrum at 2.6 and 6.9 µs after the la-
ser pulse, respectively. Final spectrum after the decay (sampled at
36 µs) of 25 to the product at 340 nm is represented by circles.
Top inset: decay of carbanion 25 (kobs = 2.6 × 105 s–1, monitored
at 360 nm). Bottom inset: growth of product (kobs = 3.1 × 105 s–1,
monitored at 290 nm).

Fig. 8. LFP traces for 8 in ~100% H2O, pH 13.0 (5.7 × 10–5 M,
N2 purged, λex 266 nm) which includes α-hydroxy carbanion 25
at 360 nm. Squares and triangles represent decay of the spectrum
at 900 µs and 2.8 ms, respectively. After the decay of 25 was
complete, the spectrum of radical anion 20 was observed; repre-
sented by circles, sampled at 14 ms after the laser pulse. Inset:
Decay of 25 (kobs = 6.7 × 10–2 s–1, monitored at 360 nm) is si-
multaneous with the growth of radical anion 20 (kobs = 4.2 ×
10–2 s–1, monitored at 410 nm).

Fig. 5. Initial change in 403 nm absorbance (∆OD = OD imme-
diately after irradiation minus OD before irradiation) upon irradi-
ation of 8 in ~100% H2O, pH 1–14 (300 nm, 16 lamps, 15 s
photolysis time, 7.4 × 10–5 M, Ar purged).
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phenyl)benzyl carbanion (24) was also observed at 470 nm
(6). Thus, it was anticipated that the p-nitrobenzyl carban-
ions generated from 6–8 should also have absorption max-
ima near 360 nm. This indeed was found to be the case for
carbanion 14 formed from 7 (λmax 369 nm, vide supra),
which was sufficiently long-lived to allow detection by con-
ventional UV–vis spectrophotometry. LFP of 7 (266 nm,
pH 7, ~100% H2O, N2 purged) also gave 14 (λmax 369 nm)
which did not decay within the 150 ms (longest possible)
time window of our LFP system, consistent with it being a
very long-lived species (vide supra). However, LFP of 7 in
the presence of IrCl6

2− (308 nm, N2 purged) showed an accel-
erated decay of the 369 nm transient that was simultaneous
with bleaching of IrCl6

2− bands at 430 and 490 nm (Fig. 6).

LFP of 6 (266 nm) at pH 6 gave a transient at ~360 nm
with a similar absorption profile as that of carbanion 14
(Fig. 7). It decayed via first-order kinetics (τ = 3.8 µs,
0.01 M phosphate buffer, pH 6) to a weaker but permanent
absorption in the range 300–340 nm, assignable as a mixture
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Fig. 9. LFP traces observed for 9 in ~100% H2O, pH 13.0
(5.3 × 10–5 M, N2 purged, λex 266 nm). Diamonds represent the
spectrum sampled 1.7 µs after the laser pulse, which includes
carbanion 27 at 460 nm. Squares and triangles represent decay
of the spectrum, sampled at 8.6 and 28 µs, respectively. Circles
represent spectrum after the decay of 27 at 77 µs. Inset: decay of
27 (kobs = 5.2 × 104 s–1, observed at 460 nm).

Fig. 10. Plot of the initial change in absorbance (∆ODinit) at
460 nm upon LFP of 9 at pH 10–14 (5.3 × 10–5 M, ~100%
H2O, N2 purged, λex 266 nm). Each point represents the average
initial ∆OD observed for 10 shots, assigned to carbanion 27
formed by photodeprotonation of 9.

Fig. 11. LFP traces observed for 6 in ~100% H2O, pH 13.0
(4.6 × 10–5 M, N2 purged, λex 266 nm). Diamonds represent the
spectrum sampled 5.1 µs after the laser pulse, which includes
carbanion 28 (420 nm) formed by photodeprotonation of 6, and
carbanion 25 (360 nm) formed by photodecarboxylation of 6.
Squares and triangles represent partial decay of the spectrum
(decay of 28 and not 25), sampled at 26 and 69 µs, respectively.
Circles represent the spectrum after 28 has completely decayed,
leaving 25 and possible products from 28. Top inset: decay of 28
(kobs = 2.1 × 104 s–1, monitored at 420 nm). Bottom inset:
growth of product from 28 (kobs = 2.2 × 104 s–1, monitored at
350 nm).

Fig. 12. Plot of the initial change in absorbance (∆ODinit) at
420 nm upon LFP of 6 at pH 3–13 (4.6 × 10–5 M, ~100% H2O,
N2 purged, λex 266 nm). Each point represents the average initial
∆OD observed for 10 shots. Above pH 7 ∆ODinit is mostly attrib-
uted to carbanion 28 formed by direct carbon acid deprotonation.
At pH 7 and below ∆ODinit is mostly attributed to 25 formed by
photodecarboxylation which has weak absorption at 420 nm (as-
signment based on lifetimes).
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of 15 and 16. Assignment of the 360 nm transient to 25 is
based on its similarity to 14. Additionally, LFP of 6 in the
presence of IrCl6

2− showed an accelerated decay of the
360 nm band in synchrony with bleaching of the IrCl6

2−

bands at 430 and 490 nm.
LFP of 8 at pH 13 also gave carbanion 25 (τ = 1.5 ms) as

a transient (Fig. 8). No transients were observed at pH 7
consistent with its lack of photochemical reactivity in neu-
tral solution (vide supra). Decay of 25 (at pH 13) was con-
comitant with the growth of a band at 400 nm, which did not
decay within 150 ms (Fig. 8, inset). The long-lived 400 nm
transient (not observed in the presence of oxygen) is as-
signed to radical anion 20, which was also observed by UV–
vis spectrophotometry (Fig. 4). Closer examination of the ki-
netic trace at 410 nm (Fig. 8, inset) also showed evidence of
a shorter-lived species (τ = 63 µs) absorbing in this region,
the identity of which is not known with certainty but which
we have tentatively assigned to carbanion 26, arising via
benzylic deprotonation of 8.

LFP of 9 at pH 13 gave a broad absorption band at
460 nm (Fig. 9) that decayed by first-order kinetics to base-
line (Fig. 9, inset). The intensity of the 460 nm absorption
was strongest at pH 14 and was progressively weaker at
lower pH values; at pH 10 no signal was observable
(Fig. 10). This apparent base catalysis of transient formation
supports its assignment as carbanion 27. Its absorption maxi-
mum is red-shifted by 100 nm compared to carbanion 25
(λ ex 360 nm) which is compatible with the extended conju-
gation available from the additional phenyl ring.

The LFP spectrum of 6 at pH 13 was dominated by a
band at 420 nm (Fig. 11), which decayed (τ = 47 µs) to a
long-lived (τ > 150 ms) 360 nm band. The ∆OD of the
420 nm band as a function of pH is shown in Fig. 12, which
has an apparent titration plot, suggesting that the 420 nm
transient is carbanion 28 (with an excited stated pKa of ~8
for the benzylic proton of 6). This seems reasonable consid-
ering the analogous photodeprotonation observed for 9 at
high pH.

Mechanisms of reaction
Our study of the photochemistry of p-nitrobenzyl deriva-

tives 6–10, by a combination of product studies, UV–vis
spectrophotometry, and LFP, has provided additional insights
into their mechanisms of reaction. It seems clear that the
aqueous photochemistry for all of 6–9 involves p-nitrobenzyl
carbanions. Indeed, several α-hydroxy-p-nitrobenzyl carban-
ions, generated by C—H bond deprotonation or by decarb-
oxylation (or deformylation), were observed for the first
time. With the present data, an overall mechanistic picture of
the photochemistry of these compounds is now available.

Photodecarboxylation of 6 (assumed to be via T1) occurs
with appreciable quantum efficiency at pH 3–13 to generate
25 (Scheme 4). The lack of photoreactivity of 6 and absence
of an LFP signal attributable to 25 at pH values 1 and 2 indi-
cate that photodecarboxylation only occurs via the
carboxylate form of 6. The necessary steps to generate prod-
ucts 15 and 16 from 25 most likely involve overall loss of an
electron and a proton (sequentially or via one-step loss of a
hydrogen atom), to generate radical anion 20 (λmax 403 nm,
vide supra), which is known to be long-lived at high pH but
undetectable at lower pH (21). Radical ion 20 has been

shown to lead to reduction product 16 (21), while scaveng-
ing of the electron of 20 by residual oxygen or on work-up
would lead to 15. The formation of 17 at pH 3 suggests an
alternate pathway involving an overall intramolecular redox
reaction for 25. This new pathway is observed at a pH that
coincides with significant protonation of the nitro group of
25, to give 29 (similar aci-nitrobenzyl compounds have pKa
~ 3, (6, 17, 26)). Net dehydration of 29 gives 17.

At pH values > 8, photoionization of the benzylic proton
of 6 (to give 28) apparently competes with photodecarb-
oxylation, as shown in LFP studies, although to what extent
is not entirely clear with the data available. We have not iso-
lated any product at high pH that might be expected to arise
via 28, but only compounds 15 and 16 as seen at pH values
in the range ~4–7. The possibility of facile reprotonation of
28 to give back 6 (in the ground-state reaction) is a distinct
possibility. However, we have not attempted any deuterium
incorporation experiments at these high pHs because of the
obvious complication of thermal background exchange in
basic D2O. Thus, further understanding of the competing
benzylic C-H deprotonation of 6 requires additional studies.

The proposed reaction pathway for 8 (pH > 12)
(Scheme 5) is simpler. LFP observations at pH 13 indicate
that generation of 25 from 8 occurs much more cleanly, with
no significant photoionization at the benzylic position. Car-
banion 25 (from 8) gives radical anion 20 (via overall loss of
an electron and a proton), as shown by growth of the radical
anion absorption band (λmax 403 nm) concomitantly with de-
cay of the absorption band of 25 (λmax 360 nm) (Fig. 8). The
subsequent decay of 20 appears to be more complex, after a
phase with initial first-order kinetics (Fig. 4, inset), and is
suggestive of multistep pathways for subsequent formation
of 16.

The α-acetoxy carbanion 14 generated via photodecarb-
oxylation of 7 behaves as a conventional p-nitrobenzyl car-
banion (mimicking 2, Scheme 1). The two observed
products, 18 and 19, arise via protonation and coupling path-
ways (giving a dianion, which subsequently loses two elec-
trons to give 19) (18). Given that the observed lifetime of
14 is very long compared to that of 25, both its protonation
and coupling processes must be slow. In contrast, the life-
time of 25 at pH 6 is more than 7 orders of magnitude
shorter (µs vs. min). Clearly the disproportionation pathway
available to 25 is sufficiently fast that protonation or cou-
pling cannot compete. Comparison of the pseudo-first-order
rate constants for reaction of these carbanions with IrCl6

2−

(25 reacts only about 2 times faster than 14) suggests that
the oxidation potentials of 14 and 25 are roughly equivalent.
Thus, the key structural feature that allows the efficient dis-
proportionation pathway observed for 25 is the α-hydroxyl
proton. This is consistent with gas-phase theoretical cal-
culations (3) that have shown anions such as –CH2OH and
–CH2NH2 to be unstable with respect to their radicals.

The reaction pathway of 9 is similar in essence to those of
6 and 8. It differs in that the carbanion 27 is formed by di-
rect C—H bond heterolysis, and is the only p-nitrobenzyl
carbanion that could form in this case. To our knowledge,
only one other example of LFP observation of a carbanion
generated by photoionization has been reported (6). The sub-
sequent product-forming steps from 27 are believed to be
similar to those proposed for 6 and 8; i.e., the carbanion for-
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mally loses a hydrogen atom to form the corresponding radi-
cal anion, which subsequently disproportionates to products
21 and 22. The complete absence of photochemistry from 10
indicates the sensitive nature of excited-state deprotonation
with respect to substituents. Further work will be needed to
understand the factors that influence the operation of these
substituent effects, which may be quite subtle.

Experimental

General
1H NMR spectra were obtained on Bruker AC300 or

JEOL FX90Q instruments in CDCl3 unless otherwise speci-
fied. Low-resolution mass spectra were obtained on a
Finnigan 3300 (CI) and HR-MS were obtained on a Kratos
Concept H (EI) instrument. UV–vis spectra were recorded
on a Varian Cary 5 instrument. Acetonitrile (HPLC grade)
and distilled water were used for product studies and LFP
experiments. Reagent grade CH2Cl2 was redistilled before
use for work-up protocols. The following buffers (0.01 M)
were used for some product studies and LFP static and flow
cell experiments: potassium phosphate – phosphoric acid
(pH 3), acetate – acetic acid (pH 4 and 5), potassium phos-
phate (pH 6–8), sodium carbonate – sodium bicarbonate
(pH 9–11). Aqueous H2SO4 and NaOH were used for solu-
tions at other pH values.

Materials
p-Nitrobenzaldehyde (15) and p-nitrobenzophenone (21)

(Aldrich) were recrystallized (ethanol–H2O) prior to use. So-
dium hexachloroiridate(IV) hexahydrate 99.9+% (Strem)
was used without further purification. Product 18 was pre-
pared by substitution of p-nitrobenzyl bromide with sodium
acetate. An authentic sample of product 22 was prepared by
reduction of 21 with paraformaldehyde–KOH, as described
elsewhere (27).

O-Acetyl p-nitromandelic acid (7)
A stirred suspension of 4-nitrophenylacetic acid (15.3 g,

84.5 mmol) in thionyl chloride (6.66 mL, 91.3 mmol) was
refluxed for 1 h. The solution was allowed to cool and bro-
mine (14.9 g, 93 mmol) was added in one portion. The mix-
ture was heated at 70°C for 5.5 h and stirred overnight at
room temperature. Ice water was added and the mixture was
extracted with Et2O. The organic phase was washed with
brine, dried and evaporated to a brown oil (22 g) that was
dissolved in a mixture of THF (230 mL) and water (100 mL)
and stirred for 6 h at room temperature. The solution was
concentrated under reduced pressure to remove most of the
THF and water (50 mL) was added. The mixture was ex-
tracted with Et2O and the ethereal extract was washed with
brine, dried and evaporated to give a solid (18.5 g) that con-
tained the starting nitrophenylacetic acid and the product 11
(typical ratio ~ 1:4). After two crystallizations from
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Scheme 4.

Scheme 5.
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benzene–hexanes, the contamination by starting material
was reduced to 8% and this material (11.7 g) was used with-
out further processing. Within the mixture, 11 had 1H NMR
δ: 8.22 (d, J = 8.8 Hz, 2H, Ar-H), 7.73 (d, J = 8.8 Hz, 2H,
Ar-H), 5.40 (s, 1H, CHBr).

A mixture of the impure bromo compound 11 (11.49 g,
41.65 mmol) and mercury(II) acetate (28.2 g, 88.4 mmol) in
glacial acetic acid (88 mL) was refluxed for 0.5 h. The solu-
tion was cooled, diluted with water, and extracted with Et2O.
The ether phase was washed with water and brine, dried and
evaporated under reduced pressure. The residue was crystal-
lized from water to give the acetate 7 (7.5 g, 37%), mp 153
to 154°C (lit. mp (28) 157–159°C). 1H NMR δ: 8.25 (d, J =
8.8 Hz, 2H, Ar-H), 7.69 (d, J = 8.8 Hz, 2H, Ar-H), 6.04 (s,
1H, CHOAc), 2.23 (s, 3H, Me).

p-Nitromandelic acid (6)
tert-Butyl 2,2,2-trichloroacetimidate (4.0 g, 18.3 mmol) in

CH2Cl2 (32 mL) was added in one portion to a solution of 7
(2.73 g, 11.4 mmol) in CH2Cl2 (69 mL) and the solution was
stirred overnight at room temperature. The mixture was di-
luted with CH2Cl2, washed with saturated NaHCO3, water,
and brine, dried and evaporated. The residue was dissolved
in Et2O (~10 mL) and most of the trichloroacetamide was
precipitated by the addition of hexanes (~40 mL). The fil-
trate was evaporated and purified by flash chromatography
(EtOAc–hexanes, 3:17) to give tert-butyl acetoxy-(4-nitro-
phenyl)acetate (12) as a yellow solid, (2.56 g, 76%). A sam-
ple crystallized from hexanes had mp 80 to 81°C (lit. mp
(28) 82°C). 1H NMR δ: 8.24 (d, J = 8.8 Hz, 2H, Ar-H), 7.66
(d, J = 8.8 Hz, 2H, Ar-H), 5.91 (s, 1H, CHOAc), 2.23 (s,
3H, Me), 1.41 (s, 9H, CMe3).

A solution of 12 (2.53 g, 8.6 mmol) in methanol (25 mL)
was treated with cesium carbonate (0.14 g, 0.43 mmol) in
methanol (5 mL) and stirred for 0.5 h at room temperature.
The solution was diluted with EtOAc, washed with satd.
NaHCO3 and brine, dried and evaporated under reduced
pressure. The residue was purified by flash chromatography
(EtOAc–hexanes, 3:17) to give tert-butyl hydroxy-(4-nitro-
phenyl)acetate (13) (1.51 g, 70%), mp 91.5–93°C (hexanes).
1H NMR δ: 8.21 (d, J = 8.8 Hz, 2H, Ar-H), 7.63 (d, J =
8.8 Hz, 2H, Ar-H), 5.16 (d, JH,OH = 4.5 Hz, 1H, CHOH),
3.72 (d, JH,OH = 4.5 Hz, 1H, OH), 1.42 (s, 9H, CMe3). Anal.
calcd. for C12H15NO5: C 56.91, H 5.97, N 5.53; found: C
56.75, H 5.97, N 5.38.

The tert-butyl ester 13 (1.8 g, 7.1 mmol) was stirred with
trifluoroacetic acid (36 mL) for 1 h at room temperature,
then evaporated under reduced pressure to a brown gum
which solidified on trituration with Et2O. The solid was
crystallized twice from toluene to give 6 as yellow needles
(0.7 g, 48%), mp 128.5–130°C (lit. mp (29) 126 to 127°C).
1H NMR (CD3OD) δ: 8.25 (d, J = 8.8 Hz, 2H, Ar-H), 7.69
(d, J = 8.8 Hz, 2H, Ar-H), 5.26 (s, 1H, CHOH).

p-Nitrobenzhydrol (9)
Reduction of p-nitrobenzophenone (21) (Aldrich) with

NaBH4 gave a white solid, which upon recrystallization
from ethanol–H2O gave white crystals of p-nitrobenzhydrol
(9), mp 69 to 70°C. IR (KBr disc, cm–1): 1190 (m), 1340 (s),
1450 (m), 1510 (s), 1600 (m), 3300–3500 (s). 1H NMR
(300 MHz) δ: 2.37 (s, 1H, exchanges with D2O, OH), 5.90
(s, 1H, methine), 7.33 (m, 5H, arom.), 7.56 (d, J = 8.8 Hz,

2H, arom.), 8.17 (d, J = 8.8 Hz, 2H). HR-MS (EI) calcd. for
C13H11NO3: 229.0739; found: 229.0739.

p-Nitrobenzhydryl methyl ether (10)
A solution of 9 (300 mg) in methanol (50 mL) (in the

presence of 10% concd H2SO4) was refluxed for 24 h. Addi-
tion of ether and washing with H2O resulted in extraction of
a light yellow oil which by 1H NMR was found to contain
5% 9 and 95% 10. Preparative TLC (CH2Cl2 and silica gel)
allowed isolation of a colourless oil (Rf 0.9) p-nitrobenz-
hydryl methyl ether (10). IR (neat, cm–1): 1090 (s), 1190
(m), 1350 (s), 1450 (m), 1520 (s), 1600 (m). 1H NMR
(300 MHz) δ: 3.38 (s, 3H, methyl), 5.29 (s, 1H, methine),
7.30 (m, 5H, arom.), 7.51 (d, J = 8.8 Hz, 2H, arom), 8.16 (d,
J = 8.8 Hz, 2H, arom.). HR-MS (EI) calcd. for C14H13NO3:
243.0896; found: 243.0893.

α,α′-Bisacetoxy-p,p′-dinitrobibenzyl (19)
Esterification of the corresponding diol (0.5 g), which was

available from a previous study (21), in refluxing (10 h) gla-
cial acetic acid (in the presence of 10% concd H2SO4) gave
89% yield of an approximate 1:1 mixture of cis- and trans-α,
α′-bisacetoxy-p,p′-dinitrobibenzyl (19). Recrystallization from
ethyl acetate – hexanes enriched one of the diastereomers,
thus allowing distinction between the 1H NMR signals of the
two diastereomers. IR (mixture of diastereomers, KBr
disc, cm–1): 1220 (s), 1350 (s), 1460 (w), 1530 (s), 1610 (m),
1750 (s). 1H NMR (300 MHz) diastereomer A (40%) δ: 2.07
(s, 6H, COCH3), 6.14 (s, 2H, methine), 7.34 (d, J = 8.8 Hz,
4H, arom.), 8.16 (d, J = 8.8 Hz, 4H, arom.). 1H NMR
(300 MHz) diastereomer B (60%) δ: 2.10 (s, 6H, COCH3),
6.11 (s, 2H, methine), 7.33 (d, J = 8.8 Hz, 4H, arom.), 8.13
(d, J = 8.8 Hz, 4H, arom.). MS (mixture of diastereomers, +
LSI-MS) 389 m/e (M+ + 1).

Product studies
UV–vis photolyses were carried out for 3 mL of the ap-

propriate solution in Suprasil quartz cuvettes. Immediately
before photolysis, each sample was Ar or O2 purged for
5 min, then quickly sealed with a Teflon stopper. During the
photolysis the cuvette sat on top of an inverted 1 L beaker
inside the Rayonet reactor (300 nm, 4–16 lamps) and was
cooled with an internal fan. Irradiations did not exceed
10 min (total photolysis time); no heating of the samples
was observed.

Preparative photolyses were carried out with the substrate
(20–100 mg) dissolved in the appropriate solvent (100 mL)
in a quartz tube. The solution was irradiated at 300 nm
(Rayonet reactor, 4–16 lamps) with continuous cooling (by a
cold finger) and purging by a stream of Ar for approxi-
mately 15 min before and continuously during irradiation
(via a long stainless steel needle). Photolysis times ranged
from 1 min to 20 h, depending on the conversion desired, the
efficiency of the reaction, and the amount of substrate used.
After photolysis, aqueous samples were acidified to pH 1 to
2 and extracted with CH2Cl2. Typical experiments are de-
scribed below.

Photolysis of p-nitromandelic acid (6) in 1:1 H2O–
CH3CN (pH 7)

A solution of 6 (20 mg) in 1:1 H2O–CH3CN (100 mL, pH
adjusted to 7 with NaOH, Ar purged) was photolyzed for
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2 min (300 nm, 16 lamps). After work-up, 1H NMR of the
photolysate allowed observation of two aldehyde products
(60% 15, 40% 16) and 6 (36% total conversion). Preparative
TLC (CH2Cl2 and silica gel) allowed isolation of the two
products, one of which was identified as 15 (Rf 0.5) by com-
parison with an authentic sample; the other (Rf 0.3) identi-
fied as p,p′-azoxybisbenzaldehyde (16), mp 192°C. IR (KBr
disc, cm–1): 1200 (m), 1320 (m), 1460 (m), 1600 (m), 1700
(s). 1H NMR δ: 8.01 (d, J = 8.1 Hz, 2H, arom.), 8.05 (d, J =
8.1 Hz, 2H, arom.), 8.26 (d, J = 8.1 Hz, 2H, arom.), 8.49 (d,
J = 8.1 Hz, 2H, arom.), 10.05 (s, 1 H, CHO), 10.14 (s, 1 H,
CHO). HR-MS (EI) calcd. for C14H10N2O3: 254.0692;
found: 254.0689.

Photolysis of p-nitromandelic acid (6) in 1:1 H2O–
CH3CN (pH 3)

A solution of 6 (20 mg) in 1:1 H2O–CH3CN (100 mL,
pH 3, 0.01 M phosphate buffer, Ar purged) was photolyzed
for 5 min (300 nm, 16 lamps). Following work-up, 1H NMR
allowed observation of the aldehyde peaks of 15 and 16, as
well as an aldehyde signal which had not been present in the
pH 7 product studies. Based on integration the relative yields
of these products were 50% (15), 22% (16) and 28% of the
new aldehyde product, and the total conversion from sub-
strate was 61%. This procedure was repeated until approxi-
mately 90 mg of photolysate had been collected. An initial
attempt to separate the new product via preparative TLC
(CH2Cl2 and silica gel) resulted in recovery of 15 and the
new product in one band (Rf 0.6). A second attempt (1:9
ethyl acetate:hexanes and silica gel) succeeded in separating
15 (Rf 0.2) from the new light yellow product (Rf 0.3), iden-
tified as p-nitrosobenzaldehyde (17) (based on identical 1H
NMR with that reported in the literature (30)). IR (KBr
disc, cm–1): 1200 (m), 1260 (s), 1390 (m), 1460 (w), 1595
(m), 1690 (s). 1H NMR δ: 8.03 (d, J = 8.8 Hz, 2H, arom.),
8.17 (d, J = 8.1 Hz, 2H, arom.), 10.20 (s, 1H, CHO). HR-
MS (EI) calcd. for C7H5NO2: 135.0321; found: 135.0323.

Photolysis of O-acetyl p-nitromandelic acid (7) in 1:1
H2O–CH3CN (pH 7)

A solution of 7 (20 mg) in 1:1 H2O–CH3CN (100 mL, pH
adjusted to 7, Ar purged) was photolyzed for 20 min
(300 nm, 4 lamps). Following work-up, 1H NMR of the
photolysate revealed 23% conversion to 18 and 19 (47 and
53%, respectively), each of which were identified by addi-
tion of an authentic sample (vide supra) which enhanced the
1H NMR signals.

Photolysis of p-nitrophenylethylene glycol (8) in 1:1
H2O–CH3CN (pH 13)

A solution of 8 (100 mg) in 1:1 H2O–CH3CN (100 mL,
pH 13, Ar purged) was photolyzed for 30 min (300 nm, 16
lamps). Following work-up 1H NMR of the photolysate re-
vealed 69% conversion to 15 and 16 (60 and 40%, respec-
tively), identified as above (vide supra).

Photolysis of p-nitrobenzhydrol (9) in 1:1 H2O–CH3CN
(pH 13)

A solution of 9 (20 mg) in 1:1 H2O–CH3CN (100 mL,
pH 13, Ar purged) was photolysed for 60 min (300 nm, 16
lamps). After photolysis the solution turned a deep red color

that did not dissipate for up to several hours. Upon
acidification to pH 2 with aq HCl, the color turned to yellow
(between pH 10 and 11), with formation of a yellow precipi-
tate. Extraction of the whole mixture with CH2Cl2 gave a 1H
NMR that showed ~15% conversion of 9 to 21 and 22 (70
and 30%, respectively), and a third, unidentified product. In
a separate experiment, the precipitate formed during acidifi-
cation was isolated by suction filtration and found to contain
22 and the unidentified product (in a ~1:1 mixture), while
the filtrate contained 9 and 21. Preparative TLC (CH2Cl2
and silica gel) failed to separate 22 from the unidentified
product. Based on analysis of the 1H NMR pattern of the un-
identified product (as a mixture with 22), we have tenta-
tively identified it as a secondary photoproduct of 22, i.e., a
hydroxyazobenzene derived from 22, consistent with the
known photo-Wallach rearrangement of aromatic azoxy
compounds (31).

Quantum yields
The quantum yield of 6 was measured by preparative

photolysis and 1H NMR using 3 as secondary actinometer
(Φ = 0.6) (12). Photolysis of 3 (20 mg, pH 7, 100 mL 100%
0.01 M phosphate buffer, 300 nm, 4 lamps, 2 min, Ar
purged) followed by assessment of the conversion to product
(10–15%) allowed calculation of the number of photons
emitted by the apparatus. In a following photolysis of 6
(100% pH 6 0.01 M phosphate buffer) using identical condi-
tions, assessment of conversion (5–10%) allowed calculation
of the quantum yield for the reaction. These photolyses were
repeated four times, and the average quantum yield was cal-
culated.

Laser flash photolysis (LFP)
LFP data was acquired using either a Nd:YAG laser

(Spectra-Physics Quanta-Ray GCR-11, λ ex 266 nm; this la-
ser was used for most LFP experiments) or a Lumonics
excimer laser (EX-510, λ ex 308 nm; this laser was used for
experiments using IrCl6

2−) with pulse widths ~20 ns and
power attenuated to ~20 mJ/pulse. Signals were digitized
with a Tektronix TDS 520 recorder. Solutions with OD = 0.3
at λ ex were used to ensure even penetration of the laser light.
Quartz flow cells were used for all studies except for the
measurement of ∆ODinit at various pH values (Figs. 10 and
12), where quartz static cells were used. Samples in flow
cells were continuously purged with a stream of N2 or O2 for
15 min before and during the experiment. Samples in static
cells were purged with N2 or O2 for 5 min and subsequently
sealed prior to the experiment. The contents of static cells
were mixed between each laser shot to avoid depletion of the
solution in the irradiated volume.
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Intramolecular reactions of dialkoxycarbenes with
a carbonyl group

Ma�gorzata Dawid and John Warkentin

Abstract: Thermolysis of 5,5-dimethyl-2-methoxy-2-(2-oxocyclohexylmethoxy)-∆3–1,3,4-oxadiazoline (3a) in benzene
at 110°C generated a carbonyl ylide intermediate that gave, in a minor side reaction, a product of 1,3-dipolar cyclo-
addition to the carbonyl group. The major fate of the ylide was fragmentation to acetone and a dialkoxycarbene, MeO-
(RCH2O)C:, where R = 2-oxocyclohexyl. The carbene, in turn, underwent overall [2 + 1] cycloaddition to the carbonyl
group, presumably to afford diastereomeric dialkoxyoxiranes that could not be isolated. A product of methanolysis of
the presumed oxiranes was isolated by GC and its structure was determined by means of X-ray diffraction. Methanol is
believed to result from reaction of an intermediate or product with adventitious water. Deliberate hydrolysis of the
product of methanolysis gave a hydroxy lactone, the structure of which was also secured by means of single crystal X-
ray diffraction. Those structures indicated the likely structures of the oxirane precursors. A second, and major, product
from the carbene was a bicyclic ketone. Similar products were obtained from intramolecular reactions of a carbene
tethered to cyclopentanone through a two-carbon or a one-carbon tether. Some compounds that are apparently “dimers”
of the oxiranes were also isolated and identified by means of X-ray diffraction. These dimers are thought to originate
from the reaction of a ring-opened oxirane (a dipole or a cation from electrophilic opening of the oxirane) with a mol-
ecule of the oxirane rather than from bimolecular reaction between two oxirane molecules. The oxiranes open by cleav-
age of the (RO)2C—O bond rather than the oxirane C—C bond, the normally observed sense of thermal ring opening.
The properties of the carbenes and the presumed oxiranes serve to point out the options available to such intermediates
and suggest that some new, synthetically useful reactions may become possible.

Key words: bicyclic ketone, dialkoxycarbene, dialkoxyoxirane, hydroxylactone, “oxirane dimers”.

Résumé : La thermolyse de la 5,5-diméthyl-2-méthoxy-2-(2-oxocyclohexylméthoxy)-∆3-1,3,4-oxadiazoline (3a), dans le
benzène, à 110 °C, génère la formation d’un ylure de carbonyle comme intermédiaire qui réagit, dans une réaction la-
térale mineure, pour former un produit de cycloaddition 1,3-dipolaire sur le groupe carbonyle. La réaction principale de
l’ylure est une fragmentation en acétone et en dialkoxycarbène, MeO(RCH2O)C:, dans lequel R = 2-oxocyclohexyle.
Par la suite, le carbène subit une réaction globale de cycloaddition [2 + 1] sur le groupe carbonyle qui fournit proba-
blement les dialkoxyoxiranes diastéréomères qui n’ont pas été isolés. Faisant appel à la CG, on a toutefois pu en isoler
un produit de méthanolyse et on a déterminé sa structure par diffraction des rayons X. On croit que le méthanol est
issu de la réaction d’un intermédiaire ou d’un produit avec de l’eau présente de façon fortuite. L’hydrolyse délibérée
du produit de méthanolyse conduit à une hydroxylactone dont la structure a été déterminée par diffraction des rayons
X sur un cristal unique. Ces structures suggèrent celles des oxiranes qui leur ont donné naissance. Un deuxième et le
plus important produit provenant du carbène est une cétone bicyclique. Des produits semblables ont été obtenus par le
biais de réactions intramoléculaires d’un carbène auquel on a attaché une cyclopentanone par le biais de rallonges à un
ou deux atomes de carbones. On a aussi isolé des composés qui sont apparemment des dimères d’oxiranes et on les a
identifiés par le biais de la diffraction des rayons X. On croit que ces dimères trouvent leur origine dans la réaction
d’un oxirane à cycle ouvert (un dipôle ou un cation résultant de l’ouverture électrophile de l’oxirane) avec une molé-
cule d’oxirane plutôt par une réaction bimoléculaire entre deux molécules d’oxirane. Les oxiranes s’ouvrent par rupture
de la liaison (RO)2C—O plutôt que par ouverture de la liaison C—C de l’oxirane, le sens d’ouverture normalement ob-
servé dans l’ouverture thermale du cycle. Les propriétés des carbènes et des oxiranes suggérés permettent de préciser
les diverses options ouvertes à ces intermédiaires et de suggérer que de nouvelles réactions utiles en synthèse puissent
se développer.

Mots clés : cétone bicyclique, dialkoxycarbène, dialkoxyoxirane, hydroxylactone, dimères d’oxirane.
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Introduction

The nucleophilicity of dialkoxycarbenes was first reported
by Hoffmann’s group, and other examples followed (1). Rel-
ative nucleophilicities of various carbenes have been quanti-
fied by Moss et al. (2). The nucleophilic characteristics of
dialkoxycarbenes are evident from their sluggish reactions
with simple alkenes, such as cyclohexene (1b, 3) and their
greater reactivity toward Michael acceptors such as isocya-
nates and diphenylketene (1d), for example. Donor-atom-
substituted carbenes are also capable of bimolecular nucleo-
philic displacements. Nucleophilic substitution at unsatu-
rated carbon occurs between an imidazolylidene and
2,3,4,5,6-pentafluoropyridine (4) and in reactions of dimeth-
oxycarbene (DMC) with hexachlorocyclopentadiene (5), 1-
fluoro-2,4-dinitrobenzene, and hexafluorobenzene (6), for
example, although the yields can be very low (6).

A common reaction of nucleophiles with carbonyl com-
pounds is addition, to change the geometry at the carbonyl
carbon from planar to tetrahedral. Diaminocarbenes were
known to attack at the carbonyl carbon atom of aldehydes
(7), and DMC appears to add to the carbonyl group of hexa-
fluoroacetone (Scheme 1) (8), fluorenone (9), and cyclo-
hexanone (10). Recently it was shown that DMC reacts to
effect insertion into the bond between the carbonyl carbon
and the α-oxygen atom of anhydrides (11) and a lactone
(12). Similar apparent insertion into the bond between a car-
bonyl carbon and the α-carbon of strained cyclic ketones
was reported (12) (Scheme 2). Such reactions could be con-
certed or they could involve tetrahedral intermediates with
dipolar or diradical characteristics. Either of those interme-
diates could rearrange by ring enlargement or cyclize to
isolable dialkoxyoxiranes, as in the case of addition of
dimethoxycarbene to cyclohexanone (Scheme 3) (10).
Dimethoxycarbene also reacts with thiocarbonyl compounds
to form dimethoxythiiranes (13). Although imidazolylidenes
are known to form stable dipolar intermediates by forming a
single bond to carbon disulfide (14), carbon dioxide (15), or
sulfur trioxide (16), attack of a less-nucleophilic dialkoxy-
carbene at a carbonyl or thiocarbonyl group could be con-
certed, leading directly to a dialkoxyoxirane or a
dialkoxythiirane.

The nucleophilic reactivity of dialkoxycarbenes was sug-
gested by the previously demonstrated reactions of vinyl-
ogous dialkoxycarbenes with ketones (17–19). It is not
surprising that vinylogous dialkoxycarbenes are better nucle-
ophiles than saturated analogues because the former
carbenes are presumably more polarizable and can disperse
positive charge better in a stepwise or nonsynchronous con-
certed reaction. The stepwise pathway for vinylogous dialk-
oxycarbenes is illustrated in Scheme 4.

It was of interest to us to explore further the possible
intramolecular reactions of non-vinylogous dialkoxy-
carbenes with a tethered carbonyl group. Previously only
one case of such a process had been reported and that was
for reaction with the carbonyl group of a tethered cyclo-
butanone (12). We now report reactions of a dialkoxycar-
bene with the carbonyl group of a cyclohexanone tethered at
the α-position with a one-carbon tether to the carbene, as
well as reactions of dialkoxycarbenes tethered analogously
to cyclopentanone with a one- or two-carbon tether.

Methods, results, and discussion

The oxadiazoline precursors (3) of dialkoxycarbenes were
prepared from 2-hydroxyalkyl cyclanones (2) and 2-acetoxy-
2-methoxy-5,5-dimethyl-∆3-1,3,4-oxadiazoline (1) by the ex-
change method (19), as illustrated in Scheme 5. The ex-
change had to be done carefully to minimize dehydration of
2a or destruction of 3 subsequent to their formation. Protec-
tion of the carbonyl group of 2a with 1,2-ethane dithiol and
subsequent exchange followed by deprotection was achieved
but that route did not offer any improvement of the yield of
3a. Compounds 3 were isolated by chromatography on silica.

After purification of 3a by chromatography, a benzene so-
lution was heated for 24 h at 110°C in a sealed glass tube.
Products isolated by chromatography on silica included 4
(7%) and 1-methoxy-8-oxa-9-oxobicyclo[4.2.1]nonane (5,
31%), as shown in Scheme 6. Acetal 6 (16%), which had
two methoxy signals in the 1H NMR spectrum and the cor-
rect mass for 6–OMe, was isolated by means of GC. Despite
many attempts the material could not be crystallized. Struc-
ture 6 was inferred from the structure of the single product
of hydrolysis of the material (below). In addition, diastere-
omers 7a and 7b, both crystalline solids, were isolated by
means of radial chromatography on silica. Compound 7a
was identified completely by means of single crystal X-ray
diffraction and 7b was assigned on the basis of its NMR
spectra, which closely resembled those of 7a.

The products can be accounted for as follows. Oxadi-
azoline 3a loses N2 in the first step to generate carbonyl
ylide 8 (Scheme 7). Intramolecular cycloaddition of the
ylide to the carbonyl group leads to 4, the stereochemistry of
which was assigned on the basis of the structure of the prod-
uct of acid-catalyzed hydrolysis of 4, hydroxy lactone 9. The
structure of 9 was secured by means of single crystal X-ray
diffraction.

A major fate of the carbonyl ylide must be the well-
precedented loss of acetone (1k) to afford carbene intermedi-
ate 10, which attacks the carbonyl group of the cyclohex-
anone to generate intermediate 11 or, possibly, the oxiranes
12 (Scheme 7). The intermediacy of diasteromers 12 is spec-
ulative because many attempts to isolate a sample by gas
chromatography gave material that contained 6 and, possi-
bly, the diastereomers 12. Deliberate hydrolysis of such sam-
ples led to hydroxy lactone 9 only. The structure of 9 means
that both the ylide 8 (precursor of 4) and the carbene 10
(precursor of 11) react from that conformation in which the
side chain is axial, as shown in Scheme 7.

Although the rearrangement of 10 to 5 amounts to an in-
sertion (overall) of the carbene into a C—CO bond of the
carbonyl group, the reaction is not necessarily concerted.
Reactions of cyclic ketones with diazomethane, leading to
products of ring expansion, are believed to be stepwise (20).
Those reactions are reasonable models for ring expansion of
cyclic ketones by reaction with dialkoxycarbenes. It was
shown previously that migration of the more-substituted car-
bon is preferred when α-alkylcyclobutanones react with
dimethoxycarbene to afford corresponding dimethoxycyclo-
pentanones (12). In the case of postulated intermediate 11,
in which migration of the more-substituted carbon would
lead to a four-membered ring (Scheme 7), the less-
substituted α-carbon migrated to expand the ring from six-
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to seven-membered. A simple model that aids in visualiza-
tion of the transition state charge separation is the enolate
alkylation model (12) shown in Scheme 8. It should perhaps
be emphasized that such structures, with enolate and cation
character, are simply models for actual transition states or
intermediates.

An additional product from thermolysis of 3a was the
complex compound 13, consisting essentially of 3 equiv of
the proposed oxirane intermediate. Its structure was deter-
mined by means of single crystal X-ray diffraction.
Scheme 9 is a rationalization for its formation from reaction
of the ring-opened oxirane with the oxirane. It should be
emphasized that the mechanism, involving intermediates 11
and 13, is speculative. Instead of the dipolar species 11, one
could invoke a cationic intermediate formed by protonation
(by adventitious water) and subsequent ring-opening of an
oxirane 12. That cation could then act as an electrophile to

open a second molecule of oxirane. The connectivity of 14
does require that the oxirane intermediates do not open to
carbonyl ylides; the usual sense of thermal ring opening of
oxiranes. Presumably there were other compounds, analo-
gous to 14, that we were unable to isolate.

Heating of a solution of 3b in benzene afforded similar
products. A major product (33%) was 1-methoxy-2-oxa-8-
oxobicyclo[3.3.1]nonane (17). Again there was indirect evi-
dence for isomeric oxirane intermediates, probably 15 and
16 (Scheme 10), although they were too unstable to be iso-
lated. Preparative gas chromatography gave fractions that
changed during the collection process, probably because of
hydrolysis. Two stable compounds (18 and 19) were also
isolated by means of GC and identified by means of single
crystal X-ray diffraction. Compound 18 is probably formed
by the methanolysis of 15 and 16. The source of methanol is
again assumed to be hydrolysis of an intermediate by adven-
titious water.

The hexahydropyranyl ring of 19 is fused trans to the 1,4-
dioxanyl ring and the ring juncture of the hexahydropyranyl
and cyclopentyl rings is cis. It is analogous to compound 11
that was obtained from 3a, and it appears, at first sight, to be
a head-to-tail dimer of the dipolar intermediate that would
result from stepwise addition of the nucleophilic carbene
center to the carbonyl group (Scheme 10). Such a
dimerization is unlikely, of course, because reactive interme-
diates are not expected to accumulate to concentrations that
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could lead to bimolecular reactions between them. We are
therefore led to propose, again, that there is a bimolecular
reaction between a dipolar species, in equilibrium with the
oxirane precursor and the oxirane. Alternatively, a cationic
species, from electrophile-catalyzed ring opening of the
oxirane, reacts with the oxirane to generate 19. Isomers of
19 might be expected, given that isomeric oxiranes such as
15 and 16 could result from the carbene. The GC trace
showed compounds with retention times similar to that of
19, and we assume that isomers of 19 were generated and
that they account for some of material imbalance.

Thermolysis of 3c gave products analogous to those from
3a and 3b (Scheme 11). Compound 22 (2%) can be attrib-
uted to dipolar cycloaddition of the ylide from 3c to the car-
bonyl group, and the carbene from 3c afforded 23 and 24,
because we were able to isolate a product (25) of apparent
methanolysis of 24. Lactone 26 was also obtained as was
bicyclic ketone 28 (28%), possibly from rearrangement of a
dipolar intermediate 23. In the case of 3c, two dimers (29
and 30) of the putative oxirane intermediate could be ob-
tained in crystalline form suitable for single crystal X-ray
diffraction. Compound 27 is apparently the product of hy-
drolysis of a product like 29. In diastereomer 29 the 1,4-
dioxanyl ring is in the chair conformation, and it is fused cis
to the tetrahydrofuranyl rings. In diastereomer 30 the 1,4-
dioxanyl ring is in a boat conformation, and both tetrahydro-
furanyl rings are again fused cis to it. As in cases of 3a and

3b, there were other products with GC retention times simi-
lar to those of 29 and 30. Those products were probably also
dimers, isomers of 29 and 30.

In order to trap a possible intermediate, thermolysis of 3a
was carried out in the presence of dimethyl acetylenedi-
carboxylate (DMAD). The yield of 5 was reduced by a fac-
tor greater than two, and there were formed, instead, two
products isolated in essentially equal amounts, ca. 3% each,
with greater GC retention times. It was possible to isolate
those compounds, by means of semipreparative GC followed
by MPLC, and to determine that they were diastereomers 32
and 33 (Scheme 12). Structure 32 was secured by means of
single crystal X-ray diffraction while 33 was inferred from
its NMR spectrum, which was very similar to that of 32. It is
clear from the connectivity that DMAD had not intercepted
a carbonyl ylide such as 30, which is the intermediate that is
normally obtained from thermal, conrotatory ring opening of
an oxirane, but something like dipole 31 or the cation from
protonation of 31. The cation mechanism appears to fit best
because a cationic intermediate would not be likely to attack
the triple bond but it could coordinate instead to carbonyl
oxygen.

In summary dialkoxycarbenes, tethered alpha to the car-
bonyl group of cyclohexanone or cyclopentanone, react
intramolecularly with the carbonyl group to generate an in-
termediate with a new five- or six-membered ring. Dialkoxy-
oxirane intermediates could not be isolated but they were
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inferred from products of their ring opening by methanol or
water. Some novel oxirane dimers were isolated, as well as,
in each case, a bicyclic ketone.

Experimental

Preparation of oxadiazoline 3a
A solution of 2-acetoxy-2-methoxy-5,5-dimethyl-∆3-1,3,4-

oxadiazoline (1) in CH2Cl2, containing about 30% of an acy-

clic isomer (19), was treated with hydroxy ketone 2a (21)
and trifluoroacetic acid in dichloromethane. After washing
with dilute base, the organic layer was dried and the solvent
was evaporated. Chromatography of the residue (silica gel,
hexane:ethyl acetate:Et3N (85:15:0.5)) gave oxadiazoline 3a
(67% of pure product) as a colourless oil. IR (neat, KBr)
(cm–1): 2989, 2944, 2865, 1711, 1452, 1211, 1167, 1136,
914. 1H NMR (300 MHz, CDCl3, 1:1 mixture of two
diastereoisomers) δ: 4.14 (dd, J = 9.9, 5.1 Hz, 1H, OCHa),
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4.04 (dd, J = 9.9, 5.1 Hz, 1H, OCHa), 3.71 (dd, J = 9.9,
7.7 Hz, 1H, OCHb), 3.59 (dd, J = 9.9, 7.7 Hz, 1H, OCHb),
3.45 (s, 6H), 2.65 (m, 2H), 2.34 (m, 6H), 2.03 (m, 2H), 1.90
(m, 2H), 1.67 (m, 4H), 1.54 (s, 12H), 1.44 (m, 2H). 13C
NMR (75 MHz, CDCl3) δ: 210.7, 137.1, 119.3, 63.9, 52.0,
50.4, 42.2, 31.4, 24.7, 24.2, 24.1. EI-MS m/z (%): molecular
ion not observed, 225 ([M – OMe+], 3), 170 (7), 129 (15),
111 (59), 94 (47), 73 (60), 55 (100). CI-MS (NH3) m/z: 274
([M + NH4

+], 28).

Thermolysis of 3a in benzene
A solution of 3a (0.51 g, 2 mmol) in benzene (20 mL) in

a sealed tube was heated at 110°C for 18 h. Evaporation of
the solvent left a residue that was chromatographed on silica
(hexane:ethyl acetate, 90:10) to afford bicyclic ketone 5
(31%), hydroxy orthoester 6 (16%), 4 (7%), and compounds
7 (<5%).

Semipreparative gas chromatography (OV-17, 5%, helium
at 50 mL min–1; temperature program, 80°C for 5 min, in-
creased at 4°C min–1 to 250°C; retention time 26–29 min)
gave 6, which is probably a product of oxirane methanolysis,

as a semicrystalline material. A crystal suitable for X-ray
crystallography could not be obtained. Exposure of the sam-
ple to the atmosphere led to its slow hydrolysis to 9.

Product 4
Yield: 7%, colourless oil. 1H NMR (300 MHz, CDCl3) δ:

4.12 (dd, J = 8.3, 4.7 Hz, 1H), 3.57 (d, J = 8.3 Hz, 1H), 3.35
(s 3H), 2.20 (m, 1H), 2.03 (m, 1H), 1.44 (s, 6H), 1.4–1.85
(m, 7H). 13C NMR (75 MHz, CDCl3) δ: 126.5, 108.8, 87.6,
71.0, 51.4, 44.6, 32.1, 29.3, 28.1, 28.0, 23.5, 23.0. EI-MS
m/z (%): 229 ([M + 1]+, 4), 213 (55), 154 (45), 153 (48),
111 (41), 93 (100), 81 (66), 55 (84), 43(80). Compound 4 in
CDCl3 was converted rapidly to lactone 9 during storage.

1-Methoxy-8-oxa-9-oxobicyclo[4.2.1]nonane (5)
Yield: 31%, colourless oil. IR (neat) (cm–1): 2938, 2866,

1767, 1456, 1189, 1158, 1075, 998. 1H NMR (200 MHz,
CDCl3) δ: 4.34 (dd, J = 8.8, 5.2 Hz, 1H), 4.07 (d, J = 8.8 Hz,
1H), 3.28 (s, 3H), 2.67 (m, 1H), 1.15–1.90 (m, 8H). 13C
NMR (50 MHz, CDCl3) δ: 216.0, 104.9, 70.3, 51.1, 45.6,
33.0, 31.2, 23.7, 22.6. EI-MS m/z (%): 171 ([M + 1]+, 15),
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142 (42), 110 (68), 83 (55), 74 (100), 53 (92), 41 (100). CI-
MS (NH3) m/z: 188 ([M + NH4]

+, 100).

Product 6
Semicrystalline. 1H NMR (500 MHz, CDCl3) δ: 3.80 (dd,

J = 14.4, J = 2.5 Hz, 2H), 3.39 (s, 3H), 3.35 (s, 3H), 2.43 (d,
J = 1.4, 1H), 2.37 (m, 1H), 1.44–1.90 (m, 6H). EI-MS m/z
(%): 171 ([M – OMe]+, 100), 147 (18), 112 (73), 97 (56), 83
(23), 69 (14). Compound 6 was rapidly converted to lactone
9 during storage.

Product 7a
Colourless crystals, mp 118°C. 1H NMR (200 MHz,

C6D6) δ: 4.02 (t, J = 7.8 Hz, 2H), 3.50 (dd, J = 7.8, 4.1 Hz,
2H), 3.45 (s, 6H), 2.68 (m, 2H), 2.13 (m, 2H), 1.94 (m, 2H),
1.69–1.55 (m, 6H) 1.40–1.26 (m, 6H). 13C NMR (50 MHz,
C6D6) δ: 116.7, 79.6, 68.9, 48.7, 42.5, 29.9, 25.2, 22.3, 22.2.

EI-MS m/z (%): 341 ([M + 1]+, 100), 340 ([M]+, 78), 339
(46), 154 (100), 153 (22), 139 (19), 109 (21), 95 (29), 79
(30). The connectivity and stereochemistry of 7a were estab-
lished by means of single crystal X-ray diffraction.

Product 7b
Colourless crystals, mp 148°C. 1H NMR (200 MHz,

C6D6) δ: 4.21 (t, J = 7.7 Hz, 2H), 3.45 (s, 6H), 3.21 (dd, J =
7.7, 3.3 Hz, 2H), 2.25 (m, 2H), 1.44–1.98 (m, 16H). 13C
NMR (50 MHz, C6D6) δ: 117.6, 80.0, 70.1, 48.1, 43.4, 31.6,
28.6, 23.5, 23.3.

Hydroxy lactone 9
Yield: 16% (formed during chromatography), colourless

crystals, mp 129°C. IR (neat, KBr) (cm–1): 3420 (br), 2972,
2879, 1769, 1439, 1372, 1211, 1161, 1011, 970. 1H NMR
(200 MHz, CDCl3) δ: 4.40 (dd, J = 8.6, 7.0 Hz, 1H), 4.05
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(dd, J = 8.6, 7.5 Hz, 1H), 2.68 (br s 1H), 2.50 (m 1H), 1.32–
1.93 (m, 8H). 13C NMR (50 MHz, CDCl3) δ: 179.1, 73.2,
69.2, 41.0, 31.6, 23.6, 21.8, 21.0. EI-MS m/z (%): molecular
ion not observed, 154 (13), 112 (42), 97 (57), 83 (78), 55
(100). CI-MS (NH3) m/z: 174 ([M + NH4]

+, 100). The con-
nectivity and stereochemistry of 9 were established by
means of single crystal X-ray diffraction.

Synthesis of 3b
A solution in CH2Cl2 of 2-acetoxy-2-methoxy-5,5-

dimethyl-∆3-1,3,4-oxadiazoline (1), containing about 40% of
an acyclic isomer (19), was treated with hydroxy ketone 2b
and trifluoroacetic acid in dichloromethane. After washing
with dilute base, the organic layer was dried and the solvent
was evaporated. Chromatography of the residue gave pure
oxadiazoline 3b (57%) as a colorless oil. IR (neat) (cm–1):
2961, 2885, 1744, 1449, 1212, 1136, 1125, 1108, 921. 1H
NMR (300 MHz, CDCl3, 1:1 mixture of two diastereomers)
δ: 3.70–3.85 (m, 4H, -OCH2), 3.43 (s, 3H, -OCH3), 3.42 (s,
3H, -OCH3), 2.43–1.50 (m, 18H), 1.53 (s, 12H). 13C NMR
(75 MHz, CDCl3) δ: 220.7, 137.1, 119.2, 63.1, 52.0, 46.4,
38.0, 29.8, 29.6, 24.3, 24.2, 20.9. EI-MS m/z (%): molecular
ion not observed, 181, 153 (100), 129, 112, 111, 83 (100).
CI-MS (NH3) m/z: 274 ([M + NH4]

+).

Thermolysis of 3b
A solution of 3b (0.51 g, 2 mmol) in benzene (20 mL) in

a sealed tube was heated at 110°C for 20 h. Evaporation of
the solvent left a residue that was chromatographed on silica
(hexane:ethyl acetate, 90:10) to afford bicyclic ketone 17
(33%), hydroxyorthoester 18 (~10% after thermolysis), and
dimer 19 (ca. 4%).

Product 17
Yield: 33%, colourless oil. IR (neat) (cm–1): 2946, 2861,

1740, 1464, 1452, 1164, 1064, 1044. 1H NMR (300 MHz,
CDCl3) δ: 4.09 (dd, J = 11.8, 6.1 Hz, 1H), 3.60 (d, J = 12.2,
J = 4.4, Hz, 1H), 3.39 (s 3H), 2.86 (m, 1H), 1.51–2.26 (m,
8H). 13C NMR (75 MHz, CDCl3) δ: 212.8, 102.5, 65.0, 50.4,
45.4, 40.5, 35.9, 32.0, 17.9. HR-MS m/z calcd. for C9H14O3:
170.0943; found: 170.0969.

Product 18
Only a few colourless crystals could be obtained for X-ray

diffraction. The compound hydrolysed spontaneously to the
corresponding hydroxylactone.

Product 19
Colourless crystals, yield ca. 3%. 1H NMR (200 MHz,

CDCl3) δ: 3.77 (m, 4H), 3.28 (s, 6H, -OCH3), 2.73 (m, 2H),
2.18–1.32 (m, 16H). 13C NMR (75 MHz, CDCl3) δ: 108.9,
84.9, 61.4, 47.9, 42.6, 33.5, 27.8, 27.2, 20.9. The structure
and stereochemistry were confirmed by means of single
crystal X-ray diffraction.

Synthesis of 3c
A solution in CH2Cl2 of 2-acetoxy-2-methoxy-5,5-

dimethyl-∆3-1,3,4-oxadiazoline (1), containing about 40% of
an acyclic isomer (19), was treated with hydroxy ketone 2c
and trifluoroacetic acid in dichloromethane. After washing
with dilute base, the organic layer was dried and the solvent

was evaporated. Chromatography of the residue gave pure
oxadiazoline 3c (60%) as a colorless oil. IR (neat) (cm–1):
2959, 2888, 1742, 1458, 1211, 1140, 1104, 917. 1H NMR
(300 MHz, CDCl3, mixture of two diastereoisomers) δ:
3.81–4.02 (overlapping multiplets, 4H), 3.43 (s, 3H), 3.42 (s,
3H), 1.60–2.42 (m, 14H), 1.54 (s, 6H), 1.53 (s, 3H), 1.52 (s,
3H). 13C NMR (75 MHz, CDCl3) δ: 218.5, 136.9, 119.5,
63.6, 63.5, 52.0, 48.8, 38.7, 27.0, 24,3, 24.1, 20.9. EI-MS
m/z (%): molecular ion not observed, 211 ([M – OMe]+, 9),
173 (38), 139 (11), 129 (10), 97 (100), 84 (26), 69 (100). CI-
MS (NH3) m/z: 260 ([M + NH4]

+, 58).

Thermolysis of 3c
A solution of 3c (0.51 g, 2 mmol) in benzene (20 mL) in a

sealed tube was heated at 110°C for 20 h. Evaporation of the
solvent left a residue that was chromatographed on silica
(hexane:ethyl acetate, 90:10) to afford bicyclic ketone 28
(28%), 25 (10% isolated, unstable compound, hydrolysing,
in part, to hydroxylactone 26 during the separation proce-
dure), product 22 (2% isolated, undergoes hydrolyses to α-
hydroxylactone 26), hydroxylactone 26, product 27, some of
which could have hydrolysed to 26 during TLC separation
(5% isolated), and dimers 29 and 30 (about 3% each).

Product 22
Colourless oil. 1H NMR (200 MHz, C6D6) δ: 4.09 (dd, J =

9.0 Hz, J = 6.4 Hz, 1H), 3.62 (s, 3H), 3.47 (dd, J = 9.0, J =
2.9 Hz, 1H), 2.57 (m, 1H), 2.32 (m, 1H), 2.0–1.55 (m, 4H),
1.54 (s, 3H), 1.50 (s, 3H), 1.27 (m, 1H). 13C NMR (50 MHz,
C6 D6) δ: 124.8, 109.4, 98.1, 70.9, 51.1, 50.1, 34.2, 31.3,
28.1, 27.7, 25.5. Product 22 hydrolysed easily to 26.

Product 25
Colourless oil. IR (neat) (cm–1): 3510 (br), 2954, 2881,

1449, 1365, 1168, 1135, 1113, 1045, 982. 1H NMR
(500 MHz, CDCl3) δ: 3.92 (t, J = 10.1 Hz, 1H), 3.37 (dd, J =
10.2, J = 5.6 Hz, 1H), 3.34 (s, 3H), 3.31 (s, 3H), 2.88 (br. s,
1H), 2.34 (m, 1H), 1.98–2.10 (m, 2H), 1.72–1.80 (m, 3H),
1.45 (m, 1H). 13C NMR (125 MHz, CDCl3) δ: 118.2, 90.6,
69.6, 51.5, 50.7, 47.9, 35.1, 32.6, 26.1. EI-MS m/z (%): 189
([M + 1]+, 5), 157 ([M – OMe]+, 100), 98 (10), 75 (8).

Product 26
Colourless oil. IR (neat) (cm–1): 3425 (br), 2962, 2876,

1765, 1446, 1383, 1211, 1156, 1008, 978. 1H NMR
(200 MHz, C6D6) δ: 3.74 (t, J = 9.3 Hz, 1H), 3.04 (dd, J =
9.4, J = 5.8 Hz, 1H), 2.91 (br s, 1H), 2.29 (m, 1H), 2.00–
0.85 (m, 6H). 13C NMR (50 MHz, C6D6) δ: 179.5, 83.6,
71.1, 46.4, 39.0, 31.3, 24.8. EI-MS m/z (%): 143 ([M + 1]+,
41), 112 (10), 98 (94), 97 (100), 83 (19). CI-MS (NH3) m/z:
160 ([M + NH4]

+, 100).

Product 27
Colourless oil. IR (neat) (cm–1): 3051, 2954, 2875, 1754,

1642, 1441, 1364, 1202, 1074, 1018, 929. 1H NMR
(200 MHz, C6D6) δ: 5.69 (m, 1H), 4.97 (m, 2H), 4.04 (dd,
J = 9.1, J = 6.2 Hz, 1H), 3.69 (s, 3H), 3.43 (dd, J = 9.1, J =
1.6 Hz, 1H), 3.37 (s, 3H), 2.47 (m, 1H), 1.50–2.25 (m, 12H).
13C NMR (125 MHz, C6D6) δ: 171.1, 138.4, 127.1, 115.2,
106.8, 98.7, 71.7, 51.7, 50.1, 36.0, 33.8, 32.7, 31.6, 25.9,
22.1. EI-MS m/z (%): 264 (9), 254 (100), 253 ([M – CO-
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(OCH3)]
+, 45). HR-MS m/z calcd. for C16H24O6: 312.1573;

found: 312.1555. Compound 27 hydrolysed readily to 26.

Product 28
Colourless oil. IR (neat) (cm–1): 2947, 2888, 1774, 1449,

1330, 1178, 1094, 959, 721. 1H NMR (200 MHz, CDCl3) δ:
4.28 (dd, J = 8.4 Hz, J = 4.5 Hz, 1H), 4.21 (t, J = 8.4 Hz,
1H), 3.36 (s, 3H), 2.60 (m, 1H), 1.60–2.15 (m, 6H). 13C
NMR (125 MHz, CDCl3) δ: 211.9, 102.5, 67.8, 52.0, 45.3,
40.8, 34.6, 18.6. EI-MS m/z (%): 157 ([M + 1]+, 5), 128
(58), 113 (10), 97 (32), 84 (20), 74 (100). CI-MS (NH3) m/z:
174 ([M + NH4]

+, 100).

Product 29
1H NMR (200 MHz, C6D6) δ: 4.22 (t, J = 8.6 Hz, 2H),

3.38 (s, 6H), 3.32 (dd, J = 8.6, J = 5.3 Hz, 2H), 2.87 (m,
2H), 2.27 (m, 2H), 1.45–2.05 (m, 10H). 13C NMR (50 MHz,
C6D6) δ: 115.2, 92.1, 69.6, 49.2, 47.3, 36.4, 31.5, 25.4. EI-
MS m/z (%): 312 ([M]+, 2), 281 ([M – OCH3]

+, 9), 141 (81),
140 (100), 139 (63), 112 (62), 111 (42), 79 (27). The struc-
ture and stereochemistry were secured by means of single
crystal X-ray diffraction. The structure of 30, an isomer of
29, was also determined by means of single crystal X-ray
diffraction.

Thermolysis of 3a in the presence of dimethyl acetylene-
dicarboxylate (DMAD)

A solution of 3a (0.26 g, 1 mmol) and DMAD (1.3 mmol)
in benzene (10 mL) in a sealed tube was heated at 110°C for
20 h. Evaporation of the solvent left a residue that was
chromatographed on silica (hexane:ethyl acetate, 90:10) to
afford a mixture of diastereomers 32 and 33. The diastere-
omers were separated with a Merck (LOBAR, MPLC) silica
column, eluent EtOAc–hexane, 10:90).

Product 32
Colourless oil, yield: 3%. IR (neat) (cm–1): 2950, 2860,

2248, 1724, 1439, 1254, 1062, 909. 1H NMR (300 MHz,
CDCl3) δ: 4.28 (dd, J = 8.5, J = 4.6 Hz, 1H), 3.77 (s, 3H),
2.69 (d, J = 8.5 Hz, 1H), 3.34 (s, 3H), 3.55 (s, 3H), 3.47 (s,
3H), 2.3 (br. m, 1H), 2.12 (m, 1H), 1.30–1.85 (m, 8H). 13C
NMR (75 MHz, CDCl3) δ: 153.2, 126.8, 111.5, 90.2, 80.9,
72.8, 71.8, 52.9, 51.8, 51.4, 43.4, 29.8, 27.8, 23.1, 22.6. EI-
MS m/z (%): molecular ion not observed, 281 ([M – CO]+,
32), 229 (13), 140 (35), 111 (100), 93 (64).

Product 33
Colourless crystals, yield: 3%, mp 68°C. 1H NMR

(300 MHz, CDCl3) δ: 4.19 (dd, J = 8.6, J = 4.3 Hz, 1H),
3.77 (s, 3H), 3.61 (d, J = 8.7 Hz, 1H), 3.56 (s, 3H), 3.40 (s,
3H), 2.25 (br m, 1H), 2.14 (m, 1H), 1.30–1.90 (m, 8H). 13C
NMR (75 MHz, CDCl3) δ: 153.0, 127.0, 112.0, 88.8, 79.5,
72.8, 71.3, 52.9, 52.0, 51.5, 43.8, 30.6, 27.7, 23.1, 22.7. The
structure of 33 (Scheme 12) was determined by means of
single crystal X-ray diffraction.
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Generation of 6-methylene-2,4-cyclohexadienyli-
deneketene by flash photolysis of benzocyclo-
butenone in aqueous solution and study of the
reactions of this ketene in that medium

Y. Chiang, A.J. Kresge, and H.-Q. Zhan

Abstract: Flash photolysis of benzocyclobutenone in aqueous solution produced a transient species with a microsecond
lifetime whose rates of decay were measured in perchloric acid, sodium hydroxide, and buffer solutions over the acid-
ity range [H+] 1 × 10–13 – 100 M. This produced a rate profile, isotope effects, and buffer behaviour typical of ketene
reactions, and that, together with product identification, served to identify this transient as 6-methylene-2,4-cyclohexa-
dienylideneketene, formed by electrocyclic opening of the four-membered ring of benzocyclobutenone. Comparison of
rates of reaction of this ketene with those of its saturated analog, pentamethyleneketene, produced some expected as
well as some unexpected results.

Key words: cyclobutenone chemistry, electrocyclic ring opening, ketene hydration, rate profile, solvent isotope effects.

Résumé : La photolyse éclair de la benzocyclobuténone en solution aqueuse produit une entité transitoire de temps de
vie de la microseconde dont on a mesuré les vitesses de décroissance dans l’acide perchlorique, l’hydroxyde de sodium
et des solutions tampons dont l’acidité [H+] s’étale de 1 × 10–13 à 100. Sur la base de ces données, on a établi que le
profil de vitesse de réaction, les effets isotopiques et le comportement vis-à-vis des tampons sont typiques des réactions
des cétènes et, en les combinant à l’identification du produit, on a pu établir que cette entité transitoire est le 6-méthy-
lènecyclohexa-2,4-diénylidènecétène qui se forme par une ouverture électrocyclique du cycle à quatre chaînons de la
benzocyclobuténone. Une comparaison des vitesses de réaction de ce cétène avec celles de son analogue saturé, penta-
méthylènecétène, a conduit à des résultats dont quelques-uns étaient attendus alors que d’autres étaient inattendus.

Mots clés : chimie de la cyclobuténone, ouverture électrocyclique de cycle, hydratation d’un cétène, profil de vitesse de
réaction, effets isotopiques de solvant.

[Traduit par la Rédaction] Chiang et al. 611

Introduction

Three decades ago, Don Arnold, studying the photo-
chemistry of benzocyclobutenone (1) (1) corroborated an
earlier observation (2) that irradiation of this ketone in meth-
anol solution produced methyl 2-methylbenzoate (3). He
then postulated that this reaction occured through electro-
cyclic opening of the four-membered ring to give 6-
methylene-2,4-cyclohexadienylideneketene (2) followed by
the well-known addition of alcohols to ketenes to form the
ester product (eq. [1]).

Support for this hypothesis was provided by subsequent
observations (3) that irradiation of benzocyclobutenone in
low-temperature hydrocarbon matrices converts it into an
unstable but observable substance with UV and IR spectral
properties expected of 6-methylene-2,4-cyclohexadienyli-
deneketene. Additional evidence for this structural assign-
ment came from a room-temperature flash photolytic study
of benzocyclobutenone in ether solution that showed genera-
tion and decay of a transient species whose pattern of reac-
tivity with added reagents agreed with expectation for this
ketene (4).

We now add to these previous investigations a flash
photolytic study of benzocyclobutenone in aqueous solution.
This has allowed comparison of rates of hydration of 6-
methylene-2,4-cyclohexadienylideneketene with those of
other ketenes, and that has revealed some interesting features
concerning the reactivity of this substance.

Can. J. Chem. 81: 607–611 (2003) doi: 10.1139/V03-038 © 2003 NRC Canada
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Experimental section

Materials
Benzocyclobutenone, a gift from Dr. P. Schiess, was made

by flash vacuum pyrolysis of 2-methylbenzoyl chloride (5).
2-Methylbenzamide was prepared by treating 2-methyl-
benzoyl chloride (6) with concentrated aqueous ammonia
(7). All other materials were the best available commercial
grades.

Kinetics
Rate measurements were made using a nanosecond,

eximer laser flash photolysis system operating at λ exc =
248 nm that has already been described (8), and reactions
were followed by monitoring absorbance decay at λ =
400 nm. Initial substrate (benzocyclobutenone) concentra-
tions were ca. 1 × 10–5 M, and the temperature of all react-
ing solutions was controlled at 25.0 ± 0.05°C. The rate data
so obtained conformed to the first-order rate law well, and
observed first-order rate constants were obtained by least-
squares fitting of a single exponential function.

Product analyses
Product compositions were determined by HPLC using a

Varian Vista 5500 instrument with a NovoPak C18 reverse-
phase column and methanol–water (50:50, v/v) as the eluent.
Reaction solutions containing substrate at similar concentra-
tions as used for the kinetic measurements (ca. 1 × 10–5 M)
were subjected to a single pulse from a microsecond flash
photolysis system (9), and products were identified by com-
paring retention times and UV spectra with those of authen-
tic samples.

Results and discussion

Reaction identification
Flash photolysis of benzocyclobutenone in aqueous solu-

tion produced a transient species with strong absorbance at
λ = 400 nm. This is the wavelength at which 6-methylene-
2,4-cyclohexadienylideneketene showed a strong absorption
band when generated in low-temperature matrices (3) or in
ether solution at room temperature (4), which indicates that
this ketene is generated by irradiation of this precursor in an
aqueous solvent just as in these other media. Additional sup-
port for this conclusion comes from the fact that 2-methyl-
benzoic acid (4) was found to be the only product formed by
flash photolysis of benzocyclobutenone in unbuffered water
and in 0.001 M aqueous perchloric acid solution (eq. [2])
consistent with the known proclivity of ketenes to react with
water giving carboxylic acid products (10a).

In aqueous ammonium ion – ammonia buffers, 2-methyl-
benzamide (5) was formed as well (eq. [3]) which again is
consistent with the known reaction of ketenes with ammonia
and amines to give amide products (10b, 11).

Rate profile
Rates of decay of 6-methylene-2,4-cyclohexadienylidene-

ketene were measured in aqueous perchloric acid and so-
dium hydroxide solutions and in acetic acid, biphosphate
ion, tris-(hydroxymethyl)methylammonium ion, and ammo-
nium ion buffers. The ionic strength of these solutions was
maintained at 0.10 M through the addition of sodium per-
chlorate as required, except in the case of perchloric acid so-
lutions at concentrations greater than 0.1 M, where the ionic
strength was equal to the acid concentration. These data are
summarized in Tables S1-S3.2

The measurements in buffers were made using series of
solutions of varying buffer concentration but constant buffer
ratio and therefore, because the ionic strength was constant,
constant hydronium ion concentration. In each solution se-
ries, observed first-order rate constants proved to be linear
functions of buffer concentration, and the data were there-
fore analyzed by least-squares fitting of the buffer dilution
expression shown as eq. [4]. The zero-buffer-

[4] kobs = kintcpt + kbuff[buffer]

concentration intercepts obtained in this way (kintcpt), to-
gether with the rate constants obtained in perchloric acid and
sodium hydroxide solutions, are displayed as the rate profile
shown in Fig. 1. Hydronium ion concentrations of the buffer
solutions needed for this purpose were obtained by calcula-
tion using acidity constants of the buffer acids from the liter-
ature and activity coefficients recommended by Bates (12).

This rate profile shows a long uncatalyzed portion extend-
ing from [H+] = 1 × 10–1 to [H+] = 1 × 10–11, with weak hy-
droxide ion catalysis and even weaker hydronium ion
catalysis. Such behavior is typical of ketene hydrations,
where the hydroxide ion reaction is only moderately faster
than uncatalyzed hydration and acid catalysis is often not
observed.3 This profile therefore provides further evidence
that the transient species observed is a ketene.

As is often the case for acid-catalyzed reactions in con-
centrated acid solutions, rates of hydration of 6-methylene-
2,4-cyclohexadienylideneketene in perchloric acid solutions
more concentrated than 0.1 M increased more steeply than
in direct linear proportion to acid concentration. The data
were therefore treated by the Cox–Yates method using the
Xo excess acidity function (14). The analysis was done by
least-squares fitting of eq. [5], where H+

[5] kobs = kuc + kH + [H+]10mXo

© 2003 NRC Canada
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2 Tables of rate data (Tables S1–S4) have been deposited and may be purchased from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa ON, K1A OS2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information
on ordering electronically).

3 See, for example, ref. (13).
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represents the hydronium ion, with [H+] and Xo as independ-
ent variables, and kuc, kH + , and m as parameters to be deter-
mined by the fit. This gave kuc = (1.35 ± 0.01) × 105 s–1,
kH + = (1.45 ± 0.03) × 105 M–1 s–1, and m = 1.20 ± 0.03. This
value of m was then used to calculate the quantity [H+]10mXo ,
which was used as the abscissa for the rate profile of Fig. 1.
Because Xo becomes equal to zero at hydronium ion concen-
trations less than 0.1 M, and 10mXo consequently becomes
equal to unity, [H+]10mXo differs from [H+] only at [H+] >
0.1.

With this definition of the abscissa, the rate law that
applies to the rate profile of Fig. 1 is the expression shown
in eq. [6]. Least-squares fitting of this expression gave
kH + = (1.44 ± 0.01) × 105 M–1 s–1, kuc = (1.35 ± 0.01) ×
105 s–1, and kHO− = (9.26 ± 0.06) × 106 M–1 s–1. It is

[6] kobs = kH + [H+]10mXo + kuc + kHO− [HO–]

gratifying that the values of kH + and kuc obtained in this way
are in excellent agreement with those produced by the Cox–
Yates analysis of the perchloric acid data.

It has been observed that substituent effects on the rates of
uncatalyzed ketene hydration (kuc) are remarkably similar to
those on the rates of hydroxide-ion catalyzed hydration
( )kHO− and this similarlity has been used to support a com-
mon nucleophilic reaction mechanism for both processes
(10a). It has also led to the good correlaton of rate constants
for these two reactions illustrated in Fig. 2 (15). This figure
also shows that the presently determined data fit this correla-
tion well, thus substantiating identification of the presently
observed transient species as 6-methylene-2,4-cyclohexadi-
enylideneketene.

Isotope effects
Rates of hydration of 6-methylene-2,4-cyclohexadi-

enylideneketene were also measured in moderately concen-
trated solutions of HCl in H2O and DCl in D2O. These data
are summarized in Table S42 and are displayed in Fig. 3.

Once again, observed rate constants increased more
steeply than in direct proportion to acid concentration, and
the Cox–Yates method (14) using the Xo scale for HCl (16)
was used to analyze the data. The Xo scale has not been de-
termined for DCl in D2O solution, but other acidity func-

tions are known to be the same for D2O as for H2O solutions
of hydrochloric (17) and perchloric (18) acids when the
comparison is made at the same molar acid concentration. It
seems reasonable to assume that the same would be true for
the Xo scale, and values of Xo for HCl in H2O were therefore
used for the D2O solutions.

Least-squares analysis using eq. [5] gave kuc = (1.37 ±
0.02) × 105 s–1, kH + = (1.39 ± 0.09) × 105 M–1 s–1, and m =
(1.64 ± 0.17) for the H2O solutions and kuc = (9.35 ± 0.01) ×
104 s–1, kD+ = (4.66 ± 0.02) × 105 M–1 s–1, and m = (1.40 ±
0.10) for the D2O solutions. These values of kuc and kH +

agree well with those determined for H2O solutions of
HClO4 (vide supra). The difference between the HCl and
HClO4 values of m, on the other hand, is somewhat greater
than their combined standard deviations, suggesting that me-
dium effects are not quite the same in concd HCl as in concd
HClO4 solutions.

These data provide the isotope effects kH + /kD+ = 2.98 ±
0.25 and (kuc)H O2

/(kuc)D O2
= 1.46 ± 0.03. Acid-catalyzed

hydration of ketenes is known to occur by rate-determining
protonation of the β-carbon atom of the ketene, followed by
rapid reaction of the acylium ion thus formed with water

© 2003 NRC Canada
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Fig. 1. Rate profile for the hydration of 6-methylene-2,4-
cyclohexadienylideneketene in aqueous solution at 25°C.

Fig. 2. Correlation of rates of uncatalyzed (kuc) and hydroxide-
ion-catalyzed (kHO − ) ketene hydration; 6-methylene-2,4-cyclo-
hexadienylideneketene (�), other ketenes (O).

Fig. 3. Reaction of 6-methylene-2,4-cyclohexadienylideneketene
in aq HCl–H2O (O) and DCl–D2O (∆) solutions at 25°C.
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(10c, 19). In the present case, protonation is more likely to
occur on the exo-carbon atom of the methylene group, be-
cause that will regenerate a benzene ring and benefit from a
gain of benzene resonance energy (eq. [7]). In any event,
there will be a hydron in flight in

the rate-determining step of this reaction and the isotope ef-
fect will consequently have a primary component. It will,
however, have an inverse secondary component as well, pro-
duced by tightening of the hydrogen–oxygen bonds of the
transition state moiety on its way to becoming a water mole-
cule. The isotope effect observed (kH + /kD+ = 2.98) is in fact a
typical value for such a process (20).

Uncatalyzed hydration of ketenes, on the other hand, oc-
curs through nucleophilic attack of a water molecule on the
carbon atom of the ketene carbonyl group, generating an
enol intermediate, which then ketonizes in a fast subsequent
step (10a, 15) (eq. [8]). Formation of the

enol could occur either through a zwitterion, or the
zwitterion could be avoided by simultaneous proton shuf-
fling. In either case, the solvent isotope effect would be
small because there would be no primary component; in
zwitterion formation because no hydron transfer takes place,
and in simultaneous proton shuffling because the hydron
transfer here is between oxygen atoms with the hydron lying
in a stable potential well at the transition state and conse-
quently not being in flight (21). The isotope effect observed
(kH/kD = 1.46) is a typical value for such a process (15).

Reaction in buffers
The rate measurements in acetic acid and ammonium ion

buffers were each made at four different buffer ratios, which
allowed separation of the buffer-dependent rate constants of
eq. [4] (kbuff) into their buffer base (kB) and buffer acid (kHA)
components. This was done through the use of eq. [9], in
which fA is the fraction of buffer present in the acid form.

[9] kbuff = kB + (kHA – kB)fA

Least-squares fitting of this equation gave kB = (1.23 ±
0.07) × 106 M–1 s–1 and kHA = –(8.84 ± 5.26) × 104 M–1 s–1 for
the acetic acid buffers, and kB = (1.72 ± 0.11) × 106 M–1 s–1

and kHA = (1.76 ± 8.99) × 104 M–1 s–1 for the ammonium ion
buffers. In both cases, therefore, the buffer-dependent reaction
was wholly of the basic type.

A similar analysis could not be carried out for the
biphosphate and tris-(hydroxymethyl)methylammonium ion
buffers because measurements here were made at only one
buffer ratio. It seems fair to assume, however, that the
buffer-dependent reaction here was also wholly of the basic
type, inasmuch as the acid and base strengths of the compo-
nents of these buffers lie between those (acetic acid and am-
monium ion) for which analysis using eq. [9] showed only a

base reaction. Using this reasonable assumption, the buffer-
dependent rate constants for the biphosphate and tris-
(hydroxymethyl)methylammonium buffers (kbuff) were trans-
formed into buffer base rate constants. The results, together
with the buffer base rate constants obtained from acetic acid
and ammonium ion buffers, are listed in Table 1.

Inspection of Table 1 shows that the reactivity of the buffer
bases does not increase regularily with buffer base strength, as
it would if the buffer bases were acting as proton transfer
agents. Tris-(hydroxymethyl)methylamine, for example, is a
stronger base than either acetate or hydrogen phosphate ions,
and yet its rate of reaction is only a quarter of that of the ions.
The reactivity order shown by Table 1, on the other hand, is
what might be expected if the buffer bases were reacting as
nucleophiles: tris-(hydroxymethly)methylamine, with its large
bulk, should be a poorer nucleophile than the other smaller
bases of this table. Bases, of course, react with ketenes as
nucleophiles and not as proton transfer agents (11), and the
data in Table 1, therefore, provide still more evidence that the
substance produced by photolysis of benzocyclobutenone is
6-methylene-2,4-cyclohexadienylideneketene.

Reactivity
Rates of hydration of the presently studied ketene are con-

siderably faster than those of other ketenes whose reactions
do not convert a cyclohexadienyl structure into an aromatic
benzene ring. The data assembled in Table 2 provide a com-
parison with pentamethyleneketene (15), a substrate also
possessing a six-membered carbocyclic ring. It may be seen
that the present ketene is the much more reactive substance,
by a factor of 1500, corresponding to a free energy of activa-
tion difference of δG≠ = 4.3 kcal mol–1, for the hydroxide-
ion-catalyzed process and by a factor of 5900 or δ∆G≠ =
5.1 kcal mol–1 for the uncatalyzed reaction. The greater dif-
ference for the slower uncatalyzed hydration is of course
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Base pKa (BH) kB (106 M–1 s–1)

CH3CO2
− 4.76 1.23

HPO4
2− 7.20 1.01

(CH2OH)3CNH2 8.07 0.283
NH3 9.25 1.72

aIonic strength = 0.10 M (NaClO4).

Table 1. Buffer base rate constants (kB) for the reaction of 6-
methylene-2,4-cyclohexadienylideneketene in aqueous solution at
25°C.a

Substrate kHO − (M–1 s–1) kuc (s–1) kH + (M–1 s–1)

9.26 × 106 1.35 × 105 1.44 × 105

6.24 × 103 2.30 × 101 2.78 × 103

aAqueous solution, 25°C; data for pentamethyleneketene from ref. (15).

Table 2. Comparison of rates of hydration of 6-methylene-2,4-
cyclohexadienylideneketene with those of an analogous ketene
not having a cyclohexadienyl structure.a
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understandable as operation of the reactivity–selectivity
principle.

The hydronium-ion-catalyzed reaction of 6-methylene-
2,4-cyclohexadienylideneketene is also faster than that of
pentamethyleneketene, but now the difference, a factor of 52
or δ∆G≠ = 2.3 kcal mol–1, is much less than those for the hy-
droxide ion and uncatalyzed processes. This is surprising,
because the hydronium ion catalysis of 6-methylene-2,3-
cyclohexadienylideneketene hydration presumably takes
place by rate-determining proton transfer to the exo-carbon
atom of the methylene group, as shown in eq. [7]. This im-
mediately converts a cyclohexadienyl structure into an aro-
matic ring and profits from a gain in benzene resonance
energy. The hydroxide-ion-catalyzed and uncatalyzed reac-
tions, on the other hand, occur by nucleophilic attack on the
ketene’s carbonyl carbon atom (10a, 15), as illustrated for
the uncatalyzed process in eq. [8]. Because this nucleophilic
attack occurs in the ketene molecular plane (4), it puts nega-
tive charge into an orbital that is orthogonal to the cyclo-
hexadienyl π system. Delocalization of this charge into the π
system therefore does not occur, and this suggests that
aromatization of the cyclohexadienyl ring in the reaction’s
rate-determining transition state does not take place; the re-
action therefore does not benefit from a gain in benzene res-
onance energy.

These arguments lead to the expectation that hydronium-
ion-catalyzed hydration of 6-methylene-2,4-cyclohexadi-
enylideneketene should be faster than that of pentamethyl-
eneketene by an amount greater than those for the
hydroxide-ion-catalyzed and uncatalyzed reactions, contrary
to the data presented in Table 2. The reason for this unex-
pected difference is not clear.
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Compounds of chromium(VI): The pyridine –
chromic anhydride complex, benzimidazolinium
dichromate, and three 2-alkyl-1H-benzimida-
zolinium dichromates

T. Stanley Cameron, Jason A.C. Clyburne, Pramod K. Dubey, J. Stuart Grossert,
K. Ramaiah, J. Ramanatham, and Sergei V. Sereda

Abstract: Pyridine, when allowed to react with chromic anhydride under strictly anhydrous conditions, gives the
known, very air-sensitive, crystalline 2:1 Lewis acid–base complex 1. The crystal structure has now been successfully
determined. When benzimidazole and three 2-alkyl-1H-benzimidazoles were treated with chromium trioxide in aqueous
acetic acid, crystalline dichromate salts (2–5) were readily formed. These salts consist of dichromate anions linked to
the cations by hydrogen bonds of the type N—H···O. The chromium atoms have distorted tetrahedral environments,
with the Cr—O distances being typical for dichromate anions. In the cases of the 2-methyl and 2-ethyl salts, the anions
are disordered about a centre of inversion. The hydrogen bonding arrangements are discussed and the structures are
compared with other oxygenated chromium(VI) species. The dichromate salts are useful selective oxidants for a range
of primary and secondary alcohols; examples of these reactions are reported.

Key words: chromium(VI), pyridine – chromium trioxide complex, benzimidazolinium dichromate salts, controlled oxi-
dation of alcohols.

Résumé : La réaction de la pyridine avec de l’anhydride chromique dans des conditions strictement anhydres fournit le
complexe acide–base de Lewis 2:1 (1), un composé cristallin bien connu et très sensible à l’air. On en a maintenant
déterminé la structure cristalline. Le traitement du benzimidazole et de trois 2-alkyl-1H-benzimidazoles par le trioxyde
de chrome en solution acétique aqueuse conduit à la formation facile de dichromates cristallins (2–5). Ces sels sont
constitués d’anions dichromates liés à des cations par des liaisons hydrogènes du type N—H···O. Les atomes de
chrome se trouvent dans des environnements tétraédriques déformés dans lesquels les distances Cr—O sont typiques
pour des anions de dichromate. Dans les cas des sels comportant des substituants 2-méthyle ou 2-éthyle, les anions
sont désordonnés autour d’un centre d’inversion. On discute des arrangements des liaisons hydrogènes et on compare
les structures avec celles d’autres espèces oxygénées du chrome(VI). Les dichromates sont utiles comme oxydants sé-
lectifs pour tout un éventail d’alcools primaires et secondaires; on rapporte des exemples de telles réactions.

Mots clés : chrome(VI), complexe pyridine – trioxyde de chrome, dichromate de benzimidazolinium, oxydation con-
trôlée d’alcools.

[Traduit par la Rédaction] Cameron et al. 619

Introduction

Benzimidazoles constitute an important group of hetero-
cyclic compounds which possess a wide spectrum of biolog-
ical activity. There have been few reports of 2-substituted
benzimidazoles containing sulphur and recent work towards
this goal (1, 2) has involved an attempted oxidization at the

benzylic position of 2-ethyl-1H-benzimidazole to form 2-
acetyl-1H-benzimidazole, using chromium trioxide in aque-
ous acetic acid. Instead of a ketone, the substance isolated
was a yellow-orange crystalline material containing chro-
mium. Similar materials were formed from three other ben-
zimidazoles. A review of the literature describing nitrogen
heterocycles forming complexes and salts with oxygenated
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chromium(VI) species revealed that a considerable range of
substances has been described, many of which were in-
tended as selective oxidants for organic substrates (3–5). It
was apparent that many of these reagents had not been thor-
oughly characterized, such as by X-ray diffraction tech-
niques. Also, many papers are not cross-referenced to each
other. The parent pyridine–chromic anhydride complex
[(C5H5N)2.CrO3] (1) was first described by Sisler et al. (6)
over 50 years ago. It was suggested that an X-ray crystal
structure of the compound would be forthcoming, but to our
knowledge the structure has never been published. The com-
plex was reported by Collins et al. (7) as being labile to-
wards aqueous hydrolysis, yielding a species suggested to be
dipyridinium dichromate ([(C5H5NH)2Cr2O7]). Other dichro-
mate salts which have been reported include pyridinium (8),
quinolinium (9), and 2- and 4-benzylpyridinium (10) and a
complex between benzotriazole and chromic anhydride was
claimed to be a versatile oxidant (11).

A limited number of nitrogen heterocyclic dichromate
salts have been characterized by X-ray crystal diffraction
techniques. These include bis(1H+-pyrazinium N4-oxide)
dichromate (12), bis(2-amino-5-nitropyridinium) dichromate
(13), ethylenediaminium dichromate (14), and a series of
bipyridyl dichromate salts (15). A significant paper by
Pressprich et al. (16) reported on the crystal structure of

dipyrazinium trichromate ([(C4H4N2H)2Cr3O10]) and
reviewed the bonding in a range of chromate anions. The
present work extends this series, correlates work on these
species with that on chromic anhydride complexes, intro-
duces another oxidizing agent which showed selectivity for
the conversion of primary alcohols into aldehydes, and pro-
vides a compact collection of the literature in this area.

Experimental

Preparation of the pyridine – chromic anhydride
complex (dipyridinetrioxochromium(VI)) (1)

Caution! Chromic anhydride, a suspected carcinogen, is a
powerful oxidizing agent which can react explosively with

© 2003 NRC Canada
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1 2

Empirical formula C10H10CrN2O3 C14H14Cr2N4O7

Formula weight 258.20 454.28
Description Dark brown block Orange block
Crystal dimensions (mm) 0.15 × 0.27 × 0.33 0.35 × 0.20 × 0.15
Crystal system Monoclinic Triclinic
Space group Cc (No. 9) P-1 (No. 2)
Cell determination 19 (7.3–26.4°) 24 (20.1–26.8°)
a (Å) 11.998(2) 10.068(3)
b (Å) 10.884(1) 11.749(2)
c (Å) 8.467(1) 8.306(2)
α (°) 90 100.44(2)
β (°) 97.64(1) 112.73(2)
Y (°) 90 77.95(2)
V (Å3) 1095.9(2) 880.7(4)
Z value, Dcalc (Mg m–3) 4, 1.565 2, 1.713
F000 528.00 460.00
µ (MoKα) (cm–1) 10.36 12.80
2Θmax (°) 46.0 50.0
No. reflns measured 854 3279
Unique reflns (Rint) 802 (0.021) 3085 (0.039)
No. with I > 2σ(I) 565 2141
h 0 → 13 0 → 11
k 0 → 11 –13 → 13
l –9 → 9 –9 → 9
No. of variables 87 245
R1,a wR2b 0.040, 0.1125 0.036, 0.131
Goodness of fitc 1.06 0.95
(∆/σ)max 0.00 0.00
∆ρmax, ∆ρmin (e– Å–3) 0.41, –0.41 0.57, –0.48

aFull-matrix least-squares refinement on F2, R1 = Σ||Fo| – |Fc||/Σ|Fo|.
bwR2 = [Σ(w(Fo

2 – Fc
2)2)/Σw(Fo

2)2]1/2.
cGoF = [Σ(w(Fo

2 – Fc
2)2)/(No – Nv)]

1/2 (No = no. of observations, Nv = no. of variables).

Table 1. Crystallographic data for (Py)2·CrO3 (1) and for bis(1H-benzimidazolinium) dichromate (2).
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reducible species. The complex 1 was prepared using a mod-
ification of the original method (6). Pyridine (30 mL, dried
by distillation from CaH2), was distilled in a vacuum line
(17) on to CrO3 (0.27 g). After 20 min, a yellow precipitate
formed in the stirred mixture which was then allowed to
stand overnight. Filtration in a nitrogen atmosphere gave a
crop of bright red, extremely air-sensitive needles (0.31 g).
The IR spectrum (Nujol, Nicolet FT-IR) had νmax 1602, 1246,
1207, 1074, 926 (broad, very strong), 763, 697, 638, 333,
323 cm–1 and was similar to a published spectrum (18). The
extreme air sensitivity of the complex could account for the
fact that its crystal structure has not yet been published — in-
deed it is the most air-sensitive compound encountered by
one of us (TSC) in over 35 years of X-ray crystallography.

Preparation of the benzimidazole–dichromate salts (2–5)
A solution of chromic anhydride or potassium chromate

(10 mmol) in aq acetic acid (5% v/v, 10 mL) was added to a
solution of the required benzimidazole (10 mmol, commer-
cially unavailable compounds were prepared by the method
of Phillips (19)) in aq AcOH (5% v/v, 10 mL) and the mix-

ture was stirred for 15 min. The separated product was fil-
tered, washed (water), and recrystallized twice from dilute
aqueous acetic acid to give yellow-orange crystals, with
physical data as follows: bis(1H-benzimidazolinium) dichro-
mate (2) prisms, mp 150–152°; bis(2-methyl-1H-benzimida-
zolinium) dichromate (3) plates, mp 148–150°; bis(2-ethyl-
1H-benzimidazolinium) dichromate (4) needles, mp 155–
157°; and bis(2-propyl-1H-benzimidazolinium) dichromate
(5) plates, mp 140–143°. IR (KBr) of 4 (cm–1): 2870, 2745,
2630, 1620, 1559, 1455, 1410, 954, 921, 770, 616. 1H NMR
(d6-DMSO) of 4 δ: 1.4, 3.0, 6.0, 7.3, 7.6 (all broad, s,
approx. ratio = 3:2:4:2:2). EI-MS of 4 gave the same mass
spectrum as 2-ethyl-1H-benzimidazole. Classical analyses
on 2–5 indicated a 1:1 heterocycle:Cr stoichiometric ratio.

X-ray data collection and structure refinement
An X-ray structural study of 1–5 was performed with a

Rigaku AFC5R diffractometer, using a 12 kW rotating an-
ode and graphite-monochromated Mo-Kα radiation. The
crystal of 1 was sealed into a glass capillary while the others
were mounted on glass fibers. Data were collected at 296 ±

© 2003 NRC Canada
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3 4

Empirical formula C8H9CrN2O3.50 C9H11CrN2O3.50

Formula weight 241.17 255.19
Description Orange plate Orange needle
Crystal dimensions (mm) 0.50 × 0.30 × 0.10 0.20 × 0.20 × 0.50
Crystal system Monoclinic Monoclinic
Space group P21/a (No. 14) P21/n (No. 14)
Cell determination 25 (34.5–40.7°) 20 (33.0–39.0°)
a (Å) 7.569(2) 7.166(4)
b (Å) 16.662(2) 15.094(2)
c (Å) 8.463(2) 9.909(1)
β (°) 112.95(1) 98.60(2)
V (Å3) 982.9(3) 1059.6(4)
Z value, Dcalc (Mg m–3) 4, 1.630 4, 1.600
F000 492.00 524.00
µ (MoKα) (cm–1) 11.52 10.74
2Θmax (°) 50.0 46.0
No. reflns measured 1935 1683
Unique reflns (Rint) 1724 (0.037) 1474 (0.024)
No. with I > 2σ(I) 1035 1113
h 0 → 9 0 → 7
k 0 → 19 0 → 16
l –10 → 9 –10 → 10
No. of variables 146 155
R1,a wR2b 0.040, 0.143 0.037, 0.110
Goodness of fitc 0.96 1.05
(∆/σ)max 0.00 0.00
∆ρmax (e– Å–3) 0.36 0.45
∆ρmin (e– Å–3) –0.52 –0.30

aFull-matrix least-squares refinement on F2, R1 = Σ||Fo| – |Fc||/Σ|Fo|.
bwR2 = [Σ(w(Fo

2 – Fc
2)2)/Σw(Fo

2)2]1/2.
cGoF = [Σ(w(Fo

2 – Fc
2)2)/(No – Nv)]

1/2 (No = no. of obs, Nv = no. of variables.

Table 2. Crystallographic data for bis(2-methyl-1H-benzimidazolinium) dichromate (3) and for bis(2-ethyl-1H-
benzimidazolinium) dichromate (4).
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1 K. Summaries of the crystallographic data and structure
refinements are given in Tables 1–3. Complete details are
available upon request.4

Structures were solved by direct methods (SIR92 for 1, 3,
4 (20), SHELXS97 for 2, 5 (21)), expanded using Fourier
techniques (DIRDIF-94) (22), and refined by full-matrix
least-squares techniques in a fully anisotropic approximation
for 2–4 and a partial anisotropic approximation for 1 and 5.
It should be noted that the crystal of 5 was a very weak scat-
terer. Structures for 1–4 were refined on F2 using

© 2003 NRC Canada
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Entry Alcohol Producta Yield (%)b

1 1-Butanol Butanal 91
2 1-Pentanol Pentanal 90
3 Isopentanol Isopentanal 90
4 Glycolic acid Glyoxylic acid 89
5 Cyclohexanol Cyclohexanone 86
6 Benzyl alcohol Benzaldehyde 92
7 6, R = CH2OH 6, R = CHO 67
8 6, R = CHOHCH3 6, R = COCH3 65

aEntries 1–6 run at room temperature; entries 7, 8 heated to 100° for 5
min, then kept at room temperature for 30 min.

bIsolated yields; products were characterized as 2,4-dinitrophenylhydra-
zones, all of which gave melting points within ±2° of literature values.

Table 4. Controlled oxidation of alcohols using bis(2-ethyl-1H-
benzimidazolinium) dichromate (4).

Empirical formula C20H26Cr2N4O7

Formula weight 538.44
Description Yellow plate
Crystal dimensions (mm) 0.05 × 0.30 × 0.30
Crystal system Monoclinic
Space group P21/n (No. 14)
Cell determination 6 (11.1–13.3°)
a (Å) 7.864(8)
b (Å) 18.65(1)
c (Å) 16.161(7)
β (°) 96.80(6)
V (Å3) 2354(3)
Z value, Dcalc (Mg m–3) 4, 1.519
F000 1112.00
µ (MoKα) (cm–1) 9.71
2Θmax (°) 46.3
No. reflns measured 3696
Unique reflns (Rint) 3276 (0.088)
No. with I > 3σ(I) 838
h 0 → 8
k 0 → 20
l –17 → 17
No. of variables 179
R,a Rw

b 0.058, 0.060
Goodness of fitc 1.18
(∆/σ)max 0.02
∆ρmax, ∆ρmin (e– Å–3) 0.38, –0.26

aFull-matrix least-squares refinement on F, R = Σ||Fo| – |Fc||/Σ|Fo|.
bRw = [Σw(|Fo| – |Fc|)

2/ΣwFo
2]1/2.

cGoF = [Σw(|Fo| – |Fc|)
2/(No – Nv)]

1/2.

Table 3. Crystallographic data for bis(2-propyl-1H-benzimidazo-
linium) dichromate (5).

Fig. 1. The structure of dipyridinetrioxochromium(VI) (1) show-
ing 50% probability thermal ellipsoids.

Bond distances (Å)
Cr1—O1 1.617(16)
Cr1—O2 1.631(16)
Cr1—O3 1.630(6)
Cr1—N1 2.147(5)
Cr1—N2 2.152(5)
N1—C1 1.330(3)
N1—C5 1.329(3)
N2—C6 1.330(3)
N2—C10 1.330(3)
C1—C2 1.365(3)a

Selected bond angles (°)
O1-Cr1-O3 121.5(11)
O3-Cr1-O2 118.8(11)
O3-Cr1-N1 88.0(9)
O1-Cr1-N2 91.2(8)
O2-Cr1-N2 90.0(8)
C5-N1-C1 119.9(4)
C1-N1-Cr1 122.3(7)
C10-N2-Cr1 122.6(6)
O1-Cr1-O2 119.7(4)
O1-Cr1-N1 90.2(8)
O2-Cr1-N1 91.8(9)
O3-Cr1-N2 88.8(9)
N1-Cr1-N2 176.9(2)
C5-N1-Cr1 117.6(7)
C10-N2-C6 119.5(4)
C6-N2-Cr1 117.6(6)

aOther C—C bond distances were in the
range of 1.364(3)–1.367(3) Å.

Table 5. Bond distances (Å) and se-
lected bond angles (°) for the non-
hydrogen atoms of [C5H5N]2CrO3 (1).

4 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
191250–191254 contain the supplementary crystallographic data for this paper. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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SHELXL97 (21) whereas that for 5 was refined on F using
teXsan (23). Extinction parameters were refined for all
structures and the Flack parameter was refined for 1. Hydro-
gen atoms were not located in Fourier difference maps; they
were set geometrically and included in the final refinement
with fixed positional and thermal parameters. Corrections
for Lorentz and polarization effects were applied. An ab-
sorption correction (ψ scan) was applied to 3 and 5 and a de-
cay correction was applied to 5 (decay –38.4%). Neutral
atom scattering factors were from Cromer and Waber (24),
anomalous dispersion effects were included in Fcalc (25), the
values for the values for ∆f ′ and ∆f ′ ′ were those of Creagh
and McAuley (26), and the values for the mass attenuation
coefficients are those of Creagh and Hubbell (27).

Controlled oxidation of alcohols using 4
A solution of the alcohol (2.5 mM) in glacial acetic acid

was added in portions to a stirred suspension of 4 (1.25 g,
2.5 mM) in glacial acetic acid at room temperature. After
30 min the colour had changed from orange-yellow to green
and the reaction was worked up by pouring into water, fol-
lowed by a regular extraction procedure with diethyl ether.
The residual benzimidazole could be recovered from the
aqueous layer by adjusting the pH. A selection of results is
presented in Table 4.

Results and discussion

The preparation of compound 1 proved to be challenging
owing to its great air sensitivity. However, nicely crystalline
material was obtained, which resulted in the well-defined
crystal structure depicted in Fig. 1, with selected geometrical
parameters for 1 being given in Table 5. The chromium atom
is bonded to five ligands in an almost perfect trigonal
bipyramid. It should be noted that this structure can be re-
fined in either of the space groups C2 or C2/c. In C2/c the
Cr—O(3) bond should be coincident with a twofold axis, but
this results in the anisotropic thermal parameters of O(3) be-
ing unreasonably distorted with the ratio 4.3:1 of the dis-
placement parameters across and along the Cr—O(3) bond.
The mean abs(E2 – 1) value for all general reflections hkl
was 0.809, where the values predicted for centric and
acentric cells are 0.968 and 0.736, respectively. Neverthe-
less, with the structure being so nearly centrosymmetric, the
distinction between Cc and C2/c will be a matter of opinion.
The structure was therefore refined in C2, the refinement
proceeding routinely, without recourse to disorder.

The mean chromium—oxygen bond length at 1.626 Å is
slightly longer than the mean nonbridging chromium—oxygen
bond length of 1.599(5) Å in the parent (CrO3)∞ (28) and is in-
termediate between the single (1.736(2) Å) and double

© 2003 NRC Canada
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Fig. 2. The structure of bis(1H-benzimidazolinium) dichromate (2) showing 50% probability thermal ellipsoids, together with the
hydrogen bonding network in the crystal.
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(1.578(2) Å) bonds in the chromate ester (CrO2(OCPh3)2) (29).
The mean of the two chromium—nitrogen bonds at 2.150 Å
can be compared with typical lengths of 2.158–2.178 Å for the
nitrogen—chromium(VI) bond (30). More specifically, com-
parison can be made with the lengths of the chromium—nitro-
gen bonds in oxodiperoxopyridinechromium(VI) ([CrO5·C5-
H5N]) at 2.047(13) Å (31, 32) and in the complex with chro-
myl chloride of a secondary amine chlorodioxo-(2,2,6,6,-tetra-
methylpiperidine)chromium(VI) ([CrO2Cl(NC9H18)]) at 1.81(1)
Å (33). The latter compound is not actually a complex, but has
a formal N—Cr bond. It is also instructive to make compari-
sons with some other Lewis acid–base complexes involving
pyridine. Three examples, with the N—X bond distance in
brackets, are pyridine–boron trichloride (1.592(3) Å) and
pyridine–boron trifluoride (1.604(5) Å) (34), examples of
strongly bound complexes to a small electrophilic atom, with
the third example, pyridine 1-sulphonate (1.829 Å) (35), being
a strongly bound larger electrophile.

Another noteworthy feature of 1 is that the planes of the
two pyridine rings are twisted at an angle of ca. 60° with re-
spect to each other, as would be expected if electron-pair re-
pulsions are to be minimized. These data are overall in
accord with the bonding between the pyridine rings and the
chromic anhydride being a classic example of a Lewis acid–
base complex. A trigonal pyramidal structure for 1 was orig-
inally proposed by Sisler et al. (36). The IR spectrum of 1 is
not especially informative, although the strong band at
926 cm–1 likely results from Cr—O stretching vibrations
(31). Confirmation that the pyridine–chromic anhydride
complex is monomeric is consistent with its solubility prop-

erties in organic solvents (37), with dissolution in dichloro-
methane avoiding the pyrophoric nature of the complex dis-
solved in pyridine. This complex has been used for many
years as a selective oxidant for organic alcohols, although
many procedures and stoichiometric ratios have been pub-
lished, especially for the selective oxidation of primary alco-
hols to aldehydes (37).

The isolation of the dichromate salts 2–5 offered the op-
portunity to explore their chemistry and to supplement the
limited literature on the structural features of heterocyclic
chromate salts. A picture of compound 2 (50% probability
thermal ellipsoids) is given in Fig. 2 while selected geomet-
rical parameters are given in Table 6.

In compounds 3 and 4, the chromate anions are disordered
about 1, with oxygen atom O(2) occupying two positions and
the two CrO3 groups being staggered with respect to each
other. The geometry of chromate anions, associated with
heterocyclic cations, of general form [R+]2[CrnO3n+1]

2–, con-
tinues to attract attention (12, 16, 38, 39). A smooth correla-
tion of terminal and bridging Cr—O distances with
increasing degree of polymerization has been noted (16).
The lengths of the bridging Cr—O bonds in 2 are 1.794(2)
and 1.795(2) Å, but are 1.78(1) and 1.80(1) Å in 5 for a
mean of 1.79 Å; the terminal bonds of both 2 and 5 are clus-
tered around a mean value of 1.60 Å. These may be com-
pared with the literature values of 1.780(7) and 1.615(18) Å,
respectively (16). The nonbridging bond angles are close to
tetrahedral at 105.98(13)–112.0(2)° in 2 and 106.7(7)–
112.3(8)° in 5, whereas the bridging bond angles are
129.25(14), 130.4(3), 134.0(4), and 123.2(6)° for the four
salts, respectively. Again, these are comparable to literature
values, namely, 127.0(4)° (12), 122.7(1)° (13), 124.7(8)°
(14), and 135.3(5)° (15). These numbers show that there is
considerable flexibility in the bonding about the bridging
oxygen atom. The ability of dichromate anions to build an
acentric polar framework has been studied by Pecaut and
Masse (13) in connection with attempts to design efficient
organic–inorganic nonlinear optical crystals. Compounds 2–
5 have nonpolar space groups, with symmetrical molecular
arrangements. The dimensions of the dichromate anions in 3
and 4 are similar to those of 2 and 5 but the structures of 3
and 4 are disordered.

Hydrogen bonds, of the type N—H···O, play a crucial role
in determining the molecular packing in these systems. In-
terestingly, the hydrogen bonding networks in the four struc-
tures are different, as outlined in Table 7. These values are in
general agreement with published values for such hydrogen
bonds (40–42). In 2, each dichromate anion is linked to five
benzimidazolinium cations through three strong hydrogen
bonds and a pair of bifurcated hydrogen bonds (Fig. 2). Five
of the seven oxygen atoms are involved in the hydrogen
bonding, but oxygen atoms O(1) (and by symmetry, O(5))
are not. These two oxygen atoms, therefore, have larger ther-
mal parameters than the other four terminal oxygen atoms.
These facts are mirrored in the chromium—oxygen bond
lengths (Table 6). The molecular structure thus takes on the
form of an infinite molecular chain along a, which is joined
together by the fifth hydrogen bond (N(1)—H(9)···O(4)) in a
molecular layer in plane (010). In contrast to this, structure 3
has two hydrogen bonds which create a molecular sheet in
plane (201), while in 4 there is a bimolecular chain along
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Bond distances (Å)
Cr1—O1 1.586(3)
Cr1—O2 1.627(3)
Cr1—O3 1.794(2)
Cr1—O4 1.599(3)
N1—C1 1.328(5)
N1—C2 1.391(4)
N2—C1 1.324(5)
N2—C7 1.396(4)
C2—C7 1.391(5)
Bond angles (°)
O1-Cr1-O2 110.60(17)
O1-Cr1-O3 109.04(16)
O1-Cr1-O4 112.0(2)
O2-Cr1-O3 108.99(13)
O2-Cr1-O4 109.50(15)
O3-Cr1-O4 106.61(14)
Cr1-O3-Cr2 129.25(14)
O3-Cr2-O5 109.38(16)
O3-Cr2-O6 105.98(13)
O3-Cr2-O7 108.86(13)
O5-Cr2-O6 110.97(17)
O5-Cr2-O7 110.90(17)
O6-Cr2-O7 110.60(15)
N1-C1-N2 110.2(3)

Table 6. Selected bond distances (Å)
and bond angles (°) for the non-
hydrogen atoms of [C7H7N2]2Cr2O7 (2).
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(001) and in 5 there is simply a three-dimensional network.
When the alkyl side chain is a methyl or ethyl group, a
larger cavity than for 2 is created for the dichromate anion
and the hydrogen bonding occurs only to two of the terminal
oxygen atoms. Since there is no hydrogen bond to the bridg-
ing oxygen atom, the anion can become disordered. When
the alkyl side chain is a propyl group, the cavity for the an-
ion is again smaller with hydrogen bonding to both terminal
and bridging oxygen atoms. The anion is now no longer dis-
ordered. In some cases (structures 2 and 3) the cations are
unfavourably stacked with nearly parallel directions of their
dipoles, the interplane distances being in the range 3.45 to
3.60 Å. Thus, hydrogen bonding plays an important role in
these structures, compensating for the repulsions between
the adjacent cations.

Finally, these dichromate salts appear to have some useful
chemical properties. We have found that the selective oxida-
tion process described in this work, using equimolar
amounts of 4 and the alcohol in glacial acetic acid, is simple
to carry out and does not require rigorously anhydrous con-
ditions. Work up is straightforward and the reaction is effi-
cient in terms of reagent use since the benzimidazole can be
recovered. Studies were carried out using the other benzimi-
dazolinium salts, 2, 3, and 5 as oxidants, but 4 gave some-
what superior results. Compounds 3–5, but not 2, gradually
and irreversibly darkened on standing in the air, presumably
because of a slow surface oxidation of the heterocyclic side
chain. However, the process did not appear to yield any syn-
thetically useful quantities of oxidized heterocycles.

Conclusions

Crystals of the strong oxidant CrO3·Pyr2 were prepared
and characterized by X-ray crystallography more than 50
years after the compound was first prepared. A series of
benzimidazolinium dichromate salts was prepared and char-
acterized, their crystal structures were studied and their util-
ity as selective oxidants for alcohols was explored.
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Alkali metal ion controlled product selectivity
during photorearrangements of 1-naphthyl phenyl
acylates and dibenzyl ketones within zeolites

M. Warrier, Lakshmi S. Kaanumalle, and V. Ramamurthy

Abstract: Photochemical behaviors of 1-naphthyl phenyl acylates and dibenzyl ketones included in zeolites have been
compared. 1-Naphthyl phenyl acylates while in solution produce eight photoproducts; within NaY it gives a single
product. The selectivity is attributed to the restriction brought on the mobility of the primary radical pair by the alkali
metal ions present in zeolites. Photochemistry of dibenzyl ketones within NaY reveals that the intersystem crossing in
caged radical pairs could be influenced by the heavy alkali metal ions. Structures of complexes among Li+ ion and the
guest 1-naphthyl phenyl acetates and dibenzyl ketone computed at the B3LYP level have been useful to understand the
origin of the observed product selectivity within zeolites.

Key words: photo-Fries reaction, zeolites, cation–π interaction, spin-orbit coupling, heavy atom effect.

Résumé : On a comparé les comportements photochimiques des phénylacylates de 1-naphtyle et des dibenzylcétones
inclus dans des zéolites. Les phénylacylates de 1-naphtyle en solution conduisent à huit photoproduits alors qu’il ne
s’en forme qu’un lorsqu’ils sont inclus dans NaY. On attribue la sélectivité à la restriction imposée à la paire de radi-
caux primaires par les ions des métaux alcalins présents dans les zéolites. La photochimie des dibenzylcétones dans
NaY révèle que le passage entre systèmes dans une paire de radicaux en cage peut être influencé par les ions des mé-
taux alcalins lourds. Les structures des complexes entre l’ion Li+ et les molécules de phénylacétates de 1-naphtyle et
de dibenzylcétones qui ont été calculées au niveau B3LYP se sont avérées utiles pour comprendre l’origine de la sélec-
tivité des produits qui a été observée pour les réactions dans les zéolites.

Mots clés : réaction de photo-Fries, zéolites, interaction cation–π, couplage spin-orbite, effet d’atome lourd.

[Traduit par la Rédaction] Warrier et al. 631

Introduction

Photo-Fries rearrangement of phenylacetate and photo-
Claisen rearrangement of allylphenyl ether yield ortho-
hydroxy and para-hydroxy isomers as products (Scheme 1)
(1). In solution, independent of the polarity of the medium,
one obtains a mixture. On the other hand, within alkali metal
ion exchanged X and Y zeolites, ortho-hydroxy isomers are
obtained as the major products from phenylacetate and allyl-
phenyl ether (2). Selectivity obtained within zeolites was
very high even during the photo-Fries rearrangement of 1-
naphthyl acetate and 1-naphthyl benzoate (Scheme 1) (3).
The results with 1-naphthyl esters suggested that zeolites
could favor the formation of a single product (2-acetyl-1-
naphthol and 2-benzoyl-1-naphthol) by discriminating
among three possible photoproducts, all of which may be
formed with equal probability in isotropic media.

Both photo-Fries and photo-Claisen rearrangements pro-
ceed via a similar mechanism (1). Promotion to the excited
singlet state results in fragmentation of the ester and the
ether. Cage escape, recombination, and hydrogen migration

result in both the ortho- and the para-isomers (Scheme 2).
However, the factors that control the outcome of the prod-
ucts vary with the nature of the medium. In solution, it is the
electron densities at various aromatic carbons in the aryloxy
radical which control the regioselectivity. We suggested that
the selectivity within zeolites resulted from the restriction
imposed on the mobility of the aryloxy and the acetyl frag-
ments by the cations present in zeolites (2). Vasenkov and
Frei (4) provided support for the existence of Na+-acetyl
radical interaction within solvent-free NaY through time-
resolved FT-IR spectroscopy. They also confirmed that only
2-acetyl-1-naphthol is formed upon photolysis of 1-naphthyl
acetate within solvent-free NaY. The acetyl radicals gener-
ated by photolysis of 1-naphthyl acetate (reacting from ex-
cited singlet state) within NaY decay following a single
exponential law with a lifetime of 71 ± 15 µs. The acetyl
radical generated from pinacolone (reacting from triplet
state) has a much longer lifetime (315 ± 30 µs). The differ-
ence in lifetime between singlet and triplet radical pairs sug-
gested that the reactivity of the reactive radical generated
from the excited singlet and triplet states of the precursors
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would behave differently. Further, the long lifetime (µs) of
the acetyl radical suggested that the ortho and (or) para selec-
tivity in photo-Fries reaction would depend on the nature of
the “spin” of the primary radical pair. To test these possibili-
ties and to further explore the selectivity in photo-Fries reac-
tions in naphthyl systems we have exmined the photobehavior
of three 1-naphthyl phenylacyl esters 1a–1c and three
dibenzyl ketones 2a–2c (Scheme 3) (5). The study mainly
consisted of photoproducts analysis. To gain an insight into
the alkali ion binding to the reactants within zeolites density
functional theory (DFT) calculations were performed. Results
of these studies are presented in this report.

Results

Photolysis of 1-naphthyl phenylacyl esters 1a–1c
Photolysis of 1-naphthyl phenylacyl esters 1a–1c in hex-

ane resulted in a mixture of products (Scheme 4), yields of
which are presented in Table 1. The product distributions ob-
tained in this study is identical to the ones reported by Gu
and Weiss (6) recently. Photolysis of 1a–1c within different
cation-exchanged zeolites, however, showed formation of
mainly the ortho- rearrangement product (2-phenylacyl-1-
naphthol (3)) accompanied by minor amounts of 1-naphthol
(8) (Table 2). Percentage conversion for the same length of

© 2003 NRC Canada
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Scheme 1.

Scheme 2.
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irradiation and for the same loading level of 1a–1c within
zeolites decreased from light alkali metal ion-exchanged
zeolites (e.g., LiY) to heavy alkali metal ion-exchanged
zeolites (e.g., TlY) (Table 2). Based on our earlier studies
(7), facile intersystem crossing leading the reactive excited
singlet esters into their unreactive triplet state was suspected
for the decrease in reactivity within heavy alkali metal ion-
exchanged zeolites. To ascertain this possibility, emission
spectra of 1a–1c in different alkali metal ion-exchanged
zeolites at 77 K were recorded. As seen in Fig. 1 for 1-
naphthyl phenylacetate, the emission was mainly fluores-
cence in LiY and NaY and mainly phosphorescence in CsY
and TlY. Similar emission behavior was obtained in the case
of 1b and 1c.

Photolysis of dibenzyl ketones 2a–2c
Photolysis of dibenzyl ketones 2a–2c in hexane yielded

only the decarbonylation products 1,2-diphenyl ethane, 2,3-
diphenyl butane, 2,3-diphenyl 2,3-dimethylbutane, respec-
tively (Scheme 4, Table 3). These results are consistent with
the original reports by Engel (8a), Robbins and Eastman
(8b), and Turro and co-workers (8c, 8d). The same products
obtained in hexane were formed upon photolysis of 2a and
2b in light-atom-exchanged zeolites (e.g., LiY and NaY)
(Table 3). Photolysis of 2a and 2b in heavy-atom-exchanged
zeolites such as CsY and TlY resulted in rearrangement
products, 2-methyl-phenyl benzyl ketone and 4-methyl-
phenyl benzyl ketone, and 2-ethyl-phenyl α-methyl benzyl
ketone and 4-ethyl-phenyl α-methyl benzyl ketone in addi-

© 2003 NRC Canada
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Scheme 3.

Scheme 4.

I:\cjc\cjc8106\V03-041.vp
June 27, 2003 8:57:14 AM

Color profile: Generic CMYK printer profile
Composite  Default screen

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

 o
n 

09
/1

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



tion to 1,2-diphenylethane and 2,3-diphenylbutane, respec-
tively (Scheme 4) (9). The relative yields of the
rearrangement products (2-alkyl and 4-alkyl-phenyl benzyl
ketone) with respect to the decarbonylated products were de-
pendent on the rates of decarbonylation of the phenyl acyl

radical which in turn depended on the stability of the
benzylic radicals formed. For example, in the case of
dibenzyl ketone (2a), which forms, after decarbonylation, a
primary benzyl radical, yield of the rearrangement products
was as high as 79% in TlY zeolite (Table 3). In the case of

© 2003 NRC Canada
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Product yieldsa

Compound 3 4 5 6 7 8 9 10

1a 59 6 7 11 1 9 2 5
1b 59 9 9 17 1 2 2 1
1c 28 15 9 14 — 13 15 6

aIrradiations were conducted to about 40% conversion. The conversion was achieved in 15 min. All yields
presented are an average of at least five independent runs. Error limits on yields were ±5%.

Table 1. Product distribution upon photolysis of substrates 1a–1c in hexane.

Medium Conversiona (%) 3a (%) 8a (%) Conversiona (%) 3b (%) 8b (%) Conversiona(%) 3c (%)

LiY 27 97 3 19 >99 — 46 >99
NaY 24 97 3 26 >99 — 24 >99
KY 15 96 4 11 93 7 35 >99
RbY 9 92 8 7 95 5 <1 —
CsY 3 — — 2 87 13 <1 —
TlY <1 — — <1 — — — —

aAll irradiations were carried out for 2 h in a hexane slurry. The ratio of products were independent of the conversion in the range 15–90%. All yields
are an average of at least five independent runs. Error limit on yields were ±5%.

Table 2. Product distribution upon photolysis of 1-naphthyl phenyl acylates (1a–1c) within zeolites.

Fig. 1. Emission spectra of 1-naphthyl phenylacyl ester (1a) in various cation exchanged zeolites at 77 K.
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α,α,α′ ,α′-tetramethyl dibenzyl ketone (2c), where a stable
substituted tertiary benzyl radical is formed, the yield of the
rearrangement products was <1% in TlY (Table 3).

Alkali metal ion interaction with 1-naphthyl phenylacyl
esters and dibenzyl ketones probed through
computations

To gain a better insight on the role of cations (present
within zeolite supercages) on the observed photobehavior of
naphthyl esters and dibenzyl ketones within zeolites, density
functional theory (DFT) calculations on Li+ binding to 1-
naphthyl phenyl acetate and dibenzyl ketone were carried
out (10). The polarized 6-31G* basis set was used for C, H,
O, and Li. In view of the complexities involved in the reac-
tions inside the zeolite cage, the goals of the computational
work were necessarily limited to a few specific aspects.
First, the magnitude of the interaction energies among Li+

and 1-naphthyl phenyl acetate and dibenzyl ketone were
quantified. This provided a measure of the potential role of
different cations in altering the reactivity of 1-naphthyl
phenyl acetate and dibenzyl ketone. In addition to the en-
ergy, the structures of lithium ion – 1-naphthyl phenyl ace-
tate and lithium ion – dibenzyl ketone complexes were
analyzed. Interaction energies of Li+ were determined based
on gas-phase optimized geometries of metal ion complexes
with 1-naphthyl phenyl acetate and dibenzyl ketone.

The computed geometries of 1-naphthyl phenyl acetate
and dibenzyl ketone are shown in Figs. 2 and 3. In both the
cases, two low energy conformers were identified and these
were used for complexation with lithium ion. Intuitively,
binding of Li+ is expected to be higher with the substrate
when it interacts simultaneously with either two aryl rings or
an aryl ring and a carbonyl chromophore. Thus, we have
chosen initial guess geometry with the Li+ positioned be-
tween the two functional groups. During the calculation the
cations were free to move to find the most stable position.
Calculations did not include any structural moiety from the
zeolite. In the case of 1-naphthyl phenyl acetate, three geom-
etry-optimized structures obtained upon metal ion
complexation along with their interaction energies are shown
in Fig. 2. Interaction energies of Li+ to 1-naphthyl phenyl
acetate were almost similar in all three structures. Two ge-
ometry-optimized structures for the lithium ion complex
with dibenzyl ketone were obtained (Fig. 3). Since within a
zeolite, the cations are bound to oxygen counter ions, the
metal ions are likely to interact less effectively with 1-
naphthyl phenyl acetate and dibenzyl ketone than the com-

puted values. Nevertheless, the interaction between the al-
kali metal ion and the substrates is expected to be significant
within zeolites.

Discussion

Details of the photo-Fries reaction of 1-naphthyl phenyl-
acyl esters in solution and polymer medium have recently
been discussed by Gu, Weiss, and co-workers (5). Product
distributions obtained upon photolysis of esters 1a–1c in
hexane could be understood based on the mechanism pro-
vided in Scheme 5. Homolytic cleavage of the esters occurs
from their excited singlet state to yield singlet geminate rad-
ical pair A. It is followed by in-cage recombination (giving
rearranged products 3 and 4) or cage escape. Decarbonyl-
ation of phenylacyl radical within the cage results in the rad-
ical pair B and outside the cage leads to naphthoxy and
benzyl free radicals. Reactions of these two radicals either
within or outside the cage result in products 5–8, and prod-
uct 9 is the result of coupling between two alkyl radicals
outside the cage. In this study we make use of the photo-
Fries reaction of 1-naphthyl phenylacyl esters to establish
that zeolites are capable of influencing the product distribu-
tions in a reaction that gives as many as eight products. Fur-
ther, the reaction allows us to probe the characteristics of
zeolite cages, knowledge of which could be further used to
control photoreactions. All our conclusions are based on
photoproduct distributions and attempts to monitor the rates
of reactions through time-resolved diffuse reflectance laser
techniques were not successful. The following aspects of the
mechanism presented in Scheme 5 are noteworthy. The rela-
tive ratio of products 3 to 4, and 5 to 6 provide information
about the rotational mobility of reactive fragments present in
cages A and B (Scheme 5). The relative yields of products 8
and 9 give an indication about the translational mobility of
radical fragments. The relative selectivity observed in the
photo-Fries products 3 and 4 and the decarbonylated prod-
ucts 5 and 6 provides valuable information concerning re-
strictions imposed by the zeolite on different time scales.

When 1-naphthyl phenylacyl esters 1a-1c were irradiated
in hexane, eight photoproducts (shown in Scheme 4) were
formed and the relative yields remained the same independ-
ent of the conversion in the range 5–40% (Table 1). Upon
photolysis of 1-naphthyl phenylacyl esters 1a–1c within LiY,
NaY, and KY zeolites led essentially to a single product 3
(Table 2). The selectivity was dramatic, going from eight
products in hexane solution to a single product (2-
phenylacyl 1-naphthol (3)) in zeolites. For this to happen,

© 2003 NRC Canada
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Medium 11aa (%) 12a (%) 13a (%) 11ba (%) 12b (%) 13b (%) 11cb (%)

Hexane 100 — — 100 — — >99
LiY 95 1 4 >99 — — >99
NaY 76 2 8 >99 — — >99
KY 90 7 17 >99 — — >99
RbY 79 3 18 95 — 5 >99
CsY 33 13 54 76 — 24 >99
TlY 21 57 22 75 7 18 >99

aAll yields are an average of at least five independent runs. Error limit on yields were ±5%.
bIn addition to 11c, cumene and α-methylstyrene are formed as minor products. The yield on this column represents all three.

Table 3. Product distribution upon photolysis of dibenzyl ketones (2a–2c) in hexane and Y zeolites.
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the two primary radicals in A formed upon photofragment-
ation must be coupling before the decarbonylation of phen-
ylacyl radical. Thus, two questions need to be addressed:
(a) Why is the ortho-isomer (2-phenylacyl 1-naphthol 3)

alone formed?; and (b) Why do the primary phenylacyl (and
related) radicals not decarbonylate within zeolites, or why is
the coupling of radical in cage A faster than decarbony-
lation?

© 2003 NRC Canada
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Fig. 2. Conformations of 1-naphthyl phenylacyl ester (top 2 structures) and its complex with Li+ (bottom three) as computed at the
RB3LYP/6-31G(d) level.

Fig. 3. Conformations of dibenzyl ketone (top 2 structures) and its complex with Li+ (bottom two) as computed at the RB3LYP/6-
31G(d) level.
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If one accepts that the two reactive fragments, naphthoxy
and phenylacyl radicals, would be held close to each other
by the intrazeolite cations, preference for ortho coupling to
yield 3a–3c over the para coupling to yield 4a–4c is under-
standable. This suggestion is based on the optimized struc-
tures for the Li+ – 1-naphthyl phenyl acetate complex shown
in Fig. 2. Photofragmentation of the Li+ – 1-naphthyl phenyl
acetate complex present in these structural forms would lead
to naphthoxy and phenylacyl radicals being held close to
each other by the alkali metal ion. Lack of separation en-
forced by the zeolite wall and the alkali metal ion would
place the two radicals, having opposite electronic spins (fa-
vorable for bond formation), close to one another. Due to re-
stricted mobility enforced by the alkali metal ion, the attack
of the acyl fragment would occur at the nearest available po-
sition on the aromatic ring, namely the 2-position of the
naphthoxy ring.

The lack of formation of products 5–9 implies that the pri-
mary radical pair A do not proceed to the radical pair B.
This suggests that the recombination of the naphthoxy and
phenylacyl radicals within a zeolite must be rapid compared
with cage diffusion and decarbonylation of the phenylacyl
radical. The rates of decarbonylation of phenylacyl and 1-
methyl 2-phenylacyl and 1,1′-dimethyl 2-phenylacyl radicals
have been estimated to be 4.8 × 106 s–1, 4.0 × 107 s–1, and
1.5 × 108 s–1, respectively (11). It is important to note that
even in 1c where the intermediate 1,1′-dimethyl 2-phenylacyl
radical decarbonylates ~30 times faster than phenylacyl radi-
cal, no decarbonylation products were obtained within
zeolites and the only product obtained was 2-phenylacyl 1-
naphthol 3c. Given this, the rate of diffusion of the radical
pair A out of the cage must be smaller than the maximum
rate of decarbonylation observed in the case of 1,1′-dimethyl

2-phenylacyl radical (1.5 × 108 s–1). In the absence of data
relating to the rate of decarbonylation within zeolites, we
can only speculate that the lack of products due to decar-
bonylation and radical pair B is most likely due to the fact
that the rate of recombination in the case of cage pair A is
faster than the rates of decarbonylation and cage escape. In-
tuitively then, if the recombination step can be slowed the
decarbonylation could become competitive. This led us to
explore the photochemistry of dibenzyl ketones, where the
same phenylacyl radical would be produced as part of a trip-
let radical pair. Results of these are discussed below.

At this point, a discussion on the lack of reactivity of the
naphthyl esters within heavy alkali metal ion exchanged
zeolites is appropriate. An important observation within CsY
and TlY was that no photoproducts from 1a–1c were ob-
served in these zeolites. Enhanced intersystem crossing effi-
ciency in heavy cation exchanged zeolites and the fact that
these esters are unreactive in their triplet states explain the
lack of reactivity within CsY and TlY. Evidence for inter-
system crossing can be found in the emission spectra for the
ester 1a in different cation exchanged zeolites shown in
Fig. 1. Fluorescence predominates in light atom zeolites like
LiY and NaY. Within KY and RbY, phosphorescence in-
creases at the expense of fluorescence. In TlY there is only
phosphorescence, suggesting complete population of the
triplet state. Consistent with this, naphthyl esters 1a–1c were
unreactive within TlY.

Upon excitation, dibenzyl ketones similar to 1-naphthyl
phenylacyl esters, yield products via two stages of radical
pair formation, α-cleavage to yield primary caged radical
pair A and decarbonylation to give the secondary free radi-
cals (or radical pair B) (Scheme 6) (12). An important dif-
ference among 1-naphthyl esters and dibenzyl ketones is that

© 2003 NRC Canada
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Scheme 5.
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the former reacts from S1 to give the singlet radical pair and
the latter from T1 to give the triplet radical pair. The radical
pair A resulting from dibenzyl ketones following inter-
system crossing can undergo coupling to yield the rearrange-
ment products 4-methylphenyl benzyl ketone and 2-
methylphenyl benzyl ketone or decarbonylate (following or
prior to intersystem crossing) to yield the caged radical pair
B or diffuse apart to give two free radicals. Since inter-
system crossing is required for the formation of rearrange-
ment products, relative yields of 4-methyl-phenyl benzyl
ketone and 2-methylphenyl benzyl ketone with respect to
decarbonylated products (diphenylethanes) provides infor-
mation concerning the extent of restriction imposed by zeo-
lite cages on longer time scales (compared with 1-naphthyl
phenylacyl esters chemistry) on the radical pair A. Further,
the dibenzyl ketone systems allow us to probe the influence
of heavy cations on the intersystem crossing process in radi-
cal pairs.

Decarbonylation to give diphenylethanes is the only reac-
tion upon irradiation of dibenzyl ketones 2a–2c in hexane
solution (Scheme 4) (12). Decarbonylation accounted for
>90% of the products when the dibenzyl ketones 2a–2c in-
cluded in zeolites LiY, NaY, and KY were photolyzed. This
behavior was distinctly different from that of the naphthyl
esters 1a–1c which did not decarbonylate within the same
zeolites. We had indicated above that if we could slow the
rate of recombination of the geminate radical pair it might
be possible to observe decarbonylation of phenylacyl radi-
cals within zeolites. Results with the dibenzyl ketones sug-
gest that we have achieved this goal. Because of the triplet
character of the radical pair, even close proximity and lack
of mobility are unable to favor the recombination of the rad-
ical pair over the decarbonylation process. The fact that the
“spin” prevents the recombination of the radical pair is evi-
dent from the dependence of the product distribution on the
alkali metal ion present in zeolites. Higher yields of rear-
rangement products (4-methylphenyl benzyl ketone and 2-
methylphenyl benzyl ketone) from dibenzyl ketone were ob-
tained within heavy alkali metal ion exchanged zeolites (Ta-

ble 3). Similar dependence of product distribution on the al-
kali metal ion was observed in the case of α,α′-dimethyl-
dibenzyl ketone 2b. Significantly, the ketone 2c gave only
2,3-diphenyl-2,3-dimethyl butane, α-methyl styrene, and
cumene in all zeolites.

Turro and Zhang (13) rationalized the variations in the
yield of the rearrangement products from 2a within MX
zeolites on the basis of “cation size effect”. Within X
zeolites the yield of the rearranged products 4-methylphenyl
benzyl ketone and 2-methylphenyl benzyl ketone were de-
pendent on the size of the cation; larger the size, higher the
yield. They proposed that smaller free volume within a cage
would restrict the mobility of enclosed radicals and thus pro-
long the lifetime of the triplet radical pair. Long lifetime
would favor intersystem crossing and recombination to yield
the rearranged products. Thus, cations with larger sizes are
predicted to yield more rearrangement products. This feature
is unlikely to play a role in Y zeolites, which contain fewer
cations. The supercage of X zeolites contains four type II
and ~3.5 type III cations whereas Y zeolites contain four
type II cations and no type III cations. Absence of type III
cations makes more room for the guest molecules. Also, if
cage free volume was a major factor, cation size would in-
fluence product distributions accordingly. Ionic radii of dif-
ferent cations are shown in Table 4. Product distributions in
KY and TlY provide an ideal case to compare and discuss
size effects on product formations during the photolysis of
2a. Both cations K+ and Tl+ are of the same size but differ in
their spin orbit coupling parameters by 2 orders of magni-
tude (Table 4). Rearrangement products are produced in
much larger yields in TlY than in KY. This suggests that size
is not the most important parameter in deciding selectivity
within Y zeolites.

A comparison of the results observed with dibenzyl ke-
tones and 1-naphthyl phenylacyl esters provides an insight
into how a zeolite may be influencing the reactivity of inter-
mediates generated within its cages. First, let us compare the
behavior of dibenzyl ketone 2a and 1-naphthyl phenylacyl
ester 1a. Both systems upon photolysis generate phenylacyl

© 2003 NRC Canada

Warrier et al. 627

Scheme 6.
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radical. In NaY while 1a quantitatively rearranged to 3, 2a
gave only 10% of the rearranged products 12 and 13
(Scheme 4). Clearly, in the later case, the phenylacyl radical
decarbonylates before it has a chance to recombine to form
the rearranged products. This difference, we believe, is the
result of the spin state of the geminate radical pair. When a
mechanism to spin interconversion is provided as with TlY,
the yields of the rearranged products from 2a increased to
~79%, suggesting that the spin barrier is the main reason for
the lack of rearrangement in 2a. An insight into the process
is gained by comparing the behaviors of naphthyl ester 1c
and dibenzyl ketone 2c. While the former gives the rear-
ranged product 3 quantitatively, the latter gives only the cor-
responding decarbonylated product 11c. In this case due to
the presence of α-methyl groups, the decarbonylation occurs
30 times faster than in unsubstituted phenyl acyl radical
(compare the rates of decarbonylation of phenylacyl and
1,1′-dimethyl 2-phenylacyl radicals: 4.8 × 106 s–1 and 1.5 ×
108 s–1) (11). Since we would have detected 1% of the rear-
ranged product by GC, we believe that the rate of Tl+ in-
duced ISC in the geminate pair (A3 to A1, Scheme 6) must
be <1 × 106 s–1. Thus, a comparison of the results observed
with dibenzyl ketones and naphthyl esters suggest that lack
of products due to decarbonylation in the case of naphthyl
esters 1a–1c is due to the fact that the primary radical pair A
is formed in the singlet state. Based on the computed struc-
tures for lithium ion – dibenzyl ketone complexes (Fig. 3),
one would expect that the radical pairs resulting from frag-
mentation of dibenzyl ketone would be held close to each
other within a zeolite cage. The structures of the complexes
being similar in dibenzyl ketone and 1-naphthyl phenyl ace-
tate one would expect the primary radical pair to be posi-
tioned in a similar manner from the two systems within a
zeolite cage facilitating the formation of the rearranged
products. The lack of rearranged products in the dibenzyl
ketone system within LiY and NaY suggests that restricting
the mobility of the radical pair near one another alone is not
sufficient. Coupling between the two radicals can occur only
when they have the singlet spin. In dibenzyl ketone systems
where the radical pair is produced in the triplet state the lim-
iting factor for coupling is the spin. When the mechanism
for spin interconversion becomes available as within heavy
cation exchanged zeolites the rearranged products are
formed. Thus, the cations serve two roles: they restrict the

mobility of the radical pair and provide a mechanism for
spin interconversion.

Summary

Photochemistry of a series of 1-naphthyl phenylacyl esters
and dibenzyl ketones were investigated in different cation
exchanged zeolites. Naphthyl esters which give eight prod-
ucts in isotropic solution give essentially a single product
within light alkali metal ion exchanged zeolites. Consistent
with the known triplet reactivity of these molecules, within
heavy alkali metal ion exchanged zeolites no photoproducts
were obtained. Most importantly, within light alkali metal
ion exchanged zeolites these molecules do not undergo
decarbonylation. The reaction stops at the stage of the pri-
mary radical pair and observed products are formed from
this radical pair. Alkali metal ion binding to the reactant es-
ter in a cooperative fashion to two parts of the reactant mole-
cule is suggested to favor recombination of the primary
radicals (A) at the nearest possible site, namely the 2-
position of the naphthoxy ring. Such effects fail to stop
decarbonylation when the primary radical pair is formed in
the triplet state. A comparison of the photobehavior of
dibenzyl ketones with that of naphthyl esters reveals this
facet of the mechanism. Results presented here suggest that
it is possible to steer the course of a photoreaction and direct
the formation of a specific photoproduct by using zeolites as
reaction media.

Experimental

NaY zeolite was obtained from Zeolyst International, the
Netherlands. Monovalent cation exchanged (Li+, K+, Rb+,
Cs+, and Tl+) zeolites were prepared by stirring 10 g of NaY
with 100 mL of a 10% solution (in water) of the correspond-
ing metal nitrate for 12 h with continuous refluxing. The ze-
olite was filtered and washed thoroughly with distilled water.
This procedure was repeated three times. The zeolite was
then heated in an oven at 120°C for about 6 h to obtain the
cation exchanged zeolite used for photolysis. The exchange
levels were estimated by ICP analysis and they were in the
range 60–85%.

1-Naphthyl phenylacyl esters 1a and 1b were gifts from W.
Gu and R.G. Weiss of Georgetown University. 1-Naphthyl
phenylacyl ester 1c was synthesized as per Scheme 7 (14).

Step a
Lithium diisopropyl amide (0.02 mol) in dry THF

(100 mL) was stirred under nitrogen at –78°C. To this 2 g
(0.015 mol) of 2-phenyl propionaldehyde in dry THF was
added dropwise with continuous stirring. To the resulting or-
ange dispersion 2.7 g (0.02 mol) of methyl iodide was added
dropwise. The mixture was stirred for 12 h and then poured
over an ice water mixture and extracted with three 20 mL
portions of diethyl ether. The ether layer was dried with
anhyd MgSO4, filtered, and evaporated to give a crude mix-
ture of the product aldehyde (14). Pure 14 was obtained by
purification using column chromatography (silica gel and
hexane); yield: 35%. MS data: 148 (M+, 6.5), 119 (97.8),
103 (14.1), 91 (100), 77 (28.3), 65 (8.7), 51 (27.2), 41
(54.3).

© 2003 NRC Canada
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Cation
Ionic radius
of the cationa

Spin-orbit coupling constantsb for
the corresponding atom ζ cm–1

Li+ 0.86 0.23
Na+ 1.12 11.5
K+ 1.44 38
Rb+ 1.58 160
Cs+ 1.84 370
Tl+ 1.40 3410

aSee F.A. Cotton and G. Wilkinson. Advanced Inorganic Chemistry. V
ed. Wiley-Interscience, New York. 1988. p. 124 and 209.

bNumbers taken from S.L. Murov, I. Carmichael, and G.L. Hug.
Handbook of photochemistry. Marcel Dekker, New York. 1988. pp. 338–
341.

Table 4. Ionic radii and spin-orbit coupling constants for differ-
ent cations exchanged into the zeolites.
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Step b
Silver oxide was prepared by adding a solution of 5.1 g

(0.03 mol) of AgNO3 in 10 mL of water to a solution of
2.4 g (0.06 mol) of NaOH in 10 mL of water. Continuous
shaking during the addition ensured complete reaction and
resulted in a brown semisolid mixture. This mixture was
cooled with an ice bath and 2 g (0.014 mol) of the aldehyde
14 was added slowly with continuous stirring. The oxidation
reaction was allowed to proceed for 2 h. The black silver
suspension was removed by suction filtration and was
washed with warm water. The combined filtrate was allowed
to cool and the washings were acidified with concentrated
hydrochloric acid precipitating about 1.8 g of the corre-
sponding acid (15); yield: 70%. MS data: 164 (M+, 23.5),
119 (100), 103 (12.2), 91 (73.5), 77 (20.4), 65 (6.1), 51
(17.3), 41 (30.6).

Step c
The acid, 15 (2 g) (0.012 mol), 1.76 g (0.012 mol) of 1-

naphthol, 2.5 g (0.012 mol) of DCC, and 0.15 g (0.0012 mol)
of DMAP were mixed together in 50 mL of dry methylene
chloride. The mixture was stirred under nitrogen for 12 h.
The resulting suspension was then filtered to remove the
white residue. The filtrate was washed with water and aque-
ous acetic acid (5%). The resulting methylene chloride solu-
tion was then dried with anhyd MgSO4 giving a crude
mixture of the product ester 1c. The mixture was purified by
column chromatography, eluting with petroleum ether, then
with 5% methylene chloride in petroleum ether, and finally
with 1% ethyl acetate in petroleum ether. Yield: 23%. The
resulting ester was a thick viscous colourless liquid. 1H
NMR (CDCl3, 400 MHz) δ: 1.89 (s, H), 7.18 (1H, d), 7.35–
7.55 (7H, m), 7.6 (2H, d), 7.73 (2H, d), 7.85 (2H, d). 13C
NMR (CDCl3, 100 MHz) δ: 26.4, 47, 118, 121, 125.5, 126
(Ar-C), 126.5, 127, 127.3, 128, 128.8, 134.8, 144, 146.8,
175.2. MS data m/e (relative intensity): 290 (M+, 14.7), 144
(75), 119 (100), 115 (41.2), 103 (10.3), 91 (51.5), 77 (13.2),
63 (10.3), 41 (32.4).

Dibenzyl ketone (2a) was used as obtained from Aldrich.
Dibenzyl ketones 2b and 2c were synthesized following the
procedure described below.

Synthesis of α,α′-dimethyl dibenzyl ketone (2b) (15)
Dibenzyl ketone (2a) (1 g, 0.005 dissolved in 15 mL of

dry THF was added dropwise to the cooled solution (–10°C)
of pottassium hydride (0.4 g, 0.01 mol) in 15 mL dry THF.
The resulting light yellow suspension was allowed to stir for
30 min and then 0.62 mL (0.01 mol) of methyl iodide was
added dropwise. The white suspension formed was allowed
to stir for 12 h, acidified with dil. HCl and extracted with di-
ethyl ether. The ether layer was dried with anhyd MgSO4
and evaporated to give a crude product mixture. Pure 2b was

obtained by column chromatography eluting with 2% ethyl
acetate in petroleum ether. The product was a colorless oil;
yield 31%. 1H NMR (CDCl3, 400 MHz) δ: 1.35, 1.45 (d,
3H), 3.9, 4 (q, 1H), 7–7.5 (10 H, m). 13C NMR (CDCl3,
100 MHz) δ: 18.5, 19, 51, 51.7, 140.2, 141, 141.8, 143.2,
210.3, 211.3. MS data m/e (relative intensity): 238 (M+, 4.4),
133 (10.3), 128 (2.9), 105 (100), 89 (1.5), 77 (17.6), 63
(1.5), 51 (5.9), 39 (2.9).

Synthesis of α,α,α′ ,α′-tetramethyl dibenzyl ketone (2c) (15)
Dibenzyl ketone (2a) (1 g, 0.005 mol) dissolved in 15 mL of

dry THF was added dropwise to the cooled solution (–10°C) of
potassium hydride (0.8 g, 0.02 mol) in 15 mL dry THF. The
resulting light yellow suspension was allowed to stir for
30 min and then 1.24 mL (0.02 mol) of methyl iodide was
added to the solution dropwise. The white suspension
formed was allowed to stir for 12 h at room temperature,
acidified with dil. HCl, and extracted with diethyl ether. The
ether layer was dried with anhyd MgSO4 and evaporated to
give a crude product mixture. Pure 2c was obtained by col-
umn chromatography, eluting on a silica gel column with
2% ethyl acetate in petroleum ether. The product was a
white solid; yield 81%. 1H NMR (CDCl3, 400 MHz) δ: 1.3
(s, 12 H), 7.18–7.3 (10H, m, Ar-H). 13C NMR (CDCl3,
100 MHz) δ: 28 (-CH3), 53.2 (-C(CH3)2), 125.8 (Ar-C),
126.5 (Ar-C), 128.5 (Ar-C), 144.5 (Ar-C), 213.4 (C=O). MS
data m/e (relative intensity): 266 (M+, 0.9), 147 (6.8), 119
(100), 103 (4.5), 91 (45.5), 77 (9), 51 (4.5), 41 (18).

Identification of photoproducts
Photoproducts from 1a and 1b have been identified previ-

ously by W. Gu and R.G. Weiss of Georgetown University.
The spectra of the photoproducts 3a–10a and 3b–10b agreed
with the reported data. Authentic samples provided by Gu
and Weiss were used to identify the GC peaks. Irradiation of
1c in hexane gave 1-naphthol, 9c, and 3c as the major prod-
ucts. An authentic sample obtained from Aldrich was used
to identify 1-naphthol. The spectral data for 9c and 3c are
shown below: For 9c: 1H NMR (CDCl3, 400 MHz) δ: 1.34
(s), 7.06–7.5 (10 H, m). 13C NMR (CDCl3, 100 MHz) δ:
25.2, 43.6, 125.5, 126.8, 128.6, 146.8. MS data m/e (relative
intensity): 238 (M+, 0.5), 128 (0.5), 119 (100), 91 (50), 77
(9.2), 65 (2.6), 51 (3.9), 41 (17). The other photoproducts
from ester 1c were assigned by comparing their GC reten-
tion times with similar products from the photolysis of esters
1a and 1b.

Photoproducts upon photolysis of dibenzylketones namely
diphenylethane (11), cumene (17), and α-methyl styrene (18)
were compared to the original samples obtained from
Aldrich. Products 14 and 19 were prepared by preparative
photolysis of 2b and 2c, respectively, in hexane. Spectral
data for 14: 13C NMR (CDCl3, 400 MHz) δ: 18.5, 19, 46.5,
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47.5, 126.2, 127.9, 128.5, 146. MSl data m/e (relative inten-
sity): 210 (4.4), 106 (8.9), 105 (100), 91 (3.3), 77 (15.6), 65
(2.2), 51 (5.6), 39 (3.3). For 19: 1H NMR (CDCl3,
400 MHz) δ: 1.34 (s), 7.06–7.5 (10 H, m). 13C NMR
(CDCl3, 100 MHz) δ: 25.2, 43.6, 125.5, 126.8, 128.6, 146.8.
MS data m/e (relative intensity): 238 (0.5), 128 (0.5), 119
(100), 91 (50), 77 (9.2), 65 (2.6), 51 (3.9), 41 (17).

Synthesis of 2-methyl phenyl benzyl ketone (12) and 4-
methyl phenyl benzyl ketone (13)

In a small round-bottomed flask, 0.5 g (0.003 mol) of the
corresponding acid chloride (2-methyl benzoyl chloride or 4-
methyl benzoyl chloride) was added to 15 mL dry THF. This
mixture was kept stirring at –10°C under a nitrogen atmo-
sphere. A benzyl magnesium chloride (0.0025 mol) suspen-
sion in THF was added dropwise to the above solution. The
light yellow solution was allowed to stir for 12 h at room
temperature (25°C) followed by addition of satd NH4Cl so-
lution in water and extraction with three 20 mL portions of
diethyl ether. The ether layers were combined, dried with
anhyd MgSO4, and evaporated to give a crude product mix-
ture. Pure 12 or 13 was then obtained by column chromatog-
raphy, eluting on a silica gel column with 2% ethyl acetate
in petroleum ether. For 12: 1H NMR (CDCl3, 400 MHz) δ:
2.45 (s), 4.23 (s), 7.2–7.4 (8H, m), 7.74 (1H, d). 13C NMR
(CDCl3, 100 MHz) δ: 21.3, 48.5, 125.5, 126.8, 128.5, 130,
132, 133, 134.5, 136.6, 137.6, 138.8, 201.5. MS data m/e
(relative intensity): 210 (2.7), 165 (1.1), 119 (100), 91
(69.4), 65 (48.6), 51 (8.3), 39 (25). For 13: 1H NMR
(CDCl3, 400 MHz) δ: 2.42 (s), 4.28 (s), 7.22–7.38 (7H, m),
7.94 (2H, d). 13C NMR (CDCl3, 100 MHz) δ: 21.7, 45.4,
127.6, 129.4, 129.6, 130.1, 130.2, 135, 135.6, 144.9, 198.5.
MS data m/e (relative intensity): 210 (2.7), 165 (1.4), 119
(100), 91 (48.6), 65 (37.8), 51 (6.8), 39 (17.6).

Synthesis of 2-ethyl phenyl α-methyl benzyl ketone (15)
and 4-ethyl phenyl α-methyl benzyl ketone (16)

Ethyl benzene (10 g) (0.09 mol) and 14.5 g (0.094 mol) of
phenyl acetyl chloride were placed in a small round-
bottomed flask. Into a conical flask, 12.5 g (0.09 mol) of
AlCl3 was weighed out and this solid was added with fre-
quent shaking to the contents of the round-bottomed flask.
The mixture turned dark green with evolution of HCl gas
during the addition. After addition was complete, a reflux
condenser was attached and the round-bottomed flask was
heated on a water bath for 3 h. The contents of the flask
were poured into a mixture of crushed ice and concd HCl
with continuous stirring. The resultant water layer was ex-
tracted with five 25 mL portions of diethyl ether. The ether
layers were combined, dried with anhyd MgSO4, and evapo-
rated to give a crude product mixture. The non-methylated
precursors to 15 and 16 could be isolated by column chro-
matography, eluting on a silica gel column with a 5% ethyl
acetate in petroleum ether mixture. They were then methyl-
ated using the procedure used for the ketones 2b and 2c de-
scribed earlier. Purification by silica gel chromatography,
eluting with 2% ethyl acetate in petroleum ether afforded
pure 15 and 16. Spectral data for 15: white colored solid. 1H
NMR (CDCl3, 400 MHz) δ: 1.25 (t), 1.6 (d), 2.7 (q), 4.7 (q),
7.23–7.45 (8H, m), 7.76 (1H, d). 13C NMR: (CDCl3,
100 MHz) δ: 16, 20, 29, 48, 127, 128.2, 128.5, 129, 130.2,

134.5, 142, 149.8, 200. MS data m/e (relative intensity): 238
(1.9), 165 (1.3), 133 (100), 119 (3.7), 105 (22.2), 91 (5.6),
77 (18.2), 51 (5.6), 39 (3.7). For 16: light orange colored
solid. 1H NMR (CDCl3, 400 MHz) δ: 1.25 (t, 3H), 1.6 (d,
3H), 2.7 (q, 2H), 4.7 (q, 1H), 7.2–7.4 (7H, m), 7.95 (2H, d).
13C NMR (CDCl3, 100 MHz) δ: 16, 20, 29, 48, 127, 128.2,
128.5, 129, 130.2, 134.5, 142, 149.8, 200. MS data m/e (rel-
ative intensity): 238 (1.6), 165 (1.6), 133 (100), 105 (21.8),
89 (4.7), 77 (15.6), 51 (6.3), 39 (3.1).

Photolysis
Known amounts of substrate (3 mg) and activated (450°C,

air oven) zeolite (300 mg) were stirred together in hexane
for at least 6 h, filtered, and washed with excess hexane. GC
analysis of the hexane layer made sure that all substrate was
loaded into the zeolite. The loading level was kept about 1
molecule per 12 supercages for the esters 1a–1c and 1 mole-
cule in 7 supercages for the ketones 2a–2c. The “loaded” ze-
olite sample was transferred to fresh hexane solvent (10 mL)
and photolyzed (Pyrex tubes, 450 W medium pressure mer-
cury lamp) as a hexane slurry. A continuous nitrogen purge
was maintained through the slurry during the irradiation of
ketones 2a–2c. For the esters 1a–1c, 30% conversion was
achieved upon 2 h of photolysis in zeolites LiY, NaY, and
KY. The reaction proceeded very slowly in zeolites RbY and
CsY and was almost completely absent in TlY. A 30% con-
version was achieved after 2 h of irradiation for ketone 2a,
1 h of irradiation for ketone 2b, and 30 min of irradiation for
ketone 2c. GC analysis of the hexane layer of the irradiated
slurry confirmed that all the products and the reactant re-
mained within the zeolite. After irradiation, the samples
were extracted with a 5% water in THF solution and ana-
lyzed on a GC (Hewlett-Packard 5890 (FID detector), col-
umn SPB-5 (30 m, 0.32 mm i.d., 1.0 mm film thickness)).
The conditions used for the GC run for esters 1a–1c were:
initial temperature (100°C), initial time (1 min), rate (5°C
per min), final temperature (250°C), final time (10 min). The
GC conditions used for ketone 2a were: initial temperature
(100°C), initial time (1 min), rate (2°C per min), final tem-
perature (160°C), final time (10 min), rate A (10°C per min),
final temperature A (250°C), final time A (1 min). GC con-
ditions used for ketones 2b and 2c were: initial temperature
(100°C), initial time (1 min), rate (5°C per min), final tem-
perature (250°C), final time (10 min). In general, mass bal-
ance as followed by using a calibration compound on a GC
was found to be ~85%. The calibration compound used for
the esters 1a–1c was 1-naphthyl acetate and for the ketones
2a–2c was phenyl phenyl acetate.

Absorption spectra
Absorption spectra were recorded using a Shimadzu 2101

PC UV–vis spectrophotometer with a diffuse reflectance ac-
cessory attachment. The dried zeolite samples were packed
into a 2 mm quartz cuvette (in a dry box) and sealed with
teflon tape. Conversion of the reflectance spectra to the ab-
sorption spectra was carried out using a Kubelka–Munk pro-
gram supplied with the instrument.

Emission spectra
Emission spectra were recorded for the three naphthyl es-

ters 1a–1c. The spectra were recorded on a Edinburgh FS-
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900 CDT spectrofluorimeter. Solid zeolite samples were
taken in quartz ESR tubes placed in a quartz cylindrical
Dewar, and the emissions collected at right angles were re-
corded. The ester samples were excited at 290 nm. The fluo-
rescence λmax was 340 nm and the phosphorescence λmax
was 525 nm. Lifetime measurements were carried out on an
Edinburgh FL-900 CDT single photon counter using a hy-
drogen filled ns flashlamp (40 KHz) as the light source. The
samples were excited at 290 nm, and the emitted photons
were collected at the peak maximum of the fluorescence
bands of the adsorbed substrates. The lamp profile was col-
lected with ludox as the scattering medium. The observed
decays were fitted using the distribution or the exponential
analysis program supplied with the instrument. The lifetimes
were fitted to an exponential fit. The suitability of the fit
was ascertained by a χ2 value close to unity. The decays
within the zeolites were usually biexponential.

Computations
Geometry optimizations were carried out using the re-

stricted hybrid Hartree–Fock density functional theory
(RB3LYP) with Becke three parameter exchange functional
in conjunction with correlation functional by Lee, Yang, and
Parr (LYP). The 6-31G(d) basis set was used for C, H, O, Li.
Stationary points have been characterized as true minima by
frequency calculations. All of the calculations were carried
out using the Gaussian 98 series of programs (10).
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A generally applicable synthetic approach for
heteroleptic thiolate complexes of bismuth

Lisa Agocs, Glen G. Briand, Neil Burford, Melanie D. Eelman, Nadia Aumeerally,
Deanna MacKay, Katherine N. Robertson, and T. Stanley Cameron

Abstract: As part of a systematic development of bismuth coordination chemistry, we are exploiting the thermody-
namic and hydrolytic stability of Bi—S bonds. A series of heteroleptic thiolate bismuth complexes have been isolated
and characterized. The generally applicable synthetic methodology involves the use of hetero-bifunctional ligands con-
taining a thiolate moiety as an anchor to facilitate coordinate interaction of weak donors (carbonyls, amines, hydroxyls)
with bismuth. The bifunctional nature of the ligands is manifested in chelating roles. Important comparisons with estab-
lished thiolate complexes of bismuth are discussed.

Key words: bismuth, thiolate, heteroleptic, crystallography.

Résumé : Dans le cadre d’un développement systématique de la chimie de coordination du bismuth, on essaye
d’exploiter la stabilité thermodynamique et hydrolytique des liaisons Bi—S. On a isolé et caractérisé une série de com-
plexes hétéroleptiques de thiolate de bismuth. La méthode de synthèse généralement applicable implique l’utilization de
ligands hétéro-bifonctionnels comportant une portion thiolate agissant comme ancre pour faciliter l’interaction du coor-
dinat des donneurs faibles (carbonyles, amines, hydroxyles) avec le bismuth. La nature bifonctionnelle des ligands se
manifeste dans les rôles d’agents chélatant. On discute d’importantes comparaisons avec des complexes bien établis de
thiolate de bismuth.

Mots clés : bismuth, thiolate, hétéroleptique, cristallographie.

[Traduit par la Rédaction] Agocs et al. 637

Introduction

Bismuth compounds have been used to treat a variety of
medical disorders for over 200 years (1). Most obvious is the
widespread gastrointestinal application of the commercially
available preparations Pepto-Bismol® and De-Nol®, which
contain “bismuth subsalicylate” (BSS) and “colloidal bis-
muth subcitrate” (CBS), respectively. However, the mecha-
nisms of bioactivity are not understood and chemical
characterization of these compounds remains incomplete. In-
deed, the chemical database for bismuth is still superficially
developed.

The high thermal and hydrolytic stability of the sulfur–
bismuth bond are responsible for the fact that sulfur com-
pounds represent the most extensive series of bismuth com-
plexes for which there is a reliable set of data (2). We have
recently developed a series (3, 4) of bismuth thiolates. Their
antimicrobial behaviour (5) and ulcer healing capabilities (6)
suggest a structure–bioactivity relationship for the bismuth
environment. In this context, it is interesting to see that BSS
and bismuth nitrate react readily with thiol-based biomole-
cules to give predictable complexes (7), leading us to specu-

late that the biochemical fate of bismuth pharmaceuticals be-
gins with thiolation.

It is now necessary to devise universally applicable syn-
thetic procedures that enable rational development of the
thiolate coordination chemistry for bismuth in the presence
of other donors. To this end, we have examined complexes
with hetero-bifunctional ligands bearing a thiolate function-
ality that serves as an anchor to promote or assist interaction
of weaker tethered donors with bismuth. This has enabled us
to control the reaction stoichiometry, giving access to series
of complexes bearing one (1), two (2), and three (3) thiolate
ligands (4, 8). Molecular drawings 1–11 illustrate connectiv-
ity only, as drawings of these complexes aimed at describing
bonding features (e.g., Lewis) are not meaningful or are mis-
leading.

We now report the first systematic preparation and com-
prehensive characterization of heteroleptic thiolate com-
plexes of bismuth. Facile synthesis and isolation of the
chlorodithiolate complexes 4 and 5 (9) highlights their suit-
ability as precursors to dithiolate–aminothiolates 6a (R =
Me) and 7a, dithiolate–hydroxythiolates 6b and 7b, and the
dithiolate–esterthiolate 8. Compound 1b is also versatile and
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has allowed for the isolation of an oxothiolate–aminothiolate
9a (R = H). The compounds are rare, resilient examples of
amino-, alkoxo-, and ester-complexes of bismuth.

Experimental

General
Bismuth chloride, 2-mercaptoethanol, 2-aminoethanethiol

hydrochloride, N,N-dimethylaminoethanethiol hydrochlo-
ride, N,N-diethylaminoethanethiol hydrochloride, methyl thio-
salicylate, and 1,2-ethanedithiol were used as received from
Aldrich. Potassium hydroxide was used as received from
BDH. All reactions were performed at room temperature
under an atmosphere of nitrogen. All isolated products are
air stable. Melting points were recorded on an Electro-
thermal melting point apparatus. IR spectra were recorded as
Nujol mulls on CsI plates using a Nicolet 510P spectrometer
or a Bruker Vector 22 spectrometer. Raman spectra were ob-
tained for powdered and crystalline samples on a Bruker
RFS 100 spectrometer. Vibrational spectra are presented as

wavenumber (cm–1) maxima with ranked intensities for each
absorption given in parentheses (the most intense peak is
given a ranking of 1). Chemical analyses were performed by
Canadian Microanalytical Service Ltd., Delta, British Co-
lumbia.

Synthetic procedures
Compounds 6–8 were prepared according to a general

procedure involving the dropwise addition of an ethanolic
solution (50 mL) of thiol and KOH to a stirred slurry of 4 or
5 in ethanol (50 mL). The resulting reaction mixtures were
allowed to stir overnight at room temperature. The precipi-
tates were suction filtered using a Buchner funnel and
washed with two 10 mL aliquots of water. Reagents are pre-
sented in Table 1 along with yields, elemental analyses,
melting points, and vibrational spectroscopic data for each
compound.

Compound 6b was also obtained by the dropwise addition
of 1,2-ethanedithiol to an aqueous solution of bis(2-hydroxy-
ethanethiolato)bismuth(III) chloride (2b) (3) (100 mL). The
reaction was stirred overnight at room temperature and suc-
tion filtered.

Compound 9a was prepared by addition of a solution of
KOH and 2-mercaptoethanol in ethanol (50 mL) to a slurry
of bismuth chloride in ethanol (50 mL). The resulting yellow
reaction mixture was stirred for 3 h at which point an
ethanolic solution (50 mL) containing KOH and 2-amino-
ethanethiol chloride was added dropwise. This reaction mix-
ture was allowed to stir overnight at room temperature. The
reaction mixture was suction filtered.

Compounds 6a–9a were crystallized from filtrates re-
duced in volume on a rotary evaporator and cooled in the re-
frigerator (4°C) for 1 day to give yellow needles (6a) or left
to evaporate slowly over a period of 4 days to give yellow
needles (7a, 8) or green-gold plates (9a). Compound 6b was
isolated as an analytically pure powder and was recrystal-
lized as green-gold cubic crystals from hot DMF.

X-ray crystallography
Data were collected on a Rigaku AFC5R diffractometer

with graphite-monochromated Cu-Kα radiation (λ =
1.54178 Å) and a 12 kW rotating anode generator. The
structures were solved by direct methods (SHELXS86 (6a),
SIR92 (6b, 7a, and 9a)) or Patterson methods (SIR92 (8)).
They were refined by full-matrix least-squares on F using
1435 (6a) and 468 (9a) reflections with I > 3.00σ(I) or on F2

using 1298 (6b), 1970 (7a), and 1397 (8) unique reflections
(SHELXL97) (10). Unit cell parameters were obtained from
the setting angles of high angle centred reflections. The
choice of space groups was based on systematically absent
reflections and was confirmed by the successful solution and
refinement of the structures.

All data were collected using the ω–2θ scan technique.
The intensities of three representative reflections were mea-
sured after every 150 reflections. No decay corrections were
applied. Data were corrected for Lorentz and polarization ef-
fects, and an empirical absorption correction was applied for
each structure. Secondary extinction was refined for 6–8. All
of the heavy atoms were refined anisotropically for each
structure except 9a, where only Bi and S atoms were made
anisotropic (the remainder being refined isotropically). Hy-
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drogen atoms were placed in geometrically calculated posi-
tions and not refined, in all cases (Table 2).

A final difference-Fourier map yielded ρ (max) = 1.71 e– Å–3

and ρ (min) = –1.89 e– Å–3 (6a), ρ (max) = 1.89 e– Å–3 and
ρ (min) = –3.22 e– Å–3 (6b), ρ (max) = 1.72 e– Å–3 and
ρ (min) = –1.96 e– Å–3 (7a), ρ (max) = 1.65 e– Å–3 and
ρ (min) = –1.43 e– Å–3 (8), and ρ (max) = 1.46 e– Å–3 and
ρ (min) = –1.53 e– Å–3 (9a). Atomic coordinates, bond

lengths and angles, and thermal parameters have been de-
posited.2

Results and discussion

Facile hydrolysis of many bismuth element bonds typi-
cally results in essentially quantitative precipitation of bis-
muthyl (BiO+) salts, and this has impeded studies aimed at

© 2003 NRC Canada
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Cpd Reagents (g, mmol)
Yield (g,
mmol, %)

Elemental analysis
(% calcd. (found))

mp [dp]
(°C) IR bands (cm–1) Raman (cm–1)

6a 4 (3.36, 9.97),
HSCH2CH2NMe3

·HCl (1.41, 9.94),
KOH (1.46, 26.0)

1.56, 3.85, 39 C: 17.78 (17.50)

H: 3.46 (3.38)

N: 3.46 (3.27)

[165–184] 758(1), 994(2), 835(3),
1215(4), 1274(5), 919(6),
1248(7), 1270(8), 946(9),
432(10), 1166(11),
1099(12), 1054(13),
1040(14), 421(15),
1407(16), 1428(17),
528(18), 1143(19),
1123(20)

306(1), 104(2),
2891(3), 131(4),
251(5), 291(6),
76(7), 153(8),
179(9), 89(10),
265(11), 197(12),
2801(13), 357(14),
2918(15), 1157(16),
1288(17), 2945(18),
2833(19), 2966(20)

6b (1) 4 (1.98, 5.89),
HSCH2CH2OH
(0.60, 7.66),
KOH (0.43, 7.70)
(2) 2b (3.87,
9.46),
HSCH2CH2SH
(0.89, 9.40)

2.12, 5.62, 96

3.36, 8.89, 95

C: 12.69 (12.72)

H: 2.40 (2.38)

112–114 1054(1), 988(2), 272(3),
331(4), 3222(5), 1293(6),
1279(7), 1413(8), 674(9),
440(10), 643(11),
482(12), 440(13),
1236(14), 1012(15),
929(16),

283(1), 137(2), 123(3),
301(4), 100(5),
185(6), 212(7),
159(8), 79(9),
667(11), 482(12),
644(13)

7b 5 (0.375, 0.946),
HSCH2CH2NH3·
HCl (0.135,
1.19), KOH
(0.151, 2.69)

0.21, 0.48, 51 C: 16.51 (16.56)

H: 2.98 (3.19)

N: 3.21 (3.16)

[107–145] 269(1), 839(2), 893(3),
1641(4), 811(5), 1166(6),
724(7), 530(8), 1269(9),
414(10), 451(11),
966(12), 1133(13),
1560(14), 1049(15),
657(16)

291(1), 253(2), 315(3),
274(4), 165(4),
2888(5), 2917(6),
178(7), 150(8),
225(9), 204(10),
98(11), 2836(12),
1403(13), 2815(14),
2944(15)

8 5 (2.00, 5.15),
MeOCOC6H4SH
(0.85, 5.08),
KOH (0.34,
6.08), BiCl3

(0.952, 3.02)

1.56, 3.00, 59 C: 27.27 (27.39)

H: 2.86 (3.06)

138–140 273(1), 866(2), 875(3),
1716(4), 1423(5),
1136(6), 1274(7),
1437(8), 532(9), 749(10),
307(11), 970(11),
1041(12), 1123(13),
1309(14)

9a HSCH2CH2OH
(0.276, 3.53),
KOH (0.350,
6.24),
HSCH2CH2NH3·
HCl (0.278,
3.60), KOH
(0.207, 3.68)

0.625, 1.74, 50 C: 13.30 (13.51)

H: 2.79 (2.89)

N: 3.88 (3.57)

168–173 1035(1), 334(2), 1275(3),
1005(4), 510(5), 1366(6),
317(7), 964(8), 381(9),
833(10), 1052(11),
1418(12), 1205(13),
288(14), 925(15),
1084(16), 271(17),
1160(18), 663(19),
721(20)

Table 1. Reagents, yields, elemental analyses, melting points, distinctive IR and Raman bands (ranked intensities) for 6–9a.

2 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
207453–207457 contain the supplementary data for this paper. These data can be obtained, free of charge, via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax
+44 1223 336033; or deposit@ccdc.cam.ac.uk).
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rational and systematic development of bismuth chemistry.
Some complexes involving weakly donating functionalities
have been isolated in the absence of moisture, but many

conventional types of ligands have yet to be observed
coordinated to bismuth. As a result, numerous complexes of
bismuth represent unique examples for a particular ligand,

© 2003 NRC Canada
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6a 6b 7a 8 9a

Formula C6H14BiNS3 C4H9BiOS3 C6H14BiNS4 C12H15BiO2S4 C4H10BiNOS2

fw 405.34 378.27 437.40 528.47 361.23
λ (Å) (CuKα) 1.54178 1.54178 1.54178 1.54178 1.54178
Space group P-1 P21/a P21/n P21 P21/c
a (Å) 9.121(2) 9.158(1) 11.748(2) 8.147(2) 8.233(3)
b (Å) 9.266(2) 11.872(2) 5.365(2) 8.736(2) 6.492(4)
c (Å) 7.6099(5) 8.037(1) 19.5313(9) 11.941(2) 16.738(3)
α (°) 104.722(9) 90 90 90 90
β (°) 101.996(9) 90.09(1) 98.354(6) 103.54(2) 111.96(2)
γ (°) 63.51(1) 90 90 90 90
V (Å3) 553.4(2) 873.9(2) 1217.9(3) 826.3(3) 829.6(5)
Z 2 4 4 2 4
T (°C) 23 ±1 23 ±1 23 ±1 23 ±1 23 ±1
Dc (Mg m–1) 2.432 2.875 2.374 2.124 2.892
µ (cm–1) 362.44 458.81 345.69 257.12 460.18
Ra 0.049 0.050 0.033 0.044 0.0570

(obs 3σ data) (obs 2σ data) (obs 2σ data) (obs 2σ data) (obs 3σ data)
Rw

b 0.047 0.073
(obs 3σ data) (obs 3σ data)

wR2c 0.164 0.125 0.124
(all data) (all data) (all data)

aR = Σ|FO| – |FC|Σ|FO|.
bRw = [(Σw(|FO| – |FC|)2/Σ|FO

2|)1/2.
cwR2 = {Σ[w(FO

2 – FC
2)2]/Σ(FO

2)2]}1 2.

Table 2. Crystallographic data for compounds 6–9a.

Reference Bi—SA Bi—SB Bi—SC Bi—SD Bi—NA Bi—NB Bi—NC Bi—OA Bi—OB Bi—OC

1a 4 2.530(7) 2.52(2)
1c 11 3.021(2) 2.562(6)
2a 4 2.569(3) 2.608(3) 2.398(8) 2.528(9) 2.86(1)
2b 3 2.558(4) 2.595(3) 2.80(1) 2.86(1)
2b 13 2.663(6) 2.853(6) 2.58(2) 2.64(2)
2c 8 2.849(7) 2.884(6) 2.68(2) 2.77(2)
3a 4 2.567(5) 2.654(5) 2.748(7) 2.64(2) 2.81(2) 2.83(2)
3c 8 2.568(2) 2.574(2) 2.608(2) 2.807(5) 2.861(5) 3.071(7)
4·2py 9 2.542(6) 2.545(4)
6a* 2.542(4) 2.572(4) 2.589(5) 2.72(1)

Bi-S3 Bi-S2 Bi-S1 Bi-N1
6b* 2.532(5) 2.558(5) 2.639(6) 2.77(2)

Bi-S1 Bi-S2 Bi-S3 Bi-O1
5 9 2.541(6) 2.849(5) 3.534(7)
7a* 2.574(2) 2.592(3) 2.621(3) 3.248(3) 2.723(9)

Bi-S1 Bi-S4 Bi-S3 Bi-S2 Bi-N1
8* 2.543(5) 2.550(5) 2.602(5) 3.068(4) 3.55(2)

Bi-S3 Bi-S1 Bi-S4 Bi-S4 Bi-O1
11 14 2.597(5)2 2.602(6) 2.606(5) 2.72(2) 2.84(1) 3.08(2)
9a* 2.57(2) 2.58(2) 2.41(7) 2.22(4)

Bi-S1 Bi-S2 Bi-N1 Bi-O1
9b 13 2.527(3) 2.564(3) 2.195(9) 2.577(9)
10 15 2.582(1) 2.560(1) 2.197(4) 2.589(4)

Note: Bi-E bond labels are given below the bond distances where distinction is necessary.
*Structures reported in this article.

Table 3. Selected bond lengths (Å) listed in order of increasing bond length (i.e., A < B < C < D) for compounds 1–11.
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rather than a series of related compounds and general syn-
thetic procedures have not been established to allow for as-
sessment of physical and chemical properties.

A wide range of bismuth thiolate complexes are known
due to the high thermal and hydrolytic stability of the sulfur–
bismuth bond (2), however, most complexes involve multi-
thiolation. Hetero-bifunctional ligands containing a thiolate
moiety and an auxiliary donor have proven effective for de-
veloping complexes of bismuth with new donors. Moreover,
the chelate interaction of the weaker donor mediates the
thiophilicity of the bismuth centre and it is possible to iso-
late kinetically stable, partially thiolated complexes, so that
all three stoichiometric combinations (1, 2, 3) have been pre-
pared for aminoethanethiolate (4) and esterthiolate (8, 11)
complexes.

We have now exploited the features of bifunctional thio-
late ligands to develop synthetic procedures for heteroleptic
bismuth complexes. The starting materials 4 (12) and 5 (9)
that are readily obtained via precipitation, react slowly at
room temperature with potassium thiolate solutions in a
slurry with little or no change in the visual appearance of the
reaction mixture. Nevertheless, the precipitates are charac-
terized as analytically pure metathesis products formed in

reasonable yield. Some yields are relatively low, however,
conditions to optimize them have not yet been assessed.

Compounds 6–9a have been crystallographically and
spectroscopically characterized. Molecular structures are
shown in Fig. 1 and selected bond lengths are compared
with those of compounds 1–5 in Table 3. The spirocyclic en-
vironments observed for bismuth in 6a, 6b, 7a, and 9a con-
firm auxiliary coordination of the hydroxyl (6b), amino (6a,
7a, and 9a) and alkoxide (9a) functional groups to the bis-
muth centre in each respective example. The structures are
consistent with the homoleptic thiolate series 1–3 (3, 4, 13),
except for compound 8 in that the ester functionality is ter-
minal (Bi-O, 3.55(2) Å; cf. Bi-O 2.56–2.86 Å (8, 11)),
showing no evidence of interaction with bismuth. This is an
unexpected structural feature, when one compares the struc-
ture of tris(thiosalicylato)bismuth 11, which exhibits a defin-
itively hexacoordinate site for bismuth and typical Bi—O
coordinate bond distances (Bi—O 2.72(2)–3.08(2) Å) (14).
Although the cross-ring S2—Bi distance is relatively long
(3.0688 (4) Å) in 8, we speculate that this interaction lowers
the Lewis acidity of the bismuth center to render the car-
bonyl donation ineffective.

The structural features of compounds 6–9a represent a
useful contribution to the developing database for the che-
late–thiolate coordination chemistry of bismuth, as docu-
mented in Table 3. Mono-, bis-, and tris-thiolate complexes
of bismuth exhibit a narrow range of Bi—S bond distances.
The geometry at bismuth varies considerably throughout the
series of complexes including a variety of coordination num-
bers. Nevertheless, most complexes are observed to have
Bi—S bond lengths within a narrow range (2.5 to 2.6 Å), so
that the thiolate interaction is essentially independent of the
number of thiolate ligands, the presence of auxiliary intra-
molecular coordination to bismuth, or the number of inter-
molecular interactions at bismuth. The unusually long Bi—S
bonds in 1c, 2b, and 2c are likely due to strong inter-
molecular interactions in the solid state that provide for a
dimeric arrangement for 1c and a polymeric (ribbon-like)
structure for 2b and 2c (3, 8). The fourth Bi-S contact in 7a
and 8 represent the intramolecular cross-ring thioether dona-
tion, which is predictably weaker than those of the thiolates.
The relatively weak interactions of the amines are likely
made possible by the chelate arrangement. The Bi—N dis-
tances are comparable to those of the thiolates despite the
smaller size of nitrogen. These observations are consistent
with the realization that amine complexes of bismuth are
extremely rare and the most reliable comparative data comes
from complexes of pyridine derivatives (2), which are in the
range of the Bi—N distances listed in Table 3. The relative
Bi—O distances are in agreement with the relative Lewis ba-
sicity of the oxygen donor in that interactions of hydroxyl
(2b, 6b, 9b, 10) and carbonyl (1c, 2c, 3c, 8, 11) ligands are
longer than interactions with alkoxide (9a, 9b, 10)
functionalities.

Conclusion

The use of thiolates in bifunctional ligands offers a syn-
thetically versatile approach to bismuth complexes involving
weak Lewis donors and provides for a general systematic
and comprehensive development of bismuth chemistry.

© 2003 NRC Canada
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Fig. 1. Crystallographic views of (a) 6a, (b) 6b, (c) 7a, (d) 8,
(e) 9a. Thermal ellipsoids are drawn to 50% probability. Hydro-
gen atoms have been omitted for clarity.
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Variation of the ease of �-sulfonyl carbanion
formation with the orientation of different �-
substituents: Experimental evidence for the
generality of negative hyperconjugation as an
important substituent effect

James F. King, Manqing Li, Allan Zijun Cheng, Vinod Dave, and
Nicholas C. Payne

Abstract: Following up on our previous observation that the rate of formation of aβ-alkoxy-substitutedα-sulfonyl car-
banion depends on the stereochemistry of the alkoxy group, we have found similar behaviour when theβ-substituent is
R2N, RS, or R3N

+. With each substituent, the variation ofkN (defined bykN = (kexch)X /(kexch)model) is consistent with an
equation of the form logkN = a + b cos2 θ, whereθ is the H-C-C-X torsion angle. We propose that thea term de-
scribes the polar (field plus inductive) effect and theb term the negative hyperconjugative effect of the substituent; we
show how the variations ina and b may be readily accommodated within this framework. Some features of the
trialkylammonio group previously postulated in the literature are discussed in the light of our results.

Key words: negative hyperconjugation, substituent effects, stereoelectronic factors, sulfonyl carbanions, anomeric effect.

Résumé : Suite à notre observation antérieure à l’effet que la vitesse de formation d’un carbanionα-sulfonyle portant
un substituantβ-alkoxyle dépend de la stéréochimie du groupe alkoxyle, on a observé un comportement semblable avec
les substituantsβ sont R2N, RS ou R3N

+. Avec chacun de ces substituants, la variation de la valeurkN (où kN =
(kéch)X/(kéch)modèle) peut être calculée par une équation de la formekN = a + b cos2 θ dans laquelleθ correspond à
l’angle de torsion H-C-C-X. On suggère que le termea correspond à l’effet polaire (champ plus inductif) et alors que
le termeb serait associé à l’effet d’hyperconjugaison négative du substituant et on montre comment les variations dans
les termesa et b peuvent facilement être accomodés dans ce cadre. À la lumière de nos résultats, on discute de certai-
nes caractéristiques du groupe trialkylammonio postulées antérieurement dans la littérature.

Mots clés : hyperconjugaison négative, effets de substituants, facteurs stéréoélectroniques, carbanions sulfonyles, effet
anomère.

[Traduit par la Rédaction] King et al. 646

Introduction

We have recently reported (1) on an extended investiga-
tion, which showed that the ease of deprotonation of a
sulfone to form theα-sulfonyl carbanion can be influenced
strongly not only by the presence of aβ-alkoxy substituent
but also by its geometry. Specifically, we investigated a se-
ries ofβ-alkoxy sulfones of the general formulaA (X = RO)

(Scheme 1), and observed a dependence of the ease of car-
banion formation (A → B) onθ, the Hα-Cα-Cβ-X torsion an-
gle. More precisely, if we define (kexch)X as the second-order
rate constant for the H-D exchange of theβ-substituted sub-
strate (A), (kexch)model as the rate constant for H-D exchange
in an appropriate model (e.g.,A with X = H or CH3), and
kN = (kexch)X/(kexch)model, then we observed the relation sum-
marized by eq. [1]

[1] log kN = a + b cos2 θ

wherea = 1.70 andb = 2.62.
This result was interpreted in terms of a (more or less)

angle-independent combination of field and inductive effects
responsible for thea term taken with torsion angle depend-
ent negative hyperconjugation, leading to theb cos2 θ com-
ponent. This term is maximal atθ = 0° andθ = 180° and in
reactions of molecules with these torsion angles is responsi-
ble for themajor part of the electronic effect of theβ-alkoxy
group on the ease of formation of aβ-alkoxyα-sulfonyl car-
banion. The negative hyperconjugation was identified asπ-
type donation of the incipient carbanionic electrons into the

Can. J. Chem.81: 638–646 (2003) doi: 10.1139/V03-015 © 2003 NRC Canada
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antibonding orbital,σ*CO. Such hyperconjugation would be
expected to be smallest atθ = 90° with values increasing
from 90° to maxima at 0° and 180°.

Related negative hyperconjugative interactions have been
treated theoretically (2–5). Especially relevant to the present
study is the paper by Schleyer and Kos (5) who calculated
∆E for the conversion of two conformations of ROCH2CH2

–:
(i) that with thep-orbital on the carbon atom coplanar with
the C—O bond (in our terminology,θ = 180°); and (ii) that
with the p-orbital at 90° to the C—O bond (θ = 90°). They
estimated that the perpendicular conformation was less sta-
ble than the coplanar by 13.2 kcal mol–1 and assigned the
energy difference to negative hyperconjugation. For the reac-
tion CH3CH2

– + ROCH2CH3 −CH3CH3 + ROCH2CH2
– with

the carbanion in the coplanar conformation they estimated
∆E = –23.5 kcal mol–1. Note that the stabilization assigned
to hyperconjugation (13.2 kcal mol–1) is somewhat greater
than that of the polar effect (11.3 kcal mol–1), i.e., our con-
clusions based on the experiment are in full accord with
those of Schleyer and Kos (5), derived from ab initio MO
calculations.

It was reasonable to expect that other substituents, espe-
cially those that are highly electronegative or have a low-
lying antibonding C–X orbital (σ*CX), would show the same
behaviour asβ-alkoxy substituents, though this expectation
could not be taken for granted. We therefore set out to exam-
ine a further set ofβ-substituted sulfones with two aims in
mind: (i) to provide experimental evidence for the generality
of the effect shown by the alkoxy group; and (ii) in the event
that this proved to be the case, to obtain a set ofa andb pa-
rameters (see eq. [1]) for each substituent to determine if our
hypotheses about the contributions of negative hypercon-
jugation and field and inductive effects would withstand the
light of the additional information.

Results and discussion

Materials and methods
In our previous study (1) theβ-alkoxysulfones1a, 2a, and

3a (Scheme 2) had proved both convenient and well be-
haved. Accordingly, we set out to explore the effect of other
substituents by examining the analogues1b–1e, 2b–2e, and
3b–3e. The low solubility of1e rendered kinetic studies im-
possible in our hands and, in view of the satisfactory results
previously obtained with the heterodecalins4a and 4d
turned instead to the disulfone4c.

The monocyclic substrates (1 and2) varied from commer-
cially available (1b), previously known (1d), to readily pre-
pared by straightforward routes from known precursors, as

described in theExperimental section. Conjugate addition of
dimethylamine to the unsaturated sulfone (5), for example,
proved a convenient route to2b and thence to2c. Analogous
conjugate addition of dimethylamine and methanethiol to6
led to the bicyclic substrates,3b and 3d, respectively, and
these in turn were converted easily into3c and3e. The pres-
ent study requires a firm assignment of the stereochemistry
of each substrate, and we postulate the following picture.

The conjugate addition is believed to take place by attack
of the nucleophile on the less-hinderedexo face of the
sulfone (6) in the arrangement shown in7 with formation of
the sulfonyl carbanion with the phenylsulfonyl groupendo
(Scheme 3); the usual stereospecific protonation of the car-
banion (8) leads directly to3. Evidence for this pathway was
obtained by treating6 with sodium methoxide in methanol
to obtain3a, which had been previously obtained by another
route (1). The structure and stereochemistry of3a had been
firmly established by its mode of synthesis and by single
crystal X-ray structure determination. The generality of the
stereochemistry of this addition was then secured by X-ray
structure determination of3c.3

The H-D exchange rates were determined by following
the disappearance of the1H NMR signal of theα-sulfonyl
hydrogen with time, as described earlier (1). A 1:1 mixture
of D2O and dioxane-d8 was the most frequently used solvent
medium, though solubility reasons or the availability of rate
data for the model compounds sometimes led to other me-
dia. The second-order rate constants for the substrates (1b–
1d, 2b–2e, 3b–3d, and4c) together with those of the corre-
sponding model compounds (1f, 2f, and3f) are given in Ta-
ble 1. Missing from the table is compound3e for which a
combination of low solubility, signal overlap, and apparent
reaction complexity has frustrated our efforts to obtain rate
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Scheme 1. Scheme 2.

3 Iodide salt,3c; a = 16.208(3),b = 17.347(4),c = 26.370(5),β = 106.30(3)°,T = –100°C, space groupC2/c, Z = 16,R = 0.037 for 9762 data
with Fobs > 4σ(Fobs). Full details of this and supporting analyses will be published elsewhere.
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constants to date. For two of the substrates in Table 1,
namely the quaternary ammonium salts2c and3c, the reac-
tion showed no sign of any initial H-D exchange but, rather,
gave the unsaturated sulfones,5 and6, respectively. This, of
course, is simply a Hofmann elimination and is the expected
result whenever one generates a carbanion vicinal to a qua-
ternary ammonium centre. Since this reaction consumes a
molecule of base for each reaction it was necessary to mod-
ify the experimental procedure to include the use of a buffer
system. The reaction gave the same second-order rate con-
stant with buffer concentrations differing by 400-fold, point-
ing to specific base catalysis. One simple mechanism is that
the initially-formed carbanion undergoes rapid unimolecular
extrusion of the tertiary amine, i.e., that the process is an ir-
reversible E1cB reaction. The reversible E1cB is excluded
by lack of H-D exchange in the starting material, but the
possibility remains for acis-E2 reaction of3c and a similar
reaction from a twist form in2c. To check this point we
have plotted the logkN values for2a–2e (the ~60° series) vs.
1a–1e (the ~180° series). The ~180° set and all but2c in the
~60° series showed only H-D exchange and can be expected
to show a reasonably linear correlation in such a plot. In the
event we obtained a fair straight line with no sign of positive
deviation of the point for2e. The same features were also
found in a similar plot of3a–3d (the ~0° set) vs.1a–1d.
These observations are in accord with the simple picture that
all of the reactions with rate constants listed in Table 1 in-
volve rate-determining carbanion formation.

Kinetic results
The log kN values for the dialkylamino, trialkylammonio,

and thioalkyl substituents in Table 1 are presented in Fig. 1,
along with the line for the alkoxy substituents obtained ear-
lier (1). The two points for the alkylsulfonyl groups are not
plotted, but it is evident that they fall close to the corre-
sponding points for the trialkylammonio function. From the
curves in Fig. 1 it is evident that the torsion angle depend-
ence originally observed with the alkoxy group is also found
with the other substituents, i.e., the phenomenon is general.
The parameters for eq. [1] obtained by a nonlinear least-
squares fit of the data to eq. [1], along with the parameters
for eq. [1] that fit the two alkylsulfonyl points, are presented
in Table 2. Shown also areσ*0 (which is identical toσ*180)
andσ*90 values, as defined by the equations in the footnotes
to Table 2 (cf. ref. (1)). We note specifically thatσ*90 (be-
cause cos2 90 = 0) is given simply byσ*90 = a/4.9 and dis-
cussions of the trends inσ*90 and a values are equivalent.

First we note that thea parameters (and theσ*90 values)
follow the order RS < R2N < RO < RSO2 < R3N

+, precisely
the order of the electronegativities of the heteroatoms (modi-
fied where appropriate by formal or actual charges). We note

explicitly that this is not the order of the usual Taftσ* or σ I
values, parameters which have long been regarded as de-
scribing the polar effect alone, although the fact thatσ*

CH X2

for X = MeS is greater than that for X = Me2N (see Table 2)
has long been a difficult point to reconcile with a simple po-
lar (field and (or) inductive) effect. The picture presented in
the current paper, that the polar effect is augmented by
hyperconjugation, is, by contrast, highly satisfactory; when
the hyperconjugation is not present (i.e., whenθ ≈ 90°) then
the σ*90 values follow the expected polar-effect order as
noted above.

It is also of interest to note that even the upper range of
the σ* values from the literature is less than theσ*180
(= σ*0) value. Though individualσ* determinations may
well be subject to factors unique to the system, it seems
likely that one reason whyσ*180 is greater thanσ* as com-
monly measured is that in many instances the substrate be-
ing examined does not consist of a conformationally
homogeneous material with all molecules having the
H-Cα-Cβ-X angle (or its analogue) at 180° (or 0°). A mix-
ture of two (or more) conformations would show Winstein–
Holness kinetics, which would reflect the population of the
less reactive (or unreactive) conformer and the substituent
constant (σ*) would be correspondingly reduced. As a sim-
ple illustration we point to structureA in which the torsion
angle (θ) is at the favourable angle of 180°. At the same
time, simple conformational considerations point to a strong
nonbonding interaction between the X and R groups that can
be alleviated, for example, by rotating around the Cα—Cβ
bond to place the X group antiplanar to the Cα—S bond. In
an unconstrained system this conformation can be expected
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Scheme 3. Fig. 1. Plot of log kN vs. the H-Cα-Cβ-X torsion angle (θ) for β-
substituted sulfones1b, 2b, 3b (circles),1c, 2c, 3c (squares),
and 1d, 2d, 3d (triangles). The points are experimental (Table 1),
and each line derived from a nonlinear least-squares fit to
eq. [1]; thea and b parameters are listed in Table 2. The solid
line is for X = RO and is takenfrom ref. (1).
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Table 1. Rate constants for base-promoted formation ofα-sulfonyl carbanions fromβ-substituted sulfones with fixed
Hα-Cα-Cβ-X

aH-C“-C$-X torsion angle estimated by PCModel (PCM4); values in parentheses are from the X-ray crystal structure determination.
bReaction conditions: A: D2O:dioxane-d8 (1:1, 25°C); B: D2O:CD3CN (1:1, 21°C); C: D2O (20°C). The reactions of the ammonium

salts and the disulfones were carried out using phosphate buffers (see ref. (1)); no sign of buffer catalysis was apparent.
ckN = (kexch)X/(kexch)model, see text.
dThe rate constant is that for H-D exchangeper hydrogen, i.e., in the present cases the measured rate constant multiplied by 2 (cf. ref.

(1)).
eTaken from ref. (1).
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to be (i) an important conformer, and (ii) less reactive than
the original conformer shown asA, and a value ofσ* ob-
tained with such a conformational mixture would be smaller
thanσ*180.

The second parameter in eq. [1], namelyb, describes the
sensitivity of the rate constant to change in the torsion angle
(θ). According to our interpretation the parameterb mea-
sures the extent of the hyperconjugation in each system, and
the question immediately arises, does the extent of the
hyperconjugation as measured byb concur with theory? The
hyperconjugation that we are invoking involvesπ-type dona-
tion of the electrons of the incipient carbanion into aσ*C-X
orbital. For simplicity we shall restrict further discussion to
the stabilization of the (full) carbanion derived from the
H-Cα-Cβ-X torsion angle of 180° as indicated by9 (Scheme
4). The general orbital interaction diagram, patterned on
those given by Rauk (7a), is shown in Fig. 2.4 To the extent
that the hyperconjugative overlap shown in9 occurs, the en-
ergy of the carbanion is lowered; the lowering is shown in
Fig. 2 as∆�CX. The value of∆�CX is given approximately by
eq. [2], wherehAB

2 is the interaction matrix element and�A
and�B are the energies of the interacting orbitals (7b).

[2] ∆�
� �

CX
AB
2

A B

h≈
−

For the hyperconjugative interaction itself, thehAB
2 term,

which involves in the present casesπ-type interaction of two
carbon atoms (Cα and Cβ), is not expected to change much
from one molecule to another, and the variation in�A – �B is
the chief source of the change in the energy of hyper-
conjugation and, hence, in the magnitude of parameterb.

We should recall that the magnitude ofb reflects a varia-
tion in log kN and thatkN is defined as (kexch)X/(kexch)model,
where, for simplicity in the comparison of the orbital inter-
actions, we take X = C as the model system. The energies of
hyperconjugation in the model (carbon) and substituted sys-
tem are given by eq. [2], specifically the respective approxi-
mations∆�CC ≈ hAB

2 /(�σCC
* – �C) and∆� CX ≈ hAB

2 / (�σCX
* – �C).

As it happens (and as will be shown below), all of the values
for the energy levels for the antibonding C-X orbitals (�σCX

* )
of the substituents in this study are lower in energy than that
for the antibonding C-C orbital (�σCC

* ) and hence for each of
the examples in this paper∆� CX is greater than∆� CC, i.e.,
the hyperconjugative interactions from these X substituents

are all stabilizing relative to the carbon model. That the en-
ergy levels of theσ*CX orbitals are lower than that ofσ*CC
arises in most of the present cases because the heteroatom of
the substituent is more electronegative than carbon. Taking
oxygen as the example, we see from the familiar orbital in-
teraction diagrams in Fig. 3 that the lower energy ofσ*CO
vs. σ*CC arises because of the lower energy of the oxygen
atomic orbital relative to carbon (taken with eq. [2] and the
analogous expression required for the homopolar C—C
bond). When X = R2N, one may readily determine by inter-
polation that the energy difference betweenσ*CC andσ*CN
is rather less than that with oxygen. Addition of the full pos-
itive charge on nitrogen, as in R3N

+, sharply lowers the en-
ergy of the nitrogen atomic orbital, which substantially
lowers the energy ofσ*CX when X = R3N

+, leading to a very
large value of the parameterb for this substituent.

The effect of the RS group depends less on electronega-
tivity differences than on the smaller overlap in aσ-bond be-
tween carbon and sulfur as compared with carbon and
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Substituent eq. [1] Parametersa σ* 90
b σ* 0 (= σ* 180)

b σ*CH X2
rangec (R = Me)

a b

RS 0.65 3.23 0.13 0.79 0.29–0.69
R2N 0.90 1.95 0.18 0.58 0.13–0.42
RO 1.70 2.62 0.35 0.88 0.51–0.76
(RSO2 2.72 5.66 0.56 1.71)d 1.22–1.42
R3N

+ 2.89 6.29 0.59 1.87 1.62–2.98
aEquation [1]: logkN = a + b cos2θ whereθ is the H-Cα -Cβ -X torsion angle.
bσ* 90 = σ* θ for θ = 90° andσ* 0 = σ* 180= σ* θ for θ = 0° or 180°;σ* θ = (a + b cos2 θ)/4.9, see ref. (1).
cValues for (σI)X taken from ref. (6), transformed using the relationσ*CH X2

= (σI)X/0.45.
dValues fora and b and derived values ofσ* θ for RSO2 were calculated from the two points in Table 1 assuming eq. [1] applies.

Table 2. Substituent parameters.

Scheme 4.

Fig. 2. Orbital interaction diagram for hyperconjugative stabiliza-
tion of an electron pair in ap-orbital on carbon byπ-type inter-
action with an adjacent antibonding C-X orbital (σ* C-X) as
illustrated in9.

4 It may be helpful at this stage to note explicitly that the symbolσ* in this paper (unavoidably) refers to two different things: (i) the Taft
substituent constant; and (ii) an antibondingσ orbital.
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carbon (or oxygen). This feature is reflected in eq. [2] by
the hAB

2 term that is smaller with the C—S bond than C—C
or C—O; this leads to a smaller value of∆� U (and∆� L) for
the C-S array than that for the C-O system shown in Fig. 3.
This in turn results in a lower value for the energy ofσ*CS
than for σ*CC or σ*CO and hence, by the argument given
above using eq. [2], to a greater hyperconjugative stabiliza-
tion with RS than with RO, i.e., to a largerb parameter for
RS than RO. The still larger value for RSO2 is a simple re-
flection of the effect of the formal positive charge on the
sulfur atom. The qualitative orbital interaction picture there-
fore predicts the following sequences forb: (i) R2N < RO <
R3N

+; and (ii) RO < RS < RSO2. These patterns are, of
course, observed, and, in our view, this agreement of theory
and experiment provides a strong case for the basic hypothe-
sis that negative hyperconjugation is at the root of the tor-
sion angle dependence of the heteroatom substituents
observed in our investigation.

The trialkylammonio group: a perfectly normal
substituent?

The role of the field effect
On occasion, trialkylammonio groups, and indeed quater-

nary ammonio functions in general, have been implicated in
controversy concerning their role as substituents. The pres-
ent study has yielded some relevant information and a few
comments seem in order. It is necessary to recall that unlike
most substituents on the standard roster, the trialkylammonio
group is monopolar and its interaction with a developing
charge at a reacting centre via the field effect (i.e., through
space) is not the same as that of a dipolar substituent such as
the alkoxy group. This becomes apparent when one looks at
the results of a brief study in which we compared the field
effect of the methoxy and trimethylammonio groups using
the classic treatment of Bjerrum (8) and Eucken (9) and
Kirkwood and Westheimer (10, 11). Specifically, we looked
at the variation in energy as a function of the H-C-C-X tor-
sion angle of the species X–Cβ–Cα

δ–···H bearing a partial
charge on Cα obtained by partial deprotonation of the Cα-
hydrogen. The study is presented in detail elsewhere (12),
but we will mention three points here: (i) the variation of the

energy of the interaction of the charges with change in tor-
sion angle yields a curve (superficially rather like a simple
cosine curve, i.e., +cosθ) with the principal changes in en-
ergy aroundθ = 90 ± 50°; (ii) more strikingly, the curves for
the dipolar and monopolar groups are reversed, i.e., the larg-
est stabilizing effect of the Me3N

+ group is found atθ ≈ 0°
(at which point the interaction between the positive nitrogen
and the incipient negative charge is maximal), whereas the
stabilization due to the (dipolar) alkoxy substituent is great-
est whenθ ≈ 180° (at which point the destabilization due to
the interaction of the incipient negative charge and theδ– on
the alkoxy oxygen atom is minimal). (Note that the interac-
tion of the incipient negative charge with thepositive end of
the dipole, i.e., Cβ, is unaffected by change in the torsion an-
gle (θ)); (iii) the magnitude of the energy of interaction with
the monopolar trimethylammonio group is distinctly larger
(typically by a factor of about five times) than that with the
dipolar (alkoxy) group. If the Bjerrum–Eucken–Kirkwood–
Westheimer picture is correct in principle, the simple obser-
vation that the trialkylammonio group shows qualitatively
the same behaviour as the dipolar substituents establishes
beyond reasonable doubt that the field effect cannot be the
major contributor to the effect of aβ-substituent on the ease
of formation of anα-sulfonyl carbanion. This, of course,
adds further weight to the conclusion drawn previously that
the principal interaction is negative hyperconjugation. The
question remains, how much influence, if any, does the field
effect have in this system?

One way of looking at the matter takes one along the fol-
lowing lines of thought. Our observation of a reasonable fit
of our log k values to a simplea + b cos2 θ relationship
could be merely a fortuitous simplification, i.e., the reality
may be more complex than first appearance would suggest.
One might imagine, for example, that with more (and more
accurate)kN values the “true” logkN vs. θ relationship re-
quires another term, –c cosθ, such that the resulting curve
for the negative hyperconjugation energy would look more
like the familiar Karplus curve describing NMR coupling
constants vs. torsion angle; the key change with the negative
cosθ term is that the value of logkN at 0° becomes distinctly
smaller than that at 180°. Lambert’s curves for the stabiliza-
tion of incipient carbocations by the Me3Si group show such
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Fig. 3. Orbital interaction diagram showingσ-bond formation leading toσ* CO having lower energy thanσ* CC.
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an appearance with the effect at 0° much weaker than that at
180° (13). Such a difference between 0 and 180° is usually
ascribed to poorerπ-type overlap in the 0° array vs. that at
180°. Is it possible that the field effect of the trialkylammo-
nio group is just the correct magnitude to cancel any effect
of a cosθ term? Such a picture is not inconceivable, but if
the field effect were of real importance with R3N

+, at least
some sign would be expected to show up with a dipolar
group. With the latter any field effect term would have the
same sign as the cosθ component, and one would expect to
see a clear sign of a lower value for logkN at 0 vs. 180°.
Careful inspection of the curves for the RO, RS, and R2N
groups shows little, if any, sign of such a result, suggesting
that the combined influence of the field effect and any cosθ
term cannot be large. In summary, the results from the pres-
ent study are most simply accounted for by a primary nega-
tive hyperconjugation energy with, as a first approximation,
a cos2 θ dependence on the torsion angle (θ). In addition,
there is also an inductive effect totally independent ofθ and
a field effect sufficiently small that the expected variation
with θ is not clearly evident to us; the possibility of a more
substantial field effect is not rigorously excluded.

Any reverse anomeric effect?
Perrin (14) has defined the reverse anomeric effect as “the

tendency for cationic substituents on a tetrahydropyran ring
to take the equatorial position”. This notion had its roots in a
1965 report by Lemieux and Morgan (15) who noted that the
1H NMR spectra of glycosylpyridinium ions pointed to an
equatorial orientation for the ammonio group and not the
usual axial conformation expected from the normal anomeric
effect. They suggested that the putative effect might arise
from field-effect interactions of the free electron pairs on the
anomeric oxygen with the monopolar quaternary ammonio
group. The considerable array of experiments, up to about
1995, designed to assess this proposal has been nicely sum-
marized by Perrin (14). A relatively recent report by Kirby
et al. (16) points to “a preference — though not a strong
preference — for the conformation … favoured by the nor-
mal anomeric effect”. Perrin et al. (17), in a recent report on
the effect of protonation inN-glycopyranosyl imidazoles,
found a small preference for the axial orientation of the
protonated imidazolyl group relative to the unprotonated
group. They concluded that “there is no firm evidence for
[the reverse anomeric] effect” and that “previous evidence
for this effect is not reliable” (17).

The present study is in qualitative accord with these re-
cent investigations of the reverse anomeric effect in that we
see a substantial negative hyperconjugative stabilization with
all electron-withdrawing groups whether dipolar or mono-
polar. We must note, however, that there is a very sizable
difference in magnitude of the hyperconjugative effect in our
carbanionic system and in the glycoside ammonium salts.
The N-methylation of the amines (e.g.,1b → 1c) is
accompanied by a change in hyperconjugative stabilization
of the incipient carbanion of about 5.9 kcal mol–1 (i.e.,
2.303RT(6.29 – 1.95)/1000). The changes in theA value ac-
companying protonation of the nitrogen reported by Perrin
are all less than 0.3 kcal mol–1. This difference between the
carbanionic and carbohydrate systems is expected on the ba-
sis of eq. [2]. The energy of the electrons of the (incipient)

negative charge on carbon is much higher than that of the
free electron pair on the tetrahydropyran oxygen atom, with
the result that the denominator in eq. [2] (�A – �B) is rela-
tively small in the carbanionic species and much higher in
the carbohydrates.

The supposed inability of the trialkylammonio group to
stabilize by delocalization

It has long been recognized that “the (CH3)3N
+ group can-

not enter into conjugation in a conventional manner” (18),
and the conclusion that has commonly been drawn is that the
trialkylammonio group exerts its electronic effect exclu-
sively by the polar (i.e., field plus inductive) effect. Our
present results point to negative hyperconjugation of aβ-
trialkylammonio group inα-sulfonyl carbanion formation,
and hence, any study that explicitly depends on the assump-
tion that the trialkylammonio group functions only via the
field and inductive effects probably requires reexamination.

Swain and co-workers (19, 20) based an important analy-
sis of substituent effects on the possibility of assigning
unique field and resonance parameters to every substituent.
One of its cornerstones is that the large substituent effect of
the trimethylammonio group has no resonance component
and is entirely a polar effect. Bordwell et al. (21) have also
invoked the same basic picture to assign the respective polar
and resonance effects to electron-withdrawing groups. These
pictures are, at the very least, incomplete in that they both
ignore the possibility of hyperconjugation. In light of our
work, it is tempting to suggest that ourσ*90 parameter
would be the place to start in assigning the simple polar
(field plus inductive) effect of any group.

Experimental

The experimental procedures are as described earlier (1),
except that some of the rates in the3 series were measured
with a Varian Mercury 400 MHz instrument. Mass spectra:
(a) electron impact (EI) and chemical ionization (CI) spectra
were recorded using a direct-exposure probe at 70 eV with
the source temperature at 150–175°C and isobutane as the
gas for the CI measurements; (b) fast atom bombardment
(FAB) were recorded using a glycerol – oxalic acid matrix at
room temperature with xenon at 8 kV. New compounds were
purified until 1H and 13C NMR spectra showed only signals
appropriate to the assigned structure. Camag DF-5 silica gel
was used for chromatography.N-Methylthiomorpholine 1,1-
dioxide (1b) was obtained from Lancaster Synthesis Ltd.

4,4-Dimethyltetrahydro-1,4-thiazinium iodide 1,1-
dioxide (1c)

A solution of 1b (50 mg, 0.34 mmol) and MeI (238 mg,
1.68 mmol) in MeOH (1 mL) was allowed to stand overnight
at room temperature. Ether (5 mL) was added and the pre-
cipitate filtered off and washed with ether giving1c as a
white solid, mp 315°C (with decomposition (decomp.))
(80 mg, 82% yield).1H NMR (D2O) δ: 3.2, (s, 6H), 3.5–3.7
(m, 4H), 3.8–4.0 (m, 4H). HR-MS calcd. for C6H14NO2S:
164.0745; found (FAB)m/z: 164.0739.
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3-(Dimethylamino)tetrahydrothiapyran 1,1-dioxide (2b)
4H-2,3-Dihydrothiapyran-1,1-dioxide (5) (22) (50 mg,

0.38 mmol) and dimethylamine (1 mL) were sealed in an
NMR tube. After 2days at room temperature, the tube was
cooled in an ice bath andopened carefully and warmed to
room temperature to let the excess Me2NH evaporate. The
residue was dissolved in CH2Cl2 and washed with 10% hy-
drochloric acid, 5% sodium chloride, and satd. NaCl and
dried over MgSO4. Removal of the solvent gave2b as a
white solid, mp 84–86°C, in almost quantitative yield.1H
NMR (CDCl3) δ: 1.25–1.50 (m, 2H), 1.80–2.02 (m, 2H),
2.23 (s, 6H), 2.70–2.85 (m, 2H), 2.90–3.05 (m, 2H), 3.10–
3.20 (m, 1H).13C NMR (CDCl3) δ: 20.9, 27.3, 40.5, 51.1,
52.2, 60.4. HR-MS calcd. for C7H15NO2S: 177.0822; found
(EI) m/z:177.0821.

3-(Trimethylammonio)tetrahydrothiapyran 1,1-dioxide
iodide (2c)

A solution of 2b (20 mg, 0.11 mmol) and MeI (100 mg,
0.70 mmol) in MeOH (2 mL) treated as in the preparation of
1c gave 2c as a white solid, mp 315°C (with decomp.)
(31 mg, 86% yield).1H NMR (CDCl3) δ: 1.50–1.85 (m, 2H),
2.15–2.40 (m, 2H), 2.90 (s, 9H), 2.85–3.20 (m, 2H), 3.36–
3.52 (m, 1H), 3.66–3.80 (m, 2H). HR-MS calcd. for
C8H18NO2S: 192.1058; found (FAB)m/z: 192.1058.

endo-2-(Phenylsulfonyl)-3-exo-(dimethylamino)norbornane
(3b)

The reaction of (6) (23) (100 mg, mmol) in CDCl3
(0.5 mL) containing excess Me2NH in a sealed NMR tube
was monitored by1H NMR. After 24 h the volatile material
was evaporated under reduced pressure and the residue
chromatographed on a 20 g silica gel plate (benzene–ether,
1:1) giving3b (100 mg, 83%) as a colourless solid, mp 105–
107°C. IR (Nujol) νmax: 1307 (s), 1292 (s), 1158 (s).1H
NMR (CDCl3) δ: 1.14 (m, 3H), 1.50–1.64 (m, 2H), 2.13 (s,
6H), 2.17–2.20 (br s, 2H), 2.44 (d, 1H,J = 5 Hz), 2.75 (d,
1H, J = 4 Hz), 3.22–3.24 (m, 1H), 7.42–7.59 (m, 3H), 7.79–
7.87 (m, 2H).13C NMR (CDCl3) δ: 23.2, 26.2, 37.1, 39.5,
39.9, 43.0, 69.5, 70.3, 127.8, 128.8, 133.1, 140.2. HR-MS
calcd. for C15H21NO2S: 279.1293; found (EI) m/z: 279.1297.

Trimethyl-exo-3-[endo-2-(phenylsulfonyl)norbornyl]am-
monium iodide (3c)

A diethyl ether solution (5 mL) of 3b (200 mg,
0.71 mmol) and excess MeI was refluxed for 24 h. The vola-
tile material was evaporated and the residue rinsed several
times with ether leaving3d as a colourless solid, mp 209–
211°C (250 mg, 85%). IR (Nujol): 1387 (s), 1312 (s), 1158
(s). 1H NMR (D2O) δ: 1.10–1.40 (m, 3H), 1.50–1.90 (m,
3H), 2.10 (br s, 1H), 2.86 (d, 1H,J = 4 Hz), 3.07 (s, 9H),
3.87 (d, 1H,J = 6 Hz), 4.33 (br s, 1H), 7.54–7.63 (m, 2H),
7.66–7.75 (m, 1H), 7.85–7.91 (m, 2H).13C NMR (CDCl3) δ:
24.5, 29.7, 39.7, 43.1, 44.3, 55.6, 70.5, 80.0, 130.6, 132.5,
137.8, 139.5. HR-MS calcd. for C16H24NO2S: 294.1528;
found (FAB) m/z: 294.1529.

1,4-Dithiane 1,1-dioxide (1d)
Literature preparation (24), mp 202–204°C.1H NMR

(CDCl3) δ: 3.05–3.20 (m, 4H), 3.20–3.30 (m, 4H).13C NMR
(CDCl3) δ: 27.7, 54.1.

3-(Methylthio)tetrahydrothiapyran 1,1-dioxide (2d)
A solution of 3-bromotetrahydrothiapyran 1,1-dioxide

(25) (350 mg, 1.64 mmol) and NaSMe (173 mg, 2.46 mmol)
in 2-butanol (30 mL) was refluxed for 1 h under N2. Work
up and recrystallization from EtOAc–hexane gave2d as
white needles (210 mg, 71%), mp 94 to 95°C.1H NMR
(CDCl3) δ: 1.3–1.5 (m, 1H), 2.0–2.5 (m, 3H), 2.14 (s, 3H),
2.5–3.2 (m, 4H), 3.2–3.5 (m, 1H).13C NMR (CDCl3) δ:
13.5, 23.1 30.8, 41.1, 50.8, 56.8. HR-MS calcd. for
C6H12O2S: 180.0279; found (EI)m/z: 180.0276.

3-(Methylsulfonyl)tetrahydrothiapyran 1,1-dioxide (2e)
A mixture of 2d (230 mg, 1.28 mmol), glacial HOAc

(~1 mL), and 30% H2O2 (~2 mL) was heated at 100°C for
15 min. The mixture was cooled, water (30 mL) was added,
and the mixture extracted with CH2Cl2 (5 × 40 mL). The
combined extracts were then washed with 5% aq NaOH (2 ×
30 mL) and satd. NaCl (2 × 60 mL). Evaporation of the sol-
vent and recrystallization from EtOH gave2e as white crys-
tals (57 mg, 21%), mp 210.5–212°C.1H NMR (CDCl3) δ:
1.20–1.30 (m, 1H), 2.05–2.50 (m, 3H), 2.94 (s, 3H), 3.05–
3.25 (m, 2H), 3.40–3.60 (m, 2H), 4.0–4.2 (m, 1H).13C NMR
(CDCl3) δ: 22.0, 23.5, 38.6, 49.8, 50.8, 59.1. HR-MS calcd.
for C6H13O4S ([M + 1]): 213.0255; found (CI) m/z:
213.0261.

endo-2-(Phenylsulfonyl)-exo-3-(methylthio)norbornane
(3d)

endo-2-Chloro-exo-3-(phenylsulfonyl)norbornane (23)
(230 mg, 0.85 mmol) and sodium methoxide (92 mg,
1.3 mmol) in dry MeOH (5 mL) were refluxed for 5 h. The
MeOH was evaporated and the residue taken up in CH2Cl2.
The solution was washed with water and evaporated. Chro-
matography on a silica gel plate (20 g, 20 × 20 cm) develop-
ing with benzene–ether (3:1) gave3d (190 mg, 79%) as a
colourless solid, mp 119–121°C. IR (Nujol) (cm–1) νmax:
1387 (s), 1158 (s).1H NMR (CDCl3) δ: 1.34–1.49 (m, 3H),
1.64–1.82 (m, 2H), 2.04 (s, 3H), 2.26–2.37 (m, 1H), 2.39 (d,
1H, J = 5 Hz), 2.55 (br s, 1H), 3.10–3.22 (m, 2H), 7.20–7.58
(m, 2H), 7.59–7.66 (m, 1H), 7.87–7.97 (m, 2H).13C NMR
(CDCl3) 16.0, 23.3, 27.6, 37.8, 40.3, 43.8, 49.8, 73.5,
128.01, 128.06, 133.4, 140.1. HR-MS calcd. for
C14H18O2S2: 282.0748; found (EI)m/z: 282.0742.

endo-2-(Phenylsulfonyl)-exo-3-(methylsulfonyl)norbornane
(3e)

A solution of 3d (130 mg, 0.46 mmol) in MeOH (8 mL)
at 0°C was added with stirring to a solution of OXONE®
(847 mg, 1.4 mmol) in H2O (5 mL) at 0°C, and the mixture
allowed to come to room temperature. After 4.5 h the mix-
ture was extracted with excess CH2Cl2, the organic layer
dried, and the solvent evaporated. The residue was
chromatographed on a 20 g silica gel plate (benzene–ether,
3:1) giving the sulfone (3e) as a colourless solid (123 mg,
85%), mp 190 to 191°C. IR (Nujol)νmax: 1297 (s), 1148(s).
1 H NMR (CDCl3) δ: 1.25–1.60 (m, 3H), 1.70–1.90 (m, 2H),
2.27 (br s, 2H), 3.04 (s, 3H), 3.04–3.15 (br s, 1H), 3.50 (d,
1H, J = 4 Hz), 3.89 (br s, 1H), 7.56–7.68 (m, 2H) 7.65–7.73
(m, 1H), 7.85–7.97 (m, 2H).13C NMR (CDCl3) δ: 22.5,
28.0, 38.1, 39.8, 40.6, 41.1, 64.7, 67.3, 128.3, 134.1, 136.2,
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138.2. HR-MS calcd. for C14H19O4S2 ([M + 1]): 315.0725;
found (CI) m/z: 315.0730.

1,4-Dithia-trans-decalin 1,1,4,4-tetroxide (4c)
Literature preparation (26), mp 289–291°C (sealed capil-

lary), lit. (26) mp value 288°C.1H NMR (CDCl3) δ: 1.25–
1.45 (m, 2H), 1.55–1.75 (m, 2H) 1.88–2.05 (m, 2H), 2.24–
2.38 (m, 2H), 3.29–3.42 (m, 2H), 3.40–3.53 (m, 2H), 3.68–
3.88 (m, 2H).13C NMR (CDCl3) δ: 20.2, 23.3, 49.0, 61.6.
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Influence of alkali metal cations on the
photoheterolysis of 9-cyclopropyl-9-fluorenol and
the reactivity of the 9-cyclopropyl-9-fluorenyl
cation in non-acidic zeolites

Melanie A. O’Neill and Frances L. Cozens

Abstract: Alkali metal cation regulation of carbocation formation and reactivity in non-acidic zeolites is probed using
the photoheterolysis reaction of 9-cyclopropyl-9-fluorenol. Nanosecond time-resolved diffuse reflectance is employed to
directly observe the 9-cyclopropyl-9-fluorenyl cation as a transient species within the non-acidic zeolites. The efficiency
of carbocation formation via photoheterolysis and the dynamics of other reaction pathways available to photoexcited 9-
cyclopropyl-9-fluorenol are found to be strongly dependent on the zeolite alkali metal counterion. In particular, the
yield of carbocation decreases with increasing counterion size in a manner consistent with the zeolite assisting the ex-
cited state C—O bond cleavage via Lewis acid catalysis involving the metal cation. Zeolite encapsulation is also found
to modulate the ability of water and methanol to assist photoheterolysis. For instance, the influence of coadsorbed wa-
ter on the photoheterolysis reaction within zeolites is found to be highly sensitive to the alkali metal cation. The rate
constant for intrazeolite decay of the 9-cyclopropyl-9-fluorenyl cation increases significantly as the alkali metal cation
size increases and as the Si–Al ratio decreases. These reactivity trends suggest that the intrazeolite decay of the 9-
cyclopropyl-9-fluorenyl cation involves nucleophilic addition at the active site [Si-O-Al]– bridges of the zeolite frame-
work. In addition, the reactivity of the 9-cyclopropyl-9-fluorenyl cation within alkali metal zeolites can be regulated by
the co-inclusion of reagents such as methanol, water, and 1,1,1,3,3,3-hexafluoro-2-propanol.

Key words: cation-exchanged zeolites, 9-cyclopropyl-9-fluorenyl cation, laser photolysis, reactivity.

Résumé : La formation de carbocation contrôlée par les cations de métaux alcalins, et la réactivité dans les zéolites
non acides sont mises en évidence en utilisant la réaction de photohétérolyse du 9-cyclopropyl-9-fluoroénol. On a em-
ployé le pouvoir réflecteur diffus résolu dans des temps de l’ordre de la nanoseconde, pour observer directement le ca-
tion 9-cyclopropyl-9-fluorényle comme une espèce intermédiaire dans les zéolites non acides. On a trouvé que
l’efficacité de la formation du carbocation via la photohétérolyse ainsi que la dynamique d’autres chemins réactionnels
disponibles pour exciter photochimiquement le 9-cyclopropyl-9-fluorénol dépendent fortement du contre-ion métal alca-
lin zéolite. En particulier, le rendement de carbocation décroît avec l’augmentation de la taille du contre-ion d’une ma-
nière qui suggère une influence de la zéolite sur l’ état excité résultant du clivage de la liaison C—O via une catalyse
acide de Lewis impliquant le cation métallique. On a également trouvé que l’encapsulation de la zéolite module la ca-
pacité de l’eau et du méthanol à assister la photohétérolyse. Par exemple, on a trouvé que l’influence de l’eau coad-
sorbée sur la réaction de photohétérolyse dans la zéolite dépend fortement du cation de métal alcalin. La constante de
vitesse pour la décroissance de la zéolite encapsulée dans le cation 9-cyclopropyl-9-fluorényle augmente de façon signi-
ficative lorsque la taille du cation de métal alcalin augmente et lorsque le ratio Si–Al diminue. Ces réactivités suggè-
rent que la décroissance de la zéolite encapsulée dans le cation 9-cyclopropyl-9-fluorényle implique une addition
nucléophile au niveau des ponts [ Si-O-Al]– du site actif du squelette de la zéolite. De plus la réactivité du cation 9-
cyclopropyl-9-fluorényle à l’intérieur des zéolites de métal alcalin peut être contrôlée par la coinclusion de réactifs tels
le méthanol, l’eau et le 1,1,1,3,3,3-hexafluoro-2-propanol.

Mots clés : zéolites à échange de cation, cation 9-cyclopropyl-9-fluorényle, photolyse au laser, réactivité.

[Traduit par la Rédaction] O’Neill and Cozens 659

Introduction

Zeolites (1–3) continue to demonstrate their potential as
unique and versatile host materials for a variety of chemical
transformations (4–10). The efficient catalytic activity of
zeolites and the important role of cationic intermediates in
these reactions have been the impetus for much research
aimed at understanding the chemistry of carbocations (11–
18) and radical cations (8, 16, 19–25) within the cavities and
channels of zeolites. However, to date, most studies of
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carbocations within zeolite hosts have focused on proton-
exchanged Brønsted zeolites, or zeolites with divalent metal
ions such as Ca2+ that possess strong acidic properties upon
thermal activation (26–29). In the highly acidic environment
of acid zeolites a wide number of carbocations can be
readily generated and, more importantly, are thermodynami-
cally and kinetically stabilized to the extent that they can be
readily examined by steady-state techniques such as solid-
state NMR (12, 15, 30–34), UV–vis diffuse reflectance (9,
35–39), and UV–vis absorption spectroscopy (40, 41). This
research has contributed to the emerging picture of Brønsted
zeolites not as superacid solid materials as once envisioned,
but as strong acids whose ability to stabilize and influence
the reactivity of cationic species is closely linked to the dy-
namic role of the zeolite framework in carbocation chemis-
try (12). Thus, although several types of relatively stabilized
carbocations such as triarylmethyl (38), xanthylium (11, 36),
indanyl (30), and cyclopentenyl cations (33) can be detected
as stable ions in acidic zeolites, more reactive species such
as phenethyl cations (30) do not persist within these envi-
ronments.

In addition to strong Brønsted and Lewis acid sites, stabi-
lization of positively charged intermediates in acidic zeolites
has been attributed to the high electrostatic fields associated
with the intrazeolite environment and the tight confinement
provided by the zeolite micropore, which protects the ion
from nucleophilic attack (9, 42, 43). Consequently, non-
protic zeolites have also been shown to be useful media for
the photochemical generation and stabilization of radical
cations (8, 19, 23, 24), and more recently have been shown
to be unique hosts for the study of reactive carbocations (17,
18). Further insights into carbocation-mediated reactions can
be obtained from studies investigating the behavior of carbo-
cations within non-protic, alkali metal cation-exchanged
zeolites. For example, using alkali metal cation zeolites, the
influence of the counterion on the generation and kinetic sta-
bility of the carbocation can be readily explored. In this way
it is possible to examine the effect of properties such as elec-
trostatic field strength and exchangeable counterion size on
the chemistry of carbocations within the cavities of alkali
metal cation zeolites. While the negatively charged frame-
work in proton-exchanged zeolites is generally presumed to
act as a large, relatively non-nucleophilic counterion, the
possibility that localized sites of electron density in these ze-
olite frameworks, namely the [Si-O-Al]– bridges, may be re-
active towards carbocation intermediates can also be
explored.

9-Fluorenol derivatives are attractive probe molecules for
investigating within non-acidic zeolites carbocation forma-
tion and reactivity, both of which have been studied exten-
sively in solution (44–49). In solution the absorption spectra
and absolute reactivity of a wide range of 9-substituted-9-
fluorenyl cations have been well characterized as a function
of substituent and solvent conditions (50–53). In addition,
the formation of 9-fluorenyl cations by photoheterolysis of
9-fluorenols is an interesting probe reaction, particularly
since considerable experimental evidence suggests that
photoheterolysis of the C—O bond of 9-fluorenols is as-
sisted by proton sources (44–46, 49). Therefore, generation
of 9-fluorenyl cations in non-protic zeolites addresses ques-
tions concerning the existence and nature of acidic sites

within these frameworks and their potential to catalyze
heterolysis reactions. Since 9-fluorenols are known to un-
dergo both heterolysis and ionization upon photoexcitation
in solution (48), the competition between carbocation and
radical cation formation can be directly examined as a func-
tion of the local zeolite environment. This can afford new
insights into the dynamics of carbocation formation within
non-acidic zeolites.

Herein we report on the dynamics of photoexcited 9-
cyclopropyl-9-fluorenol (cPrFOH) and on the reactivity of
the photogenerated 9-cyclopropyl-9-fluorenyl cation in alkali
metal cation zeolites. The presence of the cyclopropyl
substituent at the 9-position affords a significant degree of
stability to the 9-fluorenyl cation without introducing un-
wanted steric bulk or structural changes associated with a 9-
aryl substituent (50). In the present work the photogener-
ation and reactivity of the 9-cyclopropyl-9-fluorenyl cation
is used to investigate the internal environment within non-
protic Y and X zeolites in terms of their ability to mediate
photoheterolysis and to influence the reactivity of cationic
intermediates. Particular emphasis is placed on the rather
dramatic role the alkali metal cation plays in defining both
the reactivity of photoexcited cPrFOH towards photoheter-
olysis and the lifetime of the corresponding 9-cyclopropyl-9-
fluorenyl cation. In addition, the presence of protic co-
reagents, such as methanol, water and 1,1,1,3,3,3-hexaflu-
oro-2-propanol (HFIP), on the efficiency of both photoheter-
olysis and the reactivity of the carbocation was investigated.

Results

Laser photolysis of 9-cyclopropyl-9-fluorenol in dry
NaY

The transient diffuse reflectance spectrum obtained upon
308 nm laser irradiation of cPrFOH in evacuated (1 × 10–4 torr,
1 torr = 133.322 Pa) dry NaY has three distinct absorption
bands at 380, 445, and 640 nm and a well-defined shoulder
at 330 nm (Fig. 1a). The absorption bands located at 380
and 445 nm, together with the shoulder at 330 nm bear a
close resemblance to the known absorption spectrum of the
9-cyclopropyl-9-fluorenyl cation previously generated pho-
tochemically in 2,2,2-trifluoroethanol (TFE) (50). The simi-
larities between the diffuse reflectance spectrum in NaY and
the known absorption spectrum of the 9-cyclopropyl-9-
fluorenyl cation strongly suggest that this carbocation con-
tributes significantly to the absorption bands observed at
330, 380, and 445 nm in NaY. In addition, the transient spe-
cies observed at 380 and 445 nm is unreactive towards oxy-
gen, but decays more rapidly in the presence of nucleophiles
such as water and methanol (vide infra), consistent with its
identification as a cationic intermediate. Furthermore, the
absorption at these wavelengths decays (Fig. 1 inset) with a
first-order rate constant of 3.8 × 105 s–1 (Table 1) that lies in
the range expected for the 9-cyclopropyl-9-fluorenyl cation
based on the reactivity of other 9-fluorenyl cations (18)
within NaY. These observations are all consistent with the
presence of the 9-cyclopropyl-9-fluorenyl cation generated
by photoheterolysis of cPrFOH within the cavities of NaY
(Scheme 1, path (a)).

A significant long-lived absorption remains at 380 nm af-
ter the decay of the 9-cyclopropyl-9-fluorenyl cation is
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complete (Fig. 1b). This suggests the presence of an addi-
tional species upon laser photolysis of cPrFOH in NaY. The
spectral appearance of this species is closely similar to that
previously observed upon laser irradiation of other 9-
fluorenols in alkali metal cation zeolites (18) and in solution

(47) and is identified as the triene isomer generated by
photoinduced rearrangement of cPrFOH within NaY
(Scheme 1, path (b)). Evidence to support the identification
of the long-lived 380 nm band to the rearranged triene iso-
mer is the lack of dependence on the addition of oxygen to
the zeolite sample and the long lifetime where virtually no
decay is observed at time scales as long as 1 ms after the la-
ser pulse (54). Both observations are consistent with the ex-
pected behavior for the rearranged triene isomer.

The transient diffuse reflectance spectrum shown in
Fig. 1a also has long wavelength absorption with a maxi-
mum at 640 nm and a shoulder near 600 nm. This absorp-
tion band is not associated with either the 9-cyclopropyl-9-
fluorenyl cation or the triene isomer, but is highly character-
istic of fluorene-type radical cations (46, 48, 55). The detec-
tion of the cPrFOH radical cation following laser photolysis
of cPrFOH in NaY is anticipated based on the observation
that other 9-alkyl-9-fluorenols undergo photoionization in al-
kali metal zeolites to generate the corresponding radical cat-
ion (18). Thus, the absorption band at 640 nm is attributed to
the cPrFOH radical cation produced by photoionization of
cPrFOH within NaY (Scheme 1, path (c)).

The cPrFOH radical cation decays over a broad range of
time scales from a few µs to several hundreds of µs and thus
exhibits notable fast and slow components. Although the de-
cay kinetics of the radical cation are somewhat complex, the
decay of the fast component at 640 nm can be represented
by a first-order process described by the rate constants given
in Table 2. As fluorene-type radical cations are known to
have a second absorption band at 380 nm (46, 48), part of
the fast decaying absorption in this region following laser
photolysis of cPrFOH within NaY must also contain a con-
tribution from the cPrFOH radical cation. The 380 nm band
is therefore very complex, with three species contributing to
the absorption at that wavelength. As a result, detailed exam-
ination of the reactivity of the 9-cyclopropyl-9-fluorenyl cat-
ion focussed on the 445 nm region where only the
carbocation has significant absorption.

Laser photolysis of 9-cyclopropyl-9-fluorenol in dry
alkali metal cation MY zeolites

Laser photolysis of cPrFOH incorporated within other al-
kali metal cation (LiY, KY, RbY, and CsY) zeolites was car-
ried out to examine the effect of the zeolite environment on
the generation and reactivity of the 9-cyclopropyl-9-fluo-
renyl cation. The transient diffuse reflectance spectra ob-
tained upon 308 nm excitation of cPrFOH in the MY
zeolites under dry vacuum conditions (1 × 10–4 torr, 1 torr =

© 2003 NRC Canada
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Zeolite kdry (105 s–1) khyd (105 s–1) khyd/kdry

Increase in carbocation
yield upon hydration (%)

LiY 0.64 ± 0.01 2.5 ± 0.1 3.9 3
NaY 3.8 ± 0.1 7.2 ± 0.1 1.8 10
KY 8.0 ± 0.1 10.6 ± 0.3 1.4 32
RbY 10.4 ± 0.2 22.7 ± 0.2 1.6 54
CsY Not observed Not observed — —
NaX 7.9 ± 0.1 — — —

Table 1. Decay rate constants for the 9-cyclopropyl-9-fluorenyl cation in dry and hydrated alkali metal cation Y
zeolites, ratio of carbocation decay rate constant observed under hydrated and dry conditions, and increase in
carbocation yield upon hydration.

Fig. 1. (a) Transient diffuse reflectance spectra generated 700 ns
(�), 2.40 µs (�), 7.00 µs (�), and 34.0 µs (�) after 308 nm
laser irradiation of cPrFOH in evacuated NaY. Inset shows the
decay trace monitored at 445 nm over a short time scale.
(b) Transient diffuse reflectance spectra generated 16.8 µs (�),
294 µs (�), 440 µs (�), and 684 µs (�) after 308 nm laser irra-
diation of cPrFOH in evacuated NaY. Inset shows the decay trace
monitored at 380 nm over a long time scale.
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133.322 Pa) are shown in Fig. 2. Each spectrum clearly ex-
hibits distinct features, especially with regard to the 9-
cyclopropyl-9-fluorenyl cation probed at 445 nm, which
shows a dramatic dependence on the zeolite counterion both
in terms of yield and absolute reactivity (Fig. 2 insets). For
instance, as the size of the alkali metal counterion increases
upon going from Li+ to Rb+, the observed rate constant for
the disappearance of the 9-cyclopropyl-9-fluorenyl cation in-
creases significantly from k = 6.4 × 104 s–1 in LiY to k =
1.04 × 106 s–1 in RbY (Table 1). In addition, the intensity of
the absorption at 445 nm, which is proportional to the yield
of carbocation formation, decreases significantly along the
zeolite series and is not detected at all in CsY. Thus, the
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Scheme 1.

Fig. 2. Transient diffuse reflectance spectra generated (a) 320 ns (�), 2.96 µs (�), 6.00 µs (�), and 14.8 µs (�) after photolysis in
LiY and 320 ns (�), 800 ns (�), 2.00 µs (�), and 14.0 µs (�) after photolysis in (b) KY, (c) RbY, and (d) CsY. Insets show decay
traces monitored at 445 nm (top ∆J/Jo = 0.35 in each case).

Zeolite kobs (105 s–1)

LiY 6.7 ± 0.3
NaY 8.7 ± 0.3
KY 9.2 ± 0.5
RbY 8.5 ± 0.5
CsY 5.6 ± 0.2

Table 2. First-order rate constants for the
decay of the 9-cyclopropy-9-fluorenol radi-
cal cation observed at 640 nm in dry alkali
metal cation zeolites.
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alkali metal counterion exerts two distinct effects: it modu-
lates both the efficiency of the photoheterolysis reaction and
carbocation formation (Fig. 3) and the reactivity of the re-
sulting 9-cyclopropyl-9-fluorenyl cation.

In addition to carbocation formation via heterolysis, the
efficiencies of ionization and rearrangement are also
strongly influenced by the nature of the zeolite counterion
(Fig. 3). The yield of the triene isomer was evaluated from
the absorption at 380 nm after the other transients with ab-
sorption at that wavelength had completely decayed. The
yield of the triene isomer initially increases with increasing
alkali cation size to a maximum in KY where subsequent in-
creases in counterion size result in an overall decrease in the
yield of the triene isomer. Correspondingly, the yield of radi-
cal cation, as determined from the intensity of absorption
observed at 640 nm immediately following the laser pulse,
decreases slightly upon going from Li+ to K+ and then in-
creases in the larger alkali metal cation zeolites and is the
major transient formed in CsY.

The transient diffuse reflectance spectrum generated upon
laser photolysis of cPrFOH within the cavities of dry, evacu-
ated NaX is characterized by three absorption maxima at
380, 445, and 640 nm, and closely resembles the spectra ob-
served in the alkali metal cation Y zeolites, in particular KY.
The first-order decay rate constant for the carbocation at
445 nm in NaX of k = 7.9 × 105 s–1 is twice as large as in
NaY where k = 3.8 × 105 s–1 (Table 1). At longer times
scales after the carbocation has completely decayed
(>20 µs), and most of the radical cation has disappeared
(>200 µs), an intense absorption band at 380 nm due to the
triene isomer is observed and exhibits no decay in NaX over
times as long as 1 ms.

Co-adsorption of water and methanol in NaY
Water has been shown to strongly influence the

photoheterolysis of 9-fluorenol derivatives in solution and
tends to increase the efficiency of photoheterolysis relative

to non-protic solvents such as acetonitrile (45, 49). The ef-
fect of such reagents on the microenvironment of the zeolite
cavity can be examined by investigating how co-adsorbates
influence both the photochemistry of cPrFOH and reactivity
of the 9-cyclopropyl-9-fluorenyl cation.

The transient diffuse reflectance spectra obtained upon la-
ser photolysis of cPrFOH in NaY containing 6% water and
6% methanol2 along with the corresponding decay traces at
445 nm are shown in Fig. 4. The first-order rate constants
k = 7.2 × 105 s–1 and k = 9.9 × 105 s–1 obtained for the decay
of the carbocation at 445 nm in NaY containing 6% water
and 6% methanol, respectively, are considerably faster than
that observed under dry conditions (k = 3.8 × 105 s–1). In ad-
dition, upon coincorporation of these protic reagents, the
transient spectra more closely resemble that observed upon
photolysis of the same precursor in neat TFE where
carbocation formation is the dominant reaction pathway. In
particular, the long-lived absorption at 380 nm because of
the rearranged triene isomer and long wavelength absorption
because of the cPrFOH radical cation are attenuated in the
zeolite hosts containing a proton source. The attenuation of
these absorption bands suggests that photoheterolysis of the
C—O bond is now the dominant reaction pathway and that
water and methanol co-adsorbed within the zeolite frame-
work strongly influences the behaviour of photoexcited
cPrFOH. The spectra show that the influence of methanol is
not as dramatic as the influence of water on the relative
yield of carbocation with respect to the other processes that
are available to photoexcited cPrFOH within the zeolite en-
vironment. As such, the transient spectrum observed in NaY
containing methanol continues to possess visible absorption
because of the triene isomer at 380 nm and cPrFOH radical
cation at 640 nm.

The rate constant for the decay of the 9-cyclopropyl-9-
fluorenyl cation at 445 nm increases as a function of the
concentration of methanol and water (Fig. 5a). The increase
in the rate constant upon the addition of methanol or water
to the zeolite cavity is in agreement with a mechanism in-
volving nucleophilic attack of the carbocation via co-
incorporated methanol or water (eq. [1]). The greater de-
pendence on methanol concentration as compared to water is
consistent with the greater nucleophilicity of methanol as
compared to water towards reactive carbocations within
zeolites (17, 18).

When the change in diffuse reflectance (∆J/Jo) is moni-
tored at 445 nm following photolysis of cPrFOH in NaY as
a function of water or methanol content, a steady increase in
the yield of carbocation with increasing adsorbate concentra-
tion is revealed (Fig. 5b). This clearly demonstrates that
C—O bond heterolysis of excited cPrFOH in NaY is pro-
gressively enhanced by co-adsorption of increasingly higher
concentrations of either water or methanol. Notably, the in-
crease in photoheterolysis within NaY is more substantial
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Fig. 3. Variation in the yield of the 9-cyclopropyl-9-fluorenyl
cation (�), cPrFOH radical cation (�), and rearranged triene
isomer (�) as a function of alkali metal cation radius following
laser photolysis of cPrFOH in evacuated LiY, NaY, KY, RbY,
and CsY zeolites.

2 The % additive content is given in terms of weight %.
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using water as a protic additive as compared to methanol.
This is consistent with the higher efficiency of water as a re-
agent to promote photoheterolysis of 9-fluorenols in solu-
tion.

Co-adsorption of 1,1,1,3,3,3-hexafluoro-2-propanol in
NaY

We previously reported that the inclusion of small
amounts of HFIP within alkali metal cation zeolites en-
hances the yield and the lifetime of the 9-methyl-9-fluorenyl
and 9-fluorenyl cations (18). Similarly, the inclusion of
small amounts of HFIP within NaY influences both the yield
and the lifetime of the 9-cyclopropyl-9-fluorenyl cation gen-
erated by laser photolysis of cPrFOH in NaY. Thus, the in-
clusion of progressively larger concentrations of HFIP leads

to a progressive increase in the yield of the 9-cyclopropyl-9-
fluorenyl cation (Fig. 5b). The magnitude by which HFIP
enhances photoheterolysis is less than that achieved using
water as a co-adsorbate, but is similar to the enhancement
obtained via the addition of methanol to the zeolite sample.
In addition, the rate constants for decay of the 9-
cyclopropyl-9-fluorenyl cation exhibit a progressive de-
crease with increasing concentrations of HFIP (Fig. 5a).
This contrasts with the influence of methanol or water and is
consistent with the known kinetic stabilizing effect of HFIP
on the reactivity of reactive carbocations in solution (56,
57).

Co-adsorption of water in MY zeolites
The transient diffuse reflectance spectrum obtained upon

308 nm laser photolysis of cPrFOH in hydrated LiY
(Fig. 6a) closely resembles the absorption spectrum of the 9-
cyclopropyl-9-fluorenyl cation in TFE. Weak absorption due
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Fig. 5. (a) Observed first-order rate constant for the decay of the
9-cyclopropyl-9-fluorenyl cation in dry NaY as a function of in-
creasing water (�), methanol (�), or HFIP (�) concentration.
(b) Variation in the change in diffuse reflectance observed at
445 nm immediately following 308 nm laser photolysis of
cPrFOH in NaY as a function of the concentration of water (�),
methanol (�), or HFIP (�).

Fig. 4. Transient diffuse reflectance spectra generated at 280 ns
(�), 1.00 µs (�), 2.64 µs (�), and 14.9 µs (�) after 308 nm la-
ser irradiation of cPrFOH in NaY containing 6% (by weight)
(a) co-adsorbed water and (b) co-adsorbed methanol.
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to the cPrFOH radical cation at 640 nm persists under
hydrated conditions, but little long-lived absorption at
380 nm due to the rearranged triene isomer is evident. In-
creased carbocation generation is also apparent from the
transient diffuse reflectance spectra obtained in hydrated KY
and hydrated RbY (Figs. 6b and 6c and Table 1) where the
transient spectra show a significantly enhanced yield of the
9-cyclopropyl-9-fluorenyl cation upon the absorption of wa-
ter into the zeolite. In each case the addition of water into
the MY framework caused an increase in the observed rate
constant for the decay of the 9-cyclopropyl-9-fluorenyl cat-
ion compared to dry conditions (Table 1). Notably, the rela-
tive reactivity of the carbocation in hydrated alkali metal
cation zeolites is the same as observed in the absence of wa-
ter. Thus, the 9-cyclopropyl-9-fluorenyl cation is longest
lived in hydrated LiY and becomes progressively shorter
lived as the counterion size increases. In addition, the long-
lived absorption because of the triene isomer continues to
contribute to the absorption at 380 nm in hydrated KY, and
particularly in hydrated RbY where the isomer is still a very
dominate species. Interestingly, the transient diffuse
reflectance spectrum observed in hydrated CsY is very simi-
lar to that in dry CsY. The spectrum does not contain any
significant contribution from the 9-cyclopropyl-9-fluorenyl
cation but instead strongly resembles that of the cPrFOH
radical cation in combination with the triene isomer
(Fig. 6d). Thus, heterolytic cleavage of the hydroxy group
does not seem to be a facile process for photoexcited
cPrFOH in CsY under either dry or hydrated conditions. The

rate constants for the decay of the cPrFOH radical cation in
dry MY zeolites are given in Table 2.

Discussion

Influence of alkali metal cations on the 9-cyclopropyl-9-
fluorenyl cation formation

Photoexcitation of cPrFOH encapsulated within dry alkali
metal cation zeolites leads to the formation of the 9-cyclo-
propyl-9-fluorenyl cation via photoheterolysis of the C—O
bond (48, 50). As the photohydroxylation reaction of 9-
fluorenols is thought to occur predominately from the singlet
excited state in the presence of a proton source (45, 46),
which is needed to assist in the cleavage of the hydroxyl
group, it is of interest to ascertain the mechanism of interac-
tion between the intrazeolite environment and the leaving
hydroxide ion. One possible explanation is that the zeolite
framework actually aids the photodehydroxylation reaction
where the metal cation assists the excited state C—O bond
cleavage via Lewis-acid-type catalysis (Scheme 2). In this
case, interaction of the alkali metal cation stabilizes the hy-
droxide ion as the C—O bond cleaves in the excited state. A
weak interaction between the alcohol functionality of
cPrFOH and the zeolite alkali metal cation is expected even
in the ground state, based on similar interactions between al-
kali metal cations and methanol within zeolites (58–63). Once
an interaction is established in the ground state, cPrFOH will
likely be oriented appropriately for Lewis-acid-assisted
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Fig. 6. Transient diffuse reflectance spectra generated at 200 ns (�), 1.76 µs (�), 7.40 µs (�), and 14.0 µs (�) after 308 nm laser ir-
radiation of cPrFOH in hydrated (a) LiY and (b) KY; transient diffuse reflectance spectra generated at 50 ns (�), 180 ns (�), 380 ns
(�), and 3.46 µs (�) after 308 nm laser irradiation of cPrFOH in hydrated (c) RbY and (d) CsY.
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heterolysis upon photoexcitation. The ground state interac-
tion should be highly dependent on the cation size. For
instance the calculated binding energies of methanol at the
bare alkali metal cations are 150 kJ mol–1 for Li+ and
61 kJ mol–1 for Cs+ (63). The binding energies of methanol
within the alkali-metal-exchanged zeolites have been esti-
mated to be about half as large as those associated with the
bare cations, which correlates with the lower positive charge
of the cations at zeolite clusters (63).

The notion that the zeolite counterion facilitates the cleav-
age of the hydroxyl group from photoexcited cPrFOH is
supported by the distinct variation in photoheterolysis effi-
ciency as a function of zeolite counterion (Fig. 3). For in-
stance, the overall yield (absolute and relative) of the 9-
cyclopropyl-9-fluorenyl cation decreases dramatically as the
Y zeolite counterion is varied from Li+ to Cs+. In fact, al-
though carbocation formation is the dominant reaction path-
way of photoexcited cPrFOH in LiY, no carbocation is
detected in CsY. The large variation in the yield of carboca-
tion as a function of alkali metal cation size is most consis-
tent with a reduction in the efficiency of the photoheterolysis
reaction as the counterion size increases from Li+ to Cs+.
This is the anticipated trend in efficiency for a heterolysis
reaction involving Lewis acid catalysis within the zeolite
cavities (Scheme 2) since the Lewis acidity of the
counterion, and of the zeolite interior, decreases significantly
within increasing alkali metal cation size (64, 65).

Influence of protic reagents on the 9-cyclopropyl-9-
fluorenyl cation formation

In alkali metal cation zeolites both the absolute yield of
carbocation formation and the yield relative to competing
processes such as ionization and rearrangement increase
upon inclusion of protic reagents such as water, methanol,
and HFIP, within the zeolite. The concentration of reagent
needed to observe this effect is relatively small, often only a
few molecules per zeolite cavity. Under these conditions, the
surrounding environment experienced by the photoexcited 9-
fluorenol is not comparable to a solvent cage of these re-
agents, as would be the case, for instance, at much higher
concentrations, or in a slurry of zeolite and cosolvent. In-
stead, the intrazeolite environment is akin to that observed
under dry conditions with the exception that additional guest
molecules, the protic reagent, are present within the zeolite
cavities. Therefore, the ability of these protic guest mole-
cules to enhance photoheterolysis is likely a consequence of
the combined influences of both the zeolite matrix and the
proton source, with the protic reagent actively participating
in the C—OH bond cleavage of the excited state 9-fluorenol.
The protic reagent incorporated within the zeolite cavity can
interact with the oxygen of the excited 9-fluorenol and stabi-
lize the incipient charge on the developing hydroxide ion

(Scheme 3). Direct assistance of the photodehydroxylation
of 9-methyl-9-fluorenol and 9-fluorenol by zeolite-
encapsulated HFIP has been previously demonstrated from
studies of isotope effects using HFIP-OD (18).

The experimental results obtained within hydrated alkali
metal cation zeolites support the notion that Lewis acid ca-
talysis is an important interaction for carbocation generation.
The dependence of carbocation yield on the alkali metal cat-
ion size is maintained even under hydrated conditions, where
the carbocation yield is the highest in hydrated LiY and de-
creases dramatically with cation size such that no
carbocation is observed in hydrated CsY. Thus, even under
conditions where small amounts of water are included within
the zeolite cavities, the distinct influence of the zeolite
microenvironment continues to control the efficiency of
carbocation formation. This is noteworthy considering the
powerful ability of water to regulate the efficiency of
photoheterolysis of 9-fluorenol derivatives in homogeneous
aqueous acetonitrile solutions. These observations provide
further evidence that the zeolite framework and, particularly
the alkali metal counterions, plays a direct and defining role
in intrazeolite photoheterolysis, and that carbocation forma-
tion is likely a consequence of Lewis-acid-type interactions
between the excited state 9-fluorenol and the framework al-
kali metal cation.

In this regard, it is interesting to consider the magnitude
by which hydration influences the efficiency of photoheter-
olysis within different zeolite environments. In LiY, where
heterolysis is the favored reaction pathway of photoexcited
cPrFOH in the absence of a proton source, the inclusion of
water does little to further enhance the excited-state bond
cleavage. Conversely, in RbY, where the absolute and rela-
tive yield of photoheterolysis is very low compared to other
reaction pathways, the inclusion of water dramatically in-
creases the yield of the photoheterolysis reaction. However,
in this case the spectrum still has significant contributions
from the triene isomer and the cPrFOH radical cation. Thus,
in the strongest Lewis acid zeolite (LiY), Li+-assisted photo-
heterolysis dominates the chemistry of photoexcited cPrFOH
and the co-adsorbed water participates little in the heteroly-
sis reaction. Conversely, in RbY, Rb+-assisted heterolysis is
a relatively minor pathway for photoexcited cPrFOH, and
water has a much greater opportunity to participate in photo-
heterolysis. In CsY, the ability of the zeolite to facilitate
photoheterolysis of cPrFOH, even under hydrated condi-
tions, is too small to compete with the other photochemical
processes taking place within CsY, particularly
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Scheme 2. Scheme 3.
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photoionization to the cPrFOH radical cation. These obser-
vations suggest that the zeolite framework continues to di-
rectly influence the heterolysis reaction and that the ability
of water to modulate heterolysis is determined by combined
effects of the co-adsorbed water and the specific zeolite en-
vironment (66, 67).

The enhanced photoheterolytic generation of the 9-
cyclopropyl-9-fluorenyl cation observed in alkali metal cat-
ion zeolites upon inclusion of protic reagents is more signifi-
cant for water than for methanol. This trend in relative
efficiencies is not surprising considering that water is supe-
rior in its ability to facilitate photoheterolysis of 9-fluorenols
in homogeneous solution (44–46). However, the observation
that inclusion of small amounts of methanol increases the ef-
ficiency of intrazeolite photoheterolysis is contrary to results
observed in homogeneous solution where carbocation forma-
tion is extremely inefficient in neat methanol. For instance,
from product studies and time-resolved experiments, it has
been shown that the 9-methyl-9-fluorenyl cation is not gen-
erated to a significant extent upon excitation of 9-methyl-9-
fluorenol (MeFOH) in neat methanol, but is readily formed
in methanol–water mixtures, with the efficiency of photo-
heterolysis increasing at higher water content (44–46). As
described above the current observation that the addition of
small amounts of methanol can help induce photoheterolysis
of 9-fluorenols within zeolite cavities is likely due to an as-
sociation of the included protic reagent with the zeolite
framework (Scheme 3). A binding of this nature should in-
crease the acidity of the alcohol and thereby elevate the abil-
ity of the proton to assist C—O bond cleavage.

Absolute reactivity of the 9-cyclopropyl-9-fluorenyl
cation in alkali metal cation zeolites

A fundamental impetus for studying reactive carbocations
in non-acidic zeolites is to develop an understanding of the
mechanisms by which non-protic zeolites interact with posi-
tive ion species and to assess their potential as hosts for
these reactive intermediates. Recent studies of reactive
carbocations within non-acidic zeolites in our laboratory
have shown that the environment within these zeolites can
support the generation and stabilization of reactive
carbocations as transient species. The detection in the µs
time regime of the 9-cyclopropyl-9-fluorenyl cation in alkali
metal zeolites further supports these ideas. The significant
lifetime of carbocations in alkali metal cation zeolites is not
due to a thermodynamic effect, like that present in acid
zeolites where the highly acidic environment shifts an other-
wise unfavorable equilibrium to the side of the carbocation.
Similarly, it is not due to a situation in which the strength of
the nucleophilic sites of the zeolite framework is reduced by
protonation. The ability to observe reactive carbocations on
the ns to µs time scale in alkali metal cation zeolites is in-
stead attributed to the unique intrazeolite environment, spe-
cifically the confined environment, polar, anionic matrix,
and large electrostatic fields within the zeolite cages.

The carbocation lifetime depends dramatically on the na-
ture of the zeolite environment, specifically on the identity
of the alkali metal counterion and the Si–Al ratio. As shown
in Table 1, the lifetime of the 9-cyclopropyl-9-fluorenyl cat-
ion decreases systematically as the alkali counterion is var-
ied from Li+ to Rb+. This trend is consistent with an increase

in the nucleophilicity of the zeolite framework as the alkali
cation size is increased. Several recent studies have demon-
strated that one effect of cation exchange in Y zeolites is
modification of the electron donating ability, or Lewis basic-
ity of the [Si-O-Al]– active sites within the framework (23,
65, 68–71). This effect can be rationalized by a progressive
decrease in interaction strength between the zeolite
counterion and the electron-rich framework oxygen sites as
the counterion becomes larger and more charge diffuse.
Similarly, the tight interaction of a small, charge dense cat-
ion such as Li+ with [Si-O-Al]– framework sites will render
these sites considerably less nucleophilic than similar frame-
work sites interacting more loosely with a large, charge dif-
fuse cation such as Rb+. Decreased cation–framework
interactions are thus manifested as increased framework
nucleophilicity, and correspondingly enhanced rate constants
for nucleophilic addition to encapsulated carbocations as the
counterion size is increased (eq. [2]). In fact, the variation in
lifetime of the 9-cyclopropyl-9-fluorenyl cation with zeolite
structure parallels that previously observed for the p-
methoxycumyl cation where intrazeolite decay via
nucleophilic addition of the framework has been established
(17).

The 9-cyclopropyl-9-fluorenyl cation decays significantly
faster, by almost an order of magnitude, in NaX (Si/Al =
1.2) than in NaY (Si/Al = 2.4). This observation is also con-
sistent with a decay mechanism involving addition of
nucleophilic framework sites. Considerable research has
shown that the Lewis basicity of zeolites increases as the Si–
Al ratio decreases (65, 68, 69, 72, 73). An increase in Lewis
base strength results in an increase in the nucleophilicity of
each site thereby enhancing the reactivity of these sites to-
wards carbocation addition. The increased reactivity of the
9-cyclopropyl-9-fluorenyl cation in NaX as compared to
NaY correlates nicely with this expectation. It must also be
recognized that NaX possesses a significantly larger number
of [Si-O-Al]– bridges than NaY.

Infrared (74–76) and NMR (12, 77–81) investigations of
alkoxy intermediates indicate that framework-bound
carbocations covalently attach to [Si-O-Al]– sites. In addi-
tion, theoretical investigations indicate that the oxygen at-
oms within [Si-O-Al]– bridges bind carbocations more
tightly than oxygen atoms within [Si-O-Si] bridges (82, 83).
Such observations indicate that the [Si-O-Al]– bridges are
the dominant nucleophilic sites within the zeolite lattice. As
a result, the smaller Si–Al ratio of NaX as compared to NaY
renders the number of potential nucleophilic sites available
for attack on encapsulated carbocations to be higher in NaX.
Thus, in addition to the enhanced nucleophilicity associated
with individual sites, the increased concentration of such
sites also contributes to the higher reactivity of the car-
bocation in NaX relative to NaY. Thus, the notion that the
decay of the 9-cyclopropyl-9-fluorenyl cation observed in al-
kali metal cation zeolites proceeds via direct nucleophilic
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addition of the zeolite to yield a framework-bound alkoxy
intermediate is consistent with the current view of carbo-
cation behaviour in acid zeolites.

Further evidence that nucleophilic addition of the zeolite
framework is responsible for the disappearance of 9-
cyclopropyl-9-fluorenyl cation within alkali metal cation
zeolites can be obtained by correlating the lifetime of the
carbocation with the nucleophilicity of the zeolite frame-
work. As previously described (17), it is possible to discuss
the nucleophilicity of the zeolite in terms of the electron
density associated with the active nucleophilic sites, the zeo-
lite lattice oxygen atoms bound to aluminum. One method
for obtaining the average electron density at these sites is to
calculate the partial negative charge on the framework oxy-
gen atom using Sanderson electronegativity principles (84–
86). While calculation of the average charge on a zeolite
framework atom is an oversimplification that masks the het-
erogeneous nature of the zeolite environment, it has proved
successful in rationalizing a number of physicochemical
characteristics (87, 88), including Brønsted acidity and cata-
lytic efficiency (89), Lewis and Brønsted basicity (65, 70,
72, 73), and redox properties (23). For the purpose of the
current work, Sanderson electronegativity principles provide
a means to correlate the observed variation in carbocation
lifetime with a measure of zeolite nucleophilicity (17). The
Sanderson electronegativity and partial charge on the frame-
work oxygen atoms of the alkali metal Y zeolites used in
this study are given in Table 3. A plot of the log of the life-
time of the 9-cyclopropyl-9-fluorenyl cation in alkali metal
cation Y zeolites vs. the charge on the framework oxygen
yields a linear relationship (Fig. 7). The correlation between
the lifetime of the carbocation and the charge on the frame-
work oxygen is consistent with a mechanism of carbocation
decay involving addition of the zeolite framework. Further-
more, it is significant to note that the slope of the correlation
is virtually identical to that obtained for the p-
methoxycumyl cation (17) (Fig. 7). The close match in life-
time variation as a function of the zeolite microenvironment
strongly supports the notion that both carbocations decay via
the same mechanism within alkali metal cation zeolites.

Beyond lending support to a decay mechanism character-
ized by nucleophilic addition, the observed variation in life-
time of the 9-cyclopropyl-9-fluorenyl cation with framework
oxygen charge provides good evidence that this carbocation
is not generated by photoheterolysis within CsY. As shown
in Fig. 7, the correlation between the carbocation lifetime
and the oxygen charge leads to an estimated lifetime for the
9-cyclopropyl-9-fluorenyl cation in CsY of 280 ns, which is
within the time resolution of the ns diffuse reflectance sys-
tem. Thus, the inability to detect the 9-cyclopropyl-9-
fluorenyl cation in CsY is presumably not due to rapid decay
of this carbocation within the laser pulse, but instead it is
more likely due to inefficient photoheterolysis of cPrFOH
within CsY.

Reactivity trends of carbocations in MY zeolites
The 9-cyclopropyl-9-fluorenyl cation is significantly less

reactive within alkali metal cation zeolites than the 9-alkyl-
9-fluorenyl and unsubstituted 9-fluorenyl cations previously
investigated (18). This parallels the relative reactivity of
these carbocations in solution, where the lifetime of the 9-

cyclopropyl-9-fluorenyl cation is several orders of magni-
tude larger than the lifetimes of 9-alkyl-9-fluorenyl and the
9-fluorenyl cation (50, 51). This difference is attributed to
the strong stabilization of the carbocation center provided by
the cyclopropyl substituent (90), where the order of 9-
fluorenyl cation reactivity is due to the ability of the
substituent to stabilize the carbocation center. However, an
interesting observation can be made by considering the reac-
tivity range exhibited by 9-fluorenyl cations in zeolites as
compared to solution (Table 4). In particular, it is observed
that the unstable 9-fluorenyl cation is significantly longer
lived within the zeolites LiY and NaY as compared to water,
or even the weakly nucleophilic solvent TFE. Conversely,
the more stabilized 9-cyclopropyl-9-fluorenyl cation is actu-
ally one to two orders of magnitude more reactive in these
alkali metal cation zeolites than in TFE, and exhibits some-
what similar lifetimes in NaY and water. The net result is
that the environment within the zeolite cavities exerts a dra-
matic leveling effect, whereby the relative reactivity of
carbocations is significantly less sensitive to the relative
thermodynamic stability than observed in solution. This fur-
ther suggests that the zeolite plays a significant role in
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Unit cell composition Szeolite δO

Li26Na30Al56Si136O384 2.60 –0.350

Na56Al56Si136O384 2.58 –0.358

K54Na2Al56Si136O384 2.53 –0.375

Rb25Na31Al56Si136O384 2.52 –0.378

Cs26Na30Al56Si136O384 2.48 –0.391

Table 3. Unit cell composition, equalized
electronegativity (Szeolite), and partial charge
on the framework oxygen atoms (δO) of alkali
metal zeolites.

Fig. 7. Variation in the log of the lifetime of the 9-cyclopropyl-
9-fluorenyl cation (�) and the 4-methoxycumyl cation (�) as a
function of the charge on the framework oxygen atom. The ex-
trapolated lifetime for the 9-cyclopropyl-9-fluorenyl cation in
CsY is included and indicated with (�). Data for the 4-
methoxycumyl cation (�) were taken from ref. (17).
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carbocation-mediated reactions and is more than merely an
inert, non-nucleophilic reaction vessel.

Summary

In dry LiY, NaY, KY, and RbY zeolites cPrFOH under-
goes photoheterolysis to yield the 9-cyclopropyl-9-fluorenyl
cation as a transient intermediate. Both the photoheterolysis
reaction and the reactivity of the resultant 9-cyclopropyl-9-
fluorenyl cation are strongly dependent on the nature of the
intrazeolite environment. The dramatic influence of the al-
kali metal cation on photoheterolysis efficiency demon-
strates the importance of the zeolite environment to the
efficiency of heterolysis and suggests that the zeolite assists
the excited state C—O bond cleavage via Lewis acid cataly-
sis involving the metal cation. In addition, carbocation for-
mation within these zeolites is enhanced by coincluded
protic reagents in a manner that is consistent with direct par-
ticipation of these reagents in the C—O bond cleavage. The
observations that methanol can effectively increase the effi-
ciency of photoheterolysis in zeolites, but not in solution,
and that water is inefficient at effecting heterolysis in CsY
but very efficient at inducing heterolysis in solution, suggest
that the zeolite plays a defining role in the photoheterolysis
even in cases where the cleavage is directly assisted by a co-
adsorbed reagent. This is attributed to the interplay between
the zeolite, the protic reagent and the 9-fluorenol substrate,
and the influences of such interactions on heterolysis and
other reaction pathways available to photoexcited 9-
fluorenols in zeolites.

Trends in the absolute reactivity of the 9-cyclopropyl-9-
fluorenyl cation as a function of the nature of the charge bal-
ancing cation and the Si–Al ratio suggest that intrazeolite
decay of the carbocation involves nucleophilic addition of
lattice oxygen atoms in [Si-O-Al]– bridges. Consequently,
the lifetime of the 9-cyclopropyl-9-fluorenyl cation can be
correlated to the charge on the framework oxygen atom as
has previously been reported for the 4-methoxycumyl cation.
Due to the distinct influences of zeolite encapsulation on
photoheterolysis efficiency and carbocation reactivity, it is
possible to control the yield and lifetime of the 9-
cyclopropyl-9-fluorenyl cation by simple zeolite modifica-
tions such as alkali metal exchange.

Our current understanding, based on the study of reactive
carbocations in non-acidic zeolites, is that the application of
zeolitic systems to controlling and catalyzing positive-ion-
mediated processes may not be derived from the ability of
these materials to enhance carbocation lifetimes over what
can be achieved in certain solvents. Instead, the use of
zeolites in carbocation chemistry may more aptly be directed
towards modifying carbocation reactivity and the efficiency
of carbocation formation relative to competitive processes in
ways which are distinct from those observed in homoge-
neous environments.

Experimental

Materials
9-Cyclopropyl-9-fluorenol was synthesized by Grignard

addition of the cyclopropyl bromide to fluorenone, purified
by recrystallization three times from 95% ethanol, and fully
characterized using 1H and 13C NMR spectroscopy. Spectro-
scopic grade solvents were used in zeolite sample prepara-
tion and laser experiments and were commercially available
from BDH or Aldrich and used without additional purifica-
tion. NaY, Si/Al = 2.4, and NaX, Si/Al = 1.2, were pur-
chased from Aldrich and used as received. The exchanged
zeolites were prepared as previously described (17). The
percent exchange is typically 47% for LiY, 97% for KY,
44% for RbY, and 47% for CsY. It is known that for the
larger cations such as Rb+ and Cs+, only the accessible Na+

which occupy type II and type III sites can be readily ex-
changed (2). Thus, the maximum cation exchange is ~70%.
Values of ~50% exchange indicate that a small percentage of
type II cations are not completely exchanged. The low per-
cent exchange for the LiY sample is because hydrated Li+

also does not readily exchange the type III cations.

Zeolite samples
9-Cyclopropyl-9-fluorenol was incorporated into alkali

metal zeolites using hexane as a carrier solvent to achieve a
loading level of approximately one molecule in every 10
supercages. A general procedure for sample preparation is as
follows. Zeolites (typically 300–400 mg) are activated for at
least 12 h at 450°C to remove the co-adsorbed water. The
dehydrated zeolite is removed from the oven and placed in
approximately 20 mL of anhydrous hexane in a sample tube
and sealed with a septum. A small quantity (typically
<250 µL) of a relatively concentrated (typically 1 × 10–1 to
1 × 10–2 M) dichloromethane solution of cPrFOH is then
added to the zeolite–hexane slurry, the mixture is stirred for
1 to 2 h, and then the carrier solvent is separated from the
zeolite solid by centrifuge. An additional 20 mL aliquot of
hexane is then added to the material and the mixture is again
stirred for approximately 30 min to remove surface adsor-
bates, centrifuged, and the zeolite sample is separated from
the supernatant liquid. To remove the remaining hexane the
zeolite–substrate complex is placed in a desiccator that is
evacuated with a vacuum pump (1 × 10–3 torr, 1 torr =
133.322 Pa) for 8–12 h. The sealed desiccator containing the
zeolite powder is placed in a glove bag under an inert atmo-
sphere of dry nitrogen to transfer the dried zeolite composite
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R Lifetime (ns)

LiY NaY Water TFE

H 345 145 <0.02a 1.1b

Methyl 540 290 0.275a 120c

Cyclopropyl 15 600 2600 150d 140 000e

Reactivity range: 45 18 >7500 120 000
aData taken from ref. (46).
bData taken from ref. (51).
cData taken from ref. (52).
dData taken from footnote 3.3
eData taken from ref. (50).

Table 4. Lifetimes of 9-R-9-fluorenyl cations in LiY, NaY, TFE,
and water, and the reactivity range exhibited by these cations in
each environment.

3 F.L. Cozens and M.A. O’Neill. Unpublished results.3 F.L. Cozens and M.A. O’Neill. Unpublished results.
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to a 3 × 7 mm2 quartz laser cell. This is attached to a vac-
uum line equipped with a diffusion pump (1 × 10–4 torr,
1 torr = 133.322 Pa) for an additional 12 h to remove any
oxygen and any residual hexane, which may be present.

During the incorporation procedure, the utmost care is
taken to keep the zeolite sample dry. In particular, all manip-
ulations of dried composites are carried out in an atmo-
sphere of dry nitrogen. UV analysis of the combined decants
indicated that 100% of the organic precursor was incorpo-
rated within NaY. The initial amount of cPrFOH was ad-
justed to account for the reduced % incorporation in the
larger alkali cation zeolites, such that the final concentration
was approximately one molecule in every 10 supercages for
all zeolites examined.

Hydration of 9-cyclopropyl-9-fluorenol–zeolite compos-
ites was carried out by exposing a known quantity of the
vacuum dried 9-cyclopropyl-9-fluorenol–zeolite composite
to the atmosphere. The sample was spread into a thin layer
in a petri dish to allow efficient hydration, and the changes
in sample mass because of water uptake were monitored.
The uptake of water by the zeolite was dependent on the
charge balancing cation and Si–Al ratio. Typical values of
water uptake (expressed as weight percent) by the 9-
cyclopropyl-9-fluorenol–zeolite composites are ca. 12%,
10%, 6%, 3% and 2% for the alkali metal zeolites LiY
through CsY respectively, and ca. 5% for NaX.

The coadsorbed alcohols, methanol and HFIP, were intro-
duced after substrate incorporation and evacuation. In this
case the laser cells containing the zeolite composites were
preweighed before putting the samples into the cells in the
glove bag. In this manner the mass of the zeolite samples
within the cells could be accurately determined. The typical
zeolite mass used in studies with coadsorbed reagents was
ca. 100 to 200 mg. To inject the coadsorbate, the laser cells
were sealed with a rubber septum. A small quantity of the
neat alcohol (typically 1 µL) was then injected into the top
of the cell using a syringe. Care was taken to ensure that the
zeolite powder did not come into direct contact with the al-
cohol. The sample was then gently heated with hot air to va-
porize the alcohol, during which time the cell was rotated to
ensure an even distribution of reagent throughout the sam-
ple. The sample was then allowed to cool and thoroughly
mixed before laser experiments were conducted.

Nanosecond laser flash photolysis
A computer-controlled ns laser flash photolysis system

was employed in this study and has been previously de-
scribed (17). The excitation source was a pulsed Lambda-
Physik excimer laser containing a Xe–HCl–He gas mixture
(308 nm, ≤100 mJ/pulse, <10 ns pulse). Diffuse reflectance
experiments involve measuring the fraction of reflected light
absorbed by the transient, denoted as the reflectance change
(∆J/Jo), where Jo is the reflectance intensity before laser ex-
citation and ∆J is the change in reflectance intensity after
excitation due to absorption by photogenerated transients.
The diffuse reflected light is focused through a grating
monochromator into a photomultiplier system before being
captured with a Tektronix 620A digitizing oscilloscope and
transferred via a GPIB interface to a Power Macintosh 7100
computer which controls the laser system using a program
written with LabViewTM 3.0 software. The resulting appara-

tus couples relatively short laser pulse widths with a rapid
and efficient detection system so that reactive intermediates
with lifetimes = 20 ns can be studied in opaque samples.
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Intramolecular sensitization within steroids:
Excited-state interaction of C-17 � and � carbon–
bromine bonds with a C-6 carbonyl group

Wen-Shan Li, Lokman Torun, and Harry Morrison

Abstract: The synthesis, photochemistry, and photophysics of 17α-bromo-3α-(triphenylsilyloxy)-5α-androstan-6-one (1)
and 17β-bromo-3β-(triphenylsilyloxy)-5α-androstan-6-one (2) have been studied in aqueous tetrahydrofuran. The 17α-
bromo isomer gives evidence (reduced φf, τ1, and φisc for the ketone) for interaction between the ketone and C–Br moi-
eties in the excited singlet state. Some photodehalogenation is also observed upon excitation of the ketone chromo-
phore. This interaction seems to be absent or minimal for the 17β-bromo isomer.

Key words: photodehalogenation, bromosteroid, ketosteroid, intramolecular singlet–singlet energy transfer (ISSET).

Résumé : On a réalisé la synthèse et on a étudié la photochimie et la photophysique de la 17α-bromo-3α-(triphénylsi-
lyloxy)-5α-androstan-6-one (1) et de la 17β-bromo-3β-(triphénylsilyloxy)-5α-androstan-6-one (2) dans le tétrahydrofu-
rane. Avec l’isomère 17α-bromo, on a observé des résultats (valeurs réduites de φf, τ1 et φisc pour la cétone) suggèrent
l’existence d’une interaction entre les portions cétone et C–Br dans l’état singulet excité. On a aussi observé la pré-
sence de photodéshalogénation lors de l’excitation du chromophore de la cétone. Cette interaction semble être absente
ou minimale dans l’isomère 17β-bromo.

Mots clés : photodéshalogénation, bromostéroïde, cétostéroïde, transfert d’énergie singulet–singulet intramoléculaire
(TESSI). Li et al. 668

Introduction

For many years chemists have evinced interest in the use
of rigid, well-defined hydrocarbon skeletons to study the
photophysical and photochemical consequences of excited-
state intramolecular energy transfer between distal func-
tional groups. The most extensively studied frameworks
have involved norbornylogous (1) and steroidal (2) back-
bones. The use of steroids to study intramolecular singlet–
singlet and triplet–triplet energy transfer dates back to the
1960s (3). Though most efforts in the field have emphasized
photophysics, we have had a particular interest in the capa-
bility of the steroid skeleton to facilitate the photochemical
activation of a reactive, non-light absorbing, functional
group (2). Both through-space and through-bond interactions
can effect such a result. Given the interchromophore dis-
tances involved, chemistry resulting from triplet–triplet
intramolecular energy transfer involving rings A and D of
the steroid skeleton most convincingly makes the case for
coupling through the hydrocarbon framework (4, 5).

In general, our program has explored the chemistry of un-
saturated (e.g., ketone and olefin) acceptor groups resulting
from the transfer of energy from an absorbing (“antenna”)
chromophore. However, in a preliminary communication, we
recently presented evidence that a σ-bonded (e.g., C-Br)
functionality attached to the steroid framework could be ac-
tivated by interaction with a ketone antenna (2). Specifically,
photonic excitation (directly or indirectly) of a 6-keto (i.e.,
ring B) functionality can effect the photochemical cleavage
of an α C-17 (ring D) C—Br bond in the androstane 1. We
now present the details of this chemistry and extend the ear-
lier study to include the β C-17 analogs (2). (Note that TPS
and TBDMS in 2 are triphenylsilyl and tert-butyldimethyl-
silyl, respectively).

The somewhat surprising outcome of our most recent ob-
servations is that the interaction between the C-6 ketone and
the C-17 C—Br bond appears to be specific to the 17α iso-
mer.

Can. J. Chem. 81: 660–668 (2003) doi: 10.1139/V03-055 © 2003 NRC Canada

660

Received 6 January 2003. Published on the NRC Research
Press Web site at http://canjchem.nrc.ca on 18 June 2003.

Dedicated to Professor Don Arnold for his contributions to
chemistry.

W.-S. Li,1 L. Torun, and H. Morrison.2 Department of
Chemistry, Purdue University, 560 Oval Drive, West
Lafayette, IN 47907-2038, U.S.A.

1Present address: Institute of Chemistry, Academia Sinica,
128 Academia Road, Taipei 11529, Taiwan.

2Corresponding author (e-mail: hmorrison@purdue.edu).

I:\cjc\cjc8106\V03-055.vp
June 13, 2003 2:11:08 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



Results and discussion

Preparation of steroid substrates

17�-Bromo-3�-(triphenylsilyloxy)-5�-androstan-6-one (1;
3�-TPSO–6ketone–17�-Br)

This substrate was prepared as outlined in Scheme 1,
starting with 17β-hydroxy-5α-androstane-3,6-dione that had
itself been prepared from 17β-hydroxyandrost-4-en-3-one
(6).

The assignment of structure to 1 was confirmed by X-ray
analysis which clearly established the α orientations of both
the 3-TPSO and 17-Br functionalities (2).

17�-Bromo-3�-(triphenylsilyloxy)-5�-androstan-6-one
(2a; 3�-TPSO–6ketone–17�-Br)

The title compound was prepared in six steps from com-
mercially available 5-androsten-3β-ol-17-one (dehydroisoan-
drosterone) as outlined in Scheme 2. The selective reduction
of the vinylbromide in ring D in the presence of the
cycloalkene in ring B is noteworthy. The conversion to the
cycloalkyl bromide is virtually quantitative. An expanded
discussion of this reaction as a synthetic tool will be pre-
sented elsewhere. As with compound 1, X-ray analysis
(Fig. 1) was employed to confirm the β bromide stereo-
chemistry at C-17 as well as the β configuration of the 3-
TPSO group. The latter was a matter of convenience in the
availability of starting material. The stereochemistry in ring
A is of no consequence to the photophysics discussed in this
paper. The axial and pseudo-axial configurations of the
methine protons at C-3 and C-17, respectively, were also ev-
ident in the chemical shifts of their resonances at 3.6–3.8 δ,
characteristically upfield of the resonances for their equato-
rial and pseudo-equatorial counterparts in 1 that appear at
4.2–4.3 δ (7).

Two analogs of 2a were also prepared. One was 17β-
bromo-3β-(tert-butyldimethylsilyloxy)-5α-androstan-6-one (2b),

using a route totally analogous to that used for 2a. The other
was 17β-bromo-3β-methoxy-5α-androstan-6-one (2c), wherein
the 3-ol was methylated prior to the reduction of ring D and
hydroboration–oxidation in ring B.

Photochemistry of compounds 1 and 2a–2c
The photolysis of 1 was studied using both 266 and

308 nm laser light. A mixture of THF and water was em-
ployed to facilitate solubility and ammonium hydroxide was
present to neutralize released HBr. A summary of our obser-
vations, reproduced from our communication (2), is pre-
sented in eq. [1].
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The assignment of 4 and 5 as the 6α and 6β alcohols, re-
spectively, rests on the (axial) 6H resonance (3.14–3.28 δ) in
4 being located well upfield of the (equatorial) 6H resonance
(3.54–3.60 δ) in 5 (7). The debromination characteristic of 8
was readily evident in the mass spectrum and in the disap-
pearance of the downfield C-17 methine proton and C-17
carbon resonances characteristic of 1. Compounds 4, 5, and
8 were independently synthesized, the alcohols by sodium
borohydride reduction of 1, and 8 by reduction of 5α-
androstan-3,6-dione with K-Selectride followed by silyl-
ation. Compounds 6 and 7 were inseparable and handled as
a mixture. The mass spectrum confirms the net addition of
THF to 1 and the proton NMR is consistent with the assign-
ment. These products are expected consequences of hydro-
gen abstraction from THF by the 6-keto group followed by

bond formation by the radical pair. We cannot distinguish
among the possible diastereomers that could result from
such a mechanism.

Among the products shown in eq. [1], the most interesting
is the debrominated steroid (8). To confirm that cleavage of
the C-17 C—Br bond is occurring by intramolecular sensiti-
zation, we photolysed the 3α-OH–17α-Br steroid, both alone
and in conjunction with 1, using both 266 and 300 nm irra-
diation. No debromination was observed in any of these
cases. Nor could debromination of this steroid be sensitized
by the 3α-OH–6ketone (9) or by acetone (as solvent) using
300 nm irradiation.

Quantum efficiencies are included in eq. [1]. Note that the
data for 266 vs. 308 nm irradiation are essentially identical
within experimental error. The former deposits energy in the
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aryl chromophore while the latter selectively excites the car-
bonyl group. The lack of any significant dependence on the
initial site of excitation is reasonable, since we have earlier
demonstrated that singlet–singlet energy transfer from an α-
arylsilyloxy group at C-3 to a ketone at C-6 is 90% efficient
(8). (The efficiency drops to 77% when the arylsilyloxy
group is β at C-3 (8)). These efficiencies are readily calcu-
lated from eq. [2] (or an analogous equation utilizing singlet
lifetimes) (8). Inserting the TPSO fluorescence quantum
efficiency for 1 of 9.5 × 10–4, and using either that for 10
(1.0 × 10–2) or 11 (9.3 × 10–3) as the reference (“r”), like-
wise provides an efficiency of singlet energy transfer from
C-3 to C-6 (φ1

intra3 → 6) of 90%.

[2] φ1
intra3 → 6 = [φf(r) – φf(1)]/φf(r)

The highly efficient transfer of singlet energy to C-6 from
the TPSO group, and the ability of the ketone, when directly
excited, to initiate cleavage of the C-17 C—Br bond, argue
for activation of the C—Br bond as involving the 6-keto
group as the sensitizing chromophore. We return to this

point, and address the question of the excited-state multiplic-
ity of the ketone as sensitizer, later in the discussion.

The photochemistry of the β 17-Br series was studied in a
manner identical to that outlined above for 1. We began with
the 3β-TPSO derivative (2a) but quickly found that the
photolysis mixture was less readily resolved by the usual an-
alytical techniques than had been the case with 1. Recog-
nizing that the aryl chromophore at C-3 was, in fact,
superfluous for sensitization at C-17, we turned to the two
analogs (2b and 2c), which retained the requisite 6-keto
functionality and proved more amenable to study by GLC.
The photolysis of 2b is outlined in eq. [3]. Note that only di-
rect photolysis of the ketone with 311 nm light was em-
ployed since the TBDMSO functionality is transparent to
266 nm light.

The products proved to be analogous to those reported in
eq. [1], with the exception that no dehalogenated steroid
could be detected. The alcohols (12 and 13) were formed in
a ca 1:1 ratio and together constituted 73% of the product
mixture by area count. They were each identified by GC–
MS spectrometry as a 6-ol but the spectral data in hand did
not permit a specific assignment of stereochemistry to a spe-
cific peak. Three other peaks, totaling 27% of the product,
were also resolvable by GLC. Each gave molecular ions by
GC–MS corresponding to a THF adduct and are assigned as
such, but again the data in hand did not allow one to differ-
entiate among the possible diastereoisomers and they are
grouped in eq. [3] as 14.

Compound 2c was likewise photolyzed with 311 nm light
(see eq. [4]). Again, no dehalogenated steroid was detect-
able. In this case only a single peak, constituting 41% of the
product area count, could be attributed to a 6 hydroxy prod-
uct (15); the GC–MS spectrum did not allow us to distin-
guish between the two possible diastereomers. Four peaks at
longer retention times, which together constituted 53% of
the product, each gave mass spectra consistent with a THF
adduct. They are grouped in eq. [4] as the mixture of iso-
mers (16). Finally, a sixth peak (17, 6%) was detected with a
retention time intermediate between the alcohols and the
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THF adducts that has not been identified. Its mass spectrum
indicates that it still retains bromine.

In summary, much of the photochemistry of the two C-17
stereoisomers derives from reactions at C-6 that one would
anticipate as resulting from initial hydrogen abstraction from
the THF by the ketone exited state. Only in 1 do we see any
indication of activation at C-17. Mechanistic and photo-
physical studies were conducted to further clarify the nature
and extent of this interaction.

Mechanistic and photophysical studies
Our first concern was to establish the multiplicity of the

ketone excited state(s) responsible for the chemistry depicted
in eq. [1]. This was done using cis-piperylene (1.2 mM) as a
potential triplet quencher for the 300 nm photolysis of 6 mM
1. The contrasting effects on the products were striking; 50–
70% of the alcohol and THF adduct (4–7) formation was
quenched whereas there was no effect on the formation of
the C-17 cleavage product (8). That the hydrogen abstraction
chemistry should derive from the ketone triplet state is to be
expected. What was not so obvious is that the C-17 cleavage
chemistry would involve the ketone excited singlet state.

Nevertheless, this conclusion is supported by singlet life-
time data obtained for a pair of 3α-OH 6-keto steroids in
which the C-6 ketone is the only emitting chromophore, i.e.,
compounds 3 (with Br at C-17) and 9 (no Br at C-17).
Values of 2.5 ± 0.2 and 3.6 ± 0.1 ns were measured for these
two compounds, respectively. We attribute the ca 31% re-
duction in ketone singlet lifetime in 3 to interaction between

the carbonyl singlet excited state and the C-Br functionality.
The reduction in singlet lifetime should also be manifested
in the relative quantum efficiencies for intersystem crossing
at C-6 (φisc) in these two steroids. Knowing that the reduc-
tion products at C-6 derive from the triplet state, and assum-
ing that the ketone φisc would be ca 1.0 in the model (9), the
relative conversions to C-6 reduction products (at identical
photon flux) should provide the φisc for C-6 in 3. In the
event, we observed a 37% diminution (by GLC) of alcohols
and THF adducts from photolysis of the halogen-containing
steroid (3) relative to that observed with the model (9), thus
leading us to estimate that φisc for 3 is 0.63. The ratio of 1.6
for the relative φiscs for 9:3 compares well with the ratio of
1.4 for their respective singlet lifetimes. The two sets of
data, taken together, lead to the conclusion that there is an
additional mode of singlet decay present in 3 that causes a
reduction in this compound’s singlet lifetime and φisc.

Perhaps most notable in this series of studies is that the
measured singlet lifetime for the C-6 ketone in the 17β C-Br
steroid (2c) is 3.2 ± 0.2 ns. It is debatable as to whether the
11% reduction relative to 9 is statistically significant, but it
seems clear that the α C-17 C-Br functionality in 3 has a
much great effect on the C-6 ketone singlet state than does a
β C—Br bond in the same location. This conclusion is sup-
ported by a comparison of the photoreactivity of 2c relative
to the non-brominated model (9) as was done for the φisc
study for 3 described above. We found that the relative
photoreactivities of compounds 2c vs. 9 was 1.06, essen-
tially identical within experimental error. It is also interest-

[4]

[3]
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ing to note that the C-6 ketone triplet seems to be ineffective
in sensitizing cleavage of the C-17 C—Br bond, despite the
fact that its estimated (using cyclohexanone) energy of ca
78 kcal mol–1 (9) should be well in excess of the estimated
(using isopropyl bromide) bond energy for the C—Br bond
of ca 68 kcal mol–1 (10). Additional studies in a solvent less
capable of intercepting the carbonyl triplet state are neces-
sary to confirm that triplet energy remains totally localized
at the ketone. The challenge, of course, will be to do this
while simultaneously efficiently trapping the C-17 radical
generated by C-Br homolysis.

Further consideration of the interaction between the C-6
carbonyl group and the C-17 C—Br bond in 1

Given that the singlet lifetime of the C-6 ketone has been
shortened from 3.6 to 2.5 ns by the presence of an α C-17
C—Br bond (see above), if one assumes that this shortening
is entirely due to new decay involving an interaction be-
tween the two moieties, one calculates a rate constant for
this decay mode of 1.2 × 108 s–1. An analogous calculation
using the 37% reduction in φisc yields a rate of singlet decay
because of interaction of 1.5 × 108 s–1. We have already esti-
mated that ca 37% of the ketone singlets are diverted from
intersystem crossing by this interaction. Only 0.0066 (the
quantum by efficiency for formation of 8 (eq. [1])) is ac-
counted for by product formation resulting from C-Br cleav-
age. Clearly, a very small fraction (ca 2%) of the diverted
singlets surface as product, either because cleavage of the in-
teracting C—Br bond is minimal or because there is efficient
cleavage but also efficient radical-pair recombination.

As to the specific nature of the ketone–C-Br interaction,
we suggest that this may occur through TBI coupling of the
ketone n,π* singlet state with the C-Br n,σ* state, by anal-
ogy with the proposed explanation for the sensitized photo-
activation of a β C—Cl bond in chloronorbornenes (11) and
chlorobenzobicyclics (12). The strong stereoelectronic de-
pendence of the interaction is not surprising, there being am-
ple precedent in systems having fewer σ bonds between the
two moieties (13). However, the apparent preference for in-
teraction with the α, pseudo-axial C—Br bond at C-17 was
unexpected, since the “all trans” rule is generally accepted
as leading to enhanced coupling of σ-bonded equatorial vs.
axial substituents with the steroid framework (14). Neverthe-
less, though we have likewise observed a greater rate of
intramolecular triplet–triplet energy transfer (intraTTET)
from an equatorial (DPSO) donor at C-3 to an olefin at C-
17, relative to its axial C-3 counterpart (4), the inverse was
observed when the donor was σ-bonded to C-17. In that
event, intraTTET from C-17 to C-3 was found to be almost
10-fold faster from the α-DPSO group (15). Thus, the evalu-
ation of additional steroidal ketobromides, both by experi-
ment and by theory, is needed to determine whether the
stereoelectronics associated with the C-6–C-17 interaction
studied here is prototypical or peculiar to the specific place-
ment of the C—Br bond at C-17 in ring D.

Experimental

General
A considerable amount of the experimental details is

available in the doctoral dissertation of L. Torun (16) or as
supplemental material for the preliminary communication
(2). Thus, only the most salient features are presented below
or as supplemental material.2

13C NMR spectra were obtained in CDCl3 with a Varian
spectrometer operating at 50 MHz with chemical shifts rel-
ative to the residual chloroform peak at 77 ppm unless oth-
erwise noted. 1H NMR spectra were obtained in CDCl3
with a Varian spectrometer operating at 200 MHz with
chemical shifts relative to the residual chloroform peak at
7.24 ppm. In the case of two synthetic intermediates, the
proton count in the steroid aliphatic region read ca 5–10%
high relative to the downfield protons; this is indicated in
the listing of the proton spectra. Mass spectrometry utilized
a Finnigan 4000 mass spectrometer operating at a source
temperature of 250°C. Electron impact (EI) mass spectra
and chemical ionization (CI) mass spectra were recorded at
an ionization energy of 70 eV, with the latter utilizing iso-
butane at a pressure of 0.30 torr (1 torr = 133.322 Pa). Ele-
mental analysis was done by HR-MS using either FAB or
EI ionization on samples analytically pure by GLC. Ultra-
violet absorption spectra were recorded using 1-cm quartz
cells on a dual beam Cary model 100 UV–vis spectro-
photometer interfaced to a computer using Cary software.
Steady-state fluorescence spectra were obtained with 1 cm
square fluorescence cells on a SLM Aminco SPF-500
spectrophotometer using a 250 W xenon arc lamp operating
in the A/B mode. Fluorescence quantum efficiencies were
obtained using toluene as the reference. The fluorescence
lifetime measurements were obtained using a PTI model
100 spectrophotometer at room temperature. All the fluo-
rescence samples were purged with argon for 20 min prior
to analysis. For the X-ray structural analysis, crystals of
17α-bromo-3α-(triphenylsilyloxy)-5α-androstan-6-one (1) were
prepared by recrystallization of column-purified material
from hexane–CH2Cl2. A colorless plate with dimensions of
0.41 × 0.35 × 0.22 mm was placed on a glass fiber in a ran-
dom orientation. X-ray data were collected with MO Kα
radiation (λ = 0.71073 Å) on a Nonius Kappa CCD com-
puter-controlled diffractometer equipped with a graphite
crystal, incident beam monochromator. Cell constants and
an orientation matrix for data collection were obtained
from least-squares refinement, using the setting angle of
17 224 reflections in the range 4 < θ < 27°. Data were col-
lected at a temperature of 173 ± 1°C to a maximum of 2θ of
55.8°. Melting points were determined with a Fisher-Johns
melting point apparatus and are uncorrected. Laser irradia-
tions were conducted at 266 nm using a Continuum NY-61
Nd:YAG laser equipped with a frequency quadrupler
(10 Hz, ca 3.0 mJ/pulse). Samples (3 mL, 10.0 mM) were
degassed with argon for at least 25 min prior to irradiation
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and kept closed with septa. They were photolyzed in square
vycor photolysis cells with continuous stirring using a
2 mm stirring bar. The power of the laser was measured
with an OPHIR power meter, model AN/2. Data were cor-
rected for scatter and reflectance of light from the cell
walls. For 311 nm irradiations, a reactor was equipped with
8 × 311 nm Phillips TL01 (20 W) lamps and a merry-go-
round turntable apparatus that positioned 8 cylindrical
quartz tubes (10 mm i.d.) approximately 2 cm from the
lamps. The 300 nm irradiation employed a Rayonet Reactor
(New England Ultraviolet Co.) equipped with lamps having
maximal output at 300 nm. All solutions were deoxygen-
ated with a stream of argon prior to photolysis. Uranyl
oxalate actinometry was used for the quantum efficiency
determinations. 4-Androsten-3,17-dione, 3β-hydroxy-5α-
androstan-17-one, 17β-hydroxy-5α-androtan-3-one, 3β-
hydroxy-5-androsten-17-one, 5-androsten-3β-ol-17-one
(dehydroisoandrosterone), and testosterone were purchased
from Sigma.

17-Bromo-3�-hydroxy-androsta-5,16-diene (VI)
3β-Hydroxy-5-androsten-17-hydrazone (V) (2.0 g,

6.57 mmol), prepared from commercially available 3β-
hydroxy-5-androsten-17-one (IV), was dissolved in pyridine
(30 mL) and the solution cooled in an ice bath. NBS (2.0 g,
16.85 mmol) dissolved in 15 mL of pyridine was added
dropwise to the solution over 5 min. After stirring the yel-
low-colored solution at ice bath temperature for 5 min, the
solution was poured into 50 mL of ice water and the mixture
extracted with ether. The combined ether layers were
washed with 10% HCl (3 × 20 mL), NaHCO3 solution (3 ×
20 mL), and water (2 × 20 mL) and dried over Na2SO4. The
crude product was chromatographed on silica gel with 2%
EtOAc in hexane to give a white solid product in 48–65%
yield; mp: 163 to 164°C. 1H NMR (CDCl3, 200 MHz) δ:
5.90–5.80 (dd, 1H), 5.4–5.3 (m, 1H), 3.6–3.4 (m, 1H), 2.4–
0.85 (m, ca 24 H). 13C NMR (CDCl3, 50 MHz) δ: 141.2,
135.6, 129.0, 121.1, 71.6, 55.5, 50.4, 48.5, 42.2, 37.1, 36.7,
34.5, 31.8, 31.5, 31.3, 30.7, 20.6, 19.3, 15.0. CI (m/z): (M +
H)+: 351/353 (base peak). EI: 350/352 (M)+; 91 (base peak).

17�-Bromo-5-androsten-3�-ol (VII)
Hydrazine monohydrate (3.0 mL) was added to a flask

containing 17-bromo-3β-hydroxy-androsta-5,16-diene (VI)
(0.7 g, 1.99 mmol) dissolved in 30 mL of methanol. To this
solution was added K3Fe(CN)6 (1.2 g, 3.64 mmol) and a cat-
alytic amount of Cu(OAc)2 (~10 mg). The resulting solution
was stirred at room temperature with continuous monitoring
by GC. Hydrazine monohydrate (3.0 mL each time) was
added as needed to eliminate all starting material in the solu-
tion. A total of 9 to 10 mL was added over 3 days. The
milky white solution was filtered and MeOH was removed
in vacuo. The resulting aqueous residue was partitioned be-
tween dichloromethane and water and extracted with di-
chloromethane. The solvent was dried over Na2SO4,
concentrated, and purified by column chromatography on
silica gel using 15% EtOAc in hexane to afford a white solid
in 85–92% yield; mp: 145–147°C. 1H NMR (CDCl3,
200 MHz) δ: 5.4–5.2 (d, 1H), 3.85–3.65 (t, 1H), 3.65–3.40
(m, 1H), 2.40–0.75 (m, 26H). 13C NMR (CDCl3, 50 MHz) δ:
140.88, 121.10, 71.59, 61.94, 51.34, 50.01, 43.82, 37.21,

36.54, 36.19, 32.82, 32.44, 31.50, 24.53, 20.63, 19.38,
13.96. EI (m/z): 352/354 (M)+.

17�-Bromo-3�-(triphenylsilyloxy)-5-androsten (VIII)
17β-Bromo-5-androsten-3β-ol (VII) (52 mg, 0.14 mmol)

was added to a round-bottomed flask containing DMF
(2.0 mL). To this solution was added triphenylsilyl chloride
(0.65 mg, 0.22 mmol), imidazole (20 mg, 0.28 mmol), and a
catalytic amount of 4(dimethylamino)pyridine, and the solu-
tion was stirred under argon for 12 h. Water (10 mL) was
added and the solution was extracted with ether. The organic
extracts were washed with water. After drying and concen-
trating, the crude product was chromatographed on a
Chromatotron plate prepared with silica gel using hexane to
obtain 0.27 g (80%) as an oily product. 1H NMR (CDCl3,
200 MHz) δ: 7.65–7.58 (m, 6H), 7.48–7.32 (m 9H), 5.25–
5.10 (bs, 1H), 3.85–3.65 (m, 2H), 2.60–0.80 (m, ca 25H).
13C NMR (CDCl3, 50 MHz) δ: 141.24, 135.40, 134.94,
134.89, 130.10, 129.97, 127.90, 127.76, 73.31, 62.03, 51.34,
49.96, 43.82, 42.30, 37.16, 36.56, 36.19, 32.80, 32.45,
31.77, 31.53, 24.53, 20.59, 19.40, 13.97. EI (m/z): 610/612
(M+), 259 (Ph3Si)+ base peak. HR-MS (EI) calcd. for
C37H43BrOSi: 610.2267; found: 610.2250.

17�-Bromo-3�-triphenylsilyoxy-5�-androstan-6�-ol (IX)
The general procedure used for hydroboration was to add

the silylated bromoandrostene (ca 0.5 to 0.6 mmol) to a
flask containing 10 mL of dry THF, cool to ice bath temper-
ature, and then add a borane solution (1 M) in THF (0.8 mL)
under argon. After stirring in an ice bath for 1 h, and then at
room temperature for 12 h, the excess borane was destroyed
with water. A 2 N solution of NaOH (1.5 mL) and 30%
H2O2 (1.5 mL) was added and the resulting mixture stirred
at 50°C for 1 h. After cooling to room temperature, the
crude product was extracted with ether (3 × 15 mL). The
combined organic layers were washed with water and dried
over Na2SO4, and concentrated under reduced pressure.
The residue was chromatographed on a column using
CH2Cl2:hexanes (1:2) to obtain the products as white solids
in >90% yield. For 17β-bromo-3β-triphenylsilyoxy-5α-
androstan-6α-ol: 1H NMR (CDCl3, 200 MHz) δ: 7.72–7.6
(m, 6H), 7.50–7.30 (m, 9H), 3.85–3.65 (t, 2H), 3.45–3.3 (m,
1H), 2.40–0.50 (m, 27 H). 13C NMR (CDCl3, 50 MHz) δ:
135.38, 134.85, 129.85, 127.74, 72.88, 69.14, 61.83, 53.60,
51.81, 50.79, 44.04, 40.90, 37.22, 36.18, 35.06, 32.39,
32.10, 31.34, 24.30, 20.58, 14.09, 13.38. CI (m/z): 353/355
(M – Ph3SiO)+. HR-MS (FAB) calcd. for C37H45BrO2Si:
628.2372; found: 628.2352.

17�-Bromo-3�-(triphenylsilyloxy)-5�-androstan-6-one (2a)
17β-Bromo-3β-triphenylsilyoxy-5α-androstan-6α-ol (IX)

(0.24 g, 0.38 mmol) was dissolved in 5 mL of dichloro-
methane and added to a stirred suspension of pyridinium
chlorochromate (0.123 g, 0.58 mmol) and sodium acetate
(0.031 g, 0.44 mmol). The solution was stirred at room tem-
perature for 3 h, filtered, concentrated, and chromatographed
on a silica gel column using hexane to afford 0.16 g (85%
yield) of an oily product that solidified over several days;
mp 186–190°C. 1H NMR (CDCl3, 200 MHz) δ: 7.70–7.55
(m, 6 H), 7.50–7.30 (m, 9H), 3.80–3.60 (m, 2H), 2.40–2.17
(m, 2H), 2.15–1.50 (m, 12H), 1.50–0.96 (m, 6H), 0.89 (s,
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3H), 0.84 (s, 3H). 13C NMR (CDCL3, 50 MHz) δ: 210.14,
135.40, 129.92, 127.79, 72.21 61.17, 56.75, 53.77, 51.45,
48.25, 44.44, 40.73, 38.58, 36.88, 35.96, 32.28, 30.97,
28.91, 24.25, 20.99, 14.11, 13.15. CI (m/z): 627/629 (M+),
351/353 (base peak). HR-MS (FAB) calcd. for
C37H43BrO2Si: 627.2294; found: 627.22267.

17�-Bromo-3�-(tert-butyldimethylsilyloxy)-5�-androstan-
6-one (2b)

The methods used for this preparation were analogous to
those described above for 2a. It was obtained as a white
crystalline material, mp 172 to 173°C. 1H NMR (CDCl3,
200 MHz) δ: 3.83–3.67 (t, 1H), 3.59–3.40 (m, 1H), 2.40–
0.95 (m, 20H), 0.85 (s, 9H), 0.80 (s, 3H), 0.74 (s, 3H), 0.01
(s, 6H). 13C NMR (CDCl3, 50 MHz) δ: 210.31, 71.26, 61.21,
56.95, 53.91, 51.48, 46.27, 44.46, 40.78, 38.58, 36.83,
36.01, 32.30, 31.24, 30.18, 25.84, 24.27, 21.04, 18.18,
14.13, 13.18, –4.63, –4.71. HR-MS (CI) calcd. for
C25H43BrO2Si (M + H)+: 483.2294; found: 483.2309.

17�-Bromo-3�-methoxy-5�-androstan-6-one (2c)
The methods used for this preparation were analogous to

those described above for 2a. 1H NMR (CDCl3, 200 MHz) δ:
3.85–3.65 (t, 1H), 3.32 (s, 3H), 3.20–2.90 (m, 1H), 2.40–
1.50 (m, 11 H), 1.50–0.95 (m, 7 H), 0.81 (s, 3H), 0.74 (s,
3H). 13C NMR (CDCl3, 50 MHz) δ: 210.05, 78.92, 61.14,
56.62, 55.60, 53.80, 51.39, 46.18, 44.41, 40.98, 38.50,
36.57, 35.92, 32.25, 27.44, 25.80, 24.22, 21.00, 14.10,
13.06. CI (m/z): 383/385 (M + H)+. EI: 382/384 (M+),
353/355 (base peak). HR-MS calcd. for C20H29BrO2:
382.1507; found: 382.1507.

Photolyses
The details for the preparative photolysis of compound 1

have been presented (2). For the study of 17β-bromo-3β-(tert-
butyldimethylsilyloxy)-5α-androstan-6-one (2b), 5.0 mM solu-
tions in THF:H2O (9:1) containing ca 5 mM of NH4OH
were degassed with argon for 20 min and irradiated in quartz
tubes with 311 nm light for 5 h. The reactions were analyzed
by GLC using a 30 m DB-5 column at 280°C under isocratic
conditions. The starting material, with a retention time of
11.9 min, was the major component of the reaction mixtures
and constituted 65% of the total area counts. Five photo-
products were also observed in the chromatograms. Two ma-
jor photoproducts appeared with retention times of 11.1 and
11.2 min in a 12.1:13.6 relative ratio. There were three other
peaks with retention times of 20.5, 21.5, and 21.9, with rela-
tive ratios of 6.0:1.51:1.5. The five products were character-
ized by GC–MS analyses. The two major photoproducts had
very similar EI and CI mass spectra, with a (M + H)+ molec-
ular ion evident in the CI mass spectrum at m/z 485/487.
Loss of water was evident at 467/469. There were three ad-
ditional photoproducts with retention times of 20.5, 21.5,
and 21.9 min. One (20.5 min) exhibited a small molecular
ion peak in the CI spectrum at m/z = 555/557 corresponding
to the addition of THF to 2b. The spectrum also contained a
fragment ion peak at m/z = 537/539 as the base peak, corre-
sponding to the loss of water. The other two products had
very similar EI and CI mass spectra but lacked the small mo-
lecular ion peak.

Photolysis of 17β-bromo-3β-methoxy-5α-androstan-6-one
(2c) was conducted in a similar manner. Five photoproducts
were detectable by GLC in addition to unreacted starting
material (6.3 min) that made up 69% of the total GLC area
count. The first photoproduct had a retention time at 6.2 min
and constituted 10% of the total area count. The EI mass
spectrum showed a molecular ion peak at m/z = 384/386 cor-
responding to reduction of the ketone. Fragment ions were
observable at 366/368 (M – H2O)+ and 353/355 (base
peak; M – OCH3)

+. The other four photoproducts had rela-
tively long GLC retention times (11.9, 12.2, 12.4, and
12.7 min), were formed in a ratio of 4.5:4.9:1.7:1.6, respec-
tively, and had a combined area count constituting 13% of
the total area. All four products had identical EI mass spec-
tra and very similar CI mass spectra. The former contained
the THF fragment ion (m/z = 71) as the base peak, and in-
cluded fragment ion peaks at m/z = 383/385 (M – THF)+ and
m/z = 351/353 (M – THF – CH3OH)+. The base peak in the
CI spectra appeared at m/z = 437/439 [(M + H) – H2O)+. A
sixth photoproduct (9.0 min) constituted 1.3% of the total
area count. Its CI mass spectrum exhibited a fragment ion at
m/z = 368/370 as the base peak.
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Intramolecular photosensitization of the pinene–
ocimene rearrangement

Kevin McMahon and Peter J. Wagner

Abstract: Bonding of nopol to the para position of acetophenone produces 5,5-dimethyl-2-(2-(p-acetylphenoxy)ethyl)bi-
cyclo[3.1.1]hept-2-ene 1, which contains two chromophores: a para-alkoxyacetophenone and an α-pinene, connected by
a single methylene group. UV irradiation of 1 in both benzene and methanol produces none of the intramolecular
[2 + 2] cycloaddition that most para-(3-buten-1-oxy)acetophenones undergo. Instead, the pinene unit rearranges to a
triene skeleton identical to that of ocimene, a known photoproduct of pinene. At modest conversion the diene portion
of the triene is cis but gradually is converted to a 52:48 trans:cis ratio. It is concluded that intramolecular triplet energy
transfer from the excited ketone chromophore forms the 1,2-biradical triplet state of the pinene moiety, which then un-
dergoes cyclobutylcarbinyl ring opening to a 1,4-biradical that cleaves to the 1,3,6-triene structure of ocimene. This
mechanism is suggested to be responsible for the earlier reported intermolecularly sensitized rearrangement of α-pinene
to the ocimene isomers.

Key words: intramolecular energy transfer, triplet pinene, cyclobutylcarbinyl ring opening, photosensitization.

Résumé : La fixation du nopol en position para de l’acétophénone produit le 5,5-diméthyl-2-(2-(p-acétylphé-
noxy)éthyl)bicyclo[3.1.1]hept-2-ène 1 qui contient deux chromophores : la para-alkoxyacétophénone et l’α-pinène, re-
liés par un seul groupe méthylène. L’irradiation UV du composé 1 dans le benzène et dans le méthanol ne donne
aucun des produits de cycloaddition intramoléculaire [2 + 2] que les para-(3-butén-1-oxy)acétophénones donnent géné-
ralement. L’unité pinène se réarrange de préférence en un triène dont le squelette est identique à celui de l’ocimène, un
photoproduit connu du pinène. A un taux modéré de transformation la portion diène du triène est cis, mais elle se
transforme graduellement pour donner un rapport trans : cis de 52 : 48. On en conclut que le transfert d’énergie intra-
moléculaire du triplet à partir du chromophore cétone excitée forme l’état triplet 1,2-biradical de l’unité pinène qui, par
ouverture subséquente du cycle du cyclobutycarbinyle, donne un 1,4-biradical qui s’ouvre à son tour pour donner la
structure 1,3,6-triène de l’ocimène. On suggère que ce mécanisme est responsable du réarrangement intermoléculaire
sensibilisé de l’α-pinène en isomères de l’ocimène rapporté antérieurement.

Mots clés : transfert d’énergie intramoléculaire, pinène triplet, ouverture du cycle du cyclobutylcarbinyle, photosensibi-
lisation.

[Traduit par la Rédaction] McMahon and Wagner 672

Introduction

Many years ago two papers were published reporting the
acetophenone-photosensitized isomerization of α-pinene to
cis- and trans-ocimene (Scheme 1) (1, 2). Both authors sug-
gested triplet energy transfer from the ketone as the initiator
of pinene’s rearrangement; but given the incomplete under-
standing of excited-state reactivity in those years, neither
could provide a compelling mechanism describing how trip-
let pinene rearranges. Frank suggested the possibility of
thermal rearrangement following intersystem crossing of the
triplet pinene to a vibrationally excited ground state, a then
relatively popular notion already subject to suspicion. Kropp
merely noted that rearrangement must be facile since other-

wise, as in norbornene, the biradical triplet would have ab-
stracted hydrogen atoms from the solvent. Both authors
noted that the initially formed cis-ocimene undergoes sensi-
tized cis → trans isomerization, gradually forming a nearly
1:1 equilibrium.

This paper describes our discovery of an intramolecular
version of the photosensitized pinene rearrangement and a
simple mechanism for the rearrangement based on the 1,2-
biradical nature of triplet alkenes (3). To test whether intra-
molecular [2 + 2] cycloaddition of remote double bonds to
triplet benzenes (4) works with cyclic alkenes, nopol was at-
tached para to acetophenone to form 1. Irradiation of 1
caused rearrangement of the dimethylbicyclo[3.1.1]heptene
ring to a mixture of the cis- and trans-isomers of 3-(2-(p-

Can. J. Chem. 81: 669–672 (2003) doi: 10.1139/V03-077 © 2003 NRC Canada

669

Received 20 March 2003. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 17 June 2003.

This paper is dedicated to Don Arnold for his many important contributions to chemistry in North America, and just as important,
for his long-time friendship.

K. McMahon1 and P.J. Wagner.2 Chemistry Department, Michigan State University, East Lansing, MI 48824, U.S.A.

1Present address: Department of Chemistry and Biochemistry, Carroll College, Waukesha, WI 53186, U.S.A.
2Corresponding author (e-mail: wagnerp@msu.edu).

I:\cjc\cjc8106\V03-077.vp
June 9, 2003 2:40:02 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



acetylphenoxy)ethyl)-7-methylocta-1,3,6-triene, the same
transformation that α-pinene itself undergoes (Scheme 2).

Results

Compound 1 was prepared via SN2 reaction of the tosylate
of nopol with potassium p-acetylphenoxide in DMF as de-
scribed in the Experimental section.

1 was irradiated in the same way that other p-alkenoxy-
acetophenones had been (4). Preliminary experiments were
run in deaerated NMR tubes containing benzene-d6 or meth-
anol-d4 solutions 0.02 M in both 1 and methyl benzoate (as
an internal standard). Similar results were obtained in both
solvents. NMR spectra at various conversions revealed no
significant changes in the alkoxyacetophenone portion of the
molecule, and the UV spectrum of the product mixture was
dominated by an intense peak at 270 nm characteristic of p-
alkoxyphenyl ketone chromophores. However, changes in
the NMR spectrum for the pinene portion of the molecule
were consistent with the formation of an ocimene-like triene.
Only tiny traces of peaks ascribable to other unidentified
products were noted, but it was obvious that no significant
amount of cycloaddition of the pinene double bond to the
benzene ring occurred. As with the early studies on pinene
itself, the cis-ocimene unit was the only product at low con-
versions but it gradually equilibrated to a 48:52 cis–trans ra-
tio in 73% combined yield at 84% conversion of starting 1.
The products of larger scale reactions were purified by pre-
parative TLC. That the pinene portion of 1 was no longer
present was indicated by the lack of significant optical activ-
ity in the product solutions at high conversion.

The conversion of the pinene moiety to a triene was dem-
onstrated by the addition of four vinyl proton peaks (6.8 or
6.3 and 5.30–5.06 ppm) to the single vinyl proton peak at
5.34 ppm as well as the increase in 13C vinyl peaks (110–
122 ppm) from two to six. The chemical shifts and coupling
constants of the nonaromatic protons correspond very
closely to those reported for ocimene (2), including the dif-

ference between the cis and trans isomers, most notably the
0.5 ppm difference between the H2 peaks (see Experimen-
tal.)

Discussion

This experiment has revealed that triplet energy transfer
from the excited acylbenzene chromophore to a tethered
alkene can occur at the expense of possible cycloaddition.
That such energy transfer could occur was not unexpected,
given the early bimolecular examples, although no such total
quenching of cycloaddition occurs for acetophenone with a
para 3-methyl-3-penten-1-oxy tether (5), which also has a
trialkyl-substituted double bond. Caldwell and co-workers’
(6) measurement of the triplet energies of various olefins in-
dicate an ET of 77 kcal/mol for 2-methyl-2-butene, but only
75 kcal/mol for 1-methylcyclohexene, a better model for α-
pinene. Both ETs are higher than that of p-acetylanisole
(~71 kcal/mol (7)), so any energy transfer is quite endother-
mic. The apparent lack of much if any energy transfer to the
trisubstituted acyclic double bond undoubtedly reflects its
higher endothermicity. We should note that the lowest triplet
of p-alkoxy alkanophenones is π,π*, whereas acetophenone
itself has a n,π* lowest triplet. However, there appear to be
only slight differences between n,π* and π,π* ketones in rate
constants for intramolecular energy transfer (8).

It must be noted that we cannot distinguish quantitatively
between intermolecular and intramolecular energy transfer
in the case of 1, although its low concentration should have
minimized any intermolecular interactions. The 4 kcal
endothermicity of energy transfer to pinene would be ex-
pected to slow down a bimolecular process to a rate constant
~1 × 107 M–1 s–1 (9). Intramolecular reactions usually enjoy
rate enhancement, but it has been shown that compounds
with a three-atom chain between triplet donor and acceptor
have an effective molarity near 1, with very similar first- and
second-order rate constants (10). That being the case, energy
transfer to the pinene moiety should be only about 10% as
fast as the ~1 × 108 s–1 rate constant for [2 + 2] cyclo-
addition by acylbenzenes with simple acyclic alkenoxy teth-
ers (4). The lack of cycloaddition in 1 then probably
involves some form of steric hindrance to proximity between
the pinene unit and the benzene ring, either at the charge
transfer stage or at the C—C bonding stage.

Ab initio computations at the 3-21G and 6-31G*/UHF
levels affirm the 1,2-biradical character of triplet α-pinene,
with the two p-like SOMOs at a roughly 45° angle and the
one on the carbon next to the bridgehead nearly parallel to
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Scheme 1. Photosensitized rearrangement of α-pinene. Scheme 2. Photoinduced rearrangement of compound 1.
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the bridgehead—Me2C bond. This alignment should provide
for efficient cleavage of the four-membered ring to yield a
1,4-biradical that can then cleave to two double bonds.
Scheme 3 depicts this chain of events for 1. We suspect that
this same biradical double cleavage occurs in pinene itself.
The ring-opening of cyclobutylcarbinyl radicals to 4-penten-
1-yl radicals was not widely recognized and studied until the
early 1980s, although Scheme 4 shows an early example of
this same ring opening in the benzoyl-peroxide-initiated ad-
dition of carbon tetrachloride to β-pinene (11). The rate con-
stant for cyclobutylmethyl ring opening has been measured
as 4 × 103 s–1 in Australia (12) and 1.5 × 104 s–1 in Canada
(13). A comparable rate constant for opening of the four-
membered ring in triplet α-pinene would seem unable to
compete with measured triplet decay rates in the 1 × 107 s–1

range for alkenes (6). However, in this case radical ring-
opening involves loss of both electronic excitation and
bicyclic ring strain, as well as formation of a tertiary radical
site and thus, may be sufficiently exothermic to be quite
rapid. Whatever the exact kinetics, the likelihood that the re-
arrangement begins with a known radical reaction further
confirms the biradical nature of triplet alkenes (3, 6).

Another possibility is that charge transfer interaction be-
tween the bicycloheptene double bond and the triplet
phenone produces enough radical-cation character in the
pinene to allow ring opening with spread of the radical-
cation character between tertiary and allylic sites. Further
bond cleavage could then generate a diene radical-cation that
collapses to an ocimene structure after back electron trans-
fer. This possibility deserves further study.

Experimental

Preparation of reactant

Nopol tosylate
(1R)-(–)-Nopol (Aldrich, 20.00 g, 0.11 mol) in pyridine

(32 mL) was cooled to 0°C. Tosyl chloride (13.65 g,
0.0716 mol) was added portion-wise under argon over 1 h.
The mixture was stirred mechanically for a further 5 h at
low temperature. Then H2SO4 (2 N, 100 mL) was added to
the mixture. The resulting solution was extracted using ether
(3 × 100 mL). The combined organic extracts were washed
with 2 N NaOH, NaHCO3, and NaCl. After drying over
MgSO4, the ether was removed by distillation at reduced
pressure. The crude product was purified by dry column
flash chromatography (silica gel, CH2Cl2), to give a color-
less oil (13.33 g, 0.045 mol, 63%). [α]25°C (CHCl3, c =
0.0273): –23.81 (589 nm), –24.94 (578 nm), –28.46
(546 nm), –48.02 (436 nm), –75.46 (365 nm). 1H NMR
(CDCl3, 300 MHz) δ: 7.76 (d, 2H, 8.40 Hz, Tos), 7.32 (d,
2H, 7.80 Hz, Tos), 5.22 (br s, 1H, =CH), 4.01 (t, 2H,
6.90 Hz, O-CH2), 2.43 (s, 3H, Tos), 2.32–2.24 (m, 3H),
2.17–2.15 (m, 2H), 2.04–2.01 (m, 1H), 1.91 (td, 1H, 6.00,

6.00, 1.50 Hz), 1.21 (s, 3H, Me), 1.05 (d, 1H, 8.40 Hz), 0.74
(s, 3H, Me). 13C NMR (CDCl3, 75.5 MHz) δ: 144.63,
142.61, 133.28, 129.77, 127.85, 119.67, 68.57, 45.53, 40.56,
37.99, 36.08, 31.50, 31.27, 26.16, 21.62, 21.04

5,5-Dimethyl-2-(2-(p-acetylphenoxy)ethyl)bi-
cyclo[3.1.1]hept-2-ene (1)

Nopol tosylate (2.00 g, 0.00675 mol), p-hydroxy-
acetophenone (1.38 g, 0.0101 mol), and K2CO3 (2.80 g,
0.0202 mol) were added to DMF (50 mL) and heated to
60°C under argon for 15 h. The mixture was then cooled to
room temperature and water (50 mL) was added. The solu-
tion was extracted with ether (3 × 30 mL). The combined or-
ganic layer was washed with 2 N NaOH (2 × 30 mL) and aq
NaCl (2 × 30 mL), and then dried over MgSO4. After re-
moval of the ether at reduced pressure, the desired product
was obtained without further purification as a colorless oil
(1.35 g, 0.0047 mol, 71%). [α]25°C (CHCl3, c = 0.0273):
–27.56 (589 nm), –28.66 (578 nm), –32.56 (546 nm), –54.77
(436 nm), –84.82 (365 nm). UV (CH3OH) λmax: 275
(14 789), 216 (11 668), 204 (11 965). MS m/z: 284 (<1%),
241 (18), 137 (25), 121 (15), 105 (100), 93 (21), 91 (29), 79
(23), 77 (22), 43 (44). 1H NMR (CDCl3, 300 MHz) δ: 7.90
(d, 2H, 9.00 Hz, H11), 6.88 (d, 2H, 9.00 Hz, H10), 5.34 (br s,
1H, H3), 4.01 (t, 2H, 7.05 Hz, H9), 2.53 (s, 3H, COMe), 2.44
(tdd, 2H, 7.05, 1.2, 1.2 Hz, H8), 2.36 (ddd, 1H, 8.70, 5.62,
5.62 Hz, H5), 2.23 (br d, 2H, 8.40 Hz, H7), 2.08 (br d, 2H,
5.40 Hz, H4), 1.26 (s, 3H, 6-Me), 1.16 (d, 1H, 8.40 Hz, H1),
0.80 (s, 3H, 6-Me). 13C NMR (CDCl3, 75.5 MHz) δ: 196.74,
162.90, 144.17, 130.56, 130.18, 118.90, 114.15, 66.56,
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Scheme 3. Mechanism for triplet pinene rearrangement.

Scheme 4. Radical cyclobutylcarbinyl ring opening in pinene.
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45.89, 40.73, 38.08, 36.33, 31.64, 31.37, 26.28 21.17. HR-
MS calcd. for C19H24O2: 284.1770; found: 284.1776.

Irradiation procedures
Samples of 1 were irradiated in both benzene and metha-

nol solutions. Solutions of 1 (0.0047 g, 1.65 × 10–5 mol) and
methyl benzoate (0.0020 g, 1.47 × 10–5 mol) in deuterated
solvent (0.75 mL) were placed in an NMR tube. These were
irradiated at room temperature in a Rayonet reactor with
300 nm lights. After 1 h and 84% conversion of starting
ketone, NMR analysis indicated that the pinene portion of 1
had been converted to two ocimene structures in a 48:52
(cis–trans) ratio in 73% combined yield. This ratio was
based on the relative intensities of the 6.77 and 6.34 ppm
proton peaks. In the early stages of the reaction, only the
cis-isomer was observed. Further irradiation led to equilibra-
tion of the two isomers. No optical rotation was observed for
the product mixture. Larger scale reactions were purified by
PTLC (silica gel, CHCl3).

The isomer mixture obtained at full conversion was ana-
lyzed by 13C NMR, UV, and MS. Italicized data represent
the NMR peaks for the aryl ketone portion of the molecules,
which remain nearly identical to their analogs in the reac-
tant. The mass spectrum indicated that the products are iso-
mers of the reactant 1, while an intense 270 nm UV peak
indicated that the alkoxyacetophenone portion of the mole-
cule survived irradiation unscathed.

3-(2-(p-Acetylphenoxy)ethyl)-7-methyl-cis-octa-1,3,6-triene
and 3-(2-(p-acetylphenoxy)ethyl)-7-methyl-trans-octa-
1,3,6-triene

UV (CH3OH) λmax: 270. MS m/z: 284 (6), 241 (7), 137
(20), 133 (48), 121 (53), 105 (100), 79 (62), 77 (56), 69
(27), 55 (27), 43 (73). 13C NMR (CDCl3, 75.5 MHz, DEPT)
δ: 196.62, 162.83, 162.77, 139.86 (CH), 134.60 (CH),
133.38, 132.53, 132.40 (CH), 131.77, 131.69 (CH), 130.50
(CH), 130.49 (CH), 130.21, 130.16, 121.97 (CH), 121.71
(CH), 114.16 (CH), 114.07 (CH), 113.64 (CH2), 110.81
(CH2), 67.34 (CH2), 66.61 (CH2), 32.90 (CH2), 27.43 (CH2),
26.57 (CH2), 26.24 (CH3), 26.11 (CH2), 25.61 (CH3), 17.75
(CH3), 17.72 (CH3).

1H NMR spectra of the individually isolated isomers were
measured to compare chemical shifts and coupling constants

to those reported for ocimene (2). Italicized data again repre-
sent NMR peaks for the aryl ketone portion of the mole-
cules, which remain nearly identical to their analogs in the
reactant.

3-(2-(p-Acetylphenoxy)ethyl)-7-methyl-cis-octa-1,3,6-triene
1H NMR (CDCl3, 300 MHz, COSY) δ: 7.94 (d, 2H,

9.00 Hz), 6.95 (d, 2H, 9.00 Hz), 6.77 (dd, 1H, 17.70,
11.40 Hz, H2), 5.47 (t, 1H, 7.80 Hz, H4), 5.32 (d, 1H,
17.70 Hz, H1), 5.15–5.06 (m, 1H, H6), 5.15 (d, 1H, 9.60 Hz,
H1), 4.13 (t, 2H, 6.90 Hz, O–CH2), 2.88 (dd, 2H, 7.20 Hz,
2H5), 2.69 (t, 2H, 6.90 Hz, 2H7), 2.54 (s, COMe), 1.68 (br s,
Me), 1.63 (br s, Me).

3-(2-(p-Acetylphenoxy)ethyl)-7-methyl-trans-octa-1,3,6-
triene

1H NMR (CDCl3, 300 MHz, COSY) δ: 7.94 (d, 2H,
9.00 Hz), 6.95 (d, 2H, 9.00 Hz), 6.34 (dd, 1H, 17.40,
10.5 Hz, H2), 5.60 (t, 1H, 7.65 Hz, H4), 5.20 (d, 1H,
17.70 Hz, H1), 5.15–5.06 (m, 1H, H6), 4.97 (d, 1H,
10.80 Hz, H1), 4.09 (t, 2H, 7.20 Hz, O–CH2), 2.90 (t, 2H,
7.20 Hz, 2H5), 2.80 (t, 2H, 6.90 Hz, 2H7), 2.54 (s, COMe),
1.68 (br s, Me), 1.63 (br s, Me).
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Stereoselective O2-induced photoisomerization of
all-trans-1,6-diphenyl-1,3,5-hexatriene

Jack Saltiel, Govindarajan Krishnamoorthy, Zhennian Huang, Dong-Hoon Ko,
and Shujun Wang

Abstract: Irradiation of all-trans-1,6-diphenyl-1,3,5-hexatriene (ttt-DPH) in degassed acetonitrile (AN) gives ctt- and
tct-DPH, relatively inefficiently, mainly via isomerization in the singlet excited state. The triplet contribution to the
photoisomerization is small due to a very low intersystem crossing yield (φis = 0.01). Central bond isomerization is
quenched in the presence of air by a factor of 1.4, consistent with the expected quenching of the lowest singlet and
triplet excited states by oxygen. However, the presence of air enhances terminal bond photoisomerization by nearly
twofold. Triplet-sensitized ttt-DPH photoisomerization favors tct-DPH formation and is quenched by oxygen. It follows
that the interaction of singlet-excited ttt-DPH with O2 suppresses isomerization to tct-DPH but opens a new isomeriza-
tion pathway to ctt-DPH. The presence of dimethylfuran, a singlet O2 trap, has no effect on the photoisomerization,
eliminating the possible involvement of singlet O2 in this new reaction. ttt-DPH radical cations are ruled out as inter-
mediates because the presence of fumaronitrile, which leads to their formation, suppresses both central and terminal
bond photoisomerizations. In contrast to acetonitrile, ctt-DPH formation is quenched by oxygen in methylcyclohexane,
suggesting the requirement of a polar environment. Strikingly different deuterium isotope effects distinguish the direct
and O2-induced photoisomerization pathways. A comparative study of ttt-DPH-d0 with ttt-DPH-d2 and ttt-DPH-d4, in-
volving deuteration of one and both terminal double bonds, reveals an inverse kinetic isotope effect (kH

ox/kD
ox = 0.92)

for the O2-induced reaction. An attractive mechanism for the new oxygen-induced photoisomerization involves charge
transfer from the S1 state of ttt-DPH to oxygen followed by collapse of the exciplex to either a zwitterionic or a
biradicaloid species through bonding at one of the benzylic positions. Rotation about the new single bond in this inter-
mediate followed by reversion to DPH and O2 gives the observed result.

679Key words: diphenylhexatrienes, trans-cis photoisomerization, oxygen sensitization.

Résumé : L’irradiation du 1,6-diphénylhexa-1,3,5-triène complètement trans (ttt-DPH), dans de l’acétonitrile dégazé
(AN) conduit d’une façon relativement inefficace à la formation des ctt- et tct-DPH, principalement par le biais d’une
isomérisation dans l’état excité singulet. La contribution triplet à la photoisomérisation est faible en raison du très
faible rendement du passage intersystème (φis = 0,01). L’isomérisation de la liaison centrale est piégée en présence
d’air par un facteur de 1,4 qui est en accord le piégeage par l’oxygène des états excités singulet et triplet les plus bas.
Toutefois, la présence d’air augmente la photoisomérisation de la liaison terminale par un facteur égal pratiquement à
deux. La photoisomérisation du ttt-DPH sensibilisée au niveau triplet favorise la formation de tct-DPH et elle est
piégée par l’oxygène. Il en découle que l’interaction de l’oxygène avec le ttt-DPH excité à l’état singulet supprime
l’isomérisation en tct-DPH mais qu’elle conduit à une nouvelle voie d’isomérisation conduisant au ctt-DPH. La pré-
sence de diméthylfurane, un piège pour O2 à l’état singulet, n’a pas d’effet sur la photoisomérisation ce qui élimine la
possibilité d’implication du O2 à l’état singulet dans cette nouvelle réaction. On a éliminé la possibilité d’une implica-
tion des cations radicaux ttt-DPH comme intermédiaires sur la base du fait que la présence de fumaronitrile qui conduit
à leur formation supprime les photoisomérisations des liaisons tant terminale que centrale. Par opposition à ce qui est
observé avec l’acétonitrile, la formation de ctt-DPH est piégée par l’oxygène dans le méthylcyclohexane ce qui suggère
la nécessité d’un environnement polaire. Des effets isotopiques du deutérium très différents distinguent les voies de
photoisomérisations directe et induite par O2. Une étude comparative des ttt-DPH-d0, ttt-DPH-d2 et ttt-DPH-d4 impli-
quant la deutération d’une et des deux doubles liaisons terminales permet de mettre en évidence un effet isotopique
cinétique inverse, kH

ox/kD
ox = 0,92, pour la réaction induite par O2. Un mécanisme intéressant pour la nouvelle photoi-

somérisation induite par l’oxygène implique un transfert de charge de l’état S1 du ttt-DPH vers l’oxygène, suivi d’une
décomposition de l’exciplex en espèces soit zwitterionique ou biradicaloïde par le biais de la formation d’une liaison à
l’une des positions benzyliques. Une rotation autour de la nouvelle liaison simple de cette intermédiaire, suivie d’une
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réversion en DPH et en O2, conduit au résultat observé.

Mots clés : diphénylhexatriènes, photoisomérisation trans-cis, sensibilisation par l’oxygène.

[Traduit par la Rédaction] Saltiel et al.

Introduction

all-trans-1,6-Diphenyl-1,3,5-hexatriene (ttt-DPH) has
been used as a model for the long polyenes related to the
retinols and vitamin A. It is the first member of the α,ω-
diphenylpolyene vinylogous family whose all-s-trans confor-
mer exhibits fluorescence both from the initially excited 1 1Bu
state and from a lower energy singlet excited state that, fol-
lowing Hudson and Kohler, is identified as the forbidden
doubly excited 2 1Ag state (1–3). The lowest singlet excited
states of all longer diphenylpolyenes (1–3) and of all conju-
gated polyenes starting with 1,3-butadiene (4–7), have also
been identified as 2 1Ag states. In degassed solutions the
trans → cis photoisomerization of ttt-DPH following direct
excitation occurs inefficiently by a combination of singlet
and triplet pathways (8). In the triplet state, the ground state
isomers of DPH exist as a mixture of freely equilibrating
conformers in which ttt, tct, and ctt geometries dominate (9).
In the absence of oxygen, triplet excitation transfer events
between relatively long-lived DPH triplets and DPH ground
states of different geometry are links in quantum chain
processes that enhance the contribution of triplets to the
photoisomerization, compensating somewhat for the low
intersystem crossing yields. The quenching of the triplets by
oxygen significantly decreases their lifetime and prevents
their participation in quantum chain events (9).

Changing the solvent from methylcyclohexane (MCH) to
acetonitrile (AN) increases the rates of photoisomerization
in the singlet excited state manifold, the increase being espe-
cially pronounced (20-fold) at the terminal double bonds (8,
10), thereby decreasing the singlet excited state lifetime and
the contribution of the competing decay channels of fluores-
cence (φf = 0.65 and 0.27 at 20°C in MCH (11) and AN
(10), respectively) and intersystem crossing (φis = 0.029 and
0.010 at 20°C in MCH (12) and AN (13, 14), respectively).
Photoisomerization in the ttt → ctt direction in AN is almost
entirely a singlet excited state process (98%) that is attenu-
ated by a factor of 1.36 on deuteration of the olefinic hydro-
gens of the terminal double bond (10).

We report here the effect of oxygen on the photo-
isomerization of ttt-DPH and its 1,2-dideuterio and 1,2,5,6-
tetradeuterio derivatives upon direct excitation in AN. In
contrast to the central bond whose photoisomerization is at-
tenuated, consistent with oxygen quenching of singlet and
triplet excited states, oxygen enhances photoisomerization at
the terminal double bonds. The mechanism of this new
photoisomerization pathway is addressed in this paper.

Experimental section

Materials
Sources and purification procedures for all-trans-1,6-

diphenyl-1,3,5-hexatriene (100.0%, HPLC), benzophenone,
trans-stilbene, anthracene, and acetonitrile have been de-
scribed (8, 10). Acetonitrile was used as received or purified

using a known procedure (15). Lithium perchlorate (Spec-
trum, anhydrous ACS reagent) was used as received. The
syntheses of 1,2-dideuterio- (ttt-DPH-d2, 99.9%, HPLC) and
1,2,5,6-tetradeuterio-all-trans-1,6-diphenyl-1,3,5-hexatriene
(ttt-DPH-d4, 98.0%, HPLC, 1.7% tcc-DPH-d4, major con-
taminant) have been described (10). Prior to use in this
study, ttt-DPH-d4 was recrystallized three times to a final
purity of 99.4% with 0.5% tcc-DPH-d4, the major contami-
nant.

Irradiation procedure
Irradiations were carried out in a Moses merry-go-round

(16) apparatus immersed in a thermostated water bath. A
heating coil connected to a thermoregulator (Polyscience
Corporation) was used to control the temperature to 20 ±
0.1°C. The benzophenone-sensitized photoisomerization of
trans-stilbene was used for actinometry (φt c→ = 0.55) (17,
18). A Hanovia medium pressure Hg lamp (200 W, Ace
Glass, Inc.) and Corning CS 7-37 and 0-52 filters were used
for excitation at 366 nm. Aliquots of actinometer solutions
(3.0 mL) were pipetted into Pyrex ampoules (13 mm o.d.),
degassed, and flame-sealed at a constriction. Air-saturated
DPH solutions (1.0 × 10–3 M in AN, 3 mL aliquots) were
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irradiated in 13 mm o.d. Pyrex ampoules lightly stoppered
with Teflon-tape-covered rubber stoppers. In some instances,
the ampoules were provided with fritted disks at the bottom
for bubbling air or oxygen throughout the irradiation. Sam-
ple preparation, degassing, and analysis were performed in
almost complete darkness (red light).

Analytical procedures
Actinometer solutions were analyzed by GLC and DPH

solutions by HPLC (λ mon = 350 nm) as previously described
(8, 9), except that on replacing AN with hexanes prior to
HPLC analyses, a stream of argon was used to evaporate the
solvent and care was exercised to avoid taking samples to
dryness (10). This procedure minimizes ctt-DPH losses.

Fluorescence measurements
Fluorescence spectra were measured with a Hitachi/

PerkinElmer MPF-2A fluorescence spectrophotometer as
previously described (19), or with a Hitachi F4500 fluori-
meter. Fluorescence spectra were recorded for both air-
saturated and Ar-bubbled solutions of DPH in AN in stan-
dard 1 cm2 quartz cells. Temperature was maintained at
20.0 ± 0.1°C using a Neslab-RTE 4DD constant temperature
circulation bath, and was monitored continuously during
each scan with an Omega Engineering Model 199 RTD digi-
tal thermometer in a reference cell placed in the same con-
stant temperature cell holder. Fluorescence lifetimes were
measured with a phase modulation Fluorolog-τ2 lifetime
spectrofluorometer (SPEX) equipped with a 450 W Xe arc
source, a Hamamatsu R928P photomultiplier tube, and a
Lasermetrics BNC1072FW Pockel cell (KD2PO4). The
Fluorolog-τ2 modulates the frequency of the excitation light
from 0.5 to 300 MHz. A glycogen solution (τ = 0 ns, scat-
tered light) was used as reference. Temperature was main-
tained at 20.0 ± 0.1°C and was monitored continuously
during each scan as described above. Air-saturated ttt-DPH
solutions (2.0 × 10–6 M) were employed. Software (DMF
3000F Spectroscopy) provided by the manufacturer was
used to analyze the data. Determinations of the quality of the
lifetimes were based on examination of the statistics of the
fit (a plot of the residual deviations vs. frequency) and re-
duced χ2 values that were all close to unity.

Results

Photochemical observations
Photostationary states were approached from the ttt-DPH-

dn (n = 2 and 4) side. Degassed DPH samples (1.0 × 10–3 M)
in air-saturated AN were irradiated for different time inter-
vals at 20.0°C until HPLC analysis revealed no further
change in the isomer composition. Photostationary state
fractions are shown in Table 1. Overall conversions for
quantum yield measurements were kept below 8% and were
corrected for back reaction as has been described (10).
Quantum yields are also shown in Table 1. The effect of ad-
ditives was studied for ttt-DPH-d0. The presence of up to
0.40 M LiClO4 had no effect on ctt/tct conversion ratios for
both air-saturated and degassed AN solutions. The presence
of 0.188 M 2,5-dimethylfuran (DMF) had no significant ef-
fect on photoisomerization quantum yields of 1.38 × 10–3 M
ttt-DPH-d0 in air-saturated AN. Similarly, addition of up to

1.2 × 10–3 M diethylamine (DEA) to 1.00 × 10–3 M ttt-DPH-
d0 in degassed or air-saturated AN solutions did not alter the
photoisomerization quantum yields.

Fluorescence measurements
The fluorescence of 1.0 × 10–3 M ttt-DPH-d0 in degassed

and air-saturated AN was found to be independent of [DEA]
up to 1.5 × 10–3 M. Fluorescence lifetimes at different tem-
peratures for air-saturated solutions are compared in Table 2
with those for degassed solutions (10). Excellent fits to the
single exponential decay model were obtained (χ2 ≤ 1.2) and
the lifetimes were independent of excitation and monitoring
wavelengths, within experimental uncertainty. Reproducibi-
lity in independent measurements was better than ±0.1 ns.

Discussion

Background
The ground state of molecular oxygen is generally a very

effective quencher of electronically excited molecules (20).
Rate constants for oxygen quenching of singlet excited states
of aromatic hydrocarbons in hydrocarbon solvents are often
close to the diffusion-controlled limit. Corresponding values
for triplet state quenching are usually an order of magnitude
smaller owing to restrictions by spin statistical factors (20–
22). These quenching events are commonly associated with
formation of the lowest singlet state of the oxygen molecule
O2*(1∆g), sometimes through the intermediacy of the higher
energy state O2*(1Σg

+). In the case of singlet excited states of
aromatic hydrocarbons, induced intersystem crossing has
been shown to accompany oxygen quenching in hydrocarbon
media (23), a pathway to triplets that is diminished by polar
solvents such as acetonitrile (23–25). The importance of a
charge transfer (CT) quenching pathway by oxygen was first
established by Kikuchi et al. (26) who showed that, for
anthracenecarbonitriles and acridinium salts, fluorescence
quenching rate constants in acetonitrile decrease as the free
energy for full electron transfer (∆GS

CT) increases from neg-
ative to positive values. A comprehensive systematic study
of the contribution of CT in the quenching of aromatic hy-
drocarbon singlet and triplet states by oxygen in AN was
described by Abdel-Shafi and Wilkinson (27). With the ex-
ception of tetracene that undergoes significant chemical deg-
radation, the net rate constants for the triplet quenching

© 2003 NRC Canada
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DPH ctt + ttc tct ttt

PSS fractions
d0 0.430(0.239) 0.095(0.106) 0.400(0.635)

d2 0.419(0.206) 0.100(0.106) 0.401(0.667)

d4 0.395(0.183) 0.109(0.115) 0.402(0.661)

Quantum yields φctt+ ttc φtct

d0 0.121 (0.062) 0.025 (0.035)

d2 0.119 (0.054) 0.026 (0.036)

d4 0.114 (0.046) 0.028 (0.038)
aValues in parentheses are corresponding values under degassed

conditions from ref. (10); estimated uncertainties in absolute quantum
yields are ±5%.

Table 1. PSS fractions and photoisomerization quantum yields
for ttt-DPH-dn in air-saturated AN (366 nm, 20.0°C).a
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pathway involving CT were shown to correlate well with
∆GT

CT, indicating a transition state with 13.5% CT character
(27). Net rate constants for the analogous process involving
excited singlet states were as high as 1.6 × 1010 M–1 s–1 but
could not be determined over a sufficiently large ∆GS

CT

range to establish a meaningful logarithmic dependence on
this quantity (27). Except in the case of 2,6-
dimethoxynaphthalene (DMN) for which the quenching
event is accompanied by a small yield of 2DMN·+ (3 × 10–3)
(25), attempts to detect the radical cations of the donors and
2O2

·– have failed, despite the exothermicity of full electron
transfer in AN for most of the excited singlet donors studied
(25, 27).

Energy transfer from the triplet state of ttt-DPH to O2 in
air-saturated solutions yields O2*(1∆g) with unit efficiency
(28). Quenching of the singlet state of ttt-DPH leads to
O2*(1∆g) less efficiently and the efficiency decreases with
increasing solvent polarity (0.5 and 0.3 in cyclohexane and
methanol, respectively) (29). Competing with O2*(1∆g) for-
mation is O2-induced intersystem crossing leading to as
much as a 10-fold increase in φis (0.015 to 0.15 for degassed
vs. air-saturated methanol (12)).

Two-photon laser excitation of ttt-DPH gives the radical
cation (2ttt-DPH·+) in a variety of solvents (30, 31). In AN
the lifetime of the radical cation (7.3 µs) is insensitive to the
presence of air (31, 32). The radical cation is also observed
on quenching of 1ttt-DPH* by electron acceptors in polar
solvents including AN (12, 13). It isomerizes to a new tran-
sient, assigned as a product of trans → cis photoisomeri-
zation, which reverts thermally to 2ttt-DPH·+, and reacts
efficiently with electron donors to give back the starting ttt-
DPH (31).

Oxygen effects on ttt-DPH photoisomerization
We reported earlier that the fluorescence quantum yields

and lifetimes of ttt-DPH-dn (n = 0, 2, and 4) in AN are
nearly independent of deuterium substitution at the terminal
double bonds (10). It was not surprising, therefore, that oxy-
gen in air-saturated AN solutions at 20°C attenuates fluores-
cence quantum yields and lifetimes of the three ttt-DPH-dn
(n = 0, 2, and 4) by the same 1.31 ± 0.01 factor, within ex-
perimental uncertainty (10). The 1.34 ratio of the lifetimes at
20°C in Table 2 is in reasonable agreement with the quan-
tum yield measurements and the effect is similar at different
temperatures. Use of 1.9 ± 0.2 × 10–3 for the oxygen concen-
tration in air-saturated AN (33) gives kqox = (3.5 ± 0.4) ×
1010 M–1 s–1 for the quenching of the excited singlet states of

ttt-DPH-dn (n = 0, 2, and 4) by molecular oxygen, a value
close to the diffusion-controlled limit.

The range of attenuations of φttt → tct values by oxygen is
slightly larger (1.36 to 1.40) than the attenuations of fluores-
cence quantum yields and lifetimes, because in addition to
quenching the singlet excited state, oxygen dramatically
shortens the lifetime of DPH triplets, effectively eliminating
quantum chain contributions to the photoisomerization (9b).
Oxygen interferes with the photoisomerization of the central
bond of ttt-DPH-dn (n = 0, 2, and 4) only in so far as it deac-
tivates ttt-DPH-dn excited singlet (primarily) and triplet
states. Photoisomerization quantum yields in the presence of
FN in degassed and air-saturated AN solutions are consistent
with an O2 induced sixfold (compared with factors of 7 and
10 reported for cyclohexane and methanol, respectively, (12,
29)) enhancement of φis (34). In this case, however, this is a
minor perturbation because it only raises φis from 0.01 to
0.06.

The results in Table 1 reveal a strikingly different O2 ef-
fect on terminal bond photoisomerization. Instead of the ex-
pected ~1.3-fold attenuation, φctt values are enhanced by
factors of 2 to 2.5, progressively increasing with terminal
bond deuteration. Correspondingly, the presence of air
strongly shifts photostationary state (PSS) compositions to
larger ctt-DPH contributions at the expense of ttt-DPH. Oxy-
gen enhanced trans to cis 1,2-diarylethene photoisomeriza-
tion quantum yields have previously been observed, but were
generally attributed to O2 induced intersystem crossing (35–
38). For instance, in the case of trans-4,4′-diphenylstilbene,
quenching of the highly fluorescent singlet excited state by
~1 × 10–2 M O2 in methylcyclohexane increases φt → c 18-
fold from 0.0025 to 0.045. However, because DPH triplets in
AN favor decay to tct-DPH over decay to ctt-DPH by at
least a factor of 5 (9a), O2-catalyzed intersystem crossing
would be expected to increase φtct more than φctt . Instead,
we observe enhancement of the latter and quenching of the
former. We conclude that the differential O2 effects on cen-
tral and terminal bond photoisomerization rule out the O2-in-
duced intersystem crossing pathway in ttt-DPH.

In the Background section, we reviewed evidence for the
formation of radical cations (2ttt-DPH·+) in AN solutions.
We recently evaluated and ruled out their possible involve-
ment in the photoisomerization of ttt-DPH following direct
excitation in degassed AN (8). Briefly, fluorescence and
photoisomerization quantum yields, measured as a function
of fumaronitrile (FN) concentration, show that 2ttt-DPH·+

radical cations formed from the 1(ttt-DPH–FN)* exciplex
(13) undergo no photoisomerization (8). It is not surprising,
therefore, that we find that addition of up to 0.015 M
diethylamine (DEA) has no effect on the photoisomerization
quantum yields and, in particular, on the φctt :φtct ratio in ei-
ther degassed or air-saturated AN. At the high concentra-
tions employed, DEA, a known, effective quencher of 2ttt-
DPH·+ radical cations, kq = 1.05 × 109 M–1 s–1 (31a), should
have intercepted them all, in view of their long lifetime (7.3 µs)
(31). In the unlikely event that electron transfer from 1ttt-
DPH* to O2 contributes to the formation of 2ttt-DPH·+ radi-
cal cations, they are not involved in trans → cis photo-
isomerization.

The possibility that O2 opens a thermal free radical iso-
merization process can be ruled out because the observed
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T (°C) τ (Air, ns) τ (Deg, ns)b

10.0 3.9 5.3
20.0 3.5 4.7
30.0 2.9 4.1
40.0 2.5 3.6
50.0 2.2 3.2

aReproducibility in independent measurements was
better than ±0.1 ns.

bFrom ref. (10).

Table 2. O2 effect on ttt-DPH-d0 fluorescence
lifetimes (366 nm).a
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formation of more cis double bonds moves the system up
hill thermodynamically (9b). We are left with addition fol-
lowed by elimination starting from 1ttt-DPH*–O2 interac-
tion, as a viable Schenck-type mechanism (39) for the O2-
induced photoisomerization (Scheme 1). Although the
adduct (adducts for ttt-DPH-d2) in Scheme 1 is shown as a
zwitterionic species because this process is much more pro-
nounced in AN than in MCH,2 the possibility that the adduct
is biradicaloid cannot be ruled out. Bond formation at the
benzylic positions should be favored because it leads to the
more delocalized carbon-centered cation or radical interme-
diate. Rotation about the new single bond followed by loss
of O2 would explain enhanced ctt-DPH formation. In princi-
ple, the intermediate could form either from the interaction
of 1ttt-DPH* with ground state O2 (3Σg) or by the addition of
singlet 1O2* (1∆g) to ground state ttt-DPH. However, if 1O2*
were responsible for enhanced values under direct excitation
conditions, then O2 would enhance φctt values even more un-
der triplet-sensitized conditions because the efficiency of
1O2* formation is higher when 3ttt-DPH* is quenched by
3O2 (28, 29). It follows that the involvement of 1O2* can be
ruled out because we have found no photoisomerization en-
hancement of any kind under triplet-sensitized conditions in
air-saturated AN (9). As a further precaution, we now report
that addition of 0.188 M 2,5-dimethylfuran (DMF), a very
efficient 1O2* scavenger (28, 41), has no effect on the φctt :
φtct ratio in air-saturated AN.

Deuterium isotope effect
The small increasing trend in φtct values under both de-

gassed and air-saturated conditions with increasing deute-
rium substitution is consistent with the effect of deuterium
on the lifetime of 1ttt-DPH* (10). Terminal bond deuterium
substitution does not affect rate constants for central bond
isomerization. In contrast, φctt values decrease strongly in
degassed solutions and show a less-pronounced decrease in
the presence of air. The torsional relaxation rate constants
for dihydro- and dideuterio-terminal bonds in 1ttt-DPH* are
subject to a normal deuterium isotope effect (kH/kD = 1.36)

(10). Analysis of φctt values in the presence of air is
accomplished by dissecting them into contributions from the
normal pathway, involving the fraction of 1ttt-DPH* not in-
tercepted by oxygen (1 – fox), and the new pathway, involv-
ing the fraction of 1ttt-DPH* that is intercepted by oxygen
(fox) and follows the pathway in Scheme1. Since nearly all
terminal bond isomerization in degassed solution is a singlet
excited state reaction, we expect that, in the presence of air,
the normal pathway will experience the same attenuation as
fluorescence. Substitution of kqox = 3.5 × 1010 M–1 s–1 for the
quenching of the excited singlet states of ttt-DPH-dn (n = 0,
2, and 4), [O2] = 1.9 × 10–3 M, and the singlet excited state
lifetimes (τ f

0) (10) in eq. [1] gives the (1 – fox) values listed
in

[1] (1 – fox) = kqoxτ f
0[O2]/(1 + kqoxτ f

0[O2])

Table 3. Quantum yields for terminal bond isomerization by
the normal singlet excited state pathway (φctt + ttc

S) obtained
by multiplying the values under degassed conditions (given
in parentheses in Table 1) by the (1 – fox) attenuation factors,
were subtracted from observed quantum yields in the pres-
ence of air to obtain φctt + ttc

ox, the quantum yields for the O2-
induced pathway (Table 3). Assuming that Scheme 1 ap-
plies, the ratio of the rate constant for bond formation at a
benzylic position bearing hydrogen (kH

ox), to the analogous
rate constant for a benzylic position bearing deuterium
(kD

ox) is given by

[2] kH
ox/kD

ox = (αD/αH)(φctt
d0/φctt

d4)(τd4
ox/τd0

ox)

where the α s are decay fractions to ctt-DPH for the
deuterated and undeuterated DPH–O2 adducts, the quantum
yields are the values for the O2-induced pathway from Ta-
ble 3, and the fluorescence lifetimes are in the presence of
air. Taking αD = αH and substituting for the other quantities
in eq. [2] using the data for ttt-DPH-d0 and ttt-DPH-d4 gives
kH

ox/kD
ox = 0.94. This requires that formation of the DPH–

O2 exciplex be somewhat reversible, as no intermolecular
deuterium isotope effect would be expected if exciplex for-
mation were irreversible and product determining. A similar
treatment using the data for ttt-DPH-d0 and ttt-DPH-d2 gives
kH

ox/kD
ox = 0.90. The inverse secondary deuterium isotope

effect is consistent with the expected sp2 to sp3 rehybri-
dization in the transition states leading to the adducts (42,
43).

Significant fractions of 1ttt-DPH*–O2 quenching interac-
tions must follow the adduct pathway to isomerization.
These fractions (fad) can be estimated from fox/(αφctt + ttc

ox)
by assuming equal partitioning of the adducts to cis and
trans double bonds (α = 0.5). The resulting values are rela-
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Scheme 1.

DPH (1 – fox) φctt+ ttc
S φctt+ ttc

ox kH
ox/kD

ox fad

d0 0.762 0.047 0.074 0.62
d2 0.759 0.041 0.078 0.90 0.65
d4 0.759 0.035 0.079 0.94 0.66

Table 3. Dissection of quantum yields for terminal bond
photoisomerization into normal and oxygen pathways.

2 In MCH, the presence of air attenuates tct- and ctt-DPH formation by factors of 0.35 and 0.58, respectively (34, 40).
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tively insensitive to deuterium substitution falling in a nar-
row 0.62 to 0.66 range (Table 3).

Trapping the exciplex
Initial indications that the O2-induced photoisomerization

pathway is quenched when Li+ClO4
– is included in AN (34),

were not confirmed when great care was taken to avoid ctt-
DPH loss in sample preparation for HPLC analysis. Because
no changes in φctt :φtct ratios were observed even when a sat-
urated Li+ClO4

– solution (~0.4 M) was used in air-saturated
AN, we can conclude that Li+ fails to intercept an ion pair in
this case. This approach has been shown to succeed in sev-
eral instances (44). Apparently, in our case, either charge
transfer is not complete in the exciplex, or the exciplex is
too short-lived. An interesting anomaly is our preliminary
observation that on attempting to increase the contribution of
the O2-induced photoisomerization pathway by increasing
the O2 concentration (bubbling O2 during the irradiation) we
were surprised to find lower φctt :φtct ratios than in the pres-
ence of air. If the mechanism in Scheme 1 is correct, this
result suggests that, at the higher concentration, oxygen
quenches the ttt-DPH–O2 exciplex. While oxygen quenching
of singlet exciplexes is well-known (45), quenching of an
oxciplex is unprecedented and remains to be established.
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The effect of central bond torsional mobility on
the Rydberg state ring opening of
alkylcyclobutenes

Bruce H.O. Cook and William J. Leigh

Abstract: The stereochemistry of the π,R(3s) excited state ring opening of a series of bicyclic alkylcyclobutenes has
been studied in hydrocarbon solution with 228 nm excitation. In these compounds, the C=C bond is shared between
the cyclobutene ring and a five-, six-, or seven-membered ancillary ring, which has the effect of restricting the tor-
sional mobility about the central C—C bond in the isomeric diene products. It has previously been shown that mono-
cyclic alkylcyclobutenes undergo stereospecific conrotatory ring opening upon excitation at the long wavelength edge
of the π,R(3s) absorption band (228 nm), and nonstereospecific ring opening upon irradiation at shorter wavelengths
(within the π,π* absorption band). Different behaviour is observed for the bicyclic systems studied in the present work.
The bicyclo[3.2.0]hept-1-ene, bicyclo[4.2.0]oct-1-ene, and one of the bicyclo[5.2.0]non-1-ene derivatives yield nearly
the same mixtures of E,E- and E,Z-diene isomers upon irradiation at 214 and 228 nm, with the product mixtures being
heavily weighted in favor of the isomer(s) corresponding to disrotatory ring opening. The results may indicate that the
stereochemical characteristics of the Rydberg-derived ring opening of alkylcyclobutenes depends on the ability of the
molecule to twist about the “central” bond (i.e., the C=C bond in the cyclobutene) as ring opening proceeds. It is pro-
posed that restricting the torsional mobility about the central bond activates internal conversion from the π,R(3s) to the
π,π* potential energy surface, from which predominant disrotatory ring opening ensues.

Key words: cyclobutene, Rydberg, ring opening, photopericyclic, electrocyclic.

Résumé : Opérant en solution dans des hydrocarbures et avec une excitation à 228 nm, on a étudié la stéréochimie de
l’ouverture de cycle dans l’état excité π,R(3s) d’une série d’alkylcyclobutènes bicycliques. Dans ces composés, la liaison
C=C est partagée entre le cycle du cyclobutène et un cycle ancillaire à cinq-, six- ou sept-chaînons qui a pour effet de
restreindre la mobilité torsionnelle autour de la liaison C—C centrale des produits diéniques isomères. Il a été démontré
antérieurement que les alkylcyclobutènes monocycliques subissent une ouverture de cycle conrotatoire stéréospécifique
lors de leur excitation dans la portion de grande longueur d’onde de la bande d’absorption π,R(3s) (228 nm) et une ou-
verture de cycle non stéréospécifique par irradiation à des longueurs d’onde plus faibles (dans la bande d’absorption
π,π*). Dans le présent travail, on observe un comportement différent pour les systèmes bicycliques. Lors de leur irradia-
tion à 214 ou à 228 nm, le bicyclo[3.2.0]hept-1-ène, le bicyclo[4.2.0]oct-1-ène et un des dérivés du bicyclo[5.2.0]non-1-
ène conduisent pratiquement tous aux même mélanges E,E- et E,Z- de diènes isomères; les mélanges contiennent principa-
lement les isomères résultant d’une ouverture disrotatoire du cycle. Les résultats suggèrent que les caractéristiques stéréo-
chimiques de l’ouverture de cycle d’alkylcyclobutènes se produisant dans la région de Rydberg dépend de la facilité de la
molécule à se retourner autour de la liaison centrale (c’est-à-dire la liaison C=C du cyclobutène) lorsque l’ouverture de
cycle se produit. On suggère qu’une restriction de la mobilité torsionnelle autour de la liaison centrale active la conversion
interne de π,R(3s) à la surface d’énergie potentielle π,π* à partir de laquelle il résulte une ouverture de cycle disrotatoire.

Mots clés : cyclobutène, Rydberg, ouverture de cycle, photopéricyclique, électrocyclique.

[Traduit par la Rédaction] Cook and Leigh 688

Introduction

The direct irradiation of simple alkylcyclobutenes in the
gas phase or solution results in electrocyclic ring opening
and stereospecific [2 + 2]-cycloreversion to yield the corre-

sponding alkyne and alkene (1–4). It has been known for
several years that contrary to early indications (5), the ring
opening reaction proceeds nonstereospecifically (6, 7), in
apparent violation of simple orbital symmetry selection rules
for photoelectrocyclic reactions (8) as well as the results of

Can. J. Chem. 81: 680–688 (2003) doi: 10.1139/V03-058 © 2003 NRC Canada

680

Received 6 January 2003. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 17 June 2003.

Dedicated to Professor Don Arnold for his contributions to chemistry.

B.H.O. Cook1 and W.J. Leigh.2 Department of Chemistry, McMaster University, 1280 Main Street West, Hamilton, ON L8S 4M1,
Canada.

1Present address: 3M Canada Company, 1840 Oxford St. E., London, ON N6A 4T1, Canada.
2Corresponding author (e-mail: leigh@mcmaster.ca).

I:\cjc\cjc8106\V03-058.vp
June 10, 2003 10:03:09 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



high level ab initio calculations (9, 10), all of which predict
that the process should proceed with preferred disrotatory
stereochemistry when initiated by population of the lowest
π,π* excited singlet state of the molecule. Assuming that or-
bital symmetry selection rules are, in fact, obeyed in the
π,π* reaction, there are at least three possible explanations
for this behaviour (6): (i) ring opening proceeds adiabati-
cally, yielding the photochemically allowed (disrotatory)
diene isomer(s) in the lowest π,π* excited singlet state, from
which the forbidden (thermally allowed, conrotatory) iso-
mer(s) are formed via E,Z-isomerization; (ii) the conrotatory
isomers are formed via reaction from upper vibrational lev-
els of the ground state of the cyclobutene, populated by in-
ternal conversion in competition with disrotatory π,π* state
ring opening; and (iii) the conrotatory isomers are formed
via competing reaction of the radical-cation-like π,R(3s)
Rydberg excited singlet state, which is known to be of simi-
lar energy to the π,π* (valence) singlet state in alkylcyclo-
butenes (4, 11, 12), just as it is in other aliphatic alkenes
(13–15).2

Much of our work in this area over the past 15 years has
been directed at attempting to distinguish between these pos-
sibilities, through studies of the effects of substituents, exci-
tation wavelength, and various structural constraints on the
stereochemistry of the reaction (4, 6, 12, 16–23). By the
mid-1990s, we had concluded: (i) that the π,R(3s) state is re-
sponsible for the [2 + 2]-cycloreversion reaction but is not
involved in ring opening (12, 24); and (ii) that the adiabatic,
π,π* state ring opening mechanism most adequately accounts
for the nonstereospecificity of the reaction (19, 21, 22).

The first conclusion was based on an analysis of the
photochemistry of a series of 7-substituted bicyclo[4.2.0]oct-
7-ene derivatives (1), in which the energy of the π,R(3s)
state varies systematically as a function of the non-
conjugating substituent attached to the cyclobutenyl C=C
bond (12). The quantum yield of ring opening products is
highest in the case of the 7-trifluoromethyl derivative 1c, in
which the π,R(3s) state is significantly higher in energy than
the π,π* singlet state, and the yields of ring opening relative
to cycloreversion products increase with increasing excita-
tion wavelength between 193 and 214 nm (the opposite is
true for 1a, 1b). Furthermore, the degree of nonstereo-
selectivity associated with ring opening is roughly constant
throughout the series of compounds, and does not vary with
excitation wavelength. It was thus concluded that the π,π*
state alone is responsible for ring opening, and hence, that
the nonstereospecificity of the reaction somehow originates
in the specific manner in which ring opening proceeds on
the potential energy surface of this electronic state. However,
it is difficult to rule out the possibility that the trifluoro-
methyl substituent in 1c might also affect excited state dy-
namics in addition to altering the relative energies of the
π,R(3s) and π,π* states, and perhaps cause a fundamental

change in the reactivity of the π,π* state compared to that in
the parent compound. Indeed, recent ultrafast time-resolved
experiments (25, 26), as well as detailed theoretical calcula-
tions (27–29), strongly suggest that such possibilities cannot
be ignored in other cycloalkenes such as cyclohexene and
norbornene. Thus, there may be other viable explanations
for the observed trends in the photoreactivity of 1a–1c that
go well beyond simple arguments based on the effects of the
substituents on the relative energies of the π,R(3s) and π,π*
excited states in these molecules. One possibility is that in
1a and 1b, ring opening proceeds from both the π,R(3s) and
π,π* states, each with a high degree of stereoselectivity
(conrotatory from the Rydberg state and disrotatory from the
π,π* state); in 1c, ring opening proceeds only from the π,π*
state, but with a lower degree of disrotatory stereoselectivity
owing to a fundamental change in excited-state dynamics
caused by the strongly polarizing trifluoromethyl substituent.
Such alternatives are difficult to rule out solely on the basis
of simple product studies.

The second conclusion was based on an examination of
the photochemistry of the series of constrained cyclobutenes
2 and 4, comparing the relative yields of isomeric dienes ob-
tained upon 214-nm photolysis of these compounds to val-
ues predicted from the quantum yields for direct E,Z-
photoisomerization of the corresponding isomeric dienes
(19, 21, 22). For example, 214 nm irradiation of cis-2,2,6,7-
tetramethylbicyclo[3.2.0]hept-1-ene (cis-2) in hydrocarbon
solution yields a mixture of three diene isomers, E,E-, E,Z-,
and Z,E-3 (eq. [1]); the two E,Z-isomers are formed in a
ratio that is identical (within experimental error) to that ob-
tained from direct (254 nm) irradiation of the photochemi-
cally allowed (E,E) diene isomer (21). Reasonable (but not
perfect) agreement was also observed between the isomeric
diene ratios obtained from 214-nm photolysis of the sym-
metrically substituted bicyclic cyclobutenes 4, and values
calculated from the quantum yields for E,Z-photo-
isomerization of their isomeric dienes 5 (19, 22). This series
of compounds bears the important feature that the dienes 3
and 5a–5d are constrained to exist in the s-cis conformation,
similar to that which would (presumably) be formed directly
in the electrocyclic ring opening reaction. This allows one to
independently determine the excited state torsional decay
characteristics of the product in the conformation in which it
is initially formed from ring opening of the corresponding
cyclobutene derivative. Acyclic dienes generally prefer the s-
trans conformation, so such analyses are more problematic
with monocyclic cyclobutenes.
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2 There is a long-standing debate, which to our knowledge has never been resolved, as to the identity of the excited state responsible for the
weak long-wavelength absorptions in the condensed phase UV absorption spectra of tetraalkyl-substituted alkenes — whether they are the
Rydberg absorptions, substantially reduced in intensity and blue-shifted relative to their character in the gas phase spectrum, or those corre-
sponding to a very weak transition to a low-lying valence state such as the π,σ* state (13). We favour the Rydberg state assignment because
of the similarities between the photochemistry of alkenes in hydroxylic solvents and the chemistry of the corresponding radical cations un-
der similar conditions (14, 15). The photochemistry of 1,2-dimethylcyclobutene in methanol exhibits similar features as that of other alkenes
in hydroxylic media (4).
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Thus, the mechanism that emerged from these studies is
one in which the π,π* excited singlet state of the cyclo-
butene undergoes purely disrotatory ring opening, but with
internal conversion to the ground state potential energy sur-
face occurring after the diene is fully formed rather than at a
geometry intermediate between reactant and product (19, 21,
22); a mixture of diene isomers is formed not because the re-
action itself is nonstereospecific, but because the product is
formed in an excited singlet state whose main avenue for re-
laxation to the ground state is cis,trans-isomerization.

This mechanism is fully compatible with orbital symme-
try selection rules, as well as with high level theoretical
studies that indicate that within the first ~50 fs after excita-
tion to the π,π* (11B2) state, ring opening is initiated with
the disrotatory stereochemistry that is predicted by orbital
symmetry (9, 10). Mathies and co-workers (30, 31) had pre-
viously reached the same conclusion on the basis of an anal-
ysis of the resonance Raman spectrum of cyclobutene.
However, the vibrational assignments on which their analy-
sis was based have been refuted (32), and it appears that a
different experimental approach will be required to define
the stereochemistry of the process on this timescale (10, 32).
To date, however, neither theory nor ultrafast spectroscopic
methods have been able to address the question of why, if π,
π* state ring opening proceeds with a high degree of stereo-
chemical integrity in its very early stages, mixtures of both
dis- and conrotatory dienes are ultimately formed upon irra-
diation of stereo-labelled cyclobutene derivatives in solution.

More recent results from our laboratory strongly suggest
that the adiabatic ring opening mechanism, with only the
π,π* state being involved in the reaction, may be incorrect,
or at least not general (4). If the π,R(3s) excited state of
cyclobutene is really not involved in ring opening, as was
concluded on the basis of the photochemistry of 1a–1c (12),

then it would be predicted that photolysis of cyclobutene de-
rivatives with especially low Rydberg state energies, under
conditions where the Rydberg state is selectively and exclu-
sively excited, should lead only to cycloreversion. This
premise was tested with the monocyclic, 1,2-disubstituted
cyclobutene derivatives 6 and 7, whose gas phase UV ab-
sorption spectra indicate to have spectroscopic π,R(3s) ex-
cited singlet states of substantially lower energies than the
valence (π,π*) state (4). Indeed, photolysis of the three com-
pounds at the long-wavelength edge of their Rydberg ab-
sorptions (228 nm) leads mainly to [2 + 2]-cycloreversion in
both the gas phase and solution, consistent with the previous
assignment of this reaction mode to the π,R(3s) Rydberg
state. Surprisingly however, all three derivatives also un-
dergo ring opening upon excitation under these conditions,
and furthermore, the stereochemically labelled derivatives
cis- and trans-7 appear to do so with clean, conrotatory
stereochemistry — the stereochemistry associated with the
ground state ring opening reaction. In a subsequent paper,
we showed that high yields of ring opening products are ob-
tained upon 228 nm photolysis of other 1,2-dialkylcyclo-
butenes (8 and 9) as well, and by comparing the quantum
yields for product formation to values calculated on the ba-
sis of RRKM theory, demonstrated that the process is most
likely a discrete reaction of the Rydberg excited state, rather
than being the result of internal conversion to upper vibra-
tional levels of the ground state of the cyclobutene, from
which thermal ring opening would ensue (23).

These latest discoveries require that we reconsider the
possibility that the overall nonstereospecificity observed
with shorter wavelength excitation, where the valence and
Rydberg absorptions overlap, is in fact due to competing
stereospecific reactions from the π,π* and π,R(3s) excited
states. As a first step in this reanalysis, we have chosen to
have a closer look at the possible role of the Rydberg state
in the ring opening of some of the compounds that led us in
the first place to conclude that the π,π* state reacts adiabati-
cally (22). We thus report the results of a study of the photo-
lysis of the cis- and trans-isomers of the bicyclic
cyclobutene derivatives 4b–4d at 228 nm, where the π,R(3s)
Rydberg absorptions are well-isolated from the higher en-
ergy π,π* absorption band and can be excited selectively.

Results

The UV absorption spectra of cis-7,8-dimethyl-
bicyclo[4.2.0]oct-1-ene (cis-4c) in the gas phase (1 atm =
101.325 kPa, SF6 buffer) and in hexane solution are shown
in Fig. 1. The spectra and the differences between them are
very similar to those reported earlier for cis-1,2,3,4-
tetramethylcyclobutene (cis-7) (4); they clearly show both
that the π,R(3s) excited state is significantly lower in energy
than the valence (π,π*) state in this compound, and that it
should be populated selectively upon photolysis with
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monochromatic 228-nm light, at the long-wavelength edge
of the absorption spectrum. As expected, the fine structure
associated with the gas phase Rydberg absorptions in cis-4c
is washed out in the solution phase spectrum, leaving behind
a weak, featureless absorption that tails out to >230 nm.
Similar features are observed in the spectra of trans-4c and
the cis- and trans-isomers of 4b and 4d in hexane solution
under similar conditions (22).

Photolyses of cis- and trans-4b–4d were carried out using
the light from 16 W Zn (214 nm) and Cd (228 nm) reso-
nance lamps, on argon-saturated solutions containing 0.06 M
substrate and 0.001 M of n-octane as an internal GC stan-
dard. The solutions were analyzed by capillary gas chroma-
tography between ca. 0.2 and 2–5% conversion of substrate
(except in the case of trans-4b with 214 nm light, which was
analyzed between 3.5 and 9% conversion). The photolyses
produced mixtures of E,E- and E,Z-5b–5d as the only de-
tectable products under the analytical conditions employed
in this work (eqs. [2] and [3]), except in the case of trans-
4d, which also afforded small amounts of Z,Z-5d. Relative
product yields were determined from the intercepts of plots

of relative product concentrations (e.g., [E,E]/[E,Z]-5 in the
case of the cis-isomers, and the inverse for the trans-
isomers) vs. % conversion of starting material, which are
shown in Figs. 2–4 for the 214 and 228 nm photolyses of
cis- and trans-4b–4d. Plotting the data in this way magnifies
the effects of secondary photolysis on the primary isomeric
diene yields (as well as the errors associated with the mea-
surement of relatively small GC peak areas); the plots for all
six of the compounds studied in this work generally had
nonzero slopes, indicative of significant secondary photo-
lysis effects throughout the course of the experiments in
each case. Thus, the intercepts represent the best estimates
of the true primary isomeric diene yields in the photolyses.
Table 1 summarizes the results of these experiments, where
the isomeric diene ratios are expressed as the relative yields
of disrotatory:conrotatory isomers as defined above. It should
be noted that while error bars were not specifically calcu-
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Fig. 1. UV absorption spectra of cis-4c in the gas phase (– – –)
and in hexane solution (_______).

Fig. 2. Plots of DIS:CON diene isomer ratios vs. % conversion
of 4, for the photolysis of (a) cis- and (b) trans-6,7-
dimethylbicyclo[3.2.0]hept-1(5)-ene (cis- and trans-4b) in
deoxygenated hexane solution at 214 nm (�, ––––) and 228 nm
(�, – – –).
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lated for each of the data points shown in the plots of
Figs. 2–4, they will naturally be largest at low conversions
and decrease in size with increasing conversion. This is of
particular concern for the results of photolysis of trans-4b at
214 nm, which was carried out with a more dilute sample
(and to higher conversion of starting material) than the other
experiments. Thus, the E,Z/E,E-ratio reported for this exper-
iment in Table 1 should be considered a lower limit, with
the true value of E,Z-5b/E,E-5b being a maximum of about
4.0 (as previously reported (22)). Also included in the table
are the analogous product ratios obtained with 193 nm exci-
tation, from previous work (22). The 214 nm product ratios
obtained in the present work are in satisfactory agreement
with those reported previously (22).

Table 1 also contains the photostationary state (pss) com-
positions for direct irradiation of 5b–5d with 228 nm light,

which were determined under the same conditions as those
employed above for photolysis of the cyclobutenes. These
ratios were determined by exhaustive photolysis of samples
of E,E- and E,Z-5, which led to the formation of complex
mixtures of cis- and trans-4 and other isomeric products, but
common mixtures of E,E-, E,Z-, and Z,Z-5. Comparison of
the diene photostationary state ratios to the isomeric diene
ratios from photolysis of the cyclobutenes verifies that the
latter more or less accurately represent the true primary
product ratios from photolysis of cis- and trans-4b and 4c.
The situation is less clear for cis- and trans-4d, in particular
that of the cis-isomer, where the relative yields of E,E-, E,Z-,
and Z,Z-5d are very similar to the diene pss ratio at 228 nm.
The extinction coefficient at 228 nm is significantly lower
for this compound than for the others studied in this work
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Fig. 3. Plots of DIS:CON diene isomer ratios vs. % conversion
of 4, for the photolysis of (a) cis- and (b) trans-7,8-dimethylbi-
cyclo[4.2.0]oct-1(6)-ene (cis- and trans-4c) in deoxygenated hex-
ane solution at 214 nm (�, ––––) and 228 nm (�, – – –).

Fig. 4. Plots of DIS:CON diene isomer ratios vs. % conversion
of 4, for the photolysis of (a) cis- and (b) trans-8,9-dimethylbi-
cyclo[5.2.0]non-1(7)-ene (cis- and trans-4d) in deoxygenated
hexane solution at 214 nm (filled symbols, ––––) and 228 nm
(open symbols, – – –).
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(22), and thus, we cannot rule out the possibility that sec-
ondary photolysis effects distort the true product ratios in
this case.

Discussion

The solution phase absorption spectra of monocyclic 1,2-
dialkylcyclobutenes such as cis- and trans-7 consist of a
dominant π,π* absorption band with maximum below
195 nm, and a weak tail absorption that extends out to
~230 nm (4, 16). In the corresponding gas phase spectra, the
latter is intensified considerably and takes on distinctive fine
structure, characteristic of olefinic π,R(3s) absorptions (13).
The gas and solution phase spectra of cis-4c show similar
characteristics to those of 7 in this regard (22). Interestingly,
the solution phase UV spectra of cis- and trans-4b show en-
hanced (though weak) absorption in the 220–240 nm range
compared with the other compounds in the series, and are
virtually identical to one another. The solution phase spectra
of cis- and trans-4c and 4d, on the other hand, show the
similarities and differences characteristic of monocyclic 1,2-
dialkylcyclobutenes of corresponding stereochemistry at C-3
and C-4 (4, 16, 22). It can thus be concluded that the relative
energies of the (spectroscopic) valence and Rydberg excited
states are unaffected by the structural constraints imposed by
the ancillary cycloalkyl ring in these compounds.

Direct irradiation of cis-7 with 228 nm light in hydrocar-
bon solution or in the gas phase at 1 atm (1 atm =
101.325 kPa) results in stereospecific conrotatory ring open-
ing, affording the isomeric diene E,Z-10 in ca. 40% overall
yield, along with Z-2-butene (Z-11) and 2-butyne (12) in ca.
60% yield (eq. [4]) (4). Direct irradiation of the trans-isomer
under the same conditions, on the other hand, yielded a mix-
ture of all three diene isomers (25% total), E-11, and 12 (ca.
75%), with the yield of E,Z-10 relative to those of the E,E-
and Z,Z-isomers increasing continuously over the 0.15–0.4%
conversion range. However, control experiments showed the
relative isomeric diene yields to be distorted by secondary
photolysis effects, and demonstrated that the yields of E,Z-
10 observed under these conditions are consistent with the
actual formation of a ca. 1:1 mixture of E,E- and Z,Z-10. We
thus concluded that ring opening of trans-7 at 228 nm very
likely exhibits similar conrotatory selectivity to that of the

cis-isomer, producing a nearly equal mixture of the E,E- and
Z,Z-dienes.

The product distributions obtained upon irradiation at this
wavelength, where the π,R(3s) states of the cyclobutenes are
selectively populated, are much different than those obtained
with shorter wavelength (193–214 nm) excitation, where
both conrotatory and disrotatory diene isomers are formed in
similar amounts. Since both excited states are populated in
the 193–214 nm wavelength range, it was concluded that the
π,π* state must be responsible for ring opening to yield the
disrotatory diene isomer(s), and that reaction competes ef-
fectively with internal conversion to the lower energy
Rydberg state. At short excitation wavelengths, the conro-
tatory isomers may arise because the π,π* process occurs
adiabatically, as we previously concluded (22), or because
the π,R(3s) excited state is also populated (by direct excita-
tion and (or) by internal conversion from the π,π* state), or
both.

The present work shows that in contrast, the mixtures of
diene isomers formed upon ring opening of the fused
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Wavelength
(nm)

cis-4b
(EE/EZ)

trans-4b
(EZ/EE)

cis-4c
(EE/EZ)

trans-4c
(EZ/EE)

cis-4d
(EE/EZ)

trans-4d (EZ/EE+ZZ)
[EE:EZ:ZZ]

193a 2.5 ± 0.4 9.1 ± 1.2 3.4 ± 0.4 5.6 ± 0.7 9.1 ± 0.9 3.6 ± 0.4
214 1.8 ± 0.6 2.7 ± 1.4b 3.0 ± 0.5 4.6 ± 0.3 6.9 ± 1.0 1.8 ± 0.4 [1.0:3.7:1.0]
228 2.47 ± 0.07 1.64 ± 0.11 2.5 ± 0.8 2.8 ± 0.4 0.54 ± 0.12 1.4 ± 0.2 [1.0:4.5:2.3]
pssc 5.0:4.1:1.0 2.3:2.0:1.0 2.1:4.1:1.0

Note: The ratios reported correspond to E,E/E,Z-5 ratios from the cis-isomers and E,Z/E,E-5 ratios from the trans-isomers. The Z,Z-isomers were not
detected at conversions less than ~2% in any of the photolyses except that of trans-4d, which contained small amounts of all three diene isomers at t = 0.
The DIS:CON ratios for the latter compound are thus expressed as E,Z/(E,E + Z,Z). The values listed for the 214 and 228 nm photolyses, which were
carried out on 0.06 M solutions in all cases but one, are the intercepts from the plots of product ratio vs. %conversion shown in Figs. 2–4. Those for 193
nm photolyses are reproduced from ref. 22, and were determined using 0.02 M solutions of 4.

aFrom ref. 22.
bFrom photolysis of a 0.02 M solution of trans-4b.
cPhotostationary state compositions from photolysis of the corresponding dienes (5) at 228 nm, expressed as EE:EZ:ZZ.

Table 1. Isomeric diene ratios from direct irradiation of bicyclic cyclobutenes cis- and trans-4b-d as deoxygenated solutions in hexane
at 25°C, expressed as the ratios of disrotatory:conrotatory isomers.
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bicyclic cyclobutenes cis- and trans-4b and 4c at 228 nm are
only modestly different from those obtained with shorter
wavelength excitation, where in each case there is a very
distinct preference for the formation of the disrotatory diene
isomers. In all cases but cis-4b, there appears to be a consis-
tent wavelength dependence in the product ratios, with the
yield of conrotatory product(s) increasing modestly as the
excitation wavelength increases. As we found previously in
our studies of the photochemistry of 7 at this wavelength
(and as the data of Figs. 2–4 clearly show), secondary photo-
lysis effects are generally very difficult to control, and thus,
the product ratios reported cannot be considered to be quan-
titatively accurate. Nevertheless, the trends are clear; the
corresponding disrotatory diene isomers are the major prod-
ucts of irradiation of both isomers of 4b and 4c at 228 nm,
just as they are at shorter irradiation wavelengths.

Assuming that the Rydberg state is indeed exclusively ex-
cited in these compounds upon absorption of a 228 nm pho-
ton, the fact that similar distributions of diene isomers are
observed for 4b and 4c as with shorter excitation wave-
lengths (where the π,π* state is also directly populated) sug-
gests either that ring opening within the Rydberg state
exhibits similar characteristics to π,π* state ring opening in
these compounds or that (conrotatory) Rydberg state ring
opening is less efficient than in monocyclic derivatives, al-
lowing internal conversion to the π,π* state (at a non-
Franck–Condon geometry), from which ring opening occurs
with predominant disrotatory stereochemistry, to compete
more effectively.

One interpretation of the results for 4b and 4c is that
Rydberg state ring opening, in addition to proceeding with
preferred conrotatory stereochemistry, also involves twisting
about the “central” C=C bond as ring opening proceeds; ac-
cordingly, incorporating the cyclobutenyl C=C bond in a
second ancillary ring would be expected to result in a struc-
turally induced barrier to Rydberg state ring opening.
Scheme 1 shows a hypothetical reaction coordinate diagram
for dis- and conrotatory ring opening on the π,π* and
π,R(3s) excited state surfaces, which incorporates these ideas
and illustrates their possible ramifications on the stereochemi-
cal characteristics of the reaction. Disrotatory (π,π* state)
ring opening is assumed to proceed, at least initially, with
little deviation of the 4-carbon system from planarity, since
short wavelength (≤214 nm) irradiation of 4a–4d proceeds
with high efficiency, with no real variation in quantum yield
throughout the series (22); the π,π* surface falls in energy
along this reaction coordinate, as predicted both by simple
orbital symmetry considerations (8) and recent ab initio cal-
culations (9, 10). If the π,R(3s) surface rises in energy along
the disrotatory reaction coordinate, the result will be a ther-
mally activated crossing of the two surfaces at some inter-
mediate geometry (A). The conrotatory reaction coordinate
is represented as projecting perpendicularly to the disrota-
tory one, as it involves both conrotatory twisting about C1—
C4 and C2—C3 and torsion about the central C1—C2 bond,
leading eventually to s-trans-diene. In monocyclic cyclo-
butenes, the π,R(3s) surface is proposed to fall in energy
along this reaction coordinate, while the π,π* surface in-
creases in energy owing to orbital symmetry effects, thus re-
sulting in preferred conrotatory ring opening upon selective
population of the Rydberg state. In 4b–4d on the other hand,

motions along the conrotatory (+ central bond torsion) reac-
tion coordinate in the π,R(3s) state encounter the structurally
induced barrier, possibly allowing the excited molecule to
traverse the (presumably somewhat smaller) barrier to the π,
π* surface along the disrotatory reaction coordinate, from
which ring opening proceeds with the characteristics of that
excited state. It might further be expected that the structur-
ally induced barrier to Rydberg state conrotatory ring open-
ing should decrease as the size and flexibility of the
ancillary ring increases, and thus, allow reaction via this
pathway to be more competitive with internal conversion to
the π,π* state, where ring opening proceeds with preferred
disrotatory stereochemistry. Unfortunately, the data for cis-
and trans-4d are not sufficiently reliable to address this pos-
sibility in a conclusive way; certainly, there is no evidence
for it in the wavelength dependence associated with the ring
openings of cis- and trans-4b and 4c.

It is relevant to point out the analogy between cyclobutene
Rydberg state ring opening and the ring opening of cyclo-
butene radical cations (CB·+), to the extent that the latter
species constitutes a reasonable model for the “semi-
ionized” olefinic π,R(3s) Rydberg state (14, 15). The reac-
tion has been extensively studied in recent years (33–42),
and is known to proceed with the preferred conrotatory ste-
reochemistry (36) that theory predicts (39, 43–47). Calcula-
tions indicate that the reaction proceeds via two competing
conrotatory pathways: a nonsynchronous concerted pathway
leading to s-cis-1,3-butadiene (s-cis-BD·+) radical cation,
and one involving rotation about the ionized double bond
leading to s-trans-BD·+ via a transition state exhibiting struc-
tural characteristics of the cyclopropylcarbinyl radical cation
(43, 45–47). Interestingly, photolysis of CB·+ in a low-
temperature matrix has been reported to yield s-trans-BD·+

exclusively (39).
This explanation is obviously highly speculative, and

undoubtedly not the only one possible. Nevertheless, it con-
tains a number of features that might be tested experimen-
tally. For example, the idea that ring opening on the π,R(3s)
potential energy surface can be impeded by the introduction
of a structurally induced barrier might be tested through
studies of the temperature dependence of the reaction stereo-
chemistry in these and monocyclic cyclobutenes as a func-
tion of excitation wavelength. Ultrafast time-resolved studies,
along the lines of those recently reported for other aliphatic
alkenes (25, 26), would also offer potentially invaluable in-
formation on the mechanism. Finally, it still remains to be
established to what extent the π,R(3s) state contributes to the
ring opening of alkylcyclobutenes at shorter excitation wave-
lengths (185–214 nm), where the π,π* excited singlet state is
also populated. Further work in this area is clearly necessary.

Summary and conclusions

Alkylcyclobutenes have two low-lying excited singlet states
of similar energy, the π,π* (valence) and π,R(3s) (Rydberg)
state, and both lead to electrocyclic ring opening to the iso-
meric 1,3-dienes. The Rydberg state is markedly lower in
energy than the π,π* state in 1,2-dialkylcyclobutenes, a char-
acteristic that allows the photochemistry associated with this
excited state to be studied under conditions of selective exci-
tation.
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In such compounds, excitation at the short wavelengths
necessary for population of the π,π* state results in non-
stereospecific ring opening, and the yields of formally al-
lowed (disrotatory) diene isomers relative to the formally
forbidden (conrotatory) ones vary with excitation wave-
length and the stereochemistry and other structural charac-
teristics of the substrate. On the other hand, selective
excitation at the long-wavelength edge of the absorption
band, where the π,R(3s) Rydberg state absorptions appear in
the gas phase spectrum, results in reaction characteristics
that vary much more dramatically with substrate structure;
monocyclic derivatives open with clean conrotatory stereo-
specificity, while bicyclic derivatives, in which the
cyclobutenyl C=C bond is shared with a second ancillary
ring, appear to exhibit predominant disrotatory stereo-
selectivities, similar to what is observed upon shorter wave-
length (π,π*) excitation. These results are interpreted as
suggesting that the Rydberg state process involves both
conrotatory motions about the cyclobutenyl C1—C4 and
C2—C3 bonds and twisting about the C=C bond as the reac-
tion is initiated on the excited-state surface. Impeding the
latter motions through appropriate structural constraints has
the effect of directing the molecule over a barrier and onto
the π,π* state surface, in which ring opening with predomi-
nant disrotatory stereochemistry ensues. The wavelength de-
pendent stereoselectivities that have been observed with
most of the compounds that have now been studied suggest
that internal conversion from the π,π* state to the lower-
lying Rydberg state is slow relative to ring opening, or at
best competitive with it.

The true degree of disrotatory stereoselectivity that is as-
sociated with the π,π* state reaction unfortunately remains
poorly defined, though it is clear that in some cases at least,
it is very high. At least two viable mechanisms remain
which could explain the non-stereospecificity observed upon
excitation of alkylcyclobutenes in the region of the π,π* ab-
sorption: adiabatic ring opening within the π,π* state, and
the competing involvement of the Rydberg state, populated
either by direct absorption or (incomplete) internal conver-

sion from the π,π* state. Further study of the reaction will be
necessary to conclusively distinguish between these possibil-
ities.

Experimental

The cyclobutenes studied in this work were prepared and
purified as previously reported (22), while photoproducts
were identified by GC coinjection with authentic samples or
after isolation from semipreparative scale photolyses of the
corresponding cyclobutene derivative. The cyclobutenes
were purified to >99% purity by semipreparative gas chro-
matography (20% TCEP on 80/100 Chromosorb PNAW,
0.25′′ × 6′′ , stainless steel, Chromatographic Specialties,
Inc.), followed where necessary by passage through a 1:5
(silver nitrate:silica gel) microcolumn using pentane as the
eluant. Only the sample of trans-4d remained contaminated
with isomeric dienes after this treatment, but the amounts
were small (ca. 1% in total by GC), and were accounted for
in the analyses of the 214 and 228 nm photolyses of this
compound. Hexanes (BDH Omnisolv) and n-octane
(Aldrich) were used as received from the suppliers. UV ab-
sorption spectra were recorded using a Cary 50 UV–vis
spectrophotometer in 1 cm Suprasil cells. Analytical gas
chromatographic separations were carried out using a
Hewlett-Packard 5890 gas chromatograph equipped with a
flame ionization detector and a 0.22 mm × 15 m DB-1 fused
silica microbore capillary column (Chromatographic Spe-
cialties, Inc.). FID response factors were determined for all
compounds by construction of standard working curves from
mixtures of stock solutions of the pure compounds.

Samples for photolysis contained the cyclobutene (ca.
0.06 M) and n-octane (0.001 M) in hexane solution.
Aliquots (ca. 0.3 mL) were placed in 5 mm quartz tubes
containing a micro stirring bar, sealed with rubber septa, and
deoxygenated with a stream of dry argon. Photolyses were
carried out using 16 W Philips 93106E zinc or 16 W Philips
93107E cadmium resonance lamps for irradiation at 214 or
228 nm, respectively, with constant agitation of the solutions
with a magnetic stirrer. Aliquots were removed from the
cells by microlitre syringe at suitable photolysis intervals
and analysed by GC. Product formation was monitored as a
function of photolysis time in all cases.
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The conformational behaviour of methylenecy-
clohexanes revisited

Heidi M. Muchall, Petrina R.N. Kamya, and Jean Lessard

Abstract: Conformational analyses on 2-substituted (methoxy, vinyloxy, and acetoxy) methylenecyclohexanes have
been performed computationally with HF, B3LYP, PBE0, and MP2 and the 6-31G(d) basis set. The global minimum
for the methoxy substituent is an axial conformer. For the vinyloxy substituent, except with PBE0, an axial conformer
is determined as the global minimum. The acetoxy substituent prefers the equatorial orientation. This sequence is in
keeping with the operation of an “unsaturation effect” in addition to an anomeric effect. For a full conformational anal-
ysis, torsional potentials for the substituents have been generated, which show further low-energy minima, which affect
the equilibrium composition. In general, axial conformers dominate the equilibria. To reproduce the experimentally ob-
served predominance of equatorial conformers for vinyloxy and acetoxy substituents, PBE0 has to be employed. CSGT
isotropic shielding tensors at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level have been employed for comparison with
experimentally observed 13C chemical shifts.

Key words: conformational analysis, methylenecyclohexanes, anomeric effect, unsaturation effect.

Résumé : On a réalisé une analyse conformationnelle de méthylènecyclohexanes portant des substituants (méthoxy,
vinyloxy et acétoxy) en position 2 en faisant appel à des méthodes de calcul théorique à l’aide de HF, B3LYP, PBE0,
MP2 et l’ensembles de bases 6-31G(d). Le minimum global pour le substituant méthoxy est le conformère axial. Pour
le substituant vinyloxy, tous les ensembles à l’exception du PBE0 attribuent le minimum global au conformère axial
alors que le substituant acétoxy occupe préférentiellement l’orientation équatoriale. Cette séquence est en accord avec
l’opération de l’effet d’insaturation en plus de l’effet anomère. Pour une analyse conformationnelle complète, on a gé-
néré les potentiels de torsion des substituants qui mettent en évidence d’autres minima de basse énergie qui affectent la
composition de l’équilibre. En général, les conformères axiaux prédominent à l’équilibre. Afin de reproduire la prédo-
minance des conformères équatoriaux observée expérimentalement pour les substituants vinyloxy et acétoxy, il faut
utiliser l’ensemble PBE0. Pour pouvoir faire une comparaison avec les valeurs observées expérimentalement pour les
déplacements chimiques 13C, on a utilisé des tenseurs de blindage isotrope CSGT au niveau B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d).

Mots clés : analyse conformationnelle, méthylènecyclohexanes, effet anomère, effet d’insaturation.

[Traduit par la Rédaction] Muchall et al. 696

Introduction

2-Substituted oxanes exhibit an anomeric effect, i.e., a
substituent –OR prefers the axial (gauche) rather than the equa-
torial (anti) position. The commonly accepted reason for this is
a stabilizing nO-σ*C–O interaction in the axial orientation, but
electrostatic (dipole–dipole) interactions destabilizing the equa-
torial orientation are most probably involved as well (1, 2). If
the heteroatom of the oxane ring is replaced by a double
bond, such as in 3-methoxycyclohexene and 2-methoxy-
methylenecyclohexane (1), the methoxy group also prefers the
pseudoaxial or axial orientation, and this preference has been
explained by a stabilizing π-σ*C–O interaction, electrostatic
(dipole–quadrupole) interactions being considered less impor-

tant than the orbital interaction (3). The axial preference is
larger for an acetoxy group than for a methoxy group in 2-
substituted oxanes (4–6) and in 3-substituted cyclohexenes (5,
6), as expected from larger nO-σ*C–O or π-σ*C–O interactions
of the axial conformer in the case of the acetoxy group, which
is more electron withdrawing and thus a better electron acceptor
(i.e., σ*C–O is lower in energy) than the methoxy group (1, 7).

In 1979, dynamic 13C NMR studies of 2-substituted me-
thylenecyclohexanes, such as and including 1–3, revealed an
unexpected conformational behaviour (5). From low-
temperature experiments (3% solutions in CHFCl2–CD2Cl2
(4:1 v/v) at –110°C), the chemical shifts of C4 of the axial
(ax) and equatorial (eq) species were determined. The as-
signment of the observed chemical shifts as belonging to the
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axial or equatorial conformer was based on the γ-effect, in
that a 13C nucleus in the γ-position from the substituent is
shielded by 4.5 ppm in the axial relative to the equatorial
conformer. From the individual chemical shifts and the ob-
served averaged C4 chemical shift δm at 0°C, the proportion
x of the equatorial conformer was calculated as δm = xδeq +
(1 – x)δax. With a δm of 22.6 ppm for 1, 23.3 ppm for 2, and
23.9 ppm for 3, it was concluded that the equatorial orienta-
tion is preferred for unsaturated substituents: 1 41% eq,
2 61% eq, and 3 80% eq. At –110°C, by integration of the
signals, the proportion of the equatorial conformer was de-
termined to be 33% for 1 and more than 95% for 3 (6). This
unexpected substituent behaviour was termed the “un-
saturation effect” (5, 6).

As was pointed out in a contribution by Forsyth and
Sebag (8), even though chemists are nowadays able to accu-
rately calculate 13C chemical shifts of organic compounds by
ab initio methods, this is still not being done routinely. Ac-
curate geometries are needed for calculated chemical shifts
to be useful, and for a conformationally flexible system this
means establishing the important conformers and evaluating
their contribution to an equilibrium. To our knowledge, there
are no computational studies as to the conformational behav-
iour of 2-substituted methylenecyclohexanes. Here we pres-
ent a computational study of the conformational behaviour
of the three representative species, 1, 2, and 3, that illustrates
the importance of a full conformational analysis that takes
the rotamers of the substituent into account.

Computational details
The Gaussian 98 program package was employed in all

calculations (9). All minimum-energy conformations were
initially optimized at HF/6-31G(d) and followed with
optimizations at B3LYP/6-31G(d) (10, 11). Optimizations
were also performed with the “parameter free” density func-
tional PBE0 (12, 13) (Gaussian keyword PBE1PBE) and for
3 also with MP2(full). If not stated otherwise, representative
geometry parameters in the text are given for B3LYP/6-
31G(d), but the optimized species from all levels are virtu-
ally superposable. Frequency calculations were performed at
HF/6-31G(d) and PBE0/6-31G(d) for zero-point vibrational
(ZPV) energies, which are reported unscaled. Torsional anal-
yses (relaxed scans) were performed at HF/6-31G(d) and in
one case (for φ1 in 3, see below) also at B3LYP/6-31G(d)
(partial optimizations in the gas phase) and PBE0/6-31G(d)
(partial optimizations in dichloromethane). In our torsional
analyses, minima with a relative energy of more than

2.5 kcal/mol were not studied further, as the corresponding
conformers do not contribute significantly to an overall
equilibrium.

For an evaluation of a solvent influence, HF/6-
31G(d)//HF/6-31G(d) and PBE0/6-31G(d)//PBE0/6-31G(d)
calculations were carried out with dichloromethane (dielec-
tric constant 9.08) and the self-consistent isodensity polar-
ized continuum model (SCI-PCM) at an isodensity value of
0.0004. Isotropic shielding tensors were calculated with
B3LYP/6–311+G(d,p)//B3LYP/6-31G(d) using the CSGT
(continuous set of gauge transformations) method (14). To
obtain chemical shifts, the values were corrected for the cal-
culated absolute shielding for carbon in tetramethylsilane
(181.98; the experimental value is 188.1 (15)) at this level of
theory.

Results

Conformations

2-Methoxymethylenecyclohexane (1)
To locate all relevant minima on the potential energy sur-

face, the H-C-O-C torsion angle φwas twisted through 360°
in both the axial and equatorial forms in 30° steps. Four
low-energy conformations of 1 were identified. These were
fully optimized at HF/6-31G(d), B3LYP/6-31G(d), and
PBE0/6-31G(d). The B3LYP-optimized conformers are
given in Fig. 1; all energies are listed in Table 1.

As expected from a possible, stabilizing π-σ*C–O interac-
tion and in analogy to the anomeric effect, the global mini-
mum is an axial species, 1-a1 (φ–50°). A low-energy barrier
(φ0°) connects rotamers 1-a1 and 1-a2 (φ+43°). Similarly, a
low-energy barrier connects 1-e1 (φ–34°) and 1-e2 (φ+37°).
All model chemistries agree on one order of stability for the
four conformers, and the relative energies indicate that all
four are populated significantly at 0°C. We have calculated
the equilibrium populations at 273 K at all levels of theory
employed (Table 1). As can be seen from Table 1, the rela-
tive energies and the resulting equilibrium composition are
virtually identical for the gas-phase calculations. The popu-
lation of the axial conformers is about 80%; that of the equa-
torial conformers is about 20%. As expected, the use of free
energies does not show a significant change from these val-
ues (data not given). In contrast, the inclusion of solvent
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Fig. 1. Low-energy conformers (a axial, e equatorial) of 2-
methoxymethylenecyclohexane (1). Relative energies (B3LYP/6-
31G(d)) are given in kcal/mol.
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does not change the order of stability of the four conformers
but decreases all energy differences. This causes an almost
doubling of the equatorial population in the equilibrium, and
the sum of the axial conformers decreases to about 70%. In
the dynamic 13C NMR experiments of 1, the equilibrium
composition at 0°C was estimated to be 59% axial in
CHFCl2-CD2Cl2 (5, 6) and 65% axial in the less polar
CF2Br2-CD2Cl2 (6), which is in reasonable agreement with
our calculated data.

2-Vinyloxymethylenecyclohexane (2)
Energy profiles were obtained for two torsion angles, H-

C-O-C (φ1) and C-O-C-C (φ2). From the information in
these profiles, eight low-energy conformations were identi-

fied and optimized at HF/6-31G(d), B3LYP/6-31G(d), and
PBE0/6-31G(d). The B3LYP-optimized conformers are
given in Fig. 2, energies are listed in Table 2.

Torsion angles φ1 in all eight conformers are in the range
of either +50° or –50°, which are similar values to those
found in 1. While the conformer with φ1 near 180° is a high-
energy minimum, 2 does not exhibit a significant preference
(0° over 180°) for φ2. All model chemistries, except for the
uncorrected (ZPV energies not included) PBE0/6-31G(d)
and the solvent calculations at this level, agree on an axial
species, 2-a1, as the global minimum. This is in contrast to
the interpretation from the NMR experiments and in line
with a stabilizing π*-σC–O interaction. For the two PBE0 cal-
culations, 2-e1 is the global minimum. The other seven con-
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1-a1 1-a2 1-e1 1-e2

HF/6-31G(d) –385.933163 –385.930019 –385.931364 –385.930367
(0) (1.97) (1.13) (1.75)
84.0% 2.5% 10.1% 3.4%

+ZPVE –385.709792 –385.706806 –385.708085 –385.707265
(0) (1.87) (1.07) (1.59)
82.0% 2.5% 11.5% 4.1%

SCI-PCM –385.935232a –385.932664 –385.934164b –385.933124
(0) (1.61) (0.67) (1.32)
69.9% 3.5% 20.3% 6.3%

B3LYP/6-31G(d) –388.480611 –388.477433 –388.478850 –388.478163
(0) (1.99) (1.11) (1.54)
82.0% 2.5% 10.7% 4.9%

PBE0/6-31G(d) –388.017400 –388.014048 –388.015907 –388.014994
(0) (2.10) (0.94) (1.51)
79.4% 1.6% 14.3% 4.8%

+ZPVE –387.807388 –387.804235 –387.805965 –387.805213
(0) (1.98) (0.89) (1.36)
76.9% 2.3% 14.6% 6.2%

SCI-PCM –388.019239 –388.016446 –388.018368 –388.017552
(0) (1.75) (0.55) (1.06)
64.9% 2.6% 23.4% 9.1%

Note: Relative energies (kcal/mol) in parentheses, equilibrium populations at 273 K.
aTotal energy from an optimization that includes solvent at this level is –385.935274 hartrees.
bTotal energy from an optimization that includes solvent at this level is –385.934210 hartrees.

Table 1. Total energies (hartrees (1 hartree = 4.359 × 10-18 J)) for axial (a) and equatorial (e)
conformers of 1.

Fig. 2. Low-energy conformers (a axial, e equatorial) of 2-vinyloxymethylenecyclohexane (2). Relative energies (B3LYP/6-31G(d)) are
given in kcal/mol.
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formers lie within 1.5 kcal/mol for all methods, but the
model chemistries do not agree on the order of stability. In
particular, gas-phase HF/6-31G(d) calculations give a rela-
tively large energy difference between 2-a1 and 2-e3, the
most stable of the equatorial conformers (Table 2), which re-
sults in an equilibrium concentration of the axial conformers
of over 60%. Relative energies from B3LYP and from HF
solvent calculations lead to a sum of the axial conformers
that is significantly smaller at about 50%. The sum of axial
conformers only drops below 50% with PBE0, in accord
with experiment. All model chemistries reproduce the exper-
imentally observed increase in equatorial conformer concen-

tration from 1 and therefore the “unsaturation effect”. At the
PBE0 level this trend is reproduced particularly well, with
the experimental equilibrium composition of 2 at 0°C of
39% axial and 61% equatorial (5).

2-Acetoxymethylenecyclohexane (3)
Energy profiles were obtained for two torsion angles, H-

C-O-C (φ1) and C-O-C-O (φ2). From the information in
these profiles, four low-energy conformations were identi-
fied and optimized with HF/6-31G(d) and MP2(full)/6-
31G(d). With B3LYP/6-31G(d) and PBE0/6-31G(d), only
three conformers, 3-e1, 3-a1, and 3-a2 were identified. The
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2-a1 2-a2 2-a3 2-a4

HF/6-31G(d) –423.781976 –423.781181 –423.780530 –423.780096
(0) (0.50) (0.91) (1.18)
37.3% 14.9% 7.1% 4.1%

+ZPVE –423.553742 –423.552335 –423.551635 –423.551861
(0) (0.88) (1.32) (1.18)
45.5% 9.1% 4.1% 5.0%

SCI-PCM –423.784806 –423.783538 –423.783100 –423.783368
(0) (0.80) (1.07) (0.90)
34.2% 7.9% 4.8% 6.5%

B3LYP/6-31G(d) –426.566617 –426.566507 –426.565948 –426.564977
(0) (0.07) (0.42) (1.03)
21.7% 19.1% 10.0% 3.3%

PBE0/6-31G(d) –426.057756 –426.058144 –426.057470 –426.055928
(0.31) (0.07) (0.49) (1.46)
13.3% 20.9% 9.5% 1.7%

+ZPVE –425.843308 –425.842983 –425.842322 –425.841385
(0) (0.20) (0.62) (1.21)
21.6% 14.9% 6.9% 2.4%

SCI-PCM –426.060355 –426.060401 –426.059870 –426.058919
(0.30) (0.27) (0.60) (1.20)
12.6% 14.0% 7.6% 2.5%

2-e1 2-e2 2-e3 2-e4

HF/6-31G(d) –423.780962 –423.780455 –423.781090 –423.780247
(0.64) (0.95) (0.56) (1.08)
11.6% 6.3% 13.4% 5.2%

+ZPVE –423.552241 –423.551650 –423.552893 –423.552163
(0.94) (1.31) (0.53) (0.99)
8.2% 4.1% 16.8% 7.3%

SCI-PCM –423.783722 –423.783172 –423.784482 –423.783576
(0.68) (1.03) (0.20) (0.77)
9.6% 5.1% 23.6% 8.2%

B3LYP/6-31G(d) –426.566326 –426.566172 –426.566017 –426.565581
(0.18) (0.28) (0.38) (0.65)
15.6% 13.0% 10.9% 6.5%

PBE0/6-31G(d) –426.058253 –426.058007 –426.057416 –426.056760
(0) (0.15) (0.53) (0.94)
23.7% 17.8% 9.0% 4.3%

+ZPVE –425.843259 –425.842876 –425.842902 –425.842414
(0.03) (0.27) (0.25) (0.56)
20.3% 13.2% 13.4% 7.6%

SCI-PCM –426.060832 –426.060563 –426.060514 –426.059926
(0) (0.17) (0.20) (0.57)
22.9% 16.7% 15.8% 8.0%

Note: Relative energies (kcal/mol) in parentheses, equilibrium populations at 273 K.

Table 2. Total energies (hartrees) for axial (a) and equatorial (e) conformers of 2.
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B3LYP-optimized conformers are given in Fig. 3, energies
are listed in Table 3.

For 3, the model chemistries agree on neither the order
nor the number of the conformers. In agreement with the in-
terpretation of the NMR studies (5, 6), in the gas phase, HF,
B3LYP, and PBE0 give an equatorial species, 3-e1, as the
global minimum. With MP2, 3-a1 is most stable. Yet while
there are four low-energy conformers at the HF and MP2
levels, there are only three with B3LYP and PBE0. With HF
and MP2, in addition to the three conformers shown in
Fig. 3, the fourth conformer 3-e2 has a torsion angle φ1 of –18°
(with φ2 at 0°), in analogy to 1-e1, 2-e1, and 2-e3; for
B3LYP and PBE0 (gas-phase geometries), the potential en-
ergy surface does not possess a stationary point in that re-
gion. This is evident from the torsional analysis of φ1 using
B3LYP/6-31G(d) and starting with the optimized 3-e1 (dia-
monds in Fig. 4). The equilibrium composition varies widely
with the model chemistry chosen. At MP2 and furthest from
experiment, the composition shows about 80% axial con-
formers. With HF and B3LYP this value drops to just above
50%. The experimentally observed equatorial predominance
(5, 6) is only reproduced with PBE0. But even there, the
equatorial conformer (gas-phase geometry) is only present
with just over 50%, instead of the estimated 80% at 0°C
from experimental data.

In an attempt to identify the source of this discrepancy be-
tween experiment and theory for 3, which is absent for both
1 and 2, we obtained the torsional profile for 3 with an equa-
torial substituent using PBE0/6-31G(d), performing geome-
try optimizations in the solvent, and covering the region of
φ1 in which the “missing” conformer 3-e2 should be. The re-
sult is given in Fig. 4 (squares). Obviously, while the relative
energy is increasing monotonously from the optimized 3-e1
at 30° for the gas phase species (diamonds), there is an addi-
tional minimum with the inclusion of solvent. A subsequent

geometry optimization at PBE0/6-31G(d) in this region con-
firmed that the fourth conformer 3-e2 is recovered when the
solvent is considered in the geometry optimization (Table 3).
This conformer is given in Fig. 3 in brackets.

Unfortunately, we were not able to optimize 3-a1 or 3-a2
with the inclusion of solvent (at any level), which would be
needed to determine the equilibrium composition.2 At this
point, an assumption seems feasible. Checks on selected
species (1-a1, 1-e1, and 3-e1) at the HF level have revealed
that it matters little in which manner the solvent is consid-
ered in the calculations. Regardless of whether the geometry
is optimized in the solvent cavity (the total energies for the
three species are given in Tables 1 and 3) or whether the en-
ergy is just evaluated for the gas-phase geometry in the sol-
vent cavity, the magnitude of the stabilization due to the
solvent is about the same. If we thus assume that the sol-
vent-optimized conformers 3-a1 and 3-a2 are also both
0.45 kcal/mol less stable than 3-e1 (Table 3), then the equi-
librium exhibits 67% equatorial species, which finally is in
much better agreement with the experimental value.

Chemical shifts

γ-Effect
We tested our choice level of theory for NMR calculations

by checking for the reproducibility of the γ-effect (16) in
methylcyclohexane (4). With B3LYP/6-31G(d), 4-a is
2.15 kcal/mol higher in energy than 4-e, in good agreement
with the experimental A value of 1.74 kcal/mol (17). The
calculated relative energy leads to an equilibrium composi-
tion at 273 K of 98% 4-e : 2% 4-a or 97% 4-e : 3% 4-a at
room temperature. The experimental and calculated chemi-
cal shifts for the ring carbon atoms of 4-e, 4-a, and cyclo-
hexane are given in Fig. 5.

As expected, with our choice of model chemistry, the ex-
perimental chemical shifts are reproduced well. For cyclo-
hexane, there is a difference between calculated and
experimental chemical shifts ∆δ of 5.5 ppm. A difference of
this magnitude is also found for 4. The averaged calculated
values for the equilibria at 0 and 25°C are C1 40.5 (∆δ =
7.5 ppm), C2 39.9 (∆δ = 4.3 ppm), C3 32.0 (∆δ = 5.4 ppm),
and C4 31.6 ppm (∆δ = 5.0 ppm).

As can be seen from Fig. 5, the γ-effect is reproduced
qualitatively: C3 in 4-a is shielded by 6.0 ppm in comparison
to 4-e.

Methylenecyclohexanes
The calculated chemical shifts for C4 of all conformers of

1–3 are given in Table 4. The chemical shift for 3-e2 was es-
timated as follows: chemical shifts were determined for 3-e1
and 3-e2 at B3LYP/6-311+G(d,p)//HF/6-31G(d); for 3-e1,
the difference from the B3LYP/6-311+G(d,p)//B3LYP/6-
31G(d) value was determined and the chemical shift for 3-e2
was adjusted accordingly. Within an axial or equatorial se-
ries, the C4 chemical shift varies little with the choice of
substituent at C2, while it is systematically larger for those
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Fig. 3. Low-energy conformers (a axial, e equatorial) of 2-
acetoxymethylenecyclohexane (3). Relative energies (B3LYP/6-
31G(d)) are given in kcal/mol. Compound 3-e2 was obtained
with PBE0/6-31G(d) (geometry optimization in CH2Cl2, SCI-
PCM).

2 We have since been able to optimize the geometries of all conformers of 1–3 and of several 7-substituted 1 in dichloromethane using PBE0
and COSMO, and the equilibrium composition based on zero-point corrected total energies agrees exceedingly well with experiment for all
three compounds. The compositions based on free energy differences again do not differ significantly from these. A manuscript is in prepa-
ration.
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rotamers with a negative φ (or φ1) than for rotamers with a
positive value for this torsion angle. This also holds for our
estimated value of 3-e2. We have estimated the γ-effect

from separately weighted averages of axial and equatorial
conformers. In this way, the γ-effect (δeq – δax) for 1 is about
5 ppm, for 2 about 4.5 ppm, and for 3 about 4 ppm, the ac-
tual values depending little on the specific energy differ-
ences used in the weighting. This reduction in the γ-effect
results from a progressively more shielded averaged chemi-
cal shift for the equatorial species (for example, 30.80 ppm
in 1, 30.35 ppm in 2, 29.73 ppm in 3, from the PBE0 solvent
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3-a1 3-a2 3-e1 3-e2

HF/6-31G(d) –498.703311 –498.703327 –498.703355 –498.702586
(0.03) (0.02) (0) (0.48)
28.5% 29.1% 30.0% 12.3%

+ZPVE –498.469487 –498.469459 –498.469529 –498.468873
(0.03) (0.04) (0) (0.41)
28.4% 27.5% 29.9% 14.1%

SCI-PCM –498.708810 –498.708936 –498.708882a –498.708770
(0.08) (0) (0.03) (0.10)
23.7% 27.6% 25.9% 22.6%

MP2/6-31G(d) –500.265666 –500.265520 –500.264408 –500.263959
(0) (0.09) (0.79) (1.07)
45.0% 38.3% 10.4% 6.3%

B3LYP/6-31G(d) –501.842427 –501.842370 –501.842792 —b

(0.23) (0.26) (0)
28.7% 27.0% 44.2%

PBE0/6-31G(d) –501.261429 –501.261397 –501.262174 —b

(0.47) (0.49) (0)
22.9% 22.4% 54.6%

+ZPVE –501.041563 –501.041618 –501.042375 —b

(0.51) (0.48) (0)
21.5% 23.2% 55.2%

SCI-PCM –501.266027 –501.266026 –501.266744 —b

(0.45) (0.45) (0)
23.5% 23.0% 53.5%

SCI-PCM opt. —c —c –501.266799 –501.266626
(0) (0.11)

Note: Relative energies (kcal/mol) in parentheses, equilibrium populations at 273 K.
aTotal energy from an optimization that includes solvent at this level is –498.708974 hartrees.
bNot a stationary point.
cCould not be determined.

Table 3. Total energies (hartrees) for axial (a) and equatorial (e) conformers of 3.

Fig. 4. Torsional energy profile for φ1 in 3 with the substituent
in equatorial orientation (with φ2 at about 0°, relaxed scan).
Shown are energies for gas phase geometries from B3LYP/6-
31G(d) (�) and solvent-optimized geometries from PBE0/6-
31G(d) (�).

Fig. 5. (a) Experimental and (b) calculated (B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d)) 13C chemical shifts for the ring
carbon atoms of cyclohexane and methylcyclohexane in ppm.
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calculations) and an essentially stable chemical shift for the ax-
ial species (25.86 ppm in 1, 25.76 ppm in 2, 25.92 ppm in 3).

The weighted averages δm for an equilibrium consisting of
all axial and equatorial species at 0°C and the experimental
chemical shifts at this temperature are listed in Table 5. The
difference ∆δm that results from a change of substituent at
C2 is also given. Replacing methoxy at C2 with vinyloxy
leads to an experimentally observed ∆δm of 0.7 ppm, and
this is reproduced well with all model chemistries. If we also
consider that the difference between experimental and calcu-
lated values δ for cyclohexane and methylcyclohexane is
about 5.5 ppm, the chemical shifts determined using relative
energies from PBE0 solvent calculations give the best agree-

ment with experiment for both 1 and 2. The experimentally
observed deshielding of 0.6 ppm as vinyloxy is exchanged
for acetoxy, on the other hand, is not reproduced by any of
the model chemistries listed (Table 5). Instead, the calcu-
lated δm for 2 and 3 is about the same (or even slightly
smaller) at all levels, as can be seen from the ∆δm in Ta-
ble 5. This of course is in accord with the calculated equilib-
rium composition for 2 and 3, which is also similar and lies,
for the equatorial conformers, at about 60% at the DFT
level.

As discussed above, for 3, the observed equatorial prefer-
ence is only reproduced with PBE0, and the equilibrium is
estimated to contain about 67% equatorial conformers when
the solvent-optimized conformers are considered. The esti-
mated δm of 28.68 ppm reflects the fact that even this equi-
librium is not rich enough in equatorial conformers.

Conclusions

The unexpected increase in equatorial conformer upon in-
troducing unsaturation in the 2-substitutent of methylene-
cyclohexanes that was observed experimentally (1 41% eq,
2 61% eq, and 3 80% eq in CHFCl2-CD2Cl2 at 0°C) and was
termed the “unsaturation effect” was qualitatively repro-
duced. For 1 (methoxy substituent), the equilibrium was well
described already at the HF level when relative energies
from single-point solvent calculations were employed. For 2
(vinyloxy substituent), to reproduce the observed equatorial
preference, PBE0 had to be employed, and again single-
point solvent calculations gave the best results. Agreement
with the large equatorial preference in the equilibrium of 3
(acetoxy substituent) was only obtained with relative ener-
gies from solvent-optimized conformers at the PBE0 level,
even though the equilibrium composition could only be esti-
mated because of the lack of data for the axial conformers.
13C chemical shifts for C4 (in γ-position to the substituent),
which were calculated as weighted averages from all equi-
librium species, confirmed the progressively increased de-
shielding in the methoxy–vinyloxy–acetoxy series that was
observed experimentally.

In this study, we have shown that the experimentally ob-
served “unsaturation effect” can indeed be reproduced
computationally. We will now focus on studies towards an
explanation of this effect.
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Cyclization of 5-hexenyl radicals from nitroxyl
radical additions to 4-pentenylketenes and from
the acyloin reaction

Huda Henry-Riyad and Thomas T. Tidwell

Abstract: Photochemical Wolff rearrangements were used to form 5-substituted-4-pentenylketenes 1a–1d (RCH=CHCH2X-
CH2CH=C=O: 1a R = H, X = CH2; 1b R = Ph, X = CH2; 1c R = c-Pr, X = CH2; 1d R = H, X = O), which were ob-
served by IR at 2121, 2120, 2119, and 2126 cm–1, respectively, as relatively long-lived species at room temperature in
hydrocarbon solvents. These reacted with the nitroxyl radical tetramethylpiperidinyloxyl (TEMPO, TO·) forming
carboxy-substituted 5-hexenyl radicals 3, which were trapped by a second nitroxyl radical forming 1,2 diaddition prod-
ucts 4a–4d. On thermolysis, 4a–4d underwent reversible reformation of the radicals 3, which underwent cyclization
forming cyclopentanecarboxylic acid derivatives 6 or 11 as the major products. However, in the case of 1b, the cyclo-
pentane derivative was formed reversibly and on prolonged reaction times the only product isolated was PhCH=CH-
(CH2)4CO2H (8b) from hydrogen transfer to Cβ and cleavage of the TEMPO group. Cyclopropylcarbinyl radical ring
opening in the cyclized radical 5c from 1c led to the 2-(4-N-tetramethylpiperidinyloxybut-1-enyl)cyclopentane derivative
11 as the major product. In a test for 5-hexenyl radical ring closure in the radical anion intermediate of the acyloin
condensation, the ester CH2=CH(CH2)3CO2Et (12a) gave the acyloin 13a (76%) as the only observed product, while
PhCH=CH(CH2)3CO2CH3 (12b) with Na in toluene gave 21% of the acyloin product 13b and 42% of 2-benzylcyclo-
pentanol (15) from cyclization of the intermediate radical anion.

Key words: ketenes, free radical cyclization, TEMPO, acyloin condensation.

Résumé : On a utilisé les réarrangements photochimiques de Wolff pour produire des 4-penténylcétènes substitués en
position 5 1a–1d (RCH=CHCH2XCH2CH=C=O : 1a R = H, X = CH2 ; 1b R = Ph, X = CH2 ; 1c R = c-Pr, X = CH2 ;
1d R = H, X = O). On a observé ces produits en IR à 2121, 2120, 2119 et 2126 cm–1 respectivement, comme étant
relativement des espèces à longue durée de vie dans des solvants hydrocarbonés à la température ambiante. Ces pro-
duits substitués réagissent avec le radical nitroxyle tétraméthylpipéridinoxyle (TEMPO, TO·) en formant des radicaux
5-hexényles portant un substituant carboxy 3, qui sont piégés par un deuxième radical nitroxyle pour donner des pro-
duits de diaddition 1,2 4a–4d. Par thermolyse, ces produits 4a–4d redonnent de façon réversible le radical 3 qui par
cyclisation forme les dérivés de l’acide cyclopentanecarboxylique 6 ou 11 comme produits majoritaires. Toutefois dans
le cas du composé 1b le dérivé cyclopentane se forme de façon réversible, et en prolongeant les temps de réaction le
seul produit obtenu est le : PhCH=CH(CH2)4CO2H (8b) résultant du transfert d’hydrogène sur Cβ et du clivage du
groupe TEMPO. L’ouverture du cycle du radical cyclopropylcarbinyle dans le radical cyclisé 5c obtenu à partir du
composé 1c conduit au dérivé 2-(4-N-tétraméthylpipéridinyloxybut-1-ényl)cyclopentane 11 comme produit majoritaire.
Dans un essai de cyclisation du radical 5-hexényle de l’anion radicalaire intermédiaire de la condensation acyloïne,
l’ester CH2=CH(CH2)3CO2Et (12a) donne l’acyloïne 13a (76%) comme seul produit observé, tandis que le composé
PhCH=CH(CH2)3CO2CH3 (12b) avec le Na dans le toluène donne 21% de l’ acyloïne 13b et 42% de 2-
benzylcyclopentanol (15) à partir de la cyclisation de l’anion radicalaire intermédiaire.

Mots clés : cétènes, radical libre, cyclisation, TEMPO, condensation acyloïne.

[Traduit par la Rédaction] Henry-Riyad and Tidwell 704

Introduction

As part of our studies of the reactions of ketenes with
aminoxyl radicals (1), we have examined the reactivity of 4-
pentenylketenes 1a, 1b with TEMPO (TO·) (1a). For 1a
(R = H, X = CH2) and 1b (R = Ph, X = CH2) generated from

diazo ketones 2 (eq. [1]) these reactions were found to pro-
ceed by radical attack at the carbonyl carbon forming enolic
radicals 3 which then were trapped by a second TEMPO
giving the 1,2-diaddition products 4 (eqs. [2] and [3]). Cycli-
zation of the intermediate 5-hexenyl radicals 3 forming cyclo-
pentylmethyl radicals 5 and capture as cyclopentanes 6 was
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evidently too slow to compete with capture of 3 by TEMPO
at these concentrations. However, on thermolysis of 4a in
tert-butyl alcohol according to the protocol of Studer (2a)
cyclization forming 6a was successful, indicating that upon
equilibration of 3a and 4a cyclization to 5a was followed by
capture by TEMPO forming 6a as a cis–trans mixture
(eq. [3]).

However, when the 1, 2-bis(TEMPO) addition product 4b
from 5-phenyl-4-pentenylketene (1b) was heated as in
eq. [4], the corresponding cyclization product 6b was not
observed, and other reactions appeared to be taking place
(1a). Further investigations have now been carried out to
elucidate the behavior of 4b, and the reactivity of 5-
cyclopropyl-4-pentenylketene 1c as well as the 2-oxa-4-
pentenylketene analogue 1d have been studied, and the re-
sults are reported here.

The reactions of ketenes with TEMPO and the reactions
of these substrates are of interest because of current studies
of the reactions of TEMPO with free radicals and the chem-
istry of the adducts (2, 3), especially in living free radical
polymerization (4). Free radical rearrangements are also of
wide applicability in organic synthesis (5, 6). In other recent
studies designed to examine the formation and reaction of
TEMPO esters, we have reported the thermal reactivity of
Ph3CCO2T (1j) and the addition of TEMPO to the unreactive
ketenes CH2=C=O and PhMe2SiCH=C=O (1k).

Results

The thermolysis reaction of the bis(TEMPO) adduct 4a
(1a) from 1a in tert-butyl alcohol by the protocol of Studer
(2a) was reexamined, and, in addition to the cyclized
TEMPO ester 6a (70%), tetramethylpiperidine (TH, 8%)
was also identified (eq. [5]). The presence of carboxylic acid
absorption in the IR was also detected in the crude product,
but the acid was not isolated.

Heating the bis(TEMPO) adduct 4b (1a) of 5-phenyl-4-
pentenylketene 1b at 130°C for 18 h in tert-butyl alcohol

gave no detectable cyclized product, but instead the
carboxylic acid 8b was isolated (54%), along with TH
(14%). Experiments at shorter time intervals revealed that
8b was not the first formed product, but the cyclized ester
6b (mixture of stereoisomers) was present early in the reac-
tion, as well as the cyclized acid 7b (eq. [6]).

As a test of the source of carboxylic acids and TH in these
reactions, the thermolysis of the ester 9 of phenylacetic acid
and 2,2,6,6-tetramethylpiperidinol under Studer’s conditions
was examined. This reaction was found to give phenylacetic
acid (35%) and TH (30%) after 7 days at 130°C (eq. [7]).

The cyclopropyl group serves as a useful clock for investi-

gating the presence of free radicals and so the new 5-
cyclopropyl-substituted 4-pentenyl diazomethyl ketone 2c
was prepared as shown (eqs. [8] and [9]). Photolysis of 2c
gave the ketene 1c as identified by the IR absorption at
2119 cm–1 (eq. [10]), and addition of TEMPO to the pre-
formed ketene gave the 1,2-diaddition product 4c in 71%
yield (eq. [11]). Thermolysis of 4c resulted in the formation
of the cyclized ester 11 (mixture of stereoisomers) in 65%
yield, along with TH in 15% yield (eq. [11]).

© 2003 NRC Canada
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The incorporation of hetero atoms in 5-hexenyl radical
chains is a method to enhance their propensity for cycli-
zation to cyclopentylmethyl radicals (4), and so the ketene
precursor 2-oxa-4-pentenyl diazomethyl ketone 2d was pre-
pared from 3-oxa-5-hexenoic acid (7h) by conversion to the
acyl chloride and reaction with diazomethane. Photolysis of
2d in pentane at room temperature gave the ketene 1d, as
identified by its ketenyl IR absorption at 2126 cm–1

(eq. [12]), and upon reaction with TEMPO this gave the
product 4d of 1,2-addition of two molecules of TEMPO to
the ketenyl moiety (eq. [13]). Thermolysis of 4d in tert-
butanol at 130°C gave the cyclized product 6d (cis–trans
mixture) in 67% yield (eq. [13]).

The acyloin condensation (8) is a reaction proposed to in-
volve radical anion intermediates formed by electron transfer
from sodium to esters, but we are unaware of examples of
radical cyclization under these conditions. As a further test
of the cyclization of 5-hexenyl radicals, the acyloin conden-
sations of ethyl 5-hexenoate (12a) (7j) and methyl 6-phenyl-
5-hexenoate (12b) (7b, 7i) were investigated. Reaction of
12a with sodium in toluene gave the acyloin 13a in 76%
yield as the only isolated product (eq. [14]), and for further
characterization this was oxidized to the diketone 14a
(45%). Similar reaction of 12b gave the cyclized product
cis-2-benzylcyclopentane 15 (42%) along with the acyloin
13b (21%) (eq. [15]). Oxidation of 13b formed the corre-
sponding α-diketone 14b (52%). The stereochemistry of 15
was assigned by comparison with the reported spectra (7j).

Discussion

As already reported (1a), the formation of the cyclized
product 6a (eq. [4]) is in accord with the mechanism in
which the initially formed product 4a of 1,2-diaddition of
TEMPO reforms the radical 3a upon heating, and this under-
goes cyclization leading to 6a, which is stable to ring open-
ing. The formation of carboxylic acids and TH as observed
from 4a–4c and from PhCH2CO2T (9) under these condi-
tions is however unusual, and this reaction is under further
investigation.

2-Oxa-4-pentenylketene (1d) reacted similarly to 1a with
TEMPO (eq. [12]), and formed the cyclized product 6d upon
thermolysis in an analogous manner (eq. [13]). However, no
improved efficiency of cyclization was observed compared
to the carbon analogue 1a.

The initial 1,2-diaddition of TEMPO to 5-phenyl-
pentenylketene 1b (eqs. [2] and [3]) was also reported previ-
ously (1a). Upon heating this is also found to form the
cyclized product 6b at short reaction time, analogously to
the previously observed formation of 6a (eq. [4]). However,
6b is reactive under these conditions, and is gradually con-
verted to 8b, evidently by reforming the intermediate radical
5b which reopens to 3b, which abstracts hydrogen and also
undergoes loss of the TEMPO group as found for
PhCH2CO2T (eqs. [16] and [17]).

The formation of 11 (eq. [11]) in the reaction of TEMPO
with 5-cyclopropyl-4-pentenylketene (1c) indicates that radi-
cal 3c is formed by TEMPO dissociation from 4c, and then
undergoes cyclization to 5c (eq. [18]). Ring opening of 5c
gives 16 which is captured by TEMPO forming 11
(eq. [19]).

© 2003 NRC Canada
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The possibility of 5-hexenyl radical cyclization during the
acyloin condensation does not appear to have been previ-
ously examined, but acyloin reactions of linoleic and oleic
esters gave the normal acyloin products, and did not undergo
the potential radical cyclization which would form 10-
membered rings (8a). In this study, ethyl 5-hexenoate (12a),
which could form a five-membered ring by radical cycli-
zation, gave the normal acyloin product (eq. [14]). However,
when the double bond is activated with a phenyl substituent
cyclization does occur with the formation of 15 from 12b
(eq. [15]). Evidently the intermediate radical anion 17 from
single electron transfer to 12b (eq. [20]) undergoes competi-
tive acyloin condensation, forming 13b, and cyclization
leading to 15 via 18 (eq. [21]). Related radical cyclizations
of radical anions from ketones are known (5b). The scope
and mechanism of this interesting reaction are under further
study.

In summary, radical cyclization of the 5-hexenyl radicals
3 resulting from TEMPO addition to 4-pentenylketenes 1
does not compete with the addition of a second TEMPO
forming the 1,2-diaddition products 4. However, upon heat-
ing under the conditions of Studer (2a) the products 4 re-
versibly reform 3, which cyclize to cyclopentylmethyl
radicals 5 which are captured by TEMPO for 1a and 1d, and
for 1b are in equilibrium with 3b, which eventually reacts by
hydrogen abstraction. The cyclopropyl derivative 5c under-
goes cyclopropylcarbinyl radical ring opening forming 11
after addition of TEMPO. Degradation of TEMPO esters to
carboxylic acids and TH is noted, and is under further study.
5-Hexenyl radical cyclization is observed in the radical ion
intermediate of the acyloin condensation when the double
bond is activated with a phenyl substituent.

Experimental

Chromatography was carried out on silica gel. Solutions
for reactions of TEMPO products were degassed and kept
under argon or nitrogen. Gas chromatography (GC) was car-
ried out with a flame ionization detector and a Simplicity 5
column (poly-5% diphenylsiloxane – 95% dimethylsiloxane).
The disubstituted alkenes studied were cis–trans isomers
that were not separated but the NMR spectra were assigned
from the mixtures.

Lithium hexamethyldisilazide was prepared, by addition to
a solution of 1,1,1,3,3,3-hexamethyldisilazane (1.04 equiv) in

1 to 2 mL THF cooled in an ice water bath, of a hexane solu-
tion of n-butyllithium (1.0 equiv) via syringe, followed by
stirring the mixture at room temperature for 15–30 min prior
to use (7d).

(4-Carboxybutyl)triphenylphosphonium bromide (7c, 7f, 7g)
was prepared by addition of Ph3P (5.06 g, 19.3 mmol) to a
solution of 5-bromovaleric acid (3 g, 16.6 mmol) in aceto-
nitrile (7.5 mL). The resulting mixture was stirred at 80°C
under reflux for 24 h, concentrated, and the residue was
washed with benzene, hexane, and ether and dried giving (4-
carboxybutyl)triphenylphosphonium bromide (6.75 g, 92%)
as a white solid. 1H NMR (400 MHz, CDCl3) δ: 1.70 (m, 2,
CH2CH2CH2), 1.91 (m, 2, CHCH2CH2), 2.90 (t, 2, CH2CO,
J = 6.9 Hz), 3.68 (m, 1, Ph3PCH), 7.73–7.78 (m, 15, Ar).

Thermolysis of 4a
The bis-TEMPO adduct 4a (20 mg, 0.047 mmol) in de-

gassed t-BuOH (4 mL) was heated 24 h in a sealed ampoule
at 130°C, and GC analysis indicated the presence of 2,2,6,6-
tetramethylpiperidine (8 ± 1%). The solvent was removed
under reduced pressure and chromatography (CHCl3–
MeOH, 9:1) gave a product containing carboxylic acid based
on the IR spectrum (CDCl3) 3516, 1745, 1700 cm–1. Base
extraction and rechromatography (CHCl3–MeOH, 9:1) af-
forded 6a (14 mg, 70%, E:Z (45:55)) (1a). The carboxylic
acid product was not recovered from the aqueous layer.

Thermolysis of N-2,2,6,6-tetramethylpiperidinyl 2-(N-
2,2,6,6-tetramethyl piperidinyloxy)-7-phenyl-5-
heptenoate (4b)

The bis-TEMPO adduct 4b (20 mg, 0.040 mmol) under
nitrogen in degassed t-BuOH (4 mL) was sealed in an am-
poule and heated 18 h at 132–135°C in a refluxing xylene
bath. Gas chromatography showed the presence of TH (14 ±
2%). The solvent was removed under reduced pressure and
chromatography (CHCl3–MeOH, 9:1) gave the known (7b)
uncyclized acid 8b PhCH=CH(CH2)4CO2H (54%). IR
(CDCl3) (cm–1): 1703, 3518. 1H NMR (400 MHz, CDCl3) δ:
1.54–1.83 (m, 4, CH2CH2CO2H), 2.23 (m, 2, CHCH2CH2),
2.42 (m, 2, CH2CH2CO2H), 5.66 (m, 1, cis-PhCH=CH), 6.18
(m, 1, trans-PhCH=CH), 6.37 (m, 1, PhCH=CH),), 7.33 (m,
5, Ar). 13C NMR (100 MHz, CDCl3) δ: 24.5, 28.9, 32.8,
33.9, 126.2, 127.1, 128.7, 128.8, 128.9, 129.6, 130.4, 130.5,
131.3, 132.5, 137.6, 137.9, 178.8 (CO). EI-MS (m/z): 204
(M+), 186, 157, 144, 130, 117, 104, 91, 77, 65. HR-EI-MS
(m/z) calcd. for C13H16O2: 204.1143; found: 204.1150.

Heating of 4b with shorter reaction times gave N-2,2,6,6-
tetramethyl-piperidinyl 2-(phenyl-N-2,2,6,6-tetramethylpiperi-
dinyloxymethyl)cyclo pentanecarboxylate (6b) which was
purified by chromatography (CH2Cl2).

1H NMR (500 MHz,
CDCl3) δ: 2.66–2.85 (m, 44), 3.25–3.28 (m, 1, CHCO2T),
4.76 (d, 1, CHPhOT, J = 6.8 Hz), 7.22–7.39 (m, 5, Ar). 13C
NMR (125 MHz, CDCl3) δ: 17.2, 17.3, 20.5, 20.6, 23.4,
24.8, 28.7, 29.1, 29.7, 31.1, 31.9, 32.1, 32.2, 32.3, 32.7,
39.0, 39.1, 39.2, 39.25, 45.7, 47.3, 59.8, 60.1, 87.7
CH(OT)Ph, 126.0, 127.2, 127.5, 128.5, 128.9, 131.0, 137.7,
140.9, 175.5 (CO). EI-MS (m/z): 499 (M+), 326, 187, 157,
140, 117, 91, 69, 55. HR-EI-MS (m/z) calcd. for
C31H51N2O3: 499.3907; found: 499.3900. IR (CDCl3) (cm–1):
1751. Further chromatography (EtOAc–MeOH, 3:7) gave 2-
(phenyl-N-2,2,6,6-tetramethylpiperidinyloxymethyl)cyclo-
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pentane carboxylic acid (7b). IR (CDCl3) (cm–1): 3513,
1701. 1H NMR (500 MHz, CDCl3) δ: 1.06–2.38 (m, 24),
2.78–2.80 (m, 1, CHCHOTPh), 2.98–3.02 (m, 1, CHCO2H),
4.80 (d, 1, CHOTPh) J = 8.9 Hz), 7.23–7.36 (m, 5, Ar). 13C
NMR (125 MHz, CDCl3) δ: 17.4, 21.5, 22.9, 25.4, 30.3,
31.8, 38.5, 40.0, 46.9, 47.7, 53.7, 61.2, 88.8 (CHOTPh),
126.5, 127.6, 128.0, 128.6, 129.1, 130.1, 130.4, 139.7, 178.9
(CO). EI-MS (m/z): 360 (M+), 293, 239, 203, 185, 157, 142,
125, 91, 69, 55. HR-EI-MS (m/z) calcd. for C22H34NO3:
360.2534; found: 360.2539.

6-Cyclopropyl-5-hexenoic acid (10)
4-Carboxy-n-butyltriphenylphosphonium bromide (5 g,

11.3 mmol) in THF (15 mL) was treated with lithium
hexamethyldisilazide (23.7 mmol) in THF (4 mL) at 25°C
with stirring. After 15 min, cyclopropanecarboxaldehyde
(0.79 g, 11.3 mmol) in THF (5 mL) was added at 25°C, rap-
idly decolorizing the red-orange mixture. After 15 min, wa-
ter (25 mL) and ether (25 mL) were added. The organic
phase was rinsed with 20 mL of water. The combined aque-
ous solution was washed with EtOAc (25 mL), acidified
with 10% HCl, and extracted with EtOAc. The united
EtOAc extracts were rinsed with H2O, dried with Na2SO4,
and concentrated. Kugelrohr distillation gave 10 (1.12 g,
64%) (E/Z isomers, 1:1). 1H NMR (400 MHz, CDCl3) δ:
0.30–0.32 (m, 2), 0.63–0.67 (m, 2, E-isomer), 0.69–0.73 (m,
2, Z-isomer), 1.49–1.58 (m, 1), 1.65–2.41 (m, 6), 4.80 (dd,
1, J = 10.6, 9.8 Hz, c-PrHCH=CH, Z-isomer), 5.02 (dd, 1,
J = 15.2, 8.2 Hz, c-PrHCH=CH, E-isomer), 5.30 (dt, 1, J =
10.6, 6.2 Hz, CH=CHCH2, Z-isomer), 5.45 (dt, 1, J = 15.2,
6.4 Hz, CH=CHCH2, E-isomer).

6-Cyclopropyl-5-hexenoyl chloride
Oxalyl chloride (1.05 g, 8 mmol) was added dropwise to a

stirred solution of 6-cyclopropyl-5-hexenoic acid (10, 0.76 g,
4 mmol) in CCl4 (10 mL) and stirred for 2 h. The solvent
was removed in vaccuo to give 6-cyclopropyl-5-hexenoyl
chloride as a dark brown oil (1.20 g, 92%) containing E/Z
(50:50), used subsequently without further purification. 1H
NMR (400 MHz, CDCl3) δ: 0.31–0.32 (m, 2), 0.71–0.73 (m,
2, E-isomer), 0.74–0.79 (m, 2, Z-isomer), 1.52–1.6 (m, 1),
1.90 (distorted q, 2, CH2CH2CH2), 2.32 (dt, 2, CHCH2CH2),
3.05 (t, 2, J = 7.2 Hz, CH2COCl), 4.84 (dd, 1, J = 10.5,
8.4 Hz, c-PrHCH, Z-isomer), 5.20 (dd, 1, J = 13.2, 7.7 Hz,
c-PrHCH=CH, E-isomer), 5.35 (dt, 1, J = 9.4, 7.5 Hz,
CH=CHCH2, Z-isomer), 5.50 (dt, 1, J = 11.4, 8.5 Hz,
CH=CHCH2, E-isomer).

1-Diazo-7-cyclopropyl-6-hepten-2-one (2c)
6-Cyclopropyl-5-hexenoyl chloride (1.20 g, 7.0 mmol) in

ether (5 mL) was added dropwise over a period of 0.5 h to a
stirring cooled solution of 0.018 mol of diazomethane (3
equiv) in ether (60 mL) which the solution was stirred at
0°C for 2 h. Excess diazomethane was removed by evacuat-
ing with a water aspirator through an empty Erlenmeyer
flask and quenched in acetic acid, and the solution was con-
centrated. Chromatography (EtOAc–hexane, 3:7) gave 2c
(0.92 g, 5.2 mmol, 74%) as a yellow oil containing E/Z iso-
mers (47:53). IR (pentane) (cm–1): 2102, 1662. 1H NMR
(400 MHz, CDCl3) δ: 0.29–0.32 (m, 2), 0.63–0.66 (m, 2, E-
isomer), 0.69–0.74 (m, 2, Z-isomer), 1.32–1.34 (m, 1, E-iso-

mer), 1.48–1.53 (m, 1, Z-isomer), 1.73 (distorted q, 2,
CH2CH2CH2), 2.00–2.35 (m, 4), 4.80 (dd, 1, J = 10.6,
6.3 Hz, c-PrHCH=CH, Z-isomer), 4.98 (dd, 1, J = 12.3,
8.2 Hz, c-PrHCH=CH, E-isomer), 5.23 (s, 1, COCHN2),
5.28 (dt, 1, J = 10.4, 9.9 Hz, CH=CHCH2, Z-isomer), 5.45
(dt, 1, J = 13.2, 6.4 Hz, CH=CHCH2, E-isomer). 13C NMR
(100 MHz, CDCl3) δ: 7.2, 10.0, 13.9, 25.4, 27.2, 32.2, 126.9
(CH=CHCH2), 135.3 (c-PrCH=CH), 195.2 (CO). EI-MS
m/z: 179 (MH+), 149 (M+ – N2), 135, 121, 107, 91. HR-EI-
MS m/z calcd. for C10H14N2O: 179.1186; found: 179.1184.

5-Cyclopropyl-4-pentenylketene (1c) and reaction with
TEMPO

1-Diazo-7-cyclopropyl-6-hepten-2-one (2c, 100 mg,
0.56 mmol) in pentane (75 mL) was photolyzed for 30 min
with 250-nm light to give ketene 1c (IR: 2119 cm–1).
TEMPO (183 mg, 1.18 mmol, 2.1 equiv) was added to the
preformed ketene and the solution was left stirring at room
temperature for 24 h. Chromatography with CH2Cl2 gave 4c
(191 mg, 0.40 mmol, 71%) E/Z isomers (50:50). IR (CDCl3)
(cm–1): 1770. 1H NMR (400 MHz, CDCl3) δ: 0.28–0.31 (m,
2), 0.62–0.65 (m, 2, E-isomer), 0.68–0.72 (m, 2, Z-isomer),
1.08–2.20 (m, 43), 4.48 (distorted t, 1, CH2CHOT), 4.75 (dd,
1, J = 10.2, 7.3 Hz, c-PrHCH=CH, Z-isomer), 4.92 (dd, 1,
J = 9.4, 8.2 Hz, CH=CHCH2, E-isomer), 5.31 (dt, 1, c-
PrHCH=CH, Z-isomer), 5.45 (dt, 1, J = 13.9, 7.5 Hz,
CH=CHCH2, E-isomer). 13C NMR (100 MHz, CDCl3) δ:
6.6, 7.1, 9.8, 13.7, 17.2, 17.4, 20.8, 20.9, 24.7, 24.9, 27.8,
32.1, 32.3, 32.4, 32.6, 34.8, 39.5, 40.7, 60.2, 60.5, 83.7
(CHOT), 127.6, 127.7 (CH=CHCH2), 134.6, 134.7 (c-
PrCH=CH), 171.9 (CO2T). EI-MS m/z: 464 (MH+), 448
(M+ – CH3), 322 (M+ – T), 306, 278, 182, 156 (TO+), 140
(T+), 126, 83, 55. HR-EI-MS m/z calcd. for MH+

C28H51N2O3: 463.3869; found: 463.3899.

Thermolysis of 4c
The bis-TEMPO adduct 4c (50 mg, 0.108 mmol) in de-

gassed t-BuOH (5 mL) was heated in a sealed ampoule at
130°C for 18 h. GC analysis indicated the presence of
2,2,6,6-tetramethylpiperidine (15 ± 2%). Concentration and
chromatography (CHCl3–MeOH, 9:1) afforded the cyclized
ester 11 containing carboxylic acid. IR (CDCl3) (cm–1):
3512, 1740, 1702. Base extraction and chromatography
(CH2Cl2–MeOH, 9:1) afforded ester 11 (32 mg,
0.069 mmol, 65%). IR (CDCl3) (cm–1): 1750. 1H NMR
(500 MHz, CDCl3) δ: 1.08–2.00 (m, 42), 2.22 (dt, 2,
CH2CH2OT), 2.51 (m, 1, Z-CHCO2T), 2.79 (m, 1, E-
CHCO2T), 3.71–3.74 (t, 2, J= 6.71 Hz, CH2OT), 5.43–5.48
(m, 1, c-PnCH=CH), 5.52–5.56 (m, 1, c-PnCH=CH). 13C
NMR (125 MHz, CDCl3) δ: 17.4, 20.4, 20.8, 24.2, 24.8,
25.0. 30.0, 30.4, 31.5, 32.2, 33.3, 33.6, 39.8, 47.7, 50.4,
56.0, 76.5 (CH2OT), 127.5 (CH=CHCH2), 133.9 (c-
PnCH=CH), 180.6 (CO2T). EI-MS m/z: 463 (MH+), 447
(M+ – CH3), 306 (M+ – OT), 278 (M+ – CO2T), 182, 156
(TO), 140 (T), 126, 109, 93, 83, 69, 55. HR-EI-MS m/z
calcd. for C28H50N2O3: 462.3816; found: 462.3821.

Allyloxyacetyl chloride
Oxalyl chloride (3.99 g, 2.7 mL, 0.03 mol) was added

dropwise to a stirred solution of allyloxyacetic acid (7 h,
1.75 g, 0.015 mol) in dichloromethane (20 mL) followed by
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stirring at room temperature for 2 h. The solvent was re-
moved in vacuo to give allyloxyacetyl chloride as a yellow
oil (1.85 g, 0.0137 mol, 92%) used subsequently without
further purification. 1H NMR (400 MHz, CDCl3) δ: 4.12–
4.23 (m, 4, CH2OCH2COCl), 5.26–5.39 (m, 2, CH2=CH),
5.85–5.98 (m, 1, CH2=CH).

1-Diazo-4-oxa-6-hexen-2-one (2d)
Allyloxyacetyl chloride (1 g, 7 mmol) was dissolved in

ether (5 mL) and added dropwise over 0.5 h to a stirring
cooled solution of of diazomethane (0.018 mol, 2.5 equiv) in
ether (100 mL), and the solution was stirred cold for 2 h.
The excess diazomethane was removed by evacuating with a
water aspirator pump and quenched into acetic acid. Con-
centration and chromatography (EtOAc–hexane, 1:3) gave
2d (0.71 g, 5.1 mmol, 69%) as a yellow oil. IR (pentane)
(cm–1): 2107, 1661. 1H NMR (400 MHz, CDCl3) δ: 3.95–
4.04 (m, 4, CH2OCH2COCHN2). 5.17–5.37 (m, 2,
CH2=CH), 5.73 (s, 1, COCHN2), 5.79–5.92 (m, 1,
CH2=CH). 13C NMR (100 MHz, CDCl3) δ: 53.3, 57.3, 67.2,
76.4, 118.1 (CH=CHCH2), 133.7 (CH=CH), 193.9 (CO). EI-
MS m/z: 141 (MH+), 84, 69, 55. HR-EI-MS m/z calcd. for
MH+ C6H9N2O2: 141.0657; found: 141.0664.

(2-Oxa-4-pentenyl)ketene (1d) and reaction with
TEMPO

1-Diazo-3-allyloxy-2-propanone (2d, 250 mg, 1.8 mmol)
in 75 mL of pentane was photolyzed for 60 min with 250-
nm light to give the corresponding ketene (IR: 2126 cm–1).
TEMPO (585 mg, 3.8 mmol, 2.1 equiv) was added to the
preformed ketene and the solution was stirred at room tem-
perature for 6 h. Concentration and chromatography
(CH2Cl2) gave the bis-adduct 4d (562 mg, 1.32 mmol, 73%).
IR (CDCl3) (cm–1): 1773. 1H NMR (400 MHz, CDCl3) δ:
1.22–1.82 (m, 36), 3.94–4.05 (m, 2, OCH2CHOT), 4.11 (d,
2, J = 4.2 Hz, CH2=CHCH2O), 4.68 (t, 1, J = 5.5 Hz,
CHOT), 5.15–5.31 (m, 2, CH2=CH), 5.83–5.94 (m, 1,
CH2=CH). 13C NMR (100 MHz, CDCl3) δ: 17.4, 17.5, 20.6,
20.8, 21.0, 21.1, 32.4, 34.0, 34.4, 39.6, 39.7, 40.8, 60.5,
60.7, 70.1, 72.8, 83.6 (CHOT), 117.7 (CH2=CH), 135.0
(CH2=CH), 170.5 (CO2T). EI-MS m/z: 410 (MH+ – CH3),
308, 285 (M+ – T), 268 (M+ – TO), 240 (M+ – CO2T), 156
(TO+), 140 (T), 126, 83, 69, 58. ES-MS m/z 425 (MH+), 447
(MNa+), 463 (MK+).

The bis-TEMPO adduct 4d (100 mg, 0.23 mmol) in de-
gassed t-BuOH (5 mL) was heated for 5 h at 135°C in a
refluxing xylene bath. After concentration chromatography
(CHCl3–MeOH, 9:1) gave the cyclized product 6d (67 mg,
0.16 mmol, 67%). IR (CDCl3) (cm–1): 1756. 1H NMR
(500 MHz, CDCl3) δ: 1.04–1.70 (m, 36), 2.74–2.97 (m, 2),
3.72–4.10 (m, 6, CH2).

13C NMR (125 MHz, CDCl3) δ: 17.3,
17.5, 20.2, 20.3, 20.4, 20.9, 23.0, 30.0, 32.2, 32.4, 32.5,
33.4, 33.5, 39.3, 39.4, 39.9, 41.5, 43.2, 46.1, 59.9, 60.2,
60.3, 74.9 (CH2OT), 172.9 (CO2T). EI-MS m/z: 341, 311,
270, 216, 156, 142, 126, 83, 69. ES-MS m/z: 447 (MNa+),
463 (MK+).

6-Phenyl-5-hexenoic acid (7b)
4-Carboxybutyltriphenylphosphonium bromide (2.0 g,

4.5 mmol) in dry THF (6 mL), under nitrogen, was treated
with lithium hexamethyldisilazide (1.8 mL, 9.48 mmol). Af-

ter 15 min, water and ether were added, the organic phase
was rinsed with water (20 mL) and the combined aqueous
solution was washed with EtOAc (25 mL), acidified with
10% HCl, and extracted with EtOAc. The united EtOAc ex-
tracts were rinsed with H2O, dried with Na2SO4, and con-
centrated. Kugelrohr distillation gave 6-phenyl-5-hexenoic
acid (0.68 g, 80%) containing trans/cis isomers (87:13). 1H
NMR (400 MHz, CDCl3) trans-isomer δ: 1.70–2.56 (m, 6),
6.15 (m, 1, PhCH=CH), 6.45 (m, 1, PhCH=CH), 7.20 (m, 5,
Ar), 10.65 (br s, 1, CO2H); cis-isomer δ: 1.70–2.56 (m, 6),
5.60 (m, 1, PhCH=CH), 6.45 (m, 1, PhCH=CH), 7.20 (m, 5,
Ar), 10.65 (br s, 1, CO2H).

6-Phenyl-5-hexenoyl chloride (7b)
Oxalyl chloride (1.05 g, 8 mmol) was added dropwise to a

stirred solution of 6-phenyl-5-hexenoic acid (0.76 g,
4.0 mmol) in CCl4 (10 mL) followed by stirring at room
temperature for 2 h. The solvent was removed in vaccuo to
give 6-phenyl-5-hexenoyl chloride as a yellow oil (0.81 g,
3.9 mmol, 97%) containing E/Z isomers (85:15), used subse-
quently without further purification. 1H NMR (400 MHz,
CDCl3) δ: 1.89 (distorted q, 2, CH2CH2CH2), 2.29 (dt, 2,
CHCH2CH2), 2.95 (t, 2, J = 6.8 Hz, CH2COCl), 6.16 (m, 1,
PhCH=CH, Z-isomer), 5.61 (m, 1, PhCH=CH, E-isomer),
6.41 (m, 1, PhCH=CH, E and Z isomers), 7.31–7.36 (m, 5H,
Ar).

Methyl 6-phenylhex-5-enoate (12b) (7i)
To a stirred mixture of methanol (0.2 mL, 4.9 mmol) and

triethylamine (0.62 mL, 4.9 mmol) in CH2Cl2 (30 mL) at
0°C was added of 6-phenyl-5-hexenoyl chloride (1 g,
4.9 mmol). The reaction mixture was stirred for 20 min then
2 M HCl (10 mL) was added. The organic layer was washed
with NaHCO3 and brine, dried, and concentrated. Chroma-
tography (CH2Cl2) yielded 12b, (0.90 g, 4.4 mmol, 90%) as
a yellow oil (E/Z isomers, 93:7). 1H NMR (400 MHz,
CDCl3) trans-12b δ: 1.82–1.88 (q, 2, CH2CH2CH2), 2.25–
2.32 (dt, 2, CHCH2CH2), 2.37–2.42 (t, 2, J = 4.9 Hz, 2,
CH2CO2CH3), 3.69 (s, 3, E-OCH3), 3.94 (s, 3, Z-OCH3),
6.22 (m, 1, PhCH=CH), 6.39 (m, 1, PhCH=CH), 7.31–7.36
(m, 5, Ar).

Acyloin reaction of 12a
Sodium metal (0.64 g, 28 mmol) and toluene (100 mL)

were refluxed for 1 h with vigorous stirring, and ethyl hex-5-
enoate (7j) (12a, 0.20 g, 20 mmol) in toluene (10 mL) was
added dropwise over 20 min, and stirred a further 2 h. The
solution was cooled and MeOH (15 mL) was added, the
mixture was poured into water–EtOAc and acidified with
10% HCl, extracted with EtOAc, washed with water and
NaHCO3, dried, and concentrated. Chromatography (hexane–
EtOAc, 7:3) gave 13a (7-hydroxydodeca-1,11-diene-6-one,
2.08 g, 76%). IR (CDCl3) (cm–1): 1707, 3519. 1H NMR
(400 MHz, CDCl3) δ: 1.61–1.82 (m, 6, CH2CH2CH2 and
CHOHCH2), 2.04–2.18 (m, 4 C=CHCH2), 2.40 (t, 2, J =
7.4 Hz, CH2CO), 4.96–5.09 (m, 4, CH2=C), 5.75–5.85 (m, 2
CH2=CH). 13C NMR (100 MHz, CDCl3) δ: 23.0, 23.9, 33.2,
33.5, 33.9, 38.9, 77.6 (CHOH), 115.1, 115.8, 137.7, 138.5,
180.1 (CO). EI-MS m/z: 196 (M+), 182, 169, 167, 149, 125,
107, 99, 97, 81, 69, 55. HR-EI-MS m/z calcd. for C6H9O:
97.0656; found: 97.0653.
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Oxidation of 13a
Pyridinium chlorochromate (1.6 g, 7 mmol) and 13a

(1.0 g, 5.1 mmol) in CH2Cl2 (20 mL) were heated at reflux
for 1.5 h. The mixture was filtered through Celite, washed
with ether, and the filtrate was concentrated. Chromatogra-
phy (hexane–EtOAc, 7:3) gave dodeca-1,11-diene-6,7-dione
(14a) as a yellow oil (0.44 g, 2.3 mmol, 45%). IR (CDCl3)
(cm–1): 1711. 1H NMR (400 MHz, CDCl3) δ: 1.63–1.78 (m,
4, CH2CH2CH2), 2.08–2.19 (m, 4, CHCH2), 2.37 (t, 4, J =
7.2 Hz, CH2CO), 4.98–5.12 (m, 4, CH2=CH), 5.77–5.83 (m,
2, CH2=CH). 13C NMR (100 MHz, CDCl3) δ: 24,6, 34.5,
52.0, 115.8, 138.7, 200.0 (CO). EI-MS m/z: 195 (MH+), 167,
153, 149, 140, 125, 97, 81, 69, 55. HR-EI-MS m/z calcd. for
C12H19O2: 195.1380; found: 195.1385.

Acyloin reaction of 12b
Sodium metal (0.2 g, 8.6 mmol) and toluene (20 mL)

were heated to reflux with vigorous stirring for 1 h. To this
was added methyl 6-phenylhex-5-enoate (12b, 0.88 g,
4.3 mmol) in toluene (10 mL) dropwise over 20 min.
Stirring was continued for a further 2 h. The solution was
cooled and MeOH (2 mL) was added. The mixture was
poured into water–EtOAc and acidified with 10% HCl, ex-
tracted with EtOAc, washed with water and NaHCO3, dried,
and concentrated. Chromatography (hexane–EtOAc, 7:3) af-
forded the cyclized product cis-15 (7j) as a colourless oil
(0.32 g, 1.8 mmol, 42%). IR (CDCl3) (cm–1): 3608. 1H NMR
(400 MHz, CDCl3) δ: 1.25–2.14 (m, 8, 3CH2, CHCH2Ph,
and OH), 2.52–2.57 (m, 1, CHHAr), 2.74–2.79 (m, 1,
CHHAr), 3.90–3.93 (m, 1, CHOH), 7.28–7.37 (m, 4, Ar).
13C NMR (100 MHz, CDCl3) δ: 21.7, 30.1, 34.4, 40.0, 50.1,
78.8 (CHOH), 126.2, 128.5, 128.6, 129.1, 141.3. EI-MS
m/z:176 (M+), 158 (M+ – H2O), 143, 129, 117, 104, 98, 85,
67, 57. HR-EI-MS m/z calcd. for C12H16O: 176.1199; found:
176.1201. 1,12-Diphenyl-7-hydroxy-dodeca-1,11-dien-6-one
(13b) was obtained as a yellow oil (0.31 g, 21%) 78:22 dou-
ble bonds of E/Z isomers. IR (CDCl3) (cm–1): 1705, 3522.
1H NMR (400 MHz, CDCl3) δ: 1.79–1.84 (m, 6,
2CH2CH2CH2 and CHOHCH2), 2.24–2.28 (m, 2,
CH2CH2CO), 2.33–2.36 (m, 4, 2CHCH2CH2), 5.59–5.63 (m,
Z-PhCH=CH), 6.17–6.23 (m, E-PhCH=CH), 6.38–6.44 (m,
2, 2PhCH=CH), 7.21–7.39 (m, 10, Ar). 13C NMR
(100 MHz, CDCl3) δ: 24.5, 27.4, 28.7, 32.4, 33.5, 37.5, 50.2,
79.4 (CHOH), 126.2, 127.3, 128.4, 128.6, 128.7, 128.9,
129.6, 130.4, 131.2, 133.9, 137.8, 179.6 (CO). EI-MS
m/z:244 (M+ – PhCH=CH), 210, 190, 130, 117, 105, 91, 77.
HR-EI-MS m/z calcd. for C16H22O2: 244.1456; found:
244.1454.

Oxidation of 13b
Pyridinium chlorochromate (0.35 g, 1.6 mmol) and 13b

(0.32 g, 1 mmol) in dry CH2Cl2 (5 mL) were heated at re-
flux for 1.5 h. The black mixture was filtered through Celite,
washed with ether, and the filtrate was concentrated. Chro-
matography (hexane–EtOAc, 7:3) gave 1,12-diphenyldodeca-
1,11-diene-6,7-dione (14b) as a yellow oil (0.18 g, 52%),
81:19 E/Z double bonds. IR (CDCl3) (cm–1): 1711. 1H NMR

(400 MHz, CDCl3) δ: 1.81–1.94 (m, 4, CH2CH2CH2), 2.37–
2.41 (m, 4, CHCH2CH2), 2.43 (t, 4, CH2CH2CO), J =
7.6 Hz), 5.61–5.72 (m, Z-PhCH=CH), 6.18–6.28 (m, E-
PhCH=CH), 6.40–6.58 (m, 2, PhCH=CH), 7.17–7.45 (m, 10,
Ar). 13C NMR (100 MHz, CDCl3) δ: 24.5, 29.9, 32.5, 126.2,
127.4, 128.2, 128.4, 128.7, 129.6, 130.5, 131.2, 197.0 (CO).
EI-MS m/z: 243 (M+ – Ph-CH=CH), 215 (M+ – C10H11), 202
(M+ – C11H13), 190 (M+ – C12H13), 174 (M+ – C12H13O),
146 (M+ – C13H13O2), 130, 117, 105, 91, 77. HR-EI-MS m/z
calcd. for C16H19O2: 243.1177; found: 243.1192.2
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The photochemistry of trans-1,4,4,4-tetraphenyl-
but-2-en-1-one: A highly efficient aryl migration
(type B) enone photorearrangement

John R. Scheffer and Kodumuru Vishnumurthy

Abstract: Photolysis of trans-1,4,4,4-tetraphenylbut-2-en-1-one (3) in acetonitrile or benzene leads to trans–cis
isomerization (7) along with rearrangement to trans-1-benzoyl-2,2,3-triphenylcyclopropane (8). Formation of the latter
product represents a new example of the aryl migration (type B) enone photorearrangement reaction first reported by
Zimmerman and co-workers for 4,4-diphenylcyclohex-2-en-1-one (1). The quantum yield in the case of enone 3 (0.4) is
approximately 10 times greater than that for 4,4,-diphenylcyclohex-2-en-1-one, a result that is ascribed to steric acceler-
ation of phenyl migration from the triphenylmethyl group plus greater resonance stabilization of the intermediate biradical.

Key words: photochemistry, mechanism, rearrangement, aryl migration, enone, di-π-methane.

Résumé : La photolyse de la trans-1,4,4,4-tétraphénylbut-2-én-1-one (3) dans l’acétonitrile ou le benzène conduit à une
isomérisation trans–cis (7) ainsi qu’à un réarrangement en trans-1-benzoyl-2,3,3-triphénylcyclopropane (8). La forma-
tion de ce dernier produit représente un nouvel exemple de réaction de photoréarrangement d’énone avec migration
d’aryle (type B) qui avait été observé pour la première fois par Zimmerman et ses collaborateurs pour la 4,4-
diphénylcyclohex-2-én-1-one (1). Le rendement quantique dans le cas de l’énone 3 (0,4) est approximativement dix fois
plus grand que celui observé avec la 4,4-diphénylcyclohex-2-én-1-one; on attribue cette différence à l’accélération sté-
rique associée à la migration du phényle à partir du groupe triphénylméthyle ainsi qu’à la plus grande stabilisation par
résonance du biradical intermédiaire.

Mots clés : photochimie, mécanisme, réarrangement, migration d’un groupe aryle, énone, di-π-méthane.

[Traduit par la Rédaction] Scheffer and Vishnumurthy 708

Introduction

Many of the principles of organic photochemistry with
which we are familiar today rest on early studies of the
light-induced behavior of enones and dienones (1). As an ex-
ample, consider the case of 4,4-diphenylcyclohex-2-en-1-one
(1) (eq. [1]), whose photochemistry was first reported by
Zimmerman and Wilson (2) in 1964 and subsequently inves-
tigated in more detail by Zimmerman and Hancock (3) in
1968. In these studies, irradiation of ketone 1 in solution was
shown to afford trans-5,6-diphenylbicyclo[3.1.0]hexan-2-
one (2) in rather low quantum efficiency (Φ = 0.043) but ex-
cellent chemical yield; trace amounts of cis-5,6-diphenyl-
bicyclo[3.1.0]hexan-2-one and 3,4-diphenylcyclohex-2-en-1-
one were also formed. Formally a di-π-methane process in-
volving the enone double bond and a double bond on one of
the phenyl groups, the formation of photoproduct 2 takes
place in the triplet state via a 1,2-phenyl shift accompanied

by cyclopropane ring closure. Subsequent studies by the
Zimmerman group used the aryl migration cyclohexenone
photorearrangement reaction to investigate the relative ex-
cited-state migratory aptitudes of aryl groups bearing elec-
tron-donating and electron-withdrawing substituents (4).

In seeking variations of the aryl migration enone photo-
rearrangement for the purpose of investigating asymmetric
induction in organic photochemical reactions, we chose
trans-1,4,4,4-tetraphenylbut-2-en-1-one (3, eq. [1]) as
a potential target molecule. This choice is attractive from
several points of view. For one, we anticipated that modifi-
cation of the benzoyl group to accept ionic chiral auxiliaries
(5) would be relatively easy. A second, unrelated motivation
was that preparation of analogs of enone 3 in which the
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three terminal aryl groups are, for example, phenyl, p-
methoxyphenyl, and p-cyanophenyl, offers the possibility of
investigating the relative excited-state migratory aptitude of
three aryl groups simultaneously, rather than only two at a
time as in the case of cyclic enones. In the present article we
outline the synthesis of the parent compound (3) and de-
scribe its basic photochemical behavior in solution.

Results

The synthesis of enone 3 was accomplished in straightfor-
ward fashion through the known intermediates 5 and 6 (6)
(eq. [2]). The final step, selenium dioxide oxidation of
ketone 6, proceeded in 94% overall yield to afford the target
enone 3 as a colorless crystalline solid, mp 133–136°C. The
assignment of trans stereochemistry to enone 3 followed
from its proton NMR spectrum, which showed the vinyl hy-
drogens as doublets at 8.00 and 6.67 ppm with a 15.6 Hz
coupling constant between them. By way of contrast, the cis
isomer of enone 3 (i.e., compound 7, eq. [3]), which could
be isolated in small amounts when 3 was irradiated for rela-
tively short periods of time (vide infra), exhibited an NMR
spectrum in which the vinyl doublets appeared at 6.79 and
6.32 ppm with a mutual coupling constant of 12 Hz.
The photochemistry of enone 3 was examined in both ben-

zene and acetontrile solution and the progress of the reaction
monitored by gas chromatography. This showed the forma-
tion of two photoproducts, subsequently shown to be cis-
enone 7 and trans-1-benzoyl-2,2,3-triphenylcyclopropane (8)
(eq. [3]). Photolysis was stopped when GC analysis indi-
cated the complete disappearance of enone 3, at which point
the 7:8 ratio was approximately 1:3; chromatography of this
reaction mixture allowed small amounts of cis-enone 7 to be
isolated and characterized. Continuing the photolysis until
no further enone 7 could be detected by GC analysis (ca.
2 h) and subsequent silica gel column chromatograpy al-
lowed cyclopropyl ketone 8 to be isolated in 96% yield. The
structure and trans stereochemistry of photoproduct 8 were
assigned on the basis of a comparison of its mp and spectro-
scopic properties with those reported in the literature for the

same compound prepared via the oxadi-π-methane photo-
rearrangement of β,γ-unsaturated ketone 9 (eq. [3]) (7). The
quantum yield for formation of photoproduct 8 from enone 3
in benzene, extrapolated to 0% conversion, was found to be
0.4 (valerophenone actinometry). Although sensitization–
quenching studies were not carried out, given the high effi-
ciency with which phenyl ketones form triplets it seems vir-
tually certain that the photorearrangement of enone 3 is
triplet-mediated.

Discussion

While cyclopropyl ketone 8 has the gross structure ex-
pected of a straightforward 1,2-phenyl migration photo-
rearrangement of enone 3, its stereochemistry differs from
that of the major product 2 formed in the photolysis of 4,4-
diphenylcyclohex-2-en-1-one. In the latter case, the migrat-
ing phenyl group ends up cis to the carbonyl group, whereas
in ketone 8 there is a trans relationship between these two
moieties. Both results are consistent with the concerted
mechanism proposed by Zimmerman and Hancock (3) in
which phenyl migration is synchronous with cyclopropane
ring formation. As depicted in eq. [4], this mechanism pre-
dicts that cis-enones (e.g., 1 and 7) will form products in
which the migrating group (Ar) and the C=O group are cis
to one another (e.g., 2), and that trans-enones (e.g., 3) will
lead to products having a trans-Ar – C=O relationship (e.g.,
8). There is a problem with this picture, however, in that in-
dependent photolysis of cis-enone 7 did not form the ex-
pected cis-Ar – C=O diastereomer; only photoproduct 8 was
observed. This indicates that either the concerted
photorearrangement of cis-enone 7 is slower than its
isomerization to trans-enone 3 (no 3 could be detected, how-
ever), or that both enones rearrange by a non-concerted
mechanism through a common, conformationally equili-
brated intermediate such as 11 (eq. [4]) in which ring clo-
sure with clockwise rotation about the C-2—C-3 bond is
favored, leading to photoproduct 8.2 Zimmerman and Han-
cock (3) also concluded that a non-concerted mechanism is
capable of rationalizing the stereochemical course of the
photorearrangement of cyclohexenone 1. At the moment,
therefore, a definitive choice between the concerted and non-
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[3]

2 Biradical 11 is expected to be more stable than its conformer 10 in which the benzoyl group interferes with a phenyl group on C-4. Clock-
wise rotation around C-2—C-3 during ring closure of biradical 11 is favored over counterclockwise rotation, since the latter pathway leads
to increased nonbonded interactions between the benzoyl group and the phenyl group on C-3.
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concerted pathway cannot be made, although it could be ar-
gued that the triplet nature of the photorearrangement favors
the latter.
A final point of discussion concerns the 10-fold higher quan-
tum yield for the photorearrangement of acyclic enone 3
compared with that of cyclic enone 1. Although quantum
yields are not always a reflection of rates of reaction, it is
tempting to equate the higher quantum yield for the
photorearrangement of enone 3 with relief of steric crowding
in the triphenylmethyl group as well as greater resonance
stabilization of the intermediate biradical 10.

Work is continuing in our laboratory on developing meth-
ods for carrying out the aryl migration enone photo-
rearrangement enantioselectively as well as synthesizing
triarylmethane analogs of enone 3 for use in excited-state
migratory aptitude studies.

Experimental

Instrumentation and general procedures
Commercial spectral grade solvents were used for photo-

chemical experiments unless otherwise noted. Infrared spec-
tra were recorded on a Perkin-Elmer 1710 Fourier transform
spectrometer. Solid samples were ground in KBr (1–5%) and
liquid samples were run neat as thin films. Melting points
were determined on a Fisher-Johns hot stage apparatus and
are uncorrected. 1H NMR spectra were recorded in deuterated
solvents as noted on a Varian AV-300 (300 MHz) instrument.
13C NMR spectra were run on the same instrument at

75 MHz under broadband 1H decoupling. Low- and high-
resolution mass spectra were obtained from a Kratos MS 50
instrument using electron impact (EI) ionization at 70 eV or
the chemical ionization (CI) method; intensities of the ions
are given in parentheses. Ultraviolet spectra were recorded
on a PerkinElmer Lambda-4B spectrophotometer in the sol-
vent indicated. Gas chromatographic analyses were per-
formed on a Hewlett-Packard HP 5890 instrument.

1,1,1,4-Tetraphenylbutane (5)
The known compound 5 (6) was synthesized by a modi-

fied procedure of Brook and Pierce (6) (8). Mercury (36.5 g,
182 mmol) was placed in a 100 mL two-necked round-
bottomed flask equipped with a magnetic stirrer and a reflux
condenser and the system thoroughly flushed with anhy-
drous nitrogen. Sodium (0.365 g, 15.9 mmol) was carefully
added in several small pieces to the mercury under nitrogen
with cooling by means of a water bath. A solution of 2.0 g
(7.2 mmol) of triphenylmethyl chloride (Aldrich) in 50 mL
of anhydrous ether was then added to the sodium amalgam
under nitrogen with stirring, whereupon a blood red color
developed over a period of approximately 1 h. Stirring was
continued for an additional 2 h after which 1.78 g
(8.9 mmol) of 3-phenyl-1-bromopropane (4) (Aldrich) was
added. The red color disappeared immediately and the re-
sulting solution was stirred at room temperature for 4 h. The
reaction mixture was worked up by hydrolysis with 20 mL
of distilled water followed by extraction with diethyl ether.
The ether layers were combined, dried over anhydrous so-
dium sulphate, and concentrated in vacuo to afford a non-
crystalline residue that was subjected to silica gel column
chromatography using 2% ethyl acetate in petroleum ether
as the eluting solvent. This afforded 1.70 g (53%) of com-
pound 5 as a colorless solid. Recrystallization from ether:pe-
troleum ether (2:1) gave colorless needles, mp 94 to 95°C
(lit. (6) mp 92 to 93.5°C).

1,4,4,4-Tetraphenylbutan-1-one (6)
The known compound 6 (6) was prepared using an oxida-

tion procedure of Muzart (9). To a solution of 0.89 g
(2.5 mmol) of compound 5 in 4.2 mL of dichloromethane
was added 0.074 g (0.74 mmol) of chromium trioxide
(Aldrich) and 6.6 mL of a 70% aqueous solution of tert-
butylperoxide (Aldrich) and the resulting mixture stirred for
36 h at room temperature. The biphasic reaction mixture was
worked up by addition of 8 mL of saturated aqueous sodium
thiosulphate solution until no longer oxidizing to starch-
iodide paper and then extracted with dichloromethane (2 ×
15 mL). The combined organic layers were washed with wa-
ter and brine and then dried over anhydrous magnesium sul-
phate. Removal of the solvent in vacuo followed by radial
chromatography over silica gel (2% ethyl acetate in petro-
leum ether) afforded 0.7 g (75%) of ketone 6 as a colorless
solid. Recrystallization from ethyl acetate gave small prisms,
mp 141–143°C (lit. (6) mp 139 to 140.5°C).

trans-1,4,4,4-Tetraphenylbut-2-en-1-one (3)
Following an oxidation procedure of Bernstein and Littell

(10), a solution of 1.0 g (2.7 mmol) of ketone 6 and 1.2 g
(10.8 mmol) of selenium dioxide (Aldrich) in 125 mL of
tert-butanol and 5.6 mL of glacial acetic acid was refluxed

© 2003 NRC Canada
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with stirring for 48 h. The reaction mixture was diluted with
25 mL of ethyl acetate, filtered, and the filtrate washed with
water, 10% aqueous sodium hydroxide, water again, brine,
and then dried over anhydrous sodium sulphate. Removal of
the solvent in vacuo followed by GC analysis of the residue
revealed the presence of both ketone 3 and ketone 6 in a 2:1
ratio. This mixture was subjected to a second oxidation iden-
tical to the first but on half the scale until GC analysis indi-
cated the complete disappearance of starting material 6.
Workup as before afforded a crude reaction mixture that was
subjected to radial chromatography over silica gel (5% ethyl
acetate in petroleum ether) to afford 0.94 g (94%) of solid
enone 3. Recrystallization from ethyl acetate:hexane (3:1)
gave colorless needles, mp 133–136°C. IR (KBr) (cm–1):
3054, 1667, 1610, 1490, 1445, 1326, 1304, 1291, 1223,
1179, 1033, 1004, 757, 702, 590. 1H NMR (CDCl3,
300 MHz) δ: 8.0 (d, 1H, J = 15.6 Hz, vinyl), 7.79–7.76 (m,
2H), 7.51–7.46 (m, 1H), 7.4–7.35 (m, 2H), 7.30–7.19 (m,
9H), 7.09–7.06 (m, 6H), 6.67 (d, 1H, J = 15.6 Hz, vinyl).
13C NMR (CDCl3, 75 MHz) δ: 190.7, 154.4, 144.4, 137.9,
132.8, 130.1, 129.1, 128.6, 128.1, 126.9, 126.6, 125.5, 61.3.
LR-MS (EI) m/z: 374 (M+), 269, 191, 165, 105, 91, 77, 51.
HR-MS (EI) m/z calcd. for C28H22O: 374.1671; found:
374.1672. Anal. calcd. for C28H22O: C 89.80, H 5.93; found:
C 89.81, H 5.95.

Photolysis of enone 3
Enone 3 (0.1 g, 0.27 mmol) was dissolved in 30 mL of

acetonitrile and the solution purged with nitrogen for
30 min. The solution was then irradiated for 2 h through Py-
rex using the output of a Hanovia 450 W medium pressure
mercury lamp. GC analysis of an aliquot revealed the com-
plete consumption of starting material and the formation of a
single photoproduct. Removal of the solvent in vacuo fol-
lowed by radial chromatography over silica gel (2% ethyl
acetate in petroleum ether) afforded 0.096 g (96%) of
photoproduct 8 as a colorless solid. Recrystallization from a
mixture of diethyl ether and petroleum ether afforded small
prisms, mp 126–128°C (lit. (7) mp 125–127°C). The
methine hydrogens of compound 8 exhibited a mutual 6 Hz
coupling in the 1H NMR, thus confirming their trans rela-
tionship (11). When 0.02 g of enone 3 in 15 mL of benzene
was irradiated through Pyrex for 1 h, GC analysis indicated
the presence of a mixture of trans-enone 3, its cis isomer 7,
and cyclopropyl ketone 8 in a 3:10:20 ratio. Photolysis was
continued for an additional 15 min until GC analysis showed
the complete consumption of starting material 3. Subsequent
removal of solvent in vacuo followed by radial chromatogra-
phy as before afforded 0.012 g of photoproduct 8 and
0.004 g of cis-enone 7, mp 136–139°C (from ethyl acetate).
IR (KBr): 3058, 2974, 1672, 1597, 1581, 1494, 1447, 1226,
1175, 1036, 991, 901, 842, 738, 702. 1H NMR (C6D6,
300 MHz) δ: 7.59–7.56 (m, 2H), 7.32–7.29 (m, 6H), 7.12–
6.91 (m, 12H), 6.79 (d, 1H, J = 12 Hz, vinyl), 6.32 (d, 1H,
J = 12 Hz, vinyl). 13C NMR (CDCl3, 75 MHz) δ: 192.4,
147.4, 145.5, 136.7, 132.7, 130.4, 129.6, 128.6, 128.4,
128.1, 128.0, 127.7, 126.4, 61.7. LR-MS (EI) m/z: 374 (M+),
269, 191, 165, 105, 91, 77, 51. HR-MS (EI) m/z calcd. for

C28H22O: 374.1671; found: 374.1669. Anal. calcd. for
C28H22O: C 89.80, H 5.93; found: C 89.78, H 5.97.

Quantum yield determination
The quantum yield for formation of cyclopropyl ketone 8

in benzene was determined using valerophenone actinometry
(Φ = 0.33) (12) according to the standard protocol used in
our group (13). n-Tetradecane and n-nonadecane were used
as internal standards for the solutions of actinometer and
ketone 8, respectively. Quantum yields were determined at
varying conversions and plotted against conversion; the re-
ported quantum yield of 0.4 represents the value extrapo-
lated to 0% conversion.
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The photochemistry of 1-(3,5-dimethoxyphenyl)-2-
(4-methoxyphenyl)ethyl ethanoate in alcohol
solvents: A search for carbocation
rearrangements

J.C. Roberts and J.A. Pincock

Abstract: The photochemistry of the title compound 1 in methanol and 2,2,2-trifluoroethanol has been examined. In
both solvents two ether products were obtained: one (18) resulting from trapping of the carbocation 2 (expected from
photosolvolysis of 1), and the other (19) from the carbocation 3 (expected after rearrangement by hydride migration of
cation 2). The substituted trans- and cis-stilbene derivatives 20 and 21 were also primary photoproducts. Analysis of
product yields as a function of time revealed that the ether product 19 was formed by secondary photolysis of the
stilbene derivatives, presumably by a pathway involving excited state protonation. Nanosecond laser flash photolysis re-
sults demonstrated that substituted trans-stilbene 20 was produced on the same time scale as the laser pulse.

Key words: ester photochemistry, stilbene photoadditions, carbocation rearrangements.

Résumé : On a étudié la photochimie du composé mentionné dans le titre 1 dans le méthanol et dans le 2,2,2-
trifluoroéthanol. Dans les deux solvants on obtient deux éthers : L’un deux (18) résulte du piégeage du carbocation 2
(produit attendu de la photolyse du composé 1), et l’autre (19) provient du carbocation 3 (produit attendu d’un réarran-
gement par migration d’un ion hydrure du cation 2). Les dérivés trans et cis des stilbènes substitués 20 et 21 sont éga-
lement des photoproduits primaires. L’analyse des produits obtenus en fonction du temps, révèle que l’éther 19 résulte
d’une photolyse secondaire des dérivés du stilbène, vraisemblablement selon un chemin impliquant la protonation de
l’état excité. Les résultats de la photolyse éclair au laser, avec des impulsions de l’ordre de la nanoseconde, démontrent
que le trans-stilbène substitué 20 est produit dans la même échelle de temps que l’impulsion laser.

Mots clés : photochimie d’un ester, photoadditions du stilbène, réarrangements de carbocations.

[Traduit par la Rédaction] Roberts and Pincock 722

Introduction

The photochemical generation of carbocations by cleav-
age of arylmethyl leaving group σ bonds (ArCR2-LG) is cur-
rently of considerable interest (1). One focus has been on the
mechanism for formation of the arylmethyl cation with the
two possibilities being either (i) direct heterolytic cleavage
to an ion pair from the excited singlet state, or (ii) excited
state homolytic cleavage followed by rapid redox electron
transfer converting the first formed radical pair to an ion pair
(2). Product studies have been extensively used to probe
these two possible pathways. Another focus has been the di-
rect observation of arylmethyl cations by laser flash
photolysis (LFP) techniques (3), which has provided infor-
mation regarding the reactivity of these species, in particular

their rates of reaction with various nucleophiles and
solvents.

The observation of products resulting from rearrange-
ments of carbocations is a well-established phenomenon in
ground state chemistry and appears in early chapters of all
modern text books on introductory organic chemistry. The
driving force for these rearrangements is formation of a
more stable cation from a less stable one, with both 1,2-
carbon and hydrogen migrations as well-known examples.
We hoped to apply the above two photochemical techniques
to observe a hydride shift by both product studies and di-
rectly by LFP. We chose the substrate 1 and the cations 2
and 3 as targets (eq. [1]).

The idea behind this choice is that the 3,5-dimethoxy-
phenyl chromophore efficiently promotes the photochemical
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generation of carbocations via C—O bond cleavage (4, 5).
For instance, the yield of ion-derived products from the
photolysis of 3,5-dimethoxybenzyl acetate in methanol is
60% with a quantum yield of 0.37 (6). A rate constant for
this excited state bond cleavage has not been determined be-
cause the lack of fluorescence precludes determination of
the excited singlet state lifetime, but we estimate that the
rate constant is greater than 1 × 109 s–1. If it is formed,
carbocation 2 is expected to rearrange rapidly to the more
stable isomer 3 by a hydride shift. The difference in stability
for the two cations can be demonstrated by the relative rates
of solvolysis for 4-methoxybenzyl tosylate and 3,5-
dimethoxybenzyl tosylate (1:1 × 105 in 80% aqueous ace-
tone at 25°C) (7). Finally, the 4-methoxybenzyl cation has a
characteristic absorption band at 340 nm that has been used
previously to study its reactivity by LFP (8). Therefore, if 3
is formed from 2, the time evolution of its growth could be
observable.

A similar approach has been reported recently by Lee-
Ruff and co-workers (9). In the first example (9), photolysis
of the vicinal diol 4 in acetonitrile, methanol, and 2,2,2-
trifluoroethanol (TFE) gave the radical-derived product 5,
along with the pinacol rearrangement product 6 (Scheme 1).
The proposed mechanism proceeds through the cations 7 and
8. The efficient formation of 7 results from the previously
reported high photochemical reactivity of 9-hydroxyfluorene
derivatives to give fluorenyl cations which are not stabilized
by aromatic delocalization because they have 4n π electrons
(10). The cation 7 was observed by LFP, and its unimole-
cular rearrangement to 8 (not observed) was found to have a

rate constant of 5 × 105 s–1 in 1,1,1,3,3,3-hexafluoroiso-
propanol (HFIP). In a second example (11), the irradiation
of the 9-fluorenol derivative 9 in methanol gave the ether 10
(28%) and the elimination product 11 (7%). However, the
ether 12 (which would have been formed after a 1,2-hydride
shift converting 13 to 14) was not detected in the reaction
mixture (Scheme 2). When 9 was submitted to strong acid
conditions at –78°C, 13 was detected spectroscopically, but
14 was not observed until the solution was warmed to room
temperature. Quenching of the cold or warmed solution with
methanol gave 10 or 12, respectively. The authors rational-
ized these observations by suggesting that cation 14 is not
formed by a 1,2-hydride shift, but rather by a deprotonation–
protonation sequence involving the by-product 11 (a process
which is only possible in the strong acid experiments). This
suggests that the activation barrier for rearrangement of 13
to 14 is high enough to prevent the process from competing
with rapid quenching by methanol when 13 is generated
photochemically.

Results

Synthesis of ester 1
Arylmethyl esters such as 1 are easily accessed by

esterification of the corresponding alcohols, and therefore,
alcohol 15 was identified as the direct precursor that was re-
quired for the preparation of 1. For the synthesis of 15, a
Grignard reaction between 3,5-dimethoxy-bromobenzene 16
and 2-(4-methoxyphenyl)ethanal 17 was chosen. As shown
in Scheme 3, the bromide 16 was synthesized by a
Sandmeyer reaction (12) in a low yield (33%) that is consis-
tent with literature precedent (13). The aldehyde 17 was pre-
pared in 74% yield over three steps by Darzens’ sequence
from 4-methoxybenzaldehyde as reported by Macchia and
co-workers (14). Grignard coupling of 16 with 17 gave 15
(96% yield), and esterification by the procedure of Steglich
and Neises (15) gave the desired ester 1 (70% yield). Details
of the procedures are in the Experimental section.

A methanolic solution of ester 1 had absorption maxima at
274 nm (ε = 3600 M–1 cm–1) and 280 nm (ε = 3300 M–1 cm–1).
Excitation of 1 at 274 nm results in fluorescence with λmax
at 298 nm, and the 0,0 band is at 288 nm (415 kJ mol–1).
Since 3,5-dimethoxybenzyl acetate itself does not fluoresce,
this observation is attributed to the 4-methoxyphenyl chro-
mophore, which will absorb competitively with the more re-
active portion of the molecule. To check for any interaction
between the two chromophores, the absorption spectra of 4-
methylanisole and 1-(3,5-dimethoxyphenyl)ethyl ethanoate
were recorded and normalized. Summation of the normal-
ized spectra resulted in a slightly higher absorption (8%)
than was observed at the λmax of 1 (274 nm). No increased
absorption was observed at longer wavelengths. Therefore,
the competitive absorption between the two chromophores
may decrease the quantum yield of the reaction, but there
does not appear to be any strong ground-state interaction be-
tween them.

Photolysis of ester 1 in methanol
Photolysis of a nitrogen-saturated solution of 1 in metha-

nol using a Rayonet reactor and 254 nm lamps afforded a
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mixture of seven products after irradiation for 1 h
(Scheme 4). Figure 1 shows the normalized product yields
as a function of time. Preliminary identification of the prod-
ucts was made on the basis of their mass spectra (GC–MS).
Pure samples were obtained either by independent syntheses
or by isolation following photochemical reactions (vide in-
fra). The reaction was also monitored by gas chromatogra-
phy with a flame ionization detector (GC-FID). The GC-FID
response was calibrated using each of the pure samples, al-
lowing the accurate calculation of product yields (Table 1).
Further details on the methods used to obtain accurate val-

ues for the product yields can be found in the Experimental
section.

As shown in Fig. 1 and Table 1, almost 90% of 1 is con-
sumed after 1 h of irradiation, and by this time there is very
little change in the relative percentages of the products over
time. For the purposes of the current project, the methyl
ethers 18a and 19a (R = CH3) are of the greatest interest,
since they are the products that would be formed from
nucleophilic attack of the solvent on carbocations 2 and 3.
Although the yield of 19a is difficult to measure at low con-
versions, the ratio of 18a to 19a appeared to decrease with

© 2003 NRC Canada
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Scheme 1. Formation of ketone 6 via the photochemical pinacol rearrangement of cation 7.

Scheme 2. The photochemistry of fluorenol 9 in methanol.
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time until a steady state ratio of 21:1 was reached; after only
10 min, however, 18a:19a = 33:1.

The substituted stilbenes 20 and 21 are clearly primary
photoproducts, but at low conversions the trans isomer is
formed in higher yield than the cis (trans:cis = 2:1 at 2%
conversion). The two isomers then photoequilibrate to a ratio
of 1:1 at high conversion of 1. The substituted phenanthrene
22 is produced by secondary photochemistry — a photo-
chemically allowed conrotatory electrocyclic reaction of the
cis-stilbene 21, followed by oxidation of the dihydrophen-
anthrene intermediate. This reaction has been well-
established for the photochemistry of other electron-rich

stilbene derivatives (16). Finally, products 23 and 24 are
radical-derived by-products of the reaction.

As noted above, the identification of most products was
made by comparison with authentic samples. Ether 18a was
synthesized by reaction of alcohol 15 with sodium hydride
and iodomethane. To produce 19a in a similar alkylation
method, the required alcohol 25 was synthesized by
Grignard coupling of 4-bromoanisole and 2-(3,5-dimethoxy-
phenyl)ethanal 26 (the aldehyde, in turn, was prepared by
the Darzens’ sequence from 3,5-dimethoxy-benzaldehyde).
The substituted trans-stilbene 20 was produced by dehydra-
tion of 15 with p-toluenesulfonic acid in benzene. Photo-

© 2003 NRC Canada
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Scheme 3. The synthesis of 1-(3,5-dimethoxyphenyl)-2-(4-methoxyphenyl)ethyl ethanoate 1.

Scheme 4. Products detected following the photolysis of ester 1 in methanol and TFE.
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chemical cis–trans isomerization of 20 in acetonitrile
provided access to the substituted cis-stilbene 21 in a steady-
state ratio of trans:cis = 1:2 (Pyrex filter, 280 nm cut-off).
Finally, irradiation of 20 in an aerated solution of methanol
gave the substituted phenanthrene 22 after purification by
column chromatography. Complete synthetic procedures for
all of these compounds are included in the Experimental sec-
tion.

An issue of some concern was whether or not 18a could
react by secondary photochemistry, and thereby revert to
carbocation 2. To this end, a nitrogen-saturated solution of
18a in methanol was irradiated. Although the ether was con-
sumed (25% conversion after 1 h, 47% after 5 h), only the
reduction product 23 was detected. This is clearly a result of
radical, not cation, intermediates. Column chromatography
of the reaction mixture after a high-conversion photolysis of
18a provided a convenient method for isolating larger
amounts of pure 23 than were obtained following photolysis
of 1 in methanol.

Photolysis of ester 1 in TFE
With hopes of prolonging the lifetime of cation 2, and

thereby allowing more time for the rearrangement to 3, the

photochemistry of 1 in TFE was examined under the same
conditions as the experiments in methanol. Figure 2 shows
the normalized product yields as a function of time. As indi-
cated in Scheme 4 and Table 1, the same photoproducts
were formed, keeping in mind that the addition of TFE to
cations 2 and 3 leads to the ethers 18b and 19b (i.e., with
R = CH2CF3). The synthesis of both trifluoroethyl ethers
was accomplished from alcohols 15 and 25 using a modifi-
cation of the Mitsonobu reaction developed by Falck and co-
workers (17). Attempts to alkylate either 15 or 25 using
NaH–DMSO and 2-bromo-1,1,1-trifluoroethane gave no de-
tectable amounts of the desired ethers. Just as in the case of
the ether 18a (R = CH3), 18b (R = CH2CF3) was also
checked for its photochemical reactivity (this time in TFE).
Consumption of the ether was observed (29% conversion af-
ter 1 h), and compound 23 was again the only product de-
tected. None of the isomeric ether 19b was detected,
confirming that 18b is not sufficiently reactive to give
carbocation intermediates.

Although the % conversion of 1 over 1 h is essentially the
same in methanol and TFE (89 vs. 82%) the product yields
do show some significant differences. As discussed earlier
for the reaction in methanol (R = CH3), the ratio of the ether
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Fig. 1. Product yields as a function of time for the photolysis of ester 1 in methanol (Note: compounds 23 and 24 have been removed
for improved clarity).

Solvent % Conversiona 18b 19b 20 21 22 23 24

Methanol (R = CH3) 89 42 2 18 19 4 5 10
TFE (R = CH2CF3) 82 30 27 13 13 5 4 7

aProduct yields are normalized to 100% because mass balances were essentially quantitiative; see the Experimental section
for complete analysis details.

bFor R = CH3, products are designated 18a and 19a. For R = CH2CF3, products are designated 18b and 19b.

Table 1. Product yields after photolysis of ester 1 for 1 h in methanol and TFE.
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product derived from cation 2 (18a) to the product derived
from cation 3 (19a) is 21:1 after 1 h. The analogous ratio for
18b:19b (the reaction in TFE, R = CH2CF3) is 30:27 (ap-
proximately 1:1), supporting the possibility that the less
nucleophilic solvent (TFE) perhaps allows more time for the
1,2-hydride shift to occur. However, examination of Fig. 2
reveals that the ratio of 18b:19b is not constant. In fact, the
changes in the relative amounts of the ether products during
the photolysis of 1 are much more pronounced in TFE
(18b:19b = 16:1 after 2 min; 1:1 after 1 h) than in methanol
(18a:19a = 33:1 after 10 min, 21:1 after 1 h).

With the intention of observing the growth of cation 3 di-
rectly, a solution of 1 in TFE was subjected to LFP at
266 nm. As shown in the representative spectrum (Fig. 3),
an intense absorption band was observed from 280 (the low-
est wavelength used) to 350 nm, with a maximum of approx-
imately 300 nm. Importantly, the signal did not decay over
any time window investigated with the laser system (10 ns to
50 µs). The same signal was observed in solutions that were
purged with either oxygen or nitrogen. To explore the idea
that the signal might be due to a transient species that de-
cays over a much longer time period, a solution of 1 in TFE
was submitted to 50 laser pulses, and monitored using a con-
ventional UV–vis spectrometer. The signal did not decay af-
ter 30 min, indicating that this signal is not due to a reactive
intermediate, but rather to a strongly absorbing photo-
product. Comparison of the laser spectrum with the UV ab-
sorption spectra of the isolated products 18–23 suggests that
trans-stilbene 20 (λmax = 303 nm, εmax = 29 000 M–1 cm–1)
is the compound responsible for the absorption (Fig. 4).

Also shown in Fig. 4 is the absorption spectrum of 1. At
the maximum light output of the lamp used for the
photolysis experiments (λ = 254 nm), the extinction coeffi-

cient of 20 (ε254 = 3030 M–1 cm–1) is more than three times
larger than that of 1 (ε254 = 800 M–1 cm–1). Furthermore, 20
absorbs much more strongly than 1 at longer wavelengths.
This means that when the photolysis of 1 has proceeded to
the point that [1] < 3[20], the majority of the light will be
absorbed by 20. The results from the photolysis of 1 in the
two solvents suggest that this condition would be met be-
tween 10 and 15 min after starting the photolysis.

At this point, an important issue must be addressed. Be-
cause the formation of 20 during LFP of the ester 1 makes
the direct observation of cations 2 and 3 virtually impossi-
ble, the use of product yields in assessing the importance of
rearrangement becomes critical. If the excited state of 20 is
sufficiently reactive to photochemical addition of the alcohol
solvent to give the ethers 18 and 19, then any conclusions
about cation rearrangements will be incorrect. To address
this point, the photochemistry of 20 in methanol and TFE
was examined.

Photolysis of substituted trans-stilbene 20 in methanol
and TFE

The formation of 20 during the photolysis of 1 corre-
sponds to the loss of acetic acid from the parent ester. For
this reason, 1 equiv of acetic acid was added to the solution
of 20 in either solvent before irradiation, so as to reproduce
the reaction conditions as accurately as possible. No product
formation was observed after stirring the solutions of 20 in
methanol or TFE with added acetic acid for 48 h in the dark,
thus, ensuring that 20 does not react by ground-state chemis-
try during the time frame of the photolysis experiment.

Photolysis of 20 in the two solvents gave a mixture of
four products (Scheme 5). All of the products have already
been observed during the photolysis of 1, and so calibrated
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Fig. 2. Product yields as a function of time for the photolysis of ester 1 in TFE (Note: compounds 23 and 24 have been removed for
improved clarity).

I:\cjc\cjc8106\V03-072.vp
June 17, 2003 1:49:13 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



product yields were calculated (Table 2). The normalized
product yields as a function of time are shown in Figs. 5
(methanol) and 6 (TFE). In striking contrast to the ester 1,
which exhibits very similar reactivity in either methanol or
TFE, 20 reacts much faster in TFE than in methanol. After
1 h, the % conversion of 20 in methanol is 48%, whereas the
% conversion is 80% after the same time in TFE. In both
solvents, the substituted stilbene isomers approach the
steady state composition of 1:1 and then disappear simulta-
neously, although this process occurs much more rapidly in
TFE. Another important observation is that the ether prod-
ucts observed require the formation of both carbocations 2
and 3 by photochemical protonation of 20. Furthermore, in
contrast to the results for 1, the ethers produced from
nucleophilic attack on the rearranged carbocation 3 (i.e., 19a
and 19b) are formed in greater yield than their isomeric
counterparts (18a and 18b). In fact, 18a was not detected
even after 5 h of irradiation. These results strongly suggest
that cation 3 is formed rapidly upon photolysis of 20 in
methanol and TFE.

Discussion and conclusions

The general mechanism that has been developed for ester
photochemistry seems to hold for ester 1. Both ion- and
radical-derived products are formed. The results from the
photolysis of 1 in methanol and TFE initially suggested that
the desired 1,2-hydride shift occurred as was predicted

(eq. [1]). This was based on the idea that TFE, being a less
nucleophilic solvent, would promote the formation of
carbocation 3 from carbocation 2. The difference in the final
product ratios (18:19) seemed to support this idea. However,
closer inspection of the data revealed that this ratio is not
constant over the course of the experiment. For the reaction
in methanol, 18a:19a = 33:1 after 10 min, and 20:1 after
60 min. The change is even more drastic for the photolysis
in TFE: after 2 min 18b:19b = 16:1, but after 1 h the ratio is
18b:19b = 1:1. The change in the relative amounts of the
products that result from nucleophilic attack on carbocations
2 and 3 indicates that a secondary photochemical reaction
occurs during the steady-state photolysis of 1. One possible
explanation is that the ethers 18 decay over the course of the
photolysis experiments involving 1. Although these ethers
were shown to be photochemically active in the control ex-
periments, they appear to react too slowly to account for the
observed change in the 18:19 ratio. Furthermore, the pres-
ence of several strongly absorbing compounds in the same
reaction mixture will make absorption by the ethers 18 even
less likely. Indeed, the only experiment in which decay of
either 18a or 18b was detected was during the photolysis of
20 in TFE (Fig. 4). The yield of 18b does decrease over the
final 2 h of the experiment (4 to 2%), but only after most of
the substituted stilbenes have been converted to products.

A much more satisfying explanation of the observed
change in the 18:19 ratio is that secondary photochemistry
provides an alternative pathway for the formation of the
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Fig. 4. Comparison of the absorption spectra of ester 1 and sub-
stituted trans-stilbene 20 (both 3.45 × 10–5 M in methanol).

Scheme 5. Products detected following the photolysis of substituted trans-stilbene 20 in methanol and TFE.

Fig. 3. Change in optical density following LFP at 266 nm of
ester 1 in TFE.

I:\cjc\cjc8106\V03-072.vp
June 17, 2003 1:49:13 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



products derived from the cation 3, specifically the ethers
19. As shown in the control experiments involving 18a and
18b, there is no pathway for converting 18 to 19. Rather, the
secondary photochemical reaction is addition of the solvent
to the excited state of the substituted trans-stilbene 20. As
clearly shown by the steady-state photolysis results, cation-
derived products (i.e., 18 and 19) can be formed in reason-
able efficiency from 20 under the same reaction conditions
used for the photolysis of ester 1. Furthermore, this reaction
favours the ethers 19 over 18, which is the reverse of the
regiochemistry observed for the photolysis of 1. The LFP
experiments demonstrate that 20 is formed rapidly upon irra-
diation of 1, and will be available to absorb competitively
with 1 very early in the photolysis experiments involving the
ester. Therefore, as the substituted trans-stilbene 20 accumu-
lates during the photolysis of 1, the photochemistry of 20
will become more important, and 19 (formed primarily from
20) will eventually be formed more rapidly than 18 (formed
primarily from 1). Indeed, even if the formation of 20 did
not make the observation of benzylic carbocations by LFP
impossible (by obscuring the wavelengths of interest), the
observation of a signal corresponding to cation 3 would not
be conclusive evidence for the rearrangement of interest.

Unfortunately, the rapid formation of 20 upon photolysis of
1 makes the ester a poor substrate for the investigation of
cation rearrangements. Our results are similar to those of
Lee-Ruff and co-workers (11) (Scheme 2), where the desired
cation rearrangement is too unfavourable to compete with
rapid quenching by the alcohol solvent (either by nucleo-
philic attack or by deprotonation). However, the photo-
chemistry of 1 is further complicated by the fact that the
by-products themselves react by secondary photochemistry,
making reliable assessment of the rearrangement extremely
difficult.

There are several other points that need to be addressed
for a thorough understanding of the photochemistry of 1 and
its photoproducts. Firstly, although deprotonation of cation 2
or 3 appears to be the most likely pathway for formation of
20, more study is needed to rule out other mechanisms.
Work is in progress to examine the possibility that substi-
tuted stilbenes 20 and 21 are produced by either a radical
pathway or by concerted photochemical elimination of acetic
acid from 1. In addition, the 1,2,2-trimethyl derivative of 1 is
currently being synthesized. This substrate may allow the
observation of a rearrangement without the complications
present for 1 because rearrangement and nucleophilic trap-
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Solvent Time (h) % Conversiona 18b 19b 21 22

Methanol (R = CH3) 1 48 0 4 88 8
Methanol (R = CH3) 5 63 0 10 64 26
TFE (R = CH2CF3) 1 80 4 60 27 9
TFE (R = CH2CF3) 4 95 2 87 3 8

aProduct yields are normalized to 100% because mass balances were essentially quantitiative; see the Experimental section
for complete analysis details.

bFor R = CH3, products are designated 18a and 19a. For R = CH2CF3, products are designated 18b and 19b.

Table 2. Product yields after photolysis of substituted trans-stilbene 20 in methanol and TFE.

Fig. 5. Product yields as a function of time for the photolysis of substituted trans-stilbene 20 in methanol.
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ping may be the only reactions available for the initial car-
bocation.

Secondly, the photochemical addition of alcohols to sub-
stituted stilbenes needs to be investigated in much greater
detail. At first, the reaction appears to be analogous to the
photohydration of substituted styrenes that has been studied
extensively by McEwen and Yates (18), who demonstrated
that excitation of 3-methoxystyrene in water gave the
Markovnikov addition product faster than 4-methoxystyrene
(another example of the photochemical meta effect). Addi-
tional support for the presence of a carbocation interme-
diate in such photochemical additions was provided by
McClelland and co-workers (19), who found that laser flash
photolysis of 4-methoxystyrene in TFE produced a transient
absorption signal at 340 nm that was attributed to the corre-
sponding cation. However, the presence of a second aro-
matic ring in the single chromophore of the substituted
stilbenes makes the assessment of substituent effects much
more complicated than for substituted styrenes (with regards
to both the rate of the reaction and the regiochemistry of the
addition).

A survey of the literature indicates that the photochemical
addition of methanol to a variety of substituted stilbenes was
first observed by Laarhoven and co-workers (20). In contrast
to the results for substituted styrenes, the yield of stilbene–
solvent adduct was found to be independent of acid concen-
tration. This suggested that protonation of the singlet excited
state is not the rate-limiting step in the photochemical addi-
tion of methanol to substituted stilbenes. With the aid of ex-
periments conducted in deuterated methanol, the authors
concluded that the addition of methanol to stilbenoid sys-
tems occurs via two competing mechanisms: (i) direct addi-
tion across the central bond; and (ii) rearrangement of the
excited state via a 1,2-hydride shift to give a carbene inter-

mediate, which then inserts directly to the methanol O—
H(D) bond. However, the influence of electron-rich substitu-
ents in the meta position was never addressed (the only com-
pound examined with meta substitutents was the symmetric
3,3′-dimethylstilbene). In more recent work, Lewis et al. (21,
22) have made several detailed studies of the effect of
electron-donating substituents (mostly amino) on the fluo-
rescence behaviour of substituted stilbenes and related
compounds. These results indicate that stilbenes with
electron-donating meta-substituents have longer singlet life-
times and higher fluorescence quantum yields than the para-
substituted analogues. Furthermore, the authors attribute this
observation to a higher barrier for bond torsion in the meta-
substituted cases. Addition of methanol was only observed
in one case (21) (eq. [2]). However, methanol was not em-
ployed as a solvent for many of the photophysical studies
that were of interest to the authors, so the reaction may in
fact be more general.
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Fig. 6. Product yields as a function of time for the photolysis of substituted trans-stilbene 20 in TFE.

[2]
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From the results of the current study, just how the photo-
chemistry of 20 fits with the examples in the literature is not
yet clear. The rapid addition of the solvent (TFE in particu-
lar) appears to be because of the two meta substituents (the
3,5-dimethoxyphenyl ring), while the preferred regiochem-
istry is governed by the para substituent (4-methoxyphenyl
ring). We had originally believed that the increased reactiv-
ity of 20 in TFE compared to methanol could be attributed
to the greater effective acidity of the former solvent, which
might lead to more rapid protonation of the excited state.
However, the study by Laarhoven and co-workers (20)
seems to indicate that the mechanism of solvent addition
may be even more complicated. Clearly, a larger set of stil-
bene derivatives is required to confidently assess the factors
controlling the reaction. This work is currently in progress.

Experimental

General procedures
Melting points were determined on a Fisher–Johns appa-

ratus and are uncorrected. 1H and 13C NMR spectra were re-
corded in deuterated chloroform on a Bruker AC 250F
instrument, and chemical shifts are reported as parts per mil-
lion (ppm) relative to tetramethylsilane internal standard.
The coupling constants of the ABX systems observed in sev-
eral compounds were analysed by matching the line posi-
tions with those of simulated spectra. Gas chromatography
was performed on a Perkin-Elmer Autosystem XL instru-
ment (controlled by a computer with TurboMass and
TurboChrom software) with one Turbomass detector and one
FID (both columns: Supelco 30 m/0.25 mm MDN-5S 5%
phenyl methylsiloxane, film thickness 0.50 µm). For GC–
MS, the injection volume was 1 µL; mass spectral data are
reported in units of mass over charge (m/z) with intensities
relative to the base peak (in brackets). For GC-FID, an injec-
tion volume of 2.5 µL was used. The same temperature pro-
gram was used for both detectors: 60°C for 1 min, ramp at
20°C/min to 240°C, hold at 240°C for 20 min. Ultraviolet
spectra were recorded on a Varian–Cary Bio 100 spectrome-
ter.

Methanol, water, ethyl acetate, and hexanes were all dis-
tilled prior to use. Dichloromethane, benzene, dimethyl-
sulfoxide (DMSO), TFE, pentane, and the deuterated
solvents were all reagent grade, while acetonitrile was
HPLC grade (these solvents were used without extra purifi-
cation). Tetrahydrofuran (THF) was distilled from sodium–
benzophenone, and then a second time from lithium alu-
minium hydride before being kept under nitrogen. All start-
ing materials were supplied by Aldrich Chemicals, with the
exception of 3,5-dimethoxyaniline and 3,5-dimethoxybenza-
ldehyde (Avocado Chemicals). Thin layer chromatography
was performed using plates from Eastman-Kodak. Prepara-
tive chromatography was performed using 60–250 mesh sil-
ica gel from Silicycle.

Synthetic procedures

3,5-Dimethoxybromobenzene (16)
This compound was prepared from the diazonium ion

made from 3,5-dimethoxyaniline using the procedure
described (12) for the synthesis of o-bromochlorobenzene,

yield 33%: mp 64–65°C, lit. (13) mp 64–66°C. 1H NMR δ:
6.66 (d, 2H, J = 2.4 Hz), 6.37 (t, 3H, J = 2.4 Hz), 3.76 (s,
6H). 13C NMR δ: 161.2, 123.0, 109.8, 99.8, 55.5. GC–MS
m/z: 218 (82.6), 216 (100.0), 108 (69.7), 79 (41.6), 77
(56.2), 63 (48.9), 51 (26.3).

2-(4-Methoxyphenyl)ethanal (17)
This compound was prepared from 4-methoxybenzalde-

hyde by glycidic ester condensation as described (14), yield
of 74% over three steps: 1H NMR δ: 9.66 (d, 1H, J =
2.4 Hz), 7.09 (d, 2H, J = 8.5 Hz), 6.88 (d, 2H, J = 8.5 Hz),
3.75 (s, 3H), 3.57 (d, 2H, J = 2.4 Hz). 13C NMR δ: 199.8,
159.0, 130.8, 123.9, 144.4, 55.2, 49.6. GC–MS m/z: 121
(100), 91 (20.5), 78 (23.9), 77 (31.2), 51 (12.2).

1-(3,5-Dimethoxyphenyl-2-(4-methoxyphenyl)ethan-1-ol
(15)

For this reaction, all glassware was dried in an oven and
purged with nitrogen gas prior to use. Liquid transfers were
performed using a cannula needle under positive pressure. A
solution of 3,5-dimethoxybromobenzene 16 (4.00 g,
18.4 mmol) in THF (20 mL) was prepared, and then trans-
ferred to a dropping funnel atop a three-necked 100 mL
round-bottomed flask containing magnesium turnings
(2.68 g, 110 mmol) in THF (5 mL). Approximately 10% of
the aryl halide solution was run into the flask, along with a
small crystal of iodine. After 15 min of stirring, the yellow
colour of the iodine disappeared, and the mixture began to
reflux. The remaining solution in the dropping funnel was
added to the magnesium over 15 min, and the mixture was
refluxed for 30 min after the addition was complete. After
cooling to room temperature, the resulting orange solution
was transferred under nitrogen to a clean three-necked flask.

A solution of 2-(4-methoxyphenyl)ethanal 17 (2.76 g,
18.4 mmol, distilled under vacuum prior to use) in THF
(20 mL) was prepared. The solution was then added
dropwise to the solution containing the Grignard reagent,
and the resulting mixture was refluxed for 30 min after the
addition was complete. After cooling to room temperature,
the yellow solution was poured into a separatory funnel con-
taining saturated ammonium chloride solution (100 mL) and
dichloromethane (50 mL). The layers were separated, and
the aqueous portion was extracted with dichloromethane
(2 × 50 mL). The combined organic extracts were washed
with distilled water and saturated sodium chloride solution
(2 × 75 mL each). After drying over anhydrous magnesium
sulfate and filtering, the solvent was removed under reduced
pressure to give 5.10 g of the product alcohol (96%). Further
reactions were performed using the crude material, although
characterization was performed using a sample recrystallized
from ethyl acetate – hexanes, mp: 97–99 oC. 1H NMR δ:
7.09 (d, 2H, J = 8.6 Hz), 6.83 (d, 2H, J = 8.6 Hz), 6.49 (d,
2H, 2.4 Hz), 6.36 (t, 1H, J = 2.4 Hz), 4.76 (m, 1H, J1 =
8.5 Hz, J2 = 4.9 Hz, J3 = 2.4 Hz), 3.77 (s, 9H), 2.95 (m, 1H,
J1 = 13.7 Hz, J2 = 4.9 Hz), 2.89 (m, 1H, J1 = 13.7 Hz, J2 =
8.5 Hz), 2.07 (d, 1H, J = 2.4 Hz). 13C NMR δ: 160.8, 158.4,
146.5, 130.5, 130.0, 113.9, 103.8, 99.6, 75.4, 55.4, 55.3,
45.1. GC–MS m/z: 271 (5.6), 270 (35.8), 167 (13.1), 139
(35.8), 122 (100.0), 121 (49.9), 77 (16.0). HR-MS calcd.:
288.1361; found: 288.1357 ± 0.0008.
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1-(3,5-Dimethoxyphenyl)-2-(4-methoxyphenyl)ethyl
ethanoate (1)

This compound was prepared using the method of
Steglich and Neises (15). A solution of N,N-dimethyl-4-
aminopyridine (63 mg, 0.52 mmol) and acetic acid (312 mg,
5.2 mmol) in dichloromethane (25 mL) was prepared, and
then added to a solution of 1-(3,5-dimethoxyphenyl)-2-(4-
methoxyphenyl)ethan-1-ol 15 (1.5 g, 5.2 mmol) in dichloro-
methane (30 mL). After the resulting solution was cooled in
an ice bath, 1,3-dicyclohexylcarbodiimide (1.17 g, 5.67 mmol)
was added in one portion. The resulting mixture was stirred
at 0°C for 5 min, and then allowed to stir at room tempera-
ture for 3 h. The urea precipitate was filtered off, the solvent
was removed under reduced pressure, and the residue was
taken up in dichloromethane (50 mL) and filtered again. The
clear solution was then washed with 0.5 M hydrochloric acid
and distilled water (2 × 25 mL each). The organic material
was then dried with anhydrous magnesium sulfate, filtered,
and the solvent removed under reduced pressure to give a
clear oil. The oil was adsorbed onto silica for column chro-
matography. Using 5% ethyl acetate – hexanes as the eluant
provided 1.5 g of a solid product, which was recrystallized
from the same solvent mixture to give 1.2 g of colourless
crystals (70%), mp: 68–69°C. 1H NMR δ: 7.03 (d, 2H, J =
8.6 Hz), 6.78 (d, 2H, J = 8.6 Hz), 6.40 (d, 2H, J = 2.4 Hz),
6.37 (t, 1H, J = 2.4 Hz), 5.81 (m, 1H, J1 = 7.9 Hz, J2 =
6.1 Hz), 3.77 (s, 3H), 3.75 (s, 6H), 3.08 (m, 1H, J1 =
14.0 Hz, J2 = 7.9 Hz), 2.97 (m, 1H, J1 = 14.0 Hz, J2 =
6.1 Hz), 2.02 (s, 3H). 13C NMR δ: 170.1, 160.7, 158.3,
142.6, 130.5, 129.1, 113.6, 104.6, 99.7, 76.7, 55.3, 55.2,
42.1, 21.2. GC–MS m/z: 270 (41.5), 167 (49.1), 139 (20.3),
121 (100), 77 (14.9). HR-MS calcd.: 330.1467; found:
330.1461 ± 0.0008.

1-(3,5-Dimethoxypheny)-2-(4-methoxyphenyl)-1-
methoxyethane (18a)

A 60% sodium hydride – oil suspension (0.08 g of sus-
pension, 0.002 mmol NaH) was washed with hexane to re-
move the oil. After decanting the washes, the residue was
taken up in DMSO (2 mL) and added to a solution of 1-(3,5-
dimethoxyphenyl)-2-(4-methoxyphenyl)ethan-1-ol 15 (0.288 g,
1.00 mmol) in DMSO (5 mL). The mixture was stirred at
room temperature for 30 min, and then a solution of methyl
iodide (0.284 g, 2.00 mmol) in DMSO (5 mL) was added
dropwise. After stirring the solution for 3.5 h, distilled water
(12 mL) was added slowly to quench the reaction. The or-
ganic layer was drawn off, and the aqueous portion was ex-
tracted with dichloromethane (3 × 10 mL). The combined
organic material was washed with distilled water (3 ×
25 mL), dried with anhydrous magnesium sulfate, and fil-
tered. Removal of the solvent under reduced pressure gave
0.25 g of material, which was adsorbed onto silica for col-
umn chromatography. Elution using 2.5% ethyl acetate –
hexanes gave the pure ether (0.098 g, 32%). Characterization
was performed on a sample that was further purified by
bulb-to-bulb distillation. 1H NMR δ: 7.03 (d, 2H, J =
6.7 Hz), 6.78 (d, 2H, J = 6.7 Hz), 6.38 (m, 3H), 4.21 (dd,
1H, J1 = 5.5 Hz, J2 = 7.6 Hz), 3.77 (s, 3H), 3.75 (s, 6H),
3.20 (s, 3H), 3.01 (dd, 1H, J1 = 7.6 Hz, J2 = 13.7 Hz), 2.82
(dd, 1H, J1 = 5.5 Hz, J2 = 13.7 Hz). 13C NMR δ: 160.8,

158.0, 144.4, 130.4, 113.5, 104.6, 99.6, 85.4, 56.9, 55.3,
55.2, 43.8. GC–MS m/z: 303 (0.8), 302 (4.4), 271 (1.5), 270
(6.3), 182 (10.4), 181 (100.0), 121 (12.1). HR-MS calcd.:
302.1518; found: 302.1522 ± 0.0008.

1-(3,5-Dimethoxypheny)-2-(4-methoxyphenyl)-1-(trifluoro-
ethoxy)ethane (18b)

This compound was prepared using the method of Falck
et al. (17). To a solution of 1-(3,5-dimethoxyphenyl)-2-(4-
methoxyphenyl)ethan-1-ol 15 (0.300 g, 1.04 mmol) in ben-
zene (20 mL) was added 1,1′-(azodicarbonyl)dipiperidine
(0.525 g, 2.08 mmol). The flask was purged with nitrogen
for 10 min, and tri(n-butyl)phosphine (0.421 g, 2.08 mmol)
was added. After stirring the reaction mixture for another
15 min, TFE (1.04 g, 10.4 mmol) was added. The mixture
was stirred at room temperature for 1 h, and the solvent was
then removed under reduced pressure. The residue was taken
up in dichloromethane, filtered, and the liquid then adsorbed
onto silica gel for column chromatography. Elution with 5%
ethyl acetate – hexanes gave the desired product (0.154 g,
40% yield). 1H NMR δ: 7.03 (2H, d, J = 8.6 Hz), 6.78 (d,
2H, J = 8.6 Hz), 6.38 (s, 3H), 4.43 (dd, 1H, J1 = 5.5 Hz, J2 =
7.3 Hz), 3.77 (s, 3H), 3.75, (s, 6H), 3.64 (m, 2H), 3.09 (dd,
1H, J1 = 14.0 Hz, J2 = 7.3 Hz), 2.86 (dd, 1H, J1 = 14.0 Hz,
J2 = 5.5 Hz). 13C NMR δ: 161.0, 158.2, 142.6, 130.5, 129.7,
124.0 (q, J = 278.6 Hz), 113.5, 104.6, 100.1, 84.9, 66.0 (q,
J = 34.3 Hz), 55.3, 55.2, 43.5. GC–MS (m/z): 371 (1.5), 370
(7.9), 270 (6.8), 250 (11.6), 249 (100.0), 166 (22.1), 121
(81.1). HR-MS calcd.: 370.1392; found: 370.1392 ± 0.0008.

2-(3,5-Dimethoxyphenyl)ethanal (26)
The sodium salt of 3-(3,5-dimethoxyphenyl)glycidic acid

was prepared in two steps (62% yield) using the same proce-
dures as described for the synthesis of 2-(4-methoxy-
phenyl)ethanal 17 (14). Decarboxylation of the sodium salt
was accomplished using the method of Bullimore et al. (23),
giving the desired aldehyde in 20% yield (12% over three
steps). 1H NMR δ: 9.69 (t, 1H, J = 2.4 Hz), 6.40 (t, 1H, J =
1.8 Hz), 6.35 (d, 2H, J = 1.8 Hz), 3.77 (s, 6H), 3.58 (d, 2H,
J = 2.4 Hz). 13C NMR δ: 199.2, 161.3, 134.0, 107.6, 99.3,
55.3, 50.7.

1-(4-Methoxyphenyl)-2-(3,5-dimethoxyphenyl)ethan-1-ol
(25)

A solution of 4-bromoanisole (1.04 g, 5.55 mmol) in THF
(10 mL) was prepared under nitrogen, and then transferred
to a dropping funnel atop a three-necked 100 mL round-
bottomed flask containing magnesium turnings (0.81 g,
33.3 mmol). Approximately 10% of the aryl halide solution
was added to the magnesium along with an iodine crystal,
and the reaction began within 10 min. The remaining aryl
halide solution was added over 5 min, and the resulting mix-
ture was heated to reflux for 30 min after the addition was
complete. After cooling to room temperature, the resulting
orange solution was transferred under nitrogen to a clean
three-necked flask.

A solution of 2-(3,5-dimethoxyphenyl)ethanal 26 (1.00 g,
5.55 mmol) in THF (10 mL) was added dropwise to the
Grignard reagent, and the resulting mixture was refluxed
gently for 30 min. The mixture was then cooled, and added
to a separatory funnel containing saturated ammonium chlo-
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ride (50 mL) and dichloromethane (25 mL). The layers were
separated, and the aqueous portion was extracted with di-
chloromethane (2 × 50 mL). The combined organic extracts
were washed with water and saturated sodium chloride (2 ×
25 mL each), and then dried with anhydrous magnesium sul-
fate. Removal of solvent under reduced pressure gave a
crude oil, which was purified by column chromatography
(10% ethyl acetate – hexanes, eluant) to give the desired
product (1.00 g, 63% yield). 1H NMR δ: 7.26 (d, 2H, J =
8.5 Hz), 6.87 (d, 2H, J = 8.5 Hz), 6.33 (s, 3H), 4.81 (dd, 1H,
J1 = 8.5 Hz, J2 = 4.9 Hz), 3.78 (s, 3H), 3.73 (s, 6H), 2.92
(m, 2H, J1 = 8.5 Hz, J2 = 4.9 Hz, J3 = 13.7 Hz), 2.12 (s,
1H). 13C NMR δ: 160.7, 159.0, 140.6, 136.1, 127.2, 113.7,
107.4, 98.6, 74.7, 55.3, 55.2, 46.3.

2-(3,5-Dimethoxypheny)-1-(4-methoxyphenyl)-1-methoxy-
ethane (19a)

A 60% sodium hydride – oil suspension (0.083 g of sus-
pension, 2.08 mmol NaH) was washed with hexane to re-
move the oil. After decanting the washes, the residue was
taken up in DMSO (5 mL) and added to a solution of 2-(3,5-
dimethoxyphenyl)-1-(4-methoxyphenyl)ethan-1-ol 25 (0.300 g,
1.00 mmol) in DMSO (10 mL). The mixture was stirred at
room temperature for 30 min, and then a solution of methyl
iodide (0.295 g, 2.08 mmol) in DMSO (5 mL) was added
dropwise. After stirring the solution for 5 h, distilled water
(15 mL) was added slowly to quench the reaction. The or-
ganic layer was drawn off, and the aqueous portion was ex-
tracted with dichloromethane (3 × 20 mL). The combined
organic material was washed with distilled water and satu-
rated sodium chloride solution (2 × 20 mL each), dried with
anhydrous magnesium sulfate, and filtered. Removal of the
solvent under reduced pressure gave 0.34 g of material,
which was adsorbed onto silica for column chromatography.
Elution using 5% ethyl acetate – hexanes gave the pure ether
(0.24 g, 32%). Characterization was performed on a sample
that was further purified by bulb-to-bulb distillation. 1H
NMR δ: 7.15 (d, 2H, J = 8.5 Hz), 6.87 (d, 2H, J = 8.5 Hz),
6.29 (t, 1H, J = 1.8 Hz), 6.26 (d, 2H, J = 1.8 Hz), 4.27 (dd,
1H, J1 = 6.2 Hz, J2 = 7.4 Hz), 3.80 (s, 3H), 3.71 (s, 6H),
3.17 (s, 3H), 3.06 (dd, 1H, J1 = 13.4 Hz, J2 = 7.4 Hz), 2.80
(dd, 1H, J1 = 13.4 Hz, J2 = 6.2 Hz). 13C NMR δ: 160.4,
159.1, 140.9, 133.6, 128.0, 113.7, 107.4, 98.3, 84.4, 56.5,
55.2 (two signals), 45.0. GC–MS (m/z): 302 (not observed),
286 (9.3), 270 (6.7), 165 (11.5), 151 (29.8), 122 (9.2), 121
(100.0). HR-MS calcd.: 302.1518; found: 302.1526 ± 0.0008.

2-(3,5-Dimethoxypheny)-1-(4-methoxyphenyl)-1-(trifluoro-
ethoxy)ethane (19b)

This compound was prepared using the method of Falck
et al. (17). To a solution of 2-(3,5-dimethoxyphenyl)-1-(4-
methoxyphenyl)ethan-1-ol 25 (0.300 g, 1.04 mmol) in ben-
zene (20 mL) was added 1,1′-(azodicarbonyl)dipiperidine
(0.525 g, 2.08 mmol). The flask was purged with nitrogen
for 10 min, and tri(n-butyl)phosphine (0.421 g, 2.08 mmol)
was added. After stirring the reaction mixture for another
15 min, TFE (1.04 g, 10.4 mmol) was added. The mixture
was stirred at room temperature for 1 h, and the solvent was
then removed under reduced pressure. The residue was taken
up in dichloromethane, filtered, and the liquid then adsorbed
onto silica gel for column chromatography. Elution with 5%
ethyl acetate – hexanes gave the desired product (0.210 g,

55% yield). 1H NMR δ: 7.16 (d, 2H, J = 9.2 Hz), 6.30 (d,
2H, J = 9.2 Hz), 6.31 (t, 1H, J = 1.8 Hz), 6.29 (d, 2H, J =
1.8 Hz), 4.50 (dd, 1H, J1 = 5.5 Hz, J2 = 7.3 Hz), 3.80 (s,
3H), 3.72 (s, 6H), 3.62 (m, 2H), 3.14 (dd, 1H, J1 = 14.0 Hz,
J2 = 7.3 Hz), 2.83 (dd, 1H, J1 = 14.0 Hz, J2 = 5.5 Hz). 13C
NMR δ: 160.5, 159.6, 140.1, 132.0, 128.1, 124.0 (q, J =
278.6 Hz), 114.0, 107.4, 98.8, 84.1, 65.8 (q, J = 34.3 Hz),
55.3, 55.2, 44.8. GC–MS (m/z): 370 (1.1), 271 (5.8), 270
(27.6), 220 (10.6), 219 (100.0), 135 (27.3). HR-MS calcd.:
370.1392; found: 370.1389 ± 0.0008.

trans-1-(3,5-Dimethoxyphenyl)-2-(4-methoxyphenyl)ethene
(20)

A solution of 1-(3,5-dimethoxyphenyl)-2-(4-methoxy-
phenyl)ethan-1-ol 15 (4.00 g, 13.9 mmol) in benzene
(600 mL) was prepared in a three-necked round-bottomed
flask. A portion of p-toluenesulfonic acid (0.29 g, 1.5 mmol)
was added, and the solution was heated to reflux with stir-
ring. Water was removed from the mixture by way of a
Dean–Stark trap. After 6 h, analysis by GC–MS indicated
that 97% of the starting material had reacted, and the reac-
tion mixture was allowed to cool to room temperature. The
solution was then washed with distilled water, and saturated
sodium chloride solution (2 × 200 mL each). A portion of
benzene (100 mL) was used to reextract the aqueous washes.
The combined organic material was then dried with anhy-
drous magnesium sulfate, filtered, and the solvent was re-
moved under reduced pressure to give an orange oil.
Isolation of the desired product was achieved using column
chromatography with 20% ethyl acetate – hexanes (eluant).
Recrystallization of the resulting product from pentane gave
white crystals (1.27 g, 34% yield), mp 55–57°C, lit. (24) mp
53–54°C. 1H NMR δ: 7.43 (d, 2H, J = 8.6 Hz), 7.05 (d, 1H,
J = 16.5 Hz), 6.91 (d, 1H, J = 16.5 Hz), 6.90 (d, 2H, J =
8.6 Hz), 6.65 (d, 2H, J = 2.4 Hz), 6.38 (t, 1H, J = 2.4 Hz),
3.83 (s, 9H). 13C NMR δ: 161.0, 159.4, 139.7, 129.9, 128.7,
127.8, 126.6, 114.1, 104.3, 99.6, 55.4, 55.3. GC–MS m/z:
271 (17.6), 270 (100.0), 269 (15.5), 239 (19.7), 224 (13.0),
196 (12.7), 195 (12.33), 165 (10.3), 153 (12.4), 152 (17.6),
141 (10.5). HR-MS calcd.: 270.1256; found: 270.1263 ±
0.0008.

cis-1-(3,5-Dimethoxyphenyl)-2-(4-methoxyphenyl)ethene
(21)

A solution of trans-1-(3,5-dimethoxyphenyl)-2-(4-meth-
oxyphenyl)ethene 20 (0.40 g, 1.5 mmol) in acetonitrile
(340 mL) was prepared in a large photolysis reaction vessel,
and purged with nitrogen for 30 min. A 450 W, medium-
pressure Hanovia mercury lamp with a Pyrex filter (300 nm
cut-off) was employed to irradiate the solution for 30 min.
Analysis by GC-FID indicated that by this time the mixture
had achieved a photostationary state consisting of a 2:1 ratio
of the cis and trans isomers. The solvent was removed under
reduced pressure, and the residue was prepared for column
chromatography. Separation of the isomers was achieved us-
ing 2.5% ethyl acetate – hexanes (eluant), and the pure cis
isomer was isolated as a clear oil (0.15 g, 38% yield). 1H
NMR δ: 7.19 (d, 2H, J = 8.5 Hz), 6.78 (d, 2H, J = 8.5 Hz),
6.52 (d, 1H, J = 12.2 Hz), 6.44 (d, 1H, J = 12.2 Hz), 6.43 (d,
2H, J = 2.4 Hz), 6.32 (t, 1H, J = 2.4 Hz), 3.78 (s, 3H), 3.67
(s, 6H). 13C NMR δ: 160.6, 158.7, 139.5, 130.3, 130.2,
129.6, 128.7, 113.5, 106.6, 99.7, 55.2. GC–MS m/z: 271
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(16.44), 270 (100.0), 269 (17.5), 239 (22.5), 224 (14.5), 165
(10.6), 153 (12.7), 152 (18.6), 141 (10.6), 127 (11.2), 115
(14.6). HR-MS calcd.: 270.1256; found: 270.1254 ± 0.0008.

2,4,6-Trimethoxyphenanthrene (22)
A solution of trans-1-(3,5-dimethoxyphenyl)-2-(4-meth-

oxyphenyl)ethene 20 (0.30 mg, 1.1 mmol) in methanol
(340 mL) was prepared in a large photolysis reaction vessel.
To promote the formation of the desired product, no nitrogen
was used. A 450 W, medium-pressure Hanovia mercury
lamp with a Pyrex filter (280 nm cut-off) was employed to
irradiate the solution for 7 h. The solvent was removed un-
der reduced pressure, and the residue was adsorbed onto sil-
ica and placed at the top of a dry-flash column (2 cm
diameter, 7.5 cm length). Elution with 2.5% ethyl acetate –
hexanes gave 0.10 g of a white solid. Recrystallization from
methanol gave the desired product as clear crystals (0.076 g,
25% yield), mp 111–113°C. 1H NMR δ: 9.08 (d, 1H, J =
2.8 Hz), 7.76 (d, 1H, J = 8.8 Hz), 7.65 (d, 1H, J = 8.6 Hz),
7.49 (d, 1H, J = 8.8 Hz), 7.17 (dd, 1H, J1 = 2.8 Hz, J2 =
8.6 Hz), 6.88 (d, 1H, J = 2.7 Hz), 6.74 (d, 1H, J = 2.7 Hz),
4.10 (s, 3H), 3.99 (s, 3H), 3.95 (s, 3H). 13C NMR δ: 161.9,
160.0, 158.2, 158.1, 136.0, 131.6, 129.4, 128.1, 124.5,
115.4, 114.7, 109.6, 101.3, 99.0, 55.8, 55.4, 55.3. GC–MS
(m/z): 269 (18.1), 268 (100.0), 225 (16.4), 210 (22.7), 152
(15.6), 139 (18.2). HR-MS calcd.: 268.1099; found:
268.1112 ± 0.0008.

1-(3,5-Dimethoxypheny)-2-(4-methoxyphenyl)ethane (23)
A solution of 1-(3,5-dimethoxyphenyl)-2-(4-methoxy-

phenyl)-1-methoxyethane 18a (0.0523 g, 0.173 mmol) in
methanol (50 mL) was prepared and poured into a quartz re-
action vessel. After purging with nitrogen gas for 30 min,
the stirred solution was irradiated for 5 h at 25°C. The sol-
vent was removed under reduced pressure, and the residue
was purified by column chromatography (2.5% ethyl ace-
tate– hexanes, eluant) to give the desired product (0.020 g,
42% yield). 1H NMR δ: 7.10 (d, 2H, J = 8.5 Hz), 6.83 (d,
2H, J = 8.5 Hz), 6.33 (s, 3H), 3.79 (s, 3H), 3.77 (s, 6H),
2.84 (s, 2H). 13C NMR δ: 160.7, 157.87, 144.3, 133.8,
129.4, 113.8, 106.5, 97.9, 55.3, 55.2, 38.5, 36.8. GC–MS
(m/z): 273 (2.1), 272 (11.4), 151 (2.0), 122 (9.1), 121 (100.0).

2-(3,5-Dimethoxypheny)-1-(4-methoxyphenyl)propane (24)
This photoproduct was not synthesized or isolated; thus,

the identification rests solely on the GC–MS spectrum (m/z):
287 (2.3), 286 (12.0), 165 (15.0), 122 (10.2), 121 (100.0).
The molecular ion of m/z 286 and the major fragment ions
of m/z 165 and m/z 122 (the two possible benzylic
carbocations that may be formed by cleavage of the molecu-
lar ion) strongly support the assignment.

Photolysis procedures
In all four photolysis reactions, a similar procedure was

used. The solid starting material (1: 100 mg, 0.30 mmol; 20:
50 mg, 0.20 mmol) was placed in a 100 mL volumetric
flask, and the flask was filled to the mark with the solvent of
interest. After the substrate was fully dissolved, the solution
was poured into a quartz reaction vessel and purged with
nitrogen for 30 min. The solution was thermostated at 25°C
with an immersion circulating water tube, and mixed with a
magnetic stirrer. In the reactions involving 20, an equimolar

amount of acetic acid (11 µL, 0.20 mmol) was added to the
solution, and the solution was stirred overnight to check for
the presence of ground-state reactions (none were found).
The photolyses were performed using a Rayonet reactor
with 10 low-pressure mercury lamps (254 nm emission).
While the reaction was in progress, 1 mL samples were ana-
lyzed using the GC conditions outlined above.

The purified photoproducts were used to obtain calibra-
tions for the GC-FID response of each compound as a func-
tion of concentration. These calibrations were then used to
convert the peak areas from the reaction chromatograms to
concentrations. The concentrations of the components were
then converted to percentages based on the initial concentra-
tion of the starting material and the amount of material con-
sumed during the reaction.

Laser flash photolysis of 1 was performed using a 2.28 ×
10–4 M solution in TFE, which had an absorbance of 0.45 at
266 nm. A portion of this solution was excited using a
Continuum Nd:Yag NY-61 laser (266 nm, <8 ns/pulse,
≤15 mJ/pulse). Several time domains (10 ns to 50 µs) were
used, as well as three different conditions: air-saturated, ni-
trogen-saturated, and oxygen-saturated.
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The photo-NOCAS reaction: Trapping an
intermediate

Robert M. Borg, Danielle Franke, and Adrian Vella

Abstract: Irradiation of a mixture of 1,4-dicyanobenzene, phenanthrene, and 2,3-dimethyl-2-butene in acetonitrile–
methanol solvent in the presence of acrylonitrile or methyl acrylate leads to a diversion from the usual photo-NOCAS
product formation towards products that result from the formal addition of methanol and electrophilic alkenes to the
butene.

Key words: photo-NOCAS, photoinduced electron transfer, photosubstitution, photoaddition, redox photosensitization,
alkene, 2-methoxyalkyl radical.

Résumé : L’irradiation d’un mélange de 1,4-dicyanobenzène, de phénanthrène et de 2,3-diméthylbut-2-ène dans un mé-
lange d’acétonitrile et de méthanol, en présence d’acrylonitrile ou d’acrylate de méthyle conduit à la formation d’un
produit de photo-NOCAS qui diffère du produit usuel et qui résulte de l’addition formelle de méthanol et d’alcènes
électrophiles au butène.

Mots clés : photo-NOCAS, transfert d’électron photoinduit, photosubstitution, photoaddition, photosensibilisation redox,
alcène, radical 2-méthoxyalkyle.

[Traduit par la Rédaction] Borg et al. 726

Introduction

The photo-NOCAS reaction is a well-established one with
numerous examples having appeared in the literature (1).
The acronym stands for nucleophile-olefin combination aro-
matic substitution, and was proposed by Arnold (2) to repre-
sent a class of photosubstitution reactions that was first
discovered in his laboratories almost 20 years ago (3). Such
a reaction is depicted in Scheme 1. As the mechanistic
scheme illustrates, irradiation of the redox photosensitizer
phenanthrene (1) leads to electron transfer between the first
excited singlet state of 1 and 1,4-dicyanobenzene (2). The
ensuing radical cation of 1 then serves to generate the radi-
cal cation of 2,3-dimethyl-2-butene (3) by means of a sec-
ondary electron transfer step. Nucleophilic interception of
the radical cation of 3 by methanol, followed by
deprotonation and coupling of the resulting radical 4 with
the radical anion of 2 and loss of cyanide ion, leads to the
photo-NOCAS product 5 in high yield (3).

The alkoxy-substituted radical 4 is a proposed key inter-
mediate in the reaction, and does not undergo reductive back
electron transfer (BET) upon encountering the radical anion
of 2, since it is well-known that tertiary alkyl radicals are
more difficult to reduce than 2.2 This is in contrast with sim-
ilar phenylated radicals, where BET does occur,3 and is fol-
lowed by protonation, leading to the overall anti-
Markovnikov addition of methanol (and no NOCAS-type
products), as illustrated for 1,1-diphenylethene (6) in
Scheme 2 (5). For this reason, reports on the photosensitized
(electron transfer) simple addition of nucleophiles to
alkylated olefins are few, and in those cases involve strained
alkenes (1b, 1c, 6).

It occurred to us that it might be possible to intercept radi-
cal intermediates such as 4 before coupling with the
cyanoaromatic radical anion takes place. We now wish to
describe the trapping of the alkoxy-substituted radical 4 by
means of electron-poor olefins.

Results and discussion

A mixture of phenanthrene (1), 1,4-dicyanobenzene (2),
2,3-dimethyl-2-butene (3), and acrylonitrile (8a) dissolved in
acetonitrile:methanol (3:1 by volume) was irradiated for
16 h by means of a 400 W medium pressure mercury lamp
through Pyrex (λ > 280 nm). Monitoring of the reaction by
gas chromatography (GC) revealed that formation of the
usual photo-NOCAS product (5) had been suppressed, and
that a major new peak at shorter retention time had ap-
peared. Evaporation of solvent in vacuo, followed by hexane
extraction of the photolysates, resulted in the isolation of a
yellow liquid which was vacuum distilled to afford a colour-
less oil. Repetition of the above procedure in the presence of
methyl acrylate (8b), instead of acrylonitrile, resulted in the
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isolation of another colourless oil. Dark control experiments
established the photochemical nature of the process; further-
more, the products were not formed in the absence of 2, and
yields were lower and the reactions inefficient in the ab-
sence of phenanthrene (1).

The two major new photoproducts were identified as
5-cyano-2-methoxy-2,3,3-trimethylpentane (9a) and methyl
5-methoxy-4,4,5-trimethylhexanoate (9b), respectively,
(Scheme 3), by spectroscopic techniques. Thus, for example,
the 250 MHz 1H NMR spectrum obtained for 9a exhibits,
besides three singlets for the methyl and methoxy groups, an
AA′BB′ non-first-order system of two multiplets at δ1.76 and
2.39. This is typical of adjacent methylene groups where the
geminal protons in each group are magnetically nonequiva-
lent (7). The spectrum for 9b is practically identical, except
for an additional sharp singlet at δ 3.67. The presence of a
cyano group is clearly indicated by the sharp absorption
peak at 2244 cm–1 in the IR spectrum of 9a, whilst 9b gives
an ester carbonyl stretch signal at 1740 cm–1. Other spectro-

scopic data (given below) are also in accordance with the
proposed structures.

When the above irradiations were attempted with 1,1-
diphenylethene (6) as the electron-rich alkene, instead of
2,3-dimethyl-2-butene (3) (and with biphenyl as the redox
photosensitizer), only the anti-Markovnikov adduct 2,2-
diphenylethyl methyl ether ((7), Scheme 2) was formed (5),
both in the absence and presence of either acrylonitrile (8a)
or methyl acrylate (8b). No products analogous to 9a and 9b
could be detected.

In accordance with the established mechanism (3) for the
photo-NOCAS reaction (Scheme 1) we are suggesting that
the introduction of electron-poor alkenes into the reaction
mixture allows the interception of the alkoxy-substituted
radical 4.4,5 This results in the formation of a cyano- (or
carboxymethyl-) centered radical intermediate (10) whose
reduction potential clearly is less negative than that of 4.6

Upon encounter with the dicyanobenzene radical anion,
therefore, BET to 10 occurs in preference to addition as oc-
curs with 4. Protonation of the resulting anion leads to the
final products (Scheme 4).

At first glance, it seems remarkable that the reactions be-
ing reported here proceeded as desired, in view of the com-
plex nature of the reaction mixture. In fact, the material
balance is not a good one. The electron-poor alkenes had to
be replenished several times during the photolysis, as it was

© 2003 NRC Canada
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Scheme 1. Scheme 2.

Scheme 3.

4 The alternative scenario, i.e., interception of the radical cation of 3 by 8a or 8b, followed by nucleophilic attack by methanol cannot be
ruled out. However, since the bimolecular rate constant for attack by methanol on phenylated alkene radical cations has been estimated to be
as high as 1 × 109 M–1 s–1 (8), then with methanol at solvent concentrations, nucleophilic capture should compete easily with other pro-
cesses.

5 Albini has described the similar trapping of radicals generated via photoinduced electron transfer (9).
6 The reduction potential of the cyanomethyl radical has been estimated to be –0.97 V vs. Ag (1c).
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observed that they were being consumed at a much faster
rate than that for product formation. Inspection of the photo-
lysates and distillation residues by 1H NMR spectroscopy re-
vealed the presence of complex aliphatic mixtures that could
not be analysed by GC. Presumably, these might be poly-
mers and (or) oligomers of acrylonitrile (8a) or methyl
acrylate (8b). A reaction mixture in which radical ions are
formed might involve the electrophilic alkenes at a stage
other than that shown in Scheme 4. For example, upon exci-
tation of phenanthrene (1) to the first excited singlet state,
electron transfer might occur to 8a or 8b in competition with
transfer to 1,4-dicyanobenzene (2). The radical anions of
these alkenes might even be formed via electron transfer
from the dicyanobenzene radical anion. Either of these pro-
cesses seems unlikely. The reduction potentials of both 8a
(E1/2

red = –2.7 V, vs. Ag) (10) and 8b (E1/2
red = –2.6 V, vs.

Ag) (10) are substantially more negative than that for 2
(E1/2

red = –2.0 V, vs. Ag) (3). Use of these values in the
Weller equation (11) gives theoretical free energy changes
for electron transfer from the excited singlet of 1 to either 8a
or 8b that are appreciably positive.7 However, it has been re-
ported (12) that acrylonitrile (8a) quenches the excited state
of anthracene with a (albeit low) rate constant of ca. 1 ×
107 M–1 s–1, in an initiation step leading to polymerization.
Conceivably, a similar pathway involving phenanthrene
might lead to oligomers and (or) polymers in the current
systems. This is reinforced by the observation that irradia-
tion of 8a or 8b in the presence of phenanthrene in
acetonitrile–methanol solution leads to the formation of a
gummy residue whose 1H NMR spectrum closely resembles
that obtained in the above photolysis.

The negative results obtained with 1,1-diphenylethene
might be interpreted as an indication that back electron
transfer from the dicyanobenzene radical anion to the 1,1-
diphenylethyl-2-methoxy radical intermediate (Scheme 2) is
fast. This is probably both a consequence of the relatively

high reduction potential of 2 and the relative ease of reduc-
tion of this radical.3 Attempts to lessen the rate of this BET
step through the use of a cyanoaromatic with a lower reduc-
tion potential such as 9,10-dicyanoanthracene (E1/2

red =
–1.2 V vs. Ag (13)) proved unsuccessful.

Experimental

Phenanthrene (BDH Chemicals Ltd.) and 1,4-dicyanoben-
zene (Aldrich Chemical Co. Ltd.) were recrystallized three
times from 96% ethanol. Acrylonitrile (Aldrich) and methyl
acrylate (BDH) were distilled before use. 2,3-Dimethyl-2-
butene and 1,1-diphenylethene (both Aldrich) were used as
received. Acetonitrile (Rathburn, HPLC grade) was purified
by elution through an activated alumina column, followed by
reflux and distillation over calcium hydride. Methanol
(Aldrich, analytical grade) was used as received.

Irradiations were carried out in Pyrex tubes at 15°C ± 5°
by means of a water-cooled 400 W medium pressure mer-
cury lamp (Photochemical Reactors Ltd.). Typically, 0.3 g of
1, 1.1 g of 2, and 1 g of 3 were dissolved in 25 mL of a 3:1
mixture of acetonitrile:methanol containing either 1.4 g of
8a or 2.2 g of 8b. During irradiation of the mixture, the
progress of the reaction was monitored by GC (BP1, 50 m ×
0.22 mm). At ca. 4-h intervals, the rapidly decreasing con-
centration of the trapping alkene 8a (or 8b) was restored by
the addition of 0.5 g aliquots. When product formation had
ceased, the solvent was removed in vacuo, and the resulting
mixture of oil and solid was extracted with hexane. Evapora-
tion of the hexane extracts, followed by vacuum distillation
of the resulting yellow oil, led to the isolation of the product
as a colourless oil.

5-Cyano-2-methoxy-2,3,3-trimethylpentane (9a)
Yield: 1.27 g (63%),8 bp 88–96°C (ca. 0.1 mmHg

(1 mmHg = 133.322 Pa)). IR (NaCl) cm–1 ν: 2977, 2950,
2888, 2827, 2244, 1476, 1377, 1368, 1148, 1131, 1070. 1H
NMR (250 MHz, CDCl3–TMS) δ: 3.15 (s, 3H), 2.39 (m,
2H), 1.76 (m, 2H), 1.08 (s, 6H), 0.89 (s, 6H). 13C NMR
(62.9 MHz, CDCl3–TMS) δ: 121.3, 79.2, 49.0, 40.2, 34.0,
22.2, 19.1, 13.5. MS (EI) m/z (%): 169 (1), 154 (8), 138(2),
115 (2), 96 (2), 83 (4), 73 (100), 69 (3), 55 (9), 30 (8). HR-
MS (FAB) calcd. for C10H20NO (i.e., M + 1): 170.15447;
found: 170.15438.

Methyl 5-methoxy-4,4,5-trimethylhexanoate (9b)
Yield: 0.86 g (35%),8 bp 84–106°C (ca. 0.1 mmHg

(1 mmHg = 133.322 Pa)). IR (NaCl) cm–1 ν: 2975, 2952,
2826, 1740, 1476, 1392, 1375, 1366, 1248, 1195, 1147,
1123, 1073. 1H NMR (250 MHz, CDCl3–TMS) δ: 3.67 (s,
3H), 3.16 (s, 3H), 2.33 (m, 2H), 1.69 (m, 2H), 1.09 (s, 6H),
0.86 (s, 6H). 13C NMR (62.9 MHz, CDCl3–TMS) δ: 175.3,
79.2, 51.5, 49.1, 40.1, 32.3, 30.3, 21.8, 19.1. MS (EI) m/z
(%): 202 (3), 187 (19), 178 (16), 171 (13), 123 (21), 115
(10), 95 (20), 83 (13), 74 (25), 73 (100), 69 (16), 51 (17), 30

© 2003 NRC Canada
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Scheme 4.

7∆G was estimated to be +41 and +31 kJ mol–1, respectively, using the value of 346 kJ mol–1 for the first singlet of 1, and an oxidation po-
tential of +1.31 V vs. Ag (3).

8 Due to its volatility, unconsumed residual 2,3-dimethyl-2-butene (3) (as revealed by GC) was not recovered during work-up. These are
therefore minimum yields, based upon the theoretical total consumption of (3).
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(17). HR-MS (FAB) calcd. for C11H22NaO3 (i.e., M + Na):
225.14665; found: 225.14662.

Conclusion

It has been demonstrated that the photo-NOCAS reaction
can be diverted from the final substitution step by intercep-
tion with electron-poor alkenes. In spite of the poor material
balance, the reactions described here not only provide fur-
ther evidence for the proposed mechanism of the photo-
NOCAS reaction, but lead to convenient yields of products
that are not trivially synthesized by other routes.9 Ongoing
studies in our laboratories are focusing on other alkene–
nucleophile systems so as to further define the scope and
limitations of these reactions.
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C-H···H-C interactions in organoammonium
tetraphenylborates: another look at dihydrogen
bonds

Katherine N. Robertson, Osvald Knop, and T. Stanley Cameron

Abstract: The crystal structures of the tetraphenylborates of the dabcoH+, guanidinium (MeCN solvate), and biguani-
dinium cations are shown to contain a variety of C-H···H-C dihydrogen (DB) bonds of nominally zero polarity, as well
as a variety of N-H···N, C-H···N, N-H···Ph, and C-H···Ph hydrogen (HB) bonds. These intermolecular bonds have been
characterized topologically after multipole refinement of the structures. The coexistence of the DBs and HBs in each of
the structures makes it possible to establish their relative strength hierarchy. It also illustrates the importance of the
DBs in satisfying the tendency of these structures to maximize the total intermolecular bonding engagement. To com-
pare the above DBs with other DBs, the results of an extensive set of MP2/6-31G(d,p) calculations (supplied by I.
Alkorta) were analyzed for reference correlations between the bond-critical parameters. Thus, for an X-H···H-Y bond,
the difference ∆ε(H)m between the Mulliken charges on the H atoms in the uncomplexed X-H and H-Y components
correlates quite well with the X-H···H-Y parameters and can be used for predicting the topological strength of an
X-H···H-Y bond. The use of the difference ∆ε(H)c in the bond does not appear to change the correlation significantly;
closer correlations are observed when the amount of charge transferred on formation of the H···H bond is used instead
of ∆ε(H)m or ∆ε(H)c. Bonding interactions are obtained even between like or symmetry-related H atoms as a conse-
quence of induced-dipole interactions, which accounts for the existence of the above intermolecular C-H···H-C bonds
with d(H···H) = 2.18–2.57 Å, electron density at the bond-critical point of ~0.05–0.08 e/Å3, and a rough estimate of
the H···H binding energy of ~1–5 kcal/mol. Examination of the bond-critical parameters of X-H···H-Y bonds also sug-
gests a criterion of stability of these bonds with respect to the transition from non-shared (closed-shell) X-H···H-Y in-
teraction to covalent (shared-shell) X···H-H···Y interaction. This transition appears to be discontinuous.

Key words: bond-critical parameters, bond topology, dihydrogen bonds, hydrogen bonds, organoammonium tetraphenyl-
borates. 743

Résumé : On a démontré que les structures cristallines des tétraphénylborates des cations dabcoH+, guanidium (solvaté
avec du MeCN) et biguanidinium comportent une variété de liaisons dihydrogènes (DB) C-H···H-C de polarité nomi-
nale nulle ainsi que des liaisons hydrogène (HB) de N-H···H, C-H···H, N-H···Ph et C-H···Ph. On a caractérisé ces liai-
sons intermoléculaires d’une façon topologique après un affinement multipolaire des structures. La coexistence de DB
et de HB dans chacune de ces structures permet d’établir la hiérarchie de leurs forces relatives. Elle illustre aussi
l’importance des DB pour satisfaire la tendance de ces structures à maximiser l’engagement de liaison intermoléculaire
total. Dans le but de comparer les DB observées plus haut avec d’autres DB, on a analysé les résultats d’un grand
nombre de calculs effectués au niveau MP2/6-31G(d,p) (fournis par I. Alkorta) pour trouver des corrélations de réfé-
rence entre des paramètres critiques pour les liaisons. Ainsi, pour une liaison X-H···H-Y, il existe une bonne corrélation
entre la différence ∆ε(H)m entre les charges de Mulliken sur les atomes dans les composants X-H et H-Y non com-
plexés et les paramètres X-H···H-Y et elle peut être utilisée pour faire des prédictions relatives à la force topologique
d’une liaison X-H···H-Y. Il ne semble pas que la corrélation change de façon significative si on utilise la différence
∆ε(H)c dans la liaison; de meilleures corrélations peuvent être obtenues par l’utilisation de la quantité de charge trans-
férée lors de la formation de la liaison H···H au lieu des ∆ε(H)m ou ∆ε(H)c. On obtient des interactions de liaison
même avec des atomes H semblables ou apparentés par symétrie en raison des interactions entre dipôles induits qui ex-
pliquent l’existence des liaisons intermoléculaires C-H···H-C rapportées plus haut avec un d(H···H) = 2,18–2,57 Å, la
densité électronique au point critique de liaison d’environ 0,05–0,08 e/Å3 et une évaluation approximative de l’énergie
de liaison H···H d’environ 1,5 kcal/mol. L’examen des paramètres critiques de liaison des liaisons X-H···H-Y suggère
aussi un critère de stabilité de ces liaisons par rapport à la transition d’interaction non partagée (couche fermée)
X-H···H-Y à interaction covalente (couche partagée) X···H-H···Y. Cette transition semble discontinue.
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[Traduit par la Rédaction]

Robertson et al.Introduction

In this paper we describe and discuss features that are ob-
served in the electron-density distributions of C-H···H-C
groupings in the recently determined2 crystal structures of
three organoammonium tetraphenylborates, and which point
to the existence of bonding interactions between the hydro-
gen atoms. Numerous examples of presumed X-H···H-Y
bonding interactions (termed “dihydrogen bonds”, DB, in
ref. 2 and provisionally referred to as “bonds” in the follow-
ing) have been reported previously (cf. refs. 3–9 for compre-
hensive reviews). These rely almost entirely on the evidence
provided by unusually short H···H distances rather than on
detailed topological criteria, or by ab initio energies of for-
mation (cf. refs. 10–38 for mostly experimental results and
refs. 39–67 for theoretical aspects). It has been largely
(though not always, e.g., refs. 8 and 39) assumed that these
interactions depend for their existence and strength on the
“polarity” of the H···H group, i.e., on the observed or postu-
lated non-negligible difference |∆ε(H)| between the net (usu-
ally Mulliken) charges ε(H) on the two H atoms. There is
thus a “donor” Hd and an “acceptor” Ha atom in the pair. In
the tetraphenylborates, the distinctive feature of the C-H···H-C
bonds is the smallness of |∆ε(H)|. With one exception, the
bonds are formed between C-H groups of phenyl rings on
neighbouring BPh4

– anions; the net charges on the H atoms
are very small to begin with (68) and so their differences are
even smaller. This contrasts with the previously reported ex-
amples of DBs, in most of which |∆ε(H)| is appreciable (but
see ref. 38). In the following we report details of our obser-
vations and discuss geometric and topological arguments for
and against interpreting these interactions as bonds.

The interatomic distances d in this paper are in Å, the
electron density ρc = ρ(rc) at the bond-critical point (BCP) is
in e/Å3, the Laplacian ∇c

2 = ∇2ρ(rc) is in e/Å5, and the net
(Mulliken) atom charge on H, ε (H), is in e. Standard devia-
tions σf of fit (for f degrees of freedom) are quoted also as a
percent of the observed range of the dependent variable, thus
σ25 = 0.063 ~ 3.5%. The following shorthand notation is
used: dH = d(H···H), ρH = ρc(H···H), ∇H

2 = ∇c
2(H···H), etc.

Where these quantities refer exclusively to the ab initio val-
ues in Table 1, they are designated as dA, ρA, etc. In compos-
ite plots, where parameters from two or more data sets are
included, a non-discriminatory common parameter label
(e.g., ρc) stands for any of the set-specific labels, such as ρH,
ρA, etc. The optimizations listed in Table 1 with A as the
sole reference were carried out at the MP2/6-31G(d,p) level,
without basis set superposition error (BSSE) corrections and
were not checked by frequency calculations.

Evidence of H···H (set H) and other (set E)
intermolecular bonding interactions

It is now widely accepted that, for a chemical bond be-
tween two atoms X and Y to exist, the electron-density dis-

tribution between X and Y has to satisfy certain require-
ments. These requirements have been formulated by Bader
in his “Atoms in Molecules” (AIM) theory (69–72). They
are, for the purposes of this investigation, concisely summa-
rized in refs. 48 and 71. The principal topological require-
ment is the existence of a clearly characterized bond path
BP between X and Y and of a (3,–1) BCP in this path. Asso-
ciation of the BP with an actual bond and the corresponding
bond energy is easily demonstrated for classical chemical
bonds but not so easily for very weak hydrogen bonds and a
fortiori for DBs (5). The evidence for the existence of C-
H···H-C bonds, presented in the following, is essentially
geometric and topological in nature.

The three salts we have investigated are 1-azonia-4-azabi-
cyclo[2.2.2]octane tetraphenylborate, (dabcoH+)BPh4 (DTB);
guanidinium tetraphenylborate solvate, [C(NH2)3]BPh4·MeCN
(GTB); and biguanidinium tetraphenylborate, {[(H2N)2C-]2-
N}BPh4 (BTB). Their crystal structures and topological fea-
tures are described in detail separately,2 as are particulars of
the multipole refinements. Briefly, high-resolution X-ray dif-
fraction data were collected at –120°C (or lower) using Mo
Kα radiation. After data processing, a preliminary least-
squares refinement with the conventional spherical model
led to the determination of a scale factor, starting positions,
and thermal parameters for the multipole refinement of each
structure. The multipole refinements were performed using
the XD software package (cited in ref. 2) and are described
in detail elsewhere. Since neutron data were not available,
hydrogen atom positions were constrained such that all X-H
bond lengths corresponded to appropriate neutron values.
The program XDGEOM of the XD package was used to
search for the intermolecular (interion) contacts of 3 Å or
less in each of the structures. The XDPROP program of the
XD package was then used to search for critical points in the
electron density distribution, generated from the final
multipole model of each compound, for each of the located
short contacts. Bond paths were also calculated using the
XDPROP function of the XD package.

The structures were searched, among other things, for
inter-ion and ion–solvent contacts (with H···Y distances
shorter than 3 Å) between a hydrogen atom and any possible
acceptor Y. The search included all inter-ion/solvent contacts
but not intra-ion contacts. All eligible geometric contacts
were then subjected to a topological investigation, which in-
volved searching for BCPs and associated BPs between the
atoms. Of the 43 geometrically close C-H···Y contacts inves-
tigated, all but one were found to have associated BCPs and
BPs. Two new contacts were located in the topological
search, for a total of 44 interactions of various types being
studied. The interactions could be characterized in two ways:

(i) Geometry. Criteria have been developed to determine,
with confidence, interaction type based solely on the geome-
try of the interaction.2 For example, if in a C-H···Ph interac-
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2 Ref. 1 and K. N. Robertson, W. Kwiatkowski, O. Knop, and T. S. Cameron, to be published.
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tion the minimum HC···Cring distance is longer than the
corresponding HC···Hring distance by 0.40 Å or more, then an
H···H contact would be expected to occur.

(ii) Bond path. As described more completely else-
where,2 the H···H contacts always have BPs that begin at
one HC atom and terminate at another HC atom, although
they may follow either C-H bond for a portion of its dis-
tance.

Generally, there was good agreement between the two
classification methods. For example, a total of 15 H···H con-

tacts were located by each method in the three structures:
two in DTB, five in GTB, and eight in BTB (set H). They
are reported in Table 2 (and in more detail in Table A), ac-
cording to the C-Hd···Ha-C description that gives the best
(largest) C-H···H angle. Only one Hanion···Hcation contact was
found (in DTB) and no Hion···Hsolvent contact; the rest were
of the Hanion···Hanion type. Other types of contact identified in
the structures included (N-)H···N, (N-)H···Ph, and (C-)H···Ph
hydrogen bonds (set E, n = 27).3 The bond-critical parame-
ters of all the interactions studied are listed in Table B for

© 2003 NRC Canada
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Complex dA xA ξA ρA ∇ A
2 ∆ε(H)m

b ε(HX)A
c ε(HY)A

c ∆ε(H)c
c ∆qA Ref.d

1 LiH···HNF3
+ 0.738 0.399 0.5407 1.802 –32.8 0.625 A

2 LiH···HNH3
+ 0.805 0.463 0.5743 1.458 –22.0 0.579 42, A

3 LiH···HNC 1.579 0.905 0.5730 0.192 0.964 0.506 –0.267 0.355 0.622 0.0801 A, 66
4 LiH···HCN 1.866 1.041 0.5578 0.111 0.815 0.399 –0.231 0.247 0.478 0.0489 42, 47, 66
5 LiH···HNLi3

+ 2.027 1.104 0.5445 0.088 0.728 0.420 –0.221 0.309 0.529 0.0930 A
6 LiH···HCCSiH3 2.035 1.127 0.5535 0.078 0.672 0.371 –0.191 0.250 0.447 0.0323 A
7 LiH···HCCF 2.046 1.134 0.5545 0.078 0.656 0.370 –0.200 0.239 0.439 0.0311 A, 66
8 LiH···HCCH 2.080 1.151 0.5530 0.074 0.631 0.364 –0.197 0.236 0.433 0.0288 42, 47, 62, 66
9 LiH···HCCCH3 2.134 1.180 0.5526 0.066 0.583 0.369 –0.191 0.250 0.441 0.0248 A

10 LiH···HCCLi 2.399 1.316 0.5484 0.041 0.371 0.298 –0.168 0.184 0.352 0.0133 A
11 HBeH···HNF3

+ 1.166 0.669 0.5740 0.506 –0.251 0.547 –0.213 0.347 0.560 0.2604 A
12 HBeH···HNH3

+ 1.591 0.896 0.5631 0.153 0.940 0.501 –0.220 0.372 0.592 0.0933 42, A
13 HBeH···HNC 1.864 1.033 0.5540 0.085 0.827 0.428 –0.150 0.334 0.483 0.0339 A
14 HBeH···HCN 2.115 1.138 0.5381 0.055 0.588 0.321 –0.129 0.222 0.351 0.0196 42
15 HBeH···HCCF 2.242 1.198 0.5343 0.042 0.470 0.291 –0.110 0.201 0.311 0.0130 A
16 HBeH···HCCSiH3 2.252 1.201 0.5331 0.042 0.465 0.293 –0.111 0.205 0.316 0.0129 A
17 HBeH···HCCH 2.272 1.211 0.5328 0.040 0.448 0.285 –0.109 0.197 0.306 0.0120 A
18 HBeH···HCCCH3 2.315 1.232 0.5322 0.036 0.412 0.291 –0.104 0.207 0.311 0.0105 A
19 HBeH···HNLi3

+ 2.429 1.277 0.5255 0.033 0.350 0.342 –0.142 0.266 0.408 0.0250 A
20 HBeH···HCCLi 2.472 1.299 0.5256 0.028 0.301 0.220 –0.091 0.139 0.230 0.0054 A
21H2BH···HCCF 2.383 1.255 0.5268 0.028 0.347 0.260 –0.089 0.201 0.290 0.0025 A
22 H2BH···HCCLi 2.509 1.299 0.5178 0.023 0.271 0.188 –0.063 0.131 0.194 0.0012 A
23 H3BH–···HNC 1.385 0.795 0.5734 0.280 1.070 0.587 –0.220 0.342 0.563 0.1407 A
24 H3BH–···HCCH 1.802 0.995 0.5521 0.118 0.887 0.444 –0.190 0.219 0.409 0.0710 A
25 H3BH–···HCCLi 2.086 1.137 0.5448 0.068 0.595 0.378 –0.204 0.200 0.404 0.0378 A
26 LiCCH···HNH3

+ 1.775 0.995 0.5605 0.084 0.995 0.281 –0.086 0.455 0.542 0.0019 A
27 LiCCH···HNC 2.356 1.254 0.5322 0.019 0.323 0.208 0.074 0.351 0.277 0.0001 A
28 LiCCH···HCN 2.357 1.219 0.5174 0.021 0.351 0.102 0.084 0.223 0.140 0.0013 A
29 LiCCH···HCCF 2.396 1.221 0.5096 0.021 0.306 0.072 0.100 0.195 0.096 0.0001 A
30 LiCCH···HCCH 2.436 1.238 0.5083 0.020 0.282 0.066 0.102 0.192 0.090 0.0001 A
31 H3CH···LiCCH 2.514 1.239 0.5072 0.020 0.253 0.010 0.123 0.124 0.001 0.0015 A
32 H3CH···HCCH 2.539 1.230 0.5157 0.018 0.234 0.076 0.106 0.191 0.085 0.0019 A
33 H3CH···HCH3 (D3d) 2.661 1.330 1/2 0.016 0.195 0 0.118 0.118 0 0.00001 A
34 H2

e 0.7337 0.3669 1/2 1.857 –34.15 0 0 0 0 0
adA = d(H···H)A, xA = d(HX···BCP), ξA = xA/dA, ρA = ρc(H···H)A, ∇A

2 = ∇c
2(ρA).

b∆εm = ∆ε(H)m = |ε(Hd)m – ε(Ha)m|A; ε(Hd)m, ε(Ha)m, Mulliken charges on the Hd and Ha atom, respectively, in the XH and HY molecules before
complexation: H3BH–, –0.252; LiH, –0.171; HBeH, –0.093; H2BH, –0.062; H3CH, 0.117; HCCLi, 0.127; HCCH, 0.192; HCCCH3, 0.198; HCCF, 0.199;
HCCSiH3, 0.200; HCN, 0.228; Li3NH+, 0.249; HNC, 0.335; H3NH+, 0.408; F3NH+, 0.454.

cε(HX) = ε(HX)A, ε(HY) = ε(HY)A, Mulliken charges on the H atoms in the X-H···H-Y complex; ∆ε(H)c = |ε(HX)A – ε(HY)A|.
dA: these results were supplied, at the authors’ request, by Dr. I. Alkorta by way of extension of ref. 42.4 Remko’s (47) MP2(Full)/6-31G(d) d(H···H)

values for linear 4, 8, 14, and 17 are 1.889, 2.105, 2.116, and 2.271 Å, respectively (no imaginary frequencies).
eOptimized in MP2/6-31G(d,p); Gc(H–H) = 0.58466 au, Kc(H–H) = 0.58471 au.

Table 1. Bond-critical parameter values for the H···H bonds in MP2/6-31G(d,p) optimized linear X-Hd···Ha-Y complexes.a

3 In addition, nine (C-)H···N contacts were also found, and four of a type intermediate between H···H contacts and C-H···Ph bonds; these are
not discussed here.
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comparison.4 All these contacts are fully described else-
where;2 here we give only a summary of the H···H parame-
ters (Table 2) and a sample of interaction diagrams showing
projections of the H···H BPs (Figs. 1–4).

The internuclear distances dH in H are all shorter than
2.6 Å, the shortest being 2.18 Å (Table 2). The H···H con-
tacts occur between all three types of phenyl hydrogens. The
C-H···H angles vary from approximately 115° to 176°, with-
out a detectable trend with dH (cf. a similar observation for
B-H···H and N-H···H angles, ref. 29). The observed H···H
BPs always start at one H atom and end on another, but
sometimes they are appreciably curved (Figs. 1–4).5 In ex-
treme cases the path starts out in the direction of the mid-
point of a C-H bond, but just before its completion it veers
sharply toward the H atom (cf. Fig. 4). The length of the BP
then differs significantly from the internuclear H···H dis-
tance in Table 2. It is not simple to trace the actual length of
a BP as the path curves in space, and its length projected on
a plane containing the two H atoms provides only a mini-
mum estimate of the actual length. Inspection of the com-
plete BPs has shown that, on the average, the internuclear
H···H distances underestimate the actual length by some 5–
10%, i.e., ~0.22–0.25 Å. For a BP as curved as that in Fig. 4
there is also the question: how exactly should its length be
measured? To the terminating H atom (BP longer) or to the
point where the bond path first approaches the C-H bond
(BP shorter)?

© 2003 NRC Canada
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Fig. 1. C-Hcation···Hanion-C interaction in DTB (d in Table 2).
Black dots indicate positions of the bond-critical points in the
H···H contacts. Note that the Xn_atom label in the bond path di-
agrams refer to symmetry-generated atoms. Details for the gener-
ation of these atoms are given in the deposited material (Table A).

Typea dH
b,c <(C-H···H′ )c <(H···H′ -C′ )c ρH ∇ H

2 ∆ε(H)m
d Structure

a o–m 2.179 165.8 103.1 0.078(1) 0.703(1) 0.026 BTB
b o–m 2.205 175.5 117.3 0.056(1) 0.583(1) 0.026 BTB
c o–o 2.261 115.1 115.1 0.057(1) 0.782(1) 0 BTB
d cation–o 2.262 132.8 120.9 0.056(0) 0.413(1) DTB
e m–o 2.337 154.8 112.4 0.051(1) 0.442(1) 0.026 GTB
f m–m 2.347 151.1 106.7 0.053(1) 0.626(1) 0 BTB
g m–o 2.354 159.6 105.7 0.065(0) 0.441(0) 0.026 DTB
h p–m 2.357 121.3 114.3 0.061(2) 0.504(1) 0.003 GTB
i m–o 2.391 173.7 113.3 0.043(1) 0.423(1) 0.026 BTB
j o–p 2.446 166.0 106.7 0.045(1) 0.406(1) 0.029 BTB
k m–o 2.454 124.0 108.9 0.058(1) 0.467(1) 0.026 GTB
l p–m 2.454 149.5 103.4 0.045(1) 0.479(1) 0.003 BTB
m o–m 2.464 167.9 103.1 0.049(1) 0.439(1) 0.026 GTB
n p–m 2.508 115.1 105.2 0.040(1) 0.533(1) 0.003 BTB
o p–o 2.574 151.6 98.3 0.046(1) 0.405(1) 0.029 GTB

Mean 2.37[11] 0.054[10] 0.51[12] 0.018[12]
aType of H atom on the phenyl ring.
bInternuclear H···H distance.
cIn the multipole refinements the hydrogen atoms were placed at the appropriate neutron bond lengths; error estimates on distances and angles are not

available. The standard error on the C-C bond lengths in the structures ranged from 0.001–0.005 Å and the standard error on the corresponding C-C-C
bond angles ranged from 0.1–0.3°.

dApproximate ∆ε(H)m from B3LYP/6-31G(d,p) optimization of BPh4
– (68).

Table 2. Bond-critical parameters for the C-H···H′ -C′ contacts in the tetraphenylborates studied (set H).

4 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). Tables de-
posited: A. Geometric and bond-critical parameters for the H···H interactions in the tetraphenylborates studied. B. Bond-critical parameters
for all intermolecular interactions of 3 Å or less in the tetraphenylborates studied. Figures deposited: A to I. Bond path diagrams for all the
experimental H···H interactions.

5 Intramolecular C-H···H-C BPs with similar features have recently been observed in a variety of ab initio structures of benzenoid and other
hydrocarbons by Matta et al. (38). For these, differences between the internuclear H···H distance and the actual BP length are reported to
amount to as much as ~0.27 Å (i.e., ca. 13%; converted from au).
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Establishing a comparison norm (set A)
To position the DB parameters of Table 2 in the body of

known DBs, it is desirable to establish some kind of refer-
ence norm. Experimental determinations of such parameters
have been spotty (cf. ref. 28), and ab initio calculations are
not always available at the same theory level, thus preclud-
ing systematic comparisons on equal footing. For our pur-
poses a suitable norm is conveniently established with
recourse to the ab initio calculations of Alkorta et al. (42),
who studied, among other species, a number of linear
X-H···H-Y complexes (Table 1). Additional calculations by
Alkorta6 have expanded the original MP2/6-31G(d,p) set to
that presented in Table 1 and named set A.7 Examination of
A permits the following observations to be made:

(a) As would be expected, ρA increases monotonically
with decreasing dA (Fig. 5). This non-linear dependence can
be represented by a power or an exponential function. A
power regression yields

[l] ρA = 0.717dA
–3.113, r2 = 0.996,

σ31 = 0.0240 ~ 1.3%,

as against the exponential regression

[2] ρA = 13.28 exp(–2.727dA), r2 = 0.997,

σ31 = 0.0204 ~ 1.1%.

Although eq. [2] has a smaller σ, neither fit is entirely satis-
factory, as, in modelling ρA, eq. [1] overestimates and eq. [2]
underestimates ρA at large dA, i.e., for weak DBs. The empir-
ical hybrid function related to ρA = 1/2(eq. [1] + eq. [2]) but
independently refined,

[3] ρA = 0.313dA
–3.001 + 8.038 exp(–2.789dA)

(r2 = 0.999, σ29 = 0.0124 ~ 0.7%), gives a better result. It
also closely accommodates the matching data point for the
H2 molecule (Table 1). Although eq. [3] provides an accept-
able overall fit to dA,ρA, a more detailed examination shows
that the dA,ρA set in fact has a structure that cannot be en-
tirely ignored and that may be important.

(b) The ∇A
2 vs. dA plot (Fig. 6) is of the type observed for

the (N-)H···N8 and (F-)H···F (74) hydrogen bonds. The vari-
ation of ∇A

2 with dA over the considerable data range is ap-
proximated very well by the difference of two exponentials,

[4] ∇A
2 = 57.52 exp(–2.163dA)

– 1779.4 exp(–4.996dA),

r2 = 1.000, σ29 = 0.119 ~ 0.35%.9 The regression line has a
maximum of 1.253 at dA = 1.507 and crosses the ∇A

2 = 0 line
at dA = 1.212. However, for dA > 1.3Å (which would amply
cover the present experimental range), the A set is more
closely fitted by
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Fig. 2. C-Hanion···Hanion-C contacts to ring 1 in GTB (H23···H12,
e; H13···H12, k; H14···H15, h in Table 2). The ring-critical
points are not shown. Note one C-H···Ph HB is also formed.

Fig. 3. C-Hanion···Hanion-C contacts to ring 1 in BTB (H16···H15,
b; H16···H16, c; H46···H13, a; H36···H14, j in Table 2). The
ring-critical points are not shown.

6 The authors are indebted to Dr. Ibon Alkorta for supplying, at their request, the MP2/6-31G(d,p) results for the complexes listed in Table 1
but not examined in ref. 42.

7 MP2/6-31G(d,p) optimizations of CNH···HCN, HCCH···HCCF, HCCH···HCN, HCCH···HF, and H3BH–···+HNF3 were also attempted but
failed to yield results suitable for inclusion in A.

8 Ref. 73 and O. Knop, K.N. Rankin, and R.J. Boyd, to be published.
9 This fit, while close, might perhaps be improved somewhat, arithmetically, by including a join function to bridge the low and the high dA
regions, analogous to (though conceptually different from) that employed in ref. 74 for fitting dc,∇ c

2 of F-H···F hydrogen bonds.
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[5] ∇A
2 = –4.270 + 8.916dA – 4.706(dA)2

+ 0.7461(dA)3

(r2 = 0.986, σ26 = 0.0329 ~ 3.9%). This partial regression ap-
pears to be better suited to the experimental range of dc,∇c

2

values for H···H bonds. The statistical model function eq. [4]
may be regarded as formally representing two opposing ten-
dencies, which compensate each other at ∇c

2 = 0.
(c) An excellent cubic correlation over the entire ρA,∇A

2

data range is

[6] ∇A
2 = 0.0743 + 9.859ρA – 23.61(ρA)2

+ 4.450(ρA)3

(r2 = 1.000, σ29 = 0.078 ~ 0.2%; Fig. 7), with a maximum of
1.139 at ρA = 0.224 and ∇A

2 = 0 at ρA = 0.465. The regression
line constrained to pass through the origin is only slightly
worse:

[7] ∇A
2 = 10.58ρA – 24.57(ρA)2 + 4.78(ρA)3

(r2 = 1.000, σ29 = 0.092 ~ 0.3%; Fig. 7), with a ∇A
2 maxi-

mum of 1.165 at ρA = 0.231 and ∇A
2 = 0 at ρA = 0.474. These

regressions are compared with the corresponding regression
for the (N-)H···N hydrogen bonds (set N, n = 54, MP2/6-
31G(d,p);8 Fig. 7),

[8] ∇A
2 = 16.89ρΝ′′ – 25.69(ρΝ′′)2, r2 = 0.983,

σ51 = 0.531 ~ 3.8%.

Relative to the N curve, the A curves cross the ∇A
2 = 0 line

sooner and fall off less sharply in the ∇c
2 < 0 region.

Each of the three heterocorrelations a–c thus finds its
counterpart in the (N-)H···N (set N) and (F-)H···F (74) hy-
drogen bonds, so that, formally, there is no qualitative differ-
ence in the functional dependence between hydrogen and
dihydrogen bonds.

Experiment vs. the ab initio norm
With the ab initio norm a–c established we can relate A to

the experimental sets H and E, as well as to other experi-
mental and ab initio results.10

The inset of Fig. 5 contains two kinds of comparison.
First, it shows the experimental dA,ρA data points of set E,
i.e., for the topologically qualified (N-)H···N, (N-)H···Ph,

© 2003 NRC Canada
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Fig. 4. One of the C-Hanion···Hanion-C interactions in BTB
(H44···H33, l in Table 2). The H···H bond path first heads to-
ward the midpoint of the C33-H33 bond but then changes course
and terminates at H33.

Fig. 5. Correlation of dA and ρA (eq. [3]). Solid circles,
LiH···HY; open circles, HBeH···HY; open squares, H3BH–···HY;
open triangles, LiCCH···HY; solid triangles, H2BH···HY; solid
squares, H3CH···HY; open diamond, H2. Inset: location of the data
points for sets E and H relative to the correlation lines A (thick),
E (eq. [9], thin), and N (eq. [10], broken line). Solid circles,
H···H (set H); open circles, (N-)H···N; open triangles, (N-)H···Ph;
open squares, (C-)H···Ph; solid triangles B, C, P1, P2 (see text;
footnote 10). Positions of group centroids are indicated by X.

10There still is, in the literature, a scarcity of bond-critical parameter values for H···H bonds fully characterized by their BPs and BCPs, but
the following (B, C, P1, and P2 in the plots; Figs. 5, 8, and 9) can be quoted for comparison. Point B refers to the (C-)H···H(-Mn) bond in
CABNIC01 and CABNIC02 (28): dc = 2.12(1), ρc = 0.066(5), ∇c

2 = 0.79(3). Point C refers to the H9···H12 bond in the MP2/6-31G(d,p) op-
timized [Ir(H)3(PH3)2(NHCHNH2)] (60): dc = 1.818, ρc = 0.149, ∇c

2 = 1.060. Point P1 refers to the (B1-)H3···H12(-N10) and point P2 to the
(B9-)H15···H5(-N2) bond in the MP2/6-31G(d,p) optimized (H3BNH3)2 dimer (48). For P1, dc = 1.726, ρc = 0.128, ∇ c

2 = 1.118; for P2, dc =
2.149, ρc = 0.065, ∇c

2 = 0.836. The charges on the H atoms for P1 and P2 are AIM rather than Mulliken charges; they cannot be used with
the latter in our correlations (personal communication from P.L.A. Popelier and refs. 76 and 77; cf. also ref. 52).
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and (C-)H···Ph hydrogen bonds of Table B. Each group of
contacts is cleanly separated from the other two and there is
clear visual evidence that the (C-)H···Ph hydrogen bonds are
weaker than the (N-)H···Ph bonds.2 The 27 dE,ρE data points
can be fitted by a common exponential regression

[9] ρE = 5.306 exp(–1.639dE), r2 = 0.901,

σ25 = 0.0114 ~ 6.9%.

Second, the dH,ρH points for the H···H contacts are compared
with the ab initio norm (set A). They all fall above the A
curve, but visually it is obvious that, as a group, they are
closer to the A than to the E curve and, as measured by ρc,
correspond to weaker interactions than do the hydrogen
bonds of E. The experimental point B and the ab initio
points C, P1, and P2 are consistent with the H set.10 The re-
gression line N for the ab initio set N,

[10] ρN = 1.308dN
–3.928 + 13.32 exp(–2.580dN)

(r2 = 0.990, σ50 = 0.0334 ~ 3.3%) is below the E line, the
difference arising partly from the underestimation of N in
the MP2/6-31G(d,p) optimization.

The parallel comparison for dH,∇H
2 is shown in Fig. 8.

The H points (Fig. 8b) are somewhat above line A (eq. [5]),
but they and points B, C, P1, and P2 otherwise follow more
or less the trend of line A. The disposition of the E points
about their common regression line (Fig. 8a) again reveals a
clean separation of the three classes of HBs, in the strength
sequence (N-)H···N, (N-)H···Ph, (C-)H···Ph. The exponential
regression shown for E,

[11] ∇E
2 = 60.18 exp(–1.733dE), r2 = 0.92,

σ25 = 0.095 ~ 6.8%,

coincides, over the data range, quite closely with the corre-
sponding local cubic approximation eq. [5] (Fig. 6, inset).
As in Fig. 5 (inset), the regression line for the N set in
Fig. 8a,

[12] ∇N
2 = 427.8 exp(–2.671dN

′′ )

– 44515 exp(–5.935dN
′′ )

(r2 = 0.985, σ50 = 0.515 ~ 3.7%), is below the E line.
For ρE,∇E

2 (Fig. 9a) the separation of (N-)H···N, (N-)H···Ph,
and (C-)H···Ph is also clean. The regression line E for this
data set,

[13] ∇E
2 = 8.91ρE, r2 = 0.90, σ25 = 0.110 ~ 8.0%,

is significantly below the ab initio curve N for the (N-)H···N
bonds.8 Unlike in Figs. 5 and 8, the H points in Fig. 9 are
mixed up considerably with the points of E, mainly with
those for the (C-)H···Ph bonds; points B, C, P1, and P2, not
included in the regressions, appear to correspond to stronger
H···H interactions. The lack of separation is consistent with
the essentially similar character of the H···H and weak HBs.

At comparable dc (Fig. 5, inset), ρc in set H is about half
that in the (N-)H···Ph HBs. The ρH values that are observed
at, say, ~0.05 e/Å3 in H···H bonds of ca. 2.4 Å length are
comparable to the ρc values in (C-)H···Ph HBs of ca. 2.9 Å
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Fig. 6. Correlation of dA and ∇ A
2 (eq. [4]). Inset: enlargement of

the main plot for large dA. The local cubic approximation eq. [5]
is represented by the broken line. Symbols as in caption of Fig. 5.

Fig. 7. Correlation of ∇ c
2 and ρc for sets A (eq. [7]) and N

(eq. [8], broken line). The N line terminates at the ρS = 1.026,
∇ S

2 = –10.22 point for the symmetric hydrogen bond (75). Inset:
enlargement for small ρA. Thin line, unconstrained regression
eq. [6]; thick line, eq. [7]. Symbols as in caption of Fig. 5.

I:\cjc\cjc8106\V03-080.vp
June 23, 2003 12:14:41 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



length. The DBs are thus significantly weaker than the
(N-)H···Ph or the (C-)H···Ph bonds in the three structures
and weaker also than the H···H bonds in B, C, P1, and P2.10

This is reflected more quantitatively in the positions of the
centroids of the three groups of data points for sets H and E
(Figs. 5 (inset), 8, and 9):11
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Fig. 8. Location of the dc,∇ c
2 data points for sets E (a) and H (b) relative to the correlation lines A (eq. [4], thick), E (eq. [11], thin),

and N (eq. [12], broken line). Symbols as in caption of Fig. 5 (inset).

Fig. 9. Location of the ρc,∇c
2 data points of sets E (a) and H (b) relative to the correlation lines A (eq. [7], thick), E (eq. [13], thin),

and N (eq. [8], broken line). Symbols as in caption of Fig. 5 (inset).

Type n dc ρc ∇c
2

Set H (C-)H···H(-C) 15 2.37[11] 0.054[10] 0.51[12]
Set E (N-)H···Ph 12 2.56[10] 0.079[17] 0.72[16]

(C-)H···Ph 13 2.89[7] 0.048[7] 0.41[12]

11The corresponding centroids for the nine (C-)H···N hydrogen bonds (not discussed here;3 Table B) are dc = 2.82[12], ρc = 0.053[10], and
∇ c

2 = 0.54[9], respectively.
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All three comparisons thus confirm the strength hierarchy2

of the three types of HBs in E and testify to the non-
negligible strength of the observed H···H interactions.

In Fig. 5 (inset) the H data points fall above their ab initio
reference line A by roughly a similar amount as the E data
points fall above the comprehensive ab initio reference line
N for the (N-)H···N bonds8 if N is taken as a common esti-
mate of points of the E set. The discrepancy between the ex-
perimental points and the reference curve appears thus to
arise mainly from inadequacies of the MP2/6-31G(d,p)
model.

The lengths of the H···H contacts in H are not unusual
among those reported from experiment for main-group X
and Y. Ref. 9 suggests 1.7–2.2 Å for d(H···H) and 90–135°
for X-H···H or H···H-Y as the overall range for DBs, with an
upper limit of 2.65 Å in C-H···H-B bonds. More specifically,
in adducts of LiBH4 (27), NaBH4 (25), and NaCNBH3 (25),
the range of (corrected) intermolecular distances is 1.62–
2.28 Å. As for intramolecular H···H contacts, Matta et al.
(38) find, in documented ab initio BPs in a variety of
benzenoid and other hydrocarbons, d(H···H) < 2.12 Å be-
tween hydrogens on benzenoid carbons and d(H···H) >
2.17 Å and up to ~2.70 Å between hydrogens of Me groups
(distances converted from au; van der Waals radius of H as-
sumed to be ~2.39 Å). Similarly, the 16 bifurcated, highly
bent B-H(···H-C)2 intramolecular H···H bonds in TARNOP,
TARNUV, TARPAD, TARPEH, and TARPIL (not character-
ized topologically) are reported (21) to have a range of
2.22(4)–2.94(5) Å and an unweighted grand mean of
2.51[18] Å compared with the intermolecular dH(H) of
2.38[11] Å and a range of 2.18–2.57 Å (Table 2).

Do bond-critical parameters of DBs depend on ∆ε(H)?
As pointed out in the Introduction, the Mulliken charges

ε(H) on the phenyl hydrogens of H are very small (68) and
their differences ∆ε(H) are even smaller. Yet in spite of their

almost negligible polarity the H···H contacts have topologi-
cal characteristics that suggest kinship with authenticated
DBs. To investigate to what extent ∆ε(H) is a determinative
factor in the formation of an H···H bond, dA, ρA, and ∇A

2

have been plotted against ∆ε(H)m = |ε(Hd)m – ε(Ha)m|, the
difference between the Mulliken charges on the pertinent H
atoms in the two species XH and HY prior to complexation
(Figs. 10–12). In none of these plots are the data points
cleanly separated into an LiH and an HBeH set (Table 1) or
even more finely, but it is evident that the parameters corre-
late significantly with ∆ε(H)m.

As might be anticipated, the dA values decrease with in-
creasing ∆ε(H)m, and the decrease is steep (Fig. 10a). In
spite of the considerable scatter the ∆ε(H)m,dA pairs are
quite well fitted by

[14] dA = 2.635 – 0.096 exp[4.787∆ε(H)m],

r2 = 0.91, σ30 = 0.153 ~ 8.0%.

With the outlier 26 removed, r2 increases to 0.94, σ29 =
0.125 ~ 6.5%, but the new regression line differs from that
of eq. [14] only insignificantly.

The range of ρA is too large to display the features of a
∆ε(H)m,ρA plot in sufficient detail directly. However, a
∆ε(H)m,ln ρA plot (Fig. 11a) can be fitted reasonably well by

[15] ln ρA = –4.442 + 0.376 exp[4.088∆ε(H)m],

r2 = 0.93, σ30 = 0.329 ~ 7.0%.

The functional form of this regression reveals that even at
∆ε(H)m = 0 the ρA value is still about 0.018 e/Å3 (compare
this with Bader’s (69) ρc in Ne···HF and Ar···HF, 0.067 and
0.052 e/Å3, respectively).

The sign inversion of ∇A
2 within the observed ∆ε(H)m

range lends the ∇A
2 vs. ∆ε(H)m plot (Fig. 12a) a particularly

informative character. For ∆ε(H)m up to ca. 0.52, ∇A
2 shows
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Fig. 10. (a) Correlation of dA with ∆ε(H)m. Regression line Rl, eq. [14]. Solid diamonds, set H. (b) Correlation of dA with ∆ε(H)c. Re-
gression line R2: dA = 2.673 – 0.115 exp[3.922∆ε(H)c], r2 = 0.81, σ28 = 0.163 ~ 11%. Symbols as in caption of Fig. 5.
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a steady non-linear increase with ∆ε(H)m. This portion of the
plot can be represented by

[16] ∇A
2 = 0.232 + 2.390[∆ε(H)m]1.790, r2 = 0.78,

σ27 = 0.127 ~ 12%,

i.e., ∆ε(H)m and ∇A
2 in this region are correlated, and the

variation is monotonic. However, the ∇A
2 values for 1, 2, and

11 are negative, and at the same time the magnitudes of ∇A
2

of 1 and 2 are also dramatically large relative to ∇A
2 < 0.52

(Fig. 12c). This indicates a change-over from an essentially
electrostatic to a covalent bond character and suggests that
the sign of ∇c

2 can be used as a diagnostic of the X-H···H-
Y/X···H-H···Y instability (see below). This change of the in-
teraction regime occurs at ∆ε(H)m ~ 0.54. There is some un-
certainty concerning 23, which has a positive Laplacian and
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Fig. 11. (a) Correlation of ln ρA with ∆ε(H)m. Regression line Rl, eq. [15]. Solid diamonds, set H. (b) Correlation of ln ρA with
∆ε(H)c. Regression line R2: ln ρA = –4.827 + 0.686 exp[2.648∆ε(H)c], r2 = 0.84, σ28 = 0.360 ~ 7.8%. Symbols as in caption of Fig. 5.

Fig. 12. (a) Correlation of ∇ A
2 with ∆ε(H)m. Regression line Rl, eq. [16]. (b) Correlation of ∇ A

2 with ∆ε(H)c. Regression line R2: ∇ A
2 =

0.231 + 2.19[∆ε(H)c]
2.00, r2 = 0.86, σ27 = 0.102 ~ 12%. (c) Correlation of ∇ A

2 with ∆ε(H)m, all data pairs shown. Regression line R3:
∇ A

2 = 218 – 405∆ε(H)m, r2 = 0.92, σ = 6.8%. Symbols as in caption of Fig. 5; solid diamonds, set H.
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a ∆ε(H)m value larger than that of 11. Possibly this has to do
with the negative charge on the complex.

To compare the experimental parameters of H with those
of the A set, estimates of ε(H) for the phenyl hydrogens are
required. These are obtained from the ε(H)m for the free
BPh4

– anion in its ground-state S4 conformation (B3LYP/6-
31G(d,p), ref. 68: 0.064[2] e for the ortho, 0.038[1] e for the
meta, and 0.035 e for the para hydrogens). Thus ∆ε(H)m = 0
for like hydrogens, ~0.026 e for ortho–meta, ~0.029 e for
ortho–para, and ~0.003 e for meta–para H···H contacts.
These values, even for the ortho interactions, are 10–20
times smaller than the ∆ε(H)m in Table 1. One would there-
fore expect BPs in the tetraphenylborates, if any, only for the
ortho interactions, but in fact BPs are observed even be-
tween like H atoms (Table 2).

In Fig. 10a the centroid of H is at dH = 2.37[11] Å,
∆ε(H)m = 0.016[13] e, i.e., only ca. 0.13 Å below the regres-
sion line and thus well within 1σ of the fit. The ∇H

2 values in
H (Fig. 12a) stretch over a wider interval than might be ex-
pected but otherwise are consistent with the general location
anticipated for (C-)H···H(-C) interactions. Only very small
differences are observed between the o, m, and p types of
the phenyl hydrogens. In H there is a small ρH at the BCP
even at ∆ε(H)m nominally zero (c and f) or close to zero (Ta-
ble 2). These “residual” ρH values are commented upon in
the Discussion.

Differences between ∆ε(H)m and ∆ε(H)c
The use of ∆ε(H)m in the correlation plots is anticipatory,

i.e., it is expected that the correlation will depend on the dif-
ference of the ε(H)m charges in the respective “monomers”,
without consideration of the a priori unknown extent of the
variation of ε(H) on complexation. Figure 13 compares the
differences ∆ε(H)m and ∆ε(H)c, i.e., before and after the for-
mation of the DB (Table 1). Constrained linear regression
(ε(H)c values were not obtained for 1 and 2, both of the
Li+···H-H···NX3 type) yields

[17] ∆ε(H)c = 1.136∆ε(H)m, r2 = 0.90,

σ29 = 0.055 ~ 8.8%.

With 26 not included,

[18] ∆ε(H)c = 1.118∆ε(H)m, r2 = 0.96,

σ28 = 0.036 ~ 5.8%.

Thus the difference ∆ε(H)c – ∆ε(H)m increases quasilinearly
with ∆ε(H)m. Replotting Figs. 10a–12a in terms of ∆ε(H)c
does not produce major qualitative changes in the trends
(Figs. 10b–12b), although the shifts in the positions of indi-
vidual data points may be large (cf. 19, 23, 24, 26).

Is there a bond-critical criterion of H···H/H2 instability?
With decreasing d(H···H) the two atoms will eventually

come sufficiently close for the covalent component of the
H···H interaction to dominate, and formation of a perturbed
H2 molecule, X···H-H···Y, will then become energetically fa-
vourable. As a consequence, loss of H2 from the DB com-
plex may occur in the course of its formation from XH and
HY during the optimization process.12 Thus, for example,
MP2/6-31G(d,p) optimization of the linear complex
H3BH–···+HNH3 (∆ε(H)m = 0.659) has been described (5, 42)
as dissociative,13 with liberation of H2, and an attempted
similar optimization of H3BH–···+HNF3 (∆ε(H)m = 0.705) re-
sulted in the formation of BH3, H2, and NF3 (I. Alkorta, per-
sonal communication).14 At which point the instability
begins to occur can, in our context, be investigated only in
geometric/topological terms, as we have not examined the
energy aspects of the problem. However, it is noted that the
∇A

2 values of the three species with very short H···H con-
tacts, viz. 1, 2, 11 (and of course H2), are all negative and
thus indicative of covalent bonding interactions.
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Fig. 13. Correlation of ∆ε(H)m and ∆ε(H)c (Table 1). Solid line,
all ∆ε(H)m,∆ε(H)c pairs, regression line (eq. [17]) constrained to
pass through the origin; dotted line, ∆ε(H)c = ∆ε(H)m. Symbols
as in caption of Fig. 5.

12Under experimental conditions, loss of H2 from a DB complex already formed need not occur even at very short H···H distances (24, 25,
27, 30; also 44, 46, 50–53), although such loss has been reported in some cases (78–80).

13Interestingly, crystalline ammonium borohydride NH4
+BH4

– has been reported to be stable below –20°C and to liberate H2 at higher tem-
peratures (81, 82).

14The position of the X-H···H-Y/X···H—H···Y equilibrium can be shifted by application of an external electric field (44). By choosing the
strength and direction of the field (ab initio calculations) it was possible to displace the two H atoms along the bond and thus to manipulate
the equilibrium in the LiH/HF, H3BH–/+HNH3, and HBeH/+HNH3 bond systems from a DB, via a coordinated H2 molecule, to H2 and vice
versa. In set A the variation of the bond type is achieved by “chemical” manipulation of X and Y, without external fields. The results of
ref. 44 emphasize the difference between DB stability in the ab initio calculation and in the crystal environment (cf. also ref. 65).13
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Plotting dA against the relative position ξA =
d(Hd···BCP)A/dA of the BCP in the H···H bond (Fig. 14), we
see that, for dA > 1.1 Å, dA decreases steadily with increas-
ing ξA:

[19] dA = 2.759 – 0.195 exp[25.96(ξA – 1/2)],

r2 = 0.89, σ27 = 0.354 ~ 28%

(regression R2, 11 not included); at the ξA = 1/2 limit, dA =
2.564 Å. In contrast, the two data points with dA < 1 Å, 1
and 2, do not fall on an extension of line R2. They and the
point for H2 can be accommodated by R1:

[20] dA = 0.596/(1.324 – ξA), r2 = 0.77,

σ1 = 0.016 ~ 23%,

i.e., by an entirely different regression function. The gap in
dA between the two groups of data points indicates that a
change takes place somewhere between dA ~ 0.85 and
~1.1 Å. This change involves the manner in which d(H···H)
determines the relative position of the BCP and with it the
character of the interaction. While this plot involves only
geometric parameters, dA and ξA = xA/dA, the existence of
the gap is confirmed by the presence of parallel features in
the ξA,ρA (Fig. 15) and ξA,∇A

2 (Fig. 16) plots, both of which
involve the non-geometric parameters ρA and ∇A

2 .
In Fig. 15 the electron density ρA at the BCP,

[21] ρA = 0.0165 + 0.00278 exp[59.66(ξA – 1/2)],

r2 = 0.91, σ27 = 0.0186 ~ 7%,

increases with ξA to ca. 0.2 e/Å3 at ξA ~ 0.573, at which
point it jumps suddenly (catastrophically?) to ~1.45 e/Å3

with very little change in ξA but with a considerable contrac-
tion of dA, from 1.385 Å in 23 to 0.805 Å in 2. After this, ρA
continues to increase but now with decreasing ξA. At the
same time the Laplacian ∇A

2 at the BCP of 1 and 2 changes
sign, indicating the now strongly covalent nature of the
H···H interaction. This contraction process ends at the H2
molecule with ξA = 1/2. Corresponding features are observed
in the ξA,∇A

2 plot of Fig. 16 (cf. also Fig. 12).
The number of data points in the ξA = 0.573–0.575 inter-

val unfortunately is too small for elucidating the features of
the plot in this region in more detail, but it seems that 11,
with its small negative Laplacian of –0.25 e/Å5, represents
the incipient stage of the change in the H···H regime.

The regression value ρA ~ 0.02 e/Å3 at ξA = 1/2 (eq. [21])
is within 1σ(eq. [21]), i.e., statistically ρA(ξA = 1/2) = 0 can-
not be dismissed. However, the observed ρH values, all with
ξA close to 1/2, are all larger than 0.04 e/Å3 (Table 2), i.e.,
non-zero and thus compatible with the regression value of ρA
from eq. [21].

Discussion

Unlike many of the crystal structures reported to contain
DBs, the structures of the three organoammonium
tetraphenylborates offer the advantage of containing, beside
at least two distinct intermolecular H···H contacts shorter
than 3 Å in each structure, a variety of weak N-H···Y and
C-H···Y hydrogen bonds (Table B). Thus, coming from the
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Fig. 15. Variation, with ξA = xA/dA, of ρA in the H···H bonds.
Regression line Rl: ρA = 1.857 – 2130(ξA – 1/2)3.30 (exact fit).
Regression line R2, eq. [21]. Symbols as in caption of Fig. 5;
open diamond, H2.

Fig. 14. Variation of dA with the relative position ξA =
d(Hd···BCP)/dA of the BCP in the Hd···Ha bond. Regression line
Rl, eq. [20]; regression line R2, eq. [19]. Symbols as in caption
of Fig. 5; open diamond, H2.
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same structure, the DBs and the corresponding HBs can be
compared on equal footing in terms of bonding engagement
and bond-critical parameters.

There are numerous short (i.e., less than the sum of the
van der Waals radii) H···H contacts reported in the literature
and presumed to be bonding even though their characteriza-
tion is incomplete, being based on no more evidence than
the d(H···H) distance instead of on complete topology. In the
present case, each of the 15 observed intermolecular H···H
contacts (set H) has a clearly characterized BP and a BCP,
thus satisfying the most important of the criteria of the H···H
bonding interaction (48, 71). The BPs are all somewhat
curved (Figs. 1–4), which makes it difficult to establish their
“true” lengths; the internuclear H···H distances dH are there-
fore used instead in describing the contacts. The dH and the
associated ρH and ∇H

2 values are listed in Table 2.
The simultaneous presence of intermolecular HBs and

H···H contacts in the three structures demonstrates also the
important principle of exhaustive (saturation) bonding in
crystal structures containing such bonds. The schematic
view of the bonding engagement of phenyl ring 1 in BTB
(Fig. 17) serves as an instructive illustration of the impor-
tance of the total intermolecular interaction. Here every
phenyl hydrogen is either a donor or an acceptor of a proton
in a DB and (or) an HB bond, and the DBs, while weaker
than the HBs, are not unimportant.15 Another excellent ex-

ample of exhaustive intermolecular bonding is found in the
dabcoH+ cation in DTB, but it is difficult to present all the
bonding interactions of the cation satisfactorily in a 2D pro-
jection.

Comparison norm for bond-critical parameters
To compare dH, ρH, and ∇H

2 with the corresponding pa-
rameters of other H···H and (X-)H···Y bonds, it was conve-
nient to establish a comparison norm utilizing Alkorta’s6

extensive ab initio data listed in Table 1 (set A). As the
dA,ρA, dA,∇A

2 , and ρA,∇A
2 plots (Figs. 5–7) show, these pa-

rameters are strongly and smoothly pairwise correlated. The
correlation curves give no indication of discontinuities or
other features that would point to the existence of a qualita-
tive differentiation in the nature of the H···H bonds in set A
with respect to their length.

However, when the relative position ξA = d(Hd···BCP)/dA =
xA/dA of the BCP in the H···H bond is plotted against dA
(Fig. 14), the data points are seen to fall in two groups (sep-
arated by a gap at dA between approximately 0.9 and
1.15 Å), and two correlation curves with quite different
slopes are required to represent the complete data set when
the subset with dA < 0.9 Å is augmented by the dA,ξA point
for the H2 molecule. The existence of the gap is confirmed
in Fig. 15, where ρA, which is not a purely geometric param-
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Fig. 16. Variation, with ξA, of ∇ A
2 at the BCP in the H···H

bonds. Regression line R1: ∇ A
2 = –34.15 + 146283(ξA – 1/2)3.617

(exact fit). Regression line R2: ∇ A
2 = 0.2219 + 73.58(ξA – 1/2)1.708,

r2 = 0.87, σ27 = 0.096 ~ 11%. Inset: expansion of the R2 plot.
Symbols as in caption of Fig. 5; open diamond, H2.

Fig. 17. Intermolecular bonding engagement of phenyl ring 1 in
BTB (DBs and HBs up to 3 Å). (Bottom) Projection on the
plane of ring 1: phenyl – ring 1 interactions. (Top) Projection
roughly perpendicular to the plane of ring 1: cation – ring 1 in-
teractions. X indicates either the centroid of a phenyl ring
(X(1B), X(1C)) or of a ring bond (X(1D)).

15Cf. also the NaBH4·N(CH2CH2OH)3 adduct, in which there is no conventional hydrogen bonding, but all the OH groups are engaged in
H···H bonds to the anion (25).
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eter, is plotted against ξA. The gap in this plot occurs be-
tween dA ~ 0.5–1.4 e/Å3 and at ξA ~ 0.575. The
corresponding exclusionary, “taboo” domain is shown in
Fig. 18, from which it is evident that the smoothness of the
dA,ρA correlation curve in Fig. 5 is only apparent (in spite of
the excellent statistical figures of merit, eq. [3]) and that the
failure to detect the gap in the dA,ρA plot arises from the
paucity or nonexistence of data points in the taboo domain.
It is precisely in this domain that complications involving
existence or stability of DB-containing species have been re-
ported (24, 30, 46, 50, 51, 78, 80, 83). The data points of H
all have dA values above 2 Å, so the existence of the taboo
domain does not interfere with our discussion of the experi-
mental results.

The sudden jump in ρA from R1 to R2, at practically con-
stant ξA at 23 and 2 but with considerable concomitant con-
traction of d(H···H) (Fig. 15), invites speculation about a
possible connection with the unexpected observation (50) on
the perpendicular H2 ligand in the “elongated” dihydrogen
complex, OsCl2(η2-H2)(NH=CPh2)(P-i-Pr3)2 (Os1), mod-
elled by OsCl2(η2-H2)(NH=CH2)(PH3)2 (Os2). While
B3LYP optimization of Os2 resulted in d(H···H) = 1.294 Å,
close to that obtained from the NMR J(H,D) coupling in
Os1, further examination revealed that the total energy of
Os2 was practically independent of d(H···H) between 0.90
and 1.60 Å. This means that in this complex the oxidative
addition and its reverse, the reductive elimination of H2, oc-
cur in the coordination sphere of the complex without any
activation barrier, i.e., the two hydrogen atoms move freely
in a wide region of the Os coordination sphere.

Do the H···H BPs represent bonds?
For an H···H contact characterized by a BP and a BCP to

qualify as a dihydrogen bond, additional criteria must be sat-
isfied. According to Popelier (48, 71; cf. also ref. 5), these
additional criteria are the same as those that apply to hydro-
gen bonds. The H···H contacts in the ab initio set A appear
to satisfy the first four (geometric/topological) criteria of the
eight listed tentatively by Popelier (Table 10.2 of ref. 71), as
well as the fifth, the shift of the electronic charge from Ha to
Hd on formation of the bond from the fragments, i.e., ε(Hd)c <
ε(Hd)m. Compliance with criteria 6–8 cannot be tested ex-
plicitly with the limited data at our disposal at present. How-
ever, the linear complexes 4, 8, 12, and 14 (42) correspond
to global minima on their respective MP2/6-31G(d,p) poten-
tial energy surfaces, which guarantees that these criteria also
are satisfied. These stable, equilibrium-geometry complexes
are used to construct and calibrate the various correlation
curves described above. Because of the smooth continuity of
most of the correlation curves it is reasonable to assume that
when data points for other, less-well documented H···H com-
plexes are accommodated by these curves, the H···H contacts
in the latter also correspond to H···H bonds. This conjecture
is particularly useful when dealing with H···H complexes for
which only information from crystallography is available,
which means practically all complexes with experimentally
determined dH, ρH, and ∇H

2 values. The conjecture is further

supported by the remarkable self-consistence of all the A
and other data.

On this argument the H···H contacts in the organoammo-
nium tetraphenylborates should be regarded as (C-)H···H(-C)
bonds. Furthermore, by the same token, the (N-)H···N,
(N-)H···Ph, and (C-)H···Ph contacts in the three salts (set E)
also constitute hydrogen bonds, even though some of them
are quite weak.

The DBs of set H are weak as H···H bonds go. Of particu-
lar interest is the almost negligible polarity of the H···H
group. The H···H bonds between like phenyl hydrogens have
∆ε(H)c values that should in principle be zero but for their
crystallographic nonequivalence. The classical precedent for
a non-covalent H···H bond between like atoms is the meth-
ane dimer (CH4)2. The dimer was not formed in SCF calcu-
lations, which would suggest that its C-H···H-C contact
interactions are repulsive. However, a detailed post-HF in-
vestigation (ref. 39 and references therein) showed that it
was bound in all six configurations examined:
H3CH···H2CH2 (Cs), H2CH2···H2CH2 (D2h and D2d)

16,
HCH3···H3CH (D3h and D3d), and H3CH···HCH3 (D3h).

17 The
attractive nature of the interactions is consistent with the re-
sults of CH4-CH4 scattering experiments (crossed molecular
beams, cited in ref. 39). In fact, they are weak van der Waals
interactions of induced dipole – induced dipole type. The
H3CH···HCH3 (D3h) configuration was the one associated
with C···C distances longer than ca. 4.5 Å. The optimized
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Fig. 18. The presumed exclusionary domain in the dA,ρA plot (cf.
Fig. 5). DB complexes with dA,ρA points falling inside the bro-
ken-line rectangle are unstable (evolution of H2) or nonexistent.

16The H2CH2···H2CH2 (D2d) configuration 3b (Fig. 3 of ref. 39) is erroneously labelled as being of D2h symmetry.
17The configuration of most interest to us, H3CH···HCH3 (D3d), was not examined, but it may be assumed that, qualitatively, the general re-
sult obtained for H3CH···HCH3 (D3h) would for our purposes serve also for the D3d configuration.
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H···H distance in the MP2/6-31G** calculation was 2.699 Å
compared with the best (lowest energy) MP2/6-311G(2d,2p)
calculation, 2.686 Å. The value found for H3CH···HCH3
(D3d, 33) is somewhat smaller, dA = 2.661 Å, the difference,
if it is of consequence, being probably attributable to the re-
pulsion of the non-bonded, eclipsed hydrogens in the D3h
configuration. The “finite” ρA values of 0.016 e/Å3 at ∆ε(H)c =
0 in 33 and the experimental values ρH = 0.04–0.08 e/Å3 at
∆ε(H)c ~ 0 and d(C···C) ~ 4.2–4.6 Å for the DBs of the H
set (Fig. 11) are therefore not surprising. On a conservative
estimate, the H···H interactions at dA > 2 Å, being a continu-
ous mix of Coulombic and dipolar contributions, are qualita-
tively of the same type and are to be viewed as constituting
dihydrogen bonds, regardless of the convergence to zero of
∆ε(H)c, the estimator of the “Coulombic” component of the
interaction.

Involvement of ∆ε(H)
Although the plots of Figs. 10–12 show appreciable

“chemical” scatter, there is little doubt that correlations exist
in all these cases (eqs. [14–16]; eqs. [17] and [18]; Fig. 13).
At ∆ε(H) = 0 the regression values of dA, ρA, and ∇A

2 are
non-zero, in agreement with both observation (set H) and
calculation (methane dimer, ref. 39).

By their nature, the ∆ε(H) should not be expected to give
close correlations. Better results in this respect can be ob-
tained using different charge measures (see below). How-
ever, ∆ε(H)m has a rough predictive value, as the ε(H)m
values in the XH and HY fragments may already be avail-
able, and the a priori likelihood of existence of an X-H···H-Y
complex can be estimated without calculation.

It is not clear at present how ∆ε(H)m relates, quantita-
tively, to the stability of an X-H···H-Y complex vis-à-vis the
corresponding X···H-H···Y complex. Investigating this mat-
ter in some detail might well repay the extra effort.

Estimating the H···H binding energy
In a paper that came to our attention only quite recently

(66) the authors investigate, among other things, relation-
ships between the binding energy Eb and the bond-critical
parameters of DB-containing complexes. From the results of
their MP2/aug′-cc-pVTZ (MP* for short) calculations they
find that, for several M-H···H′-Y (M = Li, Na) complexes,
linear relationships exist between Eb and ρc* (Fig. 4, ref. 66;
also ref. 32) and between Eb and the charge ∆q* transferred
from MH to the H···H bond (Fig. 3, ref. 66). These impor-
tant findings offer a discussion of the H···H bonds in a way
alternative to that based on ∆ε(H) and a possibility of esti-
mating Eb for the complexes in Table 1 from the data at our
disposal at present.

Since the complexes LiH···HCN, LiH···HCCH,
LiH···HCCF, and LiH···HNC (this last-named is non-linear
in MP*, H-N-Li = 149.4°) are common to both ref. 66 and
set A, the following empirical correspondences can be estab-
lished:

dc* = 0.619 + 1.856 ln dA, r2 = 1.000,

σ2 = 0.003 ~ 0.6%

∆q* = 6.36∆qA
1.744, r2 = 0.997, σ2 = 0.0017 ~ 3%

ρc* = –0.015 + 1.333ρA, r2 = 0.997,

σ2 = 0.005 ~ 3%.

From the linearity of ρc*,Eb and ∆q*,Eb it follows that
∆q*,ρc* also is linear. From the parameter values for com-
plexes 1*–8* of ref. 66 one obtains

[22] ρc* = 0.066 + 1.867∆q*, r2 = 0.996,

σ6 = 0.007 ~ 2.5%.

Furthermore,

[23] Eb = –0.59 – 89.6∆q* – 36.34ρc*, r2 = 0.984,

σ5 = 1.3 ~ 6%

(ρc* in e/Å3, ∆q* in e, Eb in kcal/mol), i.e., loci of equal Eb
in the ∆q*,ρc* plot will form a system of parallel straight
lines with negative slopes.

Treating the bond-critical parameters of set A in a similar
manner, we have

[24] ρA = 0.018 + 1.753∆qA

(all ∆qA,ρA pairs, r2 = 0.94, σ29 = 0.025 ~ 5.0%) and, with 5
and 26 not included,

[25] ρA = 0.016 + 1.843∆qA, r2 = 0.985,

σ27 = 0.012 ~ 2.4%

(Fig. 19). The intercept 0.016(12) ~ 1.4σ27 is non-zero. In-
terestingly, when ∆qA = 1, then ρA is 1.857 e/Å3, which re-
produces exactly the ρA value for H2 (Table 1).
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Fig. 19. Correlation of ρA and ∆qA. All ∆qA,ρA pairs, eq. [24];
with 5 and 26 not included, eq. [25].
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The rough estimate of Eb that can be obtained for the DBs
of H by combining the above relations leads to values be-
tween ~1 and ~5 kcal/mol, i.e., of an order comparable to
the recently quoted estimates (38) for intramolecular
(C-)H···H(-C) bonds in benzenoid and other hydrocarbons.

Conclusions

A number of intermolecular (C-)H···H(-C) contacts with
d(H ···H) ≤ 3 Å in the crystal structures of the three
organoammonium tetraphenylborates studied are character-
ized by well-defined bond paths and bond-critical points.
These contacts exist primarily between phenyl hydrogens of
neighbouring BPh4

– anions. The Mulliken charges ε(H) on
these H atoms are very small and their differences ∆ε(H) are
estimated to range from nominally zero to ca. 0.03 e. To de-
termine whether the H···H contacts (set H) correspond to ac-
tual (C-)H···H(-C) dihydrogen bonds, their topological bond-
critical parameters ρc and ∇c

2 have been compared with an ab
initio norm constructed from Alkorta’s MP2/6-3lG(d,p) val-
ues of the parameters for a variety of linear X-H···H-Y com-
plexes. This detailed comparison leads to the conclusion that
the observed H···H contacts indeed represent dihydrogen
bonds. The simultaneous presence of a number of (N-)H···N,
(N-)H···Ph, and (C-)H···Ph hydrogen bonds in the three crys-
tal structures (set E) makes it possible to establish relative
topological strengths of the (C-)H···H(-C) DBs and the
hydrogen bonds. The sequence is (N-)H···N, (N-)H···Ph,
(C-)H···Ph, with the dihydrogen bonds weaker than any of
these hydrogen bonds (but see text).

Examination of the various bond-critical parameters in the
Alkorta set (set A) reveals a remarkable self-consistence of
the binary parameter correlations. Discontinuities in certain
of the correlations demonstrate the existence of a transition
from a mainly unshared-shell X-H···H-Y to a mainly shared-
shell (covalent) X···H-H···Y regime, as a consequence of the
“chemical” effect of the choice of the X,Y pair (and the
charges on X and Y) on the H···H distance. In the limit this
transition ends in liberating H2 from the complex or in pre-
venting a stable complex from forming in the first place.
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Controlling parameters for radical cation
fragmentation reactions: Origin of the intrinsic
barrier

Deepak Shukla, Guanghua Liu, Joseph P. Dinnocenzo, and Samir Farid

Abstract: C—C bond cleavages of radical cations of 2-substituted benzothiazoline derivatives were investigated to de-
termine the parameters controlling the fragmentation rate constants. In spite of the low oxidation potentials of the com-
pounds, fragmentation rate constants greater than 1 × 106 s–1 could be achieved through weakening of the fragmenting
bond by substituents that stabilize the radical fragment and exert steric crowding. A quantitative assessment of the rela-
tive roles of radical stabilization vs. steric effects to weaken the fragmenting C—C bond was achieved through DFT
calculations. The calculated activation enthalpies matched reasonably well with the experimentally determined values. A
thermokinetic analysis revealed that the fragmentations of benzothiazoline radical cations have relatively large intrinsic
kinetic barriers, ascribed to the delocalized nature of the product radical and cation fragments. Interestingly, the same
factors that lead to the large intrinsic barriers led, simultaneously, to large thermodynamic driving forces for the frag-
mentations, which should lead to lower activation barriers. These effects oppose each other kinetically and provide im-
portant insight into the design of fast radical ion fragmentation reactions.

Key words: benzothiazoline, radical cation, fragmentation, steric effects, DFT.

Résumé : Dans le but de déterminer les paramètres qui contrôlent la constante de vitesse de fragmentation, on a étudié
la rupture de la liaison C—C des cations radicalaires des dérivés de la benzothiazoline substituée en position 2. En dé-
pit du faible potentiel d’oxydation de ces composés, on peut obtenir des constantes de vitesse de fragmentation supé-
rieures à 1 × 106 s–1 en affaiblissant la liaison qui subit la fragmentation à l’aide de substituants qui stabilisent le
fragment radicalaire tout en exerçant un encombrement stérique. Faisant appel aux calculs DFT, on a évalué quantitati-
vement le rôle relatif de la stabilisation du radical par rapport aux effets stériques dans l’affaiblissement de la liaison
C—C qui se fragmente. Les enthalpies de liaisons calculées correspondent assez bien aux valeurs expérimentales. Une
analyse thermocinétique a révélé que les fragmentations des cations radicalaires de la benzothiazoline ont une large
barrière cinétique intrinsèque relative, attribuable à une délocalisation du radical et des fragments de cations obtenus. Il
est intéressant de noter que les mêmes facteurs qui conduisent à une large barrière intrinsèque, conduisent simultané-
ment à de très grandes forces motrices thermodynamiques pour la fragmentation, ce qui devrait provoquer une diminu-
tion de la barrière d’activation. Cinétiquement, ces effets qui s’opposent l’un à l’autre fournissent une connaissance
plus profonde du processus impliquant les réactions rapides de fragmentation de l’ion radical.

Mots clés : benzothiazoline, cation radical, fragmentation, effets stériques, DFT.

[Traduit par la Rédaction] Shukla et al. 757

Introduction

One-electron oxidation can decrease bond dissociation en-
ergies of otherwise stable molecules to such an extent that
fast fragmentation can occur readily. This effect is best un-
derstood in terms of a thermodynamic cycle, pioneered by
Arnold and co-workers (1). According to the cycle, the
higher the oxidation potential of the molecule, the lower the

bond dissociation energy of the radical cation and, in
general, the more likely that fast fragmentation of the corre-
sponding radical cation would be achieved. Conversely, as
the oxidation potential is lowered, the bond dissociation en-
ergy (BDE) of the radical cation increases and will eventu-
ally reach a point where the fragmentation will be too slow
to be competitive with other reactions of the radical cation.
Fragmentations of C—C bonds of several radical cations
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have been investigated and it has been confirmed that the
fragmentation rate constants indeed depend strongly on the
oxidation potential of the substrate (2).

It is conceivable that compounds with low oxidation po-
tentials could yield radical cations that rapidly fragment if
the fragmenting bonds are weakened through proper substi-
tution. There are, in principle, two ways to weaken such
bonds: (1) by having substituents on the fragments (the radi-
cal and the cation) that stabilize these species; and (2) by
steric crowding in the reactants. There are a number of re-
ported examples where fragmentation of radical cations de-
rived from low oxidation potential compounds have been
achieved by such weakening of the fragmenting bonds (3).

Herein, we report a new class of low oxidation potential
compounds — substituted benzothiazolines — that undergo
rapid fragmentation when oxidized to their radical cations.
Pulsed laser techniques were used to generate and character-
ize the benzothiazoline radical cations, as well as to measure
their fragmentation kinetics. In addition, DFT calculations
were performed to estimate the BDEs of the radical cations
as well as their activation barriers for fragmentation. Finally,
the relative contributions to bond weakening in the radical
cations from stabilization of the fragments vs. steric crowd-
ing were determined.

Results and discussion

Structural features and synthesis
The initial aim of this work was to choose an electrophore

with such a low oxidation potential that cleavage of a non-
stabilized radical fragment upon one-electron oxidation
would be very slow. Systematic structural changes to in-
crease the stability of the radical fragment would then be
tested with the aim of achieving fragmentation of the radical
cation with a rate constant of 1 × 105 to 1 × 107 s–1, a conve-
nient range for transient kinetics. Substituted benzothiazo-
line (2,3-dihydrobenzothiazole) derivatives, BT–R (eq. [1])
appeared to be well-suited for this study. They have low oxi-
dation potentials (e.g., 0.77 V vs. SCE for R = Me), the cat-
ion fragment (BT+) is highly stabilized, and derivatives with
varying R — the cleaving radical fragment — can be readily
synthesized.

[1]

Compound 1 was used as a model nonfragmenting ana-
logue to determine the absorption spectrum of the main
chromphore of the radical cation.

Five other derivatives (2–6) with varying substitution of R
to promote fragmentation, were synthesized to test the effect
of increasing stabilization of the radical R· and of weakening
of the bond on the fragmentation rate constant.

The benzothiazoline derivatives were prepared from 2-
methylamino-benzenethiol according to reported procedures
(eq. [2]) (4, 5) through direct condensation with the appro-
priate ketone (compounds 2 and 3) or through reaction with
an acid chloride to give a thiazolium salt, followed by the
addition of CH3MgBr (compounds 1 and 4–6).

© 2003 NRC Canada
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[2]

Experimental approach
Different approaches were considered to generate and

study the fragmentation kinetics of the radical cations of the
benzothiazoline derivatives (BT–R·+), by flash photolysis. In
one approach, an excited sensitizer reacts with a donor (act-
ing as a cosensitizer, C) to form the radical cation of the lat-
ter (C·+) in high quantum yield (6). Next, a secondary
electron transfer from BT–R to C·+ generates BT–R·+. To
avoid direct excitation of the reactant, it is desirable for the
sensitizer to absorb at longer wavelength than the BT–R de-
rivative. The absorption of BT–R derivatives below 350 nm
renders sensitizers such as 1,4-dicyanonaphthalene and N-
methylquinolinium of limited use. The dynamics of the radi-
cal cations BT–R·+ are most conveniently studied at their ab-
sorption maxima, which, as shown below, are near 420 nm.
Thus, sensitizers such as 9,10-dicyanoanthracene that have
strong absorptions in this region are also of limited use.

Because of the lack of a suitable electron transfer sensi-
tizer with absorption in the 370 ± 10 nm window that would
meet the above requirements, we applied a different ap-
proach to generate the radical cations BT–R·+. This approach
is based on the chemistry of N-methoxyphenanthridinium
(MeOP+), which is reported to undergo photochemical N—O
bond cleavage to yield phenanthridine radical cation (P·+)
and a methoxy radical (eq. [3]) (7). The radical cation of
phenanthridine is a powerful oxidant (oxidation potential of
phenanthridine is ~1.9 V vs. SCE) that can be used in a sub-
sequent bimolecular reaction to generate the radical cation
of an added donor (eq. [3]).

[3]

Steady state photolysis and reaction products
To correlate the decay of the radical cations to their frag-

mentations, it was important to first confirm that the prod-
ucts of these reactions are those expected according to
eqs. [1] and [3]. The photoreactions of MeOP+ with the
benzothiazolines 3–6 at equimolar concentrations in CD3CN
were followed by 1H NMR and the products were identified
by comparison with authentic samples (see Experimental
section for details). The products were indeed those ex-
pected from the N-O fragmentation of MeOP+ (phenan-
thridine and methanol) and those of the C-C fragmentation
of the radical cations BT–R·+ (2,3-dimethylbenzothiazolium
and products of the cleaved radical R·). In each case the
main product of the radical R· was the dimer R–R (~70 to
>90%). In some cases the deuterated product R–D (via deu-
terium abstraction from the solvent), and (or) the corre-
sponding olefin (via loss of hydrogen atom) were formed
(eq. [4]) (see Experimental section).

[4]

An unexpected, minor photolysis product of these reac-
tions was adduct 7 (eq. [4]).4 This compound was formed in
all reactions of 3–6 in ~12–20% yield. The structure of this
compound, which has not yet been isolated in pure form,
was based on 1H NMR spectral analysis. Importantly, the al-
ternative assignment of the isomeric structure 8 to this com-
pound was ruled out by independent synthesis of 8 via the
base-catalyzed reaction of MeOP+ with dimethylbenzothia-
zolium (eq. [5]). Assignment of the NMR signals of com-
pound 8 was based on several 2D NMR and NOE
experiments, which establish the connectivity of the two
moieties.

Photolysis of MeOP+ in the presence of the benzyl deriva-
tive (2) yielded, in addition to phenanthridine and methanol,
2-methyl-3-ethylbenzothiazolium, an expected fragmentation
product of 2·+. However, none of the likely products of benzyl

© 2003 NRC Canada
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4 The mechanism for formation of 7 has not been investigated. One possibility involves initial reaction of MeO· with BT–R by hydrogen
atom abstraction from the N-Me group. The resulting α-amino radical might then add to MeOP+ at C-6 to give a N-alkoxy amine radical
cation. Subsequent intramolecular electron transfer from the benzothiazoline moiety to the N-alkoxy amine radical cation followed by frag-
mentation of the resulting benzothiazoline radical cation would produce 7. Further experiments are required to test this hypothesis.
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[5]

radical, such as 1,2-diphenylethane or toluene were formed
in this reaction. There is also no indication that either benzyl
methyl ether (a coupling product between benzyl and
methoxy radicals) or N-benzylacetamide (an addition prod-
uct of benzyl cation to acetonitrie, followed by hydrolysis) is
formed. In spite of the fact that not all fragmentation prod-
ucts have been identified in this case, the clear evidence for
formation of the benzothiazolium salt suggests that fragmen-
tation of 2·+ does take place. Additional support for this con-
clusion is provided by the fact that the activation enthalpy
calculated for fragmentation of 2·+ agrees well with that
measured experimentally for its disappearance (see Density
functional calculations).

Characterization of the radical cations BT–R·+

The following experiments were carried out to probe the
applicability of MeOP+ photochemistry (eq. [2]) to generate
and study the reactivity of radical cations by flash photo-

lysis. Irradiation of MeOP+ in acetonitrile gave a transient
(λmax at 670 nm), which was assigned to P·+ based on the
lack of quenching by dioxygen and on its efficient quench-
ing by 1,4-dimethoxybenzene (DMB, Eox = 1.3 V vs. SCE).
In the presence of 0.1 M DMB, the 670 nm absorption is
completely replaced by that shown in Fig. 1 (λmax = 440 and
458 nm), which corresponds to the spectrum of DMB radical
cation generated independently.5 Using the benzothiazoline
derivatives as donors (eq. [3]) this approach provided a con-
venient method to generate their radical cations and to study
their fragmentation kinetics.

As expected, the phenanthridine radical cation (P·+) is effi-
ciently intercepted by the benzothiazoline derivatives (kq ≈
6 × 109 M–1 s–1). Thus, 355 or 380 nm laser excitation of
MeOP+ in the presence of 5–10 mM of 1 in aerated or in ar-
gon-saturated acetonitrile led to a long-lived species (~200–
250 µs) with an absorption maximum at ~410 nm (Fig. 2).
Support for assigning this absorption to 1·+ was obtained
from a number of experiments. Excitation of 1,4-dicyanon-
aphthalene at 343 nm in the presence of 0.3 M biphenyl as a
cosensitizer in acetonitrile led to the formation of biphenyl
radical cation, characterized by the strong absorption at 670
and 380 nm. Absorption due to the sensitizer radical anion
was removed by purging the samples with dioxygen, where
electron transfer leads to the formation of O2

·–, which does
not absorb in the visible region. Addition of 1 (0.5 to
1.5 mM) led to quenching of the biphenyl radical cation
with a bimolecular rate constant of 1.8 × 1010 M–1 s–1 and
concomitant appearance of an absorption identical to that

© 2003 NRC Canada
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Fig. 1. Absorption spectrum of phenanthridine radical cation
(P·+) obtained from photolysis of MeOP+ in acetonitrile (closed
circles) and that obtained in the presence of 1,4-dimethoxyben-
zene (DMB) (open circles), which matches the spectrum of an
independently generated DMB·+.5

Fig. 2. Absorption spectra of the radical cations of compounds 1
and 4, obtained from photolysis (380 nm) of MeOP+ in the pres-
ence of these electron donors in acetonitrile. The spectra were
obtained after a delay time of >2 µs to avoid contributions owing
to the secondary transient species produced from photolysis of
MeOP+ (see text).

5 An authentic spectrum of DMB·+ was obtained in aerated acetonitrile by 355 nm excitation of DCA (OD355 = 0.6) in the presence of 0.15 M
biphenyl (as a cosensitizer) and 0.01 M DMB.
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obtained in the above mentioned experiment with MeOP+.6

Similarly, 343 nm excitation of N-methylquinolinium with
toluene (1.5 M) as a cosensitizer in dioxygen-purged 1,2-
dichloroethane generated the toluene radical cation (λmax =
450 nm), which was efficiently quenched by 1 (~2 mM).
The transient spectrum recorded after complete quenching of
the toluene radical cation was also very similar to that ob-
tained in the other experiments mentioned above.

Assigning the ~410 nm absorbing transient to 1·+ was fur-
ther confirmed through electron transfer interception by a
lower-oxidation-potential compound. The transient obtained
from the reaction of MeOP+ with 1 in acetonitrile was
readily quenched by tri-p-anisylamine (Eox = 0.52 V vs.
SCE) with the concomitant formation of the radical cation of
the latter, characterized by its absorption maximum at
720 nm (6). Plots of the rate constants for the transient de-
cays and for growth of the trianisylamine radical cation vs.
amine concentration were linear. Slopes of the plots pro-
vided a quenching rate constant of 4.1 × 109 M–1 s–1.

Shown also in Fig. 2 is the spectrum of 4·+ obtained using
MeOP+ as described above for 1·+. Clearly the absorption
spectra of the radical cations are not the same in spite of the
fact that the low-oxidation-potential electrophore (the
benzothiazoline moiety) is the same. The weak absorption
that appears as a shoulder at ~470 nm in the spectrum of the
nonfragmenting 1·+ seems to be considerably enhanced in
the spectrum of 4·+. The spectra of 2·+ (not shown) and of 5·+

(Fig. 3) are similar to that of 4·+.
Additional support for the spectral assignment of the ben-

zothiazole radical cations was derived from the transient as-
signed to 5·+, whose decay was concomitant with formation
of the 9-methylfluorenyl radical. Unlike the radicals result-
ing from the fragmentation of the other radical cations men-
tioned in this work, which lack absorptions in the visible
region, the methylfluorenyl radical could be readily identi-
fied by its absorption (λmax = 485 nm) (see Fig. 3) (8). This
absorption matches that of an authentic sample, also shown
in Fig. 3, generated from photolysis of the dimer (compound 9)
(eq. [6]). As expected, in aerated solution this absorption
band is suppressed as a result of quenching by dioxygen.

[6]

Fragmentation rate constants and activation energies
The fragmentation rate constants of the radical cations

BT–R·+, obtained via 355 or 380 nm excitation of MeOP+,
were determined from the decay kinetics in acetonitrile. The
use of MeOP+ in these flash photolysis experiments allowed
for a high enough concentration (10–15 mM) of the reac-
tants to ensure fast interception of the phenanthridine radical
cation. Under these conditions the growth rates of the radical

cations are faster than their decay. For all samples the
radical cation decays were somewhat complicated by the
presence of a second transient species. The decay rate con-
stant for this latter species was the same in all samples and
had the same temperature dependency. The nature of this
second transient has not been established, but it is likely to

© 2003 NRC Canada
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Fig. 3. (Top) Transient spectra from photolysis (380 nm) of
MeOP+ in the presence of the methylfluorenyl derivative 5 (0.01
M) in acetonitrile at different delay times after the pulse. The
spectrum after (a) 0.2 µs is essentially that of the radical cation
5·+, with increasing delay times ((b) and (c)) this spectrum is
gradually replaced by that of methylfluorenyl radical. (Bottom)
Spectrum after (d) 13 µs delay and spectrum of methylfluorenyl
radical obtained from direct photolysis of the dimer (9) (e) at
308 nm in acetonitrile. The spectra from photolysis of MeOP+

could not be measured below 400 nm because of absorption by
MeOP+.

6 Compound 1 absorbs at the excitation wavelength and concentrations higher than 1.5 mM and could not be used in these experiments.
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be due to a species resulting from MeOP+ chemistry because
of its independence on the added BT–R derivative. Thus, al-
though this experimental approach suffered from the need to
analyze the data as a sum of two exponentials, it offered the
best option to obtain the desired kinetic data.

The fragmentation rate constants of 3·+–6·+ were in the
range that could be readily determined by laser flash
photolysis. The rate constants of these reactions were also
measured as a function of temperature (see Fig. 4). Listed in
Table 1 are the fragmentation rate constants at 25°C and the
activation enthalpies, which were derived from nonlinear
least-squares fitting of the kinetic data in Fig. 4.

Unlike the fragmentations of 3·+–6·+, which could be
readily investigated by flash photolysis, the radical cation 2·+

had a lifetime of ~50–60 µs and, importantly, its decay
showed only a slight temperature dependence. This behavior
suggests that the decay may be largely due to other deactiva-
tion processes rather than being a measure of the fragmenta-
tion rate constant. Indeed, based on cyclic voltammetry, a
rate constant of only 1 ± 0.2 s–1 was obtained for the frag-
mentation of 2·+ (see Experimental section).

From the above mentioned data it is evident that the frag-
mentation rate constants for 2·+–6·+ fall into three groups.
Cleavage resulting in formation of the primary, benzyl radi-
cal (from 2·+) is particularly slow (~1 s–1). The cleavages to
form both the secondary, diphenylmethyl radical (from 3·+)
and of the tertiary, cumyl radical (from 4·+) are in the range
of ~1 × 105 s–1. The cleavages to form the tertiary,
methylfluorenyl, and diphenylethyl radicals (from 5·+ and
6·+) are in the range of 5 × 106 s–1. The increased substitu-
tion on the radical fragment clearly increases the fragmenta-
tion rate constant.

Although the activation energies for the fragmentation of
2·+–6·+ roughly correlate with increasing stability of the radi-
cal fragment, further analysis reveals that other factors must
also play a role in controlling the fragmentation barriers.
The relative radical (R·) stabilities can be estimated from the
R—H bond dissociation energies (BDE (R-H)) of the corre-
sponding hydrocarbons, as shown in Table 1. The data show
clear discontinuities in the correlation of BDE (R-H) and
∆H‡. For example, ∆H‡ for 3·+ and 4·+ are identical within
experimental error yet, as judged by BDE (R-H), the radical
formed from 4·+ is less stabilized than from 3·+ by
1.5 kcal/mol. Similarly, ∆H‡ (5·+) is 0.5 kcal/mol lower than
∆H‡ (6·+), however, based on radical stability one would ex-

pect the radical formed from 5·+ to be ca. 3 kcal/mol more
stablized than that formed from 6·+. These data clearly reveal
that radical stability is not the sole determinant of the rela-
tive energetic barriers for radical cation fragmentation; it
seems likely that differential steric effects also play a crucial
role. To gain insight into the relative contributions of these
two factors, we decided to use density functional theory to
calculate both the bond dissociation energies and the activa-
tion energies for C—C bond fragmentation of 2·+–6·+.

Density functional calculations
The thermodynamic and kinetic properties of the substi-

tuted benzothiazoline radical cations were modeled with
density functional calculations. The B3LYP functional was
chosen because it has been shown to be particularly well-
suited to radical cation calculations (10). Computations were
performed with the Gaussian 98 series of programs (11). All
geometries were fully optimized using a 6-31G* basis set
and all optimized species were determined to be either min-
ima or saddle points by frequency calculations. The radical
cation carbon–carbon BDEs for 2·+–6·+ were determined as
the differences between the energies of the benzothiazolium
cation (BT+) and the radical fragments (R·) and that of the
most stable radical cation conformer, unless otherwise noted.
The energy differences include electronic energies, zero
point energy corrections, and thermal corrections (at
298.15 K). In several cases, BDEs from higher energy radi-
cal cation conformers were calculated to compare with the
transition state energies for conformational interconversion.
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Compound (R-) kfr (s–1) ∆H‡ (BT–R·+)a BDE (R-H)b

2 (PhCH2-) 1 ~16c 89.8
3 (Ph2CH-) 9.8 × 104 9.5 ± 0.9 85.8
4 (PhCMe2-) 1.9 × 105 9.6 ± 0.5 87.3
5 (9-MeFl-) 5.0 × 106 3.9 ± 0.7 79.7
6 (Ph2CMe-) 6.1 × 106 4.4 ± 0.6 82.8

Note: All energies in kcal/mol.
aFrom nonlinear least-squares fit of the temperature-dependent rate data;

reported errors are one standard deviation.
bReference (9).
cThis value was estimated from the room temperature fragmentation rate

constant for 2·+ assuming that the activation entropy was the same as for 3·+.

Table 1. Comparison of fragmentation rate constants (kfr at
25°C) and activation enthalpies for substituted benzothiazoline
radical cations 2·+–6·+ and R-H bond dissociation energies.

Fig. 4. Plot of the logarithm of fragmentation rate constants
divided by the absolute temperature (ln (kfr/T)) for the radical
cations of compounds 3–6 vs. the reciprocal of the absolute tem-
perature (1000/T) in acetonitrile. The negative slopes of the lin-
ear plots obtained by least-squares fitting are: 4.82, 4.84, 2.00,
and 2.15, respectively. The dashed line (negative slope of 2.98)
corresponds to the decay rate constant of another intermediate
from the photolysis of MeOP+ detected in all cases (see text).
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Activation energies
The activation energies for fragmentation of 2·+–6·+ were

sought for comparison with the experimentally determined
values. The relative energies of the conformational isomers
of the radical cations were first computed to determine the
lowest energy conformer for each compound. The energetic
barriers for conformational interconversion were also com-
puted. The results are graphically illustrated in Fig. 5.

The activation energies for fragmentation were computed
from the lowest energy conformer for each radical cation.
For the radical cations with the lowest activation energies for
fragmentation, activation energies were also computed for
the higher energy conformers. The results are shown in
Fig. 5.

The highest computed barrier for fragmentation
(14.4 kcal/mol) was found for 2·+. This value is in line with
the observed fragmentation rate constant for 2·+ of ~1 s–1,
which corresponds to an activation barrier of ~16 kcal/mol,
~2 kcal/mol higher than the computed value. The computed
barriers for 3·+ (7.8 kcal/mol) and 4·+ (7.0 kcal/mol) are sub-
stantially lower. Gratifyingly, the computed barriers for 3·+

and 4·+ are also consistent with those determined experimen-
tally (9.5 and 9.6 kcal/mol). Again, as in the case of 2·+, the
measured barriers for 3·+ and 4·+ are higher than the com-
puted values by ca. 2 to 3 kcal/mol.

As shown in Fig. 5, the computed activation energies for
fragmentation of 3·+ and 4·+ begin to become comparable to
the activation energies for conformational interconversion.
This trend continues as one progresses toward the most reac-
tive radical cations (5·+ and 6·+). In these latter cases, the ac-
tivation energies computed for fragmentations from the
lowest energy conformers are both lower than for conforma-
tional interconversion, particularly for 6·+. The computed
activation energy for fragmentation of 6·+ (4.7 kcal/mol) is
in excellent agreement with the experimental value
(4.4 kcal/mol) and is ca. 3 kcal/mol less than for 3·+ and 4·+,
in reasonable agreement with the experimental results (∆∆H‡ ≈
5 kcal/mol).

Interestingly, the computed fragmentation barrier from the
lowest energy conformer of 5·+ (6.4 kcal/mol) is intermedi-
ate between those calculated for 4·+ and 6·+. This contrasts
with the measured activation enthalpy for fragmentation of
5·+ (3.9 kcal/mol), which is more similar to that of 6·+

(4.4 kcal/mol) than to that of 4·+ (9.6 kcal/mol). A possible
origin of this apparent discrepancy was discovered when
comparing the relative energies of the conformers for 2·+–6·+

with those for the corresponding neutral molecules (2–6).
Calculations revealed that the lowest energy conformers for
radical cations 2·+–6·+ also corresponded to the lowest en-
ergy conformers for the neutral molecules 2–6, except for

the 5·+/5 pair.7 The lowest energy conformer for 5·+ is
predicted to be n (see Fig. 5), whereas the lowest energy
conformer of 5 is predicted to be c (Erel (5n) = 2.3; Erel (5s) =
1.4 kcal/mol). The relative energies of the calculated con-
formers for 5 suggest that over the temperature range used
to measure the fragmentation kinetics of 5·+ (–35 to +21°C),
>90% of 5 should be present as 5c. Making the reasonable
assumption that one-electron oxidation of 5 does not result
in simultaneous oxidation and conformational intercon-
version, one would expect 5 to be oxidized to initially form
5c

·+, i.e., not the lowest energy conformer of the radical cat-
ion (5n

·+). Consequently, if the energy barrier for fragmenta-
tion from 5c

·+ is less than the barrier for conformational
interconversion to the lower energy 5n

·+ conformer, then the
experimental activation barrier for fragmentation of 5·+

should be compared to the computed fragmentation barrier
predicted from 5c

·+ not from 5n
·+.

Figure 5 shows that the computed activation enthalpy for
fragmentation of 5c

·+ (4.4 kcal/mol) is in good agreement
with the experimental value (3.9 kcal/mol). Interestingly, the
computations also show that the energy of the fragmentation
transition state from 5c

·+ is equal to that for conformational
interconversion to 5n

·+. Thus, the calculational results predict
that a significant fraction of 5c

·+ should partition to the 5n
·+

conformer, which is predicted to have a significantly larger
barrier to fragmentation (6.4 kcal/mol). As illustrated in
Fig. 5, if 5c

·+ partitions between fragmentation and con-
formational interconversion, one would expect the experi-
mental decay of 5·+ to show biexponential behavior, i.e., a
fast component due to fragmentation from 5c

·+ and a slow
component due to fragmentation from 5n

·+. Unfortunately,
the presence of the unknown species resulting from MeOP+

chemistry masked our ability to establish whether the frag-
mentation of 5·+ was biexponential. Finally, it is worth not-
ing that all of the calculated transition state energies refer to
activation enthalpies, whereas the kinetics are obviously de-
termined by the lowest activation free energies. It seems
plausible that the activation entropies for the radical cation
fragmentations might be significantly lower than ∆S‡ for the
conformational interconversions. If so, the activation free en-
ergy for fragmentation of 5c

·+ might be lower than for
conformational interconversion to 5n

·+. This also would be
consistent with our kinetic data.

Bond dissociation energies
Gas phase and solution phase bond dissociation energies

were calculated for the benzothiazoline radical cations 2·+–6·+.
The gas phase bond dissociation energies (BDE (BT-R·+)g),
were determined using B3LYP/6-31G* calculations as the
sum of the enthalpies of the benzothiazolium cation (BT+)
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7 The origin of the reversal in conformer stability for 5 vs. 5·+ can be traced to two factors: (i) a change in the geometry at nitrogen upon one-
electron oxidation; and (ii) the conformational inflexibility of the fluorenyl ring. The calculations on neutral molecules 1–6 showed that the
nitrogen atom is strongly pyramidalized. In contrast, the nitrogen is much less pyramidalized in the corresponding radical cations and is ac-
tually planar for 1·+. The planarization of the nitrogen in radical cations causes the N-CH3 group to move closer to the R groups at C-2, re-
sulting in increased, destabilizing nonbonded interactions. For 5/5·+, planarization of the nitrogen upon one-electron oxidation resulted in a
severe steric interaction between the N-CH3 group and syn-C-1 hydrogen on the fluorenyl ring for the 5c

·+ conformer, which caused a signif-
icant bow in the ring. In 5 this interaction is greatly diminished by pyramidalization at nitrogen which moves the N-CH3 group away from
the fluorenyl ring. We attribute the interchange in the relative stabilities of the c and n conformers of 5 vs. 5·+ to this structural reorganiza-
tion. Interestingly, in the otherwise structurally similar pair 6/6·+, a similar steric interaction between the N-CH3 group and one of the hydro-
gens in the syn-phenyl group of 6c

·+ is relieved by rotation of the phenyl group. A comparable structural relaxation for 5c
·+ is not possible

because rotation of the syn-phenyl ring is constrained by its linkage to the other phenyl group that makes up the fluorenyl ring.
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and the radical fragments (R·) minus the enthalpy of the
most stable radical cation conformer. For 5·+, the enthalpy of
the 5c

·+ conformer was used for the reasons described above.

The results are shown in Table 2, along with the
experimental and calculated activation energies for radical
cation fragmentation. The data show that there is a general
correlation of ∆H‡ with the radical cation BDEs.

Table 2 also lists estimates of the solution phase bond dis-
sociation energies for 2·+–6·+ (BDE (BT-R·+)s) which were
obtained by using Arnold’s thermodynamic cycle method
(1), as shown below. For these estimates we have used the
approximation that the oxidations of 2–6 are similar to the
reversible oxidation potential measured of 1 (0.77 V vs. SCE
in CH3CN). The oxidation of the 2,3-dimethylbenzothiazo-
lium radical was estimated from the (irreversible) reduction
of the corresponding cation (~–1.3 V vs. SCE in CH3CN).
Finally, the bond dissociation energies of the neutral benzo-
thiazolines 2–6 (BDE (BT-R)g), were estimated by DFT cal-
culations. The results shown in Table 2 reveal that the
estimated solution phase, radical cation bond dissociation
energies are ca. 7–9 kcal/mol lower than those calculated for
the gas phase. The lower solution phase BDEs would be
consistent with greater solvation of the benzothiazolium cat-
ion than that of the radical cations.

The relative BT–R bond dissociation energies for 2·+–6·+

presumably reflect contributions from differences in both the
stabilization of the radicals and the steric crowding present
in the radical cations. We sought to estimate the comparative
contributions of these factors to the relative BDEs. Relative
radical stabilization energies of R· can be defined in a num-
ber of ways. One of the most general definitions has been pi-
oneered by Rüchardt, who has compared the difference in
stability between a pure hydrocarbon radical and its substi-
tuted analogue in which one or more alkyl groups are re-
placed by substituents (12). The advantage of this approach
is that it provides radical stabilization increments for sub-
stituents that are transferable between different radicals be-
cause the intrinsic differences in stabilities for primary,
secondary, and tertiary radicals are factored out. To assess
the relative effects of radical stabilities on the BDEs for 2·+–
6·+, however, we do want to include the differences in stabil-
ities between primary, secondary, and tertiary radicals.
Therefore, we have adopted the more traditional approach to
assessing radical stabilities by comparing the relative R-H
BDEs to a reference compound. We are primarily interested
in only the relative contributions to radical stability along
the series, therefore, we have chosen the least stabilized rad-
ical in this series (PhCH2·) as our reference. Thus, we define

© 2003 NRC Canada

Shukla et al. 751

Fig. 5. Results of density functional calculations showing the rel-
ative potential energies (kcal/mol) for the ground state conform-
ers of 2·+–6·+ and for the transition states that interconnect them.
Also shown are activation enthalpies for fragmentation from se-
lected radical cation conformers (vertical lines). Shown in bold
are the ground and transition states for the proposed, reacting
conformers.
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relative radical stabilities for the present purpose as BDE
(PhCH2-H) – BDE (R-H).8 For the relative steric contribu-
tions to the BDEs for 2·+–6·+, we also use the benzyl substi-
tuted radical cation as a reference. Thus, the relative steric
effects are estimated by subtracting the radical stabilization
contribution from the difference in radical cation BDEs, i.e.,
{[BDE (BT-CH2Ph·+) – BDE (BT-R·+)] – [BDE (PhCH2-H) –
BDE (R-H)]}. The results of this analysis are shown in Ta-
ble 3. Note that the relative steric effects estimated from the
gas phase and solution BDEs for 2·+–6·+ are in good agree-
ment.

The results in Table 3 show that, relative to 2·+, the BDEs
for 3·+–6·+ roughly fall into two classes. For 5·+, the relative
contributions owing to radical stabilization and steric effects
are nearly equal, 10 and 11 kcal/mol, respectively. For radi-
cal cations 3·+, 4·+, and 6·+, the relative radical stabilization
and steric contributions to bond weakening are 3–7 kcal/mol
and 11–17 kcal/mol, respectively, i.e., the steric effects dom-
inate.

Origin of the radical cation fragmentation barriers
Estimates of the BDEs for radical cations 3·+–6·+ in Ta-

ble 2 show that all are predicted to be exothermic in solu-
tion. Nonetheless, the radical cations have substantial
activation barriers to fragmentation. It is of interest to com-
pare this behavior to that observed for the fragmentations of
substituted bibenzyl radical cations (10·+) reported by
Maslak et al. (3a) and to the alkylated NADH radical cations
(11·+) reported by Savéant and co-workers (13). These radi-
cal cation fragmentations were found to have very small in-

trinsic barriers for fragmentation (≤4 kcal/mol), showing that
the internal and solvent reorganization energies for the reac-
tions are quite small. In this respect the fragmentations of
3·+–6·+ are clearly different. Based on the fact that 3·+ and 4·+

have substantial activation energies for fragmentation
(∆H‡ ≈ 10 kcal/mol) despite the reactions being exothermic
by 9 to 10 kcal/mol in solution, one can conclude that the in-
trinsic barriers for fragmentation of the substituted benzo-
thiazline radicals studied here are >10 kcal/mol.

What is the origin of the difference in the intrinsic barriers
for fragmentation of 10·+ and 11·+ vs. 2·+–6·+? We propose
that the difference is related to the relative internal reorgani-
zation energies of the fragmentations. It is perhaps easier to
think about the problem by considering the origin of the bar-
rier for the reverse reaction, i.e., cation + radical recombina-
tion. The barrier for the recombination reaction will be
directly related to the extent of delocalization of the cation
and radical fragments. The greater the degree of delocali-
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Compound (R-) ∆H‡
exp ∆H‡

calcd
a BDE (BT-R)g

a BDE (BT-R·+)g
a BDE (BT-R·+)s

b

2 (PhCH2-) ~16 14.4 52.2 11.6 ~5
3 (Ph2CH-) 9.6 7.8 37.8 –0.6 ~–10
4 (PhCMe2-) 9.6 7.0 38.4 –0.7 ~–9
5 (9-MeFl-) 3.9 4.4 32.1 –8.5 ~–16
6 (Ph2CMe-) 4.3 4.7 28.3 –10.3 ~–19

Note: All energies in kcal/mol.
aFrom density functional calculations.
bBDE (BT-R)g – Eox (BT-R) + Eox (BT·); based on the approximation that Eox (BT-R) is the same for 2–6.

Table 2. Experimental (∆H‡
exp) and calculated (∆H‡

calcd) activation energies for fragmentation of 2·+–6·+, gas phase C-R bond dissocia-
tion energies calculated for 2–6 (BDE (BT-R)g), gas phase (BDE (BT-R·+)s), and solution phase (BDE (BT-R·+)s) bond dissociation en-
ergies calculated for 2·+–6·+.

Radical Cation R-
Relative radical
stabilizationa

Relative steric
effect (gas phase)b

Relative steric
effect (solution)c

2·+ PhCH2- (0) (0) (0)
3·+ Ph2CH- –4 –8 –11
4·+ PhCMe2- –3 –10 –11
5·+ 9-MeFl- –10 –10 –11
6·+ Ph2CMe- –7 –15 –17

Note: All energies in kcal/mol.
aBDE (PhCH2-H) – BDE (R-H); see Table 1 for values.
b{[BDE (BT-CH2Ph·+)g – BDE (BT-R·+)g] – [BDE (PhCH2-H) – BDE (R-H)]}.
c{[BDE (BT-CH2Ph·+)s – BDE (BT-R·+)s] – [BDE (PhCH2-H) – BDE (R-H)]}.

Table 3. Estimates of the contributions of radical stability and steric effects on the gas phase and solution BT-R bond dissociation en-
ergies for 3·+–6·+ relative to those for 2·+.

8 Although it would have been desirable to use BDE (R-CH3) rather than BDE (R-H) to estimate relative radical stabilities, the former values
are not well determined for the systems studied here.
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zation, the greater will be the degree of electronic, internal
reorganization, and, therefore, the greater will be the reac-
tion barrier. When comparing the cation and radical frag-
ments produced from fragmentation of 10·+ vs. 2·+–6·+, the
primary difference is likely related to the extent of delocali-
zation of the cation, i.e., the benzyl cation (in the case of
10·+) vs. the benzothiazolium cation (in the case of 2·+–6·+).
The benzothiazolium cation is expected to have significantly
less carbocation character at the recombination site than a
benzyl cation, which would lead to a larger internal reorga-
nization energy for the benzothiazolium cation + radical re-
combination. In addition, for benzothiazoline radical cations
3·+–6·+, the radicals produced by fragmentation are more
delocalized than a simple benzyl radical, which will also
lead to greater internal reorganization energies for recombi-
nation and, consequently, for fragmentation too. For the
fragmentation of 11·+ vs. 2·+–6·+, we presume that delocali-
zation of the cation fragments for the two systems is some-
what similar. However, the relative extent of radical
delocalization is clearly different. For 11·+, the radical frag-
ment — ·t-Bu — is clearly much more localized than any of
the radicals formed from fragmentation of 2·+–6·+. Thus, cat-
ion + radical recombination to form 11·+ should have a
lower internal reorganization energy than the recombinations
to form 2·+–6·+.

The proposition that the cation + radical recombination
reactions to form 2·+–6·+ should have significant barriers is
supported by the fact that even addition of a localized, pri-
mary radical to benzothiazolium cation 12 has a rate con-
stant of only 1 × 106 M–1 s–1 at 25°C (14). It should be clear
that addition of the delocalized radicals, such as those de-
rived from fragmentation of 2·+–6·+, would have significantly
lower rate constants. Consequently, the fragmentations of
2·+–6·+ are expected to have significant intrinsic barriers.

Conclusions

There are three main conclusions from this work. First,
we have demonstrated that benzothiazoline derivatives,
which are among the lowest oxidation potential compounds
yet investigated as candidates for radical cation fragmenta-
tion, can undergo rapid fragmentation upon one-electron ox-
idation if the fragmenting bond is sufficiently weakened by a
combination of stabilizing the radical fragment and by steric
crowding in the reactants. These two factors allow the rate
constants for fragmentation of benzothiazoline radical cat-
ions to be tuned by over 6 orders of magnitude. Second,
benzothiazoline radical cations were found to have consider-
ably large intrinsic activation barriers (>10 kcal/mol) for
fragmentation. The barriers were attributed to large reorgani-
zation energies of the product fragments, the benzothiazo-
lium cation and the resonance-delocalized radicals.
Consequently, the same factors that lead to the thermody-
namic driving forces for the fragmentations — the stabilities
of the benzothiazolium cation and the resonance-delocalized
radicals — simultaneously result in large intrinsic barriers.

These factors lead to opposing kinetic effects. On the one
hand, the natural exothermicities of the reactions should de-
crease the activation barriers for fragmentation according to
the Bell–Evans–Polanyi principle. On the other hand, the
large intrinsic barriers increase the activation energies. This
analysis reveals a fundamental limitation of using deloca-
lized cation and radical products in the design of fast radical
cation fragmentation reactions. As shown in the present
work, steric effects are the more attractive structural feature
to utilize for designing fast radical ion fragmentations be-
cause they do not increase the intrinsic barrier. Third, for
relatively fast radical ion fragmentations of sterically con-
gested systems such as those described in this work, one
should keep in mind that the energetic barriers for fragmen-
tation can be lower than the barriers for conformational
interconversion. In these cases, the possibility exists that the
most stable radical ion conformer may not necessarily be the
reactive conformer.

Experimental section

General method
1H NMR spectra were recorded with either a General

Electric/Nicolet QE-300 spectrometer or a Brüker Avance-
400 spectrometer. 13C NMR spectra were recorded with an
Avance-400 spectrometer. Proton chemical shifts (δ) are re-
ported in parts per million (ppm) downfield from tetra-
methylsilane or in ppm relative to the singlet at 7.24 ppm for
the residual CHCl3 in the chloroform-d or the multiplet at
1.93 ppm for the residual CHD2CN in the acetonitrile-d3.
Reported proton–proton coupling constants assume first-
order behavior. Splitting patterns are designated as singlet
(s), doublet (d), triplet (t), quartet (q), multiplet (m), and
broad (br). The meta- and para-couplings are ignored.
Ortho-, meta-, and para-hydrogens of phenyl groups are des-
ignated o-, m-, and p-; for magnetically nonequivalent
phenyl groups the signals of the second phenyl group are
designated o′-, m′-, and p′-. The aromatic hydrogens of the
benzothiazoline and benzothiazolium derivatives are num-
bered 4–7 from the α position to N. Carbon chemical shifts
are reported in ppm relative to internal acetonitrile-d3
(117.61 and 0.60 ppm) or chloroform-d (77.34 (t) ppm).

Acetonitrile was refluxed over CaH2 for 24 h and distilled
fresh prior to use under an atmosphere of nitrogen. Anhy-
drous diethyl ether and tetrahydrofuran were freshly distilled
from benzophenone ketyl under nitrogen.

Electrochemical measurements
Cyclic voltammetric measurements were carried out on a

glassy carbon disk electrode using a CHI660 electrochemi-
cal analyzer (CH Instruments, Inc.) in acetonitrile with
tetrabutylammonium perchlorate as electrolyte. 2,3-Di-
methylbenzothiazolium showed irreversible reduction with a
peak potential of –1.30 V vs. SCE. A reversible oxidation
potential was obtained for compound 1 (0.77 V vs. SCE,
3 mm electrode at 0.5 V/s). Compounds 3 and 6 showed ir-
reversible oxidation with peak potentials at 0.63 and 0.65 V
vs. SCE, respectively.

Using a 33 µm carbon electrode at a scan rate ≥25 V/s,
compound 2 showed a quasi-reversible oxidation of 0.70 V
vs. SCE. Scanning at slower rates (2.5–10 V/s) and with
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varying delays, a rate constant of 1 ± 0.2 s–1 was obtained
for the follow-up chemical reaction, presumably the frag-
mentation of 2·+.

Laser flash photolysis
Nanosecond laser flash photolysis experiments were car-

ried out using either 380 or 355 nm excitations. For 380 nm
excitation, a Lambda Physik Lextra 50 excimer laser (XeCL,
308 nm; <180 mJ/pulse; 10 ns pulses) and a Lambda Physik
LPD 3002 pumped-dye laser (Exciton-384 dye for 380 nm;
<10 mJ/pulse; 7 ns pulses) were used. For 355 nm excita-
tion, the frequency-tripled output from an OPOTEK Vibrant
Q-switched Nd:YAG laser system (pulse width 4 ns, 2–8 mJ)
was used. The excitation pulses were attenuated, when nec-
essary, using neutral density filters.

Transient absorption was monitored at right angles to the
excitation. A pulsed Oriel 150 W xenon lamp (Model
66007) was used as the monitoring beam. The analyzing
beam was collected and focused on the entrance slit (2 nm)
of an Instrument S. A. H-20 monochromator. A Hamamatsu
R-446 photomultiplier tube (PMT) in a custom housing
(Products for Research) was attached to the exit slit of the
monochromator. A computer-controlled Stanford Research
Systems high voltage power supply (model PS310) was used
with the PMT. The signals from the PMT were digitized us-
ing a Tektronix TDS 620 oscilloscope and transferred to a
PC, via a GPIB interface, for data storage and processing. A
Quantum Composer pulse generator (Model 9318) provided
TTL trigger pulses to control the timing for the laser, lamp,
and oscilloscope.

Appropriate long pass filters were placed on either side of
the sample to prevent photolysis by the analyzing light.

Spectral measurements
To acetonitrile solutions of N-methoxyphenanthridinium

hexafluorphosphate (MeOP+) with an OD of 0.5–0.77 at the
excitation wavelength (380 or 355 nm) were added benzo-
thiazolines 2–6 (5–15 mM). The samples were thoroughly
purged with either dioxygen or argon (~10 min) before pass-
ing them through a 1 × 1 cm2 quartz flow cell. The flow rate
was adjusted so that fresh sample was available for each la-
ser shot.

Kinetics measurements
The samples were purged with either dioxygen or nitrogen

prior to, and during, laser irradiation. Typically, a solution of
MeOP+ in acetonitrile (OD at 380 nm = 0.6–0.8) was ex-
posed to 380 nm laser excitation (0.5–0.6 mJ/pulse) in the
presence of the benzothiazoline derivative (6 to 7 mM), and
the decay of the radical cation was followed between 420–
450 nm on the ns to µs time scale. For temperature depend-
ence studies, fresh samples were equilibrated at each tem-
perature for 15–20 min prior to the measurement. Each set
of experiments was repeated at least three times.

Materials
2-Methylamino-benzenethiol was prepared according to a

literature procedure by reductive ring opening of 2,3-
dihydro-1,3-benzothiazole (Aldrich) using lithium aluminum
hydride (15). Methyl iodide, trimethyloxonium tetrafluoro-
borate, acetophenone, 1-phenyl-2-butanone, 1,1-diphenyl-

acetone, cumene, α-methylstyrene, 1,1-diphenylethylene,
and fluorene were all obtained from Aldrich Chemical Com-
pany and used without further purification. 1,1,2,2-Tetra-
phenylethane (16), 2,2,3,3-tetraphenylbutane (17), 2,3-
dimethyl-2,3-diphenylbutane (18), and compound 9 (19)
were prepared following previously reported methods. 2-
Phenyl-2-methylpropionoyl chloride was prepared from the
corresponding acid (20a) by reaction with PCl5 using a pro-
cedure analogous to that described in ref. (20b). Products of
the cleaved radicals were identified by comparison with 1H
NMR spectra of authentic samples.

2,3-Dimethylbenzothiazolium hexafluorophosphate
This material was prepared by modification of a literature

procedure (4). To a stirred solution of acetyl chloride (5.0 g,
63.7 mmol) in benzene (dry, 200 mL), a solution of 2-
methylamino-benzenethiol (8.84 g, 63.7 mmol) in benzene
(20 mL) was added dropwise at room temperature. The reac-
tion mixture was refluxed for 1 h. Solvent removal provided
a pale yellow solid that was dissolved in water (200 mL) fol-
lowed by addition of potassium hexafluorophosphate (7.0 g
in 100 mL H2O) to afford a white precipitate (19 g, 79%).
1H NMR (CD3CN) δ: 8.24 (d, J = 8 Hz, 1H), 8.05 (d, J =
9 Hz, 1H), 7.92 (t, J = 8 Hz, 1H), 7.82 (t, J = 8 Hz, 1H),
4.15 (s, 3H), 3.09 (s, 3H).

N-Methoxyphenanthridinum hexafluorophosphate
N-Methoxyphenanthridinum tetrafluorboate was prepared

from the reaction of phenanthridine-N-oxide with trimethyl-
oxonium tetrafluorborate in dichloromethane (7). A solution
of the BF4 salt (1 g) in ~15 mL water was added to an aque-
ous solution of potassium hexafluorophosphate (2 g in
~10 mL). The mixture was cooled and the precipitate was
recrystallized from water as a crystalline pale yellow solid.
1H NMR (CD3CN) δ: 10.09 (s, 1H), 9.06 (d, 1H), 9.02 (d, 1H),
8.57 (t, 2H), 8.43 (t, 1H), 8.24–8.13 (m, 3H), 4.61 (s, 3H).

2,2,3-Trimethylbenzothiazoline (1)
This compound was prepared according to a literature

procedure (5). To a stirred suspension of 2,3-dimethyl-ben-
zothiazolium toluene-4-sulfonate (5.0 g, 14.32 mmol) in an-
hydrous diethyl ether (125 mL) at –40°C, methylmagnesium
bromide (2.87 M solution in diethyl ether, 5.3 mL, 15 mmol)
was added dropwise over 5 min under an atmosphere of N2.
The reaction mixture was refluxed for 2 h and then
quenched with aqueous ammonium chloride solution
(70 mL). The organic layer was separated and the aqueous
layer was extracted with ether (3 × 50 mL). The organic ex-
tracts were combined, washed successively with water (2 ×
100 mL) and with brine solution (2 × 100 mL), and dried
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over anhydrous magnesium sulfate. Filtration and removal
of the solvent yielded a red oil (2.2 g, 77%). The crude
product was distilled under reduced pressure, bp 80°C at
10 mmHg (1 mmHg = 133.322 Pa) (lit. (5c) bp 75–80°C at
10 mmHg (1 mmHg = 133.322 Pa)) to yield a colorless oil
(2.0 g, 76%). MS m/z: 179 (M+, calculated for C11H15NS).
1H NMR (CDCl3) δ: 7.05 (d, J = 7.4 Hz, H-7), 6.99 (t, J =
7.6 and 7.8 Hz, H-5), 6.64 (t, J = 7.4 and 7.6 Hz), 6.31 (d,
J = 7.8 Hz, H-4), 2.72 (s, NCH3), 1.65 (s, C(CH3)2).

13C
NMR (CDCl3) δ: 146.64, 124.17, 121.70, 117.55, 106.31,
61.03, 37.28, 28.58, 28.40.

2-Benzyl-2-ethyl-3-methyl-benzothiazoline (2)
A solution of 2-methylamino-benzenethiol (1.0 g,

7.2 mmol) and 1-phenyl-2-butanone in absolute ethanol (7 mL)
was refluxed for 48 h under an atmosphere of N2. The reac-
tion mixture was cooled and kept at –40°C for 3 h. A precip-
itate came out of solution, which rapidly melted at room
temperature to afford a yellow oil. The latter was distilled
under reduced pressure (165–167°C at 0.04 mmHg
(1mmHg = 133.322 Pa)) to obtain a very pale yellow oil
(1.2 g, 63%). MS m/z: 269 (M+, calculated for C17H19NS).
1H NMR (CDCl3) δ: 7.36–7.26 (m, 5H), 7.04 (d, J = 7.4 Hz,
1H), 7.00 (t, J = 7.6 and 7.8 Hz, 1H), 6.64 (t, J = 7.4 and
7.6 Hz, 1H), 6.30 (d, J = 7.8 Hz, 1 H), 3.28 (d, J = 13.4 Hz,
1H), 3.10 (d, J = 13.4 Hz, 1H), 2.86 (s, 3H), 2.10 (sextet,
J = 14.9 and 7.2 Hz, 1H), 1.72 (sextet, J = 14.9 and 7.2 Hz,
1H), 1.05 (t, J = 7.2 Hz, 3H). 13C NMR (CDCl3) δ: 148.17,
136.36, 131.10, 127.74, 126.62, 125.17, 124.17, 121.09, 117.60,
105.48, 85.78, 45.46, 30.19, 29.04, 9.15. 13C DEPT135
NMR (CDCl3) δ: 131.10, 127.74, 125.17, 121.09, 117.60,
105.48, 45.46 (negative peak), 30.19 (negative peak), 29.04,
9.15.

2,3-Dimethyl-2-diphenylmethyl-benzothiazoline (3)
A solution of 2-methylamino-benzenethiol (2.0 g,

14.38 mmol) and 1,1-diphenylacetone (3.02 g, 14.38 mmol)
in absolute ethanol (15 mL) was refluxed for 52 h under an
atmosphere of N2. Upon cooling to –40°C, a colorless solid
(2.3 g, 48%) formed which was recrystallized twice from
ethanol to yield colorless plates (2.0 g, 42%), mp 82°C. MS
m/z: 331.0 (M+, calculated for C22H21NS). 1H NMR (CDCl3)
δ: 7.67 (o-H, 2H), 7.53 (o′ -H, 2H), 7.33 (m′ -H, 2H), 7.27
(p′ -H, 1H), 7.20 (m-H, 2H), 7.14 (p-H, 1H), 6.99 (d, J =
7.4 Hz, 1H), 6.92 (t, J = 7.5 and 7.8 Hz, 1H), 6.59 (t, J = 7.4
and 7.5 Hz, 1H), 6.14 (d, J = 7.8 Hz, 1H), 4.51 (s, CHPh2),
2.69 (s, N-CH3), 1.75 (s, CH3).

13C NMR (CDCl3) δ: 147.71,
140.69, 129.89, 128.23, 127.70, 127.03, 126.31, 125.25,
124.06, 121.00, 117.51, 105.99, 83.77, 59.53, 29.14, 27.81.
13C DEPT45 NMR (CDCl3) (only CH and CH3 carbons) δ:
129.89, 129.83, 128.23, 127.70, 127.03, 126.31, 125.25,
121.00, 117.51, 105.99, 59.53, 29.14, 27.81.

2-Cumyl-2,3-dimethyl-benzothiazoline (4)
To a stirred solution of 2-phenyl-2-methylpropionoyl

chloride (4.8 g, 26.3 mmol) in benzene (dry, 80 mL), a solu-
tion of 2-methylamino-benzenethiol (3.7 g, 26.4 mmol) in
benzene (20 mL) was added dropwise at room temperature.
The reaction mixture was refluxed for 1.5 h. Solvent re-
moval gave an oil that was dissolved in CH2Cl2 (100 mL).
The resulting solution was added dropwise to rapidly stirred

diethyl ether (dry, 850 mL) to form a yellow precipitate. The
precipitate was dissolved in water (400 mL) at 70–80°C and
an aqueous solution of potassium hexafluorophosphate
(4.8 g in 100 mL H2O) was added. Upon cooling the solu-
tion, a pale yellow precipitate formed. Recrystallization
from acetonitrile – diethyl ether (1:10) gave a colorless solid
of the 2-cumyl-3-methyl-benzothiazolium salt (9.0 g, 83%).
1H NMR (CD3CN) δ: 8.35 (d, J = 8.0 Hz, H-7), 8.02 (d, J =
8.3 Hz, H-4), 7.94 (t, J = 7.3 and 8.3 Hz, H-5), 7.88 (t, J =
7.3 and 8.0 Hz, H-6), 7.5–7.42 (m, m- and p-H, 3H), 7.37–
7.35 (m, o-H, 2H), 3.75 (s, NCH3), 2.04 (s, C(CH3)2).

13C
NMR (CD3CN) δ: 142.10, 130.10, 129.62, 128.25, 125.82,
123.79, 117.30, 116.75, 45.72, 37.92, 28.73. 13C DEPT45
NMR (CD3CN) δ: 130.10, 129.62, 128.91, 128.25, 125.82,
123.79, 116.75, 37.92, 28.73.

To a stirred suspension of 2-cumyl-3-methyl-benzothiazo-
lium hexafluorophosphate (1.0 g, 2.42 mmol) in tetrahydro-
furan (80 mL) under an atmosphere of N2, methylmagnesium
bromide (2.73 M solution in ether, 7.5 mL, 22 mmol) was
added dropwise over 15 min at –70°C. The reaction was
stirred at –70°C for an additional 30 min, followed by 4 h at
room temperature, and then refluxed for 15 min. The reac-
tion was quenched with aqueous ammonium chloride solu-
tion (50 mL, pH ~ 4) and extracted with diethyl ether (3 ×
50 mL). The ether extracts were washed with brine solution
(2 × 50 mL), dried over anhydrous magnesium sulfate, fil-
tered, and the solvent removed to afford a pale yellow oil
(0.54 g, ~79%). The crude material was recrystallized from
aqueous methanol to yield a pale yellow solid, mp 70–71°C.
MS m/z: 283 (M+, calculated for C18H21NS). 1H NMR
(CDCl3) δ: 7.56 (d, o-H, 2H), 7.34 (t, m-H, 2H), 7.27 (t, p-
H, 1H), 6.99–6.95 (m, 2H), 6.62 (t, 1H), 6.31 (d, 1H), 2.54
(s, 3H), 1.78 (s, 3H), 1.62 (s, 3H), 1.54 (s, 3H). 13C (CDCl3)
δ: 149.95, 144.51, 128.81, 127.23, 126.31, 125.66, 124.90,
119.81, 117.74, 107.0, 87.03, 49.99, 34.06, 24.76, 24.64,
23.49. 13C DEPT135 (CDCl3) (only CH and CH3 carbons
observed) δ: 128.81, 127.23, 126.31, 124.90, 119.81, 117.74,
106.99, 34.07, 24.76, 24.64, 23.49.

2-(1,1-Diphenylethyl)-2,3-dimethyl-benzothiazoline (5)
Reaction of 2,2-diphenylpropionyl chloride with 2-

methylamino-benzenethiol, as described above for com-
pound 4 (reflux time of 5 h), gave the corresponding
benzothiazolium chloride in 70% yield as colorless cubes
from acetonitrile – diethyl ether (1:10). 1H NMR (CDCl3) δ:
8.57 (d, 1H), 8.12 (d, 1H), 7.87 (t, 1H), 7.72 (t, 1H), 7.48–
7.44 (m, 6H), 7.25–7.21 (m, 4H), 4.29 (s, 3H), 2.66 (s, 3H).
13C NMR (CDCl3) δ: 186.79, 144.05, 143.36, 141.55,
130.76, 129.17, 127.79, 123.25, 118.27, 53.64, 40.54, 27.68.

Similarly, compound 5 was prepared from the reaction of
2-(1,1-diphenylethyl)-3-methylbenzothiazolium chloride with
MeMgBr as described above for compound 4. Compound 5
was obtained in 46% yield as colorless crystals from etha-
nol, mp 58–62°C. MS m/z: 345 (M+, calculated for
C23H23NS). 1H NMR (CDCl3) δ: 7.37–7.17 (m, 10H), 6.98
(d, J = 7.4 Hz, 1H), 6.97 (t, J = 7.5 and 7.8 Hz, 1H), 6.63 (t,
J = 7.4 and 7.5 Hz, 1H), 6.31 (d, J = 7.8 Hz, 1H), 2.20 (br. s,
3H), 2.06 (s, 3H), 1.98 (s, 3H). 13C NMR (CDCl3) δ: 153.83,
149.34, 133.55, 130.81, 129.35, 127.39, 127.09, 126.51,
125.68, 125.05, 119.85, 107.62, 34.32, 27.58, 25.65.
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2,3-Dimethyl-2-(9-methylfluoren-9-yl)-benzothiazoline (6)
9-Methylfluorene-9-carbonyl chloride (prepared in an

analogous manner to 2-phenyl-2-methylpropionoyl chloride,
see above) was reacted with 2-methylamino-benzenethiol, as
described above under compound 4 (1 h reflux time), to give
the corresponding benzothiazolium hexafluorophosphate salt
as colorless crystals in 96% yield. 1H NMR (CDCl3) δ: 8.89
(d, J ≈ 8 Hz, 1H), 8.30 (d, J ≈ 8 Hz, 1H), 7.91 (d, J ≈
7.6 Hz, 2H), 7.79 (t, J ≈ 7 and 8 Hz, 1H), 7.71 (t, J ≈ 7 and
8 Hz, 1H), 7.54 (t, 2H), 7.41–7.36 (m, 4H), 3.30 (s, 3H),
2.22 (s, 3H). 13C NMR (CDCl3) δ: 181.55, 144.38, 143.32,
139.78, 130.70, 130.07, 129.51, 128.87, 128.73, 125.57,
123.88, 121.70, 117.01, 54.21, 36.37, 29.06.

The benzothiazolium salt was treated as described above
for compound 4 to give compound 6 as a colorless viscous
oil in 40% yield after flash chromatography (silica gel, 60%
hexane – diethyl ether). MS m/z: 343 (M+, calculated for
C23H21NS). 1H NMR (CDCl3) δ: 7.89 (d, J = 7.6 Hz, 1H),
7.78 (d, J = 7.7 Hz, 1H), 7.74 (d, J ≈ 7.5 Hz, 1H), 7.72 (d,
J ≈ 7.5, 1H), 7.41 (t, J = 7.5 Hz, 1H), 7.36 (t, J = 7.5 Hz,
1H), 7.30 (t, J = 7.4 Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.01
(d, J = 7.4 Hz, H-4), 6.95 (t, J = 7.4 and 7.9 Hz, H-6), 6.66
(t, J = 7.4, 7.4 Hz, H-5), 6.32 (d, J = 7.9 Hz, H-7), 2.61 (s,
3H), 1.79 (s, 3H), 1.62 (s, 3H). 13C NMR (CDCl3) δ: 150.21,
148.91, 148.58, 141.215, 140.97, 127.68, 127.52, 126.85,
126.77, 126.45, 126.01, 125.02, 125.98, 119.84, 119.61,
119.17, 118.49, 108.36, 85.96, 61.87, 34.58, 23.35, 20.75.

General procedure for photolysis of benzothiazolines in
acetontrile-d3

An equimolar (~0.01 M) solution of the benzothiazoline
and MeOP+ in acetonitrile-d3 was purged with nitrogen for
5–10 min and then irradiated for 5–10 min in a Rayonet re-
actor equipped with 400 nm lamps. The color of the reaction
mixture changed from pale yellow to slightly darker yellow
during the photolysis. After photolysis, a known amount of
internal standard, viz., tetrachloroethane was added into the
reaction mixture and 1H NMR recorded. Products were iden-
tified by comparison with 1H NMR spectra of authentic sam-
ples prepared independently. The yields of products were
determined by 1H NMR integration of diagnostic proton sig-
nals of products relative to the area of peak due to internal
standard tetrachloroethane (δ 6.3, s, 2H).

Photolysis products of 3
2,3-Dimethybenzothiazolium (82%, 8.25 (d, J = 8.2 Hz,

H-7), 8.09 (d, J = 8.5 Hz, H-4), 7.92 (t, J = 7.2 and 8.5 Hz,
H-5), 7.83 (t, J = 7.2 and 8.2 Hz, H-6), 4.16 (s, 3H), 3.10 (s,
3H)), phenanthridine, 1,1,2,2,-tetraphenylethane (93%),
adduct 7 (27%), CH3OH(D) (54%).

Photolysis products of 4
2,3-Dimethybenzothiazolium (87%), phenanthridine (85%),

2,3-dimethyl-2,3-diphenylbutane (70%), α-methylstyrene
(5%), cumene (18%), adduct 7 (13%), CH3OH(D) (63%).

Photolysis products of 5
2,3-Dimethybenzothiazolium (88%), phenanthridine (83%),

bis-(9-methyl-9-fluorenyl) (9) ((85%) δ: 7.49 (d, J = 7.5 Hz,
4H), 7.23 (t, average J = 7.4 Hz, 4H), 7.06 (t, average J =
7.4 Hz, 4H), 6.88 (very broad, 4H), 1.91 (s, 6H)), 9-methyl-
fluorene (11%), adduct 7 (13%), CH3OH(D) (66%).

Photolysis products of 6
2,3-Dimethybenzothiazolium (88%), phenanthridine (65%),

2,2,3,3-tetraphenylbutane (82%), 1,1-diphenylethylene (12%),
adduct 7 (22%), CH3OH(D) (63%).

Attempted isolation of adduct 7
An equimolar (0.01 M) solution of benzothiazoline 3 and

MeOP+ in acetonitrile (25 mL) was irradiated under nitrogen
for 20 min in a Rayonet reactor equipped with 400 nm
lamps. The solution was concentrated to ~2 mL and diluted
with diethyl ether (~50 mL). A precipitate formed which
was collected and identified by 1H NMR as 2,3-dimethyl-
benzothiazolium. Upon addition of hexane to the ethereal
solution the mixture turned turbid and, upon standing, re-
sulted in formation of an oil. The supernatant liquid was de-
canted and the oil was repeatedly washed with hot hexane to
further remove phenanthridine and 1,1,2,2,-tetraphenyl-
ethane. Analysis of the hexane-washed solid by 1H NMR
showed that it was a mixture of primarily 2,3-dimethybenzo-
thiazolium salt and adduct 7, along with traces of 1,1,2,2,-
tetraphenylethane and phenanthridine.

Compound 7
1H NMR (CD3CN) δ: 8.18 (d, J = 6.3 Hz, 1H), 7.85–7.77

(m, 5H), 7.48 (t, J = 7.7 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H),
7.24 (d, J ≈ 8 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 7.10 (t, J =
7.4 Hz, 1H), 7.89 (br d, 6.4, 1H), 5.30 (dd, J = 4.8 and
7.4 Hz, 1H), 4.96 (dd, J = 4.8 and 14.6, 1H), 4.75 (dd, J =
7.4 and 14.6 Hz, 1H), 3.80 (s, 3H), 2.53 (s, 3H).

Preparation of adduct 8
To an equimolar solution of N-methoxyphenanthridinium

hexafluorophosphate (35.5 mg, 0.1 mmol) and 2,3-dimethyl-
benzothiazolium hexafluorphosphate (30.9 mg, 0.1 mmol) in
4 mL CD3CN, ~30 mg anhydrous sodium carbonate was
added. The solution was stirred at room temperature and the
reaction was monitored by 1H NMR. After ~8 h, the conver-
sion was nearly complete yielding almost exclusively com-
pound 8, which was identified by its NMR spectrum
(CD3CN). The chemical shifts of the 1H NMR were assigned
based on NOE, COSY, and TOCSY experiments using a
500 MHz spectrometer; those of strongly overlapping sig-
nals were further confirmed by comparison with simulated
spectra. The NOE experiment indicated the proximity of H-6
(methine triplet at 5.299 ppm) to H-7 (aromatic hydrogen at
7.217 ppm) and of H-3′ (methyl singlet at 3.881 ppm) to
H-4′ (aromatic hydrogen at 7.912 ppm).
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Metallocene-catalyzed olefin polymerizations
using triphenylcyclopropenium
tetrakis(pentafluorophenyl)borate as the activator

Huiying Li and Douglas C. Neckers

Abstract: Triphenylcyclopropenium (TPCP) tetrakis(pentafluorophenyl)borate activates bis(cyclopentadienyl)dimethyl ti-
tanium resulting in a highly reactive initiating system for the polymerization of styrene. In contrast to triphenylmethyl
tetrakis(pentafluorophenyl)borate which is quite active in the absence of the metallocene, TPCP borate shows no activity
for styrene polymerization in the absence of bis(cyclopentadienyl)dimethyl titanium. TPCP is the most efficient activator
in the carbonium ion – borate class. We propose, based on 1H NMR evidence that reaction of Cp2TiMe2 and TPCP borate
leads to the formation of the cationic Ti complex [Cp2TiMe]+B(C6F5)4

–. Evidence for the latter is also provided by UV–vis
spectroscopy in that we found a bathochromic shift of the Cp2TiMe2 LMCT absorption band from 361 to 482 nm in
CH2Cl2 and 487 nm in toluene, respectively. Thermal decomposition of the cationic complex [Cp2TiMe]+B(C6F5)4

– leads
to less activity. The systems are good catalysts for ethylene polymerization as well, but are less active when using propylene.
A conventional Ziegler–Natta coordination polymerization mechanism accounts for ethylene and propylene polymerization
while a carbocationic polymerization mechanism is proposed for styrene.

Key words: triphenylcyclopropenium tetrakis(pentafluorophenyl)borate, bis(cyclopentadienyl)dimethyl titanium, activator,
olefin polymerization.

Résumé : Le tétrakis(pentafluorophényl)borate de triphénylcyclopropénium (TPCP) active le bis(cyclopentadiényl)dimé-
thyltitane qui conduit à un système très réactif pour initier la polymérisation du styrène. Par opposition au tétrakis(pen-
tafluorophényl)borate de triphénylméthyle qui est très actif en l’absence de métallocène, le borate de TPCP ne présente
aucune activité vis-à-vis de la polymérisation du styrène en l’absence du bis(cyclopentadiényl)diméthyltitane. Le TPCP
est l’activateur le plus efficace de la classe borate – ion carbonium. On suggère, sur la base de données de RMN du
1H, que la réaction du Cp2TiMe2 et du borate de TPCP conduit à la formation du complexe cationique du Ti,
[Cp2TiMe]+B(C6F5)4

–. Ce résultat est également appuyé par des mesures effectuées par spectrométrie UV–vis qui dé-
montrent un déplacement bathochrome de la bande d’absorption du LMCT du Cp2TiMe2 de 361 nm vers 482 nm pour
le CH2Cl2 et vers 487 nm pour le toluène, respectivement. Une décomposition thermique du complexe cationique
[Cp2TiMe]+B(C6F5)4

– conduit à une perte d’activité. Les systèmes sont aussi de bons catalyseurs pour la polymérisation
de l’éthylène, mais ils sont moins réactifs pour le propylène. Un mécanisme de polymérisation conventionnel de Zie-
gler–Natta par coordination permet d’expliquer la polymérisation de l’éthylène et du propylène alors qu’on propose un
mécanisme de polymérisation carbocationique pour le styrène.

Mots clés : tétrakis(pentafluorophényl)borate de triphénylcyclopropénium, bis(cyclopentadiényl)diméthyltitane, activa-
teur, polymérisation d’oléfine.

[Traduit par la Rédaction] Li and Neckers 763

Introduction

Metallocene coordination polymerization catalyst systems
for olefins are an important research and development topic

(1). Successful catalysts invariably consist of transition metal
complexes called catalyst precursors and activators also
called co-catalysts. The partners react forming an active spe-
cies that is comprised of a cation–anion ion pair. The struc-

Can. J. Chem. 81: 758–763 (2003) doi: 10.1139/V03-047 © 2003 NRC Canada

758

Received 9 January 2003. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 23 June 2003.

It is a sincere pleasure to recognize the career-long contributions to the photochemical sciences of Professor Don Arnold on the
occasion of his retirement. Through the application of the principles of physical organic chemistry to the study of the emerging
field of reactions catalyzed by ultraviolet light, Professor Arnold and his students enhanced predictive power in organic
photochemistry. His colleagues are most grateful for his insights.

H. Li and D.C. Neckers.1,2,3 Center for Photochemical Sciences, Bowling Green State University, Bowling Green, OH 43403,
U.S.A.

1Corresponding author (e-mail: neckers@photo.bgsu.edu).
2Contribution number 500 from the Center for Photochemical Sciences.
3Dedicated to Professor Dr. J.W. Neckers, on the occasion of his 101st birthday.

I:\cjc\cjc8106\V03-047.vp
June 20, 2003 1:31:24 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



ture of the activator significantly influences catalytic activity,
the character of the polymerization, and polymer properties.

The number of viable co-catalysts for metallocene poly-
merizations is rather limited (2). Methylaluminoxane (MAO)
is an important industrial co-catalyst, but must be used in
huge excess to achieve high activity. Triphenylmethyl car-
benium ion (“trityl”) if paired with B(C6F5)4

– (1) has been
reported to be a highly efficient activator for group 4 di-
methylmetallocenes (3) at low co-catalyst to catalyst ratios
(1:1). A number of other borates have also been developed
to improve properties such as solubility in organic solvents
and thermal stability (4).

We have recently discovered that triarylcyclopropenium
salts may be used as cationic initiators for both the thermal
and photochemical polymerization of epoxides (5, 6). Tri-
phenylcyclopropenium (TPCP) cation is a strong electro-
phile (7) and when TPCP salts paired with weakly
nucleophilic anions tetrakis(pentafluorophenyl)gallate are
dissolved in ketones with active α-hydrogens such as cyclo-
hexanone we found that super acids (presumably H-
Ga(C6F5)4) form. Super acids also result from irradiation of
TPCP+Ga(C6F5)4

– in various solvents (8).
In view of this new discovery we wished to explore fur-

ther the advantages of cyclopropenium salts in various poly-
merization reactions. We report herein results of olefin
polymerization catalyzed by bis(cyclopentadienyl)dimethyl
titanium (3) using TPCP borate (2) as the activator (Fig. 1).

Experimental section

Materials
All chemicals were used as received from Aldrich unless

otherwise noted. Benzene and toluene were distilled over so-
dium under argon. CH2Cl2 was freshly distilled over CaH2
under argon. α,α-Dichlorotoluene was purchased from Acros
Organics and used as received. Bis(cyclopentadienyl)tita-
nium dichloride was purchased from Strem Chemicals Inc.
and used as received. Styrene was distilled over CaH2 at
50°C under vacuum and kept over molecular sieves (4 Å)
under argon in a refrigerator. Potassium tetrakis(pentafluoro-
phenyl)borate was prepared as reported (9). Bis(cyclopenta-
dienyl)dimethyltitanium (3) was prepared according to the
literature (10) and kept in a freezer as a solution (~36%) in
toluene.

Measurements
1H and 19F NMR spectra were recorded either with a

Varian Gemini 200 NMR or a Varian Unity plus 400 NMR
spectrometer. Chemical shifts are in ppm with TMS as the
internal standard (1H NMR) or CFCl3 as the external stan-
dard (19F NMR). Melting points were determined with a
Thomas Hoover capillary melting point apparatus and were
uncorrected. UV–vis spectra were recorded on a Shimadzu

UV-2401PC UV–vis recording spectrophotometer. Number-
and weight-average molecular weights (Mn and Mw) and
polydispersity ratios (Mw/Mn) were estimated by gel perme-
ation chromatography (GPC) on a Shimudzu HPLC system
equipped with a Plgel 5 µm MIXED-C 300 × 7.5 mm col-
umn (Polymer Laboratories), using THF as the eluent with a
flow rate of 1.0 mL min–1 by polystyrene calibration, and a
RID-10A refractive index (RI) detector.

Synthesis of TPCP tetrakis(pentafluorophenyl)borate (2)
To a suspension of TPCP chloride (11) (1.51 g, 5 mmol)

in acetonitrile (25 mL) was added a solution of potassium
tetrakis(pentafluorophenyl)borate (4.00 g, 5 mmol) in ace-
tonitrile (15 mL) and the reaction mixture stirred at room
temperature for 2 h. The solid thus formed was removed by
filtration and the filtrate concentrated to give a brown vis-
cous substance that was further purified using a silica gel
column with CH2Cl2 as the eluent. After washing with
pentane, the product was obtained as white crystals (62%),
mp 209 to 210°C. 1H NMR (CDCl3) δ: 7.88 (dd, 3JH-H = 7.6,
7.8 Hz, 6H, 3,5-H on phenyl), 8.06 (t, 3JH-H = 7.8 Hz, 3H, 4-
H on phenyl), 8.42 (d, 3JH-H = 7.6 Hz, 6H, 2,6-H on
phenyl). 19F NMR (CDCl3) δ: –133.12 (s, 2, 6-F on
C6F5), –163.40 (sm, 4-F on C6F5), –167.20 (s, 3,5-F on
C6F5). Anal. calcd. for C45H15F20B: C 57.11, H 1.60; found:
C 57.02, H 1.66.

Polymerization of styrene
In a typical polymerization, 2 (0.03 mmol) was dissolved

in solvent (2 mL) (TPCP tetrakis(pentafluorophenyl)borate
dissolved in CH2Cl2 and is partially soluble in toluene) and
the solution degassed (freeze–thaw) for three cycles. 3
(0.03 mmol, 36% in toluene) was also dissolved in styrene
(2 mL) and the solution degassed as above. The catalyst so-
lution in styrene was then transferred into the solution of 2
under dry argon at room temperature and the mixture stirred
for 30 min. Subsequently, the polymerization mixture was
quenched with MeOH (containing 1% HCl). The resulting
polymer was purified twice from CH2Cl2–MeOH or until a
white powder of the polymer was obtained. The polymer
was dried under vacuum overnight. The activity of the cata-
lyst system was calculated by the following:

Activity = weight of polymer (g)/(Ti (mol) monomer
(mol) time (h))

Polymerization of styrene with preactivated initiating
systems

In a typical polymerization run, 3 (36% in toluene) was
mixed with CH2Cl2 (2 mL), and the solution degassed using
freeze–thaw techniques for three cycles. This initiating solu-
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Fig. 1. Structure of the activator and the catalyst.
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tion in CH2Cl2 was then transferred into the polymerization
tube (prevacuum evacuated) containing 2 under dry argon
(the reactions are quite sensitive to spurious moisture) at
room temperature and the mixture stirred (aged) for 10 min.
The mixture turned from yellow to dark red. Styrene
(predegassed) was next introduced into the system, and the
polymerization mixture stirred at room temperature for 15–
30 min. It was next quenched by MeOH (containing 1%
HCl). The resulting polystyrene (PS) was purified twice
from CH2Cl2–MeOH or until a white powder of the polymer
was obtained, and the polymer then dried under vacuum
overnight.

Polymerization of ethylene
In a typical polymerization run, a solution of 3 (1.5–

3.0 mmol, 36% in toluene) in CH2Cl2 (2 mL) was degassed
for three cycles and then transferred into a polymerization
tube (25 mL, prevacuumed) containing 2 (1.5–3.0 mmol) un-
der an ethylene atmosphere. The catalyst system was
preactivated for 10 min at room temperature and then ethyl-
ene at 1 atm (1 atm = 101.325 kPa) was bubbled through the
solution. Polyethylene (PE) precipitated from the solution
immediately. After 5 min, the polymerization reaction was
quenched with MeOH (containing 1% HCl, 5 mL). The
polymer was collected by filtration. After washing with
MeOH, the polymer was dried under vacuum overnight. The
resulting polymer did not dissolve in THF or in 1,1,2,2-
tetrachloroethane.

Polymerization of propylene
Polymerization of propylene resulted if a similar proce-

dure to that used for ethylene polymerization was employed.
Propylene was bubbled through the catalyst solution at 1 atm
(1 atm = 101.325 kPa) for 30 min at room temperature. Af-
ter quenching with MeOH (1% HCl), the resulting poly-
propylene (PP) (viscous oil) was collected by carefully
decanting the solvent and subsequently dried under vacuum
overnight.

1H NMR studies
To complete the reaction of Cp2TiMe2 with TPCP salts, a

mol ratio of 1.1:1.0 for TPCP:Ti was used in this experi-
ment. In a typical experiment, CD2Cl2 was vacuum distilled
over CaH2, trapped at 78 K, and then degassed by freeze–
thaw techniques for three cycles. The catalyst (0.03 mmol,
36% solution in toluene) was dissolved in the above CD2Cl2
and the solution transferred to a vacuum evacuated tube con-
taining TPCPB (0.032 mmol) at –78°C. The solution was
subsequently warmed to room temperature and held there for
5 min. During this period, the catalyst system turned from
yellow to dark red. The dark red solution was next trans-
ferred into an NMR tube that had been degassed by passing
dry argon through it for 30 min. The NMR tube was cooled
to –78°C again and taken to the NMR. The sample tempera-
ture was equilibrated for 1 h at 0°C and the NMR data col-
lected.

UV–vis studies
Absorption spectra of the catalyst systems were recorded

under dry argon in a quartz cuvette (1.0 cm path length). In
a typical experiment, a solution of 3 (4.2 × 10–4 M) in

CH2Cl2 (containing traces of toluene) was degassed for three
cycles. 2 was placed in a quartz cuvette and the cuvette de-
gassed with bubbling dry argon for 20 min. Catalyst solution
was introduced using a two-tipped needle and the vessel
sealed under dry argon. UV–vis spectra of the resulting solu-
tions were recorded at room temperature at various times.

Results and discussion

Synthesis of TPCP borate
Anion exchange of TPCP chloride with KB(C6F5)4

– afforded
triphenylcyclopropenium tetrakis(pentafluorophenyl)borate 2
as a white solid, mp 209 to 210°C. 2 is stable under air at
room temperature and soluble in CH2Cl2 but only slightly
soluble in toluene.

Polymerization of styrene
Styrene polymerizations were carried out in toluene or

CH2Cl2 at 23°C under dry argon (Table 1). Control experi-
ments show neither 2 nor 3 had significant activity when
used alone in CH2Cl2 or toluene. Following the prescribed
period of preactivation, 2 was among the most active activa-
tors for styrene polymerization (entry 6) of the type carbon-
ium ion – borate (12). The solvent had little effect on
initiation activity (entries 1 and 2), but polystyrene obtained
from toluene solution was of lower weight average molecu-
lar weight (Mw), presumably because of the limited solubil-
ity of 2 and the active species. The activity of a preactivated
initiating system was much higher than that without pre-
activation. If the preactivation time was increased to 20 min
(entry 4), the activity of the initiating system was reduced by
about 50%. We presume this is due to the thermal decompo-
sition of the catalytic cationic complex at room temperature.

The efficiency of 2 in the polymerization of styrene is
compared to that of the trityl salt 1 in toluene. Titanocene 3
shows a high activity of 6.04 × 106 g (PS)/mol (Ti) × mol
(styrene) × h in the presence of 1 (entry 11), however, from
control experiments, 1 itself is a rather active initiator for the
polymerization of styrene with the activity of 5.60 × 106 g
(PS)/mol (Ti) × mol (styrene) × h (entry 12). This is not the
case with 2.

All polystyrene samples obtained in our reactions are sol-
uble in 2-butanone indicating only atactic polystyrene (a-PS)
is formed. This was confirmed by 13C NMR spectroscopy
(13).

Polymerization of ethylene and propylene
Polymerization was carried out at room temperature by

bubbling of ethylene (1 atm, (1 atm = 101.325 kPa)) through
a preactivated solution of 4 (1.5–3.0 mmol) formed by reaction
of an equimolar concentration of 2 and 3 in CH2Cl2 (2 mL)
(Table 1). PE immediately precipitated from the solution.
After 5 min, quenching the reaction mixture with acidic
methanol yielded lightly yellow polymers with Tm 127 ~ 130°C.
The PE obtained was not soluble in organic solvents such as
CH2Cl2, THF, and 1,1,2,2-tetrachloroethane.

Bubbling of propylene into the catalyst system for 30 min,
followed by quenching of the polymerization mixture with
acidic methanol, gave polypropylene as a viscous oil of rela-
tively low molecular weight (4.0–7.2) × 103 g mol–1. Though
the quantity of catalyst used had little affect on the yield of
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PE and PP, the use of a large amount of catalyst (5.0 mmol)
for propylene resulted in polymers that exhibited a bimodal
molecular weight distribution pattern.

Formation of the cationic complex
The dimethyl Ti(IV) complex reacts with a stoichiometric

amount of TPCPB at room temperature to yield the cationic
titanium – monomethyl complex [Cp2TiMe]+[B(C6F5)4]

– (4)
as a dark red solution. If the reaction is carried out at 0
or –23°C, it takes longer (>30 min) to form the red solution.
On the basis of its NMR spectrum taken at 0°C, the cationic
complex 4 exhibits resonances at δ 6.38 (s, 10H), 1.30 (s,
3H) attributed to the Cp and Ti-Me hydrogens, respectively.
The spectrum of 4 differs from that of the parent Cp2TiMe2
(1H NMR in CD2Cl2 at 25°C δ: 6.07 (s, 10H), –0.15 (s, 6H))
and the integrated ratio of Cp to methyl evolved to 10:3 in
the activated complex as compared to a value for the parent
compound of 10:6. Bochmann et al. (14) reported a similar
complex was generated by reaction of the parent complex
with dimethylanilinium tetraphenylborate and that it exhibits
resonances at δ 6.28 (s, 10H), 1.26 (s, 3H). We presume that
the resonance differences from the two cationic complexes
are due to differences in ion pairing. There were also small
resonances in the ranges of 0.20–2.00 and 6.40–6.70 which
could not be assigned.

If the catalyst solution is warmed to 25°C and equilibrated
for 30 min, the resonances at δ 6.38 and 1.30 decrease
slightly, and the resonances at δ 0.22 and 6.56, 6.64, 6.72
grow presumably because of decomposition of the cationic
complex. One of the deactivation processes of the metallo-
cenium cation that may occur results from Cl– abstraction
from the solvent if the reaction is carried out in CH2Cl2 (15).
During our NMR studies no by-products such as CH3-CD2Cl
were observed.

UV–vis spectroscopy
There are a number of reports of spectroscopic studies of

the reactions of zirconocene precursors with MAO (16) and
PhMe2NH+B(C6F5)4

– (17) but few such reports with acti-
vated titanocene catalysts (18). In the zirconocene studies,
the activated complex formed is easily distinguished by
changes in the positions of the ligand-to-metal charge trans-
fer (LMCT) bands in the optical spectra. Though UV–vis
spectroscopy is not suitable for catalyst systems containing
trityl cation owing to the overlap of absorption of the cation
with the LMCT bands of the complexes formed in the acti-
vation process (Fig. 2), TPCP cation has no absorption be-
yond 320 nm. Thus, one may examine the LMCT bands
formed from catalyst systems containing TPCP cation using
UV–vis spectroscopy.

In the absence of 2, 3 shows a LMCT band at 361 nm in
both CH2Cl2 and toluene. The LMCT absorption band of 3 is
shifted to 482 nm in CH2Cl2 in the presence of 2 and to
487 nm in toluene, respectively, corresponding to a decrease
of electron density on the metal center (16a). This is consis-
tent with the formation of cationic Ti(IV) complex observed
by NMR spectroscopy. During styrene polymerization, we
found that with preactivation, a deep approximately dark red
solution of initiator was required in order for the system to
exhibit the highest activity. Yellow solutions showed little or
no activity as polymerization initiators. Therefore, the corre-
sponding species, which absorbs at 482 nm, must be the ac-
tual active species.

In the case of the 2, 3 couple, formation of the active spe-
cies 4 was followed by observing the absorption changes in
dichloromethane at 482 nm (Fig. 3). In the absence of mono-
mer at fixed concentrations of reagents, the maximum con-
centration of 4 was observed after 17 min (Fig. 3a). The
absorption then decayed presumably because of the thermal
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Run
Catalyst
(mmol)

Polymerization
time (min) Monomer

Yield
(g)

Activity
(× 106)b

Mw

(kg mol–1) Mw/Mn

1c 3.0 30 Styrene 1.23 4.68 20.6 2.13
2 3.0 30 Styrene 1.06 4.05 65.3 1.93
3d 3.0 30 Styrene 1.80 7.15 50.8 2.31
4e 3.0 30 Styrene 0.92 3.50 50.5 2.14
5d 3.0 15 Styrene 1.78 13.5 40.2 2.38
6d 1.5 15 Styrene 1.43 21.8 54.8 2.27
7d 3.0 5 Ethylene 0.17 0.068 —f —
8d 1.5 5 Ethylene 0.17 0.14 — —
9d 3.0 30 Propylene 0.037 0.0035 3.97 1.46

10d 5.0 30 Propylene 0.038 0.0015 7.18, 5.56 2.68, 2.14
11c 3.0g 30 Styrene 1.59 6.04 6.3 2.48
12c —h 30 Styrene 1.46 5.60 8.3 4.14

aPolymerization conditions: Styrene polymerization: temperature = 23°C, styrene = 2 mL, solvent = 2 mL,
[Styrene] = 4.4 M. Ethylene and propylene polymerization: temperature = 23°C, solvent = 2 mL, monomer
pressure = 1 atm (1 atm = 101.325 kPa).

bUnit: g (PS)/(mol Ti × mol styrene × h); g (PE or PP)/(mol Ti × atm × h) (1 atm = 101.325 kPa).
cToluene was used as the solvent.
dPreactivation time: 10 min.
ePreactivation time: 20 min.
fThe polymers were not soluble in CH2Cl2, THF, and CHCl2CHCl2 for Mw measurement.
gTrityl tetrakis(pentafluorophenyl)borate was used as the activator.
hOnly trityl tetrakis(pentafluorophenyl)borate was used.

Table 1. Polymerization of styrene, ethylene, and propylene by Cp2TiMe2–TPCP+B(C6F5)4
– in CH2Cl2.

a
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decomposition of the active cationic complex. Consistent
with results obtained in the polymerization of styrene in that
if the initiation system was preactivated for times greater
than 17 min (e.g., 20 min, entry 4, Table 1), one observes
decreased activity. Consistent with the lower activity ob-
served for the polymerization of styrene when the initiator is
prepared in its presence, the growing in of the absorption at
482 nm was much slower in the presence of styrene than in
its absence (Fig. 3b). This can be explained if styrene con-
sumes the active species during its formation. A rapid decay
of 4 also results from the addition of styrene to the initiation
system (Fig. 3c). We presume this to be from the reaction of
styrene at the Ti center resulting in a decreased concentra-
tion of the cationic complex 4 (Scheme 1).

The formation and decay of cationic complex 4 was stud-
ied by following the absorption changes at 482 nm. The for-
mation and decay lifetimes of the active species were
obtained by fitting the experimental data to a double expo-
nential decay function using ORIGIN 6.1 software. The spe-
cies grew in rapidly with τ1 of 7.96 min and then decayed
slowly with τ2 of 28.9 min.

Mechanism of olefin polymerization
The mechanism we propose for olefin polymerization is

that dimethyl Ti(IV) complex reacts with a stoichiometric
amount of TPCPB at room temperature to yield the cationic
titanium – monomethyl complex [Cp2TiMe]+[B(C6F5)4]

– (4).
The system is active for nonfunctionalized olefins like ethyl-
ene, propylene, and styrene with polymerization of ethylene
and styrene being much faster in CH2Cl2 at room tempera-
ture than the polymerization of propylene. That ethylene
polymerization is faster than that of propylene is consistent
with a coordination polymerization mechanism (Scheme 2).

It has recently been found that some well-characterized
Ziegler–Natta catalysts can also initiate carbocationic poly-

merization of olefins (19) and that styrene may undergo
polymerization via both coordination and carbocationic
mechanisms. Using Cp*TiMe3–B(C6F5)3 as the catalyst and
if the polymerization is carried out at a low temperature,
only atactic polystyrene was produced. If the polymerization
temperature rises to above –10°C, highly syndiotactic poly-
styrene is obtained (20). At high temperature Ti(III) com-
plex formed by reductive decomposition was confirmed to
be the active catalyst for production of syndiotactic polysty-
rene (21). At lower temperatures, cationic Ti(IV) complex
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Scheme 1. Electrophilic attack of 4 on styrene.

Scheme 2. Coordination polymerization pathway.

Fig. 2. UV–vis spectra of catalyst Cp2TiMe2 (3) and a mixture
of 2 and 3 in CH2Cl2. Concentration of catalyst and activator:
[3] = 4.2 × 10–4 M, [2] = 4.8 × 10–4 M; spectrum of the mixture
of 2 and 3 was taken after being mixed for 17 min.

Fig. 3. Variation of the absorption of 2 and 3 at 482 nm with
time in CH2Cl2. [3] = 4.2 × 10–4M, ratio of 2:3:styrene in mol
(a) in the absence of styrene; (b) in the presence of styrene; and
(c) styrene added at 17 min.
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initiates a carbocationic process for the production of atactic
polystyrene.

Our spectroscopic studies indicate that cation [Cp2TiMe]+

is more stable than [Cp*TiMe2]
+ but that it decomposes,

though moderately, at room temperature on the polymeriza-
tion time scale. The decay lifetime of the cationic complex
is 28.9 min indicating that most of the cationic complex sur-
vived during the polymerization process. Each of the PS
samples prepared using our initiating system is soluble in 2-
butanone, suggesting no syndiotactic PS (s-PS) forms.
Therefore, we assume that the cationic Ti(IV) complex is the
actual active species in the system reacting as a carboca-
tionic initiator with styrene and producing atactic polystyrene
(Scheme 3). The relatively narrow polydispersities of the re-
sulting PS samples (1.92–2.56) is further evidence for a
carbocationic polymerization process.

In summary, TPCP borate efficiently reacts with
bis(cyclopentadienyl) dimethyltitanium to form cationic Ti
complex [Cp2TiMe]+B(C6F5)4

– (4). The formation of cati-
onic Ti complex 4 was confirmed by NMR spectroscopy.
The reaction was also studied using UV–vis spectroscopy
and observed the bathochromic shift of the Cp2TiMe2LMCT
main absorption band from 361 to 482 nm in CH2Cl2. The
kinetic profile showed the cationic species grew in rapidly
and then decayed slowly. Though the cationic complex
[Cp2TiMe]+B(C6F5)4

– was observed to be thermally unstable
and its activity in the polymerization of styrene decreased
with time, the system shows generally high polymerization
activity for both ethylene and styrene. It is less active for the
polymerization of propylene. The cationic Ti(IV) complex is
proposed to be a conventional Ziegler–Natta coordinative
catalyst for ethylene and propylene polymerization, while it
acts as a carbocationic initiator for styrene polymerization.
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Oxidation of cyclohexane using a novel RuO2–
zeolite nanocomposite catalyst

Bi-Zeng Zhan, Mary Anne White, James A. Pincock, Katherine N. Robertson,
T. Stanley Cameron, and Tsun-Kong Sham

Abstract: We report the synthesis, using an organic-template-free hydrothermal crystallization method, and catalysis of
a new type of nanocomposite material, 1.3 nm-sized RuO2 particles confined in faujasite zeolite. The zeolite-confined
RuO2 composites were fully characterized with X-ray powder diffraction, Ru K-edge X-ray absorption, and high-
resolution transmission electron microscopy. XRD and X-ray fluorescence analysis indicate that the framework is
faujasite zeolite with a Si:Al ratio of 1.25. Ru K-edge X-ray absorption near-edge structures indicate that the ruthenium
species in the zeolite is Ru(IV) with nearest-neighbor octahedral environments similar to hydrous RuO2, i.e., distorted
“RuO6”. The k2-weighted extended X-ray absorption fine structure indicates that the Ru(IV) species anchored in the ze-
olite likely form amorphous RuO2 with a 2D-chain structure, in which RuO6 units are connected together by two
shared oxygen atoms. TEM shows that the particle size of RuO2 encapsulated inside the supercages of FAU is about
1.3 nm. The RuO2–FAU composites display significant catalytic activity in the oxidation of cyclohexane with tBHP un-
der mild (room temperature and 1 atm (1 atm ≡ 101.325 kPa)) conditions. The ketone and alcohol concentration can be
as high as 0.26 mol L–1 in 5 h with 48% peroxide efficiency. The catalyst is stable and reusable. Possible oxidation
mechanisms are also discussed.

Key words: nanocomposite, ruthenium oxide, catalysis, oxidation, zeolite.

Résumé : Faisant appel à une méthode de cristallisation hydrothermique sans gabarit organique on a effectué la syn-
thèse d’un nouveau matériau nanocomposite, des particules de RuO2 d’une taille de 1,3 nm confinées dans un zéolite
de faujasite, et on a examiné ses propriétés comme catalyseur. Les composites de RuO2 confinées dans le zéolite ont
été caractérisés par diffraction des rayons X sur des poudres, absorption de rayons X par l’arête K du Ru et par mi-
croscopie électronique de transmission à haute résolution. L’analyse de la diffraction et de la fluorescence des rayons X
indiquent que le squelette est le zéolite de faujasite avec un rapport de Si:Al de 1,25. Les structures près des rebords
obtenues par absorption de rayons X par l’arête K du Ru indiquent que l’espèce ruthénium du zéolite est le Ru(IV)
avec un environnement octaédrique pour les voisins immédiats, comme dans le cas du RuO2 hydratée c’est-à-dire du
« RuO6 » déformé. La structure fine d’absorption étalée des rayons X indique que l’espèce Ru(IV) ancrée dans le zéo-
lite forme vraisemblablement du RuO2 amorphe avec une structure en chaîne bidimensionnelle dans laquelle les unités
de RuO6 sont reliées entre elles par deux atomes d’oxygène partagés. La méthode « TEM » montre que la taille des
particules de RuO2 encapsulées dans les supercages de FAU est d’environ 1,3 nm. Les composites RuO2–FAU présen-
tent une activité catalytique significative dans l’oxydation du cyclohexane par le tBHP dans des conditions douces
(température ambiante et 1 atm (1 atm ≡ 101.325 kPa)). Les concentrations de cétone et d’alcool peuvent atteindre une
valeur de 0,26 mol L–1 en 5 h, avec une efficacité de peroxyde de 48%. Le catalyseur est stable et peut être réutilisé.
On discute aussi des mécanismes d’oxydation possibles.

Mots clés : nanocomposite, oxyde de ruthénium, catalyse, oxydation, zéolite.

[Traduit par la Rédaction] Zhan et al. 769

Introduction

Oxidation of cyclohexane under mild conditions is one of
the most interesting and challenging topics in oxidation
chemistry (1–4). Considerable effort has been made to de-
velop novel homogeneous and heterogeneous catalysts and

catalytic processes for the oxidation of cyclohexane to
cyclohexanol and cyclohexanone (1–9). To achieve satisfac-
tory selectivity (>80%), yield usually must be sacrificed
(~4% conversion) because of free-radical autoxidation pro-
cesses (5). Incorporation of transition metal compounds into
molecular sieves offers one of the most promising ap-
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proaches to enhance the selectivity because the free radicals
generated by autoxidation are constrained by the well-
defined porous system. Various metals and metallo-
complexes have been incorporated into zeolites, silicates,
SAPO, ALPO, and mesoporous materials and used as cata-
lysts for alkanes and alkenes oxidation (5–10). Among them,
zeolite-confined metallophthalocyanines have displayed the
attractive activity of cyclohexane oxidation with tBHP at
room temperature (8, 9). However, there are several draw-
backs in these systems, such as the complicated synthetic
procedures and the use of expensive metallo-complexes. De-
velopment of an efficient and recyclable catalyst for alkane
oxidation under mild conditions is still a significant chal-
lenge.

Ruthenium compounds have considerable potential for ox-
idation of alkanes and alkenes because of their rich redox
properties (11 oxidation states, ranging from Ru–II to RuVIII)
(11–13). Recently, RuO2, especially RuO2(110), has been re-
ceiving considerable attention for its extraordinarily high
catalytic activity (14–18). The outstanding catalytic ability
of the RuO2(110) surface is attributed to the existence of
coordinatively unsaturated ruthenium atoms (14–16). Inter-
estingly, a structure similar to RuO2(110) was found in
amorphous hydrous RuO2 (19). Nanomaterials can be novel
catalysts because of the large surface area and the high den-
sity of active sites (20–21). Thus, it is expected that zeolite-
confined hydrous nano-RuO2 could exhibit favourable oxida-
tion chemistry. Recently, we have reported the synthesis of
faujasite zeolites (FAU) with controllable particle size and
surface properties by using an organic-additive-free hydro-
thermal crystallization approach (22, 23). This organic-
additive-free synthetic method makes it possible to synthe-
size zeolite-based host–guest materials in a simple one-step
modification or build-the-bottle-around-the-ship approach
(10), namely directly adding guest molecules into the fresh-
prepared aluminosilicate gel before hydrothermal crystalliza-
tion. Furthermore, FAU zeolites have a unique and well-
defined pore system: ~1.3 nm supercages are tetrahedrally
connected by 12-membered-ring channels with ~0.74 nm
openings (24). Therefore, physically trapped nanoparticles
or molecules with sizes between about 0.74 and 1.3 nm can-
not diffuse out of the supercages unless the strict framework
of the zeolite is destroyed (8–10). In this paper, we report
the synthesis and catalysis of novel nanocomposite materi-
als, viz. faujasite zeolites with confined RuO2 nanoclusters
(abbreviated as RuO2–FAU) with a one-step modification of
the hydrothermal synthetic method for FAU. The catalytic
results indicate that these materials are very efficient and
stable catalysts for cyclohexane oxidation at room tempera-
ture.

Results and discussion

All the synthesized zeolite-confined hydrous RuO2 sam-
ples were characterized by X-ray powder diffraction as
shown in Fig. 1. The XRD patterns of as-synthesized RuO2–
FAU samples match very well with simulated XRD results
for faujasite zeolites (25). For our sample with the highest
RuO2 loading, RuO2–FAU(1.63) (where the number in
brackets refers to RuO2 concentration in mmol g–1; see the
Experimental section for details), a few weak peaks appear

at 2θ values of 12.6°, 18.6°, 21.8°, 28.2°, and 33.5°, indicat-
ing the presence of small amounts of NaP-1 zeolite impurity
(25). In comparison with the XRD pattern of pure FAU zeo-
lite, the 2θ values of the diffraction peaks of RuO2–FAU
composites are slightly higher, and they increase with in-
creased RuO2 loading. Figure 2 gives an example of the shift
of the hkl(642) diffraction peak as a function of RuO2 load-
ing. This shift demonstrates encapsulation of RuO2 inside
the cages of FAU zeolite using our hydrothermal crystalliza-
tion method. No new diffraction peaks belonging to RuO2
compounds were found, indicating that the RuO2 in the zeo-
lite is amorphous.

The Ru K-edge X-ray absorption near-edge structures of
all the RuO2–FAU composites resemble those of hydrous
RuO2 (26). This indicates that the ruthenium species in the
zeolite is Ru(IV) with nearest-neighbor octahedral environ-
ments similar to hydrous RuO2, i.e., distorted “RuO6” (19).
It also shows that all the Ru(III) species are oxidized to
Ru(IV) under the hydrothermal synthetic conditions. Fur-
thermore, the k2-weighted extended X-ray absorption fine
structure of RuO2–FAU composites is virtually the same as
that of amorphous RuO2·2.32H2O (26) indicating that the
Ru(IV) species anchored in the FAU zeolite likely form
amorphous RuO2 with a 2D-chain structure, in which RuO6
units are connected together by two shared oxygen atoms
(19). This is consistent with the XRD results. A schematic
structure of a RuO2 nanocluster in FAU zeolite is given in
Scheme 1.

Figure 3 shows a typical high-resolution transmission
electron microscopy (TEM) image taken at the RuO2–
FAU(0.78) sample. The dark spots, homogeneously distrib-
uted through the sample and not seen in the pure FAU, are
reasonably attributed to the RuO2 particles. Figure 3 clearly
indicates that these particles are very uniform, in the size
range 1.3 ± 0.2 nm. This is the same size as the supercages
of FAU zeolite. Likely the RuO2 nanoclusters are incorpo-
rated into the supercages of FAU zeolite during the hydro-
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Fig. 1. XRD patterns for synthetic RuO2–FAU composites and
pure FAU. The numbers in parentheses are RuO2 concentrations
in the FAU zeolites in mmol g–1.
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thermal crystallization process and the growth of RuO2
clusters is strictly constrained by the rigid zeolitic frame-
work. The encapsulation of nano-RuO2 inside the zeolite is
further confirmed by catalytic results (vide infra). It is esti-
mated that, on average, every 1.3 nm RuO2 cluster contains
five Ru atoms, as deduced from the bond lengths.

All the synthetic RuO2–FAU nanocomposites were em-
ployed as catalysts for cyclohexane oxidation at room tem-
perature using tert-butyl hydroperoxide (tBHP) as the
oxidant. The catalytic oxidation results are given in Table 1,
along with the results of the FePcY-PDMS catalyst (8). Sev-
eral control experiments were carried out to determine the
catalytically active sites of RuO2–FAU catalysts: no catalytic
products were observed when unmodified FAU zeolite was
used as the “catalyst” (entry 1, Table 1), showing that pure
FAU does not have any catalytic activity at room tempera-
ture even in the presence of tBHP. No oxidation products
were detected on mixing cyclohexane with RuO2–FAU with-
out tBHP. In the absence of cyclohexane, tBHP is decom-
posed to tert-butyl alcohol, O2, and a very small amount of
tert-butyl peroxide (t-BuOOt-Bu). Very high catalytic activ-
ity of cyclohexane oxidation was observed using RuO2–FAU
composites as catalysts. Furthermore, cyclohexane conver-
sion was found to increase with increased RuO2 nanocluster

loading in the FAU zeolites (entries 2, 3, and 5, Table 1).
This clearly demonstrates that RuO2 incorporated in the
zeolitic framework provides the catalytically active sites for
the alkane oxidation. The turnover number (TON) of RuO2–
FAU(0.15) is about 630, which is close to the best results
(990) achieved with FePcY-PDMS as the catalyst (entry 6,
Table 1), although our oxidation reaction was carried out in
a simple batch reactor (8). Higher RuO2 concentrations can
increase catalytic activity, i.e., cyclohexane conversion, but
give lower TONs because of the partial blockage of zeolitic
channels by the RuO2 nanoclusters. Comparing the cyclo-
hexane conversion, TON value, and peroxide efficiency, we
conclude that the optimum concentration of RuO2 in RuO2–
FAU is ca. 0.78 mmol g–1, e.g., about one RuO2 nanocluster
in every two to three supercages.

Cyclohexanol (ol) and cyclohexanone (one) are the pre-
dominant products (about 90 mol%). The one:ol ratio in-
creases from 1.3 in RuO2–FAU(0.15) to 3.3 in RuO2–
FAU(1.63) (entries 2 and 5, Table 1), showing that higher
RuO2 concentration can lead to further oxidation of the alco-
hol to the ketone. The high oxidation activity of RuO2–FAU
is also revealed from the low proportion (<8 mol%) of
cyclohexyl hydroperoxide (CHHP) in the products. The only
observed side product, tert-butyl cyclohexyl peroxide, is rel-
atively minor (<5 mol%). No over-oxidation products, such
as adipic acid, were found. Furthermore, no dicyclohexyl
by-product was found in the oxidation mixture, which con-
trasts with the Ce/silicate catalysts (27). It appears that, be-
cause of the steric constraints imposed by the zeolitic
channels and (or) cages, two cyclohexyl radicals cannot be
created in one channel and (or) cage at the same time. This
provides strong evidence that RuO2 is indeed confined in the
supercages of FAU zeolite. The shape-selectivity of RuO2–
FAU nanocomposites to both substrates and products is also
observed in other catalysis experiments such as the oxidation
of alcohols (26) and alkyl-aromatics.2

If we assume that 1 mol of ketone product is formed for
every 2 mol of peroxide, the peroxide efficiency is about
48% for both RuO2–FAU(0.78) and RuO2–FAU(1.63) cata-
lysts (entries 3 and 5, Table 1), which is higher than the
observed 35% efficiency in FePcY-PDMS (8). The concen-
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Fig. 2. XRD pattern showing the shift of the hkl(642) diffraction
peak of FAU zeolites as a function of RuO2 loading.

Scheme 1. The 2D-chain structure of RuO2 in zeolite.

Fig. 3. Typical TEM image of the RuO2–FAU(0.78) composite.

2 B.-Z. Zhan, M.A. White, J.A. Pincock. To be submitted.
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tration of one + ol with RuO2–FAU(1.63) reached
0.26 mol L–1 in 5 h at RT (entry 5). Furthermore, RuO2 is
physically occluded in the zeolite supercage, making the cat-
alyst reusable. After reaction, a clear, colorless organic
phase was separated by centrifugation. Leaching of RuO2 in
the filtrate is negligible: the concentration of Ru in the or-
ganic phase is less than 30 ppb (ICP analysis). Further stir-
ring of the organic phase with tBHP did not change the
product composition, showing that trace amounts of Ru did
not cause any oxidation under the experimental conditions,
e.g., RT and 1 atm (1 atm ≡ 101.325 kPa). About 90% of the
reactivity, e.g., the conversion of both ane and tBHP, re-
mained in the third run (entries 3 and 4, Table 1).

The high activity of RuO2–FAU can be related to the oxi-
dation mechanism. A competitive oxidation of C6H12–C6D12
over RuO2–FAU(0.78) catalyst at RT showed an isotopic ef-
fect of kH/kD = 8.3 ± 0.2 (extrapolated to 0% conversion).
This indicates the existence of an electrophilic oxo-species
(e.g., eqs. [1] and [2]) (8, 28). The relative reactivity of pri-
mary, secondary, and tertiary C—H bonds provides further
evidence for the presence of Ru-oxo species. In adamantane
oxidation over RuO2–FAU(0.78) zeolite, we found the ter-
tiary C—H bonds to be 9.7 times more reactive than second-
ary C—H bonds (secondary:tertiary product ratio of 0.31;
statistical factor of 3). This product ratio is significantly
higher than 0.05 with Fenton chemistry and 0.14 for
hydroxyl radicals (29), but remains in the range required for
oxo-chemistry as observed in P-450 and its model systems
(8, 30, 31). However, we cannot rule out a small contribution
from a free-radical pathway (e.g., eqs. [3]–[7]), as we ob-
serve a small amount of CHHP, tBCP, and O2 products in the
cyclohexane oxidation. Quite likely, two competitive oxida-
tion pathways are involved since there are different Ru(IV)
environments in the RuO2–FAU composite catalyst. Looking
at the 2D-chain RuO2 structure, two different coordination
environments of Ru(IV) are found: in a five-Ru-atom RuO2
nanocluster, the two end Ru atoms are completely different
from those three Ru in the middle. Two types of oxygen,
e.g., bridged and terminal, could also be involved in the oxi-
dation process.

Ru-oxo oxidation mechanism

[1] t-BuOOH + Ru(IV) → t-BuOH + Ru(VI)=O

[2] Ru(VI)=O + C6H12 → Ru(IV) + C6H11OH

Free-radical oxidation mechansim

[3] t-BuOOH + Ru(IV) → t-BuOO· + Ru(III) + H+

[4] 2t-BuOO· → 2t-BuO· + O2

[5] t-BuO· + C6H12 → t-BuOH + C6H11·

[6] 2t-BuO· → t-BuOOt-Bu

[7] t-BuO· + C6H11· → t-BuOOC6H11

Conclusions

We have synthesized a new type of nanocomposite mate-
rial, nanosized RuO2 in a faujasite zeolite, using an organic-
template-free hydrothermal crystallization approach. The
ruthenium encapsulated inside the supercages of FAU is
amorphous hydrous RuO2 with a particle size of 1.3 nm. It
has a 2D-chain structure in which RuO6 units are connected
together by sharing two oxygen atoms (26). The RuO2–FAU
composites display significant catalytic activity in the oxida-
tion of cyclohexane with tBHP under mild (room tempera-
ture and 1 atm (1 atm ≡ 101.325 kPa)) conditions. The
ketone and alcohol concentration can be as high as
0.26 mol L–1 in 5 h with 48% peroxide efficiency. Further-
more, RuO2 is physically trapped in the zeolite supercage,
making the catalyst potentially reusable.

Experimental details

Chemical reagents included fumed silica (11 nm, Sigma),
tetraethylorthosilicate (Aldrich), NaOH (Aldrich), NaAlO2
(Allied Chemical), Al(OH)3 (McArthur Chemical),
RuCl3·3H2O (Aldrich), and RuO2 (A.D. Mackay). All other
organic and inorganic chemicals were reagent grade and
were used without further purification.

© 2003 NRC Canada
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No. Catalyst Products (mol%)a Conv. (%)b
TONc Conc.

(mol L–1)d
Effic.
(%)e

ol one CHHP tBCP ane tBHP

1 FAU — — — — — — — — —
2 RuO2–FAU(0.15) 39 50 8 3 4.5 47 630 0.13 36
3 RuO2–FAU(0.78) 25 66 5 5 8.6 74 190 0.23 48
4 RuO2–FAU(0.78)f 33 56 7 5 7.6 68 170 0.21 44
5 RuO2–FAU(1.63) 21 69 5 5 9.4 84 100 0.26 48
6 FePcY-PDMS (8)g (main products are ol + one) — 990 — 35

aol = cyclohexanol, one = cyclohexanone, CHHP = cyclohexyl hydroperoxide, tBCP = tert-butyl cyclohexyl peroxide.
bConversion (ane = cyclohexane, tBHP = tert-butyl hydroperoxide).
cTON = turnover number on tBHP per RuO2 nanocluster in 5 h.
dConcentration of ol + one after 5 h of reaction.
eEfficiency of tert-butyl hydroperoxide, i.e., the percentage of peroxide used for substrate oxidation.
fCatalytic results from a third run. After each run, the solid catalyst was separated by centrifugation and then fully washed with acetone and reused for

a next run under the same conditions.
gReaction was carried out with 0.32 g of FePcY-PDMS in a counter-current membrane reaction with 40 mmol of tBHP as a 7% solution in water,

300 mmol of cyclohexane.

Table 1. Catalytic results for cyclohexane oxidation.
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Synthesis of pure faujasite zeolite
The pure faujasite zeolite was synthesized by hydrother-

mal crystallization in an oil bath with both controllable tem-
perature and stirring rate. Unmodified faujasite zeolite was
synthesized using hydrothermal crystallization methods re-
ported previously (22, 23). Aluminosilicate gel was prepared
by mixing freshly prepared aluminate and silicate solutions
together in the molar ratio 5.5Na2O:1.0Al2O3:4.0SiO2:190H2O.
The powdered products were recovered with centrifugation
and washed with deionized (DI) water until pH < 8, and then
dried at room temperature for 24 h for further characteriza-
tion. X-ray fluorescence analysis showed that the Si:Al ratio
for the 4-day crystallization sample was 1.25, within the
range of 1.0 ~ 1.5 for faujasite-X zeolite.

Synthesis of RuO2–FAU composites
The RuO2–FAU nanocomposites were synthesized with

one-step modification to the method for pure FAU, namely
adding RuCl3·3H2O into the freshly prepared aluminosilicate
gel, before hydrothermal crystallization. A measured amount
of RuCl3·3H2O was added to an aluminosilicate gel contain-
ing 5.34 g NaOH, 2.42 g NaAlO2, 3.43 g SiO2, and 50.0 g
H2O. The gel was aged for 2 days and then crystallized at
90°C for 15 h with stirring. The resultant black powder was
separated from solution by centrifugation and then washed
thoroughly with DI water to remove any physically absorbed
species. All the synthesized samples were dried at room
temperature for further characterization and catalytic investi-
gations. ICP–MS analysis indicated that three RuO2–FAU
samples with different RuO2 loadings were synthesized:
RuO2–FAU(0.15), RuO2–FAU(0.78), and RuO2–FAU(1.63),
where the numbers in the parentheses are RuO2 concentra-
tions in the FAU zeolites in mmol g–1. These correspond, re-
spectively, to one RuO2 nanocluster in every ca. 10, 2.2, and
1.1 supercages of FAU (on average, every 1.3 nm RuO2
nanocluster contains five Ru atoms, as deduced from the
bond lengths).

Cyclohexane oxidation
The oxidation reactions were carried out in sealed vials

containing a mixture of 0.1 g RuO2–FAU catalyst, 10 mmol
cyclohexane, 4 mmol tBHP, and 2 mL acetone as solvent.
The reaction products were analyzed and quantified by GC
after 5 h of room-temperature reaction, and identified by ei-
ther GC–MS or GC with standard samples. All the reactions
were run under aerobic conditions. All the GC analyses were
performed on a Supelco MDN-55 column (30 m × 0.25 mm ×
0.50 µm) with a Perkin-Elmer Auto System GC equipped
with an FID. GC–MS for the product identification was con-
ducted using a Perkin-Elmer Auto System XL GC with a
Perkin-Elmer TurboMass mass spectrometer. Chlorobenzene
was chosen as the internal standard for GC analyses. Cyclo-
hexyl peroxide was converted to cyclohexanol for quantifica-
tion. This was done by reacting the oxidation mixture with
excess triphenyl phosphine at room temperature for 20 min,
followed by GC analysis. The consumption of tert-butyl
hydroperoxide was directly calculated from the GC results.

Control reactions
Pure FAU as catalyst: 0.1 g FAU was used as the “cata-

lyst” instead of 0.1 g RuO2–FAU composite. All other con-

ditions are the same as described above. Without tBHP: the
mixture of 0.1 g RuO2–FAU catalyst, 10 mmol cyclohexane,
and 2 mL acetone was stirred for 5 h. Without cyclohexane:
0.1 g RuO2–FAU catalyst, 4 mmol tBHP, and 2 mL acetone
were mixed together and stirred for 5 h at room temperature.
Reaction products were analyzed with GC.

Isotope effect
The reaction was conducted in sealed vials containing a

mixture of 0.1 g RuO2–FAU catalyst, 5 mmol C6H12,
5 mmol C6D12, 4 mmol tBHP, and 2 mL acetone as solvent.
The reaction products taken at different reaction times were
analyzed and quantified by GC.

Adamantane reaction
The reaction was conducted in sealed vials containing a

mixture of 0.1 g RuO2–FAU catalyst, 2 mmol adamantane,
4 mmol tBHP, and 2 mL acetone as solvent. The reaction
products taken at different reaction times were analyzed and
quantified by GC and identified by GC–MS.

Characterization
X-ray powder diffraction patterns were recorded on a

Rigaku Miniflex System using Cu-Kα radiation, 30 kV,
15 mA with a scanning speed of 1° (2θ) min–1, T = 20°C. Ru
K-edge XAFS measurements were made at the Bending
Magnet Beamline of the PNC (Pacific Northwest Consor-
tium)-CAT (Collaborative Access Team) at the Advanced
Photon Source (APS) at Argonne National Laboratory. APS
is a 7 GeV, third-generation electron storage ring, operating
typically at 100 mA injection current. All the measurements
were conducted in fluorescence mode using a Xe-filled ion
chamber with filter and solar slit arrangements. High-
resolution TEM images were recorded with a FEI Tecnai-12
operated at 80 kV.
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Intramolecular excimer fluorescence from folded
ground state rotamers of N,N ′dimethyl-N,N ′-
dipyrenylurea protophanes

Frederick D. Lewis and Todd L. Kurth

Abstract: The molecular structure, absorption, and fluorescence spectra of N,N ′-dimethyl-N,N ′-di-1-pyrenylurea and
N,N ′-dimethyl-N,N ′-di-2-pyrenylurea have been investigated and compared to the properties of N,N,N ′-trimethyl-N ′-
pyrenylurea model compounds. Di-1-pyrenylurea exists as a mixture of folded (E,E) syn- and anti-rotamers that
interconvert via flipping of one of the pyrene rings to an unfolded (E,Z) rotamer geometry. The symmetric di-2-
pyrenylurea exists as a single folded (E,E) conformation which is in equilibrium with a less-stable, unfolded (E,Z)
rotamer. The absorption and fluorescence spectra of the dipyrenylureas at 77 K in a rigid glass are similar to those of
monopyrenylurea model compounds. However, in fluid solution, the dipyrenylureas exhibit excimer fluorescence and
very weak monomer fluorescence which have identical decay times. This behavior is attributed to fast rotational equi-
librium between folded rotamers which exhibit excimer fluorescence and unfolded rotamers which exhibit monomer
fluorescence. The behavior of the dipyrenylureas is compared with that of other systems that form intramolecular
pyrene excimers and diarylureas.

Key words: excited state rotamers, dipyrenylureas, pyrene excimers, ureaphane.

Résumé : On a étudié la structure moléculaire et les spectres d’absorption et de fluorescence de la N,N ′-diméthyl-
N,N ′-di-1-pyrénylurée et de la N,N ′-diméthyl-N,N ′,-di-2-pyrénylurée et on les a comparés aux propriétés correspondan-
tes de composés modèles de la famille des N,N,N ′-triméthyl-N ′-pyrénylurée. La di-1-pyrénylurée existe sous la forme
de mélange de rotamères syn- et anti- repliés (E,E) qui donnent lieu à une interconversion par le biais de l’inversion
d’un des noyaux pyrène vers un rotamère de géométrie dépliée (E,Z). La di-2-pyrénylurée existe sous la forme d’une
seule conformation repliée qui est en équilibre avec un rotamère déplié (E,Z) moins stable. Les spectres d’absorption et
de fluorescence des dipyrénylurées à 77 K, dans un verre rigide, sont semblables à ceux des composés modèles de la
famille des monopyrénylurées. Toutefois, en solution fluide, les dipyrénylurées présentent une fluorescence d’excimère
et une très faible fluorescence de monomère qui ont des temps de dégénérescence identiques. On attribue ce comporte-
ment à un rapide équilibre rotationnel entre les rotamères repliés qui présentent de la fluorescence d’excimère et les ro-
tamères dépliés qui présente de la fluorescence de monomère. On compare le comportement des dipyrénylurées avec
celui des diarylurées et d’autres systèmes qui forment des excimères pyrènes intramoléculaires.

Mots clés : rotamères à l’état excité, dipyrénylurées, excimères de pyrène, uréephane.

[Traduit par la Rédaction] Lewis and Kurth 776

Introduction

Pyrene excimer fluorescence is among the most widely
used probes of molecular conformation and structure (1).
The calculated optimum excimer geometry for two inde-
pendent pyrene molecules is a slightly slipped sandwich
structure (2). Molecules possessing two pyrene chromo-
phores that can adopt sandwich structures display large
monomer–excimer spectral shifts. Examples include the 1,3-
dipyrenylpropanes (1 and 2) (3–6) and [n.n](2,7)pyreno-
phanes (n = 2, 3, or 4) (3–5) (7). Conversely, molecules in
which only partial overlap of the two pyrenes is possible dis-

play either monomer fluorescence or excimer fluorescence
with small monomer–excimer spectral shifts. Examples in-
clude 1,2-di(1-pyrenyl)ethane (3), which cannot adopt a par-
allel sandwich structure, and [2.2](1,3)pyrenophane (6) (8)
and [2.2](1,8)pyrenophane (7) (9), which have extended and
splayed ground state structures, respectively. A particularly
instructive example of the effect of overlap on pyrene
fluorescence is provided by the 1,8-dipyrenyl-naphthalenes
(8–10) investigated by Staab and co-workers (10). Both the
di-2-pyrenylnaphthalene (10) and the syn rotamer of the di-
1-pyrenylnaphthalene (8) have extensive overlap between
pyrenes and display excimer fluorescence, whereas the anti-
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rotamer of the di-1-pyrenylnaphthalene (9) has minimal
overlap and displays monomer fluorescence. Vögtle refers to
systems in which two aryl groups are constrained to a face-
to-face geometry by a single linker as “protophanes”, to dis-
tinguish them from cyclophanes in which aryl groups are
connected by two or more linkers (11). Structures of 1–10
are shown in Chart 1.

Several N,N ′-dimethyl-N,N ′-diarylureas adopt folded
(E,E) structures, both in the solid state and in solution, in
which the two aryl groups are face-to-face (e.g., Fig. 1) (12).
Computational studies of the ground state conformational
energy surface of N,N ′-dimethyl-N,N ′-di-1-naphthylurea in-
dicate that the folded (E,E) rotamers are more stable than the
(E,Z) isomers by 2 to 3 kcal/mol.2 The tertiary diarylureas
are unique among conformationally mobile, singly linked
diaryl systems in their preferential formation of face-to-face
conformers.

We have previously observed that several diarylureas dis-
play excimer fluorescence in solution and monomer fluores-
cence in rigid glasses at 77 K (13). Evidently, large
amplitude geometric relaxation of the locally excited,
Franck–Condon singlet state of the folded (E,E) rotamers is
necessary for the formation of a fluorescent excimer. Re-
ported here are the syntheses, calculated structures, and fluo-
rescence spectra of N,N ′-dimethyl-N,N ′-di-1-pyrenylurea

(11) (Fig. 1), N,N ′-dimethyl-N,N ′-di-2-pyrenylurea (12)
(Fig. 2), and their monoaryl analogs N,N,N ′-trimethyl-N ′-1-
pyrenylurea (11m) and N,N,N ′-trimethyl-N ′-2-pyrenylurea
(12m). The dipyrenylureas exhibit both monomer and exci-
mer fluorescence, which are attributed to the major folded
rotamer (excimer) and a minor extended rotamer (mono-
mer), respectively, (e.g., Fig. 2d). The monomer–excimer
spectral shifts are dependent upon the strength of the intra-
molecular pyrene–pyrene interaction in the relaxed excited
state.

Results and discussion

Molecular structures
HF/6-31G** geometry optimizations (14) confirm that, as

in the case of other tertiary diarylureas, conformers in which
the Py-N-C=O geometry is E are of lower energy than their
Z isomers (12, 13, 15). The E,E-di-1-pyrenylurea 11 is pre-

© 2003 NRC Canada
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Chart 1.

Fig. 1. HF/6-31G** optimized rotamers (a) syn-E,E-N,N ′-dimethyl-N,N ′-di-1-pyrenylurea, (b) low energy anti-E,E-N,N ′-dimethyl-N,N ′-
di-1-pyrenylurea, and (c) high energy anti-E,E-N,N ′-dimethyl-N,N ′-di-1-pyrenylurea. Each structure is depicted with the urea unit in
the Y-Z plane.

Fig. 2. Folded and extended conformations of N,N ′-dimethyl-N,N ′-
di-2-pyrenylurea (12) (a) depiction with urea in the X-Y plane,
(b) urea in the X-Z plane, (c) urea in the Y-Z plane, and (d) ex-
tended conformation with urea in the X-Y plane.

2 Manuscript in preparation.
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dicted to exist as a mixture of syn- and anti-rotamers, the
former being more stable by ca. 1.0 kcal/mol (see Figs. 1a
and 1b). The more symmetric E,E-di-2-pyrenylurea 12 exists
in a single conformation (Fig. 2a–2c). For 11 and 12, the
calculated energy of the E,E-rotamer is lower than that of
the E,Z by ca. 1.5–2.5 kcal/mol. The minimized structures
shown in Figs. 1 and 2 illustrate that the tertiary dipyrenyl-
ureas have large angles between the pyrene planes. While
the short axes of the pyrenyl planes are approximately paral-
lel, the rotational (θ) and splay (φ) angles are roughly 50°
and 60°, respectively, (see Figs. 2a and 2c). These geome-
tries presumably result from alleviation of the repulsive
aryl–aryl interactions, causing a slight perturbation of the
loosely constrained urea linker. A slightly higher energy
minimum (+0.72 kcal/mol), corresponding to inversion of
the nitrogen centers and having more extensive pyrene–
pyrene interaction, exists for anti-11 (Fig. 1c). The barrier to
urea nitrogen inversion is very low (16), thus, creating a
broad potential energy minimum in which urea linker strain
is balanced against the repulsive through space aryl–aryl in-
teractions. Although symmetry prevents the observation of
similar multiple conformations for syn-11 and 12, their po-
tential energy surfaces are undoubtedly similar.

The ab initio optimized E,E geometries of 11 and 12 are
consistent with crystal structures of several tertiary diaryl-
ureas that adopt folded geometries (12). Further evidence for
protophane structures of 11 and 12 is provided by their 1H
NMR spectra (Fig. 3). Comparison of the spectra of the
mono- and dipyrenylureas show that the aryl protons of the
latter lie up-field of the former, as expected for folded con-
formations with face-to-face aromatic groups (17). In the
case of 11, exchange broadening is observed in the room
temperature 1H NMR spectrum, in accord with the restricted
interconversion of the syn- and anti-E,E-rotamers. Having
only a single E,E conformation, no such broadening is ob-
served in the spectrum of 12.

Absorption and fluorescence spectra
The long-wavelength portions of the absorption spectra of

the mono- and dipyrenylureas in methyltetrahydrofuran
(MTHF) are shown in Fig. 4. They all have long-wavelength
maxima near that of pyrene (see Table 1) and weaker tails at
longer wavelengths. The absorption spectra of 11 and 11m
appear to be broadened and display increased intensity at
longer wavelengths when compared to the spectra of 12 and
12m. This is as expected due to the greater electronic inter-
action of the pyrene frontier orbitals with substituents at the
1- vs. 2-position (18). ZINDO calculations (19) for the
mono-arylureas also correctly predict a small red shift for
the first maximum and a stronger long-wavelength tail in the
spectrum of 11m relative to that of 12m. Vibrational struc-
ture similar to that of pyrene is observed in the tails of the
absorption spectra of 11m and 12m. The band shifts and
broadening in the UV spectra of 11 and 12 prevent the ob-
servation of such long-wavelength structure. We previously
suggested that the broader spectrum of 11 vs. 11m might be
a consequence of weak exciton coupling between the two
pyrenes (13). This may also be the case in the spectra of 12
with respect to 12m.

The fluorescence excitation and emission spectra of the
mono- and dipyrenylureas at 77 and 298 K in MTHF are

shown in Fig. 5. The excitation spectra are independent of
the wavelength of emission monitored. The 298 K excitation
spectra are similar in appearance to the absorption spectra
(Fig. 4). The fluorescence maxima of the 1-pyrenylureas are
at shorter wavelengths than those of the 2-pyrenylureas. The
deceptive Stokes shifts in the spectra of 12m and 12 are a
consequence of the long-wavelength absorption bands hav-
ing very low oscillator strength. Well-resolved vibronic
structure is observed in the emission spectra of all four
pyrenylureas at 77 K. The spectra of 11 and 12 are similar to
those of their monoarylurea analogs 11m and 12m. No
phosphorescence is observed for any of the pyrenylureas.

The fluorescence maxima, quantum yields, and decay
times for pyrene and the pyrenylureas are reported in Ta-
ble 1. The 77 K fluorescence decays of all the ureas are best
fit by dual exponentials. The multiple exponential decays are
most likely a consequence of an array of closely related con-
formations that are frozen in the solvent matrix, the behavior
of which can be effectively fit with either distributed or the
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Fig. 3. Low-field 1H NMR spectra (298 K, CDCl3) of the ter-
tiary mono- (11m and 12m) and dipyrenylureas (11 and 12).

Fig. 4. Absorption spectra in MTHF of the mono- (11m and 12m)
(dashed lines) and dipyrenylureas (11 and 12) (solid lines).
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multiple component kinetics. In the case of 11, different de-
cay times might be expected for the syn- and anti-rotamers,3

whereas 12 is expected to exist predominantly as a single
rotamer.

The 298 K fluorescence emission spectra of 11m and 12m
are broadened and red-shifted when compared to their 77 K
spectra. These changes reflect the occurrence of geometric
relaxation prior to emission in fluid solution and may be at-
tributed to increased molecular planarity in the singlet state.
The calculated (HF/6-31G**) (14) dihedral angles between
the pyrene and urea planes are 69° and 118° in the ground
states of 11m and 12m, respectively. Upon excitation,
planarization and thus, an increase in the pyrene—N bond
order would result in more effective conjugation leading to a
decrease in the HOMO–LUMO gap and a bathochromic
shift in the fluorescence spectrum.

Large red shifts are observed for the fluorescence of 11
and 12 at 298 vs. 77 K, the red shift for 11 being larger than

that for 12. These shifts are attributed to the formation of
intramolecular pyrene excimers. The appearance of excimer
fluorescence at 298 K but not 77 K indicates that geometric
relaxation of the Franck–Condon singlet state occurs in fluid
solution, presumably resulting in contraction of both the
splay and rotational angles of the dipyrenylureas. Weak
short-wavelength shoulders are observed in the 298 K fluo-
rescence spectra of both 11 and 12. The positions of these
shoulders are similar to the maxima of the monoarylureas
11m and 12m, respectively (see Table 1). Deconvolution of
the spectrum of 12 results in slightly shifted monomer and
excimer maxima. The monomer and excimer emission have
identical excitation spectra.

The decay times for both the excimer fluorescence and the
weak monomer fluorescence from 11 and 12 at 298 K are
the same, indicative of rapid equilibrium between the spe-
cies responsible for excimer and monomer fluorescence. We
attribute these emissions to the folded (E,E) and extended
(E,Z) ground state rotamers, respectively. In the case of 11
both the syn- and anti-(E,E)-rotamers must be in equilibrium
with the E,Z rotamer (Scheme 1). A similar kinetic scheme
was proposed by Zachariasse et al. (4) to account for the ob-
servation of a single decay time for the extended and
twofolded excited state rotamers of 1 in toluene at tempera-
tures above 20°C. The very weak monomer emission ob-
served for 11 and 12 is indicative of a low population of the
extended (E,Z) rotamer in the excited state as well as in the
ground state. The decay times for 11 and 12 are identical to
those of the monopyrenylureas 11m and 12m (Table 1). This
agreement may simply be fortuitous, as the E,Z rotamers of

© 2003 NRC Canada

Lewis and Kurth 773

T (K) λabs (nm) λ fl (nm) Φfl τ1 (ns)a τ2 (ns)a

Pyreneb 298 334 385 0.32 450
11m 77 378 0.37 61 (6.9) 16 (7.5)

298 348 390 0.31 21
11 77 378 0.19 54 (3.6) 14 (8.8)

298 334 400 0.0008 21
298 334 480 0.01 21

12m 77 395 0.10 65 (4.1) 10 (3.4)
298 338 422 0.03 36

12 77 395 0.21 60 (8.4) 9 (2.0)
298 340 417c 0.002 36
298 340 455, 460c 0.02 36

aPreexponentials in parenthesis.
bData from ref. (2).
cDeconvolution results.

Table 1. Absorption and fluorescence spectral data for pyrene and the ureaphanes.

Fig. 5. Excitation and emission spectra in MTHF of the mono-
(11m and 12m) and dipyrenylureas (11 and 12). Solid lines rep-
resent 77 K data. Dashed lines represent 298 K data.

Scheme 1.

3 Variable low-temperature fluorescence decay analyses led to the resolution of lifetimes corresponding to those of the syn and anti rotamers
of N,N ′-dimethyl-N,N ′-di-1-naphthylurea. Manuscript submitted.
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11 and 12 possess two nonequivalent pyrenes, whereas 11m
and 12m possess a single pyrene.

Equilibrium between excited state rotamers requires that
the rate of equilibration be faster than the decay time of the
shortest-lived conformer (ca. 3–5 × 107 s–1 for 11 and 12).
Assuming that the conversion of E,E to E,Z conformers is
isoentropic, a barrier of 5 to 6 kcal/mol would result in a
rate constant of ~1 × 109 s–1. The line broadening observed
in the NMR spectrum of 11 is consistent with a ground state
barrier of this magnitude. Rotational barriers of ca. 10–
28 kcal/mol have been determined for protophane systems
(20). Linker geometry and repulsive polar and steric interac-
tions between the opposing aryl groups can lower this bar-
rier.

Comparison with other intramolecular excimer-forming
molecules

The excimer fluorescence maxima and monomer–excimer
spectral shifts for 11 and 12 and those of several other dipy-
renyl systems are summarized in Table 2. The 1,3-dipyrenyl-
propanes 1 and 2 have nonfolded structures in the ground
state, and they display monomer fluorescence at 77 K and
excimer fluorescence at 298 K. They can readily adopt un-
strained face-to-face sandwich excimer geometires and have
large values of ∆ν, which are similar for the 1,1-, 2,2-, and
1,2-pyrenyl isomers (5). The [n.n](2,7)pyrenophanes 3–5
have parallel sandwich-like structures in the ground state
and display excimer fluorescence both in a 1.3 K glass and
at room temperature (7).4 Their ∆ν values decrease as the
length of the alkyl tethers increases, presumably because of
decreased electronic interaction between the two pyrenes.
The [2.2](1,3)pyrenophane 6 has an extended ground state
structure and displays pyrene monomer fluorescence in non-
polar solvents, both at 77 and 298 K (8). In polar solvents, it
displays overlapping monomer and excimer fluorescence.
The observation of excimer fluorescence in polar solvents is
attributed to a “harpooning” mechanism in which photo-
induced charge transfer triggers folding. The value of ∆ν in
polar solvents is smaller that that for either 1 or 3, suggest-
ing that it does not adopt a fully overlapping structure. The
[2.2](1,8)pyrenophane 7 has a splayed structure and displays
a smaller value of ∆ν than those for the other cyclophanes
(9).

The crystal structures of the 1,8-di-1-pyrenylnaphthalenes
display nearly parallel pyrene rings, with splay angles <3°
and rotational angles of <15° (10). The two pyrene rings of
8 and 10 have slightly slipped sandwich geometries, where 9
has only partial pyrene–pyrene overlap. The barrier for ther-
mal isomerization of 9 to 8 is 28 kcal/mol, much higher than
the value obtained for the interconversion of syn- and anti-
E,E-N,N ′-dimethyl-N,N ′-di-1-naphthylurea, ca. 12 kcal/mol
(calculated via 1H NMR exchange simulations).2 The values
of ∆ν for 8–10 in a 1.3 K MTHF glass reflect their structural
differences. The smallest value is observed for 9, which has
the least extensive overlap in the ground state, and 8, with
maximal overlap, has the greatest.

The calculated ground state structures of 11 and 12 have
rather poor pyrene–pyrene overlap and a large splay angle,
similar to that of 7. Thus, it is not surprising that they do not

display excimer fluorescence in a 77 K glass. The formation
of a fluorescent excimer at 298 K presumably requires a de-
crease in the average pyrene–pyrene separation, which
would result in increased strain in the urea linkage. Thus,
the difference in energy between folded E,E and extended
E,Z conformations may actually be smaller in the excited
state than in the ground state. The value of ∆ν for 11, which
exists predominantly as the syn conformer, is similar to that
for syn-1,8-di-1-pyrenylnaphthalene (8). The value of ∆ν for
12 is similar to that for 1,8-di-2-pyrenylnaphthalene (10).
Thus, we might expect that the relaxed pyrene excimer ge-
ometries of 11 and 12 are similar to those of 8 and 10, re-
spectively.

The behavior of the dipyrenylureas is qualitatively similar
to that of several other diarylureas that we have studied. Ter-
tiary di-2-naphthylurea and di-2-anthrylurea also display
monomer fluorescence at 77 K and broadened, red-shifted
emission in solution. The values of ∆ν for these tertiary
ureas are 2200 and 2900 cm–1, respectively, significantly
smaller than the values for 11 and 12. As a consequence of
these small spectral shifts, it is not possible to resolve mono-
mer and excimer fluorescence. The fluorescence decays of
the dinaphthyl- and dianthrylureas are also single exponen-
tials, indicative of either emission from a single rotamer or
rapid equilibration between rotamers.

Concluding remarks

The fluorescence properties of excimer-forming dipyrenyl
systems are highly dependent upon the nature of the linker
connecting the two pyrene chromophores. Systems such as
the pyrenophanes 3–5 and the 1,8-dipyrenylnaphthalenes in
which the two pyrenes are parallel and strongly overlapping
display excimer fluorescence both in low temperature
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Ground state structure λ fl (nm)a ∆ν (cm–1)b

1c Extended 498 6500
2c Extended 487 6250
3d Parallel cyclophane 555c 7850
4d Parallel cyclophane 515c 6450
5d Parallel cyclophane 469c 4450
6e Extended cyclophane 385,f 475 0,f 3800
7g Splayed cyclophane 410 1500
8h Sandwich (extensive overlap) 5800
9h Sandwich (minimal overlap) 1000

10h Sandwich (extensive overlap) 4000
11i Splayed (partial overlap) 417,f 460 0,f 5620
12i Splayed (partial overlap) 400,f 480 0,f 3340

aFluorescence maxima at 298 K. Multiple entries indicate deconvoluted
components.

bDifference between the monomer and excimer band maxima at room
temperature.

cData from ref. (5).
dData from ref. (7).
eData from ref. (8).
fMonomer fluorescence.
gData from ref. (8).
hData from ref. (9).
iData from the present study.

Table 2. Comparison of dipyrenyl fluorescence data in MTHF.

4 F. Diederich. Personal communication, 2002.
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glasses and in room temperature solutions. Systems with
poor overlap and rigid linkers such as the pyrenophanes 6
and 7 and the 1,8-dipyrenylnaphthalene 9 display monomer
fluorescence both in glasses and in solution. Systems with
highly flexible linkers such as the 1,3-dipyrenylpropanes 1
and 2 display monomer fluorescence in rigid glasses and
excimer fluorescence in solution.

The protophanes 11 and 12 possess a linker which
restricts ground state conformational mobility, resulting in
weak electronic interactions between poorly stacked pyrenes.
As a consequence, 11 and 12 display monomer fluorescence
in a rigid glass, unlike the 1,8-dipyrenylnaphthalenes 8 and
10 which display excimer emission at 1.3 K. In fluid solu-
tion the locally excited states of 11 and 12 can undergo geo-
metric relaxation to form excimers with monomer–excimer
spectral shifts similar to those of 8 and 10 (Table 2). The
unique conformational properties of the tertiary diarylureas,
as well as their ease of synthesis, make them well suited for
the study of intramolecular excimer and exciplex behavior in
“ureaphane” systems with two or more arene layers.

Experimental

General
1H NMR spectra were measured on an Inova 500 spec-

trometer. UV–vis spectra were measured on a Hewlett-
Packard 8452A diode array spectrometer using a 1 cm path
length quartz cell. Total emission spectra were measured on
a SPEX Fluoromax spectrometer. Low-temperature spectra
were measured in a Suprasil quartz “EPR” tube (id =
3.3 mm) using a quartz liquid nitrogen cold finger dewar at
77 K. Total emission quantum yields were measured by
comparing the integrated area under the total emission curve
at an equal absorbance and the same excitation wavelength
as an external standard (9-methylanthracene) (Φf = 0.35 at
298 K in cyclohexane) (21). Emission spectra are uncor-
rected and the estimated error for the quantum yields is
±10%. Fluorescence decays were measured using a Photon
Technologies International (PTI) stroboscopic detection in-
strument with a hydrogen or nitrogen lamp using a scatter-
ing solution to profile the instrument response function.
Nonlinear least-squares fitting of the decay curves employed
the Levenburg–Marquardt algorithm as described by James
et al. (22) and implemented by the PTI Timemaster software
(23). Goodness-of-fit was determined by simultaneously
judging the χ2 (<1.2 in all cases), the residuals, the Durbin–
Watson parameter (>1.5 in all cases), and the Runs Test
(>–1.9 in all cases). Multiple wavelength detection and
global analyses were applied in relevant cases. All solutions
were either purged with nitrogen for 30 min or degassed un-
der vacuum (<0.1 torr (1 torr = 133.322 Pa)) through five
freeze–pump–thaw cycles.

Materials

All reagents are commercially available and were used as
received. Anhydrous MTHF containing 200 ppm 2,6-di-tert-
butyl-4-methylphenol (BHT, Aldrich) was distilled from po-
tassium hydroxide under a nitrogen atmosphere immediately
prior to use.

2-Aminopyrene
2-Aminopyrene was synthesized via the method of

Streitwieser et al. (24). This method consists of a potassium
metal reduction of liquid ammonia, forming a potassium am-
ide solution, to which 1-bromopyrene is added. The result-
ing mixture of 1- and 2-aminopyrene is purified by HCl
extraction. The isomers are then separated by crystallization
and multiple column and preparative TLC. Our yields were
less than those reported by Streitwieser (<10%). 1H NMR
(CDCl3, 500 MHz) δ: 4.13 (s, 2H), 7.46 (s, 2H), 7.86 (t, 3J =
8 Hz, 1H), 7.87 (d, J = 9 Hz, 2H), 7.98 (d, J = 9 Hz, 2H),
8.09 (d, J = 8Hz, 2H). MS m/z: 217 (M+).

N,N ′-Diarylureas
To a solution of amine (10 mmol) in dichloromethane

(20 mL), was added 2.2 equiv of triethylamine, followed by
1.6 mmol of triphosgene. After the mixture had been stirred
for 10 min, the solvent was removed using a rotary evapora-
tor. The solid residue was washed with water and recry-
stallized from DMF–water (10:1). The resulting crystalline
amide was washed with water and dried under vacuum.
N,N ′-Di-1-pyrenylurea was characterized and reported previ-
ously (13). Due to its insolubility, NMR data was not obtain-
able for N,N ′-di-2-pyrenylurea.

N,N-Dimethyl-N ′-2-pyrenylurea:
1 NMR (DMSO-d6, 500 MHz) δ: 3.08 (s, 6H), 8.01 (t, J =

7.5 Hz, 2H), 8.09 (d, J = 9 Hz, 2H), 8.16 (d, J = 9 Hz, 2H),
8.27 (d, J = 7 Hz, 1H), 8.45 (s, 2H), 8.90 (s, 1H).

N,N ′-Dimethyl-N,N ′-diarylureas
To a solution of N,N ′-diarylurea (10 mmol) in 20 mL

DMF was added drop-wise 1.5 equiv of NaH in 10 mL
DMF, followed by 1.5 equiv of MeI. The mixture was stirred
at room temperature until the starting material was con-
sumed (ca. 2 to 3 h), and was then mixed with water, and ex-
tracted with CH2Cl2. The organic layer was washed with
water and dried with anhydrous potassium carbonate. After
the solvent was removed, the residue was purified by column
chromatography using mixed solvent (acetone and hexane).
The N,N ′-dimethyl-N,N ′-di-1-pyrenylurea (11) was charac-
terized and reported previously (13).

N,N ′-Dimethyl-N,N ′-di-2-pyrenylurea (12):
1H NMR (CDCl3, 500 MHz) δ: 3.46 (s, 6H), 7.26 (d, J =

9 Hz, 2H), 7.36 (s, 2H), 7.52 (d, J = 9 Hz, 2H), 7.90 (t, J =
7.7 Hz, 1H), 7.97 (d, J = 7.7 Hz, 2H).

N,N,N ′-Trimethyl-N ′-arylureas
To a solution of aminopyrene (0.66 g, 3 mmol) in di-

chloromethane (20 mL) was added 1.4 mL triethylamine
(10 mmol), followed by 0.3 g triphosgene (1 mmol). After
the mixture had been stirring for 30 min, a mixture of 0.6 g
dimethylamine hydrochloride (7 mmol), 1.4 mL triethyl-
amine (10 mmol), and 20 mL CH2Cl2 was added. The mix-
ture was refluxed for 10 min, the solvent was then removed
using a rotary evaporator. The solid residue was washed with
water and recrystallized from acetone–hexane (1:1) to give
the relevant N,N-dimethyl-N ′-pyrenyl urea. The N,N-
dimethyl-N ′-1-pyrenylurea was characterized and reported
previously (13).
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N,N-Dimethyl-N ′-2-pyrenylurea:
1H NMR (DMSO-d6, 500 MHz) δ: 3.08 (s, 6H), 8.01 (t,

J = 7.5 Hz, 2H), 8.09 (d, J = 9 Hz, 2H), 8.16 (d, J = 9 Hz,
2H), 8.27 (d, J = 7 Hz, 1H), 8.45 (s, 2H), 8.90 (s, 1H). This
was methylated with MeI–NaH as described above. The
crude N,N,N ′-trimethyl-N ′-pyrenylureas were purified by
column chromatography. N,N,N ′-Trimethyl-N ′-1-pyrenyl-
urea (11m) was characterized and reported previously (13).

N,N,N ′-Trimethyl-N ′-2-dipyrenylurea (12m):
1H NMR (CDCl3, 500 MHz) δ: 2.71 (s, 6H), 3.46 (s, 3H),

7.85 (s, 2H), 7.97 (t, 3J = 7.4 Hz, 1H), 7.971 (d, J = 9 Hz,
2H), 8.06 (d, J = 9 Hz, 2H), 8.16 (d, J = 9 Hz, 2H).
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Aminosilanes as two-electron donors: A
technological application of radical cation
chemistry

Ian R. Gould, Stephen A. Godleski, Paul A. Zielinski, and Samir Farid

Abstract: Aminosilanes possess the appropriate structural features for use as two-electron sensitizers in silver halide
photography. Here, we describe studies of the nucleophile-assisted cleavage reactions of the C—Si bonds in their radi-
cal cations. Water is identified as a useful nucleophile. It is found that the kinetics of these reactions are best described
by taking into account a radical cation – water complex. The cleavage reactions are also controlled by steric effects at
silicon and by the proximity of a carboxylate group that can modify the nucleophilicity of the water. Cleavage forms
an α-amino radical that can donate a second electron to 9,10-dicyanoanthracene as a solution-phase electron acceptor.

Key words: silane, radical cation, two-electron sensitization, fragmentation, steric effects.

Résumé : Les aminosilanes possèdent les caractéristiques structurales appropriées qui permettent de les utiliser comme
sensibilisateurs à deux électrons dans la photographie à l’halogénure d’argent. Nous décrivons les études portant sur les
réactions de clivage, avec assistance nucléophile, de la liaison C—Si dans leurs cations radicalaires. L’eau est identifiée
comme un nucléophile utile. On a trouvé que les cinétiques de ces réactions sont mieux décrites en tenant compte d’un
complexe cation radicalaire – eau. Les réactions de clivage sont contrôlées également par les effets stériques du sili-
cium, et par la proximité du groupe carboxylate qui peut modifier la nucléophilicité de l’eau. Le clivage conduit à un
radical α-amino qui peut donner un second électron au 9,10-dicyanoanthracène en tant qu’accepteur d’électron dans la
phase en solution.

Mots clés : silane, cation radicalaire, sensibilisation à deux électrons, fragmentation, effets stériques.

[Traduit par la Rédaction] Gould et al. 788

Introduction

Fragmentation reactions of radical cations yield interest-
ing and useful catalytic species, such as radicals, protons,
and electrophiles (1). Pioneering work on these reactions by
Arnold and co-workers explored their scope and defined
their thermodynamics (2), and qualitative and quantitative
studies on a wide variety of radical cation fragmentation re-
actions have now been reported (1, 2). Recently, a techno-
logical application for radical cation fragmentation was
discovered in silver halide photography (3, 4). The primary
event in the photographic process is excitation of a sensitiz-
ing dye that results in one-electron injection from the ex-
cited dye into the silver halide (5). Trapping of the resultant
oxidized dye by electron transfer from an organic amine
forms the amine radical cation. Fragmentation of this radical
cation forms an α-amino radical that is capable of injecting a

second electron into the silver halide, potentially doubling
the efficiency of the photographic system (3, 4). This appli-
cation of radical cation chemistry is termed two-electron
sensitization (TES) of silver halide, and the amine precursor
to the radical cation is a two-electron sensitizer (3, 4).

For proper operation, a two-electron sensitizer must meet
several criteria. One of these is that the radical cation should
fragment on the microsecond timescale, preferably with a
rate constant, kfr, that is controllable (3). The fragmentation
reactions of the TES compounds described to date are
decarboxylation reactions of amine carboxylates, as shown
schematically in eq. [1]. The rate constants for fragmenta-
tion, kfr, of several of these radical cations were reported (3).

They exhibit a strong dependence on the oxidation poten-
tial of the amine. A useful method of controlling the frag-
mentation rate constant that does not depend upon oxidation
potential or, even better, that could compensate for the effect
of oxidation potential, would provide a greater degree of
control in the application of these compounds. The develop-
ment of structures that provide such control is the subject of
the present paper, which describes fragmentation reactions
of aminosilane radical cations. These reactions are subject to
control by steric factors and respond to the medium in a
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different way than do the decarboxylation reactions. Frag-
mentation reactions of aminosilane radical cations have been
described previously by Mariano and co-workers, and ki-
netic measurements of these reactions were reported (6).
Here, we describe more detailed kinetic studies; we further
explore the factors that control the rate constants for frag-
mentation of these radical cations; and we provide solution-
phase evidence that aminosilanes can act as TES reagents.
Fragmentation of the C—Si bond in silane radical cations is
usually not a unimolecular reaction for many systems but
occurs via a nucleophilic-assisted mechanism, as indicated
in eq. [2], where X–SiR3

•+ represents a generic silane radical
cation (6, 7). One consequence of this is that the bimolecular
rate constants for the desilylation reactions have been found
to be sensitive to steric effects, particularly with respect to
substitution at silicon (7).

For example, the reactivity of triethyl derivatives (1, R3 =
Et3) was observed to be almost an order of magnitude lower
than the corresponding trimethyl analogues (R3 = Me3) (7).
The reactivity of the derivative R3 = Me2-t-Bu was still
lower, and the R3 = i-Pr3 compound was dramatically less
reactive than the triethylsilane compound, R3 = Et3. Because
the substituents on silicon have only a small influence on the
oxidation potential of the compound, these donors offer an
obvious way to change, kfr, without changing the oxidation
potential of the radical cation precursor.

In the TES scheme, the radical X• should be reducing
enough to inject an electron into the conduction band of sil-
ver halide, i.e., it should have an oxidation potential that is
equal to, or more negative than, ca. –0.9 V vs. SCE (3).
From previous work on the carboxylate TES donors, a set of
structural features to meet this requirement for X• have been
identified (3). Specifically, a radical site that is α to nitrogen
in a dialkylaniline (Structure 2) is sufficiently reducing —
even when the radical is primary — so long as the aniline is
substituted with a strong electron-donating group, e.g., 4-
methoxy. However, with weakly electron-donating groups or
with electron-withdrawing groups in the 4 position, such a
radical must have secondary substitution (Structure 3) to be
sufficiently reducing.

To generate such radicals via desilylation reactions,
trialkylsilicon groups should be placed at the α positions of
dialkylanilines. In addition, to be useful for photographic
purposes, such compounds require a water-solubilizing

substituent. Here, we describe a series of useful TES donors,
based on desilylation chemistry, which satisfy these various
requirements.

Results and discussion

Structural features and synthetic approach
The basic structure that has the important required fea-

tures is shown in eq. [3].

Cleavage of the C—Si bond generates the desired α-
amino radical. The β-propionate group serves as a water-
solubilizing functionality. Decarboxylation, as in eq. [1],
does not occur because this would generate a primary,
unstabilized alkyl radical.

The synthetic route employed is outlined in Scheme 1.
The tert-butyl ester of aniline β-propionate, prepared via Mi-
chael addition of tert-butyl acrylate to aniline, was reacted
with the appropriate trialkylsilane triflates (see experimental
section) to provide the tert-butyl ester silyl aniline deriva-
tives 4E and 5E. The tert-butyl group was removed with
trifluoroacetic acid, and the sodium carboxylate salt 4S was
obtained using sodium methoxide or sodium hydroxide. The
4-formyl tert-butyl ester derivatives 6E and 7E were ob-
tained from 4E and 5E via a Vilsmeier reaction. Removal of
the tert-butyl group as before gave the carboxylate 6S. The
structures of the compounds are summarized in Table 1.

Solution phase studies on the radical cations

Experimental approach
The rate constants for fragmentation of the radical cations

were obtained using transient absorption spectroscopy, using
9,10-dicyanoanthracene (DCA) as the excited-state electron
acceptor. The radical cations of the donor molecules, X–
SiR3

•+, were formed by oxidation of the donor using a
biphenyl radical cation (C•+) in a cosensitization scheme
(Scheme 2) (8).

Fragmentation of X–SiR3
•+ leads to the formation of the

radical, X•. If X• is sufficiently reducing, it can donate an
electron to another DCA molecule so that two reduced ac-
ceptors are formed for one absorbed photon in an exact solu-
tion phase analogue of the TES scheme (3). Formation of
this second-reduced DCA can easily be observed in a time-
resolved absorption experiment when kfr is not so small that
its formation is significantly slower than the processes that
remove the DCA•–. Indeed, observation of two DCA reduc-
tion processes represents a convenient method for confirma-
tion of fragmentation of the radical cations, because it
provides evidence for formation of the (X•) radical cleavage
product. In general, reduction of two DCA molecules is ob-
served for all of the silane radical cations studied here, when
kfr is greater than ca. 106 s–1 (see for example, Fig. 1 below).
As discussed further below, in some cases the X• radicals
could be directly observed. When evidence of radical forma-
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tion was obtained in this way, the rate constant for fragmen-
tation of the radical cation, kfr, was simply equated to the
observed rate constant for its pseudo-first-order decay.

The decay kinetics of the donor radical cation can be
monitored in different ways, depending on the system under
investigation. One problem is that there is no analyzing
wavelength where only the radical cation absorbs, i.e., con-
tributions from the DCA radical anion (DCA•–) to the overall
absorption decay kinetics are always observed. The simplest
way to deal with this is to saturate the solution with oxygen,
which scavenges DCA•– to form the nonabsorbing super-
oxide (O2

•–). Under these conditions, a fast-absorption decay
is observed, owing to the reaction of DCA•–, with a pseudo-
first-order rate constant, kO2

, which is usually ca. 7 × 106 s–1

in aqueous acetonitrile. This is followed by a slower pseudo-
first-order decay as a result of the reaction of the donor radi-
cal cation. This method is easily implemented when the X–
SiR3

•+ fragmentation rate is much slower than the rate of re-
action of the DCA•– with oxygen. As kfr increases to ca. 2–3 ×
106 s–1, it becomes necessary to analyze the observed ab-
sorption decay as a sum of two exponentials.

In principle, the fragmentation rate can also be determined
from the rate of growth of the radical product, X•

(Scheme 2). The radical products derived from 4 and 5 can-
not be readily observed in the visible region of the spectrum.

With the 4-formyl derivatives 6 and 7, however, the radicals
can be observed at long wavelengths (>730 nm). In this
wavelength region, the radical cation and radical anion ab-
sorb only weakly, and grow-in of X• can be observed as a
result of fragmentation of the X–SiR3

•+. As discussed above,
however, the radicals also react with the DCA sensitizer to
form DCA•–, so that the exponential grow-in is followed by
an exponential absorption decay with a pseudo-first-order
rate, kDCA, that depends upon the DCA concentration,
(Scheme 2). One interesting feature of such a double expo-
nential kinetic scheme is that the rates can become “re-
versed” (9). This is the case if the rate of decay of the
radical caused by the reaction with DCA, kDCA, is faster than
the rate at which it is formed owing to the fragmentation re-
action, kfr. Under these conditions, the rate of growth of the
absorption signal is equal to kDCA (i.e., the process that re-
moves the X•) and the rate of the decay of the absorption
signal is equal to kfr (i.e., the process that forms the X•) (9).
The two processes can be distinguished, and the fragmenta-
tion rate correctly identified, by changing the concentration
of DCA, which affects only the pseudo-first-order kDCA and
not kfr.

Finally, under certain conditions, an estimate for kfr can be
obtained from analysis of the growth of the second DCA•–

signal because of the reaction of X• with DCA. When kfr and
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Scheme 1.

Scheme 2.
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kDCA are of similar magnitude, a double exponential analysis
of the data can be used to estimate both rate constants, as il-
lustrated in Fig. 1, below.

In the present study, we have used all three techniques as
kfr varied as a function of the concentration of the nucleo-
phile (usually water, see below). The absorbance as a func-
tion of time, in each case, is analyzed according to a specific
type of double exponential analysis. Shown in Fig. 2 are rep-
resentative transient absorption spectra observed upon exci-
tation of a solution of DCA–biphenyl in the presence of the
aminosilanes, in this case silane 4S. According to Scheme 2,
after oxidation of the silane by the biphenyl radical cation
and before its fragmentation, equal concentrations of the sil-
ane radical cation and the DCA radical anion are present.
From the previously determined extinction coefficient of the
DCA radical anion (8), the extinction coefficient of the sil-
ane radical cations can thus be obtained by comparing the
signal sizes due to the radical anion and radical cation. The
optimum wavelength for observing the silane radical cations

is clearly around 530 nm (Fig. 2 and ref. 6), and wave-
lengths in this region were chosen for direct observation of
these species.

Shown in Fig. 3 is a transient absorption decay at 530 nm
for excitation of DCA–biphenyl in the presence of amino-
silane 6E. A fast-absorbance decay caused by reaction of
DCA•– with oxygen is observed, followed by a slower decay
as a result of fragmentation of the silyl radical cation, 6E•+.
The total absorbance, A, is fitted to an equation of the form
shown in eq. [4], where t is time and A1 and A2 represent the

[4] A A A Ak t k t= + +− −
1 2 3e e1 2

absorbances owing to DCA•– and 6E•+, respectively, and A3
represents small amounts of residual absorbance at infinite
time. In this case, k1 corresponds to kO2

and k2 corresponds
to kfr.

Figure 4 shows the formation and decay of the radical, X•,
formed from fragmentation of the radical cation of the 4-
formyl-substituted silylaniline 7E. The absorbance is fitted
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Structure Compound number Keq
b (M–1) kNu

c (s–1)
KeqkNu

d

(M–1 s–1) k0
e (s–1)

4S 0.1 1.4 × 106 1.4 × 105 ~1 × 105

4E 0.08 5.1 × 106 4.1 × 105 ~5 × 104

5E 0.15 4.3 × 105 6.5 × 104 ~5 × 104

6S 0.1 1.4 × 107 1.4 × 106 ~4 × 105

6E 0.1 3.6 × 107 3.6 × 106 ~5 × 105

7E 0.1 5.4 × 106 5.4 × 105 ~4 × 105

aThe parameters are obtained from fitting the data according to eq. [7]; see text for details and a discussion of errors.
bEquilibrium constant for complex formation between radical cation and water, kC/k–C.
cUnimolecular rate constant for nucleophile-assisted cleavage of radical cation in water complex.
dThe effective bimolecular rate constant for water-assisted fragmentation of the radical cation.
eFirst-order rate constant for decay of the radical cation in acetonitrile.

Table 1. Kinetic parameters for fragmentation of aminosilane radical cations in acetonitrile, using water as a nucleophile, at room tem-
perature.a
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to an equation of the form shown in eq. [5], where A1 repre-
sents the absorbance of X• at the concentration of the X–
SiR3

•+ precursor extrapolated to zero time and A2 represents

[5] A = (A1 k1)/(k2 – k1) (e 1−k t – e 2−k t) + A2

the residual absorbance at infinite time. In this case, the
“normal” situation applies, i.e., k1 corresponds to kfr, and k2
corresponds to kDCA. Figure 1 shows the growth in absorp-
tion caused by the formation of the second DCA•–, as a re-
sult of reaction of X• with DCA, for excitation of DCA–
biphenyl with silane 4S. The absorbance is fitted according
to eq. [6], where A1 represents the absorbance of the second
DCA•– at infinite time, A2 represents the absorbance of the
first DCA•– that appears at essentially zero time, and k1 cor-
responds to kfr and k2 to kDCA.

[6] A = A1[1 + (k2e 1−k t – k1e 2−k t)/(k2 – k1)] + A2

Fragmentation rate constants
Experiments were performed in acetonitrile at a varying

concentrations of water because, in a photographic disper-
sion, water is the likely nucleophile to assist the fragmenta-
tion process. In all cases, the rate of fragmentation of the
radical cations increased with increasing water concentration
(6, 7). Typical data are shown in Fig. 5 for the radical cat-
ions of silanes 6E and 4E.

As observed previously (6), the dependence on added wa-
ter as a nucleophile is somewhat nonlinear, with the reaction

rate becoming less dependent at higher water concentrations.
The kinetics of reactions involving high concentrations of
hydroxylic quenchers, such as water, often exhibit nonlinear
behavior that has been subject to a variety of explanations
(6, 10). For example, with increasing water concentration,
the character of the solvent gradually changes from polar
aprotic to polar protic, which would be expected to decrease
the nucleophilicity of the water (11). However, the radical
cations are strong Lewis acids, and an alternate explanation
of the behavior, in this case, may be due to reversible forma-
tion of a complex. Previously, Mariano and co-workers sug-
gested a similar explanation for the nonlinear dependence of
this reaction on water concentration, in terms of a covalent
complex between the oxygen of the nucleophile and the sili-
con on the radical cation (6). Such a complex, whatever its
structure, can be characterized by a second-order rate con-
stant for formation, kC, and a first-order rate constant for
separation, k–C, Scheme 3. The ratio of these rate constants,
kC/k–C, defines an overall equilibrium constant, Keq.
Nucleophile-assisted fragmentation can occur within the
complex, with a first-order rate constant, kNu, Scheme 3. In
this scheme, k0 is the pseudo-first-order decay rate constant
of the radical cation in the absence of added nucleophile.
Based on Scheme 3, the decay of the radical cation and the
growth of the radical X• are properly described by two expo-
nential components. However, when k–C is much larger than
kNu, the time constant for one of these components is much
larger than the other, and this fast component also has a
small amplitude. Under these conditions, only the larger and
slower component is actually observed. The time constant
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Fig. 1. Optical density (in units of 10–3, mOD) at 705 nm, as a
function of time, t, observed upon excitation of DCA–biphenyl
and 4S in argon-purged acetonitrile containing 9.3 M water,
showing two-electron reduction of DCA. The absorbance at this
wavelength is mainly due to the radical anion DCA•–. The jump
in optical density at zero time initial is owing to absorbance by
4S•+ and DCA•–. The growth in absorbance is owing to reduction
of a second DCA after fragmentation of the 4S•+. The change in
absorbance with time is described by a consecutive a → b → c
process in which c is monitored. The smooth curve represents
the best fit to the data according to 15.3 – 12.2 exp(–6.1 ×
105 t) + 5.0 exp(–1.5 × 106 t). The slower component corre-
sponds to the 4S•+ reaction, kfr under the present conditions, and
the faster component to reduction of the second DCA.

Fig. 2. Transient absorption spectra of (open circles) the radical
anion of 9,10-dicyanoanthracene (DCA•–) in acetonitrile solvent
and (closed circles) the radical cation of a representative amino-
silane 4S (4S•+) in acetonitrile in the presence of 20% water,
showing overlap of the spectra. The spectrum of 4S•+ in aceto-
nitrile in the presence of less water is somewhat broader. The
figure indicates that the optimum wavelength for direct observa-
tion of the aminosilane radical cations is around 530 nm.
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for this component is given by eq. [7] and is equated to kfr.
2

Using eq. [7], values for Keq and kNu that reproduce the ob-
served dependence of kfr on water concentration can be ob-
tained.3

[7] kfr = 0.5 {kC [H2O] + k0 + k–C + kNu}

– 0.5 {(kC [H2O] + k0 – k–C – kNu)2

+ 4kC [H2O]k–C)}0.5

The data are summarized in Table 1. The values for Keq
are roughly the same for all of the reactions studied here and
are small, ca. 0.1 M–1. In contrast to Keq, however, kNu de-
pends quite strongly upon the substituents on the radical cat-

ion (Table 1). Although Table 1 summarizes the best values
for the parameters, we find that reasonable fits to the data
can actually be obtained using both slightly higher and
lower values for Keq (by ca. 30%) than those given in Ta-
ble 1, with corresponding changes in kNu in the opposite di-
rection. Although there is some uncertainty associated with
absolute values of Keq and kNu, the product KeqkNu is deter-
mined quite accurately and represents a good measure of the
relative reactivities of the different compounds, Table 1.
KeqkNu has dimensions of M–1 s–1, is equivalent to the initial
slope of the observed rate constant vs. water concentration,
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Fig. 3. Optical density (in units of 10–3, mOD) at 530 nm, as a
function of time, t, observed upon excitation of DCA–biphenyl
and 6E in oxygen-purged acetonitrile containing 1.1 M water.
Both the radical anion of DCA (DCA•–) and the radical cation
6E•+ contribute to the total absorbance, and the decay is thus a
sum of two independent pseudo-first-order exponentials. The
smooth curve represents the best fit to the data and is given by:
5.1 exp(–8.1 × 106 t) + 32.3 exp(–4.0 × 106 t) + 0.6. The faster
decay corresponds to reaction of DCA•– with oxygen and the
slower decay to reaction of 6E•+ with water, i.e., kfr under the
present conditions.

Fig. 4. Optical density (in units of 10–3, mOD) at 740 nm, as a
function of time, t, observed upon excitation of DCA–biphenyl
and 7E in argon-purged acetonitrile containing 2.1 M water. The
absorbance at this wavelength is mainly owing to the radical re-
sulting from fragmentation of the radical cation, 7E•+. The absor-
bance is described by a consecutive a → b → c process in which
the intermediate b is monitored. The smooth curve represents the
best fit to the data and is given by: –21.05 exp(–2.1 × 106 t) +
19.1 exp(–3.4 × 105 t) + 3.9.4 The negative component corre-
sponds to radical growth, kfr under the present conditions, and
the positive component to radical decay caused by reduction of
DCA. The spike at early time is owing to the biphenyl (cosen-
sitizer) radical cation (see text), which reacts very rapidly with 7E.

Scheme 3.

2 Equation [7] gives the time constant of the slower observed component as a difference between two functions. The time constant of the
faster component is given by the sum of the same two functions, which is too large (>108 s–1) to be resolved under the experimental condi-
tions.

3 In principle, fitting of the dependence of kfr on [H2O] using eq. [7] allows determination of values for both kC and k–C. However, the kfr cal-
culated using eq. [7] are insensitive to the absolute values of kC and k–C when kC is ~108 M–1 s–1 or larger.

4 The form of this equation is not identical to that of eq. [5] due to a small absorption at this wavelength of DCA•–, the kinetics of which are
superimposed and are described by eq. [6].

4 The form of this equation is not identical to that of eq. [5] due to a small absorption at this wavelength of DCA•–, the kinetics of which are
superimposed and are described by eq. [6].
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and represents the “effective” bimolecular rate constant.
This value can thus be compared to the bimolecular rate
constants reported for nucleophile-assisted fragmentation of
silane radical cations reported elsewhere (6, 7). Importantly,
the use of KeqkNu allows for the nonlinear dependence on
water concentration to be properly accounted for.

The effect of a 4-formyl substituent is to significantly en-
hance the reactivity toward water as a nucleophile. This is
expected based upon previous work on silane and other radi-
cal cations (1, 2, 6, 7) and is easily explained using the ther-
modynamic cycle approach to understanding radical cation
reactivity, pioneered by Arnold and co-workers (12). Using
such cycles, it can easily be shown that when all other fac-
tors are equal, the thermodynamics of a radical cation reac-
tion should become more favorable with increasing
oxidation potential of the precursor, leading to a faster reac-
tion (12). In the present case, the electron-withdrawing
formyl group increases the oxidation potential of the
aminosilane and faster reaction results, as observed in the
comparison between 6E and 4E in Fig. 5. The data of Ta-
ble 1 (see also 6S vs. 4S and 7E vs. 5E) indicate that the ef-
fect of the 4-formyl substituent is to increase KeqkNu by
approximately one order of magnitude, as compared with the
corresponding unsubstituted compound. Comparable in-
creases in rate constant for cleavage using methanol as the
nucleophile were observed previously by Mariano and co-
workers for similar silane radical cations with electron-
withdrawing groups on nitrogen (6).

The aminosilanes are considerably easier to oxidize than
the aryltrialkylsilanes studied previously (7), yet the reactivi-
ties of their radical cations towards water as a nucleophile
are almost as high. This may be a consequence of the fact

that the positive charge is likely to be more localized on the
nitrogen in the aminosilane radical cations, i.e., close to the
site of nucleophilic attack. In the anisyl silane, 8, the posi-
tive charge may be located more on the oxygen, i.e., away
from the site of nucleophilic attack.

In addition to oxidation potential, the silanes offer a
means to control the rate of fragmentation via steric effects,
as illustrated in Fig. 6, where the dependence on water con-
centration is shown for trimethylsilyl 6E and triethylsilyl
7E. The KeqkNu for the triethylsilanes are smaller than those
of the trimethyl analogues by a factor of ca. 6 ± 1 for both
the unsubstituted and the 4-formyl anilines (Table 1, see 5E
vs. 4E and 7E vs. 6E). Steric effects of similar magnitude
were observed in corresponding reactions of the radical cat-
ions of benzyltrialkylsilanes (7). Interestingly, a comparison
of the tert-butyl esters and the corresponding carboxylate
salts shows that the carboxylates react with water more
slowly by a factor of ca. 3 (Fig. 7 and Table 1, see 4S vs. 4E
and 6S vs. 6E). A definitive explanation of this effect cannot
be given, but it may be attributed to hydration of the car-
boxylate group, which will decrease the nucleophilicity of
the water in the microenvironment of the C—Si bond (11).

The literature experiment that most closely relates to the
present work is the water-assisted radical cation fragmenta-
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Fig. 5. Observed rate constants for pseudo-first-order decay of
the radical cations 6E•+ and 4E•+, kfr, as a function of water con-
centration, in acetonitrile at room temperature, illustrating the ef-
fect of the oxidation potential of the precursor. The curves are
calculated as described in the text, with values for effective bi-
molecular rate constants, KeqkNu, of 3.6 × 106 M–1 s–1 for 6E•+

and 4.1 × 105 M–1 s–1 for 4E•+.

Fig. 6. Observed rate constants for pseudo-first-order decay of
the radical cations 6E•+ and 7E•+, kfr, as a function of water con-
centration, in acetonitrile at room temperature, illustrating the ef-
fect of steric hindrance at silicon. The curves are calculated as
described in the text, with values for effective bimolecular rate
constants, KeqkNu, of 3.6 × 106 M–1 s–1 for 6E•+ and 5.4 ×
105 M–1 s–1 for 7E•+.
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tion reaction shown in eq. [8], studied by Mariano and co-
workers (6c). As mentioned above, a nonlinear dependence
on water concentration was also observed in this previous
work, and a rate constant was estimated at low water con-
centrations to be 1.3 × 106.

This value is somewhat higher than the (KeqkNu) for either
of the p-H-substituted trimethylsilyl-radical cations included
in the present study (Table 1). The reasons for this small ef-
fect is not exactly clear. It may further illustrate the subtle
effects that substituents on nitrogen can have on the
micropolarity and, thus, the nucleophilicity of the water. Al-
ternatively, it may reflect the somewhat different methods of
kinetic analysis used in the two studies.

The nature of the decay process of the radical cation in
the absence of added water, k0, has not been established.
These values are either measured directly in the absence of
water or are obtained as part of the fitting procedure de-
scribed below. Pseudo-first-order rate constants less than ca.
106 s–1 are often difficult to measure accurately in experi-
ments such as these because of competing second-order re-
combination reactions. They are also the least accurately
determined parameters obtained from the fitting procedure.
Nevertheless, it is clear that the decay constants of the
unsubstituted, aminosilane radical cations 4E and 5E, in the
absence of water, are in the range of ~5 × 104 s–1, whereas
those of the 4-formyl analogues 6E and 7E are nearly an or-
der of magnitude larger, ~4–5 × 105 s–1. The higher reactiv-
ity of the 4-formyl derivatives, relative to the unsubstituted
analogues, is understandable based on the thermodynamic
arguments given above. It is not possible to confirm frag-
mentation by the observation of two-electron reduction un-
der these conditions, because the kfr would be too small. It is
possible that the decays under these conditions may be due
to deprotonation (6) or perhaps to reaction with impurities.

Conclusions

The properties of a series of aminosilanes have been in-
vestigated as potential two-electron donors for silver halide
photography. Solution-phase studies have been performed
that confirm the radical cations of the donors fragment to
give appropriately reducing radicals in the presence of an
appropriate nucleophile. By varying the steric bulk of the
substituents on the silicon, the rate of fragmentation of the
radical cations can be varied substantially with minimal
changes in the oxidation potential of the donor. Pseudo-first-
order rate constants for fragmentation varying over ca. 2 or-
ders of magnitude have been measured by varying the silane
oxidation potential, the size of the substituents at silicon,
and the concentration of water as an external nucleophile.

Experimental

The solvents were spectrograde and used as received.
9,10-Dicyanoanthracene and biphenyl were available from
previous studies (3). The laser flash photolysis experiments

were performed using a nanosecond pulsed excimer
(Questek model 2620, 308 nm, ca. 20 ns, ca. 100 mJ)
pumped dye laser (Lambda Physik model FL 3002). The la-
ser dye was DPS in dioxane (410 nm, ca. 20 ns, ca. 10 mJ).
The analyzing light source was a pulsed 150W xenon arc
lamp (Osram XBO 150/W). The arc lamp power supply was
a PRA model 302, and the pulser was a PRA model M-306.
The pulser increased the light output by ca. 100-fold for a
time period of ca. 2–3 ms. The analyzing light was focused
through a small aperture (ca. 1.5 mm) in a cell holder de-
signed to hold 1 cm2 cuvettes. The laser and analyzing
beams irradiated the cell from opposite directions and
crossed at a narrow angle (ca. 15°). After leaving the cell,
the analyzing light was collimated and focused onto the slit
(1 mm, 4 nm bandpass) of an ISA H-20 monochromator.
The light was detected using a Hamamatsu model R446
photomultiplier. The output of the photomultiplier tube was
terminated into 50 ohm and captured using a Tektronix
DSA-602 digital oscilloscope. The experiments were per-
formed in 1 cm2 cuvettes, equipped with arms for degassing.
The DCA and biphenyl concentrations in all of the time-
resolved experiments were ca. 10–4 and ca. 0.1 M, respec-
tively. The concentrations of the aminosilanes was typically
ca. 2–4 × 10–3 M.

NMR spectra were run on a Varian 300 MHz spectrome-
ter, generally at a concentration of ca. 100 mg mL–1. For se-
lected examples, additional NMR data obtained from
measurements at concentrations of 10–20 mg mL–1, includ-
ing coupling constants, are given in Table 2. Preparation of
the materials was performed as follows:
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Fig. 7. Observed rate constants for pseudo-first-order decay of
the radical cations 6E•+ and 6S•+ as a function of water concen-
tration, in acetonitrile at room temperature, illustrating the effect
of a proximal carboxylate group. The curves are calculated as
described in the text, with values for effective bimolecular rate
constants, KeqkNu, of 3.6 × 106 M–1 s–1 for 6E•+ and 1.4 ×
106 M–1 s–1 for 6S•+.[8]
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tert-Butyl 3-(N-phenylamino)propionate
Aniline (126.7 g, 1.36 mol), tert-butyl acrylate (174.5 g,

1.36 mol), and methanesulfonic acid catalyst (4 mL) were
combined and stirred at gentle reflux (135°C) for 4 h. The
mixture was cooled and petroleum ether (1 L) was added.
The resulting precipitated salt was removed by filtration and
discarded. The filtrate was concentrated in vacuo at 90°C to
an oil (232 g). The desired pure ester was obtained by vac-
uum distillation (138 g, 46%, 115–125°C at 0.3–0.5 mmHg
(1 mmHg = 133.322 Pa)).

1H NMR (300 MHz, CDCl3) δ: 1.45 (s, 9H, -C(CH3)3),
2.50 (t, 2H, -CH2CH2CO-), 3.40 (t, 2H, -NHCH2CH2CO-),
4.20 (s, 1H, -NH-), 6.60 (d, 2H, o-H), 6.70 (t, 1H, p-H), 7.30
(t, 2H, m-H).

13C NMR (75 MHz, CDCl3) δ: 8.11 (-CH3), 35.16
(-CH2CH2CO-), 39.69 (-NHCH2CH2-), 80.82 (-O-C(CH3)3),
113.06 (2,6-aromatic C), 117.60 (4-aromatic C), 129.25
(3,5-aromatic C), 147.80 (1-aromatic C), 171.69 (-COO-).

1-Trimethylsilylethyl trifluoromethanesulfonate
Pyridine (6.7 g, 84.6 mmol) and dichloromethane

(200 mL) were cooled to –25°C. Trifluoromethanesulfonic

anhydride (23.9 g, 84.6 mmol) was added over 2 min. A
thick slurry resulted. 1-Trimethylsilylethanol (10.0 g,
84.6 mmol) was added and the mixture stirred for 1 h while
the temperature was allowed to rise to 25°C. The resulting
pyridine trifluoromethanesulfonate was removed by filtra-
tion. The filtrate was concentrated in vacuo at 25°C to give
18.2 g (86 %) of the sulfonate.

1H NMR (300 MHz, CDCl3) δ: 0.12 (s, 9H, -Si(CH3)3),
1.55 (d, 3H, CH3CH-), 4.92 (q, 1H, -SiCHOTfCH3).

13C NMR (75 MHz, CDCl3) δ: –4.47 (-Si(CH3)3), 17.38
(CH3CH-), 85.36 (CH3CH-), 118.0 (q, -SO2CF3).

1-Triethylsilylethanol
Borane–tetrahydrofuran complex (1.0 M solution in tetra-

hydrofuran, 290 mL, 0.29 mol) was cooled to 0°C. Triethyl-
vinylsilane (41.2 g, 0.29 mol) was added over 10 min,
keeping the reaction temperature between 0 and 10°C. The
mixture was stirred for 1 h, and the temperature was allowed
to rise to 25°C. Water (10 mL) was cautiously added
dropwise, followed by 3 M aqueous sodium hydroxide
(97 mL, 0.29 mol) over 10 min. Hydrogen peroxide (30%,
99 mL, 0.96 mol) was added over 10 min, keeping the reac-
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R Me Et Me Me

R′ H H CHO CHO

R′ ′ CO2
– CO2-t-Bu CO2

– CO2-t-Bu

Compound (solvent) 4S (D2O) 5E (CDCl3) 6S (CD3OD) 6E (CDCl3)

Ha 3.49 3.63 3.75 3.73
Hb 3.38 3.47 3.57 3.54
Hc 2.41 2.59 2.57 2.62
Hd 2.31 2.41 2.37 2.43
He 3.34 3.51 3.62 3.49
Hf 1.14 1.24 1.36 1.31
o-H 6.83 6.73 6.84 6.72
m-H 7.20 7.20 7.67 7.69
p-H 6.65 6.65 — —
CHO — — 9.52 9.7
t-Bu — 1.47 — 1.46
Si(CH3)3 –0.01 — 0.09 0.1
Si(CH2CH3)3 — 0.65 — —
Si(CH2CH3)3 — 0.97 — —
J values
�Jab� 15.0 15.5 14.8 15.1
Jac 5.2 5.2 4.8 5.2
Jad 10.2 10.4 11.0 10.5
Jbc 9.7 9.7 11.1 10.2
Jbd 5.8 5.8 5.5 5.8
�Jcd� 14.9 14.9 14.8 15.7
Jef 7.4 7.4 7.3 7.4

Table 2. Detailed NMR data of representative compounds.
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tion temperature at ca. 30°C. The mixture was refluxed for
1 h. Cooling to 25°C gave three liquid phases. The addition
of anhydrous potassium carbonate (150 g, 1.09 mol) pro-
duced two clear liquid phases. The top organic phase was
dried over magnesium sulfate and concentrated in vacuo at
25°C to give a ca. 1:1 mixture (53.6 g) of the desired 1-
triethylsilylethanol and the unwanted isomer 2-triethylsilyl-
ethanol. The crude mixture was distilled, and the fraction
boiling at 90–100°C, 12 mmHg, was collected (26.8 g). This
material was distilled again, and the fraction boiling at 87–
90°C, 12 mmHg, was the desired pure isomer (10.0 g, 22%).

1H (300 MHz, CDCl3) δ: 0.60 (q, 6H, -Si(CH2CH3)3),
0.90 (t, 9H, -Si(CH2CH3)3), 1.25 (s, 1H, -OH), 1.30 (d, 3H,
CH3CH-), 3.62 (q, 1H, CH3CH-).

13C (75 MHz, CDCl3) δ: 1.46 (-Si(CH2CH3)3), 7.42
(-Si(CH2CH3)3), 20.21 (-CHCH3), 60.07 (-CHCH3).

1-Triethylsilylethyl trifluoromethanesulfonate
A mixture of pyridine (4.9 g, 62 mmol) and dichloro-

methane (150 mL) was cooled to –25°C. Trifluoromethane-
sulfonic acid anhydride (17.5 g, 62 mmol) in
dichloromethane (25 mL) was added, resulting in a thick
slurry. A solution of 1-triethylsilylethanol (9.96 g, 62 mmol)
and dichloromethane (25 mL) was added and the reaction
mixture stirred for 1 h while the temperature was allowed to
rise to 25°C. Most of the solid had dissolved. Additional
pyridine (ca. 1.5 mL) was added to raise the pH of the reac-
tion mixture from ca. 3 to 5, resulting again in a thick slurry.
The salt (14.7 g) was removed by filtration and the filtrate
concentrated in vacuo at 25°C to a semi-solid (20 g). Petro-
leum ether (200 mL) was added, and more resulting salt was
removed by filtration. The filtrate was treated with
decolorizing carbon and concentrated in vacuo at 25°C to an
oil (13.12 g). The oil was determined by 1H NMR to be a
70:30 mixture of the desired triflate – starting 1-triethyl-
silylethanol and was used without further purification.

1H NMR (300 MHz, CDCl3) δ: 0.50–0.72 (m, -Si(CH2CH3)3),
0.90–1.05 (m, -Si(CH2CH3)3), 1.30 (d, -CH(OH)CH3),
1.60 (d, -CH(OTf)CH3), 3.65 (q, -CH(OH)CH3), 5.08 (q,
-CH(OTf)CH3).

13C NMR (75 MHz, CDCl3) δ: 1.17 (-CHOTfSi(CH2CH3)3),
1.47 (-CHOHSi(CH2CH3)3), 6.92 (-CHOTfSi(CH2CH3)3),
7.42 (-CHOHSi(CH2CH3)3), 17.96 (-CHOTfCH3), 20.17
(-CHOHCH3), 60.07 (-CHOHCH3), 83.97 (-CHOTfCH3),
118.0 (q, -SO2CF3).

Compound 4E
A mixture of 1-trimethysilylethyl trifluoromethanesulfo-

nate (6.38 g, 25.5 mmol), tert-butyl 3-anilinopropionate
(5.64 g, 25.5 mmol), potassium carbonate (3.52 g, 25.5 mmol),
and butyronitrile (25 mL) was stirred at reflux for 16 h. The
mixture was filtered to remove salt, and the filtrate was con-
centrated in vacuo at 50°C to give 6.9 g of a yellow oil. The
desired product was the first eluting material (3.7 g, 45%)
obtained via flash chromatography (silica gel, 9 parts petro-
leum ether : 1 part ethyl acetate).

1H NMR (300 MHz, CDCl3) δ: 0.12 (s, 9H, -Si(CH3)3),
1.25 (d, 3H, CH3CH-), 1.48 (s, 9H, -C(CH3)3), 2.40–2.65
(m, 2H, -CH2CH2CO-), 3.35 (q, 1H, CH3CH-), 3.45–3.7 (m,

2H, -NCH2CH2-), 6.65 (t, 1H, p-CH), 6.75 (d, 2H, o-CH),
7.20 (m, 2H, m-CH).

13C NMR (75 MHz, CDCl3) δ: –1.89 (-Si(CH3)3), 13.61
(CH3CH-), 28.13 (-C(CH3), 34.87 (-CH2CH2CO-), 44.47
(-NCH2CH2-), 47.05 (CH3CH-), 80.50 (-C(CH3)3), 112.89
(o-CH), 115.98 (p-CH), 129.12 (m-CH), 148.63 (aromatic
C-N), 171.47 (-CO-).

Compound 4S
The tert-butyl ester 4E (3.70 g, 11.5 mmol) and trifluoro-

acetic acid (10 mL, ca. 130 mmol) were stirred at 25°C for
16 h. The reaction mixture was concentrated in vacuo at
25°C. The oil was dissolved in ethyl ether (100 mL) and
washed with water (2 × 25 mL). The ether layer was washed
with aqueous sodium bicarbonate (3.5 g, 42 mmol, 25 mL
water). The bottom aqueous layer (pH ca. 7) was discarded
and the top ether layer treated with anhydrous sodium bicar-
bonate – magnesium sulfate. The dried organic extract was
concentrated in vacuo at 25°C to give the free acid as a
golden oil (2.7 g, 88%). The acid (2.50 g, 9.4 mmol) was
stirred with a mixture of diethyl ether (50 mL), water
(50 mL), and sodium hydroxide (0.37 g, 9.3 mmol). The top
ether layer was discarded. The bottom aqueous layer
(pH 10) was washed with fresh ether and the ether layer
again discarded. The bottom aqueous layer was treated with
decolorizing carbon and silica gel, resulting in a pH ca. 9. A
few drops of acetic acid were added to bring the pH to ca.
7–8. The solution was concentrated in vacuo at 25°C to give
a brown oil (2 g, 74%). The oil was dissolved in acetonitrile
and treated with anhydrous sodium sulfate and decolorizing
carbon. The solvent was removed at 25°C to give 4S as a hy-
groscopic gum.

1H NMR (300 MHz, D2O) δ: 0.00 (s, 9H, -Si(CH3)3), 1.23
(bs, 3H, CH3CH-), 2.20–2.60 (bm, 2H, -NCH2CH2CO-),
3.30 (m, 1H, CH3CH-), 3.40–3.80 (bd, 2H, -NCH2CH2-),
4.80 (s, HOD), 6.65 (bm, 1H, p-CH), 6.77 (bs, 2H, o-CH),
7.07 (bm, 2H, m-CH). See also Table 2.

13C NMR (75 MHz, D2O) δ: 0.00 (-Si(CH3)3), 15.12
(CH3CH-), 36.84 (-CH2CH2CO-), 50.23 (-NCH2CH2-),
52.11 (CH3CH-), 118.69 (o-CH), 122.55 (p-CH), 132.40 (m-
CH), 148.80 (aromatic C-N), 182.38 (-COO-).

Compound 5E
tert-Butyl 3-(N-phenylamino)propionate (9.96 g, 45 mmol),

diisopropylethylamine (5.80 g, 45 mmol), and acetonitrile
(25 mL) were combined. 1-Triethylsilylethyl triflate
(13.12 g, 45 mmol, ca. 70% pure, the remainder being the
parent alcohol) was added, followed by additional aceto-
nitrile (25 mL). The mixture was stirred for 2 h at 25°C,
then at reflux for 3 h. The mixture was concentrated in
vacuo at 40°C to give an oil. Petroleum ether (100 mL) was
added and the resulting salt filtered and discarded. The fil-
trate was concentrated in vacuo at 40°C to give an oil
(13.5 g). Flash chromatography (silica gel, 9 parts petroleum
ether : 1 part ethyl acetate) gave the crude product, 5E
(4.6 g) with trace silyl impurities. A second flash chromato-
graphic operation gave the pure desired product (3.0 g, 18%).

1H NMR (300 MHz, CDCl3) δ: 0.65 (q, 6H, -Si(CH2CH3)3),
1.00 (t, 9H, -Si(CH2CH3)3), 1.28 (d, 3H, -CHCH3), 1.50 (s,
9H, -C(CH3)3), 2.40–2.50 and 2.55–2.70 (m, m, 1H, 1H,
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-CH2CH2CO-), 3.45–3.70 (m, 3H, -NCH2CH2- and -NCHCH3),
6.65 (t, 1H, p-H), 6.75 (d, 2H, o-H), 7.20 (m, 2H, m-H). See
also Table 2.

13C NMR (75 MHz, CDCl3) δ: 3.75 (-Si(CH2CH3)3), 7.62
(-Si(CH2CH3)3), 12.79 (-CHCH3), 28.13 (-C(CH3)3), 34.86
(-CH2CH2CO-), 44.85 (-NCH2CH2-), 45.47 (-CHCH3),
80.49 (-O-C(CH3)3), 113.63 (o-CH), 115.98 (p-CH), 129.15
(m-CH), 148.42 (aromatic C-N), 171.52 (-CO-).

Compound 6E
Dimethylformamide (DMF, 50 mL) was chilled to –10°C.

Phosphorous oxychloride (3.20 g, 21 mmol) was added. A
solution of tert-butyl 3-(N-phenylamino)propionate (3.36 g,
10.4 mmol) and DMF (15 mL) was added and the mixture
stirred at 25°C for 16 h. The reaction mixture was added to a
solution of sodium acetate (17.22 g, 220 mmol) and water
(230 mL) and allowed to stir for 2 h. The product was ex-
tracted with petroleum ether (3 × 50 mL). The petroleum
ether extracts were dried over magnesium sulfate and treated
with carbon. The treated extracts were concentrated in vacuo
at 25°C to give 3.4 g of oil. The pure 6E, 3.04 g (84%), was
obtained via flash chromatography (silica gel, 9 parts petro-
leum ether : 1 part ethyl acetate).

1H NMR (300 MHz, CDCl3) δ: 0.10 (s, 9H, -Si(CH3)3),
1.32 (d, 3H, CH3CH), 1.45 (s, 9H, -C(CH3)3), 2.40–2.70 (m,
2H, -NCH2CH2CO-), 3.50 (q, 1H, CH3CH-), 3.55–3.80 (m,
2H, -NCH2CH2-), 6.70 (d, 2H, o-CH), 7.70 (d, 2H, m-CH),
9.70 (s, 1H, -CHO). See also Table 2.

13C NMR (75 MHz, CDCl3) δ: –2.03 (-Si(CH3)3), 14.12
(CH3CH-), 28.03 (-C(CH3)3), 34.40 (-CH2CH2CO-), 44.68
(-NCH2CH2-), 47.10 (CH3CH-), 81.04 (-C(CH3)3), 111.61
(o-CH), 125.01 (p-C-CHO), 132.01 (m-CH), 152.84 (aro-
matic C-N), 170.63 (-COO-), 189.69 (-CHO).

Compound 6S
The 4-formyl tert-butyl ester 6E (3.04 g, 8.7 mmol) was

cooled to –25°C, trifluoroacetic acid (10 mL, ca. 130 mmol)
was added, and the solution was stirred at 25°C for 16 h.
The reaction mixture was concentrated in vacuo at 25°C to a
dark oil (9.23 g). The oil was partitioned between ethyl ether
(100 mL) and aqueous sodium bicarbonate (4.92 g,
58.6 mmol, 100 mL water). The bottom aqueous layer had a
pH ca. 7–8. The top organic layer was treated with magne-
sium sulfate and decolorizing carbon and concentrated in
vacuo at 25°C to an oil (1.9 g). Pure free carboxylic acid
(1.46 g, 57%) was obtained via flash chromatography (silica
gel: 9 parts dichloromethane : 1 part methanol). The free
acid (1.46 g, ca. 5 mmol) was combined with methanolic so-
dium methoxide (0.5 M, 9.5 mL, 4.75 mmol) to give a pH of
ca. 8. Acetic acid was added to lower the pH to ca. 7. The
solution was concentrated in vacuo at 25°C to give an oil
(1.96 g). The oil was triturated with acetonitrile (3 × 5 mL)
and the solvent again removed in vacuo at 25°C to give 6S
as a hygroscopic gum (0.83 g).

1H NMR (300 MHz, D2O) δ: 0.12 (bs, 9H, -Si(CH3)3),
1.38 (bd, 3H, CH3CH-), 2.0 (bs, acetonitrile), 2.15 (bs, ace-
tic acid), 2.40–2.70 (bm, 2H, -CH2CH2CO-), 3.55–3.85 (bq
and bm, 3H, CH3CH-, NCH2CH2-), 6.90 (bd, 2H, o-CH),
7.75 (bd, 2H, m-CH), 9.45 (bs, 1H, -CHO). See also Table 2.

13C NMR (75 MHz, D2O) δ: 0.02 (-Si(CH3)3), 16.48
(CH3CH-), 39.02 (-CH2CH2CO-), 48.62 (-NCH2CH2-),
49.76 (CH3CH-), 114.59 (o-CH), 125.37 (p-C-CHO), 135.93
(m-CH), 157.02 (aromatic C-N), 183.03 (-COO-), 195.47
(-CHO).

Compound 7E
DMF (40 mL) was cooled to –10°C. Phosphorous

oxychloride (2.11 g, 13.7 mmol) was added, followed by the
tert-butyl ester 5E. The mixture was allowed to warm to
25°C and stirred for 16 h. The yellow solution was added to
a solution of sodium acetate (11.2 g, 137 mmol) and water
(150 mL) and the resulting mixture stirred for 1 h. The prod-
uct was extracted with petroleum ether (3 × 50 mL), the ex-
tracts treated with magnesium sulfate and decolorizing
carbon and concentrated in vacuo at 35°C to an oil (2.9 g).
Flash chromatography (silica gel: 9 parts petroleum ether : 1
part ethyl acetate) gave the purified 4-formyl tert-butyl ester,
7E (2.3 g, 85%).

1H NMR (300 MHz, CDCl3) δ: 0.65 (q, 6H, -Si(CH2CH3)3),
0.90 (t, 9H, -Si(CH2CH3)3), 1.30 (d, 3H, -CHCH3), 1.45 (s,
9H, -C(CH3)3), 2.35–2.50 and 2.60–2.75 (m, m, 1H, 1H,
-CH2CH2CO-), 3.45–3.60, 3.65, and 3.70–3.80 (m, q, m, 1H,
1H, 1H, -NCH2CH2-, -CHCH3), 6.73 (d, 2H, o-H), 6.80 (d,
2H, m-H), 9.70 (s, 1H, -CHO).

13C NMR (75 MHz, CDCl3) δ: 3.25 (-Si(CH2CH3)3), 7.47
(-Si(CH2CH3)3), 15.12 (-CHCH3), 28.06 (-C(CH3)3), 34.45
(-CH2CH2CO-), 45.13 (DEPT confirmed, -NCH2CH2- and
-NCHCH3), 81.07 (-O-C(CH3)3), 111.61 (o-CH), 125.06
(p-C-CHO), 131.80 (m-CH), 152.64 (aromatic C-N), 170.68
(-COO-), 189.72 (-CHO).
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Photochemistry of rhodamine dye salts involving
intra-ion-pair electron transfer

Guilford Jones II, Xiaochun Wang, and Jingqiu Hu

Abstract: The electron-transfer photochemistry of rhodamine 6G thiocyanate ion pairs has been investigated. For dye
in a low polarity solvent, such as ethyl acetate, the emission of rhodamine 6G is significantly quenched by thiocyanate
counterions. Laser photolysis of rhodamine 6G and thiocyanate in ethyl acetate was studied in detail with the identifi-
cation of the reduced rhodamine 6G radical species (λmax = 410 nm). The growth and decay of the R6G radical could
be accounted for in part by a mechanism involving initial formation of dye triplet followed by electron transfer which
provides a triplet radical-pair state on a µs timescale.

Key words: electron transfer, ion pair, rhodamine 6G, triplet state.

Résumé : On a étudié la photochimie par transfert d’électron de la paire d’ions rhodamine 6G/thiocyanate. Pour les
colorants dans des solvants de faible polarité, comme l’acétate d’éthyle, l’émission de rhodamine 6G est désactivée de
façon significative par le contre-ion thiocyanate. On a étudié soigneusement la photolyse au laser de la rhodamine 6G
et du thiocyanate dans l’acétate d’éthyle en identifiant l’espèce radicalaire rhodamine 6G réduite (λmax = 410 nm). On
peut, en partie, attribuer la croissance et la décroissance du radical de R6G à un mécanisme impliquant la formation
initiale d’un triplet colorant suivie d’un transfert d’électron qui conduit à l’état triplet de la paire de radicaux dans une
échelle de temps de l’ordre de la µs.

Mots clés : transfert d’électron, paire d’ions, rhodamine 6G, état triplet.

[Traduit par la Rédaction] Jones et al. 798

Introduction

A large variety of organic dyes that are used in dye lasers,
printing, and photography are ionic, including members of
the rhodamine, triarylmethane, and cyanine families. The
likelihood that dyes of this type will be paired or complexed
with cationic or anionic partners has often been neglected in
the examination of dye properties. The phenomenon of ion
pairing is well-established as a mechanistic feature for nu-
merous organic systems that incorporate species of opposite
charge in media of moderate polarity (1). Although incom-
pletely understood, there are a number of potential effects on
the photochemical and photophysical properties of dyes that
are ion paired, which will depend on the nature of the
counterions that accompany dye salts and other medium
conditions. For media less polar than water, including solid
hosts such as organic polymers, it is indeed probable that
electrostatic complexes will be important, if not dominant.
Under these circumstances, dye species are more properly
understood to exist as “tight” or “contact” ion pairs (1–3).

Several recent reports, including the work of Schuster and
co-workers (4), Armitage and O’Brien (5), and Neckers and
co-workers (6), have documented the spectroscopic or pho-
tochemical effects of ion pairing on cyanine and other

chromophores and borate anions in organic solvents and
other media such as aqueous liposomes. The photochemistry
that results from visible photolysis, which appears to have
practical utility in photoinduced radical polymerization (4,
6), involves a general mechanism of intra-ion-pair electron
transfer, followed by the fragmentation of initial radical pair
species to give free radical intermediates.

Ion-pairing or charge-type effects have been observed in
photochemical studies of dyes that are commonly used in
dye lasers. For example, charge and counterion effects on
the laser output and other parameters for pyridiniumoxazoles
have been reported (7). The quenching of emission of
rhodamine-6G (R6G) (Scheme 1) by ferrocyanide has been
investigated through phototransient studies that revealed in-
teractions involving both ion diffusion and ion pairing (8).
Other recent reports document the roles of counterions and
ion pairing in the alteration of spectra, photobleaching, and
the distribution of geometric isomers for cyanine and
triarylmethane dyes (9).

We became interested in the effects of ion pairing on the
photochemistry of cationic dyes on the basis that electro-
static attraction and tight ion pairing by counterions would
introduce a special type of medium effect (10) based on
electrostatic charge for laser dyes. Depending on the nature
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of the counterion, it seemed likely that most photophysical
properties such as fluorescence yield and lifetime, as well as
dye photostability, could be altered to some degree in com-
parison with the behavior of “free” dye in fluid medium,
where the principal interaction with solvent overshadows the
interaction with a neighboring charged species. Also of in-
terest was the previous observation (11) that the triarylme-
thane dye, crystal violet (CV+), on UV or visible photolysis
with excess polyacrylate as counterion in water led to effi-
cient dye photobleaching. The photobleaching of dye for
CV+X– salts in a solvent of moderate polarity (e.g., 2-
propanol) is also counterion dependent with the observed
trend in rate of bleaching (Cl– > Br– > I–) (12).

The most widely studied rhodamine dye, rhodamine-6G
(R6G+ cation, Scheme 1) features outstanding photophysical
and photochemical properties for use in dye lasers (10). Its
fluorescence yield is high for many solvents suitable for
lasing applications (e.g., φf = 0.88, methanol solvent) (13).
The general insensitivity of the emission yield to excitation
wavelength and medium makes it a popular fluorescence
yield standard. The dominance of radiative decay is also re-
flected in the low value that has been obtained for the quan-
tum yield of intersystem crossing for R6GCl; for ethanol
solutions φT = 0.0021 and a triplet decay time (τT = 3.5 µs)
have been recorded (14). Accounts have been published pre-
viously of the investigation of rhodamine and other dyes un-
der conditions in which they form electrostatic complexes
with anionic polyelectrolytes in water (11, 15, 16).

In the present study, we have focused on ion-pair effects
on the photochemistry of rhodamine-6G under circumstan-
ces in which salts of the cationic dye are dissolved in or-
ganic solvents of low to intermediate polarity. The role of
ion pairing with several different counterions for R6G+

could be confirmed through observation of alteration in dye
spectra and dye fluorescence quenching. Ion pairing with the
thiocyanate anion (SCN–) was particularly effective. Along
with the finding of significant emission quenching, laser
flash photolysis experiments showed that free radicals are
generated on ion pair photolysis. From the phototransient
data, it was possible to determine radical yields and the rela-
tive rate constants associated with the competition between
return electron transfer and cage escape. A mechanism in
which electron transfer proceeds via the formation of dye
triplets (i.e., an alternate mechanism of intersystem crossing
for a rhodamine) was established. From the results, some in-
sight is provided regarding the participation and consequences
of intra-ion-pair electron transfer for dyes that have affinity
for oppositely charged sites in self-assembled systems.

Experimental methods

Materials
Rhodamine 6G chloride (Aldrich) was recrystallized from

ethanol three times. Its purity was confirmed by NMR and
by TLC (alumina, ethanol solvent). Tetrabutylammonium
thiocyanate (TBASCN), tetrabutylammonium acetate
(TBAOAc), and tetrabutylammonium iodide (TBAI)
(Aldrich) were recrystallized from ethyl acetate before use.
All solvents used for spectroscopic measurements were ei-
ther spectrograde or HPLC quality and used as received.

Instrumentation
Absorption measurements were conducted using a

Beckman model DU-7 spectrophotometer with wavelength
resolution of 0.5 nm. For some measurements which accom-
panied spontaneous dye photodegradation (mostly with I– in
nonpolar solvents), spectra were measured immediately after
the solution was prepared (within 5 s, and the measurement
completed within about 20 s). Emission measurements were
conducted using an SLM 48000 fluorimeter.

Absolute fluorescence quantum yields (φf(s)) were mea-
sured by comparing the spectrally corrected emission inten-
sity (F) of the sample to that of a fluorescence standard
using the following equation.
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where ∫ Fs(λ)d(λ) and ∫ Fr(λ)d(λ) are the integrated emission
intensities for the sample (s) and the reference (r), Ar/As is
the ratio of light intensities absorbed by the two solutions at
the excitation wavelength, and n is the refractive index of the
solvents. The fluorescence standard chosen for this study
(10-methylacridinium hexafluorophosphate) has a known
fluorescence quantum yield of 1.0 in water. The excitation
wavelength was selected toward the blue side of the So → S1
absorption of rhodamine dye (500 nm); absorbance at the
excitation wavelength was less than 0.2.

Laser flash photolysis measurements were conducted us-
ing a nanosecond laser flash photolysis system (16) that is
based on a Quantel YG-581 Nd:YAG laser, whose second
(532 nm) or third (355 nm) harmonic were used as excita-
tion sources. The system included a Lecroy TR8818 tran-
sient recorder, a Kinetic Systems CAMAC dataway, and a
150 W Xe lamp. The Xe lamp was synchronously fired with
the laser and used as a monitoring light for the transient sig-
nals. A monochromator and PMT were used to obtain tran-
sient spectra with a spectral resolution of 1 nm. Solution
samples were prepared in either 1 × 2 cm and 1 × 1 cm
pyrex cells (0.1–10 µM in dye) and were purged 20 min with
argon gas prior to the initiation of experiments. Rate con-
stants were calculated based on the rise and decay profiles.

Quantum yields of phototransient formation were mea-
sured by monitoring the signal associated with the R6G·
transient at 410 nm and using the triplet absorption at
520 nm (ε = 6500 M–1 cm–1) (17) of benzophenone (0.5 mM
in acetonitrile) as a standard. The ratio of the time-zero tran-
sient ODs was multiplied by the inverse ratio of both
absorbances at the excitation wavelength (355 and 532 nm)
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Scheme 1. Structure of the R6G+ cation.
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and the extinction coefficients of R6GX and the standard.
The following equation was utilized:

[2] φ φ
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where P532 and P355 are the respective photon fluxes for the
laser pulses for the YAG second and third harmonic wave-
lengths. The latter were obtained by measurement of pulse
energies for 532 and 355 nm beams with a calorimeter (e.g.,
70 and 28 mJ/pulse, respectively). Thus, a photon flux ratio
could be calculated (e.g., 70/28 × 532/355 = 3.75). The ratio
of R6G ground state absorbances at 532 and 355 nm was
9.5. Also used in the application of eq. [2] are the values
εR6G•

410 = 43 000 M–1 cm–1 and ε 3 BP
520 = 6500 M–1 cm–1 (17) for

the radical and benzophenone triplet transients, respectively.
Cyclic voltammetry was carried out using an EG&G PAR

273 potentiostat/galvanostat controlled by the EG&G
M270A (version 4.0) software package (scan rates: 1 mV/s –
5 V/s), or an EG&G PARC model 175 Universal Program-
mer function generator equipped with a Tektronix TD 320
two-channel oscilloscope (scan rate: 1 mV/s – 10 000 V/s)
and using Tektronix Docuwave software. The three-electrode
system consisted of a glass carbon (GC) working electrode,
an aqueous Ag/AgCl, KCl (satd.) reference electrode (E° vs.
NHE = E° vs. Ag/AgCl + 0.197), and a Pt counter-electrode.
The reference electrode potential was checked against the
ferrocence–ferrocenium couple and the electrochemical cell
was thermostated at 20°C. Experiments were performed on
argon-purged methylene chloride solutions containing 5 mM
R6GCl and 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6, Aldrich) at scan rates ranging from 50 to
1000 mV/s.

Results and discussion

Photophysical properties of R6G in the presence of
excess salts in different solvents

Ethanol (ε = 24.6) has served as a solvent of choice for
rhodamine dyes in dye lasers and other spectroscopic appli-
cations (10). In the present study, ethanol served as a refer-
ence solvent in the sense that its polarity is sufficiently high
that the formation of ion pairs was expected to be sup-
pressed for moderate concentrations of rhodamine dye and
added salts. Ethyl acetate (ε = 6.02) was selected for investi-
gation to represent a typical nonpolar solvent which is capa-
ble of dissolving the salts of relatively hydrophobic dye
cations. Additional data were obtained for THF (ε = 7.58), a
complementary solvent of intermediate polarity. Three an-
ions, thiocyanate (SCN–), iodide (I–), and acetate (OAc–), as
their tetrabutylammonium (TBA) salts were used as addi-
tives to R6GCl solutions for inspection of ion-pairing effects
in the aforementioned solvents. A low dye concentration of
10 µM was employed to minimize complicating features as-
sociated with dye aggregation (18) (but note discussion be-
low).

The data regarding absorption and emission properties for
R6G+ with chloride as counterion (10 µM) and for the dye
with excess SCN– or with hexafluorophosphate (PF6

–) in
three solvents are shown in Table 1. For the more polar sol-
vent, ethanol, absorption and emission maxima and spectral
shapes were perturbed only slightly on addition of excess
salts (Fig. 1). Absorption was characterized for all media by
the familiar (10) low energy visible band (So → S1, 528–
530 nm) or the weaker transition in the UV (So → S2,
347 nm), up to the concentration limit for added salt
(~0.3 M). Fluorescence spectra were also almost identical in
shape and λmax for ethanol solutions with the various addi-
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Solvents Ethanol (ε 24.6) THF (ε 7.58) Ethyl acetate (ε 6.02)

R6GCl
λmax (nm) 529 536 538
ε (× 104 M–1 cm–1) 9.4 7.5 7.5
λf (nm) 557 561 567
φf 0.88a 0.43 0.38

τ0 (ns) 4.2b 3.8 2.8

E00 (nm)c 543 549 552

(R6GCl + 0.29 M TBASCN)
λmax (nm) 530 535 537
ε (× 104 M–1 cm–1) 9.3 1.06 8.8
λf (nm) 559 566 568

φf 0.33 0.049 0.041

φf
ipd — 0.043 0.038

(R6GCl + 25 mM TBAPF6)
λmax (nm) 528 526

ε (× 104 M–1 cm–1) 9.5 8.9
λf (nm) 557 556

φf 0.87 0.93
aReported φf = 0.88 ± 0.02 (ethanol) (13).
bτ0 = 3.8 ns (methanol) and 3.4 ns (ethanol) (19).
cFrom the intersection of absorption and emission spectra.
dIon pair limiting fluorescence quantum yield.

Table 1. Photophysical properties of R6GCl with and without added salts in three solvents.
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tives. For the less polar media (THF and ethyl acetate) alter-
ations in spectra were more pronounced. The noticeable
trends included a shift to the red (5–12 nm) of the λmax for
visible absorption bands as well as emission bands. This ef-
fect was observed for solutions in which the counterion was
simply chloride or for added excess SCN–, but not for the
case of PF6

–. Extinction coefficients were also moderately
perturbed (generally, a 10–20% reduction, Table 1) for salts
in the less polar THF and ethyl acetate. Modest perturba-
tions associated with the alteration of transition moments
and oscillator strengths on binding of polarizable
counterions (e.g., for SCN– or Cl– but not PF6

–) have been
reported (18).

Aggregation effects are common for organic dyes in a va-
riety of media (11, 15, 16, 18, 20– 22), and several subtle
spectral clues suggest that dye–dye interaction may play a
role for the rhodamine salts. For R6GCl in ethyl acetate
(Fig. 2a), a noticeable shoulder appears with λmax ~ 500 nm,
a feature that is diminished on addition of excess SCN–. The
broad spectral features that appear as blue shifts of the prin-

cipal absorption bands, consistent with the formation of dye
dimers, are also observed on addition of other excess salts.
Addition of both acetate and iodide results in strong pertur-
bation of the visible band. A new band of this type assigned
to the dye aggregate (λmax ~ 500 nm) has been identified for
R6G+ (e.g., for more concentrated dye–alcohol solutions)
(13, 18). As reference points, the equilibrium constants for
dimerization of R6GCl in ethanol and water are KD =
0.27 M–1 (22) and 6.2 × 103 M–1 (18), respectively. For a
10 µM solution of R6GCl in ethanol, the ratio of dimer to
monomer at equilibrium is computed from the KD value to
be 2.7 × 10–6.

The “deaggregation” of R6GCl by SCN– in ethyl acetate
displayed novel behavior. As shown in Fig. 2a, the maxi-
mum in the visible is shifted slightly to the blue and then
back to the red on progressive addition of TBASCN. This
subtle effect could be associated with an alteration in the
stoichiometry of ion pairing as shown with the following
equilibria.
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Fig. 1. (a) Absorption and (b) emission spectra of 10 µM R6GCl
in the presence of added TBASCN in ethanol (λex = 532 nm).

Fig. 2. Absorption (a) and emission (b) spectra of 10 µM R6GCl
in the presence of added TBASCN in ethyl acetate (λex = 532 nm).
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[3] R6G+ + SCN– � (R6G+, SCN–)

(R6G+, SCN–) + SCN– � (R6G+, 2SCN–)

2(R6G+, SCN–) � (R6G+, SCN–)2

2(R6G+, SCN–) + 2SCN– � 2(R6G+, 2SCN–)

In this model the dimer aggregate that is formed in a mod-
est amount on dissolution of salt in ethyl acetate is shifted
via the second equilibrium to a complex of 2:1 stoichiometry
which favors the counterion and relieves dye–dye interaction
on addition of excess X–. This model is reminiscent of that
proposed by Armitage and O’Brien (5) which dealt with the
2:1 stoichiometry of complexation of two positively charged
dyes and a bulky counterion triphenylbenzyl borate
(R6G+:Ph3BnB– = 2:1). For the present case of R6GSCN,
the 1:2 cluster might adopt a sandwich structure in which
two SCN– ions lie on opposite sides of the xanthene ring.
Another case of deaggregation has been reported (15) in
which R6G+ at moderate concentration in water (>1 × 10–5 M)
is relieved of dye–dye interaction on addition of the domain-
forming polyelectrolyte, poly (methacrylic acid). Depending
on the pH of solutions, dye is either bound to spaced charges
on the polyelectrolyte chain or sequestered as individual dye
cations in folded polymer interior (hydrophobic) spaces (15).

The most pronounced influence of non-polar solvents on
the photophysics of rhodamine salts is observed in the
quenching of fluorescence (Fig. 2b). As shown in Fig. 3, the
quantum yield of emission that peaks at about 565 nm is di-
minished substantially with added TBASCN for ethyl ace-
tate solvent. An important part of the trend is that the
chloride counterion results in about a twofold quenching,
whereas the effect is nearly an order of magnitude larger for
the SCN– counterion (ethyl acetate vs. ethanol). The series
of Stern–Volmer plots (Fig. 4) shows different profiles of
emission quenching, depending on the selected excess salt.
For the more polar solvent (ethanol) the amount of excess
counterion required for complete or nearly complete fluores-
cence quenching was much higher (e.g., 0.29 M TBASCN),
whereas lower concentrations of added salts resulted in sub-
stantial quenching for ethyl acetate solutions (<5 mM). No-
tably, the addition of acetate was markedly less effective
than addition of SCN– or I–.

The fluorescence quenching mechanism — ion pairing
The results of the fluorescence measurements in which

various salts were employed as quenchers (counterions, ace-
tate vs. iodide vs. thiocyanate) for R6G+ in ethanol are
shown in Fig. 4. Notably, all of the Stern–Volmer plots
showed downward curvature. Furthermore, if the approxi-
mately linear portions of the plots are used to obtain nomi-
nal slopes, with values 25 M–1 and 1.7 × 104 M–1 for
quenching by SCN– in ethanol and ethyl acetate, respec-
tively, quenching constants are obtained (kq = 5.9 × 109 and
6.1 × 1012 M–1 s–1) that are quite different. The latter value
(ethyl acetate samples) is much larger than that allowed by a
diffusion-limited mechanism (23), whereas, for ethanol solu-
tions, the quenching constant observed is quite close to that
predicted for bimolecular diffusion (kdiff = 6.1 × 109 M–1 s–1

at 25°C) (24). For this analysis, fluorescence lifetimes for
dye solutions with no added salt (τf = 4.2 and 2.8 ns) for

10 µM R6GCl in ethanol and ethyl acetate, respectively,
were obtained by phase-shift fluorimetry.

The conclusion from the fluorescence quenching measure-
ments is that, for the ethyl acetate medium, quenching takes
place by a static mechanism involving complexation of dye
and counterion. For ethanol solutions a dynamic quenching
mechanism  is  most  likely,  or  a  small  contribution  by  ion
pairing may be important (vide infra). The quenching results
thus provided, for the less polar medium, an opportunity to
examine dye–counterion complexation in terms of an ion
pair equilibrium:

[4] D X+ −+ (D+, X–)

If a 1:1 ion-pairing stoichiometry is assumed, and the
unquenched emission yield is taken as that value obtained
for R6GCl fluorescence (φo), the relationship eq. [5] can be
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Fig. 3. Stern–Volmer plot of fluorescence quenching data for
10 µM R6GCl with added TBASCN in aerated ethyl acetate
(λex = 500 nm). Insert: Benesi–Hildebrand plot.

Fig. 4. Stern–Volmer plot of fluorescence quenching data for
10 µM R6GCl with added TBASCN, TBAI, and TBAOAc in
aerated ethanol (λex = 500 nm).
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used to obtain an ion pairing constant (KIP). The Benesi–
Hildebrand procedure (25) and eq. [5] utilize values re-
corded for φ, the total emission yield for complexed and
uncomplexed species and ∆, the difference between yields of
complexed and uncomplexed species, as a function of
quencher concentration (Do).

[5]
1 1 1

φ φo IP o−
= +

∆ ∆K D

Linear plots were obtained from the fluorescence quench-
ing data for the R6G+–SCN– system for the three solvents
ethyl acetate (Fig. 3, insert plot), THF, and (for complete-
ness) ethanol. These plots were used to calculate KIP values
(KIP = 71, 9.3 × 103, and 3.1 × 104 M–1 for dye com-
plexation in ethanol, THF, and ethyl acetate, respectively).
Not unexpectedly, as solvent polarity decreases, KIP in-
creases; i.e., a lower polarity medium facilitates ion pairing,
consistent with numerous studies of the ion-pairing phenom-
enon (1–3). Also, for the completely complexed dye cations,
quenching by thiocyanate reduces the yield of emission to
<10% of its value for uncomplexed R6G+ (Fig. 3).

Electrochemistry of R6G+ and the driving force for ion
pair electron transfer

Redox potentials were required to evaluate the energetics
of a hypothetical electron transfer that could occur for dye
ion pairs. Reversible waves associated with R6G+ reduction
were obtained with an assembly that employed an Ag work-
ing electrode and with scan rates of 200 mV/s for dye in
methylene chloride (ε = 8.90) with supporting electrolyte.
From these data the half-wave potential (E1/2 (R6G+/R6G·) =
–0.92 V vs. SCE in CH2Cl2) was obtained. Using this value
and a reported value (E1/2(SCN–/SCN·) = +0.77 V vs. SCE)
(26) for (reversible) thiocyanate oxidation in water, the radi-
cal pair energy (relative to the ground state for R6GSCN)
was obtained: ∆Go = E° (SCN/SCN–) – E° (R6G+/R6G·) =
1.69 eV. This estimated value for the radical pair energy is
well below that for the dye singlet state (ca. 0.5 eV) and

close to but below the energy of the dye triplet. The relation-
ships among the energies of the various states are depicted
in Scheme 2.

Flash photolysis of rhodamine ion pairs: free radical
transients and photokinetics

Since R6G+ has a dominant fluorescence that occurs in
the ns regime (τf = 3 to 4 ns, Table 1), and since non-
radiative decay is inefficient, the dye fails to generate appre-
ciable phototransients in the 100 ns to 1 ms time domain in
laser pump–probe experiments (e.g., the triplet yield = 0.0021
for R6G+ in ethanol) (14). However, our preliminary results
showed that ion pairing of the dye with the counterion SCN–

(also I–) led to a significant yield of phototransients on laser
photolysis. Investigation of R6G+ with other anions in non-
polar solvents was included for comparison.

On pulsed photolysis of an ethyl acetate solution of
10 mM R6GCl with a Nd/YAG laser (532 nm, 60 mJ/pulse),
the transient spectrum that was observed consisted of weak
bands broadly absorbing at ca. 400 and 600 nm, along with a
dominant dye bleach centered at 540 nm. The assignments
are consistent with the appearance of the rhodamine triplet
state (3R6G+* with λmax = 620 nm and ε= 16 000 M–1 cm–1)
(27) and the semireduced dye species, the R6G· radical
(λmax = 410 nm) (28). These transients were also recorded
for solutions that contained TBASCN with levels of salt con-
centration that corresponded to 75–97% ion pairing (0.1–
1.0 mM), >99% ion pairing (3.0 mM, Fig. 5), and a level at
which clustering of ions (vide supra) is important (20 mM,
and up to the saturation limit of 30 mM). The transient
bleach is associated with ground state depletion for which
ε540 = 67 000 M–1 cm–1.

On addition of excess SCN– the radical signal at 410 nm
increased in intensity, with a fast onset (<30 ns) and a slower
rise that could be followed accurately (~1 µs) (Fig. 6). The
fraction of the fast process increased until [SCN–] reached
1.0 mM (where ion pairing is complete). The slow rise ap-
peared with [SCN–] = 1.0 mM and became increasingly
important (up to 20 mM TBASCN). Notably, the fast rise
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Scheme 2. State energy diagram for the photochemistry of the R6G+SCN– ion pair.
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time recorded at 410 nm was constant for this range of
[SCN–]. The decay of the R6G· radical occurred on the
100 ms timescale by a process that could be evaluated as
second order or the sum of two exponentials; for example, a
half-life of the dye-derived radical of 150 µs was recorded
for a solution having 10 µM R6G+ and 3.0 mM SCN–

(Fig. 5).
The signal associated with the dye triplet species

(3R6G+*) at 620 nm grew in intensity on addition of
thiocyanate up to about 1.0 mM [SCN–]. Notably also, its
decay accelerated with added excess salt, reaching a rate
corresponding to a decay time of ~1 µs (Fig. 7). Transient
depletion of the absorption because of the R6G+ ground
state at 540 nm and its recovery were observed in all sam-
ples. For R6GCl without added salt, the recovery was com-
prised of two components, a dominant fast process (<50 ns),

accompanied by a small contribution from a slow recovery
(~200 µs). With the addition of excess SCN–, the proportion
due to the slow recovery was greatly enhanced and an inter-
mediate recovery time developed (~1 µs).

Another finding in parallel with the evidence involving
excess SCN– came on flash photolysis of 10 mM R6G+ with
1.0 mM I–, excited at 532 nm in ethyl acetate. These results
were also consistent with a mechanism in which the decay
of the observed R6G radical and the recovery of ground state
dye are coupled, for long time regimes (>10 µs). This recov-
ery mechanism is most readily related to a return electron
transfer that occurs involving R6G radical and oxidized spe-
cies through bimolecular encounter (vide infra).

Rise time for the R6G radical transient: mechanisms of
intra-ion-pair electron transfer

The profile of growth and decay for the 410 nm signal vs.
[SCN–] is shown in Fig. 8. The findings include observation
of a fast rise that occurs essentially with the laser pulse, fol-
lowed by a slower process of transient formation in about
1 µs. The evolution of species is recorded in Fig. 9 for sam-
ples (3.0 mM in TBASCN) in terms of the growth of R6G
radicals (410 nm), the decay of triplets (620 nm), and the re-
covery of dye bleaching (540 nm). The first-order rise and
(or) decay times obtained from these plots are 1.4, 1.7, and
1.9 µs, respectively.

Proceeding on the assumption that dye photoreduction oc-
curred via ion-pair electron transfer, we sought to establish
further the respective roles of dye singlet and triplet states.
Most noticeable was the finding that about 1 µs was required
in order for the 410 nm transient to reach its maximum
absorbance; in other words, there is a slow rise on the µs
timescale that follows a more prompt mechanism for radical
formation. This feature requires either (i) that a slower pro-
cess of radical formation involving a diffusive encounter of
the dye excited singlet state is important, or (ii) that another
intermediate precedes the semireduced dye transient. Since,
under the optimum conditions for radical formation (3.0 mM
SCN–, corresponding to virtually complete association of
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Fig. 5. Transient spectra of 10 µM R6GCl with 3.0 mM
TBASCN in Ar-purged ethyl acetate (λex = 532 nm).

Fig. 6. Growth and decay profiles for the radical transient
(λmax = 410 nm) for 10 µM R6GCl as a function of added
TBASCN in Ar-purged ethyl acetate (λex = 532 nm).

Fig. 7. Decay profiles for the triplet transient (620 nm) for
10 µM R6GCl with TBASCN in Ar-purged ethyl acetate (λex =
532 nm).
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R6G+ and SCN– and quenching of rhodamine fluorescence
(Fig. 3)), the probability of a diffusional step that would
compete with dye singlet decay is eliminated. More telling is
the observation that the decay of the 620 nm dye triplet tran-
sient matches substantially the growth of the 410 nm species
(Fig. 9). Although the data are limited to inspection of only
about two 1/e times, estimates can be made from these
curves for radical growth and triplet decay (kr = 7 × 105 s–1

and kd = 6 × 105 s–1, respectively) based on reasonable fits
of the data to a first-order rate law.

A compelling feature of the phototransient data had to do
with the relative yields of triplet and radical intermediates,
as a function of the concentration of excess SCN–. As noted
in Fig. 7, the yield of the triplet (600 nm transient) is not en-
hanced for [SCN–] > 1.0 mM (i.e., after ion pairing is sub-
stantially complete). In contrast, on further addition of
excess salt, the proportion of the signal at 410 nm grows (in
the interval of 1.0 to 20.0 mM SCN–). Thus, an increase in
yield of radical is not the result of a further increase in trip-
let yield, but has to do with a more competitive rate or yield
for the electron transfer that occurs via the dye triplet ion
pair. The key may lie in the 1:2 clustering of rhodamine with
excess SCN– which could be responsible for a reduced rate
of the back electron transfer that competes with the release
of caged radicals (see below for the potential involvement of
the oxidized species ((SCN)2

·–)).
A mechanism that includes two possible pathways for for-

mation of radical transients for R6GSCN can be understood
in terms of the energy diagram of Scheme 2. Intra-ion-pair
electron transfer may originate from singlet states on a rela-
tively fast timescale and correspond to the appearance of the
radical transient within the time of the laser pulse in ns mea-
surements. A slower process follows intersystem crossing of
ion-paired rhodamine dye and intra-pair electron transfer of
dye triplet species. The latter sequence, which is apparently
slowed in comparison to the singlet mechanism by two or-
ders of magnitude (1 × 106 vs. 1 × 108 s–1), proceeds with a

driving force that is diminished by 0.39 eV (the difference in
S1 and T1 excitation energies (Scheme 2)).

An effort was made to characterize the formation of a
thiocyanate-derived radical species. The product of one-
electron oxidation of thiocyanate that is well-characterized is
the pseudodimeric species ((SCN)2

·–) a radical that could re-
sult in the present case from diffusion of radicals SCN· into
bulk solution and trapping by SCN– (or by in-cage capture in
the case of a 2:1 ion-pair stoichiometry). Although its visible
absorption is weak, the (SCN)2

·– radical has been observed
on flash photolysis or pulse radiolysis in a variety of settings
(for water solutions λmax = 480 nm, ε480 = 7800 M–1) (26).
Unfortunately, this spectral region is congested by strong lo-
cal dye absorption (ε540 = 67 000 M–1 cm–1 and for the shoul-
der ε472 = 12 200 M–1 cm–1).

Further comparison can be made with spectra obtained on
flash photolysis of ethyl acetate solutions having excess io-
dide. What appears in the case of iodide is a feature also as-
sociated with a trapped (secondary) radical product, a
contribution at 380 nm which is convoluted with the
R6G transient absorption at 405 nm. The iodide derived rad-
ical (I2

·–) is also a well-established intermediate (ε380 =
15 600 M–1 cm–1) (29) whose observation provides further
confirmation of an overall electron transfer mechanism.

Estimate of dye triplet and R6G free radical yields
Based on the calculated ε410 for the R6G radical

(43 000 M–1 cm–1, vide supra) and the absence of any excita-
tion wavelength dependence on the photochemistry, an esti-
mate of R6G radical yield on pulsed photolysis for several
conditions of ion pairing was made (Table 2). The method
required the recording of transient ODs that were extrapo-
lated to zero time from decay data recorded on the 0–1 µs
timescale. Samples of rhodamine dye with added salts were
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Fig. 8. Growth and decay profiles for the radical transient (R6G·,
410 nm) for 10 µM R6GCl with 3.0 mM TBASCN in Ar-purged
ethyl acetate (λex = 532 nm), shown with regard to three
timescales (10, 50, and 500 µs full scale).

Fig. 9. Growth and decay profiles for the radical (410 nm) and
triplet (620 nm) transients and ground state bleach (540 nm) ob-
served on laser photolysis of 10 µM R6GCl with 3.0 mM
TBASCN in Ar-purged ethyl acetate (λex = 532 nm).
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photolyzed at 532 nm, whereas the actinometric standard
based on the observation of the triplet state transient for ben-
zophenone (λmax = 520 nm, ε = 6500 M–1 cm–1) (17) re-
quired use of the 355 nm laser wavelength with correction
factors applied as described in the Experimental section. Es-
timation of the yield of long-lived rhodamine triplets for the
ion pairs was more difficult, since decay times are relatively
short for this weaker transient and the data comparatively
noisy at early times following the laser pulse.

What is confirmed again is that SCN– ion pairing for
R6G+ results in an elevated transient yield, well above the
reported triplet yield for dye in ethanol (0.002) (14). There
are at least two scenarios involving ion-pair effects that
could account for enhanced triplet formation and therefore
allow an appreciable yield of electron transfer product via
dye triplets. The counterion itself could play a special role as
part of the dye “medium”, namely, introducing spin orbit in-
teractions not present for the free dye (including a heavy
atom effect involving the S center). Not to be ruled out also
is the possibility that dye aggregates are important (even for
SCN– complexes which show little spectral perturbation);
dye dimers and higher order species are known to give
higher yields of triplets (28). Some insight regarding these
possibilities is provided in the finding that the quenching of
R6G+ in the presence of I– in ethyl acetate results in a signif-
icantly lower residual fluorescence for the complexed ion
pair. Increased yields of triplets on iodide complexation have
been rationalized previously in terms of the halide
counterion providing enhanced spin orbit coupling (30).

Conclusions

The addition of excess salts that include the counterions
SCN–, OAc–, and I– result in moderate alteration of the ab-
sorption spectra for the rhodamine dye R6G+. The
counterions SCN– and I– are especially effective in that they
lead to significant quenching of rhodamine dye fluorescence.
The iodide and thiocyanate counterions are distinguished
particularly in having relatively low ionization energies as
reflected in their potentials for oxidation in solution. The
data are consistent with the formation of ion-pair complexes
of cationic dyes and counterions, with the photochemical
outcome dictated by the counterion oxidation potential. The
quenching of rhodamine dye fluorescence on addition of
thiocyanate was used to determine equilibrium constants for
ion pairing; complexation with counterions is much sup-
pressed for R6G+ in ethanol.

A mechanism for excited-state quenching was established
using laser flash photolysis methods. Phototransients associ-
ated with intra-ion-pair electron transfer were identified (for
the rhodamine radical transient λmax = 410 nm). The growth
and decay of the R6G radical could be accounted for in part

by a mechanism involving initial formation of a dye triplet
followed by electron transfer which provides a triplet radical
pair on a µs timescale. The enhancement of the yield of trip-
lets observed for rhodamine ion pairs in ethyl acetate solvent
may be due to enhanced spin orbit coupling involving
counterion orbitals or the subtle alteration of the triplet radi-
cal pair energy gaps brought about by ion pairing. In sum-
mary, the data provide some insight to the competition
kinetics that dictate the yield of long-lived free radical
phototransients for an important class of cationic
(rhodamine) dyes that are capable of ion pair formation in
lower polarity media.
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[SCN] (mM) 0 0.1 1.0 3.0 20 30

ΦR6G· 0.001 0.005 0.011 0.014 0.024 0.022

ΦT 0.003 0.008 0.016 0.016 0.016 0.016
aQuantum yields of transient formation (R6G· (410 nm) and R6G+

triplet state (620 nm)) based on benzophenone triplet (520 nm, Φ = 1.0).

Table 2. Radical and triplet quantum yielda for R6GSCN in
ethyl acetate on laser flash photolysis (λex = 532 nm).
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Generation and reactivity of the radical cations of
coniferyl alcohol and isoeugenol in solution

N.P. Schepp and Y. Rodríguez-Evora

Abstract: Nanosecond laser flash photolysis of coniferyl alcohol and isoeugenol in acetonitrile leads to the formation
of transient species that are identified as the corresponding radical cations. These radical cations decay with rate con-
stants of ca. 1 × 106 s–1 in dry acetonitrile. Both radical cations react rapidly with hydroxylic solvents like water and
alcohols to give 4-vinylphenoxyl radicals, indicating that these reagents behave as bases rather than nucleophiles. In ad-
dition, anionic reagents (acetate, cyanide, and chloride) react rapidly with the radical cations with second-order rate
constants that are close to diffusion controlled. The main products generated in the presence of the anionic reagents are
again the 4-vinylphenoxyl radicals, suggesting that these reagents also behave as bases. The lifetime of the radical cat-
ions in acidic acetonitrile was found to increase dramatically due to a shift in the radical cation – vinyl phenoxyl radi-
cal acid–base equilibrium to the side of the radical cation. An estimate of the pKa of the radical cation in acetonitrile
of 4.0 was obtained from the data.

Key words: radical cations, laser flash photolysis, lignan, vinylphenols.

Résumé : La photolyse éclair au laser, avec des impulsions de l’ordre de la nanoseconde, de l’alcool du coniféryle et
de l’isoeugénol dans l’acétonitrile conduit à la formation d’espèces intermédiaires qui sont en fait les cations radicalai-
res correspondants. Ces cations radicalaires se désintègrent avec une constante de vitesse de l’ordre de 1 × 106 s–1 dans
l’acétonitrile. Les deux cations radicalaires réagissent rapidement avec les solvants hydroxylés tels que l’eau et les al-
cools pour donner des radicaux 4-vinylphénoxyles, indiquant ainsi que ces réactifs se comportent plutôt comme des ba-
ses que comme des nucléophiles. De plus, les réactifs anioniques (acétate, cyanure et chlorure) réagissent rapidement
avec les cations radicalaires avec des constantes de vitesse d’ordre deux qui sont très proches de celles d’une diffusion
contrôlée. Les produits majoritaires générés en présence des réactifs anioniques sont encore des radicaux 4-vinylphén-
oxyles, ces résultats suggèrent que ces réactifs se comportent également comme des bases. On a trouvé que le temps
vie de ces cations radicalaires, dans l’acétonitrile en milieu acide, augmente dramatiquement à cause d’un déplacement
de l’équilibre acide–base, cation radicalaire – radical vinylphénoxyle, du côté du cation radicalaire. A partir des don-
nées on a pu évaluer à 4,0 le pKa du cation radicalaire dans l’acétonitrile.

Mots clés : cations radicalaires, photolyse éclair au laser, lignan, vinylphénols.

[Traduit par la Rédaction] Schepp and Rodríguez-Evora 806

Introduction

Naturally occurring compounds (including 4-hydroxy-
cinnamates like syrginic acid and 1-(4-hydroxyphenyl)-
propen-3-ols like coniferyl alcohol) that contain a 4-
vinylphenol moiety are important materials in a number of
biological systems. In particular, these kinds of organic mol-
ecules are building blocks for the biosynthesis of natural
products such as plant lignans (1), which often have impor-
tant medicinal properties, and lignin, a major constituent of

wood. While specific details concerning the biosynthesis of
these compounds are not well understood, it is generally ac-
cepted that initial oxidation induced by an oxidizing enzyme
such as a peroxidase or a laccase to give a resonance-
stabilized 4-vinylphenoxyl radical is a key step. Enzyme-
mediated dimerization of these 4-vinylphenoxyl radicals
then leads to production of the lignan-type materials (2, 3).

One pathway for the formation of the 4-vinylphenoxyl
radicals involves enzyme-induced, one-electron oxidation of
the 4-vinylphenol substrate to its corresponding radical cat-
ion which then undergoes rapid deprotonation, Scheme 1.

While the chemistry of 4-vinylphenoxyl radicals has been
studied using several methods, including direct detection
methods such as flash photolysis and ESR spectroscopy (4–
6), the radical cations of the 4-vinylphenol substrates have
not yet been investigated. In the present work, we focus on
the chemistry of two 4-vinylphenol radical cations, namely
the coniferyl alcohol and isoeugenol radical cations,
Scheme 2.

Our principle goals were to obtain rate constants for the
reactions of these radical cations, both with solvent and with
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added bases and nucleophiles, and to examine the effect of
acidity on their reactivity. We were also interested in deter-
mining if these radicals cations are sufficiently long-lived to
participate in bimolecular reactions. If so, it may be possible
that such species play a more significant role in the bio-
synthesis of lignans by participating directly in the dimeri-
zation process.

Experimental

Materials
Coniferyl alcohol and isoeugenol were purchased

(Aldrich) and used as received. Acetonitrile was spectro-
scopic grade (Omnisolve, BDH). All other materials were
the best available commercial grades and used without fur-
ther purification.

Laser flash photolysis
The nanosecond laser flash photolysis system at

Dalhousie University has been described previously (7). A
Lambda Physiks excimer laser (308 nm, XeCl, 10 ns/pulse,
<100 mJ/pulse) was used as the excitation source for most
experiments. In experiments using chloranil or di-tert-
butylperoxide, a Continuum Nd:YAG NY-61 laser (355 nm;
8 ns/pulse; <35 mJ/pulse) was used as the excitation source.

Solutions for kinetics experiments were prepared by addi-
tion of small aliquots (ca. 10 µL) of stock solutions of
coniferyl alcohol or isoeugenol to 2.0 or 3.0 mL of
acetonitrile in 7 × 7 mm2 laser cells made out of Suprasil
quartz tubing. The absorption of the 4-vinylphenols in the
laser cells was approximately 0.4 at 308 nm, corresponding
to concentrations of ca. 0.1 mM. Most laser experiments
were carried out using aerated samples. When oxygen-free
solutions were required, the samples were bubbled with a
slow stream of dry nitrogen 20 min prior to laser irradiation.
Measurements of quenching rate constants were made by
adding small amounts (1–20 µL) of a stock solution with a
known concentration of the quencher (n-Bu4NCl, n-
Bu4NCN, or n-Bu4NO2CCH3) dissolved in acetonitrile. So-
lutions for the experiments carried out under acidic condi-
tions were prepared by making a 0.010 M HClO4 stock
solution in acetonitrile and then making appropriate dilu-

tions of this solution using acetonitrile. To minimize the
possibility of acid-catalyzed decomposition of coniferyl al-
cohol or isoeugenol, these materials were added to the acidic
sample solutions just prior to performing the laser experi-
ments. All kinetics experiments were carried out at room
temperature (22 ± 1°C). For measurement of absorption
spectra, a flow cell system was used to ensure that only
fresh solution was subjected to each laser pulse.

Results and discussion

Laser irradiation in acetonitrile
Laser irradiation of coniferyl alcohol in dry acetonitrile

leads to the formation of distinct absorption bands at 380
and 580 nm, Fig. 1. These two bands are formed promptly
within the laser pulse, and both decay in a first-order manner
with identical rate constants of 8 × 105 s–1 (Fig. 1, inset).
The similar kinetic behaviour of these two bands indicates
that both bands belong to a single transient species.

The absorption spectrum is very similar to the known
spectra of substituted styrene radical cations that have two
strong bands near 360 and 580 nm (8). In addition, the decay
of the transient is insensitive to oxygen, but is greatly accel-
erated in the presence of hydroxylic solvents like water and
methanol and in the presence of anionic reagents like bro-
mide and chloride. These observations provide strong evi-
dence for the identification of the transient species as the
radical cation of coniferyl alcohol produced by laser-induced
photoionization of coniferyl alcohol, eq. [1].

Evidence to support this assignment comes from results
obtained under photoinduced electron-transfer conditions.
Selective laser irradiation (355 nm) of chloranil in the pres-
ence of 1.0 mM coniferyl alcohol in acetonitrile leads ini-
tially to the formation of the triplet of chloranil with an
absorption maximum at 500 nm (9). This band decays rap-
idly in the presence of coniferyl alcohol, Fig. 2 (inset), and
leads to the formation of absorption bands at 380 and
580 nm, Fig. 2, that are closely similar to those produced
upon direct laser irradiation of coniferyl alcohol. Absorption
due to the presence of the chloranil radical anion at 450 nm
(9) is also observed, with the rate constant for the growth of
this band being identical to that for the decay of the triplet
and for the growth of the bands at 380 and 580 nm. These
results are consistent with initial formation of the chloranil
triplet with absorption at 500 nm, which then undergoes an
electron-transfer reaction with coniferyl alcohol to produce
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Scheme 1.

Scheme 2.
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the 4-vinylphenol radical cation and the radical anion of
chloranil, eq. [2].

As shown in Fig. 1, a strong absorption band centered at
340 nm is observed upon 308 nm irradiation of coniferyl al-
cohol in addition to the radical cation absorption at 380 and
580 nm. However, unlike the radical cation absorption,
which appears promptly after the laser pulse, the 340 nm
band grows in as a function of time. The observed rate con-
stant of 8 × 105 s–1 for the formation of this band is identical
to that for the decay of the 380 and 580 nm bands, Fig. 1
(inset), indicating the transient responsible for the absorption
at 340 nm is a product of the reaction of the radical cation.
The decay of the 340 nm transient is not affected by the

presence or absence of oxygen, nor is its decay influenced
by the addition of protic reagents like water or methanol or
anionic reagents like chloride or cyanide.

As observed for methoxy-substituted phenol radical cat-
ions, which rapidly deprotonate to give simple phenoxyl rad-
icals (10), the main reaction of the 4-vinylphenol radical
cation is likely to be deprotonation to give in this case a 4-
vinylphenoxyl radical, eq. [3].

It is therefore reasonable to suggest that the 340 nm ab-
sorption band generated upon decay of the coniferyl alcohol
radical cation is the 2-methoxy-4-(3-hydroxy-1-propenyl)
phenoxyl radical. Evidence supporting this suggestion was
obtained upon 355 nm laser irradiation of a solution of di-
tert-butylperoxide in the presence of small amounts of
coniferyl alcohol. This is expected to lead to the formation
of the phenoxyl radical by initial photochemical formation
of the tert-butoxy radical, followed by rapid hydrogen ab-
straction from the phenol hydroxy group of the coniferyl al-
cohol. As shown in Fig. 3, a transient with an absorption
maximum at 340 nm identical to that produced upon reac-
tion of the coniferyl alcohol radical cation is observed.
These results therefore provide good evidence that the main
reaction of the radical cation is indeed deprotonation to the
4-vinylphenoxyl radical, eq. [3].

A long-lived species with an absorption maximum at
350 nm has been observed previously upon irradiation of
coniferyl alcohol in aqueous or alcoholic solvents (6, 11,
12). This transient has been assigned as the quinone methide
generated by a mechanism that is thought to involve
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Fig. 1. Transient absorption spectra generated (�) 200 ns, (�)
920 ns, (�) 3.2 µs, and (�) 6.4 µs after 308 nm laser irradiation
of coniferyl alcohol in air-saturated acetonitrile. Inset shows
time-resolved changes in optical density at 380, 580, and 340 nm
upon 308 nm irradiation of coniferyl alcohol in air-saturated
acetonitrile.

Fig. 2. Transient absorption spectra generated (�) 1 µs, (�)
2 µs, and (�) 7 µs after 355 nm laser irradiation of chloranil in
air-saturated acetonitrile with 0.001 M coniferyl alcohol. Inset
shows time-resolved changes in optical density at 500 and
580 nm upon 355 nm laser irradiation of chloranil in air-
saturated acetonitrile with 0.001 M coniferyl alcohol.

[2]

[3]
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photoinduced protonation of the β-OH group, followed by
elimination of water and deprotonation (6) (12), eq. [4].

However, the absorption band at 340 nm generated in our
experiments decays completely within 1 ms after the laser
pulse, which is consistent with the reactivity of other
phenoxyl radicals (13). This reactivity is considerably differ-
ent from that observed for the quinone methide in aqueous
solution at room temperature, where its lifetime is several
minutes (12). Furthermore, our results clearly show that the
340 nm transient is a product of the reaction of the radical
cation; it is difficult to assign a reasonable mechanism for
the conversion of the radical cation to the quinone methide,
while conversion to the phenoxyl radical by deprotonation is
a sensible reaction pathway.

Similar results to those described above were observed
upon direct 308 nm irradiation of isoeugenol in acetonitrile,
Fig. 4, and upon 355 nm irradiation of chloranil in the pres-
ence of isoeugenol. In both cases, the isoeugenol radical cat-
ion was observed with absorption bands at 380 and 580 nm.
The radical cation decayed in a first-order manner in dry
acetonitrile with a rate constant of 9 × 105 s–1. As the radical
cation decayed, a new absorption band at 340 nm was ob-
served. This new absorption band is assigned to the corre-
sponding 4-vinylphenoxyl radical on the basis of its
similarity to the absorption band observed upon 355 nm irra-
diation of di-tert-butylperoxide in the presence of
isoeugenol.

Effect of water and alcohols on decay of coniferyl
alcohol radical cation in acetonitrile

Throughout the course of our experiments into the reactiv-
ity of the coniferyl alcohol and isoeugenol radical cations in
neat acetonitrile, rate constants measured for the decay of
the radical cations varied somewhat between 7 × 105 and 1 ×
106 s–1. This variability depended mainly on the quality of
the acetonitrile used: in acetonitrile from a freshly opened
bottle, the radical cation was longer-lived, while the radical
cation in acetonitrile that had previously been exposed to air
was somewhat shorter-lived. The most likely source of this
variability was the presence or absence of water in the
acetonitrile, with acetonitrile from a freshly opened bottle
having a lower water content compared with that from an al-
ready opened bottle. The rate constants of 7 × 105 and 9 ×
105 s–1 were the slowest rate constants measured for the
coniferyl alcohol and the isoeugenol radical cations, respec-
tively, in acetonitrile dried with activated molecular sieves.

To quantitatively determine the influence of water content,
the decay of the radical cation was measured as a function of
water concentration in acetonitrile. As shown in Fig. 5 (in-
set), even small quantities of water greatly accelerate the rate
constant for the decay, such that in the presence of 0.034 M
water, the rate constant more than triples from 0.8 × 106 to
3.0 × 106 s–1. The relationship between the observed rate
constants2 for the decay of the coniferyl alcohol radical cat-
ion and water concentration is linear. Least-squares analysis
leads to the second-order rate constant for the reaction with
water of 6.5 × 107 M–1 s–1.

The decay of the coniferyl alcohol radical cation also in-
creased rapidly with increasing concentrations of methanol,
ethanol, 2-propanol, and tert-butyl alcohol. In each case, a
linear relationship was obtained between the observed rate
constants and alcohol concentration. Least-squares analysis
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Fig. 3. Transient absorption spectra generated (�) 480 ns, (�)
1.9 µs, and (�) 13 µs after 355 nm laser irradiation of di-tert-
butylperoxide in air-saturated acetonitrile with 0.001 M coniferyl
alcohol. Inset shows time-resolved changes in optical density at
340 nm.

Fig. 4. Transient absorption spectra generated (�) 400 ns, (�)
1.8 µs, and (�) 3.0 µs after 308 nm laser irradiation of isoeu-
genol in air-saturated acetonitrile. Inset shows time-resolved
changes in optical density at 380, 580, and 340 nm observed
upon 308 nm irradiation of isoeugenol in air-saturated aceto-
nitrile.

[4]

2 Tables of rate data (Tables S1-S10) have been deposited and may be purchased from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information
on ordering electronically).
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gave second-order rate constants that were similar for each
alcohol, ranging from 2 × 107 to 4 × 107 M–1 s–1. These rate
constants are summarized in Table 1.

In the presence of added water or alcohols, the accelerated
decay of the radical cation continued to lead to the forma-
tion of the 340 nm band assigned to the substituted 4-
vinylphenoxyl radical, Fig. 5, and the rate constants for the
growth of the radical continued to match the rate constants
for the radical cation decay. No evidence was found for the
presence of an oxygen-sensitive phenethyl radical that would
have been formed upon nucleophilic addition of water or al-
cohol to the radical. Thus, water and the alcohols appear to
act as bases rather than nucleophiles in their reaction with
the radical cation, eq. [5].

In addition, little variation is observed in the second-order
rate constants for the reaction of the radical cation with the
four alcohols, Table 1. Such a lack of sensitivity to the steric
bulk of the alcohols is expected for a situation in which the
alcohols, which have similar basicities but different
nucleophilicities, act as bases rather than nucleophiles. Fur-
thermore, the rate constants given in Table 1 are consider-
ably larger than the rate constant of 3 × 104 M–1 s–1 for the
reaction of methanol with the 1-(4-methoxyphenyl)propene
radical cation (8). This radical cation is analogous to the 4-

vinylphenol radical cations, with the hydroxy group on the
aromatic ring being replaced by a methoxy group. The 1-(4-
methoxyphenyl)propene radical cation thus has no strongly
acidic proton, and the low value for the rate constant for its
reaction with water and alcohols indicates a relatively slow
nucleophilic addition reaction. Rate constants for nucleo-
philic addition to the coniferyl alcohol radical cation should
be similar; the fact that the measured rate constants are
greater is consistent with the availability of a more rapid
deprotonation reaction.

The rate constants for deprotonation from the coniferyl al-
cohol radical cation are of the same order of magnitude for
the deprotonation from methoxy-substituted phenols in ace-
tonitrile. For example, deprotonation of 3,5-dimethoxyphenol
radical cation by water and methanol in acetonitrile takes
place with rate constants of 2.5 × 108 and 8.2 × 107 M–1 s–1

(10), respectively, which are about three-fold greater than
the rate constants for the deprotonation of coniferyl alcohol.

Effect of anions on decay of coniferyl alcohol and
isoeugenol radical cations in acetonitrile

In acetonitrile, styrene radical cations react with anionic
reagents like halide, cyanide, and acetate ions at diffusion-
controlled rate constants of approximately 1010 M–1 s–1, with
the primary reaction being nucleophilic addition to generate
substituted phenethyl radicals (8). In the present work, the
reactivity of the coniferyl alcohol and isoeugenol radical cat-
ions in the presence of these anions in acetonitrile was also
measured. In each case, the decay of the radical cations did
increase rapidly as a function of increasing concentration of
the anions. The relationships between the observed rate con-
stant for the decay of the radical cations and the concentra-
tions of the anions were all linear. Least-squares analysis
gave second-order rate constants in the 1–2 × 1010 M–1 s–1

range for reaction of acetate and cyanide ions, Table 2, indi-
cating that these two anions react with the radical cations at
the diffusion-controlled limit. The second-order rate constant
for the reaction of the chloride ion with the two radical cat-
ions was similar at about 2 × 1010 M–1 s–1.

Figure 6 shows the absorption spectrum generated upon
quenching of the coniferyl alcohol radical cation in the pres-
ence of 0.1 mM chloride. At this concentration of chloride,
the bands at 380 and 580 nm associated with the radical cat-
ion are almost completely quenched, and in their place is an
absorption band with a maximum at 340 nm. This absorp-
tion band, which is also formed upon reaction of the radical
cation with acetate and cyanide ions, is identical to that of
the 4-vinylphenoxyl radical produced by deprotonation of
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Fig. 5. Transient absorption spectra generated (�) 90 ns, (�)
460 ns, (�) 1.8 µs, and (�) 3.2 µs after 308 nm laser irradiation
of isoeugenol in air-saturated acetonitrile with 0.03 M water. In-
set shows the relationship between the observed rate constants
for the decay of the coniferyl alcohol radical and the concentra-
tion of added water in acetonitrile. Water or alcohol

Coniferyl alcohol
kNuc (M–1 s–1)

H2O (6.5 ± 0.5) × 107

CH3OH (3.1 ± 0.1) × 107

CH3CH2OH (2.0 ± 0.1) × 107

(CH3)2CHOH (4.7 ± 0.2) × 107

(CH3)3COH (4.9 ± 0.2) × 107

Table 1. Second-order rate constants for the reaction of the
coniferyl alcohol radical cation with water and alcohols in
acetonitrile (22 ± 1°C).

[5]
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the coniferyl alcohol radical cation in neat acetonitrile or in
acetonitrile containing water. The 340 nm band is also unaf-
fected by the presence of oxygen.

These observations indicate that the 4-vinylphenoxyl radi-
cal observed in neat acetonitrile and in acetonitrile contain-
ing hydroxylic additives is still generated upon reaction of
the radical cations with anionic nucleophiles. Thus, despite
the demonstrated ability of acetate, cyanide, and chloride to
react rapidly with styrene radical cations by nucleophilic ad-
dition, deprotonation continues to be an important reaction
pathway in the case of the coniferyl radical cation, due to
the presence of its acidic proton.

We considered the possibility that the vinylphenoxyl radi-
cals are generated as secondary products, with the
nucleophile adding to the radical cation to generate a substi-
tuted phenethyl radical that then undergoes a hydrogen atom
abstraction reaction with the pool of unreacted coniferyl al-
cohol. However, bimolecular rate constants for hydrogen
atom transfer from phenols to alkyl radicals are typically
slow (14), and such a reaction at the low concentration of
coniferyl alcohol (ca. 0.15 mM) used in the present study is
unlikely. Thus, the most likely explanation for the observa-
tion that reaction of the radical cation with anionic
nucleophiles leads to 4-vinylphenoxyl formation is that the
anionic reagents like chloride and cyanide are acting as
bases rather than nucleophiles.

Acidity of isoeugenol radical cation in acetonitrile
Figure 7 shows the transient absorption spectra generated

upon 308 nm irradiation of isoeugenol in acetonitrile con-

taining 0.7 mM HClO4. Clearly, the radical cation is still
generated under these conditions in the same manner as ob-
served for experiments in acetonitrile without added acid.
However, unlike the situation in neat acetonitrile where the
radical cation decayed rapidly, absorption due to the pres-
ence of the radical cation remains essentially unchanged
over the 10 µs time range of the experiment. Thus, the life-
time of the radical cation is dramatically increased in the
presence of low concentrations of the strong acid.

This situation is more clearly illustrated in Fig. 7 (inset),
which shows the effect of perchloric acid concentration on
the lifetime of the radical cation in acetonitrile. In very di-
lute acidic acetonitrile, [HClO4] = 0.01 mM, absorption due
to the radical cation at 580 nm decays in a first-order man-
ner to almost zero absorbance with a rate constant of ap-
proximately 106 s–1. In the presence of 0.1 mM perchloric
acid, the radical cation no longer decays via simple first-
order kinetics. Instead, the radical cation now decays via two
sequential first-order processes. The fast process occurs with
a rate constant of ca. 106 s–1, while the second component is
considerably slower, taking place with a rate constant of ap-
proximately 2 × 104 s–1. As the acid content increases, the
significance of the faster component continues to decrease,
while the second component becomes more dominant. By
the time the acid concentration reaches 0.7 mM perchloric
acid, the fast component is no longer visible, and the radical
cation now decays with a single slow component having a
rate constant of ca. 2 × 104 s–1.

These results indicate that, at increasing acid concentra-
tions, the radical cation is no longer completely converted to
its conjugate base, the 4-vinylphenoxyl radical. Instead, the
radical cation decays until an equilibrium state consisting of
significant amounts of both the radical and the radical cation
is reached. The equilibrium state then decays more slowly
either by reaction of the 4-vinylphenoxyl radical or by
nucleophilic addition of solvent or residual water to the radi-
cal cation.
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Fig. 6. Absorption spectra generated (�) 900 ns, (�) 3.6 µs, and
(�) 6.4 µs after 308 nm irradiation of coniferyl alcohol in
acetonitrile with 0.10 mM n-Bu4NCl.

Anion
Coniferyl alcohol+•

kNuc (M–1 s–1)
Isoeugenol+•

kNuc (M–1 s–1)

CH3CO2
– (1.9 ± 0.2) × 1010 (1.0 ± 0.1) × 1010

CN– (2.0 ± 0.2) × 1010 (1.4 ± 0.2) × 1010

Cl– (2.5 ± 0.4) × 1010 (1.9 ± 0.3) × 1010

Table 2. Second-order rate constants for the reaction of the
coniferyl alcohol and isoeugenol radical cations with anionic re-
agents (22 ± 1°C).

Fig. 7. Transient absorption spectra generated (�) 480 ns, (�)
3 µs, and (�) 6 µs after 308 nm laser irradiation of isoeugenol
in air-saturated acetonitrile with 0.7 mM HClO4. Inset shows
time-resolved changes in absorption at 580 nm because of the
decay of the isoeugenol radical cation in acetonitrile at different
concentrations of HClO4.
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By measuring the fraction of radical cation present after
the equilibrium state is reached as a function of acid concen-
tration, an estimate of the pKa of the radical cation in
acetonitrile can be determined. According to eq. [6], the ra-
tio of the absorption of the radical cation at 580 nm after the
equilibrium state is reached, Abs eq

580nm, to the initial absorp-
tion of the radical cation at 580 nm immediately after the la-
ser pulse, Abs initial

580nm, will change as a function of acid
concentration.

[6]
Abs

Abs
[H ]

[H ]
eq
580nm

initial
580nm

a

=
+

+

+ K

The ratio is plotted as a function of H+ concentration in
Fig. 8. As can be seen, the ratio is small at low acid concen-
trations because of the 4-vinylphenoxyl radical being the
dominant species. As the concentration of acid increases, the
ratio increases as the equilibrium is shifted to the side of the
radical cation. At acid concentrations greater than 0.5 mM,
the ratio reaches a maximum value near one, and no further
increase is observed. Fitting of these data to eq. [6] then
leads to a value for Ka = 1.1 × 10–4 M, indicating that the
radical cation has a pKa ≈ 4 in acetonitrile. Since cationic ac-
ids are typically 7 to 8 orders of magnitude less acidic in
acetonitrile than in water (15), we can estimate a pKa ≈ –3 to
–4 for the acidity of the isoeugenol radical cation in aqueous
solution. This value is consistent with pKa values near –5 es-
timated for other methoxy-substituted phenol radical cations
in aqueous solution (16).

Conclusions

The results presented here demonstrate that the radical
cations of 4-vinylphenols in a dry polar solvent are short-
lived species, with deprotonation to the corresponding 4-
vinylphenoxyl radical being the major reaction pathway.
However, in an acidic environment, the lifetimes of the radi-
cal cations are dramatically enhanced. Under these condi-
tions, the radical cations should be sufficiently long-lived to
participate in an addition reaction with their neutral counter-
part to give lignan-like dimers in a manner similar to that
previously demonstrated for 4-methoxystyrene radical cat-
ions (8, 17–19). The enhanced lifetime also raises the possi-
bility that the biosynthesis of lignans could, at least in
principle, proceed via a radical-cation-mediated dimerization
process instead of via vinylphenoxyl radical coupling, espe-
cially if the enzyme active site provides a dry, acidic envi-
ronment.

It is worth noting that no quenching of the coniferyl alco-
hol or isoeugenol radical cations by their neutral precursor
was observed in our experiments even under acidic condi-
tions where the radical cations are long-lived. However, this
inability to detect coupling by time-resolved techniques does
not necessarily indicate that radical-cation-mediated dimeri-
zation cannot take place. For example, the decay of 4-
methoxystyrene derivatives such as the 1-(4-methoxy-
phenyl)-propene radical cation with a methyl group attached
to the β-position of the carbon–carbon double bond shows
no dependence on precursor concentration in time-resolved
experiments (20), while product studies clearly demonstrate
radical-cation-mediated dimerization does indeed occur (21).
Further experiments using potentially more reactive species

such as the 2-methoxy-4-vinylphenol radical cation are
currently under way to determine if 4-vinylphenol radical
cations lacking a β-alkyl group are capable of undergoing
coupling reactions in competition with deprotonation.
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Photolabile calixarene-based rosette

Zaiguo Li, Huy Chiu, and Andrei G. Kutateladze

Abstract: A model calix[4]arene-based rosette carrying two alternating photocleavable dithianyl-hydroxy-methyl moi-
eties and two benzophenonecarboxylates was synthesized and shown to be capable of photoinduced fragmentation, with
efficiency comparable to that of the externally sensitized parent dithiane–benzaldehyde adducts.

Key words: photoinduced electron transfer, photofragmentation, calixarene, dithiane–carbonyl adducts.

Résumé : On a effectué la synthèse d’une rosette modèle à base de calix[4]arène portant deux portions alternées de di-
thianyl-hydroxy-méthyle photoclivables et de deux benzophénonecarboxylates; on a démontré qu’il est possible d’en
provoquer une fragmentation photoinduite avec une efficacité comparable à celle des adduits parents dithiane–benzaldé-
hyde sensibilités d’une façon externe.

Mots clés : transfert d’électron photoinduit, photofragmentation, calixarène, adduits dithiane–carbonyle.

[Traduit par la Rédaction] Li et al. 810

Introduction

Calixarenes modified at their upper or lower rim are often
used as scaffolds for modular assembly of complex macro-
molecules. The relative rigidity of the calixarenic macro-
cycle makes it a spacer of choice for positioning various
substituents and (or) molecular blocks in a daisy-wheel-like
fashion. Specific examples range from ion-selective chela-
tors and ionophores (1) to tethered polypeptides capable of
protein surface recognition (2) to recognition-based sensing
of other peptides (3), etc. We suggest that an attractive func-
tional feature for such modular designs would be to assem-
ble them by interconnecting the core scaffold and the
auxiliary peripheral modules via photolabile tethers. This in
essence is the approach that we have been developing based
on the recently discovered photofragmentation reaction of
α-hydroxyalkyl dithianes and related compounds in the pres-
ence of an electron transfer sensitizer, such as benzophenone
(4). These compounds are readily available through nearly
quantitative lithiodithiane additions to carbonyl compounds
— a reaction that was developed three decades ago by Corey
and Seebach (5), and that over the years has been imple-
mented in numerous successful synthetic procedures.

The photofragmentation is initiated by photoinduced elec-
tron transfer from the dithiane moiety to the excited triplet
benzophenone, followed by mesolytic cleavage in the gener-
ated cation–radical (4).

Mechanistic aspects of similar fragmentations in cation–
radicals containing other heteroatoms were studied by
Arnold, Whitten, Maslak, and co-workers (6).

We use such dithiane–carbonyl adducts as photolabile
“latches” that can hold together various molecular blocks,
and are capable of releasing them upon photoirradiation (7).

In this communication, we report the synthesis of a model
calixarene-based photocleavable rosette outfitted with an in-
ternal sensitizer, and its photoinduced fragmentation.
Unsubstituted dithiane is used as a simple “model” of a
macromolecular block that potentially can be attached to the
calixarenic scaffold via dithianes substituted at position 5,
for example 5-carboxy- or 5-hydroxymethyldithiane.

Can. J. Chem. 81: 807–810 (2003) doi: 10.1139/V03-057 © 2003 NRC Canada
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The overall synthetic scheme is presented below
(Scheme 1). Commercially available calix[4]arene was
tetraalkylated with 2-ethoxyethylbromide to give 1 and then
bis-formylated according to the procedure by Arduini et al.
(8) yielding 2. The dialdehyde 2 was reduced with sodium
borohydride and the formylation was repeated. The C2-sym-
metric dialdehyde–diol 4 was reacted with excess lithiated
dithiane to furnish bis-adduct 5 (42%).

Addition of dithianyl anion to dialdehyde 4 was expected
to produce a pair of diastereomers. Given the large spatial
separation of the chiral centers, we did not expect any
diastereoselectivity and the NMR spectrum of bis-adduct 5
seems to corroborate this conclusion. As is shown in Fig. 1,
the proton signal for the primary benzylic alcohols, which is
a singlet in 4, is represented by two separate peaks in 5 (4.17
and 4.15 ppm). Also, the calixarenic methylenes, Ar-CH2-Ar
(both sets of four “in” and four “out”), which are doublets in

1–4, are represented by two sets of doublets each in the
compound 5 (and 7).2

An alternative rationale for the observed doubling of the
benzylic peaks is that 5 is a single diastereomer, but the
crowded steric environment in it prevents free rotation of the
dithianyl groups and they are caught in an unsymmetrical
conformation, resulting in magnetically nonequivalent pro-
tons. Formation of only one diastereomer is, however, un-
likely. We heated the sample of 5 in deuterated chloroform
to 55°C and did not observe any coalescence of the benzylic
signals in NMR. We, therefore, interpret the observed NMR
spectrum as a 1:1 mixture of diastereomers. Both
diastereomers are suitable for the assembly of the target
photolabile rosettes. In this study we employed benzophe-
none-4-carboxylic acid as a tethered internal sensitizer. It
was first converted into p-benzoylbenzoyl chloride via reac-
tion with oxalyl chloride in dichloromethane and then cou-
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Scheme 1. (a) CHCl2OCH3–SnCl4–CHCl3, 46%; (b) NaBH4–EtOH 86%; (c) CHCl2OCH3–TiCl4–CHCl3, 41%; (d) excess lithiated
dithiane, THF, –78°C to r.t., 42%; (e) PhC(O)PhCOCl, Et3N, CH2Cl2, 20 h (see text).

2 5,17-Dihydroxymethyl-25, 26, 27, 28-tetrakis(2-ethoxyethoxy)calix[4]arene (3): 1H NMR data (400MHz, CDCl3): 6.89 (d, J = 8.0 Hz, 4H),
6.76 (t, J = 8.0 Hz, 2H), 6.40 (s, 4H), 4.51 (d, J = 13.2 Hz, 4H), 4.24 (t, J = 6.4 Hz, 4H), 4.16 (s, 4H), 4.00 (t, J = 5.6 Hz, 4H), 3.89 (t, J =
6.4 Hz, 4H), 3.81 (t, J = 5.6 Hz, 4H), 3.59–3.49 (m, 8H), 3.14 (d, J = 13.6 Hz, 4H), 1.98 (s, 2H), 1.24–1.16 (m, 12H). 5,17-Diformyl-11,23-
dihydroxymethyl-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene (4): 9.66 (s, 2H), 7.24 (s, 4H), 6.61 (s, 4H), 4.57 (d, J = 13.6 Hz, 4H),
4.27 (t, J = 6.4 Hz, 4H), 4.24 (s, 4H), 4.09 (t, J = 6.4 Hz, 4H), 3.83–3.77 (m, 8H), 3.56–3.46 (m, 8H), 3.24 (d, J = 13.6 Hz, 4H), 1.22–1.14
(m, 12H). Bis-adduct 5: 7.23 (s, 2H), 7.15 (s, 2H), 6.66–6.62 (m, 4H), 4.84 (d, J = 7.3 Hz, 2H), 4.54 and 4.51 (2d, J = 12.4 Hz, 4H), 4.36
(t, J = 6.8 Hz, 4H), 4.16 (d, J = 7.3 Hz, 2H), 4.06 (t, J = 6.6 Hz, 4H), 3.97–3.92 (m, 4H), 3.77–3.72 (m, 4H), 3.61–3.50 (m, 8H), 3.31–3.27
(m, 4H), 3.21 and 3.17 (2d, J = 12.4 Hz, 4H), 3.00–2.71 (m, 8H), 2.13–1.90 (m, 4H), 1.22 (m, 12H). Monobenzoylated compound 6: 8.21
(d, J = 8.1 Hz, 2H), 7.84 (d, J = 8.8 Hz, 2H), 7.77 (d, J = 8.8 Hz, 2H), 7.65 (t, J = 7.3 Hz, 1H), 7.52 (t, J = 7.3 Hz, 2H), 7.35 (d, J =
2.2 Hz, 1H), 7.29 (d, J = 2.2 Hz, 1H), 7.20 (d, J = 2.2 Hz, 1H), 7.06 (d, J = 2.2 Hz, 1H), 6.39–6.28 (m, 4H), 6.18 (d, J = 8.1 Hz, 1H),
4.76–4.70 (m, 2H), 4.50–4.43 (m, 4H), 4.36 (d, J = 7.3 Hz, 1H), 4.27–4.20 (m, 4H), 3.92–3.70 (m, 16H), 3.56–3.46 (m, 8H), 3.18–3.09 (m,
4H), 3.01–2.77 (m, 8H), 1.82–1.72 (m, 2H), 1.18–1.04 (m, 12H). Bis-benzoylated compound 7: 8.24 (d, J = 8.8 Hz, 4H), 7.87 (d, J =
8.8 Hz, 4H), 7.8 (d, J = 8.8 Hz, 4H), 7.67 (t, J = 7.3 Hz, 2H), 7.54 (t, J = 7.3 Hz, 4H), 7.38 (d, J = 2.2 Hz, 2H), 7.32 (d, J = 2.2 Hz, 2H),
6.37 (d, J = 2.2 Hz, 2H), 6.27 (d, J = 2.2 Hz, 2H), 6.21 (d, J = 8.1 Hz, 2H), 4.74 (d, J = 8.1 Hz, 2H), 4.48 and 4.44 (2d, J = 13.2 Hz, 4H),
4.27 (m, 4H), 3.89–3.70 (m, 16H), 3.53 (m, 8H), 3.18 (d, J1 = 13.2 Hz, 4H), 3.05–2.81 (m, 8H), 1.80–1.75 (m, 2H), 1.18 (t, J = 7.3 Hz,
6H), 1.10 (t, J = 7.3 Hz, 6H). MS (m/z): 1485.5 (MH+), 1433.1, 1402.5, 1297.6, 1189.6, 1123.7, 1069.5, 1015.7, 967.6, 951.4, 897.7, 977.7,
209.0, 119.0.
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pled with alcohol 5 in the presence of triethylamine. We
expected that the difference in reactivity between the pri-
mary benzylic and the more hindered secondary benzylic al-
cohols will ensure chemoselectivity. It appeared, however,
that the difference in reactivities was not sufficient to com-
pletely shut off acylation of the latter. Judging by 1H NMR,
benzoylation produced several products. We speculate that
acylation of the secondary alcohol groups may have trig-
gered dehydrative ring expansion producing seven-
membered dithiepines (9) and lowering the yield of the tar-
get rosette 7.

Direct dicyclohexylcarbodiimide-mediated coupling of 5
with benzoylbenzoic acid did not improve the yield of the
bis-adduct 7. The presence of the carbonyl group in the
sensitizer moiety precluded an alternative route to 7 via
benzoylation of the diol 4 with the subsequent addition of
dithianyl anion. Our attempt to implement this route pro-
duced a mixture of dithiane addition products to both formyl
groups and also to benzophenone carbonyls. Successful syn-
thesis of 7 was achieved via the acylation of 5 with p-
benzoylbenzoyl chloride under partial (45%) conversion
conditions. HPLC separation of the reaction mixture on a C-
18 reversed phase column (MeCN–H2O, 1:1) produced
diester 7 (18% based on reacted 5) and monobenzoylated
adduct 6 (25%).

Having isolated the diastereomers 7, we then proceeded
with photochemical studies. Irradiation of 7 in acetonitrile

with a medium pressure mercury lamp and Pyrex filter
(300 nm cutoff) was monitored by 1H NMR by following
the disappearance of the benzylic dithianyl-CH-OH doublet.
As shown in Fig. 2, the relative intensity of the doublet de-
creases with irradiation. In our previous work, we also fol-
lowed the photofragmentation by NMR monitoring of the
release of aromatic aldehydes (4). In the present study, while
we see formyl singlets appearing in the NMR spectrum of
the irradiated 7, the aldehydes do not accumulate signifi-
cantly upon extended photolysis. Our rationale is that the
photoexcited benzophenone, being tethered in close proxim-
ity, oxidizes the liberated aldehyde. The overall efficiency of
the self-sensitized photofragmentation of rosette 7 is compa-
rable to that of a simple parent adduct of benzaldehyde and
dithiane (quantum yield of about 0.12).

To rule out the involvement of calixarenic framework in
sensitization of the dithiane–carbonyl fragmentation, we car-
ried out a control experiment by irradiating tetra-alcohol 5,
which lacks the benzophenone-based sensitizing units. Irra-
diation of 5 under similar conditions (medium pressure mer-
cury lamp, Pyrex filter) for 1 h produced no changes in the
1H NMR spectrum of 5, ruling out self-sensitization by the
calixarene itself.

In summary, we have synthesized a model calixarene-
based photolabile rosette capable of self-sensitized
photofragmentation. Work is in progress in our laboratory to
assemble functional rosettes with 5-substituted dithianes car-
rying macromolecular modules, for example, modules
equipped with hydrogen bond-based elements of molecular
recognition.3
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Professeur Donald R. Arnold

Le professeur Arnold naît et grandit à Buffalo (New York)
et il termine ses études secondaires à l’école Amherst en
1953. Il suit des études de premier cycle au Collège Be-
thany, à Bethany (Virginie-Occidentale), d’où il décroche un
baccalauréat en mathématiques et en chimie en 1957. Pen-
dant ses études, Don épouse Janet Price, une amie qu’il
avait connue à l’école secondaire. En 1961, il obtient un doc-
torat de l’Université de Rochester (New York). Sa thèse, qui
est divisée en deux parties : (I) Attempted Synthesis of
Some Nonbenzenoid Aromatic Compounds; (II) Cleavage of
vic-Primary Amines, est menée sous la direction du profes-
seur Marshall Gates, éminent chimiste spécialiste des pro-
duits naturels et rédacteur de longue date du Journal of the
American Chemical Society. Le professeur Gates a su incul-
quer à ses étudiants le souci du détail et le goût du travail
expérimental minutieux et de la rédaction précise, qualités
que Don a incité ses propres étudiants à acquérir pendant
sa carrière professionnelle.

En 1960, Don accepte un poste à l’Institut de recherches
d’Union Carbide, à White Plains (New York) où il amorce des
recherches appliquées en photochimie organique. Après dix
ans chez Union Carbide, Don est attiré dans une carrière
universitaire par le défunt professeur Paul de Mayo, qui le
persuade de se joindre à l’unité de photochimie de
l’Université Western Ontario, à London (Ontario). Cette unité
était l’un des nombreux centres de recherches spécialisés
subventionnés par le Conseil national de recherches du Can-
ada afin de favoriser la recherche concertée sur des thèmes
particuliers. Sous la direction de Paul de Mayo, l’unité de re-
cherche, à ses plus belles heures, a mis en valeur sept
professeurs de réputation internationale qui étaient aussi
tous membres du Département de chimie de l’UWO.

En 1979, Don est attiré par un professorat de recherche
Izaak Walton Killam que lui offre l’Université Dalhousie de
Nouvelle-Écosse. Il constitue alors un impressionnant groupe
de chercheurs qui deviennent aussi le noyau d’un cadre actif
de chimistes en physique organique à Dalhousie, qui permet
d’élever les niveaux de la recherche et de l’enseignement au
département. Pour souligner ses contributions, on le nomme
à la chaire de chimie Alexander McLeod en 1991. Il
détermine alors que le premier titulaire de la chaire a été
nommé en 1884 et il incite l’historien Michael Haines à
documenter l’historique de cette chaire. Cette documentation
fait partie de la première conférence de Don livrée le
16 octobre 1992.

Don est un chef de file de réputation internationale dans le
domaine de la photochimie organique. Son utilisation avisée
d’une vaste gamme de techniques d’étude des problèmes en
photochimie organique lui permet de faire le pont entre la
photochimie organique et physique et ainsi d’éliminer
presque complètement la division entre les deux branches.
Les techniques qu’il utilise comprennent l’électrochimie, la
spectroscopie par résonance paramagnétique électronique,
la photolyse éclair, des mesures de la durée de vie de la flu-
orescence par comptage de photons uniques, la polarisation
nucléaire dynamique par voie chimique, les rendements
quantiques, les mesures pKa, la spectrométrie de masse

Professor Donald R. Arnold

Professor Arnold was born and raised in Buffalo, New
York, and graduated from Amherst High School in 1953. His
undergraduate years were spent at Bethany College in
Bethany, West Virginia, from which he graduated in 1957
with a B.S. degree in mathematics and chemistry. While at
Bethany, Don married Janet Price whom he had met in high
school. He graduated with a Ph.D. from the University of
Rochester, New York, in 1961. His thesis Part I: Attempted
Synthesis of Some Nonbenzenoid Aromatic Compounds;
Part II: Cleavage of vic-Primary Amines was directed by Pro-
fessor Marshall Gates, a distinguished natural products
chemist and long-time editor of the Journal of the American
Chemical Society. Professor Gates instilled in his students a
regimen of careful experimental work, attention to detail, and
precise writing, qualities that Don has encouraged his own
students to acquire throughout his professional career.

In 1960, Don accepted a position at the Union Carbide
Research Institute in White Plains, New York, where he pio-
neered applied research in organic photochemistry. After a
decade at Union Carbide, Don was lured into an academic
career by the late Professor Paul de Mayo who persuaded
him to join the Photochemistry Unit at the University of West-
ern Ontario in London, Ontario. This unit was one of a num-
ber of specialized research centres set up with funding from
the National Research Council of Canada to foster collabora-
tive research on specific themes. Led by Paul de Mayo, the
unit at its peak boasted seven internationally recognized fac-
ulty members, all of whom were also members of the Depart-
ment of Chemistry at UWO.

In 1979, Don was attracted to move to Nova Scotia by
Dalhousie University’s offer of an Izaak Walton Killam Re-
search Professorship. He proceeded to build an impressive
research group, while also serving as the nucleus of an ac-
tive cadre of physical organic chemists at Dalhousie, raising
the levels of research and teaching in the department. For
these contributions he was named to the Alexander McLeod
Chair of Chemistry in 1991. In the process, he determined
that the first incumbent of the Chair was appointed in 1884
and he encouraged historian Michael Haines to document
the history behind the endowing of the Chair. This documen-
tation was included in Don’s inaugural lecture on October 16,
1992.

Don is an internationally recognized leader in the field of
organic photochemistry. His astute use of a broad range of
techniques to study organic photochemical problems has en-
abled him to bridge organic and physical photochemistry,
thus, contributing to the virtual disappearance of this division.
These techniques include electrochemistry, electron spin res-
onance spectroscopy, flash photolysis, single-photon count-
ing fluorescence lifetime measurements, chemically induced
dynamic nuclear polarization, quantum yields, pKa measure-
ments, and mass spectrometry as well as molecular orbital
and molecular mechanics calculations.

While Don’s fundamental studies as one of the pioneers of
modern organic photochemistry are well-known, his research
in free radical chemistry is equally distinguished. Among
other seminal contributions, he developed a comprehensive
scale of substitutent constants for benzylic free radicals
based on the α-hyper fine coupling constants of ring-
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ainsi que les calculs des orbites moléculaires et de la
mécanique moléculaire.

Même ses études fondamentales font partie des grandes
innovations dans le domaine de la photochimie organique
moderne, ses recherches dans la chimie des radicaux libres
sont également dignes de mention. Parmi ses autres contri-
butions de taille, il a mis au point une échelle globale des
constantes substituantes pour les radicaux libres benzyl-
iques reposant sur les constantes de couplage α-hyperfin
des radicaux benzyliques de substitution. Cette échelle
permet de mesurer avec précision les effets des substituants
sur la stabilité thermodynamique des radicaux libres benzyl-
iques. Il a fait preuve d’une remarquable perspicacité dans
ses recherches sur les réactions de transfert d’électron
photo-induit. Il a rédigé dans ce domaine plusieurs communi-
cations classiques sur lesquelles repose dorénavant la plus
grande partie des documents publiés en photochimie. Le
présent numéro de cette Revue résume la partie I de cette
série. Même s’il n’est pas considéré comme un chimiste
spécialiste de la chimie organique synthétique, la recherche
de nouvelles réactions synthétiquement utiles est le fil
conducteur de sa brillante carrière de chercheur qui
débouche sur plus de 120 publications.

Il a reçu un grand nombre de distinctions et de prix,
notamment une bourse de recherche Alfred P. Sloan (1971–
1973), une bourse John Simon Guggenheim Memorial
(1980–1981) et le prix Alfred Bader en chimie organique
(1995). En avril 2001, son alma mater, le Collège Bethany,
lui rend hommage en lui décernant un « Prix de distinction
de classe ». Il a siégé au comité de rédaction de plusieurs
journaux ainsi qu’à de nombreux comités du CRSNG,
notamment le comité de sélection des subventions en chimie
(1978–1981) et le comité des subventions et des bourses
(1983–1986). Il a occupé des postes importants dans de
nombreux organismes, notamment celui de président de
l’Inter-American Photochemical Society et de directeur de la
chimie organique de la Société canadienne de chimie. De
plus, sa participation à des conférences, que ce soit à titre
d’organisateur, de conférencier invité, de collaborateur à un
exposé ou à une affiche ou encore de participant pendant
les périodes de questions, réponses et commentaires à la
suite d’un exposé, a toujours élevé le niveau scientifique de
tous les autres participants.

L’Université Dalhousie exige que tous les membres de son
personnel se retirent de la vie active dans l’année qui suit
leur 65e anniversaire. Don a reçu un autre hommage, soit le
titre de professeur émérite, et il continue de jouer un rôle
actif dans la vie du département. Il a cependant plus de
temps à consacrer à ses activités de longue date, par
exemple, profiter du grand air et préserver la nature, lire,
surtout les romans d’Arthur Conan Doyle, et s’enorgueillir de
ses enfants et petits-enfants. Il est ravi que l’un de ses en-
fants, Bradley (Département de chimie et de biochimie,
Université du Maryland, comté de Baltimore), chercheur en
photochimie organique et physique, ait suivi ses traces dans
une carrière universitaire.

Le présent numéro de la Revue canadienne de chimie
souligne la contribution de Don à la chimie. Cet hommage
est tout particulièrement approprié compte tenu du soutien
indéfectible dont Don a fait preuve au fil des ans à titre de
membre du comité consultatif de rédaction et surtout du fait
qu’il ait choisi de publier le fruit de ses recherches presque
exclusivement dans cette Revue.

James A. Pincock

substituted benzyl radicals. This scale provides an accurate
measure of substituent effects on the thermodynamic stabili-
ties of benzylic free radicals. He showed remarkable fore-
sight when he initiated his research on photo-induced
electron-transfer reactions. He has written several classic
papers to a field on which the majority of the published litera-
ture in photochemistry is now based. Part I of this series is
summarized in this issue of the Journal. Although he is not
considered to be a synthetic organic chemist, the quest for
new, synthetically useful reactions has been the common
thread of his distinguished research career which has re-
sulted in more than 120 publications.

He has received numerous awards and honours including
an Alfred P. Sloan Research Fellowship (1971–73), a John
Simon Guggenheim Memorial Fellowship (1980–81), and the
Alfred Bader Award in Organic Chemistry (1995). In April of
2001 he was honoured by his alma mater, Bethany College,
with an “Alumni Distinction Award”. He has served on the ed-
itorial boards of several journals and on a number of NSERC
committees, including the Chemistry Grant Selection Com-
mittee (1978–81) and Grant and Scholarship Committee
(1983–86). He has held important positions in many organi-
zations, including President of the Inter-American Photo-
chemical Society and Director of Organic Chemistry of the
Canadian Society for Chemistry. In addition, his participation
in conferences, whether as an organizer, an invited lecturer,
a contributor of a talk or poster, or as one taking part in the
questions, answers, and comments following a talk, he al-
ways raised the scientific level for all who attended.

Dalhousie University requires that all its staff retire in the
year after their 65th birthday. Don was again honoured, this
time with the title of Professor Emeritus and he continues to
be an active presence in the life of the Department. He does,
however, have more time to indulge in his long-held interests
of enjoying and preserving the outdoors, in reading, espe-
cially Arthur Conan Doyle, and in taking pride in his children
and grandchildren. He is delighted that one of his children,
Bradley (Department of Chemistry and Biochemistry, Univer-
sity of Maryland, Baltimore County) has followed his foot-
steps in an academic career including research in physical
organic photochemistry.

This issue of the Canadian Journal of Chemistry honours
Don’s contribution to chemistry. This dedication is especially
appropriate in view of Don’s unflagging support over the
years as a member of the Editorial Advisory Board and es-
pecially for choosing to publish his work almost exclusively in
this journal.

James A. Pincock
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AWARD LECTURE / CONFÉRÉNCE D’HONNEUR

Synthetic studies related to CP-225,9171

Derrick L.J. Clive, Paulo W.M. Sgarbi, Xiao He, Shaoyi Sun, Junhu Zhang, and
Ligong Ou

Abstract: Synthetic studies related to CP-225,917 are described, including the preparation of the fully oxygenated
tetracyclic central core 3.

Key words: CP-225,917, siloxy-Cope rearrangement, Cope rearrangement, strain-assisted rearrangement, furan, ruthe-
nium dioxide, bridgehead olefin.

Résumé : On décrit des études synthétiques reliées au CP-225,917 comprenant la préparation du noyau central tétracy-
clique complètement oxygéné 3.

Mots clés : CP-225,917, réarrangement siloxy-Cope, réarrangement de Cope, réarrangement assisté par la tension, fu-
rane, dioxyde de ruthénium, oléfine pontée.

[Traduit par la Rédaction] Clive et al. 824

Introduction

I am going to describe synthetic work related to the natu-
ral product CP-225,917 (1) (1, 2).3 The compound is an in-
hibitor of ras farnesyl transferase, and this fact means that it
might serve as a lead structure for the design of anticancer
drugs (1). It also has another significant biological property —
it inhibits squalene synthase (1) — but the real attraction to
an organic chemist is the structural complexity of the mole-
cule, and a great deal of synthetic work has now been pub-
lished in this area.4 The unnatural enantiomer of CP-225,917
has been made by the Nicolaou group (3) and racemic mate-
rial by the Danishefsky group (4). Two syntheses of the re-
lated compound CP-263,114 (2) have also been reported (5).
This compound can be generated from 1 by treatment with
methane sulfonic acid (1), and the reverse transformation —
conversion of 2 into 1 — has been achieved under controlled
basic conditions (3).

My own research has led to the synthesis of the fully oxy-
genated core structure 3, which is a crystalline substance
whose dimensions were obtained by single crystal X-ray
analysis (Scheme 1).

CP-225,917 is an unusual molecule in which the bridge-
head double bond is embedded within a framework that can
fairly easily accommodate such a bond without violating

Bredt’s rule. This accommodation is possible mainly
because the double bond is in a nine-membered ring.

When we began work in this area no synthesis had yet
been published, but there was some background information
available in the literature. CP-225,917 is really a hemiacetal
of the structural type 4, and the two related substances 6 and
7 had been prepared many years ago (6) as a mixture, but
the method used to make them — acid catalyzed dehydra-
tion of alcohols 5 — did not seem to be well-suited to the
task of synthesizing the natural product, mainly because
there was little control over the final position of the double
bond. In fact, the bridgehead olefin 7 was the minor product
(Scheme 2).

There are a good many ways in which the synthesis of ke-
tones of type 4 might be attempted, and after some explor-
atory experiments, we decided to look at the possibility of
using an oxy-Cope rearrangement (7).

We had noticed a potential relationship between the CP-
225,917 bridgehead olefinic core and the [2.2.1] bicyclic
structure 8 (Scheme 3).

If 8 is subjected to conditions for an anionic oxy-Cope re-
arrangement, then enolate 9 would be formed, and we hoped
it could be trapped by a suitable electrophile, such as
Mander’s reagent, so as to generate a keto ester (9 →10).
When the keto ester is redrawn as 11, its resemblance to the
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811

Received 18 February 2003. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 4 July 2003.

D.L.J. Clive,2 P.W.M. Sgarbi, X. He, S. Sun, J. Zhang, and L. Ou. Department of Chemistry, University of Alberta, Edmonton,
AB T6G 2G2, Canada.

12002 Alfred Bader Award Lecture. Presented at C.S.C. meeting, Vancouver, 3 June 2002.
2Corresponding author (e-mail: derrick.clive@ualberta.ca).
3Non-systematic numbering is used in diagram 1, and the corresponding numbers are used for all other structures.
4For references to the many model studies, see ref. 2f.

I:\cjc\cjc8107\V03-086.vp
June 27, 2003 12:28:06 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



core of CP-225,917 is obvious. Structures 8–11 include sev-
eral generic groups, R1–R5, in order to show that this ap-
proach should accommodate the early introduction of some
of the substituents that are present in the natural product.

To test our plan, we carried out a model study in which
most of these generic substituents were absent.

The short sequence shown in Scheme 4, which is reported
in the literature (8), was repeated: a Diels–Alder reaction be-
tween tetrachlorocyclopentadienone dimethyl acetal (12) and
vinyl acetate, followed by acetate hydrolysis (13 →14), and
dechlorination (14 → 15) gave us the basic [2.2.1] bicyclic
skeleton. The yields are good, but the starting material 12 is
expensive.

The double bond in 15 was then hydrogenated, and the
hydroxyl was protected as its benzoyl ester (Scheme 5). We
later found that this hydrogenation is unnecessary because, if

© 2003 NRC Canada
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Scheme 2.

Scheme 5.

Scheme 3.

Scheme 4.

Scheme 1.
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an excess of sodium is used in the dechlorination step, as
well as a longer reaction time (1 h instead of 5 min), then
the double bond is also reduced and in better overall yield.
Finally, acid hydrolysis of the acetal released the parent
ketone (16 → 17). When we tried to hydrolyze the acetal
without protecting the hydroxyl, extensive decomposition
occurred, presumably, by a retroaldol process.

Ketone 17 reacted with vinylmagnesium bromide to give
mainly alcohol 18. We did not separate the C(2) isomer at
this stage, but the yield of isomer 18 is at least 53%.

The facial selectivity is presumably because of the fact
that, of the two single bonds “a” and “b” (see 18), the for-
mer is more electron-rich and interacts preferentially with
the developing sigma star orbital at C(2) (9) if the organo-
metallic attacks from the right.

The mixture of hydroxy vinyl benzoates resulting from
the Grignard addition was then hydrolyzed (Scheme 6). Ini-
tially, the hydrolysis was done with lithium hydroxide, but
later, the process of removing the benzoyl group was im-
proved by using LiAlH4. The diol 19 was easy to purify, and
at this point the C(2) epimers were separated.

The secondary hydroxyl of 19 was now oxidized with the
Dess–Martin reagent, and then the tertiary hydroxyl was
protected by silylation. This was done in order to hinder the

possibility of fragmentation by a retroaldol mechanism. We
tried to make the tert-butyldimethylsilyl ether or a p-
methoxybenzyl ether, but those experiments were not suc-
cessful.

At this point, to set the stage for an anionic oxy-Cope re-
arrangement, we had to introduce an exocyclic double bond
at the CH2 group adjacent to the carbonyl. Formation of the
double bond was accomplished by a short sequence
(Scheme 7) starting with an aldol condensation with acetal-
dehyde (21 → 22).

The aldol mixture was treated with mesyl chloride and
then with DBU. Those operations gave ketone 24a in rea-
sonable yield, plus a small amount of the Z isomer (24b).
The compounds are easy to separate, and we continued our
experiments using only the major isomer — the E olefin.

Sodium borohydride reduction in the presence of cerium
chloride gave a 1:1 mixture of exo and endo alcohols
(Scheme 8, 25-exo, 25-endo). Each of these was separately
benzylated under standard conditions and then desilylated
(25 → 26 → 27), and we were then ready to test the anionic
oxy-Cope rearrangement.

When the alcohols 27-endo and 27-exo were individually
heated in toluene in the presence of potassium hexamethyl-
disilazide, they were slowly converted into the desired
enolates, and workup gave ketones 28 and 29, respectively,
in good yield (Scheme 9). When we tried the reaction in
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refluxing THF the process was slower, and addition of 18-
crown-6 did not accelerate the reaction. Although these an-
ionic oxy-Cope rearrangements are slow, the experiments
served the purpose of showing that bridgehead olefins struc-
turally related to CP-225,917 could be generated from
[2.2.1] bicyclic systems.

What we had to do next was to repeat the sequence with
an additional carbon at C(5) in place of the hydrogen (see
structures 27), so that the required C(5) quaternary center
would be generated in the rearrangement.

To that end, ketone 21 was condensed with benzyloxy-
acetaldehyde (Scheme 10), and the hydroxyl in the products
was eliminated by mesylation and base treatment to afford
enones 31. These underwent conjugate addition with [(ben-
zyloxy)methyl]cuprate in the presence of boron trifluoride
and isopropylmagnesium chloride. The latter scavenges
traces of copper(II) that would otherwise cause dimerization
of the cuprate reagent. The purpose of the borontrifluoride is
simply to activate the enone to conjugate addition. The re-
sulting enolate reacted with benzeneselenenyl chloride. We
found that if the enolate from the conjugate addition is
quenched to afford the ketone, then we could not introduce
the selenium by deprotonation with LDA and reaction with
benzeneselenenyl chloride. Evidently, the selenation is de-
pendent on the precise nature of the enolate; we also found

that the presence of HMPA is essential. Finally, selenoxide
elimination (32 → 33) proceeded without incident, bringing
us to ketone 33. Reduction with lithium borohydride in the
presence of ceric chloride gave the corresponding alcohol as
a separable mixture of endo and exo isomers.

The hydroxyl was protected by benzylation (34 → 35),
and we then removed the silyl group by treatment with tetra-
butylammonium fluoride in the usual way (Scheme 11).

With 36 (and the corresponding exo-isomer) in hand, we
were ready to test the oxy-Cope rearrangement. Surprisingly,
this reaction did not work. We tried a variety of conditions
and, besides an anionic process, we also examined purely
thermal reactions, as well as potential catalysis by palladium
or mercuric ion. Scheme 11 shows our observations with an
endo O-benzyl group (see 36), but the exo isomer behaved in
the same way. We also heated the silyl ether 35-endo neat at
230°C. Again no rearrangement occurred.

The fact that our first model, in which the exocyclic dou-
ble bond is only trisubstituted (see Scheme 9), did rearrange
prompted us to make compounds 38 (Scheme 11) in the
hope that the trisubstituted nature of the double bond would
permit oxy-Cope rearrangement. However, even these com-
pounds did not rearrange under anionic conditions or in the
presence of a palladium catalyst.
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Scheme 10. (a) LDA, THF, –78°C, then excess BnOCH2CHO,
–78°C; (b) MsCl, Et3N; DBU; (c) BnOCH2SnBu3, BuLi, i-
PrMgCl, CuBr·SMe2, BF3·Et2O, –78°C; (d) BF3·OEt2, –45°C;
PhSeCl, HMPA, –45 to 0°C; 66% for E, 65% for Z-isomer;
(e) H2O2, pyridine, CH2Cl2, 30–35°C; 84%; (f) LiBH4,
CeCl3·7H2O, MeOH, 0°C; (g) BnBr, NaH, THF, reflux.

Scheme 11.
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It was clear that the number as well as the length of the
substituents on the exocyclic double bond are critical factors
that determine the ease of rearrangement, and so we studied
the two truncated models 39 and 40. Again we tried a num-
ber of conditions: anionic for alcohol 39 and catalyzed and
purely thermal for the silyl ether 40. However, only simple
heating of the silyl ether as a neat oil gave the desired prod-
uct 41, although the yield was poor (23%).

In the compounds we had examined so far the C(2) vinyl
group was free to adopt a conformation in which it points
away from the exocyclic double bond, and so we decided to
try to bias the conformational preference by placing a bulky
substituent on the vinyl group. To this end we prepared com-
pounds 42, but even they did not rearrange when heated to
300°C.

The modest conversion of 40 into 41 caused us to exam-
ine thermal processes more closely, and we soon found that

1-methyl-2-pyrrolidinone (NMP) is an excellent solvent that
facilitates the desired rearrangement (Scheme 12).

Heating compound 35-endo for a very long time gave
ketone 37 in high yield, if correction is made for recovered
starting material. The initial product is, of course, a silyl
enol ether, but the silyl group is probably transferred to the
solvent, so that on workup we get the corresponding ketone.

We have carried out a number of related reactions in
which we vary the substitution pattern on the exocyclic dou-
ble bond, the orientation (exo or endo) of the oxygen func-
tion on the [2.2.1] bicycle, as well as the nature of the
protecting groups. In all cases, we observe rearrangement
(see Scheme 12, compounds 41, 43–48, and 50). Sometimes,
as in the formation of 45 and 46, which both arise from the
same starting material, some of the silyl enol ether is actu-
ally isolated. The same is true in the case of 47 and 48.

When the phenylthio substrate 49 was heated it gave 50,
as expected. The reaction is faster than the other cases, al-
though the yield is not very good.

1-Methyl-2-pyrrolidinone has been reported before (10,
11) as a solvent for oxy-Cope rearrangement, but only for al-
cohols, where it can become involved in hydrogen bonding;
its use for silyl ethers has not been recognized. All of our re-
arrangements are very clean if degassed 1-methyl-2-
pyrrolidinone is used, and so we now had a method for mak-
ing the simplified bridgehead olefin substructure of CP-
225,917.

While these studies were going on, another member of my
group examined an alternative way of speeding up the
siloxy-Cope rearrangement.

We had noticed from inspection of models that incorpora-
tion of the exocyclic double bond into a lactone ring, as in
structure 51 (Scheme 13), generates some strain in the
[2.2.1] bicyclic system; this should provide a driving force
for rearrangement, and in the event, that is exactly what was
observed. Lactone 51 was prepared as shown in Schemes 14
and 15.

Aldol condensation of ketone 21 with (p-methoxybenzyl-
oxy)acetaldehyde (53) worked very well, and the aldols were
mesylated and treated with DBU. Those experiments al-
lowed us to isolate the desired Z olefin 55 in just under 60%
yield. The p-methoxybenzyl group was removed by the ac-
tion of DDQ, and with this reagent an aldehyde (56) was ob-
tained directly. Oxidation in the standard manner gave the
corresponding acid, and that was trapped as its methyl ester
(56 → 57 → 58).

Reduction of 58 with sodium borohydride in the presence
of ceric chloride gave largely the desired exo alcohol 59
(Scheme 15). The endo isomer was isolated in a little under
20% yield, but we did not try to recycle the material by oxi-
dation and reduction.

Ester hydrolysis now gave the hydroxy acid 60, and the
material was cyclized to lactone 51 using N-methyl-2-
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chloropyridinium iodide. When the lactone was heated in
o-dichlorobenzene it rearranged smoothly in the required
manner, and we could isolate the product in almost 80%
yield. We later found that these conditions are harsher than
they need to be, but it was clear that the additional strain as-
sociated with the lactone unit does indeed facilitate the oxy-
Cope process. It is also very fortunate that the additional
strain is not so large as to hinder formation of the lactone or
to make it very sensitive to hydrolysis. The use of a strained
lactone has also been investigated independently by Bio and
Leighton, who have priority of publication (2b, 12).

At this point in our research we had two methods for con-
verting [2.2.1] bicyclic systems into bridgehead olefins that
resemble CP-225,917, but we decided to use only the
strained lactone approach for further work, and we dealt first
of all with the problem of generating the quaternary center.

Ketone 21 was hydroxylated under standard conditions
(Scheme 16), and then oxidation by the Dess–Martin proce-
dure afforded the corresponding α-diketone 62. This was
condensed with the dianion derived from methyl 3-hydroxy-
propanoate (63). That experiment afforded a mixture of two
isomers, which were easily separated, but the stereochem-
istry was not determined. The primary hydroxyl of the major
isomer was silylated (t-BuPh2SiCl), and dehydration with
thionyl chloride and pyridine served to generate the Z enone
66. The yields in this sequence are good, but there is no
stereocontrol in the aldol condensation; that is a factor that
still has to be dealt with.

Reduction of ketone 66 with the sodium borohydride –
ceric chloride combination gave mainly the exo alcohol 67
(Scheme 17), and again we did not try to recycle the endo
isomer. Demethylation of the ester was accomplished this
time with the lithium salt of propanethiol, and then cycli-
zation, as before, generated the strained lactone 68. When
this was heated in o-dichlorobenzene for 10 min it seemed to

have rearranged completely, and after a further 10 min we
could isolate the siloxy-Cope rearrangement product 69 in
quantitative yield.

That experiment showed that we now had a procedure for
dealing with the C(5) quaternary center, and the next thing
to do was to find out how to construct the anhydride and
how to make the exocyclic double bond of 66 in a stereo-
controlled manner. We dealt first of all with the stereochem-
ical problem.

In our earlier work we had used the dianion derived from
hydroxy ester 63; we now (Scheme 18) used an ester with a
protected hydroxyl (70), and we found that the isomer ratio
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Scheme 15.

Scheme 16.

Scheme 14.
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was improved from 4:3 for 64a:64b to 10:1 for 71a:71b. It
is not clear why this happens, but it was certainly a very
welcome fact.

When the major isomer (71a) was dehydrated with thionyl
chloride and pyridine (Scheme 19), we were very pleased to
obtain the desired Z olefin 72 (Scheme 19). Reduction of the
ketone carbonyl with sodium borohydride showed only a 3:1
selectivity in favor of the required exo alcohol, but the endo
isomer was easily reconverted into the starting ketone (73-
endo → 72). Once again, the ester was demethylated with
the lithium salt of propanethiol, and the resulting hydroxy
acid was cyclized to the lactone (73-exo → 74). Finally, ther-
mal rearrangement gave us a product (75) with the quater-
nary center and the correct chain length at C(5).

At this point we needed to develop a method for making
the anhydride unit that is characteristic of CP-225,917.

Our initial experiments (Scheme 20) were done with 45
and some related compounds, which were all obtained by
the method using thermolysis in 1-methyl-2-pyrrolidinone.
We discovered that these compounds have a tendency to
enolize towards the bridgehead, and so, in order to introduce
C(15) (which is needed for the eventual anhydride), we had
to block the bridgehead position. That can be done, as
shown in Scheme 20, but such a route is cumbersome, and
so we modified our approach in such a way that C(15) is in-
troduced at a very early stage — in fact, before oxy-Cope re-
arrangement.

Our route (Scheme 21) follows along the lines of our pre-
vious experiments, except that we treat ketone 17 with iso-
propenylmagnesium bromide instead of vinylmagnesium
bromide. Alcohol 78 is formed in acceptable yield, and we
then oxidized what I call C(15), using tert-butylhydroper-
oxide in the presence of a catalytic amount of selenium di-
oxide. This allylic oxidation is quite slow — it takes 3 days
at room temperature. The desired alcohol 79 can be isolated
in 60% yield, but almost 30% of the corresponding aldehyde
80 is also formed. Fortunately, the two compounds are easy
to separate, and the aldehyde can be reduced efficiently to
the alcohol, so that the overall transformation to 79 is quite
efficient (81%).

Next, the primary hydroxyl at C(15) was protected as its
p-anisyloxymethyl (AOM) ether, under phase-transfer condi-
tions (79 → 81, 69%). The selectivity is not as high as I
would have wished, and 16% of the doubly etherified mate-
rial is also formed, but that product can be hydrolyzed in
over 80% yield back to the starting diol 79, and so, after one
recycling, the mono-protected compound 81 can be obtained
in 82% yield.

The remaining tertiary hydroxyl (at C(2)) was then
silylated (Scheme 22, 81 → 82); the benzoate group was re-
moved by treatment with lithium aluminum hydride, and the
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alcohol released in that experiment was oxidized with the
Dess–Martin reagent (82 → 83 → 84). The resulting ketone
was subjected to α-hydroxylation and then to oxidation,
again with the Dess–Martin reagent, so as to generate diket-
one 85. All these experiments are very simple, and the
yields are good. We condensed the diketone with our
silylated ester (70) and obtained the condensation product 86
as a single isomer in nearly 80% yield. We did not look for
other isomers in the reaction mixture. Dehydration with
thionyl chloride generated the required Z double bond in
high yield (86 → 87), and once again we were at a stage
where we needed to form a strained lactone and then carry
out the thermal rearrangement.

All those transformations were achieved by the methods
that had served us well in the simpler models, although we
did make some improvements.

The reduction of ketone 87 was done with a very hindered
hydride (Scheme 23). The reaction was quite slow — it took

6 h at room temperature — but the stereoselectivity was
good. The ester was demethylated in the usual way, and
lactonization was again achieved in high yield with the
pyridinium reagent (87 → 88 → 89). When we did the
siloxy-Cope rearrangement (89 → 90), we used chloroben-
zene instead of o-dichlorobenzene. Its boiling point is 55°C
lower, and so the reaction takes longer, but the yield is al-
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most the same, and we felt it was advisable to practice with
milder conditions, with a view to eventually using more del-
icate substrates.

In order to construct the anhydride unit, we need to add
one carbon at C(2) (see 90, Scheme 24), and so we had to
first liberate the potential carbonyl at C(2) and protect the
lactone carbonyl.

The lactone ring was opened by reduction with lithium
borohydride (90 → 91), and then the silyl enol ether was hy-
drolyzed (91 → 92) to set the stage for introduction of C(14)
of the anhydride unit.

The primary hydroxyl of 92 was selectively protected as
its tert-butyldiphenylsilyl ether, after which the secondary
hydroxyl was silylated with tert-butyldimethylsilyl triflate.
Both protection steps go in good yield, and the next task was
to introduce a carbon at C(2).

In some earlier studies we had found that ketones of simi-
lar structure to 93 did not behave properly with Wittig or Pe-
terson reagents, but that they did react with the Tebbe
reagent, and in the present case (Scheme 25), treatment of

93 with 2 equiv of the Tebbe reagent gave the desired olefin
94 in acceptable yield (77%).

Removal of the AOM group (94 → 95) was carried out
with bromocatechol borane. With a number of related sub-
strates we had found that ceric ammonium nitrate, magnesium
bromide, bromodimethylborane, or N-bromosuccinimide did
not work, but bromocatecholborane was satisfactory.

The homoallylic alcohol 95 was amenable to epoxidation,
which brought the sequence to compound 96, from which
point we could finish construction of the anhydride, as
shown in Scheme 26.

The free hydroxyl group of 96 was oxidized to the corre-
sponding aldehyde with the Dess–Martin reagent. In this
case, the Swern procedure gave a complex mixture. Treat-
ment of the epoxy aldehyde first with DBU to open the
epoxide by deprotonation α to the aldehyde group, followed
by brief treatment with acid to effect dehydration, gave the
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Scheme 24. (a) LiBH4, THF, 93%; (b) CF3CO2H, THF, water,
67%; (c) t-BuPh2SiCl, Et3N, DMAP, CH2Cl2, 99%; (d) t-
BuMe2SiOSO2CF3, 2,6-lutidine, CH2Cl2, 95%.

Scheme 25. (a) Tebbe reagent, THF, 77%; (b) bromocatecholbor-
ane, CH2Cl2, –78°C, 84%; (c) VO(acac)2, t-BuOOH, PhH, 70%.

Scheme 26. (a) Dess–Martin oxidation, CH2Cl2, 89%; (b) DBU,
THF, then HCl, 5 min, 97%; (c) Rose Bengal, tungsten light,
DBU, O2, –78°C, then 0°C; (d) Pr4NRuO4, N-methylmorpholine
N-oxide, 86% overall.

Scheme 27. (a) DIBAL-H, CH2Cl2, –78°C, 95%; (b) CF3CO2H–
THF–water, 90%; (c) CH(OMe)3, TsOH·pyridine, 96%.
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expected furan 98. This was then converted by photo-
oxygenation to a mixture of hydroxybutenolides 99 (and the
regioisomers with the OH and C=O interchanged), which
were oxidized with TPAP. Those experiments all work in
good yield, and they afforded anhydride 100.

Having reached a model with the quaternary center and
the anhydride, the next step was to generate the lactone unit
that spans C(10) and C(11).

Our attempts to do that, starting from 100 or its furan pre-
cursor 98, were not at all promising, and so we returned to
the product of the siloxy-Cope rearrangement (90) and elab-
orated it in a different way.

Previously, we had reduced the lactone 90 down to the
diol stage (see Scheme 24); this time we took the lactone
only to the lactol oxidation level (Scheme 27, 90 → 101).
The lactols were then treated with acid in order to hydrolyze
the silyl enol ether. That experiment gave a single lactol
(102) whose stereochemistry was not established. Another
isomer was isolated in 7% yield. The major product (102)
was converted into lactol methyl ether 103, which has the
stereochemistry shown.

The next task was to introduce a carbon at C(2) (see 103).
Use of the Tebbe reagent gave a very low yield, but we
eventually found that a modified Peterson reaction (13)
worked very well.

The lithium salt 104 was added to ceric chloride to gener-
ate a reagent that gave alcohol 105 very efficiently
(Scheme 28).

The alcohol is crystalline, and its structure was assigned
by X-ray analysis. Deprotonation of the alcohol with potas-
sium hexamethyldisilazide gave the desired olefin 106.
When we then tried to remove the AOM group, we found
the reaction very troublesome. In fact, treatment with ceric
ammonium nitrate under standard conditions simply did not
work — the AOM group is inert, to our surprise. We tried a
variety of methods and almost abandoned this protecting
group, but, fortunately, we recognized something about the
deprotection that proved to be very helpful.

We realized that the mechanism for deprotection should
be similar to that for converting p-dimethoxybenzene (107)
into p-benzoquinone (109) (Scheme 29), and so we exam-
ined the literature for that transformation and found that the
pyridinedicarboxylic acid N-oxide 108 facilitates reaction

when ceric ammonium nitrate is used as the oxidant (14).
Scheme 29 shows compound 106 drawn in such a way as to
emphasize the structural similarity between an AOM group
and p-dimethoxybenzene. We found that, although ceric am-
monium nitrate itself causes no reaction with 106, in the
presence of the pyridine oxide diacid we can get almost 80%
yield of the parent alcohol 110. The beneficial effect of the
catalyst appears to be a general one for removal of AOM
groups.

Epoxidation under standard conditions (Scheme 30) took
us to 111, and the corresponding aldehyde was made by
Dess–Martin oxidation. Treatment with base served to open
the epoxide, and then brief treatment with hydrochloric acid
completed assembly of the furan (111 → 112). Once again,
photo-oxygenation and TPAP oxidation converted the furan
into the anhydride (112 → 113).

At this point the remaining transformations were oxida-
tion of the side chain on the quaternary center and introduc-
tion of oxygen at C(10).

We decided to approach these tasks by regenerating the
lactone unit that spans C(5) and C(10). We would then open
the lactone by basic hydrolysis so as to expose the C(10) ox-
ygen as an alcohol, which we would oxidize in the basic me-
dium to the corresponding ketone. The ketone, in turn,
should spontaneously form the desired hemiacetal on acidifi-
cation.
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Scheme 28. Scheme 29.
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To regenerate the lactone, we needed to replace the
methoxy group of the lactol ether 113 by an OH group. Acid
hydrolysis and trimethylsilyl iodide were unsuitable, but bo-
ron trichloride – dimethyl sulfide complex performed well
(Scheme 31) and gave the desired lactols 114 as a mixture of
two isomers, together with some of the corresponding chlo-
ride. Treatment with aqueous silver nitrate converted the
chlorine byproduct into the lactols, so that the overall yield
is high. Finally, Dess–Martin oxidation regenerated the lac-
tone subunit (114 → 115). Most of our Dess–Martin oxida-
tions are done at room temperature; this one required rather
more vigorous conditions but was still efficient. Lactone 115
is crystalline, and X-ray analysis confirmed the structure.

With the lactone in place, we now had to oxidize the side
chain, and to prepare for that the silicon group was removed
by prolonged exposure — some 50 h — to aqueous tri-
fluoroacetic acid.

The resulting primary alcohol (116) was oxidized first to
the aldehyde and then to the carboxylic acid (Scheme 32), so
as to obtain compound 117. This substance does not have
very convenient chromatographic behavior and was, there-
fore, used crude.

The material was stored for 12 h in 1 M aqueous sodium
hydroxide with the intention of opening both the lactone and
the anhydride. The resulting salt was oxidized by addition of
ruthenium dioxide (15) to the basic solution, which was kept
at 70–80°C for 12 h. After acidification, we were able to iso-
late the complete tetracyclic core of CP-225,917 (3) in 40%
yield from alcohol 116.

The core is crystalline, and X-ray analysis gave us the di-
mensions of the molecule. A noticeable feature of the struc-
ture is the shape of the bridgehead double bond. The four
atoms C(8), C(7), C(6), and C(10) are in a plane — the devi-
ation is less than 1° — but C(5) is 19° out of that plane. The
other dimensions of the molecule are not unusual, although
the lactone carbonyl angle is on the small side — 110°.

During this work we had encountered a large number of
unexpected difficulties, and so we took the precaution of de-
vising an alternative route to the core. This route, which

turned out to be shorter, involves a strain-assisted Cope
rearrangement as opposed to oxy-Cope or siloxy-Cope rear-
rangement, and we also used a different method for making
the anhydride.

The starting point is norbornene (120), which was con-
verted in four simple steps into ester acetal 123
(Scheme 33). These steps are all reported in the literature
(16). A Prins reaction converts norbornene into the bis-
formate 121; Jones oxidation gives the corresponding keto
acid 122, and methylation with diazomethane, followed by
ketalization, provides 123. Although the yield in the oxida-
tion step is low, the experiments are simple, and the ketal es-
ter is easily made on a 20-g scale.
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Scheme 30. Scheme 31.

Scheme 32.
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Deprotonation with LDA and condensation with parafor-
maldehyde affords a mixture of alcohols, and the major iso-
mer (124) can be isolated in 43% yield. The carbon of the
hydroxymethyl group was destined to become one of the
carbonyl carbons of the anhydride, and it has been intro-
duced very early, thereby bypassing some of the difficulties
we had experienced in the first route.

After protection of the hydroxyl, the ester was treated
with methyllithium. That experiment gave ketone 126.

The next task was to introduce the second carbonyl carbon
of the anhydride. To that end, our ketone was first converted
into an enol phosphate.

That was accomplished (Scheme 34) in the usual way, by
deprotonation and treatment with diethyl chlorophosphate
(126 → 127). The product was treated with methylmag-
nesium bromide in the presence of nickel acetylacetonate
(17) in warm dibutyl ether, and the result was introduction
of a methyl group that was destined to become one of the
carbonyl carbons of the anhydride.

Next the ketal was hydrolyzed, and the resulting ketone
(129) was reduced with DIBAL and acetylated to give a
mixture of epimeric acetates (130).

To place an oxygen at C(15), the acetates were treated
with a catalytic amount of selenium dioxide in the presence
of tert-butyl hydroperoxide (Scheme 35). The reaction was
very slow and there was some overoxidation to the aldehyde,
but treatment with sodium borohydride in the presence of
ceric chloride served to make the necessary adjustment, and
desilylation in the usual way gave diols 131 in a little under
70% from ketone 129.

The free hydroxyls were protected as MOM ethers
(131 → 132), and we removed the acetyl group with DIBAL.
Finally, Dess–Martin oxidation gave the expected ketone
133 — as a single compound, of course. During the last

seven steps we had been working with mixtures of epimeric
acetates, and that is why the Schemes do not indicate indi-
vidual yields. The overall transformation can be done in
45% yield from ketone 129, representing an average of 89%
per step.

With ketone 133 in hand we were now in familiar terri-
tory. Both carbons for the anhydride carbonyls were in
place, and we now had to build up the strained lactone sys-
tem.

We used almost the same reactions that had served us well
in the previous experiments. Ketone 133 was hydroxylated
(Scheme 36) by treating the derived enolate with MoOPH
(oxodiperoxymolybdenum(pyridine)(hexamethylphosphoric-
triamide)), and then oxidation gave the symmetrical diketone
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134. That was condensed with the enolate derived from the
protected ester 70, and the resulting alcohols were dehy-
drated with the thionyl chloride – pyridine combination.
Finally, reduction with sodium borohydride afforded alcohol
135 (134 → 135). In retrospect, we should have tried a very
hindered reducing agent because it ought to have given
better stereoselectivity, but nonetheless, the overall yield for
the three steps used to convert 134 into 135 was acceptable.

Demethylation of the ester with lithium propanethiolate
and lactonization brought us to the intended substrate for the
Cope rearrangement (135 → 136). That process does not
benefit from the factors that make the oxy-Cope rearrange-
ment especially favorable, and so we wondered if the strain
in the lactone would be sufficient to allow reaction under
reasonably mild conditions.

We heated the lactone in o-dichlorobenzene and were very
pleased to find that rearrangement does indeed occur
(Scheme 37, 136 → 137) and in good yield, although the
rate is lower than for the corresponding siloxy process.

Global deprotection with hydrochloric acid gave triol 138,
and that was subjected to Dess–Martin oxidation to afford
furan aldehyde 139. There are several reactions involved
here, of course. We assume that each of the hydroxyls at
C(14) and C(15) is independently converted into an alde-
hyde, and the remaining hydroxyl — either C(15) or C(14) —
forms a lactol, which, in turn, is dehydrated.

Next, we oxidized the aldehyde function to the corre-
sponding acid, using standard conditions (Scheme 38), and
we were very pleased to find that at the same time the furan
was converted into the isomeric hydroxybutenolides 140 and
141, each of which is equally suitable for the next step. That
involves oxidation to the anhydride. The conversion of a

β,β′-disubstituted furan into an hydroxybutenolide under
these conditions seems to be general. Finally, we dissolve
anhydride 142 in aqueous sodium hydroxide, as before. The
base opens up the lactone function to expose an hydroxyl
group at C(10). That hydroxyl was converted into a ketone,
and, after acidic workup, we were able to isolate once more
the complete core of CP-225,917.

Conclusion

In summary, we have developed two routes to the fully
oxygenated core of CP-225,917. One route is based on a
siloxy-Cope rearrangement and the other on a Cope rear-
rangement. Both processes are driven by release of strain in
the [2.2.1] bicyclic starting materials. The core of CP-
225,917 is crystalline, and X-ray analysis has provided
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Scheme 36. (a) (Me3Si)3NK, THF, MoOPH, –23°C, 72%;
(b) Dess–Martin oxidation, CH2Cl2, 77%; (c) ester 70, LDA,
THF, –78°C; (d) SOCl2, pyridine; (e) NaBH4, CeCl3·7H2O, 55%
from 134; (f) PrSLi, HMPA, 83%; (g) 2-chloro-1-methylpyridi-
nium iodide, CH2Cl2, reflux, 77%.

Scheme 37.

Scheme 38. (a) NaClO2, NaH2PO4, 2-methyl-2-butene, t-BuOH,
water, 12 h; (b) Pr4NRuO4, N-methylmorpholine N-oxide, 50%
from 139; (c) 1 N NaOH, t-BuOH, 70°C, 12 h; catalytic
RuO2·xH2O, stoichiometric NaIO4; pH 3, ≥40%.
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structural details of this unusual system. Further work is be-
ing directed to the task of repeating one or both of our ap-
proaches with suitable substituents that can be elaborated
into the C8 side chains of the natural product.
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Synthesis and characterization of a linked, π-π
stacked organotin compound of 2-mercapto-6-
nitrobenzothiazolyl diphenyltin chloride with 2-
ethoxyl-6-nitrobenzothiazole

Chunlin Ma, Qin Jiang, and Rufen Zhang

Abstract: The new organotin compound, Ph2Sn(Cl)[S(C7H3N2O2S)]·[(C7H3N2O2S)OEt], assembled by an intermolecular
aromatic benzothiazole–benzothiazole π-π stacking interaction, has been synthesized by the reaction of diphenyltin di-
chloride with 2-mercapto-6-nitrobenzothiazole. The title compound was characterized by elemental, IR, 1H NMR, and
X-ray crystallography analyses. Single-crystal X-ray diffraction data reveals that the title compound has two different
molecular components. The component Ph2Sn(Cl)[S(C7H3N2O2S)] has a pentacoordinate tin, which further forms an in-
finite one-dimensional chain by intermolecular non-bonded Cl···S interactions, resulting in an intercalation lattice that
holds (C7H3N2O2S)OEt molecules. The formation of the molecule (C7H3N2O2S)OEt as well as its intercalated mecha-
nism has also been discussed.

Key words: organotin, assemble, π-π stacking interaction, 2-mercapto-6-nitrobenzothiazole, non-bonded interaction,
crystal structure.

Résumé : Le nouveau composé organostannique Ph2Sn(Cl)[S(C7H3N2O2S)]·[(C7H3N2O2S)OEt], assemblé par interaction
aromatique intermoléculaire d’empilement π-π benzothiazole–benzothiazole, a été synthétise par la réaction du dichlo-
rure de diphénylétain avec le 2-mercapto-6-nitrobenzothiazole. Le composé mentionné dans le titre a été caractérisé par
des analyses élémentaires, IR, de RMN 1H et par diffraction des rayons X sur un cristal unique qui révèle qu’il est
formé de deux composantes moléculaires différentes. Le composant Ph2Sn(Cl)[S(C7H3N2O2S)] comporte un atome
d’étain pentacoordonné qui forme une chaîne infinie monodimensionnelle par le biais d’interactions intermoléculaires
non liées Cl···S qui sert de réseau d’intercalation pour retenir des molécules de (C7H3N2O2S)OEt. On discute aussi de
la formation de la molécule de (C7H3N2O2S)OEt ainsi que du mécanisme d’intercalation.

Mots clés : organostannique, assemblage, interaction d’empilement π-π, 2-mercapto-6-nitrobenzothiazole, interaction
non liée, structure cristalline.

[Traduit par la Rédaction] Ma et al. 831

Introduction

The coordination chemistry of tin is extensive with vari-
ous geometries and coordination numbers known for both
inorganic and organometallic complexes (1). Higher coordi-
nation numbers can be generated either by inter- and (or)
intramolecular interaction, especially in complexes where tin
bonds to electronegative atoms, such as oxygen, nitrogen,
and sulfur. Studies of adducts of organotin halides continue
to provide fundamental information about both the Lewis
acid–base model and the reactivity of organotin species (2).

While tin is generally classified as a hard acid, many
organotin—sulfur bonded complexes are known. To date
only a few papers have been published on the X-ray struc-
tures of organotin(IV) complexes formed with thiol S and
heterocyclic N (3). To investigate these kinds of complex
structures, we used the reaction of diphenyltin dichloride
with 2-mercapto-6-nitrobenzothiazole, and we wished to gain
a one- or two-dimensional complex by the coordination of
sulfur and nitrogen atoms with tin. To our surprise, we ob-
tained an infinite one-dimensional linked compound assem-
bled by aromatic benzothiazole–benzothiazole π-π stacking
interactions. π-π stacking interaction has been extensively
studied in recent years (4–6), including that of phenyl–
phenyl (7), imidazole–imidazole (8), and so on. It has been
proved that this strong attractive interaction can stabilize the
packing of aromatic molecules in crystals (9) and play an
important part in the field of host–guest chemistry (10).
Through in-depth investigation into the intermolecular inter-
actions, new light may be thrown on supramolecular archi-
tecture of organotin complexes possessing a particular
structure and property. In this paper, we characterized the
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title compound by elemental, IR, 1H NMR, and X-ray dif-
fraction analyses and give a discussion on its reactive mech-
anism and structure. The procedure is described in
Scheme 1.

Experimental

Materials and measurements
Diphenyltin dichloride and 2-mercapto-6-nitrobenzothia-

zole were commercially available, and they were used with-
out further purification. The melting points were obtained
with Kofler micro melting point apparatus and are uncor-
rected. Infrared spectra were recorded on a Nicolet-460
spectrophotometer using KBr discs and sodium chloride op-
tics. 1H NMR spectra were obtained on a JEOL-FX-90Q
NMR spectrometer; chemical shifts were given in ppm rela-
tive to Me4Si in CDCl3 solvent. Elemental analyses were
performed with a PE-2400II apparatus.

Synthesis
The reaction was carried out under nitrogen atmosphere.

The 2-mercapto-6-nitrobenzothiazole (0.212 g, 1.0 mmol)
and sodium ethoxide (0.102 g, 1.5 mmol) were added to a
solution of benzene (20 mL) in a Schlenk flask and stirred
for 0.5 h. After the diphenyltin dichloride (0.343 g,
1.0 mmol) was added to the reactor, the reaction mixture
was stirred for 12 h at 40°C and then filtrated. The filtrate
was gradually removed by vaporization under vacuum until
solid product was obtained. The solid was then recrystallized
from ether–dichloromethane. There were two colored crystal
compounds formed. One is yellow while the other is orange.
Total yield: 0.462 g.

The compound 3 (orange crystal): mp 88–90°C. IR
(KBr)(cm–1): υas(Sn-C), 275; υs(Sn-C), 229; υ(Sn-Cl), 260;
υ(Sn-S), 290; υ(Sn-N), 453; υ(C-S), 746; υ(C=N), 1637,
1598; υs(C-O) 1065. 1H NMR (CDCl3, ppm): 6.81–7.86 (m,
16H), 2.50–2.62 (q, 2h), 0.90–1.10 (t, 3H). Anal. calcd. for
C28H21ClN4O5S3Sn: C 45.20, H 2.85, N 7.53, S 12.91;
found: C 45.51, H 2.93, N 7.44, S 12.87.

The complex 1 (yellow crystal): mp 149–151°C. IR
(KBr): υs(Sn-C), 278; υs(Sn-C), 232; υ(Sn-Cl), 266; υ(Sn-S),
290; υ(Sn-N), 448; υ(C-S), 748; υ(C=N), 1599. 1H NMR
(CDCl3, ppm): 7.46–7.79 (m, 13H). Anal. calcd. for
C19H13ClN2O2S2Sn: C 43.91, H 2.52, N 5.39, S 12.32;
found: C 43.86, H 2.52, N 5.29, S 12.31.

X-ray structure determination
All X-ray crystallographic studies were done using a

Bruker Smart 1000 diffractometer fitted with graphite-mono-
chromated Mo Kα radiation (λ = 0.71073 Å). The ω/2θ scan
technique was employed. Corrections were applied for Lo-
rentz and polarization effects but not for absorption, satisfy-
ing I ≥ 2σ(I). Criterion of observability was used for the
solution and refinement. The structure was solved using di-
rect methods and refined by a full-matrix least squares pro-
cedure based on F2, using the SHELXL-97 program system.
All non-H atoms were included in the model at their calcu-
lated positions. All data were collected at a temperature of
298(2) K. For complex 1 and compound 3, the crystal struc-
tures and unit cells are shown in Figs. 1–4, respectively. Se-
lected bond distances and angles are listed in Table 1.

Crystal data for compound 3: formula C28H21ClN4O5S3Sn,
M = 743.81, monoclinic, space group P21/c, a = 15.041(6),
b = 16.647(6), c = 12.742(5), β = 109.973(6)°, V =
2999(2) Å3, Z = 4, Dcalcd = 1.648 g cm–3, µ = 1.195 mm–1,
F(000) = 1488, GoF = 0.886, 16 278 reflections collected
(θ = 1.44° to 26.47°), 5821 of which were used in the refine-
ment to give the final R1 = 0.0658 and wR2 = 0.1238. Resid-
ual electron density: 0.567 and –0.883 e Å–3.

Crystal data for complex 1: formula C19H13ClN2O2S2Sn,
M = 519.57, triclinic, space group P1, a = 12.961(6), b =
13.835(7), c = 16.412(8) Å, α = 69.184(8)°, β = 89.862(9)°,
γ = 62.579(8)°, V = 2395(2) Å3, Z = 4, Dcalcd = 1.441 g cm–3,
µ = 1.367 mm–1, F(000) = 1024. GoF = 0.748, 13 476
reflections collected (θ = 1.80° to 26.63°), 9316 of which
were used in the refinement to give the final R1 = 0.0591
and wR2 = 0.0828. Residual electron density: 0.605 and
–0.642 e Å–3.

Results and discussion

Syntheses aspects
It was surprising that we obtained an infinite one-

dimensional linked compound 3 assembled by aromatic
benzothiazole–benzothiazole π-π stacking interactions. To
investigate the synthetical mechanism of the reaction, we
carried out a series of further experiments (with the same ap-
proach as that for compound 3), as shown in Table 2.

According to experiments (a), (b), and (c), we can con-
clude that the possible synthetical mechanism of 3 is a three-
step process, as follows: First, the 2-mercapto-6-nitrobenzo-
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Scheme 1.
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Fig. 1. Molecular structure of the compound 3.

Fig. 2. Molecular structure of the complex 1.
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thiazole (B) reacts with sodium ethoxide (C) to form its
sodium salt, which then reacts with the diphenyltin
dichloride to form 1. Second, 1 continues to react with ex-
cess C to form 2. Finally, through the benzothiazole–

benzothiazole π-π stacking interaction, 1 and 2 constitute the
linked compound 3.

The formation of substitutional product 2 is owed to the
existence of 1 and excess C. Because of the interaction of

© 2003 NRC Canada
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Fig. 3. Unit cell of the compound 3.

Fig. 4. Unit cell of the complex 1.
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the S-Sn, the sulfur—carbon (Sn-S-C) bond strength in 1 be-
comes weaker and the carbon atom [C=N(S)(S)] becomes
more electropositive than those of B, respectively, which
makes the carbon—sulfur bond much easier to cleave. So,
the group EtO- can substitute for the -S-SnPh2(Cl) group
and form 2. Here, Ph2SnCl2 functions as a Lewis-acid cata-
lyst in the replacement reaction. This point of view is well
support by the results of experiments (a), (b), and (c). There
were several mechanisms of carbon—sulfur bond cleavage
put forward before (11), but the conditions of all those reac-
tions were rigid, catalysts were needed, and the reaction was
often accompanied with oxidation. Our results may provide
a new way to these kinds of reactions.

It is worthy to note that despite using a 1:2:2 molar ratio
of A:B:C, we didn’t obtain the product with two chlorides

replaced in Ph2SnCl2; see experiment (d). The result sug-
gested that the spatial resistance from two phenyl groups is
strong enough to prevent another ligand chelating to the cen-
tral tin atom. The conclusion coincides well with the case of
Ph2SnCl(MBT) reported in the literature (12).

IR data
The explicit feature in the infrared spectra of the title

compound is the absence of the band in the region 2600–
2550 cm–1, which appears in the free ligand as the υ(S-H)
vibration, thus indicating metal—ligand bond formation
through this site. In the far-infrared spectra, strong absorp-
tion at 290 cm–1 (for both compound 3 and complex 1),
which is absent in the spectrum of the ligand, is assigned to
the Sn-S stretching mode of vibration, and all the values are
consistent with that detected for a number of organotin(IV)–
sulfur derivatives (3). Medium-intensity bands at 275 and
229 cm–1 for compound 3 and 278 and 232 cm–1 for com-
plex 1 can be assigned to υas(Sn-C) and υs(Sn-C). The
υ(C=N) band, occurring at 1599 cm–1 for 1, is shifted con-
siderably towards a lower frequency with respect to that of
the free ligand, confirming the coordination of the hetero-
cyclic N to the tin. The stretching frequency is lowered due
to the displacement of electron density from the N to the Sn
atom, thus resulting in the weakening of the C=N bond, as
reported in the literature (13). Therefore, the weak- or me-
dium-intensity band at 448 cm–1 (for complex 1) can be as-
signed to Sn-N stretching vibrations, while in the title
compound 3, there occur two bands that can be attributed to
the υ(C=N). The band at 1598 cm–1 is similar to the υ(C=N)
band of complex 1, and the band at about 1637 cm–1 is near
to the υ(C=N) value of the free ligand. Together with the
band at 1065 cm–1, recognized as υs(C-O), these messages
provide evidence for the existence of the molecule
(C7H3N2O2S)OEt.

1H NMR data
1H NMR data showed that the signal of the -SH proton,

present in the spectrum of the ligand, is absent in the title
compound 3 and the complex 1, indicating the removal of
the SH proton and the formation of Sn—S bonds. The infor-
mation accords well with what the IR data revealed. As an-
ticipated, the spectrum consists of the phenyl hydrogen
resonance at 7.32–7.86 ppm for complex 1 and the phenyl
hydrogen resonance at 6.81–7.86 ppm for the mixture of 1
and 2 in compound 3. In addition, there is a resonance due
to the ethoxyl hydrogen in compound 3 at 2.50–2.62 ppm (q,
2h) and 0.90–1.10 ppm (t, 3H), which also proves the pres-
ence of the molecule (C7H3N2O2S)OEt 2.

Molecular structures
For compound 3, single crystal X-ray diffraction data re-

veal that it has two different molecular components. The
component Ph2Sn(Cl)[S(C7H3N2O2S)] has a pentacoordin-
ated tin. The four primary bonds to the centered tin atom are
two to the phenyl groups and one each to sulfur and chloride
atoms. In addition, there exists interaction between tin and
nitrogen atoms. The Sn(1)—N(1) bond length (2.582(7) Å)
coincides with those of the type “SnCl2N2C2” recorded in
the Cambridge Crystallographic Database (14), ranging from
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Compound (3) Complex (1)

Bond distances (Å)
Sn(1)—C(14) 2.103(13) Sn(1)—C(14) 2.066(10)
Sn(1)—C(8) 2.110(11) Sn(1)—C(8) 2.102(12)
Sn(1)—Cl(1) 2.384(3) Sn(1)—Cl(1) 2.367(3)
Sn(1)—S(2) 2.448(3) Sn(1)—S(2) 2.444(2)
Sn(1)—N(1) 2.582(7) Sn(1)—N(1) 2.595(7)
S(2)—C(1) 1.672(9) N(1)—C(1) 1.316(8)
N(1)—C(1) 1.302(10) S(2)—C(1) 1.730(8)
S(1)—C(1) 1.800(9) Sn(2)—C(33) 2.026(12)
S(3)—C(22) 1.715(11) Sn(2)—C(27) 2.084(11)
N(3)—C(21) 1.335(12) Sn(2)—Cl(2) 2.373(2)
O(5)—C(27) 1.502(13) Sn(2)—S(4) 2.446(3)
O(5)—C(20) 1.298(12) Sn(2)—N(3) 2.580(6)
N(3)—C(20) 1.319(13) N(3)—C(20) 1.332(10)
S(3)—C(20) 1.732(13) S(4)—C(20) 1.727(8)
S(1)—C(3) 1.756(10) Cl(2)···S(1) 3.415
N(1)—C(2) 1.401(10) Cl(2)···S(2) 3.511
Cl(2)···S(1) 3.45 Cl(2)···S(3) 3.44
Cl(2)···S(2) 3.48 Cl(2)···S(4) 3.57
Bond angles (°)
C(14)-Sn(1)-C(8) 124.6(4) C(14)-Sn(1)-C(8) 123.6(4)
S(2)-Sn(1)-N(1) 63.02(17) S(2)-Sn(1)-N(1) 62.90(16)
C(14)-Sn(1)-Cl(1) 101.4(3) C(14)-Sn(1)-Cl(1) 101.4(3)
C(8)-Sn(1)- N(1) 90.0(3) C(8)-Sn(1)-N(1) 90.0(3)
C(14)-Sn(1)-N(1) 90.5(3) C(14)-Sn(1)-N(1) 90.5(3)
Cl(1)-Sn(1)-N(1) 153.97(18) Cl(1)-Sn(1)-N(1) 153.96(16)
C(14)-Sn(1)-S(2) 115.0(3) C(14)-Sn(1)-S(2) 116.1(2)
Cl(1)-Sn(1)-S(2) 90.95(10) Cl(1)-Sn(1)-S(2) 91.08(9)
C(8)-Sn(1)-S(2) 114.2(2) C(8)-Sn(1)-S(2) 113.9(3)
N(1)-C(1)-S(2) 124.0(7) C(8)-Sn(1)-Cl(1) 100.6(3)
C(8)-Sn(1)-Cl(1) 101.7(3) C(33)-Sn(2)-C(27) 123.5(4)
C(1)-N(1)-Sn(1) 87.8(5) S(4)-Sn(2)-N(3) 63.06(17)
C(1)-S(2)-Sn(1) 85.2(3) C(33)-Sn(2)-Cl(2) 102.2(3)
O(5)-C(20)-S(3) 118.6(9) C(27)-Sn(2)-N(3) 91.2(3)
O(5)-C(20)-N(3) 125.2(11) C(33)-Sn(2)-N(3) 88.3(3)
N(3)-C(20)-S(3) 116.2(8) Cl(2)-Sn(2)-N(3) 154.78(18)
C(20)-N(3)-C(21) 110.6(9) C(33)-Sn(2)-S(4) 113.1(3)
C(22)-S(3)-C(20) 88.3(6) Cl(2)-Sn(2)-S(4) 91.72(10)
C(20)-O(5)-C(27) 115.6(10) C(27)-Sn(2)-S(4) 116.6(2)

Table 1. Selected bond distances (Å) and angles (°) for com-
pound 3 and complex 1.
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2.27 to 2.58 Å; equal to that of [2-(Me2NCH2)C6H4]SnPh2Cl
(2.52 Å) (15); and longer than that of Ph2SnCl(MBT)
(2.41 Å) (12), but much shorter than the sum of the van der
Waals radii of Sn and N, 3.74 Å (16), thus providing a 4-
membered chelate ring with a bite angle, N(1)-Sn(1)-S(2), of
63.02(17)°. If the tin–nitrogen interaction is included, the
geometry at Sn then becomes a distorted cis-trigonal
bipyramidal with Cl(1) and N(1) in axial sites (Cl(1)-Sn(1)-
N(1) = 153.97(18)°) and C(8), C(14), and S(2) occupying
the equatorial plane (C(14)-Sn(1)-C(8) = 124.6(4)°). The
sum of the angles subtended at the tin atom in the trigonal
plane is 358.3°, so the tin atom shows no significant devia-
tion from the equatorial plane. The Sn(1)—Cl(1) bond
length (2.384(3) Å) lies in the range of the covalent radii
(2.37–2.60 Å) (15). The Sn(1)—S(2) bond length
(2.448(3) Å) is well within the range — from 2.41 to 2.48 Å —
that is reported for triphenyltin heteroarenethiolates (3),
slightly shorter than that of Ph2SnCl(MBT) (2.49 Å) (12),
and almost equal to that of Ar3Sn[S(C5H4N)] (17). Finally,
the Sn—C bond lengths are approximately equal (Sn(1)—
C(8) = 2.110(11) and Sn(1)—C(14) = 2.103(13) Å) and are
similar to the average value, 2.13 Å (14).

Besides, in the represented crystalline structure, a rela-
tively close contact between the Cl atom of Ph2Sn(Cl)-
[S(C7H3N2O2S)] and the two S atoms of its adjacent mole-
cule (Cl(2)···S(1), 3.45 Å and Cl(2)···S(2), 3.45 Å) was rec-
ognized, which coincided well with that reported in
(PhCH2)2SnClS2CNC4H8O (3.49 Å) (18) but was much
shorter than the sum of the van der Waals radii (3.97 Å) for
these atoms (19). And it is the intermolecular, non-bonded
Cl···S interaction that favored the regular self-assembly of
Ph2Sn(Cl)[S(C7H3N2O2S)] and further made it an infinite 1D
chain. Intermolecular, non-bonded S···X (X = O, S, N, etc.)
interactions have been investigated for characterization of
the molecular structures of a large number of organosulfur
compounds (20). But we have seen few discussions about
the Cl···S interaction up to now. So, we can regard it as an-
other new type of close contact.

Quite unexpectedly, the two different molecular compo-
nents Ph2Sn(Cl)[S(C7H3N2O2S)] and (C7H3N2O2S)OEt are
accommodated in parallel layers. The layers of Ph2Sn(Cl)-
[S(C7H3N2O2S)] result in an intercalation lattice that holds
(C7H3N2O2S)OEt molecules. All those atoms on the
benzothiazole ring in Ph2Sn(Cl)[S(C7H3N2O2S)] are in the
same plane, with only a negligible tilt (dihedral angle be-
tween the phenyl ring (C(2)–C(7)) and the heterocyclic ring
(C(1)–C(3),N(1),S(1)), 0.6°), while two benzothiazole–
benzothiazole ring planes, C(1)–C(7) in Ph2Sn(Cl)[S(C7H3N2O2S)]
and C(20)–C(26) in (C7H3N2O2S)OEt, are almost parallel to
each other, and the dihedral angle is 4.1°.The shortest dis-
tance of C(25) to C(1)–C(7) is 3.30 Å and the average dis-
tance is 3.42 Å, which is terribly consistent with that of a
benzene polymer in theoretical studies (3.4 Å) (21) and ap-

proaches that of imidazole–imidazole (3.29 Å) (6). It implies
that there exists a strong face-to-face π-π stacking interac-
tion between the two benzothiazole–benzothiazole ring
planes. In virtue of the significant interlayer interaction, the
gaps between netlike layers of Ph2Sn(Cl)[S(C7H3N2O2S)]
are filled by the molecule [C7H3N2O2S]OEt. The molar ratio
of (C7H3N2O2S)OEt:Ph2Sn(Cl)[S(C7H3N2O2S)] is 1:1, so
that the molecular formula can be written in brief as
Ph2Sn(Cl)-[S(C7H3N2O2S)]·[(C7H3N2O2S)OEt].

For the complex 1, as far as bond lengths, bond angles,
and intermolecular Cl···S non-bonded interactions are con-
cerned, its structure is very similar to that of the title com-
pound 3, and it is a one-dimensional chain, too. However,
there exits no molecule in its crystal grids and no
intermolecular π-π stacking interaction. The Cl···S distance
ranges from 3.42 Å to 3.57 Å. For detailed data see Table 1.
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Dediazoniation of p-hydroxy and p-nitroben-
zenediazonium ions in an aqueous medium:
Interference by the chelating agent diethylene-
triaminepentaacetic acid

B. Quintero, M.C. Cabeza, M.I. Martínez, P. Gutiérrez, and P.J. Martínez

Abstract: We have made a comparative study of the dediazoniation of p-hydroxy and p-nitrobenzenediazonium ions.
The electron-withdrawing and donating properties of the -NO2 and -OH groups strongly determine the reactivity of
both compounds, thus exerting different influences upon the dediazoniation reaction. We describe here how the decom-
position of p-hydroxy and p-nitrobenzenediazonium ions in a neutral aqueous medium follows a different pattern in the
presence of the metal-chelator diethylenetriaminepentaacetic acid (DTPA). The decomposition rate of p-hydroxybenzene-
diazonium decreases whilst the decomposition of the p-nitrobenzenediazonium ion is enhanced. The experimental data
are discussed with reference to a common scheme of interference for both benzenediazonium ions in the light of the
radical-scavenging capacity of DTPA.

Key words: p-hydroxybenzenediazonium ion, p-nitrobenzenediazonium ion, di-ethylenetriaminepentaacetic acid,
dediazoniation, radical scavenging, artifacts.

Résumé : On a réalisé une étude comparative des réactions de dédiazotation des ions p-hydroxy et p-nitrobenzènedia-
zonium. Les propriétés électroaffinitaires et électrorépulsives des groupes -NO2 et -OH influencent fortement la réacti-
vité de ces deux composés et exercent donc des influences différentes sur leur réaction de dédiazotation. La décomposition
des ions p-hydroxy- et p-nitrobenzènediazonium dans un milieu aqueux neutre, en présence de l’acide diéthylènetriami-
nepentaacétique (DPTA) qui agit comme chélatant de métaux se produit selon des voies différentes. La vitesse de dé-
composition de l’ion p-nitrobenzènediazonium diminue alors que celle de l’ion p-hydroxynitrobenzènediazonium
augmente. On discute des données expérimentales en fonction d’un schéma commun d’interférence pour les deux ions
benzènediazonium et en tenant compte de la capacité du DTPA à piéger les radicaux.

Mots clés : ion p-hydroxybenzènediazonium, ion p-nitrobenzènediazonium, acide diéthylènetriaminepentaacétique, dé-
diazotation, piège de radicaux, artefacts.

[Traduit par la Rédaction] Quintero et al. 839

Introduction

Arenediazonium ions are widely used in chemical synthe-
sis. Apart from diazo-coupling reactions (1–3), these ions
can undergo either thermal or photochemical heterolytic de-
diazoniation, yielding the aryl cation (1, 4, 5). Arene-
diazonium ions can also be dediazoniated in a homolytic
process via one-electron reduction, thus generating aryl radi-
cals. Arenediazonium ions and their precursors, arylhydra-
zides and arylhydrazines, are believed to be genotoxic (6, 7).
Although most arenediazonium ions are recognised as being
oxidants, such structural characteristics as the electron-
donating and withdrawing properties of the substituents in
the aromatic ring, together with interference from solvent

interactions, other reducing and (or) oxidizing compounds,
light, or the conditions of the reaction medium may substan-
tially modify their reactivity, giving rise to different patterns
of decomposition and resulting in different biological ef-
fects. In this context heterolytic dediazoniation has been re-
ported to occur with methylbenzenediazonium and p-
nitrobenzenediazonium (pNO) ions in an aqueous medium
(8, 9), whilst other authors have interpreted their results as
showing evidence of heterolytic and homolytic processes
during the thermal and photochemical dediazoniation of sev-
eral arenediazonium ions in trifluoroethanol and ethanol (10,
11). Furthermore, in certain cases the reducing capacity of
water has been sufficient to reduce arenediazonium to the
aryl radical (12). It is obvious therefore that reaction condi-
tions need to be chosen carefully when trying to establish
the mechanisms involved in the decomposition of such ver-
satile compounds as arenediazonium ions. We have studied
the dediazoniation of the p-hydroxybenzenediazonium ion
(PDQ) in a neutral aqueous medium (13) and have observed
that in the presence of DTPA the rate of dediazoniation de-
creases together with the intensity of the signal produced by
the aryl radical adduct as measured in EPR, using the spin
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trap DMPO (5,5-dimethyl-1-pyrroline-N-oxide). The use of
DTPA as metal chelator has been recommended in the litera-
ture to avoid interference from the redox activity of any con-
taminating metal ions present in solution (14–17). We report
here on a comparative study carried out with pNO and PDQ,
the dediazoniation rates of which are influenced differently
by the chelating agent DTPA.

Experimental

Chemicals of the highest available purity (Merck and
Aldrich) were used. Chelex 100 resin (50–100 dry mesh, so-
dium form), nitrobenzene, p-nitrophenol, and pNO tetra-
fluoroborate were bought from Sigma and used as received.
PDQ tetrafluoroborate was synthesized following the proce-
dure described by Danêk et al. (18) with slight modifica-
tions. Sodium tetrafluoroborate (2.24 g) in distilled water
(6 mL) was treated with perchloric acid (70%, 1.7 mL) and
used to dissolve p-aminophenol (1.09 g) (Solution 1). An-
other solution was made by dissolving sodium nitrite
(0.71 g) in distilled water (2.5 mL) (Solution 2). Solution 2
was added gradually to Solution 1, while stirring continu-
ously and keeping the reaction in darkness within a tempera-
ture range of 0–5°C. The resulting mixture was kept at –10°C
for 24 h. A solid was separated by filtration and washed first
with cold ethanol and then with diethyl ether. Crystallization
was made by precipitation from the solution obtained, dis-
solving the solid in ethanol at 70°C. A second crystallization
was carried out by adding diethyl ether to an acetone solu-
tion of the solid. Re-crystallized PDQ tetrafluoroborate is a
yellowish crystalline solid that melts between 135 and
140°C accompanied by a noticeable change in colour and
the production of a gas. Elemental analysis revealed C
42.8%, H 2.76%, and N 17.05%, which agrees very well
with the formation of the tetrafluoroborate of the PDQ
dimer. IR: 2189 cm–1 (N�N stretching) and 1591 cm–1 (aro-
matic group). Both benzenediazonium salts were stored be-
low –18°C in darkness.

A Hucoa Erlöss Cintra 10 spectrophotometer was used for
spectrophotometric analysis. HPLC was done with a Merck
L-6220 biocompatible pump and a Merck L-4500 diode ar-
ray detector (Merck-Hitachi). Aqueous media were filtered
through Millipore HA filters with a pore size of about
0.45 µm. The column was a Spherisorb ODS-2 (4.6 mm ×
200 mm) with a particle size of 5 µm. Mobile phase
acetonitrile–methanol–acetic acid (1%) (30:30:40) with a
flow of 0.7 mL·min–1 was routinely used. Samples were dis-
solved in phosphate buffer (0.1 M, pH 7.2) previously
treated with Chelex 100 resin by the column method. A Ra-
diometer pH M64 potentiometer with a GK2401C mixed
electrode was used whenever called for. The calibrations
were carried out with Crison buffer references (pH 4 and
pH 7). pH values were checked throughout the kinetic mea-
surements, and no significant changes were observed. An
oxygraph equipped with a Clark-type electrode was used to
measure oxygen consumption. Twice-distilled water was ob-
tained by the Milli Q system and used in all experiments.
Oxygen for deaerated samples was purged by bubbling with
argon for at least 10 min.

We checked for any effects on PDQ and pNO decomposi-
tion that might be caused by either environmental laboratory

light or apparatus light sources. The results were taken into
account when designing the methods for spectrophotometric
measurement. In the case of PDQ, measurements were rou-
tinely made with aliquots taken from a stock solution kept in
darkness. Neither environmental nor instrumental light inter-
ference was observed in the case of pNO.

Kinetic analyses were made by incubating 0.4 mM PDQ
solutions kept in darkness at 37°C either in the presence or
absence of DTPA. Aliquots were taken from these solutions
to make PDQ 0.01 mM solutions, which were then used for
spectrophotometric measurements. Kinetic measurements
were made with pNO in the presence or absence of DTPA
either by incubating 1.33 mM pNO solutions and then taking
aliquots to make 3.26 × 10–5 M pNO solutions or by placing
the sample (0.11 mM) directly into the spectrophotometric
cell.

Results and discussion

Dediazoniation of PDQ and pNO in the absence of
DTPA

The absorption spectrum of PDQ in a phosphate-buffered
aqueous medium (pH 7.2) presented a band with its maxi-
mum at 350 nm (ε : 41 990 L·mol–1·cm–1) and a less intense
band at 250 nm (ε : 3010 L·mol–1·cm–1), whereas the absorp-
tion spectrum of pNO obtained in an identical medium
showed a band with its maximum at 259 nm (ε :
15 590 L·mol–1·cm–1) and a minor absorption at 314 nm (ε :
2234 L·mol1·cm–1).

We have reported previously (13) that, under experimental
conditions controlled to prevent photochemical and (or)
heterolytic side reactions, the dediazoniation of PDQ in a
neutral aqueous medium (37°C in phosphate buffer, pH 7.2)
occurs via three pathways (Scheme 1): Pathway 1 represents
dediazoniation induced by a hydroxyl ion, a slow process at
neutral pH and even slower with deaerated samples. In path-
way 2 the formation of a semiquinone radical via the reac-
tion of an aryl radical with oxygen is considered to justify
the increase in the dediazoniation rate in the presence of ox-
ygen. Finally, in pathway 3, hydroquinone, produced by
semiquinone dismutation, may act as an additional reducing
agent. PDQ dediazoniation was characterized by a gradual
decrease in absorbance at 350 nm. pNO dediazoniation, on
the other hand, using a sample concentration of 1.33 mM,
led to a decrease at 259 nm followed by the simultaneous
appearance of an absorption band at 350 nm, which in-
creased with time. No band was recorded beyond 370 nm
(Fig. 1). As the concentration of pNO fell (0.11 mM), the
picture changed, with a new band appearing at about
390 nm, as well as the absorption at 350 nm (Fig. 2). A
chromatographic analysis of these samples containing a low
concentration of pNO was made using acetonitrile–methanol–
acetic acid 0.2 M (30:30:40) as the mobile phase. The chro-
matograms showed three main peaks with retention times of
3.05, 4.01, and 7.26 min, respectively, and a minor peak at
10.41 min, which, by comparing the associated UV spectra
with those of the authentic products, were assigned to pNO,
PDQ, p-nitrophenol (pNP), and nitrobenzene (NB), respec-
tively. The unexpected presence of NB led us to repeat the
HPLC analysis using fresh samples of pNO in 1 × 10–4 M
HCl at 25°C, which should be very stable according to the
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data published in the literature (9–11), and once again we
found an NB peak. Since no hydrogen-atom donor could be
present under our experimental conditions we are currently
investigating the possible interference of an instrumental ar-
tifact.

The lack of reactivity of pNO to thermal solvolytic de-
composition and the subsequent formation of the aryl ion
has been reported elsewhere (11), where it has been put

down to the propensity of the nitro substituent to destabilize
the aryl cation more than it does the arenediazonium ion (11,
19). In addition to this we checked the photochemical stabil-
ity of pNO during our experiments by comparing the spec-
trum of a sample irradiated in a quartz UV spectrophotometer
cuvette under the experimental conditions routinely used
throughout the spectrophotometric analysis with that of an
aliquot kept in darkness at the same temperature. These data

© 2003 NRC Canada
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Scheme 1.

Fig. 1. Absorption spectra measured at different times (total time: 2 h) with 3.26 × 10–5 M aliquots taken from 1.36 mM pNO buf-
fered solutions (phosphate buffer, pH 7.2, 0.1 M, treated with Chelex 100) kept in darkness at 37°C.
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led us to conclude that the formation of an aryl cation from
the thermal and (or) photochemical heterolytic decomposition
of pNO should not be expected. Therefore, we have initially
considered that the decomposition of both benzenediazonium
ions can be described according to Scheme 2.

In this scheme it is accepted, according to the well known
Gomberg–Bachman reaction and the mechanism described
by Rüchardt and Merz (20), that in the absence of any other
reductant the dediazoniation process for both benzenediazo-
nium ions has a common starting point, the attack of the hy-
droxide anion (reaction a) to form a covalently bound
intermediate, diazohydroxide, in equilibrium with its disso-
ciated form, diazotate (reaction b).

In principle, two parallel pathways (Scheme 2), both medi-
ated by the diazotate anion, would explain the products derived
from the dediazoniation of PDQ and pNO. Thus, -OArN2

+

might be formed via aromatic nucleophilic displacement.
Clearly, this process would only be detectable with pNO
since with PDQ the reactant (RArN2

+, where R = –O at the
pH of the medium) and reaction product (-OArN2

+) are iden-
tical. Whilst a hydroxide ion may act as the nucleophile to
displace the nitrite ion from the initial arenediazonium ion,
Kuplet-skaya and Kazitsyna (21) have also described such a
substitution involving the diazotate ion as the nucleophile.
Here an attack by O2NArN = N-O– on pNO followed by the
displacement of NO2

– would give a diazotate ether,
O2NArN = N-O-ArN2

+; heterolytic dissociation of this ether
regenerates pNO and gives the –OArN2

+ product. Thus we
checked whether a kinetic analysis could confirm this bimo-
lecular process. The nucleophilic attack by the diazotate an-
ion can be expressed by the following set of equations:
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in which the rate of PDQ formation is equal to the pNO de-
composition rate (eq. [1]), in accordance with the spectro-
scopic results shown in Fig. 1, where it is apparent that very
little interference from pNP should be expected. We tested
the final equation (eq. [2]) with the absorbance values mea-
sured at 350 nm and thus obtained a plot with a value of
88.9 M–1·min–1 for the global constant kg (Fig. 3). This
value, which is significantly lower than that obtained for the
reduction of pNO with hydroquinone (22), suggests the ab-
sence of any reductant capable of directly reducing pNO by
a “non-bonded” outer-sphere mechanism. Besides this, the
kinetic results support a bimolecular reaction, involving dia-
zotate anion as a nucleophile, since no better fitting of the
experimental data was obtained by considering a first-order
reaction, which might be expected as a result of a nucleo-
philic substitution by OH–.

The other product (RArOH) formed from the dediazo-
niation of PDQ and pNO might be the result of a reaction
between the diazotate anion and the diazonium ion to give
diazoanhydride, which then breaks down homolytically to
produce the diazenyl radical, from whence is formed the aryl
radical, and a further reaction with molecular oxygen leads
to a substituted phenol, as indicated for PDQ in Scheme 1.
Nevertheless, such a mechanism is not supported by the con-
centration dependence observed in the proportion of the
major products (PDQ and pNP) derived from the decompo-
sition of pNO. If pNP and PDQ were the products that
occurred as a result of a parallel reaction during pNO de-
composition, an increase in the concentration of pNO would
not justify an increase in PDQ concomitant with a decrease
in pNP, as can be observed by comparing Figs. 1 and 2. Fur-
thermore, the formation of hydroquinone from PDQ occurs
as a result of a homolytic pathway that involves molecular
oxygen (Scheme 1), whereas pNP appears when either aer-
ated or deaerated samples of pNO are incubated. An alterna-
tive pathway for pNP formation can be formulated on the
basis of the homolytic breakdown of diazohydroxide, which
leads to the appearance of the aryl and hydroxyl radicals. In
fact it has been pointed out (16) that pNO is particularly re-
active in neutral buffers, giving EPR signals corresponding
to adducts of •OH and aryl radicals even without any added
electron donors. A few years ago some discussion arose as
to whether a hydroxyl radical might not be involved in the
dediazoniation of benzenediazonium ions. Thus •OH adducts
detected by EPR have been considered to be artifacts result-
ing from the fragmentation of a transient hydroxylamine
(16). On the other hand, the results obtained by Lawson,
Gannett, and co-workers (23, 24) under conditions where no
reducing agent was present appear to be consistent with the
homolytic fragmentation of a diazohydroxide intermediate.
In the light of this latter experimental evidence, therefore,
we believe that the recombination of aryl and hydroxyl radi-
cals would provide a simple explanation for the appearance
of pNP.

Thus, on the basis of the experimental results obtained, a
tentative general mechanism can be proposed, as described
in Scheme 3.
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Fig. 2. Absorption spectra measured at different times (total
time: 4 h 40 min) with a 0.11 mM pNO buffered solution (phos-
phate buffer, pH 7.2, 0.1 M, treated with Chelex 100) kept at
37°C.
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It is clear that under our experimental conditions PDQ
dediazoniation occurs mainly via the reaction sequence (a) →
(b) → (f) → (h) → (i), wherein reaction i encompasses the
processes detailed in Scheme 1, producing hydroquinone–
quinone as stable products of the reaction and secondary
reductant (hydroquinone), whereas pNO decomposition
might occur either via (a) → (b) → (e) → (g), which gener-
ates PDQ, or the homolytic path (a) → (c) → (d), which pro-
duces pNP.

The differences observed in the dediazoniation mecha-
nisms for PDQ and pNO might be put down to the different
chemical natures of the aromatic substituents in the com-
pounds analysed. The electron-withdrawing and donating
properties of the -NO2 and -OH groups strongly determine
the reactivity of either compound and consequently exert dif-
ferent influences upon the dediazoniation reaction, as ob-
served experimentally.

DTPA interference into PDQ and pNO dediazoniation
PDQ dediazoniation in a neutral aqueous medium was

clearly affected by the presence of DTPA either using a
phosphate buffer treated with Chelex resin or an untreated
phosphate buffer. No change in the spectrum shape was no-

ticeable following the addition of DTPA, suggesting that any
interaction between DTPA and PDQ to block the reduction
of this latter compound might be ruled out. Apart from this,
the introduction of DTPA led to a period of about 2 h during
which the reaction seemed to cease. After this period de-
composition continued at a rate very close to that observed
for the reaction in the absence of DTPA (Fig. 4). Moreover,
the presence of DTPA appears to be associated with a de-
crease in oxygen consumption, as shown in Fig. 5.

On the other hand, the dediazoniation of pNO behaved
differently in the presence of DTPA, its dediazoniation rate
increasing (Table 1). Likewise, DTPA brought about an in-
crease in the proportion of pNP in relation to PDQ (cf. Ta-
ble 1 and Fig. 6). Furthermore, pNO underwent complete
and immediate decomposition when the initial DTPA:pNO
ratio was 5 or higher. In this case only two absorption bands
were recorded, with maxima at 270 nm and 369–370 nm.
Similar results (Fig. 7) were obtained by adding ethanol
(4%) to the buffered solutions of pNO (maxima at 268 and
388–390 nm).

If we exclude any association between the arenedia-
zonium ions and DTPA or chelating effects upon any resid-
ual metal ions present in the buffer, an additional pathway
must be considered to justify the observed increase in the
decomposition rate, wherein DTPA would promote the
homolysis of pNO. As a matter of fact, on using a higher
concentration of DTPA (6.6 mM) this additional pathway
plays a more important part, as indicated by the appearance
of an absorption band with a maximum at about 270 nm.
This band also appears when pNO decomposes in the pres-
ence of ethanol (4%), which may scavenge aryl radicals by
donating a hydrogen atom (11). These spectrophotometric
results are consistent with HPLC analyses, which showed,
together with the peaks corresponding to PDQ and pNP, the
competitive formation of an appreciable quantity of NB, re-
sulting in the almost complete conversion of pNO into NB
when the ethanol concentration was increased to 50%.

Bearing in mind the fast rate of dediazoniation in the pres-
ence of a relatively high concentration of DTPA and also the
appearance of NB under such conditions, it is reasonable to
suppose that DTPA triggers the homolytic decomposition of
pNO. Some experimental evidence is reported in the litera-
ture concerning the scavenging capacity of DTPA to react
with •OH and CO3•

– when used in relatively high concentra-
tions (>100 µM) (25). The data obtained during pNO de-
diazoniation suggest the possible formation of a DTPA
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Scheme 2.

Fig. 3. Kinetic analyses of the data obtained from the
absorbance measured at 350 nm in the spectra shown in Fig. 1.
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radical that interacts with pNO, thus increasing the decom-
position rate according to the following general scheme:

[3] pNO → O2NArN2•

[4] O2NArN2• → O2NAr• + N2

[5] O2NAr• + DTPA → NB + [DTPA]•

[6] pNO + [DTPA]• → O2NArN2• + DTPA(H+)

wherein reaction [3] summarizes pathways (a) → (b) → (f) →
(h) whilst reactions [3] and [4] are equivalent to the pathway

(a) → (c). In any case the occurrence of the aryl radical
O2NAr•, derived from pNO (11), allows the interfering
DTPA scavenging aryl radical to produce NB (reaction [5])
and also leads to the subsequent attack on pNO (reaction
[6]), which could go on to give pNP via pathway (i).

It is apparent that these reactions do not work in the case
of PDQ because an increase in the concentration of DTPA is
not followed by a concomitant increase in the decomposition
of PDQ, as observed for pNO. Nevertheless, a similar reac-
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Scheme 3.

Fig. 4. Plot of the absorbance measured at 348 nm vs. time
obtained with 1:40 diluted aliquots taken from 0.4 mM PDQ
buffered solutions (phosphate buffer pH 7.2; 0.1 M) kept in
darkness at 37°C. Influence of the DTPA concentration: (a) with-
out DTPA; (b) in the presence of 1 mM DTPA; and (c) in the
presence of 1.5 mM DTPA.

Fig 5. Plot of oxygen consumption vs. time for samples contain-
ing distilled water (�), 10 mM PDQ in the presence of 0.5 mM
DTPA in phosphate buffer pH 7 (�), and 10 mM PDQ solution
in phosphate buffer pH 7 (�). T = 37°C.
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tion pattern might occur with PDQ in the presence of DTPA,
although not affecting PDQ directly. In fact we have ob-
served that the absorption spectrum of a 0.44 mM hydro-
quinone (H2Q) solution in phosphate buffer at pH 7 changes

24 h after the solution is prepared. The band located at
288 nm decreases (approx. 11%), and a new band appears
centred at 245 nm. In the presence of DTPA (2.8 mM) the
band at 288 nm remains practically constant, and the band at
245 nm is significantly less intense (Fig. 8). These results
indicate that a relatively high concentration of DTPA can
lead to an interference that affects the intermediate
semiquinone radical in hydroquinone auto-oxidation. Bear-
ing this in mind, the decrease observed in the PDQ decom-
position rate would be justified since PDQ reduction by the
semiquinone scavenger radical would be partially inter-
rupted, thus giving rise to a concomitant decrease in oxygen
consumption.

Conclusion

In summary, we have found that the chelating agent DTPA
interferes with the dediazoniation of p-hydroxybenzene-
diazonium and p-nitrobenzenediazonium ions. Although the
different pattern of decomposition observed for both ions,
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[DTPA] (mol·L–1) Total time (min) [PDQ] (mol·L–1 (%)) [pNP]T
b (mol·L–1 (%)) [pNO]c (mol·L–1 (%))

0 280 2.5 × 10–5 (23) 6.7 × 10–5 (62) 1.6 × 10–5 (15)
1 × 10–4 99 0.9 × 10–5 (9) 7.8 × 10–5 (77) 1.4 × 10–5 (14)
2 × 10–4 45 0.6 × 10–5 (6) 8.3 × 10–5 (81) 1.3 × 10–5 (13)

aAnalyses carried out by monitoring absorbance at 259, 350, and 400 nm and using the following ε (L·mol–1·cm–1) values: 2500 (dissociated pNP, 259
nm); 1320 (undissociated pNP, 259 nm); 5230 (dissociated pNP, 350 nm); 3950 (undissociated pNP, 350 nm); 15 480 (dissociated pNP, 400 nm); 70
(undissociated pNP, 400 nm); 3050 (PDQ, 259 nm); 41 990 (PDQ, 350 nm); 15 590 (pNO, 259 nm); 325 (pNO, 350 nm). pKa = 7.15 for pNP at 25°C
was taken from ref. 26.

b[pNP]T = total concentration of p-nitrophenol.
cpNP and PDQ are taken to be the main products derived from the decomposition of pNO.

Table 1. Influence of DTPA upon pNO (0.11 mM) decomposition rate at 37°C in phospate buffer (pH = 7.2).a

Fig. 6. Absorption spectra measured at different times (total
time: 1 h 39 min) with a 0.11 mM pNO buffered solution (phos-
phate buffer, pH 7.2, 0.1 M, treated with Chelex 100) kept at
37°C in the presence of 0.1 mM DTPA.

Fig. 7. Absorption spectra measured at 5 min with 1:10 diluted
aliquots taken from 1.33 mM pNO buffered solutions (phosphate
buffer, pH 7.2, 0.1 M, treated with Chelex 100) kept at 37°C in
the presence of (a) 6.65 mM DTPA; (b) ethanol 4% (v/v).

Fig. 8. Absorption spectra measured at different times with
0.44 mM hydroquinone (H2Q) buffered solutions (phosphate
buffer pH 7) both in the presence and absence of DTPA
(2.8 mM). T = 37°C. See legends in the inset to identify the
spectra.
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either in the absence or presence of DTPA, suggests the ex-
istence of different mechanisms for each, most of our obser-
vations strongly support the idea that this interference may
be because of a common mechanism based on the scaveng-
ing activity of DTPA. Therefore any possible interference by
DTPA should be thoroughly investigated when it is used as
a chelator in biochemical and biological systems in which
radical reactions occur.
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Pressure and temperature dependence of the
excess thermodynamic properties of binary
dimethyl carbonate + n-octane mixtures

Luis Lugo, María J.P. Comuñas, Enriqueta R. López, Josefa García, and
Josefa Fernández

Abstract: In this work we report several excess thermodynamic properties for the dimethyl carbonate + n-octane sys-
tem in an effort to better understand their behavior over wide temperature and pressure ranges. From previous experi-
mental pVTx data for this system, the changes in the excess molar Gibbs energies, in the excess molar entropies, and
in the excess molar enthalpies due to pressure have been determined over a wide temperature range and for pressures
up to 25 MPa. A correlation of the excess volume as a function of pressure was used for each composition and tem-
perature, together with a new, recently proposed equation for the excess molar volume as a function of temperature,
pressure, and composition. Excess molar enthalpies and excess molar Gibbs energies at 298.15 K and for pressures up
to 25 MPa were calculated using literature data at atmospheric pressure. Furthermore, the excess isothermal compress-
ibility, the excess isobaric expansivity, and the excess internal pressure were calculated. The expression for the internal
pressure of an ideal mixture suggested recently by Marczak has been used.

Key words: excess thermodynamic properties, dimethyl carbonate, n-octane, high pressure.

Résumé : Dans ce travail nous donnons les valeurs de plusieurs propriétés thermodynamiques d’excès pour le système
binaire carbonate de diméthyle + n-octane avec l’objectif de comprendre le comportement de ces grandeurs d’excès
dans un large domaine de températures et de pressions. Nous avons déterminé à partir des valeurs pVTx de ce système,
l’évolution avec la pression des énergies de Gibbs d’excès, des entropies molaire d’excès et des enthalpies molaires
d’excès dans un large domaine de températures et jusqu’à 25 MPa. Une corrélation du volume d’excès fonction de la
pression, à chaque température et composition a été utilisée, et aussi une nouvelle expression proposée dans un article
précédent, pour faire le lissage du volume d’excès en fonction du triplet, température, pression et composition. La com-
pressibilité isotherme d’excès, l’expansivité isobare d’excès et la pression interne d’excès, on été aussi déterminées.
L’expression pour la pression interne d’un mélange idéal proposée par Marczak a été utilisée.

Mots clés : propriétés thermodynamiques d’excès, carbonate de diméthyle, n-octane, haute pression. Lugo et al.
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Introduction

In recent years, the number of patents and papers on
dimethyl carbonate (DMC) has increased because DMC is
environmentally benign, biodegradable, made by a clean
chemical process, and is a prototype of a green reagent be-
cause it is nontoxic (1). DMC has been proposed as a gaso-
line additive and as a paint solvent (2). Furthermore, several
lubricants containing dimethyl carbonate and other organic
carbonates have been patented or proposed (3, 4) and are
used in automobile air-conditioning apparatus. Concerning
the thermophysical properties of dimethyl carbonate and di-
ethyl carbonate, Comuñas et al. (5) recently published the
densities, isothermal compressibilities, and internal pressures
from 283.15 to 353.15 K and for pressures up to 60 MPa, to-

gether with the viscosities, and both temperature and pres-
sure viscosity coefficients up to 100 MPa.

The physical properties of DMC + octane mixtures are
important in establishing DMC as a potential fuel additive.
Also, to develop models that are able to predict properties of
pure and mixed lubricants of the carbonate type, experimen-
tal properties of carbonate + alkane systems are needed.

For systems containing alkyl carbonate (6–10), a substan-
tial body of thermodynamic data exists, mainly at atmo-
spheric pressure. The work reported here is a study of DMC +
n-octane mixtures. García et al. (11) and Cocero et al. (12)
have measured, respectively, the excess enthalpies and the
VLE of this mixture at 298.15 K and atmospheric pressure.
The excess volumes at the same temperature and pressure
are also available (13). Recently, we measured densities of
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liquid DMC + n-octane mixtures (14) at temperatures from
278.15 to 353.15 K and for pressures up to 25 MPa or up to
the appearance of liquid–liquid equilibrium (LLE). From
these data, excess volumes were determined and correlated
with a new Vm

E(T,p,x) function (15).
In the present work we report several excess thermody-

namic properties at high pressures calculated from these ex-
perimental pVTx data. For this purpose the Maxwell
relations are very useful (16) in order to relate different ther-
modynamic properties. Particularly, the change of the excess
molar Gibbs energy, ∆G m

E (T,p,x), of the excess molar en-
tropy, ∆S m

E (T,p,x), and of the excess molar enthalpy,
∆H m

E (T,p,x) due to pressure were determined over wide
ranges of pressure and temperature. Taking into account the
excess Gibbs energies reported by Cocero et al. (12) and the
excess enthalpies reported by García et al. (11) at 298.15 K
and atmospheric pressure, the excess molar Gibbs energy,
G m

E (298.15 K,p,x), and the excess molar enthalpy,
H m

E (298.15 K,p,x), were determined up to 25 MPa. More-
over, we have evaluated the excess isothermal compressi-
bilities, κ T

E, the excess isobaric expansivities, α p
E, and the

excess internal pressures, πE. The aim of this work is to ana-
lyze how the pressure and the temperature affect these ther-
modynamic properties, thereby providing information on the
intermolecular interactions and on packing and ordering ef-
fects for this type of mixture.

Derived properties

The database for the DMC + n-octane system used in this
work consists of 717 experimental density values at nine
pressures (from 0.1 to 25 MPa) and nine temperatures (from
278.15 to 353.15 K) and nine mole fractions of DMC be-
tween 0.10449 and 0.90164. We have also utilized 162 ex-
perimental density values for pure octane and pure DMC in
the same pressure and temperature ranges. These experimen-
tal density values have been published in a previous paper
(14). Using this database we have determined the excess mo-
lar volumes, Vm

E, of the DMC + n-octane system over the
complete composition range (15). To obtain the derived ther-
modynamic properties, we have correlated the Vm

E data in
two ways: as a rational polynomial function of pressure,
Vm

E(p) = 1/(a + bp), for each composition and each tempera-
ture and as a function of temperature, pressure, and DMC
mole fraction, Vm

E(T,p,x), using the new correlation

[1] V T p x a bp x xm
E( , , ) ( /( )) ( )= + −1 1

× − −
=

− −

=
∑∑ B x T Tij
j

i j

i 1

3
1

0
1

1

3

2 1( ) ( )

proposed previously (15). The reference temperature was
T0 = 273.15 K. This last equation involves 11 parameters
and correlates the 717 Vm

E experimental data points for the
DMC + n-octane system with a standard deviation of
0.02 cm3·mol–1, which is only marginally higher than the ex-
perimental accuracy. These results and the parameter values
were reported in a previous work (15).

Excess molar Gibbs energy, G m
E

The effect of pressure on the excess molar Gibbs energy
can be calculated using the relation

[2] ∆G T p x G T p x G T p xm m m
E E E( , , ) ( , , ) ( , , )= − 0

= ∫ V T p x pm

p

p
E d( , , )

0

where p0 is the reference pressure. In this work we use p0 =
0.1 MPa.

The two-parameter rational polynomial function, Vm
E(p) =

1/(a + bp), has been fitted to the values of the excess molar
volumes at fixed T and x. This function has been used to
evaluate the integral in eq. [2], thereby obtaining values of
∆G m

E for each temperature–composition pair at different
pressures. This method has been used before by several au-
thors for different mixtures (17–20). Taking into account the
uncertainties in the temperature (±0.01 K), pressure
(±0.001 MPa), mole fraction (±5 × 10–5), and excess molar
volumes (±5 × 10–3 cm3·mol–1), this procedure provides val-
ues for ∆G m

E with an estimated error of ±1 J·mol–1. The re-
sults for ∆G m

E are reported in Table 1. We have also
determined ∆G m

E using eqs. [1] and [2]. The absolute aver-
age deviation (AAD) between both sets of ∆G m

E values is
2%.

In Fig. 1a, ∆G m
E at 323.15 K is plotted against the mole

fraction of DMC, whereas in Fig. 1b the variation of ∆G m
E

with the temperature for x = 0.50160 is presented. At a given
temperature and composition, ∆G m

E becomes more positive
as the pressure increases. When ∆G m

E increases it is possible
to reach the conditions in which GM(x) becomes convex for
a composition range, i.e., immiscibility occurs. In fact, we
have detected this immiscibility through the large fluctua-
tions in the oscillation period of the densimeter for the high-
est pressures and the lowest temperature for the following
DMC mole fractions: x = 0.50160, x = 0.60227, and x =
0.69048. Consequently, we do not report thermodynamic
property values for these Tpx conditions. We must point out
that González et al. (21) have determined LLE experimental
data at atmospheric pressure for DMC + (n-decane, n-
dodecane, n-tetradecane, or n-hexadecane). From these val-
ues we estimate that the upper critical solution temperature
(UCST) for the DMC + octane system is about 273 K at at-
mospheric pressure.

Taking into account the Redlich-Kister correlation made
by Cocero et al. (12) for the excess molar Gibbs energy of
DMC + n-octane at 298.15 K and 0.1 MPa, we have calcu-
lated the values of G m

E at 298.15 K and at different pressures
up to 25 MPa using the equation

[3] G p x G xm m
E E298.15 K (298.15 K, 0.1 MPa, )( , , ) =

+ ∫ V x pm

p
E

0.1

298.15 K, 0.1 MPa, )d(

At each isobar and each mole fraction, a polynomial tem-
perature function has been fitted to the Vm

E values to deter-
mine the integral of eq. [3]. The values of the excess molar
Gibbs energy obtained in this manner are reported in Table 2
at 298.15 K for several pressures. We have also determined
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G m
E (298.15 K,p,x) using eqs. [1] and [3], wherein we ob-

tained an average absolute deviation of 0.03% and a bias of
0.003% between both sets of values.

The values of the excess molar Gibbs energy are all posi-
tive, as illustrated in Table 2. Also, G m

E increases with pres-
sure in the range 0.1 MPa ≤ p ≤ 25 MPa, at fixed mole

© 2003 NRC Canada
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Fig. 1. Change in excess molar Gibbs energy due to pressure for x DMC + (1 – x) n-octane, (a) vs. composition at T = 323.15 K and
(b) vs. temperature at x = 0.50160; � 1 MPa; � 2.5 MPa; � 5 MPa; � 7.5 MPa; �10 MPa; � 15 MPa; � 20 MPa; � 25MPa.

T (K) T (K)

x p (MPa) 293.15 313.15 333.15 353.15 x p (MPa) 293.15 313.15 333.15 353.15

0.10449 1.000 0.5 0.6 0.7 0.8 0.60277 1.000 1.0 1.2 1.4 1.7
5.000 2.8 3.2 3.6 4.2 5.000 5.6 6.6 7.6 8.9

10.000 5.6 6.4 7.2 8.2 10.000 11.2 13.0 15.1 17.4
15.000 8.3 9.4 10.6 12.0 15.000 16.5 19.2 22.2 25.5
20.000 10.9 12.3 13.8 15.6 20.000 21.7 25.2 29.0 33.2
25.000 13.5 15.0 16.9 19.0 25.000 26.7 30.9 35.5 40.4

0.22037 1.000 0.8 1.0 1.1 1.3 0.69048 1.000 0.9 1.1 1.3 1.5
5.000 4.5 5.2 6.0 6.9 5.000 5.0 5.8 6.7 7.8

10.000 9.0 10.2 11.7 13.4 10.000 9.9 11.5 13.2 15.3
15.000 13.3 15.1 17.2 19.6 15.000 14.6 17.0 19.5 22.4
20.000 17.4 19.7 22.4 25.4 20.000 19.3 22.3 25.5 29.2
25.000 21.4 24.1 27.4 30.9 25.000 23.7 27.4 31.2 35.6

0.32926 1.000 1.1 1.2 1.4 1.6 0.80821 1.000 0.7 0.8 0.9 1.1
5.000 5.7 6.6 7.5 8.7 5.000 3.8 4.3 5.0 5.7

10.000 11.2 13.0 14.9 17.0 10.000 7.5 8.6 9.8 11.2
15.000 16.6 19.2 21.8 24.8 15.000 11.2 12.7 14.5 16.5
20.000 21.8 25.1 28.4 32.1 20.000 14.7 16.7 18.9 21.5
25.000 26.8 30.7 34.8 39.1 25.000 18.2 20.6 23.2 26.3

0.39960 1.000 1.1 1.3 1.5 1.7 0.90164 1.000 0.4 0.5 0.5 0.6
5.000 5.8 6.8 7.9 9.1 5.000 2.2 2.5 2.9 3.3

10.000 11.5 13.4 15.5 17.9 10.000 4.5 5.1 5.7 6.5
15.000 17.0 19.7 22.7 26.1 15.000 6.7 7.5 8.4 9.5
20.000 22.3 25.7 29.7 33.9 20.000 8.8 9.9 11.1 12.5
25.000 27.5 31.5 36.3 41.3 25.000 10.9 12.2 13.6 15.3

0.50160 1.000 1.1 1.3 1.5 1.8
5.000 5.9 7.0 8.1 9.4

10.000 11.7 13.8 16.0 18.5
15.000 17.4 20.3 23.4 27.0
20.000 22.8 26.6 30.6 35.1
25.000 28.1 32.6 37.4 42.7

Table 1. Change in excess molar Gibbs energy, ∆G m
E (J·mol–1), for xDMC + (1 – x) n-octane mixtures.
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fraction, and at 298.15 K. ∆G m
E /G m

E (T,0.1 MPa,x) rises lin-
early with pressure for all mole fractions, ranging from 0.1%
at 1 MPa to 2.5% at 25 MPa. In Fig. 2 we show the mole
fraction dependence of the excess Gibbs energy for the
DMC + n-octane system. This figure shows that there are no
changes in the symmetry of the G m

E (x) curve with pressure.

Change in the excess molar entropy, ∆Sm
E

The change in the excess molar entropy, ∆S m
E , due to pres-

sure can be calculated from the following thermodynamic
relations

[4] ∆S T p x S T p x S T xm m m
E E E 0.1 MPa( , , ) ( , , ) ( , , )= −

= −










∂
∂
∆G

T
m

p x

E

,

(∂∆G m
E /∂T)p,x has been evaluated for each pressure, p, and for

each mole fraction, x, using a quadratic temperature fit of
∆G m

E . In Table 3 the values of the entropic contribution,
T S m∆ E , obtained from the Gibbs energy, are reported, with an
estimated error close to 3%. We have also determined T S m∆ E

by using the overall correlation, Vm
E(T,p,x), given by eq. [1],

and by using eqs. [2] and [4], but in this case no additional
correlations are needed. The absolute average deviation be-
tween both sets of values is 5%. As can be seen in Table 3,
the values of T S m∆ E are negative over the entire temperature
and pressure ranges, and they become more negative when
the pressure and the temperature increase. This is because of
the fact that when the mixture is compressed, the molecules
become more ordered. From the Maxwell relation for the
Gibbs function, it is easy to show that if the excess volume
increases with the temperature (as occurs in the DMC + n-
octane system), then the excess entropy must decrease with
the pressure.

Excess molar enthalpy, H m
E

The excess molar enthalpy due to changes in pressure can
be obtained from the following expression

[5] ∆H T p x H T p x H T xm m m
E E E ,0.1 MPa( , , ) ( , , ) ( , )= −

= −


















∫ V T p x T

V
T

pm
m

p xp

p
E

E
d( , , )

,

∂
∂

0

Moreover, since we have obtained the values of ∆G m
E and

∆S m
E , we can also get the values of ∆H m

E from the thermody-
namic relation

[6] ∆ ∆ ∆H T p x G T p x T S T p xm m m
E E E( , , ) ( , , ) ( , , )= +

We have calculated ∆H m
E by using both procedures, and

the two sets of values are in agreement within 4%. The ob-
served discrepancy includes errors introduced by the approx-
imate numerical procedures (integration and differentiation).
Nevertheless, by using eq. [6], additional errors in the calcu-
lation of the derivative (∂Vm

E/∂T)p,x are avoided. The values
of ∆H m

E at x = 0.50160 and at different temperatures are
plotted against the pressure in Fig. 3a. ∆H m

E becomes more
negative when the pressure and the temperature increase. In
Fig. 3b it can be seen that the ∆H m

E (x) curve is symmetric
over the entire pressure interval.

For the DMC + n-octane system, both the excess molar
Gibbs energy and the excess molar enthalpy at 298.15 K and
atmospheric pressure are available in the literature (11), so
we can calculate H m

E for this system over the entire pressure
range at this temperature using the following:
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p (MPa)

x 0.100 1.000 5.000 10.000 15.000 20.000 25.000

0.10449 439a 439 442 445 447 450 452
0.22037 797a 798 801 806 811 815 819
0.32926 1025a 1026 1031 1037 1042 1047 1052
0.39960 1121a 1122 1127 1133 1139 1144 1150
0.50160 1189a 1190 1195 1201 1207 1213 1218
0.60277 1170a 1171 1175 1181 1187 1192 1197
0.69048 1076a 1077 1081 1086 1091 1096 1101
0.80821 819a 820 823 827 831 835 838
0.90164 491a 491 493 495 497 500 502

aCocero et al. (12).

Table 2. Excess molar Gibbs energy, G m
E (J·mol–1), for xDMC + (1 – x) n-octane mixtures at 298.15 K.

Fig. 2. Excess molar Gibbs energy for x DMC + (1 – x) n-oc-
tane at T = 298.15 K against the mole fraction. � 0.1 MPa [12];
� 25 MPa.
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[7] H p x G p xm m
E E298.15 K, (298.15 K,( , ) , )= ∆

+ +T S p x H xm m∆ E E(298.15 K, (298.15 K, .1 MPa,, ) )0

We have calculated the values of H m
E at 0.1 MPa and

at 298.15 K for the nine mole fractions analyzed here by
taking into account the Redlich-Kister fit of

© 2003 NRC Canada
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T (K) T (K)

x p (MPa) 293.15 313.15 333.15 343.15 x p (MPa) 293.15 313.15 333.15 343.15

0.10449 1.000 –0.7 –1.1 –1.6 –1.8 0.60277 1.000 –2.6 –3.1 –3.6 –3.9
5.000 –3.9 –5.9 –8.3 –9.5 5.000 –14.1 –16.4 –18.8 –20.1

10.000 –7.4 –11.3 –15.7 –18.1 10.000 –27.9 –31.7 –35.9 –38.0
15.000 –10.4 –16.1 –22.5 –25.9 15.000 –40.8 –45.9 –51.2 –53.9
20.000 –13.2 –20.4 –28.5 –32.8 20.000 –53.2 –58.9 –64.8 –67.9
25.000 –15.6 –24.3 –33.9 –39.0 25.000 –64.9 –70.9 –77.2 –80.4

0.22037 1.000 –1.6 –2.1 –2.7 –3.0 0.69048 1.000 –2.1 –2.7 –3.2 –3.5
5.000 –8.5 –11.1 –13.9 –15.5 5.000 –11.4 –13.9 –16.7 –18.1

10.000 –16.4 –21.2 –26.4 –29.2 10.000 –22.3 –26.9 –31.8 –34.4
15.000 –23.8 –30.2 –37.3 –41.0 15.000 –32.8 –38.9 –45.4 –48.9
20.000 –30.5 –38.4 –46.9 –51.5 20.000 –42.7 –49.9 –57.6 –61.6
25.000 –36.8 –45.8 –55.5 –60.7 25.000 –52.2 –60.1 –68.6 –73.0

0.32926 1.000 –2.4 –2.9 –3.4 –3.7 0.80821 1.000 –1.6 –1.9 –2.2 –2.3
5.000 –12.4 –14.9 –17.5 –18.9 5.000 –8.1 –9.7 –11.4 –12.3

10.000 –24.2 –28.6 –33.3 –35.8 10.000 –15.7 –18.7 –21.8 –23.5
15.000 –35.1 –41.0 –47.3 –50.6 15.000 –22.6 –26.8 –31.3 –33.7
20.000 –45.3 –52.3 –59.8 –63.8 20.000 –29.0 –34.3 –40.0 –43.0
25.000 –54.8 –62.6 –70.9 –75.3 25.000 –34.9 –41.1 –47.9 –51.4

0.39960 1.000 –2.5 –3.1 –3.8 –4.1 0.90164 1.000 –1.9 –1.0 –1.3 –1.4
5.000 –13.1 –16.2 –19.5 –21.2 5.000 –3.9 –5.0 –6.3 –6.9

10.000 –25.5 –31.1 –37.1 –40.3 10.000 –7.5 –9.7 –12.1 –13.3
15.000 –37.0 –44.6 –52.9 –57.2 15.000 –10.9 –13.9 –17.2 –19.0
20.000 –47.7 –57.0 –67.1 –72.4 20.000 –14.1 –17.8 –21.9 –24.1
25.000 –57.7 –68.3 –79.8 –85.8 25.000 –17.1 –21.4 –26.1 –28.7

0.50160 1.000 –2.6 –3.2 –3.9 –4.3
5.000 –14.0 –17.0 –20.3 –22.0

10.000 –27.3 –32.8 –38.7 –41.9
15.000 –39.7 –47.3 –55.4 –59.7
20.000 –51.4 –60.5 –70.3 –75.5
25.000 –62.3 –72.7 –83.9 –89.8

Table 3. Change in excess molar entropy, T∆ S m
E (J·mol–1), for xDMC + (1 – x) n-octane mixtures.

Fig. 3. Change in the excess molar enthalpy for x DMC + (1 – x) n-octane due to pressure (a) vs. pressure at x = 0.50160 for several
temperatures: � 283.15 K; � 293.15 K; � 303.15 K; � 313.15 K; � 323.15 K; � 333.15 K; � 343.15 K; (b) vs. the mole fraction
at T = 323.15 K for several pressures.
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H m
E (298.15 K,0.1 MPa,x) published by García et al. (11)

with a standard deviation of 10 J·mol–1. The values of
∆G m

E (p,x) at T0 = 298.15 K have been obtained from the data
in Table 2 and ∆S m

E (298.15 K,0.1 MPa,x) from eq. [4].
The values of H m

E (p,x) obtained using eq. [7] over the
pressure range 0.1–25 MPa at 298.15 K are presented in
Table 4. We have also calculated H m

E (298.15 K,p,x) using
eqs. [1] and [7]; an absolute average deviation of 0.04% and
a bias of –0.002% between both sets of data were found.
The pressure dependence of the excess molar enthalpy for
all the analyzed mole fractions is shown in Fig 4a. It can be
observed in this Figure that H m

E is positive in all the
cases (diminishing slightly throughout isopleths for a given
temperature), ranging from 0.5% for x = 0.10449 to 2% at
the equimolecular composition. The curves for
H m

E (298.15 K,p,x) along two isobars (0.1 MPa (11) and
25 MPa) are plotted in Fig 4b, which shows that both curves
have approximately the same symmetry. For DMC + n-
octane mixtures, the excess volumes are positive and in-
crease as the temperature increases, so there is a compensa-
tion between the two terms in eq. [5]. For this reason the
pressure dependence of the enthalpy is very weak. For this
system, the absolute values of T(∂Vm

E/∂T)p,x are greater than

the Vm
E values over the entire temperature and pressure

range. Concerning the temperature dependence of excess
enthalpy for this type of system, it is interesting to point out
that Lohmann et al. (22) have recently published experimen-
tal excess enthalpies for DMC + n-heptane mixtures. These
authors find that H m

E increases very slightly as the tempera-
ture increases.

We have shown above that the excess enthalpies are posi-
tive at 298.15 K up to 25 MPa. Taking into account our
Vm

E(298.15 K,p,x) data, it can be concluded that the excess
internal energy is also positive over the pressure range. This
means that during the mixing process the overall molecular
interaction energy diminishes in absolute terms. Further-
more, from the H m

E (298.15 K,p,x) and G m
E (298.15 K,p,x) val-

ues, it can be concluded that the excess molar entropy at
298.15 K is positive, which means that dimethyl carbonate +
n-octane mixtures are less ordered than the ideal mixture.
This is because of the destruction of both the dipolar order
of the carbonate and the orientational order of the alkane
during the mixing process.

Analyzing the energetic and entropic terms involved in the
excess Gibbs energy using eq. [6], it turns out that both ∆H m

E

and T∆S m
E are negative, whereas ∆G m

E is positive for the

© 2003 NRC Canada
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p (MPa)

x 0.1000 1.000 5.000 10.000 15.000 20.000 25.000

0.10449 852a 852 851 849 849 848 848
0.22037 1499a 1498 1495 1491 1488 1485 1483
0.32926 1861a 1860 1854 1847 1842 1836 1832
0.39960 1990a 1988 1982 1975 1969 1963 1958
0.50160 2053a 2051 2044 2036 2029 2023 2017
0.60277 1988a 1986 1979 1970 1963 1955 1949
0.69048 1827a 1826 1820 1814 1808 1803 1798
0.80821 1423a 1422 1419 1415 1411 1408 1405
0.90164 884a 884 882 881 879 878 877

aGarcía et al. (11).

Table 4. Excess molar enthalpy, H m
E (J·mol–1), for xDMC + (1 – x) n-octane mixtures at 298.15 K.

Fig. 4. Excess molar enthalpy for x DMC + (1 – x) n-octane at T = 298.15 K, (a) against pressure for different x: � 0.10449; �

0.22037; � 0.32926; � 0.39960; � 0.50160; � 0.60277; � 0.69048; � 0.80821; +, 0.90164; (b) vs. the composition, � 0.1 MPa
(11); � 25 MPa.
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DMC + n-octane system. This means that when the pressure
changes, the entropic contribution to the Gibbs energy domi-
nates, being about twice as large as the enthalpic contribu-
tion.

Several authors (17, 20) have found similar variations in
∆G m

E , ∆H m
E , and ∆S m

E with pressure and temperature for
binary systems containing a polar compound and an alkane
(2-butanone + 2,2,4-trimethylpentane and 1,2-dichloroethane +
2,2,4-trimethylpentane).

Excess quantities for the derived properties αP and κT
The excess isobaric expansivity and the excess isothermal

compressibility, denoted by α p
E and κ T

E, were calculated us-
ing the following expressions

[8] α α α α φ αp pm p pm i pi
i

E id= − = −
=
∑ *

1

2

[9] κ κ κ κ φ κT Tm T Tm i Ti
i

E id= − = −
=
∑ *

1

2

where the superscript * denotes the properties for pure liq-
uids, which have been reported in a previous paper (14), and
φi is the volume fraction calculated by

[10] φi
i m i

i m i
i

x V

x V

=

=
∑

,
*

,
*

1

2

Taking into account the temperature, pressure, and mole
fraction uncertainties and the accuracy of the derived proper-
ties and the molar volumes of pure compounds, the esti-
mated uncertainties for α p

E and κ T
E are ±1.4 × 10–5 K–1 and

±3.9 × 10–6 MPa–1, respectively. As shown in Fig. 5a, the
excess isothermal compressibilities are positive over the en-
tire temperature and pressure ranges and are symmetric
around the equimolar composition, increasing with tempera-
ture and decreasing with pressure along isopleths. The posi-

tive values of κ T
E and Vm

E indicate that the mixture is more
compressible and less compact than the pure components.

In Fig. 5b we present the excess isobaric expansivities,
which are positive and slightly asymmetric with respect to
the equimolar composition, with a maximum in the DMC-
rich region. As in the case of κ T

E, the excess isobaric
expansivities increase with temperature and decrease with
pressure at constant composition. Pardo and co-workers (7,
23, 24) have also found that α p

E and κ T
E are positive at atmo-

spheric pressure for other dialkyl carbonate + alkane sys-
tems. The positive values of α p

E indicate that the mixture is
more expansible than the pure compounds and that its struc-
ture is less rigid. These properties are in agreement with the
sign of Vm

E, κ T
E, and H m

E .
The DMC + n-octane system shows positive values of Vm

E,
H m

E , G m
E , α p

E, and κ T
E. The analysis of these properties for

dialkyl carbonate + alkane systems in terms of interaction
energies, packing effects, and order creation was carried out
previously by García and co-workers (11, 13, 25) and by
Pardo and co-workers (7, 23, 24). In the mixture process, the
rupture of strong dipole–dipole interactions between the
DMC molecules is predominant; this causes expansion and
endothermicity. This interpretation agrees with the result re-
ported in a previous paper (8) in which we had determined,
in the framework of the Nitta–Chao model, the diminution
of the number of contacts between the carbonate groups dur-
ing the mixing process.

Furthermore, the DMC + n-octane system gives a W-
shape for the excess molar isobaric capacities (26) from
288.15 to 308.15 K. The interpretation of the properties of
systems containing a polar component and an alkane has
been subject of controversy. First, Grolier et al. (27) and
Wilhelm (28) explained the excess properties for this class
of systems in terms of the conformational and molecular ori-
entation changes in the mixing process. Later, Saint-Victor
and Patterson (29) proposed a semi-quantitative model that
involves two contributions, one random and the other non-
random. Their model can explain the appearance of the
W-shape in the C p m,

E curves in the region close to the upper
critical solution temperature (UCST).

© 2003 NRC Canada
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Fig. 5. (a) Excess isothermal compressibilities, κT
E, and (b) excess isobaric expansivities, α p

E, for x DMC + (1 – x) n-octane vs. the
composition at p = 5 MPa for several temperatures: � 283.15 K; � 313.15 K; � 343.15 K.
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Excess internal pressure, πE

In recent years several studies concerning the expressions
for the properties of ideal mixtures (30–33), such as isen-
tropic expansivity, speed of sound, or internal pressure, have
been published. Marczak (32) has suggested that the correct
expression for the internal pressure of a thermodynamically
ideal mixture is given by

[11] π ψ πid = ∑ i
i

i T p( , )

where πi(T,p) is the internal pressure of the component i in
the mixture and ψi is the compression fraction given by

[12] ψ κ
κi

i mi Ti

j mj Tj
j

x V
x V

=
∑

This suggests that the excess internal pressure should be
calculated using the following expression

[13] πE(T,p,x) = πM(T,p,x) – ψ1π1(T,p) – ψ2π2(T,p)

where πM(T,p,x) is the internal pressure of the mixture. The
same equation can be obtained using the ideal mixing law
proposed by Douheret and Viallard (33) for the isochoric

pressure coefficient, γV = (∂p/∂T)V, using the relation π =
T(∂p/∂T)V – p. The estimated uncertainty of πE is ±1.4 MPa.

The internal pressure of an ideal mixture is usually con-
sidered to be the mole-fraction-weighted average of the in-
ternal pressure of the pure compounds. Several authors (34–
37) have erroneously used this definition to determine the
excess internal pressure. We will define the deviation of in-
ternal pressure, following Aminabhavi et al. (38), using the
following expression

[14] ∆π(T,p,x) = πM (T,p,x) – x1π1 (T,p) – x2π2 (T,p)

We have evaluated both ∆π and πE using the internal pres-
sures of the mixtures reported in Table 5. Figure 6a illus-
trates the dependence on composition of the internal
pressure of the mixture πM and of the ideal mixture πid. For
the DMC + n-octane mixtures at the indicated p and T con-
ditions, πM and πid are very similar in magnitude. This
means that the variation of the internal energy during expan-
sion for this system is almost identical to that of an ideal
mixture.

Figure 6b illustrates the significant differences between
the excess internal pressure πE and the deviation of the inter-
nal pressure ∆π. Examining all the pressure and temperature
intervals, we have found that πE ranges from –10 to 6 MPa,
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T (K) T (K)

x p (MPa) 283.15 313.15 333.15 343.15 x p (MPa) 283.15 313.15 333.15 343.15

0.00000 1.000 283 259 245 238 0.60277 1.000 338 304 285 277
5.000 284 261 247 241 5.000 340 307 289 280

10.000 286 263 251 245 10.000 343 310 292 285
15.000 287 266 254 249 15.000 345 313 296 289
20.000 289 268 257 253 20.000 348 316 299 293

0.10449 1.000 284 264 249 242 0.69048 1.000 349 318 298 288
5.000 285 266 252 245 5.000 351 320 301 292

10.000 286 268 255 248 10.000 353 323 305 296
15.000 288 270 258 252 15.000 356 326 309 301
20.000 289 272 261 255 20.000 358 329 312 305

0.22037 1.000 294 270 254 246 0.80821 1.000 376 338 317 308
5.000 295 271 256 249 5.000 378 340 321 312

10.000 296 274 260 253 10.000 379 343 324 317
15.000 298 276 263 257 15.000 381 346 328 321
20.000 299 278 265 260 20.000 383 348 332 326

0.32926 1.000 305 278 260 251 0.90164 1.000 396 362 341 331
5.000 306 280 263 255 5.000 398 364 344 334

10.000 308 282 266 259 10.000 400 367 348 339
15.000 309 285 270 263 15.000 402 370 351 343
20.000 311 287 273 266 20.000 403 372 354 347

0.39960 1.000 311 283 265 257 1.00000 1.000 433 396 374 364
5.000 313 285 268 261 5.000 434 398 377 367

10.000 315 288 272 265 10.000 436 400 380 370
15.000 317 291 276 269 15.000 437 402 383 374
20.000 318 293 279 273 20.000 439 404 385 377

0.50160 1.000 322 293 274 265
5.000 324 295 278 269

10.000 326 298 281 274
15.000 328 301 285 278
20.000 330 304 288 282

Table 5. Internal pressure, πM (MPa), for x DMC + (1 – x) n-octane mixtures.
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whereas ∆π is always negative, reaching a minimum value
of –40 MPa. The large differences between πE and ∆π are
owing to the fact that the compressibilities and the molar
volumes are much higher for pure n-octane than for pure
dimethyl carbonate. Marczak (32) has calculated both ∆π
and πE for methanol + 1-propanol mixtures, obtaining a sig-
moidal shape for the ∆π(x) curve with a maximum value
around 0.3 MPa and a minimum value near –0.2 MPa,
whereas the πE(x) curve is parabolic with a minimum near
–1.1 MPa.

In a previous paper (14) we used pVTx data to determine
the values of the attractive and repulsive contributions to the
internal pressure for DMC + n-octane mixtures using Mie’s
potential and the Tait equation. Applying eq. [13] to these
previous values, it is easy to obtain the attractive and repul-
sive contributions to the excess internal pressures. We have
shown that the first contribution of πE is negative and de-
creases when the temperature and the pressure increase
reaches a minimum value of –15 MPa, whereas the second
contribution is positive and increases when the pressure rises
and when the temperature decreases. Over the entire pres-
sure and temperature range the more important contribution
to the total excess internal pressure comes from the attrac-
tive excess internal pressure.

Conclusions

pVT data have been used to calculate the changes with
pressure of several thermodynamic excess properties —
∆G m

E , ∆S m
E , ∆H m

E , πE, α p
E, and κ T

E — for DMC + n-octane
mixtures over wide temperature and pressure ranges. The re-
sults obtained using two different correlations of Vm

E (as a
function of p at fixed temperature and mole fraction and as
function of temperature, pressure, and mole fraction) were
very similar, though the first equation involves two parame-
ters for each mole fraction and each temperature, and only
11 parameters are needed for the second correlation. The
changes with pressure in the excess Gibbs energy are posi-
tive, whereas the enthalpic, ∆H m

E , and entropic, T∆S m
E , terms

are negative. The absolute values of G m
E and H m

E at 298.15 K

and at several pressures up to 25 MPa have also been ob-
tained and show that G m

E increases whereas H m
E decreases

with pressure.
This system shows very large positive H m

E values, positive
Vm

E, Um
E , and S m

E values, and the W-shaped C p m,
E curve is a

typical example of the so-called non-randomness proposed
by Saint-Victor and Patterson (29). According to the positive
values of Vm

E, κE
T, and α p

E, DMC + n-octane mixtures are less
compact, more compressible, and less expansible than the
pure compounds.
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List of symbols

a coefficient in eq. [1]
AAD absolute average deviation

b coefficient in eq. [1]
bias average deviation

Bij coefficient in eq. [1]
Cp isobaric capacity

G m
E excess molar Gibbs energy

H m
E excess molar enthalpy
p pressure

p0 reference pressure
S m

E excess molar entropy
T temperature

T0 reference temperature
U internal energy

U m
E excess molar internal energy
V volume

Vm molar volume
Vm

E excess molar volume
x mole fraction of DMC

Greek symbols
α p isobaric thermal expansivity
α p

E excess isobaric thermal expansivity
∆G m

E change in the excess molar Gibbs energy
∆H m

E change in the excess molar enthalpy
∆S m

E change in the excess molar entropy
φ volume fraction of DMC

κT isothermal compressibility
κT

E excess isothermal compressibility
πi internal pressure of component i

πid internal pressure of an ideal mixture
πM internal pressure of the mixture
πE excess internal pressure

ρ density
ψ compression fraction
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The dissolution of organic solvents from Amerlock
400 epoxy paint

J.M. Ball, J.C. Wren, and J.R. Mitchell

Abstract: The dissolution of organic solvents from containment coatings into the sump water is expected to be a key
rate-controlling process, influencing the pH, the steady-state water radiolysis product concentration, and the formation
of organic iodides in containment following a postulated reactor accident. The dissolution process is therefore an im-
portant component in modelling iodine behaviour in post-accident containment. The rate of release of ethyl benzene
and m- and o-xylene from Amerlock 400 epoxy paint in contact with water has been measured. The release rate was
found to be comparable to the release rate of methyl isobutyl ketone from various polyurethane, vinyl, and epoxy
paints. The pseudo-first-order rate constant for dissolution of the solvents from these containment coatings is dependent
only upon paint thickness and temperature, whereas the total amount of solvent released depends upon paint thickness.
The solvent-release process is governed by the rate of uptake of water by the coupons, a Fickian diffusion-controlled
process.

Key words: dissolution, kinetics, organic solvents, paint.

Résumé : On s’attend à ce que la dissolution des solvants organiques, provenant des couches protectrices, dans les pui-
sards soit l’étape déterminante des processus qui influencent le pH, la concentration des produits de radiolyse de l’eau
à l’état stationnaire, et la formation d’iodures organiques dans la couche protectrice à la suite accident impliquant un
réacteur. Le processus de dissolution est alors une composante importante dans la modélisation du comportement de
l’iode à la suite d’un accident dans la couche protectrice. On a mesuré la vitesse de dégagement de l’éthyl benzène, du
m-xylène et du o-xylène à partir de la peinture époxy Amerlock-400 au contact de l’eau. On a trouvé que la vitesse de
dégagement est comparable à celle de la méthyl isobutyl cétone produite par divers polyuréthanes et par des peintures
à base de vinyle et à base d’époxy. Le pseudo ordre 1 de la constante de vitesse de dissolution des solvants provenant
de ces couches protectrices dépend uniquement de la consistance de la peinture et de la température, tandis que la
quantité totale de solvant dégagée dépend de la consistance de la peinture. Le processus de dégagement du solvant est
régi par la vitesse d’absorption d’eau par les échantillons, un processus de diffusion contrôlée de Fickian.

Mots clés : dissolution, cinétique, solvants organiques, peinture.

[Traduit par la Rédaction] Ball et al. 860

Introduction

The behaviour of iodine under postulated nuclear reactor
accident conditions has been the subject of extensive studies
by the nuclear industry for many years. Iodine species are
important in the assessment of the radiological consequences
of a nuclear reactor accident because the radiologically toxic
131I is one of the most abundant fission products that would
be released from fuel. Iodine has the potential to form nu-
merous volatile species, which, once airborne in nuclear re-

actor containments, could be released to the atmosphere
through containment leakage or during controlled venting.

It has been established that the pH and the steady-state
concentration of water radiolysis2 products in the contain-
ment sump water will determine the overall rate of produc-
tion of volatile iodine species in containment (1, 2). These
factors control the rate of interconversion between the non-
volatile I– initially dissolved in the sump water and volatile
I2 (1, 2).3 Organic impurities in the sump water would have
a profound influence on both factors. Furthermore, organic
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24.1 H2O = 2.6 eaq

− + 0.6 •H + 2.7 •OH + 0.7 H2O2 + 2.6 H+ + 0.45 H2. Coefficients in this equation are the G-values for γ-
radiolysis products of water (units of molecules produced per 100 eV absorbed dose).

3In the presence of a radiation field, I2 is formed from aqueous solutions containing I– by reaction with •OH, a water radiolysis
product:
I– + •OH → I• + OH–

I• + I• → I2(aq)
and reduced to I– by reaction with water, O2

–, and H2O2. The reduction reactions are strongly dependent upon aqueous pH.
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impurities in sump water would lead to the formation of or-
ganic iodides, some of which are volatile, and could contrib-
ute directly to the gaseous iodine fraction.

The dissolution of organic solvents from containment
coatings into the sump water is expected to be a key rate-
controlling process influencing the pH, the steady-state wa-
ter radiolysis product concentration, and the formation of or-
ganic iodides in containment following an accident (1, 2).
The dissolution process is therefore an important component
in modelling iodine behaviour in post-accident containment.

Previous studies, on coupons coated with prototypical ep-
oxy, polyurethane, and vinyl containment paints, established
that these paints released organic solvents when immersed in
water. The rate constant for release of organic solvents from
these surfaces was observed to be dependent on temperature
but relatively independent of paint or solvent type (3). Dis-
solution rate constants were also found to be unaffected by
radiation. The total amount of organic solvent released was
found to be a function of paint ageing, indicating that evapo-
rative losses of solvents from paints did occur over time.

The present study was undertaken to examine the effect of
coating thickness, wetted surface area : volume ratio, and
absorption of water on the dissolution kinetics of solvents
from painted surfaces. The paint used in the studies was
Amerlock 400, an epoxy resin based paint. Limited measure-
ments were also performed with Ripolin epoxy paint.

Experimental

Painted coupons were made from cylindrical slabs of car-
bon steel with a surface area of approximately 5.7 cm2. Each
coupon was sandblasted and then within 2 h was painted
with Amerlock 400 paint. Subsequently, additional layers of
coating were applied, each after the underlying layer had
been dried for the recommended curing time. Amerlock 400
epoxy paint consists of two separate components, a resin and
a curing agent. A thinner was used to reduce the viscosity of
the paint for application to the coupons. The main constitu-
ents for each of the Amerlock 400 epoxy paint components
are listed in Table 1. Amerlock painted coupons were stored
for a period of 4–7 months in a ventilated area at room tem-
perature (i.e., under conditions that did not inhibit solvent
release by evaporation).

Ripolin painted coupons were prepared in a similar man-
ner, with four coats of paint applied to give an approximate
coating thickness of 0.03 cm. Ripolin paint uses only water
as a thinner; however, the epoxy polyamide resin contains an
unspecified quantity of ketones and xylenes. Ripolin painted
coupons were stored for 6 years prior to being used.

The average thickness of successive layers of Amerlock
400 coating was determined by performing 30 paint-
thickness measurements on 6 coupons. Each coupon was
measured prior to painting and then measured after the ap-
plication of 5 successive coatings of paint. The measure-
ments, average thickness, and standard deviations are given
in Table 2.

Glass vessels with total volumes ranging from 385 to
455 cm3 were used for the experiments. Prior to each test the
vessels were baked at 500°C to remove any trace organic
compounds. One or two painted coupons were placed inside
a glass vessel, a known amount of distilled and deionized
water was added, and then the vessel was sealed and kept at
a constant temperature for a set period of time. The pH was
not controlled and did not change appreciably throughout
the experiment. The amount of water used in each vessel
was varied to maintain a gas–liquid volume ratio of approxi-
mately 6:1.

Dissolution studies were done at 25, 40, and 90°C. The
temperature was controlled by the use of a circulating water
bath for the 25 and 40°C tests. For the 90°C tests it was con-
trolled by the use of a heating tape, a variac power regulator,
and an insulated aluminum cylinder block. Each vessel was
fitted with an internal thermo-well that allowed temperature
monitoring of the liquid phase by thermocouples.

During the experiments, samples were taken at regular in-
tervals and analyzed using a Hewlett-Packard model 5890
gas chromatograph fitted with an O/I Analytical photoioni-
zation detector. The gas chromatography instrument was reg-
ularly calibrated using gas mixtures of known composition.

Vessels were sealed with a screw-on cap using a Teflon
seal and a Mininert push button valve with a replaceable
septum. The valve system allowed each vessel to remain
sealed while taking a gas sample. All gas samples were
taken using a Hamilton gas-tight syringe. At the conclusion
of some of the dissolution experiments at 90°C, coupons
with 1 and 2 coats of paint had formed blisters on the bot-
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Component Organic compound % by weight

Part A (Amerlock 400 White Resin) Aromatic hydrocarbons 5–10
Epoxy resin 30–60
Fatty amine carboxylate 1–5
Furfuryl alcohol 1–5
Methanol 1–5

Part B (Amerlock 400FD Cure) Nonyl phenol 10–30
Polyamide resin 5–10
Polyoxyalkyleneamine 1–5
Tri(dimethylaminomethyl) phenol 1–5
Xylene 10–30

Amercoat 65 Thinner Ethylbenzene 10–30
Xylenes 60–100

Note: As reported in Material Safety Data Sheets provided by manufacturer. Only hazardous materials are listed in the
table.

Table 1. Constituents of Amerlock 400 epoxy paint.

I:\cjc\cjc8107\V03-093.vp
July 9, 2003 2:42:58 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



tom surface of the coupon (the portion of the surface in con-
tact with the glass vessel). In dissolution experiments
performed on coupons containing only 1 coat of paint at
90°C, the coupons had rust spots showing through the
painted surface. It was also noticed that there was sometimes
a decrease in the concentration of organic solvents measured
in the gas phase during the latter stages of some of the 90°C
experiments. The concentration decrease suggests that there
were small leaks in the system. These leaks would be ex-
pected to have a larger impact on the gas phase concentra-
tions measured at higher temperatures, because a larger
portion of the inventory of the organic compound is in the
gas phase at higher temperatures.

Water absorption measurements were performed at vari-
ous temperatures between 25 and 60°C by placing a known
quantity of distilled, deionized water into a glass vessel
along with one Amerlock 400 epoxy painted coupon.
Limited measurements were also performed on coupons
painted with Ripolin epoxy paint. The glass vessel with wa-
ter and coupon was sealed and heated to the desired test
temperature. At specified time intervals, the glass vessel was
opened and the coupon was removed, surface dried, and
weighed. Following the weighing, the coupon was placed
back into the glass vessel with fresh distilled, deionized wa-
ter, sealed, and heated. The duration of each test varied de-
pending upon the test temperature and number of coats of
the Amerlock 400 epoxy paint on each coupon. Tests were
performed on coupons containing paint of varying thickness.
Attempts were made to measure water absorption at 90°C,
but at this temperature the paint became detached from the
underlying coupon structure. At this temperature the cou-
pons underwent an initial weight loss (greater than that ex-
pected, owing to release of solvents) and became bubbled
and cracked. The overall weight change as a result of water
absorption was also lower for the coupons at 90°C than
those at 25 and 60°C.

Measurements of the amount of organic solvent released
from the immersed coupons were performed by monitoring
gas-phase concentrations; therefore, partitioning of the sol-
vents between the gas and aqueous phase had to be ac-
counted for. The solvent-release kinetics were obtained by
assuming instantaneous equilibrium partitioning of the or-
ganic compounds between the gas and aqueous phase. Previ-
ous experimental studies have established that partitioning is
fast with respect to the dissolution process (3). Partition co-
efficients of 3.67, 3.91, and 6.11 (4) were assumed for ethyl
benzene, m-xylene, and o-xylene, respectively, at room tem-

perature. The partition coefficients at 40 and 90°C were
calculated from the reported values of ∆H/R (4) according to

[1] kHT = kH298 exp
∆H
R T K

1 1
298

−















where kHT and kH298 are the dimensionless Henry’s law con-
stants (dimensionless ratio between the aqueous phase con-
centration and the gas phase concentration) at temperatures
T and 298 K, respectively; R is the gas constant (J·K–1·mole–1);
and ∆H is the enthalpy of solution.

Results and discussion

Water uptake
Measurements were performed to determine the rate of

the uptake of water by painted coupons at several tempera-
tures, to compare the rate of absorption of water into the
polymer with the rate of dissolution of solvents out of the
polymer. The fractional uptake of water at various tempera-
tures is shown in Fig. 1. Water absorption by both Amerlock
and Ripolin painted coupons displays classical Fickian diffu-
sion behaviour (5). When the concentration of a sorbent at
the surface is kept constant, absorption into a membrane
containing an initial uniform concentration of the sorbent
can be represented by (5)

[2] k k
H
R T K

HT H298= −













exp

∆ 1 1
298

where Mt is the mass of sorbent in the film at time t, M∞ is
the equilibrium mass, D is the diffusion coefficient, t is the
time, and � is the film or paint thickness.

The solution can be approximated by

[3]
M
M

t

∞
=

2 2 1 2( / ) )/Dt t
M
M

t
� π at small values of (i. e., 0.5

∞
≤

[4]
M
M

t

∞
=

1
8 4 2− ≥−

∞π2
π2

e at large values of (i. e., 0.5Dt tt
M
M

/ )�
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Coating thickness

Coupon 1 coat 2 coats 3 coats 4 coats 5 coats

1 0.0051 0.010 0.015 0.020 0.028
2 0.010 0.013 0.020 0.023 0.036
3 0.0076 0.015 0.020 0.025 0.038
4 0.0076 0.013 0.020 0.025 0.036
5 0.0051 0.013 0.018 0.020 0.030
6 0.0051 0.010 0.015 0.020 0.028

Average 0.0068 0.012 0.018 0.022 0.033
Standard deviation 0.0029 0.0019 0.0023 0.0023 0.0043

Table 2. Measured coating thickness (in cm).
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From eq. [3], it can be seen that the slope of a plot of Mt/M∞
vs. 2t1/2/π1/2� for values of Mt/M∞ up to 0.5 can be used to
estimate the diffusion coefficient D. Plots of the fractional
uptake of water (Mt/M∞) as a function of 2t1/2/π1/2� at various
temperatures and paint thickness are shown in Fig. 2, and
the estimates for the diffusion coefficients obtained from
taking an average of several measurements at each tempera-
ture are listed in Table 3. Note that at a given temperature,
the curves for coatings of different thickness are, within ex-
perimental error, superimposable on one another.

An Arrhenius plot of the temperature dependence of the
diffusion coefficient is shown in Fig. 3. An activation energy
of 51 ± 7 kJ·mol–1 was estimated from the plot. Note that an
additional uncertainty in the value for D exists, owing to the
uncertainty in the coating thickness �, which varies by about
30% from coupon to coupon (see Table 2).

Solvent release
Previous solvent-release experiments performed on

painted coupons established that solvent evaporation from
paints was very slow under dry conditions and that signifi-
cant quantities of solvents (millimolar, based on paint vol-
ume) were retained in painted coupons aged for several
years (2, 3). In the presence of water, however, it was ob-
served that solvent was released relatively rapidly, indicating
that diffusion of the solvent out of the paint matrix was en-

hanced in the presence of water (2, 3). The dissolution of
methyl isobutyl ketone (MIBK) and other solvents from
polyurethane, vinyl, and epoxy paints was found to obey
simple first-order kinetics, with the total amount of solvent
released into the aqueous phase as a function of time ex-
pressed as4

[5] [ORG(aq)t] = [ORG(aq)∞]·(1 – exp(–kt))

where [ORG(aq)t] is the amount of solvent in the water at
time t; [ORG(aq)∞] is the amount of solvent released in total
at the end of the test (i.e., after dissolution is complete) and
is related to the amount of solvent initially in the paint;5 and
k is the pseudo-first-order rate constant for solvent release.

The current study has found that the dissolution of ethyl
benzene, m-xylene, and o-xylene from Amerlock 400 paint
immersed in water also obeys the same first-order kinetic
behaviour. Table 3 summarizes the rate constants k obtained
from non-linear regression analysis of experimental data
using eq. [5]. It also shows the total amount of solvent
ORG(p)∞ calculated6 to have been released at test end. Fig-
ure 4 shows typical fits to the data using eq. [5] and the val-
ues of [ORG(aq)∞] presented in Table 3. For a given set of
conditions, values determined for the rate constants (k) for
release of ethyl benzene, m-xylene, and o-xylene were statis-
tically indistinguishable. Consequently, an average value of
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Fig. 1. Fractional uptake of water by Amerlock 400 (epoxy) coupons (coating thickness 0.033 cm) at 25, 40, and 60°C.

4 Note that the release kinetics can also be expressed in terms of the amount of solvent in the gas phase.
5 The sum of the amounts of organic compound in the gas (ORG(g)∞) and aqueous (ORG(aq)∞) phases at test end will be equal to the amount
in the paint (ORG(p)0) at the start of the test (ORG(aq)∞ + ORG(g)∞ = ORG(p)0). The amount in each phase can be calculated from the con-
centrations by multiplying the concentration by the volume (e.g., ORG(g)∞ = [ORG(g) ∞] × Vg where Vg is the volume of the gas phase).
Using [ORG(g) ∞] = [ORG(aq) ∞]/H, where H is the partition coefficient, and solving the mass balance equation, one obtains

[ORG(aq
[ORG(p p

g aq

) ]
) ]

/
∞ =

⋅
+

0 V

V H V

6 ORG(p) is the total amount of solvent released. This was obtained by summing the total amount in the gas and aqueous phase at test end.
The amount in the gas phase at test end was calculated using non-linear least squares regression analysis of the data. The amount of solvent
in the aqueous phase was calculated from the final gas phase concentration by using the partition coefficient at the appropriate temperature.
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k is listed in Table 3 and was used to generate the data fits
shown in Fig. 4.

From Table 3, it is apparent that the rate constant, k, does
not depend upon surface area; i.e., within the error limits of
the coating thickness, the rate constant for solvent release
from one coupon with two coats of paint was the same as
from two coupons with two coats of paint. Intuitively, the
value of ORG(p)∞ should increase with increasing paint
thickness, since one would expect that a larger volume of
paint would lead to a greater amount of solvent being re-
leased. This general trend was observed in some instances,

with coupons containing four coats of paint releasing more
solvent than those containing only one coat of paint. How-
ever, in two cases, the amount of solvent released from cou-
pons containing only 1 coat of paint was similar or higher
than the amount released from coupons painted with 2 coats
of paint. Likewise, for a given paint thickness, the value of
ORG(p)∞ (total amount of solvent released at test end)
should increase with increasing surface area; therefore, the
overall amount of solvent released from two coupons with
one coat of paint each should be higher than from one cou-
pon with one coat of paint. This is not borne out by the data,
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Fig. 2. Plots of the fractional uptake of water (Mt/M∞) as a function of 2t1/2/π1/2
� at various temperatures and paint thicknesses. Lines

show a fit to the data using eq. [2].

Sample
No.

No. of
coupons

No. of
coats

Coating
thickness (µm)

T
(°C)

kb

(h–1)
e-benz(p)∞

a

(µmol)
m-xyl(p)∞

a

(µmol)
o-xyl(p)∞

a,c

(µmol) L
D
(10–6cm2·h–1)

1 1 1 68 ± 29 25 0.01 0.030 0.17 0.18 0.2 2.2
2 1 2 120 ± 19 25 0.005 0.084 0.42 0.42 0.2 2.2
3 1 2 120 ± 19 25 0.004 0.10 0.61 0.52 0.2 2.2
4 1 4 220 ± 23 25 0.003 0.12 0.72 0.6 1.5 2.2
5 1 1 68 ± 29 40 0.027 0.07 0.48 0.48 0.15 6
6 1 2 120 ± 19 40 0.012 0.08 0.54 0.53 0.4 6
7 1 2 120 ± 19 40 0.012 0.05 0.37 0.33 0.4 6
8 1 4 220 ± 23 40 0.01 0.18 1.45 1.05 1.5 6
9 1 1 68 ± 29 90 0.22 0.14 0.83 0.86 0.15 9d

10 1 2 120 ± 19 90 0.15 0.12 0.84 0.75 0.4 9d

11 2 1 68 ± 29 90 0.35 0.12 0.73 0.73 0.15 9d

12 2 2 120 ± 22 90 0.20 0.16 0.94 0.88 0.4 9d

13 1 4 220 ± 23 90 0.10 0.30 1.7 1.4 0.9 9d

ae-benz = ethyl benzene, o-xyl = o-xylene, m-xyl = m-xylene.
bk is an average value for ethyl benzene, o-xylene, and m-xylene.
co-xyl(p)∞ is the total amount of o-xylene released. This was obtained by summing the total amount in the gaseous and aqueous phases at test end. The

amount in the gas phase at test end was calculated using non-linear least squares regression analysis of the data. The amount of solvent in the aqueous
phase was calculated from the final gas phase concentration by using the partition coefficient at the appropriate temperature.

dEstimated from Arrhenius plots of diffusion coefficients obtained from 20 to 65°C.

Table 3. Summary of solvent-release data for immersed Amerlock 400 painted coupons.a
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however. In previous studies it was observed that there was
a wide variation in the amount of solvent released from cou-
pons covered with nominally uniform thickness of polyure-
thane, epoxy, and vinyl paints (3). This was attributed to
differences in the ageing of individual coupons, and the
same phenomena could be responsible for the fact that in
these studies, an increased immersed paint volume does not
necessarily lead to more solvent being released from the
paint.

The pseudo-first-order rate constant k, used to obtain a fit
of the data to eq. [5], was found to be inversely dependent
upon the coating thickness, with k increasing as coating

thickness decreased (Table 3). An inverse relationship be-
tween coating thickness and rate of uptake or evaporation
from the coating is indicative of a diffusion-controlled pro-
cess (5). Note that the magnitude of the values for the first-
order rate constant k measured in these experiments was
similar to those measured for MIBK release from coupons
coated with various paints but with similar paint thickness
(Table 4).

The effect of temperature on the pseudo-first-order rate
constant k for release of m-xylene from coupons having
three different coating thickness is shown in the Arrhenius
plot in Fig. 5. The average of the slopes of the three plots,
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Fig. 3. Arrhenius plot for the diffusion coefficient of water in Amerlock 400 painted coupons.

Fig. 4. Gas-phase concentrations of ethyl-benzene, m-xylene, and o-xylene from an Amerlock 400 painted coupon (coating thickness
0.022 cm) immersed in water at 25°C. The lines drawn through the data are those calculated using eq. [5].
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ln k vs. (1/T), provides an activation energy, Ea, of 50 ±
4 kJ·mol–1 for the dissolution process. This value is slightly
smaller than the average value of 65 ± 4 kJ·mol–1 reported
for m-xylene release from polyurethane, epoxy, and vinyl
painted surfaces (3). It was previously reported that, for a
given ageing time, the temperature-dependent dissolution
rate constant is nearly independent of the type of organic
solvent and the type of paint. The smaller activation energy
obtained from these experiments in comparison to previous
experiments would suggest otherwise; however they are
based on a considerably smaller sample size, and there were
some experimental difficulties associated with obtaining
measurements at 90°C. It is worth noting that the activation
energy estimated only from data at 25 and 40°C is 57 ±
5 kJ·mol–1. The small differences observed in the slopes of
the plots for coupons containing different numbers of coats
are not significant in view of the uncertainty in the width of
each coating layer (see Table 2).

A comparison of the rate of water uptake and solvent re-
lease is shown in Fig. 6. For a given thickness of paint, sol-
vent release is slower than water absorption. There is also a
delay between the onset of water absorption and solvent re-
lease, indicating that solvent diffusion out of the paint poly-
mer occurs only after water is adsorbed. These findings,
coupled with previous observations that significant quanti-
ties of solvent are retained for several years in painted cou-

pons not exposed to water (3), suggest that solvent release is
dependent upon the presence of water in the paint matrix.

Diffusion of water through various paints is expected to
have an activation energy ranging between 50 and 100 kJ·mol–1

(6) whereas the activation energy for diffusion of organic
compounds in water is lower (10–20 kJ·mol–1 (7)). The acti-
vation energy of 50 kJ·mole–1 for solvent release measured
in these studies suggests that the rate-determining step for
the process is transport of water by diffusion into the paint
matrix and not transport of the solvents through a diffusional
boundary layer in the water outside of the paint. Similar ob-
servations have been made for the release of ethyno-diol
from silicone polymers in the presence of polyethylene gly-
col (8) and for the release of various pharmaceuticals from
cross-linked polymer systems immersed in water (9). It
should also be noted that the average activation energy of
50 kJ·mol–1 estimated for solvent release from these experi-
ments is, within experimental error, very close in value to
the estimated activation energy (51 kJ·mol–1) for diffusion of
water through the paint.

The kinetics for solvent release shown in Fig. 4 can be ra-
tionalized by viewing the process as being analogous to sol-
vent evaporation from a membrane (5) in which the driving
force for transport of the solvent from inside the membrane
to the gas phase is the difference between the solvent con-
centration inside the membrane and the concentration on the
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T (°C)
Amerlocka

(epoxy) k (h–1)
Amercoat 66b

(epoxy) k (h–1)
Intravinyxb (vinyl,vinyl-
acetate) k (h–1)

Normacb (polyurethane)
k (h–1)

25 0.004 0.001 0.003 0.001
40 0.01 0.004 0.008 0.008
90 0.1 0.3 0.77 0.28

aCoupon thickness 0.022 ± 0.002 cm. k is the first-order rate constant used to obtain best fit (eq. [5]) to the data for release of
ethylbenzene, m-, and o-xylene.

bCoupon thickness ≈ 0.03 cm. k is the first-order rate constant used to obtain best fit (eq. [5]) to the data for release of methyl isobutyl
ketone. The first-order rate constant k for release of other organic compounds was similar.

Table 4. Comparison of rate constants for solvent release from various painted surfaces of similar thickness.a,b

Fig. 5. Arrhenius plot of the dissolution rate constants observed for the release of o-xylene from Amerlock 400 painted coupons.
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membrane exterior. In the case of immersed paint, the me-
dium is water rather than air, and the dissolution is depend-
ent upon the rate of diffusion of the water–solvent mixture
through the polymer. The driving force for water adsorption
is the water concentration differential between the interior
and exterior of the membrane. For solvent evaporation, the
diffusion equations for the rate of loss from the surface of a
membrane can be represented by

[6] − = −D
C
x

C C
∂
∂

α( )eq s

[7]
∂
∂

∂
∂

C
t

D
C
x

=
2

where Cs is the solvent concentration inside the membrane;
Ceq is the solvent concentration required to maintain equilib-
rium with the surrounding medium; and α is a constant of
proportionality7 (5).

Solving for the concentration of solvent at the water–paint
interface (x = 0) as a function of time leads to an expression
for the total amount of solvent leaving the interface as a
fraction of the corresponding quantity after infinite time

[8]
M
M

L Dt
L L

t n

n nn∞ =

∞

= − −
+ +∑1

2 2 2 2

2 2 2
1

exp( / )
( )

β
β β

�

where the βns are the positive roots of βtan(β) = L; L =�α /D;
Mt is the mass (or concentration) of a species in solution at
time t; M∞ is the final mass (or concentration) of the species
in solution; D is the diffusion coefficient of water inside the
polymer; t is the time; n is a positive integer; and � is the
film or paint thickness. That is, Mt is equivalent to

− ∫C dxs

x

0

where x is changing with time, owing to water diffusion into
the paint.

The solvent-release kinetics observed in Fig. 4 can be
modeled very accurately, using eq. [8] and assuming that the
diffusion coefficient for the solvent through the water poly-
mer mixture is the same as the diffusion coefficient obtained
from measurements of the uptake of water at the appropriate
temperature. Figure 7 shows a typical example of solvent-
release data and a comparison of the fit obtained using
eq. [8] to that obtained using the simple exponential fit in
eq. [5]. The models predict very similar time-release behav-
iour, and the subtle differences are well within the error in
the experimental measurements.

The exponential form of eq. [8] explains the observation
that solvent release from all of the paints we have studied
follows simple first-order kinetics. In fact, for the conditions
in our experiments, eq. [8] is approximately

[9]
M
M

Dtt

∞
= = −1 2 2exp( / )β �

Equation [9] is identical to eq. [5], with k replaced by
β2D/�2.

The relationship between the value k, the diffusion coeffi-
cient D, and the coupon thickness is not immediately obvi-
ous from eqs. [5] and [8]. However, within the error limits of
the data, an empirical relationship between the values for k
and D can be derived from the expression8

[10] k = 25 cm–1 D/�
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Fig. 6. Fractional uptake of water and release of m-xylene from Amerlock 400 painted (0.013 cm thick) coupons. The lines drawn
through the data are those calculated using eqs. [2] and [5].

7 The proportionality constant α can be viewed as being a mass transfer coefficient D/δx where δx is a diffusional boundary layer. α has the
units length × time–1.

8 Using k = β2D/� and the approximation β2 = L, which holds for values of L up to 1, the relationship k = LD/� or k = α /� can be derived. The
relationship in eq. [10] is therefore equivalent to stating that α = (25 cm–1) D.
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Values calculated for k, as compared with those obtained
from a best fit to the data, are listed in Table 5. The values
are in very good agreement for every experiment. The appli-
cability of eq. [10] to deriving the first-order rate constants
for solvent release from other paints, or paint aged for differ-
ent time periods, has not been established. However, for
measurements performed on the uptake of water by and re-
lease of methyl isobutyl ketone from Ripolin (epoxy) paint,
the relationship appears to hold (see Table 5). The correla-
tion between the value for k and the diffusion coefficient for
water uptake also supports the argument that solvent release
is dependent upon the rate of water uptake.

The observed difference between the rates of water uptake
and solvent release (Fig. 6) can be explained by the differ-
ence in the concentrations of the species at the interface be-
tween the paint and the water. For water absorption, the
concentration of the sorbent (i.e., water) at the paint–
solution interfacial boundary is constant. The water concen-
tration within the diffusional boundary layer (i.e., inside the
paint) is also constant, although the length of the boundary
layer changes with time. The net driving force for water dif-
fusion is therefore always large; water is always diffusing
from an area of constant concentration into an area of zero
concentration. In the case of solvent release, the concentra-
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Fig. 7. Fractional release of solvents from an immersed coupon painted with two layers of Amerlock 400 paint at 25°C. Lines show
the fit of the data using eqs. [5] and [8].

Sample
No.

Paint
type

Thickness
(µm)

T
(°C)

D
(10–6cm2h–1)

kcalcd
a

(h–1)
kfit

b

(h–1)

1 Amerlock 68 25 2.4 0.0088 0.010
2, 3 Amerlock 120 25 2.4 0.005 0.005
4 Amerlock 220 25 2.4 0.0027 0.003
5 Amerlock 68 40 6 0.022 0.03
6, 7 Amerlock 120 40 6 0.013 0.012
8 Amerlock 220 40 6 0.007 0.010
9, 11 Amerlock 68 90 9 0.33 0.22, 0.35c

10, 12 Amerlock 120 90 9 0.19 0.20
13 Amerlock 220 90 9 0.1 0.10
14 Ripolin 33 40 6 0.045 0.040

aCalculated from eq. [10] and the measured diffusion coefficient of water in the polymer.
bk used in eq. [5] to fit the solvent-release data (methyl isobutyl ketone in the case of Ripolin paint; m-, o-xylene, and

ethylbenzene in the case of Amerlock 400 paint) from immersed surfaces.
cTwo samples gave slightly different values.

Table 5. Comparison of values for first-order rate constant k.
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tion gradient of the solvent decreases as time proceeds, be-
cause the solvent concentration in solution (and therefore at
the water paint interface) continually increases. This de-
crease in the concentration gradient reduces the driving
force for the net diffusion of the solvent out of the paint. As
a result, diffusion of solvent out of the paint matrix is al-
ways slower than diffusion of water into the matrix.

A number of mechanisms have been proposed for solvent
release from, or solute uptake into, immersed surfaces.
Pseudo-first-order kinetic behaviour has been observed for
the release or uptake of dyes into natural and synthetic poly-
mers (9) and the release of drugs from various gels (8).
Models for the kinetic behaviour vary, however. Some mod-
els incorporate moving boundary layer analysis, in which a
diffusional boundary layer exists between a water front ad-
vancing into a membrane and the edge of the membrane (8).
Other analyses incorporate an assumption that there is a
thick skin on the membrane that inhibits diffusion (9), and
still others assume that there is a diffusional boundary layer
on the outside of the membrane (9). What the models all
have in common is that release or uptake of a water-soluble
substrate by a given material is primarily dependent upon
the rate of diffusion of the solvent–water mix in the material.
The dependence on the rate of diffusion of water is believed
to arise because the movement of materials through the
polymer requires that the polymer segments are mobile. Ab-
sorption of water is believed to significantly enhance poly-
mer segment mobility and, therefore, transport of materials
through the polymer by relaxing and swelling the paint ma-
trix (7–9).

In transport of dyes or drugs through polymers, the uptake
or release of a substrate dissolved in solvent has been ob-
served to be somewhat dependent also upon other factors be-
sides the rate of diffusion of water in the polymer (7–9).
These factors are: (a) the diffusion coefficient of the sub-

strate in water; (b) the size of the substrate; and (c) the size
exclusion characteristics of the polymer.

None of these factors have been examined in detail in the
present study. However, the solvent-release rate constants for
ethyl benzene and o- and m-xylene from Amerlock 400 were
very similar, and previous studies (3) on polyurethane, ep-
oxy, and vinyl containment paints established that solvent-
release rate constants for a very wide range of solvent types
(e.g., chlorinated hydrocarbons, aldehydes, ketones, and aro-
matic hydrocarbons) were relatively independent of the na-
ture of the solvent (see Figs. 8 and 9). The independence of
the solvent-release rate constant on the nature of the solvents
from all of these experiments is not surprising given that the
diffusion coefficients of small organic molecules in water
span a very narrow range (10).

In all of the studies performed to date on the release of
solvents from containment paints, the rate constant (k) ap-
pears to be relatively independent of paint type. If, as the
current studies indicate, the rate constant is dependent upon
the diffusion coefficient of water in the polymers, the inde-
pendence of the rate constant on paint type implies that the
diffusion coefficient of water in all of the paints is similar.
The independence of solvent release on paint type also im-
plies that, under the conditions of our experiments (and
those expected in containment), the solvent-release rate is
independent of the size exclusion characteristics of the poly-
mer.

Conclusions

The release of solvents from Amerlock 400 painted cou-
pons exhibits the same pseudo-first-order behaviour as the
rate of release of other solvents from polyurethane, vinyl,
and epoxy paints. The release rate is dependent upon the rate
of water uptake by the coupons and can be modelled by as-
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Fig. 8. Normalized release rate of m-xylene, MIBK, and toluene from vinyl painted zinc-primed coupons immersed in water at 25°C
and at pH 10. The lines drawn through the data are those calculated using eq. [5].
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suming Fickian diffusion kinetics (5). The pseudo-first-order
rate constant (k) was found to be inversely proportional to
the coating thickness. A value for k for the coupons used in
this study can be estimated from the relationship k = (25 cm–1)
D/�, where D is the diffusion coefficient of water in the
paint and � is the paint thickness. The activation energy for
solvent release does not appear to depend upon the coating
thickness (Fig. 5).

Values of k for solvent release from immersed Amerlock
400 paint are similar to those determined for release of
methyl isobutyl ketone from polyurethane, vinyl, and epoxy
containment paints, implying that the diffusion coefficient
for water in these paints is very similar to that in Amerlock
400. The insensitivity of the solvent-release kinetics to sol-
vent type or paint type suggests that it might be possible to
construct a model for dissolution of solvents from contain-
ment paints that will be applicable to all containment paints.
This study, in agreement with previous studies, indicates that
the rate for solvent release can be described by eq. [5] and

[11] D D
E

T T
T = − −























298
1 1

298
exp

∆
K

where DT and D298 are the diffusion coefficients of water in
the paint at temperatures T and 298 K, respectively.

A comprehensive study on the activation energy (∆E) for
water absorption by paint and the amount of solvent initially
in the paint, as a function of paint ageing, is currently being
performed.
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2-Thiophen-2-ylbenzothiazole, -benzoxazole, and
-benzimidazole platinum complexes

Xiao-Feng He, Christopher M. Vogels, Andreas Decken, and Stephen A. Westcott

Abstract: Oxidative cyclization of 2-aminothiophenol, 2-aminophenol, and 1,2-phenylenediamine with 2-
thiophenecarboxaldehyde affords the corresponding 2-thiophen-2-ylbenzothiazole, -benzoxazole, and -benzimidazole
compounds. Addition of these ligands (L) to [PtCl2(coe)]2 (coe = cis-cyclooctene) gives complexes of the type trans-
PtCl2L(coe) in moderate yields. Crystals of the benzothiazole derivative (1) were monoclinic, space group P2(1)/c, a =
11.561(4) Å, b = 15.335(15) Å, c = 11.769(4) Å, β = 105.182(5)°, Z = 4.

Key words: platinum, imine, benzothiazole, benzoxazole, benzimidazole.

Résumé : La cyclisation oxydante du 2-aminothiophénol, du 2-aminophénol et de la 1,2-phénylènediamine avec le 2-
thiophènecarboxaldéhyde fournit les composés correspondants : le 2-thiophène-2-ylbenzothiazole, le benzoxazole et le
benzimidazole. L’addition de ces ligands (L) sur le [PtCl2(coe)]2 (coe = cyclooctene cis) donne des complexes du type
PtCl2L(coe) trans avec des rendements modérés. Les cristaux du dérivé du benzothiazole (1) sont monocliniques et ap-
partiennent au groupe d’espace P2(1)/c, avec a = 11,561(4) Å, b = 15,335(15) Å, c = 11,769(4) Å, β = 105,182(5)°,
Z = 4.

Mots clés : platine, imine, benzothiazole, benzoxazole, benzimidazole.

[Traduit par la Rédaction] He et al. 865

Introduction

Since the discovery that cisplatin (cis-[PtCl2(NH3)2]) can
be used as an effective treatment against testicular, ovarian,
and head and neck carcinomas, considerable research has fo-
cussed on designing new platinum-based drugs with im-
proved therapeutic regimes (1–10). The generation of most
platinum complexes for this application was based on an
early structure–activity relationship which stated that poten-
tially active complexes should be neutral and contain two in-
ert amine ligands (with at least one N—H bond) in the cis
orientation and two semilabile leaving groups (11). More re-
cent work, however, has shown that derivatives of transplatin
(trans-[PtCl2(NH3)2]) also show significant cytotoxicities,
paving the way for future studies on trans-Pt complexes
(12–17). Our interest in making platinum complexes con-
taining biologically active ligands (18), along with the dis-
covery that [PtCl2(coe)]2 (coe = cis-cyclooctene) can be used
as an organic soluble starting material to generate both cis-
bidentate and trans-monodentate amine dichloroplatinum
complexes, prompted us to investigate its reactivity with 2-

thiophen-2-ylbenzothiazole, -benzoxazole, and -benzimid-
azoles. The results of which are presented within.

Experimental

Reagents and solvents used were obtained from Aldrich
Chemicals. Platinum salts were obtained from Precious
Metals Online Ltd. [PtCl2(coe)]2 was prepared by estab-
lished procedures (19). NMR spectra were recorded on a
JEOL JNM-GSX270 FT NMR spectrometer. 1H NMR
chemical shifts are reported in ppm and referenced to resid-
ual protons in deuterated solvent at 270 MHz. 13C NMR
chemical shifts are referenced to solvent carbon resonances
as internal standards at 68 MHz. Multiplicities are reported
as singlet (s), doublet (d), triplet (t), quartet (q), multiplet
(m), broad (br), and overlapping (ov). Infrared spectra were
obtained using a Mattson Genesis II FT IR spectrometer and
reported in cm–1. Melting points were measured uncorrected
with a Mel-Temp apparatus. Microanalyses for C, H, and N
were carried out at Chemisar Laboratories Inc. (Guelph,
Ontario). All reactions were carried out in the air and prod-
ucts are stable indefinitely under such conditions.

General procedure for the preparation of complexes 1–3
The starting benzothiazole (20), benzoxazole (20), and the

benzimidazole (21) compounds were prepared by estab-
lished procedures.

Complex 1
2-Thiophen-2-ylbenzothiazole (62 mg, 0.29 mmol) in

10 mL of CH2Cl2 was added dropwise to a stirred solution
of [PtCl2(coe)]2 (100 mg, 0.13 mmol) in 10 mL of CH2Cl2.
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The reaction mixture was heated at reflux for 7 h, at which
point the solvent was removed under vacuum to afford a yel-
low solid. Ethanol (2 × 3 mL) was used to wash the solid.
Yield: 97 mg (63%); mp 165°C (decomposition). IR (Nujol):
2964 (s), 2935 (s), 2902 (s), 2872 (s), 1527 (m), 1456 (s),
1412 (s), 1377 (s), 1319 (m), 1277 (m), 1230 (m), 1159 (w),
1126 (w), 1065 (w), 943 (m), 831 (m), 760 (s), 719 (s), 609
(w), 569 (w), 528 (m). 1H NMR (CDCl3) δ: 9.02 (d, J =
8 Hz, 1H), 8.06 (dd, J = 4, 2 Hz, 1H), 7.83–7.79 (ov m, 2H),
7.66 (ov dt, J = 8, 2 Hz, 1H), 7.50 (ov dt, J = 8, 2 Hz, 1H),
7.21 (t, J = 8 Hz, 1H), 5.74 (m, JH-Pt = 62 Hz, 2H, -CH=CH-),
2.65 (br m, 2H), 2.52 (br m, 2H), 1.92 (br m, 2H), 1.49
(br m, 6H). 13C NMR (CDCl3) δ: 164.0, 149.7, 133.6, 133.1,
132.8, 131.1, 128.1, 127.8, 127.0, 123.6, 121.7, 95.4 (-CH=CH-),
29.3, 28.3, 26.3. Anal. calcd. for PtCl2C19H21NS2: C 38.45,
H 3.57, N 2.36; found: C 38.64, H 3.58, N 2.33.

Complex 2
2-Thiophen-2-ylbenzoxazole (30 mg, 0.15 mmol) in

10 mL of CH2Cl2 was added dropwise to a stirred solution
of [PtCl2(coe)]2 (59 mg, 0.08 mmol) in 10 mL of CH2Cl2.
The reaction mixture was heated at reflux for 7 h, at which
point the solvent was removed under vacuum to afford a red
solid. Ethanol (2 × 3 mL) was used to wash the solid. Yield:
38 mg (42%); mp 170°C (decomposition). IR (Nujol): 3064
(w), 2947 (s), 2906 (s), 2868 (s), 1605 (m), 1574 (s), 1468
(s), 1454 (s), 1416 (m), 1379 (m), 1356 (m), 1298 (w), 1254
(m), 1232 (m), 1171 (m), 1078 (m), 1041 (m), 997 (w), 955
(w), 924 (w), 852 (m), 796 (m), 764 (s), 658 (w), 604 (w),
567 (w), 528 (m). 1H NMR (CDCl3) δ: 8.51 (d, J = 4 Hz,
1H), 8.29 (d, J = 8 Hz, 1H), 7.87 (d, J = 4 Hz, 1H), 7.63–
7.49 (ov m, 3H), 7.30 (d, J = 4 Hz, 1H), 5.80 (m, JH-Pt =
64 Hz, 2H, -CH=CH-), 2.73 (br m, 2H), 2.56 (br m, 2H),
1.92 (br m, 2H), 1.53 (br m, 6H). 13C NMR δ: 159.1, 149.0,
137.9, 134.9, 134.6, 128.4, 127.2, 126.3, 125.4, 119.6,
111.2, 96.0 (-CH=CH-), 29.3, 28.3, 26.3. Anal. calcd. for
PtCl2C19H21NSO: C 39.52, H 3.67, N 2.43; found: C 39.60,
H 3.74, N 2.45.

Complex 3
2-Thiophen-2-ylbenzimidazole (27 mg, 0.13 mmol) in

10 mL of CH2Cl2 was added dropwise to a stirred solution
of [PtCl2(coe)]2 (50 mg, 0.07 mmol) in 10 mL of CH2Cl2.
The reaction mixture was heated at reflux for 7 h, at which
point the solvent was removed under vacuum to afford a yel-
low solid. Ethanol (2 × 3 mL) was used to wash the solid.
Yield: 32 mg (40%); mp 210°C (decomposition). IR (Nujol):
3199 (m), 3180 (m), 2920 (s), 2860 (s), 1566 (m), 1498 (w),
1458 (s), 1377 (s), 1319 (m), 1286 (m), 1234 (m), 1173 (w),
1151 (w), 1117 (w), 1005 (w), 958 (w), 926 (w), 843 (m),
820 (w), 798 (w), 756 (s), 739 (s), 700 (s), 669 (w), 636 (w),
609 (w), 569 (w), 528 (w). 1H NMR (CDCl3) δ: 10.51 (s,
1H), 8.22 (d, J = 8 Hz, 1H), 7.43–7.39 (ov m, 2H), 7.22 (t,
J = 8 Hz, 1H), 6.98–6.87 (ov m, 2H), 6.68 (t, J = 8 Hz, 1H),
5.75 (m, JH-Pt = 62 Hz, 2H, -CH=CH-), 2.68 (br m, 2H),
2.60 (br m, 2H), 1.92 (br m, 2H), 1.54 (br m, 6H). 13C NMR
(CDCl3) δ: 145.6, 139.4, 131.8, 130.6, 130.4, 127.8, 127.6,
125.2, 123.9, 118.0, 111.5, 95.7 (-CH=CH-), 29.4, 28.2,
26.4. Anal. calcd. for PtCl2C19H22N2S: C 39.56, H 3.85, N
4.86; found: C 39.70, H 3.88, N 4.78.

X-ray crystallography
Crystals of 1 were grown from a saturated acetone solu-

tion at 5°C. Single crystals were coated with Paratone-N oil,
mounted using a glass fibre, and frozen in the cold stream of
the goniometer. A hemisphere of data were collected on a
Bruker AXS P4/SMART 1000 diffractometer using ω and θ
scans with a scan width of 0.3° and 10 s exposure times. The
detector distance was 5 cm. The data were reduced (22) and
corrected for absorption (23). The structure was solved by
direct methods and refined by full-matrix least-squares on F2

(24). All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were located in Fourier difference maps
and refined isotropically.

Results and discussion

2-Arylbenzothiazole derivatives are an important class of
biologically active compounds (25–30). For instance, the un-
usual antitumor activity associated with 2-(4-amino-
phenyl)benzothiazole was originally discovered in a program
designed for screening tyrosine kinase inhibitors (31). Ana-
logues possessing superior growth inhibitory properties have
since been synthesized and their biological profiles are un-
like that of any known anticancer agent (32). Analysis of the
structure–activity relationship identified the benzothiazole
unit as being essential for potent activity.

Our interest in generating platinum compounds with
biologically active carrier ligands prompted us to make com-
plexes containing arylbenzothiazole, and related benzoxa-
zole and benzimidazole groups. Our initial efforts in this
area focussed on thiophene derivatives a–c as compounds
containing a thiophene group have also shown remarkable
biological activities (33, 34) and can act as ligands by bind-
ing through the sulfur atom (35). Compounds a–c were pre-
pared by the oxidative cyclization of the appropriate Schiff
bases (20, 21).

Addition of benzothiazole a to a solution of [PtCl2(coe)]2
in CH2Cl2 gave the novel organometallic complex trans-
PtCl2(coe)(a) (1) in moderate yields (63%, Scheme 1). NMR
spectroscopic data confirmed the presence of a bound coe
group. For instance, 1H NMR data showed a broad peak at δ
5.74 ppm attributed to the olefinic C—H bonds and platinum
coupling (JH-Pt = 62 Hz) suggests that the cyclooctene unit is
still coordinated to the metal centre. Similarly, the coordi-
nated alkene shows up at δ 95.4 ppm in the 13C NMR spec-
tra.

Although NMR data can be used to confirm the coordina-
tion of the cyclooctene group, it cannot unambiguously show
how the thiophene benzothiazole unit is bound to the metal

© 2003 NRC Canada
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Scheme 1. Synthesis of organometallic platinum 2-thiophen-2-yl-
benzothiazole derivatives 1–3.
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centre. We therefore conducted an X-ray diffraction study
on 1 (Fig. 1). Crystallographic data are given in Table 13

and selected bond distances and angles shown in Table 2.
The benzothiazole ligand is bound to the metal through the
imine nitrogen with a nitrogen–platinum bond distance of
2.064(7) Å, similar to those reported in other platinum–
imine complexes (14, 36, 37). Slightly longer Pt—N bond
distances have been observed in related five-coordinate
[PtMe(cod)(N-N)]BF4 (cod = 1,5-cyclooctadiene, N-N =
diimine) complexes (38). The structure confirms the pres-

© 2003 NRC Canada
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Fig. 1. Molecular structure of 1 showing the atomic labeling
scheme and 30% probability displacement ellipsoids with hydro-
gen atoms omitted for clarity.

Complex 1
Formula C19H21Cl2NPtS2

fw 593.48
Crystal system Monoclinic
Space group P2(1)/c
a (Å) 11.561(4)
b (Å) 15.335(15)
c (Å) 11.769(4)
β (°) 105.182(5)
V (Å3) 2013.6(11)
Z 4
ρcalcd (mg m–3) 1.958

Crystal size (mm3) 0.275 × 0.35 × 0.525
Temperature (K) 198(1)
Radiation MoKα (λ = 0.71073)
µ (mm–1) 7.444
Total reflections 9026
Total unique relections 3384
No. of variables 226
Rint 0.0810

θ range (°) 1.83 to 24.99
Largest difference peak/hole (e Å–3) 2.436/–1.762
S (GoF) on F2 1.142
R1a (I > 2σ(I)) 0.0398
wR2b (All data) 0.1086

aR1 = ∑(|Fo| – |Fc||/∑|Fo|.
bwR2 = (∑[w(Fo

2 – Fc
2)2]/∑[wFo

4])1/2, where w = 1/[σ2(Fo
2) +

(0.0285P)2 + (14.809P)], where P = (max (Fo
2, 0) + 2Fc

2)/3.

Table 1. Crystallographic data collection parameters for 1.

Bond lengths (Å)

Pt—N(1) 2.064(7)
Pt—C(13) 2.159(8)
Pt—C(14) 2.179(8)
Pt—Cl(2) 2.300(2)
Pt—Cl(1) 2.303(2)
N(1)—C(2) 1.298(11)
C(2)—S(3) 1.746(9)
C(3A)—S(3) 1.747(9)
C(8)—S(9) 1.710(9)
S(9)—C(10) 1.696(9)
C(2)—C(8) 1.459(12)
C(10)—C(11) 1.349(14)
C(11)—C(12) 1.409(14)
C(13)—C(14) 1.367(11)
Bond angles (°)

N(1)-Pt-C(13) 161.4(3)
N(1)-Pt-C(14) 161.3(3)
C(13)-Pt-C(14) 36.7(3)
N(1)-Pt-Cl(2) 88.05(19)
C(13)-Pt-Cl(2) 95.7(2)
C(14)-Pt-Cl(2) 94.1(2)
N(1)-Pt-Cl(1) 88.60(19)
C(13)-Pt-Cl(1) 87.7(2)
C(14)-Pt-Cl(1) 88.9(2)
Cl(2)-Pt-Cl(1) 176.60(8)
C(2)-N(1)-C(7A) 112.0(7)
C(2)-N(1)-Pt 126.4(6)
C(7A)-N(1)-Pt 121.1(6)
N(1)-C(2)-C(8) 127.2(8)
N(1)-C(2)-S(3) 114.6(7)
C(8)-C(2)-S(3) 118.2(6)
C(7A)-C(3A)-C(4) 121.8(8)
C(7A)-C(3A)-S(3) 110.0(6)
C(4)-C(3A)-S(3) 128.2(7)
C(2)-S(3)-C(3A) 89.3(4)
C(3A)-C(7A)-N(1) 114.1(8)
C(7)-C(7A)-N(1) 123.4(8)
C(12)-C(8)-S(9) 110.1(7)
C(2)-C(8)-S(9) 124.4(6)
C(10)-S(9)-C(8) 92.1(4)
C(11)-C(10)-S(9) 112.9(7)

Table 2. Selected bond lengths (Å) and angles
(°) for 1.

3 Supplementary material may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Coun-
cil Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). Crystal-
lographic information has also been deposited with the Cambridge Crystallographic Data Centre (CCDC 205641). Copies of the data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, U.K.; fax: +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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ence of the trans cyclooctene group, showing a typical Pt—
C bond distance of 2.169(8) Å (19). The carbon–carbon
bond distance of 1.367(11) Å shows a slight weakening be-
cause of π-backbonding from the metal to the empty π* or-
bital of the alkene (39). A Pt-S(9) distance of 3.110(3) Å
precludes any significant interaction of the metal with the
thiophene group.

Complex 1 was heated at reflux in toluene in the presence
of excess ligand for prolonged periods of time in an effort to
remove the bound cyclooctene group and generate cis-
PtCl2(2-thiophen-2-ylbenzothiazole). No changes were ob-
served by 1H NMR spectroscopy, however, and attempts to
generate this latter complex by addition of 2-thiophen-2yl-
benzothiazole to aqueous solutions of K2PtCl4 also proved
unsuccessful and resulted in the generation of several new
products. Similar decomposition products arising from a ring
opening of the benzothiazole have been reported previously
(40, 41).

Platinum complexes 2 and 3 were prepared as described
for 1, and displayed similar spectroscopic characteristics.
For instance, a significant chemical shift is observed for the
alkene peaks in the 1H NMR when the imine is trans to the
cyclooctene group (5.80 ppm for 2 and 5.75 ppm for 3; cf.
5.62 ppm for free coe). The olefinic carbons are observed at
96.0 ppm (2) and 95.7 ppm (3) in the 13C NMR spectra,
compared to 130 ppm for free coe.

Interestingly, recent studies have shown that certain trans
imine complexes display cytotoxicities against both
cisplatin-sensitive and cisplatin-resistant cell lines (42–44).
With this in mind, we will examine complexes 1–3 for their
potential anticancer activities, the results of which will be
published in due course.
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Determination of potential energy functions of
argon, krypton, and xenon via the inversion of
reduced-viscosity collision integrals at zero
pressure1

Elaheh K. Goharshadi, Mina JamiAlahmadi, and Bijan Najafi

Abstract: The pair potential energy functions of argon, krypton, and xenon have been determined via the inversion of
reduced-viscosity collision integrals at zero pressure. A comparison of the potentials with the previously determined
potentials are included. The viscosity and thermal conductivity of argon, krypton, and xenon at different temperatures
and pressures have been calculated and compared with experimental values. The present potentials for argon, krypton,
and xenon provide a good overall account of the experimental properties of these compounds, considering the stated
uncertainty in the measurements.

Key words: potential energy function, collision integral, viscosity, thermal conductivity.

Résumé : On a déterminé la paire de fonctions d’énergie potentielle de l’argon, du krypton et du xénon en utilisant
l’inversion des intégrales de collision à viscosité réduite et à pression nulle. On inclut une comparaison des potentiels
avec ceux déterminés antérieurement. On a calculé la viscosité et la conductivité thermique de l’argon, du krypton et
du xénon à différentes températures et à différentes pressions et on les a comparées aux valeurs expérimentales. Les
potentiels actuels de l’argon, du krypton et du xénon fournissent une bonne analyse des propriétés expérimentales de
ces composés en tenant compte de l’incertitude reconnue de ces mesures.

Mots clés : fonction d’énergie potentielle, intégrale de collision, viscosité, conductivité thermique.

[Traduit par la Rédaction] Goharshadi et al. 871

Introduction

Molecular interactions are the key to understanding the
structure and properties of liquids and solids and the proper-
ties of gases.

There are two fundamental methods for obtaining the
potential energy functions, theoretical calculations and ex-
perimental measurements of macroscopic and microscopic
properties of matter such as gas imperfection, spectroscopic
methods, molecular beam scattering measurements, and
transport properties.

There exists two ways for extracting the potential energy
function from experimental data. One is a fitting procedure
and the other is an inversion method. A potential model with
a few adjustable parameters is assumed in fitting procedures.
The parameters of the potential model are varied so as to ob-
tain the optimum agreement between experiment and theory.
The potentials from this method do not appear to be unique.
Specific information about a potential energy function can
be extracted by the inversion of experimental data. In partic-
ular, direct inversion techniques for the determination of po-

tential from data on molecular transport properties and sec-
ond virial coefficients that do not require any explicit
assumption to be made about the functional form of the po-
tential have been developed (1–4).

Knowledge of pair potentials in addition to three-body in-
teractions is sufficient to reproduce the thermodynamic pro-
perties of argon, krypton, and xenon through a wide range of
temperatures and pressures (5–7). For example, Anta et al.
(5) have showed that the combination of an accurate pair po-
tential plus three-body interactions reproduces the gas–liquid
coexistence curve of argon. These authors also indicated
that, when an inaccurate pair potential such as Lennard-
Jones is combined with the three-body interactions, the cal-
culated curve deviates appreciably from the experimental
data.

The main purpose of the present paper is to determine ac-
curate pair potential energy functions of argon, krypton, and
xenon by inversion of the reduced-viscosity collision inte-
grals at zero pressure.

The second objective of the work is to present the tables
of collision integrals at zero pressure that are needed in eval-

Can. J. Chem. 81: 866–871 (2003) doi: 10.1139/V03-095 © 2003 NRC Canada
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uating the transport coefficients of argon, krypton, and xe-
non at any pressure.

Finally, we have calculated the viscosity and thermal con-
ductivity for argon, krypton, and xenon at different tempera-
tures and pressures.

Theory

Inversion procedure from viscosity data
The macroscopic properties of gases can be explained in

terms of the motion and interaction of molecules. Enskog
and Chapman developed this theory for transport properties
of monatomic dilute gases (8, 9). The most significant fea-
ture of their theory is that each transport coefficient of the
gas or gas mixture can be expressed in terms of a series of
collision integrals, namely Ω(l,s)(T) (characterized by the val-
ues of l and s), over the intermolecular potential for each of
the possible binary encounters in the system. For example,
viscosity of a pure monatomic gas is related to Ω(2,2), and
the binary diffusion depends on Ω(1,1). The collision integrals
are determined by the dynamics of binary collisions between
molecules and hence depend upon the intermolecular poten-
tial itself. All of the information about the intermolecular
potential from transport coefficients is therefore contained in
the collision integrals. Of the transport coefficients, the vis-
cosity has proved the easiest to measure accurately.

The kinetic theory expression for the coefficient of viscos-
ity of a pure dilute monatomic gas of molecular mass m at a
temperature T is

[1] η
π

η= 5
16 2 2

m kT

T
f

Ω( , )( )

where k is the Boltzmann constant and fη represents the
higher-order correction to the first order kinetic theory ap-
proximation (8).

The temperature-dependent collision integral Ω(2,2) for
monatomic gases is explicitly related to V(r) through the fol-
lowing classical mechanical expressions (9):

[2] Ω( ( ) /

( )
( )2,2) T( ) e dT

kT
Q E E EE k= −

°

∞
∫1

6 4
2 3

[3] Q E b b( )( ) ( cos )2 23 1= −
°

∞
∫π χ d

and

[4] χ π(b,E) b
b
r

V r
E

r
rr

= − − −








−
∞

∫2 1
2

2

1 2

2

( )
/

o

d

where E is the relative kinetic energy of a pair of colliding
molecules, Q(2)(E) is a transport cross section, b is the im-
pact parameter, χ is the scattering angle, and ro is the classi-
cal distance of closest approach in a collision.

It is convenient to define reduced collision integrals
Ω (2,2)*(T*) by

[5] Ω(2,2)*(T*) = Ω (2,2)(T)/ Ω rs
(2,2)(T)

where Ωrs
(2,2) (T) is the collision integral for rigid spheres of

diameter σ,

[6] Ωrs
(2,2)(T) = πσ2

and the reduced temperature, T*, is defined by T* = kT/ε,
where ε is the potential well depth.

The direct inversion procedure for the viscosity is based
on the idea that at a given temperature the values of Ω(2,2)*

are determined by the potential over only a small range of
separation distance around a value ro (1, 2). For a given po-
tential it is always possible to make this idea exact by defin-
ing a function Gη such that

[7] Ω(2,2)* = πro
2

and

[8] V(ro) = Gη T*

The parameter Gη depends almost entirely on the single
variable T* and is only weakly dependent on other features
of the potential (1). Finding V(r) from Ω(2,2)* is straightfor-
ward when ε is unity. A reasonable potential model is cho-
sen to start the iteration, from which trail values of V(ro) are
calculated, and so on until convergence is obtained and the
Ω(2,2)* calculated from the potential agrees with the corre-
lated values within some predicted limit over the available
temperature range. An initial estimate of Gη is calculated
from Table 1 of ref. 10. Convergence is usually obtained af-
ter only two iterations.

The inversion method based on viscosity collision
integrals usually utilizes the principle of corresponding
states (11, 12) for obtaining the interaction potential. It has
been proved that these principles are capable of correlating
the equilibrium and transport properties of noble gases,
some polyatomic gases, and multi-component mixtures over
a very wide temperature range with an accuracy comparable
to the best measurements (11, 12).

The initial density dependence of transport properties
The physical properties of moderately dense gases may be

expanded in powers of the density ρ by expressions of the
form:

[9] X(P,T) = Xo(T) [1+ BX(T)ρ + …]

where Xo(T) is the zero-density physical property.
For example, the pressure P and the viscosity η are ex-

panded as

[10] P = ρkT (1 + Bρ + …)

[11] η = ηo (1 + Bηρ + …)

where B is the second pressure virial coefficient. ηo repre-
sents the zero-density viscosity coefficient. Bη is the second
viscosity virial coefficient.

According to the theory of Rainwater and Friend (13, 14),
the second transport virial coefficient, Bx (x can be viscosity
(η), thermal conductivity (λ ), etc.), consists of three contri-
butions:

[12] Bx = Bx
( )2 + Bx

( )3 + Bx
( )M D−

where Bx
( )2 is the contribution of two free monomers, Bx

( )3

represents the effect of three monomers contribution, and
Bx

( )M D− is the contribution from monomer–dimer collisions.
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Najafi and his colleagues (15) have calculated the second
viscosity virial coefficient of the noble gases based on the
Rainwater–Friend theory. Their results implied that there
may be a universal function for the calculation of Bη for all
noble gases at moderate densities over a wide temperature
range. According to this correlation, the reduced second vis-
cosity virial coefficient, Bη

* (Bη
* � Bη /σ3), is the universal

function of (T*)–i in the form of a sixth order polynomial:

[13] B b Ti
i

iη
* *( )= −

=∑ 1

6

where bi is the coefficient of the universal correlation func-
tion. The values of bi for the noble gases were given in
ref. 15. The viscosity of moderately dense gases at a speci-
fied temperature and density can be calculated via the equa-
tion:

[14] η = ηo (1+ NAσ3Bη
* ρ)

where NA is Avogadro’s number, σ is the collision diameter,
and ρ is the density.

Najafi et al. (16) have extended eq. [17] to a very high
density range (up to 40 mol dm–3 and 900 MPa) by the fol-
lowing equation:

[15] η = η σ ρ ρ ρ
ρ ρ

3
η

2

o AN( ) ( )*1 1
1

2 1 2

1 2
2

+ + + +
+ +









B aT

b b
c c

where the values of parameters a, b1, b2, c1, and c2 have
been given in ref. 15.

The thermal conductivity of moderately dense gases (up
to 2 mol dm–3) at a specified temperature and density can be
calculated via the following equation (17):

[16] λ = λo (1+ NAσ3Bλ
*ρ)

where Bλ
* is the reduced second thermal conductivity virial

coefficient. Najafi et al. (17) have shown that there exists a
corresponding states behavior for Bλ

* for all noble gases:

[17] Bλ
* = ao + a1/T*

The values of parameters ao and a1 have been given in
ref. 17.

The thermal conductivity of gases at high density, up to
40 mol dm–3, at a specified temperature and pressure can be
calculated via the following equation (17):

[18] λ = λo (1+ NAσ3Bλ
*ρ) + Dλ

where Dλ is a function of the fluid density (17) and is repre-
sented by

[19]
D

j
j

jλ

λ
ρ ρ

*
, , ,

*( / )=
=
∑ d
2 4 5 8

where the expansion coefficients, dj, and the coefficients λ*

and ρ* have been given in ref. 17.

Determination of interatomic potentials via the
inversion of reduced-viscosity collision integrals at zero
pressure

In the previous inversion algorithms for direct determina-
tion of interaction potentials from the extended principle of
corresponding states, it has been assumed that the influence

of the initial density dependence of transport properties is
small and negligible in comparison with the uncertainties as-
sociated with the experimental methods (1–4, 18). In other
words, the framework of the law of corresponding states
(11, 12) is based on experimental values at relatively low
densities, since values at zero density are not accessible to
direct measurements. In principle, such an assumption can-
not be accepted because the difference between the zero
density and the atmospheric viscosity data is not always
negligible, especially at low temperatures.

The reduced-viscosity collision integral at zero pressure,
Ω (2, 2)∗

o , can be obtained by inserting eq. [1] into eq. [14]:

[20]
1 1

σ
σ ρ

σ

3
η

cs cs

A

o o

N
2 (2, 2)∗ 2 (2, 2)∗Ω Ω

=
+[ ]*B

where σcs and Ω (2, 2)∗
cs have their usual meanings and are

taken from a corresponding states correlation (11). σo is the
corresponding value of an accurate potential (19, 20).

The Ω (2, 2)∗
o can be used to determine the interaction po-

tential by an inversion procedure as described above. One of
the peculiar feature of the inversion procedure is that it iden-
tifies a point on the experimental Ω(2,2) vs. T curve with a
single point on the V(r) vs. r curve. The inversion method
based on viscosity collision integrals usually utilizes the
principle of corresponding states for obtaining the interac-
tion potential. In this work, we have used the extended prin-
ciple of corresponding states (12) to obtain the viscosity
collision integrals, Ω (2, 2)∗

cs , and then using eq. [20] the colli-
sion integrals at zero pressure, Ω (2, 2)∗

o , can be obtained.
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Fig. 1. Reduced potential energy function of argon by inversion
of corresponding states reduced-viscosity collision integrals (�)
(21) and by inversion of reduced-viscosity collision integrals at
zero pressure (�). The solid curve is the Aziz and Slaman po-
tential (19).
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Results

The potential energy functions of argon, krypton, and xe-
non have been obtained using the inversion of the reduced-
viscosity collision integrals at zero pressure. A comparison
of these potentials with the previously determined potentials
(19–23) are included (Figs. 1–3). These accurate potentials
can be used to obtain the kinetic-theory collision integrals
needed to calculate transport properties other than viscosity.
The most commonly needed collision integrals and their ra-
tios for argon, krypton, and xenon at zero pressure are given
in Tables 1–3.

The accurate tables of the viscosity and thermal conduc-
tivity for argon, krypton, and xenon have been generated in
the temperature range from the normal boiling point of the
relevant gas up to 5000 K for zero density and for different
pressures. The results are summarized in Tables 4 and 5, in-
cluding the pressure range, Pmin–Pmax, and the temperature
range, Tmin–Tmax, along with the minimum and maximum
percent deviation of the calculated values from their corre-
sponding literature values.

Concluding remarks

As Figs. 1 to 3 show, there exists a good agreement be-
tween the potentials calculated by the inversion of corre-
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Fig. 2. Reduced potential energy function of krypton by inver-
sion of corresponding states reduced-viscosity collision integrals
(�) (22) and by inversion of reduced-viscosity collision integrals
at zero pressure (�). The solid curve is the Aziz and Slaman po-
tential (19).

Fig. 3. Reduced potential energy function of xenon by inversion
of corresponding states reduced-viscosity collision integrals (�)
(22) and by inversion of reduced-viscosity collision integrals at
zero pressure (�). The solid curve is the Dham et al. potential
(20).

log10T* Ω*(1,1) Ω*(1,2) Ω*(2,2) Ω*(1,3) B* C*

–0.1 1.5740 1.3179 1.7539 1.1638 1.2288 0.8373
0.0 1.4095 1.1899 1.5659 1.0656 1.1970 0.8442
0.1 1.2705 1.0875 1.4051 0.9886 1.1673 0.8559
0.2 1.1558 1.0061 1.2730 0.9273 1.1430 0.8705
0.3 1.0624 0.9409 1.1672 0.8773 1.1251 0.8856
0.4 0.9866 0.8876 1.0835 0.8349 1.1134 0.8997
0.5 0.9245 0.8428 1.0170 0.7977 1.1070 0.9117
0.6 0.8727 0.8037 0.9635 0.7636 1.1047 0.9210
0.7 0.8283 0.7685 0.9191 0.7318 1.1049 0.9277
0.8 0.7893 0.7358 0.8806 0.7016 1.1059 0.9323
0.9 0.7540 0.7053 0.8454 0.6732 1.1053 0.9353
1.0 0.7217 0.6769 0.8115 0.6475 1.1011 0.9379
1.1 0.6921 0.6513 0.7776 0.6252 1.0917 0.9410
1.2 0.6654 0.6291 0.7435 0.6072 1.0772 0.9454
1.3 0.6421 0.6110 0.7099 0.5937 1.0594 0.9516
1.4 0.6226 0.5972 0.6783 0.5845 1.0409 0.9593
1.5 0.6067 0.5873 0.6499 0.5788 1.0238 0.9679
1.6 0.5954 0.5812 0.6275 0.5761 1.0109 0.9761
1.7 0.5873 0.5772 0.6096 0.5751 1.0014 0.9837
1.8 0.5820 0.5762 0.5968 0.5754 0.9954 0.9900
1.9 0.5790 0.5761 0.5882 0.5765 0.9923 0.9949
2.0 0.5777 0.5768 0.5830 0.5778 0.9911 0.9983

Note: B* = [ ] /)* )5 4Ω Ω Ω(1,2)* (1,3 (1,1− and C* = Ω (1,2)*/Ω (1,1)*.

Table 1. Dimensionless collision integrals Ω(l,s)* = Ω(l,s)/πσ2 and
the related ratios for argon at 0 atm (1 atm = 101.325 kPa).
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sponding states reduced-viscosity collision integrals (20–23)
and by the inversion of the reduced-viscosity collision
integrals at zero pressure with the accurate potentials (19,
20). The potentials obtained by the inversion of the corre-
sponding states reduced-viscosity collision integral show lit-
tle deviation at long range, where the attractive forces

dominate, since the density dependence of viscosity is very
significant at low temperatures. Therefore, the potentials ob-
tained in this work are superior representations to those pro-
vided by the inversion of the corresponding states reduced-
viscosity collision integrals (21–23).

The results show that the density dependence of the vis-
cosity is much weaker at higher temperature. This is due to
the diminishing of the monomer–dimer contribution and the
near cancellation of the two-monomer and three-monomer
contributions at high temperatures (15).

From the present results, we can draw some important
conclusions:

1. The remarkable feature of the inversion method em-
ployed in this work is that the specific information about po-
tential energy function is obtained using experimental data
directly without assuming a functional form for the poten-
tial.

The present potentials for argon, krypton, and xenon pro-
vide a good overall account of the experimental properties of
these compounds, considering the stated uncertainty in their
measurements.

2. The present paper provides the collision integrals and
their ratios for argon, krypton, and xenon at zero density, for
which one would need to calculate the transport coefficients
of these compounds in the moderate and high densities
ranges, at any temperature, in a predictive mode, within ex-
perimental errors.

4. This work results in much greater confidence in the
precision and (or) accuracy of transport coefficients in the
moderately and highly dense regions of argon, krypton, and
xenon than those found in previous, similar works (21–23).
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Table 2. Dimensionless collision integrals Ω(l,s)* = Ω(l,s)/πσ2 and
the related ratios for krypton at 0 atm.

log10T* Ω(1,1)* Ω(1,2)* Ω(2,2)* Ω(1,3)* B* C*
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Table 3. Dimensionless collision itegrals Ω(l,s)* and the related
ratios for xenon at 0 atm.

Fluid
Pmin–Pmax

(MPa)
Tmin–Tmax

(K)
100(ηcalcd – ηexpt)/ηexpt

(min–max)

Ara 0.101–90 87.28–5000 0.08–1.49
Krb 0.101–10.11 119.78–5000 0.07–1.22
Xec 0.101–80 165.03–1250 0.06–0.78

aReferences 24–28.
bReferences 24, 29.
cReferences 24, 30.

Table 4. The pressure and temperature ranges of calculated vis-
cosity.

Fluid
Pmin–Pmax

(MPa)
Tmin–Tmax

(K)
100(λcalcd – λexpt)/λexpt

(min–max)

Ara 0.101–400 87.28–600 0.80–2.40
Krb 0.101–100 119.78–600 0.52–1.20
Xeb 0.101–100 165.03–600 0.6–1.00

aReferences 24, 31–33.
bReference 31.

Table 5. The pressure and temperature range of calculated ther-
mal conductivity.
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Synthesis, characterization, and molecular
structures of nitrosyl nitrito complexes of osmium
porphyrins: Disproportionation of nitric oxide in its
reaction with Os(P)(CO) (P = porphyrinato dianion)

Felipe A. Leal, Ivan M. Lorkovic, Peter C. Ford, Jonghyuk Lee, Li Chen,
Lindsey Torres, Masood A. Khan, and George B. Richter-Addo

Abstract: The Os(P)(NO)(ONO) compounds (P = TTP, TMP, OEP, TmTP; TTP = 5,10,15,20-tetra-p-tolylporphyrinato
dianion, TMP = 5,10,15,20-tetramesitylporphyrinato dianion, OEP = octaethylporphyrinato dianion, TmTP = tetra(m-
tolyl)porphyrinato dianion) have been prepared from the reaction of the precursor carbonyl complexes Os(P)(CO) with
excess nitric oxide. Nitrous oxide was detected as a by-product of the reaction. The IR spectra of the Os(P)(NO)(ONO)
compounds (as KBr pellets) reveal bands in the 1790–1804 cm–1 range that are assigned to υNO. The IR spectra also
reveal two new bands for each complex in the 1495–1531 and 913–962 cm–1 ranges indicative of O-bound nitrito lig-
ands. The linearity of the bound NO groups and the O-binding of the trans nitrito ligands in the Os(P)(NO)(ONO)
complexes are evident in the single-crystal X-ray crystal structures of the TTP and TMP derivatives. The kinetics of
the reaction were studied by stopped-flow mixing techniques. Spectroscopic analysis of rapidly mixed solutions of
Os(P)CO and NO in toluene showed a biphasic approach to the Os(P)(NO)(ONO) and N2O products, owing to the
starting material Os(P)CO scavenging CO formed during the reaction to give Os(P)(CO)2 (KCO = 106 M–1). The
dicarbonyl was the only transient species observed. It is proposed that the rate-determining step of the reaction leading
to Os(P)(NO)(ONO) is NO displacement of CO from Os(P)(CO) via initial formation of an unstable 19 electron
Os(P)(NO)(CO) intermediate.

Key words: osmium, nitric oxide, X-ray, nitrosyl, porphyrin, kinetics.

Résumé : Les composés du type Os(P)(NO)(ONO), où P = TTP, TMP, OEP, TmTP; TTP= le dianion 5,10,15,20-tétra-
p-tolylporphyrinato, TMP = le dianion 5,10,15,20-tétramésitylporphyrinato, OEP = le dianion octaéthylporphyrinato,
TmTP = le dianion tétra(m-tolyl)porphyrinato, ont été préparés à partir de la réaction des complexes carbonylés précur-
seurs OS(P)(CO) en présence d’un excès d’oxyde nitrique. On a détecté l’oxyde nitreux comme produit secondaire de
la réaction. Les spectres IR des composés Os(P)(NO)(ONO) (sous forme de pastilles de KBr) révèlent des bandes dans
la région de 1790–1804 cm–1 que l’on attribue à la vibration υNO. Les spectres IR révèlent également, pour chaque
complexe, deux nouvelles bandes dans les régions : 1495–1531 et 913–962 cm–1 caractéristiques des ligands nitrito liés
par l’oxygène. La linéarité des liens des groupes NO et le lien impliquant l’oxygène des ligands nitrito trans dans les
complexes Os(P)(NO)(ONO) apparaissent clairement dans les structures des dérivés TTP et TMP déterminées par cris-
tallographie de rayons X sur un monocristal. On a étudié la cinétique de la réaction par les techniques de mélange à
flux stoppé. L’analyse spectroscopique des solutions OS(P)CO et de NO rapidement mélangées dans le toluène mon-
trent une approche biphasique aux produits Os(P)(NO)(ONO) et N2O à cause du produit de départ OS(P)CO qui piège
le CO formé au cours de la réaction pour donner le OS(P)(CO)2 (KCO = 106 M–1). Le composé dicarbonylé est la seule
espèce transitoire observée. On suggère que l’étape déterminante de la réaction conduisant au Os(P)(NO)(ONO) est le
déplacement du CO par NO à partir du OS(P)(CO) via la formation initiale d’un intermédiaire instable Os(P)(NO)(CO)
à 19 électrons.

Mots clés : osmium, oxyde nitrique, rayons X, nitrosyle, porphyrine, cinétique.
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Introduction

Metalloporphyrin-induced NO→N2O conversions are very
important biologically in the global nitrogen cycle (1). For
example, nitric oxide reductase cytochrome P450nor from
the fungus Fusarium oxysporum reduces NO to N2O, and
the enzyme contains heme at the active site (2, 3). The bac-
terial nitric oxide reductase from Paracoccus denitrificans
also contains heme at the dinuclear active site and catalyzes
the reduction of NO to N2O (4, 5). The subject of biological
NO reduction has been recently reviewed (1).

Heme-dependent NO oxidations are gaining widespread
recognition in the chemistry of NO. For example, some
flavohemoglobins have recently been described as NO
dioxygenases (6, 7). Metal-assisted NO→NO2 conversions
are also important in the biological and urban environment.
In particular, knowledge of the efficiency of metal-assisted
conversions of NO → NxOy is an essential component in the
design of catalytic converters for automobile engines (8).
While the mechanisms of such conversions are not known
with certainty, synthetic metal complexes that catalyze the
formation of NO2 (bound or free) from NO and vice versa,
as well as the structures of metal–NO2 coordination com-
plexes, are of interest in this regard. In some instances, the
addition of oxygen (or air) to the metal–NO precursor is
necessary for the production of the metal–NO2 complex. We
recently demonstrated such a metal–NO to metal–NO2 con-
version using an iron nitrosyl porphyrin (9). Other metallo-
porphyrin–NO complexes of Co and Rh have been shown to
behave similarly (10, 11).

There are many examples of non-heme transition metal
complexes that promote NO disproportionation to give metal
nitrite derivatives and N2O (12). However, we have found
that ferrous porphyrins do not promote NO disproportiona-
tion in the absence of oxygen; they react with NO to pro-
duce only mononitrosyl or weakly bound dinitrosyl
complexes (13). The apparently contradictory results con-
cerning the ability of iron porphyrins to promote the dispro-
portionation of NO (in the presence or absence of trace air)
are discussed in ref. 14. Iron porphyrin nitrite complexes
containing the N-bound nitrite ligand are known, and their
solid-state structures have been reviewed (15). We reported
that ruthenium porphyrins react with NO in the absence of
oxygen to produce the nitrosyl nitrito complexes
Ru(P)(NO)(ONO) and N2O (16–18), and we spectroscopi-
cally characterized a trans-dinitrosyl intermediate Ru(P)(NO)2
during this NO disproportionation reaction (19, 20). The oc-
currence of NO disproportionation with ruthenium, but not
with iron, led us to extend these studies to the osmium
porphyrin congeners.

In this paper, we show that osmium porphyrins react with
NO to give nitrosyl nitrito products with the release of N2O.
Solid-state molecular structures for two of these nitrosyl
nitrito products have been obtained and, to the best of our
knowledge, represent the first published osmium nitrito X-
ray crystal structures to be reported. While the products are
analogous to those found for the reaction of NO with similar
ruthenium porphyrins Ru(P)(CO) (19, 20), unlike the ruthe-
nium analogues, reactions of NO with Os(P)(CO) proceed
without the generation of observable nitrosyl-containing in-
termediates. Instead, the CO released from reaction of NO

with Os(P)(CO) is scavenged by the remaining Os(P)(CO) to
give the dicarbonyl complex Os(P)(CO)2 in a “dead-end”
equilibrium. The latter eventually is also converted to
Os(P)(NO)(ONO).

Experimental section

All reactions were performed under an atmosphere of
prepurified nitrogen using standard Schlenk glassware and
(or) in an Innovative Technology Labmaster 100 Dry Box.
Solutions for spectral studies were also prepared under a ni-
trogen atmosphere. Solvents were distilled from appropriate
drying agents under nitrogen just prior to use: benzene (Na),
toluene (Na or CaH2), hexane, chloroform, and cyclohexane
(CaH2).

Chemicals
The Os(P)(CO) compounds were prepared by literature

methods (P = TTP, TMP, OEP, TmTP; TTP = 5,10,15,20-
tetra-p-tolylporphyrinato dianion, TMP = 5,10,15,20-tetra-
mesitylporphyrinato dianion, OEP = octaethylporphyrinato
dianion, TmTP = tetra(m-tolyl)porphyrinato dianion) (21).
Os(OEP)(CO) was also purchased from Midcentury Chemi-
cals. Chloroform-d (99.8%) was obtained from Cambridge
Isotope Laboratories. Nitric oxide (98%, Matheson Gas) for
the synthesis work was passed through KOH pellets and two
cold traps (dry ice–acetone, –78°C) to remove higher nitro-
gen oxides. For experiments involving detection of evolved
N2O, NO was purified as described elsewhere (14).

Instrumentation
Infrared spectra were recorded on a Bio-Rad FT-155 FT-

IR spectrometer. 1H NMR spectra were obtained on Varian
300 MHz or 400 MHz spectrometers and the signals refer-
enced to the residual signal of the solvent employed. All
coupling constants are in Hz. FAB mass spectra were ob-
tained on a VG-ZAB-E mass spectrometer.

Preparation of Os(TTP)(NO)(ONO)
A Schlenk flask was charged with Os(TTP)(CO) (0.055 g,

0.062 mmol) and benzene (30 mL). The mixture was stirred
to generate an orange-red solution, and NO gas was then
bubbled through the solution for ~15 min. The solvent was
removed in vacuo, and the residue was redissolved in ben-
zene (10 mL) and filtered through a neutral alumina column
(1.5 × 15 cm). The red band was collected and dried in
vacuo. The product was further purified by crystallization
from a toluene–hexane mixture at –20°C to give
Os(TTP)(NO)(ONO) (0.025 g, 0.027 mmol, 43% isolated
yield). IR (KBr) (cm–1): υNO = 1804 (s), υONO = 1528 (m),
921 (m). 1H NMR (CDCl3) δ: 9.00 (s, 8H, pyrrole-H of
TTP), 8.15 (d, J = 8 Hz, 4H, o-H of TTP), 8.05 (d, J = 8 Hz,
4H, o′ -H of TTP), 7.56 (app t (overlapping d’s), 8H, m/m′ -H
of TTP), 2.70 (s, 12H, CH3 of TTP). Low-resolution FAB-
MS m/z (%): 906 ([Os(TTP)(ONO)]+, 15%), 890
([Os(TTP)(NO)]+, 100%), 860 ([Os(TTP)]+, 18%). This
compound was prepared previously in low yield from the re-
action of Os(TTP)(NO)(S-i-C5H11) with excess NO (22).
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Preparation of Os(TMP)(NO)(ONO)
A Schlenk flask was charged with Os(TMP)(CO)

(0.082 g, 0.082 mmol) and benzene (30 mL). The mixture
was stirred to generate a dark orange-red solution, and NO
gas was then bubbled through the solution for 30 min. Dur-
ing this time, the color of the reaction mixture turned bright
red. The solvent was removed in vacuo, and the residue was
redissolved in benzene (15 mL) and filtered through a neu-
tral alumina column (2 × 20 cm). The red band was col-
lected, and the filtrate was dried in vacuo to give
Os(TMP)(NO)(ONO) (0.077 g, 0.073 mmol, 90% isolated
yield). IR (KBr) (cm–1): υNO = 1799 (s), υONO = 1531 (m),
919 (m). 1H NMR (CDCl3) δ: 8.77 (s, 8H, pyrrole-H of
TMP), 7.29 (s, 4H, m-H of TMP), 7.26 (s, 4H, m′ -H of
TMP), 2.62 (s, 12H, p-CH3 of TMP), 1.95 (s, 12H, o-CH3 of
TMP), 1.69 (s, 12H, o′ -CH3 of TMP). Low-resolution FAB-
MS m/z (%): 1048 ([Os(TMP)(NO)(ONO)]+, 6%), 1019
([Os(TMP)(ONO) + H]+, 43%), 1002 ([Os(TMP)(NO)]+,
100%), 972 ([Os(TMP)]+, 13%).

The following two compounds were also prepared simi-
larly.

Os(OEP)(NO)(ONO)
43% isolated yield. IR (KBr) (cm–1): υNO = 1790 (s),

υONO = 1495 (m), 962 (s br (overlap with porphyrin band)).
1H NMR (CDCl3) δ: 10.41 (s, 4H, meso-H of OEP), 4.16 (q,
J = 8 Hz, 16H, CH2CH3 of OEP), 2.00 (t, J = 8 Hz, 24H,
CH2CH3 of OEP). This compound has similar spectral prop-
erties to a compound formulated as Os(OEP)(NO)2 (23).

Os(TmTP)(NO)(ONO)
This compound was obtained in 95% yield (by 1H NMR

spectroscopy) when the reaction was performed in dry tolu-
ene or methylcyclohexane and in 25% yield (by 1H NMR
spectroscopy) when performed in CH2Cl2. The compound
was further purified by chromatography over silica gel using
a pentane–CH2Cl2 (2:1) solvent mixture. IR (KBr) (cm–1):
υNO = 1803 (s), υONO = 1528 (m), 913 (m). IR (cyclohexane)
(cm–1): υNO = 1805 (s), υONO = 1540 (m). 1H NMR (CDCl3)
δ: 9.02 (s, 8H, pyrrole-H of TmTP), 8.10 (m, 4H, o-H of
TmTP), 7.99 (m, 4H, o′ -H of TmTP), 7.50–7.60 (m, 8H,
m/p-H of TmTP), 2.66 (s, 6H, CH3 of TmTP), 2.62 (s, 6H,
CH3 of TmTP).

Kinetics experiments
NO was plumbed via stainless steel lines through a stain-

less steel column of Ascarite (Thomas Scientific) to scrub
out NO2 and (or) N2O3. When desired, the N2O impurity
was removed by passage of NO through a cold (–78°C) acti-
vated silica column (6′ × 1/4" i.d. stainless steel, Alltech).
NO was quantified manometrically using known solubilities
in toluene and cyclohexane (24) and transferred cryogeni-
cally to desired reaction flasks of known total volume and
solution volume fitted with Teflon high vacuum stopcocks.
Infrared solution spectra were recorded in amalgam-sealed
cells with CaF2 windows (ICL) on a Bio-Rad FTS-60 FT-IR

instrument. Stopped-flow mixing experiments were per-
formed on an Applied Photophysics SX17-MV instrument
with custom made tonometers (20) for NO solution prepara-
tion and transfer to drive syringes. Flow IR experiments
were performed with a home-built, manually actuated
stopped-flow mixing apparatus utilizing gas tight syringes
(Hamilton 5 mL) and PEEK tubing, valves, and fittings
(Upchurch), connected after mixing to a standard amalgam-
sealed CaF2 cell inserted into the FT-IR instrument. To
avoid back-pressure-induced IR cell rupture, the stop syringe
was disconnected and the output directed to a waste con-
tainer. FT-IR spectra showing intermediate species in the re-
action of Os(P)(CO) with NO were obtained by a single
interferometric scan during constant flow of freshly mixed
(aging time ~0.2 s) solutions through the cell.

CO binding equilibrium constant measurements
Carbon monoxide (Praxair, 99.5%) was added by gas-tight

syringe to toluene solutions (~5 mL) of Os(OEP)(CO) and
Os(TmTP)(CO) (~8 µM) under Ar (PT = 760 torr (1 torr =
133.322 Pa)) within special cuvette cells (~70 mL total vol-
ume) at 21 ± 1°C. [CO] was calculated from the known sol-
ubility of CO in toluene (25) and the known volume of
solution and headspace. Under these conditions the [CO]
may be less than [Os] within the solution, but the total
amount of CO within the closed system of the cell is always
at least ten times greater than the amount of Os in the solu-
tion, and therefore [CO] may be considered to be constant,
independent of the extent of reaction.

Structural determinations by X-ray crystallography
Crystal data were collected on a Siemens (Bruker) P4

diffractometer using monochromated Mo Kα radiation (λ =
0.71073 Å).3 The data were corrected for Lorentz and polar-
ization effects, and empirical absorption corrections based
on ψ-scans were applied (26). The structures were solved by
the heavy atom method using the SHELXTL 5.03 (Bruker)
system and refined by full-matrix least squares on F2 using
all reflections (SHELXL-93). The thermal ellipsoids in
Figs. 1 and 2 are drawn at the 35% probability level. Details
of the crystal data and refinement are given in Table 1.

Os(TTP)(NO)(ONO).toluene
A suitable crystal for structure determination was grown

by recrystallization of the compound from toluene–hexane at
–20°C. All the non-hydrogen atoms were refined anisotro-
pically except the atoms (C25–C33) belonging to the disor-
dered toluene molecules, which were refined isotropically.
Hydrogen atoms were included in the refinement with ideal-
ized parameters; the hydrogen atoms for the disordered sol-
vent molecules were not included.

Considerable difficulty was encountered during the refine-
ment because of the disorder of the Os atom and the atoms
belonging to the axial groups and the solvent molecules. The
structure was solved initially in the non-centric space group
Cc and gave very poor refinement with unreasonable N—O
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3 Supplementary data (drawings and tables of crystallographic data for Os(TTP)(NO)(ONO) and Os(TMP)(NO)(ONO)) may be purchased
from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Ottawa, ON K1A 0S2, Canada
(http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC 214514 and 214515 contain the supplemen-
tary data for this paper. These data can be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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and O—N—O bond lengths and several non-positive defi-
nite temperature factors. The structure was then solved and
refined in the centric space group C2/c, where the molecule
lies on the inversion center and only half of the molecule is
unique. Thus, the axial NO and ONO groups are disordered
over both sides of the porphyrin plane. The initial refine-
ment used a model in which the Os atom was placed on a
special position at the inversion center. This model gave
elongated thermal ellipsoids for the Os atom, and the Os—N3
and Os—O2 distances were unreasonable. Finally, the Os
atom was allowed to refine out of the porphyrin plane to-
wards the NO ligand (0.241(3) Å out of the 24-atom mean
porphyrin plane). In the final model, the Os atom and the
NO and ONO groups are completely disordered over two
sites. In addition to the disorder of the molecule, the crystal
lattice contains two sites with partially disordered toluene
solvent molecules. One of these toluene solvent sites is 50%
populated, and the other site is also 50% populated; disorder
at these sites results in the two sites having only 25% occu-
pancy. The toluene solvent molecules were refined isotro-
pically because of this disorder, and hydrogen atoms for
these molecules were not included in the refinement.
SHELXTL restraints (ISOR, DELU, SIMU, and DFIX) were
needed to stabilize the refinement. The final values of R1 =

0.0583 for 3651 “observed reflections” [I > 2σ(I)] and wR2 =
0.1665 for all reflections (4421 unique data) were obtained.

Os(TMP)(NO)(ONO)·3(benzene)
Suitable crystals for X-ray crystallography were grown by

slow evaporation of a benzene solution of the compound at
room temperature under inert atmosphere. All the non-
hydrogen atoms were refined anisotropically, and the hydro-
gen atoms were included in the refinement with idealized
parameters. The asymmetric unit contains one molecule of
Os(TMP)(NO)(ONO) and three molecules of benzene. The
Os atom and the NO and ONO groups are disordered over
two sites along the axial direction. In addition, one of the
benzene solvent molecules is disordered over two sites. At-
tempts to refine the two fragments did not yield a stable re-
finement. Thus, the geometry of the two fragments was
idealized in the final cycles of refinement, and the thermal
parameters were fixed at the values obtained from the earlier
refinement cycles. The final values of R1 = 0.0374 for 8660
“observed reflections” [I > 2σ(I)] and wR2 = 0.1036 for all
reflections (10 961 unique data) were obtained.

Os(OEP)(NO)(ONO)
Both laboratories have independently crystallized this

compound. Although we have not been able to grow high-
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Fig. 1. (a) Molecular structure of Os(TTP)(NO)(ONO). Hydro-
gen atoms have been omitted for clarity. Only one of the two
disordered positions of the Os atom and the NO and ONO
groups is shown; (b) View of the orientation of the nitrito ligand
relative to the porphyrin skeleton. The porphyrin tolyl substitu-
ents and the trans NO ligand have been omitted for clarity.

Fig. 2. (a) Molecular structure of Os(TMP)(NO)(ONO). Hydro-
gen atoms have been omitted for clarity. Only one of the two
disordered positions of the Os atom and the NO and ONO
groups is shown; (b) View of the orientation of the nitrito ligand
relative to the porphyrin skeleton. The porphyrin mesityl sub-
stituents and the trans NO ligand have been omitted for clarity.
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quality, good-sized crystals, the results of separate prelimi-
nary X-ray crystallographic analyses (by both laboratories)
on the crystals obtained to date unambiguously confirm the
nitrosyl nitrito Os(OEP)(NO)(ONO) formulation.

Results and discussion

We reported that the Ru(P)(CO) compounds (P = OEP,
TPP, TmTP) react with NO in solution to give the nitrosyl
nitrito complexes Ru(P)(NO)(ONO) and N2O as the final
products (16, 17, 19, 20). Using similar methodologies, we
have prepared the nitrosyl nitrito complexes of osmium por-
phyrins. Thus, the reaction of Os(TTP)(CO) with NO in ben-
zene at ambient temperature for ~15 min gives, after
workup, the nitrosyl nitrito product Os(TTP)(NO)(ONO) in
43% isolated yield. The product is soluble in dichloro-
methane, benzene, and toluene, but is insoluble in hexane.
The IR spectrum of Os(TTP)(NO)(ONO) (as a KBr pellet)
reveals a band at 1804 cm–1 assigned to υNO. This υNO band
is of higher frequency than the corresponding bands for the
alkoxide complex Os(TTP)(NO)(O-i-C5H11) (1770 cm–1)
(22), the thiolate derivative Os(TTP)(NO)(S-i-C5H11)
(1760 cm–1) (22), and the organometallic compound
Os(TTP)(NO)Me (1732 cm–1) (27). In addition, the IR spec-
trum indicates new bands at 1528 and 921 cm–1 due to the
O-bound nitrito ligand (28).

The 1H NMR spectrum of Os(TTP)(NO)(ONO) (in
CDCl3) reveals peaks due to the pyrrole protons of the por-
phyrin macrocycle (at δ 9.00) and the tolyl substituents. The
inequivalence of the ortho protons of the tolyl substituents
suggests restricted rotation of the tolyl groups in this unsym-
metrical Os(P)(NO)X compound; such a feature of restricted
rotation is not uncommon for p-substituted tetraphenyl-

porphyrin complexes of the form M(P)(X)(Y) (29, 30). The
FAB mass spectrum of Os(TTP)(NO)(ONO) reveals peaks
due to loss of the NO and (or) ONO ligands.

We were also able to prepare other nitrosyl nitrito com-
plexes of the type Os(P)(NO)(ONO), where P = TMP, OEP,
and TmTP. The IR spectra of the complexes (as KBr pellets)
reveal their nitrosyl υNO bands at 1803 cm–1 (TmTP),
1799 cm–1 (TMP), and 1790 cm–1 (OEP), reflecting the in-
creasing electron donor properties of the porphyrin macro-
cycles along the series TTP ≅ TmTP < TMP < OEP, as
expected. The TMP, OEP, and TmTP derivatives also show
medium intensity bands assignable to nitrito υN-O. The N2O
gaseous by-product formed during the reaction was identi-
fied by IR spectroscopy as described previously (19).

Solid-state molecular structures
As mentioned in the Introduction, no X-ray crystal struc-

tures of osmium nitrito complexes had been reported prior to
our study. Interestingly, there is only a single report of an os-
mium nitro (i.e., η1-N bound) structure in the literature,
namely that for Os(H2L)(PPh3)2(CO)(η1-NO2)·H2O (L = 3-
ethyliminio-5-methyl-2-oxidophenyl-C1,O) (31), although
some bridging nitro moieties [Os-N(O)O-Os] have been
characterized by crystallography (32–34).

We were successful in obtaining suitable crystals of two
of the Os(P)(NO)(ONO) compounds for single-crystal X-ray
diffraction studies. The solid-state molecular structure of
Os(TTP)(NO)(ONO) is shown in Fig. 1a, and the axial
nitrito ligand conformation is shown in Fig. 1b. As is evident
in Fig. 1, the ONO group is bound to the Os center through
an O-atom, and the ONO group essentially bisects adjacent
porphyrin nitrogen atoms, with an N2-Os-O2-N4 torsion an-
gle of 33° (Fig. 1b). The molecular structure of the related
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Compound Os(TTP)(NO)(ONO)·toluene Os(TMP)(NO)(ONO)·3(C6H6)
Formula (fw) C55H44N6O3Os (1027.16) C74H70N6O3Os (1281.56)

T (K) 153(2) 173(2)
Crystal system Monoclinic Triclinic
Space group C2/c P1
Unit cell dimensions
a (Å), α (°) 26.861(5), 90 12.1823(12), 81.362(9)
b (Å), β (°) 9.947(2), 119.19(3) 13.031(2), 80.014(10)
c (Å), γ (°) 21.933(4), 90 20.732(3), 76.857(10)
V (Å3), Z 5116.1(18), 4 3135.2(7), 2
Dcalcd (g cm–3) 1.334 1.358
Absorption coefficient (mm–1) 2.539 2.087
F(000) 2064 1312
Crystal size (mm) 0.48 × 0.36 × 0.28 0.38 × 0.36 × 0.26
θ range for data collection (°) 2.13–24.99 1.80–25.00
Index ranges 0 ≤ h ≤ 31, 0 ≤ k ≤ 11, –26 ≤ l ≤ 22 –13 ≤ h ≤ 14, –14 ≤ k ≤ 15, –24 ≤ l ≤ 24
Reflections collected 4522 11 526
Independent reflections 4421 (Rint = 0.0649) 10 966 (Rint = 0.0337)
Absorption correction Empirical Semi-empirical
Max. and min. transmission 0.8876 and 0.5998 0.4872 and 0.3951
Data/restraints/parameters 4421/14/327 10 961/6/841
Goodness-of-fit on F2 1.172 1.068
Final R indices [I > 2σ(I)] R1 = 0.0583, wR2 = 0.1553 R1 = 0.0374, wR2 = 0.0858
R indices (all data) R1 = 0.0732, wR2 = 0.1665 R1 = 0.0568, wR2 = 0.1036
Largest diff. peak and hole (e Å–3) 1.573 and –0.706 0.794 and –1.357

Table 1. Crystal data and structure refinement.
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Os(TMP)(NO)(ONO) is shown in Fig. 2. In this compound,
the nitrito ligand is also bound to osmium through an O-
atom, and the ONO ligand essentially bisects adjacent
porphyrin nitrogens, with an N1-Os-O1-N6 torsion angle of
46°. Selected bond lengths and angles for both compounds
and atom displacements from the 24-atom mean porphyrin
planes are displayed in Fig. 3.

There are several features to note from these solid-state
structures. First, the nitrosyl Os-NO groups are essentially
linear. Second, the Os atoms are displaced from the 24-atom
mean porphyrin plane towards the axial NO ligand; 0.24 Å
for the TTP compound and 0.22 Å (or 0.15 Å for the second
disordered component) for the TMP compound. Third, the
bond lengths within the nitrito ligand are consistent with the
Os-O-N=O formulation; thus, the O—N bond lengths are
longer than the nitrito N=O bond lengths. Surprisingly, this
is not always the case for metal nitrito crystallographic data.
Selected structural data for M(NO)(ONO)-containing com-
plexes reported to date are collected in Table 2. However,
there is little consistency in the reported bond lengths in-
volving the ONO ligand, and this may be partly because of
the fact that many of these structures suffer from ligand dis-
order problems.

Proposed reaction pathway for the formation of nitrosyl
nitrito species

UV–vis spectroscopic monitoring of the reaction of a di-
lute solution of Os(OEP)(CO) in toluene with NO (Fig. 4,
top) reveals an apparent clean conversion of Os(OEP)(CO)
to Os(OEP)(NO)(ONO). Stopped-flow experiments moni-
tored at several single-wavelengths suggest that the reaction
is biphasic, involving the formation of a transient species
with spectral features similar but not identical to that of
Os(OEP)(CO) (Fig. 4, bottom and inset). Within a few sec-
onds, this intermediate spectrum gives way to that of the fi-
nal Os(OEP)(NO)(ONO) product. Isosbestic points for the
slower and faster processes are observed at 536 and 553 nm
and therefore the faster and slower processes may be indi-
vidually followed at these monitoring wavelengths. Under
these conditions, the reactions appeared to be first order with
the respective rate constants kobs(536) = 7 ± 1 s–1 (fast) and
kobs(553) = 0.7 ± 0.1 s–1 (slow). Analogous UV–vis spectral
features are observed for the TmTP derivative as well.

To gain further insight into these processes, stopped-flow
mixing experiments coupled with FT-IR spectroscopic detec-
tion were performed on the more soluble TmTP and OEP
derivatives. The FT-IR difference spectrum of the solution
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Fig. 3. Structural data for Os(TTP)(NO)(ONO) and Os(TMP)(NO)(ONO). Selected bond lengths and angles are shown in the top
sketches. Perpendicular atom displacements from the 24-atom porphyrin planes (in 0.01 Å units) are shown in the bottom sketches.
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obtained from the reaction of Os(TmTP)(CO) in cyclohex-
ane with NO (Fig. 5, top) revealed, in addition to
Os(TmTP)(CO) (υCO 1924 cm–1) and the final product
Os(TmTP)(NO)(ONO) (υNO 1805 cm–1; υONO 1540 cm–1), a
new species displaying a strong band at 1974 cm–1.

Since the independent reaction of Os(TmTP)(CO) with
added CO gave a new species displaying a υCO band at
1974 cm–1 twice as intense as that of Os(TmTP)(CO)
(Fig. 5, bottom), we assign this band to the trans dicarbonyl
complex Os(TmTP)(CO)2. Therefore, its appearance as a
transient in the reaction of NO with Os(TmTP)(CO) can be
attributed to the Os(TmTP)(CO) scavenging the CO released
during the reaction.

Formation of the dicarbonyl complexes Os(P)(CO)2
(eq. [1]) was studied independently in toluene by probing
optical spectrum changes upon addition of CO to toluene so-
lutions of Os(P)(CO) (e.g., Fig. 6). In this manner the equi-
librium constants K2 = 0.9 ± 0.2 × 106 and 1.0 ± 0.2 ×
106 M–1 were determined for P = TmTP and OEP, respec-
tively. The latter value is ~102 larger than that observed for the
corresponding Ru(OEP)(CO) complex (1.1 × 104 M–1) (20).

[1] Os(P)(CO) + CO ↔ Os(P)(CO)2

The high affinity of Os(P)(CO) for CO explains the detec-
tion of Os(P)(CO)2 as a transient in the stopped-flow experi-

ment described above. No other species with distinctive IR
spectral signatures, such as expected for Os–nitrosyl inter-
mediates, were detected during the stopped-flow study of the
reaction of Os(P)(CO) with NO. This is in sharp contrast to
the analogous reaction of Ru(P)(CO) with NO where the
dinitrosyl complex Ru(P)(NO)2 was a spectroscopically ob-
servable intermediate (20). Given that under the reaction
conditions [NO] is always much greater than [CO], detecting
Os(P)(CO)2 as the only transient suggests that K2 for CO
binding to Os(P)(CO) is at least four orders of magnitude
larger than the equilibrium constant for analogous binding of
NO.

Scheme 1 is a proposed explanation for these kinetics and
spectral observations during the formation of
Os(P)(NO)(ONO) from Os(P)(CO) and NO. This is based
largely on the behavior of the ruthenium analogues for
which the dinitrosyl intermediate Ru(P)(NO)2 was observed
(19, 20). The initial step is very likely the reversible and
endergonic formation of the 19-electron complex
Os(P)(CO)(NO). Upon rate-limiting CO dissociation from
Os(P)(CO)(NO), a rapid sequence of steps would lead to the
disproportionation products. However, CO is also a product,
and it will be rapidly scavenged by Os(P)(CO) to give the
much less reactive Os(P)(CO)2 in a dead-end equilibrium.
Thus, the reaction slows, owing to the lower effective con-
centration of Os(P)(CO). Since no other transient species
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Compound cis–transa
M—ONO
(Å)

MO—NO
(Å)

MON—O
(Å)

M-O-NO
(°)

MO-N-O
(°) Reference

CpCr(NO)2(ONO) cis 1.982(4) 1.292(8) 1.182(9) 125(1) 115(2) 39
[Ni(NO)(ONO)dppe]2

b cis 2.123(12) 1.097(14) 1.192(13) 109.0(12) 127.4(17) 40
[Fe(L)(NO)(ONO)(NO2)]ClO4

c cis 1.914(3) 1.322(5) 1.216(6) 125.1(3) 116.3(4) 41
[1.935(3)] [1.305(5)] [1.213(6)] [125.7(3)] [116.1(4)]

Cr(py)3(NO)(ONO)2·py cis 1.96(1) 1.34(1) 1.13(1) 115.0(7) 112(1) 42
[Ru(NO)(ONO)(2,2′ -bpy)2](PF6)2 cis 2.030(8) 1.24(1) 1.17(1) 125.6d 118(1) 43
[Ru(NO)(ONO)(2,2′ -bpy)(py)2](PF6)2 cis 2.033(4) 1.324(6) 1.227(7) 124.0d 116.3(6) 43
Mn(NO)2(ONO)(PEt3)2 cis 2.08 1.19 e 123 118 44
Ru(sal2en)(NO)(ONO)f trans 2.011 avg. e e e 116.5 avg. 37
[Mn(Pc)(NO)(ONO)](PNP)g trans 1.953(8) 1.189(7) 1.165(7) 117.9(6) 108.2(8) 35
[Fe(TpivPP)(NO)(ONO)]–h trans 2.080(8) 1.188(14) 1.28(2) 124.1(8) 112.2(14) 36
Ru(TPP)(NO)(ONO)i trans 2.00(2) 0.94(5) 1.33(4) 137(3) 109(5) 16
Ru(TPP)(NO)(ONO)i trans 1.90(2) 1.16(2) 1.23(2) 137.3(18) 108.0(30) 17
Ru(OEP)(NO)(ONO) trans 1.984(6) 1.214(10) 1.188(9) 122.0(6) 117.3(9) 17
Ru(TTP)(NO)(ONO)j,k trans 1.998(6) 1.148(18) 1.126(25) 124.0(11) 110.9(20) 38

[1.136(35)] [1.447(39)] [128.0(18)] [92.2(24)]
Os(TTP)(NO)(ONO)i trans 2.000(6) 1.296(11) 1.188(12) 123.2(7) 113.8(11) This work
Os(TMP)(NO)(ONO)i trans 2.020(4) 1.240(8) 1.179(8) 122.2(4) 115.1(7) This work

[1.996(4)] [1.258(7)] [1.154(8)] [121.6(4)] [113.4(6)]
aCis or trans with respect to NO and ONO.
bdppe = Ph2PCH2CH2PPh2.
cTwo molecules in the unit cell. The values for the second molecule are in brackets. L = 1,4,7-triazacyclononane.
dData obtained from the Cambridge Structural Database.
eMetrical data not reported.
fsal2en = N,N′-ethylenebis(salicylideneiminato). There are two molecules in the unit cell.
gPNP = (Ph3P)2N

+.
hTpivPP = α ,α ,α ,α-tetrakis(o-pivalamidophenyl)porphyrinato dianion. The ONO group is present as a linkage isomer together with the N-bound NO2

group in the same molecule.
iThe axial NO and ONO ligands are disordered over the two porphyrin faces.
jThe ONO ligand is disordered. The values for the second disordered component are in brackets.
kTwo molecules in the unit cell, and only the values for molecule A are shown.

Table 2. Selected structural data for metal nitrosyl nitrito complexes.
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were observed in the stopped-flow IR experiments, we con-
clude that likely intermediates along the productive pathway
— for example, the dinitrosyl Os(P)(NO)2 — are too reac-
tive to build to detectable steady-state concentrations.

This scheme would explain the observation of the two-
stage kinetics observed under a large excess of NO. Initially
all the osmium carbonyl is in the monocarbonyl form, and
the reaction proceeds rapidly. Since the fast reaction was
monitored near the Os(P)(CO)–Os(P)(CO)2 isosbestic point
(Fig. 6), this will show (pseudo) first order kinetics for the
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Fig. 4. Top: UV–vis spectra of the reactant Os(OEP)(CO) in to-
luene and the product of its reaction with nitric oxide,
Os(OEP)(NO)(ONO). Bottom: Spectral changes upon stopped-
flow mixing of a solution of Os(OEP)(CO) (10 µM in toluene
after mix) with nitric oxide (5 mM after mix). The stacked plot
shows no obvious intermediate, but single wavelength observa-
tion shows evidence for a fast (7 s–1) and a slow (0.7 s–1) pro-
cess in this reaction. However, the two stages in the kinetics
suggest the formation of an intermediate in solution whose spec-
trum is very similar to that of the starting solution.

Fig. 5. Top: Difference FT-IR spectrum of the solution obtained
by mixing solutions of Os(TmTP)(CO) (~100 µM in cyclohexane
after mix) with NO (~4 mM in cyclohexane after mix). The dif-
ference spectra shown are the result of subtracting the spectrum
of the final product solution. Therefore, the υNO at 1805 cm–1

and υONO at 1540 cm–1 for the product Os(TmTP)(NO)(ONO)
are seen as negative peaks. The only observable new species in
this reaction is the dicarbonyl Os(TmTP)(CO)2 identified by its
peak at 1974 cm–1 (see below). The peak marked with an aster-
isk is a cyclohexane subtraction artifact and that marked “x” is
suspended insoluble Os(TmPP)(CO). Bottom: Difference infrared
spectrum of Os(TmTP)(CO)2 in cyclohexane after CO addition to
a solution of Os(TmTP)(CO), minus the spectrum observed prior
to CO addition. The new species shows a single carbonyl band
at 1974 cm–1 that is twice as intense as that for the monocarbonyl
(at 1924 cm–1), consistent with a trans-dicarbonyl structure.

Scheme 1.
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absorbance changes due to reaction along the productive
pathway to give Os(P)(NO)(ONO) (reaction of Os(P)(CO)
with the released CO is not observed owing to the isosbestic
behavior at that wavelength). Once most of the remaining
osmium carbonyl is sequestered as the dicarbonyl, further
reaction will be slower, owing to the low steady-state con-
centration of the monocarbonyl. Consistent with this inter-
pretation is the qualitative observation that the overall
reaction is dramatically slowed in the presence of excess
added CO. The slow second stage observed in the absence
of added CO also appeared to follow first order kinetics;
however, this may result from a fortuitous combination of
conditions, since the continued production of CO should
make the reaction auto-inhibitory.

Conclusion

We have successfully prepared several nitrosyl nitrito
complexes of the form Os(P)(NO)(ONO) from the reaction
of the precursor carbonyl complexes Os(P)(CO) with nitric
oxide. Single-crystal X-ray crystallographic studies of two
of these compounds confirm the O-binding modes of the
nitrito ligands. To the best of our knowledge, these are the
first X-ray crystal structures of osmium nitrito moieties to be
reported.

Results from stopped-flow kinetics studies of the reactions
suggest a mechanism in which initial adduct formation be-
tween Os(P)(CO) and NO is followed by a rate-determining
replacement of CO by a second NO molecule. Subsequent
reaction with more NO leads to an effective NO
disproportionation to give the final nitrosyl nitrito product
Os(P)(NO)(ONO) and nitrous oxide. The behavior of the os-
mium complexes is in marked contrast to the failure of

Fe(P)(NO) analogs to promote such disproportionation in
rigorously dried and deaerated solvents (14). A greater par-
allel can be drawn to the Ru(P)(CO) analogues (20); how-
ever, the likely osmium nitrosyl intermediates suggested by
this analogy are apparently too reactive to build to detect-
able concentrations.
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A new class of bolaforms bearing sulfobetaine
and cationic heads: Synthesis and aggregation
properties

Souad Souirti and Michel Baboulene

Abstract: We describe here a convenient route to a new family of bolaforms bearing sulfobetaine and cationic heads,
which could be scaled up for industrial applications. Their aggregation modes were studied by measurement of surface
tension and by dynamic light scattering and transmission electronic microscopy methods. Grafting a hydrophobic chain
onto the cationic head modifies both the surface properties and aggregation. Compared to conventional bolaforms, the
relationship between the length of the spacer and the side-chain and the resultant hydrophobic interactions are at the
origin of these novel properties. Various models of these molecular associations were proposed.

Key words: dissymmetric bolaform, sulfobetaine, cationic amphiphile, aggregation.

Résumé : Nous décrivons une nouvelle famille de bolaformes comportant une tête sulfobétaine et une tête cationique.
Les synthèses proposées sont aisément transposables à l’échelle industrielle. Le mode d’agrégation de ces bolaformes a
été étudié par diverses techniques: tensiométrie, diffusion de la lumière et miscroscopie électronique à transmission. Il
en résulte que le greffage d’une chaine hydrophobe sur la tête cationique modifie les propriétés de surface et d’agréga-
tion comparativement aux conventionnels bolaformes. Une relation entre la longueur de l’espaceur et celle de la chaîne
carbonée additive est mise en évidence en fonction des intéractions hydrophobes propres à la structure chimique de ces
nouveaux bolaformes. Différents modèles d’association moléculaire sont dés lors proposés.

Mots clés : bolaforme dissymétrique, sulfobétaine, amphiphile cationique, agrégation.
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Introduction

There is growing interest in the properties of difunctional
surfactants such as bolaforms. Surfactants of this category,
characterized by two hydrophilic heads linked by a hydro-
phobic chain, are attractive models for biological mem-
branes (1–3) and can display various properties (4, 5). The
potential applications suggested by these properties have led
to a renewed interest in bolaforms by the industrial commu-
nity (6, 7). However, from an academic standpoint, the mo-
lecular self-association of these molecules still leaves
various questions unanswered. To further our understanding
of these systems, it therefore appears necessary to make
available a large range of these compounds with varied
chemical structures. But the synthesis of bolaforms with
non-identical head-groups presents certain technical difficul-
ties, which explains the rather limited number of studies re-
ported to date. Recently, we proposed a simple, efficient,
and industrially realistic route to obtain bolaforms either
with two betaine heads (carboxybetaine and (or)
sulfobetaine) (8) or with at least one sulfobetaine head (9)
(Fig. 1). These molecules have also shown interesting

surfactant properties that depend on the structure of the po-
lar head as well as on the length of the spacer that links
them (10).

Pursuing this line of research, the reaction scheme we de-
veloped was used to graft a second long hydrophobic chain
onto one of the nitrogen atoms. This generated original com-
pounds 1 with a structure intermediate between that of con-
ventional bolaforms and of gemini surfactants (Fig. 2).
Longer than the rather rigid C6 spacer but shorter than the
very flexible C16 spacer, the dodecyl spacer appeared to be
the most suitable for our research aims. Owing to the molec-
ular organisation properties of these novel compounds, we
were able to study the influence of chain–chain interactions
in relation with the different structures of the polar heads. It
is in this perspective that we report a new extended range of
hybrid molecules 1 and the study of their aggregation prop-
erties.

Results and discussion

Synthesis
The synthetic approach used is based on previous studies

(9) into the preparation of sulfobetaine bolaforms. From the
monosulfobetaine intermediate 3, formation of a quaternary
nitrogen by reaction with dodecyl bromide led quantitatively
to the required bolaforms 1 (Scheme 1). Table 1 reports the
various bolaforms 1 synthesized.
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Surface properties
The surfactant properties of these hybrid bolaforms 1

were studied by measuring interfacial tension in water and
calculating the surface property parameters using the Gibbs’
equation (11). The data are illustrated in Fig. 3 and listed in
Table 2.

All compounds tested led to a marked reduction in interfa-
cial tension at the air–water interface (29–36 mN·m–1). In
the interfacial tension vs. concentration plots, we noted that
the values of the critical micellar concentration (cmc) (2.4–
8.2 mmol–1) were strongly decreased in comparison with
those of conventional bolaforms, which is promising for in-
dustrial applications. This was attributed to increased
hydrophobicity on addition of the second alkyl chain (com-
parison between 1a, 1c, 1e, and 1f) and is in agreement with
the values reported in the literature. However, an “anomaly”
was observed with compound 1e (n = 16), as shown in the
curve of Fig. 3 where the linear decrease in the value of
the cmc vs. increasing spacer length shows that the cmc of
1e (n = 16; cmc = 3.1 mmol–1) is greater than that of 1d (n =
12; cmc = 2.4 mmol–1).

This result is difficult to explain, but it can be proposed
that differences in chain–chain interactions are responsible.
This hypothesis is supported by the analysis of the curve in
Fig. 4, which reveals differences in the conformations of the
various bolaforms at the air–water interface. Compounds 1a,
1b, and 1c present total areas for the polar heads of 280,
275, and 284 Å2, respectively, which is much greater than
the sum of the head areas taken individually (135 Å2). This
suggests that a “straight” conformation is taken up by the
bolaforms, leaving the hydrophobic side chain as far from
the interface as possible (Fig. 5a). This arrangement could

be favoured because the chain (C12) is longer than the
spacer (C6–C10). This hypothesis is supported by data from
the literature, which attribute strong rigidity to bolaforms
with a spacer of 10 carbon atoms or fewer (12, 13). A spacer
with 12 carbons is known to make the molecule take up a
looped (“wicket-like”) conformation, bringing about a total
polar surface area equivalent to the sum of the areas of the
two polar heads. This is what was observed for compound
1d (n = 12, total area 188 Å2 (Fig. 4)), as illustrated by
Fig. 5b. Moreover, it should be noted that this value is close
to the total polar head area (167 Å2) found for a similar
compound 1f (n = 12) in which the side-chain only has two
carbon atoms (R = C2H5).

Taking into account the margins of error inherent in the
measurements, it could also be proposed that the slightly
higher value for the total area of bolaform 1d with respect to
1f indicates the beginnings of chain–chain interactions, im-
peding the flexibility of the spacer and not allowing com-
plete folding (Fig. 5b). But there is once more a spread-out
conformation for bolaform 1e (n = 16, total area 254 Å2), as
illustrated in Fig. 5c. However, the chain–chain interactions
(side-chain shorter than the spacer) reduce the flexibility of
the spacer, making these structures act similarly to bicatenar
bolaforms. Overall, from these results, it appears that the
term of critical aggregation concentration (cac) would be
more appropriate for this type of compound.

Dynamic light scattering
With the exception of compound 1e (n = 16), none of the

bolaforms synthesized here underwent spontaneous molecu-
lar aggregation without sonication. After 15 min sonication
all the bolaforms generated various objects. Typical results,
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Fig. 1. Various structures of the betaine bolaforms. Scheme 1. Synthesis of the hybrid bolaforms 1; (i) 1,3-propane
sultone, acetone, 15–20°C; (ii) R1X, methanol, reflux.

Fig. 2. Structure of the hybrid bolaforms 1.
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from an average of 10–15 trials for each determination of
the diameter, are reported in Table 2. In general, for 10 car-
bons or more, the distribution of the objects was found to
follow a dispersion with a fairly low percentage. The diame-
ter of the objects, which was closely linked to the spacer
length, decreased as the number of carbon atoms increased.
However, for 8 carbons, polydispersion occurred, but the
size of the main objects remained close to that obtained for
molecules with spacers 10 or more carbons long.

Transmission electronic microscopy (TEM)
The sonicated aqueous solutions prepared for TEM obser-

vation remained optically translucent for several weeks. As
mentioned, without sonication only compound 1e spontane-
ously formed aggregates. This self-organisation was not
modified by sonication. This result illustrates the influence
of spacer length (only parameter modified) and thus the role
played by variations in the hydrophobic interactions allowed
by the structure of the hybrid molecules studied here. The
analogy with 2-chain bolaforms is again possible in that the
latter are known to spontaneously form vesicles when the
spacer is over 8 carbons long (14). It should however be
noted that whereas sonication gave rise to vesicles for com-
pounds with from C10 to C16 spacers (examples 1d and 1e
given in Fig. 6), no aggregates were found for compound 1a
(n = 6). These results call for comments.

Based on previous results and on the “straight” molecular
organisation that bicatenar bolaforms tend to adopt (15), we
propose that compound 1e (n = 16) is organised in a
monolayer. However, the possibility for the spacer in com-
pound 1d (n = 12) to fold suggests bilayer aggregation simi-
lar to that proposed for cationic (16) and gemini (17, 18)
bolaforms. These types of molecular association present an
interesting advantage, owing to the difficulties of the synthe-
sis of the bicatenar and gemini bolaforms with two different
heads.

Conclusion

During this study, we have shown that the synthesis route
we recently proposed for bolaforms with sulphobetain heads
can be easily generalized to obtain high yields of cationic
sulphobetain hybrid bolaforms. Grafting a hydrophobic

© 2003 NRC Canada
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Compound No. n γa (mN·m–1) cmcb (mM) Γ c (mol·m–2) Ad (A°2) Light scattering

Ø (nm) %

1a 6 35 8.2 5.7 × 10–7 280 — —
1b 8 32 5 6.02 × 10–7 275 286 80
1c 10 36 3.6 5.85 × 10-7 284 399 15
1d 12 35 2.4 8.83 × 10-7 188 281 56
1e 16 29 3.1 6.53 × 10-7 254 180 30
1f 12 33 70 10 × 10-7 167 — —

aγ = surface tension.
bcmc = critical micellar concentration.
cΓ = superficial excess.
dA = total area of the polar heads.

Table 2. Surface parameters of the hybrid bolaforms 1 at 25°C in water.

Compound 2 Compound 3 Compound 1

n No. Yield (%) No. Yield (%) R1 No. Yield (%)

6 2a 98 3a 98 C12H25 1a 90

8 2b 98 3b 96 C12H25 1b 87

10 2c 92 3c 97 C12H25 1c 92

12 2d 98 3d 95 C12H25 1d 85

16 2e 75 3e 75 C12H25 1e 85
12 C2H5 1f 90

Table 1. Yield of the synthesized hybrid bolaforms 1.

Fig. 3. Plots of the surface tension vs. log[bolaform] at 25°C in
water.
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chain onto the cationic head modifies both the surface prop-
erties and aggregation in aqueous medium. Compared to
conventional bolaforms, the relationship between the length
of the spacer and of the side-chain and the resulting hydro-
phobic interactions are at the origin of these novel proper-

ties. Favouring a given molecular association can therefore
be envisaged by modulating these interactions by adjusting
the chemical structure of the two chains. Access to new mol-
ecules should be possible using the reaction scheme pro-
posed here. Work along these lines is in progress.

© 2003 NRC Canada
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Fig. 6. Representative micrographs of aggregates by TEM method obtained from sonicated solutions (5 × 10–3 M) of 1d (1 cm =
660 nm) and 1c (1 cm = 350 nm).

Fig. 5. Schematic proposition for the conformation of the hybrid bolaforms 1.

Fig. 4. Molecular area and cmc values in function of the length of the spacer of the hybrid bolaforms 1.
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Experimental

General
Reagents were of commercial quality and were used with-

out purification. Anhydrous acetone and methanol were of
extra dry quality (Acros Organics France). IR spectra (ν, cm–1)
were recorded on a PerkinElmer 683 spectrophotometer. 1H
and 13C NMR spectra (δ, ppm; J, hertz) were obtained on
Bruker AC 80 or Bruker AC 200 instruments.

Aggregation mode
Parameters of the surface-active properties were calcu-

lated using Gibbs’ equation (11) with the data obtained from
measurements carried out on a Prolabo n°3 tensima using
the stirrup detachment method. The size of aggregates was
determined by light scattering using a Malvern Zetasizer
3000 instrument. An EM-301 Philips transmission electron
microscope was used for TEM studies. Vesicles were pre-
pared by sonication (Sonics instrument: 600 W) at 110 W
for 15–20 min. Dust was removed by centrifugation
(3000 rpm for 10 min) and filtration through a millipore
0.45 µ filter. One drop of the above dispersion was placed
onto a carbon-coated grid (400 mesh). Filter paper was em-
ployed to wick away the excess water. One drop of 2% ura-
nyl acetate solution was added.

It was then kept under mechanical vacuum for approxi-
mately 1 h. Micrographs were then recorded.

Typical procedure for the synthesis of compounds 2
A solution of dimethylamine (33% of ethanol) (3 ×

10–2 mol) and dibromoalkane (10–2 mol) were added with
sodium carbonate (2 × 10–2 mol) into 60 mL of ethanol and
15 mL of water. The reaction mixture was refluxed and
stirred for 24 h. Then the resulting compound was isolated
by evaporation of the solvent under reduced pressure. The
crude product, washed with 10 mL of water, was extracted
with EtO2. The organic phase was dried on anhydrous
Na2SO4 and evaporated in vacuo. The crude oil was purified
by distillation.

1,6 Bis (N,N-dimethylamino)hexane, 2a
Yield: 98%. Colourless oil, bp = 68°C at 1 mmHg

(1 mmHg = 133.322 Pa). 1H NMR (200 MHz, CDCl3) δ:
1.10 (m, 8H, (CH2)4), 1.92 (s, 12H, 2 × N(CH3)2), 2.31 (t,
J = 6.4, 4H, 2 × NCH2).

13C NMR (200 MHz, CDCl3) δ:
27.23–28.30 ((CH2)4), 45.20 (NCH3), 59.66 (NCH2). Anal
calcd. (%) for C10H24N2 (172.30): C 69.70, H 14.04, N
16.25; found: C 69.82, H 14.24, N 16.02.

1,8 Bis (N,N-dimethylamino)octane, 2b
Yield: 98%. Colourless oil, bp = 60°C at 0.06 mmHg. 1H

NMR (200 MHz, CDCl3) δ: 1.12 (m, 12H, (CH2)6), 1.92 (s,
12H, 2 × N(CH3)2); 2.31 (t, J = 6.5, 4H, 2 × NCH2).

13C
NMR (200 MHz, CDCl3) δ: 27.23–28.30 ((CH2)6), 45.20
(NCH3), 59.66 (NCH2). Anal calcd. (%) for C12H28N2
(200.37): C 71.86, H 13.97, N 13.97; found: C 71.66, H
14.15, N 14.13.

1,10 Bis (N,N-dimethylamino)decane, 2c
Yield: 92%. Colourless oil, bp = 62°C at 0.05 mmHg. 1H

NMR (200 MHz, CDCl3) δ: 1.09 (m, 12H, (CH2)6), 1.24 (m,
4H, 2 × CH2-C-N), 1.92 (s, 12H, 2 × N(CH3)2), 2.03 (t, J =

6.3, 4H, 2 × CH2N). 13C NMR (200 MHz, CDCl3) δ: 27.4–
28.51 ((CH2)8), 45.42 (NCH3), 59.87 (NCH2). Anal calcd.
(%) for C14H32N2 (228.40): C 73.61, H 14.12, N 12.26;
found: C 74.08, H 13.96, N 12.62.

1,12 Bis (N,N-dimethylamino)dodecane, 2d
Yield: 98%. Colourless oil, bp = 80–82°C at 0.05 mmHg.

1H NMR (200 MHz, CDCl3) δ: 1.12 (m, 20H, (CH2)10), 1.91
(s, 12H, 2 × N(CH3)2), 2.12 (t, J = 6.3, 4H, 2 × NCH2).

13C
NMR (200 MHz, CDCl3) δ: 27.43–28.53 ((CH2)10), 45.42
(NCH3), 59.87 (NCH2). Anal calcd. (%) for C16H36N2
(256.47): C 74.86, H 14.03, N 10.92; found: C 74.73, H
13.90, N 11.62.

1,16 Bis (N,N-dimethylamino)hexadecane, 2e
Yield: 75%. Colourless oil, decomposition during the dis-

tillation. 1H NMR (200 MHz, CDCl3) δ: 1.19 (m, 24H,
(CH2)12), 1.23 (m, 4H, 2 × CH2CN), 2.16 (s, 12H, 2 ×
N(CH3)2), 2.25 (t, J = 6.4, 4H, 2 × NCH2).

13C NMR
(200 MHz, CDCl3) δ: 27.43–28.53 ((CH2)14), 45.42 (NCH3),
59.87 (NCH2). Anal calcd. (%) for C20H44N2 (312.56): C
76.85, H 14.19, N 8.96; found: C 76.73, H 13.92, N 8.62.

Typical procedure for the synthesis of compounds 3
Sulfobetaine 3 was prepared by the addition of α,ω-

bis(N,N-dimethylamino) alkane 2 (10–2 mol) to a stirred so-
lution of 1,3-propane sultone (7 × 10–3 mol) in 50 mL of an-
hydrous acetone. The reaction mixture was stirred at room
temperature for 3 h, cooled, and filtered. The amphiphilic
product was purified by recrystallization from methanol–
ether (1:9) and dried in vacuo over phosphorus pentoxide.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-8-(N′,N′-
dimethylamino) octane, 3b

Yield: 96%. White powder, mp = 198–200°C. IR (KBr) ν:
1480 (C-N+), 1040 (S = 0). 1H NMR (80 MHz, D2O) δ: 1.25
(m, 12H, (CH2)6), 1.99–2.18 (m, 10H, NCH2, N(CH3)2,
CH2-C-SO3), 2.72–3.21 (m, 12H, N+(CH3)2, N+CH2,
CH2SO3

–). 13C NMR (200 MHz, D2O) δ: 20.73–31.66
((CH2)6), 46.52 (NCH3), 49.81 (CH2-C-SO3), 53.16
(N+CH3), 61.43 (NCH2), 64.54 (N+CH2), 66.71 (CH2SO3

–).
Anal. calcd. (%) for C15H34N2SO3 (322.5): C 55.86, H
10.63, N 8.69, S 9.94; found: C 55.50, H 10.46, N 8.46, S
9.62.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-10-(N′,N′-
dimethylamino) decane, 3c

Yield: 97%. White powder, mp = 218°C. IR (KBr) ν:
1480 (C-N+), 1040 (S = 0). 1H NMR (80 MHz, D2O) δ: 1.27
(m, 16H, (CH2)8), 1.82–2.16 (m, 8H, NCCH2, N(CH3)2),
2.33 (t, J = 6.6, 2H, NCH2), 2.65 (t, J = 8.1, 2H, CH2SO3

–),
3 (s, 6H, N(CH3)2).

13C NMR (200 MHz, D2O) δ: 20.72–
31.65 ((CH2)10), 46.52 (NCH3), 49.84 (CH2-C-SO3), 53.16
(N+CH3), 61.44 (NCH2), 64.52 (N+CH2), 66.71 (CH2SO3

–).
Anal. calcd. (%) for C17H38N2SO3 (350): C 58.09, H 10.52,
N 4.7, S 5.34; found: C 57.80, H 10.57, N 4.3, S 5.27.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-12-(N′,N′-
dimethylamino) dodecane, 3d

Yield: 95%. White powder, mp = 230°C. IR (KBr) ν:
1480 (C-N+), 1040 (S = 0). 1H NMR (80 MHz, D2O) δ: 1.22
(m, 20H, (CH2)10), 1.91–2.15 (m, 10H, NCH2, N(CH3)2,
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CH2-C-SO3
–)), 2.91–3.25 (m, 12H, N+(CH3)2, N+CH2, CH2-

CH2SO3
–). 13C NMR (200 MHz, D2O) δ: 20.75–31.65

((CH2)10), 46.52 (NCH3), 49.84 (CH2-C-SO3), 53.16
(N+CH3), 61.4 4 (NCH2), 64.52 (N+CH2), 66.72 (CH2SO3

–).
Anal. calcd. (%) for C19H42N2SO3 (378.6): C 60.27, H 11.18,
N 7.40, S 8.47; found: C 59.93, H 11.02, N 7.07, S 8.54.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-12-(N′,N′-
dimethylamino) hexadecane, 3e

Yield: 75%. White powder, mp = 238°C. IR (KBr) ν:
1480 (C-N+), 1040 (S = 0). 1H NMR (80 MHz, D2O) δ: 1.22
(m, 28H, (CH2)14), 1.72 (m, 2H, NCCH2), 2.13–2.55 (m, 8H,
N(CH3)2, NCH2), 2.84 (m, 2H, CH2-CSO3

–), 3.18 (m, 8H,
N+(CH3)2, N+CH2), 3.45 (t, J = 7.9, 2H, SO3CH2).

13C NMR
(200 MHz, D2O) δ: 19.51–29.6 ((CH2)14), 45.54 (NCH3),
47.6 3 (CH2-C-SO3), 50.61 (N+CH3), 60.40 (N+CH2), 63.52
(N+CH2), 63.4 2 (N+CH2), 64.54 (CH2SO3). Anal. calcd. (%)
for C23H50N2SO3 (434.4): C 63.59, H 11.52, N 6.44, S 7.37;
found: C 62.93, H 11.22, N 7.01, S 7.54.

Typical procedure for the synthesis of compounds 1
A mixture of sulfobetaine 3 (10–2 mol) and of haloalkane

(1.2 × 10–2 mol) in 50 mL of absolute MeOH was heated at
reflux for 4 h. After removing the solvent in vacuo, the re-
sidual oil was precipitated by trituration with anhydrous ether.
After filtration, the solid was washed by 3 × 20 mL of anhy-
drous ether and dried in vacuo over phophorus pentoxide.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-8-(N′ ,N′-
dimethyl,N′ -dodecylammonium bromide) octane, 1b

Yield: 87%. White powder, mp = 120°C. IR (KBr) ν:
1480 (C-N+), 1040 (S = 0). 1H NMR (80 MHz, D2O) δ: 0.85
(t, J = 7.3, 3H, CH3-C11), 1.26 (m, 32H, (CH2)10, (CH2)6),
2.09 (m, 2H, CH2-C-SO3

–)), 2.64–3.33 (m, 22H, 2 ×
N(CH3)2, 4 × NCH2, CH2SO3

–). 13C NMR (200 MHz, D2O)
δ: 16.61 (C-CH3), 20.75–34.61 ((CH2)6, (CH2)10), 49.90
(CH2-C-SO3), 53.51 and 54.45 (NCH3), 64.46 and 66.32
(NCH2), 66.69 (CH2SO3

–), 69.35 (N+CH2). Anal. calcd. (%)
for C27H59N2SO3Br (574.77): C 56.61, H 10.38, N 4.89, S
5.59; found: C 56.95, H 10.95, N 4.80, S 6.00.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-10-(N′ ,N′-
dimethyl,N′ -dodecylammonium bromide) decane, 1c

Yield: 92%. White powder, mp = 115°C. IR (KBr) ν:
1480 (C-N+), 1040 (S = 0). 1H NMR (80 MHz, D2O) δ: 0.85
(t, J = 7.1, 3H, CH3-C), 1.23 (m, 36H, (CH2)10, (CH2)8),
1.72–2.15 (m, 10H, CH2CN, CH2-C-SO3

–), 2.84–3.05 (m,
12H, 2 × N(CH3)2), 3.35 (m, 2H, CH2SO3).

13C NMR
(200 MHz, D2O) δ: 16.63 (C-CH3), 20.75–34.59 (CH2)8,
(CH2)10), 49.96 (CH2-C-SO3), 53.25 and 53.63 (NCH3), 64.33
and 66.96 (NCH2), 66.48 (CH2SO3

–), 69.76 (N+CH2). Anal.
calcd. (%) for C29H63N2SO3Br (599.86): C 57.96, H 10.57, N
4.66, S 5.33; found: C 58.79, H 10.05, N 4.42, S 5.55.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-12-(N′,N′-
dimethyl,N′-dodecylammonium bromide) dodecane, 1d

Yield: 85%. White powder, mp = 105°C. IR (KBr) ν:
1480 (C-N+), 1040 (S = 0). 1H NMR (80 MHz, D2O) δ: 0.85
(t, J = 7.2, 3H, CH3-C11), 1.27 (m, 40H, 2 × (CH2)10,), 2.09
(m, 2H, CH2-C-SO3

–)), 3.07–3.33 (m, 22H, 2 × N(CH3)2,
4 × NCH2, CH2SO3

–). 13C NMR (200 MHz, D2O) δ: 16.61

(C-CH3), 20.63–34.40 ((CH2)10), 49.90 (CH2-C-SO3), 53.52
and 54.36 (NCH3), 64.21 and 66.06 (NCH2), 66.34
(CH2SO3

–). Anal. calcd. (%) for C31H67N2SO3Br (627.87): C
59.20, H 10.74, N 4.45, S 5.09; found: C 59.79, H 10.35, N
4.42, S 5.55.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-16-(N′,N′-
dimethyl,N′-dodecylammonium bromide) hexadecane, 1e

Yield: 85%.White powder, mp = 135°C. IR (KBr) ν: 1485
(C-N+), 1040 (S = 0). 1H NMR (80 MHz, D2O) δ: 0.87 (t,
J = 7.3, 3H, CH3), 1.24–1.35 (m, 48H, (CH2)14, (CH2)10),
2.13 (m, 2H, CH2C-S), 2.91–3.13 (m, 14H, 2 × N(CH3)2,
CH2SO3), 3.35 (m, 8H, 4 × N+CH2).

13C NMR (200 MHz,
D2O) δ: 18.13 (CH3), 21.10–35.12 ((CH2)14, (CH2)10), 48.98
(CH2-C-S), 50.40 and 52.2 (NCH3), 60.62, 64.75, and 65.81
(N+CH2), 66.75 (CH2S). Anal. calcd. (%) for
C35H75N2SO3Br (683.98): C 61.36, H 11.03, N 4.09, S 4.68;
found: C 61.82, H 10.35, N 4.98, S 4.35.

1-(N,N-Dimethylammonio,N-propyl-1-sulfonate)-12-(N′,N′-
dimethyl,N′-ethylammonium bromide) dodecane, 1f

Yield: 90%.White powder, mp = 125°C. 1H NMR
(80 MHz, D2O) δ: 1.13 (t, J = 7.2, 3H, CH3), 1.34 (m, 16H,
(CH2)8), 2.25 (m, 2H, CH2-C-SO3), 2.94–3.25 (m, 14H, 2 ×
N(CH3)2, CH2SO3), 3.31 (m, 8H, 4 × NCH2), 3.52 (t, J =
7.2, 2H, NCH2-C-C-S). 13C NMR (200 MHz, D2O) δ: 10.03
(CH3), 20.73–31.12 ((CH2)8), 49.81 (CH2-C-S), 52.43
(NCH3), 53.21 (CH3N-S), 62.0, 64.48, and 65.75 (NCH2),
66.6 (CH2S). Anal. calcd. (%) for C21H47N2SO3Br (487.62):
C 49.88, H 9.77, N 5.54, S 4.08; found: C 50.12, H 10.02, N
5.38, S 4.32.
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Voltammetric studies and assay of the anti-
inflammatory drug ketoprofen in pharmaceutical
formulation and human plasma at a mercury
electrode

M.M. Ghoneim and A. Tawfik

Abstract: The electrochemical reduction of the anti-inflammatory drug ketoprofen was studied in a Britton-Robinson
(B-R.) buffer series of pH 2–11 using dc-polarography, cyclic voltammetry, and coulometry techniques. The electrode
reaction pathway of the drug at the dropping mercury electrode was proposed and discussed. A new adsorptive cath-
odic stripping square-wave voltammetric procedure was optimized for the assay of bulk drug in a B-R. buffer of
pH 2.0. The peak current was linear with the drug concentration over the ranges 2 × 10–9 to 2 × 10–7 M of the bulk
drug, using a 60 s accumulation time period at –0.6 V (vs. Ag/AgCl/KCls). The percentage recovery of the bulk drug
was 99.57 ± 0.54 and a detection limit of 0.10 ng mL–1 was achieved. The proposed procedure was successfully ap-
plied for the assay of ketoprofen in pharmaceutical formulation (Ketofan®) and human plasma. The percentage recover-
ies were 99.66 ± 0.47 and 101.76 ± 0.64 in pharmaceutical formulation and human plasma, respectively. A detection
limit of 0.14 ng mL–1 plasma was achieved which was below that reported in literature using the different analytical
techniques.

Key words: ketoprofen (Ketofan®) determination, polarography, cyclic voltammetry, adsorptive cathodic stripping
square-wave voltammetry, human plasma.

Résumé : On a étudié la réduction électrochimique de la drogue anti-inflammatoire le cétopropfène, dans une série de
tampons de Britton-Robinson (B-R.) dont les pH varient de 2 à 11, en faisant appel à des techniques de polarographie
dc, de voltamétrie cyclique et de coulométrie. On propose en détail un schéma réactionnel pour la réaction à
l’électrode de la drogue au niveau de l’électrode à goutte de mercure. On a optimisé un nouveau procédé de volta-
métrie à impulsion carrée avec accumulation à la surface de la cathode, pour un essai avec la drogue encombrée dans
le B-R. à un pH de 2,0. L’intensité des courants de pic est proportionnelle la concentration de la drogue encombrée
pour des concentrations supérieures à l’intervalle de 2 × 10–9 à 2 × 10–7 en utilisant des période de temps
d’accumulation de 60 s à 0,6 V (vs. Ag/AgCl/KCls). Le pourcentage de récupération de la drogue encombrée est de
99,57 ± 0,54 avec une limite de détection de 0,10 ng mL–1. On a utilisé avec succès la méthode proposée lors d’un es-
sai du cétoprofène en formule pharmaceutique (Ketofan®) et dans le plasma humain. Les pourcentages de récupération
sont de 99,66 ± 0,47 et de 101,76 ± 0,64 respectivement. On a atteint une limite de détection de 0,14 ng mL–1 de
plasma, cette limite est inférieure à celles reportées dans la littérature pour des techniques analytiques différentes.

Mots clés : cétoprofène (Ketofan®) détermination, polarographie, voltamétrie cyclique voltamétrie à impulsion carrée
avec accumulation à la surface de la cathode, plasma humain.

[Traduit par la Rédaction] Ghoneim and Tawfik 896

Introduction

Ketoprofen (I): a-(3-benzoylphenyl) propionic acid, is a
nonsteroidal anti-inflammatory agent with pronounced anal-
gesic properties (1). Ketoprofen is used for anti-inflamma-
tory and analgesic effects in the symptomatic treatment of
acute and chronic rheumatoid arthritis and osteoarthritis.
Ketoprofen is also used to relieve mild to moderate pain and

for the management of primary dysmenorrhea (2). It is for-
mulated as a 50 mg capsule or a 100 mg suppository.

Ketoprofen is absorbed rapidly regardless of the route of
administration. It reaches a peak maximum in the first hour
of administration if taken by the oral and 6 h if taken by the
subcutaneous route (3).
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The metabolism of ketoprofen undergoes through two ma-
jor processes a hydroxylation process and glucuronide con-
jugation. The glucuronide conjugation pathway is
predominant in the rabbit and in man but in man the
hydroxylation is not totally absent (4, 5).

It is generally assumed that the nonsteroidal anti-
inflammatory drugs diffuse back to plasma and that the me-
tabolism of the drug within the joint does not occur (4).
Ketoprofen and p-hydroxy ketoprofen are the major drug-
related components in human plasma and the concentration
of the metabolite (p-hydroxy ketoprofen) is very low (5, 6).

Various methods of determination of ketoprofen in phar-
maceutical formulations and biological fluids have been re-
ported. These mainly include: NMR spectroscopy (7), UV
spectrophotometry (8–10), Fourier transform IR spectrome-
try (11, 12), capillary electrophoresis (13, 14), chromatogra-
phy (15, 16), HPLC (17–42), GC–MS (43–47), and
electrochemistry (9, 48). The electrochemical reduction of
ketoprofen and its assay in pharmaceutical formulations
were studied by differential-pulse polarography in a buffer
of pH 6 (48), in which a single peak was observed at Ep =
–1.15 V vs. SCE. The peak current varied linearly with the
concentration of the drug over the range 1 × 10–5 to 5 × 10–4 M.
This procedure was sensitive to about 2.5 µg mL–1. Also, the
assay of ketoprofen in capsules was studied in 0.1 M per-
chlorate (pH 3.8) using direct current stripping voltammetry
(9). The peak current varied linearly with the drug concen-
tration over the range 1 × 10–8 to 1 × 10–6 M with a detec-
tion limit of 0.50 ng mL–1. In general, the detection limit of
the reported procedures varied from 10 µg mL–1 to
0.5 ng mL–1 depending on the applied analytical technique
(7–48).

The aim of the present work was to clarify the polaro-
graphic behavior of ketoprofen in a Britton-Robinson (B-R.)
buffer series (pH 2–11) and to shed light on its electrode re-
action pathway at the dropping mercury electrode. Also, an
adsorptive stripping square-wave voltammetry procedure
was optimized for determination of the drug in bulk, phar-
maceutical formulation, and human plasma with detection
limits lower than those reported in literature (7–48).

Experimental

Materials
Bulk ketoprofen was kindly supplied by Squibb Company

Cairo, Egypt and Ketofan® capsules (Amriya Pharm. Ind.,
Egypt) were purchased from the Egyptian local market. Hu-
man plasma samples were kindly supplied by the Tanta City
Blood Bank.

Reagents and solutions
A standard stock solution of 1 × 10–3 M bulk ketoprofen

was prepared in ethanol (Merck) and stored in the dark at
4°C. More dilute solutions (1 × 10–6 to 1 × 10–4 M) were
prepared daily by accurate dilution with ethanol just before
use. The ketoprofen solutions were stable and their concen-
trations did not change with time. A series of B-R. buffers of
pH 2–11 was prepared (49).

Human plasma spiked with ketoprofen and a solution of
ketoprofen extracted from Ketofan® capsules were prepared
according to the procedure described previously (50).

A Mettler balance (Toledo AB104) was used for weighing
the solid materials. Deionized water was obtained from an
AquaMatic bi-distillation water system connected to a Purite
Still Plus HP deionizer.

Instrumentation
A Polarograph model 4001 (Sargent-Welch) was used for

study of the polarographic behaviour of ketoprofen. A
polarographic cell, with a dropping mercury electrode
(DME) as a working electrode (mass of mercury flowing
from the capillary per second m = 1.03 mg s–1, t = 3.3 s at
mercury height = 60 cm) and a saturated calomel electrode
(SCE) as a reference electrode, was used.

The Potentiostat/Galvanostat model 173 supplied with a
digital Coulometer model 179 (PAR) was used for the con-
trolled-potential coulometry measurements. A coulometric
microcell, incorporated with a platinum wire sealed through
the cell bottom for contact with a mercury pool as a working
electrode, a SCE as a reference electrode, and a platinum
gauze immersed in a bridge tube as a counter electrode, was
used.

The cyclic and square-wave voltammograms were re-
corded using a Potentiostat/Galvanostat model 273A-PAR
interfaced with a PC loaded with the software package
270/250 (PAR). The electrode assembly 303A (PAR), with a
dark microelectrolysis cell incorporated with a hanging mer-
cury drop electrode (HMDE) as a working electrode,
Ag/AgCl/ KCls as a reference electrode, and a platinum wire
as a counter electrode, was used.

Analysis procedure
A known volume of ketoprofen solution was pipetted into

a 10 mL-calibrated flask and made up to the mark with a B-
R. buffer of pH 2.0. The solution was then transferred into
the electrolysis cell and deoxygeneted with pure nitrogen for
15 min. The accumulation potential (Eacc = –0.6 V vs.
Ag/AgCl/KCls) was applied to the working electrode for a
selected accumulation time period (tacc = 60 s) while the so-
lution was stirred. At the end of the accumulation period, the
stirrer was stopped and 10 s were allowed for the solution to
become quiescent. Stripping voltammograms were then re-
corded by scanning the potential towards the negative direc-
tion using the square-wave waveform. A calibration graph
was constructed under the optimized conditions of the assay.

Results and discussion

dc-Polarography
The dc-polarograms for the 2.6 × 10–4 M bulk ketoprofen

drug in the B-R. buffers of pH values ≤3.0 showed two one-
electron irreversible waves of equal heights, both intermin-
gled into a single two-electron irreversible wave in solutions
of 4 < pH < 6. On the increase of pH of the medium, the sin-
gle wave started to split again into two waves, the height of
the second wave increased at the expense of the first one un-
til the latter disappeared completely in solutions of pH > 9
(Fig. 1a). In solutions of pH > 9, a single two-electron wave
was observed at more negative potentials. The total limiting
current (il) was pH independent throughout the entire pH
range of 2–11 (Fig. 2a). The il–pH curves for the first wave
(pH < 9) and the second wave or the single wave (pH > 6)
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recalled dissociation and association curves, respectively
(Fig. 2b, 2c) which may be attributed to the presence of the
ketoprofen molecules in an acid–base equilibrium (51).

Controlled-potential coulometry studies revealed that the
number of electrons involved in the reduction process of
ketoprofen was two electrons/reactant molecule over the en-
tire pH range of 2–11, which corresponded to the reduction
of the carbonyl group site of the ketoprofen molecule.

The half-wave potentials (E1/2) of the ketoprofen reduc-
tion waves recorded in solutions of pH < 6.0, and that of the
first wave recorded in solutions of pH values 6–9 shifted to-
ward more negative values with the increase of pH of the

medium. This behaviour indicated the involvement of pro-
tons in the rate-determining step and that the proton transfer
precedes the electron transfer reaction (51). On the other
hand, the E1/2 of both the second wave (pH 6–9) and the sin-
gle wave (pH > 9) were practically pH independent.

The E1/2–pH plot for the single wave (pH < 6) was a
straight line (Fig. 3a) with a slope value (δE1/2 /δpH = S1) re-
ported in Table 1 (S1 = [0.0591/αna]·ZH

+, where ZH
+ and na

are the number of hydrogen ions and number of electrons,
respectively, participating in the rate-determining step and α
is the transfer coefficient). Also the E1/2–pH plots for the
first wave (Fig. 3b) and for the second wave (pH 6–9) or the
single wave (pH > 9) (Fig. 3c) were straight lines. These
plots indicated that the E1/2 of the first wave (pH 6–9) was
pH dependent while those of the second wave (pH 6–9) and
the single wave (pH > 9) were practically pH independent.
The pH value at the point of intersection of curves a and c
(Fig. 3) was approximately equal to the pKa′ value of
ketoprofen (pH = pKa′ ≈ 7.5) (52).

The ketoprofen reduction waves at the DME were ana-
lysed using the fundamental equation for the irreversible
polarographic waves (53):

Ed.e. = E1/2 – (0.0591/αna) log (i/id – i)

The plots of the potentional of the dropping mercury elec-
trode (Ed.e.) against log (i/id – i) at different pH values were
straight lines with the slope values S2 reported in Table 1
(S2 = 0.0591/αna).

The number of hydrogen ions (ZH
+) participating in the

rate-determining step (pH < 6) were determined by applying
the relationship (53, 54):

δE1/2/δpH = (0.0591/αna)·ZH
+

(i.e., ZH
+ = (δE1/2/δpH)/(0.0591/αna) = S1/S2)

The data reported in Table 1 indicated that, in acidic me-
dia (pH < 6), the rate-determining step involved the con-
sumption of one proton (ZH

+ = 1) and one electron (na = 1),
while in solutions of pH > 9, na = 2. Accordingly, the reduc-
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Fig. 1. dc-Polarograms for 2.6 × 10–4 M ketoprofen in: (a) B-R.
buffers of different pH values (1) pH 2.0, (2) pH 3.0, (3) pH 4.0,
(4) pH 5.0, (5) pH 6.0, (6) pH 7.0, (7) pH 7.8, (8) pH 8.2, (9)
pH 9.1, (10) pH 9.9, (11) pH 11.0; and (b) 0.1 M HCl.

Fig. 2. il–pH plots for 2.6 × 10–4 M ketoprofen. (a) Total cur-
rent; (b) first wave; (c) second wave.
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tion reaction pathway of the carbonyl group of the
ketoprofen molecule at the DME surface can be expressed as
follows:

(i) In acidic solutions (pH < 6.0): the sequence of the
electrode reaction was proton, electron, electron, proton (H+,
e, e, Hf

+) (51).

In solutions of pH < 4, E1 ≠ E2, thus, the reduction of the
carbonyl group took place via two one-electron irreversible
waves of equal heights (rxns. [1] and [2] represent the first
and second waves, respectively). In 0.1 M HCl (pH 1), two
one-electron irreversible waves of equal heights were also

observed (Fig. 1b). At higher pH values (4 < pH < 6), E1 =
E2 = E1/2, thus, a single two-electron irreversible wave was
recorded (sum of rxns. [1] + [2]), while the total limiting
current (il) was still practically pH independent over the en-
tire pH range.

(ii) In alkaline solutions (pH > 9): the sequence of the
electrode reaction was electron, electron, proton, proton (e,
e, H+

f, H+
f) (51). The protons required were supplied from

the water molecules.

Over this pH range, the reduction of the carbonyl group
took place at more negative potentials (E3 > E1 and E2) via a
single two-electron irreversible wave (rxn.[3]).

(iii) In solutions of intermediate pH values 6–9: over this
pH range, the ketoprofen molecule was expected to be pres-
ent in an acid–base equilibrium (pKa ≈ 7.5) (52), both the
acidic (AH) and basic (A–) forms were electroactive.

Thus, the reduction of the drug within the pH range 6–9
took place via two steps, and the height of the second step
(because of the reduction of the basic form) increased at the
expense of the first one (due to the reduction of the acidic
form) on the increase of pH of the medium until the latter
one disappeared completely at pH values >9 (Figs. 1 and 2).
Thus, the electrode reaction of ketoprofen over the pH range
(6–9) was considered to consist of mixed processes (rxns.
[1], [2], and [3]). As the pH of the medium was increased,
rxn. [3] became the dominant one.

According to Zuman (51), the existence of an electro-
active compound in an acid–base equilibrium leads to the
variation of the reduction current with the change of hydro-
gen ion concentration [H+] as governed by the equation (55):

i
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pH
–E1/2 (V)
vs. SCE S1 (mV) S2 (mV)

αna
(na = 1)

α
(na = 2)

ZH
+

(S1/S2)
In acidic media
2.0 0.91 81.83 0.72 0.36 0.94
3.0 0.99 77.0 80.84 0.73 0.37 0.95
5.0 1.13 74.90 0.79 0.39 1.03
In alkaline media
9.1 1.37 * 59.95 0.98 0.49 —
9.9 1.39 * 58.21 1.01 0.51 —
11.1 1.42 * 56.45 1.04 0.52 —

*E1/2 was practically pH independent in solutions of pH > 9.

Table 1. Data obtained from dc-polarographic measurements for 2.6 × 10–4 M ketoprofen in B-R.
buffers of different pH values at 25°C.

Fig. 3. E1/2–pH plots for 2.6 × 10–4 M ketoprofen in B-R.
buffers: (a) single wave (pH < 6); (b) first wave (pH 6–9); and
(c) second wave (pH 6–9) and single wave (pH > 9).
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which was modified to the following forms (51, 56):

pH log 0.886 r l l AH
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= 
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1 2/
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(iAH and iA− are the reduction currents of acidic and basic
forms, respectively).

The plots of [log (il – iAH)/iAH] or [log (il – iA-)/iA–] vs.
the pH values 6–9, respectively, for the first and second
waves, yielded straight lines (Fig. 4) which indicated the va-
lidity of the previous equations and consequently confirmed
the presence of ketoprofen molecules in an acid–base equi-
librium within the pH range 6–9. The pH value corre-
sponded to the intersection point of the two curves (Fig. 4a,
4b) equaled to the pKa′ value of ketoprofen (pH = pKa′ ≈ 7.5)
(52).

Cyclic voltammetry
The cyclic voltammograms of ketoprofen in B-R. buffers

of pH < 6 and pH > 9 showed a single cathodic peak, while
two cathodic peaks were observed in solutions of pH 6–9.
No anodic peaks were observed in the reverse scan, which
confirmed the irreversible nature of the ketoprofen electrode
reaction. These results agree well with that of the
polarographic studies of the drug over the pH range 2–11.
The irreversible nature of the reduction process was also
confirmed by the shift of the peak potential (Ep) to more
negative values with the increase of the scan rate ν from 20
to 500 mV s–1 (57). On plotting log ip vs. log ν, a linear cor-
relation was obtained with a slope value close to the theoret-
ical expected value of 1.0 for an ideal reaction of surface
species (58). So in this case the process appears to have an
important adsorptive component. The electrode surface cov-
erage can be calculated from the amount of charge con-
sumed by the surface process as calculated by the integration
of the area under the peak of the cyclic voltammogram cor-
rected to residual current (59). According to the equation:
Γ = Q/nFA, the surface coverage Γ (mol cm–2) was calcu-
lated, where n is the overall number of electrons consumed
in the reduction process (n = 2), F is Faraday’s constant
(96 487 C) and A is the electrode surface area (0.026 cm2).
On dividing the number of coulombs transferred (1.267 µC)
by the conversion factor (nFA), a monolayer surface cover-
age of 2.525 × 10–10 mol cm–2 was obtained. Each adsorbed
ketoprofen molecule therefore occupies an area of
6.5748 nm2.

Adsorptive stripping square-wave voltammetry
The adsorptive preconcentration of ketoprofen at the

HMDE surface and the application of a subsequent scan in
the negative direction using the square-wave waveform gave
rise to a single reduction peak in B-R. buffers of different
pH values. A well-developed and sharper peak was observed
in a B-R. buffer of pH 2.0. Figure 5 shows a large response
for 2 × 10–7 M ketoprofen after preconcentration for 60 s.
On the contrary, the direct response (tacc = 0) showed a
smaller reduction peak current. This indicates that ketopro-

fen can be preconcentrated at the HMDE surface by
adsorption.

Considering the large response obtained by adsorptive
stripping square-wave (AdSSW) voltammetry compared to
that of direct square-wave stripping (SWS) voltammetry, it
was possible to determine trace levels of ketoprofen using
AdSSW voltammetry. Experiments were made to optimize
the conditions for the adsorption of the drug onto the HMDE
surface. Several stripping voltammograms were recorded at
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Fig. 4. Plots of log [(il – iHA)/iHA] and log [(il – iA–)/iA–] vs. pH
for 2.6 × 10–4 M ketoprofen in B-R. buffers of different pH val-
ues. (a) First wave; (b) second wave recorded in solutions of
pH 6–9.

Fig. 5. Square-wave voltammograms for 2 × 10–7 M ketoprofen
in a B-R. buffer of pH 2: (a) background; (b) without
preconcentration (tacc. = 0); and (c) after preconcentration for
60 s. Eacc. = –0.6 V, frequency = 120 Hz, scan increment = 8
mV, pulse amplitude = 25 mV, and rest period = 10 s.
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different accumulation potentials, Eacc, (0 to –1.0 V), pulse
amplitudes (10–70 mV), scan increments (2–10 mV), and
frequencies (20–120 Hz). Finally, the effect of the accumu-
lation time (tacc) was studied for two concentrations (2 ×
10–8M and 2 × 10–7M) of ketoprofen under the optimized
conditions: Eacc = –0.6 V, pulse amplitude = 25 mV, scan in-
crement = 8 mV, frequency = 120 Hz, rest period = 10 s,
and drop size = 0.026 cm2. The resultant peak current
showed a linear relationship with the accumulation time up
to 60 s for both concentrations studied (Fig. 6).

The applicability of the AdSSW voltammetry technique as
an analytical method for the determination of bulk keto-
profen was tested as a function of its concentration (Fig. 7).
Linear response was obtained over the concentration ranges
2 × 10–9 to 2 × 10–7 M (tacc = 60 s) or 1 × 10–8 to 3 × 10–7 M
of ketoprofen (tacc = 30 s). The variations of peak current (ip)
with ketoprofen concentration (C) after preconcentration for
60 s and 30 s were represented by the following straight line
equations:

ip(nA) = 10.4024C(nM) + 42.75,
correlation coefficient r = 0.998 (n = 14),

tacc = 60 s and,

ip(nA) = 7.2896C(nM) + 18.22,

r = 0.995 (n = 14), tacc = 30 s

The percentage recovery of the drug was 99.57 ± 0.54.
The drug detection limit was calculated using the equation
dl = 3sd/a (60) where sd is the standard deviation of the
blank and a is the slope of the calibration curve. A detection
limit of 0.10 ng mL–1 of the bulk drug was achieved.

Interference studies
Selectivity of the optimized procedure for the assay of 3 ×

10–8 M ketoprofen was examined in the presence of some
common excipients in the same ratios usually used in phar-
maceutical preparations (e.g., starch, gelatin, lactose, talc,
and magnesium stearate). The mean percentage recovery of
98.56 ± 0.61 showed no significant interference from
excipients, thus, the procedure was able to assay ketoprofen
in the presence of excipients and hence, it can be considered
selective.

Applications

Analysis of Ketofan® capsules
The proposed procedure was successfully applied for the

assay of ketoprofen in pharmaceutical formulation
(Ketofan® capsules). The percentage recovery of ketoprofen
based on the average of four replicate experiments was found
to equal 99.66 ± 0.47. The results were favorably compared
with those obtained by assay of the same capsules using a
reported HPLC method (20).

Analysis of spiked human plasma
The present optimized AdSSW voltammetry procedure

was also successfully applied for the determination of
ketoprofen in protein-free spiked human plasma (Fig. 7).
The variation of peak current (ip) vs. ketoprofen concentra-
tion (C) was represented by a straight-line equation: ip(nA) =
9.28151C(nM) + 45.3146, r = 0.997 (n = 14). The linear
concentration range was 5 × 10–9 to 2 × 10–7 M ketoprofen.
The percentage recovery of ketoprofen based on the average
of four replicate experiments was found to equal 101.76 ±
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Fig. 6. Influence of the accumulation time on the peak current of
AdSSW voltammograms for: (a) 2 × 10–8 M ketoprofen; and
(b) 2 × 10–7 M ketoprofen. Other conditions as illustrated in
Fig. 5.

Fig. 7. AdSSW voltammograms for different concentrations of
ketoprofen spiked to human plasma: (a) background; (b) 2 ×
10–9 M ketoprofen; (c) 6 × 10–9 M ketoprofen; (d) 1 × 10–8 M
ketoprofen; (e) 1.4 × 10–8 M ketoprofen; and (f) 1.8 × 10–8 M
ketoprofen (tacc = 60 s, other conditions as illustrated in Fig. 5).
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0.64, which compared well with that obtained by a reported
HPLC method (20). A drug detection limit of 0.14 ng mL–1

plasma was achieved.

Conclusions

In this work, the reduction reaction pathway of ketoprofen
at the mercury electrode surface in B-R. buffers of pH 2–11
was clearly elucidated and discussed. Also, a simple, fast,
accurate, highly sensitive and a less cost adsorptive cathodic
stripping square-wave voltammetric procedure was opti-
mized and successfully applied for the determination of
ketoprofen in bulk, pharmaceutical formulation, and human
plasma. The reached detection limits of the drug were below
those reported in the literature when applying the different
analytical techniques (7–48). The optimized procedure did
not require sample pretreatment or any time-consuming ex-
traction steps other than centrifugal separation of the precip-
itated proteins from plasma samples prior to the drug assay.
The proposed procedure could possibly be adopted for the
pharmacokinetic as well as quality control laboratories.
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Phase behaviour and structure of amphiphilic
poly(ethylene oxide)–poly(propylene oxide) triblock
copolymers ((EO)4(PO)59(EO)4 and (EO)17(PO)59(EO)17)
in ternary mixtures with water and xylene

Pius Kipkemboi, Ali Khan, Björn Lindman, and Viveka Alfredsson

Abstract: The isothermal ternary phase behaviour and structure of amphiphilic copolymer–water–xylene systems was
investigated for two poly(ethylene oxide)–poly(propylene oxide) (PEO–PPO) triblock copolymers, (EO)4(PO)59(EO)4
and (EO)17(PO)59(EO)17, at 25°C. The phase boundaries were identified using 2H NMR and inspection under polarized
light. The microstructure and structural length scales in the lyotropic liquid crystalline phases were determined and
characterized by small-angle X-ray scattering. The amounts and relative proportions of the selective solvents can modu-
late the resulting microstructures, although the phase sequence observed depends on the relative PEO–PPO block ratio.
A variety of lyotropic liquid crystalline (LLC) phases are thermodynamically stable in the system with copolymer
(EO)17(PO)59(EO)17, both of the normal (“oil-in-water”) and of the reverse (“water-in-oil”) morphology. The high hy-
drophobic content of copolymer (EO)4(PO)59(EO)4, however, favours reverse LLC structures with low interfacial curva-
ture. No normal LLC phases are formed by this system.

Key words: amphiphilic, triblock copolymers, poly(ethylene oxide), poly(propylene oxide), ternary mixtures, phase be-
haviour, lyotropic liquid crystals, SAXS, 2H NMR.

Résumé : Opérant à 25 °C, on a étudié le comportement de la phase ternaire isotherme et de la structure des systèmes
copolymère–eau–xylène amphiphiles de deux copolymères à trois blocs de poly(oxyde d’éthylène)–poly(oxyde de pro-
pylène) (PEO–PPO), (EO)4(PO)59(EO)4 et (EO)17(PO)59(EO)17. On a identifié les barrières des phases par RMN du 2H
et par inspection sous de la lumière polarisée. On a déterminé la microstructure et les échelles de longueur dans des
phases de cristaux liquides lyotropes et on les a caractérisées par diffraction des rayons X à angle faible. Les quantités
et les proportions relatives de solvants choisis peuvent moduler les microstructures qui en résultent, même si la sé-
quence de phase qui est observée dépend du rapport relatif des blocs PEO–PPO. Une variété de phases de cristaux li-
quides lyotropes (LLC) sont thermodynamiquement stables dans le système ave le copolymère (EO)17(PO)59(EO)17 de
morphologie tant normale (huile dans l’eau) qu’inversée (eau dans l’huile). Toutefois, le contenu hydrophobe élevé du
copolymère (EO)4(PO)59(EO)4 favorise les structures LLC inversées avec de faibles courbures interfaciales. Il n’y a pas
de phases LLC normales qui se forment dans ce système.

Mots clés : amphiphile, copolymères à trois blocs, poly(oxyde de propylène), poly(oxyde de propylène), comportement
de phase, cristaux liquides lyotropes, SAXS, RMN du 2H.

[Traduit par la Rédaction] Kipkemboi et al. 908

Introduction

Amphiphilic molecules can self-assemble in solution,
forming thermodynamically stable aggregates. The amphi-
philic molecules can be low molecular weight synthetic sur-
factants, natural lipids, or large molecules such as block
copolymers. Block copolymers are an interesting class of
amphiphiles. Amphiphilic triblock copolymers consisting of

a relatively hydrophobic poly(propylene oxide) (PPO) mid-
dle block and two hydrophilic poly(ethylene oxide) (PEO)
end blocks are commercially available as Poloxamers or
Pluronics in a large variety of molecular weights and PEO–
PPO ratios (1, 2). The interest in the self-assembly of
poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide) (PEO–PPO–PEO) block copolymers has grown con-
siderably over the past decade (1–4). Self-assembly of these
polymers is facilitated, as in the case of common low-
molecular-weight surfactants, by the presence of the two dif-
ferent but covalently bonded parts. In the presence of a
solvent selective for the hydrophilic PEO blocks such as wa-
ter and a solvent selective for the hydrophobic PPO block
such as xylene (“oil”), PEO–PPO–PEO block copolymers
self-organize into a whole spectrum of self-assembled struc-
tures, from micellar solutions to lyotropic liquid crystalline
phases with lamellar, hexagonal, and micellar or bi-
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continuous cubic microstructures (3). The micellar solutions
possess only short-range order (at the micelle level). The
lyotropic liquid crystals exhibit long-range order beyond the
level of the structural element (i.e., spherical, cylindrical, or
planar block copolymer micelles). Both normal (oil-in-
water) and reverse (water-in-oil) morphologies can be
formed at constant temperature, depending on the ternary
composition (4, 5). A notable feature that distinguishes the
self-assembling behaviour of the PEO–PPO–PEO block co-
polymers from that of the low-molecular-weight surfactants
(6) is the ability of the block copolymer to exhibit much
richer structural polymorphism and to form a great variety
of both normal and reverse liquid crystalline microstruc-
tures, as demonstrated in recent reports (3, 5, 7–10). Such an
ability to form many normal and reverse structures at the
same temperature has never before been observed in ternary
systems of common surfactants with water and oil. The pres-
ence of oil enables the formation of reverse phases, where
the oil is the continuous phase, in addition to the normal
ones, where water is the continuous one. The concentration
range over which the different phases form depend on the
block copolymer molecular weight, the block PEO–PPO ra-
tio, and the solvent quantity and quality. PEO–PPO–PEO
block copolymers thus allow for great flexibility in attaining
the desired structure under different conditions and can be
viewed as model self-assembled systems (5).

For a PEO–PPO block copolymer of a given composition
and molecular weight, the type of structures obtained in the
presence of selective solvents appears to be a function of the
volume fraction of the polar (water-like) – apolar (oil-like)
components; this is attributed to the ability of the macro-
molecular blocks to swell to a different extent (based on the
amount of solvent available) with the respective solvents and
to thus modulate the interfacial “curvature” and resulting
structure (11). The initial interfacial curvature can be readily
modified by the ability of the copolymer blocks to swell to
different extents with selective solvents. Thus the proper sol-
vent selection allows for a large diversity in the micro-
structure of the final product and its corresponding
properties. The quality of the solvent and its ability to swell
the different blocks will of course affect the phase behaviour
and structure, as a recent study suggests (8). Owing to the
great potential for modification of their phase behaviour and
to the variety of their physico-chemical properties, numerous
industrial applications are found for Polaxamers (12). This
class of materials is a rather new field of research, and ter-
nary phase diagrams of many different systems have been
reported recently (3, 5, 8–11, 13–22).

The phase behaviour and microstructure in ternary sys-
tems composed of amphiphilic copolymers, an aqueous sol-
vent (“water”), and an organic solvent (“oil”) are the subjects
of an ongoing investigation by our research group (3, 5, 7–
11, 16–18, 20–22). The work described here focuses on the
isothermal phase behaviour and microstructure of ternary
systems based on (EO)4(PO)59(EO)4 and (EO)17(PO)59(EO)17,
triblock copolymers containing water and p-xylene as selec-
tive solvents for PEO and PPO, respectively. The two
triblock copolymers studied have the same hydrophobic PPO
block length, but the size of the PEO blocks differ and allow
us to examine the effects of hydrophilic block size on the
phase behaviour. Visual observation under polarized light

and 2H NMR quadrupolar splittings have been used to delin-
eate the phase boundaries, and small-angle X-ray scattering
(SAXS) was used to characterize the structures.

Experimental section

Materials and sample preparation
The poly(ethylene oxide)–poly(propylene oxide)–poly-

(ethylene oxide) copolymers with the trade names Pluronic
L101 and P103 were obtained as a gift from BASF Corp.,
New Jersey, U.S.A. and were used as received. The poly-
mers have nominal molecular weights of 3800 (10% PEO
content) and 4950 (30% PEO content) g mol–1, respectively.
The resulting compositions are as follows: L101 — (EO)4-
(PO)59(EO)4 and P103 — (EO)17(PO)59(EO)17. Deuterated
water (99.80 atom % 2H) was purchased from Dr. Glaser
AG, Basel, Switzerland. p-Xylene (1,4-dimethylbenzene) of
purity >99.0% was obtained from Aldrich. The bulk density
of the two copolymers is approximately 1.03 and 1.05 g mL–1,
respectively. The bulk densities of p-xylene and deuterated
water at 25°C are 0.861 and 1.105 g mL–1, respectively. The
above stated densities were used in calculating volume frac-
tions from weight fractions. The samples were prepared in-
dividually by weighing appropriate amounts in 8 mm (i.d.)
glass tubes, which were flame-sealed immediately. The sam-
ples were centrifuged repeatedly in alternating directions at
regular intervals over a few days to facilitate proper mixing.
After this treatment the samples were left to stand in a 25°C
temperature-controlled room for at least one month for ho-
mogenization and to reach equilibration.

Delineation of phase boundaries
The equilibrated samples were examined by visual inspec-

tion in normal light and between crossed polarizers to check
for phase separation, homogeneity, and birefringency. One-
phase samples are clear and macroscopically homogeneous.
Anisotropic phases can be recognized from their optical bi-
refringence. Micellar solutions and cubic liquid crystals are
optically isotropic and nonbirefringent. Whether a certain
sample consisted of a single homogeneous phase or of two
or three phases was also established from 2H NMR measure-
ments (carried out at a resonance frequency of 15.37 MHz
on a Bruker MSL 100 superconducting spectrometer work-
ing in the Fourier transform mode). The sample temperature
was controlled by passing air of 25 ± 0.5°C through the
sample holder. The method uses the fact that the spectrum of
an isotropic phase consists of a sharp singlet whereas
anisotropic phases (hexagonal and lamellar) give rise to a
doublet of broad peaks (a so-called quadrupolar splitting),
and significant differences in magnitude are often observed
(7). Mixtures of phases then display superposition of the
known spectra of the individual phases, whereby the phase
equilibrium can be determined.

Structural characterization using small-angle X-ray
scattering (SAXS)

SAXS measurements were performed on a kratky com-
pact small-angle system equipped with a position-sensitive
detector (OED 50M from MBraun, Austria), containing
1024 channels of width 53.6 µm. Cu Kα radiation of wave-
length 1.542 Å was provided by a Seifert ID-300 X-ray gen-
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erator, operating at 50 kV and 40 mA. The obtained Bragg
peaks were relatively sharp, in which case the peak positions
were evaluated from the slit-smeared SAXS data (3, 7). The
sample-to-detector distance was 277 mm. The volume be-
tween the sample and the detector was kept under vacuum
during the measurements to minimize scattering from the
air. The samples were filled into a 0.5-mm quartz capillary
using a syringe; samples whose consistencies were very stiff
were filled into a paste sample holder with thin mica win-
dows. The temperature was controlled by a Peltier element
with an accuracy of ±0.1°C. All SAXS measurements were
performed at 25°C.

The structure of the lyotropic liquid crystalline phases
was determined from the relative positions of the SAXS
diffraction peaks. For the lamellar (smectic) and hexagonal
(cylindrical assemblies crystallized in a two-dimensional
hexagonal lattice) structures, the scattering pattern consists
of a γ-function at each reciprocal-lattice vector, i.e., Bragg
peaks whose positions are in the ratio 1:2:3:4… and 1: 3:2:

7:3…, respectively. The lattice parameters d (lamellar peri-
odicity) and α (distance between the centers of adjacent cyl-
inders) of the lamellar and hexagonal structures,
respectively, were obtained from the position (q*) of the first
and most intense diffraction peak according to

[1] lamellar: q* = 2π
d

, hexagonal: q* = 4
3

π
α

For the calculations involved in the SAXS analysis of the
liquid–crystalline phases identified in the ternary system, the
system is assumed to contain only two types of components,
apolar and polar, separated by a sharp interface. The as-
sumption made above concerning the components that con-
stitute the polar and apolar domains is equivalent to strong
segregation. The apolar component is the PPO part of the
copolymer and the p-xylene, and the polar component is the
PEO of the copolymer and the water. The volume fraction of
the apolar domain, ƒ, is defined as (3):

[2] f x= +Φ Φp oil

where x is the volume fraction of PPO in the copolymer and
Φp is the total volume fraction of the copolymer. The thick-
ness of the apolar domains, δ, in the lamellar structure and
the radius of the apolar domains, R, in the normal hexagonal
structure were calculated from the lattice parameters and the
volume fraction, ƒ, of the apolar components for a ternary
system (3, 7):

[3] lamellar: δ = dƒ hexagonal: R = α 3
2π

f







The interfacial area per PEO block, ap, or the area that a
PEO block of the PEO–PPO–PEO block copolymer occu-
pies at the interface between polar and apolar domains is an-
other characteristic parameter of the microstructure,
providing valuable information on the packing of the macro-
molecules. In the lamellar structure, the effective area per
PEO block at the interface between polar and apolar do-
mains can be determined from the lattice parameters without
any assumptions concerning the degree of segregation or the
local structure of the copolymer film (3, 7). The calculation

of ap in the normal hexagonal structure also involved the co-
polymer and apolar volume fractions. The interfacial area
can be calculated from

[4] lamellar: ap =
υp

pdΦ

hexagonal: ap =
υ

α
2π
3

p

pΦ
f








where υp is the volume of one block-copolymer molecule
(~6126 Å3 for EO4PO59EO4 and ~7828 Å3 for
EO17PO59EO17, calculated from their bulk densities).

Results

Overview of the ternary phase behavior and structure
of the (EO)17(PO)59(EO)17–D2O–p-xylene system

The isothermal phase diagram of the (EO)17(PO)59(EO)17–
D2O–p-xylene ternary system at 25°C is presented in Fig. 1.
Solid lines indicate the boundaries of the one-phase regions.
The samples whose compositions fall outside the one-phase
regions are dispersions of two or three (depending on the lo-
cation in the phase diagram (3, 5, 7)). This system is re-
markable in that six different lyotropic liquid crystalline
phases have been identified: a lamellar (Lα), normal (H1)
and reverse hexagonal (H2) phases; a reverse bicontinuous
cubic (V2) phase; normal (I1) and reverse micellar cubic (I2)
phases; as well as two isotropic solution phases, one (normal
micellar) rich in water (L1) and one with a high xylene-to-
water ratio (L2). The relative location of the various phases
in the block copolymer – water – oil phase diagram follows
the sequence L1 → I1 → H1 → Lα→ V2 → H2 → I2 → L2
(clockwise, starting from the water-rich corner of the ternary
phase diagram Fig.1). This structural phase sequence is con-
sistent with a decreasing interfacial mean curvature (H) from
left (H > 0) to the right (H < 0), with H = 0 in the lamellar
phase (23). This modulation of the interfacial curvature (and
the resulting structure) has been attributed to the ability of
the macromolecular blocks to swell with solvent to a varying
extent depending on the amounts of solvent available. The
interfacial curvature decreases because of a decreased swell-
ing (solvation) of the PEO blocks with increasing solvent
content. For the liquid crystalline phases the structures were
ascertained based on the characteristic X-ray scattering pat-
terns. The Lα, H2, I2, and L2 phases dominate the triangular
diagram, whereas the L1, I1, H1, and V2 phases have more
limited stability ranges. The L1, I1, H1, and Lα structures are
all formed along the copolymer–water axis and can swell to
a varying extent with the oil. The ordered lyotropic liquid
crystalline phases accommodate xylene to different degrees.
The amount of xylene it is possible to accommodate in-
creases from the I1 phase to the I2 phase. A presentation of
the different phases and their structures follows.

Normal and reverse hexagonal phases, H1 and H2
The samples in the hexagonal regions are relatively stiff,

transparent, and optically birefringent (anisotropic) and ex-
hibit a splitting in the 2H NMR spectrum. The structure in
hexagonal phases consists of long parallel cylindrical aggre-
gates arranged on a two-dimensional hexagonal lattice in the
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plane perpendicular to the cylinder axis. In the H1 phase the
cylinders have an apolar interior (oil and PPO) while in the
H2 phase the interior is polar (water and PEO). The H1 re-
gion is stable in the 25–55 wt % copolymer range along the
binary water–(EO)17(PO)59(EO)17 axis and swells with up to
6 wt % xylene. Typical scattering diffraction patterns of
samples belonging to the H1 domains are reported in Fig. 2a.
The relative positions of the Bragg reflections, 1: 3: 4: 7,
are consistent with the two-dimensional hexagonal order.
Characteristic structural parameters for samples in the H1 re-
gion are given in Table 1. The nearest neighbour (cylinder)
distance decreased with increasing (EO)17(PO)59(EO)17 co-
polymer content from 194 to 127 Å, consistent with a denser
packing of the cylinders as their number increased. The in-
terfacial area per PEO block was found to be in the range
133–147 Å2.

The reverse H2 phase in the (EO)17(PO)59(EO)17– D2O–p-
xylene system appears between about 40 and 81 wt % of co-
polymer with a maximum water content of about 25 wt %.
SAXS diffraction pattern from an H2 sample ternary system
of (EO)17(PO)59(EO)17–D2O– xylene is presented in Fig. 2b;
the 1: 3:2: 7 relative position of the four Bragg peaks ob-
served confirmed the two-dimensional hexagonal structure.
The reverse (water-in-oil) morphology was ascertained from
the location of the H2 region in the ternary phase diagram
between the Lα and I2 phases. Characteristic structural pa-
rameters for samples spanning the reverse hexagonal region
are summarized in Table 1. The distance between the centers
of two adjacent cylinders decreased (from 153 to 112 Å)
with increasing copolymer concentration; the polar (PEO +
water) cylinder radius, R, also decreased (from 45 to 33 Å).
The interfacial area per PEO block decreased in the range
127–103 Å2 with increasing copolymer concentration.

The lamellar phase (Lα)
The samples in the Lα regions have the simplest, one-

dimensional microstructure, consisting of lamellae (planar

micelles). Macroscopically the samples in the Lα regions are
transparent, optically birefringent and less stiff compared
with the samples in the H1 and H2 phases. They exhibit a
splitting in the 2H NMR spectrum with a higher value than
the splitting in the H1 and H2 phases. The Lα phase is formed
on the binary water–(EO)17(PO)59(EO)17 axis at copolymer
concentrations greater than 38 wt % and continues up to
about 81% copolymer (Fig. 1). Lα is the most extensive of the
one-phase regions; it can accommodate up to 21 wt % xylene
and allows a high degree of swelling with oil.

The one-dimensional structure of the samples in the Lα re-
gion was established by SAXS measurements that gave dif-
fraction patterns with second- and even third-order Bragg
peaks. The relative positions of the peaks follow the ex-
pected sequence for a lamellar structure: 1:2:3: … (see
Fig. 3a). Values for the lamellar lattice periodicity (spacing),
d, the apolar (PPO + xylene) thickness, δ, and the interfacial
area per block, ap, determined in the Lα regions of the
(EO)17(PO)59(EO)17–D2O–xylene system are given in Ta-
ble 1. The lamellae domain lengths vary according to varia-
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Fig. 1. Phase diagram of the (EO)17(PO)59(EO)17–D2O–p-xylene
system at 25°C.

Volume fractions

Phase ΦP ΦD O2 Φoil ƒa
d, αb

(Å)
R, δc

(Å) ap
d (Å2)

H1 0.41 0.59 0 0.3 145 42 136
H1 0.46 0.54 0 0.33 137 41 136
H1 0.52 0.48 0 0.37 131 42 135
H1 0.56 0.44 0 0.4 127 43 133
H1 0.31 0.63 0.06 0.28 194 54 133
H1 0.36 0.58 0.06 0.32 163 48 142
H1 0.41 0.53 0.07 0.36 150 47 147
H2 0.47 0.18 0.36 0.69 153 45 116
H2 0.47 0.28 0.24 0.58 122 41 127
H2 0.67 0.15 0.15 0.64 121 38 111
H2 0.73 0.11 0.15 0.68 112 33 103
Lα 0.59 0.41 0 0.43 109 46 122
Lα 0.66 0.34 0 0.48 106 50 112
Lα 0.72 0.28 0 0.52 103 54 105
Lα 0.76 0.24 0 0.55 98 54 105
Lα 0.81 0.19 0 0.58 101 59 96
Lα 0.45 0.45 0.1 0.42 144 61 121
Lα 0.5 0.38 0.12 0.48 132 63 120
Lα 0.55 0.3 0.15 0.54 126 68 113
Lα 0.58 0.27 0.15 0.57 120 68 112
Lα 0.64 0.23 0.13 0.59 110 65 111
Lα 0.68 0.2 0.12 0.61 98 60 117
Lα 0.68 0.09 0.23 0.72 97 70 119
Lα 0.74 0.15 0.12 0.65 112 73 95
Lα 0.77 0.08 0.15 0.71 89 63 114
Lα 0.79 0.09 0.12 0.69 90 62 110

aƒ is the apolar volume fraction.
bd and α are the lattice parameters.
cR is the hexagonal cylinder radius and δ is the lamellar thickness.
dap is the interfacial area per PEO block.

Table 1. Characteristic parameters in the H1, H2, and Lα phases
of the (EO)17(PO)59(EO)17–D2O–p-xylene system.
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tions in volume fractions, i.e., increased copolymer
concentration leads to decreased d values at constant oil
concentration. The interfacial area per PEO block is found to
be in the range 95–122 Å2. The δ values are in the range 46–
73 Å.

Reverse bicontinuous cubic liquid crystalline phase (V2)
The V2 region is observed in the (EO)17(PO)59(EO)17–

water–xylene system as a small region at high (75–82 wt %)
copolymer concentration. The relative position of this cubic
phase in the phase diagram (between the Lα and H2 phases)
indicates that its structure is bicontinuous with the curvature
of the polar–apolar interface toward water (23). The corre-
sponding V1 phase was not observed. The homogeneous
samples in this region are clear, optically isotropic, and very
stiff and exhibit a sharp singlet in the 2H NMR spectrum,

features characteristic of a cubic structure. A typical SAXS
diffraction pattern is shown in Fig. 3b. Scattering data from
lyotropic cubic liquid crystalline phases generally contain
only a small number of reflections, which makes a proper
indexation and space group determination essentially diffi-
cult. As seen in Fig. 3b, the present system is no exception
in this respect. The scattering function is dominated by a
strong correlation peak at q = 0.035, while another reflection
is observed at q = 0.057 Å–1. The most commonly observed
crystallographic space group for the bicontinuous cubic
phases of surfactants and lipids (23, 24), as well as in
amphiphilic block copolymer systems (3, 5, 9, 11, 16), is
Ia3d (Q230). This space group allows the Bragg reflections
hkl = 211, 220, 321, 400, …, which give peaks in the rela-
tive (scattering vector) positions 6, 8, 14, 16, …. Recent
structure factor calculations (25) have shown the first reflec-

© 2003 NRC Canada

Kipkemboi et al. 901

Fig. 2. SAXS diffraction patterns from representative samples in the (a) normal hexagonal phase, H1, and (b) reverse hexagonal phase,
H2, of the (EO)17(PO)59(EO)17–D2O–xylene system at 25°C. The sample compositions are 35.7:59.7:4.6 and 49.3:19.7:30.9 wt % co-
polymer:water:oil, respectively. The Bragg peaks are marked with arrows and the Miller indices.

Fig. 3. SAXS diffraction patterns from representative samples in the (a) Lamellar phase, Lα, and (b) reverse bicontinuous cubic, V2, of
the (EO)17(PO)59(EO)17–D2O–p-xylene system at 25°C. The sample compositions are 50.5:34.6:14.9 and 84.5:5.6:9.9 wt % copoly-
mer:water:oil, respectively. The arrows mark the positions of the observed reflections.
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tion, corresponding to hkl = 211, to be the most intense. The
two reflections in the present cubic phase are 6 and 8,
which are consistent with the first two reflections of the
Ia3d space group. The first two Bragg peaks in the diffrac-
tion pattern shown in Fig. 3b are indexed as 211 and 220.
Therefore, although the reflections are very few, the two
peaks of the cubic lattice matches only, and is assigned to,
the Ia3d crystallographic space group. The cubic lattice of
the Ia3d space group is consistent with that afforded by the
Gyroid minimal surface (23, 26).

Micellar cubic structures (normal, I1, and reverse, I2)
Macroscopically the samples in the homogeneously one-

phase I1 and I2 regions are very stiff with a clear glassy ap-
pearance, and they are optically isotropic (nonbirefringent)
gels. They exhibit a sharp singlet in the H2 NMR spectrum,
characteristic of an isotropic structure. The L1–I 1 and L2–I2
phase transitions are easy to detect with the eye, since the
cubic phases are significantly more viscous. The micellar
cubic lyotropic liquid crystalline structural elements (mi-
celles) can be arranged in a large number of cubic lattices
belonging to different crystallographic space groups (23,
26). The positions of the Bragg diffraction peaks obey dif-
ferent relationships for the different space groups. However,
all space groups can be classified in three main families of
cubic lattices (26): primitive (P), body-centered (I), and
face-centered (F). A small homogenous one-phase I1 region
is found in the (EO)17(PO)59(EO)17–D2O–xylene system
along the copolymer–water binary axis between the isotropic
micellar solution L1 and the hexagonal H1 phase. The cubic
structure forms over a more limited copolymer concentration
range (25–35 wt %) at 25°C. The location of this cubic
phase in the ternary phase diagram suggests (23) that it is
composed of normal micelles that have crystallized into a
cubic lattice. A SAXS diffraction pattern, typical of samples
in the I1 region for the (EO)17(PO)59(EO)17–D2O–xylene
system, is presented in Fig. 4a. A total of four Bragg peaks
are identified, which can be indexed as the hkl = 111, 220,
311, and 422 reflections of a face-centered space group,

Fd3m (Q227), characterized by Bragg reflections whose re-
ciprocal d spacings follow the relationship 3, 8, 11, 24.
The four reflections in the present cubic phase are hence
consistent with the first, second, third, and sixth reflections
in the Fd3m space group. The Fd3m face-centered micellar
cubic structure has also been found in other similar copoly-
mer–water–oil systems (5, 11). A proposed structural model
for the Fd3m cubic phases involves a total of 24 spherical
micelles per unit cell, with a bimodal size distribution com-
posed of 8 larger and 16 smaller micelles (27).

A large isotropic liquid crystalline I2 region is observed
between the isotropic reverse micellar solution L2 and the re-
verse hexagonal H2 phase. The cubic I2 structure is stable
over a wide copolymer concentration range of about 20–
60 wt % at 25°C. The location of this cubic phase in the ter-
nary phase diagram suggests (11, 23) that its microstructure
consists of reverse micelles that have crystallized into a cu-
bic lattice. A SAXS diffraction pattern obtained from an I2
sample is presented in Fig. 4b. Only three Bragg peaks can
be identified in the diffraction pattern as the higher order
peaks have very low intensities. The relative intensity of the
observed peaks and the inability to discern higher-order re-
flections follow the trend expected from structures of cubic
aspect 8 and, more specifically, from the centrosymmetric
Im3m (Q229) space group (26). The first strong correlation
peak and other weaker reflections have been indexed accord-
ing to a body-centered structure (bcc, space group Im3m)
that allows the Bragg reflections hkl = 110, 200, 211, 220,
310, 222, 321, 400, 441, and so forth, which give peaks in
the relative (scattering vector q) positions 2, 4, 6, 8,
10, 12, 14, 16, and so forth. The three reflections in the

present cubic phase are hence consistent with the first,
fourth, and sixth reflections in the Im3m space group.

Water-rich and water-lean solution (normal micellar,
L1, and reverse micellar, L2)

In addition to the phases of liquid crystalline micro-
structure that occupy the major part of the (EO)17-
(PO)59(EO)17–D2O–p-xylene phase diagram (above 25 wt %
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Fig. 4. SAXS diffraction patterns from representative samples in the (a) normal micellar cubic phase, I1, and (b) reverse micellar cubic
phase, I2, of the (EO)17(PO)59(EO)17–D2O–p-xylene system at 25°C. The sample compositions are 30.2:69.8:0 and 34.6:10.1:55.4 wt %
copolymer:water:oil, respectively. The scattering positions are marked with arrows and the Miller indices.
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copolymer), two isotropic solution regions, L1 and L2, are
present in the water-rich corner and the water-lean side, re-
spectively, of the phase diagram. In the L1 phase, micelles
can form without the presence of oil, while in the L2 phase,
micelle formation appears to require a small amount of
water (28–31). In this respect the polyoxyalkylene block co-
polymers are similar to nonionic surfactants of the alkyl-
oligoethylene oxide type (32). An isotropic (as judged from
optical inspection as well as the single sharp peak in the
deuterium NMR spectra) water-rich solution region (L1) is
found along the copolymer–water axis, up to 25 wt % (EO)17-
(PO)59(EO)17 copolymer, and can solubilize no more than
2 wt % xylene. The L2 phase in the (EO)17(PO)59(EO)17–
D2O–p-xylene ternary system is more extensive, extending up
to about 80 wt % copolymer. The reverse micelles can
solubilize a maximum of 7 wt % water before phase separa-
tion occurs. The L1 and L2 micellar solution phases are isotro-
pic, optically transparent, and fluid, but they progressively
become more viscous as the copolymer increases.

Overview of the ternary phase behavior and structure
of the (EO)4(PO)59(EO)4–D2O–p-xylene system

The (EO)4(PO)59(EO)4 triblock copolymer is a cloudy liq-
uid at 25°C. The copolymer is very hydrophobic and asym-
metric in PEO–PPO composition (contains 10 wt % PEO
and 90 wt % PPO). Owing to the low PEO block molecular
weight, the PEO does not crystallize at low temperatures.
Hence, the copolymer is disordered in the dry state at ambi-
ent temperatures. The isothermal phase diagram of the
(EO)4(PO)59(EO)4–D2O–p-xylene ternary system at 25°C is
presented in Fig. 5. The phase boundaries of the one-phase
regions are shown by solid lines. The homogeneous one-
phase regions observed, when starting on the water axis and
progressing clockwise over to the oil corner, are the follow-
ing: lamellar Lα phase, reverse hexagonal H2 phase, reverse
micellar cubic phase I2, reverse micellar L2 phase. The L2
phase dominates the triangular diagram, whereas Lα, H2, and
I2 phases have more limited stability ranges. The high PPO
(hydrophobic) content of (EO)4(PO)59(EO)4 favors reverse
(water-in-oil) phases with low interfacial curvature. No
phase of normal (oil-in-water) morphology has been found
for any composition at 25°C in this system. The copolymer
is completely miscible with p-xylene. An abrupt increase in
water solubilization is observed in the L2 phase at copolymer
concentrations above 40 wt %. This is characteristic for mi-
celle formation (33). Increased water content at high copoly-
mer concentrations increases interactions between the
micelles and a reverse micellar cubic phase is formed (34).
The samples in the I2 phase are stiff and isotropic. Upon
even higher water concentrations, the curvature of the
formed aggregates changes and an anisotropic liquid crystal-
line hexagonal H2 phase is formed. A narrow anisotropic
lamellar liquid crystalline Lα phase with zero interfacial cur-
vature is found on the binary copolymer–water axis. A pre-
sentation of the different phases and their structures follows.

The lamellar phases (Lα)
The samples in the Lα regions have the simplest, one-

dimensional microstructure consisting of lamellae (planar
micelles). The samples in the Lα regions are soft, optically
birefringent with a cloudy appearance and exhibit splittings

in the 2H NMR spectrum with a higher value than the
splittings in the H2 phases. The Lα region is stable in the 40–
65 wt % copolymer range along the binary water–(EO)4-
(PO)59(EO)4 axis and swells with up to 5 wt % xylene
(Fig. 5). The Lα phase contains quite a lot of water.

The one-dimensional lamellar structure was established by
SAXS measurements. The scattering profiles of the samples
proved the lamellar structure by showing diffraction peaks in
the relative position 1:2:3 (see Fig. 6a). In each sample, two
to three peaks following this sequence are usually registered,
confirming the lamellar microstructure. The lattice parame-
ter, d, was obtained directly from the position of the first
peak of the SAXS spectra using eq. [1]. The results for the
lattice parameter, including the apolar thickness, δ, and the
interfacial area per PEO block, are summarized in Table 2.
The d values decreased from 145 to 85 Å with increasing
copolymer volume fraction from 0.4 to 0.6. The apolar
thickness indeed remained almost constant (at 51–58 Å2)
throughout the wide composition range examined, whereas
the interfacial area increased to a limited extent with increas-
ing copolymer concentration.

Reverse hexagonal lyotropic liquid crystalline phases
(H2)

In the reverse hexagonal phase water is inside and the oil
is outside the cylinders. The samples in the H2 region are
clear, relatively stiff, and optically anisotropic and exhibit a
splitting in the 2H NMR spectrum. The two-dimensional
hexagonal structure (hexagonally packed array of cylindrical
micelles) was established by SAXS experiments, while the
reversed morphology was ascertained from the location of
the hexagonal region, H2, in the ternary phase diagram.

The reverse hexagonal phase, H2, is formed between the
Lα and I2 phases. The H2 region extends in the 60–75 wt %
copolymer range. The polar domain of the H2 phase can
swell with a large amount of water, up to a maximum con-
tent of about 34 wt %. A SAXS diffraction pattern, typical
of samples in the H2 region, is presented in Fig. 6b. The 1:
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Fig. 5. Phase diagram of the (EO)4(PO)59(EO)4–p-xylene system
at 25°C.
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3:2: 7 relative position of the Bragg peaks (with respect to
that of the first and most intense peak) confirms the two-
dimensional hexagonal structure. Characteristic structural
parameters for some representative samples in the H2 region
are given in Table 2. The distance between the centers of
two adjacent cylinders decreased (from 166 to 122 Å) with
increasing copolymer volume fraction (from 0.66 to 0.80).
The polar (PEO + D2O) cylinder radius, R, is found in the
range 30–54 Å, while the interfacial area per PEO copoly-
mer block decreased to a limited extent with increasing co-
polymer concentration.

Reverse micellar cubic lyotropic liquid crystalline phase
(I2)

The homogeneous reverse I2 phase is found in a rather
narrow and restricted region but stretching inside the ternary
phase diagram between the H2 and L2 phases at fairly higher
copolymer concentration. The one-phase I2 region exists
only when xylene is present in the system. The samples in
the I2 region are very stiff, clear, optically isotropic
(nonbirefringent), and exhibit a sharp singlet in their 2H
NMR spectra, all characteristic of the cubic structure. The
cubic structure forms over a more limited copolymer con-
centration range (25–35 wt %) at 25°C. The location of this
cubic phase in the ternary phase diagram suggests (23) that
it is composed of reverse micelles that have crystallized into
a cubic lattice. A SAXS diffraction pattern, typical of sam-

ples in the I2 region for the (EO)4(PO)59(EO)4–water–xylene
system, is presented in Fig. 6c. Samples in the I2 region dis-
play two fairly strong Bragg peaks at low q for all composi-
tions, indicating long-range order of micelles with a
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Fig. 6. SAXS diffraction patterns from representative samples in
the (a) lamellar phase, Lα; (b) reverse hexagonal phase, H2; and
(c) reverse micellar cubic phase, I2, of the (EO)4(PO)59(EO)4–
D2O–p-xylene system at 25°C. The sample compositions are
49.7:50.3:0, 69.6:25.2:5.2, and 79.4:15.2:5.4 wt % copolymer:wa-
ter:oil, respectively. The Bragg peaks are marked with arrows
and the Miller indices.

Volume fractions

Phase ΦP ΦD O2 Φoil ƒa
d,αb

(Å)
R, δc

(Å)
ap

d

(Å2)
H2 0.69 0.31 0 0.64 127 40 80
H2 0.7 0.3 0 0.65 145 45 67
H2 0.75 0.25 0 0.7 126 36 67
H2 0.66 0.28 0.06 0.61 166 54 66
H2 0.7 0.24 0.06 0.71 152 43 58
H2 0.71 0.26 0.03 0.69 150 44 61
H2 0.8 0.17 0.03 0.78 122 30 49
Lα 0.41 0.59 0 0.38 145 52 104
Lα 0.45 0.55 0 0.41 123 51 111
Lα 0.51 0.49 0 0.48 122 58 98
Lα 0.6 0.4 0 0.56 101 56 101
Lα 0.61 0.36 0.03 0.6 85 51 117

aƒ is the apolar volume fraction.
bd and α are the lattice parameters.
cR is the hexagonal cylinder radius and δ is the lamellar thickness.
dap is the interfacial area per PEO block.

Table 2. Characteristic parameters in the H2 and Lα phases of
the (EO)4(PO)59(EO)4–D2O–p-xylene system.
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relatively large unit cell characteristic of an ordered struc-
ture, but the scattering peaks at higher q are badly resolved.
As the reflections are too few, indexation to a cubic space
group is very uncertain.

Reverse (oil-rich) micellar solution phase, L2
The L2 phase occupies a large area in the diagram of

Fig. 5. (EO)4(PO)59(EO)4 is miscible with p-xylene in all
proportions, and the L2 phase extends along the whole wa-
ter-lean side of the phase diagram. Water can be solubilized
in the p-xylene–(EO)4(PO)59(EO)4 solution; the amount of
solubilized water increases with increasing copolymer con-
centration (see Fig. 5). These binary solutions can dissolve
up to a maximum of about 13 wt %, producing an isotropic
L2 phase.

Deuterium NMR in liquid crystalline phases for both
systems

The NMR spectrum from the deuterated water is domi-
nated by the interaction of the deuteron-quodrupole moment
with the electric-field gradients in the nucleus. In anisotropic
lyotropic liquid–crystalline (LLC) samples the quadrupole
interaction generates an NMR spectrum with two peaks of
equal intensity, while for an isotropic LLC or solution a sin-
gle sharp peak will be the result because of the rapid and
isotropic molecular motion, which averages the interaction
to zero (35, 36). The magnitude of the deuterium-quadrupole
splitting also contains information on the hydration of the
amphiphilic copolymers and additional evidence of the
structural identification can be obtained from 2H NMR ex-
periments. The observed quadrupole splittings in LLC
phases can be further analyzed by the conventional two-site
model (35), which assumes that water is either “free” or
“bound”, with a fast exchange between the free and bound
water within the NMR time scale and the ordering of free
water molecules being negligible:

[5] ∆(2H) = nυQS(XP/XW)

where υQ is the quadrupole splitting constant, S the order pa-
rameter of bound water molecules, n is the hydration num-
ber, and (XP/XW) is the molar ratio between polymer and
water.

Representative 2H NMR spectra are presented in Fig. 7.
The presence of an isotropic phase is directly noted from the
presence of a sharp singlet (Fig. 7a) and that of an aniso-
tropic phase from a doublet of peaks. The hexagonal phase
is characterized by a pair of sharp peaks (Fig. 7b). The
lamellar phase exhibits a broader doublet with a larger quad-
rupole splitting than for the hexagonal phase (Fig. 7c). Deu-
terium quadrupole splitting values (∆2H) for some typical
samples in the liquid crystalline phases of the (EO)17-
(PO)59(EO)17–D2O–p-xylene and (EO)4(PO)59(EO)4–D2O–
xylene systems at 25°C are shown in Tables 3 and 4, respec-
tively. ∆2H values observed in the lamellar phase region are
much larger than those in the hexagonal phase region for
both systems. The magnitude of the ∆2H values is found to
depend not only on copolymer-to-water molar ratio but also
on the xylene content. Samples with high water content give
rather small ∆2H values, while those with low water contents
give rise to ∆2H values of larger magnitude. However, ∆2H

values recorded for the (EO)17(PO)59(EO)17– D2O–p-xylene
system are larger than those measured for (EO)4-
(PO)59(EO)4–D2O–xylene system in both hexagonal and
lamellar phase regions. Tables 3 and 4 show that, for sam-
ples with fairly constant xylene content, the values of ∆2H
increase with increasing copolymer–water molar ratio for
both liquid crystalline phases. Further analysis of the ∆2H
values shows no linear increase with increasing molar ratio
of copolymer–water. Deviations from the two-site model
with constant hydration number and order parameter as ex-
pected from eq. [5] may be due to the non-ideal swelling of
liquid crystals (35).

Discussion

The isothermal phase diagrams of the (EO)17(PO)59(EO)17–
D2O–p-xylene and the (EO)4(PO)59(EO)4–D2O– p-xylene ter-
nary systems at 25°C are presented in Figs. 1 and 5, respec-
tively. The difference in the phase behavior in water–xylene
of the two copolymers (EO)17(PO)59(EO)17 and
(EO)4(PO)59(EO)4 with similar hydrophobic middle block is
striking. The (EO)17(PO)59(EO)17–D2O–p-xylene system ex-
hibited a nearly identical phase diagram to the
(EO)27(PO)61(EO)27–D2O–p-xylene system (9), whereas the
(EO)4(PO)59(EO)4–D2O–p-xylene system displayed a phase
diagram similar to that of the (EO)5(PO)68(EO)5– D2O–p-
xylene system (22). As is seen in Figs. 1 and 5, the two
phase diagrams are quite different. The major difference be-
tween the two systems concerns the observed phase se-
quence. The fairly symmetric copolymer (EO)17(PO)59(EO)17
exhibits a ternary phase behaviour, which is almost symmet-
ric with respect to the interchange of water and oil volume
fractions. (EO)17(PO)59(EO)17 allows a greater variation in
the phase behavior both along the copolymer–water axis and
when “oil” is present. A full phase sequence from L1 to L2 is
observed, i.e., L1→ I1 → H1 → Lα → V2 → H2 → I2 → L2.
Thus the ternary-phase diagram of (EO)17(PO)59(EO)17–
D2O–p-xylene, as presented here, is very rich with a record
number of eight different phases. The sequence of micro-
structures formed by (EO)17(PO)59(EO)17 in water–oil mix-
tures is similar to that encountered in solvent-free block
copolymers at temperatures below the order–disorder transi-
tion (ODT) (37, 38). However, copolymers of different rela-
tive block composition are needed to attain the different
structures in the solvent-free case (38). On the other hand,
with the highly hydrophobic and asymmetric copolymer
(EO)4(PO)59(EO)4, the sequence is “truncated” and gives
preferably reverse structures. It is worth noting here that a
truncated phase sequence is normally observed in ternary
surfactant–water–oil systems (39). The phase of surfactants
is influence-limited by a “preferred” interfacial curvature
(originating from the surfactant geometry) so that a ternary
isothermal surfactant–water–oil phase diagram exhibits ei-
ther normal (oil-in-water) or reverse (water-in-oil) phases,
but usually not both (6, 22, 40). The high hydrophobic PPO
content of (EO)4(PO)59(EO)4 results in an interfacial curva-
ture that is biased towards water-in-oil structures. Thus the
similarity of the (EO)4(PO)59(EO)4 and surfactant phase dia-
grams is striking. Similar observations have been obtained
for the (EO)5(PO)68(EO)5–D2O–p-xylene system (22).
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Fig. 7. Typical 2H NMR spectra for various samples of the (EO)17(PO)59(EO)17–D2O–p-xylene system at 25°C: (a) sharp singlet indic-
ative of an isotropic phase (line width at half-maximum height �13 Hz); (b) one splitting from a hexagonal phase (∆2H = 88 Hz);
(c) one splitting from a lamellar phase (∆2H = 234 Hz); (d) a two-phase region consisting of isotropic and anisotropic mixtures; (e) a
two-phase region containing a mixture of hexagonal and lamellar phases. The sample compositions are 38.6:15.6:45.8, 30.0:65.1:4.9,
64.7:24.7:10.6, 81.2:17.1:1.7, and 42.3:34.8:22.9 wt % copolymer:water:oil, respectively.
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In the ternary block copolymer systems, the structural se-
quence is driven as a function of the related composition pa-
rameter (11), which has been defined as ƒ (see eq. [4]). The
phase sequence for the (EO)17(PO)59(EO)17 copolymer is
symmetric around ƒ = 0.5 with lamellar stability in the range
0.4 < ƒ < 0.7, and the normal and reverse hexagonal phases
in the range 0.3 < ƒ < 0.4 and 0.6 < ƒ < 0.7, respectively.
For the system with short PEO blocks ((EO)4(PO)59(EO)4)–
D2O–p-xylene system), the lamellar phase is shifted towards
higher ƒ. Thus the PEO–PPO block ratio determines the sta-
bility range of the various phases in any copolymer– water–
oil system. The results of the present study corroborate the
observations and findings reported by Svensson et al. (22),

as could be expected, since phase behaviour depends more
on the PEO–PPO ratio than on molecular weight, which was
fixed for their copolymers. Reference is therefore made to
their work (see ref. 22) for further discussion concerning our
present study.

Conclusion

The complete ternary phase diagrams for the two systems
(EO)17(PO)59(EO)17–D2O–p-xylene and (EO)4(PO)59(EO)4)–
D2O–p-xylene have been determined at 25°C. The two
copolymers have the same size middle-block (PPO) but dif-
ferent size end-blocks (PEO) and asymmetry. The (EO)17-
(PO)59(EO)17–D2O–p-xylene system exhibits a record eight
different phases, all thermodynamically stable at the same
temperature: normal micellar cubic (I1), normal hexagonal
(H1), lamellar (Lα), reverse bicontinuous cubic (V2), reverse
hexagonal (H2), and reverse micellar cubic (I2) lyotropic liq-
uid crystalline phases, as well as water-rich (L1) and water-
lean micellar (L2) solutions. In the (EO)4(PO)59(EO)4)–D2O–
p-xylene system the L1, I1, H1, and V2 structures are absent.
An extensive L2 region is observed. The highly asymmetric
and hydrophobic (EO)4(PO)59(EO)4 copolymer shows a trun-
cated phase sequence, which is a consequence of early
solvent water saturation of the short PEO blocks (22). The
self-assembly mode of the (EO)4(PO)59(EO)4 copolymer in
water + oil is strikingly similar to the self-assembly of
(EO)5(PO)68(EO)5 as well as surfactants in solutions (22).
Normally, the surfactant phase diagrams are less rich than
the ones observed with most polyoxyalkene block copoly-
mers. The surfactants, and in particular the nonionic surfac-
tants, can often be described as having a preferred or
spontaneous mean curvature of the polar–apolar interface,
which limits the range of stable structures and reduces the
richness of the phase diagram (22, 40). The high hydropho-
bic (PPO) content of the (EO)4(PO)59(EO)4 copolymer re-
sults in an interfacial curvature that is biased towards water-
in-oil structures. No normal (oil-in-water) phases were ob-
served in (EO)4(PO)59(EO)4)–D2O–p-xylene system at 25°C.
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The activity of 3- and 7-hydroxyflavones as
scavengers of superoxide radical anion generated
from photo-excited riboflavin

Paulina Montaña, Nora Pappano, Nora Debattista, Vicente Ávila, Ariana Posadaz,
Sonia G. Bertolotti, and Norman A. García

Abstract: The visible-light irradiation of the system Rivoflavin plus 3-hydroxyflavone or plus 7-hydroxyflavone, under
aerobic conditions, produces a series of competitive processes that depend on the relative concentrations of the pigment
and the flavones. The picture comprises photochemical mechanisms that potentially operate in nature. They mainly in-
clude the quenching of Rf singlet (1Rf*) and triplet (3Rf*) excited states (with bimolecular rate constants in the order of
109 M–1 s–1) and superoxide radical anion-mediated reactions. The participation of the oxidative species singlet molecu-
lar oxygen was not detected. The overall result shows chemical transformations in both Rf and 3-hydroxyflavone. No
experimental evidence was found indicating any chemical reaction involving 7-hydroxyflavone. The fate of the pigment
also depends on the amount of the dissolved flavonoid. At 50 mM concentrations of these compounds or higher, practi-
cally no photochemistry occurs, owing to the extensive quenching of 1Rf*. When the concentration of the flavones is in
the mM range or lower, 3Rf* is photogenerated. Then, the excited triplet species can be quenched mainly by the fla-
vones through an electron-transfer process, yielding the semireduced pigment. The latter interacts with dissolved oxy-
gen producing O2

• −, which reacts with both the pigment and 3-hydroxyflavone. In summary, 3-hydroxyflavone and 7-
hydroxyflavone participate in the generation of superoxide ion in an Rf-sensitized process, and simultaneously 3-
hydroxyflavone constitutes a degradable quencher of the oxidative species.

Key words: flavones, riboflavin, sensitization, singlet molecular oxygen, superoxide radical anion.

Résumé : L’irradiation en lumière visible du système Riboflavine plus 3-hydroxyflavone ou plus 7-hydroxyflavone,
dans des conditions aérobiques, produit une série de processus compétitifs qui dépendent des concentrations relatives
du pigment et des flavones. L’étude englobe les mécanismes photochimiques qui potentiellement se produisent dans la
nature. Ils comprennent principalement la désactivation des états excités singulet Rf (1Rf*) et triplet (3Rf*) (avec des
constantes de vitesse bimoléculaire de l’ordre de 109 M–1 s–1) et des réactions du radical superoxyde induites par un
anion. On n’a pas mis en évidence la participation de l’espèce oxydante : l’oxygène moléculaire singulet. Le résultat
global montre les transformations chimiques à la fois dans les états excités Rf et dans la 3-hydroxyflavone. On n’a pas
trouvé de preuves expérimentales d’une réaction chimique impliquant la 7-hydroxyflavone. Le sort du pigment dépend
également de la quantité de flavonoïde dissoute. A des concentrations en flavonoïdes de l’ordre de 50 mM ou plus, il
ne se produit pratiquement pas de photochimie à cause de la désactivation importante de l’état singulet excité 1Rf*.
Quand la concentration en flavones est de l’ordre du mM ou moins, l’état triplet 3Rf* est photorégénéré. Dans ces
conditions l’espèce à l’état triplet peut-être désactivée principalement par les flavones, via un processus impliquant un
transfert d’électrons, conduisant alors au pigment semi réduit. Ce dernier interagit avec l’oxygène dissous produisant
O2

• −, qui réagit à la fois avec le pigment et avec la 3-hydroxyflavone. En résumé, la 3-hydroxyflavone et la 7-
hydroxyflavone participent à la génération de l’ion superoxyde dans un processus sensibilisé par l’état excité Rf, et si-
multanément la 3-hydroxyflavone constitue un désactiveur dégradable des espèces oxydantes.

Mots clés : flavones, riboflavine, sensibilisation, oxygène moléculaire singulet, anion radicalaire superoxyde.

[Traduit par la Rédaction] Montaña et al. 914

Introduction

A considerable number of articles have been published,
specially in the last decade, on the isolation (1), synthesis

(2), and properties (3–5) of natural and artificial flavonoids.
The interest is mainly because of the antioxidative properties
(6–8) of this family of compounds, widely distributed in na-
ture, whose applications, among others, include the signifi-
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cant protective effect against fat deterioration (9–11),
antibacterial activities (1), and potential inhibitory action
against cancer initiation (2, 5). These processes take place
by different mechanisms, including the scavenging or trap-
ping of activated electrophilic forms of carcinogenics: oxy-
gen radicals such as peroxy radicals, singlet molecular
oxygen [O2(

1∆g)], superoxide anion (O2
• −), or hydroxyl radi-

cals. Nevertheless, the antioxidant properties of certain
flavonoids have been the subject of contradictory interpreta-
tions, and even promotion of oxidizing activity has been
suggested (12–14).

In recent years we have studied the ability of different
flavonoids to act as quenchers of O2(

1∆g) photochemically
generated from Rose Bengal (RB), the synthetic xanthene
dye most frequently used as an O2(

1∆g) sensitizer (15). The
whole process is depicted by steps [11], [12], and [13], as
shown in Scheme 1 (see Results section). In the scheme, S is
a dye sensitizer responsible for the visible light absorption
(RB), whereas 1S* and 3S* are the respective singlet and
triplet-excited states of S and O2(

3Σ–
g) is the ground state

molecular oxygen. O2(
1∆g) is the singlet molecular oxygen

generated by energy transfer from 3S* to O2(
3Σ–

g). O2(
1∆g)

can be physically deactivated by collision with solvent mole-
cules (process [13]) or with the flavonoid and (or) the
sensitizer (process [11]), or it can react with the latter com-
pounds, giving rise to oxidation products (step [12]). Results
from other authors (14) and from ourselves (9–11) indicate
that the effectiveness of flavones as O2(

1∆g) quenchers
mainly depends on structural effects and particularly on the
number and position of the OH groups in the flavonoid skel-
eton.

Regarding the involvement of flavonoids in the generation
and quenching of oxidative species, a satisfactory approach
to the actual situation in living environments can be the
study of photoprocesses occurring in the presence of natural
dye-sensitizers. A pigment of particular interest is vitamin
B2 or Riboflavin (Rf) (Fig. 1), which has been postulated as
a possible sensitizer for the photooxidative degradation of a
number of relevant natural substrates present in different
classes of foods and living organisms (16). Nevertheless, the
potential properties of Rf as a redox intermediary of the visi-
ble-light-transparent flavones in its presence (as a visible-
light sensitizer) has not been investigated, according to our
knowledge. This is the aim of the present kinetic and mecha-
nistic study, employing 3-hydroxyflavone (3-OHF) and 7-
hydroxyflavone (7-OHF) (Fig. 1). Since both Rf and the
hydroxyflavones (OHF) can occupy common locations in di-
verse biological assemblies, all information about the behav-
iour of the visible-light-promoted interactions between the
flavones and the relevant pigment Rf will help increase the
knowledge of the behaviour of activated oxidative species in
nature.

Experimental

Materials
3-Hydroxyflavone, 7-hydroxyflavone, Riboflavin (all from

Sigma), and sodium azide (NaN3) (Aldrich) were employed
as received. The solvent was MeOH, HPLC grade from
Sintorgan (Argentina).

Methods
Aerobic photolysis of methanolic solutions containing

OHF (0.4–0.5 mM for the observation of changes in the UV
spectra) and Rf (ca. 0.02 mM) were carried out in a PTI unit
provided with a high-pass monochromator and 150 W Xe
lamp, irradiating the Rf solutions with 440 ± 10 nm and en-
suring that the light was only absorbed by the sensitizer. The
rates of Rf photodecomposition in nitrogen-saturated solu-
tions, either in the presence or in the absence of the OHF,
were evaluated by monitoring the absorbance decrease at
445 nm as a function of irradiation time.

The Rf-sensitized photooxygenation rates of the flavones
were determined from the initial slopes of oxygen consump-
tion vs. irradiation time, employing a specific oxygen elec-
trode (Orion 97–08).

The steady-state quenching of the Rf fluorescence
(absorbance at 445 nm ≅ 0.1) was studied with an RF 5301-
PC Shimadzu spectrofluorimeter at 25 ± 1°C in air-equili-
brated solutions. Fluorescence lifetimes were measured by
the time-correlated single photon counting technique on an
Edinburgh FL-9000CD instrument. In both cases excitation
and emission wavelengths were 445 and 515 nm, respec-
tively. Ground-state absorption spectra were registered in a
Hewlett-Packard 8452A diode array spectrophotometer.

N2-saturated aqueous solutions of Rf (0.01 mM) were
photolysed using a flash photolysis apparatus. A nanosecond
Nd:YAG laser system (Spectron) at 355 nm was the excita-
tion source, employing a 150 W xenon lamp as the analysing
light. The detection system comprised a PTI monochromator
and a red-extended photomultiplier (Hamamatsu R666). The
signal, acquired and averaged by a digital oscilloscope
(Hewlett-Packard 54504A), was transferred to a PC via an
HPIB parallel interface, where it was analysed and stored.

Results

It is known that many aromatic compounds form rela-
tively stable ground-state complexes with Rf (17–19). Nev-
ertheless, no ground state interactions could be detected by

© 2003 NRC Canada
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Scheme 1. Possible photoprocesses upon visible light irradiation
of the system Rf–OHF in MeOH; S = Riboflavin and OHF = 3-
or 7-hydroxyflavone.
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absorption spectroscopy in the cases of the systems 3-OHF –
Rf and 7-OHF – Rf.

The Rf-sensitized photoirradiation of air-equilibrated
methanolic solutions of 3-OHF (ca. 0.5 mM) produces dif-
ferent changes in the whole absorption spectrum of the mix-
ture, which reflect the addition of chemical changes in both
the OHF and the Rf itself (Fig. 2). No spectral changes in
the absorption of the flavonoid moiety were observed when
7-OHP was irradiated under identical experimental condi-
tions, even when employing irradiation times ca. 10-fold
higher. The spectral changes in the 3-OHF – Rf system were
qualitatively similar, although slightly reduced in magnitude
when similar irradiation doses were delivered to the de-
scribed solutions in the presence of NaN3 (20 mM). The salt
is a known physical quencher of O2(

1∆g) with a rate constant
(20) in MeOH of 2.3 × 108 M–1 s–1 for process [11]. Under
these experimental conditions the lifetime of O2(

1∆g) in
MeOH (20) is reduced from 10 µs to approximately 0.2 µs,
owing to the presence of NaN3, making negligible, in prac-
tice, any O2(

1∆g)-mediated reaction.
Photoirradiation of diluted individual methanolic solutions

of Rf (0.02 mM) + 3-OHF (0.5 mM) gave rise to measurable
oxygen consumption (approximately 0.1 ppm O2 min–1). No
oxygen consumption was detected when 3-OHF was replaced
by 7-OHF.

It is known that anaerobic photodegradation of Rf under
visible light irradiation predominantly proceeds through the
triplet state (21), and the rate of the process can be estimated
by absorption spectroscopy. Comparative irradiations of N2-
saturated methanolic solutions of Rf in the absence and in
the presence of ca. 0.05 mM 3-OHF and 7-OHF showed that
this rate is decreased in the presence of the flavones (Fig. 2,

right inset), suggesting a quenching process of electronic ex-
cited states of Rf.

Most of the above-mentioned experimental evidence
strongly indicates the occurrence of specific interactions of

© 2003 NRC Canada
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Fig. 1. Chemical structures of Riboflavin and the flavonoids, 3-hydroxyflavone and 7-hydroxyflavone.

Fig. 2. Spectral evolution of the mixture Rf (ca. 0.015 mM) plus
3-hydroxyflavone (0.5 mM) in MeOH vs. MeOH. Numbers on
the spectra represent irradiation time in seconds. Left inset: time
evolution of the difference spectra Rf (ca. 0.015 mM) plus 3-
hydroxyflavone (0.5 mM) vs. Rf (ca. 0.015 mM). Numbers on
the spectra represent irradiation time in seconds. Right inset: de-
crease in the 445 nm absorption band of Rf (ca. 0.015 mM)
upon irradiation in argon-saturated solutions: (a) without irradia-
tion; (b) irradiated 2 min in the presence of 7-OHF (0.2 mM);
(c) irradiated 2 min. In all cases, irradiation at 450 ± 10 nm at
room temperature (RT).
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the OHF with the singlet- and triplet-excited states of the
pigment under aerobic and anaerobic conditions. To eluci-
date the reaction mechanism, the following kinetic scheme
was employed in the interpretation and discussion of the ex-
perimental results (Scheme 1).

Rf represents the sensitizer S, i.e., a species that absorbs
radiation in a wavelength range, typically that of visible
light where the OHF are transparent. The absorption of inci-
dent light promotes Rf to the electronically excited singlet
(reaction [1]) and triplet (reaction [4]) states. Both states can
be quenched, through reactions [3], and [6] and [8], respec-
tively. The excited triplet state can react (process [8]) with
ground-state-triplet molecular oxygen O2(

3Σ–
g) dissolved in

the medium, generating O2(
1∆g) [9] and (or) O2

• − [10]. By
means of the electron-transfer reaction [6], the respective
semireduced and semioxidized Rf and OHF forms can be
produced. The first one, by means of reaction [7], generates
O2

• −, which can react with OHF and (or) with the pigment
(reactions [14] and [15], respectively).

Quenching of the excited singlet state of Rf by OHF
The emissive properties of Rf are well known. The pig-

ment has an intense fluorescence emission band, centred at
515 nm, with a reported quantum yield of 0.25 (16). The
steady-state fluorescence, the intensity, and the excited sin-
glet lifetime were decreased in the presence of OHF >
1 mM. Through the classical Stern–Volmer treatment (1/1τ =
(1/1τo) + k3 [OHF]), the rate constant values, k3 (process [3]),
were graphically determined for 3-OHF and 7-OHF, respec-
tively (Table 1, Fig. 3). The intercept gave a value of the flu-
orescence lifetime for Rf (1τo) of 5.75 ns, in excellent
agreement with previous published data (22).

Quenching of the excited triplet state of Rf by OHF
The disappearance of the Rf triplet state (3Rf*) in MeOH,

generated by a 355 nm laser pulse, was monitored from the
first-order decay of the absorbance at 670 nm, a region
where the interference from other possible species is negligi-
ble. The triplet decay was measured at low Rf concentration
(typically 0.02 mM) and at low enough laser energy to avoid
undesired effects such as self quenching and triplet–triplet
annihilation, respectively. In this way, it was observed that
the lifetime of 3Rf* decreases appreciably in the presence of
OHF in the mM concentration range. Analysis of the triplet
quenching (Fig. 4), using the expression 1/3τ = (1/3τo) + k6
[OHF] (where 3τo and 3τ are the experimentally determined
triplet lifetimes of Rf in the absence and in the presence of
OHF, respectively), yielded the bimolecular rate constant
value for the quenching of 3Rf by OHF shown in Table 1.

In Fig. 5, the transient absorption spectrum of Rf immedi-
ately after the laser pulse is shown. This spectrum is similar
to the one reported for the Rf neutral triplet state in MeOH
(23). The lower trace in Fig. 5, recorded at 20 µs after the la-
ser pulse under identical experimental conditions as de-
scribed above but in the presence of 0.5 mM OHF (either 3-
OHF or 7-OHF), possesses a similar shape to those that have
been assigned to the presence of the well known Rf radical
anion (24, 25) This experimental evidence could indicate
that the triplet quenching by OHF is due to an electron-
transfer process from OHF to the pigment, with the concom-
itant production of the semireduced pigment (Rf • −, reaction

[6] from Scheme 1). This reaction has already been de-
scribed for other hydroxyaromatic derivatives, including
chlorophenols (26), hydroxypyridines (27), and indoles (17).

Discussion

Reactions [5], [6], and [8], in Scheme 1, are competitive.
The predominance of a given process will depend on the
competition between O2 and OHF for the quenching of 3Rf*.
It is known (28) that the quenching of 3Rf* by O2 occurs
with a rate constant, k8, in water of 9 × 108 M–1 s–1. Never-
theless, in kinetic terms, and taking into account that the re-
ported quantum yield value for the generation of O2(

1∆g)
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Compound k3 (10–9 M–1 s–1) k6 (10–9 M–1 s–1)

3-OHF 3.5 2.3
7-OHF 3.0 0.53

Table 1. Rate constants for the quenching of singlet-excited
(1Rf*) and triplet-excited (3Rf*) riboflavin, k3 and k6, respectively,
by 3-hydroxyflavone (3-OHF) and 7-hydroxyflavone (7-OHF) in
MeOH at room temperature.

Fig. 3. Stern–Volmer plot for the quenching of singlet-excited Rf
by (�) 3-hydroxyflavone; (�) 7-hydroxyflavone in MeOH at RT.

Fig. 4. Stern–Volmer plot for the quenching of triplet-excited Rf
by (�) 3-hydroxyflavone; (�) 7-hydroxyflavone in MeOH at RT.
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(process [9], with S = Rf) and of O2
• − (process [10]) from

3Rf* are 0.5 and 0.009, respectively (29), the direct genera-
tion of O2

• − by electron transfer from 3Rf* to O2 can be con-
sidered insignificant.

In a previous paper (10), we studied the interaction of 3-
OHF and 7-OHF with O2(

1∆g) in MeOH–CHCl3 3:1 (v/v),
employing Rose Bengal as a dye-sensitizer. The 7-OH deriv-
ative was a mere physical quencher of O2(

1∆g) with a rate
constant, k11, of 2.3 × 108 M–1 s–1, whereas 3-OHF reacted
chemically with the oxidative species with a rate constant,
k12, of 1.7 × 106 M–1 s–1. Nevertheless our present results
show an aerobic phototransformation of 3-OHF even in the
presence of NaN3 (20 mM), with a slightly diminished rate
as compared with that in the absence of the salt. This obser-
vation indicates that there is no significant contribution of an
O2(

1∆g)-mediated degradation of 3-OHF. The small inhibi-
tory effect in the rate of 3-OHF decomposition observed in
the irradiation of the 3-OHF – Rf – O2(air) – NaN3 system
possibly conforms to the known quenching of 3Rf* by the
azide anion, for which a rate constant, k6, of 6 × 107 M–1 s–1

has been reported (20) (process [6] with OHF being replaced
by NaN3 in Scheme 1). According to the rate constants re-
ported in Table 1, the excited singlet state of Rf is effectively
unquenched by the OHF at concentrations in the range 0.1–
0.5 mM, concentrations similar to those employed in the ex-
periments shown in the spectra (Fig. 2). The data in Table 1
also indicates that the triplet-excited Rf can be effectively
quenched by both 3-OHF and 7-OHF in the range of con-
centrations used, with the subsequent production of the
semireduced form of Rf (step [6]). According to flash
photolysis results, process [6] with [OHF] = 5–10 mM could
compete with the generation of O2(

1∆g) (process [9]). Conse-
quently, under air-saturated conditions, i.e., with a concen-
tration of dissolved oxygen approximately equals to 2.1 mM
(30), the species Rf • − could be formed by electron transfer
from OHF (process [6]). In the presence of dissolved oxy-
gen, superoxide ion can be generated through an electron-
transfer process (step [7]). A rate constant value of 1.4 ×
108 M–1 s–1 has been recently reported (29) for this process,
a reaction that at the same time regenerates ground state Rf.

The Rf-sensitized photooxidation, mediated by superoxide
ion, has been postulated to account for a series of hydroxy-
aromatic compounds belonging to biologically relevant fam-
ilies (11, 17). El-Sukkary and Speier (31) reported, in 1981,
the oxidation of 3-hydroxyflavone in tetrahydrofuran by
thermally generated O2

• −
. According to our experimental evi-

dence (spectral changes and oxygen uptake measurements),
in the present case superoxide ion effectively reacts with 3-
OHF and Rf (steps [14] and [15], respectively).

As already reported by Tournaire et al. for polyhydroxy-
flavonoids (14) and later confirmed by ourselves for mono-
hydroxyflavones (9, 10), the activation of the double bond
on ring C by the presence of the hydroxyl group (the case of
3-OHF, see Fig. 1) is the main factor that determines the re-
activity towards the oxidative species. It should also be con-
sidered that 3-OHF might be more reactive than 7-OHF
because of the intramolecular H-bonding in the 3-hydroxy
compound, which results in a conjugated enolate system.
This case could be similar to that reported for the peri-
naphthenone-sensitized photooxidation of methyl salicylate,
methyl-3-hydroxy benzoate, and methyl-4-hydroxy benzo-
ate, in which the higher photooxidation efficiency was
reached by the H-bonded compound methyl salicylate (32).

In summary, we conclude that the kinetic results indicate
the participation of ground state 3-OHF and 7-OHF in the
visible-light-mediated photogeneration of superoxide ion in
MeOH, sensitized by Rf. The process involves triplet-excited
Rf and also dissolved atmospheric oxygen. At concentra-
tions of the flavones in the order of mM or lower, only the
excited triplet state of Rf is quenched by these compounds.
Electron-transfer processes produce the superoxide ion and
the subsequent photodecomposition of the pigment and 3-
OHF. Nevertheless this flavonoid simultaneously acts as a
sacrificial scavenger of superoxide ion, provided that it is
consumed in the quenching process. There is no evidence
for the reactive quenching of the superoxide ion by 7-OHF.
By successive increases of the OHF concentration, starting
from the mM range, the partial, and subsequently the sub-
stantial, quenching of singlet-excited Rf is achieved. As a
result, superoxide ion is not generated and the photodecom-
position of both 3-OHF and the pigment is prevented.
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5-Hydroxy[1,2]oxazinan-3-ones as potential
carbapenem and D-ala-D-ala surrogates

Saul Wolfe, Christiana Akuche, Stephen Ro, Marie-Claire Wilson,
Chan-Kyung Kim, and Zheng Shi

Abstract: The title compounds are amino acids whose nitrogen atom is enclosed in a six-membered cyclic hydrox-
amate bearing a C5-hydroxyl group. They belong to a proposed new family of antibacterial agents targeted to the peni-
cillin receptor. The glycine and alanine members of the family have been synthesized, as racemates, in seven steps
from the four-carbon synthon diketene and the tert-butyl esters of N-hydroxyglycine and N-hydroxyalanine. Numerous
alternatives to diketene have also been examined, but these lead mainly to five-membered cyclic hydroxamates. The
theoretical considerations that have led to this synthetic programme are discussed in some detail. They include analysis
of the structures of natural and unnatural penicillin surrogates, analysis of the penicillin pharmacophore, and a treat-
ment of the chemical reaction with which penicillin blocks bacterial cell wall synthesis. The glycine derivative exhibits
marginal but real activity vs. Micrococcus luteus. The alanine derivative, which more closely resembles D-ala-D-ala, is
fifty times more active. Two five-membered structural isomers of the glycine derivative are inactive.

Key words: cyclocanaline, cycloserine, lactivicin, oxamazins, peptidoglycan, penicillin-binding proteins.

Résumé : Les composés mentionnés dans le titre sont des acides aminés dont l’atome d’azote est compris dans un hy-
droxamate cyclique à six chaînons portant un groupe hydroxyle en position 5. Ils font partie de ce qui est proposé
comme une nouvelle famille d’agents antibactériens orientés vers les récepteurs de la pénicilline. On a synthétise les
membres glycine et alanine de la famille, sous la forme de racémiques, en sept étapes à partir du dicétène, un synthon
à quatre atomes de carbone, et des esters t-butyliques de la N-hydroxyglycine et de la N-hydroxyalanine. On a examiné
la possibilité d’utiliser plusieurs autres composés à la place du dicétène, mais dans chacun des cas ces dérivés de rem-
placement ont conduit principalement à la formation d’hydroxamates cycliques à cinq chaînons. On discute en détail
des considérations théoriques qui ont conduit à ce programme de synthèse. Elles comprennent l’analyse des structures
de substituts naturels et non naturels à la pénicilline, l’analyse du pharmacophore de la pénicilline et à un traitement de
la réaction chimique par laquelle la pénicilline bloque la synthèse de la membrane de la cellule des bactéries. Le dérivé
de la glycine présente une activité faible, mais réelle vis-à-vis du Micrococcus luteus. Le dérivé de l’alanine, qui res-
semble plus au D-ala-D-ala, est cinquante fois plus actif. Deux isomères de structure à cinq chaînons du dérivé de la
glycine sont inactifs.

Mots clés : cyclocanaline, cyclosérine, lactivicine, oxamazines, peptidoglycane, protéines se liant à la pénicilline.

[Traduit par la Rédaction] Wolfe et al. 936

Introduction

Cycloserine (Oxamycin, Seromycin, 1), produced by
Streptomyces orchidaceus (1), and lactivicin (2), isolated
from culture filtrates of Empedobacter lactagenus YK-258
and Lysobacter albus YK-422 (2), are antibiotics whose ac-
tion is directed against the biosynthesis of the bacterial cell
wall peptidoglycan. Although both antibiotics contain an

isoxazolidinone ring (a cyclic hydroxamate), they have dif-
ferent configurations at C4 and they operate at different
stages of cell wall synthesis. D-Cycloserine, a cyclic analog
of D-alanine (3), is a competitive inhibitor of both alanine
racemase (3) and D-alanyl-D-alanine synthetase (4). Lacti-
vicin has the L-configuration at C4 and a 2-oxoglutarate ap-
pendage attached to the ring nitrogen. Because it exhibits
affinity to penicillin-binding proteins and susceptibility to β-
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lactamases (2, 5), lactivicin can be regarded as a structural
analog of penicillin (4), which is, in turn, a structural analog
of the N-acyl-D-ala-D-ala terminus (5) of the growing
peptidoglycan (6). The isoxazolidin-3-one ring of lactivicin
thus appears to function as a β-lactam surrogate, and the 5-
oxo-tetrahydrofuran-2-carboxylic acid substituent appears to
function as a D-alanine surrogate.

The 6-membered homolog of cycloserine is cyclocanaline
(6), the cyclodehydration product of canaline (7). L-
Canaline, the 5-oxa isostere of ornithine, is the only naturally
occurring amino acid that possesses an aminooxy moiety.
The compound is found in leguminous plants and is derived
from L-canavanine (8), the 5-oxa isostere of L-arginine, by
arginase-mediated hydrolysis (7). Canavanine is an impor-
tant metabolite of higher plants, as it has a dual function in
chemical defense against herbivores and in nitrogen storage,
where it can account for 90% or more of the seed nitrogen
allocated to free amino acids (8). The free aminooxy group
of L-canaline forms Schiff base adducts with α-keto acids (9)
and with the pyridoxal phosphate (B6) cofactor of many B6-
dependent enzymes (10). These properties endow canaline
with antimetabolite (11), anticancer (11), and antimalarial
activities (12).

The first syntheses of [1,2]oxazinan-3-one (9) and cyclo-
canaline were accomplished by cyclization of 4-aminooxy-
butyric esters under forcing basic or acidic conditions, i.e.,
N2—C3 bond formation (13).

Attempts to secure these compounds by O1–C6 cycli-
zation of halohydroxamic acids (10→11) were frustrated by
competing N2—C6 bond formation (10→12) (14). The in-
troduction of the aminooxy substituent into canaline has
been achieved using ethyl N-hydroxyacetimidate (15), ace-
tone oxime (13a), hydroxyurethane (16), or N-benzoylhy-

droxylamine (17) on appropriately protected and activated
homoserine synthons.

Khomutov and co-workers have reported that DL-

cyclocanaline has activity against Mycobacterium tuberculo-
sis (18, 19).

The parent 5-membered and 6-membered cyclic hydroxa-
mates are structural isomers of the N-hydroxylactams 13 and
14, and rearrangement of an N-hydroxy-2-azetidinone into a
5-membered cyclic hydroxamate has been observed by
Hirose et al. (20a) and by Miller and co-workers (20b), who
have published extensively on oxamazins (15), heteroatom-
activated β-lactams (21). Monocyclic oxamazins exhibit sig-
nificant antibacterial activity vs. Gram negative bacteria.
Their mechanism of action has not been established with
certainty,2 but it is noteworthy that the carboxyl group of 15
is one carbon further removed from the β-lactam nitrogen
than in β-lactam antibiotics. In the case of the bicyclic
[4.2.0] oxamazins 16, both diastereomers at the point of at-
tachment of the carboxyl group are claimed to have good an-
tibacterial activity (22). In contrast, thiamazins (17) are
inactive (23).

Boyd, Miller, and co-workers (24) have discussed the dif-
ference in the activities of oxamazins and thiamazins in
terms of their putative three-dimensional relationship to the
penicillin nucleus, i.e., their ability to “fit” into the active
sites of the serine peptidase receptors of β-lactam antibiotics.
The chemical reaction that follows — namely, acylation of
the serine hydroxyl group by the �-lactam ring — has been
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the subject of extensive theoretical research (25). In our lab-
oratory (26) the relative “reactivities” of different substrates
are calculated, as shown in Fig. 1, for penam, the penicillin
nucleus. The reaction is modeled theoretically as a one-step,
cooperative process (27), in which O=C···O bond formation
by methanol and N···H bond formation by a catalytic water
molecule are concerted with the cleavage of the β-lactam
bond. The structure on the left of Fig. 1 is the reactant com-
plex, optimized at the 3–21G* level (28); the optimized tran-
sition structure is shown on the right. The barrier, based on
single-point MP2/6–31G* calculations, is 29.36 kcal/mol.
This number is shown in Table 1, together with the barriers
calculated similarly for the water-assisted methanolyses of
penem, N-methylazetidinone, and mono- and bicyclic
oxamazins and thiamazins. In the latter two systems, there is
more than one conformation of the 6-membered ring; based
on a recent quantitative treatment of the Curtin–Hammett
principle (29), the number shown in the table refers to the
energy difference between the most stable reactant complex
and the most stable transition structure.

It can be seen that N-methoxyazetidinone is comparable in
“reactivity” to the bicyclic penam and is substantially more
“reactive” than N-methylthioazetidinone. In addition, unlike
compounds in which carbon or sulfur is attached to the β-
lactam nitrogen, the monocyclic N-methoxyazetidinone is
substantially more “reactive” than the bicyclic structure.

These trends can be understood by consideration of the
pyramidality of the β-lactam nitrogen, as given by the sum
of the angles at this center. This sum is included in Table 1.
The geometry at nitrogen has received continuous attention
(30) since Woodward first proposed (31) that the O=C-N↔
(–)O-C=N(+) amide resonance, which contributes to the sta-
bility and planarity of an amide linkage, is suppressed in a
four-membered ring and cannot be achieved within the bi-
cyclic penam structure. An equivalent, molecular orbital in-
terpretation (32) is that np–πCO

* charge transfer in an amide
is most effective when the nitrogen p-orbital can conjugate
with the π-system, i.e., when the nitrogen is planar. This is
not possible when the β-lactam nitrogen is at a bridgehead
position. In N-methoxy- and N-methylthioazetidinone, mini-
mization of lone-pair – lone-pair repulsion between the p-or-
bital on nitrogen and the p-orbital on oxygen or sulfur (33)
causes the methyl group to be perpendicular to the ring, so
that the nitrogen p-orbital and the X—C bond are eclipsed.
If the resulting np–σ XC

* interaction competes with the np–
πCO

* interaction, the combined effects will produce non-
planarity at nitrogen, as is seen in N-methoxyazetidinone.

© 2003 NRC Canada
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Fig. 1. Methanolysis of penam, with catalysis by one water molecule. Left: 3–21G* reactant complex. Right: 3–21G* transition struc-
ture. Graphics performed using Xmol.

Azetidinone “Barrier” (kcal/mol)a Pyramidalityb

Penam 29.4 336.1
Penem 28.0 333.9
N-methylazetidinone 30.7 360.0
N-methoxyazetidinone 29.6 337.5
N-methylthioazetidinone 34.2 357.0
Bicyclic oxamazin 32.5 348.6
Bicyclic thiamazin 34.2 352.4

aSee text for definition of “barrier”.
bSum of the angles at nitrogen (3–21G or 3–21G* calculations; the 3–

21G* basis set is used with sulfur-containing compounds).

Table 1. Calculated “barriers”a and nitrogen pyramidalityb in var-
ious azetidinones.
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The magnitude of the np–σ XC
* interaction depends in-

versely upon the energy difference between np and σ XC
* and

also upon the square of the overlap between the interacting
orbitals (34). Although the sulfur σ* acceptor orbital is
lower-lying than the oxygen σ* acceptor orbital, the np–σSC

*
interaction is not effective because of the longer nitrogen—
sulfur bond (33). Consequently, the monocyclic and bicyclic
thiamazins exhibit similar “barriers” and near planarity at ni-
trogen. In the case of the oxamazins, closing the second ring
increases the dihedral angle between np and σ OC

* and de-
creases the contribution of the np–σ OC

* interaction, resulting
in increased planarity at nitrogen and an increased “barrier”.

As seen in Fig. 2, there is a rough linear relationship
(R2 = 0.81) between the calculated sum of the angles at ni-
trogen and the calculated “barriers”.

Cyclic hydroxamates as β-lactam surrogates
The foregoing considerations suggested that the cyclic

hydroxamate 2-methyl-isoxazolidin-3-one (18), identified
earlier as a β-lactam surrogate from its presence in lactivicin,
would exhibit somewhat greater planarity at nitrogen and a
somewhat higher “barrier” than its isomer N-methoxyaze-
tidinone. The calculations on 18 and its homolog 2-methyl-
[1,2]-oxazinan-3-one (19), which are summarized in Fig. 3,
are consistent with this prediction. Nonetheless, both 18 and
19 are found to have significant “reactivity”, intermediate
between penam and N-methylazetidinone, so that 2-sub-
stituted 4-acylaminocycloserines and cyclocanalines such as

20–22 might be expected to behave as penicillin–lactivicin–
N-acyl-D-ala-D-ala analogs and exhibit antibacterial activity.

This proposal is not new. Phenylacetylation of L- and D-
cycloserine, followed by coupling to tert-butyl (DL)-2-
bromopropionate, separation of isomers, and deprotection,
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918 Can. J. Chem. Vol. 81, 2003

MP2/6-31G*//HF/3-21G

28

29

30

31

32

33

34

35

330 334 338 342 346 350 354 358

B
a

rr
ie

r
(K

c
a

l/
m

o
l)

Sum of angles at nitrogen (°)

Fig. 2. A plot of the MP2/6–31G*//3–21G(G*) “barriers” vs. the sum of the angles at nitrogen of some β-lactam compounds (from
Table 1).
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afforded all four stereoisomers of 20 (R = phenylacetyl, R′ =
Me) (35). However, none of these compounds exhibited ac-
tivity vs. Staphylococcus aureus or Escherichia coli. Like-
wise, phenoxyacetylation of L-cycloserine, followed by
coupling to allyl 2-chloro-2-ethoxyacetate, deprotection, and
separation of isomers yielded 20 (R = phenoxyacetyl, R′ =
OEt) (36), which were inactive against S. aureus and E. coli
at concentrations up to 1000 µg/mL. Although 21 has been
claimed to have antibacterial activity (37), this claim cannot
be confirmed (38); 22 is also inactive (38).

The penicillin pharmacophore consists of a reactive β-
lactam ring with an ionizable acidic group located near the
azetidinone nitrogen (24, 39, 40) and, unless the β-lactam
ring is exceptionally reactive (41), a hydrogen-bond donor
located near the azetidinone carbonyl group (42). In penicil-
lins and cephalosporins (23), the hydrogen-bond donor is the
N–H of the acylamino side chain, geminal to the carbonyl
carbon. In the carbapenems (24) (43), the hydrogen-bond
donor is the exocyclic hydroxyl group of the side chain, two
atoms removed from the carbonyl carbon. A possible five-
membered cyclic hydroxamate surrogate of a carbapenem
could have an exocyclic beta hydroxyl group, as in 25, or an
endocyclic beta hydroxyl group, as in the hemiacetal 26. The
corresponding six-membered cyclic hydroxamates are 27
and 28.

Figure 4 shows the PM3-optimized (44) global minimum
of penicillin G and a PM3-optimized conformation of the β-
lactam and carbapenem surrogate 2R-(5R-hydroxy-3-oxo-
[1,2]oxazinan-2-yl)-propionic acid (29, R = Me). This com-
pound is an amino acid (D-alanine) whose nitrogen atom is
enclosed in the [1,2]oxazinan-3-one ring. Despite the (as yet
unexplained) absence of activity in 16–18, we decided to
pursue syntheses related to 29. This paper reports non-
stereospecific routes to 29, R = H (glycine) and R = Me

(alanine), and evidence of antibacterial activity in these
compounds, with significantly greater activity in the alanine
derivative.

Results and discussion

Syntheses in the glycine series
The O-benzyl ethyl ester of N-hydroxyglycine (30, R1 =

Et, R2 = Bn) was synthesized by reaction of O-benzylhy-
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Fig. 3. Left: 3–21G optimized structures and the sum of the angles at nitrogen in 18 and 19. Centre: 3–21G reactant complexes for the
methanolyses of 18 and 19, with catalysis by one water molecule. Right: 3–21G transition structures. The “barriers” are based on sin-
gle point MP2/6–31G* calculations.
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droxylamine hydrochloride with glyoxylic acid in refluxing
ethanol (45) and reduction of the oxime with pyridine–
borane (46).

Benzoylation yielded 31, which was debenzylated with
aluminium chloride and anisole in nitromethane (47). Since
the same compound (32) was obtained by direct benzoy-
lation of N-hydroxyglycine ethyl ester (30, R1 = Et, R2 = H),
it was concluded that this ester undergoes N- and not O-
acylation. This permitted an approach to 29, R = H, based
on N-hydroxyglycine or one of its esters and a four-carbon
synthon. A large number of these were examined, including
vinylacetic acid, cyclic anhydrides, 3,4-dihydroxybutanoic
acid, γ-butyrolactone, diketene, and the diketene–acetone
adduct 2,2,6-trimethyl-4H-1,3-dioxin-4-one (33).

Scheme 1 (48–50) summarizes the syntheses of the ethyl,
benzyl, and tert-butyl esters of N-hydroxyglycine (30, R1 =
Et, Bn, t-Bu, R2 = H). E-Benzaldoxime was isomerized to
the Z-isomer 34 with hydrogen chloride in refluxing toluene.
Reaction of the sodium salt with ethyl bromoacetate in etha-
nol afforded N-benzylideneglycine N-oxide ethyl ester 35,
and 30 (R1= Et, R2 = H) was obtained in 80% yield when 35
was treated with hydroxylamine. The benzyl ester (30, R1 =
Bn, R2 = H) was synthesized from the sodium salt of 34 by

reaction with bromoacetic acid in ethanol, esterification with
benzyl bromide in dimethylformamide, and treatment with
hydroxylamine. The tert-butyl ester (30, R1= t-Bu, R2 = H)
was obtained by sequential treatment of the sodium salt of
34 with tert-butyl bromoacetate in 2-propanol and hydroxy-
lamine.

Vinylacetic acid as a synthon
Dicyclohexylcarbodiimide coupling of vinylacetic acid

with 30 (R1 = Et, R2 = H) gave 36, which, like 32, exhibited
infrared absorption at 1625 cm–1. Bromination of 36 in chlo-
roform at room temperature afforded a dibromide, which,
upon exposure to sodium bicarbonate, yielded a colourless
oil whose elemental analysis and mass, infrared, and proton
NMR spectra were consistent with the isoxazolidinone struc-
ture 37, X = Br. The infrared absorptions at 1710 and
1755 cm–1 were assigned to the carbonyl groups of the ester
and isoxazolidinone ring. The proton NMR spectrum
showed a downfield shift of the tertiary hydrogen from
4.55 ppm in the dibromide to 4.80 ppm in 37. The EI mass
spectrum exhibited peaks at m/z 85, 93, and 95, which were
assigned to 38 and the bromomethyl side chain of 37. The
presence of a peak at m/z 85 was used subsequently to rec-
ognize the presence of a 5-substituted isoxazolidinone ring.

The bromide 37 (X = Br) was stable to the action of silver
acetate in refluxing acetic acid, sodium formate in dimethyl-
formamide (51), potassium phthalimide in refluxing toluene
(52), sodium azide and tetrabutylammonium bromide in
refluxing benzene (53), and triethylamine and formic acid in
acetonitrile (54). The preference for cyclization to a five-
membered ring (55) and the stability of the Br-C-C-ON moi-
ety to nucleophilic displacement (56) suggested a synthesis
of 39, a structural isomer of the target compound 29 (R =
H). Coupling of 30, R1 = Bn, R2 = H, with vinylacetic acid
and iodination with iodine and sodium bicarbonate in
acetonitrile (57) gave 37 (X = I) as the benzyl ester. Peracid
oxidation (58), followed by hydrogenolysis, yielded 39.

Reaction of the alkene 36 with N-bromosuccinimide or N-
bromoacetamide in methanol, followed by a bicarbonate
wash, afforded three products, the bromide 37 and a 1:1
mixture of 40 and 41. The GC–MS of this mixture exhibited
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5.68 4.47 5.90 4.34

Fig. 4. Left: Carboxyl carbon to side chain nitrogen and carboxyl carbon to β-lactam oxygen distances in PM3-optimized penicillin G.
Right: Carboxyl carbon to side chain oxygen and carboxyl carbon to C3 carbonyl oxygen distances in one of the conformations of 2R-
(5R-hydroxy-3-oxo-[1,2]oxazinan-2-yl)-propionic acid.
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peaks at 8.07 min, with an EI-MS fragmentation at m/z 99,
assigned to 42, and at 8.43 min, with the EI-MS fragmenta-
tion at m/z 85 previously assigned to 38. The 1H NMR spec-
tra of 40 and 41 and related compounds are summarized in
Tables 2 and 3.

Cyclic anhydrides as synthons
Following Procter et al. (59), reaction of the benzyl ester

30 (R1 = Bn, R2 = H) with a cyclic anhydride, followed by
cyclization with carbodiimide, afforded the 3,6-diones 43–45
from, respectively, succinic anhydride, acetoxysuccinic an-
hydride, and maleic anhydride.

3,4-Dihydroxybutanoic acid as a synthon
Reaction of methyl 3,4-dihydroxybutanoate (46) (60, 61)

with benzaldehyde dimethyl acetal and a catalytic amount of
p-toluenesulfonic acid monohydrate in dimethylformamide
(62), followed by alkaline hydrolysis, yielded the acid 47.
This was coupled to the tert-butyl ester of N-hydroxyglycine
to give 48, and hydrogenolysis yielded 49. The reaction of
49 with triphenylphosphine and diethyl azodicarboxylate in
refluxing tetrahydrofuran (63) gave the isoxazolidinone 50.
Deprotection with trifluoroacetic acid produced the
hydroxyacid 39. Alternative cyclization – Mitsunobu condi-
tions (63) did not give promising results.
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Butyrolactone as a synthon
Attempts to prepare compounds of type 51 by a direct re-

action of N-hydroxyglycine esters with butyrolactone, using
trimethylaluminium (64) or aluminium trichloride (65) as
catalysts, were not successful. Therefore, using the method
of Larcheveque and Henrot (66), butyrolactone was con-
verted to the iodo acid 51, X = I, with trimethylsilyl iodide
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in refluxing dichloromethane, and this acid was coupled to
the tert-butyl ester of N-hydroxyglycine to give 52. Cycli-
zation to 53 was accomplished using 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU).

2,2,6-Trimethyl-4H-1,3-dioxin-4-one and diketene as
synthons

The reaction of the O-benzyl ethyl ester 30 (R1 = Et, R2 =
Bn) with the diketene–acetone adduct 33 in refluxing tolu-
ene (67), followed by hydrogenolysis, yielded the hemiketal
54, which, in chloroform-d, exists as an 85:15 tautomeric
mixture of esters 54 and 55.

The preparation of the acid 56 (which, like 39, is a struc-
tural isomer of the target compound 29, R = H) was accom-
plished using diketene in place of the diketene–acetone
adduct (68). Reaction with the benzyl ester of N-
hydroxyglycine afforded a product, which, in chloroform-d,
exists as an 83:17 tautomeric mixture of benzyl esters 58
and 59. Hydrogenolysis produced 56 and 57 as a 2:1 tauto-
meric mixture in water solvent. Table 4 summarizes the 1H
NMR spectra of 54, 56, and 58.

The synthesis of 29, R = H, is summarized in Scheme 2.
Bromination of diketene at –25 °C in the presence of benzyl
alcohol afforded benzyl bromoacetoacetate 60 in quantitative
yield via the acyl bromide. Reduction with sodium boro-
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56, R = Ha 54, R = Etb 58, R = Bnb

δ (ppm) J (Hz) δ (ppm) J (Hz) δ (ppm) J (Hz)

Hb 4.39 17.7 4.51 18.2 4.53 18.1

Hc 4.20 17.7 4.12 18.2 4.19 18.1

Hd 3.17 17.2 3.02 16.8 3.00 16.8

He 2.77 17.2 2.76 16.8 2.76 16.8
aIn D2O.
bIn CDCl3.

Table 4. 1H NMR spectra of 5-hydroxy-5-methylisoxazolidinones.

R = OMea; R′ = Me R = OMea; R′ = Et R = OMea; R′ = t-Bu R = OHb; R′ = Na

δ (ppm) J (Hz) δ (ppm) J (Hz) δ (ppm) J (Hz) δ (ppm) J (Hz)

Ha 3.99 3.99 4.01 4.49

Hb 4.51 17.8 4.51 17.8 4.43 17.7 4.28 17.4

Hc 4.22 17.8 4.23 17.8 4.13 17.7 4.09 17.4

Hd 4.32 11.9 4.33 11.9 4.34 11.9 4.29 12.0

6.0 6.0 6.0 4.6
He 4.07 11.9 4.07 11.9 4.07 11.9 4.02 12.0

3.2 3.2 3.6 3.2
Hf 2.79 16.0 2.80 16.0 2.90 15.6 2.92 16.8

5.8 5.8 5.9 5.9
Hg 2.67 16.0 2.68 16.0 2.75 15.6 2.52 16.8

4.7 4.7 4.8 3.2
aIn CDCl3.
bIn D2O.

Table 3. 1H NMR spectra of 1,2-oxazin-3-ones.
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hydride in tetrahydrofuran–methanol produced the bromohy-
drin ester 61 in 80% yield. Protection of the hydroxyl group
with dihydropyran and one crystal of para-toluenesulfonic
acid in dichloromethane (69) yielded the tetrahydropyranyl
derivative 62 as a mixture of diastereomers in an overall
yield of 64% from diketene. The benzyl ester 62 was
deprotected by hydrogenolysis to give 63, and this was cou-
pled to the tert-butyl ester of N-hydroxyglycine. Cyclization
with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and removal
of both protecting groups with trifluoroacetic acid produced
the target compound.

The sodium salt, which is chemically stable, was isolated
by successive treatment of 64 with trifluoroacetic acid and
sodium bicarbonate. The 1H NMR spectrum is summarized
in Table 3.

Synthesis of 29, R = Me
For the synthesis of N-hydroxy-α-alanine, the nitrone 65

was prepared in 40% yield by the reaction of the sodium salt
of 34 with tert-butyl α-bromopropionate in isopropanol. Hy-
drolysis with hydroxylamine hydrochloride in the presence
of sodium methoxide then gave the racemic N-hydro-
xyalanine ester 66 in 71% yield. Coupling of 66 to 63 using
dicyclohexylcarbodiimide produced a mixture of N-acylated

diastereomers 67 in 54% yield and also, in contrast to the
observations made previously with N-hydroxyglycine esters,
the O-acylated compounds 68. Cyclization of 67 using DBU
yielded the oxazinone 69 in 65% yield. Deprotection with
trifluoroacetic acid or formic acid, followed by extraction
with sodium bicarbonate and lyophilization produced the so-
dium salt as a mixture of diastereomers.

Bioassay results
Bioassays were performed on agar plates seeded with

M. luteus (see Experimental). Figure 5 shows the zones of
inhibition obtained with 29, R = H, and its two structural
isomers 39 and 56 compared with the results for penicillin G
and desacetoxycephalosporin G. It can be seen that the
racemate 29 exhibits some activity but 39 and 56 are inac-
tive at 1000 µg. Table 5 summarizes semiquantitative test
data relative to penicillin G and desacetoxycephalosporin G,
expressed as (diameter of the zone in mm)/(µM of test mate-
rial) for 29, R = H, and 29, R = Me. Although both com-
pounds are only weakly active, the alanine surrogate, as a
mixture of stereoisomers, is ca. 50 times more active than
the glycine surrogate. These findings have encouraged us to
continue with this programme and to attempt to devise
stereospecific routes to compounds having the general struc-
ture 70. These studies are reported elsewhere (38).

Experimental

All solvents were dried and distilled before use according
to standard literature procedures (70). Except where indi-
cated, chemicals were of the highest available purity from
Aldrich. All reactions were performed under dry nitrogen
using oven-dried (140 °C, 24 h) glassware. The glassware
was allowed to cool in a desiccator under vacuum and as-
sembled cold, capped with rubber septa, and evacuated with
dry nitrogen gas. Both 1H and 13C nuclear magnetic reso-
nance (NMR) spectra were recorded on a Bruker Model
AMX 400 Spectrometer operating at 400.1 and 100.6 MHz,
respectively. Chemical shifts (δ) are reported in parts per
million (ppm) relative to tetramethylsilane (TMS) in an ap-
propriate deuterated solvent. 1H NMR data are reported in
the following manner: chemical shift, integration, peak mul-
tiplicity, coupling constants, and identification. The peak
multiplicities are abbreviated as s (singlet), d (doublet), t
(triplet), q (quartet), dd (doublet of doublets), ddd (doublet
of doublets of doublets), m (multiplet), etc. 13CMR data are
reported as δ values in ppm downfield from tetramethyl-
silane. Infrared (IR) spectra were recorded on a Bomen–
Hartmann–Braun spectrometer (1% KBr or 1% solution).
High-resolution mass spectra refer to either direct inlet elec-
tron impact (EI) measurements or chemical ionization (CI)
measurements, using isobutane, and were provided by Dr. G.
Eigendorf at the University of British Columbia. Low-
resolution mass spectra refer to direct inlet EI measurements
or CI measurements, using isobutane, or fast-atom bombard-
ment (FAB), employing xenon gas, on a Kratos MS50 Spec-
trometer operated at 70 eV by G. Owens at Simon Fraser
University. Melting points (mp) were determined on a
Fisher-Johns apparatus and are uncorrected. Analytical thin-
layer chromatography was carried out on precoated Merck
Silica Gel 60 F-254 plates with aluminium backing. Spots
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Fig. 5. Bioassay results showing zones of inhibition vs. M. luteus.

Scheme 2. Reagents and conditions: (a) Br2, PhCH2OH, CH2Cl2, –25 °C, 15 min; (b) NaBH4, THF–CH3OH, 0 °C, 15 min; (c) DHP,
CH2Cl2, p-TsOH; (d) H2–Pd(10%)–C, THF, 45 min; (e) 30(R1 = t-Bu, R2 = H), DCC; (f) DBU; (g) TFA, NaHCO3.
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were observed under short-wavelength ultraviolet light or
were visualized with iodine vapour, ninhydrin, or ceric sul-
fate. Flash column chromatography was carried out on
Merck Silica Gel 60 (230–400 Mesh), according to the
method of Still et al. (71) unless stated otherwise, using only
distilled solvents under dry nitrogen gas. Elemental analyses
were performed by M.K. Yang on a Carlo Erba model 1106
elemental analyzer at Simon Fraser University.

Z-Benzaldoxime
Benzaldehyde (5.3 g, 0.05 mol) (Fisher) and hydroxyl-

amine hydrochloride (3.6 g, 0.052 mol) (Mallinckrodt) were
added successively at room temperature to a stirred solution
of sodium hydroxide (5 g, 0.125 mol). Stirring was contin-
ued until a clear solution was obtained and the temperature
had increased to 70 °C. The reaction mixture was cooled to
35 °C, and carbon dioxide was passed in until the pH had
decreased from 14 to 10. The two layers were then sepa-
rated. The aqueous layer was extracted with toluene (4 ×
25 mL), and the combined organic phase was dried over an-
hydrous magnesium sulfate, filtered, and poured into a
250 mL three-necked flask equipped with a large-bore gas
inlet tube, stirrer, thermometer, and condenser. The flask was
heated on an oil bath, and 20 mL of toluene was removed by
distillation. The remaining solution was reheated to boiling,
the oil bath was removed, and a strong flow of anhydrous
hydrogen chloride was sparged through the vigorously
stirred solution. Addition of the gas was continued until the
oil that first separated had solidified and the temperature had
fallen to 50 °C. The resulting white slurry was cooled to
10 °C in an ice-water bath and filtered. The white crystalline
solid was washed with toluene (2 × 25 mL) and hexane and
stored in a desiccator over potassium hydroxide pellets. Di-
ethyl ether (50 mL) was added to a stirred solution of so-
dium hydroxide (4 g, 0.1 mol) in water (40 mL). The
mixture was cooled to 10 °C and the crude Z-benzaldoxime
hydrochloride was added rapidly with stirring until all of the
solid had dissolved. A solution of ammonium chloride (10 g,
0.187 mol) (Fisher) in water (40 mL) was added, and the
mixture was stirred until a clear solution was obtained
(1 min). The two layers were separated, and the aqueous
layer was extracted with ether (2 × 25 mL). The combined
ethereal extracts were dried over anhydrous magnesium sul-
fate and concentrated. Hexane (40 mL) was added to the
white slurry and the mixture concentrated again. Another
40 mL of hexane were added, the mixture was filtered, and
the solid was air dried until a constant weight was obtained.
The Z-benzaldoxime was obtained as white needles (4.26 g,
70%); mp 131 °C (lit. (45) mp 130 °C). 1H NMR (CDCl3) δ:
8.19 (1H, s, CH=N), 7.60 (2H, m, ArH), 7.45 (3H, m, ArH).

4.71 (2H, s), 4.26 (2H, q) 1.29 (3H, t). EI-MS (m/z): 121
([M]+). Anal. calcd. for C7H7NO: C 69.42, H 5.79, N 11.57;
found: C 69.44, H 5.96, N 10.99.

N-Benzylideneglycine N-oxide ethyl ester (35)
Ethyl bromoacetate (0.244 mL, 0.367 g, 2.2 mmol) was

added to a stirred solution of sodium (0.46 g, 0.02 g-atom)
and Z-benzaldoxime (0.242 g, 2.0 mmol) in ethanol
(15 mL). Stirring was continued until a wet pH 7 was
reached. The reaction mixture was poured into water
(20 mL), extracted with ether (2 × 20 mL), dried, and con-
centrated under reduced pressure. The golden yellow oil was
purified by flash chromatography on silica gel (4.5 g) (40%
ethyl acetate – hexane) and subsequently crystallized from
ethyl acetate – hexane. The pale yellow crystals weighed
0.298 g (73%); mp 53 °C. IR (film, cm–1): 1743 (C=O),
1584 (C=N). 1H NMR (CDCl3) δ: 8.19 (1H, s, (CH=N), 7.60
(2H, m, ArH), 7.45 (3H, m, ArH), 4.71 (2H, s), 4.26 (2H, q),
1.29 (3H, t). EI-MS (m/z): 207 ([M]+). Anal. calcd. for
C11H13NO3: C 63.76, H 6.32, N 6.76; found: C 64.04, H
6.41, N 6.60.

N-Hydroxyglycine ethyl ester

Method A
The nitrone 35 (180 mg, 0.87 mmol) was added to a

stirred suspension of sodium methoxide (64.8 mg,
1.2 mmol) (Anachemia) and hydroxylamine hydrochloride
(83.4 mg, 1.2 mmol) (Mallinckrodt) in methanol (3 mL).
The reaction mixture was heated on a water bath (40 °C)
with stirring until the wet pH was slightly acidic (2 min) and
then concentrated under reduced pressure. The residue was
triturated with toluene (2 × 10 mL), concentrated, and puri-
fied by flash chromatography (5 g silica gel and 40% ethyl
acetate – hexane) to give a pale yellow oil (82.7 mg, 80%).
IR (film, cm–1): 3319 (O-H, br), 3267 (N-H, m), 1735
(C=O). 1H NMR (CDCl3) δ: 5.89 (2H, br, NH-OH), 4.23
(2H, q, OCH2CH3), 3.67 (2H, s), 1.29 (3H, t, OCH2CH3).

Method B
A mixture of glyoxylic acid (1.094 g, 0.014 mol) (East-

man), hydroxylamine hydrochloride (1.00 g, 14 mmol)
(Mallinckrodt), and p-toluenesulfonic acid (0.273 g,
1 mmol) (Fisher) in dry ethanol (8 mL) was heated under re-
flux for 5 h with removal of water using a Dean-Stark trap.
The reaction mixture was concentrated, ether (100 mL) and
saturated sodium bicarbonate (100 mL) were added, and the
mixture was stirred until the phases became clear. The or-
ganic layer was separated, washed with saturated ammonium
chloride, dried over anhydrous magnesium sulfate, and con-
centrated under reduced pressure to yield ethyl glyoxylate
oxime (1.11 g, 66%). IR (film, cm–1): 3347 (OH, br), 1725
(C=O, s), 1623 (C=N, m). 1H NMR (CDCl3) δ: 9.55 (1H, b,
=NOH), 7.56 (1H, s, HC=NOH), 4.31 (2H, q, CO2CH2CH3),
1.33 (3H, t, CO2CH2CH3). CI-MS (m/z): 118 ([M + 1]).
Anal. calcd. for C4H7NO3: C 41.03, H 5.98, N 11.96; found:
C 41.41, H 6.12, N 11.43.

Ethanolic hydrogen chloride (6.76 mL of a 7 N solution
prepared by diluting 30 mL of 36% HCl to 50 mL with etha-
nol) was added to a stirred solution of the oxime ethyl ester
(1.0 g, 8.5 mmol), and pyridine–borane complex (2.16 mL
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Compound
Weight
(µg)

Moles
(µM)

Zone size
(mm)

Ratio
(mm/µM)

Pen Ga 0.1 2.99 × 10–4 25 83 600
DACGb 5 1.51 × 10–2 38 2 520
29 (R = H) 600 3.05 21 7
29 (R = Me) 12 0.0569 20 350

aPenicillin G (4, R = benzyl).
bDesacetoxycephalosporin G (23, R = benzyl, R′ = Me).

Table 5. Zones of inhibition vs. M. luteus.
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of 8 mol/L, 17.28 mmol) in ethanol (10 mL) was added at
such a rate that the reaction temperature remained below
40 °C. Stirring was continued for 8 h, while the reaction was
monitored by thin layer chromatography (TLC). The reac-
tion mixture was then concentrated, and the pale yellow syr-
upy residue was dissolved in dichloromethane (50 mL).
Sodium carbonate (4 g) was added, and the mixture was
stirred at room temperature for 30 h, filtered, and the filtrate
concentrated under reduced pressure. The crude oil was pu-
rified by flash chromatography (60% ethyl acetate – hexane)
to give a pale yellow oil (0.673 g, 67%). CI-MS (m/z): 120
([M + 1]). Anal. calcd. for C4H9NO3: C 40.34, H 7.56, N
11.76; found: C 40.21, H 7.55, N 11.54.

N-Benzyloxyoxime of ethyl glyoxylate
A mixture of glyoxylic acid (0.476 g, 6.26 mmol) (East-

man), O-benzylhydroxylamine hydrochloride (1.00 g,
6.26 mmol), and p-toluenesulfonic acid (0.12 g,
0.626 mmol) (Fisher) in dry ethanol (8 mL) was refluxed for
6 h with removal of water using a Dean-Stark trap. The reac-
tion mixture was concentrated and dichloromethane (50 mL)
was added to the yellow oily residue. The solution was
washed successively with water (30 mL), saturated sodium
bicarbonate (30 mL), and saturated sodium chloride
(30 mL), dried over anhydrous magnesium sulfate, and con-
centrated under reduced pressure to give a pale yellow oil
(1.08 g, 83%). IR (CDCl3, cm–1): 1727 (C=O), 1600 (C=N).
1H NMR (CDCl3) δ: 7.57 (1H, s, N=CH), 7.39 (5H, s,
OCH2Ph), 5.32 (2H, s, OCH2Ph), 4.33 (2H, q, OCH2CH3),
1.36 (3H, t, OCH2CH3). CI-MS (m/z): 208 ([M + 1]). Anal.
calcd. for C11H13NO3: C 63.77, H 6.28, N 6.76; found: C
63.06, H 6.33, N 7.34.

N-Benzyloxyglycine ethyl ester (30, R1 = Et, R2 = Bn)
Ethanolic hydrogen chloride (6.76 mL of a 7 N solution

prepared by diluting 30 mL of 36% HCl to 50 mL with etha-
nol) was added to a stirred solution of the oxime (3.5 g,
16.91 mmol), and pyridine–borane (8.54 mL of 8 mol/L,
68.32 mmol) in ethanol (10 mL) was added at such a rate
that the reaction temperature did not exceed 40 °C. Stirring
was continued for 13.5 h with monitoring by TLC, and the
solvent was then removed. The pale yellow syrup was dis-
solved in dichloromethane (50 mL), and the solution was
washed with N-sodium hydroxide, dried over anhydrous so-
dium sulfate, and concentrated under reduced pressure. The
crude oil was purified by flash chromatography using 2%
ethanol in dichloromethane as the eluent. The pale yellow oil
thereby obtained weighed 3.0 g (85%). IR (CDCl3, cm–1):
3273 (N-H, w), 1739 (C=O, s). 1H NMR (CDCl3) δ: 7.36
(5H, s, OCH2Ph), 6.13 (1H, t, N-H), 4.75 (2H, s, OCH2Ph),
4.24 (2H, q, OCH2CH3), 3.62 (2H, d, NCH2C(O)), 1.30 (3H,
t, OCH2CH3). CI-MS (m/z): 210 ([M + 1]). Anal. calcd. for
C11H15NO3N: C 63.16, H 7.18, N 6.70; found: C 63.37, H
7.01, N 7.50.

N-Benzylidene glycine N-oxide
Sodium (0.46 g, 0.02 g-atom) and Z-benzaldoxime

(1.21 g, 10 mmol) in ethanol (40 mL) were stirred until the
sodium dissolved. Then bromoacetic acid (1.53 g, 11 mmol)
(Lancaster) was added in one portion, with stirring. Stirring
was continued for 1 h at 70 °C, and the solvent was re-

moved. A suspension of the residue in water (10 mL) was
cooled, acidified with 0.1 N hydrochloric acid (9.5 mL), and
filtered. The white crystals were collected and dried at 1 torr
(1 torr = 133.322 Pa) to give 1.21 g (66%) of product; mp
175–177 °C (lit. (47) mp 178–179 °C). IR (KBr, cm–1):
3069, 1724, 1617. EI-MS (m/z): 179 ([M]+).

N-Benzylidene-glycine N-oxide benzyl ester
To a cloudy solution of N-benzylideneglycine N-oxide

(0.181 g, 1.01 mmol) in dimethylformamide (2 mL) was
added triethylamine (0.141 mL, 103 mg, 1.01 mmol), fol-
lowed by dropwise addition of benzyl bromide (0.120 mL,
0.173 g, 1.01 mmol) (Sigma). The reaction mixture was
stirred for 13 h, poured into water (10 mL), and extracted
with chloroform (2 × 10 mL). The chloroform extract was
dried over anhydrous sodium sulfate, concentrated, and the
residue was purified by column chromatography (60% ethyl
acetate – hexanes) to give 0.191 g (70%) of product. IR
(CH2Cl2, cm–1): 3054, 1753, 1587. 1H NMR (CDCl3) δ: 8.25
(2H, m, Ar + =CH), 7.45–7.34 (9H, m, Ar), 5.27 (2H, s,
CH2Ph), 4.76 (2H, s, CH2). EI-MS (m/z): 269 ([M]+). Anal.
calcd. for C16H15NO3: C 71.37, H 5.58, N 5.20; found: C
71.13, H 5.80, N 5.40.

N-Hydroxyglycine benzyl ester
A suspension of N-benzylideneglycine N-oxide benzyl es-

ter (1.35 g, 5.02 mmol) and hydroxylamine hydrochloride
(352 mg, 5.02 mmol) (Mallinckrodt) in ethanol (10 mL) was
brought into solution by heating. The solution was concen-
trated, and the residue was taken up in ether (50 mL) and
washed with saturated sodium bicarbonate (20 mL). The
ether layer was separated, dried over anhydrous magnesium
sulfate, and the solvent was removed under reduced pres-
sure. The product was purified by flash chromatography
(60% ethyl acetate – hexanes) to give 772 mg (85%) of
white solid. IR (CH2Cl2, cm–1): 3290, 3055, 1741. 1H NMR
(CDCl3) δ: 7.36 (5H, s, Ar), 5.22 (2H, s, PhCH2), 3.73
(2H, s, NCH2). EI-MS (m/z): 181 ([M]+). Anal. calcd. for
C8H11NO3: C 59.67, H 6.08, N 7.73; found: C 59.74, H
6.07, N 7.11.

tert-Butyl bromoacetate
A solution of oxalyl chloride (6.18 mL, 8.99 g,

0.071 mol) in dichloromethane (10 mL) was added to a
cooled (0 °C) solution of bromoacetic acid (8.21 g,
0.059 mol) (Lancaster) and dimethylformamide (3 drops) in
dichloromethane (40 mL). The pale yellow solution was
stirred for 1 h at 0 °C, then at room temperature for 3 h, con-
centrated to about 10 mL, and slowly added to a cooled so-
lution of tert-butanol (5.255 g, 0.071 mol) and triethylamine
(10.71 mL, 7.78 g, 0.077 mol) in dichloromethane (45 mL).
The dark brown suspension was stirred for 45 min at 0 °C,
then for 3 h at room temperature, and poured into water
(60 mL). The organic layer was separated and the aqueous
layer extracted with dichloromethane (2 × 15 mL). The or-
ganic extract was washed with saturated sodium bicarbonate
(50 mL), dried over anhydrous magnesium sulfate, and con-
centrated to give 4.48 g (39%) of product. 1H NMR (CDCl3)
δ: 3.74 (2H, s), 1.47 (9H, s). CI-MS (m/z): 197:195 (1:1).
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N-Benzylidene glycine N-oxide tert-butyl ester
Z-Benzaldoxime (5.64 g, 46.61 mmol) and tert-butyl

bromoacetate (7.58 mL, 10 g, 51.27 mmol) were added suc-
cessively to a solution prepared by dissolving 1.07 g
(0.047 g-atom) of sodium metal in 2-propanol (120 mL).
The dark brown suspension was stirred for 2 h at room tem-
perature, poured into water (100 mL), and extracted with di-
chloromethane (5 × 20 mL). The combined organic extracts
were dried over anhydrous magnesium sulfate and concen-
trated. The crude product was purified by flash chromatogra-
phy (60% ethyl acetate – hexanes) to give 8.74 g (80%) of
an oil. IR (CH2Cl2, cm–1): 3054, 1746, 1580, 1260. 1H NMR
(CDCl3) δ: 8.24 (2H, m, Ar + =CH), 7.42 (4H, m, Ar), 4.62
(2H, s, CH2), 1.51 (9H, s, t-Bu). CI-MS (m/z): 236 ([M +
1]). Anal. calcd. for C13H17NO3: C66.38, H 7.23, N 5.96;
found: C 66.78, H 7.10, N 6.01.

N-Hydroxyglycine tert-butyl ester
The nitrone (1.3 g, 5.53 mmol) was added to a stirred sus-

pension of sodium methoxide (0.418 g, 7.74 mmol)
(Anachemia) and hydroxylamine hydrochloride (0.538 g,
7.74 mmol) (Mallinckrodt) in methanol (6 mL). The reaction
mixture was placed in a water bath (50 °C), stirred until all
of the nitrone had dissolved, and was then concentrated. The
residue was dissolved in dichloromethane (50 mL), filtered,
and concentrated. The resultant oil was purified by flash
chromatography (60% ethyl acetate – hexanes) to give
0.650 g (80%) of the product. IR (film, cm–1): 3279, 1735.
1H NMR (CDCl3) δ: 5.46 (2H, br, HNOH), 3.62 (2H, s,
CH2), 1.49 (9H, s, t-Bu). CI-MS (m/z): 148 ([M + 1]). Anal.
calcd. for C6H13NO3: C 48.98, H 8.84, N 9.52; found: C
49.13, H 8.65, N 9.44.

tert-Butyl 2-bromopropionate
Isobutylene (2.4 g, 42.8 mmol) was condensed into a pres-

sure bottle at –15 °C. Dioxane (6 mL) and 2-bromopropionic
acid (3.5 mL, 38.9 mmol) were added, and the mixture was
stirred for 5 min, warmed to –10 °C, and concentrated sulfu-
ric acid (250 µL) was added. The bottle was sealed, the reac-
tion mixture was stirred overnight at room temperature, and
the bottle was then opened and the contents poured into di-
chloromethane (50 mL). The solution was washed with 20%
potassium carbonate (50 mL) and water (50 mL), dried over
anhydrous magnesium sulfate, and evaporated to give tert-
butyl bromopropionate (2.17 g, 27%). 1H NMR (CDCl3) δ:
4.31 (1H, q, 7.1 Hz), 1.81 (3H, d, 7.1 Hz), 1.52 (9H, s).

tert-Butyl N-benzylidenealanine N-oxide
Z-Benzaldoxime (580 mg, 4.79 mmol) and tert-butyl 2-

bromopropionate (980 mg, 4.69 mmol) were added succes-
sively to a solution of sodium hydride (200 mg of a 60% dis-
persion in mineral oil, 5.00 mmol) in 2-propanol (20 mL).
The suspension was stirred at room temperature for 3 h, then
poured into water, and extracted with ethyl acetate (2 ×
20 mL). The organic extract was dried over anhydrous mag-
nesium sulfate and evaporated to give a white solid.
Trituration with anhydrous ether (8 mL) afforded the nitrone
(464 mg, 40%); mp 115–117 °C. IR (KBr, cm–1): 1736,
1582. 1H NMR (CDCl3) δ: 8.26–8.23 (2H, m, Ar + HC=N+),
7.43–7.41 (4H, m, Ar), 4.65 (1H, q, 7.0 Hz, α-CH), 1.73
(3H, d, 7.0 Hz, CH3), 1.47 (9H, s, CO2C(CH3)3). CI-MS

(m/z): 250 ([M + 1]). Anal. calcd. for C14H19NO3: C 67.45,
H 7.68, N 5.62; found: C 67.10, H 7.59, N 5.90.

tert-Butyl N-hydroxyalanine
The N-oxide (460 mg, 185 mmol) was added to a stirred

suspension of sodium methoxide (141 mg, 2.61 mmol) and
hydroxylamine hydrochloride (182 mg, 2.62 mmol) in dry
methanol (5.5 mL). This mixture was stirred at 40 °C until
the solid dissolved, and the solution was then concentrated.
The residue was shaken with ethyl acetate (10 mL), filtered,
and the filtrate was concentrated. The residue was
chromatographed on silica gel. Elution with ethyl acetate –
hexanes (2:3) afforded 211 mg (71%) of N-hydroxyalanine
tert-butyl ester; mp 73–74 °C. IR (KBr, cm–1): 3158, 1746.
1H NMR (CDCl3) δ: 5.61 (2H, br s, NH + OH), 3.60 (1H, q,
7.1 Hz, α-CH), 1.48 (9H, s, CO2C(CH3)3), 1.22 (3H, d,
7.1 Hz, CH3).

13C NMR (CDCl3) δ: 173.37 (ester C=O),
81.54 (CO2C(CH3)3), 60.97 (α-CH), 28.06 (CO2C(CH3)3),
14.65 (CH3). CI-MS (m/z): 162 ([M + 1]). Anal. calcd. for
C7H15NO3: C 52.16, H 9.38, N 8.69; found: C 51.98, H
9.30, N 8.55.

N-Benzoyl, N-benzyloxyglycine ethyl ester (31)
Benzoyl chloride (0.028 mL, 0.034 g, 0.23 mmol) (Fluka)

was added dropwise to a cooled (0 °C) solution of N-benzyl-
oxyglycine ethyl ester (48 mg, 0.23 mmol) and triethylamine
(0.032 mL, 0.023 g, 0.023 mmol) in dichloromethane
(0.5 mL). The cloudy solution was stirred for 20 min, di-
luted with dichloromethane (25 mL), and washed succes-
sively with saturated sodium bicarbonate (10 mL) and
saturated sodium chloride (10 mL), dried over anhydrous
magnesium sulfate, and concentrated to a pale yellow oil
(70.7 mg, 98%). IR (film, cm–1): 1746 (C=O, s), 1626. 1H
NMR (CDCl3) δ: 7.71–7.07 (10H, m, Ar), 4.71 (2H, s,
OCH2Ar), 4.42 (2H, s, CH2), 4.24 (2H, q, CO2CH2CH3),
1.29 (3H, t, CO2CH2CH3). CI-MS (m/z): 314 ([M + 1]).

Synthesis of 32

Method A
A solution of 31 (38.2 mg, 0.12 mmol) and anisole

(0.053 mL, 0.49 mmol) (BDH) in dichloromethane (1 mL)
was added dropwise at 0 °C to a solution of aluminium
trichloride (48.8 mg, 0.37 mmol) (Anachemia) in nitro-
methane (1 mL). The resultant pink solution was stirred at
0 °C for 90 min and then at room temperature for 10 min.
The reaction mixture was diluted with ethyl acetate (30 mL)
and washed successively with N-hydrochloric acid (10 mL)
and 4% sodium bicarbonate (40 mL). The organic layer was
dried over anhydrous magnesium sulfate and concentrated to
give a bright orange oil, which was purified by preparative
layer chromatography (PLC) (40% ethyl acetate – hexane).
The product (12.5 mg, 45%) was identical to that obtained
from Method B.

Method B
Benzoyl chloride (0.016 mL, 0.019 g, 0.14 mmol) (Fluka)

was added dropwise to a cooled (0 °C) solution of N-
hydroxyglycine ethyl ester (16.4 mg, 0.14 mmol) and
triethylamine (0.019 mL, 0.014 g, 0.014 mmol) in dichloro-
methane (0.5 mL). The suspension was stirred for 1 h, and
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the solvent was then removed. The residue was redissolved
in ether (10 mL), filtered, and the filtrate was concentrated.
The oil was subjected to PLC (60% ethyl acetate – hexanes)
to give 14.8 mg (41%) of the product. IR (film, cm–1): 1743
(C=O, s), 1672. 1H NMR (CDCl3) δ: 7.72 (5H, m, Ar), 4.47
(2H, s), 4.25 (2H, q), 1.30 (3H, t). CI-MS (m/z): 224 ([M +
1]).

Vinylacetamido N-hydroxyglycine ethyl ester (36)
To a stirred solution of N-hydroxyglycine ethyl ester

(117 mg, 0.98 mmol) in dichloromethane (2 mL) was added
vinylacetic acid (0.088 mL, 0.089 g, 1.03 mmol) in one por-
tion. The solution was cooled to 0 °C, and a solution of
dicyclohexylcarbodiimide (213 mg, 1.03 mmol) (BDH) in
dichloromethane (2 mL) was added dropwise during 10 min.
Stirring was continued for 11 h while the mixture warmed to
room temperature. The mixture was then concentrated under
reduced pressure, and the residue was extracted with ether
(2 × 10 mL). The combined organic extracts were dried,
concentrated, and the crude product was purified by flash
chromatography (30 g silica gel and 40% ethyl acetate –
hexane) to give a pale yellow oil (94 mg, 51%). IR
(film, cm–1): 3318 (O-H, br), 3083 (C=C, w), 1742 (C=O, s),
1625 (N-C(O), s). 1H NMR (CDCl3) δ: 5.98–5.91 (1H, m,
CH=CH2), 5.21–5.18 (2H, d, CH=CH2), 4.48 (2H, s), 4.22
(2H, q), 3.36 (2H, d), 1.29 (3H, t). EI-MS (m/z): 187 ([M]+).

Bromination of 36
A solution of bromine (0.041 mL, 0.128 g, 0.80 mmol)

(Fisher) in chloroform (1 mL) was added dropwise, under
nitrogen, at room temperature, to a stirred solution of
vinylacetamido N-hydroxyglycine ethyl ester (0.125 g,
0.66 mmol) in chloroform (0.6 mL). Stirring was continued
for 2 h, and the solvent was then removed to give a deep or-
ange oil (0.148 g, 100%). IR (film, cm–1): 3211 (OH, br),
1745 (C=O), 1650 (N-C(O)). 1H NMR (CDCl3) δ: 7.87 (1H,
OH, br), 4.55 (1H, m), 4.50 (2H, s), 4.33 (2H, q), 3.86 (2H,
dd), 3.38 (2H, dd), 1.30 (3H, t). EI-MS (m/z): 345 : 347 :
349 (1:2:1). The oil was dissolved in dichloromethane
(2 mL), and saturated sodium bicarbonate (3 mL) was added.
The mixture was stirred for 2 h, washed with saturated so-
dium chloride (5 mL), dried, and concentrated. The crude
product was purified by PLC (60% ethyl acetate – hexane)
to give a colourless oil (0.077g, 50%). IR (film, cm–1):
1718–1750 (C=O). 1H NMR (CDCl3) δ: 4.80–4.75 (1H, m),
4.29 (1H, d, CHH, 17 Hz), 4.28 (1H, d, CHH, 17Hz), 3.58
(1H, dd, 10.78, 5.52 Hz), 3.53 (1H, dd, 10.78, 6.76 Hz), 3.02
(1H, dd, 16.84, 8.24 Hz), 2.83 (1H, dd, 16.84, 7.04 Hz), 4.23
(2H, q, CO2CH2CH3), 1.29 (3H, t, CO2CH2CH3). EI-MS
(m/z) (relative intensity): 267 (12.1), 265 (12.6), 194 (78.4),
192 (68.3), 149 (58.2), 147 (57.4), 95 (7.4), 93 (8.7), 85
(17.8). Anal. calcd. for C8H12NO4Br: C 36.11, H 4.55, N
5.26; found: C 35.75, H 4.58, N 5.25.

Iodination of 36
Iodine (041 g, 1.60 mmol) and sodium bicarbonate

(0.27 g, 3.21 mmol) were added to a solution of 36 (0.20 g,
1.07 mmol) in acetonitrile (5 mL). The solution was stirred
for 7 h at 0 °C and then diluted with ether (50 mL) and
washed successively with saturated sodium thiosulfate
(30 mL), water (30 mL), and saturated sodium chloride

(30 mL), dried over anhydrous magnesium sulfate, and
evaporated under reduced pressure. The product was puri-
fied by flash chromatography (60% ethyl acetate – hexanes)
to give an oil 93 mg (28%). IR (film, cm–1): 1718, 1750
(C=O). 1H NMR (CDCl3) δ: 4.70–4.63 (1H, m), 4.26 (1H, d,
CHH, 17.88 Hz), 4.24 (1H, d, CHH, 17.88 Hz), 4.22 (2H,
q), 3.39 (1H, dd, 10.40, 5.52 Hz), 3.35 (1H, dd, 10.40,
7.44 Hz), 3.0 (1H, dd, 16.78, 8.0 Hz), 2.76 (1H, dd, 16.78,
7.24 Hz), 1.28 (3H, t).

Oxidation of 37, X = I
m-Chloroperbenzoic acid (45 mg of 85%, 0.22 mmol) was

added to a solution of the iodide (46 mg, 0.15 mmol) in di-
chloromethane (2 mL). The purple solution was stirred for
5 h, then diluted with dichloromethane (10 mL), washed
with saturated sodium thiosulfate (10 mL), and dried over
anhydrous magnesium sulfate. The residue was purified by
PLC (80% ethyl acetate – hexanes) to give 8 mg of product
(25%). IR (CHCl3, cm–1): 1747, 1703 (C=O). 1H NMR
(CDCl3) δ: 4.69–4.63 (1H, m), 4.57 (1H, d, CHH, 18 Hz),
4.24 (2H, q), 4.06 (1H, d, CHH, 18 Hz), 3.91 (1H, dd,
12.80, 2.40 Hz), 3.67 (1H, dd, 12.80, 4.0 Hz), 2.96 (1H, dd,
16.60, 8.70 Hz), 2.90 (1H, dd, 16.60, 6.20 Hz), 1.30 (3H, t).
CI-MS (m/z): 204 ([M + 1]). EI-MS (m/z): 203 ([M]+).

Coupling of N-hydroxyglycine benzyl ester and
vinylacetic acid

Dicyclohexylcarbodiimide (1.38 g, 6.68 mmol) (BDH)
was added to a cooled solution of N-hydroxyglycine benzyl
ester (1.15 g, 6.36 mmol) and vinylacetic acid (0.57 mL,
575 mg, 6.68 mmol) in dichloromethane (30 mL). The
cloudy mixture was stirred for 0.5 h at 0 °C and then for
3.5 h at room temperature, filtered, and concentrated. The
resulting oil was purified by flash chromatography (60%
ethyl acetate – hexane) to give 912 mg (58%) of the product.
IR (film, cm–1): 3200 (OH, s), 1749 (C=O, s), 1633 (C=O,
amide, s). 1H NMR (CDCl3) δ: 7.38–7.33 (5H, m, Ar), 6.02–
5.89 (1H, m), 5.21–5.17 (2H, m, =CH2), 5.19 (2H, s,
CH2Ph), 4.52 (2H, s), 3.34 (2H, d, CH2C(O). CI-MS (m/z):
250 ([M + 1]). Anal. calcd. for C13H15NO4: C 62.65, H 6.02;
N, 5.62; found: C 62.88, H 6.22, N 6.00.

Iodocyclization of the benzyl ester
Iodine (1.23 g, 4.83 mmol) and sodium bicarbonate

(0.41 g, 8.83 mmol) were added to a solution of the benzyl
ester (0.40 g, 1.61 mmol) in acetonitrile (10 mL). The solu-
tion was stirred for 3 h at 0 °C and then diluted with ether
(20 mL) and washed successively with saturated sodium
thiosulfate (20 mL) and saturated sodium chloride (20 mL),
dried over anhydrous magnesium sulfate, and evaporated un-
der reduced pressure. The product was purified by flash
chromatography (60% ethyl acetate – hexanes) to give an oil
0.345 g (57%). IR (film, cm–1): 1718, 1750 (C=O). 1H NMR
(CDCl3) δ: 7.38–7.33 (5H, m, Ar), 5.21 (1H, d, CHHPh,
12.08 Hz), 5.19 (1H, d, CHHPh, 12.08 Hz), 4.61–4.58
(1H, m), 4.33 (1H, d, CHH, 17.84 Hz), 4.30 (1H, d, CHH,
17.84 Hz), 3.33 (1H, dd, 10.36, 5.52 Hz), 3.28 (1H, dd,
10.36, 7.56 Hz), 2.98 (1H, dd, 16.80, 8.04 Hz), 2.73 (1H, dd,
16.80, 7.24 Hz). EI-MS (m/z): 375 ([M]+).
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Oxidation of the iodomethyl benzyl ester
m-Chloroperbenzoic acid (68%) (351 mg, 1.38 mmol) was

added to a solution of the ester (345 mg, 0.92 mmol) in di-
chloromethane (6 mL). The purple solution was stirred for
24 h, then diluted with ether (50 mL), washed with saturated
sodium thiosulfate (10 mL), and dried over anhydrous mag-
nesium sulfate. The residue was purified by PLC (80% ethyl
acetate – hexanes) to give 66 mg of product (27%). IR
(CHCl3, cm–1): 1718, 1750 (C=O). 1H NMR (CDCl3) δ:
7.38–7.33 (5H, m, Ar), 5.21 (1H, d, CHHPh, 12.08 Hz),
5.19 (1H, d, CHHPh, 12.08 Hz), 4.66–4.60 (1 H, m), 4.57
(1H, d, CHH, 18 Hz), 4.13 (1H, d, CHH, 18 Hz), 3.87 (1H,
dd, 12.80, 2.48 Hz), 3.66 (1H, dd, 12.80, 4.24 Hz), 2.92 (1H,
dd, 16.66, 8.56 Hz), 2.87 (1H, dd, 16.66, 6.68 Hz). CI-MS
(m/z): 266 ([M + 1]).

Synthesis of 39
Palladium (10% on carbon) (250 mg) was added to a solu-

tion of the benzyl ester (190.5 mg, 0.72 mmol) in ethanol
(10 mL). The resulting suspension was fitted with a balloon,
flushed thrice with hydrogen, and then stirred under hydro-
gen for 1 h at room temperature. After filtration through
Celite and evaporation of the filtrate, the oil was redissolved
in water (10 mL), filtered, and the filtrate was lyophilized to
give a pale green viscous oil 120 mg (95%). 1H NMR (D2O)
δ: 4.74 (1H,m), 4.36 (1H, d, 18.16 Hz), 4.34 (1H, d,
18.16 Hz), 3.78 (1H, dd, 12.88, 3.2 Hz), 3.74 (1H, dd, 12.88,
5.64 Hz), 3.02 (1H, dd, 17.04, 8.76 Hz), 2.79 (1H, dd, 17.04,
7.68 Hz). CI-MS (m/z): 176 ([M + 1]).

Reaction of 36 with N-bromosuccinimide in methanol
A solution of 36 (100 mg, 0.53 mmol) in dry methanol

(5 mL) was cooled in an ice-water bath, and N-
bromosuccinimide (95 mg, 0.53 mmol) (BDH) was added in
one portion. Stirring was continued at 0 °C for 15 min and
then at room temperature for 45 min. The reaction mixture
was concentrated, and the residue was subjected to flash
chromatography (60% ethyl acetate -hexanes). Two products
were obtained. These were dissolved in dichloromethane
(3 mL), washed with saturated sodium bicarbonate (2 mL),
dried over anhydrous sodium sulfate, and concentrated to
give 37 (X = Br) (9.6 mg) and a mixture of 40 and 41
(25 mg). IR (film, cm–1): 1793, 1751, 1700. 1H NMR
(CDCl3) δ: 41: 4.51 (1H, d, 17.8 Hz, CHH), 4.23 (1H, d,
17.8 Hz, CHH), 4.33 (1H, dd, 11.9, 6.0 Hz, CHH), 4.23 (2H,
q, OCH2CH3), 4.07 (1H, dd, 11.9, 3.6 Hz, CHH), 4.02–3.98
(1H, m, CH), 2.80 (1H, dd, 16.0 Hz, 5.8 Hz, CHH), 2.68
(1H, dd, 16.0 Hz, 4.7 Hz, CHH), 1.30 (3H, t, OCH2CH3).
40: 4.75–4.73 (1H, m, CH), 4.28 (1H, d, 17.8 Hz, CHH),
4.23 (2H, q, OCH2CH3), 4.22 (1H, d, 17.8 Hz, CHH), 3.62
(1H, dd, 10.9, 6.2 Hz, CHH), 3.54 (H, dd, 10.9, 3.6 Hz,
CHH), 2.81 (1H, dd, 16.6, 8.2 Hz, CHH), 2.75 (1H, dd,
16.6, 8.8 Hz, CHH), 1.30 (3H, t, OCH2CH3). EI-MS (m/z):
217 ([M]+), 144, 112, 99, 85. CI-MS (m/z): 218 ([M + 1]).
GC–CI-MS (m/z): 218 ([M + 1]), 99 (RT = 9.4 min), 218
([M + 1]), 85 (RT = 9.7 min).

Synthesis of 43
Succinic anhydride (100 mg, 1 mmol) was suspended in

dichloromethane (0.5 mL), and a solution of N-hydroxy-
glycine benzyl ester (181 mg, 1 mmol) in dichloromethane

(0.5 mL) was added with stirring. Stirring was continued for
16 h. The suspension was then filtered, and the white solid
was dried at 1 torr to give 183 mg (65%) of the product. 1H
NMR ((CD3)2CO) δ: 7.41–7.33 (5H, m, Ar), 5.17 (2H, s,
CH2Ph), 4.41 (2H, s), 2.82–2.55 (4H. m, (CH2)2). The
hydroxysuccinamic acid (175.6 mg, 0.62 mmol) was sus-
pended in dichloromethane (0.65 mL) under nitrogen at
0 °C, and dicyclohexylcarbodiimide (128 mg, 0.62 mmol)
was added in one portion. Stirring was continued for 4 h at
0 °C. The mixture was then filtered through Celite and the
filtrate concentrated under reduced pressure to afford an oily
residue. Purification by PLC (40% ethyl acetate – hexanes)
gave 105 mg (64%) of the product as an oil. 1H NMR
(CDCl3) δ: 7.41–7.33 (5H, m, Ar), 5.21 (2H, s, CH2Ph),
4.49 (2H, s), 2.91–2.87 (2H, m), 2.77–2.74 (2H, m). CI-MS
(m/z): 264 ([M + 1]).

5-Acetoxy-tetrahydro-1,2-oxazin-3,6-dione (44)
N-Hydroxyglycine benzyl ester (362 mg, 2 mmol) in di-

chloromethane (1 mL) was added with stirring to a solution
of acetoxysuccinic anhydride (4.11 mg, 2.6 mmol) in di-
chloromethane (1 mL). Stirring was continued for 16 h. The
suspension was then filtered, and the white solid was col-
lected and dried at 1 torr to give 518.2 mg (80%) of the
product. 1H NMR ((CD3)2CO) δ: 7.41–7.33 (5H, m, Ar),
5.87 (1H, dd, 2.68, 2.76 Hz), 5.20 (2H, s, CH2Ph), 4.66 (1H,
d, 17.6 Hz), 4.18 (1H, d, 17.6 Hz), 3.10 (1H, dd, 17,
2.72 Hz), 2.59 (1H, dd, 17.10 Hz). CI-MS (m/z): 340 ([M +
1]). This product (500 mg, 1.55 mmol) was suspended under
nitrogen in dichloromethane (1.5 mL), the suspension was
cooled to 0 °C, and dicyclohexylcarbodiimide (319 mg,
1.55 mmol) was added in one portion. Stirring was contin-
ued at 0 °C for 4 h, and the slurry was then filtered through
Celite and the filtrate concentrated under reduced pressure.
The oily residue was purified by PLC (40% ethyl acetate –
hexanes) to give 417.3 mg (88%) of the product as an oil. 1H
NMR (CDCl3) δ: 7.41–7.32 (5H, m, Ar), 5.61 (1H, dd, 5.28,
11.16 Hz), 5.20 (2H, s, CH2Ph), 4.58 (1H, d, 18.12 Hz),
4.49 (1H, d, 18.12 Hz), 3.22 (1H, dd, 16.72, 11.16 Hz), 3.34
(1H, dd, 16.72, 5.28 Hz). CI-MS (m/z): 322 ([M + 1]).

Synthesis of 45
Maleic anhydride (98 mg, 1 mmol) was suspended in di-

chloromethane (0.5 mL), and a solution of N-
hydroxyglycine benzyl ester (181 mg, 1 mmol) in dichloro-
methane (0.5 mL) was added with stirring. Stirring was con-
tinued for 16 h. The suspension was then filtered, and the
white solid was dried at 1 torr to give 178 mg (64%) of a
solid. 1H NMR (CDCl3) δ: 7.41–7.32 (5H, m, Ar), 7.11 (1H,
d, 12.88 Hz), 6.35 (1H, d, 12.88 Hz), 5.22 (2H, s, CH2Ph),
4.59 (2H, s). The solid (171 mg, 0.61 mmol) was suspended
in dichloromethane (1 mL) under nitrogen; the suspension
was cooled 0 °C, and dicyclohexylcarbodiimide (126.5 mg,
0.61 mmol) was added in one portion. Stirring was contin-
ued at 0 °C for 4 h. The slurry was then filtered through
Celite and the filtrate concentrated under reduced pressure to
afford an oily residue. Purification by PLC (40% ethyl ace-
tate – hexanes) gave 154 mg (96%) of the product as a yel-
low solid. 1H NMR (CDCl3) δ: 7.39–7.32 (5H, m, Ar), 7.01
(1H, d, 10.2 Hz), 6.78 (1H, d, 10.2 Hz), 5.20 (2H, s,
CH2Ph), 4.66 (2H, s). CI-MS (m/z): 262 ([M + 1]).
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Methyl 3,4-dihydroxybutanoate
DL-Malic acid (20 g, 0.15 mol) was dissolved in a solution

prepared by addition of acetyl chloride (6.7 mL) (Fisher) to
methanol (134 mL). The solution was stirred at room tem-
perature for 13 h and then concentrated. The product was
purified by flash chromatography (60% ethyl acetate – hex-
anes) to give a colourless oil (18.5 g, 77%). IR (film, cm–1):
3470, 1732. 1H NMR (CDCl3) δ: 4.44 (1H, br), 3.75 (3H, s),
3.65 (3H, s), 3.18 (1H, br), 2.81 (1H, dd, 16.48, 4.36 Hz),
2.74 (1H, dd, 16.48, 6.12 Hz). CI-MS (m/z):163 ([M + 1]).
Anal. calcd. for C6H10O5: C44.44, H 6.17; found: C 44.20,
H 6.13.

Borane–dimethylsulfide (11 mL of 10 mol/L, 0.11 mol)
was added dropwise to a solution of dimethylmalate (17.80 g,
0.11 mol) in tetrahydrofuran (220 mL). The solution was
stirred at 20 °C for 30 min, and sodium borohydride (0.208 g,
5.5 mmol) (BDH) was added in one portion. Stirring was
continued for 30 min, methanol (70 mL) was added
dropwise, and after an additional 30 min the solvent was re-
moved under reduced pressure. The product was purified by
flash chromatography (60% ethyl acetate – hexanes) to give
a colourless viscous oil (12.27 g, 83%). IR (film, cm–1):
3414, 1738. 1H NMR (CDCl3) δ: 4.07 (1H, m), 3.66 (3H, s),
3.61 (1H, dd, 11.36, 3.52 Hz), 3.46 (1H, dd, 11.36, 6.2 Hz),
2.80 (2H, br), 2.50 (1H, dd, 16.64, 8.52 Hz), 2.44 (1H, dd,
16.64, 4.16 Hz). CI-MS (m/z): 135 ([M + 1]). Anal. calcd.
for C5H10O4: C 44.78, H 7.46; found: C 44.12, H 7.55.

Benzylidene derivative of methyl 3,4-
dihydroxybutanoate

A solution of methyl 3,4-dihydroxybutanoate (11.44 g,
85.36 mmol), benzaldehyde dimethyl acetal (11 mL,
11.15 g, 3.16 mmol), and p-toluenesulfonic acid mono-
hydrate (812 mg, 4.27 mmol) (Fisher) in dimethylformamide
(20 mL) was stirred at room temperature for 24 h and then
poured into ice-water (50 mL) and extracted with ethyl ace-
tate (5 × 40 mL). The organic extract was washed with satu-
rated sodium chloride (30 mL), dried over anhydrous sodium
sulfate, and concentrated. Purification by column chroma-
tography (60% ethyl acetate – hexanes) gave 18.5 g (77%)
of a colourless oil. IR (film, cm–1): 3034, 1737 (C=O). 1H
NMR (CDCl3) δ: 7.49–7.35 (5H, m, Ar), 5.96 (1H, s), 5.86
(1H, s), 4.68–4.60 (1H, m), 4.21 (1H, dd, 8.28, 6.72 Hz),
4.12 (1H, dd, 8.44, 6.16 Hz), 3.98 (1H, dd, 8.44, 6.60 Hz),
3.86 (1H, dd, 8.28, 5.68 Hz), 2.85 (1H, dd, 16.06, 6.36 Hz),
2.82 (1H, dd, 16.06, 6.36 Hz), 2.66 (1H, dd, 16.06, 7.20 Hz),
2.65 (1H, dd, 16.06, 7.32 Hz). CI-MS (m/z): 223 ([M + 1]).

Preparation of 47
Sodium hydroxide (25 mL of 1 mol/L, 25 mmol) was

added to a solution of the benzylidene methyl ester (5.75 g,
25.9 mmol) in methanol (40 mL). The reaction mixture was
stirred for 30 min, and the solvent was then removed. The
residue was dissolved in ethyl acetate (50 mL) and water
(30 mL). The aqueous phase was acidified with N-hydro-
chloric acid and extracted with dichloromethane (4 ×
30 mL). This extract was dried over anhydrous sodium sul-
fate and concentrated to give 3.16 g (59%) of product. IR
(film, cm–1): 3037, 1713 (C=O). 1H NMR (CDCl3) δ: 7.49–
7.36 (5H, m, Ar), 5.96 (1H, s), 5.82 (1H, s), 4.68–4.60
(1H, m), 4.37 (1H, dd, 8.50, 6.20 Hz), 4.11 (1H, dd, 8.32,

6.72 Hz), 3.99 (1H, dd, 8.32, 5.48 Hz), 3.75 (1H, dd, 8.50,
6.60 Hz), 2.88 (1H, dd, 16.36, 6.60 Hz), 2.71 (1H, dd, 16.36,
6.96 Hz), 2.68 (1H, dd, 16.36, 6.80 Hz). CI-MS (m/z): 209
([M + 1]).

Coupling of 47 and N-hydroxyglycine tert-butyl ester
Dicyclohexylcarbodiimide (0.859 g, 4.16 mmol) (BDH)

was added to a cooled solution of 47 (0.87 g, 4.16 mmol)
and N-hydroxyglycine tert-butyl ester (0.60 g, 4.09 mmol) in
dichloromethane (20 mL). The cloudy mixture was stirred at
0 °C for 0.5 h and at room temperature for 4 h and then fil-
tered and the filtrate concentrated. Purification of the oil by
flash chromatography (60% ethyl acetate – hexane) gave
0.650 g (47%) of the product 48. IR (film, cm–1): 3249,
1739, 1641. 1H NMR (CDCl3) δ: 7.49–7.35 (5H, m, Ar),
5.96 (1H, s), 5.86 (1H, s), 4.59–4.62 (1H, m), 4.45 (1H, d,
17.72 Hz), 4.39 (1H, dd, 8.56, 6.08 Hz), 4.38 (1H, d,
17.76 Hz), 4.31 (1H, d, 17.76 Hz), 4.29 (1H, d, 17.72 Hz),
4.25 (1H, dd, 8.20, 6.80 Hz.), 3.89 (1H, dd, 8.20, 5.84 Hz),
3.79 (1H, dd, 8.56, 7.12 Hz), 3.20 (1H, dd, 15.92, 6.12 Hz),
3.02 (1H, dd, 15.54,5.60 Hz), 2.92 (1H, dd, 15.54, 7 Hz),
2.81 (1H, dd, 15.92, 7.16 Hz), 1.48 (9H, s, tert-butyl). CI-
MS (m/z): 338 ([M + 1]). Anal. calcd. for C17H23NO6:
C60.53, H 6.82, N 4.15; found: C 60.84, H 7.07, N 4.36.

Hydrogenolysis of 48
Palladium on carbon (10%) (0.400 g) was added to a solu-

tion of 48 (0.400 g, 1.19 mmol) in tetrahydrofuran (15 mL).
The suspension was flushed thrice with hydrogen, then
stirred under hydrogen for 3 h, filtered through Celite, and
the filtrate concentrated. The residue was purified by PLC
(80% ethyl acetate – hexanes) to give 49 as a viscous golden
oil (0.150 g, 51%). IR (film, cm–1): 3362, 1737, 1635. 1H
NMR (D2O) δ: 4.37 (1H, d, 17.72 Hz), 4.30 (1H, d,
17.72 Hz), 4.13 (1H, m), 3.62 (1H, dd, 11.76, 4 Hz), 3.53
(1H, dd, 11.76, 6.88 Hz), 2.78 (1H, dd, 15.15, 8.24 Hz), 2.71
(1H, dd, 15.15, 4.96 Hz), 1.49 (9H, s). CI-MS (m/z): 250
([M + 1]). Anal. calcd. for C10H19NO6.1.5H2O: C43.47, H
7.37, N 5.07; found: C 43.45, H 7.29, N 5.26.

Cyclization of 49
A mixture of the diol 49 (68.8 mg, 0.28 mmol), triphenyl-

phosphine (78.3 mg, 0.30 mmol), and diethylazodicar-
boxylate (65 µL, 72 mg, 0.41 mmol) in tetrahydrofuran
(9 mL) was stirred for 24 h at room temperature and then
concentrated under reduced pressure. The residue was puri-
fied by PLC (60% ethyl acetate – hexanes) to give 50
(68 mg). IR (film, cm–1): 3279, 1735. 1H NMR (CDCl3) δ:
4.64–4.59 (1H, m), 4.37 (1H, d, 17.84 Hz), 3.98 (1H, d,
17.84 Hz), 3.86 (1H, dd, 12.64, 2.68 Hz), 3.65 (1H, dd,
12.64, 4.16 Hz), 2.89 (1H, dd, 16.56, 8.52 Hz), 2.85 (1H, dd,
16.56, 6.64 Hz), 1.47 (9H, s). EI-MS (m/z): 231 ([M]+). CI-
MS (m/z): 232. This compound was dissolved in trifluoro-
acetic acid (0.5 mL) and stirred under a nitrogen atmosphere
for 1.5 h. The solution was then freeze-dried to give 28 mg
(57%) of 39. 1H NMR (D2O) δ: 4.74 (1H, m), 4.36 (1H, d,
18.16 Hz), 4.34 (1H, d, 18.16 Hz), 3.78 (1H, dd, 12.88,
3.2 Hz), 3.74 (1H, dd, 12.88, 5.64 Hz), 3.02 (1H, dd, 17.0,
8.76 Hz), 2.79 (1H, dd, 17.0, 7.68 Hz). CI-MS (m/z): 176
([M + 1]).
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4-Iodobutanoic acid
Trimethylsilyl chloride (5.0 mL, 4.28 g, 33.4 mmol) was

added dropwise under nitrogen to a suspension of sodium io-
dide (5.84 g, 34.0 mmol) in dichloromethane (60 mL). The
mixture was stirred for 15 min, and γ-butyrolactone (2.0 mL,
2.24 g, 26.0 mmol) was then added dropwise (15 min).
Stirring was continued at room temperature for 1.5 h and
then at reflux for 42 h. Water (50 mL) and ether (100 mL)
were added, and the organic layer was separated, washed
with 10% sodium thiosulfate (50 mL), and then extracted
with sodium bicarbonate (50 mL). The bicarbonate extract
was acidified to pH 2–3 with 1 mol/L hydrochloric acid and
extracted with ether (2 × 25 mL). The ether extract was
washed with saturated sodium chloride (50 mL), dried over
anhydrous sodium sulfate, and evaporated under reduced
pressure to give 814 mg (15%) of a colourless oil. 1H NMR
(CDCl3) δ: 3.25 (2H, t, 6.72 Hz), 2.52 (2H, t, 7.28 Hz), 2.13
(2H, q).

Reaction of 4-iodobutanoic acid with N-hydroxyglycine
tert-butyl ester

Dicyclohexylcarbodiimide (51 mg, 0.25 mmol) (BDH)
was added under nitrogen to a cooled (0 °C) solution of the
acid (65 mg, 0.30 mmol) in dichloromethane (2 mL), and a
solution of N-hydroxyglycine tert-butyl ester (34 mg,
0.23 mmol) in dichloromethane (2 mL) was added dropwise,
with stirring. The cloudy mixture was stirred for 12 h at
0 °C – room temperature and was then filtered. The filtrate
was evaporated, and the residue was purified by flash chro-
matography (40% ethyl acetate – hexane) to give 16.8 mg
(21%) of 52 as a yellow oil.

Preparation of tert-butyl 3-oxo-[1,2]oxazinan-2-yl-
acetate

The oil 52 (4 mg, 0.012 mmol) was dissolved in dichloro-
methane (5 mL); triethylamine (13 µL, 9.44 mg,
0.093 mmol) was added, and the solution was stirred for 3 h.
Then DBU (4 µL, 4 1 mg, 0.027 mmol) was added, and stir-
ring was continued for 3.5 h. The solvent was then removed.
The residue was dissolved in ethyl acetate (5 mL), washed
with saturated sodium chloride, dried over anhydrous so-
dium sulfate, and concentrated to give 3 mg of 53. 1H NMR
(CDCl3) δ: 4.28 (2H, s, CH2), 4.16 (2H, t, 6.84 Hz, OCH2),
2.55 (2H, t, 7.2 Hz, CH2CO), 2.14 (2H, m), 1.47 (9H, s)

Acetoacetamido N-benzyloxyglycine ethyl ester
A solution of N-benzyloxyglycine ethyl ester (0.159 g,

0.76 mmol) and 2,2,6-trimethyl-4H-1,3-dioxin-4-one (0.1 mL,
0.76 mmol) in toluene (0.76 mL) was immersed in a pre-
heated (110 °C) oil bath and stirred vigorously for 4 h and
monitored by TLC. The reaction mixture was then concen-
trated under reduced pressure and further dried at 1 torr for
2 h to give a viscous orange oil (0.222 g, 100%). IR
(CDCl3, cm–1): 1749 (C=O, s), 1670 (NC(O)). 1H NMR
(CDCl3) δ: 7.40 (5H, s, OCH2Ph), 4.88 (2H, s, OCH2Ph),
4.32 (2H, s, (O)CCH2C(O)), 4.22 (2H, q, OCH2CH3), 3.55
(2H, s, NCH2CO2Et), 2.25 (3H, s, CH3C(O)), 1.29 (3H, t,
OCH2CH3). CI-MS (m/z): 294 ([M + 1]). Anal. calcd. for
C15H19NO5: C 61.43, H 6.48, N 4.78; found: C 61.21, H
6.74, N 5.14.

Hydrogenolysis of acetoacetamido N-benzyloxyglycine
ethyl ester

Palladium on carbon (10%) (97 mg) was added to a solu-
tion of acetoacetamido N-benzyloxyglycine ethyl ester
(104 mg, 0.35 mmol) in ethanol (2 mL). The resulting
suspension was fitted with a balloon, flushed thrice with hy-
drogen, and then stirred under hydrogen for 1 h at room
temperature. After filtration through Celite and evaporation
of the filtrate, the oil was purified by chromatography
through a short column of silica gel using 60% ethyl acetate-
hexanes. The colourless oil (65.2 mg, 91%) was identified as
an 85:15 mixture of 54 and 55. IR (film, cm–1): 3390, 1746,
1687. 1H NMR (CDCl3) δ: 54: 4.52 (1H, d, 18.16 Hz), 4.24
(2H, q), 4.12 (1H, d, 18.16 Hz), 3.03 (1H, d, 16.76 Hz), 2.75
(1H, d, 16.76 Hz), 1.60 (3H, s), 1.29 (3H, t); 55: 4.54
(2H, s), 4.24 (2H, q), 3.75 (2H, s), 2.29 (3H, s), 1.29 (3H, s).
CI-MS (m/z): 204 ([M + 1]). Anal. calcd. for C8H13NO5: C
47.29, H 6.70, N 6.20; found: C 47.57, H 6.40, N 6.90.

Synthesis of 56
Diketene (0.13 mL, 0.12 g, 1.67 mmol) was added to a so-

lution of N-hydroxyglycine benzyl ester (0.303 g, 1.67 mmol)
in chloroform (3 mL). The solution was stirred for 3 h at
room temperature, concentrated under reduced preesure, and
purified by PLC (60% EtOAc–hexanes). The product was a
yellow solid (0.16 g, 36%). 1H NMR (CDCl3) δ: 7.37–7.32
(5H, m, Ar), 5.18 (2H, s, CH2Ph), 4.53 (1H, d, 18.12 Hz),
4.19 (1H, d, 18.12 Hz), 3 (1H, d, 16.84 Hz), 2.76 (1H, d,
16.84 Hz), 1.60 (3H, s, CH3). CI-MS (m/z): 266 ([M + 1]).
The solid (150 mg, 0.57 mmol) was dissolved in ethanol,
and palladium on carbon (150 mg, 10%) was added. The
suspension was fitted with a balloon, flushed thrice with hy-
drogen, and then stirred under hydrogen for 1 h at room
temperature, filtered through Celite, and evaporated. The oil
was redissolved in water (10 mL), filtered, and the filtrate
was lyophilized to give a brown solid (0 mg, 81%) identified
as a 2:1 mixture of 56 and 57. 1H NMR (D2O) δ: 56: 4.39
(1H, d, 17.72 Hz), 4.20 (1H, d, 17.72 Hz), 3.17 (1H, d,
17.16 Hz), 2.77 (1H, d, 17.16 Hz), 1.60 (3H, s); 57: 4.38
(2H, s), 3.38 (2H, s), 2.29 (3H, s). CI-MS (m/z): 176 ([M +
1]).

Benzyl-γ-bromoacetoacetate
Diketene (500 µL, 545 mg, 6.5 mmol) was dissolved in

dichloromethane (2 mL), and the solution was cooled to
–25 °C and treated dropwise with a solution of bromine
(333 µL, 1.02 g, 6.5 mmol) in dichloromethane (2 mL). Af-
ter the addition was complete, the solution was stirred at
–25 °C for 15 min, and benzyl alcohol (700 µL, 732 mg,
6.8 mmol) was added dropwise. Stirring was continued for
15 min, and the solution was warmed to room temperature
and evaporated. The residue was dissolved in diethyl ether
(20 mL), washed successively with saturated sodium bicar-
bonate (2 × 20 mL), water (20 mL), and saturated sodium
chloride (20 mL), dried over anhydrous magnesium sulfate,
and evaporated to give benzyl γ-bromoacetoacetate as a pale
yellow oil (1.70 g, 97%). IR (neat, cm–1): 3033, 1734, 1654.
1H NMR (CDCl3) δ: 7.36 (5H, m), 5.19 (2H, s), 4.02
(2H, s), 3.75 (2H, s). CI-MS (m/z): 271, 273 ([M + 1], [M +
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3]). Anal. calcd. for C11H11BrO3: C 48.69, H 4.05; found: C
48.55, H 3.94.

Benzyl-3-hydroxy-4-bromobutanoate
Benzyl bromoacetoacetate (500 mg, 1.84 mmol) was dis-

solved in a mixture of tetrahydrofuran (9 mL) and methanol
(1 mL), the solution was cooled in an ice-bath, and sodium
borohydride (72 mg, 1.90 mmol) was added in one portion.
Stirring was continued in the ice-bath for 15 min and ethyl
acetate (50 mL) and 1 mol/L hydrochloric acid (1.5 mL)
were added. The aqueous layer was separated, extracted with
ethyl acetate (20 mL), and the combined organic layers were
washed with saturated sodium bicarbonate (40 mL), dried
over anhydrous magnesium sulfate, and evaporated to give
benzyl 3-hydroxy-4-bromobutanoate 433 mg, 86%). IR
(neat, cm–1): 3443, 3064, 1731, 1624. 1H NMR (CDCl3) δ:
7.36 (5H, s), 5.17 (2H, s), 4.26 (1H, m), 3.50 (1H, dd, 5.0,
10.5 Hz), 3.47 (1H, dd, 5.6, 10.5 Hz), 3.06 (1H, d, 5.1 Hz),
2.72 (1H, dd, 5.0, 16.6 Hz), 2.69 (1H, dd, 7.3, 16.6 Hz). CI-
MS (m/z): 273, 275 ([M + 1], [M + 3]). Anal. calcd. for
C11H13BrO3·0.5H2O: C 53.75, H 5.88; found: C 53.65, H
5.60.

Benzyl 3-[2-tetrahydropyranyloxy]-4-bromobutanoate
The bromohydrin (845 mg, 3.09 mmol) was dissolved in

dichloromethane (10 mL), and dihydropyran (300 µL,
277 mg, 3.29 mmol) and p-toluenesulfonic acid monohy-
drate (3 crystals) were added. The solution was stirred at
room temperature for 1.5 h. Diethyl ether (40 mL) was then
added, and the solution was washed with saturated sodium
bicarbonate (2 × 40 mL), dried over anhydrous sodium sul-
fate, and evaporated. Purification by column chromatogra-
phy using ethyl acetate – hexanes (3:7) gave the product 62
(1.07 g, 97%) as a 1:1 mixture of diastereomers. IR
(neat, cm–1): 3033, 1737. CI-MS (m/z): 357, 359 ([M + 1],
[M + 3]). Calcd. for C16H21BrO4: C 53.75, H 5.88; found: C
53.65, H 5.60.

3-[2-Tetrahydropyranyloxy]-4-bromobutanoic acid
The protected bromohydrin 62 (73 mg, 0.20 mmol) was

dissolved in tetrahydrofuran (3 mL) and 10% palladium on
charcoal (65 mg) was added. The mixture was flushed thrice
with nitrogen, thrice with hydrogen, and then stirred under
hydrogen for 45 min. The mixture was filtered through
Celite, the Celite was rinsed with ethyl acetate (10 mL), and
the combined filtrates were evaporated to give the product
63 as a colourless oil, 54 mg (98%). IR (neat, cm–1): 1715.
CI-MS (m/z): 267, 269 ([M + 1], [M + 3]).

Coupling of 63 with tert-butyl N-hydroxyglycine
The acid 63 (85 mg, 0.32 mmol) was dissolved in methy-

lene chloride (3 mL), the solution was cooled in an ice-bath,
stirred, and dicyclohexylcarbodiimide (70 mg, 0.34 mmol)
was added, followed by a solution of the tert-butyl ester
(46.8 mg, 0.32 mmol) in methylene chloride (3 mL). The
cloudy mixture was stirred, initially at 0 °C, and allowed to
warm to room temperature. After 12 h, ether (20mL) was
added, the mixture was filtered, and the filtrate was evapo-
rated. The product was purified by chromatography on silica

gel. Elution with 30:70 ethyl acetate:hexane gave 81 mg
(64%) of a viscous oil.

Protected 2-carboxymethyl-5-hydroxy-1,2-oxazine-3-one
A portion of the above oil (37 mg, 0.093 mmol) was dis-

solved in methylene chloride (2 mL), and triethylamine
(14 µL, 10.2 mg, 0.10 mmol) was added. The solution was
left under nitrogen for 1 h, and DBU (7.0 µL, 0.047 mmol)
was added, followed after 2.5 h by an additional 5.0 µL
(033 mmol) of DBU. Stirring was continued under nitrogen
for 3.2 h, and the reaction mixture was then diluted with
methylene chloride (10 mL), washed with water (10 mL),
dried over anhydrous sodium sulfate, and evaporated. Chro-
matography on silica gel and elution with 45:55 ethyl ace-
tate:hexane gave the protected oxazinone as a semisolid and
as a 1:1 mixture of diastereomers. 1H NMR (CDCl3) δ: 4.66
(1H, m, THP proton, one isomer), 4.41 (1H, m, THP proton,
second isomer), 4.32–4.45 (2H, m, both isomers), 3.83
(1H, m, 5-H of one isomer), 2.94–2.62 (2H, both isomers,
two ddd), 1.8 (2H, m), 1.7 (2H, m), 1.55 (2H, m), 1.47
(9H, s).

5-Hydroxy-3-oxo-[1,2]oxazinan-2-yl-acetic acid
The protected oxazinone (11 mg, 0.35 mmol) was dis-

solved in methylene chloride (1 mL), cooled in an ice-bath,
and trifluoroacetic acid (500 µL) was added. Additional
trifluoroacetic acid (3 µL) was added after 15 min, after an
additional 20 min (500 µL), and after an additional 30 min
(300 µL). After an additional 55 min, the solvent was re-
moved. The residue was redissolved in trifluoroacetic acid
(500 µL), evaporated after 30 min, and the residue shaken
with ethyl acetate (2 mL), water (1 mL), and sodium bicar-
bonate (3 mg). The aqueous phase was separated, washed
with ethyl acetate, and lyophilized to give 29, R = H, as the
sodium salt. 1H NMR (D2O) δ: 4.49 (1H, m), 4.29 (1H, dd,
12.1, 4.6 Hz), 4.28 (1H, d, 18.2 Hz), 4.15 (1H, d, 18.2 Hz),
4.02 (1H, ddd, 12.1, 3.24, 0.8 Hz), 2.92 (1H, dd, 16.8,
5.9 Hz), 2.52 (1H, ddd, 16.8, 3.16 Hz).

Coupling of 63 to the tert-butyl ester of N-hydroxyalanine
The acid 63 (54 mg, 0.20 mmol) was dissolved in di-

chloromethane (3 mL), the solution was cooled in an ice-
bath, stirred, and dicyclohexylcarbodiimide (41 mg,
0.20 mmol) was added, followed by a solution of the tert-
butyl ester in dichloromethane (2 mL). The mixture was
stirred in the ice-bath for 5 min; the ice-bath was then re-
moved, and stirring was continued for 3 h. The mixture was
filtered, and the filtrate was evaporated. The residue was
chromatographed on silica gel. Elution with ethyl acetate –
hexanes (2:3) gave 67 (74 mg, 54%) and products of O-
acylation. IR (CH2Cl2, cm–1): 3432, 1736, 1657. CI-MS
(m/z): 410, 412 ([M + 1], [M + 3]).

Cyclization of 67
The N-acylated compound 67 (36 mg, 0.088 mmol) was

dissolved in dichloromethane (10 mL), cooled in an ice-bath,
and 1,8-diazabicyclo[5.4.0]undec-7-ene (15 µL, 0.1 mmol)
was added. The solvent was removed after 1 h. The residue
was dissolved in ethyl acetate (25 mL), and the solution was
washed with water (2 × 25 mL), dried over anhydrous mag-
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nesium sulfate, and evaporated to give the protected
oxazinone 69 (25 mg, 85%). IR (CH2Cl2, cm–1): 1736, 1678.
CI-MS (m/z): 330 ([M + 1]). HR-MS-CI calcd. for
C16H27NO6: 330.1917 ([M + 1]); found: 330.1916.

2-(5-Hydroxy-3-oxo-[1,2]oxazinan-2-yl-propionic acid
(29, R = Me)

The protected oxazinone 69 (10.1 mg, 0.031 mmol) was
dissolved in dichloromethane; the solution was cooled in an
ice-bath, and trifluoroacetic acid (1 mL, 13.0 mmol) was
added. The solution was stirred for 30 min, and the solvent
was then removed. The residue was dissolved in trifluoro-
acetic acid (500 µL), and the solution was stirred at room
temperature for 15 min and evaporated. The residue was
shaken with ethyl acetate (3 mL) and a solution of sodium
bicarbonate (2.8 mg) in water (2 mL). The aqueous phase
was lyophilized to give the sodium salt of 29, R = Me as an
approximately 1:1 mixture of RR–SS and RS–SR
diastereomers. 1H NMR (D2O) δ: 4.89 (1H, q, 7.3 Hz, α-CH,
one isomer), 4.88 (1H, q, 7.3 Hz, α-CH, second isomer),
4.72–4.69 (2H, m, H5, both isomers), 4.54 (1H, d, 10.5 Hz,
H6, one isomer), 4.53 (1H, d, 10.5 Hz, H6, second isomer),
4.35 (2H, d, 10.5 Hz, H6, both isomers), 2.97 (1H, d,
18.3 Hz, H4, one isomer), 2.95 (1H, d, 18.3 Hz, H4, second
isomer), 2.51 (2H, m, 18.3 Hz, H4, both isomers), 1.45 (3H,
d, 7.3 Hz, CH3, one isomer, 1.42 (3H, d, 7.3 Hz, CH3, sec-
ond isomer). CI-MS (m/z, for the acid): 190 ([M + 1]), 172
([M + 1 – H2O]). HR-MS-CI calcd. for C7H12NO5: 190.0716
([M + 1]); found: 190.0712.

Bioassays

Materials

Agar medium (1% w/v)
Yeast extract (1.5 g), peptone (2.5 g), glucose (0.5 g), and

agar (5.0 g) were dissolved in deionized water; the volume
was diluted to 500 mL, and the solution was sterilized by
autoclaving at 121 °C for 20 min.

Preparation of agar plates
Under sterile conditions, the agar medium (150 mL) was

heated to 100 °C, cooled to 50 °C, and distributed into ten
petri dishes. Once the medium had hardened, the plates were
inverted and stored at 4 °C.

Liquid medium
Yeast extract (0.3 g), peptone (0.5 g), and glucose (0.1 g)

were dissolved in deionized water; the volume was diluted
to 100 mL, and the solution was sterilized by autoclaving at
121 °C for 20 min.

Methods
Step 1: Under sterile conditions, freeze-dried M. luteus

was dissolved in liquid medium (10 mL) and incubated at
250 rpm for 12 h at 30 °C.

Step 2: Liquid bacterial culture from step 1 (0.5 mL) and
40% glycerol in deionized water (0.5 mL) were vortexed un-
der sterile conditions in a tube fitted with a screw cap and an
air-tight gasket. The resulting 20% glycerol bacterial stock
solution was stored at –80 °C.

Step 3: An inoculating needle was dipped into 20% glyc-
erol bacterial stock solution from Step 2 and, under sterile
conditions, streaked onto the surface of an agar plate. The
inverted plate was incubated at 30 °C for 12 h and then
stored at 4 °C.

Step 4: Under sterile conditions, a bacterial colony of
M. luteus was lifted from the surface of the agar plate from
Step 3 using a toothpick, added to liquid medium (10 mL),
and incubated at 250 rpm for 12 h at 30 °C.

Step 5: Under sterile conditions, the agar medium
(150 mL) was heated to 100 °C, cooled to 50 °C; liquid bac-
terial culture from Step 4 (4 mL) was added with swirling,
and the medium was distributed into ten petri dishes. Once
the medium had hardened, the plates were inverted and
stored at 4 °C.

Step 6: A sterile filter disc was treated with an aliquot of a
known concentration of the test compound, and the solvent
was removed by air drying under sterile conditions. This
disc, a solvent control disc, and a disc containing a known
weight of a penicillin or cephalosporin were placed on an
agar plate seeded with M. luteus from Step 5. The plate was
inverted and incubated for 12 h at 30 °C.
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Cyclic hydroxamates, especially multiply
substituted [1,2]oxazinan-3-ones

Saul Wolfe, Marie-Claire Wilson, Ming-Huei Cheng, Gennady V. Shustov, and
Christiana I. Akuche

Abstract: Routes to putative N-acyl-D-ala-D-ala surrogates, beginning with the conversion of 4-, 5-, and 6-membered lac-
tones into 5-, 6-, and 7-membered cyclic hydroxamates, are reported. The key step of the synthesis is trimethylaluminium-
promoted cyclization of an ω-aminooxyester. The 7-membered cyclic hydroxamate crystallizes in a chair conformation.
Extension of the reaction sequence to homoserine or homoserine lactone leads to cyclocanaline and N-acylated cyclo-
canalines. The 4-phenylacetamido derivative of cyclocanaline crystallizes in a boat conformation. The attachment of a
2-carboxypropyl substituent to the ring nitrogen of a 4-acylaminocyclocanaline has been effected, prior to cyclization,
by coupling of the acyclic aminooxyester precursor to the triflate of benzyl lactate or, after cyclization, by coupling to
tert-butyl α-bromopropionate in the presence of potassium fluoride – alumina, followed by removal of the protecting
group in each case. A six-membered homolog of the antibiotic lactivicin has been synthesized by the reaction of 4-
phenylacetamidocyclocanaline with benzyl 2-oxoglutarate in the presence of carbodiimide, followed by hydrogenolysis.
Starting with methyl 2,4-dibromo-2,4-dideoxy-L-erythronate, which is available in two steps from L-ascorbic acid, these
reaction sequences have been applied to the stereospecific synthesis of a D-alanine derivative whose nitrogen atom is
enclosed within a 3,4-disubstituted [1,2]oxazinan-3-one.

Key words: D-ala-D-ala surrogate, cyclocanaline, homolactivicin, peptidoglycan, trimethylaluminium.

Résumé : On a développé des nouvelles voies permettant de préparer des produits de substitutions potentiels de la N-
acyl-D-ala-D-ala; elles débutent par la conversion des lactones à 4-, 5- et 6-chaînons en hydroxamates cycliques à 5-, 6-
et 7-chaînons. L’étape clé de la synthèse est une cyclisation catalysée par le triméthylaluminium d’un ω-aminooxyester.
L’hydroxamate cyclique à sept chaînons cristallise dans une conformation chaise. L’extension de la séquence de réac-
tion à l’homosérine ou à la lactone de l’homosérine conduit à la formation de la cyclocanaline et à des cyclocanalines
N-acétylées. Le dérivé 4-phénylacétamido de la cyclocanaline cristallise dans la conformation bateau. On a effectué la
fixation d’un substituant 2-carboxycyclopropyle sur l’azote du cycle d’une 4-acylaminocyclocanaline avant la cyclisa-
tion, par le couplage du précurseur aminooxyester acyclique au triflate du lactate de benzyle, ou après la cyclisation,
par couplage à l’α-bromopropionate de t-butyle en présence de fluorure de potassium et d’alumine, suivi dans chaque
cas de l’enlèvement du groupe protecteur. On a réalisé la synthèse d’un homologue à six chaînons de l’antibiotique
lactivicine par réaction de la 4-phénylacétamidocyclocanaline avec du 2-oxoglutarate de benzyle en présence de carbo-
diimide, suivie d’une hydrogénolyse. Utilisant comme produit de départ le 2,4-dibromo-2,4-didésoxy-L-érythronate de
méthyle qui est disponible en deux étapes à partir de l’acide L-ascorbique, on a applique cette séquence de réactions à
la synthèse stéréospécifique d’un dérivé D-alanine dont l’atome d’azote est inclus dans une [1,2]oxazinan-3-one disubs-
tituée dans les positions 3 et 4.

Mots clés : substitut de D-ala-D-ala, cyclocanaline, homolactivicine, peptidoglycane, triméthylaluminium.

[Traduit par la Rédaction] Wolfe et al. 960

Introduction

We have recently given theoretical and experimental rea-
sons for our belief that the six-membered cyclic hydroxamate
1 can function as a β-lactam surrogate (1). Since penicillin
(2), the quintessential β-lactam compound, is itself a
conformationally constrained surrogate of N-acyl-D-ala-D-ala
(3) (the peptide terminus of the growing bacterial cell wall
peptidoglycan (2)), the introduction of an acylamino group at

C4 of 1 and the attachment of a 2-carboxypropyl substituent
onto the ring nitrogen of the resulting cyclocanaline deriva-
tive 4 (3) would lead to 5, a novel but conformationally flexi-
ble surrogate of 3.

There is precedent for the proposal of 5 as a synthetic tar-
get in the structure of the natural product lactivicin (6),
which exhibits affinity to penicillin-recognizing enzymes
(4), and in the claim that homolactivicins (7) have antibacte-
rial activity (5). However, as a caveat, it was known at the
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beginning of the present work that cycloserine derivatives
such as 8 are inactive (6).

In this paper we describe a reaction sequence leading
from lactone precursors to cyclic hydroxamates and the ap-
plication of this sequence to the synthesis of biologically in-
active D-cyclocanaline, to non-stereospecific syntheses of
biologically inactive 5 and 7, and to a stereospecific ap-
proach to the more general structure 9.

Crystal structures of the parent 7-membered cyclic
hydroxamate [1,2]oxazepan-3-one and phenylacetylcyclo-
canaline 10 are also reported.

Results and discussion

Although earlier workers (7) had found cyclization of
unsubstituted γ-halohydroxamic acids (11, R = H, X = halo-
gen) to lead mainly to the 5-membered 1-hydroxypyrrolidin-
2-one (12) and not to the 6-membered 1, we observed that
only the 6-membered ring is produced in the cyclization of
13, R = H or Me (1). However, in the latter case (R = Me),
the N-acylated product 13, formed by coupling of the tert-
butyl ester of N-hydroxyalanine to 14, was accompanied by
the O-acylated product.

To avoid this problem in the general case Z ≠ H, we ex-
amined the sequence 15 → 16 → 17, in which ring closure
proceeds by N2—C3 bond formation. Previous workers had
reported (8) that this strategy produces cyclocanaline in 35%
yield by the action of ethanolic KOH on canaline ethyl ester
and N-benzoyl cyclocanaline in 75% yield upon treatment of
N-benzoyl canaline ethyl ester with methanolic NaOH. We
have now found trimethylaluminium (9) cyclization of
aminooxy esters to be a general reaction for the production
of cyclic hydroxamates of increasing complexity. The work
proceeded in five stages.

5-, 6-, 7-, And 8-membered cyclic hydroxamates from
4-, 5-, 6-, and 7-membered lactone precursors

In the first stage, with γ-butyrolactone as the prototype
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(Scheme 1), a four-step synthesis of the parent 5-, 6-, 7-, and
8-membered cyclic hydroxamates from 4-, 5-, 6-, and 7-
membered lactones was developed, consisting of conversion
to ω-bromo methyl esters, displacement of bromine with
N-hydroxyphthalimide, removal of the phthalimido (Ft) pro-
tecting group with methylhydrazine, and cyclization.

Heating of butyrolactone at 75 °C with a 45% solution of
hydrogen bromide in acetic acid, followed by addition of
methanol, gave methyl γ-bromobutyrate (18) in 86% yield
(10). A protected aminooxy group was introduced by dis-
placement of bromine with N-hydroxysuccinimide (11) or N-
hydroxyphthalimide (12). Both products were crystalline,
with mp 69–71.5 and 79–81 °C, respectively, but the yield of
methyl γ-phthalimidooxybutyrate (20) was 78%, and the
yield of methyl γ-succinimidooxybutyrate could not be in-
creased above 28%. Removal of the succinimido protecting
group required a 12 h treatment with 4 equiv of hydrazine
hydrate in methanol at room temperature to give 20 in 45%
yield (12). In contrast, 19 gave a quantitative yield of 20
with 1.5 equiv of methylhydrazine in dichloromethane for
1.5 h at –10 to 0 °C (13). The methyl ester was stable to
these conditions. The cyclization of 20 was achieved initially
using the basic conditions reported by Khomutov et al. (8).
Refluxing with potassium hydroxide in methanol for 2 h,
followed by stirring at room temperature overnight, pro-
duced 21 in 24% yield. The 1H NMR spectrum showed
peaks at 8.89 (1H, br s, NH), 4.03 (2H, t, 6.5 Hz, CH2O),
2.52 (2H, t, 7.2 Hz, COCH2), and 2.10 (2H, quintet, 6.9 Hz,
COCH2CH2) ppm. The 13C NMR spectrum showed peaks at
172.93, 69.04, 27.42, and 21.55 ppm. Infrared absorptions at
3403 and 1667 cm–1 were assigned to the N-H and carbonyl
groups. The CI mass spectrum showed an [M + 1] peak at
m/z 102. The EI mass spectrum showed, in addition to the
molecular ion, a peak at [M – 32], corresponding to loss of
H2NO (22). Trimethylaluminium gave better results. With

2 equiv in tetrahydrofuran or toluene and at room tempera-
ture or reflux temperature, the yield of 21 was 65–79%.

Following these exploratory experiments, the 5-, 7-, and
8-membered cyclic hydroxamates were prepared, as summa-
rized in Table 1. The EI mass spectra all showed, in addition
to the molecular ion, the peak at [M – 32]. In the case of the
8-membered ring, [1,2]oxazocan-3-one, after numerous un-
successful experiments, cyclization of the aminooxy ester
was performed by dropwise treatment of 4 equiv of a
0.18 mol/L solution of trimethylaluminium in heptane
(4.96 mL) and toluene (50 mL) with 50 mL of a 0.4% solu-
tion of the ester in toluene, followed by stirring at room tem-
perature for six days. After addition of water and
concentration to near dryness, the gelatinous residue was dis-
solved in 1:4 dichloromethane:tetrahydrofuran, filtered
through Celite, and evaporated. Preparative layer chromatog-
raphy yielded three bands, one of which contained 84 mg of
material. The GC of this material contained several peaks, one
of which, comprising 2% of the total, gave an EI-MS with
peaks at m/z 129, corresponding to the molecular ion, and 97,
corresponding to loss of H2NO. In Yamamoto’s trimethyl-
aluminium-promoted lactam synthesis (14), the 8-membered
ring was obtained in 7% yield, which was increased to 43%
using triethylgallium.

The 7-membered ring [1,2]oxazepan-3-one crystallized as
colourless plates, mp 84.5–85.8 °C, and its crystal structure
was determined. The compound crystallizes in the P21/a
space group and is centrosymmetric with four molecules,
consisting of two hydrogen-bonded dimers, in the unit cell.
Figure 1 shows several views of the crystal structure. As
seen in the centre of this figure, the dimer is held together
by linear NH···O=C hydrogen bonds; this causes the two
monomeric units to be offset with respect to each other, un-
like the structure drawn at the bottom. The monomeric struc-
ture is a chair.

© 2003 NRC Canada
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Scheme 1. Reagents and conditions: (i) 45% HBr–HOAc, 75 °C; (ii) MeOH; (iii) FtOH, Et3N, MeCN, reflux; (iv) MeNHNH2, CH2Cl2;
(v) AlMe3, THF.
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Cyclocanaline and N-acylcyclocanalines
In the second stage, with trimethylaluminium-promoted

cyclization of an ω-aminooxyester established as a viable re-
action, syntheses of cyclocanaline and N-acylated cyclocana-
lines from homoserine (23) or homoserine lactone (24) were
undertaken, as shown in Scheme 2, via 26, the mesylate of
the N-acylated methyl ester 25. The conversion of 26 to 27
proceeded in 64% yield with R1 = tert-butoxy, using N-
hydroxyphthalimide and DBU in dimethylformamide, and in
84% yield with R1 = benzyl, using N-hydroxyphthalimide
and triethylamine in acetonitrile. In both cases the removal
of the phthalimido group and the subsequent cyclization of
28 to 29 proceeded without incident. Deprotection of 29,
R1 = t-BuO, to the trifluoroacetic acid salt of cyclocanaline
took place in 98% yield, and this salt was converted to 29,
R1 = PhOCH2.

The phenylacetyl derivative 10 crystallized as colourless
plates, mp 164–165 °C, of acceptable quality for an X-ray
structure determination. The compound crystallizes in the
P21/a space group and is centrosymmetric with four mole-
cules (two enantiomeric pairs) in the unit cell. Figure 2
shows one of these pairs. The oxazinone ring has a boat con-

formation with O1 and C4 at the apices and an equatorial
acylamino substituent.

The reaction sequences just described were carried out
from racemic homoserine, from commercially available S-
homoserine lactone, and from R-methionine, which is readily
converted to R-homoserine lactone (15). D-Cyclocanaline was
inactive at a concentration of 125 µg/mL against a panel of
gram-positive, gram-negative, and β-lactam-producing organ-
isms.

N2-alkylation of cyclic hydroxamates
In the third stage we examined the attachment of a

substituent to the ring nitrogen of a cyclic hydroxamate. The
initial experiments were performed under Mitsunobu condi-
tions (16), using tert-butoxycarbonyl-protected R-cycloserine
(30) and ethyl S-lactate (31). With tetrahydrofuran as the sol-
vent, these experiments yielded a mixture of two products
whose 1H NMR spectra featured methyl doublets at 1.53 and
1.58 ppm and methine quartets at 4.80 and 4.96 ppm. The CI
mass spectrum showed an [M + 1] peak at m/z 303 and a
prominent peak at 247 corresponding to loss of C4H8. The
mixture is assigned structure 32, formed by nonstereospecific

© 2003 NRC Canada
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n Yield (%) Yield (%) Yield (%) Yield (%)

1 56 21a 50 45
2 86 78 quantitative 79
3 87 74 97 82b

4 95 99 98 tracec

aThis reaction was found to proceed via methyl acrylate. The compound was therefore prepared more conve-
niently by addition of N-hydroxyphthalimide to methyl acrylate in refluxing methanol containing triethylamine.

bThe 7-membered ring ([1,2]oxazepan-3-one) crystallized as colourless plates; mp 84.5–85.8 °C, and its X-
ray structure was determined.

cSee text.

Table 1. Conversion of lactones into cyclic hydroxamates.

Scheme 2.
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attachment of the carboxypropyl chain to the ring nitrogen.
Loss of stereochemical integrity has been seen previously
(17) in Mitsunobu reactions of α-hydroxyesters.

Following these experiments with the five-membered cy-
clic hydroxamate, the Mitsunobu coupling of 21 with ethyl
S-lactate was examined. In this case, because of the insolu-
bility of the oxazinone in tetrahydrofuran, dichloromethane
was employed as the solvent (18) to yield two isomeric ad-
ducts. The major adduct, isolated in 51% yield, is assigned
the N-alkylated structure 33 on the basis of an [M + 1] peak
at 202 in the CI-MS and the presence of a methine quartet at
5.03 ppm in the 1H NMR spectrum. The minor adduct, iso-
lated in 7% yield, is assigned the O-alkylated structure 34 on
the basis of a downfield shift of the methine quartet to

© 2003 NRC Canada
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Fig. 1. Crystal structure of [1,2]oxazepan-3-one.
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5.20 ppm. O-Alkylation is a known reaction of N-acylated
hydroxylamines (19).

The loss of stereochemical integrity in the attachment of
the carboxypropyl moiety to the ring nitrogen in the case of
tert-butoxycarbonyl R-cycloserine and the competing O-
alkylation in the reaction of the oxazinone suggested that the
introduction of a carboxypropyl substituent be performed
prior to cyclization, i.e., 20 → 35. However, 20 was
unreactive under Mitsunobu conditions.

It was then discovered (Scheme 3) that 35 could be syn-
thesized in 74% yield by alkylation of the amino group of 20
with the triflate of benzyl S-lactate. This alkylation reaction
is reported to proceed with inversion of configuration (20), a
finding confirmed in the present work (vide infra).

The cyclization of 35 using trimethylaluminium pro-
ceeded in 84% yield to give the benzyl ester 36, which was
successfully deprotected by hydrogenolysis to the acid 37.

N2- and N′-functionalized [1,2]oxazinan-3-ones
Alkylation of 28, R1 = PhCH2, R2 = Me, with the triflate

of benzyl S-lactate afforded 38 in 29% yield as a 1:1 mixture
of diastereomers. Cyclization with trimethylaluminium pro-
duced one of the isomers of 39 in 36% yield.

More effectively in this case (Scheme 4), treatment of 10
with tert-butyl S-α-bromopropionate in the presence of po-
tassium fluoride – alumina produced the diastereomeric
products 40a (26%) and 40b (31%). Deprotection with
trifluoroacetic acid gave 5a, mp 58–60 °C, from 40a and 5b,
mp 189–190 °C, from 40b. The 1H NMR spectra of these
compounds, neither of which was active at a concentration
of 32 �g/mL against a panel of Gram-positive, Gram-

negative, and β-lactam-producing organisms, are shown in
Figs. 3 and 4.

For the synthesis of homolactivicin (7, R = PhCH2)
(Scheme 5), racemic 10, benzyl 2-oxoglutarate, and dicyclo-
hexylcarbodiimide were stirred for three days in acetonitrile
to give the diastereomeric products 41a (31%) and 41b
(21%). Hydrogenolysis of a 1:1 mixture of 41a and 41b
gave a homolactivicin, mp 150–152 °C, as a mixture of iso-
mers, which was inactive at a concentration of 32 µg/mL
against a panel of Gram-positive, Gram-negative, and β-
lactam-producing organisms.

Stage 5: Chiral synthesis of 2,4,5-trisubstituted
[1,2]oxazinan-3-ones

As summarized in Scheme 6, calcium L-threonate (42),
prepared in 95% yield by hydrogen peroxide oxidation of L-
ascorbic acid (21), was converted in 90% yield to methyl
2,4-dibromo-2,4-dideoxy-L-erythronate (43) by the proce-
dure of Bock et al. (22). Methoxymethylation using dimeth-
oxymethane and boron trifluoride, followed by reaction with
sodium azide in dimethylformamide, gave the protected
azido threonate 44 in 68% yield over the two steps. Hydro-
genolysis in the presence of di-tert-butyl carbonate yielded
the protected threonate methyl ester 45 (74%), and the intro-
duction of the aminooxy function by an N-hydroxy-
phthalimide-methylhydrazine sequence produced 46 in 46%
yield from 45. Reaction of 46 with the triflate of benzyl L-
lactate gave a single N-hydroxyalanine product, assigned the
R-configuration 47, in 66% yield. The cyclizations of 46 and
47 to 48 and 49 were achieved in 90% and 63% yield, re-
spectively.

© 2003 NRC Canada
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Scheme 3.
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Scheme 7 summarizes the conversion of 49 to 52, which
has the R-configuration in the alanine side chain, the R--
configuration at C4, and the S-configuration at C5. This
compound exhibited weak activity vs. Micrococcus luteus
(Table 2).

Experimental

Nuclear magnetic resonance spectra were recorded on
Bruker 100SY (1H at 100 MHz) and Bruker AMX-400 (1H
at 400 MHz and 13C at 100 MHz) spectrometers. Chemical
shifts are denoted in δ units (ppm) relative to the solvent and
converted to the TMS scale using δ (CHCl3) = 7.27 ppm for

© 2003 NRC Canada
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Fig. 2. Crystal structure of phenylacetylcyclocanaline.

Scheme 5.

Scheme 4.
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the 1H spectra and δ (CDCl3) = 77.23 ppm for the 13C spec-
tra. Infrared spectra were recorded on a PerkinElmer 599B
spectrometer. Low-resolution mass spectra, determined as

direct inlet electron impact (EI) measurements or chemical
ionization (CI) measurements, were recorded on a Hewlett-
Packard 5985 GC–MS–IS system. Elemental analyses were

© 2003 NRC Canada
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Fig. 4. 1H NMR spectrum of 5b in CD3OD.

Fig. 3. 1H NMR spectrum of 5a in CD3OD.

I:\cjc\cjc8108\V03-122.vp
August 11, 2003 11:34:59 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



performed on a Carlo Erba model 1106 elemental analyzer.
Melting points (mp) were obtained on a Fisher-Johns appa-
ratus and are uncorrected. Preparative layer chromatography
(PLC) was carried out on precoated Merck Silica Gel 60 F-
254 plates with aluminium backing. Spots were observed
under short-wavelength ultraviolet light and were visualized
with a solution of 1% ceric sulfate or 2% molybdic acid in
10% sulfuric acid. Flash column chromatography was car-
ried out on Merck Silica Gel 60 (230–400 Mesh).

Methyl γ-bromobutyrate (18)
A solution of γ-butyrolactone (25 mL, 28.0 g, 0.325 mol)

in a 45% solution of hydrogen bromide in acetic acid

(75 mL) was heated for 4 h at 75 °C, cooled to room
temperature, treated with methanol (150 mL), and stirred
overnight. Evaporation of the solvent gave a dark oil, which
was dissolved in ethyl acetate (150 mL) and washed succes-
sively with saturated sodium bicarbonate (2 × 150 mL) and
saturated sodium chloride (150 mL), dried over anhydrous
magnesium sulfate, and evaporated to yield a clear oil
(48.8 g, 86%). IR (neat) (cm–1): 1738. 1H NMR (CDCl3) δ:
3.68 (3H, s, OCH3), 3.44 (2H, t, 6.4 Hz, CH2γ), 2.51 (2H, t,
7.2 Hz, CH2α), 2.17 (2H, quintet, 6.8 Hz, CH2β). 13C NMR
(CDCl3) δ: 172.96, 51.70, 32.66, 32.19, 27.70. CI-MS (m/z):
181 ([M + 1]), 183 ([M + 3]). Calcd. for C5H9O2Br:
C 33.17, H 5.02; found: C 32.62, H 4.85.

© 2003 NRC Canada
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Scheme 6. Reagents and conditions: (i) 50% H2O2, CaCO3; (ii) 30% HBr–HOAc, room temperature (RT), then MeOH, reflux;
(iii) CH2(OMe)2, BF3·Et2O; (iv) NaN3, DMF; (v) H2, Pd–C, (BOC)2O, EtOAc; (vi) FtOH, DBU, DMF; (vii) MeNHNH2, CH2Cl2;
(viii) S-CF3SO2OCHMeCO2Bn, 2,6-lutidine, CH2Cl2.

Compound Weight (µg) Moles (µM) Zone size (mm) Ratio (mm/µM)

DACGa 10 3.01 × 10–2 39 1300
DL-cyclocanaline 600 3.05 58 11
DL-cyclocanaline 400 3.44 48 14
37 400 2.31 23 10
52 600 1.86 38 20
52 400 1.24 32 26

aDesacetoxycephalosporin G.

Table 2. Zones of inhibition vs. M. luteus.
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Methyl γ-succinimidooxybutyrate

Method A
Methyl γ-bromobutyrate (0.5 g, 2.9 mmol) was added

dropwise to a solution of N-hydroxysuccinimide (0.308 g,
2.6 mmol) and triethylamine (0.38 mL, 0.276 g, 2.6 mmol)
in tetrahydrofuran (20 mL). The reaction mixture was stirred
for 4 h at room temperature and then filtered. The filtrate
was evaporated under reduced pressure to give crystals
(47 mg, 10%); mp 69–71.5 °C. IR (KBr) (cm–1): 1727,
1710. 1H NMR (CDCl3) δ: 4.15 (2H, t, 6.1 Hz, CH2γ), 3.69
(3H, s, OCH3), 2.70 (4H, s, succinimido ring), 2.60 (2H, t,
7.3 Hz, CH2α), 2.03 (2H, t, t, 7.3 Hz, 6.8 Hz, CH2β). 13C
NMR (CDCl3) δ: 173.35, 171.10, 76.18, 51.67, 29.87, 25.44,
23.41. CI-MS (m/z): 216 ([M + 1]). Calcd. for C9H13NO5: C
50.22, H 6.10, N 6.51; found: C 50.24, H 6.14, N 6.52.

Method B
A solution of methyl γ-bromobutyrate (1.01 g, 5.5 mmol),

N-hydroxysuccinimide (0.576 g, 5.5 mmol), and sodium
methoxide (0.282 g, 5.5 mmol) in dimethylformamide
(11 mL) was heated at 100 °C for 6 h. The solvent was then
removed under reduced pressure, and the residue was dis-
solved in ethyl acetate (100 mL) and washed successively
with water (2 × 100 mL) and saturated sodium chloride
(100 mL), dried over anhydrous magnesium sulfate, and
evaporated to give a solid, which was crystallized from etha-
nol to yield 0.331 g (28%) of product, identical to the prod-
uct of Method A.

Method C
A solution of methyl γ-bromobutyrate (1.01 g, 5.5 mmol),

N-hydroxysuccinimide (0.587 g, 5.5 mmol), and triethyl-
amine (1.54 mL, 1.12 g, 11.1 mmol) in acetonitrile (10 mL)

was refluxed for 3 h, then cooled and filtered. The precipi-
tate was washed with water and recrystallized from ethanol
to give 0.180 g (15%) of the product, identical to the prod-
uct of Method A.

Method D
A solution of methyl γ-bromobutyrate (1.01 g, 5.5 mmol),

N-hydroxysuccinimide (0.584 g, 5.5 mmol), and triethyl-
amine (0.77 mL, 0.559 g, 5.5 mmol) in dimethylformamide
(11 mL) was stirred at room temperature for 24 h, then
poured into water (80 mL) and extracted with ethyl acetate
(2 × 60 mL). This extract was washed successively with wa-
ter (2 × 100 mL) and saturated sodium chloride (100 mL),
dried over anhydrous magnesium sulfate, and evaporated to
give a solid, which was crystallized from ethanol to yield
0.175 g (15%) of the product, identical to the product of
Method A.

Methyl γ-phthalimidooxybutyrate (19)
A mixture of methyl γ-bromobutyrate (14.7 g,

81.5 mmol), N-hydroxyphthalimide (13.3 g, 81.5 mmol),
and triethylamine (22.7 mL, 16.5 g, 0.163 mol) in aceto-
nitrile (110 mL) was refluxed for 3 h. The insoluble solid
was removed by filtration, and the filtrate was evaporated.
The residue was diluted with ethyl acetate (100 mL), and
this solution was washed successively with water (3 ×
100 mL) and saturated sodium chloride (100 mL), dried over
anhydrous magnesium sulfate, and evaporated. The solid
was recrystallized from hot ethanol to give 16.8 g (78%); mp
79–81 °C. IR (KBr) (cm–1): 1735, 1727. 1H NMR (CDCl3)
δ: 7.79 (4H, m, phthalimido ring), 4.26 (2H, t, 6.1 Hz,
CH2γ), 3.70 (3H, s, OCH3), 2.66 (2H, t, 7.3 Hz, CH2α), 2.09
(2H, quintet, 6.7 Hz, CH2β). 13C NMR (CDCl3) δ: 174.50,
163.63, 134.43, 128.94, 123.48, 78.20, 51.50, 33.85, 25.14.
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CI-MS (m/z): 264 ([M + 1]). Calcd. for C13H13NO5: C
59.30, H 4.99, N 5.32; found: C 59.17, H 4.97, N 5.49.

Methyl γ-aminooxybutyrate (20)

Method A
A solution of methyl γ-phthalimidooxybutyrate (2.75 g,

10.45 mmol) in dichloromethane (50 mL) was cooled to
–10 °C and treated dropwise, with stirring, with methyl-
hydrazine (0.83 mL, 0.72 g, 15.7 mmol). Stirring was con-
tinued for 1.5 h at –10 to 0 °C, and the mixture was then
filtered. The filtrate was concentrated, and the residue, in
ethyl acetate (50 mL), was washed with 1:1 saturated so-
dium chloride:saturated sodium bicarbonate (22 mL). The
aqueous layer was washed with ethyl acetate (50 mL), and
the combined organic extracts were dried over anhydrous
magnesium sulfate and evaporated to give a yellow oil
(1.39 g, 100%). IR (neat) (cm–1): 3322, 1734. 1H NMR
(CDCl3) δ: 5.25 (2H, br s, NH2), 3.68 (2H, t, 6.2 Hz, CH2γ),
3.68 (3H, s, OCH3), 2.38 (2H, t, 7.3 Hz, CH2α), 1.92 (2H,
quintet, 6.7 Hz, CH2β). 13C NMR (CDCl3) δ: 173.95, 74.78,
51.58, 30.71, 23.65. CI-MS (m/z): 134 ([M + 1]). Calcd. for
C5H11NO3: C 45.09, H 8.34, N 10.52; found: C 45.02,
H 8.36, N 10.49.

Method B
Hydrazine hydrate (0.07 mL, 74.6 mg, 1.49 mmol) was

added, with stirring, to a solution of methyl γ-succinimido-
oxybutyrate (80 mg, 0.37 mmol) in methanol (3 mL).
Stirring was continued at room temperature for 12 h, and the
solvent was then removed. The solid residue was triturated
with ethyl acetate (2 × 8 mL, 1 × 4 mL), and the ethyl ace-
tate was evaporated to give the product as an oil (22.3 mg,
45%), identical with the product of Method A.

[1,2]Oxazinan-3-one (21)

Method A
A solution of methyl γ-aminooxybutyrate (0.51 g,

3.75 mmol) in toluene (37.5 mL) was treated with a
2.0 mol/L solution of trimethylaluminium in hexanes
(3.75 mL, 7.5 mmol). The resulting mixture was refluxed for
2 h, cooled to room temperature, and poured onto a mixture
of 5% hydrochloric acid and ice. The aqueous layer was ex-
tracted with chloroform and the organic layer was evapo-
rated to dryness. The residue was purified by flash
chromatography on silica gel, using 7:1 ethyl acetate:hex-
anes as the eluent, to yield a colourless oil (0.30 g, 79%). IR
(CH2Cl2) (cm–1): 3403, 1667. 1H NMR (CDCl3) δ: 8.89 (1H,
br s, NH), 4.03 (2H, t, 6.5 Hz, CH2O), 2.52 (2H, t, 7.2 Hz,
COCH2), 2.10 (2H, quintet, 6.9 Hz, COCH2CH2).

13C NMR
(CDCl3) δ: 172.93, 69.04, 27.42, 21.55. CI-MS (m/z): 102
([M + 1]). Anal. calcd. for C4H7NO2·0.1H2O: C 46.68,
H 6.97, N 13.61; found: C 46.73, H 7.01, N 13.21.

Method B
Potassium hydroxide (0.042 g, 0.75 mmol) in methanol

(4 mL) was added to a solution of methyl γ-aminooxy-
butyrate (0.10 g, 0.75 mmol) in methanol (10 mL), and the
mixture was refluxed for 2 h, cooled to room temperature,
stirred overnight, neutralized with 5% hydrochloric acid, and
evaporated. The residue was purified by preparative layer

chromatography on silica gel using ethyl acetate as the
eluent to yield an oil (18 mg, 24%), identical to the product
of Method A.

Method C
A solution of methyl γ-aminooxybutyrate (3.03 g,

22.8 mmol) in tetrahydrofuran (40 mL) was cooled to 0 °C,
and a 2.0 mol/L solution of trimethylaluminium in hexanes
(22.8 mL, 45.6 mmol) was added in portions. The reaction
mixture was allowed to warm to room temperature with stir-
ring during 2 h and quenched with acetone (15mL) with stir-
ring for 30 min and then by slow addition of water (50 mL).
Most of the solvent was removed under reduced pressure,
and 1:4 dichloromethane:tetrahydrofuran (300 mL) was
added. Filtration through Celite and evaporation of the fil-
trate gave an oil (1.51 g, 65%), identical to the product of
Method A.

Methyl β-bromopropionate
A solution of β-propiolactone (2 mL, 2.29 g, 30.8 mmol)

in 30% hydrogen bromide in acetic acid (10 mL) was stirred
at room temperature for 20 h. Then methanol (20 mL) was
added, and stirring was continued for an additional 15 h.
Evaporation of the solvent gave a dark oil, which was dis-
solved in ethyl acetate (50 mL) and washed successively
with saturated sodium bicarbonate (2 × 50 mL) and satu-
rated sodium chloride (50 mL), dried over anhydrous mag-
nesium sulfate, and evaporated to yield a clear oil (2.88 g,
56%). IR (neat) (cm–1): 1742. 1H NMR (CDCl3) δ: 3.77
(3H, s, OCH3), 3.62 (2H, t, 6.8 Hz, CH2β), 2.96 (2H, t,
6.8 Hz, CH2α). CI-MS (m/z): 167 ([M + 1]), 169 ([M + 3]).

Methyl β-phthalimidooxypropionate

Method A
A solution of N-hydroxyphthalimide (18.1 g, 0.111 mol)

and triethylamine (15.5 mL, 11.3 g, 0.111 mol) in methanol
(100 mL) was stirred at room temperature for 10 min.
Methyl acrylate (10 mL, 9.56 g, 0.111 mol) was added
dropwise, and the solution was heated to reflux for 18 h and
then cooled to room temperature. The solvent was removed
under reduced pressure and the residue was dissolved in
ethyl acetate (150 mL) and washed successively with water
(50 mL), saturated sodium bicarbonate (5 × 50 mL), water
(50 mL), 5% citric acid (50 mL), water (50 mL), and satu-
rated sodium chloride (50 mL), dried over anhydrous mag-
nesium sulfate, and evaporated. The solid residue was
recrystallizated from hot ethanol to give white crystals,
5.88 g (21%). IR (KBr) (cm–1): 1745, 1727, 1657. 1H NMR
(CDCl3) δ: 7.81 (4H, m, phthalimido ring), 4.51 (2H, t,
6.5 Hz, CH2�), 3.71 (3H, s, OCH3), 2.85 (2H, t, 6.5 Hz, CH2
α). 13C NMR (CDCl3) δ: 170.58, 163.44, 134.53, 128.90,
123.58, 73.40, 51.95, 33.65. CI-MS (m/z): 250 ([M + 1]).
Calcd. for C12H11N1O5: C 57.82, H 4.46, N 5.62; found: C
57.70, H 4.50, N 5.46.

Method B
A mixture of methyl β-bromopropionate (0.50 g,

2.99 mmol), N-hydroxyphthalimide (0.49 g, 2.99 mmol),
and triethylamine (0.64 mL, 0.45 g, 4.49 mmol) in aceto-
nitrile (7 mL) was refluxed for 3 h, cooled, and filtered. The
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filtrate was evaporated under reduced pressure, and the resi-
due was dissolved in ethyl acetate (20 mL). This solution
was washed successively with water (3 × 20 mL) and satu-
rated sodium chloride (20 mL), dried over anhydrous mag-
nesium sulfate, and evaporated. Recrystallization from hot
ethanol gave 48.9 mg (6%) of white crystals, identical to the
product of Method A.

Methyl β-aminooxypropionate
A solution of methyl β-phthalimidooxypropionate (1.5 g,

6.02 mmol) in dichloromethane (50 mL) was cooled to –10 °C
and methylhydrazine (0.5 mL, 0.433 g, 9.03 mmol) was
added dropwise with stirring. Stirring was continued for
1.5 h at –10 to 0 °C. The mixture was then filtered, and the
filtrate was concentrated. The residue was dissolved in ethyl
acetate (30 mL), and this solution was washed with 1:1 satu-
rated sodium chloride:saturated sodium bicarbonate (8 mL).
The aqueous layer was washed with ethyl acetate (30 mL),
and the combined organic layers were dried over anhydrous
magnesium sulfate and evaporated. Purification by short col-
umn chromatography on silica gel, using a gradient solvent
system (hexanes to ethyl acetate) gave 0.359 g (50%) of an
oil. 1H NMR (CDCl3) δ: 5.85 (2H, s, NH2), 3.73 (3H, s,
CH3), 3.26 (2H, t, 6.2 Hz, CH2β), 2.67 (2H, t, 6.2 Hz,
CH2α). CI-MS (m/z): 120 ([M + 1]).

Isoxazolidin-3-one
A solution of methyl β-aminooxypropionate (0.251 g,

2.10 mmol) in tetrahydrofuran (25 mL) was cooled to 0 °C
and a 2.0 mol/L solution of trimethylaluminium in hexanes
(2.1 mL, 4.20 mmol) was added in portions. The reaction
mixture was allowed to warm to room temperature with stir-
ring during 4 h and then by slow addition of water (2 mL)
with stirring for 30 min. Most of the solvent was removed
under reduced pressure, and chloroform (300 mL) was
added. Filtration through Celite and evaporation of the fil-
trate gave a colourless oil (83.0 mg, 45%). 1H NMR
(CDCl3) δ: 9.21 (1H, br s, NH), 4.41 (2H, t, 8.2 Hz, CH2β),
2.79 (2H, t, 8.2 Hz, CH2α). CI-MS (m/z): 88 ([M + 1]).
Calcd. for C3H5NO2: C 41.38, H 5.79, N 16.09; found:
C 40.89, H 5.84, N 15.55.

Methyl δ-bromopentanoate
A solution of δ-valerolactone (5.0 mL, 5.39 g, 53.8 mmol)

in 30% hydrogen bromide in acetic acid (15 mL) was heated
at 75 °C for 5 h, cooled to room temperature, and methanol
(20 mL) was added. The mixture was stirred overnight, and
the solvent was evaporated to give a dark oil, which was dis-
solved in ethyl acetate (50 mL) and washed successively
with saturated sodium bicarbonate (2 × 50 mL) and satu-
rated sodium chloride (50 mL), dried over anhydrous mag-
nesium sulfate, and evaporated to yield a clear oil (9.16 g,
87%). IR (neat) (cm–1): 1737. 1H NMR (CDCl3) δ: 3.67
(3H, s, OCH3), 3.41 (2H, t, 6.4 Hz, CH2δ), 2.35 (2H, t,
7.3 Hz, CH2α), 1.90 (2H, m, CH2γ), 1.79 (2H, m, CH2β). 13C
NMR (CDCl3) δ: 173.55, 51.58, 33.00, 31.97, 23.47. CI-MS
(m/z): 195 ([M + 1]), 197 ([M + 3]).

Methyl δ-phthalimidooxypentanoate
A mixture of methyl δ-bromopentanoate (6.01 g,

30.8 mmol), N-hydroxyphthalimide (5.03 g, 30.8 mmol),

and triethylamine (8.6 mL, 6.24 g, 61.5 mmol) in aceto-
nitrile (40 mL) was refluxed for 3 h, cooled, and filtered.
The filtrate was evaporated under reduced pressure, and the
residue was dissolved in ethyl acetate (75 mL). This solution
was washed successively with water (3 × 75 mL) and satu-
rated sodium chloride (75 mL), dried over anhydrous mag-
nesium sulfate, and evaporated. Recrystallization from hot
ethanol gave 6.33 g (74%) of product. IR (KBr) (cm–1):
1727, 1710. 1H NMR (CDCl3) δ: 7.81 (4H, m, phthalimido
ring), 4.21 (2H, t, 6.1 Hz, CH2δ), 3.68 (3H, s, OCH3), 2.43
(2H, t, 7.1 Hz, CH2α), 1.86 (4H, m, CH2βCH2γ). 13C NMR
(CDCl3) δ: 173.74, 163.60, 134.45, 128.93, 123.49, 77.88,
51.55, 33.45, 27.51, 21.11. CI-MS (m/z): 278 ([M + 1]).
Calcd. for C14H15NO5: C 60.63, H 5.46, N 5.05; found:
C 60.54, H 5.43, N 5.06.

Methyl δ-aminooxypentanoate
A solution of methyl δ-phthalimidooxypentanoate (2.01 g,

72.4 mmol) in dichloromethane (50 mL) was cooled to –10 °C,
and methylhydrazine (0.58 mL, 0.50 g, 10.8 mmol) was
added dropwise with stirring. Stirring was continued for
1.5 h, and the mixture was then filtered and the filtrate evap-
orated. The residue was dissolved in ethyl acetate (50 mL),
and this solution was washed with 1:1 saturated sodium
chloride:saturated sodium bicarbonate (30 mL). The aqueous
layer was extracted with ethyl acetate (50 mL), and the com-
bined organic layers were dried over anhydrous magnesium
sulfate and evaporated to give an oil (1.03 g, 97%). IR (neat)
(cm–1): 3320, 1732. 1H NMR (CDCl3) δ: 4.50 (2H, br s,
NH2), 3.67 (3H, s, OCH3), 3.66 (2H, t, 6.2 Hz, CH2δ), 2.34
(2H, t, 7.0 Hz, CH2α), 1.66 (4H, m, CH2βCH2γ). 13C NMR
(CDCl3) δ: 173.97, 75.37, 51.50, 33.76, 27.43, 21.49. CI-MS
(m/z): 148 ([M + 1]).

[1,2]Oxazepin-3-one
A solution of methyl δ-aminooxypentanoate (96.6 mg,

0.656 mmol) in tetrahydrofuran (3 mL) was cooled to 0 °C,
and a 2.0 mol/L solution of trimethylaluminium in hexanes
(0.68 mL, 1.36 mmol) was added dropwise. The resulting
solution was allowed to warm to room temperature and was
stirred for 5.5 h. Acetone (0.8 mL) was added, and after
20 min, water (2 mL) was added dropwise. Most of the sol-
vent was removed under reduced pressure; 1:4 dichloro-
methane:tetrahydrofuran (50 mL) was added, and the
mixture was filtered through Celite. Evaporation of the fil-
trate gave a white solid, which was recrystallized from hot
ethyl acetate (61.7 mg, 82%); mp 84.5–85.8 °C. IR (KBr)
(cm–1): 3419, 1642. 1H NMR (CDCl3) δ: 8.27 (1H, br s,
NH), 4.07 (2H, m, CH2δ), 2.63 (2H, m, CH2α), 1.91 (2H, m,
CH2γ), 1.81 (2H, m, CH2β). 13C NMR (CDCl3) δ: 179.36,
78.37, 35.79, 30.94, 21.85. CI-MS (m/z): 116 ([M + 1]).
Calcd. for C5H9NO2: C 52.15, H 7.89, N 12.17; found:
C 52.12, H 7.91, N 12.18.

Methyl ε-bromohexanoate
A solution of ε-caprolactone (5.2 mL, 5.36 g, 46.9 mmol)

in 30% hydrogen bromide in acetic acid (12.5 mL) was
heated for 6 h at 75 °C, cooled to room temperature, treated
with methanol (20 mL), and stirred overnight. Evaporation
of the solvent gave a dark oil, which was dissolved in ethyl
acetate (50 mL) and washed successively with saturated so-
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dium bicarbonate (2 × 50 mL) and saturated sodium chloride
(50 mL), dried over anhydrous magnesium sulfate, and evap-
orated to yield a clear oil (9.31 g, 95%). 1H NMR (CDCl3) δ:
3.67 (3H, s, OCH3), 3.40 (2H, t, 6.8 Hz, CH2ε), 2.33 (2H, t,
7.5 Hz, CH2α), 1.87 (2H, m, CH2δ), 1.66 (2H, m, CH2β), 1.47
(2H, m, CH2γ). CI-MS (m/z): 209 ([M + 1]), 211 ([M + 3]).

Methyl ε-phthalimidooxyhexanoate
A mixture of methyl ε-bromohexanoate (6.44 g,

30.8 mmol), N-hydroxyphthalimide (5.02 g, 30.8 mmol),
and triethylamine (8.6 mL, 6.24 g, 61.5 mmol) in aceto-
nitrile (40 mL) was refluxed for 3 h, cooled, and filtered.
The filtrate was concentrated and the residue diluted with
ethyl acetate (50 mL). This solution was washed succes-
sively with water (3 × 50 mL) and saturated sodium chloride
(50 mL), dried over anhydrous magnesium sulfate, and evap-
orated. Recrystallization from hot ethanol gave 8.89 g
(99%). IR (KBr) (cm–1): 1787, 1731. 1H NMR (CDCl3) δ:
7.80 (4H, m, phthalimido ring), 4.20 (2H, t, 6.6 Hz, CH2ε),
3.67 (3H, s, OCH3), 2.35 (2H, t, 7.4 Hz, CH2α), 1.80
(2H, m, CH2δ), 1.72 (2H, m, CH2β), 1.55 (2H, m, CH2γ). 13C
NMR (CDCl3) δ: 173.06, 163.58, 134.49, 128.90, 123.53,
77.28, 5168, 29.96, 23.52. CI-MS (m/z): 292 ([M + 1]).
Calcd. for C15H17NO5: C 61.84, H 5.89, N 4.81; found:
C 61.49, H 5.92, N 4.75.

Methyl ε-aminooxyhexanoate
A solution of methyl ε-phthalimidooxyhexanoate (1.05 g,

3.60 mmol) in dichloromethane (19 mL) was cooled to –10 °C;
methylhydrazine (0.29 mL, 0.251 g, 5.4 mmol) was added
dropwise with stirring, and stirring was continued for 1.5 h
at –10 to 0 °C. The mixture was then filtered, and the filtrate
was evaporated. The residue was dissolved in ethyl acetate
(50 mL) and washed with 1:1 saturated sodium chloride:sat-
urated sodium bicarbonate (30 mL). The aqueous extract
was washed with ethyl acetate (50 mL), and the combined
organic layers were dried over anhydrous magnesium sulfate
and evaporated to give an oil (0.567 g, 98%). 1H NMR
(CDCl3) δ: 5.10 (2H, br s, NH2), 3.66 (3H, s, OCH3), 3.64
(2H, t, 6.6 Hz, CH2ε), 2.30 (2H, t, 7.4 Hz, CH2α), 1.64
(2H, m, CH2δ), 1.58 (2H, m, CH2β), 1.35 (2H, m, CH2γ).

[1,2]Oxazocan-3-one
A 2.0 mol/L solution of trimethylaluminium in heptane

(4.96 mL, 9.92 mmol) was added to toluene (50 mL), cooled
to 0 °C, and a solution of methyl-ε-aminooxyhexanoate
(0.400 g, 2.48 mmol) in toluene (50mL) was added
dropwise. The resulting solution was allowed to warm to
room temperature and was stirred for 6 days. Water (20 mL)
was added dropwise, and the mixture was stirred for 30 min.
Most of the solvent was removed under reduced pressure, and
1:4 dichloromethane:tetrahydrofuran (50 mL) was added. Fil-
tration through Celite and evaporation of the filtrate gave a
trace amount of product. CI-MS (m/z): 130 ([M + 1]).

α-Amino-γ-butyrolactone hydrobromide
A solution of DL-homoserine (0.31 g, 2.6 mmol) in

2.4 mol/L hydrobromic acid (5 mL, 12 mmol, 4.6 equiv)
was refluxed for 3 h and then stirred overnight. Removal of
the solvent afforded a white solid, which was dissolved in
ethanol and cooled to give a solid, which was collected by

filtration and washed with cold ethanol to yield 0.384 g
(81%); mp 117–119 °C. CI-MS (m/z): 102 ([M + 1]). Calcd.
for C4H8NO2Br: C 26.40, H 4.44, N 7.70; found: C 26.35,
H 4.25, N 7.51.

α-Amino-γ-bromobutyric acid hydrobromide
A suspension of α-amino-γ-butyrolactone hydrobromide

(97 mg, 0.53 mmol) in 45% hydrogen bromide in acetic acid
(3 mL) was stirred for 4 h at 75 °C, cooled to room tempera-
ture, and concentrated under reduced pressure to give a
white solid (140 mg, 100%), which was used in the next step
without further purification. IR (KBr) (cm–1): 3451, 1720. 1H
NMR (D2O) δ: 4.10 (1H, t, 6.8 Hz, CHα), 3.59 (2H, t,
7.0 Hz, CH2γ), 2.50 (1H, m, CHβ), 2.38 (1H, m, CHβ).

BOC-α-amino-γ-bromobutyric acid
α-Amino-γ-bromobutyric acid hydrobromide (130 mg,

0.50 mmol) was dissolved in 50% aqueous acetone
(1.8 mL), triethylamine (0.14 mL, 0.102 g, 1.0 mmol) and
BOC-ON (141 mg, 0.55 mmol) were added, and the solution
was stirred for 3 h at room temperature. The solvent was
then removed under reduced pressure, and the residue was
dissolved in water (3 mL), washed with ethyl acetate
(3 mL), acidified to pH 3 with 5% citric acid, and again ex-
tracted with ethyl acetate (3 × 3 mL). The latter extracts
were combined, washed successively with water (2 × 3 mL)
and saturated sodium chloride (3 mL), dried over anhydrous
magnesium sulfate, and evaporated to give 29.5 mg (21%) of
the product. 1H NMR (CDCl3) δ: 5.56 (1H, br s, NH), 4.50
(1H, m, CHα), 3.82 (2H, m, CH2γ), 2.18 (1H, m, CHβ), 1.78
(1H, m, CHβ), 1.48 (9H, s, C(CH3)3).

BOC-α-amino-γ-butyrolactone
A solution of triethylamine (7.75 mL, 5.63 g, 56.0 mmol)

in dichloromethane (10 mL) was added slowly to a suspen-
sion of DL-α-amino-γ-butyrolactone hydrobromide (10 g,
55.0 mmol) in dichloromethane (100 mL). The mixture was
cooled to 0 °C, and a solution of BOC anhydride (13.19 g,
60.4 mmol) in dichloromethane (25 mL) was added during
5 min. The resulting suspension was allowed to warm to
room temperature, stirred for 96 h, and then washed succes-
sively with 5% citric acid (50 mL), water (50 mL), and satu-
rated sodium chloride (50 mL), dried over anhydrous
magnesium sulfate, and evaporated to give a white solid.
This was recrystallized from toluene to yield 9.93 g (90%);
mp 124–126 °C. IR (KBr) (cm–1): 3359, 1787, 1684, 1528.
1H NMR (CDCl3) δ: 5.05 (1H, br s, NH), 4.44 (1H, m,
CHγ), 4.34 (1H, m, CHα), 4.24 (1H, m, CHγ), 2.76 (1H, m,
CHβ), 2.18 (1H, m, CHβ), 1.47 (9H, s, C(CH3)3).

13C NMR
(CDCl3) δ: 175.68, 155.72, 80.55, 65.83, 50.21, 30.34,
28.30. CI-MS (m/z): 202 ([M + 1]). Calcd. for C9H15NO4:
C 53.71, H 7.53, N 6.96; found: C 53.98, H 7.58, N 7.19.

BOC-homoserine

Method A
To a solution of DL-homoserine (5.00 g, 42.0 mmol) in

50% aqueous acetone (50 mL) were added, with stirring,
triethylamine (8.8 mL, 6.34 g, 63.0 mmol) and BOC anhy-
dride (10.1 g, 46.2 mmol). After 14 h, the solvent was re-
moved under reduced pressure, and the residue was
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dissolved in water (30 mL). This solution was acidified to
pH 3–4 with 5% citric acid (130 mL) and extracted with
ethyl acetate (3 × 50 mL). The combined organic extracts
were washed with saturated sodium chloride (50 mL), dried
over anhydrous magnesium sulfate, and evaporated to give a
yellow oil (6.79 g, 74%). 1H NMR (CDCl3) δ: 5.49 (1H,
br s, NH), 4.50 (1H, m, CHα), 3.79 (2H, m, CH2γ), 2.21
(1H, m, CHβ), 1.77 (1H, m, CHβ), 1.41 (9H, s, C(CH3)3).

13C
NMR (CDCl3) δ: 176.82, 156.40, 80.14, 58.33, 51.50, 35.14,
28.30. CI-MS (m/z): 220 ([M + 1]). Calcd. for C9H17NO5:
C 49.30, H 7.83, N 6.39; found: C 48.72, H 7.67, N 6.04.

Method B
To a solution of BOC-α-amino-γ-butyrolactone (7.00 g,

34.8 mmol) in dry methanol (80 mL) was added in portions
a solution of potassium hydroxide (3.44 g, 52.2 mmol) in
methanol (20 mL). The mixture was stirred at room temper-
ature for 24 h, and Amberlyst 15 (H +) (14.0 g, 62.6 mmol),
presoaked in methanol, was added. The resin was then re-
moved by filtration, and the solution was evaporated under
reduced pressure to an oil (7.39 g, 97%), identical with the
product of Method A.

Benzhydryl ester of BOC-homoserine
A solution of BOC-homoserine (0.803 g, 3.66 mmol) in a

mixture of dichloromethane (20 mL) and acetonitrile
(20 mL) was treated dropwise, with stirring, with a solution
of diphenyldiazomethane (0.713 g, 3.66 mmol) in dichloro-
methane (3 mL). Stirring was continued for 2 h after the ad-
dition was complete, and the solvent was then removed
under reduced pressure to give a yellow oil. This was dis-
solved in ethyl acetate (50 mL) and washed successively
with water (2 × 50 mL) and saturated sodium chloride
(50 mL), dried over anhydrous magnesium sulfate, and evap-
orated. Purification by flash chromatography on silica gel,
using ethyl acetate – hexanes (1:1) as the eluent, gave the
product as an oil (0.992 g, 70%). IR (neat) (cm–1): 3499,
3321, 1736, 1688. 1H NMR (CDCl3) δ: 7.31 (10H, m, Ar),
6.90 (1H, s, CHO), 5.38 (1H, br d, 7.9 Hz, NH), 4.62 (1H, m,
CHα), 3.65 (2H, m, CH2γ), 3.80 (1H, br s, OH), 2.24 (1H, m,
CHβ), 1.58 (1H, m, CHβ), 1.44 (9H, s, C(CH3)3). CI-MS
(m/z): 386 ([M + 1]). Calcd. for C22H27NO5: C 68.54, H 7.04,
N 3.63; found: C 68.68, H 7.14, N 3.61.

Benzhydryl ester of BOC-α-amino-γ-succinimidooxy-
butyric acid

A solution of the benzhydryl ester (1.01 g, 2.62 mmol)
and N-hydroxysuccinimide (0.313 g, 2.72 mmol) in tetra-
hydrofuran (12 mL) was cooled to 15 °C, and triphenylphos-
phine (0.702 g, 2.67 mmol) and diethyl azodicarboxylate
(0.45 mL, 0.498 g, 2.86 mmol) were added successively. The
reaction mixture was allowed to warm to room temperature,
stirred overnight, and the solvent was then removed under
reduced pressure. Purification by flash chromatography on
silica gel using 3:1 hexanes:ethyl acetate as the eluent gave a
white solid (0.589 g, 47%). 1H NMR (CDCl3) δ: 7.33
(10H, m, Ar), 6.92 (1H, s, CHO), 5.81 (1H, br d, 8.2 Hz,
NH), 4.62 (1H, m, CHα), 4.13 (2H, m, CH2γ), 2.65 (4H, s,
succinimido ring), 2.27 (2H, m, CH2β), 1.44 (9H, s,
C(CH3)3). CI-MS (m/z): 383 ([M + 1 – BOC]). Calcd. for
C26H30N2O7

.H2O: C 62.38, H 6.46; found: C 62.38, H 6.60.

Methyl α-amino-γ-bromobutyrate hydrochloride
Hydrogen chloride was bubbled for 2 h into a suspension

of α-amino-γ-bromobutyrate hydrobromide (0.165 g,
0.586 mmol) in methanol (5 mL) at such a rate that the tem-
perature did not exceed 40 °C. The solvent was then re-
moved under reduced pressure, the residue was dissolved in
methanol, and the solution was reevaporated. This procedure
was repeated once more, and the residual oil was dried in
vacuo in a desiccator over sodium hydroxide pellets. The re-
sulting crystals were triturated with ether, collected, and
washed with ether to give 89 mg (65%); mp 96–98 °C. 1H
NMR (D2O) δ: 4.33 (1H, t, 6.67 Hz, CHα), 3.83 (3H, s,
OCH3), 3.59 (2H, m, CH2γ), 2.56 (1H, m, CHβ), 2.39
(1H, m, CHβ). CI-MS (m/z): 196 ([M + 1]), 198 ([M + 3]).

Methyl ester of BOC-α-amino-γ-bromobutyric acid
To a solution of methyl α-amino-γ-bromobutyrate hydro-

chloride (29.7 mg, 0.129 mmol) in 50% aqueous acetone
(1 mL) were added, with stirring, triethylamine (0.039 mL,
28.3 mg, 0.258 mmol) and BOC anhydride (30.1 mg,
0.142 mmol). Stirring was continued at room temperature
for 3 h, and the solvent was then removed under reduced
pressure. The residue was purified by preparative layer chro-
matography on silica gel, using 2:1 hexanes:ethyl acetate as
the eluent, to give 28.4 mg (75%) of the product. 1H NMR
(CDCl3) δ: 5.05 (1H, br d, 7.5 Hz, NH), 4.41 (1H, m, CHα),
3.73 (3H, s, OCH3), 3.40 (2H, t, 6.8 Hz, CH2γ), 2.37 (2H, m,
CH2β), 1.42 (9H, s, C(CH3)3).

Methyl ester of BOC-homoserine
A solution of homoserine (5.00 g, 42.0 mmol) in 50%

aqueous acetone (50 mL) was treated with triethylamine
(8.8 mL, 6.39 g, 63.0 mmol) and BOC anhydride (10.1 g,
46.2 mmol) and stirred overnight at room temperature. Re-
moval of the solvent gave the triethylamine salt of BOC-
homoserine (13.5 g, 100%). IR (CH2Cl2) (cm–1): 3413,
1709, 1693. 1H NMR (D2O) δ: 4.02 (1H, m, CHα), 3.64
(2H, m, CH2γ), 3.18 (2H, q, 7.3 Hz, CH2CH3), 1.98 (1H, m,
CHβ), 1.82 (1H, m, CHβ), 1.41 (9H, s, C(CH3)3), 1.26 (3H,
t, 7.3 Hz, CH3).

13C NMR (D2O) δ: 181.68, 160.33, 83.76,
61.09, 55.48, 49.30, 36.57, 30.28, 10.85. CI-MS (m/z): 164
([M + 1 – BOC]).

A solution of the salt (7.49 g, 23.4 mmol) in dimethyl-
formamide (50 mL) was cooled to 0–10 °C and stirred;
iodomethane (1.6 mL, 3.65 g, 25.7 mmol) was added; the
cooling bath was removed, and stirring was continued over-
night. Most of the solvent was removed under reduced pres-
sure, and the residue was diluted with ethyl acetate (80 mL)
and washed with water (20 mL). The aqueous extract was
washed with ethyl acetate (2 × 25 mL), and the combined
organic extracts were washed successively with 5% citric
acid (2 × 15 mL), water (15 mL), saturated sodium sulfite
(15 mL), saturated sodium bicarbonate (2 × 15 mL), and sat-
urated sodium chloride (2 × 15 mL), dried over anhydrous
magnesium sulfate, and evaporated to give a colourless oil
(5.15 g, 94%). 1H NMR (CDCl3) δ: 5.43 (1H, br s, NH),
4.52 (1H, m, CHα), 3.80 (3H, s, CH3O), 3.73 (2H, m,
CH2γ), 3.26 (1H, br s, OH), 2.11 (1H, m, CHβ), 1.64
(1H, m, CHβ), 1.49 (9H, s, C(CH3)3).

13C NMR (CDCl3) δ:
173.62, 156.80, 80.16, 58.65, 52.50, 51.04, 36.18, 28.66. CI-
MS (m/z): 234 ([M + 1]).
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Mesylation of the BOC methyl ester (26, R1 = t-BuO,
R2 = Me)

Methanesulfonyl chloride (2.14 mL, 3.16 g, 27.6 mmol)
was added dropwise at –15 to –10 °C to a solution of the
methyl ester of BOC-homoserine (5.6 g, 24.0 mmol) and tri-
ethylamine (4.0 mL, 2.90 g, 28.8 mmol) in dichloromethane
(80 mL). The reaction mixture was allowed to warm to 0 °C
and was stirred at that temperature for 1 h. Cold 10% potas-
sium bisulfate (25 mL) was added, and the aqueous layer
was separated and washed with dichloromethane (2 ×
25 mL). The combined organic layers were washed with so-
dium bicarbonate (2 × 35 mL), dried over anhydrous magne-
sium sulfate, and evaporated to give a pale yellow oil
(7.25 g, 97%). 1H NMR (CDCl3) δ: 5.25 (1H, br s, NH),
4.75 (1H, m, CHα), 4.35 (2H, m, CH2γ), 3.82 (3H, s,
CH3O), 3.07 (3H, s, SO2CH3), 2.36 (1H, m, CHβ), 2.15
(1H, m, CHβ), 1.49 (9H, s, C(CH3)3).

α-Phenylacetamido-γ-butyrolactone
Triethylamine (7.7 mL, 5.6 g, 55.0 mmol) was added

slowly to a suspension of α-amino-γ-butyrolactone hydro-
bromide (5.0 g, 27.5 mmol) in dichloromethane (50 mL).
The mixture was stirred for 10 min, cooled to –5 °C, and
treated, during 30 min, with a solution of phenylacetyl chlo-
ride (3.3 mL, 3.83 g, 24.8 mmol) in dichloromethane
(20 mL). The mixture was allowed to warm to room temper-
ature, stirred for 3 h, and then washed successively with wa-
ter (25 mL), 1 N hydrochloric acid (15 mL), water (15 mL),
and 1:1 water:saturated sodium bicarbonate (20 mL), dried
over anhydrous magnesium sulfate, and evaporated to give a
white solid (5.14 g, 95%); mp 124–126 °C. IR (KBr) (cm–1):
3305, 1779, 1652. 1H NMR (CDCl3) δ: 7.33 (5H, m, Ar),
5.97 (1H, br s, NH), 4.50 (1H, m, CHγ), 4.43 (1H, t, 9.1 Hz,
CHα), 4.25 (1H, m, CHγ), 3.63 (2H, s, PhCH2), 2.79
(1H, m, CHβ), 2.08 (1H, m, CHβ). 13C NMR (CDCl3) δ:
174.98, 171.49, 134.06, 129.39, 129.13, 127.59, 65.95,
49.37, 43.31, 30.32. CI-MS (m/z): 220 ([M + 1]). Calcd. for
C12H13NO3: C 65.73, H 5.99, N 6.39; found: C 65.69,
H 5.97, N 6.12.

Phenylacetamido homoserine
A solution of potassium hydroxide (4.51 g, 68.8 mmol) in

methanol (20 mL) was added in portions to a suspension of
α-phenylacetamido-γ-butyrolactone (10.1 g, 45.9 mmol) in
dry methanol (100 mL). The mixture was stirred at room
temperature for 24 h, and Amberlyst 15 (H +) (18.5 g,
82.5 mmol), presoaked in methanol, was added. The mixture
was filtered, and the filtrate was evaporated to an oil (10.9 g,
96%), which was used directly in the next step.

Methyl ester of phenylacetylamido homoserine (25,
R1 = PhCH2, R2 = Me)

A solution of phenylacetamido homoserine (3.19 g,
13.5 mmol) in dimethylformamide (30 mL) was treated
dropwise with a solution of triethylamine (1.88 mL, 1.36 g,
13.5 mmol) in dimethylformamide (10 mL). Then
iodomethane (1.68 mL, 3.82 g, 26.9 mmol) was added in
one portion, and stirring was continued overnight. Most of
the solvent was removed under reduced pressure, and the
residue was diluted with ethyl acetate (100 mL) and water
(20 mL). The aqueous layer was washed with ethyl acetate

(2 × 25 mL), and the combined organic layers were washed
successively with 5% citric acid (2 × 15 mL), water
(15 mL), saturated sodium sulfite (15 mL), saturated sodium
bicarbonate (2 × 15 mL), and saturated sodium chloride (2 ×
15 mL), dried over anhydrous magnesium sulfate, and evap-
orated to give a pale yellow oil (2.02 g, 60%). IR (CH2Cl2)
(cm–1): 3297, 1743, 1658. 1H NMR (CDCl3) δ: 7.32 (5H, m,
Ar), 6.38 (1H,br d, 6.8 Hz, NH), 4.73 (1H, m, CHα), 3.73
(3H, s, CH3), 3.64 (1H, m, CHγ), 3.63 (2H, s, PhCH2), 3.49
(1H, m, CHγ), 2.33 (1H, br s, OH), 2.13 (1H, m, CHβ), 1.56
(1H, m, CHβ). 13C NMR (CDCl3) δ: 172.94, 172.15, 134.21,
129.32, 129.09, 127.56, 58.09, 52.64, 49.66, 43.45, 35.63.
CI-MS (m/z): 252 ([M + 1]).

Mesylation of the methyl ester of phenylacetamido
homoserine (26, R1 = PhCH2, R2 = Me)

A solution of the methyl ester (1.90 g, 7.56 mmol) and
triethylamine (1.26 mL, 0.91 g, 9.07 mmol) in dichloro-
methane (30 mL) was cooled to –15 to –10 °C and methane-
sulfonyl chloride (0.67 mL, 1.00 g, 8.70 mmol) was added
dropwise. The mixture was allowed to warm to 0 °C and
was stirred at that temperature for 1 h. Cold 10% potassium
bisulfate (15 mL) was added, and the aqueous layer was sep-
arated and washed with dichloromethane (2 × 15 mL). The
combined organic layers were washed with sodium bicar-
bonate (2 × 25 mL), dried over anhydrous magnesium sul-
fate, and evaporated to give a yellow oil (2.23 g, 90%). 1H
NMR (CDCl3) δ: 7.38 (5H, m, Ar), 6.19 (1H, br d, 7.1 Hz,
NH), 4.70 (1H, m, CHα), 4.17 (2H, t, 6.2 Hz, CH2γ), 3.76
(3H, s, COCH3), 3.64 (2H, s, PhCH2), 2.90 (3H, s, SO2CH3),
2.34 (1H, m, CHβ), 2.12 (1H, m, CHβ). 13C NMR (CDCl3)
δ: 171.73, 171.02, 134.36, 129.34, 129.12, 127.55, 65.68,
52.77, 49.34, 43.63, 37.16, 31.46. CI-MS (m/z): 330 ([M +
1]).

Synthesis of 27 (R1 = t-BuO, R2 = Me)
1,8-Diazabicyclo[5.4.0]undec-7-ene (3.2 mL, 3.18 g,

20.9 mmol) was added dropwise to a solution of N-hydroxy-
phthalimide (3.40 g, 20.9 mmol) in dimethylformamide
(30 mL). The solution was stirred for 30 min, cooled to 10–
15 °C, and a solution of 26 (R1 = t-BuO, R2 = Me) (6.5 g,
20.9 mmol) in dimethylformamide (10 mL) was added
dropwise. The mixture was then allowed to warm to room
temperature and stirred for 48 h. Approximately 30 mL of
solvent was removed under reduced pressure, and ethyl ace-
tate (100 mL) and water (30 mL) were added. The layers
were separated, and the aqueous layer was washed with
ethyl acetate (2 × 50 mL). The combined organic layers
were washed successively with saturated sodium bicarbonate
(5 × 30 mL), water (30 mL), 5% citric acid (30 mL), water
(30 mL), and saturated sodium chloride (30 mL), dried over
anhydrous magnesium sulfate, and evaporated to yield
8.58 g of a solid. Recrystallization from hot ethanol gave
white crystals, 5.07 g (64%); mp 135–136 °C. IR (KBr)
(cm–1): 3365, 1746, 1725, 1680. 1H NMR (CDCl3) δ: 7.81
(4H, m, phthalimido ring), 5.68 (1H, d, 7.6 Hz, NH), 4.55
(1H, m, CHα), 4.31 (2H, t, 6.1 Hz, CH2γ), 3.76 (3H, s,
CH3), 2.30 (2H, m, CH2β), 1.45 (9H, s, C(CH3)3). CI-MS
(m/z): 379 ([M + 1]). Calcd. for C18H22N2O7: C 57.13,
H 5.87, N 7.40; found: C 57.21, H 5.93, N 7.33.
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Methyl BOC-α-amino-γ-aminooxybutyrate (28, R1 = t-
BuO, R2 = Me)

A solution of 27, R1 = t-BuO, R2 = Me (0.50 g, 1.32 mmol),
in dichloromethane (20 mL) was cooled to –10 °C and methyl-
hydrazine (0.10 mL, 91.1 mg, 1.98 mmol) was added
dropwise with stirring. Stirring was continued for 2 h at –10
to 0 °C, and the mixture was then filtered. The filtrate was
concentrated and the residue, in ethyl acetate (15 mL), was
washed with 1:1 saturated sodium chloride:saturated sodium
bicarbonate (10 mL). The aqueous layer was washed with
ethyl acetate (15 mL), and the combined organic layers were
dried over anhydrous magnesium sulfate and evaporated to
give a white solid (0.325 g, 100%). IR (KBr) (cm–1): 3336,
1738, 1698. 1H NMR (CDCl3) δ: 5.62 (2H, br s, ONH2),
5.29 (1H, d, 6.0 Hz, NH), 4.41 (1H, m, CHα), 3.75 (3H, s,
CH3), 3.75 (2H, t, 6.2 Hz, CH2γ), 2.07 (2H, m, CH2β), 1.45
(9H, s, C(CH3)3). CI-MS (m/z): 249 ([M + 1]). Calcd. for
C10H20N2O5: C 48.37, H 8.13, N 11.28; found: C 48.77, H
7.96, N 11.36.

4-tert-Butoxycarbonylamino-[1,2]oxazinan-3-one (29,
R = t-BuO)

A solution of 28 (R1 = t-BuO, R2 = Me) (0.150 g,
0.607 mmol) in tetrahydrofuran (15 mL) was cooled to 0 °C
and a 2.0 mol/L solution of trimethylaluminium in heptane
(0.60 mL, 1.21 mmol) was added dropwise. The reaction
mixture was allowed to warm to room temperature and was
stirred for 4 h. Water (2 mL) was added dropwise, and after
15 min, the solution was concentrated to near dryness, di-
luted with 1:4 dichloromethane:tetrahydrofuran (50 mL),
and filtered through Celite. The filtrate was concentrated to
give a white solid (128 mg, 98%); mp 119–120 °C. IR (KBr)
(cm–1): 3364, 1696, 1679, 1528. 1H NMR (CDCl3) δ: 8.65
(1H, br s, ONH), 5.43 (1H, br s, NH), 4.54 (1H, m, CHα),
4.21 (1H, m, CHγ), 4.08 (1H, m, CHγ), 2.88 (1H, m, CHβ),
1.74 (1H, m, CHβ), 1.46 (9H, s, C(CH3)3).

13C NMR
(CDCl3) δ: 174.11, 155.35, 80.03, 69.77, 47.78, 29.74,
28.09. CI-MS (m/z): 217 ([M + 1]). Calcd. for C9H16N2O4:
C 49.98, H 7.47, N 12.96; found: C 50.17, H 7.47, N 12.74.

Methyl α-phenylacetamido-γ-phthalimidooxybutyrate
(27, R1 = PhCH2, R2 = Me)

Triethylamine (0.95 mL, 0.69 g, 6.78 mmol) was added
slowly to a solution of N-hydroxyphthalimide (1.11 g,
6.78 mmol) in acetonitrile (15 mL). The solution was stirred
for 20 min, cooled to 10–15 °C, and a solution of 26 (R1 =
PhCH2, R2 = Me) (2.23 g, 6.78 mmol) in acetonitrile (5 mL)
was added dropwise. The reaction mixture was allowed to
warm to room temperature, and stirring was continued for
24 h. The solvent was removed, and the residue was dis-
solved in ethyl acetate (50 mL). This solution was washed
successively with water (2 × 15 mL), saturated sodium bi-
carbonate (8 × 15 mL), water (15 mL), 5% citric acid
(15 mL), water (15 mL), and saturated sodium chloride
(15 mL), dried over anhydrous magnesium sulfate, and evap-
orated. The resulting solid was recrystallized from hot etha-
nol to give 2.25 g (84%); mp 138–139 °C. IR (KBr) (cm–1):
3348, 1792, 1735, 1664. 1H NMR (CDCl3) δ: 7.81 (4H, m,
phthalimido ring), 7.24 (5H, m, Ph), 6.15 (1H, br s, NH),
4.87 (1H, m, CHα), 4.21 (2H, t, 5.8 Hz, CH2γ), 3.73 (3H, s,

CH3), 3.67 (2H, s, PhCH2), 2.30 (2H, m, CH2�). CI-MS
(m/z): 397 ([M + 1]). Calcd. for C21H20N2O6: C 63.62,
H 5.10, N 7.07; found: C 63.97, H 5.19, N 7.12.

Methyl 2-phenylacetamido-4-aminooxybutyrate (28,
R1 = PhCH2, R2 = Me)

Methylhydrazine (0.20 mL, 0.174 g, 3.78 mmol) was
added dropwise at –10 °C to a solution of 27, R1 = PhCH2,
R2 = Me (1.0 g, 2.52 mmol), in dichloromethane (40 mL).
The cooling bath was removed, and stirring was continued
for 3 h. The mixture was then filtered, and the filtrate was
evaporated. The residue, in ethyl acetate (30 mL), was
washed with 1:1 saturated sodium chloride:saturated sodium
bicarbonate (6 mL). The aqueous layer was extracted with
ethyl acetate (30 mL), and the combined organic extract was
dried over anhydrous magnesium sulfate and evaporated to
give a pale yellow oil (0.664 g, 99%). 1H NMR (CDCl3) δ:
7.35 (5H, m, Ph), 6.50 (1H, br s, NH), 4.68 (1H, m, CHα),
3.75 (3H, s, COCH3), 3.65 (2H, t, 5.8 Hz, CH2γ), 3.65
(2H, s, PhCH2), 2.03 (2H, m, CH2β). CI-MS (m/z): 267
([M + 1]).

4-Phenylacetamido-[1,2]oxazinan-3-one (10)
A 2.0 mol/L solution of trimethylaluminium in hexanes

(1.13 mL, 2.25 mmol) was added dropwise at 0 °C to a solu-
tion of 28, R1 = PhCH2, R2 = Me (0.300 g, 1.13 mmol), in
toluene (20 mL). The ice bath was removed, and stirring was
continued for 4 h. The reaction mixture was then treated
dropwise with water (1 mL). After an additional 15 min, the
solvent was removed under reduced pressure to near-
dryness; 1:4 dichloromethane:tetrahydrofuran (150 mL) was
added, and the mixture was filtered through Celite. The fil-
trate was concentrated, and the residue was purified by short
column chromatography on silica gel with a gradient solvent
system (hexanes to ethyl acetate) to give a white solid
(91.2 mg, 35%); mp 164–165 °C. IR (KBr) (cm–1): 3307,
1694, 1660. 1H NMR (CDCl3) δ: 8.17 (1H, br s, ONH), 7.32
(5H, m, Ar), 6.41 (1H, br s, NH), 4.72 (1H, m, CHα), 4.23
(1H, m, CHγ), 4.04 (1H, m, CHγ), 3.63 (2H, s, PhCH2), 2.98
(1H, m, CHβ), 1.63 (1H, m, CHβ). 13C NMR (CDCl3) δ:
173.52, 171.08, 134.45, 129.30, 128.96, 127.37, 69.84,
47.02, 43.56, 28.99. CI-MS (m/z): 235 ([M + 1]). Calcd. for
C12H14N2O3: C 61.52, H 6.04, N 11.96; found: C 61.32,
H 6.04, N 11.92.

TFA salt of cyclocanaline
The BOC derivative 27, R = t-BuO (50.9 mg, 0.235 mmol),

was added, with stirring, to a cooled (0 to –5 °C) solution of
trifluoroacetic acid (0.75 mL). The mixture was allowed to
warm to room temperature and was stirred for 1 h. The sol-
vent was then removed under reduced pressure, and the resi-
due was triturated with ether to give a white solid (53.0 mg,
98%). 1H NMR (D2O) δ: 4.29 (1H, m, CHγ), 4.09 (1H, m,
CHγ), 4.08 (1H, m, CHα), 2.77 (1H, m, CHβ), 2.06 (1H, m,
CHβ).

4-Phenoxyacetamido-[1,2]oxazinan-3-one
Triethylamine (0.2 mL, 0.145 g, 1.43 mmol) was added

slowly to a suspension of the trifluoroacetic acid salt of
cyclocanaline (0.150 g, 0.63 mmol) in dichloromethane
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(5 mL); the mixture was cooled to –10 °C, and a solution of
phenoxyacetyl chloride (0.079 mL, 97.2 mg, 0.57 mmol) in
dichloromethane (2 mL) was added dropwise. The reaction
mixture was allowed to warm to room temperature and was
stirred overnight and then washed successively with water
(2 mL), 5% citric acid (2 mL), water (2 mL), and 1:1 satu-
rated sodium chloride:saturated sodium bicarbonate (2 mL),
dried over anhydrous magnesium sulfate, and evaporated.
The residue was purified by short column chromatography on
silica gel, using hexanes to ethyl acetate gradient solvent sys-
tem, to give a white solid (29.8 mg, 38%). IR (KBr) (cm–1):
3314, 1686, 1655. 1H NMR (CDCl3) δ: 7.53 (1H, br s, NH),
7.15 (5H, m, Ar), 4.84 (1H, m, CHα), 4.55 (2H, s, PhOCH2),
4.28 (1H, m, CHγ), 4.11 (1H, m, CHγ), 3.03 (1H, m, CHβ),
1.78 (1H, m, CHβ). 13C NMR (CDCl3) δ: 173.06, 168.47,
157.20, 129.75, 122.17, 114.79, 69.89, 67.29, 46.66, 28.94.
CI-MS (m/z): 251 ([M + 1]).

Carbobenzoxy D-methionine
D-Methionine (29.4 g, 0.20 mol) was added to a solution

of 2 N sodium bicarbonate (500 mL). The mixture was
cooled in an ice bath, and benzyl chloroformate (37 mL,
0.26 mol) was added dropwise. After the addition, the mix-
ture was allowed to warm to room temperature and was
stirred for 22 h. The unreacted benzyl chloroformate was
then removed by extraction with ether (4 × 300 mL). The pH
of the aqueous solution was adjusted to 2–3 using 6 N HCl
(a whitish precipitate formed), and the mixture was extracted
with ethyl acetate (5 × 200 mL). These extracts were dried
over anhydrous sodium sulfate, and the solvent was removed
to give 41.72 g (74%) of a light yellow oil. 1H NMR
(100 MHz, CDCl3): 2.10 (s, 3H, -SCH3), 2.15 (t, 2H,
NHCHCH2), 2.60 (t, 2H, NHCHCH2CH2), 4.60 (m, 1H,
NHCH), 5.20 (s, 2H, CH2Ph), 5.50 (d, 1H, NH), 7.40 (s, 5H,
ArH).

Carbobenzoxy R-α-amino-γ-butyrolactone
Carbobenzoxy D-methionine (41.72 g, 0.1474 mol) was

dissolved in a mixture of glacial acetic acid (44.5 mL) and
80% HF (89 mL); iodomethane (16.7 mL, 0.268 mol) was
added, and the mixture was left in the dark for 15 h, produc-
ing a clear, orange solution. This solution was concentrated
in vacuo below 40 °C, and the resulting oily residue was
triturated with dry ether (3 × 20 mL). The ether-insoluble or-
ange oil was dissolved in 1 N sodium hydroxide (180 mL).
The white crystals that appeared after cooling to 0 °C were
collected, washed well with water, and maintained at 1 torr
(1 torr = 133.322 Pa) for 5 h. The mother liquor from the
washings was then acidified to pH 2 with concentrated hy-
drochloric acid, allowed to stand at room temperature for
1 h, and extracted with ethyl acetate (3 × 200 mL). The
combined extracts were washed with 4% sodium bicarbonate
(2 × 100 mL), brine (2 × 100 mL), and dried over anhydrous
magnesium sulfate. Removal of the solvent afforded a yel-
low precipitate, which was crystallized from isopropyl alco-
hol. The total yield of product was 6.62 g (20%). 1H NMR
(100 MHz, CDCl3): 2.30 (m, 1H, NHCHCHH), 2.80 (m, 1H,
NHCHCHH), 4.20 (m, 3H, NHCH and NHCHCH2CH2),
5.20 (s, 2H, CH2Ph), 5.40 (br. s, 1H, NH), 7.40 (s, 5H,
ArH).

Methyl ester of R-carbobenzoxyhomoserine
A solution of potassium hydroxide (0.716 g, 12.77 mmol)

in methanol (8 mL) was added dropwise to a stirred suspen-
sion of the carbobenzoxy lactone (2.00 g, 8.51 mmol) in
methanol (12 mL). The resulting solution was stirred at room
temperature for 18 h, and the reaction was then quenched
with a stream of carbon dioxide. Evaporation of the solvent
produced a white crystalline solid. This solid was dissolved
in dimethylformamide (10 mL), and iodomethane (1.72 mL,
0.028 mmol) was added. The reaction mixture was stirred at
room temperature for 66 h, and the solvent was evaporated.
The residue was shaken with ethyl acetate (40 mL) and wa-
ter (10 mL). The aqueous phase was extracted with ethyl ac-
etate (2 × 10 mL), and the combined organic extracts were
washed successively with water (10 mL), saturated sodium
thiosulfate (10 mL), saturated sodium bicarbonate (10 mL),
brine (10 mL), and dried over anhydrous magnesium sulfate.
Removal of the solvent afforded 1.73 g (76%) of the product
as a pale yellow oil. 1H NMR (100 MHz, CDCl3): 1.60 (m,
1H, NHCHCHH), 2.40 (m, 1H, NHCHCHH), 3.60–3.90 (m,
5H, NHCHCH2CH2 and CO2CH3), 4.40–4.70 (m, 1H,
NHCH), 5.20 (s, 2H, CH2Ph), 5.70 (br. s, 1H, NH), 7.40 (s,
5H, ArH).

Mesylation of the methyl ester of R-carbobenzoxyhomo-
serine

The carbobenzoxy methyl ester (1.71 g, 6.40 mmol) was
dissolved in methylene chloride (30 mL), and triethylamine
(1.2 mL, 8.499 mmol) was added in one portion. After 5 min
of stirring, the reaction mixture was cooled (–5 to –10 °C),
and methanesulfonyl chloride (0.63 mL, 8.206 mmol) was
added dropwise. The reaction mixture was stirred at 0 °C for
2 h, diluted with methylene chloride (20 mL), and washed
successively with water (2 × 10 mL), 1 N hydrochloric acid
(10 mL), water (10 mL), saturated sodium bicarbonate
(10 mL + 10 mL of water), and dried over anhydrous mag-
nesium sulfate. Removal of the solvent afforded 2.10 g
(100%) of the mesylate as a yellow oil. 1H NMR (100 MHz,
CDCl3): 2.30 (m, 2H, NHCHCH2), 3.02 (s, 3H, SO2CH3),
3.82 (s, 3H, CO2CH3), 4.25–4.55 (m, 3H, NHCH and
NHCHCH2CH2), 5.18 (s, 2H, CH2Ph), 5.55 (br. d, 1H, NH),
7.45 (d, 5H, ArH).

Methyl ester of R-2-carbobenzoxyamido-4-phthalimido-
oxybutyric acid

1,8-Diazabicyclo[5.4.0]undec-7-ene (1.74 mL, 11.62 mmol)
was added portionwise, with stirring, to a solution of N-
hydroxyphthalimide (2.08 g, 12.75 mmol) in dimethylform-
amide (12 mL). After 20 min, the dark red reaction mixture
was cooled to 10–15 °C, and a solution of the mesylate
(2.10 g, 6.68 mmol) in dimethylformamide (10 mL) was
added dropwise with stirring. The reaction mixture was
stirred at room temperature for 24 h and then diluted with
ethyl acetate (80 mL) and washed with water (6 × 15 mL)
until a pale yellow aqueous phase was obtained. The organic
layer was washed with saturated sodium bicarbonate (9 ×
12 mL) and saturated brine (2 × 12 mL), dried over anhy-
drous magnesium sulfate, and evaporated. The resulting pale
yellow solid (2.32 g) was recrystallized from 85% ethanol to
yield 1.81 g (66%) of the mesylate as a white powder; mp
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102–104 °C. 1H NMR (100 MHz, CDCl3): 2.30 (q, 2H,
NHCHCH2), 3.80 (s, 3H, CO2CH3), 4.38 (t, 2H,
NHCHCH2CH2), 4.70 (m, 1H, NHCH), 5.20 (s, 2H,
CH2Ph), 6.20 (br. d, 1H, NH), 7.40 (s, 5H, ArH), 7.85 (m,
4H, ArH from N-hydroxyphthalimide).

Methyl ester of R-2-carbobenzoxyamido-4-aminooxy-
butyric acid

A solution of methylhydrazine (0.34 mL, 6.305 mmol) in
tetrahydrofuran (2 mL) was added dropwise, with cooling at
5 °C and stirring, to a solution of the phthalimidooxy com-
pound (2.00 g, 4.85 mmol) in tetrahydrofuran (15 mL). The
reaction mixture was allowed to warm to room temperature,
and stirring was continued for 24 h. A white precipitate was
then removed by filtration, and the filtrate was evaporated to
dryness. The residue was then dissolved in methylene chlo-
ride (10 mL) and filtered through a plug of Silica Gel 60H
for TLC, with elution by methylene chloride (35 mL). Evap-
oration of the solvent afforded 1.18 g (86%) of the product
as a pale yellow oil. 1H NMR (100 MHz, CDCl3): 2.10 (m,
2H, NHCHCH2), 3.75 (m, 5H, NHCHCH2CH2 and
CO2CH3), 4.55 (m, 1H, NHCH), 4.15 (s, 2H, CH2Ph), 5.65
(br. d, 1H, NH), 7.40 (s, 5H, ArH).

Carbobenzoxy R-cyclocanaline
A solution of the carbobenzoxy methyl ester (1.15 g,

4.08 mmol) in tetrahydrofuran (65 mL) was treated dropwise
at 0–5 °C with trimethylaluminium (2.45 mL of a 2 mol/L
solution in hexane, 4.89 mmol). Stirring of the colourless re-
action mixture was continued for 1 h, and the cooling bath
was then removed while stirring continued for another 2 h.
The slightly yellowish reaction mixture was then cooled to
0 °C, water (7 mL) was added dropwise, and stirring was
continued for 1 h. Removal of the solvent afforded a white
solid, which was triturated with ethyl acetate (100 mL) and
filtered through a plug of Sililca Gel 60H for TLC. Elution
with ethyl acetate (100 mL) and evaporation of the solvent
yielded 1.17 g of a pale yellow semi-solid, which was fur-
ther purified by column chromatography on silica gel (30%
ethyl acetate – hexanes to 60% ethyl acetate – hexanes) to
give 456 mg (44%) of carbobenzoxy D-cyclocanaline as a
white solid (mp 126–127 °C). 1H NMR (100 MHz, CD3CN):
1.60–2.10 (m, 1H, NHCHCHH), 2.40–2.80 (m, 1H,
NHCHCHH), 3.90–4.70 (m, 3H, NHCH and
NHCHCH2CH2), 5.80–6.20 (br. d, 1H, NHCH), 7.30–7.50
(s, 5H, ArH), 8.60–9.00 (br. s, 1H, ONH). CI-MS (isobu-
tane) m/z: 251 ([M+ + 1]). Calcd. for C12H14N2O4: C 57.65,
H 5.64, N 11.20; found: C 57.89, H 5.71, N 11.34.

R-Cyclocanaline
The carbobenzoxy compound (268 mg, 1.071 mmol) was

treated in one portion with 30% hydrogen bromide in acetic
acid (0.80 mL) in a flask protected with a calcium chloride
drying tube. A gas was produced immediately. The mixture
was allowed to stand at room temperature for 1 h with occa-
sional shaking, and ether (5 mL) was then added. The
supernatant was decanted, and the precipitated solid was
triturated with ether, maintained at 1 torr for 2 h, and then
dissolved in methanol and treated, with shaking for 5 min,
with an ion-exchange resin (CGA-540, OH– form, 1.15 g).
The resin was filtered, rinsed with methanol (10 mL), and

the combined filtrates were evaporated to yield 77.1 mg
(62%) of yellow crystals. 1H NMR (100 MHz, D2O): 1.20–
2.00 (m, 2H, NH2CHCH2), 3.00–3.30 (m, 1H, NH2CH), 3.40
(t, 2H, NH2CHCH2CH2).

BOC-R-cycloserine (30)
To a suspension of R-cycloserine (2.00 g, 19.6 mmol) in

50% aqueous acetone (25 mL) were added triethylamine
(4.1 mL, 2.98 g, 29.4 mmol) and BOC-ON (5.31 g,
21.5 mmol). The reaction mixture was stirred overnight at
room temperature; most of the solvent was removed under
reduced pressure, and ethyl acetate (70 mL) was added. The
aqueous layer was separated, acidified to pH 3–4 with 5%
citric acid (75 mL), and extracted with ethyl acetate
(90 mL). The latter extract was washed successively with
water (3 × 90 mL) and saturated sodium chloride (90 mL),
dried over anhydrous magnesium sulfate, and evaporated.
Purification by flash chromatography on silica gel, using
ethyl acetate – hexanes (2:1) as the eluent, gave 2.41 g
(61%) of the product; mp 140–142 °C. IR (CH2Cl2) (cm–1):
1711, 1689. 1H NMR (CDCl3) δ: 9.88 (1H, br s, NH), 5.50
(1H, br s, BOCNH), 4.79 (1H, m, CHβ), 4.58 (1H, m, CHα),
4.10 (1H, m, CHβ), 1.45 (9H, s, C(CH3)).

13C NMR (CDCl3)
δ: 170.81, 155.73, 80.78, 74.80, 52.77, 28.24. CI-MS (m/z):
203 ([M + 1]). Calcd. for C8H14N2O4: C 47.52, H 6.98,
N 13.85; found: C 47.67, H 7.07, N 13.10.

Mitsunobu reaction of 30 with ethyl S-lactate
Diethyl azodicarboxylate (0.058 mL, 64.1 mg,

0.371 mmol) was added to a solution of triphenylphosphine
(0.103 g, 0.393 mmol) in tetrahydrofuran (3.2 mL) and cooled
to –56 to –50 °C. The solution was stirred for 10 min; ethyl
S-lactate (0.031 mL, 32.3 mg, 0.272 mmol) was added, and
stirring was continued for an additional 10 min at –50 °C, at
which time BOC-R-cycloserine (50.0 mg, 0.247 mmol) was
added. Stirring was continued while the resulting mixture
was allowed to warm to room temperature during 2.5 h. The
solvent was then removed under reduced pressure. Purifica-
tion of the residue by flash chromatography on silica gel, us-
ing 2:1 hexanes:ethyl acetate as the eluent, yielded a 1:1
mixture of diastereomeric products (64.7 mg, 87%). 1H
NMR (CDCl3) δ: 5.25 (1H, br s, BOCNH, both isomers),
4.96 (1H, q, 6.9 Hz, CHCH3, one isomer), 4.80 (1H, q,
7.5 Hz, CHCH3, second isomer), 4.71 (1H, m, CHβ, both
isomers), 4.57 (1H, m, CHα, both isomers), 4.22 (2H, q,
7.1 Hz, CH2CH3, one isomer), 4.21 (2H, q, 7.1 Hz, CH2CH3,
second isomer), 4.21 (1H, m, CHβ, both isomers), 1.58 (3H,
d, 6.7 Hz, CHCH3, one isomer), 1.53 (3H, d, 7.4 Hz,
CHCH3, second isomer), 1.45 (9H, s, C(CH3), one isomer),
1.44 (9H, s, C(CH3), second isomer), 1.29 (3H, t, 7.1 Hz,
CH2CH3, one isomer), 1.28 (3H, t, 7.1 Hz, CH2CH3, second
isomer). CI-MS (m/z): 303 ([M + 1]) (both isomers).

Mitsunobu reaction of 21 with ethyl S-lactate
Ethyl S-lactate (0.062 mL, 64.6 mg, 0.544 mmol) was

added at room temperature to a stirred solution of
[1,2]oxazinan-3-one (21) (45.4 mg, 0.449 mmol) in di-
chloromethane (2.8 mL). Triphenylphosphine (0.157 g,
0.597 mmol) was added; stirring was continued for 10 min
at room temperature; the reaction mixture was cooled in an
ice bath, and diethyl azodicarboxylate (0.093 mL, 0.103 g,
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0.593 mmol) was added dropwise. The solution was allowed
to warm to room temperature overnight, with stirring. The
solvent was removed under reduced pressure, and the resi-
due was purified by preparative layer chromatography on
silica gel, using 7:4 hexanes:ethyl acetate as the eluent, to
give 46.4 mg (51%) of the N-alkylated adduct 33 and 6.7 mg
(7%) of the O-alkylated adduct 34. N-Alkylated adduct: 1H
NMR (CDCl3) δ: 5.03 (1H, q, 6.9 Hz, CH), 4.23 (2H, q,
7.1 Hz, CH2CH3), 3.87 (2H, m, CH2γ), 2.34 (2H, m, CH2α),
2.03 (2H, m, CH2β), 1.51 (3H, d, 7.0 Hz, CHCH3), 1.31 (3H,
t, 7.1 Hz, CH2CH3). O-Alkylated adduct: 1H NMR (CDCl3)
δ: 5.20 (1H, q, 7.3 Hz, CH), 4.24 (2H, q, 7.1 Hz, CH2CH3),
4.17 (2H, m, CH2γ), 2.56 (2H, m, CH2α), 2.14 (2H, m,
CH2β), 1.50 (3H, d, 7.3 Hz, CHCH3), 1.29 (3H, t, 7.2 Hz,
CH2CH3).

Benzyl (S)-lactate
1,8-Diazabicyclo[5.4.0]undec-7-ene (18 mL, 18.3 g,

0.12 mol) was added slowly, with stirring, to a solution of
85% S-lactic acid (12.7 g, 0.12 mol) in methanol (50 mL).
The solvent was removed under reduced pressure at 70–
80 °C, and the resulting oil, in dimethylformamide (50 mL),
was cooled to 15 °C. Benzyl bromide (11.9 mL, 17.1 g,
0.10 mol) was added dropwise, and the reaction mixture was
stirred at room temperature for 30 h. After removal of ap-
proximately 40 mL of solvent by vacuum distillation, ethyl
acetate (100 mL) was added, followed by water (30 mL).
The aqueous layer was washed with ethyl acetate (2 ×
30 mL), and the combined organic extracts were washed
successively with water (30 mL), 5% citric acid (30 mL),
water (30 mL), saturated sodium bicarbonate (3 × 30 mL),
and saturated sodium chloride (2 × 30 mL), dried over anhy-
drous magnesium sulfate, and evaporated. The crude product
was distilled, to give a colourless oil (13.8 g, 76%); bp 119–
123 °C at 1 torr. IR (neat) (cm–1): 3483, 1738. 1H NMR
(CDCl3) δ: 7.37 (5H, m, Ar), 5.21 (2H, s, PhCH2), 4.32 (1H,
q, 6.9 Hz, CH), 2.38 (1H, br s, OH), 1.43 (3H, d, 6.9 Hz,
CH3).

13C NMR (CDCl3) δ: 175.52, 135.23, 128.66, 128.54,
128.22, 67.31, 66.84, 20.37. CI-MS (m/z): 181 ([M + 1]).
Calcd. for C10H12O3: C 66.64, H 6.73; found: C 66.30,
H 6.75.

Coupling of 20 with the triflate of benzyl S-lactate
A solution of 2,6-lutidine (0.35 mL, 0.32 g, 3.0 mmol) in

dichloromethane (3 mL) was added at –78 °C to a solution
of benzyl S-lactate (0.271 g, 1.5 mmol) in dichloromethane
(15 mL). The solution was stirred for 10 min, trifluoro-
methanesulfonic anhydride (0.25 mL, 0.42 g, 1.5 mmol) was
added dropwise, and stirring was continued for 30 min at –78
to –50 °C. A solution of methyl γ-aminooxybutyrate
(0.170 g, 1.28 mmol) and 2,6-lutidine (0.175 mL, 0.16 g,
1.5 mmol) in dichloromethane (6 mL) was then added
dropwise at –78 °C. The reaction mixture was allowed to
warm to room temperature, stirred for 18 h, and then washed
with water (2 × 10 mL). The organic phase was further
washed with saturated sodium chloride (10 mL), dried over
anhydrous magnesium sulfate, and evaporated. Purification
by flash chromatography on silica gel using a gradient sys-
tem, hexanes to ethyl acetate, gave 1.63 g (74%) of 35. IR
(neat) (cm–1): 3264, 1741, 1736. 1H NMR (CDCl3) δ: 7.34
(5H, m, Ar), 5.19 (2H, s, PhCH2), 5.14 (1H, br d, ONH),

3.75 (1H, q, 7.0 Hz, CH), 3.69 (2H, t, 6.3 Hz, CH2γ), 3.65
(3H, s, OCH3), 2.33 (2H, t, 7.4 Hz, CH2α), 1.87 (2H, m,
CH2β), 1.23 (3H, d, 7.0 Hz, CHCH3).

13C NMR (CDCl3) δ:
174.11, 173.89, 135.67, 128.55, 128.28, 128.11, 73.01,
66.55, 58.88, 51.54, 30.68, 23.91, 14.75. CI-MS (m/z): 296
([M + 1]).

Cyclization of 35
A solution of 35 (1.63 g, 5.5 mmol) in toluene (80 mL)

was cooled to 0 °C and a 2.0 mol/L solution of trimethyl-
aluminium in toluene (5.4 mL, 10.8 mmol) was added
dropwise. The reaction mixture was allowed to warm to room
temperature, stirred overnight, and then cooled to 0 °C,
treated dropwise with methanol (16 mL), and stirred for
20 min. Water (10 mL) was added; the ice bath was re-
moved, and stirring was continued for another 15 min. The
solution was then concentrated to near-dryness, 1:4 dichloro-
methane:tetrahydrofuran (200 mL) was added, and the mix-
ture was filtered through Celite. The filtrate was evaporated
to give the crude product, 1.19 g, together with some
unreacted starting material. Purification by flash chromatog-
raphy on silica gel using an ethyl acetate – hexanes gradient
solvent system, 10–40%, gave a clear oil (0.99 g, 84%). IR
(neat) (cm–1): 1744, 1660. 1H NMR (CDCl3) δ: 7.35 (5H, m,
Ar), 5.24 (1H, q, 7.3 Hz, CH), 5.20 (1H, d, 13.0 Hz, PhCH),
5.14 (1H, d, 13.0 Hz, PhCH), 4.14 (1H, m, CHγ), 3.98
(1H, m, CHγ), 2.51 (2H, m, CH2α), 2.08 (2H, m, CH2β),
1.50 (3H, d, 7.3 Hz, CHCH3).

13C NMR (CDCl3) δ: 170.90,
170.13, 135.45, 128.53, 128.30, 128.07, 69.32, 67.09, 53.17,
28.32, 22.11, 13.76. CI-MS (m/z): 264 ([M + 1]).

Hydrogenolysis of 36
To ethyl acetate (15 mL) was added 10% palladium on ac-

tivated carbon (83.0 mg, 0.078 mmol), and the suspension
was stirred in an atmosphere of hydrogen for 1 h. The
benzyl ester 36 (0.206 g, 0.78 mmol) in ethyl acetate
(15 mL) was then added, and stirring was continued for
24 h. The mixture was filtered through Celite, which was
washed with ethyl acetate (2 × 4 mL), and the combined fil-
trates were evaporated to give 37 as a white solid (0.13 g,
99%). IR (KBr) (cm–1): 1744, 1621. 1H NMR (CDCl3) δ:
5.22 (1H, q, 7.3 Hz, CH), 4.23 (1H, m, CHγ), 4.05 (1H, m,
CHγ), 2.56 (2H, m, CH2α), 2.13 (2H, m, CH2β), 1.52 (3H, d,
7.3 Hz, CHCH3).

13C NMR (CDCl3) δ: 173.78, 171.18,
69.61, 53.19, 28.26, 22.09, 13.58. CI-MS (m/z): 174 ([M +
1]). Calcd. for C7H11NO4: C 49.54, H 6.61, N 8.09; found:
C 49.36, H 6.52, N 7.86.

Alkylation of 28, R1 = PhCH2, R2 = Me, with the triflate
of benzyl S-lactate

A solution of 2,6-lutidine (0.60 mL, 0.54 g, 5.0 mmol) in
dichloromethane (3 mL) was added, with stirring, to a cooled
(–78 °C) solution of benzyl S-lactate (0.450 g, 2.5 mmol) in
dichloromethane (15 mL). After 10 min, trifluoromethane-
sulfonic anhydride (0.42 mL, 0.71 g, 2.5 mmol) was added
dropwise, and stirring was continued at –78 to –50 °C for an
additional 30 min. A solution of methyl 2-phenylacetamido-
4-aminooxybutyrate (28) (0.678 g, 2.5 mmol) and 2,6-
lutidine (0.30 mL, 0.27 g, 2.5 mmol) in dichloromethane
(15 mL) was then added dropwise. When the addition was
complete, the reaction mixture was allowed to warm to room
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temperature and stirred for 18 h. Water (2 × 10 mL) was
added, and the separated organic phase was washed with sat-
urated sodium chloride (10 mL), dried over anhydrous mag-
nesium sulfate, and evaporated. The residue was purified by
flash chromatography on silica gel using a gradient system,
hexanes to ethyl acetate, to give an oil (0.304 g, 29%). 4-
Phenylacetamido-[1,2]oxazinan-3-one (10) was also found
as a side product (0.136 g, 23%). IR (CH2Cl2) (cm–1): 3286,
1742, 1660. 1H NMR of 38 (CDCl3) δ: 7.34 (10H, m,
PhCH2CO, PhCH2O, both isomers), 6.35 (1H, d, 7.9 Hz,
CONH, one isomer, exchanges in CD3OD), 6.32 (1H, d,
7.5 Hz, CONH, second isomer, exchanges in CD3OD), 5.77
(1H, d, 9.5 Hz, ONH, one isomer, exchanges in CD3OD),
5.74 (1H, d, 8.9 Hz, ONH, second isomer, exchanges in
CD3OD), 5.16 (2H, d, 4.12 Hz, PhCH2O, one isomer), 5.15
(2H, d, 4.12 Hz, PhCH2O, second isomer), 4.62 (1H, m, CH
α, both isomers), 3.69 (2H, t, 6.3 Hz, CH2γ, both isomers),
3.68 (3H, s, OCH3, one isomer), 3.67 (3H, s, OCH3, second
isomer), 3.68–3.66 (1H, m, CHCH3, both isomers), 3.59
(2H, m, PhCH2CO, both isomers), 2.01 (2H, m, CH2β, both
isomers), 1.19 (3H, d, 7.2 Hz, CHCH3, one isomer) 1.18
(3H, d, 7.2 Hz, CHCH3, second isomer). 13C NMR (CDCl3)
δ:173.56, 172.32, 170.82, 135.55, 134.74, 129.37, 128.90,
128.87, 128.59, 128.21,.127.25, 70.30 (PhCH2O, one iso-
mer), 70.09 (PhCH2O, second isomer), 66.76 (CH2γ, both
isomers), 58.63(CHCH3, one isomer), 58.57 (CHCH3, sec-
ond isomer), 52.36 (PhCH2CO, both isomers), 50.23 (OCH3,
both isomers), 43.50 (CHα, both isomers), 30.45 (CH2β,
both isomers), 14.72 (CHCH3, one isomer), 14.62 (CHCH3,
second isomer). CI-MS (m/z): 429 ([M + 1]). Calcd. for
C23H28N2O6

.0.75H2O: C 62.51, H 6.68, N 6.34; found:
C 62.36, H 6.35, N 6.38.

Cyclization of 38
A 2.0 mol/L solution of trimethylaluminium in hexanes

(0.20 mL, 0.4 mmol) was added dropwise, at 0 °C, to a solu-
tion of 38 (42 mg, 0.10 mmol) in toluene (10 mL). The cool-
ing bath was removed, and the reaction mixture was stirred
overnight. Water (1 mL) was then added slowly, and stirring
was continued for 15 min. The solvent was evaporated to
near-dryness under reduced pressure; 1:4 dichloro-
methane:tetrahydrofuran (100 mL) was added, and the mix-
ture was filtered through Celite. The filtrate was evaporated
to give an oil (18 mg). Purification by short column chroma-
tography, using a hexanes to ethyl acetate gradient solvent
system, gave 3.9 mg of one isomer as a white solid; mp
106–107 °C. 1H NMR (CD3OD): 7.31 (10H, m, PhCH2CO,
PhCH2O), 6.44 (1H, d, 5.6 Hz, CONH), 5.14 (2H, q, 8.8 Hz,
PhCH2O), 5.10 (1H, q, 7.2 Hz, CHCH3), 4.66 (1H, m, CHa),
4.22 (1H, m, CH γ), 4.06 (1H, m, CH γ), 3.61 (2H, s,
PhCH2), 2.85 (1H, m, CH β), 1.60 (1H, m, CH β), 1.48 (3H,
d, 7.3 Hz, CH3).

13C NMR (CD3OD): 170.88, 170.42,
170.03, 135.03, 134.46, 129.35, 129.00, 128.66, 128.30,
127.41, 69.01, 67.43, 53.67, 47.51, 43.68, 29.15.

Synthesis of the tert-butyl esters 40a and 40b
To a stirred solution of 4-phenylacetylamido-[1,2]oxazinan-

3-one (10) (0.447 g, 1.91 mmol) and tert-butyl S-α-bromo-
propionate (0.398 g, 1.91 mmol) in dry dimethylformamide
(15 mL) was added KF–Al2O3 (40 wt %, 1.94 g) in one por-
tion. Stirring was continued at room temperature for 63 h.

The reaction mixture was then diluted with ethyl acetate
(40 mL) and filtered through a pad of Silica Gel 60H (for
TLC), which was washed with ethyl acetate (30 mL). The
filtrate was washed with water (4 × 30 mL), 10% potassium
bisulfate (15 mL), saturated sodium bicarbonate (15 mL),
and brine (30 mL), and dried over anhydrous magnesium
sulfate. Removal of the solvent provided 0.621 g of a yel-
lowish oil, which was purified by flash chromatography (Sil-
ica Gel 60, 15% ethyl acetate – hexanes → 70% ethyl
acetate – hexanes) to afford 40a (0.183 g, 26%) and 40b
(0.215 g, 31%) as colourless oils.

40a
IR (film) (cm–1): 3319, 2988, 1737, 1658, 1537, 1370. 1H

NMR (400 MHz, CDCl3): 1.42 (3H, d, 3J = 7.4, a-Me), 1.44
(9H, CMe3), 1.69 (1H, m,2J = –12.1, 3J = 10.0, 12.0, C5-
H1), 2.91 (1H, m, 2J = –12.1, 3J = 4.8, 6.9, 7.0, C5-H2),
3.60 (2H, CH2Ph), 4.14 (1H, m, 2J = –10.1, 3J = 7.0, 10.0,
C6-H4), 4.40 (1H, m, 2J = –10.1, 3J = 4.8, 10.0, C6-H3),
4.67 (1H, m, 3J = 6.8, 6.9, 12.0, C4-H5), 4.95 (1H, q, 3J =
7.4, a-CH), 6.49 (1H, br. d, 3J = 6.8, NH), 7.26–7.37 (5H, m,
Ph). 13C NMR (100 MHz, CDCl3): 14.06, 27.93, 29.24,
47.51, 54.33, 69.00, 82.30, 127.34, 128.94, 129.32, 134.51,
169.21, 170.28, 170.86. CI-MS (isobutane) m/z: 363 ([M+ +
1]).

40b
IR (film) (cm–1): 3311, 2981, 1739, 1657, 1539, 1370. 1H

NMR (400 MHz, CDCl3): 1.42 (9H, CMe3), 1.44 (3H, d,
3J = 7.3, a-Me), 1.61 (1H, m,2J = –12.4, C5-H1), 2.95
(1H, m, 2J = –12.4, 3J = 4.9, 7.2, 10.1, C5-H2), 3.62 (2H,
CH2Ph), 4.02 (1H, m, 2J = –10.2, 3J = 4.9, 10.1, C6-H4),
4.24 (1H, m, 2J = –10.2, 3J = 6.9, 10.3, C6-H3), 4.71
(1H, m, 3J = 5.6, 7.2, 11.7, C4-H5), 4.87 (1H, q, 3J = 7.3, a-
CH), 6.48 (1H, br. d, 3J = 5.6, NH), 7.24–7.37 (5H, m, Ph).
13C NMR (CDCl3): 13.40, 27.90, 28.94, 43.67, 47.77, 54.86,
69.15, 82.38, 127.36, 128.96, 129.35, 134.52, 168.27,
170.87, 171.94. CI-MS (isobutane) m/z: 363 ([M + 1]).

Deprotection of 40a
Ice-cold trifluoroacetic acid (1.5 mL) was added dropwise

to 40a (0.149 g, 0.41 mmol), with cooling (0 to –5 °C) and
stirring. The reaction mixture was stirred for 1 h at room
temperature and evaporated to dryness under reduced pres-
sure. The semisolid residue was triturated with dry ether and
dried in vacuo to afford 0.075 g (60%) of the acid 5a as a
white solid; mp 58–60 °C. IR (KBr) (cm–1): 3280, 2950,
1735, 1654, 1544, 1454. 1H NMR (400 MHz, CD3OD): 1.46
(3H, d, 3J = 7.3, a-Me), 1.96 (1H, m,2J = –12.5, 3J = 6.5,
9.5, C5-H1), 2.56 (1H, m, 2J = –12.5, 3J = 5.4, 7.4, 9.5, C5-
H2), 3.61 (2H, CH2Ph), 4.18 (1H, m, 2J = –10.3, 3J = 6.5,
10.3, C6-H4), 4.43 (1H, m, 2J = –10.3, 3J = 5.4, 9.5, C6-
H3), 4.76 (1H, dd, 3J = 7.4, 10.5, C4-H5), 5.04 (1H, q, 3J =
7.3, a-CH), 7.21–7.38 (5H, m, Ph). 13C NMR (CD3OD):
14.23, 30.05, 43.61, 48.36, 55.01, 70.19, 127.90, 129.55,
130.23, 136.70, 171.89, 173.26, 174.20. CI-MS (isobutane),
m/z: 307 ([M + 1]).

Deprotection of 40b
Repetition of the above experiment with 40b afforded the

acid 5b in 58% yield as a white solid; mp 189–190 °C. IR
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(KBr) (cm–1): 3284, 2935, 1712, 1671, 1645, 1541, 1438. 1H
NMR (400 MHz, CD3OD): 1.49 (3H, d, 3J = 7.3, a-Me),
1.93 (1H, m,2J = –12.7, 3J = 6.9, 9.0, 11.6, C5-H1), 2.54
(1H, m, 2J = –12.7, 3J = 5.3, 7.5, 9.0, C5-H2), 3.60 (2H,
CH2Ph), 4.14 (1H, m, 2J = –10.9, 3J = 5.3, 9.0, C6-H4), 4.26
(1H, m, 2J = –10.9, 3J = 6.9, 9.0, C6-H3), 4.77 (1H, dd, 3J =
7.5, 11.6, C4-H5), 4.99 (1H, q, 3J = 7.3, a-CH), 7.19–7.40
(5H, m, Ph). 13C NMR (CD3OD): 13.80, 29.98, 43.63,
48.36, 55.42, 70.44, 127.91, 129.57, 130.23, 136.66, 172.74,
172.81, 174.01. CI-MS (isobutane), m/z: 307 ([M + 1]).

Benzyl ester of homolactivicin
A solution of dicyclohexylcarbodiimide (0.357 g,

1.73 mmol) in acetonitrile (10 mL) was added dropwise to a
stirred solution of the oxazinone 10 (0.311 g, 1.33 mmol)
and benzyl 2-oxoglutarate (0.408 g, 1.73 mmol) in aceto-
nitrile (20 mL). After three days of stirring, a white precipi-
tate was collected by filtration and washed with methylene
chloride. The filtrate was evaporated under reduced pressure
to give 0.85 g of a dark semi-solid, which was purified by
flash column chromatography (Silica Gel 60, ethyl acetate)
to afford diastereomers 41a (0.189 g) and 41b (0.126 g)
(52% total yield) as white solids.

Homolactivicin
To a 1:1 mixture of 41a and 41b (0.217 g, 0.48 mmol) in

ethyl acetate (30 mL) was added 5% Pd–C (0.106 g) in one
portion. The mixture was stirred at room temperature, under
hydrogen, for 7.5 h. The catalyst was then removed by filtra-
tion through a pad of Silica Gel 60H (for TLC), followed by
washing with ethyl acetate (50 mL) and tetrahydrofuran
(50 mL). The combined filtrates were evaporated under re-
duced pressure, and the white solid residue was triturated
with dry ether (3 × 5 mL) and dried in vacuo to afford
0.0945 g (54%) of racemic homolactivicin (a mixture of
diastereoisomers) as a white powder; mp 150–152 °C (de-
composition temperature (dec)). IR (KBr) (cm–1): 3348,
2942, 1804, 1713, 1542, 1185, 1032. 1H NMR (400 MHz,
CD3CN): 1.85 (1H, br.m), 2.45 (1H, br m), 2.56 (2H, br m),
2.72 (1H, br m), 2.90 (2H, br m), 3.52 (2H, CH2Ph), 4.13
(1H, br m), 4.26 (2H, br m), 4.71 (1H, br m), 6.71 (br s,
NH), 7.2–7.4 (5H, m, Ph). Calcd for C17H18N2O7: C 56.35,
H 5.01, N 7.73; found: C 56.31, H 5.11, N 7.69.

Calcium L-threonate
Calcium carbonate (60.06 g, 0.6 mol) was added to a solu-

tion of L-ascorbic acid (52.8 g, 0.3 mol) in water (410 mL).
The slurry was cooled to 0–5 °C and hydrogen peroxide
(50% w/w, 61.2 mL, 0.9 mol) was added dropwise during
1 h at 5–20 °C. Stirring was continued at room temperature
for 16 h, and the reaction mixture was then heated at 70–
75 °C for 1 h until gas was no longer evolved. The suspen-
sion was filtered hot, and the filter cake was washed with
50–60 °C hot water (2 × 30 mL). The combined filtrates
were concentrated to about 120 mL under reduced pressure
at 55 oC. Methanol (250 mL) was added dropwise to the
warm concentrate (50 °C) until the solution became cloudy,
and the mixture was then stirred at room temperature for
12 h, filtered, and the precipitate was washed with methanol
(3 × 30 mL). The solid was dried to a constant weight at
60 °C (3 h) to give 45.2 g (94.6%) of 42. IR (KBr) (cm–1):

1600 (s). 1H NMR (D2O, 400 MHz): 4.02 (d, 1H, Hc, Jbc =
2.3 Hz), 3.94 (ddd, 1H, Hb, Jab = 7.7 Hz, Ja′b = 5.2 Hz, Jbc =
2.2 Hz), 3.65 (ABX, 1H, Ha′, Jaa′ = 11.6 Hz, Ja′b = 5.2 Hz),
3.58 (ABX, 1H, Ha, Jaa′ = 11.6 Hz, Jab = 7.7 Hz).

Methyl 2,4-dibromo-2,4-dideoxy-L-erythronate (43)
Calcium L-threonate (34.98 g, 0.11 mol) was stirred for

24 h with 30% w/w hydrogen bromide – acetic acid solution
(210 mL, 1.05 mol), and methanol (420 mL) was then
added. The solution was stirred at room temperature for an
additional 12 h, and the mixture was then refluxed for 2 h.
The solvent was evaporated under reduced pressure to give
an oil, which was dissolved in ethyl acetate (250 mL). This
solution was washed with brine (100 mL), dried over sodium
sulfate, and evaporated to give 43 (27.38 g, 90.2%) as an oil.
IR (film) (cm–1): 3340 (m), 1745 (s). 1H NMR (CDCl3,
400 MHz): 4.32 (d, 1H, Hc, Jbc = 8.8 Hz), 4.24 (m, 1H, Hb),
3.81 (s, 3H, CO2Me), 3.80 (AB, 2H, HaHa′). CI-MS (m/z):
277 ([M + 1]).

Methoxymethylation of 43
Boron trifluoride etherate (9.35 mL, 74 mmol) was added

dropwise under nitrogen during 10 min at 0–5 °C to a solu-
tion of 43 (16.55 g, 60 mmol) in dichloromethane (70 mL)
and dimethoxymethane (33 mL). The reaction mixture was
stirred at room temperature for 10–12 h, cooled to 0–5 °C,
and quenched by dropwise addition of water (50 mL) during
15 min. Dichloromethane (80 mL) was added, and the or-
ganic layer was washed with saturated sodium bicarbonate
(2 × 50 mL) and brine (100 mL), dried over anhydrous so-
dium sulfate, and evaporated under reduced pressure to give a
pale yellow oil (18.10 g, 92%). IR (film) (cm–1): 1747 (s). 1H
NMR (CDCl3, 400 MHz): 4.71 (AB, 2H, Hd, MeOCH2O-),
4.43 (d, 1H, Hc, Jbc = 9.1 Hz), 4.16 (dt, 1H, Hb, Jab ~ Ja′b =
2.9 Hz, Jbc = 9.1 Hz), 3.86 (ABX, 2H, HaHa′, Jaa′ = 11.5 Hz,
Jab = 2.8 Hz, Ja′b = 3.1 Hz), 3.79 (s, 3H, CO2Me), 3.41 (s,
3H, MeOCH2O).

Methyl 2-azido-4-bromo-2,4-dideoxy-3-methoxymethoxy-
L-threonate (44)

Sodium azide (2.18 g, 33.5 mmol) was added in one por-
tion at 10–15 °C to a solution of the MOM derivative
(10.23 g, 32.0 mmol) in dimethylformamide (40 mL). The
mixture was stirred at 10 °C to room temperature for 12 h.
Water (35 mL) was then added at 0–5 °C, and the mixture
was extracted with ethyl acetate (2 × 80 mL). The combined
extracts were washed with water (3 × 20 mL) and brine
(20 mL), dried over anhydrous sodium sulfate, and evapo-
rated under reduced pressure to give an oil. Purification by
flash chromatography using 5% ethyl acetate as eluent
yielded 6.40 g (71%) of 44. IR (film) (cm–1). 2115 (s), 1744
(s). 1H NMR (CDCl3, 400 MHz): 4.67 (AB, 2H,
MeOCH2O), 4.33 (ddd, 1H, Hb, Jab = 9.0 Hz, Ja

,
b = 5.0 Hz,

Jbc = 2.5 Hz), 4.29 (d, 1H, Hc, Jbc = 2.5 Hz), 3.85(s, 3H,
CO2Me), 3.58 (ABX, 1H, Ha′, Jaa′ = 10.2 Hz, Ja′b = 5.0 Hz),
3.53 (ABX, 1H, Ha, Jaa′ = 10.2Hz, Jab = 9.0 Hz), 3.36 (s, 3H,
MeOCH2O-). CI-MS (m/z) 282 ([M + 1]), 284 ([M + 3]),
along with 0.40 g (5.2%) of the diazide-compound. IR (film)
(cm–1): 2109 (vs), 1751 (s). 1H NMR (CDCl3, 400 MHz):
4.68 (AB, 2H, MeOCH2O), 4.18 (ddd, 1H, Hb, Jab = 7.3 Hz,
Ja

,
b = 6.1 Hz, Jbc = 2.9 Hz), 3.95 (d, 1H, Hc, Jbc = 2.9 Hz),
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3.84 (s, 3H, CO2Me), 3.62 (ABX, 1H, Ha′, Jaa′ = 12.4 Hz,
Ja′b = 6.1 Hz), 3.49 (ABX, 1H, Ha, Jaa′ = 12.4 Hz, Jab =
7.3 Hz), 3.36 (s, 3H, MeOCH2O-). CI-MS (m/z) 245 ([M + 1]).

Reduction of 44 and protection as the BOC derivative 45
A 5% Pd–C suspension (0.60 g) in ethyl acetate (55 mL)

was stirred for 2 h in a hydrogen atmosphere, and a solution
of 44 (4.30 g, 15.0 mmol) and di-tert-butyl dicarbonate
(4.00 g, 18.0 mmol) in ethyl acetate (25 mL) was added. The
mixture was stirred under hydrogen until the starting mate-
rial had disappeared (48 h) and then filtered through Celite.
The Celite pad was washed with ethyl acetate (3 × 10 mL),
and the filtrate was concentrated under reduced pressure.
The crude product was purified by flash chromatography
(12% ethyl acetate in hexane) to give 4.03 g (74%) of 45 as
a colourless oil. IR (film) (cm–1): 1754 (s), 1721 (s). 1H
NMR (CDCl3, 400 MHz): 5.19 (d, 1H, NH, JNHHc =
10.0 Hz), 4.72 (d, 1H, Hc, JNHHc = 10.3 Hz), 4.64 (AB, 2H,
MeOCH2O-), 4.36 (t, 1H, Hb, Jab = 6.4 Hz), 3.77 (s, 3H,
CO2Me), 3.43 (ABX, 2H, Ha, Jab = 6.4 Hz), 3.31 (s, 3H,
MeOCH2O-), 1.48 (s, 9H, -CO2CMe3). CI-MS (m/z):
356([M + 1]), 358 ([M + 3]).

Conversion of 45 to the phthalimidooxy compound
A solution of N-hydroxyphthalimide (2.40 g, 14.8 mmol)

and DBU (2.20 g, 14.4 mmol) in dimethylformamide
(25 mL) was added dropwise with stirring at 10–15 °C to a
solution of 45 (4.40 g, 12.4 mmol) in dimethylformamide
(10 mL). The mixture was stirred for 60 h and allowed to
warm to room temperature. Ethyl acetate (120 mL) was then
added, and the organic layer was washed with saturated so-
dium bicarbonate (5 × 15 mL) and brine (20 mL), dried over
anhydrous sodium sulfate, and evaporated to give an oil. Pu-
rification by flash chromatography using 30% ethyl acetate
in hexane as eluent afforded 2.93 g (54.0%) of the phthali-
midooxy compound as a colourless oil. IR (film) (cm–1):
1739 (s), 1732 (s), 1719 (s). 1H NMR (CDCl3, 400 MHz):
7.80 (AB, 4H), 5.28 (d, 1H, NH, JNHHc = 9.8 Hz), 4.76 (AB,
2H, MeOCH2O-), 4.65 (d, 1H, Hc, JNHHc = 9.8 Hz), 4.58 (m,
1H, Hb, Jab = 7.0 Hz, Ja′b = 4.8 Hz, Jbc = 1.5 Hz), 4.36 (ABX,
1H, Ha′, Jaa′ = 10.6 Hz, Ja′b = 4.8 Hz), 4.28 (ABX, 1H, Ha,
Jaa′ = 10.6 Hz, Jab = 7.0 Hz), 3.79 (s, 3H, CO2Me), 3.31 (s,
3H, MeOCH2O-), 1.43 (s, 9H, -CO2CMe3). CI-MS (m/z):
439 ([M + 1]).

Formation of the aminooxy compound 46
A solution of the phthalimidooxy compound (2.40 g,

5.48 mmol) in dichloromethane (25 mL) was treated, with
stirring at –15 °C, with a solution of methylhydrazine
(0.38 g, 8.26 mmol) in dichloromethane (2 mL). The cooling
bath was then removed, and stirring was continued for 4 h.
The solvent and excess methylhydrazine were evaporated
under reduced pressure, and the residue was triturated with
ethyl acetate (6 × 3 mL) and filtered through a short silica
gel plug. The filtrate was evaporated to give 1.44 g (85.3%)
of 46 as a colourless oil. IR (film) (cm–1): 3451 (b), 3323
(m), 1745 (s), 1714 (s). 1H NMR (CDCl3, 400 MHz): 5.54
(b, 2H, -ONH2), 5.25 (d, 1H, NH, JNHHc = 9.6 Hz), 4.61
(AB, 2H, MeOCH2O-), 4.47 (dd, 1H, Hc, Jbc = 1.6 Hz,
JNHHc = 9.8 Hz), 4.40 (td, 1H, Hb, Jab~ Ja′b = 6.2 Hz, Jbc =
1.6 Hz), 3.76 (s, 3H, CO2Me), 3.73 (ABX, 2H, Haa′, Jaa′ =

11.2 Hz, Ja′b = Jab = 6.2 Hz), 3.31 (s, 3H, MeOCH2O-),
1.47 (s, 9H, -CO2CMe3). CI-MS (m/z): 309 ([M + 1]).

Reaction of 46 with the triflate of benzyl L-lactate
Trifluoromethanesulfonic anhydride (0.79 mL, 4.69 mmol)

was added dropwise, with stirring at –78 °C, to a solution of
benzyl L-lactate (0.84 g, 4.66 mmol) and 2,6-lutidine
(0.70 g, 6.53 mmol) in dichloromethane (35 mL). After
20 min a solution of 46 (1.30 g, 4.22 mmol) and 2,6-lutidine
(0.46 g, 4.29 mmol) in dichloromethane (20 mL) was added
dropwise at –78 to –60 °C. Stirring was continued at –78 to
–50 °C for 1 h, and the cooling bath was then removed. Af-
ter an additional 10 h of stirring the reaction mixture was
washed with cold water (2 × 5 mL), dried over anhydrous
sodium sulfate, and evaporated to give an oil. Purification by
flash chromatography using 25% ethyl acetate in hexane as
eluent yielded 1.31 g (66%) of 47. IR (film) (cm–1): 3445
(b), 3367 (m), 1744 (s), 1719 (s). 1H NMR (CDCl3,
400 MHz): 7.37 (m, 5H, PhCH2-), 6.07 (d, 1H, ONH,
JONHHd = 8.8 Hz), 5.23 (d, 1H, NH, JNHHc = 9.9 Hz), 5.18
(AB, 2H, PhCH2-), 4.56 (AB, 2H, MeOCH2O), 4.43 (d, 1H,
Hc, JNHHc = 9.9 Hz), 4.32 (t, 1H, Hb, Jab = 6.0 Hz), 3.80 (m,
1H, Hd, Jde = 7.2Hz,, JONHHd = 8.8 Hz), 3.77 (d, 2H, Ha, Jab =
6.4 Hz), 3.75 (s, 3H, CO2Me), 3.27 (s, 3H, MeOCH2O-),
1.45 (s, 9H, -CO2CMe3), 1.24 (d, 3H, He, Jde = 7.2 Hz). CI-
MS (m/z): 471 ([M + 1]).

Cyclization of 46
A 2.0 mol/L solution of trimethylaluminium in hexane

(1.68 mL, 3.36 mmol) was added dropwise, with stirring at
0–5 °C, to a solution of 46 (0.86 g, 2.80 mmol) in dry
tetrahydrofuran (70 mL). Stirring was continued for 40 min
after addition was complete, and for 3.5 h after the cooling
bath was removed. Ice-cold water (1 mL) was added, and af-
ter 20 min, the solvent was removed under reduced pressure.
The residue was triturated with tetrahydrofuran (6 × 5 mL)
and dichloromethane (4 × 5 mL) and filtered through a short
silica gel – Celite pad. The filtrate was evaporated to give
48, 0.70 g (90%), as an oil. IR (film) (cm–1): 3342 (m), 3232
(m), 1698 (vs). 1H NMR (CDCl3, 400 MHz): 8.80 (s, 1H,
NHe), 5.19 (d, 1H, NHd, JNHdHc = 7.0 Hz), 4.69 (AB, 2H,
MeOCH2O-, J = 7.0 Hz), 4.57 (dd, 1H, Hc, JNHdHc = 7.1 Hz,
Jbc = 7.1 Hz), 4.26 (ABM, 1H, Ha′, Jaa′ = 12.2 Hz, Ja′b =
5.9 Hz), 4.14 (ABM, 1H, Ha, Jaa′ = 12.2 Hz, Jab = 3.3 Hz),
3.99 (ddd, 1H, Hb, Jab = 3.3 Hz, Ja′b = 5.9 Hz, Jbc = 7.8 Hz),
3.37 (s, 3H, MeOCH2O-), 1.45 (s, 9H, -CO2CMe3). CI-MS
(m/z): 277 ([M + 1]).

Cyclization of 47
A 2.0 mol/L solution of trimethylaluminium in hexane

(3.40ml, 6.82 mmol) was added dropwise, with stirring at 0–
5 °C, to a solution of 47 (0.76 g, 1.62 mmol) in dry toluene
(70 mL). Stirring was continued for 40 min at 0–5 °C and
then for 4 h after removal of the cooling bath. Ice-cold water
(1 mL) was added, the mixture was stirred for 20 min, and
the solvent was then removed under reduced pressure. The
residue was triturated with tetrahydrofuran (8 × 6 mL) and
dichloromethane (3 × 6 mL) and filtered through a short sil-
ica gel – Celite pad. Evaporation of the filtrate gave an oil,
which was purified by flash chromatography (using ethyl ac-
etate:hexane (20:80) as eluent); this eluted to yield 0.45 g
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(62.6%) of 49. IR (film) (cm–1): 3351 (w), 1745 (s), 1719
(s), 1687 (s). 1H NMR (CDCl3, 400 MHz): 7.37 (m, 5H,
PhCH2-), 5.16 (AB, 2H, PhCH2-), 5.13 (q, 1H, Hd, Jde =
7.3 Hz), 4.71 (m, 1H, Hc), 4.64 (AB, 2H, MeOCH2O), 4.54
(ABM, 1H, Ha′, Jaa′ = 11.9 Hz, Ja′b = 6.6 Hz), 4.00 (ABX,
1H, Ha, Jaa′ = 11.9 Hz, Jab = 3.1 Hz), 3.86 (ddd, 1H, Hb, Jab =
3.1 Hz, Ja′b = 6.6 Hz, Jbc = 8.5 Hz), 3.34 (s, 3H, MeOCH2O-),
1.50 (d, 3H, Jde = 7.3 Hz), 1.45 (s, 9H, -CO2CMe3). CI-MS
(m/z): 439 ([M + 1]).

Removal of the BOC and MOM groups of 49
Trifluoroacetic acid (1.25 mL, 16.30 mmol) was added

dropwise with stirring at 0–5 °C to a solution of 49 (0.25 g,
0.57 mmol) in dichloromethane (1.0 mL) and anisole
(0.5 mL). After removal of the cooling bath, stirring was
continued for 10 h. The solvent was then removed under re-
duced pressure, and the residue was washed with ether (2 ×
3 mL) to give a solid. The solid that resulted was dried in
vacuo to 70 mg (30%) of 50 as an off-white powder. IR
(KBr) (cm–1): 3459 (b), 3217 (m), 1731 (s), 1683 (vs). 1H
NMR (CD3OD, 400 MHz): 7.36 (m, 5H, Ph-), 5.18 (q, 1H,
Hd, Jde = 7.3 Hz), 5.17 (AB, 2H, PhCH2OCO-), 4.70 (ddd,
1H, Hb, Jab = 2.6 Hz, Ja′b = 7.1 Hz, Jbc = 4.3 Hz), 4.58
(ABM, 1H, Ha′, Jaa′ = 11.8 Hz, Ja′b = 7.1 Hz), 4.27 (d, 1H,
Hc, Jbc = 4.3 Hz), 3.98 (ABX, 1H, Ha, Jaa′ = 11.8 Hz, Jab =
2.6 Hz), 1.54 (d, 3H, He, Jde = 7.3 Hz). CI-MS (m/z): 295
([M]+).

Phenylacetylation of 50
To a solution of the trifluoroacetic acid salt (70 mg,

0.17 mmol) in dichloromethane (6.0 mL) were added drop-
wise, with stirring at –20 to –10 °C, triethylamine (52.0 mg,
0.51 mmol), followed by a solution of phenylacetyl chloride
(31.7 mg, 0.20 mmol) in dichloromethane (1.0 mL). The
cooling bath was removed and stirring was continued for
6 h. Dichloromethane (10 mL) was then added, and the reac-
tion mixture was washed successively with 5 °C water
(1.5 mL), saturated sodium bicarbonate (3 × 1.5 mL), and
brine (1.5 mL), dried over anhydrous sodium sulfate, and
evaporated to give an oil. Purification by flash chromatogra-
phy using ethyl acetate as eluent afforded 37.8 mg (54%) of
49 as an off-white powder. IR (KBr) (cm–1): 3464 (b), 3304
(m), 1736 (s), 1681 (s), 1644 (vs). 1H NMR (CD3CN,
400 MHz): 7.37 (m, 10H, Ph-), 6.71 (d, 1H, NH, JNHHc =
7.4 Hz), 5.11 (AB, 2H, PhCH2O), 5.07 (q, 1H, Hd, Jde =
7.2 Hz), 4.67 (dd, 1H, Hc, Jbc = 3.8 Hz, JNHHc = 7.4 Hz),
4.55 (m, 1H, Hb), 4.48 (ABM, 1H, Ha′, Jaa′ = 11.6 Hz, Ja′b =
7.4 Hz), 3.86 (ABX, 1H, Ha, Jaa′ = 11.6 Hz, Jab = 2.4 Hz),
3.65 (d, 1H, OH, JOHHb = 4.4 Hz), 3.61 (AB, 2H,
PhCH2CONH-), 1.45 (d, 3H, He, Jde = 7.2 Hz). CI-MS (m/z):
413 ([M + 1]).

Hydrogenolysis of 51
A suspension of 5% Pd–C (0.035 g) in ethyl acetate

(6 mL) was activated in a hydrogen atmosphere for 2 h. A
solution of the benzyl ester 51 (35 mg, 0.085 mmol) in ethyl
acetate (10 mL) was added, and the mixture was stirred in a
hydrogen atmosphere until the starting material had disap-
peared (4 h). The mixture was filtered through Celite; the
Celite pad was washed with methanol (4 × 5 mL), and the
filtrate was evaporated under reduced pressure to give 52

(25 mg 92%) as a white powder. IR (KBr) (cm–1): 3459 (b),
3283 (w), 1727 (w), 1666 (s), 1644 (vs). 1H NMR (CD3OD,
400 MHz): 7.30 (m, 5H, Ph-), 4.97 (q, 1H, Hd, Jde = 7.3 Hz),
4.80 (m, 1H, Hc), 4.57 (m, 1H, Hb, Jab = 1.8 Hz, Ja′b =
7.4 Hz, Jbc = 3.7 Hz), 4.52 (ABM, 1H, Ha′, Jaa′ = 10.9 Hz,
Ja′b = 7.4 Hz), 3.92 (ABX, 1H, Ha, Jaa′ = 10.9 Hz, Jab =
1.8 Hz), 3.68 (AB, 2H, PhCH2CONH-), 1.50 (d, 3H, He,
Jde = 7.3 Hz). CI-MS (m/z): 323 ([M + 1]).

Bioassays
The data of Table 2 were obtained using seeded agar

plates, prepared as described in ref 1. MIC (minimum inhib-
itory concentration) data were provided by the Health Sci-
ences Centre, Winnipeg, and by NAEJA Pharmaceuticals,
Edmonton.
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Geometrical and vibrational DFT studies of
HOBr·(H2O)n clusters (n = 1–4)

Cristina Maria P. Santos, Roberto B. Faria, Wagner B. De Almeida,
Juan O. Machuca-Herrera, and Sérgio P. Machado

Abstract: The geometrical structures and the vibrational spectra of the HOBr·(H2O)n clusters (n = 1–4) have been cal-
culated at the DFT level of theory, using the pBP method and the DN* and DN** numerical basis sets. The results
showed that the interaction involving the H of the HOBr and the O of the water molecule represent the preferred ar-
rangements for these hydrated compounds. Both HOBr·H2O and HOBr·(H2O)2 clusters presented stable structures with
syn and anti conformations, the syn being the most stable. The HOBr·(H2O)3 and the HOBr·(H2O)4 clusters have pre-
sented stable cyclic structures. In the HOBr·H2O and HOBr·(H2O)2 clusters, low-frequency stretching values could be
assigned to hydrogen bonds, but the same could not be done so clearly for the HOBr·(H2O)3 and the HOBr·(H2O)4

cyclic clusters. The binding energies were also determinated for these HOBr hydrated clusters, showing that the addi-
tion of a water molecule to the HOBr·H2O and HOBr·(H2O)2 clusters increases the binding energy by approximately
4 kcal mol–1, while the addition of a water molecule to the HOBr·(H2O)3 cluster decreases this value by 4 kcal mol–1.

Key words: DFT, numerical basis, HOBr·(H2O)n, clusters.

Résumé : On a calculé, théoriquement au niveau DFT, les structures géométriques et les spectres de vibration des
agrégats de HOBr·(H2O)n (n = 1–4) en utilisant la méthode pBP et les ensembles de base DN* et DN**. Les résultats
montrent que l’interaction impliquant le H du HOBr et le O de la molécule d’eau représente les arrangements privilé-
giés de ces composé hydratés. Les deux agrégats de HOBr·H2O et de HOBr·(H2O)2 ont des structures stables avec des
conformations syn et anti, la conformation syn étant la plus stable. Les agrégats de HOBr·(H2O)3 et de HOBr·(H2O)4

ont des structures cycliques stables. Dans les agrégats de HOBr·H2O et de HOBr·(H2O)2 on peut attribuer les élonga-
tions de faible fréquence aux liaisons hydrogènes mais cette attribution ne peut être faite aussi clairement dans le cas
des agrégats de HOBr·(H2O)3 de HOBr·(H2O)4 et des agrégats cycliques. On a également déterminé les énergies de
liaison de ces agrégats de HOBr hydratés, en montrant que l’addition d’une molécule d’eau aux HOBr·H2O et
HOBr·(H2O)2 augmente approximativement l’énergie de liaison de 4 kcal mol–1, tandis que l’addition d’une molécule
d’eau au HOBr·(H2O)3 diminue cette valeur de 4 kcal mol–1.

Mots clés : DFT, base numérique, HOBr·(H2O)n, agrégats.

[Traduit par la Rédaction] Santos et al. 970

Introduction

The water solvation process involving compounds associ-
ated with catalytic reactions related to the ozone depletion in
the stratosphere (1–3) has been receiving great attention in
the past few years. The importance of this process is justi-
fied by the higher water concentration in the Earth’s atmo-
sphere and the tendency of water to form hydrogen bonds,
making possible the association between two or more water
molecules (4–7) and between different water clusters and
other species present in the atmosphere (8). Among these as-
sociations, we have been interested in the HOBr hydrated
complexes once the bromine species are directly involved in
reactions converting ozone to oxygen, and there is a discus-

sion about the origin of an unexpected higher bromine radi-
cal concentration observed on ice surfaces present on the
stratospheric clouds and on the Artic snow pack (9). The
questioned participation of the ice surfaces in the catalytic
reactions and the hydrogen bonds involved in the hydrated
clusters have been considered important for the understand-
ing of the properties of weakly bound molecular complexes,
for the determination of the hydrated cluster concentration
on the troposphere and stratosphere, and for the prediction
of catalytic reactions responsible for the chemical atmo-
spheric changes.

In this context, we present theoretical results of equilib-
rium geometries and vibrational frequencies related to the
structures generated by the association of HOBr and water

Can. J. Chem. 81: 961–970 (2003) doi: 10.1139/V03-101 © 2003 NRC Canada

961

Received 2 November 2002. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 12 August 2003.

C.M.P. Santos, R.B. Faria,1 J.O. Machuca-Herrera, and S.P. Machado. Departamento de Química Inorgânica, Instituto de
Química, Universidade Federal do Rio de Janeiro, Caixa Postal 68563, Rio de Janeiro, RJ, 21945-970, Brazil.
W.B. De Almeida. LQC-MM: Laboratório de Química Computacional e Modelagem Molecular, Departamento de Química, ICEx,
Universidade Federal de Minas Gerais, Campus Pampulha, CEP 31270-901, Belo Horizonte, MG, Brazil.

1Corresponding author (e-mail: faria@iq.ufrj.br).

I:\cjc\cjc8109\V03-101.vp
August 8, 2003 12:45:05 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



molecules. These results are compared with other halogen
hydrate complexes involving interactions of HOCl with 1–4
water molecules (10–12) and of HOBr with only one water
molecule (13).

Methods

DFT equilibrium geometries and vibrational frequencies
were performed using PC SPARTAN PRO (Wavefunction
Inc., Irvine, CA) and a nonlocal perturbative Becke–Perdew
(14, 15) model with a potential comprising a local part and a
gradient correction. In this perturbative model the gradient
correction is introduced only after the convergence, based on
the local potential, has been achieved and not at each self-
consistent field interaction, which represent a time calcula-
tion reduction. The DN* and DN** numerical basis sets em-
ployed describe the inner shell of each atomic orbital by a
single function and the valence shell by a pair of functions,
together with a set of five d-type polarization functions. The
difference between DN** and DN* is that the first includes
p-type polarization functions for hydrogen atoms. The calcu-
lations were done on Pentium III, 233 MHz, with 10 GB of
disk space and 128 MB RAM.

The pBP method, with numerical basis sets, was em-
ployed in our previous study involving the equilibrium ge-
ometries of HBrOx (x = 1–3) isomers (16) with good results.

The calculated pBP binding energy values are presented
without basis set superposition error (BSSE) corrections.
This procedure was based on the fact that DFT methods, us-
ing basis sets of quality, give low BSSE values.

Results

Three different associations between the HOBr and the
H2O molecules have been studied based on interactions in-
volving the Br and the O of the water molecule, the O of the
HOBr and one H of the water molecule, and the H of HOBr
and the O of the water molecule. The results pointed to the
structures obtained by the last interaction as the most stable
configurations.

The atomic charge distribution was obtained from the
electrostatic potential, giving qualitative information about
the electronic density on the atoms of the hydrated com-
plexes. For all clusters, this charge distribution has presented
the bromine atom with a low positive charge and the hydro-
gen and the oxygen atoms with positive and negative density
charges, respectively.

The details for each association of water molecules with
HOBr are given below.

HOBr·H2O
Two CS structures, with the water molecule oriented in syn

(dihedral angle of 0.0°) and in anti (dihedral angle of
180.0°) positions with respect to the bromine, were submit-
ted to geometry optimization. The optimized syn and anti
conformers have CS and C1 symmetry, respectively, and both
present a nearly linear hydrogen bond. The HOBr·H2O opti-
mized structures are presented in Fig. 1, and the correspond-
ing geometrical parameters are listed in Table 1, together
with the Ying and Zhao B3LYP/6-311++G(d,p) results (13).

As the results obtained using DN* and DN** basis sets
have not presented significant geometrical differences, each
optimized geometry was submitted to an analytical second
derivatives calculation using only the more polarized DN**
basis set. The pBP/DN** vibrational frequencies obtained
are listed in Table 2, together with the B3LYP/6-
311++G(d,p) values (13).

HOBr·(H2O)2
The second water molecule was added to the syn and anti

HOBr·H2O optimized structures, with the hydrogen of the
first water molecule interacting with the oxygen of the sec-
ond water molecule, giving a syn and an anti HOBr·(H2O)2
conformation. These syn and anti references are also based
on the orientation of the first water molecule with respect to
the bromine. The syn and anti HOBr·(H2O)2 clusters, which
were obtained by a previous conformer search process, were
submitted to a geometry optimization, including vibrational
frequency determination, and the optimized structures have
presented nonlinear hydrogen bonds. These clusters are pre-
sented in Fig. 2, and their geometrical parameters can be
found in Table 3.

The anti and syn pBP/DN** HOBr·(H2O)2 vibrational fre-
quency values are listed in Table 4. As many vibrational
modes have appeared conjugated, it was difficult to assign
all of them.

The charge distribution on the HOBr·(H2O)2 clusters
showed that the proximity between the H5 and O1 atoms on
the anti conformer (H5···O1 = 1.928 Å) did not represent a
charge transfer from O1 to the H5 atom.

HOBr·(H2O)3
The most stable structure of this cluster was found consid-

ering two initial possibilities. The first was the association of
the second and third water molecules to the different hydro-
gen atoms of the water molecule in the HOBr·H2O structures
presented in Fig. 1. The second possibility was a consecutive
association of the water molecules, as considered on water
clusters where the free hydrogens are oriented above and be-
low the ring.

In the first case, the optimized geometry conformers and
the vibrational frequency results have suggested noncorre-
spondence to a minimum energy on all tested structures; this
possibility was thus refused.

For the second case, the association of the third water mol-
ecule was based on syn and anti HOBr·(H2O)2 clusters. All
the anti HOBr·(H2O)3 clusters obtained presented geometrical

© 2003 NRC Canada
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Fig. 1. HOBr·(H2O) structures: (a) symmetric; (b) antisymmetric.
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syn anti

pBP/DN* pBP/DN** B3LYPa pBP/DN* pBP/DN** B3LYPa

Bond lengths (Å)
Br—O1 1.882 1.883 1.865 1.881 1.882 1.865

O1—H1 1.014 1.007 0.980 1.012 1.005 0.980

H1···O2 1.758 1.763 1.820 1.757 1.752 1.815

O2—H2 0.986 0.977 0.963 0.984 0.976 0.963

O2—H3 0.986 0.977 0.963 0.985 0.977 0.963

Bond angles (°)
BrO1H1 100.91 100.96 103.2 102.34 102.31 103.8

O1H1···O2 174.85 174.93 179.5 173.02 172.90 173.1

H1···O2H2 109.94 107.77 — 113.25 113.22 —

H1···O2H3 109.94 107.77 — 112.40 112.31 —

H2O2H3 105.34 105.31 106.2 105.77 105.87 106.1
BrO1H1···O2 0.00 0.00 0.00 –177.95 –178.92 180.0

O1H1···O2H2 –57.76 –56.60 –67.4 73.64 76.87 64.7

O1H1···O2H3 57.76 56.60 67.4 –46.17 –42.98 –64.7
Symmetry CS CS CS C1 C1 CS

ET
b –2726.782 –2726.801 –2726.42 –2726.79 –2726.799 –2726.415

a6-311++G(d,p) basis set (13).
bValues in hartree (energies without ZPE corrections).

Table 1. Calculated geometry parameters of syn and anti HOBr·H2O structures.

syn anti

Attributions B3LYPa pBP/DN** B3LYPa pBP/DN**

HOH wag 10 (A′′ ) 72 61 (A′′ ) 79
Rock of molecule 75 (A′) 117 68 (A′) 123
H1O2 stretch 216 (A′) 240 204 (A′) 221

BrO1H1O2 torsion 226 (A′′ ) 258 222 (A′′ ) 279

Rock H2O2H3 227 (A′) 339 269 (A′) 308

BrO1 stretch 619 (A′) 598 616 (A′) 601

H bond wag 727 (A′′ ) 829 735 (A′′ ) 778
BrO1H1 bend 1280 (A′) 1314 1281 (A′) 1279
H2O2H3 bend 1619 (A′) 1676 1620 (A′) 1570

O1H1 stretch 3549 (A′) 3208 3550 (A′) 3239

O2H2,3 symmetric stretch 3817 (A′) 3781 3813 (A′) 3661

O2H2,3 asymmetric stretch 3918 (A′′ ) 3801 3914 (A′′ ) 3781
a6-311++G(d,p) basis set (13).

Table 2. Vibrational frequencies (cm–1) of syn and anti HOBr·H2O conformers.

Fig. 2. HOBr·(H2O)2 clusters: (a) symmetric; (b) antisymmetric.
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and vibrational results with a noncorrespondence to a mini-
mum energy. In this way, based only on the syn HOBr·(H2O)2
cluster, three HOBr·(H2O)3 structures were obtained. The less
stable optimized structure corresponded to a noncyclic config-
uration with an energy value of –2879.7652 hartree
(1 hartree = 4.359748 × 10–18 J). The other two cyclic struc-
tures were optimized and the more stable provided a mini-
mum energy of –2879.7772 hartree, corresponding to a
closed cyclic chain. This structure is presented in Fig. 3, and
the geometrical parameters and vibrational frequencies are
listed in Tables 5 and 6, respectively.

The atomic charge distribution shows H7 with a charge
lower than the charges of the other hydrogens involved in
hydrogen bonding but higher than the atomic charges on the
free hydrogens (H2 and H6). The H4 atom, placed in the op-
posite way to the bromine atom, presents an atomic charge
higher than the charges on the other free hydrogen atoms.
The vibrational frequency values related to the BrO1 and
O1H1 stretch and H1O2H3 bend do not present significant
differences when compared with the previous HOBr·(H2O)2
structures, but the OH stretch frequencies related to the wa-
ter molecules were observed in a characteristic region (above
2900 cm–1), being all conjugated.

HOBr·(H2O)4
In the HOBr·(H2O)4 cluster, one stable cyclic structure has

been found, with OH bonds placed above and below the ring
made up of five oxygen atoms. This structure can be ob-
served in Fig. 4, and the geometrical parameters are listed in
Table 7.

The atomic charge distribution on the HOBr·(H2O)4 clus-
ter was very close to the distribution observed for the
HOBr·(H2O)3 cluster, which can be considered as a typical

© 2003 NRC Canada
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Parameters syn anti

Bond lengths (Å)
Br—O1 1.874 1.885
O1—H1 1.026 1.024
H1···O2 1.641 1.659
O2—H2 0.976 0.977
O2—H3 1.004 1.005
H3···O3 1.742 1.795
O3—H4 0.977 0.976
O3—H5 0.989 0.995
Bond angles (°)
BrO1H1 102.61 103.75
O1H1···O2 176.25 156.17
H1···O2H2 112.79 114.88
H1···O2H3 103.88 90.55
H2O2H3 105.91 106.49
O2H3···O3 163.39 151.44
H3···O3H4 115.07 117.86
H3···O3H5 96.57 89.64
H4O3H5 105.66 105.83
BrO1H1O2 80.68 126.21
O1H1···O2H2 –173.00 98.18
O1H1···O2H3 –58.78 –10.32
H1···O2H3···O3 –9.79 0.73
H2O2H3···O3 109.25 –115.47
O2H3···O3H4 112.87 –109.33
O2H3···O3H5 2.14 –1.55
Energya –2803.2852 –2803.2856

aValues in hartree (energies without ZPE corrections).

Table 3. Calculated geometry parameters of syn and anti
HOBr·(H2O)2 clusters (pBP/DN** method).

anti syn

36; 95 – molecule torsions 38; 115 – molecule torsions
155 – H1O2H3 bend 122 – H1O2H3 bend
232 – H3O3 stretch 230 – rock H4O3H5

274 – H1O2 stretch 249 – H3O3 stretch
283 – O2H3O3H4 torsion 275 – rock H2O2H3

368 – H2O2H3O3 torsion 298 – H1O2 stretch
397 – rock HOH molecules 361 – O2H3O3H4 and

H2O2H3O3 torsion
491 – rock HOH molecules 474 – rock HOH molecules
601 – BrO1 stretch 539 – O2H3O3H5 torsion
657 – H5 wag 602 – BrO1 stretch
798 – rock H1O2H3 882 – rock H1O2H3

1080 – H1O2H3 and H3O3H5

bend
949 – H3O3H5 and H1O2H3

bend
1320 – H1O1Br bend 1394 – H1O1Br bend
1590 – asym.a H2O2H3 and

H4O3H5 bend
1562 – H4O3H5 bend

1597 – sym.b H2O2H3 and
H4O3H5 bend

1605 – H2O2H3 bend

2915 – O1H1 stretch 2890 – O1H1 stretch
3223 – O2H3 stretch 3223 – O2H3 stretch
3389 – O3H5 stretch 3488 – O3H5 stretch
3722 – O2H2 stretch 3724 – O3H4 stretch
3730 – O3H4 stretch 3731 – O2H2 stretch

aasym. = asymmetric.
bsym. = symmetric.

Table 4. Vibrational frequencies (cm–1) of anti and syn
HOBr·(H2O)2 conformers.

Fig. 3. HOBr·(H2O)3 cluster.
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charge distribution for structures with a ring formed by O—
H and H···O bonds.

The vibrational frequencies are presented in Table 8, and
we have attributed specific regions for vibrational modes re-
lated to the HOBr and HOH molecules. The small vibra-
tional frequency values had been difficult to assign, but the
56.8 cm–1 wavenumber could be identified as a BrO1H9
bend.

HOH and (H2O)n clusters
The optimized geometries of the HOH molecule and the

water dimer, trimer, and tetramer were obtained using the
pBP/DN** method. This is an initial step necessary to deter-
mine the binding energy of the HOBr·(H2O)n clusters and
their energetic stability order. The pBP/DN** vibrational
frequencies were also calculated and have presented no
imaginary values. The optimization process pointed to a CS
symmetry for the water dimer, with a hydrogen bond close
to linearity. The water trimer and tetramer are comprised of
cyclic structures, with free hydrogens placed out of the ring
formed by the oxygen atoms. The HOH and (H2O)n geomet-
rical parameters are listed in Table 9.

The reliability of the pBP/DN** calculations for the de-
scription of the water–water hydrogen bond could be veri-
fied by the equilibrium geometry obtained for the water
dimer. The results presented the (H2O)2 structure as possess-
ing CS symmetry with an OH···O angle of 175.5°, showing a
nonlinearity of the hydrogen bonds. Our O···O distance be-
tween the water molecules was 2.859 Å; this is smaller than
the experimental value of 2.976 Å but close to the MP2/aug-
cc-pVTZ value of 2.898 Å and lower than the values of
3.032 Å and 3.084 Å obtained by Xantheas and Dunning
(5), using HF and CASSCF methods with aug-cc-pVDZ ba-
sis sets. Based on these values, the pBP/DN** method could
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Distances (Å) Angles (°) Dihedral angles (°)

Br—O1 1.884 BrO1H1 102.57 BrO1H1···O2 118.01

O1—H1 1.046 O1H1···O2 170.12 O1H1···O2H2 –141.05
H1···O2 1.56 H1···O2H2 112.54 O1H1···O2H3 –26.57
O2—H2 0.976 H1···O2H3 102.90 H1···O2H3···O3 10.86
O2—H3 1.022 H2O2H3 106.71 H2O2H3···O3 129.50
H3···O3 1.64 O2H3···O3 168.28 O2H3···O3H4 118.91
O3—H4 0.976 H3···O3H4 112.55 O2H3···O3H5 6.56
O3—H5 1.014 H3···O3H5 100.42 H3···O3H5···O4 0.17
H5···O4 1.684 H4O3H5 106.01 H4O3H5···O4 –117.17
O4—H6 0.976 O3H5···O4 167.21 O3H5···O4H6 –129.90
O4—H7 1.005 H5···O4H6 115.63 O3H5···O4H7 –15.57
H7···O1 1.765 H5···O4H7 102.01 H5···O4H7···O1 1.48

H6O4H7 105.86 H6O4H7···O1 122.82
O4H7···O1 165.61 O4H7···O1Br –92.05
BrO1···H7 107.68

Note: HOBr·(H2O)3: E = –2879.77715 hartree; dipole = 2.240 D. Energy value without ZPE correction.

Table 5. Calculated geometry parameters of the HOBr·(H2O)3 cluster (pBP/DN** method).

Wavenumber (cm –1) Vibrational modes

33; 57; 89; 102; 213 —
266; 293; 300; 326; 337; 391; 461; 492; 535 Torsion, hydrogen wag, and twist regions involving water molecules
606 BrO1 stretch
766; 926; 992 Rock involving water molecules
1179 H1O2H3 bend
1417 BrO1H1 bend
1590; 1606; 1637 Water molecule bends
2573 OH stretch (HOBr molecule)
2911; 3061; 3229; 3702; 3722; 3731 OH stretch (HOH molecules)

Table 6. Vibrational frequencies for the HOBr·(H2O)3 structure.

Fig. 4. HOBr·(H2O)4 cluster.
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be considered a method reliable for the reproduction of hy-
drogen bonds in small clusters.

Binding energies
The binding energies could be calculated using the

pBP/DN** energy values of –2650.3070 hartree — with
zero-point vibrational energy correction included — ob-
tained for the isolated HOBr molecule in our previous study
(16) and the pBP/DN** energy values of the HOH molecule
and the water clusters calculated in this study. The energies
of the water monomer, water clusters, HOBr·(H2O)n clusters
(n = 1–4), and the binding energies are presented in Ta-
ble 10, all including the zero-point vibrational energy cor-
rection.

Considering the pBP/DN** energy values for the syn and
anti HOBr·H2O conformers of –2726.7640 hartree and
–2726.7631 hartree and including the zero-point vibrational

energy corrections, the syn and anti binding energy values
were 0.0069 hartree (4.3 kcal mol–1) and 0.0056 hartree
(3.5 kcal mol–1), respectively. The binding energy values ob-
tained by Ying and Zhao (13) for the syn and anti conform-
ers were higher than ours, being 5.6 kcal mol–1 and
5.5 kcal mol–1, respectively, for B3LYP/6-311++G(d,p) cal-
culations. The difference of 0.8 kcal mol–1 observed between
the syn and anti binding energy values, which was higher
than the difference of 0.1 kcal mol–1 observed by Ying and
Zhao (13), are probably an effect of the Cs and C1 symme-
tries obtained for the syn and anti pBP/DN** conformers,
respectively. Dibble and Francisco (10), using the MP2/6-
311++G(d,p) method, calculated the binding energy differ-
ence between the syn and anti HOCl·H2O conformers (both
with CS symmetry) to be 0.1 kcal mol–1.

Each water molecule addition in a cluster increases the
binding energies by approximately 4 kcal mol–1, except
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Distances (Å) Angles (°) Dihedral angles (°)

Br—O1 1.882 BrO1H1 102.66 BrO1H1···O2 136.25

O1—H1 1.056 O1H1···O2 176.67 O1H1···O2H2 –167.10
H1···O2 1.51 H1···O2H2 112.07 O1H1···O2H3 –48.27
O2—H2 0.976 H1···O2H3 111.0 H1··O2H3··O3 –15.73
O2—H3 1.029 H2O2H3 106.4 H2O2H3···O3 106.45
H3···O3 1.594 O2H3···O3 177.09 O2H3···O3H4 141.49
O3—H4 0.976 H3···O3H4 113.48 O2H3···O3H5 23.47
O3—H5 1.022 H3···O3H5 109.61 H3··O3H5··O4 –20.29
H5···O4 1.631 H4O3H5 105.8 H4O3H5···O4 –143.00
O4—H6 0.976 O3H5···O4 178.7 O3H5···O4H6 –81.81
O4—H7 1.015 H5···O4H6 110.2 O3H5···O4H7 34.43
H7···O5 1.655 H5···O4H7 109.14 H5··O4H7··O5 12.89
O5—H8 0.975 H6O4H7 106.16 H6O4H7···O5 131.71
O5—H9 1.007 O4H7···O5 172.0 O4H7···O5H8 –172.07
H9···O1 1.72 H7···O5H8 121.91 O4H7···O5H9 –45.79

H7···O5H9 110.48 H7··O5H9··O1 20.82
H8O5H9 106.6 O5H9···O1Br –93.92
O5H9···O1 173.34 O5H9···O1H1 16.21
H9···O1Br 107.83 H8O5H9···O1 155.26
H9···O1H1 107.67 H9··O1H1··O2 22.61

Note: HOBr·(H2O)4: E = –2956.26299 hartree; dipole = 2.199 D. Energy value without ZPE correction.

Table 7. Calculated geometry parameters of the HOBr·(H2O)4 cluster (pBP/DN** method).

Wavenumber (cm–1) Vibrational modes

29.9; 54.1; 56.8; 87.1; 95.6; 122.2 —
197.8 Molecule breezing
242.6; 270.6; 277.9 Torsion between water molecules
300.3; 332.7; 359.0; 395.7; 414.2 Hydrogen wag
486.9; 523.7; 572.2; 583.1 Rock involving water molecules
617.6 BrO1 stretch
781.4; 917.6; 988.4 Rock involving water molecules
1080.0; 1193.3 H1O2H3, and H5O4H7 bend
1438 BrO1H1 bend
1588.1; 1604.9; 1631.0; 1648.0 Water molecule bends
2431.1 OH stretch (HOBr molecule)
2800.7; 2941.8; 3058.3; 3180.2; 3714.3; 3722.3; 3726.6; 3738.8 OH stretch (HOH molecules)

Table 8. Vibrational frequencies for the HOBr·(H2O)4 cluster.
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when the HOBr·(H2O)4 cluster is generated. This cluster
presents almost the same stability as the HOBr·(H2O)2 clus-
ter; the HOBr·(H2O)3 is the more energetically favorable
cluster among the studied clusters. This change in the bind-
ing energy tendency can be attributed to a contribution of
the nuclear repulsion energy, which was greater for
HOBr·(H2O)4 than in the other HOBr species. Ortiz-Repiso
et al. (12) have studied the HOCl·(H2O)n clusters (n = 1–4)
and found an increase in the binding energy when each wa-
ter molecule is added to the previous species; HOCl·(H2O)4
is thus the more energetically favorable cluster. This differ-
ent behavior can be attributed to the different size of the
bromine and chlorine atoms, which affects the repulsion en-
ergies.

Discussion

HOBr·H2O
The pBP/DN** energy values pointed to the syn structure

as slightly more stable than the anti stucture, as obtained by

Ying and Zhao (13). Our syn conformer was 0.5 kcal mol–1

more stable than the anti conformer, while the difference ob-
served by Ying and Zhao (13), using the B3LYP/6-
311++G(d,p) method, was only 0.2 kcal mol–1. Generally,
the syn and anti conformers did not present significant bond
lengths changes; the syn bond length values were slightly
longer than the anti. The BrO1H1, O1H1···O2, and H2O2H3
angles presented differences of 1.3, 2.0, and 0.5° between
the syn and anti conformers, respectively.

The comparison between the pBP/DN** and B3LYP/6-
311++G(d,p) (13) results showed that the pBP bond lengths
were 1% longer, with the exception of H1···O2, which was
approximately 3% shorter. The syn pBP/DN** O1H1···O2 an-
gle was 4.5° lower than that obtained by the B3LYP/6-
311++G(d,p) method, while the anti one was practically co-
incident. The syn and anti pBP/DN** BrO1H1 angles were,
respectively, 2.2° and 1.5° lower than the corresponding
B3LYP/6-311++G(d,p) values, while the syn and anti
pBP/DN** H2O2H3 angles did not present significant
changes.
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Parameters H2O (H2O)2 (H2O)3 (H2O)4

Hf —Owa (Å) 0.975 0.974 0.975 0.976

Owa—Hb (Å) 0.988 1.004 1.019
HfOwaHb (°) 104.69 104.54 106.43 105.42
Hb···Owb (Å) 1.874 1.792 1.649
OwaHb···Owb (°) 175.45 151.70 169.83
Hf —Owb (Å) 0.976 0.975 0.976
Owb—Hb (Å) 1.004 1.019
HfOwbHb (°) 105.40 105.64 106.21
Hb···Owc (Å) 1.792 1.653
OwbHb···Owc (°) 153.28 167.99
Hf —Owc (Å) 0.976 0.976
Owc—Hb (Å) 1.004 1.018
HfOwcHb (°) 105.84 105.67
Hb···Owa (Å) 1.803 1.646
OwcHb···Owa (°) 152.36
OwdHb···Owa (°) 168.12
Hb···Owd (Å) 1.659
OwcHb···Owd (°) 168.50
Hf —Owd (Å) 0.976
Owd—Hb (Å) 1.019
HfOwdHb (°) 106.21
Energya –76.470700 –152.948683 –229.436684 –305.928417

Note: Hf = hydrogen free; Hb = hydrogen bonded; Owa, Owb, Owc, Owd = oxygen of a, b, c, and d water molecules, respectively.
aOptimized energies, without ZPE corrections; values in hartree.

Table 9. Calculated geometry parameters of the H2O molecule and (H2O)n clusters (pBP/DN** method).

HOBr·(H2O)n energiesa (H2O)n energiesa Binding energiesb

HOBr·H2O syn –2726.7640 H2O –76.4501 0.0069 (4.33)
HOBr·(H2O)2 syn –2803.22425 (H2O)2 –152.90348 0.0137 (8.60)
HOBr·(H2O)3 –2879.69162 (H2O)3 –229.36508 0.0195 (12.24)

HOBr·(H2O)4 –2956.15317 (H2O)4 –305.83215 0.0140 (8.79)

Note: EHOBr· = –2650.3070 hartree (with ZPE correction).
aEnergy in hartree.
bValues in parenthesis in kcal mol–1.

Table 10. Optimized energy (with zero-point vibrational energy correction) and binding energy values for HOBr·(H2O)n and water clusters.
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The comparison with the corresponding chlorine hydrated
complex showed that our syn and anti H1···O2 hydrogen
bonds were shorter than the equivalent bonds obtained by
Dibble and Francisco (10) and Ortiz-Repiso et al. (12) for
the HOCl·H2O complex (using the MP2/6-311++G(d,p)
method), which were, respectively, 1.809 Å and 1.811 Å for
the syn structure and 1.807 Å and 1.806 Å for the anti struc-
ture. This would suggest that the hydrogen bond between
HOBr and H2O is stronger than HOCl and H2O, but, as we
are comparing values calculated by different methods, we
cannot be sure about this conclusion.

The comparison between the hydrated complexes and the
HOBr and H2O monomers showed that the addition of a wa-
ter molecule to HOBr decreased the BrO1 bond length by
0.5% and increased the O1H1 bond length by 2%, while the
O2H2,3 bond lengths remained the same. Changes in angles
were all less than 0.7°. The orientation of the hydrogens of
the water molecule related to the bromine on the syn con-
former has closed the BrO1H1 angle.

The vibrational frequency values listed in Table 2 for the
syn and anti conformers showed that, in general, our results
did not present any significant discrepancy when compared
with the B3LYP/6-311++G(d,p) results (13).

For the syn and anti conformers, the comparison between
pBP/DN** and B3LYP/6-311++G(d,p) vibrational frequen-
cies showed that the pBP/DN** O1H1 stretches were 10%
and 9% lower than the B3LYP/6-311++G(d,p) values, re-
spectively, while the H1O2 stretches were 10% and 8%
higher. For the syn conformer, our pBP/DN** HOBr and
HOH bends were 3% higher than the values obtained by
Ying and Zhao (13). For the anti conformer, the symmetric
and asymmetric pBP/DN** vibrational modes related to the
water molecule showed lower frequencies than the values
obtained by the B3LYP/6-311++G(d,p) method.

The HOBr·H2O stretch and bend vibrational modes, when
compared with the correspondent HOBr values, showed that
the syn and anti structures gave BrO1 stretch values that in-
creased by 1.2% and 1.6%, respectively. Both conformers
presented HOBr bend frequencies higher than the isolated
species; the values for the syn and anti structures were 14%
and 12% higher, respectively. The O1H1 stretches were 11%
lower than the values observed for the HOBr molecule, sug-
gesting that the hydrogen bond with the water molecule
weakens this bond. The HOBr·H2O modes, when compared
with the corresponding values on the H2O-isolated molecule,
showed that the HOH bend and the symmetric O2H2,3 stretch
were 6% and 3% higher for the syn conformer and only
0.2% and 0.7% lower for the anti conformer, respectively.
As the syn conformer is the most stable, it shows that the
syn HOBr·H2O formation disturbs the water molecule more
than in the case of the anti conformer, as expected.

Table 2 shows that the syn and anti HOBr·H2O conform-
ers present the syn H2O2H3 bend value 6% higher than the
anti. For the O2H2,3 symmetric stretch, the syn conformer
value was 3% higher than the value for the anti conformer.
These differences were not observed in the B3LYP/6-
311++G(d,p) results, probably because of the same CS sym-
metry found on syn and anti structures.

The electrostatic potential surface and the calculated
pBP/DN** atomic charge distribution pointed to a difference
between the H2 and H3 atoms in the anti conformer as a nat-

ural consequence of the C1 symmetry obtained for this con-
former. The electrostatic potential surface showed a high
electronic density located on the atoms of the HOBr mole-
cule, suggesting an electronic-density transfer from the H2O
molecule to the HOBr molecule when the hydrated complex
is formed.

HOBr·(H2O)2
As compared with the HOCl·(H2O)2 cluster (12) that pre-

sented only one structure with the chlorine atom placed off
the planar ring made up of three oxygen, our calculations
pointed to two stable structures with a small energy differ-
ence for the HOBr·(H2O)2 cluster. The geometrical parame-
ters listed in Table 3 make some interesting comparisons
possible.

For the anti conformer, the O1—H1 bond length was aug-
mented by 4% and 2%, respectively, when compared with the
isolated HOBr and with the HOBr·H2O, while the Br—O1
length was still practically the same. The H1O1Br angle was
2° and 1.5° higher than the values obtained for the isolated
HOBr molecule and for the HOBr·H2O complex, respec-
tively, showing that this angle increases as more water mole-
cules are added. The O2—H3 bond length was longer than
the other free O2—H2, O3—H4, and O3—H5 bond lengths as
a consequence of the interaction of the H3 atom with the ox-
ygen of the second water molecule. The anti O3—H5 bond
length was larger than the other free O—H bonds and than
the syn O3—H5 bond (see, in Fig. 2, the proximity between
the H5 and O1 atoms). The H2O2H3 angle was slightly higher
than that obtained for isolated HOH and for HOBr·H2O,
while the H4O3H5 angle was very close to the H2O2H3 termi-
nal angle in HOBr with one water molecule. The introduc-
tion of the second water molecule closed the H1···O2H3
angle by 19%, approximately, showing a first tendency for a
cyclic structure formation.

With respect to the syn structure, the Br—O1 bond length
was 0.8% and 0.5% lower than the values obtained for the
isolated HOBr molecule and for HOBr with one water mole-
cule, respectively, while the O1—H1 bond length was in-
creased by 4% and 2%, respectively, as occurred on the anti
structure. The H1O1Br angle was increased 1° and 1.7° when
compared with the isolated HOBr molecule and the
HOBr·H2O molecule, respectively. The O2—H2, O2—H3,
O3—H4, and O3—H5 bond lengths were practically the same
as the anti conformer.

The syn and anti H1···O2 hydrogen bonds between the
HOBr and the first water molecule have shown values
shorter than those found for the monohydrated HOBr com-
plex. The H3···O3 hydrogen bond between the first and sec-
ond water molecule presented a value close to the H1···O2
value observed in the HOBr·H2O complex, being smaller
than the experimental hydrogen bond (2.03 Å) determinated
by Dyke et al. (4) for the water dimer. For the stable
HOCl·(H2O)2 cluster, Ortiz-Repiso et al. (12), using the
MP2/6-311++G(d,p) method, calculated the corresponding
H1···O2 hydrogen bond as 1.933 Å and the H3···O3 hydrogen
bond as 1.765 Å, just the opposite of our results, with the
first hydrogen bond being longer than the second. The
H3···O3 hydrogen bond values were shorter than the calcu-
lated H···O distance obtained for the water dimer: our
pBP/DN** H···O distance was 1.874 Å, while the MP2 cal-
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culations made by Xantheas and Dunning (5) and Ortiz-
Repiso et al. (12) pointed to this distance as 1.95 Å, using
aug-cc-pVDZ and 6-311++G(d,p) basis sets. Our syn and
anti O2···O3 distances of 2.74 Å and 2.79 Å were, respec-
tively, close to the experimental value of 2.976 Å obtained
for the water dimer (5).

The geometrical differences mentioned above for both
conformers have shown bond length- and angle-specific be-
haviors when the atoms are placed in terminal position or in
the middle of the molecule chain.

The vibrational frequencies presented in Table 4 show that
the BrO1 and O1H1 stretch values are very close for the anti
and syn structures, but 2% higher and 20% lower, respec-
tively, than the values obtained for the isolated HOBr mole-
cule. The comparison of the anti and syn H1O1Br bending
values with the corresponding values for the isolated HOBr
molecule showed an increase of 15% and 20%, respectively.
These differences are in concordance with the geometrical
HOBr changes observed when the HOBr is associated with
the water molecule. Comparing with the isolated water mol-
ecule, the O2H3 and O3H5 stretch values were close to the
symmetric modes, while the O2H2 and O3H4 stretch values
were close to the asymmetric modes, in both syn and anti
conformers. The O···H bond between different water mole-
cules could be verified by the presence of H1O2 and H3O3
stretch frequencies with low values, being very far from the
O–H stretch characteristic region in pure water.

HOBr·(H2O)3 and HOBr·(H2O)4
For the HOBr·(H2O)3 and HOBr·(H2O)4 clusters, only

O—H bonds are located in the ring, contrasting with the
Ortiz-Repiso et al. (12) results that have also presented sta-
ble structures with O—Cl bonds in the ring. This difference
can be attributed to the different sizes between the bromine
and the chlorine atoms.

The calculated OH···O angles show that the HOBr·(H2O)3
cluster is less planar than the HOBr·(H2O)4 cluster, although
the ring that has four water molecules is more distorted than
the ring with three water molecules. with three water mole-
cules. The O4—H7 and the O5—H9 bond lengths are shorter
than the other O—H distances on the water cluster, indicat-
ing a lower interaction between the H7 and H9 atoms and the
O1 atom on the respective clusters.

In the HOBr·(H2O)3 cluster, the O···H hydrogen bonds
were approximately 1.6 Å. This value is shorter than the
pBP and MP2 (5, 12) hydrogen bond values of 1.79 Å and
1.9 Å obtained, respectively, for the water trimer. The hydro-
gen bond of 1.653 Å calculated by Ortiz-Repiso et al. (12)
for the HOCl·(H2O)3 cluster was longer than our H1···O2
value of 1.560 Å obtained for the HOBr·(H2O)3 cluster,
which is probably a consequence of the planarity obtained
for the cyclic HOCl·(H2O)3 cluster.

In the HOBr·(H2O)4 cluster, the O···H hydrogen bonds
were practically the same as the corresponding values ob-
tained for the HOBr·(H2O)3 cluster, with the H9···O1 slightly
shorter than the H7···O1. These H9···O1 and H7···O1 distances
of 1.720 Å and 1.765 Å, respectively, which were longer
than the other H···O distances, can justify the atomic charges
calculated for the H9 and H7 atoms, which were lower than
the other hydrogen charges verified on the hydrogen bonds.

The HOBr·(H2O)3 and HOBr·(H2O)4 vibrational frequen-
cies did not present significant value differences, making
possible the identification of specific ranges for the BrO and
OH stretch and BrOH bend frequencies corresponding to the
HOBr molecule and the OH stretch regions characteristic to
the water molecules. For these clusters we could not identify
one specific stretch frequency related to the OH hydrogen
bond, as observed on the other small clusters.

Conclusion

In considering several different interactions between
HOBr and H2O molecules, the calculations using the pBP
method and DN** basis set showed that the interaction in-
volving the H of the HOBr and the O of the water molecule
represents the preferred arrangement for the HOBr·(H2O)n
clusters (n = 1–4). These pBP/DN** calculations have pre-
dicted the existence of the syn and anti stable conformers for
the HOBr·(H2O) and HOBr·(H2O)2 clusters. Related to the
HOBr·(H2O) complex, our energy values pointed to the syn
structure as being slightly more stable than the anti one, as
obtained by Ying and Zhao (13). The pBP/DN** results
have also predicted the formation of two cyclic stable struc-
tures corresponding to the HOBr·(H2O)3 and HOBr·(H2O)4
clusters. A non-linear hydrogen bond was first observed in
the HOBr·(H2O)2 cluster, showing a tendency to cyclic ar-
rangement, which was satisfied in the cluster with three and
four water molecules.

In the HOBr·(H2O)n clusters, all free O—H bonds have
presented with practically the same bond values that they
had in the water molecule, while the other hydrogen bonds
that have contributed to the formation and stability of these
clusters have presented with their length increased. The
H···O distances calculated for the different clusters were
shorter than the calculated H···O distances obtained for the
water dimer, trimer, and tetramer.

The addition of a water molecule to the HOBr·H2O and
HOBr·(H2O)2 clusters increases the binding energy by ap-
proximately 4 kcal mol–1, while the addition of a water mol-
ecule to the HOBr·(H2O)3 cluster decreases this value by
4 kcal mol–1, the HOBr·(H2O)3 cluster being the more ener-
getically favorable among the studied clusters.

Looking for the vibrational frequencies, we could observe
that the O–H stretches corresponding to the hydrogen bond
in the HOBr·(H2O) and HOBr·(H2O)2 conformers were in a
low frequency region, being very far from the usual O—H
bond. The cyclic HOBr·(H2O)3 and HOBr·(H2O)4 clusters
presented conjugated O–H stretch vibrations that did not
permit a specific O–H stretch assignment corresponding to a
hydrogen bond. In general, the vibrational frequencies calcu-
lated for the HOBr·(H2O)n clusters have reflected the geo-
metrical HOBr and HOH changes observed when the
hydrated HOBr clusters and the water clusters are generated.

Finally, as a general behavior, we notice that the calcu-
lated dipole values decreased with the increasing number of
water molecules associated with the HOBr compound, with
the higher difference occurring between the HOBr·H2O and
the HOBr·(H2O)2 clusters.

© 2003 NRC Canada
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Determination of phenyl-N-methylcarbamates and
their hydrolysis products in water, using solid-
phase extraction and reversed-phase liquid
chromatography with UV and electrospray mass
spectrometric detection1

Latifa Latrous El Atrache and Sadok Sabbah

Abstract: In this study, eight phenyl-N-methylcarbamates (PNMCs) were considered. Reversed-phase LC was set up
for UV and mass spectrometry (MS) detection mode. Gradient elution was used, and the mobile phase was composed
of acetonitrile and water. UV–vis was performed at 220 nm. The method was tested with different reversed-phase col-
umns. Comparison between chromatographic parameters: retention time (tR), resolution (RS), and selectivity (α) was es-
tablished. Hydrolysis kinetics of three of the PNMCs were reported. The major hydrolysis products were determined by
LC–UV, and the effect of pH on hydrolysis was also studied. Also, chromatographic separation of a mixture of PNMCs
and four of their hydrolysis products was carried out. The preconcentration of 12 studied solutes was realized by solid-
phase extraction. C18 extraction cartridges of 1 g were used to extract solutes from a 100 mL volume of tap and sur-
face water spiked at 10 µg/L. The recoveries were, respectively, between 68–86% and 62–83% with relative a standard
deviation of less than 11%. Limits of detection (LODs) and limits of quantitation (LOQs) ranged, respectively, from
1–4 µg/L and from 4–10 µg/L. Since standard UV detection does not provide adequate selectivity for water samples, an
electrospray (ES)-MS instrument equipped with a triple quadrupole mass filter was used. MS data acquisition was per-
formed by a time-scheduled, selected-ion monitoring (SIM) program. Limits of quantitation gave values between 0.1–
0.5 µg/L.

Key words: phenyl-N-methylcarbamates, water analysis, solid-phase extraction, LC–UV–vis, LC–ES-MS.

Résumé : Cette étude concerne le développement d’une méthode d’analyse permettant la détermination à l’état de tra-
ces de 8 phényl-N-méthylcarbamates (PNMCS) dans les eaux potables et les eaux de surface. Les conditions d’analyse
ont été déterminées par chromatographie liquide à polarité de phases inversée, en terme de séparation : choix de la co-
lonne et optimisation de la phase mobile et de détection : spectrométrie d’absorption UV et spectrométrie de masse.
Avec un gradient de phase mobile eau–acetonitrile et une colonne octadécyle type XTerra on obtient une séparation
convenable. En ce qui concerne la détection le choix de la longueur d’onde λ = 220 nm est un compromis acceptable
pour lequel on obtient des réponses voisines pour l’ensemble des composés examinés. L’étude cinétique de trois
PNMCs est reportée. La mise en évidence des produits d’hydrolyse est effectuée par LC–UV et les constantes de vites-
ses sont déterminées en fonction du pH. Par ailleurs, nous avons déterminé les conditions de séparation chromatogra-
phique des 8 PNMCs associés à 4 de leurs produits d’hydrolyse. L’étude de l’efficacité de concentration des 12 solutés
examinés est réalisée par extraction liquide solide au moyen de silice greffée alkyle. Les préconcentrations ont été me-
nées sur des cartouches de masse 1 g remplies de silice greffée octadécyle sur lesquelles sont percolés 100 mL
d’échantillon d’eau de robinet et de surface dopés à 10 µg/L les taux de récupération varient respectivement entre
68–86 % et 62–83 % avec une déviation standard relative inférieure à 11 %. Les limites de détection et de quantifica-
tion varient respectivement entre 1–4 µg/L et 4–10 µg/L; afin d’améliorer la sensibilité les 12 composés ont été analy-
sés par couplage LC–MS assistée par ionization electrospray en mode positif. En appliquant la méthode de scrutation
d’ion spécifique (SIM), nous obtenons des limites de quantification comprises entre 0,1 et 0,5 µg/L.

Mots clés : phenyl-N-methylcarbamates, analyse de l’eau, extraction en phase solide, LC–UV–vis, LC–ES-MS. El
Atrache and Sabbah 981
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Introduction

Phenyl-N-methylcarbamate (PNMCs) insecticides are aryl
esters of phenyl-N-methyl-substituted carbamic acids (1). As
shown in Fig. 1, the substituents on the phenyl ring can
change the characteristic nature of the parent compound in
hydrophobic, electronic, and hydrogen bonding and can thus
affect the ability of complexation with acetylcholinesterase, a
determining factor for its cholinesterase inhibition activity (2).

PNMCs constitute a class of pesticides of growing impor-
tance, widely used as substitutes for organochlorine pesti-
cides because of their greater biodegradation ability.

Most PNMCs are degraded into their metabolites shortly
after application. In alkaline media PNMCs can be easily
hydrolyzed to form methylamine and substituted phenols.
For example, carbofuranphenol was the major product from
carbofuran in water, whereas 3-hydroxy and 3-keto deriva-
tives were identified as the corresponding degradation prod-
ucts in soil (3). Some papers have dealt with the half-life of
carbamates in an aquatic environment with a range of be-
tween 4 and 12 weeks (4).

Because of the proven or suspected toxicity of many of
these pesticides, it is necessary to monitor them from both a
regulatory and a consumer point of view; for example, 0.1–
0.5 µg/L of carbofuran was found in ground water from
Almeria (Spain) (5).

A large number of analytical methods have been pub-
lished regarding methods of determination of carbamates,
such as supercritical fluid chromatography (SFC) with capil-
lary (6–7) and packed columns (8), thin layer chromatogra-
phy (TLC) (9), and capillary electrophoresis (10–11), but
most analytical methods until now apply to gas chromatog-
raphy (GC) (12–13) and high pressure liquid chromatogra-
phy (HPLC) (14–15). In general, carbamates and their
transformation products are often quoted as being polar and
thermally labile; these properties limit the use of GC, which
exhibits derivatization prior to analysis. So LC is an obvious
choice for the simultaneous determination of PNMCs.

As regards detection, UV detection is the most widely ap-
plied in LC analysis (16).

Fluorescence detection also has good sensitivity, achieved
by post-column derivatization; the functional group of the car-
bamates, with subsequent conversion of methylamine formed
with o-phthaldehyde (OPA), yields a highly fluorescent
isoinolide (17); however, it needs many intermediate steps.

MS detection is very attractive because it offers the possi-
bility of achieving high sensitivity with a high degree of se-
lectivity (18). Several reviews and articles on the different
types of interfaces used, including transport systems, direct
liquid introduction, thermospray, atmospheric pressure ion-
ization, electrospray, and particle beam, have been published
(19–23). During the last few years, atmospheric pressure
ionization (API) techniques, high-flow pneumatically as-
sisted electrospray ionization (ESI), and atmospheric pres-
sure chemical ionization (APCI) have become the most
popular interface techniques. The main limitation of APCI is
that pesticides can undergo thermal degradation (24–26) in
comparison with ESI where the sample is ionized directly in
the liquid phase at quasi-ambient temperature, thus leaving
intact fragile pesticides (27–28).

When carbamate pesticides were correctly applied, their
residues could be found in the soil itself and in run-offs from

the soil, as well as in food, crops, and water. The importance
of the presence of the target carbamates and their degrada-
tion products in water also must be considered. Degradation
leads to compounds more toxic than the parent pesticides;
therefore it is of vital importance to be able to determine
these pesticides in aquatic media.

The most common preconcentration technique is solid-
phase extraction (SPE). The use of SPE and LC techniques
to analyze carbamate pesticides and their derivative products
in water — focusing on off-line and on-line SPE with differ-
ent kinds of sorbents — was reviewed (29).

Analytical methods for the determination of a mixture of
oxime carbamates and PNMCs are relatively well estab-
lished in water matrices (30), but simultaneous determina-
tion only of PNMC residues and the study of some of their
degradation products in water with hydrolysis are not con-
siderably extended.

The purpose of this study was, firstly, to optimize the sep-
aration of PNMCs in terms of selectivity, efficiency, and
time analysis (for that, various columns were tested using
the HPLC–UV–vis method) and, secondly, to determine the
kinetics of the hydrolysis of carbaryl, carbofuran, and
landrin. The identification of the major hydrolysis products
was realized by LC. The rate constants were measured in
various buffer solutions ranging from pH 8 to 12.

Therefore, we developed a method for analyzing, simulta-
neously, PNMCs and their hydrolytic degradation products
in water samples. This method is based on combining SPE
of water samples with HPLC–UV. The optimization of dif-
ferent parameters affecting the chromatographic separation
and the SPE procedures was carried out.

To increase sensitivity and to obtain low detection limits,
the LC–ES-MS method was used.

Experimental

Chemicals and materials
PNMCs (aminocarb, baygon, carbofuran, carbaryl,

methiocarb, baycarb, landrin, and zectran) and degradation
products (2,2-dimethyl-2-dihydrobenzofuran-7-ol, α-naphtol,
2-isopropoxyphenol, 2,3,5-trimethylphenol) were obtained
from Supelco.

© 2003 NRC Canada
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Fig. 1. Phenyl-N-methylcarbamate.
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The chemical structures of all studied compounds are
shown in Fig. 2.

Standard stock solutions were prepared in methanol,
which contained each compound at concentrations of
1000 µg/mL, and were stored in glass bottle at 4°C. Stan-
dard working solutions of various concentrations were pre-
pared daily by appropriate dilution of aliquots of the stock in
the methanol.

The methanol and acetonitrile used are HPLC grade from
LAB SCAN (Ireland). HPLC grade water was obtained by
purification of demineralized water in a Milli-Q system
(Millipore, Elix). Mobile phases were degassed with helium
before use.

Silica-based sorbents with octadecyl functional group
bond Elut Jr. C18 were acquired from Varian.

Chromatographic conditions

LC–UV analysis
The system consists of a gradient Model 127 LC pump

from Beckman, a rehodyne six-port injection valve (Model

7125) with a 20 µL loop. A Model 166 wavelength UV–vis
detector from Beckman. Recording of chromatograms and
quantitative measurements of peak areas were performed
with an HP 3395.

The mobile phases were set at a flow rate of 1 mL/min.
Measurement wavelength was 220 nm; in fact, the most
common wavelengths are of 210 and 220 nm (31). The sol-
vent employed for the mobile phase was acetonitrile and wa-
ter, using two gradients. The gradient (a) was 30%
acetonitrile isocratic, which was increased linearly to 100%
over 20 min and held at 100% for 5 min. A return to the ini-
tial conditions was carried out over 10 min. The gradient
(b) was 20% acetonitrile, which was increased to 100% over
40 min and held at 100% for 10 min. The return to the initial
conditions was carried out in 10 min. The separation was
performed using the following different analytical columns:

(i) LC8, 150 × 4.6 mm i.d., 5 µm particulate size
(ii) Waters SYMMETRY C18, 150 × 3.9 mm i.d., 5 µm

particulate size
(iii) XTerra, 250 × 4.6 mm i.d., 5 µm particulate size

© 2003 NRC Canada
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Fig. 2. Structures and common names of compound used.
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LC–MS analysis
The system LC–ES-MS consists of PE Sciex API 2000

with an analyst station for recording chromatograms. A gra-
dient model 200 pump from PerkinElmer and a rehodyne in-
jection valve (model 7125) with a 20 µL loop was used.
Separation was performed on a 100 × 3 mm i.d. SYMME-
TRY column packed with C18 bonded silica phase.

The gradient selected for LC–ES-MS, at the flow rate of
0.25 mL/min, was 50% methanol, which was increased lin-
early to 75% over 5 min. A return to the initial conditions
was carried out in 5 min. The MS was operated in the
positive-ion mode by application of a voltage of 5000 V to
the capillary. The source temperature was maintained at
325°C. Ions were generated using highly pure nitrogen as
the drying gas at a flow rate of 10 L/min and nebulizing gas
at a pressure of 40 psig.

Full scan LC–MS chromatograms were obtained by scan-
ning for m/z 50 to 500. LC–MS chromatograms were ob-
tained by operating, in the time scheduled, one selected ion
monitoring (SIM) acquisition mode.

Sample preparations
Solid-phase extraction was used to preconcentrate selected

compound from water. Each sample (100 mL) was extracted
onto SPE cartridges packed with 1 g of C18 bonded silica.
The solid phase was first conditioned with 6 mL of metha-
nol, then with 7 mL of deionized water. Following sample
extraction, the solutes were eluted with 5 mL of methanol.
The eluent was collected in a graduated tube and concen-
trated, under a stream of nitrogen with Kuderna-Danish, to
1 mL.

Results and discussion

Optimization of HPLC–UV parameters
Various workers (17, 32–34) have shown that a multi-

pesticide mixture of nine to 12 oxime carbamates and
PNMCs can be separated using a binary gradient of water
with methanol or acetonitrile.

Thus, for the separation of eight PNMCs, we have used an
acetonitrile–water gradient.

In this present work, three columns were tested at 220 nm.
Comparison between the columns was made at the same

chromatographic conditions (solvent programme a). The rel-
ative retention times and retention factors of all analytes are
presented in Table 1.

Two pairs of PNMCs remain unresolved on LC8; on the
SYMMETRY C18 we picked up one co-elution as
(methiocarb and zectran). But on the XTerra column we ob-
tained good separation and peak resolution with an analysis
time shorter than 20 min. So, the XTerra column was the
best column for the separation of PNMCs. In Fig. 3, a
chromatogram of a standard mixture of PNMCs is shown.

To study the effect of the mobile phase composition on
separation, a gradient elution programme (b) was tested. Ac-
cording to the chromatogram obtained (in Fig. 4) and the re-
sults presented in Table 2, the best separation parameters
were given with the latter programme.

Operating conditions of analyses by LC–UV–vis were de-
termined, and our objective in what follows is to separate a
mixture of the eight mentioned PNMCs and four of their
hydrolytic degradation products, so a kinetic study of three
PNMCs such as carbaryl, carbofuran, and landrin was given.

Hydrolysis kinetics of PNMCs

Product analysis of the hydrolysis reaction
An aliquot of each PNMC hydrolysis reaction in a buffer

solution (carbamates 20 µg/L) at pH 8.8 was analyzed using
high-pressure liquid chromatography, with a reversed phase,
in an acetonitrile–water mixture.

© 2003 NRC Canada
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Retention time (min) RSDa (%)

C8 C18

Peak No. PNMCs Supelcosil Symmetry XTerrab XTerrab

1 Aminocarb 7.59 (0.04) 10.47 (0.23) 11.96 (0.10) 13.99 (0.41)
2 Baygon 7.84 (0.04) 1078 (0.47) 12.51 (0.23) 14.82 (0.46)
3 Carbofuran 7.84 (0.04) 11.09 (0.47) 12.83 (0.48) 15.18 (0.91)
4 Carbaryl 8.60 (0.10) 12.05 (0.35) 14.32 (0.60) 17.48 (0.35)
5 Landrin 9.47 (0.08) 13.24 (0.41) 14.95 (0.59) 18.40 (0.48)
6 Baycarb 10.98 (0.08) 14.32 (0.46) 16.04 (1.00) 20.73 (0.18)
7 Methiocarb 19.04 (0.04) 15.65 (0.48) 16.47 (0.91) 21.39 (0.60)
8 Zectran 19.04 (0.04) 15.65 (0.48) 16.86 (0.35) 22.02 (0.23)

Note: λ = 220 nm.
aFive replicate.
bElution programme.

Table 1. Retention time of PNMCs obtained for different LC columns.

Elution program

(a) (b)

PNMCs Rs α Rs α
Aminocarb–baygon 1.35 1.05 1.05 1.05
Baygon–carbofuran 0.75 1.03 1.25 1.04
Carbofuran–carbaryl 3.75 1.13 5.50 1.16
Carbaryl–landrin 1.50 1.05 2.50 1.06
Landrin–baycarb 2.75 1.08 6.00 1.014
Baycarb–methiocarb 1.00 1.03 1.75 1.04
Methiocarb–zectran 1.00 1.03 1.75 1.03

Table 2. Resolution and selectivity of eight PNMCs using Xterra
column and acetonitrile–water gradient.
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The hydrolysis products were identified by comparing
their retention times to standard solution ones.

Effect of pH
Carbaryl, landrin, and carbofuran hydrolysis exhibited

pseudo-first-order kinetics in aqueous media, and the rate
constants were measured in various buffer solutions, varying
from pH 8 to 12. The ultraviolet spectra plotted as a function
of time show two isosbestic points, indicating no accumula-
tion of intermediates. Table 3 gives the half-life times of car-
baryl, carbofuran, and landrin at different pH values. pH has
an important effect on the hydrolysis rate of such PNMCs.
Shorter hydrolysis half-lives were obtained for higher pH
values. At pH 12, half-lives of carbaryl, carbofuran, and
landrin were, respectively, 0.18, 0.83, and 866.30 min. Fur-
thermore, it can be pointed out that the order of degradation
is carbaryl, carbofuran, and landrin.

We have also determined the half-lives of such PNMCs
round about pH 7. It was noted that carbofuran and landrin
were practically stable, and the carbaryl half-life time was
15 days.

Because of the hydrolytic degradation of the studied
PNMCs, we were induced to study a mixture of 12 com-
pounds, including PNMCs and their hydrolysis products.

Separation of PNMCs and their hydrolysis products
According to the kinetic study given above, we must con-

sider the presence of PNMCs as well as their hydrolysis
products. A mixture of 12 compounds, including α-naphtol,
2,3,5-trimethylphenol, 2-isopropoxyphenol, and benzofuranol,
was examined.

© 2003 NRC Canada
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Fig. 3. HPLC of a standard solution containing 1 mg/L of carbaryl, 20 mg/L of baycarb, 10 mg/L of aminocarb, baygon, landrin,
methiocarb, and zectran, using XTerra in LC-grade water (a) registered at λ = 220 nm. Peak numbers correspond to those in Table 1.

Half-life (min)

pH

PNMCs 8.8 9.5 9.8 10.3 11 12

Carbaryl 277.20 700.00 22.30 9.30 1.51 0.18
Carbofuran 1386.00 301.30 — 27.39 8.15 0.83
Landrin — — — — — 866.30a

apH = 12.2.

Table 3. Effect of pH on Hydrolysis.
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In Fig. 5, the chromatogram of a standard mixture of 12
solutes is shown; the separation is less than 25 min. Despite
the short analysis time, one pair of studied compounds re-
mains unresolved (α-naphtol, 2,3,5-trimethylphenol). The
retention times and relative standard deviation of all analytes

are presented in Table 4. Detection limits calculated for a
signal-to-noise ratio of 3:1 are, on average, 1–4 µg/L.

Solid-phase extraction
Liquid-chromatographic determination of PNMCs and

their hydrolytic products was examined, and our aim in what
follows was to present a method for preconcentrating the
mixture of 12 solutes. SPE is presently the most extended
method for preconcentrating solutes. Two SPE procedures
are used, such as off-line and on-line.

In the present work, we investigated off-line SPE because
of its operational flexibility and simplicity. It has been used
for the preconcentration of carbaryl (35), carbofuran (36),
and their respective metabolites. In addition, this procedure
offers the opportunity to apply on-site field sampling and
conservation of the analytes on the solid-phase material; this
helps in stabilizing the labile carbamates. In fact, complete
recovery for desethylatrazine and fenamiphos was observed
in precolumns kept at –20°C for 1 month when preconcen-
trating 2 mL of ground water spiked at 10 µg/L. Degradation
of fenamiphos and fenitrothion occurred in precolumns
stored at 4°C and at room temperature after 1 month (37).

Furthermore, the stability of carbaryl and carbofuran
stored on C18 cartridges at three different temperatures

© 2003 NRC Canada
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Fig. 4. HPLC separation of PNMCs in LC-grade water (b). Experimental conditions as in Fig. 3. Peak numbers correspond to those in
Table 1.

Peak
No.

Carbamates and (or)
degradation products

Retention time
(RSD%)a

1 Aminocarb 13.83 (0.10)
2 Baygon 14.92 (0.15)
3 Carbofuran 15.29 (0.24)
4 Benzofuranol 15.81 (0.24)
5 2-Isopropoxyphenol 17.19 (0.47)
6 Carbaryl 17.61 (0.48)
7 Landrin 18.51 (0.49)
8 2,3,5-Trimethylphenol 20.43 (0.91)
9 α-Naphtol 20.43 (0.91)

10 Baycarb 20.86 (0.28)
11 Methiocarb 21.55 (0.72)
12 Zectran 22.06 (0.62)

aFive replicate.

Table 4. Retention time of eight carbamates and four degradation
products using an XTerra column and acetonitrile water gradient.
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(–10, 4, and 20°C) during periods of 1 week to 1 month was
examined. At 4°C and after 1 month recoveries were 67.33
and 72.24%, respectively, for carbaryl and carbofuran.

To determine the optimum conditions of the extraction
process, several variables were optimized. The first parame-
ter studied was the extraction solvent for the elution of the
compounds retained in the C18 cartridges. A 100 mL vol-
ume of Milli-Q water spiked with standard pesticides at a
level of 2 µg/mL was passed through the cartridges. The car-
tridges were eluted with different volumes of acetonitrile or
methanol. The best recovery was obtained with the second
solvent for a volume of 5 mL.

Extraction was done with a blank of cartridges, to check
for the presence of interferences, but none were found.

The next parameter was the sample volume preconcen-
trated onto the cartridges; the extraction process was carried
out with 100, 250, 500, and 1000 mL of Milli-Q water
spiked at 1 µg/mL. The results of recovery against sample
volume are given in Table 5.

There was a significant decrease in the recovery of studied
solutes when the sample volume passed from 100 to
1000 mL. So, 100 mL was chosen as the optimum volume.

The performance of the method for real samples was
tested in tap and surface water samples; the results obtained
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Fig. 5. LC–UV chromatogram of a standard mixture containing 1 mg/L of carbaryl, 20 mg/L of baycarb, 10 mg/L of aminocarb,
baygon, landrin, methiocarb, zectran, 2,3,5-trimethylphenol, α-naphtol, 2-isopropoxyphenol, and benzofuranol in LC-grade water
(b) registered at 220 nm. Peak numbers correspond to those in Table 4.

Recovery (RSD)a (%)

Volume (mL)

Carbamates and (or) degradation products 100 250 500 1000

Aminocarb 82 (5) 74 (6) 62 (6) 30 (7)
Baygon 86 (4) 80 (6) 70 (5) 44 (8)
Carbofuran 75 (5) 71 (8) 69 (6) 45 (10)
Benzofuranol 69 (6) 62 (7) 59 (6) 28 (5)
2,3,5-Trimethylphenol 75 (4) 69 (7) 57 (4) 46 (7)
α-Naphtol 78 (4) 70 (6) 59 (7) 30 (6)
Carbaryl 83 (7) 80 (6) 74 (7) 45 (10)
Landrin 80 (8) 74 (9) 68 (5) 37 (8)
2-Isopropoxyphenol 85 (6) 79 (8) 74 (6) 29 (7)
Methiocarb 90 (7) 82 (8) 77 (4) 45 (8)
Baycarb 78 (8) 73 (7) 65 (5) 38 (7)
Zectran 80 (5) 72 (6) 63 (4) 35 (6)

aThree replicate.

Table 5. Recoveries of carbamates and their degradation products in Milli-Q water at different sample volumes.

I:\cjc\cjc8109\V03-085.vp
August 8, 2003 12:50:35 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



© 2003 NRC Canada

978 Can. J. Chem. Vol. 81, 2003

Recovery (RSD)a (%)

Carbamates and (or) degradation products Drinking waterb River waterb River waterc

Aminocarb 80 (4) 77 (7) 81 (9)
Baygon 82 (6) 79 (5) 83 (7)
Carbofuran 78 (2) 74 (8) 79 (8)
Benzofuranol 68 (3) 62 (3) 65 (4)
2,3,5-Trimethylphenol 75 (5) 71 (4) 74 (5)
α-Naphtol 77 (7) 72 (5) 73 (10)
Carbaryl 83 (8) 80 (6) 86 (5)
Landrin 84 (7) 79 (11) 85 (6)
2-Isopropoxyphenol 86 (2) 83 (3) 82 8)
Methiocarb 79 (4) 76 (4) 84 (7)
Baycarb 77 (5) 74 (9) 80 (11)
Zectran 81 (3) 75 (3) 79 (3)

aFive replicate.
bSpiking level 10 µg/L.
cSpiking level 5 µg/L.

Table 6. Recoveries of carbamates and their degradation products added at two concentration levels to different wa-
ter samples.

Fig. 6. HPLC of surface water samples after 100 mL of a water sample fortified with eight PNMCs and four hydrolytic degradation
products at 10 µg/L on 1 g C18 cartridges. Peak numbers correspond to those in Table 4.
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are given in Table 6. The samples were fortified with a stan-
dard mixture of eight PNMCs and four hydrolysis products
at a fortification level of 10 µg/L. When a sample volume of
100 mL was passed through the SPE cartridges, the recover-
ies for tap water and surface water were, respectively, in the
range of 68–86% (RSD 2–8%) and 62–83% (RSD 3–11%).

We should note that the highest recoveries for all com-
pounds were obtained in tap water. A reduction in the
extraction efficacity, as well as the formation of a solute–
humic substance complex, can be owed to the presence of
humic substances in surface water. The latter formation can-
not be retained by adsorption on the solid phase considered.
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Fig. 7. SIM chromatograms and mass spectra of surface sample at 1 µg/L of methiocarb (a) m/z 248; carbaryl (b) m/z 224, in LC–ES-MS.
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Further experiments carried out with 100 mL samples
spiked at 5 and 10 µg/L levels show essentially constant re-
covery and satisfactory RSD (3–11%).

A chromatogram of a 100 mL surface water sample at
pH 7.4, fortified with eight parent PNMCs and four hydroly-
sis products at a concentration of 10 µg/L and extracted on
1 g C18 bonded silica cartridges, is showed in Fig. 6. The
chromatogram is remarkably free from interfering peaks.
With the optimized procedure, for the entire listed com-
pound, minimum detectable concentrations (signal-to-noise
ratio = 3:1) were in the range of 4–10 µg/L.

Analyses by LC–ES-MS
To improve sensitivity, the results obtained by LC–ES-MS

(equipped with a triple quadruple mass filter) were involved.
MS data acquisition was performed by a time-scheduled,
selected-ion monitoring (SIM) program. The quantitation
ions chosen for SIM are listed in Table 7. Under the experi-
mental conditions described in the Experimental section
(Chromatographic conditions), no thermal degradation for
target compounds was observed. The ion signals for the
analytes considered were obtained when LC–ES-MS instru-
mentation was operated with a mobile phase described in the
Experimental section. The LC–ES-MS spectrum of carbaryl
and methiocarb in the experimental conditions proposed can
be observed in Fig. 7. At 30 V of fragmentor voltage, ES in
the positive mode produces three main ions corresponding to
[M + Na]+, [M + H]+, and [M + CH3NCO]+, e.g., for carba-
ryl, ES in the positive mode produces [M + Na]+ = 224, [M +
H]+ = 202, and [M + CH3NCO]+ = 145, then it can be de-
duced the soft ionization offered by the electrospray.

Calibrations graphs were obtained for different concentra-
tions of analytes. The regression coefficients were >0.999 in
all cases. The values found for the calibration in the graph
show good linearity for all PNMCs (Fig. 8). The detection
limits calculated for each pesticide range between 0.1 and
0.3 µg/L.

The same analysis was carried out for river water samples,
and good linearity was also obtained for the same range. The
limit of quantitation for the analytes ranged between 0.1 and
0.5 µg/L injected into the LC column from the extracts of
the water river matrices.

Conclusion

A mixture of eight PNMCs and four of their hydrolysis
products was studied by LC–UV and LC–ES-MS. Hydroly-

sis affects the degradation of PNMCs, so hydrolysis kinetics
were investigated. In SPE–LC–UV, the analytes were en-
riched with 100 mL surface water samples on C18 cartridges
eluted with methanol and separated by gradient LC on C18
analytical columns and detected by UV. Satisfactory recov-
ery values (62–83%) were given. The quantitation limits of
12 compounds were 4–10 µg/L. LC–MS is highly sensitive
(0.1–0.5 µg/L) and specific. Detection limits can be further
enhanced using ES-MS-MS.

Acknowledgments

We would like to thank Doctor Jean Pierre Morizur (Uni-
versity Evry Val d’Essonne Paris) and his group for use of
the LC–MS spectrometer and their laboratory assistance.

References

1. N.L. Wolfe, R.G. Zeep, and D.F. Paris. Water Res. 12, 565
(1987).

2. J.R. Corbett, K. Wright, and A.C. Baillie. The biochemical
mode of action of pesticides. 2nd ed. Academic Press, New
York. 1984.

3. J. Jayaraman, L.P. Celino, K.H. Lee, R.B. Mohamed, J. Sun,
N.Tayaputch, and Z. Zhang. Water Air Soil Pollut. 45, 371
(1989).

4. N. Aharonson. Pure Appl. Chem. 59, 1419 (1987).
5. S. Chiron and D. Barceló. J.Chromatogr. 645, 125 (1993).
6. H.T. Kalinoski, B.W. Wright, and R.D. Smith. Biomed. Envi-

ron. Mass Spectrom. 13, 33 (1986)
7. J.L. Bernal, J.J. Jiménez, J.M. Rivera, L. Toribo, and M.J. del

Nozal. J. Chromatogr. A, 754, 145 (1996).
8. A.J. Berry, D.E. Games, I.C. Mylchreest, J.R.Perkins, and S.

Pleasances. Biomed. Environ. Mass Spectrom. 15, 105 (1988).
9. S.C. Mc Ginnis and J. Sherma. J. Liq. Chromatogr. Relat.

Technol. 17, 151 (1994).
10. H. Susse and H.Muller. Fresenius’ J. Anal. Chem. 352, 470

(1995).
11. A. Farran, S. Ruiz, C. Serra, and M. Aguilar. J. Chromatogr.

A, 737, 109 (1996).

© 2003 NRC Canada

980 Can. J. Chem. Vol. 81, 2003

Compound
Molecular
weight

Quantitation
ion (m/z)

Aminocarb 208 231.2
Baygon 209 232.3
Carbofuran 221 244.2
Carbaryl 201 224.2
Landrin 193 216.2
Methiocarb 225 248.3
Baycarb 207 230.2
Zectran 222 223.2

Table 7. List of compound, molecular weights, and quantitation
ions for SIM conditions.

Fig. 8. Calibration graphs of carbaryl (�), carbofuran (�),
aminocarb (×), and baygon (�) obtained from standard solutions
using time-scheduled SIM LC–ES-MS.

I:\cjc\cjc8109\V03-085.vp
August 8, 2003 12:50:39 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



© 2003 NRC Canada

El Atrache and Sabbah 981

12. H. Kobayashi, K. Ohyama, N. Tomiyama, Y. Jimbo, O.
Matano, and S. Soto. J. Chromatogr. 643, 197 (1993).

13. A. Tanabe, H. Mitobe, K. Kawata, and M. Sakai. J.
Chromatogr. A, 754, 159 (1996).

14. I. Liska and J.Slobodnik. J. Chromatogr. A, 733, 235 (1996).
15. S.S. Yang, A.I. Goldsmith, and I. Smetena. J. Chromatogr. A,

754, 3 (1996).
16. R.A. Hoodless, J.A. Sidwell, J.C. Kinner, and R.D. Treble. J.

Chromatogr. 166, 279 (1978).
17. A. de Kok, M. Hiemstra, and U.A.Th. Brinkman. J.

Chromatogr. 623, 265 (1992).
18. B. Mc Garvey. J. Chromatogr. 642, 89 (1993).
19. A.P. Bruins. Trends Anal. Chem. 13, 37 (1994).
20. A.P. Bruins. Trends Anal. Chem. 13, 81 (1994).
21. D. Barceló and M.C. Henion. Anal. Chim. Acta, 318, 1 (1995).
22. D. Barceló. Anal. Chim. Acta, 263, 1 (1992).
23. J. Slobodnik, B.L.K.M. Van Baar, and U.A.Th. Brinkman. J.

Chromatogr. A, 703, 81 (1995).
24. A. Di Corcia, A. Cresczenzi, A. Lagana, and E. Sebastiana. J.

Agric. Food Chem. 44, 1930 (1996).
25. L. Lacassie, M.D. Dreyfuss, J.L. Daguet, M. Vignaud, D.

Marquet, and G.Lachatre. J. Chromatogr. 830, 135 (1999).

26. C. Aguilar, I. Ferrer, F. Borrull, R.M. Marcé, and D. Barceló.
J. Chromatogr. A, 794, 147 (1998).

27. H. Itoh, S. Kawasaki, and J. Tadano. J. Chromatogr. A, 754, 61
(1996).

28. H. Subik and R. Jeannot. J. Chromatog. A, 818, 197 (1998).
29. J.M. Soriano, B. Jiménez, G. Font, and J.C.Moltó. Crit. Rev.

Anal. Chem. 31, 19 (2001).
30. U.S. E.P.A. Method 531, EPA-600/4–85/054. United States

Environmental Protection Agency, Washington, D.C. 1985.
31. S. Guenu and M.C. Henion. J. Chromatogr. A, 725, 57 (1996).
32. K.M. Hill, R.H. Hollowel, and Dal Cortivo. Anal. Chem. 56,

2465 (1984).
33. M.W. Dong, F.L. Vandemark, W.M. Reuter, and M.V.

Pickering. Am. Environ. Lab. 2, 14 (1990).
34. K.W. Edgell, L.A. Biederman, and J.E. lonbottom. J. Assoc.

Off. Anal. Chem. 39, 309 (1991).
35. J.R.Strait, G.C. Thornwall, and M. Ehrich. J. Agric. Food

Chem. 72, 845 (1989).
36. K.W Beauchamp, Jr., D.D.W. Liu, and E.J. Kikta, Jr. J. Assoc.

Off. Anal. Chem. 72, 845 (1989).
37. I Ferrer and D. Barcelo. J. Chromatogr. A, 778, 161 (1997).

I:\cjc\cjc8109\V03-085.vp
August 8, 2003 12:50:39 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



Cyclic voltammetric studies of tris(alkylisocyanide)-
bis(triarylphosphine)cobalt(II) and tris-
(alkylisocyanide)bis(triarylphosphine)cobalt(I)
complexes exhibiting synthetic interconvertability

Jamil Ahmad, Florence Bothata-Nareetsile, and Clifford A.L. Becker

Abstract: Nine pairs of corresponding [CoI(CNR)3(PR3′ )2]X, [CoII(CNR)3(PR3′ )2]X2 complexes — where X = ClO4,
BF4; CNR = CNCMe3, CNCHMe2, CNC6H11, CNCH2Ph; PR3′ = PPh3, P(C6H4Me-p)3, P(C6H4OMe-p)3 — have been
studied using cyclic voltammetry in CH3CN solutions. All cycles are reversible, and E1/2 for the Co(I) complexes, ini-
tially oxidized, are within experimental error identical to E1/2 values for the corresponding Co(II) complexes, initially
reduced. E1/2 values are strongly dependent on the triarylphosphine ligand, decreasing in the order PPh3 > >
P(C6H4Me-p)3 > P(C6H4OMe-p)3, and weakly dependent on the alkylisocyanide ligand, decreasing in the order
CNCH2Ph > CNCMe3 > CNC6H11 ≥ CNCHMe2. Solution ν(-N�C) IR patterns reveal that the [CoI(CNR)3(PR3′ )2]X
complexes do not have regular trigonal bipyramidal coordination, their structure being determined by the particular
CNR ligand, while the [CoII(CNR)3(PR3′ )2]X2 complexes, specifically in CF3CH2OH, appear to have regular trigonal
bipyramidal coordination.

Key words: cyclic voltammetry, cobalt(I) complexes, cobalt(II) complexes, alkylisocyanide ligands, triarylphosphine
ligands.

Résumé : Utilisant la voltamétrie cyclique on a étudié neuf paires de complexes de [CoI(CNR)3(PR3′ )2]X, et de
[CoII(CNR)3(PR3′ )2]X2 dans lesquels X= ClO4, BF4 ; CNR = CNCMe3, CNCHMe2, CNC6H11, CNCH2Ph ; PR3′ = PPh3,
P(C6H4Me-p)3, P(C6H4OMe-p)3. Tous les cycles sont réversibles et les valeurs de E1/2 pour les complexes de CoI, préa-
lablement oxydés sont, à l’intérieur des erreurs expérimentales, identiques aux valeurs de E1/2 des complexes correspon-
dants de CoII préalablement réduits. Les valeurs de E1/2 dépendent fortement du ligand triarylphosphine et décroissent
dans l’ordre : PPh3 > > P(C6H4Me-p)3 > P(C6H4OMe-p)3 ; ces valeurs également dépendent faiblement du ligand alky-
lisocyanure et décroissent dans l’ordre : CNCH2Ph > CNCMe3 > CNC6H11 ≥ CNCHMe2. L’allure des spectres IR
ν(-N�C) révèle que les complexes [CoI(CNR)3(PR3′ )2]X n’ont pas une coordination bipyramidale trigonale régulière, la
structure étant déterminée par le ligand particulier CNR, tandis que les complexes [CoII(CNR)3(PR3′ )2]X2 spécifique-
ment dans le CF3CH2OH semblent avoir une coordination bipyramidale trigonale régulière.

Mots clés : voltamétrie cyclique, complexes de cobalt (I), complexes de cobalt (II), ligands alkylisocyanures, ligands
triarylphosphines.

[Traduit par la Rédaction] Ahmad et al. 987

Introduction

Reactions of triarylphosphines with cobalt(II)–alkyliso-
cyanide complexes have been characterized by reduction –
ligand-substitution, producing disubstituted Co(I) complexes,
[CoI(CNR)3(PR3′ )2]X (X = ClO4, BF4) in good yields (1–5).
Cyclic voltammograms of some tris(alkylisocyanide)bis-
(triarylphosphine)cobalt(I) complexes showed quasi-reversible
behavior for oxidative cycles (5), suggesting the existence of
stable [CoII(CNR)3(PR3′ )2]

2+ species, however, and a number

of tris(alkylisocyanide)bis(triarylphosphine)cobalt(II) com-
plexes have since been synthesized (6). The pairs of corre-
sponding Co(I) and Co(II) complexes, [CoI(CNR)3(PR3′ )2]X
and [CoII(CNR)3(PR3′ )2]X2, having the same alkylisocyanide
(CNR) and triarylphosphine (PR3′ ) ligands show what may
be termed “regular behavior” in that mutual interconversion
of the two complexes is chemically possible:

[CoI(CNR)3(PR3′ )2]+ [CoII(CNR)3(PR3′ )2]2+

This is opposed to “irregular behavior” for cases where only
the Co(I) or only the Co(II) complex has been synthesized
and where it has not been possible to isolate the correspond-
ing Co(II) or Co(I) complex, respectively. Co(I) complexes
showing clearly irreversible cyclic voltammograms, for ex-
ample, cannot be oxidized to the corresponding Co(II) com-
plexes with AgClO4 or AgBF4 (6).

In this paper, corresponding pairs of Co(I) and Co(II)
complexes are investigated using cyclic voltammetry; cycles
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for the Co(I) complexes were initially scanned oxidatively,
and cycles for the Co(II) complexes were initially scanned
reductively. If results of these two scans are equivalent,
within experimental error, this should confirm that the
Co(II) species observed in the voltammograms of the Co(I)
species are indeed the recently synthesized [CoII(CNR)3-
(PR3′ )2]X2 complexes. Since there are a limited number of
known series of transition metal complexes, differing only in
the oxidation state of the metal, this should be a worthwhile
study.

Results

The equilibrium cyclic voltammetric data for the [CoI-
(CNR)3(PR3′ )2]X, [CoII(CNR)3(PR3′ )2]X2 corresponding pairs
of complexes are summarized in Table 1. The equilibrium
scans are quite similar in shape to the respective first scans
and have quite close E values. A characteristic set of cyclic
voltammograms (for [CoI(CNC6H11)3(PPh3)2]ClO4) at vari-
ous scan rates is pictured in Fig. 1. The dependence of the
peak currents from these voltammograms on the scan rate is
shown in Fig. 2. This dependence was used as a diagnostic
tool to decide if the electrochemical processes were revers-
ible. The ν(-N�C) IR values for the five-coordinate Co(I)
and Co(II) complexes in CF3CH2OH, CH3NO2, and CH2Cl2
are tabulated in Table 2, and the four distinct patterns for the
[CoI(CNR)3(PR3′ )2]X complexes are pictured in Fig. 3.

Interpretation of the voltammograms
The plots of the peak current vs. the square root of the

scan rate are linear for all of the complexes (see Fig. 2 for
compound (cpd) 9). The peak potentials also do not change
significantly with the scan rate. According to these criteria,
the electrode processes are reversible (7–9). This system has
a high solution resistance between the working and the refer-
ence electrode because of the non-aqueous nature of the sol-
vent and the low concentration (0.05 M) of the background
electrolyte, which is necessitated by its low solubility in
CH3CN. The measured potential is increased by an amount
equal to this ohmic (iR) drop. The net result is an increase in
the peak separation between the anodic and cathodic peak
potential values (8). This “ohmic distortion” contributes to
the apparent nonconformity of the system to a third criterion
of reversibility, namely the requirement that the peak separa-
tion be around 57 mV.

Another source of this discrepancy for high ∆E values is
the junction potential created across the ion bridge between
the reference electrode and the sample solution. This is
caused by the difference in the diffusion coefficients of the
cations and the anions of the supporting electrolyte (10).
Measurements made on ferrocene–ferrocenium, which is a
known reversible couple, under conditions identical to those
reported herein gave a peak separation of 110 mV at a
0.1 V s–1 scan rate, thereby confirming that the observed
peak separation is inherent in the experimental conditions
and not characteristic of the redox couple.

Interpretation of the E1/2 values
Experimental error of ±10 mV in measurement of the E1/2

values was estimated by repetitive scans of the same sam-
ples. Within this margin of error, the E1/2 values measured

for the Co(I) complexes, initially oxidized, and the E1/2 val-
ues measured for the Co(II) complexes, initially reduced, are
essentially identical (see Table 1). This experimental fact,
observed for nine pairs of corresponding Co(I), Co(II) com-
plexes, would seem to confirm that the recently synthesized
[CoII(CNR)3(PR3′ )2]X2 complexes are indeed the same
Co(II) species observed in cyclic voltammetric oxidation of
the previously known [CoI(CNR)3(PR3′ )2]X complexes.

Alternately, these Co(II) complexes are reduced by cyclic
voltammetry to the same Co(I) complexes that are obtained
by chemical reduction with hydrazine or that served as start-
ing materials for synthesis of the Co(II) complexes. Genera-
tion of the same chemical species electrolytically and by
N2H4 reduction – Ag+ oxidation is thus confirmed.

The E1/2 dependence on variation of the PR3′ ligand with
respect to constant CNR ligands for both Co(I) and Co(II)
complexes is very pronounced, with the definite trend in de-
creasing E1/2 values, PPh3 > > P(C6H4Me-p)3 > P(C6H4OMe-
p)3. This is expected since para-substituents with increasing
electron-donating ability should make the phosphines both
stronger σ-donating and less π*-accepting, favoring stabili-
zation of Co(II) over Co(I). This trend also correlates with
the ease or difficulty of synthesizing the Co(II) complexes as
opposed to isolating only Co(I). Decreasing Co(II) and (or)
increasing Co(I) stability for the species [Co(CNR)3-
(PR3′ )2]

n+ has been observed to be favored by P(C6H4NMe2-
p)3 > P(C6H4OMe-p)3 > P(C6H4Me-p)3 > PPh3 > P(C6H4F-
p)3 ≈ P(C6H4Cl-p)3 > P(C6H4CF3-p)3 (6, 11), this trend
running to both extremes. [CoI(CNCMe3)3{P(C6H4NMe2-
p)3}2]ClO4, prepared by N2H4 reduction in CH2Cl2 of the ini-
tially isolated [CoII(CNCMe3)3{P(C6H4NMe2-p)3}2](ClO4)2,
for example, spontaneously oxidizes back to the Co(II) com-
plex in CF3CH2OH solution (11), while [CoI(CNCMe3)3-
(PR3′ )2]ClO4 complexes with PR3′ = P(C6H4F-p)3, P(C6H4Cl-
p)3, and P(C6H4CF3-p)3 are not oxidized by AgClO4 (6).
These latter Co(I) complexes show irreversible voltam-
mograms under oxidation (5). No substantial difference in
ease of synthesis for [CoII(CNR)3(PPh3)2]X2 vs. [CoII-
(CNR)3{P(C6H4Me-p)3}2]X2 complexes sufficient to justify
these E1/2 values has been observed, but the Hammett σ con-
stants do indicate a much larger difference between reactiv-
ity involving a -C6H5 group and the -C6H4Me-p group than
between -C6H4Me-p and -C6H4OMe-p groups (12), so this
may be reflected in the E1/2 values.

The E1/2 dependence on variation of the CNR ligand with
respect to constant PR3′ ligands is relatively small but seems
to follow the trend in decreasing E1/2 values, CNCH2Ph >
CNCMe3 > CNC6H11 > CNCHMe2. This trend parallels the
decreasing ability of the alkylisocyanide substituent to stabi-
lize a δ+ charge on the C atom adjacent to the isocyanide
functional group. Analogous variation of E1/2 values with
alkylisocyanide ligands was reported by Dart et al. (2) for
[Co(CNR)3(PPh3)2]PF6 complexes (measured in CH2Cl2 so-
lution), with E1/2 values decreasing in the order R = t-Bu
(0.29 V) > i-Pr (0.20 V) > Me (0.12 V). E1/2 values reported
for [M(CO)4L2] complexes (where M = Cr, Mo, W; L =
CNCHMe2, CNCMe3), however, show very little difference
(13). Previous work from this laboratory (5) indicated a nar-
row range of E1/2 values for variation in CNR ligands (i.e.,
0.20–0.25 V), but the trend of CNCMe3 > CNCHMe2 values
was detected. For [PtL2(CNR)Me]+ (L = PMePh2, PMe2Ph)
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it is suggested that the σ-donor strength of CNR is essen-
tially independent of the inductive properties of R, making
variation in E1/2 dependent only on the relatively slight dif-
ferences in π*-accepting ability of the CNR (14).

Strong E1/2 dependence on the triarylphosphine ligands,
with relatively little sensitivity to the alkylisocyanide ligands,
has been attributed to effective σ-donation from the

phosphines in axial positions and ineffective σ-donation
by the alkylisocyanides in equatorial positions of trigonal bi-
pyramidal coordination in the Co(I) complexes (5). For dia-
magnetic d8 Co(I) complexes in trigonal bipyramidal
coordination, the electronic configuration of (dxz)

2(dyz)
2(dxy)

2

(dx y2 2− )2 should hinder σ-donation from the equatorial ligands
(i.e., the alkylisocyanides) while allowing effective σ-donation

© 2003 NRC Canada
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Fig. 1. Cyclic voltammograms of [CoI(CNC6H11)3(PPh3)2]ClO4, cpd 9 (1 mM in CH3CN), with 0.05 M tetrabutylammonium
hexafluorophosphate background electrolyte. The flat (innermost) trace is for the background electrolyte only, at a scan rate of
0.1 V s–1. The other curves are, in order, for scan rates of 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 V s–1.

Compound Eoxidation (mV vs. Ag–AgCl) Ereduction (mV) E1/2 ∆E

1 [CoI(CNCHMe2)3{P(C6H4OMe-p)3}2 ]ClO4 155 70 113 85

2 [CoII(CNCHMe2)3{P(C6H4OMe-p)3}2 ](ClO4)2 163 96 130 67

3 [CoI(CNC6H11)3{P(C6H4OMe-p)3}2]ClO4 179 116 148 63

4 [CoII(CNC6H11)3{P(C6H4OMe-p)3}2] (ClO4)2 179 109 144 70

5 [CoI(CNCMe3)3{P(C6H4OMe-p)3}2]ClO4 193 126 160 67

6 [CoII(CNCMe3)3{P(C6H4OMe-p)3}2](ClO4)2 207 137 172 70
7 [CoI(CNCHMe2)3(PPh3)2]ClO4 246 183 215 63

8 [CoII(CNCHMe2)3(PPh3)2](ClO4)2 253 175 214 78

9 [CoI(CNC6H11)3(PPh3)2]ClO4 267 190 229 77

10 [CoII(CNC6H11)3(PPh3)2](ClO4)2 270 193 232 77

11 [CoI(CNCMe3)3(PPh3)2]ClO4 295 218 257 77

12 [CoII(CNCMe3)3(PPh3)2](ClO4)2 284 200 242 84

13 [CoI(CNCH2Ph)3(PPh3)2]BF4 298 235 267 63

14 [CoII(CNCH2Ph)3(PPh3)2](BF4)2 312 231 272 81

15 [CoI(CNCHMe2)3{P(C6H4Me-p)3}2]ClO4 204 105 155 99

16 [CoII(CNCHMe2)3{P(C6H4Me-p)3}2](ClO4)2 207 109 158 98

17 [CoI(CNC6H11)3{P(C6H4Me-p)3}2]ClO4 225 112 169 113

18 [CoII(CNC6H11)3{P(C6H4Me-p)3}2](ClO4)2 227 133 180 94

Table 1. Cyclic voltammetric results for corresponding pairs of tris(alkylisocyanide)bis(triarylphosphine)cobalt(I) and
tris(alkylisocyanide)bis(triarylphosphine)cobalt(II) complexes in acetonitrile solution at 0.1 V s–1 scan rate.



from the axial ligands (i.e., the triarylphosphines) by electron
donation into the empty 3 2 2 2 2d z x y− − orbital on the Co(I) (5).
Possibly spectral data can provide insight into this question.

Interpretation of solution ν(-N�C) IR patterns
In previous cyclic voltammetric studies of five-coordinate

Co(I) complexes, when quasi-reversible behavior was as-
signed on the basis of ∆E values exceeding 57 mV, two al-
ternate explanations were offered for quasi-reversibility. One
explanation was that Co(I) in a regular trigonal bipyramidal
(TBP) coordination is oxidized to Co(II) in a regular TBP
structure that rapidly undergoes chemical change to a square
pyramidal (SP) solution structure of C2v symmetry (15). The
other explanation was that Co(I) in a distorted TBP coordi-
nation is oxidized to Co(II) in a regular TBP structure (5).
The ν(-N�C) IR patterns in the solid state (i.e., Nujol mull)
are significantly different for the Co(I) (3–5) and Co(II) (6,
16) complexes, but solution structures are more relevant in
this study. Solution structures for [CoI(CNR)3(PR3′ )2]

+ spe-
cies in general have been considered only approximately
TBP, the strongest evidence for deviation from rigorous
(D3h) TBP coordination coming from combined IR and
Raman data for the arylisocyanide complexes (17). Spectral
data for the Co(I) complexes in this paper were measured
over a period of years on different spectrophotometers, so
solution IR measurements have now been repeated on supe-
rior instrumentation under identical conditions. These data,
in Table 2, reveal trends in the ν(-N�C) IR patterns hitherto
unrecognized.

The shape of the ν(-N�C) IR patterns for these [CoI-
(CNR)3(PR3′ )2]X complexes in solution is unique for each
alkylisocyanide, but independent of the particular triaryl-
phosphine and solvent used. Figure 3 illustrates these four
distinct patterns, corresponding to Co(I) complexes with the
CNC6H11, CNCH2Ph, CNCHMe2, and CNCMe3 ligands, re-
spectively (top to bottom). The patterns for CNCMe3 (seen
for cpd 5, 11) and CNCHMe2 (cpd 1, 7, 15) are clearly in-

compatible with D3h symmetry (one, E′, allowed band), and
even CNC6H11 (cpd 3, 9, 17) suggests some distortion in the
solution state. Only CNCH2Ph (represented by one complex,
13) could be assigned D3h symmetry and only if the weak,
albeit persistent, higher energy shoulder is ignored. Solution
structures of the [CoI(CNR)3(PR3′ )2]X complexes cannot be
assumed to be regular TBP.

The shapes of the ν(-N�C) IR patterns for the [CoII-
(CNR)3(PR3′ )2]X2 complexes in solution are distinctly differ-
ent from those for the Co(I) complexes and seem to vary
mostly depending on solvent. In CF3CH2OH almost all spec-
tra exhibit a lone strong band, expected for D3h (regular)
TBP structure (see Table 2). Cpds 12 and 14 in CF3CH2OH
and many Co(II) complexes in CH2Cl2 and especially in
CH3NO2, however, exhibit additional shoulders and (or)
weak bands in the energy region appropriate for Co(II).
These additional bands are normally accompanied by weak
to medium bands attributed to the corresponding
[CoI(CNR)3(PR3′ )2]X complex (produced by reduction in so-
lution), except for cpd 14 where reduction is extensive.
These data could indicate that a non-TBP structure for
Co(II) is more prone to reduction than TBP coordination.
These data also suggest that the [CoII(CNR)3(PR3′ )2]X2 com-
plexes in CF3CH2OH at least tend to be TBP.

Now that the Co(I)–Co(II) couples have been recognized
as being reversible, a difference in the solution coordination
structures for the two oxidation states is interesting. This
would imply that identical coordination structures for oxi-
dized and reduced species is not a requirement for reversibil-
ity.

Experimental

Commercially available alkylisocyanides — i.e., CNCMe3,
CNCHMe2, CNC6H11, and CNCH2Ph (Fluka, Strem, Fluka,
and Aldrich Chemicals, respectively) — were used without
redistillation. Commercially available triarylphosphines —
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Fig. 2. Plots of anodic and cathodic currents vs. square root of scan rate for cpd 9 (i.e., [CoI(CNC6H11)3(PPh3)2]ClO4) from the
voltammograms in Fig. 1.



i.e., PPh3, P(C6H4Me-p)3, and P(C6H4OMe-p)3 (Aldrich
Chemicals) — were used without recrystallization. Anhy-
drous AgClO4 and AgBF4 were supplied by Strem Chemi-
cals, Inc. 2,2,2-Trifluoroethanol (puriss grade) from Fluka
was used for IR spectra. Anhydrous diethyl ether was fil-
tered through an alumina column immediately before use.
The [CoI(CNR)3(PR3′ )2]X and [CoII(CNR)3(PR3′ )2]X2 (X =
ClO4, BF4) complexes were synthesized as previously re-
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ν(-N�C) IR patternb

Compounda CF3CH2OH CH3NO2 CH2Cl2

1 �2132 w(sh) �2131 w(sh) �2130 w(sh)
2085 vs 2082 vs 2079 vs
2039 m 2038 m 2036 m

2 2186 vs �2211 vw(sh) 2189 vs
2189 vs

�2086 mc

≈2035 vwc

3 2083 vs 2081 vs 2079 vs
�2050 w(sh) �2047 w(sh) �2048 w(sh)

4 2183 vs 2186 vs 2186 vs
�2081 mc �2153 vw(sh)

�2079 vwc

5 2091 s 2089 s 2088 s
2062 s 2061 s 2059 s

6 2175 vs ≈2202 vw(sh) ≈2201 vw(sh)
2177 vs 2177 vs

≈2144 vw(sh) ≈2144 vw(sh)
�2090mc

�2060mc

7 �2132 w(sh) �2135 w(sh) �2133 w(sh)
2091 vs 2090 vs 2088 vs
2038 m 2037 m 2036 m

8 2189 vs �2212 vw(sh) �2214 vw(sh)
2193 vs 2194 vs
2091 mc 2157 w
2037 vwc 2088 mc

�2034 vwc

9 2087 vs 2086 vs 2085 vs
�2049 w(sh) �2048 w(sh) �2046 w(sh)

10 2187 vs 2190 vs 2192 vs
2086 sc �2155 vw(sh)

�2085 wc

11 2093 vs 2092 vs 2090 vs
2066 s 2064 s 2063 s

12 �2200 w(sh) 2204 m 2204 w
2179 vs 2181 vs 2182 vs

2092 mc 2149 m
�2064 mc 2091 mc

�2060 wc

13 ≈2142 w(sh) �2142 w(sh) �2140 w(sh)
2092 vs 2093 vs 2090 vs

14 �2220 vw(sh) 2196 m 2192 w
2197 vs �2144 w(sh) �2142 w(sh)
2094 mc 2095 vs 2091 vs

15 2188 md 2134 w(sh) �2132 w(sh)
�2134 w(sh) 2085 vs 2082 vs

2087 vs 2037 m 2037 m
2039 m

16 2188 vs �2213 w(sh) ≈2214 vw(sh)
2191 vs 2191 vs

�2088 mc 2155 w
�2035 vwc 2082 wc

17 2083 vs 2083 vs 2081 vs
�2050 w(sh) �2048 w(sh) �2047 w(sh)

Table 2. Solution ν(-N�C) IR patterns for the [CoI(CNR)3-
(PR3′ )2]X and CoII(CNR)3(PR3′ )2]X2 complexes.

ν(-N�C) IR patternb

Compounda CF3CH2OH CH3NO2 CH2Cl2

18 2185 vs �2210 w(sh) 2189 vs
2188 vs 2080 vwc

2083 mc

aComplexes listed in the same order as in Table 1.
bThe ν(-N�C) in cm–1; w = weak, m = medium, s = strong, v = very,

sh = shoulder.
cBands due to the corresponding [CoI(CNR)3(PR3′)2]X complex formed

in solution.
dBands due to the corresponding [CoII(CNR)3(PR3′)2]X2 complex formed

in solution.

Table 2 (concluded).

Fig. 3. The ν(-N�C) IR patterns for [CoI(CNR)3(PR3′ )2]X com-
plexes. Top to bottom: [Co(CNC6H11)3{P(C6H4Me-p)3}2]ClO4,
[Co(CNCH2Ph)3(PPh3)2]BF4, [Co(CNCHMe2)3{P(C6H4OMe-
p)3}2]ClO4, and [Co(CNCMe3)3{P(C6H4Me-p)3}2]ClO4 all in
CF3CH2OH solution.
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ported (3–6). Ferrocene, which was used to test the experi-
mental setup, was prepared by standard procedure (18).

For cyclic voltammetry, 1 mM solutions of the compounds
were freshly prepared in chromatographic-grade acetonitrile
containing 0.05 M tetrabutylammonium hexafluorophosphate
(TBAH) as the supporting electrolyte. Cyclic voltammetry
measurements were performed using a Metrohm 757 VA
Computerace system with a three-electrode compartment cell.
The working and auxiliary electrodes were both made of
glassy carbon. The reference electrode was a double junction
Ag–AgCl system. The voltammograms were recorded in the
potential range, –0.2 to +0.6 V vs. Ag–AgCl, at various scan
rates ranging from 0.01 V s–1 to 0.5 V s–1. Nitrogen gas was
bubbled through each solution for 500 s prior to the run. IR
spectra were recorded on a PerkinElmer 2000 FT-IR spectro-
photometer in spectro-grade CH2Cl2, CH3NO2, and
CF3CH2OH.
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3,3′-Dipyrrolyl sulfides, useful building blocks for
the syntheses of macrocycles containing
dipyrromethene units

Qingqi Chen and David Dolphin

Abstract: 5,5′-Dicarboxy-3,3′-dipyrrolyl sulfide was condensed with 5,5′-diformyl-3,3′-dipyrrolyl sulfide or 5,5′-
diformyldipyrromethane under acidic conditions to produce, in high yields, macrocycles containing four dipyrromethene
units.

Key words: 3,3-dipyrrolyl sulfide, cyclopolypyrrole, dipyrromethene, macrocycle.

Résumé : On a condensé le sulfure de 5,5′-dicarboxy-3,3′-dipyrrolyle avec le sulfure de 5,5′-diformyl-3,3′-dipyrrolyle
ou avec le 5,5′-diformyldipyrrométhane en milieu acide pour former, avec des rendements élevés, des macrocycles
contenant 4 unités dipyrrométhène.

Mots clés : sulfure de 3,3′-dipyrrolyle, cyclopolypyrrole, dipyrrométhène, macrocycle.

[Traduit par la Rédaction] Chen and Dolphin 991

Introduction

In recent years expanded porphyrins and macrocycles re-
lated to porphyrins have been receiving increasing attention
(1–4), and they are being utilized in fields such as photo-
dynamic therapy (PDT), neutral substrate binding, and anion
recognition.

Macrocycles containing six (3), eight (4, 5), ten (6), and
twelve (7) pyrrolic rings have been reported, and recently
meso-aryl-substituted expanded porphyrins containing up to
12 pyrrolic rings have been described (8). We report here a
new type of macrocycle, which contains dipyrromethene
units linked by sulfur atoms prepared via a McDonald syn-
thesis.

Results and discussion

5,5′-Diformyl-2,2′-dipyrrolyl sulfides have been known
for many years as intermediates in the synthesis of
thiaporphyrins (Scheme 1) (9, 10). We attempted to con-
dense a 5,5′-diformyl-3,3′-dipyrrolyl sulfide 6 with a 5,5 ′-
dicarboxy-3,3′-dipyrroloyl sulfide 3 under acidic conditions
and were surprised to find that the product was not the ex-
pected compound 7, but the macrocyclic product 8, which
contained eight pyrrole rings (Schemes 2 and 3) where the
dipyrromethene units were linked by sulfur atoms.

The precursor 5,5′-dicarboxy-3,3′-dipyrrolyl sulfide 3 was
prepared from 2-ethoxycarbonyl-3,5-dimethylpyrrole 1 via
two steps: reacting 1 with sulfur dichloride (11), followed by

treatment with sodium hydroxide to give the diacid 3. An-
other important intermediate 6 was synthesized from 1 in 3
steps. Thus compound 1 was saponified and decarboxylated
under basic condition (sodium hydroxide) at 180 °C using
ethylene glycol as solvent to yield 2,4-dimethylpyrrole (4),
which was converted to 2-formyl-3,5-dimethylpyrrole (5)
under Vilsmeier formylation conditions. Coupling 5 with
sulfur dichloride gave the key intermediate compound 6 in
high yield (11).

Compound 8 is formally a dimer of 7 (Scheme 3), which
was formed in a [2 + 2 + 2 + 2] condensation from 2 equiv
each of 3 and 6.

To extend our work, we tried to condense 3 with 9 and 6
with 10 under similar acidic conditions. Once again, these
reactions did not provide the [2 + 2] product 11, but the [2 +
2 + 2 + 2] condensation product 12 (Scheme 4). Similar [2 +
2 + 2 + 2] condensations have previously been observed by
Sessler, Vogel, and their co-workers (2, 4, 5, 12). In general
these reactions occurred with yields usually below 20%,
lower than those reported here, which range from 80 to 90%.

The composition of the new macrocycle 8 was established
by combustion analysis, UV–vis, and FAB mass spectrome-
try. As expected, 8 does not possess macrocyclic aromaticity
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since the conjugated system is interrupted by the sulfur
bridges. The molecule has high symmetry, which is consis-
tent with its 1H and 13C NMR spectra; there are two types of
CH3 signals, one for α-CH3 and the other for β-CH3 groups,
and one -CH= signal at 7.00 ppm. Moreover, the 13C NMR
of 8 in TFA-d showed 5 sp2 signals, which correspond to
one -CH= and four carbons in each pyrrole ring. Compound
8 has very low solubility in most common solvents such as

dichloromethane, chloroform, methanol, acetone, DMF,
DMSO, acetic acid, acetonitrile, THF, dioxane, and
pyridine. However, it is soluble in trifluoroacetic acid, in
which it displays a beautiful purple color. In other solvents 8
can have a red to yellow color depending on its degree of
protonation. Macrocycle 12 was characterized as above, and
its optical properties are similar to those of macrocycle 8; 12
is more soluble than 8 in most solvents.
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Scheme 2. Reagents and condition: (a) SCl2–CH2Cl2, –50 °C; (b) NaOH–EtOH, reflux 3 h, then HOAc, pH = 4; (c) NaOH–glycol,
180 °C; (d) POCl3–DMF, then NaOH; (e) SCl2–CH2Cl2, –60 °C.

Scheme 3.

Scheme 4.
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Experimental section

General
All reagents and solvents were purchased and used as re-

ceived. Melting points were determined on a Thomas hot
stage or Buchi apparatus and are uncorrected. 1H and 13C
NMR spectra were recorded on a Bruker AC-200 or AMX-
300 instrument. The high- and low-resolution mass spectra
were obtained by the departmental mass spectroscopy ser-
vice laboratory. Combustion analyses were performed by the
departmental microanalytical laboratory. Optical spectra
were recorded on an HP8452A Photo diode array spectro-
photometer (instrumental precision ±2 nm).

Bis(5-ethoxycarbonyl-2,4-dimethylpyrrole-3-yl)sulfide 2
and bis(5-formyl-2,4-dimethyl pyrrole-3-yl)sulfide (6) were
prepared according to literature procedures (11).

Bis(5-carboxy-2,4-dimethylpyrrol-3-yl) sulfide (3)
Bis(5-ethoxylcarbonyl-2,4-dimethylpyrrol-3-yl) sulfide

(20 g, 55 mmol) was suspended in ethanol (180 mL). The
mixture was stirred, and a solution of sodium hydroxide
(8.8 g in 20 mL water) was added all at once. The suspen-
sion was then stirred under reflux for 3 h, and the solvent
was then removed under vacuum. The residue was stirred
with brine (100 mL) at –10 °C; then acetic acid was added
dropwise until pH 4. The precipitate was collected by suc-
tion filtration and by washing with cold water. After drying
under vacuum, the desired product was obtained as a pink
solid (16.2 g, 96%).

mp 220 °C (decomposition (dec)). 1H NMR (200 MHz,
DMSO-d6) (ppm) δ: 2.20 (s, 12H, 4CH3), 11.20 (s, 2H,
2NH), 12.00 (s, 2H, COOH). 13C NMR (75 MHz, DMSO-
d6) (ppm) δ: 11.26, 11.72, 111.57, 119.53, 127.35, 133.68,
163.77 (COOH). C14H16N2O4S required: C 54.54, H 5.19, N
9.09; found: C 54.06, H 5.54, N 8.86.

Synthesis of 8·2TFA
5,5′-Dicarboxy-3,3′-dipyrrolyl sulfide 3 (200 mg,

0.66 mmol) was suspended in trifluoroacetic acid (10 mL)
and stirred at 40 °C until all the solid had dissolved. The red
mixture was cooled to room temperature. To this solution
was added 5,5′-diformyl-3,3′-dipyrrolyl sulfide (6) (181 mg,
0.66 mmol) under continuous stirring. After 10 min, a mix-
ture of dichloromethane (20 mL), methanol (20 mL), and
hydrogen bromide (3 mL, 48% in acetic acid) was added.
The red mixture was allowed to stir overnight at room tem-
perature. Anhydrous ether (100 mL) was added. The suspen-
sion was allowed to stir for another 2 h. The red solid was
collected by suction filtration and washed with anhydrous
ether to give 8 (378 mg, 92%). An analytic sample was pre-
pared by repeating the following procedure four times: the
crude product was dissolved in a minimum amount of TFA
and precipitated by methanol – anhydrous ether (40:60, v/v).
The solid was collected by suction filtration and washed
with methanol.

mp 320 oC (dec.). UV–vis (CH2Cl2 + TFA), λmax (nm)
(ε): 520 (136 400). FAB-MS m/e: 921 ([M + 1]+). 1H NMR
(TFA-d, 400 MHz) (ppm) δ: 2.51 (s, 24H, 8CH3), 2.57 (s,
24H, 8CH3), 7.50 (s, 4H, 4 -CH=), 11.50 (bs, obscured by
TFA signal, NH). 13C NMR (TFA-d, 75 MHz) (ppm) δ:
12.09, 14.54, 122.91, 124.55, 129.69, 152.14, 160.39. HR-

MS (LSIMS, thioglycerol), calcd. for ([C52H56N8S4 + 1]),
required: 921.35890; found: 921.35874. C52H56N8S4·2TFA·
2H2O, required (%): C 56.74, H 5.27, N 9.45; found: C
56.34, H 4.94, N 8.96.

Synthesis of 12·2TFA

Method A, from 3 and 9
5,5′-Dicarboxy-3,3′-dipyrrolyl sulfide (3) (200 mg,

0.66 mmol) was suspended in trifluoroacetic acid (10 mL)
and stirred at 40 °C until all the solid had dissolved. The red
mixture was cooled to room temperature. To this solution
was added the 5,5′-diformyldipyrromethane 9 (188 mg,
0.66 mmol) under continuous stirring. After 10 min, a mix-
ture of dichloromethane (20 mL), methanol (20 mL), and
hydrogen bromide (3 mL, 48% in acetic acid) was added.
The red mixture was allowed to stir overnight at room tem-
perature. Anhydrous ether (100 mL) was added. The suspen-
sion was allowed to stir for another 2 h. The red solid was
collected by suction filtration and washed by anhydrous
ether to give 12 (375 mg, 90%).

Method B, from 6 and 10
The 5,5′-diformyl-3,3′-dipyrrolyl sulfide (6) (200 mg,

0.72 mmol) was suspended in trifluoroacetic acid (10 mL)
and stirred at 40 °C until all the solid had dissolved. The red
mixture was cooled to room temperature. To this solution
was added the 5,5′-dicarboxydipyrromethane 10 (230 mg,
0.72 mmol) under continuous stirring. After 10 min, a mix-
ture of dichloromethane (20 mL), methanol (20 mL), and
hydrogen bromide (3 mL, 48% in acetic acid) was added.
The red mixture was allowed to stir overnight at room tem-
perature. Anhydrous ether (100 mL) was added. The suspen-
sion was allowed to stir for another 2 h. The red solid was
collected by suction filtration and washed with anhydrous
ether to give the product (391 mg) in an 86% yield. An ana-
lytic sample was prepared by repeating the following proce-
dure four times: the crude product was dissolved in a
minimum amount of TFA and precipitated by methanol –
anhydrous ether (40:60, v/v). The solid was collected by
suction filtration and washed with methanol.

mp 295 °C (dec). 1H NMR (CDCl3, 200 MHz) (ppm) δ:
0.85 (t, J = 7.32 Hz, 12H, 4CH2CH3), 2.15 (s, 12H, 4CH3),
2.21 (s, 12H, 4CH3), 2.31 (s, 12H, 4CH3), 2.50 (q, J =
7.32 Hz, 8H, 4CH2), 5.00 (s, 4H, 2CH2), 7.12 (s, 4H, 4-
CH=), 14.10 (s, 4H, 4NH), 14.35 (s, 4H, 4NH). 13C NMR
(TFA-d, 75 MHz) (ppm) δ: 10.05, 11.01, 13.91, 14.42,
17.50, 23.59, 118.25, 121.97, 126.97, 128.39, 132.32,
146.31, 149.11, 150.09, 157.40. UV–vis (CH2Cl2 + TFA)
λmax (nm) (ε): 450 (109 600), 520 (96 000). FAB-MS m/e:
941 ([M + 1]+). HR-MS (LSIMS, thioglycerol), calcd. for
([C58H69N8S2]

+), required: 941.50866; found: 941.50744.
C58H69N8S2·2TFA·H2O, required (%): C 62.71, H 6.11, N
9.44; found: C 63.07, H 6.46, N 9.50.

Conclusion

Vogel (12) has noted that the equimolar MacDonald-type
condensation of a diformyl bipyrrole with a dipyrrole dicar-
boxylic acid gives, in most cases, octaphyrins as the sole
products. The present study extends these observations and
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shows that related octapyrroles can be produced, in high
yield, from 3,3′-dipyrrolyl sulfides via a [2 + 2 + 2 + 2]
MacDonald synthesis. Further work on the application of the
present method for the synthesis of cyclooctapyrroles and
cyclopolypyrroles using 3,3′-dipyrromethanes is in progress.
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The extended hyper-Wiener index

X.H. Li

Abstract: According to the definition of molecular connectivity and the definition of a hyper-Wiener index, a novel set
of hyper-Wiener indexes (Rn, mRn) are defined and are named the extended hyper-Wiener indexes. Where n = 1, 2, 3,
4,… represents the type of subgraph units and is the number of endmost atoms of the subgraph unit, m is the number
of atoms of the subgraph unit. Here n = 1 means the subgraph unit is an atom, n = 2 means the subgraph units are
straight-line combinations of m atoms (m = 2, 3, 4, 5, 6,...), and n = 3 means the subgraph units are Y types of com-
binations of m atoms (m = 4, 5, 6, 7, 8,...), and so on. The potential usefulness of the extended hyper-Wiener index in
QSAR and (or) QSPR is evaluated by its correlation with a number of C3–C8 alkanes and by a favorable comparison
with models based on the molecular connectivity index and the overall Wiener index. To verify the robustness and the
predictive ability of the models, a cross-validation procedure, leave-one-out, and a random test were also performed.
The results show that the extended hyper-Wiener indexes examined demonstrate a good potential for QSAR and QSPR
studies. Considerably better statistics are obtained when extending the hyper-Wiener index to the extended hyper-
Wiener index. The extended hyper-Wiener indexes provided statistical results as good as the molecular connectivity in-
dexes and the overall Wiener index in all models, and the standard deviations provided by these three sets of indexes
are rather close. Moreover, this method may provide a better way to apply the Wiener number and the hyper-Wiener
index to the system of unsaturated hydrocarbons and organic compounds, including heteroatoms, according to the
method of the molecular connectivity index. This can extend the usefulness of the Wiener number and hyper-Wiener
index and can make them a kind of widely used topological index in practice.

Key words: hyper-Wiener index (R), extended hyper-Wiener index, molecular connectivity index.

Résumé : En se basant sur la définition de la connectivité moléculaire et de l’indice hyper-Wiener, on définit de nou-
veaux indices hyper-Wiener (Rn, mRn) appelés indices hyper-Wiener élargis. Quand n = 1, 2, 3, 4,..., représente le type
d’unités du sous-graphe et qu’il correspond au nombre d’atomes d’atomes terminaux de l’unité du sous-graphe,
m correspond au nombre d’atomes de l’unité du sous-graphe. Dans ce cas, n = 1 signifie que l’unité du sous-graphe est
un atome, n = 2 signifie que les unités du sous-graphe sont des combinaisons linéaires de m atomes (m = 2, 3, 4, 5,
6,....) et n = 3 signifie que les unités du sous-graphe sont des combinaisons de type Y de m atomes (m = 4, 5, 6, 7,
8,...) et ainsi de suite. On a évalué l’utilité potentielle de l’indice hyper-Wiener élargi dans des études QSAR–QSPR
par sa corrélation avec un certain nombre d’alcanes comportant de 3 à 8 atomes de carbones et par une comparaison
favorable avec des modèles basés sur l’indice de connectivité et sur l’indice Wiener global. Dans le but de vérifier la
solidité des modèles et leur habilité à faire des prédictions, on a aussi effectué un test au hasard ainsi qu’une procédure
de validation croisée en ne tenant pas compte d’un atome. Les résultats démontrent que les indices hyper-Wiener éten-
dus examinés présentent un bon potentiel pour des études QSAR et QSPR. On obtient de bien meilleures statistiques
en passant de l’indice hyper-Wiener à l’indice hyper-Wiener étendu. Les indices hyper-Wiener étendus conduisent à des
résultats statistiques comme les indices de connectivité moléculaire et l’indice Wiener global dans tous les modèles et
les déviations standards fournis pas ces trois ensembles d’indices sont assez près. De plus, il peut conduire à une meil-
leure façon d’appliquer le nombre de Wiener et l’indice hyper-Wiener au système d’hydrocarbures insaturés et de com-
posés organiques comportant des hétéroatomes suivant la méthode de l’indice de connectivité moléculaire. Ceci pourrait
étendre l’utilité du nombre de Wiener et de l’indice hyper-Wiener qui pourrait les faire passer au rang d’indice topolo-
gique largement utilisé dans la pratique.

Mots clés : indice hyper-Wiener (R), indice hyper-Wiener élargi, indice de connectivité moléculaire.

[Traduit par la Rédaction] Li 996

Introduction

The hyper-Wiener index R(G) was proposed by Randi� et
al. (1); he generalized the Wiener index (W) to the hyper-
Wiener index by the much-studied W graph invariant (2–4).

Wiener defined W as the sum of the distances between pairs
of vertices of the graph under study (5). For trees, the main
difference between W and R is that Randi� considered paths
p instead of edges e in the Wiener index. In his definition, R
is the sum of contributions Kij; here subscripts i and j repre-
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sent a pair of vertices. Kij can be obtained (6, 7) using the
following two-step algorithm: (i) Remove the path (for trees
there is only one path) between vertices i and j; two
nonconnected subgraphs will be obtained. (ii) Multiply the
number of vertices of the first subgraph by the number of
vertices of the second one. R may be obtained by adding Kij
for all pairs of vertices i and j. There are N(N – 1)/2 terms
altogether, where N denotes the number of vertices (i.e., the
number of carbons in H-suppressed graphs).

Klein et al. and Hosoya (8, 9) found that the hyper-Wiener
index is equal to half of the Wiener index plus half of the
sum of squared distances between pairs of vertices:

[1] R d d d Wij ij
i ji j

ij
i j

= +












= +
<< <
∑∑ ∑1

2
1
2

1
2

2 2

There have been many studies on the hyper-Wiener index
in recent years (10, 11), especially by Tratch and his co-
workers, who earlier introduced their index, similar to the
hyper-Wiener index (12), and also made the suggestion to
extend the Wiener number to sequences of number invariants
(13, 14).

But the usefulness of the hyper-Wiener number is not as
popular as the molecular connectivity index. Some limits
prevent the usefulness of this number; for example, it can
only be used for saturated hydrocarbons. There should be a
further factor that is not accounted for by the hyper-Wiener
number.

Randi� introduced the concept of a connectivity (branch-
ing) index in 1975 (15). The concept has been further devel-
oped and applied extensively by Randi�, Kier, Hall, and their
co-workers (16, 17). The molecular connectivity index was
proved to be one of the most successful and widely used in-
dexes.

According to the definition of molecular connectivity, the
first-order connectivity index 1χ is the sum over all bonds
i—j (eq. [2]), where δ1 is the valence of carbon atom i in the
carbon skeleton of a hydrocarbon.

[2] 1

1

21χ =
δ δi j×









∑

bonds

And the second-order molecular index 2χ is a sum over 2-
bond paths i—j—k of terms 1/(δiδjδk)

1/2. A hierarchy of ad-
ditional indexes mχt of order m and type t can be obtained by
summing analogous terms over substructural units involving
path (t = p), cluster (t = c), path–cluster (t = pc), or chain
(t = ch) combinations of m bonds.

The extended hyper-Wiener index
According to the definition of molecular connectivity and

the definition of the hyper-Wiener index, we can define the
extended hyper-Wiener index for tree graphs (Rn,

mRn, n ≤
m) as follows.

First, n = 1, 2, 3, 4,… represents the type of subgraph
units and is the number of endmost atoms of the subgraph
unit. Second, m is the number of atoms of the subgraph unit.
Here n = 1 means the subgraph unit is an atom, n = 2 means
the subgraph units are straight-line combinations of m atoms
(m = 2, 3, 4, 5, 6,...), and n = 3 means the subgraph units are

Y types of combinations of m atoms (m = 4, 5, 6, 7, 8,...),
and so on.

Definition 1
The 1-type extended hyper-Wiener index R1 is defined as

the sum over all atoms i. Here ni denotes the number of ver-
tices in a tree graph if all the edges and internal vertices of a
path are not deleted from the parent graph.

[3] R ni1 = ∑
atoms

Definition 2
The 2-type extended hyper-Wiener index R2 is the sum of

contributions Kij, where subscripts i and j denote a pair of
vertices. Kij may be obtained by using the following two-
step algorithm: (i) Remove the path (for trees there is only
one path) between vertices i and j (linear subgraph units);
two nonconnected subgraphs will be obtained. (ii) Multiply
the number of vertices of the first subgraph ni by the number
of vertices of the second one nj. R2 may be obtained by add-
ing Kij for all pairs of vertices i and j.

[4] R n ni j2 = ×∑
all paths

From the definition we can see that the 2-type extended
hyper-Wiener index R2 is equal to the Wiener number.

Definition 3
The mth-order (m ≥ 2) extended hyper-Wiener index of 2-

type mR2 is the sum of contributions Kij, where subscripts i
and j denote a pair of vertices. Kij may be obtained by using
the following two-step algorithm: (i) Remove the path be-
tween vertices i and j (linear subgraph unit combinations of
m atoms); two nonconnected subgraphs will be obtained.
(ii) Multiply the number of vertices of the first subgraph by
the number of vertices of the second one. mR2 may be ob-
tained by adding Kij for all linear subgraph unit combina-
tions of m atoms.

From definition 2 and definition 3 we can see that R2 is
the sum of mR2, where m = 2, 3, 4,....

A hierarchy of additional indexes of type n (Rn) can be
obtained by summing analogous terms over substructural
units involving 3 types, 4 types, 5 types, 6 types,..., just like
definition 2.

A hierarchy of additional indexes of order m and type n
(mRn) can be obtained by summing analogous terms over
substructural units involving 3 types, 4 types, 5 types,...,
combinations of m atoms, just like definition 3.

Example: for 2-methylbutane, the extended hyper-Wiener
indexes mRn can be calculated as follows:

n = 1: 1, 2, 3, 4, 5; R1 = 1 + 1 + 1 + 1 + 1 = 5
n = 2: 1–2, 2–3, 3–4, 2–5, 1–5, 1–3, 3–5, 2–4, 1–4, 4–5;
R2 = 4 × 1 + 3 × 2 + 4 × 1 + 4 × 1 + 1 × 1 + 1 × 2

+ 2 × 1 + 3 × 1 + 1 × 1 + 1 × 1 = 28
m = 2, n = 2: 1–2, 2–3, 3–4, 2–5; 2R2 = 4 × 1 + 3 × 2 + 4

× 1 + 4 × 1 = 18
m = 3, n = 2: 1–5, 1–3, 3–5, 2–4; 3R2 = 1 × 1 + 1 × 2 + 2

× 1 + 3 × 1 = 8

© 2003 NRC Canada
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m = 4, n = 2: 1–4, 4–5; 4R2 = 1 × 1 + 1 × 1 = 2
n = 3: 1–3–5, 1–4–5; R3 = 1 × 1 × 2 + 1 × 1 × 1 = 3
m = 4, n = 3: 1–3–5; 4R3 = 1 × 1 × 2 = 2
m = 5, n = 3: 1–4–5; 5R3 = 1 × 1 × 1 = 1

Quantitative structure–property relationships with the
extended hyper-Wiener index

The potential of the extended hyper-Wiener for structure–
property and structure–activity studies can be evaluated by
performing comparative modeling of ref. 18 against the mo-
lecular connectivity index, the most widely used molecular
descriptors in QSAR and (or) QSPR. In this study, we apply
multiple regression analysis (MRA) in a QSPR modeling of
four physical properties of C3–C8 alkanes. The properties are
boiling point, bp, in °C; critical temperature, T, in °C; criti-
cal pressures, P, in atm; and surface tension, ST, in
0.1 �N/cm (Table 1) (19). The models of molecular connec-

tivity are taken from Bonchev (18); the best models have
been selected by the computer program.

The extended hyper-Wiener indexes of the 38 molecules
are shown in Table 2, and their physical properties are
shown in Table 1. Table 3 summarizes the statistics (correla-
tion coefficient r, standard deviation s, and the Fischer ration
F) of the molecular connectivity and the overall Wiener in-
dex of the C3–C8 alkanes derived with five variables (18).

The best five-parameter, extended hyper-Wiener models
obtained for the four examined alkane properties are given
below.

[5] bp = –128.57725 + 47.67585 2R2

– 103.72337 3R2 + 64.42522 4R2

– 12.5043 5R2 + 5.3353 6R2

n = 38, s = 1.70, F = 4394, r = 0.9996

© 2003 NRC Canada
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No. Moleculea bp (°C) T (°C) P (atm)b ST (0.1 µN/cm)

1 C3 –42.070 96.80 42.01
2 nC4 –0.500 152.01 37.47
3 2MC3 –11.730 134.98 36.00
4 nC5 36.074 196.62 33.31 16.00
5 2MC4 27.852 187.80 32.90 15.00
6 22MMC3 9.503 160.60 31.57
7 nC6 68.740 234.70 29.92 18.42
8 2MC5 60.271 224.90 29.95 17.38
9 3MC5 63.282 231.20 30.83 18.12

10 23MMC4 57.988 227.10 30.99 17.37
11 22MMC4 49.741 216.20 30.67 16.30
12 nC7 98.427 267.01 27.01 20.26
13 2MC6 90.052 257.90 27.20 19.29
14 3MC6 91.850 262.40 28.10 19.79
15 3EC5 93.475 267.60 28.60 20.44
16 24MMC5 80.500 247.10 27.40 18.15
17 23MMC5 89.784 264.60 29.20 19.96
18 22MMC5 79.197 247.70 28.40 18.02
19 33MMC5 86.064 263.00 30.00 19.59
20 223MMMC4 80.882 258.30 29.75 18.76
21 nC8 125.665 296.20 24.64 21.76
22 2MC7 117.647 288.00 24.80 20.60
23 3MC7 188.925 292.00 25.60 21.17
24 4MC7 117.709 290.00 25.60 21.17
25 3EC6 118.534 292.00 25.74 21.51
26 25MMC6 109.103 279.00 25.00 19.73
27 24MMC6 109.429 282.00 25.80 20.05
28 22MMC6 106.840 279.00 25.60 19.60
29 23MMC6 115.607 293.00 26.60 20.99
30 34MMC6 117.725 298.00 27.40 21.64
31 2M3EC5 115.650 295.00 27.40 21.52
32 33MMC6 111.969 290.84 27.20 20.63
33 3M3EC5 118.259 305.00 28.90 21.99
34 224MMMC5 99.238 271.15 25.50 18.77
35 234MMMC5 113.467 295.00 27.60 21.14
36 223MMMC5 109.841 294.00 28.20 20.67
37 233MMMC5 114.760 303.00 29.00 21.56
38 2233MMMMC4 106.470 270.87 24.50

aM and E stand for methyl and ethyl, respectively; the numbers denote the position of the methyl and ethyl branches.
b1 std. atm = 101.325 kPa.

Table 1. Experimental values for the physical properties of the 38 alkanes.
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[6] T = 86.00246 + 6.03808 2R2 – 20.1607 5R2

+ 10.69308 6R2 – 5.43957 4R3 – 3.80837 7R5

n = 38, s = 4.70, F = 853, r = 0.9963

[7] P = 61.83744 – 7.34938 R1 + 0.46271 2R2

– 1.31561 5R2 + 0.90337 6R2 – 5.37976 R6

n = 38, s = 0.33, F = 9.14, r = 0.9965

© 2003 NRC Canada
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Molecular connectivity index χ Overall Wiener index OW(ext)

Properties n r s F n r s F

Boiling point 38 0.9972 3.31 1151 38 0.9993 1.70 4393
Critical temperature 38 0.9962 4.76 831 38 0.9983 3.23 1790
Critical pressure 38 0.9920 0.50 397 38 0.9950 0.40 638
Surface tension 33 0.9938 0.22 432 33 0.9958 0.18 641

Table 3. Comparison of multilinear regression statistics (correlation coefficient, standard deviation, and the Fischer ratio) for the C3–
C8 alkane property models with 5 parameters produced by the set of topological indexes χ/OW(ext) (overall Wiener index = OW(ext)).

No. Moleculea R1 R2(2R2, 3R2, 4R2, 5R2, 6R2) R3(4R3, 5R3, 6R3) R4(5R4, 6R4) R5(7R5) R6

1 C3 3 5(4, 1, 0, 0, 0)
2 nC4 4 15(10, 4, 1, 0, 0)
3 2MC3 4 12(9, 3, 0, 0, 0) 1(1, 0, 0)
4 nC5 5 35(20, 10, 4, 1, 0)
5 2MC4 5 28(18, 8, 2, 0, 0) 3(2, 1, 0)
6 22MMC3 5 22(16, 6, 0, 0, 0) 4(4, 0, 0) 1(1, 0)
7 nC6 6 70(35, 20, 10, 4, 1)
8 2MC5 6 58(32, 17, 7, 2, 0) 6(3, 2, 1)
9 3MC5 6 54(31, 16, 6, 1, 0) 9(4, 4, 1)

10 23MMC4 6 47(29, 14, 4, 0, 0) 10(6, 4, 0) 1(0, 1)
11 22MMC4 6 44(28, 13, 3, 0, 0) 10(7, 3, 0) 3(2, 1)
12 nC7 7 126(56, 35, 20, 10, 4)
13 2MC6 7 108(52, 31, 16, 7, 2) 10(4, 3, 2)
14 3MC6 7 99(50, 29, 14.5, 1) 16(6, 7, 4)
15 3EC5 7 90(48, 27, 12, 3, 0) 27(8, 12, 6)
16 24MMC5 7 91(48, 27, 12, 4, 0) 18(8, 6, 4) 1(0, 0)
17 23MMC5 7 83(46, 25, 10, 2, 0) 23(10, 10, 3) 3(0, 2)
18 22MMC5 7 84(46, 25, 10, 3, 0) 19(10, 6, 3) 6(3, 2)
19 33MMC5 7 76(44, 23, 8, 1, 0) 24(12, 10, 2) 9(4, 4)
20 223MMMC4 7 69(42, 21, 6, 0, 0) 23(14, 9, 0) 8(3, 5) 1(1)
21 nC8 8 210(84, 56, 35, 20, 10)
22 2MC7 8 185(79, 51, 30, 16, 7) 15(5, 4, 3)
23 3MC7 8 170(76, 48, 27, 13, 5) 30(8, 10, 7)
24 4MC7 8 165(75, 47, 26, 12, 4) 36(9, 12, 10)
25 3EC6 8 150(72, 44, 23, 9, 2) 54(12, 20, 15)
26 25MMC6 8 161(74, 46, 25, 12, 4) 28(10, 8, 6) 1(0.0)
27 24MMC6 8 147(71, 43, 22, 9, 2) 40(13, 14, 10) 3(0.0)
28 22MMC6 8 149(71, 43, 22, 10, 3) 32(13, 9, 6) 10(4, 3)
29 23MMC6 8 143(70, 42, 21, 8, 2) 42(14, 16, 9) 6(0.3)
30 34MMC6 8 134(68, 40, 19, 6, 1) 48(16, 20, 10) 9(0.4)
31 2M3EC5 8 129(67, 39, 18, 5, 0) 56(17, 24, 13) 9(0.4)
32 33MMC6 8 131(67, 39, 18, 6, 1) 45(17, 17, 9) 18(6, 7)
33 3M3EC5 8 118(64, 36, 15, 3, 0) 54(20, 24, 9) 27(8, 12)
34 224MMMC5 8 127(66, 38, 17, 6, 0) 40(18, 13, 9) 12(4, 3) 1(0)
35 234MMMC5 8 122(65, 37, 16, 4, 0) 45(19, 20, 6) 11(0, 6) 1(0)
36 223MMMC5 8 115(63, 35, 14, 3, 0) 43(18, 19, 6) 17(4, 9) 3(2)
37 233MMMC5 8 111(62, 34, 13, 2, 0) 48(22, 21, 5) 21(6, 11) 3(2)
38 2233MMMMC4 8 97(58, 30, 9, 0, 0) 44(26, 18, 0) 23(8, 15) 6(6) 1

aM and E stand for methyl and ethyl, respectively; the numbers denote the position of the methyl and ethyl branches.

Table 2. The extended hyper-Wiener index of the 38 alkanes.
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[8] ST = 1.95062 + 4.36731 2R2 – 9.8391 3R2

+ 6.696 4R2 – 1.94851 5R2 + 0.84374 6R2

n = 33, s = 0.21, F = 471, r = 0.9943

Discussion

A comparison of the statistical results in Table 3 shows
that the extended hyper-Wiener indexes give good statistics
for each of the properties, and the standard deviations pro-
vided by these three sets of indexes are rather close.

To verify the robustness of the models, a cross-validation
procedure, leave-one-out, was performed, and the results are
listed in Table 4.

From Table 4 we can see that the maximum, minimum,
and mean values of the correlation coefficient r and the stan-
dard deviation s are rather close; this indicates that the four
five-parameter models are more stable.

A random test was also performed to verify the predictive
ability of the four five-parameter models. Five times the
tests were performed altogether, each time one third (for the
surface tension model, 8 samples were removed, while 13
samples were removed for the other models) of the samples
were randomly removed as a test set with the 25 remaining
samples as the training set. The statistical results of the
training set and test set are listed in Table 5.

The mean values of the correlation coefficient r and stan-
dard deviation s of the training sets and test sets are rather
close; this also indicates that the four five-parameter models
have good predictive ability.

Results and conclusion

Upon summarizing the results, one may conclude that the
extended hyper-Wiener indexes examined show a good po-
tential for use in QSAR and QSPR studies. The results show
that considerably better statistics are obtained when extend-
ing the hyper-Wiener index to the extended Hyper-Wiener
Index. The extended hyper-Wiener indexes provided statisti-
cal results as the molecular connectivity index and the over-
all Wiener index in all models, and the standard deviations
provided by these three sets of indexes are rather close.
Moreover, it may provide a better way to apply the Wiener
number and the hyper-Wiener index to the system of unsatu-

rated hydrocarbons and organic compounds, including
heteroatoms, according to the method of molecular connec-
tivity index. This can extend the usefulness of the Wiener
number and the hyper-Wiener index and can make them a
kind of widely used topological index in practice.

It needs to be mentioned that this conclusion is drawn for
linear-regression models; the comparison of nonlinear mod-
els remains open for later studies.
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Properties smin rmin smax rmax smean rmean

Boiling point 1.58 0.9990 1.72 0.9994 1.70 0.9993
Critical temperature 3.77 0.9956 4.77 0.9968 4.69 0.9963
Critical pressure 0.29 0.9952 0.34 0.9974 0.33 0.9965
Surface tension 0.20 0.9934 0.21 0.9951 0.21 0.9944

Table 4. The results of cross-validation.

Training set Test set

Properties rmean smean rmean smean

Boiling point 0.9994 1.50 0.9983 2.02
Critical temperature 0.9967 4.51 0.9905 4.64
Critical pressure 0.9967 0.33 0.9922 0.31
Surface tension 0.9946 0.19 0.9866 0.22

Table 5. The statistical results of random validation.
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Preparation of benzocyclobutenols by low
temperature reaction of ketone enolates with
benzynes

Sasmita Tripathy, Ranga Reddy, and Tony Durst

Abstract: The reaction of benzynes, generated from halobenzenes with lithium tetramethylpipiperide (LTMP) at –40 to
–78 °C, with ketone enolates affords benzocyclobutenols in fair to good yields.

Key words: benzyne, ketone enolates, anthracenes, benzocyclobutenol, alkoxides.

Résumé : Les benzynes, obtenues à partir des halobenzènes avec le tétraméyhylpipéridure de lithium (LTMP) dans un
intervalle de température de –40 à –78 °C, réagissent avec des énolates de cétone pour conduire à des benzocyclobuté-
nols avec des rendements allant de assez bons à bons.

Mots clés : benzyne, énolates de cétone, anthracènes, benzocyclobuténol, alcoolates.

[Traduit par la Rédaction] Tripathy et al. 1002

Introduction

Benzocyclobutanols have considerable utility as precur-
sors to ortho-quinodimethanes (1) and hence, for the prepa-
ration of a variety of polycyclic targets (2), including natural
products (3). A number of routes exist for the preparation of
these intermediates. These include: (i) photolysis of o-sub-
stituted phenyl alkyl ketones (4); (ii) reduction of or addition
of organometallic reagents to benzocyclobutenones (5);
(iii) cyclization of ortho- or iodo-substituted benzyl alkyl ke-
tones (5); (iv) 2 + 2 cycloaddition of ketene equivalents to
benzynes (6); and (v) trapping of benzynes with ketone
enolates (7).

The latter reaction has been investigated extensively by
the Caubere group (7) over a number of years using
NaNH2/t-BuOK in THF above room temperature to generate
both the benzyne and the enolate. Under these conditions
only a relatively small group of ketone enolates combine
with benzyne to give isolable quantities of benzocyclo-
butenols. The most successful results were obtained with the
enolates of five- to seven-membered ring ketones. We sur-
mise that the explanation for the divergent behaviour is due
to the difference in stability of the intermediate alkoxy-
benzocyclobutenes under the reaction conditions. Typically,
the alkali metal alkoxides of benzocyclobutenols such as 1
are unstable at temperatures as low as –78 °C; they open, ei-
ther by a cycloreversion to an ortho-quinodimethane 2 or re-
vert to an aryllithium 3 (8). In the case of 1a, the initial
product of the cycloaddition of the enolate of cyclopentan-
one or cyclohexanone to benzyne, the concerted conrotatory
cycloreversion pathway is very difficult since it results in the

generation of a highly strained trans double bond in a seven-
or eight-membered ring, respectively, i.e., 4 (Scheme 1).

The tendency for cycloreversion of benzocyclobutene
alkoxides has been exploited synthetically (9). Olofson and
co-workers (10) described the reaction of benzyne with the
enolate of acetaldehyde followed by ring opening of the re-
sultant intermediate 1 (R = R1 = H) to 5. This step is fol-
lowed by a second trapping reaction with benzyne thereby
yielding a series of symmetrical anthracenes. Unsymmetrical
anthracenes were formed starting with the benzocyclo-
butanol 6, LTMP, and a halobenzene (10) (Scheme 2).

Choy and Yang (8) showed that the lithium salt of trans-2-
phenylbenzocyclobutenol undergoes cycloreversion at –78 °C.
Trapping of this intermediate with dimethyl maleate or
dimethyl fumarate gave the expected tetrahydronaphthalenes
mainly with retention of the alkene configuration.

Results and discussion

We have reported that benzyne generation can be carried
out at –40 °C to –78 °C with LTMP starting with iodo- and
bromobenzene, respectively. When benzyne generation is
carried out at these temperatures in the presence of a variety
of ketone or enolates, the expected benzocyclobutenols can
be isolated, generally in at least fair yield (eq. [1]).
Typically, 10–40% of the starting ketone was recovered
when equimolar amounts of the ketone enolate and bromo-
benzene were used (Table 1). The use of chlorobenzene as
the benzyne precursor compared with bromo-or iodobenzene
improved the yield of the benzocyclobutanol 7a (R1 = Ph,
R2 = H) with yields being 35, 28, and 15%, respectively. In
each instance about 40% of the starting ketone was recov-
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ered. An increase in the benzyne precursor (chlorobenzene)
to enolate ratio from 1:1 to 2:1 improved the yield of 7a
from 38 to 55%. In addition to the benzocyclobutanols 7 and
some recovered ketones, approximately 5% of the 9-

phenylanthracenes could also be isolated. These compounds
(R1 = H, CH3, C2H5) are formed via the same mechanism as
is shown for the anthracenes in Scheme 2.

The stereochemistry of the benzocyclobutanol 7b was as-
signed as shown on the basis of nOe experiments. Irradiation
of the quartet at δ = 3.8 due to the remaining benzylic hydro-
gen showed enhancement of the signal for the methyl group
at δ = 1.5, but had no effect on the O-H group at δ = 2.9. An
nOe effect on the nearby aromatic signals was observed. In
contrast, irradiation of the methyl signal augmented signifi-
cantly those of the O-H, the benzylic methine, and the
nearby aromatic hydrogens. Finally, irradiation of the O-H
peak caused a strong enhancement on the methyl signal but
had almost no effect on the benzylic methine hydrogen. The
observed stereochemistry is reasonable on mechanistic
grounds since the transition state from the intermediate 9
leading to 7b should be preferred for steric reasons over the
alternate possibility commencing with 10. The stereo-
chemistry of the other benzocyclobutenols carrying two ad-

© 2003 NRC Canada

998 Can. J. Chem. Vol. 81, 2003

Entry R S Yield (%) Recovered ketone (%)

7a H H 35 39
7b CH3 H 57 40

7c C2H5 H 36 16

7d Ph H 52 12
7e H 4-OCH3 41 14

7f H 3,4-OCH3 42 12

Table 1. Synthesis of 1-arylbenzocyclobutenols.

Scheme 1.

Scheme 2.
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ditional substituents on the cyclobutene ring is assumed to
be the same as 7b with the non-hydrogen substituent at C-2
being cis to the hydroxyl group.

1-Phenylbenzocyclobutenols, predictably substituted in ei-
ther or both aromatic rings, were also prepared. Thus, com-
pounds 11a and 11b were obtained using 2-methoxy-
bromobenzene as the benzyne precursor, together with the
appropriate enolate.

Not surprisingly, the yields of the tricyclic benzo-
cyclobutenols 12a–12c, obtained from the trapping of
benzynes with the enolates of cyclic ketones, were better
than those observed in the above described examples. The
best result, an 82% isolated yield of 12c, was obtained with
the enolate of cycloheptanone. The cyclobutenols 12a and
12b were obtained in 65 and 55% yield, respectively. In the
latter cases, the monosubstitution products 13a and 13b
were also isolated.

Trapping of benzyne with the enolate 14, obtained from
THP-protected 2-hydroxyacetophenone gave the expected
benzocyclobutenol 15 in 94% yield based on 14% recovered
starting material; acid-catalyzed hydrolysis afforded the cis

diol 16. In contrast, the enolates of noncyclic aliphatic ke-
tones such as 3-pentanone gave only 24% yield of the de-
sired product 17, the minor product being 2-phenyl-3-
pentanone 18, the result of arylation of the enolate.

We were disappointed that the aldehyde enolates reacted
much less cleanly with benzynes under our reaction condi-
tions. Examination of the crude products obtained with
aldeyhdes such as hexanal and cyclohexanecarboxaldehyde
showed the formation of numerous products (NMR peaks in
the spectrum of the crude products possibly representing the
desired product indicated a yield of less than 15%). These
mixtures were not further investigated.

Summary

The method described in this paper constitutes a simple
route to benzocyclobutenols, in particular 1-arylbenzocyclo-
butenols and the tricyclic derivatives 12. Since treatment of
7a with NaBH4/TFA–AcOH afforded cleanly the benzo-
clobutene 19 in 59% yield, the reaction of benzynes with the
enolates of aryl alkyl ketones can also lead to 1-aryl-
benzocyclobutenes.

© 2003 NRC Canada
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Experimental

General procedure for the generation of benzynes in the
presence of ketone and aldehyde enolates

t-BuLi in hexane (7.95 mmol) was added dropwise to a
stirred solution of tetramethylpiperidine (7.95 mmol) in
anhyd THF (10 mL) under nitrogen at –40 °C. The mixture
was stirred for 10 min and a solution of ketone (3.18 mmol)
in THF (5 mL) was added. This was followed by the addi-
tion of solution of halobenzene (3.18 mmol) in THF (5 mL).
The reaction mixture was stirred at –40 °C for 5 h. An aque-
ous ammonium chloride solution was added and the result-
ing solution was extracted with ethyl acetate. The combined
organic extracts were washed with brine, dried over Na2SO4,
and concentrated under reduced pressure. The residue was
purified by chromatography on silica gel with EtOAc–hex-
anes to give the benzocyclobutenol.

1-Phenylbenzocyclobutenol (7a) (11)
Yield: 32%. 1H NMR (CDCl3, 200 MHz) δ: 3.38 (s, 1H),

3.60 (ABq, 2H), 7.20–7.58 (m, 9H). 13C NMR (CDCl3,
50 MHz) δ: 50.4, 82.1, 122.3, 124.8, 126.3, 128.1, 128.3,
128.9, 130.3, 134.4, 142.7, 144.1, 149.7. HR-MS calcd. for
C14H12O m/z: 196.0888; found: 196.0861.

cis-2-Methyl-1-phenylbenzocyclobutenol (7b)
Yield: 35%. 1H NMR (CDCl3, 200 MHz) δ: 1.51 (d, J =

8.0 Hz, 3H), 2.61 (s, 1H), 3.81 (q, J = 8.0 Hz, 1H), 7.21–
7.45 (m, 9H). 13C NMR (CDCl3, 50 MHz) δ: 15.2, 54.1,
82.9, 122.8, 123.5, 126.9, 127.9, 128.0, 128.1, 128.6, 129.2,
130.3, 144.8, 149.0, 149.1. HR-MS calcd. for C15H14O m/z:
210.1045; found: 210.1035.

cis-2-Ethyl-1-phenylbenzocyclobutenol (7c)
Yield: 36%. 1H NMR (CDCl3, 200 MHz) δ: 1.18 (t, J =

7.3 Hz, 3H), 1.73–1.98 (m, 2H), 2.57 (s, 1H), 3.59 (t, J =
7.7 Hz, 1H), 7.21–7.46 (m, 9H). 13C NMR (CDCl3,
50 MHz) δ: 13.0, 24.1, 61.4, 83.2, 122.7, 124.0, 126.1,
127.8, 128.9, 130.2. HR-MS calcd. for C16H16O m/z:
224.1201; found: 224.1191.

cis-1,2-Diphenylbenzocyclobutenol (7d)
Yield: 52%, mp 144–146 °C. 1H NMR (CDCl3, 200 MHz)

δ: 2.70 (s, 1H), 5.41 (s, 1H), 6.96–7.37 (m, 12H), 7.71 (m,
2H). 13C NMR (CDCl3, 50 MHz) δ: 49.7, 75.9, 126.7, 127.3,
127.5, 127.7, 127.9, 128.2, 128.3, 128.5, 128.8, 129.5,
129.7, 137.8, 142.2, 144.7, 147.3. HR-MS calcd. for
C20H16O m/z: 272.1201; found: 272.1101.

4-Methoxyphenylbenzocyclobutenol (7e) (11)
Yield: 41%. 1H NMR (CDCl3, 200 MHz) δ: 2.71 (brs,

1H), 3.58 (ABq, 2H), 3.77 (s, 3H), 6.86 (d, J = 8.8 Hz, 2H),
7.21–7.49 (m, 6H). 13C NMR (CDCl3, 50 MHz) δ: 50.2,
55.9, 81.8, 114.2, 122.3, 124.8, 127.7, 128.2, 130.2, 136.4,
142.7, 149.8, 159.5. HR-MS calcd. for C15H14O2 m/z:
226.0994; found: 226.0983.

3,4-Dimethoxyphenylbenzocyclobutenol (7f) (11)
Yield: 42%. 1H NMR (CDCl3, 200 MHz) δ: 2.88 (brs,

1H), 3.57 (ABq, 2H), 3.82 and 3.83 (2s, 6H), 6.73 (d, J =
8.3 Hz, 1H), 6.88 (dd, J = 8.3, 1.3 Hz, 1H), 7.09 (d, J =
8.3 Hz, 1H), 7.32 (m, 4H). 13C NMR (CDCl3, 50 MHz) δ:

50.4, 58.4,58.5, 81.8, 108.7, 111.2, 118.2, 118.8, 122.1,
124.8, 128.2, 130.2, 138.8, 142.7, 148.4, 148.7, 148.8. HR-
MS calcd. for C16H16O3 m/z: 256.10998; found: 256.10887.

6-Methoxy-cis-2-ethyl-1-phenylbenzocyclobutenol (11a)
Yield: 36%. 1H NMR (CDCl3, 200 MHz) δ: 1.13 (t, J =

7.4 Hz, 3H), 1.61–1.99 (m, 2H), 2.65 (s, 1H), 3.45 (t, J =
8.0 Hz, 1H), 3.71 (s, 3H), 6.80 (t, J = 8.4 Hz, 1H), 7.21–
7.49 (m, 6H). 13C NMR (CDCl3, 50 MHz) δ: 13.5, 24.1,
58.2, 60.1, 83.5, 115.5, 116.2, 126.1, 128.2, 128.4, 132.2,
146.1, 150.1, 152.1, 156.2. HR-MS calcd. for C17H18O2 m/z:
254.13074; found: 254.13061.

6-Methoxy-1-(3,4-dimethoxyphenyl)benzocyclobutenol (11b)
Yield: 55%. 1H NMR (CDCl3, 200 MHz) δ: 3.40 (s, 1H),

3.42 (s, 2H), 3.63 (s, 3H), 3.80 (s, 6H), 6.75 (m, 3H), 6.90
(d, J = 8.8 Hz, 1H), 7.08 (s, 1H), 7.22 (t, J = 8.8 Hz, 1H).
13C NMR (CDCl3, 50 MHz) δ: 50.1, 55.7, 56.6, 80.9, 108.9,
110.6, 113.0, 116.2, 117.6, 131.2, 133.2, 137.1, 143.6,
148.0, 148.6, 157.3. HR-MS calcd. for C17H18O4 m/z:
286.1205; found: 286.1190.

Tricyclo (4,3,0,0) hydroxy-1-nonadecatriene-2,4,6 (12a)
(12d)

Yield: 65%, mp 56 to 57 °C. 1H NMR (CDCl3, 200 MHz)
δ: 1.01–1.29 (m, 1H), 1.56–1.89 (m, 4H), 2.10 (m, 1H), 1.65
(brs, 1H), 3.51 (t, J = 1.6 Hz, 1H), 7.11–7.39 (m, 4H). 13C
NMR (CDCl3, 50 MHz) δ: 25.1, 29.1, 36.3, 57.6, 89.8,
121.4, 123.6, 128.5, 130.2, 144.4, 148.3.

2-Phenylcyclopentanone (13a) (12e)
1H NMR (CDCl3, 200 MHz) δ: 1.81–2.61 (m, 6H), 3.51

(t, J = 8.0 Hz, 1H), 7.21–7.49 (m, 5H). 13C NMR (CDCl3,
50 MHz) δ: 22.1, 32.1, 38.5, 56.1, 128.1, 129.4, 129.9,
140.1.

Tricyclo (4,4,0,0) hydroxy-1-dodecatriene-2,4,6 (12b)
(12a–12c)

Yield: 55%, mp 106–108 °C. 1H NMR (CDCl3, 200 MHz)
δ: 1.11–2.11 (m, 8H), 2.29 (brs, 1H), 3.39 (t, J = 7.6 Hz,
1H), 7.10–7.35 (m, 4H). 13C NMR (CDCl3, 50 MHz) δ:
18.0, 18.4, 24.3, 32.1, 54.2, 79.6, 121.6, 123.7, 128.1, 129.7,
146.1, 149.9. HR-MS calcd. for C12H14O m/z: 174.1045;
found: 174.1071.

2-Phenylcyclohexanone (13b) (12e)
Yield: 20%. 1H NMR (CDCl3, 200 MHz) δ: 1.71–2.61 (m,

8H), 3.61 (dd, J = 8.0, 16.0 Hz, 1H), 7.11–7.49 (m, 5H). 13C
NMR (CDCl3, 50 MHz) δ: 25.9, 28.4, 35.7, 42.8, 58.0,
127.5, 128.9, 129.1, 139.3, 210.0. HR-MS calcd. for
C12H14O m/z: 174.1045; found: 174.1057.

Tricyclo (4,5,0,0) hydroxy-1-tridecatriene-2,4,6 (12c)
(12a–12c)

Yield: 82%. 1H NMR (CDCl3, 200 MHz) δ: 1.31–2.21 (m,
10H), 2.70 (s, 1H), 3.41 (dd, J = 4.5, 10.0 Hz, 1H), 7.10–
7.31 (m, 4H). 13C NMR (CDCl3, 50 MHz) δ: 24.8, 28.1,
31.4, 32.6, 36.8, 60.8, 84.2, 121.4, 123.5, 128.0, 129.7,
146.3, 149.8.

© 2003 NRC Canada
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Compound 15
t-BuLi in hexane (4.68 mL, 7.96 mmol) was added drop-

wise to a stirred solution of tetramethylpiperidine (1.34 mL,
7.96 mmol) in anhyd THF (10 mL) under nitrogen at –40 °C.
The mixture was stirred for 10 min and a solution of 2-O-
tetrahydropyranoyl acetophenone (0.70 g, 3.18 mmol) in
THF (5 mL) was added. This was followed by the addition
of a solution of bromobenzene (0.50 g, 3.18 mmol) in THF
(5 mL). After being stirred for 5 h at –40 °C, the reaction
mixture was quenched by the addition of NH4Cl solution
and the mixture was allowed to warm to room temperature.
The resulting solution was extracted with ethyl acetate, and
the combined organic solutions were washed with brine,
dried over Na2SO4, and evaporated. The residue was purified
by chromatography on silica gel with 8% EtOAc–hexanes to
afford 15 in 94% yield. 1H NMR (CDCl3, 200 MHz) δ: 1.5–
2.0 (m, 6H), 3.52 (m, 1H), 4.0 (m, 1H), 4.55 (s, 1H), 4.70
and 4.90 (2m, 1H), 5.12 and 5.28 (2s, 1H), 7.10–7.50 (m,
9H).

1-Phenyl-cis-benzocyclobuten-1,2-diol (16)
To a stirred solution of 15 (0.27 g, 0.94 mmol) in 5 mL of

methanol was added CSA (30 mg) and the reaction mixture
was stirred for 30 min. Methanol was evaporated and the
residue was extracted with ethyl acetate, washed with satd.
NaHCO3 solution, dried over Na2SO4, and evaporated. The
residue was purified by chromatography on silica gel with
40% EtOAc–hexanes to afford 16 in 91% yield, mp 128–
130 °C. 1H NMR (CDCl3, 200 MHz) δ: 3.12, 3.40 (2bs,
OH), 5.20 (s, 1H), 7.20–7.40 (m, 9H). 13C NMR (CDCl3,
50 MHz) δ: 80.8, 83.7, 123.5, 124.7, 126.1, 128.2, 128.9,
130.7, 131.1, 142.8, 146.7, 148.9. HR-MS calcd. for
C14H12O2 m/z: 212.08376; found: 212.8368.

cis-2-Ethyl-1-methylbenzocyclobutenol (17)
Yield: 24%. 1H NMR (CDCl3, 200 MHz) δ: 1.15 (t, J =

7.36 Hz, 3H), 1.30 (d, J = 7.22 Hz, 3H), 1.62–1.82 (m, 2H),
2.20 (brs, 1H), 3.44 (q, J = 7.19 Hz, 1H), 7.13–7.28 (m,
4H). 13C NMR (CDCl3, 50 MHz) δ: 8.4, 13.8, 27.6, 53.4,
82.7, 121.5, 122.6, 127.2, 129.2, 146.7, 148.7. HR-MS
calcd. for C11H14O m/z: 162.1045; found: 162.1036.

1-Phenylbenzocyclobutene (19) (13)
To a solution of glacial acetic acid (6 mL) and trifluoro-

acetic acid (6 mL) at 0 °C was added sodium borohydride
(0.59 g, 10 equiv). The benzocyclobutanol 7a (0.31 g,
1.58 mmol) in CH2Cl2 (10 mL) was immediately added and
stirred for 2 min followed by the rapid addition of sidium
borohydride (0.30 g, 5 equiv). The solution was stirred for
5–10 min and diluted with H2O (40 mL) and extracted with
CH2Cl2 (3 × 25 mL), dried over Na2SO4, and evaporated.
The residue was purified by chromatography on silica gel
with 3% EtOAc–hexanes to afford 19 in 59% yield. 1H
NMR (CDCl3, 200 MHz) δ: 3.28 (dd, J = 2.85, 13.78 Hz,
1H), 3.90 (dd, J = 5.37, 13.78 Hz, 1H), 4.87 (dd, J = 2.85,
5.37 Hz, 1H), 7.32–7.54 (m, 9H). 13C NMR (CDCl3,
50 MHz) δ: 40.1, 47.6, 122.9, 123.4, 126.6, 127.1, 127.3,
127.8, 128.6, 142.9, 144.2, 147.8. HR-MS calcd. for C14H12
m/z: 180.0939; found: 180.0928.
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Novel synthesis of a highly functionalized
cyclopropane derivative

Stéphane Trudeau and Pierre Deslongchamps

Abstract: A model study was carried out to explore the feasibility of synthesizing fused tricyclic ring structures con-
taining a C7—C8 double bond juncture (steroid numbering) by employing an SN2′ cyclization of a silyl enol ether to
displace an allylic acetate as the key step. Instead of the anticipated product, highly functionalized cyclopropanes were
obtained. These novel cyclopropane structures are the result of the concomitant 1,2-migration of a dithiane thioether
moiety and the eventual displacement of the acetate group, followed by the cyclization of the silyl enol ether.

Key words: tricycles, SN2′ cyclization, inductive effect, cyclopropane.

Résumé : Une étude modèle a été réalisée pour vérifier la possibilité de produire des tricycles possédant une double
liaison entre les carbones C7 et C8 (numérotation des stéroïdes) par une réaction de cyclisation SN2′ entre un éther
d’énol silylé et un acétate allylique comme étape clé. Or, une réaction inattendue s’est produite pour conduire à la syn-
thèse de cyclopropanes hautement fonctionnalisés au lieu du produit attendu. Cela étant le résultat d’une cyclisation
entre un éther d’énol silylé sur un groupement dithiane où l’un des thioéthers a subi une migration-1,2 tout en dépla-
çant le groupement acétate partant.

Mots clés : tricycles, cyclisation SN2′, effet inductif, cyclopropane.
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Introduction

More than 25 years ago, Nozaki and co-workers (1) stud-
ied cationic cyclization of allylic acetates via nucleophilic
participation of silyl enol ether. In light of this study, we re-
cently conducted a model study to investigate the possibility
of using an SN2′-type cyclization of a silyl enol ether to dis-
place an allylic acetate to generate C7–C8 (steroid number-
ing) unsaturated fused tricyclic ring structures (cf. 1, Fig. 1).
In model structures containing a sulfone moiety (X = SO2Ph,
Y = H) or a methylene group (X = Y = H) next to the ace-
tate leaving group no cyclization occurred. In contrast, when
the model compound was decorated with a dithiane func-
tionality (X, Y = S-(CH2)3-S) adjacent to the acetate leaving
group, instead of obtaining the anticipated product 1
(Fig. 1), the unexpected formation of a highly functionalized
cyclopropane was observed (cf. 2, Fig. 1). The details of this
investigation are disclosed herein.

Results and discussion

The use of a sulfone connector for the coupling of rings A
and C was explored initially. The intermediate 7 was synthe-
sized starting from the commercially available (R)-(–)-

carvone. Thus, Michael addition of phenylthiomethyl phenyl
sulfone (2, 3) and trapping of the attendant enolate with tert-
butyldimethylsilyl trifluoromethanesulfonate furnished thio-
ether 4 (Scheme 1). It is noteworthy that the presence of the
thioether moiety in the nucleophile was necessary to achieve
exclusive 1,4-addition. Thioether 4 was then subjected to n-
Bu3SnH–AIBN reduction in refluxing benzene to obtain
sulfone 5. Deprotonation of sulfone 5 with n-BuLi, followed
by alkylation with the commercially available reagent, 1-
cyclohexene-1-carboxaldehyde, afforded the alcohol 6. The
latter product was then acylated with acetic anhydride and
catalytic DMAP in pyridine to yield the acetate 7. All at-
tempts to procure the ABC-fused tricyclic structure, 8, using
the acetate 7 were in vain. For instance, in protic acidic me-
dium, Lewis acid medium, or under anionic conditions, only
deprotection of the silyl enol ether was observed. Even with
palladium, the formation of the π-allyl palladium species
was not observed, and only starting material was recovered
instead. It may therefore be concluded that the inductive ef-
fect of the sulfonyl group prohibits the solvolysis of the ace-
tate, thus precluding the formation of the π-allyl cation that
would have been trapped by the silyl enol ether.

To circumvent the obstacle encountered with the sulfonyl
group, alcohol 6 was oxidized with TPAP–NMO in dichloro-
methane in the presence of 4 Å molecular sieves to produce
the ketosulfone 9 (Scheme 2). Subsequent desulfurization
with n-Bu3SnH–AIBN in refluxing toluene yielded ketone
10 (4), which was immediately converted to the correspond-
ing alcohol using Luche reduction conditions (NaBH4–CeCl3
in methanol). The alcohol thus obtained was then acylated
with acetic anhydride – DMAP (catalytic) in pyridine to ob-
tain the acetate 11. To our dismay, all efforts directed at ef-
fecting cyclization of the precursor acetate 11 to form 12
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were unsuccessful. Exclusive deprotection of the silyl enol
ether occurred in most cases (acidic medium as well as an-
ionic conditions). With palladium species, only starting ma-
terial was recovered. On the basis of the above studies, it
can be concluded that even in absence of the inductive effect
of the sulfonyl group, the acetate group is reluctant to leave
and thereby induce cyclization.

Recently, Saigo and co-workers (5) reported that allylic
acetates with a thioether as a neighboring group can undergo

SN2′ coupling with silyl enol ether in the presence of a
Lewis acid. Keeping this in mind, the synthesis of acetate 17
was then undertaken, starting from the commercially avail-
able 1,3-dithiane 13 (Scheme 3). Deprotonation of the latter
with LDA and trapping of the attendant anion with n-
Bu3SnCl furnished stannane 14 in quantitative yield (6).
Deprotonation of intermediate 14 with LDA followed by a
1,4-Michael addition with (R)-(–)-carvone and trapping of
the resultant enolate with tert-butyldimethylsilyl trifluoro-
methanesulfonate in the presence of triethylamine yielded
compound 15. Transmetallation of the stannyl moiety in 15
with n-BuLi, followed by alkylation with 1-cyclohexene-1-
carboxaldehyde, afforded alcohol 16 in a 3:1 diastereomeric
ratio. The alcohol 16 was then acylated with acetic anhy-
dride – DMAP (catalytic) in pyridine to provide the acetate
17 (3:1 diastereomeric mixture). With acetate 17 in hand, a
preliminary attempt was made to induce the SN2′ cyclization
using p-TSA in benzene. The neighboring group participa-
tion induced by the dithiane helped the departure of the ace-
tate group, furnishing compound 18 in 64% yield. Thus,

© 2003 NRC Canada
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Fig. 1. Target structures.

Scheme 1. (a) i. Phenylsulfonylphenylthiomethane, n-BuLi, THF; ii. (R)-(–)-carvone; iii. TBS-OTf, Et3N (quant.); (b) n-Bu3SnH,
AIBN, PhH (87%); (c) i. n-BuLi, THF; ii. 1-cyclohexene-1-carboxaldehyde (61%); (d) Ac2O, DMAP, pyridine (92%).

Scheme 2. (a) TPAP, NMO, MS 4A, CH2Cl2 (60%); (b) n-Bu3SnH, AIBN, toluene (quant.); (c) NaBH4, CeCl3, MeOH (79%);
(d) Ac2O, DMAP, pyridine (86%).
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hydrogen abstraction and formation of a double bond in-
duced a net 1,2-migration of a thioether. The structure of
compound 18 was assigned by spectral analysis, including
DEPT NMR studies. A similar 1,2-migration of a thioether
has also been recently reported by Kutateladze and co-
workers (7).

We next explored the possibility of effecting the SN2′
cyclization under Lewis acid conditions. To our great sur-
prise, however, when acetate 17 was treated with trimethyl-
silyl trifluoromethanesulfonate in dichloromethane at –78 °C,
cyclopropane 2 was obtained in 46% yield as a separable 3:1
mixture of two diastereoisomers. Compounds 18 and 19
were also isolated from the reaction mixture (14% and 17%

yield, respectively). Again, it can be surmised that the
dithiane facilitated the departure of the acetate group in
compounds 17a and 17b to form intermediate 21a and 21b
as sulfonium cations (Fig. 2). These sulfonium cations could
then rearrange to intermediates 22a and 22b and, thereby,
induce a net 1,2-migration of a thioether moiety. Thus, the
silyl enol ether participates in a C—C bond formation at C6
in a Mukaiyama thio-aldol fashion instead of promoting
cyclization at C9 in an SN2′ manner, contrary to our initial
expectations. Moreover, it can be presumed that the
Mukaiyama thio-aldol process was stereoselective, as the
diastereoisomeric composition in cyclopropane products was
identical to that in the acetate starting material. The structure

© 2003 NRC Canada
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Scheme 3. (a) i. LDA, THF; ii. n-Bu3SnCl (quant.); (b) i. LDA, THF; ii. (R)-(–)-carvone, HMPA; iii. TBS-OTf, Et3N (88%); (c) i. n-
BuLi, THF ii. 1-cyclohexene-1-carboxaldehyde (75%) (ratio of diastereoisomers = 3:1); (d) Ac2O, DMAP, pyridine (79%); (e) p-TSA,
PhH (64%); (f) TMS-OTf, CH2Cl2 (77%) (ratio 2a:2b:18:19 = 3:1:1.2:1.5); (g) LiAlH4, THF (71%) (ratio of diastereoisomers = 7.5:1);
(h) 4-nitrobenzoyl chloride, DMAP, pyridine, CH2Cl2 (40%).
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of the major diastereoisomer 2a was assigned by single-
crystal X-ray diffraction crystallography of the benzoate 20
(Fig. 3).2 This product was prepared from compound 2a,
which was reduced with LiAlH4 in THF to give two dias-
tereoisomers (7.5:1) that were readily separable by flash
chromatography on silica gel. The major diastereoisomer
was subsequently acylated, using 4-nitrobenzoyl chloride –
DMAP (catalytic) – pyridine in dichloromethane, to provide
20.

Experimental

General
All reactions were performed under N2 atmosphere with

flame-dried glassware. Solvents were distilled and dried ac-
cording to standard procedures. Analytical TLC were per-
formed on precoated glass plates (0.25 mm) with silica gel
60F-250 (Merck). Flash-chromatography was performed
with 230–400 mesh gel 60 (Merck). 1H and 13C NMR spec-
tra were recorded on a Brüker AC-300 and are referenced
with respect to the residual signals of the solvent; they are
described using standard abbreviations. IR spectra were re-
corded on a PerkinElmer 1600 FT-IR. Mass spectra were re-
corded on a ZAB-1F micromass spectrometer.

Thioether (4)
To a solution of phenylthiomethyl phenyl sulfone (2, 3)

(0.55 g, 2.1 mmol) in THF (27.0 mL) cooled to –78 °C was
added n-butyllithium (1.24 mol·L–1 in hexane) (1.7 mL,
2.1 mmol). The solution was stirred for 1 h at –78 °C, then
(R)-(–)-carvone (0.26 g, 1.7 mmol) in THF (6.0 mL) was
added. The mixture was stirred for 2 h at –78 °C before tert-
butyldimethylsilyl trifluoromethanesulfonate (1.2 mL,
5.2 mmol) was added. The mixture was stirred for another

0.75 h, and then triethylamine (1.2 mL, 8.7 mmol) was
added. The mixture was warmed to room temperature,
stirred for 0.15 h, poured into a saturated aqueous solution
of NaHCO3 (30 mL), and extracted with ether (3 × 30 mL).
The combined organic phases were washed with brine
(100 mL), dried with MgSO4, filtered, and concentrated un-
der reduced pressure. The crude product was purified by
flash chromatography (hexane–ether 8:2) to give the thio-
ether 4 (0.97 g, quantitative) as a pale yellow oil (mixture of
diastereoisomers). [α]D = +63.51° (c 1.71, CHCl3). IR
(film, cm–1) ν: 3476, 3063, 2955, 2857, 1710, 1583, 1472,
1448, 1307, 1255, 1148, 1083, 836, 741, 688. 1H NMR
(300 MHz, CDCl3, ppm) δ: 7.92 (2H, m, H arom. ortho to
SO2R), 7.58 (1H, m, H arom. para to SO2R), 7.46 (2H, m, H
arom. meta to SO2R), 7.14 (2H, m, H arom. ortho to SR),
7.07 (2H, m, H arom. meta to SR), 6.96 (1H, m, H arom.
para to SR), 4.73 and 4.64 (2H, 2d, J = 17.9 and 35.5 Hz,
(CH3)C=CH2), 4.30 (1H, dd, J = 37.0 and 2.0 Hz, PhSO2-
CH-SPh), 3.29 (1H, m), 3.00 (1H, m), 2.38–1.78 (4H, m),
1.77 and 1.63 (3H, 2s, (CH3)C=CH2), 1.60 and 1.42 (3H, 2s,
TBSO-C=C-CH3), 0.95 (9H, m, (CH3)3-C-Si), 0.13 (6H, m,
(CH3)2-Si). 13C NMR (75 MHz, CDCl3, ppm) δ: 148.1,
147.9, 147.1, 138.4, 137.7, 134.3, 133.7, 133.6, 132.3,
131.8, 129.8, 129.4, 129.1, 129.0, 128.8, 127.9, 112.8,
111.0, 109.5, 109.3, 107.8, 105.2, 80.2, 76.4, 39.9, 38.2,
37.8, 37.7, 36.2, 35.4, 34.4, 28.7, 27.2, 26.0, 25.8, 25.8,
25.6, 22.6, 21.2, 20.2, 18.2, 18.0, 16.6, 14.2, –3.5, –3.6. EI-
MS: 528 ([M]+). HR-MS ([M]+) calcd. for C29H40O3S2Si:
528.2188; found: 528.2184.

Sulfone (5)
To a solution of thioether 4 (1.1 g, 2.0 mmol) in benzene

(52.0 mL) was added tributyltin hydride (1.1 mL, 4.3 mmol)
and AIBN (0.033 g, 0.20 mmol). N2 was bubbled for 0.1 h

© 2003 NRC Canada
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Fig. 2. Proposed mechanism for formation of cyclopropanes 2a and 2b.

2 Crystallographic data (excluding structure factors) for the structures in this paper have been deposited. Supplementary data may be pur-
chased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Ottawa, ON K1A 0S2,
Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC 200815 contain the supplementary
data for this paper. These data can be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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into the solution to exclude O2. The solution was then heated
at reflux for 2 h, cooled to room temperature, and concen-
trated under reduced pressure. The crude product was puri-
fied by flash chromatography (hexane–ether 9:1) to give the
sulfone 5 (0.69 g, 87%) as a clear oil. [α]D = +26.56° (c
1.51, CHCl3). IR (film, cm–1) ν: 2930, 2858, 1683, 1472,
1447, 1306, 1253, 1197, 1150, 1087, 1064, 929, 837. 1H
NMR (300 MHz, CDCl3, ppm) δ: 7.93 (2H, m, H arom.
ortho to SO2R), 7.61 (3H, H arom. meta and para to SO2R),
4.71 (3H, d, J = 17.0 Hz, (CH3)C=CH2), 3.10 (2H, m, -CH2-
SO2Ph), 2.64 (1H, s), 2.21 (1H, m), 2.00 (3H, m), 1.69
(3H, s, (CH3)C=CH2), 1.49 (1H, td, J = 13.0 and 5.0 Hz),
1.40 (3H, s, TBSO-C=C-CH3)), 0.91 (9H, s, (CH3)3-C-Si),
0.08 (6H, s, (CH3)2-Si). 13C NMR (75 MHz, CDCl3, ppm) δ:
147.9, 145.7, 139.6, 133.6, 129.3, 128.0, 110.9, 109.7,
105.2, 58.1, 37.0, 35.3, 34.7, 31.3, 25.7, 20.8, 18.2, 14.2,
–3.7, –3.8. EI-MS: 420 ([M]+). HR-MS ([M]+) calcd. for
C23H36O3SSi: 420.2154; found: 420.2151.

Alcohol (6)
To a solution of sulfone 5 (0.14 g, 0.32 mmol) in THF

(2.0 mL) at –78 °C was added n-butyllithium (1.24 mol·L–1

in hexane) (0.26 mL, 0.32 mmol). The solution was stirred
for 1 h at –78 °C and then 1-cyclohexene-1-carboxaldehyde
(0.033 mL, 0.29 mmol) was added. The mixture was stirred
for 2.5 h and was slowly warmed to –50 °C. It was then
poured into a saturated aqueous solution of NH4Cl (4 mL)

and extracted with ether (3 × 5 mL). The combined organic
phases were washed with brine (15 mL), dried with MgSO4,
filtered, and concentrated under reduced pressure. The crude
product was purified by flash chromatography (hexane–ether
9:1 to 7:3) to give the alcohol 6 (0.095 g, 61%) as a pale
yellow oil (mixture of diastereoisomers). [α]D = +34.76° (c
1.03, CHCl3). IR (film, cm–1) ν: 3491, 2931, 2858, 1682,
1447, 1302, 1176, 1140, 1083, 1056, 913, 834, 731. 1H
NMR (300 MHz, CDCl3, ppm) δ: 7.89 (2H, m, H arom.
ortho to SO2R), 7.53 (3H, m, H arom. meta and para to
SO2R), 5.77 (1H, s, HC=C-CH-OH), 4.71 (2H, d, J =
33.5 Hz, (CH3)C=CH2), 4.66 (1H, d, J = 12.5 Hz, CH-OH),
3.70 (1H, dd, J = 8.5 and 3.0 Hz, CH-SO2Ph), 3.00 (1H, d,
J = 4.5 Hz, CH-OH), 2.56 (2H, s), 2.26 (2H, m), 2.00
(4H, m, CH2-CH=C-CH2), 1.78 (1H, qu, J = 6.5 Hz), 1.71
(3H, s, (CH3)C=CH2), 1.63 (1H, m), 1.55 (3H, s, TBSO-
C=C-CH3), 1.46 (4H, m, CH2-CH2-CH=C-CH2-CH2), 0.94
(9H, s, (CH3)3-C-Si), 0.15 (6H, d, J = 10 Hz, (CH3)2-Si). 13C
NMR (75 MHz, CDCl3, ppm) δ: 147.2, 144.5, 142.9, 136.3,
133.0, 128.6, 128.1, 127.7, 109.6, 109.4, 75.9, 67.9, 37.7,
37.7, 34.2, 28.0, 25.8, 25.1, 22.9, 22.2, 22.1, 21.7, 18.1,
14.5, –3.6. EI-MS: 530 ([M]+). HR-MS ([M]+) calcd. for
C30H46O4SSi: 530.2886; found: 530.2894.

Acetate (7)
Acetic anhydride (0.068 mL, 0.72 mmol) and DMAP

(0.012 g, 0.10 mmol) were added to a solution of the alcohol

© 2003 NRC Canada
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Fig. 3. Single-crystal X-ray structure of cyclopropane 20.
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6 (0.26 g, 0.48 mmol) in pyridine (5.0 mL). The solution
was stirred for 2 h at room temperature, neutralized with
HCl 1 N (5 mL) at 0 °C, and extracted with ethyl acetate
(3 × 5 mL). The organic phase was washed with brine
(20 mL), dried with MgSO4, filtered, and concentrated under
reduced pressure. The crude product was purified by flash
chromatography (hexane–ether 8:2 to 7:3) to yield acetate 7
(0.25 g, 92%) as a clear oil (mixture of diastereoisomers).
[α]D = +13.98° (c 1.18, CHCl3). IR (film, cm–1) ν: 2930,
2858, 1747, 1682, 1447, 1306, 1229, 1177, 1144, 913, 832,
730. 1H NMR (300 MHz, CDCl3, ppm) δ: 7.80 (2H, dd, J =
8.0 and 1.2 Hz, H arom. ortho to SO2R), 7.52 (3 H, m, H
arom. meta and para to SO2R), 5.91 (1H, s, CH=C-(C=O)),
5.74 (1H, d, J = 10.1 Hz, CH-OAc), 4.72 (2H, d, J =
30.5 Hz, (CH3)C=CH2), 4.00 (1H, dd, J = 10.1 and 2.2 Hz,
CH-SO2Ph), 2.64 (1H, m), 2.57 (1H, m), 2.42–2.24 (2H, m),
2.00 (4H, m, CH2-CH2-CH=C-CH2-CH2), 1.85 (1H, m),
1.80 (3H, s, CH-O(C=O)-CH3), 1.74 (1H, m), 1.71 (3H, s,
(CH3)C=CH2), 1.50 (4H, m, CH2-CH=C-CH2), 1.43 (3H, s,
TBSO-C=C-CH3), 0.95 (9H, m, (CH3)3C-Si), 0.17 (6H, d,
J = 10.0 Hz, (CH3)2Si). 13C NMR (75 MHz, CDCl3, ppm)
δ: 168.6, 147.2, 144.0, 143.8, 132.7, 132.1, 131.5, 128.9,
126.9, 109.9, 109.4, 77.8, 64.1, 37.6, 37.1, 34.4, 26.9, 25.9,
25.1, 22.8, 22.1, 21.9, 20.8, 18.1, 14.2, –3.7, –3.8. EI-MS:
572 ([M]+). HR-MS ([M]+) calcd. for C32H48O5SSi:
572.2992; found: 572.3000.

Ketosulfone (9)
To a solution of alcohol 6 (0.49 g, 0.92 mmol) in di-

chloromethane (9.2 mL) was added 4 Å molecular sieves
(0.92 g), 4-methylmorpholine N-oxide (0.22 g, 1.9 mmol),
and tetrapropylammonium perruthenate (0.032 g,
0.090 mmol). The mixture was stirred for 0.5 h at room tem-
perature, and the solvent was then concentrated under re-
duced pressure. Ether (10 mL) was added, and the mixture
was filtered through a silica gel pad. The pad was rinsed
with ether (10 mL), and the combined flitrates were concen-
trated under reduced pressure. The crude product was puri-
fied by flash chromatography (hexane–ether 9:1 to 7:3) to
give the ketosulfone 9 (0.30 g, 60%) as a pale yellow oil.
[α]D = +78.64° (c 1.03, CHCl3). IR (film, cm–1) ν: 2931,
2859, 1663, 1633, 1448, 1321, 1255, 1196, 1146, 1083, 921,
840. 1H NMR (300 MHz, CDCl3, ppm) δ: 7.89 (2H, m, H
arom. ortho to SO2R), 7.57 (1H, m, H arom. para to SO2R),
7.47 (2H, m, H arom. meta to SO2R), 6.70 (1H, t, J =
4.0 Hz, CH=C-(C=O)), 4.96 (1H, d, J = 10.1 Hz, CH-
SO2Ph), 4.79 (2H, m, (CH3)C=CH2), 3.11 (1H, m), 2.69
(1H, m), 2.61 (1H, d, J = 13.6 Hz), 2.12 (6H, m), 1.79
(3H, s, (CH3)C=CH2), 1.58 (1H, td, J = 13.0 and 4.4 Hz),
1.42 (4H, m, CH2-CH=C-CH2), 1.25 (3H, s, TBSO-C=C-
CH3), 0.88 (9H, s, (CH3)3C-Si), 0.04 (6H, d, J = 12.6 Hz,
(CH3)2Si). 13C NMR (75 MHz, CDCl3, ppm) δ: 193.2,
148.2, 147.5, 142.6, 140.5, 138.7, 133.6, 129.9, 128.6,
111.6, 109.6, 70.7, 41.2, 37.0, 35.1, 31.1, 26.3, 25.7, 23.2,
21.5, 21.1, 20.5, 18.1, 17.4, –3.7, –3.8. EI-MS: 528 ([M]+).
HR-MS ([M]+) calcd. for C30H44O4SSi: 528.2729; found:
528.2722.

Ketone (10)
To a solution of ketosulfone 9 (0.29 g, 0.54 mmol) in tolu-

ene (5.4 mL) was added tributyltin hydride (0.58 mL,

2.16 mmol). N2 was bubbled for 5 min into the solution to
exclude O2. The solution was then heated at reflux, and
AIBN (0.060 g, 0.37 mmol) was added. The solution was
heated at reflux 5 min, and then a second portion of AIBN
(0.037 g, 0.12 mmol) was added. The solution was heated at
reflux another 10 min, cooled to room temperature, and con-
centrated under reduced pressure. The crude product was pu-
rified by flash chromatography (hexane–ether 10:0 to 8:2) to
give the enone 10 (0.23 g, quantitative) as a clear liquid.
[α]D = +19.46° (c 1.12, CHCl3). IR (film, cm–1) ν: 2929,
2858, 1661, 1463, 1378, 1252, 1174, 1072, 926, 837. 1H
NMR (300 MHz, CDCl3, ppm) δ: 6.89 (1H, m, CH=C-
(C=O)), 4.71 (2H, m, (CH3)C=CH2), 2.69 (2H, s, CH2-
(C=O)), 2.32 (1H, m), 2.24 (4H, m), 2.03 (1H, m), 1.70
(3H, s, (CH3)C=CH2), 1.76–1.24 (8H, m), 1.50 (3H, s,
TBSO-C=C-CH3), 0.95 (9H, m, (CH3)3C-Si), 0.13 (6H, s,
(CH3)2Si). 13C NMR (75 MHz, CDCl3, ppm) δ: 201.2,
148.9, 143.9, 139.7, 113.7, 109.0, 40.0, 37.4, 35.8, 35.6,
31.9, 27.8, 26.8, 26.1, 25.8, 23.2, 22.0, 21.5, 17.5, 13.6,
–3.7, –3.9. EI-MS: 388 ([M]+). HR-MS ([M]+) calcd. for
C24H40O2Si: 388.2797; found: 388.2801.

Acetate (11)
Sodium borohydride (0.012 g, 0.32 mmol) was dissolved

in methanol (0.50 mL), and the mixture was cooled to 0 °C.
To this mixture was added dropwise a solution of cerium
(III) chloride heptahydrate (0.12 g, 0.32 mmol) and ketone
10 (0.11 g, 0.29 mmol) in methanol (0.94 mL). The mixture
was stirred for 0.5 h at 0 °C and 0.5 h at room temperature.
It was cooled back to 0 °C, and a saturated aqueous solution
of NH4Cl (2 mL) was added. The mixture was extracted
with dichloromethane (3 × 3 mL). The combined organic
phases were washed with brine (10 mL), dried with MgSO4,
filtered, and concentrated under reduced pressure. The crude
product was purified by flash chromatography (hexane–ether
95:5 to 9:1) to give the alcohol (0.089 g, 79%) as a colorless
liquid (mixture of diastereoisomers). [α]D = +14.22° (c 1.16,
CHCl3). IR (film, cm–1) ν: 3350, 2929, 2858, 1682, 1645,
1448, 1256, 1178, 922, 889, 837, 779, 735. 1H NMR
(300 MHz, CDCl3, ppm) δ: 5.65 (1H, d, J = 3.5 Hz, CH=C-
(C=O)), 4.72 (2H, d, J = 0.45 Hz, (CH3)C=CH2), 4.08–3.97
(1H, m, CH-OH), 2.40–1.35 (16H, m), 1.74 (3H, s,
(CH3)C=CH2), 1.59 (3H, s, TBSO-C=C-CH3), 0.93 (9H, s,
(CH3)3C-Si), 0.10 (6H, d, J = 1.1 Hz, (CH3)2Si). 13C NMR
(75 MHz, CDCl3, ppm) δ: 149.2, 143.3, 143.1, 140.7,
139.2, 124.8, 122.1, 114.8, 114.4, 108.9, 108.8, 76.3, 74.5,
38.1, 37.3, 37.2, 36.9, 36.2, 35.7, 35.7, 35.5, 31.6, 31.4,
30.9, 25.9, 25.1, 24.9, 24.0, 22.6, 22.5, 20.7, 18.2, 15.1,
14.9, –3.7, –3.8, –3.8, –3.9. EI-MS: 390 ([M]+). HR-MS
([M]+) calcd. for C24H42O2Si: 390.2954; found: 390.2951.

Acetic anhydride (0.032 mL, 0.34 mmol) and DMAP
(5.5 mg, 0.050 mmol) were added to a solution of the alco-
hol (0.088 g, 0.23 mmol) of the preceding reaction in
pyridine (2.3 mL). The solution was stirred for 3 h at room
temperature, neutralized with an aqueous solution of HCl
1 N (5 mL), and extracted with ethyl acetate (3 × 5 mL).
The organic phase was washed with brine (15 mL), dried
with MgSO4, filtered, and concentrated under reduced pres-
sure. The crude product was purified by flash chromatogra-
phy (hexane–ether 97:3) to yield acetate 11 (0.083 g, 86%)
as a colorless liquid (mixture of diastereoisomers). [α]D =
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+10.10° (c 1.00, CHCl3). IR (film, cm–1) ν: 2927, 1738,
1682, 1645, 1448, 1371, 1236, 1180, 1017, 922, 838, 780,
734. 1H NMR (300 MHz, CDCl3, ppm) δ: 5.69 (1H, d, J =
13.7 Hz, CH=C-CH-OAc), 5.15 (1H, m, CH-OAc), 4.72
(2H, s, (CH3)C=CH2), 2.38–2.28 (1H, m), 2.02 (3H, d, J =
11.2 Hz, CH-O-(C=O)-CH3), 1.99–1.34 (15H, m), 1.73 (3H,
d, J = 5.9 Hz, (CH3)C=CH2), 1.58 (3H, d, J = 5.5 Hz,
TBSO-C=C-CH3), 0.93 (9H, m, (CH3)3C-Si), 0.10 (6H, m,
(CH3)2Si). 13C NMR (75 MHz, CDCl3, ppm) δ: 170.5,
170.3, 149.0, 148.9, 143.5, 143.4, 136.4, 135.1, 126.5,
125.9, 124.3, 123.8, 114.2, 114.0, 110.5, 110.4, 109.0,
108.9, 105.2, 78.2, 76.3, 40.0, 39.4, 38.9, 37.3, 37.2, 36.4,
36.1, 35.9, 35.6, 35.6, 34.4, 31.1, 30.9, 25.8, 25.0, 24.9,
24.8, 23.3, 22.4, 21.4, 21.3, 20.8, 20.7, 18.2, 15.0, 14.8,
–3.7, –3.9. EI-MS: 432 ([M]+). HR-MS ([M]+) calcd. for
C26H44O3Si: 432.3060; found: 432.3063.

Stannane (15)
Tributyl-[1,3]dithian-2-yl-stannane 14 (1.2 g, 2.9 mmol)

was dried via azeotropic removal of water with benzene (3 ×
3 mL) and was then dissolved in THF (2.5 mL) and cooled
to –30 °C. In another flask, diisopropylamine (0.40 mL,
2.9 mmol) was dissolved in THF (2.5 mL), cooled to 0 °C,
and a solution of n-butyllithium (1.35 mol·L–1 in hexane)
(2.0 mL, 2.7 mmol) was added dropwise. The solution was
stirred for 0.25 h at 0 °C, cooled down to –30 °C, and trans-
ferred via canula to the first solution containing the
stannane. The mixture was stirred for 3 h at –30 °C and
cooled to –78 °C; HMPA (1.0 mL, 5.7 mmol) was added,
and the mixture was stirred for another 0.5 h. A solution of
(R)-(–)-carvone (0.20 g, 1.3 mmol) in THF (1.5 mL) pre-
cooled to –78 °C was transferred via canula to the mixture,
which was stirred for 1.25 h at –78 °C before tert-butyl-
dimethylsilyl trifluoromethanesulfonate (0.60 mL, 2.6 mmol)
was added. The mixture was stirred for 0.25 h at –78 °C,
triethylamine (0.55 mL, 3.9 mmol) was added, and the mix-
ture was warmed at room temperature and stirred for 0.5 h.
Water (10 mL) was added, and the mixture was extracted
with ether (3 × 10 mL). The combined organic phases were
washed with brine (25 mL), dried with MgSO4, filtered, and
concentrated under reduced pressure. The crude product was
purified by flash chromatography (hexane) to give the
stananne 15 (0.78 g, 88%) as a colorless oil. [α]D = +28.14°
(c 1.13, CHCl3). IR (film, cm–1) ν: 2956, 2856, 1667, 1463,
1252, 1194, 931, 837. 1H NMR (300 MHz, CDCl3, ppm) δ:
4.74 (2H, s, (CH3)C=CH2), 3.19 (1H, m), 3.13 (1H, m), 2.90
(1H, m), 2.69 (1H, m), 2.35–1.97 (8H, m), 1.94 (3H, s,
TBSO-C=C-CH3), 1.76 (3H, s, (CH3)C=CH2), 1.52 (6H, m,
Sn-(CH2-CH2-CH2-CH3)3), 1.33 (6H, m, Sn-(CH2-CH2-CH2-
CH3)3), 1.06 (6H, m, Sn-(CH2-CH2-CH2-CH3)3), 0.91
(18H, m, (CH3)3C-Si and Sn-(CH2-CH2-CH2-CH3)3), 0.14
(6H, s, (CH3)2-Si). 13C NMR (75 MHz, CDCl3, ppm) δ:
149.3, 145.4, 114.9, 108.7, 46.8, 36.6, 35.5, 34.0, 29.2, 27.6,
26.5, 25.9, 25.1, 25.0, 20.6, 18.7, 13.7, 10.1, –3.1, –3.3. EI-
MS: 617 ([M – C4H9]

+). HR-MS ([M – C4H9]
+) calcd. for

C28H53OS2SiSn: 617.2329; found: 617.2322.

Alcohol (16)
Stannane 15 (0.61g, 0.91 mmol) was dried via azeotropic

removal of water with benzene (3 × 10 mL); it was then dis-
solved in THF (10.0 mL), cooled to –100 °C, and a solution

of n-butyllithium (1.35 mol·L–1 in hexane) (1.3 mL,
1.8 mmol) was added dropwise. The solution was stirred for
0.5 h at –100 °C, and a solution of 1-cyclohexene-1-car-
boxaldehyde (0.33 mL, 2.9 mmol) in THF (15.0 mL) was
added via canula. The solution was stirred for 1.25 h at
–100 °C, brought to 0 °C, neutralized with a saturated aque-
ous solution of NH4Cl (20 mL), and extracted with ether
(3 × 25 mL). The combined organic phases were washed
with brine (50 mL), dried with MgSO4, filtered, and concen-
trated under reduced pressure. The crude product was puri-
fied by flash chromatography (hexane–ether 100:0 to 95:5)
to give alcohol 16 (0.33 g, 75%) as a clear oil (mixture of
diastereoisomers, ratio = 3:1). [α]D = +10.50° (c 1.14,
CHCl3). IR (film, cm–1) ν: 3444, 2929, 2857, 1667, 1644,
1252, 1192, 927, 837, 780, 734. 1H NMR (300 MHz,
CDCl3, ppm) δ: 6.00 (1H, s, CH=C-CH-OH), 4.73 (2H, m,
(CH3)C=CH2), 4.51 (1H, m, CH-OH), 3.29–1.34 (15H, m),
1.80 (3H, d, J = 9.3 Hz, TBSO-C=C-CH3), 1.75 (3H, d, J =
4.3 Hz, (CH3)C=CH2), 1.61 (4H, m), 1.40 (1H, tt, J = 13.1
and 4.8 Hz), 0.95 (9H, d, J = 1.7 Hz, (CH3)3C-Si), 0.16
(6H, s, (CH3)2Si). 13C NMR (75 MHz, CDCl3, ppm) δ:
149.4, 149.3, 148.8, 136.8, 136.4, 127.4, 127.1, 111.9,
111.5, 108.8, 108.7, 78.1, 76.4, 62.1, 61.9, 45.1, 43.0, 38.2,
37.4, 35.3, 35.1, 31.9, 31.8, 28.8, 28.5, 28.5, 27.8, 27.4,
27.2, 25.9, 25.9, 25.5, 24.4, 24.1, 23.1, 23.1, 22.4, 22.1,
20.5, 20.4, 19.5, 18.9, –3.2, –3.3, –3.4. EI-MS: 476 ([M –
H2O]+); 437 ([M – C4H9]

+). HR-MS ([M – H2O]+) calcd.
for C27H44OS2Si: 476.2603; found: 476.2596.

Acetate (17)
Acetic anhydride (0.27 mL, 2.9 mmol) and DMAP

(71.0 mg, 0.58 mmol) were added to a solution of the alco-
hol 16 (0.79 g, 0.58 mmol) in pyridine (5.8 mL). The solu-
tion was stirred for 4 h at room temperature, neutralized
with HCl 1 N (5 mL), and extracted with ethyl acetate (3 ×
10 mL). The organic phase was washed with brine (15 mL),
dried with MgSO4, filtered, and concentrated under reduced
pressure. The crude product was purified by flash chroma-
tography (hexane–ether 95:5) to give acetate 17 (0.24 g,
79%) as a colorless oil (mixture of diastereoisomers, ratio =
3:1). [α]D = +9.56° (c 1.13, CHCl3). IR (film, cm–1) ν: 2929,
2857, 1742, 1667, 1438, 1368, 1230, 1170, 1019, 926, 837,
780, 733. 1H NMR (300 MHz, CDCl3, ppm) δ: 5.94 (1H, s,
CH=C-CH-OAc), 5.76 (1H, d, J = 19.2 Hz, CH-OAc), 4.74
(2H, m, (CH3)C=CH2), 3.30–3.09 (2H,m), 2.98 (1H, m),
2.76 (1H, m), 2.64–2.46 (1H, m), 2.33–2.12 (3H, m), 2.08
(3H, d, J = 2.7 Hz, CH-O-(C=O)-CH3), 2.03–1.89 (1H, m),
1.84 (3H, d, J = 10.5 Hz, TBSO-C=C-CH3), 1.75 (3H, d, J =
3.8 Hz, (CH3)C=CH2), 1.26 (6H, m), 0.95 (9H, d, J =
1.0 Hz, (CH3)3C-Si), 0.16 (6H, t, J = 4.5 Hz, (CH3)2Si). 13C
NMR (75 MHz, CDCl3, ppm) δ: 169.5, 149.5, 149.4, 148.4,
134.9, 134.6, 129.5, 128.5, 111.7, 111.2, 108.8, 108.6, 82.4,
78.5, 59.7, 59.3, 45.7, 43.5, 37.7, 35.3, 35.1, 31.8, 31.7,
31.6, 28.8, 28.0, 27.7, 27.5, 27.4, 25.9, 25.4, 24.3, 24.2,
22.9, 22.6, 22.0, 22.0, 21.4, 20.5, 20.4, 19.8, 19.2, 18.2,
14.1, –3.3, –3.4. CI-MS: 537 ([MH]+). HR-MS ([MH]+)
calcd. for C29H49O3S2Si: 537.2892; found: 537.2887.

Ketone (18)
Acetate 17 (0.026 g, 0.048 mmol) was dried via

azeotropic removal of water with benzene (3 × 1 mL) and
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then dissolved in benzene (1.0 mL), and p-toluenesulfonic
acid monohydrate (2.0 mg, 0.010 mmol) was added. The so-
lution was heated at reflux for 16 h, cooled to room temper-
ature, neutralized with a saturated aqueous solution of
NaHCO3 (3 mL), and extracted with ether (3 × 5 mL). The
organic phase was dried with MgSO4, filtered, and concen-
trated under reduced pressure. The crude product was puri-
fied by flash chromatography (hexane–ether 95:5) to give
ketone 18 (8.1 mg, 46%) as a yellow oil. [α]D = –72.35° (c
1.15, CHCl3). IR (film, cm–1) ν: 2929, 1708, 1448, 904, 733.
1H NMR (300 MHz, CDCl3, ppm) δ: 5.39 (1H, m, CH=C),
4.84 and 4.61 (2H, 2s, (CH3)C=CH2), 3.08–2.51 (9H, m),
2.18 (4H, m), 1.97 (2H, m), 1.77 (1H, dd, J = 13.7 and
2.7 Hz), 1.70 (3H, d, J = 0.6 Hz, (CH3)C=CH2), 1.63–1.47
(5H, m), 0.94 (3H, d, J = 6.5 Hz, (C=O)-C-CH3).

13C NMR
(75 MHz, CDCl3, ppm) δ: 212.6, 146.9, 141.0, 138.1, 137.9,
125.9, 112.4, 47.8, 45.9, 44.6, 41.0, 33.0, 32.4, 31.8, 31.4,
28.3, 25.1, 22.6, 22.5, 21.7, 12.5. EI-MS: 362 ([M]+). HR-
MS ([M]+) calcd. for C21H30OS2: 362.1738; found:
362.1729.

Cyclopropanes (2a and 2b)
Acetate 17 (0.35 g, 0.65 mmol) was dried via azeotropic

removal of water with benzene (3 × 10 mL) and then dis-
solved in dichloromethane (33.0 mL) and cooled to –78 °C.
Trimethylsilyl trifluoromethanesulfonate (0.12 mL,
0.65 mmol) was added slowly, and the solution was stirred
for 5 min before a saturated aqueous solution of NaHCO3
(25 mL) was added. The mixture was extracted with ether
(3 × 25 mL). The combined organic phases were washed
with brine (50 mL), dried with MgSO4, filtered, and concen-
trated under reduced pressure. The crude product was puri-
fied by flash chromatography (hexane–ether 95:5) to give
compound 19 (0.041 g, 17%), compound 18 (0.033 g, 14%),
and the cyclopropane 2 (0.11 g, 46%) as a mixture of two
diastereoisomers, which were separated by preparative TLC
(eluted 2 times with toluene) to give the major product 2a
(0.033 g) and the minor product 2b (0.011 g). Major product
2a: [α]D = –361.07° (c 1.40, CHCl3). IR (film, cm–1) ν:
2923, 1693, 1438, 1407, 1376, 1301, 1103, 894, 755. 1H
NMR (300 MHz, CDCl3, ppm) δ: 6.19 (1H, s, C=CH), 4.86
and 4.59 (2H, 2s, (CH3)C=CH2), 3.25 (1H, m), 3.05
(1H, m), 2.81 (2H, m), 2.63 (3H, m), 2.38 (3H, m), 2.12
(3H, m), 1.95 (2H, m), 1.79 (3H, s, (CH3)C=CH2), 1.62
(5H, m), 1.27 (1H, dd, J = 8.1 and 4.0 Hz), 1.17 (3H, s,
(C=O)-C-CH3).

13C NMR (75 MHz, CDCl3, ppm) δ: 208.9,
147.4, 132.2, 128.1, 111.1, 59.9, 45.0, 43.7, 40.4, 39.5, 35.4,
31.5, 30.7, 28.3, 25.8, 25.1, 24.2, 23.2, 22.5, 21.7, 18.2. EI-
MS: 362 ([M]+). HR-MS ([M]+) calcd. for C21H30OS2:
362.1738; found: 362.1743. Minor product 2b: [α]D =
–96.25° (c 0.40, CHCl3). IR (film, cm–1) ν: 2925, 1692,
1448, 1409, 1305, 1101, 894, 730. 1H NMR (300 MHz,
CDCl3, ppm) δ: 5.91 (1H, s, C=CH), 4.85 and 4.62 (2H, 2s,
(CH3)C=CH2), 3.30 (1H, m), 3.26 (1H, m), 2.90 (3H, m),
2.76 (1H, dd, J = 16.7 and 4.9 Hz), 2.63 (3H, m), 2.46–2.18
(3H, m), 2.12 (3H, m), 1.88 (3H, m), 1.77 (3H, s,
(CH3)C=CH2), 1.66 (3H, m), 1.35 (3H, s, (C=O)-C-CH3),
1.27 (1H, m). 13C NMR (75 MHz, CDCl3, ppm) δ: 210.2,
147.5, 133.1, 128.3, 126.7, 111.0, 56.7, 44.2, 40.4, 35.9,
31.6, 30.6, 28.2, 25.8, 25.7, 24.0, 23.1, 22.4, 21.6, 17.4,
14.1. EI-MS: 362 ([M]+). HR-MS ([M]+) calcd. for

C21H30OS2: 362.1738; found: 362.1743. Compound 19:
[α]D = –41.06° (c 2.63, CHCl3). IR (film, cm–1) ν: 2929,
1708, 1438, 1414, 892, 754. 1H NMR (300 MHz, CDCl3,
ppm) δ: 5.45 (1H, m, CH=C), 4.74 (2H, d, J = 12.3 Hz,
C(CH3) = CH2), 3.55 (1H, m), 3.17 (2H, m), 2.92 (1H, m),
2.85 (1H, m), 2.77 (1H, m), 2.60 (1H, dd, J = 15.0 and
4.4 Hz), 2.36 (1H, qu, J = 6.5 Hz), 2.18 (3H, m), 2.05
(4H, m), 1.90 (2H, m), 1.72 (3H, s, (CH3)C=CH2), 1.71–
1.54 (4H, m), 1.06 (3H, d, J = 6.8 Hz, CH3-CH).13C NMR
(75 MHz, CDCl3, ppm) δ: 211.8, 147.9, 138.6, 128.3, 125.4,
112.4, 109.8, 47.2, 47.0, 45.3, 41.1, 36.6, 33.3, 32.5, 31.3,
28.4, 25.1, 22.7, 21.8, 20.6, 12.7. EI-MS: 362 ([M]+). HR-
MS ([M]+) calcd. for C21H30OS2: 362.1738; found: 362.1729.

Nitrobenzoate (20)
To a solution of cyclopropane 2a (0.024 g, 0.066 mmol)

in THF (1.3 mL) was added lithium aluminum hydride
(3.7 mg, 0.099 mmol). The solution was stirred for 15 min at
room temperature, neutralized with a dropwise addition of a
saturated aqueous solution of NH4Cl (5 mL), and extracted
with ether (3 × 5 mL). The organic phase was dried with
MgSO4, filtered, and concentrated under reduced pressure.
The crude product was purified by flash chromatography
(hexane–ether 100:0 to 98:2) to give the alcohol as the major
diastereoisomer (0.015 g, 63%) and the minor
diastereoisomer (2.0 mg, 8%). Major diastereoisomer: [α]D =
–173.82° (c 1.10, CHCl3). IR (film, cm–1) ν: 3788, 3492,
2921, 1641, 1446, 1403, 1013, 885. 1H NMR (300 MHz,
CDCl3, ppm) δ: 6.46 (1H, s, CH=C), 4.79 (2H, d, J =
24.2 Hz, (CH3)C=CH2), 3.75 (1H, t, J = 9.2 Hz, CH-OH),
3.25 (1H, m), 3.10 (1H, m), 2.87 (1H, m), 2.63 (2H, m),
2.40 (2H, m), 2.36–2.11 (3H, m), 2.07 (2H, m), 1.92
(2H, m), 1.78 (1H, m), 1.74 (3H, s, (CH3)C=CH2), 1.61
(5H, m), 1.14 (3H, s, (C=O)-C-CH3), 1.11 (1H, m). 13C
NMR (75 MHz, CDCl3, ppm) δ: 147.4, 133.5, 127.3, 110.2,
73.9, 61.5, 46.0, 39.7, 36.9, 34.8, 34.7, 31.7, 30.6, 28.5,
25.8, 25.3, 23.8, 23.3, 23.0, 22.6, 22.3. EI-MS: 364 ([M]+).
HR-MS ([M]+) calcd. for C21H32OS2: 364.1894; found:
364.1888.

The major diastereoisomer of the preceding alcohol
(4.5 mg, 0.012 mmol) was dissolved in dichloromethane
(0.35 mL) and pyridine (0.35 mL). 4-Nitrobenzoyl chloride
(0.023 g, 0.12 mmol) and DMAP (0.7 mg, 6.0 µmol) were
added, and the solution was stirred for 16 h at room temper-
ature and concentrated under reduced pressure, and the crude
product was purified by flash chromatography (hexane–ether
95:5) to give nitrobenzoate 20 (2.5 mg, 40%) as a yellow
solid. IR (film, cm–1) ν: 2928, 1720, 1608, 1529, 1148,
1409, 1348, 1321, 1272, 1117, 1104, 755, 719. 1H NMR
(300 MHz, CDCl3, ppm) δ: 8.32 (4H, m, H arom.), 6.46
(1H, s, C=CH), 5.35 (1H, dd, J = 7.7 and 10.9 Hz, CH-
OAc), 4.91 (2H, d, J = 24.3 Hz, (CH3)C=CH2), 3.26
(1H, m), 3.13 (1H, m), 2.91 (1H, dt, J = 13.9 and 3.1 Hz),
2.67 (2H, m), 2.45 (1H, m), 2.37 (3H, m), 2.25 (1H, m),
1.98 (2H, m), 1.87 (1H, m), 1.83 (3H, s, (CH3)C=CH2),
1.65–1.46 (7H, m), 1.26 (1H, m), 1.14 (3H, s, -CO2-C-C-
CH3).

13C NMR (75 MHz, CDCl3, ppm) δ: 164.5, 146.7,
134.1, 130.8, 126.6, 123.5, 110.8, 85.0, 78.0, 61.0, 46.9,
46.6, 39.8, 37.1, 32.0, 31.2, 30.5, 30.5, 28.3, 25.3, 25.2,
23.3, 23.2, 22.9, 22.4, 22.4. EI-MS: 513 ([M]+). HR-MS
([M]+) calcd. for C28H35NO4S2: 513.2007; found: 513.1997.
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Conclusion

We have studied the plausibility of an SN2′ cyclization us-
ing a silyl enol ether onto an allylic acetate by varying the
functional groups adjacent to the acetate leaving group.
Clearly, the inductive effect of the neighboring group plays a
significant role in the departure of the leaving group, as the
results with the dithiane neighboring group revealed. Several
other alternatives were pursued but without success. Unfor-
tunately, the model studies discussed herein proved that this
strategy cannot be employed to access the C7–C8 unsaturated
tricyclic structures. However, in the case of the substrates
containing a dithiane next to the allylic acetate, the synthesis
of novel highly functionalized cyclopropanes was observed
instead of the desired SN2′ cyclization. This cyclopro-
panation is due to the cyclization of the silyl enol ether with
concomitant 1,2-migration of a thioether and displacement
of the acetate.
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Alkyl substituent effect on the polarity of phenols–
tri-n-alkylamine complexes

Zbigniew Pawe�ka and Therese Zeegers-Huyskens

Abstract: The formation constants and the dipole moments of the H-bonded adducts of 1:1 and 2:1 stoichiometries
formed between three different phenols (phenol, 2,4,6-trichlorophenol, and 2,4-dinitrophenol) and different tri-n-
alkylamines are determined in solvents of weak polarity. The polarity of the 1:1 complexes of 2,4,6-trichlorophenol
with tri-n-alkylamines markedly increases with increasing degree of amine alkylation, in contrast with the complexes
involving the two other phenols. The influence of the basicity and steric hindrance of the tri-n-alkylamines on the
proton-transfer constant is discussed and quantitative correlations are deduced.

Key words: phenols, tri-n-alkylamines, H-bonded complexes, proton transfer, polarity, steric effect.

Résumé : Les constantes de formation et les moments dipolaires de complexes à liaison hydrogène formés entre trois
différents phénols (phénol, 2,4,6-trichlorophénol et 2,4-dinitrophénol) et différentes tri-n-alkylamines sont déterminés
dans des solvants de faible polarité. La polarité des complexes de 1:1 stoechiométrie formés entre le 2,4,6-
trichlorophénol et les tri-n-alkylamines augmente avec le degré d’alkylation, contrairement aux complexes des deux au-
tres phénols. L’effet de la basicité et de l’encombrement stérique des tri-n-alkylamines sur la constante de transfert de
proton est discuté et des correlations quantitatives sont présentées.

Mots clés : phénols, tri-n-alkylamines, complexes à liaison hydrogène, transfert de proton, polarité, effect stérique.
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Introduction

One of the most spectacular manifestations of hydrogen
bond (H-bond or HB) interactions (AH···B) is the enhance-
ment of the dipole moment µAHB in comparison with the
vectorial sum of the dipole moments of the isolated mole-
cules,

�
µAH and

�
µB. The dependence of the H-bond polarity

∆
�
µ (=

�
µAHB –

�
µAH –

�
µB) on the aqueous ∆pKa (= p BHK + –

pKAH) of the interacting species AH and B is very character-
istic (1–5). For homologous series of complexes, e.g.,
phenols–triethylamine (1), the ∆

�
µ vs. ∆pKa curve presents a

sigmoidal shape with a strong increase of ∆
�
µ in the inver-

sion region. The ∆
�
µ/∆pKa gradient in that region is so high

that an increase of ∆pKa by two units can lead to a new
protonic state of the complex, i.e., to hydrogen-bonded ion
pair AΘ···HB⊕ . The polarity of the adducts in the inversion
region can be explained in terms of the protomeric equilib-
rium (1–7)

[1] A—H···B ⇔ AΘ···H—B⊕

governed by the proton transfer (PT) constant KPT. Such H-
bonded systems are very sensitive to the intrinsic basicity or
acidity of the two partners and also to environmental effects
(8–17). Moreover, these complexes show anomalous spectro-
scopic phenomena, e.g., low isotopic ratio, large shift of the
νAH vibration frequencies, highly downfield proton chemical

shift, etc. Low-barrier, strong hydrogen bonds (LBHBs)
were proposed to explain the above particularities (18–20).
The H-bonds formed by groups with similar pKas possess
some partial covalent character, as they are the result of or-
bital overlapping between the matched energy states of AH
and B. This covalent character contributes to the strength of
the H bond, in addition to the pure electrostatic forces. The
dependence of the strength and polarity of the AH···B sys-
tem on ∆pKa can be demonstrated by changing the H-bond
donating ability of AH in the families of phenols or
carboxylic acids complexed with triethylamine or pyridines
(1–5, 21–23).

The alkyl substitution effect on the basicity of amines has
been discussed for a long time (24–40). There is much less
information about this effect on the polarity of the molecular
complexes. The sensitivity to N-alkylation is manifested in
charge transfer complexes (41–46). For instance, the dipole
moment of the triethylamine–I2 complex is higher by about
0.5 D than that of trimethylamine adduct, irrespective of the
solvent (45, 46).

To discuss the influence of N-alkylation on the proton ac-
ceptor abilities of tri-n-alkylamines, we have determined in
the present work the dipole moments of hydrogen-bond
complexes involving phenols and aliphatic tertiary amines
characterized by different degrees of substitution. The stud-
ied phenols are unsubstituted phenol, 2,4,6-trichlorophenol,

Can. J. Chem. 81: 1012–1018 (2003) doi: 10.1139/V03-107 © 2003 NRC Canada

1012

Received 6 February 2003. Published on the NRC Research Press Web site at http://canjchem.nrc.ca on 1 September 2003.

Z. Pawe�ka.1 Faculty of Chemistry, University of Wroc�aw, 14 Joliot-Curie, 50-385 Wroc�aw, Poland.
Th. Zeegers-Huyskens. Department of Chemistry, University of Leuven, 200F Celestijnenlaan, B-3001 Heverlee, Belgium.

1Corresponding author (e-mail: zp@wchuwr.chem.uni.wroc.pl).

I:\cjc\cjc8109\V03-107.vp
August 25, 2003 12:10:35 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



and 2,4-dinitrophenol, and the tertiary aliphatic amines are
diethylmethyl-, triethyl-, tri-n-propyl-, tri-n-butyl-, tri-n-
pentyl-, tri-n-octyl-, and tri-n-dodecylamine. These systems
were chosen to cover a broad ∆pKa range.

It is well recognized that in nonpolar solvents (used in our
dielectric measurements), the tertiary amines form both 1:1
(AHB) and 2:1 [(AH)2B] adducts (15, 16, 47, 48). Thus the
starting point of the dielectric investigations was the deter-
mination of the KAHB and K(AH) B2

formation constants by IR
spectrometry. Knowledge of both stability constants allowed
us to attribute the dielectric polarization to adducts of a
given stoichiometry. In the present work we focused our at-
tention on the H-bond polarities and on the proton transfer
degrees in the 1:1 and 2:1 complexes formed between 2,4,6-
trichlorophenol and various trialkylamines.

Results and discussion

Dipole moments of the components
The dipole moments of amines and 2,4,6-trichlorophenol in

tetrachloroethylene (or carbon tetrachloride) are reported in
Table 1. The values obtained for amines are of the expected
magnitudes (see values in other solvents (49)) and will not be
discussed hereafter. The increase of the dipole moments in
CCl4 as compared with tetrachlorethylene may be accounted
for by a charge-transfer interaction �N···Cl-C� (50, 51). In
the case of amines with a lower degree of substitution, their
photochemical reaction with CCl4 leads, after some time, to a
turbidity of the solution. This was the reason for which — in
the time-consuming dielectric measurements — CCl4 was re-
placed by tetrachloroethylene. In the next section, the dielec-
tric polarizations of amines are employed in the calculation of
dielectric polarizations of the 1:1 and 2:1 complexes. The di-
pole moments of amines and 2,4,6-trichlorophenol are also
necessary for assessing the dipole moments of the molecular
HB (µHB) and ion pair PT (µPT) forms of the further discussed
1:1 complexes of 2,4,6-trichlorophenol with trialkylamines.

Dielectric polarizations and dipole moments of the
complexes

The formation constants KAHB and K(AH) B2
of the 2,4,6-

trichlorophenol–trialkylamine complexes in a given solvent
were estimated simultaneously by the method of the appar-

ent constant (Kapp), based on a model of 1:1 stoichiometry
(47)

[2]
1

2C CAH app AH
2+

=
K

1
2C CAHB

app

AH app AH
2 (AH) B2K

K

K
K

+









 −

The intensity of the ν(OH) absorption at ca. 3600 cm–1

was used in the determination of the concentration of the
nonbonded phenol derivative. It is worth mentioning that
this method gives the total concentration of complexes in
their neutral (OH···N), as well in their ionic (O–···HN+),
forms. At the low concentrations used in this work, second-
ary interactions such as stacking effects are unlikely to oc-
cur.

The equilibrium constants are indicated in Table 2. It may
be seen that the formation constants K(AH) B2

are larger than
KAHB, which indicates a strong tendency to form 2:1 species.

Both equilibrium constants are used for the simultaneous
estimation of the dielectric polarizations of the 1:1 (PAHB)
and 1:2 (P(AH) B2

) species. It is worth noticing that the K val-
ues reported in Table 2 indicate that in an excess of amine
larger than 5, the 1:1 complex dominates in the solution.
These conditions were therefore taken for the determination
of the dipole moment of the 1:1 complexes. In excess of
amine the following relation is valid:

[3]
P P x

x
P P

x
x

− = +
°1 1

B
B AHB

AH

B

where P, P1, PB, and PAHB are the dielectric polarizations of
solution, solvent, amine, and the 1:1 complex, respectively,
and xB ( )x x xB B AH= ° − ° and xAH° are the molar fractions of
the amine and 2,4,6-trichlorophenol; the superscript ° indi-
cates the initial molar fractions.

Figure 1 shows the plot of (P – P1x1)/xB against xAH° /xB
for selected complexes. Similar linear relationships were
also observed for other systems. The molar dielectric polar-
izations and dipole moments obtained in this way are col-
lected in Table 3.

One should note the very good coincidence of the PB val-
ues found from the linear equation, eq. [3] (Fig. 1), and from

© 2003 NRC Canada
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Compound Range of x2 αε 1 β γn1
2 P (cm3) µ (D)

2,4,6-Trichlorophenol 0.008–0.017 2.533 –0.0232 0.3859 36.7 1.33
Diethylmethylamine (DMA) 0.012–0.086 1.072 –0.6391 –0.3682 24.7 1.09
Triethylamine (TEA) 0.022–0.071 0.407 –0.7385 –0.4133 14.4 0.83
Tri-n-propylamine (TPrA) 0.008–0.059 0.157 –0.9702 –0.4695 11.0 0.73
Tri-n-butylaminea (TBA) 0.019–0.040 0.070 –1.1681 –0.4440 9.7 0.69
Tri-n-pentylamine (TPeA) 0.012–0.086 0.087 –1.3615 –0.4322 9.6 0.68
Tri-n-octylamine (TOA) 0.011–0.063 0.214 –2.0315 –0.7064 9.9 0.69

0.009–0.0033 0.292 –2.0882 –0.0774 13.3 0.80b

Tri-n-dodecylamine (TDA) 0.031–0.079 –0.475 –2.8441 –0.9228 9.9 0.69
0.016–0.046 0.237 –2.9172 –0.0373 14.8 0.85b

aFrom ref. (15).
bIn carbon tetrachloride.

Table 1. Parameters of eq. [10] and dipole moments of 2,4,6-trichlorophenol and tri-n-alkylamines in
tetrachloroethylene (or carbon tetrachloride).
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independent measurements in binary solutions (indicated in
parentheses). The data reported in Table 3 reveal that the di-
pole moment markedly increases on going from diethyl-
methyl- to tri-n-butylamine and that only smooth changes
are observed for longer alkyl chains. This effect was com-
pared with analogous results for much weaker (phenol–
trialkylamines) and much stronger (2,4-dinitrophenol–
trialkylamines) interactions. The unsubstituted phenol–
trialkylamine complex belongs to the typical molecular hy-
drogen-bonded form OH···N, in which the polarity enhance-
ment of the order of 0.7–1 D is caused by induction and
charge transfer effects. In contrast, the 2,4-dinitrophenol–
trialkylamine adduct is the hydrogen-bonded ion pair
OΘ···HN⊕ , in which the proton is transferred to the nitrogen
atom of the amine. The results obtained from eq. [3] are
summarized in Table 4.

A rough inspection of the data in Table 4 shows a moder-
ate increase in the dipole moment when the triethyl group is
replaced by the tri-n-dodecyl one. Our measurements were
carried out at low concentration of phenols. Nevertheless, in
the case of 2,4,6-trichlorophenol complexed with long chain
amines, one could admit association of the following type:
monomer ⇔ dimer ⇔ n-mer. As a final step, an inverted mi-
celle may be formed with the polar O-H···N group in its in-
terior and the lipophilic alkyl chains directed towards the
nonpolar solvent. In principle such an aggregation should
enlarge the effective dipole moment resulting from specific
dipole orientation. To establish the effect of the proton donor

concentration on µAHB, we carried out additional measure-
ments in an excess of tri-n-dodecylamine ((concentration =
c) cB/cAH ≈10) at concentrations of 2,4,6-trichlorophenol
ranging from 0.4 × 10–3 to 1 × 10–2 mol dm–3. The dipole
moments at xAHB = 4.23 × 10–4 and 1.06 × 10–2 are equal to
6.08 and 6.01 D, respectively. Moreover, the mean deviation
from the average value of µAHB for the whole concentration
range is only ±0.04 D, which indicates the lack of self-
association of the complex.

Finally, to estimate the alkylation effect on the polarity of
the (AH)2B complex, we have compared the dipole moments
of the 2:1 adduct of 2,4,6-trichlorophenol with triethylamine
and tri-n-dodecylamine. The equilibrium concentrations of
all species in the solution were evaluated using the forma-
tion constants KAHB and K(AH) B2

. In the next step, the dielec-
tric polarizations PAHB and P(AH) B2

were estimated according
to the linear equation

[4] P
P P x P x P x

* = − − −1 1 AH AH B B

AHBx

= +P P
x

x
AHB (AH) B

(AH) B

AHB
2

2

To allow the 1:1 or 2:1 species to be in excess, the mea-
surements were carried out within a wide range of initial
xAH/xB ratios. For these ratios, the corresponding
x(AH) B2

/xAHB values comprise between 0.02 and 2.45.
The µAHB and µ (AH) B2

values of the 2,4,6-trichlorophenol–
TEA adduct in tetrachloroethylene were obtained by us ear-
lier (16). Equation [4], applied to all investigated complexes
of 2,4,6-trichlorophenol, can be expressed as:

[4.1] P*(TEA, C2Cl4)

= 610 + 1830 (x(AH) B2
/xAHB)

N

R

=
=









7

1

[4.2] P*(TEA, CCl4)

= 610 + 1740 (x(AH) B2
/xAHB)

N

R

=
=









6

0 99.

[4.3] P*(TDA, C2Cl4)

= 770 + 1820 (x(AH) B2
/xAHB)

N

R

=
=









10

0 99.

The corresponding dipole moments of the triethylamine
adducts are µAHB = 5.42 ± 0.02 D and µ (AH) B2

= 9.42 ±
0.05 D in tetrachloroethylene, and µAHB = 5.43 ± 0.07 D
and µ (AH) B2

= 9.17 ± 0.14 D in CCl4. Equation [4.3] gives
values of µAHB = 6.10 ± 0.06 D and µ (AH) B2

= 9.38 ± 0.14 D
for the tri-n-dodecylamine adduct. The good agreement be-
tween the µAHB value determined in excess of amine (see Ta-
ble 3) and that resulting from eq. [4] is worth noticing.
Earlier data based on infrared spectrometry or dipole mea-
surements (15–17, 48) have demonstrated that the adducts of
2:1 stoichiometry between trihalogenophenols and tributyl-
amine are hydrogen-bonded ion pairs. The similar value of
the dipole moment of the tridodecylamine complexes indi-
cate that this conclusion can be extended to more hindered
amines. The 2:1 complexes are characterized by the struc-
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Fig. 1. Dielectric polarization (P – P1x1)/xB as a function of the
xAH/xB ratio (eq. [3]). Complexes of 2,4,6-trichlorophenol with �

tri-n-dodecylamine (CCl4), � tri-n-butylamine, and �

triethylamine.

Amine
KAHB

(dm3 mol–1)
K (AH) B2

(dm3 mol–1)

Triethylamine 55 54
Tri-n-propylamine 20.5 44
Tri-n-butylamine 23 57
Tri-n-pentylamine 28.5 84.5
Tri-n-octylamine 36.5 77
Tri-n-dodecylamine 45 64

Table 2. Formation constants of 1:1 (KAHB) and 2:1 (K (AH) B2
)

complexes between 2,4,6-trichlorophenol and tri-n-alkylamines in
carbon tetrachloride.
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ture OH···O–···HN+. In this structure, both OH···O– and
O–···HN+ hydrogen bonds become stronger than the OH···O
and OH···N hydrogen bonds in the corresponding phenol
dimer and in the 1:1 complex. This σ-bond cooperative ef-
fect results in a large charge redistribution and proton trans-
fer in the O-H···N bridge. Despite a relatively large error
(±0.15 D) in the determination of µ (AH) B2

, the very low sen-
sitivity to the lengthening of the alkyl groups in the amine
moiety is worth mentioning. This behaviour is apparently
analogous to that found in the 1:1 complexes of 2,4-
dinitrophenol with the same tri-n-alkylamines (see Table 4).

These results indicate that the effect of N-alkyl substitu-
tion on the polarity is weak in complexes characterized by
normal OH···N hydrogen bonds and in proton-transfer com-
plexes characterized by O–···HN+ hydrogen bonds. For both
types of complexes, only a very small increase in ∆µAHB
with ∆pKa is observed. This feature is displayed in Fig. 2,
which also illustrates the sigmoidal shape found for other
systems (1–5).

Proton transfer constant in the 1:1 complexes between
2,4,6-trichlorophenol and tri-n-alkylamines

As discussed in the previous section, the polarity of the of
2,4,6-trichlorophenol–trialkylamine complexes increases
with increasing extent of alkylation of the amine. This com-
plex lies in the inversion region of the ∆µAHB vs. ∆pKa curve
(Fig. 2). The polarity of such systems can be discussed in
terms of the protomeric equilibrium (1). To discuss the
alkylation effect more quantitatively, we calculated the H-
bond polarity ∆

�
µ, defined as ∆

�
µ =

�
µAHB – (

�
µAH +

�
µB), as

well as the proton transfer constant KPT. For the calculation
of ∆

�
µ, the vectorial scheme proposed in ref. (2) was applied.

The degree of proton transfer, xPT, was calculated from the
relation

[5] xPT =
µ µ
µ µ

AHB
2

HB
2

PT
2

HB
2

−
−

The proton transfer constant KPT was taken as the ratio
xPT/xHB.

The dipole moments of the molecular AH···B (µHB) and
proton-transfered AΘ···HB⊕ (µPT) forms were estimated as-
suming ∆

�
µ = 0.8 D (3) in the former and ∆

�
µ = 9.3 D (1) in

the latter one. These data are summarized in Table 5.
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Amine Range of xAH/xB PAHB(cm3) PB
a (cm3) µAHB (D)

Diethylmethylamine 0.022–0.158 475 24.5 (24.7) 4.79±0.07
Triethylamine 0.021–0.338 580 24.7 5.28±0.04b

0.023–0.215 600 14.9 (14.4) 5.40±0.02
Tri-n-propylamine 0.030–0.108 600 11.7 (11.0) 5.38±0.06
Tri-n-butylamine 0.037–0.327 700 9.5 (9.7) 5.81±0.03
Tri-n-pentylamine 0.019–0.271 680 9.6 (9.6) 5.74±0.05
Tri-n-octylamine 0.024–0.226 745 13.3 (13.3) 6.00±0.05b

0.054–0.233 765 9.6 (9.8) 6.08±0.04
Tri-n-dodecylamine 0.026–0.118 750 14.9 (14.8) 6.02±0.08b

aValues in parentheses are determined in a binary solution.
bIn carbon tetrachloride.

Table 3. Dielectric polarizations and dipole moments of the 1:1 complexes formed between 2,4,6-
trichlorophenol and tri-n-alkylamines in tetrachloroethylene (or carbon tetrachloride).

System Range of xAH/xB PB
a (cm3) PAHB (cm3) µAHB (D)

Phenol–triethylamine 0.007–0.242 14.5 (14.9) 190 3.04±0.02
Phenol–tri-n-dodecylamine 0.059–0.206 9.9 (9.8) 210 3.18±0.05
2,4-Dinitrophenol–triethylamine 0.027–0.263 14.8 (14.9) 2640 11.29±0.03
2,4-Dinitrophenol–tri-n-dodecylamine 0.051–0.318 9.5 (9.8) 2720 11.46±0.02

aValues in parentheses are determined in a binary solution.

Table 4. Dielectric polarizations and dipole moments of the 1:1 H-bonded complexes formed between some
phenols and trialkylamines in tetrachloroethylene.

Fig. 2. Dipole moment increment of the 1:1 complexes between
phenol, 2,4,6-trichlorophenol, and 2,4-dinitrophenol with tri-n-
alkylamines as a function of ∆pKa. The dipole moments of phe-
nol and 2,4-dinitrophenol in carbon tetrachloride are 1.45 and
3.31 D, respectively; their pKa are 9.95 and 4.10.
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The increase in ∆
�
µ or KPT may be rationalized in terms of

the increasing proton-accepting abilities of amine. The pro-
ton affinity is a direct measure of the intrinsic basicity, unaf-
fected by solvation effects. Unfortunately, the proton
affinities are known only for the aliphatic tertiary amines
characterized by a low degree of substitution, and they in-
crease from 232.3 to 234.8 kcal mol–1 on going from
triethylamine to tri-n-butylamine (52). Therefore, we de-
cided to correlate the KPT values with the basic properties of
amines in water (24, 27) (see Table 5). The classical relation

[6] logKPT = ξ∆pKa + C

takes for the present complexes the following form:

[7] logKPT = –2.67 + 0.42∆pKa
N

R

=
=









7

0 944.

As illustrated in Fig. 3, marked deviations from this linear
correlation are observed for tri-n-pentyl-, tri-n-octyl-, and
tri-n-dodecylamine, where the bulky substituents restrict the
approach of the proton. This steric hindrance must be larger
in the 2,4,6-trichlorophenol complexes than in monohydrate
B⊕ H···OH2. This comparison is justified since it appears that
steric hindrance to ion solvation in bulk water is comparable
in magnitude to steric hindrance of solvation by only one
H2O molecule (36). To estimate quantitatively the effect of
steric hindrances on KPT, we have added to eq. [6] a term de-
pendent on the molar volume of the amine in tetrachloro-
ethylene (V in dm3 mol–1, see Table 5). The two-parameter
linear regression now gives the following relation:

[8] logKPT = –3.24 – 0.55∆pKa + 0.03(logV)–1

N

R

=
=









7

0 989.

characterized by a better correlation coefficient than that of
eq. [7]. It may be concluded that both the C and ξ parame-
ters in eq. [6] are to some degree connected with the steric
effects.

A last remark concerns the influence of steric hindrance
on the formation constants of the 1:1 complexes. For com-
plexes between phenols and aliphatic tertiary amines charac-
terized by normal OH···N hydrogen bonds, the formation
constants have been shown to depend on the polar and steric
parameters of Taft (27). Similar correlations could not be de-

duced for the present complexes because, as discussed in
this section, both OH···N and O–···HN+ species are present in
solution. The O(H)···N distance is considerably shorter
(2.50–2.55 Å) than the O–···HN+ one (2.75–2.85 Å) (27),
and as a consequence, the normal OH···N hydrogen bonds
are expected to be more sensitive to steric interactions than
the ionic O–···HN+ ones.

Comparison with the crystal structures
In the solids, the inflection point, where 50% PT is for-

mally reached, occurs with the weaker bases. This is in
agreement with expectations since the crystal lattice favors
the polar PT state (53). When 2,4-dinitrophenol forms com-
plexes with diamines or tertiary amines, in all the published
structures where the hydrogen atoms have been located, the
phenol completely transfers the proton to the amine (54–59).

The structure of the (phenol)2-1,4-diazabicyclo[2,2,2]oc-
tane (DABCO) complex, determined at –130°, is worth men-
tioning. In this complex, the hydrogen atoms stay firmly
attached to the phenol oxygen atoms. Strong hydrogen
bonds are formed, the two O···N distances being 2.694 and
2.681 Å, respectively, and the corresponding OH···N angles

© 2003 NRC Canada
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Amine pKa V (dm3 mol–1) ∆µ (D) % PT –log KPT

Diethylmethylamine 10.29 0.120 2.46 10.5 0.931
Triethylamine 10.65 0.139 3.21a 16.2a 0.714a

3.34 17.3 0.679
Tri-n-propylamine 10.65 0.192 3.42 17.8 0.664
Tri-n-butylamine 10.89 0.242 3.89 22.2 0.545
Tri-n-pentylamine 11.00 0.292 3.83 21.5 0.562
Tri-n-octylamine 11.19 0.462 4.08a 21.5a 0.498a

4.16 24.9 0.479
Tri-n-dodecylamine 11.3b 0.697 4.10 24.3 0.498

aIn carbon tetrachloride.
bObtained from extrapolation of the pKa values as a function of the number of CH2 groups in the aliphatic chain.

Table 5. The pKa and molar volumes of the tri-n-alkylamines, polarity of the hydrogen bond (∆
�
µ), pro-

ton transfer degree (% PT), and logKPT in the 2,4,6-trichlorophenol–tri-n-alkylamines complexes.

Fig. 3. log KPT as a function of ∆pKa for the 1:1 complexes be-
tween 2,4,6-trichlorophenol and trialkylamine.
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167° and 165°.2 No PT structure is observed in this case.
This may result from the fact that DABCO is less basic than
triethylamine; its pKa is indeed equal to 8.8. A second factor
that plays a determinant role is the anticooperativity in the
hydrogen bond. The formation of the OH···N hydrogen bond
on one of the N atom of DABCO decreases the proton-
acceptor ability of the second N atom (60).

Experimental

The dielectric permittivity (ε) was measured on a
Dipolemeter DM01 (WTW) at 2 MHz. The dielectric capac-
ity was determined with an accuracy of ∆C/C ≤ 1 × 10–4.
The density (d) was determined picnometrically with an ac-
curacy of ±1 × 10–4 g cm–3, and the refractive index (n) for
the D sodium line was measured using an Abbé refracto-
meter with an accuracy of ±1 × 10–4. All the measurements
were performed at 25 ± 0.02 °C.

The dipole molar polarization (P) of the liquid was calcu-
lated according to the Onsager equation (61)

[9] P
n n
n

V= − +
+

( ) ( )
)

ε ε
ε(

2 2

2 2

2
2

where V is the molar volume of liquid.
The dipole moments of phenols and amines in binary so-

lution were calculated using the Hedestrand extrapolation
procedure (62), in which ε, d, and n2 were plotted against
the molar fraction x2 of the solute. From the slopes, denoted
by α, β, and γ (see Table 1), the molar dipole polarization P2
of the solute at infinite dilution was obtained by eq. [9],
which takes the following form (63):

[10] P
n n

n
2

1 1

1
2

2
2

= − +
+

( ) ( )
)

ε ε
ε (

1
2

1
2

1
2

× − + +
+

−
+

− − +V
n

n
n

n
n

n
1

1

1

1

12
2

2
αε γ

ε −
2αα γ

ε
γ α β1

2

1
2

1
2

1
2

1
2

1
2

M
M

2

1











where M is the molar mass and the subscripts 1 and 2 refer
to the solvent and the solute, respectively. Finally, the µ
value of the solute has been obtained from the relation µ =
[(9kT/4πN) × P2]

1/2.
The formation constants of the 1:1 (KAHB) and 2:1

(K(AH) B2
) complexes between 2,4,6-trichlorophenol and

trialkylamines in CCl4 at 25 °C were determined from the
absorbance of the ν(OH) stretching vibration of the free phe-
nol. In this determination the infrared spectra were recorded
on a PerkinElmer 883 instrument equipped with thermostatic
KBr cells with variable path length.

The phenols were crystallized from petroleum ether and
the trialkylamines were fractionally distilled and dried over
sodium or 4 Å molecular sieves. Carbon tetrachloride and
tetrachloroethylene were purified by standard methods (64)
and dried over molecular sieves.
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Synthesis and molecular recognition of the
uridine-containing derivative of p-tert-
butylcalix[4]arene

Jian Liang, Haiying Fu, Yu Liu, Li Wang, Zhifeng Ye, and Xianfa Shi

Abstract: The new uridine-containing derivative ofp-tert-butylcalix[4]arene — 5,11,17,23-tetra-tert-butyl-25,26,27-
trihydroxyl-28-oxyuridinecalix[4]arene (CU) — was synthesized and characterized by1H NMR, 13C NMR, IR, EI-MS,
and ESI-MS spectra. By the aid of UV–vis spectra, the molecular recognition of CU was studied. The hypochromic ef-
fect in UV–vis spectra showed the obvious molecular recognition of CU to ATP. This recognition is actually the hydro-
gen bond interaction between the uracil group of CU and the base radical of ATP. The association constant between
CU and adenine was determined by UV titration at low concentrations.

Key words: calixarene, uridine, molecular recognition, UV–vis spectra.

Résumé : On a réalisé la synthèse d’un nouveau dérivé dup-tert-butylcalix[4]arène contenant de l’uridine, le
5,11,17,23-tétra-tert-butyl-25,26,27-trihydroxyl-28-oxyuridinecalixa[4]arène (CU), et on l’a caractérisé grâce à la spec-
troscopie IR, RMN du1H et du 13C et à la spectroscopie de masse « EI-MS » et « ESI-MS ». On a étudié les spectres
UV–visible comme méthode de reconnaissance moléculaire du CU. L’effet hypochrome dans le spectre UV–visible
présente la méthode évidente de reconnaissance du CU avec l’ATP. Cette méthode de reconnaissance correspond à une
interaction de liaison hydrogène entre le groupe uracile du CU et le radical de base de l’ATP. La constante
d’association entre le CU et l’adénine a été déterminée par titrage UV à faibles concentrations.

Mots clés : calixarène, uridine, reconnaissance moléculaire, spectre UV–visible.

[Traduit par la Rédaction] Liang et al. 1024

Introduction

Calixarenes are cavity-containing macrocyclic compounds
made up of substituted phenols with aldehydes (1), which
can be used as a basic skeleton in the design of new recep-
tors (2).

We have studied the supramolecular catalysis in the hy-
drolysis of ATP facilitated by calix[4]arene-5,11,17,23-tetra-
sulfonate and proved the molecular recognition between
calix[4]arene-5,11,17,23-tetrasulfonate and ATP using laser
photolysis and pulse radiolysis (3). We also investigated the
transport of ATP in an H2O–CH2Cl2 : CCl4–H2O liquid
membrane system withp-tert-butylcalix[4]arene as a carrier
(4). The studies showed thatp-tert-butylcalix[4]arene or
calix[4]arene-5,11,17,23-tetrasulfonate could recognize ATP
by hydrogen bonds between the phenol hydroxyl group in
calixarene and the phosphate group in ATP. But this is not
the only kind of molecular recognition model for a nucleo-
tide.

Considering that in the life process, the self-replication of
DNA is primarily based on the principle of recognition and
pairing of nucleotide bases (A to T, C to G), we want to in-
troduce a nucleoside group (uridine in this paper) into a
calixarene molecule as a “recognition factor” or “sensor” for
a certain nucleotide (such as ATP) or specific nucleoside.
Furthermore, we can develop some applications for these
kinds of new calixarene derivatives in recognition of the or-
der of nucleic acid, specific-site cleavage, selective separa-
tion, membrane transport, and mimicry of enzymatic
catalysis to nucleic acid, etc.

This paper reports the synthesis and characterization of
5,11,17,23-tetra-tert-butyl-25,26,27-trihydroxyl-28-oxyuridi-
necalix[4]arene (CU). The molecular recognition of CU to
nucleotide, nucleoside, and base radical was investigated us-
ing UV–vis electronic spectroscopy. Furthermore, the associ-
ation constant between CU and adenine was calculated too.

Experimental

Materials and method
1H NMR and 13C NMR were recorded at 500 MHz using

an AM500 spectrometer in CDCl3. IR spectra were recorded
on a Nicolet FT-IR 170SX spectrometer. UV–vis spectra
were obtained using a PerkinElmer Lambda Bio40 spec-
trometer. An LCQ electrospray ionization mass spectrometer
(ES-MS Finnigan) was employed for molecular mass deter-
mination.
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Uridine, adenine, ATP, and GMP were obtained as bio-
chemicals and used without further purification. THF was
distilled over sodium pellets. Water used here was deionized
(with a conductivity of 1 × 10–6 s–1 ~ 1 × 10–7 s). All the
other chemicals were of AR grade and were used without
further purification.

Synthesis and characterization of CU
The preparation of the compound CU is depicted in

Scheme 1. p-tert-Butylcalix[4]arene I, 2′,3′-o-isopropyli-
dene-uridine II, and 5′-(2′,3′-o-isopropylidene-uridine)-p-
methylphenyl-sulfonateIII were synthesized according to
the literature (5, 6) and characterized by1H NMR, IR spec-
troscopy, EI and ESI mass spectroscopy, and elemental anal-
ysis.

A mixture of 1.51 g p-tert-butylcalix[4]arene I
(2.33 mmol), 0.47 g 5′-(2′,3′-o-isopropylidene-uridine)-p-
methylphenylsulfonateIII (1.08 mmol), and 0.71 g potas-
sium carbonate (5.17 mmol) in dry THF (40 mL) was stirred
under an atmosphere of N2 at 27 °C for 72 h. The resulting
solution was filtered to remove potassium carbonate, and the
filtrate was concentrated and purified by column chromatog-
raphy. Then the crude product was recrystallized from meth-
anol to give 0.2 g (21%) as a white powder.

Characterization: mp 146.8–148.8 °C. IR (KBr) (cm–1) ν:
3436 (N−H), 3179 (O−H), 2960 (CH3), 1745 (C=O). 1H
NMR (ppm) δ: 1.22 (10H, C(CH3)3), 1.34 (6H, C(CH3)3),
1.56 (6H, C(CH3)3), 2.19 (2H, C(CH3)3), 2.46 (12H,
C(CH3)3), 3.45~3.50, 4.26~4.38 (10H, Ar-CH2-Ar and -CH2-
in uridine), 4.79~4.81 (2H, in sugar, uridine), 4.92~4.94
(2H, C-OH in sugar, uridine), 5.67 (2H, in sugar, uridine),
5.73~5.75 (1H, uracil), 7.06 (2H, ArH, calixarene),
7.34~7.36 (4H, ArH, calixarene), 7.78~7.79 (2H, ArH,
calixarene), 7.78~7.79 (1H, uracil), 10.36 (1H, NH, uracil).
13C NMR (ppm)δ: 25.23 (Ar-CH2-Ar), 27.05 (Ar-CH2-Ar),
31.38 (C(CH3)3), 32.63 (C(CH3)3), 69.25 (5′-C, uridine),
76.69 (3′-C, uridine), 77.33 (2′-C, uridine), 84.97 (4′-C,
uridine), 94.79 (1′-C, uridine), 102.74 (5-C, uridine), 114.70
(ArC-CH2-Ar), 125.94 (Ar-CH), 127.96 (Ar-CH), 129.90
(ArC-C(CH3)3), 132.82 (ArC-C(CH3)3), 142.12 (6-C,
uridine), 145.23 (ArC-OH), 146.80 (ArC-O-uridine), 149.98
(2-C, uridine), 163.04 (4-C, uridine). EI-MSm/z (%): 648
(M-Uridine (calix[4]arene (Cal)), 31), 592 (Cal – C(CH3)3,
10), 536 (Cal – 2C(CH3)3, 7), 480 (Cal – 3C(CH3)3, 4), 423
(Cal – 4C(CH3)3, 22), 91 (C7H7

+, 100). ESI-MSm/z (%):
898([M + Na]+, 100), 461([M + 2Na]2+, 53).

Study on the molecular recognition between CU and
ATP, GMP, adenine, and KH2PO4

A series of standard solutions of varying concentrations
(1 × 10–3 ~ 1 × 10–6 mol·L–1) of CU was prepared. The
absorbance of the standard solutions was determined at
260 nm, and the UV standard curve of CU was taken. The
UV standard curves of ATP (260 nm), GMP (252.7 nm and
260 nm), and adenine (260 nm) were determined using the
same method. The absorption of KH2PO4 was zero at the
UV wave band.

A series of mixed solution samples of CU and ATP were
prepared, to maintain the total concentration of the two com-
ponents constant — about 5 × 10–5 mol·L–1 — but varying
the concentration ratio of CU and ATP as follows: 5:0,

4.5:0.5, 3.5:1.5, 2.5:2.5, 1.5:3.5, 0.5:4.5, 0:5. Their
absorbances were measured at 260 nm, which was the ex-
perimental value of absorbance of the sample. For every
sample solution, the single absorbance of each component
can be calculated by use of their own standard curves, ac-
cording to the actual concentration in the sample; thus the
two single calculated absorbances of the two component
were added together, and we got the calculated value of
absorbance of the sample. If there is no interaction between
the two components in the sample solution, the calculated
absorbance value should be the same as its experimental
value. So, by comparing the absorbance experimental value
to its calculated value, we could find out the information
that would enable us to ensure whether there was any inter-
action between the two components.

A GMP solution, about 1 × 10–4 mol·L–1, was prepared,
and its concentration was determined using its standard
curve taken at 252.7 nm. But, in the sample solutions, the in-
dividual absorbance was calculated using its standard curve
taken at 260 nm. The total concentration and the concentra-
tion ratio of the two components were the same as in the ex-
periment of the interaction between CU and ATP.

An adenine solution, about 1 × 10–4 mol·L–1, was pre-
pared, and its concentration was determined using its stan-
dard curve taken at 260 nm. The total concentration and the
concentration ratio of the two components were the same as
in the experiment of the interaction between CU and ATP.

A solution of 1.645 × 10–4 mol·L–1 KH2PO4 was prepared,
and the total concentration and the concentration ratio of the
two components were the same as in the experiment of the
interaction between CU and ATP.

Determination of the association constant of the
supermolecule formed between CU and adenine by UV
titration

UV titration has been extensively employed to determine
binding constants (7–9). The quantitative determination of
the formation constant is based on the absorbance variation
of the receptor in the presence of a substrate with certain
concentration. Difference absorption spectra were recorded
on an Agilent 8453 UV–vis spectrometer. All spectra were
obtained in 10 mm cells at 25 ± 1 °C. The added substrate
was dissolved in the solution-containing receptor, while the
total concentration of the receptor remained constant
throughout the titration. The experiments were performed in
a concentration range wherein the absorbance of every sam-
ple obeyed Beer’s law.

The experimental results of the UV titration showed that
the association between CU and adenine leads to the forma-
tion of only a 1:1 supramolecular complex that has an asso-
ciation constant,K, according to the following equation:

[1] K = =

+ ⇔

− −
[C]

[R][S]

R S C

[C]
([R] [C]) ([S] [C])0 0

where R, S, and C represent the receptor, the substrate, and
the formed supermolecule, respectively, while [R], [S], and
[C] are the equilibrium concentration of R, S, and C, respec-
tively; [R]0 and [S]0 are the total concentration of R and S.
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Scheme 1. Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27-trihydroxyl-28-oxyuridinecalix[4]arene (CU).
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The absorbance,A, measured at a certain wavelength is
expressed as:

A = l([R]εR + [S]εS + [C]εC)

whereεR, εS, andεC are the molar extinction coefficients of
R, S, and C, respectively, andl is the width of the absorption
cell, while the absorbance in the reference cell,Ar, is ex-
pressed as:

Ar = l[R]0εR

Therefore, the difference in the absorbance,∆A, is ex-
pressed as:

[2] ∆A = A – Ar = l([C](εC – εR – εS) + [S]0εS)

Using eqs. [1] and [2], the association constantK can be
calculated.

Results and discussion

Synthesis and characterization of CU
CU is a new compound whose synthesis, characterization,

and properties have not been reported. This paper reports the
synthesis and characterization of CU. The characterization
methods included IR,1H NMR, 13C NMR, EI-MS, and ESI-
MS — especially the ESI-MS spectrum, which showed,
clearly, a strong peak for the molecular ion (m/z = 898 ([M +
Na]+)) and a strong bivalent ion peak (m/z = 461 ([M +
2Na]2+)). The characteristic peaks for either calixarene or
uridine were found in the1H NMR and13C NMR spectra of
the synthesized compound CU. The analogous phenomena
were observed in the IR or UV spectra of CU too. All these
results indicate that the compound synthesized can be identi-
fied as the target compound.

UV–vis spectroscopy study of CU
Figure 1 displays the absorption spectra of uridine, 5′-(2′,

3′-o-isopropylidene-uridine)-p-methyl-phonylsulfonateIII, CU,
and p-tert-butylcalix[4]areneI. As illustrated in Fig. 1, CU
has two obvious absorbance peaks at 260.5 and 226 nm. The
two peaks correspond, respectively, to the characteristic
absorbance peak of uracil at 261.5 nm (Fig. 1a) (10) and that
of p-alkylphenol in the calixarene structure at 227.8 nm
(Fig. 1d) (11). This shows that the compound CU is com-
posed of calix[4]arene and uridine.

Using the standard curve of CU taken at 260 nm, the
value of the molar absorptivity,εCU260, can be determined as
1.7955 × 104. For uridine, the value of the molar absorp-
tivity, εuridine260, can also be determined as 1.028 × 104

(1.01 × 104 in the literature (10)), using the same method.
The absorption ofp-tert-butylcalix[4]arene I is low at
around 260 nm, so the corresponding molar absorptivity,
εcal260, is very small. The experimental results showed that
CU is a new compound, different from calix[4]arene and
uridine.

Molecular recognition study between CU and ATP,
GMP, adenine, and KH2PO4

CU, ATP, GMP, and adenine all have the characteristic
absorbance peak of a nucleotide base group near 260 nm
(10). So there is no obvious shift to be found for the charac-

teristic absorbance peak of every component in the mixed
system of CU and ATP, GMP, or adenine, KH2PO4, no mat-
ter whether they react with each other or not. But an obvious
hypochromic effect was indeed found at 260 nm for the
mixed system, which shows that there was an interaction be-
tween the components in the system.

Interaction between CU and ATP
The experimental data are plotted in Fig. 2a. When there

was only CU or ATP in the sample solution, the experimen-
tal value was equivalent to the calculated value. For the
mixed solutions, the experimental values were always
smaller than the corresponding calculated values. Especially
when the concentration ratio was 1:1, the difference between
the experimental value and the calculated value reached a
maximum. This hypochromic effect implies that there is mo-
lecular recognition between CU and ATP. Indeed, the molar
absorptivity of the formed supermolecule by CU with ATP,
εCU–ATP, can be calculated as 3.1862 × 104 when the compo-
nent concentration ratio is 1:1.

Interaction between CU and GMP
The experimental data were plotted in Fig. 2b. As illus-

trated in the figure, the experimental values were almost
equivalent to the corresponding calculated values. This did
not show a hypochromism or a hyperchromism. This result
implies that there is no significant interaction between CU
and GMP. The studies reveal that CU can recognize ATP, but
not GMP.

Interaction between CU and adenine
The experimental data were plotted in Fig. 2c. As illus-

trated in the figure, when there was only CU or adenine in
the solution, the experimental value was equivalent to the
calculated value. For the mixed solutions, the experimental
values were always obviously smaller than the correspond-
ing calculated values. Especially when the concentration ra-
tio was 1:1, the difference between the experimental value
and the corresponding calculated value reached a maximum.

© 2003 NRC Canada
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Fig. 1. UV–vis spectra of (a) 1 × 10–5 mol·L–1 uridine in water;
(b) 1 × 10–5 mol·L–1 5′-(2′,3′-o-isopropylidene-uridine)-p-methyl-
phenylsulfonateIII in THF; (c) 1 × 10–5 mol·L–1 CU in water;
(d) 1 × 10–5 mol·L–1 p-tert-butylcalix[4]areneI in CH2Cl2.
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This significant hypochromic effect implies that there is ob-
vious molecular recognition between CU and adenine, simi-
lar to that between CU and ATP. The base of this molecular

recognition may be interpreted as the structural comple-
mentarity and hydrogen bonding between the uracil of CU
and the adenine in ATP or adenosine.

© 2003 NRC Canada

Liang et al. 1023

Fig. 2. The absorbance of the sample solutions mixed by CU with ATP (a); GMP (b); adenine (c); KH2PO4 (d). Solid line stands for
the experimental value; dotted line stands for the calculated value.

Fig. 3. The molecular recognition of CU to adenosine and the formed supermolecule.
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Interaction between CU and KH2PO4
The interaction between CU and KH2PO4 was investigated

too. The experimental data were plotted in Fig. 2d. As illus-
trated in the figure, the experimental values were almost
equivalent to the corresponding calculated values. There is
neither a hypochromism nor a hyperchromism. This result
shows that CU cannot recognize KH2PO4 and implies that
the recognition site between CU and ATP is not a phosphate
group of ATP.

All the studies suggest that CU can recognize adenosine
in the ATP (See Fig. 3), but not the phosphate group. We
have studied the molecular recognition between
calix[4]arene-5,11,17,23-tetrasulfonate and ATP and found
that the basis of recognition was hydrogen bonds formed be-
tween hydroxyl group in calix[4]arene-5,11,17,23-tetra-
sulfonate and the phosphate group in ATP (3). That shows
that the recognition mechanisms in these two cases are dif-
ferent.

Determination of the association constant between CU
and adenine

In the process of calculation of the association constant
between CU and adenine, the self-association of adenine
was neglected. The dimerization of CU was not taken into
account, as was also the case with adenine. These factors
simplify the calculation.

The wavelength of interest was 227 nm, because the dif-
ference between the molar extinction coefficients of CU and
adenine reaches a maximum at 227 nm.

By using this method, the association constant between
CU and adenine was calculated as 2 × 104 mol–1·L.

Conclusion

The experimental results show that the molecular recogni-
tion of CU to ATP is based on the recognition of the uridine
group in CU to the adenine group in ATP. This recognition
function is the same as the one in the process of formation
of DNA and RNA, i.e., the base pairing (T to A or U to A).

The experimental result, that CU cannot recognize GMP,
also confirms the above recognition function based on U–A
pairing. Therefore, according to the idea of molecular design
and assembling, by introducing the uridine group (in fact,
the uracil group), the target receptor CU can actually work
as a “recognition factor” that has the molecular recognition
ability for some specific nucleotide, nucleoside, or base
(such as ATP, adenosine, or adenine). With this method we
can design and synthesize a series of receptors that can have
specific molecular recognition ability for given specific nu-
cleotides.
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Reactions of dimethoxycarbene with thiocarbonyl
compounds

Malgorzata Dawid, Grzegorz Mloston, Darren L. Reid, and John Warkentin

Abstract: A diverse sample of thiocarbonyl compounds were examined to determine what the ultimate stable products
are of their reactions with dimethoxycarbene. Those ultimate products can be significantly different for an oxyphos-
phinyl dithioformate, methyl dithiobenzoate, O-methyl thiobenzoate, and dimethyl xanthate.

Key words: dimethoxycarbene, thiocarbonyl compounds, 2,5-dihydro-2,2-dimethoxy-5,5-dimethyl-1,3,4-oxadiazole.

Résumé : On a étudié un large échantillonnage de composés thiocarbonylés pour déterminer la nature de leurs produits
ultimes et stables de leurs réactions avec le diméthoxycarbène. Ces produits ultimes varient beaucoup suivant la nature
du produit de départ, dithioformiate d’oxyphosphinyle, dithiobenzoate de méthyle, thiobenzoate de O-méthyle ou xan-
thate de diméthyle.

Mots clés : diméthoxycarbène, composés thiocarbonylés, 2,5-dihydro-2,2-diméthoxy-5,5-diméthyl-1,3,4-oxadiazole.

[Traduit par la Rédaction] Dawid et al. 1028

Introduction

Carbenes bearing heteroatom substituents (NR2, OR, SR)
are nucleophilic, attacking preferentially alkenes with elec-
tron-withdrawing substituents. Dimethoxycarbene does not
react with cyclohexene (1), but it does add to maleates and
fumarates, for example (2). Nucleophilic carbenes react also
with carbonyl and thiocarbonyl compounds (3), as do
electrophilic carbenes, but the former probably make one
bond initially to the electrophilic center (4) or else add in a
concerted but asynchronous manner. The latter bond to the
carbonyl oxygen (or to thiocarbonyl sulfur) to form ylide in-
termediates (5). Some of these reactions are illustrated in
Scheme 1.

We have examined a diverse sample of thiocarbonyl com-
pounds to determine what the ultimate stable products are,
of their reactions with dimethoxycarbene. Surprisingly, those
ultimate products can be significantly different for different
thiocarbonyl compounds, including S-methyl-bis(1-methyl-
ethoxy)phosphinecarbothioate-1-oxide (4) (also known as S-
methyl-diisopropyloxyphosphinyl-dithioformate), S-methyl
benzenecarbodithioate (or methyl dithiobenzoate) (8), O-
methyl benzenecarbothioate (or O-methyl thiobenzoate) (17),
and O,S-dimethyl dithiocarbonate (or dimethyl xanthate) (22).

The carbene was generated from 2,2-dimethoxy-5,5-di-
methyl-∆3-1,3,4-oxadiazoline (1, also known as 2,5-dihydro-
2,2-dimethoxy-5,5-dimethyl-1,3,4-oxadiazole) at 110 °C in a
benzene solution containing the thiocarbonyl compound in a
sealed tube (Scheme 2). The sequence by which the oxa-
diazoline undergoes thermolysis is well established (6). The

first step is 1,3-dipolar cycloreversion to N2 and a carbonyl
ylide (2). The latter is short lived, losing acetone to afford
dimethoxycarbene (DMC, 3).

Results and discussion

Treatment of 4 with DMC gave, in 50% isolated yield,
product 7. It is presumably formed by cycloaddition of
DMC to the thiocarbonyl group to generate 5, which then
undergoes desulfurization (typical of such thiiranes) (7) to
ketene acetal 6. Hydrolysis of the sensitive ketene acetal
leads to 7, Scheme 3. The structure of 7 was established by
means of spectroscopy and mass spectrometry.

Under similar conditions, dithiobenzoate 8 gave products
11 (not isolable), 12, 13 (22%), and 16 (28%). The pre-
sumed intermediates, 10, 14, and 15, also could not be iso-
lated, and spectroscopic evidence for 12 was based on 1H
and 13C NMR spectroscopy only. We assume that 8 reacted
with DMC to afford 10, either via intermediate 9 or directly,
by a concerted process, and that thiirane 10 was desulfurized
(7) to give ketene acetal 12. Ketene acetal 12, like most
other ketene acetals, is expected to hydrolyse during workup
and to give 13 as the stable end product, Scheme 4. Forma-
tion of compound 11 (the probable source of 14) can be un-
derstood in terms of a 1,2-migration of the thiomethyl group
in an intermediate like 9, Scheme 4.

A possible mechanism to 16 is more complicated because
it requires two carbene units. The thiocarbonyl group of 11
is expected to be quite reactive toward DMC, and addition
would afford 14. Desulfurization of 14 (7) and hydrolysis, in
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either order, would furnish another ketene acetal (15) that
would hydrolyze during workup to the end product 16.

A similar product was formed by reaction of 17 with
DMC. Two equivalents of DMC were incorporated, and in
this case we were able to identify 21 by means of 1H and
13C NMR spectroscopy, although it too was desulfurized and
hydrolyzed to dimethyl phenyl malonate (16, 84%). The par-
tial identification of 21 strengthens the analogous mecha-
nism in Scheme 4. Although 19 was not found, it is likely
that the first adduct (something like zwitterion 18) under-
went methoxy migration to generate thione 19, which must
be more reactive towards DMC than 17. We propose, tenta-
tively, that the trimethoxymethyl group of 19 enhances the
reactivity of the thiocarbonyl group toward DMC. It might
do this by participation of the methoxyl oxygens at the tran-
sition state for addition of DMC (20) if that transition state
were dipolar, as depicted in Scheme 5. A similar suggestion
for interaction by a methoxy group was made earlier (3c).
Alternatively, the reactivity of the thiocarbonyl group might
be enhanced by the polar effect of the trimethoxymethyl
group. A steric effect, operating in the other direction, would
have to be smaller than the polar effect. To support the exis-
tence of the polar effect, we compared published values (8,
9) of the IR carbonyl stretching frequencies of the α-
methoxyketones (below) with those of corresponding ke-
tones, Fig. 1. It is clear that an α-methoxy group raises the
C=O frequency and that the inductive effect of three such
groups at a carbon alpha to a carbonyl group could raise its
reactivity significantly, although not to the level of acyl

chlorides, which have C=O stretching frequencies near
1800 cm–1.

Compound 22 reacted fairly cleanly with DMC to afford
25 as the major product (40%, isolated). Scheme 6 depicts a
possible mechanism for the formation of 25. In intermediate
24 there is the option of migration of either the methoxy or
the methylthio group. The greater polarizability of S and the
weaker C—S bond (relative to O and the C—O bond)
readily account for the preferential migration of the SMe
group.

Experimental

Preparation of starting materials
Compound 1 was prepared according to a published pro-

cedure (10); 4 was prepared according to the protocol by
D.W. Grisley, Jr. (11); 8 was synthesized by thionation of
benzoic acid with the Davy reagent (12); 17 was prepared
from methyl benzoate and Lawesson’s reagent (13), and 22
was available from methoxide, carbon disulfide, and
dimethyl sulfate or methyl iodide (14).

Thermolysis of 1 in the presence of 4
The following thermolysis procedure is typical. A solution

of 4 (0.128 g, 0.50 mmol) and 1 (0.080 g, 0.50 mmol) in dry
benzene (5 mL) in a thermolysis tube was degassed by
means of three freeze–pump–thaw cycles before the tube
was sealed under vacuum. It was then placed into an oil bath
(110 °C) for a 24 h period. In the case of 4, evaporation of
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Scheme 1.

Scheme 2. Fig. 1. Carbonyl stretching frequencies (cm–1) of ketones and
methoxy ketones.

Scheme 3.
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the solvent and the volatile components left a residue that
was purified by chromatography on silica (Chromatotron,
1 mm plate, 10% EtOAc in hexane) to afford 7 (50% yield)
as a final, stable product.

7
Colourless oil. 1H NMR (200 MHz, CDCl3) δ: 1.37–1.32

(overlapping d, 12H), 2.29 (s) and 2.30 (s) (together 3H),
3.54 (d, 1JP-H = 19.6 Hz, 1H), 3.77 (s, 3H), 4.79 (m, 2H).
13C NMR (75 MHz, CDCl3) δ: 23.8, 24.3, 44.7, 47.5, 53.0,

72.7, 72.8, 128.4, 168.0. EI-MS m/z (%): 284 ([M]+, 2), 238
(15), 197 (22), 155 (40), 154 (40), 123 (15), 86 (30), 84
(55), 49 (100). CI-MS m/z (%): 302 ([M + NH4]

+, 3), 285
([M + 1]+, 100).

Thermolysis of 1 in the presence of 8
The standard thermolysis procedure gave, from 8

(0.084 g, 0.50 mmol) and 1 (0.080 g, 0.50 mmol), a residue
that was chromatographed on silica (Chromatotron plate,
1 mm, 5% EtOAc in hexane (50 mL) and 10% EtOAc in

© 2003 NRC Canada
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Scheme 4.

Scheme 5.

Scheme 6.
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hexane (100 mL)) to afford 13 (22%) and 16 (28%) as final,
stable products. Small amounts of unstable products 12 and
15 were also isolated.

12
Colourless oil. 1H NMR (300 MHz, CDCl3) δ: 1.98 (s,

3H), 3.52 (s, 3H), 3.77 (s, 3H), 7.18–7.47 (m, 5H). 13C
NMR (125 MHz, CDCl3) δ: 17.0, 57.5, 97.5, 126.4, 128.1,
129.7, 136.9, 159.2 (from 2d NMR, two of the aromatic car-
bon signals are coincident). EI-MS m/z (%): 210 ([M]+, 70),
195 (100), 167 (32), 135 (15), 121 (85), 105 (58), 91 (12),
77 (55). Compound 12 hydrolyzed spontaneously to 13.

13
Colourless oil (15). 1H NMR (300 MHz, CDCl3) δ: 2.08

(s, 3H), 3.74 (s, 3H), 4.52 (s, 1H), 7.26–7.46 (m, 5H). 13C
NMR (125 MHz, CDCl3) δ: 14.9, 52.6, 53.4, 128.1, 128.4,
128.6, 135.7, 171.1. HR-MS m/z: calcd.: 196.0558, found:
196.0545.

15
Colourless oil. 1H NMR (300 MHz, CDCl3) δ: 3.55 (s,

3H), 3.75 (s, 3H), 3.93 (s, 3H), 7.34–7.20 (m, 5H). 13C
NMR (125 MHz, CDCl3) δ: 51.6, 57.0, 59.2, 126.7, 127.5,
130.7, 135.2, 166.8, 168.1. Compound 15 hydrolyzed spon-
taneously to 16.

16
(16). IR (neat) (cm–1): 2921, 2841, 1740, 1622, 1229,

1152, 1985, 1066, 699. EI-MS m/z (%): 208 ([M]+, 58), 164
(29), 149 (45), 121 (100), 118 (25), 105 (30), 90 (28), 77
(25). The 1H and 13C NMR spectra were in agreement with
those of Yang et al. (16) but not with those of Mueller and
Tohill (17), which appear to be incorrect.

Thermolysis of 1 in the presence of 17
The standard thermolysis procedure gave, from 17

(0.078 g, 0.52 mmol) and 1 (0.080 g, 0.50 mmol), a residue
that was chromatographed on silica (Chromatotron plate,
1 mm, 10% EtOAc in hexane (50 mL), 20% EtOAc in hex-
ane (50 mL), and 40% EtOAc in hexane (100 mL)) to afford
21 (84%).

21
Colourless solid, mp about room temperature. 1H NMR

(300 MHz, CDCl3) δ: 3.23 (s, 3H), 3.34 (s, 9H), 3.68 (s,
3H), 7.26–7.32 (m, 3H), 7.53–7.57 (m, 2H). 13C NMR
(125 MHz, CDCl3) δ: 51.4 (C(OMe)3), 56.0, 57.9, 108.1,
113.1, 127.1, 127.4, 128.8, 130.6, 137.0. EI-MS m/z (%):
269 ([M – S + H]+, 29), 223 (21), 209 (10), 149 (9), 105
(100).

Thermolysis of 1 in the presence of 22
A thermolysis tube (50 mL) was charged with a solution

of 22 (3.064 g, 25.1 mmol, 1.0 mol·L–1), and 1 (0.401 g,
2.50 mmol, 0.10 mol·L–1) in dry benzene. Following three
freeze–pump–thaw cycles, the thermolysis tube was sealed
and placed in a thermolysis bath at 110 ± 0.1 °C for 24 h at
which point it was cooled and opened. GC–MS and 1H
NMR of the crude indicated that a fairly clean reaction had
occurred to give only one product derived from 22. The
product (25, 40% isolated yield) was obtained by removing

~90% of the excess 22 by means of bulb-to-bulb distillation
(80–90 °C bath temp, 14 mmHg (1 mmHg = 133.322 Pa))
and by centrifugal chromatography of the residue on a 2 mm
silica plate with hexanes to elute the remaining 22, followed
by 5% ethyl acetate in hexanes to elute 25. IR (neat, νmax)
(cm–1): 2976, 2942, 2835, 1442, 1266, 1225, 1101, 1067,
1005, 955. 1H NMR (200 MHz, C6D6) δ: 1.87 (s, 3H, SMe),
3.15 (s, 6H, OMe), 3.69 (s, 3H, CO2Me). 13C NMR
(50.3 MHz, C6D6) δ: 13.4 (SMe), 50.9 (OMe), 58.8
(C(OMe)2SMe), 111.5 (C(OMe)2SMe), 211.6 (C=S). GC–
MS (ei) m/z (relative intensity): 165 ([M – 15]+, 4), 149
(62), 121 (74), 75 (100), 59 (42), 47 (30).
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Macroscopically chiral system of three
independent orientational effects as a condition
for absolute asymmetric synthesis

Roman Bielski and Michal Tencer

Abstract: The paper introduces the concept of using three independent, macroscopic factors affecting mutual orienta-
tion of the reactant molecules to accomplish absolute asymmetric synthesis. Unlike with other methodologies of asym-
metric synthesis in physical fields, none of the utilized factors is chiral in itself (as, e.g., circularly polarized light
would be), but the combination of the three constitutes a macroscopically chiral influence. Examples of applicable di-
rectional factors are time-even vector fields (e.g., electric field and the directional effects of surfaces and interfaces)
and the time-odd directional transport with encounter control. The directional factors employed may act simultaneously
or, if their effect can be preserved, consecutively, thus allowing, e.g., a repeat use of the electric field. The electric
field strength needed to achieve a practically useful degree of molecular orientation was estimated to be ca. 3 MV/cm,
which is now commonly achieved with organic materials in the area of nonlinear optics. Practical implications are dis-
cussed, as well as the implications for the origins of natural homochirality.

Key words: macroscopic chirality, absolute asymmetric synthesis, homochirality, physical fields.

Résumé : Dans ce travail, on propose l’utilisation de trois facteurs macroscopiques indépendants qui affectent
l’orientation mutuelle des molécules de réactifs pour faire des synthèses asymétriques absolues. Contrairement aux au-
tres méthodes de synthèses asymétriques dans des champs physiques, aucun des facteurs utilisés n’est chiral en lui-
même (comme le serait la lumière polarisée de façon circulaire); toutefois, l’application d’une combinaison des trois
constitue une influence chirale macroscopique. Comme exemples de facteurs directionnels applicables, on peut signaler
les champs vectoriels appariés en fonction du temps (par exemple, le champ électrique et les effets directionnels de
surfaces et d’interfaces) et le transport directionnel non apparié en fonction du temps, mais soumis à un contrôle de
rencontre. Les facteurs directionnels utilisés peuvent agir simultanément ou, si leur effet peut être conservé, consécuti-
vement; ce qui permet, par exemple, d’utiliser le champ électrique une autre fois. On a évalué à environ 3 MV/cm la
force du champ électrique nécessaire à l’obtention d’un degré d’orientation moléculaire utile d’un point de vue pra-
tique, valeur maintenant fréquemment atteinte dans le domaine de l’optique non linéaire grâce à l’utilisation de compo-
sés organiques. Les implications pratiques sont discutées ainsi que les implications pour les origines de l’homochiralité
naturelle.

Mots clés : chiralité macroscopique, synthèse asymétrique absolue, homochiralité, champs physiques.

[Traduit par la Rédaction] Bielski and Tencer 1037

Introduction

Absolute asymmetric synthesis has been the object of sci-
entific fascination for several decades; not so much for prac-
tical reasons as because of the implications in the important
discussion concerning the origin of optically pure com-
pounds in the universe and thus the origin of life itself. The
proposed explanations of homochirality derive from two
very different directions. One option can be considered a

“random mechanism” and includes such phenomena as pref-
erential enantiomorphic crystallization and stereoselective
adsorption on quartz, although the latter mechanism has
been disputed (1). The other option, “determinate mecha-
nisms”, advocates interaction of non-chiral or racemic chem-
ical systems with chiral physical phenomena (2, 3).
However, none of the proposed answers is quite satisfactory
(3–5). A recent paper (6) critically reviewed various attempts
at asymmetric synthesis in external fields, mostly from the
viewpoint of theoretical symmetry considerations of differ-
ent field types. Also, in the last decade, it was disputed
whether or not a very minute but calculable energy differ-
ence between enantiomers — caused by the fundamental
dissymmetry of weak interactions at the subatomic level —
could be responsible for the observed homochirality of the
animate world (7, 8).

This paper discusses the possibility of simultaneously us-
ing three cooperative macroscopic external factors (such as
physical fields) to impart spatial directionality on reacting
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molecules, thus creating conditions of macroscopic chirality.
In reactions in which a chiral compound is created from ei-
ther non-chiral or racemic precursors, such macroscopic chi-
rality should result in formation of, preferentially, one
enantiomer, provided that the external directional factors are
sufficiently strong to give the reacting molecules a predomi-
nant orientation. Thus, each of the directional factors con-
fers, onto molecules, orientation along one of three
orthogonal directions, which, for simplicity, we shall deem
to be identical with the Cartesian axes. While none of these
factors is chiral by itself, such a system, as it will be shown
below, is chiral. Here, we are interested in the ability of a
given field or some other macroscopic factors to hold mole-
cules in a desirable orientation; we do not delve into the the-
ory and intrinsic symmetry properties of individual factors,
although those of magnetic fields deserve some comments
(see further in the text).

All the methods of enantioselective synthesis and (or)
resolution of racemic mixture boil down to formation of a
diastereomeric interaction at some stage. For example, en-
zymes, using this type of interaction, provide spatial
directionality on a micro scale, molecule by molecule. We
would like to achieve the same effect on a macro scale,
directionality being imparted “remotely” on all the reacting
pairs at the same time. The question is how to position react-
ing molecules along the Cartesian axes in such a way that a
specific direction of collisions is enforced. If it can be ac-
complished, a reaction in which a chiral center is formed
from non-chiral precursors (or in which the reaction takes
place at a chiral center of a racemic compound) will produce
a non-racemic mixture. Moreover, based on the relative di-
rections of reacting molecules, one should be able to predict
the enantiomer formed in excess. The proposed approach
should be valid for reactions at both sp2 and sp3 centers.

Let us consider two non-chiral compounds — one of them
being prochiral — that react to form a product with one cen-
ter of chirality. Let the structure of the prochiral compound
include functionalities that enable one to define alignment of
the molecules with regard to two Cartesian axes using two
different physical phenomena. Now, if it were possible to
use another physical phenomenon to position the molecules
of the other reactant with regard to the prochiral molecules,
then optically active products would be formed without in-
troduction of any chiral molecules into the reaction mixture.3

Of course, by no means are we escaping, here, chirality as
the cause of the asymmetry of the product. The novelty of
this approach lies in the fact that chirality in this case is
macroscopic in nature and is defined by us by the choice of
the relative directionality of the three physical phenomena
vs. each other. It is different from the proposal by Pierre Cu-
rie (see 6 for reference) to introduce asymmetry with electric
and magnetic fields, in that Curie’s approach proposes two
parallel rather than three orthoganol fields and aims to utilize
inherent symmetry properties of the fields in what is now
considered a false chiral system (6), while we are interested in
the orienting effect of the fields. It is also different from the
application of magnetochiral dichroism, where unpolarized

light parallel to a magnetic field forms a real chiral influence,
leading to a small but measurable enantiomeric excess (9).

In reactions performed in the presence of weaker direc-
tional factors the resulting enantiomeric excess should de-
pend on the degree of achieved orientation, but even a
limited degree of spatial orientation of reacting molecules
would be of interest here, since any enrichment of an origi-
nal non-racemic mixture could shed light on the possible or-
igin of homochirality in nature.

Introducing macroscopic chirality

As an example leading to a further generalization let us
have a hypothetical prochiral molecule P (a compound with
a carbonyl group attached to substituents M and S, Fig. 1a)
with functionalities that enable its unequivocal orientation
vs. a plane. Such two functionalities may be, for example, a
group enabling covalent or non-covalent attachment to a
smooth flat surface and a polar group that confers a dipole
moment onto the molecule. In the compound P the carbonyl
group is the site of prochirality of the molecule. It may also
act as a polar group that imparts a non-zero dipole moment
onto the molecule. If the flat surface lies in the xz plane and
we turn on electric field E along the x direction, the sp2

prochiral center will be defined within the xy plane (Fig. 1a).
The molecule P is reacted with the other reactant, e.g., a
nucleophile N. The only reactive site of the reactant N is
represented by a group B. Now, if another, yet undefined, di-
recting influence F can orient N in the z direction as shown
then a specific, predictable, absolute configuration of the re-
action product will result.

Since directionality of a flat surface is defined by a vector
G normal to it, for the situation in Fig. 1a the relationship
between the three directional orthogonal vectors G, E, and F
is given through cross products, G × E = kF, where k is any
scalar proportionality constant. Reversal of the direction of
any one vector leads to the formation of a group of vectors
that is not identical (i.e., not superimposable) with the origi-
nal one, G × E = –kF, and a subsequent reversal (reflection)
of any of the three vectors leads back to the original cross-
product relationship. (However, for limitations operating
here, vide infra.)

Considering the stereogenic center of the structure shown
in Fig. 1a, let the bond formed by the entering nucleophile
in the final product be of the lowest priority (in the Cahn–
Ingold–Prelog sense). Let the carbon—oxygen bond be of
the highest priority, substituent M be ranked second (me-
dium), and substituent S be ranked third (small). Then the
absolute configuration of the formed chiral center will be R.
Reflecting this situation in a mirror parallel to the yz plane
(which is equivalent to reversing the direction of the electric
field E) will produce the opposite enantiomer, S (Fig. 1b).
Similarly, replacing the flat surface by its mirror image
(equivalent to turning the reaction vessel by 180° around the
z axis) or reversing the direction of F would result in the for-
mation of the S enantiomer. Two such changes would lead,
again, to the R product.

© 2003 NRC Canada
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3 A similar argument could be made for a racemic mixture reacting at the chiral center. In the presence of macroscopic chirality due to three
directional effects, one of the enantiomers would be formed preferentially, provided that the reactants contain appropriate functionalities.
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The challenge of the approach is to transfer the macro-
scopic chirality of a system of three orthogonal orienting
vectors to the molecular level. Possible directional effects
are given by the following:

(1) Electric field E, which can orient reacting molecules,
provided that they have a prominent dipole moment,

(2) Presence of a flat, smooth surface to which a mono-
layer of reacting molecules is attached (mathematically, the
vector G normal to the surface defines its directionality),

(3) Directional molecular transport, provided that the re-
action is under kinetic conditions and the kinetics is under
encounter control, which, for reaction in liquids, would
mean diffusion control,

(4) Amphiphilic molecules at interfaces. Molecules con-
taining hydrophobic and hydrophilic groups are oriented at
water–oil or liquid–air phase boundaries perpendicularly to
the interface.

In this connection, a hypothetical case where F = B (mag-
netic field) merits a special distinction. The magnetic field B
is a time-odd axial (or pseudo) vector (6) that does not re-
verse by reflection in the G,E plane but does reverse by re-
flection in the G,B and E,B planes, as can be visualized by
B being generated by electric current circulating in a coil.
However, one could argue that reversing the direction of the
magnetic field, no matter how it is brought about, will cause
a reversal of orientation of a paramagnetic species equivalent

© 2003 NRC Canada
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Fig. 1. Macroscopic chirality in the three directional vector system: (a) leading to the R enantiomer, (b) its mirror image leading to the
S enantiomer.
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to a mirror reflection. Unfortunately for our purpose, a para-
magnetic molecule does not have a per se defined
directionality in terms of the north (N), south (S) poles, and
thus, even though in the presence of a strong spin-orbit cou-
pling it can be aligned along the field lines, no directional
sense will be preferred. In this sense a paramagnetic mole-
cule is different from a piece of a (ferro) magnet whose ori-
entation in the B field can be, in fact, considered an effect of
two consecutively acting magnetic fields, the first of which
was needed to magnetize the material. Perhaps, in the future,
progress in molecular magnet research (10) may change our
evaluation of the usefulness of magnetic fields as directional
physical phenomena.

Thus, since the set of three orthogonal vectors has been
shown to be chiral, to achieve an optically active product
three such directional effects should be employed, either at
the same time or consecutively, although not all of the above
factors are compatible with each other. Two of these factors
should orient one reactant and the third factor must affect
the other reactant. The three vectors should be time-even,
polar for thermodynamic control of the reaction, but under
kinetic conditions one of them may be time-odd.

Imparting directionality

The proposed macroscopic system can be looked upon
from two different points of view. Firstly, it would be of ma-
jor importance to show experimentally that the application
of orienting macroscopic phenomena to an appropriately de-
signed system of reagents can produce a non-negligible
enantiomeric excess (ee). It could open a possibility of syn-
thesizing certain optically active compounds without intro-
ducing chiral molecules into reaction mixtures. Secondly, it
may provide another possible mechanism with which to ex-
plain the origin of homochirality.

With the former viewpoint, the directional influences used
should be strong enough to lead to a convincing and repro-
ducible ee. Of course, an ee leading to a practical enantio-
selective synthesis would certainly be convincing. With the
latter viewpoint, the formation of even relatively low
enantiomeric excesses can be of great interest. A “one-time”
event of macrochirality followed by amplification could
have eventually led to the L-amino acids and D-sugars we en-
counter today. Philosophically, this would not differ from
other one-time events.

Electric field
Molecules in an external field are subject to two opposing

effects: the organizing effect of the field and the randomiz-
ing effect of thermal motion. A significant degree of
directionality can be achieved if the energy of interaction ε
of the molecule with the field is greater than kBT (kB, the
Boltzmann constant; T, temperature) amounting to ca.
0.025 eV (4 × 10–21 J) at the ambient temperature of 300 K
or, in molar terms, RT (ca. 2.5 kJ/mole). The proper merit
number showing the effectiveness of the field is, here, the
ratio u � ε/kBT. On top of it, a racemic mixture is entro-
pically preferred by a numerically similar value of free en-

ergy, kBTln2 (RTln2 or 1.7 kJ/mole). Thus, to be effective,
fields have to supply at least several kBT worth of energy of
interaction per molecule, as will be shown in more detail be-
low.

If the reacting center is separate from the site of the di-
recting center (e.g., dipole moment), the two moieties should
be connected with some kind of rigid structure. This condi-
tion of rigidity does not exist if these two centers are one
and the same, as in Fig. 1, where the carbonyl is both the
site of prochirality and of the dipole moment.

“Convincing” E fields
The energy of interaction of the electric field E with a

molecule having a dipole moment µ is ε = µE. Thus,
u = µE/kBT. For the E fields typically encountered in the lab-
oratory (e.g., with dielectric measurements), the degree of
orientation4 is quite small and can be given by the Debye ap-
proximation (11) as cos θ = u/3. Such a small degree of ori-
entation would have no noticeable chemical effect, and any
attempt to utilize it in asymmetric synthesis would be futile.
To achieve a significant orientation, a much stronger E field
has to be applied. The average degree of orientation is then
given (11) by the Langevin function [1]

[1] cos coth( )θ µ
µ

= = −i u
u
1

The effect of E on the degree of orientation, as calculated
from this function, is shown in Fig. 2. We can see that, to
achieve a “convincing” degree of orientation — say 60% —
the value of u should amount to 2.5 or more. Strongly conju-
gated organic molecules can have dipole moment as high as
30 D (12). Assuming a more moderate dipole moment of
10 D (3.34 × 10–29 C·m), we arrive at the field value of E =
3 × 108 V/m or 3 MV/cm. This kind of electric field strength
is typically close to dielectric breakdown conditions. One
way of overcoming dielectric breakdown is to use a large se-
ries resistance to prevent any breakdown current. A common
way to introduce such resistance is the corona-poling tech-
nique in which air is one of the electrodes. It is commonly
used in the area of nonlinear optical organic materials (13).
Even without resorting to corona poling, a field of
3.7 MV/cm has been achieved before breakdown, and stable
reproducible poling was achieved at fields in excess of
3.0 MV/cm (14). Hence, while it is not yet a routine task, it
will be possible to orient many organic molecules in an elec-
tric field to a significant degree.

Soft matter
Some organized forms of matter, where even moderate

field strengths have a strong orienting effect, can decrease
the field requirements even further. For example, liquid crys-
tals (LCs) can be easily aligned in electric (and magnetic)
fields, owing to the fact that the molecules of a liquid crystal
have no choice but to move in unison (15). Therefore, en-
ergy of interaction with the field must be multiplied by a
value on the order of the Avogadro number (ca. 1022). The
orienting property of LCs has been used in the study of or-
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pole moment of the molecule. It is also the average cosine of the angle between the dipole moment and E, cosθ .
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ganic reaction mechanisms (16). Liquid crystals are so easy
to orient that even container walls can impart directionality
on them (15, 17).

Effect of temperature
The directional effect of a field can be greatly enhanced

by lowering the temperature, as the value of u = ε/kBT be-
comes very large as T approaches 0 K. However, the penalty
here would be the kinetics of the process. Since values of ε
attainable in relatively weak fields are close to kBT
(2.5 kJ/mole) and activation enthalpies for organic reactions
are typically 80–100 kJ/mole, by lowering the temperature
we lose much more on reactivity than we gain on selectivity.
This is true even for diffusion-controlled reactions, as the ac-
tivation energy may amount to 20 kJ/mole or more. On the
other hand, as far as the origin of natural chirality is con-
cerned, Nature has plenty of time to work at very low tem-
peratures, and thus even moderate fields could have imparted
enough directionality to preferentially form one enantiomer
over another in the given circumstances.

Freezing of orientation
If the solvent can be either polymerized or cooled below

the glass-transition temperature while the E field operates,
the resulting molecular orientation can be frozen in place.
The field will not be needed anymore and thus can be re-
moved before another orienting factor is applied. This would
make the system easier experimentally but again, at the ex-
pense of reaction kinetics. Another option is to covalently
attach molecules equipped with appropriate functionalities to
a flat surface (see below), while subjected to the electric

field. After the reaction is completed the E field may be re-
moved, its effect being fixed in space. Thus, the F field of
Fig. 1 could be another E field, acting later in time.

Surfaces and interfaces
Directionality of chemical functional groups in a molecule

can be accomplished by attaching these molecules to a sur-
face that is genuinely flat and smooth on the molecular level.
The attached molecules can then attain directionality in a
manner similar to being in the presence of an external field.
Availability of appropriate surfaces is limited. Gold, silicon,
or cleaved mica (18) may serve as examples. However, gold
and other conductive surfaces may be incompatible with the
E field. Organic monolayers can be prepared at either solid–
vacuum (gas), liquid–air, or solid–liquid interfaces (19).
Liquid–air interfaces can provide precisely controlled molec-
ular orientation when the Langmuir technique is used to pre-
pare organic films. The films can then be transferred onto
solid substrates, forming Langmuir–Blodgett films (20).
Monolayers can also be formed directly on solid surfaces in
a self-assembly process (21). Of these, the most studied sys-
tems are silane compounds on silica (22) and thiols on gold
surfaces. Both chemisorbed and physisorbed monolayers can
be employed, as long as they are stable in the reaction condi-
tions. It should be possible to detach the molecule from the
surface after the reaction without damaging the active center.
For rigid molecules, there should be no limitation on the dis-
tance of the functional groups from the surface. With flexi-
ble molecules (e.g., attached through an alkane chain), the
orientation effect may decrease with distance from the sur-
face because of bond rotation, folding, etc. (one can, per-
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Fig. 2. Degree of orientation of a dipolar molecule as a function of the applied electric field.
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haps, talk here about a certain “correlation distance”
dependent on the structure).

The oil–water (or water–air) interfaces at which an amphi-
philic reagent is oriented perpendicularly to the phase border
are in many respects similar to monolayers. The energy of
the thus imparted orientation is similar to that of a hydrogen
bond. In a system employing both the oil–water interface
and a monolayer attached to a flat surface, the solid surface
must be vertical, as the liquid interface is horizontal. The
fact that only molecules at the surface react reduces the
amount of available product by a factor of 107 when com-
pared with bulk. Ways to partially overcome this difficulty
are proposed further in the text.

Directionality of transport — encounter control
Let us imagine molecules of a nucleophile migrating in

the z direction and reacting with a prochiral carbonyl com-
pound that has been oriented vs. the x and y directions. Such
directionality could be achieved if the source of the nucleo-
phile is in a different phase. If kinetic conditions typical of
most organic reactions operate, all sense of directionality
will be lost. Let us assume that the reaction in solution be-
tween the prochiral molecule P and the nucleophile N con-
sists of two steps: the diffusion-controlled formation of the
encounter pair PN, followed by formation of the chiral mol-
ecule, C (23). For typical organic reactions, the second step
is orders of magnitude slower than the first one. It means
that P and N will collide many times within the solvent cage
before they react, and when it finally happens, the reaction
can proceed from either side with equal probability. The sit-
uation that would interest us is when the first step is slower,
i.e., when the rate is controlled by diffusion and the reaction
takes place on the first encounter. This can happen when the
chemical step of the reaction is very fast (>109 L/ mol·s).
Unfortunately, this case is limited to ion neutralization, elec-
tron transfer, and certain photochemical processes (e.g., flu-
orescence quenching), all of which are of limited utility in
asymmetric synthesis, with the possible exception of electro-
chemical reduction of carbonyl, which, it has been claimed,
leads to asymmetric synthesis in the presence of a magnetic
field (24). At the other extreme, if the viscosity of the sol-
vent was very high (which could be achieved by polymeriza-
tion), one can imagine that the nucleophile would not be free
to move around after collisions and would maintain the
sense of directionality. Even if this could be achieved, the
distance between the source of the nucleophile and the reac-
tive center should be relatively small because the diffusion
process has a “random-walk” character, and the probability
of the nucleophile entering the solvent cage from the wrong
side increases with distance. Also, the obvious drawback
here would be the time penalty we would have to pay — the
reaction could be too slow to be of practical value. It may be
beneficial for our cause, however, that in supercooled liquids
the inverse relationship between translational motion and
viscosity breaks down whereas that between rotational mo-
tion and viscosity holds. It is found that near glass-transition
temperature, molecules translate faster by as much as two
orders of magnitude than expected based on their viscosity.
In other words, when the temperature is lowered, molecules
translate progressively more for every rotation they undergo
(25).

In the gas phase, directionality could be maintained with
molecular beams of the nucleophile. In this case molecules
in the beam with enough energy would react on first encoun-
ter; other ones would be scattered away (26).

Thermodynamic vs. kinetic control

The simultaneous or consecutive presence of three physi-
cal fields, e.g., two consecutive electric fields and a flat sur-
face that can be represented by the three vectors, E, F, and
G in Fig. 1, provides real macroscopic chirality and, as such,
can affect the free energy of the chiral products, as well as
that of the transition states vs. reactants (6). Thus, the out-
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Fig. 3. Free energy profiles for formation of R and S enantio-
mers (a) in the presence of 0 to 2 fields, (b) in the presence of
3 fields, and (c) in the presence of 2 fields and directional trans-
port with encounter control.
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come of a reaction under these conditions can be both ther-
modynamically and kinetically controlled (see Figs. 3a and
3b). The thermodynamic preference of one enantiomer over
the other will disappear when the fields are turned off; thus,
we have to be careful that the subsequent work-up of the re-
action mixture does not lead to racemization.

If one of the orienting influences is directional transport
with encounter control (represented by the velocity vector
v), R and S products are not differentiated by free energy.

Such a reaction would not lead to an enantiomeric excess if
carried out to thermodynamic equilibrium. However,
enantiomeric excess can be achieved here through kinetic
control (Fig. 3c).5

As a relevant example of kinetic control, let us consider
nucleophilic substitution at a chiral center. Let us assume
here for the sake of simplicity that all three directional ef-
fects are very strong and render 100% orientation in each di-
rection. If the reaction goes through the planar transition
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Fig. 4. A possible route to asymmetric synthesis using a surface reaction and two consecutive electric fields, both parallel to the sur-
face and orthogonal to each other. X: electron acceptor or negatively charged substituent, Y: electron donor or positively charged
substituent, R–Z: a polar reagent (e.g., alkyllithium or Grignard reagent).

5 This could be considered a situation of Barron’s “false” chiral conditions, as the vector system E, G, v can be converted into its mirror im-
age E, G, –v by the time reversal; see (6) for references.
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state (SN1), the structure of the product is independent of the
configuration of the starting material; both the racemate and
the pure enantiomer will produce a single enantiomer. Its
configuration depends only on the direction of the effects
orienting the nucleophile and the carbocation vs. each other.

The outcome would be different for the SN2 mechanism,
where the attack of the nucleophile takes place from the side
opposite to the leaving group. Since only one direction of at-
tack is allowed in the presence of the fields, only one enan-
tiomer of a racemic starting material would enter into
reaction, leading to a single enantiomer of the product. Sur-
prisingly, an enantiomeric starting material would produce
either the inversed product or would not react at all. Of
course, in a real system, 100% alignment would never hap-
pen, and we would have enantiomeric enrichment rather than
a pure enantiomer.

Practical considerations

Finally, let us look briefly at criteria that should be con-
sidered when selecting potential directional factors, potential
reactants, and reaction conditions. The choice of the three
directional factors from the ones described above depends
on their accessibility, the required ee, and the acceptable
minimum amount of reaction product. It would be elegant if
we were able to take advantage of a simultaneous use of
three different (orthogonal) fields, but this does not seem
practical at this point. As the high electric field is relatively
easy to effectively apply (13, 14), it seems reasonable to em-
ploy it twice, if possible. An example of such application is
shown in Fig. 4. In this example, a prochiral molecule A
with a high dipole moment (due to the electronegative and
electropositive substituents X and Y) is reacted with reactive
groups on a flat surface (e.g., mica) in the presence of the E
field. A variety of plausible surface chemistries were de-
scribed recently (27). Upon completion of this reaction the
field can be removed because the orientation of A is frozen.
At least two bonds have to be involved for the A attachment
to achieve this effect. Next, after unreacted functional groups
on the surface are blocked, an electric field perpendicular to
the one previously applied is turned on, and a strongly polar
reactant B (for example, a metalloorganic compound R–Z; Z
represents a metal atom such as lithium) is introduced and
allowed to react with the prochiral center of the previously
fixed A. After the work-up, an optically active compound
will be produced. If R is a methyl group, then the absolute
configuration of the product shown in Fig. 4 will be R. Pos-
sible candidates for this approach include, i.e., nucleophilic
(SN1) substitution (racemate as a starting material), nucleo-
philic reactions at the carbonyl group or its derivatives,
Michael addition, and concerted reactions such as Diels–
Alder and the ene syntheses.

As mentioned before, a reaction involving interaction with
a surface will lead inevitably to rather miniscule amounts of
optically active product, which is the main drawback of the
approach. To increase the reacting quantities, one can intro-
duce a large number of parallel sheets of flat surfaces into
the reaction vessel, all facing the same direction. Alterna-
tively, it is conceivable to use a constantly moving, closed-
loop tape with one reactive side to which a reagent would be
attached before entering the consecutive reactors, followed

by removal of the product in the post-vessel. Upon continu-
ous operation, the concentration of the chiral product in the
post-vessel would increase gradually until it reaches a usable
level. In this connection, with a properly designed system,
even small yields of an optically active material can poten-
tially be turned into a very significant ee through
autocatalysis, as was convincingly shown recently (28).
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The adsorption of cyclohexanone on aluminum
oxide – hydroxide powders in relation to its
electrocatalytic hydrogenation

François Laplante, Nicolas-Alexandre Bouchard, Patrick Dubé, Hugues Ménard,
and Louis Brossard

Abstract: Henry’s law constants were determined for cyclohexanone adsorption onto aluminium oxide – hydroxide
powders by dynamic isotherm measurements using the HPLC method. The key parameters that control cyclohexanone
adsorption were established. Further, it is suggested that the amount of cyclohexanone adsorbed onto aluminium oxide –
hydroxide compounds (AOHC) is of paramount importance for its electrocatalytic hydrogenation in the presence of
composite nickel–AOCH powders.

Key words: adsorption isotherm, electrocatalytic hydrogenation (ECH), cyclohexanone, aluminum oxide – hydroxide
powders.

Résumé : En se basant sur des mesures d’isothermes dynamiques effectuées par le biais de la méthode de la chromato-
graphie liquide à haute performance, on a déterminé les constantes de la loi de Henry pour l’adsorption de la cyclo-
hexanone sur des poudres d’oxyde – hydroxyde d’aluminium. On a établi la nature des paramètres clés qui contrôlent
l’adsorption de la cyclohexanone. De plus, il est suggéré que la quantité de cyclohexanone adsorbée sur des composés
à base d’oxyde – hydroxyde d’aluminium (COHA) est de prime importance pour son hydrogénation électrocatalytique
en présence de poudres composites de nickel–COHA.

Mots clés : isotherme d’adsorption, hydrogénation électrocatalytique (HEC), cyclohexanone, poudres d’oxyde –
hydroxyde d’aluminium.

[Traduit par la Rédaction] Laplante et al. 1043

Introduction

The electrocatalytic hydrogenation (ECH) of cyclohexan-
one to cyclohexanol was recently carried out in the presence
of composite powder particles suspended in aqueous solu-
tion under vigorous stirring conditions (1, 2). The brief con-
tact of the composite powder particles with a porous carbon
cathode was sufficient to form adsorbed hydrogen on the
metallic nanoaggregates during water electrolysis to initiate
the ECH. The yield of the ECH reaction was closely depend-
ent on both the nature of the metallic nanoaggregates depos-
ited on the non-conductive powder (e.g., alumina and
activated carbon) and the nature of the latter. Using a very
strong adsorbent matrix material, such as activated carbon,
for organic molecules is preferable to using a moderate ad-
sorbent, such as γ-alumina, the latter being more active than

Al(OH)3 and AlO(OH). Consequently, the key role of the
adsorption–desorption of the organic compounds involved in
the ECH reaction was deduced. The same general deduction
is also applicable to the ECH of phenol to cyclohexanol, the
composite powders being trapped in a reticulated vitreous
carbon matrix cathode (3). In both situations, however, the
exact nature of the adsorption–desorption processes of the
organic molecules on the adsorbent matrix remains unclear,
and further investigation is required.

The present study pertains mainly to the adsorption of
cyclohexanone under the experimental conditions previously
reported (1), using γ-Al2O3, AlO(OH), and Al(OH)3 adsor-
bent matrices. The adsorption isotherms, through dynamic
measurements, allow the determination of Henry’s law con-
stants (kH) for the adsorption of cyclohexanone on the ma-
trix. It is shown that the ECH yield of cyclohexanone is
linked to the Henry’s law constant value.

Theory

As previously described (4–6), the technique used to cal-
culate the Henry constant (kH) can be defined as follows:

[1] Qe = kHCe

where Qe is the adsorption capacity at equilibrium, and Ce is
the equilibrium concentration of cyclohexanone in the mo-
bile phase.
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From the elution profile, based on the chromatogram, Qe
corresponds to:

[2] Q
n I
mI

i
e = 1

2

and Ce is expressed by

[3] C
n h
I
i

e =
2

where ni is the amount (in moles) of cyclohexanone injected
into the chromatographic column, m is the mass (in grams)
of adsorbent packed in the column, and h is the peak height
(arbitrary units).

The I1 and I2 parameters are determined from the elution
profile of the chromatograms, as shown in Fig. 1. The inte-
gral I1 is given by the area of the prism ABCD. Line CD
links the peak maxima. I1 is expressed by

[4] I h
h

1

0

= −∫ ( )τ τ0r d

where τ r and τo are, respectively, the retention time of
cyclohexanone and the dead time (in minutes), with the lat-
ter corresponding to the appearance of a non-retained com-
pound. I2 represents the amount of the compound injected
into the column and is proportional to the area under the elu-
tion profile. I2 is given by

[5] I h2

1

= ∫
τ

τ 2

τd

where τ1 and τ2 are the times delimiting the beginning and
the end of the chromatographic peak. From different
amounts of cyclohexanone injected in the column, the distri-
bution factor of cyclohexanone between the adsorbed state
(Qe) and the mobile phase (Ce) allows the determination of
kH.

Experimental

The different Al(OH)3 powders with specific BET sur-
faces of 0.23 and 35 m2 g–1 were supplied by Alcan Interna-
tional. All the powders were sifted to provide particles with
a narrow distribution of diameters. The powder with a BET
surface of 0.23 m2 g–1 was further heated at 350 °C or
800 °C for 24 h to induce changes in the chemical nature of
the compound, namely, AlO(OH) at 350 °C and γ-Al2O3 at
800 °C. The average particle size remained close to a given
value between 17 and 52 µm, depending on the set of the ex-
periments carried out. Each powder was individually packed
in the chromatographic column for further characterization.

HPLC-grade water (Caledon) was used for the solution
preparation. The mobile phase contained KH2PO4
(0.05 mol L–1, Fluka ≥ 99.5%) and NaOH (0.05 mol L–1,
Aldrich 99.99%). The pH was adjusted to 7.0 by adding
NaOH. The buffer was filtered under vacuum with Millipore
filters (0.22 µm) prior to the HPLC measurements.

The columns (Supelco, stainless steel column blanks,
4.6 mm i.d. × 6.35 mm o.d. × 100 mm long) and the injector
nozzle were filled with an aluminium oxide – hydroxide

powder, according to the slurry packing method in water.
Afterwards, to condition the column, a phosphate buffer
(KH2PO4, 1 mol L–1 and NaOH, 1 mol L–1, adjusted to
pH 7.0) was pumped (Beckman, model 100A) through the
column for 2 h at a flow rate of 0.15 mL min–1. Martin and
Giochon (7) reported a complete review on the packing tech-
niques for the HPLC columns.

Solutions of cyclohexanone were prepared from a
0.5 mol L–1 stock solution. Solution (5 µL) containing from
25 to 2500 nmol of cyclohexanone was injected into an
HPLC system (Agilent, HPLC 1100 series) equipped with a
diode array detector (Agilent, DAD module 1100 series) op-
erating at a wavelength of 278 nm. The temperature was
maintained at 25 °C by using a thermostat module (Agilent,
1100 series thermostated column compartment). The buffer
(0.05 mol L–1) flow rate was set to 0.5 mL min–1. The deter-
mination of the column dead time was made by injecting
5 µL of deuterium oxide into the column. The passage of
eluted D2O through the diode array module induced a slight
variation of the base line indicating the column void volume
(or the dead time, τ0).

Results

Adsorption vs. specific surface
Al(OH)3 powders with two different specific surface areas

(0.95 m2 g–1 and 35 m2 g–1) were used to determine the ad-
sorption of cyclohexanone under dynamic isotherm condi-
tions. Table 1 summarizes the characteristics of the powders.
Despite the large variation of the BET surface, the value of
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Fig. 1. Elution profile obtained by HPLC measurements for the
determination of kH.

Entry
Specific surface
(BET) (m2 g–1)

Average particle
diameter (µm)

Geometric surfacea

(m2 g–1)

A 0.95 17.1 0.145b

B 35 16.9 0.146b

aAl(OH)3 density: 2.42 g cm–3.
bA single particle is assimilated to a perfect sphere.

Table 1. Characteristics of sifted Al(OH)3 powders used to es-
tablish the effect of BET surface on the kH value.
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kH is practically the same (Fig. 2), indicating that the adsorp-
tion of cyclohexanone is independent of the BET surface.

Adsorption vs. particle diameter
To establish the relationship between particle diameter

and adsorption, Al(OH)3 powder with a specific surface of
0.23 m2 g–1 was sifted and separated into three fractions (Ta-
ble 2). Since the effect of the BET surface area on cyclo-
hexanone adsorption is marginal and the variation of the
BET surface area with particle diameter is small, it was de-
duced that the smaller the particle diameter, the larger the
adsorption (Fig. 3).

Adsorption vs. type of support
The aluminum hydroxide calcinations were carried out ac-

cording to ref. 1, to obtain AlO(OH) and �-Al2O3. Each

powdered aluminum compound, including Al(OH)3, was
sifted in such a way that the fraction with a mean particle di-
ameter of 29.4 ± 1.1 µm was collected (Table 3). The ad-
sorption of cyclohexanone was seen to increase in the
following order: AlO(OH) < Al(OH)3 < γ-Al2O3 (Fig. 4).
The constant kH is 400 times lower for AlO(OH) compared
with γ-Al2O3.

Discussion

Cyclohexanone adsorption
As far as the adsorption of cyclohexanone is concerned, it

was deduced from Fig. 2 that the adsorption is located near
the particle surface and is negligible at depth. The adsorp-
tion of cyclohexanone at depth is negligible because the so-
lution does not penetrate inside the pores to reach the core

© 2003 NRC Canada
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Entry
Mesh size
(µm)

Specific surfaceb

(BET) (m2 g–1)
Average particles
diameter (µm)

Geometric
surface (m2 g–1)

C x < 45 0.94 22.7 0.109c

D 45 < x < 53 0.80 46.6 0.053c

E x > 63 0.21 52.0 0.048c

aPrior to sifting.
bAfter sifting.
cSee footnote b in Table 1.

Table 2. Characteristics of sifted powders collected from Al(OH)3 (0.23 m2 g–1)a used to demon-
strate the effect of particle size.

Fig. 2. Adsorption isotherm for two different BET surfaces.
Al(OH)3 powders in Table 1. Powder A, kH = 8.7 × 10–3 mL g–1;
powder B, kH = 8.3 × 10–3 mL g–1.

Fig. 3. Adsorption isotherms for three different average particle
diameters. Powders in Table 2. Powder C, kH = 5.30 ×
10–3 mL g–1; powder D, kH = 1.08 × 10–3 mL g–1; powder E,
kH = 0.11 × 10–3 mL g–1.

Entry Support
Specific surface
(BET) (m2 g–1)

Particles
diameter (µm)

Geometric
surface (m2 g–1)

F γ-Al2O3 203 28.5 0.087a

G Al(OH)3 0.36 30.6 0.081a

H AlO(OH) 67.6 29.2 0.085a

aSee footnote b in Table 1.

Table 3. Characteristics of the aluminium oxide – hydroxide powders used to correlate kH with
the type of support.
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of the particles. On the other hand, the gas used for the BET
measurements may easily penetrate the particle to the core.
Consequently, as reported in Fig. 2, there is no correlation
between the BET surface area and the kH value. Values of kH
should be related to the characteristics of the “skin” of the
particles, as the geometric surface (m2 g–1) available and the
nature of the compound in the particle surface region (8). As
observed, the greater the geometric surface or the smaller
the particle diameter, the greater the adsorption (Fig. 3).
Moreover, the amount of cyclohexanone adsorbed (ACAD)
on the particle surface is largely dependent on the chemical
nature of the particles (Fig. 4), with the ACAD being great-
est in the presence of γ-Al2O3. The features reported in
Fig. 4 for cyclohexanone adsorption are consistent with the
views of Madsen and Blokhust (9) concerning the adsorp-
tion of benzoic acid on α-alumina and boehmite. In addition,
it may be pointed out from the latter reference that the finer
the particle powder, the greater the adsorption capacity.

It is perhaps relevant to point out that cyclohexanone ad-
sorption is weak on the three aluminum compounds consid-
ered in the present paper. This may be ascribed to the
hydrophilic character of the aluminum oxide – hydroxide
compound under consideration (10, 11). Since water is a po-
lar solvent, the adsorption sites tend to be taken up by water
molecules, and few sites remain available for cyclohexanone
adsorption. The fact that water comes in contact with the
particles prior to the cyclohexanone injection most likely
contributes to lowering the cyclohexanone adsorption capac-
ity.

Adsorption vs. ECH yield
For composite materials, such as a metal deposited onto

an oxide, the different steps involved in the ECH of an or-
ganic compound through water electrolysis are

[6] 2 M + 2 H2O + 2 e– ↔ 2 M(H)ads + 2 OH–

[7] A + Y=Z ↔ A(Y=Z)ads

[8] 2 M(H)ads + A(Y=Z)ads ↔ A(YH-ZH)ads + 2 M

[9] A(YH–ZH)ads ↔ A + YH–ZH

[10] M(H)ads + H2O + e– ↔ M + H2 + OH–

[11] 2 M(H)ads ↔ 2 M + H2

The first step, eq. [6], consists of the formation of chemi-
sorbed hydrogen on the metallic sites (M) by the reduction
of water, with the chemisorbed hydrogen represented by
M(H)ads. The adsorption of the organic compound proceeds
onto the adsorption sites (A) (step 2, eq. [7]). The adsorption
sites are located on the oxide. Two pathways are possible for
the adsorbed atomic hydrogen: it may be involved in the
ECH reaction (step 3, eq. [8]) or lost through steps 6 or 7
(eqs. [10] and [11]) (12). The greater the fraction of atomic
hydrogen involved in eq. [8], the higher the ECH yield. Step 3
(eq. [8]) occurs at the adlineation point, where the metal
nanoaggregates (M), the adsorbent (A), and the solution
come in contact (2, 3, 13). Consequently, since the rate-
determining step of the ECH is a surface reaction, it may be
deduced that the greater the number of adsorption sites filled
by the reactant (the reactant being the organic compound un-
der consideration, such as cyclohexanone), the easier the
pathway for the ECH process (eqs. [8] and [9]). In other
words, the greater the adsorption capacity of cyclohexanone
at the adsorption sites (A), the higher the ECH yield. In the
present study, the smaller the particle diameter, the larger the
adsorption capacity (Fig. 3), with the latter increasing in the
following order: AlO(OH) < Al(OH)3 < γ-Al2O3. If the ad-
sorption of cyclohexanone is rate-determining, the ECH
yield should increase as the particle diameter decreases and
from AlO(OH) to γ-Al2O3 as the adsorption materials. This
is fully consistent with the ECH yields recently reported, re-
garding the ECH of cyclohexanone on composite aluminum
oxide – hydroxide powders with a small amount of nickel
deposited on the particle surfaces (Table 4).

The nature of the adsorption sites of aluminum oxide –
hydroxide powders remains to be further investigated. The
acid–base properties of the compounds under consideration
are of paramount importance for the adsorption capacity of
organic molecules and are intimately linked to the crystalli-
zation nature of the material, which is hydration-dependent
(14). Since orthophosphate is present in the solution and the
affinity of phosphate species is considerable for aluminum
oxide – hydroxide compounds (15–18), phosphate complexes
and (or) aluminum phosphate may be present at the solution-
support interface, and the cyclohexanone adsorption may be
affected. The theoretical approach (19, 20) developed by
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Support
Particle
diameter (µm)

Nickel loading
(% w/w)

ECH
yield (%)

Al(OH)3 25.3 1.10 56

Al(OH)3 20.3 1.10 66

Al(OH)3 5.4 0.70 86

AlO(OH) 25.4 0.15 31
Al(OH)3 25.3 0.37 38

γ-Al2O3 26.4 0.20 69
aFor a total charge consumption of 1400 C.

Table 4. ECH yielda of cyclohexanone on composite aluminium
oxide – hydroxide – nickel powders reported in ref. 1.

Fig. 4. Qe against Ce of cyclohexanone for three different alumi-
num compounds. Powders in Table 3. Powder F, kH = 120 ×
10–3 mL g–1; powder G, kH = 13 × 10–3 mL g–1; powder H,
kH = 0.3 × 10–3 mL g–1.
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other groups may be useful in shedding light on the adsorp-
tion process.

Conclusion

The amount of cyclohexanone adsorbed on aluminum
oxide – hydroxide powders increases as the powder particles
become smaller, in the following order: AlO(OH) < Al(OH)3 <
Al2O3, and regardless of the BET surface area. Furthermore,
when the cyclohexanone ECH is carried out on the same ad-
sorbent compounds with a small loading of nickel nano-
aggregates on the particle surfaces; the larger the amount of
cyclohexanone adsorbed onto the aluminum oxide – hydroxide
compounds, the higher the ECH yield.
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A study of the decomposition behaviour of 12-
tungstophosphate heteropolyacid in solution

Zhirong Zhu, Ruan Tain, and Colin Rhodes

Abstract: In this paper, the decomposition of H3PW12O40 in aqueous solution or in mixed solutions of water–ethanol
or water–acetone is investigated by potentiometric titration and 31P NMR. Identification of the products from
H3PW12O40 decomposition over a pH range of 1–12 was achieved using preparation high performance liquid chroma-
tography (Pre-HPLC) combined with IR, UV–vis spectroscopy, and inductively coupled plasma atomic emission spec-
troscopy (ICP). It is found that H3PW12O40 in aqueous solution decomposes in a stepwise fashion with increasing pH,
with the following solution compositions: [PW12O40]3– (at pH ~ 1) → [PW12O40]3– + [P2W21O71]6– + [PW11O39]7– (at
pH 2.2) → [PW12O40]3– + [P2W21O71]6– + [PW11O39]7– + [P2W18O62]6– + [P2W19O67]10– (at pH 3.5) → [P2W21O71]6– +
[PW11O39]7– + [P2W18O62]6– (at pH 5.4) → [PW9O34]9– (at pH 7.3) → PO4

3– + WO4
2– (pH > 8.3). In the first stages at

pH < 8, H3PW12O40 decomposes partially with removal of W=O units. In the second stage at pH > 8, tungstophospho-
ric completely decomposes to PO4

3–. In contrast, the decomposition of H3PW12O40 is reduced, or the stability of the
[PW12O40]3– anion is enhanced, in ethanol–water or acetone solution at pH < 8.

Key words: 12-tungstophosphate heteropolyacid, decomposition behaviour, potentiometric titration, 31P NMR, prepara-
tion high performance liquid chromatography.

Résumé : Faisant appel à des titrages potentiométriques et à la RMN du 31P, on a étudié la décomposition du
H3PW12O40 en solution aqueuse, dans des solutions mixtes d’eau et d’éthanol ou d’eau et d’acétone. L’identification
des produits résultants de la décomposition du H3PW12O40 à des pH allant de 1 à 12 a été effectuée par chromato-
graphie liquide à haute performance au niveau préparatif (CLHP-Pré) combinée aux méthodes spectroscopiques IR,
UV–visible et d’émission atomique des plasmas à couplage inductif (ICP). On a observé que, en solution aqueuse, le
H3PW12O40 se décompose par étape avec une augmentation du pH; la composition de la solution passe de [PW12O40]3–

(à un pH d’environ 1) → [PW12O40]
3– + [P2W21O71]

6– + [PW11O39]
7– (à un pH de 2,2) → [PW12O40]

3– + [P2W21O71]
6– +

[PW11O39]7– + [P2W18O62]6– + [P2W19O67]10– (à un pH de 3,5) → [P2W21O71]6– + [PW11O39]7– + [P2W18O62]6– (à un
pH de 5,4) → [PW9O34]9– (à un pH de 7,3) → PO4

3– + WO4
2– (à un pH supérieur à 8,3). Dans les premiers stades, à

des pH inférieurs à 8, le H3PW12O40 se décompose partiellement avec l’élimination d’unités W=O. Dans un deuxième
stade, à un pH supérieur à 8, l’entité tungstophosphorique se décompose complètement en PO4

3–. Par ailleurs, en solu-
tion dans un mélange éthanol–eau ou acétone–eau, à des pH inférieurs à 8,0, le H3PW12O40 est réduit ou la stabilité de
l’anion [PW12O40]3– augmentée.

Mots clés : hétéropolyacide du 12-tungstophosphate, comportement de décomposition, titrage potentiométrique, RMN
du 31P, chromatographie liquide à haute performance préparative.

[Traduit par la Rédaction] Zhu et al. 1050

Introduction

The study of polyoxometalates, which are unmatched in
terms of molecular and electronic structural versatility, is an
increasingly important field, having wide applications in an-
alytical and clinical chemistry, biochemistry, catalysis, medi-
cine, and materials science (1). The synthesis of hundreds of
polyoxometalate compounds has been described since the
first heteropolytungstate compound was discovered by

Marignac in 1862 (2). Most polyoxometalates are synthe-
sized in aqueous solution, and consequently the processes
involved in the assembly of polyoxometalates are important
in understanding the fundamental processes that give rise to
the final compound (3, 4). Recently, Raman spectroscopy,
17O magic angle spin - nuclear magnetic resonance (MAS-
NMR), and fast atomic bombardment mass spectroscopy
(FAB) have been used to discern the important relationships
that exist between structures in aqueous solution and the na-
ture of the resulting solid (5–7). The behaviour of
heteropolymolybdates in aqueous solution has been studied
in detail using potentiometric titration combined with 31P
NMR (8, 9). As a result, the formation of Keggin species
was observed in solution at pH < 2, and other polyoxo-
species were obtained from decomposition of the Keggin
species with increasing pH of solution.

The chemical structure of the heteropolyacid H3PW12O40
was identified by Keggin in 1933 as being a compact, edge-
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shared polyhedral arrangement (10). Of the Keggin struc-
tures, H3PW12O40 is considered to be the most stable and the
most acidic of the heteropolyacids and is used as an acid cat-
alyst (11, 12). In the solid form, often, the catalysts are sup-
ported to improve surface area. Upon support materials,
heteropoly acids are known to exhibit reduced acidic charac-
ter and are known to undergo varying degrees of decomposi-
tion. For example, the decomposition of Keggin H3PW12O40
has been observed to occur when H3PW12O40 is supported
on the surface of basic materials, such as Al2O3 and MgO
(13). However, in such cases the compounds formed by
H3PW12O40 decomposition were not identified, although
[PW11O39]

7– of the lacunary Keggin structure was presumed
to exist. It is known that in dilute solutions (1 wt%) with pH
ca.2, H3PW12O40 may decompose to form the lacunary
[PW11O39]

7– anion (14). Similarly, it has been shown that
under appropriate conditions, other tungstophosphate anions,
such as [PW9O34]

9–, [P2W18O62]
6–, and [P2W21O71]

6–, may
be formed (15, 16). It was reported that H3PW12O40 decom-
posed to PO4

3– and WO4
2– with the addition of NaOH

through several intermediates, i.e., H3PW12O40 + OH– →
[P2W21O71]

6– + OH– → [PW11O39]
7– + OH– → [P2W19O67]

10– +
OH– → [PW9O34]

9– + OH– → PO4
3– (17). During the decom-

position of polyoxometalates, the mechanism of decomposi-
tion between H3PW12O40 and H4SiW12O40 was similar, i.e.,
H3PW12O40 (H4SiW12O40) + OH– → [PW11O39]

7–

([SiW11O39]
8–) + OH– → [PW9O34]

9– ([SiW9O34]
10–) + OH– →

PO4
3– (SiO4

4–), but this was not investigated over a wide pH
range of 1 ~ 12, owing to the difficulty in identifying prod-
ucts (18, 19). Detusheva et al. (20) studied the reaction of
H3PW12O40 with NaOH in aqueous solution (neutralized to
pH < 7.8) using 31P NMR, IR, and Raman spectroscopy. The
products formed during decomposition of H3PW12O40 were
identified as [P2W21O71]

6–, [PW11O39]
7–, [PW9O34]

9–,
[PW12O42]

12–, and WO4
2–, and a Raman spectroscopic

method was developed to analyze some components from
the decomposition of H3PW12O40, but only with a very lim-
ited range for determination. Maksimovskaya (21) investi-
gated the titration of H3PW12O40 (0.002 ~ 0.1 mol·L–1) with
MOH (M = Li, Na, K), Li2CO3, and MgCO3 or CaCO3 at
pH 1.5 ~ 9 in aqueous solution, using 31P NMR. At the first
stage, the H3PW12O40 converted into [PW11O39]

7– through
some intermediates, and this conversion is reversible at
pH 1.5 ~ 4. At the second stage (pH > 7), [PW11O39]

7– de-
composed to PO4

3– and WO4
2– directly (with Na, Li) or indi-

rectly (with K, Mg) through the intermediates of monomeric
heteropoly acids (PWx) with W/P < 11. However, the prod-
ucts formed during decomposition of H3PW12O40 were iden-
tified only by NMR, with the result that the identification of
some intermediates appears vague.

Therefore, accurate identification of the formed products
(i.e., analysis of the components of the H3PW12O40 solution)
is a key in the study of the mechanism of H3PW12O40 de-
composition, and the combination of multiple methods, es-
pecially the method for the separation of mixed heteropoly
acids, is an ideal way to solve this problem. On the other
hand, heteropoly acids have been widely used in organic–
water systems, but the mechanism of H3PW12O40 decompo-
sition has not been studied in detail. Moreover, to identify all
the components resulting from the decomposition of solid
H3PW12O40 is extremely difficult, and the initial step to un-

derstanding the properties of the solid phase is to
understand, first, the steps of decomposition in solution.

In this paper, the behaviour of H3PW12O40 decomposition
is investigated by potentiometric titration and 31P NMR in
aqueous solution, in a mixed solution of water–ethanol, and
in water–acetone. The components of the H3PW12O40 solu-
tion were separated by preparative high pressure liquid
chromatography (Pre-HPLC). Characterization of the com-
ponents of products from H3PW12O40 decomposition was
achieved using IR, UV–vis spectroscopy, and inductively
coupled plasma atomic emission spectroscopy (ICP).

Experimental section

Hydrated 12-tungstophosphoric acid (H3PW12O40) (sup-
plied by Aldrich, > 99%) was dried at 393 K for 8 h to
obtain H3PW12O40·6H2O (22, 23). Subsequently, the hexahy-
drate was used to prepare 0.1 mol·L–1 H3PW12O40 in water,
0.1 mol·L–1 H3PW12O40 solution in water–ethanol (volume
fraction 50/50), and 0.1 mol·L–1 H3PW12O40 in water–
acetone (volume fraction 50/50).

Potentiometric titration
Potentiometric titration was carried out by adding 0.2 N

NaOH standard aqueous solution into each of the
H3PW12O40 solutions (20 mL, 0.1 mol·L–1) at a rate of 2
drops per second at room temperature, using Fisherbrand
AR10 pH equipment with a glass hydrogen electrode that
was calibrated before and after every titration. Water was
boiled just before being used, and the titration container was
isolated from air with the flow of helium.

Component identification
The above samples, obtained with the titration of NaOH

and after ageing for 1 day, were analyzed using 31P NMR
and HPLC at the same time, and the pH of the solution was
determined again. 31P NMR spectra were measured
(161.97 MHz) using a Bruker MSL-400 instrument at
298 K, using 5 µs pulses and a relaxation time of 10 s and
the resolution of 3.052 Hz per point. Exponential multiplica-
tion with 3 Hz line-broadening was applied prior to Fourier
transformation. Phosphoric acid (85% in D2O) was used as
an external reference.

The solid material formed from tungstophosphate in
water–ethanol or water–acetone was recovered by filtration.
A PerkinElmer 2000 FT-IR spectrometer was used to charac-
terize the solids produced, which were combined with KBr
to form self-supporting discs.

The components of products from H3PW12O40 decomposi-
tion in aqueous solution were separated using a Waters 4000
Pre-HPLC instrument fitted with a reverse-phase C18 prepa-
ration column and a photodiode array UV detector (254 nm).
HPLC grade H2O and 90% (volume fraction) methanol solu-
tion, both containing 60 mM BuNH3 and 20 mM citrate,
were used for the linear gradient elution, according to the
following program (time in minutes (H2O – 90% methanol ~
(volume fraction))): 0 (90/10), 10 (80/20), 10 (50/50), 10
(15/85). The separated components were collected in a flask
and recovered by evaporation under vacuum. The P/W ele-
mental ratio of the components obtained above was deter-
mined using a BRUKER PS-6 ICP instrument.

© 2003 NRC Canada
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Results and discussion

Behaviour of H3PW12O40 decomposition with increasing
pH in aqueous solution

Potentiometric titration has been widely used to study the
decomposition of 12-tungstophosphate heteropolyacid as the
pH of the solution changes (23, 24). Figure 1 shows how the
pH of an H3PW12O40 solution changes from pH 1.1 to 12.0
with addition of 0.2 N NaOH solution. As is expected, the
pH value of the original solution, pH ~ 1, indicates that
H3PW12O40 is more acidic than ordinary mineral acids or the
corresponding oxoacids arising from any combination of its
constituent elements.

Initially, the pH changes slowly — from pH ~ 1 to pH ~
4.5 — as NaOH is added. Continued addition of NaOH
leads to a rapid increase in the rate of pH change between
pH ~ 4.5–8. An indistinct endpoint emerges at pH 5 ~ 8,
which indicates that the potentiometric curve for pH < 8 is
consistent with the presence of more than one acidic species
or single polyprotic species, with narrowly spaced pK val-
ues.

At pH ~ 8 further addition of NaOH does not lead to a
significant increase in the overall pH of the solution. Rapid
addition of NaOH causes only a temporary rise in the mea-
sured pH, but after standing, or by reducing the velocity at
which NaOH is introduced to the mixture, the pH returns to
ca. 8. This effect becomes more pronounced as more NaOH
is added. Clearly the ability of the polyoxometalate to main-
tain the pH of the solution to within 0.5 pH units indicates
that tungstophosphoric acid has high buffering capacity. Fur-
ther addition of NaOH ultimately produces a very obvious
endpoint when the molar ratio of OH–:H3PW12O40 is 27.
This feature is similar to those observed for normal acid–
base titrations, and a sharp rise in pH from 8.5 to 11.5 is
seen to take place.

31P NMR spectra of the solutions produced during the
titration of H3PW12O40 with NaOH are shown in Fig. 2.
At the pH of the original solution, ca. 1.1, the singlet at
–14.7 ppm, characteristic of the P heteroatom of the Keggin
12-series tungstophosphate, is clear. As NaOH is added to
the H3PW12O40 solution, however, the spectra become in-
creasingly complex up to pH = 3.5, after which further addi-
tion of NaOH leads to the spectra becoming increasingly
simpler. At pH = 7.3, a singlet at –8 ppm is visible. When
the pH of the solution exceeds 8 an additional peak at
0 ppm, attributable to PO4

3–, can be observed, the intensity
of which increases as further NaOH is added. Upon com-
plete decomposition of the heteropolyacid at pH = 12, only
the peak attributable to PO4

3– is visible.
In conclusion, the whole process of H3PW12O40 titration

with NaOH may be divided into two stages. In the first
stage, where the pH of the solution is <8, the behaviour of
H3PW12O40 is similar to a mixture of acids or a polyprotic
acid. In the second stage, tungstophosphoric acid behaves as
the acid salt of a normal weak acid, such as NaHCO3 or
Na2HPO4.

Determination of the composition of tungstophosphate
solution

Identification of the products from H3PW12O40 decompo-
sition has been investigated using HPLC. A few scattered re-

ports of chromatography for certain subclasses of polyoxo-
metalates have appeared (25–27). The reversed-phase HPLC
with a methanol–water gradient, using ion-interaction re-
agents to promote retention and a citrate ion as the compet-
ing ion, resulted in excellent and rapid separations of mixed

© 2003 NRC Canada
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Fig. 1. The pH titration curve of 0.1 mol·L–1 H3PW12O40 with
0.2 N NaOH in aqueous solution.

Fig. 2. 31P NMR spectra of aqueous tungstophosphate solution
formed during the titration of 0.2 N NaOH: (1) original
H3PW12O40, (2) pH = 2.2, (3) pH = 3.5, (4) pH = 5.4, (5) pH =
7.3, (6) pH = 8.3, (7) pH = 12.1.
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polyoxometalates, such as [PW11VO40]
5–, [PW10V2O40]

5–,
and [PW9V3O40]

6– (28). Recently, some reversed-phase
HPLC methods using ion-interaction reagents and compet-
ing ions have also been developed, including separation of
tungstophosphate anions (29, 30). Figure 3 presents the
chromatograms resulting from the decomposition experi-
ments of H3PW12O40. The chromatograms correlate well
with the NMR data in the number of species present in solu-
tion as the pH is varied from pH ~ 1 to pH ~ 12.

As each component was eluted from the HPLC instru-
ment, a UV spectrum was collected by the detector, which
was fitted with an automatic scanning function. The data
collected are presented in Fig. 4. With the aid of a
preparation-scale HPLC column, the individual fractions
(components) of products from the tungstophosphate decom-
position process were collected for further identification.
The W/P ratio of the components, corresponding to chro-
matographic peaks, was determined by ICP analysis, and
combined with 31P NMR and UV–vis spectra reported previ-
ously (15, 17, 31, 32), each component may be identified ac-
curately (shown in Table 1). In addition, each of the
fractions collected was re-injected for HPLC analysis, and

only one peak was observed, which shows that every
component is stable under HPLC separation conditions. It is
observed in the UV spectrum in Fig. 4 that the wavelength
of maximum UV absorption of tungstophosphate anions de-
creases with decreasing W/P. This results from the fact that
the increase of charge density in tungstophosphate anions
leads to enhancement in P—O π-bonding as the tungsten–
oxygen units surrounding the heteroatom are removed (31).

Effect of organic solvent on the behaviour of
H3PW12O40 decomposition

It is seen clearly in Figs. 5 and 6 that the pH-titration
curve of H3PW12O40 in water–ethanol is almost the same as
that in water–acetone, both of which are different from that
in aqueous solution. The apparent pH value of the
H3PW12O40 solution (the value indicated by pH equipment)
is higher (near 1.7) in water–ethanol or water–acetone solu-
tions than in aqueous solution, which indicates that the acid-
ity of H3PW12O40 solution is decreased by the addition of
organic solvents.

As is expected, the endpoint of the acid–base titration
emerges at an exact 3 OH–:H3PW12O40, which indicates that
the H3PW12O40 anion is stable at pH < 8 when in a water–
ethanol or water–acetone solution. As observed for the aque-
ous solution, the pH remains 8.5–9.0 when NaOH continues
to be added. Eventually a precipitate is formed in solution
with further addition of NaOH, and meanwhile, the pH of
solution increases rapidly.

If the addition of NaOH is stopped at this stage, the solu-
tion pH will fall to about 9 in several minutes, and the pre-
cipitate will redissolve. Continued addition of NaOH

© 2003 NRC Canada
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Fig. 3. HPLC chromatograms of the decomposition products pro-
duced from the addition of 0.2 N NaOH to 12-tungstophosphate
solution: (1) original H3PW12O40, (2) pH = 2.2, (3) pH = 3.5, (4)
pH = 5.4, (5) pH = 7.3, (6) pH = 8.3, (7) pH = 12.1.

Fig. 4. UV spectra of the decomposition products separated us-
ing HPLC. Peaks with the following retention time (min): (1)
4.2, (2) 17.8, (3) 22.1, (4) 15.5, (5) 26.3, (6) 15.0, (7) 9.9.
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produces a precipitate that will not redissolve readily. IR
spectra of the precipitate produced from water–ethanol and
water–acetone solutions are presented in Fig. 7, and the
solid is positively identified as [PW9O34]

9–, according to the
report (33). At pH ~12, all the deposit is dissolved, but a pe-
riod of several hours or days is needed, depending on solu-
tion temperature.

31P NMR clearly shows (in Fig. 8) that the decomposition
pathway of tungstophosphate upon addition of NaOH is
much simpler in water–ethanol and water–acetone than in
aqueous solution. The H3PW12O40 anion remains intact in
solution to pH ~8 with no peaks due to [P2W19O67]

10– or
[P2W18O62]

6– being visible in the 31P NMR spectra. At pH =
8.6, decomposition of the anion is observable with a small
amount of precipitate produced, which redissolves readily.
At pH = 9.4, all the [PW12O40]

3– and [P2W21O71]
6– anions

have decomposed to form [PW11O39]
7– and [PW9O34]

9–, and
eventually, when pH = 11.7, only PO4

3– remains.

Mechanism of tungstophosphate variation with
increasing pH

Based on the above experimental results, it may be con-
sidered that H3PW12O40 in aqueous solution decomposes
with the following solution compositions in increasing pH:
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Compound
Chemical shift of
31P NMR (min)

Retention time of
HPLC (min)

Wavelength at maximum
absorption (nm)

W/P ratio
by ICP

[PW12O40]3– –14.7 9.9 264 12.08

[P2W21O71]6– –12.6 15.0 257 10.59

[P2W19O67]10– –9.4 26.3 253 9.64

[P2W18O62]6– –11.2 15.5 250 8.93

[PW11O39]7– –9.8 17.8 244 10.95

[PW9O34]9– –7.6 22.1 249 9.02

PO4
3– 0.1 4.2 <200

Table 1. Characterization data of components of tungstophosphate solution.

Fig. 5. The pH titration curve of H3PW12O40 with NaOH in
water–ethanol.

Fig. 6. The pH titration curve of H3PW12O40 with NaOH in
water–acetone.

Fig. 7. IR spectra of the deposit formed during titration in
water–ethanol or water–acetone at pH > 9.0: (1) in water–
ethanol, (2) in water–acetone.
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[PW12O40]3– (at pH ~ 1) → [PW12O40]3– +
[P2W21O71]6– + [PW11O39]7– (at pH 2.2) →
[PW12O40]3– + [P2W21O71]6– + [PW11O39]7– +
[P2W18O62]6– + [P2W19O67]10– (at pH 3.5) →
[P2W21O71]6– + [PW11O39]7– + [P2W18O62]6– (at
pH 5.4) → [PW9O34]9– (at pH 7.3) → PO4

3– +
WO4

2– (pH > 8.3).

The above mode for H3PW12O40 decomposition is similar
to that proposed previously (17). However, our study clearly
shows that although the lacunary [PW11O39]

7– anion is the
main product of H3PW12O40 decomposition, it exists simul-
taneously with dimeric anions of tungstophosphate, i.e.,
[P2W21O71]

6–, [P2W18O62]
6–, and [P2W19O67]

10–, in the re-
gion of pH 2–6. The relationship between [PW11O39]

7– and
[P2W21O71]

6– is not easy to observe or explain because the
conversion from H3PW12O40 to [PW11O39]

7– and [P2W21O71]
6–

anions is too rapid to be studied in detail.
It has been considered in previous reports that

[P2W21O71]
6– was directly produced from [PW12O40]

3–

decomposition. For example, the solute–support interaction
between H3PW12O40 with SiO2 or TiO2 lead to partial trans-
formation in [P2W21O71]

6–, and contact of H3PW12O40 in
ethanol–water solution with Al2O3 gave rise to the
[P2W21O71]

6– species (15). During preparation of supported
H3PW12O40 on Al2O3, the appearance of the dimeric species
of [P2W21O71]

6– was revealed by 31P NMR after a tungsto-
phosphoric acid solution had contacted with basic Al2O3,
which produced a substantial change of solution pH, from
1.1 to 4.0 (16).

However, in the previous study of H3PW12O40 solution, it
was found that H3PW12O40 decomposed initially to [PW11O39]

7–

at diffusion-controlled rates at pH > 1.5 (21). It was also re-
ported that H3PW12O40 decomposed to [P2W21O71]

6–, and
there was equilibrium between H3PW12O40 and [P2W21O71]

6–

at pH 1.3 ~ 2.3 (34). Besides, a very dilute solution of 1 wt%
H3PW12O40 at pH ca. 2 decomposed to form the lacunary
[PW11O39]

7– anion (14). It was reported that [P2W18O62]
6–

and [P2W21O71]
6– were formed from [PW11O39]

7– decom-
positon during contact of [PW11O39]

7– with TiO2, as well
(15). Therefore, it is possible that a series of equilibria exists
between [PW11O39]

7– and dimers in the tungstophosphate so-
lution in the region of pH 2–6. It was reported that a similar
equilibrium in the molybdophosphate system depended on
solution pH (8), and that the cation in solution affected the
rate of tungstophosphate decomposition (19). It may be con-
sidered that the ratio of [PW11O39]

7–:[P2W21O71]
6– in this

equilibrium depends on both the pH and other ions in solu-
tion. As a result, many different results were obtained for a
variety of tungstophosphate solutions. Therefore, during the
conversion of the solution components described in the be-
ginning of this paragraph, it may be considered that there are
certain equilibria between these components, as follows:

(a) An equilibrium between [PW12O40]
3– and [P2W21O71]

6–

and [PW11O39]
7– at pH 2.2 ~ 3.5.

(b) An equilibrium between [P2W21O71]
6– and [PW11O39]

7–

at pH 2.2 ~ 5.4.
(c) An equilibrium between [PW11O39]

7– and [P2W18O62]
6–

at pH 3.5 ~ 5.4.

(d) An equilibrium between [P2W19O67]
10– and [P2W18O62]

6–

at about pH 3.5.
The previous study has shown that the conversion of

[PW12O40]
3– to [PW11O39]

7– takes only milliseconds, with
[PW11O39]

7– to [PW9O34]
9– taking several seconds (18, 23).

This conversion from [PW11O39]
7– and the dimeric species to

[PW9O34]
9– is very rapid, and only a little NaOH leads to a

rapid increase of solution pH and completion of the conver-
sion. It was seen from the HPLC chromatogram (Fig. 3) and
31P NMR spectra (Fig. 2) that the [PW9O34]

9– anion alone is
formed at about pH 6.8. This is in agreement with the previ-
ous investigation of tungstophosphate, which found that in
weakly alkaline solutions of pH 7–9, the [PW11O39]

7– degra-
dation into [PW9O34]

9– anion takes place rapidly, but the pe-
riod for the total decomposition to PO4

3– varies from
minutes to hours, depending on temperature and pH (23). It
is observed in this study that the decomposition of
[PW9O34]

9– to PO4
3– is relatively slow, and the velocity of

[PW9O34]
9– decomposition increases with increasing pH and

temperature. It is easy to understand that the complete de-
struction of the lacunary Keggin structure needs higher acti-
vation energy than the removal of W=O units from the
lacunary Keggin structure.

It has been suggested previously that this enhanced stabil-
ity results from protons being only partially removed by or-
ganic solvents. It was found that H3PW12O40 was completely
deprotonated in aqueous solution and partially deprotonated
in polar organic solvent (35, 36) and that protons may stabi-
lize tungstophosphate anions by decreasing the intramole-
cular repulsion in the interior structure of the Keggin unit. It
is well established that organic molecules in solution can re-
duce the dissociation of protons from a conjugate base. As a
result, the proton activity of H3PW12O40 acid decreases and
the stability of the acid increases in organic solvents. On the
other hand, the action of water molecules on tungstophos-
phate anions is weakened by absorption of organic mole-
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Fig. 8. 31P NMR spectra of tungstophosphate solution (water–
acetone) formed during titration: (1) original H3PW12O40, (2)
pH = 8.6, (3) pH = 9.4, (4) pH = 11.7.
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cules, with the hydration number of tungstophosphoric acids
decreasing. Anion repulsion also plays a role with anion–
anion repulsion being more intense than that corresponding
to aqueous or acidified-with-HCl solutions (37).

Conclusion

H3PW12O40 decomposition with NaOH addition in aque-
ous solution may be divided into two stages. In the first
stages at pH < 8, H3PW12O40 decomposes partially with re-
moval of W=O units. In the second stage at pH > 8, tungsto-
phosphoric acid completely decomposes to PO4

3–. As well, a
series of equilibria exists between [PW11O39]

7– and tungsto-
phosphate dimers in solution at pH 2–6, depending on the
pH and the other ions in solution. It may be considered that
H3PW12O40 in aqueous solution decomposes in increasing
pH with the following solution compositions:

[PW12O40]3– (at pH ~ 1) → [PW12O40]3– +
[P2W21O71]6– + [PW11O39]7– (at pH 2.2) →
[PW12O40]3– + [P2W21O71]6– + [PW11O39]7– +
[P2W18O62]6– + [P2W19O67]10– (at pH 3.5) →
[P2W21O71]6– + [PW11O39]7– + [P2W18O62]6– (at
pH 5.4) → [PW9O34]9– (at pH 7.3) → PO4

3– +
WO4

2– (pH > 8.3).

A normal endpoint of acid–base titration may be observed
at an exact ratio of 3 OH–:H3PW12O40, which indicates that
the H3PW12O40 anion is stable in pH < 8 water–ethanol or
acetone solution. The proton activity of H3PW12O40 acid de-
creases and the stability of the acid increases in the presence
of organic solvents. On the other hand, the action of water
molecules on tungstophosphate anions is weakened by ab-
sorption of organic molecules.
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Supercritical argon as a mobile phase for the
flame photometric detection of sulfur

Kevin B. Thurbide and Brad W. Cooke

Abstract: The background emission properties of supercritical argon and supercritical carbon dioxide mobile phases in
packed column supercritical fluid chromatography (pSFC) with flame photometric detection (FPD) were compared. As
column flow rates were increased toward common values used in pSFC, the carbon dioxide background emission grew
enormously. The resulting emission spectrum displayed dominant features at wavelengths between 325 and 525 nm,
consisting of a complex series of overlapping molecular emission band systems partly attributed to CO* and CH*. By
comparison, when using the same flow rates with a supercritical argon mobile phase, the background emission was
identical to that of the FPD flame without column effluent. In terms of intensity, when using a column flow rate of
2 mL/min, supercritical carbon dioxide contributes a background emission in the FPD that is about 3 × 105 times
larger than that produced by supercritical argon. This difference leads to an improvement of two orders of magnitude
in the pSFC-FPD signal-to-noise ratio for sulfur when a supercritical argon mobile phase is used. Results indicate that
supercritical argon could also be advantageous for the pSFC-FPD analysis of other elements.

Key words: supercritical fluid chromatography, packed column, flame photometric detection, supercritical argon.

Résumé : On a comparé les propriétés de l’émission ambiante des phases mobiles de l’argon et du dioxyde de carbone
supracritiques en chromatographie à fluide supracritique dans une colonne à remplissage (CFSr) avec détection photo-
métrique à flamme (DPF). L’émission ambiante du dioxyde de carbone croît énormément lorsque l’on augmente la vi-
tesse d’écoulement de la colonne vers les valeurs couramment utilisées en CFSr. Le spectre d’émission résultant révèle
des caractéristiques importantes à des longueurs d’onde comprises entre 325 et 525 nm, consistant en une série com-
plexes due au recouvrement des systèmes de bandes d’émission moléculaire que l’on attribue partiellement au CO* et
au CH*. En comparaison lorsqu’on utilise la même vitesse d’écoulement pour la phase mobile de l’argon supracritique
l’émission ambiante est identique à celle de la flamme DPF sans l’effluent de la colonne. En termes d’intensité,
lorsque l’on utilise une vitesse d’écoulement de 2 mL/min, la contribution du dioxyde de carbone supracritique à
l’émission ambiante dans le DPF est d’environ 3 × 105 fois plus élevé que celle due l’argon supracritique. Cette diffé-
rence conduit à une amélioration de deux ordres de grandeur du rapport signal : bruit pour le soufre lorsque l’on uti-
lise une phase mobile d’argon supracritique. Les résultats indiquent que l’argon supracritique peut aussi être avantageux
pour l’analyse par CFSr-DPF d’autres éléments.

Mots clés : chromatographie à fluide supracritique, colonne à remplissage, détection photométrique à flamme, argon
supracritique.

[Traduit par la Rédaction] Thurbide and Cooke 1056

Introduction

Packed column supercritical fluid chromatography (pSFC)
is being used in an increasing number of applications and
provides a complimentary separation method to conventional
high performance liquid chromatography (HPLC) and gas
chromatography (GC) (1, 2). This is mainly attributed to the
increased speed and selectivity that pSFC can offer, com-
pared with HPLC, and the wider range of compounds that
can be analyzed by pSFC relative to GC (3, 4). Carbon diox-

ide is the most common mobile phase in pSFC, and since it
decompresses to a gas after leaving the separation column,
pSFC can also greatly facilitate the union of HPLC-type
separations with conventional gas-phase GC detectors.
While numerous applications of this method using the uni-
versal flame ionization detector have been reported (1, 2, 5),
specific GC sensors such as the electron capture and thermi-
onic detectors have also been used in pSFC (6). One of the
most common selective GC detectors used for the specific
analysis of sulfur is the well-known flame photometric de-
tector (FPD), which is based on chemiluminescence emanat-
ing from a low-temperature, fuel-rich, hydrogen–air flame
(7).

Previously, a thorough optimization of the use of FPD to
monitor sulfur in capillary column supercritical fluid chro-
matography (cSFC) has been reported (8, 9). The authors
achieved very good detection limits for sulfur and demon-
strated that cSFC-FPD yields a performance that is similar
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to conventional GC-FPD in many respects. A major obstacle
noted in that work and others in this area is the large back-
ground emission that is observed in the FPD flame when
carbon dioxide is used as the mobile phase (8–10). This can
interfere with the detection of sulfur emission in the FPD
and leads to baseline variations when the column flow is
changed. As such, the need to reduce this background emis-
sion was cited as being extremely important in regards to the
performance of the detector.

In addition to independent control of flow and pressure,
modern pSFC instruments also use much larger columns and
mobile phase volumes compared with cSFC (6). For in-
stance, the typical column flow rate of 40 µL/min used in
previous cSFC-FPD studies generated about 14 mL/min of
carbon dioxide gas directed into the FPD. In contrast to this,
pSFC commonly uses column flow rates of about 2–
3 mL/min, which translates into over 1000 mL/min of car-
bon dioxide gas upon decompression. As such, the back-
ground emission of a typical FPD can be expected to
increase dramatically and cause much greater interference
with the use of pSFC as compared with cSFC. In relation to
this, the FPD literature in this area is dominated by cSFC
applications (8–11). While it is possible to operate pSFC-
FPD in the split mode, where only a portion of the column
effluent and analyte are directed into the detector, this option
is often less desirable because of the variable split ratio and
detailed design considerations associated with such pSFC in-
terfaces (6, 12, 13).

An interesting, alternative mobile phase used in recent
years is supercritical argon (critical point: 48 atm (1 atm =
101.325 kPa) and –122 °C), which can be readily produced
by conventional pumping instrumentation and has been
shown to provide similar performance to that of supercritical
carbon dioxide (critical point: 72 atm and 31 °C) (14). In ad-
dition to its low cost, inertness, and available purity, other
significant advantages of using supercritical argon as a mo-
bile phase include its optical transparency in infrared analyses
and its compatibility with the determination of nonmetals by
inductively coupled plasma atomic emission spectroscopy
(15). Whereas, in this method, supercritical carbon dioxide
can create a very large background signal, the use of super-
critical argon eliminates this problem since argon is also the
plasma reagent gas. Further, while supercritical xenon can
offer some similar benefits, it is much more expensive, and
other inert gases such as nitrogen and helium are much less
efficient as supercritical mobile phases when compared with
carbon dioxide (14, 16). Thus it would be interesting to ex-
amine the improvements that might be offered by using this
approach in pSFC-FPD. However, no reports comparing the
use of supercritical argon and supercritical carbon dioxide as
mobile phases in this detector have appeared.

Considering the lack of available information and the
potential difficulties regarding the operation of a splitless
pSFC-FPD system, it would be useful to acquire more
knowledge of the interference presented by high flows of
carbon dioxide in the FPD. Particularly beneficial would be
more insight into the spectral distribution of the carbon diox-
ide background emission and how it impacts the perfor-
mance of this widely used detector (17–19). Such
information would be helpful since more than twenty other
elements besides sulfur are known to provide useful analyti-

cal emission in the visible wavelength range of the FPD
(20). Finally, since it could provide potential improvements
in this area, it would be interesting to evaluate how the FPD
performance when using supercritical argon compares with
that obtained when using supercritical carbon dioxide. This
paper presents a comparison of the spectral distribution and
relative intensity of the FPD background emission obtained
from using a supercritical carbon dioxide and a supercritical
argon mobile phase under typical pSFC conditions. To
gauge the effects of any differences observed, the perfor-
mance of the FPD in the detection of sulfur, using each of
these mobile phases under optimized conditions, will also be
compared.

Experimental

The pSFC system used was a Gilson series SF3 (Gilson,
Villiers-le-Bel, France) comprised of a dual reciprocating
pump – solvent delivery system (model 308 and 306), a col-
umn oven (model 831), a back pressure regulator (model
821), and an evaporative light scattering detector (ELSD;
Sedere, CEDEX, France). This system is designed to facili-
tate delivery of the mobile phase by continually cooling the
pump heads with chilled water (typically –5 to 5 °C) from a
refrigerated circulating bath. A 250 mm × 4.6 mm i.d.
Lichrosorb Diol column (10 µm particles; Alltech, Deerfield,
IL, U.S.A.) was used for separations. The GC-FPD system
used for adaptation to the pSFC instrument was a Shimadzu
model GC-8A (Shimadzu, Kyoto, Japan). Flame emissions
were monitored using an R-1104 photomultiplier tube
(PMT) (wavelength range of 185–850 nm; Hamamatsu,
Bridgewater, NJ). Spectra were acquired using a 1/4 m
Jarrell-Ash monochromator (1180 lines/mm grating,
3 nm/mm bandpass). Instrument-grade carbon dioxide and
high purity hydrogen, air, and argon were obtained from
Praxair (Praxair, Calgary, AB, Canada). Tetrahydrothiophene
(99%) and carbon disulfide (99.9%) were used as obtained
from Aldrich (Aldrich, Oakville, ON, Canada).

The FPD is connected downstream from the back pressure
regulator, where the ELSD is normally attached via a
splitless interface (6). With the ELSD disconnected, a 4 foot
(1 foot = 0.3048 m) length of 1/16 ′′ (1 ′′ = 25.4 mm) × 0.01 ′′
i.d. stainless steel tubing (Alltech) is instead used to guide
the effluent from the pSFC into the GC oven through a side
port. Using a stainless steel zero dead volume union
(Alltech), this tubing is connected to a 20 cm length of
0.10 mm i.d. deactivated, fused-silica restrictor tubing
(Alltech), which extends into the base of the FPD burner. In
this way, the pSFC effluent combines with the hydrogen and
flows concentrically around the central tube, delivering air to
the flame. The restrictor position within this arrangement
was not found to critically affect the flame stability or re-
sponse. However, optimal conditions for this transfer line
were realized when the GC oven was maintained above
60 °C and the FPD detector base was maintained at 250 °C.
The pSFC oven was normally operated at 60 °C, and the
typical FPD flame gas-flow rates used were 300 mL/min of
hydrogen and 90 mL/min of air. Variations on these condi-
tions are outlined in the text.
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Results and discussion

Given the much larger flow rates in pSFC compared with
cSFC, it might be anticipated that flame instability in the
FPD could be a problem. However, this was not found to be
the case, and the flame remained very stable over a wide
range of column flow rates tested — up to 5 mL/min —
with no visible signs of flicker or lift off from the burner.
The steady interface between the mobile phase and the flame
is certainly facilitated by the smooth transition of supercriti-
cal carbon dioxide into a gas upon decompression. More im-
portantly, however, this stability in the presence of several
liters per minute of carbon dioxide gas flow is a result of the
burner configuration, which has the hydrogen and the col-
umn effluent enter concentrically about the central tube de-
livering air to the flame, as is common in GC-FPD (7).
Since the FPD flame relies upon a very hydrogen-rich
stoichiometry to deliver response, this arrangement prevents
solvent peaks and, in this case, large flows of carbon dioxide
from diluting and starving the flame of oxygen, causing it to
extinguish. Similar attempts to introduce the column effluent
through the central air tube caused the flame to extinguish at
pSFC flow rates of less than 0.5 mL/min.

Although the flame remained stable at large column flow
rates, it was visually clear that, as the flow of carbon dioxide
increased in the detector, the flame luminescence grew from
barely observable to an intense blue emission. To examine
the features of this background emission and how it might
be affected by varying amounts of carbon dioxide, spectra of
the FPD flame were acquired using several pSFC column
flow rates. Figure 1 displays these spectra and indicates that
the emission from carbon dioxide in the FPD is predomi-
nantly situated between 325 and 525 nm. At a low column
flow rate of 0.5 mL/min (trace A), the blue flame emission
stems from a distribution of narrowly spaced bands that ap-
pear to reside upon an underlying continuum. Although no
flame spectra under pSFC-FPD conditions have been re-
ported, this spectrum does agree very well with the “carbon
monoxide flame bands” of CO2 (21), which were also specu-
lated earlier as the background emission source in cSFC-
FPD (8). Therefore, at this low pSFC flow rate (which is
about ten times larger than those used in cSFC), the FPD
background emission features still appear similar for the two
methods. However, as the flow rates are increased to more
common pSFC values of 1 mL/min and greater, the back-
ground emission becomes enormous and assumes a very
complex appearance. Gaydon details several molecular emis-
sion band systems obtained from excited CO (21) that could
possibly be ascribed to the luminescence observed for car-
bon dioxide in the FPD flame. Owing to the overlapping
wavelengths of many of the systems described, an exact
identification of some of the spectral features presented in
Fig. 1 could not be firmly established; however, certain in-
teresting correlations can be noted. For instance, the bands
superimposed on the spectrum obtained at a flow rate of
1 mL/min (trace B) match very well with those assigned for
excited CH, which is also commonly found for carbon emis-
sion in GC-FPD (20, 21). As the flow rate increases to 1.5
and 2 mL/min (traces C and D, respectively), the spectra
broaden and resemble the distribution features of Emeléus’s
cool-flame formaldehyde spectrum and also those noted for
the comet-tail system of excited CO emission (21). Also in-

teresting is that, despite the large flow of carbon as CO2 in
the FPD flame, no evidence of excited C2 emission was ob-
served, which is another common feature in GC-FPD carbon
spectra (20).

The most significant feature realized from the spectra in
Fig. 1 is that the carbon dioxide background emission is dis-
tributed over exactly the same wavelength range as that pro-
duced by sulfur emission in the FPD, which is used for
analytical purposes to measure quadratic S2* response (7).
While some methods add a sulfur compound to the mobile
phase in attempts to linearize this response, the same sulfur
emission spectrum is produced (7). Therefore, serious inter-
ference from this carbon dioxide background emission
should be anticipated in the pSFC-FPD analysis of sulfur
and other elements that are monitored in this wavelength
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Fig. 1. Upper trace: the emission spectrum of carbon dioxide in
the FPD at pSFC column flow rates of 0.5 (A), 1.0 (B), 1.5 (C),
and 2.0 (D) mL/min and a pressure of 15 MPa. Lower trace: the
emission spectrum of argon in the FPD at pSFC flow rates of
2.0, 3.0, and 4.0 mL/min (superimposed) and a pressure of
27 MPa. Flame gas flow rates are 300 mL/min of hydrogen and
100 mL/min of air. The bandpass is 1.5 nm.
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range (e.g., manganese atomic lines and tin quartz surface
emission) (7, 20). By comparison, other elements emitting
outside of this range should be less affected. For example,
earlier cSFC-FPD studies in which analyte emissions of
phosphorus at 530 nm and of tin (gas-phase emission) at
610 nm (which are more remote to the carbon dioxide emis-
sion spectrum shown in Fig. 1) were monitored, less inter-
ference from baseline variations was observed when the
column flow rate was changed (10, 11). This is understand-
able considering that the carbon dioxide emission shown in
Fig. 1 is reduced by a factor of about ten between the 400
and 530 nm wavelength regions where sulfur and phospho-
rus are, respectively, monitored.

In this context, it is interesting to note that “pulsed” FPD
methods can temporally resolve sulfur and carbon emissions
to yield less interference and greater selectivity (22). How-
ever, it is unknown if such benefits could be extended to
pSFC-FPD since it greatly depends on the emission spec-
trum of carbon dioxide in that detector and its time depend-
ence relative to other analytical emissions under typical
pSFC conditions. Thus, although such investigations are be-
yond the scope of the current study, this approach could be
potentially useful.

Also presented in Fig. 1 is the FPD background emission,
generated when a supercritical argon mobile phase is intro-
duced at pSFC flow rates equal to or greater than those ex-
amined for supercritical carbon dioxide. As can be seen,
even when using substantial flows of 4 mL/min of supercriti-
cal argon, no spectral features are observed and the back-
ground emission remains steady. In fact, for all of the flows
investigated, supercritical argon produced the same spectra
and emission intensities as that of the FPD flame without
any column effluent. This lack of variation implies that ar-
gon provides little or no emission in the FPD and is consis-
tent with visual observations of the flame under these
conditions, which showed no change when supercritical ar-
gon was introduced into it. This finding, while somewhat ex-
pected, agrees with the conditions of the relatively cool,
small FPD flame compared with the larger, high-temperature
flames and plasmas used as excitation sources in conven-
tional spectroscopy (20). For example, in contrast to the
thermal luminescence produced in those methods, emission
in the FPD is generated by chemiluminescence, which is fa-
vored by cooler flame conditions (7). Further, it has been es-
timated that the FPD yields a maximum excitation energy of
3.6 eV, which is far lower than the excitation potentials asso-
ciated with argon emission lines (20, 23). While traces of a
molecular emission system due to excited ArO is also
known to occur near 558 nm (21), no evidence of this exists
in Fig. 1, also possibly as a result of the low-temperature,
hydrogen-rich conditions under which the FPD is operated.

The essentially unobstructed background spectrum ob-
tained with supercritical argon in the FPD makes it poten-
tially much more suitable than supercritical carbon dioxide
for monitoring the emission of sulfur and other elements by
pSFC-FPD. Figure 2 illustrates this with the spectrum of sul-
fur emission in the FPD using a supercritical argon mobile
phase. This spectrum clearly displays the characteristic S2*
emission bands of sulfur chemiluminescence in the FPD
and, compared with Fig. 1, demonstrates that the emissions

of sulfur and carbon dioxide severely overlap in this detector
under pSFC conditions.

To better gauge the relative background emission that
each mobile phase generates in the FPD, the flame intensity
was monitored at various column flow rates with the two
supercritical fluids. Figure 3 shows the background emission
of the FPD as a function of supercritical carbon dioxide col-
umn flow rates tested up to 4 mL/min. As seen in the figure,
even at modest flow rates of supercritical carbon dioxide, the
background increases by about 5 orders of magnitude. In
comparison to this, similar flows of supercritical argon pro-
duce no increase in the observed background emission of the
FPD flame. Given the considerable difference between the
two, supercritical argon should generate much less interfer-
ence than supercritical carbon dioxide when emission in the
FPD is monitored, particularly for elements such as sulfur
that emit in the 400 nm wavelength region.

Figure 4 demonstrates this with the sulfur response ob-
tained for a series of tetrahydrothiophene standard solutions
monitored in the FPD under the same optimum flame condi-
tions for both a supercritical argon and a supercritical carbon
dioxide mobile phase. The response is measured as the sul-
fur signal-to-noise (i.e., peak-to-peak fluctuations of the
baseline) ratio, and as seen in the figure, it greatly differs be-
tween the two mobile phases. When using supercritical car-
bon dioxide, the sulfur response increases over two orders of
magnitude to an upper mass flow limit of about 0.1 µg of
sulfur per second. In terms of detectivity (i.e., corresponding
to a signal-to-noise ratio of two), the response yields a mass
flow detection limit of almost 1 ng of sulfur per second.
This value is about 25 times larger than the average value of
the sulfur detection limits reported for cSFC-FPD (8), which
is reasonable, considering the much greater column flow rate
used in the current pSFC experiments. It should be noted
that the data in Fig. 4 were obtained in the open
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Fig. 2. The emission spectrum of sulfur (as carbon disulfide) in
the FPD using 2.0 mL/min of supercritical argon as the pSFC
mobile phase. Other conditions as for supercritical argon in
Fig. 1.
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nonwavelength dispersive mode, which is often employed in
GC-FPD to increase sensitivity by monitoring a greater frac-
tion of the analyte emission bands. While narrow-band inter-
ference filters can also be employed to increase the
selectivity of sulfur response over other flame emissions,
this is usually accompanied by a decrease in sensitivity (20).
Not surprisingly then, owing to the direct overlap of the sul-
fur and the carbon dioxide emission bands in the FPD, the

use of such filters in these experiments did not improve the
discrimination between the two and only further reduced
sensitivity.

By comparison, in Fig. 4, the sulfur response over the
same concentration range is much improved when a super-
critical argon mobile phase is used. As expected, the result-
ing curve yields the same slope and upper calibration limit;
however, the response is increased by nearly two orders of
magnitude. Since the flame conditions were not varied, this
finding can be directly attributed to the large decrease in
background emission obtained when using supercritical ar-
gon in the FPD. Previous GC-FPD studies have verified that
the peak-to-peak baseline noise increases as a square-root
function of the background emission intensity if the noise is
random and increases proportionally if the noise becomes
correlated with the signal at higher levels (24). As observed,
the difference in the background emission intensity of Fig. 3
(i.e., about 1 × 105) and the corresponding difference in the
signal-to-noise ratio of Fig. 4 (i.e., about 1 × 102) is related
by greater than a square-root function. This suggests that the
high level of carbon dioxide in pSFC-FPD also generates
flame noise that is not entirely random in nature, which dif-
fers from earlier studies using supercritical carbon dioxide
that showed cSFC-FPD to be shot-noise limited (9). In the
absence of carbon dioxide, as a result of the nearly quadratic
sulfur response in the FPD, the improved signal-to-noise ra-
tio when supercritical argon is used translates into a mini-
mum detectable flow of about 100 pg of sulfur per second.
In contrast to the above, this value, obtained from the pSFC-
FPD system, compares quite well to those reported for
cSFC-FPD (8). Thus, relative to a conventional supercritical
carbon dioxide mobile phase, supercritical argon can provide
improved sulfur detection limits in pSFC-FPD by greatly re-
ducing the background emission to levels on the same order
as the FPD flame itself. This also indicates that supercritical
argon may be advantageous for the pSFC-FPD analysis of
other elements.
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An ionic liquid mediated Friedel–Crafts addition of
arenes to isothiocyanates

Prashant U. Naik, Susheel J. Nara, Jitendra R. Harjani, and
Manikrao M. Salunkhe

Abstract: A new protocol is developed for the synthesis of N-substituted thioamides, employing arenes and isothio-
cyanates in 1-butyl-3-methylimidazolium chloroaluminate ionic liquid, [bmim]Cl·2AlCl3, as a homogenous Lewis acid
catalyst and solvent. The effect of Lewis acidity and the stoichiometry of the ionic liquid on the extent of product for-
mation is studied. Studies reveal that a progressive increase in yields was observed with increasing Lewis acidity, and
two equivalents of [bmim]Cl·2AlCl3 was the optimal amount for the reaction. A distinct para selectivity for the incom-
ing thioamido group on activated arenes was observed under ambient conditions.

Key words: arenes, isothiocyanates, Friedel–Crafts, ionic liquids, thioamides.

Résumé : On a développé un nouveau protocole pour la synthèse de thioamides N-substitués qui fait appel à l’utilisa-
tion d’arènes et d’isothiocyanates dans du chloroaluminate de 1-butyl-3-méthylimidazolium, [bmim]Cl·2AlCl3, un li-
quide ionique qui agit comme catalyseur acide de Lewis homogène et comme solvant. On a étudié l’effet de l’acidité
de Lewis et la stoechiométrie du liquide ionique sur le niveau de formation du produit. Les études révèlent qu’une aug-
mentation progressive des rendements peut être observée avec une augmentation de l’acidité de Lewis et que deux
équivalents de [bmim]Cl·2AlCl3 correspond à la quantité optimale pour la réaction. Dans les conditions ambiantes, on a
observé une sélectivité para pour le groupe thioamido qui s’insère sur les arènes activés.

Mots clés : arènes, isothiocyanates, Friedel–Crafts, liquides ioniques, thioamides.

[Traduit par la Rédaction] Naik et al. 1060

Introduction

Room temperature ionic liquids have attracted consider-
able attention as novel reaction media, offering cleaner and
environmentally benign protocols to a number of chemical
processes (1). An appropriate amalgamation of properties
possessed by these liquids, such as high thermal stability, re-
usability, nonvolatility, and excellent solvating ability has
undoubtedly made them the most protean and promising sol-
vents of the future (2). The most interesting feature of ionic
liquids is the extensive flexibility they offer in terms of alter-
ation of properties such as density, viscosity, Lewis acidity,
hydrophobicity, hydrophilicity, etc. (3). This feature of ionic
liquids has enabled chemists to design and engineer them so
that a proper equilibrium of properties is attained, making
them the most suitable and compatible solvents for several
chemical processes (4–8).

The significance of thioamides and their polyfunctional

derivatives as useful building blocks in organic syntheses
has been recently reviewed (9). Thioamides are a class of
compounds that comprise a variety of derivatives that pos-
sess diverse physiological properties such as antigastric,
antiulcer, antidiabetic, antitubercular, fungistatic, etc. (10).
Besides, they have been technically applied in a number of
commercial applications as vulcanisation promoters, antioxi-
dants, corrosion inhibitors, etc. (10). Activated arenes are
known to undergo Lewis acid mediated amidation (11, 12)
and thioamidation (13, 14) with isocyanates and isothiocy-
anates, respectively. In contrast to the Lewis acid mediated
amidation of arenes with isocyanates, thioamidation with
isothiocyanates has been particularly attractive, as the for-
mer procedure often suffers from the disadvantage of low
yields of products. The isothiocyanato group is one of the
excellent acceptors of nucleophiles, and its reactivity has
been aptly utilized in various synthetic procedures (15).
With Lewis acids, the isothiocyanato group is known to
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form a charged complex containing electrophilic carbon
(16), which is believed to be involved as an intermediate in
its reaction with arenes.

Results and discussion

Over the last two years, our group has developed consid-
erable interest in investigating the Friedel–Crafts (17–19)
and condensation (20, 21) reactions in the Lewis acidic
chloroaluminate ionic liquids. As a part of our ongoing
venture to exploit chloroaluminate ionic liquids for newer
reactions, we present herein an account of the execution of
1-butyl-3-methylimidazolium chloroaluminate, [bmim]Cl·AlCl3
(0.67 ≥ N > 0.50; N is the apparent mole fraction of AlCl3 in
the ionic liquid) mediated addition of activated arenes to
isothiocyanates (Scheme 1).

We anticipated an exhortive result in the case of activated
arenes such as phenols, and they were therefore an obvious
choice for the preliminary investigations. A reaction per-
formed in [bmim]Cl did not fetch any product. The encour-
aging results obtained in the subsequent investigations
carried out in [bmim]Cl·AlCl3, N = 0.67, prompted us to
plan a systematic study aimed at the optimization of Lewis
acidity and stoichiometry of the ionic liquid and time of re-
action, to develop an ambient protocol for thioamidation.
2,5-Xylenol, being sufficiently reactive, was preferred as a
model substrate for these optimizations.

To study the effect of the Lewis acidity of
[bmim]Cl·AlCl3 (0.67 ≥ N ≥ 0.50) on the extent of product
formation, a series of ionic liquids with varying Lewis acidi-
ties were prepared. The molar proportion of 2,5-xylenol,
phenyl isothiocyanate, and ionic liquid was maintained at
1:1:1 at room temperature for 24 h, and the extent of conver-
sion in terms of the percentage yield of the product obtained
in each case was compared. The results reflected that an in-
crease in the Lewis acidity resulted in an increase in the per-
centage yield of product formed, but in all the cases the
yields were too low to be quantitative. The yield increased
from 0% to 30% as N increased from 0.50 to 0.63, progres-
sively, and only 64% yield was realized for [bmim]Cl·AlCl3,
N = 0.67.

The [bmim]Cl·AlCl3, N = 0.67, was an obvious choice for
all further investigations. With a view to obtain an optimal
yield of the product, we further planned to study the effect
of stoichiometry of [bmim]Cl·AlCl3, N = 0.67, on the extent
of product formation. A series of experiments were planned
in which the molar proportion of 2,5-xylenol and phenyl
isothiocyanate was fixed at 1:1 and varying amounts of
[bmim]Cl·AlCl3, N = 0.67, ranging from 1 to 2.5 mole
equivalents, was added. The reaction time was 24 h at room
temperature. The results indicated that the optimal product
formation calls for the use of at least 2 mole equivalents of
[bmim]Cl·AlCl3, N = 0.67. No significant increase in yields
was observed with a further increase in stoichiometry of the
ionic liquid.

To optimize the time for the thioamidation procedure, a
series of experiments were planned in which the molar pro-
portion of 2,5-xylenol, phenyl isothiocyanate, and
[bmim]Cl·AlCl3 (N = 0.67) was maintained at 1:1:2 at room
temperature for different time periods (ranging from 2–
12 h). The yields of the product formed at different time in-

tervals were compared. The results indicated that the optimal
time for the reaction is 8 h, beyond which no substantial in-
crease in yield was observed. No improvement in yield was
realized, even after a prolonged reaction time of 30 h.

To generalize the procedure and to study the effect of sub-
stituents on product formation, a variety of arenes were
screened under optimized conditions. The results obtained
are indicative of successful thioamidation of activated arenes
(Table 1). The reaction of phenyl isothiocyanate did not oc-
cur with benzene, but with m-xylene 83% yield of the prod-
uct was obtained. In terms of yields and selectivity, the
method is comparable to a nitromethane–AlCl3 system (13).
In general, aryl isothiocyanates fetched better yields than
alkyl isothiocyanates. In contrast to a number of classical
carbonylation procedures, an exquisite para-selectivity was
observed in reaction even with the arene that has both ortho
positions unblocked (entry 5). In the case of substrates with
the para position blocked, such as p-xylene and p-cresol, no
reaction was observed.

The present methodology can be easily extended to ortho
carbonylation of benzoic acids, i.e., conversion of benzoic
acids to phthalic acids and also for conversion of phthalic
acids to homophthalic acids, which are synthetically versa-
tile intermediates (22, 23). In addition, the method can serve
as an advantageous alternative to the synthesis of certain
benzoic acids and benzyl amines, which cannot be synthe-
sized by other methods.

Conclusion

In effect, we found 1-butyl-3-methylimidazolium chloro-
aluminate, [bmim]Cl·AlCl3 (N = 0.67), to be a homogenous
Lewis acidic medium for Friedel–Crafts type addition of ac-
tivated arenes to isothiocyanates, thus eliminating the use of
conventional obnoxious or volatile solvents such as halo-
genated hydrocarbons, nitromethane, and carbon disulphide.
Homogenous catalysis, reduced reaction times, ambient con-
ditions, and exquisite para-selectivity are some of distinc-
tively notable advantages offered by the novel procedure.

Experimental

The ionic liquids used in the present study were prepared
as per the procedures reported earlier (24, 25). In a typical
experimental procedure for thioamidation of arene, to the
weighed quantity of the arene (5 mmol) and isothiocyanate
(5 mmol), the ionic liquid [bmim]Cl·AlCl3 (N = 0.50–0.67,
5–15 mmol (as specified in the text)) was added, and the re-
action mixture was stirred for a specified time at room tem-
perature. All additions were carried out under a nitrogen
atmosphere glove box. The reactions were quenched with
6 mol L–1 HCl under cold conditions. The resultant solution
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Scheme 1. The [bmim]Cl·AlCl3 (0.67 = N > 0.50) catalyzed ad-
dition of arenes to isothiocyanates.
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was extracted using ethyl acetate (3 × 10 mL). The com-
bined organic extracts were dried using anhydrous Na2SO4
and evaporated under reduced pressure to obtain the crude

product. The crude products were chromatographed using
silica gel column chromatography to yield pure thioamides,
which were characterized by physical constants, IR, and

© 2003 NRC Canada
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Table 1. The [bmim]Cl·AlCl3 (N = 0.67) mediated addition of arenes to isothiocyanates.

Note: Reactions carried out at room temperature for 8 h.
aIndicates isolated yields.
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NMR. The analytical and spectral data was consistent with
that reported in the literature (13).
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Comparison of supported liquid membranes and
solid-phase extraction for quantitative removal of
lead from aqueous solutions

Emily R. Yourd and Julian F. Tyson

Abstract: The selective transport of a target metal ion across a membrane from a donor to an acceptor solution is an
attractive concept for preconcentration or separation in a flow injection (FI) system. However, we found that the trans-
port of lead across a supported liquid membrane consisting of dicyclohexano-18-crown-6 in decanol embedded in
Celgard 2400 was too slow to be practical for an FI atomic spectrometry system. On the other hand, the same chemis-
try in an on-line, solid-phase reactor (a mini-column containing Pb-Spec resin) gave a satisfactory performance. In an
attempt to understand the kinetics of the system, we have calculated the rate of transport across the membrane. As flux
is proportional to concentration on the donor side — which decreases with time — we performed a series of numerical
simulations involving fixed time intervals of decreasing values. These calculations show that for the sizes of mem-
branes in a typical FI system, transport is very slow compared with the adsorption of lead by the Pb-Spec resin: it
takes about 100 min for the concentration in a 0.06 mL donor solution to decrease by a factor of 1000. The time re-
quired for the same decrease in concentration for a membrane having the same surface area and ligand concentration as
the Pb-Spec column was calculated as approximately 9 s.

Key words: supported liquid membrane, solid-phase extraction, flow-injection, lead.

Résumé : Le transport sélectif d’un ion métallique cible à travers une membrane à partir d’un donneur vers une solu-
tion accepteuse est un concept attrayant pour la préconcentration ou la séparation dans un système à injection continue
(IC). Cependant, nous avons trouvé que le transport du plomb à travers une membrane liquide incrustée dans un sup-
port, cette membrane est constituée de dicyclohexano-18-couronne-6 dans le décanol incorporé dans du Celgard 2400,
est trop lent pour être pratique dans un système de spectrométrie atomique à injection continue (IC). Par ailleurs la
même chimie en continu dans un réacteur en phase solide (une mini colonne contenant une résine Pb-Spec), a donné
une performance satisfaisante. Dans une tentative pour comprendre la cinétique du système, nous avons calculé la vi-
tesse de transport à travers la membrane. Comme le flux est proportionnel à la concentration du côté du donneur, la-
quelle diminue avec le temps, nous avons réalisé une série de simulations numériques impliquant des intervalles de
temps fixes de valeurs décroissantes. Ces calculs montrent que, compte tenu des dimensions des membranes dans un
système typique à injection continue, le transport est très lent comparativement à l’adsorption du plomb par la résine
Pb-Spec; il faut environ 100 minutes pour que la concentration dans 0,06 mL d’une solution donneuse décroisse d’un
facteur de 1000. Le temps requis pour la même diminution de concentration dans le cas d’une membrane ayant la
même superficie et la même concentration de ligand dans une colonne de Pb-Spec est selon les calculs approximative-
ment de 9 s.

Mots clés : membrane liquide supportée, extraction en phase solide, injection continue, plomb.

[Traduit par la Rédaction] Yourd and Tyson 1069

Introduction

Analytical method development often involves sample
pretreatment so that a potentially interfering component of
the sample matrix, which may be present in relatively high
concentration compared with that of the analyte, is removed.
Another common problem is that the analyte concentration
is below the detection limit, and thus preconcentration is
needed. For example, the determination of trace elements in

forensic bullet samples by inductively coupled plasma mass
spectrometry (ICP-MS) is inhibited by the presence of the
lead matrix, which causes analyte signal suppression. The
removal of this element prior to introduction to the instru-
ment is therefore required. On the other hand, the determina-
tion of lead in drinking water by flame atomic absorption
spectrometry (FAAS) requires preconcentration. Flow injec-
tion (FI) analysis is a versatile sample pretreatment tech-
nique that can be useful for the automated removal of a
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sample matrix or the preconcentration of a sample compo-
nent (1–3). FI manifolds can be tailored to specific applica-
tions by incorporating the appropriate on-line components,
such as a packed column for solid-phase extraction (SPE) or
a membrane cell.

In developing a method for the analysis of bullets by ICP-
MS, we initially chose FI-SPE to remove the lead (4). Most
of the previous work on the use of solid-phase reactors in FI
systems for the separation of analytes from matrices has
been based on a protocol whose primary goal is precon-
centration. The analytes are retained from a relatively large
volume of solution, while the unwanted matrix components
are discarded to waste. Following removal of any unretained
matrix materials from the reactor, the analytes are eluted in
the direction opposite to that in which the species were
loaded and are transported to the detector.

Several  design  features  of  such  a  reactor  are  desirable.
There should be rapid transport from the bulk liquid in the
interstices between the solid particles to the surface of the
particles. The binding of the analytes to the particle surface
should also be rapid, while the reverse reaction should be
slow (i.e., the reaction between the analyte and the surface-
immobilized reagent should have a high “equilibrium” or
binding constant). The surface density of the binding sites
should be such that the reactor has sufficient capacity to re-
tain all of the analyte species. As is well known from HPLC
theory, important factors include particle size, column di-
mensions, and flow rate; to get high efficiency (in the chro-
matographic sense of minimum band broadening) when
using HPLC, the particle size should be small: 5 µm or less.
Even for the miniature columns that are typically used in FI-
SPE applications, the back-pressure generated by using
small particles is often sufficiently high that it is difficult to
obtain useful flow rates from peristaltic pump delivery.

In the typical FI-SPE preconcentration procedure, such
considerations are not of prime importance, as the first part
of the experiment is performed under conditions such that
the capacity factor is very large (the analyte is retained on
the column). All that is necessary is that during the passage
of any given solute through the column, there is a high prob-
ability that the species will interact with the reagent immobi-
lized at the particle surface and will be retained. For the
second part of the experiment, broadening processes are rel-
evant, as the goal is to elute the retained analyte in as small
a zone of fluid as possible. This maximizes the instrument
response peak height and minimizes the time required for
this portion of the experiment. Guidelines, based on these
considerations, have been developed by Fang (2) and can be
summarized as the optimum conditions for FI-SPE
preconcentration for trace element determination by atomic
spectrometry. These guidelines involve column volumes be-
tween 20 and 250 µL with aspect ratios (5) of 10–15, con-
taining particles of 150–200 µm, and sample loading at 8–
9 mL min–1. Elution flow rates depend on the detection
mode, as the eluent is delivered directly to the spectrometer.

When FI-SPE is to be used for matrix removal by reten-
tion of the matrix and direct determination of the analytes,
the guidelines described above no longer apply. Now there
are two important considerations: (a) there must be suffi-
cient retention of the matrix element to reduce its concentra-
tion to below that which causes problems with the

subsequent analyte determinations, and (b) there should be
minimum peak broadening of the unretained analytes. The
first consideration means that the columns are significantly
larger than those typically used for trace element precon-
centration and, thus, may be capable of substantial peak
broadening. In addition to the purely “chromatographic” fea-
tures of the experiment, the flow rate is constrained to val-
ues at which the detector has suitable signal-to-noise ratio,
and factors affecting the throughput have to be considered.
Both of these considerations have implications for the sam-
ple volume injected, which, as always in flow injection
experiments, cannot simultaneously maximize signal and
minimize throughput. In addition, the elution characteristics
of the system are still relevant, as the retained matrix com-
ponent must be removed at frequent intervals by a suitable
eluent.

It is clear, though, from basic HPLC theory that from the
viewpoint of both retaining a matrix component and mini-
mizing the broadening of non-retained components, the par-
ticle size should be decreased. A number of beneficial
features would be realized by working with particle sizes of
10 µm or less. For these values, not only is the peak broad-
ening very much less than for larger particle sizes, but the
broadening is also essentially independent of flow rate, and
relatively high flow rates could be used to load samples rap-
idly. Unfortunately, there is a practical limitation related to
the high back-pressure generated by columns of useful di-
mensions filled with particles of this size, which far exceeds
the capabilities of the peristaltic pumps used for fluid han-
dling in such experiments. Because of the additional costs
and complexities associated with high-pressure pumping in
multi-line manifolds, this option is not considered viable. As
the performance of a method based on SPE is clearly lim-
ited, we considered other options.

While there are a number of such procedures that might
be considered for implementation in an FI format, selective
transport across a flat membrane is attractive. The procedure
may be implemented in a device with minimum back-
pressure and thus, when fluid is delivered by peristaltic
pump, could accept much higher fluid flows than can a
packed bed solid-phase reactor. The device also allows the
facile separation of phases associated with interaction be-
tween a liquid sample and an immobilized “reagent”; this is
not realized when phase transfer into another mobile phase
(either liquid or gas) forms the basis of the separation.

There are numerous recent reports of chemical separations
by supported liquid membranes (SLM) (6–13). The pores of
a microporous solid support are impregnated with a hydro-
phobic liquid, forming the membrane that separates the sam-
ple (donor) and receiver solutions. The analyte, if it is
soluble in the membrane liquid, diffuses from the sample so-
lution, through the membrane, and into the receiver solution.
The mass-transport efficiency can be significantly enhanced
when the membrane incorporates a carrier molecule that
complexes with the analyte and facilitates its transit through
the membrane to the receiver solution, where the complex
dissociates. The carrier remains within the membrane.

The affinity of macrocyclic crown ethers for specific cat-
ions is well known (14–17). Those cations with ionic radii
most closely matching the dimensions of the cavity of the
macrocycle will be selectively complexed. Cations that are
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significantly smaller than the cavity will be too far from the
lone pairs of the oxygen to form an appreciable bond, while
larger cations will not fit inside the cavity. The selectivity of
crown ethers can be used to separate certain cations from a
mixture, both for preconcentration purposes and for matrix
removal.

We have investigated the feasibility of using an SLM in
the flat-sheet configuration with the goal of removing lead
from a matrix, as part of the sample pretreatment in the anal-
ysis of high-lead materials such as bullets. The membrane
was impregnated with the crown ether dicyclohexano-18-
crown-6 (DC18C6), which has a cavity size selective for
lead (9, 17, 18). The lead-containing solution was introduced
to the donor compartment of the membrane cell, and the re-
ceiver side was monitored for the appearance of transported
lead. The transport process was also modeled mathemati-
cally. The experimental results were compared with the be-
havior predicted on the basis of the calculations. The model
was also applied to a rapid FI-SPE procedure (4) based on
the almost identical extraction chemistry (0.75 mol L–1 di-
tert-butyldicyclohexano-18-crown-6 in decanol immobilized
on Amberchrom CG-71 (19)), to understand why this pro-
cess is kinetically favorable to FI applications while the
SLM procedure is not.

Experimental

Reagents and standards
Celgard 2400 polypropylene membranes (thickness

25 µm, porosity 35%, pore sizes 0.041 µm × 0.12 µm;
Celgard Inc., Charlotte, NC) and Pb-Spec (100–150 µm di-
ameter, Eichrom, Inc., Darien, IL) were used as received.
Dicyclohexano-18-crown-6, phenylhexane, and decanol
(Sigma-Aldrich, Milwaukee, WI) were also used as received.
Ten millilitre solutions of 0.05 and 0.10 mol L–1 crown ether
in decanol and 0.05 mol L–1 crown ether in phenylhexane
were prepared. A stock solution of 1000 mg L–1 Pb was pre-
pared by dissolving the appropriate amount of lead nitrate
(Certified ACS grade, Fisher Scientific) in 2% (volume
fraction) nitric acid (Mallinckrodt). Solutions of 50 and
250 µg L–1 Pb and 20 mg L–1 Pb, all in 2% HNO3, were pre-
pared through the dilution of a 1000 mg L–1 atomic absorp-
tion standard (Sigma-Aldrich, Milwaukee, WI). Solutions of
3% HNO3 and 0.1 mol L–1 ammonium citrate (Certified
ACS grade, Fisher Scientific, pH 5.23) were prepared for
use in the membrane cell. A dilute solution of alkaline phen-
olphthalein (Certified ACS grade, Fisher Scientific) was
made by dissolving a sufficient amount of the indicator
along with some sodium hydroxide (Mallinckrodt) in water
to produce a strongly colored solution. All solutions were
prepared using deionized water with a resistivity of 18.0 MΩ
(E-Pure, Barnstead) and were stored in acid-washed polyeth-
ylene (Nalgene) bottles.

Apparatus
A flame atomic absorption spectrometer model 1100B

(PerkinElmer, Shelton, CT, U.S.A.) with deuterium back-
ground correction was used. The instrument was operated
with a lead hollow cathode lamp according to the manufac-
turer’s recommended conditions. The 10 cm air–acetylene
burner head position was optimized in three dimensions

while aspirating a 20 mg L–1 solution of Pb in 2% HNO3.
The position of the nebulizer capillary in the venturi throat
was adjusted such that the nebulizer suction was zero. This
positioning ensured that the flow rate of the solution reach-
ing the nebulizer was controlled solely by the peristaltic
pump of the flow injection manifold.

A graphite furnace atomic absorption spectrometer model
4100ZL (PerkinElmer, Shelton, CT, U.S.A.) with Zeeman
background correction and a lead hollow cathode lamp was
operated in accordance with the manufacturer’s recom-
mended conditions. An AS-71 autosampler transferred
20 µL of solution to the furnace, and the standard program
for lead without matrix modification was used. The auto-
sampler probe was rinsed with deionized water between in-
jections. Peak area was measured.

An Olympus BH-2 transmission microscope was used to
visually inspect the Pb-Spec resin. The 40× objective was
used with a 10× eyepiece for a total magnification of 400×.
A small amount of resin was placed on a glass slide and sus-
pended in a few drops of water. A coverslip was placed over
the beads to hold them in place.

The flow injection manifold consisted of one peristaltic
pump (Ismatec), one 6-port rotary valve, and a membrane
cell. The manifold is shown schematically in Fig. 1.

The cell was constructed from two nylon blocks (8 cm ×
3 cm × 2 cm), each with a central groove (4 cm × 2 mm ×
0.2 mm for receiver, 0.75 mm for donor). The sample vol-
ume of 130 µL was propelled through a 20 cm length of tub-
ing into the top block of the cell with a flow rate of
1.3 mL min–1. The receiver solution was pumped in the op-
posite direction from the donor, creating a counter-current
flow. The Celgard 2400 polymeric membrane was soaked in
a solution of dicyclohexano-18-crown-6 and either decanol
or phenylhexane for a minimum of 15 min, then placed be-
tween the blocks, physically separating the two channels.
The entire cell was clamped between two aluminum plates.
The pump tubing was Tygon 1.52 mm i.d. three-stop tubing
(blue-yellow); manifold components were connected via
0.8 mm i.d. PTFE tubing.

The SPE manifold, which provides the basis for the com-
parison, has been described previously (4). To summarize, a
130 µL sample was injected into a nitric acid carrier that
moved the sample through a glass column (5 cm × 4 mm
i.d.) packed with 105 mg of Pb-Spec resin. The now lead-
free sample passed directly into the ICP-mass spectrometer
for the determination of the diagnostic elements in bullets:
Ag, As, Bi, Cd, Cu, Sb, and Sn. The resin was rinsed with
0.1 mol L–1 ammonium citrate after every third sample in-
jection to remove the accumulated lead.

Characterization of transport
To determine when the injected sample solution com-

pletely filled the donor channel, the time required for the
sample to travel from the injection valve to the membrane
cell was measured. A basic solution of phenolphthalein was
injected into a water carrier so that this transport time could
be evaluated visually.

Different compositions of receiver solution were investi-
gated. The acceptor stream was 3% HNO3 or 0.1 mol L–1

ammonium citrate. The amount of Pb transported to the re-
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ceiver was observed for each solution after various stop
times.

The contact time between the sample and the membrane
was an important experimental parameter. The time required
for lead to travel from the donor solution to the receiver was
determined through a series of stopped-flow experiments with
crown ether concentrations of 0.05 and 0.1 mol L–1 in deca-
nol and 0.05 mol L–1 in phenylhexane. The 1000 mg L–1 Pb
sample was injected into the 3% HNO3 carrier stream and
transported into the donor channel of the membrane cell.
The pump controlling the two streams was stopped for a
measured period of time (0, 5, 15, 30, 60, 120, and
1320 min) and then restarted. The absorbance due to lead in
the ammonium citrate receiver solution was monitored by
FAAS, and the height of the resulting lead peak was re-
corded.

The number of moles of lead transported across the SLM
was quantified by electrothermal atomization atomic absorp-
tion spectrometry (ETAAS). The 1000 mg L–1 Pb sample so-
lution was placed in contact with the SLM containing
0.1 mol L–1 DC18C6 in decanol for a stop time of 15 min.
At the end of the stop time, the receiver solution was
pumped into a 25 mL volumetric flask and approximately
2 mL were collected. The solution was made to volume with
2% HNO3. This sample was measured (n = 10) along with
standards of 0, 50, and 250 µg L–1 Pb in 2% HNO3. Each
standard was measured five times.

Mechanism of transport and calculations
A theory of transport of divalent cations through a crown-

ether-containing SLM has been developed (17, 20, 21). The
cation flux is strongly dependent on the equilibrium constant
(Kex) for the following reaction (20):

[1] MAm
aq + Lorg = MAmLorg

In this equation, M represents the metal cation, and A is a
counterion present in the stoichiometric quantity m. L repre-
sents ligand. The superscripts in the equation refer to the
aqueous (donor) and organic (membrane) phases. This reac-
tion is the pertinent one, rather than the expected Mm+ + nL =
Mm+Ln, because the transport of a cation by a neutral
macrocycle requires the simultaneous transport of an anion
to maintain electroneutrality. The transported moiety is
therefore equivalent to MAm, a neutral species. Additionally,
it is known that the rate-determining step in the mechanism
is the diffusion of the complex through the membrane. A
more accurate model would also account for the loss of
macrocycle from the membrane, since carrier leaching

would diminish the concentration of macrocycle available to
move the cation.

The cation flux, J, can be calculated from a single equa-
tion containing terms whose values can either be measured
or calculated readily (20):

[2] J
DK

l K
m

m

=
+

ex total
org aq

ex
aq

[L ][MA ]

(1 [MA ])

The variables are defined as follows: D is the diffusion
coefficient of the neutral solute species, MAmLorg, through
the membrane solvent; [Ltotal

org] is the total concentration of
crown ether in the organic solvent; [MAm

aq] is the concentra-
tion of neutral solute species in the source phase; and l is the
membrane diffusion path length. The value of D/l is gener-
ally calculated, because the l value is difficult to obtain
alone, owing to the need to include a term to account for
membrane porosity and tortuosity. These values are calcu-
lated for each solvent–membrane system, so the value for
Celgard 2400 with phenylhexane is used. The Kex value can
be measured experimentally, and the concentration of ligand
is known from the membrane solutions. The units of J are
mol s–1 m–2, incorporating time, area, and amount of sub-
stance.

This equation was used to predict the permeation behavior
of Pb through a Celgard 2400 membrane soaked with
DC18C6 in decanol or phenylhexane under stopped-flow
conditions. The time required for the Pb concentration to
change from 1000 to 1 mg L–1 in the donor solution was de-
sired. This corresponded to the removal of a specific quan-
tity of Pb matrix from a sample, which provided a value for
the number of moles transported. The area of the SLM in
contact with the donor in the flow injection experiments was
calculated from measurements of the channel dimensions.
These values, when combined with the calculated flux, al-
lowed for the calculation of the transport time. To a first ap-
proximation, it was assumed that the behavior of the system
with decanol was similar to that with phenylhexane, so the
equilibrium constants and other variables for phenylhexane
were used.

Before it is possible to calculate the flux of Pb across the
membrane, however, the concentration of the neutral species
available for transport must be obtained. The remaining vari-
ables in the flux equation are known: D/l for the Celgard
2400-phenylhexane system (3.19 × 10–4 L s–1 m–2) (20), Kex
for the complexation of Pb(NO3)2 with DC18C6 (398.11)
(20), and the concentration of DC18C6 in the membrane
soaking solution. The only unknown, then, is the concentra-
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tion of Pb(NO3)2 in the donor. This value depends on the
initial amount of Pb in the sample (1000 mg L–1) and the
concentration of HNO3 (volume fraction 0.02).

To calculate the amount of Pb in the sample present as
Pb(NO3)2, an iterative approach to the systematic treatment
of equilibrium was taken. Using the β (log stepwise forma-
tion constant) values (18) for the formation of PbNO3

+ and
Pb(NO3)2 (2.14 and 2.15, respectively) and the sample con-
centration of 1000 mg L–1 for the total amount of Pb, it was
possible to compute [Pb2+] from the mass balance equation
for lead. This value for [Pb2+] was used, along with the ap-
propriate β value and the concentration of unbound NO3

– in
solution, to obtain the concentration of Pb(NO3)2. The total
amount of nitrate anion bound up in all of the complexes
was calculated and subtracted from the initial value. This ad-
justed initial value was used as the starting condition for the
next iteration of the calculation, yielding a new [Pb(NO3)2]
and [unbound NO3

–]. This iterative process was performed
five times, at which point the calculated concentrations of
Pb(NO3)2 and NO3

– had each converged. The concentration
of the neutral species was substituted into the flux equation,
and the flux was calculated, yielding the quantity of Pb that
could be transported.

The flux equation only describes an instantaneous condi-
tion. Immediately after the transport of Pb begins, the total
concentration of Pb on the donor side decreases. This pro-
duces a new concentration for the neutral species and, hence,
a different value for the flux. To account for this, the flux
was assumed to be constant over a specific period of time,
after which the concentration of Pb remaining in the donor
solution was calculated and a new flux computed. The initial
Pb concentration in the sample was 1000 mg L–1 and the de-
sired final concentration was 1 mg L–1, which produced a
defined end for the process. Time increments of 600, 300,
60, 15, and 1 s were used.

In earlier work (4) we devised an FI-SPE procedure based
on Pb-Spec (0.75 mol L–1 di-tert-butyldicyclohexano-18-
crown-6 in decanol immobilized on Amberchrom CG-71
(19)), which successfully removed the lead from digested
bullet samples, allowing for accurate analyte determinations
by ICP-MS. Although the overall analysis time was rather
long for routine use, the rate of the lead removal was com-
patible with a flow rate of approximately 1 mL min–1. To
compare the performance of a column of Pb-Spec with that
of the SLM, Pb-Spec was considered to consist of a thin
coating of crown ether solution on the surfaces of imperme-
able spherical particles. Thus, each particle was imagined to
function as a miniature, single-sided liquid membrane.

Physical characteristics of the Pb-Spec resin were calcu-
lated from information provided by the manufacturer,
Eichrom, Inc. The resin bead size ranged from 100 to
150 µm, so for spherical beads the surface area ranged from
0.0314 to 0.0707 mm2 per bead. Visual inspection through a
transmission light microscope showed that the particles ap-
peared uniformly spherical. It was therefore concluded that
the surface area calculated on the basis of spherical resin
beads was sufficient for use in subsequent calculations.
From the dimensions of the resin bed (2.3 cm × 4 mm i.d.)
within the glass column, the volume of resin was 0.289 mL.
The resin has a free column volume of 0.65 mL per mL
resin bed (19), or 0.188 mL in this specific column. Thus the

volume occupied by the resin was 0.101 mL. By considering
the volume of spheres with diameters of 100 and 150 µm,
the total number of beads in a volume of 0.101 mL was
computed: 1.93 × 105 beads if they are all 100 µm and
5.71 × 104 if 150 µm. Factoring in the surface area of an in-
dividual bead, the total surface area in a column containing
105 mg of 100 µm beads is 0.00605 m2 and 0.00403 m2 for
a column of 150 µm beads.

As the flux is calculated per unit area, the effect of mem-
brane surface area is one of direct proportion. Different sur-
face areas were considered. The contact area of the flat sheet
membrane in the nylon cell, 8 × 10–5 m2, was included, as
well as the Pb-Spec column areas of 0.00403 and
0.00605 m2.

The effect of crown ether concentration on rate of trans-
port was examined. Values of 0.05 mol L–1 DC18C6 (SLM)
and 0.75 mol L–1 (Pb-Spec) were substituted into eq. [2].

Results and discussion

Experimental
The membrane polymeric support consisted of a sheet of

Celgard 2400 with approximate dimensions 4.5 cm ×
3.5 cm. This effectively covered the faces of the membrane
cell blocks. The white membrane, made from 25 µm thick
polypropylene, was hydrophobic and shed water as droplets.
After the membrane was soaked in an organic solvent, how-
ever, it was completely wetted and became transparent. Be-
cause the membrane was then placed in contact with
aqueous donor and receiver solutions, it was vital that the or-
ganic solvent be immiscible in water. A comparison (18) of
water solubilities of common membrane solvents (chloro-
form: 7950 mg L–1; toluene: 526 mg L–1; 1,2-
dichlorobenzene: 156 mg L–1; decanol (22): 3.70 mg L–1;
phenylhexane: 0.902 mg L–1) indicates that phenylhexane is
the solvent with the lowest water solubility, followed by
decanol.

The time required for the phenolphthalein slug to arrive at
the membrane cell and fill the donor channel was 12 s. The
dye experiment revealed that the 130 µL sample slug under-
went noticeable dispersion, allowing only a relatively small
portion of the sample volume to be in contact with the mem-
brane during the stop time.

The better receiver solution was 0.1 mol L–1 ammonium
citrate. This result, displayed in Fig. 2, was anticipated. The
transport of Pb through the membrane was expected to be
enhanced when the Pb was actively stripped from the mem-
brane. The acid receiver was more passive, allowing the Pb
to diffuse into it from the membrane. The ammonium citrate
solution, however, allowed for the formation of a strong lead
citrate complex, which provided an additional driving force
for the Pb transport.

Figure 3 shows the results for the stopped-flow experi-
ments using the two crown ether concentrations. The con-
centration of lead in the receiver solution increased with
time until a constant value was obtained, which indicated
that an equilibrium was reached. That is, the rates of trans-
port of lead across the membrane in each direction were then
equal. The results indicate that the membrane that contained
0.05 mol L–1 DC18C6 allowed more permeation of Pb than
the other membranes. These findings contradict the results
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expected on the basis of eq. [2], from which it would be ex-
pected that the presence of more carrier molecules in the
membrane would cause more Pb to be transferred. However,
the higher concentration of crown ether may decrease the
diffusion coefficient term in the numerator of eq. [2], which
could account for the slower-than-expected rate of transport.
Further investigation of this possibility was considered be-
yond the scope of the present study.

The Pb content of the 15 min stop flow point (0.1 mol L–1

DC18C6 membrane) was measured off-line by ETAAS. The

least-squares calibration equation produced by three stan-
dard solutions was y = 0.0016x – 0.0058, where y is the
absorbance and x the Pb concentration in µg L–1. The
correlation coefficient r was 0.9996. The concentration of
Pb in the sample was 89.4 µg L–1, corresponding to 1.1 ×
10–8 moles Pb in the 25 mL flask. This amount of Pb was
transported across the membrane in 15 min. Assuming a lin-
ear relation between absorbance and concentration, the
FAAS absorbances for each of the other stop times were cal-
culated from this point, as shown in Fig. 4. The 0.05 mol L–1
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Fig. 2. The effect of different receiver solutions on Pb transport.

Fig. 3. Results for stopped-flow experiments. Each point represents a single measurement.
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DC18C6 membrane absorbances were also calculated from
this value.

It is clear from Figs. 3 and 4 that the kinetics of transport
for the flat sheet SLM are too slow for the process to be im-
plemented in a flow injection mode. The transfer mechanism
relies on the diffusion of the Pb – crown ether complex
through the membrane, for which the concentration gradient
of Pb is a driving force. Thus, if the receiver solution is not
stagnant, this diffusion would continue, and eventually the
desired amount of lead could be transported across the mem-
brane. However, in this mode of operation, the transport pro-
cesses would not produce any preconcentration.

The Pb transport rate is also proportional to the membrane
area. As the dispersion of the sample slug allowed only a
small portion of the initial volume to be in contact with the
membrane during the stop time, the rate of transport was
less than would be obtained with either a larger surface area
or a smaller sample volume. Although, the additional disper-
sion incurred with a smaller sample volume would probably
offset this benefit, owing to the decreased concentration in
the donor phase.

Model calculations
The calculated number of moles of Pb remaining in the

donor solution is plotted as a function of the elapsed time in
Fig. 5. As the time increments decreased, the system was de-
scribed more accurately, since chemical processes are rapid.
Also, the new plots became more and more similar until they
converged. It was therefore assumed that further reducing
the increments would not substantially alter the predicted
transport time.

The line for the calculations using 5 s increments over-
lapped that for the 1 min increments so that they are indis-

tinguishable on the figure. Both lines showed a total trans-
port time of 105 min; the 5 s trace was subsequently omitted
from the plot for clarity.

In addition to calculating the number of moles of Pb re-
maining in the donor solution vs. elapsed time, the number
of moles appearing in the receiver could be derived. A com-
parison between the calculated transport and the experimen-
tal values for the two membranes containing 0.05 mol L–1

crown ether may be made from the plots in Fig. 6. One rea-
son for the low experimental rate compared with the calcu-
lated rate may be the leaching of macrocycle from the
membrane. Izatt et al. (20) calculated that for a similar
crown ether and phenylhexane in Celgard 2400, about 90%
of the macrocycle was lost. It should be noted, however, that
their calculations modeled transport under conditions in
which both the donor and acceptor solutions were constantly
stirred.

When the total surface area of the Pb-Spec resin was in-
serted into the flux equation, the time for the lead concentra-
tion to reach 1 mg L–1 was significantly diminished for a
membrane containing 0.05 mol L–1 ligand. For an area of
0.00605 m2 (100 µm resin), the transport time is 2.5 min for
10 s increments. The time is 4.1 min when the area is
0.00403 m2 (150 µm resin) for the same increments.

Increasing the ligand concentration in the SLM had a sig-
nificant effect on the transport time. With 0.75 mol L–1

ligand and the membrane area held at the experimental value
of 8 × 10–5 m2, the time was 6.7 min with 10 s increments of
constant flux. When the area of the 100 µm resin is com-
bined with the increased ligand concentration, the transfer
time calculated from 1 s increments is diminished to 8.7 s.
The value obtained for the 150 µm resin corresponds to
15.3 s.
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Fig. 4. The number of moles transported across the membrane at each stopped-flow time. The 15 min point for the 0.1 mol L–1

DC18C6 membrane was quantified by ETAAS, from which all other y-values are calculated.
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Fig. 5. Calculated number of moles remaining in the sample as a function of time for different time increments used in the flux calcu-
lations. Inset is an enlargement of the region where the calculated concentrations go below 1 mg L–1 Pb.

Fig. 6. Comparison of calculated and observed transport of Pb across the 0.05 mol L–1 DC18C6 membranes. Calculated results based
on 1 min increments.
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As can be seen from Figs. 3, 4, and 6, decanol is to be
preferred over phenylhexane as an SLM solvent, though the
reasons for this are not immediately obvious. Decanol has
higher viscosity and water solubility than phenylhexane,
though information regarding the diffusion coefficients of
DC18C6 in these solvents is not immediately available.
However, the results confirm that decanol is an appropriate
choice for the formulation of the Pb-Spec SPE material.

Conclusions

Separations by SLM systems are not feasible for on-line,
dynamic, flow injection applications. Although the advan-
tages of SLMs (i.e., the lack of back-pressure and sample
dispersion, as well as the single-step analysis procedure)
make these devices attractive for this type of analysis, both
experimental results and model calculations indicate that the
transport processes are too slow for typical FI systems. On
the other hand, the same chemistry conducted in thin films
coated on spherical beads is compatible with FI time scales.
It is concluded that this is due largely to the increased sur-
face area of the “membrane”. This raises the question, to
what extent could the SLM performance be improved by us-
ing a bundle of hollow fibers instead of a flat sheet? For ex-
ample, a bundle of 140 Celgard X-30 240 fibers (i.d.
240 µm, o.d. 300 µm) packed into a 5 cm column has a total
internal surface area of approximately 0.0045 m2. This value
is comparable to that obtained for the 100 µm Pb-Spec
beads, implying that such a bundle might have a feasible rate
of transport for use in a flow injection manifold.
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Syntheses, characterization, and X-ray crystal
structures of diorganotin(IV) derivatives of 2-
pyridinethiolato-N-oxide

Chunlin Ma, Junhong Zhang, and Rufen Zhang

Abstract: The diorganotin(IV) dichloride reacts with sodium 2-pyridinethiolato-N-oxide in a 1:1 ratio to produce
[Me2SnCl(2-SpyO)] (1), [Et2SnCl(2-SpyO)] (2), [Bu2SnCl(2-SpyO)] (3), [Ph2SnCl(2-SpyO)] (4), and [(PhCH2)2SnCl(2-
SpyO)] (5). The new complexes have been characterized by elemental analysis and IR and NMR (1H, 119Sn, and 13C)
spectroscopy. On the basis of 119Sn NMR data the effective coordination number in solution is five. The structures 1
and 4 have been confirmed by X-ray crystallography. Crystals of 1 are triclinic with space group P1 and those of 4 are
monoclinic, P21/n. The tin environment is a distorted trigonal bipyramid with the Cl and oxygen atoms in apical posi-
tions. Both complexes exhibit strong π–π stacking interactions.

Key words: diorganotin, π–π stacking interaction, 2-pyridinethiolato-N-oxide, crystal structure.

Résumé : Le dichlorure de diorganoétain(IV) réagit avec le 2-pyridinethiolato-N-oxyde de sodium dans un rapport de
1:1 pour donner: [Me2SnCl(2-SpyO)] (1), [Et2SnCl(2-SpyO)] (2), [Bu2SnCl(2-SpyO)] (3), [Ph2SnCl(2-SpyO)] (4) et
[(PHCH2)2SnCl(2-SpyO)] (5). On a caractérisé les nouveaux complexes par l’analyse élémentaire, par la spectroscopie
IR et RMN (1H, 119Sn, 13C). Les données de la RMN du 119Sn révèlent un indice effectif de coordination de 5 en solu-
tion. Les structures 1 et 4 ont été confirmées par cristallographie de rayons X. Les cristaux du composé 1 sont triclini-
ques et appartiennent au groupe d’espace P1 et ceux du composé 4 sont monocliniques et appartiennent au groupe
d’espace P21/n. L’environnement de l’atome d’étain est une bipyramide trigonale déformée avec les atomes de Cl et
d’oxygène en positions apicales. Les deux complexes exhibent de fortes interactions d’empilement π–π.

Mots clés : diorganoétain, interaction d’empilement π–π, 2-pyridinethiolato-N-oxyde, structure cristalline.

[Traduit par la Rédaction] Ma et al. 1075

Introduction

The synthesis and characterization of organotin(IV) com-
plexes have been a continuing subject of study in recent
years (1–6). Organotin(IV) compounds containing electro-
negative atoms, such as halogen atoms, show Lewis acid
character, and the tin atom increases its coordination number
from four to five, six, or seven upon addition of neutral, or-
ganic donor ligands (7, 8). There have been numerous stud-
ies on adduct formation by organotin(IV) halides with a
variety of O-, S-, and N-containing ligands (9–11). Owing to
widespread applications of organotin (IV) complexes, they
have played an important role in medicine, agriculture, and
industry. A variety of organotin(IV) complexes are now
known to show antitumor activity (12), and some others are
well established for use as fungicides, biocides, and pesti-
cides (13–15).

In the past few years, studies on organotin complexes with
2-pyridythiolato (2-Spy), essentially concerning diorganotin
derivatives of the type R2Sn(2-Spy)2 or R2SnCl(2-Spy), have
been reported (16–19). Evidence was obtained for tin
chelation by thiol sulfur and one heterocyclic nitrogen atom.
In our previous work, we have reported some novel macro-
cycle organotin complexes with sulfur, nitrogen, and oxygen
donor ligands (20–22). To continue our research in the field,
we herein describe the synthesis and characterization of five
diorganotin(IV) complexes R2SnCl(2-SpyO) (R = Mt, Et, N-
Bu, Ph, or PhCH2), along with the X-ray crystal structures of
Me2SnCl(2-SpyO) 1 and Ph2SnCl(2-SpyO) 4. The reaction
equation may be found in Scheme 1.

Experimental

Materials and measurements
Dimethyltin dichloride, diethyltin dichloride, N-dibutyltin

dichloride, diphenyltin dichloride, and sodium 2-
pyridinethiolato-N-oxide were purchased from Aldrich Com-
pany, and they were used without further purification.
Dibenzyltin dichloride was prepared by a standard method
reported in the literature (23). The melting points were ob-
tained with a Kofler micro melting point apparatus and were
uncorrected. Infrared spectra were recorded on a Nicolet-460
spectrophotometer using KBr discs and sodium chloride op-
tics. 1H, 13C, and 119Sn NMR spectra were recorded on a
Bruker AMX-300 spectrometer operating at 300, 75.3, and
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111.9 MHz, respectively. The spectra were acquired at room
temperature (298 K) unless otherwise specified; 13C spectra
are broadband proton decoupled. The chemical shifts were
reported in ppm with respect to the references and were
stated relative to external tetramethylsilane (TMS) for 1H and
13C NMR and to neat tetramethyltin for 119Sn NMR. Ele-
mental analyses were performed with a PE-2400II apparatus.

Syntheses

[Me2SnCl(2-SpyO)] 1
The reaction was carried out under nitrogen atmosphere.

The sodium 2-pyridinethiolato-N-oxide (0.149 g, 1.0 mmol)
was added to a solution of benzene (20 mL) in a Schlenk
flask and stirred; then dimethyltin dichloride (0.219 g,
1.0 mmol) was added to the reactor. The reaction mixture
was stirred for 12 h at 40 °C and then was filtrated. The fil-
trate was gradually removed by evaporation under vacuum
until a solid product was obtained. The solid was then
recrystallized from dichloromethane–hexane. Colorless crys-
tals were formed. Complex 1: Yield 88%. mp 108–110 °C.
IR (KBr, cm–1): 1596 (C = N), 1460 (C-N), 1207 (N-O), 750
(C-S), 350 (Sn-O), 305, 270 υas, υs(Sn-C), 301 (Sn-S), 238
(Sn-Cl). 1H NMR (CDCl3) δ: 1.02 (s, 6H,Sn-CH3,

2JSnH =
78.1 Hz), 7.35 (1H, 3-CH), 7.65 (1H, 4-CH), 7.05 (1H, 5-
CH), 8.15 (1H, 6-CH). 13C NMR (ppm) δ: 7.2 (s, Sn-CH3,
1JSnC = 578Hz); δ (C5H4NS): 118.8, 128.6, 129.1, 137.1,
157.2. 119Sn NMR (CDCl3) (ppm): –52.6. Anal. calcd. for
C7H10NClOSSn (%): C 27.09, H 3.25, N 4.51, S 10.33;
found: C 27.00, H 3.23, N 4.48, S 10.29.

[Et2SnCl(2-SpyO)] 2
Complex 2 was prepared similarly to 1 by using sodium

2-pyridinethiolato-N-oxide (1.0 mmol), benzene (25 mL),
and Et2SnCl2 (1.0 mmol). It was recrystallized from ether–
hexane. Yield 76%. mp 118–120 °C. IR (KBr, cm–1): 1594
(C = N), 1462 (C-N), 1209 (N-O), 743 (C-S), 356 (Sn-O),
315, 280 υas, υs(Sn-C), 308 (Sn-S), 235 (Sn-Cl). 1H NMR
(CDCl3, 293 K) δ: 1.37 (t, 6H, -CH3), 1.62 (q, 4H, -CH2,
2JSnH = 76.5 Hz), 7.34 (1H, 3-CH), 7.48 (1H, 4-CH), 6.96
(1H, 5-CH), 8.19 (1H, 6-CH). 13C NMR (ppm) δ: 10.3, 18.7
(1JSnC = 548 Hz); δ (C5H4NS): 119.6, 128.3, 129.7, 138.3,
156.5. 119Sn NMR (CDCl3) (ppm): –69.2. Anal. calcd. for
C9H14NClOSSn (%): C 32.14, H 4.19, N 4.17, S 9.53;
found: C 32.08, H 4.12, N 4.13, S 9.56.

[Bu2SnCl(2-SpyO)] 3
Complex 3 was prepared similarly to 1 by using sodium

2-pyridinethiolato-N-oxide (1.0 mmol), benzene (30 mL),
and Bu2SnCl2 (1.0 mmol). It was recrystallized from di-

chloromethane–hexane. Yield 79%. mp 123–125 °C. IR
(KBr, cm–1): 1604 (C = N), 1467 (C-N), 1215 (N-O), 746
(C-S), 366 (Sn-O), 323, 282 υas υs(Sn-C), 306 (Sn-S), 237
(Sn-Cl). 1H NMR (CDCl3) δ: 0.88 (t, 6H, -CH3), 1.28–1.70
(mbr, 12H, -CH2), 7.30 (1H, 3-CH), 7.43 (1H, 4-CH), 6.93
(1H, 5-CH), 8.12 (1H, 6-CH). 13C NMR (ppm) δ: 13.81,
26.02, 27.0, 28.6 (nBu, 1JSnC = 494 Hz, 2JSnC = 36.6 Hz,
3JSnC = 101.7 Hz); δ (C5H4NS): 118.3, 129.5, 129.9, 138.8,
156.7. 119Sn NMR (CDCl3) (ppm): –78.6.. Anal. calcd. for
C13H22NClOSSn (%): C 39.79, H 5.07, N 3.57, S 8.15;
found: C 39.73, H 5.11, N 3.51, S 8.11.

[Ph2SnCl(2-SpyO)] 4
Complex 4 was prepared similarly to 1 by using sodium

2-pyridinethiolato-N-oxide (1.0 mmol), benzene (30 mL),
and Ph2SnCl2 (1.0 mmol). The solid was then recrystallized
from ether–dichloromethane. Colorless crystals were
formed. Complex 4: Yield 80%. mp 154–156 °C. IR
(KBr, cm–1): 1606 (C = N), 1470 (C-N), 1215 (N-O), 745
(C-S), 368 (Sn-O), 328, 289 υas, υs(Sn-C), 310 (Sn-S), 245
(Sn-Cl). 1H NMR (CDCl3) δ: 7.17–7.65 (mbr, 10H, ph-H,
3JSnH = 89 Hz), 7.35–7.40 (m, 1H, 3-CH), 7.37–7.41 (m, 1H,
4-CH), 6.80 (1H, 5-CH), 8.11 (1H, 6-CH). 13C NMR (ppm)
δ: (C6H5) 124.7 (3JSnC = 50 Hz, m-C), 129.6 (4JSnC = 12 Hz,
p-C), 136.9 (2JSnC = 36 Hz, p-C), 146.5 (1JSnC = 597 Hz, i-
C); δ (C5H4NS): 119.7, 128.1, 128.5, 137.0, 154.1. 119Sn
NMR (CDCl3) (ppm): –177.6. Anal. calcd. for
C17H14NClOSSn (%): C 47.00, H 4.11, N 3.22, S 7.36;
found: C 46.96, H 4.08, N 3.27, S 7.39.

[(PhCH2)2SnCl(2-SpyO)] 5
Complex 5 was prepared similarly to 1 using sodium 2-

pyridinethiolato-N-oxide (1.0 mmol), benzene (30 mL), and
(PhCH2)2SnCl2 (1.0 mmol). It was recrystallized from di-
chloromethane–hexane. Yield 85%. mp 168–170 °C. IR
(KBr, cm–1): 1608 (C = N), 1467 (C-N), 1215 (N-O), 747
(C-S), 370 (Sn-O), 325, 281 υas, υs(Sn-C), 309 (Sn-S), 250
(Sn-Cl). 1H NMR (CDCl3) δ: 7.26–7.65 (mbr, 10H, -Ph),
3.26 (4H, CH2-Ph), 7.35 (d, 1H, 3-CH), 7.40 (1H, 4-CH),
6.89 (1H, 5-CH), 8.09 (1H, 6-CH). 13C NMR (CDCl3) (ppm)
δ: 38.5 (CH2-Ph, 1JSnC = 546 Hz), 125.4 (4JSnC = 30 Hz, m-
C), 127.0 (5JSnC = 26 Hz, p-C), 130.5 (3JSnC = 44 Hz, o-C),
139.0 (2JSnC = 36 Hz, i-C); δ (C5H4NS): 119.9, 128.5, 136.6,
141.5, 153.8. 119Sn NMR (CDCl3) (ppm): –178.9. Anal.
calcd. for C19H18NClOSSn (%): C 49.34, H 3.89, N 3.03, S
6.92; found: C 49.29, H 3.83, N 3.07, S 6.88.

X-ray structure determination
X-ray crystallographic studies of complexes 1 and 4 were

done using a Bruker Smart 1000 diffractometer fitted with
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Scheme 1.
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graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).3

The ω/2θ scan technique was employed. Corrections were
applied for Lorentz and polarization effects but not for ab-
sorption, satisfying I ≥ 2σ(I). Criterion of observability was
used for the solution and refinement. The structures were
solved using direct methods and refined by a full-matrix
least-squares procedure based on F2 using the SHELXL-97
program system. All non-H atoms were included in the
model at their calculated positions.

In vitro antitumour activity tests of complexes 1, 2, 3,
4, and 5

The in vitro antitumour activity tests of complexes 1–5
against the cell lines were performed according to the PIT
method described previously (24).

Results and discussion

IR data
In the IR spectra of 1–5 we have assigned some bonds in

the range 350–370 cm–1 to Sn-O, which in our series seems
to be little influenced by the type of halogen that is bonded
to tin. In the far IR region complexes 1–5 show a strong
absorption in the 301–310 cm–1 range, due to the Sn-S
stretching mode of vibration. The Sn-C and Sn-Cl stretching
vibrations agree well with the trends previously observed in
similar complexes containing N-donor chelating ligands (9).
In the spectra of alkyl derivatives 1, 2, and 3, the Sn-Cl
stretching bands are observed between 235 and 238 cm–1,
while in 4 and 5 these bonds fall in the region 245–250 cm–

1, being shifted to lower frequencies with respect to those re-
ported for corresponding Ph2SnCl(Ma) (25).

NMR data
The chemical shift values of the ligand protons in com-

plexes 1–5 are in the region 6.80–8.19 ppm. The 2J(119Sn-
1H) of dimethyltin derivative 1 has a value of 78.1 Hz, typi-
cal of five-coordinated tin species. On the basis of Lockarts’
equation (26), the Me-Sn-Me angle is estimated to be ap-
proximately 128°, which agrees with that found in the crys-
tal structure. Moreover, the 1H NMR spectra of complex 4
shows two multiplets attributable to the H(2,6) and H(3,4,5)
of the phenyl protons. The resonance of H(2,6) has tin satel-
lites with 3JSnH (89 Hz) greater than in uncomplexed
Ph2SnCl2 (81.3 Hz) (27). The increase in the coupling con-
stant indicates the higher coordination number of tin.

The 119Sn NMR chemical shifts of 1–5 are in accordance
with those of five-coordinate diorganotin(IV) halide com-
plexes involving halide or phosphine ligands (28), as well as
chelating S-donor and O-donor complexes (29, 30). Five-
coordinate ClPh2SnXY compounds (X and Y =
electronegative groups) in solution have 119Sn NMR values
in the region –140 to –180 ppm, depending on the groups
present (31, 32). The 119Sn value for 4 at –177.6 ppm in so-
lution suggests that the Sn-O interaction probably survives
in solution and that a five-coordinate species is maintained.

The 13C NMR spectra show a significant downfield shift
of all carbon resonances. The shift is a consequence of an
electron density transfer from the ligand to the acceptor. The
nJ(119Sn-13C) coupling constants were detected in the case of
sufficiently soluble derivatives. In complexes 1–5, the order
of magnitude of the coupling constants is the same as those
previously reported for analogous five-coordinate derivatives
(33, 34). By using the simple linear relationship between
1JSnC and the C-Sn-C bond angles derived by Lockart and
Manders (26) and Howard et al. (27) for the dimethyltin spe-
cies, a value has been found for complex 1 in the range 126–
132°, which agrees well with the angles of 125° and 129°
found in the crystal structure.

Biologic activity measurement
The in vitro activities of all complexes 1–5, expressed as

ID50 values against two human tumour cells, MCF-7 and
WiDr, are given in Table 1. They are compared with the ID50
values obtained for some reference compounds (12). All the
activities are rather poor. Complex 3 exhibited the highest
activity, slightly better than cis-platin (CPT) and comparable
or slightly better than etoposide (ETO) against MCF-7 but
less than 5-fluorouracil (5FU) against MCF-7 and WiDr
(12).

Molecular structures
The crystal data and refinement details of complexes 1

and 4 are given in Table 2. Selected bond distances and an-
gles are shown in Tables 3 and 4. The crystal structures and
unit cell packing figures are shown in Figs. 1–4, respec-
tively.

For complex 1, the molecular structure and the atom num-
bering scheme is shown in Fig. 1. The asymmetric unit cell
contains two crystallographically independent molecules A
and B. Conformations of the two independent molecules are
almost the same, with only little differences in bond lengths
and bond angles (see Table 3). The coordination geometry
about Sn(IV) is a distorted trigonal bipyramid in which the
two methyl groups and a sulfur atom form the equatorial
plane, while the halogen and the ligand oxygen occupy the
apical positions. In this way the ligand behaves as a
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Complexes MCF-7 WiDr

1 276 894
2 288 1185
3 96 295
4 295 1143
5 292 1182
CPT 699 967
ETO 2594 150
5FU 18 <3

Table 1. ID50 values in ng mL–1 against two
human tumour cells, MCF-7 and WiDr, of the
complexes and reference compounds.

3 Supplementary crystallographic data (excluding structure factors) for the structure analysis of complexes 1 and 4 may be purchased from the
Depository of Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Ottawa, ON K1A 0S2, Canada
(http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC 207124 and 192505 contain the supplemen-
tary data for this paper. These data can be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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bidentate species and chelates the tin atom by means of the
oxygen and the thiolato sulfur. The consequence is forma-
tion of a five-membered ring with an S-Sn-O bite angle
(76.85(16)° for Sn(1), 78.01(15)° for Sn(2)), which is a little

bigger than those found in [Me2Sn(2-SpyO)2] (72.0(1)° and
73.5(1)°) (33, 35). The Sn—C distances (2.075(8)–2.120(8) Å)
and the Sn—S distances (2.459(4) and 2.449(4) Å) are simi-
lar to those found in [Me2SnCl(TNEE)] (2.110(6) and
2.473(2) Å, respectively) (36), but shorter than those found
in other trialkyltin(chelate) systems (37). The Sn—O dis-
tances (Sn(1)—O(1) = 2.223(6) Å and Sn(2)—O(2) =
2.212(6) Å) are well within the range observed for pyridine-
N-oxide adducts of organotins (38). The S—C bond dis-
tances (1.717(8) and 1.727(9) Å) are shorter than those
found in [R2Sn(Spy)2] (1.751(7) Å) (19) and are consistent
with single-bond character. These values suggest that the
ability of HSpy to transform its thione to the thiol is higher
when compared with HSpyO. The Sn—Cl bond length
(Sn(1)—Cl(1), 2.465(4) Å and Sn(2)—Cl(2), 2.467(4) Å),

© 2003 NRC Canada
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Complexes 1 4

Chemical formula C7H10NClOSSn C17H14NClOSSn

Formula weight 310.36 434.49
Temperature (K) 298(2) 298(2)
Crystal system Triclinic Monoclinic
Space group P1 P21/n
a (Å) 9.281(13) 8.667(3)
b (Å) 9.462(13) 15.541(5)
c (Å) 13.512(18) 13.025(4)
α (°) 75.15(2) 90
β (°) 84.88(2) 103.162(4)
γ (°) 76.198(19) 90
V (Å3) 1108(3) 1708.4(9)
Dc (g cm–3) 1.860 1.689

Z 4 4
F(000) 600 856
Crystal size (mm) 0.43 × 0.15 × 0.20 0.40 × 0.30 × 0.10
Crystal colour Colourless Colourless
θ range (°) 1.57–26.37 2.07–23.31
Absorption (mm–1) 2.692 1.774
Reflections (collected/unique) 5223/4115 7314/2464

[Rint = 0.027] [Rint = 0.0299]

Goodness-of-fit on F2 0.896 1.008
R indices (all data) R1 = 0.0877, wR2 = 0.1167 R1 = 0.0408, wR2 = 0.0525

Largest diff. peak and hole (e Å–3) 0.746 and –0.682 0.636 and –0.317

Table 2. Crystal data and refinement details for complexes 1 and 4.

Molecule A Molecule B

Bond distances (Å)
Sn(2)—C(8) 2.075(8) Sn(1)—C(2) 2.084(8)
Sn(2)—C(9) 2.091(8) Sn(1)—C(1) 2.120(8)
Sn(2)—Cl(2) 2.467(4) Sn(1)—Cl(1) 2.465(4)
Sn(2)—S(2) 2.449(4) Sn(1)—S(2) 2.459(4)
Sn(2)—O(2) 2.212(6) Sn(1)—O(1) 2.223(6)
O(2)—N(2) 1.328(8) O(1)—N(1) 1.334(8)
C(10)—N(2) 1.338(9) C(7)—N(1) 1.342(9)
C(14)—N(2) 1.349(10) C(3)—N(1) 1.351(9)
S(2)—C(10) 1.727(9) S(1)—C(3) 1.717(8)

Bond angles (°)
O(2)-Sn(2)-Cl(2) 162.21(17) Cl(1)-Sn(1)-O(1) 160.41(16)
C(8)-Sn(2)-C(9) 125.9(4) C(2)-Sn(1)-C(1) 129.1(4)
C(8)-Sn(2)-O(2) 92.1(3) O(1)- Sn(1)-C(2) 90.6(3)
C(9)-Sn(2)-O(2) 89.2(3) O(1)-Sn(1)-C(1) 92.3(3)
C(8)-Sn(2)-S(2) 112.3(3) S(1)-Sn(1)- C(2) 117.9(3)
C(9)-Sn(2)-S(2) 120.8(3) S(1)- Sn(1)-C(1) 112.2(3)
O(2)-Sn(2)-S(2) 78.01(15) S(1)-Sn(1)-O(1) 76.85(16)
C(8)-Sn(2)-Cl(2) 98.4(3) Cl(1)-Sn(1)-C(2) 96.6(3)
C(9)-Sn(2)-Cl(2) 96.2(3) Cl(1)-Sn(1)-C(1) 97.1(3)
Cl(2)-Sn(2)-S(2) 84.71(10) Cl(1)-Sn(1)-S(1) 83.69(8)

Table 3. Selected bond distances (Å) and angles (°) for
[Me2SnCl(2-SpyO)] (1).

Bond distances (Å)
Sn(1)—C(12) 2.123(4) Sn(1)—O(1) 2.188(3)
Sn(1)—C(6) 2.132(4) N(1)—O(1) 1.331(4)
Sn(1)—Cl(1) 2.4710(11) N(1)—C(1) 1.359(5)
Sn(1)— S(1) 2.4402(14) S(1)—C(1) 1.722(4)

Bond angles (°)
O(1)-Sn(1)-Cl(1) 165.75(8) C(12)-Sn(1)-C(6) 126.65(14)
O(1)-Sn(1)-C(12) 90.74(13) C(12)-Sn(2)-Cl(1) 95.61(11)
O(1)-Sn(1)-C(6) 92.12(13) C(6)-Sn(1)-Cl(1) 94.27(10)
S(1)-Sn(1)-C(12) 119.76(11) O(1)-Sn(2)-S(1) 78.57(8)
S(1)- Sn(1)-C(6) 112.98(11) S(1)-Sn(1)-Cl (1) 87.21(4)

Table 4. Selected bond distances (Å) and angles (°) for
[Ph2SnCl(2-SpyO)] (4).
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lies in the range of the normal covalent radii, 2.37–2.60 Å
(39). In molecule B, as seen in Fig. 2, the closest
intermolecular Sn(1)···Cl(1)# distance is 3.974 Å, which is
just comparable to the sum of the van der Waals radii of Sn
and Cl (4.0 Å) (40). It is apparent that the presence or ab-
sence of the additional intermolecular Sn···Cl interaction has
only a small effect on the molecular geometry of the
R2SnCl(2-SpyO) complexes.

For complex 4, which is similar to complex 1, the geome-
try at Sn is also a distorted cis-trigonal bipyramidal with Cl
and O atoms in axial sites (Cl(1)-Sn(1)-O(1) 165.75(8)°) and
one S and two phenyl C atoms occupying the equatorial
plane (C(12)-Sn(1)-C(6) 126.65(14)°, C(12)-Sn(1)-S(1)

119.76(11)°, C(6)-Sn(1)-S(1) 112.98(13)°). The Sn—S bond
length (Sn(1)—S(2), 2.4402(14) Å) lies in the range of that
reported for triphenyltin heteroarenethiolates (2.41 to 2.48 Å)
(41) and is shorter than that of Ph2SnCl(MBT) (2.485(22) Å)
(24). Finally, the Sn—C bond lengths are approximately
equal (2.123(4) and 2.132(4) Å) and similar to the average
value, 2.13 Å (41).

Both of the crystal structures of complexes 1 and 4 show
ring-stacking interactions; each SpyO group is arranged
face-to-face at a distance of 3.588 Å for molecule A and
3.625 Å for molecule B in complex 1, and 3.557 Å in com-
plex 4, which shows significant π–π stacking interactions
(42, 43).
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Fig. 2. Crystal packing of complex 1.

Fig. 1. Molecular structure of complex 1. Fig. 3. Molecular structure of complex 4.

Fig. 4. Crystal packing of complex 4.
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Synthesis, characterization, and optical properties
of a novel azo-dye bearing an oligo(ethylene
glycol) methyl ether side chain in solution and in
the solid state

Ernesto Rivera, Michel Belletête, Almeria Natansohn, and Gilles Durocher

Abstract: A novel azobenzene compound bearing a short poly(ethylene glycol) methyl ether side chain, N-methyl-N-
{4-[(E)-(4-nitrophenyl)diazenyl]phenyl}-N-(3,6,9,12,15,18,21,24-octaoxapentacos-1-yl)amine (RED-PEGM-8) was syn-
thesized and characterized. RED-PEGM-8 exhibits a thermal behavior similar to that of Disperse Red-1; however, its
thermal stability, as well as its Tg and Tm values, are lower because of the presence of the PEGM segment. The optical
properties of this compound in solution and in the solid state were studied by UV–vis spectroscopy. The appearance of
a blue-shifted band in aqueous solutions at high concentrations of the chromophore reveals the existence of H-type ag-
gregates, resulting from π–π intermolecular interactions between the azobenzene units. Strong intermolecular interac-
tions were also confirmed by 1H NMR measurements. Optical properties of RED-PEGM-8 in the solid state (thin film)
also suggest the presence of H aggregates. However, a tail is also detected in the red region of the absorption spec-
trum, which could be because of the formation of J-type aggregates in the thin film.

Key words: aggregation, azo-dye, poly(ethylene glycol) methyl ether.

Résumé : Un nouveau dérivé de type azobenzene, ayant une courte chaîne poly(éthylène)glycol méthyl éther, soit le N-
méthyl-N-{4-[(E)-(4-nitrophényl)diazényl]phényl}-N-(3,6,9,12,15,18,21,24-octaoxapentacos-1-yl)amine (RED-PEGM-8),
a été synthétisé et caractérisé. RED-PEGM-8 montre un comportement thermique similaire à celui du Disperse Red-1.
Cependant, sa stabilité thermique de même que les valeurs de Tg et Tm sont inférieures à celles du Disperse Red-1 à
cause de la présence du segment PEGM. Les propriétés optiques de ce composé en solution et à l’état solide (film
mince) ont été étudiées à l’aide de la spectroscopie UV–visible. En solution aqueuse, à hautes concentrations, ce com-
posé montre l’apparition d’une bande d’absorption dans la région bleue du spectre. Ces résultats révèlent la présence
d’aggrégats de type H provenant d’interactions intermoléculaires π–π entre unités azobenzène. L’étude des spectres
RMN protoniques a confirmé la présence d’interactions intermoleculaieres fortes. Finalement, les propriétés optiques du
RED-PEGM-8 à l’état solide (film mince) suggèrent également la présence d’aggrégats de type-H. Cependant, le
spectre d’absorption du film mince montre aussi l’apparition d’une queue aux grandes longueur d’onde, qui pourrait
être due à la formation d’aggrégats de type J dans le film.

Mots clés : aggrégation, colorant azo, poly(éthylène)glycol méthyl éther.

Rivera et al. 1082

Introduction

Poly(ethylene glycol) (PEG) has been widely studied be-
cause of its interesting and useful properties, such as
solvent-selective combination, owing to its water solubility.
These properties make it attractive for the synthesis of new
amphiphilic compounds (1a). PEG has been widely used for
the preparation of nonionic surfactants, which can act as

demulsifiers, dispersing agents, and emulsion stabilizers. For
instance, polyhydroxystearic acid – PEG copolymers are
used in emulsion polymerization, and PEG-alkyd resins are
used for producing water-emulsifiable gloss paints and in-
dustrial degreaser concentrates (1b). Besides, PEG has been
often used in the synthesis of ionic conducting materials (2)
because of its ability to complex cations and forms charge-
transfer complexes (CT) (3). In a recent study, an end-
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capped sample, oligo(ethylene glycol) methyl ether 3,5-
dinitrobenzoate (DNB), has been synthesized, and the for-
mation of an intramolecular CT in a water solution has been
reported, resulting from the coiling of the highly hydrophilic
oligo(ethylene glycol) methyl ether (PEGM) chain around
the hydrophobic DNB unit (4).

On the other hand, azobenzenes are very versatile
chromophores for incorporation in novel materials, owing to
the trans–cis photoisomerization of the azobenzene groups.
For instance, photoinduced motions at different levels occur
when azopolymers are irradiated with laser polarized light
(5). Several reviews covering most of the implications of
azobenzene photoisomerization in polymer structures have
been published (6–10). In the last few years, Natansohn and
co-workers have synthesized and characterized various poly-
mers bearing amino-nitro substituted azobenzene units (11–
13). In general, they exhibit absorption wavelength maxima
close to those observed for similar push–pull azo compounds
(14). Some azopolymers have also been studied in
Langmuir–Blodgett films (15–17). In these materials, both J-
and H-type aggregation have been observed.

Since azopolymers are highly versatile materials and PEG
provides water solubility and other interesting properties, we
have decided to link a PEGM oligomer chain to donor–
acceptor azobenzene chromophores, thus forming new
amphiphilic dyes. We believe that these azo-dyes can
provide valuable information about optical properties of self-
assemblies, Langmuir–Blodgett films, and mono and multi-
layer systems. In this paper, we report on the synthesis, char-
acterization, and optical properties of N-methyl-N-{4-[(E)-
(4-nitrophenyl)diazenyl]phenyl}-N-(3,6,9,12,15,18,21,24-octa-
oxapentacos-1-yl)amine (RED-PEGM-8) in organic and
aqueous solutions, as well as in the solid state (casted film).
The appearance of new absorption bands in the blue region
were found in aqueous solutions and in the solid state and
were interpreted in terms of aggregate formation.

Experimental section

All the solvents and reagents employed in the synthesis
were purchased from Aldrich and used as received. N-
methylaniline was freshly distilled under reduced pressure
prior to use. Materials were dissolved in spectral quality sol-
vents, purchased from Aldrich, for UV–vis spectroscopy.
The 1H and 13C NMR spectra of the compounds were
recorded in solution on a Bruker ARX-400 spectrometer.
Thermal properties of the compounds such as stability, glass
transition temperature (Tg), and melting point (Tm) were de-
termined by thermogravimetric analysis (TGA) from 20 to
800 °C and differential scanning calorimetry (DSC) from
–150 to 300 °C. Absorption spectra of RED-PEGM-8 were
recorded on a Varian Cary 1 Bio UV–vis (model 8452A)
spectrophotometer using 1 cm quartz cells.

Synthesis of RED-PEGM-8

PEGM-Ts (1)
To an ice–salt cooled mixture of poly(ethylene glycol)

methyl ether (PEGM), bearing an Mw of 350 (52.5 g,
150 mmol) in 170 mL of pyridine, tosyl chloride (29.6 g,
155 mmol) was added. The mixture was vigorously stirred

until tosyl chloride was completely solubilized. The mixture
was put in the refrigerator overnight, then poured into
500 mL of HCl 50%, and extracted with chloroform. The
combined organic extracts were washed with a saturated so-
lution of Na2CO3 and then with water. The organic phase
was dried with Na2SO4 and concentrated under vacuum.
PEGM-Ts was obtained as a transparent liquid (72.8 g,
135 mmol). Yield 90%.

PEGM-I (2)
To a solution of 1 (43.8 g, 81.2 mmol) in 98 mL of ace-

tone, NaI (26 g, 173 mmol) was added and heated to reflux
for 24 h. The solution was filtered to remove the TsONa
generated during the reaction and the filtrates concentrated
under reduced pressure. PEGM-I crude product (37.9 g,
79.6 mmol) was obtained as a yellowish, viscous oil and
used immediately in the next step. Yield 85%.

N-PEGM-N-methylaniline (3)
To a solution of N-methylaniline (8.5 g, 79.5 mmol) and

Na2CO3 (8.6 g, 81 mmol) in DMF (120 mL), 2 (37.9 g,
79.6 mmol) dissolved in 20 mL of DMF was added, and the
mixture was heated with vigorous stirring at 70 °C for 24 h.
The reaction mixture was poured into water and extracted
with chloroform. The organic phase was dried with Na2SO4
and concentrated under vacuum. The crude product was pu-
rified by flash column chromatography, first eluting with
ethyl acetate 100% to remove the remaining starting material
and then with a mixture of CHCl3–MeOH, 10:1. N-PEGM-
N-methylaniline 3 (see Scheme 1) was obtained as an orange
liquid (20.9 g, 47.7 mmol). Yield 60%. IR (film) (cm–1):
3092 (s, aromatic C-H), 2873 (s, CH2 and CH3), 1600, 1507,
1451 (s, aromatic ring C=C), 1350 (s, C-N), 1111 (s, O-
CH2), 750, 694 (out of plane, aromatic =C-H). 1H NMR
(CDCl3, 300 MHz) (ppm) δ: 7.17 (t, 2H, H2), 6.67 (m, 3H,
H1 and H3), 3.61–3.33 (m, 28.6H, all -CH2-), 3.34 (s, 3H,
-OCH3), 2.93 (s, 3H, CH3-N). 13C NMR (CDCl3, 75MHz)
(ppm) δ: 149.81 (Ca), 129.76 (2C, Cc), 116.82 (1C, Cd),
112.71 (2C, Cb), 72.56, 71.32, 71.27, 71.21, 71.13, 69.18
(15C, all O-CH2), 59.62 (1C, O-CH3), 52.96 (1C, N-CH2-),
39.52 (1C, CH3-N).

RED-PEGM (4)
To a suspension of p-nitrobenzenediazonium tetrafluoro-

borate (0.85 g, 3.58 mmol) in acetic acid 50% (13 mL), a so-
lution of 3 (1.5 g, 3.41 mmol) in acetic acid 50% (2.5 mL)
was added slowly, dropwise, keeping the temperature around
0 °C. After the addition was completed, the reaction mixture
was stirred vigorously for 1 h at this temperature and then at
room temperature for 4 h. Further, it was neutralized with a
saturated solution of Na2CO3 and extracted with chloroform.
The chloroform extracts were combined and the organic
phase was washed with water, dried with Na2SO4, and con-
centrated under reduced pressure. The crude product RED-
PEGM was obtained as a dark red viscous liquid (1.74 g,
2.88 mmol). Yield 80%.

Since the crude product is a mixture of compounds with a
variety of oligo(ethylene glycol) methyl ether chains with
different values of n, all these compounds were separated by
column chromatography in silica gel using a mixture of
hexane–acetone, 1:1, as eluant. RED-PEGM with n = 8 or

© 2003 NRC Canada

Rivera et al. 1077

I:\cjc\cjc8110\V03-136.vp
September 19, 2003 9:55:38 AM

Color profile: Disabled
Composite  Default screen



N-methyl-N-{4-[(E)-(4-nitrophenyl)diazenyl]phenyl}-N-(3,6,9,
12,15,18,21,24-octaoxapentacos-1-yl)amine (named here
RED-PEGM-8) was isolated and further purified by flash
column chromatography in silica gel, using a mixture of
hexane–acetone, 1:4, as eluant.

For RED-PEGM-8 (see Scheme 2): IR (KBr) (cm–1): 3102
(s, aromatic C-H), 2923 (s, CH2 and CH3), 1606, 1509 (s,
NO2), 1465 (s, aromatic C=C), 1430 (s, N=N), 1383, 1341,
1115 (s, O-CH2), 958, 827 (out of plane, aromatic C=C-H).
1H NMR (CDCl3, 300 MHz) (ppm) δ: 8.34 (d, J = 8.7 Hz,
2H, H4), 7.95 (d, J = 6.9 Hz, 2H, H3), 7.94 (d, 2H, J =
3.6 Hz, H2), 6.81 (d, 2H, J = 9.3 Hz, H1), 3.73–3.55 (m,
32H, all CH2), 3.39 (s, 3H, OCH3) and 3.17 (s, 3H, CH3-N).
13C NMR (CDCl3, 75 MHz) (ppm) δ: 157.40 (1C, Ce),
153.22 (1C, Ca), 147.92 (1C, Ch), 144.34 (1C, Cd), 126.77
(2C, Cc), 125.28 (2C, Cg), 123.22 (2C, Cf), 112.14 (2C, Cb),
72.56, 71.47, 71.28, 71.13, 69.18 (all OCH2), 59.65 (1C,
OCH3), 52.84 (1C, N-CH2), 40.02 (1C, CH3-N). Elemental
analysis (C30H46N4O10)n (622)n calcd.: C 57.86, H 7.44, N
8.99; found: C 57.84, H 7.41, N 9.00.

Results and discussion

Synthesis of RED-PEGM-8
RED-PEGM was prepared from N-methylaniline accord-

ing to the synthetic sequence shown in Fig. 1. Poly(ethylene
glycol) methyl ether (with Mw ≅ 350 g mol–1 and n values
from 2 to 11) was reacted in the presence of tosyl chloride
and pyridine to give the corresponding tosylate PEGM-Ts
(1). This compound was treated with NaI to give the
alkylating agent PEGM-I (2) with an overall yield of 76%.
Compound 2 was further reacted with N-methylaniline in the
presence of Na2CO3 to give the N-PEGM-N-methylaniline
(3) with 60% yield. A comparison between the 1H NMR
spectrum of the PEGM used as the starting material and that
of 3 showed that both compounds possessed the same aver-
age number of methylenes. Finally, 3 was coupled, accord-
ing to a procedure described in the literature (18), with p-
nitrobenzenediazonium tetrafluoroborate at 0 °C, using ace-
tic acid 50% as solvent, to give RED-PEGM (4) with 90%
yield. Compound 4 contains a distribution of products each
having a different number of methylenes (from 2 to 11). The
crude RED-PEGM was purified, first by column chromatog-
raphy using a mixture of MeOH–CHCl3, 9:1, as eluant. The
1H NMR spectrum shows that 4 is a mixture of para and

ortho isomers for each n value of the distribution. This was
also confirmed by thin layer chromatography (TLC). A well-
defined alternated distribution of para and ortho isomers
(with n values from 2 to 11) was observed when a mixture
of hexane–acetone, 1:1, was used as eluant. Since it was not
possible to get the whole distribution of products containing
only the desired para isomers, only one para-compound
bearing an exact number of methylenes in the PEGM chain
(n = 8) was isolated for our study. In a first step, the differ-
ent products of the distribution were separated by column
chromatography, using a mixture of hexane–acetone, 1:1, as
eluant. In a second step, the para isomer of RED-PEGM
with n = 8 (RED-PEGM-8) was isolated from the ortho by-
product by column chromatography, eluting with a mixture
of hexane–acetone, 1:4.

Characterization of RED-PEGM-8
1H NMR spectrum of RED-PEGM-8 in CDCl3 solution

(Fig. 2A) shows two doublets at 8.43 and 7.95 ppm, belong-
ing to protons H4 and H3 present in the nitro-substituted aro-
matic ring (see Scheme 2), as well as two additional
doublets at 7.94 and 6.81 ppm, belonging to protons H2 and
H1 present in the N-PEGM-N-methylamino-substituted one.
A multiplet at 3.73–3.55 ppm, integrating for 32 protons and
two singulets at 3.39 and 3.17 ppm, belonging to methylene
groups, methoxy group, and the N-methyl group, respec-
tively, were also observed. The 13C NMR spectrum of RED-
PEGM-8 displayed 8 signals between 157.4–112.14 ppm,
belonging to the aromatic carbons, followed by five signals
at 72.56–69.18 ppm, which can be attributed to all the OCH2
groups present in the PEGM side chain and three signals at
59.65, 52.84, and 40 ppm, belonging to the OCH3, N-CH2,
and CH3-N, respectively, present in the molecule. The purity
of this compound was confirmed by elemental analysis.
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RED-PEGM-8 is an azo-dye totally soluble in chloroform,
acetone, ethyl acetate, methanol, and fairly soluble in water.
It is very well known that the azobenzene group is hydro-
phobic while the PEGM chain is highly hydrophilic. The
ground state dipole moment of RED-PEGM-8, estimated by
AM1 (Austin model 1) semi-empirical calculations (19), is
very high (9.63 D) because of the presence of strong donor
and acceptor groups in the para positions of the azobenzene
chromophore.

Thermal properties of RED-PEGM-8
According to TGA measurements recorded from 20 to

800 °C (Fig. 3), RED-PEGM-8 displays a good thermal sta-
bility with a T10 (10% weight loss temperature) at 268 °C.
This thermal stability is lower than that measured for a simi-
lar compound, [(4-nitrophenylazo)-N-ethyl-phenylamino]
ethanol or Disperse Red-1 (T10 = 273 °C), and much higher
than that measured for the corresponding oligo(ethylene gly-
col) methyl ether used in the synthesis (T10 = 179 °C).
Moreover, this compound exhibits a fast degradation around
300 °C, reaching 90% of weight loss at 500 °C. Disperse
Red-1 behaves similarly and shows, also, fast degradation
around this temperature, but for this dye degration takes
place in two steps, reaching 90% of weight loss at 749 °C.
On the other hand, PEGM degrades rapidly between 200–
300 °C, reaching 90% of weight loss at 300 °C and having
1.5% remaining at 400 °C. Consequently, we can affirm that
the presence of the PEGM segment decreases the stability of
the dye towards decomposition.

On the other hand, DSC measurements were recorded
from –150 to 300 °C (Fig. 4), and in this range of tempera-
tures, RED-PEGM-8 displayed a Tg at –18 °C, much lower
than that of Disperse Red-1 (142 °C) and higher than that of
the corresponding PEGM used as starting material (–87 °C).
RED-PEGM-8 also displayed a crystallization temperature,
Tc, at 10 °C. A melting point Tm at 45 °C was found, which
is much lower than that of Disperse Red-1 (Tm = 168 °C) but
remarkably higher than that of PEGM (–3.4 °C followed by
two additional weaker endothermic Tms at –28 and –47 °C).
Thus, as expected, RED-PEGM-8 possesses a thermal be-
haviour typical of a liquid crystalline structure. The presence
of crystallization can be attributed to the packing of the
PEGM oligomer within the azobenzene unit, and the low
glass transition temperature and melting point indicate the
influence of the PEGM segment over the thermal properties
because the presence of the oligomer decreases significantly
the Tg and Tm values of this dye compared with our refer-
ence dye (Disperse Red-1). Along these lines, it is worth
pointing out that PEGM itself and non-end-capped poly(eth-
ylene glycol)s possess low Tg and Tm values (20).

Optical properties of RED-PEGM-8
The azobenzene molecule is characterized spectroscopi-

cally by a low-intensity n → π* band in the visible region of
the spectrum and a high-intensity π → π* band in the UV.
Substitution by a pull and a push substituent like in 4-
dimethylamino-4′-nitroazobenzene increases the charge-
transfer character (CT) of the π → π* transition along the
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Fig. 1. Synthesis of RED-PEGM.
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long molecular axis and shifts the corresponding band far to
the red, thus overlapping the weak n → π* band (14). The
CT character of the band causes a strong dependence of the
band position on the solvent polarity (21).

The absorption spectrum of RED-PEGM-8 has been re-
corded in chloroform for various concentrations of the
chromophore (Fig. 5). The long wavelength absorption band
of this molecule appears around 477 nm. We have measured
the same absorption wavelength for RED-PEGM-8 dissolved
in tetrahydrofuran (THF). In a previous work, Whitten and
co-workers have recorded an absorption peak at 489 nm for
4-diethylamino-4′-nitroazobenzene in THF (21). This clearly
indicates that the oligo(ethylene glycol) methyl ether chain
reduces the donor effect of the dimethylamino substituent,
thus causing a blue shift of the absorption band. No changes
in the shape of the absorption spectra is observed by increas-
ing the concentration of the chromophore in chloroform.
This shows that this azo-dye is well solubilized in this or-
ganic solvent, avoiding significant intermolecular interactions.

Figure 6 shows the absorption spectra of RED-PEGM-8 in
water at various concentrations. These spectra exhibit a
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Fig. 3. TGA measurements of RED-PEGM-8 (—), Disperse
Red-1 (·····), and PEGM (- - - -) recorded from 20 to 800 °C
(heating rate 10 °C min–1).

Fig. 2. (A) 1H NMR 400 MHz in solution of RED-PEGM-8: (a) in CDCl3, (b) in D2O; (B) 1H NMR 400 MHz in solution of RED-
PEG-8 with amplification of the aromatic region: (a) in CDCl3, (b) in D2O.
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broad band around 500 nm, which is red-shifted by about
23 nm compared with the one measured in chloroform. This
solvatochromic shift is surely due to the increase in the sol-
vent polarity going from chloroform to water, as mentioned
above for push–pull azobenzenes. By increasing the concen-
tration of the chromophore in water, a new band around
415 nm is observed. We believe that this spectral behavior
involves an excitonic coupling effect, which causes a band-
splitting (22). Thus, the absorption band in the blue region
would involve face-to-face molecular arrangements (H-

aggregates) whereas head-to-tail molecular arrangements (J-
aggregates) are not detected in the RED-PEGM-8 – water
system. Recently, azo-dye aggregates have also been ob-
served on dendrimer surfaces (23) and incorporated in sur-
factants (24).

The absorption spectrum of RED-PEGM-8 in the solid
state (thin film), casted from a chloroform solution at room
temperature, is shown in Fig. 7. One can see that this spec-
trum is similar to the one recorded at high concentrations of
the chromophore in water (λmax = 500 nm). This could im-
ply that H-aggregates are also formed in the thin film of this
compound. Moreover, compared with the spectrum obtained
in chloroform solution (λmax = 477 nm), the solid state ab-
sorption spectrum is red-shifted and shows a tail in the red
region. These spectral observations might be because of the
formation of J-aggregates in the thin film, indicating a
higher molecular alignment in the solid state. However,
physical aggregation could also take place in the solid state
and be responsible of this behavior. Since RED-PEGM-8 is
a non-emissive dye, we were not able to monitor the aggre-
gation phenomenon via steady-state and time-resolved fluo-
rescence studies.

NMR spectra of RED-PEGM-8
1H NMR spectrum of RED-PEGM-8 in a CDCl3 solution

(Fig. 2A) shows well-defined signals at 8.43, 7.95, 7.94, and
6.81, belonging to aromatic protons and at 3.73–3.55, 3.39,
and 3.17, belonging to methylene groups, which were previ-
ously assigned in the characterization section. The 1H NMR
spectrum of the same compound in D2O (Figs. 2A and 2B)
shows three broad signals at 7.11 (H4), 6.69 (protons H2 and
H3), and 6.0 ppm (H1) followed by three signals centered at
3.69, 3.63 (all CH2), and 3.47 (OCH3). Besides, the signal
corresponding to CH3-N appears at 4.82 ppm, which is
downfield shifted compared with that observed in CDCl3
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Fig. 5. Absorption spectra of RED-PEGM-8 in CHCl3 at differ-
ent concentrations of the chromophore (from the top to the bot-
tom: (a) 1.25 × 10–4 mol L–1, (b) 1 × 10–4 mol L–1, (c) 7.5 ×
10–5 mol L–1, (d) 3.75 × 10–5 mol L–1, (e) 1.87 × 10–5 mol L–1,
(f) 9.3 × 10–6 mol L–1, (g) 4.6 × 10–6 mol L–1).

Fig. 4. DSC measurements of (A) RED-PEGM-8 and (B) PEGM
recorded from –150 to 200 °C (heating rate 10 °C min–1).

Fig. 6. Absorption spectra of RED-PEGM-8 in water at different
concentrations of the chromophore (from the top to the bottom:
(a) 3.12 × 10–4 mol L–1, (b) 2.5 × 10–4 mol L–1, (c) 1.25 × 10–4

mol L–1, (d) 1 × 10–4 mol L–1, (e) 7.5 × 10–5 mol L–1, (f) 3.75 ×
10–5 mol L–1, (g) 1.87 × 10–5 mol L–1, (h) 9.3 × 10–6 mol L–1,
(i) 4.6 × 10–6 mol L–1.
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(2.93 ppm). This is due to the formation of H-bonds between
D2O and the amino group, which decreases the electron den-
sity of the nitrogen atom. By contrast, no significant differ-
ence in shift was observed for the methylene signals of the
PEGM oligomer segment in both solvents. On the other
hand, one can observe a remarkable broadening of the aro-
matic signals, which are also upfield shifted by 1.21 ppm in
D2O. These results reveal the existence of strong
intermolecular interactions (aggregation) in D2O, which are
in agreement with the results obtained by UV–vis spectros-
copy. We are currently studying the NMR and optical prop-
erties for a series of similar azo-dyes having different
donor–acceptor substituents and varied chain length of the
PEGM segment. These results should provide valuable in-
formation about the aggregation process occurring in these
types of oligomers.

Summary

A novel azobenzene compound bearing a short poly(ethyl-
ene glycol) methyl ether side chain (RED-PEGM-8) has
been synthesized and characterized. RED-PEGM-8 is well
solubilized in chloroform and THF, avoiding any significant
intermolecular interactions. On the other hand, aqueous so-
lutions of this compound show the appearance of blue-
shifted bands at high concentrations, which are interpreted in
terms of the formation of H-aggregates. 1H NMR spectra
measured in D2O also reveal the existence of strong inter-
molecular interactions (aggregation), which confirm the op-
tical properties measured in water. It is also suggested that
H-aggregates are formed for RED-PEGM-8 in the solid state
(thin film). Moreover, the observation of a tail in the red re-
gion of the solid-state absorption spectrum could imply the
formation of J-type aggregates. However, physical aggrega-
tion could also explain this spectroscopic behavior.
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Fig. 7. Absorption spectrum of RED-PEGM-8 in the solid state
(thin film) casted from a chloroform solution at room tempera-
ture.
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The photochemistry of indenyl alcohols and
esters: Substituent effects on the competition
between ion- and radical-derived products

J.A. Pincock and I.S. Young

Abstract: The photochemistry of the indenyl acetates 1 and pivalates 2, substituted with X = H, 5-CH3O, and 6-CH3O,
have been examined in both methanol and cyclohexane. The precursor alcohols 3 were also found to be photoreactive.
Although only radical-derived products were obtained in cyclohexane, both ion- and radical-derived products were
formed in methanol. The absence of significant fluorescence emission from any of the substrates 1, 2, and 3 indicates
that the excited singlet states are highly reactive. A mechanism is proposed for the ion-derived products that proceeds
through direct heterolytic cleavage to give an indenyl cation – carboxylate anion pair. The indenyl cations generated
are anti-aromatic in the ground state and their efficient generation by this photochemical solvolysis is in sharp contrast
to the very low reactivity of related ground-state substrates. For the pivalate esters 2, an excited-state migratory
decarboxylation is proposed for the formation of tert-butyl derived products.

Key words: ester photochemistry, indenyl cations, indenyl radicals.

Résumé : La photochimie des acétates 1 et des pivalates 2 d’indényle, substitués avec X = H, 5-CH3O et 6-CH3O a
été étudiée dans le méthanol et dans le cyclohexane. On a trouvé que les alcools précurseurs 3 sont également photo-
réactifs. Dans le cas du cyclohexane on n’obtient que des produits d’origine radicalaire, par contre dans le cas du mé-
thanol on obtient des produits d’origine ionique et d’origine radicalaire. L’absence d’émission de fluorescence
significative à partir des substrats 1, 2 et 3 indique que les états singulets excités sont hautement réactifs. On propose
un mécanisme qui explique la formation des produits d’origine ionique via le clivage hétérolytique direct pour donner
une paire cation indényle – anion carboxylate. Les cations indényles générés sont anti aromatiques dans l’état fonda-
mental et leur production efficace par cette solvolyse photochimique est en nette opposition avec la très faible réactivité
des substances apparentées à l’état fondamental. Pour les esters pivalates 2, on propose une décarboxylation migratoire
de l’état excité pour expliquer la formation des produits dérivés du t-butyle.

Mots clés : photochimie des esters, cations indényles, radicaux indényles.

[Traduit par la Rédaction] Pincock and Young 1095

Introduction

The photochemistry of arylmethyl esters (ArCH2O-(CO)-
R) in nucleophilic solvents (1) and arylmethyl compounds
with leaving groups in general (ArCH2-LG) (2) has recently
attracted considerable interest. As outlined in the mechanism
in Scheme 1, products are derived from both radical pair and
ion pair (photosolvolysis) intermediates and, for esters at
least, only from the excited singlet state. Apart from a fun-
damental interest in the factors (substituents, solvent, leaving
group, excited-state multiplicity) that control the partitioning
between these two pathways, the potential of applying this
process to the design of photolabile protecting groups or
phototriggers has been explored (3, 4).

On the basis of extensive studies on a range of
functionalized arylmethyl esters, we have proposed a mecha-

nism where the major pathway for reactivity is homolytic
cleavage (khom) of the carbon—oxygen bond to give a radi-
cal pair (1, 2). Competition between electron transfer (ket) to
form an ion pair and decarboxylation ( kCO2) of the acyloxy
radical then controls product distribution. This latter process
serves as a radical clock with the rate constant differing by
many orders of magnitude, depending on the stability of the
radical formed. Values range from ~106 s–1 for ArCO2

• (5)
to ~109 s–1 for RCO2

• with primary alkyl groups (6). For
cases that form highly stabilized radicals, such as
Ar2C(OH)CO2

•, the decarboxylation occurs within a few pi-
coseconds; the rate constants approach those for barrier-free
unimolecular reactions (7). The rate of electron transfer also
ranges over several orders of magnitude and follows Marcus
theory in both the normal and the inverted region (8, 9). On
the basis of high-level MO calculations, this mechanism has
been questioned in favor of one involving direct heterolytic
cleavage (khet) from S1, particularly for substrates with meta-
methoxy substitutents (10, 11).

The high reactivity and the high yield of ion-derived prod-
ucts for the photochemistry of 9-fluorenol in mixed organic–
aqueous media has been interpreted as resulting from the
formation of a cyclically conjugated 4n π cation (12, 13).
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Recent picosecond laser flash photolysis (LFP) experiments
(14) have shown that in fact 9-fluorenol reacts to form the 9-
fluorenol cation very rapidly (<10 ps) in solvents (water,
TFE, HFIP) of high polarity (ET

N). The antiaromatic charac-
ter of the 9-fluorenyl cation has been discussed in a recent
review (15) with the conclusion that it will be attenuated rel-
ative to that for cyclopentadienyl and indenyl cations. In
fact, on the basis of recent calculations, the fluorenyl cation
has been described as nonaromatic by some criteria and
antiaromatic by others (16). The possible photochemical
generation of indenyl cations, which, from experiment and
calculation, have more antiaromatic character than fluorenyl
cations, is therefore of interest.

We now report on the photochemistry of six indenyl esters
1a–c and 2a–c and three indenyl alcohols 3a–c in the sol-
vents methanol and cyclohexane. The photochemistry of the
alcohols was examined to allow a more direct comparison
with the photochemistry of 9-fluorenol. The choice of exam-
ining acetate esters 1 vs. pivalates 2 was made because the
rate constants of decarboxylation of their corresponding
acyloxy radicals differ by an order of magnitude (~109 s–1

for CH3CO2
• vs. 1.1 × 1010 s–1 for (CH3)3CCO2

•) (6), and
these radicals are good probes for radical pair chemistry.
The choice of 5-methoxy vs. 6-methoxy was made in order
to examine the effect of the change in position of the
electron-donating group from para (5-methoxy) in 1b, 2b,
and 3b to meta (6-methoxy) in 1c, 2c, and 3c relative to the
arylmethyl center with the leaving group. The results will
also be compared with those obtained previously for the cor-
responding indanyl derivatives (17).

Results and discussion

Synthesis of alcohols and esters
The esters were synthesized from the corresponding alco-

hols 3 by reaction with the appropriate acid chloride in
benzene–pyridine, Scheme 2. The alcohols were obtained by
reduction of the ketones 4 with NaBH4 with added CeCl3. In
the absence of the CeCl3, considerable reduction of the
indenone double bond occurred (18). Two of the indenones
(4a: X = H and 4b: X = 5-CH3O) were prepared by a proce-
dure developed by Floyd and Allen (19) and used in our lab-
oratory previously (20). The indanone 5 (X = 6-CH3O)
could not be prepared by this method because the Friedel–
Crafts cyclization was not successful. Instead, the method of
Sam and Plampin (21) was used. The indenone 4c (X = 6-
CH3O) was then prepared from 5 by a bromination–dehydro-
bromination sequence.

Absorption and emission spectra of the esters and
alcohols in methanol

In general, indene derivatives have UV absorption spectra
with two bands, a weak one (� ~ 102 (mol L–1)–1 cm–1) be-
tween 280 and 300 nm, corresponding to the symmetry-
forbidden 1Lb band in benzene, usually partially overlapped
by a stronger one (� ~ 104 (mol L–1)–1 cm–1) around 260 nm,
corresponding to the symmetry-allowed 1La band in benzene
(22). In methanol, the unsubstituted indenyl ester 1a has two
similar bands (λmax = 266 nm, � = 7130 (mol L–1)–1 cm–1 and
306 nm, 391 kJ mol–1 (the longest wavelength maximum in
the long wavelength band), � = 950 (mol L–1)–1 cm–1), but
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Scheme 1. General mechanistic scheme for the photolysis of benzylic substrates.
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these are shifted to somewhat longer wavelength than that
for 2-methylindene (22) in cyclohexane (λmax = 257 nm, � =
11 700 (mol L–1)–1 cm–1 and 295 nm, � ~ 500 (mol L–1)–1 cm–1)
or cis-phenylpropene (23) in hexane (λmax = 256 and
288 nm). The long wavelength band has a series of obvious,
but broad, vibrational bands in contrast to the shorter wave-
length band, which does not. The methoxy-substituted esters
1b and 1c have similar absorption bands (see Experimental
section), although the long wavelength band lacks vibra-
tional structure and moves to even lower energy (320 nm,
373 kJ mol–1) for the 6-methoxy isomer 1c, as expected
when compared with a similar shift to longer wavelength for

trans-1-(4-methoxyphenyl)propene (λmax = 298 nm) relative
to trans-1-phenylpropene itself (λmax = 284 nm) (23).

Fluorescence spectra for the three indenyl esters 1 in
methanol revealed only extremely weak, if any, emission.
The quantum yields of emission were estimated to be less
than 0.001 when compared with that for naphthalene (0.21).
The alcohols 3, precursors for the esters, also did not fluo-
resce significantly. In contrast, 3-methylindene, which is
photochemically unreactive in hexane, has a quantum yield
of fluorescence of 0.077 and excited singlet state lifetimes of
13.9 ns (22); the major process competing with fluorescence
from the excited singlet state is likely intersystem crossing.
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Scheme 2. Synthesis of the esters 1a–c and 2a–c and the alcohols 3a–c.
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The very inefficient fluorescence for the indenyl compounds
studied here strongly suggests that they are undergoing rapid
(k > 109 s–1) excited-state cleavage of the indenyl C1 to oxy-
gen bond. The absence of measurable fluorescence unfortu-
nately prevents the determination of excited-state lifetimes
and rate constants for excited-state processes.

Photochemistry of the alcohols 3 in methanol and
cyclohexane

The photolysis of the indenyl alcohols in either methanol
or cyclohexane gave the products expected from arylmethyl
photochemistry, as shown, in a general way, in eq. [1].2

The methyl ethers 6, formed only in methanol, are of par-
ticular interest because they are clearly derived from indenyl
cations. The hydrocarbon products 7–9 are radical derived.
The reactions are relatively efficient; irradiation of 60 mg of
3a (X = H) in 100 mL of methanol with 254 nm lamps in a
Rayonet reactor resulted in 72% conversion in 15 min. The
difficulties in completely characterizing the photoproducts of
these reactions can be exemplified by this case. At this ex-
tent of conversion, the mass balance (GC peak areas) was
only 60%. This is characteristic of the photochemistry of
indene derivatives where quantum yields for disappearance
of starting material are often considerably higher than those
for appearance of volatile products (24), presumably as a
consequence of oligomerization processes. Moreover, com-
plete separation by flash or radial chromatography of the
non-polar hydrocarbon products was not possible. GC–MS
analysis of mixtures of variable composition was invaluable
for preliminary structural assignment. For the unsubstituted
substrate, 3a, the hydrocarbons 7 (X = H) (commercial sam-
ple, Aldrich) and the dimers 9 (X = H) (meso and dl
diastereomers) are known (25, 26), and literature 1H NMR
spectra were helpful in identifying components in the mix-
tures obtained by chromatography.

The methyl ethers 6 were synthesized from the indenols 3
using trimethyl orthoformate under acidic conditions (aque-
ous HClO4) (27). An attempt to alkylate 3a (X = H) using
NaH–DMSO followed by CH3I resulted in 2,2-
dimethylindanone, confirming that the indenyl hydrogen at
C1 is more acidic (pKa = 20) than an alcohol (pKa
[CH3OH] = 29) in DMSO (28). Using the trimethyl ortho-
formate procedure for the indenols 3b (X = 5-OCH3) and 3c
(X = 6-OCH3) resulted in the isolation of only one ether in-

dependent of which alcohol was used as the starting
material, eq. [2].

The compound obtained was shown to be the 5-methoxy

isomer, 6b, by NOE difference spectra: irradiation of H1
(δ = 4.82 ppm) gave a strong enhancement for H7, which is
assigned by its higher chemical shift (δ = 7.30 ppm) relative
to that of H6 (δ = 6.64 ppm) for the two aromatic protons,
which are ortho to each other and therefore have a coupling
constant of 8.0 Hz. This acid-catalyzed reaction, which pre-
sumably proceeds through the indenyl cation, raises an inter-
esting point for reactions that generate indenyl cations or
radicals at C1 of the 5-methoxy and 6-methoxy substrates.
Because of delocalization through C1, C2, and C3 of these
intermediates, both substrates will generate the same inter-
mediate for either the cation 10 or the radical 11, Fig. 1.

This observation prompted us to examine the charge and
spin distribution in these species by PM3 calculations.3 As
shown in Fig. 1a, nine resonance forms can be drawn for an
indenyl cation with a positive charge on each one of the nine
carbons. From the calculations for the indenyl cation (C2v
symmetry), the positive charge is mainly on C1 and C3
(+0.34 for each, 0.68 total, with hydrogen charges summed
into the carbons), as indicated by the first two resonance
forms. This suggests that, to a first approximation, the
indenyl cation can be viewed as an allyl cation fused to a
benzene ring. For 5-substituted indenyl cations, the C2v sym-
metry is no longer present. For these preliminary calcula-
tions, as shown in Fig. 1b, we chose the substituent as OH to
model the OCH3 group in order to minimize conformational
complications. For the radical, the spin population at C1
(0.89) and C3 (0.72) is similar and delocalization results in a
structure with similar bond lengths in the upper and lower
part, i.e., the OH group only slightly perturbs the plane pass-
ing through C2 and bisecting the C5—C6 bond. In contrast,
the calculations of the atomic charge density for the cation
reveal a much higher positive charge at C1 (+0.21) than C3
(–0.03); values for C1 (+0.44) and C3 (+0.25) are obtained
with hydrogen charges summed into the carbons. In addi-
tion, the bond lengths indicate that the indenyl ring system
can be pictured as almost two independent π-systems. The
first, a 5-hydroxy pentadienyl cation for the string of car-
bons from C1 through the ring fusion to C7, C6, and C5,
with almost equal bond lengths (1.41 ± 0.02 Å) and the sec-
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[1]

[2]

2 The products 12 in eq. [1] cannot be formed from the alcohols 3 but only from the esters 1 and 2, as will be discussed later.
3 We thank Dr. F. Ban, Dalhousie University, Department of Chemistry, Halifax, Nova Scotia, for these calculations.
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ond, an isolated butadiene fragment from C2 to C4 with al-
ternating short (~1.35 Å) and long (1.49 Å) bond lengths;
i.e., the OH group severely perturbs the structure on either
side of the same plane (defined above) for the radical. The
high positive charge density at C1 of the cation, which was
obtained from these calculations, rationalizes nicely why
both indenols 3 (X = 5-OCH3 and X = 6-OCH3) give the
same ether 6 (X = 5-OCH3) in the synthesis, eq. [2], and in
the photochemistry, eq. [1]. The calculations for the hy-
droxyindenyl radical 10 will also be relevant to the photo-
lysis results described below. Higher level MO calculations
on the charge and spin distribution in substituted indenyl
cations and radicals are in progress.

Another issue in the photolysis experiments was that of

secondary photochemistry of several kinds. First, alkyl
indenes are well known to photoisomerize (24). For in-
stance, 2-methylindene 7 (X = H) isomerizes to both 1- and
3-methylindene (Φ = 0.13) on photolysis in hexane and even
isomerizes to 2-methyleneindane under acidic conditions
(29). Similarly, 1,2-dimethylindene 12a (X = H, R = CH3)
isomerizes to the 2,3-isomer (24). We have confirmed these
previous observations by the photolysis of 2-methylindene
in methanol, which gave three isomers (GC–MS) along with
2-methoxy-2-methylindane by anti-Markovnikov addition of
methanol, also as reported previously (30). In agreement
with these observations, at higher conversions, the initially
formed products decreased in yield as the other isomers ap-
peared (GC–MS). Second, photolysis in methanol of the

Fig. 1. (a) Resonance structures for the indenyl cation and (b) bond lengths (Å), atomic charges, and spin densities for the 5-
hydroxy-1-indenyl cation and radical. Values in brackets for the cation have the charge for the hydrogen atom summed into the value
for the carbon.
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ether 6a (X = H), the ion-derived product, resulted in forma-
tion of the radical-derived products 7, 8, and 9, eq. [3].

The major product in this photolysis, 2-methylindene 7
(X = H), is probably derived by disproportionation of the
indenyl–methoxy radical pair, as proposed previously for the
photolysis of 9-methoxyfluorene derivatives (12, 13). Third,
as indicated in Table 1, the 6-methoxy alcohol 3c converts
photochemically to the 5-methoxy isomer 3b. For instance,
at 14% conversion in cyclohexane, the ratio of 3c:3b was
7.8:1. As a consequence of these various secondary photo-
chemistries, only product yields obtained at low conversions
(<5%) give values that are useful for mechanistic consider-
ation. These values are given in Table 1. Because the per-
centage conversion is too small to reliably determine the
mass balance, the yields are normalized to 100%.

The products shown in eq. [1] and Table 1 for the photo-
lysis of the alcohols 3 are easily explained by formation of
indenyl radical and cation intermediates. A mechanism is
outlined in Scheme 3, a specific example of the general
Scheme 1. The most interesting observation is the very high
yield in methanol of the ion-derived product, the methyl es-
ter 6, particularly from the methoxy-substituted substrates
3b and 3c (82%). Also, the same product yields are obtained
for both substrates 3b and 3c, indicating that both the
indenyl radical and cation lose, as expected, the memory of
the substrate from which they originated. The radical-
derived products 7 and 8 from 3b and 3c are mixtures (ra-
tio ~ 1.3:1) of two regioisomers, as expected for the unequal
spin distribution at C1 and C3 for the methoxy-substituted
indenyl radical. The formation of these products is rational-
ized (Scheme 3) by exothermic hydrogen abstraction (31) by
the hydroxyl radical from the solvents methanol (bond disso-
ciation energy (BDE) = 393 kJ mol–1) and cyclohexane (BDE=
401 kJ mol–1) to give water (BDE = 497 kJ mol–1) and the
hydroxymethyl and cyclohexyl radical, respectively. The
indenyl radical will not abstract a hydrogen atom from these

solvents because the process would not be exothermic (BDE
= 351 kJ mol–1 for the C1—H bond in indene). Reaction of
the two radicals by disproportionation then gives 7, whereas
coupling gives 8, in a ratio of 1:9 in cyclohexane. In metha-
nol, only disproportionation was observed. The other major
products that are radical derived are the two indenyl dimers,
9 (X = H), now diasteromers (dl and meso) because
regioisomers are not possible. For reasons that are not obvi-
ous, similar dimers were not observed for the methoxy-
substituted substrates.

The major conclusion from these results is that indenyl
cations are efficiently formed in the photochemistry of
indenyl alcohols. Similar cations have been generated by
ground-state solvolysis of the indenyl compounds 13, and
rate retardations of approximately 10–5 have been measured
relative to the corresponding indanes 14 in 80% aqueous ac-
etone, reflecting the antiaromatic destabilization of the cat-
ion derived by solvolysis of 13 (32).

Product studies indicated that two regioisomeric alcohols
are formed from both 13 (X = CH3) and 13 (X = CH3O), al-
though the experimental evidence for the latter compound is
not conclusive. Moreover, these solvolysis reactions were
carried out at high temperature (100 °C for 22 days), condi-
tions where 5- and 6-substituted indene derivatives may be
equilibrating thermally by 1,5-hydrogen migrations involv-
ing isoindene derivatives (33). The question as to whether

the ion pair is generated by direct heterolytic cleavage (khet,
Scheme l) or by electron transfer from an initially formed
radical pair (ket) cannot be answered from these results.
However, the clear evidence from LFP experiments for di-
rect heterolytic cleavage to the ion pair for 9-fluorenol in po-
lar protic solvents (14) suggests that the first pathway is
possible. Moreover, the very high oxidation potential ex-
pected for the indenyl radical makes the latter seem unlikely.
Therefore, the efficient photochemical formation of the
indenyl cations (Scheme 3) would seem to be another exam-
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X Solvent % Con (t)a 6 7b 8b 9c

3a H CH3OH 27 (5) 7 7 35 50 (1:1.2)

3a H C6H12 30 (5) — 15 60 25 (1:1.2)

3b 5-CH3O CH3OH 21 (2) 80 20 (1:1.2) — —

3b 5-CH3O C6H12 58 (5) — 10 (1:1.6) 90 (1:1.3) —

3c 6-CH3O CH3OH 12 (2)d 80 20 (1:1.5) — —

3c 6-CH3O C6H12 18 (5)e — 10 (1:1.4) 90 (1:1.1) —

Note: Yields are normalized to 100%. Estimated error ±5%.
aPercent conversion (photolysis time) for ~50 mg of substrate in 100 mL of solvent.
bNumbers in brackets refer to the ratio of the two possible regioisomers.
cNumbers in brackets refer to the ratio of the two possible diastereomers.
dRatio of 3c:3b = 12:1 at this percent conversion.
eRatio of 3c:3b = 7.8:1 at this percent conversion.

Table 1. Product yields for the photolysis of the alcohols 3 in cylohexane and methanol.

[3]
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ple of the generation of a 4n πcation, first proposed by Wan
and co-workers for the photodehydroxylation of fluorenol
(12, 13).

Photochemistry of the esters 1 and 2 in methanol and
cyclohexane

The photolysis of the indenyl esters 1 and 2 in either
methanol or cyclohexane again gave the products expected
from arylmethyl photochemistry, also shown in eq. [1].
Again, the reactions are relatively efficient; irradiation of
100 mg of 1a (X = H, R = CH3) in 100 mL of methanol with
254 nm lamps in a Rayonet reactor resulted in 50% conver-
sion in 15 min. The same difficulties as for the alcohols 3
(lack of separation of non-polar products and secondary
photochemistry) were encountered in completely character-
izing the photoproducts for the esters. Moreover, an addi-
tional secondary photochemical process was revealed,
involving the coupling products 12b (R = C(CH3)3). The ra-
tio of these two tert-butyl products derived from the 5- and
6-methoxy pivalate esters changed with the percent conver-
sion. Parallel to this process, the yield of the two isomeric 5-
and 6-methoxy-2-methylindene derivatives 7 increased. For
instance, the yield of 7 for photolysis of the pivalates 2b and
2c in methanol was essentially zero at very low conversion
(<5%) but reached 20–25% at high conversion (>80%).
Finally, the 6-methoxy esters 1c and 2c were converted to
the corresponding 5-methoxy substrate 1b and 2b (see foot-
notes in Tables 2 and 3). This observation is expected on the
basis of the internal return processes (kicom and krcom,
Scheme 1) previously observed for the intermediates in ester
photochemistry (34–36). Again as a consequence of these
competing processes, only product yields obtained at very
low conversions (<5%) are useful for mechanistic consider-
ation. These values are given in Table 2 for reactions in cyc-
lohexane and in Table 3 for those in methanol. Because the
percentage conversion is too small to determine reliably, the
yields are normalized to 100%.

The photolysis products obtained for the esters 1 and 2 in
cyclohexane are easily explained by the radical pair mecha-

nism in Scheme 4, where the radical paired with the indenyl
one is now an acyloxy, rather than hydroxyl as it was for the
indenols in Scheme 3. For the acetates 1 (R = CH3), decar-
boxylation gives the methyl radical leading to the coupling
product 12a (R = CH3) (two regioisomers for X = 5-CH3O
and 6-CH3O). For the pivalates 2 (R = C(CH3)3), decar-
boxylation now gives the tert-butyl radical, leading to the
coupling product 12b (R = C(CH3)3) and disproportionation
to 2-methylindene 7 (again, two regioisomers for X = 5- and
6-CH3O for both 7 and 12b). As in the photolysis of the
indenols 3 (Table 1), the out-of-cage dimers were only ob-
tained for the unsubstituted esters 1a and 1b. The very simi-
lar yields of 7 and 12 obtained for both the 5- and 6-
methoxy substrates, independent of which one is the starting
material, indicates that the indenyl radical again loses the
memory of its precursor.

The products obtained for the photolysis of the indenyl es-
ters in methanol are given in Table 3. Particularly striking is
the very high yield of the ion-derived product, the methyl
ether 6, particularly from the 5- and 6-methoxy acetates, 1b
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Scheme 3. Mechanistic pathways for the photolysis of the alcohols 3a–c in methanol and cyclohexane.

X R 7a 9a 12b

1ac H CH3 — 15 (1:1.3) 80

2a H (CH3)3C 20 15 (1:1.3) 65

1b 5-CH3O CH3 — — 100 (1:2.3)

2b 5-CH3O (CH3)3C 15 (1:1.1) — 85 (1:2.5)

1cd 6-CH3O CH3 — — 100 (1:1.5)

2ce 6-CH3O (CH3)3C 25 (1:1.1) — 75 (1:2.1)

Note: Yields are for low conversion (<10%) and normalized to 100%.
Estimated error ±5%.

aNumbers in brackets refer to the ratio of the two possible
diastereomers.

bNumbers in brackets refer to the ratio of the two possible regioisomers.
cFor 1a, 8% of the material was 1-cyclohexyl-2-methylindene 8, a prod-

uct not detected for the other five compounds.
dRatio of 1c:1b = 5.8:1 at 41% conversion.
eRatio of 2c:2b = 3.9:1 at 75% conversion.

Table 2. Product yields for the photolysis of the esters 1 and 2
in cyclohexane.
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and 1c. The ratio of ion- to radical-derived product is signif-
icantly larger for the methoxy-substituted substrates than the
corresponding indanyl (Table 3) derivatives 15 and 16 (17).
In fact, the ion-derived ether 6b (X = 5-CH3O) is the only
product observed (at low conversion) for the acetate 1c (X =
6-CH3O). The change in product distribution for the change
in substrate from acetate esters 1 to pivalate esters 2 has
been used effectively in the past by us (1) and others (37) to
test for the intervention of acyloxy radicals. Their very dif-
ferent rates of decarboxylation serve as radical clocks for
other possible processes of the radical, in particular, the
electron transfer process (ket, Scheme 1) that converts the
radical pair to the ion pair.

However, the surprising observation of the absence of the
disproportionation products 7 in the photolysis of the 5- and

6-methoxy pivalates esters 2b and 2c at low conversion in
methanol suggests that free tert-butyl radicals are not
formed. This observation emphasizes why product yields at
low conversion are essential for understanding the photo-
chemistry involved. As mentioned above, the yield of 7 in-
creases with the extent of conversion by a process of
secondary photochemistry involving 12b (X = C(CH3)3).
The parallel change in the ratio of the two regioisomeric
coupling products 12 indicates that this secondary photo-
chemistry is homolytic carbon—carbon bond cleavage to
generate the indenyl–tert-butyl radical pair, allowing for
both disproportionation and regioisomeric equilibration to
occur.

The question then arises as to the mechanism of formation
of the tert-butyl coupling products if tert-butyl radicals are
not involved in the primary photochemistry of the methoxy
pivalate esters in methanol. A tentative proposal is an
excited-state migratory (from C1 to C2) decarboxylation of
the tert-butyl group via a five-membered transition state 17
(shown in Scheme 5 for the 6-methoxypivalate 2c) to form
an isoindene derivative 18. Excited state migrations from C1
to C2 are well known for phenyl-substituted indenes (38).
The resulting isoindenes would be thermally unstable and re-
vert to indene. On the basis of migratory aptitudes (CH3 <
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X R 6 7 9a 12b Ion:radicalc Ion:radicald

1a H CH3 15 — 25 (1:1.4) 60 0.18:1 1.4:1

2a H (CH3)3C — 10 20 (1:1.2) 70 <0.02:1 0.21:1

1b 5-CH3O CH3 75 — — 25 (1:2.1) 3.0:1 0.10:1

2b 5-CH3O (CH3)3C 20 — — 80 (1:1.6) 0.25:1 <0.02:1

1ce 6-CH3O CH3 100 — — — >50:1 2.3:1

2cf 6-CH3O (CH3)3C 30 — — 70 (1:1.2) 0.33:1 0.25:1

Note: Yields are for low conversion (<5%) and normalized to 100%. Estimated error ±5%.
aNumbers in brackets refer to the ratio of the two diastereomers.
bNumbers in brackets refer to the ratio of the two possible regioisomers.
cRatio of ion- to radical-derived products for the indenyl esters 1 and 2.
dRatio of ion- to radical-derived products for the analogous indanyl esters, 15 and 16, ref. 17.
eRatio of 1c:1b = 8.7:1 at 48% conversion.
fRatio of 2c:2b = 40:1 at 32% conversion.

Table 3. Product yields for the photolysis of the esters 1 and 2 in methanol.

Scheme 4. Mechanistic pathways for the photolysis of the esters 1a–c and 2a–c in cyclohexane.
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CH2CH3 < CH(CH3)2) previously determined (33) for the
thermal reversion of isoindenes to indenes, the tert-butyl
group in 18 will migrate in preference to methyl, giving the
two observed regioisomeric products, 12b and 12b′. The
process described by transition state 17 is not observed and
not possible for other benzylic substrates, which lack the re-
quired indenyl type conjugation. In those cases, dispropor-
tionation always accompanies coupling of tert-butyl
radicals, as expected (39).

This process is reminiscent of that proposed for the ther-
mal decomposition of peresters, which are concerted (40,
41), where the potential acyloxy radical will fragment very
rapidly because of the stability of the radical generated, 19.
These reactions have negative ρ values (approximately –1.1),
indicating that the transition states have some positive char-
acter on carbon and negative on oxygen (42). The photo-
chemical migration suggested by structure 17 in Scheme 5
might also have a substituent effect, which could potentially
explain why the yield of the isomers 12 are slightly different
for the 5-methoxy 2b (80%) vs. the 6-methoxy (70%)
pivalate ester 3b. The substitutent effect could also rational-
ize why the unsubstituted substrate 2a seems to undergo nor-
mal homolytic bond cleavage and give both coupling (12)
and disproportionation (7) products.

The mechanistic proposals for the indenyl esters can then
be summarized as follows: In cyclohexane, all three esters
react by homolytic cleavage to give radical-derived products
as shown in Scheme 4. In methanol, as outlined in
Scheme 6, the unsubstituted esters 1a and 2a react by the
same mechanism for the radical-derived products, but now
formation of the ion pair leads to low yields (15%) of the
methoxy ether 6 for the acetate 1a. The decrease in the yield
of 6, as a consequence of the change from acetate 1a to
pivalate 2a, suggests that the radical clock method is opera-
tive and that the ion pair is formed (at least partially) from
the radical pair by redox electron transfer (ket, Scheme 1) in
competition with the rate of decarboxylation, which is faster
by an order of magnitude for the (CH3)3CCO2 radical.

Two other potential photochemically generated intermedi-
ates that have not yet been discussed should be mentioned as
possible precursors for the ion-derived ether product in
methanol. The first, 20, an isoindene, would result from mi-
gration of the acyloxy group from C1 to C2 of the indene.

The second, 21, analogous to the intermediate 22 ob-
served in the photolysis of 3,5-dimethoxybenzyl acetate in
methanol and other alcohol solvents (43), would be formed
by acyloxy migration from C1 to C7. A similar intermediate
has been reported for the photolysis of 9-fluorenol in metha-
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Scheme 5. Proposed mechanism for the formation of the coupling products 12 and 12′ for the photolysis of the ester 2c in methanol.
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nol (44) and non-acidic zeolites (45). Either of these could
be very reactive (thermally or photochemically) in methanol
as solvent. For instance, the half life for ground-state
solvolysis of 22 in methanol is approximately 2 min. We are
currently conducting nanosecond laser flash photolysis ex-
periments to examine the reactive intermediates for the
photochemistry described above.

Conclusions

For the 5- and 6-methoxy-substituted esters in methanol,
the proposed mechanism is that direct heterolytic cleavage
from the excited state to form an ion pair (Scheme 6) com-
petes with migratory decarboxylation of the ester to give the
isoindene derivative 18 (as shown in Scheme 5). This latter
process is less important for the acetates 1b and 1c than the
pivalates 2b and 2c, and therefore, the acetates give very
high yields of the ion-derived ether 6, reaching 100% for the
6-methoxy acetate 1c! This substrate has the activating
group meta to the reactive benzylic centre. The photochemi-
cal “meta effect”, as originally proposed by Zimmerman and
co-workers (46) for methoxy-substituted benzylic acetates
and supported by studies of methoxy-substituted benzylic al-
cohols by Wan and co-workers (47), predicts enhanced effi-
ciency for heterolytic cleavage reactions for leaving groups

meta (and ortho) to electron-donating substituents. It seems
to be playing an important role in the photochemistry of
these indenyl esters. This suggestion is in marked contrast to
our proposal for all previously studied ester substrates where
homolytic cleavage followed by electron transfer is consid-
ered to be the dominant mechanistic pathway for the forma-
tion of ion-derived products. Although the limited data
available make these mechanistic conclusions somewhat
speculative, the fact that products derived from indenyl cat-
ions are formed in these photoreactions is certain. This may
well be a consequence of the antiaromatic character of these
4n π cations, in agreement with Wan and co-workers’ pro-
posal for 9-fluorenyl derivatives (12, 13).

Experimental section

General procedures
Proton (1H) and carbon (13C) nuclear magnetic resonance

(NMR) spectra were obtained in CDCl3 on an AC 250 F
NMR spectrometer in automation mode. Ultraviolet (UV)
spectra were obtained in 1 cm quartz cuvettes on a Varian-
Cary Bio 100 spectrometer. Fluorescence measurements
were done in methanol, with non-degassed samples, using a
PTI spectrometer at 25 °C. Corrected spectra were obtained.
GC–MS analyses were performed on a PerkinElmer
Autosystem XL instrument with a mass selective detector.
The column used was a Supelco 30 m × 0.25 mm MDN-5S
5% phenyl methylsiloxane, film thickness 0.50 µm, tempera-
ture programmed: 60 °C for 1 min; 20 °C increase per min
to 240 °C; 240 °C for 10 min. GC–FID analyses were done
in a similar way except on a Supelco DB200 column. Mass
spectral data are reported in units of mass over charge (m/z)
for all values between 50 and the molecular ion if greater
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than 10% of the base peak. Intensities are reported as a per-
cent of the base peak.

Indenone synthesis

2-Methyl-1-indenone 4a and 5-methoxy-2-methyl-1-
indenone 4b

These indenones were prepared using the procedure of
Floyd and Allen (), outlined in Scheme 2.

6-Methoxy-2-methyl-1-indenone 4c
The precursor to this indenone, 6-methoxy-2-methyl-1-

indanone 5 (X = 6-CH3O), was prepared using the procedure
of Sam and Plampin (), outlined in Scheme 2. To a solution
of 13.9 g (79 mmol) of 5 (X = 6-CH3O) in 170 mL of CCl4
was added 14.4 g (90 mmol) of bromine in 70 mL of CCl4.
After the addition was complete, the mixture was stirred at
room temperature for 2 h. The solvent and excess bromine
were removed under reduced pressure and 20.5 g (79 mmol,
100%) of the crude bromide, as a brown solid, resulted. 1H
NMR (CDCl3) δ: 7.22–7.32 (m, 3H), 3.85 (s, 3H), 3.72 (d,
1H, J = 18 Hz), 3.41 (d, 1H, J = 18 Hz), 1.95 (s, 3H). 13C
NMR (CDCl3) δ: 200.4, 160.0, 141.8, 133.8, 127.1, 125.3,
106.7, 60.3, 55.7, 45.8, 27.0. GC–MS: 256 (19), 254 (18),
176 (58), 175 (100), 174 (22), 161 (96), 148 (20), 147 (41),
146 (10), 133 (29), 132 (23), 131 (41), 117 (16), 115 (32),
105 (10), 104 (11), 103 (42), 102 (14), 91 (36), 89 (14), 79
(19), 78 (29), 77 (77), 76 (18), 75 (17), 74 (20), 65 (13), 64
(10), 63 (45), 62 (15), 51 (34), 50 (13). HR-MS calcd. for
C11H11O2Br: 253.9942; found: 253.9934. A mixture of
20.5 g (79 mmol) of crude bromoindanone, 12.1 g
(139 mmol) LiBr, and 10.4 g (140 mmol) Li2CO3 in 175 mL
of DMF was heated between 135–140 °C for 3 h under a ni-
trogen atmosphere. After cooling, the mixture was poured
into 300 mL of water and extracted three times with ether.
The combined ether layers were washed twice with water
and dried with MgSO4. Evaporation of the ether produced
10.4 g of thick red oil that contained crystals. This material
was purified by flash chromatography on silica gel produc-
ing 3.60 g (21 mmol, 26%) of bright orange needles: mp 82–
84 °C. 1H NMR (CDCl3) δ: 7.06 (q, 1H, J = 1.8 Hz), 6.97
(d, 1H, J = 2.4 Hz), 6.78 (d, 1H, J = 7.9), 6.67 (dd, 1H, J1 =
2.4, J2 = 7.9 Hz), 3.77 (s, 3H), 1.81 (d, 3H, J = 1.8 Hz). 13C
NMR (CDCl3) δ: 198.6, 160.1, 144.1, 136.6, 134.9, 132.7,
121.6, 116.1, 110.9, 55.6, 10.0. GC–MS: 175 (12), 174
(100), 159 (40), 131 (92), 115 (10), 103 (74), 102 (21), 77
(64), 76 (21), 75 (20), 63 (25), 62 (12), 51 (18). HR-MS
calcd. for C11H10O2: 174.0681; found: 174.0675.

Indenol syntheses
Indenols 3 were prepared from the corresponding

indenones using Luche’s reagent (18). The yields were 60–
95%.

2-Methyl-1-indenol 3a
mp 84–86 °C. 1H NMR (CDCl3) δ: 7.09–7.50 (m, 4H),

6.33 (broad s, 1H), 4.84 (broad s, 1H), 2.07 (broad s, 3H),
1.66 (broad s, 1H). 13C NMR (CDCl3) δ: 148.3, 145.2,
143.0, 128.5, 127.0, 124.9, 123.3, 120.1, 78.9, 13.8. GC–
MS: 146 (86), 145 (38), 132 (10), 131 (100), 129 (13), 128
(22), 127 (14), 117 (15), 116 (11), 115 (46), 103 (31), 91

(14), 89 (10), 77 (21), 63 (16), 51 (15). HR-MS calcd. for
C10H10O: 146.0731; found: 146.0741.

5-Methoxy-2-methyl-1-indenol 3b
mp 77–78 °C. 1H NMR (CDCl3) δ: 7.32 (d, 1H, J =

7.9 Hz), 6.68 (d, 1H, J = 2.3 Hz), 6.61 (dd, 1H, J1 = 7.9,
J2 = 2.3 Hz), 6.27 (s, 1H), 4.78 (broad s, 1H), 3.79 (s, 3H),
2.05 (broad s, 3H), 1.64 (broad s, 1H). 13C NMR (CDCl3) δ:
160.3, 149.9, 144.74, 137.3, 126.6, 123.9, 109.1, 106.9,
78.2, 55.4, 13.9. GC–MS: 176 (70), 175 (27), 174 (13), 162
(11), 161 (100), 160 (22), 159 (11), 146 (19), 145 (30), 133
(19), 132 (10), 131 (20), 118 (13), 116 (12), 115 (35), 105
(11), 103 (24), 102 (11), 91 (12), 89 (13), 79 (12), 78 (10),
77 (34), 75 (10), 63 (20), 51 (13). HR-MS calcd. for
C11H12O2: 176.0837; found: 176.0835.

6-Methoxy-2-methyl-1-indenol 3c
mp 103–105 °C. 1H NMR (CDCl3) δ: 7.08 (d, 1H, J =

2.4 Hz), 7.01 (d, 1H, J = 8.0 Hz), 6.74 (dd, 1H, J1 = 8.0,
J2 = 2.4 Hz), 6.27 (s, 1H), 4.81 (d, 1H, J = 8.9 Hz), 3.80 (s,
3H), 2.04 (broad s, 3H), 1.49 (d, 1H, J = 8.9 Hz). 13C NMR
(CDCl3) δ: 158.0, 147.1, 146.1, 135.7, 126.5, 120.4, 113.1,
110.7, 79.0, 55.6, 13.7. GC–MS: 177 (10), 176 (87), 175
(18), 162 (11), 161 (100), 160 (33), 159 (18), 146 (15), 145
(40), 133 (23), 131 (12), 118 (17), 117 (16), 116 (19), 115
(60), 105 (13), 103 (20), 102 (11), 91 (13), 79 (11), 77 (24),
63 (17), 51 (16). HR-MS calcd. for C11H12O2: 176.0837;
found: 176.0841.

General method for the preparation of esters 1a–c and
2a–c

The corresponding acid chloride (4 mmol) in 5 mL of dry
benzene was added to a solution of the corresponding
indenol (2 mmol) and pyridine (4 mmol) in 10 mL of dry
benzene. The solution was stirred overnight at room temper-
ature, then 50 mL of water was added, and the two layers
were separated. The benzene layer was washed twice with
10% aqueous HCl and once with saturated aqueous sodium
bicarbonate and finally with water. The esters were purified
by column chromatography on silica gel. The yields were
50–75%. Solid samples were recrystallized and oils were
bulb-to-bulb distilled.

2-Methyl-1-indenyl acetate, 1a
bp 87–91 °C at 2–3 mmHg (1 mmHg = 133.322 Pa). UV

(methanol) λmax (nm) (� ((mol L–1)–1 cm–1)): 266 (7130), 306
(952). 1H NMR (CDCl3) δ: 7.04–7.36 (m, 4H), 6.40 (s, 1H),
6.13 (s, 1H), 2.16 (s, 3H), 1.97 (s, 3H). 13C NMR (CDCl3) δ:
171.4, 144.4, 143.7, 142.1, 129.3, 128.8, 125.1, 124.2,
120.3, 78.4, 21.0, 14.0. GC–MS: 188 (15), 147 (11), 146
(100), 145 (29), 131 (68), 129 (21), 128 (74), 127 (16), 117
(10), 115 (31). HR-MS calcd. for C12H12O2: 188.0837;
found: 188.0843.

5-Methoxy-2-methyl-1-indenyl acetate, 1b
UV (methanol) λmax (nm) (� ((mol L–1)–1 cm–1)): 279

(2880, 306 (1560). 1H NMR (CDCl3) δ: 7.27 (d, 1H, J =
7.9 Hz), 6.71 (d, 1H, J = 2.4 Hz), 6.59 (dd, 1H, J1 = 2.4,
J2 = 7.9 Hz), 6.38 (broad s, 1H), 6.07 (broad s, 1H), 3.79 (s,
3H), 2.17 (s, 3H), 1.98 (broad s, 3H). 13C NMR (CDCl3) δ:
171.6, 160.7, 145.5, 134.1, 129.1, 125, 109.4, 107.2, 78.1,
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55.4, 21.1, 14.2. GC–MS: 218 (23), 177 (12), 176 (100), 175
(24), 161 (65), 160 (19), 159 (26), 158 (24), 145 (22), 144
(11), 117 (10), 116 (26), 115 (66), 91 (12). HR-MS calcd.
for C12H14O3: 218.0943; found: 218.0931.

6-Methoxy-2-methyl-1-indenyl acetate, 1c
bp 100–102 °C at 2 mmHg. UV (methanol) λmax (nm) (�

((mol L–1)–1 cm–1)): 273 (8850), 320 (1190). 1H NMR
(CDCl3) δ: 7.02 (d, 1 H, J = 8.0 Hz), 6.99 (d, 1H, J =
2.3 Hz), 6.75 (dd, 1H, J1 = 2.3, J2 = 8.0 Hz), 6.37 (broad s,
1H), 6.10 (broad s, 1H), 3.78 (s, 3H), 2.18 (s, 3H), 1.95
(broad s, 3H). 13C NMR (CDCl3) δ: 171.5, 158.1, 143.9,
142.2, 136.5, 128.9, 120.6, 114.0, 111.7, 78.5, 55.6, 21.1,
14.0. GC–MS: 218 (26), 177 (11), 176 (100), 175 (19), 161
(58), 159 (19), 158 (25), 145 (15), 116 (19), 115 (48). HR-
MS calcd. for C12H14O3: 218.0943; found: 218.0935.

2-Methyl-1-indenyl pivalate, 2a
1H NMR (CDCl3) δ: 7.05–7.31 (m, 4 H), 6.43 (broad s,

1H), 6.14 (broad s, 1H), 1.97 (s, 3H), 1.26 (s, 9H). 13C NMR
(CDCl3) δ: 179.0, 144.9, 143.8, 142.4, 129.0, 128.7, 125.1,
123.9, 120.3, 78.2, 39.1, 27.3, 14.0. GC–MS: 230 (15), 146
(66), 145 (14), 131 (25), 129 (42), 128 (100), 127 (21), 115
(19), 57 (75). HR-MS calcd. for C15H18O2: 230.1307; found:
230.1314.

5-Methoxy-2-methyl-1-indenyl pivalate, 2b
mp 63–64 °C. 1H NMR (CDCl3) δ: 7.21 (d, 1H, J =

8.1 Hz), 6.71 (d, 1H, J = 2.3 Hz), 6.59 (dd, 1H, J1 = 8.1 Hz,
J2 = 2.3 Hz), 6.37 (broad s, 1H), 6.07 (broad s, 1H), 3.78 (s,
3H), 1.96 (broad s, 3H), 1.25 (s, 9H). 13C NMR (CDCl3) δ:
179.0, 160.6, 146.3, 145.5, 134.4, 128.8, 124.6, 109.3,
107.2, 77.8, 55.4, 39.0, 27.2, 14.1. GC–MS: 260 (11), 176
(47), 175 (21), 161 (17), 160 (11), 159 (36), 158 (29), 116
(20), 115 (40), 57 (100). HR-MS calcd. for C16H20O3:
260.1412; found: 260.1403.

6-Methoxy-2-methyl-1-indenyl pivalate, 2c
mp 54–56 °C. 1H NMR (CDCl3) δ: 7.03 (d, 1H, J =

8.1 Hz), 6.92 (d, 1H, J = 2.3 Hz), 6.76 (dd, 1H, J1 = 8.1 Hz,
J2 = 2.3 Hz), 6.37 (broad s, 1H), 6.10 (broad s, 1H), 3.78 (s,
3H), 1.94 (broad s, 3H), 1.26 (s, 9H). 13C NMR (CDCl3) δ:
179.0, 158.0, 144.2, 142.7, 136.5, 128.5, 120.5, 113.0,
111.6, 78.2, 55.6, 39.0, 27.2, 13.9. GC–MS: 260 (11), 176
(51), 175 (21), 161 (20), 159 (34), 158 (34), 116 (21), 115
(39), 57 (100). HR-MS calcd. for C16H20O3: 260.1412;
found: 260.1408.

Preparation of ethers, 3
The ethers were prepared from the corresponding indenols

using the procedure of Freidrich and Taggart (48) and were
purified by chromatography on silica gel. The yields of these
reactions were not high (<20%), particularly for the
methoxy-substituted cases, and the 1H NMR of the crude in-
dicated the appropriate peaks for the ethers superimposed on
broad, featureless bands (oligomers?). Only one ether 9 (X =
5-OCH3) was obtained when starting with either 5- or 6-
methoxy-2-methyl-1-indenol, although GC analysis indi-
cated that the isomer was formed (<5%). 1H NOE difference
spectra demonstrated that this ether was 1-methoxy-5-
methoxy-2-methylindene. This ether 3 (X = 5-CH3O) was

also isolated from photolysis of 6-methoxy-2-methyl-1-
indenol in methanol.

1-Methoxy-2-methylindene
1H NMR (CDCl3) δ: 7.02–7.42 (m, 4H), 6.42 (broad s,

1H), 4.84 (broad s, 1H), 3.02 (s, 3H), 2.02 (broad s, 3H). 13C
NMR (CDCl3) δ: 145.9, 143.9, 141.9, 128.7, 128.4, 124.7,
123.8, 120.2, 84.9, 51.8, 14.1. GC–MS: 160 (82), 159 (11),
145 (100), 130 (14), 129 (23), 128 (45), 127 (20), 117 (40),
116 (12), 115 (60), 102 (17), 91 (22), 77 (12), 63 (18), 51
(16). HR-MS calcd. for C11H12O: 160.0888; found:
160.0887.

1-Methoxy-5-methoxy-2-methylindene
1H NMR (CDCl3) δ: 7.30 (d, 1H, J = 8.0 Hz), 6.72 (d, 1H,

J = 2.3 Hz), 6.64 (dd, 1H, J1 = 8.0 Hz, J2 = 2.3 Hz), 6.39
(broad s, 1H), 4.82 (broad s, 1H), 3.81 (s, 3H), 3.02 (s, 3H),
2.03 (broad s, 3H). 13C NMR (CDCl3) δ: 160.3, 147.3,
145.5, 133.6, 128.4, 124.3, 109.1, 106.9, 84.2, 55.4, 52.6,
14.2. GC–MS: 191 (11), 190 (88), 189 (15), 176 (11), 175
(100), 160 (25), 159 (32), 147 (28), 144 (16), 132 (13), 116
(23), 115 (55), 103 (12), 91 (18), 89 (13), 77 (14), 63 (15),
51 (10).

Quantitative photolyses
A solution of ~100 mg of the appropriate ester 1 and 2 in

100 mL methanol or cyclohexane was purged with nitrogen
and then irradiated in a Rayonet photochemical reactor using
4 lamps (75 W, 254 nm). The temperature was controlled at
25 °C by circulating water in an immersion tube. Reaction
progress was monitored by GC, and the reaction stopped
when the ester was less than 5% consumed. For the alcohols
3 and the ether 6 (X = H), ~50 mg in 100 mL of the appro-
priate solvent (methanol or cyclohexane) was used.
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CuO – activated carbon catalysts for methanol
decomposition to hydrogen and carbon monoxide

Tanya Tsoncheva, Radostin Nickolov, Svetoslava Vankova, and
Dimitar Mehandjiev

Abstract: A comparison of the abilities of CuO – activated carbon catalysts, prepared by different copper precursors
and preparation techniques, in the methanol decomposition reaction to carbon monoxide and hydrogen, was undertaken.
Higher catalytic activity and stability are found for the catalysts obtained from an ammonia solution of copper carbon-
ate. The nature of the catalytic active complex in the samples is also discussed.

Key words: methanol decomposition, CuO – activated carbon catalysts, catalytic active complex.

Résumé : On a réalisé une comparaison de la réaction de décomposition du méthanol en monoxyde de carbone et en
hydrogènes sous l’action de divers catalyseurs de CuO sur des charbons activés, préparés à partir différents précurseurs
de cuivre et par diverses techniques. On a observé que l’activité catalytique et la stabilité des catalyseurs étaient plus
élevées pour les catalyseurs obtenus à partir de solutions ammoniacales de carbonate de cuivre. On discute aussi de la
nature du complexe catalytique actif dans les échantillons.

Mots clés : décomposition du méthanol, catalyseurs de CuO sur du charbon activé, complexe catalytique actif.

[Traduit par la Rédaction] Tsoncheva et al. 1100

Introduction

In view of the application of methanol as an alternative
ecological fuel (1–4), its catalytic decomposition to CO and
hydrogen is a process of considerable interest. Some copper-
containing materials appear to be promising catalysts (5–7)
for this purpose. In our previous investigations we consid-
ered the favorable effect of activated carbon used as a sup-
port for the preparation of efficient catalysts for methanol
decomposition (8–13). The role of the copper precursor in
the catalytic activity and selectivity of these materials has
been also reported (10, 12, 13). In this aspect, we would like
to draw attention to some peculiarities in methanol decom-
position on copper-oxide-supported catalysts obtained by
different preparation techniques and to look for a correlation
with the nature of the catalytic active complex (CAC) in
them (14).

Experimental

Materials
This investigation encompasses three copper-containing

catalysts supported on activated carbon, a commercial
product (15). The specific surface area of the support is
1060 m2 g–1; the pore volume is 0.91 cm2 g–1. The catalysts
were prepared by an incipient wetness method as follows:

Sample Cu-AC-N
The active phase was deposited by four-fold spraying of

the support with an aqueous solution of Cu(NO3)2.

Sample Cu-AC-A1
The active phase was deposited by four-fold spraying of

the support with 2.4 wt% basic copper carbonate in ammo-
nia water and ammonium carbonate, pH = 9.9.

Sample Cu-AC-A2
The active phase was deposited by single spraying of the

support with 2.4 wt% basic copper carbonate in ammonia
water and ammonium carbonate, pH = 9.9.

After each deposition, the samples were kept for 24 h in a
closed volume and subjected to drying for 1 h under vacuum
at 298 K and then for 1 h in air at 313 K. The samples were
decomposed at 480 K in air for 1 h.

Methods and apparatus
Copper content in the samples was determined by atomic

absorption spectrometry (Pye Unicam SP 90B spectrometer).
X-ray diffraction powder patterns were obtained on a
Phylips APD-15 diffractometer equipped with a Cu Kα radi-
ation source and graphite monochromator. XP and Auger
spectra were registered using an ESCA LAB Mk II (VG Sci-
entific). The ESR spectra were obtained in an ERS-220
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spectrometer (Germany) at 298 K. The magnetic measure-
ments were performed with a Faraday-type magnetic balance
in a temperature range of 298–473 K.

The catalytic experiments were carried out in a flow reac-
tor with partial pressure of methanol at 1.57 kPa and WHSV
at 1.5 h–1 in a thermo-programmed regime with a heating
rate of 1 K min–1. A standard catalytic test with time on
stream (about 200 min) at selected temperatures was also
performed. The on-line gas chromatographic analysis was
performed.

Results and discussion

In Table 1 data of the copper content and specific surface
area for the initial copper-oxide-supported materials are pre-
sented. The magnetic susceptibility of the active phase, cal-
culated as CuO at 298 K, is also given. An essential
decrease in the BET surface area for all copper-loaded sam-
ples in comparison with the parent activated carbon is ob-
served. Therefore, a highly dispersed copper species, located
mainly within the pores of the support, seems to be formed.

In Fig. 1 the temperature dependencies of methanol con-
version for the copper oxide – activated carbon samples, ob-
tained by different techniques, are presented. The main
registered products are CO and H2. Methyl formate (MF) is
also found at lower temperatures. A well-defined tendency
for increased conversion with increasing temperatures is reg-
istered for Cu-AC-A1. In this case the conversion remains
unchanged (about 100%) above 530 K. On the contrary, a
maximum in the conversion curve at 510 K for Cu-AC-N is
observed. Further increase in methanol conversion above
600 K is also found. The catalytic activity for Cu-AC-N is
lower compared with that for Cu-AC-A1 in the whole tem-
perature interval that was investigated. The conversion curve
for Cu-AC-A2 is close to that for Cu-AC-A1, up to 600 K,
but a sharp decrease above this temperature is registered. So,
a favourable effect of active phase deposition from ammonia
solution is concluded. However, the preparation technique
that includes a four-fold spraying of the support with copper
solution facilitates the formation of more stable catalysts.

As far as the fact that the activated carbon does not ex-
hibit a catalytic activity in methanol decomposition on its
own (not shown), some significant differences in the copper
state for the initial catalysts could be assumed. Further
changes in the copper state during the catalytic process
could also be expected.

To describe the peculiarities of the active-phase state on
the investigated catalysts, a complex study by different
methods was performed. The XRD spectra for the initial
samples are identical, and CuO is the only phase observed
(Fig. 2, curve 1). However, two ESR signals are also found
in all investigated samples (Fig. 3), in spite of the fact that
CuO does not register on ESR spectra. This is also in accor-
dance with the results in ref. 16. A sharp ESR signal, typical
of single Cu2+ ions, is registered. The presence of Cu2+ ions
interacting with each other (Cu2+–Cu2+) and characterized
with a broader ESR signal are found as well. So, despite the
nature of the used copper precursor, the CAC in the initial
sample contains predominantly Cu2+ ions, differing in coor-
dination and type of interaction. This conclusion is proved
by the magnetic measurements as well. The calculated mag-

netic susceptibilities, per g mol Cu2+ ions in the initial sam-
ples, are rather different (Table 1). The lower magnetic sus-
ceptibility for Cu-AC-A1 could be an indication of the
presence of copper species in a lower oxidative state in this
sample, since their effective magnetic susceptibility is zero
(17). Indeed, only in the case of the initial Cu-AC-A1 does
XPS analysis show the presence of Cu1+ ions (Table 2). So,
the participation of copper species in different oxidative
states (Cu2+, Cu2+–Cu2+, and Cu1+) in the CAC Cu-AC-A1
could be assumed. On the contrary, Cu2+ and Cu2+–Cu2+

ions are exclusively present in the CAC of the initial
Cu-AC-N. In this relation, the observed higher activity for
Cu-AC-A1 (Fig. 1) could be ascribed to the presence of
Cu1+ ions in the initial CAC. The favourable role of the am-
monia copper precursor for these types of CAC formations
in the process of catalyst preparation is considered. This as-
sumption is also proved by the higher turnover frequencies
(TOF), calculated on the basis of the initial conversion at
different temperatures, for Cu-AC-A1 in comparison with
Cu-AC-N (Fig. 4). However, the similarities of TOF values
for both samples above 530 K could be evidence for some
essential changes in CAC for Cu-AC-N during the reaction.
This conclusion is confirmed by the XPS spectra for Cu-AC-N,
where Cu0, together with Cu2+ and Cu1+, is found (Table 2).
Intensive signals, typical of Cu0, are also observed in the
XRD spectrum for this sample (Fig. 2, curve 2). On the con-
trary, no Cu0 is found for the used Cu-AC-A1. Hence, a
more stable CAC in Cu-AC-A1 with respect to the reaction
medium influence is most probably formed.

The higher stability of CAC in the ammonia-obtained
sample compared with that in Cu-AC-N could also be
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Samples
Cu content
(wt%)

BET
(m2 g–1)

χg

(g ions × 10 6)

AC 0.0 1060 –0.6
Cu-AC-N 4.0 960 19.0
Cu-AC-A1 5.0 958 7.5
Cu-AC-A2 5.0 657 18.4

Table 1. Copper content, specific surface area, and magnetic sus-
ceptibility of the initial samples obtained by different preparation
techniques.

Fig. 1. Total conversion vs. temperature on various copper-
loaded samples.
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Cu 2p3/2 Cu LMM Auger O 1s

Samples CuO Cu2O Cu CuO Cu2O Cu CuO Cu2O Cu(OH)2

Cu-AC-N (I) 934.1 — 917.9 — 529.8 — 531.6
Cu-AC-A1 (I) 934.0 933.6 917.8 917.2 530.0 530.3 531.9
Cu-AC-N (T) 933.6 932.5 932.0 917.9 917.1 919.0 530.4 530.9 531.7

Table 2. Binding energies of Cu 2p3/2 and O 1s and the kinetic energy of the Cu L3M4,5M4,5 peak (eV) of the initial (I) samples and
those used in the catalytic test at 700 K (T).

Fig. 2. XRD patterns of the initial Cu-AC-N (curve 1) and that used in the catalytic test at 700 K (curve 2).

Fig. 3. ESR spectra of activated carbon (curve 1) and the initial
Cu-AC-N (curve 2).

Fig. 4. Temperature dependences of TOF for Cu-AC-A1 and Cu-
AC-N.
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proved by the catalytic experiments in isothermal conditions
(Figs. 5 and 6). For Cu-AC-N, the conversion remains un-
changed only at lower temperatures (Fig. 5a). However, it
gradually decreases at 550 K (Fig. 5b), and the catalyst prac-
tically loses its catalytic activity after about 5 h. On the con-
trary, no essential changes with time on stream are
registered for Cu-AC-A1 even at 575 K (Fig. 6).

Conclusions

In comparison with the nitrate-obtained, copper-loaded
activated carbon materials, the catalysts prepared from the
ammonia precursor exhibit higher catalytic activity during
methanol decomposition to CO and hydrogen. In this case,
the preparation technique that includes four-fold spraying of
the support with the precursor is favoured as producing the
catalyst with the best stability in this reaction. It results in
easier formation and better stabilization of the CAC, con-
taining Cu1+ ions on the support in the process of catalyst
preparation. Indeed, the nature of the CAC is only one as-
pect of the complex problem of optimization of catalysts.
Higher catalytic activity, selectivity, and stability at low

temperatures are needed. In relation to this, further investi-
gations are in progress.
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Fig. 5. Evolution of the conversion and product distribution with time on stream on Cu-AC-N at 473 K (a) and 551 K (b).

Fig. 6. Evolution of the conversion and product distribution with time on stream on Cu-AC-A1 at 490 K (a) and 575 K (b).
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A theoretical analysis of the conformational
behaviour of substituted methylenecyclohexanes

Robert C. Mawhinney, Heidi M. Muchall, and Jean Lessard

Abstract: The use of the PBE0 hybrid density functional theory method in conjunction with the COSMO solvation
model allowed us to reproduce, both qualitatively and quantitatively, the experimentally observed conformational com-
positions of 2-substituted and 2,7-disubstituted methylenecyclohexanes. An analysis revealed several different interac-
tions that influence the overall equilibrium. It was found that the endo (general) anomeric effect plays a significant role
in the equilibrium and that the “unsaturation effect” possibly comprises two effects.

Key words: conformational analysis, methylenecyclohexanes, anomeric effect, unsaturation effect.

Résumé : L’utilisation de la méthode théorique fonctionnelle de densité hybride PBE0 de concert avec le modèle de
solvatation COSMO nous permet de reproduire qualitativement et quantitativement, les compositions conformationnel-
les, observées expérimentalement, des méthylènecyclohexanes substitués en position 2 et disubstitués en positions 2 et
7. Une analyse révèle plusieurs interactions différentes qui influencent l’équilibre global. On a trouvé que l’effet ano-
mère endo (général) joue un rôle important dans l’équilibre et que l’effet d’insaturation comporte probablement deux
effets.

Mots clés : analyse conformationnelle, méthylènecyclohexanes, effet anomère, effet d’insaturation.

[Traduit par la Rédaction] Mawhinney et al. 1107

Introduction

The anomeric effect is invoked to explain the unusual sta-
bility of the more sterically unfavoured synclinal (gauche)
conformer over the sterically favoured antiperiplanar (anti)
conformer (1). A number of theories have been hypothesized
to explain these findings (2). To test these theories, Lessard
and co-workers (3–6) assessed the equilibrium composition
of a number of systems using 13C NMR spectroscopy, in-
cluding substituted methylenecyclohexanes.

The first article in the series (3) revealed that the dipole–
dipole – dipole–quadrupole and rabbit-ear (or n–n interac-
tion) theories for the anomeric effect were negligible (the
latter because the chosen system did not have any endocyclic
atoms with electron lone pairs), leaving only the double
bond – no bond resonance or πC=C–σ∗

C-O orbital overlap as
the main interaction. This appeared to explain the finding
that the introduction of a methoxy substituent to the methy-
lene group (position 7) in 2-methoxymethylenecyclohexane
led to a stabilization of the axial conformer to such an extent
that the equatorial conformer was not observed.

In the second paper (4) this was explored further by
changing the 2-substituent. It was found that the introduction
of a π system had the unexpected result of switching the

conformer preference from axial to equatorial, with the pro-
portion of equatorial orientation on going from methoxy
(OMe) to vinyloxy (OVi) to acetoxy (OAc) increasing from
41% to 61% to 80% at 0 °C. Based on double bond – no
bond resonance, the increase in anion stability of the
2-substituent along this series should produce the opposite
effect. Similarly, the πC=C–σ∗

C-O interaction should become
more pronounced, since the σ∗

C-O orbital energy should de-
crease along the series. This counter observation was termed
the “unsaturation effect”.

Instead of invoking a double bond – no bond resonance or
πC=C–σ∗

C-O stabilizing interaction, a number of these results
could also have been explained through an nO–π =

∗
C C stabiliz-

ing interaction. To examine the effect of the nO–π =
∗
C C inter-

action, Lessard et al. (5) examined a series of 7-substituted
2-methoxymethylenecyclohexanes. The substituent on the
methylene carbon was changed from hydrogen to methoxy
(OMe), phenyl (Ph), and cyano (CN), and the observed pro-
portion of equatorial orientation changed from 41% (0 °C)
to <5% (–113 °C), 12% (–113 °C), and 88% (–60 °C), re-
spectively. These results showed that nO–π =

∗
C C orbital inter-

actions are not the dominant factor for determining the
equilibrium composition.

In the last paper of this series (6), the authors brought to-
gether all previous results, as well as those for several simi-
lar systems, and concluded that the generalized anomeric
effect is operating in these systems along with a contribution
from electrostatic (dipole–quadrupole) interactions. Most
important, however, is the as yet unexplained “unsaturation
effect”, which appears to override the generalized anomeric
effect in a number of cases.

To understand the “unsaturation effect”, we started a com-
putational study of the axial preference for the 2-substituted
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methylenecyclohexanes (7). The experimentally observed
trend was reproduced qualitatively. While the equilibria for
the methoxy- and vinyloxy-substituted compounds were best
obtained at single point solvated levels of theory, the large
equatorial preference for the acetoxy species could only be
reproduced when solvent-optimized geometries and energies
were employed. Even then the equilibrium composition
could only be estimated, since a minimum for one of the
conformers was not located.

In this paper we have undertaken a reexamination of the
2-substituted equilibrium compositions. We report that the
use of the COSMO solvation model (8–10) in conjunction
with the empirical-parameter-free PBE0 hybrid density func-
tional method (11, 12) not only correctly predicts the
compositional preferences in the 2-substituted methylene-
cyclohexanes but also those seen for the 2,7-disubstituted
systems (Scheme 1). This combination of theory and solva-
tion model has recently been shown to give reliable results
for examining the role of stereoelectronic effects in the col-
lagen dipeptide (13).

Computational details

The Gaussian 98 suite of programs was used in all calcu-
lations (14). The minimum energy conformations were opti-
mized using the empirical-parameter-free hybrid density
functional PBE0 (11, 12) and the Pople split valence 6-
31G(d) basis set (15–19), starting from the previously opti-
mized gas phase HF/6-31G(d) structures (7). The COSMO
polarizable continuum solvent model (8–10) was used, with
dichloromethane as solvent, in all optimizations. All minima
were confirmed by harmonic vibrational frequency analyses.
Since all relative energies are based on rotational conform-
ers, there is negligible dependence on entropy, and we report
zero-point corrected, as opposed to free energy, values.

Results and discussion

As in the previous work (7), rotational isomers for both
the axial and equatorial conformers were explored. In all
cases, two rotamers are obtained within a 2.5 kcal/mol cut-
off criterion. In Fig. 1 the structures for 2-OMe are given.
As one can see, the O—R1 bond is aligned antiperiplanar
with one of two possible C—C bonds, either C—Csp3 or
C—Csp2 . This general feature is the same in all systems. All
species will from here on be labelled by their conformations,
axial (a) or equatorial (e), antiperiplanar to Csp3 or Csp2 (i.e.,
a(sp3), a(sp2), e(sp3), e(sp2)), as shown in Fig. 1. In the case
of the vinyloxy-substituted system there are twice as many
conformers because of the cis and trans orientations in the
C-O-CH=CH2 fragment. While also possible for the acetoxy
substituent, it was found earlier (7) that the cis species lie
around 8 kcal/mol higher in energy and therefore are not a
factor in the equilibrium composition. Unlike the previous
study, we have now been able to locate solvent-optimized
minima for all four conformers in the acetoxy system and
can therefore concentrate on understanding the causes of the
effects that lead to the observed equilibria.

Compositional analysis
The experimentally observed axial:equatorial equilibrium

composition for the 2-substituted methylenecyclohexanes is

59:41 (2-OMe), 39:61 (2-OVi), and 20:80 (2-OAc) (4) and
for the 7-substituted 2-methoxymethylenecyclohexane sys-
tems is 12:88 (7-CN), >95:<5 (7-OMe), and 88:12 (7-Ph)
(5). The relative energy differences for each of the species
that make up the equilibrium are given in Table 1. The
equilibium composition is derived from these energy differ-
ences by combining the Boltzmann distribution relationship
with the molar fractions distribution relationship (20, 21).
As shown in Table 1, our results are both qualitatively and
quantitatively in good agreement with the experimental val-
ues. The largest differences are observed for 2-OVi (∆ =
–12%) and 7-Ph (∆ = +16%). All other results are within at
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Scheme 1.

Fig. 1. Representation and labelling scheme of the two rotamers
of each anomer (for 2-OMe, but all other systems exhibit the
same general feature).
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least 7%, and for three systems (2-OMe, 2-OAc, and 7-
OMe) there is no appreciable error.

In the 2-substituted systems, the major change in equilib-
rium composition on going from methoxy (2-OMe) to
vinyloxy (2-OVi) is a decrease in a(sp3) (from 57.5 to 21.6%
(9.7(trans) + 11.9(cis))) and a concomitant increase in e(sp3)
(from 30.3 to 52.8%). In 2-OAc, the decrease in a(sp3) is ac-
companied by an additional major increase in e(sp2) (from
10.8 to 44.5%). In the 7-substituted series, the introduction
of the cyano group (7-CN) has a similar effect to that of the
acetoxy group (2-OAc) in the 2-substituted series. The ex-
change of the hydrogen atom in 2-OMe for a phenyl ring (7-
Ph) in the 7-position has only a small effect on the energy
differences, stabilizing a(sp2) and destabilizing e(sp3),
thereby shifting the equilibrium composition further towards
axial. The 7-methoxy substitution (7-OMe) dramatically
destabilizes both equatorial species so that a(sp3) now makes
up ~98% of the equilibrium.

Geometric evidence
The anomeric effect, aside from energetic considerations,

is typically accompanied by certain geometric changes that
form the basic reasoning behind a number of its explanations
(1). In particular, the C—X bond in the anomeric position is
usually observed to be elongated in the axial conformer with
respect to the equatorial conformer. This is also the case
here, as shown for the C—O bond distances given in Ta-
ble 2. In all 2-methoxy systems (2-OMe, 7-CN, 7-OMe, and
7-Ph) the difference between the axial and equatorial C—O
distance is ca. 0.012 Å. This difference increases as the
electronegativity of the 2-substituent increases, as expected

for an anomeric effect. This is demonstrated by a difference
of 0.015 Å in 2-OVi and a difference of 0.018 Å in 2-OAc.
These results are consistent with the conclusions of Lessard
and co-workers that the generalized anomeric effect is oper-
ating in these systems (6).

The C—O bond distances in both axial and equatorial
conformers increase as the electronegativity of the 2-
substituent increases. This in itself is not surprising. What is
surprising is that the C—O bond distance is affected by 7-
substitution. For example, the addition of the electron-
withdrawing cyano group (7-CN) shortens rC-O with respect
to the unsubstituted system (2-OMe). The addition of an
electron-donating group (7-OMe) is accompanied by an in-
crease in rC-O, and conjugation (7-Ph) elicits no change. An
examination of the rC-O differences between axial and equa-
torial species also shows this trend. The difference of
0.012 Å (as assessed using the raw bond distances from
which Table 2 was created) in the unsubstituted 2-OMe de-
creases to 0.011 Å with the addition of an electron-
withdrawing group (7-CN), increases to 0.013 Å with an
electron-donating group (7-OMe), and is unchanged
(0.012 Å) by conjugation (7-Ph). This remote effect implies
that the methylene π system has an effect on both anomers
and is probably part of the reason behind the “unsaturation
effect”.

The operation of another effect, the exo-anomeric effect,
is revealed by the rC-C entries in Table 2. When O–R1 is
antiperiplanar to Csp3 (left hand structures in Fig. 1), the
overlap between an oxygen lone pair (nO) and σC-C sp 2

* is
maximized. Consequently, r

spC-C 2 is found to be longer in
a(sp3) and e(sp3) than in a(sp2) and e(sp2) (Table 2). Simi-
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2-OMeb
2-OVi
(trans)b 2-OVi (cis)b 2-OAcb 7-CNc 7-OMec 7-Phd

∆E (kcal/mol)
a(sp3) 0.00e 0.60 0.49 0.69 0.75 0.00e 0.00e

a(sp2) 2.03 1.03 1.63 0.95 2.20 1.71 1.55
e(sp3) 0.35 0.00e 0.12 0.13 0.00e 1.69 0.57
e(sp2) 0.91 0.53 0.65 0.00e 0.03 1.51 0.85

Equilibrium composition (%)
a(sp3) 57.5 9.7 11.9 12.5 4.7 98.2 70.3

(17.7)f (26.1)f

a(sp2) 1.4 4.4 1.5 7.7 0.1 0.5 1.8
(8.1)f (3.2)f

e(sp3) 30.3 29.3 23.5 35.3 49.9 0.5 18.4
(53.9)f (51.5)f

e(sp2) 10.8 11.0 8.8 44.5 45.4 0.9 9.4
(20.3)f (19.3)f

Axial composition of equilibrium (%)
calcd. 59 27 20 5 99 72

(26; 29)f (12)b (91)b (65)b

exptl. 59 39 20 12 >95 88
aRelative energies include zero-point vibrational corrections.
bEquilibrium composition evaluated at 0 °C.
cEquilibrium composition evaluated at –113 °C.
dEquilibrium composition evaluated at –60 °C.
eTotal energies (in hartree (1 hartree = 4.3597482 × 10–18 J) for the lowest energy conformers: –387.813339 (2-OMe), –425.849143 (2-OVi),

–501.049114 (2-OAc), –479.96288 (7-CN), –502.179296 (7-OMe), –618.517203 (7-Ph).
fcis and trans components separated.

Table 1. Relative energiesa and equilibrium compositions (evaluated at experimental temperatures).
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larly, when O–R1 is antiperiplanar to Csp2 (right hand struc-
tures in Fig. 1), the nO–σC-C sp 3

* interaction is maximized and
r

spC-C 3 is longer in these species. These results also demon-
strate that the effect on distance is larger in C—Csp3 than in
C—Csp2 . For example, in the 2-OMe case the former
changes by 0.006–0.007 Å and the latter by 0.004 Å. This is
a reflection of the differing strengths of the Csp3 —Csp3 and
Csp3 —Csp2 bonds, as shown by the shorter overall Csp3 —Csp2

distances.
As expected, this effect diminishes as O–R1 becomes more

electronegative. The average r
spC-C 2 bond difference de-

creases from 0.004 Å (2-OMe) to 0.003 Å (2-OVi) and to
0.002 Å (2-OAc). Similarly, the average r

spC-C 3 bond differ-
ence decreases from 0.007 Å (2-OMe) to ~0.004 Å (2-OVi)
and ~0.003 Å (2-OAc). In the r

spC-C 2
case, there is virtually

no variation in the axial and equatorial differences. The
r

spC-C 3 case, on the other hand, exhibits some variation be-
tween the axial and equatorial differences, which also in-
creases along the series 2-OMe, 2-OVi, and 2-OAc. The
effect of 7-substitution is rather small, if present at all, and
no discernable pattern can be ascertained in the r

spC-C 3 case.
The r

spC-C 2 bond distances reveal that the addition of an
electron withdrawing group increases the sp3 – sp2 differ-
ence in both anomers (7-CN), an electron-donating group
decreases it in the axial anomer (7-OMe), and conjugation
increases it in the equatorial anomer (7-Ph).

Aside from the changes due to 7-substitution, the C=C
distance is fairly insensitive, owing to the stiffness of the
bond (even more so than for the Csp3 —Csp2 bond). This is
expected, and the lack of any appreciable change in C=C
distance on its own does not imply that πC=C–σ∗

C-O and
nO–π =

∗
C C interactions do not play a significant role in these

systems, as has been concluded earlier (3, 5). In fact, the ex-

pected small lengthening of the C=C bond in the axial
species can be seen most clearly in 7-OMe and 7-Ph.

Decomposition of energy differences
The equilibrium composition depends on the energy dif-

ferences between the different species, as described earlier.
As well, the Edward–Lemieux effect (which incorporates
both the endo- and exo-anomeric effects, similar to our case)
can be “energetically quantified by the energy difference be-
tween the sum of the endo- and exo-anomeric effects for one
of the anomers and the sum for the other anomer” (22).
Within this context, we have plotted the energy relationships
between the different conformers (the cis and trans compo-
nents of vinyloxy have been separated) as a function of the
% axial composition (all calculated at 0 °C). The overall re-
sults, along with the linear trend lines and corresponding
correlation coefficients, are presented in Fig. 2.

In most cases there does not seem to be any direct rela-
tionship between energy difference and equilibrium compo-
sition. The one exception is the e(sp3) – a(sp3) energy
difference, where there is a strong correlation (r2 = 0.97).
This relationship corresponds to the endo- (generalized)
anomeric effect, as Lessard and co-workers have concluded
(6). However, our results do not show a second overall effect
offsetting it; perhaps there are two effects within the subsets
that are masking each other on a global scale. To explore
this further, we have separated out the two systems, 2-OMe,
2-OVi(cis), 2-OVi(trans), and 2-OAc (“2-substituted”) and
2-OMe, 7-CN, 7-OMe, and 7-Ph (“7-substituted”) and
again plotted the energy differences between the different
conformers as a function of the % axial composition. These
are given in Figs. 3 and 4, respectively.

© 2003 NRC Canada
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2-OMe 2-OVi (trans) 2-OVi (cis) 2-OAc 7-CN 7-OMe 7-Ph

rC-O

a(sp3) 1.423 1.432 1.436 1.451 1.415 1.426 1.421
a(sp2) 1.423 1.435 1.436 1.452 1.419 1.427 1.422
e(sp3) 1.409 1.420 1.420 1.433 1.406 1.413 1.409
e(sp2) 1.411 1.420 1.421 1.434 1.406 1.414 1.410

r
spC -C 2

a(sp3) 1.512 1.510 1.509 1.507 1.512 1.505 1.514
a(sp2) 1.508 1.507 1.506 1.505 1.507 1.502 1.510
e(sp3) 1.512 1.510 1.509 1.506 1.509 1.510 1.515
e(sp2) 1.508 1.507 1.505 1.504 1.504 1.506 1.510

r
spC -C 3

a(sp3) 1.526 1.526 1.524 1.522 1.527 1.526 1.528
a(sp2) 1.533 1.531 1.529 1.527 1.534 1.533 1.534
e(sp3) 1.528 1.528 1.526 1.526 1.531 1.527 1.530
e(sp2) 1.534 1.531 1.530 1.528 1.536 1.533 1.536

rC=C

a(sp3) 1.333 1.332 1.333 1.332 1.345 1.337 1.343
a(sp2) 1.332 1.332 1.332 1.332 1.344 1.336 1.343
e(sp3) 1.332 1.331 1.332 1.331 1.344 1.335 1.342
e(sp2) 1.332 1.332 1.332 1.332 1.344 1.335 1.342

Table 2. Selected bond lengths (Å).
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The e(sp3) – a(sp3) energy difference shows the same
strong correlation (r2 = 0.97 and 0.96) in both 2- and 7-
substituted systems. In the 2-substituted systems there is

also a considerable correlation (r2 = 0.90) with the exo-
anomeric effect in the axial conformers, a(sp2) – a(sp3), as
seen in Fig. 3. The 7-substituted systems, where the

© 2003 NRC Canada
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Fig. 2. The overall relationship between energy differences (kcal/mol) and % axial composition: � E spa 2( ) – E spa 3( ); � E spe 2( ) – E spe 3( ); ×
E spe 3( ) – E spa 3( ); � E spe 2( ) – E spa 2( ).

Fig. 3. The relationship between energy differences (kcal/mol) and % axial composition in the 2-substituted systems: � E spa 2( ) –
E spa 3( ); � E spe 2( ) – E spe 3( ); × E spe 3( ) – E spa 3( ); � E spe 2( ) – E spa 2( ).
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substituent effect is removed from the exo portion of the
ring, do not show any correlation (r2 = 0.19) with the
a(sp2) – a(sp3) energy difference. They do, however, exhibit
a strong correlation (r2 = 0.98) with the other endo-anomeric
effect, e(sp2) – a(sp2) (Fig. 4).

The fact that there are two main trends to each series and
only one of them in common suggests that the “unsaturation
effect” is a combined effect. There is no straightforward ex-
planation, and since within each conformer there are three
common energy components (steric, electrostatic, and elec-
tronic) (23), a full understanding will only come from a
complete analysis of all energetic contributions. Also, one
must realize that most of the data points in the figures are
essentially clustered at one end, as intermediate experimen-
tal data are not available at this moment. Further studies,
both experimental and computational, are planned to remedy
this situation.

Conclusions

In this work we have shown that the combination of PBE0
and COSMO reliably predicts the experimentally observed
axial:equatorial equilibrium compositions in 2-substituted
and 2,7-disubstituted methylenecyclohexanes. We have ana-
lyzed the compositions with respect to both the endo- and
exo-anomeric effects, jointly known as the Edward–Lemieux
effect.

The geometries of the species that make up the equilib-
rium composition revealed evidence of three different ef-
fects. The rC-O distances exhibit the generalized anomeric
effect. The exo-anomeric effect reveals itself as an increase
in C—C bond lengths due to nO–σ∗

C-C interactions. The
rigidity of the C=C bond limits its use as a detector of

πC=C–σ∗
C-O and nO–π =

∗
C C interactions. However, 7-

substitution has an effect on rC-O in both anomers, unlike
typical anomeric systems, which implies that the methylene
π system might be the source of the “unsaturation effect”.
This is supported by an analysis of energy differences and
their relationship to the observed equilibrium composition in
that an overall endo- (generalized) anomeric effect for one
of the rotamers (e(sp3)-a(sp3)) is accompanied by two more
correlations within the subsets of 2- and 7-substituted sys-
tems.

Studies are now underway to examine this further. These
include an AIM analysis (24) of the electron density, as has
been done previously (25–27); an NBO analysis (28) to ex-
amine the role of the suspected orbital interactions (29–34);
and a bond energy analysis (35–37), which, to our knowl-
edge, has never been used for the examination of the
anomeric effect but should reveal results about steric, elec-
trostatic, and electronic effects similar to other energy de-
composition methods (38–40). As well, experiments are
underway to examine all possible permutations within the
two subsets.
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Fig. 4. The relationship between energy differences (kcal/mol) and % axial composition in the 7-substituted systems: � E spa 2( ) –
E spa 3( ); � E spe 2( ) – E spe 3( ); × E spe 3( ) – E spa 3( ); � E spe 2( )– E spa 2( ).
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Electroreduction of 1-methyl 5-nitroindole, 5-
nitrobenzofurane, and 5-nitrobenzothiophene in
acidic and basic hydroorganic media: Generation
and trapping of iminoquinone-type intermediates
and electrosynthesis of ring-substituted amino
derivatives

Luc Bouchard, Ian Marcotte, Jean Marc Chapuzet, and Jean Lessard

Abstract: Preparative electrolysis of 1-methyl-5-nitroindole (1b, X = NCH3), 5-nitrobenzofurane (1c, X = O), and 5-
nitrobenzothiophene (1d, X = S) at Hg, in acidic hydromethanolic media, leads to the formation of the corresponding
4-substituted amino derivatives 5, which result from the 100% regioselective addition to iminoquinone-type intermediate 4
of methanol or of any other good nucleophile present in the electrolytic solution. In acidic medium, the iminoquin-
onium intermediates 4b and 4c were trapped in a cycloaddition reaction with cyclopentadiene added to the electrolysis
medium. The regiochemistry of the nucleophilic addition is discussed in light of AM1 calculations.

Key words: 1-methyl-5-nitroindole, 5-nitrobenzofurane, 5-nitrobenzothiophene, iminoquinone, electrosynthesis.

Résumé : L’électrolyse préparative du 1-methyl-5-nitroindole (1b, X = NCH3), du 5-nitrobenzofurane (1c, X = O) et
du 5-nitrobenzothiophene (1d, X = S), sur Hg et en milieu hydrométhanolique, mène à la formation des amines corres-
pondantes 5 substituées en position 4, lesquelles proviennent de l’addition, aux intermédiaires de type iminoquinonique
4, du méthanol ou d’autres bons nucléophiles présents au sein de la solution électrolytique. L’addition du nucléophile
est 100% régiosélective. En milieu acide, les intermédiaires diiminoquinonium 4b et 4c ont été piégés par une réaction
péricyclique avec le cyclopentadiène ajouté à la solution électrolytique. La régiochimie de l’addition du nucléophile est
discutée à la lumière des résultats de calculs AM1.

Mots clés : 1-méthyl-5-nitroindole, 5-nitrobenzofurane, 5-nitrobenzothiophène, iminoquinone, électrosynthèse.
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Introduction

Recently, we reported the electroreduction at a mercury
cathode of 5-nitroindole (1a) in acidic, neutral, and basic
hydroorganic media (1, 2). As shown in Scheme 1, prepara-
tive electrolysis of 5-nitroindole (1a) in acidic or basic meth-
anolic solutions gives 4-substituted-5-aminoindoles 5a. In
acidic medium, the latter are formed through dehydration of
the protonated hydroxylamine 2a to the diiminoquinonium
intermediate 4a followed by the regioselective addition of
methanol and (or) of any other good nucleophile present in
the electrolytic solution. In such acidic medium (0.15 mol L–1

in acid, pH = 0.3), two monoprotonated diiminoquinones 4a

and 6 are potential intermediates, and one could consider the
possibility of a diprotonated intermediate 4aH+, depending
on the basicity of the imino nitrogen of 4a and of the ring
nitrogen of 6. In basic medium, the hydroxylamine and the
diiminoquinone are not protonated (see 7a and 8, respec-
tively). In the presence of a good nucleophile, such as bro-
mide ion in acidic medium or thiophenolate anion in basic
medium, substituted aminoindole 5a is the sole compound
isolated in yields of 71%–86% and 59%, respectively (2).

We studied the electroreduction of 1-methyl-5-nitroindole
(1b), 5-nitrobenzofurane (1c), and 5-nitrobenzothiophene
(1d) at a mercury cathode, in the same acidic (pH = 0.3) and
basic (pH = 13.5) aqueous methanolic solutions (MeOH–
H2O 95:5 (volume fraction)) as those used for the electro-

Can. J. Chem. 81: 1108–1118 (2003) doi: 10.1139/V03-149 © 2003 NRC Canada

1108

Received 25 June 2003. Published on the NRC Research
Press Web site at http://canjchem.nrc.ca on 7 October 2003.

L. Bouchard, I. Marcotte, J.M. Chapuzet, and J. Lessard.1

Laboratoire de chimie et électrochimie organiques,
Département de chimie, Université de Sherbrooke,
Sherbrooke, QC J1K 2R1, Canada.

1Corresponding author (e-mail:
Jean.Lessard@USherbrooke.ca).

I:\cjc\cjc8110\V03-149.vp
October 1, 2003 11:13:21 AM

Color profile: Disabled
Composite  Default screen



reduction of 1a (2). The aim was to get a better understand-
ing of the nature and reactivity towards nucleophiles of
cationic iminoquinone intermediates 4 and (or) 4H+ (neutral
diiminoquinones are not possible intermediates in these cases)
and to see if substituted 5-amino derivatives 5 could also be
obtained in good yield and high regioselectivity from this
family of nitro compounds.

Voltammetric measurements

Cyclic voltammetry was used to determine the reduction
potential of 1-methyl-5-nitroindole (1b), 5-nitrobenzofurane
(1c), and 5-nitrobenzothiophene (1d) in acidic and basic aque-
ous methanolic solutions. The data are summarized in Ta-
ble 1. An increase of the scan rate from 100 to 500 mV s–1

caused the expected increase of current for the diffusion
controlled processes. In acidic medium (entries 2–4 and 6–
8), the cyclic voltammograms of the three nitro compounds
are similar to that of 5-nitroindole (1a) (entries 1 and 5) (2)
and show only one peak, corresponding to a six-electron re-
duction to the amine. 5-Nitrobenzofurane (1c) has the most
negative reduction potential, –0.58 and –0.51 V vs. ECS
(entries 3 and 7, respectively), followed by 5-nitrobenzothio-
phene (1d), –0.51 and –0.47 V (entries 4 and 8), then by 1-
methyl-5-nitroindole (1b), –0.47 and –0.44 V (entries 2 and
6), and finally by 5-nitroindole (1a), –0.34 V (entry 1) and
–0.35 V (entry 5). In basic medium, the cyclic voltammo-
grams of 1-methyl-5-nitroindole (1b) (entry 10: (Epc)1 =
–1.03 V and (Epc)2 = –1.25 V) and of 5-nitrobenzofurane
(1c) (entry 11: (Epc)1 = –1.03 V and (Epc)2 = –1.25 V) are
also similar to that of 5-nitroindole (1a) (entry 9: (Epc)1 =
–1.06 V and (Epc)2 = –1.28 V) (2) in showing two reduction
peaks (i1 + i2/i1 of about 2), corresponding, respectively, to
the reversible monoelectronic reduction to the radical anion
and to the irreversible three-electron reduction of the radical
anion to the hydroxylamine. However, the cyclic voltammo-
gram of 5-nitrobenzothiophene (1d) shows only one four-
electron reduction peak (entry 12: (Epc)1 = –1.09 V). The
cyclic voltammograms of all four nitro derivatives show the
presence, on the second and third half-cycles at a less nega-
tive potential, of the hydroxylamine–nitroso reversible redox
couple (see peaks (Epc)3 and Epa in entries 9 to 12). Thus,

the voltammetric behaviour of these nitro derivatives in
basic medium is similar to the well-known voltammetric be-
haviour of nitroaryl groups (3). The decreasing order of ease
of reduction in basic medium (1c > 1b > 1a > 1d) differs
from that in acidic medium (1a > 1b > 1d > 1c), so there
seems to be no straightforward relationship between the
structure (for instance, the electronegativity of X and its
electron-withdrawing or electron-donating ability) and the
reduction potential.

Preparative electrolyses of 1-methyl-5-
nitroindole (1b)

The results of preparative electroreduction of 1-methyl-5-
nitroindole (1b) at Hg, in methanol–water (95:5 volume
fraction) solutions and under controlled potential conditions
(EW ~ (Epc)1 – 100 mV in acidic medium, EW ~ (Epc)1 –
300 mV in basic medium), are presented in Table 2.

In acidic medium (entries 1 to 3), the results are very sim-
ilar to those reported previously for the electroreduction of
the parent 5-nitroindole (1a) in the same media (2). With
HBr as acid and supporting electrolyte (0.15 mol L–1, pH =
0.3) (entry 1), the electroreduction of 1b consumed
4.6 F mol–1 (1 F = 96 488 C) and led to 1-methyl-4-bromo-
5-aminoindole (5b, Nu = Br) as the unique product in 57%
yield. With H2SO4 as acid and supporting electrolyte
(0.15 mol L–1) (entry 2), the electrolysis of 1b gave a 0.7 ra-
tio of 3b and 5b (Nu = MeO) and consumed also 4.6 F mol–1.
The mechanistic hypothesis for the formation of 3b and 5b
(Scheme 1) is the same as that proposed previously for the
electroreduction of 5-nitroindole (1a) in an acidic medium
(2). First, 1b is reduced to the protonated hydroxylamine 2b
through four successive electron and proton transfers. Then,
there could be a competition between path A, the two-
electron reduction of 2b to aminoindole 3b (protonated in
the medium), and path B, acid-catalyzed elimination of wa-
ter from 2b to give a diiminoquinonium intermediate (4b
and (or) 4bH+). Since 3b was not detected in the products of
the electrolysis in the HBr medium (Table 2, entry 1), it is
reasonable to assume that reaction A is slower than reaction
B and thus may be neglected as proposed for the electro-
reduction of 1a (2). 1-Methyl-5-aminoindole (3b) would
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then be formed by a two-electron reduction of the diimino-
quinonium intermediates 4b and (or) 4bH+ (path C), and 4-
bromo-5-aminoindole (5b, Nu = Br) would result from the
addition of a bromide ion to these intermediates (path D).
The fact that 4-bromo-5-amino-1-methylindole (5b, Nu =
Br) was the sole product isolated shows that the addition of
Br– to 4b and (or) 4bH+ (path D) is faster than their reduc-
tion to 3b (path C). In the absence of bromide ions — meth-
anol being a weaker nucleophile than Br– in such protic
medium (hydrogen bonds to Br– are weak) — the reduction
of 4b and (or) 4bH+ to 5b (path C) now competes effec-
tively with the addition of methanol to these intermediates
(path D), the rate of the two reactions being similar (rate of
reaction D : rate of reaction C ~ 1.5, entry 2). In the pres-
ence of thiophenol (entry 3), the electroreduction of 1-
methyl-5-nitroindole (1b) gave 1-methyl-5-aminoindole (3b)
(5%), 1-methyl-4-methoxy-5-aminoindole (5b, Nu = MeO)
(9%), and two substituted 5-amino indoles in equimolar
amounts: the 4-thiophenoxy derivative 5b (Nu = PhS) (20%)
and the 3-thiophenoxy derivative 9b (20%). These results

are again similar to those obtained with 5-nitroindole (1a)
under the same conditions (formation of 9a in 14% yield)
(2). It is reasonable to assume that both isomers 5b (Nu =
SPh) and 9b come from the addition of thiophenol to 4b and
(or) 4bH+. The larger proportion of thiophenoxyindoles (5b
(Nu = SPh) + 9b: 40%) over 4-methoxy-5-aminoindole (5b,
Nu = OMe: 9%) shows that thiophenol is a better nucleo-
phile than methanol in the electrolysis medium (protic me-
dium), which is in agreement with the fact that hydrogen
bonding to sulphur is weaker than hydrogen bonding to oxy-
gen. That thiophenol is a better nucleophile than methanol in
such protic medium is seen also in the relative proportion
of substituted-1-methyl-5-aminoindoles (5b + 9b) and 1-
methyl-5-aminoindole (3b) (proportional to the ratio of the
rate of reaction D over the rate of reaction C, Scheme 1),
which is larger in the presence of thiophenol ((5b(%) +
9b(%))/3b(%) ~ 10, entry 3) than in its absence
(5b(%)/3b(%) ~ 1.5, entry 2). The material balance based on
the weight of crude product after work-up was nearly quanti-
tative for all electrolyses in acidic medium (entries 1 to 3),
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Entry Electrolytea Substrateb (Epc)1 (V) (ipc)1 (µA) (Epc)2 (V) (ipc)t
c (µA) Epa (V) ipa (µA) (Epc)3 (V) (ipc)3 (µA)

1 HBr 1a –0.34 –7.05
2 1b –0.47 –5.36
3 1c –0.58 –2.55
4 1d –0.51 –4.54
5d H2SO4 1a –0.35 –6.95
6 1b –0.44 –4.91
7 1c –0.51 –3.18
8 1d –0.47 –4.05
9d KOH 1a –1.06 –2.70 –1.28 –5.07 –0.58 0.41 –0.61 –0.17

10 1b –1.03 –1.56 –1.25 –2.24 –0.56 0.56 –0.68 –0.48
11 1c –0.95 –0.91 –1.42 –2.10 –0.50 0.46 –0.57 –0.20
12 1d –1.09 –3.48 –0.46 0.63 –0.52 –0.30

Note: T = 25 ± 2 °C; glassy carbon as auxiliary electrode; Ag/AgCl/(Cl–)dil. as reference electrode; v = 100 mV s–1. Variations in peak current are due
in part to variations of the surface of the mercury hanging drop electrode.

aElectrolytes: 0.15 mol L–1 HBr; 0.15 mol L–1 H2SO4; 0.15 mol L–1 KOH.
bSubstrate concentration: 2.5 × 10–4 mol L–1.
cit represents the sum i1 + i2 where i1 is the current of the first peak and i2 the current of the second peak.
dTaken from ref. 2.

Table 1. Cyclic voltammetric data of 1-methyl-5-nitroindole (1b), 5-nitrobenzofurane (1c), and 5-nitrobenzothiophene (1d) at Hg in
methanol–water (95:5 volume fraction).

Yield of products (%)a

Entry Supporting electrolyteb Added nucleophilec EW
d (V) Charge (F mol–1) 3b 5b

1 HBr — –0.54 4.6 — 57 (Nu = Br)
2 H2SO4 — –0.56 4.6 13e 19 (Nu = MeO)e

3 H2SO4 PhSH –0.56 3.8 5e 9 (Nu = MeO)e

20 (Nu = PhS)e,f

4 KOH — –1.31 8.5 2e,g 7 (Nu = MeO)e

aYield of product(s) isolated by flash chromatography on silica gel (unless stated otherwise) and based on two to three electrolyses (range given when
variations were larger than ±4%).

bSupporting electrolyte concentration; see footnote b of Table 1.
cAdded nucleophile concentration: 1.2 × 10–2 mol L–1.
dWorking potential vs. SCE.
eDetermined by vapor-phase chromatography.
fA third substitution product, 5-amino-1-methyl-3-thiophenoxyindole (9b), was isolated in 20% yield.
gThe 5,5′-azo derivative 11b was isolated in 27% yield.

Table 2. Controlled potential electroreduction of 1-methyl-5-nitroindole (1b) (6 × 10–3 mol L–1 solution) at Hg in MeOH–H2O
(95:5 volume fraction).
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and both 3b and 5b were shown to be stable in the electroly-
sis medium, as well as during the work-up and chromato-
graphic separation. So (i) the low material balances (32% in
entry 2, 54% in entry 3, and 57% in entry 1) after chromato-
graphic separation and (ii) the fact that the higher the mate-
rial balance, the better the nucleophile suggests processes
giving molecules that are retained on silica gel must be com-
peting with path D and, to a lesser extent, path C
(Scheme 1). One probable hypothesis is polymerization and
(or) oligomerization of the diiminoquinonic intermediate 4b
(polymerization and (or) oligomerization of the diprotonated
form 4bH+ appears less likely). The polymers and (or) oli-
gomers formed would be strongly adsorbed on silica gel,
and this would explain why all attempts to isolate any poly-
meric and (or) oligomeric material failed. In the presence of
a good nucleophile (Br– or PhSH, entries 1 and 2), polymer-
ization and (or) oligomerization would account for about
40% of the products, and in methanol only (entry 2), it
would be the main reaction (about 70% of the products).

The formation of 4b and (or) 4bH+ was confirmed beyond
any doubt by the isolation of the tetracyclic compound 10b
(R = CH3) in 31% yield (Scheme 2) when electrolysis of 1b
in acidic medium (H2SO4 0.15 mol L–1) was carried out in
the presence of cyclopentadiene in excess (8 equiv). The for-
mation of 10a has been previously reported for the electroly-
sis of 1a under the same conditions (2). Adducts 10 most
probably result from a [π6s + π4s] cycloaddition reaction be-
tween the fulvene part of the diminoquinonic intermediate(s)
and cyclopentadiene, as has already been suggested (2).
Fulvenes are known to undergo [π6s + π4s] cycloadditions
with cyclic 1,3-dienes (4, 5).

In basic medium (Table 2, entry 4), the electroreduction of
1-methyl-5-nitroindole (1b) gave 2% of 1-methyl-5-
aminoindole 3b, 7% of 4-methoxy-5-aminoindole (5b, Nu =
MeO), and 27% of the 5,5′-azo derivative 11b. The forma-
tion of 3b and 5b (Nu = MeO) is again explained by the
mechanistic hypothesis of Scheme 1 with the following dif-
ference: the intermediate hydroxylamine is not protonated
(see structure 7b). Therefore, (i) path A does not occur at all
since unprotonated arylhydroxylamines are not reducible (3)

and (ii) the dehydration of unprotonated hydroxylamine 7b
to the diiminoquinonium cation 4b occurs by elimination of
OH–. Such elimination would be expected to be slower than
in acidic medium (acid-catalyzed elimination of H2O from
2b (see path B in Scheme 1)). Assuming that the low mate-
rial balance after chromatographic separation (36%) is due
to polymerization and (or) oligomerization of the diimino-
quinonium cation 4b, which occurs also in basic medium
(the crude material balance is again close to 100%), the
elimination of OH– from hydroxylamine 7b would be faster
than the condensation between 7b and its nitroso precursor
(structure not shown), a well-documented reaction in the
electroreduction of arylnitro groups (3) in basic medium;
rate of elimination : rate of condensation ~ 73:27. The
hydroxylamine–nitroso coupling gives the azoxy derivative
first, which is reduced to the azo compound 11b at the elec-
trolysis potential (3). Azo compounds are more easily reduc-
ible than azoxy compounds (3), and 11b is immediately
reduced to the hydrazo derivative during the electrolysis.
The latter is rapidly oxidized back to the azo compound 11b
in the presence of oxygen during the basic work-up (3), and
the azo derivative 11b was isolated in 27% yield. The
hydroxylamine–nitroso condensation is much slower in
acidic medium (3) and did not occur during the electro-
reduction of 1b under acidic conditions discussed above. It
was not observed either during the electroreduction of 5-
nitroindole (1a) in basic medium (2) because the dehydra-
tion of the unprotonated hydroxylamine 7a, being base cata-
lyzed (abstraction of the proton at position 1 by OH–), is
much faster than the nitroso–hydroxylamine coupling reac-
tion. Finally, the low yield of 1-methyl-5-aminoindole (3b)
and of 1-methyl-4-methoxy-5-aminoindole (5b) shows that
polymerization and (or) oligomerization of the diiminoquin-
onium cation 4b (about 64% of the reaction products) is
faster than its reaction with nucleophiles (path D of
Scheme 1) and its reduction (path C) (9% of reaction prod-
ucts).

Preparative electrolyses of 5-
nitrobenzofurane (1c)

The results of preparative electroreduction of 5-
nitrobenzofurane (1c) at Hg, in MeOH–H2O (95:5 volume
fraction) solutions, are presented in Table 3. In acidic me-
dium (entries 1 to 3), the electrochemical reduction of 5-
nitrobenzofurane (1c) gives 4-substituted-5-aminobenzo-
furanes (5c: Nu = Br, OCH3, SPh) as the major products
(Scheme 1). They represent 70%–100% of the isolated prod-
ucts. The other products isolated are 5-aminobenzofurane
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(3c) (6% in entry 1, 18%–27% in entry 3) and cis- and
trans-2,3-dihydro-2,3-dimethoxy-5-aminobenzofurane (see
12 in Scheme 3) (trace amounts of trans isomer in entry 2
and 11%–18% of a mixture of cis and trans isomers
(cis:trans = 0.66) in entry 3). The aminofuranes 3c and 5c
must be formed through the same mechanistic pathways
(Scheme 1, X = O) as those discussed above for the electro-
reduction of 5-nitroindole (1a) (2) and 1-methyl-5-
nitroindole (1b) (Scheme 1, X = NH and NCH3, respec-
tively). The dimethoxy derivatives 12 could have been
formed as described in Scheme 3 — addition of a first mole-
cule of methanol to the dication 4cH+, followed by the addi-
tion of a second methanol molecule on the resulting dication
13 — which would be faster than deprotonation of 13 since
3-methoxy-5-aminobenzofurane (14) was not detected. The
charge of about 4 F mol–1 in the first three entries of Table 2
correlates very well with the fact that the main products iso-
lated are 4-substituted-5-aminobenzofuranes (5c), the forma-
tion of which involves four electrons (Scheme 1, paths B
and D). These results also show that the acid-catalyzed de-
hydration of the protonated hydroxylamine 2c (path B) is
faster than its reduction to 3c (path A), as for the electro-
reduction of 1a and 1b. The material balance, after chro-
matographic separation, is higher with 5-nitrobenzofurane
(1c) (Table 3: 83%, 79%, and 78% in entries 1, 2, and 3, re-
spectively) than with 1-methyl-5-nitroindole (1b) (Table 2:

57%, 32%, and 53% in entries 1, 2, and 3, respectively) (the
material balance before separation was 100%, as in the
electroreduction of 1b). This difference in material balance
strongly suggests that the cationic intermediate 4c has a
lesser tendency to polymerize and (or) oligomerize and (or)
is more reactive towards nucleophiles (paths D of Scheme 1)
than the cationic intermediate 4b. The diprotonated interme-
diate 4cH+ would also be more reactive towards nucleo-
philes than the diprotonated intermediate 4bH+. Moreover,
when a nucleophile other than methanol is also present in
the reaction medium (is competing with methanol), the rela-
tive amount of methoxy derivative (Nu = OCH3) in the 4-
substituted-5-amino derivatives 5 is higher in the benzo-
furane series c (17% (MeOH vs. Br–) in entry 1 of Table 3,
96% (MeOH vs. PhSH) in entry 3) than in the indole series
b (0% (MeOH vs. Br–) in entry 1 of Table 2, 23% (MeOH
vs. PhSH) in entry 3). This can be readily explained by the
fact that the cation 4c and dication 4cH+ would be harder
electrophiles than cation 4b and dication 4bH+, oxygen be-
ing more electronegative than nitrogen and MeOH being a
harder nucleophile than Br– and PhSH for electronegativity
reasons as well. When the electrolysis of 5-nitrobenzofurane
(1c) was carried out in acidic medium in the presence of
cyclopentadiene in excess (8 equiv), the cycloadduct 15 was
isolated in a low yield of 7% (Scheme 4). As seen above, the
yield of cycloadduct 10a was 32% for the electrolysis of 1-
methyl-5-nitroindole (1b) carried out under the same condi-
tions (Scheme 2). This difference in yield of cycloaddition is
readily explained again by the greater reactivity of cationic
electrophiles 4c and (or) 4cH+ towards the hard nucleophile
methanol when compared with the reactivity of the softer
cationic electrophiles 4b and (or) 4bH+. Cyclopentadiene is
a much softer nucleophile than methanol. It must be noted
that cations 4c and (or) 4cH+ act as dienophiles (2-electron
partner) at the 5,6 positions in a Diels–Alder reaction ([π4s +
π2s] cycloaddition) with cyclopentadiene (Scheme 4),
whereas cations 4b and (or) 4bH+ act as the 6-electron com-
ponent (fulvene moiety) in a [π6s + π4s] cycloaddition, as al-
ready seen (Scheme 2).

In basic medium (Table 3, entry 4), the electroreduction of
5-nitrobenzofurane (1c) gave the azo derivative 11c as the
main product (69%) and some 5-aminobenzofurane (3c)
(10%). Since unprotonated arylhydroxylamines are not re-
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Scheme 3.

Yield of products (%)a

Entry Supporting electrolyteb Added nucleophilec EW (V)d Charge (F mol–1) 3c 5c

1 HBr — –0.67 4.1 6 63–69 (Nu = Br)
11 (Nu = MeO)e

2 H2SO4 — –0.61 4.0 — 66–79 (Nu = MeO)f

3 H2SO4 PhSH –0.61 3.8 18–27 46–55 (Nu = MeO)
4 (Nu = PhS)

4 KOH — –1.40 8.4 10 —g

aYield of product isolated by flash chromatography on silica gel after N-acetylation (see the Experimental section) unless stated otherwise and
based on two to three electrolyses (range given when variations were larger than ±4%); see Scheme 1 for structures of 3c and 5c.

bSupporting electrolyte concentration; see footnote b of Table 1.
cAdded nucleophile concentration: 1.2 × 10–2 mol L–1.
dWorking potential vs. SCE.
eTrace amounts of trans-5-amino-2,3-dihydro-2,3-dimethoxybenzofurane (12).
f5-Amino-2,3-dihydro-2,3-dimethoxybenzofurane (12) was also isolated in an 11%–18% yield (ratio trans:cis = 1.5).
gAzo derivative 11c was isolated in a 69% yield.

Table 3. Electroreduction of 5-nitrobenzofurane (1c) (6 × 10–3 mol L–1 solution) at Hg in MeOH–H2O (95:5 volume fraction).
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ducible in protic medium, as already mentioned (3), 5-
aminobenzofurane (3c) must have been formed by reduction
of the cationic intermediate 4c (path C of Scheme 1). No
methoxy derivative such as 5c (Nu = OCH3), resulting from
the addition of a methoxide anion to 4c (path D), was ob-
served. This shows that, in basic medium, the reduction of
4c is faster than its reaction with methoxide ions and (or)
methanol. Moreover, elimination of OH– from hydroxyl-
amine 7c to give the cationic intermediate 4c is slower than
the hydroxylamine–nitroso coupling reaction, leading ulti-
mately to the isolation of azo derivative 11c. In the case of
hydroxylamine 7b, the elimination of OH– to form 4b was
faster than the coupling reaction, as seen above. This differ-
ence in reactivity between 7c and 7b can be ascribed to the
fact that oxygen is more electronegative than nitrogen, the
cationic intermediate 4c being more difficult to form (having
a higher enthalpy) than intermediate 4b.

Preparative electrolyses of 5-
nitrobenzothiophene (1d)

The results of preparative electroreduction of 5-
nitrobenzothiophene (1d) under the same conditions as those
used for the electroreduction of the two other nitro com-
pounds, 1b and 1c, are presented in Table 4. Those results
are similar to those reported in Table 3 for the electro-
reduction of 5-nitrobenzofurane (1c) for both acidic and ba-
sic media (charge passed, yields, and relative proportion of
5-amino product 3 and of 4-substituted-5-amino derivative
5), except that no dimethoxy derivative analogous to 12 was
detected in the products of electroreduction of 5-
nitrobenzothiophene (1d) in acidic medium (compare entries
2 and 3 in Table 4 with entries 2 and 3, respectively, in Ta-
ble 3). Another slight difference in reactivity was noted
when the electroreduction of 5-nitrobenzothiophene (1d) in
acidic medium was carried out in the presence of cyclopen-
tadiene under the same conditions as those used with 5-
nitrobenzofurane (1c). No cycloadduct analogous to 15 (or
any other possible adduct) was detected (15 was isolated in a
low 7% yield from the electroreduction of 1c). So the mech-
anisms must be the same for the three nitro compounds (see
Scheme 1), and the reactivities of the various intermediates
(2d, 4d and 4dH+, 7d) must be comparable to those of the
related intermediates involved in the reduction of 5-
nitrobenzofurane (1c). This close similarity seems surprising
since sulphur is less electronegative and is a third-row ele-
ment.

Regioselectivity of ring substitution

A very interesting aspect of the electroreduction of 5-
nitroindoles 1a and 1b and of the related 5-nitrobenzofurane

(1c) and 5-nitrobenzothiophene (1d) is the high
regioselectivity of the addition of nucleophiles (i) to cationic
intermediates 4a–4aH+ (2), 4b–4bH+, 4c–4cH+, and 4d–
4dH+ (this work) in acidic medium and (ii) to neutral inter-
mediate 8 (2), as well as to cationic intermediates 4b, 4c,
and 4d in basic medium (this work). The addition occurs ex-
clusively at carbon 4 and not at the other electrophilic posi-
tions (positions 2, 3, 6, and 7) except (i) for the addition of
methanol to 4c and (or) 4cH+ (Table 3, entry 2) in acidic
medium with a regioselectivity of about 83%, some addition
taking place at carbon 2 of 4cH+ (see Scheme 3) and (ii) for
the addition of PhSH to cationic intermediates 4a and (or)
4aH+ with a regioselectivity of 62% (38% of 3-thiophenoxy
derivative 5a) (2) and to intermediates 4b and (or) 4bH+

with a regioselectivity of 50% (50% of 3-thiophenoxy deriv-
ative 5b) (Table 2, entry 3).

According to frontier molecular orbital theory, the most
important frontier orbital interaction in a reaction between
an electrophile and a nucleophile (5, 6) is that between the
LUMO of the electrophile and the HOMO of the nucleo-
phile. In the case of the addition of a nucleophile to a multi-
valent electrophile, the reaction would be the fastest at the
carbon where the coefficient of the LUMO is the largest (5,
6). The results of theoretical calculations using the AM1
method (7, 8) on intermediates 4 (Scheme 1) and their con-
jugate acids 4H+ are gathered in Table 5. They show that the
LUMO of unprotonated intermediates 4 and protonated 4H+

have the largest coefficient on carbon 4, which agrees
entirely with the experimental results: the regioselective for-
mation of 4-substitued-5-amino derivatives 5 in acidic me-
dia. However, the largest coefficient of the LUMO of the
protonated intermediate 6 (reduction of 5-nitroindole (1a)) is
on carbon 6 (2). Although calculations give a slightly higher
gas-phase enthalpy of formation for cationic intermediate 4a
(257.6 kcal mol–1) than for cationic intermediate 6
(255.4 kcal mol–1) (2), the similarity of the experimental re-
sults obtained with 5-nitroindole (1a) (2) and 1-methyl-5-
nitroindole (1b) (the cationic intermediate 4b is the sole pos-
sible) and the calculated largest coefficient on carbon 4
strongly suggest the participation of intermediate 4a and (or)
4aH+ instead of intermediate 6 in the electroreduction of 1a.
As for the low regioselectivity of substitution observed in
the electroreduction of 5-nitroindole (1a) (62%) and 1-
methyl-5-nitroindole (1b) (50%) in acidic medium in the
presence of thiophenol, it would be surprising that it would
be because of the fact that the addition of thiophenol to 4a–
4aH+ and 4b–4bH+ would be much less regioselective than
the addition of the other nucleophiles (bromide ion and
methanol). One possibility is that the addition of thiophenol
would occur regioselectively at position 4 of 4a–4aH+ and
4b–4bH+. Then there would be a competition between
deprotonation of the initial adduct 16 to give the 4-thio-
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phenoxy derivative 5 (Nu = SPh) and rearrangement of 16
into adduct 17 as shown in Scheme 5 for the monocationic
intermediates 4. Deprotonation of 17 would give the 3-
thiophenoxy derivatives 9. Interestingly, the electroreduction
of 5-nitroindole (1a) in the presence of thiophenol in basic
medium was reported to give 59% of 4-thiophenoxy-5-
aminoindole (9a) as the sole substitution product (2), which
then means that the addition of a thiophenolate anion to
diiminoquinone 8 is 100% regioselective, as with the other
nucleophiles, and occurs solely at position 4. The AM1 cal-
culations once more agree with this result; the LUMO of the
neutral diiminoquinone 8 has the largest coefficient on car-
bon 4 (2).

Conclusion

In this paper, we have shown that the electroreduction of
1-methyl-5-nitroindole (1b), 5-nitrobenzofurane (1c), and 5-
nitrobenzothiophene (1d) at Hg, in acidic hydromethanolic
media, gives the corresponding 4-substituted amino deriva-
tives 5b, 5c, and 5d in good yields and high regioselectivity.
The proposed mechanism (Scheme 1) involves first the
electroreduction of the nitro substrate 1 to the corresponding
protonated hydroxylamine 2, which is quickly dehydrated to
an electrophilic quinonic intermediate 4–4H+ (step B). The
latter reacts with nucleophiles present in the medium
(step D) faster than it is reduced to the corresponding amino
compound 3 (step C). The mechanism was confirmed by un-
equivocal trapping of the intermediates diiminoquinonium
cation 4b–4bH+ and iminoquinonium cation 4c–4cH+, via a

pericyclic reaction with cyclopentadiene in the electrolysis
of 1-methyl-5-nitroindole (1b) (Scheme 2), and 5-
nitrobenzofurane (1c) (Scheme 4) in acidic medium. The
material balance was always lower than 100% after chro-
matographic separation. This has been attributed to a compe-
tition between, on the one hand, reduction of the
intermediate quinonium species 4 and its reaction with
nucleophiles (steps C and D) and, on the other hand, their
polymerization and (or) oligomerization. The electro-
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Yield of products (%)a

Entry Supporting electrolyteb Added nucleophilec E (V)d Charge (F mol–1) 3d 5d

1 HBr — –0.61 4.2 — 47 (Nu = Br)
12–22 (Nu = MeO)

2 H2SO4 — –0.57 4.1 — 70–80 (Nu = MeO)
3 H2SO4 PhSH –0.57 4.9 34–40 46–52 (Nu = MeO)

7 (Nu = PhS)
4 KOH — –1.19 8.5 — —e

aYield of product isolated by flash chromatography on silica gel (unless stated otherwise) and based on two to three electrolyses
(range given when variations were larger than ±4%).

bSupporting electrolyte concentration; see footnote b of Table 1.
cAdded nucleophile concentration: 1.2 × 10–2 mol L–1 for PhSH.
dWorking potential vs. SCE.
eAzo derivative 11d was isolated in a 78% yield.

Table 4. Electroreduction of 5-nitrobenzothiophene (1d) (6 × 10–3 mol L–1) at Hg in MeOH–H2O (95:5 volume
fraction).

Coefficient of the LUMO (charge)a

Intermediate ∆Hf (kCal mol–1) C2 C3 C4 C6 C7

4b (X = NCH3) 259.5 0.01 (–0.09) –0.24 (–0.09) 0.49 (–0.06) 0.35 (–0.06) –0.13 (–0.14)
4bH+ 496.9 –0.13 (–0.06) 0.21 (–0.07) 0.34 (–0.05) –0.23 (–0.15) 0.27 (–0.01)
4c (X = O) 237.8 0.10 (–0.08) –0.16 (–0.20) 0.49 (–0.02) 0.41 (–0.00) –0.05 (–0.24)
4cH+ 491.3 –0.11 (–0.04) 0.13 (–0.19) –0.36 (–0.08) –0.30 (–0.16) 0.22 (–0.11)
4d (X = S) 252.3 0.08 (–0.48) –0.25 (–0.02) 0.50 (0.15) 0.32 (–0.08) –0.07 (–0.11)
4dH+ 490.6 0.03 (–0.55) –0.30 (0.06) 0.39 (0.01) 0.18 (–0.18) –0.22 (0.04)

aC2, C3, etc. correspond to the numbering of carbons of indole, benzofurane, and benzothiophene (see 1, Scheme 1).

Table 5. Heats of formation, coefficient of the LUMO, and Mulliken charges of intermediates 4 and 4H+.

Scheme 5.

I:\cjc\cjc8110\V03-149.vp
October 1, 2003 11:13:22 AM

Color profile: Disabled
Composite  Default screen



reduction of all of the nitro compounds 1 in basic medium
gives the corresponding azo derivative 11 as the major
product. In the case of 5-nitrobenzofurane (1c) and 5-
nitrobenzothiophene (1d), the hydroxylamine–nitroso
coupling reaction is faster than dehydration of the hydroxyl-
amine in basic medium. It is slower in the case of 1-methyl-
5-nitroindole (1b), and the main process in basic medium is
polymerization and (or) oligomerization of 4b.

Experimental

General information
All commercially available chemicals were purchased

from Aldrich and BDH, and all the solvents were distilled
before use. Infrared spectra were recorded in chloroform on
a PerkinElmer 1600 FT-IR spectrometer, and nuclear mag-
netic resonance spectra were recorded in deuterochloroform
or deuteroacetone on a Bruker AC-300 spectrometer using
the signal from chloroform or acetone as reference (s = sin-
glet, d = doublet, t = triplet, q = quartet, dd = doublet of
doublets, m = multiplet). Vapor phase chromatography was
performed on a Hewlett-Packard (HP) 5710A chromato-
graph with an FID detector, an HP 3390A integrator, and a
DB-5 fused silica capillary column (30 m). High resolution
mass spectra were recorded on a ZAB-2F model VG appara-
tus. Flash chromatography was carried out on Silicycle Inc.
silica gel (70–230 mesh). Solutions for all electrochemical
experiments were deoxygenated by bubbling dry argon
through them for 15 min, and an argon atmosphere was
maintained throughout the experiments. The cyclic volt-
ammetry (CV) experiments were performed using a Prince-
ton Applied Research PAR 273 potentiostat in a single
compartment cell with 7 mL of 0.25 mmol L–1 solutions of
the substrate in methanol–water (95:5 volume fraction) con-
taining the supporting electrolyte (see Table 1). No correc-
tion was applied to compensate for the solution resistance.
The voltammograms were recorded and processed using
EG&G software M270. The working electrode was a mer-
cury hanging drop Metrohm, model E410. A glassy carbon
rod was used as the counter electrode and an Ag/AgCl/(Cl–)dil
electrode, the potential of which was adjusted to that of an
SCE, served as the reference. The controlled potential elec-
trolyses were carried out on a mercury pool, in a vertical
glass cell with two concentric compartments separated by a
fritted glass, using an Electrosynthesis Company (ESC) 410
potentiostat with an ESC 640 coulometer and an ammeter
connected in series within the auxiliary circuit. The volume
of the cathodic compartment was 45 mL and that of the an-
odic compartment 10 mL. The same reference electrode as
the one described above was used, and a platinum grid was
used as the counter electrode. The other conditions are given
in Tables 2–4.

Computational procedure
All calculations were performed at the RHF level using

the AM1 method (7, 8). The first input files for MOPAC
6.00 were created by means of SYBIL 6.01 (Tripos Associ-
ates, Inc., St-Louis, Mo.) for IBM RS/6000 computers. The
gradients of the norm of these draft structures were then
fully optimized using the EF subroutine. The AM1 method

was considered more adequate than the PM3 method for cal-
culations on cationic species.

Substrate and authentic sample synthesis
All prepared compounds had spectral and physical charac-

teristics identical to those reported in the literature.
1-Methyl-5-nitroindole (1b) was prepared by alkylation of

commercially available 5-nitroindole (1a) with iodomethane
(9). 5-Nitrobenzofurane (1c) was synthesized by nitration
(10) and decarboxylation (11) of coumarillic acid, previ-
ously prepared by the method of Suzuki et al. (12). 5-
Nitrobenzothiophene (1d) was prepared by the method of
Zambias and Hammond (13).

1-Methyl-5-aminoindole (3b) was synthesized by reduc-
tion of 1-methyl-5-nitroindole (1b) by NaBH2S3 (14) and
was used as an authentic sample. To a suspension of freshly
prepared NaBH2S3 (15) (300 mg, 2.28 mmol) in THF
(70 mL), a solution of 1-methyl-5-nitroindole (1b) (200 mg,
1.14 mmol) in anhydrous THF was slowly added. The mix-
ture was refluxed for 24 h. The solvent was removed at room
temperature under reduced pressure, and a solid residue was
obtained. The crude material was hydrolyzed with HCl
(1 mol L–1) in the presence of diethyl ether. The solids were
filtered and rinsed with diethyl ether. The filtrate was
basified to pH 11 with NaOH (1 mol L–1). The aqueous
phase was extracted with diethyl ether. The organic phase
was washed with brine, and the organic phases were com-
bined, dried (Na2SO4), and filtrated. The solvent was evapo-
rated under vacuum, and a dark oil was obtained. After flash
chromatography on silica gel, 67 mg of 1-methyl-5-
aminoindole (3b) were obtained (40% yield) as a dark oil
(lit. (15) mp = 100–101 °C). IR (CHCl3) (cm–1) : 3005 (CH
aro), 2930 (CH ali), 1630 (C=C), 1497 (C=C), 1455 (CH3),
1250 (C-N). 1H NMR (300 MHz, CDCl3) (ppm) δ: 7.17 (1H,
d, J = 8.6, H7), 7.14 (1H, d, J = 2.2, H4), 7.00 (1H, d, J =
3.0, H2), 6.86 (1H, dd, J = 2.2, J = 8.6, H6), 6.34 (1H, d,
J = 3.0, H3), 3.73 (3H, s, CH3).

13C NMR (75 MHz, CDCl3)
(ppm) δ: 139.1, 131.8, 129.1, 128.0, 112.5, 109.7, 105.7,
99.5, 32.8. HR-MS, m/z: calcd. for C9H10N2: 146.0844;
found: 146.0849.

Typical electrolysis procedure
Electroreduction of 1-methyl-5-nitroindole (1b) in acidic

HBr medium (entry 1, Table 2). Argon was bubbled through
the cathodic compartment containing the electrolyte for 1 h,
and an argon atmosphere was maintained throughout the
electrolysis. A pre-electrolysis was performed at –0.54 V vs.
SCE until the current was 0.1 mA or less. The circuit was
opened, then 1b (48.9 mg, 0.27 mmol) was added to the
catholyte. The potential was applied, and the electrolysis
was stopped when the current had dropped to 0.1 mA or
less. The electrolysis solution was transferred to a round-
bottomed flask, the cell was washed with methanol and wa-
ter, and methanol was removed on a rotatory evaporator. The
pH of the resulting solution was brought to 12 with aqueous
NaOH (1 mol L–1); the solution was saturated with NaCl and
extracted with ether (4 × 50 mL). The organic phase was
washed with brine, dried (Na2SO4), and the solvent removed
under vacuum. The crude materiel was purified by flash
chromatography on silica gel (elution with 20% volume
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fraction AcOEt–hexanes) to give 35.4 mg of 5b (Nu = Br)
(57% yield).

The crude product from the electroreduction of 5-
nitrobenzofurane (1c) was acetylated by acetic anhydride in
ethyl acetate before chromatographic separation, and the
amino compounds were isolated as their N-acetyl derivative.
The acetylation was quantitative.

Characterization of electrolysis products

5-Acetamidobenzofurane (acetylated 3c)
Dark oil. IR (CHCl3) (cm–1): 3438 (NH), 3011 (CH aro.),

1684 (C=O), 1524 (C=C), 1215 (C-N). 1H NMR (300 MHz,
CDCl3) (ppm) δ: 7.89 (1H, d, J = 2.1, H4), 7.63 (1H, m,
NH), 7.59 (1H, d, J = 1.9, H2), 7.40 (1H, d, J = 8.8, H7),
7.21 (1H, dd, J = 2.3, J = 6.6, H6), 6.70 (1H, d, J = 2.1,
H3), 2.03 (3H, s, CH3).

13C NMR (75 MHz, CDCl3) (ppm)
δ: 168.6, 145.8, 117.7, 113.2, 111.3, 106.8, 152.0, 133.0,
127.8, 24.4. HR-MS, m/z: calcd. for C10H9NO2: 175.0633;
found: 175.0636.

5-Aminobenzothiophene (3d)
Dark oil. IR (acetone) (cm–1): 3369 (NH), 3075 (CH aro.),

1667 (C=C), 1608 (C=C), 1491 (C=C). 1H NMR (300 MHz,
CD3OD) (ppm) δ: 7.58 (1H, d, J = 8.5, H7), 7.41 (1H, d, J =
5.4, H2), 7.15 (1H, d, J = 2.2, H4), 7.12 (1H, d, J = 5.5,
H3), 6.83 (1H, dd, J = 2.2, J = 8.5, H6). 13C NMR (75 MHz,
CD3OD) (ppm) δ: 145.6, 142.4, 131.6, 127.7, 124.1, 123.5,
116.5, 109.8. HR-MS, m/z: calcd. for C8H7NS: 149.0299;
found: 149.0294.

1-Methyl-4-bromo-5-aminoindole (5b, Nu = Br)
Yellow oil. IR (CHCl3) (cm–1): 3007 (CH aro.), 2947 (CH

ali.), 1495 (C=C), 1440 (CH3), 1254 (C-N). 1H NMR
(300 MHz, CDCl3) (ppm) δ: 7.10 (1H, d, J = 8.5, H7), 7.01
(1H, d, J = 3.0, H2), 6.75 (1H, d, J = 8.5, H6), 6.37 (1H, d,
J = 3.0, H3), 3.73 (3H, s, CH3).

13C NMR (75 MHz, CDCl3)
(ppm) δ: 136.8, 131.3, 129.6, 129.3, 112.2, 109.1, 100.2,
99.9, 33.0. HR-MS, m/z: calcd. for C9H9N2Br: 223.9949;
found: 223.9945.

1-Methyl-4-methoxy-5-aminoindole (5b, Nu = MeO)
Dark oil. IR (CHCl3) (cm–1): 2930 (CH ali.), 1501 (C=C),

1446 (CH3), 1265 (C-N). 1H NMR (300 MHz, CDCl3)
(ppm) δ: 6.94 (1H, d, J = 3.1, H2), 6.90 (1H, d, J = 8.4, H7
or H6), 6.76 (1H, d, J = 8.4, H6 or H7), 6.45 (1H, d, J = 3.1,
H3), 4.02 (3H, s, O-CH3), 3.72 (3H, s, N-CH3).

13C NMR
(75 MHz, CDCl3) (ppm) δ: 135.7, 133.3, 129.9, 128.4,
113.3, 112.1 104.8, 96.8, 58.5, 33.0. HR-MS, m/z: calcd. for
C10H12N2O: 176.0950; found: 176.0953.

1-Methyl-4-thiophenoxy-5-aminoindole (5b, Nu = PhS)
Dark oil. IR (CHCl3) (cm–1): 3001 (CH aro.), 2946 (CH

ali.), 1613 (C=C), 1505 (C=C), 1253 (C-N). 1H NMR
(300 MHz, CDCl3) (ppm) δ: 7.25 (1H, d, J = 8.6, H6), 7.18–
7.14 (2H, m, H phenyl), 7.07–7.03 (3H, m, H phenyl), 6.98
(1H, d, J = 3.0, H2), 6.82 (1H, d, J = 8.6, H7), 6.44 (1H, d,
J = 3.0, H3), 3.76 (3H, s, CH3).

13C NMR (75 MHz, CDCl3)
(ppm) δ: 142.8, 137.1, 129.6, 128.8, 128.5, 127.9, 127.3,
126.0, 124.8, 112.2, 111.9, 100.0, 33.0 (CH3). HR-MS, m/z:
calcd. for C15H14N2S: 254.0878; found: 254.0884.

4-Bromo-5-acetamidobenzofurane (acetylated 5c, Nu =
Br)

Beige solid. mp = 160–161 °C. IR (CHCl3) (cm–1): 3416
(NH), 3010 (CH aro.), 1693 (C=O), 1518 (NH), 1432 (CH3),
1252 (C-O), 1211 (C-N). 1H NMR (300 MHz, acetone-d6)
(ppm) δ: 8.66 (1H, m, NH), 7.94 (1H, d, J = 2.2, H2), 7.81
(1H, d, J = 8.8, H4), 7.52 (1H, d, J = 8.8, H6), 6.87 (1H, d,
J = 2.2, H3), 2.08 (3H, s, CH3).

13C NMR (acetone-d6)
(ppm) δ: 168.4 (C=O), 146.1, 119.4, 110.8, 107.2, 151.2,
131.1, 129.0, 105.6, 24.6. HR-MS, m/z: calcd. for
C10H8NO2Br: 252.9738; found: 252.9743.

4-Methoxy-5-acetamidobenzofurane (acetylated 5c, Nu =
MeO)

Dark oil. IR (CHCl3) (cm–1): 3426 (NH), 3320 (NH),
3006 (CH aro.), 2947 (CH ali.), 2838 (CH2), 1677 (C=O),
1597 (C=C), 1544 (NH), 1254 (C-O). 1H NMR (300 MHz,
CDCl3) (ppm) δ: 8.20 (1H, d, J = 8.9, H7), 7.75 (1H, m,
NH), 7.52 (1H, d, J = 2.3, H2), 7.15 (1H, d, J = 8.9, H6),
6.87 (1H, d, J = 2.3, H3), 4.08 (3H, s, O-CH3), 2.08 (3H, s,
CH3).

13C NMR (75 MHz, CDCl3) (ppm) δ: 168.2, 144.4,
118.0, 115.3, 103.4, 153.0, 141.8, 123.7, 117.1, 59.9, 24.6.
HR-MS, m/z: calcd. for C11H11NO3: 205.0739; found:
205.0742.

4-Thiophenoxy-5-acetamidobenzofurane (acetylated 5c,
Nu = PhS)

Dark oil. IR (CHCl3) (cm–1): 3476 (R2N-H), 3367 (R2N-
H), 3009 (C-H arom.), 1679 (C=O amide), 1613, 1582
(C=C), 1215 (C-N). 1H NMR (300 MHz, CDCl3) (ppm) δ:
8.56 (1H, m, NH), 8.24 (1H, d, J = 8.6 Hz, H7), 7.45 (1H, d,
J = 8.8 Hz, H6), 7.20 (1H, M, H2), 7.16 (2H, d, J = 7.7 Hz,
H phenyl), 7.05 (3H, m, H phenyl), 6.58 (1H, M, H3), 2.09
(3H, s, CH3-).

13C NMR (75 MHz, CDCl3) (ppm) δ:
168.4 136.0, 133.9, 132.7, 131.6, 129.1, 126.6, 126.0, 125.6,
116.2, 113.2, 102.7, 24.7. HR-MS, m/z: calcd. for
C16H13NO2S: 282.0827; found: 282.0833.

4-Bromo-5-aminobenzothiophene (5d, Nu = Br)
Dark oil. IR (acetone) (cm–1): 3464 (NH), 3001 (CH aro.),

1623 (C=C), 1502 (C=C). 1H NMR (300 MHz, CD3OD)
(ppm) δ: 7.57 (1H, d, J = 8.7, H7), 7.54 (1H, d, J = 5.7, H2),
7.27 (1H, d, J = 5.5, H3), 6.92 (1H, d, J = 8.6, H6). 13C
NMR (75 MHz, CD3OD) (ppm) δ: 143.5, 141.5, 131.0,
128.8, 124.4, 122.8, 116.2, 102.6. HR-MS, m/z: calcd. for
C8H6NSBr: 226.9404; found: 226.9409.

4-Methoxy-5-aminobenzothiophene (5d, Nu = MeO)
Dark oil. IR (acetone) (cm–1): 3459 (NH), 3005 (CH aro.),

2937 (CH ali.), 1620 (C=C), 1509 (C=C), 1454 (CH3).
1H

NMR (300 MHz, CD3OD) (ppm) δ: 7.44 (1H, d, J = 5.5,
H2), 7.39 (1H, d, J = 8.5, H7), 7.31 (1H, d, J = 5.5, H3),
6.92 (1H, d, J = 8.6, H6), 4.91 (3H, s, CH3).

13C NMR
(75 MHz, CD3OD) (ppm) δ: 143.0, 137.0, 135.5, 132.9,
127.5, 120.4, 119.2, 117.4, 60.8. HR-MS, m/z: calcd. for
C9H9NOS: 179.0405; found: 179.0399.

4-Thiophenoxy-5-aminobenzothiophene (5d, Nu = PhS)
Dark oil. IR (acetone) (cm–1): 3494 (NH), 3004 (CH aro.),

1616 (C=C). 1H NMR (300 MHz, CD3OD) (ppm) δ: 7.71
(1H, d, J = 8.6, H7), 7.46 (1H, d, J = 5.5, H2), 7.34 (1H, d,
J = 5.5, H3), 7.17–7.12 (2H, m, H phenyl), 7.07–6.95
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(4H, m, H6 and H phenyl). 13C NMR (75 MHz, CD3OD)
(ppm) δ: 149.4, 145.9, 138.2, 130.8, 129.9, 128.8, 127.2,
126.2, 125.8, 124.3, 115.8, 106.9. HR-MS, m/z: calcd. for
C14H11NS2: 257.0333; found: 257.0339.

1-Methyl-3-thiophenoxy-5-aminoindole (9b)
Dark oil. IR (CHCl3) (cm–1): 3004 (CH aro.), 2974 (CH

ali.), 1627 (C=C), 1493 (CH3), 1241 (C-N). 1H NMR
(300 MHz, CDCl3) (ppm) δ: 7.24 (1H, s, H2), 7.19 (1H, d,
J = 8.6, H7), 7.15–7.09 (2H, m,, H phenyl), 7.07–7.03
(3H, m, H phenyl), 6.93 (1H, d, J = 2.2, H4), 6.78 (1H, dd,
J = 2.2, J = 8.6, H6), 3.78 (3H, s, CH3).

13C NMR (75 MHz,
CDCl3) (ppm) δ: 140.5, 139.9, 135.4, 132.4, 131.0, 128.6,
125.4, 124.5, 113.2, 110.4, 104.3, 98.5. HR-MS, m/z: calcd.
for C15H14N2S: 254.0878; found: 254.0884.

Compound 10b (cyclopentadiene cycloadduct)
Dark oil. IR (CHCl3) (cm–1): 3431 (NH), 3359 (NH),

3001 (CH aro.), 2946 (CH ali.), 1506 (C=C), 1456 (CH3),
1256 (C-N). 1H NMR (300 MHz, CDCl3) (ppm) δ: 6.92 (1H,
d, J = 8.4, H7), 6.66 (1H, s, H2), 6.63 (1H, d, J = 8.4, H6),
5.95–5.92 (2H, m, H9 and H10), 3.81–3.77 (1H, m, H11 or
H8), 3.71–3.69 (1H, m, H8 or H11), 3.65 (3H, s, CH3),
2.48–2.41 (1H, m, H12b), 1.99 (1H, d, J = 9.8, H12a). 13C
NMR (75 MHz, CDCl3) (ppm) δ: 130.8, 132.3, 130.5, 124.8,
121.1, 117.1, 113.9, 112.7, 108.2, 39.4, 38.7, 44.1, 32.7.
HR-MS, m/z: calcd. for C14H14N2: 210.1157; found:
210.1299.

Azo compound 11b
Yellow solid. mp = 196–198 °C. IR (CHCl3) (cm–1): 3007

(CH aro), 2946 (CH ali), 1613 (C=C), 1490 (C=C), 1449
(CH3), 1237 (C-N). 1H NMR (300 MHz, CDCl3) (ppm) δ:
8.25 (2H, d, J = 1.7, H4 and H4′), 7.94 (2H, dd, J = 8.3, J =
1.7, H6 and H6′), 7.40 (2H, d, J = 8.8, H7 and H7′), 7.11
(2H, d, J = 3.1, H2 and H2′), 6.64 (2H, d, J = 3.1, H3 and
H3′), 3.85 (6H, s, CH3).

13C NMR (75 MHz, CDCl3) (ppm)
δ: 130.0, 118.3, 115.3, 109.5, 102.9, 147.1, 137.9, 128.5,
33.2. HR-MS, m/z: calcd. for C18H16N4: 288.1375; found:
288.1371.

Azo compound 11c
Orange solid. mp = 160–162 °C. IR (CHCl3) (cm–1): 3020

(CH aro), 1454 (C=C), 1269 (C-O), 1095 (C-O). 1H NMR
(300 MHz, CDCl3) (ppm) δ: 8.09–7.93 (6H, m, H2, H2′, H4,
H4′, H7 and H7′), 7.71 (2H, d, J = 8.8, H6 and H6′), 7.09
(2H, d, J = 2.2, H3 and H3′). 13C NMR (75 MHz, CDCl3)
(ppm) δ: 146.9, 119.3, 117.2, 112.1, 107.8, 156.7, 149.4,
128.4. HR-MS, m/z: calcd. for C16H10N2O2: 262.0742;
found: 262.0747.

Azo compound 11d
Orange solid. mp = 165–166 °C. IR (CHCl3) (cm–1): 3018

(CH aro), 1463 (C=C). 1H NMR (300 MHz, CDCl3) (ppm)
δ: 8.42 (2H, s, H4 and H4′), 8.10–7.95 (4H, m, H2, H2′, H7
and H7′), 7.58–7.49 (4H, m, H3, H3′, H6 and H6′). 13C NMR
(75 MHz, CDCl3) (ppm) δ: 150.2, 140.2, 131.8, 129.7,
124.9, 123.0, 120.3, 117.4. HR-MS, m/z: calcd. for
C16H10N2S2: 294.0285; found: 294.0290.

trans-2,3-Dimethoxy-2,3-dihydro-5-acetamidobenzofurane
(trans 12)

Dark oil. IR (CHCl3) (cm–1): 3437 (NH), 3011 (CH aro.),
1684 (C=O), 1490 (C=C), 1230 (C-N), 1194 (C-O). 1H
NMR (300 MHz, CDCl3) (ppm) δ: 7.67 (1H, d, J = 2.3, H4),
7.25 (1H, dd, J = 2.3, J = 8.6, H6), 7.08 (1H, broad peak,
NH), 6.83 (1H, d, J = 8.6, H7), 5.41 (1H, s, H2), 4.64
(1H, s, H3), 3.54 (3H, s, OCH3), 3.43 (3H, s, OCH3), 2.15
(3H, s, CH3).

13C NMR (75 MHz, CDCl3) (ppm) δ: 168.3,
156.5, 144.8, 131.5, 123.3, 119.2, 111.2, 110.8, 85.1, 56.4,
56.2, 24.4. HR-MS, m/z: calcd. for C12H15NO4: 237.1001;
found: 237.1005.

cis-2,3-Dimethoxy-2,3-dihydro-5-acetamidobenzofurane
(cis 12)

Dark oil. IR (CHCl3) (cm–1): 3437 (NH), 3009 (CH aro.),
1685 (C=O), 1490 (C=C), 1210 (C-N), 1202 (C-O). 1H
NMR (300 MHz, CDCl3) (ppm) δ: 7.55 (1H, d, J = 2.2, H4),
7.00 (1H, dd, J = 2.2, J = 8.5, H6), 7.12 (1H, broad peak,
NH), 6.77 (1H, d, J = 8.5, H7), 5.48 (1H, d, J = 5.2, H2),
4.87 (1H, d, J = 5.2, H3), 3.63 (3H, s, OCH3), 3.52 (3H, s,
OCH3), 2.14 (3H, s, CH3).

13C NMR (75 MHz, CDCl3)
(ppm) δ: 168.2, 154.1, 131.5, 126.0, 123.1, 118.9, 110.5,
106.8, 79.9, 58.2, 57.2, 29.7. HR-MS, m/z: calcd. for
C12H15NO4: 237.1001; found: 237.1003.

Acetylated compound 15 (acetylated cycloaddition
product)

Dark oil. IR (CHCl3) (cm–1): 3001 (CH aro.), 1654
(C=O), 1468 (CH2), 1437 (CH3).

1H NMR (300 MHz,
CDCl3) (ppm) δ: 8.25 (1H, m, NH), 7.59 (1H, d, J = 2.3,
H2), 7.30 (1H, d, J = 9.3, H4), 6.82 (1H, d, J = 2.3, H3),
5.82 (1H, dd, J = 2.4, J = 5.5, H6), 5.16 (1H, m, H7), 3.79
(2H, m, H5 and H8), 2.45 (3H, s, CH3), 2.30 (2H, m, H9).
13C NMR (75 MHz, CDCl3) (ppm) δ: 170.3, 150.7, 130.5,
125.2, 124.3, 116.1, 145.2, 139.3, 120.6, 108.9, 104.8, 60.2,
41.0, 37.3, 25.3. HR-MS, m/z: calcd. for C15H13NO2:
239.0946; found: 239.0951.
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Orthogonene: A computational study of a strongly
twisted alkene

E. Lewars

Abstract: The strongly twisted (calculated dihedral angle 84°) alkene orthogonene (tetracyclo[8,2,2,02,7,03,10]tetra-
decene-2(3)) was studied at the DFT (B3LYP/6-31G*) and ab initio (HF/6-31G* and MP2(fc)/6-31G*) levels with a
view to exploring the question of how realistic a synthetic objective it is, particularly in view of the fact that an at-
tempt was made to synthesize it. Orthogonene is a relative minimum on the potential energy surface at the B3LYP/6-
31G* and MP2(fc)/6-31G* levels, but is predicted to have a very low barrier (1.2 kJ mol–1 from the B3LYP calcula-
tions) to rearrangement by a 1,2-carbon shift to a carbene, which in turn isomerizes to a cyclopropane and (or) an
alkene (the carbene is perhaps not a stationary point on the potential energy surface). Thus, very likely orthogonene
could be observed only at temperatures approaching absolute zero, if at all.

Key words: orthogonene, tetracyclo[8,2,2,02,7,03,10]tetradecene-2(3), twisted double bond, orthogonal double bond,
carbene-strained alkene isomerization, ab initio, DFT.

Résumé : Faisant appel à des calculs théoriques aux niveaux DFT (B3LYP/6-31G*) et ab initio (HF/6-31G* et
MP2(fc)/6-31G*), on a étudié l’alcène orthogonène {tétracyclo[8.2.2.02,7,03,10]tétradéc-2(3)-ène} qui est fortement dé-
formé dans le but d’évaluer s’il est réaliste d’espérer réaliser la synthèse de ce composé, surtout en tenant compte du
fait qu’un tel essai a déjà été tenté. L’orthogonène est un minimum relatif sur la surface d’énergie potentielle aux ni-
veaux DFT (B3LYP/6-31G*) et MP2(fc)/6-31G*, mais les calculs B3LYP prédisent que la barrière est très faible (1,2
kJ mol–1) pour son réarrangement en carbène (par le biais d’un déplacement 1,2 de carbone) qui subit une isomérisa-
tion ultérieure en cyclopropane et/ou en un alcène (le carbène n’est peut-être pas un point stationnaire sur la surface
d’énergie potentielle). Sur cette base, on peut en conclure que si cela peut se faire, l’orthogonène ne pourrait vraisem-
blablement être observé qu’à des températures s’approchant du zéro absolu.

Mots clés : orthogonène, tétracyclo[8.2.2.02,7,03,10]tétradéc-2(3)-ène, double liaison déformée, double liaison
orthogonale, isomérisation carbène–alcène tendu, ab initio, DFT.

[Traduit par la Rédaction] Lewars 1125

Introduction

One cornerstone of the structural theory of organic chem-
istry is that “the carbon—carbon double bond is flat”, i.e.,
that the two carbons and the four attached groups lie in, or
nearly in, a plane. Of course, when the molecule as a whole
lacks a symmetry plane strict planarity is not expected. In
CHF2–CH=CH2, for instance, in conformer 1a, an H vs. an
F breaks the symmetry of the two faces of the double bond;
the calculated (B3LYP/6-31G*) double bond H-C=C-H di-
hedral angle is 0.4°. More interesting are cases in which
nonplanarity, although not dictated by lack of symmetry nor
imposed by steric conflict (1), is nonetheless found. Wagner
et al. (2) showed, with ab initio calculations, that some
strained alkenes, like bicyclo-1(3)butene, should be non-
planar (we find from B3LYP/6-31G* calculations an angle
of 44° between the two CCC planes). This nonplanarity was

discussed in terms of orbital overlap (2) and was analyzed in
detail by Spangett-Larson and Gleiter (3). Pyramidalization
of double bond carbons, which is what nonplanarity in
bicyclic alkene systems amounts to, is a well-recognized
phenomenon (4–7).

Particularly fascinating would be a molecule designed to
impose on a carbon—carbon double bond a twist of 90°; in
the context of the σ/π model, this represents loss of p/p
atomic orbital overlap (the σ/π model is not correct in any
absolute sense, but it will be convenient to employ it here (8,
9)). Such a molecule was conceived almost two decades ago:
orthogonene, 1 (Scheme 1), was explored both experimen-
tally (10) and with semiempirical calculations (11) by
Jeffrey and Maier (the synthesis failed some steps short of
its goal). Concurring with these workers that this is an “ex-
citing molecule” (11), I report here the results of a reason-
ably high-level ab initio and DFT study.
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Computational methods

Calculations were done with Gaussian 98 for Windows
(G98W) (12) and visualized with GaussView 2.1 for Win-
dows (13) on a 933 MHz Pentium 3 or a 1.5 GHz Pentium 4
computer equipped with Microsoft Windows NT 4.00, 1 GB
of memory, and 15 360 MB of scratch space. Ab initio (14)
HF and DFT (15) B3LYP calculations were full geometry
optimizations followed by frequency calculations (16), ex-
cept for the calculation of vertical ionization energies, where
a single-point calculation on the radical cation at the
geometry of the neutral was done and zero-point energies
(ZPEs) were not used. For calculating relative MP2 energies,
energies from MP2(fc)/6-31G* optimizations were corrected
with B3LYP/6-31G* frequencies because of the long times
needed for calculating MP2/6-31G* frequencies on mole-
cules of this size; the similarity of the MP2 and B3LYP ge-

ometries left little doubt that the former structures were rela-
tive minima (no attempt was made to locate transition states
at the MP2 level). For orthogonene, MP2(fc)/6-31G* fre-
quencies were calculated to confirm the curvature of the
MP2(fc)/6-31G* potential energy surface at that stationary
point (indeed a relative minimum). ZPEs from the frequency
jobs were multiplied by the appropriate correction factors
(0.9135 for HF/6-31G* and 0.9806 for B3LYP/6-31G*) rec-
ommended by Scott and Radom (17) and were added to the
raw energies to give the ZPE-corrected energies. The two
species connected by a transition state (a stationary point
with one imaginary frequency) were identified by animation
of the imaginary frequency with GaussView or, in ambigu-
ous cases, by following the intrinsic reaction coordinate
(IRC) well toward reactant and product (18). Absolute total
energies, ZPEs, and ZPE-corrected energies are given in the
supplementary material.2
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Scheme 1. Rearrangement pathways of orthogonene, 1. The symmetry of species that were stationary points at the B3LYP/6-31G* and
MP2(fc)/6-31G* levels (C2 and C1) is shown; the transition states had C1 symmetry (at the HF/6-31G* level 1 was a TS with C2 sym-
metry).

2 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically).
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Results and discussion

Preliminary survey
Intuitively (or from a general knowledge of the chemistry

of strained alkenes), one suspects that the likeliest reactions
of orthogonene will be isomerization to a carbene. In 1, shift
(migration) of a β-C — C5 moving to C2 (Scheme 1; the
numbering pattern here is for convenience and does not re-
flect a systematic name) — would give the carbene c1, and
the shift of C3 to C1 would give the carbene c2. Such
interconversion of carbenes and strained alkenes is well-
established (4, 5, 19) and should of course proceed in the di-
rection that releases strain, a consideration that clearly
points to conversion of 1 to carbenes. As a heuristic, at least,
such alkene → carbene reactions can be viewed as migration
of a carbon to the positive end of a double bond with +C–C–

character (C+ and C– singly-bonded). We return later to the
question of polarization of the orthogonene formal double
bond.

Focusing on the fate of c1, which calculations indicate
(below) is much more likely than c2 to be the favored proxi-
mate product from 1, one envisages the following four possi-
bilities:

(1) Insertion of the carbene carbon into a β-C C—H bond
(this can also be viewed as an H atom shift) forming a
cyclopropane; c1 lacks a symmetry plane (it belongs to the
C1 symmetry group) and C4 represents the closest β-C and
has the closest C—H bond (C1—C4 = 2.185 Å, C1—H =
2.051 Å). These two atoms are thus within bonding distance
of C1. The intramolecular insertion of a carbene into a C—
H bond on a β-C has long been known (20). This reaction
would generate the cyclopropane cy1.

(2) Shift of C4 to C1, giving the alkene a1. This is a
carbene–alkene interconversion of the kind relating 1 and c1
(and 1 and c2).

(3) Shift of C7 to C1 giving the alkene a2. This is another
carbene–alkene interconversion.

(4) A 1,2-H shift giving the alkene a3. Such shifts are the
best known and normally the most facile kind of intramole-
cular reaction of carbenes (21).

Orthogonene to carbenes c1 and c2
The relative energies, where available, of 1, c1, c2, cy1,

a1, a2, a3, and the transition states (TS) (t1–c1, etc.) con-
necting various species are given in Table 1, and the activa-
tion energies based on these relative energies are given in
Table 2. The most salient indication from these calculations
is that orthogonene is restrained from isomerization by a

© 2003 NRC Canada
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Reaction HF/6-31G* B3LYP/6-31G* MP2(fc)/6-31G*

1 → c1 0 (1 is a TS connecting
two c1 enantiomers)

1.2 c1 is not a stationary point at
this level: goes toward cy1

1 → c2 1 is a TS, not a relative
minimum, at this level

c2 is not a stationary point at
this level: goes toward a1

c2 is not a stationary point at
this level: goes toward a1

c1 → cy1 39.1 1.6
c1 → a1 57.9 17.8
c1 → a2 151.3 92.7
c1 → a3 307.2 214.5

Note: The location of transition states at the MP2(fc)/6-31G* level was not attempted.

Table 2. Activation energies (kJ mol–1) for reactions of orthogonene 1 and the carbene c1 (Scheme 1) based on relative energies in Ta-
ble 1.

Species HF/6-31G* B3LYP/6-31G* MP2(fc)/6-31G*

1 0 0 0
c1 –796.5 –602.3 Not a stationary point at this

level: goes toward cy1
c2 –602.6 Not a stationary point at this

level: goes toward a1
Not a stationary point at this

level: goes toward cy1
cy1 –1057.7 –885.1 –883.4
a1 –1127.7 –953.2 –925.9
a2 –854.2 –713.5 –695.4
a3 –797.2 –676.1 –666.4
t1–c1 0 (1 is a TS connecting two c1

enantiomers)
+1.23

t1–c2 1 is a TS connecting two c1
enantiomers

c2 is not a stationary point at
this level (c2 goes toward a1)

tc1–cy1 –757.4 –601.4
tc1–a1 –738.6 –584.5
tc1–a2 –645.2 –509.6
tc1–a3 –489.3 –387.8

Note: The location of transition states at the MP2(fc)/6-31G* level was not attempted.

Table 1. Relative energies (kJ mol–1) of species in Scheme 1.
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barrier that is either nonexistent (at the HF/6-31G* level it is
a transition state linking enantiomeric c1 molecules) or tiny
(at the B3LYP/6-31G* level the barrier to isomerization to
c1 is a mere 1.2 kJ mol–1). The carbene c1 is itself calcu-
lated to readily suffer insertion into the proximate C—H
bond (see above), forming the cyclopropane cy1, the HF and
B3LYP activation energies for this process being 39.1 and
1.6 kJ mol–1, respectively. The likely situation is either (1) 1
is a real molecule with a very low barrier to isomerization to
carbene c1 or perhaps directly to the cyclopropane cy1
(higher-level calculations may indicate that c1 is not a sta-
tionary point), or (2) 1 is a TS linking enantiomeric c1 mole-
cules or perhaps linking enantiomeric cy1 molecules.

Concerning the carbene c2, the product of the alternative
carbon shift in 1 (C3 → C1 instead of C5 → C2) on the
HF/6-31G* potential energy surface 1 is merely a transition
state leading to c1 enantiomers, while on the B3LYP/6-31G*
surface, the 1 → c1 barrier is exceedingly low (1.2 kJ mol–1)
and c2 is not a stationary point: attempts to optimize it from
lower-level geometries lead to the alkene a1.

Besides the cyclopropane cy1, the alkenes a1, a2, and a3
can reasonably be postulated as products of the carbene c1.
From the data in Table 2, the only product from c1 that
might compete with cy1 is the alkene a1 (barriers to a1, a2,
a3, HF/B3LYP: 57.9/17.8; 151.3/92.7; 307.2/214.5 kJ mol–1).
Note the good agreement between relative energies calcu-
lated at the B3LYP and MP2 levels for 1, the cyclopropane,
and the three alkenes (Table 1). It is known that correlated-
level barriers are lower than those calculated at the HF level
and closer to experimental values, although the trends pre-
dicted by HF-level calculations are usually reliable (22).
From these energetic relationships and the curvature of the
potential energy surface (viz., minima, transition states, and
non-stationary points) indicated by these calculations we may
conclude that attempts to synthesize orthogonene will lead
to the formation of the cyclopropane cy1 and possibly the
alkene a1, but the possibility of detection of 1 and (or) c1
under matrix-isolation (23) conditions cannot be ruled out.

Structure and electronic properties of orthogonene
Tacitly assuming 1 is actually a relative minimum on the

potential energy surface (i.e., that it is a real molecule), a

brief look at its “static” properties is warranted. Selected
values for geometry, bond orders, and electrostatic potential
atomic charges (24) and the dipole moment are shown in
Fig. 1. The length (MP2(fc)/6-31G*) of the formal double
bond (1.420 Å) is close to the average of the standard C—C
single and double bond lengths: 1/2 (1.54 + 1.33) Å =
1.435 Å. Its Wiberg bond order of 1.64 (from a Weinhold
natural population analysis (NPA (25)) is only a little more
than the value (1.5) one would intuitively assign to a “one-
and-a-half” bond. In comparison, tetramethylethene at the
same computational levels has a C=C double bond length of
1.352 Å and a bond order of 1.85 (this molecule has a calcu-
lated C-C-C-C dihedral angle of 2.6°). A dramatic indication
of the weakness of the double bond of 1 is its calculated
stretching frequency: 1348 cm–1, cf. 1765 cm–1 for tetra-
methylethene. These are MP2(fc)/6-31G* uncorrected fre-
quencies; the frequency- (not the ZPE-) correction factor of
Scott and Radom (17), 0.9434, predicts experimental fre-
quencies of 1272 and 1665 cm–1. The calculated formal dou-
ble bond C=C frequency of 1 is actually somewhat closer to
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Fig. 1. Selected parameters of MP2(fc)/6-31G* geometry, electrostatic potential charges (HF/3-21G//MP2(fc)/6-31G*), and Wiberg
bond orders (HF/3-21G//MP2(fc)/6-31G*).

Fig. 2. Orbital hybridizations associated with the orthogonene
double bond, from Weinhold natural population analysis (STO-
3G///MP2(fc)/6-31G*).
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a calculated C—C single bond stretch (e.g., 1050 cm–1 for
CH3–CH3, MP2(fc)/6-31G*) than to a normal double bond
stretch like that in tetramethylethene. This stretch in 1 has a
calculated relative intensity (the strongest vibration is a CH
stretch) of 8%, but the corresponding vibration in tetra-
methylethene is undetectable in the IR (26) because of sym-
metry. The electrostatic potential charges indicate a modest
polarization of this bond, in keeping with its modest IR in-
tensity.

Figure 2 shows the NPA hybridization for the bonding
orbitals associated with the twisted double bond. C1 and C2
both utilize ca. 40% s : 60% p hybrid orbitals to bond to
their adjacent carbons, which overlap these with normal sp3

orbitals (ca. 25% s : 75% p). The σ bond of the formal C=C
double bond is approximately sp3—sp3 (20% s : 80% p —
25% s : 75% p) and the (presumably weak) π bond results
from twisted p:p overlap. The very wide (155.6°) and ex-
traordinarily wide (175.7°) C-C-C angles at the ends of the
double bond can be rationalized in terms of the high s char-
acter of the sp hybrids (ca. 40% s : 60% p, approaching the
50% s : 50% p character of the linearly disposed sp hybrids
of alkynes) used to bond to the neighboring carbons, but it is
unclear why one angle is so much bigger than the other; a
referee suggested that the dissimilar angles may indicate it is
energetically favorable to distort one carbon more to reduce
strain at the other.

As a C=C double bond is twisted toward 90°, the HOMO
and LUMO should tend to become degenerate atomic p orbi-
tals, and the closed-shell molecule should approach singlet
diradical status (this kind of twisting has been analyzed in
detail for ethene and its C–Si and Si–Si analogues (27)).
Since the single-determinant molecular orbital wavefunction
usually used for normal closed-shell molecules is based on
filling molecular orbitals pairwise (28), this approach may
not be valid for strongly twisted double bonds (ref. 27 used
the GVB method). One test of the validity of normal DFT
calculations on such systems is to compare the results of un-
restricted and restricted DFT calculations (4, 29). Restricted

and unrestricted B3LYP/6-31G* optimizations + frequencies
on 1 gave identical results, and the spin contamination pa-
rameter �S2� before and after spin annihilation was 0.0000.
The appearance of the HOMO and LUMO, visualized with
GaussView (HF/3-21G wavefunction from the MP2 geome-
try), was identical (Fig. 3); these orbitals look as one would
expect from twisting a normal alkene HOMO. The HOMO :
LUMO energies (MP2/6-31G*//MP2/6-31G*) are –4.80 :
3.13 eV, giving a frontier orbital gap of 7.93 eV. From
Koopmans’ theorem (30) the HOMO gives an approximate
vertical ionization energy (IE) for 1 of 4.80 eV. The energy
difference between neutral 1 and the radical cation at the ge-
ometry of the neutral (no ZPEs used) gives a vertical IE of
5.36 eV (MP2(fc)/6-31G*//MP2/6-31G*). For tetramethyl-
ethene the HOMO : LUMO energies are –8.56 : 5.18 eV,
giving a frontier orbital gap of 13.74 eV, much bigger than
for 1, as expected. For tetramethylethene the Koopmans and
energy-difference IEs are 8.56 and 8.24 eV; experimental
values of ca. 8.3–8.8 eV are typical of alkenes (31).
Normally, Koopmans’ theorem values are about 1.0–1.5 eV
too high, and MP2/6-31G* ∆E values tend to be within ca.
0.4 eV (32). For the exotic 1 the Koopmans IE is, however,
lower than the energy-difference one. Nevertheless, we can
be confident that the IE of 1 (assuming it to be a “real mole-
cule”) is ca. 5 eV. This is a remarkably low IE for an alkene;
it is essentially the same as the value of 4.6 eV calculated by
Radom and Rasmussen for the hypothetical dimethanospiro-
octaplane, a cycloalkane predicted to have a planar carbon
atom, and as these workers point out for their molecule, pos-
sibly lower than the IEs of lithium and sodium (5.39 and
5.14 eV) (33). In both hydrocarbons this anomaly arises, of
course, from the decoupling of normally bonding orbitals:
the HOMO of dimethanospirooctaplane is essentially a car-
bon p orbital, and that of orthogonalene has high p orbital
character by virtue of the weak interaction between the
nearly orthogonal carbon p orbitals (Figs. 2 and 3).

These calculations apply to the singlet energy surface; our
main purpose here was to investigate the stability and fate of
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Fig. 3. The HOMO and LUMO (the two are visually indistinguishable) of orthogonene (HF/3-21G//MP2(fc)/6-31G*).
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1 understood as a twisted singlet alkene. However, the un-
usual double bond of 1 raises the possibility that the normal
situation is reversed, and the triplet is the lower-energy state.
Comparing the energies (ZPE-corrected) of fully-optimized
geometries at different levels we find the following: E(trip-
let) – E(singlet) = +221.9 kJ mol–1 (HF/6-31G*), –72.1 kJ
mol–1 (UB3LYP/6-31G*), –4.8 kJ mol–1 (UMP2(fc)/6-
31G*). Thus at the noncorrelated level the triplet is much
the higher-energy state, but with UB3LYP the triplet is mod-
erately lower, and with UMP2 it is very marginally lower
than the singlet. These results suggest only that the two
states may not differ widely in energy; they leave open the
possibility that attempts to synthesize 1 by some route in-
volving entry to the singlet potential energy surface will lead
to triplet 1 by intersystem crossing.

Conclusions

Orthogonene was calculated to be at best highly unstable
toward isomerization to a carbene, the HF/6-31G* barrier
being zero and the B3LYP/6-31G* barrier 1.2 kJ mol–1. The
carbene itself may in fact not be a stationary point and
orthogonene may go directly to a cyclopropane and (or) to
an alkene (these latter two arise, formally at least, by
carbene insertion into a nearby C—H bond or by 1,2-carbon
shift). We note a referee’s suggestion that it may be possible
to find substituents to stabilize orthogonene.
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Synthesis and study of platinum silylene
complexes of the type (R3P)2Pt=SiMes2

(Mes = 2,4,6-trimethylphenyl)1

Jay D. Feldman, Gregory P. Mitchell, Jörn-Oliver Nolte, and T. Don Tilley

Abstract: The synthesis and characterization of neutral platinum silylene complexes (R3P)2Pt=SiMes2 (R = i-Pr (1) or
cyclohexyl (2), Mes = 2,4,6-trimethylphenyl) is reported. The dimesitylsilylene ligand in 2 is displaced by a number of
ligands including phosphines, alkenes, alkynes, and O2. Complex 2 reacts with ROH substrates (R = H, Me, Et) to give
(Cy3P)2Pt and Mes2Si(OR)(H) and with H2 to give trans-(Cy3P)2Pt(H)SiHMes2 (3). Reaction of H2SiMes2 with (Cy3P)2Pt
gave cis-(Cy3P)2Pt(H)SiHMes2 (4). EXSY NMR experiments of 4 reveal that exchange of silicon and platinum hydrides
occurs via reductive elimination – oxidative addition and not via a silylene intermediate.

Key words: silylene, EXSY, platinum, hydride.

Résumé : On a effectué la synthèse et la caractérisation de complexes neutres de silylène de platine, (R3P)2Pt=SiMes2

(R = isopropyle (1) ou cyclohexyle (2); Mes = 2,4,6-triméthylphényle). Le ligand diméthylsilylène du composé 2 est dé-
placé par un grand nombre de ligands, dont les phosphines, les alcènes, les alcynes et le dioxygène. Le complexe 2 réagit
avec des substrats de formule ROH (R = H, Me, Et) pour conduire à la formation de (Cy3P)2Pt et de Mes2Si(OR)(H); il
réagit aussi avec H2 pour donner le trans-(Cy3P)2Pt(H)SiHMes2 (3). La réaction du H3SiMes2 avec le (Cy3P)2Pt conduit à
la formation du cis-(Cy3P)2Pt(H)SiHMes3 (4). Des expériences de RMN de type « EXSY » effectuées sur le composé 4
révèlent qu’il se produit un échange des hydrures de silicium et de platine par le biais d’une réaction d’élimination ré-
ductrice – addition oxydante et non pas par le biais d’un intermédiaire silylène.

Mots clés : silylène, « EXSY », platine, hydrure.

[Traduit par la Rédaction] Feldman et al. 1136

Introduction

Platinum complexes play an important role as catalysts in
transformations of organosilanes. These metal species are
used to effect olefin hydrosilylation (1), dehydrogenative
coupling of silanes to produce oligomers (2), and redistribu-
tion of substituents on silicon (3, 4). The latter two transfor-
mations occur extensively with low-valent platinum catalysts
and are usually observed concurrently. Because these pro-
cesses occur together it is likely that they involve a common
intermediate. One possible mechanism for this redistribu-
tion–oligomerization reaction involves an intermediate
silylene complex (LnPt=SiR2) and migration chemistry
(Scheme 1), although a mechanism involving reductive elim-
ination – oxidative addition (Scheme 2) is preferred by some
(4). While many of the proposed steps for redistribution via

the latter mechanism have precedent (e.g., Si–H oxidative
addition and reductive elimination), there is little evidence
to support the direct addition of an Si—C bond to platinum.

In 1971 Kumada and co-workers discovered the first
hydrosilane oligomerization and redistribution reactions cat-
alyzed by a platinum complex (3b, 5). In the presence of
trans-(Et3P)2PtCl2 as a precatalyst, Me3SiSiMe2H was trans-
formed into Me3SiH (redistribution product) and Me-
(SiMe2)nH (n = 3–6, oligomerization products). The investi-
gators subsequently found that introducing diphenyl-
acetylene into the reaction resulted in formation of a
disilacyclohexadiene (eq. [1]), which was proposed to result
from the trapping of dimethylsilylene (5).

[1]

More recently, Tanaka suggested that the formation of a
platina-sila-cyclohexadiene, by the addition of phenyl-
acetylene to a similar oligomerization–redistribution system,
resulted from the trapping of a Pt0 silylene complex (6)
(eq. [2]). Although these results suggested a mechanism in-
volving intermediate platinum silylene species, the goal of
isolating and probing the reactivity of such a complex still
remained. Additionally, given the utility of carbene com-
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plexes as catalysts and synthons in organic and polymer
chemistry (7), it is likely that development of silylene chem-
istry will lead to similar advancements in organosilicon
chemistry.

[2]

Many synthetic efforts have targeted the isolation of com-
plexes featuring silylene ligands. In recent years, these ef-
forts have culminated in the syntheses of a number of
transition metal compounds containing sp2-hybridized sili-
con (8). For the most part, these compounds are cationic,
having been obtained via an “anion-abstraction” method
(8a–e). However, some neutral silylene complexes have been
prepared via coordination of a stable free diamidosilylene
(of which there are very few) to a transition metal (8k–o).
The free silylenes are conjugated, five-membered rings in
which the Si atoms are stabilized via heteroatom coordina-
tion to nitrogen.

© 2003 NRC Canada
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Only two platinum silylene complexes have been previ-
ously reported, [trans-(Cy3P)2(H)Pt=Si(SEt)2][BPh4] (8c)
and [(i-Pr2PCH2CH2P-i-Pr2)(H)Pt=SiMes2][MeB(C6F5)3] (8f).
Neither of these cationic compounds is a good model for
silylenes of the type (R3P)2Pt=SiR2, which have been the pri-
mary focus of speculation regarding catalytic silylene inter-
mediates (9). In an effort to prepare netural platinum(0)
silylene complexes, we have explored reactions of meta-
stable silylenes generated in situ with zero-valent platinum
compounds. Some of this work has been communicated
(10).

Results and discussion

Survey of reactions and observation of (i-Pr3P)2-
Pt=SiMes2

Silylenes were generated photolytically from linear or cy-
clic trisilanes, including Mes2Si: (Mes = mesityl) from
Mes2Si(SiMe3)2 (11) or (Mes2Si)3 (12), Ph2Si: (13) from
Ph2Si(SiMe3)2, and Me2Si: from (Me2Si)6 (14). The
photolyses were carried out using a quartz tube and in hex-
anes with a 1:1 stoichiometry of silylene precursor to plati-
num substrate. The first reactions surveyed involved the
generation of Mes2Si: from (Mes2Si)3 in the presence of
Pt(PEt3)3 (15), (C2H4)Pt(PPh3)2 (15), Pt(P-i-Pr3)3 (15),
Pt(PCy3)2 (15), or Pd(PCy3)2 (16). While no reaction was
observed with Pt(PEt3)3, (C2H4)Pt(PPh3)2, or Pd(PCy3)2,

small amounts (<10%) of new products were observed (by
31P NMR spectroscopy) with Pt(P-i-Pr3)3 and Pt(PCy3)2. It is
notable that in these two cases the reacting platinum species
is 2-coordinate, since Pt(P-i-Pr3)3, unlike Pt(PEt3)3, readily
dissociates one of its phosphines in solution to give Pt(P-i-
Pr3)2 and an equivalent of free phosphine. Thus, further ex-
periments concentrated on the use of these 2-coordinate spe-
cies. The generation of Me2Si: or Ph2Si: in the presence of
Pt(P-i-Pr3)2 (+ free phosphine) or Pt(PCy3)2 gave no new
complexes (by 31P NMR spectroscopy). However, Mes2Si:
generated from Mes2Si(SiMe3)2 gave >85% of a new, blood-
red complex (1) as observed by 31P NMR spectroscopy
(eq. [3]). Furthermore, use of a slight excess of
Mes2Si(SiMe3)2 (1.2 equiv) gave 1 as the only platinum
phosphine species observed.

[3]
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Although there are many examples of silylene-bridged,
dimeric bis(phosphine) platinum complexes (dimeric analogs
of 1) (17), the observation of only a single resonance with
195Pt satellites in the 31P NMR spectrum (δ: 82.2 1JPPt =
3119 Hz) is consistent with a monomeric structure for 1.
Apparently, the steric protection provided by the Mes and i-
Pr substituents is sufficient to prevent the formation of a
more thermodynamically stable 4-coordinate silicon species
via dimerization. The 29Si NMR data for 1 are also consis-
tent with the characterization of this complex as monomeric,
with an sp2-hybridized silicon atom. Silylene complexes ex-
hibit characteristically large downfield chemical shifts, typi-
cally in the range of 250 to 340 ppm (8). Significantly, the
resonance for 1 (Fig. 1) was observed at δ: 367 (2JSiP =
107 Hz; 1JSiPt = 2973 Hz). For comparison, the only other
platinum silylene complexes to be reported have 29Si reso-
nances at δ: 309 for [trans-(Cy3P)2(H)Pt=Si(SEt)2][BPh4]
(8c) and δ: 338 for [(i-Pr2PCH2CH2P-i-Pr2)(H)Pt=SiMes2]
[MeB(C6F5)3] (8f). Complexes related to 1 include several
dimeric analogs of the type [(R3P)2Pt(µ-SiR′2)]2, which were
prepared from reactions of secondary silanes with Pt(PR3)n
complexes (17), as well as the trimer [Pt(µ-SiPh2)(PMe3)]3,
which was derived from loss of Ph2SiH2 and PMe3 from cis-
(Me3P)2Pt(SiHPh2) (18). While the [(R3P)2Pt(µ-SiR′2)]2 com-
plexes exhibit 29Si NMR shifts that are over 400 ppm upfield
of that for 1 (in the range of δ: –65 to –95), [Pt(µ-
SiPh2)(PMe3)]3 has a 29Si chemical shift of 279 ppm, which
is uncharacteristically downfield for a 4-coordinate silicon
species.

Repeated attempts to isolate 1 were unsuccessful. Re-
moval of the solvent afforded Pt(P-i-Pr3)3, along with a vari-
ety of unidentified silicon-containing products. When Pt(P-i-
Pr3)2 (19) (without a third equivalent of P-i-Pr3 present) was
employed as a trapping reagent, the only platinum product
observed upon photolysis was trans-H2Pt(P-i-Pr3)2 (20) (by
1H and 31P NMR spectroscopy) presumably resulting from
C–H activation of the hexanes solvent. When the photolysis
reaction was performed in benzene-d6, neither solvent acti-
vation nor efficient formation of 1 were observed.

Synthesis and structure of (Cy3P)2Pt=SiMes2 (2)
Photolysis of a mixture of Mes2Si(SiMe3)2 and Pt(PCy3)2

in hexanes gave a green, supersaturated solution of
Me3SiSiMe3 (by 1H and 29Si NMR spectroscopy) and the
silylene complex (Cy3P)2Pt=SiMes2 (2). Cooling the solu-
tion to 0°C, concentrating the solution in vacuo, or allowing
the solution to stand for a few hours facilitated precipitation
of microcrystalline 2 (54% isolated yield). Complex 2 is
completely insoluble in alkane solvents, dichloromethane,
fluorobenzene, and tetrahydrofuran (THF) and is only
slightly soluble in toluene or benzene. The 1H NMR spec-
trum of 2 in benzene-d6 consists of resonances for each of
the three types of Mes protons (o-Me, p-Me, ArH) as well as
a group of multiplets for the cyclohexyl protons. Likewise,
the 31P NMR spectrum contains a single peak with 195Pt sat-
ellites (δ: 71.7, 1JPPt = 3068). Because of its low solubility, a
long accumulation time was required to observe the 29Si
NMR resonance for 2 at δ: 358 (2JSiP = 112 Hz). This large

downfield chemical shift is evidence for the presence of an
sp2-hybridized silicon atom, confirming the assignment of 2
as a silylene complex.

X-ray quality crystals of 2 were grown from dilute
(<0.04 M) reaction solutions over a 3–4 h period.3 An
ORTEP diagram of 2 is shown in Fig. 2. The Pt—Si bond
distance of 2.210(2) Å is the shortest yet reported and is
about 6% shorter than typical Pt—Si single bonds (2.30–
2.40 Å) (1, 21). For comparison, the Pt—Si distance in
[trans-(Cy3P)2(H)PtSi(SEt)2][BPh4] is 2.270(2) Å, but note
that the latter complex was characterized as being somewhat
Fischer-like, with both Si—S and Pt—Si π-bonding (8c, 22).
The summation of angles about Si, 359.8(6)°, confirms the
presence of a planar, sp2-hybridized silicon atom, and the
angles about platinum also sum within experimental error to
360°. The least-squares plane of the silylene ligand (including
Pt, Si, and the two ipso carbons) and the coordination plane of
platinum (Si, Pt, P, P) intersect at a dihedral angle of 68.6° (see
Fig. 3), which is not optimal for Pt-to-Si π-donation. The ideal
dihedral angle for overlap between the HOMO of the L2Pt
fragment and the empty p-orbital on silicon is 90°, which is the
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Fig. 1. 29Si spectrum of 1.

Fig. 2. ORTEP diagram of 2.

3 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically).
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observed angle of the related germylene and stannylene com-
plexes (Et3P)2PtGe[N(SiMe3)2]2 (23) and (i-Pr2PCH2CH2P-i-
Pr2)PdSn[CH(SiMe3)2]2 (24), respectively. The deviation
from 90° for 2 appears to result from steric interactions be-
tween the Mes and Cy substituents.

It is interesting that although complexes of the type
(R3P)2PtER′2 are known for tin, germanium, and now silicon,
no such analogs are known with carbon. The complexes with
germanium (23) and tin (24) were prepared by reacting a
stable, free germylene or stannylene with a platinum com-
plex of the type (R3P)2PtL, where L is a leaving group such
as an alkene, alkyne, or oxalate (which forms 2 equiv of
CO2). It is noteworthy that while (Et3P)2PtGe[N(SiMe3)2]2
decomposes in ambient laboratory light (25), silylene com-
plexes 1 and 2 are generated under intense UV–vis irradia-
tion. Also, no mention has been made of the sensitivity of
stannylene complexes to light.

Reactivity of 2
Given that 2 is a member of the (R′3P)2Pt=SiR2 class of

compounds proposed as intermediates in hydrosilane oligo-
merization and redistribution, we have searched for similari-
ties between the reactivity of 2 and that of the proposed
intermediate species. Alkyne coupling with extruded
silylenes is the primary evidence supporting such an inter-
mediate species (vide supra); thus we have examined reac-
tions of 2 with substrates containing unsaturated C—C

bonds. Given the high steric congestion surrounding the
Pt=Si bond, small substrates, including 2-butyne, propyne,
and ethylene, were employed.

Addition of 2-butyne to a benzene-d6 solution of 2 initially
resulted in the formation of an unsymmetrical complex with
inequivalent resonances in the 31P NMR spectrum. This is
consistent with a complex derived from either alkyne addition
across the Pt=Si double bond (eq. [4], structure B) or coordi-
nation of the alkyne to the silylene complex (structure C).

[4]

This species appears to be an intermediate and is only ob-
served in very small concentrations (<5% by 31P NMR spec-
troscopy), as the silylene complex is converted into the
alkyne complex (Cy3P)2Pt(η2-MeCCMe).4 The 31P NMR
spectrum of the intermediate consists of two doublets with
195Pt satellites (δ: 41.6, d 2JPP = 34 Hz, 1JPPt = 3483 Hz; δ:
33.3, d 1JPPt = 2899 Hz). An analogous process is observed
when propyne or ethylene (1 atm (1 atm = 101.325 kPa)) is
used as the reactant in place of 2-butyne. In this ligand-
displacement reaction the dimesitylsilylene is lost as multi-
ple uncharacterized silicon-containing products. The appar-
ent low stability of the intermediate species is likely due to
the steric congestion associated with 2 and its derivatives.

Hydrosilanes do not react cleanly with 2; however, NMR
tube reactions indicate that redistribution and, to a small ex-
tent, oligomerization processes take place. For example, ad-
dition of PhSiH3 (4 equiv) to a green benzene-d6 solution of
2 resulted in bleaching of the color and formation of
Mes2SiH2 as the only mesityl-containing product. Redistri-
bution products Ph2SiH2, SiH4, and other Si-H containing
products, as well as trace amounts of H2 (presumably from
dehydrocoupling), were also observed (by 1H NMR spec-
troscopy). The platinum-containing product from this reac-
tion has equivalent phosphines, as well as a hydride ligand
(by NMR spectroscopy). These data are consistent with its
formulation as trans-(Cy3P)2Pt(H)(SiHPh2), although this
could not be confirmed as it was not isolated. Furthermore,
the symmetrical complex trans-(Cy3P)2PtH2 (20) (also con-
sistent with the NMR data) could be ruled out based on
comparison of NMR data to an authentic sample.

Complex 2 quantitatively transfers its silylene group to
water and alcohols, giving O—H bond insertion products
(eq. [5]).
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Fig. 3. ORTEP view of 2 in which most of the cyclohexyl car-
bon atoms have been removed for clarity. The dihedral angle be-
tween the silicon coordination plane and platinum coordination
plane is 68.6°.

4 The alkyne complex, (Cy3P)2Pt(η2-MeCCMe), was generated via the addition of 2-butyne to (Cy3P)2Pt in order to compare its 31P spectrum
with the product mentioned here. (Cy3P)2Pt(2-butyne) 31P NMR (C6D6) δ: 36.8, 1JPPt = 3302 Hz.
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[5]

Thus, addition of ROH (R = H, Me, Et) to 2 resulted in
the clean formation of Pt(PCy3)2 and the corresponding
siloxane Mes2Si(OR)H. No intermediates were observed in
the reaction of 1 with ethanol at –60°C (by 1H and 31P NMR
spectroscopy in toluene-d8). Related reactivity was previ-
ously reported for the base-stabilized silylene complex
[Cp*(Me3P)2RuSiPh2(NCMe)]+, which was presumed to dis-
sociate acetonitrile prior to reaction with an alcohol (26).
This reactivity contrasts with what has been observed for (i-
Pr2PCH2CH2P-i-Pr2)PdSn[CH(SiMe3)2]2, which reversibly
adds H2O across the Pd—Sn bond to form a palladium hy-
dride species (27).

Many reactions of 2 result in loss of the silylene ligand.
For example, O2 reacts with 2 to give Pt(PCy3)2(η2-O2) (28),
and the displaced silylene ligand is observed to decompose
to a number of species (but not to significant amounts of the
silylene dimerization product, Mes2Si=SiMes2). This reactiv-
ity is unlike that of the related germylene complex, (Et3P)2-
PtGe[N(SiMe3)2]2, which cleanly adds O2 across its double
bond (29). Reactions of 2 in benzene-d6 with an excess
amount of i-Pr2PCH2CH2P-i-Pr2, Ph2PCH2CH2PPh2, and
PMe3 led to PCy3 and Mes2Si: displacement, with quantita-
tive formation of the corresponding PtL4 (30) complex (by
31P NMR spectroscopy). Addition of 1 equiv of phosphine
resulted in partial conversion to PtL4, and no other products
were observed. These results suggest that the dimesityl-
silylene ligand in 2 is rather labile. However, attempts to
trap the silylene by reacting 2 with 2 equiv of 2,3-dimethyl-
butadiene (which is known to react with free dimesityl-
silylene) (31) in benzene-d6 over 3 days at room tempera-
ture failed to give the expected cycloaddition product,

. Instead, several unidentified
mesityl-containing species were observed by 1H NMR spec-
troscopy. This suggests that complex decomposition path-
ways are operative in silylene displacement reactions. Unlike
cationic silylene complexes, 2 is stable in the presence of 1
equiv of the nitrogen bases para-dimethylaminopyridine and
acetonitrile and does not form a base-stabilized silylene
complex (32). Formation of the four-coordinate adduct may
be disfavored due to the significant steric protection of the
electrophilic, sp2-hybridized silylene.

Formation of trans-(Cy3P)2Pt(H)(SiHMes2) (3) from 2
and H2

Hydrogen (1 atm) reacted with a benzene solution of 2
over 2 days to form trans-(Cy3P)2Pt(H)(SiHMes2) (3,
Scheme 3). With this slow conversion there was competing
decomposition of 2 via loss of the silylene ligand to produce

trans-(Cy3P)2PtH2 (20) (ca. 50%; without formation of
Mes2SiH2). At higher temperatures (refluxing benzene-d6), 3
was hydrogenated to give trans-(Cy3P)2PtH2 and Mes2SiH2.
In contrast to the germylene complex (Et3P)2PtGe[N-
(SiMe3)2]2 (33), the addition of hydrogen to 2 is irreversible.

Complex 3 is fluxional in solution, as observed by vari-
able-temperature 31P NMR spectroscopy. At –29°C, two
doublets (δ: 26.9, d 1JPtP = 2632 Hz, 2JPP = 346 Hz; δ: 33.6,
d 1JPtP = 2715 Hz) are observed, which, upon heating,
broaden and coalesce to a singlet (δ: 28.9, 1JPtP = 2707 Hz)
at 91°C. This behavior is consistent with restricted rotation
about the sterically congested Pt—Si bond; the rotational
barrier ( )‡∆Grot was calculated to be 15.8 ± 0.4 kcal mol–1.
The mechanism of hydrogen addition to 2 could involve oxi-
dative addition to the platinum center followed by migration
of hydride to the silylene ligand, or direct addition of hydro-
gen to the Pt=Si double bond. At this point the mechanism is
unknown, but it is interesting to note that whereas the trans
silyl hydride is formed by this reaction, the oxidative addi-
tion of Mes2SiH2 to Pt(PCy3)2 exclusively gives cis-(Cy3P)2-
Pt(H)(SiHMes2) (vide infra).

Synthesis and EXSY NMR Studies of cis-(Cy3P)2Pt-
(H)SiHMes2 (4)

The cis isomer of 3 is obtained via the addition of
Mes2SiH2 to Pt(PCy3)2 in 48% isolated yield. Competing
cis–trans isomerization and decomposition took place upon
thermolysis (80°C, 6 h) or photolysis (2.5 h) of a benzene
solution of 4.

The Pt–H and Si–H resonances of 4 are broad at room
temperature, suggesting that exchange of these protons takes
place. Cooling the sample to –70°C (toluene-d8) only par-
tially resolved the broad peaks. The cyclohexyl resonances
prevent observation of the Pt-H–Si-H proton coalescence at
high temperatures, and thus exchange NMR spectroscopy
(EXSY) was used to study this process. The 1H EXSY ex-
periment confirms the exchange of the platinum and silicon
hydrides. The rate constant for exchange was determined to
be 23 ± 4 Hz (27°C).5

Given the stability of silylene ligands in this system, it
seemed possible that this exchange could occur via an α-H
migration process to give a 5-coordinate intermediate
(eq. [6]).

[6]

However, a reductive elimination – oxidative addition
couple could also account for this observation. An inter-
molecular mechanism was suggested upon close examina-
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5 EXSY NMR experiments (phase sensitive NOESY) were performed at two different mixing times of 12 and 25 ms, and exchange rate con-
stants were determined using the program D2DNMR.
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tion of the Pt–H region of the EXSY spectrum, Fig. 4, which
contains cross-peaks corresponding to the exchange of
195Pt–H hydrides with molecules of complex 4 containing
other Pt isotopes. More significantly, EXSY experiments re-
vealed the exchange of Pt–H hydrides with the Si–H hydrides
of free H2SiMes2 (25 equiv) with a rate constant of 23 ± 4 Hz
(27°C). Also, addition of D2SiMes2 to 4 resulted in concur-
rent incorporation of deuterium into the Pt–H and Si–H posi-
tions of 4. In addition, 31P EXSY NMR experiments provided
a similar rate constant (27 ± 4 Hz) for phosphine exchange.
This process was shown to be intramolecular, based on the
absence of cross peaks between 195Pt–P phosphines with
those bound to other isotopes of platinum (Fig. 5), as well as
the lack of exchange with free phosphine (5 equiv). Coales-
cence of the phosphorus resonances of 4 into a broad singlet
occurred at 135°C (toluene-d8), yielding an energy of activa-
tion of 16.1 ± 0.5 kcal mol–1. Thus, hydrogen exchange in
cis-(Cy3P)2Pt(H)(SiHMes2) occurs via the rate-determining
reductive elimination of dimesitylsilane, which does not
require prior phosphine dissociation. These results are consis-
tent with the recent observation that hydrogen appears not to
migrate to platinum in 4-coordinate (i-Pr2PCH2CH2P-i-Pr2)Pt-
(Me)SiHMes2, whereas the 3-coordinate cation [(i-Pr2PCH2-
CH2P-i-Pr2)PtSiHMes2]

+ rapidly converts to [(i-Pr2PCH2CH2-
P-i-Pr2)(H)Pt=SiMes2]

+(8f).

Conclusion

The first examples of neutral, platinum(0) silylene com-
plexes have been synthesized and characterized by 29Si

NMR specroscopy (1 and 2) as well as by X-ray crystallog-
raphy and UV–vis, IR, and Raman spectroscopies (2). Their
preparation was achieved via a novel route: trapping of a
metastable silylene with electron-rich bis(phosphine)plati-
num compounds. These are the first silylene complexes to
closely resemble proposed catalytic intermediates, in that the
L2Pt=SiR2 compounds (1 and 2) resemble species proposed
in the redistribution and oligomerization of hydrosilanes by
platinum catalysts. Steric protection of the reactive Pt=Si
double bond not only stabilizes 1 and 2, thus allowing for
their isolation, but apparently also limits their reactivity.
Dihydrogen is the only reactant to yield a product with an
intact Si—Pt bond (3). Other substrates either displace the
silylene ligand or fail to react with 2. Although no direct
analogies can be drawn between the reactivity of the isolated
and proposed intermediate silylenes, the very existence of 1
and 2 lends some credence to mechanisms which invoke this
class of compounds. Studies of the closely related and dy-
namic molecule cis-(Cy3P)2Pt(H)SiMes2H (4) point to a Pt-
H–Si-H exchange mechanism that does not involve a
silylene intermediate, but rather a reductive elimination –
oxidative addition couple. This observation is consistent
with the notion that a metal center must be unsaturated for
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Scheme 3.

Fig. 4. Pt-H region of 1H EXSY NMR spectrum of 4 showing
exchange cross peaks between different Pt isotopes.

Fig. 5. 31P EXSY NMR spectrum of 4.
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silylene complex formation by α-migration to be favorable
(see ref. 8f).

Experimental

General information
Unless otherwise noted, all manipulations were performed

under an atmosphere of nitrogen using standard Schlenk
techniques and (or) in a glovebox. Dry, oxygen-free solvents
were employed throughout. Diethyl ether (Et2O), pentane,
hexane, and toluene were distilled from sodium benzophe-
none ketyl and stored under N2 prior to use. Benzene-d6 and
toluene-d8 were purified by vacuum distillation from Na–K
alloy. Unless otherwise specified, all reagents were pur-
chased from commercial suppliers and used without further
purification. Pyridine was distilled from sodium and stored
under N2. Pt(P-i-Pr3)3 (15), Pt(PCy3)2 (15), Mes2Si(SiMe3)2
(11), and Mes2SiH2 (34) were prepared by literature meth-
ods. Lithium aluminum hydride was recrystallized from
Et2O and dried in vacuo prior to use. Ethylene (99.9%) was
obtained from Airgas, and 2-butyne (Aldrich) was vac-
transferred and stored over molecular sieves prior to use.
Photolysis reactions were carried out in a Rayonet RPR-
100 Hg lamp reactor.

NMR spectra were recorded with a Bruker AMX-400 at
400.1 MHz (1H) and 162.0 MHz (31P) or a DRX-500 at
125.8 MHz (13C) instrument and at room temperature and in
benzene-d6 unless otherwise noted. 29Si NMR spectra were
obtained with the Bruker DRX-500 instrument at 99.4 MHz
using 10 mg of Cr(acac)3 as a relaxation agent. EXSY NMR
experiments (phase sensitive NOESY) were performed at
two different mixing times of 12 and 25 ms, and exchange
rate constants were determined using the program D2DNMR
(35). Melting points were taken under N2 in sealed capillar-
ies and are uncorrected. Elemental analyses were performed
by the UCB Microanalytical Laboratory. Infrared (IR) spec-
tra were obtained on a Mattson Galaxy 3000 FT-IR spec-
trometer, and all absorptions are reported in cm–1. The UV–
vis spectrum of 2 in toluene were recorded on a Hewlett
Packard 8452A Diode Array spectrophotometer, respec-
tively.

Pt(P-i-Pr3)2
A previous report described the low-yield conversion of

Pt(P-i-Pr3)3 to Pt(P-i-Pr3)2 in vacuo (19). An improved syn-
thesis is reported here. In a PTFE-sealed vessel, (i-
Pr3P)2PtCl2 (1.94 g, 3.30 mmol) was dissolved in 25 mL of
THF, and 1% sodium amalgam (55 g, 30 equiv Na) was
added. The pale yellow solution turned red over the reaction
time of 3 days. The solution was transferred away from the
remaining amalgam–NaCl mixture via cannula. The amal-
gam was washed with 2 × 5 mL pentane, and the washings
were combined with the original supernatant. All solvent
was removed in vacuo to give a viscous red oil. To this,
30 mL of pentane were added, giving a red solution and pur-
ple precipitate. The solution was filtered and concentrated to
dryness to give red crystals of Pt(P-i-Pr3)3 (1.62 g, 96%). 1H
NMR δ: 1.99 (m, 1H, CH), 1.31 (virtual q 2JHP = 1JHH =
7 Hz, 3H, CH3).

31P NMR δ: 72.2 (s with 195Pt satellites,
1JPPt = 4179 Hz).

(i-Pr3P)2Pt=SiMes2 (1)
Complex 1 was prepared by the same method employed

for 2 (vide infra), using Pt(P-i-Pr3)3. This red compound was
observed in solution but was not isolated. 31P NMR δ: 82.2
(s with 195Pt satellites, 1JPPt = 3119 Hz). 29Si NMR δ: 367 (t
with 195Pt satellites, 2JPSi = 107 Hz, 1JSiPt = 2973 Hz).

(Cy3P)2Pt=SiMes2 (2)
A fused silica Schlenk tube containing a magnetic stir bar

was charged with Pt(PCy3)2 (314 mg, 0.415 mmol),
Mes2Si(SiMe3)2 (212 mg, 0.499 mmol), and 12 mL of hex-
ane. The resulting mixture was stirred rapidly until all solids
dissolved (10 min). Within minutes of beginning photolysis,
the color of the solution changed from colorless to green.
This color persisted and darkened over the photolysis period
of 120 min at which time a green precipitate was observed
on the sides of the tube. The hexane and hexamethyldisilane
byproduct were removed under vacuum. The resulting mix-
ture was washed with 2 × 5 mL of hexane to remove tetra-
mesityldisilene (the silylene dimerization byproduct) as well
as unreacted Pt(PCy3)2. The remaining green solid was dried
in vacuo to give analytically pure 2 (mp 104°C decomposi-
tion (dec)). Yield: 231 mg (54%). X-ray quality crystals of 2
were grown from dilute (<0.04 M) reaction solutions over a
3–4 h period during photolysis. UV–vis (ε (M–1 cm–1)): 282
(14 000), 316 (14 000), 392 (2900). IR: 3033 (w), 1601 (w),
1448 (s), 1265 (w), 1173 (w), 1046 (w), 1002 (w), 850 (m),
738 (w), 723 (w), 613 (w), 512 (w), 464 (m). 1H NMR δ:
6.83 (s, 4H, ArH), 2.72 (s, 12H, ortho-Me), 2.19 (s, 6H,
para-Me), 0.8–2.1 (br m, Cy). 31P NMR δ: 71.7 (s with 195Pt
satellites, 1JPPt = 3068 Hz). 29Si NMR δ: 358 (t, 2JPSi =
112 Hz). Anal. calcd for C54H88P2PtSi: C 63.44, H 8.68;
found: C 63.35, H 8.87.

Reaction of 2 with 2-butyne
In an NMR tube, 2 (11 mg, 0.01 mmol), 2-butyne (1 µL,

0.01 mmol), and benzene-d6 were combined, and the tube
was inverted several times to mix the reactants. The reaction
was monitored by 31P NMR spectroscopy and produced
(Cy3P)2Pt(η2-MeCCMe) via an unsymmetrical intermediate
over several hours.4 The 31P NMR spectrum of the interme-
diate consists of two doublets with 195Pt satellites (δ: 41.6, d
2JPP = 34 Hz, 1JPPt = 3483 Hz; δ: 33.3, d 1JPPt = 2899 Hz).

Reaction of 2 with ethylene
A sealable PTFE-capped NMR tube containing 2 (10 mg,

0.01 mmol) and benzene-d6 was degassed via three freeze-
pump-thaw cycles, and 1 atm of ethylene was introduced.
The reaction was monitored by 31P NMR spectroscopy as it
was converted to (Cy3P)2Pt(η2-C2H4) via an unsymmetrical
intermediate over several hours.

Reaction of 2 with PhSiH3
Compound 2 (11 mg, 0.01 mmol), PhSiH3 (5 µL,

0.04 mmol), and benzene-d6 were combined in an NMR
tube, which was then inverted several times to mix the reac-
tants. The green color of 2 was rapidly bleached, and 1H
NMR spectroscopy revealed the presence of Mes2SiH2,
Ph2SiH2, SiH4, and trace H2.
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Formation of trans-(Cy3P)2Pt(H)SiMes2H (3) from 2
and H2

A sealable PTFE-capped NMR tube containing a solution
of 2 (7 mg, 6 µmol) and benzene-d6 was degassed via two
freeze-pump-thaw cycles, and 1 atm of H2 was introduced.
(Cy3P)2Pt=SiMes2 dissolved slowly over the reaction period
of 2 days. During this time, the solution changed color from
green to pale yellow. The formation of 3 and (Cy3P)2PtH2
(ca. 1:1) was observed by NMR spectroscopy. 1H NMR (for
3) δ: 6.66 (s, 4H, ArH), 5.76 (m with 195Pt satellites, 2JHPt =
319 Hz, 1H, SiH), 2.43 (s, 12H, ortho-Me), 2.25 (s, 6H,
para-Me), 1.0–2.5 (br m, Cy), –3.12 (t with 195Pt satellites,
2JHP = 17.6 Hz, 1JHPt = 629 Hz, 1H, PtH). 31P NMR (–29°C,
toluene-d8) δ: 33.58 (d, 2JPP = 346 Hz, 1JPPt = 2715 Hz),
26.94 (d with 195Pt satellites, 2JPP = 346 Hz, 1JPPt = 2632).

cis-(Cy3P)2Pt(H)SiMes2H (4)
A Schlenk tube containing Pt(PCy3)2 (228 mg,

0.302 mmol), a magnetic stir bar, and 25 mL of hexane was
stirred and cooled to 0°C. Simultaneously, another tube con-
taining Mes2SiH2 (81 mg, 0.302 mmol) and 10 mL of hex-
ane was likewise cooled and stirred. The dimesitylsilane
solution was added to the first vessel dropwise via cannula
over 12 min. Stirring at 0°C was continued for another
10 min, and then the solution was allowed to warm to room
temperature. After 1.5 h the solvent was removed in vacuo.
Recrystallization from diethyl ether afforded 147 mg (48%)
of 4 (mp 159°C dec). IR (KBr): 3014 (m), 2932 (m), 2660
(w), 2150 (w), 2064 (m), 1596 (m), 1546 (w), 1446 (s), 1410
(w), 1328 (w), 1260 (m), 1173 (m), 1105 (m), 1011 (m), 928
(w), 887 (m), 846 (s), 737 (m), 710 (w), 599 (w), 519 (m),
496 (m), 432 (w). 1H NMR δ: 6.89 (s, 4H, ArH), 5.86 (br,
1H, SiH), 2.85 (s, 12H, ortho-Me), 2.23 (s, 6H, para-Me),
1–2.2 (br m, Cy), –3.98 (br dd with 195Pt satellites, 2JHPcis =
37 Hz, 2JHPtrans = 183 Hz, 2JHPt = 1050 Hz, PtH). 31P NMR
δ: 45.1 (s with 195Pt satellites, 1JPPt = 1580 Hz), 31.6 (s with
195Pt satellites, 1JPPt = 2740 Hz). 13C NMR δ: 144.2 (br,
ortho-C), 143.1 (br, ipso-C), 136.0 (br, para-C), 129.3 (s,
meta-C), 39.6, 37.1, 31.1, 28.6, 28.2, 27.4, 27.2 (br, Cy),
25.4 (br, ortho-Me), 21.6 (s, para-Me). Anal. calcd for
C54H90P2PtSi: C 63.31, H 8.85; found: C 63.84, H 9.28.

Reactions of 1 with ROH (R = H, Me, Et)
In three separate reactions, water (ca. 0.2 µL, 0.01 mmol),

methanol (0.3 µL, 0.01 mmol), or ethanol (0.6 µL,
0.01 mmol) was injected into a septum-capped NMR tube
containing 1 (10 mg, 0.01 mmol) and benzene-d6. The tube
was then inverted several times to assure mixing. The result-
ing colorless solutions were then analyzed by 1H and 31P
NMR spectroscopy, which revealed quantitative formation of
Pt(PCy3)2 and Mes2Si(OR)H, which were identified by com-
parison with independently prepared siloxanes (R = H (36),
Me (37), Et (38)).

Acknowledgment

Acknowledgment is made to the National Science Foun-
dation for their generous support of this work.

References

1. (a) I. Ojima. The chemistry of organic silicon compounds.
Edited by S. Patai and Z. Rappoport. Wiley, New York. 1989.
Chap 25, p 1479; (b) S.B. Choe, H. Sanai, and J. Klabunde. J.
Am. Chem. Soc. 111, 2875 (1989).

2. (a) F. Gauvin, J.F. Harrod, and H.G. Woo. Adv. Organomet.
Chem. 42, 363 (1998); (b) T.D. Tilley. Accounts Chem. Res.
26, 22 (1993); (c) J.Y. Corey. Advances in silicon chemistry.
Vol. 1. JAI Press, Greenwich. 1991. p. 327

3. (a) T. Kobayashi, T. Hayahi, H. Yamahita, and M. Tanaka.
Chem. Lett. 1411 (1988); (b) K. Yamamoto, H. Okinoshima,
and M. Kumada. J. Organomet. Chem. 27, C31 (1971).

4. M.D. Curtis and P.S. Epstein. Adv. Organomet. Chem. 19, 213
(1981).

5. K. Yamamoto, H. Okinoshima, and M. Kumada. J. Organomet.
Chem. 23, C70 (1970).

6. H. Yamashita, M. Tanaka, and M. Goto. Organometallics, 11,
3227 (1992).

7. (a) M.P. Doyle and D.C. Forbes. Chem. Rev. 98, 911 (1998);
(b) D.F. Harvey and D.M. Sigano. Chem. Rev. 96, 271 (1996).

8. Silylene complexes with sp2 silicon atoms: (a) D.A. Straus,
S.D. Grumbine, and T.D. Tilley. J. Am. Chem. Soc. 112, 7801
(1990); (b) S.D. Grumbine, T.D. Tilley, and A.L. Rheingold. J.
Am. Chem. Soc. 115, 358 (1993); (c) S.D. Grumbine, T.D. Til-
ley, F.P. Arnold, and A.L. Rheingold. J. Am. Chem Soc. 115,
7884 (1993); (d) S.D. Grumbine, T.D. Tilley, F.P. Arnold, and
A.L. Rheingold. J. Am. Chem Soc. 116, 5495 (1994); (e) S.D.
Grumbine, D.A. Straus, T.D. Tilley, and A.L. Rheingold. Poly-
hedron, 14, 127 (1995); (f) G.P. Mitchell and T.D. Tilley.
Angew. Chem. Int. Ed. 37, 2524 (1995); (g) P.W. Wanandi,
P.B. Glaser, and T.D. Tilley. J. Am. Chem. Soc. 122, 972
(2000); (h) B.V. Mork, and T.D. Tilley. J. Am. Chem. Soc.
123, 9702 (2001); (i) S.R. Klei, T.D. Tilley, and R.G. Berg-
man. Organometallics, 20, 3220 (2001); (j) K. Ueno, S. Asami,
N. Watanabe, and H. Ogino. Organometallics, 21, 1326
(2002); (k) M. Denk, R.K. Hayashi, and R. West. Chem.
Commun. 33 (1994); (l) B. Gehrhus, P.B. Hitchcock, M.F.
Lappert, and H. Maciejewski. Organometallics, 17, 5599
(1998); (m) S.H.A. Petri, D. Eikenberg, B. Neumann, H.-G.
Stammler, and P. Jutzi. Organometallics, 18, 2615 (1999); (n)
X. Cai, B. Gehrhus, P.B. Hitchcock, and M.F. Lappert. Can. J.
Chem. 78, 1484 (2000); (o) D. Amoroso, M. Haaf, G.P.A. Yap,
R. West, and D.E. Fogg. Organometallics, 21, 534 (2002); (p)
W.A. Herrmann, P. Härter, C.W.K. Gstöttmayr, F. Bielert, N.
Seeboth, and P. Sirsch. J. Organomet. Chem. 649, 141 (2002).

9. L2M=SiR2 intermediates (M = Pd, Pt): (a) Reference 3b; (b) H.
Yamashita, M. Tanaka, and M. Goto, Organometallics, 11,
3227 (1992); (c) D. Seyferth, M.L. Shannon, S.C. Vick, and
T.F.O. Lim. Organometallics, 4, 57 (1985); (d) Y. Tanaka, H.
Yamashita, and M. Tanaka. Organometallics, 14, 530 (1995);
(e) K. Tamao, G.-R. Sun and A. Kawachi. J. Am. Chem. Soc.
117, 8043 (1995); (f) W.S. Palmer and K.A. Woerpel.
Organometallics, 16, 4824 (1997).

10. J.D. Feldman, G.P. Mitchell, J.O. Nolte, and T.D. Tilley. J.
Am. Chem. Soc. 120, 11 184 (1998).

11. M.J. Fink, M.J. Michalczyk, K.J. Haller, R. West, and J.
Michl. Organometallics, 3, 793 (1984).

12. (a) S. Masamune, S. Muradami, J.T. Snow, H. Tobita, and D.J.
Williams. Organometallics, 3, 3330 (1984); (b) S. Murakami,
S. Collins, and S. Masamune. Tetrahedron Lett. 25, 2131
(1984).

13. R.A. Jackson and C.J. Rhodes. J. Organomet. Chem. 336, 45
(1987).

© 2003 NRC Canada

Feldman et al. 1135

I:\cjc\cjc8111\V03-018.vp
October 2, 2003 12:59:48 PM

Color profile: Disabled
Composite  Default screen



© 2003 NRC Canada

1136 Can. J. Chem. Vol. 81, 2003

14. (a) H. Gilman and R.A. Tomasi. J. Org. Chem. 28, 1651
(1963); (b) T.J. Drahnak, J. Michl, and R. West. J. Am. Chem.
Soc. 101, 5427 (1979); (c) H. Vancik, G. Raabe, M.J.
Michalczyk, R. West, and J. Michl. J. Am. Chem. Soc. 107,
4097 (1985), and refs. therein.

15. (a) T. Yoshida and S. Otsuka. Inorg. Synth. 28, 116, 120
(1990).

16. V.V. Grushin, C. Bensimon, and H. Alper. Inorg. Chem. 33,
4804 (1994).

17. (a) E.A. Zarate, C.A. Tessier-Youngs, and W.J. Youngs. J. Am.
Chem. Soc. 110, 4068 (1988); (b) E.A. Zarate, C.A. Tessier-
Youngs, and W.J. Youngs. Chem. Commun. 587 (1989).
(c) A.B. Anderson, P. Shiller, E.A. Zarate, C.A. Tessier-
Youngs, and W.J. Youngs. Organometallics, 8, 2320 (1989);
(d) R.H. Heyn and T.D. Tilley. J. Am. Chem. Soc. 112, 1917
(1992); (e) L.M. Sanow, M.H. Chai, D.B. McConnville, K.J.
Galat, R.S. Simons, P.L. Rinaldi, W.J. Youngs, and C.A.
Tessier. Organometallics, 19, 192 (2000).

18. K. Osakada, M. Tanabe, and T. Tanase. Angew. Chem. Int. Ed.
39, 4053 (2000).

19. Pt(P-i-Pr3)2 was previously reported; however, an improved
synthesis is presented in the experimental section; for the orig-
inal prep, see S. Otsuka, T. Yoshida, M. Matsumoto, and K.
Nakatsu. J. Am. Chem. Soc. 98, 5850 (1976).

20. (a) P.G. Leviston and M. G. H. Wallbridge. J. Organomet.
Chem. 110, 271 (1976); (b) H.C. Clark, A.B. Goel, and C.S.
Wong. J. Organomet. Chem. 152, C45 (1978).

21. J.Y. Corey and J. Braddock-Wilking. Chem. Rev. 99, 175
(1999).

22. F.P. Arnold. J. Organomet. Chem. 617–618, 647 (2001).
23. K.E. Litz, K. Henderson, R.W. Gourley, and M.M. Banaszak

Holl. Organometallics, 14, 5008 (1995).
24. J. Krause, K.-J. Haack, K.-R. Pörschke, B. Gabor, R. Goddard,

C. Pluta, and K. Seevogel. J. Am. Chem. Soc. 118, 804 (1996).
25. K.E. Litz, J.E. Bender, R.D. Sweeder, M.M. Banaszak Holl,

and J.W. Kampf. Organometallics, 19, 1186 (2000).

26. C. Zhang, S.D. Grumbine, and T.D. Tilley. Polyhedron, 10,
1173 (1991).

27. F. Schager, K. Seevogel, K.-R. Pörschke, M. Kessler, and C.
Krüger. J. Am. Chem. Soc. 118, 13 075 (1996).

28. A.B. Goel and S. Goel. Inorg. Chim. Acta. 77, L5 (1983).
29. K.E. Litz, M.M.B. Holl, J.W. Kampf, and G.B. Carpenter.

Inorg. Chem. 37, 6461 (1998).
30. B.E. Mann and A. Musco. J. Chem. Soc. Dalton Trans. 5, 776

(1980).
31. R.T. Conlin, J.C. Netto-Ferreira, S. Zhang, and J.C. Scaiano.

Organometallics, 9, 1332 (1990).
32. (a) D.A. Straus, T.D. Tilley, A.L. Rheingold, and S.J. Geib, J.

Am. Chem. Soc. 109, 5872 (1987); (b) D.A. Straus, C. Zhang,
G.E. Quimbita, S.D. Grumbine, R.H. Heyn, T.D. Tilley, A.L.
Rheingold, and S.J. Geib. J. Am. Chem. Soc. 112, 2673
(1990); (c) S.D. Grumbine, D.A. Straus, T.D. Tilley, and A.L.
Rheingold. Polyhedron, 14, 2673 (1995); (d) J.M. Dysard and
T.D. Tilley. Organometallics, 19, 4726 (2000).

33. K.E. Litz, J.E. Bender IV, J.W. Kampf, and M.M. Banaszak
Holl. Angew. Chem. Int. Ed. Engl. 36, 496 (1997).

34. J. Braddock-Wilking, M. Schieser, L. Brammer, J. Huhmann,
and R. Shaltout. J. Organomet. Chem. 499, 89 (1995).

35. E.W. Abel, T.P.J. Coston, K.G. Orell, V. Sik, and D.
Stephenson. J. Mag. Res. 70, 34 (1986).

36. (a) M.J. Michalczyk, M.J. Fink, K.J. Haller, R. West, and J.
Michl. Organometallics, 5, 531 (1986); (b) M.J. Fink, D.J. De
Young, R. West, and J. Michl. J. Am. Chem. Soc. 105, 1070
(1983); M.J. Fink, K.J. Haller, R. West, and J. Michl. J. Am.
Chem. Soc. 106, 822 (1984).

37. (a) M. Ishikawa, K. Nishimura, H. Sugisawa, and M. Kumada.
J. Organomet. Chem. 194, 147 (1980).

38. (a) W. Ando, Y. Hamada, and A. Sekiguchi. Tetrahedron Lett.
25, 5057 (1984); (b) G.R. Gillette, G.H. Noren, and R. West.
Organometallics, 6, 2617 (1987).

I:\cjc\cjc8111\V03-018.vp
October 2, 2003 12:59:48 PM

Color profile: Disabled
Composite  Default screen



Isocyanide insertion reactions into the Ta—C
bonds of cationic and zwitterionic tantalocenes1

Kevin S. Cook, Warren E. Piers, Brian O. Patrick, and Robert McDonald

Abstract: The insertion of isonitriles R′NC (R′ = t-Bu, C6H11, CH2C6H5) occurs exclusively into the Ta—CH2 bonds of
the zwitterionic compounds (C5H4R)2Ta[CH2B(C6F5)3]CH3 (R = H, 1a; R = CH3, 1b) at relatively slow rates at room
temperature to form N-out isomers as the sole kinetic products. By comparison, insertion of the same isonitrile sub-
strates into a Ta—CH3 bond of the non-zwitterionic analogs [(C5H4R)2Ta(CH3)2][A] (R = H, A = B(C6F5)4, 3a; R =
CH3, A = BF4, 3b) occurs much more rapidly, again to form N-out isomers exclusively under kinetic conditions. The
difference in rate is attributed to the presence of a ground state α-agostic interaction in the zwitterionic compounds,
which is not featured in the dimethyl ion pairs. All of the N-out isomers formed undergo thermal and irreversible con-
version to the corresponding N-in isomers at rates that are conveniently followed by 1H NMR spectroscopy. The rates
were studied at different temperatures to obtain activation parameters for each transformation. The rate and activation
trends for this isomerization were analyzed as a function of the structural changes in the compounds. It was found that
the rate decreased as the steric bulk of the isonitrile substitutent R′ increased and that the rates were faster for the se-
ries that incorporated the more electron-donating C5H4CH3 ancillary ligand. Furthermore, isomerization rates for the
zwitterionic N-out compounds were faster than those found in the non-zwitterionic series. This study represents one of
the more extensive kinetic analyses of the rate of N-out to N-in isomerization as a function of structural changes. The
observations are consistent with the mechanistic picture that has been developed for this process, involving dissociation
of the η2 iminoacyl ligand, rotation about the M—Ciminoacyl bond and recoordination to the inside site of the
metallocene wedge.

Key words: cationic metallocenes, isocyanide insertion, agostic interactions, tantalum.

Résumé : À la température ambiante, l’insertion d’isonitriles, R′NC (R′ = t-Bu, C6H11, CH2C6H5) se produit à des vi-
tesses relativement faibles et uniquement dans les liaisons Ta—CH2 des composés zwitterioniques (C5H4R)2Ta[CH2B-
(C6F5)3]CH3 (R = H, 1a; R = CH3, 1b) pour conduire à la formation d’isomères N-out comme seuls produits cinéti-
ques. Par comparaison, l’insertion des mêmes substrats isonitriles dans une liaison Ta—CH3 des analogues non zwitte-
rioniques [(C5H4R)2Ta(CH3)2][A] (R = H, A = B(C6F5)4, 3a; R = CH3, A = BF4, 3a) se produit beaucoup plus
rapidement, mais dans des conditions cinétiques il ne se forme encore une fois que les isomères N-out. La différence
de vitesse est attribuée à la présence, dans l’état fondamental des composés zwitterioniques, d’une interaction α-agos-
tique qu’on n’existe pas dans les paires d’ions diméthylées. Tous les composés N-out qui se forment subissent une
conversion thermique et irréversible vers les isomères correspondants N-in, à des vitesses qui peuvent être facilement
suivies par spectroscopie RMN du 1H. On a étudié les vitesses à différentes températures pour déterminer les paramè-
tres d’activation de chacune des transformations. On a analysé les tendances dans les vitesses et les activations en fonc-
tion des changements structuraux dans les composés. On a trouvé que la vitesse diminue avec une augmentation de
l’encombrement stérique du substituant R′ des isonitriles et que les vitesses augmentent pour les séries qui incorporent
le ligand ancillaire électrodonneur C5H4CH3. De plus, les vitesses d’isomérisation des composés N-out zwitterioniques
sont plus rapides que celles des séries non zwitterioniques. Cette étude représente l’une des analyses cinétiques les plus
extensives de la vitesse d’isomérisation N-out en N-in en fonction de changements structuraux. Les observations sont
en accord avec les idées mécanistiques qui ont été développées pour ce processus et qui impliquent une dissociation du
ligand η2-iminacayle, une rotation autour de la liaison M—Ciminoacyle et une recoordination vers le site intérieur de
l’extrémité du métallocène.

Mots clés : métallocènes cationiques, insertion d’isocyanure, interactions agostiques, tantale. Cook et al. 1148
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Introduction

The migratory insertion of CO or CNR into metal—car-
bon bonds is a key C—C bond-forming reaction in
organometallic chemistry (1). Its mechanism has been inves-
tigated in several classic studies (1), and stoichiometric in-
sertions into the metal—carbon bonds of early transition
metal, bent metallocenes such as Cp2ZrMe2 have figured
prominently in this body of research (2). For these
electrophilic organometallic substrates, the resulting acyl or
iminoacyl products adopt an η2 bonding mode where an O
or N lone pair also contributes electron density to the Lewis
acidic metal center. Consequently, the η2 acyl or iminoacyl
complexes can exist as “O/N-out” or “O/N-in” isomers
(Chart 1), and the latter has been shown to be the thermody-
namically favored isomer, while the former is the kinetically
preferred product. Better orbital overlap between the acyl–
iminoacyl ligand frontier orbitals with the available
metallocene orbitals in the N-in isomer accounts for the
greater overall stability of this isomer (3).

The O/N-out to O/N-in isomerization is often quite rapid,
and the O/N-out isomers are for the most part only fleet-
ingly observed, making detailed study of this process diffi-
cult. However, based on both experimental (2) and
computational (3, 4) studies, it is accepted that the
isomerization probably takes place via dissociation of O or
N to form an η1 acyl–iminoacyl complex that can undergo
rotation about the M—Cacyl–iminoacyl bond. Much qualitative
experimental evidence in support of this picture exists, but
few studies have reported quantitative kinetic and thermody-
namic data as a function of systematic structural variation to
delineate the factors influencing this isomerization process.

While group 4 metal-based metallocenes have played a
crucial role in the development of this chemistry, recently
the reactions of tantalocene mimics containing dianionic

carborane (5), borollide (6), or imide (7) donors (which are
isoelectronic to, for example, Cp2ZrMe2) with various
isonitriles have also been studied and shown to undergo sim-
ilar chemistry. In one of these systems — the tantalum(V)
carborane system I shown in Chart 1 and reported by Finn,
Grimes, and co-workers (5) — the N-out isomers formed
with a variety of isocyanides were observed to be somewhat
more stable than those of the group 4 metallocenes, allowing
for the direct observation of the interconversion of these iso-
mers. The N-out structure thermally converts to the N-in
isomer, which can in turn be driven back to the N-out spe-
cies photochemically. While no kinetic data were reported,
both N-out and N-in isomers of one particular compound
were structurally characterized for direct comparison.

By virtue of their dianionic Cp mimics, these Ta(V)
dialkyls are similar to the group 4 dialkyls in that they are
neutral. Another family of Ta(V) dialkyls isoelectronic to
Cp2ZrMe2 are the cationic compounds [Cp2TaMe2]

+[A]–,
formed readily by abstraction of methide anion from the
neutral trimethyl precursor Cp2TaMe3 (8). A subgroup of
this series are the zwitterionic analogs of these ion pairs,
prepared by the reaction of Schrock’s methylidene methyl
complex Cp2Ta(=CH2)CH3 with the highly electrophilic bor-
ane B(C6F5)3 (9). We found that the zwitterions react slowly
with tert-butyl isonitrile to form an N-out iminoacyl com-
plex, resulting from regioselective insertion into the Ta—
CH2B(C6F5)3 bond. Surprisingly, isonitrile insertions involv-
ing ion pairs [Cp2TaMe2]

+[A]– have not been reported, so to
compare the characteristics of these reactions with those ob-
served for zwitterions, we have prepared examples of com-
pounds [Cp2TaMe2]

+[A]– and evaluated their reactivity with
RNC (R = t-Bu, C6H11, and CH2C6H5). In all cases we find
the kinetic N-out isomers to be isolable and stable towards
isomerization under ambient conditions. All, however, un-
dergo clean conversion to their thermodynamic N-in isomers
under controlled conditions, allowing for determination of
the kinetic and thermodynamic parameters of this isomeri-
zation for a variety of related compounds.

Results and discussion

As shown in eq. [1], the methylidene methyl tantalocene
compounds Cp2Ta(=CH2)CH3 and Cp2′ Ta(=CH2)CH3 (Cp =
C5H5; Cp′ = C5H4Me) react rapidly with the perfluoroaryl
borane Lewis acids B(C6F5)3 (10) and H3CB(C6F5)2 (11) via
electrophilic attack on the nucleophilic carbene ligand.
[1]

The products, as detailed in our earlier communication
(9), are the zwitterionic tantalum dialkyl compounds 1a–b
and 2a and are characterized by a strong ground state α
agostic interaction involving one of the C—H bonds of the
borate-substituted alkyl ligand. Strong evidence for this
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interaction is found in the solid state structure of compound
1a, and it persists in solution, as evidenced by the low aver-
age 1JC-H values of 82–100 Hz found for the CH2 group. In
all three compounds, the anionic charge associated with the
borate moiety is largely localized on the methylene carbon,
rendering the C—H bonds quite electron rich and capable of
strong donation to the cationic metal center. In so doing, the
agostic interaction utilizes the last available metallocene or-
bital and perhaps stabilizes the complex with respect to a
neutralizing -C6F5 transfer from boron to tantalum, a process
that is apparently quite facile in related, titanium-based zwit-
terions formed upon elimination of methane from ion pairs
of the general formula [Cp(L)TiCH3]

+[H3CB(C6F5)3]
– (12).

Non-zwitterionic dialkyl tantalocene ion pairs 3a–b are
trivially synthesized via methide abstraction from Cp2TaMe3
and Cp2′ TaMe3 using trityl salts (eq. [2]).

[2]

This reaction has been known for some time and is a key
step in the synthesis of Cp2Ta(=CH2)CH3 (8). Note that the
counteranions in compounds 3 are different; in 3a, the
counteranion is the tetrakis-perfluoroarylborate [B(C6F5)4],
while for the C5H4Me-stabilized metallocene cation 3b, the
[BF4] counteranion is used. The reasons for this discrepancy
have to do with the solubility properties of the various ion
pairs and the requirements for the kinetic studies described
below. The C5H5–BF4 combination gave an ion pair that was
sparingly soluble even in donor solvents, while the com-
pound [(C5H4Me)2TaMe2][B(C6F5)4] was too soluble, even
in non-donor solvents, for us to isolate in purity sufficient to
carry out reliable kinetic studies. The C5H5–B(C6F5)4 and
C5H4Me–BF4 combinations, however, had ideal solubility
properties. Since the [Cp2TaMe2]

+ cation has been shown to
be very weakly coordinating towards perfluoroaryl borate
counteranions (13), and since even the relatively more coor-
dinating triflate anion shows little interaction with the re-
lated [(C5Me5)CpTaMe2]

+ cation (14), we feel that any
effects due to the change in anion can be largely ignored in
the interpretation of the data presented below. Nevertheless,
this is an assumption and must be acknowledged as such.

While compound 3b has been reported previously (8), 3a,
with the [B(C6F5)4]

– counteranion, is a new ion pair. The 1H
NMR spectrum of the cation is identical to that reported for
the [BF4]

– salt, lending credence to the above assumption
that the anion has little effect on the properties of the cation.
The 19F NMR data for the [B(C6F5)4]

– anion is typical for
this species (15). Analytically pure samples of 3a were pre-

pared in order to carry out the kinetic studies described be-
low. Unlike the zwitterionic compounds, neither 3a nor 3b
exhibits any evidence for α agostic interactions in the
ground state. No low-frequency IR C–H stretches are ob-
served in the IR spectra, and 1JC-H coupling constants for the
Ta-CH3 groups are normal, although admittedly perturbation
in this value would not be expected to be large given the six
C—H bonds over which the agostic interaction would be av-
eraged.

The zwitterions 1 react slowly with isocyanides to form
new N-out iminoacyl zwitterions via selective insertion of
the isocyanide reagent into the Ta—CH2 bond; no products
resulting from insertion into the Ta—CH3 bond are observed
(eq. [3]) (16).

[3]

In order for the reaction to proceed cleanly, an excess of
the isocyanide reagent is required; with only 1 equiv, the re-
actions are very slow. Under pseudo-first-order conditions,
the reactions are clean and conveniently followed by NMR
spectroscopy. The products 4a–b and 5a are assigned3 as the
η2 N-out iminoacyl isomers on the basis of 13C NMR spec-
troscopy, 1H ROESY experiments, and the X-ray structure
for N-out 4b, which has been discussed in detail elsewhere
(9). In sharp contrast to the sluggish pace of the reactions of
eq. [3], reaction of ion pairs 3a and 3b with 1 equiv of RNC
at –78°C results in a rapid reaction and provides the
iminoacyl compounds 6a–b (t-BuNC), 7a–b (C6H11NC), and
8a–b (C6H5CH2NC) as one isomer (eq. [4]).

[4]

These reactions are essentially complete upon mixing and
are quantitative by 1H NMR spectroscopy, as indicated in
particular by a downfield shift of one of the Ta-CH3 groups
by about 2 ppm upon iminoacyl group formation. The 13C
NMR chemical shifts for the iminoacyl carbon all appear

© 2003 NRC Canada
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3 Although IR spectroscopy is a valuable analytical tool for iminoacyl compounds because of the C=N chromophore, the stretching frequency
does not correlate well with the nature of the bonding, i.e. �1 vs. �2 or N-out vs. N-in. Therefore, since the iminoacyl compounds reported
herein have been well characterized by NMR spectroscopy and X-ray crystallography, we have not acquired IR data for the new com-
pounds.
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within the narrow range of 210.1–211.7 ppm and are charac-
teristic of η2-iminoacyl ligands (2a).

As in the reactions involving the zwitterions, the N-out
isomers were formed exclusively under these conditions and
were stable enough to isolate and fully characterize. The
X-ray structures of N-out 6a and N-out 7a were carried out
to demonstrate this conclusively; ORTEP diagrams of the
cations for these compounds are given in Figs. 1 and 2 along
with selected bond distances and angles. Full details on
these structure determinations are available in the supporting
information.4 Given the similarity in the 13C NMR data, the
other compounds were also assigned to the N-out geometry.
As can be seen in the figures, the nitrogen of the iminoacyl
ligand is coordinated to the Ta center on the outside of the
metallocene wedge in both cases. For transition metal imin-
oacyl complexes, the parameter ∆ is defined as d(M—N) –
d(M—C) and correlates at least qualitatively with the

electrophilicity of the metal center (2a). That is, the more
electrophilic the metal center, the stronger is the dative M—
N bond and the lower is the value observed for ∆. For N-out
6a and 7a, the values of ∆ are 0.004 Å and 0.000 Å, respec-
tively, which are similar to the value of –0.002 Å reported
for the carborane N-out I isomer of Chart 1 (5). Given the
cationic nature of the Ta centers in N-out 6a and 7a, one
might expect a larger difference in ∆ compared with the neu-
tral (and relatively electron-rich) dicarbollide complex. It
should be noted, however, that the values of ∆ for η2

iminoacyl complexes have been, for the most part, deter-
mined only for N-in isomers. Since the N-out isomers are
thermodynamically less stable than the N-in isomers, owing
to poorer overlap of the nitrogen lone pair with metallocene
orbitals in this geometry (3, 4), ∆ is likely less affected by
electronic changes at the metal center and more prone to
steric effects in the N-out isomer. Consistent with this

© 2003 NRC Canada

1140 Can. J. Chem. Vol. 81, 2003

Fig. 1. ORTEP diagram of the cation in N-out 6a; the anion has been omitted for clarity. Selected bond distances (Å): Ta(1)—N(1),
2.143(2); Ta(1)—C(1), 2.147(3); Ta(1)—C(7), 2.267(3); C(1)—N(1), 1.259(4); C(1)—C(2), 1.472(4); N(1)—C(3), 1.500(4). Selected
bond angles (°): C(7)-Ta(1)-C(1), 78.7(1); C(1)-Ta(1)-N(1), 34.1(1); N(1)-Ta(1)-C(7), 112.9(1); C(2)-C(1)-N(1), 134.4(3); Ta(1)-C(1)-
C(2), 152.8(2).

4 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
210457 (6a) and 210458 (7a) contain the supplementary data for this paper. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax
+44 1223 336033; or deposit@ccdc.cam.ac.uk).
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notion is the larger value of ∆ of 0.088 Å observed for the
N-in isomer of I, which is more in line with expectations for
a neutral and relatively electron-rich d0 complex (17).

The reason for the marked difference in reaction rates for
the insertion of RNC, involving zwitterions 1 vs. ion pairs 3,
has its roots in the different ground-state structures for these
compounds. Kinetic studies on the reaction of t-BuNC with
1a under pseudo-first-order conditions pointed to a mecha-
nism for insertion that involves dissociation of the α agostic
interaction prior to isocyanide coordination and insertion (9).
Most telling was the substantial inverse kH/kD of 0.84(4) at
30°C, observed when comparing the rates of insertion for 1a
and d5-1a (prepared from Cp2Ta(=CD2)CD3 and B(C6F5)3).
In the deuterated compound, the equilibrium between agos-
tic and non-agostic structures will be perturbed towards the
latter, allowing for faster rates of isocyanide coordination
(and therefore insertion) in the labeled compound. In com-
parison to the ion pairs 3, the necessity for dissociation of
the α agostic C—H bond in zwitterions 1, with its itinerant
charge separation, slows the overall rate of the reaction con-
siderably. Since the compounds 3 do not exhibit this interac-
tion, they have an orbital available to accept the isocyanide

donor, allowing for rapid insertion chemistry. The lower
steric demands of the dimethyl compounds probably also
contribute to the dramatic rate difference observed.

[5]

Iminoacyl compounds N-out 4–8 are unusual in that they
are essentially immune to isomerization to N-in isomers un-
der ambient conditions. All of them do, however, undergo
clean conversion to the thermodynamic N-in isomers under
thermal duress (60–110°C, eq. [5]).

The isomerization is signaled in the 1H NMR spectrum by
a slight upfield shift in the cyclopentadienyl resonances and
a downfield shift in the Ta-CH3 and iminoacyl CHn protons
(n = 2 for 4 and 5; n = 3 for 6, 7, and 8). In addition, the 13C
chemical shift for the iminoacyl carbon shifts downfield
8–9 ppm into the ranges of 221.7–223.6 ppm for the zwit-
terions and 217.7–220.2 ppm for compounds 6–8. Thus, the
two isomers are easily distinguishable on the basis of their
13C NMR spectra.

Baseline separation in the signals for the two isomers in
the 1H NMR spectra allows for convenient monitoring of the
isomerization and determination of first-order rate constants
for the various compounds in the study; this data, along with
the thermodynamic activation parameters obtained from
Eyring plots, is collected in Table 1. The reactions were all
found to be first order in the N-out isomer for greater than 3
half lives, and the rate constants given are an average of two
separately determined values.

There are few studies measuring the activation parameters
for the N-out to N-in isomerization process and no studies
employing a wide range of derivatives. Bullock and co-
workers have investigated the isomerization of the zir-
conocene system prepared through reaction of
Cp(PMe3)2RuCH=CHZrClCp2 with t-BuNC, the first system
studied that showed irreversible rearrangement to the N-in
isomer (18). Activation parameters reported for this
zirconocene system were ∆H‡ = 19.9(6) kcal mol–1, ∆S‡ =
–3.4(22) eu, with a ∆G298

‡ = 20.9 kcal mol–1. Measurement
of the barrier to N-out/N-in interconversion in fluxional sys-
tems has also been reported. For example, Adams and
Chodosh (19) have investigated the molybdenum system

© 2003 NRC Canada
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Fig. 2. ORTEP diagram of the cation in N-out 7a; the anion has
been omitted for clarity. Selected bond distances (Å): Ta—N(1),
2.130(6); Ta—C(3), 2.130(7); Ta—C(1), 2.287(7); C(3)—N(1),
1.245(8); C(2)—C(3), 1.496(10); N(1)—C(4), 1.508(9). Selected
bond angles (°): C(1)-Ta-C(3), 79.0(3); C(3)-Ta-N(1), 34.0(12;
N(1)-Ta-C(1), 112.6(3); C(2)-C(3)-N(1), 132.0(7); Ta-C(3)-C(2),
154.7(6).
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Cp(CO)2Mo[η2-C(=NMe)Me] and found activation parame-
ters of ∆H‡ = 14.7(5) kcal mol–1, ∆S‡ = –1.7(15) eu, and
∆G298

‡ = 20.9 kcal mol–1. Rothwell and co-workers (20) have
reported a Gibbs free energy of activation of ∆G233

‡ =
11.4(5) kcal mol–1 for the observed rotation in (ArO)2Zr[η2-
C(=N(2,6-Me2C6H3))CH2Ph]2 (Ar = 2,6-C6-t-Bu2H3). The
less bulky derivative (Ar = 2,6-C6Ph2H3) gave a result of
∆G208

‡ = 10.3(5) kcal mol–1. Lappert et al. have also ob-
served the interconversion of the two isomers of Cp2Zr(Cl)-
[η2-C(=N(p-C6H4CH3))CH(SiMe3)2] (16b). While our values
for ∆S‡ are comparable to those found in other systems —
the magnitudes consistent with an intramolecular process, as
can be seen in Table 1 — the ∆H‡ and ∆G298

‡ values are gen-
erally substantially larger in the present cationic tantalocene
systems than these previously reported examples. This can
be attributed to the stronger metal—ligand bonds for third
row transition metal complexes, as well as the increased
electrophilicity of the cationic tantalum center. Assuming
the mechanism of isomerization involves slippage of the η2-
iminoacyl to an η1-bound species, a stronger tantalum—
nitrogen dative bond must be dissociated to form an η1-
iminoacyl ligand.

A trend is apparent in the rate of isomerization based on
the steric bulk of the iminoacyl substituent on the nitrogen
atom. The C5H5 cationic complexes, N-out 6a, N-out 7a,

and N-out 8a, exhibit isomerization rate constants that in-
crease as the alkyl group on the nitrogen atom changes from
t-Bu (k360 = 1.21 × 10–5 s–1) to C6H11 (k358 = 2.15 × 10–4 s–1),
which is similar to that found for the C6H5CH2 isomeri-
zation (k358 = 1.96 × 10–4 s–1). The ∆G‡ values parallel the
trend in rate constants, and a similar phenomenon is ob-
served for the C5H4Me cations. The origin of this effect
likely resides in steric interactions between the N-iminoacyl
substituent and the Cp rings upon rotation about the Ta—
Ciminoacyl bond in the η1 structure.

Comparison of the isomerization rates of the unsubstituted
cyclopentadienyl cations N-out 6a–8a with those of the
methylcyclopentadienyl compounds N-out 6b–8b provides
further insight. In each cation pair the isomerization of the
methylcyclopentadienyl derivative proceeds at an elevated
rate compared with the Cp derivative. For example, the t-
BuNC insertion product N-out 6a isomerizes with a rate
constant of k360 = 1.21 × 10–5 s–1, nearly an order of magni-
tude slower than N-out 6b (k358 = 1.05 × 10–4 s–1). The pres-
ence of more electron-donating cyclopentadienyl rings for
the C5H4Me derivatives facilitates the slippage of the
iminoacyl from η2 bonded to the η1 intermediate.

Interestingly, a comparison of the rates of isomerization
between analogous zwitterions and ion pairs (N-out 4b vs.
N-out 6b and N-out 5a vs. N-out 7a) reveals that the zwit-
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Compounda T (K) 10–4 k (s–1) ∆H‡ (kcal mol–1) ∆S‡b (eu) ∆G298
‡ (kcal mol–1)

N-out 4b 356 4.49(7) 26.9(7) 1(2) 26.5(7)
N-out 4b 346 1.30(1)
N-out 4b 334 0.35(2)
N-out 5a 356 16.9(4) 25.5(3) 0(1) 25.5(3)
N-out 5a 345 6.10(9)
N-out 5a 336 2.09(2)
N-out 5a 324 0.45(1)
N-out 6a 391 5.4(1) 34.5(8) 14(3) 30.2(8)
N-out 6a 380 1.80(2)
N-out 6a 372 0.436(7)
N-out 6a 360 0.121(3)
N-out 6b 358 1.05(1) 26.9(1) –2.0(4) 27.5(1)
N-out 6b 347 0.320(9)
N-out 6b 335 0.068(3)
N-out 7a 359 2.15(4) 26.8(9) 0(3) 27.1(9)
N-out 7a 348 0.795(7)
N-out 7a 338 0.205(3)
N-out 7b 355 2.95(4) 21(2) –15(6) 26(2)
N-out 7b 343 1.75(2)
N-out 7b 333 0.507(4)
N-out 7b 323 0.147(3)
N-out 8a 369 5.65(9) 26.2(4) –3(2) 27.0(4)
N-out 8a 358 1.91(3)
N-out 8a 346 0.498(3)
N-out 8a 335 0.15(6)
N-out 8b 357 6.04(3) 26.4(1) 0.3(4) 26.3(1)
N-out 8b 345 1.70(2)
N-out 8b 334 0.461(7)
N-out 8b 323 0.108(6)

aReliable kinetic data for compound N-out 4a could not be obtained because of the long reaction times required to effect isomerization. Higher
temperatures also gave poor data owing to undesired side reactions.

bThe range observed in ∆S‡ (e.g., 6a and 7b) likely is a reflection of the narrow temperature ranges we were restricted to experimentally.

Table 1. Rate constants and activation parameters for N-out to N-in isomerization of η2-iminoacyl complexes.
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terions undergo more rapid isomerization at comparable
temperatures. This seems counterintuitive given that, in the
ground state of the N-out isomers whose structures have
been determined, the bond distances from Ta to the
iminoacyl nitrogen are comparable for N-out 4b (2.121(5)
Å) to those for the ion pairs N-out 6a (2.143(2) Å) and
N-out 7a (2.130(6) Å). Indeed, the ∆ parameter for the
zwitterion is smaller (–0.061 Å), suggesting a more electro-
philic metal center in the zwitterions. It might also be ex-
pected that more steric hindrance would exist in the
iminoacyl rotation necessary for isomerization in the zwit-
terionic species. Nevertheless, the rates for zwitterions iso-
merization are about an order of magnitude higher than the
non-zwitterionic counterpart, suggesting that differences in
ion pairing in the zwitterionic vs. the non-zwitterionic ion
pairs may be important in the transition state.

Conclusions

The results reported herein add to the body of research on
the mechanistic aspects of isonitrile insertion into M—C
bonds, providing corroborative evidence for the general
mechanistic picture of the insertion step and the isomeri-
zation of N-out isomers to N-in structures. In particular, we
have shown how ground state α agostic interactions can
hamper coordination of the isonitrile substrate, leading to
overall lower rates of insertion in comparison to non-agostic
reactions. These results also show that kinetic N-out isomers
are stabilized in highly electrophilic species, and that the
barriers to conversion to the thermodynamic N-in isomers
are influenced by a variety of factors, including the steric
bulk of the isonitrile substituent and the electron-donating
ability of the Cp ligands on the metallocene. Finally, the rate
of isomerization in the zwitterionic N-out compounds is
somewhat faster than the non-zwitterionic reactions, al-
though the origin of this phenomenon is less clear.

Experimental section

General procedures
General procedures have been described in detail else-

where (21).

Synthesis of Cp2Ta[CH2B(C6F5)3]CH3, 1a
Toluene (15 mL) was condensed into an evacuated flask

containing B(C6F5)3 (214 mg, 0.418 mmol) and a slight ex-
cess of Cp2Ta(=CH2)CH3 (156 mg, 0.458 mmol) at –78°C.
The solution was warmed to 25°C and stirred for 30 min.
The toluene was removed under reduced pressure to leave a
yellow residue. Hexane (15 mL) was condensed into the ves-
sel, and the light yellow precipitate was isolated by filtra-
tion. The precipitate was washed by back distillation of
hexane, and the solvent was removed under reduced pres-
sure. Yield of 1a: 324 mg, 0.380 mmol, 91%. X-ray quality
crystals were grown by cooling a saturated 1,2-dichloro-
ethane solution to –25°C. 1H NMR (C6D6): 5.93 (s, 10H,
C5H5), 2.13 (br., 2H, CH2), 0.56 (s, 3H, CH3).

13C NMR
(C6D6): 150.3 (CH2,

1JCH = 98.7 Hz), 108.4 (C5H5), 21.4
(CH3,

1JCH = 129.1 Hz). 11B NMR (C6D6): –9.4. 19F NMR
(C6D6): –132.0 (2F, o-F), –159.7 (1F, p-F), –164.4 (2F, m-F).

Anal. calcd. for C30H15BF15Ta: C 42.28, H 1.77; found:
C 42.42, H 1.50.

Synthesis of Cp2′ Ta[CH2B(C6F5)3]CH3, 1b
A procedure analogous to the synthesis of 1a, using

(C5H4Me)2Ta(=CH2)(CH3), was employed. The product was
isolated with 0.5 equiv of toluene by 1H NMR after extended
exposure to vacuum. Reagent amounts: B(C6F5)3 (690 mg,
1.35 mmol), (C5H4Me)2Ta(=CH2)(CH3) (500 mg, 1.36 mmol).
Yield of 1b, accounting for toluene: 1.183 g, 1.28 mmol,
95%. 1H NMR (THF-d8): 6.05 (m, 2H, C5H4), 5.83 (m, 2H,
C5H4), 5.62 (m, 2H, C5H4), 5.57 (m, 2H, C5H4), 2.24 (s, 6H,
C5H4-CH3), 1.91 (br, 2H, CH2), 0.43 (s, 3H, CH3).

13C NMR
(THF-d8): 139.9 (CH2,

1JCH = 100.1 Hz), 126.2 (C5H4-CH3),
114.2 (C5H4), 109.1 (C5H4), 109.0 (C5H4), 102.9 (C5H4),
27.7 (Ta-CH3,

1JCH = 124.9 Hz), 14.8 (C5H4-CH3).
11B NMR

(THF-d8) = –4.4. 19F NMR (THF-d8): –130.9 (2F, o-F),
–161.2 (1F, p-F), –164.8 (2F, m-F). Anal. calcd. for
C32H19BF15Ta·1/2C7H8: C 46.03, H 2.50; found: C 45.98, H,
2.42.

Cp2Ta[CH2B(C6F5)2CH3]CH3, 2a
In a dry box, benzene (10 mL) was added to a flask con-

taining H3CB(C6F5)2 (122 mg, 0.338 mmol) and
Cp2Ta(=CH2)CH3 (113 mg, 0.332 mmol). The solution was
stirred at 25°C for 1 h, and the light yellow precipitate was
isolated by filtration. The precipitate was washed with ben-
zene through back distillation, and the solvent was removed
under reduced pressure. Yield of 2a: 183 mg, 0.261 mmol,
79%. 1H NMR (CD2Cl2): 6.07 (s, 10H, C5H5), 2.46 (br. s,
2H, CH2), 0.42 (s, 3H, Ta-CH3), 0.36 (br. s, 3H, B-CH3).

13C
NMR (CD2Cl2): 159.6 (C5H5), 108.0 (CH2,

1JCH = 82.7 Hz),
20.6 (Ta-CH3,

1JCH = 112.3 Hz), 14 (B-CH3).
11B NMR

(CD2Cl2): –7.0. 19F NMR (CD2Cl2): –133.7 (2F), –163.5
(1F), –166.0 (2F). Anal. calcd. for C25H18BF10Ta: C 42.89,
H 2.59; found: C 42.59, H 2.20.

Synthesis of [Cp2TaMe2]
+[B(C6F5)4]

–, 3a
CH2Cl2 (10 mL) was condensed into an evacuated

flask containing Cp2TaMe3 (1.513 g, 4.25 mmol). In sepa-
rate flask, CH2Cl2 (40 mL) was condensed over
[Ph3C]+[B(C6F5)4]

– (3.918 g, 4.25 mmol). The solution of
trityl salt was added to the Cp2TaMe3 solution by cannula at
25°C with rapid stirring. An immediate light yellow precipi-
tate formed, and the solution was stirred for an additional
15 min. The precipitate was isolated by filtration and washed
once by back distillation of CH2Cl2. The solvent was then
removed under reduced pressure. Yield of 5a: 3.917 g,
3.84 mmol, 90%. 1H NMR resonances are identical to those
previously reported for the cation (9, 13). 13C NMR (THF-
d8): 114.1 (C5H5), 55.6 (Ta-CH3,

1JCH = 125.6 Hz). 11B
NMR (THF-d8): –13.6. 19F NMR (THF-d8): –130.9 (2F,
o-F), –163.0 (1F, p-F), –166.5 (2F, m-F). Anal. calcd. for
C26H16BF20Ta: C 42.38, H 1.58; found: C 41.94, H 1.48.

Reaction of 1a with t-BuNC: Synthesis of N-out 4a
THF (10 mL) was condensed into an evacuated flask con-

taining 1a (315 mg, 0.370 mmol) at –78°C. Under a flow of
argon, an excess of tert-butylisocyanide (400 mL,
3.83 mmol) was syringed into the flask. The solution was
warmed to 25°C and stirred for 75 min. THF was removed
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under reduced pressure to leave a white residue, which was
filtered after suspension in hexane (10 mL). The precipitate
was washed by back distillation using hexane, and the sol-
vent was removed under reduced pressure. Yield of N-out
4a: 288 mg, 0.308 mmol, 83%. 1H NMR (THF-d8): 5.67 (s,
10 H, C5H5), 3.75 (br., 2H, CH2), 1.35 (s, 9H, C(CH3)3),
0.39 (s, 3H, CH3).

13C NMR (THF-d8): 219.8 (C=N-t-Bu),
107.4 (C5H5), 62.9 (C(CH3)3, 34.5 (CH2), 29.2 (C(CH3)3, 5.0
(CH3).

11B NMR (THF-d8): –10.9. 19F NMR: –129.4 (2F, o-
F), –162.2 (1F, p-F), –165.7 (2F, m-F). Anal. calcd. for
C35H24NBF15Ta: C 44.95, H 2.59, N 1.50; found: C 44.69,
H 2.39, N 1.57.

Isomerization of N-out 4a to N-in 4a
N-out 4a (170 mg, 0.18 mmol) was placed into a 25 mL

glass bomb and THF (10 mL) was condensed in. The bomb
was heated at 70°C for 10 days. The colourless solution was
cannula-transferred into a 25 mL round bottom flask with
filtering frit. The THF was removed to leave a sticky, colour-
less residue. Hexanes (10 mL) were condensed in at –78°C,
and the residue sonicated to produce a white powder. The
product was filtered off, washed with hexanes by distillation
(3 × 5 mL), and volatiles were removed in vacuo. Yield of
N-in 4a: 152 mg, 0.16 mmol, 89%. 1H NMR (THF-d8): 5.46
(s, 10 H, C5H5), 3.85 (br, 2H, CH2), 1.41 (s, 9H, C(CH3)3),
0.78 (s, 3H, CH3).

13C NMR (THF-d8): 221.7 (C=N-t-Bu),
106.0 (C5H5), 66.1 (C(CH3)3, 35.0 (CH2), 30.0 (C(CH3)3, 3.9
(CH3).

11B NMR (THF-d8): –10.0. 19F NMR: –130.0 (2F, o-
F), –160.3 (1F, p-F), –164.6 (2F, m-F).

Reaction of 1b with t-BuNC: Synthesis of N-out 4b
THF (10 mL) was condensed into an evacuated flask con-

taining 1b (325 mg, 0.35 mmol) at –78°C. Under a flow of
argon, an excess of tert-butylisocyanide (400 mL,
3.83 mmol) was syringed into the flask. The solution was
warmed to 25°C and stirred for 2 h. THF was removed un-
der reduced pressure to leave a white residue, which was fil-
tered from hexane (10 mL). The precipitate was washed by
back distillation with hexane, and the solvent was removed
under reduced pressure. Yield of N-out 4b: 283 mg,
0.29 mmol, 84%. X-ray quality crystals were grown by lay-
ering a saturated CH2Cl2 solution with hexanes. 1H NMR
(THF-d8): 5.75 (m, 2H, C5H4), 5.61 (m, 2H, C5H4), 5.35 (m,
2H, C5H4), 5.01 (m, 2H, C5H4), 3.76 (br, 2H, CH2), 2.01 (s,
6H, C5H4(CH3)), 1.35 (s, 9H, C(CH3)3), 0.22 (s, 3H, CH3).
13C NMR (THF-d8): 220.7 (C=N-t-Bu), 121.4 (C5H4-CH3),
110.0 (C5H4), 109.7 (C5H4), 108.2 (C5H4), 94.4 (C5H4), 62.9
(C(CH3)3, 33.1 (CH2), 29.4 (C(CH3)3, 14.2 (C5H4-CH3), 9.4
(Ta-CH3).

11B (THF-d8): –9.0. 19F NMR (THF-d8): –129.3
(2F, o-F), –162.3 (1F, p-F), –165.7 (2F, m-F). Anal. calcd.
for C37H28NBF15Ta·CH2Cl2: C 43.54, H 2.88, N 1.34; found:
C 43.63, H 2.78, N 1.34.

Isomerization of N-out 4b to N-in 4b
N-out 4b (350 mg, 0.360 mmol) was placed into a 25 mL

glass bomb and THF (10 mL) was condensed into the vessel.
The bomb was heated at 70°C for 2 days. The colourless so-
lution was cannula-transferred into a 25 mL round bottom
flask with filtering frit. The THF was removed to leave a
colourless, waxy residue. Hexanes (10 mL) were condensed

in at –78°C, and the suspension was sonicated to produce a
white powder. The product was isolated by filtration,
washed with hexanes by distillation (3 × 5 mL), and dried in
vacuo. Yield of N-in 4b: 250 mg, 0.257 mmol, 71%. 1H
NMR (THF-d8): 5.34 (m, 2H, C5H4), 5.10 (m, 2H, C5H4),
5.06 (m, 2H, C5H4), 5.02 (m, 2H, C5H4), 3.85 (br, 2H, CH2),
1.99 (s, 6H, C5H4(CH3)), 1.38 (s, 9H, C(CH3)3), 0.55 (s, 3H,
CH3).

13C NMR (THF-d8): 223.3 (C=N-t-Bu), 125.5 (C5H4-
CH3), 108.1 (C5H4), 103.9 (C5H4), 103.6 (C5H4), 98.4
(C5H4), 66.0 (C(CH3)3, 35.2 (CH2), 30.3 (C(CH3)3, 14.6
(C5H4-CH3), 11.1 (Ta-CH3).

11B NMR (THF-d8): –9.9. 19F
NMR: –129.8 (2F, o-F), –160.6 (1F, p-F), –164.7 (2F, m-F).

Reaction of 1a with C6H11NC: Synthesis of N-out 5a
A procedure analogous to that employed for the synthesis

of N-out 4a was used to prepare this compound. Reagent
amounts: 1a (300 mg, 0.352 mmol), cyclohexyl isocyanide
(500 mL, 4.02 mmol). Yield of N-out 5a: 247 mg,
0.256 mmol, 76%. 1H NMR (THF-d8): 5.66 (s, 10 H, C5H5),
3.60 (br. s, 3H, CH2 and CH, C6H11), 1.05–1.95 (m, 10H,
C6H11) 0.53 (s, 3H, CH3).

11B NMR (THF-d8): –9.3. 19F
NMR: –129.5 (2F, o-F), –161.7 (1F, p-F), –165.5 (2F, m-F).
Anal. calcd. for C37H26NBF15Ta·C7H8: C 50.16, H 3.25, N
1.33; found: C 50.36, H 3.07, N 1.39.

Isomerization of N-out 5a to N-in 5a
N-out 5a (221 mg, 0.230 mmol) was placed in a 25 mL

glass bomb and THF (15 mL) was condensed in at –78°C.
The bomb was sealed and placed in an oil bath at 65°C for
24 h. The light yellow solution was then cannula-transferred
to a 25 mL round bottom flask equipped with a filtering frit.
The THF was removed under reduced pressure to leave a
yellow oil. Hexanes (10 mL) were condensed onto the oil at
–78°C and the solution sonicated to produce light yellow
powder. The powder was filtered off, washed with hexanes
(3 × 5 mL) by back distillation, and dried in vacuo. Yield of
N-in 5a: 153 mg, 0.159, 61%. 1H NMR (THF-d8): 5.63 (s,
10 H, C5H5), 3.85 (br. s, 2H, CH2 and ipso-CH, C6H11),
1.05–1.95 (m, 10H, C6H11) 0.75 (s, 3H, CH3).

13C NMR
(THF-d8): 223.6 (C=N), 105.9 (C5H5), 60.4 (ipso-C, C6H11),
32.3 (CH2), 31.6 (C6H11), 26.4 (C6H11), 25.9 (C6H11), 3.2
(Ta-CH3).

11B NMR (THF-d8): –11.2. 19F NMR: –129.7 (2F,
o-F), –160.7 (1F, p-F), –164.6 (2F, m-F).

Reaction of 3a with t-BuNC: Synthesis of N-out 6a
THF (20 mL) was condensed into an evacuated flask con-

taining 3a (454 mg, 0.45 mmol) at –78°C. Under a flow of
argon, an excess of tert-butylisocyanide (300 mL,
2.87 mmol) was syringed into the flask at –78°C. An imme-
diate colour change from yellow to colourless was noted and
the solution was warmed to 25°C. THF was removed under
reduced pressure and the white residue filtered after suspen-
sion in hexanes. The solid was washed once with hexanes
and dried under reduced pressure. Yield of N-out 6a:
450 mg, 0.41 mmol, 92%. X-ray quality crystals were grown
by cooling a saturated CH2Cl2 solution to –35°C. 1H NMR
(THF-d8): 5.87 (s, 10H, C5H5), 2.80 (s, 3H, C(=N-t-
Bu)CH3), 1.49 (s, 9H, C(CH3)3), 0.76 (s, 3H, Ta-CH3).

13C
NMR (THF-d8): 211.1 (C=N-t-Bu), 107.3 (C5H5), 62.9
(C(CH3)3), 28.7 (C(CH3)3), 15.3 (C(=N-t-Bu)CH3), 5.6 (Ta-
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CH3). 11B NMR (THF-d8): –13.6. 19F NMR (THF-d8):
–130.9 (2F, o-F), –163.1 (1F, p-F), –166.6 (2F, m-F). Anal.
calcd. for C41H25NBF20Ta: C 44.63, H 2.28, N 1.27; found:
C 44.28, H 2.26, N 1.25.

Isomerization of N-out 6a to N-in 6a
N-out 6a (250 mg, 0.226 mmol) was placed into a 25 mL

glass bomb and THF (15 mL) was condensed in at –78°C.
The vessel was backfilled with argon and placed in a 110°C
oil bath for 24 h. The solution was cooled and then cannula-
transferred to a 25 mL round bottom flask with a filtering
frit. The THF was removed in vacuo to leave a sticky
colourless oil. The oil was broken into a precipitate through
sonication with hexanes (15 mL). The hexanes were then re-
moved under reduced pressure to give a white powder. More
hexanes (10 mL) were condensed in to make a slurry, from
which the precipitate was filtered. The product was washed
with hexanes (2 × 5 mL) by back distillation and the
volatiles removed in vacuo. Yield of N-in 6a: 228 mg,
0.206 mmol, 91%. 1H NMR (THF-d8): 5.85 (s, 10H, C5H5),
3.20 (s, 3H, C(=N-t-Bu)CH3), 1.37 (s, 9H, C(CH3)3), 0.82
(s, 3H, Ta-CH3).

13C NMR (THF-d8): 217.7 (C=N-t-Bu),
106.6 (C5H5), 65.2 (C(CH3)3), 29.2 (C(CH3)3), 23.1 (C(=N-
t-Bu)CH3), 3.8 (Ta-CH3).

11B NMR (THF-d8): –13.6. 19F
NMR (THF-d8): –130.9 (2F, o-F), –163.1 (1F, p-F), –166.6
(2F, m-F). Anal. calcd. for C41H25NBF20Ta: C 44.63, H 2.28,
N 1.27; found: C 44.52, H 2.36, N 1.56.

Reaction of 3b with t-BuNC: Synthesis of N-out 6b
[Cp2TaMe2]

+[BF4]
–, 3b (295 mg, 0.647 mmol), was

weighed into a 25 mL two-necked, round bottomed flask
with septum, and CH2Cl2 (10 mL) was condensed in at
–78°C to dissolve the solid. tert-Butylisocyanide (75 mL,
0.663 mmol) was syringed into the solution at –78°C and re-
sulted in an immediate colour change from yellow to colour-
less. The solution was stirred for 30 min at 25°C and the
CH2Cl2 was removed in vacuo to give a colourless oil. Hex-
ane (10 mL) was condensed into the vessel and the solution
sonicated to generate a white powder. The hexane was re-
moved under reduced pressure, and a second quantity of
hexane (10 mL) was condensed into the flask. The vessel
was sonicated to free the white powder from the wall, the
powder filtered, and volatiles removed in vacuo. Yield of N-
out 6b: 299 mg, 0.555 mmol, 86%. 1H NMR (CD2Cl2): 5.92
(m, 2H, C5H4), 5.70 (m, 2H, C5H4), 5.66 (m, 2H, C5H4),
5.24 (m, 2H, C5H4), 2.73 (s, 3H, C(=NC(CH3)3)CH3), 2.04
(s, 6H, C5H4CH3), 1.49 (s, 9H, C(CH3)3), 0.62 (s, 3H, Ta-
CH3).

13C NMR (CD3CN): 211.7 (C=N), 118.3 (C-Me,
C5H4Me, under solvent resonance), 113.1 (C5H4Me), 111.1
(C5H4Me), 103.9 (C5H4Me), 100.7 (C5H4Me), 62.7
(C(CH3)3), 29.0 (C(CH3)3), 13.8 (C5H4-CH3), 13.6 (NC-
CH3), 7.6 (Ta-CH3).

11B NMR (CD2Cl2): –1.0. 19F NMR
(CD2Cl2): –152.2 (4F). Anal. calcd. for C19H29NBF4Ta: C
42.32, H 5.42, N 2.60; found: C 41.76, H 5.44, N 2.53.

Isomerization of N-out 6b to N-in 6b
N-out 6b (32 mg, 0.060 mmol) was weighed into a J.

Young NMR tube, and an NMR amount of CD3CN was
added by Pasteur pipette. The tube was placed in a 110°C oil
bath for 16 h. 1H NMR (CD3CN): 5.64 (m, 2H, C5H4), 5.58

(m, 2H, C5H4), 5.43 (m, 2H, C5H4), 5.33 (m, 2H, C5H4),
3.11 (s, 3H, C(=NC(CH3)3)CH3), 2.02 (s, 6H, C5H4CH3),
1.33 (s, 9H, C(CH3)3), 0.62 (s, 3H, Ta-CH3).

13C NMR
(CD3CN): 219.6 (C=N), 118.3 (C-Me, C5H4Me, under sol-
vent resonance), 107.6 (C5H4Me), 107.2 (C5H4Me), 106.1
(C5H4Me), 101.6 (C5H4Me), 65.4 (C(CH3)3), 29.9
(C(CH3)3), 23.7 (NC-CH3), 14.7 (C5H4-CH3), 8.8(Ta-CH3).
11B NMR (CD2Cl2): –1.0. 19F NMR (CD2Cl2): –152.2 (4F).

Reaction of 3a with C6H11NC: Synthesis of N-out 7a
A procedure analogous to that used to prepare N-out 6a

was used to prepare this compound. Reagent amounts: 3a
(366 mg, 0.359 mmol), cyclohexyl isocyanide (60 mL,
0.483 mmol). Yield of N-out 7a: 295 mg, 0.261 mmol, 73%.
1H NMR (THF-d8): 5.88 (s, 10H, C5H5), 4.03 (m, 1H, CH,
C6H11), 2.70 (s, 3H, C(=NC6H11)CH3), 2.01 (m, 4H, C6H11),
1.58–1.30 (m, 6H, C6H11), 0.78 (s, 3H, Ta-CH3).

13C NMR
(THF-d8): 210.5 (C=N), 107.5 (C5H5), 63.5 (CH, C6H11),
32.5 (C6H11), 26.0 (C6H11), 25.8 (C6H11), 14.9 (NC-CH3),
5.3 (Ta-CH3).

11B NMR (THF-d8): –13.6. 19F NMR (THF-
d8): –130.9 (2F, o-F), –163.1 (1F, p-F), –166.6 (2F, m-F).

Isomerization of N-out 7a to N-in 7a
Prepared in the same manner as N-in 6a. Reagent

amounts: N-out 7a (276 mg, 0.244 mmol). Yield of N-in 7a:
240 mg, 0.212, 87%. 1H NMR (CD3CN): 5.71 (s, 10H,
C5H5), 4.01(m, 1H, CH, C6H11), 2.94 (s, 3H,
C(=NC6H11)CH3), 1.80–1.10 (m, 10H, C6H11), 0.76 (s, 3H,
Ta-CH3).

13C NMR (CD3CN): 217.8 (C=N), 106.0 (C5H5),
68.4 (ipso-C, C6H11), 31.9 (C6H11), 26.1 (C6H11), 25.8
(C6H11), 21.0 (NC-CH3), 3.7 (Ta-CH3).

11B NMR (THF-d8):
–13.6. 19F NMR (THF-d8): –130.9 (2F, o-F), –163.1 (1F, p-
F), –166.6 (2F, m-F). Anal. calcd. for C43H27NBF20Ta: C
45.73, H 2.41, N 1.24; found: C 45.47, H 2.45, N 1.37.

Reaction of 3b with C6H11NC: Synthesis of N-out 7b
A procedure analogous to the synthesis of N-out 6b was

used to prepare this compound. Reagent amounts: 3b
(298 mg, 0.653 mmol), cyclohexyl isocyanide (82 mL,
0.659 mmol). Yield of N-out 7b: 332 mg, 0.587 mmol, 89%.
1H NMR (CD2Cl2): 5.91 (m, 2H, C5H4), 5.68 (m, 4H, C5H4),
5.34 (m, 2H, C5H4), 4.05 (m, 1H, ipso-CH, C6H11), 2.62 (s,
3H, C(=NC6H11)CH3), 1.96 (s, 6H, C5H4CH3), 1.96 (m, 3H,
C6H11), 1.51 (m, 7H, C6H11), 0.62 (s, 3H, Ta-CH3).

13C
NMR (CD2Cl2): 211.0 (C=N), 119.6 (C-CH3, C5H4CH3),
112.9 (C5H4), 110.3 (C5H4), 103.9 (C5H4), 100.4 (C5H4),
63.3 (ipso-CH, C6H11), 32.4 (C6H11), 25.6 (C6H11), 25.6
(C6H11), 14.0 (C5H4CH3), 13.5 (C(=NC6H11)CH3), 7.3 (Ta-
CH3).

11B NMR (THF-d8): –1.0. 19F NMR (CD2Cl2): –152.2
(4F). Anal. calcd. for C21H30NBF4Ta: C 44.70, H 5.36, N
2.48; found: C 44.14, H 5.85, N 2.46.

Isomerization of N-out 7b to N-in 7b
N-out 7b (30 mg, 0.052 mmol) was weighed into a J.

Young NMR tube, and an NMR amount of CD3CN was
added by Pasteur pipette. The tube was placed in a 100°C oil
bath for 16 h. 1H NMR (CD3CN): 5.62 (m, 2H, C5H4), 5.60
(m, 2H, C5H4), 5.45 (m, 2H, C5H4), 5.35 (m, 2H, C5H4),
4.05 (m, 1H, ipso-CH, C6H11), 2.97 (s, 3H,
C(=NC6H11)CH3), 1.99 (s, 6H, C5H4CH3), 1.81 (m, 2H,
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C6H11), 1.65 (m, 3H, C6H11), 1.51 (m, 2H, C6H11), 1.12–
1.40 (m, 3H, C6H11), 0.62 (s, 3H, Ta-CH3).

13C NMR
(CD3CN): 219.1 (C=N), 122.1 (C-CH3, C5H4CH3), 108.7
(C5H4), 106.6 (C5H4), 105.0 (C5H4), 101.7 (C5H4), 59.3
(ipso-CH, C6H11), 32.5 (C6H11), 26.0 (C6H11), 25.9 (C6H11),
21.0 (C(=NC6H11)CH3), 14.5 (C5H4CH3), 8.2 (Ta-CH3).

11B
NMR (CD3CN): –1.0. 19F NMR (CD3CN): –152.2 (4F).

Reaction of 3a with C6H5CH2NC: Synthesis of N-out 8a
Compound 3a (312 mg, 0.306 mmol) was weighed into a

two-necked, round bottom flask fitted with a filtering frit
and rubber septum. THF (10 mL) was condensed in at
–78°C to produce a yellow solution, and benzyl isocyanide
(37 mL, 0.306 mmol) was syringed in under a flow of argon.
The resulting white slurry was stirred for 45 min while
warming to room temperature and THF removed under re-
duced pressure to give a clear residue. Hexanes (20 mL)
were condensed into the flask and the solution sonicated to
break down the residue into a white powder. Solvent was re-
moved in vacuo, and to leave a fine white powder, a second
portion of hexanes (10 mL) was added, the resulting white
slurry filtered, and solvent removed in vacuo. Yield of N-out
8a: 300 mg, 0.263 mmol, 86%. 1H NMR (THF-d8): 7.49 (m,
5H, C6H5), 5.70 (s, 10H, C5H5), 5.05 (s, 2H, CH2), 2.64 (s,
3H, C(=NCH2C6H5)CH3), 0.75 (s, 3H, Ta-CH3).

13C NMR
(THF-d8): 210.1 (C(=NCH2C6H5)), 134.7 (ipso-C, C6H5),
130.9 (C6H5), 130.6 (C6H5), 107.5 (C5H5), 57.1 (CH2), 14.2
(C(=NCH2C6H5)CH3), 5.4 (TaCH3). 11B NMR (THF-d8):
–13.6. 19F NMR (THF-d8): –130.9 (2F, o-F), –163.1 (1F, p-
F), –166.6 (2F, m-F). Anal. calcd. for C44H23NBF20Ta: C
46.46, H 2.04, N 1.23; found: C 46.25, H 2.00, N 1.27.

Isomerization of N-out 8a to N-in 8a
N-out 8a (30 mg, 0.052 mmol) was weighed into a J.

Young NMR tube, and an NMR amount of THF-d8 was
added by Pasteur pipette. The tube was placed in an 80°C oil
bath for 16 h. 1H NMR (THF-d8): 7.36 (m, 3H, C6H5), 7.24
(m, 2H, C6H5), 5.69 (s, 10H, C5H5), 4.82 (s, 2H, CH2), 3.06
(s, 3H, C(=NCH2C6H5)CH3), 0.73 (s, 3H, Ta-CH3).

13C
NMR (THF-d8): 218.9 (C(=NCH2C6H5)), 134.9 (ipso-C,
C6H5), 130.6 (C6H5), 130.1 (C6H5), 129.7 (C6H5), 106.3
(C5H5), 49.4 (CH2), 20.7 (C(=NCH2C6H5)CH3), 5.1 (Ta-CH3).
11B NMR (THF-d8): –13.6. 19F NMR (THF-d8): –130.9 (2F,
o-F), –163.1 (1F, p-F), –166.6 (2F, m-F).

Reaction of 3b with C6H5CH2NC: Synthesis of N-out 8b
An analogous procedure to that employed for the synthe-

sis of N-out 6b was employed, except that pentane was used
in the isolation of the product rather than hexane. Reagent
amounts: 3b (310 mg, 0.680 mmol); benzylisocyanide
(83 mL, 0.681 mmol). Yield of N-out 8b: 306 mg,
0.534 mmol, 79%. 1H NMR (CD2Cl2): 7.45 (m, 5H, C6H5),
5.70 (m, 2H, C5H4), 5.53 (m, 2H, C5H4), 5.47 (m, 2H,
C5H4), 5.12 (m, 2H, C5H4), 5.03 (s, CH2), 2.55 (s, 3H,
C(=NCH2C6H5)CH3), 1.86 (s, 6H, C5H4CH3), 0.58 (s, 3H,
Ta-CH3).

13C NMR (CD2Cl2): 211.1 (C=N), 133.8 (ipso-C,
C6H5), 130.7 (C6H5), 130.2 (C6H5), 129.9 (C6H5), 118.8 (C-
CH3, C5H4CH3), 112.9 (C5H4), 109.2 (C5H4), 104.3 (C5H4),
100.5 (C5H4), 57.3 (CH2), 14.0 (C5H4CH3), 13.0
(C(=NCH2C6H5)CH3), 7.5 (Ta-CH3). 11B NMR (THF-d8):
–1.0. 19F NMR (CD2Cl2): –152.2 (4F). Anal. calcd. for

C22H27NBF4Ta: C 46.10, H 4.75, N 2.44; found: C 45.71, H
4.97, N 2.41.

Isomerization of N-out 8b to N-in 8b
N-out 8b (30 mg, 0.052 mmol) was weighed into a J.

Young NMR tube, and an NMR amount of CD3CN was
added by Pasteur pipette. The tube was placed in an 80°C oil
bath for 16 h. 1H NMR (CD3CN): 7.38 (m, 3H, C6H5), 7.27
(m, 2H, C6H5), 5.66 (m, 2H, C5H4), 5.56 (m, 2H, C5H4),
5.49 (m, 2H, C5H4), 5.22 (m, 2H, C5H4), 4.83 (s, CH2), 2.98
(s, 3H, C(=NCH2C6H5)CH3), 1.80 (s, 6H, C5H4CH3), 0.52
(s, 3H, Ta-CH3).

13C NMR (CD2Cl2): 220.2 (C=N), 135.4
(ipso-C, C6H5), 131.5 (C6H5), 131.2 (C6H5), 129.6 (C6H5),
121.6 (C-CH3, C5H4CH3), 110.8 (C5H4), 106.1 (C5H4),
103.6 (C5H4), 101.1 (C5H4), 48.6 (CH2), 21.0
(C(=NCH2C6H5)CH3), 13.9 (C5H4CH3), 7.7 (Ta-CH3).

11B
NMR (THF-d8): –1.0. 19F NMR (CD2Cl2): –152.2 (4F).

Kinetic measurements for isocyanide insertion into the
Ta—CH2 bond of zwitterions 1

In a glove box, a known amount of zwitterions 1a or 1b
was dissolved into an NMR amount of THF-d8 and the
NMR tube fitted with a rubber septum. Using a vacuum line
in a vented fumehood, dry isocyanide reagent (~10 equiv)
was syringed out of the glass bomb under a flow of argon.
The isocyanide was added to the zwitterion solution at
–78°C through the rubber septum, and the NMR sample was
then placed into the NMR probe equilibrated to the desired
temperature. Prior to each analysis the temperature of the
NMR probe was checked against a standard of methanol. Ki-
netic data was collected by following the disappearance of
the cyclopentadienyl proton resonance for 1a or the methyl
signal in 1b, as compared with an internal standard of
ferrocene. 1H NMR spectra were generated with eight pulses
(90°) with a 5 s relaxation delay. At higher temperatures, the
reaction remains first order in [1] for greater than 3 half-
lives, while the reaction remained linear throughout the ex-
periment time for lower temperatures. Typical reagent
amounts: 1a (23 mg, 0.027 mmol), ferrocene (5 mg,
0.027 mmol), THF-d8 (0.63 mL), and cyclohexyl isocyanide
(40 mL, 0.322 mmol).

Kinetic measurements for N-out to N-in isomerization
of η2-iminoacyl complexes

In a glove box, the N-out isomer was weighed into an
NMR tube with a sealable Pyrex neck and secured to a vac-
uum line with a 180° needle valve. A known amount of
CD3CN or THF-d8 was vacuum-transferred into the tube.
The sample was kept at –78°C and sealed under ~0.9 atm of
argon. The NMR tube was placed in the NMR probe and
equilibrated to the analysis temperature, which was checked
using an ethylene glycol standard. Kinetic data were col-
lected by following the disappearance of the cyclo-
pentadienyl proton resonance or the Ta-CH3 signal in the 1H
NMR spectrum. For t-BuNC and benzylisocyanide deriva-
tives, ferrocene was used as an internal standard and
weighed directly into the NMR tube with analyte. For
cyclohexyl derivatives, an internal standard, toluene, was
used by spiking CD3CN (61 mg of toluene in 6.223 g of
CD3CN). 1H NMR spectra were generated with four pulses
(90°) with a 5 s delay. At higher temperatures, the reaction
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remains first order in the N-out isomer for greater than
3 half-lives, while the reaction remained linear throughout
the experiment time for lower temperatures. Typical reagent
amounts: N-out 6a (24 mg, 0.021 mmol), ferrocene (5 mg,
0.027 mmol), and THF-d8 or CD3CN (0.599 g). Reaction
rates in THF-d8 and CD3CN were identical within experi-
mental error.

X-ray crystallography

N-out 6a
See supporting information4 and Table 2 for full experi-

mental details.

N-out 7a
Data were collected on a Bruker P4/RA/SMART 1000

CCD diffractometer using Mo Kα radiation at –80°C. Unit
cell parameters were obtained from a least-squares refine-
ment of the setting angles of the number of reflections from
the data collection. An empirical absorption correction was
applied to the data through use of the SADABS procedure.
The structures were solved using the direct-methods pro-
gram SHELXS-86 (22) and full-matrix least-squares refine-
ment on F2 was completed using the program SHELXL-93
(23). Hydrogen atoms were assigned positions based on the
geometries of their attached carbon atoms and were given
isotropic thermal parameters 20% greater than the equivalent
isotropic displacement parameters of the attached carbons.
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The formation of mixed metal
aminophosphinidene clusters via reactions of
terminal chloroaminophosphido complexes with
Co2(CO)81

Javier Sánchez-Nieves, Brian T. Sterenberg, Konstantin A. Udachin, and
Arthur J. Carty

Abstract: Reactions of terminal chloroaminophosphido complexes with Co2(CO)8 have been examined. The ruthenium
phosphido complexes [Cp*Ru(CO)2{P(Cl)TMP}] (1a) and [CpRu(CO)2{P(Cl)TMP}] (1b) (TMP = 2,2,6,6-tetramethyl-
piperidinyl) react with Co2(CO)8 to form the cobalt cluster [Co4(CO)7(µ-CO)3{µ3-P(TMP)}] (2) with complete transfer
of the phosphinidene unit to cobalt. In contrast, the phosphido complex [Cp*Ru(CO)2{P(Cl)N-i-Pr2}] (1c) affords the
spiked-triangular cluster [Cp*RuCo3(CO)8(µ-CO)2(µ3-PN-i-Pr2)] (3), which retains the Cp*Ru unit upon reaction with
Co2(CO)8. The molybdenum phosphido complex [CpMo(CO)2{P(Cl)TMP}] (4) reacts with Co2(CO)8 to form cluster 2,
while [Cp*Mo(CO)3{P(Cl)N-i-Pr2}] (5) generates the mixed metal tetrahedral cluster [Cp*MoCo3(CO)5(µ-CO)4(µ3-PN-i-
Pr2)] (6).

Key words: phosphido, phosphinidene, cobalt, ruthenium, molybdenum, cluster.

Résumé : On a étudié les réactions de complexes du Co2(CO)8 comportant des groupes chloroaminophosphido termi-
naux. Les complexes phosphido du ruthénium [Cp*Ru(CO)2{P(Cl)TMP}] (1a) et [CpRu(CO)2{P(Cl)TMP}] (1b) (TMP =
2,2,6,6-tétrapipéridinyl) réagissent avec le Co2(CO)8 avec formation de l’agrégat de cobalt [Co4(CO)7(µ-CO)3{µ3-
P(TMP)}] (2) et un transfert complet de l’unité phosphinidène au cobalt. Par ailleurs, le complexe phosphido
[Cp*Ru(CO)2{P(Cl)N-i-Pr2}] (1c) fournit l’agrégat à triangle en aiguille [Cp*RuCo3(CO)8(µ-CO)2(µ3-PN-i-Pr2)] (3) qui
retient l’unité Cp*Ru lors de la réaction avec le Co2(CO)8. Le complexe phosphido du molybdène [CpMo(CO)2[P(Cl)TMP}]
(4) réagit avec le Co2(CO)8 avec formation de l’agrégat 2 alors que le complexe [Cp*Mo(CO)3{P(Cl)N-i-Pr2}] (5) gé-
nère l’agrégat tétraédrique à métal mixte [Cp*MoCo3(CO)5(µ-CO)4(µ3-PN-i-Pr2)] (6).

Mots clés : phosphido, phosphinidène, cobalt, ruthénium, molybdène, agrégat.

[Traduit par la Rédaction] Sánchez-Nieves et al. 1156

Introduction

Phosphido (PR2) and phosphinidene (PR) groups are im-
portant and versatile ligands in organometallic chemistry (1,
2). As a terminal ligand, the phosphido group is analogous
to an alkyl fragment, acting as a one-electron donor; how-
ever, the phosphorus lone pair also allows it to act as a three-
electron donor (3). Terminal phosphinidene complexes are
analogous to carbene complexes and show similar reactivity,
ranging from nucleophilic to electrophilic behaviour (4). In
some cases, the phosphinidene lone pair can also form a do-

nor interaction with the metal, resulting in a net four-
electron donor (5).

In cluster chemistry, both phosphido and phosphinidene
ligands have been used extensively to enhance structural in-
tegrity and stability (6). In bimetallic and cluster complexes,
the phosphido fragment generally acts as a doubly bridging
ligand and a net three-electron donor (2), although examples
of co-ordination to more than two metals are known (7, 8).
The phosphinidene fragment commonly co-ordinates as
a µ2, µ3, or µ4 ligand and rarely as a µ5 ligand (8, 9) and con-
tributes two or four electrons.

Over the past several years we have developed an exten-
sive chemistry based on the transformation of functionalized
phosphido and phosphinidene ligands. For example, we have
used chloroaminophosphido complexes as precursors to ter-
minal, electrophilic phosphinidene complexes, enabling the
isolation and characterization of these elusive compounds
for the first time (10–12). We have also exploited the pro-
pensity of cluster-bound aminophosphinidene complexes to
undergo P—N bond cleavage and substitution at the
phosphinidene phosphorus atom, to develop a versatile route
to co-ordinated phosphorus monoxide clusters (13) and a va-
riety of functionalized phosphinidenes (14, 15).
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In a previous paper (16), we described the syntheses of
several bimetallic µ2-aminophosphinidene complexes via re-
actions of terminal molybdenum chloroaminophosphido
complexes with Co2(CO)8 (see Scheme 1). In this paper, we
describe similar reactions of ruthenium and molybdenum
phosphido complexes with Co2(CO)8 that lead to homo- and
heterometallic clusters containing µ3-aminophosphinidene
ligands.

Results and discussion

Although a number of complexes of the type
CpM(CO)2PR2 (M = Fe, Ru) containing terminal phosphido
groups are known (17), the compounds [Cp*Ru(CO)2-
{P(Cl)TMP}] (1a) and [CpRu(CO)2{P(Cl)TMP}] (1b) are
new, and with [Cp*Ru(CO)2{P(Cl)N-i-Pr2}] (1c), briefly de-
scribed earlier (10), represent the first terminal chloroamino-
phosphido complexes of the fragments Cp*Ru(CO)2 and
CpRu(CO)2. They were synthesized in good yield (65–68%)
via the reaction of the potassium salts of the respective ru-
thenium anions with the dichloroaminophosphine Cl2P(TMP)
in THF. Both 1a and 1b exhibit two ν(CO) bands in the in-
frared, indicating that only one conformation of the
phosphido ligand is present, likely the conformer in which
the bulky TMP ligand points away from the Cp or Cp* ring.
This conformation was confirmed in the previously reported
X-ray crystal structure of 1c (10). The 31P{1H} NMR spec-
trum shows singlet resonances at δ 251.3 (1a) and δ 303.5
(1b), typical of terminal P(Cl)NR2 ligands (10, 11, 18).

Reaction of the ruthenium phosphido complexes
[Cp*Ru(CO)2{P(Cl)TMP}] (1a) and [CpRu(CO)2{P(Cl)-
TMP}] (1b) with Co2(CO)8 led to the tetracobalt cluster
[Co4(CO)7(µ-CO)3{µ3-P(TMP)}] (2) as the major isolable
product (Scheme 2). In these reactions, the aminophosphi-
nidene unit has been transferred completely to cobalt and the
Cp or Cp* ruthenium fragment is eliminated. In contrast to
the related Mo system, no RuCo bimetallic complexes could
be isolated or detected in the reaction, regardless of stoichio-
metry and reaction conditions. Attempts to isolate or identify
ruthenium-containing fragments from the reaction mixture
were unsuccessful. Infrared spectroscopy of the mother solu-
tion after crystallization of 2 showed a complex mixture of
carbonyl complexes.

The cluster 2 has been structurally characterized. An
ORTEP diagram is shown in Fig. 1 and selected distances
and angles are shown in Table 1. The structure consists of a
tetrahedral core of four cobalt centres with one trigonal face
capped by the aminophosphinidene ligand, resulting in a
trigonal bipyramidal arrangement of the core Co4P atoms.
Each cobalt atom of the phosphinidene-capped face also has
two terminal carbonyl ligands. The fourth cobalt centre
bears one terminal carbonyl. A carbonyl ligand bridges each
of the metal—metal bonds between the equatorial cobalt at-
oms and the axial cobalt. The cobalt—phosphorus distances
of 2.144(1), 2.156(1), and 2.172(1) Å are similar to those of
previous cobalt µ3-phosphinidene complexes (19–23). The
cluster electron count is 60, consistent with a tetrahedral M4
structure if only the metal atoms are considered part of the
skeleton. Alternatively, with 6 skeletal electron pairs, 2 has a
closo trigonal bipyramidal Co4P framework. Surprisingly, 2
appears to be the first simple diamagnetic �3-phosphinidene

cobalt carbonyl cluster, although several paramagnetic com-
plexes of the type [Co3(CO)9(µ3-PR)] have been described
(20, 22, 24), as have Co3 phosphinidene–phosphido (23) and
phosphinidene–boride clusters (21). Also of note are the
tetracobalt clusters [Co4(µ3-PPh)4(PPh3)4] and [Co4(µ3-
PPh)4(PPh3)4]

+, which consist of a tetrahedron of cobalt at-
oms surrounded by four µ3-phosphinidene ligands (19), and
[Co4(CO)10(P-i-Pr)3], in which two Co2 units are bridged by
three µ3-PR units (25). Cobalt clusters containing µ4-phos-
phinidene ligands are, on the other hand, relatively common
(20, 26).

The 31P NMR spectrum of 2 shows a peak for the
phosphinidene phosphorus atom at δ 503.5, which is in the
typical range for µ3-phosphinidene ligands. In all of the co-
balt clusters described, the phosphorus resonances are broad
as a result of quadrupolar coupling to 59Co and 14N. The 1H
NMR spectrum shows the expected peaks for the TMP
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group. The IR spectrum shows terminal carbonyl stretching
bands at 2038, 2028, and 1906 cm–1 and a bridging carbonyl
stretch at 1862 cm–1.

In contrast, reaction of the phosphido complex
[Cp*Ru(CO)2{P(Cl)N-i-Pr2}] (1c), which has a less
sterically demanding di-isopropylamino group on the
phosphido ligand, led to the cluster [Cp*RuCo3(CO)8(µ-
CO)2(µ3-PN-i-Pr2)] (3). An ORTEP diagram of 3 is shown in
Fig. 2 and selected distances and angles are shown in Ta-
ble 2. The molecule consists of a triangle of cobalt atoms

capped by a µ3-phosphinidene ligand with the Cp* ruthe-
nium fragment bound to one of the cobalt atoms, resulting in
a spiked-triangular arrangement of the metals. The two co-
balt atoms that are not bound to ruthenium each have three
terminal carbonyl ligands. The ruthenium-bound cobalt atom
has one terminal carbonyl ligand and two carbonyls bridge
the cobalt—ruthenium bond. In addition to the bridging car-
bonyls, the ruthenium atom is attached to the Cp* ligand and
one terminal carbonyl. The overall cluster electron count is
64, consistent with the presence of only four metal—metal
bonds. The ruthenium atom in 3 is not coplanar with the Co3
triangle but deviates from the plane by 0.8879 Å on the
same side of the plane as the phosphinidene ligand. Com-
pound 3 appears to be a unique example of a ruthenium
spiked cobalt triangle, although spiked triangular clusters in-
volving other transition metals are well known (27).

The phosphorus—nitrogen distance of 1.659(3) Å is inter-
mediate between P—N single and P=N double bonds, which
is typical of bridging aminophosphinidene ligands in clusters
and consistent with partial P—N multiple bonding (15, 28).
The geometry at nitrogen is nearly planar.

© 2003 NRC Canada
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Fig. 1. ORTEP diagram of the X-ray crystal structure of
[Co4(CO)7(µ-CO)3{µ3-P(TMP)}] (2). Thermal ellipsoids are
shown at the 50% level, and hydrogen atoms have been omitted
for clarity.

Bond distances (Å)
Co(1)—P(1) 2.144(1) Co(2)—Co(4) 2.4599(6)
Co(1)—Co(3) 2.5128(6) Co(2)—Co(3) 2.5457(6)
Co(1)—Co(2) 2.5242(6) Co(3)—P(1) 2.172(1)
Co(1)—Co(4) 2.5278(7) Co(3)—Co(4) 2.5077(7)
Co(2)—P(1) 2.156(1) P(1)—N(1) 1.656(3)
Bond angles (°)
Co(3)-Co(1)-Co(2) 60.72(2) Co(1)-Co(3)-Co(2) 59.86(2)
Co(3)-Co(1)-Co(4) 59.67(2) Co(2)-Co(4)-Co(3) 61.65(2)
Co(2)-Co(1)-Co(4) 58.28(2) Co(2)-Co(4)-Co(1) 60.79(2)
Co(4)-Co(2)-Co(1) 60.93(2) Co(3)-Co(4)-Co(1) 59.87(2)
Co(4)-Co(2)-Co(3) 60.10(2) N(1)-P(1)-Co(1) 139.0(1)
Co(1)-Co(2)-Co(3) 59.42(2) N(1)-P(1)-Co(2) 135.3(1)
Co(4)-Co(3)-Co(1) 60.46(2) N(1)-P(1)-Co(3) 138.0(1)
Co(4)-Co(3)-Co(2) 58.25(2)

Table 1. Selected bond distances and angles for [Co4(CO)7(µ-
CO)3{µ3-P(TMP)}] (2).

Fig. 2. ORTEP diagram of the X-ray crystal structure of
[Cp*RuCo3(CO)8(µ-CO)2(µ3-PN-i-Pr2)] (3). Thermal ellipsoids
are shown at the 50% level, and hydrogen atoms have been
omitted for clarity.

Bond distances (Å)
Co(1)—P(1) 2.1345(9) Co(3)—Co(2) 2.6150(6)
Co(1)—Co(3) 2.5944(6) Co(2)—P(1) 2.1228(9)
Co(1)—Co(2) 2.7114(6) P(1)—N(1) 1.659(3)
Co(3)—P(1) 2.1584(9)
Bond angles (°)
Co(3)-Co(1)-Ru(1) 157.86(2) N(1)-P(1)-Co(2) 136.9(1)
Co(3)-Co(1)-Co(2) 59.01(2) N(1)-P(1)-Co(1) 136.8(1)
Ru(1)-Co(1)-Co(2) 128.72(2) Ru(1)-C(2)-Co(1) 82.8(1)
Co(1)-Co(3)-Co(2) 62.78(2) Co(1)-C(3)-Ru(1) 84.1(1)
Co(3)-Co(2)-Co(1) 58.26(2)

Table 2. Selected bond distances and angles for [Cp*RuCo3-
(CO)8(µ-CO)2(µ3-PN-i-Pr2)] (3).
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The phosphinidene phosphorus atom of 3 appears at δ
461.4 in the 31P NMR spectrum. The 1H NMR spectrum ex-
hibits one set of peaks for the isopropyl groups and the Cp*
methyl groups, indicating that there is free rotation about the
P—N bond and suggesting that the Npπ—Ppπ bonding is
weak. Terminal carbonyl stretching bands are observed at
2069, 2031, 2012, 2000, 1985, and 1969 cm–1 and the bridg-
ing carbonyl stretch appears at 1797 cm–1.

Given the facility of cluster formation by ruthenium phos-
phido complexes with Co2(CO)8 and our inability to isolate
any RuCo bimetallic complexes, we re-examined the reac-
tions with the Mo phosphido complexes. In our previous
paper, conditions were optimized for the formation of bime-
tallic complexes. However, by reacting the bimetallic MoCo
complexes with further Co2(CO)8 or by reacting the starting
phosphido complexes with excess Co2(CO)8 we anticipated
favouring the formation of phosphinidene clusters.

Thus the reaction of [CpMo(CO)2{P(Cl)TMP}] (4) with
excess Co2(CO)8 led to the formation of [Co4(CO)7(µ-
CO)3{µ3-P(TMP)}] (2), the same product that was observed
in the reaction with [Cp*Ru(CO)2{P(Cl)TMP}] (1a) and
[CpRu(CO)2{P(Cl)TMP}] (1b). Again, we observed a com-
plete transfer of the phosphinidene unit from Mo to Co and
loss of the Mo fragment (Scheme 3).

However, in sharp contrast, the reaction of
[Cp*Mo(CO)3{P(Cl)N-i-Pr2}] (5) with excess Co2(CO)8 did
not result in a complete transfer of the phosphinidene unit
and instead led to the formation of the heterometallic cluster
[Cp*MoCo3(CO)5(µ-CO)4(µ3-PN-i-Pr2)] (6). An ORTEP dia-
gram of 6 is shown in Fig. 3 and selected distances and an-
gles are shown in Table 3. The core structure is similar to
that of 2 with a trigonal bipyramidal arrangement of the four
metals and the phosphorus atom. The molybdenum atom oc-
cupies one of the equatorial positions and is bound to the

phosphinidene phosphorus atom and the Cp* ring, as well as
to two carbonyl ligands that bridge the molybdenum and the
axial cobalt centre. Each equatorial cobalt atom is bound to
phosphorus and to two terminal carbonyls. In addition, there
is a carbonyl bridge between each of the equatorial cobalt
centres and the axial cobalt centre. The axial cobalt is bound
to only one terminal carbonyl ligand in addition to the four
bridging carbonyl ligands mentioned.

Bonding to the µ3-phosphinidene ligand is significantly
unsymmetrical, as expected given the smaller atomic radius
of Co compared with Mo. The P—Co distances are 2.158(2)
and 2.142(2) Å and the Mo—P distance is 2.391(1) Å. Also
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Scheme 3. Fig. 3. ORTEP diagram of the X-ray crystal structure of
[Cp*MoCo3(CO)5(µ-CO)4(µ3-PN-i-Pr2)] (6). Thermal ellipsoids
are shown at the 50% level, and hydrogen atoms have been
omitted for clarity.

Bond distances (Å)
Mo(1)—P(1) 2.390(1) Co(1)—Co(3) 2.506(1)
Mo(1)—Co(1) 2.6492(9) Co(2)—P(1) 2.157(2)
Mo(1)—Co(2) 2.823(1) Co(2)—Co(3) 2.554(1)
Mo(1)—Co(3) 2.848(1) Co(3)—P(1) 2.142(2)
Co(1)—Co(2) 2.496(1) P(1)—N(1) 1.653(6)
Bond angles (°)
P(1)-Mo(1)-Co(1) 89.97(4) Co(1)-Co(2)-Co(3) 59.48(3)
P(1)-Mo(1)-Co(2) 48.00(4) Co(1)-Co(2)-Mo(1) 59.37(3)
Co(1)-Mo(1)-Co(2) 54.15(3) Co(3)-Co(2)-Mo(1) 63.72(3)
P(1)-Mo(1)-Co(3) 47.28(4) Co(1)-Co(3)-Co(2) 59.09(3)
Co(1)-Mo(1)-Co(3) 54.10(3) Co(1)-Co(3)-Mo(1) 58.91(3)
Co(2)-Mo(1)-Co(3) 53.55(3) Co(2)-Co(3)-Mo(1) 62.73(3)
Co(2)-Co(1)-Co(3) 61.43(3) N(1)-P(1)-Co(3) 135.8(2)
Co(2)-Co(1)-Mo(1) 66.48(3) N(1)-P(1)-Co(2) 127.6(2)
Co(3)-Co(1)-Mo(1) 67.00(3) N(1)-P(1)-Mo(1) 139.8(2)

Table 3. Selected bond distances and angles for [Cp*MoCo3-
(CO)5(µ-CO)4(µ3-PN-i-Pr2)] (6).
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of note is the distortion of the phosphinidene ligand away
from the pseudo threefold axis that would pass through P, N,
and the centroid of the three equatorial metal atoms. In
most µ3-phosphinidene complexes, the P—X bond is essen-
tially perpendicular to the metal plane. In complex 6, the
P—N bond forms an angle of 80.5° to the Co2Mo plane.
This deviation may be attributed to the steric interaction be-
tween the Cp* and di-isopropyl amine groups. Unfortu-
nately, we were unable to synthesize the Cp analogue for
comparison. However, it is clear that an analogous complex
to 6 containing the bulkier TMP group on the phosphinidene
would suffer from severe steric congestion.

The 31P NMR spectrum of complex 6 shows a peak at δ
514.4, which corresponds to the µ3-phosphinidene ligand.
The 1H NMR spectrum shows peaks for two equivalent iso-
propyl groups and the Cp* methyl groups.

One side product was also isolated from this reaction,
which was identified as [Cp*MoCo(CO)7] (7). It is some-
what surprising that this compound was observed only for
this reaction, since the main product still contains the
Cp*Mo unit. However, the yield of the main product is mod-
erate, and there are clearly other reactions occurring. While
we were unable to identify side products for any of the other
reactions, we can speculate on the mechanism of the reac-
tions (Scheme 4). For the molybdenum complexes, the initial
products are the bimetallic complexes [(C5R5)MoCo-
(CO)7(µ-PNR2)]. The other product of this initial reaction is
presumably an unstable cobalt carbonyl chloride. The sec-
ond step of the reaction is the addition of a second equiva-
lent of Co2(CO)8 across the Mo—Co bond, leading to a
cluster with the formulation [(C5R5)MoCo3(CO)9(µ3-PNR2)].
With the phosphinidene PN-i-Pr2, this is the final stable
product. With the bulkier phosphinidene ligand P(TMP),

steric congestion probably induces the elimination of
[Cp*MoCo(CO)7], leading to a phosphinidene-bridged dico-
balt cluster, which adds Co2(CO)8, leading to the final prod-
uct [Co4(CO)7(µ-CO)3{µ3-P(TMP)}] (2). The mechanism of
the reactions with the ruthenium phosphido complexes is
more difficult to discern. Formation of compound 2 may oc-
cur by an analogous mechanism to that above. However, bi-
metallic CoRu complexes could not be isolated, and the
spiked tetrahedral structure [Cp*RuCo3(CO)8(µ-CO)2(µ3-
PN-i-Pr2)] (3) clearly does not fit into such a reaction
scheme.

In reactions of both the Mo phosphido complexes and the
Ru phosphido complexes, the TMP substituent encourages
transfer of the phosphinidene ligand and elimination of the
metal fragment containing the Cp or Cp* ligand. This reac-
tivity is likely a result of steric interactions between the very
bulky TMP group and the other ligands. Thus, some degree
of steric control over the reactivity of the terminal phosphido
complexes can be achieved. With the bulkier TMP ligand,
the phosphido complex acts as a source of phosphinidene
(PR). With the smaller di-isopropylamino group, the entire
phosphido complex is incorporated into the cluster.

In summary, the results in this paper confirm that readily
accessible terminal chloroaminophosphido complexes serve
as useful precursors for the synthesis of new phosphinidene-
based homo- and heteronuclear clusters.

Experimental section

All procedures were carried out under a nitrogen atmo-
sphere using standard Schlenk techniques or a glovebox. The
compounds [Cp*Ru(CO)2{P(Cl)N-i-Pr2] (10), [CpMo(CO)2-
{P(Cl)TMP] (29), and [Cp*Mo(CO)3{P(Cl)N-i-Pr2] (18)
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were prepared according to published procedures. All NMR
spectra were recorded in CDCl3, and infrared spectra were
recorded in hexane solution.

Preparation of compounds

[Cp*Ru(CO)2{P(Cl)TMP}] (1a)
[Cp*Ru(CO)2]2 (100 mg, 0.17 mmol) and KC8 (56 mg,

0.41 mmol) were stirred in THF (15 mL) for 12 h. The re-
sulting solution was filtered and added dropwise to a solu-
tion of Cl2P(TMP) (83 mg, 0.34 mmol) in THF (10 mL),
resulting in the formation of a pale yellow solution. The sol-
vent was removed in vacuo, and the residue was extracted
into hexane (5 mL), filtered, and cooled to –25 °C, resulting
in the formation of pale yellow crystals of [Cp*Ru(CO)2-
{P(Cl)TMP}] (1a). Yield 110 mg, 65%. IR (ν(CO), cm–1):
2007 (s), 1952 (s). 1H NMR δ: 1.87 (s, 5H, C5(CH3)5), 1.53
(b, 18H, CH3 and CH2).

31P{1H} NMR δ: 303.5. Anal.
calcd. for C21H33NO2PClRu: C 50.55, H 6.67, N 2.81;
found: C 50.33, H 6.98, N 2.77.

[CpRu(CO)2{P(Cl)TMP}] (1b)
[CpRu(CO)2]2 (190 mg, 0.43 mmol) and KC8 (140 mg,

1.0 mmol) were stirred in THF (15 mL) for 12 h. The result-
ing solution was filtered and added dropwise to a solution of
Cl2P(TMP) (208 mg, 0.86 mmol) in THF (10 mL), resulting
in the formation of a pale yellow solution. The solvent was
removed in vacuo, and the residue was extracted into hexane
(5 mL), filtered, and cooled to –25 °C, resulting in the for-
mation of pale yellow crystals of [CpRu(CO)2{P(Cl)TMP}]
(1a). Yield 250 mg, 68%. IR (ν(CO), cm–1): 2027 (s), 1976
(s). 1H NMR δ: 5.35 (s, 5H, C5H5), 1.64 (b, 12H, CH3), 1.51
(b, 6H, CH2).

31P{1H} NMR δ: 251.3. Anal. calcd. for
C16H23NO2PClRu: C 44.81, H 5.41, N 3.27; found: C 44.75,
H 5.70, N 3.15.

Reaction of [Cp*Ru(CO)2{P(Cl)TMP}] (1a) with
Co2(CO)8

A solution of [Cp*Ru(CO)2{P(Cl)TMP}] (1a, 100 mg,
0.200 mmol) and Co2(CO)8 (220 mg, 0.643 mmol) in hexane
(10 mL) was stirred for 2 h and then filtered. The solvent
volume was reduced to approximately 3 mL, and the result-
ing solution was cooled to –25 °C, resulting in the gradual
formation of black crystals of [Co4(CO)7(µ-CO)3{µ3-
P(TMP)}] (2). Yield, 75 mg, 47%. IR (ν(CO), cm–1): 2038
(s), 2028 (m), 1906 (w), 1862 (w). 1H NMR δ: 1.89 (6H,
CH2), 1.83 (12 H, CH3).

31P{1H} NMR δ: 503.5 (bs). Anal.
calcd. for C19H18NO10PCo4: C 33.22, H 2.64, N 2.04; found:
C 33.34, H 2.47, N 2.08.

Reaction of [CpRu(CO)2{P(Cl)TMP] (1b) with
Co2(CO)8

Using the procedure described above, [CpRu(CO)2-
{P(Cl)TMP}] (1b, 100 mg, 0.20 mmol) was reacted with
Co2(CO)8 (240 mg, 0.70 mmol) to form [Co4(CO)7(µ-
CO)3{µ3-P(TMP)}] (2). Yield: 0.068 mg, 50%.

Reaction of [Cp*Ru(CO)2{P(Cl)N-i-Pr2] (1c) with
Co2(CO)8

A solution of [Cp*Ru(CO)2{P(Cl)N-i-Pr2}] (1c, 200 mg,
0.44 mmol) and Co2(CO)8 (300 mg, 0.88 mmol) in hexane

(15 mL) was stirred for 2 h and then filtered. The solvent
volume was reduced to approximately 5 mL, and the solu-
tion was cooled to –25 °C, resulting in the formation of
black crystals of [Cp*RuCo3(CO)8(µ-CO)2(µ3-PN-i-Pr2)] (3).
Yield: 180 mg, 51%. IR (ν(CO), cm–1): 2069 (s), 2031 (s),
2012 (s), 2000 (m), 1985 (w), 1969 (m), 1797 (w). 1H NMR
δ: 4.03 (septet, 3J(HH) = 6.8 Hz, 2H, CH(CH3)2), 1.92 (s,
15H, C5(CH3)5), 1.34 (d, 2J(HH) = 6.8 Hz, 12H, CH(CH3)2).
31P{1H} NMR δ: 461.4. Anal. calcd. for C26H29NO10PCo3Ru:
C 37.88, H 3.55, N 1.70; found: C 37.46, H 3.52, N 1.90.

Reaction of [CpMo(CO)2{P(Cl)TMP] (4) with Co2(CO)8

A solution of [CpMo(CO)2{P(Cl)TMP}] (4, 100 mg,
0.24 mmol) and Co2(CO)8 (270 mg, 0.80 mmol) in hexane
(10 mL) was stirred for 2 h and then filtered. The solvent
volume was reduced to approximately 3 mL, and the result-
ing solution was cooled to –25 °C, resulting in the gradual
formation of black crystals of [Co4(CO)7(µ-CO)3{µ3-
P(TMP)}] (2). Yield, 160 mg, 53%.

Reaction of [Cp*Mo(CO)3{P(Cl)N-i-Pr2] (5) with
Co2(CO)8

A solution of [Cp*Mo(CO)3{P(Cl)N-i-Pr2}] (5, 100 mg,
0.21 mmol) and Co2(CO)8 (220 mg, 0.64 mmol) in hexane
(10 mL) was stirred for 2 h and then filtered. The volume of
the filtrate was reduced to approximately 3 mL. The solution
was then cooled to –25 °C, resulting in the gradual forma-
tion of a mixture of black crystals of [Cp*MoCo3(CO)5(µ-
CO)4(µ3-PN-i-Pr2)] (6) and red crystals that were identified
as [Cp*MoCo(CO)7] by infrared spectroscopy and X-ray
crystallography. Spectral data for 6: 1H NMR δ: 4.37 (septet,
2H, CH(CH3)2,

3J(HH) = 6.8 Hz), 2.04 (s, 15H, C5(CH3)5),
1.60 (d, 12H, CH(CH3)2,

3J(HH) = 6.8 Hz). 31P{1H} NMR
δ: 514.4 (bs). Accurate elemental analysis for 6 could not be
obtained because samples could not be completely separated
from [Cp*MoCo(CO)7].

X-ray structure determination
Crystals of compounds 2, 3, and 6 were mounted on glass

fibres. Intensity data were collected on a Siemens SMART
CCD diffractometer using graphite-monochromated Mo Kα
radiation at 173(2) K. Unit cells were determined from ran-
domly selected reflections obtained using the SMART CCD
automatic search, centre, index, and least-squares routines.
Integration was carried out using SAINT and empirical ab-
sorption corrections were applied using SADABS. Structure
solution was carried out using the SHELXTL 5.1 suite of
programs. Initial solutions were obtained by direct methods
and refined by successive least-squares cycles. Full matrix
least-squares refinements minimized the function Σhklw(|*Fo| –
|Fc|)

2, where w = 1/σ(Fo)2, σ(Fo) = σ(Fo
2)/2Fo, and σ(Fo

2) =
[σ(Iraw)2 + (0.02Inet)

2]1/2/Lp. Crystal data and collection pa-
rameters are listed in Table 4. For compound 3, the Cp* ring
was disordered over three positions with occupancies of 0.8,
0.2, and 0.2. The major disordered ring was refined with
anisotropic thermal parameters, while the minor disordered
rings were refined isotropically. For compound 6, the
isopropyl groups were disordered over two positions, and the
carbon atoms of that group were refined isotropically.
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2 3 6

Empirical formula C19H18NO10PCo4 C26H29NO10PCo3Ru C25H29NO9PCo3Mo

Formula weight 687.03 824.33 791.19
Crystal system Orthorhombic Monoclinic Orthorhombic
Space group Pbca P21/c P212121

Unit cell dimensions
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β (°) 103.985(1)
Volume (Å3) 4993.3(4) 3205.2(3) 2916.4(4)
Z 8 4 4
Dcalcd (Mg m–3) 1.828 1.708 1.802

Absorption coefficient (mm–1) 2.728 2.089 2.202
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wR2 (all data) 0.1020 0.0950 0.1565

Largest diff. peak (e Å–3) 0.747 0.809 2.470
Largest diff. hole (e Å–3) –0.650 –0.808 –2.608

Table 4. Crystal data and structure refinement.
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Band-gap tuning by solid-state intercalations of
Mg, Ni, and Cu into Mo3Sb7

1

N. Soheilnia, E. Dashjav, and H. Kleinke

Abstract: Mo3Sb7 was synthesized by heating the elements in the stoichiometric ratio in a sealed silica tube at 700 °C.
The title compounds AδMo3Sb7 (A = Mg, Ni, Cu) were prepared by annealing prereacted Mo3Sb7 with different
amounts of A in powder form between 500 and 750 °C. According to our single-crystal structure studies, the A atoms
can be intercalated in small amounts into the cubic voids of the Mo3Sb7 structure without noticeable symmetry changes
(space group Im3m). The different cations cause different band-gap decreases that depend on the element as well as its
concentration.

Key words: thermoelectrics, band-gap tuning, intercalation, antimonide, electronic structure.

Résumé : On a réalisé la préparation du Mo3Sb7 en chauffant les éléments à 700 °C, dans un rapport stoechiomé-
trique, dans un tube de silice scellé. Les composés mentionnés dans le titre, AδMo3Sb7 (A = Mg, Ni, Cu) ont été prépa-
rés par recuisson à des températures allant de 500 à 750 °C, du Mo3Sb7 obtenu antérieurement avec diverses quantités
de l’élément A sous la forme de poudre. D’après les études de diffraction des rayons X effectuées sur des mono cris-
taux, les atomes de l’élément A peuvent s’intercaler dans les vides cubiques de la structure de Mo3Sb7 sans change-
ment notable de symétrie (groupe d’espace Im3m). Les différents cations provoquent des diminutions de la largeur de
bande interdite qui dépendent de la nature de l’élément ainsi que de sa concentration.

Mots clés : thermoélectrique, ajustement de la largeur de bande interdite, intercalation, antimoine, structure électro-
nique.

[Traduit par la Rédaction] Soheilnia et al. 1163

Introduction

Our motivation to chemically modify Mo3Sb7 (1) stems
from our research interests in thermoelectric materials.
Thermoelectrics are used to convert electricity into a temper-
ature gradient (e.g., for Peltier cooling) or vice versa (for
power generation) (2). The materials commercially used are
usually narrow band-gap semiconductors comprising heavy
elements. Several new materials are currently under investi-
gation because of their promising thermoelectric properties
(3). Among them are bismuth chalcogenides (4–8),
germanium- and tin-based clathrates (9–12), and tin- and
antimony-based half-Heusler compounds (13–17). In partic-
ular, many researchers from different countries concentrate
on the filled skutterudites (18–26). The general formula of
the filled skutterudites is LnδM4Sb12 with 0 ≤ δ ≤ 1, with Ln
being a lanthanoid and M a late transition element such as
Fe, Co, and Ni. While the parent compound, LaFe4Sb12, is
metallic, LaFe3CoSb12 exhibits outstanding thermoelectric
properties, for its high thermopower and electrical conduc-

tivity are combined with an extraordinarily low thermal con-
ductivity. The latter stems from the high vibrations of the La
atom situated in a large “cage” of Sb atoms, a phenomenon
usually referred to as rattling. Thus, the filled skutterudites
may serve as an ideal for a phonon-glass, electron-crystal
material (27, 28).

Mo3Sb7, albeit a metallic material, is another interesting
candidate for the thermoelectric energy conversion, as we
have recently demonstrated that it becomes semiconducting
by a partial Sb–Te exchange. The highest Seebeck coeffi-
cient in the series Mo3Sb7 – yTey is found at y = 2.2 (29). Fur-
thermore, its crystal structure (Ir3Ge7 type) comprises large
cubic voids, which may be filled with small cations to create
the rattling effect discussed above. This article deals with the
successful intercalation of Mg, Ni, and Cu, as confirmed via
single-crystal X-ray studies and EDS investigations, and its
consequences for the electronic structure and, thus, the phys-
ical properties.

Experimental

Synthesis
All starting materials were used as acquired in powder

form from ALFA AESAR and ALDRICH, with purities of at
least 99.5%. Mo3Sb7 was prepared first by annealing the ele-
ments Mo and Sb in the stoichiometric 3:7 ratio in an evacu-
ated fused silica tube at 700 °C for at least 72 h. In attempts
to investigate the possibility of filling the cubic void of the
Mo3Sb7 structure, the elements A = Mg, Ni, and Cu were
added in three different amounts each to Mo3Sb7, resulting
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in nine different reactions, aiming for the product AδMo3Sb7
with δ = 0.1, 0.25, and 0.5. The number of A atoms per
Mo3Sb7 unit required to fill all cubic voids of the structure is
0.5.

These mixtures were annealed at different temperatures
between 500 and 750 °C. The most homogeneous samples
were obtained at 600 °C. Subsequent attempts, starting from
the elements, yielded the same X-ray powder diffractograms,
i.e., most likely the same products. As only the reactions
with δ = 0.1 gave (seemingly) single phase powder diagrams
of AδMo3Sb7, it is concluded that less than 0.25 A cations
may be intercalated into Mo3Sb7.

Analysis
EDS investigations (LEO 1530, with integrated EDAX

Pegasus 1200) on selected crystals of the products of the
nominal composition “Cu0.10Mo3Sb7” revealed that no impu-
rities were present. While the peak of the Cu–K line was
very small in each case, its presence was obvious, support-
ing the incorporation of Cu atoms in these crystals. Aver-
aging the integrations over all peaks obtained from the four
crystals resulted in a Cu:Mo:Sb ratio of 1:28:71 atomic %.
Since the Cu concentration was not a function of the acceler-
ation voltage, it is not a surface effect.

Structure determination
Three different block- to cubic-like single crystals of the

nominal composition “A0.25Mo3Sb7” with A = Mg, Ni, and
Cu were selected under an optical microscope and then
mounted on glass fibers. This composition was chosen to en-
sure that the upper limit of the A intercalation was deter-
mined. Single-crystal X-ray diffraction data were collected
with the use of graphite-monochromatized Mo Kα radiation
(λ = 0.71073 Å) at 298(2) K on a Bruker Smart APEX
CCD diffractometer. The crystal-to-detector distance was
4.550 cm. Data were collected by a scan of 0.3° in ω in
groups of 606 frames. The data were corrected for Lorentz
and polarization effects. Absorption corrections were based
on fitting a function to the empirical transmission surface,
as sampled by multiple equivalent measurements using
SADABS (30). Diffraction peaks obtained from all frames
of the reciprocal space images were used to determine the
unit cell parameters, which were slightly, yet significantly,
enlarged, e.g., from a = 9.559(3) Å (Mo3Sb7) to a =
9.5829(9) Å (Cu0.041(6)Mo3Sb7).

First refinements using SHELXTL (31) were done for A =
Cu, with the space group and the atomic positions taken
from our earlier refinements on Mo3Sb7 (29). This resulted
in small residual factors (e.g., R(F) = 0.0236), but a high rest
electron density of 10.5 e/Å3 at (0, 0, 0), the location of the
cubic void. The other remaining peaks in the difference-
Fourier map were below 2.5 e/Å3. Refining this site, then, as
a Cu atom with free occupancy lowered the residual factor to
0.0219 (by changing the data:parameter ratio from 164:10 to
164:12) and resulted in an occupancy factor of 8%. No hints
towards ordering of the Cu atoms by a symmetry reduction
(formation of an ordered superstructure) were found. Re-
peating this procedure for A = Mg and Ni yielded similar
occupancy factors. The final refined formulas are
Mg0.07(2)Mo3Sb7 and Ni0.04(1)Mo3Sb7 and Cu0.041(6)Mo3Sb7,

respectively. Details of the structure determinations are
given in the Table 1.

Electronic structure calculations
The self-consistent, tight-binding first principles LMTO

(LMTO = linear muffin tin orbitals) approach (32, 33) was
used for all band structure calculations. In the LMTO ap-
proach, the density-functional theory is used with the local
density approximation (LDA) (34). The integrations in k
space were performed by an improved tetrahedron method
(35) on grids of more than 200 independent k points of the
first Brillouin zone, depending on its size and symmetry.
Several structure models were calculated, namely Mo3Sb7 as
taken from our single crystal data, hypothetical
“A0.125Mo3Sb7” (with A = Mg, Ni, Cu), and “Mg0.25Mo3Sb7”
and “Mg0.5Mo3Sb7” using the structure parameters of
Mo3Sb7. For the last case, the (0, 0, 0) position was filled
completely with Mg atoms, retaining the space group. For
the other two, the cell had to be enlarged, as it originally
contains only one A atom in the primitive unit cell. Then,
one A atom out of two and one A atom out of four were
filled per cell causing symmetry reduction, modeling
“Mg0.25Mo3Sb7” and “A0.125Mo3Sb7”, respectively. Modeling
structures with smaller A content (e.g., corresponding to
“A0.0625Mo3Sb7”) was not possible, since that unit cell would
become too large, containing too many valence orbitals for
our computational facilities.

Results and discussion

Crystal structure
Mo3Sb7 was confirmed to crystallize in the cubic Ir3Ge7

type. Its structure comprises pairs of face-condensed (dis-
torted) MoSb8 square antiprisms, which are interconnected
to form infinite chains by Sb—Sb bonds between neighbor-
ing pairs. This connection occurs with the formation of an
empty Sb8 cube, which we were able to partly fill with the
cations Mg, Ni, and Cu. As all six faces of each cube are
part of a face of an MoSb8 square antiprism, three chains or-
thogonal to each other are interpenetrating at the Sb8 cube,
thus forming a three-dimensional network of interwoven
chains. Parallel chains are interconnected via a short Sb—Sb
bond from one cube of one chain to one of the next. Figure 1
shows the whole crystal structure of AδMo3Sb7 in a projec-
tion onto the a,b plane on the left and two parallel chains on
the right.

While there is only one Mo site as well as one A site in
this structure, two symmetrically independent Sb atoms are
present. The Sb(1) atoms form the face in the center of the
pair of MoSb8 square antiprisms, with Sb—Sb distances of
3.38 Å within the face (dashed lines in Fig. 1). On the other
hand, the Sb(2) atoms form the cube, with shorter Sb—Sb
distances of 3.10 Å within the cube and the shortest Sb—Sb
bond of this structure (2.91 Å) between the Sb(2) atoms of
the cubes of two parallel chains. The 2.91 Å bond length
compares well to the length of Sb—Sb single bonds, as in
the Zintl compound KSb (2.83 and 2.85 Å) (36). On the
other hand, Sb—Sb bonds around 3.10 Å (the longer
Sb(2)—Sb(2) distance) are usually described as half bonds

© 2003 NRC Canada
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(37–40). Weakly bonding interactions of 3.2–3.4 Å occur
quite often in transition-metal antimonides (41–43).

As well, the Mo—Sb distances are different for both Sb
atoms: 2.82 Å for the four Mo—Sb(1) bonds vs. 2.79 Å for
the four Mo—Sb(2) bonds per Mo atom. The Mo—Sb bonds
of Mo3Sb7, the only known binary Mo antimonide, compare
well to those of the recently published Mo antimonide–
chalcogenides, namely Mo2SbS2 (shortest Mo—Sb bond:
2.83 Å) (44), MoSb2S (2.82 Å) (45), and MoSb2Se (2.80 Å)
(46). These distances are all longer than the sums of the sin-

gle bond radii, e.g., after Pauling: rMo + rSb = 1.29 Å +
1.39 Å = 2.68 Å (47).

The MoSb8 antiprisms are face-condensed; an Mo—Mo
contact of 3.00 Å is present across the shared face. As we
have reported before (29), all these distances have bonding
character, albeit of different strength.

In the binary Mo3Sb7, the distance between each corner of
the Sb8 cube (i.e., the cubic void) and its center is 2.69 Å,
which corresponds to a reasonable A—Sb bond: the shortest
Mg—Sb bond in Mg3Sb2 is 2.82 Å (48); the Ni—Sb bond in

© 2003 NRC Canada
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Empirical formula Mg0.07(2)Mo3Sb7 Ni0.04(1)Mo3Sb7 Cu0.041(6)Mo3Sb7

Formula weight (g/mol) 1141.71 1142.42 1145.15
Diffractometer used Smart Apex CCD Smart Apex CCD Smart Apex CCD
Temperature (K) 298(2) 298(2) 298(2)
Wavelength (Å) 0.71073 0.71073 0.71073
Space group Im3m (No. 229) Im3m (No. 229) Im3m (No. 229)
Unit cell dimensions, a (Å) 9.5740(7) 9.5734(6) 9.5829(9)
V (Å3) 877.6(1) 877.4(1) 880.0(1)
Z 4 4 4
Calculated density (mg/m3) 8.641 8.648 8.643
Absorption coefficient (1/mm) 25.229 25.312 25.342
F(000) 1935 1936 1941
Crystal size (µm) 25 × 25 × 20 34 × 20 × 10 32 × 31 × 25
Theta range for data collection (°) 3.01–33.06 3.01–29.87 3.01–34.90
Reflections collected 2213 1625 1193
Independent reflections (Rint) 198 (0.047) 155 (0.085) 219 (0.036)

Absorption correction SADABS SADABS SADABS
Max. and min. transmission 1.00 and 0.79 1.00 and 0.43 1.00 and 0.78
Goodness-of-fit on F2 1.06 1.14 0.95
R(F)a, Rw(F2)b (I > 2σ(I)) 0.023, 0.049 0.033, 0.063 0.022, 0.030

Extinction coefficient 0.00076(9) 0.0006(1) 0.00035(3)
Largest diff. peak and hole (e/Å3) 1.32 and –1.64 2.37 and –1.78 1.01 and –1.24

aR(Fo) = Σ||Fo| – |Fc|| / Σ|Fo|.
bRw(Fo

2) = [Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]]½.

Table 1. Crystallographic data for AδMo3Sb7.

Fig. 1. Crystal structure of AδMo3Sb7 (left) and chains of face-condensed MoSb8 square antiprisms and ASb8 cubes (right). Small,
black circles: A atoms; medium, white: Mo; large, gray: Sb.
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NiSb2 is 2.44 Å (49); and the Cu—Sb bond in Cu2Sb is
2.62 Å (50). Thus, a rattling effect would best be achieved
using Ni atoms or, better yet, even smaller ones.

The next nearest neighbors would be six Mo atoms that
form A—Mo contacts of 3.28 Å through the centers of the
Sb8 cube. It is thus not surprising that intercalating Mg, Ni,
or Cu atoms into the cubic voids leads only to small struc-
tural changes, the most obvious being a slight enlargement
of the unit cell. Other changes are slight shifts in the atomic
positions. Both the A atom (located on (0, 0, 0)) and the
Sb(1) atom (on (1/4, 0, 1/2)) are on fixed positions, while
the Mo atom (on (x, 0, 0)) and the Sb(2) atom (on (x, x, x))
both have one free parameter each. A list of the different lat-
tice dimensions, occupancies, and positional parameters may
be found in Table 2. In all the four cases studied, the x pa-
rameter of the Mo atom remains the same within its standard
deviation, while the x parameter of Sb(2) is constant among
the ternary representatives (again within its standard devia-
tion, i.e., between 0.16235(9) and 0.16239(4)) but somewhat
smaller in Mo3Sb7 (0.16220(8)).

Along with these partly significant variations in the lattice
dimensions and atomic positions come differences in the in-
teratomic distances, which are listed in Table 3. As expected
based on the comparable atomic positions and lattice param-
eters between Mg0.07Mo3Sb7 and Ni0.04Mo3Sb7, all distances
of these two structures are equivalent within their standard
deviations. While the fractional coordinates of the third
ternary antimonide, Cu0.04Mo3Sb7, are not significantly dif-
ferent, its lattice parameter is significantly larger at
9.5829(9) Å, compared with 9.5740(7) and 9.5734(6) Å for
A = Mg and Ni, respectively. Thus, all interatomic distances
are largest in the case of A = Cu, with differences of a few
hundredth of an Å.

Because of the smaller volume of Mo3Sb7, its interatomic
distances between the atoms on fixed positions are some
hundredth of an Å shorter than in the ternary compounds.
However, the shifts of the Mo and the Sb(2) site occur with
equivalent Mo—Mo distances (3.00 Å for Mo3Sb7 and
Mg0.07Mo3Sb7) and equivalent short Sb(2)—Sb(2) distances
(2.91 Å in all cases studied).

Electronic structure
Since the electronic structure of Mo3Sb7 was published

before (29), we concentrate here on the differences resulting

from the additions of the A atoms. The densities of states
(DOS) of Mo3Sb7 and of the three models for hypothetical
“MgδMo3Sb7” (with δ = 0.125, 0.25, and 0.5) are shown in
Fig. 2. In all cases, a band gap is present slightly above the
Fermi level, albeit of different sizes, which would be
reached with 55 valence electrons per formula unit (Mo3Sb7:
53; “Mg0.5Mo3Sb7”: 54). Therefore, adding only Mg atoms
to Mo3Sb7 is not sufficient to yield semiconducting proper-
ties, as required for thermoelectric materials, for one Mg
atom adds two valence electrons and each Sb–Te substitu-
tion adds one more; 55 valence electrons are obtained with
the general formula “MgδMo3Sb5 + 2δTe2 – 2δ”.

Increasing the Mg content not only adds valence electrons
and thus fills more electronic states, it also leads to a de-
crease in the size of the band gap, i.e., from 0.9 eV in
Mo3Sb7, to 0.5 eV in “Mg0.125Mo3Sb7”, to less than 0.1 eV
in “Mg0.5Mo3Sb7”. A band-gap decrease from 0.9 eV is ad-
vantageous when considering thermoelectric applications, as
theory dictates an ideal band gap size of 0.1–0.6 eV (which
is temperature dependent) (51). Such a decrease, to 0.5 eV,
was already obtained by going from Mo3Sb7 to Mo3Sb5Te2
(29), and the trend to decreasing band gap size will continue
while adding Mg atoms. It should be noted that all ternary
structure models calculated have more Mg than the maxi-
mum Mg content obtain experimentally (0.07(2)). Owing to
physical computation limits, we could not calculate the more
realistic model “Mg0.0625Mo3Sb7”, as this requires an unrea-
sonably large unit cell with one out of 16 Mg sites filled
and, thus, with 16 × 6 = 96 Mo atoms and 224 Sb atoms.

Using Ni and Cu atoms as the A atoms in the model
“A0.125Mo3Sb7” also occurs with a band-gap decrease com-
pared with Mo3Sb7 (Fig. 3). Adding Ni instead of Mg to

© 2003 NRC Canada
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A Occupancy (A) a (Å) x (Mo) x (Sb(2))

—b 0 9.559(3) 0.3432(2) 0.16220(8)
Mg 14(4)% 9.5740(7) 0.3433(1) 0.16237(5)
Ni 8(2)% 9.5734(6) 0.3432(2) 0.16235(9)
Cu 8(1)% 9.5829(9) 0.3431(1) 0.16239(4)

aA on Wyckoff site 2a: (0, 0, 0); Mo on 12e: (x, 0, 0); Sb(1) on 12d:
(1/4, 0, 1/2); Sb(2) on 16f: (x, x, x).

bData from single crystal analysis of the binary Mo3Sb7 (29).

Table 2. Atomic positionsa and occupancy factors of AδMo3Sb7.

Fig. 2. Densities of states of Mo3Sb7 (left) and “MgδMo3Sb7” (with increasing δ from left to right).
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Mo3Sb7 leads to a very comparable band gap, while the Cu
addition yields a significantly narrower band gap of about
0.4 eV.

To answer the question of why the band gap decreases
upon A intercalation, we compare the band structures of
Mo3Sb7 and “Mg0.5Mo3Sb7” using the notations suggested
by Bradley and Cracknell for the cubic body-centered
Bravais lattice (52), as indicated in a plot of the first
Brillouin zone (Fig. 4) (53).

We used the fat band representation (54) to emphasize the
Mo dz2 contributions for the Mo3Sb7 band structure (left part
of Fig. 5). In the “Mg0.5Mo3Sb7” model, the Mg s contribu-
tions are highlighted (right part of Fig. 5). It is evident that
the band-gap decrease stems exclusively from lowering the
lowest unoccupied band at both the N and H point, for the
energies of the highest-filled bands remain virtually un-
changed upon Mg intercalation. More important in this con-
text is the band at the H point, as this is where the smallest
direct gap occurs. This band has mainly Mo dz2 character,
which gets stabilized (i.e., its energy gets lowered) by inter-
acting with the Mg s orbital.

To investigate possible changes in the bonding character
of the different interactions arising from the Mg addition, we
turn our attention to the crystal orbital Hamilton population
(COHP) curves of the model “Mg0.5Mo3Sb7”. The COHP
formalism differentiates the states into bonding and
antibonding contributions (55), which gives results compara-
ble to the longer-established crystal orbital overlap popula-
tions (COOP) (56) used to weigh the DOS obtained via
extended Hückel calculations (57, 58). Bonding contribu-

tions are reflected in negative COHPs but positive COOPs.
We plotted –COHP vs. energy in order to have the COHP
diagrams resemble the COOPs from earlier publications on
related topics, i.e., with the bonding part on the right side.
Figure 6 shows all interatomic interactions shorter than
3.5 Å, not weighted according to their multiplicity in the
unit cell — i.e., simply depicted per bond.

Overall, all of these interactions have bonding character,
although in some cases significant amounts of antibonding
states are filled as well. The latter is true for all homonuclear
interactions, i.e., the Mo—Mo bond, as well as the three dif-
ferent Sb—Sb interactions. On the other hand, almost exclu-
sively bonding states are filled in the cases of the
heteronuclear Mg—Mo, Mg—Sb, Mo—Sb(1), and Mo—
Sb(2) interactions. The last one shows a few antibonding
states that are starting to become filled just under the Fermi
level.

It is obvious that adding Mg atoms to Mo3Sb7 leads to the
formation of bonding Mg—Sb and Mg—Mo bonds. How far
the other bonds are influenced must be analyzed in more de-
tail. A suitable procedure is to integrate over all filled states,
which results in ICOHP values, in analogy to the Mulliken
overlap populations (MOP) (59) obtained from COOP
curves. ICOHP values differ from MOP values in their sign
(i.e., negative values indicate bonding character) and units
(eV per bond vs. electrons per bond). As demonstrated be-
fore (60), the absolute ICOHP values are typically higher
than the corresponding MOP values (ignoring the different
units).

For a detailed investigation, we added two columns of
–ICOHP values (i.e., ICOHP multiplied with (–1)) to Ta-
ble 3, one for Mo3Sb7 and one for “Mg0.5Mo3Sb7”. Two in-
teractions are stronger in “Mg0.5Mo3Sb7”, namely the Mo—
Mo (–1.21 vs. 1.01 eV/bond) and the Mo—Sb(1) bond
(–1.70 vs. 1.62 eV/bond). Reasons for this bond strengthen-

© 2003 NRC Canada
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Bond No. d (no A) d (0.07 Mg) d (0.04 Ni) d (0.04 Cu) –ICOHP (no A) –ICOHP (0.5 Mg)

Mo—Mo 1 2.998(4) 3.001(3) 3.002(4) 3.007(2) 1.01 1.21
Mo—Sb(1) 4 2.821(1) 2.8250(7) 2.825(1) 2.8284(6) 1.62 1.70
Mo—Sb(2) 4 2.793(2) 2.7986(9) 2.798(2) 2.8005(8) 2.03 1.91
Sb(1)—Sb(1) 2 3.380(1) 3.385(1) 3.385(1) 3.3881(6) 0.10 0.09
Sb(2)—Sb(2) 1 2.907(3) 2.906(2) 2.907(3) 2.908(2) 0.79 0.77
Sb(2)—Sb(2) 3 3.101(2) 3.109(1) 3.109(2) 3.1124(9) 0.40 0.35
A—Mo 2 — 3.286(1) 3.286(1) 3.2879(6) — 0.35
A—Sb(2) 8 — 2.6925(9) 2.692(1) 2.6954(8) — 1.20

Table 3. Selected interatomic distances d (Å) of AδMo3Sb7 and –ICOHP values (eV per bond) of selected bonds in Mo3Sb7 and hypo-
thetical Mg0.5Mo3Sb7.

Fig. 3. Densities of states of “Ni0.125Mo3Sb7” (left) and
“Cu0.125Mo3Sb7” (right).

Fig. 4. First Brillouin zone for cubic body-centered lattices.
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ing are the increase in the number of valence electrons, thus
filling more bonding states, and covalent mixing with the
added Mg states. All the other bonds decrease in strength on
going from Mo3Sb7 to “Mg0.5Mo3Sb7”, in most cases be-
cause more antibonding states become filled by adding Mg
atoms to Mo3Sb7 (with the exception of the short Sb(2)—
Sb(2) bond of 2.91 Å).

Summary

This contribution describes the successful intercalation of
small cations into Mo3Sb7, which was motivated by attempts
to create the rattling effect and to tune the band gap, both
strategies to enhance the thermoelectric properties. The cu-
bic void of Mo3Sb7 may be filled with up to 14% Mg,
8% Ni, or 8% Cu without detectable long-range order. This
leads to a small increase of the unit cell, the formation of
bonding Mg—Sb and Mg—Mo interactions, and a decrease
of the band gap.

The mixed occupancies will likely help in lowering the
thermal conductivity, and the decrease of the band gap leads
to a narrow gap, as desired for thermoelectrics. To reach the
band gap, the Sb atoms have in part to be replaced by Te at-
oms, as described before for the unfilled Mo3Sb7. As 55 va-
lence electrons are necessary to fill all bands below the gap,

the ideal formula for the Mg-containing material is
“MgδMo3Sb5 + 2δTe2 – 2δ”. The thermoelectric properties of
these quaternary materials are currently under investigation.
In particular, we are investigating the possibility of interca-
lating smaller A cations to create the rattling effect.
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Insertion reactions of nitrosobenzene and ketenes
into silaaziridines1

Adrian G. Brook and Abraha Habtemariam

Abstract: Nitrosobenzene, trimethylsilyl ketene, and diphenylketene insert into the ring of silaaziridines to yield rela-
tively unstable 5-membered heterocyclic ring systems. The new compounds, which have been characterized by 1H, 13C,
and 29Si NMR spectroscopy, arise from two different modes of insertion into the ring Si—N bond, leading to com-
pounds with an exocyclic C=N bond (from nitrosobenzene) or two exocyclic C=C bonds (from the ketenes).

Key words: silaaziridines, ring insertion, nitrosobenzene, ketenes, heterocyclic rings.

Résumé : Le nitrosobenzène, le triméthylsilylcétène et le diphénylcétène s’insèrent dans le cycle des silaaziridines pour
conduire à des systèmes cycliques hétérocycliques à cinq chaînons instables. Les nouveaux composés, qui ont été ca-
ractérisés par spectroscopie RMN du 1H, du 13C et du 29Si, découlent de deux modes différents d’insertion dans la liai-
son Si—N du cycle conduisant à des composés avec une liaison C=N exocyclique ou deux liaisons C=C exocycliques
(à partir des cétènes).

Mots clés : silaaziridines, insertion dans un cycle, nitrosobenzène, cétènes, noyaux hétérocycliques.

[Traduit par la Rédaction] Brook and Habtemariam 1167

Introduction

Previously we have described the insertion reactions of al-
dehydes and isocyanates (1) into the ring of silaaziridines (2)
that yielded 5-membered ring heterocycles 4 and 5, respec-
tively (see Scheme 1).

Also, the insertion of some isocyanides into the silaazir-
idine ring leading to 4-membered ring heterocycles has been
reported (3). It seemed probable that other reagents would
also insert into the silaaziridine ring, and this note describes
reactions with nitrosobenzene, trimethylsilylketene, and di-
phenylketene, each of which led to novel heterocyclic com-
pounds.

Results and discussion

By virtue of their similar polarization it seemed probable
that silaaziridines would react with nitrosobenzene in the
same manner as with an aromatic aldehyde, yielding analogs
of 4. This was found to be the case since the unstable
heterocycles 6a and 6b were the major products of reaction
of nitrosobenzene with the silaaziridines derived from either
the adamantylsilene 2a or the tert-butylsilene 2b in the dark
at room temperature (see eq. [1]). Each of these products

(6a, 6b) is characterized by a prominent 13C NMR
absorption at 184 ppm, as observed in 4.

On the other hand, benzonitrile, a much less polar mole-
cule, failed to react over several days with silaaziridines.

In contrast to the behavior of the silaaziridines with alde-
hydes or nitrosobenzene, their reactions with ketenes gave
rise to unstable compounds which did not contain C=N
groups, based on the 13C NMR data. Instead we believe that
the original C=C double bond of the silaaziridine survives as
a double bond exocyclic to a five-membered ring, based
again on the 13C NMR data for the C=C carbon atoms.
Three possible structures, 7, 8, and 9 must be considered as
discussed below.

Can. J. Chem. 81: 1164–1167 (2003) doi: 10.1139/V03-001 © 2003 NRC Canada
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The structure 7, which could be formed analogously to the
reaction of silaaziridines with isocyanates (1) (nominal addi-
tion of the Si—N bond of the silaaziridine across the ends of
the C=C bond of the ketene), seems unlikely, especially for
the trimethylsilylketene adduct where R′ = H, R′′ = Me3Si,
since the position of the ring CH in the 1H NMR spectrum,
observed at approximately 4.1 ppm, is not reasonable for a
hydrogen on a carbon attached to two Me3Si groups (ex-
pected 1–2 ppm). Also, the IR frequency for an amide C=O
in such a structure is expected in the region of 1700 cm–1

rather than the observed 1612 cm–1. This data appears to rule
out 7 as an appropriate structure.

An isomeric structure3 — 8, a cyclic acylsilane — could
arise from nominal addition of the Si—N bond of the sila-
aziridine across the ends of the C=C bond in the ketenes
with the alternative regiochemistry. This structure would be
expected to have C=O IR absorption in the range 1636–
1650 cm–1, as observed for previously described acylsilanes
(4), and not at 1612 cm–2, as observed. Also the 13C NMR
absorption of the carbon atom of the C=O group would be
expected to occur in the range 230–260 ppm (5), whereas we

observed 158–165 ppm. Based on the distinctive differences
from expectation we rule this structure out also.

Finally, considering structure 9, in principle this could
arise by addition of the Si—N bond of the silaaziridine
across the ends of the C=O group (see Scheme 2). We assign
the IR absorption at 1612–1625 to the C=C groups of all
four adducts characterized. For the pair of trimethylsilyl-
ketene adducts, the signal in the 1H NMR spectrum at about
4.1 ppm for the Me3SiCH = hydrogen seems reasonable.
There are four signals in the 13C NMR spectra of each com-
pound that can be assigned to the two double bonds, two at
about 115 ppm and two at about 161 ppm, due to the carbon
atoms of the C=C that bear the OSiMe3 group, and for the
trimethylsilylketene adducts 9a and 9b, two signals at about
86 ppm and 165 ppm for the residual double bond of the
original ketene. The 29Si NMR signals due to the ring silicon
atom, found in all compounds in the region –2 to –6 ppm,
are completely consistent with a silicon atom bearing two
trimethylsilyl groups, a carbon atom, and an oxygen atom
(1). For the diphenylketene products 9c and 9d the other sig-
nals appear at about 120 and 154 ppm. We believe that this
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Scheme 1.

Scheme 2.

3 We are indebted to one of the referees for suggesting that this structure should be considered.
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structure, of all considered, best fits the experimental data. It
is regrettable that we could not get stable crystals for an X-
ray crystal structure, which would have established the
structures unambiguously.

A mechanism related to that proposed earlier (1) for the
reaction of benzaldehyde with the silaaziridines, which in-
volves dipolar intermediates derived from ring opening and
rearrangement, appears to account adequately for the current
results with nitrosobenzene. Thus nucleophilic attack on the
ring silicon atom of the silaaziridine ring 3 by nitrosoben-
zene would result in breaking the ring Si—N bond, leading
to the dipolar species 10, which closes via attack by the res-
onance carbanion contributor 10′ onto the nitrogen atom,
leading to the observed product 6, as summarized in
Scheme 3.

A mechanism accounting for the formation of the prod-
ucts derived from the reactions of the silaaziridines with the
two ketenes is shown in Scheme 4. Silaphilic attack by the
oxygen of the ketene on the silicon atom of the silaaziridine
would result in ring opening and the formation of the inter-
mediate dipolar species 11, which on ring closure would
yield the adducts 9.

In summary, it is clear that a variety of polar reagents hav-
ing either simple polar functional groups (e.g., C=O or
N=O) or more complex functionality (C=C=O or N=C=O)
will insert under very mild conditions into the Si—N ring
bond of silaaziridines, yielding in each case 5-membered
ring heterocycles. However, the adducts described in this pa-
per were, in general, rather unstable, which precluded fur-
ther investigation of their behavior.

Experimental

All NMR spectra were run either on a Varian XL400 or
Varian XL200 spectrometer in C6D6 unless otherwise noted,
using TMS as reference. Where appropriate APT (6) or
DEPT (7) NMR pulse sequences were employed for 13C
NMR spectra. 29Si NMR spectra were run in the DEPT
mode or were run NOE suppressed.

Solutions in sealed NMR tubes were photolyzed inside a
water-cooled Dewar flask maintained at 10 °C, using three
external 100-watt Par 38 mercury spot lamps (BLAK RAY
long wavelength ultraviolet lamps, Ultraviolet Products
Inc.), having wavelengths ≥ 360 nm.

Reaction of silaaziridine 3a with nitrosobenzene:
Formation of 6a

Silaaziridine 3a was prepared by photolysis of a solution
of the adamantylacylsilane 1a (0.21 g, 0.5 mmol) in 2 mL
C6D6 with 0.08 mL (4.4 mmol) of t-BuN=C: for 58 h
according to the published procedure (1, 2). To the silaazir-
idine solution was added 0.06 g (0.56 mmol) of nitroso-
benzene (8) and the solution was left in the dark overnight.
The 1H NMR spectrum showed that all the silaaziridine had
been converted to the new product 6a. The volatiles were re-
moved under reduced pressure, and the NMR spectra were
taken of the residue. Attempts to purify the material by chro-
matography on silica gel led to serious decomposition. 1H
NMR δ: 0.20, 0.33, 0.50 (each 9 H, s, Me3Si), 1.25 (9 H, s,
Me3C), 1.6–2.1 (15 H, m, Ad), 6.8–7.3, 7.8–8.3 (5 H, m,

Ph). 13C NMR δ: 0.45, 0.63, 4.78 (Me3Si), 29.20 (CH Ad),
30.15 (Me3C), 37.28, 37.41 (CH2 Ad), 40.55 (C quat Ad),
59.48 (Me3C), 100.32 (ring C sp3), 117.59, 120.84, 128.21
(CH sp2 Ph), 150.41 (quat C sp2 Ph), 184.22 (C=N). 29Si
NMR δ: –14.62, –12.98 (Me3Si), –5.12 (ring Si), 7.88
(OSiMe3).

Reaction of silaaziridine 3b with nitrosobenzene 6b
Following the above procedure but using acylsilane lb, the

volatiles were removed under reduced pressure and flash
chromatography on silica gel eluting with hexane – ethyl ac-
etate (9:1) gave a fraction that contained relatively pure 6b,
based on the NMR spectra. 1H NMR δ: 0.17, 0.26, 0.45
(each 9 H, s, Me3Si), 1.10 (9 H, Me3C-C,), 1.19 (9 H,
Me3C-N), 6.8–7.3, 7.7–8.4 (5 H, m, Ph). 13C NMR δ: 0.42,
0.60, 4.70 (Me3Si), 28.81, 30.06 (Me3C), 44.78 (Me3C-C),
59.34 (Me3C-N), 100.92 (ring C sp3), 118.52, 121.55,
128.16 (CH sp2 Ph), 150.13 (quat C sp2), 184.28 (C=N). 29Si
NMR δ: –14.91, –13.00 (Me3Si), –4.74 (ring Si), 7.65
(OSiMe3).

Reaction of silaaziridine 3a with trimethylsilylketene 9a

To the silaaziridine 3a prepared from 0.41 g (1.0 mmol)
of the adamantylacylsilane 1a in 4 mL C6D6 was added
0.19 g (1.1 mmol) of trimethylsilylketene (9) with vigorous
shaking, and the solution was then left in the dark at room
temperature. The 1H NMR spectrum indicated that the sila-
aziridine was 40% converted to a single product after 30 min
and completely converted after 24 h. The volatile material
was removed under reduced pressure, and the residue was
redissolved in C6D6. Attempts to further purify the material
by chromatography on alumina, eluting with hexane – ethyl
acetate 9:1, led to much decomposition. 9a: IR (film) (cm–1):
1612 (C=C). 1H NMR δ: 0.27 (9 H, s, Me3Si), 0.32 (18 H, s,
two Me3Si), 0.33 (9 H, s, Me3Si), 1.34 (9 H, Me3C), 1.6–2.1
(Ad), 4.08 (1 H, s, ring CH). 13C NMR δ: 0.34, 0.55, 0.66,
2.10 (Me3Si), 28.79 (CH Ad), 29.19 (Me3C), 37.00, 40.47
(CH2 Ad), 39.87 (quat C Ad), 61.38 (Me3C), 86.81, 117.92,
161.44, 165.11 (C=C). 29Si NMR δ: –16.48, –13.27, –10.24
(Me3Si), –2.19 (ring Si), 15.13 (OSiMe3).
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Reaction of silaaziridine 3b with trimethylsilylketene 9b
After following the above procedure using acylsilane lb,

the volatiles were pumped off under reduced pressure, and
the residue was dissolved in C6D6. 9b: IR (film) (cm–1):
1614 (C=C). 1H NMR δ: 0.26 (9 H, s, Me3Si), 0.31 (18 H, s,
two Me3Si), 0.34 (9 H, s, Me3Si), 1.12 (9 H, Me3C-C), 1.34
(9 H, Me3C-N), 4.07 (1 H, s, ring CH). 13C NMR δ: 0.26,
0.33, 0.64, 1.91 (Me3Si), 29.10 (Me3C-C and Me3C-N over-
lapped), 37.44 (Me3C-C), 61.11 (Me3C-N), 86.74, 117.47,
160.85, 165.17 (C=). 29Si NMR δ: –16.72, –14.13 (Me3Si-
Si), –10.26 (Me3Si-C), –2.58 (ring Si), 15.24 (OSiMe3).

Reaction of silaaziridine 3a with diphenylketene 9c
To the silaaziridine 3a prepared from 0.21 g (0.5 mmol)

of the adamantylacylsilane la and t-BuN=C: (0.085 mL,
0.7 mmol) in 2 mL C6D6 was added 0.11 g (0.6 mmol) of
diphenylketene (10). The very slow reaction was monitored
by 1H NMR spectroscopy for 10 days, by which time the ra-
tio of the adduct 9c to the silaaziridine 3a was 3:1. The ma-
terial remaining after removal of the volatiles was
chromatographed on silica gel, being eluted with hexane –
ethyl acetate 30:1 to give a relatively pure oily solid 12c. IR
(film) (cm–1): 1625 (C=C). 1H NMR δ: 0.08, 0.29, 0.42
(each 9 H, s, Me3Si), 1.28 (9 H, s, Me3C), 1.6–2.1 (15 H, m,
Ad), 7.14–7.21, 7.50–7.59 (10 H, m, Ph). 13C NMR δ: –
0.83, –0.35, 2.42 (Me3Si), 28.57 (CH Ad), 29.55 (Me3C),
36.57, 40.26 (CH2 Ad), 40.11 (quat C Ad), 65.11 (Me3C),
112.48, 120.02 (C=) 125.26, 125.41, 128.12, 128.28, 131.41,
132.10 (CH sp2 Ph), 143.70, 143.79 (quat C sp2 Ph), 154.25,
159.63 (C=). 29Si NMR δ: 14.93, –13.78 (Me3Si), –6.11
(ring Si), 11.68 (OSiMe3).

Reaction of silaaziridine 3b with diphenylketene 9d
To the silaaziridine prepared in the usual way from 0.5 g

(1.5 mmol) of the tert-butylacylsilane lb and 0.2 mL
(2.4 mmol) of t-BuN=C: in 4 mL C6D6 was added 0.3 g
(1.5 mmol) of diphenylketene. No reaction was observed
overnight so the solution was photolyzed for 5 h, after which

time a new compound was observed in a 1:2 ratio with un-
consumed silaaziridine. After 21 h further photolysis NMR
spectroscopy indicated that all the silaaziridine 3b had been
converted to the product 9d. Chromatography on silica gel,
with elution using hexane – ethyl acetate 9:1 gave purer ma-
terial. IR (film) (cm–1): 1623 (C=C). 1H NMR δ: 0.08, 0.26,
0.41 (each 9 H, s, Me3Si), 1.15 (9 H, s, Me3C-C), 1.27 (9
H, s, Me3C-N), 6.95–7.60 (10 H, m, Ph). 13C NMR δ: –0.50,
0.03, 2.71 (Me3Si), 29.54, 29.88 (Me3C), 38.03 (Me3C-C),
65.26 (Me3CN), 112.47 (ring C=), 120.00 (C=), 125.22,
125.41, 126.21, 127.52, 131.37, 131.94 (CH sp2 Ph), 143.52,
143.70 (quat C sp2 Ph), 154.17 (C=), 158.66 (C=C). 29Si
NMR δ: –15.25, –14.35 (Me3Si), –6.28 (ring Si), 11.92
(OSiMe3).
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Crystal structures, magnetic properties, and
absorption spectra of nickel(II) thiocyanato
complexes: a comparison of different coordination
geometries1

Bruno Larue, Lan-Tâm Tran, Dominique Luneau, and Christian Reber

Abstract: Thiocyanatonickel(II) compounds with composition {(AsPh4)2[Ni(NCS)4]} 1, {(Cat)[Ni(NCS)4]} 2,
{(AsPh4)4[Ni2(NCS)8]} 3, {(Cat)2[Ni2(NCS)8]·2CH3NO2} 4, and {(Et4N)4[Ni(NCS)6]} 5 (Cat2+ = (p-xylylenebis(tri-
phenyphosphonium))2+) were prepared. The crystal structures of compounds 1, 3, and 4 were determined. Compound 1
crystallizes in the monoclinic C2/c space group with a = 22.761(2) Å, b = 15.055(1) Å, c = 15.054(1) Å, β =
108.915(1)°, V = 4879.9(6) Å3, and Z = 4. Compound 3 crystallizes in the triclinic P1 space group with a =
11.2183(6) Å, b = 14.2551(8) Å, c = 16.629(1) Å, α = 79.326(1)°, β = 73.605(1)°, γ = 75.496(1)°, V = 2451.0(2) Å3,
Z = 2. Compound 4 crystallizes in the monoclinic P21/n space group with a = 13.1148(9) Å, b = 27.128(2) Å, c =
14.882(1) Å, β = 114.056(2)°, V = 4834.8(6) Å3, Z = 4. The magnetic properties of compounds 1–4 were studied over
the 2–300 K temperature range. Compounds 1 and 2 with monometallic [Ni(NCS)4]2– complex units have similar mag-
netic properties, in agreement with nickel(II) ions in pseudo-tetrahedral environments. Compounds 3 and 4 with bime-
tallic [Ni2(NCS)8]4– complex units exhibit magnetic properties, which are indicative of Ni(II)–Ni(II) ferromagnetic
interactions with zero-field splitting effects caused by the pseudo-square-pyramidal or pseudo-trigonal-bipyramidal coor-
dination environments of the nickel(II) ion in compounds 3 and 4, respectively. The structures and magnetic results for
all compounds are correlated with NIR–UV–vis absorption spectra.

Key words: nickel(II) thiocyanato complexes, crystal structures, paramagnetism, molecular magnetism, exchange cou-
pling, absorption spectroscopy.

Résumé : Les composes à base de complexes thiocyanate de nickel(II) de composition {(AsPh4)2[Ni(NCS)4]} 1,
{(Cat)[Ni(NCS)4]} 2, {(AsPh4)4[Ni2(NCS)8] } 3, {(Cat)2[Ni2(NCS)8]·2CH3NO2} 4 et {(Et4N)4[Ni(NCS)6]} 5 [Cat2+ =
(p-xylylènebis(triphenyphosphonium))2+] ont été synthétisés. Les structures cristallines des composés 1, 3 et 4 ont été
déterminées. Le composé 1 cristallise dans le groupe d’espace monoclinique C2/c avec a = 22.761(2) Å, b =
15.055(1) Å, c = 15.054(1) Å, β = 108.915(1)°, V = 4879.9(6) Å3, Z = 4. Le composé 3 cristallise dans le groupe
d’espace triclinique P1 avec a = 11.2183(6) Å, b = 14.2551(8) Å, c = 16.629(1) Å, α = 79.326(1)°, β = 73.605(1)°,
γ = 75.496(1)°, V = 2451.0(2) Å3, Z = 2. Le composé 4 cristallise dans le groupe d’espace monoclinique P21/n avec
a = 13.1148(9) Å, b = 27.128(2) Å, c = 14.882(1) Å, β = 114.056(2)°, V = 4834.8(6) Å3, Z = 4. Les propriétés ma-
gnétiques des composés 1–4 ont été étudiées dans le domaine de température 2–300 K. Les composés 1 et 2 contien-
nent l’entité complexe mononucléaire [Ni(NCS)4]2– et ont des comportements magnétiques identiques caractéristiques
d’un ion nickel(II) dans un environnement pseudo tétraédrique. Les composés 3 et 4 contiennent l’entité complexe di-
nucléaire [Ni2(NCS)8]4– et ont des comportements magnétiques qui indiquent l’existence d’interactions ferromagnétiques
Ni(II)–Ni(II) associées aux effets de levée de dégénérescence en champ nul dus au nickel(II) dans un environnement
pseudo pyramide à base carrée (composé 3) ou pseudo bipyramide trigonale (composé 4). Les structures et résultats
des mesures magnétiques pour tous les composés sont mis en rapport aux spectres d’absorption.

Mots clés : complexes thiocyanato du nickel(II), structures cristallines, paramagnétisme, aimants moléculaires, interac-
tion d’échange, spectroscopie d’absorption. Larue et al. 1179
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Introduction

The magnetic properties of coordination compounds
have received renewed interest in view of the recent discov-
eries of molecular magnetic materials (1–4). In some cases,
understanding their magnetism still poses a challenge even
when simple molecular building blocks, such as the title
compounds, are involved. In the vast majority of the pub-
lished work, the temperature dependence of the magnetic
properties is given and explained based on only the crystal
structure of the material. It is sometimes difficult, however,
to understand even fundamental magnetic properties, such
as deviations from spin-only behavior for chemically re-
lated compounds, if only structural data is used. More de-
tailed information on the electronic structure and precise
energies of electronic states are then needed. In this report
we use absorption spectroscopy to provide such informa-
tion.

The thiocyanato and other isoelectronic bridging lig-
ands have attracted interest from a crystal engineering
perspective, as they lead to many different of molecular
and extended structures, and a variety of nickel(II)
thiocyanato complexes have been reported (5–7). In the
following, we reexamine a previously characterized set of
nickel(II) complexes with thiocyanato ligands (5). Room-
temperature  solid-state  reflectance  spectra  and  the  mag-
netic susceptibility of the title compounds — also mainly
at room temperature — were measured, but neither the ab-
sorption spectroscopy nor the magnetic properties have
been explored in detail. In the following, we present tem-
perature-dependent magnetic measurements, single-crystal
absorption spectra, and crystal structures. Octahedral, dis-
torted tetrahedral, square-pyramidal, and trigonal-
bipyramidal coordination geometries are investigated. The
absorption spectra obtained from crystals at low tempera-
ture depend strongly on the coordination geometry. They
are analyzed with a quantitative ligand-field model based
on the experimental metal–ligand angular geometry. The
ground-state properties obtained from this analysis are
then compared with the observed χT values (the product
of the molar magnetic susceptibility with temperature) at
room temperature. We also show that for bimetallic com-
pounds, complementary information on magnetic ex-
change interactions can be obtained from temperature-
dependent absorption spectra, even if the exchange cou-
pling is relatively weak and the bands are not highly re-
solved. The combination of experimental techniques and
quantitative empirical models gives detailed insight that is
valid for high-symmetry complexes with a single
nickel(II) center and for bimetallic complexes with lower
symmetry. The approach is based on absorption spectra
without highly resolved structure and appears to be appli-
cable to larger clusters and higher-dimensional systems
with a variety of bridging ligands.

Experimental

Synthesis
All reagents were purchased from commercial sources and

used without further purification. Compounds (AsPh4)2-
[Ni(NCS)4] 1, (Cat)[Ni(NCS)4] 2, (AsPh4)4[Ni2(NCS)8] 3,
(Cat)2[Ni2(NCS)8]·2CH3NO2 4, and (Et4N)4[Ni(NCS)6] 5
(Cat2+ = (p-xylylenebis(triphenyphosphonium))2+) were syn-
thesized according to literature methods (5).

Crystallography
Single crystal diffraction data were collected at room tem-

perature (298 K) with a Bruker SMART CCD diffractometer
equipped with a normal monochromatized focus X-ray tube
having a molybdenum target. The data were processed
through the SAINT reduction software (8a). Empirical ab-
sorption corrections were carried out by SADABS (G.B.
Sheldricks, 1994) (8b). The structures were solved and re-
fined on F2 using the SHELXTL software (8c). Scattering
factors were taken from the International tables for crystal-
lography (9). All non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms were
included in the final refinement in calculated positions with
isotropic thermal parameters. Crystal structure and refine-
ment data are summarized in Table 1. Weighting functions
used were w = 1/[σ2(Fo

2) + (0.0894P)2] for compound 1 and
w = 1/[σ2(Fo

2) + (0.1000P)2] with P = (Fo
2 + 2 Fc

2)/3 for
compounds 3 and 4.

Magnetic susceptibility measurements
The temperature dependence of the magnetic susceptibil-

ity was measured on the bulk material between 6 and 300 K
with an SHE superconducting SQUID magnetometer operat-
ing at a field strength of 0.5 T. The data were corrected for
diamagnetism of the constituent atoms using Pascal con-
stants.

Spectroscopy
Absorption spectra were measured with a Varian Cary 5E

spectrometer using the photomultiplier tube and the PbS de-
tector for the visible and near-infrared wavelength ranges,
respectively. The sample crystals were cooled in an He gas
flow cryostat (Oxford Instruments CF-1204), and the tem-
perature was monitored with an RhFe resistor connected to
an electronic controller (Oxford Instruments ITC4) to stabi-
lize the temperature to better than ±1 K, by adjusting both a
heater for the He gas cooling the sample and the gas flow
valve from the He storage Dewar to the cryostat. All spectra
presented in the following are unpolarized. Raman spectra of
solid samples at low temperature were measured using a
Renishaw System 3000 Raman microscope, using 782 or
514.5 nm excitation wavelengths. Selected spectra and fre-
quencies are given in the supplementary material.4 No evi-
dence for electronic Raman transitions was observed.
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4 Temperature dependence of χT for 2, selected Raman spectra, powder diffraction diagrams for 3, calculated energies of triplet electronic
states as a function of τ, complete output for all ligand-field (Angular overlap model) calculations summarized in Table 4. Supplementary
data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Ottawa,
ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC 207620–207622 con-
tain the supplementary data for this paper. These data can be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Results

Crystal structures

(AsPh4)2[Ni(NCS)4] 1
The crystal structure consists of the anionic [Ni(NCS)4]

2–

monometallic complex units shown on Fig. 1 with AsPh4
+

cations. Selected bond lengths and angles are given in Ta-
bles 2 and 3. In each complex unit, the nickel(II) ion is lo-
cated on a C2 axis and has a pseudo-tetrahedral ligand
environment. The Ni—N bond lengths are similar (1.929(4)
and 1.921(4) Å). The structural features for the [Ni(NCS)4]

2–

complex unit in compound 1 show slight differences from
those previously determined for the same complex unit in
Cat[Ni(NCS)4] 2 (10). In compound 2, three of the Ni—N
bonds are shorter (1.906(6)-1.908(7) Å) and one is longer
(1.937(7) Å) than in compound 1. However, the mean values
(1.92 Å) are identical for both compounds 1 and 2, as shown
in Table 2. Owing to the (AsPh4)

+ cations, the [Ni(NCS)4]
2–

complex units are well separated from each other. The short-
est intermolecular distances in compound 1 are found be-
tween the S(thiocyanato) atoms (5.777(3) Å), while the
shortest intermolecular distance between two nickel(II) ions
is 8.1260(6) Å.
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Compound 1 3 4

Formula C52H40As2N4NiS4 C104H80As4N8Ni2S8 C98H78N10Ni2O4P4S8

fw 1057.67 2115.34 1957.48
Color Blue Green Yellow
Crystal size (mm) 0.07 × 0.07 × 0.15 0.5 × 0.5 × 0.5 0.2 × 0.2 × 0.2
T (K) 298(2) 298(2) 298(2)
λ (Å) 0.71073 0.71073 0.71073
Crystal system Monoclinic Triclinic Monoclinic
Space group C2/c P1 P21/c
a (Å) 22.761(2) 11.2183(6) 13.1148(9)
b (Å) 15.055 (1) 14.2551(8) 27.128(2)
c (Å) 15.054(1) 16.629(1) 14.882(1)
α (°) 90 79.326(1) 90
β (°) 108.915(1) 73.605(1) 114.056(2)
γ (°) 90 75.496(1) 90
V (Å3) 4879.9(6) 2451.0(2) 4834.8(6)
Z 4 2 4
D (g cm–3) 1.440 1.433 1.345
µ (mm–1) 1.954 1.945 0.684
Crystallization solvent None None Nitromethane
F(000) 2152 1076 2024
θ range (°) 1.65–28.87 2.57–29.01 1.70–29.57
Index ranges h = –24 → 27 h = –14 → 6 h = –16 → 12

k = –20 →10 k = –19 → 19 k = –35 → 33
l = –18 → 20 l = –21 → 19 l = –20 → 7

Measured reflections 9703 15 972 19 801
Independent reflections 5229 11 237 9381
GOF 0.970 0.833 0.725
R(F)a 0.0478 0.0424 0.0476
wR(F2)b 0.1395 0.1241 0.1568

aI > 2σ(I), R(F) = Σ ||Fo| – |Fc||/Σ |Fo|.
bAll data, wR(F2) = [Σw(Fo

2 – Fc
2)2/Σ w(Fo

2)2]1/2.

Table 1. Summary of data collection and refinement for compounds 1, 3, and 4.

Fig. 1. View of the complex unit [Ni(NCS)4]2– for (AsPh4)2-
[Ni(NCS)4] 1. Ellipsoids are drawn at the 30% probability level.
The letter A denotes symmetry related atoms (–x, y, –z + 3/2).
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(AsPh4)4[Ni2(NCS)8] 3
The crystal structure consists of the anionic [Ni2(NCS)8]

4–

bimetallic complex units, shown in Fig. 2, with AsPh4
+ cat-

ions. Selected bond lengths and angles are given in Tables 2
and 3. The bimetallic complex units [Ni2(NCS)8]

2– are
centrosymmetrical and are built from two [Ni(NCS)4]

2– moi-
eties, which are double-bridged by two NCS– ligands in the
end-to-end fashion (Ni—S1A = 2.5319(9) Å). The two
nickel(II) ions and the two thiocyanato bridges are coplanar
with a maximum out-of-plane deviation of 0.03 Å. The
Ni···Ni separation in the bimetallic unit is 5.6745(6) Å. The
nickel(II) ions are in a pseudo-square-pyramidal environ-
ment (Tables 2 and 3) (11). The atoms N1, N2, N3, and
S1A, forming the base of the pyramid, are coplanar (Fig. 2)
with a maximum out-of-plane deviation of 0.08 Å. The
nickel(II) ion is located 0.3 Å above this plane. To measure
the degree of distortion of the square pyramidal polyhedron
we calculated the geometric parameter, τ, defined by Addi-
son et al. (12) to systematize five-coordinate coordination
geometries intermediate between the idealized square-
pyramidal and trigonal-bipyramidal structures. The parame-
ter τ is defined as τ = (β – α)/60, with β and α the largest
ligand-metal-ligand bond angles and β > α. These angles are
schematically illustrated in Fig. S5 of the supporting infor-
mation.4 The parameter τ is equal to zero for perfectly
square pyramidal structures and is unity for perfectly
trigonal-bipyramidal coordination geometries. Table 3 shows
that for compound 3 the angle β corresponds to the N1-Ni-
N2 bond angle (165.5°) and α is the N3-Ni-S1A angle
(160.1°). These angles lead to a τ parameter of 0.09, which
is close to the value for a perfect square-pyramidal structure.
The NiNCS atoms (N coordination) are found to be almost
collinear (Ni-N-C: 165–172°), but for the NiSCN fragment
(S coordination), the Ni-S1A-C1A bond angle is 104.36°
(Table 2). These values are comparable to those previously
found in di-µ-thiocyanato-briged nickel(II) complexes (7,
13). The four Ni—N bond lengths are similar (1.983(3) and
2.025(3) Å) but longer than those in the pseudo-tetrahedral

[Ni(NCS)4]
2– complex unit with either AsPh4

+ 1 or Cat2+ 2
counterions (Table 2). The Ni—S1A bond length is
2.5319(9) Å. The [Ni2(NCS)8]

2– bimetallic units are well
separated by the (AsPh4)

+ cations. The shortest intermole-
cular distance between two complex units is found between
the S atoms (4.332(3) Å) while the shortest intermolecular
distances between two nickel(II) ions is 11.2183(6) Å.

(Cat)2[Ni2(NCS)8]·2CH3NO2 4
The crystal structure consists of the anionic [Ni2(NCS)8]

4–

bimetallic complex units, shown in Fig. 3, with Cat2+ cations
and nitromethane as the crystallization solvent. Selected
bond lengths and angles are given in Tables 2 and 3. As for
3, the bimetallic complex units [Ni2(NCS)8]

4– are centro-
symmetrical and are built from two [Ni(NCS)4]

2– moieties
bridged by two NCS– ligands in the end-to-end fashion. The
two nickel(II) ions and the two thiocyanato bridges are again
coplanar with a maximum out-of-plane deviation of 0.01 Å.
The Ni···Ni distance is 5.715(1) Å. In compound 4, the
nickel(II) ions of the [Ni2(NCS)8]

2– bimetallic units are in a
pseudo-trigonal-bipyramidal environment (11). Atoms N3,
N4, and S1A (Fig. 3) define the base of the bipyramid and
the nickel(II) ion is only 0.03 Å out of this plane. As for
compound 3, we calculated the parameter τ (12) to deter-
mine the distortion from an ideal trigonal-bipyramidal coor-
dination geometry. Table 3 shows that for compound 4 the
angle β again corresponds to the N1-Ni-N2 bond angle
(169.8°) and the angle α is again N3-Ni-S1A (136.9°). The τ
parameter equals 0.55, a value halfway between the per-
fectly square-pyramidal and trigonal-bipyramidal coordina-
tion geometries. The NiNCS (N coordination) atoms are
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1 2 3 4

Ni—N1 1.919(4) 1.906(6) 1.994(3) 2.039(4)
Ni—N2 1.921(4) 1.908(7) 1.990(3) 2.016(5)
Ni—N3 1.908(7) 2.025(3) 1.997(4)
Ni—N4 1.937(7) 1.983(3) 1.997(5)
Ni—S1A 2.5319(9) 2.485(1)
Ni···Ni 5.6745(6) 5.715(1)
C1—S1 1.613(5) 1.612(8) 1.650(3) 1.651(6)
C2—S2 1.612(5) 1.594(9) 1.615(3) 1.612(6)
C3—S3 1.611(8) 1.627(3) 1.634(5)
C4—S4 1.600(8) 1.622(3) 1.626(6)
C1—N1 1.150(6) 1.15(1) 1.145(3) 1.157(6)
C2—N2 1.139(6) 1.15(1) 1.148(3) 1.170(6)
C3—N3 1.14(1) 1.149(4) 1.142(5)
C4—N4 1.17(1) 1.141(4) 1.154(6)

Note: Data for compound 2 are extracted from ref. 10. Letter A denotes
the symmetry related atoms (–x, y, –z + 3/2) for 1 and (–x, –y, –z) for 3
and 4.

Table 2. Selected bond lengths (Å) for compounds 1–4.

1 2 3 4

N1-Ni-N2 108.9(2) 104.1(3) 165.5(1) 169.8(2)
N1-Ni-N1A 102.4(3)
N2-Ni-N1A 107.6(2)
N2-Ni-N2A 120.0(3)
N1-Ni-N3 101.4(2) 92.1(1) 89.9(2)
N1-Ni-N4 115.6(3) 97.1(1) 91.8(2)
N2-Ni-N3 126.3(3) 91.51 92.2(2)
N2-Ni-N4 105.1(3) 96.2(1) 96.8(2)
N3-Ni-N4 105.1(3) 99.2(1) 110.4(2)
N1-Ni-S1A 90.78(7) 90.7(1)
N2-Ni-S1A 81.2(8) 81.0(1)
N3-Ni-S1A 160.1(9) 136.9(1)
N4-Ni-S1A 99.9(9) 112.7(1)
C1-N1-Ni 175.6(4) 173.5(7) 165.9 165.4(4)
C2-N2-Ni 173.1(4) 175.0(7) 162.7 169.5(4)
C3-N3-Ni 171.4(6) 173.7 164.1(4)
C4-N4-Ni 171.0(6) 172.1 169.1(4)
C1-S1-Ni 104.4(1) 105.3(2)
N1-C1-S1 179.8(4) 177.6(7) 178.6(3) 178.3
N2-C2-S2 179.1(5) 177.5(8) 179.3(3) 179.4(5)
N3-C3-S3 179.2(8) 179.2(3) 179.6(5)
N4-C4-S4 178.5(7) 178.6(3) 177.5(5)

Note: Data for compound 2 are extracted from ref. 10. Letter A denotes
the symmetry related atoms (–x, y, –z + 3/2) for 1 and (–x, –y, –z) for 3
and 4.

Table 3. Selected bond angles (°) for compounds 1–4.
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found to be almost collinear (Ni-N-C: 164–170°), but for the
NiSCN fragment (S coordination), the Ni-S1A-C1A bond
angle is 105.3(2)°. These structural features are similar to
those found in compound 3 and in previous di-µ-
thiocyanato-bridged nickel(II) complexes (7, 13). The Ni—
N bond distances are comparable to those found for com-
pound 3 (1.997(4) and 2.039(5) Å) and are again longer than
for the monometallic complex [Ni(NCS)4]

2– either with
AsPh4

+ or with Cat2+ (10) cations, as summarized in Ta-
ble 2. The Ni—S1A bond length is 2.485(1) Å. Owing to the

Cat2+ cations, the [Ni2(NCS)8]
4– units are again well sepa-

rated. The shortest intermolecular distance between two
complex units is found between the S(thiocyanato) atoms
(3.516(3) Å), and the shortest intermolecular distances be-
tween two nickel(II) ions is 11.036(1) Å.

Compounds 3 and 4 both undergo an irreversible color
change from olive-green and brown-orange to blue at tem-
peratures above 100 °C, as reported in the literature (5, 14).
Powder X-ray diffraction patterns and Raman spectra shown
in the supporting material indicate that the blue high-
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Fig. 2. View of the complex unit [Ni2(NCS)8]4– for (AsPh4)4[Ni2(NCS)8] 3. Ellipsoids are drawn at the 30% probability level. The let-
ter A denotes symmetry related atoms (–x, –y, –z).

Fig. 3. View of the complex unit [Ni2(NCS)8]4– for (Cat)2[Ni2(NCS)8] 4 (Cat2+ = (p-xylylenebis(triphenyphophonium))2+). Ellipsoids
are drawn at the 30% probability level. The letter A denotes symmetry related atoms (–x, –y, –z).
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temperature product contains pseudo-tetrahedral [Ni(NCS)4]
2–

chromophores, as expected from the color, which corre-
sponds to that of the distorted tetrahedral chromophores in 1
and 2.

Magnetic properties
The magnetic properties of compounds 1, 3, and 4 in rela-

tion to the temperature dependence of χT, the product of the
molar magnetic susceptibility with temperature, are shown
in Fig. 4. Magnetic measurements for compound 2 are in
good agreement with literature values reported between
room temperature and 95 K (5), as shown in the supplemen-
tary material.4

(AsPh4)2[Ni(NCS)4] 1 and Cat2[Ni(NCS)4] 2
The two monometallic compounds exhibit similar mag-

netic properties, illustrated for compound 1 by the bottom
trace in Fig. 4. At room temperature, χT is 1.71 emu K mol–1

for 1 and 1.56 emu K mol–1 for 2. χT decreases slowly with
temperature down to 50 K, where it reaches
1.59 emu K mol–1 for 1 and 1.38 emu K mol–1 for 2. At
lower temperatures, χT falls abruptly. The large deviation of
χT at room temperature from the spin-only value (S = 1,
χT = 1 emu K mol–1) is due to significant angular momen-
tum contributions, as expected for nickel(II) ions in a tetra-
hedral environment with a 3T1 ground state (6, 15, 16). The
deviation from the Curie law behavior at low temperature
can be attributed to zero-field splittings. The crystal struc-
ture shows that the [Ni(NCS)4]

2– units are well separated

from each other and therefore only extremely weak
intermolecular antiferromagnetic interactions are expected.
Their contribution to the decrease of χT at low temperature
is negligible.

We tentatively tried to fit the magnetic behavior using the
expression of the magnetic susceptibility derived by
Ginsberg et al. (13), taking into account a single-ion zero-
field splitting parameter (D) and assuming g to be isotropic.
The experimental behavior is well reproduced with g = 2.3
and D = –8.9 cm–1 for compound 1, as shown in Fig. 4a, and
with g = 2.2 and D = –2.9 cm–1 for compound 2, as shown
in the supplementary material.4

(AsPh4)4[Ni2(NCS)8] 3
At room temperature, χT is 2.87 emu K mol–1 per bime-

tallic molecular unit, and it increases upon cooling to reach
the value of 3.00 emu K mol–1 at 50 K. At lower tempera-
tures, χT decreases abruptly. As for 1 and 2, the large devia-
tion from the spin-only value at room temperature has to be
ascribed to the ground-state angular momentum in the
pseudo-square-pyramidal coordination environment. The
value at room temperature is 1.43 emu K mol–1 per
nickel(II) ion, lower than the value measured for 1 and in
agreement with previous reports, which show that generally
χT values for square-pyramidal nickel(II) complexes deviate
less from the spin-only value than those of tetrahedral or
trigonal-bipyramidal nickel(II) complexes (6).

The increase of χT upon cooling below 50 K is the signa-
ture of ferromagnetic interactions between the two nickel(II)
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Fig. 4. Temperature dependence of χT. From top to bottom: (Cat)2[Ni2(NCS)8] 4, open circles; (AsPh4)4[Ni2(NCS)8] 3, solid circles;
(AsPh4)2[Ni(NCS)4] 1, open squares. Solid lines denote fits as described in the text.

I:\cjc\cjc8111\V03-114.vp
October 3, 2003 7:53:34 AM

Color profile: Disabled
Composite  Default screen



ions within the [Ni2(NCS)8]
4– unit. The zero-field splitting

cannot account for such an increase in χT, as is confirmed
by comparison with compounds 1 and 2, which show a clear
decrease of χT at the lowest temperatures. In addition, the
[Ni2(NCS)8]

4– units are well separated by the (AsPh4)
+ cat-

ions, and intermolecular interactions are unlikely to account
for the ferromagnetic behavior. The increase of χT is there-
fore due to intramolecular Ni–Ni ferromagnetic interactions
operating through the [Ni2(NCS)2] bridge, as is generally
found for end-to-end di-µ-thiocyanato-bridged nickel(II)
compounds (7, 13, 17, 18). We simulate the magnetic behav-
ior using the expression of the magnetic susceptibility de-
rived by Ginsberg et al. (13) and taking into account the
zero-field splitting parameter (D), an isotropic g factor, and
a ferromagnetic intramolecular interaction (Hex = –2JS1S2).
The experimental behavior is well reproduced with g = 2.06,
J = 4.5 cm–1, and D = –3.9 cm–1.

(Cat)2[Ni2(NCS)8]·2CH3NO2 4
At room temperature, χT is 3.50 emu K mol–1 per bime-

tallic molecular unit. Its value increases slightly upon cool-
ing to reach a maximum of 4.03 emu K mol–1 at 50 K. At
lower temperatures, it falls abruptly. As for compounds 1 to
3, the large deviation from spin-only behavior at room tem-
perature is due to the significant contribution of orbital
angular momentum in the pseudo-trigonal-bipyramidal envi-
ronment shown in Fig. 3. The value of 1.71 emu K mol–1 per
nickel(II) ion at room temperature is comparable to the value
for 1 but higher than the value for the bimetallic compound
3. This is in qualitative agreement with previous reports
showing that trigonal-bipyramidal nickel(II) complexes ex-
hibit deviations from spin-only behavior that are intermedi-
ate between those for tetrahedral and square-pyramidal
nickel(II) complexes (6). As for compound 3, the increase of
χT upon cooling is the signature of ferromagnetic interac-
tions coupling the two nickel(II) ions within the
[Ni2(NCS)8]

2– units. Our attempts to simulate the magnetic
behavior using the same approach as for compounds 1 and 3
were unsuccessful, but the qualitative comparison with the
results for compound 3 indicates a ferromagnetic intramole-
cular coupling of comparable magnitude.

Absorption spectroscopy
Figure 5 shows a comparison of the low-temperature

solid-state absorption spectra of nickel(II) complexes with
tetrahedral (1), octahedral (5), square-pyramidal (3), and
trigonal-bipyramidal (4) coordination geometries. The com-
plexes in compounds 1 and 5 have a single nickel(II) center
with tetrahedral and octahedral coordination geometries, re-
spectively. They show the expected three spin-allowed
ligand-field bands, as illustrated by the two lowest traces in
Fig. 5. All band maxima from low-temperature solid-state
absorption spectra are numbered in Fig. 5, and their energies
are given in Table 4. The two lowest-energy bands corre-
spond to transitions between states arising from the 3F free
ion term. Their maxima are lower (by approximately
4000 cm–1) for the tetrahedral complex 1 than for the octa-
hedral complex 5, indicating the expected weaker ligand-
field strength in 1. A room-temperature reflectance spectrum
in the literature (5) shows similar energies, shapes, and rela-
tive intensities as given for bands 1, 2, and 4 of 1 in the bot-

tom spectrum of Fig. 5. The weak band 3 is not observed in
the literature spectrum. The bimetallic complexes show dis-
tinct differences from the compounds with only one
nickel(II) center. Their lowest-energy broad absorption band
maxima are at intermediate energies between those of tetra-
hedral and octahedral complexes, as qualitatively expected
from ligand-field arguments. A quantitative model based on
the crystal structures is essential to assign their bands, as
discussed in section 4.1.

Figure 6 shows a detailed view of the band maxima of
two spin-allowed absorption bands with resolved vibronic
structure at 5 K: band 3 (Fig. 5) for the octahedral complex
5 and band 4 (Fig. 5) for the square-bipyramidal complex 3.
The average energy difference between maxima forming the
progression is 204 ± 20 cm–1, an interval in the range ex-
pected for metal–ligand stretching modes in the title com-
plexes. This progression interval is similar for the two
compounds, indicating that no large differences in bond
strength are caused by the change of coordination geometry
or by the influence of one sulfur ligator atom. Raman spec-
tra of these compounds are given in the supplementary mate-
rial4 and show transitions attributed to ground-state Ni–NCS
stretching modes at 211 cm–1 and at 201, 224, and 260 cm–1

for 5 and 3, respectively, indicating that offsets along these
normal coordinates lead to the vibronic progressions in
Fig. 6.

Several weak features are observed in addition to the
broad spin-allowed bands. A first peak or shoulder occurs
between 12 000 and 14 000 cm–1 in all compounds. This is
the lowest-energy spin-flip transition to a singlet excited
state, and it has been observed and interpreted for many dif-
ferent octahedral complexes of nickel(II) (19). For the octa-
hedral compound 5, the band is weaker than usual for
coordination to six nitrogen ligator atoms because the clos-
est spin-allowed bands are relatively far in energy. In most
complexes with nitrogen donor ligands, the lowest-energy
spin-allowed band occurs in the same energy range as the
transition to the first singlet excited state (19), leading to a
strong intensity enhancement of the spin-forbidden transition
and a characteristic interference dip observed even in unre-
solved spectra (20–22). This observation confirms that NCS–

is a relatively weak ligand compared with other nitrogen do-
nors (19). Additional transitions to higher energy singlet
states are observed for the two bimetallic complexes at ap-
proximately 17 600 cm–1 for 3 and 17 950 cm–1 for 4. All
energies of singlet bands determined from absorption spectra
are given in Table 4.

Discussion

Assignment of absorption bands
A quantitative analysis of the observed absorption spectra,

summarized in Fig. 5, is based on the angular overlap model
(AOM), a modern implementation of ligand-field theory.
The title complexes have only thiocyanato ligands, an attrac-
tive situation for this analysis because a single set of AOM
parameters can be used for all compounds. We base our cal-
culations (23) on the crystal structures of the anionic com-
plexes shown in Figs. 1–3. The first calculations are carried
out for the four- and six-coordinate complexes with a single
nickel(II) center shown as the bottom two traces in Fig. 5.
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These spectra show three spin-allowed bands, as expected in
idealized Td and Oh point-group symmetries, and the final
states of the transitions are easily assigned from literature
Tanabe–Sugano diagrams. The traditional ligand-field pa-
rameters B, C, ∆oct, and ∆tet can be determined from the band
maxima. This analysis reproduces the observed band max-
ima well, leading to a B value of 825 cm–1 (76% of the free-
ion value) and a ratio C/B of 4.6, values in the range deter-
mined in the literature for a large number of nickel(II) com-
plexes (19). The angular-overlap approach replaces the
parameters ∆oct and ∆tet with the point-group symmetry inde-
pendent parameters eσ and eπ, assumed to be identical for
each NCS– ligand. The six spin-allowed bands of the two
bottom traces in Fig. 5 allow these parameters to be fitted
and values of 4720 and 1000 cm–1 are obtained for eσ and
eπ, respectively. The resolution of the spectra used to deter-
mine these parameter values is not sufficient to reveal spin-
orbit splittings, and the spin-orbit coupling constant ζ is set
to zero for all calculations described in the following.

The parameter set obtained from the two bottom spectra
can be used to calculate absorption band maxima for com-
pounds 1, 3, and 4 using the polar coordinates of the ligands
determined from the structural data reported in Tables 2 and
3. These � and φ angles are given in Table 4. The calcula-

tions assume identical eσ and eπ values for all ligands,
thereby neglecting the variations of Ni—N bond lengths and
the different nature of the S ligator atom for one metal—
ligand bond in 3 and 4. These assumptions allow us to cal-
culate energies for all compounds without introducing addi-
tional adjustable parameters and lead to a good overall
agreement of calculated and observed band maxima, as doc-
umented in Table 4.

The calculated splittings of degenerate excited triplet
states for 1 due to deviations from perfect tetrahedral coordi-
nation geometry are less than 1000 cm–1, as given in Ta-
ble 4, and cannot be determined from the broad, unresolved
bands of the experimental spectrum, shown as the bottom
trace in Fig. 5. The lowest-energy singlet state is observed
lower (by 800 cm–1) than calculated, a discrepancy most
likely because of our choice of C/B ratio and indicating that
both independently fitted Racah parameters and a nonzero
spin-orbit coupling constant would be needed for a perfect
agreement. The band positions for octahedral compound 5
are very well reproduced by the parameters chosen for our
calculations.

In contrast to complexes 1 and 5, the absorption spectra of
bimetallic complexes 3 and 4 cannot be analyzed in an ideal-
ized high-symmetry point group. The crystal structures and

© 2003 NRC Canada
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Fig. 5. Overview absorption spectra recorded on single crystals at 5 K. Bottom to top: (AsPh4)2[Ni(NCS)4] 1 (pseudo-tetrahedral coor-
dination geometry, dashed line); (Et4N)4[Ni(NCS)6] 5 (octahedral coordination geometry, solid line); (AsPh4)4[Ni2(NCS)8] 3 (pseudo-
square-pyramidal coordination geometry, solid line); (Cat)2[Ni2(NCS)8] 4 (pseudo-trigonal-bipyramidal coordination geometry, dashed
line).
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AOM parameter set determined above allow us to calculate
absorption maxima without adjusting any parameters. The
overall agreement between calculated and observed energies
is good, as documented in Table 4. The correct number and
energies of spin-allowed transitions are obtained from the
calculations. As was the case for 1, the energies of the sin-
glet states are less reliably reproduced, again most likely a
consequence of the C/B ratio that was not treated as an ad-
justable parameter. Nevertheless, a good interpretation of the
absorption spectra is obtained and we conclude that band en-
ergies are strongly influenced by the single-ion coordination
geometry, with no clear-cut effects of the exchange interac-
tion between the two nickel(II) centers evident in the 5 K
spectra of compounds 3 and 4 in Fig. 5. The analysis of ex-
change effects requires detailed temperature-dependent mea-
surements, as discussed in section 4.2. It is interesting to
note that the exact coordination geometries of the nickel(II)
centers in 3 and 4 are required for the analysis of the spec-
trum. This is illustrated by the lowest-energy absorption
bands shown in Fig. 5 (labeled 1 on the top two traces). The
band maximum for the distorted square-pyramidal complex
3 is lower in energy by approximately 800 cm–1 than for the
pseudo-trigonal-bipyramidal complex 4, an energetic order
correctly reproduced by our AOM analysis based on the
crystal structures. In contrast, AOM calculations for perfect
square-pyramidal and trigonal-bipyramidal structures with
the parameter values used above lead to band maxima of
7200 and 6200 cm–1, respectively, not only in worse agree-
ment with the experimental maxima but also in the wrong

energetic order. The observed variation of spin-allowed ab-
sorption band maxima is quantitatively rationalized by a
comparison of the calculated energies for all triplet states as
a function of τ, the parameter used to classify the five-
coordinate coordination geometries of 3 and 4 in the Re-
sults: Crystal structures section. These calculated energies
are shown in Fig. S5 of the supporting information.4 The de-
viations from idealized symmetry in 3 and 4 have, therefore,
a significant effect on the observed absorption bands, and
care should be taken when analyzing absorption spectra in
an idealized coordination geometry, as was done in a recent
study of nickel(II) thiocyanato complexes (7).

The calculated energy differences between the lowest
triplet states for 1, 3, and 4 (given in Table 4) can be qualita-
tively related to the χT values measured at room tempera-
ture. Compound 1 has the smallest splitting with levels at 0,
1370, and 1800 cm–1, and its χT value per nickel(II) ion is
1.71 emu K mol–1, higher than the value of 1.56 emu K mol–1

measured for compound 2. The same order of χT values at
290 K is reported in the literature (5): 1.68 and 1.64 emu K
mol–1 for compounds 1 and 2, respectively. The calculated
splitting for 2 indicates levels at 1300 and 2600 cm–1 —
larger energy differences than for compound 1 — and there-
fore the lower χT value is justified. The correlation between
AOM calculations and χT values remains qualitative because
the effects of spin-orbit coupling are neglected, and identical
eσ and eπ values are used for each metal—ligand bond. The
latter assumption is justified for compound 1, where all four
nickel(II)—N bond lengths are comparable, but less so for
compound 2, where one bond is longer by 0.3 Å than the
other three. This bond-length difference further increases the
ground-state splitting of 2 and reduces the χT value; thus,
the large difference between compounds 1 and 2 is rational-
ized. The bimetallic compound 4 has a χT value of 1.75 emu
K mol–1 per nickel(II) ion, corresponding to a relatively
small calculated splitting of 2800 cm–1. The calculated en-
ergy difference between the two lowest-energy triplet states
for compound 3 is larger than 6000 cm–1, and the strongest
quenching of the orbital angular momentum is therefore ex-
pected for this compound, in agreement with the smallest
room-temperature χT value of 1.43 emu K mol–1 per
nickel(II) center, as observed in Fig. 4, very similar to the
literature value of 1.39 emu K mol–1 (5). The AOM analysis
of the absorption spectra allows us to qualitatively under-
stand the magnetic properties at high temperature and indi-
cates that the parameter values obtained with a minimum
number of adjustable quantities are reasonable.

Exchange interaction in (AsPh4)4[Ni2(NCS)8] and
(Cat)2[Ni2(NCS)8]

The magnetic measurements for bimetallic compounds 3
and 4 in Fig. 4 show a ferromagnetic coupling between the
nickel(II) centers. The coupling constant, J, of 4.5 cm–1 de-
termined for 3 is well within the range of 2.5–6.3 cm–1 ob-
served for other thiocyanato-bridged bimetallic complexes
and linear chains containing nickel(II) ions, as summarized
in Table 3 of ref. 7. Complementary information on ex-
change interactions is often obtained from temperature-
dependent absorption intensities and is used to determine
ground-state exchange splittings (24, 25). Figure 7 shows a
detailed view of the spin-forbidden band of (AsPh4)4-

© 2003 NRC Canada
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Fig. 6. Resolved vibronic structure for octahedral [Ni(NCS)6]4–

molecular units in (Et4N)4[Ni(NCS)6] 5, bottom trace and bottom
wavenumber scale, and pseudo-square-pyramidal [Ni(NCS)4(SCN)]3–

molecular units in (AsPh4)4[Ni2(NCS)8] 3, top trace and top
wavenumber scale. The bands enlarged here are labeled in Fig. 5
as bands 3 and 4 of the lower and upper solid traces, respec-
tively.
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[Ni2(NCS)8] 3, labeled 5 in Fig. 5. This weak band has been
assigned as a spin-forbidden transition from the AOM analy-
sis in Table 4. Its intensity shows a strong decrease with in-
creasing temperature from 5 to 150 K. In this temperature
range, the thermal population of the ground-state levels, split
by both the exchange interactions and coordination geome-
try of each nickel(II) center, changes significantly. The fer-
romagnetic coupling determined from the magnetic
measurements indicates that the lowest energy state of the
bimetallic complex has a total spin Stotal = 2, with the Stotal =
1 and Stotal = 0 levels higher in energy. The final state of the
transition in Fig. 7 has Stotal

* = 1. The observation of an ab-
sorption band with decreasing intensity at higher tempera-
ture indicates that the single-ion intensity mechanism (26,
27) dominates the observed band, as its spin selection rule is
∆Stotal = 0 ± 1, and a transition from the lowest-energy level
is possible. In contrast, the pair mechanism (28, 29) has a
strict ∆Stotal = 0 selection rule, and an intensity increase with
temperature, corresponding to the thermal population of the
Stotal = 1 ground-state level, would be expected. This mecha-
nism can therefore be excluded for compound 3. We apply
the model derived to fit the magnetic data in Fig. 4 (middle
trace, solid line) and calculate the Boltzmann population of
the lowest energy level over the temperature range for which
absorption spectra are shown in Fig. 7. These populations
are then scaled and compared with the temperature-
dependent experimental absorption intensities, whose esti-
mated error is on the order of 10% from uncertainties of the

baseline. The inset to Fig. 7 illustrates the good agreement
obtained by adjusting only a scaling factor, confirming the
validity of our analysis of the magnetic data and showing
that the distinct character of absorption transitions can reveal
information on exchange coupling, in this case on the mag-
nitude of the ground-state exchange coupling in compound
3. The band in Fig. 7 is larger by several orders of magni-
tude than the ground-state splitting caused by the exchange
interaction. It is therefore not possible to resolve transitions
arising from each ground-state level or to determine ex-
change splittings in the excited state, as has been reported
for other bimetallic complexes with weak exchange coupling
(25, 30). The intensity variation of this absorption band sup-
ports the assignment of the increase in χT to an
intramolecular ferromagnetic coupling, as d–d band intensi-
ties are not expected to depend strongly on intermolecular
exchange effects. No corresponding temperature effect is ob-
served for the bimetallic compound 4, possibly because of
the higher energy of the corresponding singlet band, which
is in closer proximity to the intense transitions at higher en-
ergy and therefore more likely to borrow intensity from
these allowed transitions. This intensity borrowing can eas-
ily mask an intensity change, as illustrated in Fig. 7. Com-
plexes 1, 2, and 5 have only a single metal center and do not
show any intensity changes comparable to Fig. 7, again indi-
cating that this temperature-dependent absorption band does
involve exchange coupling between nickel(II) ions bridged
by thiocyanato ligands.

© 2003 NRC Canada
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Fig. 7. Temperature dependence of the spin-forbidden, ligand-field transition of (AsPh4)4[Ni2(NCS)8] 3, labeled as band 5 on the upper
solid line in Fig. 5. Traces are given for temperatures of 5, 10, 20, 30, 40, 50, 80, 110, and 150 K (top to bottom). The inset shows
the integrated intensities of this band as a function of temperature. The solid line was obtained with the parameters determined from
the fit to the magnetic measurements shown as solid circles in Fig. 4.
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The structural, magnetic, and spectroscopic study of the
title compounds shows the influence of coordination geome-
tries on electronic states and energies of absorption maxima
in the near-infrared and visible spectral regions. The exact
experimental structures have to be used for a quantitative un-
derstanding of the spectra and the magnitude of χT at room
temperature. Magnetic measurements reveal a ferromagnetic
coupling in the bimetallic compounds, confirmed by temper-
ature-dependent absorption spectra.
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Ferrocenyl-penta-(�-naphthyl)benzene —
Synthesis, structure, and dynamic behaviour1

Laura E. Harrington, James F. Britten, and Michael J. McGlinchey

Abstract: 3-Ferrocenyl-2,4,5-tri-(β-naphthyl)cyclopentadienone undergoes a Diels–Alder reaction with di-(β-naphthyl)acet-
ylene to yield, after elimination of carbon monoxide, ferrocenyl-penta-(β-naphthyl)benzene (4). 1H and 13C variable-
temperature NMR studies on 4 reveal the existence of multiple diastereoisomers at low temperature. These data are in-
terpreted in terms of slowed rotation of the naphthyl groups, and are supported by the X-ray crystal structure of 4,
which exhibits disorder at three of the naphthyl sites.

Key words: sterically crowded molecules, hindered rotations, crystallography, NMR.

Résumé : La 3-ferrocényl-2,4,5-tri-(β-naphtyl)cyclopentadiénone donne une réaction de Diels–Alder avec le di-(β-
naphtyl)acétylène pour donner, après élimination de monoxyde de carbone, au ferrocényl-penta-(β-naphtyl)benzène (4).
Des études RMN du 1H et du 13C du composé 4 à températures variables démontrent l’existence de nombreux diasté-
réoisomères à basse température. On interprète ces données en fonction d’un ralentissement de la rotation des groupes
naphtyles et ces conclusions sont appuyées par les études de diffraction des rayons X du composé 4 qui montrent
l’existence d’un désordre à trois des sites naphtyles.

Mots clés : molécules stériquement encombrées, empêchement à la rotation, cristallographie, RMN.

[Traduit par la Rédaction] Harrington et al. 1186

Introduction

The pioneering work of Gust and Mislow (1) on sterically
hindered organic molecules, especially hexa-substituted
arenes, prompted a number of subsequent studies on molec-
ular paddle-wheels and propellers (2). Recognition of the
novelty and utility of a system that could exhibit correlated
rotation of crowded substituents about a central ring (3)
stimulated a variety of investigations directed towards their
potential application as molecular machines (4).

On the NMR time-scale, the pendant groups in hexaaryl-
benzenes are perpendicular to the central ring, and substitu-
tion is required to invoke observable barriers to rotation.
Ortho-substituted derivatives exhibit significantly higher bar-
riers to peripheral ring rotation (~33 kcal mol–1), than do
their meta-substituted analogues. In the latter cases, the bar-
riers (~17 kcal mol–1) are more reflective of the buttressing
effects of the ortho-hydrogens (5). These ∆G≠ values have
been ascribed to diastereomeric interconversions via the in-
dependent rotation of one ring at a time through approxi-
mately π radians (5, 6). Ultimately, these successive
rotations provide the most favourable pathway for inversion
of the propeller helicity; enantiomerization requires the rota-
tion of all substituted peripheral rings, and the synchronous,

correlated rotation of six rings is entropically and
energetically disfavored.

The necessity for increased steric bulk and the presence of
a probe to detect restricted rotation has led to the develop-
ment of organometallic derivatives of hexaarylbenzenes
((CnArn)MLx) where n = 5, 6, or 7; progress in this area has
recently been reviewed (2). Whereas Gust elegantly labeled
the peripheral substituents by “painting the edges different
colours” (5), our focus has been to “paint the faces” of the
rings differently (7).

Towards this goal, we have reported the synthesis and
fluxional behaviour of hexaphenylbenzene chromium
tricarbonyl (1), in which the metal moiety is bonded to one
of the peripheral phenyl rings (8). As depicted in Scheme 1,
under conditions of rapid rotation of all six peripheral rings,
the molecule exhibits time-averaged C2v symmetry, which is
lowered to Cs when rotation of the chromium-complexed
ring is slowed on the NMR time-scale at –100 °C. Unfortu-
nately, X-ray crystallographic data are not available for 1,
but it is a reasonable assumption that the peripheral phenyls
are not all arranged perpendicular to the central ring. The
NMR-derived barrier towards rotation of the chromium-
complexed ring was 12.2 ± 0.2 kcal mol–1. Although this
work represented an advance in the development of
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sterically encumbered organometallic derivatives based on
molecular propellers, the barrier observed was lower than
those observed for Gust’s ortho- or meta-substituted
hexaarylbenzenes. This could be interpreted either as lower-
ing the barrier towards peripheral ring rotation, or a conse-
quence of raising the energy of the ground state. Clearly, an
increase in the steric bulk of the metal moiety, or an en-
hancement of its interaction with neighbouring substituents
must be achieved.

This concept was further developed by the replacement of
a peripheral phenyl ring by a ferrocenyl group, and led to in-
triguing results, including the possibility of correlated rota-
tion (9). In the solid state, C6Ph5Fc (2) does not adopt a
propeller conformation, but rather exhibits an incremental
progression of dihedral angles (51° to 120°) as discussed in
more detail below. It is tempting to invoke a “domino effect”
(10) such that rotation of the ferrocenyl group would pro-
ceed with correlated rotation of the phenyl rings. However,
since variable-temperature 1H and 13C NMR studies on 2
gave no indication of restricted ferrocenyl or phenyl ring ro-
tation on the NMR time-scale, no definitive conclusions
could be drawn (9).

With the aim of augmenting the interactions between the
organometallic fragment and the peripheral aryl groups, our
attention turned toward naphthyl derivatives, which act as
phenyl groups with a labelled edge and a greater “wing-
span”. We have recently reported the syntheses, structures,
and dynamic behaviour of several naphthyl-substituted
(cyclopentadienone)rhodium acetylacetonate complexes (3a,
3b) for which restricted rotation of the naphthyl groups was
clearly detectable via splitting of the 31P NMR signals of the

triphenylphosphine substituent. The barriers to naphthyl
rotation were evaluated as 8.2 ± 0.5 kcal mol–1 (11).

Although a number of purely organic naphthyl-substituted
benzenes have been described (12), and several naphthyl ro-
tation barriers have been determined (13), we are unaware of
any analogous organometallic derivatives apart from
Rausch’s naphthyl-cyclobutadiene cobalt systems (14). With
the goal of investigating the dynamic behaviour of an arene
possesing both ferrocenyl and naphthyl substituents, we now
report the synthesis, structure, and variable-temperature
NMR spectra of ferrocenyl-penta-(β-naphthyl)benzene (4).

Results and discussion

Synthesis
The synthesis of 4 was achieved by a method similar to

that previously reported (9) for C6Ph5Fc (2) and is summa-
rized in Scheme 2. The sodium-cyanide-catalyzed reaction
of ferrocene carboxaldehyde with β-naphthaldehyde, fol-
lowed by manganese dioxide oxidation yielded the diketone
5. Base-catalyzed aldol condensation of 5 with 1,3-di-(β-
naphthyl)propanone (6) furnished 3-ferrocenyl-2,4,5-tri-(β-
naphthyl)cyclopentadienone (7), which underwent a Diels–
Alder addition with di-(β-naphthyl)acetylene (8) at 180 °C
and, after loss of carbon monoxide, afforded the desired
product (4).

NMR spectroscopic results
As indicated above, the 500 MHz 1H and 125 MHz 13C

NMR spectra of ferrocenylpentaphenylbenzene (2) remained
essentially unchanged to temperatures as low as 188 K, thus,
offering no evidence for the restricted rotation of the
ferrocenyl group or peripheral phenyl substituents. In con-
trast, although at room temperature the 500 MHz 1H NMR
spectrum of the naphthyl analogue (4) exhibits the expected
well-resolved aromatic signals attributable to the naphthyl
and ferrocenyl protons, as the temperature is decreased,
there is marked broadening of all of the signals in the
ferrocenyl region. Moreover, the singlet at 3.73 ppm, as-
signed to the α-CH protons in the C5H4 ring, splits into at
least three peaks (3.58, 3.66, and 3.69 ppm at 203 K;
Fig. 1a). These findings are mirrored in the 125 MHz 13C
NMR spectra, in which the corresponding peak for the
ferrocenyl α-carbon gradually splits into three peaks as the
temperature is reduced (72.5, 73.1, and 73.3 ppm at 203 K;
Fig. 1b). The peaks for the other ferrocenyl carbon and hy-
drogen atoms appear to broaden, but do not cleanly
decoalesce at low temperature. There is similar broadening
and decoalescence behaviour in the aromatic region, but se-
vere overlap of the naphthyl signals in both the proton and

© 2003 NRC Canada
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Scheme 1. Fluxional behaviour of (C6Ph6)Cr(CO)3.

Chart 1. Ferrocenylpentaphenylbenzene (2) and naphthyl-substituted
cyclopentadienone rhodium acetylacetonate complexes (3).
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carbon regimes at low temperature renders these peak as-
signments ambiguous, even at 11.74 T.

If the ferrocenyl and naphthyl ring rotations have slowed
on the NMR time-scale, and the molecule has adopted a sin-
gle favoured conformation, one would expect to see four
equal intensity 1H and 13C NMR resonances attributable to
the C5H4 moiety. However, since decoalescence gives rise to
three signals of unequal intensity for the ferrocenyl α-
carbon, it is unlikely that restricted ferrocenyl rotation is the
single explanation for the observed behaviour. An alternative
rationale is that restricted rotation of the naphthyl groups
gives rise to a number of diastereomers and, as a result, each
ferrocenyl environment gives rise to distinct peaks, the in-
tensities of which correspond to the relative stability of each
of the rotamers.

Another possibility, but one that would require extensive
labelling of the naphthyls (such as by incorporation of 19F
nuclei as independent probes) to verify, is that of residual
stereoisomerism, a phenomenon originally recognized in
maximally labelled Ar3Z and Ar3ZX moieties (1b, 3b). In
those cases, correlated ring rotation gave rise to closed sub-
sets of interconverting isomers separated by substantial bar-
riers. Thus, the interdependent motion of all three rings
imposes a constraint on the relationship between torsional
angles, and so blocks a number of interconversion pathways
among the full set of conformers. If such a phenomenon
were to be viable for 4, it would imply that, on a given time-
scale, ferrocenyl rotation is correlated with naphthyl rota-
tion, but that individual naphthyl rings could not undergo in-
dependent rotation through π radians.

Such speculation assumes that the naphthyl rings in 4 can
adopt a variety of up and (or) down combinations, thus, gen-
erating several diastereomers that interconvert slowly on the
NMR time-scale at low temperatures. To test this hypothesis,
an X-ray crystallographic study on ferrocenyl-penta-(β-
naphthyl)benzene (4) was initiated.

X-ray crystallographic results
Numerous attempts to grow single crystals of 4 suitable

for an X-ray crystallographic study were thwarted, either by
the slow decomposition of the sample, or rapid conversion to
powder. Finally, slow evaporation of a CH2Cl2 solution fur-
nished crystals that were uniformly small and thin, and by
no means ideal candidates for a crystallographic investiga-
tion. Nevertheless, it was possible to acquire a data set from
which one could establish the atom connectivity and un-
equivocally characterize the molecule. Although the struc-
ture could, eventually, be refined to an R value of 18%, we
clearly cannot claim high accuracy for the bond lengths and
angles.

Figure 2 displays the structure of 4, and the unit cell pa-
rameters are summarized in Table 1. The molecule exhibits
several interesting features, notably the up and (or) down
orientations of the naphthyl substituents. The possibility of
two orientations for each naphthyl group often leads to dis-
order in crystal structures (cf. ref. 11), and in this instance,
three of the naphthyl groups exhibit a disorder in which both
orientations are represented. In particular, this phenomenon
is seen for the naphthyl substituents at central ring carbons
C(2) and C(6) (i.e., those adjacent to the ferrocenyl
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Scheme 2. Synthetic route to ferrocenyl-penta-(β-naphthyl)benzene (4).
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substituent), as well as for the naphthyl ring bonded to C(3).
It is tempting to draw a parallel between the solid state
structure, in which these diastereomers are clearly similar in
energy, and the solution state dynamic behaviour, in which
several naphthyl groups apparently exhibit restricted rota-
tion, and give rise to more than one conformer.

It is also informative to examine the dihedral angles of the
peripheral substituents with respect to the central ring. As
noted previously, in the crystal structure of 2 (see Fig. 3a)
there is an incremental progression of angles from 51° to
120°, thus suggesting a “domino effect” that may offer in-
sight into the mechanism for propeller interconversion (9,
10). This may be contrasted with the propeller conformation
of the phenyl groups in hexaphenylbenzene, which all adopt
interplanar angles of 75° with respect to the central ring
(15). In 4 (see Fig. 3b), there is a progression of angles simi-
lar to that expressed by 2 (esd ~1°): 134° for the ferrocenyl
substituent, followed by 106°, 81°, 62°, 65°, and 73° for the
naphthyls bonded to central ring carbons C(6) through C(2).
The interesting contrast to 2 is that the naphthyl groups
bonded to carbons C(2) through C(4) show a decrease in di-
hedral angle rather than an increase; thus, the angles do not
display a clear incremental progression leading to propeller
interconversion. This phenomenon is not limited to the
groups adjacent to the bulky ferrocenyl group; there is evi-
dently significant interaction among the naphthyl substitu-
ents themselves, leading to the expression of more dramatic
dihedral angles than in the phenyl analogue. The interplanar
angles displayed are not influenced by the disorder in the up
and (or) down orientation of the naphthyl groups since these
conformations are coplanar.

Although the X-ray crystal structure data are not of suffi-
cient quality to permit the evaluation of bond lengths and
angles with very high precision, they do allow a realistic as-
sessment of the relative orientations of the peripheral sub-
stituents. In particular, one can draw viable comparisons
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Fig. 1. Variable-temperature NMR spectra of 4, showing the
decoalescence behaviour of (a) the ferrocenyl 1H environments at
500 MHz, and (b) the corresponding 13C resonances at 125 MHz.

Fig. 2. X-ray crystal structure of 4 showing the atom numbering
scheme.
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with the dihedral angles formed by the peripheral substitu-
ents relative to the central ring in ferrocenyl-pentaphenyl-
benzene (2) ferrocenyl-penta-(β-naphthyl)benzene (4), and
hexaphenylbenzene.

Conclusions

The juxtaposition of ferrocenyl and five β-naphthyl sub-
stituents within a benzene ring results in the generation of at
least three diastereomers arising from different up and (or)
down combinations of naphthyl rings. In the solid state, this
is reflected in disorder at three peripheral ring sites; corre-
spondingly, variable-temperature 1H and 13C NMR spectra in
solution indicate the presence of multiple rotamers. These
observations may be compared with the analogous data for
ferrocenylpentaphenylbenzene (2), which adopts a similar
“non-propeller type” structure in the solid state, but which
does not exhibit restricted rotation of the peripheral rings.
This manifestation of the enhanced steric requirements of
naphthyl substituents suggest that it may be possible to con-
struct a six-bladed molecular propeller exhibiting correlated
motion. Future reports will describe the use of other sub-
stituents, such as anthracenyl or fluorenyl, which have even
larger wingspans.

Experimental section

All reactions were carried out under an atmosphere of dry
nitrogen employing conventional benchtop and glovebag
techniques. Silica gel (particle size 20–45 µm) was em-
ployed for flash column chromatography. 1H and 13C NMR
spectra were obtained on a Bruker DRX 500 spectrometer
operating at 500.13 MHz and 125.76 MHz, respectively, and
were referenced to the residual proton or 13C signal of the
solvent. Assignments were based on standard 1H-1H and 1H-
13C two-dimensional techniques. Mass spectra were deter-
mined using a Finnigan 4500 spectrometer by direct electron
impact (DEI) or direct chemical ionization (DCI) with NH3
or on a Micromass GCT TOF instrument, as well as
electrospray (ESI). Infrared spectra were recorded on a Bio-
Rad FTS-40 spectrometer. Melting points (uncorrected) were
determined on a Fisher-Johns melting point apparatus.

Ferrocene carboxaldehyde, β-naphthaldehyde, and benzo-
phenone were obtained from Aldrich Chemical Co. and used
as received. Di-(β-naphthylmethyl)ketone (6) was synthe-
sized by using the phase-transfer method outlined in
ref. (16). Di-β-naphthylacetylene (8) was synthesized follow-
ing the methodology described in ref. (17); however, the oxi-
dation was performed using silver oxide rather than mercuric
oxide, as in ref. (18).

Preparation of 2-ferrocenyl-2-hydroxy-1-naphthylethanone
Ferrocene carboxaldehyde (7.135 g, 0.03 mol), β-naph-

thaldehyde (5.83 g, 0.04 mol), and NaCN (1.16 g, 0.02 mol)
were dissolved in 20 mL H2O and 40 mL ethanol, then
refluxed for 1 h. The solution was cooled, resulting in the
formation of a red precipitate, which was collected by suc-
tion filtration to give the desired product (9.05 g, 0.02 mol,
73%), mp 142–145 °C (dec). IR (KBr) (cm–1): 3364 (OH),
1656 (CO). 1H NMR (500 MHz, CD2Cl2) δ: 7.90 (1H, s,
naphthyl-H1), 7.88 (1H, d, JHH = 8.9 Hz, naphthyl-H8), 7.86
(1H, d, JHH = 8.5 Hz, naphthyl-H4), 7.84 (1H, dd, JHH =
7.9 Hz, 1.7 Hz, naphthyl-H5), 7.52 (1H, ddd, naphthyl-H6),
7.50 (1H, ddd, naphthyl-H7), 7.43 (1H, dd, JHH = 8.5,
1.6 Hz, naphthyl-H3), 5.67 (1H, d, JHH = 6.0 Hz, CH), 4.89
(1H, dd, JHH = 1.3 Hz, 1.3 Hz, ferrocenyl-H2), 4.69 (1H, dd,
JHH = 1.3, 1.3 Hz, ferrocenyl-H5), 4.65 (1H, d, JHH = 6.0 Hz,
OH), 4.56 (1H, ddd, JHH = 2.4, 2.4, 1.2 Hz, ferrocenyl-H3),
4.47 (1H, ddd, JHH = 2.4, 2.2 Hz, 1.3 Hz, ferrocenyl-H4),
4.08 (5H, s, ferrocenyl-C5H5).

13C NMR (125 MHz, CD2Cl2)
δ: 203.6 (CO), 133.8 (naphthyl-C4a), 133.7 (naphthyl-C8a),
129.3 (naphthyl-C4), 128.5 (naphthyl-C8), 128.2 (naphthyl-
C2), 128.2 (naphthyl-C5), 127.8 (naphthyl-C1), 127.0
(naphthyl-C6), 127.0 (naphthyl-C7), 125.4 (naphthyl-C3),
77.5 (ferrocenyl-ipso-C), 75.4 (C-OH), 73.6 (ferrocenyl-C3),
73.6 (ferrocenyl-C4), 70.8 (ferrocenyl-C5), 70.7 (ferrocenyl-
C5H5), 70.4 (ferrocenyl-C2). MS (DEI, m/z (%)): 370 (M+,
96), 353 (M-OH, 17), 213 (C5H5-Fe-C5H4-CO, 100), 185
(C5H5-Fe-C5H4, 39), 129 (74), 121 (35), 81 (17). MS (DCI,
m/z (%)): 372 (M + 2H, 30), 371 (M + H, 100), 370 (M+,
30), 353 (M-OH, 30), 213 (C5H5-Fe-C5H4-CO, 30), 129
(18). HR-MS (EI) calcd. for C22H18O2Fe: 370.0656; found:
370.0647.

Preparation of 1-ferrocenyl-2-naphthylethanedione (5)
2-Ferrocenyl-2-hydroxy-1-naphthylethanone (6.51 g,

0.02 mol) was dissolved in 150 mL CHCl3 and heated to
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Empirical formula C66H44Fe

Molecular weight 892.27
Size (mm3) 0.08 × 0.07 × 0.06
Temperature (K) 173(2)
Crystal system Triclinic
Space group P(–1)
a (Å) 10.858(2)
b (Å) 14.299(3)
c (Å) 16.777(3)
α (°) 112.147(5)
β (°) 90.700(6)
γ (°) 104.116(5)
V (Å3) 2324.1(7)
Z 2
Calculated density (g cm–3) 1.250
Scan mode ϕ- and ω-scans
F(000) 913
Absorption coefficient (m–1) 2.912
θ range (°) 2.86 to 40.29
Index ranges –8 ≤ h ≤ 9, –11 ≤ k ≤ 11,

–14 ≤ l ≤ 13
Reflections collected 7545
Independent reflections 2833 (R(int) = 0.3317)
Data/restraints/parameters 2833 / 0 / 129
GOF on F2 (all) 1.195
Final R (I > 2σ(I)) R1 = 0.1784, wR2 = 0.3987

R indices (all data) R1 = 0.3155, wR2 = 0.4714

Transmission (ratio of max to min) 1.0552
Largest diff peak (e Å–3) 0.874
Largest diff hole (e Å–3) –0.585

Table 1. Crystallographic collection and refinement parameters
for 4.
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reflux. In small portions, freshly prepared MnO2 was added
(2.26 g, 0.02 mol) and the mixture was stirred under reflux
for 24 h. After cooling to room temperature, the solution
was filtered and the solvent was removed by rotary evapora-
tion to give 5 (5.66 g, 0.015 mol, 88%) as a red solid, mp
98–100 °C (dec). Pure 5 was obtained by column chroma-
tography under nitrogen (50:50, CH2Cl2:hexanes). IR (KBr)
(cm–1): 1669 (CO), 1650 (CO). 1H NMR (500 MHz,
CD2Cl2) δ: 8.60 (1H, s, naphthyl-H1), 8.12 (1H, dd, JHH =
8.6, 1.7 Hz, naphthyl-H3), 8.00 (1H, d, JHH = 8.6 Hz,
naphthyl-H4), 8.00 (1H, d, naphthyl-H8), 7.93 (1H, dd,
naphthyl-H5), 7.66 (1H, ddd, JHH = 7.5, 6.9, 1.2 Hz,
naphthyl-H6), 7.59 (1H, ddd, JHH = 8.2, 7.5, 1.1 Hz,
naphthyl-H7), 4.90 (2H, dd, JHH = 1.95, 1.92 Hz, ferrocenyl-
H2,5), 4.71 (2H, dd, JHH = 2.0, 2.0 Hz, ferrocenyl-H3,4), 4.28
(5H, s, ferrocenyl-C5H5).

13C NMR (125 MHz, CD2Cl2) δ:
199.3 (naphthyl-C=O), 193.5 (ferrocenyl-C=O), 136.8
(naphthyl-C2), 133.6 (naphthyl-C1), 133.1 (naphthyl-C4a),
131.0 (naphthyl-C8a), 130.5 (naphthyl-C8), 129.9 (naphthyl-
C6), 129.5 (naphthyl-C4), 128.5 (naphthyl-C5), 127.7
(naphthyl-C7), 124.7 (naphthyl-C3), 75.4 (ferrocenyl-ipso-
C), 74.6 (ferrocenyl-C3,4), 71.1 (ferrocenyl-C2,5), 71.1
(ferrocenyl-C5H5). MS (DEI, m/z (%)): 368 (M+, 100), 213
(C5H5-Fe-C5H4-CO, 75), 185 (C5H5-Fe-C5H4, 15), 155
(C10H7-CH2O, 10), 129 (40), 127 (C10H7, 20), 84 (25). MS
(DCI, m/z (%)): 369 (M + H, 100), 213 (C5H5-Fe-C5H4-CO,
29), 155 (C10H7-CH2O, 14), 129 (14). HR-MS (EI) calcd.
for C22H16O2Fe: 368.0465; found: 368.0500

Preparation of 2,4,5-trinaphthyl-3-
ferrocenylcyclopentadienone (7)

1-Ferrocenyl-2-naphthylethanedione (5, 0.77 g, 2.1 mmol)
and KOH (0.2 g, 3.6 mmol) were dissolved in 50 mL etha-

nol and heated to reflux. A solution of di-(β-naphthyl-
methyl)ketone (6, 0.68 g, 2.2 mmol) was dissolved in 50 mL
ethanol and added dropwise, the mixture was then stirred
under reflux for 2 h. The solution was cooled to room tem-
perature, then in ice, and filtered with suction to give 7 as a
dark blue powder (0.69 g, 1.1 mmol, 49%), mp 247–250 °C
(dec). The powder was purified by column chromatography
under nitrogen (50:50, CH2Cl2:hexanes) before further use.
The sample is indefinitely stable as a solid, however, it de-
composes in a wide variety of solvents over time. 1H NMR
(500 MHz, CD2Cl2) δ: 7.94 (9H, m, naphthyl-H), 7.61
(9H, m, naphthyl-H), 7.39 (2H, m, naphthyl-H), 7.18
(1H, m, naphthyl-H), 4.25 (2H, s, ferrocenyl-H2,5), 4.05
(5H, s, ferrocenyl-C5H5), 3.98 (2H, s, ferrocenyl-H3,4).

13C
NMR (125 MHz, CD2Cl2) δ: 200.27 (CO), 157.6, 154.0
(cyclopentadienone-C), 134.2, 134.0, 133.8, 133.7, 133.6,
133.4, 133.0, 132.2 (naphthyl-Cs), 130.5, 129.9 (naphthyl-
CHs), 129.3 (naphthyl-C), 128.9, 128.8, 128.7, 128.6, 128.5,
128.3, 128.0, 127.8, 127.6, 127.3, 126.8, 126.5 (naphthyl-
CHs), 123.8 (cyclopentadienone-C), 77.7 (ferrocenyl-ipso-
C), 72.1 (ferrocenyl-C2,5), 72.0 (ferrocenyl-C3,4), 71.0
(C5H5). IR (KBr) (cm–1): 1689 (CO). HR-MS (EI) calcd. for
C45H30OFe: 642.1646; found: 642.1635.

Preparation of ferrocenyl-penta-(β-naphthyl)benzene (4)
Benzophenone (5 g) was melted by heating to 120 °C in a

100 mL round bottom flask. The temperature of the oil bath
was increased to 150 °C, then di(β-naphthyl)acetylene (8,
0.42 g, 1.50 mmol) and 2,4,5-tri(β-naphthyl)-3-ferrocenyl-
cyclopentadienone (7, 0.96 g, 1.49 mmol) were added. The
mixture was stirred and heated at 180–190 °C for 52 h with
a reflux condenser (to prevent loss of benzophenone). The
flask was cooled almost to room temperature and benzene
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Fig. 3. Progression of dihedral angles in (a) ferrocenyl-pentaphenylbenzene (2), and in (b) ferrocenyl-penta-(β-naphthyl)benzene 4.
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(5 mL) was added to prevent solidification of the benzophe-
none. The resulting mixture was purified by column chroma-
tography under nitrogen (75:25, CH2Cl2:hexanes) to give 4
as a yellow-orange powder (0.30 g, 0.33 mmol, 22%), mp
260 °C (dec). 1H NMR (500 MHz, CD2Cl2) δ: 7.81–7.00
(35H, m, naphthyl-H), 3.75 (2H, s, ferrocenyl-H2,5), 3.69
(2H, s, ferrocenyl-H3,4), 3.59 (5H, s, C5H5).

13C NMR
(125 MHz, CD2Cl2) δ: 142.6–125.7 (naphthyl-CH, C,
cyclopentadienone-C), 87.5 (C5H4-C), 73.6 (ferrocenyl-C2,5),
69.6 (C5H5), 67.5 (ferrocenyl-C3,4). MS (ESI): 892.4 (M+,
100). HR-MS (EI) calcd. for C66H44Fe: 892.2792; found:
892.2721.

Crystallographic data for 4
X-ray crystallographic data for 4 were collected on a P4

Bruker diffractometer equipped with a Bruker SMART 1K
CCD area detector (employing the program SMART) (19)
and a rotating anode utilizing graphite-monochromated Mo
Kα radiation (λ = 0.710 73 Å). Data processing was carried
out by use of the program SAINT (20), while the program
SADABS (21) was utilized for the scaling of diffraction
data, the application of a decay correction and an empirical
absorption correction based on redundant reflections. Struc-
tures were solved by using the direct-methods procedure in
the Bruker SHELXTL (22) program library and refined by
full-matrix least-squares methods on F2. As a result of the
size of the crystal and the absence of diffraction data beyond
1.2 Å, we were unable to refine anisotropically on the car-
bon atoms. Hydrogen atoms were added as fixed contribu-
tors at calculated positions, with isotropic thermal
parameters based on the carbon atom to which they are
bonded. Three disordered naphthyl groups were located in
the course of the refinement process for 4, which compli-
cated the analysis; rigid naphthyl groups were imposed.
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X-ray diffraction and solid-state 119Sn CP-MAS
NMR studies of some triaryltin(IV) chlorides1

Jordan M. Geller, Ian S. Butler, Denis F.R. Gilson, Frederick G. Morin, Ivor Wharf,
and F. Bélanger-Gariépy

Abstract: The solid-state 119Sn cross-polarization (CP) magic angle spinning (MAS) NMR spectra of a series of
triaryltin chlorides of the form Ar3SnCl have been acquired. The indirect spin-spin coupling constants (J(119Sn-35Cl)),
quadrupolar-dipolar shifts (d(119Sn-35Cl)), and the 119Sn chemical shift tensors were extracted. For the spectrum of
triphenyltin chloride (I) the validity of the first-order perturbation approximation was tested by comparing results of
both the perturbation and cubic-equation approaches and a variable-temperature NMR study undertaken to investigate
the influence of the previously reported molecular motion in the solid. The X-ray crystal structures of the tris(o-
tolyl)tin chloride (II) and tris(p-tolyl)tin chloride (IV) complexes have been examined. They belong to the monoclinic
and triclinic space groups P21/n and P1, respectively, which are different from the previously reported tris(m-tolyl)tin
chloride (III) complex, which crystallizes in the space group R3 and has threefold molecular symmetry. The structures
and NMR properties of the complexes with meta-substituents are quite different from those with ortho- or para-
substituents having axially symmetric shift tensors with small spans and larger J values.

Key words: aryltin chlorides, magic angle spinning NMR, tin-chlorine spin-spin coupling, 119Sn chemical shift tensor,
crystal structure.

Résumé : On a déterminé les spectres RMN du 119Sn, à l’état solide et à la polarisation croisée (« CP ») de l’angle
magique de rotation (« MAS ») d’une série de chlorures de triarylétain de la forme Ar3SnCl. On en a extrait les cons-
tantes de couplage spin-spin indirectes, J(119Sn-35Cl), les déplacements quadripolaire-dipolaire, d(119Sn-35Cl), et les ten-
seurs du déplacement chimique du 119Sn. Pour le spectre du chlorure de triphénylétain (I), on a testé la validité de
l’approximation de la perturbation du premier ordre en comparant les résultats des approches de perturbation et
d’équation cubique avec les résultats d’une étude RMN à température variable réalisée dans le but d’étudier l’influence
du mouvement moléculaire rapportée antérieurement dans le solide. On a déterminé les structures par diffraction des
rayons X des chlorures de tris(o-tolyl)étain (II) et de tris(p-tolyl)étain (IV). Elles appartiennent respectivement aux
groupes d’espace monoclinique (P21/n) et triclinique (P1) qui diffèrent de celle rapportée antérieurement pour le
complexe du chlorure de tris(m-tolyl)étain (III) qui cristallise dans le groupe d’espace R3 et qui présente une symétrie
moléculaire ternaire. Les structures et les propriétés RMN des complexes portant un substituant en méta- sont très dif-
férentes de celles des produits portant des substituants en positions ortho- et para- qui possèdent des tenseurs de dépla-
cement axialement symétriques de faible portée et des valeurs de J plus élevées.

Mots clés : chlorures d’arylétain, RMN à l’angle magique de rotation, couplage spin-spin étain-chlore, tenseur de dé-
placement chimique du 119Sn, structure cristalline.

[Traduit par la Rédaction] Geller et al. 1195

Introduction

Triaryltin compounds have been studied for many years
since the discovery of the biocidal properties of triphenyltin
hydroxide and acetate and their subsequent use as agricul-
tural fungicides (1). As part of an investigation of the effect

of phenyl ring substituents on the biological and other prop-
erties of triaryltin compounds, a wide range of o-, m-, and p-
substituted triaryltin hydroxides and acetates was synthe-
sized and tested for bioactivity (2, 3). This required the
preparation of the corresponding tetraaryltins and triaryltin
halides and the effect of varying the subsitituents on the aro-
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matic ring on their vibrational (Raman, IR) spectra (4, 5) has
been reported. In addition, 119mSn Mössbauer spectroscopic
studies of various para-substituted aryltin complexes have
also appeared (6, 7). More pertinent to this paper are two
solution-state 119Sn and 13C NMR studies (8, 9) of various
para-, meta- and ortho-substituted tetraaryltins (Ar4Sn) and
triaryltin halides (Ar3SnX; X = Cl, Br, I). For both the p-
and m-substituted Ar4Sn and Ar3SnX series, the 119Sn chem-
ical shifts could be correlated with various substituent pa-
rameters (σI, σR, σR

0, σP, σP
0) showing electronic effects due

to the ring substituents are sufficient to account for the ob-
served δ(119Sn) trends. We now report solid-state 119Sn stud-
ies of a wide range of triaryltin chlorides for comparison
with the earlier solution studies.

Solid-state NMR spectra often provide information that is
unavailable from solution spectra. Thus, when a probe nu-
cleus such as a 119Sn (I = 1/2) nucleus is bonded to a
quadrupolar nucleus, line splittings occur in the solid-state
NMR spectra, which can be analyzed to give information
about the electronic environment and bonding about the tin
nucleus. A review of the effects of quadrupolar nuclei on the
CP-MAS spinning spectra of spin 1/2 nuclei has been pub-
lished, which includes the tin-chlorine case (10), and the
31P–35/37Cl case has also been reported (11). The spectra are
complicated by the presence of two isotopes: 35Cl (75%
abundant) and 37Cl (25% abundant). Both nuclei (I = 3/2)
have similar magnetogyric ratios (γ(35Cl) = 2.264 ×
107 rad s–1 T–1, γ(37Cl) = 2.184 × 107 rad s–1 T–1 (12)) and
nuclear quadrupole moments (Q(35Cl) = –8.165 × 10–30 m2

and Q(37Cl) = –6.435 × 10–30 m2 (13)).
Olivieri (14) developed a treatment of the splittings (∆νm)

in the MAS spectrum of a probe nucleus (I = 1/2) directly
bonded to a quadrupolar nucleus based on first-order pertur-
bation theory, which is valid in the limit χ/[4S(2S – 1)νs] << 1,
where νs is the Larmor frequency of the quadrupolar nucleus
and χ is the nuclear quadrupolar coupling constant. Thus,
with 35Cl and 37Cl, provided that χ/12νs << 1, the splittings
observed in the solid-state spectra under magic angle spin-
ning are given by eq. [1]:

[1] ∆νm = –msJIS + (3χD′/20νs)(3 cos2βD – 1 +

η sin2βD cos 2αD)[{S(S + 1)

– 3ms
2}/{S(2S – 1)}]

where JIS is the spin-spin coupling constant, D′ = (D –
∆J/3), where D is the direct dipolar coupling constant (D =
(µo/4π)γsγIh

2/(4π2(rIS)3), and ∆J is the anisotropy in the spin-
spin coupling, while αD and βD are, respectively, the azi-
muthal and polar angles relating the internuclear vector to
the principal axis of the electric field gradient (EFG), and η
is the asymmetry in the field gradient. Equation [1] assumes
that the J tensor is colinear with the internuclear dipole vec-
tor. The second-order quadrupolar–dipolar splitting (d) is
given by 3χD′/20νs. In most Ar3SnCl compounds in the solid
state, the local symmetry about the Sn—Cl bond is approxi-
mately C3 (in some cases exactly so). Thus, it can be as-
sumed that the angle βD is 0° and with the value of αD

undefined because it is multiplied by sin2βD, eq. [1] is re-
duced to a simpler form

[2] ∆νm = –msJIS + (3χD′/10νs)[5/4 – ms
2]

with d now given by 3χD′/10νs.
The 119Sn-MAS NMR spectrum of triphenyltin chloride

was first reported in 1987 (15) followed soon after by the
application of the perturbation theory to describe the
multiplet from the (119Sn-35/37Cl) spin pair, but only an aver-
age value of |Jiso| over the two sites was extracted from the
spectra (16, 17). Values of the d and ∆J were reported (14,
18) but these values were based on an average d for the two
crystallographically nonequivalent tin sites (19), while a
more detailed analysis in terms of the two chlorine isotopes
was not attempted. NQR data have been reported for tri-
phenyltin chloride at 77 K (20) and at 303 K (21).

In the present study, the solid-state NMR spectrum of
triphenyltin chloride (I) has been fully re-examined with ex-
traction of J, d, and δiso for both tin sites as well as consider-
ation of both (119Sn-35Cl) and (119Sn-37Cl) spin pairs. The
validity of the first-order perturbation approximation was
tested by comparing results of both the perturbation- (10,
14) and cubic-equation approaches (22), and a variable-
temperature NMR study undertaken to investigate the influ-
ence of the previously reported molecular motion in the
solid (23).

For comparison with (I) we also present the 119Sn CP-
MAS spectra of a series of triaryltin chloride complexes
with various substituents in the ortho-, meta-, and para-
positions (II – IX); see Table 4 for the numbering scheme.
To correlate the NMR parameters (J, d, D′) and chemical
shift tensor components (δ11, δ22, δ33) with molecular geome-
tries, full-crystal structures are needed. Although the struc-
tures of most of the Ar3SnCl complexes studied here have
been reported earlier (9, 24–26), in this paper we now add
the structures of (o-tolyl)3SnCl (II) and (p-tolyl)3SnCl (IV).
The solid-state NMR spectra of some triaryltin fluorides
have been reported (27) but these complexes differ from the
chlorides since, with the exception of tris(mesityl)tin fluo-
ride, they are five-coordinate and form polymeric chains in
the solid. The chlorides are all distorted tetrahedral mole-
cules with the shortest nonbonded distance between tin and
chlorine occurring in the tris(m-anisyl)tin chloride at 4.37 Å
(24), much longer than the sum of the van der Waals radii
(3.93 Å) (28).

Experimental

The triaryltin chlorides were either from previous prepara-
tions or synthesized by literature methods (8, 9). Solid-state
119Sn NMR spectra were recorded at 111.7 MHz using a
Chemagnetics CMX-300 (7.05 T) spectrometer under condi-
tions of 119Sn-1H cross-polarization, high-power proton de-
coupling, and magic-angle spinning. The CP-MAS spectra
were obtained for approximately 250–300 mg of sample
packed into zirconia pencil-type rotors (7.5 mm diameter),
using pulse delays of 10–60 s, depending on the proton T1
value, and contact times of 2 or 3 ms. The number of tran-
sients ranged from 240–1992 depending upon the compound
in question. Line broadening of 0–10 Hz was applied and
the FIDs were zero filled to 8 K and 16 K points before
transformation. Different spinning rates, from 1600–
4000 Hz, were used to identify the centre band. Chemical
shifts are given with respect to external tetramethyltin
((CH3)4Sn) using the chemical shift of solid tetracyclohexyl-
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tin (–97.0 ppm) as an external secondary reference. The line
positions of the centre band and spinning sidebands were ex-
tracted using the program Peakfit (Jandel Scientific). Calcu-
lations of the shielding tensors were performed using the
method developed by Herzfeld and Berger (29) and the com-
putational program HBA version 1.4 (30).

X-ray crystallography
Both (II) and (IV) were recrystallized by dissolving in

ethanol, hot filtering through Celite, followed by slow evap-

oration over several days at room temperature. Crystal data
and structural refinement details are given in Table 1. For
both compounds (II) and (IV), data were processed by
XPREP (31) and the structures were solved by direct meth-
ods using SHELXS-97 (33) and refined using SHELXL-96
(34). Non-hydrogen atoms were refined with anisotropic
thermal parameters with H-atoms in calculated positions.
Scattering factors were from the usual source (35). Com-
pound (IV) was run with Mo Kα radiation since the crystals
were large and could not easily be cut.4
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Aryl = o-Tolyl (II) p-Tolyl (IV)
Formula C21H21ClSn C21H21ClSn

MW (g mol–1) 427.518 427.518
Crystal color, habit Colourless, needle Colourless, block
Crystal size (mm) 0.70 × 0.09 × 0.05 0.62 × 0.57 × 0.53
Crystal system Monoclinic Triclinic
Space group P21/n P1

a (Å) 9.7918(1) 10.3481(6)
b (Å) 11.4896(1) 10.6811(7)
c (Å) 17.5620(1) 10.9412(9)
α (°) 90.00 70.971(7)
β(°) 100.1643(4) 65.190(6)
γ (°) 90.00 66.157(6)
V(Å3) 1944.78(3) 986.04(12)
Z 4 2
Dcalcd. (Mg m–3) 1.4601 1.4399

λ (Å) 1.54178 0.71073
µ (mm–1) 11.671 1.428
Diffractometer Bruker AXS SMART 2K Bruker P4
Scan type ω ω/2θ
Temperature (K) 293(2) 292(2)
Absorption correction Multiscana Gaussianb

Transmission range 0.27–0.65 0.92–0.94
Measured reflections 22 892 22 403
Unique reflections, Rint 3788, 0.0506 5601, 0.0215

Observed data, criterion 3228, I > 2σ(I) 5267, I > 2σ(I)
Θmax (°) 72.85 29.99

Refined parameters 212 212
Refinement on F2 F2

Range measured –11 ≤ h ≤ 12 –13 ≤ h ≤ 13
–13 ≤ k ≤ 11 –13 ≤ k ≤ 13
–21 ≤ l ≤ 21 –14 ≤ l ≤ 14

R1 (obs) 0.0328 0.0223
wR2 0.0872 0.0596

S 1.057 1.122
Extinction coefficient 0.00021(9) 0.0120(7)

Note: R1 = ∑(||Fo| – |Fc||)/∑|Fo|; wR2 = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2; w = 1/σ2(Fo

2). S = {∑[w(Fo
2 – Fc

2)2]/(n – p)}1/2

(n = number of data, p = number of refined parameters).
aReference 31.
bReference 32.

Table 1. Crystal structure data and structural refinements for two methyl-substituted complexes of the form
Ar3SnCl.

4 Data for (II) and (IV) may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www/nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
188728 and 188729 contain the crystallographic data for (II) and (IV). These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Results and discussion

X-ray crystallography
Tris(o-tolyl)tin chloride (II) and tris(p-tolyl)tin chloride

(IV) crystallize in monoclinic (P21/n) and triclinic (P1)
space groups, respectively. In both cases there is only one
molecule in the asymmetric unit and the geometry about tin
is distorted tetrahedral. ORTEP diagrams of (II) and (IV)
are shown in Figs. 1 and 2, respectively, and selected bond
lengths and angles are given in Table 2. In (II), the geometry
around tin closely resembles that found earlier for (o-
tolyl)3SnNCS (36) with two ortho-methyl groups (C-17 and
C-27) cis- to chlorine while the third (C-37) is trans, with
the phenyl ring close to coplanar with the Cl-Sn-C(31) plane
at a dihedral angle Cl-Sn-C(31)-C(36) of 19.9(3)°. For (o-
tolyl)3SnNCS, with two molecules in the asymmetric unit,
the corresponding angles are 10.1(3)° and 17.6(3)°. Com-
pound (IV) also has one phenyl ring nearly coplanar with
the Cl-Sn-C(31) plane, the dihedral angle Cl-Sn-C(31)-C(32)
being 17.9(2)°. Table 2 also includes data for tris(m-tolyl)tin
chloride (III), which belongs to the trigonal space group R3,
with the threefold rotation axis containing the Sn—Cl bond
(9). Two other meta-substituted complexes (tris(m-anisyl)tin
chloride (VI) (24) and tris(3,5-dimethylphenyl)tin chloride
(VIII) (9)) also crystallize in trigonal space groups and pos-
sess axial molecular symmetry. In contrast, the ortho-
substituted complexes tris(o-anisyl)tin chloride (V) (26) and
tris(mesityl)tin chloride(IX) (25) are monoclinic (P21/n).

Solid-state 119Sn CP MAS NMR spectra

Triphenyltin chloride
With two molecules in its asymmetric unit, the 119Sn

MAS centre band of (I) consists of two asymmetric overlap-
ping quartets, from the (119Sn-35Cl) and (119Sn-37Cl) spin
pairs, with intensities in the ratio of 3:1, for each of the tin
sites, for a total of 16 lines. Alarcón et al. (22) derived cubic
equations for both the spin-spin coupling and the
quadrupolar-dipolar splitting for I-S spin pairs, with S = 3/2,
which are valid when 1 < |χ/νs| < 3. As the |χ/νs| ratio be-
comes greater than 0.8, the observed splittings are smaller
than would be predicted by first-order theory. The nuclear
quadrupolar coupling constants (χ) have been reported as
33.50 and 33.97 MHz at 303 K (21). At 7.05 T the 35Cl and
37Cl resonance frequencies (νs) are 29.39 and 24.47 MHz,
thus, the calculated |χ35/νs

35| ratios are 1.16 and 1.14 and
|χ37/νs

37| ratios are 1.10 and 1.08 for the two tin sites, respec-
tively. To consider the validity of using first-order perturba-
tion theory, the NMR parameters were extracted from the
line positions in the 119Sn MAS spectrum of triphenyltin
chloride using both the first-order and the cubic-equation ap-
proaches and are given in Table 3. The differences are small,
with the largest deviations being in the spin-spin coupling
constant for one of the tin sites, which is underestimated by
8 Hz or a 3% difference. From this comparison we assume
that the underestimation of these couplings is small enough
to justify using the first-order perturbation equation to ana-
lyze the spectra of the complexes (II)–(XI), which also re-
quires that that their quadrupolar coupling constants are not
substantially different from that of triphenyltin chloride (I).

For comparison,the experimental and simulated spectra of
triphenyltin chloride are shown in Fig. 3. The simulated
spectrum is the sum of 16 lines broadened by Lorentzian
functions, eight from the coupling of 119Sn with 35Cl; the
line positions given by eq. [2] with the values for J(119Sn-
35Cl), d(119Sn-35Cl), and δiso(

119Sn-35Cl) given in Table 3.
The other eight lines are one-third of the intensity from cou-
pling of 119Sn with 37Cl and their positions were calculated
assuming that the 119Sn isotropic shifts are the same and by
using the ratios J(119Sn-35Cl)/J(119Sn-37Cl) = γ(35Cl)/γ(37Cl)
and d(119Sn-35Cl)/d(119Sn-37Cl) = Q(35Cl)/Q(37Cl). The ex-
perimental spectra represent the centre band with all side-
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Fig. 1. ORTEP diagram of tris(o-tolyl)tin chloride (XI) viewed
along the tin–chlorine bond with the chlorine atom in front
showing 30% thermal probability ellipsoids.

Fig. 2. ORTEP diagram of tris(p-tolyl)tin chloride (VII) viewed
along the tin–chlorine bond with the chlorine atom in front
showing 30% thermal probability ellipsoids.

I:\cjc\cjc8111\V03-115.vp
October 1, 2003 10:37:59 AM

Color profile: Disabled
Composite  Default screen



bands folded in, i.e., the spectrum that would be obtained at
infinite spinning speed.

Chemical shifts
Chemical shift data for all Ar3SnCl complexes are given

in Table 4. Solid-state 119Sn MAS spectra of compounds
(II)–(VIII) and (XI) show a single centre band consistent
with one molecule in the asymmetric unit as found in the
crystal structures of (II)–(VI) and (VIII). For (IX) and (X),
as with (I), more complex spectra are observed that corre-
spond to two isotropic shifts and thus, two chemically
inequivalent sites. The intensities of the resonances for the
two sites are equal, suggesting the presence of two different
molecules in the asymmetric unit, which is consistent with
the crystal structures of complexes (I) (19) and (IX) (25).

All isotropic solid-state 119Sn chemical shifts, except that
for (VIII), show a shift to higher frequency when compared
with the corresponding solution data but still follow the
same general trend. The differences, which range from 0.4
to 17 ppm, are moderate and reflect slight changes in geom-
etry about tin rather than a change in coordination on going
from solution to the solid state (37). The differences be-
tween solid and solution shifts (δsolid – δsolution) are smallest
for compounds containing meta-substituents, where the shifts’
differences range from +2.4 to +3.5 ppm in (III) and (VI),
while for (VIII) the difference is –2.3 ppm. Tris(mesityl)tin
chloride (XI) also has a small (δsolid – δsolution) difference but
for most other compounds with ortho- or para-substituents,
the (δsolid – δsolution) differences are larger, the largest being
17 ppm for tris(p-anisyl)tin chloride (VII). The exception is
(p-FC6H4)3SnCl for which the chemical shifts in solution
and solid states are effectively the same.

The orientations of the chemical shift tensor components
can by assigned by the known molecular symmetries of
these tin complexes. Thus, the meta-substituted compounds
(III), (VI), (VII) have axially symmetric chemical shift ten-
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o-Tolyl (II) m-Tolyl (III)a p-Tolyl (IV)

Bond Lengths (Å)
Sn—Cl 2.3760(10) 2.379(1) 2.3729(6)
Sn—C11 2.131(3) 2.124(2) 2.1207(18)
Sn—C21 2.135(3) — 2.1154(17)
Sn—C31 2.131(3) — 2.1171(18)
Bond Angles (°)
Cl-Sn-C11 104.11(9) 104.40(6) 104.25(5)
Cl-Sn-C21 105.99(10) — 104.03(5)
Cl-Sn-C31 102.03(12) — 104.82(5)
C11-Sn-C21 112.81(12) 114.03(14) 118.37(7)
C11-Sn-C31 116.27(13) — 110.83(7)
C21-Sn-C31 113.89(14) — 112.96(7)
Cl-Sn-C11-C12 –62.4(3) –23.7(1) –60.80(17)
Cl-Sn-C11-C16 118.8(2) 158.2(1) 113.50(16)
Cl-Sn-C21-C22 –49.4(3) — 100.06(17)
Cl-Sn-C21-C26 130.3(3) — –78.87(15)
Cl-Sn-C31-C32 157.7(3) — –17.89(17)
Cl-Sn-C31-C36 –19.9(3) — 165.17(16)

aReference 9.

Table 2. Selected bond lengths (Å) and angles (°) for the methyl-substituted complexes of the form
Ar3SnCl from X-ray diffraction.

Fig. 3. 119Sn CP-MAS centre band spectrum of triphenyltin chlo-
ride (I) at 7.05 T and room temperature; lower (experimental)
upper (calculated). The arrows indicate lines due to coupling to
37Cl.
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sors with the more shielded component (δ// (δ33)) assigned to
the unique direction along the threefold rotation axis con-
taining the Sn—Cl bond, leaving δ⊥ (δ11, δ22) to the tri-
gonally symmetric plane perpendicular to the Sn-Cl axis.
The symmetry of the shift tensor is consistent with the axial
molecular symmetry found in the solid state. Systems with
ortho- or para-substituents have non-axially symmetric shift
tensors, hence the assignment of δ33 is less clear.
Tris(mesityl)tin chloride, although it has both ortho- and
para-substituents, has δ11 = δ22, suggesting a quasi-trigonal
molecular symmetry, which is consistent with the crystal
structure of (mesityl)3SnCl (25).

The 119Sn CP-MAS full NMR spectra of tris(o-anisyl)tin
chloride (V), tris(m-anisyl)tin chloride (VI), and tris(p-
anisyl)tin chloride (VII) complexes are shown in Fig. 4.
Similar spectra are also observed when the substituent is a
methyl group. Extensive sideband manifolds are seen for
(II), (IV), (V), (VII), (X), and (XI), indicating spans (δ11–
δ33) in the range of 129–147 ppm, consistent with these com-
pounds not being axially symmetric. In contrast, the spectra
of (III), (VI), and (VIII) have few sidebands due to their
much smaller spans (24–38 ppm). It is noteworthy that,
while there are large differences in the spans, the isotropic
chemical shifts show much smaller differences, particularly
for the ortho- and meta-anisyl complexes. This demonstrates

the utility of chemical shift tensor measurements in provid-
ing additional information unavailable from solution spectra.
For the archetype Ph3SnCl, the span of 92 ppm lies between
the two ranges given above.

Spin-spin coupling (J) and quadrupolar-dipolar
(d) constants

For complexes with a single chemical shift, there should
be two overlapping asymmetric quartets, with intensity ra-
tios of 3:1, arising from the 119Sn-35Cl and 119Sn-37Cl pairs,
respectively. In typical spectra, between three and five line
positions can be extracted, e.g., the spectrum of tris(m-
tolyl)tin chloride (Fig. 5). In cases where there are two iso-
tropic chemical shifts, these numbers are doubled. Experi-
mental and simulated spectra for complexes (V), (VI), and
(VII) are shown in Fig. 6; once again the experimental spec-
tra represent the centre band with all sidebands folded in.
Values of J(119Sn-35Cl) and d(119Sn-35Cl) are given in Ta-
ble 5. In general, the compounds with meta-substituents,
(III), (VI), and (VIII), have slightly larger coupling con-
stants, which range from 263 to 279 Hz, while compounds
with ortho- and para-substituents, (V)–(XI), range from 230
to 262 Hz. These values can be compared with the previ-
ously reported coupling constants for tribenzyltin chloride of
226 Hz and bis(acetylacetonato)tin chloride, of 276 Hz (17).
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Parameter
Perturbation theory
(eq. [1])

Cubic equation
(ref. 22)

35J Site 1, site 2 (Hz) 265(2), 258(1) 273(1), 267(1)
35d Site 1, site 2 (Hz) –76(2), –68(4) –78(4), –71(2)
35D′ Site1, site 2 (Hz) 440(10), 400(20) 450(20), 410(10)
∆J Site1, site 2 (Hz) –300(40), –180(70) –330(70), –230(40)
δiso Site 1 (ppm) –34.5 –34.4
δiso Site 2 (ppm) –32.3 –32.4

Note: Standard deviations in the average values in parentheses. For ∆J, the errors were propagated from the
standard deviations in D and d.

Table 3. NMR parameters for triphenyltin chloride (I) by perturbation and cubic-equation methods.

X3SnCl (X =) δiso Solution (ppm) δiso Solid (ppm) δ11 (ppm) δ22 (ppm) δ33 (ppm) Span (ppm)

Phenyl (I) –44.9 –34.5 0.292 –48a –72a 92a

–32.3
o-Tolyl (II) –32.3 –24.5 42 –22 –94 135
m-Tolyl (III)a –42.3 –38.9 –31 –31 –55 24
p-Tolyl (IV) –35.9 –23.9 50 –33 –88 138
o-Anisyl (V) –56.7 –42.7 37 –72 –93 129
m-Anisyl (VI) –44.0 –41.5 –31 –31 –62 31
p-Anisyl (VII) –27.4 –10.4 76 –41 –66 142
3,5-Xylyl (VIII) –39.7 –42.0 –27 –34 –65 38

–31b –31b –64b 33b

Mesityl (IX) –84.4 –82.6 –74a, b –74a, b –98a, b 24a, b

–82.0
p-Chloro (X) –39.3 –28.5 34a –47a –70a 104a

–26.8
p-Fluoro (XI) –39.6 –40.0 45 –62 –102 147

Note: Uncertainties: ±6 ppm on span, ±2 ppm on δ11, δ22, δ33.
aAverage of two Sn sites.
bFrom the static spectrum.

Table 4. Chemical shift parameters.
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Tris(mesityl)tin chloride (IX) exhibits the largest 1J(119Sn-
35Cl) coupling constants, 332 and 328 Hz for the two sites.
Assuming that the Fermi contact mechanism is the dominant
contribution for tin-chlorine spin-spin coupling, then the s-
character of the Sn—Cl bond in (IX) should be higher than
in the other Ar3SnCl complexes. Solution 1J(119Sn-13C) data
for complexes (I)–(XI) have been reported (8, 9); these
range from 603 to 644 Hz except for (o-anisyl)3SnCl (V)
with a value of 685 Hz. However, the mesityl system (IX)
has a significantly smaller coupling of 596 Hz. A smaller
119Sn-13C coupling is consistent with less s-character in the
Sn—C bonds and thus, more s-character in the Sn—Cl bond.

The quadrupolar-dipolar splittings (d(119Sn-35Cl)) range
from –72 to –83 Hz with no apparent trend. The signifi-
cantly smaller value of –21 Hz for (IX) may be the result of
a larger ∆J value, which would reduce the effective dipolar
splitting D′ and hence the value of d. A larger ∆J value is
consistent with the larger J observed and seems reasonable,
as it is unlikely that the nuclear quadrupole coupling con-
stant for this complex is four times smaller than those of the
other members of the series.

Calculation of the direct dipolar coupling constants (D)
requires the exact values of r(Sn-Cl), which are known for
all systems studied here except for (VII), (X), and (XI).
With D′ = (D – ∆J /3), the determination of ∆J requires that

D′ be obtained from d = 3χD′/10νs. However, values of
χ(35Cl) and χ(37Cl) data are available only for (I) and only
in this case is a direct calculation of D′, and then ∆J, possi-

© 2003 NRC Canada
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Fig. 4. 119Sn CP-MAS spectra of the isomers of trianisyltin chlo-
ride at 7.05 T and 298 K: o-anisyl (V) 2000 Hz spinning speed
(top), p-anisyl (VIII) 2000 Hz spinning speed (middle), and m-
anisyl(III) 4000 Hz spinning speed (bottom).

Fig. 5. 119Sn CP-MAS centre band spectrum of tris(m-tolyl)tin
chloride at 7.05 T and 298 K. The spectrum contains one tin
chemical shift from which there are two overlapping quartets
shown in the top and second rows. The sum of the two quartets
gives the calculated spectrum (3rd row), which is similar to the
experimental spectrum (bottom).

Fig. 6. 119Sn CP-MAS centre band spectra of the trianisyltin
chloride isomers at 7.05 T and 298 K. (a) o-Anisyl (V), (b) m-
anisyl (III), (c) p-anisyl (VIII) lower (experimental), upper (cal-
culated).
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ble. Harris and co-workers (38) have shown that the effec-
tive dipolar coupling constant (D′) can be obtained from an
analysis of the chemical shift anisotropy for each of the spin
states of the quadrupolar nucleus, but this method gave re-
sults with large errors, presumably because of incorrect in-
tensities resulting from the overlap of the (119Sn- 35Cl) and
(119Sn-37Cl) lines.

The effect of temperature on the spectrum of
triphenyltin chloride (I)

An earlier solid-state proton magnetic resonance second
moment study on (I) provided evidence for motion in the
solid state at about 300 K (23). This motion was considered
to be a C3 reorientation of the whole molecule along the
Sn—Cl bond axis. To investigate further the effect of this
motion on the spectrum of triphenyltin chloride, the solid-
state 119Sn CP-MAS spectra of (I) were obtained at three
temperatures (Fig. 7). The low-temperature spectrum at 248
K was taken to investigate the rigid phase, where no change
in the second moment of the proton resonance occurs; that at
room temperature represents the situation where motion has
just begun, while at high temperature (333 K) the second
moment transition is complete. The NMR parameters are
given in Table 6. The isotropic chemical shifts move to
lower frequency (more shielded) with increasing temperature
for both tin sites and the difference between the two tin sites
decreases with increased temperature, suggesting an averag-
ing of the two shifts at higher temperatures. After heating,
the room temperature spectrum was acquired again and was
identical to the unheated sample except that the line widths
had decreased. This suggests that an annealing process oc-
curs. The quadrupolar-dipolar splitting is expected to change
with temperature as the nuclear quadrupolar coupling con-

stant is temperature dependent, however, this temperature
dependence is a very small effect in comparison to the large
changes in isotropic chemical shift.
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R3SnCl (R =) 35J (Hz)a 35d (Hz)a rSn-Cl 35Db

Phenyl (I) 262(4) –78(2) 2.3538(14)c –338(3)
254(1) –73(5) 2.3557(14) –337(3)

o-Tolyl (II) 230(2) –87(4) 2.3760(10) –328(2)
m-Tolyl (III) 263(9) –79(13) 2.379(1)d –327(2)
p-Tolyl (IV) 257(6) –81(12) 2.3729(6) –330(1)
o-Anisyl (V) 262(1) –79(2) 2.371(5)e –330(11)
m-Anisyl (VI)f 274 –83 2.3451(14)g –341
p-Anisyl (VII) 256(1) –82(6) NA NA
3,5-Xylyl (VIII) 275(2) –78(10) 2.3575(2)d –336(1)
Mesityl (IX)f 332 –21 2.3890(13)h –323(3)

328 –21 2.3890(14)h –323(3)
p-Chloro (X) 248(1) –75(3) NA NA

247(1) –72(5)
p-Fluoro (XI) 253(4) –81(8) NA NA

Note: Standard deviations in the average values obtained from the centre band and sidebands given in parentheses.
aDetermined from the (119Sn-35Cl) line positions.
bCalculated from the Sn—Cl bond length (γ(119Sn) and γ(35Cl)).
cReference 19.
dReference 9.
eReference 26.
fCentre band only.
gReference 24.
hReference 25.

Table 5. Quadrupolar-dipolar coupling (d) and spin-spin coupling (J) constants.

Fig. 7. 119Sn CP-MAS centre band spectra of Ph3SnCl (I) at
7.05 T and different temperatures.
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Parameter 248 K 295 K 333 K

J(119Sn-35Cl) Site 1, site 2 (Hz) 256(4), 261(4) 254(4), 262(4) 265(4), 266(4)
d(119Sn-35Cl) Site 1, site 2 (Hz) –79(4), –76(4) –73(2), –78(2) –86(4), –76(4)
δiso Site 1 (ppm) –33.99 –34.53 –34.94

δiso Site 2 (ppm) –31.01 –32.30 –33.22

δiso Average (ppm) –32.50 –33.41 –34.08

|δiso Site 1 – δiso site 2| 2.98 2.23 1.72

Span δ11–δ33
a 82 92 80

δ11 (ppm)b 13 19 11

δ22 (ppm)b –43 –48 –45

δ33 (ppm)b –68 –72 –69
aAverage of the two sites ±6 ppm (systematic error).
bError is ±2 ppm.

Table 6. NMR parameters for Ph3SnCl at various temperatures.
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The mechanism of protonolysis of
phenylplatinum(II) bonds in complexes with phenyl
trans to nitrogen or carbon donors1

Christopher M. Ong, Michael C. Jennings, and Richard J. Puddephatt

Abstract: Addition of acids of the form HX (X = Cl, BF4, CF3SO3, CF3CO2) to complexes [PtPh2(NN)] (NN =
bu2bpy = 4,4′-di-tert-butyl-2,2′-bipyridine) and [PtPh(NCN)] (NCN = 2,6-C6H3(CH2NMe2)2) at –78 °C gave the corre-
sponding phenyl(hydrido)platinum(IV) complexes [PtX(H)Ph2(NN)] and [PtX(H)Ph(NCN)], which decomposed by
reductive elimination of benzene at about –20 °C to give the platinum(II) complexes [PtXPh(NN)] and [PtX(NCN)].
Further addition of HCl to [PtClPh(NN)] at low temperature gave [PtHCl2Ph(NN)], which decomposed above –10 °C,
to give benzene and [PtCl2(NN)]. The reaction of DBF4 in the presence of excess CD3OD with [PtPh2(NN)] led to for-
mation of C6H5D and C6H4D2 but with [PtPh(NCN)] no multiple deuterium incorporation was observed in the product
benzene. The mechanisms of these reactions are discussed.

Key words: platinum, phenyl, benzene, protonolysis.

Résumé : L’addition, à –78 °C, d’acides de la forme HX (X = Cl, BF4, CF3SO3, CF3CO2) à des complexes
[PtPh2(NN)] (NN = bu2bpy = 4,4′-di-tert-butyl-2,2′-bipyridine) et [PtPh(NCN)] (NCN = 2,6-C6H3(CH2NMe2)2 conduit
aux complexes correspondants phényl(hydrido)platine(IV) [PtX(H)Ph2(NN)] et [PtX(H)Ph(NCN)] qui se décomposent
par élimination réductrice du benzène, à environ –20 °C, pour conduire aux complexes de platine(II) [PtXPh(NN)] et
[PtX(NCN)]. L’addition subséquente de HCl au complexe [PtClPh(NN)], à basse température, conduit au
[PtHCl2Ph(NN)] qui se décompose au-dessus de –10 °C pour donner du benzène et du [PtCl2(NN)]. La réaction du
DBF4 avec du [PtPh2(NN)], en présence d’un excès de CD3OD, conduit à la formation de C6H5D et de C6H4D2; toute-
fois, avec le [PtPh(NCN)], on n’observe aucune incorporation multiple de deutérium dans le benzène obtenu comme
produit. On discute des mécanismes de ces réactions.

Mots clés : platine, phényle, benzène, protonolyse.

[Traduit par la Rédaction] Ong et al. 1205

Introduction

The activation of alkanes or arenes by platinum(II) com-
plexes is thought to involve the intermediacy of alkyl(hy-
drido)platinum(IV) or aryl(hydrido)platinum(IV) complexes,
and so there has been much interest in such complexes (1–
13). A useful synthetic route to platinum(IV) complexes
[PtX(H)R2(NN)] (NN = bidentate nitrogen-donor ligand,
X = halide, R = alkyl or aryl) is by addition of acid HX to a
platinum(II) complex [PtR2(NN)] and the decomposition of
these platinum(IV) complexes by reductive elimination of
RH to give [PtXR(NN)], which leads to overall protonolysis
of the alkyl–platinum or aryl–platinum bond, can then be
studied (3–5). Hydrido(alkyl)-, hydrido(aryl)-, and hydri-
do(silyl)platinum complexes are proposed in several other
important catalytic reactions, including the hydrosilation re-
actions catalyzed by platinum complexes (14). Most of the

recent studies of protonolysis of platinum–carbon bonds
have involved complexes [PtR2(NN)], in which the alkyl or
aryl groups are trans to nitrogen donor ligands (3–5), and it
was of interest to compare complexes with mutually trans
Pt—C bonded groups. This paper reports a study of the reac-
tions of acids with the complexes cis-[PtPh2(NN)](NN =
bu2bpy = 4,4′-di-tert-butyl-2,2′-bipyridine, 1) and [PtPh-
(NCN)] (NCN = 2,6-C6H3(CH2NMe2)2, 2) in which the
NCN pincer ligand forces the two aryl groups to be mutually
trans (15) (Chart 1).

Results

The phenylplatinum complexes 1 and 2
Complex 1 was prepared by reaction of the ligand bu2bpy

with the precursor [PtPh2(µ-SMe2)]n, n = 2 or 3 (16–18), in
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diethyl ether solution, while complex 2 was prepared by a
modified literature method (15).

The structures of complexes 1 and 2 are shown in Figs. 1
and 2, with selected bond distances and angles listed in Ta-
bles 1 and 2. Each complex contains a roughly square-planar
platinum(II) center, but with cis- and trans-PtC2N2 coordina-
tion, respectively, and in each case the phenyl group lies
roughly orthogonal to the square plane (79° in 1, in which
the two phenyl groups are crystallographically equivalent;
84° in 2, Figs. 1 and 2). This conformation allows platinum–
phenyl dπ-pπ bonding and minimizes steric effects. The Pt—
C(phenyl) bond distance is shorter in 1 (2.023(2) Å, trans to
N) than in 2 (2.111(6) Å, trans to C), as expected since ni-
trogen has the lower trans-influence. However, the distance
Pt(1)—C(1) = 1.956(6) Å in 2 is shorter than either of these
Pt—C(phenyl) distances, as a result of the chelate effect.
Other bond distances and angles are comparable to those re-
ported for related complexes [PtR2(bu2bpy)] (5, 16) or
[PtX{2,6-C6H3(CH2NMe2)2}] (15).

Reactions with acids
Complex 1 reacted with 1 equiv. of acid HX (X = Cl,

CF3CO2, CF3SO3, BF4) at room temperature to give benzene
and the corresponding product [PtXPh(bu2bpy)] (3a, X = Cl;
3b, X = CF3CO2; 3c, X = CF3SO3; 3d, X = BF4)
(Scheme 1). The complexes were characterized by elemental
analysis and by their 1H NMR spectra, which showed the
presence of nonequivalent t-BuC4H3N units and only a sin-
gle phenylplatinum group.

The reaction of complex 1 in CDCl3 solution with HCl at
–78 °C gave an intermediate hydridoplatinum(IV) complex
4a (Scheme 1) that was identified by its 1H NMR spectrum.
The hydride resonance was observed at δ = –20.15 with
1J(PtH) = 1613 Hz (Table 3). The trans oxidative addition of
HCl was shown by the observation of equivalent t-BuC4H3N
and phenyl groups. Complex 4a decomposed at –20 °C by
reductive elimination of benzene to yield the product
[PtClPh(bu2bpy)] (3a) and no other intermediates were ob-
served. The similar reaction of 1 in CDCl3 with the other ac-
ids failed to give detectable hydride intermediates, but the
reaction with HBF4 or CF3SO3H in CDCl3–CD3CN gave a
hydride intermediate (5) characterized by δ(PtH) = –21.84,
1J(PtH) = 1619 Hz. This is presumed to be a cationic
acetonitrile complex, since the spectral properties were the
same in each case and acetonitrile is a stronger ligand than
either triflate or tetrafluoroborate. Complex 5 decomposed
on warming the solution to –20 °C to give complex 3d.

The complex [PtClPh(bu2bpy)] (3a) reacted with HCl at
room temperature to give benzene and [PtCl2(bu2bpy)] (5).
When the reaction was carried out at –78 °C, the intermedi-
ate hydridoplatinum(IV) complex [PtHCl2Ph(bu2bpy)] (6)

© 2003 NRC Canada

Ong et al. 1197

Fig. 1. A view of the structure of complex 1. 30% Thermal el-
lipsoids are shown and hydrogen atoms have been omitted for
clarity.

Bond lengths (Å)
Pt(1)—C(11) 2.023(2)
Pt(1)—N(1) 2.097(3)
Bond angles (°)
N(1)-Pt(1)-N(1A) 77.1(2)
N(1A)-Pt(1)-C(11) 97.4(1)
N(1)-Pt(1)-C(11) 174.5(1)
C(11A)-Pt(1)-C(11) 88.2(2)

Table 1. Selected bond lengths (Å) and angles
(°) for complex 1.

Chart 1.

Fig. 2. A view of the structure of complex 2. 30% Thermal el-
lipsoids are shown and hydrogen atoms have been omitted for
clarity.
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was detected. The 1H NMR spectrum contained a hydride
resonance at δ = –25.94 with 1J(PtH) = 1540 Hz, in the
range expected for a hydride trans to chloride (Table 3) (5).
The aromatic region of the spectrum contained six reso-
nances for the bu2bpy ligand and three for the phenyl group,
consistent with the proposed structure that arises from trans
oxidative addition. The hydride complex decomposed at
–20 °C to give benzene and [PtCl2(bu2bpy)] (Scheme 2).

Reaction of [PtPh{2,6-C6H3(CH2NMe2)2}] (2) with acids
HX gave benzene and the corresponding complexes
[PtX{2,6-C6H3(CH2NMe2)2}] (7a, X = Cl; 7b, X = CF3CO2;
7c, X = CF3SO3; 7d, X = BF4) (Scheme 3) (15). Reaction of
complex 2 with HCl in CDCl3 at –78 °C gave the hydri-
doplatinum(IV) complex [PtHClPh{2,6-C6H3(CH2NMe2)2}]
(8) which was characterized by a hydride resonance at δ =
–21.36 with 1J(PtH) = 1622 Hz. The hydride resonance de-

cayed at –20 °C as reductive elimination of benzene oc-
curred to give 7a. Similarly, reaction of 2 in CDCl3–CD3CN
at –78 °C with triflic acid or tetrafluoroboric acid gave
[PtHPh(NCCD3){2,6-C6H3(CH2NMe2)2}]+ (9) identified by
its 1H NMR spectrum (δ(PtH) = –20.47, 1J(PtH) = 1644 Hz)
and it decomposed at –20 °C to give benzene and complex
7c or 7d. The complexes 7 were inert to protonolysis under

© 2003 NRC Canada
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Scheme 1.

Bond lengths (Å)
Pt(1)—C(1) 1.956(6)
Pt(1)—N(1) 2.079(5)
Pt(1)—N(2) 2.079(5)
Pt(1)—C(13) 2.111(6)
Bond angles (°)
N(1)-Pt(1)-N(2) 164.1(2)
N(1)-Pt(1)-C(13) 97.8(2)
N(2)-Pt(1)-C(13) 97.9(2)
N(1)-Pt(1)-C(1) 82.3(2)
N(2)-Pt(1)-C(1) 81.9(2)
C(1)-Pt(1)-C(13) 177.2(2)

Table 2. Selected bond lengths (Å) and angles
(°) for complex 2.

Complex δ (PtH) 1J(PtH) (Hz)

[PtHClPh2(bu2bpy)] (3a) –20.15 1613
[PtHPh2(MeCN)(bu2bpy)]+ (5) –21.84 1619
[PtHCl2Ph(bu2bpy)] (6) –25.94 1540
[PtHClPh{2,6-C6H3(CH2NMe2)2}] (8) –21.36 1622
[PtHPh(MeCN){2,6-

C6H3(CH2NMe2)2}]+ (9)
–20.47 1644

Table 3. 1H NMR data for hydridoplatinum(IV) complexes.

Scheme 2.

Scheme 3.
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mild conditions, and there was no evidence for the addition
of protons to the aryl group, though several electrophiles are
known to add easily to the ipso carbon atom (15).

Studies of H-D exchange
The reaction of 1 and 2 with DBF4 in CDCl3–CD3OD was

studied to observe H-D exchange and hence, to investigate
reversibility of the protonation and C-H reductive elimina-
tion steps. In each case, the benzene was analyzed by GC–
MS. In the reaction with 1, the ratio of C6H6:C6H5D:C6H4D2
was 0.1:1.0:0.2, indicating significant formation of C6H4D2,
but in the reaction of 2 the ratio was 0.1:1.0:0.01, indicating
very little if any deuterium enrichment beyond C6H5D. Inte-
gration of the phenylplatinum resonances in the product 3a
from reaction with complex 1 indicated that there was about
10% D-incorporation, distributed equally in the ortho, meta,
and para positions. In the reaction with 2 there was no de-
tectable D-incorporation in the C6H3 group of the NCN
ligand. It has been shown previously that electrophilic attack
at the ipso carbon atom of the C6H3 group of the NCN
ligand is easy, but of course the chelate ligand prevents
scrambling if reversible addition of D occurs at this point
and no direct evidence of such reactivity was found (15).

Discussion

The intermediacy of hydridoplatinum(IV) complexes in
the protonolysis of metal–carbon bonds in electron-rich
alkyl or aryl complexes of platinum(II) or in C-H activation
by electrophilic platinum complexes, is now accepted as the
general rule, though other mechanisms are possible (1–12).

It is easier to detect these hydridoplatinum(IV) complex in-
termediates when they are generated by protonation of alkyl
or aryl platinum(II) complexes and many details of their
structures and energetics have been determined over recent
years (1–10). Strong dependence on the nature of the
hydrocarbyl group, the supporting ligands, the acid used,
and the solvent medium has been demonstrated (3–5). The
phenylplatinum complexes 1 and 2 are constrained to have
the phenyl group(s) trans to nitrogen or carbon, respectively,
and so a study of the dependence of protonolysis mechanism
on stereochemistry is possible.

The chemistry shown in Schemes 1–3 illustrates that the
mechanism of protonolysis of the phenylplatinum groups in
1, 2, and 3a is similar in each case. Intermediate hydrido-
platinum(IV) complexes are detected by low-temperature 1H
NMR in all cases. These intermediates are formed essen-
tially quantitatively at –78 °C and they survive for several
hours at this temperature, but they decompose on warming
to –10 to –20 °C by reductive elimination of benzene. No
other intermediates were detectable during reactions that
were monitored by NMR, and there were no very dramatic
differences in reactivity.

The chief difference between 1 and 2 was observed when
the deuterolysis of the phenylplatinum groups was carried
out in CDCl3–CD3OD solvent medium, in which there is a
very large excess of exchangeable deuterium. The cleavage
of the phenylplatinum groups from 1 or 2 under these condi-
tions gave mostly C6H5D, as expected for simple cleavage.
However, complex 1 also gave C6H4D2 in significant yield
and moderate deuterium enrichment in the residual
phenylplatinum group of the product 3a. Free benzene did
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not undergo H-D exchange under the experimental condi-
tions, so the deuterium enrichment occurred during cleavage
of the phenylplatinum group to give 3. A proposed sequence
of reactions leading to H-D exchange is shown in Scheme 4.
The five-coordinate complex 10* is proposed as a key inter-
mediate based on earlier work (4, 5); it can be formed by ad-
dition of D+ to complex 1 or by chloride dissociation from
the resting state complex [PtDClPh2(bu2bpy)] (4a*), which
is not shown in Scheme 4. Reductive elimination with C—D
bond formation then leads naturally to the benzene-d1 com-
plex 11*, for which there are now several known precedents
(4, 7, 10). Deuterium enrichment in the phenylplatinum
groups requires that this reductive elimination reaction be
reversible to form a hydrido(deuteriophenyl)platinum(IV)
cation 10** (Scheme 4). The complex 11* is expected to be
fluxional and to undergo rapid edge-to-edge migration of the
benzene group, and so the position of the deuterium label
will naturally scramble among all possible positions in 11*
and 10** (though only one is shown in Scheme 4). Forma-
tion of C6H4D2 requires further deuterium incorporation,
likely by deprotonation of 10** to give 1* followed by addi-
tion of D+ to give 10*** and C-H reductive elimination to
give 11**. Dissociation or displacement of the coordinated
benzene from 11 is irreversible, so free benzene cannot co-
ordinate and hence, cannot undergo H-D exchange. In prin-
ciple, the reactions of Scheme 4 can continue and give
complete H-D exchange but only modest enrichment is ob-
served. Hence, the benzene dissociation or displacement step
from 11 to give 3 is competitive with the C-H oxidative ad-
dition and PtH–PtD exchange steps. Since the addition of D+

to complex 2 gives no significant amount of C6H4D2, in this
case the C-H reductive elimination is probably irreversible.

The difference between the chemistry of complexes 1 and
2 can be understood in terms of the qualitative reaction coor-
dinate diagram shown in Fig. 3. There is a destabilizing
effect of two strong donor ligands (antisymbiosis) in organo-
platinum chemistry, and so the trans-diaryl arrangement in 2
is less stable than the cis-diaryl arrangement in 1. This rela-
tive stability is maintained through the various intermediates
through to the proposed benzene complex, but is most pro-
nounced in the trans-diaryl complexes. The six-coordinate
hydridoplatinum(IV) complex is the most stable of the inter-
mediates and so the only one that is directly observable in
either case. The difference comes at the benzene loss step.
The trans-ligand controls the rate of ligand loss through the
trans-effect, and so the activation energy for benzene loss is

much lower for 2 than for 1. For 1 the activation energy for
benzene loss from the benzene complex cation (Fig. 3) is
similar to that for the reverse reactions leading to H-D ex-
change, whereas for 2 the benzene loss is much faster and so
the back reactions are not competitive.

The relevance to C—H bond activation is also clear from
Fig. 3. The trans-aryl group in [PtX(NCN)] will labilise the
group X– and so facilitate benzene coordination, but the
overall energetics for oxidative addition of the C—H bond
will be less favorable than in the case of [PtXPh(NN)]. It is
interesting that a platinum(II) complex with a pincer ligand,
which has a nitrogen-donor amide rather than a carbon-
donor aryl group at the center, is capable of activating ben-
zene to give a phenylplatinum(II) derivative (17).

The mechanism by which the five-coordinate hydri-
do(phenyl)platinum(IV) intermediate might be transformed
to the benzene complex was examined by using density
functional theory (DFT) on the model complex [PtHMe-
Ph(NH3)2]

+, chosen so as to give a reasonable model for the
complex [PtHPh2(bu2bpy)]+ (10). This model is also useful
since it allows a comparison of the Me···H and Ph···H
reductive elimination pathways. Some data are given in Ta-
ble 4 and summarized in Fig. 4, while the proposed mecha-
nism is summarized in Scheme 5. The five-coordinate
complex B (Fig. 4, Scheme 5) has square-pyramidal stereo-
chemistry. The hydride is slightly displaced towards the
methyl group (HPtC = 85°) and the phenyl group rotates
away from the position in which it is orthogonal to the
C2PtN2 plane to avoid steric effects between the hydride and
the ortho hydrogen atom of the phenyl group (Fig. 4). Com-
plex B can decompose by C-H reductive elimination to give
either a phenyl(methane)platinum(II) complex D or a
methyl(benzene)platinum(II) complex G (Scheme 5). The
formation of D (Scheme 5) occurs in a very similar way to
that found earlier for methane reductive elimination from
methyl(hydrido)platinum(IV) complexes (9), with a late
transition state C (Scheme 5) and the activation energy was
calculated as 3.1 kcal mol–1 (Table 4). The reductive elimi-
nation from B by coupling of the hydride and phenyl groups
proved more difficult to define by DFT. The final state is
predicted to be G (Scheme 5, Fig. 4) in which the benzene
ligand is η2-bonded, with the C-C axis perpendicular to the
plane of the platinum(II) and with the benzene oriented to-
wards the methyl group. The orientation of the benzene in G
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Complex B C D F G H

E (kcal mol–1) 0 3.1 –10.0 2.5 –16.9 –17.0
Distances (Å)
PtH1 1.53 1.87 1.91 2.91 2.69 2.69
PtH2 2.66 2.64 2.43 2.68 2.64 2.65
PtC4 2.07 2.55 2.52 2.08 2.06 2.07
PtC1 2.03 2.03 2.03 2.57 2.37 2.35
PtC2 3.06 3.00 3.00 3.45 2.38 2.35
PtC3 2.93 2.99 3.00 2.35 3.27 3.23
PtN1 2.28 2.28 2.27 2.10 2.11 2.11
PtN2 2.28 2.07 2.07 2.26 2.30 2.26

Table 4. Relative energies and bond distances as predicted by
the DFT calculations.

Fig. 3. Proposed reaction coordinate diagram for the protonolysis
of a phenyl group from either complex 1 or 2 in CDCl3–CD3OD.
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is very similar to that found experimentally in the
hydrido(benzene)platinum(II) complex [PtH(C6H6){κ2-
(Hpz*)BHpz*2}]+, in which benzene is oriented towards the

hydride (10). There is a conformer of G in which the ben-
zene is oriented towards the ammine (H) and it is very close
in energy, presumably because the steric effects of CH3 and
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Fig. 4. The predicted structures of the complexes [PtHMePh(NH3)2]+ (B) and [PtMe(C6H6)(NH3)2]+ (F and G) and below the calcu-
lated energies (kcal mol–1) of the complexes B–G.

Scheme 5.
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NH3 are essentially the same (Table 4), but H will certainly
be less favored in complexes with bulkier amine or imine
ligands. The hydrogen atoms C1H1 and C2H2 in G and H are
bent away from the platinum by about 10° but otherwise the
benzene molecule is like free benzene. The transition state
was expected to resemble E (Scheme 5), with the hydride
bridging between platinum and the ipso carbon in an analo-
gous way as in C, but no such transition state could be lo-
cated. The only transition state found was F in which the
Pt—H bond is completely broken (PtH1 = 2.91 Å) and the
C—H bond completely formed (C1H1 = 1.09 Å) (Scheme 5,
Fig. 4). Complex F is another η2-bonded benzene complex
of platinum(II) but with atom H1 still oriented roughly per-
pendicular to the plane of platinum(II) and so with the coor-
dinated C-C axis in a less favorable orientation than in G or
H for binding to platinum. The benzene is oriented towards
the ammine ligand in F (Fig. 4). It is possible that the reac-
tion proceeds in two steps, with a first transition state on the
way to C-H reductive elimination (E) but this could not be
defined and is probably close in energy to F; the transition
from F to G just requires rocking about the Pt-C1 axis. The
benzene complex G is more stable than the methane com-
plex C, as expected from the relative ligating abilities of
benzene and methane. Since the transition state for C-H
reductive elimination was not found, the relative energies of
the transition states C and E are not known. Complex E is
placed slightly higher than C or F in Fig. 4, based on
the known selectivity for methane elimination in
methyl(phenyl)platinum(II) complexes with nitrogen-donor
ligands (4). The activation energy for the benzene C-H oxi-
dative addition step, as measured by the energy difference
between G and F, is calculated as 19 kcal mol–1, which can
be compared to experimental activation energies of ∆G = 13
to 14 kcal mol–1 for transformation of the benzene complex
[PtH(C6H6){κ2-(Hpz*)BHpz*2}]+ and similar arene com-
plexes, to the corresponding hydrido(phenyl)platinum(IV)
complexes, such as [PtH2Ph{κ2-(Hpz*)BHpz*2}]+ (10).

Although there are still some questions about the detailed
mechanism of the reductive elimination step to form ben-
zene from complex B, it seems that the initial C···H bond
formation occurs by movement of the hydride parallel to the
Pt-C axis, but then a major sideways motion of the phenyl
group occurs so as to allow side-on η2-coordination of the
forming benzene group. The activation of benzene by oxida-
tive addition (4, 7, 10, 17) is then expected to follow the mi-
croscopic reverse of this sequence.

Experimental section

Syntheses were carried out using a nitrogen atmosphere,
employing either Schlenk or glovebox techniques. Solvents
were dried and distilled under N2 prior to use. 1H and 13C
NMR spectra were recorded using Varian Inova 400 and
600 MHz spectrometers. Chemical shifts are reported rela-
tive to SiMe4. GC–MS experiments were carried out using a
Finnigan Mat 8200 spectrometer; samples were prepared us-
ing CD2Cl2–CD3OD solutions followed by direct injection to
the GC coupled to the MS and isotopic composition of ben-
zene was determined by simulation, based on spectra of au-
thentic samples. The phenylplatinum(II) complexes were

stable in CD2Cl2–CD3OD solution in the absence of added
acid, as shown by NMR. The complexes [{PtPh2(µ-
SMe2)}n], bu2bpy, and [PtCl{2,6-C6H3(CH2NMe2)2}] were
prepared according to literature methods (15, 18). Solutions
containing HCl or DCl were prepared by reaction of a
known amount of acetyl chloride with MeOH or CD3OD, re-
spectively. The DFT calculations were carried out at the
B3LYP level employing a LANL2DZ basis set, which uses
a relativistic effective core potential for platinum. The pro-
gram used was the Gaussian-94 software package (19) and
the methods used were as described and justified previously
(9).

[PtPh2(bu2bpy)] (1)
To a solution of [{PtPh2(µ-SMe2)}n] (0.494 g, 1.04 mmol)

in Et2O was added bu2bpy (0.280 g, 1.04 mmol). The solu-
tion immediately turned orange in color. After 12 h, the or-
ange precipitate that formed was filtered off, washed with
Et2O, and dried under vacuum. Yield: 54%. 1H NMR
(CDCl3) δ: 8.45 (d, 2H, JHH = 6Hz), 7.94 (s, 2H), 7.45 (d,
4H, JHH = 8Hz, Ho(Ph)), 7.35 (d, 2H, JHH = 7 Hz), 7.01 (t,
4H, JHH = 7 Hz, Hm(Ph)), 6.88 (t, 2H, JHH = 7 Hz, Hp(Ph)),
1.37 (s, 18H, t-Bu). Anal. calcd. for C30H34N2Pt (%): C
58.33, H 5.55; found: C 58.11, H 5.56.

[PtClPh(bu2bpy)] (3a)
To a solution of 1 (0.062 g, 0.099 mmol) in CH2Cl2

(0.5 mL) was added HCl (0.099 mmol). The orange precipi-
tate of the product was filtered off, washed with Et2O, and
dried under vacuum. Yield: 73%. 1H NMR (acetone-d6) δ:
9.31 (d, 1H, JHH = 6 Hz), 8.40 (s, 1H), 8.38 (d, 1H, JHH =
6 Hz), 8.33 (s, 1H), 7.79 (d, 1H, JHH = 6 Hz), 7.42 (d, 1H,
JHH = 6 Hz), 7.32 (m, 2H, Ho(Ph)), 6.98 (t, 2H, JHH = 7 Hz,
Hm(Ph)), 6.87 (t, 1H, JHH = 7 Hz, Hp(Ph)), 1.44 (s, 9H, t-
Bu), 1.38 (s, 9H, t-Bu). Anal. calcd. for C24H29ClN2Pt (%):
C 50.04, H 5.07; found: C 49.56, H 4.94.

[PtPh(O2CCF3)(bu2bpy)] (3b)
To a solution of 1 (0.068 g, 0.11 mmol) in CH2Cl2 was

added CF3CO2H (9 µL, 0.11 mmol). The reaction mixture
was stirred for 12 h and the solvent was removed under vac-
uum to yield the product as an orange powder. Yield: 56%.
1H NMR (acetone-d6) δ: 8.85 (d, 1H, JHH = 6 Hz), 8.53 (s,
1H), 8.46 (s, 1H), 8.17 (d, 1H, JPtH = 60 Hz, JHH = 6Hz),
7.82 (d, 1H, JHH = 6 Hz), 7.53 (d, 1H, JHH = 6 Hz), 7.37 (d,
2H, JHH = 7 Hz, Ho(Ph)), 7.13 (t, 2H, JHH = 7 Hz, Hm(Ph)),
7.08 (t, 1H, JHH = 7 Hz, Hp(Ph)), 1.46 (s, 9H, t-Bu), 1.39 (s,
9H, t-Bu). Anal. calcd. for C26H29F3N2O2Pt1(%): C 47.78, H
4.47; found: C 47.49, H 4.41.

[PtPh(CF3SO3)(bu2bpy)] (3c)
This was prepared similarly by using CF3SO3H. Yield:

64%. 1H NMR (acetone-d6) δ: 8.88 (d, 1H, JHH = 6 Hz), 8.53
(s, 1H), 8.46 (s, 1H), 8.16 (d, 1H, JPtH = 58 Hz, JHH = 6 Hz),
7.84 (d, 1H, JHH = 6 Hz), 7.54 (d, 1H, JHH = 6 Hz), 7.35 (d,
2H, JHH = 7 Hz, Ho(Ph)), 6.98 (t, 2H, JHH = 7 Hz, Hm(Ph)),
6.87 (t, 1H, JHH = 7 Hz, Hp(Ph)), 1.46 (s, 9H, t-Bu), 1.40 (s,
9H, t-Bu). Anal. calcd. for C25H29F3N2O3SPt (%): C 43.54,
H 4.24; found: C 43.56, H 4.31.
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[PtPh(BF4)(bu2bpy)] (3d)
This was prepared similarly by using HBF4. Yield: 48%.

1H NMR (acetone-d6) δ: 8.89 (d, 1H, JHH = 6 Hz), 8.55 (s,
1H), 8.47 (s, 1H), 8.19 (d, 1H, JHH = 6 Hz), 7.85 (d, 1H,
JHH = 6 Hz), 7.55 (d, 1H, JHH = 6 Hz), 7.37 (d, 2H, JHH =
7 Hz, Ho(Ph)), 7.13 (m, 2H, Hm(Ph)), 7.05 (m, 1H, Hp(Ph)),
1.46 (s, 9H, t-Bu), 1.40 (s, 9H, t-Bu). Anal. calcd. for
C24H29BF4N2Pt (%): C 45.95, H 4.66; found: C 45.47, H
4.80.

[PtHClPh2(bu2bpy)] (4a)
To an NMR tube charged with a solution of 1 (0.052 g,

0.085 mmol) in CDCl3 (0.5 mL) at –78 °C was added HCl
(0.085 mmol). 1H NMR in CDCl3 at –80 °C δ: 8.18 (s, 2H),
8.06 (d, 2H, JHH = 6 Hz), 7.86 (d, 2H, JHH = 7 Hz), 7.29 (d,
4H, JHH = 7 Hz, Ho(Ph)), 6.76 (t, 4H, JHH = 7 Hz, Hm(Ph)),
6.67 (t, 2H, JHH = 7 Hz, Hp(Ph)), 1.19 (s, 18H, t-Bu), –20.15
(s, 1H, JPtH = 1613 Hz, Pt-H). Compound 2 was indefinitely
stable at –78 °C but decomposed rapidly at –20 °C to give
C6H6 and [PtClPh(bu2bpy)] (3a) as monitored by NMR.

[PtH(NCCD3)Ph2(bu2bpy)][BF4] (7)
This was prepared similarly in CDCl3–CD3CN (1.0 mL)

by using HBF4.
1H NMR (CDCl3–CD3CN) δ: 8.45 (s, 2H),

8.10 (d, 2H, JHH = 6 Hz), 7.52 (d, 2H, JHH = 6 Hz), 7.18 (d,
4H, JHH = 7 Hz, Ho(Ph)), 6.99 (t, 4H, JHH = 7 Hz, Hm(Ph)),
6.89 (t, 2H, JHH = 7 Hz, Hp(Ph)), 1.36 (s, 18H, t-Bu), –21.84
(s, 1H, JPtH = 1619 Hz, Pt-H). Compound 7 was indefinitely
stable at –78 °C but decomposed rapidly at –20 °C to give
C6H6 and [Pt(BF4)(C6H5)(tbu2bpy)] (3d).

[PtHCl2Ph(bu2bpy)] (6)
To an NMR tube charged with a solution of 3a (0.016 g,

0.028 mmol) in CDCl3 (0.6 mL) at –78 °C was added HCl
(0.028 mmol). 1H NMR (CDCl3) δ: 9.17 (s, 1H), 8.25 (s,
1H), 7.99 (s, 1H), 7.94 (s, 1H), 7.52 (s, 1H), 7.22 (d, 2H,
JHH = 6.8Hz, Ho(Ph)), 7.15 (s, 1H), 6.89 (t, 2H, JHH = 7 Hz,
Hm(Ph)), 6.76 (t, 1H, JHH = 7 Hz, Hp(Ph)), 1.28 (s, 9H,
t-Bu), 1.22 (s, 9H, t-Bu), –25.94 (s, 1H, JPtH = 1540 Hz, Pt-
H). Compound 6 was indefinitely stable at –78 °C but
decomposed rapidly at –10 °C to give C6H6 and
[PtCl2(bu2bpy)].

[PtPh{2,6-C6H3(CH2NMe2)2}] (2)
To a solution of [PtCl(C6H3(CH2NMe2)2)] (0.357 g,

0.78 mmol) in ether (10 mL) at 0 °C was added PhLi
(0.43 mL, 0.78 mmol). The mixture was stirred at 0 °C for
5 min, then for 1 h at room temperature. The beige precipi-
tate that had formed was filtered off, washed with pentane,
and recrystallized from CH2Cl2–pentane to yield colorless
crystals of the product (15). Yield: 56%. 1H NMR (CDCl3)
δ: 7.67 (d, 2H, JHH = 6 Hz), 7.11 (t, 1H, JHH = 7 Hz), 6.97
(d, 2H, JHH = 7 Hz), 6.92 (m, 2H), 6.87 (t, 1H, JHH = 7 Hz),
4.11 (s, 4H, JPtH = 42 Hz, N-CH2), 2.89 (s, 12H, JPtH =
44 Hz, NMe2).

13C NMR (CDCl3) δ: 145.54, 139.59, 126.84,
123.19, 122.63, 119.25, 81.22, 54.36.

[PtCl{2,6-C6H3(CH2NMe2)2}] (7a)
To a solution of 2 (0.052 g, 0.105 mmol) in a THF:Et2O

(50:50) mixture was added HCl (0.105 mmol). The reaction

mixture was stirred for 2 h at which time the beige precipi-
tate was filtered off and washed with ether. Yield: 61%. 1H
NMR (CDCl3) δ: 6.97 (t, 1H, JHH = 7 Hz), 6.79 (d, 2H,
JHH = 7 Hz), 4.00 (s, 4H, JPtH = 45 Hz, N-CH2), 3.06 (s,
12H, JPtH = 36 Hz, NMe2). Anal. calcd. for C12H19ClN2Pt
(%): C 34.17, H 4.54; found: C 34.01, H 4.62.

[Pt(CF3CO2){2,6-C6H3(CH2NMe2)2}] (7b)
This was prepared similarly using CF3CO2H. Yield: 48%.

1H NMR (CD2Cl2) δ: 6.81 (t, 1H, JHH = 6 Hz), 6.79 (d, 2H,
JHH = 4 Hz), 4.01 (s, 4H, JPtH = 48 Hz, N-CH2), 2.95 (s,
12H, JPtH = 36 Hz, NMe2). Anal. calcd. for C14H19F3O2N2Pt
(%): C 33.67, H 3.83; found: C 33.59, H 3.72.

[Pt(CF3SO3){2,6-C6H3(CH2NMe2)2}] (7c)
This was prepared similarly using CF3SO3H. Yield: 36%.

1H NMR (CD2Cl2) δ: 6.92 (t, 1H, JHH = 7 Hz), 6.76 (d, 2H,
JHH = 7 Hz), 3.98 (s, 4H, JPtH = 41 Hz, N-CH2), 2.99 (s,
12H, JPtH = 37 Hz, NMe2). Anal. calcd. for
C13H19F3N2O3PtS (%): C 29.16, H 3.58; found: C 29.42, H
3.73.

[Pt(BF4){2,6-C6H3(CH2NMe2)2}] (7d)
This was prepared similarly using HBF4. Yield: 57%. 1H

NMR (acetone-d6) δ: 6.72 (t, 1H, JHH = 7 Hz), 6.55 (d, 2H,
JHH = 7 Hz), 3.78 (s, 4H, JPtH = 48 Hz, N-CH2), 2.76 (s,
12H, JPtH = 38 Hz, NMe2). Anal. calcd. for C12H19BF4N2Pt
(%): C 30.46, H 4.05; found: C 30.42, H 4.11.

[PtHClPh{2,6-C6H3(CH2NMe2)2}] (8)
To an NMR tube charged with a solution of 2 (0.046 g,

0.091 mmol) in CDCl3 at –78 °C was added HCl
(0.091 mmol). 1H NMR (CDCl3) δ: 7.70 (d, 2H, JHH =
6 Hz), 7.16 (t, 1H, JHH = 7 Hz), 6.98 (d, 2H, JHH = 7 Hz,
Ho(Ph)), 6.96 (m, 2H, Hm(Ph)), 6.94 (t, 1H, JHH = 7 Hz,
Hp(Ph)), 4.15 (s, 4H, N-CH2), 2.89 (s, 12H, NMe2), –21.36
(s, 1H, JPtH = 1622 Hz, Pt-H). Compound 8 was indefinitely
stable at –78 °C but decomposed rapidly at –20 °C to give
C6H6 and [PtCl{C6H3(CH2NMe2)2}] (7a).

[PtHPh(NCCD3){2,6-C6H3(CH2NMe2)2}][CF3SO3] (9)
This was prepared similarly in CDCl3–CD3CN solution at

–78 °C by using CF3SO3H. 1H NMR (CDCl3–CD3CN) δ:
7.92 (t, 1H, JHH = 8 Hz), 7.46 (d, 2H, JHH = 8 Hz), 6.98 (m,
2H, Ho(Ph)), 6.87 (t, 2H, JHH = 7 Hz, Hm(Ph)), 6.75 (t, 1H,
JHH = 7 Hz, Hp(Ph)), 4.10 (s, 4H, N-CH2), 2.86 (s, 12H,
NMe2), –20.47 (s, 1H, JPtH = 1644 Hz, Pt-H). Compound 9
was indefinitely stable at –78 °C but decomposed rapidly at
–20 °C to give C6H6 and [Pt(CF3SO3){C6H3(CH2NMe2)2}]
(7c).

X-ray structure determinations
Crystals of 1 and 2 were grown from acetone and chloro-

form solution, respectively. Crystals were mounted on glass
fibres. Data were collected by using a Nonius Kappa-CCD
diffractometer with COLLECT (20) software. Crystal data
and refinement parameters are listed in Table 5. Data were
scaled using SCALEPACK (21), and empirical absorption
corrections were applied using redundant data and XPREP
(SHELXTL 5.03). Full-matrix least-squares refinement on
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F2 was performed after solving using Patterson methods and
the solution package SHELXTL 5.03 (22). Complex 1 con-
tained two molecules of acetone of solvation.3
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Complex 1·2Me2CO 2
Formula, fw C36H46N2O2Pt, 733.84 C18H24N2Pt, 463.09

Temperature (K) 200(2) 293(2)
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Table 5. Crystal data and structure refinement for complexes 1 and 2.

3 Supplementary data may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www/nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
200608 and 200609 contain tables of crystallographic data for 1 and 2 in CIF format. These data can be obtained, free of charge, via
ww.ccdc.cam.ac.uk/conts/retreiving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Allylation of aldehydes catalyzed by chiral N,N′-
bis(N-methyl-2-methylene-4,5-bisphenyl-
imidazole)-1,2-cyclohexane diamine rhodium(III)
complexes1

Frank J. LaRonde and Michael A. Brook

Abstract: Chiral bis-imidazole rhodium(III) complexes catalyze the allylation of aldehydes by allyltributyltin. The pre-
catalyst was readily prepared from chiral N,N′-bis(N-methyl-2-methylene-4,5-bisphenylimidazole)-1,2-cyclohexanedi-
amine, potassium carbonate, and rhodium(III) chloride trihydrate. The rhodium(III) complex produced showed no activ-
ity in an allyl transfer process in the presence of the allyltin reagent. However, when silver tetrafluoroborate was added
to the pre-catalyst and stirred for 1 h, the resulting system became an efficient catalyst for the allyl transfer process.
The reductions produced homo-allyl alcohols with good to excellent yield, although generally with poor facial selectiv-
ity (8–10% ee, aryl aldehydes, 4 examples; 99% ee, aliphatic aldehyde, 1 example).

Key words: allylation, aldehydes, enantioselectivity, rhodium(III) tetramine complex.

Resumé : Les complexes chiraux du bis-imidazole rhodium catalysent l’allylation des aldéhydes par l’allyltributylétain.
On a préparé facilement le précatalyseur par réaction du N,N′-bis(N-méthyl-2-méthylène-4,5-bisphénylimidazole)cyclo-
hexane-1,2-diamine avec le carbonate de potassium et le trihydrate du chlorure de rhodium(III). Le complexe de rho-
dium(III) qui est produit ne présente aucune activité vis-à-vis du processus de transfert de l’allyle en présence du
réactif allylétain. Toutefois, quand on ajoute du tétrafluoroborate d’argent au précatalyseur et qu’on agite pendant une
heure, le système qui en résulte devient un catalyseur efficace pour le transfert de l’allyle. Les réductions conduisent à
la formation d’alcools homoallyliques avec des rendements allant de bons à excellents même si la sélectivité faciale est
généralement faible (8 à 10% d’excès énantiomérique avec quatre exemples d’aldéhydes aromatiques et un ee de 99%
pour un exemple d’aldéhyde aliphatique).

Mots clés : allylation, aldéhydes, énantiosélectivité, complexe tétrammine du rhodium(III).

[Traduit par la Rédaction] LaRonde and Brook 1212

Introduction

The efficient control of stereochemical induction during
bond formation remains one of the hallmarks of synthetic or-
ganic chemistry. The utilization of enantiopure metal com-
plexes to induce chirality and, simultaneously, promote bond
formation is one of the most effective strategies for stereo-
induction, particularly when the bond to be formed results
from nucleophilic addition to a carbonyl group. One such
example is the metal-complex-promoted addition of non-
polar allyl nucleophiles, based on group 14 elements, to al-
dehydes. The asymmetric version of this reaction is a valu-
able means of constructing chiral functionalized structures
(Scheme 1). Two classes of metal complexes are generally

used to catalyze these reactions: oxyphilic Lewis acid
catalysts and late transition metal complexes.

The majority of Lewis acid “catalysts” are developed from
oxophilic metals including aluminum, boron, tin, and tita-
nium. These are broadly applicable for the allylation of alde-
hydes, but suffer from extreme moisture sensitivity and a
propensity to form oligomers in solution. In addition, chiral
complexes based on these metals are usually generated in
situ, so that a variety of species with varying Lewis acid
strengths and enantioselection may be present in the reaction
medium. This makes it difficult to develop selective pro-
cesses and to understand the actual species participating in
the reaction.

Can. J. Chem. 81: 1206–1212 (2003) doi: 10.1139/V03-118 © 2003 NRC Canada
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The optimization of chiral Lewis acid catalysts remains
challenging (1). With some notable exceptions, the most
convenient metal ligands based on heteroatoms (N, P, O) sig-
nificantly reduce the Lewis acidity and, thus, the catalytic
activity. It should be noted that most of the reactions that are
promoted by Lewis acid “catalysts” actually need stoichio-
metric quantities; those that require only catalytic quantities
are much rarer.

A number of chiral allylmetal reagents that are generally
used with stoichiometric amounts of Lewis acid catalysts (2)
have been designed and synthesized (3). Some chiral Lewis
acids that operate as true catalysts include chiral (acyl-
oxy)borane (CAB) complexes with allylsilanes (4) or allyl-
stannanes (5), binaphthol-derived chiral titanium complexes
with allylstannanes (6) or allylsilanes (7), and BINAP-
derived chiral silver complexes with allylstannanes (8).

Several groups have turned to late transition metal cata-
lysts in the hope of avoiding some of the deficits of highly
oxophilic Lewis acids: transition metal complexes can form
single, well-defined species that are generally not moisture
sensitive (9). For example, Nishiyama and co-workers (10)
have described the synthesis and use of aryl-substituted
oxazolines 1, and Masaki and co-workers (11) have prepared
pyrrolidine derivatives 2 (Fig. 1). Both classes of compounds
activate aldehydes to attack by allyltin derivatives. They dif-
fer in the number of heteroatom ligands tethered to the cen-
tral metal.

We recently reported the convenient synthesis and charac-
terization of bis-imidazoles 3–7 (Fig. 2) (12). These com-

pounds were examined for their ability to provide a chiral
environment for the reduction of ketones by hydrosilanes.
Compound 4 was found to be a more efficacious catalyst
than 6 and 7 for the reduction of aryl methyl ketones by
HSi(OMe)3, its use leading to good yields (70–75%) of
phenylethanol and related compounds, albeit with low de-
grees of enantioselectivity (25–30% ee).

Tetraamino compounds are well-known ligands in transi-
tion metal chemistry (13), particularly the chemistry of
rhodium. It was of interest to bind these readily available
ligands 4–7 to rhodium and establish if acceptable enantio-
selectivities would accrue in C—C bond-forming reactions.
We present an examination of the enantioselective allylation
of aldehydes with allyltributylstannane catalyzed by a new
air-stable rhodium(III) complex 8 derived from ligand 7 (14).

Results and discussion

Complex 9 was directly synthesized by the mixing of
equimolar amounts of commercially available rhodium(III)
chloride hydrate, 7, and 2.2 equiv of potassium carbonate in
ethanol. The complex thus formed is sufficiently air stable
that purification by silica gel chromatography is possible
(Scheme 2a). Although no crystallographic structure data are
yet available on this compound, we propose structure 9 for
the precatalyst on the basis of crystal structures obtained for
the analogous copper chloride salt of 6 and its achiral ethylene-
diamine-derived parent 5 (Scheme 2b). NMR, IR, and mass
spectral data are also consistent with the proposed structure.

© 2003 NRC Canada
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Scheme 1. Enantioselective allylation of aldehydes. Fig. 1. Rh(III) catalysts used for the allylation of aldehydes.

Fig. 2. Bis-imidazole ligands.
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The NMR data (see experimental section) indicate that the
symmetry of the ligand is lost upon complexation–
deprotonation.

The allylation reaction was attempted with benzaldehyde
and allyltributylstannane in the presence of 5 mol% of the
(S,S)-9 as the chiral catalyst. No reaction was observed dur-
ing the course of 7 days at room temperature. The electro-
philicity of the catalyst was then increased, following the
precedent of Nishiyama et al. (15). Compound 9 was treated
with silver tetrafluoroborate for 1 h to give 8 with accompa-
nying precipitation of AgCl. Allylations mediated by this
catalyst at room temperature were efficient, but not rapid:
complete conversion took about 4 days. Low enantioselec-
tivity was noted in all solvents tested. The absolute configu-
rations of the allylated aromatic products were determined to
be S by comparison of their optical rotations with literature
values (16). The selectivities in methylene chloride were
somewhat worse than in THF: enantiomeric excesses were
determined by 1H NMR integration of the corresponding
Mosher esters. Although the reaction was accelerated in the
presence of 4 Å molecular sieves, the enantiomeric excess of
the product did not appreciably change (Table 1, entries 3
and 4). This improvement in conversion may result from

fewer unproductive ligand-exchange reactions at rhodium
with water.

Table 2 summarizes the results obtained from the allyl-
ation reaction using allyltributylstanane and catalyst 8 with a
variety of aldehydes. It is evident that the enantioselectivity
is dependent on the nature of the aldehyde, generally show-
ing a low level of induction with aromatic aldehydes but a
much higher selectivity with the one aliphatic example ex-
amined. Further work is underway to establish if the im-
proved efficiency with aliphatic aldehydes is general.

The main distinction between 8 and the ligands of
Nishiyama or Masaki is the number of available binding
sites and the size of the chiral steering groups. The rhodium
in 8 is tetradentate, rather than tridentate as in the other two
complexes. Normally, this larger number of binding sites
would auger well for stereoinduction: fewer degrees of free-
dom are available to an Rh-bound aldehyde and to the ap-
proach of the allylstannane. However, mitigating against this
is the relatively small steric footprint of cyclohexanediamine.

Models of the likely rhodium complexes of benzaldehyde
derived from the X-ray structures of 1 and the copper
chloride salt 7,3 respectively, illuminate the differences in
stereoselectivity induced by the two complexes. The larger

© 2003 NRC Canada
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Scheme 2. (a) Bis-imidazole rhodium complexes; (b) Cu(II) complex of 5.

3 F.J. LaRonde, M.A. Brook, and J.F. Britten. Submitted.

I:\cjc\cjc8111\V03-118.vp
October 1, 2003 1:56:38 PM

Color profile: Disabled
Composite  Default screen



stereodirecting groups of the Nishiyama or Masaki ligands —
for example, benzyl derived from 1 — are perfectly located
in the complexes to direct facial attack at the carbonyl
group. By contrast, the chiral cyclohexyldiamino groups in
complexes derived from 7 are essentially flat (Fig. 3, R =
H). It is apparent that generic stereochemical induction using
complexes of this type will require larger groups (R = large).

Conclusion

Enantiopure, tetraamine ligands bind effectively to
Rh(III). Cationic complexes derived from the ligand are suf-

ficiently electrophilic to act as Lewis acids that catalyze the
enantioselective addition of allyltributylstannane to alde-
hydes.

Experimental

Reagents and physical methods
The following materials were obtained from Aldrich and

were used without further purification: acetophenone, benzo-
phenone, benzaldehyde, 4-trifluorotolualdehyde, 4-methoxy-
benzaldehyde, trans-4-phenyl-2-methyl-2-butenal, dodecanal,
(S)-(+)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride

© 2003 NRC Canada
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Entry Aldehyde Product Yield (%)a ee (%)b Configurationc

1 97 10 S

2 78 10 S

3 67 6 S

4 85 8

5 82 99 R

aDetermined after purification by column chromatography on silica gel.
bDetermined by synthesis of Mosher esters and comparison with known compounds (16); see experimental section.
cNote that the same mechanism and same facial selectivities are implicated in all these reactions. The changeover from S to R is a

consequence of different Cahn–Ingold–Prelog priorities.

Table 2. Asymmetric allylation of aldehydes catalyzed by 8.

Entry Catalyst Solvent Conditions Yield (%)a ee (%)b

1 9 THF Ambient T, 4 days 0 —
2 8 THF Ambient T, 4 days 65 9 S
3 8 THF Ambient T, 4 Å molecular sieves, 4 days 97 10 S
4 8 CH2Cl2 Ambient T, 4 Å molecular sieves, 4 days 95 2 S

aIsolated yield after chromatography. The conversions are only slightly higher than these values.
bDetermined by synthesis of Mosher esters; see experimental section.

Table 1. Asymmetric allylation of benzaldehyde with rhodium complexes.
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(MTPA-Cl (+)), pyridine, silver tetrafluoroborate, rho-
dium(III) chloride trihydrate, potassium carbonate, and 4 Å
molecular sieves. Compound 7 was prepared following the
literature procedure (13).

1H NMR spectra were recorded on a Bruker AC-200 (at
200 MHz for protons) Fourier transform spectrometer. 13C
NMR was performed on a Bruker AC-200 (at 50.32 MHz) or
a Bruker AC-300 (at 75.44 MHz) Fourier transform spec-
trometer. 1H chemical shifts are reported either with respect
to tetramethylsilane as an external standard (set to 0 ppm) or
CDCl3 as an internal standard (set at 7.24 ppm). 13C chemi-
cal shifts are reported with respect to CDCl3 as an internal
standard (set at 77 ppm.). Coupling constants (J) are re-
corded in Hertz (Hz). The abbreviations s = singlet, d = dou-
blet, t = triplet, q = quartet, dd = doublet of doublets, dt =
doublet of triplets, and m = multiplet are used to report spec-
tra.

Electron impact (EI) and chemical ionization (CI, NH3)
mass spectra were recorded at 70 eV with a source tempera-
ture of 200 °C on a VG analytical ZAB-R mass spectrometer
equipped with a VG 11–250 data system. High resolution
mass spectral (HR-MS) data were obtained using the EI
method. Infrared spectra were run as KBr pellets or as liquid
films on NaCl discs (as indicated) on a PerkinElmer 283
spectrometer or on a BIORAD FTS-40 spectrometer as a
neat film. Models shown in Fig. 3 were calculated with the
Hyper-Chem 5 modelling package, using molecular mechan-
ics methods (MM+). The starting geometries used came
from the respective crystal structure data. Absolute configu-
rations of the product homoallylic alcohols were assigned
based on the rotations reported in the literature (16).

All solvents were thoroughly dried before use: acetonitrile
was dried over P2O5; THF was dried from Na–benzophe-
none. All reactions were carried out in dry apparatus under a
nitrogen atmosphere with the use of septa and syringes for
the transfer of reagents.

Preparation of 9
To a dry 25 mL round-bottomed flask flushed with nitro-

gen was added 7 (0.12 g, 0.20 mmol), potassium carbonate
(0.06 g, 0.42 mmol), and absolute EtOH (15 mL). The sys-
tem was stirred under nitrogen, under reflux, for 2 h. The re-
sulting mixture was filtered and was washed with THF

(10 mL). The solvent was removed in vacuo. The crude
product was purified using column chromatography, eluting
with CHCl3:MeOH (9:1, Rf = 0.85) to produce 0.12 g (80%)
of an orange powder.

FT-IR (neat, KBr disc) (cm–1) ν: 3424.6, 3056, 2935,
2854, 1640, 1602, 1505, 1445, 1426, 1027, 785, 700. 1H
NMR (CDCl3, 200 MHz) δ: 7.89 (bs, 1H, N-H), 7.43–7.08
(m, 20H, Ph-H), 4.06 (d, J = 13.5 Hz, 2H, 2 × NCHaHb),
3.60 (d, J = 13.5 Hz, 2H, 2 × NCHaHb), 3.52 (s, 6H, NCH3),
2.32 (m, 2H, Cy-H), 1.95 (m, 2H, Cy-H), 1.77 (m, 2H, Cy-
H), 1.28 (m, 4H, Cy-H). 13C NMR (CDCl3, 200 MHz) δ:
23.95, 24.33, 28.63, 30.75, 33.00, 45.71, 51.12, 58.14,
68.55, 70.57, 126.10, 126.86, 127.51, 127.59, 127.67,
127.81, 128.27, 128.33, 128.42, 128.68, 129.20, 130.40,
130.57, 131.01, 131.21, 132.09, 139.12, 148.99, 149.49. ES-
MS (positive) m/z (%): 779.2 ([M + 1]+, 100).

Typical experimental for allylation (example
benzaldehyde)

To a dry 25 mL round-bottomed flask flushed with nitro-
gen was added 9 (0.02 g, 0.025 mmol), silver tetrafluoro-
borate (0.01g, 0.05 mmol), molecular sieves (250 mg), and
THF (15 mL). The system was stirred for 1 h at room tem-
perature. To this stirring mixture was added benzaldehyde
(0.05 g, 0.5 mmol) and allyltributyltin (0.23 mL,
0.77 mmol). The resulting system was stirred at ambient
temperature for 4 days. The system was quenched with an
aqueous solution of sodium bicarbonate (1 mol/L, 5 mL) and
filtered. The aqueous layer was extracted with ether (3 ×
10 mL). The combined organic fractions were washed with
sodium bicarbonate (1 mol/L, 3 × 10 mL), HCl (1 mol/L,
3 × 10 mL), and water (3 × 10 mL). The solvent was re-
moved under reduced pressure. The crude product was
purified by silica gel chromatography, eluting with
pentane:ether (9:1). FT-IR (neat, KBr disc) (cm–1) ν: 3388,
3078, 3032, 2927, 1642, 1494, 1454, 1048, 916, 758, 700.
1H NMR (CDCl3, 200 MHz) δ: 7.26–7.12 (m, 5H, Ph-H),
5.81–5.60 (m, 1H, CH=CH2), 5.10–5.00 (m, 2H, CH=CH2),
4.60 (t, J = 6.5 Hz, 1H, CH (OH)), 2.41(t, J = 6.5 Hz, 2H,
CH2CH=CH2), 2.32 (bs, 1H, OH). 13C NMR (CDCl3,
200 MHz) δ: 26.69, 65.66, 117.97, 125.72, 127.33, 128.22,
134.39, 143.84. EI-MS m/z (%):148 ([M]+, 1), 131 ([M –
17]+, 5), 107 (100), 79 (75), 41 (33). CI-MS m/z (%): 166
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Fig. 3. Modelled structures of benzaldehyde adducts of rhodium derivatives of 1 and 8, respectively.
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([M + 18]+, 27), 148 ([M]+, 70), 131 ([M]+ – 17, 100), 94
(5), 77 (2), 41 (1). HR-CI-MS m/z: Anal. calcd. for
C10H12O: 131.0846; found: 131.0861.

1-(4-Trifluoromethylphenyl)-3-buten-1-ol
FT-IR (neat, KBr disc) (cm–1) ν: 3388, 3082, 2984, 2927,

1643, 1622, 1418, 1328, 1166, 1126, 1068, 1018, 922, 843,
607. 1H NMR (CDCl3, 200 MHz) δ: 7.50 (d, J = 8.3, 2H,
Ph-H), 7.35 (d, J = 8.3, 2H, Ph-H), 5.75–5.58 (m, 1H,
CH=CH2), 5.09–5.02 (m, 2H, CH=CH2), 4.68 (t, J = 6.4 Hz,
1H, CHOH), 2.43–2.31 (m, 2H, CH2CH=CH2).

13C NMR
(CDCl3, 200 MHz) δ: 34.11, 72.56, 118.96, 125.25, 126.06,
133.67, 147.80. EI-MS m/z (%): 216 ([M]+, 1), 199 ([M +
17]+, 30), 175 (100), 147 (18), 127 (100), 95 (6), 77 (15), 41
(27). CI-MS m/z (%): 234 ([M + 18]+, 8), 216 ([M]+, 18),
199 ([M + 17]+, 30), 166 (16), 127 (100), 94 (6), 78 (6), 52
(14). HR-CI-MS m/z: Anal. calcd. for C11H10F3: 199.0721;
found: 199.0735.

1-(4-Methoxyphenyl)-3-buten-1-ol
FT-IR (neat, KBr disc) (cm–1) ν: 3421, 3077, 2959, 2927,

1612, 1514, 1464, 1249, 1037, 832. 1H NMR (CDCl3,
200 MHz) δ: 6.52 (d, J = 8.3, 2H, Ph-H), 6.12 (d, J = 8.3,
2H, Ph-H), 5.11–4.94 (m, 1H, CH=CH2), 4.45–4.34 (m, 2H,
CH=CH2), 3.89 (t, J = 6.5 Hz, 1H, CHOH), 3.05 (s, 3H,
OCH3), 1.74 (m, 2H, CH2CH=CH2), 1.35 (bs, 1H, CHOH).
13C NMR (CDCl3, 200 MHz) δ: 26.80, 55.22, 72.96, 113.75,
118.09, 127.03, 134.58, 136.04, 151.20. EI-MS m/z (%): 178
([M]+, 3), 177 ([M – 1]+, 6), 161 ([M – 17]+, 7), 137 (100),
109 (38), 77 (31), 41 (42). CI-MS m/z (%): 178 ([M]+, 4),
161 ([M – 17]+, 100), 137 (13), 94 (1). HR-CI-MS m/z:
Anal. calcd. for C11H13O2: 161.0976; found: 161.0966.

trans-1-Phenyl-2-methyl-1,5-hexadien-3-ol
FT-IR (neat, KBr disc) (cm–1) ν: 3389, 3079, 3025, 3924,

2859, 1642, 1601, 1493, 1445, 1047, 916, 749, 700. 1H
NMR (CDCl3, 200 MHz) δ: 7.36–7.16 (m, 5H, Ph-H), 6.52
(s, 1H, PhCH=CMeR), 5.90–5.73 (m, 1H, RCH=CH2), 5.22–
5.11 (m, 2H, RCH=CH2), 4.21 (t, J = 6.5 Hz, CHOH), 2.46–
2.37 (m, 2H, RCH2CH=CH2), 1.87 (s, 3H, PhCH=CCH3R).
13C NMR (CDCl3, 200 MHz) δ: 13.64, 40.09, 76.55, 117.94,
125.73, 126.40, 128.06, 128.94, 134.51, 137.54, 139.49. EI-
MS m/z (%): 171 ([M – 17]+, 100), 147 (40), 129 (51), 115
(9), 91 (25), 41 (25). CI-MS m/z (%): 188 ([M]+, 5), 171
([M – 17]+, 100), 147 (15), 129 (24), 91 (8), 69 (2), 41 (3).
HR-CI-MS m/z: Anal. calcd. for C13H15O: 171.1165; found:
171.1174.

1-Pentadecen-4-ol
FT-IR (neat, KBr disc) (cm–1) ν: 3366, 3078, 2927, 2856,

1642, 1465, 1132, 1081, 995, 913, 722. 1H NMR (CDCl3,
200 MHz) δ: 5.85–5.71 (m, 1H, RCH=CH2), 5.17–5.06 (m,
2H, RCH=CH2), 3.61 (m, 1H, CHOH), 2.29–2.11 (m, 2H,
RCH2CH=CH2), 1.59 (bs, 1H, CHOH), 1.48–1.12 (m, 20H,
Me(CH2)10CHOH), 1.15 (t, 3H, CH3(CH2)10CHOH). 13C
NMR (CDCl3, 200 MHz) δ: 14.05, 22.32, 22.67, 25.67,
29.34, 29.64, 31.92, 34.13, 36.87, 41.95, 70.74, 117.94,
134.94. EI-MS m/z (%): 209 ([M – 17]+, 1), 185 (27), 125
(10), 111 (39), 97 (69), 85 (61), 69 (88), 55 (88) 41 (100).
CI-MS m/z (%): 244 ([M + 18]+, 100), 185 (11), 171 (35),
131 (14), 111 (19), 97 (27), 85 (25), 69 (31), 55 (61), 41

(66). HR-CI-MS m/z: Anal. calcd. for C15H29: 209.2271;
found: 209.2269.

General experimental procedure for preparation of
Mosher esters (shown for (S)-1-phenyl-3-buten-1-ol)

1-Phenyl-3-buten-1-ol (3.0 mg, 0.02 mmol) and MTPA-Cl
(+) (4 µL, 0.02 mmol) were mixed with carbon tetrachloride
(3 drops) and dry pyridine (3 drops). The reaction mixture
was allowed to stand in a stoppered flask for 12 h at ambient
temperature. Water (1 mL) was added, and the reaction mix-
ture transferred to a separatory funnel and extracted with
ether (20 mL). The ether solution, after successive washing
with HCl (1 mol/L, 20 mL), saturated sodium carbonate so-
lution (20 mL), and water (20 mL), was dried with sodium
sulfate and filtered, and the solvent was removed in vacuo.
The residue was dissolved in deuterated chloroform for
NMR analysis. The integration(s) of the hydrogen on the
carbon bearing the hydroxyl group was used as a measure to
assess the enantioselection. The data was compared with that
found in ref. 16.
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Synthesis, characterization, and polycondensation
of new stable �, -organo(bis-silanediols)1

Geneviève Cerveau, Sabrina Chappellet, Robert J.P. Corriu, and
Bertrand Dabiens

Abstract: The synthesis and characterization of stable bis(dihydroxymethylsilyl) derivatives are described. These com-
pounds were obtained as microcrystalline powders by controlled hydrolysis in a biphasic medium (ethyl ether – water)
of the corresponding bis(dimethoxymethylsilyl) organic precursors containing phenyl, biphenyl, stilbenyl, diphenyl-
acetylene, and diphenylbut-1,3-diyne groups. All the solids obtained exhibited a layered structure. Condensation of the
bis-silanediols could be effected by fluoride catalysis in solution at ambient temperature or simply by heating in solid
state. The polysiloxanes obtained from the bis-silanediols have been compared with those obtained by hydrolysis–
polycondensation of the corresponding bis-dimethoxysilanes. The thermal route led to highly polycondensed solids ar-
ranged into thin plates as evidenced by TEM analysis; furthermore, in the case of the longer spacer, the organization
was controlled by the arrangement of the Si-O-Si layers instead of the spacer. The X-ray study of these materials
clearly evidenced the drastic influence of the length of the organic spacer, the polycondensation route and the nature of
the leaving group (hydroxy or methoxy) on the short-range organization of the solids.

Key words: silanols, hybrid materials, polycondensation, polysiloxanes.

Résumé : La synthèse et la caractérisation de dérivés bis(dihydroxymethyl)sililés stables est décrite. Ces composés sont
obtenus sous forme de poudres microcristallines par hydrolyse controlée en milieu biphasique (éther éthylique – eau)
des dérivés bis(diméthoxymethyl)sililés correspondants. Ces précurseurs contiennent des groupements phenyl, biphenyl,
stilbenyl, diphenylacetylène et diphenylbut-1,3-diyne. Tous les bis-silanediols obtenus présentent une structure en feuil-
lets. La polycondensation des ces composés par traitement thermique du solide et par voie catalytique en solution a été
étudiée. Les polysiloxanes obtenus à partir des bis-silanediols ont été comparés à ceux obtenus par hydrolyse–polycon-
densation des bis-diméthoxysilanes correspondants. La voie thermique conduit à des solides très polycondensés se pré-
sentant sous forme de plaquettes ; de plus dans le cas du plus long groupement organique, l’organisation est controlée
par l’arrangement des couches Si-O-Si au lieu de l’espaceur organique. Une étude aux rayons X de ces polysiloxanes
montre clairement l’influence fondamentale de la longueur de l’espaceur organique, du mode de polycondensation et de
la nature du groupement partant (hydroxy ou méthoxy) sur l’organisation à courte distance de ces solides.

Mots clés : silanols, matériaux hybrides, polycondensation, polysiloxanes. Cerveau et al. 1222

Introduction

During the past few years there has been considerable in-
terest in the chemistry of compounds containing Si-OH
functional groups (1–9). Indeed the isolation of pure sil-
anetriols RSi(OH)3 or silanediols RR′ Si(HO)2 is more diffi-
cult than that of silanols RR′ R ′′ SiOH because of the easier
polycondensation with the increasing number of OH groups
at silicon (3, 4). However, until now only a few silanetriols
or silanediols have been isolated (2–4). Most of the com-
pounds synthesized and structurally characterized contain
bulky substituents at silicon and most of the studies have
been carried out on diphenyl or di-tert-butylsilanediol (10–
14). Only recently have more complex silanediols been iso-
lated (15–19). The case of molecules containing two

silanediol groups is more difficult because of the faster poly-
condensation reaction. Only a few of them have been
synthesized (20, 21). The ones that have been reported are
tetrahydoxydisiloxanes (20, 22) or a disilane (23).

We have recently shown that it is possible to isolate stable
bis-silanetriols where the presence of hydrophilic interac-
tions is the driving force in the formation of an ordered
structure (24, 25). At the same time we also reported the
synthesis and the X-ray crystal structure of a stable organo-
bis(alkylsilanediol), 1,4-bis(dihydroxymethylsilyl)benzene (26).
The crystal structure shows a remarkable hydrogen-bonded
network leading to three-dimensional packing. Each
MeSi(OH)2 moiety is linked to four oxygen atoms belonging
to three different molecules and is cross-linked through the
aromatic ring with the second MeSi(OH)2, thus, achieving a

Can. J. Chem. 81: 1213–1222 (2003) doi: 10.1139/V03-111 © 2003 NRC Canada
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rigid three-dimensional structure. The structure of such a
compound has been presented and provides evidence for the
importance of the hydrogen bonding between neighboring
silanol groups (26) as illustrated in Scheme 1.

We report here an extension of the synthesis and charac-
terization of bis-silanediols containing two MeSi(OH)2
groups in the same molecule shown in Scheme 2.

They constitute precursors for the preparation of hybrid
organic–inorganic silicon-based solids (27, 28). The synthe-
sis of polysiloxanes formed by thermal (DHt, Scheme 3a)
and catalytic polycondensation (DHa, Scheme 3b) of these
silanediols is also reported as well as the comparison of the
solids obtained with those prepared by hydrolysis–
polycondensation of the corresponding bis-dialkoxysilanes
(DMa, Scheme 4).

Results and discussion

Synthesis and characterization of bis-silanediols DH1–
DH6

Most silanediols reported in the literature have been pre-
pared by controlled hydrolysis of dichlorosilanes (15, 29,
30) i.e., hydrolysis at low temperature of the corresponding
polychlorosilylated compounds by a stoechiometric amount
of water in the presence of a weak base as a catalyst
(triethylamine or aniline). We investigated an alternative

route consisting of the hydrolysis of the corresponding
dialkoxysilanes (31, 32); this route originally reported by
Tyler (32) for the preparation of phenylsilanetriol was modi-
fied for the synthesis of bis-silanetriols (24, 25) by using
biphasic conditions which allowed a slower rate of poly-
condensation and favored the formation of hydrogen bond-
ing between the silanol groups in the aqueous phase. The
bis-silanediols reported here (DH) (Scheme 2) were pre-
pared by controlled hydrolysis of the corresponding bis-
(dimethoxymethylsilyl) precursors (DM) (33) in a biphasic
medium (ethyl ether – water) in the presence of acetic acid
as the catalyst at room temperature (Scheme 2).

The reaction mixture was stirred vigorously for various
reaction times depending on the precursor DM1–DM6, until
the resulting organo-bis-silanediol precipitated out in the
aqueous phase. The progress of the reaction was followed by
1H NMR in DMSO-d6 and it was stopped when the singlet at
3.60 ppm owing to OMe groups had totally disappeared. In
all cases a new singlet at ≈6.4 ppm revealed the presence of
hydrogens of hydroxy groups. After filtration and drying at
25 °C under vacuum during 12 h, the bis-silanediols DH1–
DH6 were isolated. The experimental conditions and the
yields for DH1–DH6 are reported in Table 1.

However, it is interesting to point out the importance of
the ratio (np/na) between the numbers of mol of precursor
(np) and the number of mol of acetic acid (na) which must

© 2003 NRC Canada
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Scheme 1. Packing diagram of the molecules of DH1. The hy-
drogen atoms have been omitted for clarity. The dotted lines rep-
resent hydrogen bonds. Precursor

Molar ratioa

np/na
Reaction time
(days)

Yield
(%)

DM1 25 8 95
DM2 25 32 32
DM2 3 3 58
DM3 1.64 10 40
DM4 25 20 b

DM4 6 55 35
DM5 6 60 b

DM5 4.89 30 8
DM6 5.7 6 20

anp/na = number of mol of precursor vs. the number of mol of acetic
acid.

bNo reaction.

Table 1. Experimental conditions and yields for DH1–DH6.

Scheme 2.
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be adjusted case by case: in the case of DM2, DM4, and
DM5, using the same experimental conditions as for DM1
(np/na = 25), only 32% of DH2 was obtained after 32 days,
whereas no reaction occurred after 20 days for DM4 and
60 days for DM5, even when the ratio was np/na = 6.

To shorten the very long reaction times required, we in-
vestigated liquid–liquid phase transfer catalysis (34) using
tetraethylammonium para-toluenesulfonate (TEApTS) as the
catalyst, which was shown to be very efficient in the case of
the formation of bis-silanetriols (25). The results are re-
ported in Table 2. It appears that in every case the reaction
times were significantly shortened and the yields increased,
with the exception of DM6 which gave a mixture of DH6
and polycondensation product.

The bis-silanediols DH1–DH6 were soluble in the usual
organic solvents such as methanol, ethanol, THF, and
DMSO. In this case, it was possible to recover the bis-
silanediols after removal of the solvent. They were identified
by IR, 1H, 13C, 29Si NMR spectroscopies. For all samples,
the FT IR spectra exhibited a broad absorption band cen-
tered at ≈3125 cm–1 owing to hydrogen-bonded hydroxy
groups and an intense band at ≈900 cm–1 attributed to the Si-
O(H) bond vibrations. No free ν OH vibrations were de-
tected. The 1H and 13C NMR spectra were recorded in
DMSO-d6 solution. They exhibited the expected resonances
for the organic moiety in all cases (see Experimental). The
OH groups displayed a sharp singlet at ≈6.32–6.49 ppm. The
29Si NMR spectrum in DMSO-d6 solution exhibited in all
cases a sharp resonance at ≈ –21 ppm in agreement with
chemical shifts already reported for silanediols (26, 30). In-
terestingly, the 29Si CP-MAS NMR spectra of the solid bis-
silanediols exhibited two sharp signals in some cases (see
Experimental). In contrast to the bis-silanetriols containing
the same organic groups, the 29Si NMR spectra showed only
one singlet attributable to the OH groups (25).

The compound DH1 exhibited two singlets of the same
intensity at –15.9 and –17.2 ppm, respectively, whereas DH4
and DH5 presented two signals of different intensity at
–14.7 and –16.8 ppm and –13.7 and –16.7 ppm, respectively.
It is noteworthy that the chemical shifts were slightly differ-
ent in DMSO-d6 solution and in the solid state. This could
be explained by a difference in the hydrogen bonding inter-

actions: in the solid state, the hydrogen bonds involved only
silanediol molecules, whereas in solution the crystalline
structure is broken and the DMSO, which is a strong hydro-
gen bond acceptor, might certainly be more strongly associ-
ated to the hydroxy groups, thus, shifting the signal towards
higher fields (–21 ppm).

A 29Si CP-MAS NMR study was performed varying the
temperature from 20 to 100 °C. No changes occurred as the
two signals at –15.9 and –17.2 ppm were always present at
the same chemical shifts and neither coalescence nor
polycondensation were observed. Thus, the presence of two
signals of the same intensity in the case of DH1 could be in-
dicative of a slight difference in the environment of the two
silicon atoms in the solid state at the NMR timescale. The
presence of the two signals was not indicative of a mixture
of two different crystalline structures. This was confirmed
by the thermal analysis of DH1, which did not reveal any
phase transition.

The thermal stability of the bis-silanediols DH1–DH6 was
studied by differential scanning calorimetry (DSC). The
analysis were performed under an inert atmosphere. The
curves displayed broad asymmetric endothermic peaks at
≈200 °C (see Experimental), which corresponded to the
polycondensation reaction as evidenced by IR spectroscopy.

These bis-silanediols appeared to be relatively stable de-
spite the presence of four OH groups. The length of the or-
ganic group seemed to have almost no influence on the
thermal stability of the different compounds in contrast with
the behavior observed in the case of bis-silanetriols for

© 2003 NRC Canada
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Scheme 3. Polycondensation reactions of bis-silanediols.

Scheme 4. Hydrolysis–polycondensation reaction of bis-dimethoxysilanes.

Precursor
Molar ratioa

np/na
Reaction time
(days)

Yield
(%)

DM2 4.96 1 69
DM3 1.9 7 50
DM5 4.79 12 25
DM6 8 10 b

anp/na = number of mol of precursor vs. the number of mol of acetic
acid.

bMixture of bis-silanediol and polysiloxane.

Table 2. Experimental conditions and yields of bis-silanediols in
the presence of TEApTS (10%).
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which the thermal stability decreased when the length on the
organic group increased (25).

Structural study
The X-ray diffraction patterns of the solids DH1–DH6

(Fig. 1) revealed that all the bis-silanediols were not crystals.
However, they exhibited some organization in the solid state.
A short-range order was evidenced by the observation of
narrow X-ray diffusion signals. Moreover, a micrometric
scale organization was suggested by the TEM images
(Fig. 2), which always showed the presence of the superpo-
sition of thin plates as illustrated in the case of DH1.

The presence of strong hydrogen bonds appeared to be the
driving force for the stabilization of the bis-silanediols. The
use of a biphasic medium allowed their isolation by slowing
down the polycondensation and favoring the formation of a
hydrogen bonding network in the aqueous phase. The pres-
ence of an aromatic group bonded to silicon was found to be
unavoidable for the formation of bis-silanediols. The same
results have been observed with the bis-silanetriols (25). In
this case also, the use of a rigid and linear precursor was
found to be much more favourable for hydrogen bond for-
mation than a flexible or angular one.

Polycondensation reaction of bis-silanediols DH1, DH3,
and DH5

Thermal polycondensation
The thermal polycondensation of DH1 was studied under

air at different temperatures (Scheme 3a) varying the length
of heating. White solids were obtained. The experimental
conditions and the main results are reported in Table 3.

The 29Si CP-MAS NMR spectra showed the presence of
the D0 (C2-Si(OH)2, δ –15.9, –17.2 ppm), D1 (C2-Si(OH)(OSi),
δ –24 ppm), and D2 (C2-Si(OSi)2, δ –33 ppm) substructures
in the case of the solids (entries 1, 2, 3, and 4 in Table 3),
whereas the solid entry 5 was totally polycondensed since
only D2 units were detected. The deconvolution of the spec-
tra (35, 36) led to levels of condensation ranging between
48% (entry 1) and 100% (entry 5). No cleavage of Si—C
bonds occurred under the thermal treatment since no signals
in the range δ –50 to –80 ppm (Tn units) and δ –90 to
–110 ppm (Qn units) were observed (37–39). Furthermore,
the 13 C CP-MAS NMR spectra showed the integrity of the
organic group since signals at δ 138, 132, and –1.7 ppm (ar-
omatic carbons and CH3) were present in each case.

The TG analysis of these different solids performed be-
tween 30 and 400 °C allowed observation of the progress of
the polycondensation reaction. A weight loss of 15.3% was
observed for DH1 which corresponded to a level of conden-
sation of 98%. The weight losses observed in the case of the
solids (entries 1, 4, and 5 in Table 3) corresponded to levels
of condensation of 50%, 66%, and 98%, respectively, in
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29Si CP-MAS NMR (%)

Entry
Temperature of
heating (°C)

Heating
time (h) D0 D1 D2

Level of
Cond. (%)a

Weight
loss (%)b Stoichiometryc

Experimental
stoichiometryd

1 165 5 39 33 28 48 7.8 (50) — —
2 170 5 21 43 36 57 — C8H12.1O3Si2 C8.5H13.4O3.77Si2

3 180 0.75 12 50 38 63 — C8H11.5O2.7Si2 C7.2H12.2O2.8Si2

4 190 24 6 44 50 72 5.4 (66) C8H11O2.5Si2 C7.2H10.5O2.5Si2

5 250 72 — — 100 100 0.3 (98) C8H10O2Si2 C8H10O2.2Si2

aDeduced from the 29Si NMR data.
bCalculated from TG analysis between 30 and 250 °C. The level of condensation deduced from the loss of water is given in parentheses.
cDeduced from the NMR level of condensation.
dDeduced from elemental analysis.

Table 3. Thermal treatment of DH1 at different temperatures.

Fig. 1. X-ray powder diffraction patterns of DH1–DH6.

Fig. 2. TEM image of DH1.

I:\cjc\cjc8111\V03-111.vp
October 1, 2003 2:33:29 PM

Color profile: Disabled
Composite  Default screen



good agreement with the results deduced from the 29Si CP-
MAS NMR spectra.

The X-ray powder diffraction diagram of the solid DH1t
(Table 3, entry 5) did not exhibit any thin peaks of Bragg.
Only two broad signals centered at 7.4 and 3.8 Å were ob-
served (Fig. 3), which were indicative of a short-range order
in the solid (40, 41).

Taking into account the results obtained in the case of
DH1, the thermal polycondensations of DH3 and DH5 were
investigated (Scheme 3a). The bis-silanediols were heated at
250 °C for 3 days, since the maximum temperatures for the
endothermic peaks were in the same range for all the start-
ing bis-silanediols. The reaction was performed under an in-
ert atmosphere of argon to avoid any degradation of the
organic group (42). The 29Si NMR data for the resulting sol-
ids are given in Table 4.

The solids DH3t and DH5t were highly polycondensed.
The 29Si CP-MAS NMR spectra displayed D1 and D2 units
at δ –24 and δ –33 ppm, respectively. The levels of conden-
sation ranged between 93% and 95%. These materials pre-
sented no significant specific surface area.

The X-ray powder diffraction diagrams of DH3t and
DH5t presented signals at 11.9 Å (sharp peak) and 4.8 Å
(broad peak) and at 7.5 Å (broad signal) and 4.8 Å (sharp
signal), respectively (Figs. 4 and 5).

The TEM images of the solids DH1t, DHt3, and DH5t
showed plate-like morphologies similar to those observed
with the diols. They suggested a lamellar type organization
at the micrometric scale.

Catalytic polycondensation of DH1, DH3, DH5 and
DM1, DM3, DM5

The catalytic polycondensation of the bis-silanediols and
the hydrolysis–polycondensation of the corresponding bis-
(dimethoxymethyl)silanes were performed in THF in the
presence of 1 mol% of TBAF as the catalyst at room temper-
ature (Schemes 3b and 4). Monolithic gels were obtained in
all cases. The solids obtained from the bis-silanediols DH
had a high level of condensation (77%–100%) (Table 5).
They exhibited high specific surface areas (Table 5, entries
1–4 and 6) or moderate ones (Table 5, entry 5). They were
mainly mesoporous without narrow pore size distribution
(pore size <100 Å); the microporous contribution ranged be-
tween 3% and 15%.

In contrast, the corresponding bis-dimethoxysilanes DM
led to less polycondensed solids for DM1 with D0 units (Ta-
ble 5, entry 2). However, highly polycondensed solids were
obtained from DM3 and DM5 (Table 5, entries 5 and 6).
The solid DM1a, DM3a, and DM5a presented high specific
surface areas. The microporous contribution was weak in all
cases (Table 5, entries 2, 4, 6).

The X-ray powder diffraction diagrams of the different
solids are shown in Figs. 3–5. In the case of DH1 and DM1,
two broad signals were observed (Fig. 3). In contrast, the X-
ray patterns of DH3a and DH5a were different from those
of DM3a and DM5a (Figs. 4 and 5). The TEM images of all
the solids obtained by the catalytic route showed the pres-
ence of particles irregular in size and geometry in all cases.

Comparison of the three polycondensation routes
A comparison of the properties of the polysiloxanes ob-

tained using the three different routes (Schemes 3 and 4) is
of great interest. Although highly polycondensed solids were
always obtained, their textural properties and macroscopic
geometry were highly dependent on the route employed. The
thermal treatment always led to nonporous solids, which ex-
hibited a lamellar type organization at the micrometric scale
as evidenced by TEM. In contrast, the route in solution from
DH or DM gave mainly mesoporous materials with high
specific surface areas, which do not exhibit any lamellar
property by TEM experiments.

Moreover, all the X-ray studies clearly demonstrated that
the short-range organization of the solids was drastically in-
fluenced by the following factors: length and nature of the
organic spacer, polycondensation route, and nature of the
leaving group (hydroxy or methoxy). The influence of the
precursor was very important since the three spacers selected
showed a drastically different behaviour.

For 1 the thermal and solution routes (Schemes 3 and 4)
led to solids presenting similar X-ray diffraction diagrams.
The halo centered at 3.8 Å, observed on all the diffraction
diagrams, corresponded to the contribution of the Si-O-Si
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Fig. 3. X-ray powder diffraction diagram of DH1t, DH1a, and
DM1a.

29Si CP-MAS NMR (%)

Precursor Solid D0 D1 D2 Level of Cond. (%)a SBET (m2 g–1)

DH1 DH1t 0 0 100 100 <10
DH3 DH3t 0 15 85 93 <10
DH5 DH5t 0 10 90 95 <10

aDeduced from the 29Si NMR data.

Table 4. 29Si CP-MAS NMR data of the solid obtained by thermal polycondensation of bis-silanediols at 250 °C for 3 days.
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units as reported for organopolysilsesquioxanes (40). The
other signals are connected with the length of the organic
spacer (6.8 or 7.4 Å) (40, 41). The different locations of the
signals observed among the three polycondensation routes
cannot be discussed in greater depth. They show that the
short-range organization is related to the size of the organic
spacer, but that it also depends on the type of polycon-
densation, which is different in each case as confirmed by
the different texture and polycondensation levels (Schemes 3
and 4).

The longer spacer 3 shows a more regular arrangement
depending on the route of polycondensation. The three routes
led to solids presenting X-ray signals at roughly the same
distances. However, the signal widths were different. Ther-
mal treatment induced an organization, which was controlled
by the spacer, with the presence of a sharp peak of Bragg for
a distance close to the length of the spacer. The second
characteristic was the shift of the halo corresponding to the
Si-O-Si layers which appeared between 4.5 and 4.8 Å in-
stead of 3.8 Å, as observed for 1. This signal was of interest
since it could be probably connected with the formation of
wider and almost homogeneous -Si(Me)O- layers. These
layers were different from those obtained in the case of 1,
which were similar to those observed in the case of sil-
sesquioxanes (40). Another interesting feature was the pres-

ence of a more narrow signal connected with the length of
the spacer when the thermal treatment was used (DHt3). A
better organisation in this case could be explained by the
fact that the polycondensation occured in the solid state, par-
tially preserving the organization of the starting diol. All
these observations suggest that in the case of 3, the poly-
condensation is controlled by the length of the spacer with
formation of -Si(Me)O- layers.

The case of 5 was different from the previous ones since
the three routes led to solids exhibiting different X-ray dif-
fraction patterns. The two main features were the absence of
any signal that could be directly related to the length of the
spacer (dSi-Si ~15 Å); all the diffraction signals were for
lower distances. The second one concerned the thermal
treatment. Its X-ray diagram exhibited a sharp signal at
4.8 Å that can be attributed to -Si(Me)O- layers. Finally, the
signals observed in the case of the polycondensation per-
formed in solution from MeO groups (DM5a) were com-
pletely different from those observed with DH5a. One
possible explanation could originate from the fact that poly-
condensation occurs in two different media: for DH5a, the
polycondensation occurs in hydrophilic conditions and im-
plies only homocondensation of OH groups, whereas for
DM5a, there is hydrolysis in a hydrophobic medium fol-
lowed by competition between homo- and heterocondensa-
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29Si CP-MAS NMR (%)

Entry Precursor Solid Treatment D0 D1 D2
Level of
Cond. (%)

SBET

(m2 g–1)
µ-pores
(%)

Pore size
(Å)

1 DH1 DH1a TBAF/THF (0.5 M) 0 15 85 92 850 15 20–100
2 DM1 DM1a TBAF/THF (1 M) 4 38 58 77 1000 5 20–120
3 DH3 DH3a TBAF/THF (0.3 M) 0 0 100 100 910 15 20–100
4 DM3 DM3a TBAF/THF (0.3 M) 0 18 82 91 450 7 20–100
5 DH5 DH5a TBAF/THF (0.3 M) 0 12 88 94 160 3 20–100
6 DM5 DM5a TBAF/THF (0.3 M) 0 14 86 93 500 2 20–100

Table 5. Experimental conditions, 29Si CP-MAS NMR data, and textural properties of solids obtained by polycondensation of bis-
silanediols and hydrolysis–polycondensation of bis-dimethoxysilanes.

Fig. 5. X-ray powder diffraction diagram of DH5t, DH5a, and
DM5a.

Fig. 4. X-ray powder diffraction diagram of DH3t, DH3a, and
DM3a.
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tion of OH and OMe groups, the medium becoming more
and more hydrophilic. Further studies are in progress to clar-
ify these observations.

Conclusion

In conclusion, we have reported for the first time the syn-
thesis of stable bis(alkylsilanediols), stabilized by a hydro-
gen bonding network. Polysiloxanes have been prepared by
thermal polycondensation from the bis-silanediols DH and
by a catalytic route in solution from the bis-silanediols and
the corresponding bis-dimethoxysilanes DM. The solids ob-
tained presented some similarities in all cases: the level of
condensation was higher and the X-ray scattering exhibited
better organization in the case of longer spacers. However,
several differences have been evidenced: (i) the solids ob-
tained by the thermal route (DHt) were always nonporous,
whereas the catalytic route gave mainly mesoporous solids
with a high specific surface area; (ii) moreover, the thermal
route led to a better organization at the nanometric scale as
evidenced by X-ray scattering and at the micrometric dis-
tances as evidenced by TEM (thin plates in all cases); (iii) in
contrast, the catalytic routes from DH or DM always led to
grains irregular in size and geometry. Furthermore, the X-ray
scattering does not exhibit any reasonably sharp signals.

Experimental

All reactions were carried out under argon using a vac-
uum line and Schlenk techniques. Solvents were dried and
distilled just before use. IR data were obtained on a Perkin-
Elmer 1600 FT IR spectrophotometer using KBr pellets. The
1H and 13C NMR spectra were recorded on a Bruker DPX-
200 spectrometer and the 29Si NMR spectra were recorded
on a Bruker WP-200 SY spectrometer. The 29Si CP-MAS
NMR spectra were recorded on a Bruker Avance 300 spec-
trometer operating at 59.6 MHz using a recycling delay of
10 s and a contact time of 5 ms. The spinning rate was
5 kHz. Chemical shifts are given relative to tetramethyl-
silane. The nitrogen adsorption–desorption isotherms at
77.35 K were recorded on a Micromeritics Gemini III 2375
apparatus. The specific surface area was determined using
the BET equation. The pore size distribution was calculated
using the BJH method, and the microporous volume was es-
timated by the t-plot method using the Harkins and Jura
standard isotherm. The differential scanning calorimetry
were obtained on a Mettler DSC 30. The X-ray experiments
were performed on several apparatus, either on a classical θ -
2θ goniometer (Seifert MZ4) or an imaging plate two-
dimensional detector (Marresearch 2D Image-Plate) with a
rotating anode apparatus (Rigaku RU 200). The radiation is
Cu Kα (λ = 1.5418 Å) for both. The microscopy electronic
transmission was realized on a Cambridge Stereoscan 360.
Elemental analyses were carried out by the Service Central
de Micro-Analyse du CNRS. The percentages of oxygen
were calculated by difference. The bis-(dialkoxymethylsilyl)
precursors DM1–DM5 were prepared according to literature
procedures (33). The synthesis of 1,4-bis(dihydroxymethyl-
silyl)benzene DH1 has been previously reported (26).

4,4′-Bis(methyldihydroxysilyl)biphenyl DH2
A suspension of 4,4′-bis-(methyldimethoxysilyl)biphenyl

DM2 (0.950 g, 2.62 mmol) in 4.5 mL of ether was stirred
vigorously with 5 mL of 0.5% acetic acid solution in water
for 3 days. The resulting white suspension was filtered and
the solid was washed three times with acetone and ether.
The fine white solid was dried for 1 day under vacuum at
room temperature and gave 4,4′-bis(methyldihydroxy-
silyl)biphenyl DH2 in 58% yield (0.465 g, 1.52 mmol). 1H
NMR (DMSO-d6) δ (ppm): 7.66 (8H, s), 6.40 (4H, s), 0.19
(6H, s). 13C NMR (DMSO-d6) δ (ppm): 144.7, 139.3, 134.9,
126.6, 0.38. 29Si NMR (DMSO-d6) δ (ppm): –21.2. 29Si CP-
MAS NMR δ (ppm): –16.5. Anal. calcd. for C14H18O4Si2
(%): C 54.87, H 5.92, Si 18.33; found (%): C 54.82, H 5.79,
Si 18.80. DSC: endothermic peak 210 °C.

Phase transfer catalysis route: DM2 (1 g, 2.76 mmol);
4 mL Et2O; 3.2 mL AcOH 0.5% in water; TEApTS
(0.083 g, 0.276 mmol); stirring 1 day; DH2 yield 68%
(0.575 g, 1.88 mmol).

4,4′-Bis(dihydroxymethylsilyl)stilbene DH3
A suspension of 4,4′-bis(methoxymethylsilyl)stilbene

DM3 (0.630 g, 1.62 mmol) in 10 mL of ether was stirred
vigorously with 10.3 mL of 0.5% acetic acid solution in wa-
ter for 10 days. The same work up led to 4,4′-
bis(dihydroxymethylsilyl)stilbene DH3 as a white solid in
40% yield (0.215 g, 0.65 mmol). 1H NMR (DMSO-d6) δ
(ppm): 7.68 (4H, d), 7.59 (4H, d), 7.29 (2H, s), 6.37 (4H, s),
0.39 (6H, s). 13C NMR (DMSO-d6) δ (ppm): 139.7, 138.1,
134.7, 129.5, 126.4, 0.02. 29Si NMR (DMSO-d6) δ (ppm):
–21.4. 29Si CP-MAS NMR δ (ppm): –11.0. Anal. calcd. for
C16H20O4Si2 (%): C 57.80, H 6.06, Si 16.90; found (%): C
57.58, H 5.92, Si 17.15. DSC: endothermic peak 205 °C.

Phase transfer catalysis route: DM3 (0.6 g, 1.55 mmol);
5 mL Et2O; 4.7 mL AcOH 0.5% in water; TEApTS
(0.047 g, 0.155 mmol); stirring 7 days; DH3 yield 50%
(0.257 g, 0.775 mmol).

4,4′-Bis(dihydroxymethylsilyl)diphenylacetylene DH4
A suspension of 4,4′-bis(dimethoxymethylsilyl)diphenyl-

acetylene DM4 (1.62 g, 4.2 mmol) in 8 mL of ether was
stirred vigorously with 6.65 mL of 0.5% acetic acid solution
in water for 55 days. 4,4′-Bis(dihydroxymethylsilyl)di-
phenylacetylene DH4 was isolated as a beige solid in 35%
yield (410 mg, 1.26 mmol). 1H NMR (DMSO-d6) δ (ppm):
7.63 (4H, s), 7.54 (4H, s), 6.49 (4H, s), 0.19 (6H, s). 13C
NMR (DMSO-d6) δ (ppm): 141.2, 134.5, 131.2, 123.7, 90.8,
0.18. 29Si NMR (DMSO-d6) δ (ppm): –21.7. 29Si CP-MAS
NMR δ (ppm): –14.7, –16.8. Anal. calcd. for C16H18O4Si2
(%): C 58.16, H 5.49, Si 17.00; found (%): C 58.42, H 5.89,
Si 17.51. DSC: endothermic peak 211 °C.

4,4′-Bis(dihydroxymethylsilyl)diphenylbut-1,4-diyne DH5
A suspension of 4,4′-bis(dimethoxymethylsilyl)diphenyl-

but-1,4-diyne DM5 (1.22 g, 2.98 mmol) in 10 mL of ether
was stirred vigorously with 3.5 mL of 0.5% acetic acid solu-
tion in water for 30 days. Similarly, 4,4′-bis(dihydroxy-
methylsilyl)diphenylbut-1,4-diyne DH5 was obtained as a
beige solid in 8% yield (0.084 g, 0.238 mmol). 1H NMR
(DMSO-d6) δ (ppm): 7.60 (8H, s), 6.54 (4H, s), 0.19 (6H, s).
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13C NMR (DMSO-d6) δ (ppm): 141.2, 134.5, 132.06, 122.7,
85.8, 75.1, 0.11. 29Si NMR (DMSO-d6) δ (ppm): –21.7. 29Si
CP-MAS NMR δ (ppm): –13.7, –16.7. Anal. calcd. for
C18H18O4Si2 (%): C 60.99, H 5.12, Si 15.85; found (%): C
60.82, H 5.48, Si 16.07. DSC: endothermic peak 185 °C.

Phase transfer catalysis route: DM5 (0.410 g, 1 mmol);
3.4 mL Et2O; 1.2 mL AcOH 0.5% in water; TEApTS
(0.30 g, 0.1 mmol); stirring 12 days; DH5 yield 25%
(0.089 g, 0.25 mmol).

1,2-Bis(dimethoxyphenylsilyl)ethane DM6
1,2-Bis(dichlorophenylsilyl)ethane was prepared from

dichlorovinylsilane (4.06 g, 20 mmol) dissolved in 20 mL
dry hexane, phenyldichlorosilane (15.6 g, 90 mmol), and
0.01% of H2PtCl6 in 20 mL of dry hexane as described in
the literature (43). The methanolysis was then performed by
addition of 5.54 mL of Et3N and 1.7 mL of MeOH. The
mixture was stirred for 2 h and the solution was then fil-
tered. The organic solvent was pumped off and the corre-
sponding crude yellow oil was distilled under vacuum (bp
90–100 °C, 5 × 10–2 mbar) to afford 1,2-bis(dimethoxy-
phenylsilyl)ethane DM6 in 55% yield (3.98 g, 11 mmol). 1H
NMR (CDCl3) δ (ppm): 7.60 (2H, m), 7.61 (4H, d), 7.40
(8H, m), 3.60 (12H, s), 0.86 (4H, s). 13C NMR (CDCl3) δ
(ppm): 134.8, 130.5, 128.3, 51.1, 3.35. 29Si NMR (CDCl3) δ
(ppm): –16.15. Anal. calcd. for C18H26O4Si2 (%): C 59.63, H
7.23, Si 15.49; found (%): C 59.52, H 7.19, Si 15.81.

1,2-Bis(dihydroxyphenylsilyl)ethane DH6
A suspension of 1,2-bis(dimethoxyphenylsilyl)ethane

DM6 (1.08 g, 2.98 mmol) in 6 mL of ether was stirred vig-
orously with 6 mL of 0.5% acetic acid solution in water for
6 days. The same treatment led to 1,2-bis(dihydroxyphenyl-
silyl)ethane as a white solid in 20% yield (182 mg,
0.6 mmol). 1H NMR (DMSO-d6) δ (ppm): 7.56 (2H, m),
7.34 (8H, d), 6.28 (4H, s), 0.56 (4H, s). 13C NMR (DMSO-
d6) δ (ppm): 134.8, 128.3, 4.8. 29Si NMR (DMSO-d6) δ
(ppm): –18.9. Anal. calcd. for C14H18O4Si2 (%): C 54.87, H
5.92, Si 18.33; found (%): C 54.52, H 5.71, Si 18.12.

Thermal polycondensation of DH1 (solids Table 3,
entries 1–5)

General procedure
A sample of DH1 grounded and deposited into a cupel

was heated in an oven under air at a given temperature (the
increase of temperature was 10 °C/min). The final tempera-
ture was maintained for various lengths of time. In all cases
a white powder was obtained. 13C CP-MAS NMR data were
the same for all the solids: δ (ppm): 138, 132, –1.7. 29Si CP-
MAS NMR data were the same for solids entries 1–4: δ
(ppm): –15.9, –17.2, –24, –33. The specific surface area
(SBET) was <10 m2 g–1 in all cases.

Solid Table 3, entry 1:
Temperature 165 °C for 5 h. FT IR (KBr) ν (cm–1): 1050,

1147, 1265, 3180.

Solid Table 3, entry 2:
Temperature 170 °C for 5 h. FT IR (KBr) ν (cm–1): 1050,

1147, 1259, 3145, 3615. Anal. calcd. for C8H10O2Si2 (%): C

39.48, H 5.15, Si 28.87; found (%): C 43.87, H 5.73, Si
24.09; this corresponds to C8.5H13.4O3.8Si2.

Solid Table 3, entry 3:
Temperature 180 °C for 0.75 h. FT IR (KBr) ν (cm–1):

1050, 1147, 1259, 3250, 3620. Anal. calcd. for C8H10O2Si2
(%): C 39.48, H 5.15, Si 28.87; found (%): C 43.33, H 6.12,
Si 28.08; this corresponds to C7.2H12.2O2.8Si2.

Solid Table 3, entry 4:
Temperature 190 °C for 24 h. FT IR (KBr) ν (cm–1):

1050, 1147, 1259, 3350, 3620. Anal. calcd. for C8H10O2Si2
(%): C 39.48, H 5.15, Si 28.87; found (%): C 44.79, H 5.44,
Si 29.03; this corresponds to C7.2H10.5O2.5Si2.

Solid Table 3, entry 5 (DH1t):
Temperature 250 °C for 72 h. FT IR (KBr) ν (cm–1):

1050, 1147, 1265, 3664. 29Si CP-MAS NMR δ (ppm): –33.
Anal. calcd. for C8H10O2Si2 (%): C 39.48, H 5.15, Si 28.87;
found (%): C 39.48, H 2.76, Si 28.40; this corresponds to
C8H10O2.2Si2.

Thermal polycondensation of DH3 and DH5
The procedure was the same as above, the compound DH

was heated at 250 °C for 72 h under argon (DH3 and DH5).
SBET was <10 m2 g–1 in all cases.

DH3t
White powder. FT IR (KBr) ν (cm–1): 1080, 1152, 1265,

3620. 13C CP-MAS NMR δ (ppm): 142, 133, 128, 125, –0.2.
29Si CP-MAS NMR δ (ppm): –25, –31.

DH5t
Orange powder. FT IR (KBr) ν (cm–1): 1080, 1152, 1265,

3620. 13C CP-MAS NMR δ (ppm): 133, 126, 125, 124, 82,
78, –2. 29Si CP-MAS NMR δ (ppm): –25, –31.

Catalytic polycondensation of DH1, DH3, and DH5

General procedure
The precursor DH was dissolved in MeOH or THF con-

taining 1 mol% of the catalyst TBAF at room temperature.
After various reaction times a gel or a precipitate formed,
which was aged for 5 days. It was then ground in a mortar
and washed with ethanol, acetone, and ether. The resulting
powder was dried under vacuum (10–1 mbar) for 12 h at
room temperature. The 13C CP-MAS NMR data were the
same as those of the corresponding solids obtained by the
thermal route.

DH1a:
1.15 g (5 mmol) of DH1, 10 mL of THF (conc. 0.5 M),

50 µL of a 1 M solution of TBAF, gel after 24 h, white pow-
der, 1.00 g (103%). FT IR (KBr) ν (cm–1): 1060, 1147,
1265 3450. 29Si CP-MAS NMR δ (ppm): –24, –33. SBET
(m2 g–1): 850.

DH3a:
0.28 g (0.84 mmol) of DH3, 2.8 mL of THF (conc.

0.3 M), 8 µL of a 1 M solution of TBAF, gel after 15 min,
white powder, 0.25 g (100%). FT IR (KBr) ν (cm–1): 1080,
1152, 1265 3620. 29Si CP-MAS NMR δ (ppm): –31. SBET
(m2 g–1): 910.
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DH5a:
0.50 g (1.41 mmol) of DH5, 4.7 mL of THF (conc.

0.3 M), 14 µL of a 1 M solution of TBAF, gel after 15 min,
orange powder, 0.45 g (100%). FT IR (KBr) ν (cm–1): 1080,
1152, 1265 3620. 29Si CP-MAS NMR δ (ppm): –25, –31.
SBET (m2 g–1): 157.

Catalytic polycondensation of DM1, DM3, and DM5
(sol–gel route)

General procedure
A solution in THF of 1 mol% of the catalyst TBAF and

water was added to a solution of the precursor DM in THF
at room temperature. After various reaction times a gel or a
precipitate formed, which was treated as above leading to a
powder. The FT IR and 13C CP-MAS NMR data were the
same as those of the corresponding solids obtained by the
thermal route, an additional signal at δ = 50 ppm owing to
residual methoxy groups was present in all cases.

DM1a:
2.13 g (7.44 mmol) of DM1, 7.10 mL of THF (conc.

1 M), 74.4 µL of a 1 M solution of TBAF, 270 µL of water,
gel after 5 min, white powder (1.48 g, 103%). 29Si CP-MAS
NMR δ (ppm): –15, –24, –33. SBET (m2 g–1): 1000.

DM3a:
0.54 g (1.39 mmol) of DM3, 4.7 mL of THF (conc.

0.3 M), 14 µL of a 1 M solution of TBAF, 50 µL of water,
gel after 15 min, white powder (0.45 g, 109%). 29Si CP-
MAS NMR δ (ppm): –25, –31. SBET (m2 g–1): 450.

DM5a:
0.75 g (1.83 mmol) of DM5, 6.1 mL of THF (conc.

0.5 M), 18 µL of a 1 M solution of TBAF, 66 µL of water,
gel after 5 min, orange powder (0.58 g, 100%). 29Si CP-
MAS NMR δ (ppm): –25, –31. SBET (m2 g–1): 500.

Acknowledgements

The authors acknowledge the Dow Corning Corporation
for supporting this research and thank Dr. Pierre Chevalier
from Dow Corning (Barry, U.K.) for fruitful discussions.

References

1. R. Murugavel, V. Chandrasekhar, and H.W. Roesky. Acc.
Chem. Res. 29, 183 (1996).

2. R. Murugavel, A. Voigt, M.G. Walawalkar, and H.W. Roesky.
Chem. Rev. 96, 2205 (1996), and refs. therein.

3. P.D. Lickiss. Adv. Inorg. Chem. 42, 147 (1995), and
refs. therein.

4. P.D. Lickiss. Polysilanols. In The chemistry of organic silicon
compounds. Edited by Z. Rappoport and Y. Apeloig. John
Wiley, Chichester. 2001. p. 695.

5. F.J. Feher and T.A. Budzichowski. Polyhedron, 14, 3239
(1995).

6. M. Motevalli, D. Shah, S.A.A. Shah, and A.C. Sullivan. J.
Chem. Soc., Chem. Commun. 2427 (1994).

7. M. Motevalli, D. Shah, S.A.A. Shah, and A.C. Sullivan.
Organometallics, 13, 4109 (1994).

8. D. Juwiler, J. Blum, and R.J. Neuman. J. Chem. Soc., Chem.
Commun. 1123 (1998).

9. M. Veilh, M. Jarczykand, and V. Huch. Angew. Chem. Int. Ed.
Engl. 36, 117 (1997).

10. K.J. Fawcett, N. Camerman, and A. Camerman. Can. J. Chem.
55, 3631 (1977).

11. O. Graolman, U. Klingebiel, W. Clegg, M. Maase, and G.M.
Sheldrick. Chem. Ber. 117, 2988 (1984).

12. H.J. Gosink, H.W. Roesky, H.G. Schmidt, M. Noltemeyer, E.
Irmer, and R. Herbst-Irmer. Organometallics, 13, 3420 (1994).

13. H.J. Gosink, H.W. Roesky, M. Noltemeyer, H.G. Schmidt, F.
Freire-Erdbrugger, and G.M. Sheldrick. Chem. Ber. 126, 279
(1993).

14. H.W. Roesky, A.D.H. Mazzah, and M. Noltemeyer. Chem.
Ber. 124, 519 (1991).

15. R.S. Simons, K.J. Galat, B.J. Rapp, C.A. Tessier, and W.J.
Youngs. Organometallics, 19, 5799 (2000).

16. S.M. Sielburth, T. Nittoli, A.M. Mutahi, and L. Guo. Angew.
Chem. Int. Ed. Engl. 37, 312 (1998).

17. V. Chandrasekhar, S. Nagendran, R. Boomishankar, and R.J.
Butcher. Inorg. Chem. 40, 940 (2001).

18. V. Chandrasekhar, S. Nagendran, and R.J. Brutcher.
Organometallics, 18, 4488 (1999).

19. R. Murugavel, A. Voigt, V. Chandrasekhar, H.W. Roesky, H.G.
Schmidt, and M. Noltemeyer. Chem. Ber. 129, 391 (1996).

20. P.D. Lickiss, S.A. Litster, A.D. Redhouse, and C.A. Wisener.
J. Chem. Soc., Chem. Commun. 173 (1991).

21. C.E.F. Rickard, W.R. Roper, D.M. Salter, and L.J. Wright. J.
Am. Chem. Soc. 114, 9682 (1992).

22. R. Murugavel, P. Böttcher, A. Voigt, M.G. Walawalkar, H.W.
Roesky, E. Parisini, M. Teichert, and M. Noltemeyer. J. Chem.
Soc., Chem. Commun. 2417 (1996).

23. C. Ackerhans, P. Böttcher, P. Müller, H.W. Roesky, I. Uson,
H.G. Schmidt, and M. Noltemeyer. Inorg. Chem. 40, 3766
(2001).

24. G. Cerveau, R.J.P. Corriu, B. Dabiens, and J. Le Bideau.
Angew. Chem. Int. Ed. 39, 4533 (2000).

25. G. Cerveau, S. Chappellet, R.J.P. Corriu, B. Dabiens, and J. Le
Bideau. Organometallics, 21, 1560 (2002).

26. F. Carré, G. Cerveau, R.J.P. Corriu, and B. Dabiens. J.
Organomet. Chem. 624, 354 (2001).

27. E. Lindner, S. Brugger, S. Steinbrecher, E. Plies, and H.A.
Mayer. J. Mater. Chem. 11, 1393 (2001).

28. D.A. Loy, G.M. Jamison, B.M. Baugher, S.A. Myers, R.A.
Assink, and K.J. Shea. Chem. Mater. 8, 656 (1996).

29. J.A. Cella and J.C. Carpenter. J. Organomet. Chem. 480, 23
(1994).

30. M.J. Maclachlan, M. Ginzburg, J. Zheng, O. Knoll, A.J.
Lough, and I. Manners. New J. Chem. 1409 (1998).

31. J.F. Hyde. J. Am. Chem. Soc. 75, 2166 (1953).
32. L.J. Tyler. J. Am. Chem. Soc. 77, 770 (1955).
33. G. Cerveau, S. Chappellet, R.J.P. Corriu, and B. Dabiens. J.

Organomet. Chem. 626, 92 (2001).
34. C.M. Starks and C. Liotta. In Phase transfer catalysis, princi-

ples and techniques. Academic Press, New York. 1978.
35. G. Cerveau, R.J.P. Corriu, C. Lepeytre, and P.H. Mutin. J. Ma-

ter. Chem. 8, 2707 (1998).
36. W.H. Oviatt, K.J. Shea, and J.H. Small. Chem. Mater. 5, 943

(1993).
37. M. Mägi, E. Lippmaa, A. Samoson, G. Engelhardt, and A.R.

Grimmer. J. Phys. Chem. 88, 1518 (1984).
38. H. Marsmann. In 29Si NMR spectroscopic results. Edited by P.

Diehl, E. Fluck, and R. Kosfeld. Springer Verlag, Berlin. 1981.
39. E.A. Williams. NMR spectroscopy of organosilicon com-

pounds. In The chemistry of organic silicon compounds.
Edited by S. Pataï and Z. Rappoport. Wiley, New York. p. 511.

© 2003 NRC Canada

Cerveau et al. 1221

I:\cjc\cjc8111\V03-111.vp
October 1, 2003 2:33:30 PM

Color profile: Disabled
Composite  Default screen



© 2003 NRC Canada

1222 Can. J. Chem. Vol. 81, 2003

40. B. Boury, R.J.P. Corriu, P. Delord, and V. Le Strat. J. Non-
Cryst. Solids, 265, 41 (2000).

41. B. Boury, R.J.P. Corriu, V. Le Strat, P. Delord, and M. Nobili.
Angew. Chem. Int. Ed. 38, 3172 (1999).

42. G. Cerveau, R.J.P. Corriu, and B. Dabiens. J. Mater. Chem. 10,
1113 (2000).

43. G.F. Pavelko and E.G. Rozantsev. Bull. Acad. Sci. USSR, Div.
Chem. Sci. (Engl. Transl.), 2348 (1967).

I:\cjc\cjc8111\V03-111.vp
October 1, 2003 2:33:30 PM

Color profile: Disabled
Composite  Default screen



A metal-free catalytic intramolecular
hydrosilylation1

Hans-Uwe Steinberger, Christian Bauch, Thomas Müller, and Norbert Auner

Abstract: A metal-free catalytic intramolecular hydrosilylation reaction is reported. The key intermediates in the cata-
lytic cycle are silyl cationic species. The reaction is used to produce 2-silanorbornanes 2 from 3-cyclopentenemethyl-
silanes 1 under mild conditions and in high isolated yields.

Key words: hydrosilylation, catalysis, silaheterocycles, silyl cations.

Résumé : On a effectué une réaction d’hydrosilylation intramoléculaire catalytique n’impliquant aucun métal. Les
intermédiaires clés dans le cycle catalytique sont des espèces cationiques silylées. On utilise la réaction pour préparer
des 2-silanobornanes (2) avec des rendements élevés à partir de cyclopent-3-èneméthylsilanes (1), dans des conditions
douces.

Mots clés : hydrosilylation, catalyse, silahétérocycles, cations silyles.

[Traduit par la Rédaction] Steinberger et al. 1227

Introduction

The hydrosilylation reaction, the formal addition of a Si-H
functionality across a C—C multiple bond, is one of the
most widely used methods for the formation of Si—C
bonds, with a strong impact on laboratory work as well as
on commercial processes (1). Since Speier’s original finding
(2) that chloroplatinic acid efficiently catalyzes this reaction,
platinum catalysts are the standard reagents in this type of
chemistry. Due to Chalk and Harrods’ mechanistic investiga-
tions in 1965 (3), the course of the catalytic cycle is quite
well understood and therefore, stereo- and regiochemistry in
the products can be reasonably well predicted. There is,
however, a recent interest in transition metal-free processes
with possible applications in polymer chemistry. Free-
radical-induced hydrosilylation reactions (1a, 1c), a plausi-
ble alternative to the metal-catalyzed reaction, are severely
hampered by possible side reactions as for example, radical
polymerization of the unsaturated organic compound (4). A
catalytic hydrosilylation reaction based on silyl cationic in-
termediates was first suggested by Lambert and Zhao (5) in
1996. Their finding that trityl cation efficiently catalyzes the
hydrosilylation reaction between triethylsilane and diphenyl-
ethene in toluene solution suggests that the chain propaga-
tors in this process are silylated arenium ions and β-silyl

substituted carbocations (5). Similarly, we report here a con-
venient procedure for a catalytic intramolecular hydrosilyl-
ation reaction giving silaheterocycles under mild conditions
and in high isolated yields. The key intermediates in this
process are silanorbornyl cations, intramolecularly π-
stabilized silyl cations (6).

Results and discussion

Treatment of cyclopentenemethyl silanes 1 with catalytic
amounts of trityl tetrakispentafluorophenyl borate (TPFPB)
(typical molar ratio 1:TPFPB = 600–100:1) in toluene at
room temperature resulted in the clean formation of 2-
silanorbornanes 2 in high isolated yields (85–94%, see
Scheme 1).

The silanorbornanes 2 were isolated as mixtures of exo
and endo diastereomers with exo to endo ratios of about
2.7–1.8:1 (see also Table 1). Silanorbornanes 2 were charac-
terized by standard NMR methods and analytical proce-
dures. In the case of 2a, the exo and endo diastereomers
were separated by preparative gas chromatography; this al-
lowed the unequivocal assignment of the complex 1H and
13C NMR spectra of the silanorbornanes 2.

The intramolecular hydrosilylation of the cyclopentene-
methylsilanes 1 was thought to proceed via silyl cationic
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species (see Scheme 2, eq. [1]). In the first step, the catalytic
active species was formed by a hydride transfer reaction
from silanes 1 to trityl cation (7). The by-product triphenyl-
methane was identified by NMR analysis.3 The silylium ions
3 were only transient species and underwent fast intramole-
cular reactions to the more stable silanorbornyl cations 4
(Scheme 2, eq. [2]). In stoichiometric reactions, the silanor-
bornyl cations 4 can be synthesized and are persistent at am-
bient conditions (6). In the presence of excess silanes 1,
however, a second hydride transfer took place, which re-
sulted in the finite generation of the silanorbornanes 2 with
newly formed Si—C and C—H bonds and the silylium ions
3, which started new catalytic cycles. Thus, both silyl
cationic species, the trivalent silyl cation 3 and the sila-
norbornyl cation 4, were propagators in the catalytic pro-
cess.

This mechanistic proposal is supported by deuterium la-
beling experiments. The catalytic reaction of [D]-1a with
trityl cation produced exclusively the exo and endo 3-
neopentyl mixture of the exo-6-deutero norbornane 2a (Ta-
ble 1, entry 4 and Scheme 3). The exclusive exo-orientation
of the deuterium atom in 6-[D]-2a is verified by one- and

two-dimensional 1H NMR spectroscopy and by comparison
with the 1H NMR spectra of the separated 3-exo- and 3-
endo-isomers of 2a. The selective formation of exo-6-[D]-2a
is reminiscent of the preferred formation of exo products in
the solvolysis of 2-norbornanes (8) and is best explained by
an exclusive exo addition of a deuteride equivalent at the
C=C double bond in the intermediate silanorbornyl cation 4
(see Scheme 4). The endo attack on the C=C double bond
was efficiently blocked by the bridging SiMe2 group. Previ-
ous studies (6) definitely ruled out the possibility of an
achievable fast degenerate equilibrium between two �-silyl-

© 2003 NRC Canada
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Scheme 1. Catalytic intramolecular hydrosilylation of
cyclopentenemethylsilanes 1.

Entry Compound R
Yield
(%)

exo to endo
Ratio in 2

1 1a Me 94a 1.8a

2 1b H 88a 2.6a

3 1c Ph 94a 2.7a

4 [D]1a Me 85 1.9
5 1a Me 71b 4.0

aMean value from three independent runs.
bSee also ref. 12.

Table 1. Catalytic hydrosilylation of cyclopentenemethyl silanes 1.

Scheme 2. Proposed catalytic cycle for the intramolecular hydrosilylation of 1.

Scheme 3.

3 Triphenylmethane: 1H NMR (400 MHz, 300 K, C6D6) δ: 7.09 (br, 15H), 5.41 (s, 1H). 13C NMR (100 MHz, 300 K, C6D6) δ: 57.1, 126.5,
128.5, 129.6, 144.2.
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substituted carbocations. Therefore, the labeling experiments
give additional evidence for the silanorbornyl cations 4 as
intermediates in this catalytic process.

Density functional calculations (9) at the B3LYP/6-
311G(2d,p)//B3LYP/6-31G(d) + ∆ZPVE level of theory (10,
11) indicated that the suggested catalytic process was an
overall exothermic process. Thus, for R1 = H the
intramolecular reaction 3a → 4a (eq. [2], Scheme 2) was
exothermic by 19.8 kcal mol–1. The second reaction (eq. [3])
of the catalytic process was predicted to be endothermic by
9.0 kcal mol–1. This resulted in an overall exothermic cata-
lytic cycle (by 10.8 kcal mol–1).4 Addition of thermal ener-
gies and entropic factors suggested that the process was also
exergonic at 298 K (∆G(calcd.) = –9.4 kcal mol–1, at
B3LYP/6-31G(d)).

The catalytic intramolecular hydrosilylation reaction
(shown in Scheme 3) was more efficient than the traditional
hydrosilylation reaction using platinum catalysts. Thus, reac-
tion of 1a with hexachloroplatinic acid in toluene at room
temperature proceeded only sluggishly and heating to reflux
for several hours was needed for complete transformation
into 2a (see Table 1, entry 5) (12). This is in agreement with
observations by Cremer and Blankenship (13) and Sakurai
and co-workers (14), who reported that the intramolecular
hydrosilylation reaction forming silanorbornanes using plati-
num catalysts needed more vigorous reaction conditions
(i.e., for the reaction 1a → 2a (R1 = H): 100 h, 130 °C, neat
substance).

Conclusion

In summary, we report a metal-free catalytic reaction for
the intramolecular hydrosilylation of C=C double bonds giv-
ing silanorbornanes 2 in high yields under mild reaction
conditions. The process advances via silylcationic species
with silanorbornyl cations 4, as the key intermediates. Simi-
lar intramolecular reactions can be envisaged for other intra-
molecular stabilized silylcations (15, 16) and the scope of

this reaction is currently under investigation in our labora-
tory.

Experimental

General
All reagents were obtained from commercial suppliers and

were used without further purification. THF was distilled
from sodium – potassium alloy – benzophenone; benzene
and toluene were distilled from sodium. All reactions were
carried out in oven-dried glassware under an inert atmo-
sphere of argon. 3-(3-Cyclopentenyl)-1-chloro-1,5,5-trimethyl-
2-silahexane (12) and TPFPB (17) were prepared as de-
scribed in the literature. NMR spectra were recorded on
Bruker AM 600 and DPX 300 instruments. 1H NMR spectra
were calibrated using residual non-deuterated solvents as in-
ternal reference, 13C NMR spectra using the central line of
the solvent signal. 29Si NMR spectra were recorded using
the INEPT pulse sequence and were calibrated using exter-
nal TMS (δ29Si = 0.0).

exo- and endo-2,2-Dimethyl-3-neopentyl-2-silabi-
cyclo[2.2.1]heptane (2a)

Silane (1.3 g, 6.19 mmol) 1a (12) was added slowly to a
solution of 10 mg TPFBP in 20 mL toluene. After 1 h,

© 2003 NRC Canada
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Chart 1.

Scheme 4.

4 Absolute energies of compounds 1a–4a at B3LYP/6-311G(2d,p)/B3LYP/6-31G(d) (H); unscaled zero point energies (kcal mol–1) in paren-
thesis: 1a (R1 = H) –604.10959 (137.2); 2a (R1 = H) –604.12869 (140.2); 3a (R1 = H) –603.23038 (131.1); 4a (R1 = H) –603.23038. All
compounds have been verified to be minima on the potential energy surface.
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40 mL of n-hexane were added. Filtration and removal of
solvents under reduced pressure gave a colorless oil. Bulb-
to-bulb distillation gave 1.22 g 2a (5.8 mmol, 94%) bp
37 °C/10–2 mbar. The exo and endo diastereomers were sep-
arated by preparative gas chromatography (H2 (3.6 L/h),
10% OV 101, column length 6 m, 80–100 mesh Chromosorb
W, HO, DMCS, isotherm 110 °C). exo-2a: 1H NMR
(600 MHz, CDCl3) δ: 0.07 (s, 3H, SiCH3 endo), 0.13 (s, 3H,
SiCH3 exo), 0.45 (m, 1H, H-3), 0.95 (s, 9H, C(CH3)3), 1.21
(dddd, 2J5x/5e = 12.2 Hz, 3J5x/6e = 6.0 Hz, 3J5x/6x = 8.3 Hz,
4J5x/7s = 1.8 Hz, 1H, H-5x), 1.25 (dd, 2JHH = 13.8 Hz, 3JHH =
4.6 Hz, 1H CHaHb-t-Bu), 1.26 (m, 1H, H-1), 1.47 (dddd,
2J7a/7s = 10.8 Hz, 3J7a/1 = 2.8 Hz, 3J7a/4 = 2.8 Hz, 4J7a/3 =
2.9 Hz, 1H, H-7a), 1.50 (dd, 2JHH = 13.8 Hz, 3JHH = 6.8 Hz,
1H, CHaHb-t-Bu), 1.60 (d, br, 2JHH = 10.8 Hz, 1H, H-7s),
1.63 (m, 1H, H-6x), 1.68 (dddd, 2J6e/6x = 12.0 Hz, 3J6e/1 =
5.9 Hz, 3J6e/5e = 12.0 Hz, 3J6e/5x = 6.0 Hz, 1H, H-6e), 1.78
(dddd, 2J5e/5x = 12.2 Hz, 3J5e/6e = 12.0 Hz, 3J5e/6x/

3J5e/4 =
6.0/4.0 Hz, 1H, H-5e), 2.15 (s, br, 1H, H-4). 13C NMR
(75.40 MHz, CDCl3) δ: 47.1 (C-4), 46.3 (C-8), 36.4 (C-7),
31.5 (C-9), 31.5 (C-5), 23.9 (C-6), 29.8 (C-10), 29.4 (C-1),
24.2 C-3), –4.2 (SiCH3 (exo)), –4.4 (SiCH3 (endo)). 29Si
NMR (59.25 MHz, CDCl3) δ: 10.2. MS (70 eV), m/z (%):
210 (0) [M+], 153 (74.73) [M+ – t-Bu], 125 (98.91), 59
(100), 57 (33.15) [t-Bu+]. endo-2a: 1H NMR (600 MHz,
CDCl3) δ: 0.06 (s, 3H, SiCH3 endo), 0.10 (s, 3H, SiCH3
exo), 0.84 (m, 1H, H-3), 0.95 (s, 9H, C(CH3)3), 1.29 (dd,
2JHH = 13.6 Hz, 3JHH = 4.0 Hz, 1H, CHaHb-t-Bu), 1.29 (m,
1H, H-1), 1.42 (m, 2H, H-5e and H-5x), 1.45 (dd, 2JHH =
13.6 Hz, 3JHH = 8.5 Hz, 1H, CHaHb-t-Bu), 1.48 (d, br,
2J7s/7a = 10.8 Hz, 1H, H-7s), 1.57 (m, 1H, H-6x), 1.58 (m,
1H, H-7a), 1.68 (dddd, 2J6e/6x = 12.1 Hz, 3J6e/1 = 5.9 Hz,
3J6e/5e = 12.0 Hz, 3J6e/5x = 6.0 Hz, 1H, H-6e). 13C NMR
(75.40 MHz, CDCl3) δ: 44.8 (C-4), 42.05 (C-8), 38.7 (C-7),
31.22 (C-9), 29.9 (C-10), 27.1 (C-3), 25.6 (C-1), 24.7/23.9
(C-5/C-6), –1.8 (SiCH3 (exo)), –6.3 (SiCH3 (endo)). 29Si
NMR (59.25 MHz, CDCl3) δ: 17.5. MS (70 eV) m/z (%):
210 (0) [M+], 153 (73.73) [M+ – t-Bu], 125 (95.47), 59
(100), 57 (31.73) [t-Bu+]. Anal. calcd. for C13H26Si: C
74.19, H 12.45, Si 13.35; found: C 73.99, H 12.34, Si 13.40.

exo- and endo-3-Neopentyl-2-silabicyclo[2.2.1]heptane
(2b)

A similar procedure as described for 2a gave 1.67 g (88%,
9.2 mmol) 2b from the reaction of 1.89 g (10.4 mmol) 1b
with TPFPB, bp 35 °C/10–2 mbar. exo-2b: 1H NMR
(300 MHz, CDCl3) δ: 0.77 (m, 1H, H-3), 0.90 (s, 9H, CH2-t-
Bu), 1.15 (m, 1H, H-5x), 1.57 (m, 1H, H-1), 1.41 (m, 1H, H-
7a), 1.41 (dd, 2JHH = 13.9 Hz, 3JHH = 3.7 Hz, 1H, CHaHb-t-
Bu), 1.45 (m, 1H, H-6x), 1.46 (dd, 2JHH = 13.9 Hz, 3JHH =
5.5 Hz, 1H, CHaHb-t-Bu), 1.49 (m, 1H, H-7s), 1.64 (m, 1H,
H-6e), 1.65 (m, 1H, H-5e), 2.16 (s, br, H-4), 3.36 (dm,
2JHH = 11.9Hz, 1H, SiH (exo)), 3.78 (dm, 2JHH = 11.9 Hz,
1H, SiH (endo)). 13C NMR (75.40 MHz, CDCl3) δ: 49.0 (C-
8), 45.4 (C-4), 35.9 (C-7), 31.9 (C-9), 31.1 (C-5), 29.8 (C-
10), 24.7 (C-6), 24.3 (C-1), 21.0 (C-3). 29Si NMR
(59.25 MHz, CDCl3) δ: –10.2 (t, 1JSiH = 203 Hz). MS
(70 eV), m/z (%): 181 (3.16) [M+ – H], 125 (38.14) [M+ – t-
Bu], 97 (100), 57 (23.00) [t-Bu+]. endo-2b: 1H NMR
(300 MHz, CDCl3) δ: 0.90 (s, 9H, CH2-t-Bu), 1.16 (m, 1H,
H-3), 1.36 (dd, 2JHH = 13.2 Hz, 3JHH = 3.2 Hz, 1H, CHaHb-t-

Bu), 1.37 (m, 1H, H-7), 1.40 (m, 1H, H-5x), 1.47 (m, 1H, H-
6x), 1.48 (dd, 2JHH = 13.2 Hz, 3JHH = 5.2 Hz, 1H, CHaHb-t-
Bu), 1.52 (m, 1H, H-5e), 1.53 (m, 1H, H-1), 1.73 (m, 1H, H-
6e), 2.36 (s, br, H-4), 3.36 (dm, 2JHH = 11.9 Hz, 1H, SiH),
3.88 (dm, 2JHH = 11.9 Hz, 1H, SiH). 13C NMR (75.40 MHz,
CDCl3) δ: 44.2 (C-8), 43.4 (C-4), 39.2 (C-7), 31.3 (C-9),
29.8 (C-10), 26.5 (C-6), 23.9 (C-5), 22.8 (C-3), 22.0 (C-1).
29Si NMR (59.25 MHz, CDCl3) δ: –16.0 (t, 1JSiH = 206 Hz).
MS (70 eV) m/z (%): 181 (3.21) [M+ – H], 125 (40.00) [M+ –
t-Bu], 97 (100), 67 (17.01) [C5H7

+], 57 (26.26) [t-Bu+].
Anal. calcd. for C11H22Si (182.149): C 72.44, H 12.16, Si
15.40; found: C 72.55, H 12.65.

exo- and endo-3-Neopentyl-2,2-diphenyl-2-silabi-
cyclo[2.2.1]-heptane (2c)

A similar procedure as described for 2a gave 0.85 g (94%,
9.2 mmol) 2c from the reaction of 0.91 g (2.7 mmol) 1c with
TPFPB. White solid, mp 112 °C. exo- and endo-2c: 1H
NMR (300 MHz, CDCl3) δ: 0.84/0.87 (2 s, 18H, 2 C(CH3)3),
0.98 (dd, 2JHH = 14.1 Hz, 3JHH = 7.3 Hz, 1H, CHaHb-t-Bu
(exo-2c)), 1.12–1.37 (m, 6H), 1.26 (dd, 2JHH = 14.1 Hz,
3JHH = 4.2 Hz, 1H, CHaHb-t-Bu (exo-2c)), 1.48–1.91 (m,
12H), 2.28/2.52 (2 s, br, 2 H, H-4 (exo- and endo-2c)), 7.27–
7.62 (m, 20H, 4 phenyl (exo- and endo-2c)). exo-2c: 13C
NMR (75.40 MHz, CDCl3) δ: 46.1 (C-4), 45.6 (C-8), 37.9
(C-7), 32.1 (C-9), 30.6/23.8 (C-5/C-6), 29.7 (C-10),
27.4/22.8 (C-1/C-3). 29Si NMR (59.25 MHz, CDCl3) δ: 11.0.
MS (70 eV), m/z (%): 334 (0) [M+], 277 (100) [M+ – C6H5],
249 (17.47), 199 (49.44), 183 (87.73), 105 (63.94), 77
(12.66) [C6H5

+], 67 (12.27), [C5H7
+], 57 (55.76) [t-Bu+].

endo-2c: 13C NMR (75.40 MHz, CDCl3) δ: 43.3 (C-4), 40.6
(C-8), 39.2 (C-7), 32.0 (C-9), 29.7 (C-10), 26.9/25.2 (C-1/C-
3), 24.2/24.1 (C-5/C-6). 29Si NMR (59.25 MHz, CDCl3) δ:
–0.4. MS (70 eV) m/z (%): 334 (0) [M+], 277 (89.61) [M+ –
C6H5], 249 (17.53), 199 (52.60), 183 (100), 105 (62.99), 77
(12.66] [C6H5

+], 67 (14.25), [C5H7
+], 57 (74.35) [t-Bu+].

Anal. calcd. for C23H30Si: C 82.56, H 9.04, Si 8.39; found:
C 81.51, H 9.00.

3-(3-Cyclopentenyl)-1-deutero-1,5,5-trimethyl-2-sila-
hexane ([D]-1a)

A solution of 4.00 g (16.33 mmol) 3-(3-cyclopentenyl)-1-
chloro-1,5,5-trimethyl-2-silahexane in 10 mL of diethyl
ether was added dropwise to a slurry of 300 mg (7.14 mmol)
LiAlD4 in 25 mL diethyl ether at 4 °C. The reaction mixture
was heated to reflux for 6 h. Filtration and removal of the
solvent gave a colorless oil, which was distilled under re-
duced pressure to give 3.17 g (15.02 mmol, 92.0%) [D]-1a;
bp 32 °C/10–2 mbar. 1H NMR (300 MHz, CDCl3) δ: 0.05 (s,
3H, Si-CH3), 0.07 (s, 3H, Si-CH3), 0.82–0.90 (m, 1H, CH-
Si), 0.87 (s, 9H, CH2-t-Bu), 1.21 (dd, 2JHH = 14.4 Hz, 3JHH =
4.4 Hz, 1H, CHaHb-t-Bu), 1.35 (dd, 2JHH = 14.4 Hz, 3JHH =
5.1 Hz, 1H, CHaHb-t-Bu), 2.00–2.13 (m, 2H, CH2
(cyclopentenyl)), 2.32–2.53 (m, 3H, CH2 + CH (cyclo-
pentenyl)), 5.66 (s, br, 2H, 2 CH olefin). 13C NMR
(75.40 MHz, CDCl3) δ: 130.5/130.3 (C-3′/C-4′), 42.1 (C-4),
41.0 (C-1′), 38.4/37.7 (C-2′/C-5′), 31.6 (C-5), 30.0 (C-6),
24.5 (C-3), –3.9 (C-1), –4.5 (Si-CH3).

29Si NMR
(59.25 MHz, CDCl3) δ: –10.4 (t, 1JSiD = 28 Hz). MS (CI)
m/z (%): 209 (100) [M+ – H2], 196 (3.65) [M+ – CH3], 154
(12.94) [M+ – t-Bu].
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exo-6-Deutero-2,2-dimethyl-exo-3-neopentyl-2-sila-
bicyclo[2.2.1]heptane and exo-6-deutero-2,2-dimethyl-
endo-3-neopentyl-2-silabicyclo[2.2.1]heptane ([D]-2a)

A similar procedure as described for 2a gave 0.373 g
(85%, 1.8 mmol) [D]-2a from the reaction of 0.439 g
(2.08 mmol) [D]-1a with TPFPB, bp 50 °C/10–2 mbar.

exo-3-Neopentyl-[D]-2a
1H NMR (300 MHz, CDCl3) δ: 0.01 (s, 3H, Si-CH3

(endo)), 0.05 (s, 3H, Si-CH3 (exo)), 0.33 (m, 1H, H-3), 0.86
(s, 9H, C(CH3)3), 1.10 (d, br, 2JHH = 12.1 Hz, 1H, H-5x),
1.15 (dd, 2JHH = 13.8 Hz,3JHH = 4.5 Hz, 1H, CHaHb-t-Bu),
1.19 (m, 1H, H-1), 1.35 (m, 1H, H-7a), 1.41 (m, 1H, CHaHb-
t-Bu), 1.46 (d, br, 2JHH = 10.8 Hz, 1H, H-7s), 1.48 (m, 1H,
H-6x), 1.68 (m, 1H, H-5e), 2.04 (s, br, 1H, H-4). 13C NMR
(75.40 MHz, CDCl3) δ: 44.4 (C-4), 41.7 (C-8), 38.3 (C-7),
31.4 (C-9), 29.7 (C-10), 26.7 (C-1), 25.1 (C-3), 23.9 (C-6),
23.4 (C-5), –1.9 (Si-CH3), –6.3 (Si-CH3).

29Si NMR
(59.25 MHz, CDCl3) δ: 17.5. MS (70 eV) m/z (%): 211 (0)
[M+], 154 (20.75) [M+ – t-Bu], 126 (24.53), 59 (100), 57
(26.42) [t-Bu+].

endo-3-Neopentyl-[D]-2a
1H NMR (300 MHz, CDCl3) δ: 0.01 (s, 3H, Si-CH3

(endo)), 0.08 (s, 3H, Si-CH3 (exo)), 0.75 (m, 1H, H-3), 0.86
(s, 9H, C(CH3)3), 1.23 (dd, 2JHH = 13.7 Hz,3JHH = 4.3 Hz,
1H, CHaHb-t-Bu), 1.25 (m, 1H, H-1), 1.34 (m, 1H, H-7a),
1.35 (m, 2H, H-5e und H-5x), 1.42 (m, 2JHH = 13.7 Hz,
3JHH = 7.4 Hz, 1H, CHaHb-t-Bu), 1.47 (m, 1H, H-7s), 1.48
(m, 1H, H-6x), 2.27 (s, br, 1H, H-4). 13C NMR (75.40 MHz,
CDCl3) δ: 46.7 (C-4), 45.9 (C-8), 36.0 (C-7), 31.4 (C-9),
31.1 (C-5), 29.6 (C-10), 28.9 (C-1), 23.8 (C-3), –4.3
(SiCH3), –4.4 (SiCH3).

29Si NMR (59.25 MHz, CDCl3) δ:
10.3. MS (70 eV) m/z (%): 211 (0) [M+], 154 (25.00) [M+ –
t-Bu], 126 (17.86), 59 (100), 57 (53.57) [t-Bu+].
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Molecular modelling of self-assembled alkynyl
monolayer structures — Unnatural symmetry
units, surface bonding, and topochemical
polymerization1

Adam J. Dickie, Ashok K. Kakkar, and Michael A. Whitehead

Abstract: Geometric modelling techniques are used to map the potential energies of packing for self-assembled alkyl-
and phenyl-backboned monolayers across a range of intermolecular separations. Natural packing distances of 4.2–4.4 Å
produce less stable, more isotropic monolayers because of repulsive interchain contacts. Optimizations at unnatural sur-
face densities found thin films of lower energy and higher symmetry existed at increased chain–chain separations.
Head-group bonding is therefore identified as a force for controlling monolayer order. Analysis of the natural
monolayer structures on a silicon dioxide surface determined the favourable head-group structures, and allowed the
topochemical polymerization of p-bis(butadiynyl)benzene monolayers to be rationalized.

Key words: self-assembled monolayers, molecular modelling studies, repeating symmetry units, thin-film order,
topochemical polymerization.

Résumé : On a utilisé des techniques de modélisation géométrique pour établir une carte des énergies potentielles
d’empilement des monocouches autoassemblées à squelette d’alkyle ou de phényle sur toute une plage de distances in-
termoléculaires. Les distances normales d’empilement de 4,2 à 4,4 Å produisent des monocouches plus isotropes et
moins stables en raison des contacts répulsifs entre les chaînes. Des optimisations à des densités de surface non natu-
relles ont permis de montrer que, à des distances interchaînes plus élevées, il existe des films minces d’énergie plus
faible et de symétrie plus élevée. La liaison du groupe de tête a donc été identifiée comme la force qui contrôle l’ordre
de la monocouche. L’analyse des structures de la monocouche naturelle sur une surface de bioxyde de silice permet de
déterminer les structures favorables du groupe de tête et de rationaliser la polymérisation topochimique de monocou-
ches de p-bis(butadiynyl)benzène.

Mots clés : monocouches autoassemblées, études de modélisation moléculaire, unités de symétrie qui se répètent, ordre
d’un film mince, polymérisation topochimique.

[Traduit par la Rédaction] Dickie et al. 1240

Introduction

The creation of ordered organic materials on solid-state
interfaces is critically dependant upon molecular geometry.
The phenomenon of interfacial self-assembly was first real-
ized (1) when long, hydrophobic alkyl chains were observed
to spontaneously create close-packed, nearly crystalline
structures at the water surface. The key to formation of these

ordered Langmuir monolayers was identified as the favour-
able packing interactions among the long alkyl chains. The
geometry of all trans -CH2- molecules allows close-packing
of alkyl chains, with the “bumps” of one methylene projec-
tion (the van der Waals radius of the carbon–hydrogen plane)
fitting neatly into the “hollows” (the backside of the carbon
atom, with no hydrogen bonds) of a neighbouring unit (2).
The packing forces among the -CH2- groups involve attrac-
tive van der Waals interactions. These nonbonded forces are
additive, meaning increased stability for longer chains and
larger assemblies, and are thermodynamically weak, meaning
structural defects can eventually be removed and geometries
optimized to construct the lowest-energy supramolecular
configuration.

The same geometric packing forces between alkyl chains
were used to develop the original self-assembled monolayers
(SAMs) at liquid and (or) solid interfaces, such as alkane-
thiolates on Au or organosilanes on SiO2 (3, 4). Although
the solid surface drives the adsorption of molecules out of
solution, and provides a stable geometric space for weak or-
ganic intermolecular interactions, the resulting structure and
order of the self-assembled thin film is determined primarily
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by molecular packing forces. In fact, during self-assembly of
alkylsilanes on inorganic oxide substrates, the organic
chains are essentially detached from the underlying surface
(5), existing as a Langmuir-type monolayer upon a thin layer
of surface-adsorbed H2O. The alkylsilane chains are free to
diffuse laterally across the surface, packing into ordered as-
semblies before surface bonding or cross-linking of the
silanol headgroups (6, 7). Geometric differences between
optimal chain packing separations and Si—O—Si bond dis-
tances (8) gives rise to competitive forces in alkylsilane
SAMs, with head-group bonding disrupting the order estab-
lished by chain–chain interactions.

Geometric modelling will therefore provide unique theo-
retical insight into the order and structure of self-assembled
monolayers. Organic monolayers with functional device
properties, such as π-conductivity, can be easily self-
assembled on Si(100)–SiO2 surfaces, using acid–base
hydrolytic chemistry (9). The hydrolysis of surface-bound
[Sn]-NEt2 groups with alkyne-terminated organic molecules,
such as 1,9-decadiyne or p-diethynylbenzene, creates thin
films of good structural quality on oxide substrates. The use
of these chromophoric thin films as molecular electronic de-
vices is dependent on the interfacial monolayer order, and on
the ability to manipulate and optimize surface geometries.
Modelling techniques have recently been introduced (10)
that allow the monolayer surface to be reduced and de-
scribed as natural symmetry units, natural because they ef-
fectively reproduce the density and packing structure of an
infinite thin film. In this article, the rigid-rod scanning
method (RRSM) (10, 11) and the periodic optimizations of
chains (PGO-C) and surfaces (PGO-S) (10), are used to cal-
culate monolayer structures away from the natural packing
densities, creating unnatural symmetry units. Such calcula-
tions, on alkyl-backboned Sn-(C�C)m-(CH2)n-(C�C)m-H
(m = 0 to 1, n = 2–10) and phenyl-backboned Sn-(C�C)m-p-
C6H4-(C�C)m-H (m = 0–2) molecules, provide information
on the intermolecular interaction forces, and allow new theo-
retical symmetry patterns, based upon new geometric ar-
rangements, to be identified.

The modelling methods are extended to two structural
problems involving the chromophoric thin films. In the first
study, surface bonding of Sn headgroups is investigated by
calculating the stability of monolayers at full coverage, with
zero, one, or two neighbouring cross-links. These calcula-
tions not only determine the most favourable surface confor-
mations, they highlight how the order established by organic
chain packing influences the underlying surface structure.

In the second study, the topochemical polymerization in
Sn-(C�C)2-p-C6H4-(C�C)2-H monolayers is considered. By
exposing a Sn-(C�C)2-p-C6H4-(C�C)2-H thin film to UV ra-
diation, photopolymerization of the diacetylene units occurs,
as evidenced visually by the appearance of a blue film, and
spectroscopically by FT-IR, UV–vis, and ellipsometric meth-
ods (9a). Because surface polymerization of diacetylene is
subject to strict geometric constraints (12, 13) molecular

modelling calculations prove to be very successful in
describing the structure and mechanism of thin film photo-
polymerization.

Theoretical methods

The rigid-rod scanning method (RRSM)
Optimized models of Sn-(C�C)m-(CH2)n-(C�C)m-H (m =

0 to 1, n = 2–10) and Sn-(C�C)m-p-C6H4-(C�C)m-H (m = 0–2)
were oriented so that the primary inertial axis of each mole-
cule was aligned with the z-axis, the carbon atoms were situ-
ated within the yz plane, and the Sn atom was at the origin
(Fig. 1). Hexagonal 6 × 6 arrays of identical Sn-R chromo-
phores were then constructed in the xy plane, with inter-
molecular separations ranging from d = 4.0 to d = 5.0 Å, in
0.1 Å increments. Intramolecular geometries were fixed, and
the van der Waals energy (EvdW) of the array was evaluated
as a function of the intermolecular conformation angles θ
(inertial axis twist), ϕ (in-plane axis tilt), and ψ (out-of-plane
axis tilt) to find angle combinations that yielded low energy
packing modes (11). The inertial axis (z-axis) twist (0° ≤ θ ≤
360°) is defined as the rotation from the initial orientation,
relative to the y-axis; calculations were performed along 5°
increments. The in-plane (y-axis) tilt (–60° ≤ ϕ ≤ 60°) is de-
fined as the displacement of the inertial axis from the z-axis
normal, in the y-axis direction; calculations were performed
at 1° increments. The out-of-plane (x-axis) tilt (–60° ≤ ψ ≤
60°) is defined as the displacement of the inertial axis from
the z-axis normal, in the x-axis direction, with 1° incre-
ments. Molecules located in odd-numbered in-plane rows
were restricted to the vertical axis orientation θ1, while mole-
cules within even-numbered in-plane rows were restricted to
θ2; once the low-energy modes of (θ1, θ2) were identified, the
angles ϕ and ψ were minimized. Single-point EvdW calcula-
tions, parameterized (14) from similar molecular crystals,
were performed with the MM+ force field of HyperChem
v5.1 (15).

Periodic geometry optimization of chains (PGO-C)
Hexagonal arrays of Sn-R chromophores, with orienta-

tions taken from RRSM intrinsic symmetry cells, were opti-
mized under 6 × 6 boundary conditions: a = b = (6 × d Å),
c = 30 Å, α = β = 90°, and γ = 120°, where d is the RRSM
intermolecular separation. Sn atoms were fixed in space at a
hexagonal separation of 4.4 Å throughout the optimization.
Optimizations were performed with the Universal Force
Field (UFF) force field (16) of Cerius2 version 3.5 (17).
Global minimum structures were calculated with the Cerius2
Smart Minimizer4 under high convergence5 conditions.
Charges were calculated with the charge equilibration
method (18), a point charge interaction at variable distances
rij, and were recalculated every 500 iterations until conver-
gence criteria were met. Local minimum structures used a
conjugate gradient algorithm, and recalculated charges every
100 iterations until standard convergence6 criteria were met.

© 2003 NRC Canada
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4 The Cerius2 Smart Minimizer is a combination of Steepest Descent, Adopted Basis Newton–Raphson, Quasi-Newton, and Newton–
Raphson gradient techniques.

5 High convergence criteria: atom root mean square force = 1.0 × 10–3 kcal mol–1 Å–1; atom maximum force = 5.0 × 10–3 kcal mol–1 Å–1; en-
ergy difference = 1.0 × 10–4 kcal mol–1; root mean square displacement = 1.0 × 10–5 Å; maximum displacement = 5.0 × 10–5 Å.

6 Standard convergence criteria: atom root mean square force = 0.1 kcal mol–1 Å–1; atom maximum force = 0.5 kcal mol–1 Å–1; energy differ-
ence = 1.0 × 10–3 kcal mol–1; root mean square displacement = 3.0 × 10–3 Å; maximum displacement = 1.5 × 10–2 Å.
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A spline switching function is used for calculation of
nonbonded interactions. Nonbonded energies are calculated
up to 8.0 Å and smoothed off by 8.5 Å. Symmetries of pack-
ing were subsequently determined on the optimized 6 × 6
surfaces using the Cerius2 Symmetry calculator, with a tol-
erance set to 0.1 Å.

Periodic geometry optimization of surfaces (PGO-S)
Hexagonal arrays of Sn-R chromophores, with orienta-

tions taken from RRSM intrinsic symmetry cells, were at-
tached to each oxygen binding site of a scaled tridymite
SiO2 surface (8), with intermolecular separation d = 4.4 Å.
Symmetric monomer [R-Sn(OH)2(OSi)], dimer [R-
Sn(OH)(OSi)O], or trimer [R-Sn(OSi)O2] structures were
constructed across the entire surface to model Sn-O-Sn
headgroup cross-linking. Periodic boundaries (6 × 6) were
imposed on the surface models (a = b = 26.56 Å, c = 35 Å,
α = β = 90°, γ = 120°), and optimizations were performed
with the silica surface fixed in space. Optimizations were
performed with the UFF force field (16) of Cerius2 version
3.5 (17). Geometries were optimized with the Cerius2 Smart
Minimizer4 under high convergence5 conditions. Charges
were calculated with the charge equilibration method (18), a
point charge interaction at variable distances rij, and were re-
calculated every 500 iterations until convergence criteria
were met. A spline switching function is used for the calcu-
lation of nonbonded interactions. Nonbonded energies are
calculated up to 8.0 Å and smoothed off by 8.5 Å. Symme-
tries of packing were subsequently determined on the opti-
mized 6 × 6 surfaces using the Cerius2 Symmetry calculator,
with a tolerance set to 0.1 Å.

Results and discussion: Unnatural
symmetry units

Analysis of alkyl-backboned monolayers by RRSM
calculations

Because hydrolytic SAMs are formed through a lateral
diffusion process, rigid scans were performed on Sn-C�C-
(CH2)n-C�CH monolayers across a sample distance range
(d = 4.0–5.0 Å) to calculate structures and nonbonding ener-

gies at various theoretical stages of the self-assembly pro-
cess. These calculations were repeated using different
-(CH2)n- chain lengths (n = 2–10) to determine how the
alkyl backbone influences the energy and geometry of the
assembly. The scans of EvdW, using the RRSM, found that
all Sn-C�C-(CH2)n-C�CH monolayers were consistently
minimized at hexagonal face-packing orientations, regard-
less of separation d or chain length: (θ1, θ2) = (0°, 0°), (60°,
60°), (120°, 120°), (180°, 180°) etc. The packing of alkyl-
backboned monolayers is isotropic, producing plots of EvdW
vs. (θ1, θ2) with multiple energy minima (Fig. 2). A summary
of the minimized EvdW energies for Sn-C�C-(CH2)n-C�CH
monolayers at distances between 4.0–5.0 Å is presented in
Fig. 3, and Table 1 lists the calculated monolayer orientation
angles across this distance range.

The alkyl-backboned monolayers reach a general EvdW
packing minimum at d = 4.5 Å, corresponding to the van der
Waals radius of an alkyl chain (19a), and show a near-linear
relation between EvdW stabilization energy and increasing
chain length, proof of the additive nature of -CH2- packing
forces. The tilt values calculated at d = 4.5 Å are optimal for
in-plane -CH2- packing, and correspond well with the tilts
measured by X-ray diffraction for octadecyltrichlorosilane
SAMs (20). No out-of-plane tilts are observed at this dis-
tance because (i) ψ values >0° will diminish the favourable
in-plane packing forces, and (ii) no excess free volume ex-
ists in the hexagonal array. Compression of the monolayer
(to d = 4.0–4.4 Å) produces tilt orientations identical to val-
ues observed at d = 4.5 Å, but at less favourable energies be-
cause of repulsive van der Waals overlap of the alkyl chains.
As free volume is decreased in the monolayer, the chains are
forced into in-plane packing conformations, and other orien-
tations become extremely unfavourable. This phenomenon
was previously observed in the natural symmetry descrip-
tions of monolayer surfaces (10), where headgroup cross-
linking compressed the ordered alkyl-chain surface, but in-
plane symmetry was retained.

© 2003 NRC Canada

1230 Can. J. Chem. Vol. 81, 2003

Fig. 2. RRSM plot of EvdW as a function of (θ1, θ2) for H-C�C-
(CH2)6-C�C-Sn molecules, at a hexagonal separation of 4.4 Å.

Fig. 1. RRSM conformation angles and initial inertial axis orien-
tations for: (a) H-C�C-p-C6H4-C�C-Sn; (b) H-C�C-(CH2)6-
C�C-Sn.
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A pronounced odd-even effect is seen for the various
-(CH2)n- alkyl backbone lengths, in both the in-plane tilt val-
ues and the observation of a second EvdW packing minimum
at d = 5.0 Å. As shown in Fig. 4, these odd-even effects are
related to the positioning of the uppermost C�CH unit. Odd-
number alkyl-backbone chains have greater natural inertial
tilts than even-number chains (i.e., Sn-C�C-(CH2)5-C�CH
inertial tilt = 24.3°, Sn-C�C-(CH2)6-C�CH inertial tilt =
19.6°) because the quasi-equatorial position of the upper-
most acetylene group, opposite in direction to the lower
C�C group, requires a greater molecular tilt to align the up-
per acetylene with the lower Sn atom (the approximate iner-
tial axis orientation) than an even-numbered chain.
Therefore, odd-numbered chains display smaller tilts of the
original inertial axis.

As separations increase from the d = 4.5 Å packing mini-
mum, nonbonding energies decrease, because of reduced
-CH2- in-plane contacts. After a separation of 4.8 Å, enough
free volume is introduced to the monolayer such that new
close-packing conformations can be realized. For even-
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n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10

d (Å)
ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

4.0 22 0 11 0 18 0 9 0 14 0 7 0 12 0 6 0 10 0
4.1 22 0 11 0 17 0 8 0 14 0 7 0 12 0 6 0 10 0
4.2 22 0 11 0 17 0 8 0 14 0 7 0 11 0 6 0 10 0
4.3 22 0 11 0 17 0 8 0 14 0 6 0 11 0 5 0 10 0
4.4 22 0 10 0 17 0 8 0 14 0 6 0 11 0 5 0 10 0
4.5 22 0 10 0 17 0 8 0 14 0 6 0 11 0 5 0 10 0
4.6 22 0 10 0 17 0 8 0 14 0 6 0 11 0 5 0 10 0
4.7 23 3 10 1 18 0 8 0 14 0 6 0 11 0 5 0 10 0
4.8 24 11 11 3 19 0 8 1 15 1 6 1 12 1 4 1 10 0
4.9 24 28 12 14 20 12 8 11 –12 24 6 8 –15 23 4 7 –17 –23
5.0 26 29 13 23 –10 27 10 24 –14 26 7 25 –17 25 –5 26 –18 –25

Table 1. Calculated in-plane (ϕ) and out-of-plane (ψ) tilts, relative to the molecular inertial axis, for Sn-C�C-(CH2)n-C�CH
monolayers at face-packing orientations of (θ1, θ2) = (0°, 0°).

Fig. 4. In-plane packing structures of (a) Sn-C�C-(CH2)5-C�CH
and (b) Sn-C�C-(CH2)6-C�CH at representative points along the
EvdW vs. distance curve. Minimum energy structures are located
along the solid curve, nonminimum structures along the dashed
line. Dark spheres represent Sn atoms, grey spheres C atoms,
and white spheres H atoms.

Fig. 3. Minimized EvdW as a function of distance for Sn-C�C-
(CH2)n-C�CH monolayers, calculated by the RRSM.
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numbered alkyl-backboned chains, tilting in the negative in-
ertial axis direction reestablishes [(n – 1)/n] close-contacts
of the alkyl backbone, leading to the observed local minima.
Similar [(n – 1)/n] tilt structures have been recorded for
alkanethiol monolayers on Au (d = 4.97 Å) (11, 19b, 21).
Odd-number alkyl-backboned chains cannot undergo a nega-
tive axis tilt because of the equatorial and opposite position
of the uppermost C�CH group (Fig. 4a): negative inertial
tilts put the upper acetylenes into repulsive contact. All Sn-
C�C-(CH2)n-C�CH monolayers analyzed by the RRSM
show significant out-of-plane tilts in the 4.8–5.0 Å region
because at large separations, free volume cannot be filled
through in-plane tilting alone. Close-contacts among densely
packed in-plane rows are made by increasing the out-of-
plane tilts.

For comparative insight, theoretical monolayers of Sn-
(CH2)n-H (n = 2–10) were also analyzed by the RRSM. Fig-
ure 5 shows the minimized EvdW energies for Sn-(CH2)n-H
monolayers at distances between 4.0–5.0 Å, and Table 2 lists
the orientation angles calculated for this distance range. The
pure Sn-alkyl chains show nearly identical geometric and
energetic results to the dialkyne-based monolayers, with iso-
tropic hexagonal face-packing minima ((θ1, θ2) = (0°, 0°),
(60°, 60°) etc.) and EvdW packing minima at d = 4.5 Å. The
Sn-(CH2)n-H chains do not show the strong odd-even effect
observed for the dialkyne chains, because odd and even alkyl
chains have similar inertial axes and geometries. All alkyl
chains display the second packing minimum at d = 5.0 Å,
because the quasi-equatorial position of hydrogen on an
odd-number chain does not create significant repulsive over-
laps for a negative inertial tilt orientation.

Given the similar nature of Sn-C�C-(CH2)n-C�CH and
Sn-(CH2)n-H results, it is apparent that the alkyl backbone
dominates the energy and geometry of Sn-C�C-(CH2)n-
C�CH self-assembled monolayers. Although electronic π-π
interactions are not directly calculable by the RRSM, at the
EvdW -CH2- chain packing minimum the acetylene groups
have a favourable 45° tilt orientation that corresponds to an
ab initio calculated minimum geometry (22). The acetylene
units, therefore, help stabilize the monolayer at the alkyl
chain packing minimum, and play an important geometric
role at higher chain separations.

Analysis of phenyl-backboned monolayers by RRSM
calculations

Rigid-rod energy scans were performed on phenyl-
backboned, Sn-(C�C)m-p-C6H4-(C�C)m-H (m = 0–2)
monolayers to determine theoretical close-packing confor-
mations and energies over the d = 4.0–5.0 Å lateral move-
ment range, and to examine the effect of alkyne length on
phenyl monolayer structure. Figure 6 shows the minimized
EvdW packing energies as a function of distance for the
phenyl-backboned monolayers, and Table 3 lists the calcu-
lated orientation angles from d = 4.0–5.0 Å. The RRSM
analysis found consistent anisotropic packings for the
phenyl-backboned chains, with (θ1, θ2) = (35°, –35°)
throughout the distance range, regardless of alkynyl length.
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n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10

d (Å)
ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

ϕ
(°)

ψ
(°)

4.0 11 0 11 0 6 0 7 0 5 0 5 0 4 0 4 0 3 0
4.1 10 0 11 0 6 0 7 0 4 0 5 0 3 0 4 0 3 0
4.2 10 0 10 0 6 0 6 0 4 0 5 0 3 0 4 0 3 0
4.3 9 0 10 0 5 0 6 0 4 0 4 0 3 0 3 0 2 0
4.4 8 0 10 0 5 0 6 0 3 0 4 0 3 0 3 0 2 0
4.5 8 0 9 0 4 0 6 0 3 0 4 0 2 0 3 0 2 0
4.6 7 0 9 0 4 0 5 0 2 0 3 0 2 0 3 0 1 0
4.7 6 0 9 0 3 0 5 0 1 0 3 0 1 0 2 0 0 0
4.8 5 0 9 1 2 1 5 1 0 1 2 1 –1 1 1 1 0 1
4.9 4 1 –21 13 –18 18 –18 19 –21 19 –21 19 –23 20 –22 20 –24 20
5.0 –22 11 –22 15 –21 19 –20 20 –23 21 –22 21 –24 22 –24 22 –25 22

Table 2. Calculated in-plane (ϕ) and out-of-plane (ψ) tilts, relative to the molecular inertial axis, for Sn-(CH2)n-H monolayers at face-
packing orientations of (θ1, θ2) = (0°, 0°).

Fig. 5. Minimized EvdW as a function of distance for Sn-(CH2)n-H
monolayers, calculated by the RRSM.
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As discussed previously (2, 10), the phenyl-based monolayer
can only achieve close-packing (sixfold molecular contacts)
in a herringbone arrangement, and all (θ1, θ2) EvdW packing
minima (Fig. 7) are equivalent through symmetry.

The steric and symmetric constraints required to pack
phenyl-backboned monolayers into a restricted hexagonal
space produces the unique herringbone structure that corre-
sponds to minimum energy configurations observed by ab
initio methods (23) and STM imaging of benzenethiol
monolayers on Au (24). The phenyl chains do not have a lo-
cal EvdW lateral packing minima, however; instead, EvdW
minima are reached at 5.3–5.5 Å (not shown in Fig. 6), cor-
responding to the 5.1 Å van der Waals radius of Sn (15).
Although the RRSM cannot identify the true π-π inter-
molecular assembly forces, it does correctly predict the geo-
metric packing space, and shows generally favourable
(negative) van der Waals energies at the ~4.5 Å natural pack-
ing density on SiO2 surfaces (25).

Little change is seen in the Sn-(C�C)m-p-C6H4-(C�C)m-H
monolayer structure by varying m from 0 to 2. The most sig-
nificant effect is an increase in molecular tilt at d > 4.6 Å,
simply to reduce monolayer free volume. The steric bulk of
the phenyl group dominates the assembly structure, strictly
defining the conformations so that they are nearly independ-
ent of the intermolecular separation and alkynyl length.

Unnatural symmetry cells of alkyl-backboned
monolayers

To more accurately determine the structures of alkyl-
backboned monolayers at lateral separations away from the
natural packing densities (unnatural separations), PGO-C
calculations were performed on the RRSM-generated con-
formations, using the Sn-C�C-(CH2)6-C�CH chain as a rep-
resentative model. The PGO-C technique removes the rigid-

rod constraints, and optimizes for bond (Ebond), electrostatics
(Eelstat), and EvdW terms under periodic conditions to mimic
an infinite surface structure. As well, by carefully choosing
correct periodic boundary conditions (10), new, optimized
units of symmetry can be found within the periodic box that
effectively represent the infinite monolayer structure.

PGO-C calculations were carried out on Sn-C�C-(CH2)6-
C�CH structures at hexagonal intermolecular separations
between 4.0 and 5.0 Å, and at six different initial face-
packing orientations: (θ1, θ2) = (0°, 0°), (60°, 60°), (120°,
120°), (180°, 180°), (240°, 240°), and (300°, 300°). Two
general types of structures were observed after the optimi-
zations. By using a combination of minimization algo-
rithms,4 global minimum structures were obtained with [n ×
m] symmetry descriptors (where the term [n × m] refers to n
in-plane by m out-of-plane units) that varied considerably
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Fig. 6. Minimized EvdW as a function of distance for Sn-(C�C)m-
p-C6H4-(C�C)m-H monolayers, calculated by the RRSM.

m = 0 m = 1 m = 2

d (Å) ϕ (°) ψ (°) ϕ (°) ψ (°) ϕ (°) ψ (°)

4.0 0 0 0 0 0 0
4.1 0 0 0 0 0 0
4.2 0 0 0 0 0 0
4.3 0 0 0 0 0 0
4.4 0 0 0 0 0 0
4.5 0 0 0 0 0 0
4.6 0 0 0 0 5 0
4.7 0 0 6 0 9 0
4.8 0 0 10 0 12 0
4.9 0 0 17 0 20 0
5.0 0 0 22 0 25 0

Table 3. Calculated in-plane (ϕ) and out-of-plane (ψ) tilts, rela-
tive to the molecular inertial axis, for Sn-(C�C)m-p-C6H4-
(C�C)m-H monolayers at herringbone orientations of (θ1, θ2) =
(35°, –35°).

Fig. 7. RRSM plot of EvdW as a function of (θ1, θ2) for H-C�C-
p-C6H4-C�C-Sn molecules at a hexagonal separation of 4.4 Å.
All located energy minima are equivalent.
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depending on the intermolecular separation d. Through use
of lowered convergence conditions6 and shorter iteration tri-
als, local EvdW minima were obtained with consistent [1 × 2]
symmetry and geometries corresponding closely to the origi-
nal RRSM results. In Fig. 8, the results of the PGO-C en-
ergy optimizations as a function of distance are shown, with
separate curves representing the global minimum [n × m]
and local minimum [1 × 2] results. Error bars represent en-
ergy variations calculated for different initial (θ1, θ2) orienta-
tions. Total energies (Fig. 8a), and decompositions into van
der Waals (Fig. 8b), electrostatic (Fig. 8c), and bonding
(Fig. 8d) terms are presented, normalized for the number of
chains per periodic box, where (16):

[1] Etotal = ∑ Ebond + EvdW + Eelstat

and

[2] Ebond = ∑ Estretch + Eangle + Etorsion + Einversion

Figure 9 diagrams the calculated geometries for selected
symmetry units at unnatural separations, and Table 4 lists
the PGO-C global minimum symmetry cells, calculated un-
der 6 × 6 periodic boundaries.

In the distance range of 4.0–4.5 Å, a large energy differ-
ence exists between the local and global minimum structures
because of repulsive interactions among the alkyl chains. Al-
though the ordered [1 × 2] structures experience stabilizing
(negative) EvdW forces at these intermolecular separations,
electrostatic repulsions from identically situated molecules
result in high Etotal values for the ordered structures. To re-

duce the repulsive forces, the global minimum energy mono-
layers adopt lower symmetries of packing, from [6 × 6] to
[3 × 3] to [1 × 3] unit cells, by orienting chains at slightly
different angles of twist and tilt. The expense of higher van
der Waals and bond energies is offset by the reduced Eelstat
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Fig. 8. PGO-C calculations of (a) Etotal and the separate compo-
nents, (b) EvdW, (c) Eelstat, and (d) Ebond as a function of distance
for Sn-C�C-(CH2)6-C�CH monolayers. The curve with open
symbols corresponds to the global minimum structures, and the
curve with filled symbols corresponds to the local minimum
structures.

Fig. 9. Unnatural symmetry cells calculated by the PGO-C
method for Sn-C�C-(CH2)6-C�CH monolayers, viewed in the xy
and xz planes: (a) d = 4.2 Å, [6 × 6] symmetry; (b) d = 4.6 Å,
[3 × 3] symmetry; (c) d = 4.7 Å, [1 × 2] symmetry; (d) d =
5.0 Å, [1 × 1] symmetry.

d (Å) Repeating unit size

4.0 [2 × 3]
4.1 [6 × 6]
4.2 [6 × 6]
4.3 [3 × 3]
4.4 [1 × 3]
4.5 [1 × 3]
4.6 [3 × 3]
4.7, [1 × 2]
4.8 [1 × 2]
4.9 [2 × 3]
5.0 [1 × 1]

Table 4. PGO-C symmetries of packing for
[n × m] global minimum geometries of
Sn-C�C-(CH2)6-C�CH monolayers at d =
4.0–5.0 Å, using initial [6 × 6] periodic
boundary conditions.
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energies for these structures. Figure 9a shows an example of
a global minimum structure at 4.2 Å, with domain bound-
aries forming to reduce repulsions among ordered in-plane
rows. The repulsive contacts increase the isotropy of the
monolayer, and global minimum energies are observed to
vary, depending on the initial face-packing angles, within
this separation range. The global and local minimum curves
converge at 4.0 Å because, at this low separation, the chain–
chain separations fall into the range of intramolecular dis-
tances, producing inaccurate energy terms (Fig. 8).

After the -CH2- van der Waals radii have been overcome,
the two energy curves converge between 4.6–5.0 Å, and the
global minimum structures demonstrate new, higher symme-
tries of packing, such as the herringbone structure at d =
4.7 Å (Fig. 9c) and the [1 × 1] structure at d = 5.0 Å
(Fig. 9d). All energy terms show convergence, with identical
results produced for each initial face-packing angle (Fig. 8).
The global minimum models are energetically favoured be-
cause of more effective filling of surface free volume,
through chain twists and tilts, than the rigid [1 × 2] struc-
tures with near identical conformations. The Etotal values be-
come more negative as the separation increases, mainly
because of decreased Sn–Sn electrostatic interactions.

The PGO-C calculations show the range of possible struc-
tures available to the Sn-C�C-(CH2)6-C�CH monolayer
within the narrow distance range of 4.0–5.0 Å. The unnatu-
ral structures are highly isotropic in the range of alkyl chain
overlap, but can become even more ordered than the natural
symmetry structures with increasing intermolecular separa-
tion. These theoretical calculations suggest that decreasing
the natural chain packing density, towards unnatural separa-
tions of 5.0 Å and beyond, will produce increasingly ordered
thin films.

Unnatural symmetry cells of phenyl-backboned
monolayers

PGO-C calculations were also performed on phenyl-
backboned systems to determine the optimal symmetries of
packing at unnatural separations beyond and below the natu-
ral chain densities. Calculations performed on Sn-C�C-p-
C6H4-C�C-H monolayers are used as representative of all
phenyl-based chains. Figure 10 plots the calculated PGO-C
energies (Etotal) as a function of distance, and Fig. 11 shows
the PGO-C geometry for the calculated symmetry cells. Op-
timizations from the initial RRSM herringbone orientations
produced monolayers with [1 × 2] symmetry (Fig. 11a),
nearly identical to the original scan structures. As shown in
Fig. 10 the herringbone [1 × 2] units lie at or close to the
global minima throughout the entire distance range. As in
the RRSM results, energies are minimized at higher separa-
tions (d = 5.0 Å) to decrease electrostatic Sn–Sn repulsions.
At lower, more repulsive separations (d = 4.0–4.2 Å), a
lower symmetry, [3 × 2] packing cell was calculated to be
the most favourable structure. As shown in Fig. 11c, the [3 ×
2] unit cell is a modified herringbone structure, with four
molecules having z-axis twists of (±45°), and two at twists
of (±15°), to decrease repulsive interactions. Similar struc-
tures were previously observed for highly strained, natural
phenyl surfaces on SiO2 (10). Repetition of the PGO-C cal-
culations, using the [3 × 2] produced models energetically
equivalent to the [1 × 2] structures between d = 4.3–5.0 Å.

To qualify the herringbone optimizations, H-C�C-p-C6H4-
C�C-Sn models with a face-packing orientation (θ1, θ2) =
(0°, 0°) were also optimized from d = 4.0–5.0 Å. Only mod-
els from d = 4.5–5.0 Å yielded stable structures with a [1 ×
1] symmetry (Fig. 11b), but at significantly higher energy
than the [3 × 2] or [1 × 2] symmetry units. The periodic
packing results confirm that the conformations of phenyl-
backboned chains are uniquely determined by the steric and
symmetry properties of the phenyl group, and these orienta-
tions remain approximately constant over the range of dis-
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Fig. 10. PGO-C calculated energies as a function of distance for
Sn-C�C-p-C6H4-C�C-H monolayers.

Fig. 11. Unnatural symmetry cells calculated by the PGO-C
method for Sn-C�C-p-C6H4-C�C-H monolayers, viewed in the
xy plane: (a) d = 5.0 Å, [1 × 2] symmetry; (b) d = 5.0 Å, [1 ×
1] symmetry; (c) d = 5.0 Å, [3 × 2] symmetry.
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tances studied. However, decreasing the packing density
away from the natural separation of 4.5 Å towards unnatural
values of 5.0 Å is predicted, theoretically, to improve
monolayer stability because of decreased electronic repul-
sions.

Surface bonding: Dimer structures of alkyl-backboned
chains on a model surface

Repulsive alkyl chain forces prevent extensive cross-
linking of the Sn headgroups, and therefore only small
cross-linked units, such as dimers or trimers, are feasible for
hydrolytic SAMs (6). As discussed previously (10), PGO-S
calculations were performed on cross-linked, surface-bound
Sn-C�C-(CH2)6-C�CH dimers to accurately model a
monolayer surface and to examine the effect of headgroup
bonding on alkyl chain order. Eight different dimer surfaces,
as shown in Fig. 12, were modelled with the PGO-S method
to determine the minimum dimer conformation.

Because the alkyl monolayer energies and geometries
were observed to be strongly dependent on the initial face-
packing chain orientations in the distance range 4.0–4.5 Å
(Fig. 8), the eight dimer surfaces were optimized at orienta-
tions (θ1, θ2) = (0°, 0°), (60°, 60°), (120°, 120°), (180°,
180°), (240°, 240°), and (300°, 300°). The calculated PGO-S
energies, as a function of dimer type and face-packing orien-
tation, are plotted in Fig. 13. There is no consistent ordering
of the dimer surface energies over the six face-packing ge-
ometries considered. At each value of (θ1, θ2) the dimer sur-
face energies fall within a broad 500–1000 kcal mol–1 range,
with one or two outliers representing either exceptionally
stable or strongly disfavoured Sn-O-Sn headgroup geome-
tries. The relative positions of the dimer energies, and the
surface energies themselves, vary as the face-packing angle
is changed. Compressing the alkyl chain structure through
headgroup cross-linking creates highly isotropic monolayer
surfaces with variable energies, and symmetries ranging
from [6 × 6] to [2 × 3] to [1 × 6]. The Sn-O-Sn cross-links
cannot minimize to a preferred orientation, as their configu-
rations are limited by the isotropic alkyl geometries. The

most favoured structure, the out-of-plane type 2 dimer at
(0°, 0°) correlates with the minimum energy out-of-plane
dimer calculated by PM3 semiempirical methods.
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Fig. 12. Schematic representation of Sn-O-Sn dimers modelled on the tridymite surface. Each dimer type is repeated over the entire
6 × 6 surface for each minimization. View is normal to the model surface, with Sn—O—Si and Sn—C bonds omitted for clarity. The
hydroxy positions match the tetrahedral oxygen projections of the underlying tridymite surface.

Fig. 13. PGO-S energies as a function of face-packing angle (θ1,
θ2) and dimer type for cross-linked H-C�C-(CH2)6-C�C-Sn
dimers bound to a 6 × 6 tridymite surface.
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Surface bonding: Dimer structures of phenyl-
backboned chains on a model surface

PGO-S calculations were also performed on surface-
bound, cross-linked Sn-C�C-p-C6H4-C�C-H monolayers,
using the eight dimer types shown in Fig. 12, and four possi-
ble herringbone orientations on the tridymite surface: (θ1,
θ2) = (–35°, 35°), (35°, –35), (25°, 95°), and (95°, 25°). The
calculated PGO-S energies as a function of dimer type and
herringbone orientation are shown in Fig. 14. The surface
energies show nearly consistent ordering for each different
dimer type over the four packing angles studied. In particu-
lar, a global minimum dimer surface, out-of-plane dimer
type 4, is observed at each herringbone orientation. Because
the packing of phenyl chains is independent of distance, the
most favoured Sn-O-Sn headgroup geometry can form at
each herringbone orientation, with minimal surface disrup-
tion. The low energy dimer structures have either the [1 × 2]
herringbone or the modified herringbone [3 × 2] symmetry
previously seen for PGO-C results (Fig. 11). The most fa-
vourable bonding is out-of-plane herringbone, not in-plane
face-packed, as confirmed by PM3 semiempirical calcula-
tions.

Monomer and trimer structures of phenyl-backboned
chains on a model surface

Because the phenyl-based models form reproducible
monolayer structures upon the tridymite surface, and are

computationally less demanding than the alkyl-backboned
structures, PGO-S calculations on surface-bound Sn-C�C-p-
C6H4-C�C-H monomers and two types of cyclic trimers
(Fig. 15) were used to further elucidate the effect of
headgroup structure on chain ordering. Calculated structures
are presented in Fig. 16, and an energy comparison is de-
tailed in Table 5. The monomer surface produces less-
ordered surfaces (Fig. 16a) than the trimer or dimer
monolayers. Interactions among nonbonded OH groups dis-
rupt packing symmetry on a surface at full coverage. The
trimer monolayers (Fig. 16b and 16c) produce highly or-
dered surfaces, with [3 × 2] and [1 × 2] symmetry units. The
[3 × 2] trimer structure is slightly favoured energetically.
These calculations show that, for a Sn-C�C-p-C6H4-C�C-H
surface at full coverage, monomer, dimer, and trimer
headgroup bonding is possible. However, Sn-O-Sn cross-
linked dimers are most favourable, because they have less
chain distortion than trimers, and have fewer repulsive inter-
actions than surface-bound monomers.
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Fig. 14. PGO-S energies as a function of herringbone angle (θ1,
θ2) and dimer type for cross-linked Sn-C�C-p-C6H4-C�C-H
dimers bound to a 6 × 6 tridymite surface.

Fig. 15. Schematic (a) type 1 and (b) type 2 cyclic trimers cal-
culated for Sn-C�C-p-C6H4-C�C-H monolayers on the tridymite
surface. Triangle points represent Sn atoms.

Fig. 16. PGO-S calculated structures of various Sn-C�C-p-C6H4-
C�C-H monolayers on the tridymite surface. (a) (HO)2(SiO)Sn-R
monomer surface; (b) cyclic trimer type 1 surface; (c) cyclic
trimer type 2 surface. Views in the xy plane have SiO2 substrate
and Sn—O—Sn and (or) Sn—OH bonds removed for clarity.
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Topochemical polymerization of Sn-(C�C)2-p-C6H4-
(C�C)2-H monolayers

Monolayers containing diacetylene groups can be
photopolymerized to form one-dimensional poly(diacetylene)
upon exposure to UV radiation, if specific distances exist be-
tween neighbouring diacetylene units (12, 13), as shown in
Fig. 17. Such polymerized structures increase the conductive
and nonlinear optical potential of the thin film, and stabilize
the monolayer through the extended bonding network. How-
ever, the extent of polymerization is critically dependent on
the intermolecular separations, and hence, the structural or-
der, within the self-assembled monolayer.

Topochemical polymerization has been observed experi-
mentally for Sn-(C�C)2-p-C6H4-(C�C)2-H monolayers self-
assembled on quartz substrates (9a) indicating that the Sn-
alkyl SAMs are relatively well-ordered materials. To better
understand the thin film structure and the polymerization
mechanism, PGO-S optimizations were performed on the Sn-
(C�C)2-p-C6H4-(C�C)2-H monolayer, using a global-
minimum out-of-plane type 4 dimer (Fig. 12) to represent the
surface headgroups. The minimum energy, [3 × 2] structure
calculated for this monolayer is shown in Fig. 18. The two

in-plane rows within this symmetry unit show different chain
tilts, because the stress of packing two phenyl rings into the
confined monolayer space compresses one row below the
other. In the compressed row, Fig. 18b, the lower diacetylene
groups are within the correct d2 range (3.7–4.2 Å) for
topochemical polymerization; no other diacetylene separation
in the PGO-S unit cell meets the bonding requirements.

The PGO-S geometry of a Sn-(C�C)2-p-C6H4-(C�C)2-H
monolayer, polymerized along the lower diacetylene row in-
dicated in Fig. 18b, is shown in Fig. 19. Polymerization
along this bottom row decreases the total energy by only 6%,
from –235.59 kcal/mol·chain to –221.974 kcal/mol·chain, and
does not significantly distort the monolayer. Instead, the
nonpolymerized row (Row 2, Fig. 18c) tilts in the +y axis di-
rection to fill the free volume in the monolayer created by the
polymerization of Row 1. This free volume tilting now puts
the upper diacetylenes into a d2 range of 4.0–4.3 Å, sufficient
for topochemical polymerization. No other diacetylenes
groups in the monolayer are close enough to polymerize.

The calculated PGO-S structure of a Sn-(C�C)2-p-C6H4-(C
�C)2-H monolayer polymerized along the bottom
diacetylenes of Row 1 and the upper diacetylenes of Row 2,

Fig. 17. Distance constraints for topochemical photopolymeriza-
tion of diacetylene molecules.

Surface type Etotal (kcal mol–1) Symmetry

Monomer –5480.70 [3 × 2]
Dimer, out-of-plane type 4 –8051.87 [3 × 2]
Trimer type 1 –6436.22 [3 × 2]
Trimer type 2 –6430.84 [1 × 2]

Table 5. Total energies and symmetries of various Sn-C�C-p-
C6H4-C�C-H monolayers on the tridymite surface, calculated
with the PGO-S method.

Fig. 18. (a) [3 × 2] PGO-S calculated structure for Sn-(C�C)2-p-C6H4-(C�C)2-H structure (SiO2 substrate and Sn—O—Sn bonds re-
moved for clarity). Two types of rows exist in this symmetry cell: (b) the tilted row (Row 1) with lower acetylenes in the correct dis-
tance range for polymerization; and (c) the uncompressed Row 2.
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is shown in Fig. 20. The polymerization is again energeti-
cally stable, decreasing the total energy by 5% from the
half-polymerized structure of Fig. 19. At this point, the poly-
merization is complete. No more free volume exists in the
monolayer, so the remaining acetylenes stay untilted, out of
the polymerization range. Therefore, diacetylene polymer-
ization occurs in this monolayer because compressive pack-
ing forces bend the lower acetylenes into the correct
geometric range. A second polymerization occurs because

upper acetylenes tilt to eliminate free volume in the
monolayer. The PGO-S calculations can be used to success-
fully interpret geometric thin film behaviour.

Conclusions

Geometric studies of phenyl- and alkyl-backboned
monolayers, using the powerful RRSM, PGO-C, and PGO-S
techniques, yield analytic insights into thin film growth and

© 2003 NRC Canada
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Fig. 19. PGO-S calculated structure for a Sn-(C�C)2-p-C6H4-(C�C)2-H monolayer, polymerized along the lower diacetylenes of Row
1. (a) xy Plane view of the [3 × 2] cell (SiO2 substrate and Sn—O—Sn bonds removed for clarity), (b) the polymerized in-plane Row
1, (c) the nonpolymerized in-plane Row 2, now tilted into the required topochemical distance range.

Fig. 20. PGO-S calculated structure for a Sn-(C�C)2-p-C6H4-(C�C)2-H monolayer, polymerized along the lower diacetylenes of Row 1
and the upper diacetylenes of Row 2. (a) xy Plane view of the [3 × 2] cell (SiO2 substrate and Sn—O—Sn bonds removed for clarity),
(b) the polymerized in-plane Row 1, (c) the polymerized in-plane Row 2. No more polymerization is possible in this model.
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stability. Mapping the potential energy surface, through a se-
lected range of intermolecular distances, suggests that
monolayers are more stable at unnatural packing densities.
At the natural surface separation distances (20, 25) of 4.2–
4.4 Å, both alkyl and phenyl monolayers experience highly
repulsive interactions, producing more isotropic film struc-
tures. The symmetries of film packing increase and
monolayer energies become more favourable at chain–chain
separations greater than 4.6 Å. Modifying or eliminating the
Sn-O-Sn headgroup cross-links that naturally compress
interchain distances can therefore improve experimental film
structures.

Analysis of headgroup bonding on a natural surface, using
the PGO-S method, demonstrated that cross-linked Sn-O-Sn
dimers yield the most stable monolayer energies. However,
the extent of Sn cross-linking is critically dependent on the
organic monolayer packing order. PGO-S calculations on a
Sn-(C�C)2-p-C6H4-(C�C)2-H monolayer provide an elegant
geometric interpretation of the experimental topochemical
polymerizations. Proper molecular modelling techniques are
therefore robust and predictive tools for the study and design
of functional thin film systems.
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Comparison of structures between platinum and
palladium complexes of a tetrasilyldisilene1

Hisako Hashimoto, Yumiko Sekiguchi, Yohei Sekiguchi, Takeaki Iwamoto,
Chizuko Kabuto, and Mistuo Kira

Abstract: The first η2-disilene–palladium complexes were synthesized using two different reactions; the reactions of
bis(phosphine)dichloropalladiums with a 1,2-dilithiotetrakis(trialkylsilyl)disilane, which was prepared by the reaction of
a stable tetrakis(trialkylsilyl)disilene with lithium (Method A) and the direct reactions of the bis(phos-
phine)dichloropalladiums with the stable disilene (Method B). Comparison of X-ray structural parameters of the
disilene–palladium complexes with those of the corresponding platinum complex has indicated that the palladium com-
plex is a metallacycle but its π-complex character is stronger than that of the platinum complex.

Key words: disilene complex, palladium, platinum, X-ray structure, metallacycle, π-complex.

Résumé : On a réalisé la première synthèse de complexes η2-disilène–palladium en faisant appel à deux réactions dif-
férentes: la méthode A implique la réaction de dérivés bis(phosphine)dichloropalladium avec un 1,2-
dilithiutétrakis(trialkylsilyl)disilane préparé par réaction d’un tétrakis(trialkylsilyl)disilène stable avec du lithium alors
que la méthode B implique la réaction directe de dérivés bis(phosphine)dichloropalladium avec le disilène stable. Une
comparaison des paramètres structuraux obtenus par diffraction des rayons X pour les complexes disilène–palladium
avec ceux du complexe correspondant du platine indique que le complexe du palladium est un métallacycle dont le ca-
ractère de complexe π est plus fort que celui du complexe du platine.

Mots clés : complexe disilène, palladium, platine, structure par diffraction des rayons X, métallacycle, complexe π.

[Traduit par la Rédaction] Hashimoto et al. 1245

Introduction

Olefin transition metal complexes have been studied as
important reactive intermediates in various transition-metal-
catalyzed reactions and their structures and bonding nature
are well understood (1). In contrast, there have been very
few reports on their silicon analogues, transition-metal com-
plexes with η2-silicon–silicon doubly bonded species as lig-
ands, while a variety of stable free disilenes have been well
investigated (2). Complexes 1 (3), 2 (4), and 3 (5) as shown
in Chart 1 had been synthesized but only 2 had been investi-
gated by X-ray crystallography before we started our study
of transition-metal complexes with stable disilenes as a
ligand (6).

The bonding of a disilene to a metal center is expected to
be understood in terms of “ligand-to-metal σ-donation” and
“metal-to-ligand π-back donation”, similarly to that of an
olefin (Dewar–Chatt–Duncanson model) (7). According to
this model, the η2-disilene transition-metal complexes can be
described using two resonance structures of a π complex and

a metallacycle as shown in Scheme 1. The relative contribu-
tion of the two structures could depend on the electronic
properties of the metal and the disilene. Thus, the relative
importance between the σ-donation and the π-back donation
determines the π-complex character of the disilene transi-
tion- metal complexes; the π-complex character will increase
with decreasing π-back donation.

Recently, we reported a platinum complex with a silyl-
substituted η2-disilene ligand (4) (6). The X-ray structural
analysis has shown that 4 is better described as a
metallacycle with a very weak π-complex character. Strong
π-back donation from the electron-rich platinum to the
disilene would account for the structural character of 4.
Since the π-back donation of palladium is calculated to be
weaker than that of platinum by Sakaki et al. (8a), the palla-
dium analogue of 4 is expected to have a π-complex charac-
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ter stronger than 4. We report here the first synthesis of the
palladium η2-disilene complexes 5a and 5b using two differ-
ent methods and their molecular structures determined by X-
ray crystallography. Comparison of the structural parameters
among the corresponding platinum and palladium complexes
(4 and 5a) revealed larger π-complex character for the palla-
dium complex than that for the platinum complex, in confor-
mity with the theoretical study (8a).

Results and discussion

Palladium η2-disilene complexes 5a and 5b were synthe-
sized using two different methods (Methods A and B). First,
5a and 5b were synthesized by applying a similar method
used for the synthesis of 4 (Method A). Thus, complex 5a
was synthesized in 55% yield by the reaction of cis-
(Me3P)2PdCl2 (9) (6a; 0.20 g, 0.38 mmol) with 1,2-dilithio-
tetrakis(tert-butyldimethylsilyl)disilane (10) (7; 0.14 g,
0.41 mmol) in THF at –50 °C for 3 h, as shown in eq. [1];
dilithiodisilane 7 was prepared as a white powder by the re-
duction of the corresponding stable disilene 8 with lithium
metal (10). Likewise, complex 5b was obtained as a yellow
powder in 43% yield from (dmpe)PdCl2 (8) (6b; 0.082g,
0.24 mmol) and 7 (0.13 g, 0.25 mmol). Complex 5a and 5b
were synthesized also by the reactions of disilene 8 with
bis(phosphine)palladium dichlorides 6a and 6b, as shown in
eq. [2]. In the reactions shown in eq. [2], a 2 mol amount of
disilene 8 was required for the complete consumption of pal-
ladium dichlorides 6a and 6b, suggesting that 1 mol of
disilene is consumed in the reduction of 6a and 6b to the
corresponding bis(phosphine)Pd(0) complexes, which react
further with another mol of 8 to give 5a and 5b, respectively.

Recrystallization of 5a and 5b from diethyl ether and tolu-
ene, respectively, at –20 °C afforded yellow prisms suitable
for a single-crystal X-ray diffraction study.3,4 The molecular
structures of 5a and 5b are shown in Figs. 1 and 2 with se-

lected bond lengths and angles. Both 5a and 5b have the
crystallographic C-2 axis through the palladium and the cen-
ter of the Si1—Si1* bond, and the η2-coordination of the
disilene moiety. Central palladium atoms in 5a and 5b adopt
highly distorted square-planar geometries with the dihedral
angles of 31.8° and 28.5°, respectively, between the P1-Pd-
P1* and Pd-Si1-Si1* planes. Steric repulsion between the
bulky trialkylsilyl substituents and the phosphine ligands
would account for their distorted geometry.

Table 1 summarizes pertinent structural parameters of
disilene–palladium complexes 5a and 5b and disilene–plati-
num complex 4. The Si1-Si1* distances of 5a (2.303(1) Å)
and 5b (2.318(6) Å) lie below the shortest limit of the re-
ported Si—Si single bond (2.335–2.697 Å) (11). The Si-Pd
distances in 5a (2.4374(7) Å)) and 5b (2.4184(4) Å) are a
little longer than those of the reported bis(phosphine)(di-
silyl)palladium complexes (2.34–2.38 Å) (12). The bent an-
gles (δ) of 5a (25.5°) and 5b (26.0°), which are defined as an
angle between the Si2-Si1-Si3 plane and the Si1—Si1*
bond, are far larger than that of free disilene 8 (0.1°) (13).
The results indicate that 5a and 5b should be described still
as a metallacycle with a very small π-complex character
similar to platinum complex 4 (6). Small but significant dif-
ferences were found in the structures around the disilene
moiety between the platinum and palladium complexes (4
and 5a) with the same trimethylphosphine ligands. Thus, the
elongation of the central Si-Si distance in 5a (∆l = 0.101 Å)
is slightly smaller than that in 4 (∆l = 0.120 Å). The bent an-
gle (δ) for 5a (25.5°) is a little smaller than that of 4 (28.4°).
All these differences in 5a and 4 are in good accord with
those found theoretically between the model compounds
(H3P)2Pd(Si2H4) and (H3P)2Pt(Si2H4) by Sakaki et. al. (8a)
suggesting that the π-complex character for the disilene–

© 2003 NRC Canada
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Scheme 1.

Chart 2.

3 Crystal data for 5a: C30H78Si6P2Pd, yellow prisms, orthorhombic, Pbcn (#60), a = 16.5927(3) Å, b = 12.4209(3) Å, c = 21.2100(5) Å, V =
4371.3(2) Å3, Z = 4, Dcalcd 1.179 g/cm3, µ(MoKα) = 6.80 cm–1; of 36 652 measured reflections, 4863 were independent and 4030 observed
with I > 3σ(I). R1 = 0.021, wR2 (all data) = 0.033 for 294 parameters.

4 Crystal data for 5b: C30H76Si6P2Pd, yellow prisms, orthorhombic, Ccca (#68), a = 20.328(1) Å, b = 20.6854(9) Å, c = 20.382(1) Å, V =
8570.6(8) Å3, Z = 8, Dcalcd 1.199 g/cm3, µ(MoKα) = 6.94 cm–1; of 76 587 measured reflections, 6523 were independent and 4106 observed
with I > 2σ(I). R1 (I > 2σ(I)) = 0.018, wR2 (all data) = 0.046 for 215 parameters.
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palladium complex 5a is somewhat stronger than that for the
corresponding platinum complex.

The 29Si NMR resonance of the central silicon atoms ap-
peared at –46.8 ppm for 5a and –51.9 ppm for 5b with a
doublet of doublets signal pattern owing to two 31P nuclei.
These chemical shifts are considerably downfield-shifted
compared to that of 4 (–79.7 ppm) (6), even though they are
still upfield from that of the free disilene 8 (142.1 ppm) (13).
The difference in the π-complex character between the palla-
dium and platinum complexes may be responsible, in part,
for the down-field shift in the former. Further works are in
progress to reveal the dependence of the π-complex charac-
ter in disilene – transition metal complexes on the central
metals and ligands.

Experimental

General
1H, 13C, 29Si, and 31P NMR spectra were recorded on a

Bruker AC-300P FT NMR spectrometer at 300, 75.4, 59.6,
and 121 MHz, respectively, at 25 °C unless otherwise noted.
Mass spectra and high resolution mass spectra were recorded
on a JEOL JMS-600W (EI, 70 eV) and a HX-110 mass
spectrometer (FAB, nitrobenzyl alcohol matrix). UV–vis
spectra were obtained using a Hewlett-Packard HP8453 E
spectrometer. Air-sensitive compounds were manipulated in
a VAC MO-40-M glove box.

Bis(trimethylphosphine)dichloropalladium (6a) and [1,2-

Compound
l(Si-Si)
(Å)a

∆l(Si-Si)
(Å)b δ (°)c

l(Si-M)
(Å)d

5a 2.303(1) 0.101(1) 25.5 2.4374(7)
5b 2.318(6) 0.116(6) 26.0 2.4184(4)
4e 2.322(2) 0.120(2) 28.4 2.4310(8)
8f 2.202(1) 0.0 0.1 —

aCentral silicon–silicon bond distance.
bDifference of the central Si—Si bond distance of the compound from that of 8.
cBent angle defined as the angle between the Si1-Si2-Si3 plane and the Si1—Si1* bond.
dSilicon – transition metal bond distance.
eReference 6.
fReference 12.

Table 1. Selected structural parameters of disilene complexes 5 and related compounds.

Fig. 2. ORTEP drawing of η2-disilene palladium complex 5b.
Hydrogen atoms are omitted for clarity. Selected bond lengths
(Å) and angles (°): Pd—Si1 2.4184(4), Si—Si1* 2.3180(8),
Pd1—P 2.3319(4), Si1—Si2 2.3929(6), Si1—Si3 2.3849(6), Si1-
Pd-Si1* 57.27(2), Pd-Si1-Si1* 61.36(1), P1-Pd-P1* 85.86(2).

Fig. 1. ORTEP drawing of η2-disilene palladium complex 5a.
Hydrogen atoms are omitted for clarity. Selected bond lengths
(Å) and angles (°): Pd—Si1 2.4374(7), Si1—Si1* 2.303(1), Pd—
P 2.3364(7), Si1—Si-2 2.3902(9), Si1—Si3 2.3760(9), Si1-Pd-
Si1* 56.39(3), Pd-Si1-Si1* 61.81(1), P1-Pd-P1* 99.17(4).
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bis(dimethylphosphino)ethane]dichloropalladium (6b) were
prepared according to the procedures in the literature (9).

[η2-Tetrakis(tert-butyldimethylsilyl)disilene]bis(trimethyl-
phosphine)palladium (5a)

Method A
To a mixture of cis-bis(trimethylphosphine)dichloropalla-

dium (9) (6a, 0.102 g, 0.293 mmol) and 1,2-dilithio-1,1,2,2-
tetrakis(tert-butyldimethylsilyl)disilane (10) (7, 0.157 g,
0.296 mmol) in a Schlenk flask (50 mL) was introduced
THF (5 mL) dried over a K mirror through a vacuum line.
The mixture was stirred for 3 h at –50 °C and then the THF
was distilled off at 0 °C. After the addition of toluene
(40 mL) to the residue, the resulting precipitates were fil-
tered off. Removal of toluene in vacuo gave the title com-
pound (0.178 g, 0.163 mmol) in 55% yield.

Method B
Dry toluene (5 mL) was introduced to a mixture of 6a

(0.099 g, 0.30 mmol) and tetrakis(tert-butyldimethylsilyl)di-
silene (8) (13) (0.30 g, 0.60 mmol). The mixture was stirred
for 3 h at –50 °C and then the toluene was distilled off. The
1H NMR spectrum of the mixture showed the quantitative
formation of disilene complex 5a and 1,2-dichloro-1,1,2,2-
tetrakis(tert-butyldimethylsilyl)disilane (14).

5a:
Yellow crystals, mp 92 °C (decomp). UV–vis (hexane)

λmax (nm) (ε): 344 (5400), 421 (5000). 1H NMR (C6D6) δ:
0.40 (s, 12 H), 0.49 (s, 12 H), 1.11 (d, 2JP-H = 5.4 Hz, 18 H),
1.22 (s, 36 H). 13C NMR (C6D6, 70 °C) δ: 2.5, 2.7, 20.1,
21.5 (d, 1JP-C = 11 Hz), 29.7. 29Si NMR (C6D6) δ: –46.8 (dd,
2JP(trans)-Si = 83.4 Hz, 2JP(cis)-Si = 22.1 Hz), 4.2. 31P NMR
(C6D6) δ: –31.33. MS (FAB) m/z (%): 773 (M+), 698 (M+ –
PMe3, 54), 622 (M+ – 2PMe3, 50), 535 (54), 460 (100).
Anal. calcd. for C30H78P2Si6Pd (%): C 46.44, H 10.13;
found (%): C 46.46, H 9.88.

[η2-Tetrakis(tert-butyldimethylsilyl)disilene][bis(di-
methylphosphino)ethane]palladium (5b)

Method A
To a mixture of [bis(dimethylphosphino)ethane] dichloro-

palladium (9) (6b, 0.082 g, 0.24 mmol) and 1,2-dilithio-
1,1,2,2-tetrakis(tert-butyldimethylsilyl)disilane (10) (7, 0.132 g,
0.25 mmol) in a Schlenk flask (50 mL) was introduced dry
THF (20 mL) through a vacuum line. The mixture was
stirred for 3 h at –50 °C and then the THF was distilled off
at 0 °C. After addition of toluene (40 mL) to the residue, the
resulting precipitates were filtered off. Removal of toluene
in vacuo gave the title compound (0.076 g, 0.0984 mmol) in
41% yield.

Method B
To a mixture of 6b (0.16 g, 0.49 mmol) and 8 (13)

(0.50 g, 1.00 mmol) was introduced dry THF (20 mL). The
mixture was stirred for 3 h at –50 °C and then the toluene
was distilled off. The 1H NMR spectrum of the mixture
showed the quantitative formation of disilene complex 5b
and 1,2-dichloro-1,1,2,2-tetrakis(tert-butyldimethylsilyl)di-

silane (14). Recrystallization from toluene gave pure 5b
(0.085 g, 0.11 mmol) in 22% yield.

5b:
Yellow crystals, mp 83 °C (decomp.). UV–vis (hexane)

λmax (nm) (ε): 305 (11 000, sh), 345 (7500, sh), 380 (5300).
1H NMR (C6D6) δ: 0.39 (s, 12 H), 0.51 (s, 12 H), 0.91 (d,
2JP-H = 14 Hz, 4H), 1.11 (d, 2JP-H = 6 Hz, 12 H), 1.22 (s, 36
H). 13C NMR (C6D6) δ: 3.4, 3.5, 16.4–16.6 (m), 19.7, 30.1.
29Si NMR (C6D6) δ: –51.9 (2JP(trans)-Si = 76 Hz, 2JP(cis)-Si =
15 Hz), +6.1. 31P NMR (C6D6) δ: 7.41. Anal. calcd.
C30H76P2PdSi6 (%): C 46.56, H 9.90; found (%): C 46.58,
H 9.62.

X-ray data of 5a and 5b may be purchased from the Di-
rectory of Unpublished Data, Document Delivery, CISTI,
National Research Council Canada, Ottawa, ON K1A 0S2,
Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for infor-
mation on ordering electronically). CCDC 202926 and
202927 contain the crystallographic data for this manuscript.
These data can be obtained, free of charge, via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, U.K.; fax +44 1223 336033; or deposit@ccdc.
cam.ac.uk).
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Wide-rim functionalization of calix[4]arene: The di-
and tetraisocyanocalix[4]arene assembling ligands
and their silver(I) polymers and oligomers1

Pascal Mongrain and Pierre D. Harvey

Abstract: The 5,11- and 5,17-diisocyano-25,26,27,28-tetra-n-propoxycalix[4]arene bridging ligands (calix(NC)2) have
been prepared in four steps with 34 and 30% global yields, respectively. Their corresponding Ag(I) complexes have
been prepared from the direct reaction of the ligand with AgBF4 and are characterized from various spectroscopic and
physical techniques. The MALDI-TOF spectra indicate the presence of polymers or oligomers of the type
{Ag(calix(NC)2)(BF4)}n. The compounds have been characterized further from TGA, DSC, and XRD and compared
with the oligomeric species 5,11,17,23-tetraisocyano-25,26,27,28-tetra-n-propoxycalix[4]arene silver(I) (as a BF4

– salt).

Key words: silver, calix[4]arene, polymer, isocyanide, photosensitive, thermal gravimetric analysis.

Résumé : Les ligands pontants 5,11- et 5,17-diisocyano-25,26,27,28-tetra-n-propoxycalix[4]arène (calix(NC)2) ont été
synthétisés en 4 étapes chacune avec des rendements globaux respectifs de 34 et 30%. Les complexes correspondant
d’Ag(I) ont aussi été préparés à partir de la réaction directe entre les ligands ci-haut et du AgBF4. Les analyses
MALDI-TOF indiquent la présence de polymères ou d’oligomères du type {Ag(calix(NC)2)(BF4)}n. Ces composés ont
ensuite été caractérisés à partir d’analyses d’ATG, de DSC et de DRX, qui ont par la suite été comparés à l’espèce oli-
gomèrique 5,11,17,23-tétraisocyano-25,26,27,28-tétra-n-propoxycalix[4]arèneargent(I) (contre-ion BF4

–).

Mots clés : argent, calix[4]arène, polymère, isocyanure, photosensible, analyse thermogravimétrique. Mongrain and
Harvey 1254

Introduction

The wide-rim functionalization of the calix[4]arene mole-
cule with transition metal fragments is an area that has not
been exhaustively developed (1) in comparison with narrow-
rim functionalization (2). This tetraphenolic molecule exhib-
its a “bowl shape” structure capable of acting as a host for
cations and neutral molecules (2, 3), and numerous applica-
tions, such as ion transport, novel sensors, selective recep-
tors, biomimetics, luminescence probes, nuclear waste
treatment, and homogeneous catalysis, have been reported
(3). In that context, this group recently developed the syn-
theses of the mono-, di-5,11-, di-5,17-, tri-, and tetraphos-
phinated tetra-n-propoxycalix[4]arene (phosphine group =
Ph2P-) (4) and applied these new ligands to the syntheses of
pentamethylcyclopentadienyl rhodium(I) complexes (5).3 In
addition, the preparation and characterization of the mono-
and tetraisocyanotetra-n-propoxycalix[4]arene ligands and
the corresponding gold(I) chloride complexes have been the
subject of a recent study (6). Such multiple wide-rim

functionalizations provide an opportunity to build various
molecular architectures. We now wish to report the synthe-
ses and characterization of the 5,11-di- and 5,17-diisocy-
anocalix[4]arene ligands and their reactivity toward silver(I).
These bidentate ligands compare well with the recently re-
viewed 1,8-diisocyano-p-menthane (dmb), which is known
to form polymers with Ag(I) (7), but differ from the
tetraisocyanocalix[4]arene analogue from a structure point
of view (6).

Experimental section

Materials
The AgBF4 salt was purchased from Aldrich and was used

as received. The 5,11-dibromo- (1), 5,17-dibromo- (7), and
5,11,17,23-tetraisocyano-25,26,27,28-tetra-n-propoxycalix-
[4]arene (13) starting materials were prepared according to
procedures outlined in refs. 4 and 6. The solvents were puri-
fied according to general procedures (8).

Can. J. Chem. 81: 1246–1254 (2003) doi: 10.1139/V03-116 © 2003 NRC Canada
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5,11-Diphtalimido-25,26,27,28-tetrapropoxycalix[4]arene
(2): (Cone)

A solution containing compound 1 (209 mg, 0.28 mmol),
phthalimide (137 mg, 0.02 mmol), and Cu2O (428 mg,
0.06 mmol) in collidine (10 mL) was refluxed for 4 days un-
der inert atmosphere. The reaction mixture was cooled to
room temperature and was poured in CH2Cl2 (100 mL). This
solution was extracted twice with H2SO4 5% aqueous solu-
tion, NaOH 5%, and distilled water. The organic phase was
dried over MgSO4, filtered, and evaporated. The resulting
solid was purified by column chromatography using CH2Cl2.
Yield 55% (135.8 mg). Melting temperature (Tm) = 165 °C.
IR (solid) (cm–1) ν(C = O): 1715. 1H NMR (CDCl3) δ: 7.89
(m, 4H, Ph), 7.53 (m, 4H, Ph), 6.82 (s, 4H, Ph), 6.65–6.70
(m, 4H, Ph), 6.51 (t, 2H, J = 7.59 Hz, Ph), 4.45 (m, 4H,
CH2), 3.85–3.95 (m, 8H, OCH2), 3.18–3.27 (m, 4H, CH2),
1.95 (m, 8H, CH2CH3), 1.01 (t, 12H, J = 7.53 Hz, CH3).

13C
NMR (CDCl3) δ: 167.2, 157.1, 156.3, 135.8, 135.1, 133.9,
132.3, 128.8, 128.2, 127.1, 125.2, 124.4, 122.7, 31.2, 23.5,
11.0. EI-MS: 882 ([M]+).

5,11-Diamino-25,26,27,28-tetrapropoxycalix[4]arene (3):
(Cone)

A solution containing compound 2 (135 mg, 0.153 mmol)
and hydrazine monohydrate (0.18 mL, 3.34 mmol) in etha-
nol (15 mL) was refluxed for 2 h. The solution was cooled
to room temperature and evaporated. The resulting solid was
dissolved in CH2Cl2 and extracted twice with NaOH 5%
aqueous solution and distilled water. The organic phase was
dried over MgSO4, filtered, and evaporated. Yield 95%
(90 mg). Tm = 209–210 °C. IR (solid) (cm–1) ν(NH): 3525,
3395. 1H NMR (CDCl3) δ: 7.70–6.57 (m, 6H, Ph), 6.02 (s,
2H, Ph), 5.98 (s, 2H, Ph), 5.38 (dd, 4H, CH2), 3.85 (t, 4H,
OCH2), 3.73 (t, 4H, OCH2), 3.15 (br, 4H, NH2), 3.05 (dd,
4H, CH2), 1.92 (m, 8H, CH2CH3), 0.99 (m, 12H, CH3).

13C
NMR (CDCl3) δ: 157.1, 150.3, 139.7, 136.0, 134.9, 128.1,
124.5, 116.2, 30.9, 23.2, 10.5. EI-MS: 622 ([M]+).

5,11-Di-N-formamyl-25,26,27,28-tetrahydroxy-
calix[4]arene (4): (Cone)

A solution containing compound 3 (97.6 mg, 0.157 mmol)
in formic acid (4 mL) and toluene (20 mL) was refluxed for
several hours. The excess of formic acid and water was elim-
inated, using a Dean–Stark apparatus, prior to evaporating
the solution to dryness. The solid was purified by colomn
chromatography using 1:4 acetone:CH2Cl2. Yield 92%
(101.1 mg). IR (solid) (cm–1) ν(C = O): 1686, ν(NH): 3400.
1H NMR (CDCl3) δ: 7.95–8.30 (m, 2H, C(O)H), 6.28–7.15
(complex, 10H, Ph), 4.40–4.45 (dd, 4H, CH2), 3.70–4.00
(complex, 10H, OCH2, NH), 3.05–3.20 (m, 4H, CH2), 1.80–
1.95 (m, 8H, CH2CH3), 0.90–1.10 (m, 12H, CH3).

13C NMR
(CDCl3) δ: 163.5, 160.1, 158.5, 158.0, 157.5, 155.0–153.5,
137.2–134.3, 132.1–130.5, 129.4–128.6, 121.8, 121.5–120.3,
119.4–119.0, 31.4, 23.8, 10.4. EI-MS: 678 ([M]+).

5,11-Diisocyano-25,26,27,28-tetrapropoxycalix[4]arene (5):
(Cone)

A solution containing compound 4 (52 mg, 0.077 mmol)
and Et3N (44.2 µL, 0.32 mmol) in dry CH2Cl2 (5 mL) was
refluxed under inert atmosphere. A CH2Cl2 solution contain-
ing diphosgene (0.1 mL) was added over a period of 1 h.

The solution was refluxed for 1 day and cooled to room
temperature. The resulting solution was extracted and evapo-
rated. The solid was purified by column chromatography us-
ing CH2Cl2. Yield 70% (34.6 mg). IR (solid) (cm–1)
ν(N�C): 2131. 1H NMR (CDCl3) δ: 6.72 (d, 2H, J =
2.14 Hz, Ph), 6.62 (d, 4H, J = 2.15 Hz, Ph), 6.57 (d, 4H, J =
2.15 Hz, Ph), 4.36–4.43 (m, 4H, CH2), 3.75–3.90 (m, 8H,
OCH2), 3.05–3.20 (dd, 4H, CH2), 1.80–1.91 (m, 8H,
CH2CH3), 0.98 (t, 12H, J = 7.55 Hz). 13C NMR (CDCl3) δ:
162.1, 157.5, 156.5, 137.4, 135.5, 134.1, 130.9, 128.8,
128.0, 126.7, 125.8, 126.6, 120.9, 65.9, 31.2, 23.8, 10.2. EI-
MS: 642 ([M]+).

Poly[(5,11-diisocyano-25,26,27,28-tetrahydroxy-
calix[4]arene) silver(I)] tetrafluoroborate (6): (Cone)

A solution containing compound 5 (34 mg, 0.053 mmol)
in dry acetonitrile was added to an acetonitrile solution con-
taining AgBF4 (5.8 mg, 0.03 mmol). The solution was
stirred for 1 h at room temperature, and the solvent was
evaporated. Yield 100% (44.3 mg). IR (solid) (cm–1)
ν(N�C): 2203, ν(BF4): 1015. 1H NMR (CDCl3) δ: 6.87
(s + s, 4H, Ph), 6.60–6.70 (m, 6H, Ph) 4.40–4.50 (d, 4H,
CH2), 3.75–4.00 (m, 8H, OCH2), 3.20–3.33 (d, 4H, CH2),
1.85–1.95 (m, 8H, CH2CH3), 1.11 (m, 12H, CH3). MALDI-
TOF-MS: see Table 1. Anal. calcd. for C42H46O4N2AgBF4:
C 60.23, H 5.54, N 3.34; found: C 59.19, H 5.83, N 3.04.

5,17-Diphthalimido-25,26,27,28-tetrapropoxy-
calix[4]arene (8): (Cone)

A solution containing compound 7 (1.000 g, 1.33 mmol),
phthalimide (0.8 g, 5.3 mmol), and Cu2O (1.9 g, 13.3 mmol)
in collidine (36 mL) was refluxed for 4 days under inert at-
mosphere. The reaction mixture was cooled to room temper-
ature and was poured in CH2Cl2 (300 mL). This solution
was extracted twice with H2SO4 5% aqueous solution,
NaOH 5%, and distilled water. The organic phase was dried
over MgSO4, filtered, and evaporated. The resulting solid
was purified by column chromatography using CH2Cl2.
Yield 65% (762.4 mg). Tm = 165 °C. IR (solid) (cm–1)
ν(C=O): 1717. 1H NMR (CDCl3) δ: 7.61 (m, 8H, Ph), 6.86
(s, 4H, Ph), 6.60 (m, 6H, Ph), 4.51 (d, 4H, J = 13.08 Hz,
CH2), 3.90 (dt, 8H, OCH2), 3.21 (d, 4H, J = 13.10 Hz, CH2),
1.97 (m, 8H, CH2CH3), 1.03 (q, 12H, CH3).

13C NMR
(CDCl3) δ: 167.2, 156.5, 136.1, 134.5, 133.9, 131.8, 138.5,
126.4, 125.4, 123.3, 122.5, 31.5, 23.6, 10.5. EI-MS: 882
([M]+).

5,17-Diamino-25,26,27,28-tetrapropoxycalix[4]arene (9):
(Cone)

A solution containing compound 8 (164 mg, 0.155 mmol)
and hydrazine monohydrate (0.2 mL, 3.72 mmol) in ethanol
(25 mL) was refluxed for 2 h. The solution was cooled to
room temperature and evaporated. The resulting solid was
dissolved in CH2Cl2 (150 mL) and extracted twice with
NaOH 5% aqueous solution and distilled water. The organic
phase was dried over MgSO4, filtered, and evaporated. Yield
95% (91.5 mg). IR (solid) (cm–1) ν(NH): 3525, 3395. 1H
NMR (CDCl3) δ: 6.78 (d, 4H, Ph), 6.66 (t, 2H, Ph), 5.91 (s,
4H, Ph), 4.39 (d, 4H, J = 13.05 Hz, CH2), 3.85 (t, 4H, J =
7.40 Hz, OCH2), 3.70 (t, 4H, J = 7.43 Hz, OCH2), 3.04 (d,
4H, J = 13.08 Hz, CH2), 1.90 (m, 8H, CH2CH3), 1.02 (t, 6H,
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J = 7.41 Hz, CH3), 0.95 (t, 6H, J = 7.45 Hz, CH3).
13C NMR

(CDCl3) δ: 157.0, 149.9, 140.3, 135.5, 128.3, 121.7, 115.5,
31.3, 22.2, 10.5. EI-MS: 622 ([M]+).

5,17-Di-N-formamyl-25,26,27,28-tetrahydroxy-
calix[4]arene (10): (Cone)

A solution containing compound 9 (550 mg, 0.88 mmol)
in formic acid (20 mL) and toluene (70 mL) was refluxed
several hours. The excess of formic acid and water was elim-
inated using a Dean–Stark apparatus prior to evaporating the
solution to dryness. The solid was purified by column chro-
matography using 30:70 acetone:CH2Cl2. Yield 70%
(417.6 mg). IR (solid) (cm–1) ν(C = O): 1685, ν(NH): 3410.
1H NMR (CDCl3) δ: 8.00 (s + s, H, C(O)H), 7.89 (s + s, H,
C(O)H), 6.81–7.11 (complex, 6H, Ph), 6.382 (d, 2H, Ph),
5.91 (s, 1H, Ph), 5.78 (s, 1H, Ph), 4.45 (dd, 4H, CH2), 3.98
(dt, 4H, OCH2), 3.66 (m, 4H, OCH2), 3.13 (dd, 4H, J =
13.05 Hz, CH2), 2.2 (vbr, 2H, NH), 1.91 (m, 8H, CH2CH3),
1.10 (q, 6H, CH3), 0.90 (m, 6H, CH3).

13C NMR (CDCl3) δ:
162.8, 159.5, 157.8, 154.0, 153.2, 152.5, 136.5, 135.1,
134.2, 131.0, 130.5, 129.2, 122.5, 119.6, 118.5, 31.2, 23.5,
10.4. EI-MS: 678 ([M]+).

5,17-Diisocyano-25,26,27,28-tetrapropoxycalix[4]arene
(11): (Cone)

A solution containing compound 10 (300 mg,
0.443 mmol) and Et3N (0.8 mL, 4.72 mmol) in dry CH2Cl2
(50 mL) was refluxed under inert atmosphere. A CH2Cl2 so-
lution containing diphosgene (0.6 mL, 4.85 mmol) was
added over a period of 1 h. The solution was refluxed for
1 day and cooled to room temperature. The resulting solu-
tion was extracted and evaporated. The solid was purified by
column chromatography using CH2Cl2. Yield 30%
(85.3 mg). IR (solid) (cm–1) ν(N�C): 2130. 1H NMR
(CDCl3) δ: 6.88 (m, 6H, Ph), 6.43 (s, 4H, Ph), 4.42 (d, 4H,
J = 13.12 Hz, CH2), 3.41 (t, 4H, J = 7.39 Hz, OCH2), 3.75
(t, 4H, J = 7.42 Hz, OCH2), 3.13 (d, 4H, J = 13.12 Hz,
CH2), 1.91 (m, 8H, CH2CH3), 1.07 (t, 6H, J = 7.42 Hz,

CH3), 0.93 (t, 6H, J = 7.40 Hz, CH3).
13C NMR (CDCl3) δ:

136.1, 135.2, 129.1, 125.7, 30.9, 23.3, 10.2. EI-MS: 642
([M]+).

Poly[(5,17-diisocyano-25,26,27,28-tetrahydroxy-
calix[4]arene) silver(I)] tetrafluoroborate (12)

A solution containing compound 11 (90 mg, 0.14 mmol)
in dry acetonitrile was added to an acetonitrile solution con-
taining AgBF4 (13 mg, 0.07 mmol). The solution was stirred
for 1 h at room temperature, and the solvent was evaporated.
Yield 100% (117.1 mg). IR (solid) (cm–1) ν(N�C): 2210,
ν(BF4): 1025. 1H NMR (CDCl3) δ: 7.27(d, 4H, Ph), 7.06 (t,
2H, Ph), 6.29 (s, 4H, Ph), 4.45 (d, 4H, CH2), 3.95 (t, 4H,
OCH2), 3.71 (t, 4H, OCH2), 3.22 (d, 4H, CH2), 1.90 (m, 8H,
CH2CH3), 1.11 (t, 6H, CH3), 0.87 (t, 6H, CH3). MALDI-
TOF-MS: see Table 1. Anal. calcd. for C42H46O4N2AgBF4:
C 60.23, H 5.54, N 3.34; found: C 59.31, H 5.76, N 3.34.

Poly(5,11,17,23-tetraisocyano-25,26,27,28-tetrahydroxy-
calix[4]arene) silver(I) tetrafluoroborate (14)

A solution containing compound 13 (137.6 mg,
0.198 mmol) in dry acetonitrile was added to an acetonitrile
solution containing AgBF4 (38.6 mg, 0.198 mmol). The so-
lution was stirred for 1 h at room temperature, and the sol-
vent was evaporated. The beige solid was filtered and
washed with dimethyl ether and dried in vaccuo. Yield 98%
(172.5 mg). IR (solid) (cm–1) ν(N�C): 2177, 2122, ν(BF4):
1030. 1H NMR (CD3CN) δ: 7.09 (s, 8H, Ph), 4.37 (d, 4H,
J = 13.3 Hz, CH2), 3.85 (t, 8H, J = 7.5 Hz, OCH2), 3.2 (d,
4H, J = 13.5 Hz, CH2), 1.89 (m, 8H, CH2CH3), 1.00 (t, 12H,
J = 7.5 Hz, CH3). MALDI-TOF-MS: see Table 2. Anal.
calcd. for C44H44O4N4AgBF4: C 59.54, H 5.00, N 6.31;
found: C 58.91, H 5.23, N 6.23.

Apparatus
The NMR spectra were acquired on a 300 MHz Bruker

instrument (1H, 300.15 MHz; 13C, 75.478 MHz). The chemi-
cal shifts (δ) are reported with respect to tetramethylsilane,
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Peaksa Relative intensity (±1%) Assignmentb Calculated values

For 12
1832 2 Ag3calix2(BF4)2 + 2CN 1834.85

1805 3 Ag3calix2(BF4)2 + CN 1808.85

1724 4 Ag2calix2(BF4)2 + 2CN 1726.98

1674 5 Ag2calix2(BF4)2 1674.98

1659 5 Ag3calix2 + 2CN 1661.25

1586 6 Ag2calix2(BF4) 1588.18

1525 4 Ag2calix2 + CN 1527.38

1519 9
1391 100 Agcalix2 1393.51

For 6
1725 5 Ag2calix2(BF4)2 + CN 1726.98

or Ag3calix2(BF4) + 2CN 1722.05

1711 8
1586 100 Ag2calix2(BF4) 1588.18

aPeaks of lower mass are not listed.
bcalix = ligands 11 and 5, respectively.

Table 1. Selected MALDI-TOF data for 6 and 12.
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TMS (1H, 13C), and were determined on the basis of residual
proton solvent resonances. The coupling constants are re-
ported in ppm. The FT-IR data were obtained on
PerkinElmer spectrometer Model 1600. The mass spectra
(EI) were mesured on a ZAB-1F instrument (VG model),
while the MALDI-TOF data were obtained at the Université
de Bourgogne from a Bruker proflex III linear mode spec-
trometer with a nitrogen laser (337 nm) with a dithranol ma-
trix. Elemental analysis were performed at the Université de
Montréal (Regional Services). The TGA analyses were per-
formed using a PerkinElmer TGA 7 apparatus operating be-
tween 50 and 700 °C scanning at the rate of 3 °C min–1

under N2 atmosphere. The thermal behaviour was analyzed
using a PerkinElmer 5A DSC7 apparatus, equipped with a
thermal control analyser 5B TAC 7/DS. The temperature
calibrations were done with water and metallic indium as
standards. The accuracy is ±0.1 °C and ±0.1%. The sample
weights ranged from 5 to 10 mg, and the scan rate was ad-
justed at 10° min–1. The X-ray powder diffraction patterns
were acquired on a Rigaku, U.S.A. Inc. apparatus equipped
with a copper source operating at 40 kV and 30 mA, in con-
tinuous standard, scans 2θ/θ-reflection of 1° min–1. The sam-
ple support was a standard aluminium support.

Computer modeling
The calculations were performed using the commercially

available program PC-model from Serena Software (version
7.0), which uses the MMX empirical model.

Results and discussion

The diisocyanide compounds
The complexes 6 and 12 have been synthesized in 5 steps

from the corresponding 5,11- (1) and 5,17-dibromo-
25,26,27,28-tetra-n-propoxycalix[4]arene (7) compounds with
overall yields of 34% and 30%, respectively (Schemes 1 and
2). The presence of n-propyl groups in the narrow-rim se-
cures the cone conformation of the macrocyle, as confirmed
by 1H NMR all along the syntheses. The incorporation of the
nitrogen atoms onto the para-position of the benzene rings
proceeds by a substitution of the bromide atoms by
phthalimides in modest yields, to generate 2 and 8. The re-
duction of the phthalimide groups with hydrazine, followed
by a condensation with formic acid, produces the corre-
sponding formamides 4 and 10 in good yields. The follow-

ing dehydration step using diphosgene leads to the desired
diisocyanide ligands. The ligands 5 and 11 (calix(NC)2)
have been fully characterized from 1H NMR, 13C NMR, and
IR spectroscopy, as well as mass spectrometry (EI).

The treatment of 5 and 11 with AgBF4 cleanly gives 6 and
12, respectively. The complexes exhibit strong and single
ν(N�C) absorptions at 2203 and 2210 cm–1, respectively, in
comparison with 2131 (5) and 2130 cm–1 (11) for their cor-
responding free ligands, confirming the coordination of the -
N�C groups. The 1:1 stoichiometry of Ag:calix(NC)2 is in-
dicated by the chemical analyses. The MALDI-TOF mass
data reveal the presence of polymers or oligomers of the
type {Ag(calix(NC)2)(BF4)}n in both cases (Table 1). A poly-
mer formed from a para-cyano-functionalized calix[4]arene
and Ag(I) has been reported before (see molecule 1) (9). The
fact that no IR band is associated with free ν(N�C) indicates
that the materials are either long polymers or cyclic oligo-
mers in the solid state. Attempts to increase the number of
diisocyanide calix[4]arene ligands about the silver(I) were
not successful, which contrasts with the {Ag(dmb)2+}n poly-
mers (7). In addition, attempts to obtain crystals suitable for
X-ray analysis for these thermally and light sensitive com-
pounds in solution also stubbornly failed, as slow decompo-
sition occurs with time. In addition, the XRD data indicate
that these polymeric and (or) oligomeric materials are amor-
phous in the solid state.

During the course of this study the physical properties of
6 and 12 in their solid state have been investigated. Both
compounds do not exhibit obvious thermal absorption (or
emission), such as a glass transition, melting, or decomposi-
tion between –20 and 90 °C, according to DSC findings.
This result contrasts that of the “rigid stick” {Ag(dmb)2

+}n
polymers, for which a glass transition phenomenon has been
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Peaksa Relative intensity (±1%) Assignmentb Calculated values

2020 6 Ag3calix2(BF4) + 2CN 2021.79
1970 4 Ag3calix2(BF4) 1969.79
1881 11 Ag3calix2(BF4)2 1882.99
1828 16 Ag2calix2(BF4)2 + 2CN 1827.11
1811 18
1778 14 Ag2calix2(BF4)2 1775.11
1686 69 Ag2calix2(BF4) 1688.31
1580 14 Ag2calix2(BF4) 1580.45
1492 100 Agcalix2 1493.65

aPeaks of lower mass are not listed.
bcalix = ligand 13.

Table 2. Selected MALDI-TOF data for 14.
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attributed to the motion of the counterions in the solid (10).
This result can be explained by the fact that the counterions
cannot interact with the saturated and well-encapsulated
Ag(I) ions in {Ag(dmb)2

+}n but can with the unsaturated

ones in 6 and 12. This hypothesis is supported by the fact
that counteranions generally interact with dicoordinated
Ag(I) cations — strongly enough to induce significant devi-
ations in CAgC angles (11). One example is the X-ray struc-
ture for the related Ag(2,4,6-t-Bu3C6H2NC)2(PF6) complex
(molecule 2), which exhibits a bent structure where the
CAgC, NCAg, and CNC angles are 156.1(6), 174.4(16), and
176.6(14)°, respectively (11a).

Both compounds 6 and 12 exhibit similar TGA traces
(Fig. 1). Between 20 and 90 °C, no significant weight loss is
noticed, consistent with the DSC data, but two to three
barely noticeable plateaux are observed above 100 °C, up to
200 °C. The relative high sensitivity to heat is consistent
with the unsaturated nature of the very reactive Ag(I) centre.
At 350 °C, the remaining ~45–50% of materials indicates
that there are still organic materials in the residues. Both
complexes are found to be non-luminescent at room temper-
ature, both in solution and in the solid state.

To understand why 6 and 12 form oligomers or polymers,
the model dimer compounds (6)2 and (12)2 (i.e., the smallest
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Scheme 1.
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possible cyclic oligomers) were examined using computer
modelling (MMX). The testing of the method was per-
formed on ligand 13, for which X-ray data are available (6).
This exercise allows one to compare non-bonding distances,
which are sensitive parameters that best describe the cavity
size, and gives an estimate as to what the deviations between
a computed structure and reality might be. The comparison
provided in Table 3 is found to be acceptable where the ex-
pected pinched cone structure is computed and where the se-
lected non-bonded distances are only slightly overestimated.
The greatest difference is found for the longest NC···CN
separation; an unavoidable fact, taking into account that the
orientation of the propyl chains (lever effect) and crystal
packing influence this distance. Finally, the comparison of
the bond lengths are also found to be acceptable.

The computed structures for the model dimers (6)2 and
(12)2 are shown in Fig. 2, and selected calculated data are
summarized in Table 2. Both models exhibit large
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Scheme 2.

Fig. 1. TGA trace of 12. Scan rate = 3 °C min–1. A small drift
in the baseline is noted in the high temperature region.
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macrocycles, for which some deviation from the ideal 180°
angles are depicted (Table 2). Dimer (6)2 shows the largest
deviation, where a ring stress is evident. Dimer (12)2 shows
a smaller macrocycle opening, for which the computed
Ag···Ag distance is 3.38 Å, practically at the sum of the van
der Waals radii (2 × 1.70 Å) (12). This anticipated shorter

distance is due to the naturally occurring pinched cone struc-
ture of the calix[4]arene ligand. The greater ring stress in
(6)2 (compared with (12)2) is also felt in the greater com-
puted C—N, N—C, and C—Ag bond lengths as well. If the
Ag···Ag interactions do occur, then the UV–vis spectra
should exhibit a strong absorption band at 250–260 nm (ε >
10 000 L mol–1 cm–1) associated with the well-known
dσ*–pσ transition (13). However, this band is absent from
the spectra, as 6 and 12 exhibit spectra that are identical to
that of the free ligands. When computations are performed
on non-cyclic oligomers (2, 3, and 4 units for examples),
these angles become equal to 180°, indicating the absence of
stress. These results strongly suggest that ligands 5 and 11
favour the polymer structure, and they corroborate the
MALDI-TOF findings.

The tetraisocyanide complex 14
The 1:1 stoichiometric reaction between 13 and AgBF4

provides compound 14 in a quasi-quantitative yield
(Scheme 3). In comparison with compounds 6 and 12, 14
does not darken with light and proves to be significantly
more thermally stable in the solid state and in solution.

From experience with isocyanide complexes of Ag(I),
dicoordinated Ag(I) compounds are found to be less stable
than the tetracoordinated ones (10, 11b, 14, 15). Moreover,

© 2003 NRC Canada

1252 Can. J. Chem. Vol. 81, 2003

Computed (Å) X-ray (Å)a ∆ (Å)

Face-to-face
C···C 3.670 3.461 0.209 (6.0%)
N···N 4.041 3.785 0.256 (6.8%)
CBz···CBz 4.493 4.218 0.275 (6.5%)
O···O 6.386 5.676

Furthest
C···C 16.003 13.996 2.007 (14.3%)
O···O 3.679 3.544

aFrom ref. 6.

Table 3. Comparison between selected calculated and experimen-
tal non-bonding distances for ligand 13.

Scheme 3.

Fig. 2. Comparison of the computed model dimers (6)2 and
(12)2, stressing the presence of ring stress. Numerous conforma-
tions are possible for (6)2. They exhibit the same structural fea-
tures as discussed in the text. Only one conformer is shown.

Fig. 3. Comparison of the solid state FT-IR spectra of 13 (____)
and 14 (······) in the ν(N�C) region. Resolution: 1 cm–1. No
deconvolution is applied.
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14 is significantly more insoluble in common solvents than
compounds 6 and 12, which helps the purification process
but, again, prevents one from getting crystals suitable for X-
ray analysis. Nonetheless, a polymer and (or) oligomer
structure is strongly suspected on the basis of the known
structure of the related polymer 5,11,17,23-tetracyano-
25,26,27,28-tetra-n-benzoxycalix[4]arene hexafluorophosphate
(see molecule 3) (16). Because of its low solubility, the mo-
lecular weight for 14 cannot be measured using conventional
techniques for polymers. However, the solid state IR spec-
trum (Fig. 3) indicates the presence of absorptions due to
free end-of-chain isocyanide groups at 2122 cm–1 and
complexed ones at 2177 cm–1. The relative intensity of this
band suggests that the ratio of the number of complexed -
NC vs. free -NC is not very large and that 14 must be an
oligomer. Because the absorptivity of the ν(NC) bands are
not known, only an estimate of the number of units can be
deduced. The relative area under these peaks is about 5:1
(complexed:free). Assuming that the structure found in mol-
ecule 3 is applicable, then 14 would be a trimer (C2v point
group). This formulation is not inconsistent with the
MALDI-TOF data (Table 4). The rather small number of
units may be driven by the low solubility. In addition, it is
possible that other Ag(I) ion interactions with the benzene
rings exist, somewhat similar to that reported by Puddephatt
and collaborators (17) for unfunctionalized calix[4]arenes,
but the chemical analysis indicates a 1:1 ratio

(calix[4]arene:Ag(I)). This possibility is unlikely in this
case.

The TGA trace for 14 also exhibits a cascade weight loss
pattern, where three decomposition events are obvious be-
tween 300 and 700 °C (Fig. 4). The temperatures of these
weight losses contrast greatly with 6 and 12, for which most
of the losses occur before 300 °C. The third event spreads
from approximately 400 to 700 °C, a large temperature
range that is normally associated with the presence of a
polymer and (or) oligomer. Similarly to 6 and 12, the resi-
due must still contain organic materials at 700 °C, as the ex-
pected amount of Ag metal is only 22%.

The DSC trace recorded between –20 and 100 °C
reproducibly exhibits a heat absorption associated with a
second-order phase transition (i.e., glass transition, Tg =
56 °C, and ∆Cp = 0.08 J °–1 g–1). Because of the rigidity of
the suspected structure (molecule 3), ionic mobility may be
responsible for this thermal behaviour. A similar behaviour
was reported for the “rigid sticks” [Ag(dmb)2

+]n polymers,
where the counter anions were BF4

–, PF6
–, ClO4

–, NO3
–, and

TCNQ– (10).

Conclusion

Ligands 5, 11, and 13 favour the formation of polymer
structures, and much remains to be explored. Because of the
relative rigidity, well-defined 1D materials are anticipated
for some transition metals such as Cu(I). Ligand 13 is partic-
ularly interesting in that respect, if it can be rendered more
soluble with appropriate groups in the narrow-rim. The
greater thermal and light stability for 14 is also encouraging
for the design of new materials with potential applications.
Further research is in progress.
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Chiral silicon-bridged 2-(N,N-dialkylamino)ethyl-
substituted indenes as potential precursors for
ansa-zirconocenes1

Timo Hagemeister, Peter Jutzi, Anja Stammler, and Hans-Georg Stammler

Abstract: Chiral amino-functionalized silicon-bridged indene derivatives 4a–4c were synthesized from 3-(2-(N,N-
dialkylamino)ethyl)indenes 2a–2c. The C-Si coupling reactions are regioselective, leading exclusively to the formation
of 1,3-disubstituted isomers in a rac/meso ratio of 1:1, as indicated by NMR spectroscopy. The solid-state structure of
the dimethylsilyl-bridged bisindene (R,R)-4a is described. The formation of corresponding ansa-zirconocenes via amine
elimination chemistry was monitored by 1H NMR spectroscopy.

Key words: amino-functionalized indenes, silicon-bridged, ansa-metallocenes, chirality, regioselectivity, amine elimina-
tion chemistry.

Résumé : Utilisant les 3-(2(N,N-dialkylamino)éthyl)indènes 2a–2c comme produits de départ, on a réalisé la synthèse
des dérivés chiraux de l’indène à pont de silicium et portant une fonction amine 4a–4c. Les réactions de couplage C-Si
sont régiosélectives et elles conduisent exclusivement à la formation d’isomères 1,3-disubstitués qui, d’après la spec-
troscopie RMN, sont dans un rapport rac/méso égal à l’unité. On a déterminé la structure en phase solide du bisindène
(R,R)-4a à pont diméthylsilyle. La formation des ansa-zirconocènes correspondants par le biais de la chimie
d’élimination d’amine a été suivie par spectroscopie RMN du 1H.

Mots clés : indène portant une fonction amine, pont de silicium, ansa-métallocènes, chiralité, régiosélectivité, chimie
d’élimination d’amine.
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Introduction

Donor-functionalized cyclopentadienes have recently at-
tracted considerable attention as starting materials for the
synthesis of corresponding complexes with elements from
the s-, p-, d-, and f-blocks (1). In contrast, only a few exam-
ples of donor-functionalized indenes are known (2). Such
compounds are promising substrates for the synthesis of
chiral ansa-metallocenes.

Concerning ansa-metallocenes of group IV metals, poten-
tial applications include a wide variety of synthetic transfor-
mations, for instance olefin hydrogenation (3), epoxidation
(4) and isomerization (5), allylation of aldehydes (6), ketone
reduction (7), catalysis of Diels–Alder reactions (8), and
dehydrogenative phenylsilane oligomerization (9).

In addition, transition metal complexes with pendant amino
groups have been shown to provide special characteristics as

precatalysts in olefin polymerization reactions. The option to
heterogenize homogenous precatalysts due to interaction of
the amino groups with Lewis or Broensted acidic surfaces is
given (10). Furthermore, quaternization of the amino groups
leads to a dramatically increased solubility in polar solvents
and can enable the recycling of precatalysts by simple ex-
traction procedures (11). Some recently described switchable
catalyst systems exhibit a temperature-controlled allosteric
effect, based on a reversible coordination of the cocatalyst
MAO by the pendant donor function. As a consequence, ei-
ther high- or low-molecular weight polymer products be-
come accessable by employing an amino-substituted
precatalyst (12).

Here we report on the regioselective preparation and on
structural properties of chiral, silicon-bridged indene deriva-
tives, which are substituted at the indene moiety by a di-
alkylaminoethyl group. New ansa-zirconocenes bearing such
indenyl ligands are shown to be accessable via an amine
elimination reaction.

Results and discussion

The 3-(2-(N,N-dialkylamino)ethyl)indenes (2a–2c), which
were first described in 1967 but have been characterized
only incompletely (13), served as starting compounds. Their
synthesis was carried out according to a procedure intro-
duced by Wang et al. and modified by Jutzi and Bangel for
the preparation of the analogous cyclopentadienes
(Scheme 1) (14).
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Reaction of the (2-chloroethyl)dialkylamines (1a–1c) with
indenyl sodium in THF yielded the (dialkylaminoethyl)in-
denes 2a, 2b, and 2c as colourless, distillable, and viscous
liquids in analytical purity. The 1H NMR data gave clear evi-
dence that substitution exclusively occurred in position 3.
This correlates with earlier observations (15) that the
regioselectivity of coupling reactions is solvent-dependent.
Reactions with electrophiles in nonpolar solvents predomi-
nantly take place at C(1), and in more polar media such as
THF, mainly at C(3).

The compounds 2a–2c were converted almost quantita-
tively into the intensively coloured potassium (dialkylamino-
ethyl)indenides 3a–3c by reaction with KH in THF.
Subsequent C—Si bond formation was achieved by metathe-
sis of the salts with a slight excess of dimethyldichlorosilane
(Scheme 1). After conventional work-up, the resulting chiral
1,3-bis(indenyl)dimethylsilanes 4a–4c were obtained as
pure, viscous orange-brown oils in 60–70% yields. The new
compounds were characterized by 1H, 13C, and 29Si NMR
spectroscopy, mass spectrometry, as well as elemental analy-
sis. They turned out to be remarkably air- and moisture sta-
ble; for instance stirring in water for 18 h did not lead to
decomposition.

The 1H NMR data of 4a–4c indicated the regioselective
introduction of the silicon-bridge under retention of the dou-
ble bond position. The 1,3-substitution pattern was proved

by the observed AB spin-system leading to two doublets
with equal intensities and 3J (HA, HB) = 1.1 Hz. The pres-
ence of the double bond between C(2) and C(3) was most
clearly demonstrated by 13C NMR data. With δC(2) = 129.9–
130.2 ppm and δC(3) = 145.2–146.1 ppm, the resonances for
these carbon atoms remained almost unshifted relative to the
parent compounds 2a–2c.

The compounds 4a–4c possess two asymmetric centres at
C(1) and C(1′). Therefore, three stereoisomers are conceiv-
able: the (R,R)- and the (S,S)-enantiomers forming a race-
mate and a meso compound (Scheme 2).

The NMR data were consistent with the presence of the
three possible stereoisomers. The rac/meso ratio of 1:1 was
most easily determined from 1H NMR integrals of the
cleanly separated signals for the silicon bridge protons
(Fig. 1 for 4a). In the meso compound, one methyl group
(MeH) was located between the annellated benzene rings,
causing a proton resonance shifted to higher field. The other
methyl group (MeD) lies distant from the C6-perimeters,
which resulted in a downfield shifted signal of equal inten-
sity. In the racemic compounds the bridge protons are equiv-
alent. This led to an averaged signal with doubled intensity
(Fig. 1).

In accordance with earlier investigations (16), two inde-
pendent signal sets were found for all other proton and car-
bon resonances, which can be assigned to the rac and meso
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Scheme 1.
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isomers. As expected, the 29Si NMR data of 4a–4c also ex-
hibited two resonances each.

In addition to NMR spectroscopy and elemental analysis,
the compounds 4a–4c were characterized by mass spectrom-
etry. Electron impact MS data showed the appearance of
each [CH2NR2]

+ fragment with intensities of 100%. These
fragments are typical of moieties containing (β-N,N-
dialkylaminoethyl) substituents (17).

So far, no solid-state structure of a dimethylsilyl-bridged
bisindene has been cited in the literature. Thus, the
dimethylamino-substituted derivative 4a was characterized
by single crystal X-ray diffraction studies; crystallographic

data are presented in Table 1, selected bond lengths and
bond angles are listed in Table 2.

The analysis confirmed the assumptions based on NMR
investigations; all bond lengths and angles were in the
expected range. The solid-state structure of the (R,R)-
enantiomer of 4a is illustrated in Fig. 2.3

In a preliminary experiment the bridged bisindene
rac/meso-4b was employed for the synthesis of correspond-
ing group IV metal complexes. The reaction of 4b with
Zr(NMe2)4 was carried out in n-octane at 126 °C under a
continuous argon stream. In regular intervals of 2 h, the re-
action atmosphere was removed under reduced pressure and
replaced with fresh argon. After a total reaction time of 8 h
and complete removal of the volatiles in vacuo, a mixture of
the chiral zirconocene bis(amide) rac-6, of its achiral
diastereomer meso-6, and of the corresponding half-
sandwich complexes 5 was obtained as a highly air- and
moisture-sensitive red oil (Scheme 3). The formation of the
new ansa-metallocenes was monitored by 1H NMR spectros-
copy.

From 1H NMR integrals of the cleanly separated signals
for the Zr(NMe2)2 groups, the overall NMR yield of rac-6
and meso-6 was determined as 40% with a rac/meso ratio of
4:1. This demonstrates the predominant formation of the de-
sired racemic isomer, which in comparable situations is gen-
erally observed under the chosen reaction conditions (18).

In detail, after a reaction time of 4 h, the resonances of the
free ligand rac/meso-4b almost disappeared due to the for-
mation of the half-sandwich complex 5 in its two
diastereomeric forms; unfortunately, their signals were par-
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Scheme 2.

Fig. 1. Part of the 1H NMR spectrum (C6D6, TMSint) of
rac/meso-4a (resonances of the Si-CH3-protons).

3 Supplementary data may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www/nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
190217 contains the crystallographic data for this manuscript. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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tially overlapped and obscured. A prolonged reaction time
accompanied by periodical exchange of the reaction atmo-
sphere led to the appearance of new signal multiplicities

caused by the rac and meso isomer of 6. Whereas the char-
acteristic Zr(NMe2)2 groups exhibited only one singlet at δ =
2.39 ppm for rac-6, they showed two resonances at δ = 1.73
and 3.00 ppm for meso-6 because of the prochirality of these
moieties; an identical signal pattern was observed for the sil-
icon bridge protons of these complexes.

Based on the 1H NMR data, an intra- or intermolecular
coordination of the metal centers by the pendent
dimethylamino groups can be excluded, although rac-6 and
meso-6 are formally 16-VE-complexes. This result is sup-
ported by earlier studies, which have proved a partial double
bond character for the M-amido bonds in comparable group
IV metallocenes (19). As a consequence of this N → M π-
donation, an additional coordination of the metal centers by
the pendant donor functionalities should not be observed in
the neutral complexes.

It is noteworthy that more drastic reaction conditions are
required for the formation of the amino-functionalized ansa-
zirconocenes than for the synthesis of the nonfunctionalized
complexes (18). Thus, substantially higher reaction tempera-
tures and the removal of the evolved amine are necessary to
enrich the ansa-metallocenes rac-6 and meso-6 in the com-
plex equilibrium mixture.

Summary

In this paper we have described the synthesis of novel
chiral silicon-bridged indene derivatives which are selec-
tively substituted in position 3 by a 2-(N,N-dialkyl-
amino)ethyl group. The employed strategy yields the air-
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Empirical formula C28H38N2Si

Formular weight 430.69
Colour Colourless plates
Crystal size (mm) 0.30 × 0.23 × 0.10
Crystal system, space group Triclinic P–1
Temperature (K) 100(2)
Wavelength (Å) 0.71073
Unit cell dimensions

a (Å) 10.9650(2)
b (Å) 11.7740(3)
c (Å) 11.8160(3)
α (°) 92.9690(11)
β (°) 107.2550(11)
γ (°) 115.5181(11)

Volume (Å3) 1285.84(5)
Z; calculated density (g/cm3) 2; 1.112
Absorption coefficient (mm–1) 0.108
θ Range (°) 3–30
Index ranges –15 ≤ h ≤ 13, –15 ≤ k ≤ 16, –15 ≤ l ≤ 16
No. reflections collected / unique 37 432 / 7450 (R(int) = 0.0168)
No. of data / restraints / parameters 7450 / 0 / 432
Abs. correction Multiscan
Goodness-of-fit on F2 1.008
Final R indices (I > 2σ(I)) R1 = 0.0432, wR2 = 0.0997 (5574)

R indices (all data) R1 = 0.0674, wR2 = 0.1123

Largest difference peak andhole (e Å–3) 0.320 and –0.216
Diffractometer used Nonius Kappa CCD
Refinement method Full-matrix least-squares on F2

Table 1. Crystal data and structure refinement for (R,R)-4a.

Bond lengths (Å)
Si(1)—C(1) 1.8982(13)
C(1)—C(2) 1.5011(18)
C(1)—C(9) 1.5069(17)
C(2)—C(7) 1.4099(17)
C(7)—C(8) 1.4697(17)
C(8)—C(9) 1.3474(18)
Si(1)—C(14) 1.9046(13)
C(14)—C(15) 1.5006(17)
C(14)—C(22) 1.5016(17)
C(15)—C(20) 1.4122(17)
C(20)—C(21) 1.4652(18)
C(21)—C(22) 1.3509(18)
Bond angles (°)
C(1)-Si(1)-C(27) 109.11(6)
C(1)-C(9)-C(8) 111.74(11)
C(2)-C(1)-C(9) 102.15(10)
C(7)-C(8)-C(9) 108.54(11)
C(14)-Si(1)-C(28) 108.53(6)
C(14)-C(22)-C(21) 111.73(11)
C(15)-C(14)-C(22) 102.32(10)
C(20)-C(21)-C(22) 108.25(11)

Table 2. Selected bond lengths (Å) and
bond angles (°) for (R,R)-4a.
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and moisture-stable functionalized bisindenes in analytical
purity without further extensive purification steps. The first
solid-state structure of a dimethylsilyl-bridged bisindene has
been presented. The diethylamino-functionalized derivative
was shown to be a useful precursor for the synthesis of new
ansa-zirconocenes via an amine elimination reaction. The
extension of this approach to the preparation and isolation of
other ansa-metallocenes containing the novel ligands will be
described in subsequent contributions.

Experimental

All reactions were performed under purified Ar atmo-
sphere using standard Schlenk techniques. The commercially
available solvents were purified by conventional means and
distilled immediately prior to use. Indenyl sodium (14) and

Zr(NMe2)4 (18) were synthesized according to the literature.
Yields refer to analytically pure samples. Isomer ratios were
determined from suitable 1H NMR integrals of cleanly sepa-
rated signals. Elemental analyses were carried out at the
Microanalytical Laboratory of the Universität Bielefeld. The
NMR spectra were recorded on a Bruker Avance DRX 500
spectrometer at 300 K (1H, 500.1 MHz; 13C, 125.8 MHz;
29Si, 99.4 MHz). Chemical shifts are referenced to the sol-
vent as internal standard and are reported in ppm.

3-(2-(N,N-Dimethylamino)ethyl)indene (2a)

Typical procedure
(2-Chloroethyl)dimethylamine (1a) (42.50 g, 395.0 mmol)

was generated via a solid-phase reaction of (2-
chloroethyl)dimethylamine hydrochloride and powdered so-
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Scheme 3.

Fig. 2. Molecular structure of (R,R)-4a (ORTEP diagram; 50% probability ellipsoids). Hydrogen atoms have been omitted for clarity
except for H(1) and H(14).
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dium hydroxide (1:2 molar ratio) followed by a vacuum dis-
tillation using a liquid N2 cooled trap (14). At 0 °C, the
solution of (2-chloroethyl)dimethylamine in THF (80 mL)
was added dropwise to a suspension of indenyl sodium
(55.3 g, 400.0 mmol) in THF (200 mL). Stirring overnight at
room temperature (r.t.) and subsequent refluxing for 2 h
gave a green reaction mixture. The volatile components
were evaporated and the residue was hydrolyzed with cooled
H2O (400 mL). After extraction of the resulting maroon so-
lution with petrol ether (bp 35/80) (4 × 125 mL), the com-
bined organic phases were washed with H2O (3 × 300 mL)
and dried (Na2SO4). The solvent was removed in vacuo and
the crude product was distilled to give 2a as a colourless,
slightly viscous liquid (25.16 g, 134.3 mmol, 34%), bp
77 °C (0.5 mbar). 1H NMR (CDCl3) δ: 2.37 (s, 6H, N-CH3),
2.67 (t, 2H, 3JH,H = 7.7 Hz, N-CH2-CH2-), 2.79 (t, 2H,
3JH,H = 7.7 Hz, N-CH2-CH2-), 3.35 (d, 2H, 3JH,H = 1.5 Hz,
allyl-H), 6.27 (t, 1H, 3JH,H = 1.5 Hz, vinyl-H), 7.24 (pseudo
t, 1H, 3JH,H = 7.5 Hz, H5), 7.34 (pseudo t, 1H, 3JH,H =
7.5 Hz, H6), 7.42 (d, 1H, 3JH,H = 7.5 Hz, H4), 7.48 (d, 1H,
3JH,H = 7.5 Hz, H7). 13C NMR (CDCl3) δ: 26.0 (N-CH2-
CH2-), 37.6 (C1), 45.3 (N-CH3), 58.2 (N-CH2-CH2-), 118.6
(C4), 123.4 (C7), 124.3 (C6), 125.8 (C5), 128.1 (C2), 142.2
(C8), 144.1 (C9), 145.1 (C3). MS (EI, 70 eV) m/z (%):
187(1) [M+], 129(4) [IndCH2

+], 115(6) [Ind+], 58(100)
[Me2NCH2

+]. Anal. calcd. for C13H17N (187.30): C 83.37, H
9.15, N 7.48; found: C 83.40, H 9.44, N 7.05.

3-(2-(N,N-Diethylamino)ethyl)indene (2b)
In the same manner as described above, 2b was obtained

by reaction of (2-chloroethyl)diethylamine (1b) (62.4 g,
460 mmol) with indenyl sodium (64.9 g, 470 mmol) in 59%
yield, bp 87 °C (0.5 mbar). 1H NMR (CDCl3) δ: 1.09 (t, 6H,
3JH,H = 7.2 Hz, N-CH2-CH3), 2.64 (q, 4H, 3JH,H = 7.2 Hz, N-
CH2-CH3), 2.74 (t, 2H, 3JH,H = 7.4 Hz, N-CH2-CH2-), 2.81
(t, 2H, 3JH,H = 7.4 Hz, N-CH2-CH2-), 3.33 (b, 2H, H1), 6.24
(b, 1H, H2), 7.20 (pseudo t, 1H, 3JH,H = 7.4 Hz, H5), 7.30
(pseudo t, 1H, 3JH,H = 7.4 Hz, H6), 7.39 (d, 1H, 3JH,H =
7.4 Hz, H4), 7.45 (d, 1H, 3JH,H = 7.4 Hz, H7). 13C NMR
(CDCl3) δ: 11.6 (N-CH2-CH3), 25.0 (N-CH2-CH2-), 37.3
(C1), 45.3 (N-CH2-CH3), 51.2 (N-CH2-CH2-), 118.4 (C4),
123.3 (C7), 124.1 (C6), 125.6 (C5), 127.7 (C2), 142.4 (C8),
143.8 (C9), 145.0 (C3). MS (EI, 70 eV) m/z (%): 215(1)
[M+], 143(10) [IndCH2CH2

+], 115(6) [Ind+], 86(100)
[Et2NCH2

+]. Anal. calcd. for C15H21N (215.34): C 83.67, H
9.83, N 6.50; found: C 83.54, H 9.90, N 6.44.

3-(2-(N,N-Diisopropylamino)ethyl)indene (2c)
Compound 2c was prepared according to the procedures

described for 2a and 2b from (2-chloroethyl)diisopropyl-
amine (1c) (79.6 g, 486 mmol) and indenyl sodium (67.7 g,
490 mmol) in 62% yield, bp 110 °C (0.5 mbar). 1H NMR
(CDCl3) δ: 1.09 (d, 12H, 3JH,H = 6.6 Hz, N-CH-(CH3)2), 2.71
(t, 2H, 3JH,H = 6.5 Hz, N-CH2-CH2-), 2.77 (t, 2H,3JH,H =
6.5 Hz, N-CH2-CH2-), 3.12 (sept, 2H, 3JH,H = 6.6 Hz, N-CH-
(CH3)2), 3.35 (b, 2H, H1), 6.26 (b, 1H, H2), 7.22 (pseudo t,
1H, 3JH,H = 7.5 Hz, H5), 7.33 (pseudo t, 1H, 3JH,H = 7.5 Hz,
H6), 7.41 (d, 1H, 3JH,H = 7.5 Hz, H4), 7.48 (d, 1H, 3JH,H =
7.5 Hz, H7). 13C NMR (CDCl3) δ: 20.8 (N-CH-(CH3)2), 30.7
(N-CH2-CH2-), 37.8 (C1), 44.7 (N-CH2-CH2-), 48.9 (N-CH-
(CH3)2), 118.9 (C4), 123.7 (C7), 124.4 (C6), 126.0 (C5),

128.0 (C2), 143.2 (C8), 144.3 (C9), 145.6 (C3). MS (EI,
70 eV) m/z (%): 243(1) [M+], 228(2) [M+ – CH3], 115(14)
[Ind+], 114(100) [i-Pr2NCH2

+]. Anal. calcd. for C17H25N
(243.40):C 83.89, H 10.35, N 5.75; found: C 83.63, H 10.39,
N 5.78.

Potassium [1-(2-(N,N-dialkylamino)ethyl)indenide] salts
(3a–3c)

General procedure
The solutions of the 3-(2-dialkylaminoethyl)indenes 2a–

2c (50 mmol) in 20 mL THF were added slowly to a suspen-
sion of potassium hydride (2.01 g, 50.1 mmol) in THF
(60 mL) at –40 °C. The reaction mixtures were allowed to
warm up to r.t. and stirred for 18 h. The solvent was re-
moved in vacuo and the residues washed with n-hexane (2 ×
50 mL). After removal of the solvent, the potassium salts
were obtained as green (3a) (49.1 mmol, 98%), yellow (3b)
(40.6 mmol, 81%), or brown (3c) (46.1 mmol, 92%) solids.

(3a)
1H NMR ([D]8 THF) δ: 1.89 (s, 6H, N-CH3), 2.35 (t, 2H,

3JH,H = 6.3 Hz, N-CH2-CH2-), 2.77 (t, 2H, 3JH,H = 6.3 Hz, N-
CH2-CH2-), 5.56 (d, 1H, 3JH,H = 3.2 Hz, H2), 6.06 (d, 1H,
3JH,H = 3.2 Hz, H1), 6.27–6.31 (m, 2H, H4, H7), 7.05–7.12
(m, 2H, H5, H6). 13C NMR ([D]8 THF) δ: 26.9 (N-CH2-CH2-),
45.2 (N-CH3), 62.9 (N-CH2-CH2-), 91.4 (C2), 104.9 (C1),
112.9 (C7), 113.6 (C4), 116.8 (C6), 117.5 (C5), 119.4 (C3),
126.0 (C8), 128.9 (C9).

(3b)
1H NMR ([D]8 THF) δ: 0.93 (t, 6H, 3JH,H = 7.2 Hz, N-

CH2-CH3), 2.50 (q, 4H, 3JH,H = 7.2 Hz, N-CH2-CH3), 2.62
(t, 2H, 3JH,H = 7.1 Hz, N-CH2-CH2-), 2.84 (t, 2H, 3JH,H =
7.1 Hz, N-CH2-CH2-), 5.61 (d, 1H, 3JH,H = 3.3 Hz, H2), 6.16
(d, 1H, 3JH,H = 3.3 Hz, H1), 6.33–6.35 (m, 2H, H4, H7),
7.12 –7.15 (m, 2H, H5, H6). 13C NMR ([D]8 THF) δ: 11.5
(N-CH2-CH3), 26.5 (N-CH2-CH2-), 46.6 (N-CH2-CH3), 56.0
(N-CH2-CH2-), 91.5 (C2), 105.1 (C1), 112.8 (C7), 113.2
(C4), 116.8 (C6), 117.6 (C5), 119.5 (C3), 126.3 (C8), 128.9
(C9).

(3c)
1H NMR ([D]8 THF) δ: 1.13 (d, 12H, 3JH,H = 6.6 Hz, N-

CH-(CH3)2), 2.59 (t, 2H, 3JH,H = 8.5 Hz, N-CH2-CH2-), 2.82
(t, 2H,3JH,H = 8.5 Hz, N-CH2-CH2-), 3.17 (sept, 2H, 3JH,H =
6.6 Hz, N-CH-(CH3)2), 5.64 (d, 1H, 3JH,H = 3.3 Hz, H2),
6.29 (d, 1H, 3JH,H = 3.3 Hz, H1), 6.32–6.36 (m, 2H, H4,
H7), 7.13 (dd, 1H, 3JH5,H4 = 3.8 Hz, 3JH5,H6 = 2.5 Hz, H5),
7.19 (dd, 1H, 3JH6,H7 = 3.8 Hz, 3JH6,H5 = 2.5 Hz, H6). 13C
NMR ([D]8 THF) δ: 21.7 (N-CH-(CH3)2), 32.4 (N-CH2-CH2-),
49.3 (N-CH2-CH2-), 49.5 (N-CH-(CH3)2), 91.2 (C2), 105.9
(C1), 112.4 (C7), 113.0 (C4), 117.0 (C6), 117.9 (C5), 118.9
(C3), 126.6 (C8), 128.9 (C9).

rac/meso-[Bis(3,3′-(2-(N,N-
dimethylamino)ethyl)indenyl)]dimethylsilane (4a)

Typical procedure
Potassium [1-(2-(N,N-dimethylamino)ethyl)indenide] (3a)

(5.00 g, 22.2 mmol) was dissolved in THF (35mL) and
cooled to –40 °C. After dropwise addition of dimethyl-
chlorosilane (1.15 g, 8.91 mmol) in THF (25 mL), the ma-
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roon mixture was allowed to warm to r.t. Stirring was
continued for 18 h and subsequent removal of the solvent
gave a residue that was extracted with n-hexane (70 mL).
After filtration the solvent was again removed in vacuo
yielding a rac/meso mixture of 4a as an orange-red oil
(2.57 g, 5.97 mmol, 67%). Crystals of the (R,R)-enantiomer
suitable for X-ray structure analysis were obtained by stor-
age at 4 °C for 6 weeks. 1H NMR (C6D6) δ: –0.52, –0.32,
–0.07 (3 × s, 6H, Si-CH3), 2.16, 2.18 (2 × s, 12H, N-CH3),
2.51–2.83 (m, 8H, N-CH2-CH2-), 3.47 (b, 2H, H1), 6.08,
6.29 (2 × b, 2H, H2), 7.17–7.49 (m, 8H, H5, H6, H4, H7).
13C NMR (C6D6) δ: –7.0, –5.9, –4.5 (Si-CH3), 26.6, 26.8 (N-
CH2-CH2-), 43.8, 43.9 (C1), 45.5, 45.5 (N-CH3), 59.2, 59.3
(N-CH2-CH2-), 119.6, 119.6 (C4), 123.4, 123.4, 124.3,
124.3, 125.3, 125.3 (C7, C6, C5), 130.2, 130.2 (C2), 140.6,
140.8 (C8), 145.1, 145.2 (C9), 145.9, 146.0 (C3). 29Si NMR
(C6D6) δ: 5.5, 6.0. MS (EI, 70 eV) m/z (%): 430(4) [M+],
372(8) [M+ – Me2NCH2], 58(100) [Me2NCH2

+]. Anal. calcd.
for C28H38N2Si (430.72): C 78.08, H 8.89, N 6.50; found: C
78.21, H 9.17, N 6.33.

rac/meso-[Bis(3,3′-(2-(N,N-diethylamino)ethyl)indenyl)]di-
methylsilane (4b)

According to the procedure described above, 4b was pre-
pared by reaction of potassium [1-(2-(N,N-diethyl-
amino)ethyl)indenide] (3b) (5.63 g, 22.2 mmol) with
Me2SiCl2 (1.15 g, 8.91 mmol). The oily orange-brown prod-
uct was obtained as a mixture of both diastereomers (2.67 g,
5.48 mmol, 62%). 1H NMR (C6D6) δ: –0.50, –0.32, –0.06
(3 × s, 6H, Si-CH3), 0.99–1.03 (m, 12H, N-CH2-CH3), 2.49–
2.54 (m, 8H, N-CH2-CH3), 2.71–2.84 (m, 8H, N-CH2-CH2-),
3.48, 3.50 (2 × d, 2H, 3JH,H = 1.1 Hz, H1), 6.09, 6.32 (2 × d,
2H, 3JH,H = 1.1 Hz, H2), 7.17–7.53 (m, 8H, H5, H6, H4,
H7). 13C NMR (C6D6) δ: –6.9, –5.9, –4.5 (Si-CH3), 12.6,
12.6 (N-CH2-CH3), 26.3, 26.4 (N-CH2-CH2-), 43.8, 43.9
(C1), 47.3, 47.3 (N-CH2-CH3), 52.8, 53.0 (N-CH2-CH2-),
119.6, 119.6 (C4), 123.4, 123.5, 124.3, 124.4, 125.3, 125.3
(C7, C6, C5), 130.1, 130.2 (C2), 141.0, 141.2 (C8), 145.2,
145.3 (C9), 146.0, 146.0 (C3). 29Si NMR (C6D6) δ: 5.3, 5.7.
MS (EI, 70 eV) m/z (%): 486 (3) [M+], 400 (10) [M+ –
Et2NCH2], 86 (100) [Et2NCH2

+]. Anal. calcd. for
C32H46N2Si (486.83): C 78.95, H 9.52, N 5.75; found: C
78.44, H 9.76, N 5.75.

rac/meso-[Bis(3,3′-(2-(N,N-diisopropylamino)ethyl)in-
denyl)]dimethylsilane (4c)

The rac/meso mixture of 4c was prepared in the same
manner as described above from potassium [1-(2-(N,N-
diisopropylamino)ethyl)indenide] (3c) (6.25 g, 22.2 mmol)
and Me2SiCl2 (1.15 g, 8.91 mmol) as a highly viscous brown
oil (2.90 g, 5.35 mmol, 60%). 1H NMR (C6D6) δ: –0.47,
–0.29, –0.03 (3 × s, 6H, Si-CH3), 1.01–1.03 (m, 24H, N-CH-
(CH3)2), 2.75–3.05 (m, 12H, N-CH2-CH2-, N-CH-(CH3)2),
3.48, 3.52 (2 × b, 2H, H1), 6.11, 6.35 (2 × b, 2H, H2), 7.17–
7.59 (m, 8H, H5, H6, H4, H7). 13C NMR (C6D6) δ: –6.9,
–5.7, –4.2 (Si-CH3), 21.1, 21.2 (N-CH-(CH3)2), 31.0, 31.0
(N-CH2-CH2-), 43.8, 43.8 (C1), 45.2, 45.3 (N-CH2-CH2-),
48.7, 48.8 (N-CH-(CH3)2), 119.7, 119.7 (C4), 123.5, 123.5,
124.3, 124.4, 125.4, 125.4 (C7, C6, C5), 129.9, 130.0 (C2),
141.4, 141.6 (C8), 145.4, 145.4 (C9), 145.9, 146.0 (C3). 29Si
NMR (C6D6) δ: 5.3, 5.7. MS (EI, 70 eV) m/z (%): 114 (100)

[i-Pr2NCH2
+]. Anal. calcd. for C36H54N2Si (542.92): C

79.64, H 9.80, N 5.16; found: C 79.26, H 9.80, N 5.14.

Formation of rac/meso-dimethylsilanediyl[bis(3,3′-(2-
(N,N-diethylamino)ethyl)-indenyl)]zirconocenebis(di-
methylamide) (rac/meso-6)

In a reaction flask fitted with a fractional distillation col-
umn (30 cm × 1.5 cm) Zr(NMe2)4 (0.30 g, 1.12 mmol) was
dissolved in n-octane (20 mL). At r.t. rac/meso-4b (0.55 g,
1.12 mmol) was added via a syringe. After refluxing for 2 h
under a continuous argon stream a 1H NMR spectrum was
recorded, which indicated the formation of the half-
sandwich complexes 5. Subsequently, the reaction was
heated for a further 6 h under repetitive removal of HNMe2
in vacuo. During this procedure a successive discolouration
of the solution from yellow to red was observed. Removal of
the volatiles in vacuo yielded a mixture of the half-sandwich
complexes 5 (60%) as well as of the ansa-zirconocenes rac-
6 (32%) and meso-6 (8%) as a highly air- and moisture-
sensitive red oil. The key 1H NMR data of 5, rac-6, and
meso-6 are listed below.

(5)
1H NMR (C6D6) δ: –0.04, 0.14, 0.32, 0.59 (4 × s, 4 × 3H,

Si-CH3), 2.77, 2.78 (2 × s, 2 × 18H, N-CH3).

(rac-6)
1H NMR (C6D6) δ: 0.63 (s, 6H, Si-CH3), 2.39 (s, 12H, N-

CH3), 6.20 (s, 2H, H2).

(meso-6)
1H NMR (C6D6) δ: 0.46 (s, 3H, Si-CH3), 1.04 (s, 3H, Si-

CH3), 1.73 (s, 6H, N-CH3), 3.00 (s, 6H, N-CH3).
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Dichloro(diphosphine)(2-pyridyl-
ketone)ruthenium(II) complexes1

Salete L. Queiroz, Alzir A. Batista, Marcio P. de Araujo, Roberto C. Bianchini,
Glaucius Oliva, Javier Ellena, and Brian R. James

Abstract: Described are the synthesis and characterization of Ru(II) complexes of the type RuCl2L2(N-O), where L2 is
either 1,4-bis(diphenylphosphino)butane (dppb) or (PPh3)2, and N-O represents chelated 2-benzoylpyridine (2-bzpy) or
2-acetylpyridine (2-acpy); the Ru presursors used were [RuCl2(dppb)]2(µ-dppb) or RuCl2(PPh3)3. The crystal structure
of cis-RuCl2(dppb)(2-bzpy) is presented, and three other RuCl2L2(N-O) complexes with cis-chlorines are isolated and
characterized spectroscopically; of the trans-dichloro species, RuCl2(PPh3)2(N-O) complexes are isolated, while the cor-
responding dppb species are characterized in situ. In all cases, thermodynamically stable cis-complexes are formed
from initially formed trans-species.

Key words: ruthenium, phosphines, 2-benzoylpyridine, 2-acetylpyridine, X-ray structures.

Résumé : On décrit la synthèse et la caractérisation de complexes du Ru(II) du type RuCl2L2(N-O) dans lesquels L2 =
1,4-bis(diphénylphosphino)butane (dppb) ou (PPh3)2 et N-O = 2-benzoylpyridine (2-bzpy) ou 2-acétylpyridine (2-acpy)
chélatées; les complexes de Ru utilisés sont le [RuCl2(dppb)]2(µ-dppb) ou RuCl2(PPh3)3. On a déterminé la structure
cristalline du cis-RuCl2(dppb)(2-bzpy) et on a isolé trois autres complexes du RuCl2L2(N-O) portant des atomes de
chlore en cis et on les a caractérisés de façon spectroscopique; des espèces trans-dichlorées, les complexes
RuCl2(PPh3)2(N-O) ont été isolés alors que les espèces correspondantes du dppb ont été caractérisées in situ. Dans tous
les cas, les complexes cis thermodynamiquement stables se forment à partir des espèces trans obtenues initialement.

Mots clés : ruthénium, phosphines, 2-benzoylpyridine, 2-acétylpyridine, structures par diffraction des rayons X.

[Traduit par la Rédaction] Queiroz et al. 1269

Introduction

Some 25 years ago, one of our groups published a paper
(1) that questioned a reported synthesis of [RuCl2(PPh3)2]2
from RuCl2(PPh3)3 using catalytic amounts of the 2-pyridyl-
ketones, C5H4N-COR (R = H, Me, Ph) (2). The reported

synthesis using 2-acetylpyridine (2) was repeated (1), and
the product was identified as RuCl2(PPh3)2(C5H4N-COMe)
containing an η2-N,O-bonded pyridylketone; the complex
was identified by C, H, N, and Cl analysis, molecular
weight, 1H and 31P NMR, and IR data in the ν(CO) and
ν(Ru-Cl) regions: the 31P{1H} NMR AB pattern required the
complex to have cis-phosphines, while trans-chlorines were
“favoured slightly” based on the dominance of a single
325 cm–1 band in the 400–250 cm–1 IR region (1). An X-ray
analysis of the supposed [RuCl2(PPh3)2]2 complex was re-
ported “to be underway” (2); no X-ray structure was ever
published, but the authors of ref. 2 did agree that their prod-
uct was certainly not [RuCl2(PPh3)2]2.

4

This present paper reports on the synthesis and structural
characterization of the complex, cis-RuCl2(dppb)(2-benzoyl-
pyridine), where dppb = 1,4-bis(diphenylphosphino)butane;
data on the corresponding trans-isomer, and on the analo-
gous 2-acetylpyridine species, are presented also. The
bis(triphenylphosphine) complexes containing these 2-
pyridylketones are also described. It should be noted that 2-
benzoylpyridine (2-bzpy) is also called 2-pyridylphenyl-
ketone (3); we use the former-type nomenclature throughout
this paper.

2-Pyridylketone complexes of transition metals have been
known since the 1960s, particularly the 2-bzpy ligand sys-
tems (4). More recent interest in such ligands has generally
focussed on bioinorganic model systems or their hemi-labile
character for use in catalysis. Structural work describing
bidentate, N,O-bonded 2-bzpy includes that on mono- and
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bis-(2-bzpy) complexes of Zn(II) in relation to models for
alcohol-dehydrogenases (3), and that on Cu(I) complexes
(5), while the first structural work involving Ru species was
that describing an η2-N,O-bonded 2-pyridylketone moiety of
an ONNS-bonded thiosemicarbazone of 2,6-diacetylpyridine
bonded to Ru(II) (6). Very recent reports on Ru complexes
have described the structures of [Ru(PMe3)2(CO)(COMe)(2-
bzpy)]BPh4 (7), [Ru(2,2′-bipyridine)2(2-bzpy)][PF6]2 (8),
and RuCl2(DMSO)2(2-acpy), where 2-acpy is 2-acetyl-
pyridine (9). Complexes such as [Ru(NH3)4(N-O)][BF4]2,
where N-O = 2-bzpy or 2-acpy, have been isolated and char-
acterized spectroscopically (10). Structurally characterized
complexes of other platinum metals containing 2-
pyridylketones have been reported, for example, [Pd(η1,η2-
C8H12OMe)(2-bzpy)]BF4 (11), and several cationic chloror-
hodium(III) complexes containing 2-bzpy (4).

More generally, our earlier collaborative studies have de-
veloped methods for synthesizing cis- and trans-
RuCl2(dppb)L2 and the corresponding bis(triphenylphos-
phine) complexes, where L = a N-donor or L2 = a bidentate,
N,N-donor, with a basic interest in their potential as hydro-
genation catalysts (12, 13), and so extension to N,O-donor
systems allows us also to obtain a broader data base for such
complexes, as well as to comment more definitively on the
nature of the RuCl2(PPh3)2(2-acetylpyridine) species isolated
in 1978 (1).

Experimental

General
Synthetic procedures were performed using standard

Schlenk techniques under dry Ar because solutions of the
precursor complexes [RuCl2(dppb)]2(µ-dppb) (14, 15) and
RuCl2(PPh3)3 (16) are air-sensitive. Common chemicals used
were of reagent grade quality (Aldrich). Tetrabutylammon-
ium perchlorate (TBAP) from Fluka was recrystallized from
EtOH–H2O, and dried under vacuum at 80 °C (caution!).
Reagent grade solvents (Merck) were appropriately distilled,
dried, and stored over Linde 4 Å molecular sieves.

IR spectra (in cm–1) were recorded as CsI pellets on a
Bomen–Michelson 102 instrument, and UV–vis spectra in
CH2Cl2, given as λmax or sh = shoulder in nm (ε, in M–1 cm–1),
on an HP 8452A spectrophotometer. NMR spectra were re-
corded on a Bruker 400 MHz spectrometer (400 MHz for
1H, 100.6 MHz for 13C, 162 MHz for 31P) at room tempera-
ture (r.t., ~20 oC) in CH2Cl2 or CD2Cl2. Residual solvent
proton, solvent carbon, or external P(OMe)3 (31P, δ 141.00
relative to 85% aq. H3PO4) were used as references. Cyclic
and differential pulse voltammetries were carried out at r.t.
in freshly distilled CH2Cl2 containing 0.1 M TBAP, using a
PAR model 273A potentiostat/galvanostat with an
EG&G/PARC model 175 universal programmer as a sweep
generator. A three-electrode system with resistance compen-
sation was used throughout, the working and auxiliary elec-
trodes being a stationary Pt foil and a Pt wire, respectively.
The reference electrode was Ag/AgCl in a Luggin capillary
in the CH2Cl2 medium, in which ferrocene is oxidized at
0.43 V (Fc+/Fc); all potentials are reported with respect to
the Ag/AgCl electrode. Elemental analyses were performed
at the Institute of Chemistry of the University of São Paulo.

cis-RuCl2(dppb)(2-bzpy) (cis-1)
cis-1 was prepared by stirring [RuCl2(dppb)]2(µ-dppb)

(97 mg, 0.06 mmol) and 2-bzpy (60 mg, 0.32 mmol) in C6H6
(8 mL) at r.t. for 2 h. The resulting blue solution was re-
duced in volume to ~1 mL, when Et2O was added to precipi-
tate a blue solid that was collected, washed with hexanes and
Et2O, and dried under vacuum. Yield: 70%. UV–vis: 300
(9685), 620 (3370), 720 sh (2010). Anal. calcd. for
C40H37NOP2Cl2Ru: C 62.47, H 4.87, N 1.83; found: C 62.8,
H 5.1, N, 1.5. Crystals suitable for X-ray analysis were
grown by evaporation of a CH2Cl2–Et2O–MeOH solution of
the complex. trans-1 was generated in situ in a NMR tube in
C6D6 from a rapid reaction of [RuCl2(dppb)]2(µ-dppb) with
excess 2-bzpy (see Results and discussion).

cis-RuCl2(dppb)(2-acpy) (cis-2)
cis-2 was made by refluxing [RuCl2(dppb)]2(µ-dppb)

(97 mg, 0.06 mmol) and 2-acpy (0.1 mL, 0.89 mmol) in
C6H6 (8 mL) for 48 h. The resulting purple precipitate was
collected, washed with Et2O, and dried under vacuum.
Yield: 75%. UV–vis: 340 sh (2780), 557 (3175), 655 sh
(1690). Anal. calcd. for C35H35NOP2Cl2Ru: C 58.41, H 4.91,
N 1.95; found: C 57.9, H 4.9, N, 1.8. trans-2 was generated
in situ as described for trans-1, but using excess 2-acpy (see
Results and discussion).

trans-RuCl2(PPh3)2(2-acpy) (trans-3)
trans-3 was prepared by dissolving RuCl2(PPh3)3

(100 mg, 0.10 mmol) and 2-acpy (0.014 mL, 0.12 mmol) in
CH2Cl2 (5 mL) at r.t. The solution immediately changed
from brown to blue, when the volume was rapidly reduced
to ~1 mL; hexanes was then added to precipitate a blue solid
that was collected, washed with hexanes, and dried under
vacuum. Yield: 68%. UV–vis: 376 (1705), 604 (1970). Anal.
calcd. for C43H37NOP2Cl2Ru: C 63.16, H 4.56, N 1.71;
found: C 62.4, H 5.0, N 1.3.

cis-RuCl2(PPh3)2(2-acpy) (cis-3)
cis-3 was prepared by stirring RuCl2(PPh3)3 (50 mg,

0.05 mmol) and 2-acpy (0.014 mL, 0.12 mmol) in CH2Cl2
(5 mL) for 12 h at r.t. The volume of the resulting purple so-
lution was reduced to ~1 mL and hexanes was added to pre-
cipitate a purple solid that was collected, washed with Et2O,
and dried under vacuum. Yield: 70%. UV–vis: 346 sh
(4900), 554 (5200), 680 sh (2250). Anal. calcd. for
C43H37NOP2Cl2Ru: C 63.16, H 4.56, N 1.71; found: C 62.8,
H 4.7, N 1.8.

trans-RuCl2(PPh3)2(2-bzpy) (trans-4)
trans-4 is formed immediately on mixing RuCl2(PPh3)3

(200 mg, 0.20 mmol) and 2-bzpy (57.2 mg, 0.31 mmol) in
CH2Cl2 (5 mL) at r.t. The volume of the blue solution was
reduced to ~1 mL, and Et2O was added to give a blue solid
that was collected, washed with Et2O, and dried under vac-
uum. Yield: 62%. UV–vis: 280 sh (2520), 670 (5025). Anal.
calcd. for C48H39NOP2Cl2Ru: C 65.53, H 4.47, N 1.59;
found: C 65.15, H 4.6, N 1.6.
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cis-RuCl2(PPh3)2(2-bzpy) (cis-4)
cis-4 was prepared as described for trans-4, but the reac-

tant solution was left for 6 h at r.t. Yield: 65%. UV–vis: 292
(10 900), 604 (4045), 720 sh (2350). Anal. calcd. for
C48H39NOP2Cl2Ru: C 65.53, H 4.47, N, 1.59; found: C 65.5,
H 4.6, N 1.7.

The 31P{1H} NMR, IR, and electrochemical data for com-
plexes 1–4 are summarized in Table 1; 1H and 13C NMR
data spectra were measured, and the more significant find-
ings are presented in the Results and discussion text.

X-ray crystallography of cis-RuCl2(dppb)(2-bzpy)
(cis-1)

A prismatic crystal was used in the single-crystal, X-ray
diffraction experiment, measurements being made on an
Enraf-Nonius CAD-4 diffractometer with graphite
monochromated Mo Kα (λ = 0.71073 Å) radiation. Crystal
and structure refinement data for cis-1 are summarized in
Table 2.5 One standard reflection measured every 30 min
was used to apply a decay correction, the maximum decay
being 1%. The data collection and reduction were performed
with the programs CAD-4 (17) and XCAD-4 (18), respec-
tively.

The structure was solved by direct methods with
SHELXS-86 (19), and the model refined by full-matrix
least-squares on F2 by means of SHELXL-97 (20). After in-
clusion of the complete complex in the refinement, the dif-
ference Fourier map showed two peaks that were interpreted
as a MeOH solvent. All the H atoms were stereochemically
positioned and refined with the riding model (20), with the
C—H bond lengths in the aromatics rings, CH2 and CH3
groups, being set equal to 0.93, 0.97, and 0.96 Å, respec-
tively. Once the complete isotropic model was obtained, an
empirical absorption correction (21) was applied (minimum
and maximum transmission factors were 0.9039 and 0.8469,
respectively), after which all non-H atoms were refined
anisotropically. The H atoms of the aromatic rings and CH2
were set isotropic with a thermal parameter 20% greater
than the equivalent isotropic displacement parameter of the
C atom to which each one is bonded; this percentage was set
to 50% for the H atoms of the Me group. The atomic scatter-
ing factors were taken from ref. 22.

Results and discussion

The RuCl2(dppb)(2-bzpy) complex (1) is isolated from a
simple, 2 h, r.t. reaction of excess 2-bzpy with
[RuCl2(dppb)]2(µ-dppb), as outlined in eq. [1]. The structure
of 1, presented as an ORTEP in Fig. 1 (23), reveals the
Ru(II) ion in a distorted octahedral environment, with cis-
chlorines, one trans to a P atom of chelated dppb, and one
trans to the O atom of chelated 2-bzpy, whose N atom is
trans to the second P atom. The asymmetric unit consists of
one molecule of cis-1 and a MeOH solvent. Throughout the
paper, the cis- and trans-nomenclature refers to the arrange-
ment of chlorine ligands.

[1]

Relevant interatomic distances and angles are listed in
Table 3. The Ru—Cl (avg 2.427 Å), Ru—N (2.126 Å), and
Ru—P (avg 2.289 Å) bond lengths observed are within the
normal, well-established range for those in Ru(II) complexes
(12, 13, 24). The Ru—N bond is ~0.07 Å shorter than that in
[Ru(PMe3)2(CO)(COMe)(2-bzpy)]+ where the N atom is
trans to CO (7), but is ~0.08 Å longer than that in [Ru(2,2′-
bipyridine)2(2-bzpy)]2+ where the N atom is trans to a
bipyridine-N (8); the expected trans influence (8, 25) is evi-
dent. The Ru—O bond length of 2.035(3) Å is the shortest
found in the three Ru-(2-bzpy) complexes: trans to the
COMe group in the monocation, the Ru—O length is
2.226(4) Å (7), while trans to a bipyridyl-N the value is
2.058 Å (8). Ru—N and Ru—O bond distances in trans-
RuCl2(DMSO)2(2-acpy), where both N and O are trans to S-
bonded DMSO, are 2.122(3) and 2.084(3) Å, respectively
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Complex δA and δX
2JAX (Hz) E1/2 (V) ν(CO), ν(Ru-Cl) (cm–1)

RuCl2(dppb)(2-bzpy) (trans-(1)) 51.1, 43.3 43.70
RuCl2(dppb)(2-bzpy) (cis-(1)) 44.7, 40.1 38.47 0.70 1591, 256 and 227
RuCl2(dppb)(2-acpy) (trans-(2)) 50.0, 43.0 44.00
RuCl2(dppb)(2-acpy) (cis-(2)) 46.3, 41.1 38.55 0.68 1580, 262 and 235
RuCl2(PPh3)2(2-acpy) (trans-(3)) 48.4, 39.5 35.60 0.60 1617, 325
RuCl2(PPh3)2(2-acpy) (cis-(3)) 45.5, 40.1 33.54 0.68 1575, 250 and 224
RuCl2(PPh3)2(2-bzpy) (trans-(4)) 49.1, 39.1 35.28 0.60 1588, 329
RuCl2(PPh3)2(2-bzpy) (cis-(4)) 43.8, 39.2 34.17 0.68 1589, 314 and 281

Table 1. 31P{1H} NMR, electrochemical, and IR data for complexes 1–4.

5 Supplementary data (full crystal data and details on data collection and refinement have been deposited along with tables of atomic coordi-
nates, anisotropic thermal parameters, all bond lengths and angles, and torsion angles) may be purchased from the Depository of Unpub-
lished Data, Document Delivery, CISTI, National Research Council Canada, Ottawa, ON K1A 0S2, Canada
(http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC 208536 contains the supplementary data for
this paper. These data can be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge, U.K.; fax +44 1223 336033; or deposit @ccdc.cam.ac.uk).
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(9). The Ru—O bond in cis-1 is also shorter than that found
for the acetylpyridine moiety of an ONNS-bonded
thiosemicarbazone at Ru(II) (2.232 Å) (6) and for the coor-
dinated acetone of RuCl2(CO)(PPh3)2(acetone), 2.194 Å
(26); the small value is readily rationalized in that in cis-1,
the coordinated ketone moiety is trans to chloride, a π-do-
nor, while in the other systems the ketone group is trans to
PPh3 (26) and an imine N atom (6), both π-acceptors. The
bite angle of the benzoylpyridine ligand in cis-1 (76.7(1)°) is
close to those found, for example, in the other Ru-(2-bzpy)
(7, 8) and Ru-(2-acpy) (9) complexes; the essential planarity
of the five-membered chelate ring, with an approximate 45°
twist of the benzoyl-phenyl from the planarity, is similar to
those noted for the other two 2-bzpy complexes (7, 8). The
structure of the “cis-RuCl2(dppb)” component of cis-1 is
very similar to that in cis-RuCl2(dppb)(N-N) complexes,
where N-N = 2,2′-bipyridine or 1,10-phenanthroline (12).

Table 1 lists some spectroscopic and electrochemical data
for cis-1 and the other 2-pyridylketone complexes studied in
this work. The solution NMR data imply the solid state
structure is maintained in solution: the 31P{1H} NMR AX
pattern does not itself distinguish between cis-1 and trans-1
(see below), but two strong ν(Ru-Cl) bands in the IR spec-
trum are consistent with cis-geometry. We have recently es-
tablished for Ru(II)-dppb species (with 18 data points) an

inverse dependence of the 31P shifts on Ru—P bond length
(12); the data for cis-1 fit well with this correlation and im-
ply that the δ values of 44.7 and 40.1 refer to P(1) and P(2),
respectively. 1H NMR data confirm the presence of one
bzpy ligand per dppb, while the coordination shift of the HN

atom adjacent to the N atom (δ 8.68 → 9.03) and that of
ν(C=O) (1668 → 1591 cm–1) again show both O- and N-co-
ordination of bzpy. The lower ν(C=O) value in the Ru(II)
species vs. values for the Zn(II) complexes (~1620 cm–1) (3)
is consistent with the presence of significant Ru → carbonyl
π-backbonding (27). A coordination shift of the 13C reso-
nance of the C=O group (δ 193.8 → 206.1) is also evident.

The blue colour of cis-1 is manifested in an absorption
maximum at 620 nm with a shoulder at 720 nm, while the
CV reveals a reversible redox process (ipa/ipc ≅ 1) with E1/2 =
0.70 V, the process being confirmed by differential pulse
voltammetry. The RuIII/RuII couple is ~10 mV more positive
that for the structurally similar cis-RuCl2(dppb)(bipy) (12),
showing relative stabilization of the lower valence state by
substitution of a 2-pyridyl by a benzoyl moiety.

Synthesis of the 2-acetylpyridine (2-acpy) analogue (cis-
2) is as for cis-1, but requires the use of reflux conditions.
The NMR and IR spectroscopic data and CV data (Table 1)
are very similar to those of cis-1, and the structure is as-
sumed to be the same (type II as in Fig. 1, see below and
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Empirical formula C40H37Cl2NOP2Ru·CH3OH

Formula weight 813.66
Temperature (K) 293(2)
Crystal system Triclinic
Space group P1
Unit cell dimensions

a (Å) 10.917(2)
b (Å) 11.446(2)
c (Å) 15.667(3)
α (°) 86.06(1)
β (°) 74.41(1)
γ (°) 80.93(1)

Volume (Å3) 1861.3(7)
Z 2
Density (calculated) (Mg m–3) 1.452
Absorption coefficient (mm–1) 0.687
F(000) 836
Crystal size (mm3) 0.25 × 0.19 × 0.15
θ range for data collection (°) 1 ≤ θ ≤ 25
Index ranges –12 ≤ h ≤ 12, –12 ≤ k ≤ 12, 0 ≤ l ≤ 17
Decay of standard ±1
Reflections collected 6237
Independent/observed reflections 6237 (R(int) = 0.00)/4424 (I > 2σ(I))
Completeness to θ = 25° (%) 95.4
Data/parameters 6237/444
Goodness-of-fit on F2 1.041
SHELXL-97 weight parameters 0.0750, 0.0
Final R indices (I > 2σ(I)) R1 = 0.0453, wR2 = 0.1199
R indices (all data) R1 = 0.0770, wR2 = 0.1317
Extinction coefficient 0.0002(6)
Largest diff. peak and holea (e Å–3) 0.915 and –1.040

aAt ~1 Å from the Ru atom.

Table 2. Crystal data and structure refinement for RuCl2(dppb)(2-bzpy).
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also rxn. [1]). The Me resonance of the coordinated acetyl
group is seen at δ 2.10 (upfield shifted from that of the free
ligand at δ 2.71), while there is again a downfield shift
(δ 8.68 → 8.85) for HN. In contrast with cis-1, cis-2 is purple
and the solution spectrum shows an absorption maximum at
557 nm.

As described in the Experimental section, two complexes
with the formulation RuCl2(PPh3)2(2-acpy) (3) were isolated
from the same reaction precursor RuCl2(PPh3)3 but using
different timescales. A blue solid is obtained after a few
minutes, while a 12 h reaction time generates a purple solid,
and the complexes have different spectroscopic properties.
Three structural formulations are possible for the
bis(triphenylphosphine) species: I (with trans chlorines), and
II and III (with cis chlorines). The more stable, purple com-
plex has 31P NMR, IR, and CV data (Table 1) close to those
found for cis-1 and cis-2, and is thus assigned the cis-
dichloro geometry II (cf. rxn. [1]). The 1H NMR data (as for
cis-2) show an upfield shift for the Me (δ 2.71 → 2.41) and a
downfield shift for HN (δ 8.68 → 9.51). The 31P NMR data
of a solution of the blue complex show about a 9 ppm differ-
ence between the δA and δX values vs. ~5 ppm for the cis-
complexes, and the ν(Ru-Cl) region shows a single, sharp
band at 325 cm–1, findings that imply that the blue species is
trans-3. Of note, the 1H NMR shift for the Me is now
slightly downfield (δ 2.71 → 2.79), while that for HN is now
slightly upfield (δ 8.68 → 8.60). These shifts are the reverse
of those seen for the cis-complexes, and presumably reflect
that the acetyl is now trans to the π-acceptor PPh3 (structure
I) vs. the π-donor chloride ligand (structure II). Further, the
E1/2 value of trans-3 is 8–10 mV lower than those of the cis-
species, again consistent with the trans formulation, as a

trans-dichloro species of this type invariably has a lower re-
duction potential than that of a corresponding cis-formulation
(12, 28, 29). Of note, a solution of the blue trans-3
isomerizes over time to the purple cis-species, a process
that can be readily monitored by CV (30) (cf. Fig. 2, t1/2 ~
30 min at r.t.), 31P or 1H NMR, or by UV–vis spectroscopy.
trans-3 shows UV–vis absorption maxima at 376 and
604 nm, while cis-3 has a maximum at 554 and a shoulder at
~680 nm.

cis- and trans-RuCl2(PPh3)2(2-bzpy)2 (4) are made simi-
larly to the 2-acpy analogues (3), the initially formed kinetic
product being the blue, trans-isomer, this then transforming
to an isolable, purple cis-isomer (Table 1). Whether cis-4 has
geometry II or III is unclear; the 31P NMR data are close to
those of the other cis species (of structure II), but the ν(Ru-
Cl) IR data are significantly different and may indicate
structure III.

cis-RuCl2(dppb)2(2-bzpy) (cis-1) was isolated after a 2 h
reaction time at r.t. (see above), but initially when the reac-
tants are mixed, the trans-isomer is detected by in situ 31P
NMR (see Fig. 3 and Table 1). Corresponding behaviour is
seen for the isolated cis- and in situ formed trans-
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Fig. 1. ORTEP view of cis-RuCl2(dppb)(2-bzpy) (1), showing the atom labeling, with 30% probability ellipsoids.
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RuCl2(dppb)2(2-acpy) (2) species (Table 1). The trans → cis
isomerization process is faster for all the systems in the
presence of sunlight; details of possible isomerization mech-
anisms (31) for these chelated six-coordinate complexes re-
main to be elucidated.

Reevaluation of the 1978 data for the reported
RuCl2(PPh3)2(2-acpy) complex 3 in this current paper (see
Introduction) can now be made. The previously reported r.t.

31P{1H} NMR (δA 43.6, δX 38.8; J = 35 Hz) and 1H NMR
data (δMe 2.40; δH 9.54, H adjacent to N) in CDCl3, and the
purple colour (1), are all consistent with a cis-3 formulation
(see Table 1). The only contrary evidence is the reported
single ν(Ru-Cl) value of 325 cm–1 (1) that pertains to trans-
3. It is evident that the spontaneous trans/cis isomerization
process was not recognized in the early work, and the data
reported in this current paper, especially with the X-ray
analysis for cis-1, characterize more completely the nature
of these Ru(II) 2-pyridylketone complexes.
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Synthesis and molecular structures of platinum(II)
and platinum(IV) diimine complexes possessing
fluoroalkyl ligands1

Russell P. Hughes, Antony J. Ward, Arnold L. Rheingold, and Lev N. Zakharov

Abstract: A range of Pt-diimine complexes possessing fluoroalkyl and hydrofluoroalkyl ligands were synthesized from
the readily prepared [Pt(diimine)Me2] complexes and the appropriate iodofluoroalkane. For complexes with diimine lig-
ands containing substituents in the 2,6-positions of the aryl group, Pt(II) complexes were obtained due to in situ
reductive elimination of MeI, while for complexes with diimine ligands of smaller steric demands (possessing substitu-
ents in the 3,5-positions or the 4-position), Pt(IV) complexes were obtained. Attempts to convert the Pt(IV) complexes
to the desired Pt(II) species via reductive elimination of MeI, methane, or ethane resulted in either no reaction or deg-
radation of the starting complex. Fluoroalkyl(methyl)platinum(II) complexes were then converted to the
fluoroalkyliodoplatinum(II) complexes via addition of I2 or by reaction with aq HI. Several complexes have been char-
acterized crystallographically.

Key words: fluoroalkyl, organometallic synthesis, structure, platinum.

Résumé : Utilisant comme produit de départ des iodofluoroalcanes appropriés et des complexes [Pt(diimine)Me2] qui
peuvent facilement être préparés, on a préparé un éventail de complexes Pt-diimine portant des ligands fluoroalkyles et
hydrofluoroalkyles. Pour les complexes avec des ligands diimines portant des substituants dans les positions 2,6 du
groupe aryle, on a obtenu des complexes de Pt(II) en raison d’une élimination réductrice in situ de MeI alors qu’on a
obtenu des complexes de Pt(IV) avec pour les complexes avec des ligands diimines dont les demandes stériques sont
plus faibles (qui portent des substituants dans les positions 4 ou 3,5). Des essais en vue de transformer les complexes
de Pt(IV) en espèces Pt(II) désirées par le biais d’une élimination réductrice de MeI, de méthane ou d’éthane n’ont pas
donné de réaction ou une dégradation du complexe de départ. Les complexes fluoroalkyl(méthyl)platine(II) ont ensuite
été transformés en complexes fluoroalkyliodoplatine(II) par le biais d’une addition de I2 ou par une réaction avec du
HI aqueux. Plusieurs complexes ont été cristallisés par diffraction des rayons X.

Mots clés : fluoroalkyle, organométallique, synthèse, structure, platine.

[Traduit par la Rédaction] Hughes et al. 1279

Introduction

Much recent work within our research group has focussed
upon the synthesis of late transition metal–fluoroalkyl com-
plexes, particularly those of metals from groups 9 (1–9) and
10 (10–12), utilizing oxidative addition of iodoperfluoro-
alkanes (11). While many such complexes have been synthe-
sized previously using oxidative addition reactions (13–18),
we have shown that such a route can often lead to fluoro-

alkylation at ligand sites rather than at the metal center in
both early and late transition metals (19–22).

There have been many studies of oxidative addition of
alkyl halides to square-planar Pt(II) precursors (23–27). In
the majority of cases, the reaction of bromo- and iodo-
alkanes with dimethylplatinum(II) complexes occurs via a
polar SN2 mechanism to give a Pt(IV) complex with kineti-
cally controlled trans stereochemistry (23), although subse-
quent isomerization has been shown in some cases to afford
the cis product (28). On occasion, cationic five-coordinate
intermediates have been detected spectroscopically (29).
These five-coordinate species in the oxidative addition reac-
tion have also been shown to serve as key intermediates for
reductive elimination of methyl iodide or ethane from Pt(IV)
(30–32).

The oxidative addition reactions of iodofluoroalkanes to
transition metals is unlikely to proceed via polar SN2 attack
by the metal at carbon due to the unfavourable polarity of
the Cδ–—Iδ+ bond (33, 34). In previous systems involving re-
actions of primary iodoperfluoroalkanes, we have postulated
that the reactions proceeded via electron transfer to the iodo-
fluoroalkane, followed by rapid loss of iodide from the
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resultant radical anion, and very fast trapping of the fluoro-
alkyl radical at the metal (21, 22).

While most studies of oxidative addition – reductive elim-
ination to Pt(II) centers have involved complexes bearing
monodentate or bidentate phosphorus ligands, complexes
with chelating nitrogen ligands have also been examined
(23). cis-Dialkyl- and -diarylplatinum(II) complexes with
nitrogen donor ligands usually react with alkyl halides to
afford the trans oxidative addition product (35–38). The cor-
responding cis-isomer can be formed either by a competitive
cis oxidative addition pathway, or by trans oxidative addition
with subsequent isomerization of the platinum(IV) product
to a thermodynamically more stable cis-isomer (23).
Dimethylplatinum(II) complexes possessing pyridine (35),
2,2′-bipyridine (39), 1,10-phenanthroline (39, 40), bis(p-
tolylimino)acenaphthene (41), bis(phenylimino)camphane
(41), various diimine ligands (42, 43), and tetramethylethyl-
enediamine (tmeda) (44, 45) have been studied.

We have previously reported on the reactions of
[Pt(tmeda)Me2] with fluoroalkyl iodides to give Pt(IV) and
Pt(II) fluoroalkyl complexes (11). Here we report on the cor-
responding reactions of dimethylplatinum(II) complexes
bearing diimine ligands.

Results and discussion

Synthesis
In contrast to the very facile oxidative addition reactions

of [Pt(tmeda)Me2] with fluoroalkyl iodides (11), the corre-
sponding reactions of the [Pt(diimine)Me2] complexes 1 and
2 required heating at reflux in ethyl acetate to afford the
fluoroalkyl Pt(IV)–diimine complexes 3–6 (Scheme 1). To
reduce the possibility of light-induced radical chemistry of
the fluoroalkyl iodides, the reactions were performed in the
dark, although no attempts were made to evaluate whether
light actually does cause problems in these cases. When
[Pt(diimine)Me2] complexes 7 and 8 were used, which pos-
sess a diimine ligand containing a 2,6-dimethylaryl frag-
ment, the products formed were always the Pt(II) complexes
9–12 (Scheme 2). This can be ascribed to steric congestion
around the Pt(IV) centre (initially formed by oxidative addi-
tion of the RfI to the [Pt(diimine)Me2] complex), resulting in
in situ reductive elimination of MeI to form the square pla-
nar Pt(II) complex.

Owing to the solubility of 7 in hexane, the desired per-
fluoroalkyl complexes could also be obtained by heating at
reflux in hexane for 8 h. The use of hexane, however, only
resulted in better yields when the perfluoroalkyl group was
C3F7. Hexane also afforded straightforward isolation of the
Pt(II) complexes, which are insoluble in hexane. Unfortu-
nately, the lack of hexane solubility for dimethyl complexes
possessing other diimine ligands (1, 2, and 8) precluded its
use as a general solvent for the synthesis of these complexes.

Before ethyl acetate was found to facilitate these oxidative
addition reactions of [Pt(diimine)Me2] complexes with iodo-
fluoroalkanes, attempts were made to use benzene as a sol-
vent. However, when benzene was used, the reaction was
incomplete after heating at reflux for 24 h, and there was
formation of elemental Pt. NMR of the crude reaction mix-
tures showed approximately 30%–40% conversion to the de-
sired products after 24 h. However, isolation of the oxidative

addition products proved unsuccessful due to the very simi-
lar solubilities exhibited by the starting materials, free
diimine ligand, and the oxidative addition products. The
subsequent choice of ethyl acetate was based solely upon its
slightly lower boiling point as compared to benzene, as pre-
vious experience within our research group has shown that
certain oxidative addition reactions can be very temperature
dependent (46). It may also have proven to be a fortuitous
choice for a reaction that may proceed via a fluoroalkyl radi-
cal, since electrostatic repulsion of the oxygen atoms of the
ethyl acetate has been shown to significantly inhibit hydro-
gen atom abstraction by fluoroalkyl radicals when compared
with rates of abstraction from alkanes (47), thereby perhaps
increasing the yield of organometallic product.

The Pt(IV) species obtained were invariably those in
which the perfluoroalkyl moiety was mutually trans to the
iodo ligand, giving rise to complexes with Cs symmetry, as
shown for complexes 3, 4, and 6. The 19F NMR spectrum of
3 reveals two resonances for the m-CF3 groups of the di-
imine ligand indicating that there is no free rotation about
the N-aryl bonds on the NMR timescale. However, the
19F NMR spectrum of 4 reveals only one resonance for the
m-CF3 groups of the diimine ligand indicating apparently
free rotation of the aryl moiety, or an accidental equivalence
of CF3 resonances. In the case of 5, the presence of a stereo-
center at the α-C of the fluoroalkyl group results in a com-
plex with C1 symmetry. This is highlighted clearly in the 1H
NMR spectrum of this complex in which the Pt-bound
methyl groups, the CH3 groups of the diimine backbone, and
the m-CF3 substituents of the aryl rings display nonequiva-
lence (two of which are coincident), indicating that rotation
of the aryl rings is slow on the NMR timescale.

Attempts to convert the Pt(IV) complexes to Pt(II) species
with procedures that we have used successfully for such re-
ductions in cases when the ligands involved are tmeda, 1,2-
bis(diphenylphosphino)ethane, or 1,2-bis(dimethylphosphi-
no)ethane proved unsuccessful. The methods attempted to
achieve this reduction included: (i) removal of iodide using
AgBF4 and heating at reflux in acetone to eliminate ethane,
followed by addition of NaI to form the iodoplatinum(II)
complex (32); (ii) heating a solution of the complex in the
presence of NEt3, to form the insoluble [Et3NMe]I complex
upon thermal elimination of MeI (11); and (iii) reaction of
the complex with NaBH4 (to convert the iodo ligand to a hy-
dride) and then stirring at room temperature to allow the
complex to thermally eliminate methane. In the first case,
the starting complexes were obtained without any observable
isomerization, while degradation of the Pt(IV) complex to
elemental platinum occurred in the last two methods.

As discussed above, the only instances in which Pt(II)
complexes were obtained were from reactions in which the
diimine ligand possessed the 2,6-dimethylaryl substituent.
The NMR spectra of these complexes are very diagnostic as
the backbone protons (or methyl groups) of the diimine
ligand are inequivalent due to the Cs symmetry of the
square-planar complexes. In the 1H NMR spectrum, the
diimine backbone protons of complexes 9 and 10 exhibit Pt
satellites: in the case of 9, these 3JPtH coupling constants
were 36 Hz (δ 9.01 ppm) and 84 Hz (δ 8.93 ppm), while for
10 the coupling constants were 37 Hz (δ 9.20 ppm) and
42 Hz (δ 9.06 ppm), respectively. A similar coupling was
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previously seen in numerous unsymmetrical platinum
diimine complexes (42, 48–54). Tilset (49) assigned the pro-
tons on the diimine backbone using a variety of NMR tech-
niques, with the smaller coupling being ascribed to those
protons transoid to the methyl ligand. Thus, some indication
as to the relative trans-influence of the two different fluoro-
alkyl ligands in these complexes can be obtained: the par-
tially fluorinated ligand (CFHCF3) exerts a stronger trans
influence than the perfluorinated ligand (C3F7). The com-
plexes possessing methyl substitution of the diimine back-
bone (complexes 11 and 12) do not exhibit any coupling to
Pt.

The [Pt(diimine)(Rf)Me] complexes 9–12 are readily con-
verted to the iodo complexes 13–16 via two methods, each
of which results in selective cleavage of the Pt—CH3 bond
rather than the Pt—fluoroalkyl bond. The first involves the
reaction of the complex with I2 in CH2Cl2, possibly resulting
in the formation of a transient diiodo–Pt(IV) complex, which
undergoes thermal reductive elimination of MeI. The second
pathway involves reaction of the methyl complex with
1 equiv. of aq HI in toluene (Scheme 2), resulting in the gen-

eration of methane followed by trapping of the resulting
cationic Pt(II) fragment with iodide. Both methods afford
the iodo complexes in 70%–80% yield after recrystallization
from dichloromethane–hexane.

The NMR spectra of the iodo complexes are very similar
to those of the methyl analogues. As was the case for the
methyl complexes, the backbone protons of the diimine
ligand in complexes 13 and 14 display platinum coupling:
for 13, 3JPtH = 102 Hz (δ 9.00 ppm) and 40 Hz (δ 8.62 ppm),
while for 14, 3JPtH = 100 Hz (δ 9.16 ppm) and 38 Hz
(δ 8.68 ppm). Presumably, the large difference in the cou-
pling constants for both complexes may be explained by the
large cis-effect exerted by the iodo ligand. As was the case
in the methyl complexes, no platinum satellites were ob-
served for those complexes possessing methyl substitution
on the backbone of the diimine ligand.

Crystal structures
X-ray diffraction quality crystals were obtained for sev-

eral of the Pt(IV) complexes by slow recrystallization from
CH2Cl2–hexane. Crystal structures were obtained for com-
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plexes 3 (Fig. 1), 4 (Fig. 2), and 5 (Fig. 3). Details of the
crystal data and structure determinations of all complexes
are presented in Table 1. Selected bond lengths and angles
for the coordination sphere of Pt are given in Table 2. For
easy comparison, a common numbering scheme has been
adopted: in the Pt(IV) complexes, the equatorial plane corre-
sponds to the plane of N(1) and N(2) of the diimine ligand

and C(1) and C(2) of the two methyl groups, while C(3) (the
α-carbon of the perfluoroalkyl moiety) is always trans to I.

The structures obtained for complexes 3 and 4 display dis-
order in the CF3 groups of the diimine ligand, and, in the
case of the structures for 4 and 5, a small amount of disorder
is also observed in the perfluoroalkyl moiety.

The crystal structures of complexes 3, 4, and 5 show the
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Fig. 1. ORTEP diagram of the non-hydrogen atoms of 3, showing the atom labelling scheme. Thermal ellipsoids are shown at 30%
probability.

Fig. 2. ORTEP diagram of the non-hydrogen atoms of 4, showing the atom labelling scheme. Thermal ellipsoids are shown at 30%
probability.
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Pt(IV) center to have approximate octahedral geometry.
There is only a subtle deviation from the ideal angle of 180°
for C(3)-Pt-I(1), with 5 showing the largest discrepancy with
an angle of 175.8(3)°. The deviation is also observed for the
C(3)-Pt-N(1) angle in 5, which exhibits a value of 96.7(3)°,
while complexes 3, and 4 have angles close to 90°. In all
structures, there is deviation from the expected angles in the
plane of the Pt atom: the C(1)-Pt-C(2) angles are reduced
substantially (especially in the case of 4 and 5), presumably
due to the bulk of the aryl groups on the diimine ligand. As
a consequence, the C(1)-Pt-N(2) and the C(2)-Pt-N(1) bond
angles are all in the region of 100°. The Pt—C(1) and Pt—

C(2) bond lengths for 3 and 5 are similar in all cases and are
identical for each complex, except for complex 4, in which
there is a significant variation between the two bond lengths
(2.072(11) Å and 2.031(12) Å, respectively). The source of
this bond length variation is not clear. The Pt—C(3) bond
lengths for 3 (2.129(8) Å) and 5 (2.076(8) Å) are signifi-
cantly different, with an unexpectedly shorter bond to the
partially hydrogenated α-CFH group. However, the Pt—I
bond lengths for 3 (2.6769(4) Å) and 5 (2.7447(5) Å) do dis-
play the expected trend for the trans-influence of the alkyl
group, with a greater degree of fluorination affording a
weaker trans-influence (10, 55). Because the Pt—N(1) and
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Complex 3 4 5 11

Formula C25H18F19IN2Pt C24H19F16IN2Pt C24H19F16IN2Pt C24H27F7N2Pt

Space group P21/n P21/n P-1 P21/n
a (Å) 14.0822(6) 14.5331(1) 8.3105(5) 8.3273(5)
b (Å) 9.2888(4) 9.3944(7) 11.8465(8) 13.0769(7)
c (Å) 24.2972(1) 23.4593(17) 31.026(2) 23.0810(13)
α (°) 90.00 90.00 95.757(1) 90.00
β (°) 101.885(1) 101.229(1) 92.018(1) 90.109(1)
γ (°) 90.00 90.00 108.0410(10) 90.00
V (Å3) 3110.1(2) 3141.6(4) 2882.6(3) 2513.4(2)
Z 4 4 4 4
Crystal colour, habit Yellow, block Amber, block Yellow, block Red, block
D(calcd.) (g/cm3) 2.198 2.033 2.215 1.775
µ (mm–1) 5.639 5.562 6.061 5.649
T (K) 100(2) 295(2) 100(2) 173(2)
Total data 7346 6160 18 522 15 786
Unique data (Rint) 6757(0.0232) 4764(0.0262) 12 959(0.0207) 5856(0.0280)
R1, wR2 (I > 2σ(I)) 0.0406, 0.0994 0.0513, 0.1496 0.0405, 0.0948 0.0778, 0.2135
All data 0.0441, 0.1015 0.0679, 0.1612 0.0530, 0.1002 0.0979, 0.2551

Table 1. Summary of X-ray crystallographic data collection, solution, and refinement parameters for complexes 3, 4, 5, and 11.

Fig. 3. ORTEP diagram of the non-hydrogen atoms of 5, showing the atom labelling scheme. Thermal ellipsoids are shown at 30%
probability.
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Pt—N(2) bond lengths for 3, 4, and 5 are similar in all cases
and show no significant variation within each complex, there
is clearly no cis-effect in the differently fluorinated alkyl
groups.

No meaningful comparisons between the Pt(IV)–diimine
complexes and the analogous Pt(IV)–tmeda complexes can
be made, as the tmeda complexes isomerize from the initial
trans-product to form the thermodynamically favored cis-
product.3

Crystallization of 11 from CH2Cl2–hexane afforded red
plates that were suitable for X-ray diffraction studies. The
ORTEP diagram for complex 11 is shown in Fig. 4. Selected
bond lengths and angles for the coordination sphere of Pt are
given in Table 2. The numbering scheme adopted for com-
plex 11 has N(1) trans to C(1) (the methyl group), while
N(2) is trans to C(2) (the α-carbon of the perfluoroalkyl
moiety).

The structure shows the complex is square planar, with no
significant deviations of the ligands from the plane, but with
significant bond angle deviations due to the steric bulk of
the perfluoroalkyl ligand. The C(2)-Pt-N(2) bond angle of
176.1(5)° is close to the ideal angle, however, there is signif-
icant deviation observed for the C(1)-Pt-N(1) which has a
bond angle of 171.0(6)°. Similarly, the C(2)-Pt-N(1) bond
angle (101.8(6)°) shows a large distortion that is attributable
to the steric requirements of the perfluoroalkyl moiety. Vari-
ations in the bond lengths to the Pt atom are also observed
which is a consequence of the relative magnitude of the
trans-influence for methyl and perfluoroalkyl ligands: the
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Complex 3 4 5 11

Bond angles (Å)
Pt—C(1) 2.065(6) 2.072(11) 2.053(7) 2.047(9)
Pt—C(2) 2.066(5) 2.031(12) 2.055(7) 2.032(9)
Pt—C(3) 2.129(8) 2.228(9) 2.076(9) —
Pt—N(1) 2.175(4) 2.178(6) 2.187(5) 2.133(7)
Pt—N(2) 2.170(5) 2.183(7) 2.178(5) 2.077(8)
Pt—X 2.6769(4) 2.6963(8) 2.7447(5) —

Bond angles (°)
C(1)-Pt-C(2) 88.2(2) 85.4(5) 85.1(3) 87.2(6)
C(1)-Pt-C(3) 94.3(2) 92.0(4) 88.1(4) —
C(1)-Pt-N(1) 172.5(2) 173.3(4) 174.5(3) 171.0(6)
C(1)-Pt-N(2) 98.8(2) 99.4(4) 100.2(2) 93.9(6)
C(1)-Pt-X 87.53(18) 89.5(3) 91.0(2) —
C(2)-Pt-C(3) 91.1(2) 91.1(4) 88.1(4) —
C(2)-Pt-N(1) 98.7(2) 100.7(4) 100.2(2) 101.8(4)
C(2)-Pt-N(2) 172.3(2) 174.4(4) 174.7(2) 176.1(5)
C(2)-Pt-X 88.81(16) 88.0(3) 91.3(2) —
C(3)-Pt-N(1) 88.43(19) 90.7(3) 96.7(3) —
C(3)-Pt-N(2) 91.4(2) 91.5(3) 92.4(3) —
C(3)-Pt-X 178.12(16) 178.2(2) 175.8(3) —
N(1)-Pt-N(2) 74.08(17) 74.4(3) 74.48(18 77.1(4)
N(1)-Pt-X 89.72(11) 87.91(17) 87.57(13 —
N(2)-Pt-X 88.46(12) 89.13(16) 88.49(13 —

Table 2. Selected bond lengths (Å) and angles (°) for the coordi-
nation sphere of platinum in complexes 3, 4, 5, and 11.

Fig. 4. ORTEP diagram of the non-hydrogen atoms of 11, showing the atom labelling scheme. Thermal ellipsoids are shown at 30%
probability.

3 Our initial observations on this reaction were that the cis-product was formed. More careful studies have shown that the trans-isomer is the
kinetic product. R.P. Hughes, M.A. Meyer, A.J. Ward, A. Williamson. Unpublished results.
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Pt—C(1) bond length is 2.047(9) Å, while the Pt—C(2)
bond length is slightly shorter at 2.032(9) Å. However, it is
in the Pt—N bond lengths that the trans-effect is most
clearly manifested: the Pt—N(1) bond length (trans to
methyl) is 2.133(7) Å, while the Pt—N(2) bond length (trans
to C3F7) is 2.077(8) Å.

Comparison of the structure obtained for 11 and that ob-
tained previously for [Pt(tmeda)(C3F7)Me] (11) reveals that
the presence of the diimine ligand results in significant steric
crowding around the Pt center, and thus, there is some varia-
tion in bond lengths and bond angles between the two com-
plexes. For example, the Pt—C(1) and Pt—C(2) bond
lengths for the tmeda complex are 2.148(18) Å and 2.01(2)
Å, respectively, compared to 2.047(9) Å and 2.032(9) Å for
the same bonds in complex 11. The Pt—N(1) and Pt—N(2)
are 2.14(2) Å and 2.172(19) Å, respectively, for the tmeda
complex, while they are 2.133(7) Å and 2.077(8) Å for 11.
Significant variation in bond angles is observed between the
two complexes: C(1)-Pt-C(2) for 11 is 87.2(6)° and for the
tmeda complex is 88.3(9)°; C(1)-Pt-N(2) for 11 is 93.9(6)°
and for the tmeda complex is 92.3(8)°; C(2)-Pt-N(2) for 11
is 101.8(6)° and for the tmeda complex is 97.7(9)°. While
these large variations are probably attributable solely to the
large steric bulk of the diimine aryl groups, the data for the
tmeda complex are of poor quality and preclude any more
meaningful comparisons.

Experimental section

General considerations
Unless otherwise noted, all reactions were performed in

oven-dried glassware, using standard Schlenk techniques,
under an atmosphere of nitrogen (which had been deoxy-
genated over BASF catalyst), and dried using Aquasorb®.
Solvents were deoxygenated and dried over activated alu-
mina using an apparatus modified from that described in the
literature (56). 1H (300 MHz), 19F (282 MHz), and 31P
(121.4 MHz) NMR spectra were recorded on a Varian
Unity-300 spectrometer at 25 °C. Chemical shifts are re-
ported as ppm downfield of TMS (1H, referenced to solvent)
or internal CFCl3 (19F). Coupling constants are reported in
Hertz (Hz). Microanalyses were performed by Schwartzkopf
Microanalytical Laboratory (Woodside, N.Y.).

Iodoperfluoroalkanes were purchased from PCR, (except
for CF3CFHI, which was purchased from ABCR)
treated with Na2S2O3 to remove residual I2, and vacuum
distilled before use. The complexes [Pt(3,5-
(CF3)2ArN=C(Me)C(Me)=N-3,5-(CF3)2Ar)Me2] (1) (57),
[Pt(4-MeArN=CHCH=N-4-MeAr)Me2] (2) (58), [Pt(2,6-
Me2ArN=CHCH=N-2,6-Me2Ar)Me2] (7) (59), and [Pt(2,6-
Me2ArN=C(Me)C(Me)=N-2,6-Me2Ar)Me2] (8) (59) were
prepared as reported previously.

trans-[1,2-Bis(3,5-bis(trifluoromethylphenylimino)-1,2-
dimethylethane]dimethyl(heptafluoropropyl)iodoplatinum(IV)
(3)

To a solution of 1 (100 mg, 0.14 mmol) in degassed ethyl
acetate (10 mL) was added heptafluoropropyl iodide
(30 mL, 0.20 mmol) and the reaction mixture was heated at
reflux for 2 h in the absence of light. The solvent was re-
moved in vacuo. The residue was recrystallized from

CH2Cl2–hexane to afford the product as an orange powder
(86 mg, 71%). 1H NMR (CDCl3) δ (ppm): 8.44 (s, 2H, ArH),
7.96 (s, 2H, ArH), 7.37 (s, 2H, ArH), 2.49 (s, 6H, 4JPtH =
5 Hz, N=C(CH3)), 1.37 (s, 6H, 2JPtH = 73 Hz, PtCH3).

19F
NMR (CDCl3) δ (ppm): –63.34 (s, 6F, m-ArCF3), –63.47 (s,
6F, m-ArCF3), –80.07 (t, 3F, 4JFF = 13 Hz, 4JPtF = 9 Hz,
CF2CF3), –90.08 (m, 2F, 2JPtF = 298 Hz, PtCF2), –122.03
(m, 2F, CF2CF3). Anal. calcd. for C25H18F19IN2Pt (%): C
29.17, H 1.77; found (%): C 29.37, H 1.65.

trans-[1,2-Bis(3,5-bis(trifluoromethylphenylimino)-1,2-
dimethylethane]iododimethyl-(2H-tetrafluoroethyl)plati-
num(IV) (4)

To a solution of 1 (100 mg, 0.14 mmol) in degassed ethyl
acetate (10 mL) was added iodo-2H-tetrafluoroethane
(23 µL, 0.20 mmol) and the reaction mixture was heated at
reflux in the absence of light for 2 h. The solution was
cooled and the solvent removed in vacuo. The residue was
extracted with hot hexanes until no colour persisted in the
washings. The volume of the combined extracts was reduced
in vacuo to 5 mL and cooled to –30 °C. The product was ob-
tained by filtration as a yellow powder (86 mg, 66%). 1H
NMR (CDCl3) δ (ppm): 8.42 (s, 2H, ArH), 7.94 (s, 2H,
ArH), 7.45 (s, 2H, ArH), 5.45 (tt, 2JFH = 55 Hz, 3JFF = 6 Hz,
2JPtH = 11 Hz CF2H), 2.47 (s, 6H, 4JPtH = 5 Hz, N=C(CH3)),
1.26 (s, 6H, 2JPtH = 72 Hz, PtCH3).

19F NMR (CDCl3) δ
(ppm): –63.30 (s, 12F, m-ArCF3), –90.98 (dt, 2F, 3JFF =
3 Hz, 3JFH = 6 Hz, 3JPtF = 307 Hz, CF2CF2H), –131.69 (dt,
2F, 3JFF = 6 Hz, 2JFH = 55 Hz, 2JPtF = 27 Hz, CF2CF2H).
Anal. calcd. for C24H19F16IN2Pt (%): C 29.98, H 2.00; found
(%): C 30.21, H 1.87.

trans-[1,2-Bis(3,5-bis(trifluoromethylphenylimino)-1,2-
dimethylethane]dimethyliodo(1H-tetrafluoroethyl)plati-
num(IV) (5)

To a solution of 1 (100 mg, 0.14 mmol) in degassed ethyl
acetate (10 mL) was added iodo-1H-tetrafluoroethane
(23 µL, 0.20 mmol) and the reaction mixture was heated at
reflux in the absence of light for 2 h. The solution was
cooled and the solvent removed in vacuo. The residue was
extracted with hot hexanes until no colour persisted in the
washings. The volume of the combined extracts was reduced
in vacuo to 5 mL and cooled to –30 °C. The product was ob-
tained by filtration as a yellow powder (85 mg, 65%). 1H
NMR (CDCl3) δ (ppm): 8.73 (bs, 1H, ArH), 8.39 (s, 1H,
ArH), 7.94 (s, 2H, ArH), 7.41 (bs, 2H, ArH), 4.72 (dq, 1H,
2JFH = 47 Hz, 3JFF = 10 Hz, 2JPtH = 410 Hz, CFH), 2.48 (s,
3H, 4JPtH = 5 Hz, N=C(CH3)), 2.45 (s, 3H, 4JPtH = 5 Hz,
N=C(CH3)), 1.27 (d, 3H, 4JFH = 1 Hz, 2JPtH = 70 Hz,
PtCH3), 1.12 (s, 3H, 2JPtH = 71 Hz, PtCH3).

19F NMR
(CDCl3) δ (ppm): –63.18 (s, 3F, m-ArCF3), –63.27 (s, 3F, m-
ArCF3), –63.32 (s, 6F, m-ArCF3), –72.95 (dd, 3F, 3JFF =
11 Hz, 3JFH = 11 Hz, 3JPtF = 61 Hz, CFHCF3), –191.43 (dq,
1F, 3JFF = 11 Hz, 3JFH = 47 Hz, 2JPtF = 135 Hz, CFHCF3).
Anal. calcd. for C24H19F16IN2Pt (%): C 29.98, H 2.00; found
(%): C 29.87, H 1.99. X-ray diffraction quality crystals were
grown from CH2Cl2–hexane.

trans-[1,2-Bis(4-methylphenylimino)ethane]dimethyl(hepta-
fluoropropyl)iodoplatinum(IV) (6)

To a suspension of 2 (100 mg, 0.22 mmol) in hexane
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(10 mL) was added C3F7I (47 µL, 0.33 mmol) and the reac-
tion mixture was refluxed for 8 h. The solution was cooled
and the solvent removed in vacuo. Recrystallization from
hot hexane afforded the product as an orange
microcrystalline solid (104 mg, 63%). 1H NMR (CDCl3) δ
(ppm): 8.67 (t, 2H, 3JPtH = 26 Hz, N=CH), 7.45 (m, 4H,
ArH), 7.31 (m, 4H, ArH), 2.44 (s, 6H, ArCH3), 1.77 (t, 6H,
2JPtH = 74 Hz, PtCH3).

19F NMR (CDCl3) δ (ppm): –80.01 (t,
3F, 4JFF = 12 Hz, 4JPtF = 18 Hz, CF3), –91.93 (qt, 2F, 2JPtF =
362 Hz, 4JFF = 12 Hz, 3JFF = 3 Hz, PtCF2), –121.79 (m, 2F,
CF2CF3). Anal. calcd. for C21H22F7IN2Pt (%): C 33.29, H
2.93; found (%): C 33.83, H 3.12.

[1,2-Bis(2,6-dimethylphenylimino)ethane](heptafluoro-
propyl)methylplatinum(II) (9)

To a solution of 7 (100 mg, 0.20 mmol) in hexane
(10 mL) was added C3F7I (44 µL, 0.31 mmol) and the reac-
tion mixture was heated at reflux for 18 h. The solution was
cooled. Filtration and washing with hexane afforded the
product as a maroon microcrystalline solid (146 mg, 91%).
1H NMR (CDCl3) δ (ppm): 9.01 (t, 1H, 3JPt-H = 36 Hz,
N=CH), 8.93 (t, 1H, 3JPtH = 84 Hz, N=CH), 7.21 (s, 4H, m-
ArH), 7.14 (m, 2H, p-ArH), 2.28 (s, 12H, CH3), 1.21 (t, 3H,
2JPtH = 88 Hz, PtCH3).

19F NMR (CDCl3) δ (ppm): –79.98 (t,
3F, 4JPtF = 36 Hz, 4JFF = 10 Hz, CF3), –94.74 (q, 2F, 2JPtF =
420 Hz, 4JFF = 10 Hz, PtCF2), –120.33 (s, 2F, 3JPtF =
116 Hz, CF2CF3). Anal. calcd. for C22H23F7N2Pt (%): C
41.06, H 3.61; found (%): C 41.04, H 3.69.

[1,2-Bis(2,6-dimethylphenylimino)ethane](1H-tetrafluoro-
ethyl)methylplatinum(II) (10)

To a solution of 7 (100 mg, 0.20 mmol) in ethyl acetate
(10 mL) was added iodo-1H-tetrafluoroethane (70 mg,
0.31 mmol) and the reaction mixture was heated at reflux for
12 h in the absence of light. The solvent was removed in
vacuo and the residue was washed with hexane until no col-
our persisted in the washings. The product was obtained as
purple needles after recrystallization from chloroform–hex-
ane (50 mg, 45%). 1H NMR (CDCl3) δ (ppm): 9.20 (s, 1H,
3JPtH = 37 Hz, N=CH), 9.06 (s, 1H, 3JPtH = 42 Hz, N=CH),
7.24–7.15 (m, 6H, ArH), 6.03 (dq, 1H, 2JFH = 50 Hz, 3JFH =
11 Hz, 2JPtF = 61 Hz, CFH), 2.36 (s, 3H, ArCH3), 2.29 (s,
3H, ArCH3), 2.27 (s, 3H, ArCH3), 2.20 (s, 3H, ArCH3), 1.36
(s, 3H, 2JPtH = 86 Hz, PtCH3). 19F NMR (CDCl3) δ (ppm):
–70.69 (dd, 3F, 3JFH = 14 Hz, 3JFF = 14 Hz, 3JPtF = 141 Hz,
CF3), –212.28 (dq, 1F, 2JFH = 50 Hz, 3JFF = 14 Hz, 2JPtF =
327 Hz, CFH). Anal. calcd. for C21H24F4N2Pt�0.5CHCl3
(%): C 40.65, H 3.90; found (%): C 41.37, H 3.74.

[1,2-Bis(2,6-dimethylphenylimino)-1,2-dimethyl-
ethane](heptafluoropropyl)methylplatinum(II) (11)

To a solution of 8 (100 mg, 0.19 mmol) in ethyl acetate
(10 mL) was added C3F7I (42 µL, 0.29 mmol) and the reac-
tion mixture was heated under reflux in the absence of light
for 2 h. The solution was cooled and the solvent removed in
vacuo. The residue was recrystallized from CH2Cl2–hexane.
Filtration afforded the complex as a purple powder (66 mg,
51%). 1H NMR (CDCl3) δ (ppm): 7.19 (m, 4H, p-ArH), 7.12
(s, 2H, p-ArH), 2.21 (s, 12H, o-ArCH3), 1.73 (s, 3H,
N=C(CH3)), 1.63 ((s, 3H, N=C(CH3)), 0.70 (t, 3H, 2JPtH =
86 Hz, PtCH3).

19F NMR (CDCl3) δ (ppm): –80.01 (tt, 3F,

4JFF = 10 Hz, 4JPtF = 19 Hz, CF3), –93.51 (tq, 2F, 4JFF =
10 Hz, 2JPtF = 410 Hz, PtCF2), –119.74 (t, 2F, 3JPtF =
119 Hz, CF2CF3). Anal. calcd. for C24H27F7N2Pt (%): C
42.92, H 4.06; found (%): C 43.1, H 4.12.

[1,2-Bis(2,6-dimethylphenylimino)-1,2-dimethyl-
ethane]methyl(1H-tetrafluoroethyl)platinum(II) (12)

To a solution of 8 (100 mg, 0.19 mmol) in ethyl acetate
(10 mL) was added C3F7I (42 µL, 0.29 mmol) and the reac-
tion mixture was heated under reflux in the absence of light
for 24 h. The solution was cooled and the solvent reduced to
5 mL in vacuo. Hexane was added. Filtration afforded the
product as a purple microcrystalline powder (100 mg, 85%).
1H NMR (CDCl3) δ (ppm): 7.30–7.17 (m, 6H, ArH), 5.63
(dq, 1H, 2JFH = 49 Hz, 3JFH = 13 Hz, 2JPtH = 52 Hz, CFH),
2.28 (s, ArCH3), 1.66 (s, 3H, N=C(CH3)), 1.35 (s, 3H,
N=C(CH3)), 1.10 (s, 3H, 2JPtH = 86 Hz, PtCH3).

19F NMR
(CDCl3) δ (ppm): –70.73 (dd, 3F, 3JFH = 13 Hz, 3JFF =
14 Hz, CF3), –211.64 (dq, 1F, 2JFH = 49 Hz, 3JFF = 14 Hz,
CFH). Anal. calcd. for C23H28F4N2Pt (%): C 45.76, H 4.69;
found (%): C 45.77, H 4.53.

[1,2-Bis(2,6-dimethylphenylimino)ethane](heptafluoro-
propyl)iodoplatinum(II) (13)

Method 1:
To a solution of 9 (100 mg, 0.16 mmol) in CH2Cl2

(10 mL) was added iodine (39 mg, 0.16 mmol) and the reac-
tion mixture was stirred in the dark for 12 h. The solvent
was reduced in volume to approximately 5 mL in vacuo.
Hexane was added to precipitate the product as a brown
powder. Recrystallization from CH2Cl2–hexane at –30 °C af-
forded the product as an umber microcrystalline solid
(94 mg, 80%). 1H NMR (CDCl3) δ (ppm): 9.00 (t, 1H,
3JPtH = 102 Hz, N=CH), 8.62 (t, 1H, 3JPtH = 40 Hz, N=CH),
7.23–7.15 (m, 6H, ArH), 2.33 (s, 6H, CH3), 2.30 (s, 6H,
CH3).

19F NMR (CDCl3) δ (ppm): –80.08 (t, 3F, 4JFF =
11 Hz, CF3), –80.83 (tqd, 2F, 2JPtF = 288 Hz, 4JFF = 11 Hz,
5JFH = 4 Hz, PtCF2), –114.69 (t, 2F, 5JPtF = 72 Hz, CF2CF3).
Anal. calcd. for C21H20F7IN2Pt (%): C 33.39, H 2.67; found
(%): C 32.65, H 2.57.

Method 2:
To a solution of 9 (100 mg, 0.16 mmol) in toluene

(10 mL) was added hydriodic acid (57% w/w, 20 µL,
0.16 mmol) and the reaction mixture was stirred at room
temperature for 4 h. The solvent was removed in vacuo and
the residue recrystallized from CH2Cl2–hexane to afford the
product as an umber microcrystalline powder (83 mg, 78%).

[1,2-Bis(2,6-dimethylphenylimino)ethane](1H-tetrafluoro-
ethyl)iodoplatinum(II) (14)

To a solution of 10 (100 mg, 0.19 mmol) in toluene
(10 mL) was added HI (57% w/w, 33 µL, 0.29 mmol) and
the reaction mixture was stirred at room temperature for 4 h.
The solvent was removed in vacuo and the residue recrystal-
lized from CH2Cl2–hexane to afford the product as a black
powder (86 mg, 74%). 1H NMR (CDCl3) δ (ppm): 9.16 (s,
1H, 3JPtH = 100 Hz, N=CH), 8.68 (s, 1H, 3JPtH = 38 Hz,
N=CH), 7.25–7.15 (m, 6H, ArH), 6.09 (dq, 1H, 2JFH =
50 Hz, 3JFH = 11 Hz, 2JPtH = 61 Hz, Hz, CFH), 2.39 (s, 3H,
ArCH3), 2.36 (s, 3H, ArCH3), 2.29 (s, 3H, ArCH3), 2.25 (s,
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3H, ArCH3).
19F NMR (CDCl3) δ (ppm): –68.61 (dd, 3F,

3JFH = 15 Hz, 3JFF = 11 Hz, 2JPtF = 91 Hz, CF3), –211.67
(dq, 1F, 2JFH = 50 Hz, 3JFF = 11 Hz, 2JPtF = 359 Hz, CFH).
Anal. calcd. for C20H21F4IN2Pt (%): C 34.94, H 3.09; found
(%): C 35.32, H 3.36.

[1,2-Bis(2,6-dimethylphenylimino)-1,2-dimethyl-
ethane](heptafluoropropyl)iodoplatinum(II) (15)

To a solution of 11 (100 mg, 0.15 mmol) in toluene
(5 mL) was added HI (57% w/w, 100 µL, excess) and the re-
action mixture was stirred at room temperature for 8 h. The
solvent was removed in vacuo. The residue was extracted
with CH2Cl2 and the supernatant solution filtered. The sol-
vent was reduced in vacuo to 5 mL and hexane was added.
Filtration afforded the product as a brick-red powder (82 mg,
71%). 1H NMR (CDCl3) δ (ppm): 7.23–7.13 (m, 6H, ArH),
2.26 (s, 6H, ArCH3), 2.23 (s, 6H, ArCH3), 2.22 (s, 3H,
N=C(CH3)), 1.84 (s, 3H, N=C(CH3)).

19F NMR (CDCl3) δ
(ppm): –79.65 (qt, 3F, 4JFF = 11 Hz, 3JFF = 4 Hz, 2JPtF =
290 Hz, CF3), –93.46 (t, 2F, 4JFF = 11 Hz, 4JPtF = 38 Hz,
PtCF2), –114.06 (t, 2F, 3JFF = 4 Hz, 3JPtF = 68 Hz, CF2CF3).
Anal. calcd. for C23H24F7IN2Pt (%): C 35.26, H 3.09; found
(%): C 35.15, H 3.32.

[1,2-Bis(2,6-dimethylphenylimino)-1,2-dimethyl-
ethane](1H-tetrafluoroethyl)iodoplatinum(II) 16

To a solution of 12 (100 mg, 0.17 mmol) in CHCl3
(10 mL) was added HI (21 µL, 0.17 mmol) and the reaction
mixture was stirred at room temperature overnight. The sol-
vent was removed in vacuo. The residue was recrystallized
from CH2Cl2–hexane to afford the product as a deep orange
powder (88 mg, 74%). 1H NMR (CDCl3) δ (ppm): 7.23–7.08
(m, 6H, ArH), 5.60 (dq, 2JFH = 50 Hz, 3JFH = 11 Hz, 2JPtH =
51 Hz, CFH), 2.20 (s, 9H, 3 × ArCH3), 1.56 (s, 3H, ArCH3),
1.26 (s, 3H, C(CH3)), 1.02 (s, 3H, 4JPtH = 86 Hz, C(CH3)).
19F NMR (CDCl3) δ (ppm): –70.74 (dd, 3F, 3JFF = 11 Hz,
3JFH = 11 Hz, 3JPtF = 136 Hz, CF3), –211.69 (dq, 1F, 2JPH =
50 Hz, 3JFF = 15 Hz, 2JPtF = 388 Hz, CFH). Anal. calcd. for
C22H25F4IN2Pt (%): C 36.93, H 3.53; found (%): C 36.71, H
3.40.

Crystallographic structural determinations

Diffraction intensity data were collected with a Bruker
Smart Apex CCD diffractometer. Crystal data collection and
refinement parameters are provided in Table 1.4 The struc-
tures were solved using direct methods, completed by subse-
quent difference Fourier syntheses and refined by full-matrix
least-squares procedures on reflection intensities (F2).
SADABS absorption corrections were applied to all struc-
tures (60). All non-hydrogen atoms were refined with aniso-
tropic displacement coefficients except the C and F atoms of
disordered groups. The F atoms of CF3 groups in 3, 4, and 5
and -CF2-CHF2, -CHF-CF3 ligands in 4 and 5 are disor-
dered. Hydrogen atoms were treated as idealized contribu-

tions. All software and sources of scattering factors are con-
tained in the SHELXTL (5.10) program libraries (61).
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The use of a chiral borate counteranion as a
1H NMR shift reagent for cationic copper(I)
complexes1

David B. Llewellyn and Bruce A. Arndtsen

Abstract: The chiral borate counteranion bis[(R)-1,1′-bi-2-naphtholato]borate (1–) has been found to be a competent
chiral 1H NMR shift reagent for cationic copper(I) complexes. This has been demonstrated by the addition of the
Cu(NCMe)4

+ salt of 1– to two classes of common chiral ligands in asymmetric catalysis: 2,2′-bis(di-p-tolylphosphino)-
1,1′-binaphthyl (tol-BINAP) (2) and 2,2′-isopropylidenebis(4-phenyl-2-oxazoline) (3). In the case of ligand 2, the addi-
tion of 1 equiv. of either (R,R)-2 or (S,S)-2 to Cu(NCMe)4

+1– results in well-resolved 1H NMR resonances for the two
enantiomers. Examination of standard solutions of non-enantiopure 2 shows that the copper complex can be an effec-
tive NMR shift reagent of a wide range of enantiomeric compositions. Cu(NCMe)4

+1– also generates distinct 1H NMR
resonances for the two separate enantiomers of 2,2′-isopropylidenebis(4-phenyl-2-oxazoline) (3). However, attempts to
employ this copper salt as a chiral NMR shift reagent for rac-3 led to the discovery of a new and unexpected equilib-
rium: [(R,R)-3]Cu+ + [(S,S)-3]Cu+ ⇔ [(R,R)-3][(S,S)-3]Cu+ + Cu+.

Key words: chiral counteranion, copper, chiral NMR shift reagent, ion pairing.

Résumé : On a trouvé que le contre-ion borate chiral, bis[(R)-1,1′-bi-2-naphtalato]borate (1–) réactif de déplacement
chiral utile en RMN du 1H des complexes de cuivre(I) cationiques. On a établi cette propriété par l’addition du sel
Cu(NCMe)4

+ du composé 1– à deux classes de ligands chiraux usuels dans la catalyse asymétrique, le 2,2′-bis(di-p-to-
lylphosphino)-1,1′-binaphtyle (tol-BINAP) (2) et la 2,2′-isopropylidènebis(4-phényl-2-oxazoline) (3). Dans le cas du li-
gand 2, l’addition d’un équivalent de (R,R)-2 ou de (S,S)-2 au Cu(NCMe)4

+1– conduit à un spectre RMN du 1H dans
lequel les résonances des deux énantiomères sont bien résolues. L’examen de solutions standard du composé 2 qui
n’est pas énantiomériquement pur montre que le complexe de cuivre peut s’avérer être un réactif de déplacement effi-
cace en RMN, sur une large gamme de compositions énantiomères. Le composé 1– génère aussi des résonances RMN
du 1H distinctes pour les deux énantiomères séparés de la 2,2′-isopropylidènebis(4-phényl-2-oxazoline) (3). Toutefois,
les essais effectués en vue d’utiliser ce sel de cuivre comme réactif de déplacement en RMN pour le composé 3-rac
ont permis de mettre en évidence un nouvel équilibre inattendu: [(R,R)-3]Cu+ + [(S,S)-3]Cu+ ⇔ [(R,R)-3][(S,S)-3]Cu+ +
Cu+.

Mots clés : contre-ion chiral, cuivre, réactif de déplacement RMN chiral, paire d’ions.

[Traduit par la Rédaction] Llewellyn and Arndtsen 1284

Introduction

Coupled to the growing demand for enantiopure com-
pounds in the chemical and pharmaceutical industry (1) is
also a demand for inexpensive, fast, and reliable techniques
for the determination of enantiomeric composition. Enantio-
meric excess is usually determined by chiral chromatogra-

phy (2) (i.e., HPLC and GC) or through the use of a chiral
NMR shift reagent (3). NMR shift reagents are attractive be-
cause they can provide results rapidly, give an accurate mea-
surement of optical purity, and require only an NMR
spectrometer to perform the experiments. The most common
NMR shift reagents are chiral lanthanide metal complexes
(i.e., Eu(hfc)3, hfc = heptafluorohydroxymethylene-d-
camphorato) (3, 4). Other metals including palladium (5),
cobalt (6), and iridium (7) have also been used in conjunc-
tion with chiral ligands and shown to be effective chiral
NMR shift reagents.

We have recently reported that ion pairing of a chiral
bis[(R)-binapthol]-based borate counteranion (1–) with a
cationic copper center can induce enantioselectivity into
metal catalysis (8). These results demonstrate a high level of
communication between the metal catalyst and the
counteranion in solution. This suggested that the chiral
counteranion 1– might also be used as a chiral NMR shift re-
agent for cationic species. Indeed, Lacour and co-workers
(9) have demonstrated that chiral phosphate counteranions

Can. J. Chem. 81: 1280–1284 (2003) doi: 10.1139/V03-141 © 2003 NRC Canada
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can be effective NMR shift reagents for a variety of cationic
compounds. Particularly attractive about the use of the chiral
borate 1– is its facile synthesis in enantiopure form from
readily available starting materials. It therefore does not re-
quire subsequent resolution, and does not racemize in solu-
tion (8). Furthermore, 1– is easily generated as a borate acid,
silver salt, or Cu(CH3CN)4

+ salt, allowing its potential asso-
ciation with a range of chiral cations or coordinating species
(8).

We report below the results of our first studies directed to-
wards the use of 1– as a NMR shift reagent for chiral
cationic transition metal complexes. This has been examined
with the copper salt Cu(CH3CN)4

+1–. This complex can un-
dergo rapid ligand substitution, providing the potential to
serve as a NMR shift reagent for chiral ligands upon coordi-
nation, as illustrated in eq. [1]. Representatives of two
general classes of ligands have been probed: 2,2′-bis(di-p-
tolylphosphino)-1,1′-binaphthyl (tol-BINAP) (2) and 2,2′-
isopropylidenebis(4-phenyl-2-oxazoline) (3) both of which
are important in the field of asymmetric catalysis (10).

Results and discussion

The ability of Cu(CH3CN)4
+1– to serve as a NMR shift re-

agent for chiral ligands was first probed with the chiral tol-
BINAP derivative 2. This general class of chiral ligand has
found extensive utility in transition-metal-catalyzed
enantioselective reactions (e.g., hydrogenations, hydrosila-
tions, Heck couplings, Lewis acid catalysis) (11). The addi-
tion of racemic-2 to 1 equiv. Cu(CH3CN)4

+1– in CD2Cl2
results in the immediate association of the chiral ligand to
the copper center at ambient temperature. Examination of
the 1H NMR spectra reveals the presence of two separate
tol-BINAP containing products formed in a 1:1 ratio. A por-
tion of the 1H NMR is shown in Fig. 1. The identity of these
compounds can be determined by comparing this spectra to
those obtained by the addition of enantiopure solutions of
(S,S)-2 (Fig. 1b) and (R,R)-2 (Fig. 1c) to Cu(CH3CN)4

+1–.
These show that the compounds formed with rac-2 corre-
spond to the two separate enantiomers of 2 coordinated to
the copper cation, wherein simple solution phase ion pairing
with 1– does indeed lead to a significant separation of the 1H
NMR resonances in the diastereomeric salts (eq. [2]). The
largest degree of separation in the resonances for the enan-
tiomers of 2 occurs for the aromatic hydrogens in the 5.6–
6.2 ppm region (0.14 ppm) but reasonable separation is also
observed for the tolyl–methyl resonances in the 2.4–2.6 ppm
region (0.05 ppm).

As anticipated, the degree of separation in the 1H NMR
resonances for the enantiomers of 2 is sensitive to the nature
of the solvent used. For example, the peaks in the 1.7–
1.9 ppm region are separated by 0.06 ppm in C6D6, which
decreases to 0.016 ppm in CD2Cl2, and to 0 ppm in CD3CN.
The decrease in separation that is observed with an increase
in solvent polarity is consistent with weaker ion pairing in
the more polar solvents (12), which results in less contact
between the ions, and therefore, less enantiomeric differenti-
ation by 1–. It should be noted that while Cu(CH3CN)4

+1– in
benzene solvent provides a large degree of peak separation
for the two enantiomers, it gives an inaccurate determination
of the enantiomeric excess of 2 (calculated ee = 18% for
rac-2). Since the sample was not completely soluble in
C6D6, this error is most likely a result of the different solu-
bilities of the diastereotopic ion pairs.

© 2003 NRC Canada
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Fig. 1. 1H NMR spectra (400 MHz) in CD2Cl2 of: (a) rac-2 with
Cu(CH3CN)4

+1–; (b) (S,S)-2 with Cu(CH3CN)4
+1–; and (c) (R,R)-2

with Cu(CH3CN)4
+1– (δ 1.93 = CH3CN).
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The accuracy of 1– as a chiral NMR shift reagent in
CD2Cl2 was determined by preparing mixtures of tol-BINAP
with known enantiomeric composition and examination by
1H NMR in the presence of 1 equiv. Cu(CH3CN)4

+1–. For
example, a sample of 2 with a calculated enantiomeric ex-
cess of 33% showed an experimental enantiomeric excess of
32% by 1H NMR. Furthermore, a linear relationship exists
between the enantiomeric excess determined by 1H NMR
(400 MHz) and the calculated enantiomeric excess of the
non-racemic samples of 2 (Fig. 2), which could be repro-
duced within 2% error. These results clearly demonstrate
that ion-pairing interactions in solution between 1– and the
copper-bound BINAP derivative 2 can provide a facile and
accurate method to determine %ee over a broad range of
enantiomeric compositions.

In light of the accuracy of Cu(CH3CN)4
+1– as a chiral

NMR shift reagent with chelated phosphine ligand 2, the
generality of this system has been explored with the nitro-
gen-based chiral chelate 2,2′-isopropylidenebis(4-phenyl-2-
oxazoline) (3). As shown in Fig. 3, the addition of the indi-
vidual enantiomers of 3 to Cu(CH3CN)4

+1– in CD2Cl2 also
results in the immediate copper complexation of the ligand,
and generation of complexes with significantly different 1H
NMR chemical shifts (spectra a and b). The most noticeable
difference is observed for the methyl peaks in the backbone
of the ligand. This signal in the (R,R)-3 enantiomer occurs at
1.52 ppm (Fig. 3a) while the same signal for the (S,S)-3
complex arises at 1.58 ppm (Fig. 3b). Thus, as with ligand 2,
ion pairing with 1– can be used to distinguish the individual
enantiomers of the copper-bound bis(oxazoline) ligand.

However, when rac-3 was added to Cu(CH3CN)4
+1–,

broad resonances were observed in the 1H NMR (Fig. 3c).
This suggested a dynamic equilibrium was present in solu-
tion. Lowering the temperature to –40 °C significantly in-
creases the sharpness of the 1H NMR signals and reveals,
rather than the anticipated two sets of resonances, three dis-
tinct products in solution (Fig. 3d). Two of the complexes
correspond to the diastereotopic ion pairs of (R,R)-3 with
Cu(CH3CN)4

+1– and (S,S)-3 with Cu(CH3CN)4
+1–, with 1H

NMR shifts identical to that of the optically pure com-
pounds. The third product has been assigned as the
heterochiral bis-ligated complex 4. The identity of 4 has
been confirmed by reacting 2 equiv. rac-3 with
Cu(CH3CN)4

+1– in CD2Cl2 (Fig. 3e). Complex 4 can be iso-
lated in 85% yield upon precipitation with diethyl ether and
has been fully characterized by NMR, IR, and elemental
analysis.

The formation of 4, and the broadened 1H NMR reso-
nances at ambient temperature, suggests that the addition of

rac-3 to Cu(CH3CN)4
+1– results in the equilibrium shown in

eq. [3]. Based upon the relative 1H NMR intensities, the Keq
has been calculated to be 0.43 at –40 °C. Thus, in contrast to
enantiopure 3 or the more bulky BINAP derivatives (2), two
differing enantiomers of 3 can be readily accommodated
about the Cu+ center, even with the concomitant formation
of 1 equiv. of Cu(NCMe)4

+. The stability of 4 is likely re-
lated to the tetrahedral geometry of the Cu(I) complex,

© 2003 NRC Canada
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Fig. 2. Plot of enantiomeric excess, determined by the relative
integration of the 1H NMR resonances in the 5.6–6.2 ppm re-
gion, for samples of 2 with Cu(CH3CN)4

+1– in CD2Cl2 vs. calcu-
lated enantiomeric excess for samples of 2.

Fig. 3. 1H NMR spectra (270 MHz) in CD2Cl2 of: (a) 1 equiv.
(R,R)-3 with Cu(CH3CN)4

+1–; (b) 1 equiv. (S,S)-3 with
Cu(CH3CN)4

+1–; (c) 1 equiv. rac-3 with Cu(CH3CN)4
+1–, 20 °C;

(d) 1 equiv. rac-3 with Cu(CH3CN)4
+1–, –40 °C; and (e) 2 equiv.

rac-3 with Cu(CH3CN)4
+1– (4).
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wherein the coordination of the two separate enantiomers of
3 forms a stable propeller-like arrangement of the phenyl
groups. A similar bis-ligated complex with the same enan-
tiomers of 3 would likely have strongly destabilizing
phenyl–phenyl interactions. To our knowledge, this equilib-
rium has not been previously observed in solution with 3,
and its identification may help to explain nonlinear effects
that are observed using non-enantiopure bis(oxazoline) lig-
ands and copper(I) cations as asymmetric catalysts (13).

While the presence of 4 complicates the use of
Cu(CH3CN)4

+1– as a chiral NMR shift reagent for ligand 3,
it is notable that the diastereomeric salts formed by 1– and
the copper salts of 3 are well resolved by 1H NMR, in a
fashion similar to that for the BINAP derivatives 2. This
demonstrates that strong solution-phase ion pairing occurs
with both general classes of ligands, and suggests that ion
pairing with counteranion 1– could prove to be a general
method for the NMR resolution of well-defined chiral
cationic copper(I) complexes.3

In conclusion, these studies have shown that ion pairing
with the chiral borate counteranion 1– can be used as a sim-
ple and effective method to distinguish individual enantio-
mers of chiral cationic copper complexes in solution. In the
case of BINAP derivatives, this provides an accurate 1H
NMR shift method to determine enantiomeric excess. The
borate counteranion 1– is easy to prepare and incorporate
into cationic complexes, allows for rapid 1H NMR analysis,
and lacks the line broadening often observed with paramag-
netic chiral shift reagents, providing an attractive alternative
to standard analytical techniques for the determination of
enantiomeric excess. The fact that individual enantiomers of
cationic copper complexes show distinct 1H NMR reso-
nances resulting from ion pairing with 1– also illustrates the
important role of solution-phase ionic interactions with tran-
sition metal complexes. This provides a rationale for the
strong counteranion influences often observed in asymmetric
catalysis employing copper salts of ligands such as 3, in-
cluding our observation that the anion chirality can directly
influence enantioselectivity in product formation (8). The
ability to form 1– as either a proton or silver salt should
prove useful in the further design of NMR shift reagents em-
ploying ion pairing with this anionic fragment.

Experimental section

General
All manipulations were performed under an inert

atmosphere in a Vacuum Atmospheres 553-2 dry box.

Cu(CH3CN)4
+1– was synthesized using a previously pub-

lished procedure (8). Individual enantiomers of 2,2′-bis(di-p-
tolylphosphino)-1,1′-binaphthyl (>98%) and 2,2′-
isopropylidenebis(4-phenyl-2-oxazoline) (>98%) were pur-
chased from Strem and Aldrich, respectively, and used as re-
ceived. All other reagents were purchased from commercial
suppliers and used as received. CH3CN and CH2Cl2 were
distilled from CaH2 under nitrogen. Diethyl ether was dis-
tilled from Na–benzophenone under nitrogen. Deuterated
solvents were dried as their protonated analogues but trans-
ferred under vacuum from the drying agent and stored under
4 Å sieves. 1H, 11B, and 13C NMR were recorded on a
JEOL-270 or Varian 400 spectrometer. Infrared spectra were
recorded on a Bruker IFS-48 spectrometer.

Representative 1H NMR analysis of 2 with
Cu(CH3CN)4

+1–

A solution of rac-2 (4.2 mg, 0.0062 mmol) in 1.0 mL
CD2Cl2 was added to solid Cu(CH3CN)4

+1– (5.0 mg,
0.0062 mmol) and mixed until a clear solution resulted. The
1H NMR was taken immediately. 1H NMR of (R,R)-2 with
Cu(CH3CN)4

+1– (400 MHz, CD2Cl2) δ: 7.86 (d, 4H, J =
8.0 Hz), 7.77 (d, 4H, J = 8.0 Hz), 7.11–7.34 (m, 30H), 6.95
(m, 2H), 6.87 (m, 2H), 6.48 (d, 2H, J = 6.3 Hz), 6.28 (m,
4H), 5.84 (d, 4H, J = 7.4 Hz), 2.41 (s, 6H, P(C6H4CH3)2),
1.93 (s, 12H, CH3CN), 1.81 (s, 6H, P(C6H4CH3)2).

1H NMR
of (S,S)-2 with Cu(CH3CN)4

+1– (400 MHz, CD2Cl2) δ: 7.89
(m, 8H), 7.44 (d, 2H, J = 8.4 Hz), 7.09–7.38 (m, 28H), 6.95
(m, 2H), 6.85 (m, 2H), 6.55 (m, 6H), 5.98 (d, 4H, J =
7.6 Hz), 2.46 (s, 6H, P(C6H4CH3)2), 1.93 (s, 12H, CH3CN),
1.80 (s, 6H, P(C6H4CH3)2).

Representative 1H NMR analysis of 3 with
Cu(CH3CN)4

+1–

A solution of (R,R)-3 (2.1 mg, 0.0062 mmol) in 1.0 mL
CD2Cl2 was added to solid Cu(CH3CN)4

+1– (5.0 mg,
0.0062 mmol) and mixed until a clear solution resulted. The
1H NMR was taken immediately. 1H NMR of (R,R)-3 with
Cu(CH3CN)4

+1– (270 MHz, CD2Cl2) δ: 7.87 (d, 4H, J =
8.7 Hz), 7.86 (d, 4H, J = 8.1 Hz), 7.45 (d, 4H, J = 8.9 Hz),
7.15–7.27 (m, 14H), 7.08 (m, 4H), 6.94 (m, 4H), 4.92 (dd,
2H, J = 8.2, 10.4 Hz, OCHHCHPh), 4.62 (dd, 2H, J = 8.9,
10.2 Hz, OCHHCHPh), 4.11 (dd, 2H, J = 8.4, 8.9 Hz,
OCHHCHPh), 1.79 (s, 12H, CH3CN), 1.52 (s, 6H,
C(CH3)2).

1H NMR of (S,S)-3 with Cu(CH3CN)4
+1–

(270 MHz, CD2Cl2) δ: 7.87 (m, 8H), 7.46 (d, 4H, J =
8.7 Hz), 7.17–7.31 (m, 14H), 7.08 (m, 4H), 6.99 (m, 4H),
4.91 (dd, 2H, J = 8.2, 10.1 Hz, OCHHCHPh), 4.62 (dd, 2H,
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3 The 1H NMR resolution of chiral tetrahedral copper(I) complexes of achiral nitrogen donor ligands has recently been reported with chiral
phosphate counteranions (see ref. 9e).
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J = 8.9, 10.1 Hz, OCHHCHPh), 4.16 (dd, 2H, J = 8.7,
8.9 Hz, OCHHCHPh), 1.79 (s, 12H, CH3CN), 1.58 (s, 6H,
C(CH3)2).

Representative procedure for the determination of
enantiomeric excess (Fig. 2)

(S,S)-2 (33.3 mg, 0.049 mmol) and 66.6 mg (0.098 mmol)
(R,R)-2 was added to 3.0 mL CH2Cl2. The solution was
mixed and the solvent evaporated under reduced pressure to
give 2 as a white solid, ee = 33%. 4.2 mg (0.0062 mmol) of
this solid in 1.0 mL CD2Cl2 was added to 5.0 mg
(0.0062 mmol) Cu(CH3CN)4

+1– and the 1H NMR was taken
to give an experimental enantiomeric excess of 32%. Data
for Fig. 3: ee (calcd./1H NMR) 0%/0%, 15%/16%,
33%/32%, 50%/50%, 67%/64%, 85%/83%, 100%/100%.

Synthesis of 4
To a solution of Cu(CH3CN)4

+1– (20 mg, 0.025 mmol) in
5 mL CH3CN was added 8.3 mg (0.025 mmol) (R,R)-3 and
8.3 mg (0.025 mmol) (S,S)-3. The resulting solution was
concentrated to 1 mL under reduced pressure, and the prod-
uct precipitated by the slow addition of diethyl ether. The
precipitate was dissolved in 1 mL CH2Cl2 and recrystallized
by the addition of pentane to give 4•0.5CH2Cl2 as a white
solid (27.6 mg, 0.021 mmol, 85%). IR (KBr) (cm–1): 3055,
2906, 1657, 1590, 1504, 1463, 1367, 1336, 1251, 1108, 987.
1H NMR (270 MHz, CD2Cl2) δ: 7.89 (d, 8H, J = 8.15 Hz),
7.86 (d, 4H, J = 7.3 Hz), 7.46 (d, 4H, J = 8.7 Hz), 7.23–
7.33 (m, 20H), 7.08 (m, 4H), 6.91 (m, 4H), 4.01–4.17 (m,
8H, OCH2CHPh), 3.30 (m, 4H, OCH2CHPh), 1.50 (s, 12H,
C(CH3)2).

13C NMR (68 MHz, CD2Cl2) δ: 167.8, 156.6,
140.7, 133.4, 129.5, 128.9, 128.6, 128.1, 127.8, 127.4,
126.4, 125.0, 124.4, 122.4, 122.1, 73.4 (OCH2CHPh), 69.7
(OCH2CHPh), 39.1 (C(CH3)2), 24.3 (C(CH3)2).

11B NMR
(87 MHz, CD2Cl2) δ: 8.14. Anal. calcd. for
C82H68N4O4BCu•0.5CH2Cl2: C 73.17, H 5.14, N 4.15;
found: C 72.85, H 5.21, N 4.17.
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The reversible hydration of the malaria pigment
�-hematin1

D. Scott Bohle, Andrew D. Kosar, and Peter W. Stephens

Abstract: β-Hematin, the crystalline heme detoxification product of red blood cell digestion by the malaria parasite,
can reversibly absorb up to 14% of its mass in water. Heating hydrated β-hematin to temperatures greater than 150 °C
results in loss of the hydrated water, which is readily reabsorbed on standing in air at room temperature. The amount
of water absorbed is source dependent with highly crystalline samples produced by the anhydrous-base-mediated
dehydrohalogenation being twice as absorptive as more amorphous samples produced by the aqueous acid precipitation
method. Infrared spectroscopy and thermal gravimetric analysis have been used to measure the amount of water lost
and gained during these experiments. X-ray powder diffraction has been used to characterize the effect of hydration
state on the lattice parameters. Taken together these experiments resolve literature discrepancies concerning the elemen-
tal composition of synthetic and extracted natural β-hematin.

Key words: malaria pigment, hemozoin, β-hematin, hydration, thermal gravimetric analysis, powder diffraction.

Résumé : La β-hématine, l’hème cristallin produit de désintoxication résultant de la digestion des cellules sanguines
par le parasite de la malaria, peut de façon réversible absorber jusqu’à 14% de sa masse en eau. Le chauffage de la β-
hématine hydratée à des températures supérieures à 150 °C provoque une perte de l’eau d’hydratation, qui est facile-
ment réabsorbée par exposition à l’air à la température ambiante. La quantité d’eau absorbée dépend de la source.
Dans le cas d’échantillons hautement cristallins, produits par la déhydrohalogénation en présence d’une base anhydre,
l’absorption de l’eau est deux fois plus grande que dans le cas d’échantillons amorphes obtenus par la méthode de pré-
cipitation en milieux acide aqueux. La spectroscopie infrarouge et l’analyse gravimétrique thermique sont utilisées pour
mesurer la quantité d’eau perdue ou gagnée au cours de ces expériences. On a utilisé la diffraction des poudres par
rayon X pour caractériser l’effet de l’état d’hydratation sur les paramètres du réseau. Prises ensembles ces expériences
font disparaître les différences que l’on retrouve dans la littérature sur la composition élémentaire de la β-hématine
synthétique et naturelle.

Mots clés : pigment de la malaria, hémozoïne, β-hématine, hydratation, analyse gravimétrique thermique, diffraction de
poudre.

[Traduit par la Rédaction] Bohle et al. 1291

Introduction

Hemoglobin digestion during the intraerythrocytic stages
of malaria rapidly releases large quantities of heme (1).
Heme is potentially toxic to both the parasite and the host,
and must be efficiently detoxified by the parasite (1, 2). In
biochemistry specific to the parasite, the heme is oxidized
and crystallized as a material termed malaria pigment, or
hemozoin, and this is released into the host vasculature dur-
ing the next rupture–reinvasion event (3). It is now well es-
tablished that malaria pigment and the synthetic phase β-

hematin are crystallographically identical in that they have
the same unit cells and same atomic structures (4). Further-
more, the two materials are morphologically similar and
grow as relatively thin ribbons. Their structure corresponds
to a hydrogen-bonded chain of iron(III)(protoporphyrin-IX)
propionate linked dimers (1) (5). Prior systematic study of β-
hematin’s chemistry awaited a resolution of its structure (5)
and purity (6). With these critical issues now resolved, its
interfacial chemistry can be studied more precisely, in par-
ticular with regard to the nature of the pigment surface –
quinoline antimalarial interactions (7, 8).
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Although malaria pigment (9) and β-hematin, the insolu-
ble anhydride of hematin (Fe(III)(protoporphyrin-IX)(OH)),
were both described before the determination of heme’s
structure(10), their chemistry have only recently been inves-
tigated in any detail owing to the recognition of their associ-
ation with antimalarial drugs (7, 8, 11, 12). Due to its
insolubility, β-hematin was widely believed to be a polymer
(6), and not too surprisingly the language of polymers has
been extensively used to describe a hypothetical “chain
growth termination step” by the quinoline antimalarials (13).
However, the solution of its structure by Rietveld and simu-
lated annealing experiments from powder diffraction data (5,
14) unambiguously demonstrates that the original coordina-
tion polymer structure was incorrect and that the structure is
a simple lattice of hydrogen-bonded dimers. Under physio-
logical conditions, β-hematin is profoundly insoluble, and it
dissolves by reacting with strongly alkaline aqueous solu-
tions, neat pyridine, and neat trifluoroacetic acid. Although
the spectroscopy of malaria pigment and β-hematin are in
complete accord with the crystallographically determined
structure, and consistent with a high-spin five-coordinate
iron(III) which is out of the plane of the porphyrin by
~0.4 Å, and has an η1-propionate linkage (6, 15), all com-
bustion analyses of these materials have been consistently
low in carbon, hydrogen, and nitrogen (6, 16). One proposed
solution to this problem was that for the aqueous acid pre-
cipitation syntheses (AAP), the product corresponds to an
acetato complex (17). This somewhat bizarre suggestion is
spectroscopically inconsistent with all of the above data and
not too surprisingly it has been debated vigorously in the lit-
erature (17–21). If nothing else, the level of interest and
discord in this fundamental problem of structure and compo-
sition reflects the difficulty in working with these materials
and their importance.

The synthetic source of β-hematin is also an important
factor in understanding many prior studies of its chemistry
and biology. In general, IR spectroscopy is widely used to
demonstrate the presence of β-hematin in its hematin precip-
itates. While this technique is very useful in determining the
degree of short-range order in a sample, i.e., the presence of
iron–propionate bonds, the materials from very different
syntheses have similar spectra and these in turn are similar
to the malaria pigment. Thus, IR spectroscopy alone is insuf-
ficient to distinguish these materials. This spectroscopic sim-
ilarity masks a complicated set of phase distinctions among
the preparations. For example, many preparations which uti-
lize heat and acidic conditions to anneal a heterogeneous
precipitate are prepared from hemin dissolved in base. These

materials have very low crystallinity as demonstrated by the
presence of broadened Bragg diffraction peaks in the X-ray
powder diffraction pattern, and are polydisperse with respect
to both the size and morphology of the crystallites as deter-
mined by scanning electron micrographs (22). Samples pre-
pared by this method are referred to as AAP (aqueous acid
precipitation) in this paper, and are contrasted with the more
crystalline materials prepared by slow crystallization by
solvolyzed hemin in DMSO – noncoordinating bases, the
ABM(anhydrous-base-mediated) method. While at first
glance an aqueous method might seem to be more bio-
mimetic than one that is anhydrous, the remarkably low sol-
ubility of Fe(protoporphyrin-IX) in all but strongly basic
solutions requires that AAP methods start with the µ-oxo-
dimer of Fe(protoporphyrin-IX) ((Por)Fe-O-Fe(Por)). We
are aware of no evidence, spectroscopic or analytical, that
this linkage is present at any stage and in any vacuole in the
parasite. Thus, AAP syntheses of β-hematin, which use base
solubilization – µ-oxo-dimer formation as a first step are no
more or less biologically relevant than those of the ABM
method.

In this manuscript, we present studies of β-hematin’s re-
versible hydration, which has been characterized by elemen-
tal analysis, IR absorption spectroscopy, powder diffraction,
and thermogravimetric analysis. Taken together these results
demonstrate that malaria pigment reversibly and substoichio-
metrically adsorbs water. These results rationalize the ob-
served variation in the elemental analyses for the condensed
phases of β-hematin.

Experimental

Materials
Samples of β-hematin were prepared by either the ABM

method (15), or by the AAP method (22), which is a modi-
fied version of a literature preparation (6). These two prepa-
rations give spectroscopically similar materials that have
markedly different morphologies and habit (22). In particu-
lar, the AAP method, a thermal acidic annealing of a com-
plex hematin containing precipitate from a uniform base
solution of the µ-oxo-dimer, (PP-IX)Fe-O-Fe(PP-IX), is
widely used. This precipitate consists of finely divided crys-
tallites which vary from being near amorphous to micro-
crystalline. On the other hand, the ABM method, an
anhydrous slow solvolytic-mediated crystallization from
hematin in DMSO and 2,6-lutidine, gives larger, more uni-
form crystals, which have the same habit as those produced
by the parasite. All samples were checked for homogeneity
by elemental analysis and for identity by IR spectroscopy
before use in these experiments.

Instrumental methods
Infrared spectra (IR) were measured as pressed potassium

bromide pellets using a Midac M-100 FT IR spectrometer
running Spectra-Calc software. Thermogravimetric analysis
(TGA) experiments were conducted on a CAHN TG Sys-
tems model 2131 thermogravimetric analyzer and were pro-
cessed using WINTGA software, version 1.2, run on a PC
platform. Samples were placed in a quartz basket that was
suspended in the instrument by a NiChrome wire. Helium
and nitrogen gases were used as the furnace and purge gases
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as necessary. The rehydration experiments were performed
in a humidor which was fashioned from a plastic desiccator
with a removable holed plate. The lower section was filled
with water and the holed floor plate was replaced. The water
level was maintained at a constant level throughout the
rehydration experiments. The sample of β-hematin was
placed in a quartz basket that was suspended in the instru-
ment by a NiChrome wire. A stream of nitrogen gas was
passed over the sample as it was heated and cooled with one
of the following programs (with key observations in brack-
ets):
• Program 1: The sample was heated to 200 °C over 50 min

and held at 200 °C until weight loss ceased (approxi-
mately 2 h later).

• Program 2: The sample was heated to 180 °C over 2000 s
and then held at 180 °C until all weight loss had ceased
(approximately 3 h later).

• Program 3: The sample was heated to 200 °C over 2000 s
and then held at this temperature for an additional 2000 s.
It was then allowed to cool to 130 °C over 1500 s before
being heated to 200 °C a second time. (No change in
weight was observed during this cooling–reheating cycle.
Weight loss had ceased at approximately 67 min, prior to
the cooling portion of the cycle).

• Program 4: The sample was heated 150 °C over 45 min
and held at 150 °C until weight loss ceased (approxi-
mately 2 h later).

• Program 5: The sample was heated to 180 °C over
30 min, held at 180 °C for 2 h and cooled to 35 °C. The
sample was then reheated to 180 °C and allowed to cool
back to room temperature. (Weight loss had ceased before
the second heating cycle began).

Reversible adsorption and desorption experiments were per-
formed on samples of β-hematin, which were placed in the
humidor and allowed to stand undisturbed for 96 h. The
sample was weighed and placed in an oven at 150 °C for
24 h, after which time the sample was weighed and the cycle
was repeated five more times.

High resolution X-ray powder diffraction
Synchrotron radiation (λ = 1.14021 Å), at Beamline

X3B1 of the National Synchrotron Light Source was used
for high-resolution X-ray powder diffraction. Wavelength
calibration was performed with Al2O3 standards. Samples
were run as either a flat-plate or a spinning 1 mm capillary
tube.

Dehydration of ABM �-hematin
A sample of ABM β-hematin (35.2 mg) was heated under

a stream of nitrogen according to temperature program 4.
The temperature was held at 150 °C until no further weight
loss occurred Fig. S1a.3 Weight loss ceases at approximately
8500 s, resulting in a 7.16% loss for a final weight of
32.9 mg. An additional sample (55.6 mg) was heated under
a stream of nitrogen according to the same program until
weight loss ceased (Fig. S1b).3 The weight loss ended at ap-
proximately 10 500 s, resulting in an 11.25% weight loss,
and a final weight of 49.2 mg. A final sample (TGA not

shown; 323.6 mg) was heated according to temperature pro-
gram 5. A loss of 14.3% was noted resulting in a final
weight of 278.7 mg.

Results and discussion

Since the identity of malaria pigment has been a key ques-
tion, the homogeneity and composition of the isolated
hemozoin is very important. The two published separate ele-
mental analyses of natural malaria pigment (Table 1) are un-
fortunately not in close agreement with one another. The
results for malaria pigment isolated from Plasmodium
falciparum are fortuitously much closer to that of the puta-
tive heme–acetate complex than for the predicted values for
the anhydride (β-hematin). However, the results for samples
isolated from Plasmodium berghei are closer to β-hematin,
but are still low in all values except hydrogen and oxygen
(16). Despite these deviations, it is a significant biochemical
achievement that these groups were able to obtain values as
close to the pure synthetic samples given the difficulty in
isolating and purifying malaria pigment (23–25). But the re-
sults clearly show that some other factor is responsible for
decreasing the %C and N values while increasing the %H
and O values. Moreover, there are also significant and simi-
lar deviations in composition for completely synthetic prepa-
rations of β-hematin, which have similar deviations from
theory (Table 1), regardless of the method of preparation. Of
these results, the rigorously dried and sealed sample P has
the only satisfactory elemental analysis, and most acid pre-
cipitation and anhydrous-base-mediated preparations have
average values for %C and %N which are consistently lower
than the theoretical value (6, 15).

The most likely rationale for these results is that malaria
pigment and β-hematin are hygroscopic, with water being
readily absorbed by the β-hematin crystallites. This would
lower the carbon and nitrogen figures while raising the oxy-
gen and hydrogen compositions upon combustion analysis.
To test this hypothesis we used thermogravimetric analysis
for dehydrated and rehydrated β-hematin. Water readily and
reversibly adds to the crystallites, and is driven off by heat-
ing to ~150 °C. By carefully reducing external contaminants,
it became apparent that the elemental analyses were always
low in %C and %N and that this corresponds to a substoi-
chiometric hydrate.

To determine the degree of sample hydration, several dif-
ferent TGA experiments were conducted with various β-
hematin samples, as well as by X-ray diffraction, IR spec-
troscopy, and by rehydration TGA. For example, β-hematin
(1.1711 g) prepared by AAP, was placed in the quartz TGA
cell and heated to 200 °C in stepwise transitions from 30 to
200 °C over 50 min. The sample experienced a total weight
loss of 2.6(±0.1)% through the course of the experiment
(Fig. 1.) A separate, larger sample of the same batch of β-
hematin (2.1547 g) was rapidly heated to 200 °C and held at
this temperature for 55 min. Again, a weight loss of
2.8(±0.1)% was observed. IR analysis of the remaining
black solids confirmed that the samples are spectroscopi-
cally identical for the heme modes, with the only significant
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spectral change being in the OH-stretching region. In this re-
gion (~3400 cm–1), the broad OH stretch has nearly disap-
peared in the post-TGA heated sample; other bands in the
spectrum remained unchanged (Fig. 2). These experiments
demonstrate that most of the water is lost upon drying at
temperatures ≥ 150 °C.

Similar results are found when samples of β-hematin pre-
pared by ABM are treated in the same manner. For example,

β-hematin (253.2 mg) was placed in the quartz TGA cell and
heated stepwise to 200 °C over 45 min. Upon reaching
200 °C, the sample was then held at a constant temperature
of 200 °C for 400 min. The sample had a net weight loss of
2.6(±0.3)% over the whole experiment. A separate batch of
β-hematin produced by this method (153.3 mg) was also as-
sayed from 30 to 180 °C according to temperature program
2 (Fig. 3a). This batch showed a weight loss of 5.3(±0.2)%,
for a final weight of 145.3 mg. IR analysis of the remaining
black solids confirmed that they were still β-hematin with
the only modification being in the ν(OH) region, as previ-
ously described. Significantly, freshly isolated batches of β-
hematin prepared by the ABM methods did not exhibit a
similar thermal dehydration unless exposed to normal atmo-
spheric conditions during storage. These solids have a larger
capacity to absorb water than the more amorphous and less
crystalline materials produced by the AAP method.

In contrast, when a sample of AAP β-hematin
(2154.7 mg) was subjected to the heating and cooling pro-
gram in temperature program 3, it required 4000 s before
becoming isogravimetric. Upon cooling to 130 °C and sub-
sequent reheating to 200 °C, no weight gain or additional
weight loss was noted (Fig. 3b). The final weight loss for
this analysis was 2.86 (±0.02)%, resulting in a final weight
of 2093.5 mg. Again, a smaller amount of water was lost
more rapidly from the more amorphous AAP preparations.
Related parallel experiments are shown in Fig. S13 for β-
hematin prepared by ABM.

(a) Natural β-hematin.

Entry/Sample Sourcea %C %H %N Reference/Formula

β-Hematin Theory 66.35 5.08 9.10 [Fe(PPIX)(CO2H)(CO2)]2

Hemin–acetate Theory 64.01 5.22 8.29 [Fe(PPIX)(CO2H)2(O2CCH3)]
Malaria pigment P. berg.b 64.6 5.2 8.7 16
Malaria pigment P. fal.b 63.7 5.6 7.5 6

(b) Synthetic β-hematin.

Entry/Sample Sourcea %C %H %N Reference/Formula

A AAP 64.49 5.15 8.87 This work
B AAP 64.70 4.99 8.80 This work
C AAP 64.98 5.24 8.90 This work
D AAP 62.52 4.99 8.53 This work
E AAP 63.64 5.13 8.67 This work
F ABM 64.85 5.13 8.89 This work
G ABM 64.6 4.9 8.9 This work
H ABM 65.07 5.02 8.96 This work
I ABM 64.93 4.99 8.81 This work
J ABM 65.14 5.13 8.86 This work
K ABM 65.31 5.28 8.96 This work
L ABM 65.30 5.11 8.81 This work
M ABM 65.41 5.17 9.02 This work
N ABM 65.44 5.19 8.99 This work
O ABM 64.31 5.08 8.78 This work
P ABM 66.09 5.22 8.95 This work

aβ-Hematin synthesized by either: AAP (6) or ABM methods (15).
bNatural sources include P. berg. being the NYU-2 strain of Plasmodium berghei and P. fal. being the HB-3 clone of Plasmodium falciparum. Note

that in addition to C, H, and N composition for P. fal. elemental analyses for Fe (7.5%), O (15.6%), and Cl (< 0.1%) and for P. berg. Fe (8.7%) and O
(12.5%), were also measured. Calculated values for anhydrous β-hematin (FeC34H31N4O4) are Fe (9.07%) and O (10.40%).

Table 1. Combustion analyses for (a) natural and (b) synthetic β-hematin.a

Fig. 1. Representative TGA of AAP β-hematin. Sample heated to
200 °C, according to program 1. Weight loss is approximately 2.6%.
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The phenomenon of β-hematin dehydration was also stud-
ied by in situ IR spectroscopy with a rigorously dry KBr
host matrix. In this case, a sample of hydrated ABM β-
hematin in a pressed pellet had strong bands because of
ν(OH) (Fig. S2).3 This pellet was then placed in an oven at
150 °C for 15 min, removed, and reanalyzed. This cycle was
performed three additional times with spectra being col-
lected at 30 min, 24 h, and 72 h. Following the initial spec-
trum acquisition, only minor changes in the bands for
Fe(PP-IX) were found, with the ν(OH) region at ca.
3400 cm–1 having the only significant change. Based on
these observations, the majority of the water is driven off
within the first 30 min of heating. Because the spectrum
does not change and a subsequent hematin assay on the resi-
due demonstrated that it had not decomposed, rearranged, or
altered upon prolonged heating.

The reversibility of the dehydration of β-hematin was es-
tablished with the use of a humidor. In Fig. 4, the data for
the heating and room temperature humidifying is shown.
The sample was initially heated to drive out any water that

may have been present. After 24 h at 120 °C, the sample
was weighed and placed in the humidor at room tempera-
ture, where it was left undisturbed for 72 h before being
reweighed. This cycle was performed two more times. The
mass changes indicate that the water is reversibly absorbed
by the sample of β-hematin. IR analysis after the final step
confirmed that the β-hematin was spectroscopically identical
to the starting material.

Synchrotron X-ray powder diffraction is able to detect
subtle changes in the lattice of a compound upon dehydra-
tion. To determine the nature of any lattice changes during
hydration, several aliquots of freshly prepared anhydrous
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Fig. 2. Representative IR spectra for AAP β-hematin both pre-
(A) and post- (B) TGA analysis. Sample analyzed as in Fig. 1.

Fig. 3. TGA analysis of AAP β-hematin according to tempera-
ture programs (A) 2 and (B) 3. Insert shows the temperature
program.
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ABM β-hematin were hydrated in a humidor for 14 or
56 days, being exposed to constant humidity throughout.
The samples were removed and sealed under nitrogen in rig-
orously dried capillaries and their X-ray diffraction patterns
measured. Rehydration led to subtle changes in the positions
and relative intensities of the Bragg reflections in the pow-
der diffraction pattern (Fig. 5a). All three diffraction pat-
terns have close indicies, and the increases in the relative
intensities of the (100), (020), (2-21), and (131) peaks are
not likely to be due to a single preferred orientation effect.
In addition to changes in these relative intensities, there is a
sharp improvement in the signal to noise ratio of the diffrac-
tion profile upon hydration. These results suggest that the
sample is becoming more ordered as it is allowed to
rehydrate. From the X-ray data, we found that as the sample
was hydrated, the unit cell volume reduces from 1448.3 (22)
to 1417.5 (15) Å3 with the relative magnitudes of all three
parameters (a, b, c) decreasing uniformly. Further hydration
beyond 42 days results in only an additional 0.06% decrease
in volume. The structural origin of this shift in the size of
the lattice is difficult to definitely assign, with the refined
structure from the dehydrated material being isostructural
with the published structure (results not shown). Rehydra-
tion results in a smaller cell, but overall, water is not found
in the lattice from the solution of the powder diffraction pat-
tern. This suggests water mediates a type of ordering or an-
nealing process, possibly between the layers of hemes.
Regardless of its origin, β-hematin is able to absorb surpris-
ingly large quantites of water. This situation is opposite to
that known for vermiculite, where the hydration of charged
ions between silicate layers results in the specific expansion
of the lattice with one preferred direction (26).

These experiments rationalize the anomalous elemental
analyses for β-hematin. However, they also point to a poten-

tially useful drug target. The observed reversible hydration
naturally suggests that other materials might readily be ab-
sorbed by β-hematin, and, purely speculatively, a potential
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Fig. 5. Synchrotron X-ray powder diffraction (λ = 1. 14021 Å)
data for ABM β-hematin rehydration experiments. Samples col-
lected as spinning capillaries, with changes in the peaks are most
noticeable for the (131) and (2-21). Samples were rehydrated for
0, 14, and 56 days prior to being stored for analysis as described
in the Experimental section.

Fig. 4. Data for two batches of ABM β-hematin in the humidor and oven. The samples are cycled between 120 °C (dry) for 24 h and
23 °C (humid) for 72 h.

I:\cjc\cjc8111\V03-135.vp
October 14, 2003 3:13:41 PM

Color profile: Disabled
Composite  Default screen



consequence of this might be increased solubility and
bioavailability of heme during the intraeyrthrocytic stages of
the parasite. If such an adsorbate could be designed or dis-
covered, it would be a candidate antimalarial. It is well
known that the complex unique biochemistry within the ma-
laria parasite’s digestive vacuole presents many potential
drug targets that can be exploited (27). Heme detoxification
by the formation of β-hematin is one such drug target. Per-
haps β-hematin deaggregation is another.

Conclusions

Water is adsorbed substoichiometrically by β-hematin
with considerable variability depending upon its preparation
and history. Among the factors which might be responsible
for this are the inherent variations in morphology and phase
homogeneity. In particular, the more crystalline ABM prepa-
rations absorb more water and release it more slowly upon
heating. It is still unclear where the water adsorbs; possibili-
ties include intercalation between the layers or adhesion to
the surface of the crystallite. The water was found to be re-
versibly incorporated into the crystallites and can be re-
moved with moderate heating. Two possibilities exist for the
apparent increase in crystallinity following a rehydration–
dehydration sequence. If the water is between the laminar
planes, it is possible that the crystals fragment upon heating
as the water is liberated, but if it is only weakly surface ad-
sorbed, removal will be facile and will leave little trace fol-
lowing dehydration.
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Synthesis, first structures, and catalytic activity of
the monomeric rhodium(I)-siloxide phosphine
complexes1

Bogdan Marciniec, Paulina B�a�ejewska-Chadyniak, and Maciej Kubicki

Abstract: Four new square-plane rhodium siloxide complexes of the general formula [Rh(cod)(PR3′)(OSiR3)] (where
R = Me, i-Pr, O-t-Bu, R′ = Cy, Ph) were synthesized and the structures of three of them were resolved by the X-ray
method. [Rh(cod)(PCy3)(OSiMe3)] (1) appeared to be a very efficient catalyst for hydrosilylation of allyl glycidyl ether
to yield, selectively, 3-glycidoxypropyltriethoxysilane, a commercially important silane coupling agent. Catalytic mea-
surements and stoichiometric experiments of 1 with triethoxysilane suggest a mechanism where an unsaturated Rh-H
species is responsible for the catalysis.

Key words: rhodium (phosphine) siloxides, hydrosilylation, catalysis.

Résumé : On a synthétisé quatre nouveaux complexes siloxyde de rhodium de géométrie plan carré et de formule
générale [Rd(cod)(PR3′)(OSiR3)] (dans lesquels R = Me, i-Pr, O-t-Bu; R′ = Cy; Ph) et on a déterminé les structures
de trois d’entre eux par diffraction des rayons X. Il semble que le [Rh(cod)(PCy3)(OSiMe3)] (1) est un catalyseur
très efficace pour l’hydrosilylation de l’oxyde d’allyle et de glycidyle conduisant à la formation sélective du 3-
glycidoxypropyltriéthoxysilane, un silane commercialement important comme agent de couplage. Des mesures catalyti-
ques et des expériences stoechiométriques du composé 1 avec le triéthoxysilane suggèrent un mécanisme dans lequel
l’espèce Rh-H insaturée est responsable de la catalyse.

Mots clés : rhodium(phosphine)siloxydes, hydrosilylation, catalyse.

[Traduit par la Rédaction] Marciniec et al. 1298

Introduction

Siloxides similar to alkoxides have been employed as an-
cillary ligands of transition metal (TM) complexes, markedly
influencing the reactivity of a metal center by electronic and
steric effects of the substituents at silicon. They can be re-
garded as very good molecular models of metal complexes
supported on silica and silicate surfaces, which are known to
catalyze a variety of organic and organometallic transforma-
tions particularly by early transition metal complexes (1).
Unlike the early TM-siloxides the information on the late
TM-siloxides is scarce. Only exceptional siloxy derivatives
of Fe (2), Co (3), Ni (4), Ru (5), Rh (6–9), Pt (10), Os (11),
and Ir (10c) have been synthesized and characterized spec-
troscopically, and the structures of all of them have been a
subject of recent interest. The dimeric complexes included
[Rh(CO)2(µ-OSiR3)]2, where R = Me (8), Ph (6b), and
[Rh(cod)(µ-OSiPh3)]2 (6b), [Rh(diene)(µ-OSiMe3)]2, where
diene = cod (7a, 7b), nbd (7c).

Catalytic activity of [Rh(cod)(µ-OSiMe3)]2 has been illus-
trated in some reactions, i.e., in the hydrosilylation of
alkenes (12) and allyl alkyl ethers (13, 14) and in the silyl-
ative coupling of vinylsilanes with alkenes (15).

The aim of this work was to prepare monomeric rhodium-
siloxide complexes, to determine their structures by X-ray
methods, and to assess their catalytic activity in the hydro-
silylation process.

Experimental section

General methods and chemicals
All syntheses and operations were carried out using stan-

dard Schlenk techniques under a carefully deoxygenated and
dried argon. 1H, 13C, 31P, and 29Si NMR spectra were re-
corded on Varian Mercury and Varian Gemini 300 VT spec-
trometers. The reagents were obtained from the following
sources: C6H6 from OBR PR Plock (Poland), PPh3 from
Fluka, sodium trimethylsilanolate from Aldrich, THF and
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C5H12 from POCh Gliwice (Poland), HOSi(O-t-Bu)3 and i-
Pr3SiCl from ABCR Co. All solvents were distilled in an in-
ert atmosphere prior to use. [{Rh(cod)(µ-Cl)}2] (16, 17),
[{Rh(cod)(µ-OSiMe3)}2] (5) (7a) were prepared according
to the previously reported procedures.

Synthesis of the complex [Rh(cod)(PCy3)(OSiMe3)] (1)
Portions of 0.1 g [{Rh(cod)(µ-OSiMe3)}2] (0.33 mmol)

and 0.2 g (0.71 mmol) PCy3 were placed in a Schlenk flask
under Ar. Then 6 mL of dried and deoxygenated C6H6 was
added. The reaction was carried out for 4 h at room tempera-
ture (r.t.). After this time, C6H6 was evaporated and 5 mL of
dried and deoxygenated C5H12 was added. The precipitate
was decanted three times by C5H12. The complex was dried
in vacuum for about 3 h. It was obtained with a yield of
75%. 1H NMR (C6D6) δ: 0.46 (s, 9H, -CH3), 1.20–2.02 (m,
33H, -Cy), 2.35 (m, 4H, -CH2-), 3.26 (m, 4H, -CH2-), 5.41
(m, 4H, =CH-). 13C NMR (C6D6) δ: 6.0 (-OSiMe3, -CH3),
27.21, 28.28, 28.40, 29.07, 30.80, 31.80, 31.97, 32.50,
32.71, 34.07 (-Cy, -CH2-), 62.83, 63.01 (cod, -CH2-), 99.15,
99.26, 99.32, 99.42 (cod, =CH-). 31P NMR (C6D6) δ: 25.28
(d, JRh-P= 151 Hz). 29Si NMR δ: –3.35. Anal. calcd. for
RhPSiOC29H54: C 59.98, H 9.37; found: C 60.22, H 9.44.

Synthesis of the complex [Rh(cod)(PPh3)(OSiMe3)] (2)
Complex 2 was prepared in a similar way to complex 1,

except for the fact that PPh3 (0.09 g, 0.34 mmol) was used
instead of PCy3. The yellow complex was obtained with the
yield of 70%. 1H NMR (C6D6) δ: 0.30 (s, 9H, -CH3), 1.68
(m, 4H, -CH2-), 2.18 (m, 4H, -CH2-), 2.88 (m, 2H, -CH=),
5.62 (m, 2H, -CH=), 7.07 (m, 9H, -Ph), 7.75 (m, 6H, -Ph).
13C NMR (C6D6) δ: 5.06 (-OSiMe3, -CH3), 29.02, 33.67
(cod, -CH2-), 64.60, 64.78 (cod, -CH=), 103.18 (bs, cod,
=CH-), 130.10, 131.57, 132.38, 135.23 (-Ph). 31P NMR
(C6D6) δ: 25.21. 29Si NMR (C6D6) δ: 21.55. Anal. calcd.
RhPSiOC29H36 for: C 61.92, H 6.45; found: C 62.18, H
6.37.

Synthesis of the complex [Rh(cod)(PCy3)(OSi-i-Pr3)] (3)

Preparation of HOSi-i-Pr3
i-Pr3SiCl (10 mL) was added to a water–ether mixture

(H2O (300 mL), ether (150 mL)) that was stirred with a
magnetic stirrer for 24 h at r.t. Then the aqueous phase was
removed and the ether solution was dried by addition of
CaCl2. After 24 h it was filtered off by a cannula system and
the solvent was evaporated to dryness. The product was ob-
tained with a yield of 87%.

Preparation of NaOSi-i-Pr3
Thirty mL portions of anhydrous and deoxygenated THF

and 1.20 g (53 mmol) of metallic Na were placed into a
50 mL double-necked round-bottomed flask equipped with a
reflux condenser and an attachment for gas supply. Then
7.8 g of HOSiO-i-Pr3 (45 mmol) was added over 30 min
with constant stirring by a magnetic stirrer. After this time,
the mixture was heated at a boiling point for 6 h. After the
reaction, the contents of the flask were filtered off hot by a
cannula to a Schlenk flask. Having cooled the contents, the
solvent was evaporated and the product was dried in vacuum
for about 3 h. It was obtained with a 90% yield. 1H NMR

(C6D6) δ: 1.02 (m, 3H, -CH=), 1.20 (d, 18H, -CH3). Anal.
calcd. for NaOSiC9H21: C 55.06, H 10.78; found: C 54.82, H
11.11.

Synthesis of the complex [Rh(Cl)(cod)(PCy3)]
Portions of 0.22 g (0.8 mmol) of PCy3 and 0.21 g

(0.4 mmol) of [{Rh(cod)(µ-Cl)}2] were placed in a Schlenk
flask in an Ar atmosphere. Then 5 mL of dried and deoxy-
genated C6H6 was added and the mixture was stirred with a
magnetic stirrer. After 2 h, C6H6 was evaporated and 5 mL
of dried and deoxygenated C5H12 was added. The precipitate
was decanted three times by C5H12. The complex was dried
in vacuum for about 3 h. It was obtained with a yield of
95%. 1H NMR (C6D6) δ: 1.20–2.19 (m, 33H, -Cy), 2.32 (m,
4H, -CH2-), 3.60 (m, 4H, -CH2-), 5.72 (m, 4H, =CH-).
31P NMR (C6D6) δ: 27.33 (d, JRh-P = 350.7 Hz). Anal. calcd.
for RhPClC26H45: C 59.26, H 8.61; found: C 59.82, H 8.84.

Synthesis of 3
Portions of 0.2 g (0.38 mmol) [Rh(cod)(PCy3)(Cl)] and

0.08 g (0.42 mmol) NaOSi-i-Pr3 were placed in a Schlenk
flask in an Ar atmosphere. Then 5 mL of dried and deoxy-
genated C6H6 was added. The reaction was conducted for
24 h at r.t. After this time, C6H6 was evaporated and 8 mL of
dried and deoxygenated C5H12 was added. The entire mix-
ture was filtered off by a cannula system. The solvent was
evaporated from the obtained filtrate leaving a yellow solid.
The complex was isolated with a yield of 85%. 1H NMR
(C6D6) δ: 1.22 (m, 3H, -CH=), 1.48 (d, 18H, -CH3), 1.57–
2.28 (m, 33H, -Cy), 2.30 (m, 4H, -CH2-), 3.47 (m, 4H,
-CH2-), 5.28 (m, 4h, =CH-). 13C NMR (C6D6) δ: 16.99–
20.32, 26.49–34.04 (m, -OSi-i-Pr3 + -Cy), 61.75, 61.93 (cod,
-CH2-), 97.92, 98.03, 98.09, 98.19 (cod, =CH-). 31P NMR
(C6D6) δ: 27.40 (d, JRh-P = 149 Hz). 29Si NMR (C6D6)
δ: –21.51. Anal. calcd. for RhPSiOC35H66: C 63.23, H
10.01; found: C 62.91, H 10.11.

Synthesis of the complex [Rh(cod)(PCy3){OSi(O-t-Bu)3}]
(4)

Preparation of NaOSi(O-t-Bu)3
Fifty mL portions of anhydrous and deoxygenated THF

and 0.35 g (15 mmol) of metallic Na were placed into a
100 mL double-necked round-bottomed flask equipped with
a reflux condenser and an attachment for gas supply. Then
4 g of HOSi(O-t-Bu)3 (15 mmol) was added and the mixture
was heated at a boiling point for 4 h. After the reaction, the
contents of the flask were filtered off hot by a cannula to a
Schlenk flask. Having cooled the contents, the solvent was
evaporated and the white solid was washed with diethyl
ether (3 × 5 mL). The product was obtained with a 90%
yield. 1H NMR (C6D6) δ: 1.57 (s, 27H, -CH3).

Preparation of 4
Complex 4 was prepared in a similar way to complex 3,

except for the fact that NaOSi(O-t-Bu)3 (0.12 g, 0.42 mmol)
was used instead of NaOSi-i-Pr3. The yellow complex was
obtained with the yield of 90%. 1H NMR (C6D6) δ: 1.56 (s,
27H, -CH3), 1.81 (m, 33H,-CH2-), 2.50 (m, 4H, -CH2-), 3.25
(m, 4H, -CH2-), 5.05 (m, 4H, =CH-). 13C NMR (C6D6) δ:
26.91, 27.83, 27.96, 28.78, 30.87, 31.68, 32.62, 33.58, 33.80,
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33.94 (-Cy, -CH2-), 33.43 (-OSi(O-t-Bu3)3, -CH3), 61.33, 61.51
(cod, -CH2-), 72.56 (-OSi(O-t-Bu3)3, -OC(CH3)3), 100.27,
100.37, 100.42, 100.53 (cod, =CH-). 31P NMR (C6D6) δ:
27.03 (d, JRh-P = 143 Hz). 29Si NMR (C6D6) δ: –21.53. Anal.
calcd. for RhPSiO4C38H72: C 60.46, H 9.61; found: C 60.72,
H 9.08.

Crystallization of the complexes
A portion of about 0.05 g of the complex and an amount

of dry and deoxygenated C5H12 sufficient to obtain a clear
solution were placed in a Schlenk flask. Crystallization was
conducted for 10–14 days at –15 °C. A few crystals selected
under a microscope were placed in glass capillary tubes of
0.3 mm in diameter and subjected to X-ray diffraction study.

X-ray crystallography
X-ray diffraction data was collected, from the crystals

sealed in glass capillaries, on a KUMA KM4CCD diffracto-
meter (18) using graphite-monochromated MoKα radiation
(λ = 0.71073 Å). Data collections were performed in
six separate runs (a total of 782 frames for 1 and 4, and
588 frames for 3) to cover an appropriate part of the reflec-
tion sphere. The ω-scan was used, two reference frames
were measured after every 50 frames, and they did not show
any systematical changes neither in the peak position nor in
their intensities. The unit-cell parameters were determined
by least-squares treatment of the setting angles of 9625 (1),
5103 (3), and 5665 (4) highest-intensity reflections, chosen

from the whole experiment. Lorentz and polarization effects
were accounted for (19), and then data were corrected for
absorption and merged with SORTAV (20). The structures
were solved by direct methods with the SHELXS-97 pro-
gram (21), and refined with full-matrix least-squares by
SHELXL-97 (22). All non-hydrogen atoms, including those
from the disordered solvent–pentane molecule in 3, were re-
fined anisotropically. The positions of hydrogen atoms were
generated geometrically and they were refined as a “riding
model”. The Uiso parameters of hydrogen atoms were set at
1.2 times Ueq of the appropriate carrier atom.

A summary of crystal data, data collection and refinement
is given in Table 1.

Results and discussion

Two types of reactions were used for the synthesis of the
rhodium-siloxide complexes:

[Rh(cod)(µ-OSiMe3)]2 + 2PR3′
C H , 2 h

room temp.

6 6 →  

2[Rh(cod)(PR3′)(OSiMe3)]

where R′ = Cy, Ph and

[Rh(cod)(PCy3)(CI)] + NaOSiR3
C H , 24 h

room temp.

6 6 →   

[Rh(cod)(PCy3)(OSiR3)] + NaCI

© 2003 NRC Canada
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Compound 1 3 4
Formula RhPSiOC29H54 RhPSiOC35H66 RhPSiO4C38H72�0.5(C5H12)

Formula weight 580.69 664.85 791.00
Colour, shape Yellow, block Pale-yellow, plate
T (K) 293(2) 293(2) 110(1)
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P21/c

a (Å) 10.3468(5) 10.814(2) 9.9104(7)
b (Å) 10.6222(5) 11.696(2) 22.3863(13)
c (Å) 16.5714(7) 15.956(3) 19.2440(12)
α (°) 94.299(4) 80.06(3) 90
β (°) 93.677(3) 75.94(3) 96.002(5)
γ (°) 110.484(4) 68.51(3) 90
V (Å3) 1693.35(13) 1813.7(6) 4246.0(5)
Z 2 2 4
dx (Mg m–3) 1.139 1.217 1.237

µ (mm–1) 0.604 0.572 0.504
F(000) 620 716 1708
Crystal size (mm) 0.2 × 0.3 × 0.3 0.1 × 0.15 × 0.3 0.2 × 0.2 × 0.3
θ Range for data collection (°) 3.4–27 3.1–24 3.03–27
Reflections collected 14221 13858 36670
Independent reflections 7260 6343 9248
[Rint] [0.028] [0.040] [0.085]

R (I > 2σ(I)) 0.0405 0.0468 0.0587
wR2 (I > 2σ(I)) 0.1040 0.0772 0.1184
R (all data) 0.0479 0.0870 0.0975
wR2 (all data) 0.1093 0.0854 0.1322
S 1.07 0.97 0.98
∆ρmax/∆ρmin (e Å–3) 0.90/–0.51 0.73/–0.49 1.53/–0.97

Table 1. Crystal data.
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where R = i-Pr, O-t-Bu. All the rhodium-siloxide products
were characterized by 1H, 13C, 31P, and 29Si NMR spectros-
copy.

The molecular structures of complexes [Rh(cod)-
(PCy3)(OSiMe3)] (1), [Rh(cod)(PCy)3(OSi-i-Pr3)] (3), and
[Rh(cod)(PCy)3(OSi(O-t-Bu)3)] (4) with the atom-
numbering scheme are depicted in Figs. 1, 2, and 3, respec-
tively. Selected geometrical parameters are listed in Table 2.

In all three complexes the coordination of rhodium is
square planar, providing that the middle points of the
cyclooctadiene double bonds are regarded as the coordina-
tion sites X1 and X2. This is confirmed by the values of
bond angles at rhodium (cf. Table 2) as well as by the least-
squares calculation of the mean plane through five points:
Rh, X1, X2, O, and P. Maximum deviation from this plane is
0.017(2) Å in 1, 0.059(5) Å in 3, and 0.005(2) Å in 4. The
cyclooctadiene double bonds are approximately perpendicu-
lar to the central coordination plane.

The bond lengths and angles are quite typical. All cyclo-
hexyl rings are slightly distorted chairs, and the conforma-
tions of cyclooctadiene rings are close to a C2 – twist-boat,
the minimum energy conformation (23, 24). Despite these
similarities there are some quite interesting differences in
the overall conformation between alkyl-substituted siloxide
complexes 1 and 3 and, on the other side, the alkoxy-
substituted siloxide complex 4. For example, the disposition
of the substituents at the Si atom with respect to the O—Si
bond can be described as +sc,–sc, ap (Rh-O-Si-C torsion an-
gles approximately +60°, –60°, 180°) in 1 and 3, while in 4
it is +ac,–ac, sp (Rh-O-Si-O values are close to +120°,
–120°, 0°).

All the monomeric rhodium-siloxide complexes 1–4 were
tested in the hydrosilylation of allyl glycidyl ether by

triethoxysilane leading to glycidoxypropyltriethoxysilane,
which is a commercially important silane coupling agent.

The reaction gives the hydrosilylation product (A) with
very high yield accompanied by products of the dehydro-
genative silylation (B + C) according to the following
scheme:

The effect of the catalyst 1–4 concentrations as well as
other conditions (temperature and time of the reaction) on
the yield of the main product and by-products is compiled in
Table 3. Dimeric [Rh(cod)(µ-OSiMe3)]2 (5), whose structure
(7b) and catalytic activity in this reaction (13, 14) was re-
ported previously, is used for comparison.

The order of the activity is as follows:
[Rh(cod)(µ-OSiMe3)]2 ≈ [Rh(cod)(PCy3)(OSiMe3)] ≥

5 1
[Rh(cod)(PPh3)(OSiMe3)] ≈ [Rh(cod)(PCy3)(OSi-i-Pr3)] >>

2 3
[Rh(cod)(PCy3)(OSi(O-t-Bu)3)] and can be explained by

4
increasing steric effects of the siloxy group influencing di-
rectly the rate of the hydrosilylation process as well as by a
complex stereoelectronic effect of the trisubstituted phos-
phine (1 ≥ 2). The latter effect is a result of facile oxygena-
tion and dissociation of PCy3 vs. PPh3 caused mainly by an

© 2003 NRC Canada
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Fig. 1. Anisotropic displacement representation of complex 1
showing the labelling scheme. Displacement ellipsoids are shown
at the 33% probability level and hydrogen atoms are omitted for
clarity.

Fig. 2. Anisotropic displacement representation of complex 3
showing the labelling scheme. Displacement ellipsoids are shown
at the 33% probability level and hydrogen atoms are omitted for
clarity.
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increase in electron-donor properties of the former phos-
phine.

Similarly to the hydrosilylation by dimeric rhodium
siloxide 5 (25), monomeric phosphine rhodium siloxides (1–4)
undergo an oxidative addition with triethoxysilane followed
by elimination of disiloxane according to the mechanistic
pathways proposed in Scheme 1.

Preliminary 1H NMR study on the stoichiometric reactions
of (1) with triethoxysilane performed in C6D6 in room tem-
perature and in air, right away after mixing of the substrate,
revealed the presence of several doublets at δ ~ –13.35 and

JRh-H ~ 43 in the spectra to be formed in the mixture of the
penta-coordinate complexes similarly to the spectra ob-
served previously in the system – dimeric complex 5

© 2003 NRC Canada
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Fig. 3. Anisotropic displacement representation of complex 4 showing the labelling scheme. Displacement ellipsoids are shown at the
50% probability level and hydrogen atoms are omitted for clarity.

Compound 1 3 4

Bond lengths (Å)
Rh1—X1 2.086(3) 2.007(5) 2.083(5)
Rh1—X2 1.995(3) 2.110(6) 2.002(4)
Rh1—P1 2.3411(7) 2.3444(15) 2.3609(12)
RH1O2 2.030(2) 2.064(3) 2.065(3)
<P—C> 1.860(6) 1.854(11) 1.859(3)
O2—Si2 1.577(2) 1.593(4) 1.561(3)

Bond angles (°)
X1-Rh1-X2 86.53(15) 85.6(3) 86.3(2)
X1-Rh1-P1 176.53(11) 178.5(2) 175.46(13)
X1-Rh1-O2 90.84(11) 92.0(2) 90.91(16)
X2-Rh1-P1 96.87(12) 95.08(16) 98.19(14)
X2-Rh1-O2 177.15(13) 174.9(2) 177.2(2)
P1-Rh1-O2 85.77(6) 87.48(10) 84.57(10)
Rh1-O2-Si2 152.70(13) 147.4(2) 143.6(2)

Table 2. Selected bond lengths (Å) and bond angles (°) (X1, X2
denote the middle points of the cyclooctadiene double bonds)
with esds in parentheses.

Yield (%)

Catalyst A B + C

Conditions: 25 °C, [Rh] = 5 × 10–3 mol L–1, 15 min
1 96 4
2 70 2
3 99 —
4 40 2
5* 90 10

Conditions: 25 °C, [Rh] = 10–3 mol L–1, 4 h
1 99 1
2 100 —
3 68 1
4 35 —
5* 98 2

Conditions: 40 °C, [Rh] = 10–4 mol L–1, 24 h
1 98 2
2, (2*) 99 (98) 1 (2)
5* 99 1

Conditions: 60 °C, [Rh] = 5 × 10–5 mol L–1, 1 h
1, (1) 98 (50) 1 (–)
2, (2) 41 (4) Traces
5 98 —

Note: All reactions carried out under the following conditions (except
for those designated by *): [HSi(OEt)3]:[ether] = 1:1.5, glass ampoules, air
(* indicates reactions carried out in an argon atmosphere).

Table 3. The hydrosilylation of allyl glycidyl ether by
triethoxysilane catalyzed by rhodium siloxide(I) complexes (1–5).
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(HSi(OEt)3) (7a). A rapid elimination of disiloxane
Me3SiOSi(OEt)3 in the reaction mixture observed by GC–
MS techniques is a direct evidence of reductive elimination
of (2) to yield tetracoordinated complex (3) (see Scheme 1).
This reaction occurs even at room temperature.

The very efficient oxygenation of phosphine observed in
air vs. dissociation of phosphine in oxygen-free conditions,
particularly observed at enhanced temperature (60 °C)
(a formation of OPR3′ vs. PR3′ is detected by 31P NMR), is
proposed to be responsible for generation of
[Rh(cod)(H)(alkene)]. Although no direct evidence was
found for (4) by NMR, this 16e hydride rhodium complex
with an already coordinated molecule of alkene seems to be
a key intermediate in all catalytic transformations involving
hydrosilanes, e.g., hydrosilylation, dehydrogenative silylation,
silylformylation, etc. The variant of the Chalk and Harrod
mechanism (26) involving the insertion of allyl ether into the
Rh—Si bond, which could account for slight side reactions

of dehydrogenative silylation observed (1% to 2%), is omit-
ted from the scheme for clarity.

Conclusions

Four new monomeric, square-planar rhodium siloxide
complexes of the general formula [Rh(cod)(PR3′)(OSiR3)]
where R′ = Cy, Ph, R = Me, i-Pr, O-t-Bu were synthesized
and three of them were structurally characterized.3

The complex (1) ([Rh(cod)(PCy)3(OSiMe3)]) appeared to
be a very efficient catalyst for hydrosilylation of allyl
glycidyl ether occurring in air. All catalytic data and
stoichiometric reactivities of (1) with triethoxysilane are
consistent with a mechanism involving a generation of tetra-
coordinated Rh-H species (responsible for catalysis).
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Hydrosilylation of alkenes and ketones catalyzed
by nickel(II) indenyl complexes1

Frédéric-Georges Fontaine, René-Viet Nguyen, and Davit Zargarian

Abstract: Abstraction of Cl– from the complexes (indenyl)Ni(PPh3)Cl generates cationic species that are effective
precatalysts for the hydrosilylation of some olefins and ketones. For instance, the mixture of (1-Me-indenyl)Ni(PPh3)Cl
and NaBPh4 (or methylaluminoxane) reacts at room temperature with ca. 100 equiv. each of PhSiH3 and styrene to
produce [1-phenyl-1-ethyl](phenyl)silane, PhCH(CH3)(SiPhH2), in 50%–80% yield. The same system can also catalyze
the hydrosilylation of 1-hexene and norbornene, but the products arising from these substrates consist of mixtures of
regio- and stereoisomers. On the other hand, ketone hydrosilylation is regiospecific, giving the corresponding silyl
ethers in high yields. A number of experimental observations have indicated that the initially generated Ni-based cation
is not the catalytically active species. Indeed, the cationic initiators may be replaced by LiAlH4 or AlMe3, which gen-
erate the corresponding Ni-H or Ni-Me derivatives, respectively. Moreover, the observed regioselectivity for the addi-
tion of PhSiH3 to styrene (i.e., predominant addition of the silyl fragment to the α-C) is opposite of what would be
expected if the reaction mechanism involved carbocationic intermediates. A new mechanism is proposed in which the
active species is a Ni-H species originating from the transfer of H– from PhSiH3 to the initially generated Ni cation.

Key words: hydrosilylation, nickel indenyl complexes, cationic complexes, hydride intermediates.

Résumé : L’abstraction des ions chlorures des complexes (indényle)Ni(PPh3)Cl génère des espèces cationiques qui sont
des précatalyseurs efficaces pour la réaction d’hydrosilylation de certaines oléfines et de certaines cétones. Par exemple,
le mélange de (1-Me-indényle)Ni(PPh3)Cl et de NaBPh4 (ou de méthylaluminoxane) réagit à la température de la pièce
avec environ 100 équivalents de PhSiH3 et 100 équivalents de styrène pour donner le [1-phényl-1-éthyl](phényl)silane,
PhCH(CH3)(SiPhH2) avec un rendement allant de 50 % à 80 %. Le même système peut également catalyser l’hydrosi-
lylation du 1-hexène et du norbonène, mais on obtient dans ces conditions des mélanges de régio- et de stéréo-isomères.
Par ailleurs, l’hydosilylation des cétones est régiospécifique, et conduit aux éthers silylés correspondants avec des ren-
dements élevés. Plusieurs observations expérimentales ont révélé que le cation à base de nickel généré initialement
n’est pas l’espèce active catalytiquement. Effectivement l’initiateur cationique peut-être remplacé par le LiAlH4 ou par
le AlMe3 qui génèrent respectivement les dérivés Ni-H ou Ni-Me correspondants. De plus, la régiosélectivité observée
lors de l’addition du PhSiH3 sur le styrène (i.e. l’addition prédominante du fragment silylé sur le carbone en α) est à
l’opposé de ce à quoi on pourrait s’attendre si le mécanisme réactionnel impliquait un carbocation intermédiaire. On
propose un nouveau mécanisme dans lequel l’espèce réactive est le Ni-H provenant du transfert de H– à partir du
PhSiH3 vers le cation nickel généré initialement.

Mots clés : hydrosilylation, complexes indényle-nickel, complexes cationiques, hydrures intermédiaires.

[Traduit par la Rédaction] Fontaine et al. 1306

Introduction

Based on their pioneering studies on the mechanism of the
olefin hydrosilylation reaction, Harrod and Chalk proposed,
in 1965, a general mechanistic scheme involving hydri-
do(silyl) intermediates of the type LnM(H)(SiR3) (Scheme 1)
(1). According to this scheme, insertion of the olefin into the
M—H bond generates an alkyl intermediate that undergoes

reductive elimination to give the final product. The main el-
ements of the Chalk–Harrod mechanism have served as use-
ful guiding principles for the development of numerous
hydrosilylation catalysts over the past four decades (2–4).

We became interested in the hydrosilylation reaction dur-
ing our studies on the oligomerization of PhSiH3 catalyzed
by Ni(II) indenyl precursors (5). The presumed involvement
of Ni-H or Ni-SiR3 intermediates in these reactions sug-
gested that the same Ni-indenyl systems might also promote
the hydrosilylation of olefins or ketones if these unsaturated
substrates were present in the reaction mixture. This asser-
tion was borne out by a series of tests, which indicated that
the presence of certain olefins effectively inhibited the
Si—Si bond formation step in favour of the hydrosilylation
reaction. These initial results prompted us to carry out a lit-
erature survey, which revealed that a number of related Ni
complexes are known to promote the hydrosilylation of ole-
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fins, as follows: the dimeric complex {CpNi(µ-CO)}2
catalyzes the addition of HSiCl3 to styrene to give PhCH-
(SiCl3)Me (6); CpNi(PPh3)Ph reacts with butadiene and
Me3SiH to give a mixture of products arising from 1,4-
hydrosilylation (MeCH=CHCH2SiMe3), coupling–hydro-
silylation (2,6-octadienyltrimethylsilane), and dimerization–
cyclization (1,5-cyclooctadiene) (7); CpNi(PR3)R′ reportedly
catalyzes the hydrosilylation of methyl acrylate and allyl
formate with HSiCl3 (8). Although little is known about the
way these systems work, their mechanisms might involve in-
termediates similar to those operating in our systems.

Thus, we undertook to investigate the effectiveness of our
Ni(II) indenyl complexes in the hydrosilylation reaction and
examine the mechanism of these reactions. The present re-
port describes the hydrosilylation of alkenes and ketones cat-
alyzed by the precursors IndNi(PR3)X (Ind = indenyl ligand
and its substituted derivatives; R = Ph, Me; X= Cl, alkyl, or
positive charge).

Results and discussion

Our initial experiments focused on the reaction of PhSiH3
and styrene with a catalytic system based on the combina-
tion of IndNi(PR3)Cl and methylaluminoxane (MAO); the
selection of this Ni–MAO system was based on the knowl-
edge that it promotes the dehydrogenative polymerization of
PhSiH3 (5a). A typical experiment was carried out as fol-
lows: to the toluene mixture of (1-Me-Ind)Ni(PPh3)Cl (1),
styrene, and PhSiH3 (1:100:100 ratio) was added a toluene
solution of MAO (10 equiv. with respect to Ni); the wine-red
mixture darkened immediately, but no gas evolution was ob-
served, implying that the Si—Si bond formation reaction
(and its concomitant formation of H2 gas) had been circum-
vented by the presence of styrene.

The reaction mixture was stirred for 8 h and worked-up;
analysis of the nonvolatile products by GC–MS confirmed
that styrene had been hydrosilylated.3 Distillation gave a
colourless oil, which was shown to consist, almost exclu-
sively, of the α-isomer ((1-phenyl)ethylphenylsilane). This
assignment was based on the following features of the 1H
NMR spectrum of the final product (Fig. 1): the multiplet
due to the benzylic methyne proton at 2.55 ppm
(PhCH(Me)SiH2Ph), the signals due to the diastereotopic
SiH2 protons and their 29Si satellites at 4.35 ppm, and the
doublet at ca. 1.4 ppm assigned to the methyl protons
(3JH-H = 7 Hz); the benzylic protons of the minor isomer

(PhCH2CH2SiPhH2) were barely perceptible at ca. 2.7 ppm.
These assignments are consistent with the reported data for
these products (9).

Subsequent experiments showed that the hydrosilylation
of styrene promoted by IndNi(PPh3)Cl–MAO is fairly slug-
gish, requiring several hours of reaction time for ca. 70%
yield (see runs 1–4 of Table 1). Curiously, using more cata-
lyst or a higher temperature did not accelerate the catalysis
(compare runs 5 to 2, and 6 to 4); on the other hand, com-
bining these two variations did increase the rate, but did not
affect the yield (compare run 7 to runs 6 and 5). It should be
noted here that the higher temperature reactions tend to give
higher proportions of the β-isomer (ca. 5%–10%); the signif-
icance of this observation for the probable mechanism of the
catalytic reaction will be discussed later. The reaction rate
also improved upon using the 1-i-Pr-Ind analogue of 1 as
precatalyst (compare run 8 to run 2), whereas using the
PMe3 analogue of 1 did not offer any advantage (compare
run 9 to run 5).

Although the precise role of MAO in the present system is
not known yet, our previous studies (10) have shown that a
small excess of MAO (ca. 5 equiv.) serves primarily to
methylate the Ni—Cl bond, while a large excess
(>10 equiv.) leads to both methylation and ionization in
varying proportions. For example, 31P{1H} NMR analysis of
a 1:25 mixture of 1 and MAO showed the formation of an
approximately 50:50 mixture of the Ni-Me analogue of 1
((1-Me-Ind)Ni(PPh3)Me) and the cationic complex [(1-Me-
Ind)Ni(PPh3)2]

+. Previous studies have shown that the latter
complex forms when the highly electrophilic cation
[IndNi(PPh3)]

+ is generated in the absence of suitable lig-
ands or nucleophilic substrates (11). We conclude, therefore,
that the MAO:Ni ratios used in our studies (ca. 10:1) convert
the Ni-Cl precursor to a mixture of the analogous Ni-Me de-
rivative and [IndNi(PPh3)]

+. To determine which, if any, of
these in situ generated derivatives is crucial for the hydro-
silylation reaction, we tested the catalytic effectiveness of
each species separately, as follows.

Tests with the complex (1-Me-Ind)Ni(PPh3)Me, either
preformed (12) or prepared in situ from 1 and AlMe3,
showed that it was less than half as effective as the combina-
tion of 1–MAO (compare runs 10 and 11 to run 4). The
weak activity of the Ni-Me derivative is perhaps not surpris-
ing since this compound is inert toward styrene insertion and
reacts only very sluggishly with PhSiH3 (5b). On the other
hand, the Ni-(i-Pr) derivative, which reacts faster with
PhSiH3 than the Ni-Me analogue (10b), showed a better
level of activity (run 12). Interestingly, the catalytic activity
of the Ni-Me complex improves somewhat when MAO is
added to the reaction medium (compare runs 10 and 11 to
run 13); this result implies that the main role of MAO in this
system is not simply methylating the Ni—Cl bond. We con-
cluded, therefore, that the reactivity of the Ni-Me complex
alone could not account for the activity levels shown by the
combination of 1 and MAO, and set out to assess the impor-
tance of ionization in the 1–MAO-catalyzed reactions.

To examine the reactivity of the cationic species
[IndNi(PPh3)]

+ in the absence of the Ni-Me derivative, we

© 2003 NRC Canada
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Scheme 1.

3 Control experiments have shown that neither the Ni-Cl complexes nor the initiators used in this study (MAO, AlMe3, NaBPh4, LiAlH4) can
promote the hydrosilylation reaction when used alone.
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generated this species in situ by the direct abstraction of Cl–

from 1 by NaBPh4;
4 this approach gave results comparable

to those obtained with MAO (compare run 14 to run 4). To
our surprise, even the cation [(1-Me-Ind)Ni(PPh3)2]

+, which
is normally quite inert in ligand substitution and other cata-
lytic reactions (10b), showed some reactivity in the absence
of MAO (run 15). These observations suggested that the
electronically and coordinatively unsaturated species
[IndNi(PPh3)]

+, which is generated in situ by the abstraction
of Cl– by NaBPh4 or MAO, can initiate the hydrosilylation
reaction. Thus, during the second round of the optimization
tests we focused our efforts on finding the best conditions
for the catalytic hydrosilylation of styrene using NaBPh4 as
a cationic initiator, as described below.

The initial experiments showed that the ratio of 1:NaBPh4
used in the catalytic runs has a direct effect on the yield, ex-
cess of NaBPh4 giving higher yields (Table 2, runs 1–4).
Since only one equivalent of the initiator should be sufficient
for generating the cationic species, the need for a large ex-
cess (run 4) is presumably due to the limited solubility of
NaBPh4. Even though a [Ni]:NaBPh4 ratio of 1:50 gave the
best yield, using such a large excess of the initiator is not
practical, and so we adopted a 1:10 ratio as a reasonable
compromise. As before, a higher reaction temperature does

not seem to improve the catalytic activity (run 5), but gave a
higher proportion of the β-isomer. Using the 1-i-Pr-Ind de-
rivative does not offer any advantages (runs 6 and 7), while
using the PMe3 analogue of 1 led to considerably lower ac-
tivities (runs 8 and 9). The latter observation is interesting:
that the more active precatalyst is the one bearing the less
nucleophilic phosphine ligand might imply that the
hydrosilylation reaction involves a PR3 dissociation. Consis-
tent with this possibility, the presence of added PPh3
([Ni]:PPh3 = 1:2) hindered the catalysis significantly (run
10). This point will be elaborated further during the discus-
sion of the mechanism of these reactions (vide infra).

The scope of the hydrosilylation reactions promoted by 1–
NaBPh4 has been explored briefly, as follows. Norbornene
and 1-hexene were hydrosilylated with PhSiH3 to ca. 1:1
mixtures of regio- (for 1-hexene) and stereoisomers (endo-
and exo-products from norbornene), while trans-β-Me-
styrene gave the α-isomer in ca. 10:1 ratio (ca. 50% overall
yield). On the other hand, cyclohexene, indene, and trans-
stilbene gave no hydrosilylation products; for the latter two
olefins, the reaction mixtures displayed broad signals in the
NMR spectra implying poly(olefin) formation, but no further
analyses were performed to confirm this possibility. Al-
though PhSiH3 has been used in almost all of our studies,

© 2003 NRC Canada
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Fig. 1. 1H NMR (C6D6) of the product obtained from the Ni-catalyzed hydrosilylation of styrene with PhSiH3. The peaks denoted by *
represent the satellites due to the J29Si-H coupling, while the peaks denoted by the # represent the internal standard (ca. 2.1 ppm), re-
sidual Et2O (ca. 3.4 and 1.1 ppm), and SiMe4.

4 The abstraction of Cl– from 1 by NaBPh4 is clean but generally sluggish, especially in nonpolar solvents such as toluene, in which NaBPh4
has a very limited solubility. Although AgBF4 is much more efficient for Cl– abstraction, its higher cost and the possibility of secondary re-
actions (e.g., electron transfer with the Ni complex and redistribution with PhSiH3) render it less practical than NaBPh4 for our purposes.
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the reactivity of other silanes was also examined briefly.
Thus, we found that tri-substituted silanes such as Et3SiH
and (EtO)3SiH are inactive in the hydrosilylation of styrene,
but Ph2SiH2 does add to styrene to give the products
PhCH(CH3)(Ph2SiH) and PhCH2CH2(Ph2SiH) in ca. 60:40
ratio (ca. 28%–48% overall yield). The inertness of tri-
substituted silanes is presumably due to steric hindrance.
Finally, acetophenone and 2-nonanone were hydrosilylated
very efficiently to the corresponding PhH2Si–ethers, giving
nearly quantitative conversions by NMR.

Mechanistic considerations
The results described above show that the hydrosilylation

reactions can be promoted by the in situ generated species
(Ind)(PPh3)Ni(Me) or [(Ind)(PPh3)Ni]+, the latter being more
effective in most cases. This section considers the various
ways in which these two species can initiate the catalysis. It
should be emphasized at the outset that whereas
[(Ind)(PPh3)Ni]+ can, in principle, react with either the ole-
fin or the silane, the Ni-alkyl derivatives are known to be in-

ert towards the insertion of olefins and must, therefore, react
first with PhSiH3. For simplicity, we begin the mechanistic
discussion with the latter systems.

The complexes (1-Me-Ind)(PR3)Ni(Me) are known to con-
vert PhSiH3 (without a co-catalyst) to (PhSiH)n (R = Me, Ph;
n = 3–16) (5b). Whereas the reactions involving the PPh3 an-
alogue were quite sluggish, those of the PMe3 analogue pro-
ceeded at a conveniently rapid rate and were, therefore,
subjected to detailed kinetic and D-labeling studies. On the
basis of these studies, we have proposed that the oligo-
merization of PhSiH3 is initiated by a concerted, σ-bond me-
tathesis reaction as opposed to an oxidative addition –
reductive elimination sequence. Analysis of the side prod-
ucts of this reaction pointed to the formation of methane and
1-(SiPhH2)-3-Me-Ind, but not PhMeSiH2, suggesting that the
initial reaction leads to a Ni-silyl intermediate, as shown in
Scheme 2. The putative Ni-SiPhH2 intermediate would then
react further with PhSiH3 to initiate the oligomerization pro-
cess, while its decomposition (by reductive elimination)
could form 1-(SiPhH2)-3-Me-Ind (Scheme 2) (5b).

© 2003 NRC Canada
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Run Catalyst$–co-catalyst [Ni] (%) Time (h) Temperature (°C) Yield (%)

1 1–MAO (1:10) 1 3 25 28
2 1–MAO (1:10) 1 5 25 39
3 1–MAO (1:10) 1 7 25 42
4 1–MAO (1:10) 1 16 25 69
5 1–MAO (1:10) 2 5 25 38
6 1–MAO (1:10) 1 16 65 61
7 1–MAO (1:10) 2 5 65 66
8 (1-(i-Pr)-Ind)(PPh3)Ni(Cl)–MAO (1:10) 1 5 25 58

9 (1-Me-Ind)(PMe3)Ni(Cl)–MAO (1:10) 2 5 25 36

10 1–AlMe3 (1:1.1) 1 16 25 29

11 (1-Me-Ind)(PPh3)Ni(Me)/— 1 24 25 26

12 (1-Me-Ind)(PPh3)Ni(i-Pr)/— 1 72 25 60

13 (1-Me-Ind)(PPh3)Ni(Me)–MAO (1:10) 1 16 25 40

14 1–NaBPh4 (1:10) 1 16 25 73

15 [(1-Me-Ind)Ni(PPh3)2]+/— 2 5 25 13

*The reactions were carried out under anaerobic conditions on NMR-scale (C6D6), and the yields were determined relative to an
internal standard. The detailed procedure is described in the Experimental section.

$1 = (1-Me-Ind)(PPh3)Ni(Cl).

Table 1. Catalytic addition of PhSiH3 to styrene.*

Run Pre-catalyst [Ni]:NaBPh4:styrene:PhSiH3 Yield (%)

1 1 1:1:50:50 27
2 1 1:2:50:50 50
3 1 1:10:50:50 69
4 1 1:50:50:50 86
5 1 1:10:50:50$ 64
6 (1-(i-Pr)-Ind)Ni(PPh3)Cl 1:10:100:100 50

7 (1-(i-Pr)-Ind)Ni(PPh3)Cl 1:10:50:50 61

8 (1-Me-Ind)Ni(PMe3)Cl 1:10:100:100 10

9 (1-Me-Ind)Ni(PMe3)Cl 1:10:50:50 36

10 1 + 2PPh3 1:10:50:50 19

*Unless otherwise indicated, all runs were carried out under anaerobic conditions in benzene at 25 °C for
5 h. Details of the procedure and yield determination are given in the Experimental section.

$This run was carried out at 65 °C.

Table 2. Addition of PhSiH3 to styrene catalyzed by (1-R-Ind)Ni(PR3′)Cl–NaBPh4.*
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To determine if the pathway depicted in Scheme 2 is also
followed by the PPh3 analogue, we did a similar analysis (by
TOCSY 1H NMR) of the products of the reaction of (1-Me-
Ind)(PPh3)Ni(Me) with PhSiH3. This study revealed the
presence of traces of PhMeSiH2 and 3-Me-Ind, but not
1-(SiPhH2)-3-Me-Ind. We infer from these observations
that, unlike its PMe3 analogue, the precursor (1-Me-
Ind)(PPh3)Ni(Me) reacts with PhSiH3 to eliminate
PhSiMeH2 (instead of methane) and form the hydride deriv-
ative (eq. [1]; [Ni] = (1-Me-Ind)Ni(PPh3)). The latter could
then react with styrene to initiate the hydrosilylation cataly-
sis, while its decomposition (by reductive elimination)
would produce 3-Me-Ind (instead of 1-(SiPhH2)-3-Me-Ind)
(eq. [2]). The precise reasons for this difference in reactivity
between the PMe3 and PPh3 derivatives are not known with
certainty. Modeling studies suggest that the greater steric
bulk of the PPh3 derivative might favour the transfer to the
Ni centre of the less-hindered side of PhH2Si-H (i.e., the H,
see Scheme 3), but electronic factors cannot be ruled out
(the more electron-rich PMe3 analogue might stabilize the
Ni—Si bond).

[1] PhSiH3 + [Ni]-Me → PhMeSiH2 + [Ni]-H

[2] 3-Me-Ind + (PPh3)nNi(0) ← [Ni]-H

→ hydrosilylation

To test the likelihood that a Ni-H derivative is involved in
the hydrosilylation catalysis promoted by the present system,
we tested the effectiveness of LiAlH4 as co-catalyst (or initi-
ator, (instead of MAO or NaBPh4) in the hydrosilylation of
styrene. Thus, stirring a toluene solution of styrene–PhSiH3–
1–LiAlH4 (100:100:1:2.5) at room temperature for 16 h re-
sulted in the usual product (PhCH(CH3)(PhSiH2)) in 41%
yield. This result establishes that the hydrosilylation reaction
can be catalyzed by a Ni-H intermediate generated either
from 1–H– or by the reaction of the Ni-Me precursor and
PhSiH3.

Let us now turn to discussing the mechanism of the
hydrosilylation reactions initiated by the in situ generated
cationic species [IndNi(PPh3)]

+. Given the highly electro-
philic nature of this species and the fact that various Lewis
acids can catalyze hydrosilylation of olefins (13), we consid-
ered the likelihood of our Ni cations acting as Lewis acids to

promote the observed hydrosilylation reactions. A recent ex-
ample of such Lewis-acid-catalyzed hydrosilylation has been
reported by Gevorgyan and co-workers (14) who have
shown that 5–10 mol% of B(C6F5)3 can catalyze the hydro-
silylation of a range of olefins with various aryl- or alkyl-
silanes. These authors have drawn on the findings of
Lambert et al. (15) and Piers and co-workers (16) to argue,
quite convincingly, that these B(C6F5)3-catalyzed reactions
are initiated by the formation of [R3Si]+[HB(C6F5)3]

–. The
silylium cation R3Si+ is believed to add to the C=C to gener-
ate a carbocationic intermediate, which abstracts a hydride
from the anion [HB(C6F5)3]

– to release the final product.
The regiochemistry of the hydrosilylation products obtained
by Gevorgyan and co-workers is consistent with a carbo-
cationic mechanism; for instance, styrene is converted to the
PhCH2CH2SiR3, presumably via the intermediate
[PhC+HCH2SiR3].

By analogy to Gevorgyan’s proposed abstraction of H– by
B(C6F5)3, we considered a scenario involving the abstraction
of H– from PhSiH3 by [IndNi(PPh3)]

+ to give IndNi(PPh3)H
and a silylium species; the main question is whether the ap-
titude of the species [IndNi(PPh3]

+ for abstracting H– from
PhSiH3 can be assumed to be comparable to that of
B(C6F5)3. This question was investigated by the following
NMR experiments that allowed some measure of the relative
Lewis acidities of these electrophiles. First, monitoring mix-
tures of IndNi(PPh3)Cl and B(C6F5)3 (1:5) showed that the
ionization of the Ni—Cl bond is very slow (<ca. 20%–30%
ionization in 30–60 min). Next, adding B(C6F5)3 to solutions
of IndNi(PPh3)Me (1:2) did not lead to ionization, forming
instead what we believe is a species featuring a Ni•••Me•••B
moiety.5 Hence, it appears that [IndNi(PPh3)]

+ and B(C6F5)3
have similar Lewis acidities and should have similar apti-
tudes for abstracting H– from PhSiH3. Unfortunately, it has
not been possible to find direct evidence for the formation of

© 2003 NRC Canada
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Scheme 2. Scheme 3.

5 NMR evidence supporting this assertion includes the observation of a broad signal in the upfield region of the 1H NMR spectrum, slightly
downfield of the original Ni-Me signal at ca. –0.7 ppm, and the absence of the characteristic AB signals for the formation of the species
[IndNi(PPh3)2]

+. Significantly, none of the B- or Al-based Lewis acids tested in our study abstract the Ni-bound phosphine ligands, imply-
ing that the Ni centre is a strong Lewis acid.
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Ni-H intermediates in the mixtures of PhSiH3 and in situ
generated [IndNi(PPh3)]

+, because the putative Ni-H species
reacts with PhSiH3 at a faster rate than it is produced. How-
ever, we have obtained indirect evidence for the generation
of such a Ni-H species, as described below.

Given that a number of late transition metal hydride bonds
react with C—Cl bonds, especially those of chloroform, we
reasoned that if the Ni-H species could be generated in a
chlorinated solvent, chlorination might give the Ni-Cl deriv-
atives, which could be easily detected. Thus, we monitored
the NMR spectra of two CDCl3 samples, one containing
the independently prepared cationic complex [(1-Me-
Ind)Ni(PPh3)2][BPh4] alone, the other containing the same
complex in addition to ca. 10 equiv. of PhSiH3. The NMR
spectra showed that the cationic complex is stable in CDCl3
for at least 24 h in the absence of the silane (no new peaks
in the 31P{1H} NMR spectrum), whereas the sample contain-
ing PhSiH3 displayed many new 31P{1H} NMR signals, in-
cluding that of the complex (1-Me-Ind)Ni(PPh3)Cl (31.1 ppm).
We believe that the latter compound likely arises from the
reaction of the Ni-H intermediate with CDCl3. The 31P{1H}
NMR spectrum of the reaction mixture also showed signals
at 16–20 ppm, which is close to the spectral region associ-
ated with the signals for phosphonium salts such as
Ph3MeP+I– (ca. 22 ppm); these signals might be due to
phosphonium species such as [Ph3P(SiR3)][BPh4]. Finally,
the 1H NMR spectrum of this sample showed traces of 3-Me-
Ind, which could originate from the reductive elimination of
a Ni-H intermediate.

The above observations provide indirect support for the
proposal that the in situ generated Ni cations react first with
PhSiH3 (as opposed to styrene)6 to form Ni-H and silylium
species. The next question that arises is which one of these
intermediates would react with the olefin to initiate the
hydrosilylation reaction. On this question, the regioselect-
ivity of the Ni-catalyzed reactions can help rule out the pos-
sibility that these reactions proceed by the same reaction
pathway proposed for the B(C6F5)3 system above, i.e., the
addition of R3Si+ to the olefin. Thus, Ni-catalyzed hydro-
silylation of styrene gives α-silylation, which is the opposite
of that observed with the B(C6F5)3 system discussed above;
moreover, the hydrosilylation of 1-hexene gives a 50:50
mixture of α- and β-silylation instead of the exclusive α-
silylation expected from a carbocationic path. On the other
hand, the regioselectivities observed in our system are con-
sistent with a Chalk–Harrod type mechanism involving M-H
intermediates. These considerations favour the insertion of
the olefinic substrate into the Ni—H bond over reaction with
the silylium species. The latter is presumably stabilized by
[BPh4]

– and (or) the solvent (17), but our results do not shed
any light on the fate of this species.

Therefore, we envisage the following sequence of steps
for the hydrosilylation reactions promoted by the present

system: (a) the Ni-H analogue of 1 is generated by the reac-
tion of PhSiH3 with the in situ formed [IndNi(PPh3)]

+ or the
Ni-Me analogue;7 (b) insertion of the olefin (or ketone) into
the Ni—H bond of the intermediate generates a new Ni-
alkyl (or Ni-alkoxy) derivative, which reacts subsequently
with another molecule of silane to form the C—Si (or O—
Si) bond and regenerate the Ni-H intermediate.8 The regio-
chemistry of the hydrosilylation reaction is determined at the
insertion step; in the case of styrene, this gives the alkyl in-
termediates Ni-CH2CH2Ph and (or) Ni-CH(Me)Ph. Although
the latter intermediate should, in principle, be more suscepti-
ble to β-H elimination, we propose that it is in fact more sta-
ble because of the possibility of reverting to an η3-benzyl
derivative, as shown in Scheme 4. It is worth noting that
Brookhart and co-workers (18) have proposed such η3-
benzyl intermediates for the addition of HSiR3 (R = Et, i-Pr)
to styrene catalyzed by the cationic complexes [(1,10-
phenanthroline)Pd(Me)L][BAr4].

9 The likelihood of such in-
termediates being involved in our system is supported by the
following observations: (a) Monitoring a catalytic run by
31P{1H} NMR spectroscopy showed that the initial signal of
the precatalyst 1 (ca. 31 ppm) is replaced by the signal for
free PPh3 (ca. –4 ppm) and a number of new signals at ca.
43–45 ppm. The latter region is associated with the 31P{1H}
signals for complexes (1-Me-Ind)Ni(PPh3)R, wherein R is a
secondary alkyl such as i-Pr or cyclohexyl (45 ppm), and
sec-Bu or neopentyl (42–43 pm) (5b). The presence of free
PPh3 is also consistent with the earlier observation that the
PMe3 precursors are less effective for promoting the
hydrosilylation reaction; (b) Recall that using higher reac-
tion temperatures or Ph2SiH2 resulted in somewhat higher
proportions of the minor regioisomer, PhCH2CH2SiPhRH
(R = H, Ph). Higher temperatures should accelerate the β-H
elimination from Ni-CH(Me)Ph, thus favouring the Ni-
CH2CH2Ph intermediate; on the other hand, the more bulky
Ph2SiH2 might be expected to react more readily with the
less bulky Ni-CH2CH2Ph intermediate.

Conclusions

The present study has shown that combining the com-
plexes IndNi(PPh3)Cl with suitable cationic initiators gives
rise to an efficient catalytic system for the hydrosilylation of
olefins and ketones. This system is particularly attractive for
styrene because it gives, almost exclusively, one regioiso-
mer; this regioselectivity is comparable to that reported for
organolanthanide-catalyzed hydrosilylation reaction (9). On
the other hand, Pd(II){bis(imine)} complexes give the oppo-
site regioselectivity (18), while similar Ni precursors bearing
Cp ligands give complicated mixtures of products (6, 7). Fu-
ture studies will be aimed at expanding the scope of these
hydrosilylation reactions.

© 2003 NRC Canada
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6 The direct reaction of Ni-based cations with styrene would be expected to result in the oligo- or polymerization of styrene.
7 One of the reviewers of our manuscript proposed the following alternative mechanism: the redistribution reaction involving the intermediate
[IndNi(PR3)]

+ might take place to produce [IndNi(PR3)2]
+ and phosphine-free species such as “IndNiCl” or [IndNi]+; the latter might react

with the hydrosilane to generate a Ni-H species. This alternative scenario is consistent with our observations and merits consideration.
8 The latter step likely proceeds by a concerted, σ-bond metathesis pathway as opposed to an oxidative addition – reductive elimination route
involving Ni(IV) intermediates.

9 This Pd-based system leads to various mixtures of products arising from hydrosilylation and dehydrogenative silylation. The proposed
mechanism involves the insertion of styrene into the Pd—SiR3 bond as opposed to the Pd—H bond.
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A number of observations, including the fact that LiAlH4
can be used instead of NaBPh4 and MAO to activate the Ni-
Cl precursor, have pointed to the involvement of the corre-
sponding Ni-H derivative (X = H) as the active intermediate
in these reactions. In the case of the reactions involving
cationic initiators, we have proposed that this Ni-H interme-
diate is generated via the transfer of H– from the silane to
the coordinatively unsaturated and highly electrophilic spe-
cies [IndNi(PPh3)]

+. This Si → Ni+ hydride transfer process
is very interesting because it provides a convenient route to
the reactive Ni-H intermediate.10 Studies are currently
underway with the objective of elucidating the main parame-
ters controlling this reactivity and investigating the feasibil-
ity of catalytic hydroboration reactions with the same system
(i.e., transfer of hydride from R2BH).

Experimental

General
Unless otherwise specified, all manipulations were per-

formed under an inert atmosphere of N2 or argon using stan-
dard Schlenk techniques and a dry box. Dry, oxygen-free
solvents were employed throughout. The complexes (1-Me-
Ind)Ni(PPh3)Cl (1) (12), (1-Me-Ind)Ni(PMe3)Cl (19), (1-i-
Pr-Ind)Ni(PPh3)Cl (20), (1-Me-Ind)Ni(PPh3)Me (12), and
[(1-Me-Ind)Ni(PPh3)2][BPh4] (12) were prepared according
to previously published procedures. PhSiH3 was either pur-
chased from Aldrich and used as received, or prepared from
PhSiCl3 according to a previously published procedure (21).
Styrene was purchased from Aldrich and treated by (a) pass-
ing it through a plug of alumina, and (b) storing over 4 Å
molecular sieves prior to use. All other reagents, including
MAO, AlMe3, LiAlH4, and NaBPh4, were purchased from

Aldrich and used as received. The NMR spectra were re-
corded using the following spectrometers: Bruker DMX600
(2D 1H-29Si), Bruker AMX400 (1H at 400 MHz, 13C{1H} at
100.56 MHz, and 31P{1H} at 161.92 MHz), and Bruker
AV300 (1H at 300 MHz for TOCSY). GC–MS analyses
were carried out on a Hewlett Packard 6890 series gas
chromatograph equipped with a split mode capillary injector
and a HP 5973 mass selective detector. The following oper-
ating parameters were used: the injector and detector tem-
peratures were 250 °C; the carrier gas was hydrogen
(2 mL/min); the column used was HP-5MS, 5% phenyl
methyl siloxane; temperature program: 40 °C for 2 min,
10 °C/min up to 140 °C, 20 °C/min up to 280 °C.

Details of catalytic runs
Unless otherwise specified, all reactions were carried out

under a nitrogen atmosphere. The catalytic runs were con-
ducted as NMR-scale experiments or on a larger scale in
Schlenk vessels. For the NMR-scale reactions, the following
general procedure was followed. The Ni-Cl precursor com-
plex (ca. 8 mg, 0.016 mmol) and the internal standard
(hexamethyl benzene, ca. 15 mg, 0.09 mmol) were dissolved
in C6D6 (0.8 mL); styrene and PhSiH3 (100–200 µL, 50–100
equiv. of each) were then added to the resultant red solution.
Prior to initiating the catalysis, a 1H NMR spectrum was re-
corded to register the integral ratios for the signals of the in-
ternal standard and the reactants (Si-H of PhSiH3 and vinylic
protons of styrene). The NMR sample was then taken inside
the dry box to add the initiator. For the room temperature ex-
periments, the sample was kept in an ultrasonic bath
throughout the reaction time to ensure agitation and homo-
geneity; for the high-temperature experiments, the sample
was kept in a 65 °C water bath. If required, the progress of
the catalysis was monitored periodically by 1H NMR spec-
troscopy. The final yields were determined by comparing the
intensities of the CH3 signals of the product and the internal
standard. The final values were checked against a calibration
curve prepared by plotting the integral ratios obtained for
various mixtures of the internal standard (C6Me6) and the
main product (PhCH(PhSiH2)CH3) (slope = 1.069, R2 =
0.9997).

The larger-scale catalytic runs were conducted as follows.
Inside the dry box, the Ni precursor (ca. 10 mg) and the ini-
tiator were weighed into a Schlenk vessel containing a stir-
ring bar; the capped vessel was then taken out of the dry
box. The reactants and the solvent (benzene, unless other-
wise specified) were then added under nitrogen in rapid suc-
cession (<1 min), and the mixture was stirred at room
temperature or 65 °C. The work-up consisted of removing
the volatiles on a rotoevaporator, extracting the residues with
water–Et2O, and evaporating the combined organic layers.
The resulting yellow oil was distilled under vacuum to give
the product(s) as a clear oil. When little product was ob-
tained, the yield was determined based on the 1H NMR
spectrum of a carefully prepared mixture of the product and
hexamethyl benzene as internal standard, according to the
protocol described above.

© 2003 NRC Canada
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Scheme 4.

10The same Ni-H intermediate might also be accessible from the reaction of PhSiH3 with Ind(PPh3)Ni(Me), but this reaction is generally
sluggish.
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Control experiments
To ascertain that the initiators used in our studies (MAO,

NaBPh4, LiAlH4, and AlMe3) do not promote the
hydrosilylation reactions in the absence of Ni complexes, we
prepared mixtures of styrene, PhSiH3, and the initiator (in a
molar ratio of 1:1:0.2) and analyzed them by 1H NMR spec-
troscopy. No hydrosilylation product was detected in any of
the experiments, and the ratio of styrene and PhSiH3 re-
mained unchanged. When AgOTf was tested with the sub-
strates, gas evolution was observed and analysis of the
sample showed that a small degree of silane redistribution
had taken place (e.g., PhH2Si-SiPhH2 was detected by 1H
NMR).
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Cadmium complexes of the tripodal [Te(N-t-Bu)3]2–

dianion and the HgCl2 adduct of a tellurium
diimide dimer1

Tristram Chivers and Gabriele Schatte

Abstract: The reactions of CdCl2 or HgCl2 with {Li2[Te(N-t-Bu)3]}2 in n-hexane–THF give rise to two distinctly dif-
ferent types of product. In the former case the complexes [Li(THF)x][(CdCl)3{Te(N-t-Bu)3}2] (7a (x = 4), 7b (x = 3))
are obtained. The tetrasolvated complex 7a is a solvent-separated ion pair. The trisolvated complex 7b is a contact ion
pair in which the fourth coordination site at the Li+ centre is occupied by one of the Cl ligands of the anion. The
polycyclic anion in 7a and 7b is comprised of two tripodal [Te(N-t-Bu)3]2– dianions that exhibit different coordination
modes to the three CdCl+ units. One ligand is N,N′-chelated to all three metal centres, and each nitrogen atom bridges
two Cd atoms, whereas the other is bonded in a tris-N-monodentate fashion in 7b. In 7a there is an additional weak
Cd-N interaction. The reaction of HgCl2 with {Li2[Te(N-t-Bu)3]}2 produces the adduct [t-BuNTe(µ-N-t-Bu)2TeN-t-
Bu]HgCl2 (8), in which the dimeric tellurium diimide ligand in its cis(exo,exo) configuration is N,N′-chelated to mer-
cury. Polymeric strands parallel to the b axis are formed by weak Te•••Cl interactions (3.5248(16) Å, 3.5876(15) Å) in-
volving both Cl atoms, but only one Te atom of the ligand.

Key words: imido ligands, cadmium, mercury, tellurium.

Résumé : Les réactions du CdCl2 ou du HgCl2 avec le {Li2[Te(N-t-Bu)3]}2, dans un mélange de n-hexane–THF,
conduit à la formation de deux types forts différents de produits. Dans le premier cas, on obtient des complexes du
type [Li(THF)x][(CdCl)3{[Te(N-t-Bu)3]}2] (7a (x = 4), 7b (x = 3)). Le complexe tétrasolvaté du composé 7a est une
paire d’ions séparée par un solvant. Le complexe trisolvaté du composé 7b est une paire d’ions de contacts dans lequel
le quatrième site de coordination au centre Li+ est occupé par un des ligands Cl de l’anion. L’anion polycyclique dans
les composés 7a et 7b se trouve entre les deux anions tripodes [Te(N-t-Bu)3]2– qui présentent des modes différents aux
trois unités CdCl+. Un ligand est N,N′-chélaté aux trois centres métalliques et chaque atome d’azote sert de pont entre
deux atomes de Cd alors que dans 7b l’autre est lié d’une façon tris-N-monodentate. Dans le composé 7a, on observe
aussi une interaction additionnelle faible Cd-N. La réaction du HgCl2 avec le {Li2[Te(N-t-Bu)3]}2 conduit à la forma-
tion de l’adduit [t-BuNTe(µ-N-t-Bu)2TeN-t-Bu]HgCl2 (8) dans lequel le ligand diimide tellure dimère dans une configu-
ration cis(exo,exo) est N,N′-chélaté au mercure. Les chaînes polymériques parallèles à l’axe b se forment par des
interactions Te•••Cl faibles (3,5248(16) Å; 3,5876(15) Å) impliquant les deux atomes de chlore, mais un seul atome de
Te de chaque ligand.

Mots clés : ligands imido, cadmium, mercure, tellure.

[Traduit par la Rédaction] Chivers and Schatte 1314

Introduction

The tripodal ligand [Te(N-t-Bu)3]
2– was first obtained as

the dilithium derivative 1, which has a dimeric, hexagonal
prismatic structure (1). Investigations of metathetical reac-
tions of this reagent with main group element halides have
revealed both bidentate and tridentate bonding modes as ex-
emplified by complexes with trivalent group 13 and group
15 elements, e.g., (2) (1), (3) (2), and (4) (3).

In some cases metathesis is accompanied by redox pro-
cesses involving imide transfer. For example, the treatment
of 1 with PhPCl2 produces a spirocyclic phosphorus(V)
complex (5) and elemental tellurium (1), while the
stannatellurone (6) is obtained from the reaction of 1 with
tin(II) salts (4). Fleischer and Stalke (5) have reported simi-
lar redox behaviour and imide transfer in the formation of
Ge4S(N-t-Bu)4 from the reaction of the sulfur congener
{Li2[S(N-t-Bu)3]}2 with GeCl2.

Can. J. Chem. 81: 1307–1314 (2003) doi: 10.1139/V03-147 © 2003 NRC Canada
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To probe the ligand behaviour of [Te(N-t-Bu)3]
2– towards

other divalent metals, we have now investigated the reactions
of 1 with CdCl2 and HgCl2. An additional motivation for
this study is the interest in complexes of group 12 metals
with tellurium-containing ligands as potential single-source
precursors of the corresponding binary tellurides, i.e., CdTe
and HgTe, which are important semiconductors with appli-
cations in IR, solar cell, and optoelectronic devices (6).

We report here that these reactions give rise to distinctly
different types of products. The reaction of 1 with CdCl2 in
THF produces the complexes [Li(THF)x][(CdCl)3{Te(N-t-
Bu)3}2] (7a (x = 4), 7b (x = 3)). By contrast the reaction of 1
with HgCl2 gives rise to an adduct of the tellurium(IV)
diimide dimer t-BuNTe(µ-N-t-Bu)2TeN-t-Bu with HgCl2 (8).

Experimental

Reagents and general procedures
The reagents t-BuNTe(µ-N-t-Bu)2TeN-t-Bu (7) and

{[Li2Te(N-t-Bu)3]}2 (1) were prepared by literature proce-
dures and their purity was ascertained by 1H NMR spectros-

copy. The reagents CdCl2 and HgCl2 (Strem, 99%) were
commercial samples used as received. All solvents were
dried with appropriate drying agents and distilled onto mo-
lecular sieves before use. All reactions and the manipulation
of moisture-sensitive products were carried out under an ar-
gon atmosphere using standard Schlenk techniques or a
drybox.

Instrumentation
1H, 7Li, 13C, 113Cd, and 125Te NMR spectra were recorded

on a Bruker DRX400 NMR spectrometer at 25 °C in C4D8O
using a 5 mm broadband probe (BBO) operating at 399.873,
155.405, 100.559, 88.714, and 126.349 MHz, respectively.
Relaxation delays of 3 and 1.5 s were applied when measur-
ing the 13C and 125Te NMR spectra, respectively. Line-
broadening parameters used in the exponential multiplica-
tion of the free induction decays were 10 to 1 Hz. 1H and
13C NMR chemical shifts are reported relative to Me4Si in
CDCl3. The samples for 7Li NMR were externally refer-
enced to 1.0 mol L–1 LiCl in D2O (0 ppm). The samples for
125Te and 113Cd NMR were externally referenced to a satu-
rated solution of K2TeO3 in D2O (1723 ppm) and referred to
Me2Te (0 ppm), and to a saturated solution of CdCl2 in D2O
(0 ppm), respectively. Elemental analyses were performed
by Analytical Services, Chemistry Department, University of
Calgary.

Preparation of [Li(THF)4][(CdCl)3{Te(N-t-Bu)3}2] (7a)
The reagents 1 (0.500 g, 0.704 mmol) and CdCl2 (0.387 g,

2.112 mmol) were added to a Schlenk vessel. n-Hexane
(20 mL) and THF (10 mL) were then transferred to the ves-
sel, and the yellow slurry was stirred for 3.5 days at 23 °C.
The yellow solution was separated from the precipitate of
LiCl by using a cannula. The solvents were removed under
vacuum to give 7a (0.829 g, 0.583 mmol, 83%). The product
was recrystallized from n-hexane–THF. 1H NMR (THF-d8,
23 °C) δ: 3.62 (m, THF), 1.78 (m, THF), 1.50 (s, CMe3).
13C NMR (THF-d8, 23 °C) δ: 68.27 (THF), 60.15 (CMe3),
37.93 (CMe3), 26.43 (THF). 125Te NMR (THF-d8, 23 °C)
δ: 1564 (s). 7Li NMR (THF-d8, 23 °C) δ: –0.52 (s). 113Cd
NMR (THF-d8, 23 °C) δ: 272.4 (s). Anal. calcd. for
C40H86Cd3Cl3LiN6O4Te2: C 33.80, H 6.10, N 5.90; found: C
31.57, H 6.02, N 4.89.3
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3 Loss of THF solvent resulted in inconsistent elemental analyses. This is a common problem with highly solvated s-block element com-
plexes.
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Preparation of [Li(THF)3(µ-Cl)Cd(CdCl)2{Te(N-t-Bu)3}2]
(7b)

The reagents 1 (0.500 g, 0.704 mmol) and CdCl2 (0.258 g,
1.408 mmol) were added to a Schlenk vessel. n-Hexane
(20 mL) was transferred to the mixture at 23 °C to give a
pale yellow slurry. Subsequent addition of THF (10 mL)
produced a yellow solution. The reaction mixture was stirred
for 24 h and then the precipitate was removed by filtration
through a PTFE disk (pore size 0.45 µm). The solvents were
removed under vacuum and the residue was extracted with
n-hexane–THF to give an insoluble white solid (0.399 g).
Removal of solvents from the filtrate yielded 0.325 g of a
bright yellow solid that was shown by 1H NMR to be a mix-
ture of 7b and unreacted 1 in the approximate ratio 2:1. X-
ray quality crystals of 7b were obtained by layering n-hex-
ane onto a THF solution of this product (4 days at 23 °C).3
1H NMR (THF-d8, 23 °C) δ: 3.62 (m, THF), 1.77 (m, THF),
1.46 (s, CMe3).

13C NMR (THF-d8, 23 °C) δ: 68.29 (THF),
58.43 (CMe3), 38.96 (CMe3), 26.43 (THF). 7Li NMR (THF-
d8, 23 °C) δ: 0.04 (s). 125Te NMR (THF-d8) δ: 1546 (s).

Preparation of [t-BuNTe(µ-N-t-Bu)2TeN-t-Bu]HgCl2 (8)
n-Hexane (10 mL) and then THF (8 mL) were added to a

solid mixture of 1 (0.500 g, 0.704 mmol) and HgCl2
(0.574 g, 2.113 mmol) at 23 °C in a Schlenk vessel. After
18 h the solution was bright yellow and a yellow-orange pre-
cipitate had formed. The precipitate was separated by filtra-
tion through a PTFE disk (pore size 0.45 µm) and solvents
were removed under vacuum to give an orange solid
(0.964 g). A portion of this solid (0.495 g) was extracted
with MeCN (50 mL and then 10 mL) and the volume of the
solution was reduced to 20 mL to give an orange precipitate
of 8 (0.157 g). After storage at –17°C for 14 days the MeCN
solution produced a mixture of prism-like and plate-like or-
ange crystals (0.070 g), which were identified by X-ray crys-
tallography as 8•2MeCN and 8•MeCN, respectively. The
combined masses of 8 and 8•(MeCN)n (n = 1, 2) correspond
to an overall yield of ca. 72%. Data for 8: 1H NMR
(CD3CN, 23 °C) δ: 1.52 (s, NCMe3).

1H NMR (THF-d8,
23 °C) δ: 1.37 (s, NCMe3).

13C NMR (THF-d8, 23 °C) δ:
58.38 (CMe3), 38.23 (CMe3).

125Te NMR (THF-d8, 23 °C) δ:
1558 (s). Anal. calcd. for C16H36Cl2HgN4Te2: C 23.69, H
4.47, N 6.91; found: C 22.67, H 4.12, N 7.36.

X-ray analyses
Single crystals of 7a, 7b, and 8•2MeCN were coated with

Paratone oil, mounted on thin glass fibers, and frozen in the
cold nitrogen stream of the goniometer. The X-ray data were
collected on a Nonius Kappa CCD diffractometer (7a) and a
Bruker AXS Platform/Smart 1000 CCD diffractometer (7b
and 8•2MeCN). Data reduction was performed using the
SAINT software (8). An empirical absorption correction was
applied to the data (SADABS) (9). Relevant parameters for

the data collections and crystallographic data are summa-
rized in Table 1.4

The structures were solved by direct methods (7a: SIR-97
(10a); 7b and 8•2MeCN:5 SHELXS-97 (10b)) and refined
by the full-matrix least-squares method based on F2 using
the SHELXL-97-2 (11). The non-hydrogen atoms were re-
fined anisotropically. Hydrogen atoms were included at geo-
metrically idealized positions (C—H and N—H bond
distances, 0.95 Å) and were not refined. The isotropic ther-
mal parameters of the hydrogen atoms were fixed at 1.2
times that of the preceding carbon or nitrogen atom. Three
of the four THF molecules in 7a were disordered. The disor-
der was refined using the split-atom model. Details of the
crystallographic data for 7a, 7b, and 8•2MeCN are summa-
rized in Table 1.

Results and discussion

Synthesis and X-ray structures of [ Li(THF)x][(Cd-
Cl)3{Te(N-t-Bu)3}2] (7a (x = 4), 7b (x = 3))

The outcome of the reaction of CdCl2 with the dimeric re-
agent 1 in n-hexane–THF depends on the stoichiometry. Ini-
tial attempts to generate a complex with the empirical
formula Cd[Te(N-t-Bu)3] by using a 2:1 stoichiometry gave
a mixture of 7b and unreacted 1. Complex 7b was shown by
X-ray crystallography to be the contact ion pair
[Li(THF)3(µ-Cl)Cd(CdCl)2{Te(N-t-Bu)3}2] (vide infra). In
an attempt to optimize the yield of a complex with this
composition the reaction was conducted with a 3:1 stoichio-
metry. This resulted in the formation of the solvent-
separated ion pair [Li(THF)4][(CdCl)3{Te(N-t-Bu)3}2] (7a)
which was isolated in a much-improved yield (83%)
(eq. [1]).

[1] {Li2[Te(N-t-Bu)3]}2 + 3CdCl2
THF → 

[Li(THF)4][(CdCl)3{Te(N-t-Bu)3}2] + 3LiCl

The structures of 7a and 7b are shown in Figs. 1 and 2,
respectively, and pertinent bond lengths and bond angles are
compared in Table 2. In view of the similarity between the
two structures, the ensuing discussion will focus on the
atomic arrangements in the [(CdCl)3{Te(N-t-Bu)3}2]

– anion
of 7a. In this monoanion two pyramidal [Te(N-t-Bu)3]

2–

dianions are coordinated, in different fashions, to three
CdCl+ cations. One of these ligands is asymmetrically N,N′-
chelated to all three cadmium atoms and each of these nitro-
gen atoms bridges two cadmium centres. The second [Te(N-
t-Bu)3]

2– anion is bonded in an N-monodentate manner to all
three cadmium atoms. In 7a there is an additional weak Cd-
N interaction (Cd(2)-N(5) = 2.626(4) Å). The corresponding
separation of 3.036(3) Å in 7b is beyond the range for Cd—
N covalent bonds. As a result, the nitrogen atoms in the for-
mer ligand are four-coordinate whereas those in the latter are
three-coordinate. The structure of the anion in 7a is related

© 2003 NRC Canada
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4 Supplementary data may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
206826 (7a), 206827 (7b), 206288 (8·MeCN), and 206289 (8·2MeCN) contain the crystallographic data for this manuscript. These data can
be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).

5 X-ray data for 8•MeCN: a = 19.0220(2) Å, b = 14.4220 Å, c = 20.6450 Å, V = 5663.65(16) Å3, Z = 8, space group: Pbca (No. 61). The
bond distances and angles for 8•MeCN are identical to those in 8•2MeCN.
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to the “deck-chair” structure6 of the binuclear indium com-
plex 4 (2). The two InCl2+ cations in 4 are replaced by
CdCl+ units and the third CdCl+ unit occupies a vacant cor-
ner site. Charge balance is provided by the [Li(THF)4]

+ cat-
ion.

As expected, the mean Te—N bond length is ca. 0.01 Å
longer and the mean bond angle ∠ NTeN is ca. 5° smaller
for the [Te(N-t-Bu)3]

2– ligand that is involved in tris-
chelation. The structural parameters for the other pyramidal
TeN3 ligand are very similar to those in the dilithium deriva-
tive 1 in which the nitrogen atoms are also three-coordinate
(1, 12). The three cadmium atoms are in a highly distorted
four-coordinate environment with bond angles ranging from
ca. 73° to ca. 136°. The mean Cd—N bond length involving
the three-coordinate nitrogen atoms is ca. 2.20 Å. The Cd—
N bond lengths involving the four-coordinate nitrogen atoms
are distinctly unequal with mean values of ca. 2.29 and
2.48 Å (cf. d(Cd-N) = 2.279(13) Å in [CdCl(NPEt3)]4 (13)
and 2.22–2.26 Å in tris(pyrazolyl)borato complexes of cad-
mium (14, 15)). The mean Cd—Cl bond distance of
2.458(1) Å is typical (the sum of covalent radii for Cd and

© 2003 NRC Canada
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7a 7b 8•2MeCN

Formula C40H86Cd3Cl3LiN6O4Te2 C36H78Cd3Cl3LiN6O3Te2 C20H42Cl2HgN6Te2

Fw 1420.84 1348.73 893.29
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c (No. 14) P21/c (No. 14) P21/n (No. 14)
Crystal size (mm) 0.12 × 0.12 × 0.10 0.25 × 0.25 × 0.20 0.26 × 0.18 × 0.08
Colour and habit Colourless square Colourless block Orange prism
T (K) 173(2) 173(2) 193(2)
λ (Å) 0.71073 0.71073 0.71073
a (Å) 15.0160(1) 16.7090(1) 11.9709(11)
b (Å) 34.8361(2) 10.6830(1) 14.3986(13)
c (Å) 10.6995(1) 29.3700(3) 18.5654(17)
β (°) 91.2919(3) 101.5390(3) 106.5561(17)
V (Å3) 5595.47(7) 5136.65(8) 3067.3(5)
Z 4 4 4
dcalcd. (g cm–3) 1.687 1.744 1.934

µ (cm–1) 23.35 25.37 70.75
No. of reflns. collected 67703 75811 13961
No. of indep. reflns./Rint 11146/0.0975 12560/0.0961 6141/0.0493
Reflns. with I >2σ(I) 7717 8843 5001
Data/restraints/parameters 11 146/19/606 12 560/0/487 6141/0/281
S (GoF) on F2 a 1.045 1.019 0.997
R [I ≥2σ(I)]b 0.0425 0.0393 0.0329
wR (all data)c 0.0771 0.0915 0.0792
Largest diff. peak/hole (e–/Å3) 0.721/–0.801 0.819/–1.046 0.988/–0.700

aS = {Σ [w(Fo
2 – Fc

2)2]/(n – p)}1/2.
bR = Σ ||Fo| – |Fc||/ Σ |Fo|.
cwR = {[Σ w(Fo

2 – Fc
2)2]/[Σ w(Fo

2)2]}1/2.

Table 1. Crystallographic data for 7a, 7b, and 8•2MeCN.

Fig. 1. Thermal ellipsoid (30% probability) plot and atomic-
numbering scheme for the anion in 7a. Only the α-carbon atoms
of tert-butyl groups are shown.

6 For use of the term “deck-chair” see: A.J. Edwards, M.A. Paver, P.R. Raithby, M.-A. Rennie, C.A. Russell, and D.C. Wright. Angew.
Chem. Int. Ed. Engl. 33, 1277 (1994).
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Cl is 2.47 Å). The coordination of a Cl ligand of the anion to
Li+ in 7b elongates the Cd(2)—Cl(2) bond by ca. 0.04 Å.
The Li-Cl distance of 2.332(8) Å in 7b falls within the nor-
mal range of Li—Cl bond lengths (16).

The 1H NMR spectra of 7a in C4D8O exhibit a singlet at
1.49 ppm for the t-Bu groups throughout the temperature
range 183–298 K rather than the expected set of three reso-
nances (assuming an approximate C2v structure in solution).
This observation indicates a highly fluxional structure for
the anion in 7a in solution. The 113Cd NMR chemical shift
of 272.4 ppm observed for 7a is within the range of 200–
380 ppm reported for cadmium bonded to nitrogen ligands
(17–19). The 125Te NMR chemical shifts of 1564 and

© 2003 NRC Canada

Chivers and Schatte 1311

7a 7b

Bond lengths (Å)
Te(1)—N(1) 1.988(3) 1.988(3)
Te(1)—N(2) 1.977(3) 1.977(3)
Te(1)—N(3) 1.982(4) 1.982(3)
Te(2)—N(4) 1.972(3) 1.973(3)
Te(2)—N(5) 1.991(3) 1.978(3)
Te(2)—N(6) 1.964(4) 1.969(3)
Cd(1)—N(1) 2.290(3) 2.290(3)
Cd(1)—N(2) 2.503(4) 2.553(3)
Cd(1)—N(5) 2.218(3) 2.212(3)
Cd(2)—N(2) 2.330(4) 2.275(3)
Cd(2)—N(3) 2.576(3) 2.451(3)
Cd(2)—N(5) 2.626(4) 3.036(3)
Cd(2)—N(6) 2.226(4) 2.181(3)
Cd(3)—N(1) 2.411(4) 2.448(3)
Cd(3)—N(3) 2.270(4) 2.307(3)
Cd(3)—N(4) 2.176(4) 2.216(3)
Cd(1)—Cl(1) 2.439(1) 2.458(1)
Cd(2)—Cl(2) 2.469(1) 2.514(1)
Cd(3)—Cl(3) 2.465(1) 2.446(1)
Li(1)—Cl(2) — 2.332(8)
Li(1)—O(1) 1.905(11) 1.936(9)
Li(1)—O(2) 1.935(11) 1.913(8)
Li(1)—O(3) 1.919(1) 1.915(9)
Li(1)—O(4) 1.934(11) —

Bond angles (°)
N(2)-Te(1)-N(1) 93.38(14) 93.09(13)
N(3)-Te(1)-N(1) 90.49(15) 92.09(13)
N(2)-Te(1)-N(3) 93.33(14) 92.07(12)
N(4)-Te(2)-N(5) 96.62(15) 96.32(14)
N(6)-Te(2)-N(4) 102.48(15) 98.45(13)
N(6)-Te(2)-N(5) 93.15(15) 97.75(13)
N(5)-Cd(1)-N(1) 128.09(13) 134.20(11)
N(5)-Cd(1)-Cl(1) 119.00(10) 114.65(9)
N(1)-Cd(1)-Cl(1) 111.53(9) 110.36(8)
N(5)-Cd(1)-N(2) 90.46(12) 90.30(12)
N(1)-Cd(1)-N(2) 73.88(12) 72.70(11)
Cl(1)-Cd(1)-N(2) 119.73(9) 121.79(8)
N(6)-Cd(2)-N(2) 141.84(12) 135.96(12)
N(6)-Cd(2)-N(3) 87.96(12) 96.18(11)
N(2)-Cd(2)-N(3) 71.70(12) 74.06(10)
N(6)-Cd(2)-Cl(2) 110.88(12) 114.30(9)
N(2)-Cd(2)-Cl(2) 107.24(9) 108.37(9)
N(3)-Cd(2)-Cl(2) 124.82(9) 115.72(8)
N(4)-Cd(3)-N(3) 124.15(13) 129.38(12)
N(4)-Cd(3)-Cl(3) 118.81(10) 117.08(9)
N(3)-Cd(3)-Cl(3) 113.41(10) 111.20(8)
N(4)-Cd(3)-N(1) 99.03(13) 94.15(11)
N(3)-Cd(3)-N(1) 73.98(12) 73.82(10)
Cl(3)-Cd(3)-N(1) 115.82(9) 119.81(8)
Te(1)-N(1)-Cd(1) 99.53(14) 101.17(14)
Te(1)-N(1)-Cd(3) 95.04(14) 94.67(12)
Cd(1)-N(1)-Cd(3) 95.68(13) 93.20(11)
Cd(2)-N(2)-Cd(1) 87.61(11) 92.86(11)
Te(1)-N(2)-Cd(2) 101.51(15) 99.84(12)

Table 2. Comparison of selected bond lengths (Å) and bond an-
gles (°) for 7a and 7b.

7a 7b

Te(1)-N(2)-Cd(1) 93.05(13) 93.03(12)
Te(1)-N(3)-Cd(3) 99.75(15) 99.38(13)
Te(1)-N(3)-Cd(2) 93.46(14) 94.02(11)
Cd(3)-N(3)-Cd(2) 100.36(13) 94.75(11)
Te(2)-N(4)-Cd(3) 116.34(17) 114.44(15)
Te(2)-N(5)-Cd(1) 115.50(16) 109.82(15)
Te(2)-N(6)-Cd(2) 103.26(16) 110.22(14)
Li(1)-Cl(2)-Cd(2) — 132.5(2)

Table 2 (concluded).

Fig. 2. Thermal ellipsoid (30% probability) plot and atomic-
numbering scheme for 7b. Only the α-carbon atoms of tert-butyl
groups and the oxygen atoms of THF molecules are shown.
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1546 ppm for 7a and 7b, respectively, are typical values for
complexes of the trisimidotellurite ligand (2, 3).

Synthesis and X-ray structure of the adduct
[t-BuNTe(µ-N-t-Bu)2TeN-t-Bu]HgCl2 (8)

In contrast to the reaction with CdCl2, the reaction of 1
with HgCl2 in n-hexane–THF in a 1:3 molar ratio results in
cleavage of one of the N-t-Bu groups from tellurium to give
8, a 1:1 adduct of HgCl2 and the tellurium diimide dimer [t-
BuNTe(µ-N-t-Bu)2TeN-t-Bu] (9) (eq. [2]). It was found that
the optimum yield of 8 was obtained when the solvents were
added to a mixture of the solid reagents. Attempts to identify
the other product of this imido transfer process were unsuc-
cessful. Surprisingly 8 could not be obtained from the direct
reaction of 9 with HgCl2 under similar conditions.

[2] {Li2[Te(N-t-Bu)3]}2 + 3HgCl2  →
{[Te2(N-t-Bu)4]HgCl2} + 2“HgN-t-Bu” + 4LiCl

The identity of 8, after recrystallization from acetonitrile,
was determined by X-ray crystallography. The
recrystallization process gives two types of crystals which
were identified as 8•MeCN and 8•2MeCN. Since the struc-
tural details for 8 are essentially identical in these two
solvates, we will describe only the structure of 8•2MeCN.
As indicated in Fig. 3, the metal centre in the HgCl2 adduct
8•2MeCN is chelated by the ligand in its cis(exo,exo) config-
uration. This configuration is also found for the adduct
9•LiCl (20) and in complexes with Ag+ (21). Coordination
to Cu+, however, initiates a cis → trans isomerization of the
ligand (21). The two molecules of MeCN do not interact
with 8. Selected bond distances and bond angles are summa-
rized in Table 3. The geometry at the mercury center is
distorted tetrahedral with ∠ NHgN = 119.84(16)° and
∠ ClHgCl = 103.06(5)° indicating strong coordination of the
ligand to the mercury center. Consistently, the mean Hg-N
distance of 2.260 Å is at the lower end of the range of values

reported for four-coordinate mercury complexes with an
N2Cl2 coordination sphere (22–24). The most interesting
feature of the structure of 8 is the existence of weak Te•••Cl
contacts (3.5248(16) Å, 3.5876(15) Å, cf. 3.85 or 4.00 Å
(25, 26) for the sum of the van der Waals radii for Te and
Cl) that give rise to polymeric strands parallel to the b axis
(Fig. 4). This polymeric motif may account for the poor sol-
ubility of 8 in common organic solvents. The Te•••Cl inter-
actions involve only one of the tellurium atoms [Te(1)] and
give rise to a minor asymmetry in the Te—N and Hg—N
bond lengths. The mean Hg-Cl distance of 2.537 Å in 8 is
ca. 0.2 Å longer than typical values of 2.31–2.34 Å for or-
ganic complexes of HgCl2 (23), presumably as a result of
the Te•••Cl interactions. The mean Te—N bond distance in
the Te2N2 ring is 2.019(6) Å and the mean terminal Te—N
bond length is 1.910(5) Å (cf. 2.081(10) and 1.876(10) Å,
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Fig. 3. Thermal ellipsoid (30% probability) plot and atomic-
numbering scheme for 8•2MeCN (the two molecules of MeCN
are not shown).

Bond lengths (Å)
Hg(1)—N(3) 2.247(4)
Hg(1)—N(4) 2.272(4)
Hg(1)—Cl(1) 2.5508(15)
Hg(1)—Cl(2) 2.5239(14)
Te(1)•••Cl(1)a 3.5248(16)
Te(1)•••Cl(2)a 3.5876(15)
Te(1)—N(1) 2.027(4)
Te(1)—N(2) 2.029(4)
Te(1)—N(3) 1.919(4)
Te(2)—N(1) 2.004(5)
Te(2)—N(2) 2.018(4)
Te(2)—N(4) 1.901(5)

Bond angles (°)
N(3)-Hg(1)-N(4) 119.84(16)
N(3)-Hg(1)-Cl(1) 108.76(12)
N(3)-Hg(1)-Cl(2) 107.13(12)
N(4)-Hg(1)-Cl(1) 105.77(13)
N(4)-Hg(1)-Cl(2) 111.00(13)
Cl(2)-Hg(1)-Cl(1) 103.06(5)
N(3)-Te(1)-N(1) 94.81(19)
N(3)-Te(1)-N(2) 93.55(19)
N(1)-Te(1)-N(2) 74.61(18)
N(4)-Te(2)-N(1) 95.3(2)
N(4)-Te(2)-N(2) 96.44(19)
N(1)-Te(2)-N(2) 75.32(18)
C(10)-N(1)-Te(2) 126.6(4)
C(10)-N(1)-Te(1) 125.8(4)
Te(2)-N(1)-Te(1) 104.9(2)
C(20)-N(2)-Te(2) 126.6(4)
C(20)-N(2)-Te(1) 125.8(3)
Te(2)-N(2)-Te(1) 104.3(2)
C(30)-N(3)-Te(1) 124.1(3)
C(30)-N(3)-Hg(1) 125.8(3)
Te(1)-N(3)-Hg(1) 110.09(19)
C(40)-N(4)-Te(2) 125.1(4)
C(40)-N(4)-Hg(1) 126.2(4)
Te(2)-N(4)-Hg(1) 108.4(2)

aSymmetry transformations used to generate
equivalent atoms: –x + 1/2, +y + 1/2, –z + 1/2.

Table 3. Selected bond lengths (Å) and bond
angles (°) for 8•2MeCN.
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respectively, in 1) (27). Although the bond angles in the
four-membered Te2N2 rings in 8 are similar to the corre-
sponding values for 9 (| ∠ NTeN| = 74.9° vs. 75.6(4)°,
| ∠ TeNTe| = 104.6° vs. 101.0(6)°), chelation brings about a
contraction of the bond angle ∠ NendoTeNexo from 113.1(5)°
in 9 to 95.0° (range 93.55(19)°–96.44(19)°) in 8. As found
for other metal complexes of 9 (20, 21), the Te2N2 is much
less puckered in 8 compared to the free ligand. The torsion
angle N(2)-Te(1)-N(1)-Te(2) is 7.31(19)° (cf. 19.8(5)° in 9).
The geometry at the bridging nitrogen atoms is essentially
planar (Σ � [N(1)] = 357.3° and Σ [N(2)] = 356.7°).

Conclusions

Different types of behaviour were observed in the reaction
of [Te(N-t-Bu)3]

2– with group 12 dihalides. In the case of
cadmium dichloride, one of the halide ions was displaced by
the dianion to give a monoanionic, trimetallic complex. By
contrast, the corresponding reaction with mercury dichloride
resulted in imide transfer and the formation of the HgCl2 of
the tellurium diimide dimer so formed.
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Chemistry of zwitterionic penta-coordinate silicon
compounds of the (ammoniomethyl)bis[glyco-
lato(2–)-O1,O2]silicate type in aqueous and
nonaqueous solution1

Reinhold Tacke, Rüdiger Bertermann, Andreas Biller, Christian Burschka, and
Martin Penka

Abstract: The zwitterionic spirocyclic λ5Si-silicates bis[glycolato(2–)-O1,O2][(trimethylammonio)methyl]silicate
([OCH2C(O)O]2SiCH2NMe3, 3) and bis[2-methyllactato(2–)-O1,O2][(trimethylammonio)methyl]silicate
([OCMe2C(O)O]2SiCH2NMe3, 4) were synthesized by treatment of the zwitterionic λ5Si-silicate F4SiCH2NMe3 with
2 mol. equiv. of Me3SiOCR2C(O)OSiMe3 (R = H, Me) (formation of 4 mol. equiv. of Me3SiF). Compounds 3 (isolated
as 3•2/3MeCN after drying in vacuo) and 4 were studied by solution 1H, 13C, and 29Si NMR spectroscopy and by
solid-state VACP/MAS 13C, 15N, and 29Si NMR experiments, and the solvates 3•MeCN and 4•2MeCN were structurally
characterized by single-crystal X-ray diffraction. These experimental investigations were complemented by computa-
tional studies of the zwitterions 3 and 4 and the anionic model species bis[2-methyllactato(2–)-O1,O2]hydridosilicate(1–)
([OCMe2C(O)O]2SiH–, 8). Compounds 3•2/3MeCN and 4 and their already known derivatives [OCH2C(O)O]2SiCH2NMe2H
(1) and [OCMe2C(O)O]2SiCH2NMe2H (2) were studied for their dynamic behavior (Λ/∆-enantiomerization) in solution
by VT 1H NMR spectroscopy. In addition, compounds 1, 2, 3•2/3MeCN, and 4 were studied in CD3OD and D2O with
1H, 13C, and 29Si NMR experiments.

Key words: penta-coordinate silicon, zwitterionic λ5Si-silicates, Λ/∆-enantiomerism, NMR spectroscopy, computational
chemistry.

Résumé : On a synthétisé les λ5Si-silicates spirocycliques et zwitterioniques bis[glycolato(2–)-O1,O2][(triméthylammo-
nio)méthyl]silicate ([OCH2C(O)O]2SiCH2NMe3, 3) et bis[2-méthyllactato(2–)-O1,O2][(triméthylammonio)méthyl]silicate
([OCMe2C(O)O]2SiCH2NMe3, 4) en faisant réagir le λ5Si-silicate zwitterionique F4SiCH2NMe3 avec deux équivalents
de Me3SiOCR2C(O)OSiMe3 (R = H, Me), avec formation de quatre équivalents molaires de Me3SiF. On a étudié les
composés 3 (isolé sous la forme solvatée 3•2/3MeCN après séchage sous vide) et 4 à l’état de solution en faisant appel
à la spectroscopie RMN du 1H, du 13C et du 29Si et à l’état solide par des expériences de RMN « VACP/MAS » du
13C, 15N et 29Si; de plus, on a déterminé les structures de composés 3 et 4 à l’état solvaté en faisant appel à la diffrac-
tion des rayons X sur un cristal unique. Ces études expérimentales ont été complétées par des études théoriques des
zwitterions 3 et 4 de l’espèce anionique modèle bis[2-méthyllactato(2–)-O1,O2]hydridosilicate(1–) ([OCMe2C(O)O]2SiH–,
8). On a aussi étudié les composés 3•2/3MeCN et 4, ainsi que les dérivés déjà connus [OCH2C(O)O]2SiCH2NMe2H (1)
et [OCMe2C(O)O]2SiCH2NMe2H (2), pour leur comportement dynamique (énantiomérisation Λ/∆) en solution par spec-
troscopie RMN du 1H à température variable. De plus, les spectres RMN du 1H, du 13C et du 29Si des composés 1, 2,
3•2/3MeCN et 4 ont aussi été étudiés en solution dans le CD3OD et le D2O.

Mots clés : silicium pentacoordiné, λ5Si-silicate zwitterionique, énantiomérisation Λ/∆, spectroscopie RMN, chimie
théorique.

[Traduit par la Rédaction] Tacke et al. 1325

Introduction

Some years ago, we reported on the synthesis and struc-
tural characterization of the zwitterionic λ5Si-silicates 1 and

2 (1). Surprisingly, compound 2 could be crystallized from
water to give the corresponding hydrate 2•H2O in almost
quantitative yield (1). The structurally related zwitterionic
λ5Si-silicate 5 (2) and the zwitterionic λ5Si,λ5Si′ -disilicates
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6 (3) and (+)–7 (4) were also crystallized from aqueous so-
lutions to afford the respective hydrates 5•H2O, 6•8H2O, and
(+)–7•3H2O. In view of the well-known sensitivity of the
Si—OC bond against hydrolysis, the existence of 2 and 5–7
in aqueous solution is quite remarkable. To get more infor-
mation about the nature of such solutions, we conducted a
multinuclear NMR study with compounds 1 and 2 and their
hitherto unknown N-methyl derivatives 3•2/3MeCN and 4.
These quarternary ammonium compounds were included in
these investigations to overcome potential problems with the
acidic NH group of 1 and 2, especially in context with
changes of the pH value which controls the degree of
protonation of the nitrogen atom in aqueous solution.

In earlier studies, we already investigated the dynamic be-
havior of 2 in solution (1). As shown by VT 1H NMR exper-
iments (complemented by computational studies), the Λ- and
∆-enantiomers of 2 undergo an intramolecular enantio-
merization (Λ/∆-interconversion) in organic solvents, with an
energy barrier of ∆G‡ = 76 ± 1 kJ mol–1 ([D6]DMSO), ∆G‡ =
75 ± 1 kJ mol–1 (CD3CN), or ∆G‡ = 82 ± 2 kJ mol–1

(CDCl3). To get information about the influence of the two
bidentate ligands (glycolato(2–) vs. 2-methyllactato(2–)) and
the ammoniomethyl group ((dimethylammonio)methyl vs.
(trimethylammonio)methyl) on the energy barrier of the
enantiomerization process, VT 1H NMR studies were per-
formed with compounds 1, 2, 3•2/3MeCN, and 4.

We report here on the syntheses of 3 (isolated as
3•2/3MeCN) and 4, the crystal structure analyses of
3•MeCN and 4•2MeCN, and solution 1H, 13C, and 29Si
NMR studies of 1, 2, 3•2/3MeCN, and 4 in water and in or-
ganic solvents, including VT 1H NMR experiments which

were complemented by computational studies of the
zwitterions 3 and 4 and the anionic model species 8. These
investigations were carried out as part of our systematic
studies on zwitterionic λ5Si-silicates (5, 6; for reviews deal-
ing with compounds of higher-coordinate silicon, see ref. 7).
In addition, the NMR studies of 1, 2, 3•2/3MeCN, and 4 in
aqueous solution were also of some interest in context with
our research activities in silicon biochemistry (8). Prelimi-
nary results of the studies presented here have already been
reported elsewhere (9).

Results and discussion

Syntheses
Compounds 3 and 4 were prepared by reaction of the

zwitterionic λ5Si-tetrafluorosilicate 9 (10) with 2 mol. equiv.
of Me3SiOCH2C(O)OSiMe3 (10) (11) and Me3SiOCMe2C-
(O)OSiMe3 (11) (12), respectively (formation of 4 mol.
equiv. of Me3SiF). The syntheses were carried out in
acetonitrile at 20 °C, and compounds 3 and 4 were obtained,
after crystallization from acetonitrile, as the crystalline
solvates 3•MeCN and 4•2MeCN. Upon drying in vacuo (3,
loss of ca. 1/3 mol. equiv. of acetonitrile; 4, complete loss of
acetonitrile), the products 3•2/3MeCN and 4 were isolated
as colorless solids (yields: 3•2/3MeCN, 83%; 4, 73%). The
identities of 3•2/3MeCN and 4 were established by elemen-
tal analyses (C, H, N) and solution and solid-state NMR
studies. In addition, crystal structure analyses of the solvates
3•MeCN and 4•2MeCN were performed (Scheme 1).

© 2003 NRC Canada
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Crystal structure analyses
The crystal data and the experimental parameters used for

the crystal structure analyses of 3•MeCN and 4•2MeCN are
given in Table 1; selected interatomic distances and angles
are listed in Table 2. The structures of the zwitterions are de-
picted in Figs. 1 and 2.

The zwitterions 3 and 4 are chiral (C1 symmetry), and the
crystals of racemic 3•MeCN (space group P21/c) and
4•2MeCN (space group P21/n) contain pairs of the respec-
tive Λ- and ∆-enantiomers. As can be seen from Figs. 1 and
2 and Table 2, the Si-coordination polyhedra of 3�MeCN
and 4�2MeCN are distorted trigonal bipyramids (transition
trigonal bipyramid → square pyramid: 3�MeCN, 18.3%;
4�2MeCN, 15.5%; pivot atom C1) (13).3 The axial positions
are occupied by the carboxylato oxygen atoms O1 and O3,
whereas the alcoholato oxygen atoms O2 and O4 and the
carbon atom C1 are found in the equatorial sites. The Si—O
distances amount to 1.6572(10)–1.821(3) Å, with the axial
Si—O bonds (1.7829(9)–1.821(3) Å) being significantly lon-
ger than the equatorial ones (1.6572(10)–1.669(4) Å). The
Si—C1 distances amount to 1.909(5) Å and 1.9150(12) Å.
The Si-coordination polyhedra of 3�MeCN and 4�2MeCN
are very similar to those reported for 1, 2�H2O, and
2�2MeCN (Si—O(ax), 1.7930(12)–1.822(2) Å; Si—O(eq),
1.656(2)–1.6751(13) Å; Si—C1, 1.8915(11)–1.896(2) Å)
(1).

NMR studies
The zwitterionic λ5Si-silicates 3•2/3MeCN and 4 were

studied by 13C, 15N, and 29Si VACP/MAS NMR experiments
in the solid state and by 1H, 13C, and 29Si NMR experiments
in solution (solvent [D6]DMSO). All these investigations
were performed at 22 °C. The solid-state NMR data of 3 and
4 are compatible with the crystal structures of 3 in 3•MeCN
and 4 in 4•2MeCN.4 The isotropic 29Si chemical shifts in the
solid-state NMR spectra clearly characterize these 29Si reso-
nances as arising from penta-coordinate silicon atoms (3, δ =
–91.9; 4, δ = –101.3). As these 29Si chemical shifts are very
similar to those observed for 3•2/3MeCN and 4 in solution
(3•2/3MeCN, δ = –92.1; 4, δ = –102.1), it is concluded that

penta-coordination is present in solution as well. The 29Si
NMR data obtained for 3•2/3MeCN and 4 are quite similar
to those reported for the related compounds 1 and 2 (1). The
solution NMR data of 3•2/3MeCN and 4 are compatible
with the presence of one particular zwitterionic species
(such as the trigonal-bipyramidal zwitterions observed in the
crystals of 3•MeCN and 4•2MeCN), or with a rapid low-
energy interconversion of different isomers (1). As the
trigonal-bipyramidal Si-coordination polyhedron, with the
two carboxylato oxygen atoms in the axial positions, is the
energetically most favorable one, it is likely to assume that
this particular structure is also dominant in solution.

The chiral nature of the λ5Si-silicate frameworks of 3 and
4 should be reflected by diastereotopism of the SiCH2N pro-
tons (3 and 4, AB spin system), the CH2 protons of the
glycolato(2–) ligands (3, AB spin system), and the two CH3
groups of the 2-methyllactato(2–) ligands (4, two resonance
signals). Provided that the Λ- and ∆-enantiomers of 3 and 4
are configurationally stable on the NMR timescale, this
diastereotopism should be detectable. In the case of the
zwitterion 3, diastereotopism of the SiCH2N protons was
only observed at temperatures below –23 °C (measured in
[D7]DMF, see below), and diastereotopism of the CH2 pro-
tons of the glycolato(2–) ligands could not be detected even
at –55 °C (in [D7]DMF). For compound 4 (in [D7]DMF),
however, diastereotopism of both the SiCH2N protons and
the two CH3 groups of the 2-methyllactato(2–) ligands was
observed at 22 °C, indicating a higher configurational stabil-
ity of its Λ- and ∆-enantiomers as compared to 3.

To get more information about the configurational stabil-
ity of 3 and 4 and their derivatives 1 and 2, all these zwitteri-
ons were studied by VT 1H NMR experiments at 300.1 MHz
in the temperature ranges 22–100 °C (1), 22–120 °C (2), –55
to 22 °C (3), and 22–110 °C (4) using [D6]DMSO (1, 2) and
[D7]DMF (3, 4) as the solvents. An AB spin system for the
diastereotopic SiCH2N protons of 1, 2, and 4 was observed
at 22 °C, indicating that the Λ- and ∆-enantiomers of these
compounds are configurationally stable on the NMR
timescale at this temperature. Upon heating, coalescence
could be observed at 80 °C (1), 112 °C (2), and 97 °C (4)

© 2003 NRC Canada
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Scheme 1.

3 The degree of distortion was calculated by using the dihedral angle method described in refs. 13a and 13b. All nine dihedral angles and the
values for the reference geometry of the ideal square pyramid given in ref. 13a were considered for this calculation.

4 Under MAS conditions (spinning rate, 5.0 kHz), the solvate 3�2/3MeCN loses the acetonitrile completely. In the solid-state 13C
VACP/MAS NMR spectra of 3 and 4, only one resonance signal was observed for the three NCH3 groups. This could be explained by an
unhindered rotation of the N(CH3)3 moiety around the N-CH2 axis.
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(Fig. 3). However, in the case of 3 a singlet for the SiCH2N
protons was detected at 22 °C, indicating a dynamic behav-
ior of the enantiomers (Λ/∆-enantiomerization) in solution.
Upon cooling, coalescence was detected at –23 °C and on
further cooling an AB spin system for the SiCH2N protons
was observed, indicating that Λ-3 and ∆-3 are configuration-
ally stable on the NMR timescale under these conditions
(Fig. 3). Furthermore, the 1H NMR spectra of 2 and 4 each
showed two resonance signals for the two diastereotopic
CH3 groups of the 2-methyllactato(2–) ligands at 22 °C.
Upon heating, coalescence was observed at 85 °C (2, in
[D6]DMSO) and 60 °C (4, in [D7]DMF). The temperature
dependence of the 1H NMR spectra of the zwitterions 1–4 is
characterized by complete reversibility (Fig. 3). The calcu-
lated energy barriers for the Λ/∆-interconversion amount to
∆G‡ = 73.0 ± 0.5 kJ mol–1 (1), ∆G‡ = 78.1 ± 0.5 kJ mol–1 (2;
CH3 groups), ∆G‡ = 78.8 ± 0.5 kJ mol–1 (2; SiCH2N pro-
tons), ∆G‡ = 51.6 ± 0.5 kJ mol–1 (3), ∆G‡ = 74.6 ±
0.5 kJ mol–1 (4; CH3 groups), and ∆G‡ = 76.1 ± 1.0 kJ mol–1

(4; SiCH2N protons).
In addition, compounds 1, 2, 3•2/3MeCN, and 4 were

studied by 1H, 13C, and 29Si NMR experiments in CD3OD
and D2O at 22 °C. Except for small differences in the chemi-

© 2003 NRC Canada
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Compound 3•MeCN 4•2MeCN

Empirical formula C10H18N2O6Si C16H29N3O6Si

Formula mass (g mol–1) 290.35 387.51
Collection T (K) 173(2) 173(2)
λ(Mo Kα) (Å) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group (no.) P21/c (14) P21/n (14)

a (Å) 7.4251(15) 13.220(3)
b (Å) 16.966(3) 12.722(3)
c (Å) 11.144(2) 13.660(3)
β (°) 95.49(3) 117.52(3)
V (Å3) 1397.4(5) 2037.5(7)
Z 4 4
D(calcd.) (g cm–3) 1.380 1.263
µ (mm–1) 0.192 0.150
F(000) 616 832
Crystal dimensions (mm) 0.5 × 0.3 × 0.3 0.5 × 0.5 × 0.4
2θ range (°) 4.38–41.70 4.64–53.94
Index ranges –7 ≤ h ≤ 7, –16 ≤ h ≤ 16,

–16 ≤ k ≤ 16, –15 ≤ k ≤ 16,
–10 ≤ l ≤ 11 –17 ≤ l ≤ 17

No. of collected reflections 6318 16 798
No. of independent reflections 1416 4224
Rint 0.0735 0.0255

No. of reflections used 1416 4224
No. of parameters 176 245
Sa 1.077 1.048
Weight parameters a/bb 0.0691/1.3502 0.0596/0.0989
R1c [I > 2σ(I)] 0.0510 0.0321
wR2d (all data) 0.1347 0.0915
Max/min residual electron density (e Å–3) +0.309/–0.242 +0.244/–0.235

aS = {Σ[w(Fo
2 – Fc

2)2] / (n – p)}0.5; n = no. of reflections; p = no. of parameters.
bw–1 = σ2(Fo

2) + (aP)2 + bP, with P = [max(Fo
2, 0) + 2Fc

2] / 3.
cR1 = Σ||Fo| – |Fc|| / Σ|Fo|.
dwR2 = {Σ[w(Fo

2 – Fc
2)2] / Σ[w(Fo

2)2]}0.5.

Table 1. Crystal data and experimental parameters for the crystal structure analyses of 3•MeCN and 4•2MeCN.

3• MeCN
(exp.)

3
(calcd.)

4• 2MeCN
(exp.)

4
(calcd.)

Interatomic distances (Å)
Si—O1 1.789(3) 1.776 1.7829(9) 1.774
Si—O2 1.669(4) 1.653 1.6627(9) 1.650
Si—O3 1.821(3) 1.760 1.8124(9) 1.759
Si—O4 1.658(4) 1.651 1.6572(10) 1.649
Si—C1 1.909(5) 1.948 1.9150(12) 1.951
Interatomic angles (°)
O1-Si-O2 89.54(17) 88.0 89.52(5) 87.8
O1-Si-O3 173.81(17) 178.8 174.70(4) 178.8
O1-Si-O4 89.01(16) 91.8 89.29(5) 92.0
O1-Si-C1 99.44(19) 94.1 98.46(5) 94.0
O2-Si-O3 86.92(17) 91.4 87.42(5) 91.7
O2-Si-O4 125.78(19) 123.6 125.18(5) 124.0
O2-Si-C1 118.5(2) 120.5 116.62(5) 120.1
O3-Si-O4 88.95(17) 89.5 88.95(5) 89.2
O3-Si-C1 86.71(19) 85.3 86.78(5) 85.3
O4-Si-C1 115.2(2) 115.8 117.74(5) 115.8

Table 2. Selected interatomic distances (Å) and angles (°) for
3• MeCN (exp.), 3 (calcd.), 4• 2MeCN (exp.), and 4 (calcd.).
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cal shifts due to the change of the solvent, the spectra of 2
and 4 recorded in CD3OD (data not given) were analogous
to those obtained in [D6]DMSO, indicating that the zwitteri-
onic λ5Si-silicates 2 and 4 are stable in the protic solvent
CD3OD. Compound 1 is almost insoluble in CD3OD and
3•2/3MeCN shows a very poor solubility, but exhibits hints
for penta-coordinate silicon in the 29Si NMR spectra (1D29Si
NMR, 2D29Si,1H HMBC: δ = –91.8). Thus, the zwitterion 3
seems to be stable in CD3OD as well.

Saturated aqueous solutions of 1 (1.64 mmol in 1 mL of
D2O) and 3•2/3MeCN (2.24 mmol in 1 mL of D2O), how-
ever, show several resonance signals in the 29Si NMR spec-
tra (1, δ = –70.8, –69.3 (br), –61.5, –61.4, and –52.6;
3•2/3MeCN, δ = –73.2, –73.1, –72.7, –63.6, –63.5, –63.4,
and –54.5). The chemical shifts of these signals are not com-
patible with the existence of the zwitterions 1 and 3 in aque-
ous solution, but rather suggest the presence of tetra-
coordinate silicon species. As no free glycolic acid could be
observed, it is likely to assume that these species still con-
tain both glycolato ligands (bidentate glycolato(2–) and (or)
monodentate glycolato(1–) ligands); however, their structure
could not be deduced unequivocally from the 1H, 13C, and
29Si NMR spectra. In the 29Si NMR spectra of saturated
aqueous solutions of 2 (181 µmol in 1 mL of D2O) (δ =
–99.4, –61.4, and –52.4) and 4 (2.51 mmol in 1 mL of D2O)
(δ = –101.1, –63.6, –63.4, and –54.5) three and four reso-
nance signals, respectively, were observed. Obviously, the
zwitterions 2 and 4 and tetra-coordinate species as well exist
in aqueous solution. Concentration-dependent NMR experi-

ments with solutions of 4 in D2O indicate that the amount of
the penta-coordinate zwitterionic species increases as the
concentration gets higher. However, even saturated solutions
of 1 and 3•2/3MeCN in D2O gave no hints for the presence
of penta-coordinate silicon. Analogously to 1 and 3, no free
α-hydroxycarboxylic acid was observed upon dissolution of
2 and 4 in D2O. As compounds 2 and 4 could be recovered
almost quantitatively from their aqueous solution by slow
evaporation of the water, a thermodynamic equilibrium
among all species present in solution can be assumed. At-
tempts to recover 1 and 3 from their aqueous solution failed.

To get more information about the nature of the aqueous
solutions, 1H and 2D 29Si,1H HMBC NMR studies with 1
(491 µmol in 1 mL of D2O), 2 (181 µmol in 1 mL of D2O),
3•2/3MeCN (491 µmol in 1 mL of D2O), and 4 (491 µmol in
1 mL of D2O) at various pH values were performed. Starting
from the respective saturated solution (see above) (1, pH 3.6;
2, pH 3.9; 3•2/3MeCN, pH 3.6; 4, pH 3.9; the pH values of
the respective solutions in H2O differ by about 0.1 unit), the
pH value was increased stepwise by addition of solid potas-
sium hydroxide (increase of ca. 1.0 pH unit per step). The
spectra of 1 and 3•2/3MeCN showed only signals arising
from tetra-coordinate species over the whole range mea-
sured, and penta-coordination was not detected (1 (pH =
3.6): δ = –70.7, –61.5, –52.4; 1 (pH = 13.0): δ = –67.8,
–60.6, –51.8; 3•2/3MeCN (pH = 3.6): δ = –72.8, –63.4, –54.2;
3•2/3MeCN (pH = 13.1): δ = –76.9, –68.4, –60.1).5 For com-
pounds 2 and 4, decreasing amounts of the respective λ5Si-
silicate were observed, whereas tetra-coordination increased
at the same time (2 (pH = 3.9): δ = –99.5, –61.4, –52.3;
2 (pH = 13.2): δ = –67.9, –60.4, –51.4; 4 (pH = 3.9):
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Fig. 2. Structure of the zwitterion 4 (∆-enantiomer) in the crystal
of 4• 2MeCN (probability level of displacement ellipsoids 50%).

Fig. 1. Structure of the zwitterion 3 (∆-enantiomer) in the crystal
of 3• MeCN (probability level of displacement ellipsoids 50%).

5 The 29Si chemical shifts measured for the saturated solutions of 1, 2, 3�2/3MeCN, and 4 were determined by 1D NMR experiments provid-
ing a high spectral resolution. However, the 29Si chemical shifts measured for the pH-dependent NMR experiments were extracted from 2D
29Si,1H HMBC NMR experiments delivering a lower spectral resolution in the indirect (29Si) dimension. Due to this principal matter, we
were not able to resolve as many different shifts of 29Si as in the 1D NMR experiments.
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δ = –101.1, –72.9, –63.5, –54.3; 4 (pH = 13.0): δ = –76.5,
–68.1, –60.0). The λ5Si-silicate 2 could no longer be de-
tected between pH 7 and pH 13, whereas 4 disappeared at
pH 6. After a solution with pH 13 was obtained, the respec-

tive starting pH was adjusted by addition of concentrated
hydrochloric acid. In all cases, reversibility of the spectra of
2 and 4 upon acidification was observed.

In conclusion, penta-coordination only did not exist for

Fig. 3. Temperature dependence of the 1H NMR signals for the diastereotopic SiCH2N protons of the zwitterions 3 and 4 (solutions in
[D7]DMF, 300.1 MHz). Zwitterion 3 (above): Spectra obtained upon cooling from 22 to –50 °C and subsequent heating to 22 °C.
Zwitterion 4 (below): Spectra obtained upon heating from 22 to 110 °C and subsequent cooling to 22 °C.
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any compounds studied over a pH range 3.6–13. In all cases,
tetra-coordination could be detected, indicating that the title
compounds are not stable against ring-opening processes in
aqueous solution. In the case of 2 and 4 (2-methyllactato(2–)
ligands), these processes are reversible and both compounds

can be recovered almost quantitatively by the slow evapora-
tion of the water.

Computational studies
The structure and dynamic behavior of compound 2 and

Fig. 4. Calculated structures and relative energies of 8a–8c (local minima) and 8d–8g (transition states) as obtained by SCF/TZP+ ge-
ometry optimizations.
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the bis[glycolato(2–)-O1,O2]hydridosilicate(1–) anion were
already investigated by quantum chemical methods in an
earlier study (1). In this paper, computational studies of the
anionic model species bis[2-methyllactato(2–)-O1,O2]hydrido-
silicate(1–) (8) and the zwitterions 3 and 4 were performed.
The computational methods used in these studies are de-
scribed in the Experimental section.

As shown in Fig. 4, seven different structures (8a–8g)
were studied for the model species 8. For energetic reasons,
square pyramids with the hydrogen atom in a basal position
were not considered. The trigonal-bipyramidal species 8a–
8c, 8f, and 8g and the square-pyramidal species 8d are chiral
and therefore exist as pairs of Λ- and ∆-enantiomers,
whereas the square-pyramidal species 8e is achiral. Calcula-
tions of the vibrational frequencies for 8a–8g demonstrated
that only the trigonal bipyramids 8a–8c represent local min-
ima (the isomer 8a being the energetically most favorable
one), whereas the species 8d–8g are transition states (for se-
lected geometric parameters for 8a–8g, see Table 3). This re-
sult is in agreement with the experimentally established
crystal structures of 3•MeCN and 4•2MeCN, indicating that
the trigonal-bipyramidal geometry, with the carboxylato ox-
ygen atoms in the axial sites, is the energetically most favor-
able one. Based on this particular structure, geometry
optimizations at the SCF/TZP level were carried out for the
zwitterionic λ5Si-silicates 3 and 4 (Fig. 5). As can be seen
from Table 2, the calculated interatomic distances and angles
for the SiO4C frameworks of 3 and 4 are very similar and
are also in reasonable agreement with the experimentally es-
tablished values for 3•MeCN and 4•2MeCN.6

These results suggest that the energetically preferred
trigonal-bipyramidal Si-coordination polyhedra of 3 and 4,
with the carboxylato oxygen atoms in the axial sites, also
play the major role in solution, all compounds being ex-
pected to exist as pairs of Λ- and ∆-enantiomers. The results

obtained for the model species 8 further suggest that the an-
tipodes of 3 and 4 can undergo an isomerization, leading to
an inversion of absolute configuration of their chiral
trigonal-bipyramidal λ5Si-silicate skeletons (Λ/∆-enantio-
merization). According to the ab initio studies, the enantio-
mers Λ-8a and ∆-8a can be converted into each other via the
transition state 8f (Fig. 6), which is connected with other
low-energy transition states and the intermediate 8b in the
whole enantiomerization pathway (in this context, see ref. 1).
The conversions Λ-8a � 8d � ∆-8c and Λ-8b � 8e �
∆-8b can be described in terms of a Berry-type mechanism,
with the hydrogen atom as the pivot ligand. In contrast, the
conversions ∆-8c � 8f � Λ-8b (Λ-8c � 8f′ ∆-8b) and
Λ-8a � 8g � ∆-8b (∆-8a � 8g′ � Λ-8b) (8f/8f′ and
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8a 8b 8c 8d 8e 8f 8g

Interatomic distances (Å)
Si—O1 1.796 1.812 1.727 1.767 1.764 1.843 1.739
Si—O2 1.663 1.666 1.727 1.692 1.695 1.669 1.726
Si—O3 1.796 1.719 1.727 1.767 1.764 1.720 1.740
Si—O4 1.663 1.720 1.727 1.692 1.695 1.682 1.700
Si—H 1.472 1.474 1.477 1.477 1.477 1.497 1.493

Interatomic angles (°)
O1-Si-O2 87.7 86.9 87.2 86.5 86.5 84.5 86.2
O1-Si-O3 176.9 87.6 113.2 152.1 84.1 88.3 117.2
O1-Si-O4 90.8 175.5 91.4 86.6 151.6 88.5 149.5
O1-Si-H 91.6 89.3 123.4 104.0 101.6 175.0 89.8
O2-Si-O3 90.8 117.6 91.4 86.6 151.6 128.8 92.6
O2-Si-O4 120.9 94.5 177.5 151.1 89.1 135.7 90.2
O2-Si-H 119.6 121.2 91.3 104.5 106.6 90.5 175.0
O3-Si-O4 87.7 87.9 87.2 86.5 86.5 94.4 93.2
O3-Si-H 91.6 120.8 123.4 104.0 101.6 95.3 92.0
O4-Si-H 119.6 93.7 91.3 104.5 106.6 94.7 91.7

Table 3. Selected calculated interatomic distances (Å) and angles
(°) for the local minima 8a–8c and for the transition states 8d–
8g as obtained by SCF/TZP+ geometry optimizations.

Fig. 5. Calculated structures (local minima, ∆-enantiomers) of 3
(above) and 4 (below) as obtained by SCF/TZP geometry optimi-
zations.

6 A perfect agreement between the calculated and experimentally established structures of the zwitterions cannot be expected since the latter
are influenced by intermolecular interactions in the crystal.
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8g/8g′ are antipodes) differ significantly from a Berry-type
mechanism, the transition states being characterized by a
distorted trigonal-bipyramidal Si-coordination polyhedron,
with the hydrogen atom in an axial position. As the struc-
tures of these transition states are rather twisted (one of the
two bidentate ligands occupies two equatorial positions), the
term “twist mechanism” has been suggested for these partic-
ular intramolecular isomerization processes (1). The calcu-
lated relative energy of the transition state 8f (71.6 kJ mol–1)
is in good agreement with the analogous transition state cal-
culated for the related bis[glycolato(2–)-O1,O2]hydrido-
silicate(1–) anion (70.8 kJ mol–1 (1)), indicating that the
nature of the two bidentate ligands (glycolato(2–) vs. 2-
methyllactato(2–)) does not significantly affect the relative
energy of the “twist” transition state. Except for the lower
energy barrier for 3 (51.6 ± 0.5 kJ mol–1), this result is also
in good agreement with the experimentally established en-
ergy barriers for the enantiomerization processes of 1–4 (see
NMR studies).

In conclusion, comparison of the calculated structures of 3
(glycolato(2–) ligands) and 4 (2-methyllactato(2–) ligands)
does not reveal significant differences. The same holds true
for the experimentally established structures of these two
compounds. The structures and relative energies calculated
for the anionic model species 8 and for the related bis[glyco-
lato(2–)-O1,O2]hydridosilicate(1–) anion (1) are also very
similar. In contrast to these distinct similarities, the zwitteri-
ons 3 and 4 (and their derivatives 1 and 2 as well) differ sig-
nificantly in their chemical behavior in aqueous solution (see
NMR studies). It is an open question as to how the bidentate
ligands (glycolato(2–) vs. 2-methyllactato(2–)) control this
chemical behavior.

Conclusions

The chemistry of the zwitterions 1–4 in nonaqueous solu-
tions (solvent: [D6]DMSO, CD3OD) is characterized by dis-

tinct similarities. All zwitterions were found to be stable in
both the aprotic solvent [D6]DMSO and the protic solvent
CD3OD, and no tetra-coordinate silicon species could be
detected in these solutions. Furthermore, similar energy bar-
riers for the Λ/∆-interconversion of the chiral zwitterions
were observed; i.e., the nature of both the bidentate ligand
(glycolato(2–) vs. 2-methyllactato(2–)) and the ammonio-
methyl group ((dimethylammonio)methyl vs. (trimethyl-
ammonio)methyl) does not significantly control the behavior
of 1–4 in nonaqueous solution. In contrast, in aqueous solu-
tion the zwitterions 1 and 3 (glycolato(2–) ligands) differ
significantly from 2 and 4 (2-methyllactato(2–) ligands). In
the case of 1 and 3 only tetra-coordinate silicon species
could be detected, whereas the zwitterions 2 and 4 were
found to exist in aqueous solution, along with tetra-
coordinate silicon species. Obviously, the zwitterions 1–4
are not stable against ring-opening processes in aqueous
solution, and in the case of 2 and 4 these processes are re-
versible and both compounds can be recovered almost quan-
titatively by slow evaporation of the water. Future
mechanistic studies have to show how the different bidentate
ligands control the hydrolytic stability of 1–4.

Experimental

General
All syntheses were carried out under dry nitrogen. The

solvents used were dried and purified according to standard
procedures and stored under nitrogen. Melting points were
determined with a Büchi Melting Point B-540 apparatus us-
ing samples in sealed capillaries. The 1H, 13C, and 29Si solu-
tion NMR spectra were recorded at 22 °C on a Bruker DRX-
300 NMR spectrometer (1H, 300.1 MHz; 13C, 75.5 MHz;
29Si, 59.6 MHz). Chemical shifts (ppm) were determined
relative to internal [D5]DMSO (1H, δ = 2.49), [D6]DMSO
(13C, δ = 39.5), CHD2OD (1H, δ = 3.30), CD3OD (13C, δ =
49.0), HDO (1H, δ = 4.70), or external TMS (29Si, δ = 0).
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Fig. 6. Calculated intramolecular enantiomerization of 8a via the transition state 8f (∆-8a � 8f � Λ-8a).
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Assignment of the NMR data was supported by 1H,1H
COSY, 13C DEPT 135, 13C,1H HMQC, 13C,1H HMBC,
15N,1H HMBC, and 29Si,1H HMBC experiments. Solid-state
13C, 15N, and 29Si VACP/MAS NMR spectra were recorded
at 22 °C on a Bruker DSX-400 NMR spectrometer with bot-
tom layer rotors of ZrO2 (diameter 7 mm) containing ca.
300 mg of sample (13C, 100.6 MHz; 15N, 40.6 MHz; 29Si,
79.5 MHz; external standard, TMS (13C, 29Si; δ = 0) or
glycine (15N; δ = –342.0); spinning rate, 5.0–6.5 kHz; con-
tact time, 1 ms (13C), 3 ms (15N), or 5 ms (29Si); 90° 1H
transmitter pulse length, 3.6 µs; repetition time, 4 s).

[(Dimethylammonio)methyl]bis[glycolato(2–)-O1,O2]silicate (1)
This compound was synthesized according to ref. 1.

[(Dimethylammonio)methyl]bis[2-methyllactato(2–)-
O1,O2]silicate (2)

This compound was synthesized according to ref. 1.

Bis[glycolato(2–)-O1,O2][(trimethylammonio)methyl]sili-
cate–2/3acetonitrile (3•2/3MeCN)

Compound 10 (1.02 g, 4.63 mmol) was added dropwise at
20 °C within 2 min to a stirred solution of 9 (411 mg,
2.32 mmol) in acetonitrile (10 mL) (spontaneous evolution
of Me3SiF), and the reaction mixture was then stirred at
20 °C for 24 h (formation of a precipitate ca. 30 min after
combining the reactants). The precipitate was filtered off and
recrystallized from acetonitrile (cooling of a saturated solu-
tion from 20 to –26 °C). The product was isolated by filtra-
tion and then dried in vacuo (0.01 torr (1 torr = 133.322 Pa),
20 °C, 8 h) to give 3•2/3MeCN7 in 83% yield as a colorless
solid (532 mg, 1.92 mmol); mp 185 °C (dec.). 1H NMR
([D6]DMSO) δ: 2.06 (s, 2 H, CH3CN), 2.94 (s, 2 H, SiCH2N),
3.06 (s, 9 H, NCH3), 3.96 (s, 4 H, OCH2C). 13C NMR
([D6]DMSO) δ: 1.2 (CH3CN), 55.3 (t, 1J(13C,14N) = 4.0 Hz,
NCH3), 59.5 (t, 1J(13C,14N) = 1.8 Hz, SiCH2N), 62.6 (OCH2C),
118.1 (CH3CN), 173.8 (C=O). 13C VACP/MAS NMR (1535
transients) δ: 54.7 (3 C) (NCH3), 58.4 (SiCH2N), 62.6
(OCH2C), 64.0 (OCH2C), 176.3 (C=O), 177.5 (C=O). 15N
VACP/MAS NMR (38 504 transients) δ: –328.6 (NCH3).
29Si NMR ([D6]DMSO) δ: –92.1. 29Si VACP/MAS NMR (97
transients) δ: –91.9. Anal. calcd. for C9.33H17N1.67O6Si: C
40.52, H 6.19, N 8.43; found: C 40.2, H 5.8, N 8.5.

Bis[2-methyllactato(2–)-O1,O2][(trimethyl-
ammonio)methyl]silicate (4)

The synthesis was carried out analogously to that of
3•2/3MeCN by combining 11 (1.15 g, 4.63 mmol) with a so-
lution of 9 (411 mg, 2.32 mmol) in acetonitrile (60 mL)
(spontaneous evolution of Me3SiF; formation of a precipitate
ca. 30 min after combining the reactants). Compound 4 was
isolated in 73% yield as a colorless solid (516 mg,
1.69 mmol); mp 255 °C (dec.). 1H NMR ([D6]DMSO) δ:
1.21 (s, 6 H, CCH3), 1.26 (s, 6 H, CCH3), 2.85 and 3.05 (AB

system, 2JAB = 15.5 Hz, 2 H, SiCH2N; partial overlapping
with the NCH3 signal), 3.08 (s, 9 H, NCH3).

13C NMR
([D6]DMSO) δ: 26.4 (CCH3), 27.7 (CCH3), 55.0 (t,
1J(13C,14N) = 4.0 Hz, NCH3), 59.9 (t, 1J(13C,14N) = 2.4 Hz,
SiCH2N), 73.6 (OCC3), 178.2 (C=O). 13C VACP/MAS
NMR (92 transients) δ: 26.7 (CCH3), 27.7 (CCH3), 28.0
(CCH3), 28.5 (CCH3), 55.3 (3 C) (NCH3), 60.6 (SiCH2N),
74.6 (CCH3), 75.4 (CCH3), 179.5 (C=O), 180.6 (C=O). 15N
VACP/MAS NMR (13 102 transients) δ: –328.4 (NCH3).
29Si NMR ([D6]DMSO) δ: –102.1. 29Si VACP/MAS NMR
(1107 transients) δ: –101.3. Anal. calcd. for C12H23NO6Si: C
47.19, H 7.59, N 4.59; found: C 47.3, H 7.7, N 4.6.

Tetrafluoro[(trimethylammonio)methyl]silicate (9)
This compound was synthesized according to ref. 10.

(Trimethylsilyloxy)acetic acid trimethylsilyl ester (10)
This compound was synthesized according to ref. 11.

2-Methyl-2-(trimethylsilyloxy)propionic acid trimethylsilyl
ester (11)

This compound was synthesized according to ref. 12.

Crystal structure analyses
Suitable single crystals of 3•MeCN and 4•2MeCN were

obtained directly from the respective reaction mixture. The
crystals were mounted in inert oil (perfluoroalkyl ether,
ABCR) on a glass fiber and then transferred to the cold ni-
trogen gas stream of the diffractometer (Stoe IPDS
diffractometer, graphite-monochromated Mo Kα radiation
(λ = 0.71073 Å)). The structures were solved by direct
methods (14). The non-hydrogen atoms were refined
anisotropically (15). A riding model was employed in the re-
finement of the hydrogen atoms.8

VT 1H NMR studies
The VT 1H NMR studies of 1, 2, 3•2/3MeCN, and 4 were

carried out analogously to the standard 1H NMR measure-
ments using a Bruker DRX-300 NMR spectrometer.
[D6]DMSO and [D7]DMF served as the solvents. Chemical
shifts were determined relative to internal [D5]DMSO (1H,
δ = 2.49) or [D6]DMF (1H, δ = 2.91). The thermocouple used
with the probe was calibrated for low (high) temperatures
according to ref. 16 using a 4% solution of CH3OH in
CD3OD (80% solution of ethane-1,2-diol in [D6]DMSO).
Spectra were recorded in the temperature ranges 22–100 °C
(1), 22–120 °C (2), –55 to 22 °C (3•2/3MeCN), and 22–
110 °C (4). The time required for temperature equilibration
was 15 min. From the 1H NMR spectra obtained, the coales-
cence temperature TC and the exchange rate kC at the coales-
cence point were extracted, and the value for the activation
free enthalpy ∆G‡ for the exchange process was calculated
by using the Eyring equation (∆G‡ = 19.14 TC[10.32 +
log(TC/kC)] (J mol–1)]) (17).
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7 The acetonitrile content (ca. 2/3 mol. equiv.) was determined by 1H NMR spectroscopy. Further treatment of 3�2/3MeCN in vacuo does not
lead to a further loss of acetonitrile, whereas in the solid-state NMR experiments4 total loss of the acetonitrile was observed.

8 Supplementary data may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
204727 (3�MeCN) and 204728 (4�2MeCN) contain the crystallographic data for this manuscript. These data can be obtained, free of charge,
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Computational methods
Geometry optimizations at the SCF/TZP (18) level for the

zwitterions 3 and 4 and at the SCF/TZP+ level for the
anionic model species 8 were performed using the
TURBOMOLE program system (19).9 Stationary geometries
and transition states were characterized as local minima (zero
imaginary frequencies) and saddle points (one imaginary
frequency), respectively, by calculation of the vibrational
frequencies. The energies for 3, 4, and 8 include the single
point MP2 energy and the zero point vibrational energy.
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Preparation and electronic properties of rhenium(V)
complexes with bis(diphenylphosphino)ethane1

François Baril-Robert and André L. Beauchamp

Abstract: Complexes of bis(diphenylphosphino)ethane (dppe) of the types ReOX3(dppe) and ReO(OR)X2(dppe) (with
X= Cl or Br, and R = Me, Et, Pr, Ph, cyclohexyl (Cy), or -CH2CH2OH) were prepared to evaluate the influence of
ligand changes on the low-energy d–d transitions in these Re(V) low-spin d2 systems. Arylimido compounds
Re(NR)Cl3(dppe) (with R = Ph and p-ClC6H4) were also obtained. X-ray diffraction studies on ReO(OPr)Cl2(dppe),
ReO(OPh)Br2(dppe), and ReO(OCy)Cl2(dppe) confirmed the presence of the trans O=Re-OR unit and showed that the
structural characteristics of the Re-O-R segment are not affected by the presence of a bulky cyclohexyl substituent or
an aromatic phenyl group. The structure of the arylimido complex Re(p-ClC6H4N)Cl3(dppe) was also determined. The
electronic absorption spectra of the ReOX3(dppe) compounds include two low-energy components at ~11 500 and
~16 000 cm–1, assigned to the two spin-allowed d–d transitions expected for these low-symmetry systems. Substitution
of the oxo ligand by an arylimido group has little effect on the lower-energy component, but moves the two compo-
nents closer together. Replacing the halogen trans to the Re=O bond by an alkoxo group shifts the whole system to
higher energies. These variations were found to correlate well with the energies of the frontier orbitals determined
from DFT calculations. While attempting to prepare ReOCl3(dppe) from ReOCl3(PPh3)2, the Re(III) compound fac-
ReCl3(PPh3){Ph2PC2H4PPh2(O)} was obtained, in which one end of dppe had become a phosphine oxide. Upon stand-
ing in DMSO, this compound gave the octahedral compound ReCl4{Ph2PC2H4PPh2(O)}, in which the formation of a
chelate ring involving a phosphine and a phosphine oxide was ascertained by X-ray diffraction.

Key words: rhenium, crystal structure, DFT calculations, d–d electron transitions.

Résumé : Des complexes du bis(diphénylphosphino)éthane (dppe) de types ReOX3(dppe) et ReO(OR)X2(dppe) (où X =
Cl ou Br, et R = Me, Et, Pr, Ph, cyclohexyl (Cy) ou -CH2CH2OH), ont été préparés afin d’évaluer l’influence de chan-
gements de ligands sur les transitions d–d de basse énergie dans ces systèmes d2 de Re(V) à spin faible. Des composés
arylimido Re(NR)Cl3(dppe) (où R = Ph et p-ClC6H4) ont aussi été obtenus. Les études par diffraction des rayons X sur
ReO(OPr)Cl2(dppe), ReO(OPh)Br2(dppe) et ReO(OCy)Cl2(dppe) ont confirmé la présence du motif trans O=Re-OR et
montré que les particularités structurales de l’ensemble Re-O-R ne sont pas affectées par la présence du substituant vo-
lumineux cyclohexyle ou du groupe aromatique phényle. La structure du complexe arylimido Re(p-ClC6H4N)Cl3(dppe)
a également été determinée. Les spectres d’absorption électroniques des composés ReOX3(dppe) comportent deux com-
posantes de basse énergie à ~11 500 et ~16 000 cm–1, attribuées respectivement aux deux transitions d–d permises de
spin, attendues pour ces systèmes de basse symétrie. La substitution du ligand oxo par un groupe arylimido a peu
d’influence sur la composante de plus basse énergie, mais elle rapproche les deux composantes l’une de l’autre. Le
remplacement de l’halogène trans au lien Re=O par un group alkoxo déplace l’ensemble du système vers des énergies
supérieures. Ces variations sont en bonne corrélation avec les énergies des orbitales frontières déterminées par calculs
DFT. En tentant de préparer ReOCl3(dppe) à partir de ReOCl3(PPh3)2, le composé de Re(III) fac-ReCl3(PPh3){Ph2-
PC2H4PPh2(O)} a été obtenu, dans lequel l’une des extrémités du dppe est devenue un oxyde de phosphine. En laissant
reposer dans le DMSO, ce composé a conduit au complexe octaédrique ReCl4{Ph2PC2H4PPh2(O)}, où la formation de
chélate impliquant une phosphine et un oxyde de phosphine a été confirmée par diffraction des rayons X.

Mots clés : rhénium, structure cristalline, calculs DFT, transitions électroniques d–d. Baril-Robert and Beauchamp
1340

Introduction

Over the past decades, many research groups have been
examining various rhenium(V) compounds containing the
Re=O3+, Re=NR3+, and Re�N2+ cores for eventual applica-

tions in radiopharmacy as labeling or therapeutic agents (1–
4). Our contributions to this field include compounds with
amino acids (5, 6), nitrogen heterocycles (7–12), and various
bidentate ligands containing a soft phosphine group and a
hard oxygen donor (13–18). Multiple-bonded Re(V) com-
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pounds are of interest in many other fields of chemistry and
biochemistry. For instance, their role in oxygen transfer and
other catalytic processes is under active investigation at the
moment (19–23). The optical properties associated with the
multiple bonds have produced a large number of publica-
tions and are still extensively studied (24–28).

In the perspective of developing devices for storage of in-
formation at the molecular level, these simple diamagnetic
d2 centers would be potentially useful systems if a low-
energy paramagnetic high-spin state can be readily accessed.
The oxygen or nitrogen px and py orbitals of the multiple-
bonded ligand form strong π bonds with the dxz and dyz
orbitals, which become antibonding and higher in energy
than the other interaxial d orbital (dxy or dx y2 2− , depending
on point group symmetry). Occupancy of the latter orbital
by the two d electrons results in a diamagnetic ground state.
However, in a previous study (29), we showed that the
HOMO–LUMO gap is relatively small in certain oxo com-
pounds (I) containing O-P ligands. If the gap becomes com-
parable with the pairing energy, the molecule could possess
a high-spin excited state accessible at low energy cost via a
spin–crossover process. Such systems may be of interest as
catalysts and materials with unusual optical or magnetic
properties.

To cast some light on the factors leading to small
HOMO–LUMO gaps, we first examined a series of simple
compounds retaining an equatorial cis-P,P arrangement per-
pendicular to an (axial) Re=O or Re=NR bond. The common
bis(diphenylphosphino)ethane (dppe) ligand was chosen to
provide this arrangement. The strongly π-donor trans-
O=Re=O+ and Re�N2+ cores were not considered at this
point, since their energy gaps had been found to be substan-
tially higher (29). ReOCl3(dppe) was originally prepared by
Chatt and Rowe (30), and X-ray work showed that it indeed
corresponds to the structural type considered (31). The cor-
responding phenylimido compound Re(NPh)Cl3(dppe) was
obtained by Cotton et al. (32). In the present study, the
chloro and bromo compounds ReOX3(dppe) were prepared,
together with trans-ReO(OR)X2(dppe) derivatives with vari-
ous R groups. A few arylimido compounds were also in-
cluded. In addition to the preparation and characterization of
these compounds, we are reporting preliminary electronic
spectra showing how absorption is affected by ligand substi-
tution. DFT calculations are used to rationalize these results.

Experimental section

Reactants and methods
KReO4, dppe, and all other reactants were obtained

from Aldrich and used without further purification.

ReOCl3(PPh3)2 was prepared by a literature method (30).
Deuterated solvents were purchased from Aldrich or CDN
Isotopes.

IR spectra were recorded on Perkin-Elmer 1600 (4000–
400 cm–1, KBr pellets) or 1430 spectrophotometers (4000–
200 cm–1, CsI pellets). The NMR spectra were measured
with Bruker AMX-300, ARX-400, or AV-300 spectrometers.
For the 1H spectra, the residual solvent signal (DMSO-d6,
2.50 ppm) was used as internal reference and the chemical
shifts are expressed in ppm vs. SiMe4. H3PO4 was used as
an external reference (δ = 0) for the 31P{1H} spectra. Elec-
tronic spectra were recorded in quartz cells with a UV–vis–
NIR Cary 5E spectrometer. The solution spectra were taken
as DMSO solutions. Spectra of crystalline samples were ob-
tained with a tungsten-halogen lamp, the CCD detector of a
Renishaw 3000 Raman imaging microscope, and a 10% neu-
tral density filter to avoid blinding the detector. FAB+ mass
spectra in NBA were measured at the Centre de Spectro-
métrie de Masse de l’Université de Montréal. Elemental
analyses were run at the Laboratoire d’Analyse Élémentaire
de l’Université de Montréal.

Preparation of ReOX3(dppe) (X = Cl, Br)
Modifications were introduced in the procedure originally

described by Chatt and Rowe (30) for ReOCl3(dppe) to
eliminate impurities of MX salts and reduced complexes.

The K+ ion of KReO4 was first replaced by H+ on a
cation-exchange resin (Dowex 50W-X8, 20–50 mesh). The
column (2 cm diameter) was filled with 10 g of resin, which
was activated with 15 mL of 6mol/L HCl to obtain the H+

form and washed with boiling water (75 mL) to neutrality.
KReO4 (1.5 g, 5.2 mmol) dissolved in a minimum amount
(ca. 18 mL) of boiling water was poured into the hot column
and the elution was done with boiling water. The HReO4 so-
lution was collected as long as it remained acidic. Water was
then removed with a rotating evaporator and a viscous light
yellow-green liquid containing HReO4 and Re2O7 was ob-
tained. To this oily material was added concentrated HX
(5 mL) and the mixture was refluxed for 2 min. A 25 mL
fraction of a chloroform solution of dppe (3.90 g, 9.80 mmol
in 150 mL) was first added and the mixture darkened imme-
diately. The rest of the dppe solution was then added in
small portions over a period of 4 h. The mixture was cooled
to room temperature (RT) and the precipitate (green for Br,
blue for Cl) was filtered, washed with acetone (to remove
water), chloroform, and diethyl ether. The compound was
recrystallized from acetonitrile.

ReOCl3(dppe)
Yield: 82%. IR (CsI, cm–1): 980 (s) ν(Re=O); 320 (w),

290 (w) ν(Re-Cl). 1H NMR (DMSO-d6) (ppm) δ: 8.01 (m,
8H, Ho), 7.48 (s br, 12H, Hm,p), 3.79 (m, 2H, ethylene), 3.24
(m, 2H, ethylene). 31P NMR (DMSO-d6) (ppm) δ: 5.7 (s).
MS FAB+ (m/z): 706 [M]+; 671 [M – Cl]+. Anal. calcd. for
C26H24OP2Cl3Re (%): C 44.17, H 3.42; found: C 44.24, H
3.34.

ReOBr3(dppe)
Yield: 76%. IR (KBr, cm–1): 971 (s) ν(Re=O). 1H NMR

(DMSO-d6) (ppm) δ: 8.03 (m, 8H, Ho), 7.48 (s br, 12H,
Hm,p), 3.90 (m, 2H, ethylene) 3.17 (m, 2H, ethylene). 31P
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NMR (DMSO-d6) (ppm) δ: –1.0 (s). MS FAB+ (m/z): 840
[M]+, 760 [M – Br]+, 680 [M – 2Br]+.

Preparation of ReOX2(OR)(dppe) (X = Cl, Br)

Method A (R = Me, Et, Pr)
For ReOCl2(OEt)(dppe), a suspension of ReOCl3(dppe)

(0.31 g, 0.44 mmol) in 35 mL of ethanol was refluxed for
3 days, during which time the blue solid progressively
turned violet. It was filtered hot, washed with ethanol and
diethyl ether, and recrystallized in acetonitrile.

This method was used to introduce alkoxo groups corre-
sponding to low-boiling alcohols (methanol, ethanol, n-
propanol). Reaction time varied (2–6 days) from one system
to another. The reaction was stopped ~24 h after the reaction
mixture has become clear violet. When there was no color
change after 3 days, adding fresh alcohol helped to acceler-
ate the reaction.

ReOCl2(OEt)(dppe)
Yield: 90%. IR (KBr, cm–1): 950 (s) ν(Re=O), 913 (s)

δ(O-CH2).
1H NMR (DMSO-d6) (ppm) δ: 8.14 (m, 8H, Ho),

7.48 (s br, 12H, Hm,p), ~3.31 (m, 2H, ethylene, near water
peak), 3.14 (m, 2H, ethylene), 2.28 (q, 2H, 3J = 7.0 Hz,
ethoxo CH2), –0.07 (t, 3H, 3J = 6.9 Hz, ethoxo CH3).

31P
NMR (DMSO-d6) (ppm) δ: 16.5 (s). MS FAB+ (m/z): 716
[M]+, 681 [M – Cl]+, 671 [M – OEt]+, 637 [M – Cl – OEt]+.
Anal. calcd. for C28H29O2P2Cl2Re (%): C 46.93, H 4.08;
found: C 46.66, H 3.94.

ReOCl2(OMe)(dppe)
Yield: 79%. IR (KBr, cm–1): 944 (s) ν(Re=O). 1H NMR

(DMSO-d6) (ppm) δ: 8.11 (m, 8H, Ho), 7.49 (s br, 12H,
Hm,p), ~3.23 (m, 2H, ethylene, near water peak), 3.15 (m,
2H, ethylene), 1.91 (s, 3H, methoxo CH3).

31P NMR
(DMSO-d6) (ppm) δ: 16.6 (s).

ReOCl2(OPr)(dppe)
Yield: 85%. IR (KBr, cm–1): 938 (s) ν(Re=O). 1H NMR

(DMSO-d6) (ppm) δ: 8.16 (m, 8H, Ho), 7.48 (s br, 12H,
Hm,p), 3.34 (m, 2H, ethylene), 3.15 (m, 2H, ethylene), 1.99
(t, 2H, 3J = 6.5 Hz, propoxo α-CH2), 0.34 (m, 2H, propoxo
β-CH2), 0.11 (t, 3H, 3J = 7.3 Hz, propoxo CH3).

31P NMR
(DMSO-d6) (ppm) δ: 15.8 (s).

ReOBr2(OEt)(dppe)
Yield: 61%. IR (KBr, cm–1): 951 (s) ν(Re=O), 913 (s)

δ(O-CH2).
1H NMR (DMSO-d6) (ppm) δ: 8.12 (m, 8H, Ho),

7.50 (m br, 12H, Hm,p), 3.39 (m, 2H, ethylene), 3.07 (m, 2H,
ethylene), 2.35 (q, 2H, 3J = 6.8 Hz, ethoxo CH2), –0.03 (t,
3H, 3J = 6.9 Hz, ethoxo CH3).

31P NMR (DMSO-d6) (ppm)
δ: 18.2 (s).

ReOBr2(OMe)(dppe)
Yield: 75%. IR (KBr, cm–1): 936 (s) ν(Re=O). 1H NMR

(DMSO-d6) (ppm) δ: 8.12 (m, 4H, Ho), 8.01 (m, 4H, Ho),
7.51 (s br, 12H, Hm,p), ~3.35 (m, 2H, ethylene, near water
peak), 3.08 (m, 2H, ethylene), 2.02 (s, 3H, methoxo CH3).
31P NMR (DMSO-d6) (ppm) δ: 18.8 (s).

ReOBr2(OPr)(dppe)
Yield: 74%. IR (KBr, cm–1): 937 (s) ν(Re=O). 1H NMR

(DMSO-d6) (ppm) δ: 8.13 (m, 8H, Ho), 7.49 (s br, 12H,
Hm,p), 3.38 (m, 2H, ethylene, near water peak), 3.08 (m, 2H,
ethylene), 2.06 (t, 2H, 3J = 6.5 Hz, propoxo α-CH2), 0.38
(m, 2H, propoxo β-CH2), 0.11 (t, 3H, 3J = 7.4 Hz, propoxo
CH3).

31P NMR (DMSO-d6) (ppm) δ: 17.4 (s). Anal. calcd.
for C29H31O2P2Br2Re (%): C 42.50, H 3.81; found: C 42.78,
H 3.87.

Method B (R = cyclohexyl, -CH2CH2OH)
A suspension of ReOCl2(OEt)(dppe) (0.20 g, 0.28 mmol)

in 25 mL of an acetone–cyclohexanol (or –ethylene glycol)
(4:1, v/v) mixture was refluxed for 3 days. The color of the
solid did not change appreciably during the reaction. The vi-
olet precipitate was filtered, washed with ethanol and diethyl
ether, and recrystallized in acetonitrile. For the soluble ethyl-
ene glycol complex, the final mixture was evaporated to dry-
ness, diethyl ether was added, and the violet product was
filtered.

ReOCl2(OCy)(dppe)
Yield: 72%. IR (KBr, cm–1): 926 (s) ν(Re=O). 1H NMR

(DMSO-d6) (ppm) δ: 8.27 (m, 4H, Ho), 8.16 (m, 4H, Ho),
7.47 (s br, 12H, Hm,p), ~3.45 (m, 2H, ethylene, in the tail of
the water peak), ~3.18 (m, 2H, ethylene, near water peak);
cyclohexyl signals assigned from a 2D spectrum: 2.33 (m,
1H, α-CyO), 1.03 (m, 3H, γ/δ-CyO), 0.56 (m, 2H, β-CyO),
0.38 (m, 3H, γ/δ-CyO), –0.11 (m, 2H, β-CyO). 31P NMR
(DMSO-d6) (ppm) δ: 16.9 (s).

ReOCl2(OCH2CH2OH)(dppe)
Yield: 85%. IR (KBr, cm–1): 948 ν(Re=O), 907 (s) δ(O-

CH2).
1H NMR (DMSO-d6) (ppm) δ: 8.10 (m, 8H, Ho), 7.49

(s br, 12H, Hm,p), 3.43 (m, 2H, ethylene, near water peak),
3.11 (m, 2H, ethylene), 2.42 (t, 2H, 3J = 6.2 Hz, β-
CH2CH2OH), 2.17 (t, 2H, 3J = 6.3 Hz, α-CH2CH2OH). 31P
NMR (DMSO-d6) (ppm) δ: 19.1 (s). MS FAB+ (m/z): 732
[M]+, 697 [M – Cl]+, 671 [M – OC2H4OH]+, 661 [M –
2Cl]+, 636 [M – Cl – C2H4OH]+.

Method C (R = Ph)
A solution of phenol (5.5 g, 59 mmol) in 70 mL of ben-

zene was heated to the boiling point and ReOBr2(OPr)(dppe)
(0.49 g, 0.60 mmol) was added. The violet mixture turned
orange quickly. After 1 day, the solvent was evaporated, the
raw product was added to 50 mL of diethyl ether, and
refluxed for 30 min to dissolve the unreacted phenol. The
dark-brown precipitate was filtered hot, washed with diethyl
ether, and recrystallized in acetonitrile.

ReOBr2(OPh)(dppe)
Yield: 83%. IR (KBr, cm–1): 959 (s) ν(Re=O). 1H NMR

(DMSO-d6) (ppm) δ: 8.13 (m, 4H, Ho), 8.00 (dd, 4H, 3J =
7.6 Hz, 3JH-P = 10.9 Hz, Ho), 7.53 (s br, 6H, Hm,p), 7.35 (t,
2H, 3J = 7.0 Hz, Hp), 7.26 (t, 4H, 3J = 7.5 Hz, Hm), 6.62 (m,
3H, phenoxo Hm,p), 5.67 (d, 2H, 3J = 8.0 Hz, phenoxo Ho),
3.55 (m, 2H, ethylene), 3.23 (m, 2H, ethylene). 31P NMR
(DMSO-d6) (ppm) δ: 17.3 (s). MS FAB+ (m/z): 854 [M]+,
773 [M – Br]+, 761 [M – OPh]+, 680 [M – Br – OPh]+.
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Anal. calcd. for C32H29O2P2Br2Re (%): C 45.03, H 3.42;
found: C 45.09, H 3.39.

ReOCl2(OPh)(dppe)
Yield: 90%. IR (KBr, cm–1): 960 (s) ν(Re=O). 1H NMR

(DMSO-d6) (ppm) δ: 8.13 (m, 4H, Ho), 8.00 (dd, 4H, 3J =
7.7 Hz; 3JH-P = 11.1 Hz, Ho), 7.51 (s br, 6H, Hm,p), 7.30 (m,
2H, Hp), 7.23 (m, 4H, Hm), 6.59 (m, 3H, phenoxo Hm,p),
5.63 (d, 2H, 3J = 7.9 Hz, phenoxo Ho), 3.57 (m, 2H, ethyl-
ene), 3.32 (m, 2H, ethylene, near water peak).31P NMR
(DMSO-d6) (ppm) δ: 16.3 (s).

Preparation of Re(NPh)Cl3(dppe)
The compound was prepared following the literature

method (32). ReOCl3(dppe) (0.15 g, 0.21 mmol) was added
to 30 mL of a refluxing aniline–benzene (1:5, v/v) mixture.
The blue solution was refluxed for 36 h, during which time
it turned green. The light-green precipitate was filtered, and
washed with benzene and diethyl ether. It recrystallized in
acetonitrile as light-green fibers.

Re(NPh)Cl3(dppe)
Yield: 75%. 1H NMR (DMSO-d6) (ppm) δ: 8.16 (m, 4H,

Ho), 7.96 (m, 4H, Ho), 7.52 (t, 1H, 3J = 8.2 Hz, phenylimido
Hp), 7.41 (s br, 6H, Hm,p), 7.16 (s br, 6H, Hm,p), 6.79 (t, 2H,
3J = 8.5 Hz; phenylimido Hm), 6.15 (d, 2H, 3J = 8.7 Hz,
phenylimido Ho), ~3.59 (m, 2H, ethylene), 3.33 (m, 2H, eth-
ylene). 31P NMR (DMSO-d6) (ppm) δ: 11.3 (s).

Preparation of Re(NC6H4Cl)Cl3(dppe)
This variation of the previous method was used to intro-

duce a phenylimido group derived from a solid aniline. A
solution of p-chloroaniline (5.56 g, 43.6 mmol) in 25 mL of
benzene was heated to its boiling point and ReOCl3(dppe)
(0.15 g, 0.21 mmol) was added. The solution was refluxed
for 1 day, during which time the blue solution turned dark
green. The solvent was evaporated completely, the solid ob-
tained was placed in 50 mL of diethyl ether, and the solution
was refluxed for 30 min to dissolve unreacted p-
chloroaniline. The green precipitate was filtered hot, washed
with diethyl ether, and recrystallized in acetonitrile.

Re(NC6H4Cl)Cl3(dppe)
Yield: 78%. 1H NMR (DMSO-d6) (ppm) δ: 8.16 (m, 4H,

Ho), 7.96 (m, 4H, Ho), 7.42 (s br, 6H, Hm,p), 7.19 (s br, 6H,
Hm,p), 6.88 (d, 2H, 3J = 8.8 Hz, arylimido Hm), 6.13 (d, 2H,
3J = 8.6 Hz, arylimido Ho), 3.56 (m, 2H, ethylene), 3.33 (m,
2H, ethylene, near water peak). 31P NMR (DMSO-d6) (ppm)
δ: 11.1 (s).

Preparation of ReCl3(PPh3)(dppe=O)
ReOCl3(PPh3)2 (0.112 g, 0.13 mmol) was added to a solu-

tion of dppe (0.311 g, 0.79 mmol) in 25 mL CH2Cl2 under a
dynamic inert atmosphere. The resulting lime-green solution
was stirred at room temperature for 1 h. The beige precipi-
tate formed during the reaction was filtered, washed with
chloroform and diethyl ether. Yield: 51%. It corresponded to
the 1.5CH2Cl2 solvate. IR (KBr, cm–1): 1058 (s), 1125 (s).
1H NMR (DMSO-d6): see text. MS FAB+ (m/z): 968 [M]+,
933 [M – Cl]+, 706 [M – PPh3]

+, 635 [M – 2Cl – PPh3]
+.

Anal. calcd. for C45.5H42Cl6OP3Re (%): C 49.83, H 3.86;
found: C 49.68, H 3.98.

X-ray diffraction studies
Three data sets were collected with a Bruker Smart 2K

CCD diffractometer controlled by the SMART software
(33), using the graphite-monochromatized CuKα radiation.
Sets of 30 oscillation frames of 0.3° over a range of 9° were
recorded in four regions of the reciprocal space, from which
the reduced cell was determined by least-squares refinement.
For data collection, frames were recorded for different orien-
tations of the crystal and detector so as to cover at least 95%
of the reciprocal sphere. At the end, the first 101 frames
were remeasured to check for crystal decomposition. The
frames were analyzed with the SAINT software (34), which
determined the intensity and the position of each spot. Accu-
rate cell parameters were obtained by least-squares refine-
ment over the positions of the whole data set.

For one compound, the X-ray work was done with an
Enraf-Nonius CAD-4 diffractometer using graphite-
monochromatized CuKα radiation under the control of the
CAD-4 software (35). The reduced cell was initially deter-
mined from 20 to 25 spots located on a preliminary rotation
photograph and centered in the detector aperture. Accurate
cell parameters were then determined from the positions of
25 high-angle reflections centered with the SETANG and
DETTH procedures. The intensities were recorded by ω/2θ
scan. Possible crystal decomposition was monitored by mea-
suring five standard reflections every hour.

Another data set was collected with the Bruker P-4
diffractometer of the Université du Québec à Montréal,
using the graphite-monochromatized MoKα radiation. The
procedures to determine the cell parameters and collect the
intensity data (XSCANS software) (36) were similar to those
described above for the CAD-4 system. Three standard re-
flections were measured every 97 reflections during data
collection.

The data were interpreted with the SHELXTL software
(37). The XPREP procedure (38) was used to apply to the
raw intensities an absorption correction based on crystal
morphology and to determine the Laue symmetry, system-
atic absences, and space group. The structure was solved by
the direct methods or the heavy-atom method with SHELXS
(39). The heavy atoms were initially found and the remain-
ing atoms were then located from structure-factor calcula-
tions and ∆F maps with SHELXL (40). The structure was
refined by least squares on F2. The non-hydrogen atoms
were generally refined anisotropically. The hydrogens were
first placed at idealized positions with the standard (C,N,O)-
H distances of SHELXL and allowed to ride on the support-
ing atom. Their isotropic temperature factors (Uiso) were
fixed at values related to the equivalent temperature factor
(Ueq) of the supporting atom by Uiso = k × Ueq (where k =
1.5 (methyl) or 1.2 (others)). The ORTEP diagrams (40%
probability ellipsoids) were produced with the XP routine of
SHELXTL.

The crystals of Re(NC6H4Cl)Cl3(dppe) and the three
ReOX2(OR)(dppe) compounds were obtained by slow crys-
tallization of concentrated acetonitrile solutions, whereas
those of ReCl4(dppe=O) appeared in a DMSO solution of
ReCl3(PPh3)(dppe=O) kept at room temperature for
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3 months. In all cases, the intensities of the standard reflec-
tions revealed no crystal decomposition during data collec-
tion. Space groups were defined unambiguously from the
Laue symmetry and systematic absences, except for the
triclinic compound ReCl4(dppe=O)•Me2SO. Crystal data are
collected in Table 1.

In most cases, disorder was observed in the alkoxo group,
phosphine phenyl rings, or lattice solvent molecules. It was
modeled by means of two individual orientations, whose oc-
cupancies were first refined with a constraint applied to nor-
malize the sum of the occupancies to unity. For the final
cycles, these occupancies were rounded off to the nearest
0.05 and then fixed. The non-hydrogen atoms were usually
refined anisotropically, but the thermal parameters were re-
stricted (ISOR) so as to obtain reasonable ellipsoids. In se-
vere cases, the interatomic distances were simultaneously
constrained with DFIX. Details are provided in the CIF files.3

For ReOCl2(OPr)(dppe), the propyl unit adopted two con-
formations in a 80:20 ratio (Fig. S-1, supplementary mate-
rial).3 The major conformer (C61-C63) was stretched,
whereas the other (C81-C83) was bent. DFIX constraints
based on the average data found for propoxo groups in the
Cambridge Structural Database (41) (C-O (1.42 Å), C-C
(1.45 Å), O•••Cβ (2.39 Å), Cα•••Cγ (2.41) Å) were applied.

Data were also collected on crystals of the related
ReOBr2(OPr)(dppe) complex. It is not isostructural with the
chloro compound, since it belongs to the triclinic space
group P1 and the unit cell (a = 9.848(3) Å, b = 17.602(6) Å,
c = 18.082(6) Å, α = 78.83(2)°, β = 89.98(3)°, γ = 89.03(2)°)
contains four molecules. The two independent molecules are
almost identical and differ very little from the chloro analog.
Even the packing patterns of the two compounds are very
close. However, the R factor could not be reduced below
0.094 and large correlations between the two independent
molecules led to high instability in the refinement. Subtle
twinning is suspected to be present and the structure of the
bromo compound is not described in detail here.

In the case of ReOBr2(OPh)(dppe), rotational disorder
about a P—C bond of dppe led to two orientations (60:40 ratio)
for one of its phenyl groups (Fig. S-2).3 With ReOCl2-
(OCy)(dppe), the cyclohexyl group in a chair conformation
was disordered over two orientations (60:40 ratio, Fig. S-2).3

In these cases, only ISOR restrictions were applied.
For Re(NC6H4Cl)Cl3(dppe), the crystal shape was difficult

to describe and the absorption correction was not totally sat-
isfactory. Nevertheless, the structure solved and refined nor-
mally.

The data for the triclinic ReCl4(dppe=O)•(CH3)2SO com-
pound were interpreted in the centric P1 space group, which
turned out to be the correct choice. The ReCl4(dppe=O) mole-
cule itself showed no disorder, but the lattice DMSO mole-
cule was found to be disordered over two interlocked
orientations (0.65:0.35, Fig. S-3).3 DFIX constraints based
on the average distances found for lattice DMSO in the
Cambridge Structural Database (41) (S=O (1.50 Å), C-S
(1.76 Å), C•••O (2.61 Å), C•••C (2.65 Å)) were applied.

Results and discussion

Preparation of ReOX3(dppe) and ReOX2(OR)(dppe)
The procedure originally described to prepare

ReOCl3(dppe) (30) required a tedious series of recrystalli-
zations to remove the MX salt and various reduction prod-
ucts. By starting with a HReO4–Re2O7 solution and using
chloroform as solvent, we obtained good yields of pure
chloro and bromo compounds. The IR spectra show the
strong ν(Re=O) band at 970–980 cm–1 expected for a mono-
oxo system (42). Clean isotopic patterns are found in FAB+

spectra for the parent ion and the [M – X]+ fragment. The
presence of only one 31P{1H} NMR singlet confirms the for-
mation of the fac isomer, since the P donors would be
inequivalent in the mer isomer. Although a “frozen” puck-
ered chelate ring contains four inequivalent aliphatic
protons, a fast flip-flop motion across the equatorial plane
generates a vertical mirror plane (including the axial Re=O
bond and bisecting the P-Re-P angle) on the NMR
timescale. In the “average” molecule, the pair of protons on
the same side of the equatorial plane become equivalent. Ac-
cordingly, two complex multiplets are found between 3 and
4 ppm, one of which is often obscured by the residual water
peak in DMSO. Because of the anisotropic effect of the
Re—oxo bond, the protons on the oxo side are believed to
be the more deshielded (43, 44). Similarly, two distinct sets
of phenyl signals are expected. However, only two complex
peaks (2:3 intensity ratio) are found. The weaker one at
~8.0 ppm is due to the eight ortho protons, whereas the other
at ~7.5 ppm includes the meta and para protons of both
types of rings. This assignment is based on a comparison
with ReOX2(OPh)(dppe), where one set of phosphine aro-
matic signals is displaced by the anisotropic effect of the
phenoxo ring.

The ReOX2(OR)(dppe) compounds were obtained by con-
trolled alcoholysis of ReOX3(dppe). For R = Me, Et, and Pr,
refluxing for several days in the neat alcohol gave good
yields of pure products. For the higher-boiling alcohols
cyclohexanol and ethylene glycol, decomposition took place
upon refluxing in the pure liquid and the reaction was car-
ried out in a 4:1 acetone–alcohol mixture. With phenol, a
solid, the reaction was run in benzene.

In all cases, halide substitution occurs only at the position
trans to the Re=O bond. This is supported by the presence of
only one singlet in the 31P{1H} spectra, downfield from that
of the corresponding trihalo complex. The strong ν(Re=O)
vibration appears at ~940 cm–1. The ethoxo and 2-
hydroxyethoxo compounds also give a very strong band at
~910 cm–1 involving an O-CH2 deformation mode (30). The
FAB+ spectra generate characteristic patterns for the parent
ion and other fragments obtained by removing X or OR. The
1H aromatic regions of the alkoxo compounds are similar to
those of the trihalo systems, except that the ortho signals are
displaced downfield slightly (8.1–8.2 ppm). For
ReOX2(OPh)(dppe), one of the two overlapping ortho sig-
nals is displaced upfield (~8.00 ppm) by the anisotropy of
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the phenoxo ligand and it can be safely assigned to ortho
protons, since 3JH-P couplings of ~11 Hz are observed (45).
Anisotropy also displaces the meta and para signals upfield:
they become resolved at ~7.3 (para) and ~7.2 ppm (meta),
whereas the meta and para multiplets for the rings on the
oxo side remain unresolved at ~7.5 ppm.

The alkoxo protons are shielded considerably compared
with those of the corresponding alcohol. This is consistent
with the alkoxo group lying trans to the oxo ligand, since it
was noticed (13) that these protons are deshielded when they
occupy a position cis to the oxo. For the 2-hydroxyethoxo
compound, the protons α to the coordinated oxygen are as-
sumed to be more shielded than the β protons, whose chemi-
cal shift returns to a normal value (3.34 ppm) (46) for free
ethylene glycol. The phenoxo ligand gives a doublet at
~5.65 ppm for the ortho protons and a multiplet including
the meta and para protons at ~6.60 ppm. Therefore, with re-
spect to uncoordinated phenol, whose signals occur at 6.77
(ortho and para) and 7.16 ppm (meta), coordination induces
upfield shifts whose amplitude decreased with the distance
from the O atom.

Preparation of Re(NR)Cl3(dppe)
Cotton et al. (32) first prepared the phenylimido com-

pound by reacting ReOCl3(dppe) with aniline. A similar pro-
cedure was used to obtain the p-chlorophenylimido complex
here. The original stereochemistry of the oxo complex is re-
tained, as evidenced from X-ray crystallography (see below)
and from NMR spectroscopy, namely the presence of only
one singlet in the 31P{1H} spectrum.

Isolation of reduced species
Attempts were made to obtain ReOCl3(dppe) by displac-

ing the phosphines of ReOCl3(PPh3)2. When the reaction
was run in CH2Cl2 at room temperature for 1 h, a beige solid
precipitated. The parent peak and fragmentation pattern in
the FAB+ spectrum were consistent with the presence of one
PPh3, one dppe, a ReCl3 unit, and one extra oxygen. The ab-
sence of the strong IR ν(Re=O) band and the presence of 1H
NMR signals extending far outside the standard 0–10 ppm
range ruled out the possibility of a diamagnetic oxo-
rhenium(V) species. Therefore, rhenium-to-phosphorus oxy-
gen transfer had probably occurred, generating a Re(III) cen-
ter and a phosphine oxide, as observed before (47, 48). This
was supported by the strong IR bands appearing at 1058 and
1125 cm–1, one of which could be assigned to a ν(P=O) vi-
bration (49). In the structure II proposed, the oxygen is part

of the bidentate Ph2PC2H4PPh2(O) ligand (dppe=O). The
phosphine oxide unit is believed to be derived from dppe in-
stead of PPh3, since the fragmentation products observed in
the FAB+ spectra correspond to the loss of PPh3, not Ph3PO.
Furthermore, upon aging, this compound gives a Re(IV)
compound ReCl4(dppe=O), whose crystal structure is de-
scribed hereafter. Even though the complex is paramagnetic,
its 1H NMR spectrum could be fully analyzed.

We previously reported 1H NMR data of arylphosphine
complexes of Re(III) and Re(IV) (50, 51). In these com-
plexes, the aromatic phosphine signals usually occur be-
tween 10 and 20 ppm for the ortho protons, and between 7
and 11 ppm for the meta and para protons. As shown in
Fig. 1 and Table 2, this generalization is obeyed here. 3J
couplings typical of aromatic rings are observed and proton
positions around the rings are readily identified from multi-
plicities and integrations. A 2D experiment allowed us to
distribute the nine peaks between 12 and 7.5 ppm into three
groups of three, corresponding to PPh3 and to the two
inequivalent phenyl rings at the PPh2 end of the dppe=O
ligand. Two extra sets of three coupled signals are also
found at higher field for the aromatic protons of two phenyl
rings in the phosphine oxide group. In the latter sets, the
ortho protons appear at relatively high field (1.8 and –3.0 ppm)
and they are somewhat broadened. Finally, broad multiplets
with suitable intensities are observed for the aliphatic pro-
tons, two of which occur at extreme chemical shifts (40.5
and –8.5 ppm, respectively). These multiplets, which were
already complex for diamagnetic systems, showed extra
broadening because of the paramagnetism. They did not give
clear cross-peaks in the 2D spectrum and could not be as-
signed to individual protons.

These available data and the crystallographic results
on ReCl4(dppe=O) suggest that the metal center is coordi-
nated to six ligands: three Cl, one PPh3, and one
Ph2PC2H4PPh2(O). Of the three possible isomers for an octa-
hedral ReX3L(L′-L′′) compound, only the fac isomer (II) is
consistent with the presence of four inequivalent phenyl
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Fig. 1. 1H NMR signals of the aromatic protons of the phos-
phine groups in ReCl3(PPh3)(dppe=O).
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rings in the dppe=O ligand, as revealed by 1H NMR spec-
troscopy.

Crystal structures of the ReOX2(OR)(dppe) compounds
Since the Re-O-R angle in the known structures of this

type spans a broad range (125°–180°, based on 33 structures
in the Cambridge Structural Database) (41) and the oxygen-
to-rhenium π interactions could be sensitive to this factor,
structures with three different OR groups were studied: the
n-propoxo unit was considered as a “normal” group, the
cyclohexyl substituent was expected to be sterically demand-
ing, whereas the phenoxo group was used to probe the influ-
ence of an extended π system.

The three ReOX2(OR)(dppe) molecules (Fig. 2) consist of
octahedral molecules containing the trans-oxo-alkoxo unit
observed for the bis(diphenylphosphino)propane complex
(52). Selected distances and angles are listed in Table 3.

In the three compounds, the O=Re-O unit shows a signifi-
cant, but relatively small, deviation from linearity (171°–
173°), corresponding to small displacements of the two oxy-
gen donors to the dppe side. Despite the fact that the three R
groups have different sizes and (or) electronic properties, the
OR groups are all roughly end-on coordinated (Re-O-C ~
160°). Our Re=O and Re-OR distances in the two alkoxo
compounds are in good agreement with the mean values of
1.70(3) and 1.89(5) Å, respectively, obtained from the litera-
ture (41). For the phenoxo complex, our distances of
1.686(6) and 1.900(6) Å are not very different from those re-
ported for ReOCl3(PPh3)(L) with L = 2-diethylaminomethyl-
4-methyl-phenol (1.669(3) and 1.915(3) Å, respectively),
where the Re-O-C angle (166.0(3)°) is similar to ours (16).
In the two other structures published so far with simple
phenolates, the distances tend to be greater (1.666(6) and
1.969(5) Å, 1.703(6) and 1.989(6) Å, respectively) (53, 54),
which could be correlated with the pronounced bent in the
Re-O-C region (146.5(5)° and 137.7(6)°, respectively).

In the three known structures of 1:1 Re(V)-dppe com-
pounds (31, 55), the mean Re-P distance is 2.45(2) Å, the
bite angle P-Re-P is 82.9(6)°, and the P-C-C-P torsion angle
in the chelate ring is 58(4)°. Our results are in good agree-
ment with these data and the phenyl rings also adopt very
similar orientations. The Re-Cl (2.428–2.457 Å, σ =
0.001 Å) and Re-Br (2.570(1), 2.599(1) Å) distances are ap-
preciably greater than the mean values from the literature for
Re—X bonds cis to Re=O (Re—Cl = 2.38(3) Å, Re—Br =
2.51(3) Å; based on 130 and 14 structures, respectively)
(41). Although these bonds could be weakened by the phos-
phine trans influence, this cannot be the controlling factor,

since the corresponding distances are normal in the
ReOX3(dppe) complexes (Re—Cl = 2.38 Å, Re—Br =
2.52 Å) (31). The lengthening of the Re—X bonds may be
ascribed to the good π donor character of the end-on coordi-
nated OR group, whose donation into dxz and dyz makes
these orbitals less electrophilic and reduces their ability to
accept π-electron density from the equatorial halides. This
pattern is also observed for the trans bis-PPh3 complexes:
the cis Re—Cl bonds in ReOCl3(PPh3)2 (56) are shorter
(2.397(1) Å) than in the related oxo-alkoxo complexes
(2.41 Å) (31, 57, 58).

The oxo ligand tends to repel the adjacent bonds, resulting
in a displacement of the Re atom from the “equatorial” P2X2
plane on the oxo side, as evidenced from the mean of the
O=Re-Lcis angles being ~93° compared with ~88° for the
RO-Re-Lcis angles. The puckered conformation of the ring
creates systematic differences in the coordination geometry
of the two ends of dppe. The trans-XA-Re-PA units (involv-
ing the PA atom bonded to the methylene group on the oxo
side of the P2X2 plane) are more linear (alkoxo (~177°), halo
(~174°) (31)) than the trans-PB-Re-XB unit (alkoxo (~172°),
halo (~164°)). Also, our Re-XA distances are systematically
~0.025 Å longer than Re-XB, whereas the opposite trend is
noted, to a lesser extent, for the Re-P distances. This pattern
of bond lengths is not shared by the ReOX3(dppe) com-
pounds, however (31).

The molecules are packed in the unit cell with normal van
der Waals contacts (Figs. S-4 and S-5).3

Crystal structure of Re(NC6H4Cl)Cl3(dppe)
The Re(NC6H4Cl)Cl3(dppe) molecule adopts the structure

shown in Fig. 3. The octahedral coordination of Re includes
a multiple-bonded 4-chlorophenylimido group with the trans
site filled by a chloro ligand, leading to the fac configuration
observed for the corresponding bis(diphenylphosphino)ferro-
cene complex (59). Selected interatomic distances and bond
angles are given in Table 4.

The Re=NR distance (1.707(5) Å) and the small departure
from linearity in the Re=N-C unit (171.5(5)°) correspond
well with the available data on arylimido complexes (mean
values: Re=N (1.716(15) Å), Re=N-C (172(5)°); based
on 42 structures) (41). A detailed comparison with the re-
lated compounds Re(NPh)Cl3(PPh3)2 (trans-P,P) (60),
Re(NPh)Cl3{bis(diphenylphosphino)ferrocene} (cis-P,P) (59),
and Re(NPh)Cl3(PMe3)2 (cis-P,P) (61) is provided in the
supplementary material (Table S-1).3 For the dppe ligand,
the P-Re-P “bite” angle and the ring conformation are close
to those of the above oxo-alkoxo compounds, but the Re—P
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ortho meta para

PPh3 11.62 (d, 6H) 3J = 7.7 8.25 (t, 6H) 3J = 7.7 7.51 (t, 3H) 3J = 7.4

PPh2 (A) 11.70 (d, 2H) 3J = 7.4 8.64 (t. 2H) 3J = 7.4 9.94 (t, 1H) 3J = 7.4

PPh2 (B) 11.44 (d, 2H) 3J = 7.4 8.69 (t, 2H) 3J = 7.5 9.01 (t, 1H) 3J = 7.3

O=PPh2 (A) 1.80 (br, 2H) 7.76 (t, 2H) 3J = 7.5 6.74 (t, 1H) 3J = 7.5

O=PPh2 (B) –2.99 (d, 2H) 3J = 7.9 3.69 (t, 2H) 3J = 7.9 4.99 (t, 1H) 3J = 7.5

C2H4 –8.47 (m br, 1H), 2.45 (m br, 1H), 4.81 (m br, 1H), 40.47 (m br, 1H)

Table 2. 1H NMR chemical shifts (ppm) and coupling constants (Hz) for ReCl3(PPh3)(dppe=O) (in
DMSO-d6).

I:\cjc\cjc8111\V03-143.vp
October 23, 2003 7:42:01 AM

Color profile: Disabled
Composite  Default screen



bond lengths are ~0.01 Å shorter here. The Re-Cl distances
range from 2.417(2) to 2.438(2) Å, in agreement with the
average value of 2.40(3) Å from the literature. As noted for
oxo-alkoxo complexes, the metal is displaced from the P2X2
plane on the nitrogen side by ~0.20 Å. Steric interactions
with the dppe phenyl rings probably explain that the depar-
ture from linearity in the trans RN=Re-Cl unit (168.0(2)°) is
slightly greater than commonly found (mean for 16 struc-
tures ~174(4)°). The phenyl rings at the PA end of dppe are
oriented in the same way (Re-PA-Ci-Co = 28° and –71°) as
in the oxo-alkoxo complexes, but those of the PB phosphine
group adopt a different orientation corresponding to the op-
posite pattern of torsion angles (Re-PB-Ci-Co = –67° and
15°, respectively). This is likely due to stacking interactions
between the C41-C46 dppe group and the phenylimido ring,
roughly parallel to the Re—PA bond. This orientation, also
observed in the phosphinoferrocene complex, positions the
rings nearly parallel to each other (dihedral angle =
24.3(4)°) with a relatively small mean inter-ring distance of
3.6 Å. The complexes are packed individually in the unit

cell (Fig. S-6, supplementary material),3 where the aromatic
rings participate in various stacking interactions.

The Re(NC6H4Cl)Cl3(dppe) molecule is compared to the
isoelectronic ReOCl3(dppe) compound in Table 4. In the
imido complex, the Re—Clcis bonds are ~0.05 Å longer,
whereas the Re—P bonds are ~0.04 Å shorter. This is con-
sistent with the fact that the π donation of the imido group
into the metal dxz and dyz orbitals is greater that for the oxo
ligand. This should strengthen the bonds with the π-acceptor
phosphine, but weaken the Re—X bonds, since the halogens
are competing with the oxo or imido ligands for π donation
into the same metal orbitals. Interestingly, the orientations of
the dppe rings in ReOCl3(dppe) do not follow the pattern
found for Re(NC6H4Cl)Cl3(dppe) and the ReO(OR)Cl2(dppe)
compounds. This conformational change has no appreciable
effect on the coordination geometry.

ReCl4(dppe=O)•(CH3)2SO
In the ReCl4(dppe=O) complex shown in Fig. 4, the

Re(IV) center possesses an octahedral coordination. The

© 2003 NRC Canada

1334 Can. J. Chem. Vol. 81, 2003

Fig. 2. ORTEP drawings of ReOCl2(OPr)(dppe) (A), ReOBr2(OPh)(dppe) (B), and ReOCl2(OCy)(dppe) (C). For simplicity, only the
major conformations are shown and the hydrogens are omitted.
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bidentate ligand is actually Ph2PC2H4PPh2(O), which is a
dppe ligand in which one end has been oxidized to phos-
phine oxide. A similar arrangement was observed for
ReCl4(dppm=O). Selected interatomic distances and bond
angles are given in Table 5.

The angles in the octahedron are close to ideality. The
largest deviation, found for the mutually trans Re—Cl
bonds, reflects a small displacement for the chlorines to-
wards the chelate ring. The Re-ligand distances compare
well with the literature results. For mutually trans Re—Cl

bonds, the distances observed here are close to the mean
value 2.336(14) Å determined from 21 Re(IV) structures
(41). When the chloro ligand sits trans to a different donor
atom, the mean value from the literature (23 structures) is
similar (2.325(30) Å), but it covers a broader range, mainly
because it is sensitive to the trans influence of the opposite
ligand. In our structure, the Re—Cl bond trans to oxygen
(2.319(2) Å) is appreciably shorter than the one trans to the
phosphine group (2.335(2) Å), whose trans influence is
large.
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R Propyl Cyclohexyl Phenylb

X Cl Cl Br

Bond distances (Å)
Re=O 1.698(3) 1.700(2) 1.686(6)
Re—OR 1.885(3) 1.877(2) 1.900(6)
Re—PA 2.4260(10) 2.4305(9) 2.432(2)

Re—PB 2.4320(10) 2.4364(8) 2.446(3)

Re—XA 2.4475(10) 2.4570(10) 2.5990(11)

Re—XB′ 2.4280(11) 2.4296(9) 2.5700(11)

Bond angles (°)
PA-Re-PB 83.26(3) 83.19(3) 83.59(9)

XA-Re-XB 87.57(4) 87.11(3) 87.41(4)

O=Re-OR 172.57(14) 172.87(11) 171.8(3)
PA-Re-XA 176.37(4) 177.03(3) 176.81(7)

PB-Re-XB 170.61(4) 172.93(3) 172.65(7)

PA-Re-XB 95.96(4) 95.45(3) 94.92(6)

PB-Re-XA 93.13(4) 94.09(3) 93.82(7)

O=Re-PA 86.29(10) 86.27(9) 86.7(2)

O=Re-PB 92.49(11) 91.52(9) 90.1(2)

O=Re-XA 96.80(11) 95.02(9) 95.2(2)

O=Re-XB 94.17(10) 95.32(9) 97.0(2)

RO-Re-PA 87.89(9) 87.95(8) 87.50(19)

RO-Re-PB 82.24(10) 83.65(8) 83.47(19)

RO-Re-XA 88.38(10) 90.57(8) 90.36(19)

RO-Re-XB 91.36(10) 89.37(8) 89.28(18)

Re-O-C 160.8(5) (80%)c 153.6(3) (60%)c 162.3(5)
159.5(9) (20%)c 157.0(6) (40%)c

PA-C-C-PB 58.9(3) 57.1(3) 57.9(9)

C-C-PA-Ci –168.3(3) –168.7(2) –171.7(7)

79.7(3) 80.2(3) 76.7(7)
C-C-PB-Ci 81.6(3) 82.3(3) 84.3(8)

–169.2(3) –169.2(2) –166.8(9) (60%)c

–185.4(7) (40%)c

Re-PA-Ci-Co 34.3(5) 26.6(4) 14.2(10)

–60.7(4) –64.8(3) –57.5(7)
Re-PB-Ci-Co –16.5(4) –22.0(4) –27.3(10)

75.8(5) 69.0(4) 88(2) (60%)c

59.0(2) (40%)c

Re•••PPXX 0.1053(6) 0.0882(4) 0.1012(10)
aPA bonded to the CH2 group on the oxo side of the P2X2 plane, PB bonded to the CH2 group on the OR side, XA

trans to PA, XB trans to PB.
bTorsion angles calculated for the (–x, –y, –z) molecule for consistency.
cValues corresponding to the two disordered orientations, occupancies within round brackets.

Table 3. Distances (Å) and angles (°) in the ReOX2(OR)(dppe) compounds.a
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In the unit cell (Fig. S-7),3 the molecules form layers par-
allel to the a axis and oriented along the cell diagonal. Be-
tween these layers, the superposition of DMSO molecules
fills channels extending along the cell a axis.

Comparisons are made in Table 5 with ReCl4(dppm=O)
(62), which differs from our compound by the size of the
chelate ring. The O-Re-P angle in the six-membered ring
with dppe=O (89.2(2)°) is much greater than that of the
dppm=O five-membered ring (80.7°). This leaves less space
for the opposite chlorines, which get closer together: the
Cl-Re-Cl angle is 93.46(9)° here, compared to 97.7° for the
dppm=O complex. Another difference is the Re-O=P angle,
which is 140.5(3)° here, but 130.1° in ReCl4(dppm=O). This
angle is known to be very flexible: it is ~155° for
monodentate O=PR3 ligands, but it can adjust readily to ex-

ternal strain. The very small angle for the dppm=O complex
reflects the high constraint for a five-membered chelate ring.

One of the Re-Cl distances (2.215 Å) reported for the
dppm=O complex is extremely small. This bond, trans to the
phosphine oxide group, seems to be ~0.1 Å shorter than the
corresponding bond in our dppe=O complex. Partial substi-
tution of the Re(IV) complex ReCl4(dppm=O) in the crystal
by Re(V) molecules mer-ReOCl3(dppm=O) (63, 64) could
explain this “apparent” shortening, since the oxo ligand
would be trans to the phosphine oxide in the latter species.
Such solid solutions of “quasi-isostructural” oxo-Re(V) and
chloro-Re(IV) complexes have already been detected (65)
and in the resulting average structure, the “Re—Cl(O)” bond
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NC6H4Cla Ob

Bond distances (Å)
Re=NR 1.707(5) 1.680
Re—Cltrans 2.420(1) 2.429

Re—PA 2.421(1) 2.463

Re—PB 2.414(2) 2.445

Re—ClA 2.438(2) 2.377

Re—ClB 2.417(2) 2.380

Bond angles (°)
PA-Re-PB 83.37(5) 83.3

ClA-Re-ClB 85.92(6) 86.3

RN=Re-Cltrans 168.0(2) 163.0

PA-Re-ClA 174.96(5) 173.2

PB-Re-ClB 165.56(6) 164.5

PB-Re-ClA 96.56(5) 92.9

PA-Re-ClB 92.92(5) 95.9

N-Re-PA 90.5(2) 84.3

N-Re-PB 90.6(2) 91.4

N-Re-ClA 94.6(2) 101.4

N-Re-ClB 103.4(2) 103.9

Cltrans-Re-PA 83.92(5) 82.2

Cltrans-Re-PB 78.19(5) 76.8

Cltrans-Re-ClA 91.13(6) 91.5
Cltrans-Re-ClB 87.56(6) 87.7

Re=N-C 171.5(5) —
P-Re•••Ci-Co (imido) 3.9(6) —

PA-C-C-PB 55.7(6) 59.8

C-C-PA-Ci –162.9(5) –163.7

89.2(5) 81.8
C-C-PB-Ci 77.9(5) 76.4

–175.1(5) –173.7
Re-PA-Ci-Co 28.3(6) 54.3

–70.8(6) –58.0
Re-PB-Ci-Co –67.0(6) –28.9

15.1(8) 74.2
Re•••PPXX 0.2018(7) 0.226

aTorsion angles for Re(NC6H4Cl)Cl3(dppe) calculated for the
(–x, –y, –z) molecule for consistency with Table 3.

bReference 31.

Table 4. Distances (Å) and angles (°) in fac-Re(NC6H4Cl)Cl3(dppe)
and ReOCl3(dppe).

Fig. 3. ORTEP drawing of fac-Re(NC6H4Cl)Cl3(dppe). The hy-
drogens are omitted for simplicity.

Fig. 4. ORTEP drawing of ReCl4(dppe=O). The hydrogens are
omitted for simplicity.
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seems to be shortened with respect to a normal Re—Cl
bond, but to be stretched when compared to an Re=O bond.

Electronic spectra and DFT calculations
The low-energy portions (8000–25 000 cm–1) of the ab-

sorption spectra of representative compounds are shown in
Fig. 5. Spectra taken with crystalline ReOX3(dppe) and
ReOX2(OR)(dppe) compounds confirmed that the species in
the solid is retained in DMSO. In all cases, this spectral re-
gion shows two major components. The data are listed in Ta-
ble 6.

Strictly speaking, the molecules examined here have no
symmetry, but if chelate ring puckering and other minor dis-
tortions are ignored, a mirror plane containing the
Re=O(NR) bond bisects the P-Re-P angle, so that the metal
environment has an approximate Cs symmetry. Under this
low symmetry, the antibonding dxz/dyz orbitals, which are de-

generate under D4h symmetry, become inequivalent. For this
point group symmetry, the interbond orbital in the xy plane
is labeled dx y2 2− (instead of dxy), and for consistency with
the recent study on isoelectronic oxo-molybdenum(IV) sys-
tems by Da Re and Hopkins (66), the dyz will be assumed to
lie at lower energy than dxz. The two absorption features in
Fig. 5 are assigned to the two spin-allowed singlet–singlet
transitions (dx y2 2− )2 → (dx y2 2− )1(dyz)

1 [S → S*] and (dx y2 2− )2 →
(dx y2 2− )1(dxz)1 [S → S**], respectively (Fig. 6). Therefore,
the position of these bands can be used to estimate the two
HOMO–LUMO energy gaps. Singlet–triplet processes [S →
T*] could in principle take place, but there is no evidence
for these much weaker spin-forbidden transitions in the
spectra recorded here.

Two well-differentiated components (12 000 and
16 400 cm–1) are visible for ReOCl3(dppe). Replacing Cl by
Br produces similar red shifts on both (11 300 and
15 500 cm–1). Upon substitution of the oxo ligand by a
phenylimido group in Re(NPh)Cl3(dppe), the two compo-
nents are not equally displaced: the low-energy component
undergoes a very small red shift of ~900 cm–1, whereas the
shift on the other is greater (~3000 cm–1). This could be con-
nected with the different symmetries of these two ligands.
For the cylindrical oxo ligand, the px and py orbitals are
equally available for π interacting with the metal dxz and dyz
orbitals. In contrast, for the imido group, the phenyl ring
renders these orbitals inequivalent, since only one is partici-
pating in the aromatic πsystem. Consequently, π interactions
with the metal dxz and dyz orbitals being no longer equal, the
transitions to these orbitals are anticipated to be differently
affected.
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ReCl4(dppe=O) ReCl4(dppm=O)a

Bond distances (Å)
Re—O(1) 2.039(5) 2.087(7)
Re—P(2) 2.512(2) 2.467(3)
Re—Cl(1) 2.319(2) 2.215(5)
Re—Cl(2) 2.353(2) 2.353(3)
Re—Cl(3) 2.312(2) 2.340(3)
Re—Cl(4) 2.339(2) 2.361(3)
O(1)—P(1) 1.517(6) 1.523(8)

Bond angles (°)
Cl(3)-Re-Cl(4) 173.61(8) 173.8
P(2)-Re-Cl(1) 176.37(7) 169.1
O(1)-Re-Cl(2) 178.02(15) 173.2
O(1)-Re-P(2) 89.2(2) 80.7(2)
Cl(1)-Re-Cl(2) 93.46(9) 97.7(1)
O(1)-Re-Cl(2) 87.2(2) 88.6(2)
O(1)-Re-Cl(3) 86.3(2) 87.1(2)
O(1)-Re-Cl(4) 88.1(2) 86.7(2)
P(2)-Re-Cl(1) 90.16(7) 93.0(1)
P(2)-Re-Cl(3) 88.69(7) 86.8(1)
P(2)-Re-Cl(4) 87.98(8) 92.6(1)
Cl(3)-Re-Cl(1) 91.76(9) 95.3(2)
Cl(1)-Re-Cl(4) 93.70(9) 90.9(2)
Cl(3)-Re-Cl(2) 90.90(8) 90.1(1)
Cl(4)-Re-Cl(2) 92.08(9) 89.4(1)
Re-O(1)-P(1) 140.5(3) 130.1(4)
P(1)-C(11)-C(12)-P(2) –78.8(6) —
Re-O(1)-P(1)-C(11) 15.1(6) –2.5
Re-O(1)-P(1)-C(21) 134.8(5) –123.8
Re-O(1)-P(1)-C(31) –106.3(6) 115.1
O(1)-Re-P(2)-C(12) –1.2(3) 22.8
O(1)-Re-P(2)-C(41) 117.9(3) 139.2
O(1)-Re-P(2)-C(51) –116.0(3) –96.5
Re-P(2)-C(41)-Cortho 55.0(7) –9.0

Re-P(2)-C(51)-Cortho 69.5(7) –71.9

O(1)-P(1)-C(21)-Cortho –8.2(7) 63.3

O(1)-P(1)-C(31)-Cortho –23.8(8) 5.6
aReference 62 esds not calculated for all entries.

Table 5. Distances (Å) and angles (°) in ReCl4(dppe=O) and
ReCl4(dppm=O).

Fig. 5. Typical electronic spectra of the ReEX2(Y)(dppe) com-
plexes in DMSO.

Fig. 6. Ground and low-energy excited states for the Re(V) d2

systems: singlet ground state (S), first triplet excited state (T*),
first singlet excited state (S*), second singlet excited state (S**).
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Substitution of the trans halogen of ReOX3(dppe) by an
-OR group has a more drastic effect. In the
ReOX2(OR)(dppe) compounds, both components undergo
relatively large blue shifts to ~16 600 and 20 000 cm–1, re-
spectively, and the separation (~3000 cm–1) is a little smaller
than in the tris-halogen complexes (~4000 cm–1). Again,
these unequal variations can be ascribed to the noncylin-
drical symmetry of the bent alkoxo group. One of the oxy-
gen p orbitals (perpendicular to the Re-O-C plane) remains
suitably oriented for optimal π interacting with one of the
d orbitals, but partial hybridization will decrease the partici-
pation of the other p orbital (in the Re-O-C plane) in π inter-
actions.

To understand the behavior of these oxo- and arylimi-
dorhenium(V) systems and orient our research strategies,
theoretical calculations were performed with the
PCSPARTAN PRO software (67). A simplified model was
used to reduce computation time. Structure optimization on
molecules containing dppe itself were time consuming, be-
cause adjusting the orientation of the four phenyl rings re-
quired many refinement cycles and convergence was not
always reached. Since the comparisons to be made always
involve the same diphosphine, the calculations were run us-
ing bis(dimethylphosphino)ethane (dmpe), in which the sub-
stituents are “cylindrical” methyl groups. On the other hand,
since PCSPARTAN does not include rhenium parameters for
DFT calculations, technetium was used in the model. The
geometry and orbital energies were obtained by DFT calcu-
lations based on the generalized gradient approximation uti-

lizing the functionals proposed by Becke and Perdew (67).
The BP86 (self-consistent model) and DN* (double numeri-
cal polarization) options were used. The calculated energies
are listed in Table 7 and they are plotted against the experi-
mental results in Fig. 7.

For each of the two transitions, there is an approximate
linear relationship between the energies determined from the
spectra and those predicted from the calculations. This sug-
gests that the calculations reflect in a satisfactory manner the
factors affecting the energy levels in these systems. The re-
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X = Cl X = Br

[S → S*] [S → S**] [S → S*] [S → S**]

ReOX3(dppe) 12.0(13) 16.4(25) 11.3(13) 15.5(21)

ReO(OMe)X2(dppe) 17.0(11) 20.1(23) 16.8(14) 20.2(34)

ReO(OEt)X2(dppe) 16.4(12) 20.0(21) 16.4(15) 20.0(33)

ReO(OPr)X2(dppe) 16.5(10) 20.0(22) 16.6(16) 20.0(35)

ReO(OPh)X2(dppe) ~15.1(sh)a — — —

Re(NPh)X3(dppe) 11.1(118) 13.4(74) — —

Re(NC6H4Cl)X3(dppe) 11.5(115) 13.5(70) — —
aThe position of the shoulder produced by the lower-energy component was estimated; the higher energy component

was completely masked by a phenoxo strong band.

Table 6. [S → S*] and [S → S**] of the low-energy components of the electronic spectra.

[S → S*] [S → S**]

E X Y
Experimental
(cm–1 × 10–3)

Calculated
(cm–1 × 10–3)

Experimental
(cm–1 × 10–3)

Calculated
(cm–1 × 10–3)

O Cl OEt 16.4 9.42 20.0 10.21
O Cl OPh 15.1 8.41 — 8.71
O Cl Cl 12.0 6.78 16.4 8.25
O Cl OC6F5 — 5.95 — 6.63

O Br Br 11.3 6.63 15.5 7.66
O I I — 6.15 — 7.09
NPh Cl Cl 11.1 5.91 13.4 7.55
NC6H4Cl Cl Cl 11.5 5.91 13.5 6.94

NC6F5 Cl Cl — 4.74 — 6.54

Table 7. Comparison of the experimental transition energies with the DFT-calculated values (cm–1 × 10–3) for the E=ReX2Y(dppe)
compounds.

Fig. 7. Variation of the DFT-calculated energy gap as a function
of the transition energy obtained experimentally from the spectra
for each of the two transitions.
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duction of the transition energy upon substitution of the oxo
ligand by an arylimido moiety and the energy increase by re-
placing the trans halogen with an -OR group are reproduced
well by the calculations. Even the small red shift resulting
from the substitution of chlorine by bromine is consistent
with the DFT predictions. However, this approach was un-
able to explain various fine features, for instance the fact
that the difference between the two transition energies does
not vary smoothly. The calculations did not reveal any sub-
stantial effect of the orientation of the noncylindrical
arylimido or -OR groups on the transition energies and it is
not clear whether orientation is actually unimportant or
masked by model simplification or other weaknesses in our
approach. The fact that the calculations were actually carried
out on Tc complexes could introduce some distortions when
the results are applied to Re compounds, the more so that
spin-orbit coupling, which cannot be taken into account in
PCSPARTAN, could play a role. Another weakness of our
results is that significant geometrical distortions, namely
nonlinearity in the RN(O)=Re-L unit and displacement of
the Re atom above the equatorial plane, were not accurately
reproduced in the converged model and this could introduce
small distortion in the orbital energy pattern. Nevertheless,
the method is believed to reproduce the general absorption
features sufficiently well to be useful in the orientation of
future studies.

Concluding remarks

On the basis of the two low-energy UV–vis absorptions
observed for the series of ReEX2Y(dppe) compounds (with
E = O or NR, X = Cl or Br, Y = Cl, Br, OR), it was estab-
lished that the energies of the spin-allowed transitions
between the nonbonding interbond orbital (dx y2 2− ) and the
π-antibonding dxz/dyz orbitals follow the order RN=Re-X <
O=Re-X < O=Re-OR. Replacing chlorine by bromine re-
duces the energies slightly, whereas the lengthening of the
alkyl chain in the -OR group (R = Me, Et, Pr, -C2H4OH) had
no detectable effect. We expected the bulky cyclohexyl
substituent would force the Re-O-R segment to be more lin-
ear, but these expectations did not materialize (see crystal
structure) and the absorption spectrum of this compound
does not differ from those of compounds with a smaller R
group. The aromatic group in ReOX2(OPh)(dppe) seems to
reduce the first transition energy slightly, but this is difficult
to evaluate, because the weak d–d transitions are masked
here by a strong allowed transition involving the phenoxo
group.

Although the DFT calculations cannot explain all the fine
details present in the data, the general trends observed
experimentally are reproduced sufficiently well to attribute
some predictive capability to this approach. Transition ener-
gies calculated for a few promising systems are included in
Table 7. The calculations suggest that incorporating strong
electro-attracting features into either the phenylimido or the
phenoxo group should shift the transitions to lower energies.
On this basis, perfluorophenoxo complexes ReOX2-
(OC6F5)(dppe) or perfluorophenylimido compounds
Re(NC6F5)X3(dppe) could be interesting candidates. Re-
placing chlorine or bromine by iodine also seems to be a

possible strategy to reduce further transition energy. Pre-
parative work is underway to test these predictions.
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Structural elucidations of T8 and Q8

silsesquioxane cages containing two types of
pendant group using 29Si NMR spectroscopy1

Alan Richard Bassindale, David John Parker, Peter Geoffrey Taylor, and
Alison Claire Watt

Abstract: The products from the reaction of octahydrosilsesquioxane (T8-H) with different molar ratios of phenol and
undec-1-ene or methyl 3,3-dimethylpent-4-enoate (MDP) in the presence of chloroplatinic acid have been analysed by
29Si NMR spectroscopy. The distribution of the two different pendant groups leads to tetrad patterns where the relative
chemical peak intensities reflect the selectivity for particular patterns of substitution. As well as analysing the cause of
these tetrad patterns we also discuss how the regioselectivity of hydrosilylation can be determined.

Key words: T8, Q8, silsesquioxane, 29Si NMR, hydrosilylation, tetrad pattern, regioselectivity, statistical modelling.

Résumé : Faisant appel à la spectroscopie RMN du 29Si, on a analysé les produits obtenus par réaction du octahydro-
silsesquioxane (T8-H) avec divers rapports molaires de phénol et d’undéc-1-ène ou de 3,3-diméthylpent-4-énonate de
méthyle (DPM), en présence d’acide chloroplatinique. La distribution des deux groupes pendants différents conduit à
des patrons de tétrades dans lesquels les intensités relatives de pics chimiques sont un reflet de la sélectivité pour des
patrons particuliers de substitution. En plus d’analyser la cause de ces divers patrons de tétrades, on discute aussi de la
façon de déterminer la régiosélectivité de l’hydrosilylation.

Mots clés : T8, Q8, silsequioxane, RMN du 29Si, patron de tétrade, régiosélectivité, modélisation statistique.

[Traduit par la Rédaction] Bassindale et al. 1349

Introduction

We have long been interested in the chemistry of sil-
sesquioxane cages from analysing their various structures,
the means of selectively forming them, and the mechanism
of their formation and interconversion. Amongst the most
well-known and first-reported cages were the octasilsesquio-
xanes (the so-called T8 and Q8 cages) first reported by Barry
et al. (1) by the base-catalyzed hydrolysis of alkyl trichloro-
silanes. Subsequent studies by Martynova et al. (2) and
Feher and Budzichowski (3) reported reasonable yields of
T8s by the hydrolysis of allyl- or aryltrichlorosilanes in etha-
nol or acetone. The simplest T8 of all, octahydrosilsesquio-
xane (T8-H), was first reported by Muller et al. (4) and has
subsequently been widely used as a preformed cage precur-
sor to many other functionalized T8s, especially by hydro-
silylation routes (5).

While much work has focussed on centro-symmetrical T8
and Q8 silsesquioxanes, where all eight pendant arms are the
same, less work has been reported on non-centosymmetrical
analogues with two or more different types of arms. Mono-

septa-substituted cages 1 have been reported variously by
the groups of Dutchateau (6) and Feher (7) and di-hexa-
substituted cages 2 by Rebrov et al. (8) and Roesky and co-
workers (9). The main reason for the lack of published work
is the difficulty encountered in finding highly regiospecific
routes to these mixed arm compounds and in separating the
often numerous isomers formed from the typically non-
regioisomer-specific routes that have been used to form
them (Scheme 1).

The characterization of centro-symmetric T8 and Q8 cage
compounds by solution 1H, 29Si, and 13C NMR spectroscopy
is relatively straightforward due to the simplicity of spectra
caused by the equivalence of each silicon and pendant
group. However, for non-centrosymmetric cages prepared
under conditions where little or no regiocontrol is employed,
more complex spectral patterns occur and separating the data
for each isomer is a more complex task. Though from com-
pound to compound the specific NMR spectra may be quite
different, the NMR patterns produced by a single type of
atom, for example the 13C NMR of a particular carbon in a
pendant group, can be indicative of the number and type of
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structural environments present and so hint at the purity of
the sample.

The technique of quantitatively examining the tacticity of
polymers with NMR spectroscopy (normally 13C or 1H
NMR measurements) by analysing spectral patterns has long
been established as a powerful analytical tool for the poly-
mer chemist (10), and more recently 3D triple resonance
NMR techniques have been used to unambiguously assign
NMR spectral patterns to individual stereosequences (11).
Kawakami and co-workers (12) recently reported a
stereoselective cross-dehydrocoupling reaction leading to
optically active poly(methylphenyl)siloxane and used 13C
NMR chemical shift measurements and the triad peak pat-
terns of the ipso carbon of the phenyl group to demonstrate
the rich syndiotacticity of their polymer product.

In this work we consider the tetrad patterns observed in
the 29Si NMR spectra of the mixed products of the reaction
between octahydrosilsesquioxane (T8-H) and different ratio
pairs of phenol and selected alkenes in the presence of
chloroplatinic acid.

Results and discussion

To observe and analyse the mixed pendant silsesquioxanes
we chose pairs of pendant groups that would give distinctly
different NMR environments at silicon, specifically (alkyl-
R)SiO3 (T-silicon) and (aryl-O)SiO3 (Q-silicon). The 40 ppm
difference in the chemical shifts between these silicon envi-
ronments is large enough to ensure that local electronic dif-
ferences around the silicon atoms in any particular isomer
will not be enough to cause the T and Q regions to overlap.
Secondly, the large electronegativity difference between
these two arms will ensure that there will be a big disparity
between their long-range effects on the 29Si NMR chemical
shifts.

The 29Si NMR spectra of the reaction products from the
reaction of T8-H with different molar ratios of phenol and
undec-1-ene (T8-H – phenol and undec-1-ene, 1:1) are
shown in Fig. 1. Only the regions where peaks are found
(i.e., the T and Q silicon regions) are shown for clarity.

Within the T silicon region there is a good separation of
the silicon environments leading to four main peaks each of
which is incompletely resolved into a further tetrad pattern.
In the Q silicon region a similar pattern is observed although
less pronounced, as its chemical shift range is far narrower
and the signal-to-noise ratio is lower than for the T silicon

signals. The relative broadness and simple tetrad pattern we
observe in the Q region also suggests that each of the peaks
actually comprises an unresolved envelope of peaks and we
propose that the same splitting pattern is occurring but that it
is not fully visible due to resolution constraints. These prac-
tical limitations also mean that making meaningful conclu-
sions on the changing isomer distribution from reactant ratio
to reactant ratio is not possible using the Q silicon spectral
data.

The 29Si NMR spectra of the reaction products from the
reaction of T8-H with different molar ratios of phenol and
methyl 3,3-dimethylpent-4-enoate (MDP) (T8-H – phenol
and MDP, 1:1) are shown in Fig. 2. Only the regions where
peaks are found (i.e., the T and Q silicon regions) are shown
for clarity. While we have not studied the ratios of α and β
addition from the reactions of each alkene (Fig. 3) based on
the reports of various groups (5), we would expect that α ad-
dition is the mechanism that predominates in each case.

Initial inspection of the T silicon region of the spectrum in
Fig. 2 compared to that in Fig. 1 reveals excellent correla-
tion between the two reaction systems and shows that the
pattern we observe is not specific to a single reaction. The
comments regarding the peak intensity patterns in the undec-
1-ene system are equally applicable to these spectra. Simi-
larly the Q-silicon peak pattern is less well resolved than
that of the T silicons.

To explain these tetrad patterns we need to focus on one
silicon (attached to the group W in Fig. 4) and examine the
possible substitution patterns in its neighbours and next-
nearest neighbours

In Fig. 4, all silicons attached to an X group (SiX) have
the same spatial relationship with the silicon SiW. Similarly
all silicons attached to a Y group (SiY) also have the same
spatial relationship with SiW. The dependency of the chemi-
cal shift of SiW on the electronegativity of the pendant
groups SiX, SiY, and SiZ depends primarily on the through-
bond distance between them. Assuming there are two types
of pendant groups A and B, there are four possible combina-
tions of nearest neighbours (SiX) that can surround SiW, i.e.,
(1) AAA, (2) AAB, (3) ABB, (4) BBB.

For combinations 2 and 3, there are three subarrange-
ments that cannot be distinguished by our one-dimensional
NMR experiments but each of which is as probable as the
next, meaning that combinations 2 or 3 are statistically 3
times more likely than 1 or 4. This will lead to an initial
splitting of the SiW chemical shift into four peaks with a
1:3:3:1 ratio. In addition to this, for each combination of
nearest neighbour pendant groups there are a similar set of
four possible combinations of groups for the next-nearest
neighbours. As for the nearest neighbours, there are three
NMR-indistinguishable variants to combinations AAB and
ABB in the next-nearest neighbours leading to a further
splitting of the previous SiW chemical shifts in the ratio
1:3:3:1. In silicon environment SiZ there are two possible
variations.

Assuming that A is a more electron-withdrawing pendant
group than B, this leads to the overall set of group combina-
tions shown in Table 1 in order of decreasing chemical shift
(top to bottom in each column). Each of these combinations
gives rise to a unique silicon environment.

© 2003 NRC Canada
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In practice, the group attached to SiZ has such a small and
often immeasurable affect on SiW that it cannot be easily re-
solved by 29Si NMR spectroscopy so that all pairs of combi-
nations “x (xxx) (xxx) A” and “x (xxx) (xxx) B” (where
each x is a constant “A” or “B” in both) listed in Table 1 are
typically seen to appear as a single unresolved peak. If the
sites on the T8 cage are statistically occupied based on a 4:4
reaction mixture of A and B with no selectivity for one over
the other, this leads to the pair of tetrad patterns shown in
Fig. 5.

To show that the sequence of chemical shifts for the struc-
tures we have proposed is reasonable, we have examined the
29Si NMR spectra of a number of fully characterized mixed
cages made within our group. In the following phenoxy- and
cyclohexyl-substituted T7Q1 and T6Q2 cages (Fig. 6),
phenoxy is the more electron-withdrawing group and so is
equivalent to the generic A group in our previous discussion.

The cyclohexyl B groups occupy the remaining positions not
occupied by phenoxy groups. The chemical shifts and corre-
sponding A–B combination sequences of each highlighted
silicon are also given.

Moving from left to right, as a second A group is intro-
duced into the cage and then sequentially positioned closer,
so the chemical shift of the symmetrically equivalent
silicons to which they are attached increases in agreement
with theory. It is also worth noting that the biggest single ef-
fect on the 29Si NMR chemical shift is when the A groups
are switched from a meta to an ortho relationship confirming
that the influence of the pendant groups is proportional to
the distance they are apart.

We have also made a number of other ortho-T6Q2 cage
compounds of the type shown in Fig. 7 where Si1 and Si2
represent different, equivalent silicon positions in the cage
and each of which has a corresponding A–B pendant group

© 2003 NRC Canada
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Fig. 3. The possible pendant group products of the hydrosiliylation reaction of phenol or an alkene with the Si-H group of a T8-H
cage.

Fig. 4. Equivalent positions around a T8 silsesquioxane cage in relation to the Si—W bond axis.
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neighbour and next-nearest neighbour combination. Their
29Si NMR chemical shift data are displayed in Table 2. In
each example, the Si1 sites are closer to the electron-

withdrawing A groups than the Si2 sites, and hence, have the
more downfield chemical shift.

Whilst the characteristic tetrad pattern is clearly observed
in Figs. 1 and 2, the intensity ratios do not match that ex-
pected for a statistical distribution, suggesting the presence
of regioselectivity that favours particular substitution pat-
terns. These octa-substituted T–Q8 cages are prepared by
adding the pendant arms in a sequential manner. It is likely
that one arm, for example A, may react faster than the other,
B, and that once attached it may lead to the next arm (again
more likely to be A) going into a specific position. This will
lead to particular patterns of arm substitution with A or B
being the preferred neighbour and (or) next-nearest neigh-
bour.

To model the outcome of regioselectivity on the 29Si
NMR chemical shift peak pattern, we have designed a math-
ematical model to allow for nonstatistical distribution in the
neighbours and next-nearest neighbours and calculate the
relative peak intensities in the spectra for any given A–B re-
actant ratio. By introducing a large selectivity for B groups
as neighbours to an A group and A groups as neighbours to
a B group (so the A-B arrangement is arbitrarily about 9
times more likely than the A-A arrangement), the tetrad pat-
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Fig. 5. The 29Si NMR chemical shift tetrad pair pattern predicted
for the reaction of 1 equiv. of T8-H with a 1 equiv. of a 4:4
mixture of pendant groups A and B on the basis of there being
no regioselectivity.

For SiW-A: For SiW-B:

A (AAA) (AAA) A B (AAA) (AAA) A
A (AAA) (AAA) B B (AAA) (AAA) B
A (AAA) (AAB or ABA or BAA) A B (AAA) (AAB or ABA or BAA) A
A (AAA) (AAB or ABA or BAA) B B (AAA) (AAB or ABA or BAA) B
A (AAA) (ABB or BAB or BBA) A B (AAA) (ABB or BAB or BBA) A
A (AAA) (ABB or BAB or BBA) B B (AAA) (ABB or BAB or BBA) B
A (AAA) (BBB) A B (AAA) (BBB) A
A (AAA) (BBB) B B (AAA) (BBB) B
A (AAB or ABA or BAA) (AAA) A B (AAB or ABA or BAA) (AAA) A
A (AAB or ABA or BAA) (AAA) B B (AAB or ABA or BAA) (AAA) B
A (AAB or ABA or BAA) (AAB or ABA or BAA) A B (AAB or ABA or BAA) (AAB or ABA or BAA) A
A (AAB or ABA or BAA) (AAB or ABA or BAA) B B (AAB or ABA or BAA) (AAB or ABA or BAA) B
A (AAB or ABA or BAA) (ABB or BAB or BBA) A B (AAB or ABA or BAA) (ABB or BAB or BBA) A
A (AAB or ABA or BAA) (ABB or BAB or BBA) B B (AAB or ABA or BAA) (ABB or BAB or BBA) B
A (AAB or ABA or BAA) (BBB) A B (AAB or ABA or BAA) (BBB) A
A (AAB or ABA or BAA) (BBB) B B (AAB or ABA or BAA) (BBB) B
A (ABB or BBA or BAB) (AAA) A B (ABB or BAB or BBA) (AAA) A
A (ABB or BBA or BAB) (AAA) B B (ABB or BAB or BBA) (AAA) B
A (ABB or BBA or BAB) (AAB or ABA or BAA) A B (ABB or BAB or BBA) (AAB or ABA or BAA) A
A (ABB or BBA or BAB) (AAB or ABA or BAA) B B (ABB or BAB or BBA) (AAB or ABA or BAA) B
A (ABB or BBA or BAB) (ABB or BAB or BBA) A B (ABB or BAB or BBA) (ABB or BAB or BBA) A
A (ABB or BBA or BAB) (ABB or BAB or BBA) B B (ABB or BAB or BBA) (ABB or BAB or BBA) B
A (ABB or BBA or BAB) (BBB) A B (ABB or BAB or BBA) (BBB) A
A (ABB or BBA or BAB) (BBB) B B (ABB or BAB or BBA) (BBB) B
A (BBB) (AAA) A B (BBB) (AAA) A
A (BBB) (AAA) B B (BBB) (AAA) B
A (BBB) (AAB or ABA or BAA) A B (BBB) (AAB or ABA or BAA) A
A (BBB) (AAB or ABA or BAA) B B (BBB) (AAB or ABA or BAA) B
A (BBB) (ABB or BAB or BBA) A B (BBB) (ABB or BAB or BBA) A
A (BBB) (ABB or BAB or BBA) B B (BBB) (ABB or BAB or BBA) B
A (BBB) (BBB) A B (BBB) (BBB) A
A (BBB) (BBB) B B (BBB) (BBB) B

Table 1. A summary of all the possible configurations for mixed T–Q8 cages containing different numbers of pen-
dant groups A and (or) B in the order SiW (SiX) (SiY) SiZ. The 29Si NMR chemical shifts for these classes of com-
pound decrease progressively down each column of the table.
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tern for a 4:4 mixture of A and B as reagents (Fig. 8) fa-
vours those regiomers where this preference is exercised and
in particular the combinations A (BBB) (AAA) B and B
(AAA) (BBB) A which give rise to the equal highest peaks
in the distribution. A number of combinations are particu-
larly unfavoured and their small peaks are not visible on this
relative intensity scale.

By making an adjustment to the selectivity factor in our
spectrum modelling equation to slightly favour A and B
groups residing adjacent to each other (so the A-B arrange-
ment is about 1.5 times more likely than the A-A arrange-
ment), we obtain a peak distribution for SiW-B silicons
similar to that for the T silicon region in Fig. 1 or 2 at the
reagent ratio 4:4. This would be in agreement with one re-
agent reacting faster than the other avoiding the ortho ar-

rangement and these positions are then filled by the remain-
ing reagent. Using the same selectivity factors, T-silicon
peak intensity patterns for the other reagent mixtures can be
obtained. In each case there is a strong resemblance between
the predicted (Fig. 9) and obtained (Fig. 1 or 2) peak pat-
terns.

Qualitatively, we have demonstrated a relationship among
pendant group selectivity ratios and chemical shift peak in-
tensity patterns in the 29Si NMR spectra. We are currently
undertaking quantitative studies on this reaction system with
the aim of using these reproducible patterns to obtain selec-
tivity information directly from spectral data.

Experimental

Reactions to prepare the mixed-cage T8 compounds for
NMR analysis were performed using the well-reported
hydrosilylation route (5). Though thorough methods were
used to eradicate moisture from our reactions such as by
predrying our solvents, the presence of small traces of mois-
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Fig. 6. A comparison of the Q-silicon 29Si NMR chemical shifts in various T7–Q1 and T6–Q2 silsesquioxane cage compounds.

Fig. 7. Equivalent silicon positions around an ortho-T6–Q2

silsesquioxane cage.

Pendant group 29Si NMR chemical shift (ppm)

A B Si1 Si2

Ph Cy –68.10 –68.51
Ph Cp –65.98 –66.33
OSiMe3 Cy –68.05 –68.62

OSiMe2CH=CH2 Cy –68.03 –68.62

OSiMe2CH2CH2Si(OEt)3 Cp –65.91 –66.40

Table 2. A summary of 29Si NMR chemical shift data (ppm) for
various ortho-T6–Q2 di-substituted silsesquioxane cage com-
pounds.

Fig. 8. The 29Si NMR chemical shift tetrad pair pattern predicted
for the reaction of 1 equiv. of T8-H with a 1 equiv. of a 4:4
mixture of pendant groups A and B on the selectivity basis of an
adjacent A-B arrangement being about 9 times more likely than
an adjacent A-A arrangement.
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ture in the reaction pot cannot be ruled out. Careful control
over the quantities and ratios of T8-H, alkene, and phenol
were used to minimize their residual appearance at the end
of reactions.

In a typical reaction, T8-H (0.400 g, 0.94 mmol), a
phenol–alkene mixture (0.94 mmol), and 10 µL of a
0.02 mol/L solution of chloroplatinic acid in isopropyl alco-
hol were dissolved in dried toluene (5 cm3) in a small vial.
The phenol–alkene mixture matched the particular molar ra-
tio required in each reaction (i.e., 2:6, 3:5, 4:4, or 5:3).

The mixture was stirred and heated to 60 °C while being
monitored by IR spectroscopy. The reaction was stopped
upon the disappearance of the Si-H peak at 2156 cm–1 and
the solvent removed by rotary evaporation to yield the prod-
uct mixture as a white solid (ca. 0.5 g). 29Si NMR chemical
shift measurements on a deuteriochloroform solution of this
material was performed using a Jeol EX400 NMR spectrom-
eter set to a pulse delay of 20 s. No further characterization
or purification of the compound mixture was carried out.

Conclusions

We have demonstrated that 29Si NMR spectroscopy can be
used to analyse the mixed products of T–Q8 cage prepara-
tions with two different types of pendant group. Without
having to perform a difficult separation, the nature of the
mixed-cage isomers can be judged from the relatively simple

and reproducible tetrad peak pattern. We have been able to
observe different product mixtures by using different pro-
portions of pendant groups and relate the changes in their
molar ratio directly to the changes in the tetrad patterns.

In particular, we found that it was important to use pairs
of pendant groups that gave rise to distinct silicon environ-
ments well-separated on the NMR chemical shift scale to en-
sure the peak pattern was well-resolved. In the case of the T
silicons in our mixed, substituted Q–T8 compounds, good
separation and distinctive tetrad patterns were observed in
both reaction systems studied. However, for the Q silicons,
although elements of a tetrad pattern were observed, the
chemical shift range was far narrower, meaning that much of
the fine structure was unresolved in broadened peaks.

Since the analysis we are undertaking relates to the
silicons in the cage, so long as the pairs of pendant groups
chosen are suitably different in their effect on the silicon
NMR environment then the nature of the pendant groups
themselves is not important for the success of the analysis.
By modelling the peak intensity ratios, we have demon-
strated how selectivity may affect the 29Si NMR spectrum
and observed patterns within our acquired data that suggest
some mild selectivity is being exercised in the reaction sys-
tems we have studied.

While we have demonstrated the application of this type
of 29Si NMR technique to silsesquioxane cage structures it is
clear that the same methodology could have wider use in
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Fig. 9. The T-silicon 29Si NMR chemical shift tetrad patterns predicted for the reaction of 1 equiv. of T8-H with 1 equiv. of various ra-
tios of pendant groups A and B on the selectivity basis of an adjacent A-B arrangement being about 1.5 times more likely than an ad-
jacent A-A arrangement.
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other mixed compound systems such as in the analysis of
mixed T–Q resins.
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Synthesis, structure, and reactivity of
hydridobis(silylene)ruthenium(IV)–xantsil
complexes (xantsil = (9,9-dimethylxanthene-4,5-
diyl)bis(dimethylsilyl)) — A stabilized form of key
intermediates in the catalytic oligomerization–
deoligomerization of hydrosilanes1

Masaaki Okazaki, Jim Josephus Gabrillo Minglana, Nobukazu Yamahira,
Hiromi Tobita, and Hiroshi Ogino

Abstract: Ru{κ2(Si,Si)-xantsil}(CO)(η6-C6H5CH3) (1) was found to be a catalyst for oligomerization–deoligomerization
of HSiMe2SiMe3 to give H(SiMe2)nMe (n = 1–8 at 90 °C for 2 days). Treatment of 1 with HSiMe2SiMe2OR (R = Me,
t-Bu) led to quantitative formation of Ru{κ3(O,Si,Si)-xantsil}(CO)(H){(SiMe2•••O(R)•••SiMe2)} (R = Me (2a), t-Bu
(2b)), which also worked as a catalyst for oligomerization–deoligomerization of HSiMe2SiMe3. Based on these experi-
mental results, a mechanism involving silyl(silylene) intermediates was proposed for the oligomerization–
deoligomerization of HSiMe2SiMe3. Complex 2a reacted with MeOH in toluene-d8 to give Ru{κ2(Si,Si)-
xantsil}(CO)(η6-toluene-d8) and Me2Si(OMe)2 with evolution of H2. Under a CO atmosphere, 2a was smoothly con-
verted to its CO adduct Ru{κ2(Si,Si)-xantsil}(CO)2(H){(SiMe2•••O(Me)•••SiMe2)} (3).

Key words: silylene complex, ruthenium, polysilane, dehydrogenative coupling, oligomerization.

Résumé : On a observé que le Ru{κ2(Si,Si)-xantsil}(CO)(η6-C6H5CH3) (1) est un catalyseur pour l’oligomérisation–
désoligomérisation du HSiMe2SiMe3 conduisant à la formation de H(SiMe2)nMe (n = 1–8, à 90 °C pour deux jours).
Le traitement du composé 1 avec du HSiMe2SiMe2OR (R = Me, t-Bu) conduit à la formation quantitative du
Ru{κ3(O,Si,Si)-xantsil}(CO)(H){(SiMe2•••O(R)•••SiMe2)} (R = Me (2a), t-Bu (2b)) qui peut aussi être utilisé comme
catalyseur pour l’oligomérisation–désoligomérisation du HSiMe2SiMe3. Sur la base de ces résultats expérimentaux, on
propose un mécanisme impliquant des intermédiaires silyl(silylènes) pour l’oligomérisation–désoligomérisation du
HSiMe2SiMe3. Le complexe 2a réagit avec le MeOH dans le toluène-d8 pour donner du Ru{κ2(Si,Si)-xantsil}(CO)(η6-
toluène-d8) et du Me2Si(OMe)2 avec évolution de H2. Sous atmosphère de CO, le composé 2a est facilement trans-
formé en un adduit avec du CO, Ru{κ2(Si,Si)-xantsil}(CO)2(H){(SiMe2•••O(R)•••SiMe2)} (3).

Mots clés : complexe de silylène, ruthénium, polysilane, couplage déshydrogénant, oligomérisation.

[Traduit par la Rédaction] Okazaki et al. 1358

Introduction

The chemistry of transition-metal silyl complexes is a
continuously growing field and an area of active research
over the past few decades (1). They have been found as key
intermediates in the metal-mediated catalytic transformation
reactions of organosilicon compounds (1, 2). However, stud-
ies on silyl complexes have mostly focused on the reactivity

of the metal–silicon bonds which participate in the catalytic
pathways (3) and only little attention has been paid to the
possibility of silyl groups as ancillary ligands. Taking ac-
count of its strongly electron-releasing ability and exception-
ally high trans influence (4), the silyl groups could work as
an excellent ancillary ligand that generates an electron-rich
and coordinatively unsaturated metal center (5, 6). Usual
metal–silicon bonds are, however, highly reactive, and the
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rich chemistry of transition-metal silyl complexes is derived
from this reactivity (1). In most cases, the silyl ligands are
lost from the metals as a result of reductive elimination, mi-
gratory insertion, nucleophilic substitution, and so on. To
avoid this drawback of silyl ligands, we designed a new type
of bis(silyl) bidentate ligand “xantsil” (7). Thermolysis of
Ru3(CO)12 and 4,5-bis(dimethylsilyl)-9,9-dimethylxanthene
(xantsil-H2) at 120 °C afforded Ru{κ2(Si,Si)-xantsil}(CO)4
in which three carbonyl ligands can be further replaced with
a η6-toluene ligand on reflux in toluene to give Ru{κ2(Si,Si)-
xantsil}(CO)(η6-C6H5CH3) (1) (Scheme 1). Complex 1 un-
dergoes an extremely facile exchange of the toluene ligand
for a free arene, indicating that 1 can formally become a
source of either 12- or 14-electron, coordinatively unsatu-
rated species (I or II), depending on the coordination mode
of the xantsil ligand (Scheme 2). We report here the
catalytic performance of 1 toward oligomerization–
deoligomerization of HSiMe2SiMe3 to give H(SiMe2)nMe
(n = 1–8). We also describe the isolation and reactivity of
the stabilized form of a silyl(silylene) complex, which can
be considered as a key intermediate in the catalytic reaction.
A part of this work has been communicated previously (7b).

Experimental section

General methods
Infrared spectra were obtained on a Horiba FT-730 spec-

trometer. NMR spectra were recorded on Bruker ARX-300
and AVANCE-300 instruments. Mass spectra were obtained
on JEOL-HX110 and Hitachi M-2500S instruments operat-
ing in the EI mode. All reactions were performed under a
dry nitrogen atmosphere using deoxygenated solvents dried
with appropriate reagents. The organosilicon compounds p-
Tol2SiH2 (8), HSiMe2SiMe3 (9), and HSiMe2SiMe2OR (R =
Me (10), t-Bu (11)) were synthesized according to published
procedures. The complex 1 was synthesized by a procedure
we previously reported (7a).

Reaction of 1 with p-Tol2SiH2
A Pyrex NMR tube (5 mm o.d.) was charged with 1

(5.0 mg, 0.00916 mmol) and was then attached to a vacuum
line. p-Tol2SiH2 (19.5 mg, 0.00916 mmol) and chloroform-d
(0.4 mL) were trap-to-trap transferred into it. The NMR tube

was flame-sealed and the reaction was monitored by 1H
NMR spectroscopy. The sample was heated at 60 °C for 3 h
and a red solution was obtained. The 1H NMR spectral data
showed that 1 was completely consumed and free toluene
and xantsil-H2 were formed as the major products. Unidenti-
fied signals can also be observed but their signals are of low
intensities.

Oligomerization–deoligomerization of HSiMe2SiMe3 in
the presence of 1

(a) NMR scale monitoring of the reaction
A Pyrex NMR tube (5 mm o.d.) was charged with 1

(13.4 mg, 0.0246 mmol) and was then attached to a vacuum
line. HSiMe2SiMe3 (65.0 mg, 0.492 mmol) and dichloro-
methane-d2 (800 µL) were trap-to-trap transferred into it.
The NMR tube was flame-sealed and the reaction was moni-
tored by 1H NMR spectroscopy. At room temperature, the
solution turned yellow in color and several signals corre-
sponding to oligomerization–deoligomerization products
H(SiMe2)nMe appeared. No further changes were observed
after 40 h at room temperature.

(b) GC and GC–MS monitoring of the reaction with a
catalytic amount of 1

HSiMe2SiMe3 (65.0 mg, 0.49 mmol), n-decane (10.0 µL
as an internal standard), and 1 (270 µg, 0.1 mol%) were
placed in a 5 mL flask and the solution was stirred at room
temperature for 2 days. The reaction was monitored by gas
chromatography. Formation of H(SiMe2)nMe in the molar
ratio of 81 (n = 1) : 56 (n = 2) : 11 (n = 3) : 3 (n = 4) : 1
(n = 5) was observed based on the peak areas of the gas
chromatogram. The products were confirmed by GC–MS.

© 2003 NRC Canada
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Scheme 1.

Scheme 2.
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When the same reaction was performed at 90 °C for 2 days,
formation of products with n of up to 8 were observed in the
molar ratio of 346 (n = 1) : 96 (n = 2) : 83 (n = 3) : 64 (n = 4) :
35 (n = 5) : 13 (n = 6) : 4 (n = 7) : 1 (n = 8). These silicon-
containing products were not isolated.

Synthesis of Ru{κ3(O,Si,Si)-
xantsil}(CO)(H){(SiMe2•••O(Me)•••SiMe2)} (2a)

HSiMe2SiMe2OMe (81.0 mg, 0.546 mmol) was added to
a solution of 1 (150 mg, 0.275 mmol) in CH2Cl2 (2.0 mL).
After 90 min of stirring at room temperature, volatiles were
removed under reduced pressure to give a pale yellow solid.
Washing the solid with hexane three times afforded a color-
less solid that was characterized as Ru{κ3(O,Si,Si)-
xantsil}(CO)(H){(SiMe2•••O(Me)•••SiMe2)} (2a). Yield:
160 mg, 98%. MS (EI, 70 eV) m/z: 602 (M+, 72), 512 (M+ –
HMe2SiOMe, 79), 480 (100). Anal. calcd. for
C25H40RuO3Si4: C 49.88, H 6.70; found: C 49.79, H 6.67.

Synthesis of Ru{κ3(O,Si,Si)-
xantsil}(CO)(H){(SiMe2•••O(t-Bu)•••SiMe2)} (2b)

HSiMe2SiMe2O-t-Bu (35.0 mg, 0.184 mmol) was added
to a solution of 1 (50.0 mg, 0.0916 mmol) in CH2Cl2
(1.0 mL). After 90 min of stirring at room temperature, the
reaction mixture was treated similarly as described for the
synthesis of 2a to afford 2b as a colorless solid. Yield:
50.0 mg, 84%. MS (EI, 70 eV) m/z: 587 (M+ – t-Bu, 26),
513 (M+ – t-Bu-SiMe2O, 41), 325 (100). Anal. calcd. for
C28H46RuO3Si4: C 52.21, H 7.20; found: C 51.71, H 7.16.

Oligomerization–deoligomerization of HSiMe2SiMe3 in
the presence of 2a

A Pyrex tube (7 mm o.d.) was charged with 2a (10 mg,
0.017 mmol), HSiMe2SiMe3 (44 mg, 0.33 mmol), and dec-
ane (10 µL) and was connected to the vacuum line. The tube
was flame-sealed under vacuum and placed in the oil bath at
90 °C. After heating for 2 days, the tube was unsealed in the
glovebox. Formation of H(SiMe2)nMe with the molar ratio
of 12 (n = 1) : 6 (n = 2) : 5 (n = 3) : 5 (n = 4) : 4 (n = 5) : 2
(n = 6) : 3 (n = 7) : 1 (n = 8) was observed based on the
peak areas of the gas chromatogram. These organosilicon
compounds were not isolated.

Reaction of 2a with MeOH in toluene-d8
A Pyrex NMR tube (5 mm o.d.) was charged with 2a

(5.0 mg, 0.0083 mmol) and was then attached to a vacuum
line. Toluene-d8 (0.4 mL) and MeOH (6.7 mL, 0.17 mmol)
were trap-to-trap transferred into it. The NMR tube was
flame-sealed and the reaction was monitored by 1H and 29Si
NMR spectroscopy. Within 1 h at room temperature, the sig-
nals of 2a were cleanly replaced by those of Ru{κ2(Si,Si)-
xantsil}(CO)(η6-toluene-d8) (1-d8) and Me2Si(OMe)2. NMR
spectroscopic data of 1 were used to identify 1-d8 while an
authentic sample matched the NMR and GC data for
Me2Si(OMe)2. A singlet signal corresponding to H2 was ob-

served at δ 4.51. In this experiment, the products were not
isolated.

Reaction of 2a with CO
A Schlenk tube was charged with 2a (75 mg, 0.13 mmol)

and toluene (12 mL). The solution was degassed by freeze–
pump–thaw cycles and filled with CO introduced from a bal-
loon. The procedure was repeated five times. After stirring
the solution at room temperature for 16 h, volatiles were re-
moved in vacuo. The yellow residue was washed with hex-
ane to afford Ru{κ2(Si,Si)-xantsil}(CO)2{(SiMe2•••O(Me)•••
SiMe2)} (3) as a white solid. Yield: 67 mg, 85%. IR (KBr
pellet, cm–1): 1954 (ν (COasym)). MS (FAB) m/z: 630 (M+,
17), 602 (M+ – CO, 24), 512 (M+ – CO – SiMe2OMe, 64).
1H NMR (300 MHz, C6D6) δ: –3.81 (s, 1H, RuH), 0.40 (s,
12H, SiMe), 1.05 (s, 12H, SiMe), 1.51 (s, 6H, CMe2), 2.33
(s, 3H, OMe), 7.16 (t, 3J = 7.4 Hz, 2H, Ar), 7.29 (dd, 3J =
7.4 Hz, 4J = 1.6 Hz, 2H, Ar), 7.56 (dd, 3J = 7.4 Hz, 4J =
1.6 Hz, 2H, Ar). 13C NMR (75.5 MHz, C6D6) δ: 6.3, 9.8
(SiMe), 27.3 (CMe2), 36.3 (CMe2), 51.4 (OMe), 123.4,
124.9, 131.0, 133.2, 134.6, 160.1 (Ar), 202.2 (CO). 29Si
NMR (C6D6) δ: –8.7 (xantsil), 97.3 (silylene). Anal. calcd.
for C26H40RuO4Si4: C 49.57, H 6.40; found: C 49.04, H
5.98.

X-ray crystal structure determination of 2b and 3
Intensity data for X-ray crystal structure analysis were

collected at 150 K on a Rigaku RAXIS-RAPID Imaging
Plate diffractometer with graphite-monochromated Mo Kα
radiation. A total of 44 images, corresponding to 220.0° os-
cillation angles, were collected with two different
goniometer settings. Exposure time was 0.30 min for 2b and
2.00 min for 3 per degree. Readout was performed in the
0.100 mm pixel mode. Numerical absorption corrections
were applied on each crystal shape. The structures were
solved by Patterson methods (PATTY) and refined by the
least-squares technique. All non-hydrogen atoms were lo-
cated and refined anisotropically. An atomic coordinate of a
hydrogen atom connected to Ru in 3 was determined by the
difference Fourier synthesis and refined isotropically. Other
hydrogen atoms were placed at their geometrically calcu-
lated positions. Data reduction and refinement were per-
formed using teXsan software packages. Crystallographic
data of 2b and 3 are listed in Table 1.6

Results and discussion

Reaction of 1 with dihydrosilane
It has been reported that transition-metal complexes medi-

ate the dehydrogenative coupling of polyhydrosilanes and
(or) redistribution of substituents on silicon atoms (2). The
activity of Ru{κ2(Si,Si)-xantsil}(CO)(η6-toluene) (1) toward
this reaction was first investigated. When a solution of 1 and
excess p-Tol2SiH2 in CDCl3 was heated at 60 °C for 3 h, a
red solution containing xantsil-H2 and toluene as the major
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6 Supplementary data may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
210554 (2b) and 210555 (3) contain the crystallographic data for this manuscript. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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products was obtained (eq. [1]). The 1H NMR spectrum
showed the signals for xantsil-H2, toluene, and other less-
intense signals of the unidentified by-products, which did
not provide any sign of dehydrogenative coupling or redis-
tribution reaction of the dihydrosilane.

[1]

Reaction of 1 with hydrodisilane
A CD2Cl2 solution of HSiMe2SiMe3 was treated with a

catalytic amount of 1 (5.0 mol%) and the reaction was moni-
tored by 1H NMR spectroscopy. Oligomerization and
deoligomerization occurred to give H(SiMe2)nMe (n = 1–5).
Identification of the oligosilanes was carried out by compari-
son of spectroscopic data with authentic samples (9, 12).7

The reaction was performed using 0.1 mol% of 1 and was
monitored by GC and GC–MS spectroscopy. The
oligomerization–deoligomerization reactions proceeded at

room temperature, and after 2 days, H(SiMe2)nMe (n = 1–5)
was formed in the molar ratio of 81 (n = 1) : 56 (n = 2) : 11
(n = 3) : 3 (n = 4) : 1 (n = 5) (eq. [2]). A similar reaction
performed at 90 °C provided H(SiMe2)nMe (n = 1–8) in the
molar ratio of 346 (n = 1) : 96 (n = 2) : 83 (n = 3) : 64 (n =
4) : 35 (n = 5) : 13 (n = 6) : 4 (n = 7) : 1 (n = 8). The prod-
ucts were also confirmed by 1H NMR spectral data.

[2]

A plausible mechanism for the ruthenium-mediated
oligomerization–deoligomerization of HSiMe2(SiMe2)nMe is
given in Scheme 3. The catalytic reaction proceeds via re-
peated oxidative addition of Si-H, 1,2-silyl migration, and
reductive elimination processes. Initial oxidative addition of
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Compound 2b 3

Formula C28H46O3RuSi4 C26H40O4RuSi4

Formula weight 644.08 630.01
Crystal system Monoclinic Monoclinic
Space group P21 (No. 4) P21/n (No. 14)

a (Å) 18.216(3) 10.1538(5)
b (Å) 9.634(1) 17.1435(8)
c (Å) 19.327(2) 18.0994(8)
β (°) 109.647(6) 93.999(3)
V (Å3) 3194.2(7) 3142.9(2)
Z 4 4
Dcalcd. (g cm–3) 1.339 1.331

Dobserved (g cm–3) Not measured Not measured

µ (Mo Kα) (cm–1) 6.67 6.79
Crystal size (mm) 0.10 × 0.10 × 0.10 0.20 × 0.20 × 0.10
Radiation Mo Kα (λ = 0.71069 Å) Mo Kα (λ = 0.71069 Å)
Monochromator Graphite Graphite
T (°C) –123 –123
2θ Range (°) 2.2–55.0 3.3–55.0
No. of reflections measured 23 418 25 522
No. of unique data 7668 (Rint = 0.066) 7157 (Rint = 0.052)

No. of parameters refined 650 320
Ra 0.114 0.061
Rw

b 0.216 0.117
R1c 0.075 0.034
No. of reflections to calc R1 6219 6061
Goodness-of-fit indicatord 1.40 1.01
Largest shift (esd, final cycle) 0.091 0.003
Max / min resid electron dens (eÅ–3) 0.93 / –1.01 0.47 / –0.55

aR = Σ (Fo
2 – Fc

2) / Σ Fo
2

bRw = [Σ w(Fo
2 – Fc

2)2 / Σ w(Fo
2)2]1/2, w = [σc

2(Fo
2) + (p(Max(Fo

2, 0) + 2Fc
2)/3)2]–1, where p = 0.1130 (2b) and 0.0920 (3).

cR1 = Σ ||Fo| – |Fc|| / Σ |Fo| for I > 2.0σ(I).
d[Σ w(|Fo| – |Fc|)

2 / (Nobservns – Nvariables)]
1/2.

Table 1. Crystallographic data of 2b and 3.

7 1H NMR data for H(SiMe2)nMe (300 MHz, CDCl3) δ n = 3: 0.06 (s, 9H, SiMe3), 0.09 (s, 6H, SiMe2), 0.12 (d, J = 4.5 Hz, 6H, SiMe2H),
3.69 (septet, J = 4.5 Hz, 1H, SiH); n = 4: 0.07 (s, 9H, SiMe3), 0.09 (s, 6H, SiMe2), 0.12 (s, 6H, SiMe2), 0.13 (d, J = 4.5 Hz, 3H, SiMe2H),
3.72 (septet, J = 4.5 Hz, 1H, HSi); n = 5 (C6D6): 0.15 (s, 9H, SiMe3), 0.20 (d, J = 4.5 Hz, 6H, SiMe2H), 0.22 (s, 6H, SiMe2), 0.23 (s, 6H,
SiMe2), 0.26 (s, 6H, SiMe2), 4.11 (septet, J = 4.5 Hz, 1H, SiH); n = 6 (C6D6): 0.16 (s, 9H, SiMe3), 0.20 (d, J = 4.5 Hz, 6H, SiMe2H), 0.23
(s, 6H, SiMe2), 0.25 (s, 6H, SiMe2), 0.30 (s, 6H × 2, SiMe2), 4.11 (septet, J= 4.5 Hz, 1H, SiH).
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HSiMe2(SiMe2)nMe to a coordinatively unsaturated
[Ru(xantsil)(CO)] species gives a hydrido(silyl)ruthenium(IV)
intermediate A, which undergoes 1,2-silyl migration to form
a hydrido(silyl)(silylene) intermediate B. Reductive elimina-
tion of Si-H gives H(SiMe2)nMe and a coordinatively unsat-

urated silylene complex C, which in turn undergoes oxidative
addition of H(SiMe2)mMe to generate hydrido(silyl)(silylene)
intermediate D. 1,2-Migration of the silyl ligand followed by
Si-H reductive elimination regenerates the coordinatively
unsaturated [Ru(xantsil)(CO)] species together with
H(SiMe2)m+1Me. The 1,2-migration steps of the silyl groups
are responsible not only for the cleavage of silicon–silicon
bonds which leads to deoligomerization, but also for the for-
mation of silicon–silicon bonds, which leads to oligomeri-
zation.

Transition-metal-mediated redistribution of hydropoly-
silanes have been reported for titanium (13), zirconium (13),
and platinum (14). Complex 1 is the first ruthenium catalyst
that is effective in the redistribution of hydropolysilanes.

Reaction of 1 with HSiMe2SiMe2OMe
The mechanism in Scheme 3 involves the silyl(silylene)

complexes as key intermediates. This kind of complex hav-
ing a metal–silicon double bond is highly reactive and diffi-
cult to isolate but can be internally stabilized by an alkoxy
group (15). Thus, treatment of 1 with HSiMe2SiMe2OR (R =
Me, t-Bu) in CH2Cl2 resulted in the clean formation of
Ru{κ3(O,Si,Si)-xantsil}(CO)(H){SiMe2•••O(R)•••SiMe2} (2a (R =
Me), 2b (R = t-Bu)), which were isolated in 98% and 84%
yields, respectively (eq. [3]). Spectroscopic data of 2a and
2b are summarized in Table 2. Spectroscopic features of 2a
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2a 2b
1H NMR (300 MHz, C6D6) δ 1H NMR (300 MHz, CD2Cl2) δ

Ru-H –1.75 –2.23
SiMe –0.07(1), 0.67(2), 0.89(3), 1.01(4) 0.13(1), 0.59(3), 0.62(4), 0.88(2)
CMe2 1.21(5), 1.43(6) 1.24(5), 1.75(6)
OR 2.52 (Me) 1.38 (t-Bu)
ArH 6.97–7.03 (m, 7,8), 7,12 (t, J = 7.4 Hz, 8),

7.48 (dd, J = 2.6, 6.1 Hz, 9) 7.23 (dd, J = 1.6, 7.4 Hz, 7),
7.48 (dd, J = 1.6, 7.4 Hz, 9)

13C{1H} NMR (75.5 MHz, THF-d8) δ 13C{1H} NMR (75.5 MHz, THF-d8) δ
SiMe 3.4(1), 4.8(2), 7.7(3), 14.6(4) 6.2(1), 7.2(3), 10.0(4), 14.0(2)
CMe2 23.2(5), 31.9(6), 36.4(13) 30.7(5), 30.9(6), 35.8(13)
OR 52.0 (Me) 22.6 (CMe3), 92.3 (CMe3)

Ar 124.4, 125.8, 131.4(7, 8, 9), 135.0, 123.5, 124.9, 130.7 (7, 8, 9), 134.4,
136.4(10, 12), 162.5(11) 136.0(10, 12), 161.9(11)

CO 204.3 204.2
29Si{1H} NMR (59.6 MHz, C6D6) δ 29Si{1H} NMR (59.6 MHz, CD2Cl2) δ

Xantsil 14.6 15.4
Silyene 107.4 107.6

IR (KBr), ~v /cm–1 IR (KBr), ~v /cm–1

ν (CO) 1929 1923

Table 2. NMR and IR spectroscopic data of 2a and 2b.

Scheme 3.
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and 2b are almost the same and, thus, all further discussions
of spectroscopic data refer to 2a. The 29Si{1H} NMR spec-
trum shows two singlet signals at δ 14.6 and 107.4, which
are assigned to the xantsil silicon and silylene silicon atoms,
respectively. The chemical shift of silylene moieties is char-
acteristic of base-stabilized silylene complexes (1c). The 1H
NMR spectrum of 2a shows a singlet at –1.75 ppm that can
be assigned to Ru-H. Four singlet signals for the methyl
groups on silicon atoms appear at –0.07 (6H), 0.67 (6H),
0.89 (6H), and 1.01 (6H), which are assigned to SiMe(1),
SiMe(2), SiMe(3), and SiMe(4), respectively (see Table 2).
The signals of the CMe2 part on xantsil appear
inequivalently at 1.21 (Me(5)) and 1.43 (Me(6)). These as-
signments are established by the combination of 29Si–1H
COLOC and 1H NOESY spectra. In the 1H NOESY spec-
trum, a positive correlation peak is clearly observed between
Ru-H and SiMe(4) resonances, indicating that the Ru-H hy-
drogen atom is located within the SiA-Ru-SiB angle.

The 1H NOESY spectrum also shows a negative correla-
tion peak between the signals of methyl groups on the
silylene silicon atoms (Me(1) and Me(2)), implying the
intramolecular exchange process of the methyl groups on the
bis(silylene) ligand. The dynamic process probably involves
the cleavage of a silicon–oxygen bond, followed by rotation
of the resulting donor-free silylene moiety around the ruthe-
nium–silicon double bond to exchange the methyl group en-
vironments (Scheme 4). This mechanism is essentially the
same as those of the exchange of SiMe groups in
Cp(CO)2W{SiMe2•••Do•••SiMe2} (Do = OMe, NEt2) (16)
and Cp*(Me3P)Ru{SiMe2•••OR•••SiMe2} (R = Me, t-Bu)
(11). The strongly electron-releasing xantsil ligand is ex-
pected to make the ruthenium center electron rich. Enhanced
back donation from the metal dπ orbital toward the Si-O σ*
orbital weakens the Si—O bond and accelerates its cleavage
to generate the base-free silyl(silylene) complex E. This in-
termediate E is also stabilized by the electron-rich ruthe-
nium center through back donation from the metal dπorbital
toward the empty p orbital of the silylene silicon atom.

The 13C{1H} NMR spectrum displays the expected reso-
nances for 2a that are consistent with the 1H NMR spectral

data. The IR spectrum shows a strong band at 1929 cm–1 at-
tributable to the CO-stretching vibration mode. Elemental
analysis and mass spectral data are in good agreement with
the formula of 2a.

X-ray structure analysis of 2b
The structure of 2b was unequivocally determined by the

X-ray diffraction study. The crystal contains two independ-
ent molecules A and B, but there is no essential difference
between them. The selected bond lengths and angles for 2b
are listed in Table 3. All further discussions of structural de-
tails refer to molecule A. The ORTEP view of A is shown in
Fig. 1. The Ru-H hydrogen atom could not be located crys-
tallographically, but the 1H NOESY spectrum clearly shows
that it must be found inside the unusually widened Si(3A)-
Ru(A)-Si(4A) angle (119.4(1)°). Thus, the molecule takes a
distorted seven-coordinate pentagonal bipyramid geometry
with the nearly planar arrangement of all four silicon atoms
(mean deviation from the least square Si4 plane: 0.0161 Å).
The xanthene moiety is strongly bent (dihedral angle be-
tween the arene rings C(14A)-C(19A) and C(20A)-C(25A):
136.5°). The bond lengths of Ru-Si (bis(silylene)) (avg.
2.399 Å) are shorter than those of Ru-Si (xantsil) (avg.
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Scheme 4.

[3]

Molecule A Molecule B

Bond lengths (Å)
Ru—Si(1) 2.395(4) 2.407(4)
Ru—Si(2) 2.402(4) 2.394(4)
Ru—Si(3) 2.443(3) 2.439(3)
Ru—Si(4) 2.424(4) 2.425(3)
Ru—O(2) 2.289(8) 2.277(8)
Ru—C(5) 1.79(1) 1.80(1)
Si(1)—O(1) 1.813(9) 1.810(9)
Si(2)—O(1) 1.827(9) 1.844(9)
O(1)—C(1) 1.52(1) 1.51(1)
O(3)—C(5) 1.17(2) 1.18(2)

Bond angles (°)
Si(1)-Ru-Si(2) 67.9(1) 68.0(1)
Si(1)-Ru-Si(3) 151.1(1) 152.6(1)
Si(1)-Ru-Si(4) 87.1(1) 83.4(1)
Si(1)-Ru-O(2) 93.8(2) 92.7(2)
Si(1)-Ru-C(5) 89.0(5) 90.4(5)
Si(2)-Ru-Si(3) 84.2(1) 85.5(1)
Si(2)-Ru-Si(4) 154.3(1) 150.3(1)
Si(2)-Ru-O(2) 95.0(2) 92.4(2)
Si(2)-Ru-C(5) 89.6(5) 88.8(4)
Si(3)-Ru-Si(4) 119.4(1) 121.3(1)
Si(3)-Ru-O(2) 80.6(2) 81.1(2)
Si(3)-Ru-C(5) 98.8(5) 96.1(4)
Si(4)-Ru-O(2) 80.2(2) 80.6(2)
Si(4)-Ru-C(5) 96.0(5) 99.8(4)
O(2)-Ru-C(5) 175.2(6) 176.9(5)
Ru-Si(1)-O(1) 98.9(3) 98.9(3)
Ru-Si(2)-O(1) 98.2(3) 98.3(3)
Si(1)-O(1)-Si(2) 94.8(4) 94.6(4)
Si(1)-O(1)-C(1) 132.5(7) 132.9(8)
Si(2)-O(1)-C(1) 131.6(7) 131.8(8)
Ru-C(5)-O(3) 178(1) 177(1)

Table 3. Selected bond lengths (Å) and angles (°) for 2b.
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2.434 Å), but significantly longer than those of the previ-
ously reported bis(silylene) ruthenium complexes (2.31–
2.33 Å) (17). This lengthening could be due to the trans in-
fluence of silyl groups (4) and (or) to the weaker back dona-
tion from the highly oxidized Ru(IV) center to silicon. The
distance of Ru-O(2A) is 2.289(8) Å, which clearly indicates
that the oxygen atom of the xanthene moiety is coordinated
to the ruthenium center to satisfy the 18-electron rule. Thus,
xantsil in 2b is working as a terdentate ligand.

Catalytic oligomerization–deoligomerization of
HSiMe2SiMe3 in the presence of 2a

To get further convincing evidence in support of the exis-
tence of silyl(silylene) complexes in the catalytic reaction of
eq. [2], we carried out the thermal reaction of HSiMe2SiMe3
in the presence of a catalytic amount of 2a. Indeed,
HSiMe2SiMe3 was converted to H(SiMe2)nMe (n = 1–8) af-
ter 2 days at 90 °C with the molar ratios of 12 (n = 1) : 6
(n = 2) : 5 (n = 3) : 5 (n = 4) : 4 (n = 5) : 2 (n = 6) : 3 (n =
7) : 1 (n = 8). This result clearly showed that the
bis(silylene) complex 2a can be incorporated into the cata-
lytic cycle in Scheme 3.

Reaction of 2a with MeOH
It has been reported that silylene complexes show high re-

activity toward various nucleophiles such as alcohols (18).
The reaction of 2a with MeOH in toluene-d8 was carried out
and monitored by NMR spectroscopy. It proceeded cleanly
to give Ru{κ2(Si,Si)-xantsil}(CO)(η6-toluene-d8) (1-d8) and
Me2Si(OMe)2 with evolution of H2 gas (eq. [4]). Spectro-
scopic data of 1 was used to identify 1-d8, while that of the
authentic sample was used to identify Me2Si(OMe)2.

[4]

In a proposed mechanism for this reaction (Scheme 5), the
highly polarized ruthenium–silylene bond is attacked by
MeOH to give a hydrido(methoxysilyl)ruthenium intermedi-
ate F. Reductive elimination of dihydrogen gives bis(me-
thoxysilyl) complex G. In path a, successive nucleophilic
attacks of excess MeOH toward the silyl silicon atom, fol-
lowed by reductive elimination of H2, gives 1-d8 and two

molecules of Me2Si(OMe)2 via intermediate formation of H.
An intramolecular nucleophilic attack of the methoxy group
in G must also be considered, which leads to the formation
of the silylene complex intermediate I (path b). Nucleophilic
attack of MeOH on a silylene silicon atom in I gives H,
which is finally converted to 1-d8 through an intermolecular
nucleophilic attack by MeOH.

Reaction of 2a with CO
When the reaction of 2a with 1 atm (1 atm =

101.325 kPa) of CO was monitored by means of 1H NMR
spectroscopy at room temperature, quantitative formation of
3 was observed (eq. [5]). An analytically pure sample was
obtained in 85% yield by washing the residue with hexane.

The X-ray diffraction study of 3 was performed using a
colorless crystal obtained by cooling a toluene–hexane solu-
tion at –30 °C. The structure of 3 is depicted in Fig. 2. The
selected interatomic distances and bond angles for 3 are
listed in Table 4. The distance of Ru-O(4) is 3.581(2) Å, in-
dicating the cleavage of the Ru—O bond in 2a. One CO
molecule is coordinated to the resulting vacant site of the ru-
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Scheme 5. Fig 1. An ORTEP drawing of 2b.

[5]
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thenium center. The hydrogen atom of the Ru—H bond was
located inside the widened Si(3)-Ru-Si(4) angle (109.37(2)°)
by the difference Fourier synthesis and refined isotropically.
Thus, complex 3 also takes a distorted seven-coordinate pen-
tagonal bipyramid geometry with the nearly planar arrange-
ment of all four silicon atoms and one hydrogen atom. The
bond lengths of Ru—Si (silylene) (avg. 2.41 Å) and Ru—Si
(xantsil) (avg. 2.50 Å) are similar to the values of 2b.

In the 1H NMR spectrum, the CMe2 portion and the Si-
Me groups on xantsil, as well as the Si-Me groups on the
bis(silylene) ligand each appear as one singlet signal at
δ 1.51 (CMe2, 6H)), 0.40 (SiMe, 12H), and 1.05 ppm (SiMe,
12H), although the assignment of Si-Me groups is not clear.
If complex 3 maintains the crystal structure illustrated in
Fig. 2 in solution without any dynamic behavior, six singlet
signals should appear. However, this is not the case even at
210 K. A likely process is the rapid inversion of the puck-
ered chelate ring of xantsil. This dynamic behavior of 3 is in
sharp contrast with Ru{κ2(Si,Si)-xantsil}(CO)4. In this com-
plex, each of the CMe2 and SiMe2 groups on xantsil shows
two signals at 210 K. On warming, each of them coalesces
and finally becomes a sharp singlet at room temperature
(7a). Other spectroscopic features of 3 resemble those of 2.

Conclusions

Over the past few decades, silyl(silylene) complexes have
been proposed as intermediates in the stoichiometric and
catalytic metal-mediated transformation reactions of organo-
silicon compounds (2, 3b). The results described here pro-

vide further evidence for the participation of silyl(silylene)
complexes in the catalytic cycles of the metal-mediated
oligomerization–deoligomerization of hydrodisilanes.

Reactivity of 2a toward CO indicates that complex 2a is
labile and generates a coordinatively unsaturated silylene
complex via dissociation of the xantsil oxygen atom under
mild conditions. A number of metal-mediated stoichiometric
and catalytic transformations of organosilicon compounds
appear to involve coordinatively unsaturated silylene com-
plexes (1, 2, 3, 19). Although synthesis and reactivity of
silylene complexes have been reported, only scattered re-
ports on coordinatively unsaturated ones are available (19).
Complex 3 would be an ideal candidate for examining the
reactivity of coordinatively unsaturated silylene complexes.
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Fig 2. An ORTEP drawing of 3.

Interatomic distances (Å)
Ru—Si(1) 2.4108(6)
Ru—Si(2) 2.4191(7)
Ru—Si(3) 2.4970(6)
Ru—Si(4) 2.4970(7)
Ru—C(1) 1.917(2)
Ru—C(2) 1.918(3)
Ru-H(1) 1.59(4)
Si(1)—O(3) 1.802(2)
Si(2)—O(3) 1.800(2)
O(1)—C(1) 1.141(3)
O(2)—C(2) 1.142(3)
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Si(2)-Ru-Si(4) 159.89(3)
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and bond angles (°) for 3.
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Solid-state NMR investigations of the polymer
route to SiBCN ceramics1

Christel Gervais, Florence Babonneau, Lutz Ruwisch, Ralf Hauser, and
Ralf Riedel

Abstract: Silicon based polymers obtained by ammonolysis of organochlorosilylboranes and their pyrolytic transforma-
tion into Si-B-C-N ceramics were studied by a detailed solid-state NMR investigation. Sol–gel polymerisation/pyrolysis
routes were applied to form Si-B-C-N materials with exceptional high-temperature stability. The polymer to ceramic
conversion was analyzed by 11B, 13C, 15N, and 29Si MAS NMR spectroscopy as well as by thermal analysis measure-
ments coupled with mass spectroscopy (TGA–MS). The results showed that a significant change in the carbon-, silicon-,
and boron-coordination environments occurs during pyrolysis. An evolution of cleavage of silcon–carbon–boron bridges
and the formation of new BN3 sites was observed. The NMR data obtained suggest the presence of a rather homoge-
neous dispersion of the boron atoms in the as synthesized silicon carbonitride phase, supporting the high thermal sta-
bility with respect to decomposition found in these compounds.

Key words: organosilicon polymers, polymer pyrolysis, SiBCN ceramics, solid-state NMR.

Résumé : On a fait une étude RMN détaillée à l’état solide des polymères à base de silicium obtenus par ammonolyse
d’organochlorosilylboranes et de leur transformation pyrolytique en céramiques Si-B-C-N. On a utilisé des voies de po-
lymérisation/pyrolyse sol–gel pour obtenir des matériaux Si-B-C-N ayant une stabilité exceptionnelle aux températures
élevées. On a analysé la conversion du polymère en céramique par RMN à la rotation de l’angle magique (« MAS »)
du 11B, du 13C, du 15N et du 29Si ainsi que par des mesures d’analyses thermiques couplées à la spectrométrie de
masse (SM–ATG). Les résultats montrent qu’il se produit un changement significatif dans les environnements de coor-
dination du carbone, du silicium et du bore au cours de la pyrolyse. On a observé une évolution du clivage des ponts
silicium–carbone–bore et la formation de nouveaux sites BN3. Les données de la RMN suggèrent la présence d’une
dispersion relativement homogène des atomes de bore dans la phase carbonitrure de silicium telle que synthétisée et
cette observation est en accord avec la grande stabilité thermique observée de ces composés vis-a-vis de la décomposi-
tion.

Mots clés : polymères organiques du silicium, pyrolyse de polymères, céramiques SiBCN, RMN à l’état solide.

[Traduit par la Rédaction] Gervais et al. 1369

Introduction

The polymeric approach to refractory non-oxide ceramics
is a process of great interest offering possibilities of obtain-
ing composite and shaped materials such as fibres, films, or
bulk pieces from soluble or fusible starting polymers. Re-
cently, it has ben demonstrated that Si-B-C-N ceramics de-
rived from boron-modified polymers exhibit exceptional
high-temperature stability (1–4).

The influence of the polymer architecture on the structure
of the final ceramic has been clearly demonstrated for Si-C

(5) and Si-C-N (6) systems. It is, therefore, essential to con-
trol as much as possible the polymerisation and ceramization
steps and consequently to have effective characterization
tools that can follow the changes in local environments dur-
ing polymer-to-ceramic conversion. Solid-state NMR studies
(11B, 13C, 15N, and 29Si) have been shown to be extremely
useful in this field (7–13).

15N is a spin I = 1/2 with a very low sensitivity in natural
abundance (3.8 × 10–6 compared to 1H) but this drawback
may be overcome by 15N enrichment and the use of cross-
polarization (CP) techniques, taking advantage of the 1H–
15N dipolar coupling. These techniques are consequently
very sensitive to the proton environment of the nitrogen sites
through the 1H–15N distances. Studies on B-N containing
reference compounds have shown that it was possible to dis-
tinguish N sites depending on their degree of protonation by
using the inversion recovery cross polarization (IRCP) se-
quence (14) and this technique was successfully extended to
the study of polymers (11).

11B, 13C, and 29Si are abundant enough to be studied with-
out enrichment but 13C spectra were always recorded with
CP techniques to obtain a reasonable signal-to-noise (S/N)
ratio. Measurement of high-resolution 11B spectra (I = 3/2)
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can be difficult because of the second-order quadrupolar in-
teraction, which distorts the signals and can only be partially
averaged by MAS (15).

In this paper, we present a detailed solid-state NMR char-
acterization of the polymers obtained by ammonolysis of
organochlorosilylboranes and their pyrolytic transformation
into Si-B-C-N ceramics. By combination of the multi-
nuclear NMR results, we succeeded in the characterization
of intermediate species occuring during the ceramization
process as well as of the amorphous solid-state structures
formed.

Experimental

NMR experiments
The MAS NMR spectra were recorded on a Bruker MSL

300 spectrometer operating at 75.47 MHz for 13C,
30.41 MHz for 15N, and 59.63 MHz for 29Si, and on a
Bruker MSL 400 spectrometer at a frequency of
128.28 MHz using a Doty probe with no probe background
for 11B. Samples were spun at 4 kHz for the 29Si experi-
ments and at 5 kHz for the 13C and 15N experiments, using
7 mm ZrO2 rotors, while samples were spun at 10 kHz for
the 11B experiments using 5 mm Si3N4 rotors. All rotors
were filled up in a glovebox under a dried argon atmosphere.
All the CP and IRCP were performed under the same
Hartmann–Hahn match condition: both RF channel levels
(ω1S/2π and ω1I/2π) were set at about 42 kHz.

The 13C CP-MAS NMR spectra were recorded with a
spectral width of 20 and 50 kHz depending on the heat treat-
ment temperature of the samples, using 2 K data points in
the time domain. The number of transients per spectra varied
from 200 to 1200. IRCP-MAS NMR spectra were recorded
with inversion times (ti) ranging from 5 to 300 µs and a con-
tact time of 1 ms, which was chosen to maximize the polar-
ization of the 13C nuclei. The recycle delays between pulses
was 6 s. The 13C NMR chemical shifts were determined rel-
ative to TMS via solid adamantane (δ = 29.4 and 38.5 ppm).

The 15N CP-MAS NMR spectra were recorded with a
spectral width of 30 kHz, using 2 K data points and 2–4 ms
contact time depending on the heat treatment temperature.
The recycle delays between pulses was 10 s. Chemical shifts
were referenced to solid NH4NO3 (10% enriched sample,
δiso(

15NO3) = –4.6 ppm compared to CH3NO2 (δ = 0 ppm)).
The 29Si MAS NMR spectra were recorded with a spectral

width of 30 kHz, a pulse angle around 25° (1.5 µs), and a re-
cycle delay between pulses of 60 s, using 4 K data points.
The 29Si CP-MAS NMR spectra were recorded with recycle
delays of 6 s and contact times ranging from 1 to 10 ms,
while for the 29Si IRCP-MAS NMR spectra, the inversion
times varied from 5 µs to 1 ms, with an optimized contact
time of 3 ms. Chemical shifts were determined relative to
TMS (δSi = 0).

The 11B MAS NMR spectra were recorded with a spectral
width of 50 kHz, using 4 K data points. All 11B
NMRchemical shifts were determined relative to liquid
BF3OEt2 (δ = 0 ppm) and the number of FIDs varied from
400 to 1500. A 1 µs single-pulse excitation was used
(t90°(BF3OEt2) = 8 µs) with a 5 s repetition time.

Proton decoupling was always applied during data acqui-
sition. A 50 Hz line broadening was applied to the FIDs be-

fore Fourier transform. The spectra were simulated with the
DMFIT program (16), which has been developed specifi-
cally for solid-state NMR experiments, including the simula-
tion of quadrupolar shapes (17).

TGA–MS measurements
The thermal gravimetric analysis of the ceramics was per-

formed by heating up to 1200 °C in a helium atmosphere
(0,1 MPa He, heating rate 2 °C/min) with a Netzsch STA
429 coupled with a mass spectrometer (Balzers 420). Al2O3
crucibles were used for measurements.

Sample preparation
The investigated polyborocarbosilazanes were synthesized

by reaction of NH3 with organochlorosilylboranes (eq. [1]).

These molecular precursors, obtained by hydroboration reac-
tions of unsaturated organosilanes, exhibit well-defined Si/B
ratios ranging from 3/1 to 1/1 (18). Three distinct polymers
were investigated, exhibiting Si/B ratios of 1/1, 2/1, and 3/1.
It is important to note that the Si/B ratios are fully retained
after ammonolysis (Table 1). 15N-enriched polymers were
obtained using 10% 15N enriched ammonia (purchased from
Isotec). The proposed molecular structures of the polymers
as presented in Fig. 1 are based on the synthesis procedure
as well as on liquid-state NMR and FT-IR studies (19).

Results and discussion

Native polymers
11B MAS NMR

The 11B MAS NMR spectra obtained for the polymers
with particular Si/B-ratios 1/1, 2/1, and 3/1 are quite differ-
ent and exhibit broad signals around 25, 40, and 70 ppm, re-
spectively (Fig. 2). It should be noticed that 11B is a
quadrupolar nucleus (I = 3/2) and that the isotropic value of
the chemical shift for such a nucleus doesn’t correspond to
the barycentre of the resonance signal, which is dominated
by the second-order quadrupolar broadening (17). According
to the proposed structures for each system, the presence of
BCN2-, BC2N-, and BC3-coordination environments are ex-
pected for the 1/1, 2/1, and 3/1 polymers (Fig. 1). The chem-
ical shift values reported in solution for such sites are

© 2003 NRC Canada
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Sample Temperature Chemical composition

1/1 Room temperature Si1.2B1.0C3.9N2.2H11.5

2/1 Room temperature Si2.0B1.0C6.3N2.7H19.2

3/1 Room temperature Si3.0B1.0C9.3N2.9H25.3

1/1 1000 °C Si1.2B1.0C1.7N2.0

2/1 1000 °C Si2.0B1.0C3.4N2.3

3/1 1000 °C Si3.0B1.0C4.3N2.0

Table 1. Composition of the polycarbosilazanes and their pyroly-
sis products at 1000 °C.
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summarized in Table 2. BCN2 signals are expected around
33 ppm in noncyclic structures up to 37 ppm in a (B-N)3
six-membered ring structure, while BC2N signals range be-
tween 44 ppm when the nitrogen atom is bonded to carbons,
up to 59 ppm when it is bonded to silicon atoms. BC3 sig-
nals are observed at much a lower field, around 86 ppm in
B(CH3)3 for instance.

The spectrum obtained for the 1/1 sample can be simu-
lated with a main signal at δiso = 37 ppm (CQ = 2.8 MHz, η =
0) and a smaller one at δiso = 26 ppm (CQ = 2.8 MHz, η = 0).
The first one can be attributed to the expected BCN2 site.
The assignment of the second signal is more difficult but the
chemical shift value suggests the presence of BN3 sites. The
2/1 sample can be simulated with a unique signal at δiso =
45 ppm assigned to a BC2N site. Nonetheless, this spectrum
is large (CQ = 3 MHz), which is quite unusual. This finding
suggests the presence of BCN2 coordination. The spectrum
recorded for the 3/1 sample is broad with superposition of a

spinning side band. Simulation of the spectrum gives a
broad main signal around 78 ppm indicating a BC3 environ-
ment and a smaller one at 42 ppm, which can be related to
BC2N sites. Moreover, the presence of fourfold-coordinated
boron atoms with 11B NMR signals also located at positive
chemical shift values cannot be excluded.

The solid-state NMR results clearly show that the boron
environment in the three synthesized polymers is more com-
plex than expected. However, a predominance of BCN2,
BC2N, and BC3 sites in the 1/1, 2/1, and 3/1 polymers is ana-
lyzed. Other coordination sites at the boron atom such as
BN3 can also be found and are related to side reactions of re-
sidual B—H bonds in the polymers with NH3 forming B—N
instead of B—C bonds according to the following reaction
(eq. [2]):

In particular, the type of reaction shown in eq. [2] explains
the presence of the BN3 sites measured in the 1/1 polymer.

15N CP-MAS NMR
The spectra obtained for the preceramic polymers are also

quite different with signals around –280, –305, and –340 ppm

© 2003 NRC Canada
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Fig. 1. Proposed structures for 1/1, 2/1, and 3/1 polymers. Fig. 2. 11B MAS NMR spectra of 1/1, 2/1, and 3/1 polymers
(* indicates spinning sidebands).
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for the 1/1 and 2/1 samples, and one unique signal at –333 ppm
for the 3/1 polymer (Fig. 3). The different expected environ-
ments in these systems are NHSi2, NHBSi, and NHB2
(Fig. 1) and the corresponding chemical shift values reported
in solution for such N-coordination sites are summarized in
Table 3. NHSi2 signals are observed around –340 ppm in
[Si-N]3 six-membered ring structures and around –330 ppm
in [Si-N]4 eight-membered ring structures. NHBSi sites show
chemical shift values around –285 ppm in noncyclic struc-
tures, while NHB2 sites appear between –266 and –275 ppm
in (B-N)3 six-membered ring structures and at a higher field
in noncyclic compounds.

Simulation of the NMR spectrum of the 1/1 sample results
in three signals at –281, –307, and –340 ppm that can be as-
signed to the NHB2, NHBSi, and NHSi2 sites, respectively. It
should be noticed that the signal at –340 ppm is rather broad
and may be constituted of two components: NHSi2 sites in
[Si-N]3 and [Si-N]4 cyclic structures (Table 3). The spectrum
of the 2/1 sample can also be simulated with the same three
signals at –282, –303, and –335 ppm, corresponding to the
NHB2, NHBSi, and NHSi2 sites, respectively. The spectrum
recorded for the 3/1 sample with its unique signal at –333 ppm
is assigned to a NHSi2-type coordination, which is in good
agreement with the proposed molecular structure.

29Si MAS NMR
It should be noticed that all the spectra have been first re-

corded in CP-MAS mode to improve the S/N ratio and to fa-
cilitate the simulation. Then the extracted parameters have
been used to simulate the MAS spectra, to get quantitative
information.

In contrast to the 11B and 15N NMR data, the spectra ob-
tained for the three polymers are quite similar with a main
signal at –4 ppm and a small and narrow one around –21 ppm
attributed to contamination by silicone grease (Fig. 4). Con-
sidering the chemical shift values reported for SiNxC4–x co-
ordination sites summarized in Table 4, the main signal can
be easily attributed to an SiN2C2 environment, which nicely
coincides with the expected structures of the individual poly-
mers (Fig. 1).

13C CP-MAS NMR
The synthesized polymers contain methyl groups bonded

to silicon and carbon atoms. The latter type of methyl
groups are formed by hydroboration of the vinyl groups that
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Site Compounds δ11B (ppm) Reference

BN3 B(NHCH3)3 24.6 27

B[N(CH3)]3 27.3 28
h-BN* 30 29

(CH3B-NH)3 34.5 28

BCN2 (CH3B-NCH3)3 36.6 28

[(CH3)2N]2BCH3 33.5 28

(CH3)2N-B(CH3)2 44.6 28

(CH3)2N-B(C2H5)2 45.7 28

BC2N (CH3)2B-NH-B(CH3)2 56.1 27

(CH3)2B-NCH3-B(CH3)2 58.3 27

(CH3)2B-NH-Si(CH3)3 51.6 30

(CH3)2B-N-[Si(CH3)3]2 59.5 30

BC3 B(CH3)3 86 27

*h-BN values recorded for the solid state.

Table 2. 11B chemical shift values reported in the liquid state for
BCxN4–x sites on various reference compounds.

Fig. 3. 15N CP-MAS NMR spectra and the corresponding simu-
lations, for 1/1, 2/1, and 3/1 polymers.

Fig. 4. 29Si MAS NMR spectra recorded for 1/1, 2/1, and 3/1
polymers.
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leads to either -CH2-CH2- or -CH-CH3 units according to
eq. [3]:

The spectra recorded for the 1/1, 2/1, and 3/1 samples show
three main signals at around 18, 10, and 2 ppm (Fig. 5). To
identify these signals, IRCP measurements with variable in-

version times were performed. In this type of experiment,
the dynamics of polarization inversion depend on the proton
environment (20–22). For the signal at 18 ppm, the IRCP
curves show a behaviour typically found for CH groups,
while the inversion dynamics of the other two peaks is
slower. Since no quaternary carbon atoms can be expected
to be present in these structures, these two signals at 2 and
10 ppm can be assigned to CH3 environments exhibiting a
weak 13C–1H dipolar coupling due to their mobility (23). In
good agreement with the 13C NMR chemical shift values ob-
served for the polymer precursors in solution (Table 5), the
peak at 2 ppm corresponds to a methyl group attached to Si,
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Sites Compounds δ15N (ppm) Reference

NHSi2 [(CH3)2SiNH]3 –344 30

[(CH3)2SiNH]4 –332

(CH3)3Si-NH-Si(CH3)3 –351

NHBSi (CH3)2B-NH-Si(CH3)3 –282 30

(C2H5)2B-NH-Si(CH3)3 –288

R = H –266 31

R = CH3 –270 31

NHB2 R = C�CH* –267 14

R = nBu –275 31

(CH3)2B-NH-B(CH3)2 –250 27

*Trialkynylborazine values recorded for the solid state.

Table 3. 15N chemical shift values reported in the liquid state for NHSixB2–x sites in some reference com-
pounds.

Site Compounds δ29Si (ppm) Reference

SiN4 R1 = R2 = N –48/–50 32

SiN3C R1 = N, R2 = CH2 –24/–33

SiN2C2 R1 = R2 = CH2 2/–14

SiN4 Si3N4 –49 33

SiN3C R = N –24 34

34

SiN2C2 R = Me –5 34

SiN2C2 [(CH3)2SiNH]4 –9 34

SiC3N [(CH3)3Si]3-N* 0.5 35

[(CH3)3Si]2-NH* 2 35

(CH3)3Si-NHCH3* 4 35

[(CH3)3Si]2-NCH3* 7 35

SiC4 SiC –18.5 36

*Chemical shift values are for the liquid state.

Table 4. 29Si chemical shift values reported in the solid state and in the liquid state for SiNxC4–x sites in some ref-
erence compounds.
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while the peak at 10 ppm is attributed to methyl bonded to a
CH group.

In the 3/1 sample, the solid-state 13C NMR spectrum
shows an intensive signal at 30 ppm, which is assigned to a
CH2 group as it is derived from its IRCP behavior. This re-
sult indicates the presence of both structural units, namely
>CH-CH3 and -CH2-CH2- bridges interconnecting Si and B
in the 3/1 native polymer.

Heat treatment and pyrolysis

TGA–MS
Figure 6 demonstrates the results of the thermal decompo-

sition behaviour of the preceramic polymers. The polymer
with the Si/B ratio = 1/1 shows a sharp mass loss of 25 wt%
at around 500 °C due to the evolution of H2 (m/z = 2), CH4
(m/z = 16, 15, 14), CH3-CH3 (m/z = 28, 26), and a small
quantity of NH3. In contrast, the polymers with 2/1 and 3/1
as the Si/B ratio are characterized by a mass loss of 30 wt%
below 350 °C due to the loss of NH3 produced by
polycondensation reactions. In a second step, the materials

lose another 10 wt% between 500 and 600 °C related to the
evolution of H2, CH4, NH3 (m/z = 17, 16, 15), and C2H4. No
further weight loss is detected above 700 °C and the overall
ceramic yield amounts 75, 60, and 50 wt% are for the 1/1,
2/1, and 3/1 systems, respectively. The results of the ele-
mental analysis performed on the samples pyrolyzed at
1000 °C are summarized in Table 1. It is worth noting that
the Si/B ratio of the preceramic polymer is maintained after
pyrolysis. In agreement with the TGA–MS study, the
compositionnal changes for the three systems are as follows:

Si1.2B1.0C3.9N2.2H11.5  → Si1.2B1.0C1.7N2.0

+ 0.2NH3 + (1.6 – 2x)CH4 + xC2H4 + yH2

Si2.0B1.0C6.3N2.7H19.2  → Si2.0B1.0C3.4N2.3

+ 0.4NH3 + (2.9 – 2x)CH4 + xC2H4 + yH2

Si3.0B1.0C9.3N2.9H25.3  → Si3.0B1.0C4.3N2.0

+ 0.9NH3 + (5 – 2x)CH4 + xC2H4 + yH2

© 2003 NRC Canada
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Compounds Groups
δ 13C
(ppm)

Si-CH3 4–7

B(Si)-CH-CH3 10–12

B(Si)-CH-CH3 20–34

CH2-CH2 14–19

Table 5. 13C NMR chemical shifts observed in solution for the
1/1, 2/1, and 3/1 polymer precursors.

Fig. 5. Experimental and simulated 13C CP-MAS spectra re-
corded for 1/1, 2/1, and 3/1 polymers.

Fig. 6. Thermogravimetric analysis and mass spectrometry of:
(a) 1/1; (b) 2/1; and (c) 3/1 polymers. The m/z values are dis-
cussed in the text.
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11B MAS NMR
The 11B MAS NMR spectrum of each sample progres-

sively shifts to upper field values with increasing tempera-
ture (Fig. 7). All samples heat treated at 1000 °C exhibit a
main signal with δiso around 30 ppm independent of the Si/B
ratio. This finding indicates that a mixture of BN3- and
BCN2-coordination sites have been formed. Considering
BCxN3–x (0 ≤ x ≤ 3) as the only possible environments sug-
gests that x tends to 0 with increasing temperature. The dif-
ferent spectra obtained were tentatively simulated with pure
second-order quadrupolar shapes and the corresponding dis-
tribution of the BCxN3–x (0 ≤ x ≤ 3) sites vs. temperature are
presented in Table 6. The experimental and simulated spec-
tra obtained for the 2/1 system are shown in Fig. 8.

15N MAS and CP-MAS NMR
Figure 9 shows the different 15N MAS NMR spectra ob-

tained for the 2/1 polymer after heat treatment at 400, 600,
and 1000 °C in an argon atmosphere.

The 15N CP-MAS spectrum of the sample heat treated at
400 °C exhibits signals located at the same position as found
for the native polymer. However, more than three peaks are
necessary to simulate the 15N IRCP-MAS NMR spectra re-
corded over a range of inversion times. Some signals exhibit
an IRCP behaviour closer to the one expected for
nonprotonated nitrogen atoms. Considering that NCSi2,
NCBSi, and NCB2 chemical shift values (Table 7) are re-
ported in the same range as NHSi2, NHBSi, and NHB2, re-
spectively (Table 3), the spectrum of the 2/1 polymer
pyrolyzed at 400 °C indicates the presence of a mixture of
NXSi2, NXBSi, and NXB2 with X = H or C as the nitrogen
coordination sphere. The formation of N—C bonds will be
discussed later in the 13C NMR study.

The 15N IRCP-MAS NMR spectrum of the material an-

Repartition of BCxN3–x sites (±2%)

System
Temperature
(°C)

BC3

(70 ≤ δ ≤ 80)
(ppm)

BC2N
(45 ≤ δ ≤ 55)
(ppm)

BCN2

(34 ≤ δ ≤ 40)
(ppm)

BN3

(24 ≤ δ ≤ 30)
(ppm)

Polymer 78 22
1/1 400 71 29

600 60 40
1000 47 53

Polymer 100
2/1 400 28 72

600 73 27
1000 66 34

Polymer
3/1 400 32 50 18

600 85 15
1000 70 30

Table 6. Repartition of BCxN3–x (0 ≤ x ≤ 3) sites according to temperature for the 1/1, 2/1, and 3/1 polymers.

Fig. 7.11B MAS NMR spectra of the different polymers and their pyrolysis products up to 1000 °C.
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nealed at 600 °C can be simulated by three signals showing
an IRCP behaviour characteristic of hydrogen-free environ-
ments and one signal corresponding to a Si-NH-Si site con-
sidering its chemical shift value (–337 ppm) and its
inversion dynamics (Fig. 10). The hydrogen-free sites are
assigned to NCX2 environments (X = Si, B) based on their
chemical shift values. This result strongly suggests that the
removal of hydrogen from the nitrogen atoms is almost com-
plete for the three systems at 600 °C.

Annealing of the 2/1 polymer at 1000 °C results in a
broad and complex NMR signal ranging from –240 to
–320 ppm that can be assigned to a distribution of NB3-,
NCB2-, NCBSi-, and NCSi2-coordination sites based on the
corresponding expected chemical shift values (Table 7). A
similar behaviour is observed for the 1/1 and 3/1 systems:
the protonated signals disappear progressively with increas-
ing temperature, while the amount of NCXY (X,Y = B, Si)
sites increases and an additionnal signal is present around
–282 ppm due to the formation of NB3 sites. The enhanced
formation of new B—N bonds together with the decreasing
amount of Si—N bonds with increasing annealing tempera-
ture as found in the 15N MAS NMR study is in good agree-
ment with the 11B NMR results.

29Si MAS NMR
The 29Si MAS NMR spectra of the three heat-treated

polymer systems reveal similar chemical shift values for a

given temperature. Figure 11 represents the NMR results on
the basis of the 2/1 sample. Accordingly, the number of res-
onance signals increases after 400 °C treatment and is still
pronounced after annealing at 1000 °C. Assignment is diffi-
cult due to the broadness of the peaks that can be explained
by the presence of a great variety in the coordination of Si
by carbon and nitrogen (SiNxC4–x where 0 ≤ x ≤ 4 (Table 4).
29Si CP-MAS spectra were therefore recorded up to 600 °C
to enhance the S/N ratio and extract the number of signals
and their corresponding parameters. But this sequence can-
not be used for high-temperature samples (due to a lack of
protons) and all sites may not be detected; 29Si MAS spectra
were consequently recorded for all samples.

Annealing at 400 °C
The signal around –4 ppm observed in the native poly-

mers is still present, while a broad peak is found at –21 ppm,
which can be assigned to a SiN3C environment (see Table 4).
Moreover, two further signals appear at positive chemical
shift values: their assignment is not straightforward but the
chemical shift at 5 ppm probably indicates the formation of
SiNC3 environments, while the peak at 15 ppm has to be at-
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Fig. 8. Experimental and simulated 11B MAS NMR spectra re-
corded for the 2/1 polymer and its pyrolysis products at 400,
600, and 1000 °C.

Fig. 9. Experimental and simulated 15N CP-MAS NMR spectra
recorded for the 2/1 polymer and its pyrolysis products at 400,
600 °C, and the 15N MAS NMR spectrum of the sample heat
treated at 1000 °C.
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tributed to >Si=N-B< units as reported in a polyborosilazane-
containing [Si-N]3 structural units (24).

Annealing at 600 °C
The signal at 15 ppm has disappeared but those around 5,

–4, and –21 ppm assigned to SiNC3, SiN2C2, and SiN3C
sites, respectively, are still present. A new resonance peak at
–33 ppm is tentatively assigned to another SiN3C environ-

ment since the range for such signals is relatively big
(Table 4).

Annealing at 1000 °C
The overall spectrum does not differ from the ones re-

ported for pyrolyzed polysilazanes and polyborosilazanes
and is typical for a distribution of SiNxC4–x (0 ≤ x ≤ 4) sites
(23) strongly supporting the presence of an amorphous
phase of silicon carbonitride. Peaks around 5, –4, –19, –33
and –49 ppm assigned to SiNC3, SiN2C2, SiC4, SiN3C, and
SiN4, respectively, are most probably present. The presence
of silicon atoms coordinated by nitrogen or carbon exclu-
sively shows the onset of a phase separation resulting in the
formation of Si3N4- and SiC-rich domains.

13C CP-MAS NMR
The 13C CP-MAS spectrum of the 1/1 sample heat-treated

at 400 °C (Fig. 12a) is similar to the one recorded for the
native polymer. This finding is in good agreement with the
TGA–MS results indicating a transformation of the network
for temperatures beyond 500 °C (Fig. 6a). The samples with
the Si/B ratios 2/1 and 3/1 annealed at 400 °C show an in-
crease in the number of NMR signals (Fig. 12b) compared
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Sites NC Compounds δ 15N (ppm) Reference

NCSi2 [(CH3)2SiNCH3]3 –332 28

(CH3)3Si-NCH3-Si(CH3)3 –370

(CH3)3Si-NC2H5-Si(CH3)3 –340

NCBSi (CH3)2B-NCH3-Si(CH3)3 –287 28

R = CH3

–268

NCB2 R = n-Bu –248 31
NB3 Hexagonal boron nitride* –282 37

NSi3 Si3N4* –309 33

*Hexagonal boron nitride and silicon nitride values are for the solid
state.

Table 7. 15N NMR chemical shift values reported in the liquid
state in for NCX2 (X = Si, B), NB3, and NSi3 environments.

Fig. 10. Experimental and simulated 15N IRCP-MAS NMR spec-
tra of the 2/1 sample pyrolyzed at 600 °C for two inversion time
values: (a) ti = 5 µs; and (b) ti = 500 µs.

Fig. 11. 29Si MAS NMR spectra recorded for the 2/1 polymer
and its pyrolysis products obtained at 400, 600, and 1000 °C.
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with the starting polymers suggesting significant structural
changes. The peaks at 2 and 10 ppm are still present but the
relative intensity of the first one has decreased, methyl
groups bonded to carbon being less stable than those bonded
to silicon. Moreover, there are two additional peaks at 13
and 35 ppm. The first one can be assigned to a CH group
based on its IRCP behavior, while the latter one at lower
field is due to the presence of a X3C-N environment (X = C,
H) as already reported for borylborazine and polyborazine
(25). The NMR results strongly suggest the formation of
C—N bonds during the heat treatment and coincide with the
15N NMR study showing >NCX2 (X = Si, B) sites in the 2/1
polymer heat treated at 400 °C.

After tempering of the samples at 600 °C, the peak around
2 ppm assigned to CH3 groups bonded to silicon is still pres-
ent, while resonances attributed to methyl groups bonded to
a CH function have strongly decreased due to the loss of
methane as demonstrated by our TGA–MS study. The low-
field shifted peak around 35 ppm observed at 400 °C in the
2/1 sample is still present and a new signal is observed in
the same range for the 1/1 system annealed at 600 °C. The
peak corresponds to the formation of C—N bonds since
NCX2 (X = Si, B) sites have also been found by 15N CP-
MAS NMR measurements of the same sample.

The spectra also show a broad peak around 150 ppm that
can be assigned to aromatic carbon atoms suggesting the for-
mation of graphite-like or amorphous carbon stemming from
the decomposition of the organic side groups (26).

Conclusions

Native polymers
The 11B, 13C, 15N, and 29Si data support the different mo-

lecular structures proposed for the as synthesized polymers.
11B MAS NMR spectra represent main signals assigned to
BCN2, BC2N, and BC3 sites in the samples with 1/1, 2/1, and
3/1 as the Si/B ratio, respectively. 15N CP-MAS and 29Si

MAS spectra confirm the presence of cyclic silazane ring
structures [SiR(CH3)-NH]x (x = 3, 4) for the three com-
pounds. Moreover, B-NH-Si and B-NH-B bonds were also
identified by 15N NMR in the polymers with 1/1 and 2/1
Si/B ratios. These types of bonds are not found in the poly-
mer with Si/B = 3/1. Boron atoms are linked to three
silazane rings through >CH-CH3 and -CH2-CH2- spacing
groups as confirmed by 13C NMR in the 3/1 polymer. In
contrast, no ethylene–CH2-CH2-groups are clearly evidenced
in the 1/1 and 2/1 polymers, indicating that boron and sili-
con atoms are only bonded through >CH-CH3 groups.

Ceramization
The boron environment depends on the Si/B-ratio and is

quite different in the individual native preceramic polymer.
In contrast, the boron coordination resembles a mixture of
BN2C and BN3 sites for the samples heat treated at 1000 °C
independent of the Si/B-ratio. At the same time, the number
of aliphatic carbons that make the interconnection between
the silicon and the boron atoms decreases. This evolution
suggests the cleavage of B—C bonds with evolution of
methane and ethane, while some nitrogen atoms bonded to
silicon sites migrate to boron groups as confirmed by the ap-
pearance of NB3 sites. Moreover, the deprotonation of the
nitrogen sites leads to the formation of C-NX (X = Si or B)
structural units and a distribution of SiNxC4–x (1 ≤ x ≤ 4)
sites is observed. This findings suggest that boron atoms are
homogeneously dispersed in the silicon carbonitride phase
supporting the high thermal stability observed in these com-
pounds.
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Fig. 12. 13C CP-MAS NMR spectra of the (a) 1/1, and (b) 2/1 polymers and their pyrolysis products at 400 and 600 °C.
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The activity of Pt/SiO2 catalysts obtained by the
sol-gel method in the hydrosilylation of 1-alkynes1

Rafael Jiménez, J. Merced Martínez-Rosales, and Jorge Cervantes

Abstract: Heterogeneous platinum catalysts (Pt/SiO2) obtained by the sol-gel process at pH 3 and 9 have been used in
the hydrosilylation reaction of 1-alkynes using various silanes. Once the catalysts were activated they were used in the
hydrosilylation of 1-alkynes after a short induction period. The product distribution was quite similar in either case but
important differences in catalytic activity and turnover reactions were observed. The catalyst obtained in the basic me-
dium after each reaction lost its catalytic activity, so further activation was needed. To understand this behavior, the
catalysts were characterized by 29Si CPMAS NMR, FT IR, and BET surface area measurements. The 29Si CPMAS
NMR studies showed the presence of terminal and bridged hydroxyl groups in the Pt/SiO2 catalyst at pH = 9. Similar
results were observed by FT IR analysis because of the catalysts’ synthetic conditions.

Key words: hydrosilylation, sol-gel, Pt/SiO2, supported-metal catalysts, phenylacetylene, diphenylacetylene, 29Si NMR
CP-MAS.

Résumé : On a utilisé des catalyseurs homogènes de platine (Pt/SiO2) obtenus par le procédé sol-gel à des pH de 3 et
de 9 pour effectuer l’hydrosilylation d’alc-1-ynes à l’aide de divers silanes. Une fois les catalyseurs activés, ils étaient
utilisés pour effectuer l’hydrosilylation des alc-1-ynes après une courte période d’induction. La distribution des produits
est très semblable dans les deux cas, mais on a observé des différences importantes dans l’activité catalytique et dans
les réactions de changement. Le catalyseur obtenu en milieu basique perd son activité après chaque réaction et on doit
donc procéder à chaque fois à une nouvelle activation. Dans le but de comprendre ce comportement, on a procédé à
une caractérisation des catalyseurs par RMN « CPMAS » du 29Si, par spectroscopie IR à transformée de Fourrier et
par des mesures « BET » de l’aire de la surface. Les études de RMN CPMAS du 29Si ont montré que la présence de
groupes hydroxyles pontés et terminaux est minimale dans le catalyseur de Pt/SiO2 obtenu à un pH de 9. Des résultats
semblables ont été obtenus par l’analyse du spectre IR à transformée de Fourier en raison des conditions de synthèse
du catalyseur.

Mots clés : hydrosilylation, sol-gel, Pt/SiO2, catalyseurs métalliques déposés, phénylacétylène, diphénylacétylène, RMN
CP-MAS du 29Si.
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Introduction

The aim in the preparation of catalytic materials to be
used in industry is to obtain a product with high activity, se-
lectivity, and stability (1). Heterogeneous catalysts are often
prepared by wet chemistry methods such as precipitation,
coprecipitation, hydrothermal synthesis, or by sol-gel pro-
cess. The main advantage of this low-temperature process is
to generate solids with large specific surface area and high
porosity in the meso- and macropore ranges (2).

The sol-gel method represents a useful route in the syn-
thesis of supported metal catalysts. The usefulness of this
method is based on the fact that one can start with both the
metal and support precursors in solution and design a cata-

lyst with well-defined physical properties. Advantages of the
method include: superior homogeneity and purity, better mi-
cro structural control of the support, higher BET surface ar-
eas, better-defined pore size distributions, improved thermal
stability of the metal support particles, and the facility to in-
corporate additional elements (3–5).

One of the important trends in the development of the
hydrosilylation reaction has been the synthesis of heteroge-
neous catalysts for this reaction (6–9). On the other hand,
immobilized complexes or anchored-metal complexes, in
which the metal atom is bonded to a polymer support that
plays the role of a macroligand, have been used. The sup-
ports consist of suitable modified ion-exchange resins (10),
silica gel (11), and organic polymers such as divinylbenzene–
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styrene co-polymer, polymethyl methacrylate (12), or poly-
siloxanes (13). The hydrosilylation reaction of unsaturated
compounds such as olefins, acetylenes, imines, allylamines,
and oxymes promoted by transition-metal catalysts is widely
investigated for reduction of unsaturated groups or addition
of Si—H bonds.

Catalytic hydrosilylation of olefins with soluble platinum
complexes was first described by Speier et al. (14), Saam
and Séller (15), and Ryan and Séller (16) and the commer-
cial catalyst (hexachloroplatinic acid) bears Speier’s name.

Interest in hexachloroplatinic acid and other metal-
supported catalysts has been one of the focal areas of
organosilicon chemists since the 1970s. It is assumed that
supported-metal catalysts have the advantages of both homo-
geneous and heterogeneous systems. Among the advantages
of using supported catalysts are: the ease of catalyst recov-
ery and chemical modification of the active sites, and han-
dling.

The addition of Si—H bonds to unsaturated compounds
can be carried out by free radical chain reactions, or more
conveniently by the use of catalysts such as platinum or
other transition metals (17–19). Polizzi et al. (6) reported
that homogeneous and heterogeneous catalysts derived from
mesitylene-solvated platinum atoms were very reactive in
the selective hydrosilylation of dienes and acetylenes.

Olefin hydrosilylation reactions are known to occur with
the aid of a homogeneous and supported catalyst (20, 21).
These reactions are conventionally known to be accom-
plished by other side reactions, such as olefin isomerization.
The development of catalysts with higher activity and selec-
tivity toward hydrosilylation is undoubtedly needed. In many
cases, more expensive catalysts have been employed for this
purpose (22–26).

However, little is known about the hydrosilylation of the
carbon–carbon triple bond with supported-metal catalysts
obtained by the sol-gel process under the usual reaction con-
ditions. The sol-gel process provides a useful route of pre-
paring supported-metal systems. For example, Ru-MgO has
been used in the benzene hydrogenation reaction (27) and in
the hydrogenolysis of cyclopentene (28). Caporusso et al. (7)
reported a detailed investigation of the hydrosilylation of
aromatic nitriles promoted by unsupported- and supported-
rhodium metal nanoparticles. They were prepared from
arene-solvated rhodium atoms and are excellent catalysts for
the selective hydrosilylation of aromatic nitriles. Schubert et
al. (29) reported the activity of Rh(CO)Cl(PR3)2 heterogen-
ized by the sol-gel method in the hydrosilylation of 1-hexene
with triphenylsilane.

We have reported on the use of Ru/MgO and Pt/MgO ob-
tained by the sol-gel method in the hydrosilylation reaction
(30). Terminal acetylene hydrosilylation is one of our areas
of interest (see Scheme 1) (31).

In a recent preliminary study, we have also used the
Pt/SiO2-pH3 (I) and Pt/SiO2-pH9 (II) in the hydrosilylation
of phenylacetylene, diphenylacetylene, and 1-heptyne with
several hydrosilanes R3SiH (where R = Ph3, Ph2Me, and
PhMe2) (32). In the present report, the influence of the route
of synthesis of the catalysts I and II in acidic or basic me-
dium on the catalytic activity and selectivity was studied.
Particular focus is given to the surface properties to under-
stand the catalytic systems’ behavior.

Experimental

Materials
The chemicals used were all reagent grade and available

from suppliers such as Gelest, Inc. and Aldrich. All the
glassware used was treated with KOH (1 mol/L) in EtOH so-
lution, washed carefully with deionized water and acetone,
and dried in an oven at 110 °C for several hours. Any con-
tact with other organic materials such as silicon grease was
avoided. Liquid hydrosilanes were purified by distillation in
a nitrogen atmosphere. NMR measurements were performed
in CDCl3 solutions using a Varian Gemini 200 MHz spec-
trometer and a Varian Unity-Plus 300 MHz spectrometer.
The catalysts used in this work were obtained at the Gasses
Physicochemical Laboratory of the Molecular Simulation
Program (Mexican Petroleum Institute, México, D.F.) The
catalysts I and II were activated for 4 h at 500 °C and then
left 1 h at room temperature in a hydrogen atmosphere.

Surface area and pore texture of catalysts
BET surface areas were determined using a Pulsechemi-

sorb 2700 Micromeritics instrument and the automated gas
volumetric method employing nitrogen as the adsorbate at
77 K. Samples were degassed under vacuum at 200 °C for 2
to 3 h prior to analysis.

NMR studies of the supported-metal catalytic system
The 29Si CPMAS NMR measurements were performed

using a Varian Unity-Plus 300 MHz spectrometer operating
at 59.58 MHz. The rotor spin rate (Si3N4) was 4 kHz, with a
delay time of 6 s. Transients (1600) were accumulated and
the contact time used was 1500. The samples were dehy-
drated at 350 °C for 30 min in an oven prior to recording the
NMR spectra. The internal reference was talc.

FT IR studies
FT IR spectra of the Pt/SiO2 catalyst were recorded before

and after activation in the range 4000–400 cm–1 using a
PerkinElmer FT IR 1600 spectrometer.

Hydrosilylation procedure
All experiments were performed in a nitrogen atmosphere

in a 50 mL two-necked flask equipped with a thermometer
and a reflux condenser. The flask was charged with activated
catalysts (25 mg Pt/SiO2-pH3 or Pt/SiO2-pH9, 0.5% Pt). The
reactants, Ph2MeSiH (4.01 mmol) and phenylacetylene
(4.5 mmol), were subsequently added. Once the addition
was completed, the mixture was stirred and heated by means
of an oil bath at 80–90 °C for 2 h. The stirring was inter-
rupted every 10 min to take aliquots of the solution and the
product distribution was analyzed using 1H NMR measure-
ments.
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Scheme 1.
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Analysis of the reaction mixture
The isomeric ratio of the hydrosilylation products was de-

rived from the areas of olefinic protons. Decrease of the
�C—H bond was comparable with the increase of the
vinylic proton signals. The specific activity was calculated
as mol of phenylacetylene transformed per g-atom of metal
per h. Products were conveniently purified by distillation or
crystallization. For Ph3SiH with PhC�CH, the product mix-
ture was washed with a CH2Cl2/methanol (2:1) solution and
crystallized at –5 °C to separate the β-trans and α-isomer
from the solution. Turnover reaction for these catalytic sys-
tems was also studied. The product mixture was separated
from the catalyst by decantation and then equal amounts of
fresh silane and phenylacetylene were added to the catalyst
to start the next hydrosilylation reaction. The decrease in
integrals of the �C—H bond were comparable to the in-
crease of the vinylic proton signals, and then the specific ac-
tivity was again measured as mol of phenylacetylene
transformed per g-atom of metal per h.

Results and discussion

The Pt/SiO2-pH3 (I) and Pt/SiO2-pH9 (II) catalysts ob-
tained by the sol-gel method were applied to well-known
hydrosilylation reactions such as the hydrosilylation of
phenylacetylene, diphenylacetylene, and 1-heptyne with var-
ious silanes (R3SiH where R = Ph, Ph2Me, and PhMe2) and
the catalysts were characterized by solid-state NMR, FT IR
spectroscopy, and the BET method. Hydrosilylation of
phenylacetylene was performed using both catalysts. In the
other two reactions, only the Pt/SiO2-pH-3 catalyst was used
because of the loss of catalytic activity of the Pt/SiO2-pH-9
catalyst after each reaction. Illustrative results are presented
in Table 1. Structural assignment of the products were based
on 1H NMR measurements.

The 1H NMR spectrum indicated two doublets, at 5.5 and
5.8 ppm, which are signals typical of the AX spin system.
The coupling constant was J = 3 Hz, and the signals were
assigned to the geminal hydrogen atoms of the ethylene
group. The bands in the region of the relatively weaker field
are assigned to the AB spin system with a coupling constant
of J = 19 Hz. It indicates the trans position of vicinal pro-
tons of the HC=CH fragment.

The hydrosilylation reactions of acetylenes with several
hydrosilanes using both I and II catalysts, were studied by
FT IR. The catalytic activity was manifested by IR spectral
analysis of the reaction products. Fingerprint analysis con-
firmed the concurrence of the hydrosilylation product. The
intensity of the band at 960 cm–1, characteristic for the Si-
C=C bond in the hydrosilylation product increased progres-
sively with time. At the same time, the IR absorption band
of 2210 cm–1, characteristic of the Si—H bond, decayed
with time. Within the reaction temperature range (80–
90 °C), no detectable olefin isomerization products were ob-
served. The rate of increase in the intensity of the product
band at 960 cm–1 was consistent with the rate of decay of
the hydrosilanes band at 2210 cm–1. Therefore, the reaction
profiles were measured by following the disappearance of
the band at 2210 cm–1 characteristic of the Si—H bond, and
the extent of the hydrosilylation reaction was calculated
based on the amount of the R3Si-H consumed as the limiting

reactant. A typical representation of the hydrosilylation reac-
tion progress with time is shown in Fig. 1.

The hydrosilylation reaction was conducted under a vari-
ety of reaction conditions. The effect of temperature, reac-
tant concentration, and catalyst amounts on the rate of the
hydrosilylation reaction were investigated, together with the
catalysts’ reuse.

The catalyst can be removed from the reaction mixture by
filtration in N2 or by removal of the filtrate and then washing
with either one of the reactants. If the activated catalyst was
removed from the hydrosilylation mixture by filtration and
washed with the same reactant, the recovered catalyst
showed little decrease in catalytic activity during four runs,
ranging from 98% conversion in the first run to 92% conver-
sion in the fourth run. It seems that some of the products are
remaining on the surface, creating less active catalytic sites,
although it is very important to say that the selectivity is
maintained after the four runs, as can be seen in Table 2.

These results were true for I. Once the hydrosilylation re-
action was performed using the two catalytic systems, it was
observed that the catalyst obtained at pH 9 (II) loses cata-
lytic activity and it has to be activated before a new reaction.
It was decided to investigate the morphological characteris-
tics of each system to obtain a better understanding of such
behavior.

Solid-state NMR studies
The development of high-power decoupling, cross-

polarization (CP), and magic-angle-spinning (MAS) tech-
niques permits NMR studies. We applied both MAS and
CP-MAS NMR to the molecular characterization of the sur-
face of supported-metal catalysts obtained by the sol-gel
method. Figures 2–4 contain the MAS and CP-MAS 29Si
NMR data for the surface-attached molecules. 29Si NMR
data do agree with information from the literature for silica-
supported catalytic systems (33–36). It is important to ob-
serve that two catalysts (seen in figures as Pt/SiO2 IMP and
FQ) were prepared at the same conditions and the solid-state
NMR information obtained is reported. The MAS 29Si NMR
spectrum of I (Fig. 2) shows a broad signal at –107 ppm as-
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Product (%)

Catalyst Acetylene R3SiH trans gem cis

Pt/SiO2-pH 3 PhCCH Ph3SiH 98 2 —
Ph2MeSiH 97 3 —
PhMe2SiH 80 18 2

Pt/SiO2-pH 9 Ph3SiH 97 3 —
Ph2MeSiH 95 5 —
PhMe2SiH 78 20 2

Pt/SiO2-pH 3 PhCCPh Ph3SiH 48 0 52
Ph2MeSiH 24 0 76
PhMe2SiH 33 0 67

Pt/SiO2-pH 3 1-Heptyne Ph3SiH 77 23 —
Ph2MeSiH 78 20 2
PhMe2SiH 70 25 5

Note: The reactions were performed at 80–90 °C for 2 h with conver-
sions of over 95% of the initial reactants.

Table 1. Product distribution in the hydrosilylation of acetylenes
by R3SiH promoted by I and II.
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signed to Si(OSi)4 with a small shoulder around –95 ppm at-
tributable to the (HO)Si(OSi)3 environment. From the MAS
29Si NMR spectrum of II (Fig. 3), similar information was
obtained but a bigger shoulder at –95 ppm is observed.

In the present case, the CP-MAS pulse sequence was
more informative. Signals at –96 and –86 ppm were as-
signed to (HO)Si(OSi)3 and (OH)2Si(0Si)2. More intense
signals were observed in catalyst II obtained at pH 9
(Fig. 4). These results show that few hydroxyl groups re-
main on the silica surface of the supported-metal catalyst I.
On the other hand, the surface of II has more hydroxyl
groups. This is important evidence that tends to explain the
different catalysts’ behavior based on the synthetic condi-
tions and particularly the loss of activity of II.

Porosimetry results
Nitrogen adsorption and desorption isotherms obtained at

liquid nitrogen temperature for I and II are given in Figs. 5
and 6. The Pt/SiO2-pH3 isotherm is type I and is typical of
microporous materials. The totality of accessible pores are
filled with adsorbate and the isotherm reaches a plateau that
remains fairly invariant as p/Po → 1 (where p is the pressure
of the adsorbate at equilibrium and Po is the saturated pres-

sure at equilibrium). Its desorption isotherm does not exhibit
any hysteresis.

In contrast, the Pt/SiO2-pH9 isoterm is type III, typical of
mesoporous solids. Monolayer and multilayer coverage are
basically completed at p/Po → 1 (Fig. 6). Nitrogen uptake in
this range of pressure increases in the order I < II, a trend
consistent with the BET surface as shown in Table 3. After
multilayer coverage is complete, capillarity condensation oc-
curs in the mesopores. The small inclination of the isotherm
step in Fig. 6 indicates that these mesopores are distributed
over a range of sizes.
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Fig. 1. Hydrosilylation reaction progress with time. Hydro-
silylation of phenylacetylene with Ph3SiH (�), Ph2MeSiH (�),
and PhMe2SiH (�) using catalyst I.

Product (%)

Cycles Specific activity Reaction time (h) trans gem cis

1 3126 2 96 4 —
2 3126 2 96 4 —
3 3114 2 96 4 —
4 2997 2 96 4 —

Note: The reactions were performed at 80–90 °C for 2 h with conver-
sions of over 95% of the initial reactants. The specific activity was calcu-
lated as mol of phenylacetylene transformed per g-atom of metal per h.

Table 2. Specific activity and isomeric ratio as a function of re-
action time of Pt/SiO2-pH 3 (I) in the hydrosilylation of
phenylacetylene with Ph2MeSiH.

Fig. 2. 29Si MAS NMR spectra of Pt/SiO2 at pH 3.

Fig. 3. 29Si MAS NMR spectra of Pt/SiO2 at pH 9.

I:\cjc\cjc8111\V03-139.vp
October 27, 2003 11:15:37 AM

Color profile: Disabled
Composite  Default screen



FT IR studies of I and II catalysts
FT IR spectra were obtained for Pt/SiO2 catalysts prior to

the hydrosilylation reactions. Figure 7 illustrates the IR
spectra that show peaks around 3500 cm–1 that correspond to
Si—OH and OH bonds. The peaks are more intense in II.
This information agrees with the results of solid-state NMR

presented previously. When the catalysts were heated at the
activation temperature (500 °C), it was possible to observe
clearly that the intensity of the OH vibration peak decreases
after 4 h.

From the information obtained by CP-MAS NMR,
porosimetry, and FT IR, several aspects can be considered to
address the difference in catalytic activity: The presence of
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Fig. 4. 29Si CP-MAS NMR spectra of Pt/SiO2 at pH 9.

Fig. 5. Nitrogen adsorption–desorption isotherms, at liquid nitro-
gen temperature, of catalyst I.

Fig. 6. Nitrogen adsorption–desorption isotherms, at liquid nitro-
gen temperature, of catalyst II.

Catalyst SA (m2/g) PV (cm3/g) PS (Å)

Pt/SiO2-pH 3 (I) 529 0.083 14
Pt/SiO2-pH 9 (II) 160 0.03 31.6

Table 3. Surface area (SA), pore volume (PV), and pore size
(PS) measurements of I and II obtained by nitrogen sorption
data at 77 K.

Fig. 7. FT IR spectra of catalysts I and II.
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more OH groups in Pt/SiO2 as a result of the preparation at
pH 9 tend to affect its properties such as the surface area and
pore characteristics. In Table 3, it is shown that there is a
very important difference in surface area (529 m2/g for I and
160 m2/g for II). Pore size is bigger in II, and blocked pores
can also be considered in the catalyst deactivation. At it has
been pointed out, after each reaction, II is required to be ac-
tivated.

Final remarks

The investigation of the use of Pt supported on silica ob-
tained by the sol-gel method at different pHs provided sig-
nificant results suggesting the actual possibility of preparing
physically heterogeneous catalysts for hydrosilylation reac-
tions. Additional work is needed to clarify the role of the
pathway in connection to the possible activating affect of the
acidic species on the surface of the support. Finally, the pos-
sibility of controlling stereochemistry and morphology by
the heterogeneous phase is a matter of active study.
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Reduction of hafnium(IV) complexes in the
presence of molecular nitrogen: Attempts to form
dinitrogen complexes of the heaviest group 4
element1

Michael D. Fryzuk, James R. Corkin, and Brian O. Patrick

Abstract: The reaction of [P2N2]Li2(dioxane)2 with HfCl4(THF)2 (where [P2N2] = PhP(CH2SiMe2NSiMe2CH2)2PPh) re-
sults in the formation of the hafnium dichloride complex [P2N2]HfCl2 (1). The behaviour of 1 as a potential precursor
in the generation of a dinitrogen coordination complex is described. Reduction of 1 with potassium-graphite (C8K), un-
der dinitrogen, under a variety of conditions led to a number of products, one of which is the dinuclear derivative with
bridging P-phenyl groups that has the general formula {[P2N2]Hf}2 (2). Reduction of the hafnium diiodide [P2N2]HfI2

(3) — prepared via the reaction of 1 with excess Me3SiI — with C8K results in the formation of ([P2N2]Hf)2(µ-η2:η2-
N2) (4) as the major product of the reaction, while {[P2N2]Hf}2 (2) and [P2N2]Hf(C7H8) (5) appear to be minor prod-
ucts. Reaction of 1 with 2 equiv of MeMgCl gives [P2N2]HfMe2 (6), which, upon exposure to an atmosphere of H2,
gives the hafnium tetrahydride {[P2N2]Hf}2(m-H)4 (7).

Key words: hafnium, dinitrogen, reduction, coordination chemistry, hydride, mixed donor ligands.

Résumé : La réaction du [P2N2]Li2(dioxane)2 avec le HfCl4(THF)2 {dans lequel [P2N2] = PhP(CH2SiMe2NSiMe2CH2)2PPh}
conduit à la formation du complexe de dichlorure d’hafnium, [P2N2]HfCl2 (1). On décrit le comportement du complexe
1 comme précurseur potentiel pour générer un complexe de coordination du diazote. La déduction de 1 à l’aide de po-
tassium sur graphite (C8K), sous atmosphère de diazote, dans diverses conditions expérimentales conduit à la formation
d’un certain nombre de produits, dont l’un est un dérivé dinucléaire de formule générale {[P2N2]Hf}2 (2) portant des
groupes P-phényles agissant comme ponts. La réduction par le C8K du complexe de diiodure d’hafnium, [P2N2]HfI2

(3), préparé par le biais d’une réaction de 1 avec un excès de Me3SiI, conduit à la formation du complexe {([P2-
N2]Hf)2(µ-η2:η2-N2) (4) comme produit majeur de la réaction alors qu’il semble y avoir formation {[P2N2]Hf}2 (2) et
de [P2N2]Hf(C7H8) (5) comme sous-produits. La réaction de 1 avec deux équivalents de MeMgCl conduit à la forma-
tion de [P2N2]HfMe2 (6) qui, mis dans une atmosphère de H2, fournit le tétrahydrure d’hafnium, {[P2N2]Hf}2(µ-H)4 (7).

Mots clés : hafnium, diazote, réduction, chimie de coordination, hydrure, ligands donneurs fixés.

[Traduit par la Rédaction] Fryzuk et al. 1387

Introduction

The preparation of dinitrogen complexes of the early tran-
sition metals generally involves reduction of some suitable
metal halide precursor in the presence of molecular nitrogen
(1). While effective in many cases, certain early transition
elements are not easily reduced, and as such, well-defined
dinitrogen complexes are either unknown or extremely rare.
Examples of this are the group 3 elements, Sc, Y, and La, for

which molecular dinitrogen complexes are not known and
the group 4 element, Hf, for which only one dinitrogen com-
plex has been reported (2). Reduction of Cp*2HfI2 with Na–
K in dimethoxyethane at –40 °C does result in the formation
of [Cp*2Hf(N2)]2(µ-N2) in rather low yields. In this case, the
choice of the reducing agent and solvent and the use of the
diiodide were critical to the success of this procedure. As
has been reported earlier, reductive strategies to generate
dinitrogen complexes can lead to other products (3), and so,
the fact that reaction optimization required considerable
variation in experimental conditions is not surprising.

In this paper we describe our efforts to extend the family
of hafnium dinitrogen complexes by the attempted prepara-
tion of ([P2N2]Hf)2(µ-η2-N2) (4), in analogy to that reported
previously for the zirconium complex ([P2N2]Zr)2(µ-η2-N2).
The zirconium complex has been shown to add H2 and pri-
mary silanes with concomitant formation of N—H and N—
Si bonds, respectively (4). We reasoned that access to the
hafnium dinitrogen complex congener might allow for simi-
lar reactivity and even perhaps different reactivity patterns.
However, as will be shown in this work, changing the metal
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from Zr to Hf results in a different set of reactions when re-
duction in the presence of dinitrogen is attempted.

Results and discussion

Preparation and structure of [P2N2]HfCl2 (1)
Our initial strategy to prepare ([P2N2]Hf)2(µ-η2-N2) (4)

was to follow exactly the preparation of the zirconium ana-
log ([P2N2]Zr)2(µ-η2-N2), by reduction of the Hf(IV)
dichloride complex, [P2N2]HfCl2 (1), with an alkali metal re-
agent. We have already shown that reduction of [P2N2]MClx
(M = Zr, x = 2; M = Nb, x = 1) by potassium-graphite (C8K)
can generate good yields of the corresponding dinitrogen
complexes ([P2N2]M)2(µ-N2) (M = Zr (4), M = Nb (3)). The
starting dichloride 1 was prepared by the reaction of the
THF adduct of hafnium(IV) tetrachloride with 1 equiv of
[P2N2]Li2(1,4-dioxane)2. The optimal conditions for this re-
action were found to require heating of a suspension of start-
ing materials in toluene overnight at approximately 120 °C
(Scheme 1).

Complex 1 was characterized by solution 1H and 31P{1H}
NMR spectroscopy, elemental analysis, and solid-state, X-
ray structure analysis. Crystals of 1 suitable for X-ray dif-
fraction were grown from a saturated DME solution; the
ORTEP diagram is shown in Fig. 1.

The solid-state molecular structure of 1 is best described
as distorted octahedral. N(1), N(2), Cl(1), and Cl(2) can be
described as forming a square plane, with the sum of the
four angles equal to 360.1°. P(1) and P(2) can then be de-
scribed as adopting quasi-capping positions, with a P(1)-
Hf(1)-P(2) angle of 153.76(3)°, which is drawn back from
the optimum 180° because of the constraints of the
macrocyclic ligand framework. The small cavity size of the
[P2N2] ligand forces the hafnium atom to sit atop the ligand,
which places the two chlorides cis to each other.

The [P2N2] framework is distorted and adopts a C2 twist
in the solid state, a feature that has been observed in many
[P2N2] complexes (5–10). The solid-state structure of 1 is
both isomorphous and isostructural with that of its zirco-

nium analogue, [P2N2]ZrCl2, and Table 1 shows a compari-
son of selected bond lengths and angles for the two com-
pounds. As with the zirconium analogue, the Hf—N, Hf—P,
and Hf—Cl bond lengths are not unusual and compare well
with other group 4 amido and phosphine complexes (5, 11–
13).

Like the zirconium derivative, the solid-state molecular
structure of 1 does not match the solution structure. The 1H
NMR spectrum of 1 is virtually identical to that of the zirco-
nium analogue, with slight displacements of each character-
istic signal. The solution structure is more compatible with a
C2v symmetry. Only two signals due to the silyl methyl pro-
tons are observed, reflecting the “top and bottom” asymme-
try of 1. If the C2 symmetry of the solid state is held in
solution, one would expect to observe four silyl methyl sig-
nals. It seems, therefore, that the [P2N2] framework is quite
flexible in solution and undergoes a “rocking” motion cen-
tered at the trigonal silyl amide groups. The 31P{1H} NMR
spectrum of 1 shows a singlet at –5.8 ppm, which is shifted
8.5 ppm downfield from that observed for the zirconium an-
alogue.

Reduction of [P2N2]HfCl2 (1)
While ease of reduction is difficult to compare, tables of

reduction potentials indicate that Hf is more difficult to re-
duce than zirconium (14–15). The first attempt to reduce 1
followed a procedure identical to the one that formed the zir-
conium dinitrogen complex; it involved reduction of the
starting chloride complex with 2 equiv of potassium graphite
(4), but the results were unexpected. Instead of the desired
dinitrogen complex, the major product was the hafnium
dimer, {[P2N2]Hf}2 (2), with coordination of the activated
phenyl rings on one phosphorus to the other metal atom
(Scheme 2).

The NMR spectra of 2 are consistent with this dimeric
formulation. The 1H NMR spectrum shows a set of phospho-
rus–phenyl resonances in a 2:2:1 ratio at 4.22, 4.15, and
3.39 ppm, respectively. Coupling information is transmitted
through the coordinated arene ring between metal centers,
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Scheme 1. Synthesis of [P2N2]HfCl2 (1).
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leading to an AA′BB′ pattern in the 31P{1H} NMR spectrum.
This compound also has a zirconium analogue, {[P2N2]Zr}2,
which is the major product when [P2N2]ZrCl2 is reduced
with C8K in the absence of N2, for example, under Ar or in a
degassed vessel (3). {[P2N2]Zr}2 was first noticed as an im-
purity in the reaction that produces {[P2N2]Zr}(µ-η2:η2-N2).
For the zirconium system, under N2, the dimer was a fairly
minor impurity. When the metal center is changed to haf-
nium, the dimer appears to be the major product of this reac-
tion, at least under these conditions.

Preparation and reduction of [P2N2]HfI2 (3)
The only known hafnium dinitrogen complex,

{Cp*
2Hf(N2)}2(µ-N2), was prepared from the precursor,

Cp*
2HfI2, after attempts to use a dichloride complex as a

starting material were unsuccessful (2). Reaction of a tolu-
ene solution of [P2N2]HfCl2 (1) with a slight excess of
trimethylsilyliodide resulted in formation of [P2N2]HfI2 (3)
(Scheme 3).

Assuming an analogous structure for the diiodide as was
found for the dichloride, one would expect little change in
the NMR spectra upon replacement of chloride with iodide,
and to a degree this is observed. The 31P{1H} NMR signal is
still a singlet at –5.4 ppm, shifted only 0.4 ppm downfield of

the dichloride 2. In the 1H NMR spectrum of the diiodide
complex, the two silyl methyl signals are now separated by
0.3 ppm, while for the dichloride complex the separation is
less than 0.05 ppm.

Reaction of [P2N2]HfI2 (3) with 2 equiv of C8K under
1 atm (1 atm = 101.325 kPa) of dinitrogen produced a mix-
ture of products and a solution with an intense blue color, a
color characteristic of the {[P2N2]Zr}(µ-η2:η2-N2) analogue.
These products, their tentative assignments, and their per-
centages as determined by 31P{1H} NMR spectroscopy are
summarized in Table 2.

The 31P{1H} NMR chemical shift of the speculated
dinitrogen complex, combined with the intense blue color of
the solution, was an excellent indication of dinitrogen com-
plex formation, but it remained uncertain that the signal at
–8.2 ppm could be assigned to {[P2N2]Hf}(µ-η2:η2-N2).

In an attempt to increase the yield of the dinitrogen com-
plex 4, the reaction was repeated in a sealed reactor, under
4 atm of dinitrogen, for a period of 8 days (Table 3). With
these changes in reaction conditions, the signal at –8.2 ppm
became the major signal. The large increase in integration
size of this signal, when the only change to the reaction was
to increase the N2 pressure, is further evidence that the sig-
nal can be assigned to the dinitrogen complex. However, a
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Fig. 1. An ORTEP diagram of [P2N2]HfCl2 (1), showing the solid-state molecular structure (ellipsoids at 50% probability). The silyl
methyl groups have been omitted for clarity; only the ipso carbons of the phosphorus phenyl groups are shown.

Bond lengths M = Hf M = Zr Bond angles M = Hf M = Zr

M(1)—N(1) 2.125(3) 2.136(4) N(1)-M(1)-N(2) 96.6(1) 96.8(2)
M(1)—N(2) 2.134(3) 2.125(4) P(1)-M(1)-P(2) 153.76(3) 152.52(6)
M(1)—P(1) 2.684(1) 2.694(2) Cl(1)-M(1)-Cl(2) 83.32(4) 82.57(7)
M(1)—P(2) 2.673(1) 2.707(2) N(1)-M(1)-Cl(2) 90.88(9) 89.5(1)
M(1)—Cl(1) 2.461(1) 2.455(2) N(2)-M(1)-Cl(1) 89.22(9) 91.3(1)
M(1)—Cl(2) 2.461(1) 2.448(2)

Table 1. A comparison of selected bond lengths (Å) and angles (°) in [P2N2]MCl2 (M = Zr, Hf).
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higher percentage of starting material remains when com-
pared with the same reaction using 1 atm of N2, and the
other impurities are still present, although in smaller
amounts.

Further characterization of {[P2N2]Hf}2(µ-η2:η2-N2) (4)
Further evidence for the formation of complex 4 comes

from mass spectrometry data. Shown in Fig. 2 is a portion of
the EI mass spectrum. Figure 3 shows the theoretical mass
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Scheme 2. Synthesis of {[P2N2]Hf}2 (2).

Scheme 3. Synthesis of [P2N2]HfI2 (3).
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spectrometry signature one would expect from complex 4.
The theoretical signature is a near exact match for the exper-
imental one shown in Fig. 2. In Fig. 2, signatures for
{[P2N2]Hf}2N (where a single nitrogen atom has been

stripped from the parent compound) and for {[P2N2]Hf}2 (2)
can also be seen and are labeled.

Not shown here, but also observed in the EI mass spec-
trum, are the signatures for [P2N2]Hf(C7H8) (5) and for
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Compound 31P shift (ppm) After 1 h (%)a After 4 h (%) After 8 h (%) After 25 h (%) After 72 h (%)

[P2N2]HfI2 3 –5.4 (s) 100 77 55 31 5

{[P2N2]Hf}2 2 6.3 (m)b 0 9 21 26 34

[P2N2]Hf(C7H8) 5 8.6 (s) 0 8 14 22 33

{[P2N2]Hf}2(µ-N2) 4 –8.2 (s) 0 6 9 21 29
aPercentages of each compound determined from integration of their 31P{1H} NMR signals. Error is approximately 1% for each.
bSpin system is AA′BB′.

Table 2. The results of a study of the reaction of [P2N2]HfI2 (3) with 2 equiv of C8K under 1 atm N2 in toluene.

[P2N2]HfI2 3 {[P2N2]Hf}2 2 [P2N2]Hf(C7H8) 5 {[P2N2]Hf}2(µ-N2) 4
31P shift (ppm) –5.4 (s) 6.3 (m)a 8.6 (s) –8.2 (s)
After 8 days under 4 atm N2 (%)b 19 16 13 52

aSpin system is AA′BB′.
bPercentages of each compound determined from integration of their 31P{1H} NMR signals. Error is approximately 1% for each.

Table 3. The results of a study of the reaction of [P2N2]HfI2 (3) with 2 equiv of C8K under 4 atm N2 in toluene.

Fig. 2. Selected EI mass spectrometry data for ([P2N2]Hf)2N2 (4).

Fig. 3. Theoretical isotope distribution pattern for EI mass spectrometry analysis of ([P2N2]Hf)2N2 (4), as determined by Isotope Pat-
tern Calculator™ v. 1.6.6.
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[P2N2]HfI and [P2N2]Hf. Interestingly, no signature is ob-
served for [P2N2]HfI2 (3), likely because of the weakness of
the Hf—I bond.

To confirm the presence of a dinitrogen compound in the
products from the reaction of [P2N2]HfI2 (3) with 2 equiv of
C8K, the mixture of products was degraded with HCl and
the resultant products analyzed to detect hydrazine, accord-
ing to literature procedure (16). Hydrazine was detected,
confirming the presence of a dinitrogen compound; however,
it was not possible to determine the percent of hydrazine
formed per mole of {[P2N2]Hf}2(µ-η2:η2-N2) (4), owing to
the inability to isolate 4 in pure form.

Preparation and structure of [P2N2]HfMe2 (6)
We were also interested in the organometallic chemistry

of hafnium with the [P2N2] ligand. {[P2N2]Zr}2(µ-H)4 was
prepared3 from [P2N2]ZrCl2, using C8K as a reducing agent,
under 4 atm of H2. Interestingly, it does not appear to be
possible to form a zirconium hydride from [P2N2]ZrMe2.
[P2N2]ZrMe2 is extremely thermally and light sensitive,
making it difficult to prepare in sufficient quantities to use in
subsequent reactions. It is a well-established precedent that
certain organometallic hafnium(IV) compounds are more
thermally stable than their zirconium analogues (12, 17–19).
As well, the use of hafnium analogues can facilitate investi-
gation of intermediates in cases where this proves difficult
for zirconium compounds (2, 20, 21). The synthesis of
[P2N2]HfMe2 (6) was accomplished by the metathesis reac-
tion of [P2N2]HfCl2 (1) with 2 equiv of the Grignard re-
agent, MeMgCl (Scheme 4).

Compound 6 was characterized by 1H and 31P{1H} NMR
spectroscopy, elemental analysis, and X-ray crystal structure
analysis. In a manner similar to most other known

mononuclear group 4 metal [P2N2] complexes, the dimethyl
compound adopts C2v symmetry in solution at ambient tem-
perature, as evidenced by NMR spectroscopy. As expected,
the methyl protons are coupled to two equivalent phospho-
rus nuclei and appear as a triplet at 0.65 ppm. Unlike the
case of the zirconium analogue, their signal is not masked
by the [P2N2] ligand methylene protons. Interestingly, while
it was not possible to grow crystals of the zirconium ana-
logue of this compound, crystals of the hafnium analogue
were grown easily from slow evaporation of a DME solu-
tion. An ORTEP diagram of complex 6 is shown in Fig. 4.
The substitution of methyl groups for chloride moieties upon
going from 1 to 6 has resulted in a substantial structural
change. The geometry around the metal center is now best
described as trigonal prismatic, with the two trigonal planes
described by N(1), P(1), and C(25) and N(2), P(2), and
C(26). The methyl carbons are not located in a square plane
with the amido nitrogens but are rotated out of this plane. As
well, the phosphine and amide “bite angles”, P(1)-Hf-P(2)
and N(1)-Hf-N(2), have both changed considerably. The
phosphine bite angle has decreased from 153.76(3)° to
135.79(3)°, while the amide bite angle has increased from
96.6(1)° to 113.2(1)°. Table 4 shows selected bond distances
and angles for complex 6. The Hf—C, Hf—N, and Hf—P
bond distances are, once again, not unusual and compare
well with other group 4 methyl complexes (11).

Preparation of {[P2N2]Hf}(µ-H)4 (7)
While hydrogenolysis of [P2N2]ZrMe2 did not result in a

zirconium hydride complex, a hafnium hydride was synthe-
sized through hydrogenolysis. Reaction of P2N2HfMe2 with
H2 gas in benzene gave {[P2N2]Hf}2(µ-H)4 7 (Scheme 5).
Complex 7 is sparingly soluble in benzene and precipitates

© 2003 NRC Canada
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Scheme 4. Synthesis of [P2N2]HfMe2 (6).

3 M.D. Fryzuk and J.B. Love. Unpublished results.
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out of solution as yellow microcrystals, making separation
from the parent compound a simple matter.

The change in the chemical shift of the phosphorus nuclei,
when switching from {[P2N2]Zr}2(µ-H)4 to its hafnium ana-
logue,3 is more drastic than in other [P2N2] compounds. The
signal is observed at 4.4 ppm, downfield from the zirconium
analogue signal at –5.9 ppm. As well, the hydride quintet (2,
22–24) is observed at 9.3 ppm, downfield from 5.0 ppm in
the zirconium analogue. The other characteristic signals in
the 1H NMR spectrum have not changed appreciably.

Conclusions

The hafnium chemistry presented in this paper, while sim-
ilar to the previously reported zirconium chemistry, does
have some notable differences. Although the X-ray crystal
structure of [P2N2]HfCl2 (1) is isostructural and
isomorphous with that of its zirconium analogue, the reactiv-
ity of 1, especially under reducing conditions, is quite differ-
ent. It was not possible to synthesize the hafnium dinitrogen
compound {[P2N2]Hf}(µ-η2:η2-N2), in any appreciable
amount, from [P2N2]HfCl2 (1); instead, a hafnium dimer,
{[P2N2]Hf}2 (2), was the major product. However, changing
the hafnium starting material from the chloride complex, 1,

to the iodide complex did result in the formation of the haf-
nium dinitrogen complex, {[P2N2]Hf}(µ-η2:η2-N2) (4), after
reduction with C8K, as shown by NMR spectroscopy, EI
mass spectrometry, and hydrazine analysis. Unfortunately, it
has not been possible to isolate compound 4 in the solid
state. Synthesis of [P2N2]HfMe2 (6) proceeded in a manner
identical to that of its zirconium analogue. The dimethyl de-
rivative, 6, reacts with H2 to generate the dinuclear hafnium
hydride, {[P2N2]Hf}(µ-H)4 (7), via hydrogenolysis; this re-
action fails for the zirconium analogue, [P2N2]ZrMe2.

Experimental

Materials and apparatus
All manipulations were performed under prepurified nitro-

gen in a Vacuum Atmospheres HE-553-2 workstation
equipped with an MO-40-2H purification system or using
Schlenk-type glassware. The term “reactor” refers to a cylin-
drical, thick-walled Pyrex vessel equipped with a 5 mm (or
10 mm, for larger bombs) Kontes teflon needle valve and a
ground glass joint for attachment to a vacuum line. These
“reactors” allow pressures as high as 4 atm to be maintained
inside the tube. HfCl4 (<0.05% Zr) was purchased from
Strem and used as received. THF was predried by refluxing
over CaH2 for at least 24 h and dried by refluxing over so-
dium benzephenone ketyl, followed by distillation under ar-
gon. Toluene and hexanes were purchased in anhydrous
form from Aldrich, sparged with N2, and deoxygenated by
filtration through columns containing silica and Q-5 catalyst
under a positive pressure of N2 (25). Benzene, diethyl ether,
and dimethoxyethane were also refluxed over sodium
benzephenone ketyl and distilled under argon. Deuterated
THF (C4D8O) and deuterated benzene (C6D6) were refluxed
under vacuum with sodium–potassium amalgam (Na–K),
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Bond lengths Bond angles

Hf(1)—N(1) 2.147(3) N(1)-Hf(1)-N(2) 113.5(1)
Hf(1)—N(2) 2.149(3) P(1)-Hf(1)-P(2) 135.79(3)
Hf(1)—P(1) 2.781(1) C(25)-Hf(1)-C(26) 82.0(2)
Hf(1)—P(2) 2.783(1) N(1)-Hf(1)-C(25) 97.2(2)
Hf(1)—C(25) 2.263(1) N(2)-Hf(1)-C(25) 134.6(2)
Hf(1)—C(26) 2.277(1)

Table 4. Selected bond lengths (Å) and angles (°) in [P2N2]HfMe2

(6).

Fig. 4. An ORTEP diagram showing the solid-state molecular structure of [P2N2]HfMe2 (6) (ellipsoids at 50% probability). The silyl
methyl groups have been omitted for clarity; only the ipso carbons of the phosphorus phenyl groups are shown.
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vacuum transferred to a clean vessel, and “freeze–pump–
thawed” three times prior to use.

The following compounds were prepared by published
procedures: HfCl4(THF)2 (26), [syn-P2N2]Li2(dioxane) (27),
C8K (28), and Mg(C4H6)(THF)2. Me3SiI, MeMgCl,
BzMgCl, and H2 were used as received. Diatomaceous earth
(Celite) was dried overnight at 170 °C before being taken in-
side the glovebox for use.

Analytical methods
1H and 31P{1H} NMR spectroscopy were performed on a

Bruker AMX-500 instrument (500.135 and 202.458 MHz) or
a Bruker AC-200 machine (200.132 and 81.015 MHz). 1H
NMR spectra were referenced to internal C6D5H (7.15 ppm),
and 31P{1H} NMR spectra were referenced to external
P(OMe3)3 (141.0 ppm, with respect to 85% H3PO4 at
0.00 ppm).

The theoretical EI signature was created using Isotope™
v. 1.6.6, a program designed specifically to model mass
spectrometry signatures.

C, H, and N microanalyses were performed by Mr. P.
Borda of this department, the Department of Chemistry, Uni-
versity of British Colombia (UBC). The X-ray crystal struc-

tures were determined at UBC Crystallographic Services in
this department by Dr. B. Patrick. The crystals were loaded
in a small glass vial and covered with paratone oil in the
glovebox to prevent decomposition. Details of the structure
determinations are given in the Appendices.4

Hydrazine analysis (16)
The products from the reaction of [P2N2]HfI2 (3) with 2

equiv of C8K were weighed into a 200 mL Schlenk tube
(0.280 g) and dissolved in 50 mL of Et2O. Ten millilitres of
2.0 mol L–1 HCl in Et2O was added to this solution. The so-
lution immediately lost its blue color, and a white precipitate
formed. The clear solution and white precipitate were stirred
for 1 h, and the solvents were removed in vacuo. The flask
was exposed to the air, extracted into 100 mL of H2O, and
filtered into a 500 mL volumetric flask, which was
filled with 1.0 mol L–1 HCl. A 2.0 mL aliquot of this
solution was added to 20 mL of a color developer (p-
dimethylaminobenzaldehyde, 4.0 g; ethanol, 200 mL;
1.0 mol L–1 HCl, 20 mL) and diluted to 25.0 mL with
1.0 mol L–1 HCl. Absorbance readings of the sample were
taken within 10 min. The spectrometer was set to 100%
transmittance, using a blank solution consisting of
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Scheme 5. Synthesis of {[P2N2]Hf}2(µ-H)4 (7).

4 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
205941 and 205942 contain the supplementary data for this paper. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax
+44 1223 336033; or deposit@ccdc.cam.ac.uk).
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1.0 mol L–1 HCl. Absorbance readings of 0.33, 0.34, and
0.33 AU were obtained at 458 nm.

Synthesis of [P2N2]HfCl2 (1)
Li2(dioxane)[P2N2] (6.83 g, 10.8 mmol) and HfCl4(THF)2

(5.00 g, 10.8 mmol) were each weighed into a thick-walled
reactor. Addition of 150 mL toluene to this intimate mixture
resulted in a cloudy white solution. The reactor was sealed,
and the mixture was heated for 18 h at 120 °C. The solvents
were then removed in vacuo; the off-white residue was ex-
tracted into toluene (2 × 50 mL) and filtered through Celite.
The filtrate was evaporated to dryness and the residue
washed with hexanes (2 × 10 mL), yielding 1 (7.25 g, 86%)
as a white powder. The product was crystallized by the slow
evaporation of a DME solution.

1H NMR (C6D6, 25 °C, 500.135 MHz) δ: 7.87 (m, 4H, o-
H phenyl), 7.05 (m, 6H, m/p-H phenyl), 1.41 (ABX m, 4H,
CH2 ring), 1.32 (ABX m, 4H, CH2 ring), 0.38 (s, 12H,
SiMe2 ring), 0.34 (s, 12H, SiMe2 ring). 31P{1H} (C6D6,
25 °C, 202.458 MHz) δ: –5.8 (s). Anal. calcd. for
C24H42Cl2HfN2P2Si4: C 36.85, H 5.41, N 3.58; found: C
37.04, H 5.48, N 3.56.

Synthesis of {[P2N2]Hf}2 (2)
[P2N2]HfCl2 (1) (0.73 g, 0.93 mmol) and C8K (0.25 g,

1.86 mmol) were each weighed into a 200 mL thick-walled
reactor, to which 50 mL of toluene was added, all in the
glovebox. The reactor was removed from the glovebox and
cooled to –198 °C in a liquid nitrogen bath while under a
flow of N2. After allowing 30 min for equilibration, the reac-
tor was sealed and allowed to warm to room temperature.
The reaction mixture was stirred for 8 days and filtered
through Celite. Toluene was removed in vacuo, and the resi-
dues were dissolved in hexanes and filtered. The hexanes so-
lution was left in a –40 °C freezer overnight, where 2
crashed out of solution as a yellow-brown powder. Yield:
0.22 g, 32.2%. Note: further studies showed that it does not
matter what type of atmosphere (N2, Ar, or near vacuum) is
inside the reactor.

1H NMR (C6D6, 25 °C, 200.132 MHz) δ: 7.40 (m, 4H, o-
H phenyl), 7.10 (m, 6H, m/p-H phenyl), 4.22 (m, 4H, m/p-H
activated phenyl), 4.15 (m, 4H, m/p-H activated phenyl),
3.39 (m, 2H, o-H activated phenyl), 1.49 (ABX m, 8H, CH2
ring), 1.15 (ABX m, 8H, CH2 ring), 0.52 (s, 12H, SiMe2
ring), 0.50 (s, 12H, SiMe2 ring), 0.31 (s, 12H, SiMe2 ring),
0.04 (s, 12H, SiMe2 ring). 31P{1H} (C6D6, 25 °C,
81.015 MHz) δ: –6.3 (m). Anal. calcd. for
C48H84Hf2N4P4Si8: C 40.52, H 5.95, N 3.95; found: C 40.39,
H 5.97, N 3.75.

Synthesis of [P2N2]HfI2 (3)
Me3SiI (10.0 mL, 70 mmol, ~10 equiv) was added to a

stirred solution of [P2N2]HfCl2 (1) (5.21 g, 6.66 mmol) in
80 mL of toluene at –78 °C. The reactor was sealed and the
solution stirred for 18 h, during which time the solution ac-
quired a very pale yellow-green color. Toluene was removed
in vacuo and the residues washed with hexanes (2 × 10 mL),
yielding 3 (2.8 g, 88%) as a very pale green powder.

1H NMR (C6D6, 25 °C, 200.132 MHz) δ: 7.92 (m, 4H, o-
H phenyl), 7.05 (m, 6H, m/p-H phenyl), 1.58 (ABX m, 4H,
CH2 ring), 1.27 (ABX m, 4H, CH2 ring), 0.48 (s, 12H,

SiMe2 ring), 0.39 (s, 12H, SiMe2 ring). 31P{1H} (C6D6, 25 °C,
81.015 MHz) δ: –5.4 (s). Anal. calcd. for C24H42I2HfN2P2Si4:
C 29.87, H 4.39, N 2.90; found: C 30.02, H 4.43, N 2.89.

Attempted synthesis of {[P2N2]Hf}2(µ-η2:η2-N2) (4)
C8K (0.33 g, 3.32 mmol) and [P2N2]HfI2 (3) (1.21 g,

1.26 mmol) were each weighed into a 200 mL thick-walled
reactor, to which 50 mL of toluene was added, all in the
glovebox. The reactor was removed from the glovebox and
cooled to –198 °C in a liquid nitrogen bath while under a
flow of N2. After allowing 30 min for equilibration, the reac-
tor was sealed and allowed to warm to room temperature.
Following 16 h of stirring, a blue-purple color was observed.
The reactor was then allowed to stir vigorously for another
7 days. The solution was then filtered through Celite and
evaporated to dryness. Washing with a minimal amount of
hexanes (2 × 10 mL) yielded 0.85 g of a dark solid. 31P{1H}
NMR indicates the composition of this solid to be approxi-
mately 52% 4, 19% 3, 16% 2, and 13% 5. EI-MS: 1450 ([M]+).

Synthesis of [P2N2]HfMe2 (6)
To a solution of [P2N2]HfCl2 (1) (3.02 g, 3.86 mmol) in

THF was added 3.0 mol L–1 MeMgCl in THF (2.57 mL,
7.77 mmol) at 0 °C. The solution was warmed to room tem-
perature and stirred for 1 h, after which the solvents were
evaporated in vacuo. The off-white residue was extracted
into toluene (2 × 20 mL) and filtered through celite. The fil-
trate was evaporated to dryness, and the residue was washed
with hexanes (2 × 10 mL), yielding 6 (2.24 g, 77%) as a
white powder. The product was crystallized by the slow
evaporation of a DME solution.

1H NMR (C6D6, 25 °C, 500.135 MHz) δ: 7.62 (m, 4H, o-
H phenyl), 7.07 (m, 6H, m/p-H phenyl), 1.03 (m, 8H, CH2
ring), 0.72 (t, 6H, Zr-CH3), 0.22 (s, 12H, SiMe2 ring), 0.20
(s, 12H, SiMe2 ring). 31P{1H} (C6D6, 25 °C, 202.458 MHz)
δ: –9.6 (s). Anal. calcd. for C26H48HfN2P2Si4: C 42.12, H
6.53, N 3.78; found: C 42.14, H 6.52, N 3.74.

Synthesis of {[P2N2]Hf}2(µ-H4) (7)
Fifty millilitres of C6H6 was added to 1.02 g (1.3 mmol)

of [P2N2]HfMe2 (6) in a reactor, which was sealed. The reac-
tor was “freeze–pump–thawed” three times to remove all
gases. H2 was introduced to the reactor, which was cooled to
–198 °C. After the solvent had thawed, but prior to warming
to room temperature, the reactor was shaken to promote dis-
solution of H2 in the solution. The reactor was left overnight,
during which time a microcrystalline yellow solid precipi-
tated. This solid was collected on a frit, yielding 7 (0.345 g,
37.2%).

1H NMR (C6D6, 25 °C, 500.135 MHz) δ: 9.07 (quintet,
2JHP = 4.43 Hz, 4H, Hf-H), 7.19 (m, 8H, o-H phenyl), 7.12
(m, 12H, m/p-H phenyl), 0.83 (m, 16H, CH2 ring), 0.04 (s,
24H, SiMe2 ring), –0.03 (s, 24H, SiMe2 ring). 31P{1H}
(C6D6, 25 °C, 202.458 MHz) δ: 4.4 (s). Anal. calcd. for
C48H88HfN2P2Si4: C 40.41, H 6.22, N 3.93; found: C 40.56,
H 6.21, N 3.76.
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Diffractometer Rigaku/ADSC CCD
Radiation Mo Kα (λ = 0.71069 Å)

Graphite monochromated
Detector aperture (mm) 94 × 94
Data images 464 exposures @ 35.0 s
φ Oscillation range (χ = 0) (°) 0.0–190.0
ω Oscillation range (χ = 90.0) (°) –19.0 to 23.0
Detector position (mm) 40.62
Detector swing angle (°) –5.55
2θmax (°) 55.8

No. of reflections measured Total: 28 469
Unique: 3999 (Rint = 0.066)

Corrections Lorentz-polarization
Absorption

Trans. factors 0.7796–1.0000

Table A2. Intensity measurements.

Empirical formula C24H42N2Cl2HfP2Si4

Formula weight 782.29
Temperature (K) 173
Crystal color, habit Clear, chip
Crystal dimensions (mm) 0.15 × 0.15 × 0.15
Crystal system Orthorhombic
Lattice type Primitive
Lattice parameters

a (Å) 9.3152(8)
b (Å) 16.5962(5)
c (Å) 21.3811(7)
V (Å3) 3305.5(2)

Space group P212121 (#19)
Z value 4
Dcalcd (g cm–3) 1.572
F000 1568.00
µ (cm–1) (Mo Kα) 35.71

Table A1. Crystal data.

Appendix A. X-ray crystallographic analysis of [P2N2]HfCl2 (1).
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Structure solution Patterson methods
(DIRDIF92 PATTY)

Refinement Full-matrix least-squares
Function minimized Σω(|Fo

2| – |Fc
2|)2

Least squares weights ω = 1/[σ2(Fo
2)]

p-factor 0.0000
Anomalous dispersion All non-hydrogen atoms
No. observations (I > 0.00σ(I)) 6846
No. variables 316
Reflection:parameter ratio 21.66
Residuals (on F2, all data) R; Rw 0.036; 0.055
Goodness of fit indicator 0.51
Max shift/error in final cycle 0.00
No. observations (I > 3σ(I)) 5913
Residuals (on F, I > 3σ(I)) R; Rw 0.020; 0.025
Max peak in final difference map (e Å–3) 0.68
Min peak in final difference map (e Å–3) –1.10

Table A3. Structure solution and refinement.

Atom x y z Beq

Hf(1) 0.08378(2) 0.97608(1) 0.16637 0.890(4)
Cl(1) –0.1402(2) 0.94810(10) 0.10928(9) 2.77(3)
Cl(2) 0.0421(2) 0.84100(10) 0.21020(10) 3.97(5)
P(1) –0.031(10) 1.08273(8) 0.24618(7) 1.10(3)
P(2) 0.2891(2) 0.92249(9) 0.08962(7) 1.38(3)
Si(1) 0.2845(2) 1.06481(9) 0.27779(7) 1.19(3)
Si(2) 0.4049(2) 0.91470(10) 0.22206(7) 1.69(3)
Si(3) 0.2511(2) 1.10590(10) 0.06974(8) 1.72(3)
Si(4) –0.0373(2) 1.15670(10) 0.11763(8) 1.62(3)
N(1) 0.2724(5) 0.9895(3) 0.2213(2) 1.21(8)
N(2) 0.1025(5) 1.0873(3) 0.1169(2) 1.39(8)
C(1) 0.1310(6) 1.1375(3) 0.2661(3) 1.21(9)
C(2) 0.4056(7) 0.8657(3) 0.1413(3) 1.8(1)
C(3) 0.3793(6) 1.0166(4) 0.0711(3) 2.3(1)
C(4) –0.1363(6) 1.1472(4) 0.1955(3) 1.7(1)
C(5) 0.4503(6) 1.1290(4) 0.2742(3) 2.4(1)
C(6) 0.2705(7) 1.0193(4) 0.3573(3) 2.3(1)
C(7) 0.3787(8) 0.8358(4) 0.2832(3) 2.9(2)
C(8) 0.5897(8) 0.9541(5) 0.2343(4) 3.6(2)
C(9) 0.1921(9) 1.1226(5) –0.0131(3) 3.4(2)
C(10) 0.3649(8) 1.1929(4) 0.0946(4) 2.8(2)
C(11) –0.1725(8) 1.1444(4) 0.0533(3) 2.8(2)
C(12) 0.0260(8) 1.2639(4) 0.1142(3) 2.6(1)
C(13) –0.1222(5) 1.0671(4) 0.3204(2) 1.4(1)
C(14) –0.1755(6) 1.1332(4) 0.3539(3) 2.1(1)
C(15) –0.2378(7) 1.1212(5) 0.4124(3) 2.9(1)
C(16) –0.2492(9) 1.0448(5) 0.4370(3) 3.4(1)
C(17) –0.1970(8) 0.9799(6) 0.4043(3) 3.4(2)
C(18) –0.1333(7) 0.9908(4) 0.3454(3) 2.3(1)
C(19) 0.2695(6) 0.8646(3) 0.0184(3) 1.5(1)
C(20) 0.3915(6) 0.8336(4) –0.0127(3) 2.0(1)
C(21) 0.3749(7) 0.7831(4) –0.0635(3) 2.1(1)
C(22) 0.2399(7) 0.7645(4) –0.0857(3) 2.0(1)
C(23) 0.1195(7) 0.7964(4) –0.0571(3) 2.3(1)
C(24) 0.1341(6) 0.8465(4) –0.0049(3) 1.9(1)

Table A4. Atomic coordinates and Beq.
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Empirical formula C26H48HfN2P2Si4

Formula weight 741.46
Temperature (K) 173
Crystal color, habit Clear, block
Crystal dimensions (mm) 0.30 × 0.30 × 0.10
Crystal system Monoclinic
Lattice type Primitive
Lattice Parameters

a (Å) 11.3209(7)
b (Å) 10.8041(3)
c (Å) 28.1451(9)
V (Å3) 3441.6(2)

Space group P21/n (#14)

Z value 4
Dcalcd (g cm–3) 1.431

F000 1504.00

µ (cm–1) (Mo Kα) 32.75

Table B1. Crystal data.

Structure solution Direct methods (SIR97)

Refinement Full-matrix least-squares
Function minimized Σω(|Fo

2| – |Fc
2|)2

Least squares weights ω = 1/[σ2(Fo
2)]

p-factor 0.0000
Anomalous dispersion All non-hydrogen atoms
No. observations (I > 0.00σ(I)) 7219
No. variables 316
Reflection:parameter ratio 22.84
Residuals (on F2, all data) R; Rw 0.048; 0.107
Goodness of fit indicator 1.47
Max shift/error in final cycle 0.06
No. observations (I > 3σ(I)) 6957
Residuals (on F, I > 3σ(I)) R; Rw 0.036; 0.063
Max peak in final difference map (e Å–3) 1.35
Min peak in final difference map (e Å–3) –1.37

Table B3. Structure solution and refinement.

Atom x y z Beq

Hf(1) 0.65750(1) 0.23340(1) 0.65160(5) 1.428(4)
P(1) 0.50370(1) 0.03890(9) 0.63100(4) 1.93(2)
P(2) 0.74380(9) 0.43630(9) 0.60230(3) 1.56(2)
Si(1) 0.38980(1) 0.28500(1) 0.59870(5) 2.14(2)
Si(2) 0.73980(1) –0.03330(1) 0.60430(5) 2.23(2)
Si(3) 0.79260(1) 0.19670(1) 0.54750(4) 1.87(2)
Si(4) 0.51990(1) 0.50130(1) 0.64240(5) 2.51(3)
N(1) 0.51010(3) 0.34560(3) 0.62890(1) 1.78(7)
N(2) 0.73090(3) 0.12540(3) 0.59540(1) 1.92(7)
C(1) 0.42520(4) 0.11840(4) 0.58290(1) 2.36(9)
C(2) 0.58270(4) –0.09030(4) 0.60400(2) 2.45(9)
C(3) 0.73360(3) 0.36020(4) 0.54440(1) 1.91(8)
C(4) 0.63670(4) 0.56280(4) 0.60220(2) 3.0(1)
C(5) 0.36070(6) 0.36310(6) 0.53980(2) 4.6(1)
C(6) 0.25150(5) 0.29060(6) 0.63280(3) 4.1(1)
C(7) 0.80190(5) –0.06790(5) 0.66420(2) 4.1(1)
C(8) 0.82610(5) –0.12370(5) 0.56060(3) 4.9(2)
C(9) 0.74710(5) 0.12780(5) 0.48850(2) 3.9(1)
C(10) 0.95660(5) 0.20020(5) 0.55270(2) 3.5(1)
C(11) 0.57740(6) 0.52430(6) 0.70410(2) 4.7(1)
C(12) 0.38170(6) 0.59320(5) 0.63480(3) 4.9(2)
C(13) 0.39430(4) –0.03090(4) 0.66870(2) 2.44(9)
C(14) 0.27350(4) –0.02800(5) 0.65940(2) 3.5(1)
C(15) 0.19700(5) –0.08220(7) 0.69140(2) 4.8(2)
C(16) 0.23790(6) –0.14090(7) 0.73160(2) 4.9(2)
C(17) 0.35790(5) –0.14420(7) 0.74110(2) 4.8(2)
C(18) 0.43600(4) –0.08990(5) 0.70970(2) 3.4(1)
C(19) 0.88480(3) 0.51510(4) 0.60590(1) 1.76(8)
C(20) 0.95490(4) 0.53830(5) 0.56660(2) 2.8(1)
C(21) 1.05610(5) 0.60970(5) 0.57160(2) 3.4(1)
C(22) 1.08800(4) 0.66040(5) 0.61520(2) 2.7(1)
C(23) 1.02030(5) 0.63620(5) 0.65420(2) 3.3(1)
C(24) 0.92130(4) 0.56220(5) 0.64960(2) 3.2(1)
C(25) 0.59360(5) 0.19070(5) 0.72540(2) 3.5(1)
C(26) 0.83120(5) 0.26530(5) 0.69210(2) 3.6(1)

Table B4. Atomic coordinates and Beq.

Appendix B. X-ray crystallographic analysis of [P2N2]HfMe2 (6).

Diffractometer Rigaku/ADSC CCD
Radiation Mo Kα (λ = 0.71069 Å)

Graphite monochromated
Detector aperture (mm) 94 × 94
Data images 772 exposures @ 16.0 s
φ Oscillation range (χ = 0) (°) 0.0–189.9
ω Oscillation range (χ = 90.0) (°) –19.0 to 23.0
Detector position (mm) 40.47(1)
Detector swing angle (°) –5.52(1)
2θmax (°) 55.8

No. of reflections measured Total: 23 903
Unique: 7571 (Rint = 0.041)

Corrections Lorentz-polarization
Absorption

Trans. factors 0.6526–1.0000

Table B2. Intensity measurements.
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Lewis acidity of group 14 elements toward
intramolecular sulfur in ortho-aryl-thioanisoles1

Teresita Munguia, Ioana S. Pavel, Ramesh N. Kapoor, Francisco Cervantes-Lee,
László Párkányi, and Keith H. Pannell

Abstract: The series of compounds (o-CH3SC6H4)CH2EPh3 (E = Si (1), Ge (2), Sn (3), and Pb (4)) have been synthe-
sized and characterized by NMR spectroscopy and by single crystal X-ray diffraction. Compounds 1 and 2 are
isostructural with a triclinic crystal system and P-1 space group; however, morphotropic steps occur between Ge and
Sn, and Sn and Pb. While the E-S distances in 1 and 2 are 3.985 and 3.974 Å, respectively, ~100% of the sum of the
respective van der Waals (vdW) radii, there is a notable distortion from tetrahedral geometry about E. Compound 3 is
also triclinic with P-1 symmetry, but has two molecules in the unit cell that demonstrate a distorted tetrahedral geome-
try and intramolecular Sn-S distances of 3.699 and 3.829 Å, 88% and 91% of the sum of the vdW radii. Compound 4
has a Pb-S distance of 3.953 Å (91% of Σ vdW radii). The structure of the Grignard coupling product [o-
(SCH3)C6H4CH2]2 is also reported.

Key words: intramolecular self-assembly, silicon, germanium, tin, lead, sulfur.

Résumé : On a réalisé la synthèse d’une série de composés de formule (o-CH3SC6H4)CH2EPh3 dans lesquels E = Si
(1), Ge (2), Sn (3) et Pb (4) et on les a caractérisés par spectroscopie RMN et par diffraction des rayons X par un
cristal unique. Les composés 1 et 2 sont isostructuraux avec un système cristallin triclinique et un groupe d’espace P-
1; toutefois, on notre des différences morphotropes entre le Ge et le Sn ainsi qu’entre le Sn et le Pb. Alors que les dis-
tances E-S dans les composés 1 et 2 sont respectivement de 3,985 et 3,974 Å, environ 100 % de la somme des rayons
respectifs de van der Waals, on note une distorsion notable par rapport à la géométrie tétraédrique autour de E. Le
composé 3 est aussi triclinique avec une symétrie P-1, mais la maille cristalline comporte deux molécules ce qui dé-
montre la présence d’une géométrie tétraédrique déformée alors que les distances intramoléculaires Sn-S de 3,699 et
3,829 Å correspondent respectivement à 88 % et 91 % de la somme des rayons de van der Waals. Dans le composé 4,
la distance Pb-S est de 3,593 Å (91 % de la somme des rayons de van der Waals). On a aussi déterminé la structure
du produit de couplage de Grignard [o-(SCH3)C6H4CH2]2.

Mots clés : auto-assemblage intramoléculaire, silicium, germanium, étain, plomb, soufre.

[Traduit par la Rédaction] Munguia et al. 1397

Introduction

The system (o-CH3SC6H4)CH2EPh3 (E = Si (1), Ge (2),
Sn (3), and Pb (4)) offers the capacity to examine intra-
molecular sulfur–metal interactions via a five-membered
ring involving the ortho- thiomethyl group S atom (Fig. 1),
such that the varying Lewis acidities of the elements toward
sulfur may be evaluated. Furthermore, this possible hyper-

valency could impact the potential morphotropic steps as
originally described by Kitaigorodskii (1), and observed for
simpler group 14 systems where only tetrahedral structures
were possible. For example, the system Ph4E (E = Si (2), Ge
(3), Sn (4), Pb (5)) has been analyzed with respect to such
structural variations, and more recent studies by Párkányi et
al. (6) illustrated a morphotropic step occurring in the
heteronuclear intra(inter)-group 14 bonding organometallic
compounds (R3EE′R′R2). In these systems the packing coef-
ficient, defined as:

η = ZV
V

m

where Z is the number of molecules in the unit cell, Vm is
the volume of the molecule, and V is the unit cell volume,
must be significantly decreased to change the packing motif
and create a morphotropic step (6). Thus, 1–4 present an ap-
pealing series with which to study whether the size changes
of the group 14 element would be sufficient to change the
packing coefficient. Furthermore, would the potential
intramolecular metal–sulfur interaction be adequate to dis-
tort the tetrahedral geometry about the metal center and fur-
ther aid, or impede, the potential for a morphotropic step.

Can. J. Chem. 81: 1388–1397 (2003) doi: 10.1139/V03-163 © 2003 NRC Canada
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Compounds in which systematic evaluations of the intra-
molecular interactions among group 14 organometallic com-
pounds have been previously reported but were limited to
investigations between tin and sulfur, as demonstrated by
Wardell and co-workers (7), Tzschach and co-workers (8),
and Dräger and co-workers (9) (Fig. 2).

Experimental section

General techniques
All syntheses were performed under a nitrogen atmo-

sphere using standard Schlenk line techniques. Reagent grade
tetrahydrofuran (THF) and hexanes were dried and distilled
under nitrogen from a sodium benzophenone ketyl solution;
benzene was dried and distilled from Na ribbon. Thionyl
chloride was purchased from Fisher Scientific and purified
by distillation; pyridine was purchased from E M Science
and dried and distilled over KOH; Ph3SiCl and Ph3GeCl
were purchased from Gelest; Ph3SnCl, Ph3PbCl, thiosalicylic
acid, and dimethyl sulfate were purchased from Aldrich and
were used as received. NMR spectra of all compounds were
recorded on a Bruker 300 MHz spectrometer in CDCl3. Ele-
mental analyses were performed by Galbraith Laboratories.

Syntheses of o-(methylthio)benzoic acid (10), o-(methyl-
thio)benzyl alcohol (10, 11), and o-(methylthio)benzyl chlo-
ride (12) followed literature procedures. o-(Methylthio)benzoic
acid, mp 165 °C (lit. (10) value 167–169 °C). 1H NMR
(CDCl3) δ: 2.5 (3H, s, S-CH3), 7.2–7.5 (4H, m, Ph), 8.1 (1H,
d, COOH). 13C NMR (CDCl3) δ: 15.6 (SCH3), 123.5, 124.4,
125.5, 132.5, 133.3 (Cipso), 144.4 (Cipso), 171.5 (COOH). o-
(Methylthio)benzyl alcohol, bp 156 °C/17 mmHg
(1 mmHg = 133.322 Pa) (lit. (10) value 88 °C/0.001 mmHg
(1 mmHg = 133.322 Pa)). 1H NMR (CDCl3) δ: 2.4 (3H, s, s-
CH3), 3.3 (1H, s, OH), 4.7 (2H, s, CH2-OH), 7.2–7.4
(4H, m, Ph). 13C NMR (CDCl3) δ: 16.3 (S-CH3), 63.2 (CH2-
OH), 125.7, 126.5, 128.0, 128.5, 136.8 (Cipso),139.3 (Cipso).
o-(Methylthio)benzyl chloride, bp 123 °C/9 mmHg
(1 mmHg = 133.322 Pa) (lit. (12) value 75 to 76 °C/1 ×
10–2 mmHg (1 mmHg = 133.322 Pa)). 1H NMR (CDCl3) δ:
2.5 (3H, s, S-CH3), 4.8 (2H, s, CH2-Cl), 7.2–7.4 (4H, m,
Ph). 13C NMR (CDCl3) δ: 16.7 (S-CH3), 45.1 (CH2-Cl),
126.0, 127.3, 129.9, 130.6, 136.0 (Cipso), 139.1 (Cipso).

The syntheses of the group 14 derivatives of o-(methyl-
thio)benzyl chloride were accomplished as illustrated below
for the silicon derivative in similar yields.

Synthesis of o-(methylthio)benzyl triphenylsilane (1)
To a suspension of Li metal (0.55 g, 79 mmol) in THF

(20 mL) was added dropwise a solution of Ph3SiCl (1.7 g,
5.8 mmol) in THF (15 mL) at 0 °C. The reaction mixture
was allowed to warm to room temperature and stirred for
16 h resulting in a dark brown-black color. The solution was
transferred via cannula to a dropping funnel and then added
dropwise at –78 °C to a solution of o-(methylthio)benzyl
chloride (o-(SCH3C6H4)CH2Cl, 1.0 g, 5.8 mmol) in THF
(20 mL). This mixture was allowed to warm to room tem-
perature and stirred for 16 h. The solvent was removed un-
der reduced pressure, and the product was extracted with a
solution of 80 mL of hexanes and 5 mL dichloromethane
and subsequently filtered to remove LiCl. The crude material
was recrystallized from a hot hexanes:dichloromethane solu-
tion (10:1).

o-(SCH3C6H4)CH2SiPh3 (1) yield: 0.79 g (35%); mp 110–
112 °C. 1H NMR (CDCl3) δ: 2.1 (3H, s, S-CH3), 3.2 (2H, s,
CH2-Si), 7.5–6.9 (19H, m, Ph). 13C NMR (CDCl3) δ: 16.6
(S-CH3), 21.2 (CH2-Si), 125.1, 125.4, 127.3, 127.6, 129.0,
129.4, 134.4 (Cipso), 135.9, 137.1 (Cipso), 137.8 (Cipso).

29Si
NMR (CDCl3) δ: –11.9 Anal. calcd. for C26H24SSi: C 78.74,
H 6.10; found: C 77.86, H 6.08.

o-(SCH3C6H4)CH2GePh3 (2) yield: 0.93 g (37%); mp
104 °C. 1H NMR (CDCl3) δ: 2.1 (3H, s, S-CH3), 3.2 (2H, s,
CH2-Ge), 7.7–6.9 (19H, m, Ph). 13C NMR (CDCl3) δ: 16.2
(S-CH3), 22.2 (CH2-Ge), 125.1, 125.4, 126.9, 127.9, 128.5,
128.8, 134.4 (Cipso), 135.1, 136.6 (Cipso), 138.2 (Cipso). Anal.
calcd. for C26H24GeS: C 70.79, H 5.48; found: C 70.01, H
5.46.

o-(SCH3C6H4)CH2SnPh3 (3) yield: 2.0 g (71%); mp 106–
108 °C. 1H NMR (CDCl3) δ: 2.1 (3H, s, S-CH3), 3.1 (2H, s,
CH2-Sn, JH-117Sn = 64.3 Hz, JH-119Sn = 66.7 Hz), 7.6–7.0
(19H, m, Ph). 13C NMR (CDCl3) δ: 15.4 (S-CH3), 20.5 (CH2-Sn),
124.8, 125.0, 125.5, 127.6, 128.1 (Ph-Sn, JC-117/119

Sn = 180 Hz),
128.6 (Ph-Sn, JC-117/119

Sn = 75 Hz), 135.3 (Cipso), 136.8
(Ph-Sn, JC-117/119

Sn = 150 Hz), 139.1 (Cipso), 139.2 (Cipso).
119Sn NMR (CDCl3) δ: –115.5. Anal. calcd. for C26H24SSn:
C 64.09, H 4.96; found: C 64.00, H 5.10.

o-(SCH3C6H4)CH2PbPh3 (4) yield: 0.93 g (30%); mp
110–114 °C. 1H NMR (CDCl3) δ: 2.1 (3H, s, S-CH3), 3.4
(2H, s, CH2-Pb, JH-Pb = 75.53 Hz), 7.6–6.9 (19H, m, Ph).
13C NMR (CDCl3) δ: 15.4 (S-CH3), 31.3 (CH2-Pb, JC-Pb =
286.8 Hz), 124.7, 124.9, 125.1, 127.9, 128.1 (Ph-Pb, JC-Pb =
17.6 Hz), 129.0 (Ph-Pb, JC-Pb = 72.6 Hz), 135.4 (Cipso),
137.2 (Ph-Pb, JC-Pb = 64.1 Hz), 139.7 (Cipso),152.2 (Ph-Pb,
JC-Pb = 359.2 Hz). 207Pb NMR (CDCl3) δ: –146.2. Anal.
calcd. for C26H24PbS: C 54.24, H 4.20; found: C 53.88, H
4.44.

Alternative synthesis of o-(methylthio)benzyl
triphenyllead (4)

o-(Methylthio)benzyl chloride (1.0 g, 5.9 mmol) was
added dropwise to a mixture of Ph3PbCl (2.8 g, 5.9 mmol)
and Mg turnings (0.15 g, 6.2 mmol) in THF (10 mL) at
0 °C. The reaction mixture was kept at 0 °C and allowed to
stir until all the Mg had been consumed (16 h). The solution
was transferred via cannula to another flask where the sol-
vent was removed under reduced pressure and the product
was extracted with 80 mL hexanes and 5 mL of dichloro-
methane and the solution filtered. The crude material was

© 2003 NRC Canada
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Fig. 1. Triphenyl group 14 derivatives of o-aryl thioanisol.
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recrystallized from a hexane:dichloromethane solution
(10:1) and cooled to –20 °C to yield 4, 1.2 g (70%). This
method was also used for the synthesis of 3 in a similar
yield.

X-ray structural analysis
Crystals suitable for X-ray diffraction were obtained for

compounds 1–4, and 5 from hexane–dichloromethane solu-
tions. Five colorless crystals 1, 2, 3, 4, and 5 were mounted

on glass fibers in a random orientation. Intensity data were
collected at room temperature for 1, 2, 5 and –85°C for 3 us-
ing a Siemens/Bruker four-circle diffractometer with
graphite-monochromated Mo Kα radiation. Unit cell param-
eters and standard deviations were obtained by least-squares
fit of 25 reflections randomly distributed in reciprocal space
in the 2θ range of 15°–30°. The ω-scan technique was used
for intensity measurements in all cases. A range of 1.2° in ω
and variable speed of 4.00–20.00 °/min was used for com-

© 2003 NRC Canada
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Fig. 2. Summary of intramolecular interactions between tin and sulfur.
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pounds 1, 2, 3, and 5. Background counts were taken with a
stationary crystal and total background time to scan time ra-
tio of 0.5. Three standard reflections were monitored in all
cases every 97 reflections and showed no significant decay.
The data were corrected for Lorentz and polarization effects
and a semiempirical absorption correction was also applied
to the data set of 2 giving a min/max transmission ratio of
0.090:0.153. No absorption correction was applied to the
data sets of 1, 3, and 5.

Intensity data for compound 4 were collected at room
temperature on a Bruker SMART system with an APEX
CCD detector. All structures were solved by direct methods
and refined using the PC version of the SHELEXTL PLUS
crystallographic software by Siemens.3 Full-matrix least-
squares refinement of F2 against all reflections was carried
out with anisotropic thermal parameters for non-hydrogen
atoms. Hydrogen atoms for 1, 2, 3, and 5 were placed at cal-
culated positions (C-H = 0.96 Å; UH = 0.08) during refine-
ments, whereas those in compound 4 were located on a
difference map. The weighing scheme has the form w–1 =
σ2(Fo

2) + (aP)2 + bP, where P is [2Fc
2 + max(Fo

2,0)]/3 and
the final R factors have the form R1 = Σ |Fo – Fc| / Σ Fo and
Rw2 = {Σ [w(Fo

2 – Fc
2)2 / Σ [w(Fo

2)2]}1/2; these and some
other relevant crystallographic parameters are summarized in
Table 1 and selected bond lengths and angles are presented
in Tables 2 and 3.

Compounds 1–3 (Figs. 3–5, respectively) crystallize in the
triclinic form with space group P-1. The latter compound
has two independent molecules in the asymmetric unit (3a
and 3b). Compound 4, in contrast, crystallized in the
monoclinic crystal structure with a space group of P2(1)/c
(Fig. 6).

Results and discussion

Synthesis and characterization
We have used two salt-elimination reactions to attach the

o-(methylthio)benzyl chloride ligand to the group 14 atom
(eqs. [1] and [2]).

Both routes are successful; however, when using the Grig-
nard route we observed the significant production of the
coupling product ([CH2(o-C6H4SMe)]2 (5)). This is formed
during the initial attempts to make the Grignard reagent
prior to subsequent addition of the group 14 halide. Modifi-
cation of the procedure to form the Grignard in situ in the

presence of the halide reduced the extent of this problem
and resulted in the desired product in good yields (75%).

The reaction pathway involving the use of organometallic
lithium salt was equally successful. However, we think the
greater flexibility of the chemistry in eq. [1] makes this a
more general and useful route to such compounds, where the
organometallic lithium salts are less readily available. The
spectroscopic and elemental analytical data for the com-
pounds 1–4 are in total accord with their proposed struc-
tures, as is the data for 5.

Periodic trends in the structural data for compounds 1–4
The E-S intramolecular distance in compounds 1–4 is an

essential structural feature for analysis of the progressive
change E = Si, Ge, Sn, and Pb. Not only is it an indirect

© 2003 NRC Canada
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Fig. 3. Molecular diagram of 1.

Fig. 4. Molecular diagram of 2.

3 Supplementary data may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
205424–205428 contain the crystallographic data for this manuscript. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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method of testing the Lewis acidity toward S of the central
metal atom, but it also lends a conformational degree of
freedom that may effect any potential morphotropic transi-
tion. Table 4 is a summary of covalent radii (13), van der
Waals (vdW) radii (13, 14), their sums, and their compari-
son to experimental E-S distances. Both 1 and 2 exhibit E-S
distances that are ~100% of the sum of the vdW radii indi-
cating that there are no significant intramolecular interac-
tions between the metal center and sulfur. The Sn-S
interactions in compound 3 are 3.699 Å (3a) and 3.829 Å
(3b), an average distance of ~90% of the sum of the vdW ra-
dii, similar to that in the lead compound 4, Pb-S = 3.953 Å,
91% of the vdW radii.

Both the ipso phenyl C—E bond lengths in compounds 1–
4 vary as expected because of the greater atomic radius of
the group 14 elements in the order Si < Ge < Sn < Pb and
are similar to those reported in the series Ph4E (2–5). Bonds
between E and benzyl groups are not well represented in the
literature, with the exception of that in Ph3PbCH2C6H5 (15).
The present examples also exhibit the expected increase in
bond lengths from C—Si to C—Pb, C1—E (E = Si, Ge, Sn,
Pb) = 1.896, 1.976, 2.174, and 2.244 Å, respectively.

Consequences of E–S interaction on tetrahedral geometry
In a perfect tetrahedral geometry, each angle is 109.5° and

the sum of three threefold symmetry angles will equal
328.5°. Group 14 organometallic compounds do not neces-
sarily exhibit perfect tetrahedral geometry and the amount of
distortion varies from system to system. In the Ph4E system,
all the molecules are spherical, crystallizing in the tetragonal
space group P¯421c (2–5). Despite the spherical nature and
symmetry of these molecules, the C-E-C dihedral angles
have a range of 108.1–111.2 (2–5). The wide range of angles
creates difficulty when comparing systems; as a result, all
angles of compounds 1–4 are compared with perfect tetrahe-
dral geometry. The “base” of the tetrahedral in this series is
comprised of the bond angles that would be pushed up as the
sulfur atom approaches the metal center trans to the “axial”
phenyl group. The numbering schemes for compounds 1 and
2 are identical; however, the numbering is slightly different
in the phenyl region for 3 and 4. For compounds 1 and 2, an-
gle C1-E-C9 is smaller than 109.5°, ranging from 104.57°

© 2003 NRC Canada
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5

Bond distances (Å)
S—C(1) 1.768(4)
S—C(8) 1.770(5)
C(6)—C(7) 1.510(5)

Bond angles (°)
C(6)-C(1)-S 117.9(3)
C(2)-C(1)-S 122.5(3)
C(1)-S-C(8) 104.9(2)
C(1)-C(6)-C(7) 121.9(4)
C(6)-C(7)-C(7a) 112.3(4)

Table 3. Selected interatomic bond distances
(Å) and angles (°) for compound 5.

E = Si (1) E = Ge (2) E = Sn a (3) E = Sn b (3) E = Pb (4)

Bond distances (Å)
S—E 3.985 3.974 3.699 3.829 3.953
S—C(3) 1.753(3) 1.766(5) 1.766(11) 1.777(10) 1.754(5)
S—C(8) 1.776(4) 1.786(6) 1.812(12) 1.798(13) 1.786(6)
E—C(1) 1.896(3) 1.976(5) 2.174(8) 2.174(11) 2.244(5)
E—C(9) 1.873(3) 1.945(4) 2.143(9) 2.163(10) 2.204(5)
E—C(15) 1.876(3) 1.957(4) 2.145(9) 2.170(11) 2.192(5)
E—C(21) 1.876(3) 1.961(4) 2.156(9) 2.123(11) 2.200(5)
C(1)—C(2) 1.497(4) 1.491(6) 1.522(12) 1.462(15) 1.479(7)

Bond angles (°)
C(9)-E-C(1) 104.57(12) 104.84(18) 112.6(4) 109.9(4) 103.35(18)
C(9)-E-C(15) 110.07(12) 110.17(17) 108.3(3) 109.0(4) 110.50(18)
C(9)-E-C(21) 109.87(11) 110.40(17) 108.0(3) 106.9(4) 109.21(18)
C(15)-E-C(1) 114.57(12) 115.20(19) 106.0(4) 110.1(5) 114.0(2)
C(15)-E-C(21) 107.48(11) 107.12(17) 109.0(3) 112.0(4) 107.00(19)
C(21)-E-C(1) 110.24(13) 109.1(2) 112.8(3) 108.9(4) 112.71(18)
C(2)-C(1)-E 118.27(19) 116.2(3) 112.2(6) 111.5(7) 114.1(3)
C(2)-C(3)-S 117.1(2) 116.7(3) 118.2(7) 117.6(8) 117.4(4)
C(4)-C(3)-S 123.1(2) 123.6(4) 122.6(9) 122.0(9) 123.1(4)
C(3)-S-C(8) 104.99(18) 107.7(3) 102.7(6) 102.7(6) 103.3(3)
C(10)-C(9)-E 123.40(19) 122.4(3) 118.8(7) 122.1(8) 119.7(4)
C(14)-C(9)-E 119.94(19) 119.6(3) 124.1(7) 122.6(7) 121.7(4)
C(16)-C(15)-E 121.17(19) 120.0(3) 121.5(7) 120.0(8) 122.0(4)
C(20)-C(15)-E 121.7(2) 122.0(3) 122.3(8) 121.4(9) 119.5(4)
C(22)-C(21)-E 121.81(19) 120.8(3) 118.6(7) 119.6(9) 121.4(4)
C(26)-C(21)-E 121.2(2) 120.9(3) 123.6(7) 120.9(9) 120.0(4)
C(1)-C(2)-C(3) 122.1(2) 122.5(4) 120.1(9) 121.2(10) 121.9(4)

Table 2. Selected interatomic bond distances (Å) and angles (°) for the compounds 1–4.
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for 1 to 104.84° for 2 with corresponding increases in C1-E-
C15. As we would expect for compounds with no E–S inter-
actions, the third angle (C9-E-C15) would also be close to
109.5°. The compounds 3a and 4 (with E–S interactions of
88% and 91% of the sum of the vdW radii, respectively)
have analogous angles that are smaller than 109.5° (108.0°
and 107.0°, respectively). However, the other two angles in

the base do not adjust to preserve the sum of 328.5°, as in
compounds 1 and 2. When all three angles in the base plane
are added together, 3a and 4 have the largest differences
from 328.5°, 333.4°, and 333.71° in that order, indicating
that the C-E-C plane is being pushed up slightly by the E–S
interactions. Table 5 summarizes the bond angles and their
sums for compounds 1–4.

© 2003 NRC Canada
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Fig. 5. Molecular diagram of 3.

Fig. 6. Molecular diagram of 4.
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Further indications of the distortion about the central
metal atom are the axial angles. The sum of these angles un-
der normal geometry would also be 328.5°. Once the base
plane is pushed up by increasing E–S interactions, the sum
of these three angles mentioned above should be less than
328.5°. Indeed after analysis, the two compounds with the
smallest sums are 3a (323.3°) and 4 (323.06°), precisely
the compounds with the shortest E-S distances in terms of
% Σ vdW radii.

Another trend that illustrates how the E–S interaction dis-
torts the molecule is that as the E-S distance decreases, the
C(2)-C(1)-E bond angle decreases as well. This makes sense
because angle C(1)-C(2)-C(3) will not change much because
of the rigid angle system dictated by the aromatic ring. As a
result, the only angle within the “arm” substructure that
gives flexibility is the C(2)-C(1)-E angle, which contains the
methylene moiety. Shortening of the E-S distance would be
facilitated by a contraction of the C(2)-C(1)-E angle. Indeed
this angle does contract when comparing 1 and 2 with com-
pounds 3 and 4, with the minimum occurring at compound
3.

Isostructural considerations
We have investigated the possible isostrucutural relation-

ships of 1–4. From their respective structural data 1 and 2
seem to be isostructural. However, due to the high degree of
freedom of assigning a triclinic unit cell and putting the
molecule in that cell with respect to the eight centers of
symmetry, the observation is not truly a proof. We computed
a least-squares fit of these two molecules including all non-

© 2003 NRC Canada
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E
Covalent
radii (Å)a

van der Waals
radii (Å)a,b

ΣCovalent

(Å)
Σvan der Waals

(Å)
S—E
(Å)

S—E as %
vdW radii

Si 1.17 2.10 2.20 3.90 3.985 102.2
Ge 1.22 2.15 2.25 3.95 3.974 100.6
Sn 1.40 2.40 2.43 4.20 3.699 (a) 88.1

3.829 (b) 91.2
3.764 (avg.) 89.6

Pb 1.44 2.53 2.47 4.33 3.953 91.0
S 1.03 1.80

aSee ref. 13.
bSee ref. 14.

Table 4. Comparison of sulfur – group 14 interactions.

Base angles Sum of base angles (°) Axial angles Sum of axial angles (°)

1 2 1 2

C(15)-E-C(1) 329.21 330.21 C(9)-E-C(21) 327.59 326.62
C(9)-E-C(15) C(1)-E-C(21)
C(9)-E-C(1) C(15)-E-C(21)

3a 3b 3a 3b
C(21)-E-C(1) 333.4 325.7 C(1)-E-C(15) 323.3 331.10
C(9)-E-C(21) C(21)-E-C(15)
C(9)-E-C(1) C(9)-E-C(15)

4 4
C(21)-E-C(1) 333.71 C(15)-E-C(9) 323.06
C(15)-E-C(21) C(1)-E-C(9)
C(15)-E-C(1) C(21)-E-C(9)

Table 5. List of base and axial angles and their sums for compounds 1–4.

Fig. 7. Superposed structures of 3a and 3b.
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hydrogen atoms and the mean distance is 0.100 Å; RMS =
0.0823, a rather good fit. To prove absolutely we refined the
Si structure with the coordinates of the Ge compound and in
this manner proved that 1 and 2 are isostructural (R =
0.0476). The Sn and Pb derivatives do not belong (in the
sense of isostructurality) to a homologous series.

A superpositioning of the two forms of the tin compound
(3a and 3b) is illustrated in Fig. 7 and their two distinct con-
formations are presented in Fig. 8. The two independent
molecules are not superimposible, except to a high degree
the Sn–S interaction grouping, despite their differing Sn-S
distances. The two forms have fully staggered (3b) and par-
tially eclipsed forms (3a), which is similar to other
organometallic group 14 compounds (16). Thus, despite be-
ing relatively weak, the intramolecular Sn-S interactions
have a significant effect upon the conformational character
of the two molecules.

We have computed molecular volumes and packing coeffi-
cients for 1–4 (Table 6). These data illustrate a significant
jump in the molecular volume between Ge and Sn, where
the morphotropic step occurs. Overall, the packing coeffi-
cients are very similar, and the slight increase in the value
for lead could be the driving force for the change in its crys-
tal form.

Magnesium-induced dimerization of o-(SCH3)C6H4CH2Cl
The capacity of Grignard reagents to produce dimers of

their parent organic halides is well established, thus the for-
mation of 5 from such attempted reactions is not surprising.
In 1980 an attempt by Zheltov et al. (17) to study the conju-
gation of aromatic disulfides by UV, mentions the prepara-
tion of compound 5, however, studies were limited, hence
we have performed a single crystal structural analysis.

Compound 5 (Fig. 9) crystallized in the monoclinic crys-
tal group with a space group of P2(1)/n. In total its structure
is unremarkable, however, the various bond lengths and an-
gles about the S atom serve as a baseline to note any varia-
tions in 1–4 by virtue of the intramolecular E–S interactions
(Table 5).
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Fig. 8. Solid-state conformational analysis of 3. (a) View down Sna(1)-Ca(1), (b) view down Snb(1)-Cb(1).

Molecule Volume (Å3) Packing coefficient

Si 371.1 0.68
Ge 374.6 0.68
Sn 1 386.1 0.69
Sn 2 385.9 0.69
Pb 388.3 0.71

Table 6. Molecular volumes and packing coefficients for 1–4. Fig. 9. Molecular diagram of 5.

I:\cjc\cjc8111\V03-163.vp
November 3, 2003 9:18:12 AM

Color profile: Disabled
Composite  Default screen



References

1. A.I. Kitaigorodskii. Organic chemical crystallography, Consul-
tants Bureau, New York. 1961. p. 223.

2. V. Gruhnert, A. Kirfel, G. Will, F. Wallrafen, and K. Recker.
Z. Kristallogr. 163, 53 (1983).

3. A. Karipides and D.A. Haller. Acta Crystallogr. B28, 2889
(1972).

4. V.K. Belsky, A.A. Simonenko, V.O. Reikhsfeld, and I.E. Saratov.
J. Organomet. Chem. 244, 125 (1983).

5. H. Preut and F. Huber. Acta Crystallogr. C49, 1372 (1993).
6. L. Párkányi, A. Kálmán, S. Sharma, D.M. Nolen, and K.H.

Pannell. Inorg. Chem. 33, 180 (1994).
7. (a) P.J. Cox, S.M.S.V. Doidge-Harrison, I.W. Nowell, R.A.

Howie, R.P. Randall, and J.L. Wardell. Inorg. Chim. Acta, 172,
225 (1990); (b) R.A. Howei, J.L. Wardell, E. Zanetti, P.J. Cox,
and S.M.S.V. Doidge-Harrison. J. Organomet. Chem. 431, 27
(1992); (c) P.J. Cox, S.M.S.V. Doidge-Harrison, I.W. Nowell,
R.A. Howei, J.L. Wardell, and J.M. Wigzell. Acta Crystallogr.
C46, 1015 (1990).

8. (a) K. Jurkschat, J. Schiling, C. Mügge, and A. Tzschach.
Organometallics, 7, 38 (1988); (b) K. Jurkschat, B. Schmid,
M. Dybiona, U. Baumeister, H. Hartung, and A. Tzschach. Z.
Anorg. Allg. Chem. 560, 110 (1988).

9. U. Kolb, M. Beuter, M. Gerner, and M. Dräger. Organo-
metallics, 13, 4413 (1994).

10. R. Grice and L.N. Owen. J. Chem. Soc. 1947 (1963).
11. A. Kucsma and T. Kremmer. Acta Chim. Acad. Sci. Hung. 34,

71 (1962).
12. V.J. Traynelis and D.M. Borgnaes. J. Org. Chem. 37, 3824

(1972).
13. J.E. Huheey, E.A. Keiter, and R.L. Keiter. Inorganic chemistry:

Principles of structures and reactivity. 4th ed. Harper Collins
College Publishers, New York. 1993. p. 292.

14. R. Chauvin. J. Phys. Chem. 96, 9194 (1992).
15. U. Fahrenkampf, M. Schuermann, and F. Huber. Acta

Crystallogr. C50, 1707 (1994).
16. (a) K.H. Pannell, L. Párkányi, H. Sharma, and F. Cervantes-

Lee. Inorg. Chem. 31, 522 (1992); (b) L. Párkányi, C.
Hernandez, and K.H. Pannell. J. Organomet. Chem. 301, 145
(1986); (c) K.H. Pannell, R.N. Kapoor, R. Raptis, L. Párkányi,
and V. Fülöp. J. Organomet. Chem. 384, 41 (1990); (d) L.
Párkányi, and E. Hengge. J. Organomet. Chem. 235, 273
(1982).

17. A.Ya. Zheltov, E.N. Avramenko, and B.I. Stepanov. Zh. Org.
Khim. 16, 384, (1980).

© 2003 NRC Canada

Munguia et al. 1397

I:\cjc\cjc8111\V03-163.vp
November 3, 2003 9:18:12 AM

Color profile: Disabled
Composite  Default screen



Synthesis and characterization of tantalum(V)
metallaheterocycle (Me2N)3TaN(SiMe3)SiMe2CH2

and chloro-mixed-amide (Me2N)3Ta(Cl)[N(SiMe3)2]1

Hu Cai, Xianghua Yu, Tianniu Chen, Xue-Tai Chen, Xiao-Zeng You, and Ziling Xue

Abstract: A new mixed-amido complex (Me2N)3Ta(Cl)[N(SiMe3)2] (1) was prepared from the reaction of
(Me2N)3TaCl2 with 1 equiv. of LiN(SiMe3)2. The reactions of 1 with 1 equiv. of LiN(SiMe3)2 or (Me2N)3TaCl2 with 2
equiv. of LiN(SiMe3)2 gave (Me2N)3TaN(SiMe3)SiMe2CH2 (2) with a four-membered metallaheterocyclic ring through
γ-hydrogen abstraction. In the solid state, 1 adopts a distorted trigonal bipyramidal geometry with the -N(SiMe3)2 and
-C1 ligands in the equatorial and axial positions, respectively. The X-ray structure of 2 reveals that it is in a distorted
trigonal bipyramidal geometry with a planar metallaheterocyclic ring.

Key words: tantalum, γ-hydrogen abstraction, C-H activation, amido complexes, metallacycle.

Résumé : On a préparé un nouveau complexe amido mixte, (Me2N)3Ta(Cl)[N(SiMe3)2] (1) par réaction du
LiN(SiMe3)2 ou du (Me2N)3TaCl2 avec 2 équivalents de LiN(SiMe3)2 conduit, par l’abstraction d’un hydrogène en γ, à
la formation du (Me2N)3TaN(SiMe3)SiMe2CH2 (2) comportant un cycle métallahétérocyclique à quatre chaînons. À
l’état solide, le composé 1 adopte une géométrie bipyramidale trigonale déformée dans laquelle les ligands -N(SiMe3)2

et -Cl occupent respectivement des positions équatoriale et axiale. La structure du composé 2 déterminé par diffraction
des rayons X révèle qu’il existe dans une géométrie bipyramidale trigonale déformée comportant un cycle métallahété-
rocyclique plan.

Mots clés : tantale, abstraction d’hydrogène en γ, activation du C-H, complexes amido, métallacycle.

[Traduit par la Rédaction] Cai et al. 1405

Introduction

Early transition-metal amido complexes have been studied
for their unique chemistry (1) and their potential applica-
tions in molecular approaches to metal nitrides and metal
oxides as microelectronic materials (2, 3). Cyclopentadienyl-
free, homoleptic dialkylamido d0-complexes M(NR2)n play
an important role in the studies of the amido chemistry.
Disilylamido ligand -N(SiMe3)2, as a bulkier and weaker p–
d π back-bond donor than dialkylamido ligands (1a), has
also shown unique chemistry and attracted much interest (4).
Complexes containing -N(SiMe3)2 or NH(SiMe3)2 ligands
have been used as precursors to yield metal nitrides (3a–3c)
or metal silicates (metal oxide – SiO2 ternary materials)
(3d).

Molecular approaches to Ta-based materials from d0-Ta
amide precursors, in particular, have been studied in part be-
cause of unique properties of the Ta-based materials. For ex-
ample, Ta2O5 appears to be the most promising replacement
for SiO2 as the new gate oxide material in microelectronic
transistors because of its low porosity and high thickness

uniformity (2d). Chemical vapor deposition of Ta2O5 thin
films from Ta amide precursors is of intense current interest
(2d–2f).

In the preparation of metal nitride and metal oxide thin
films from -NMe2 (2b, 2d), -N(SiMe3)2 (3b), -NH(SiMe3)
(3a), and NH(SiMe3)2 (3c) complexes, C incorporations into
the films as metal carbides were often observed. Hydrogen
abstraction reactions among amide ligands to yield M—C
bonds are of current interest to understand the mechanism of
M—C bond formation and are important to the design of
precursors and molecular approaches to metal nitride and
metal oxide materials (2a, 4c–4d, 5). β-H abstraction be-
tween -N(CHRR′)2 ligands has been shown to give M—C
bonds (5). The mechanism of M—C bond formation from
ligands such as -N(SiMe3)2 with no β-hydrogen atoms is of
current interest.

We recently reported several new d0-amido silyl com-
plexes and unusual reactions of homoleptic d0-dimethyl-
amido complexes (M(NMe2)n) with silanes to give amido
hydrido complexes (5j, 6). In particular, Ta amide complexes
and their reactivities are of interest to us in part because Ta-
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based microelectronic materials are known to have unique
properties (2d–2f). We recently found that the reactions of
(Me2N)3TaCl2 with 2 equiv. of LiN(SiMe3)2 or
(Me2N)3Ta(Cl)[N(SiMe3)2] (1) with 1 equiv. of LiN(SiMe3)2
gave cleanly (Me2N)3TaN(SiMe3)SiMe2CH2 (2) with a four-
membered metallaheterocyclic ring containing a Ta—C
bond (Chart 1). γ-H abstraction reaction with a Ta or a d0

group 5 complex to give such a heterocycle has, to our
knowledge, not been reported. The reaction of
(Me2N)3TaCl2 with 1 equiv. of LiN(SiMe3)2 replaced one
Cl– ligand to give (Me2N)3Ta(Cl)[N(SiMe3)2] (1). These
studies are reported here.

Results and discussion

Preparation and characterization of 1 and 2
Reaction of Ta(NMe2)3Cl2 with LiN(SiMe3)2 in pentane

gave (Me2N)3Ta(Cl)[N(SiMe3)2] (1) in almost quantitative
yield (Scheme 1). This complex is stable at room tempera-
ture. Its 1H and 13C{1H} NMR spectra at 23 °C showed sin-
gle peaks for both the -N(SiMe3)2 and the three -NMe2
ligands. These observations indicate fast rotations of these
ligands and a fast exchange between the axial and two equa-
torial -NMe2 ligands in distorted trigonal bipyramidal 1, as
revealed in its X-ray structure discussed below. The chemi-
cal shifts of 3.34 ppm for NMe2, and 0.39 ppm for SiMe3 in
the 1H NMR spectrum, and 49.63 ppm for NMe2 and
4.23 ppm for SiMe3 in the 13C{1H} NMR spectrum, respec-
tively, are typical for these amido groups.

The colourless four-membered metallaheterocyclic 2 in
the current study could be prepared either by the reaction of
Ta(NMe2)3Cl2 with 2 equiv. of LiN(SiMe3)2 or by the reac-
tion of 1 with 1 equiv. of LiN(SiMe3)2 in nonpolar solvents.
Both gave almost quantitative yield of 2. In the latter prepa-
ration, the reaction was ca. 75% complete in 1.5 h at room
temperature in benzene-d6. The formation of HN(SiMe3)2 in
both reactions were observed in 1H and 13C{1H} NMR and
GC–MS. The 1H and 13C{1H} NMR spectra of 2 were con-
sistent with the cyclic structure in Chart 1. Overlapping 1H
NMR resonances of CH2SiMe2 and SiMe3 were observed at
0.19 ppm in benzene-d6 at 23 °C, and this was confirmed by
1H NMR integration to 11H, and by 2D HMQC NMR stud-
ies. In the latter, crosspeaks between 1H resonances at
0.19 ppm and 13C NMR resonances at both CH2SiMe2
(39.64 ppm) and SiMe3 (4.45 ppm) were observed. In the
DEPT-135 13C NMR spectrum of 2, the -CH2- resonance at
39.64 ppm appeared as a negative peak, while those of
-NMe2, -SiMe3, and -SiMe2 were positive. In the 1H NMR
spectrum of 2 in toluene-d8 at 23 °C, there was no overlap of
the resonances of SiMe3 and CH2SiMe2, and they were ob-

served at 0.16 and 0.14 ppm, respectively. The three chemi-
cally inequivalent -NMe2 ligands in the distorted trigonal
bipyramidal 2, as its X-ray structure to be discussed below
suggested, were observed as one single peak in both 1H and
13C{1H} NMR spectra at 23 °C, indicating a fast exchange
among these ligands.

The reaction of (Me2N)3Ta(Cl)[N(SiMe3)2] (1) with 1 equiv.
of LiNMe2 was found to give 2 as well. In 2 min, 2 was ob-
served in the 1H NMR spectrum along with HNMe2 and sev-
eral unidentified peaks in both -NMe2 and -N(SiMe3)2
regions. Unreacted 1 and LiNMe2 were observed as well. In
10 min, the formation of 2 was essentially complete (in ca.
27% yield). HNMe2 was observed along with other unidenti-
fied products. 13C NMR of the solution confirmed the for-
mation of 2. These observations indicated that the reaction
was not clean. In comparison, the reaction of 1 with
LiN(SiMe3)2 gave almost quantitative yield of 2. It is not
clear, however, what the mechanism of the reaction between
(Me2N)3Ta(Cl)[N(SiMe3)2] (1) and LiNMe2 is.

γ-Hydrogen abstraction reactions involving -N[Si(CH3)3]2
ligands to give metallaheterocycles with M—C bonds have
been reported (7–22). Complexes in Fig. 1 represent those
with four-membered metallaheterocycles similar to that in 2.
Their formation involves similar γ-hydrogen abstraction
from a -N[Si(CH3)3]2 ligand in the C-H activation reactions.

Complex 2 was found to be inert to HNMe2. A solution of
2 in benzene-d6 was bubbled with HNMe2 in N2 for 4 h.
Both 1H and 13C NMR spectra of the solution afterwards
showed only the peaks of 2 and HNMe2.

Mechanistic considerations
The reaction of (Me2N)3Ta(Cl)[N(SiMe3)2] (1) with

LiN(SiMe3)2 in toluene-d8 at 23 °C was monitored by 1H
NMR. Approximately 40% of 1 was converted to 2 in 4 min.
When the mixture was cooled to –25 °C after 4 min at
23 °C, two broad peaks at 3.06 and 0.63 ppm were observed.
At 23 °C, these two peaks were observed at 3.09 and
0.52 ppm, respectively; the former overlapped with the

© 2003 NRC Canada
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Chart 1. Scheme 1.
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-NMe2 resonance of 2. At 23 °C, these two broad peaks
gradually disappeared, as the nearly quantitative conversion
of 1 to 2 was complete. The emergence and disappearance
of these two peaks are consistent with
(Me2N)3Ta[N(SiMe3)2]2 (15) as an intermediate in the for-
mation of 2. The presence of two bulky -N(SiMe3)2 ligands
in 15 perhaps makes it unstable, driving the elimination of
HN(SiMe3)2 from 15 and the formation of cyclic 2
(Scheme 2).

X-ray structures of 1 and 2
Crystal data and a summary of intensity data collection

parameters for 1 and 2 are given in Table 1. Selected bond
distances and angles in 1 and 2 are listed in Tables 2 and 3,

respectively.3 ORTEP views of 1 and 2 are shown in Figs. 2
and 3, respectively.

The solid-state structure of 1 adopts a distorted trigonal
bipyramidal (TBP) geometry with axial -Cl and -NMe2 lig-
ands and the bulky -N(SiMe3)2 ligand in the equatorial posi-
tion. Such an arrangement, as predicted by the valence shell
electron pair repulsion (VSEPR) theory (23), minimizes the
ligand repulsion. Similar TBP geometries were observed in
(Me2N)3Ta(p-tolyl)Br (24) and (Me2N)3Ta(X)SiR3 (X = Cl,
Br, R3 = Si(SiMe3)3, 16a, 16b; X = Cl, R3 = t-BuPh2, 16c)
(6c), where the small halide and bulky silyl ligands adopt
axial and equatorial positions, respectively. The trans N(3)-
Ta-Cl(1) angle of 170.90(13)° is close to those in
(Me2N)3Ta(p-tolyl)Br (173.1(2)°) (24), 16a, 16b (178.1(2)°
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Fig. 1. Reported complexes with four-membered metallaheterocycles similar to that in 2.

Scheme 2.

3 Supplementary data may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
203046 and 203047 contain the crystallographic data for this manuscript. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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and 174.6(2)°), and 16c (174.5(4)°) (6c). The Ta—N bond
in Ta-N(SiMe3)2 (2.020(3) Å) is slightly longer than those in
axial or equatorial Ta-NMe2 (1.956(4)–1.987(4) Å) in 1 and
those in [(Me3Si)N]2TaCl3 (1.928(7) and 1.933(7) Å) (4a).

The Ta—Cl bond length of 2.4871(13) Å in 1 is comparable
to those in 16c (2.454(4) Å) (6c), and the terminal Ta—Cl
bond distances in (Me2N)(Me2NH)TaCl3 (2.391(2)–2.450(2)
Å) (25), [(Me2N)(Me2NH)TaCl2]2O (2.417(2) and 2.505(2)
Å) (25), [(Me2N)3TaCl2]2 (2.463(1) Å) (25), and
[(Me3Si)N]2TaCl3 (2.351(2)–2.366(2) Å) (4a).

A few transition metal complexes (5, 7–9, and 12–14,
Fig. 1) with the metallaheterocycles similar to that in 2 have
been structurally characterized. The structure of 2 adopts a
distorted trigonal bipyramidal geometry with one amido
ligand N(1) and the ring N(4) atom in the axial positions.
The N(1)-Ta(1)-N(4) angle of 161.7(4)° deviated from the
ideal 180°. The Ta atom is 0.0229 Å away from the equato-
rial plane defined by the N(2), N(3), and C(12) atoms, and
the two axial atoms N(1) and N(4) are about at an equal dis-
tance (2.0578 and 2.0159 Å) from the plane. Both N(1) and
N(4) atoms in the axial positions are tilted toward the C(12)
atom in the equatorial plane with N(1)-Ta(1)-C(12) and
N(4)-Ta(1)-C(12) angles of 87.0(3)° and 74.6(3)°, respec-
tively. The angles of the axial N(1) atom with equatorial
N(2) and N(3) atoms are N(1)-Ta(1)-N(2) = 92.9(3)° and
N(1)-Ta(1)-N(3) = 91.9(3)°, respectively. In comparison,
larger angles of the axial N(4) atom in the ring with N(2)
and N(3) atoms (95.7(3)° and 97.4(3)°, respectively) were
observed.

The four atoms in the ring are nearly coplanar with a
0.0549 Å deviation of the Ta(1) atom from the plane defined
by the other three ring atoms (C(12), N(4), and Si(2)). The
sum of angles inside the ring is 359.9°, consistent with the
planar structure. In fact it is interesting to note that the Si(1)
atom in the SiMe3 group and the N(1) atom in the axial po-
sition are nearly coplanar with the four ring atoms Ta(1),
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1 2

Formula C12H36ClN4Si2Ta C12H35N4Si2Ta

Formula weight 509.03 472.57
Crystal system Monoclinic Triclinic
Space group P2(1)/n P-1
Lattice parameters
a (Å) 13.442(3) 8.1575(19)
b (Å) 10.892(3) 10.032(2)
c (Å) 14.971(4) 14.328(3)
α (°) 90 71.473(4)
β (°) 100.762(4) 87.551(4)
γ (°) 90 67.463(4)
Volume (Å3) 2153.2(9) 1022.7(4)
Z 4 2
Density (calcd.) (g/cm3) 1.57 1.535
µ (mm–1) 5.338 5.487
F(000) 1016 472
Crystal size (mm3) 0.41 × 0.22 × 0.04 0.50 × 0.42 × 0.25
θ Range (°) 1.87–28.36 1.51–25.00
Completeness (%) 97.2 76.2
Independent reflections 5236 (R(int) = 0.0647) 2737 (R(int) = 0.0364)
Parameters 193 183
R1 (I > 2σ(I))a 0.0297 (wR2 = 0.0600)b 0.0540 (wR2 = 0.1616)b

Goodness-of-fit on F2 0.850 1.16
aR1 = Σ ||Fo| – |Fc|| / Σ |Fo|.
bwR2 = [Σ w(Fo

2 – Fc
2)2 / Σ w(Fo

2)2]1/2.

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

Bond lengths (Å)
Ta—N(1) 1.956(4)
Ta—N(3) 1.975(4)
Ta—N(2) 1.987(4)
Ta—N(4) 2.020(3)
Ta—Cl(1) 2.4871(13)
Si(1)—N(4) 1.767(3)
Si(2)—N(4) 1.748(3)

Bond angles (°)
N(1)-Ta-N(3) 95.25(17)
N(1)-Ta-N(2) 107.23(17)
N(3)-Ta-N(2) 89.52(17)
N(1)-Ta-N(4) 115.24(15)
N(3)-Ta-N(4) 89.45(14)
N(2)-Ta-N(4) 137.44(15)
N(1)-Ta-Cl(1) 93.81(12)
N(3)-Ta-Cl(1) 170.90(13)
N(2)-Ta-Cl(1) 86.94(13)
N(4)-Ta-Cl(1) 87.50(9)
Si(2)-N(4)-Si(1) 118.53(19)
Si(2)-N(4)-Ta 118.34(17)
Si(1)-N(4)-Ta 121.36(18)

Table 2. Selected bond lengths (Å) and angles
(°) in 1.
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C(12), N(4), and Si(2). In a plane defined by these six at-
oms, the mean deviation and the range of deviations are
0.0111 Å and 0.0024–0.0140 Å, respectively. An ORTEP
view of this plane and a schematic view of the structure of 2
are given in Fig. 4 and Scheme 2, respectively. The lone pair
p electrons in N(1) and N(4) may form conjugated, planar
p–d π bonds with Ta, Si(1), and Si(2). The C(12) in the ring
perhaps stays in the plane of N(1), N(4), Ta, Si(1), and Si(2)
to minimize steric repulsion.

The Ta(1)-ring N(4) length of 2.109(7) Å is longer than
those of Ta-NMe2 in 2 (avg. 1.999(8) Å). The Ta-C(12)
length of 2.228(9) Å is close to that in Nb(IV) 5 (2.277(6)
Å) (Fig. 1) (8).4 The Ta—N(4) bond (2.109(7) Å) is longer
than the Ta—NMe2 bonds in 2 and 1 (1.956(4)–2.039(8) Å),
and the Ta—N(SiMe3)2 bond in 1 (2.020(3) Å).

In summary, the reactions of (Me2N)3TaCl2 with 1 and 2
equiv of LiN(SiMe3)2 gave (Me2N)3Ta(Cl)[N(SiMe3)2] (1)
and (Me2N)3TaN(SiMe3)SiMe2CH2 (2), respectively. The re-
action of 1 with 1 equiv. of LiN(SiMe3)2 was also found to
give 2. d0-Pentaamido complex (Me2N)3Ta[N(SiMe3)2]2 (15)
was observed as an intermediate in the formation of 2. Steric

crowdedness in 15 makes it unstable. 15 undergoes clean γ-
hydrogen abstraction in its decomposition to give almost
quantitative yield of the cyclic complex 2 with a Ta—C
bond. Such γ-hydrogen abstraction and M—C bond forma-
tion may give metal carbides in molecular approaches to
solid-state materials using complexes containing -N(SiMe3)2
ligands.
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Bond lengths (Å)
Ta(1)—N(3) 1.975(7)
Ta(1)—N(2) 1.984(8)
Ta(1)—N(1) 2.039(8)
Ta(1)—N(4) 2.109(7)
Ta(1)—C(12) 2.228(9)
Si(1)—N(4) 1.715(9)
Si(2)—N(4) 1.726(9)
Si(2)—C(12) 1.844(10)
Si(2)—C(10) 1.870(11)
Si(2)—C(11) 1.886(12)
Bond angles (°)
N(3)-Ta(1)-N(2) 120.8(4)
N(3)-Ta(1)-N(1) 91.9(3)
N(2)-Ta(1)-N(1) 92.9(3)
N(3)-Ta(1)-N(4) 97.4(3)
N(2)-Ta(1)-N(4) 95.7(3)
N(1)-Ta(1)-N(4) 161.7(4)
N(3)-Ta(1)-C(12) 119.7(4)
N(2)-Ta(1)-C(12) 119.5(4)
N(1)-Ta(1)-C(12) 87.0(3)
N(4)-Ta(1)-C(12) 74.6(3)
Si(1)-N(4)-Si(2) 131.8(5)
Si(1)-N(4)-Ta(1) 129.1(4)
Si(2)-N(4)-Ta(1) 99.0(4)
N(4)-Si(2)-C(12) 94.9(4)
N(4)-Si(2)-C(10) 113.8(6)
C(12)-Si(2)-C(10) 112.8(5)
N(4)-Si(2)-C(11) 112.8(5)
C(12)-Si(2)-C(11) 114.0(5)
C(10)-Si(2)-C(11) 108.3(7)
Si(2)-C(12)-Ta(1) 91.4(4)

Table 3. Selected bond lengths (Å) and angles
(°) in 2.

Fig. 2. ORTEP view of 1 showing 30% probability thermal ellip-
soids.

Fig. 3. ORTEP view of 2 showing 30% probability thermal ellip-
soids.

4 Nb and Ta complexes are often isomorphous, as a result of lanthanide contraction (26).
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Experimental

All manipulations were performed under a dry nitrogen
atmosphere with the use of either a drybox or standard
Schlenk techniques. Solvents were purified by distillation
from potassium – benzophenone ketyl. Benzene-d6 and
toluene-d8 (Cambridge Isotope Laboratories) were dried over
activated molecular sieves and stored under N2.

1H and
13C{1H} NMR spectra were recorded at 23 °C on a Bruker
AC-250 or AMX-400 Fourier transform (FT) spectrometer
and referenced to the solvent (residual protons in the 1H
NMR spectra). LiN(SiMe3)2 (Aldrich) was used as received.
(Me2N)3TaCl2 was prepared from Ta(NMe2)5 and 2 equiv. of
Me3SiCl by the literature procedure (25). A Hewlett-Packard
6890 gas chromatograph (GC) with a 5793 mass selective
(MS) detector (MSD) was used to obtain GC–MS data. Ele-
mental analysis was performed by Complete Analysis Labo-
ratories Inc., Parsippany, New Jersey, U.S.A.

Preparation of (Me2N)3Ta(Cl)[N(SiMe3)2] (1)
(Me2N)3TaCl2 (0.343 g, 0.893 mmol) was mixed with

LiN(SiMe3)2 (0.150 g, 0.896 mmol), and, to this mixture,
pentane (50 mL) was added at –50 °C with stirring. The
mixture was allowed to gradually warm to room temperature
and  stirred  overnight.  After  filtration  to  remove  LiCl,  the
volatiles were removed under reduced pressure to give a yel-
low solid which, by 1H and 13C NMR, was essentially pure 1
(0.45 g, 0.88 mmol, 99% yield). Crystals of 1 were grown
from a solution in Et2O at –30 °C. Melting point: 110.5–
112.0 °C (decomposed). Major IR peaks (KBr pellet, cm–1):
2956.8, 2898.9, 2861.3, 2819.8, 2775.9, 1249.9, 952.6,
846.1, 795.2, 711.3, 673.8. 1H NMR (benzene-d6,
250.1 MHz) δ: 3.34 (s, 18H, NMe2), 0.39 (s, 18H, SiMe3).
13C NMR (benzene-d6, 62.9 MHz) δ: 49.63 (NMe2), 4.23
(SiMe3). Anal. calcd. for C12H36N4ClSi2Ta: C 28.32, H 7.13,
N 11.01; found: C 28.15, H 7.06, N 11.21.

Preparation of (Me2N)3TaN(SiMe3)SiMe2CH2 (2) from
Ta(NMe2)3Cl2

To a mixture of Ta(NMe2)3Cl2 (3.84 g, 10.0 mmol) and
LiN(SiMe3)2 (3.35 g, 20.0 mmol) was added hexanes
(120 mL) at –40 °C with stirring. The mixture was allowed
to gradually warm to room temperature and stirred over-
night. The colour of the solution changed slowly from yel-
low to colourless. After filtration, the volatiles were removed
in vacuo to give 2 as a colourless oily liquid in almost quan-
titative yield. Colourless crystals of 2 (3.111 g, 6.58 mmol,
65.8% yield) were obtained after the oily liquid was cooled
to 0 °C for 1 day. Melting point: 123.5–125.0 °C. Major IR
peaks (KBr pellet, cm–1): 2955.2, 2893.8, 2857.7, 2824.9,
2778.8, 1245.6, 998.5, 947.4, 865.5, 835.9, 800.72, 765.5.
1H NMR (benzene-d6, 400.18 MHz, 23 °C) δ: 3.08 (s, 18H,
NMe2), 0.48 (s, 6H, SiMe2), 0.19 (s, 11H, CH2SiMe2,
SiMe3). The CH2SiMe2 resonance was further confirmed by
DEPT-135 NMR studies. 1H NMR (toluene-d8, 400.18 MHz,
23 °C) δ: 3.09 (s, 18H, NMe2), 0.43 (s, 6H, SiMe2), 0.15 (s,
9H, SiMe3), 0.14 (2H, CH2SiMe2).

13C NMR (benzene-d6,
100.63 MHz, 23 °C) δ: 44.41 (NMe2), 39.64 (CH2), 5.07
(CH2SiMe2), 4.45 (SiMe3).

13C NMR (toluene-d8,
100.63 MHz, 23 °C) δ: 44.42 (NMe2), 39.63 (CH2), 5.05
(CH2SiMe2), 4.43 (SiMe3). Anal. calcd. for C12H35N4Si2Ta:
C 30.50, H 7.47, N 11.86; found: C 30.32, H 7.39, N 12.03.

GC–MS analyses of the volatiles that were collected from
the reaction mixture revealed that it contained HN(SiMe3)2.

Preparation of 2 from (Me2N)3Ta(Cl)[N(SiMe3)2] (1)
To 1 (25.4 mg, 0.0500 mmol) dissolved in benzene-d6 was

added LiN(SiMe3)2 (8.4 mg, 0.050 mmol) at 23 °C. The col-
our of the solution gradually changed from yellow to colour-
less. The reaction was monitored by 1H and 13C NMR
spectroscopy. In 1.5 h, the ratio of 1 to 2 in the solution was
found to be ca. 1:3. In 18 h, 1H and 13C NMR spectra of the
solution showed it was virtually a pure mixture of 2 and
HN(SiMe3)2.

Reaction of (Me2N)3Ta(Cl)[N(SiMe3)2] (1) with LiNMe2
To a mixture of Ta(NMe2)3(Cl)[N(SiMe3)2] (1, 30.2 mg,

0.059 mmol), LiNMe2 (3.0 mg, 0.059 mmol), and 4,4′-
dimethylbiphenyl (an internal standard) was added toluene-
d8 (0.40 mL) in a Young NMR tube at room temperature. 1H
NMR spectrum of the solution was monitored.

Determination of X-ray crystal structures of 1 and 2
The crystal structures 1 and 2 were determined on a

Bruker AXS Smart 1000 X-ray diffractometer equipped with
a CCD area detector and a graphite-monochromated Mo
source (Kα radiation, 0.71073 Å) and fitted with an up-
graded Nicolet LT-2 low-temperature device. Suitable crys-
tals were coated with paratone oil (Exxon) and mounted on a
hairloop under a stream of nitrogen at 173(2) K. The struc-
tures of 1 and 2 were solved by direct methods. Non-
hydrogen atoms were anistropically refined. All hydrogen
atoms in the two structures were treated as idealized contri-
butions. Empirical absorption correction was performed with
the SADABS program (27a). In addition the global refine-
ments for the unit cells and data reductions of the two struc-
tures were performed using the Saint program (Version
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Fig. 4. ORTEP of 2 showing 30% probability thermal ellipsoids.
The -Me groups have been omitted for clarity.
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6.02). All calculations were performed using SHELXTL
(Version 5.1) proprietary software package (27b).
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Organometallic reactions in aqueous media —
Bismuth-mediated crossed aldol type reactions1

Yoon Joo Lee and Tak Hang Chan

Abstract: Bismuth metal, upon activation by zinc fluoride, can effect the crossed aldol reaction between α-
bromocarbonyl compounds and aldehydes in aqueous media. The reaction was found to be regiospecific and syn-
diastereoselective.

Key words: bismuth, zinc fluoride, aldol reaction, regioselectivity, aqueous media.

Résumé : En milieu acide, le bismuth métallique activé par le fluorure de zinc rend possible la réaction aldolique
croisée entre des composés α-bromocarbonylés et des aldéhydes. On a observé que la réaction est régiospécifique et
syn-diastéréosélective.

Mots clés : bismuth, fluorure de zinc, réaction aldolique, régiosélectivité, milieu aqueux.

[Traduit par la Rédaction] Lee and Chan 1412

Introduction

The aldol reaction has played an important role in organic
synthesis for the formation of carbon–carbon bonds, provid-
ing β-hydroxycarbonyl compounds. However, under the clas-
sical aldol reaction conditions involving basic aqueous media,
side products, such as regioisomers, dimers, polymers, self-
condensation products, and α,β-unsaturated carbonyl com-
pounds, are invariably formed as well. The formation of
these side products is often attributed to the fact that the
aldol reaction is an equilibrium process (1). To circumvent
this problem, useful modifications of the classical aldol reac-
tion, particularly using Lewis-acid-promoted reactions of
enol silyl or tin ethers with carbonyl compounds, have been
developed (2). In general, these methods employ organic sol-
vents as reaction media. Recently, there has been consider-
able interest in conducting organic reactions in aqueous
media (3) because of the need to reduce volatile organic
solvents as a burden to the environment. In 1990 and subse-
quently, we reported on the possibility of conducting metal-
mediated crossed aldol type reactions in aqueous media,
using zinc, tin, and indium (4). The yields of the crossed
aldol products were modest. In 1997, Shen et al. (5) reported
using bismuth to mediate the crossed aldol type reactions in
aqueous media. In the presence of bismuth(III) chloride and
metallic aluminum, α-bromocarbonyl compounds 1 were
found to react with various aldehydes 2 in water under a ni-
trogen atmosphere at 60 °C to afford the corresponding β-
hydroxycarbonyl compounds 3 in good yields together with
the dehalogenated products 4 (Scheme 1).

Very recently, J. Zhang and Y. Zhang (6) demonstrated
that a bimetallic system of bismuth(III) chloride and samar-

ium could mediate similar crossed aldol type reactions of α-
bromoacetophenone with a variety of aldehydes in a mixture
of THF and H2O. Because of our continuing interest in this
area, we have examined the bismuth-mediated reaction with
the following objectives in mind: (1) use bismuth metal di-
rectly in place of the reduction of bismuth chloride for the
crossed aldol reaction; (2) extend the reaction to aliphatic
acyclic ketones since most reported examples of α-
halocarbonyl compounds 1 have been limited to arylketones;
and (3) examine the regioselection of the reaction.

Results

Study of different fluoride salts as promoters
In general, mechanically atomized metals are less reactive

than metals chemically prepared by the reduction of metal
salts with alkali metals or other reducing agents (7). The low
reactivity of the bismuth metal powder may result from the
insufficient removal of metal oxide layers from the metal
surface and the low surface area of the metal particles. Thus,
it is obvious that activation of the bismuth metal is needed
for the reaction to proceed. Previous reports from our re-
search group have shown that fluoride salts are quite effec-
tive in activating metals, such as aluminum (8) and antimony
(9), to mediate organometallic reactions in aqueous media.
More recently, we found that ammonium hydrogen fluoride
(NH4HF2) could efficiently activate commercially available
bismuth metal to reduce α-halocarbonyl compounds 1 to the
corresponding dehalogenated products 4 in excellent yields
(10). The reaction is presumed to proceed through the
intermediacy of a bismuth enolate 5 (X = Br or F,
Scheme 2). We were able to demonstrate that starting with
2-bromoisobutyrophenone (1a, R1 = Ph, R2 = R3 = Me) and
benzaldehyde in the presence of bismuth and NH4HF2, the
crossed aldol product 3a (R1 = R4 = Ph, R2 = R3 = Me) was
obtained. The reaction was carried out in water as the reac-
tion medium. However, reduction was a serious side reaction
giving product 4a in 44% yield, substantially lowering the
yield of the aldol product 3a to 56%.
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In this reaction, the use of ammonium hydrogen fluoride
was found to be necessary since neither the crossed aldol
type reaction nor the reduction proceeded with bismuth alone.
In an attempt to search for a more effective promoter for bis-
muth metal activation, a wide range of fluoride salts was
screened using the reaction of compound 1a with benzalde-

hyde as a model reaction (Scheme 2), and the results are
shown in Table 1.

As can be seen from Table 1, the main group metal fluo-
rides (KF, CaF2, and AlF3) could not activate bismuth to
mediate the reaction in D2O (entries 1–3). Most of the tran-
sition metal fluorides tested were found to be inefficient in
activating bismuth leading to unsatisfactory yields of the
aldol product (entries 7–14). However, the reactions with
TiF4, VF4, CrF3, and CuF2, which are not commonly used
reagents in organic synthesis, afforded the corresponding
aldol adducts in moderate yields. In the case of zinc fluo-
ride, the aldol addition product was obtained predominantly
along with a minimal amount of the reduction product (entry
15). Fluoride anion seemed to have a special activating ef-
fect as ZnCl2 was ineffective (entry 16). Several different
solvents were also screened using the same model reaction
at room temperature with ZnF2. The results are summarized
in Table 2. Hardly any desired product was observed when
ethanol or THF was employed as the solvent (entries 4 and
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Scheme 1.

Scheme 2.

Entry Promoter
Time
(h)

Unreacted
1a (%)b

Yield
of 3a (%)b

Yield
of 4a (%)b

1 KF 24 100 0 0

2 CaF2 24 100 0 0

3 AIF3 24 100 0 0

4 NH4F 24 40 53 7

5 NH4HF2 12 0 82 (78c) 18

6 Bu4NF 24 100 0 0

7 TIF4 18 0 75 25

8 VF4 16 0 50 50

9 CrF3 18 0 75 25

10 MnF2 24 99 Trace Trace

11 FeF2 24 84 15 Trace

12 CoF2 24 89 10 Trace

13 NiF2 24 87 12 Trace

14 CuF2 12 0 58 42

15 ZnF2 12 0 95 (90c) 5

16 ZnCI2 24 100 0 0
aRatio of 1a:benzaldehyde:Bi:promoter = 1 : 1.1 : 1.5 : 1.5 mmol and 1

mL of D2O.
bDetermined by 1H NMR of the crude product.
cIsolated yield.

Table 1. Screening of promoters for the bismuth-mediated
crossed aldol type reaction of 2-bromoisobutyrophenone with
benzaldehyde in aqueous media.a

Entry Solvent
Time
(h)

Unreacted
1a (%)b

Yield of
3a (%)b

Yield of
4a (%)b

1 Neat 24 78 21 Trace
2 H2O 12 0 85 (81c) 15

3 D2O 12 0 95 (90c) 5

4 EtOH 24 100 0 0

5 H2O–THF (1:1) 24 0 77 23

6 THF 24 100 0 0
aRatio of 1a:benzaldehyde:Bi:ZnF2 = 1 : l.l : 1.2 : 1.2 mmol and 1 mL

of solvent
bDetermined by 1H NMR of the crude product.
cIsolated yield.

Table 2. Screening of solvents for the bismuth-mediated crossed
aldol type reaction of 2-bromoisobutyrophenone with benzalde-
hyde in the presence of ZnF2.a
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6). In a mixture of water and THF (1:1), the reduction prod-
uct was formed to a significant extent as well (entry 5).
Aqueous media, water, or deuterium oxide, proved to be the
most suitable solvents for this bismuth-mediated crossed
aldol type reaction (entries 2 and 3).

Scope of the bismuth-mediated aqueous crossed aldol
type reaction

The bismuth-mediated aqueous crossed aldol type reac-
tions of compound 1a with a variety of aldehydes were
surveyed (Table 3). In general, both aromatic and aliphatic
aldehydes reacted smoothly with compound 1a to provide
the corresponding aldol products 3 in moderate to high
yields. The exception appeared to be p-methoxy-
benzaldehyde (entry 3). The presence of the methoxy group
seemed to have interfered with the activation process since
unreacted 1a could be recovered. On the other hand, for α-
branched aldehydes or ketones (entries 8 and 9), compound
1a was transformed efficiently to the presumed enolate and
was protonated faster than the aldol condensation.

The generality of the reaction was also explored with vari-
ous α-bromocarbonyl compounds using benzaldehyde under
similar reaction conditions. The results are summarized in
Table 4. Aromatic α-bromoketones generally reacted better
to provide the corresponding β-hydroxyketones in higher
yields (entries 1–3) in comparison with aliphatic α-
bromoketones (entries 4 and 5). The reactions of α-
bromocarboxylic acids with benzaldehyde resulted in the
formation of the corresponding reduction products as the
major product (entries 6 and 7).

Discussions

The ability of zinc fluoride to promote the crossed aldol
reaction can be attributed to two factors. First, the fluoride
anion may activate the metal for chemical reactions in aque-
ous media. Many metals, though considered to be reactive
based on their ionization potentials, may be inert in aqueous

media because of the easy formation of insoluble metal
oxide on the metal surface. Aluminum metal is a good ex-
ample. It has a first ionization potential (5.984 eV) which is
much lower than that of magnesium (7.646 eV) and is ex-
pected to be a reactive metal. On the other hand, aluminum
is resistant to water because it readily forms a layer of insol-
uble Al2O3 and this prevents the metal from further reaction.
It has been reported that trace amounts of fluoride anion in
water dramatically increased the corrosion of aluminum
metal (11). This effect is attributed to the reaction of fluo-
ride ion with Al2O3 to form various water soluble
fluoroaluminates (12). Bismuth metal may be activated by
fluoride salts in a similar manner in that fluorobismuthates
can be prepared from Bi2O3 and fluorides (13). The second
factor is that the zinc ion must also play a role. Recently,
Chan and co-workers (14) and others (15) have found that
zinc fluoride acts as an effective Lewis acid in aqueous me-
dia by the coordination of the zinc cation with the carbonyl
function. In the crossed aldol reaction, the bismuth enolate 5
may react with the Zn2+- coordinated aldehyde in either the
cyclic chair transition state (6) (16) or the extended
antiperiplanar transition state (7) (17).

By comparing the products derived from 3-bromobutan-2-
one (Table 4, entry 4) and 1-bromobutan-2-one (Table 4, en-
try 5), it is possible to conclude that the reaction is
regiospecific. The two regioisomeric bismuth enolates (8 and
9) must have been generated separately. Reactions of the
enolates with benzaldehyde led to different isomeric aldol

© 2003 NRC Canada
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Entry Electrophile Time (h) Unreacted 1a (%)b Yield of 3 (%)b Yield of 4 (%)b

1 PhCHO 12 0 95 (90c) (3a) 5

2 p-CH3PhCHO 24 10 80 (66c) (3b) 10

3 p-CH3OPhCHO 24 98 Trace (3c) Trace

4 p-CIPhCHO 16 26 69 (91c) (3d) 5

5 p-CNPhCHO 16 19 80 (98c) (3e) Trace

6 n-C5H11CHO 12 0 53 (35c) (3f) 47

7 Ph(CH2)2CHO 12 20 67 (56c) (3g) 13

8 12 7 0 93

9 20 10 0 90

aRatio of 1a:aldehyde:Bi:ZnF2 = 1 : 1.1 : 1.2 : 1.2 mmol and 1 mL of D2O.
bDetermined by 1H NMR of the crude product.
cIsolated yield based on reacted 1a.

Table 3. Bismuth-mediated crossed aldol type reactions of 2-bromoisobutyrophenone with various aldehydes and ketones in the pres-
ence of ZnF2 in aqueous media.a
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products. Furthermore, protonation of the enolates to give
butan-2-one must not be reversible, otherwise both enolates
would have been regenerated in the reaction mixture, which
would have led to a mixture of regioisomers in both reac-
tions (Scheme 3).

In the three examples where diastereomeric aldol products
were formed, the syn-isomer was formed preferentially over
the anti-isomer (Table 4, entries 2, 4, and 6). Using the con-
densation of 3-bromobutan-2-one as the example (entry 4),
the syn/anti ratio was found to be 73:27. The preferred for-
mation of the syn-isomer is usually explained by one of the
following two (or more) possibilities: (1) in the formation of
the bismuth enolate, E-9 was formed preferentially, which
then reacted with benzaldehyde via the extended antiperi-
planar transition state 7 to give the syn- product; or (2) the
Z-9 bismuth enolate was formed preferentially, and it reacted
with benzaldehyde via the cyclic chair transition state 6.
While there is insufficient experimental evidence to prefer

one explanation over the other in the present reaction, simi-
lar stereochemical preference was observed in the bismuth-
mediated coupling of crotyl bromide with aldehydes, and the
acyclic transition state explanation similar to 7 was invoked
(18).

Conclusion

The bismuth-mediated aqueous crossed aldol type reac-
tion was investigated. The study showed that bismuth
activated by several fluoride salts could mediate the aldol
addition reaction of α-bromocarbonyl compounds with alde-
hydes in aqueous media. Zinc fluoride was found to be the
promoter of choice. The scope of this bismuth-mediated
aqueous crossed aldol type reaction was examined and the
reaction was found to be regiospecific and diastereo-
selective.
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Table 4. Bismuth-mediated crossed aldol type reactions of α-bromocarbonyl compounds with benzaldehyde in the presence of ZnF2 in
aqueous media.

aDetermined by 1H NMR of the crude product.
bRatio of 1:aldehyde:Bi:ZnF2 = 1 : 1.1 : 1.2 : 1.2 mmol / 12 h.
cRatio of 1:aldehyde:Bi:ZnF2 = 1 : 2 : 2 : 2 mmol / 40 h.
dRatio of 1:aldehyde:Bi:ZnF2 = 1 : 2 : 3 : 2 mmol / 40 h.
eRatio of 1:aldehyde:Bi:ZnF2 = 1 : 1.1 : 1.5 : 1.5 mmol / 6 h.
fRatio of 1:aldehyde:Bi:ZnF2 = 1 : 1.1 : 1 : 2 mmol / 24 h.
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Experimental

General information
Chemicals were purchased from Aldrich or the Alfa Aesar

Chemical Company. All the aldehydes were purified by dis-
tillation or column chromatography prior to use. Thin layer
chromatography was performed on plastic plates precoated
with silica gel (60 F254), which were developed using a mix-
ture of hexane and ethyl acetate as an eluent. Analytes were
visualized by UV light or by dipping the plate into a devel-
oping agent (a solution of ammonium molybdate and ceric
sulfate in dilute sulfuric acid) and heating with a heat gun.
Column chromatography was performed on 230–400 mesh
silica gel.

Melting points were determined using a Gallenkamp ap-
paratus and were uncorrected. Infrared spectra were re-
corded on an Avatar 360 FT-IR spectrometer and reported
in cm–1. 1H NMR spectra and 13C NMR spectra were re-
corded on a Varian Mercury 300 or 400 MHz spectrometer
or a Varian Unity 500 MHz spectrometer at ambient temper-
ature. Chemical shifts (δ) were reported in parts per million
(ppm) and referenced to CDCl3 at δ 7.25 ppm for 1H and δ
77.00 ppm for 13C. The multiplicity of each signal was indi-
cated by s (singlet), d (doublet), t (triplet), q (quartet), quint
(quintet), sept (septet), and m (multiplet). Coupling con-
stants (J) were reported in Hz. The syn and anti configura-
tions of 3h, 3j, and 3m were assigned on the basis that the
coupling constants of the methyl-bearing methine proton and
the hydroxyl-bearing methine proton have greater values for
anti- than for syn-isomers (19). Mass spectra were recorded
on a Kratos MS25RFA mass spectrometer or on a HP 5980A
GC–MS.

General procedure for bismuth-mediated aqueous
crossed aldol type reaction

To a mixture of 2-bromoisobutyrophenone (1 mmol), an
aldehyde (1.1 mmol), bismuth powder (1.2 mmol), and ZnF2
(1.2 mmol) was added D2O (1 mL). The reaction mixture
was vigorously stirred at room temperature for the indicated
time in Table 3 (12–24 h). Additional distilled water
(10 mL) was added in the reaction mixture, and the product
was extracted with diethyl ether (3 × 30 mL). The combined
organic layer was dried over anhyd Na2SO4 and filtered. Af-
ter the evaporation of solvent under reduced pressure, the
crude product was purified by flash column chromatography
on silica gel using 5% ethyl acetate in hexane as an eluent to
give the corresponding pure aldol addition product.

3-Hydroxy-2,2-dimethyl-1,3-diphenyl-1-propanone (3a)
(20)

White solid, mp 105–107 °C. IR (CHCl3) (cm–1): 3475
(O-H), 1672 (C=O). 1H NMR (300 MHz, CDCl3) δ: 7.58–
7.54 (m, 2H), 7.48–7.25 (m, 8H), 5.15 (d, J = 3.5 Hz, 1H),
2.92 (d, J = 4.0 Hz, 1H), 1.27 (s, 3H), 1.22 (s, 3H). 13C
NMR (75 MHz, CDCl3) δ: 211.59, 140.04, 139.51, 130.37,
127.86, 127.81, 127.64, 127.58, 126.98, 78.82, 52.52, 24.34,
19.70.

3-Hydroxy-2,2-dimethyl-3-(4-methylphenyl)-1-phenyl-1-
propanone (3b) (20)

White solid, mp 83.5–85.0 °C. IR (CHCl3) (cm–1): 3490
(O-H), 1673 (C=O). 1H NMR (400 MHz, CDCl3) δ: 7.58–
7.55 (m, 2H), 7.47–7.42 (m, 1H), 7.40–7.36 (m, 2H), 7.23
(d, J = 8.4 Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 5.10 (s, 1H),
2.94 (br s, 1H), 2.36 (s, 3H), 1.25 (s, 3H), 1.19 (s, 3H). 13C
NMR (100 MHz, CDCl3) δ: 211.62, 139.59, 137.19, 137.06,
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130.30, 128.30, 127.83, 127.68, 126.98, 78.67, 52.54, 24.34,
21.21, 19.62.

3-(4-Cyanophenyl)-3-hydroxy-2,2-dimethyl-1-phenyl-1-
propanone (3e)

Colorless oil. IR (CHCl3) (cm–1): 3477 (O-H), 2229
(C�N), 1673 (C=O).; 1H NMR (400 MHz, CDCl3) δ: 7.55–
7.49 (m, 4H), 7.43–7.31 (m, 5H), 5.13 (d, J = 3.3 Hz, 1H),
3.72 (d, J = 3.8 Hz, 1H), 1.17 (s, 3H), 1.12 (s, 3H). 13C
NMR (100 MHz, CDCl3) δ: 210.73, 145.52, 138.80, 131.30,
130.75, 128.54, 127.95, 127.03, 118.58, 111.18, 77.93,
52.38, 24.03, 19.63. MS (CI, NH3) m/z: 280 (M + H+, 5),
148 (51), 130 (48), 105 (100), 77 (13). HR-MS (FAB) for
C18H17NO2 + H+ calcd.: 280.1337; found: 280.1338.

3-(4-Chlorophenyl)-3-hydroxy-2,2-dimethyl-1-phenyl-1-
propanone (3d)

White solid, mp 57–59 °C. IR (CHCl3) (cm–1): 3475 (O-
H), 1673 (C=O). 1H NMR (400 MHz, CDCl3) δ: 7.54–7.50
(m, 2H), 7.44–7.39 (m, 1H), 7.36–7.32 (m, 2H), 7.26–7.19
(m, 4H), 5.04 (s, 1H), 3.61 (br s, 1H), 1.18 (s, 3H), 1.12 (s,
3H). 13C NMR (100 MHz, CDCl3) δ: 211.25, 139.17,
138.53, 133.15, 130.46, 129.07, 127.83, 127.65, 126.96,
77.95, 52.36, 24.10, 19.53.

3-Hydroxy-2,2-dimethyl-1-phenyl-1-octanone (3f)
Colorless oil. IR (CHCl3) (cm–1): 3489 (O-H), 1671

(C=O). 1H NMR (400 MHz, CDCl3) δ: 7.61–7.58 (m, 2H),
7.44–7.40 (m, 1H), 7.37–7.33 (m, 2H), 3.85 (dd, J = 10.0,
2.1 Hz, 1H), 2.69 (br s, 1H), 1.61–1.14 (m, 14H), 0.87 (t,
J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ: 210.75,
139.01, 130.52, 127.80, 127.19, 76.96, 52.11, 31.75, 31.59,
26.48, 22.89, 22.64, 21.20, 14.09. MS (FAB) m/z: 249 (M +
H+, 15), 231 (7), 149 (27), 131 (30), 105 (100), 77 (16). HR-
MS (FAB) for C16H24O2 + H+ calcd.: 249.1855; found:
249.1855.

3-Hydroxy-2,2-dimethyl-1,5-diphenyl-1-pentanone (3g)
(21)

Colorless oil. IR (CHCl3) (cm–1): 3489 (O-H), 1669
(C=O). 1H NMR (400 MHz, CDCl3) δ: 7.63–7.60 (m, 2H),
7.48–7.44 (m, 1H), 7.41–7.36 (m, 2H), 7.31–7.27 (m, 2H),
7.22–7.18 (m, 3H), 3.91 (dd, J = 10.4, 2.4 Hz, 1H), 3.02–
2.95 (m, 1H), 2.77 (br d, J = 5.7 Hz, 1H), 2.71–2.63 (m,
1H), 1.85–1.71 (m, 2H), 1.34 (d, J = 2.4 Hz, 6H). 13C NMR
(100 MHz, CDCl3) δ: 210.72, 141.86, 138.73, 130.80,
128.32, 128.22, 127.95, 127.32, 125.68, 76.57, 51.93, 33.57,
33.06, 23.18, 21.24.

3-Hydroxy-2-methyl-1,3-diphenyl-1-propanone (3h) (22)

syn-Isomer
White solid, mp 71–73 °C. 1H NMR (300 MHz, CDCl3) δ:

7.96–7.92 (m, 2H), 7.62–7.56 (m, 1H), 7.50–7.23 (m, 7H),
5.25 (d, J = 2.6 Hz, 1H), 3.71 (qd, J = 7.3, 3.2 Hz, 1H), 3.69
(br s, 1H), 1.21 (d, J = 7.3 Hz, 3H). 13C NMR (75 MHz,
CDCl3) δ: 205.53, 141.63, 135.46, 133.47, 128.67, 128.36,
128.13, 127.19, 125.91, 73.03, 47.03, 11.24.

anti-Isomer
Colorless oil. 1H NMR (300 MHz, CDCl3) δ: 7.99–7.95

(m, 2H), 7.59–7.53 (m, 1H), 7.49–7.25 (m, 7H), 4.99 (d, J =

8.1 Hz, 1H), 3.84 (quint, J = 7.3 Hz, 1H), 3.09 (br s, 1H),
1.07 (d, J = 7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ:
204.63, 142.00, 136.54, 133.15, 128.50, 128.30, 127.77,
126.58, 76.68, 47.96, 15.76.

3-Hydroxy-1,3-diphenyl-1-propanone (3i) (23)
Colorless oil. 1H NMR (300 MHz, CDCl3) δ: 7.97–7.93

(m, 2H), 7.61–7.55 (m, 1H), 7.48–7.27 (m, 7H), 5.35 (dd,
J = 7.7, 4.4 Hz, 1H), 3.73 (br s, 1H), 3.39–3.36 (m, 2H). 13C
NMR (75 MHz, CDCl3) δ: 199.74, 142.77, 136.29, 133.41,
128.46, 128.33, 127.95, 127.43, 125.56, 69.86, 47.34.

4-Hydroxy-3-methyl-4-phenyl-2-butanone (3j) (24)

syn-Isomer
Colorless oil. IR (CHCl3) (cm–1): 3443 (O-H), 1703

(C=O). 1H NMR (400 MHz, CDCl3) δ: 7.33–7.21 (m, 5H),
5.05 (d, J = 4.1 Hz, 1H), 3.25 (br s, 1H), 2.82 (qd, J = 7.1,
4.1 Hz, 1H), 2.11 (s, 3H), 1.08 (d, J = 7.1 Hz, 3H). 13C
NMR (100 MHz, CDCl3) δ: 213.20, 141.54, 128.04, 127.14,
125.69, 72.96, 53.20, 29.43, 10.29.

anti-Isomer
Colorless oil. IR (CHCl3) (cm–1): 3431 (O-H), 1705

(C=O). 1H NMR (400 MHz, CDCl3) δ: 7.36–7.25 (m, 5H),
4.72 (d, J = 8.8 Hz, 1H), 3.02 (br s, 1H), 2.92 (quint, J =
7.2 Hz, 1H), 2.22 (s, 3H), 0.92 (d, J = 7.6 Hz, 3H). 13C
NMR (100 MHz, CDCl3) δ: 213.19, 141.67, 128.32, 127.83,
126.46, 76.44, 53.66, 30.12, 14.21.
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A combined density functional theory and
molecular mechanics (QM/MM) study of single site
ethylene polymerization catalyzed by [Cp{NC(t-
Bu)2}TiR+] in the presence of the counterion
(CH3B(C6F5)3–)1

Kumar Vanka, Zhitao Xu, and Tom Ziegler

Abstract: Calculations have been carried out to investigate the insertion of the ethylene monomer into the Ti–alkyl
bond for the systems CpNC(t-Bu)2RTi-µ-Me-B(C6F5)3 (R = Me and Pr), using density functional theory. A validated
QM/MM model was used to represent the counterion. The tertiary butyl groups in the ligands were modeled with
QM/MM, with hydrogens being used as the capping atoms. Solvent effects were incorporated with single point solvent
calculations done with cyclohexane (ε= 2.023) as the solvent. With R = Me (the initiation step), approach of the ethyl-
ene cis and trans to the -µ-Me bridge was considered. Insertion was found to be endothermic, with ∆Htot being
12.7 kcal/mol (cis) and 15.5 kcal/mol (trans). The propagation step was then studied for the contact ion pair CpNC(t-
Bu)2PrTi-µ-Me-B(C6F5)3 (4). Different conformations of the propyl chain in 4 were considered by altering θ, the dihed-
ral angle formed between the Cβ-Cα-Ti and the Cα-Ti-µC planes. The resting states were found to be at θ = –69° (4a),
177° (4b), and 53° (4c). A maxima was found near θ = 0° (4d). The cis and trans approaches of the ethylene monomer
were considered for each of the four cases. The cis approach towards 4a and trans approach towards 4d led to inser-
tion, with displacement of the counterion from the metal centre. The insertion barriers were found to be 17.8 kcal/mol,
for the cis approach towards 4b and 16.4 kcal/mol for the trans approach towards 4d. The cis approaches towards con-
formers 4a and 4c showed common characteristics, with uptake barriers being higher than the subsequent insertion bar-
riers in the two cases. Uptake barriers were 13.6 kcal/mol {TS(4a–7a)} and 10.7 kcal/mol {TS(4c–8a)}. The
corresponding insertion barriers were 11.8 kcal/mol {TS(7a–13a)} and 8.4 kcal/mol {TS(8a–13a)}. The trans ap-
proaches towards conformers 4a and 4c led to insertion barriers of about 15.1 kcal/mol (lower than for the 4b and 4d
cases). The cis approach towards 4d and trans approach towards 4b were found to lead to hydrogen transfer from the
propyl chain to monomer, terminating the chain. Termination barriers were high — greater than 19.0 kcal/mol. This
suggested that ethylene insertion would be favoured over termination during the propagation step.

Key words: homogeneous catalysis, counterion, initiation, propagation, termination. 1429

Résumé : Faisant appel à la théorie de la densité fonctionnelle, on a effectué des calculs pour étudier l’insertion du
monomère éthylène dans la liaison Ti–alkyle des systèmes CpNC(t-Bu)2RTi-µ-Me-B(C6F5)3 (R = Me et Pr). On a uti-
lisé un modèle QM/MM pour représenter le contre-ion. On a modélisé les groupes tert-butyles des ligands avec le mo-
dèle QM/MM et les hydrogènes sont utilisés comme atomes de couverture. On a incorporé des effets de solvant à
l’aide de calculs de solvant ponctuel en utilisant le cyclohexane (ε = 2,023) comme solvant. Avec R = Me, on a consi-
déré les approches cis- et trans- (étape d’initiation) de l’éthylène. On a trouvé que l’insertion est endothermique, les
∆Htot étant respectivement de 12,7 et 15,5 kcal/mol respectivement pour les approches cis- et trans-. On a alors étudié
l’étape de propagation pour la paire d’ions de contact CpNC(t-Bu)2PrTi-µ-Me-B(C6F5)3 (4). On a considéré les diverses
conformations de la chaîne propyle du composé 4 en faisant varier θ, l’angle dièdre formé entre les plans Cβ-Cα-Ti et
Cα-Ti-µC. On a trouvé des minima près de θ = –69° (4a), 177° (4b) et 53° (4c). On a trouvé un maximum près de θ =
0° (4d). On a considéré les approches cis- et trans- du monomère d’éthylène pour chacun de ces quatre cas. Les appro-
ches cis- vis-à-vis de 4a et trans- vis-à-vis de 4d conduisent à des insertions avec un déplacement du contre-ion du
centre métallique. On a trouvé que les barrières à l’insertion sont de 17,8 et de 16,4 kcal/mol respectivement pour les
approches cis- vis-à-vis de 4b et trans- vis-à-vis de 4d. Les approches cis- approches vis-à-vis de 4a et de 4c présen-
tent des caractéristiques communes, avec des barrières à l’incorporation qui sont plus élevées dans les deux cas que les
barrières d’insertion subséquentes. Les barrières à l’incorporation sont de 13,6 kcal/mol {TS(4a–7a)} et de
10,7 kcal/mol {TS(4c–8a)}. Les barrières correspondantes à l’insertion sont de 11,8 kcal/mol {TS(7a–13a)} et de
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8,4 kcal/mol {TS(8a–13a)}. Les approches trans- vis-a-vis des conformères 4a et de 4c conduisent à des barrières à
l’insertion d’environ 15,1 kcal/mol (plus faibles que celles pour les composés 4b et 4d). On a trouvé que l’approche
cis- vis-a-vis de 4d et que l’approche trans- vis-a-vis de 4b conduisent à un transfert d’hydrogène à partir de la chaîne
du monomère et que la chaîne est ainsi coupée. Les barrières à la réaction de terminaison sont élevées, plus que
19,0 kcal/mol. Ceci suggère que, durant l’étape de propagation, l’insertion de l’éthylène est favorisée par rapport à la
réaction de terminaison.

Mots clés : catalyse homogène, contre-ion, initiation, propagation, terminaison.

[Traduit par la Rédaction] Vanka et al.

Introduction

The field of single-site homogeneous catalysts has seen
remarkabable growth and development over the past
20 years (1). Their ability to achieve higher stereoselectivity
and narrower molecular weight distribution has made them
emerge as viable alternatives to traditional Ziegler–Natta type
heterogeneous catalysts, and revolutionized industrial poly-
alkene synthesis (2). The fact that they are structurally well-
defined mononuclear active species has allowed the system-
atic modification of these structures allowing for enhanced
control over polymer properties. The state-of-the-art homo-
geneous catalysts transform simple alkenes into polymers
with rate accelerations and stereo- and regiospecificities that
rival those of enzymatic catalysts.

Among the more highly active homogenous catalysts are
metallocenes and related organometallic compounds contain-
ing a group IV transition metal. The general structure of
these complexes contain a group 4 transition metal centre
(M) coordinated to two ligands (L) and two alkyl groups
(R): L2MR2. These complexes by themselves are not very ef-
fective as polymerization catalysts, but require activation by
a co-catalyst or a counterion. The co-catalysts are generally
Lewis acids, such as tris(pentafluorophenyl)borane or
methylalumoxane (MAO), whose function is to abstract one
of the alkyl groups as R– to produce the activated metal cata-
lyst, which is generally accepted (3) to be an electrophilic
species: L2MR+. The process by which the co-catalyst can
activate the complex is illustrated in Fig. 1. First, the alkyl
group (R) is extracted by the acidic co-catalyst compound
denoted as “A” in the figure. This leads to a charge-
separated contact ion pair (L2TiR-µR-A). The formation of
this ion-pair species is exothermic, with the enthalpy of ion-
pair formation denoted as ∆Hipf in Fig. 1. To form the
cationic complex (L2MR+), the contact ion pair must then
dissociate, with an enthalpy of ion-pair separation denoted
as ∆Hips, to form the two separated charged species: the pos-
itively charged cationic catalyst (L2MR+), and the negatively
charged counterion (AR–).

The cationic catalyst thus formed can then partake in the
catalytic processes for insertion. The accepted mechanism
for the uptake and insertion of the olefin monomer into the
metal–carbon bond in the cationic catalyst is shown in Fig. 2
with ethylene as the olefin monomer.

The well-defined molecular structure of metallocene cata-
lysts and their analogues has also enabled thorough mecha-
nistic investigations by theoretical methods, and several
theoretical studies (4) have been conducted, using the bare
cation (L2MR+) as the model for the single-site catalyst.
These studies have helped improve the understanding of the
mechanistic aspects of the monomer insertion process. How-

ever, recent findings indicate (3g–3j, 5) that the anionic
counterion plays an important role in the polymerization
process. Calculations showed (5) that the value of ∆Hips was
very high, implying that the total dissociation of the contact
ion pair leading to formation of the bare cation would not
take place. The counterion would therefore remain in the vi-
cinity of the cation during the insertion process. Hence, the
influence of the counterion has to be taken into account and
the mechanism for the insertion has to be modified accord-
ingly, as shown in Fig. 3.

In the modified mechanism of Fig. 3, the ethylene first ap-
proaches the contact ion pair [L2TiR-µR-A] and binds to it,
forming a weak olefin complex. The enthalpy of this
complexation is denoted as ∆Hc. From this complexed state,
the ethylene monomer then approaches the alkyl chain and
attempts to insert into the metal–alkyl bond, leading to a
four-centred transition state. The internal barrier of the reac-
tion path, from the olefin complex to the transition state, is
defined as ∆Hib. The total barrier of the reaction is denoted
as ∆Htot and is the sum of ∆Hc and ∆Hib.

Figure 3, however, shows only one of the ways in which
the ethylene monomer can approach the contact ion pair
(L2TiR-µR-A). Depending on the position of the ethylene
monomer relative to the µ-alkyl bridge of the ion pair, there
are two ways in which the ethylene can approach, as shown
in Fig. 4. It can approach cis to the µ-alkyl bridge, an ap-
proach we will henceforth call the “cis” approach. Nifant’ev
et al. (6) have studied ethylene insertion via this approach
for the Cp2ZrEt+A– (A– = CH3B(C6F5)3

–, B(C6F5)4
–) sys-

tems. Alternately, the ethylene monomer can also approach
from the direction opposite (trans) to the µ-alkyl bridge, as
shown in Fig. 4. This path will be referred to as the “trans”
mode of approach. In each of the two cases, the approach of
the ethylene leads to the formation of the olefin complex.
The tetrahedral arrangement of the contact ion pair is con-
verted to a trigonal bipyramidal structure when the olefin
complex is formed. In the trans case of approach, the ethyl-
ene monomer occupies one of the axial positions of the
trigonal bipyramid, while in the cis case, the ethylene mono-
mer lies in the equatorial plane of the trigonal bipyramid.

Unfortunately, due to the size of the counterions, theoreti-
cal studies of the mechanism outlined in Fig. 2, where the
counterion is incorporated, are difficult and involve consid-
erable computational effort. Hence, few examples of such
studies are found in the literature (7). Lanza et al. (7a) have
investigated olefin insertion into the Ti—CH3 bond of the
H2Si(C5H4)(t-BuN)TiCH3-CH3B(C6F5)3 ion pair; Fusco et
al. (7b) and Bernardi et al. (7c) studied the same process for
Cp2(Ti/Zr)CH3-Cl2 Al[O(Al(CH3)3AlHCH3]2 and Cl2TiCH3(µ-
Cl)2AlH2, respectively. Chan et al. (7d) have investigated the
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formation of ethylene separated ion-pair complexes for ion
pairs formed between different catalysts and the counterion
B(C6F5)3CH3

–, as well as ethylene insertion (5a) into the
Zr—CH3 bond in the Cp2ZrCH3-µ-CH3-B(C6F5)3 system.

In an earlier theoretical study (8), we investigated the in-
sertion of the ethylene monomer into the methyl chain of
different catalyst systems of the type L1L2TiCH3

+, in the
presence of the counterion. The counterion used for the pur-
pose of the investigation was B(C6F5)3CH3

–. For the sake of
computational expediency, a QM/MM model was used for
the counterion. This allowed us to study a large number of
different systems. In the QM/MM model, the perfluoro
phenyl (C6F5) groups in B(C6F5)3CH3

– were replaced with
MM atoms, and Cl atoms are used to cap the QM system.
Thus, B(C6F5)3CH3

– was replaced with BCl3CH3
– in the QM

system. This model has been validated (9a), and will be used
to model the counterion in the ion pair systems studied here.

Other ion pair systems using the same model for the
counterion are currently under investigation (9b).3

In this present study, we investigate the approach of ethyl-
ene and its insertion into the Ti–methyl (initiation step) and
Ti–propyl (propagation step) bonds for the [CpNC(t-
Bu)2TiR+][B(C6F5)3CH3

–] (R = CH3 and C3H7) ion-pair sys-
tems. The different approaches of the ethylene monomer cis
and trans to the µ-methyl group of the ion pair will be con-
sidered for each case. Before the investigation of the propa-
gation step, i.e., ethylene insertion into the propyl chain,
different chain conformers of the free ion pair will first be
considered to determine the most favourable conformation,
prior to insertion. The purpose of the investigation will be to
isolate the important factors that contribute to the barrier of
insertion, and to compare and contrast the initiation and
propagation steps for the same ion-pair system, i.e.,
[CpNC(t-Bu)2TiMe+][B(C6F5)3CH3

–]. The effect of the sol-

© 2003 NRC Canada
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Fig. 1. The mechanism for the activation of the precatalyst (L2TiR2) by the co-catalyst (A).

Fig. 2. The mechanism for the complexation and insertion of the ethylene monomer into the metal–carbon bond of the cationic catalyst
(L2TiR+).

3 T. Ziegler, K. Vanka, and Z. Xu. To be submitted.
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vent on the insertion process will also be considered, with
single-point solvation calculations to determine the energy
of solvation for the ion pair, the olefin complexes, and the
transition states. Cyclohexane (ε = 2.023) will be used as the
solvent.

Computational details
The density functional theory calculations were carried

out using the Amsterdam density functional (ADF) program,
version 2000.01, developed by Baerends and co-workers
(10) and vectorized by Ravenek (11). The numerical integra-
tion scheme applied was developed by te Velde and co-
workers (12) and the geometry optimization procedure was
based on the method of Verslius and Ziegler (13). Geometry
optimizations were carried out using the local exchange-
correlation potential of Vosko et al. (14) without any sym-

metry constraints. The electronic configurations of the atoms
were described by a triple-ζ basis set on titanium (n = 3) for
ns, np, nd, and (n + 1)s, augmented with a single (n + 1)p
polarization function. Double-ζ STO basis were used for car-
bon (2s,2p), hydrogen (1s), and nitrogen (2s,2p), augmented
with a single 3d-polarization function, except for hydrogen
where a 2p-polarization function was used. Shells of lower
energy were treated by the frozen core approximation. A set
of auxiliary s,p,d,f, and g STO functions centred on all nu-
clei was used to fit the molecular density and represent Cou-
lomb and exchange potentials accurately in each SCF cycle
(15). The gas-phase energy difference was calculated by
augmenting the local density approximation energy with
Perdew and Wang’s nonlocal correlation and exchange cor-
rections (PWB91) (16). The solvation energies were ob-
tained from a single-point full QM calculation using the
conductor-like screening model (COSMO) (17) and opti-
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Fig. 3. The mechanism of complexation and insertion of the ethylene monomer into the metal–carbon bond of the catalyst, in the pres-
ence of the counterion.

Fig. 4. Different modes of approach of the ethylene monomer towards the contact ion pair (L1L2TiMeA).
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mized geometries from QM/MM calculations. A dielectric
constant of 2.023 was used to represent cyclohexane as the
solvent. The radii used for the atoms in Å were as follows:
C 2.0, H 1.16, B 1.15, N 1.5, F 1.2, Ti 2.3, and Cl 2.1. Only
the electronic contribution was calculated to evaluate the
enthalpy of the reactions considered in this work. The
enthalpies (∆H) reported in the following sections are poten-
tial energy differences without zero-point corrections or vi-
brational finite temperature corrections. Such corrections are
still too expensive to calculate for the size of molecules con-
sidered here. We expect these corrections to be of the order
of ±2–3 kcal/mol. The insertion barriers were obtained by
doing linear transit calculations for the same reaction coordi-
nates, the C-C distance between one C of the ethylene and
the C of the CH3 or C3H7, which represent the growing
chains. The MM atoms were described using the
SYBYL/TRIPOS 5.2 force field constants (18a). The code
for QM/MM in ADF has been implemented by Woo et al.
(18b).

Results and discussion

First insertion process with the naked cation
The insertion of the ethylene monomer was first consid-

ered for the system CpNC(t-Bu)2TiMe+ in the absence of the
counterion. QM/MM atoms were used to model the tertiary
butyl groups, with hydrogens used as capping atoms — hence,
the QM portion of the cation was CpNCH2TiMe+. The val-
ues of the ethylene complexation energy ∆Hc and the inter-

nal insertion barrier ∆Hib were found to be –20.0 kcal/mol
and 3.1 kcal/mol, respectively (after incorporation of solvent
effects). The transition state for the ethylene insertion in
these systems occured when the ethylene carbon was at a
distance of about 2.4 Å from the methyl carbon. The total
barrier for insertion, found by summing up the two values,
was calculated to be equal to –16.9 kcal/mol, indicating that
the process is highly exothermic in nature. Therefore, using
just the naked cation as a model for the catalyst, one would
be led to conclude that the cationic CpNC(t-Bu)2TiMe+ sys-
tem is an excellent polymerization catalyst. We shall now
see how this is modified by the inclusion of the counterion
in the mechanistic studies.

First insertion study with inclusion of the counterion
We shall, in the following, include the anionic counterion

B(C6F5)3CH3
– to provide a more realistic description of the

insertion process. A validated QM/MM model (9a) of the
counterion was used for computational expediency, as dis-
cussed in the Introduction.

The cis approach of the monomer
The approach of the ethylene monomer towards the metal

centre of the ion pair ([CpNC(t-Bu)2TiMe+][CH3B(C6F5)3
–]

(2a)) was studied using ∆R = R(Ti-µ-C) – R(Ti-X) as the re-
action coordinate. When the ethylene approaches from the
cis direction, it can first form the π complex termed 2b in
Fig. 5, with the two carbons of the ethylene lying perpendic-
ular to the plane formed by the metal centre, the methyl
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Fig. 5. The energy profile for the cis approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-Bu)2}TiMe+][CH3B(C6F5)3
–].
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chain, and the µ carbon of the counterion. This complex is
7.7 kcal/mol (including solvation effects) less stable than the
ion pair and ethylene totally separated. The reason for the
endothermic nature of this complexation is the displacement
of the counterion from the metal centre, to accommodate the
ethylene molecule — the Ti-µ-C distance is increased from
2.19 Å (in the ion pair, 2a) to 2.39 Å in the complex 2b
(Fig. 5). There is some compensation, however, by the bond-
ing between the metal centre and the incoming ethylene,
which reduces the cost of displacement of the counterion to
some extent.

The ethylene molecule, however, cannot insert into the
Ti—C bond without being in the insertion plane. Hence, it
has to rotate to bring itself into the insertion plane. There is
a barrier to this rotation of about 2.8 kcal/mol, after which it
forms the “in plane” olefin complex, which lies 10.3 kcal/mol
(after incorporation of solvation effects) above the separated
reactant species. In this weak olefin complex (2c), the Ti-
ethylene midpoint distance has increased to 2.70 Å, with the
counterion coming closer to the metal centre (Ti-µ-C dis-
tance 2.38 Å), and the ethylene is still fairly far (2.76 Å)
from the carbon of the methyl chain (see Fig. 5).

After formation of the complex (2c), the ethylene then ap-
proaches the methyl chain, to enable insertion into the Ti—C
bond. The system is slightly destabilized as a result, leading
eventually to the transition state for insertion (TS(2c–4a)),
lying 12.7 kcal/mol above the reactants. In this transition
state, the ethylene carbon – methyl carbon distance is 2.3 Å,

and the Ti-µ-C distance is slightly elongated to 2.50 Å (see
Fig. 5).

Hence, the total barrier to insertion for the cis approach is
12.7 kcal/mol. This is significantly different from the find-
ings in the naked cation case, where the insertion transition
state is lower in energy than the reactants. The transition
states are also found to be somewhat different for the two
cases. The ethylene carbon – methyl carbon distance is
2.61 Å in the cationic case, while it is 2.3 Å in TS(2c–4a).
Both transition states exhibit an α-agostic interaction be-
tween the metal centre and a hydrogen of the methyl group,
but the Ti-H distances are slightly different: 2.06 Å in the
cationic case compared to 2.17 Å in 2c. The reason for the
longer and presumably weaker α-agostic bond in the case
with the counterion attached is the reduced acidity of the
metal centre.

After formation of the transition state, the ethylene inserts
and proceeds to form the product with the propyl chain,
which lies at –24.0 kcal/mol below the separated species. In
the ion pair, the counterion is found to be reassociated to the
metal centre. Thus, for the subsequent insertion, ethylene
will again have to displace B(C6F5)3 CH3

– to some degree.

The trans approach of the monomer
The trans approach of ethylene towards the ion pair was

also studied. Figure 6 displays the profile for the trans inser-
tion. A weak olefin complex (3c) was first formed, with
R(Ti-X) being 2.77 Å. The counterion was only slightly dis-
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Fig. 6. The energy profile for the trans approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-Bu)2}TiMe+][CH3B(C6F5)3
–].
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placed from the metal centre with R(Ti-µ-C) = 2.32 Å com-
pared to 2.19 Å in the ion pair IP. The complex lay
13.2 kcal/mol above the totally separated, reactant 2a + Et
species. The ethylene molecule was found to be in the inser-
tion plane and hence, unlike in the case of the cis approach,
did not have to be rotated into the plane before insertion
could proceed.

After formation of 3c, the ethylene approached the carbon
of the methyl chain, to enable the insertion to occur. This led
to an increase in energy, until the transition state, shown as
TS (3c–4a) in Fig. 6 was reached, lying 15.5 kcal/mol above
the separated reactant species. At the transition state, an α-
agostic interaction had been formed between the titanium
metal centre and one of the hydrogens of the methyl chain,
similar to the transition state observed in the naked cation
and the cis approach. In this four-centred transiton state, the
ethylene carbon has approached closer to the carbon of the
methyl chain and lies at a distance of 2.20 Å. The counterion
is displaced a little more from the metal centre in this case,
in comparison to 3c, with R(Ti-µ-C) being about 2.54 Å.
This is still not a large displacement and it compares well
with the R(Ti-µ-C) distance of 2.50 Å from the transition
state TS (2c–4a) of the cis approach. Therefore, it can be
concluded that for both the cis and trans insertion, the
counterion is not detached to a great extent from the metal
centre.

A comparison of the total insertion barriers for the cis and
trans cases reveals that the total barrier of insertion for the
cis case (12.7 kcal/mol) is lower in comparison to the trans

insertion (15.5 kcal/mol) by 2.7 kcal/mol. (Solvation effects
have been incorporated in all calculations). Hence, it can be
concluded that ethylene prefers to approach cis to the µ-
methyl bridge of the ion pair, during the insertion process
for the first insertion of the monomer into the metal–alkyl
bond.
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Fig. 7. Energy profiles for the back side and front side approaches of the ethylene monomer towards the cation Cp{NC(t-Bu)}TiPr+.

Fig. 8. The relative stabilities of the different chain conforma-
tions formed by rotation of the propyl chain in the contact ion
pair [Cp{NC(t-Bu)2}TiPr+][CH3B(C6F5)3

–].
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The final product formed in each case was the ion pair
with the elongated alkyl chain ([CpNC(t-Bu)2Ti-
Pr+][CH3B(C6F5)3

–]) denoted as 4a in the Figs. 5 and 6. It
was found to be 24.0 kcal/mol more stable than the totally
separated reactant 2a + Et species.

Solvent effects had been taken into account in the calcula-
tions, as mentioned earlier. The corresponding gas-phase val-
ues are mentioned in parentheses in the Figs. 5 and 6. Since
the displacement of the counterion was only slight during
monomer insertion in both the cis and trans approaches, the
charge separation between the negative counterion and the
positive metal centre was also insignificant. Hence, the sol-
vent effects were found to be minimal in either case.

Second insertion study with the naked cation
The product from the first insertion of ethylene into the

Ti-Me chain, in the naked cation case, was the species
CpNC(t-Bu)2TiPr+. The most stable conformation of this
species had a β-agostic interaction between one of the hydro-
gens on the β-carbon of the propyl chain, and the titanium
metal centre. It will be denoted as I, as shown in Fig. 7. The
second insertion of ethylene, into the Ti-propyl chain, was
investigated starting from this conformation. Unlike the first
insertion in the naked cation (CpNC(t-Bu)2TiMe+) where
there is only one approach possible for the ethylene mono-
mer, the second insertion could proceed via two distinct
pathways, as displayed in Fig. 7: it could approach trans (4b)

to the β-agostic bond, the “back side attack”, leading to the
formation of the species IIIa, or it could approach cis (4b)
to the β-agostic bond, the “front side attack”, which would
lead to the formation of the species IIa. Both these ap-
proaches were investigated and the results are summarized
in the following sections.

Back side attack of the ethylene monomer
As shown in Fig. 7, the attack of the ethylene trans to the

β-agostic bond gives rise to the π-complex (IIIa) that is
11.9 kcal/mol more stable than the totally separated reactant
species. This reaction is, therefore, less exothermic than
the first insertion, where the complexation enthalpy was
–22.3 kcal/mol. The reason for the decrease in exothermicity
of the reaction is the increased steric congestion around the
metal centre due to the increase in the chain length. After
formation of this π-complex, the ethylene continues to ap-
proach the α-carbon of the chain, eventually leading to the
insertion transition state (IIIb) lying 6.9 kcal/mol below the
reactant species (I + Et). In this insertion transition state, the
β-agostic bond of the titanium metal centre with the hydro-
gen is retained, with R(Ti-H) = 1.91 Å. The ethylene has
moved closer to the α-carbon, with R(CEt-Cα) being about
0.63 Å less in the transition state than in the π-complex,
while the Ti-α-carbon distance has increased by 0.06 Å.
Overall, in comparison to the first insertion, the back side in-
sertion is about 10.0 kcal/mol less exothermic.
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Fig. 9. The energy profile for the cis approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-Bu)2}TiPr+][CH3B(C6F5)3
–],

with the propyl chain in the insertion plane, for the case 4b.
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Front side attack of the ethylene monomer
The front side attack of the ethylene monomer, also

shown in Fig. 7, gives rise to the front side π-complex (IIa),
which is 12.7 kcal/mol more exothermic than the separated
reactant species. In this π-complex, the two carbons of ethyl-
ene lie in the same plane as the metal centre and the hydro-
gen forming the β-agostic bond. This π-complex is
0.8 kcal/mol more stable than the corresponding backside π-
complex (IIIa) (see Fig. 7). Starting from this π-complex, if
insertion is to occur, then the ethylene has to approach the α-
carbon. This can happen through rotation of the propyl chain
along the Ti—α-Cα bond, leading to the loss of the β-agostic
interaction and the rotation of the β-carbon, thereby facilitat-
ing the approach of the ethylene towards the carbon. The
barrier to this process was found to lie 11.7 kcal/mol below
the reactant species. Therefore, the overall barrier to inser-
tion along this pathway is less by 4.8 kcal/mol in compari-
son to the back side approach.

However, this is not the only route that the ethylene can
take during the front side approach. Starting from IIa, the
ethylene can also abstract a hydrogen from the β-carbon of
the propyl chain, a reaction that would lead to termination.
As shown in Fig. 7, the transition state for this process (IIc)
has the hydrogen nearly equidistant between the ethylene
and the β-carbon, but slightly closer to the β-carbon of the
chain, at a distance of about 1.40 Å. The hydrogen has re-

tained its agostic interaction with the metal centre at the
transition state. IIc was found to lie 5.4 kcal/mol below the
reactant species. This is 6.3 kcal/mol higher than IIb and
1.5 kcal/mol higher than IIIb. This suggests that, after the
ethylene has approached the CpNC(t-Bu)2TiPr+ species, it
would prefer to insert rather than undergo termination.

Overall, as for the first insertion, the results obtained sug-
gest facile exothermic reactions during the insertion and ter-
mination processes for the naked cationic model. In the next
section, we shall study how this picture is modified with the
inclusion of the counterion.

Second insertion study with inclusion of the counterion
With the counterion included, the resting state of the cata-

lyst after the first insertion is the ion pair [CpNC(t-
Bu)2TiPr+][B(C6F5)3CH3

–], i.e., the product formed at the
completion of the first insertion. The second insertion or
propagation step involves the approach and insertion of the
ethylene monomer cis and trans to the Ti-µ-C bond in this
ion pair.

Resting state of the ion pair
In the ion pair, formed after the first insertion, the alkyl

group attached to the metal centre has extended from a
methyl to a propyl chain. This propyl chain can orient itself
into several conformations, thus giving rise to a number of
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Fig. 10. The energy profile for the trans approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-
Bu)2}TiPr+][CH3B(C6F5)3

–], with the propyl chain in the insertion plane, for the case 4d.

I:\cjc\cjc8111\V03-177.vp
November 13, 2003 10:24:57 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



possible energy minima states for the ion pair. It is neces-
sary to study these different conformations to determine the
most stable resting state. This was done by a linear transit
wherein the dihedral angle (θ) formed between the Cβ-Cα-Ti
and the Cα-Ti-µC planes was altered (see Fig. 8 below) from
–180° to 180° to rotate the chain so as to determine the most
stable resting states. The accompanying energy profile in
Fig. 9 shows that the most stable resting states of the ion
pair correspond to the staggered conformations of the chain,
with θ at –69°, 53°, and 177°, respectively. In contrast, the
eclipsed conformation, with θ near 0° was found to be an en-
ergy maxima. The rotation of the chain from θ = 53° to θ =
0° (eclipsed conformation) leads to an increase in energy of
7.61 kcal/mol. This represents the barrier to rotation of the
propyl chain. Figure 8 also shows the relative energies of the
different possible conformations.

For the insertion studies, four different conformations of
the propyl chain were considered, with to θ = –69° (4a),
177° (4b), 53° (4c), and 0° (4d). They correspond to the
three minimum energy conformations of the ion pair 4a (θ =
–69°), 4b (θ = 177°), 4c (θ = 53°), as well as the maxima for
θ near 0° (4d). Beginning with the ion pair in these four con-
formations, the approach of the ethylene monomer cis and
trans to the µ-methyl bridge was studied. The results of the
investigations are discussed in the following sections. The
relative energies of the olefin complexes and insertion barri-
ers were calculated with respect to the totally separated spe-
cies ethylene monomer and 4a, the most stable conformation
of the ion pair in its resting stage.

The approach of the olefin monomer cis and trans to the
ion pair can lead to one of two possible outcomes: (a) inser-
tion of the monomer leading to the extension of the alkyl
chain; or (b) termination of the polymerization reaction by
chain transfer from the alkyl chain to the monomer. In the
next section, we will look at the first of the two possibilities —
insertion — for the orientation of the chain in the insertion
plane, i.e., for θ = 177° and 0°. Both cis and trans ap-
proaches will be considered for the in-plane chain orienta-
tions. Following that, in Section (iii) and (iv), we will
investigate the insertion process for the out-of-plane chain
orientations, i.e., for θ = –69° and +53°. Subsequent to that,
we will investigate the other possibility — termination —
for the cis and trans approaches.

Insertion for the in-plane chain conformations
The cis approach of the ethylene monomer towards con-

formation 4b (θ = 177°), and the trans approach of the
monomer towards 4d (θ = 0°), were found to lead to inser-
tion. The other two possibilities for the two in-plane chain
conformations, i.e., trans approach towards 4b and cis ap-
proach towards 4d, led to termination, and will be discussed
later.

Figure 9 shows the cis approach of ethylene towards 4b
and Fig. 10 shows the profile for the trans approach towards
4d. The two approaches were found to share some common
features, which are discussed in the following paragraphs:
(a) The approach of ethylene was found to lead to the for-

mation of an in-plane π-complex in each case, denoted
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Fig. 11. The energy profile for the cis approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-
Bu)2}TiPr+][CH3B(C6F5)3

–], with the propyl chain lying out of the insertion plane, for the case 4a.
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as 5a and 6a, respectively (see Figs. 9 and 10). In both
these π complexes, the ethylene had approached quite
close to the metal centre, with the ethylene–metal dis-
tance being about 2.4 Å. It achieved this by displacing
the counterion from the metal to some extent, with
R(Ti-µ-C) ≥ 3.0 Å (see Figs. 9 and 10). The cost of dis-
placing the counterion caused the species 5a and 6a to
be higher than the separated reactant species by about
11 kcal/mol. Moreover, this displacement of the
counterion led to an uptake barrier, for both cases, be-
fore the π-complex could be formed. The uptake barri-
ers were quite high — 15.5 kcal/mol for TS(4b–5a) and
16.7 kcal/mol for TS(4d–6a).

(b) A stabilizing β-agostic interaction was found to be pres-
ent in either of the π- complexes (5a and 6a). They,
therefore, resembled the π-complex (IIIb), formed dur-
ing the back side insertion for the naked cationic case
discussed earlier. R(Ti-H) was about 1.9 Å in each case.

(c) After the π-complex formation, the ethylene approached
the α-carbon of the alkyl chain, leading to the barrier for
insertion, corresponding to the transition states TS(5a–
13a) and TS(6a–13a) in Figs. 9 and 10, respectively.
The β-agostic interaction was retained in both cases,
much like in the back side insertion of the naked cation,
with R(Ti-H) = 1.9 Å. R(CEt-Cα) was about 2.0 Å in
each case. The barrier to insertion was found to be high
for both the cases, about 17.6 kcal/mol (see Figs. 9 and

10). The displacement of the counterion from the metal
centre is the reason for the high barriers.

(d) Solvent effects were found to be substantial in both
cases, due to the increased charge separation caused by
the displacement of the counterion. Thus, the insertion
barrier was reduced from 20.5 to 17.6 kcal/mol in 4b,
and from 19.4 to 17.7 kcal/mol for the 4d chain confor-
mation.

After the insertion of the monomer, the product, 13a was
formed in each case, lying 25.2 kcal/mol below the sepa-
rated species 4a +Et.

Insertion for the out-of-plane chain conformations (cis
attack)

The ethylene monomer can approach the out-of-plane
conformations 4a (θ = –69°) and 4c (θ = 53°) cis and trans to
the µ-methyl bridge. This gives rise to four possible inser-
tion profiles, shown in the Figs. 11–14. All four of these
pathways were investigated.

Figures 11 and 12 show the profiles for the cis attacks for
the out-of-plane conformers (4a and 4c). The cis approach
profiles displayed common features, which are discussed in
the following paragraphs:
(a) As for the in-plane case, there was displacement of the

counterion prior to formation of the π complexes 7a and
8a, respectively. Therefore, an uptake barrier had to be
overcome before the respective π complexes could be

© 2003 NRC Canada

Vanka et al. 1423

Fig. 12. The energy profile for the cis approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-
Bu)2}TiPr+][CH3B(C6F5)3

–], with the propyl chain lying out of the insertion plane, for the case 4c.

I:\cjc\cjc8111\V03-177.vp
November 13, 2003 10:24:58 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



formed. The considerable displacement of the
counterion (>4.0 Å) in each case also meant that that
solvent effects were significant. After the solvent effects
had been incorporated, the uptake barriers were found to
be 13.6 kcal/mol for the 4a case and 11.5 kcal/mol for
4c (see Figs. 11 and 12). These barriers are lower than
the corresponding uptake barriers in the case of the in-
plane conformers, discussed earlier. This can be attrib-
uted to steric factors — the out-of-plane orientation of
the chain leads to less steric congestion around the coor-
dination sphere of the metal.

(b) After formation of the π complexes 7a and 8a, the eth-
ylene approached the α-carbon in each case, thereby
giving rise to the insertion transition states TS(7a–13a)
and TS(8a–13a), respectively. The counterion remained
highly displaced from the metal centre (R(Ti-µ-C) >
4.75 Å) (see Figs. 11 and 12) at this stage of the inser-
tion. Both transition states exhibited an α-agostic inter-
action between one of the hydrogens of the chain and
the metal centre, with R(Ti-H) being about 1.9 Å. After
the solvation effects had been incorporated, the barriers
obtained were found to be comparatively low,
11.8 kcal/mol for the 4a case and 8.4 kcal/mol for 4c.
This was lower than the uptake barrier in each of the
two cases. Therefore, the rate-determining step for the
two cases was the displacement of the counterion and
uptake of the ethylene monomer by the metal centre,
rather than the subsequent insertion. This is an interest-

ing feature that had not been noticed before for the in-
plane cases discussed earlier. It is also interesting to
note that for the 4a case, the gas-phase insertion barrier
is higher than the gas-phase uptake barrier, but after tak-
ing solvent effects into account the uptake barrier be-
comes rate determining (see Fig. 11). This is because
the counterion is displaced to a greater extent at the in-
sertion transition state than during the uptake, and
hence, the solvent effects are more significant during in-
sertion. Thus, inclusion of solvent effects reduces the
insertion barrier to a greater extent, and makes the up-
take the rate-determining step.

(c) The contribution to the uptake barrier chiefly comes
from the displacement of the counterion. Hence, with
the uptake barrier becoming rate determining, the dis-
placement of the counterion becomes the most impor-
tant factor in the process for these two cases. This
shows once again the importance of incorporating the
counterion in the insertion studies.

The final pentyl-chain product (13a) was formed after in-
sertion of the ethylene, and found to be –25.2 kcal/mol more
stable than the separated reactants 4a + Et.

Insertion for the out-of-plane chain conformations (trans
attack)

Figures 13 and 14 show the profiles for the approach and
insertion of the ethylene monomer into the propyl chain for
the out-of-plane conformations (4a and 4c). In these two
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Fig. 13. The energy profile for the trans approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-
Bu)2}TiPr+][CH3B(C6F5)3

–], with the propyl chain lying out of the insertion plane, for the case 4a.
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cases, the approach takes place trans to the µ-methyl bond.
The profiles show some similarities, and the salient features
are discussed in the following paragraphs:
(a) A weak olefin adduct was formed by the approach of the

ethylene towards the titanium centre for the two cases. In
the adducts, termed 9a and 10a, respectively, in the
Figs. 13 and 14, R(Ti-X) was more than 2.6 Å. This is in
contrast to the π complexes formed for the in-plane
chain orientations and for the in-plane cis attacks, dis-
cussed earlier, where the ethylene was found to ap-
proach closer to the metal centre. Moreover, the weak
adduct formation is not preceded by any uptake barrier,
due to the fact that the counterion is displaced only very
slightly, just by about 0.1 Å (see Figs. 13 and 14). Con-
sequently, the energy cost of adduct formation was not
high. No β-agostic interaction was found in the adducts,
as the chain continues to be out of the plane.

(b) After adduct formation, the ethylene approached the
metal centre to insert into the metal–alkyl bond. This
produced the transition states TS(9a–13a) and TS(10–
13a), respectively, shown in Figs. 13 and 14. Like in the
adducts, the counterion was not much displaced, 2.54 Å
in the 4c case and 2.73 Å in 4a. An α-agostic bond was
observed at the insertion transition states, in contrast to
the β-agostic bond observed at the transition states for
the in-plane conformations.

(c) Solvation effects were found to be negligible in the two
cases, due to the fact that the displacement of the

counterion was modest. After incorporating the minor
solvent effects, the insertion barriers were found to be
15.1 kcal/mol in both the cases — lower than for the
out-of-plane “back side” insertion cases, but higher than
for the corresponding in-plane cis approaches.

For the approach and insertion of the ethylene, the results
obtained and discussed in the previous sections showed that
the cis approaches yielded the lowest barriers. The reason
for this is the greater destabilization in the trans olefin com-
plexes, in comparison to the cis (6). In the trans olefin com-
plexes, three strong electron donors (L1, L2, and the alkyl
group) (see Fig. 4) occupy the equatorial plane of the
trigonal bipyramid. As a result, each experiences de-
stabilizing trans-like influences from the other two ligands.
In the cis olefin complexes, these destabilizing influences
are less, since the equatorial plane has only two strong elec-
tron donors (L1 and L2) and a weak donor (ethylene). The
cis olefin complexes are therefore relatively more stable, and
as a result, the overall barriers are lower.

Comparison between the first and second insertions
In the First insertion study with inclusion of the

counterion, we discussed the initiation step, or first insertion
of ethylene into the Ti–methyl bond, from the cis and trans
approaches following which we have presented the results
for the propagation step, or the second insertion of ethylene.
The steps have a few common features. The cis approach
yields the lower barrier for the first insertion, and the same
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Fig. 14. The energy profile for the trans approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-
Bu)2}TiPr+][CH3B(C6F5)3

–], with the propyl chain lying out of the insertion plane, for the case 4c.
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is true for the second, where the cis approach towards the
out-of-plane complex 4c yields the lowest barrier. Also com-
mon to the first and second insertions is the presence of α-
agostic interactions at the transition states in the preferred
cis cases. The barriers are comparable, decreasing from
12.7 kcal/mol for the first insertion, to 11.5 kcal/mol in the
second. Experimental observations corroborate this result —
Liu et al. (19) observed a reduction of about 4.8 kcal/mol in
the insertion barrier for the second insertion, in comparison to
the first, for the [rac-(C2H4)1-indenyl)2)ZrMe][MeB(C6F5)3]
system, with 1-hexene as the monomer.

However, there are a few differences between the first and
second insertions, which are discussed in the following para-
graphs:
(a) For the cis approaches in the out-of-plane complexes 4a

and 4c, which yield the lowest barriers, it is the uptake
of the ethylene that becomes the rate-determining step
during the insertion, in contrast to the first insertion,
where the uptake barrier was always lower than the subse-
quent insertion barrier.

(b) The counterion was displaced only slightly during the
first insertion (~0.3–0.4 Å). However, during the second
insertion, the counterion is displaced to a much greater
extent during most insertions (>2.5 Å in the out-of-
plane cis approaches). Hence, solvent effects become
more significant for the second insertion.

The previous four sections focused on the mechanism for
insertion of the ethylene monomer in the propyl chain of the

ion pair. In the next section, we will consider and discuss
the possibility of termination by chain transfer, for the cis
and trans approaches of ethylene towards the ion pair
([CpNC(t-Bu)2TiPr+][B(C6F5)3CH3

–]).

Termination studies
It may be recalled that the cis approach of the monomer

towards the chain conformer 4b and the trans approach to-
wards 4d, discussed previously, gave rise to π complexes
that resembled the back side π complex (IIIb). This eventu-
ally led to ethylene insertion analogous to the back side in-
sertion observed for the naked cationic case.

The other two possible cases for the in-plane chain con-
formers, i.e., cis approach towards 4d and trans approach to-
wards 4b, were also investigated, and are shown in Figs. 15
and 16. Discussed in the following paragraphs are the salient
features of the ethylene approach in the two cases:
(a) The approach of ethylene in either case led to the for-

mation of π complexes 11a and 12a (see Figs. 15 and
16), similar to the front side π complex IIb, observed
for the naked cation. A β-agostic interaction was ob-
served in both π complexes (R(Ti-H) ~ 1.9 Å), and the
counterion was displaced (>3.1 Å) from the metal centre
to accomodate the ethylene. The cost of π complexation
was high in both cases, 14.0 kcal/mol to form 11a and
14.5 kcal/mol to form the complex 12a. Solvent effects
were found to be substantial due to the displacement
(and the consequent charge separation) of the counter-
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Fig. 15. The energy profile for the cis approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-
Bu)2}TiPr+][CH3B(C6F5)3

–], with the propyl chain lying in the insertion plane, for the case 4d.
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ion. Moreover, this displacement also resulted in a high
uptake barrier (~19 kcal/mol) in each case preceding the
formation of the π complexes.

(b) In the case of the naked cation, after formation of the
front side π complex (IIb) the propyl chain rotated out
of the plane to facilitate the approach of the ethylene to-
wards the α-carbon of the alkyl chain, so that the inser-
tion could take place. For the naked cationic case, this
rotation was found to be quite facile, and the subsequent
insertion took place without a high barrier. However, in
the two cases, 11a and 12a, studied here, with the
counterion attached, the steric crowding around the
metal inhibited the out-of-plane rotation of the chain,
which was therefore found to have a prohibitively high
barrier (>22 kcal/mol). Instead, in both the cases, the
system preferred to transfer the hydrogen which was
taking part in the β-agostic interaction with the metal, to
the ethylene monomer, thereby terminating the chain.
This gave rise to the transition states TS(11a–14a) and
TS(12a–15a) in the two cases, respectively (see Figs. 15
and 16), where the hydrogen being transferred was
found to be almost equidistant from both the competing
alkyl and ethylene carbons. This transfer was found to
take place at a high energy cost, greater than
20.0 kcal/mol, in both cases, higher than any of the six
insertion barriers obtained (and discussed in the earlier
sections). Hence, for the [CpNC(t-Bu)2TiPr+][B-
(C6F5)3CH3

–] system, insertion was found to be fa-
voured over termination.

(c) For the naked cation case, the termination was
1.5 kcal/mol less favourable than the back side insertion,
and 6.3 kcal/mol less favourable than the front side inser-
tion (see Fig. 7). With the inclusion of the counterion, the
odds appear to increase in favour of insertion, with termi-
nation becoming ~2.5 kcal/mol less favourable than the
back side insertions and ~10.0 kcal/mol less favourable
than the most favoured out-of-plane insertion case (dis-
cussed earlier). The need to displace the counterion dur-
ing the formation of the in-plane π complex and its
steric presence at the vicinity of the cation during the
hydrogen transfer are the reasons for this.

(d) After transfer of the hydrogen, the product formed is a
propylene moiety complexed to the metal centre, with
the ethyl chain, formed from the hydrogen transfer, at-
tached to the metal. The stability of the products (de-
noted as 14a and 15a in the Figs. 15 and 16,
respectively) was found to be about 2.5 kcal/mol higher
than the stability of the reactants, in each case. Solvent
effects were found to be significant.

Overall picture of the second insertion
For the second insertion of ethylene into the ion pair 4, we

have investigated cis and trans approaches towards four
chain conformations: 4a–4d. This gave rise to eight possibil-
ities, as summarized in Fig. 17 below. Six of the cases lead
to insertion, and two to termination. The solvent-corrected
and gas-phase uptake and insertion barriers are provided for
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Fig. 16. The energy profile for the trans approach of the ethylene monomer towards the contact ion pair [Cp{NC(t-
Bu)2}TiPr+][CH3B(C6F5)3

–], with the propyl chain lying in the insertion plane, for the case 4b.
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each of the eight cases — with the gas-phase values indi-
cated in parenthesis.

The approaches (cis and trans) for the out-of-plane con-
formations (4a and 4c) both lead to insertion, and have
lower barriers than for the in-plane cases (4b and 4d). This
suggests that the alkyl chain in the ion pair would prefer to
sit out of the insertion plane during monomer approach. The
most likely mode of insertion would be through the cis at-
tack for the 4c case. It is also clear from the values obtained
that the ion-pair system 4 would strongly prefer insertion to
termination, since the two approaches leading to termination
have barriers much higher than the insertion barriers for 4a
and 4c, with the difference in the barriers being about
10 kcal/mol between the termination barriers and the most
favourable insertion case — cis approach (4c). The other
noteworthy observation is that for the case 4a, the insertion
barrier is higher than the uptake in the gas phase, but after
incorporation of solvent effects, the uptake barrier becomes
higher — hence, the incorporation of solvent effects changes
the rate-determining step in this case.4

Conclusions
A density functional study was conducted on the approach

and insertion of the ethylene monomer into the Ti—Cα bond

(Cα representing the first carbon of the alkyl chain), for the
naked cation (CpNC(t-Bu)2TiR+ (R = methyl, propyl)), and
the ion pair CpNC(t-Bu)2RTi-µ-Me-B(C6F5)3 (R = methyl,
propyl). QM/MM atoms were used to model the tertiary
butyl groups, with hydrogens used as capping atoms. The
counterion (B(C6F5)3CH3

–) was represented by a previously
validated QM/MM model (9a). The chief conclusions from
the study are summarized in the following paragraphs:
(a) The counterion plays a very significant role in the inser-

tion process for both the first (R = methyl) and second
(R = propyl) insertions of the ethylene monomer. The
incorporation of the counterion makes the insertion pro-
cesses highly endothermic, in contrast to the corre-
sponding naked cationic cases, where the insertion is
found to be exothermic. Moreover, for the second inser-
tion, the presence of the counterion influences the alkyl
chain conformation of the ion pair, making the out-of-
plane chain conformations more favourable for insertion
than the in-plane ones. The approach of the ethylene cis
to the µ-methyl bond in the ion pair for the out-of-plane
conformer 4c, ends up being the most favourable for in-
sertion. For this approach, the barrier to uptake of the
monomer is found to be the rate-determining step cor-
roborating experimental findings proving the signifi-
cance of the counterion, since the main contribution to
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Fig. 17. Overall picture of the second insertion step — the barriers obtained from the cis and trans approaches of the ethylene mono-
mer towards the contact ion pair [Cp{NC(t-Bu)2}TiPr+][CH3B(C6F5)3

–], with the propyl chain in different conformations.

4 Supplementary data may be purchased from the Directory of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). These data
can be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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the uptake barrier comes from the displacement of the
counterion.

(b) The counterion also has an influence on the termination
process. Inclusion of the counterion increases the differ-
ence between insertion and termination barriers for the
second insertion (difference ~ 10 kcal/mol), in contrast
to the naked cationic case (difference = 6.3 kcal/mol),
thereby making insertion more favourable.

(c) The barrier to second insertion for the most favorable
approach (11.5 kcal/mol) is found to be 1.2 kcal/mol
lower than the barrier for the first insertion
(12.7 kcal/mol). This reduction in the height of the bar-
rier, upon going from first to second insertion, corrobo-
rates experimental findings (19).

(d) Solvent effects become important with the increasein
the chain length. The displacement of the counterion in-
creases during most approaches of the ethylene mono-
mer during the second insertion, thereby increasing the
charge separation between cation and anion. Therefore,
incorporation of the solvent effects reduces the barriers
to uptake and insertion to a significant extent. In fact,
for the cis approach of ethylene towards 4a, inclusion of
solvent effects reverses the rate-determining step, mak-
ing the uptake barrier higher than the insertion.
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TRIBUTE

Professor John F. Harrod

This special issue of the Canadian Journal of Chemistry
has been named in honour of John Frank Harrod, an accom-
plished scientist who has been a gracious colleague and
mentor to many chemists in Canada and elsewhere. John
Harrod is known primarily as an organosilicon chemist who
has studied various aspects of this subject over most of his
42 year career in independent research. His contributions to
the understanding of mechanisms in organosilicon chemistry,
to the application of catalysis in organosilicon chemistry, and
to the synthesis of compounds containing transition metal –
Si bonds have formed the foundations of several of the most
important areas of contemporary organosilicon chemistry.

John Harrod has also made significant contributions to the
use of organosilicon compounds for the preparation of ce-
ramics, use of the titanocene-catalyzed hydrosilation reac-
tions for chiral synthesis, synthesis of organometallically
substituted polysiloxanes, and spectroscopic analysis of
organosilicon compounds. These studies have led to 88 pa-
pers in this field, a number of which are landmarks. Some
other areas of chemistry in which Harrod’s research has had
an impact include: the synthesis and reactions of copper
phenoxide complexes, reactions on clean metal surfaces,
organonickel-catalyzed polymerization of butadiene, and
mechanistic studies of oxidative addition to Ir complexes.

By dedicating this issue to John Harrod, we are both rec-
ognizing and celebrating his many contributions to the growth
of inorganic/organometallic chemistry in Canada, his training
of younger researchers in organometallic, silicon, and poly-
mer chemistry, and his role in fostering respect and recogni-
tion for Canada’s contributions to the advancement of
inorganic chemistry. The following paragraphs provide a
glimpse into John Harrod’s life and career.

John Harrod was born and raised in Coventry, U.K. He at-
tended the University of Birmingham, where he completed
both a B.Sc. (1955) and a Ph.D. (1958) in Chemistry. His
Ph.D. project, supervised by Sir Harry Melville, was an inves-
tigation of the polymerization of styrene by catalysts derived
from the reactions of Grignard reagents with titanium tetra-
chloride. Upon completion of his Ph.D. degree, John Harrod
took up a post-doctoral position (1958–1960) with Jack
Halpern at the University of British Columbia. During this pe-
riod, he assisted in Halpern’s pioneering studies of the ho-
mogeneous catalytic activation of hydrogen, and made the
first observation of an unequivocally homogeneous, coordi-
nation-catalyzed hydrogenation of an olefinic substrate.

In 1960, John Harrod moved to the General Electric Re-
search Laboratory in Schenectady, NY, and stayed there until
1966; it is during this period that he discovered organosilicon
chemistry (in a personal sense). Shortly after his arrival in
Schenectady, Harrod became aware of the discoveries of
John Speier and his co-workers at Dow Corning on the appli-
cation of Noble Metal compounds, and in particular chloro-
platinic acid, as remarkably effective catalysts for the
addition of Si—H bonds to olefins. Having just participated in
the discovery of a homogeneous, ruthenium-catalyzed hydro-
genation of some olefinic compounds in Jack Halpern’s labo-
ratory, Harrod was in a privileged position to recognize the
likely connection between Speier’s chemistry and the many
other homogeneous transition-metal-catalyzed reactions that

were being identified and developed in the late 1950s and
early1960s.

In collaboration with his co-worker, Alan Chalk (also
trained in Halpern’s laboratory), Harrod carried out funda-
mental studies on metal-catalyzed hydrosilation chemistry.
This work resulted in the proposal of a mechanistic scheme
that explained, at least superficially, all of the organic and
organosilicon chemistry that had been elaborated by the
Dow Corning group. The so-called “Chalk–Harrod” mecha-
nism, which is one of the earliest “text book” examples of a
catalytic cycle based on coordination principles, has pro-
vided the foundation for the mechanistic understanding of a
large body of hydrosilation chemistry. The original Chalk–
Harrod report (J. Am. Chem. Soc. 87, 16 (1965)) has since
been cited several hundred times by many workers who have
used its findings as a road map in their own investigations of
hydrosilation reactions. It is of interest to note that only in
2002 were the final details confirming the essential correct-
ness of the Chalk–Harrod mechanism, with respect to the
platinum-catalyzed hydrosilation of olefins, reported (A. Roy
and R.B. Taylor. J. Am. Chem. Soc. 124, 9510 (2002)).

Harrod and Chalk also demonstrated the first case of an
oxidative addition reaction of a hydrosilane to a transition
metal centre, one of the earliest examples of an oxidative ad-
dition – reductive elimination process (J. Am. Chem. Soc. 87,
1133 (1965)). This approach for the synthesis of transition
metal silyl and silyl-hydride complexes via the addition of Si-
H compounds to metal fragments stimulated decades of in-
vestigations on such reactions with essentially all of the tran-
sition elements.

After his stay at GE, John Harrod took up a position at
McGill, where he stayed until his formal retirement in 1998.
During his McGill years, Harrod rose through the ranks,
chaired the Department of Chemistry, presided over the staff
association, and received many honours and awards. For ex-
ample, he was named a Killam Research Fellow of the Can-
ada Council (1995–1997) and the 1997 Alcan Lecturer of the
Chemical Institute of Canada. Harrod has also contributed to
the Canadian scientific community by serving several terms
on the grants and scholarship committees of the Fonds pour
la formation des chercheurs et l’aide à la recherche (Qué-
bec) (FCAR) and on the Natural Sciences and Engineering
Research Council of Canada (NSERC) Chemistry Grants
Selection Committee (Inorganic and Organic). He has also
served on the Editorial Board of Organometallics and the
Comité de Parrainage of the French language science edu-
cation journal Didaskalia. His continuing interest in industrial
chemistry was reflected in his work as a retained consultant
of Dow Canada in Sarnia (1966–1971) and of Dow chemical
in Midland (1967–1980). His international stature as a re-
searcher earned Harrod many invitations to lecture all over
the world, the most memorable being his 2 years as a
Professeur Invité, and France/Québec Fellow, at the Ecole
Nationale Supérieure de Chimie de Paris. It was during a
sabbatical leave in Paris (in 1983) when Harrod accidentally
tapped a second fountainhead of new organosilicon chemis-
try, as described below.

The near absence of examples of silyl complexes of group
4 elements had intrigued Harrod for a number of years. In
Paris he set up a collaboration with Dr. Edmond Samuel, a
pioneer in group 4 metallocene chemistry, with the goal of

xiii
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exploring the reactions of hydrosilanes with organo-
metallocenes. These studies resulted in the discovery of the
catalytic dehydrocoupling of hydrosilanes to polysilanes (C.
Aitken, J.F. Harrod, and E. Samuel. J. Organometal. Chem.
279, C11 (1985); C. Aitken, J.F. Harrod, and U.S. Gill. Can.
J. Chem. 65, 1804 (1987)). The recognition of the signifi-
cance of this discovery was in large part due to Harrod’s for-
mal training as a polymer chemist and it occurred at a time
of burgeoning interest in polysilanes. The catalytic dehydro-
coupling reaction remains one of a small number of methods
for synthesizing oligo- and polysilanes.

John Harrod’s pioneering work in the dehydrocoupling of
hydrosilanes inspired a number of talented investigators (no-
tably Don Tilley, then at U.C. SanDiego, Don Berry at U.
Pennsylvania, and Joyce Corey at U. Missouri in St. Louis)
to pursue the preparation and reactivity studies of many new
silyl complexes of group 4 metals. In addition, Harrod ex-
tended the principle of catalytic dehydrocoupling to the syn-
thesis of new compounds containing Si-P and Si-N, by cross-
reacting hydrosilanes with hydrides of N and P. In his hands,
and those of others, such as Joyce Corey, Ian Manners, and
Don Tilley, catalytic dehydrocoupling has been established
as a new, general route for the synthesis of element–element
bonds.

Very recently, Harrod returned to the field of hydrosilation
chemistry after a long absence to make a number of signifi-
cant contributions. As usual, his choice of chemistry involved
intuition and luck, combined with the recognition that some-
thing interesting was afoot. Of particular note is the discovery
of the titanocene-catalyzed hydrosilation of pyridines (L. Hao,
J.F. Harrod, A.-M. Lebuis, Y. Mu, R. Shu, E. Samuel, and H.-
G. Woo. Ang. Chem. Int Ed. Engl. 37, 3126 (1998); R. Shu
and J.F. Harrod. Can J. Chem. 79, 1075 (2001)), which pro-
vided the first examples of the hydrosilation of a highly aro-
matic unsaturated substrate. These reactions also provide a
new synthetic approach to a valuable family of N-heterocyles.

A recent exploration of the titanocene-catalyzed reactions of
hydrosilanes with aromatic amides (K. Selvakumar and J.F.
Harrod. Angew. Chem. Int. Ed. 40, 2129 (2001)) resulted in
the discovery of a new, high-yield route to the 1,2-diaryl-1,2-
diaminoethanes, rather than the expected simple addition of
the Si-H across the C=O bond. This new C—C bond forming
reaction via inexpensive, widely available starting materials
holds promise for the synthesis of a new family of polymers
that would be extremely difficult to synthesize by other meth-
ods.

The above highlights have been chosen to illustrate the
thread of originality that characterizes John Harrod’s contri-
butions to organosilicon chemistry. He had the luck to stum-
ble upon exciting new chemistry, but he also recognized the
major significance of these lucky accidents, in a number of
different contexts, and initiated important new directions in
the field.

In his nonprofessional life, John Harrod has pursued a va-
riety of cultural and social activities. His love of the moun-
tains, nurtured in the hills of the Celtic Fringe in the U.K., and
then by the inspiring grandeur of the Western Cordillera of
North America, endures to the present day. His lifelong con-
cern for human suffering led Harrod to take a year’s leave of
absence in 1963–1964 to work as a volunteer, under the
auspices of the International Voluntary Service (IVS), on re-
construction and development projects in northern Greece
and in Algeria. The following summer he led an IVS team in
the Tennessee Smokey Mountains to reconstruct a commu-
nity water supply system that had been destroyed in the
course of civil disturbances directed against the activities of
some voter registration workers. He has also been a sup-
porter of Amnesty International for many years.

John Harrod is now the G.H. Tomlinson Professor of
Chemistry (Emeritus) at McGill.

Davit Zargarian
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to honour his outstanding contributions to both homo-
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HOMMAGE

Professeur John F. Harrod

Ce numéro spécial de la Revue canadienne de chimie est
dédié à John Frank Harrod, chercheur chevronné ainsi que
collègue et mentor de nombreux chimistes du Canada et
d’ailleurs. Harrod est surtout connu pour ses travaux en
chimie des organosiliciés, ayant consacré la majorité de ses
42 ans de carrière à l’étude autonome de divers aspects de
ces composés. Ses contributions à la compréhension des mé-
canismes qui sous-tendent la chimie des organosiliciés, à
l’utilisation de la catalyse dans ce domaine et à la synthèse
de composés caractérisés par des liaisons « Si-métaux de
transition » ont établi les fondements de plusieurs des plus
importants champs d’étude de la chimie contemporaine des
organosiliciés.

John Harrod a également apporté des contributions impor-
tantes à l’utilisation des organosiliciés dans la préparation de
céramique, à la synthèse chirale à l’aide de réactions
d’hydrosilation catalysées par le titanocène, à l’élaboration
de polysiloxanes par réaction de substitution organométal-
lique et à l’analyse spectroscopique des composés organosi-
liciés. Ces études ont mené à la rédaction de 88 articles dans
ce domaine, dont plusieurs ont fait époque. Parmi les autres
secteurs de recherche ayant bénéficié de ses travaux figurent
la synthèse des complexes de phénoxides de cuivre et leurs
réactions, les réactions sur les surfaces métalliques propres,
la polymérisation du butadiène par catalyse organonickelée
et les études des mécanismes associés à l’ajout par oxyda-
tion des complexes de l’iridium.

Ce numéro spécial souligne et applaudit les nombreuses
contributions que John Harrod a apportées au progrès de la
chimie des composés inorganiques et organométalliques au
Canada, à la formation de jeunes chercheurs dans le do-
maine de la chimie des organométaux, du silicium et des po-
lymères ainsi qu’à son rôle dans la promotion du respect et
de la reconnaissance de l’apport canadien à l’avancement de
la chimie inorganique au Canada. Les paragraphes qui sui-
vent offrent un aperçu de la vie de John Harrod et de sa car-
rière.

John Harrod naît et grandit à Coventry (Royaume-Uni). Il
étudie à l’Université de Birmingham, où il obtient un B. Sc.
(1955) et un Ph. D. (1958) en chimie. Son projet de doctorat,
sous la direction de Sir Harry Melville, porte sur la polymé-
risation du styrène par catalyseurs dérivés de réactions des
réactifs de Grignard à l’aide du tétrachlorure de titane. Après
avoir obtenu son diplôme supérieur, Harrod accepte une af-
fectation postdoctorale (1958–1960) auprès de Jack Halpern
à l’Université de la Colombie-Britannique. Il prend part aux
travaux pionniers de Halpern sur l’activation catalytique ho-
mogène de l’hydrogène et fait la première constatation d’une
véritable hydrogénation par catalyse de coordination d’un
substrat oléfinique.

En 1960, Harrod se joint au General Electric Research La-
boratory (GERL) à Schenectady (New York), où il y tra-
vaille jusqu’en 1966. C’est au cours de cette période qu’il se
familiarise avec les rouages de la chimie des organosiliciés.
En effet, peu de temps après son arrivée à Schenectady,
Harrod a vent des découvertes de John Speier et de ses
collaborateurs à la société Dow Corning concernant l’appli-
cation des composés de métaux nobles et, plus particulière-
ment, de l’acide chloroplatinique comme catalyseurs

hautement efficaces dans l’ajout de liaisons « Si—H » aux
oléfines. Ayant récemment collaboré à la découverte d’une
hydrogénation homogène par catalyse du ruthénium de quel-
ques composés oléfiniques dans le laboratoire de Jack Hal-
pern, Harrod se trouve ipso facto en position idéale pour
reconnaître le lien probable entre la chimie de Speier et bon
nombre de réactions homogènes par catalyse de métaux de
transition mises au grand jour et élaborées vers la fin des an-
nées 1950 et le début des années 1960.

De concert avec son collègue Alan Chalk (également du
laboratoire de Halpern), Harrod réalise des études fonda-
mentales sur la chimie de l’hydrosilation par catalyse de mé-
taux. Ces travaux mènent au développement d’un processus
élémentaire qui explique, du moins superficiellement,
l’ensemble de la chimie des composés organiques et organo-
siliciés élaborés par le groupe de la société Dow Corning. Le
mécanisme dit « de Chalk–Harrod », l’un des premiers
exemples typiques du cycle de la catalyse axé sur les princi-
pes de coordination, sert de pierre angulaire à la compréhen-
sion des mécanismes d’une grande partie de la chimie de
l’hydrosilation. Par ailleurs, le rapport original de Chalk et
Harrod (J. Am. Chem. Soc. 87, 16 (1965)) est cité quelques
centaines de fois par une pléiade de chercheurs qui utilisent
ces résultats comme flambeau pour éclairer leurs propres re-
cherches dans le domaine des réactions d’hydrosilation. Il
est intéressant de noter que ce n’est qu’en 2002 qu’il devient
possible de confirmer la justesse inhérente du mécanisme de
Chalk-Harrod, quant à l’hydrosilation des oléfines par cata-
lyse du platine (A. Roy et R.B. Taylor. J. Am. Chem. Soc.
124, 9510 (2002)).

Harrod et Chalk présentent également le premier cas
d’une réaction d’addition par oxydation d’un hydrosilane à
un centre de métaux de transition, l’un des premiers exem-
ples de processus d’addition par oxydation – d’élimination
par réduction (J. Am. Chem. Soc. 87, 1133 (1965)). De fait,
cette approche utilisée dans la synthèse de complexes de mé-
taux de transition de silyle et d’hydrure silylène par
l’addition de composés Si-H à des fragments métalliques ali-
mentera des décennies de recherche sur de telles réactions
avec, pour ainsi dire, tous les éléments de transition.

Après son passage au GERL, John Harrod se joint à
l’Université McGill, où il demeurera jusqu’à sa retraite offi-
cielle en 1998. Là, il gravit les échelons pour devenir direc-
teur du Département de chimie, siège à titre de président de
l’association du personnel universitaire et reçoit plusieurs
prix et témoignages de reconnaissance. De plus, il est bour-
sier de recherche du Conseil des arts du Canada (de 1995 à
1997) et conférencier Alcan 1997 de l’Institut de chimie du
Canada. Harrod contribue également à la communauté scien-
tifique canadienne en réalisant bon nombre de mandats au
sein de comités de bourses d’études et de subventions du
Fonds pour la formation des chercheurs et l’aide à la re-
cherche (Québec) (FCAR) et du Comité de sélection des
subventions en chimie (inorganique et organique) du Conseil
de recherches en sciences naturelles et en génie (CRSNG). Il
siège également au Comité de rédaction de la revue Organo-
metallics et au Comité de parrainage de la revue française
Didaskalia, spécialisée dans les recherches sur la communi-
cation et l’apprentissage des sciences et des techniques. Son
intérêt assidu envers la chimie industrielle se reflète dans ses
travaux de consultant au compte des sociétés Dow Canada, à
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Sarnia (de 1966 à 1971), et Dow Chemical of Canada Ltd., à
Midland (de 1967 à 1980). Sa renommée internationale en
tant que chercheur lui vaut de nombreuses invitations
comme conférencier, la plus mémorable étant son affectation
de 2 ans à titre de professeur invité et boursier France/Qué-
bec à l’École Nationale Supérieure de Chimie de Paris. Lors
de son congé sabbatique à Paris (en 1983), Harrod insuffle
par hasard une nouvelle vie à la chimie des organosiliciés
dans les circonstances qui suivent.

L’absence presque complète d’exemples de complexes de
silyle des éléments du groupe 4 excite la curiosité de Harrod
depuis plusieurs années. À Paris, il collabore avec Edmond
Samuel, un pionnier de la chimie des métallocènes du
groupe 4, et examine les réactions des hydrosilanes avec les
organométallocènes. Ces études résultent en la production de
polysilanes par couplage déshydrogénant catalytique des hy-
drosilanes (C. Aitken, J.F. Harrod et E. Samuel. J. Organo-
metal. Chem. 279, C11 (1985); C. Aitken, J.F. Harrod et U.
S. Gill. Can. J. Chem. 65, 1804 (1987)). La reconnaissance
de l’importance de cette découverte est attribuable en grande
partie aux antécédents et aux connaissances fondamentales
de Harrod dans le domaine de la chimie des polymères et
survient à un moment où l’intérêt à l’égard des polysilanes
s’avive. Le couplage déshydrogénant catalytique demeure
l’une des quelques méthodes utilisées dans la synthèse
d’oligosilanes et de polysilanes.

Ses travaux avant-gardistes sur le couplage déshydrogé-
nant des hydrosilanes incitent une légion de chercheurs, dont
Don Tilley, qui travaille à l’époque à l’Université de la Cali-
fornie (San Diego), Don Berry de l’Université de la Pennsyl-
vanie et Joyce Corey de l’Université du Missouri (Saint
Louis), à préparer d’autres complexes de silyle du groupe 4
et à étudier leur réactivité. De plus, Harrod applique le prin-
cipe de couplage déshydrogénant à la synthèse de nouveaux
composés caractérisés par des liaisons « Si-P » et « Si-N » à
l’aide de réactions croisées entre les hydrosilanes et les hy-
drures d’azote et de phosphore. Grâce à ses efforts et à ceux
de ses collègues, notamment Joyce Corey, Ian Manners et
Don Tilley, le couplage déshydrogénant catalytique devient
une voie nouvelle et générale de synthèse de liaisons « élé-
ment–élément ».

Harrod a récemment renoué avec la chimie de
l’hydrosilation après une longue absence, ce qui lui a permis
d’apporter de nombreuses contributions d’importance.
Comme d’habitude, ce cheminement, intuitif et fortuit, a été
mû par un fort pressentiment d’une réalisation imminente.
Par ailleurs, il est intéressant de noter sa découverte de

l’hydrosilation des pyridines par catalyse du titanocène (L.
Hao, J.F. Harrod, A.-M. Lebuis, Y. Mu, R. Shu, E. Samuel,
et H.-G. Woo. Angew. Chem. Int. Ed. Engl. 37, 3126
(1998); R. Shu et J.F. Harrod. Can. J. Chem. 79, 1075
(2001)) qui démontre pour la première fois l’hydrosilation
d’un substrat non saturé et hautement aromatique. Ces réac-
tions offrent également une nouvelle approche synthétique
pour une importante famille d’hétérocyles azotés. Une ré-
cente étude sur les réactions entre les hydrosilanes et les
amides aromatiques catalysés à l’aide du titanocène (K. Sel-
vakumar et J.F. Harrod. Angew. Chem. Int. Ed. 40, 2129
(2001)) a permis de démontrer une voie nouvelle et très pro-
ductive de synthèse des 1,2-diaryl-1,2-diaminoéthanes, plu-
tôt que le simple ajout d’une liaison « Si-H » à une liaison
C=O. Cette nouvelle réaction permettant de créer une nou-
velle liaison « C—C » à l’aide de matériaux économiques et
répandus est très prometteuse pour la synthèse d’une nou-
velle famille de polymères autrement difficiles à fabriquer.

Lesglanures ci-dessus ont été choisies pour illustrer
l’originalité profonde qui caractérise les contributions de
John Harrod à la chimie des composés organosiliciés. Même
s’il est tombé par chance sur un domaine novateur et pro-
metteur de la chimie, il a su reconnaître l’importante signifi-
cation de ces « découvertes accidentelles » et impulser de
nouvelles recherches.

Sur le plan personnel, John Harrod s’adonne à une variété
d’activités socioculturelles. Sa passion des montagnes,
éveillée dans les collines des marges celtiques
(Royaume-Uni), est plus que jamais exaltée par
l’impressionnante grandeur des Cordillères pacifiques de
l’Amérique du Nord. Sa grande sensibilité aux problèmes
humanitaires et à la souffrance humaine l’a poussé à prendre
un congé sabbatique (de 1963 à 1964) pour travailler à titre
de bénévole, sous les auspices du Service civil international
(SCI), à des projets de reconstruction et de développement
dans le Nord de la Grèce et en Algérie. L’été suivant, il a di-
rigé une équipe du SCI chargée de reconstruire le système
d’aqueduc d’une communauté des Smokey Mountains, au
Tennessee, détruit à la suite de troubles sociaux causés par
des irrégularités dans l’inscription électorale. Il appuie éga-
lement Amnistie Internationale depuis de nombreuses an-
nées.

John Harrod est aujourd’hui titulaire de la chaire Tomlin-
son G.H. en chimie (professeur émérite) à l’Université
McGill.

Davit Zargarian
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Vanadium and niobium diamidophosphine
complexes and their reactivity

Michael P. Shaver, Robert K. Thomson, Brian O. Patrick, and Michael D. Fryzuk

Abstract: The tridentate ligand precursors R′P(CH2SiMe2NR′′)2 (R′ R ′′[NPN]: R′ = Cy, Ph; R′′ = Ph, Mes, Me) were
prepared from metathesis reactions of a lithiated amine, chloro(chloromethyl)dimethylsilane, the appropriate 1° phos-
phine, and n-butyl lithium and were isolated as solvent adducts. Metathesis between CyPh[NPN]Li2(OEt2), 2, and
VCl3(THF)3 afforded (CyPh[NPN]VCl)2, 7, whose solid-state structure was established by X-ray crystallography. Reduc-
tion attempts of the (R ′ R ′′[NPN]VCl)2 species with KC8 incorporated molecular nitrogen but were complicated by imide
formation and ligand decomposition. Metathesis of 2 with NbCl2Me3 afforded the highly unstable complex
CyPh[NPN]NbMe3, 15. Attempts to hydrogenate this species were unsuccessful.

Key words: vanadium, niobium, metathesis, coordination chemistry, reduction, hydrogenation.

Résumé : Les précurseurs de ligand R′P(CH2SiMe2NR′′)2 (R ′ R ′′[NPN] : R′ = Cy, Ph; R′′ = Ph, Mes, Me) ont été pré-
paré des réactions de métathèse du amine lithié correspondant, chloro(chloromethyl)dimethylsilane, le phosphine corres-
pondant et n-butyl lithium. Les ligands ont été isolés comme adducts de solvant de selde dilithium. Les réactions de
métathèse du CyPh[NPN]Li2(OEt2), 2, avec VCl3(THF)3 ont donné (CyPh[NPN]VCl)2, 7, dont de la structure d’état solide
a été établie par crystallographie de rayons-X. Les tentatives de réduction de l’espèce (R′R ′′[NPN]VCl)2 avec KC8 a in-
corporé l’azote moléculaire mais a été compliquée par la formation d’imide et la décomposition de ligand. Les réac-
tions de métathèse de 2 avec NbCl2Me3 ont donné le complexe extrêmement instable CyPh[NPN]NbMe3, 15. Les
tentatives de hydrogéner était infructueux.

Mots clés : vanadium, niobium, la métathèse, la chimie de coordination, la réduction, l’hydrogénation. Shaver et al.
1437

Introduction

Recent work from our laboratory has focused on the
chemistry of tantalum dinitrogen complexes stabilized by the
[NPN] ligand, where [NPN] = PhP(CH2SiMe2NPh)2 (1–4).
One of the most intriguing species is ([NPN]Ta)2(µ-H)2(µ-
η1-η2-N2), A, with a side-on, end-on bound dinitrogen unit.
This complex has displayed remarkable reactivity with sim-
ple organometallic hydride reagents. The coordination chem-
istry of [NPN] with Ta — the heaviest member of group
5 — piqued our interest in the lighter elements of this group,
namely V and Nb. In this manuscript we explore some of
our successes and failures in trying to extend dinitrogen
chemistry to low valent vanadium and niobium [NPN] com-
plexes.

Experimental

General information
Unless otherwise stated, all manipulations were performed

under an atmosphere of dry, oxygen-free dinitrogen by
means of standard Schlenk or glovebox techniques (Vacuum
Atmospheres HE-553-2 glovebox equipped with an MO-40-
2H purification system and a –40 °C freezer). Thick-walled
Pyrex reaction vessels with 5 or 10 mm Teflon needle valves
and ground glass joints were used to maintain an inert atmo-
sphere at pressures between 10–6 and 4 atm (1 atm =
101.325 kPa). Hexanes and toluene were purchased anhy-
drous from Aldrich and further dried by passage through a
tower of alumina and degassed by passage through a tower
of Q-5 catalyst under a positive pressure of nitrogen (5). An-
hydrous diethyl ether, tetrahydrofuran (THF), benzene, and
hexamethyldisiloxane (HMDS) were stored over sieves and
distilled from sodium benzophenone ketyl under argon. Ni-
trogen was dried and deoxygenated by passage through a
column containing activated molecular sieves and MnO.
Deuterated benzene was dried by refluxing with molten po-
tassium metal in a sealed vessel under partial pressure, then
trap-to-trap distilled, and degassed by freeze-pump-thaw
three times. Unless otherwise stated, 1H, 31P{1H}, and 7Li
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NMR spectra were recorded on a Bruker AMX-500 instru-
ment operating at 500.1 MHz for 1H spectra. 1H NMR spec-
tra were referenced to internal C6D5H (7.15 ppm), 31P{1H}
NMR spectra to external P(OMe)3 (141.0 ppm with respect
to 85% H3PO4 at 0.0 ppm), and 7Li{1H} NMR spectra to a
0.3 mol L–1 LiCl solution in MeOH (0.00 ppm). Elemental
analyses were performed in the departmental facility; mass
spectra were recorded on a Kratos MS 50. Clusters assigned
to specific ions show appropriate isotopic distribution pat-
terns, as calculated for the atoms present. NbCl5 was pur-
chased from Strem Chemicals and used without further
purification. Anhydrous ZnCl2 was purchased from Aldrich
and dried by refluxing in excess SOCl2 under N2.
MeNH3

+Cl– was purchased from Fisher Chemicals and
recrystallized out of hot ethanol and dried in vacuo prior to
use. The reagents PhNH2, ClSiMe2CH2Cl, CyPH2, MesNH2
(MesNH2 = 2,4,6-Me3C6H2NH2), and PhPCl2 were pur-
chased from Aldrich and purified by standard procedures
(6). Solutions of MeLi (1.4 mol L–1 in diethylether) and
nBuLi (1.6 mol L–1 in hexanes) were obtained from Acros
Organics and used as received. The compounds PhPH2 (7),
PhPh[NPN]Li2(THF)2 (2), CyPh[NPN]Li2(OEt2) (8),
VCl3(THF)3 (9), KC8 (10), and NbCl2Me3 (11) were pre-
pared by literature methods.

Crystallographic data2 for compounds 4 and 7 appear in
Tables 1 and 2, respectively. All measurements were made
on a Rigaku–ADSC CCD area detector with graphite mono-
chromated Mo Kα radiation. The data were processed (12)
and corrected for Lorentz and polarization effects. The struc-
ture was solved by direct methods (13) and expanded by us-
ing Fourier (14) techniques. All nonhydrogen atoms were
refined with anisotropic thermal parameters. Neutral atom
scattering factors and anomalous dispersion corrections were
taken from the International tables for X-ray crystallography
(15, 16).

CyMes[NPN]Li2(THF) (4)
A 300 mL ethereal solution containing 12.1 mL

(11.640 g, 86.1 mmol) of MesNH2 was cooled to –78 °C in
a dry ice – isopropanol slush bath. A solution of 1.6 mol L–1

nBuLi in hexanes was added dropwise via syringe. After
30 min at –78 °C, the solution was warmed to room temper-
ature (r.t.) and stirred for 60 min. Upon recooling the solu-
tion to –78 °C, 11.4 mL (12.320 g, 86.1 mmol) of
ClSiMe2CH2Cl was added and stirred for 30 min. After
warming to r.t. and stirring for an additional 30 min, the so-
lution was cooled to 0 °C and 5.8 mL (43.1 mmol) of CyPH2
and 107.6 mL (172.2 mmol) of nBuLi was added consecu-
tively via syringe. This solution was stirred for 30 min and
allowed to warm to r.t. The resulting white suspension was
concentrated in vacuo, and the white residue was dissolved
in toluene (32 g) and filtered through Celite. Removal of to-
luene in vacuo yielded a foamy white solid, which was dis-
solved in hexanes (150 mL). Addition of 5.25 mL
(0.0647 mol) of THF caused CyMes[NPN]Li2(THF) (4) to
precipitate as a white microcrystalline solid, which was col-

lected on a frit and dried under vacuum (79% yield). The
other ligand precursors, PhMes[NPN]Li2(diox)2 (3),
PhMe[NPN]Li2(diox)2 (5), and CyMe[NPN]Li2(diox) (6)
(diox = dioxane) were synthesized using the appropriate
phosphines and amines in an analogous manner. Precipita-
tion of 3, 5, and 6 was accomplished by addition of 3 equiv
of dioxane to a hexanes solution of each product. Recovered
yields were 81%, 74%, and 66%, respectively. For the N-

© 2003 NRC Canada
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Empirical formula C34H57Li2N2OPSi2

Formula weight 610.86
Crystal system Monoclinic
Space group P21/a

a, b, c (Å) 19.597(1), 8.9414(4), 21.492(2)
β (°) 105.846(3)
V (Å3) 3623.0(4)
Z 4
Dcalcd (g cm–3) 1.120

µ (Mo Kα) (cm–1) 1.69
T (K) 173±1
2θ range (°) 55.7
Total reflections 34 076
Unique reflections 8455
Parameters 508
R1

a 0.086

Rw
a 0.109

Goodness-of-fit 0.87
aR1 = Σ||Fo| – |Fc||/Σ|Fo|; Rw = Σw(|Fo

2| – |Fc
2|)2/Σw|Fo

2|2)1/2.

Table 1. Crystallographic data and details of refinement for
CyMes[NPN]Li2(THF), 4.

Empirical formula C24H37N2PClSi2V

Formula weight 1054.22
Crystal system Triclinic
Space group P1
a, b, c (Å) 10.2811(5), 11.4776(4), 13.3016(6)
α, β, γ (°) 103.948(3), 111.556(1), 92.914(3)
V (Å3) 1399.8(1)
Z 1
Dcalcd (g cm–3) 1.250

µ (Mo Kα) (cm–1) 6.06
T (K) 173 ± 1
2θ range (°) 55.8
Total reflections 12 014
Unique reflections 5342
Parameters 280
R1

a 0.047

Rw
a 0.095

Goodness-of-fit 1.48
aR1 = Σ||Fo| – |Fc||/Σ|Fo|; Rw = Σw(|Fo

2| – |Fc
2|)2/Σw|Fo

2|2)1/2.

Table 2. Crystallographic data and details of refinement for
(CyPh[NPN]VCl)2, 7.

2 Supplementary data (crystallographic data (excluding structure factors) for CyMes[NPN]Li2(THF), 4, and (CyPh[NPN]VCl)2, 7, may be pur-
chased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Ottawa, ON K1A 0S2,
Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC 211498 and 211499, respectively,
contain the supplementary data for this paper. These data can be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax +44 1223 336033; or deposit@ccdc.cam.ac.uk).
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methyl derivatives, MeNH3
+Cl– was used to prepare the lith-

ium amide, and an additional equivalent of nBuLi was used.
3: 1H NMR (C6D6, 25 °C, 500 MHz) δ: 0.22, 0.33 (s, 12H
total, Si-CH3), 2.20 (s, 18H, NPh-CH3), 3.17 (s, 16H,
dioxane), 0.89, 1.28 (m, 4H, P-CH2), 7.15, 7.24, 7.61 (m,
5H, P-Ph-H), 6.80 (s, 4H, NPh-m-H). 31P{1H} NMR (C6D6,
25 °C) δ: –34.1 (q, 1JPLi = 18.9 Hz). 7Li{1H} NMR (C6D6,
25 °C) δ: –0.7 (s, 1Li), –0.8 (d, 1JPLi = 18.9 Hz, 1Li). Anal.
calcd. for C38H59Li2N2O4PSi2 (%): C 64.38, H 8.39, N 3.95;
found: C 64.54, H 8.49, N 3.86. 4: 1H NMR (C6D6, 25 °C,
500 MHz) δ: 0.21, 0.35 (s, 12H total, Si-CH3), 2.20 (s, 18H,
NPh-CH3), 1.13, 2.96 (s, 8H, THF), 0.85, 0.97 (m, 4H, P-
CH2), 1.22, 1.38, 1.68, 1.77, 1.91 (m, 11H, P-C6H11), 6.82
(s, 4H, NPh-m-H). 31P{1H} NMR (C6D6, 25 °C) δ: –30.2 (s).
7Li{1H} NMR (C6D6, 25 °C) δ: –0.8 (s, 2 Li). Anal. calcd.
for C34H57Li2N2OPSi2 (%): C 66.85, H 9.41, N 4.59; found:
C 66.98, H 9.60, N 4.39. 5: 1H NMR (C6D6, 25 °C,
500 MHz) δ: –0.09, –0.10 (s, 12H total, Si-CH3), 2.83 (s,
6H, N-CH3), 3.57 (s, 16H, dioxane), 0.89, 0.91 (m, 4H, P-
CH2), 7.15, 7.22, 7.49 (m, 5H, P-Ph-H). 31P{1H} NMR
(C6D6, 25 °C) δ: –37.5 (q, 1JPLi = 26.6 Hz). 7Li{1H} NMR
(C6D6, 25 °C) δ: –1.4 (s, 1 Li), –1.5 (d, 1JPLi = 26.6 Hz,
1 Li). Anal. calcd. for C22H43Li2N2O4PSi2 (%): C 52.78, H
8.66, N 5.60; found: C 52.52, H 8.41, N 5.75. 6: 1H NMR
(C6D6, 25 °C, 500 MHz) δ: 0.35 (s, 12H total, Si-CH3), 3.42
(s, 8H, dioxane), 0.88, 1.22 (m, 4H, P-CH2), 1.68, 1.79, 1.94
(m, 11H, P-C6H11), 3.02 (s, 6H, N-CH3).

31P{1H} NMR
(C6D6, 25 °C) δ: –36.1 (s). 7Li{1H} NMR (C6D6, 25 °C) δ: –
1.1 (s, 1 Li). Anal. calcd. for C18H41Li2N2O2PSi2 (%): C
51.65, H 9.87, N 6.69; found: C 51.93, H 9.85, N 6.60.

(CyPh[NPN]VCl)2 (7)
An ethereal solution (100 mL) of CyPh[NPN]Li2(OEt2)

(3.00 g, 4.23 mmol) maintained at –78 °C was added via
cannula to a 3:1 mixture of Et2O and THF containing
VCl3(THF)3 (1.58 g, 4.23 mmol). After the addition, the
solution was warmed to r.t. and stirred for 90 min. Upon re-
moval of volatiles, the resultant brick-red powder was dis-
solved in toluene (100 mL); the solution was filtered through
Celite to remove LiCl, and the toluene was removed in
vacuo. The brick-red powder was washed with pentane and
dried under vacuum (75.8%, 1.69 g). Crystals of 7 suitable
for X-ray diffraction were grown from a concentrated solu-
tion of layered benzene–HMDS. The compounds
(PhPh[NPN]VCl)2, 8, (CyMes[NPN]VCl)2, 9, (PhMes[NPN]VCl)2,
10, (CyMe[NPN]VCl)2, 11, and (PhMe[NPN]VCl)2, 12, were
prepared analogously. 7: EI-MS m/z (%): 526 ([M+]
CyPh[NPN]VCl, 100). Anal. calcd. for C48H74Cl2N4P2Si4V2
(%): C 54.69, H 7.08, N 5.31; found: C 54.97, H 7.26, N
5.05. 8: EI-MS m/z (%): 520 ([M+] PhPh[NPN]VCl, 100).
Anal. calcd. for C48H62Cl2N4P2Si4V2 (%): C 55.32, H 6.00,
N 5.38; found: C 55.50, H 5.88, N 5.10. 9: EI-MS m/z (%):
610 ([M+] CyMes[NPN]VCl, 100). Anal. calcd. for
C60H98Cl2N4P2Si4V2 (%): C 58.95, H 8.08, N 4.58; found: C
58.97, H 8.26, N 4.55. 10: EI-MS m/z (%): 604 ([M+]
PhMes[NPN]VCl, 100). Anal. calcd. for C60H86Cl2N4P2Si4V2
(%): C 59.54, H 7.16, N 4.63; found: C 59.37, H 7.00, N
4.39. 11: EI-MS m/z (%): 402 ([M+] CyMe[NPN]VCl, 100).
Anal. calcd. for C28H66Cl2N4P2Si4V2 (%): C 41.73, H 8.25,
N 6.95; found: C 41.90, H 8.02, N 6.85. 12: EI-MS m/z (%):
396 ([M+] PhMe[NPN]VCl, 100). Anal. calcd. for

C28H54Cl2N4P2Si4V2 (%): C 42.36, H 6.86, N 7.06; found: C
42.09, H 6.89, N 6.90.

Reduction of 7 with 2.2 KC8 under 4 atm N2
A thick-walled reaction vessel was charged with a mag-

netic stir bar, 0.218 g (0.413 mmol) of 7, and 0.056 g
(0.909 mmol) of KC8. Et2O (50 mL) was vacuum transferred
into the flask, frozen at –196 °C, and charged with 4 atm of
N2. The brick-red solution turned deep purple upon warming
to r.t. The reaction was stirred for 24 h. Filtration through
Celite and removal of solvent gave a waxy purple, pentane-
soluble solid. EI-MS m/z (%): 505 ([M+]: CyPh[NPN]V�N,
100), 491 (CyPh[NPN]V, 22).

Reduction of 7 with 3.3 KC8 under 4 atm N2
Diethylether (50 mL) was vacuum transferred into a thick-

walled reaction vessel charged with a magnetic stir bar,
0.218 g (0.413 mmol) of 7, and 0.084 g (1.364 mmol) of
KC8 and frozen at –196 °C. The vessel was charged with 4
atm of N2 and warmed to r.t. The brick-red solution changed
to olive green and was stirred for an additional 24 h. Filtra-
tion through Celite and removal of solvent gave a dark
green, pentane-soluble powder. EI-MS m/z (%): 1049 ([M+]:
K(CyPh[NPN]V�N)2, 12), 505 ([M+] – K(CyPh[NPN]V�N),
100), 491 (CyPh[NPN]V, 20).

Reduction of 9 with 2.2 KC8 under 1 atm N2
Diethylether (50 mL) was transferred via syringe into a

thick-walled reaction vessel charged with a magnetic stir
bar, 0.252 g (0.413 mmol) of 9, and 0.056 g (0.909 mmol) of
KC8 under an atmosphere of N2. The vessel was sealed and
the contents stirred for 24 h. Filtration through Celite and re-
moval of solvent gave a brown, hexanes-soluble powder.
Washing the powder with pentane produced an impure
brown solid (CyMes[NPN]V=NMes, 13) and a brown solution,
which, upon cooling to –37 °C, afforded brown needle crys-
tals of MesN(SiMe2CH2)2PCy, 14. Reductions of 8 and 10–
12 were conducted in the same manner. 13: EI-MS m/z (%):
708 ([M+] CyMes[NPN]V=NMes, 50), 575 ([M+] – NMes,
100). 14: 1H NMR (C6D6, 25 °C, 200 MHz) δ: 2.28, 2.32 (s,
6H total, o-Ph-CH3), 2.40 (s, 3H, p-Ph-CH3), 6.90, 7.25 (s,
2H total, m-Ph-H), 0.05, 0.58 (s, 12H total, Si-CH3), 0.85,
1.39, 1.97 (m, 15H total, CH2 and C6H11).

31P{1H} NMR
(C6D6, 25 °C) δ: –25.8 (s). Anal. calcd. for C21H38NPSi2
(%): C 64.40, H 9.78, N 3.58; found: C 64.45, H 9.70, N
3.51. Reduction of 8: EI-MS m/z (%): 576 ([M+]
PhPh[NPN]V=NPh, 20), 485 ([M+] – NPh, 100). Reduction
of 10: EI-MS m/z (%): 702 ([M+] PhMes[NPN]V=NMes, 35),
569 ([M+] – NMes, 100). Reduction of 11: EI-MS m/z (%):
396 ([M+] CyMe[NPN]V=NMe, 8), 367 ([M+] – NMe, 100).
Reduction of 12: EI-MS m/z (%): 390 ([M+]
PhMe[NPN]V=NMe, 12), 361 ([M+] – NMe, 100).

CyPh[NPN]NbMe3 (15)
In the dark, a solution of 5.601 g (0.0106 mol) of 2 in

150 mL of Et2O maintained at –78 °C was added via can-
nula to a solution of 2.200 g (0.0106 mol) of NbCl2Me3 in
150 mL of Et2O. The solution was stirred at –78 °C for 1 h,
then warmed to –10 °C, producing an orange solution. Ex-
cess Et2O was removed in vacuo, and the resulting solid was
dissolved in toluene and filtered through Celite. Toluene was
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removed in vacuo and the solid washed with pentane to af-
ford 15 in 72% yield (4.42 g). The solid was highly light
and thermally sensitive and was stored in a darkened
vessel at –37 °C. Preparation of PhPh[NPN]NbMe3, 16, and
CyMes[NPN]NbMe3, 17, was accomplished in the same man-
ner. Reactions of 3, 5, and 6 did not afford the correspond-
ing R′R ′ ′[NPN]NbMe3 species, as decomposition pathways
prevented isolation of pure product. 15: 1H NMR (C6D6,
25 °C, 500 MHz) δ: 0.00, 0.34 (s, 12H, Si-(CH3)), 0.75–1.42
(ov, m, 15H total, CH2 and C6H11), 1.68 (s, 9H, Nb-(CH3)3),
6.96–7.12 (ov, m, 10H, N-Ph-H). 31P{1H} NMR (C6D6,
25 °C) δ: 10.8 (s). 16: 1H NMR (C6D6, 25 °C, 500 MHz) δ:
–0.08, 0.35 (s, 12H total, Si-(CH3)), 1.20 (m, 4H total, CH2),
1.63 (s, 9H, Nb-(CH3)3), 6.80–7.38, 7.60–7.85 (s, 12H total,
N-Ph, P-Ph). 31P{1H} NMR (C6D6, 25 oC) δ: 6.2 (s). 17: 1H
NMR (C6D6, 25 °C, 500 MHz) δ: 2.29 (s, 9H, Nb-(CH3)3),
2.10, 2.16 (s, 12H total, o-Ph-(CH3)), 2.39 (s, 6H, p-Ph-
CH3), 0.21, 0.29 (s, 12H total, Si-(CH3)), 0.91–2.08 (m, 15H
total, CH2 and C6H11), 6.82, 7.02 (s, 4H total, m-Ph-H).
31P{1H} NMR (C6D6, 25 °C) δ: 11.2 (s).

Attempted hydrogenations of 15–17
Hydrogenations of the three R′R′ ′[NPN]NbMe3 complexes

were attempted using the same methodology as that shown
for 15 below. A 75 mL ethereal solution of 0.500 g
(0.864 mmol) of 15 was prepared in a thick-walled reaction
vessel and immediately cooled to –78 °C. N2 was removed
by successive freeze-pump-thaw cycles. The solution was
then frozen at –196 °C, flushed with H2, sealed, warmed to
r.t., and stirred for 24 h. Solvent was removed in vacuo,
yielding a dark brown solid. Extensive decomposition of 15
complicated analysis. In situ NMR studies (1 atm) con-
firmed that no hydride resonances were observable during
the hydrogenation attempts.

Results and discussion

One of the key advantages of the diamidophosphine lig-
ands, referred to as [NPN], is their inherent ability to tune
steric and electronic properties by varying the substituents
on the amido and phosphine donors. In this report,
R′R ′′[NPN] refers to the ligand R′P(CH2SiMe2NR ′′)2. The
ligand precursors are isolated as solvent adducts of the
dilithium diamidophosphines both for ease of purification
and to facilitate reaction with metal chlorides. The synthesis
of PhPh[NPN]Li2(THF)2, 1 (2), and CyPh[NPN]Li2(OEt2), 2
(8), were reported previously. This report details the prepara-
tion of four new [NPN] precursors: PhMes[NPN]Li2(diox)2, 3,
CyMes[NPN]Li2(THF), 4, PhMe[NPN]Li2(diox)2, 5, and
CyMe[NPN]Li2(diox), 6. A general synthesis of these deriva-
tives is shown in Scheme 1.

Synthesis of 4 and 5 proceeds by metathesis of MesNHLi
with ClCH2SiMe2Cl at –78 °C to form a silylamine that re-
acts in situ with the desired primary phosphine, RPH2, and
4 equiv (with respect to MesNHLi) of nBuLi. When phenyl-
phosphine is used in this methodology, the ligand precursor
precipitates as a pale yellow solid, 3, after addition of
2.5 equiv of dioxane to a hexanes solution of the product.
Similarly, when cyclohexylphosphine is used in this method-
ology, white crystals (4) were isolated after addition of
1.5 equiv of tetrahydrofuran to a hexanes solution of the

product. PhMe[NPN]Li2(diox)2, 5, and CyMe[NPN]Li2(diox), 6,
were prepared by an analogous procedure, except the requi-
site amine hydrochloride salt MeNH3

+Cl– is used to prepare
MeNHLi prior to metathesis. The ligand precursors were
characterized by 31P{1H}, 1H, and 7Li{1H} NMR spectros-
copy. Colorless platelet crystals of 4 were recrystallized
from a saturated hexanes–toluene solution and analyzed by
X-ray crystallography.

The molecular structure of 4 is shown as an ORTEP3 (17)
drawing in Fig. 1. Relevant bond lengths and angles are
listed in Table 3 and crystallographic data is located in Ta-
ble 1. The X-ray data unambiguously show that 4 has a sin-
gle coordinated THF molecule. The bond lengths from the
amido nitrogen donors N1 and N2 to Li2 are approximately
0.2 Å shorter than the corresponding bond lengths from N1
and N2 to Li1, to which the THF molecule is coordinated.
The P1—Li1 bond length is 2.589(4) Å, an average length
for phosphorus—lithium bonds. Some disorder was evident.
The crystalline lattice contained two different conformations
of the ligand within the same unit cell. This manifested as
overlapping opposite chair conformations of the cyclohexyl
ring, as well as overlapping silyl methyl fragments.

Several interesting trends have been observed in the solu-
tion characterization of the six dilithio [NPN] precursors
used in this report. The three ligand precursors with cyclo-
hexyldonors (2, 4, and 6) are each monosolvent adducts,
compared with 1, 3, and 5, which have two coordinating sol-
vent molecules. In each case, the solvent adduct isolated is
the least soluble product. These same cyclohexylphosphine
derivatives (2, 4, and 6) show no 31P–7Li coupling in solu-
tion (r.t.) that could suggest their solution behaviour is dif-
ferent than that found for 4 in the solid state (Fig. 1). One
possibility is that the phosphine donor does not bind to the
lithium ions in solution. However, a low temperature 31P
spectrum (–25 °C) of 2 shows a doublet due to 7Li coupling
(1JPLi = 17.4 Hz). It is likely that the lithium ions are under-
going intermolecular exchange in solution, fast enough at
room temperature to lose coupling information. However, at
lower temperatures, this process is slow, and coupling be-
tween 7Li and 31P is observed. In solution, the structure of
the dilithio derivative is therefore likely the same as in the
solid state with phosphine bound to lithium.

PhPh[NPN] and CyPh[NPN] ligand sets have already been
applied to other group five metal-based systems. The complex
PhPh[NPN]TaMe3 reacts with H2 to form (PhPh[NPN]Ta)2(µ-H)4
(1, 2). Under an atmosphere of dinitrogen, this complex
loses 1 equiv of H2 and binds dinitrogen to form
(PhPh[NPN]Ta)2(µ-H)2(µ-η1:η2-N2). This complex has an
intriguing side-on, end-on coordination mode that promotes
reactivity with E-H species (E = B, Si, Al) (3, 4). Dinitrogen
activation has also been observed by a related niobium
system supported by a [P2N2] ligand set. Upon thermolysis,
the complex ([P2N2]Nb)2(µ-N2) (where [P2N2] = PhP(CH2Si-
Me2NSiMe2CH2)2PPh) decomposes into a bridging nitride
species where one N atom from the activated N2 inserts into
the macrocycle backbone, forming the complex [P2N2]Nb(µ-
N)Nb[PN3] (where [PN3] = PhPMe(CHSiMe2NSiMe2CH2P-
(Ph)CH2SiMe2NSiMe2N)) (18). As well, the complexes
RPh[NPN]NbCl(DME), (PhPh[NPN]NbCl)2(µ-N2), and
RPh[NPN]NbCl2 (R = Cy, Ph; DME = dimethoxyethane)
have been synthesized. The complex CyPh[NPN]NbCl2
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decomposes in solution to form an imide,
CyPh[NPN]NbCl(=NPh), a cyclized [NP] ligand, CyP(CH2-
SiMe2)2NPh, and a niobium(III) product by an inter-
molecular N—Si bond scission (8). The goal of this work is
to examine how ligand modifications would affect other
group 5 precursors.

Application of these ligand sets to vanadium(III) could af-
ford species of the form [NPN]VCl from which a number of
reactivities can be explored. Behavior of these systems
might mimic that seen for niobium and generate a dinitrogen
complex directly, analogous to (PhPh[NPN]NbCl)(µ-N2)
chemistry. Alternatively, if the [NPN]VCl system were
reduced under a dinitrogen atmosphere it would give a
complex isoelectronic with Mo(NtBuAr)3, which coordinates
and splits molecular nitrogen to form the nitride
(NtBuAr)3Mo�N (19, 20). The cleavage of molecular nitro-
gen was also observed when a bisamidoamine vanadium
chloride complex was reduced (21).

Treatment of a cooled solution of VCl3(THF)3 in THF
with an Et2O solution of CyPh[NPN]Li2(OEt2) gave a brick-
red paramagnetic solid, CyPh[NPN]VCl, 7. Mass spectrome-

try and elemental analysis confirmed the empirical formula.
Recrystallization of 7 from a layered benzene–HMDS solution
at –35 °C gave red block crystals of (CyPh[NPN]VCl)2. X-ray
analysis of the crystals, isolated in 78% yield, showed that
the compound exists as a chloride-bridged dimer. The mo-
lecular structure of 7 is shown as an ORTEP drawing in
Fig. 2. Relevant bond lengths and angles and crystallo-
graphic data are listed in Tables 2 and 4, respectively. The
V(1)—Cl(1) and V(1*)—Cl(1) bond lengths of 2.3632(4)
and 2.4913(4) Å, respectively, are average for a loosely
bound chloride dimer (22); the compound appears as the
monomer in mass spectrometry studies. The vanadium am-
ide bond lengths of 1.935(1) and 1.934(1) Å agree with
other amido vanadium chloride systems (23). While the
V(1)—P(1) bond length of 2.4323(5) Å is not unusual for
vanadium phosphine systems (23), it is short for related va-
nadium chloride dimers (~2.6–2.7 Å) (24–27). The overall
complex is distorted trigonal bipyramidal with chlorine and
phosphine ligands occupying the apical positions.

Similar reactions of ligand precursors 1, 3, 4, 5, and 6
with VCl3(THF)3 produced the vanadium chlorides
R′R ′′[NPN]VCl (R ′′ = Ph, Cy; R ′′ = Ph, Mes, Me; 8–12).
Characterization by mass spectrometry and elemental analy-
sis confirmed the empirical formula in each case. A general
synthesis is shown in eq. [1].
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Scheme 1.

Fig. 1. ORTEP 3 plot for 4 (50% probability, THF carbons omit-
ted for clarity).

Bond distances (Å)
P(1)—Li(1) 2.589(4)
N(1)—Li(1) 2.106(4)
N(1)—Li(2) 1.943(4)
N(2)—Li(1) 2.133(4)
N(2)—Li(2) 1.964(4)
O(1)—Li(1) 1.923(4)

Bond angles (°)
C(7)-N(1)-Li(1) 103.74(15)
C(7)-N(1)-Li(2) 123.97(17)
C(22)-N(2)-Li(2) 94.27(16)
C(22)-N(2)-Li(1) 119.11(17)
Li(2)-N(2)-Li(1) 73.74(15)
Li(2)-N(1)-Li(1) 74.77(15)
O(1)-Li(1)-P(1) 121.74(16)

Table 3. Selected bond distances (Å) and
angles (°) for CyMes[NPN]Li2(THF), 4.
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Reductions of 7–12 with potassium graphite (KC8) were
conducted under four conditions: 1 atm N2 and 2.2 equiv of
KC8, 4 atm N2 and 2.2 equiv of KC8, 1 atm N2 and 3.3 equiv
of KC8, 4 atm N2 and 3.3 equiv of KC8. Reduction of 7 at
4 atm of N2 with 2.2 equiv of KC8 at –78 °C gave a strongly
purple colored solution upon warming to r.t. Removal of
KCl followed by recrystallization from a saturated pentane
solution gave a deep purple paste, highly soluble in common
organic solvents. Mass spectral analysis of the product indi-
cated the formation of a CyPh[NPN]V�N species with a peak
at m/z 505 (C24H37N3Si2PV), but repeated attempts to grow
diffractable crystals failed. A paramagnetic impurity pre-
vented purification and full characterization of the product.
The observation of a mononuclear species by mass spec-
trometry does not, of course, prove its formulation. The spe-
cies could have been generated in the experiment from a
dinuclear bisnitride complex; however, it is unlikely to be
generated from a compound with an intact N2 moiety (18).

Reduction of 7 at 4 atm of N2 with 3.3 equiv of KC8 at
–78 °C gave a deep olive green solution upon warming to r.t.
From the solution, a dark green solid was isolated and char-
acterized by mass spectrometry. A small peak at m/z 1050
(C48H74KN6P2Si4V2), corresponding to K(CyPh[NPN]V�N)2,
as well as a substantial CyPh[NPN]V�N peak (m/z 505,
100%), suggested dinitrogen incorporation during the reduc-
tion process. Unfortunately, the reduced products could not
be purified. Attempts to improve the synthesis of the vana-
dium nitride by changing solvent, reaction time, N2 pressure,

reducing agent, or temperature were unsuccessful. Similarly,
reductions of other vanadium chlorides (8–12) were unpro-
ductive. In several cases, there was no evidence of nitride
formation.

The reduction of (CyMes[NPN]VCl)2, 9, illustrated the
problems associated with reduction of the vanadium chlo-
rides. Upon workup of the reaction of 9 with 2.2 equiv of
KC8, a peak was observed in the mass spectrum at m/z 709,
which corresponds to CyMes[NPN]V=NMes, as supported by
theoretical isotope pattern calculations. The vanadium imide
moiety CyMes[NPN]V=NMes is the likely product of ring-
closing of the [NPN] ligand on itself. Scissioning of one of
the Si—N bonds and one of the N—V bonds in the
([NPN]VCl)2 species during reduction would result in the
vanadium imide species 13 and the elimination of a six-
membered heteroatomic ring 14, as illustrated in eq. [2].
Crystals of 14 formed out of a toluene–hexanes solution, and
the structure was verified by 1H NMR. Peaks corresponding
to imide formation were observed in the mass spectra of
each of the reductions conducted, no matter which substrate
was reduced. As mentioned, decomposition of [NPN] metal
complexes to form imides has complicated a previous study
as well: the imide CyPh[NPN]NbCl(=NPh) was generated
from the decomposition of CyPh[NPN]NbCl2 (8).

[2]

The [NPN] ligand may provide access to attractive Nb(V)
complexes since the Ta(V) complex PhPh[NPN]TaMe3 reacts
with H2 to form (PhPh[NPN]Ta)2(µ-H)4, a precursor to the
dinitrogen complex (PhPh[NPN]Ta)2(µ-H)2(µ-η1:η2-N2) (2).
We examined the formation of R′R ′′[NPN]NbMe3 and its re-
activity with dihydrogen.

Production of CyPh[NPN]NbMe3 (15) was accomplished
via addition of a –78 °C solution of ligand to a cooled solu-
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Bond distances (Å)
V(1)—Cl(1) 2.3632(4)
V(1)—Cl(1*) 2.4913(4)
V(1)—P(1) 2.4323(5)
V(1)—N(2) 1.934(1)
V(1)—N(1) 1.935(1)

Bond angles (°)
Cl(1)-V(1)-Cl(1*) 84.68(2)
Cl(1)-V(1)-N(1) 115.77(4)
Cl(1)-V(1)-P(1) 88.90(2)
Cl(1)-V(1)-N(2) 127.32(4)
N(1)-V(1)-N(2) 116.17(6)
P(1)-V(1)-N(1) 86.46(4)
P(1)-V(1)-N(2) 86.00(4)

Table 4. Selected bond distances (Å)
and angles (°) for (CyPh[NPN]VCl)2, 7.

Fig. 2. ORTEP 3 plot for 7 (50% probability; silyl methyl and
R′ and R′′ groups, save the attached carbons, have been omitted
for clarity).

[1]
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tion of NbCl2Me3, freshly sublimed before use. After solvent
removal at –10 °C, the resultant brown solid was extracted
with pentane to generate an orange solid that was character-
ized by 1H and 31P{1H} NMR and mass spectrometry. The
product was extremely photo- and thermo-sensitive and was
stored in an opaque vessel at –37 °C. Thermal instability
precluded the use of elemental analysis and 13C{1H} NMR
for characterization. A general reaction pathway is shown in
eq. [3].

Reactions of NbCl2Me3 with ligand precursors 1, 3, 4, 5,
and 6 were not as successful. The products from these
reactions were more thermally unstable and frequently
decomposed prior to spectroscopic analysis. Only
PhPh[NPN]NbMe3 (16) and CyMes[NPN]NbMe3 (17) were sta-
ble enough to characterize spectroscopically.

Hydrogenation of complexes 15–17 was attempted at 4
atm pressure. Following the addition of H2, the reaction mix-
tures turned black and a precipitate formed. Analysis of the
reaction mixture by NMR showed extensive decomposition.
No hydride resonances were observed at the expected chem-
ical shift for a niobium hydride. Attempts to vary reaction
conditions to isolate the putative polyhydride species, by
changing the concentration of reagents, temperature, expo-
sure to light, pressure of H2, solvent, or time of reaction,
were unsuccessful. It is suspected that the trimethyl starting
materials are too unstable to withstand the hydrogenation
process.

Conclusions

While a number of reports have shown the applicability of
Ta(V), Nb(III), and V(III) systems to dinitrogen activation,
in this work we have shown that small changes to the elec-
tronics and sterics of these systems can prevent such reac-
tion pathways. Six variants of the [NPN] diamidophosphine
ligand were used to prepare (R′R ′′[NPN]VCl)2 complexes, to
investigate their ability to coordinate and cleave dinitrogen
upon reduction. Unfortunately, reduction of these complexes
under a variety of conditions was complicated by ligand deg-
radation to form a V(IV) imide. While some nitride-
containing material was formed, it was not isolable. Simi-
larly, the complexes R′R ′′[NPN]NbMe3 were prepared, with
the goal that these highly unstable materials could be hydro-
genated in an analogous manner to the formation of
([NPN]Ta)2(µ-H)2(µ-η1:η2-N2); however, their thermal and
photochemical decomposition occurred prior to hydrogena-
tion. What becomes evident from this work is just how
changes in ligand design or metal centres can lead to quite
different and unpredictable reaction behaviour.
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2-Acetoxy-2-methoxy-5,5-dimethyl-∆3-1,3,4-
oxadiazoline and acetoxy(methoxy)carbene

Wojciech Czardybon, Arkadiusz Klys, John Warkentin, and Nick Henry Werstiuk

Abstract: 2-Acetoxy-2-methoxy-5,5-dimethyl-∆3-1,3,4-oxadiazoline undergoes two competitive 1,3-dipolar cyclorever-
sions at 110 °C. It loses N2, presumably to afford a short-lived carbonyl ylide that fragments to acetone and ace-
toxy(methoxy)carbene. It also forms 2-diazopropane and the appropriate mixed anhydride. It is the only currently
known source of acetoxy(methoxy)carbene.

Key words: acetoxy(methoxy)carbene, 2-diazopropane, 1,3-dipolar cycloreversion.

Résumé : À 110 °C, la 2-acétoxy-2-méthoxy-5,5-diméthyl-∆3-1,3,4-oxadiazoline subit deux réactions de cycloréversion
1,3-dipolaire compétitives. Elle perd du N2, probablement pour fournir un ylure de carbonyle de temps de vie très court
qui se fragmente en acétone et en acétoxy(méthoxy)carbène. Elle forme aussi du diazopropane et l’anhydride mixte ap-
proprié. C’est aussi la seule source actuellement connue d’acétoxy(méthoxy)carbène.

Mots clés : acétoxy(méthoxy)carbène, 2-diazopropane, cycloréversion 1,3-dipolaire.

[Traduit par la Rédaction] Czardybon et al. 1442

Introduction

Although many alkylacetoxycarbenes have been studied
(1–5) and found to rearrange by 1,2-acyl migration in com-
petition with other intramolecular processes, such as 1,2 mi-
gration of H, acyloxy(alkoxy)carbenes appear to be
unknown. They are interesting intermediates, without the
possibility of a 1,2-H migration. They have the potential for
rearrangement by migration of the acyl group to the carbenic
site, as well as the potential for fragmentation to alkoxy-
carbonyl and acyl radicals. The 1,2-acyl migration of known
acetoxy(alkyl)carbenes and the most likely reactions of
acyloxy(alkoxy)carbenes are illustrated in Scheme 1.

We prepared and purified 2-acetoxy-2-methoxy-5,5-
dimethyl-∆3-1,3,4-oxadiazoline (1) (6), which is a potential
precursor of acetoxy(methoxy)carbene (3). 2,2-Dialkoxy-
5,5-dimethyl-∆3-1,3,4-oxadiazolines undergo 1,3-dipolar
cycloreversion by loss of N2 at 110 °C to afford carbonyl
ylides that fragment primarily to dialkoxycarbenes and ace-
tone (7). There is a minor competitive 1,3-dipolar cyclo-
reversion, in some cases, to 2-diazopropane (4) and dialkyl
carbonate (8). Scheme 2 shows such cycloreversions for the
case of 1, which was expected to produce carbene 3, via car-
bonyl ylide 2, and perhaps 2-diazopropane (4) and the mixed
anhydride 5. Moreover the carbene might undergo a con-
certed rearrangement to methyl pyruvate (6) or a fragmenta-
tion to the methoxycarbonyl–acetyl radical pair that could
couple to afford 6 also, Scheme 3.

We now describe the thermolysis of 1, which does indeed
lead to the formation of both carbene 3 and 2-diazopropane

(4). At 110 °C in benzene, both the carbene and the
diazopropane can be intercepted with chemical trapping
agents.

Results and discussion

Thermolysis of 1 in benzene was studied in the absence of
potential traps, in the presence of phenol (a carbene trap as
well as a trap for diazo compounds and a hydrogen donor to
radicals), in the presence of benzylidene malononitrile, and
in the presence of TEMPO. TEMPO is a trap for radicals,
and benzylidene malononitrile also can trap radicals, car-
benes, and diazo compounds.

Thermolysis of 1 in benzene-d6 containing internal stan-
dard tert-butylbenzene gave a complex mixture of products.
Yields of 4 or of acetone azine from 1 are unreliable for esti-
mation of the yield of the former, because diazopropane
would react with the mixed anhydride co-product (5). The
yield of acetone (presumably from the carbenic pathway)
was found to be about 55% by integration of the acetone sig-
nal against those from the phenyl and tert-butyl groups of
the internal standard. The two comparisons were in excellent
agreement. Thus, the yield of acetoxymethoxycarbene was
about 55% and that of 2-diazopropane about 45%. Methyl
pyruvate was a major product (ca. 10%, isolated), but
biacetyl and dimethyl oxalate, which might also be expected
if the pyruvate had arisen by a radical coupling path, could
not be detected by GC, with authentic samples in hand. It
was also possible to detect (by GC) a trace of acetophenone,
in keeping with the expectation that acetyl radicals would at-
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tack the benzene solvent. Thermolysis of 1 in the presence
of TEMPO led to the isolation of enough of the known (9)
TEMPO adduct of the acetyl radical (1-acetoxy-2,2,6,6-
tetramethylpiperidine) for an NMR spectrum. However, the
known adduct (10) of TEMPO with the methoxycarbonyl
radical could not be found.

The results listed thus far are accounted for in terms of
Scheme 3, which shows not only parallel 1,3-dipolar cyclo-
reversions but also a radical decomposition of 1. That minor
radical decomposition is assumed to be concerted, leading to
7 and 8. TEMPO would have trapped both 7 and 8 but the
product expected from 7 was not identified. The failure to
find any evidence for the methoxycarbonyl radical indicates
that acetyl and methoxycarbonyl radicals are probably not
formed by fragmentation of carbene 3.

Thermolysis of 1 in benzene containing phenol gave 9
(31%) and 10 (5%) but not 11. Compound 9 probably arises
from a transesterification reaction with 1, while 10 and 11
are expected products from reactions of 4 and 3, respec-
tively, with phenol, Scheme 4. Protonation of 3 and ion-pair
collapse would generate 11, which has never been reported.
Such compounds may be unstable at 110 °C.

Benzylidene malononitrile (12) was very successful in
trapping intermediates from the thermolysis of 1. Dinitrile
12 had been useful in helping to sort out the chemistry of
dibenzyloxycarbene and benzyloxy(methoxy)carbene (11)
because it reacts fast with nucleophilic carbenes, making it
possible to trap some of them before they can fragment to
radical pairs, Scheme 5. Thermolysis of 1 in the presence of
12 did not furnish a carbene adduct. Instead, the methoxy-

© 2003 NRC Canada
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carbonyl radical, apparently resulting from carbene frag-
mentation to a radical pair, appeared to be trapped as 13
(30%), Scheme 6. Adduct 20, expected on the basis of pre-
cedent (11) was not found, but 16 (17%) and 17 (12%) were
also isolated.

The finding that 13 was formed from thermolysis of 1 in
the presence of 12 but that 20 could not be found led us to

search the literature for analogues of 20. Such compounds
hydrolyze spontaneously when exposed to the atmosphere
(12), Scheme 6. Thus, the most likely explanation for the
formation of 13 is trapping of a carbene intermediate with
12 to form diastereomers 18 and subsequent ring-opening
fragmentation to diradical 19, followed by fragmentation
and coupling to 20, according to Scheme 6. Subsequent

© 2003 NRC Canada
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deacylation of 20 (12), once the sample is exposed to the at-
mosphere, leads to 13.

The concentration of 12 was increased from 0.455 to
2.127 mol·L–1 to improve the chances of trapping carbene 3.
There was little change, suggesting that the lower concentra-
tion was sufficient to trap essentially all of 3. Compounds 16
and 17 can be attributed to reaction of 4 in the expected
sense with 12 to afford 14, which then loses N2, Scheme 6.
The higher concentration of 12 did lead to two very minor
products (not identified) that were detected by GC–MS.
Those compounds, which gave essentially the same mass
spectrum as 16 and 17, might be derived from cycloaddition
of 4 in the alternative sense to form 15, Scheme 6.
Alkylidene malononitriles are known to react with diazo
compounds by cycloaddition, and the resulting 3H-pyra-
zoles, not surprisingly (13), lose N2 at 110 °C to afford
diradicals that rearrange. Both regiochemistries of addition
of diazomethane to a β-phenyl-α,β-unsaturated sulfone have
been reported (14). Although 16 and 17, as well as the minor
products with the same MS, can be accounted for on the ba-
sis of 14 alone, formation and decomposition of some of
compound 15 cannot be excluded.

The concerted rearrangement of the carbene and its frag-
mentation to a radical pair were modeled computationally
with Gaussian 98 at the Becke3PW91/6-31+G(d, p) level
(15). Concerted carbene rearrangement from one of the pos-

sible sickle conformations (21) has the lowest barrier
(14.6 kcal·mol–1), whereas the lowest barrier to fragmenta-
tion (28.8 kcal·mol–1) is that from a second sickle conforma-
tion (22). Details of the computational work, which includes
the examination of a number of other conceivable pathways,
will be published separately.2

In summary, oxadiazoline 1 undergoes two competing
cycloreversions at 110 °C in benzene, leading to both
carbene 3 and diazopropane 4. A minor, third thermolysis
mechanism, currently regarded as tentative, is a radical pro-
cess that generates the acetyl radical and 7. Carbene 3 does
not fragment to radicals but rearranges to methyl pyruvate
by a 1,2-acyl migration, like other acetoxycarbenes (1–5).

Although thermolysis of 1 is far from ideal, in that it gen-
erates 3 in only about 50% yield and the co-products com-
plicate the thermolysis, it is the only reaction available today
to generate acetoxy(methoxy)carbene.

Experimental

General
A Bruker AC-200 spectrometer was used to obtain 1H and

13C NMR spectra, with CDCl3 as solvent and with the signal
from residual CHCl3 in CDCl3 set at δ = 7.25. GC–MS mass
spectra were recorded with a Hewlett-Packard 5890 gas

chromatograph equipped with an HP-5971A mass selective
detector and a DB-1 capillary column (12 m × 0.2 mm).
Other mass spectra were obtained with a VG Analytical
ZAB-E double focusing mass spectrometer.

Synthesis of 1
A solution of the carbomethoxy hydrazone of acetone

(30 g, 0.23 mol) was added slowly to an ice-cooled hetero-
geneous mixture of Pb(OAc)4 (115.3 g, 0.26 mol), acetic
acid (1 mL), and CH2Cl2 (114 mL). The yellow mixture was
stirred under N2, warmed to 25 °C after addition was com-
plete, and stirred for an additional 3 h. The mixture was then
filtered through Celite and washed with 5% Na2CO3 solu-
tion. The water fraction was back-extracted twice with
20 mL of CH2Cl2, and the combined organic fraction was
dried over Na2SO4 before the solvent was evaporated. The
yellow oil that remained weighed 39 g (90%) and consisted
of 1 (ca. 72%) and an acyclic isomer (Me2C-
(OAc)N=NCO2Me) (ca. 28%).

Purification of 1
A yellow mixture of 1 and its acyclic isomer (5 g) was

chromatographed as rapidly as possible on neutral alumina
(35 g) with hexane – ethyl acetate (9:1). The solvents were
evaporated from the combined colourless fractions, and the
residue was distilled under vacuum (2–5 mmHg (1 mmHg =
133.322 Pa)) to afford 2.2 g of pure 1 (61%). IR (neat) (cm–1):
1771. 1H NMR (200 MHz, CDCl3) δ: 1.52 (s, 3H), 1.63 (s,
3H), 2.11 (s, 3H), 3.59 (s, 3H). 13C NMR (50.3 MHz,
CDCl3) δ: 21.44, 22.59, 24.49, 52.49, 122.15, 133.80,
161.67.

Thermolysis of 1 in benzene-d6
A solution of 1 (0.157 mmol) and tert-butylbenzene

(0.127 mmol) in C6D6 (0.7 mL) in an NMR tube fitted with
a ground glass joint was degassed by means of three freeze–
pump–thaw cycles before the tube was sealed and heated for
72 h at 110 °C. The 1H NMR spectrum was acquired with
the tube still sealed and with a pulse delay of 6 s to ensure
complete relaxation of the acetone signal. Integrations of the
acetone signal against those of the tert-butyl and aryl signals
of tert-butyl benzene were in good agreement and gave the
yield of acetone as 55%. Analysis by GC, with the column
compartment cooled alternately to 7, 15, 21, and 32 °C,
showed that methyl pyruvate (ca. 10%) and acetophenone
(trace), both confirmed with authentic samples, were pres-
ent. Biacetyl, dimethyl oxalate, acetaldehyde, and methyl
formate were not detectable, as determined by injection of
authentic samples under the same conditions, but there were
peaks from unidentified volatile components.

Thermolysis of 1 in the presence of phenol
Thermolysis of 1 (1.596 mmol) in C6H6 (7 mL) contain-

ing phenol (3.191 mmol) gave a product mixture that was
analyzed by GC. Major and minor products were phenyl-
acetate (9) (ca. 30%) and isopropyl phenyl ether (10) (ca.
5%). The identities of those products were confirmed by GC
of authentic samples prepared by standard methods. Acetal-
dehyde and methyl formate were not detectable.

© 2003 NRC Canada
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Thermolysis of 1 in the presence of 12
A solution of 1 (1.596 mmol) and 12 (3.188 mmol) in dry

benzene (7 mL) was degassed by means of three freeze–
pump–thaw cycles before it was sealed into a glass tube and
heated for 72 h at 110 °C. The product mixture was ana-
lyzed by GC and separated by centrifugal chromatography
on a 2 mm silica gel plate (Chromatotron apparatus, hexane:
ethyl acetate = 4:1).

1-(Methoxycarbonyl-1-phenylmethyl)propanedinitrile
(13)

Yield: 16%. 1H NMR (200 MHz, CDCl3) δ: 3.80 (s, 3H),
4.20 (d, J = 8.65 Hz, 1H), 4.39 (d, J = 8.65 Hz, 1H), 7.33–
7.34 (m, 2H), 7.43–7.46 (m, 3H). 13C NMR (50.3 MHz,
CDCl3) δ: 27.09, 51.87, 53.76, 110.96, 111.60, 128.30,
129.87, 130.12, 131.68, 169.25. EI-MS m/z: 214 (13), 155
(26), 149 (34), 129 (35), 121 (100), 77 (38). HR-MS m/z
calcd. for C12H10N2O2: 214.0742; found: 214.0736.

2-Methyl-1-(phenylpropylidene)propanedinitrile (16)
Yield: 17%. 1H NMR (200 MHz, CDCl3) δ:1.19 (d, J =

6.9 Hz, 6H), 3.46 (sept. J = 6.9 Hz, 1H), 7.31–7.39 (m, 5H).
13C NMR (50.3 MHz, CDCl3) δ: 20.66, 36.40, 86.90,
111.84, 112.13, 126.95, 128.96, 130.58, 134.09, 186.90. EI-
MS m/z: 196 (58), 181 (100), 154 (79), 127 (64), 115 (55),
77 (62). HR-MS m/z calcd. for C13H12N2: 196.1000; found:
196.0975.

2-(Methyl-2-phenylpropylidene)propanedinitrile (17)
(16)

Yield: 12%. 1H NMR (200 MHz, CDCl3) δ: 1.68 (s, 6H),
7.31–7.39 (m, 6H). 13C NMR (50.3 MHz, CDCl3) δ: 28.03,
44.24, 87.01, 110.40, 113.18, 126.39, 128.06, 129.23,
143.65, 176.02. EI-MS m/z: 196 (44), 181 (100), 154 (99),
127 (58), 115 (50), 78 (39), 77 (67).
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Aqueous nonelectrolyte solutions — Part XX:
Formula of structure I methane hydrate,
congruent dissociation melting point, and formula
of the metastable hydrate

David N. Glew

Abstract: Sixteen new measurements of high precision for structure I methane hydrate with water between 31.93 and
47.39 °C are shown to be metastable and exhibit higher methane pressures than found by earlier workers. Comparison
of earlier measurements between 26.7 and 47.2 °C permit positive identification of the structure II and the structure I
hydrates. Forty-nine equilibrium constants Kp(h1→l1g) for dissociation of structure I methane hydrate into water and
methane, 32 between –0.29 and 26.7 °C for the stable hydrate and 17 between 31.93 and 47.39 °C for the metastable
hydrate, are best represented by a three-parameter thermodynamic equation, which indicates a standard error (SE) of
0.63% on a single Kp(h1→l1g) determination. The congruent dissociation melting point C(h1l1gxm) of metastable struc-
ture I methane hydrate is at 47.41 °C with SE 0.02 °C and at pressure 505 MPa. The congruent equilibrium constant
Kp(h1→l1g) is 102.3 MPa with SE 0.2 MPa. ∆H°t(h1→l1g) is 62 281 J mol–1 with SE 184 J mol–1, and the congruent
formula is CH4·5.750H2O with SE 0.059H2O. At the congruent point, ∆V(h1→l1g) is zero within experimental preci-
sion, and its estimate is 1.3 with SE 1.6 cm3 mol–1. The stability range of structure I methane hydrate with water ex-
tends from quadruple point Q(s1h1l1g) at –0.29 °C up to quadruple point Q(h1h2l1g) at 26.7 °C, and its metastability
range with water extends from 26.7 °C up to the congruent dissociation melting point C(h1l1gxm) at 47.41 °C.

Key words: methane hydrate, clathrate structure I, metastability range, dissociation equilibrium constant, formula, con-
gruent melting point, metastability of structure I hydrate.

Résumé : Seize nouvelles mesures de haute précision ont été faites sur la structure I de l’hydrate de méthane avec de
l’eau, entre 31,93 et 47,39 °C; elles montrent qu’elle est métastable et qu’elle comporte des pressions de méthane plus
élevées que celles observées antérieurement par d’autres chercheurs. Une comparaison des mesures antérieures entre
26,7 et 47,2 °C permet d’identifier d’une façon positive les hydrates de structure II et de structure I. Quarante-neuf
constantes d’équilibre Kp(h1→l1g) pour la dissociation de l’hydrate de méthane de structure I dans l’eau et le méthane,
32 entre –0,29 et 26,7 °C de l’hydrate stable et 17 entre 31,93 et 47,39 °C de l’hydrate métastable peuvent être repré-
sentées adéquatement par une équation thermodynamique à trois paramètres, avec une erreur standard (ES) de 0,63%
pour une détermination unique de Kp(h1→l1g). Le point de fusion de dissociation congruente C(h1l1gxm) de l’hydrate de
méthane de structure I métastable est de 47,41 °C avec une erreur standard de 0,02 °C et à une pression de 505 MPa.
La constante d’équilibre congruente Kp(h1→l1g) est égale à 102,3 MPa avec une erreur standard de 0,2 MPa. Le
∆H0t(h1→l1g) est de 62 281 J mol–1 avec une erreur standard de 184 J mol–1 et la formule congruente est CH4·5,750H2O
avec une erreur standard de 0,059H2O. Au point congruent, ∆V(h1→l1g) est égal à zéro dans les limites expérimentales
et il est évalué à 1,3 avec une erreur standard de 1,6 cm3 mol–1. La plage de stabilité de la structure I de l’hydrate de
méthane avec de l’eau va du point quadruple Q(s1h1l1g) à –0,29 °C jusqu’au point quadruple Q(h1h2l1g) à 26,7 °C et
sa plage de métastabilité s’étend de 26,7 °C jusqu’au point de fusion de la dissociation congruente, C(h1l1gxm) à
47,41 °C.

Mots clés : hydrate de méthane, clathrate de structure I, plage de métastabilité, constante d’équilibre de dissociation,
formule, point de fusion congruent, métastabilité de l’hydrate de structure I.

[Traduit par la Rédaction] Glew 1450

Introduction

We are particularly fortunate to have three independent
and accurate studies (1–3) of the equilibrium methane hy-
drate pressures with water in the temperature range 26.98 to

47.39 °C. The oldest data set MSK64 (1) provides 13 mea-
surements between 26.98 and 46.87 °C and shows the 11
lowest methane hydrate pressures for the stable structure II
hydrate phase h2. Data set D&A96 (2) provides 13 measure-
ments between 27.6 and 47.2 °C, which agree with data set
MSK64 but also indicate the structure II methane hydrate
phase h2, with pressures about 0.69% larger than MSK64.

The most recent data set, NMO99 (3), of 16 measure-
ments between 31.93 and 47.39 °C lists pressures for the
structure I methane hydrate, phase h1, and these pressures
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are larger than those found in MSK64 (1) and by D&A96
(2). The continuity of the hydrate Raman spectral shifts by
NMO99 (3) between 32 °C at 100 MPa and 47.4 °C at
493 MPa proves that their equilibrium hydrate phase is h1
with structure I, which remains metastable over the tempera-
ture range of the data and for the period of the experimental
study (3).

Recent work by Chou and co-workers (4, 5) shows the
thermodynamic stability of structure I methane hydrate with
water from the ice point up to about 33 °C and the
metastability of the structure I hydrate at higher tempera-
tures relative to the stable structure II methane hydrate with
water.

Independent P–t analyses (6, 7) confirm that structure I
methane hydrate, phase h1, is the stable phase in equilibrium
with water between the quadruple points Q(s1h1l1g) at
–0.29 °C and 2.53 MPa and Q(h1h2l1g) at 26.7 °C and
55.5 MPa. At higher temperature structure II methane hy-
drate, phase h2, is the stable phase (7) in equilibrium with
water from the quadruple point Q(h1h2l1g) at 26.7 °C and
55.5 MPa up to the congruent dissociation melting point
C(h2l1gxm) at 47.71 °C and 533 MPa.

Initially, for data set NMO99 (3), two equations are de-
rived that accurately represent P(h1l1g) from 31.93 to
45.14 °C and from 45.14 to 47.39 °C. These equations are
used to estimate P(h1l1g) at the temperatures of the earlier
data sets MSK64 (1) and D&A96 (2). The estimate of
P(h1l1g) for the structure I hydrate is compared with the ob-
served hydrate pressure P(hl1g), where the lower pressure
characterizes the more stable hydrate.

Classical thermodynamics defines the stable methane hy-
drate phase as that which exerts the lowest equilibrium
methane pressure with water at the same temperature.

This extends our study (6, 7) of methane hydrate to cor-
rectly define the individual measurements (1–3) and their
pressure differences between the structure II and the struc-
ture I hydrates (8, 9), using the same numerical methods and
thermodynamic equations as earlier.

With measurements for structure I methane hydrate ex-
tending from quadruple point Q(s1h1l1g) at –0.29 °C up to
47.39 °C, the best low-temperature measurements from
ref. 6 are combined with data set NMO99 (3) to provide ac-
curate estimates of P(h1l1g), Kp(h1→l1g), ∆H°t(h1→l1g), and
the approximate formula number r for structure I methane
hydrate with water.

Equilibrium pressure P(h1l1g) of structure I
methane hydrate with water between 31.93
and 45.14 °C

In the temperature range from 31.93 to 45.14 °C the equi-
librium total pressure P(h1l1g) of methane hydrate h1 with
liquid water l1 is best represented by the unbiased thermody-
namic equation

[1a] lnP(h1l1g) = b0 + b1u1 + b2u2 + b3u3

This equation is mathematically equivalent to the numeri-
cally ill-conditioned unbiased thermodynamic equation

[1b] lnP(h1l1g) = A + B/T + ClnT + DT

Temperature variables u1 to u3 in eq. [1a] are described
briefly in ref. 7 and fully in ref. 10.

The upper twelve rows of Table 1 present estimates of
P(h1l1g) between 31.93 and 45.14 °C, using the measure-
ments of data set NMO99 (3). The arrangement of Table 1 is
similar to that in ref. 7.

The least-squares estimates of the four parameters and
their standard errors (SE) in eq. [1a] are b0 = 3.7265
(0.0225), b1 = 46.131 (1.67), b2 = –900.11 (76.9), and b3 =
11 273 (843). These parameters give an SE estimate of
0.0018 on lnP or of 0.18% on a single methane hydrate pres-
sure determination with 8 degrees of freedom. The coeffi-
cient of determination R2 is 0.99998. These are remarkably
precise methane hydrate pressure measurements.

Equilibrium pressure P(h1l1g) of structure I
methane hydrate with water between 45.14
and 47.39 °C

In this work, following ref. 7, we use a similar numerical
treatment to that used for the congruent dissociation melting
point of structure II methane hydrate. In the temperature
range from 45.14 to 47.39 °C the five methane hydrate pres-
sures between 335 and 493 MPa from data set NMO99 (3)
show that the hydrate temperature can be accurately repre-
sented by eq. [2] as an empirical cubic function of the equi-
librium hydrate pressure,

[2] t(°C) = e0 + e2(∆P)2 + e3(∆P)3

In eq. [2], t(°C) is the equilibrium methane hydrate tempera-
ture (ITS-90), ∆P is the equilibrium pressure difference
(P(h1l1g) – 505 MPa), and 505 MPa is the estimated pres-
sure at maximum hydrate temperature, tmax. The estimated
maximum congruent dissociation temperature of structure I
methane hydrate is tmax = e0 = 47.41 °C with SE 0.020 °C.
Parameter e2 is –0.000102 with SE 4.4 × 10–6, and parame-
ter e3 is –1.39 × 10–7 with SE 2.5 × 10–8. The SE estimate on
a single structure I methane hydrate temperature determina-
tion is 0.024 °C with one degree of freedom, in agreement
with the ±0.02 °C accuracy of temperature measurement
given by the authors (3). The coefficient of determination R2

is 0.9998.
The estimate of parameter e0 = tmax is highly significant

and could arise by random chance with a probability less
than 0.05%. Parameter e2 could arise by chance with about
1.5% probability and parameter e3 could arise by chance at
about 13% probability.

Although the five measurements indicate a metastable
structure I methane hydrate congruent dissociation tempera-
ture C(h1l1gxm) at 47.41 °C and 505 MPa, this location must
be considered tentative.

Equilibrium pressure of the methane
hydrates with water between 26.7 and
47.71 °C

The three studies of methane hydrate measurements are
outlined briefly to compare the reliability of the estimates
given in Table 2. The studies of MSK64 (1) use a rocked
stainless steel hydrate cell in a thermostat bath; the methane
pressures are accurate to 0.1%, and temperatures are accu-
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rate to 0.004 °C. The measurements of D&A96 (2) use a
high-pressure DTA method, with pressures accurate to 1%
and temperatures accurate to 0.1 °C. The measurements of
NMO99 (3) use a 200 mm3 hydrate cell stirred by a vibrat-

ing 2 mm glass ball, with pressures accurate to ±1 MPa and
temperatures accurate to ±0.02 °C.

The pressure of metastable structure I methane hydrate is
estimated at each experimental temperature for the measure-
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P(h1l1g) (MPa)

Data set t (°C) w1/2 Obsd Calcd Diff (MPa) SE(P^) (MPa) f2(h1l1g) (MPa)

NMO99 31.93 1 98 97.92 0.08 0.14 100.4
NMO99 33.98 1 119 119.23 –0.23 0.10 148.0
NMO99 35.59 1 138 137.92 0.08 0.12 206.3
NMO99 37.14 1 158 158.04 –0.04 0.12 288.3
NMO99 38.49 1 178 177.78 0.22 0.12 397.9
NMO99 39.77 1 199 199.00 –0.00 0.13 551.8
NMO99 40.73 1 217 216.93 0.07 0.15 724.5
NMO99 41.68 1 237 236.76 0.24 0.16 973.4
NMO99 42.59 1 258 258.12 –0.12 0.17 1 317
NMO99 43.35 1 277 278.07 –1.07 0.18 1 722
NMO99 44.05 1 299 298.45 0.55 0.22 2 336
NMO99 45.14 1 335 334.78 0.22 0.23 3 799
NMO99 45.14 1 335 334.88 0.12 0.23 3 799
NMO99 46.02 1 376 376.61 –0.61 0.26 6 512
NMO99 46.65 1 414 412.87 1.13 0.33 10 606
NMO99 47.18 1 455 456.16 –1.16 0.45 17 755
NMO99 47.39 1 493 491.93 1.07 0.55 28 420
C(h1l1gxm) 47.41 — 505 505 — — 32 930

Table 1. Equilibrium pressure and fugacity for structure I methane hydrate with water from 31.93 to 47.41 °C.

Data set t (°C)
P(hl1g) obsd
(MPa)

P(h1l1g) calcd
(MPa)

Diff
(MPa)

SE(P^)
(MPa) Diff/SE

Hydrate
obsd

Q(h1h2l1g) 26.7 — 55.53 — 9.60 — SI SII
MSK64 26.98 56.92 55.30 –1.61 0.31 –5.2 SI
MSK64 28.37 65.43 66.10 0.67 0.23 2.9 SII
MSK64 28.43 65.43 66.55 1.12 0.22 5.0 SII
MSK64 33.54 110.83 114.42 3.59 0.05 72.8 SII
MSK64 37.15 152.72 158.14 5.42 0.06 91.1 SII
MSK64 39.54 187.30 194.91 7.62 0.06 122.6 SII
MSK64 40.48 206.34 212.07 5.73 0.07 80.4 SII
MSK64 41.04 223.91 223.06 –0.85 0.08 –10.8 SI
MSK64 41.87 237.46 240.98 3.52 0.08 42.2 SII
MSK64 43.65 271.65 286.43 14.78 0.09 160.3 SII
MSK64 45.15 319.67 335.32 15.65 0.20 76.8 SII
MSK64 46.42 367.77 398.61 30.84 0.46 67.1 SII
MSK64 46.87 397.00 428.33 31.33 0.61 51.3 SII
D&A96 27.6 59 59.97 0.97 0.27 3.6 SII
D&A96 30.4 84 83.49 –0.51 0.13 –4.0 SI
D&A96 34.0 117 119.45 2.45 0.05 47.5 SII
D&A96 35.5 133 136.82 3.82 0.06 64.3 SII
D&A96 37.5 162 163.07 1.07 0.06 17.8 SII
D&A96 37.8 166 167.39 1.39 0.06 23.3 SII
D&A96 40.7 216 216.34 0.34 0.08 4.5 SII
D&A96 42.4 242 253.44 11.44 0.08 138.2 SII
D&A96 45.2 317 337.54 20.54 0.21 98.7 SII
D&A96 45.9 358 370.49 12.49 0.34 36.3 SII
D&A96 46.9 405 430.63 25.63 0.63 40.6 SII
D&A96 47.2 443 458.45 15.45 0.79 19.6 SII
D&A96 47.2 450 458.45 8.45 0.80 10.6 SII
C(h2l1gxm) 47.71 533 533 — — — SII

Table 2. Equilibrium pressure of methane hydrates with water.
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ments of data sets MSK64 (1) and D&A96 (2). Columns one
to three in Table 2 show the data set, the temperature t(°C)
(ITS-90), and the observed hydrate pressure P(hl1g) (MPa)
for the 26 measurements from data sets MSK64 and D&A96
between quadruple point Q(h1h2l1g) at 26.7 °C and the con-
gruent dissociation melting point C(h2l1gxm) at 47.71 °C.
Earlier (6, 7) these measurements have been assumed to be
characteristic of the structure II methane hydrate h2 with wa-
ter because they are observed above 26.7 °C, the transition
temperature to structure II methane hydrate.

In the present study, the observed hydrate pressure
P(hl1g), shown in column three, is under test and is com-
pared with the pressure P(h1l1g) (MPa) in column four, esti-
mated at t(°C) using eq. [1a] or [2].

The fifth column shows Diff = (P(h1l1g) – P(hl1g)), MPa,
the pressure difference of column four minus column three.
When Diff is positive the structure II methane hydrate phase
h2 is the solid hydrate observed; when Diff is zero or nega-
tive the metastable structure I methane hydrate phase h1 is
observed experimentally.

The sixth column lists SE(P^) (MPa), the standard error
from eq. [1a] for the estimated pressure P(h1l1g).

The seventh column shows Diff/SE(P^), the pressure dif-
ference expressed as the number of standard errors from data
set NMO99 (3).

Column eight shows the observed hydrate structure, S I
for structure I phase h1 and S II for structure II phase h2 (8).

The pressures P(h1l1g) listed in column four of Table 2
are generally larger than those of P(hl1g) in column three,
and the estimate of Diff becomes systematically larger as the
temperature increases to 46.87 °C. This confirms that the
structure I methane hydrate phase h1 is the thermodynami-
cally metastable methane hydrate with water between
Q(h1h2l1g) at 26.7 and 47.2 °C; contrariwise, this reconfirms
our earlier assumption (6, 7) that structure II methane hy-
drate phase h2 is the thermodynamically stable methane hy-
drate with water between 26.7 and 47.2 °C.

In columns five and seven of Table 2, of the 26 Diff esti-
mates listed, 23 are positive, indicating that structure II
methane hydrate is the thermodynamically stable phase. In
column seven, 19 of the 26 data give estimates of
Diff/SE(P^) > 10, a convincing confirmation of the stable
structure II methane hydrate between 26.7 and 47.2 °C.

The measurements at 26.98 °C and 56.92 MPa of data set
MSK64 and at 30.4 °C and 84 MPa of data set D&A96 each
exhibit a negative Diff, with estimates for Diff/SE(P^) of
–5.2 and –4.0, respectively. These measurements indicate
equilibrium with a solid phase h1 structure I methane hy-
drate, existing in metastable equilibrium just above the tran-
sition temperature 26.7 °C of Q(h1h2l1g).

One unexpected result in data set MSK64 is shown at
41.04 °C and 223.91 MPa, which gives Diff/SE(P^) = –10.8
and confirms that the solid hydrate phase formed in this ex-
periment is the metastable structure I methane hydrate phase
h1. This particular hydrate measurement is noted to give four
positive residuals, two in Tables 7 and 8 of ref. 6 and two in
Tables 1 and 2 of ref. 7. The level of metastability of
13.44 °C (40.14–26.7) is considered in refs. 6 and 7 to be
too large and unlikely to occur experimentally in the middle
of data set MSK64 (1). This assumption is shown here to be
incorrect by the 16 experimental metastable measurements

of data set NMO99 (3) listed in Table 1, with levels of
metastability up to 20.69 °C and with excess methane gas
pressures of up to about 8%.

The complete data set NMO99 (3) shows that the
metastable structure I methane hydrate phase h1 can coexist
with water and an excess pressure of methane gas for a time
period of at least days. In the experiment of data set MSK64
(1) at 40.14 °C, the excess methane gas pressure 0.85 MPa is
very small, 0.38%, and once the metastable solid structure I
methane hydrate phase h1 is formed, the same phase h1
would remain until all the hydrate is decomposed.

We again note (7) the remarkable metastability of the
completely filled structure I methane hydrate phase h1, with
all cavities occupied by a methane guest at temperatures and
pressures greater than Q(h1h2l1g) at 26.7 °C and 55.5 MPa.

Equilibrium pressure P(h1l1g) of structure I
methane hydrate with water between –0.29
and 45.14 °C

Over this longer temperature range the best P(h1l1g) data
at the lower temperatures below 26.7 °C are combined with
the new metastable measurements of NMO99 at the higher
temperatures. Table 3 presents 45 estimates of P(h1l1g) be-
tween –0.29 and 45.14 °C using the data sets Q(s1h1l1g),
D&F40, MSK64, GRCK70, and V74 from ref. 6 together
with 12 data sets from NMO99 (3). The arrangement of Ta-
ble 3 is the same as Table 1 in ref. 7.

The least-squares estimates of the four parameters and
their standard errors (in parentheses) in eq. [1a] are b0 =
3.7532 (0.0081), b1 = 35.363 (0.220), b2 = –11.59 (6.32),
and b3 = –2243.4 (176.0). These parameters give an SE esti-
mate of 0.0265 on lnP or of 2.68% on a single methane hy-
drate pressure determination with 41 degrees of freedom.
The coefficient of determination R2 is 0.9998.

The RMS (root mean squared) deviations of the residuals
of lnP(h1l1g) from eq. [1a] for the individual data sets are
the following: D&F40, 0.0136; MSK64, 0.0393; GRCK70,
0.0285; V74, 0.0209; and NMO99, 0.0248. These residuals
are large and are found to be distributed non-randomly.

When combined with the new measurements of NMO99
(3) at higher temperatures we find that the 4-parameter equa-
tion is inadequate to properly represent the P(h1l1g) mea-
surements with the expected accuracy over their whole
range.

Equilibrium constant for dissociation of
structure I methane hydrate between –0.29
and 47.39 °C

The equilibrium constant for dissociation of 1 g molar
mass of structure I methane hydrate of formula CH4·nH2O
phase h1 into n mol of pure water l1 plus 1 mol of gaseous
methane is written Kp(h1→l1g) and is defined by eq. [3],

[3] lnKp(h1→l1g)

= lnf2(h1l1g) + nlnx1
11 + n(1/RT)

0.1 MPa

P h l g( )1 1

∫ (V1
11 – V1

h1) dP
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In eq. [3] V1
11 is the molar volume of water and V1

h1 the mo-
lar volume of structure I lattice water at pressure P(h1l1g)
and temperature T. Equilibrium values of P(h1l1g) are given
in column four of Tables 1 and 3. Equilibrium values of
methane fugacity f2(h1l1g) are evaluated from P(h1l1g) using
the IUPAC fugacity equation (11) and are given in ref. 6 and
in column eight of Table 1. Equilibrium volumes of com-
pressed water are interpolated from tables by Haar et al.

(12). Equilibrium values of x1
11 = (1 – x2

11) are from x2
11,

listed in column eight of Table 4 and evaluated using the
equation of Rettich et al. (13). Estimates for V1

h1 (cm3 mol–1)
at temperature t and at pressure P(h1l1g) are as follows:
22.34 (SE 0.19) at –0.29 °C and 2.527 MPa; 22.41 (0.18) at
11.10 °C and 8.122 MPa; 22.42 (0.18) at 22.04 °C and
29.99 MPa; 22.49 (0.19) at 31.93 °C and 98 MPa; 21.77
(0.22) at 45.14 °C and 335 MPa; 21.32 (0.22) at 47.39 °C
and 493 MPa.

Forty-nine equilibrium constants between –0.29 and
47.39 °C are converged as described in ref. 6 and are best
(10) represented by the unbiased thermodynamic equation

[4] lnKp(h1→l1g) = d0 + d1u1 + d2u2

Temperature variables u1 and u2 and thermodynamic param-
eters d0 to d2 are defined at reference temperature Θ =
298.15 K (25 °C). The data are sufficiently accurate and ex-
tensive so that the three-parameter eq. [4] can be converged
and solved directly.

The parameters of the best converged eq. [4] are d0 =
2.9522 (SE 0.0016), d1 = 23.451 (0.018), and d2 =
14.24 (0.89). The SE estimate on a single determination of
lnKp(h1→l1g) of unit weight is 0.0063 or is 0.63% for
Kp(h1→l1g) with 44 degrees of freedom. The number of de-
grees of freedom is counted from the 49 data, minus the
three undetermined parameters, minus the two weighted
data, leaving 44. The coefficient of determination R2 is
0.99998.

Two data are assigned the low weights w1/2 = 0.001 to
avoid bias of the final equation because their observed equi-
librium constants deviate from the least-squares model by 19
and by 23 times their estimated standard errors.

The RMS deviations for weighted (unweighted) residuals
of lnKp(h1→l1g) from eq. [4] are the following: D&F40,
0.0052; MSK64, 0.0091 (0.0136); GRCK70, 0.0090; V74,
0.0077 (0.0184); and NMO99, 0.0019.

Because the 33 best data from ref. 6 at low temperatures
are taken together with the 16 new measurements of data set
NMO99, the converged eq. [4] is expected to agree with
eq. [8a] of ref. 6. The agreement with the earlier model is
good and the limits of SE have been reduced from 0.0079 to
0.0063. The best equation for lnKp(h1→l1g) in this work is
numerically slightly different from that given earlier in ref. 6
and is preferred because it covers a wider range of tempera-
ture.

Table 4 has the same arrangement as Table 2 in ref. 7 and
extends the measurements of structure I methane hydrate to
include both the stable region below and the metastable re-
gion above Q(h1h2l1g) at 26.7 °C.

Table 4 shows the 49 converged best estimates of the
equilibrium constant, Kp(h1→l1g), for dissociation of struc-
ture I methane hydrate into liquid water and methane gas
with n = r. Standard thermodynamic function changes refer
to dissociation of one gram mole of CH4·rH2O h1 at
0.10 MPa to form r mol of pure water l1 at 0.10 MPa and
1 mol of methane gas at 1.0 MPa fugacity. Parameter r is
used to indicate the best estimate of n, as described in ref. 7.

The estimates of Kp(h1→l1g) observed in column four of
Table 4 are shown to increase steadily from 2.30 MPa at
–0.29 °C to 102.3 MPa at 47.39 °C. The calculated
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P(h1l1g) (MPa)

Data set t (°C) w1/2 Obsd Calcd Diff (%) SE (%)

Q(s1h1l1g) –0.29 1 2.53 2.58 –2.22 1.21

D&F40 0.56 1 2.76 2.77 –0.26 1.02
D&F40 1.11 1 2.90 2.91 –0.15 0.92
D&F40 2.22 1 3.24 3.21 0.99 0.76
D&F40 2.78 1 3.42 3.38 1.27 0.70
D&F40 2.78 1 3.43 3.38 1.47 0.70
D&F40 3.89 1 3.81 3.75 1.61 0.62
D&F40 6.11 1 4.77 4.69 1.75 0.58
D&F40 7.22 1 5.35 5.27 1.54 0.59
D&F40 7.77 1 5.71 5.59 2.09 0.60
D&F40 8.33 1 6.06 5.94 2.04 0.61
D&F40 9.44 1 6.77 6.71 0.86 0.62
D&F40 11.10 1 8.12 8.10 0.22 0.63
D&F40 12.77 1 9.78 9.83 –0.45 0.63
MSK64 17.05 1 15.93 16.35 –2.60 0.60
MSK64 17.32 1 15.94 16.91 –5.73 0.60
MSK64 21.93 1 29.92 29.54 1.30 0.68
MSK64 22.04 1 29.99 29.94 0.18 0.68
MSK64 22.60 1 33.75 32.01 5.44 0.70
MSK64 24.87 1 44.31 42.03 5.44 0.77
MSK64 24.99 1 43.78 42.59 2.81 0.78
MSK64 41.04 1 223.91 229.27 –2.34 0.73
GRCK70 9.99 1 7.10 7.14 –0.59 0.63
GRCK70 10.05 1 7.12 7.19 –1.02 0.63
GRCK70 15.49 1 13.11 13.56 –3.37 0.61
GRCK70 15.55 1 13.11 13.65 –3.96 0.61
V74 2.00 1 3.02 3.15 –3.98 0.78
V74 3.54 1 3.69 3.63 1.65 0.64
V74 5.44 1 4.39 4.38 0.17 0.58
V74 12.24 1 9.19 9.24 –0.54 0.63
V74 15.30 1 13.04 13.25 –1.57 0.61
V74 17.53 1 16.96 17.34 –2.17 0.60
V74 18.01 1 18.55 18.37 1.02 0.61
NMO99 31.93 1 98 94.10 4.14 0.91
NMO99 33.98 1 119 117.05 1.67 0.88
NMO99 35.59 1 138 138.02 –0.01 0.83
NMO99 37.14 1 158 160.79 –1.74 0.77
NMO99 38.49 1 178 182.72 –2.59 0.73
NMO99 39.77 1 199 205.30 –3.07 0.70
NMO99 40.73 1 217 223.34 –2.84 0.72
NMO99 41.68 1 237 242.08 –2.10 0.77
NMO99 42.59 1 258 260.80 –1.07 0.86
NMO99 43.35 1 277 276.96 0.02 0.97
NMO99 44.05 1 299 292.22 2.32 1.09
NMO99 45.14 1 335 316.62 5.81 1.31

Table 3. Equilibrium pressure for structure I methane hydrate
with water from –0.29 to 45.14 °C.
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Kp(h1→l1g) (MPa)

Data set t (°C) w1/2 Obsd Calcd Diff (%) SE (%) 1000x2
11

Q(s1h1l1g) –0.29 1 2.30 2.31 –0.30 0.24 1.07

D&F40 0.56 1 2.50 2.49 0.37 0.22 1.13
D&F40 1.11 1 2.61 2.61 –0.12 0.20 1.16
D&F40 2.22 1 2.88 2.88 –0.00 0.18 1.23
D&F40 2.78 1 3.02 3.03 –0.07 0.17 1.27
D&F40 2.78 1 3.03 3.03 0.11 0.17 1.28
D&F40 3.89 1 3.33 3.33 –0.15 0.16 1.36
D&F40 6.11 1 4.04 4.04 0.03 0.13 1.54
D&F40 7.22 1 4.45 4.45 0.16 0.12 1.65
D&F40 7.77 1 4.70 4.66 0.80 0.12 1.71
D&F40 8.33 1 4.94 4.89 0.98 0.12 1.77
D&F40 9.44 1 5.40 5.37 0.53 0.12 1.88
D&F40 11.10 1 6.23 6.19 0.77 0.12 2.07
D&F40 12.77 1 7.17 7.11 0.84 0.13 2.27
MSK64 17.05 1 10.05 10.12 –0.72 0.14 2.81
MSK64 17.32 0.001 10.07 10.35 –2.76 0.14 2.79
MSK64 21.93 1 14.91 15.02 –0.72 0.16 3.55
MSK64 22.04 1 14.94 15.15 –1.39 0.16 3.54
MSK64 22.60 1 16.05 15.84 1.37 0.16 3.71
MSK64 24.87 1 19.18 18.96 1.18 0.16 4.05
MSK64 24.99 1 19.06 19.13 –0.35 0.16 4.02
MSK64 41.04 1 64.71 64.61 0.17 0.14 7.14
GRCK70 9.99 1 5.61 5.63 –0.33 0.12 1.92
GRCK70 10.05 1 5.62 5.66 –0.64 0.12 1.92
GRCK70 15.49 1 8.83 8.91 –0.91 0.14 2.60
GRCK70 15.55 1 8.83 8.95 –1.30 0.14 2.60
V74 2.00 0.001 2.71 2.83 –4.24 0.19 1.17
V74 3.54 1 3.23 3.23 –0.03 0.16 1.33
V74 5.44 1 3.76 3.82 –1.40 0.14 1.46
V74 12.24 1 6.85 6.81 0.62 0.12 2.20
V74 15.30 1 8.79 8.77 0.29 0.14 2.60
V74 17.53 1 10.46 10.53 –0.64 0.14 2.91
V74 18.01 1 11.06 10.95 1.05 0.15 3.03
NMO99 31.93 1 32.77 32.74 0.09 0.14 5.65
NMO99 33.98 1 38.16 38.25 –0.24 0.13 6.04
NMO99 35.59 1 43.20 43.17 0.06 0.13 6.34
NMO99 37.14 1 48.45 48.47 –0.03 0.13 6.60
NMO99 38.49 1 53.65 53.58 0.14 0.13 6.82
NMO99 39.77 1 58.88 58.88 –0.01 0.13 6.99
NMO99 40.73 1 63.20 63.18 0.03 0.14 7.10
NMO99 41.68 1 67.80 67.72 0.11 0.14 7.19
NMO99 42.59 1 72.31 72.36 –0.06 0.15 7.24
NMO99 43.35 1 76.10 76.46 –0.47 0.16 7.26
NMO99 44.05 1 80.60 80.43 0.21 0.17 7.25
NMO99 45.14 1 87.06 87.00 0.07 0.18 7.16
NMO99 46.02 1 92.51 92.66 –0.17 0.19 6.97
NMO99 46.65 1 97.13 96.93 0.21 0.20 6.74
NMO99 47.18 1 100.4 100.7 –0.25 0.21 6.43
NMO99 47.39 1 102.3 102.2 0.16 0.21 6.11
Q(h1h2l1g) 26.7 — — 21.88 — 0.15 4.57

Table 4. Equilibrium constant for structure I methane hydrate with water from –0.29 to 47.39 °C.

I:\cjc\cjc8112\V03-156.vp
November 19, 2003 9:04:58 AM

Color profile: Disabled
Composite  Default screen



Kp(h1→l1g) estimates in column five properly represent
these changes with SE 0.63% on a single determination of
unit weight.

Standard enthalpy change ∆H°t(h1→l1g) and
formula number estimate r for structure I
methane hydrate with water

In Table 5 columns one and two show the data set and the
Celsius temperature (ITS-90). Columns three and four list
the standard enthalpy change ∆H°t(h1→l1g) and its SE in J
mol–1 for dissociation of structure I methane hydrate to liq-
uid water and methane gas. Columns five and six give the
converged best estimates of the approximate formula number
r and its SE for standard dissociation of structure I methane
hydrate CH4·rH2O into water and methane. The estimate and
SE of the standard heat capacity change ∆Cp°

t(h1→l1g) are,
respectively, 118 and 7 J mol–1 K–1 at all temperatures; ear-
lier estimates and SE are 112 and 23 J mol–1 K–1 given in
ref. 6.

At quadruple point Q(h1h2l1g), 26.7 °C, the estimated for-
mula for structure I methane hydrate h1 is CH4·5.753H2O
with SE 0.048H2O; this agrees well with the earlier estimate
CH4·5.759H2O with SE 0.077H2O given in ref. 6. The new
formula estimate for structure I methane hydrate at 26.7 °C
is very near to the ideal CH4·5.750H2O and indicates that
99.94% of hydrate cavities are occupied by methane with
0.06% unoccupied with an SE 0.83%.

The number of methane guest molecules, defined as m per
unit cell of 46H2O, increases from 7.457 (SE 0.065) at
–0.29 °C and 2.53 MPa, to 7.710 (0.062) at 11.10 °C and
8.12 MPa, to 7.798 (0.062) at 15.55 °C and 13.11 MPa, to
7.917 (0.064) at 22.04 °C and 29.99 MPa, and to 7.995
(0.066) at 26.7 °C and 55.5 MPa. These values of m between
–0.29 and 26.7 °C show the increasing number of the 8 lat-
tice sites that must be occupied by methane guests to stabi-
lize the structure I methane hydrate against thermal collapse
due to increasing temperature.

At temperatures and pressures above 26.7 °C at 55.5 MPa
and up to 47.39 °C at 493 MPa all cavities of structure I
methane hydrate are occupied within our limits of detection.
It is reasonably assumed that m increases asymptotically to-
wards 8 as the pressure increases to 493 MPa. Column five
in Table 5 shows that the measurements of NMO99 (3) all
have a structure I, phase h1, methane hydrate with formula
near to CH4·5.750H2O with SE between 0.049 and
0.059H2O.

This agrees with the X-ray measurements of structure I
methane hydrate by Hirai and co-workers (14, 15) who re-
port a fully occupied, phase h1, methane hydrate with lattice
parameters 1.188, 1.184, and 1.172 nm at 260, 300, and
380 MPa, respectively, at room temperature. In this work the
volume estimates for Kp(h1→l1g) yield the lattice parameters
1.189, 1.187, and 1.183 nm with SE 0.004 nm at 258 MPa
and 42.59 °C, at 299 MPa and 44.05 °C, and at 376 MPa
and 46.02 °C, respectively, in reasonable agreement with the
X-ray measurements.

© 2003 NRC Canada

Glew 1449

Data set t (°C)
∆H°t(h1→l1g)
(J mol–1)

SE
(J mol–1) r SE

Q(s1h1l1g) –0.29 55 139 177 6.168 0.054

D&F40 0.56 55 239 171 6.152 0.053
D&F40 1.11 55 305 167 6.141 0.053
D&F40 2.22 55 436 159 6.120 0.052
D&F40 2.78 55 502 155 6.109 0.052
D&F40 2.78 55 502 155 6.109 0.052
D&F40 3.89 55 634 148 6.089 0.051
D&F40 6.11 55 897 132 6.049 0.050
D&F40 7.22 56 028 124 6.030 0.050
D&F40 7.77 56 094 120 6.020 0.049
D&F40 8.33 56 160 116 6.011 0.049
D&F40 9.44 56 291 109 5.993 0.049
D&F40 11.10 56 488 98 5.966 0.048
D&F40 12.77 56 686 87 5.940 0.048
MSK64 17.05 57 192 61 5.877 0.047
MSK64 17.32 57 225 60 5.873 0.047
MSK64 21.93 57 770 43 5.812 0.047
MSK64 22.04 57 783 43 5.810 0.047
MSK64 22.60 57 849 42 5.803 0.047
MSK64 24.87 58 119 44 5.775 0.047
MSK64 24.99 58 132 44 5.774 0.047
MSK64 41.04 61 094 139 5.750 0.055
GRCK70 9.99 56 357 105 5.984 0.049
GRCK70 10.05 56 363 105 5.983 0.048
GRCK70 15.49 57 008 70 5.899 0.047
GRCK70 15.55 57 014 70 5.899 0.047
V74 2.00 55 410 161 6.124 0.052
V74 3.54 55 592 150 6.095 0.051
V74 5.44 55 817 137 6.061 0.050
V74 12.24 56 623 90 5.948 0.048
V74 15.30 56 985 71 5.902 0.047
V74 17.53 57 249 59 5.870 0.047
V74 18.01 57 306 56 5.864 0.047
NMO99 31.93 59 345 78 5.750 0.049
NMO99 33.98 59 744 91 5.750 0.050
NMO99 35.59 60 055 102 5.750 0.051
NMO99 37.14 60 353 112 5.750 0.052
NMO99 38.49 60 611 121 5.750 0.053
NMO99 39.77 60 854 130 5.750 0.054
NMO99 40.73 61 036 137 5.750 0.054
NMO99 41.68 61 215 144 5.750 0.055
NMO99 42.59 61 386 150 5.750 0.056
NMO99 43.35 61 528 155 5.750 0.056
NMO99 44.05 61 659 160 5.750 0.057
NMO99 45.14 61 862 168 5.750 0.058
NMO99 46.02 62 025 175 5.750 0.058
NMO99 46.65 62 141 179 5.750 0.059
NMO99 47.18 62 239 183 5.750 0.059
NMO99 47.39 62 278 184 5.750 0.059
C(h1l1gxm) 47.41 62 281 184 5.750 0.059

Q(h1h2l1g) 26.7 58 335 50 5.753 0.048

Note: The estimate and standard error for ∆Cp°t(h1→l1g) are 118 and
7 J mol–1 K–1, respectively, at all temperatures.

Table 5. Standard enthalpy change for dissociation and the for-
mula of structure I methane hydrate with water.
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Congruent dissociation melting point of
metastable structure I methane hydrate
with water

Although the five measurements of methane hydrate be-
tween 335 and 493 MPa in Table 1 are accurately repre-
sented by eq. [2], the paucity of measurements makes it
difficult to be certain that a congruent maximum exists. For
comparison with phase h2 of structure II methane hydrate
(7), we assume that phase h1 of structure I methane hydrate
shows a metastable congruent maximum dissociation tem-
perature C(h1l1gxm) at 47.41 °C and at a pressure of
505 MPa.

At the congruent temperature tmax, (dt/dP) = 0, so that the
volume change for the hydrate dissociation melting reaction
is ∆V(h1→l1g) = (dt/dP) ∆H(h1→l1g)/T = 0, with
∆H(h1→l1g)/T > 0. In the two-component methane–water
system, the congruent dissociation melting point of structure
I methane hydrate is an invariant three-phase point, denoted
C(h1l1gxm), at which the volume and composition xm of the
equilibrium methane hydrate phase h1 is equal to the volume
and composition of its fused reaction products, liquid water
and gaseous methane.

At the congruent point C(h1l1gxm), 47.41 °C and
505 MPa, the thermodynamic model gives a maximum equi-
librium constant Kp(h1→l1g) of 102.3 MPa with SE 0.2 MPa
and a maximum CH4:H2O mole ratio for the methane hy-
drate formula CH4·(5.750 ± 0.059)H2O, with an h1 formula
volume 122.4 ± 1.3 cm3 mol–1 CH4, and with cubic hydrate
lattice (8) parameter 1.176 ± 0.004 nm. The equilibrium vol-
ume (11) of methane gas is 32.7 ± 0.3 cm3 mol–1 CH4, and
the equilibrium water volume (12) of 5.750H2O l1 is 91.0 ±
0.9 cm3 mol–1 CH4. At C(h1l1gxm) the estimated ∆V (prod-
ucts – reactants) = 1.3 ± 1.6 cm3 mol–1 CH4. Similarly, for
the hydrate with formula CH4·(5.750 ± 0.058)H2O at
45.14 °C and 335 MPa, ∆V = 4.5 ± 1.6 cm3 mol–1 CH4, and
with formula CH4·(5.750 ± 0.059)H2O at 47.39 °C and
493 MPa, ∆V = 1.5 ± 1.6 cm3 mol–1 CH4.

Between quadruple point Q(h1h2l1g), 55.5 MPa at 26.7 °C,
and up to hydrate pressure 505 MPa at 47.41 °C, it is found
that with increasing temperature and pressure, methane from
the gas phase is forced into the equilibrium structure I meth-

ane hydrate lattice, increasing its methane content towards
the ideal maximum formula CH4·5.750.

The estimates of the standard thermodynamic function
changes for metastable structure I methane hydrate dissocia-
tion into water and methane reported here are entirely simi-
lar to those listed in ref. 7 for the stable structure II methane
hydrate dissociation into water and methane.
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Thermodynamics of binary mixtures containing a
very strongly polar compound — Part 3: DISQUAC
characterization of NMP + organic solvent
mixtures1

J.A. González, U. Domanska, and J. Lachwa

Abstract: Binary mixtures of 1-methyl pyrrolidin-2-one (NMP) with alkanes, benzene, toluene, 1-alkanol, or 1-alkyne
have been investigated in the framework of the DISQUAC model. The reported interaction parameters change regularly
with the molecular structure of the mixture components. The model consistently describes a set of thermodynamic
properties, including liquid–liquid equilibria, vapor–liquid equilibria, solid–liquid equilibria, and molar excess
enthalpies. A brief comparison of the DISQUAC results and those obtained from the UNIFAC and ERAS models is
presented. The experimental excess enthalpies are better represented by DISQUAC than by UNIFAC because this quan-
tity strongly depends on molecular structure. For NMP + alkane mixtures, the liquid–liquid equilibria data are also
better represented by DISQUAC, while UNIFAC more accurately describes the vapor–liquid equilibria measurements at
temperatures close to the critical point. This result suggests that a mean field theory is not able to represent simulta-
neously, with the same set of interaction parameters, liquid–liquid and vapor–liquid equilibria at the mentioned temper-
atures. ERAS fails when treating mixtures with 1-alkanols. This has been attributed to the strong dipole–dipole
interactions between NMP molecules, characteristic of the investigated systems. Mixture structure is briefly studied in
terms of the concentration–concentration structure factor.

Key words: thermodynamics, NMP, organic solvent, self-association, dipole–dipole interactions.

Résumé : On a étudié des mélanges binaires de 1-méthylpyrrolidin-2-one (NMP) avec des alcanes, du benzène, du to-
luène, des alcan-1-ols et des alc-1-ynes dans le contexte du modèle « DISQUAC ». Les paramètres d’interaction rap-
portés changent régulièrement avec la structure moléculaire des composants du mélange. Le modèle décrit d’une façon
consistante un ensemble de propriétés thermodynamiques, dont les équilibres liquide–liquide, les équilibres vapeur–li-
quide, les équilibres solide–liquide ainsi que les enthalpies molaires d’excès. On présente une brève comparaison des
résultats « DISQUAC » et ceux obtenus avec les modèles « UNIFAC » et « ERAS ». Les enthalpies en excès expéri-
mentales sont mieux représentées par le modèle « DISQUAC » que par le modèle « UNIFAC » parce que cette quan-
tité dépend fortement de la structure moléculaire. Pour les mélanges de NMP avec des alcanes, les données d’équilibre
liquide–liquide sont aussi mieux représentées par le modèle « DISQUAC » alors que le modèle « UNIFAC » décrit
d’une façon plus précise les mesures d’équilibre vapeur–liquide, à des températures près du point critique. Ce résultat
suggère qu’une théorie à champ moyen ne peut pas représenter simultanément, avec le même ensemble de paramètres
d’interaction, les équilibres liquide–liquide et vapeur–liquide aux températures mentionnées. Le modèle « ERAS » ne
peut pas être utiliser pour traiter des mélanges contenant des alcan-1-ols. Ceci est attribué aux fortes interactions
dipôle–dipôle entre les molécules de NMP caractéristiques dans les systèmes étudiés. La structure du mélange a été
brièvement étudiée en fonction du facteur de structure concentration–concentration.

Mots clés : thermodynamique, NMP, solvant organique, auto-association, interactions dipôle–dipôle.
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Introduction

We are engaged in a systematic investigation of the ther-
modynamic properties of solutions that contain a compound
with a very high dipolar moment in the gas phase (µ), such
as sulfolane (µ = 4.81 D (1)), dimethyl sulfoxide (µ = 4.06 D
(1)), propylene carbonate (µ = 4.94 D (1)) or 1-methyl
pyrrolidin-2-one (NMP, µ = 4.09 D (1)).

The thermodynamic properties of solutions containing
amides, amino acids, peptides, and their derivatives are of
interest because they provide simple biochemical models.
For example, aqueous N,N-dimethylformamide (DMF) is a
model mixed solvent that represents the environment of the
interior of proteins. NMP is an excellent dissociating solvent
(2, 3), suitable for use in electrochemistry (4) or in organic
syntheses requiring dipolar aprotic media (5). NMP and
DMF are also used as highly selective extractants for the re-
covery of aromatic and saturated hydrocarbons from petro-
leum feedstocks (6, 7). On the other hand, NMP can replace
with toxicological and environmental advantages solvents
such as chlorinated hydrocarbons (6).

Mixtures of NMP + aromatic compound (8), + 1-alkyne
(9), or + 1-alkanol (10–12) have been studied in the frame-
work of the ERAS model (13), which combines the real as-
sociation solution model (14) with Flory’s equation of state
(15) (physical term). In these applications, calculations were
developed assuming that NMP is a self-associated molecule,
which is not strictly justified. In fact, the properties of pure
liquid tertiary amides are due to the dominance of the gen-
eral dipole–dipole interactions over the more geometrical
hydrogen bond (16, 17). However, there must be significant
local order in view of the relatively high heat of vaporization
of tertiary amides (17). The poor predictions for the excess
enthalpy, HE, for NMP + 1-alkanol systems (11, 12) ob-
tained using ERAS may be because of the strong dipole–
dipole interactions present in such solutions.

On the other hand, UNIFAC interaction parameters are
available (18, 19) for NMP + alkane, + C6H6, + C7H8, or + 1
alkanol (≠ methanol) mixtures. The model fails when de-
scribing HE for solutions of NMP and C6H6, C7H8, or 1-
alkanol. To some extent, this may be due to the fact that the
interaction parameters were determined mainly from vapor–
liquid equilibria (VLE) data (see below). Here, we apply
DISQUAC (20), a purely physical model based on the rigid
lattice theory developed by Guggenheim (21), to carry out a
detailed study of mixtures containing NMP and one organic
solvent (alkane, C6H6, C7H8, 1-alkanol, 1-alkyne) using our
recent HE measurements for these systems (9–12). In previ-
ous articles (22, 23), we have already shown that DISQUAC
is a useful tool for the characterization of interactions in
mixtures of sulfolane with alkanes, C6H6, C7H8, CCl4, 1-
alkanols, 1-alkynes, or nitriles.

Model

In the framework of DISQUAC, mixtures of NMP with an
organic solvent are regarded as possessing the following four
types of surface: (i) type n, N-CO in NMP; (ii) type a,
aliphatic (CH3, CH2, in NMP, toluene, methylcyclohexane,
1-alkanols, or 1-alkynes); (iii) type c, c-CH2 in cycloalkanes
or NMP; and (iv) type s (s = b, C6H6 in benzene; s = p, C6H5

in toluene; s = h, OH in 1-alkanols; s = y, HC�C in 1-
alkynes).

Assessment of geometrical parameters
When DISQUAC is applied, the total molecular volumes

(ri), surfaces (qi), and the molecular surface fractions (αi) of
the compounds present in the mixture are calculated
additively on the basis of the group volumes RG and surfaces
QG recommended by Bondi (24). As volume and surface
units, the volume RCH 4

and surface QCH 4
of methane are used

(25). For the amide group, N-CO, rN-CO = 0.93633 and qN-CO =
0.63103. The remaining geometrical parameters for the
groups referred to in this work are given elsewhere (25–28).

Equations
The main features of DISQUAC are the following: (i) The

partition function is factorized into two terms, in such a way
that the excess functions are calculated as the sum of two
contributions, a dispersive (DIS) term that represents the
contributions from the dispersive forces and a quasichemical
(QUAC) term that arises from the anisotropy of the force
fields created by the molecules in solution. In the case of the
molar Gibbs energy (GE), the combinatorial term (GE,COMB)
is represented by the Flory–Huggins equation (25, 26).
(ii) The interaction parameters are assumed to be dependent
on molecular structure. The equations applied to calculate
GE and HE are the same as those used in other applications
(27). The reference value of the coordination number was
used; that is, z = 4. This value is assumed to be the same for
all the polar contacts. This represents one of the more im-
portant shortcomings of the model and is partially removed
by the hypothesis of considering structure-dependent inter-
action parameters.

The temperature dependence of the interaction parameters
gst, hst, and cpst has been expressed in terms of the DIS and
QUAC interchange coefficients (27), C st,

DIS
l and C st,

QUAC
1 ,

where s ≠ t = a, b, c, n, h, p, y; and l = 1 (Gibbs energy;
C st,1

DIS/ QUAC = gst
DIS/ QUAC(T0)/RT0); l = 2 (excess enthalpy;

C st,2
DIS/ QUAC = hst

DIS/ QUAC(T0)/RT0), l = 3 (heat capacity;

C st,3
DIS/ QUAC = cpst

DIS/ QUAC(T0)/R). To = 298.15 K is the scaling

temperature.
The calculation of liquid–liquid equilibria (LLE) coexis-

tence curves was done by taking into account that the values
of the mole fraction, x1 (x1′ , x1′′ ) relating to the two phases in
equilibrium are such that the functions GM′, GM′′ (GM = GE +
Gideal) have a common tangent (29).

The equation of the solid-equilibrium curve of a pure
solid component 1, including two first-order transitions, is
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for temperatures below that of the phase transition (30).
Conditions at which eq. [1] is valid have been specified else-
where (22). In eq. [1], γ1 is the activity coefficient of compo-
nent 1 in the solvent mixture at temperature T. In this work,
γ1 is calculated using DISQUAC. ∆Hfus1, Tfus1, and ∆Cpfus1
are, respectively, the molar enthalpy of fusion, the melting
temperature, and the change of the molar heat capacity dur-
ing the melting of component 1. ∆Htrs1 and Ttrs1 stand for the
molar enthalpy of transition and the transition temperature,
respectively. The required physical constants are listed in Ta-
ble A1 of the Appendix.

Estimation of the interaction parameters

The general procedure applied in the estimation of the in-
teraction parameters has been explained in detail elsewhere
(22) and will not be repeated here. Some remarks are given
below.

NMP + alkane systems
These solutions are formed by three contacts, (a,c), (a,n),

and (c,n). Because NMP is a five- membered ring, the (a,c)
contacts must be fitted to experimental data for cyclopentane +
n-alkane systems, which are described only by dispersive pa-
rameters (26, 31). The excess functions for binary mixtures
with cyclopentane, or with another cycloalkane, show low
values when a short-chain n-alkane is involved. For example,
HE(x1 = 0.5, 298.15 K) = 70 J mol–1 for cyclopentane + n-
heptane (32). Therefore, the corresponding interaction pa-

rameters also show low values. For the sake of simplicity,
we used C lac,

DIS (l = 1, 2, 3) = 0 in the present work. This ap-
proximation has been used previously for mixtures contain-
ing sulfolane (22, 23).

Once the (a,c) parameters are known, the (a,n) and (c,n)
contacts can be simultaneously fitted (Table 1). This was
done using the available database for NMP + n-alkane or +
cycloalkane mixtures. Moreover, it was assumed that C lan,

QUAC =
C lcn,

QUAC. This general rule is valid for many other solutions (see
(22) and references given therein).

NMP + benzene or toluene systems
These mixtures are characterized by six contacts, (a,s),

(a,c), (a,n), (c,s), (c,n), and (s,n), with s = b or p. The (a,s)
parameters are known from a study of benzene or toluene +
n-alkane mixtures (33). The interaction parameters for the
(c,s) (s = b, p) contacts are assumed to be entirely
dispersive. These parameters are not neglected in view of the
rather high values of the corresponding excess functions. For
example, at equimolar composition and 298.15 K, HE =
630 J mol–1 for cyclopentane + benzene (34) and 365 J mol–1

for cyclopentane + toluene (34). Here, averaged values of
the interchange coefficients are used, Cct,1

DIS = 0.23 and Cct,2
DIS =

0.47 (t = b, p). In the case of the cyclopentane + toluene sys-
tem, the purely dispersive parameters of the (a,p) contacts
must be considered. The values used are Cap,1

DIS = 0.39, Cap,2
DIS =

0.59, and Cap,3
DIS = –0.35.

The determination of the parameters for the (s,n) contacts
was done under the basic assumption that the mixtures with
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Solvent Contact (s,n)a C sn,1
DIS C sn,2

DIS C sn,3
DIS C sn,1

QUAC C sn,2
QUAC C sn,3

QUAC

n-Cn (n ≤ 6) (a,n) 5.25 12.0 2.0 8.0 6.0 2.0

n-Cn (n = 7) (a,n) 5.10 12.0 2.0 8.0 6.0 2.0
n-Cn (n = 8) (a,n) 5.0 12.0 2.0 8.0 6.0 2.0
n-Cn (n = 9) (a,n) 4.95 12.0 2.0 8.0 6.0 2.0
n-Cn (n ≥ 10) (a,n) 4.9 12.0 2.0 8.0 6.0 2.0
c-Cn (c,n) 5.0 12.0 2.0 8.0 6.0 2.0
C6 H6 (b,n) 2.6 6.65 3.0 5.0 0.8 2.0

C7H8 (p,n) 2.3 6.5 8.0 5.0 0.8 2.0
1-Hexyne (y,n) 0.45 –3.3 2.0 –1.5
1-Heptyne (y,n) 0.45 –3.7 2.0 –1.5
1-Octyne (y,n) 0.45 –4.2 2.0 –1.5
Methanol (h,n) –2.85 7.2 9.0 –0.75 –2.2 –3.0
Ethanol (h,n) –2.85 9.0 9.0 –0.75 –1.52 –3.0
1-Propanol (h,n) –2.5 9.0 20.0 –0.75 –1.05 –3.0
1-Butanol (h,n) –2.2 4.05 20.0 –0.75 –0.25 –3.0
1-Pentanol (h,n) –2.0b 2.95 20.0 –0.75 –0.25 –3.0
1-Hexanol (h,n) –1.75 2.15 20.0 –0.75 –0.25 –3.0
1-Heptanol (h,n) 0.75 1.8 20.0 –0.75 –0.25 –3.0
1-Octanol (h,n) 3.0 0.45 20.0 –0.75 –0.25 –3.0
1-Nonanol (h,n) 5.2b –0.25 20.0 –0.75 –0.25 –3.0
1-Decanol (h,n) 8.0 –0.55 20.0 –0.75 –0.25 –3.0
1-Undecanol (h,n) 11.0 –0.55 20.0 –0.75 –0.25 –3.0
≥1-Dodecanol (h,n) 12.0 –0.55 20.0 –0.75 –0.25 –3.0

a(s = a, CH3, or CH2 in n-alkanes, methylcyclohexane, toluene, 1-alkanols, 1-alkynes, or NMP; s = b, C6H6; s = c, c-CH2 in cycloalkanes or NMP; s =
h, OH in 1-alkanols; s = p, C6H5 in toluene; s = y, HC�C in 1-alkynes; n, N-CO in NMP).

bEstimated values.

Table 1. Dispersive (DIS) and QUAC interchange coefficients, C sn,
DIS

l and C sn,
QUAC

1 (l = 1, Gibbs energy; l = 2, enthalpy; l = 3, heat ca-
pacity) for (s,n) contacts in NMP + organic solvent mixtures.
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benzene or toluene are characterized by the same QUAC co-
efficients but different DIS parameters. The same trend is
observed in 1-alkanol (35) or 2-alkanol (36) or sulfolane
(22) + benzene or + toluene mixtures. The final parameter
values are listed in Table 1.

NMP + 1-alkanol systems
There are six contacts present in the mixtures: (a,c), (a,h),

(a,n), (c,h), (c,n), and (n,h). The Cah,
DIS/ QUAC

1 and Cch,
DIS/ QUAC

1
(l = 1, 2, 3) coefficients have been previously determined
from data for VLE, LLE, SLE (solid–liquid equilibria), HE,
and Cp

E for 1-alkanol + alkane systems (27, 37–39). There-
fore, only the interaction parameters for the (h,n) contacts
must be fitted (Table 1).

NMP + 1-alkyne systems
Here, there are also six contacts: (a,c), (a,n), (a,y), (c,n),

(c,y), and (n,y). The Cay,
DIS/ QUAC

1 and Ccy,
DIS/ QUAC

1 coefficients
are known (28) from experimental data for 1-alkyne + n-
alkane and + cycloalkane mixtures, respectively. So, only the
Cny,

DIS/ QUAC
1 coefficients must be determined (Table 1). Owing

to the lack of GE data, the first DIS and QUAC interchange
coefficients were calculated using the available data for log-
arithms of activity coefficients at infinite dilution (40, 41).

Results

DISQUAC results
Results from the DISQUAC model are compared with

experimental data for LLE, VLE, GE, SLE, and HE in Ta-
bles 2–5. Comparisons for selected mixtures are plotted in
Figs. 1–4. For the sake of clarity, relative deviations for the
pressure (P) and HE, defined as

[2] σr P
N

P P

P
( )
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=
−


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


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1 2/

are given in Tables 3 and 5, where N stands for the number
of data points for each system.

We note that DISQUAC consistently represents the ther-
modynamic properties of the systems under study. The theo-
retical results for VLE and SLE suggest that the model can
be applied over a wide range of temperatures (Tables 3, 4).

DISQUAC describes the LLE curves for the NMP +
alkane systems (Fig. 1) reasonably well, considering that
calculations were developed under the incorrect assumption
that the excess functions are analytical close to the critical
points, while the thermodynamic properties are, really, ex-
pressed in terms of scaling laws with universal critical expo-
nents and universal scaling functions (65). For this reason, at
temperatures near the UCST (upper critical solution temper-
ature), the calculated LLE and HE curves are more rounded
that the experimental curves (Figs. 1, 2). This is in accor-
dance with the results obtained for other mixtures, such as
alkane + dimethyl carbonate (50), acetic anhydride (66),

methanol (38), phenol (67), sulfolane (22), or alkoxyethanol
(68). Nevertheless, the coordinates of the critical points are
represented in the correct range of temperature and composi-
tion (Table 2). It is remarkable that for NMP + n-alkane sys-
tems, the UCST does not increase regularly with the chain
length of the n-alkane. So, for the solutions with n-C4 or n-
C5, the UCST is higher than for the mixture with n-C6
(Table 2). This has been ascribed to the alkane-rich phase
approaching its gas–liquid critical point (42). DISQUAC
cannot represent such behaviour, and larger differences
between experimental and calculated UCST values are ob-
served for the mentioned systems.

The rather poor theoretical results obtained for VLE for
solutions with alkanes (Table 3) at temperatures close to the
critical values merely underline that it is not possible to ac-
curately and simultaneously represent VLE and LLE at
those conditions using the same set of interaction parame-
ters. Note that the model describes the composition depend-
ence of HE (Table 5) and the coordinates of the azeotropes
quite accurately at high enough temperatures. For example,
DISQUAC predicts, for the NMP(1) + n-dodecane(2) system
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Tc (K) x1c

Solvent Exp.a DQ Exp.a DQ Ref.

n-C4 338.73 296.9 0.278 42

n-C5 324.35 316.0 0.3478 0.345 43

325 0.385 44
n-C6 324.65 331.3 0.443 0.401 44

322.41 42
2,2-Dimethylbutane 327.60 333.6 0.3539 0.409 45
2,3-Dimethylbutane 319.22 331.1 0.3845 0.401 45
n-C7 326.05 333.4 0.455 0.451 44

325.76 0.4659 43
n-C8 328.5 336.3 0.488 0.490 44

n-C9 333.19 340.8 0.5438 0.530 43

332.25 0.502 44
337.45 0.502 46

n-C10 337.73 344.1 0.631 0.565 47

336.72 0.511 48
n-C11 340.8 350.2 0.523 0.601 48

341.38 0.6148 43
n-C12 353.27 355.5 0.629 42

344.7 0.530 48
n-C13 348.9 360.4 0.630 0.662 48

n-C14 354.9 364.7 0.645 0.680 48

n-C16 367.65 372.3 0.6781 0.721 49

c-C5 277.07 279.5 0.2198 0.255 45

C6H12 283.10 288.4 0.2779 0.285 45

m-C6H12
b 291.24 312.0 0.4196 0.359 45

c-C7 289.07 291.9 0.3409 0.310 45

c-C8 291.87 291.4 0.3515 0.318 45

286.95 0.498 46
aExperimental (exp.) values.
bm-C6H12, treated as an n-alkane (50).

Table 2. Critical points, temperatures (Tc), and compositions
(x1c) for NMP(1) + organic solvent(2) mixtures calculated using
DISQUAC (DQ) with interaction parameters from Table 1.
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at 393.15 K, an azeotrope at x1az = 0.652 and Paz =
103.52 kPa; the experimental values, at the same tempera-
ture, are x1az = 0.655 and Paz = 105.96 kPa (51). However,
the observed discrepancies for VLE are also due in part to
the inadequacy of the Flory–Huggins combinatorial term
(69), as well as to experimental errors (54). Note, for exam-
ple, the extremely negative value of GE for NMP + 1-
propanol or + 1-hexanol mixtures (Table 3).

For systems with solvents other than alkanes, DISQUAC
provides quite good results.

One of the most interesting features of the NMP + 1-
alkanol systems is that the position of the maxima of the HE

curves is shifted to a higher mole fraction of the amide when
the chain length of the 1-alkanol increases (11, 12). Similar
behaviour is observed for mixtures of DMF (70), dimethyl-
acetamide (71), or dimethylsulfoxide (70) with 1-alkanols.
The opposite trend is encountered for mixtures formed by 1-
alkanol with a nonpolar compound, such as benzene, or with

a polar non-protonic solvent (e.g., cyclohexanone, 1,4-
dioxane) (70). This complex behaviour is well described by
DISQUAC (Fig. 3).

Comparison with other models
The experimental HE data are better represented by

DISQUAC than by UNIFAC (Fig. 4b) because the interac-
tion parameters are considered to be dependent on the
molecular structure. UNIFAC fails when representing HE for
the NMP + 1-alkanol mixtures. At equimolar composition
and 298.15 K, the model predicts HE (1-propanol) =
1555 J mol–1, while the experimental value is 277 J mol–1

(11). This large discrepancy may be due the absence of HE

measurements and the determination of the interaction pa-
rameters using only VLE data. For this reason, UNIFAC im-
proves VLE for the mixtures with alkanes (Fig. 4a).
However, UNIFAC does not correctly represent LLE. For
example, UNIFAC predicts ≈395 K for the UCST of the
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GE (J mol–1) σr(P)a

Solvent T (K) Nb Exp.c DQd Exp.c DQd Ref.

n-C6 333.25 10. 1600 1474 0.005 0.039 51

343.25 9 1630 1465 0.061 51
363.58 44 1540 1444 0.12 52

n-C7 298.15 29 584 654 0.013 0.12 53

340 19 1580 1501 0.011 0.12 54
365 9 1570 1468 0.013 0.10 54

n-C12 393.25 12 1550 1498 0.007 0.029 51

C6H12 281.15 7 678 (x1 = 0.1) 599 0.003 0.26 55

287.15 10 1380 1145 0.004 0.21 55
293.15 11 1380 1212 0.007 0.20 55
333.25 12 1180 1175 0.003 0.018 51
354.15 11 1200 1150 0.012 0.023 51

m-C6H12
e 340 10 1390 1344 0.014 0.072 54

354.15 11 1240 1329 0.018 0.067 51
370 13 1390 1309 0.033 0.066 54
373.25 10 1170 1305 0.003 0.055 51

C6H6 281.15 12 12 15 0.009 0.007 55

287.15 12 22 26 0.006 0.004 55
293.15 12 33 37 0.005 0.003 55
330 15 108 104 0.009 0.016 54
333.25 –328 109 51
350 17 71 140 0.015 0.045 54
354.15 –238 146 51

C7H8 343.15 16 301 290 0.036 0.038 54

363.25 3.2 302 51
373.15 15 307 305 0.039 0.064 54
383.35 140 306 51

Methanol 333.15 21 –622 –627 0.022 0.039 56
Ethanol 333.15 20 –565 –554 0.018 0.053 56
1-Propanol 354.15 9 –975 –520 0.009 0.26 51
1-Hexanol 351.75 10 –457 –310 0.004 0.048 51

393.35 9 –533 –360 0.003 0.055 51
aEquation [2].
bNumber of data points.
cExperimental values.
dDISQUAC calculations with interaction parameters from Table 1.
em-C6H12 treated as an n-alkane (50).

Table 3. Molar excess Gibbs energies, GE, at equimolar composition and at temperature T for NMP(1) + organic solvent(2) mixtures.
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x1eu Teu (K)

Solvent Na dev(T)b Exp.c DQd Exp.c DQd Ref.

C6H6 36 2.5e 0.4712 0.508 242.85 238.6 57
C7H8 17 0.37 57
1-Propanol 34 2.9 58
1-Butanol 30 0.51 58
1-Hexanol 30 0.98 0.4039 0.395 213.87 212.56 59
1-Heptanol 33 0.95 0.4856 0.477 220.78 222.55 59
1-Octanol 21 1.4 0.6345 0.674 235.40 235.84 59
1-Decanol 27 0.54 0.8910 0.880 246.72 245.26 59
1-Undecanol 33 1.0 0.9564 0.955 247.99 247.76 59
1-Decanol 32 1.6 0.976 248.70 59
1-Tetradecanol 25 4.4f 59

aNumber of data points.
bdev(T) = 1

N
T Texp −∑ calcd

cExperimental values.
dDISQUAC calculations with interaction parameters from Table 1.
eCalculations developed assuming a complex compound of the 1:1 type with an enthalpy of formation of 65 kJ mol–1. The experimental work indicates

a complex compound of 1:2 type (57).
f The two first-order transtions for 1-tetradecanol were taken into consideration along calculations (59): Ttr2

′ (α→β ) = 308.17 K; ∆H tr2
′ = 17.50 kJ mol–1;

Ttr2
′ ′ (α β→ ) = 306.43 K; ∆H tr2

′ ′ = 2.13 kJ mol–1.

Table 4. Solid–liquid equilibria for NMP(1) + organic solvent(2) mixtures.

HE (J mol–1) dev(HE)a

Solvent T (K) Nb Exp.c DQd Exp.c DQd Ref.

n-C6 363.15 17 1707 1851 0.005 0.042 52

2-Methylpentane 363.15 20 1670 1850 0.003 0.054 52
3-Methylpentane 363.15 16 1664 1850 0.006 0.060 52
n-C7 333.2 9 1862 1898 0.001 0.036 60

353.2 9 1941 1958 0.008 0.032 60
C6H12 298.15 15 1360 1449 0.012 0.073 61
C6H6 298.15 14 –500 –500 0.012 0.017 61

298.15 12 –544 0.005 0.059 8
313.15 14 –489 –487 0.012 0.017 61

C7H8 298.15 9 –237 –237 0.029 0.029 62
9 –319 0.004 0.222 8

313.15 9 –144 –145 0.069 0.146 62
1-Hexyne 298.15 10 –880 –854 0.010 0.041 9
1-Heptyne 298.15 14 –740 –689 0.010 0.051 9
1-Octyne 298.15 11 –592 –549 0.008 0.056 9
Methanol 298.15 14 –647 –654 0.005 0.029 63

10 –652 0.011 0.017 64
308.15 10 –664 0.015 0.024 63

Ethanol 298.15 11 30 14 0.067 0.323 12
1-Propanol 298.15 16 281 277 0.011 0.039 11
1-Butanol 298.15 13 309 303 0.010 0.058 11
1-Pentanol 298.15 14 367 363 0.014 0.049 12
1-Hexanol 298.15 13 439 431 0.009 0.027 12
1-Heptanol 298.15 14 512 507 0.013 0.017 12
1-Octanol 298.15 10 520 518 0.008 0.042 12
1-Nonanol 298.15 10 560 549 0.005 0.027 12
1-Decanol 298.15 13 595 586 0.008 0.022 12
1-Undecanol 298.15 10 610 640 0.005 0.031 12

aEquation [3].
bNumber of data points.
cExperimental values.
dDISQUAC calculations with interaction parameters from Table 1.

Table 5. Molar excess enthalpies, HE, at equimolar composition and at temperature T for NMP (1) + organic solvent(2) mixtures.
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NMP + decane system, whereas the experimental value is
337.73 K (47).

As already mentioned, ERAS has been applied to NMP +
benzene, + toluene, + 1-alkyne, or + 1-alkanol mixtures. The
calculations were carried out assuming that NMP is self-

associated, which is not justified (16, 17). In addition, self-
association was also assumed for benzene, toluene, and 1-
alkyne. For NMP + benzene, + toluene, or + 1-alkyne sys-
tems, the mean deviation of HE from DISQUAC is ≈6.8%,
while ERAS, under the specified assumptions, provides a
mean deviation of ≈13%. However, the ERAS results are
still meaningful because the model can also quite accurately
represent the molar excess volume (VE) of such solutions.
This seems to indicate that ERAS could be applied to sys-
tems in which self-association and cross-association occur,
owing to other interactions besides hydrogen bonding (8).

For NMP + 1-alkanol mixtures, calculations carried out in
the present work show that there is no significant difference
between results obtained when considering NMP to be a
non-self-associated compound and those obtained when
NMP is assumed to be self-associated.

In any case, the important point is that ERAS does not de-
scribe the thermodynamic properties of solutions of NMP
with 1-alkanol. This may be due to the fact that ERAS can-
not properly represent such large positive contributions from
dipole–dipole interactions to the excess functions. Fig. 3
shows that for NMP + methanol mixtures, the calculated HE

curve is shifted towards higher mole fractions of the alcohol.
This suggests that the model overestimates the chemical
contribution to HE or the role of the self-association of the
alcohol in these mixtures. A similar trend was found for 1-
alkanol + linear organic carbonate systems (72), although
the representation of the mixture properties was acceptable,
probably because the dipole–dipole interactions between the
carbonate molecules are of less importance than those be-
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Fig. 1. LLE for NMP(1) + alkane(2) mixtures. Experimental re-
sults: �, cyclohexane (45), �, n-decane (47); �, n-hexadecane
(49). Solid curves, DISQUAC calculations.

Fig. 2. HE at 298.15 K for NMP(1) + organic solvent(2) mix-
tures. Experimental results: �, cyclohexane (61); �, toluene
(62); �, benzene (61); �, 1-hexyne (9). Solid curves, DISQUAC
calculations.

Fig. 3. HE at 298.15 K for NMP(1) + 1-alkanol(2) mixtures. Ex-
perimental results: �, methanol (63); �, ethanol (12); �, 1-
hexanol (12); �, 1-decanol (12). Solid curves, DISQUAC calcu-
lations. Dashed curve: ERAS results (this work) for the mixture
with methanol using KAB = 22; ∆hAB

* = –38.5 kJ mol–1;
∆vAB

* = –14.2 cm3 mol–1; XAB = 12 J cm–3 (for other ERAS
parameters, see (10)).
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tween NMP molecules (note that the experimental UCST for
the dimethyl carbonate + n-decane mixture is 286.62 K
(73)).

Therefore, one can conclude that ERAS can be applied
successfully to mixtures for which the thermodynamic prop-
erties arise from the self-association of one component (1-
alkanol + alkane (74)) or from interactions between unlike
molecules (1-alkanol + amine (75) or NMP +1-alkyne (9)).

Calculations of TSE
int (= HE – Gint

E , with GE = Gint
E +

GE,COMB) support this conclusion (Table 6). NMP + 1-

alkyne, + benzene, + toluene, or + methanol systems show
very negative TSint

E values. In the diagram where Gint
E (x1 =

0.5) is plotted against HE(x1 = 0.5) (76), the mentioned solu-
tions are placed on the left-hand side, indicating the impor-
tance of chemical interactions in such mixtures. For NMP +
1-alkanol (≠ methanol) systems, TSint

E becomes quite large
and positive, indicating that association is not so important.
It should be kept in mind that GE and HE of systems formed
by NMP and one hydrocarbon or one aromatic compound
are not described by the chemical theory of solutions (60).
This suggests the transitional character (between associated
and non-associated mixtures) of those solutions containing a
very polar component (60).

Discussion

Concentration–concentration structure factor
Mixture structure can be studied using the concentration–

concentration structure factor, SCC(0) (77), defined as

[4] S
RT

G x
x x
DM

P T
CC( )

( / ) ,

0
2

1
2

1 2= =
∂ ∂

with

[5] D
x x
RT

G x
x x
RT

G
x

M
P T

E

P T

= = +








1 2 2

1
2 1 2

2

1
2

1( / ) ,

,

∂ ∂ ∂
∂

D is a function closely related to thermodynamic stability
(65, 78). For ideal mixtures, GE,id = 0, Did = 1, and SCC(0) =
x1x2. As stability conditions require, SCC(0) > 0, and if the
system is close to phase separation, SCC(0) must be large and
positive (∞, when the mixture presents a miscibility gap). In
contrast, if compound formation between components ap-
pears, SCC(0) must be very low (0, in the limit of complete
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Fig. 4. Comparison between results for VLE and HE from the
DISQUAC (DQ) and UNIFAC models: (a) Results for the rela-
tive standard deviation in pressure (eq. [2]), σr(P); (b) results for
dev(HE) (eq. [3]).

Solvent
GE

(J mol–1)a
GE,COMB

(J mol–1)b
HE

(J mol–1)c
TS int

E

(J mol–1)d

n-C7 1484e –27e 1958e 474e

C6H6 46 –14 –500 –560

C7H8 239 0 –237 –476

Methanol –628 –306 –654 –332
Ethanol –492 –120 14 386
1-Butanol –284 –5 303 582
1-Hexanol –201 –12 431 620
1-Octanol 27 –61 518 430
1-Decanol 166 –126 585 293
1-Hexyne 311 –1 –853 –1165
1-Heptyne 423 –14 –689 –1126
1-Octyne 507 –37 –549 –1083

aMolar excess Gibbs energy calculated using the interaction parameters
from Table 1.

bCombinatorial contribution to GE calculated with the Flory–Huggins
equation (25, 26).

cMolar excess enthalpy calculated using the interaction parameters from
Table 1.

dTS int
E = HE – G int

E ; GE = G int
E + GE,COMB.

eValue at 353.2 K.

Table 6. Molar excess functions at 298.15 K and equimolar
composition for NMP(1) + organic solvent(2) mixtures.
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reaction). So, if SCC(0) > x1x2 (i.e., D < 1), the dominant
trend in the system is the separation of the components
(homocoordination), and the mixture is less stable than the
ideal mixture. If 0 < SCC(0) < x1x2 = SCC(0)id (i.e., D > 1),
the fluctuations in the system have been removed, and the
dominant trend in the solution is compound formation
(heterocoordination). In this case, the system is more stable
than the hypothetical ideal mixture.

Hereafter, we refer to values of the thermodynamic prop-
erties at 298.15 K and equimolar composition. For the
NMP + n-C7 system (T = 373.15 K), SCC(0) = 1.79. This
rather high value is characteristic of mixtures at tempera-
tures close to the UCST and underlines the dominant role in
such solutions of homocoordination (dipole–dipole interac-
tions between NMP molecules; see also the high HE values
for this system (Table 2)). Similarly, SCC(0) = 1.72 for NMP +
cyclohexane.

For the NMP + methanol solution, SCC(0) = 0.17. The
SCC(0) curve is shifted to higher NMP concentration (Fig. 5),
which means that several NMP molecules interact with one
methanol molecule. From the study of NMP + 1-alkanol sys-
tems, in terms of the internal pressure (Pi) of the pure com-
ponents and of their mixtures (79), it has been concluded
that 1:1 (H-bond) and 1:2 (dipole–dipole interactions) aggre-
gates are feasible only for the NMP + methanol system,
whereas for the other 1-alkanols the associative and disper-
sion forces do not enable net heteroassociation. This conclu-
sion was based on VE and ∆G*E (Gibbs energy of activation)
data (79).

SCC(0) calculations using DISQUAC suggest that
heterocoordination is still possible for NMP + 1-hexanol
system (see Fig. 5), as SCC(0) = 0.21.

For the NMP + 1-hexyne system, SCC(0) = 0.32. However,
HE = –880 J mol–1 (9). This may be interpreted by assuming
that, although there is a larger number of interactions be-
tween like molecules (SCC(0) > 0.25), the interactions be-
tween unlike molecules are stronger.

Finally, the NMP + benzene system is characterized by
HE = –500 J mol–1 (61). In addition, SLE measurements sug-
gest the existence of complex formation (1:2 type) (57). This
evidence suggests interactions between unlike molecules. In
contrast, SCC(0) = 0.25. This may well be due to the low
value of the GE (Table 3), a possible consequence of
enthalpic–entropic compensation.

The DISQUAC interaction parameters
(a) For mixtures containing n-alkanes, the first dispersive

interaction parameter depends on the chain length of the n-
alkane (Table 1). This is necessary to describe the LLE
curves. Similar behaviour has been reported for mixtures of
n-alkanes with sulfolane (22) or crown ethers (80).

(b) For mixtures containing 1-alkanol, the Chn,
QUAC

1 (l = 1,
3) coefficients are independent of the alkanol, while the
enthalpic QUAC parameters differ only for the lower 1-
alkanols (Table 1). Similar trends have been reported for
other solutions, for example: 1-alkanol + n-alkane (27, 37),
or + cyclohexane (39), or + aromatic compound (35), or +
linear organic carbonate (72), or in alkoxyethanol + alkane
mixtures (68). This reveals the different character (stronger
self-association, higher dielectric constant) of first members
of homologous series (methanol, ethanol, 2-methoxyetha-

nol). The same conclusion was stated when treating 1-
alkanol + organic solvent mixtures in the framework of
Barker’s theory (81, 82)

(c) The Chn,
DIS

1 coefficients remain constant for the longer 1-
alkanols (Table 1), as reported previously for 1-alkanol + n-
alkane (27, 37), + cyclohexane (39), + aromatic compound
(35), or + linear organic carbonate (72) mixtures.

Conclusions

Mixtures of NMP with alkane, benzene, toluene, 1-
alkanol, or 1-alkyne have been investigated in the framework
of the DISQUAC model. The corresponding interaction pa-
rameters are reported. The model consistently describes a set
of thermodynamic properties: LLE, VLE, SLE, GE, and HE.
The dependence of the interaction parameters on molecular
structure is similar to results reported previously for other
mixtures.
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Fig. 5. SCC(0) for NMP(1) + 1-alkanol(2) + mixtures at tempera-
ture T. Points, experimental values at 333.15 K (56). Solid
curves, DISQUAC calculations at 333.15 K (methanol) or at
298.15 K (remaining 1-alkanols). Dashed curve, ideal mixture.
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Compound
Tfus

(K)
∆Hfus

(kJ mol–1)
∆Cpfus

(J mol–1 K–1)

C6H6 278.68 9.866

C6H12 279.87 2.667

NMP 249.68 12 35.0
1-Propanol 147.05 5.195
1-Hexanol 226.55 15.40 43.28
1-Heptanol 238.62 18.17 55.66
1-Octanol 258.90 23.70 68.75
1-Decanol 279.82 28.79 101.20
1-Undecanol 289.54 33.61 119.00
1-Dodecanol 297.89 38.42 139.30
1-Tetradecanol 311.86 20.14 184.25

aFor the source of experimental data, see ref. A1.
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Appendix A.

Table A1. Physical constantsa of pure compounds: Tfus, melting
temperatures; ∆Hfus, molar enthalpy of fusion; ∆Cpfus, heat capac-
ity change between the solid and the liquid at the melting point.
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Determination of the second stoichiometric
dissociation constants of glycine in aqueous
sodium or potassium chloride solutions at
298.15 K

Jaakko I. Partanen, Pekka M. Juusola, Pentti O. Minkkinen, and Virginie Verraes

Abstract: Equations were determined for the calculation of the second stoichiometric (molality scale) dissociation con-
stant, Km2, of glycine, in aqueous NaCl and KCl solutions at 298.15 K, from the thermodynamic dissociation constant,
Ka2, of this acid and the ionic strength, Im, of the solution. The ionic strength of the solutions considered in this study
is determined mostly by the salt alone, and the equations for Km2 were based on the single-ion activity coefficient
equations of the Hückel type. New data measured by potentiometric titrations in a glass electrode cell were used in the
estimation of the parameters for the Hückel equations of glycine species. By means of the calculation method sug-
gested in this study, Km2 can be obtained almost within experimental error up to an Im of about 1.0 mol kg–1 for
glycine in NaCl and KCl solutions. The Km2 values obtained by these methods were also compared with the values
suggested in the literature for this quantity.

Key words: ionic strength dependence, stoichiometric dissociation constant, Debye–Hückel equation, potentiometry,
glycine.

Résumé : Des équations sont développées pour le calcul de Km2, la deuxième constante de dissociation stoechiomé-
trique (en molalité) de la glycine en solution aqueuse de NaCl et KCl à 298,15 K. Ces équations sont déterminées à
partir de la constante de dissociation, Ka2, de cet acide et de la force ionique, Im, de la solution. La force ionique des
solutions étudiées est imposée en presque totalité par le sel contenu en solution. Les formules pour Km2 sont alors dé-
duites d’équations de type Hückel pour la détermination du coefficient d’activité d’un seul type d’ions. Les paramètres
des équations d’Hückel pour les sels de glycine ont été approximés sur la base de mesures faites par titrations poten-
tiométriques avec des électrodes de verre. Avec les meilleures méthodes de calculs présentées dans cette étude, Km2

peut être calculé avec une certitude presque équivalente aux erreurs expérimentales pour des solutions de glycine dans
NaCl ou KCl ayant une force ionique Im jusqu’à environ 1,0 mol kg–1. Les valeurs de Km2 obtenues par ces méthodes
sont aussi comparées aux valeurs trouvées dans la bibliographie.

Mots clés : influence de la force ionique, constante de dissociation stoechiométrique, équation de Debye–Hückel, po-
tentiométrie, glycine.
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Introduction

In this manuscript, we continue the studies (1–17) dealing
with the thermodynamics of weak acid solutions. The pur-
pose of these studies is to determine the stoichiometric dis-
sociation constants (for example, the molality scale
dissociation constants, Km) for salt solutions of different
weak acids, as reliably as possible from potentiometric titra-
tion data measured with glass electrodes. Additionally in

these studies, calculation methods of the experimental Km
values for weak acids are also developed for literature data
measured on galvanic cells without a liquid junction; see,
e.g., ref. 1, and with a liquid junction, see ref. 16.

The other motivation of our studies in this field is to de-
termine equations for the correlation of the experimental Km
values of different weak acids to the composition variables
of salt solutions at 298.15 K. For this purpose, Hückel and
Pitzer equations have been used in the previous studies for
the single-ion activity coefficients. In the present study,
Hückel equations were used for the analysis of potentio-
metric titration data of glycine in NaCl and KCl solutions.
Pitzer equations, which are nowadays most often used for in-
terpretation of thermodynamic data, were not considered in
this study because Pitzer parameters are missing for the
component salts of sodium and potassium glycinate in these
solutions, and these parameters cannot be accurately deter-
mined solely from potentiometric titration data. Usually the
binary Pitzer parameters for different salts have been deter-
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mined, in the literature, from osmotic coefficients obtained
from isopiestic data.

Glycine (NH2CH2COOH) is the simplest amino acid, and
the dissociation of this acid in water solutions has been in-
tensively studied. These works have been reviewed by the
International Union of Pure and Applied Chemistry (IUPAC)
(18). This review revealed, however, the absence of system-
atic studies on the influence of ionic strength, Im, on Km1
and Km2 (i.e., on the first and second dissociation constants,
respectively). For other weak acids, systematic studies are
also rare, and the existing studies in this field are usually
concentrated on acids used as pH buffer substances. The ex-
isting systematic glass electrode studies have been reviewed
by Daniele et al. (19) and Sastre de Vicente (20). The
stoichiometric dissociation constants of glycine in aqueous
salt solutions have been determined in the following studies:
Daniele et al. (21), in tetraethylammonium iodide solutions
(Ic = 0.01–1 mol dm–3, where Ic is the ionic strength on the
concentration scale); Rey et al. (22), in KNO3 solutions (Ic =
0.025–0.5 mol dm–3); Herrero et al. (23), in KNO3 solutions
(Im = 0.30–1.6 mol kg–1, where Im is the ionic strength on
the molality scale); Fiol et al. (24), in NaCl solutions (Im =
0.05–1.021 mol kg–1); Fiol et al. (25), in artificial seawater
(Im = 0.1–0.67 mol kg–1); Partanen (7), in NaCl solutions
(Im = 0.1–3 mol kg–1 for Km1 and Im = 0.1–0.3 mol kg–1 for
Km2), by using King’s data (26) obtained by Harned cells;
and Alonso et al. (27), in NaClO4, KCl, and KBr solutions
(Im = 0.1–1 mol kg–1).

In the previous study (7), Km1 values for glycine were reli-
ably obtained, up to NaCl molalities of 3 mol kg–1, from the
cell potential data measured by King (26) on cells contain-
ing a hydrogen and a silver – silver chloride electrode (i.e.,
on Harned cells), but Km2 values for this acid cannot be de-
termined as accurately from these data because the data of
Km2 extend in this case only up to a salt molality of
0.3 mol kg–1. In the present study, therefore, potentiometric
titrations were carried out to determine Km2 for glycine in
more concentrated salt solutions. The titrations were carried
out in NaCl and KCl solutions.

The determination of the second dissociation constant of
glycine differed from our earlier studies in that the pH dur-
ing titration was above 8 (basic environment). In earlier
studies, the pH was always below 6 (acidic environment).
The solutions titrated had to be protected, therefore, against
atmospheric carbon dioxide. This was accomplished by bub-
bling argon through the solution before titration. An argon
mattress was thus formed over the solution, and it protected
the solution from absorption of CO2. The present study
shows for the first time that the experimental technique de-
veloped in this way allows the determination of Km values
with a glass electrode in basic solutions almost with the
same accuracy as the one obtained by the best techniques
with glass electrodes in acidic solutions (see, e.g., refs. 10
and 11). This technique seems, therefore, to be very promis-
ing for future thermodynamic studies of weak acids in basic
solutions.

Experimental

Potentiometric titrations of glycine were carried out in
aqueous NaCl and KCl solutions at 298.15 K. The two series

of salt solutions (the NaCl or KCl (pro analysi, Riedel-de
Haën series) were prepared in RO-filtered water (Millipore),
and the concentrations in these series were as follows:
0.080, 0.160, 0.240, 0.320, 0.400, 0.500, 0.700, and
1.350 mol L–1. The experimental results from the NaCl se-
ries are shown in Table 1 and those from the KCl series in
Table 2. A 0.0100 mol L–1 glycine (pro analysi, J.T. Baker)
solution, a 0.100 mol L–1 NaOH (Fixanal, Riedel-de Haën)
solution, and a 0.100 mol L–1 KOH (Titrisol, Merck) solu-
tion were also prepared.

The solutions to be titrated were prepared by mixing a
volume of 100.0 cm3 of a salt solution, 25.00 cm3 of water,
and 10.00 cm3 of the glycine solution (for the details, see
ref. 2). Since the glycine solutions were titrated in a basic
milieu, the influence of carbon dioxide on the solutions had
to be prevented by using argon gas, see above. This gas was
bubbled through each solution for about 10 min. The gas
stream was then stopped, and the titration vessel closed. In
this way, an argon mattress was formed over the titrated so-
lution, and it remained stable, as argon is heavier than air.

Titrations were then carried out by reading the cell poten-
tial difference (cpd) as a function of the added base volume.
The increments of 0.050 cm3 of the base solution were used.
The cpd was measured by means of a BlueLine 12pH com-
bination electrode and a CG841 pH meter, both manufac-
tured by Schottgeräte. The resolution of the meter was 0.1
mV. The titrant was added by means of a Dosimat
(Metrohm). Standard buffer solutions of pH = 4.005 and pH
= 6.865 at 298.15 K, see Buck et al. (28), were used to con-
trol the stability of the measuring system between titrations.
The pH meter usually reproduced readings within 0.2 mV in
these buffer test solutions.

To further check the stability of the measuring system, a
titration of formic acid was carried out before the glycine ti-
tration in each salt solution in similar conditions. An argon
gas mattress was also adjusted over the formic acid solutions
before titration. From the results of these formic acid titra-
tions, the Km values were determined by the method sug-
gested in ref. 10. This method is principally the same as the
one used here for glycine. The Km values obtained from the
titrations were always very close to those calculated from
the equations recommended in ref. 10 for Km of formic acid
in NaCl or KCl solutions. The good agreement between the
observed and recommended Km values for this acid guaran-
tees the quality of the new data for glycine.

Theory

In the Hückel method, the following equation is generally
used for the calculation of the activity coefficient (γ) of a
univalent ion i on the molality scale:

[1] lnγi = − +
α I

B Ii

m

m1 +
bi,MCl

I
m

m

°






where m° = 1 mol kg–1, Im is the ionic strength on the
molality scale, and α is the Debye–Hückel parameter at
298.15 K, equal to 1.17444 (mol kg–1)–1/2; see Archer and
Wang (29). Bi and bi,MCl are the parameters that are depend-
ent on ion i, and bi,MCl is also dependent on the salt present
in the system. Table 3 gives the parameter values determined
previously for this equation and used here.
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The thermodynamic value of the second dissociation con-
stant (Ka2) of glycine is given by

[2] K
a a
a

Ka2
H A

HA

H A

HA
m2= =









γ γ

γ

where a is the activity, HA refers to glycine molecules
(NH2CH2COOH or zwitterions, +NH3CH2COO–), and A to
glycinate ions (NH2CH2COO–). It is assumed that the activ-
ity coefficient of the neutral species HA follows the
Kirkwood equation (30, 31) for zwitterions, i.e.,
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E (mV)a

V (cm3)b GKC1 GKC2 GKC3 GKC4 GKC5 GKC7 GKC8

0.40 –143.4 –142.2 –142.0 –140.5 –140.4 –138.5 –139.6
0.45 –147.9 –146.8 –146.6 –145.1 –144.8 –143.0 –144.0
0.50 –152.2 –151.2 –150.7 –149.4 –149.1 –147.2 –148.2
0.55 –156.2 –155.2 –154.8 –153.4 –153.2 –151.2 –152.2
0.60 –160.1 –159.1 –158.6 –157.2 –156.9 –155.0 –155.8
0.65 –163.9 –162.7 –162.3 –160.9 –160.5 –158.5 –159.4
0.70 –167.4 –166.3 –165.9 –164.4 –164.1 –161.9 –162.8
0.75 –171.0 –169.7 –169.2 –167.9 –167.5 –165.2 –166.1
0.80 –174.3 –173.1 –172.6 –171.2 –170.7 –168.6 –169.4
0.85 –177.6 –176.3 –175.9 –174.3 –173.9 –171.7 –172.4
0.90 –180.6 –179.4 –179.0 –177.4 –177.0 –174.8 –175.5
0.95 –183.6 –182.5 –182.0 –180.5 –180.0 –177.7 –178.3
1.00 –186.7 –185.5 –185.0 –183.3 –182.9 –180.6 –181.1
1.05 –189.6 –188.3 –187.7 –186.2 –185.7 –183.3 –183.8
1.10 –192.3 –191.1 –190.4 –188.8 –188.4 –185.9 –186.5
1.15 –194.9 –193.7 –193.0 –191.4 –191.0 –188.3 –188.8
1.20 –197.5 –196.2 –195.5 –193.8 –193.5 –190.9 –191.3

Im(m°)c 0.0595 0.1193 0.1792 0.2394 0.2997 0.5280 1.0331
aThe measured cell potential difference.
bThe volume of titrant added.
cm° = 1 mol kg–1.

Table 2. Data obtained from titrations of glycine in KCl solutions at different ionic strengths (Im) with a base (KOH) solution at
298.15 K; series GKC.

E (mV)a

V (cm3)b GNC1 GNC2 GNC3 GNC4 GNC5 GNC6 GNC7

0.40 –141.7 –140.5 –138.4 –136.2 –136.0 –133.6 –133.2
0.45 –146.1 –145.0 –143.0 –140.7 –140.3 –138.0 –137.5
0.50 –150.4 –149.2 –147.1 –144.8 –144.4 –141.9 –141.6
0.55 –154.3 –153.2 –151.0 –148.7 –148.3 –145.8 –145.5
0.60 –158.1 –157.1 –154.8 –152.2 –151.8 –149.3 –149.1
0.65 –161.8 –160.7 –158.4 –155.8 –155.3 –152.9 –152.5
0.70 –165.3 –164.3 –161.8 –159.1 –158.7 –156.4 –155.9
0.75 –168.7 –167.6 –165.1 –162.4 –162.0 –159.6 –159.1
0.80 –172.0 –170.8 –168.2 –165.6 –165.1 –162.8 –162.1
0.85 –175.2 –174.0 –171.4 –168.7 –168.1 –165.8 –165.1
0.90 –178.4 –177.2 –174.5 –171.7 –171.2 –168.7 –168.0
0.95 –181.4 –180.2 –177.5 –174.5 –174.1 –171.6 –170.8
1.00 –184.4 –183.0 –180.3 –177.3 –176.7 –174.3 –173.5
1.05 –187.1 –185.8 –183.1 –180.0 –179.3 –176.9 –176.1
1.10 –189.8 –188.6 –185.6 –182.5 –181.8 –179.5 –178.5
1.15 –192.4 –191.1 –188.2 –184.9 –184.4 –181.8 –181.1
1.20 –194.9 –193.5 –190.5 –187.2 –186.7 –184.1 –183.3

Im(m°)c 0.0595 0.1191 0.1789 0.2388 0.2988 0.3741 0.5251
aThe measured cell potential difference.
bThe volume of titrant added.
cm° = 1 mol kg–1.

Table 1. Data obtained from titrations of glycine in NaCl solutions at different ionic strengths (Im) with a base (NaOH) solution at
298.15 K; series GNC.

I:\cjc\cjc8112\V03-154.vp
November 17, 2003 9:55:42 AM

Color profile: Disabled
Composite  Default screen



[3] lnγHA = bHA
I
m

m

°






where bHA is a constant. The second stoichiometric dissocia-
tion constant of glycine, Km2 in eq. [2], is defined by Km2 =
mHmA/(mHAm°). The following equation can be derived from
eqs. [1], [2], and [3] for Km2 of glycine in aqueous NaCl or
KCl solutions:

[4] lnKm2,MCl =

lnKa2 + α I
B I B I

m
H m A m

1

1

1

1+
+

+











– [bH,MCl + (bA,MCl – bHA,MCl)]
I
m

m

°






where MCl refers to either NaCl or KCl. Here, the values of
BH = 1.25 (mol kg–1)–1/2, BA = 2.2 (mol kg–1)–1/2, bH,NaCl =
0.238, and bH,KCl = 0.178 were used in this equation (see
Table 3), and the thermodynamic dissociation constant,
Ka2, and the parameters bA,NaCl – bHA,NaCl (= qNaCl) and
bA,KCl – bHA,KCl (= qKCl) were determined from the new
potentiometric titration data.

Results

Determination of the activity parameters for the
dissociation reaction of water from Harned cell data

In basic solutions, the molality of hydrogen ions (needed
for the glass electrode response) must be calculated from the
molality of hydroxyl ions using the dissociation reaction of
water. The necessary activity quantities for this reaction can
be determined from the existing Harned cell data of Harned

and Hamer (32) and Harned and Mannweiler (33). In these
studies the following cells were used:

[5] Pt(s) | H2(g, f = 101.325 kPa) |

HCl(aq, mHCl = 0.01 mol kg–1),

MCl(aq, ms) | AgCl(s) | Ag(s)

[6] Pt(s) | H2(g, f = 101.325 kPa) |

MOH(aq, mMOH = 0.01 mol kg–1),

MCl(aq, ms) | AgCl(s) | Ag(s)

where f is the fugacity. Harned and Hamer (32) measured
KCl solutions (M = K+), and Harned and Mannweiler (33)
measured NaCl solutions (M = Na+). The cell potential dif-
ference (cpd = E) of cell 6 is given by the following Nernst
equation:

[7] E E
RT
F

m m
m

= °
°









– ln

( )
γ γH Cl H Cl

2

= ° − −








E

RT
F

RT
F

m
m

ln( ) lnγ γH Cl
s

OH

− +








RT

F
K

RT
F a

ln lna,w
H OH

w

γ γ

where w refers to water, Cl to chloride ions, and OH to
hydroxyl ions, and the thermodynamic value of the ionic
product of water, Ka,w, is defined by

[8] Ka,w =
γ γ ΟΗ ΟΗ ΟΗΗ Η Ηm m

a m
g m m

mw

w

( ) ( )°
=

°2 2

Harned and Hamer (32) determined a value of 1.008 × 10–14

for this quantity at 298.15 K. From the experimental data of
cells 5 and 6, the gw (= γHγOH/aw) values shown in Table 4
were obtained. These values for KCl and NaCl solutions
were correlated here to the ionic strengths by using the fol-
lowing equation, which contains only one new parameter,
bw:

[9] ln ln
γ γ αH OH

w
w

m

H m
w

m

a
g

I

B I
b

I
m









 = = −

+
+

°






2

1

The linear regression analysis used in the estimation of
parameter bw was based on equation

[10] lngw +
2

1

α I

B I
m

H m+
= y1

= y0 + bw x = y0 + bw
I
m

m

°






and the results for KCl solutions up to a salt molality of
2 mol kg–1 and for NaCl solutions up to a salt molality of
3 mol kg–1 were used. Parameter y0 is associated with a pos-
sible small constant systematic error in these two old sets.
The value of (RT/F)y0 is 0.25 mV for the KCl set and
0.11 mV for the NaCl set, and these values were taken into
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Parameter H+ Cl– NH2CH2COO–

1010 Ka2
a 1.65

pKa2
b 9.783

1010Ka2(obsd, NaCl)c 1.65

pKa2(obsd, NaCl)c 9.783±0.007

1010 Ka2(obsd, KCl)c 1.65

pKa2(obsd, KCl)c 9.782±0.002

B (mol kg–1)–1/2 1.25d 1.25d 2.2e

bNaCl 0.238d 0.238d 0.39f

bKCl 0.178g 0.178g 0.39f

qNaCl(obsd)h 0.42±0.06

qKCl(obsd)h 0.39±0.01
aThe recommended value for the second thermodynamic dissociation

constant for glycine.
bpKa2 = –logKa2.
cAn estimate of the Ka2 of glycine; see also footnote b. It was deter-

mined from the titration data, and the standard deviation is also given.
dDetermined from Harned cell data (1).
eRecommended in this study and determined in ref. 7.
fRecommended in this study. For glycine species b = q = bA – bHA.
gDetermined from Harned cell data (6).
hq = bA – bHA for the glycine species determined from the titration data,

and the standard deviation is also given.

Table 3. Ion parameters for the Hückel equation, eq. [1], in
NaCl and KCl solutions at 298.15 K and results of the regres-
sion analysis obtained by eq. [25] from the present titration data.
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account in the calculation of the experimental gw values in
Table 4. From the slope of the resulting regression lines, a
value of bw = 0.482 was obtained for KCl solutions and a
value of bw = 0.412 for NaCl solutions. Equation [9] applies
well to the experimental gw values, as the errors for the
points in Table 4 confirm. Error e in this table is defined by
equation

[11] e =
RT
F

× [lngw(observed) – lngw(predicted)]

and all absolute errors observed are smaller than 0.7 mV.

Determination of the experimental values for the
stoichiometric dissociation constant from potentiometric
glass electrode data

The theoretical equation for the molality of hydroxyl ions
in a glycine titration was derived from the equation for the
second stoichiometric dissociation constant, Km2 =
mHmA/(mHAm°), from the mass balance equation, mt =
mHA + mA, and from the electroneutrality equation, mH +
mb = mOH + mA. In the last equation, mb is the molality of
base, NaOH or KOH, in the solution titrated and mb =
cbV/w1, where cb is the concentration, V is the volume of the
base solution added in the titration, and w1 is the mass of
water in the solution titrated. In the mass balance equation,
mt is the total molality of glycine in the solution titrated, and
mt = nt/w1, where nt is the total amount of this substance. For
the molality of hydroxyl ions, the following equation can be
derived from these equations and eq. [8]:

[12] m m m
K m

g K
m

K m

g K
mOH

2
t b

a,w

w m2
OH

a,w

w m2
b+ − +

°







 −

°
= 0

and this equation is second degree in the molality of OH–

ions and can, therefore, be easily solved.
For the determination of Km2 of glycine from the titration

data, the two glass electrode parameters, in addition to this
dissociation constant, were simultaneously estimated from
each titration data set. In general, the following equation is

valid for cell potential differences measured on a glass elec-
trode cell:

[13] E E k
RT
F

a= ° + 





ln H

where aH is the activity of protons, k is a glass electrode pa-
rameter, and E° is another glass electrode parameter. The lat-
ter potential parameter includes the contributions of the
reference electrode, liquid junction, standard-glass electrode,
and asymmetry potentials; see, e.g., May et al. (34). It is as-
sumed in all present titrations that this term remained con-
stant during the titration. Equation [13] can also be
presented in the form:

[14] E E
kRT

F
kRT

F
m
m

= ° + +
°







ln lnγ H
H

= +
°







E
kRT

F
m
m

0 ln H

where E0 = E° + (kRT/F) lnγH is also a glass electrode pa-
rameter that is constant during each titration at a constant
ionic strength; see eq. [1]. Parameters E0 and k must be esti-
mated from the titration data.

Km2 and the glass electrode parameter E0 were calculated
for each glycine data set presented in Tables 1 and 2, con-
taining N points, by the following equations:

[15] ( ),E Ei i
i

N

− =
=
∑ predicted 0

1

[16] ln
( )x

m
E E F

kRT
i i

°






= − 0

[17] oi =
K m

g xi

a,w

w

( )° 2

[18] Km2,i =
x m o

n
w

m o m

i i i

i
i i

( )b,

t

l,
b,

−

− +








 °

[19] Km2 =

K

N

i
i

N

m2,
=
∑

1

[20] yi =
n

w
m

K m

g K
m

K m

g Ki
i i

t

l,
b,

a,w

w m2
b,

a,w

w m2

− +
°







 +

°
2

4








[21] mOH,i = y
n

w
m

K m

g K
i

i
i− − +

°





















t

l,
b,

a,w

w m2

�2

[22] mH,i =
K m

g m i

a,w

w OH,

( )° 2

[23] Epred,i = E0 +
kRT

F

m

m
i



 °







ln ,H
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Im (mol kg–1) (gw,KCl)
a (gw,NaCl)

b eKCl (mV)c eNaCl (mV)c

0.01 0.808 –0.23
0.02 0.753 0.756 –0.29 –0.16
0.03 0.719 0.722 –0.25 –0.10
0.04 0.695 –0.18
0.06 0.662 0.661 –0.04 0.05
0.11 0.612 0.604 0.17 0.05
0.21 0.568 0.554 0.47 0.17
0.51 0.529 0.512 0.09 0.16
1.01 0.586 0.533 0.66 0.01
1.51 0.665 0.08
2.01 0.779 0.683 –0.43 –0.21
3.01 0.958 0.07

aDetermined from the data of Harned and Hamer (32).
bDetermined from the data of Harned and Mannweiler (33).
cCalculated by the equation e = (RT/F) [lngw(observed) – lngw(predicted)].

Table 4. Results of the comparison of the experimental values of
gw (= γHγOH/aw) obtained by cells 5 and 6 with those predicted
by eq. [9].
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where xi and oi are the experimental molalities of hydrogen
and hydroxyl ions at point i, respectively. Additionally, the
glass electrode parameter k was optimized by setting the fol-
lowing square sum, S(E), at a minimum:

[24] S E E Ei i
i

N

( ) ( )= −
=
∑ predicted,

2

1

This parameter had to be adjusted in the NaCl titrations
(probably because of the selectivity problems of a glass elec-
trode in aqueous NaCl solutions). In our earlier studies (see,
e.g., refs. 8, 9, 11, and 12), parameter k also differed quite a
lot from unity in aqueous NaCl solutions. In KCl solutions,
k can be and was assumed to be exactly 1. The results from
the calculations of the titration data in Tables 1 and 2 are
shown in Table 5 (for NaCl) and 6 (for KCl).

Determination of activity parameters for glycine species
from the experimental Km2 values obtained from
titration data

A value of B = 2.2 (mol kg–1)–1/2 was suggested in ref. 7
for eq. [1] for glycinate ions, and this value can also be used
in the present study. The activity parameters bA,NaCl –
bHA,NaCl (= qNaCl) and bA,KCl – bHA,KCl (= qKCl) and the ther-
modynamic value of the dissociation constant, Ka2, were
determined from the new titration data. The experimental
Km2 values, shown in Tables 5 and 6, were used in these de-
terminations with the following equation derived from
eq. [4]:

[25] lnKm2,MCl – α I
B I B I

m
H m A m

1

1

1

1+
+

+









 =

y2 = lnKa2 – [bH,MCl + qMCl ]
I
m

m

°






This equation shows that y2 is a linear function of (Im/m°).
The thermodynamic dissociation constant Ka2 can be ob-
tained from the intercept of the line with the y2-axis, and the
slope of the straight line is –(bH,MCl + qMCl). The results
from the linear regression analysis are shown in Table 3. The
resulting two estimates for Ka2 of glycine agree very well
with each other and with the value of 1.66 × 10–10 suggested
in ref. 7 for this quantity. The latter value was determined by
using the sparse literature data measured by King (26) with
Harned cells. According to these results, a value of Ka2 =
1.65 × 10–10 can now be recommended for the second disso-
ciation constant of glycine. The value of 0.31 was deter-
mined in ref. 7 from King’s data for the parameter qNaCl.
This value belongs to the 95% confidence interval of the
value of this quantity suggested in Table 3 on the basis of
new titration data. However, the new value of qNaCl = qKCl =
0.39 seems to be reliable, and this value is thus recom-
mended for both NaCl and KCl solutions.

Discussion

The Hückel parameters recommended above for glycine
species were tested with the titration data presented in Ta-
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GNC1 GNC2 GNC3 GNC4 GNC5 GNC6 GNC7

1010Km2(obsd)a 2.44 2.49 2.61 2.58 2.71 2.65 2.52

1010Km2(recd)b 2.39 2.56 2.64 2.67 2.68 2.66 2.57

kc 0.981 0.998 0.983 0.975 0.963 0.972 0.978
E0 (mV)d 401.30 410.26 402.99 400.52 393.75 401.27 405.66

Im (mol kg–1) 0.0595 0.1191 0.1789 0.2388 0.2988 0.3741 0.5251
aThe second stoichiometric dissociation constant of glycine determined from the titration data in Table 1 by the method described in the text.
bThe second stoichiometric dissociation constant of glycine calculated by eq. [4] with the value of Ka2 = 1.65 × 10–10 and with the recommended activ-

ity parameters. Abbreviation “recd” means recommended.
cThe value of the glass electrode parameter k used in the calculation.
dThe value of the glass electrode parameter E0 used in the calculation of the cpd errors for Fig. 1. It was determined by requiring that the sum of errors

in the data set be zero (i.e., by eqs. [20]–[22], [26], [27]).

Table 5. Results calculated from the titrations of glycine in NaCl solutions at different ionic strengths (Im) with a base solution at
298.15 K; series GNC.

GKC1 GKC2 GKC3 GKC4 GKC5 GKC7 GKC8

1010Km2(obsd)a 2.39 2.60 2.68 2.71 2.73 2.62 2.26
1010Km2(recd)b 2.39 2.58 2.67 2.71 2.73 2.66 2.24
kc 1 1 1 1 1 1 1
E0 (mV) d 410.19 409.21 408.59 409.50 409.56 411.99 414.80
Im (mol kg–1) 0.0595 0.1193 0.1792 0.2393 0.2997 0.5280 1.0331

aThe second stoichiometric dissociation constant of glycine determined from the titration data in Table 2 by the method described in the text.
bThe second stoichiometric dissociation constant of glycine calculated by eq. [4] with the value of Ka2 = 1.65 × 10–10 and with the recommended activ-

ity parameters. Abbreviation “recd” means recommended.
cThe assumed value of the glass electrode parameter k used in the calculation.
dThe value of the glass electrode parameter E0 used in the calculation of the cpd errors for Fig. 1. It was determined by requiring that the sum of errors

in the data set be zero (i.e., by eqs. [20]–[22], [26], [27]).

Table 6. Results calculated from the titrations of glycine in KCl solutions at different ionic strengths (Im) with a base solution at
298.15 K; series GKC.
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bles 1 and 2. The recommended Km2 values given in Ta-
bles 5 and 6 were used in these tests. Parameter E0 for
eq. [14] was calculated for each data set by using eqs. [20]–
[22] and the following equations:

[26] E0,i = Ei –
kRT

F

m

m
i



 °







ln ,H

[27] E

E

N

i
i

N

0

0
1= =

∑ ,

In these calculations, the values shown in Tables 5 and 6
were used for the other glass electrode parameter k. The re-
sulting values for E0 are included in these tables. The results
of the tests are shown as error plots in graphs A (NaCl) and
B (KCl) of Fig. 1, where the cpd error defined by

[28] eE = E(observed) – E(predicted)

is presented for each data set as a function of the added base
volume. Most of the error plots in these graphs are random,

and most of the errors in these plots are comparable to the
resolution of the pH meter (0.1 mV), and therefore, the titra-
tion data support well the suggested thermodynamic dissoci-
ation constant and the activity parameters used.

From every point of the titrations presented in Tables 1
and 2, an experimental value of Km2 can also be calculated
from eqs. [16]–[18] by using the glass electrode parameter
values shown in Tables 5 and 6. These values are compared
with the recommended values in two graphs of Fig. 2. Graph
A in this figure shows the NaCl results and graph B the KCl
results. In these graphs, the pKm (= –log(Km)) errors, defined
by

[29] e(pKm2) = pKm2(observed) – pKm2(predicted)

are presented as a function of the added base volume. All
pKm2 errors in Fig. 2 are smaller than ±0.015 and for most
data sets they form a random pattern. The maximum error
can also be compared with the conventional pKm error of
0.06 suggested by Albert and Serjeant (35). These consider-
ations also reveal how valuable the new activity coefficient
models are.
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Fig. 1. The difference between the observed and predicted cpd values, eE in eq. [28], as a function of the titrant volume in the titra-
tions of glycine solutions with base (NaOH or KOH) solutions. Graph A shows the results of the titrations obtained for NaCl solutions
(Series GNC), and graph B shows those obtained for KCl solutions (Series GKC). The predicted cpd was calculated by eqs. [4], [8],
[9], [12], and [14] using the thermodynamic value of 1.65 × 10–10 for the second dissociation constant, the recommended activity pa-
rameters, and the glass electrode parameters k and E0 shown in Tables 5 and 6. Symbols of the different sets are shown in the graphs.

Fig. 2. The difference, e(pKm2) in eq. [29], between the observed pKm2 values and those predicted by the recommended Hückel method
as a function of the titrant volume in the titrations of glycine solutions with base (NaOH or KOH) solutions. Graph A shows the re-
sults of the titrations obtained for NaCl solutions (Series GNC), and graph B shows those obtained for KCl solutions (Series GKC).
The observed Km2 was calculated from the titration points by eqs. [8], [9], [16], [17], and [18] with the glass electrode parameters
shown in Tables 5 and 6. Symbols of the different sets are shown in the graphs.
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As mentioned above, Fiol et al. (24) have determined Km2
values of glycine in aqueous NaCl solutions, and Alonso et
al. (27) have determined Km2 values of glycine in aqueous
KCl solutions at 298.15 K by using potentiometric titration.
These values were used to test the new models, and the re-
sults are shown as error plots in Fig. 3. The pKm2 errors, cal-
culated from eq. [29], are given in this figure as a function
of the ionic strength of the solution considered. The results
in this figure show that the new models predict only satisfac-
torily these experimental data. It seems to us that the Km2
values obtained by the new models are more reliable.

Table 7 shows the recommended Km2 values for glycine in
aqueous NaCl and KCl solutions at 298.15 K at rounded
ionic strengths. These values apply to the case where NaCl
or KCl effectively determines the ionic strength of solution.
The Km2 values were calculated by using eq. [4] with the
recommended value of Ka2 = 1.65 × 10–10 and with the rec-
ommended parameter values shown in Table 3.

Recently, DeRobertis et al. (36) have proposed a general
equation for the dissociation constant of carboxylic acids in
aqueous sodium or potassium chloride solutions. If this
equation is applied to the second dissociation constant of
glycine, it has the following form:

[30] logKm2,MCl = logKa2 +
2

2 3

I m

I m
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2

For NaCl solutions at 298.15 K, the values of parameters C
and E are 0.092 and 0.00634, respectively, and for KCl solu-
tions they are 0.1042 and 0.00522. The recommended Km2
values, presented in Table 7, were predicted by this equation,
and the results are shown in Fig. 4 where pKm2 errors, de-
fined now by the equation

[31] e(pKm2) = pKm2(recommended) – pKm2(predicted)

are presented as a function of the ionic strength of the solu-
tion considered. Satisfactory agreement is obtained in this

figure up to a salt molality of 0.3 mol kg–1. The error in pKm
is smaller in these cases than the conventional pKm error of
0.06 suggested by Albert and Serjeant (35). However, it can
be seen that, also in these cases, the pKm2 values obtained by
eq. [30] are systematically smaller than the recommended
values. Equation [30] does not, therefore, apply well to the
Km2 values of glycine.
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Im (mol kg–1)a 1010 Km2(NaCl) 1010 Km2(KCl)

0 1.65 1.65
0.01 2.00 2.01
0.02 2.13 2.13
0.05 2.34 2.35
0.10 2.52 2.53
0.20 2.66 2.69
0.30 2.68 2.73
0.50 2.59 2.67
0.70 2.43 2.53
1.00 2.14 2.27

aIm is the same as mNaCl or mKCl.

Table 7. The second stoichiometric dissociation constant (Km2)
of glycine at 298.15 K as a function of the ionic strength (Im) in
aqueous NaCl and KCl solutions.

Fig. 4. The difference, e(pKm2) in eq. [31], between the recom-
mended pKm2 values (see Table 7) and those predicted by
eq. [30] for glycine in NaCl and KCl solutions as a function of
the ionic strength (Im).

Fig. 3. The difference, e(pKm2) in eq. [29], between the pKm2

values determined by Fiol et al. (24) for glycine in NaCl solu-
tions and by Alonso et al. (27) for glycine in KCl solutions and
those predicted by the recommended Hückel method as a func-
tion of the ionic strength (Im).
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The syntheses and structures of lithium
phosphinimide and phosphinimine complexes

Silke Courtenay, Pingrong Wei, and Douglas W. Stephan

Abstract: The preparation and structures of [Li(µ-NPt-Bu3)]4 1, [Li(µ-Cl)(HNPt-Bu3)]4 2, and [Li(µ-Cl)(HNPPh3)]4 3
are described. The structure of 1 stands in contrast to that of the only other known Li-phosphinimide derivative,
[Li(µ-NPPh3)]6. The impact of the steric bulk on the aggregation and the geometries of the Li4N4 and Li4Cl4 cores are
considered and discussed.

Key words: lithium compounds, phosphinimine, phosphinimide, P-N ligands.

Résumé : On décrit la préparation et les structures des complexes [Li(µ-NPt-Bu3)]4, 1, [Li(µ-Cl)(HNPt-Bu3)]4, 2 et
[Li(µ-Cl)(HNPPh3)]4, 3. La structure du composé 1 diffère de celles du seul autre dérivé Li-phosphimidide, [Li(µ-
NPPh3)]6. On considère et on discute de l’impact de l’encombrement stérique sur l’agrégation et les géométries des en-
tités centrales Li4N4 et Li4Cl4.

Mots clés : composés du lithium, phosphinimine, phosphinimide, ligands P-N.

[Traduit par la Rédaction] Courtenay et al. 1476

Introduction

Main group derivatives of phosphinimine and phosphini-
mide ligands have been characterized and recently reviewed by
Dehnicke and Weller (1). The chelating bis-phosphinimine
H2C(R2PNSiMe3)2 has been used to prepare main group
compounds as well (2–7). More recently, we, and subse-
quently Cavell and co-workers, have reported the first struc-
ture of a dilithio-methane derivative, [Li2C(Ph2PNSiMe3)2]4
(7, 8). Cavell’s group has also examined the chemistry of
Al-bis(phosphinimine)methanide and methanediide com-
plexes, HC(Ph2PNSiMe3)2AlMe2 and (Me2Al)2C(Ph2PNSiMe3)2
(2, 3), as well as related Zn species (9), while the research
groups of Cavell (4, 5) and Gamer and Roesky (6) have de-
scribed the structural diversity of Li, Na, and K salts of
[HC(Ph2PNSiMe3)2]

–. We have recently described related
Mg complexes (10). We have also been exploring main
group derivatives of bulky, mono-phosphinimide ligands.
The novel cationic linear species [(t-Bu3PN)2B]Cl and its
chemistry has been recently reported (11). As well, we have
recently described the chemistry of phosphinimide
derivatives of Si, Ge, and Sn (12). Related alkali metal
salts of phosphinimides, (KNPCy3)4, (KNPPh3)4 (13),
(MNPCy3)4(OPCy3) (M = K, Cs) (14), and [M(µ-NPPh3)]6
(M = K (15), Na (16), Rb (13)) have been structurally char-
acterized. For related Li-phosphinimides, despite the fact
that they have been known for 35 years (17) and are fre-
quently used as reagents for the synthesis of main group (1,

11, 12, 18) and transition metal derivatives (19–24), only the
structure of [Li(µ-NPPh3)]6 and [Li(µ-NPPh3)(LiBr)]2·(THF)4
have been reported (25, 26). In this work, we describe the Li
derivatives [Li(µ-NPt-Bu3)]4 and [(Li(µ-Cl)(HNPR3)]4 (R =
t-Bu3, Ph). The impact of the sterically demanding substitu-
ents in these compounds on the degree of aggregation and
the structures of the Li4X4 (X = N, Cl) cores is discussed.

Experimental

General data
All preparations were done under an atmosphere of dry,

O2-free N2, employing both Schlenk line techniques and a
Vacuum Atmospheres inert atmosphere glove box. Solvents
were purified by employing a Grubbs’ type solvent purifica-
tion system manufactured by Innovative Technology. All or-
ganic reagents were purified by conventional methods. 1H
and 13C{1H} NMR spectra were recorded on Bruker Avance-
300 and 500 spectrometers. All spectra were recorded in
C6D6 at 25 °C unless otherwise noted. Trace amounts of
protonated solvents were used as references, and chemical
shifts are reported relative to SiMe4.

31P{1H} NMR spectra
were recorded on a Bruker Avance-300 and are referenced to
external 85% H3PO4. Combustion analyses were done in
house, employing a PerkinElmer CHN Analyzer. t-Bu3PNH
was prepared as previously described (1, 27), using t-Bu3P
obtained from the Strem Chemical Co.

Synthesis of [Li(µ-NPt-Bu3)]4 1
To a solution of t-Bu3PNH (640 mg, 2.95 mmol) in 50 mL

of hexanes was added MeLi (2.10 mL, 1.4 mol L–1 solution
in ether, 2.95 mmol) at 25 °C. The resulting suspension was
stirred for 1 h, concentrated, and allowed to settle for
10 min. The hexane layer was decanted, and the remaining
white powder (yield > 95%) was washed twice with hexane
and dried in vacuo. From the hexane washings, X-ray qual-

Can. J. Chem. 81: 1471–1476 (2003) doi: 10.1139/V03-162 © 2003 NRC Canada

1471

Received 22 May 2003. Published on the NRC Research
Press Web site at http://canjchem.nrc.ca on 31 October 2003.

S. Courtenay, P. Wei, and D.W. Stephan.1 Department of
Chemistry and Biochemistry, University of Windsor, Windsor,
ON N9B 3P4, Canada.

1Corresponding author (e-mail: stephan@uwindsor.ca).

I:\cjc\cjc8112\V03-162.vp
November 17, 2003 9:49:56 AM

Color profile: Disabled
Composite  Default screen



ity crystals were grown by slow evaporation at 25 °C. 1H
NMR δ: 1.41 (d, |3JP-H| = 11 Hz, 27H, t-Bu). 13C{1H} NMR
δ: 41.1 (d, |1JP-C| = 42 Hz, t-Bu), 31.8 (s, t-Bu). 31P{1H}
NMR δ: 31.4. Elemental analysis (EA) calcd. for C12H27LiNP:
C 64.56, H 12.19, N 6.27; found: C 64.13, H 12.01, N 6.04.

Synthesis of [Li(µ-Cl)(HNPt-Bu3)]4 2 and [Li(µ-
Cl)(HNPPh3)]4 3

These compounds were prepared in a similar fashion, and
thus one preparation is detailed. To a solution of t-Bu3PNH
(130 mg, 0.60 mmol) in 10 mL of THF was added LiCl
(25.4 mg, 0.60 mmol) at 25 °C. The resulting suspension
was stirred for 1 h, concentrated to a small volume, and al-
lowed to stand. A white powder (yield > 90%) precipitated
and was washed twice with hexanes and dried in vacuo. In
examining related chemistry, X-ray quality crystals of 2
were fortuitously obtained as by-product from the reaction
of 1 with CrCl3 in wet THF. The two products were spectro-
scopically identical. 2: 1H NMR δ: 1.27 (d, |3JP-H| = 12 Hz,
27H, t-Bu). 13C{1H} NMR δ: 39.8 (d, |1JP-C| = 46 Hz, t-Bu),
30.5 (s, t-Bu). 31P{1H} NMR δ: 62.7. EA calcd. for
C12H28NPLiCl: C 55.49, H 10.87, N 5.39; found: C 55.32, H
10.62, N 5.11. 3: 1H NMR δ: 7.70 (br), 7.02 (br). 13C{1H}
NMR δ: 135.5, 133.8, 130.8, 125.8. 31P{1H} NMR δ: 28.1.
EA calcd. for C18H16NPLiCl: C 67.63, H 5.04, N 4.38;
found: C 67.43, H 4.95, N 4.11.

X-ray data collection and reduction
Crystals were manipulated and mounted in capillaries in a

glove box, thus maintaining a dry, O2-free environment for
each crystal. Diffraction experiments were performed on a
Siemens SMART System CCD diffractometer. The data
were collected in a hemisphere of data in 1329 frames with
10 s exposure times (Table 1). The observed extinctions

were consistent with the space groups in each case. The data
sets were collected (4.5° < 2θ < 45–50.0°). A measure of de-
cay was obtained by re-collecting the first 50 frames of each
data set. The intensities of reflections within these frames
showed no statistically significant change over the duration
of the data collections. The data were processed using the
SAINT and XPREP processing packages. An empirical ab-
sorption correction based on redundant data was applied to
each data set. Subsequent solution and refinement was per-
formed using the SHELXTL solution package operating on a
Pentium computer.

Structure solution and refinement
Non-hydrogen atomic scattering factors were taken from

the literature tabulations (28). The heavy atom positions
were determined using direct methods employing the
SHELXTL direct methods routine. The remaining non-
hydrogen atoms were located from successive difference
Fourier map calculations. The refinements were carried out
by using full-matrix least-squares techniques on F, minimiz-
ing the function ω (|Fo| – |Fc|)

2, where the weight ω is de-
fined as 4Fo

2/2σ(Fo
2) and Fo and Fc are the observed and

calculated structure factor amplitudes. In the final cycles of
each refinement, all non-hydrogen atoms were assigned
anisotropic temperature factors in the absence of disorder or
insufficient data. In the latter cases atoms were treated
isotropically. C-H atom positions were calculated and al-
lowed to ride on the carbon to which they are bonded, as-
suming a C—H bond length of 0.95 Å. H-atom temperature
factors were fixed at 1.10 times the isotropic temperature
factor of the C-atom to which they are bonded. The H-atom
contributions were calculated, but not refined. The locations
of the largest peaks in the final difference Fourier map cal-
culation, as well as the magnitude of the residual electron
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1·0.5C6H14 2 3

Formula C51H115Li4N4P4 C48H112Cl4Li4N4P4 C72H64Cl4Li4N4P4

Formula weight 936.11 1038.86 1278.71
a (Å) 13.070(2) 13.755(5) 24.996(13)
b (Å) 13.1262(19) 16.011(6) 12.401(6)
c (Å) 20.969(3) 16.136(6) 23.584(12)
α (°) 73.995(3) 69.712(4)
β (°) 87.266(2) 82.999(8) 112.990(8)
γ (°) 61.711(2) 82.932(8)
Crystal system Triclinic Triclinic Monoclinic
V (Å3) 3030.3(8) 3296(2) 6730(6)
Space group P1 P1 C2/c
Dcalcd (g cm–1) 1.026 1.047 1.262

Z 2 2 4
Absorption coefficient µ (cm–1) 0.157 0.307 0.315
Data collected 13 294 14 437 4792
Data Fo

2 >> 2σ(Fo
2) 8706 9424 3332

Variables 568 577 397
R 0.0428 0.1224 0.0453
Rw 0.1192 0.2971 0.1310

GoF 1.049 0.908 1.030

Note: Data collections were done at 25 °C.

Table 1. Crystallographic data.
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densities in each case, were of no chemical significance. In
the case of 2, the relatively high R factor appears to reflect
some degree of disorder in the tert-butyl group. The model
presented represents the best solution we could obtain with
the data. Additional details are provided in the supplemen-
tary data.2

Results and discussion

The Li salt of t-Bu3PNH is readily prepared by reaction
with an alkyl-lithium reagent (27). NMR data reflected clean
conversion to a single species, 1, although the degree of ag-
gregation of this species in solution could not be determined
spectroscopically. X-ray quality crystals of 1·0.5C6H14 were
obtained from hexane solution (Fig. 1). The structural solu-
tion revealed that 1 forms a tetramer of formulation [Li(µ-
NPt-Bu3)]4, in which the phosphinimide N atoms bridge the
Li centers. The Li—N distances vary from 2.025(4) to
2.066(4) Å. The Li and N atoms adopt a distorted cube
(Fig. 2a). The Li(2), N(2), Li(1), and N(1) atoms are ar-
ranged with long (Li(2)—N(2) 2.065(4) Å, Li(1)—N(1)
2.066(4) Å) and short (Li(1)—N(2) 2.025(4) Å, Li(2)—N(1)
2.026(4) Å) distances. The remaining Li—N distances fall
between 2.035 and 2.048 Å. Li-N-Li angles are similar,
ranging from 72.82(16)°–73.57(15)°, while the N-Li-N an-
gles fall between 103.91(17)° and 105.21(17)°. The P—N
distances fall in the narrow range, from 1.5451(18) to
1.5505(18) Å. The P-N-Li angles fall into two ranges, from
140.88(16)° to 142.21(15)° and between 130.65(15)° and

137.07(15)°. The larger angles are distributed so as to mini-
mize the steric congestion about the Li4N4 core.

Compound 1 is only the second species of general for-
mula (LiNPR3)n to be structurally characterized. It stands in
contrast to the previous hexamers, [M(µ-NPPh3)]6 (M = Li
(25), K (15), Na (16), Rb (13)), which were reported by
Dehnicke’s group. Presumably, the steric bulk in the present
system precludes an expansion of the M–N core. In the case
of the Li derivative [Li(µ-NPPh3)]6, a number of metric pa-
rameters are similar to those seen in 1; however, the addi-
tional room about the core in [Li(µ-NPPh3)]6 (25) results in
four of the Li—N distances being significantly shorter
(1.983(8) Å) than those in 1, while three Li-N-Li angles av-
erage 104.3(3)°, significantly greater than those seen in 1.
Such variations cannot be accommodated in 1, as a result of
the sterically bulky phosphinimide. This presumably ac-
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Fig. 1. ORTEP drawing of 1; 30% thermal ellipsoids are shown.
Hydrogen atoms are omitted for clarity.

Fig. 2. ORTEP drawings of the cores of (a) 1, (b) 2, and (c) 3.

2 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
211170–211172 contain the supplementary data for this paper. These data can be obtained, free of charge, via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax
+44 1223 336033; or deposit@ccdc.cam.ac.uk).
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counts for the lower degree of aggregation. The previously
reported species [M(µ-NPCy3)]4 (M = K, Cs) (14) also form
tetranuclear structures. However, these compounds adopt
distorted cubic geometries, with angles at M and N in these
M4N4 cores that are closer to 90° than those in 1. This,
again, infers that the greater distortion of the Li4N4 core in 1
is a direct result of the steric demands of the t-Bu3PN
groups.

The reaction of LiCl and the phosphinimine to give an
LiCl adduct was performed. While spectroscopy inferred
formation of a new material, 2, X-ray quality crystals of the
product 2 could not be obtained directly. Fortuitously, X-ray
quality crystals of 2 were obtained as a by-product of the re-
action of 1 and CrCl3 in wet THF. X-ray analysis confirmed

the formulation of 2 as [Li(µ-Cl)(HNPt-Bu3)]4 (Fig. 3).
Similarly, the species [Li(µ-Cl)(HNPPh3)]4 3 (Fig. 4) was
prepared by reaction of LiCl and HNPPh3. In the case of 2,
the LiCl core of this molecule adopts a distorted cubic ge-
ometry (Fig. 2b). In 3, crystallographic symmetry imposes
twofold symmetry on the LiCl core (Fig. 2c).

Metric parameters are detailed in Table 2. In 2, Li—Cl
distances fall in the range from 2.35 to 2.466 Å with the ex-
ception of the Li(1)—Cl(4) distance, which is 2.55(2) Å,
while in 3, these distances are more uniform, ranging from
2.408(6) to 2.444(6) Å. While the Cl-Li-Cl and Li-Cl-Li an-
gles in both compounds fall in the ranges from 94.9(6)° to
102.3(6)° and from 77.8(5)° to 83.4(7)°, respectively, it is
generally observed that these ranges are broader for 2, which
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1 2 3

Selected bond lengths (Å)
P—N P—N P—N
1.5505(18) 1.5492(18), 1.543(8) 1.575(8) 1.599(9) 1.487(2) 1.490(2)
1.5451(18) 1.5494(18) 1.565(8)
Li—N Li—N Li—N
2.026(4) 2.047(4) 1.94(2) 1.90(2) 1.957(19) 1.852(5) 1.852(5)
2.066(4) 2.025(4) 1.93(2)
2.042(4) 2.065(4)
2.035(4) 2.036(4)
2.044(4) 2.036(4)
2.042(4) 2.048(4)

Li—Cl Li—Cl
2.35(2) 2.351(19) 2.55(2) 2.410(6) 2.416(6)
2.400(17) 2.45(2) 2.466(19) 2.432(6) 2.408(6),
2.363(16) 2.396(15) 2.445(18) 2.422(5) 2.444(6)
2.38(2) 2.41(2) 2.42(2)

Selected bond angles (°)
Li-N-Li N-Li-Cl N-Li-Cl
73.22(16) 72.56(15) 122.2(11) 127.9(11) 103.7(8) 115.8(3)
72.69(16) 73.29(16) 114.6(9) 128.6(9) 110.3(7) 116.5(3)123.4(3)
72.60(15) 72.99(16) 128.9(9) 121.7(9) 123.3(11) 120.0(3) 121.0(3)
73.53(16) 73.10(16) 109.3(10) 115.4(9) 114.4(8) 113.8(3)
73.57(15) 73.42(16)
73.25(16) 72.82(16)
N-Li-N Cl-Li-Cl Cl-Li-Cl
105.03(18) 105.21(17) 100.9(7) 98.0(7) 97.1(8) 102.3(2) 97.44(19)
104.14(18) 104.72(18) 99.8(7) 97.9(6) 94.9(6) 97.59(19) 97.53(18)
105.20(17) 103.91(17) 102.3(6) 99.6(6) 97.0(6) 101.04(19) 99.69(18)
104.62(18) 104.26(18) 98.5(7) 100.8(8) 99.0(7)
105.03(18) 105.05(17)
104.17(18) 104.18(18)
P-N-Li Li-Cl-Li Li-Cl-Li
142.21(15) 132.64(15) 81.6(7) 81.2(6) 80.1(6) 83.4(7) 78.33(18) 81.33(19)
142.10(15) 136.61(15) 81.5(7) 78.5(5) 81.6(7) 78.8(6) 80.90(17) 81.26(18)
130.65(15) 141.30(15) 80.9(6) 80.6(6) 78.3(7) 77.8(5) 77.81(18) 79.33(18)
136.51(15) 131.64(14)
133.87(14) 140.88(16)
131.06(15) 137.07(15)

P-N-Li P-N-Li
146.6(9) 146.8(8) 145.2(8) 169.4(2) 159.5(2)
149.6(9)

Table 2. Selected metric parameters.
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is consistent with the steric issues arising from the bulkier
phosphinimine. It is presumed that the dissymmetry of the
core of 2 is an artifact of the phosphinimine ligand packing
arrangement. This view is supported by the crystallographic
symmetry seen in the less congested species 3. Interestingly
the Li—N distances in 2 range from 1.90(2) to 1.957(19) Å,
while the Li—N distance in 3 is 1.852(5) Å. Both are shorter
than those seen in 1, presumably reflecting the terminal and

coordinate nature of the Li—N bonds in 2 and 3. The P—N
distances in 2 are similar to those seen in 1, while the dis-
tances in 3 are significantly shorter, averaging 1.489(2) Å.
This presumably reflects the lower basicity of the phenyl-
substituted phosphinimine. The P-N-Li angles in 2 fall be-
tween 145.2(8)° and 149.6(9)°, while those in 3 were found
to be 169.4(2)° and 159.5(2)°. The cause for these larger an-
gles in 3 is unclear, although it may be that interactions be-
tween the phenyl rings among adjacent phosphinimines
accounts for these distortions. The N-Li-Cl angles in both 2
and 3 vary widely, from 103.7(8)° to 128.9(9)°. While there
is no pattern in the variations of these angles, it is notewor-
thy that in 2, two of the three N-Li-Cl angles about Li(1) ex-
ceed 122°, consistent with the proximity of the long Li—Cl
distance and the dissymmetry of the molecule.

These structural data for 1–3 infer that the proximity of
four sterically demanding t-Bu3PN or R3PNH groups pre-
cludes higher degrees of aggregation and distortions in the
Li4X4 (X = N, Cl) core geometry. The implications of these
steric demands in the main group and transition metal chem-
istry of such bulky phosphinimides continues to be a focus
of our interests.
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The gas-phase reaction of the CF3 radical with
thiophene

Olga S. Herrera, Jorge D. Nieto, Silvia I. Lane, and Elena V. Oexler

Abstract: The reaction of CF3 radicals, generated by photolysis of CF3I or hexafluoroacetone with thiophene, was
studied in the gas phase at 25 °C. At conversion of thiophene less than 20%, monosubstituted CF3-thiophenes were
found as the main reaction products, in addition to CF3H, C2F6, and monosubstituted dihydro-CF3-thiophene, the latter
in very low proportion. An isomeric mixture of 2- and 3-CF3-thiophene was obtained in a ratio of about 16, independ-
ent of the radical source used (CF3I or hexafluoroacetone) to produce the CF3 radicals. A plausible mechanism that ac-
counts for the observed products is proposed, and the reactivity of thiophene toward the CF3 radical at 25 °C was
determined as kadd/kc

1/2 = 106 ± 4 cm3/2 mol–1/2 s–1/2.

Key words: thiophene, trifluoromethyl radical, reaction mechanism, reactivity.

Résumé : Opérant en phase gazeuse, à 25 °C, on a étudié la réaction du thiophène avec des radicaux CF3 obtenus par
photolyse du CF3I ou de l’hexafluoroacétone. À des taux de conversion du thiophène inférieurs à 20%, les produits
principaux obtenus en plus du CF3H et du C2F6 sont les thiophènes monosubstitués par du CF3 et les dihydrothiophè-
nes monosubstitués par du CF3 qui ne sont présent que dans de très faibles proportions. On obtient un mélange de 2-
et de 3-trifluorométhylthiophènes présents dans un rapport d’environ 16 quelle que soit la source utilisée, CF3I ou
hexafluoroacétone, pour produire les radicaux. On propose un mécanisme plausible qui permet d’expliquer la formation
des produits obtenus et on a déterminé que la réactivité du thiophène par rapport au radical CF3, à 25 °C, est égale à
kadd/kc

1/2 = 106 ± 4 cm3/2 mol–1/2 s–1/2.

Mots clés : thiophène, radical trifluorométhyle, mécanisme réactionnel, réactivité.

[Traduit par la Rédaction] Herrera et al. 1481

Introduction

The reactions of CF3 radicals with unsaturated organic
compounds such as olefins and aromatics in the gas phase
have been the subject of a number of investigations (1). Ki-
netic parameters and mechanisms were, in most cases, ratio-
nalized via two major pathways, addition and abstraction.

To the best of our knowledge, however, very few studies
have so far been undertaken of the reaction between CF3
radicals and heteroaromatic compounds (2). In particular,
with thiophene, the trifluoromethylation reaction was studied
in the condensed phase using bis(trifluoroacetyl) peroxide
(3), CF3I, and Te(CF3)2 (4). In all cases the product yields
were reported, monosubstituted CF3-thiophenes being the
main products obtained in good yields. Only with Te(CF3)2

was an addition product, monosubstituted dihydro-CF3-
thiophene, also reported.

In the gas phase, however, no studies have been under-
taken of the reaction between CF3 radicals and thiophene. To
gain some insight into the distribution of the products, the
reaction mechanism, and the reactivity of thiophene toward
the CF3 radical, we became interested in the study of this re-
action, using the photolysis of CF3I or HFA as CF3 radical
sources.

Results and discussion

Experiments were carried out at 25 °C; the CF3 radicals
were generated by the photolysis of CF3I or HFA at λ >
275 nm. Thiophene vapor has a weak absorption band start-
ing at about 260 nm and becomes very strong below 240 nm
(5). Therefore, under our experimental conditions, thiophene
should not absorb. However, to ensure that there was no
photolysis of thiophene, the spectral curve for the Corning
glass filter employed was checked experimentally, and con-
trol photolysis experiments with neat thiophene were per-
formed. Decomposition of thiophene was not observed.

The initial concentration of thiophene was varied between
2.42 and 15.1 × 10–7 mol cm–3, while for the CF3 radical
sources, initial concentrations of 8.0 to 23.0 × 10–7 mol cm–3

and 5.09 to 10.8 × 10–7 mol cm–3 were used for CF3I and
HFA, respectively. Thus the molar ratio of thiophene:CF3I or
thiophene:HFA was always less than 2. Most of the experi-
ments were performed at a conversion of thiophene lower

Can. J. Chem. 81: 1477–1481 (2003) doi: 10.1139/V03-155 © 2003 NRC Canada

1477

Received 15 November 2002. Published on the NRC
Research Press Web site at http://canjchem.nrc.ca on
29 October 2003.

O.S. Herrera. Depto. de Química, Fac. de Ciencias
Naturales, Universidad Nacional de La Patagonia S.J.B.,
C.C. 786. 9000 Comodoro Rivadavia, Argentina.
J.D. Nieto, S.I. Lane, and E.V. Oexler.1 Instituto de
Investigaciones en Fisicoquímica de Córdoba (INFIQC),
Depto. de Fisicoquímica, Fac. de Ciencias Químicas,
Universidad Nacional de Córdoba. Pab. Argentina. Ciudad
Universitaria. 5000 Córdoba, Argentina.

1Corresponding author (e-mail:
oexler@fisquim.fcq.unc.edu.ar).

I:\cjc\cjc8112\V03-155.vp
November 21, 2003 7:48:27 AM

Color profile: Disabled
Composite  Default screen



than 20%. Products analysis was performed after separation
of the total content of the reaction cell by fractional conden-
sation at –40 °C.

In the series of experiments carried out with CF3I as the
source of CF3 radicals, the only products observed in the
volatile fraction at –40 °C were CF3H and C2F6, in addition
to unreacted CF3I.

In the heavier fraction analyzed by GC–MS, in addition to
the unreacted thiophene, two isomers of monosubstituted
CF3-thiophene were separated and identified as 2- and 3-
CF3-thiophene. Monosubstituted dihydro-CF3-thiophene was
also found in very small proportion, as well as traces of 2-
iodothiophene in the high-conversion runs. However, no
other products, as from the addition of CF3I to the double
bond, were observed, in spite of an exhaustive search by
GC–MS, even at high conversions. The colour of the heavier
fraction, when it was condensed, showed clearly that iodine
was also produced, but again no products from its addition
reaction or the addition of I atoms to thiophene were ob-
served. This was also confirmed experimentally by
photolysis of I2 in the presence of thiophene over periods
much longer than those used in the actual experiments.

With HFA as the CF3 radical source, the same products
mentioned above — CF3H, C2F6, monosubstituted CF3-
thiophenes, and monosubstituted dihydro-CF3-thiophene —
were found. We could not exclude that the CF3CO radical is
formed in the primary process when HFA is photolyzed, but
several studies have shown that this radical is fairly unstable
and rapidly decomposes by CO elimination (6, 7). In the
present work, CO was detected by gas chromatography on a
Molecular Sieves column, although its yield was not mea-
sured. However, even if CF3CO radicals are formed, the data
seem to indicate that they do not affect the reported mea-
surements. Traces of a product, tentatively identified as
disubstituted dihydro-CF3-thiophene, were also observed in
experiments at very high conversion but were practically ab-
sent in the series of experiments carried out with CF3I.

The effect of variations of concentration of thiophene,
CF3I, or HFA and photolysis time on the yields of CF3-
thiophenes and the other products mentioned above are
shown in Tables 1 and 2, respectively. Most of the runs were
performed in triplicate to ensure that the separation proce-
dure, previous to analysis, did not affect the precision of the
results. Hence, the reported values of the yields are average
values. Furthermore, a second series of runs carried out un-
der the same experimental conditions but without fractional
condensation at –40 °C was analyzed chromatographically
on a Porapak T column, and the yields of CF3H and C2F6 re-
mained essentially unchanged within experimental error.

The total yield of (2+3)-CF3-thiophenes shows a gradual
increase with increasing concentration of thiophene em-
ployed. However, concentrations of thiophene higher than
5.0 × 10–7 mol cm–3 were not used because a light brown de-
posit, probably of a polymeric material, was observed on the
wall of the reaction cell after several experiments with con-
centrations higher than 15.0 × 10–7 mol cm–3 had been car-
ried out at high conversion. On the other hand, the
separation of the reaction mixture into its components by
GC on the SE 30 column was unsuccessful, largely because
of the small difference in the retention times of 2- and 3-
CF3-thiophene with respect to thiophene.

Moreover, results in Table 2 also show that with HFA as
the source of CF3 radicals, the total yields of monosub-
stituted CF3-thiophenes seem higher than with CF3I (for the
same thiophene concentration and photolysis time). This
variation in measured yields would reflect a difference in ef-
ficiency of CF3I or HFA as sources of CF3 radicals.

One of the features worth noting in Tables 1 and 2 is the
high ratio (~16) of 2-CF3-thiophene : 3-CF3-thiophene, re-
gardless of the radical source. This evidence would support
the well-known fact that the preferential position for electro-
philic attack on thiophene is C2 (8), also confirmed by com-
puter charge density data of thiophene (9), which determined
that the C2(C5) positions are richer in electron density than
C3(C4).

It can also be observed in Tables 1 and 2 that in each run,
the yield of CF3H is practically equal to the total yield of
(2+3)-CF3-thiophene. While the yields of CF3H increase
with increasing concentrations of thiophene, the C2F6 yields
decrease.

Figure 1 shows that a plot of RCF H3
/RC F

1/2
2 6

(R denotes rate
of formation) against [thiophene], of the data points up to
20% conversion, is a straight line with a zero intercept and
with a slope equal to 106 ± 4 cm3/2 mol–1/2 s–1/2, irrespective
of the source of CF3 radicals (CF3I or HFA) and also at dif-
ferent concentrations of these compounds.

On account of these results, the following could be con-
sidered to be the main steps of the reaction mechanism for
the reaction of the CF3 radicals produced by the photolysis
of CF3I or HFA with thiophene:

[1] CF3 + thiophene
kadd → CF3-thiophene(add)

[2] CF3 + thiophene
kH → CF3H + thienyl radical

[3] CF3 + CF3-thiophene(add)  → CF3H

+ CF3-thiophene (monosubstituted (monosubs.))

[4] 2 CF3-thiophene(add)  →

dihydro-CF3-thiophene (monosubs.)

+ CF3-thiophene (monosubs.)

[5] 2 CF3
kc → C2F6

Other reactions, such as the self-combination of CF3-
thiophene(add) or CF3 + CF3-thiophene(add) to give disubsti-
tuted dihydro-CF3-thiophene, could also be included in this
mechanism for the purpose of completeness. However, the
products of these combination reactions were not found;
only trace amounts of disubstituted dihydro-CF3-thiophene
were detected when HFA was used as the CF3 radical
source, as mentioned previously.

According to the reaction scheme, the formation of CF3H
could take place by the H-abstraction reaction, eq. [2], and
by the pseudo-H-abstraction reaction, eq. [3], the latter
equivalent to that proposed in the gas-phase reactions of CF3
radicals with benzene (10) and substituted benzenes (11, 12)
for the formation of CF3H and CF3-benzenes. In these, as
well as in the present study, the concentrations of the sub-
strates used were low, thus ensuring that the concentration of
CF3 radicals is large enough for the reaction described by
eq. [3] to occur, at variance with what has been argued for
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these reactions in the liquid phase, where pseudo-abstraction
is unlikely to proceed (13).

In the absence of any extra production of CF3H by reac-
tions other than those described in eqs. [2] and [3], the rate
of formation of CF3H would be:

[6] RCF H3
= kH[CF3][thiophene]

+ k3[CF3][CF3-thiophene(add)]

Taking into account that monosubstituted dihydro-CF3-
thiophene was produced, to the extent of about 1% of the
(2+3)-CF3-thiophenes, the disproportionation reaction,

eq. [4], would be an unimportant channel for the formation
of monosubstituted CF3-thiophenes. Therefore, this reaction,
eq. [4], which also consumes the adduct formed in the addi-
tion step in eq. [1], could be considered negligible, so that

[7] k3[CF3][CF3-thiophene(add)] ≈
kadd[CF3][thiophene]

and the rate of formation of CF3H can be made approxi-
mately equal to

[8] RCF H3
≈ (kH + kadd) [CF3][thiophene]

© 2003 NRC Canada
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[thioph.]×107

(mol cm–3)a
[CF3I]×107

(mol cm–3)a
Photolysis
time (s)

(2+3)-CF3-thioph.
(mol×105)

Ratio 2-CF3-
thioph. : 3-CF3-
thioph.

Ratiob dihydro-
CF3-thioph. :
(2+3)-CF3-thioph.

CF3H
(mol×105)

C2F6

(mol×108)

6.50 9.60 1 800 0.54 16.8 0.9 0.56 3.76
5.00 11.7 5 100 1.14 18.7 1.1 1.19 11.6
8.07 10.1 3 600 1.34 16.9 0.8 1.33 7.69
8.08 22.9 3 600 1.46 15.9 0.9 1.47 9.53
7.75 10.4 7 200 2.07 17.1 1.3 2.09 14.6
7.75 8.00 7 200 2.05 16.8 0.7 2.04 13.9
7.95 9.80 1 800 0.64 14.9 0.9 0.65 3.24
7.96 10.9 10 800 3.03 16.3 1.1 3.06 18.8
8.50 10.4 10 800 3.13 16.5 1.5 3.11 18.6
10.3 10.3 1 800 0.86 15.1 1.0 0.84 3.22
10.8 9.15 3 600 1.67 17.3 1.4 1.69 6.36
10.7 23.1 1 800 0.90 15.9 0.9 0.92 3.53
10.8 22.9 3 600 1.80 16.1 1.2 1.78 7.32
10.8 23.0 5 100 2.34 16.0 1.1 2.36 10.0
11.6 10.6 5 100 2.42 15.2 1.2 2.41 8.00
13.5 22.9 3 600 2.23 16.1 1.0 2.25 7.05
15.1 10.5 1 800 1.05 16.6 0.8 1.07 2.61
14.4 11.0 3 600 2.08 14.3 1.1 2.10 5.26
14.6 11.1 5 100 2.97 13.9 1.2 2.96 7.56

Note: thioph. = thiophene.
aVcell = 109 cm3.
bThe values given are equal to 100 × dihydro-CF3-thiophene : (2+3)-CF3-thiophene.

Table 1. Product yields for the reaction of CF3 radicals with thiophene at 25 °C; CF3I as the source of CF3 radicals.

[thioph.]×107

(mol cm–3)a
[HFA]×107

(mol cm–3)a
Photolysis
time (s)

(2+3)-CF3-thioph.
(mol×105)

Ratio 2-CF3-
thioph. : 3-
CF3-thioph.

Ratiob dihydro-
CF3-thioph. :
(2+3)-CF3-thioph.

CF3H
(mol×105)

C2F6

(mol×107)

2.42 10.8 3600 0.92 4.5 1.4 0.90 5.89
4.30 8.01 1800 0.97 14.5 1.3 0.96 2.87
5.30 7.20 1800 1.16 15.0 1.1 1.15 2.59
5.60 6.80 3600 2.00 14.9 1.3 2.02 4.92
5.92 6.72 7200 3.57 16.3 1.2 3.55 9.50
7.40 7.60 900 0.73 17.2 1.0 0.76 1.12
7.26 7.53 1800 1.41 17.1 0.9 1.43 2.29
7.85 10.5 3600 2.71 15.3 1.3 2.73 4.24
8.70 10.2 3600 3.06 15.8 1.4 3.08 4.20
10.4 11.8 900 1.02 16.5 1.1 1.04 1.03
10.6 10.8 1800 2.04 16.2 1.3 2.02 1.96
12.4 11.3 3600 3.92 15.6 0.9 3.90 3.32
12.5 12.1 7200 6.62 15.9 1.4 6.60 6.47

aVcell = 109 cm3.
bThe values given are equal to 100 × dihydro-CF3-thiophene : (2+3)-CF3-thiophene.

Table 2. Product yields for the reaction of CF3 radicals with thiophene at 25 °C; HFA as the source of CF3 radicals.
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Taking into account that

[9] RC F
1/2

2 6
= kc

1/2[CF3]

a simple expression can be found for the relative rate of for-
mation of CF3H

[10] RCF H3
/RC F

1/2
2 6

≈ {(kH + kadd)/kc
1/2}[thiophene]

A plot of RCF H3
/RC F

1/2
2 6

as a function of [thiophene], shown in
Fig. 1, gives a straight line with zero intercept, which is in-
dicative that eq. [10] holds, and thus, (kH + kadd)/kc

1/2 may be
related to the observed value 106 ± 4 cm3/2 mol–1/2 s–1/2 ob-
tained from the slope of Fig. 1 at 25 °C.

To evaluate the contribution made by the endothermic H-
abstraction reaction, eq. [2],

CF3 + thiophene
kH → CF3H + thienyl radical

toward the formation of CF3H, we calculated the activation
energy and the pre-exponential factor for the H-abstraction
reaction, eq. [2], applying the bond-strength-bond-length
(BSBL) – transition-state-theory method, developed by
Bérces and Dombi (14), based on the bond-energy-bond-
order (BEBO) method. With this treatment, good results
have been obtained for the estimation of the kinetic parame-
ters for metathesis reactions involving unsaturated reaction
centers. The BSBL reaction profile for the H-abstraction re-
action was calculated along the reaction path, and the maxi-
mum value of the potential energy — that is, the potential
activation energy and, consequently, the transition state —
occurs in a late stage of the reaction, as expected for an en-
dothermic process. The pre-exponential factor and the acti-
vation energy were estimated by considering that the
activated complex is well represented by a linear five-mass-
point model.

The following expression for kH was obtained:

[11] kH = 5.5 × 1011 exp[–(5150) K/T] (cm3 mol–1 s–1)

The rate constant for CF3 recombination, kc, has been mea-
sured near room temperature by various workers using dif-
ferent techniques, and the reported values (1) show more
than an order of magnitude variation, ranging from about
1.3 × 1012 to 2.4 × 1013 cm3 mol–1 s–1. Thus, the rate
constant at 25 °C for the H-abstraction reaction from
thiophene relative to kc

1/2 would be approximately a factor of
102–103 lower than kadd/kc

1/2. Therefore, the dispropor-
tionation reaction, eq. [3], could be considered the main step
for the production of CF3H, and so the value of 106 ±
4 cm3/2 mol–1/2 s–1/2 could be assigned to kadd/kc

1/2.
As far as we know, insufficient data are available in the

gas phase for the reactions of CF3 radicals with aromatic and
heteroaromatic compounds to allow any detailed compari-
sons. Moreover, the reported data are relative values of the
rate constants. Absolute rate constants have only been re-
ported for reactions of CF3 radicals with alkenes in the gas
phase (15) and in solution (16). However, we could compare
the reactivity of thiophene toward CF3 radicals with other
nonsaturated compounds, alkenes such as ethene and buta-
diene, and aromatics such as benzene.

The values of kadd/kc
1/2 for the addition reactions of CF3 to

the foregoing compounds are displayed in the first columm
of Table 3 for comparison purposes. The data obtained in
this work indicate that the reactivity of thiophene towards
CF3 radical addition is intermediate between the olefins and
benzene. A similar sequence in reactivity is observed in the
reactions of these compounds with the electrophilic OH
radical. This trend may reflect the effects of the resonance
stabilization energies (resonance stabilization energies
are ~138–151 kJ mol–1 for benzene, ~92 kJ mol–1 for
thiophene, and ~15 kJ mol–1 for 1,3-butadiene (20)), indicat-
ing that resonance stabilization decreases the reactivity of
the double bonds toward CF3 radical addition, as has been
pointed out previously by Atkinson et al. (21) for the OH ad-
dition to the same compounds.

We conclude that, for the reaction of CF3 radicals and
thiophene in the gas phase at 25 °C, the formation of the
monosubstituted products, 2- and 3-CF3-thiophene, can be
explained through a similar mechanism to that proposed for
other aromatic compounds (benzenes and halobenzenes) in-
volving the addition of the CF3 radical to thiophene followed
preferentially by the subsequent disproportonation reaction.
The addition rate constant is intermediate between that of
the olefins and benzene.

Experimental section

The high-vacuum apparatus employed was similar to that
described in ref. 12. Briefly, the photolysis experiments were
carried out in a cylindrical quartz cell (V = 109 cm3) con-
nected through Teflon valves to a conventional grease-free
vacuum line and storage traps, with the reactants kept at liq-
uid N2 temperature.

The light source was an Osram HBO 500 W high-pressure
mercury lamp. A Corning Pyrex Glass Plate 7740 (2 mm
thick) was used to remove wavelengths lower than 275 nm
(22).

© 2003 NRC Canada
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Fig. 1. Plot of RCF H3
/RC F

1/2
2 6

as a function of [thiophene] at 25 °C,
of the data points up to 20% conversion. � CF3I, ~10 ×
10–7 mol cm–3; � CF3I, ~23 × 10–7 mol cm–3; � HFA, ~10 ×
10–7 mol cm–3.
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In a typical experiment, the gaseous reactants were intro-
duced into the evacuated reaction vessel, and pressures were
measured. After a period of irradiation the reaction vessel
contents were immediately collected in a trap cooled in liq-
uid N2 and separated by fractional distillation at –40 °C. In
some experiments the volatile portion at this temperature
was distilled into an evacuated gas chromatograph sample
loop and passed through a 2 m column packed with Porapak
T 80/100 mesh at 40 °C. Product samples were collected
downstream for IR and MS identification. CF3H and C2F6
were identified by comparison of their GC retention times
and their IR and MS spectra with authentic samples. Known
concentrations of the appropriate standards were used for
calibration purposes.

The residue remaining at –40 °C was analysed by GC–MS
using a capillary column (0.32 mm i.d. × 30 m, SE-30). To
build up a sufficient amount of some of the products for
identification, special preparative photolyses were carried
out, generally at higher conversion. Mass spectrometry anal-
ysis (GC–MS) gave the theoretical parent mass for 2- and 3-
CF3-thiophene at m/z = 152 (23), for dihydro-CF3-thiophene
at m/z = 154, and for 2-iodothiophene at m/z = 210 (24).

Control experiments at room temperature in the dark
showed that no product formation occurred thermally under
standard reaction conditions, not even in periods 2–3 times
longer than the usual irradiation times.

Infrared spectra were recorded using a Nicolet 55X FT in-
frared spectrometer and mass spectra were obtained with a
Finnigan 3300 instrument and a PerkinElmer QM 910 GC–
MS.

Thiophene, CF3I, and HFA, as well as the reference com-
pounds CF3H, C2F6, and 2-iodothiophene, were obtained
commercially and were trap-to-trap distilled in a vacuum
line, several times, and thoroughly degassed prior to use.
Their purity was checked by IR spectroscopy and GC–MS.
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Compound
kadd/kc

1/2 (CF3)
(cm3/2 mol–1/2 s–1/2)

k (OH)a

(cm3 mol–1 s–1)

Ethene 377b 5.14×1012

1,3-Butadiene ~3000c 4.12×1013

Thiophene 106d 5.7×1012

Benzene 31e 7.3×1011

aReference 17. Recommended high-pressure limit rate constants at room
temperature with an estimated uncertainty at 25 °C of about ±20%.

bReference 18. Extrapolated value calculated at 25 °C using the reported
activation parameters.

cReference 19. Estimated from the competitive reaction with ethene at
173 °C.

dThis work.
eExtrapolated value calculated at 25 °C using the activation parameters

reported in ref. 10.

Table 3. Addition rate constants for some reactions of CF3 and
OH radicals at 25 °C.
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Oxazoline chemistry — Part IV: Synthesis and
characterization of oxazoline complexes of the
zinc halides1

Tosha M. Barclay, Ignacio del Río, Robert A. Gossage, and Sarah M. Jackson

Abstract: The synthesis and characterization of 11 zinc halide derivatives that contain monodentate oxazoline ligands
is described. The treatment of ether solutions of [ZnX2] (X = Cl, Br, I) with 2-aryl- or 2-methyl-2-oxazolines results in
the formation of mildly hygroscopic complexes of the general formulae [ZnX2(ox)2] (ox = 2-methyl-2-oxazoline (1),
2,4,4-trimethyl-2-oxazoline (2), 2-phenyl-2-oxazoline (3), or 4,4-dimethyl-2-phenyl-2-oxazoline (4)), except in the case
of ZnI2, which does not form an isolable complex — likely for steric reasons — with oxazoline 4. Treatment of
[ZnBr2(4)2] with 1 reveals (1H NMR) that 1 only sluggishly displaces coordinated 4 at temperatures below 50 °C. The
structural characterization, via single crystal X-ray diffraction, of six of the complexes, viz. [ZnI2(1)2], [ZnI2(2)2],
[ZnX2(3)2] (X = Cl, Br, or I), and [ZnBr2(4)2], is also reported. All of these structurally characterized complexes are
mononuclear zinc compounds with an overall distorted tetrahedral arrangement of the two halide and two oxazoline lig-
ands around the zinc metal centre. The oxazoline series of complexes reported herein show little structural diversity, a
facet which is in contrast to their substituted pyridine analogues.

Key words: oxazoline, zinc, X-ray crystal structure, coordination complex, NMR spectroscopy, Zn(II).

Résumé : On décrit la synthèse et la caractérisation d’onze dérivés d’halogénures de zinc contenant des ligands oxazo-
lines monodentates. Le traitement de solutions éthérées de [ZnX2] (X = Cl, Br, I) avec des 2-aryl- ou 2-méthyl-2-
oxazolines conduit à la formation de complexes faiblement hygroscopiques de formule générale [ZnX2(ox)2] (ox =
2-méthyl-2-oxazoline [1], 2,4,4-triméthyl-2-oxazoline [2], 2-phényl-2-oxazoline [3] ou 4,4-diméthyl-2-phényl-2-
oxazoline [4]); exceptionnellement, la réaction ZnI2 avec l’oxazoline 4 ne conduit pas à la formation d’un complexe
isolable, probablement en raison d’un encombrement stérique. La RMN du 1H montre que le traitement du [ZnBr2(4)2]
avec 1, à des températures inférieures à 50 °C, montre que le déplacement de 4 ne se fait que très difficilement. On
rapporte aussi la caractérisation par diffraction des rayons X de six de ces complexes, soit [ZnI2(1)2], [ZnI2(2)2],
[ZnX2(3)2] (X = Cl, Br ou I) et [ZnBr2(4)2]. Tous les complexes dont la structure a été caractérisée sont des composés
mononucléaires du zinc comportant un arrangement global tétraédrique déformé de deux halogènes et de deux ligands
oxazoline autour du zinc central. La série de complexes avec des oxazolines qui est rapportée ici ne présente que de
faibles variations structurales; cette caractéristique est en opposition avec ce qui a été observé avec leurs analogues
comportant des pyridines substituées.

Mots clés : oxazoline, zinc, structure cristalline par diffraction des rayons X, complexe de coordination, spectroscopie
RMN, Zn(II).

[Traduit par la Rédaction] Barclay et al. 1491

Introduction

The chemistry of zinc is one of the cornerstones of inor-
ganic biochemistry (1). The element is characterized by the
high stability of the +2 oxidation state and by the numerous
examples of robust four-, five-, and six-coordinate zinc com-

plexes (2, 3). The high Lewis acid character of the d10 Zn2+

ion leads to the formation of many stable compounds with
N-donor ligands, including heterocycles such as pyridines
(py), imidazoles, pyrazines, oxazoles, and others (3–8).

Zinc complexes are also part of a burgeoning network of
bio-active and (or) pharmaceutical inorganic compounds (9),
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and even simple solutions of Zn2+ ions or [Zn(N-donor)x]
2+

complexes have a number of noteworthy biological activities
(10). For example, [ZnCl2(H2N

iPr)2] has recently been
shown to prolong (i.e., stabilize) the potency of enzymes in
aqueous media (11). The presence of zinc ions can also in-
crease the potency of certain biologically active compounds,
such as the enzyme inhibitory effect of bis(5-amidino-2-
benzimidazolyl)methane (BABIM). This enhancement has
been shown to be due to the binding of a [Zn(BABIM)]
complex into the active site of a protease enzyme (12a). Re-
cently, zinc complexes of neocuprine, a phenanthroline de-
rivative, have been shown to be site-specific RNA cleavage
agents (12b). Related simple Zn coordination complexes
have also shown promise in the treatment of diabetes (12c,
12d).

In direct relation to this study is the hypothesis that
oxazoline-containing drug candidates (12e) such as 4-
carbomethoxy-2-phenyl-2-oxazoline (viz., L-573,655: Fig. 1)
inhibit lipid A biosynthesis by coordination with an enzyme-
bound Zn atom (i.e., a Zn–oxazoline complex is formed with
L-573,655; refs. 12f–12i). As part of a larger study concern-
ing the coordination and medicinal chemistry of zinc (13)
and oxazoline (i.e., 4,5-dihydro-2-oxazole) ligands in gen-
eral (14),5 we have undertaken a study of simple mono-
dentate oxazolines (1–4: Fig. 1) as ligands for binding to the
zinc halides. In this report, we detail the synthesis and char-
acterization (NMR and X-ray analyses, etc.) of a series of
Zn halide complexes that incorporate monodentate 2-
oxazoline (15) derivatives. A further reason for this investi-
gation is the knowledge that zinc halides are commonly used
as catalysts to form oxazolines via treatment of organic
cyanides with amino-alcohols (14c). A possible by-product
of this procedure is an oxazoline–Zn complex, and hence,
we wanted to begin a general investigation of such species.

Results and discussion

Syntheses and spectroscopic characterization
The treatment of ether solutions (or suspensions) of the

zinc halides (ZnX2; X = Cl, Br, or I) with an excess of a 2-
oxazoline (Fig. 1) leads to rapid formation of isolable white
precipitates. A sole exception to this observation is the reac-
tion of ZnI2 with oxazoline 4; this particular reaction invari-
ably leads to the formation of oily inextractable mixtures,
from which no pure compounds could be obtained. Metathe-
sis reactions, involving exchange of Br or NO3 anions with
I– sources, were likewise unsuccessful. The aforementioned
isolated materials are moderately hygroscopic, a property
that is more pronounced with the 2-methyl oxazoline com-
plexes (i.e., 5–10) when compared with the 2-phenyl deriva-
tives 11–15. All compounds decomposed on melting in air to
form colourless oils. The initial isolated materials in all
cases are white powders; crystalline samples, obtained as de-
scribed in the Experimental section, are clear and colourless
but darken over several weeks in air.

Examination of 5–15 by elemental analysis measurements
are, in all cases, consistent with the formation of complexes
of general formula [ZnnX2n(oxazoline)2n] (i.e., 2:1 ligand:ZnX2
species). Characterization of these complexes by 1H NMR
spectroscopy reveals the presence of a single oxazoline
ligand environment. Further to this, the 1H NMR resonances
for the presumably coordinated oxazolines are shifted rela-
tive to that of the free ligands,6 a situation that is mimicked
by observation of a decrease in the ν(C=N) IR stretching fre-
quencies of the oxazoline for the complexes, as expected.
Specifically, all 1H NMR chemical shifts of complexes in-
corporating 1 are notably deshielded relative to the free
ligand form,6 an observation consistent with donation of
electron density from the ligand to the Lewis acidic Zn cen-
tre. Complexes of 2 show a similar trend; however, the
methyl resonances on C-2 of the oxazoline are notably
shielded relative to free 2. This suggests that this methyl
group is forced to be in close proximity to the metal centre,
likely because of steric effects of the methyl substituents on
C-4 (vide infra). In the case of ligands 3 and 4, shifts are
less pronounced relative to the free ligands, although the
methylene protons of 3 show a small shift (positive in the
case of the Br and I derivatives and negative for the Cl) upon
coordination.

Zinc halides are often employed as catalysts for the syn-
thesis of 2-oxazolines via treatment of an alkyl or aryl cya-
nide with an appropriate amino-alcohol at elevated
temperatures (14c, 15, 16). With this in mind, it seems feasi-
ble that Zn–oxazoline complexes may also be produced as
by-products in these reactions. We have taken a cursory look
at the stability of some of these species by a simple metathe-
sis reaction. Treatment of complex 15 in an NMR tube with
2 equiv of 1 and maintenance at room temperature (RT) for
a period of 1 day does not result in any loss of signal inten-
sity of 15, nor presence of any form of an intermediate, and

© 2003 NRC Canada
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Fig. 1.

5 R.A. Gossage, K.J. Haller, H. Jenkins, and S.M. Jackson. Unpublished results.
6 1H NMR data (300 MHz, CDCl3) δ: 1: 4.12 (t, 2H, J = 9.5, CH2O), 3.73 (t, 2H, CH2N), 1.86 (s, 3H, CH3); 2: 3.80 (s, 2H, CH2O), 1.83 (s,
3H, N=C-CH3), 1.14 (s, 6H, CH3); 3: 7.95 (m, 2H, ArH), 7.42 (m, 3H, ArH), 4.40 (t, 2H, CH2O), 4.04 (t, 2H, CH2N); 4: 7.86 (m, 2H, ArH),
7.28 (m, 3H, ArH), 3.95 (s, 2H, CH2), 1.25 (s, 6H, CH3). IR data (thin film; KBr; υ[C=N]): 1: 1670 (st); 2: 1670 (st); 3: 1645 (st); 4: 1648
(st).
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no evidence for the formation of complex 5. Heating this
mixture for 12 h at about 50 °C results in only a small
amount (<10%) of 5 being detected. These results indicate a
robust nature of these materials, and it seems that only by
treating with a large excess of water, as is typically done in
the synthesis of ligands 1–4 employing Zn halides (14c, 15,
16), are the free oxazolines released. This is also suggested
by the relatively hygroscopic nature of these complexes, a
property that is a likely cause of our inability to obtain a re-
producible elemental analysis in the case of complex 14.

Solid-state (crystal) structures
Zinc halides are well known to react with N-donor com-

pounds to form mononuclear complexes with an overall dis-
torted tetrahedral disposition of ligands around the Zn atom.
For example, ZnCl2 forms simple complexes of the general
formulae [ZnCl2(N)2] with N = py, 4-(vinyl)py, 4-(NC)py, 4-
(acetyl)py, 3,4,5-Cl3py, 3-(F3C)py, and 4-(Me)py (17). How-
ever, a number of interesting polymeric materials are formed
(3, 6, 17a) with other pyridine derivatives. For example, both
3,5-Cl2py and 3,5-Br2py form polymeric complexes with
ZnCl2 (i.e., [Zn(µ-Cl)2(3,5-Xpy)2]∞) in which the Zn atom is
in an octahedral coordination geometry. Linear (and tetrahe-
dral at Zn) bridged species are formed with 4,4′-bipy and
ZnCl2 (i.e., [ZnCl2(4,4′-bipy)]∞), but Magnus-type salts (i.e.,
[Zn([MeO]2py)4]

2+ [Zn2Br6]
2–) can be formed by treating

ZnBr2 with 2,6-(MeO)2-py (17a).
There is currently a dearth of structural information on

monodentate oxazoline complexes (15), despite the fact that
the coordination chemistry of bis-oxazolines and cyclo-

metallated (i.e., η2-N,C) 2-aryl-2-oxazolines has been the
subject of numerous studies (15). To our knowledge, there is
no structural data of any Zn halide complex with a mono-
dentate oxazoline; hence, we felt a structural investigation of
this class of materials was in order. Thus, we have carried
out single crystal X-ray structure analysis of six of the com-
plexes (7, 10–13, and 15) synthesized herein. In addition,
there are very few structurally characterized [ZnI2(N-do-
nor)n] complexes (18–20), and thus the characterization of
three (7, 10, and 13) such derivatives will help to expand the
structural database on this class of ZnI2 coordination com-
pounds.

The molecular structures of complexes 7, 10–13, and 15
can be found in Figs. 2–7, respectively, and the general crys-
tal data can be found in Tables 1 and 2.

All six complexes are mononuclear species in the solid
state with an approximate tetrahedral array of the two halide
and two oxazoline ligands around the metal centre. As
expected, the binding of the oxazoline fragment is, in all
cases, via coordination of the imine N-atom of the hetero-
cyclic ring (15). Comparative examples of related structur-
ally characterized Zn oxazolines are few (21–24) but include
complexes such as [η2-N,N′-(1,2-bis{4S-4-isopropyl-2-oxazolin-
2-yl}benzene} zinc(II) chloride] (21). The bond lengths be-
tween Zn and the donor ligands for complexes 7, 11–13, and
15 are in the range typical (3–8, 15–25) for Zn—N and
Zn—X bonds (Table 2). These data can be compared with,
for example, the halide complexes (4c, 17a, 18b) [ZnCl2(4-
Me-py)2] (Zn—Nav = 2.044 Å; Zn—Clav = 2.208 Å),
[ZnBr2(3-CF3-py)2] (Zn—N = 2.084 Å; Zn—Br = 2.375 Å),

© 2003 NRC Canada
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Fig. 2. ORTEP representation of complex 7.
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and [ZnI2(2-amino-2-thiazole)2] (17: Zn—Nav = 2.023 Å;
Zn—Iav 2.384 Å). Complex 10 is perhaps the most unusual
of the set, as it displays Zn—I bonds that are at the upper
range of known Zn—I bond lengths (cf. 17). Similar long
Zn—I bonds are found (18a) in the complex [ZnI2(η2-N,N′-
{C5H4N}3N)] (18). The reason for the long bonds found
here may be because of steric effects imposed on the large I
atoms relative to tightly bound oxazoline 2 (26). Note that
this particular fragment contains two sterically bulky methyl
substituents on carbons (labelled) C4 and C10 (Fig. 3) of the
oxazoline ring. This structure sheds some light on the ob-
served solution properties that involve the shielding of the

proton resonances (vide supra) of the methyl group (C1).
The Zn1—C1 and C7 distances are 3.43 and 3.38 Å, respec-
tively. The I-Zn-I angles (Table 2) of 10 and 13 are consid-
erably narrower than that of 18 (117.48(3)°) but similar to
that found in the complexes [ZnI2(BpsMe2)] (113.48(5)°;
BpsMe2 = [bis(3,5-dimethylpyrazolyl)dimethylsilane]),
[ZnI2(C6H12N4)2] (111.5(1)°), and [ZnI2(3,5-[tBuph]2pzH)2]
(112.2(1)°), all of which have sterically demanding N-donor
ligands (19, 20a, 20b). Complexes 11 and 12 both contain
two unique molecules of the complex in the unit cell. The
main differences between these molecules is the torsion an-
gles between the phenyl group formally on C-2 and the

© 2003 NRC Canada
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Fig. 3. ORTEP representation of complex 10.

Fig. 4. ORTEP representation depicting both molecules of complex 11 found in the unit cell.
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oxazoline unit. These two materials are virtually
isomorphous. Further structural details for all six complexes
reported here can be found in the supporting data.7

© 2003 NRC Canada
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Fig. 5. ORTEP representation depicting both molecules of complex 12 found in the unit cell.

Fig. 6. ORTEP representation of complex 13. Fig. 7. ORTEP representation of complex 15.

7 Supplementary data may be purchased from the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council
Canada, Ottawa, ON K1A 0S2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on ordering electronically). CCDC
213243–213248 contain the supplementary data for for complexes 7, 10–12, and 15 respectively. These data can be obtained, free of charge,
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.; fax
+44 1223 336033; or deposit@ccdc.cam.ac.uk).
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Conclusions

The treatment of ether solutions of ZnX2 with oxazolines
1–4 results in the formation of mildly hygroscopic mono-
nuclear bis-oxazoline complexes, except in the case of X = I
and oxazoline 4. Six derivatives have been characterized by
single crystal X-ray diffraction. These materials represent
the first series of mononuclear oxazoline complexes of Zn2+

to be fully characterized. The medicinal properties of these
materials are currently under investigation and will be re-
ported in a separate disclosure.

Experimental

General
All reactions were carried out in air, using commercially

available, reagent-grade solvents. Zinc halides and ligands
1–4 (Fig. 1) were purchased commercially and used as re-
ceived, with the exception of ZnCl2. This material was dried
by heating thrice to the melt under vacuum (approximately
(approx.) 2000 Pa), and then the solid was cooled to RT un-
der an atmosphere of dry argon gas. THF was stored over

4 Å molecular sieves. 1H NMR spectra (CDCl3 solution)
were recorded at RT using a Bruker AC-250 NMR spec-
trometer located at the Atlantic Regional Magnetic Reso-
nance Centre (ARMRC) (Halifax, N.S., Canada), operating
at 250 MHz, or were recorded using a Bruker Avance 300
NMR spectrometer located at the Acadia Centre for Micro-
structural Analysis (ACMA) (Wolfville, N.S., Canada), oper-
ating at 300 MHz. Chemical shifts are reported in ppm using
TMS (and (or) residual solvent resonance) as internal stan-
dard (δTMS = 0.00 ppm). Coupling constants are reported in
Hertz. IR spectra were recorded as nujol muls (except where
noted) on a PerkinElmer 683 or 283B IR spectrometer; re-
ported values are in units of cm–1. Melting points were re-
corded in air on a Mel-Temp II apparatus and are
uncorrected. Elemental analyses measurements were per-
formed at the Lakehead University Centre for Analytical
Services (LUCAS) located in Thunder Bay, Ont., Canada.

Synthesis of [dichlorobis{η1-N-(2-methyl-2-oxazoline)}zinc]
(5)

Solid zinc chloride (4.2 g, 31 mmol) was dissolved in
150 mL of diethylether by stirring the mixture at RT for

© 2003 NRC Canada
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Complex Bond Bond lengths (Å) Bonds Bond angles (°)

7 Zn1—I1 2.567(2) I1-Zn1-I2 111.67(6)
Zn1—I2 2.590(2) N1-Zn1-N2 99.7(5)
Zn—N1 2.021(9)
Zn1—N2 2.004(14)
N1—Ca 1.27(2)

10 Zn1—I1 2.5937(7) Cl1-Zn1-Cl2 112.18(2)
Zn1—I2 2.5827(8) N1-Zn1-N2 106.48(15)
Zn1—N1 2.059(4)
Zn1—N2 2.074(4)
N1—Ca 1.280(7)
N2—Ca 1.268(6)

11b Zn1—Cl1 2.2352(7) Cl1-Zn1-Cl2 111.97(3)
Zn1—Cl2 2.2432(7) N1-Zn1-N2 103.70(7)
Zn1—N1 2.026(2)
Zn1—N2 2.050(2)
N1—Ca 1.282(3)

12b Zn1—Br1 2.3712(7) Br1-Zn1- Br2 108.61(3)
Zn1—Br2 2.3712(6) N1-Zn1-N2 104.59(12)
Zn1—N1 2.053(3)
Zn1—N2 2.025(3)
N1—Ca 1.285(4)

13 Zn1—I1 2.5706(8) I1-Zn1-I2 110.42(2)
Zn1—I2 2.5937(7) N1-Zn1-N2 107.51(13)
Zn1—N1 2.052(3)
Zn1—N2 2.042(3)
N1—Ca 1.282(5)

15 Zn1—Br1 2.3905(5) Br1c-Zn1-Br1 112.92(3)
Zn1—N1 2.076(3) N1c-Zn1-N1 119.07(14)
N1—Ca 1.269(4)

aRefers to the formal N=C of the oxazoline ligands containing N1.
bTwo distinct molecules in the unit cell; values given for Zn1 complex only (see Supplementary data).
cSymmetry code = –x – 1/2, –y + 1/2, z.

Table 2. Selected bond lengths (Å) and angles (°) for complexes 7, 10–13, and 15.
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15 min. This mixture was then filtered to remove any undis-
solved material. To the rapidly stirring (clear and colourless)
solution was added (via syringe) 8.0 mL (94 mmol) of 1 in a
single portion. A white precipitate began to form almost im-
mediately. Stirring was continued for a further 12 h at RT,
and the resulting solid was isolated by filtration. This mate-
rial was then washed thrice with Et2O (35 mL) and then al-
lowed to dry in air. Yield 8.0 g (84%) of a white, slightly
hygroscopic solid. Crystals of 5, suitable for X-ray diffrac-
tion, grew after a CH2Cl2 solution of 5, layered with Et2O,
was left standing for several days at RT. mp > 105 °C
(decomposition temperature (decomp.)). IR: 1650 (st). 1H
NMR (250 MHz) δ: 4.50 (t, 2H, J = 9.8, CH2O), 3.98 (t, 2H,
J = 9.8, CH2N), 2.27 (s, 3H, CH3). Calcd. for
C8H14N2O2Cl2Zn·(H2O) (%): C 29.72, H 4.55, N 8.67;
found: C 29.72, H 4.97, N 8.63.

Synthesis of [dibromobis{η1-N-(2-methyl-2-oxazoline)}zinc]
(6)

In a reaction analogous to that used to produce 5, zinc
bromide (1.0 g, 4.4 mmol) in Et2O was treated with 1 (2.1
equiv). Yield 1.6 g (92%, hygroscopic solid). mp > 72 °C
(decomp.). IR: 1650 (st). 1H NMR (250 MHz) δ: 4.50 (t, 2H,
J = 9.8, CH2O), 4.00 (t, 2H, J = 9.8, CH2N), 2.29 (s, 3H,
CH3). Calcd. for C8H14N2O2ZnBr2·0.5(H2O): C 23.76, H
3.74, N 6.93; found: C 23.53, H 3.63, N 6.85.

Synthesis of [diiodobis{η1-N-(2-methyl-2-oxazoline)}zinc]
(7)

As for 5, zinc iodide (3.0 g, 9.4 mmol), suspended in
Et2O–THF (60 mL : 10 mL), was treated with 2.4 mL
(28 mmol) of 1. Yield 4.0 g (87%, hygroscopic white solid).
Crystals, suitable for X-ray diffraction, were grown from a
solution of 3 (CH2Cl2 layered with Et2O) that had been left
standing at RT for several days. mp > 94 °C (decomp.). IR:
1650 (st). 1H NMR (250 MHz) δ: 4.50 (t, 2H, J = 9.8,
CH2O), 4.02 (t, 2H, J = 9.8, CH2N), 2.29 (s, 3H, CH3).
Calcd. for C8H14N2O2ZnI2·0.25(H2O): C 19.45, H 2.96, N
5.67; found: C 19.21, H 2.76, N 5.57.

Synthesis of [dichlorobis{η1-N-(2,4,4-trimethyl-2-
oxazoline)}zinc] (8)

As for 5, zinc chloride (1.2 g, 8.8 mmol) in Et2O was
treated with 2 (2.2 mL, 17 mmol), and the solid was washed
with Et2O (2 × 35 mL) and petroleum ether (50 mL); the
product can be further recrystallized from a 1:1 mixture of
CH2Cl2–Et2O. Yield 2.0 g (65%). mp > 124 °C (decomp.).
IR: 1635 (st). 1H NMR (250 MHz) δ: 4.17 (s, 2H, CH2O),
2.27 (s, 3H, N=C-CH3), 1.61 (s, 6H, CH3). Calcd. for
C12H22N2O2Cl2Zn·0.5(CH2Cl2): C 37.06, H 5.72, N 6.92;
found: C 37.29, H 5.86, N 6.92.

Synthesis of [dibromobis{η1-N-(2,4,4-trimethyl-2-
oxazoline)}zinc] (9)

As for 5, using ZnBr2 (1.4 g, 6.2 mmol; ether suspension)
and 2 (1.7 mL, 13 mmol). Yield 2.7 g (96%). mp > 172 °C
(decomp.). IR: 1625 (st). 1H NMR (250 MHz) δ: 4.18 (s, 2H,
CH2O), 2.29 (s, 3H, N=C-CH3), 1.68 (s, 6H, CH3). Calcd.
for C12H22N2O2Br2Zn: C 31.92, H 4.91, N 6.20; found: C
32.16, H 4.59, N 6.21.

Synthesis of [diiodobis{η1-N-(2,4,4-methyl-2-
oxazoline)}zinc] (10)

As for 5, ZnI2 (3.3 g, 10 mmol; ether suspension) was
treated with 2 (2.7 mL, 21 mmol). Yield 4.9 g (90%). Crys-
tals, suitable for X-ray diffraction, grew from a sealed solu-
tion of 10 (CH2Cl2) layered with Et2O, after standing at RT
for several days. mp > 159 °C (decomp.). IR: 1630 (st). 1H
NMR (250 MHz) δ: 4.17 (s, 2H, CH2O), 2.27 (s, 3H, N=C-
CH3), 1.61 (s, 6H, CH3). Calcd. for C16H18N2O2ZnI2 (%): C
26.42, H 4.06, N 5.14, found: C 26.27, H 3.86, N 5.02.

Synthesis of [dichlorobis{η1-N-(2-phenyl-2-
oxazoline)}zinc] (11)

As for 5, ZnCl2 (2.0 g, 15 mmol) in Et2O (125 mL) was
treated with 3 (3.9 mL, 30 mmol), and the resulting white
solid was washed with Et2O (2 × 15 mL) and then air-dried.
Yield 4.77 g (74%). mp > 179 °C (decomp.). IR: 1618 (st).
1H NMR δ: 7.78 (d, 2H, J = 7.5, ArH), 7.61 (t, 1H, ArH),
7.41 (t, 2H, J = 7.6, ArH), 4.33 (m, 4H, CH2CH2). Calcd.
for C16H18N2O2Cl2Zn: C 50.20, H 4.21, N 6.51; found: C
50.47, H 4.26, N 6.68.

Synthesis of [dibromobis{η1-N-(2-phenyl-2-
oxazoline)}zinc] (12)

As for 5, ZnBr2 (2.1 g, 9.3 mmol) in Et2O (100 mL) was
treated with 3 (2.5 mL, 19 mmol), and the solid was washed
with Et2O (2 × 15 mL) and then air-dried. Yield 4.71 g
(48%). mp > 170 °C (decomp.). IR: 1620 (st). 1H NMR δ:
7.76 (d, 2H, J = 8.0, ArH), 7.58 (t, 1H, ArH), 7.35 (t, 2H,
J = 7.9, ArH), 4.47 (m, 4H, CH2CH2). Calcd. for
C16H18N2O2ZnBr2: C 41.61, H 3.49, N 5.39; found: C 41.66,
H 3.49, N 5.30.

Synthesis of [diiodobis{η1-N-(2-phenyl-2-oxazoline)}zinc]
(13)

As for 5, ZnI2 (1.4 g, 4.4 mmol) was suspended in Et2O
(25 mL), and the mixture was then treated with 3 (1.1 mL,
8.4 mmol), and the light yellow solid was washed with Et2O
(2 × 10 mL) and then air-dried. Yield 2.55 g (99%). mp >
193 °C (decomp.). IR: 1620 (st). 1H NMR δ: 7.76 (d, J =
7.9, 2H, ArH), 7.61 (t, 1H, ArH), 7.38 (t, 2H, J = 8.0, ArH),
4.43 (m, 4H, CH2CH2). Calcd. for C16H18N2O2ZnI2 (%): C
35.24, H 2.96, N 4.57; found: C 34.90, H 2.97, N 4.43.

Synthesis of [dichlorobis{η1-N-(4,4-dimethyl-2-phenyl-2-
oxazoline)}zinc] (14)

A sample of ZnCl2 (2.25 g, 16.5 mmol) was dissolved in
100 mL of Et2O, and the solution was then filtered. Com-
pound 4 (5.6 mL, 33 mmol) was added, and the mixture was
then stirred at RT for 2 h. The resulting white solid was col-
lected by filtration and washed with Et2O (2 × 25 mL). Yield
4.2 g (58%). mp > 174 °C (decomp.). IR: 1620 (st). 1H
NMR δ: 7.86 (m, 2H, ArH), 7.28 (m, 3H, ArH), 3.95 (s, 2H,
CH2), 1.25 (s, 6H, CH3). Calcd. for C22H26N2O2Cl2Zn: C
54.29, H 5.38, N 5.76; found: a reproducible elemental anal-
ysis (±0.4%) could not be obtained for this material.

Synthesis of [dibromobis{η1-N-(4,4-dimethyl-2-phenyl-2-
oxazoline)}zinc] (15)

As for 5, ZnBr2 (2.0 g, 8.9 mmol) in Et2O (100 mL) was
treated with 4 (3.0 mL, 18 mmol), then stirred for 2 h, and
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then evaporated at RT. Yield 2.0 g (65%). mp > 168 °C
(decomp.). IR: 1618 (st). 1H NMR δ: 7.86 (m, 2H, ArH),
7.28 (m, 3H, ArH), 3.95 (s, 2H, CH2), 1.25 (s, 6H, CH3).
Calcd. for C22H26N2O2ZnBr2: C 45.90, H 4.55, N 4.87;
found: C 45.68, H 4.46, N 4.84.

Single crystal X-ray structure determinations

X-ray structure of 7
Suitable white crystals were obtained by slow diffusion of

Et2O into a CHCl3 solution of the complex. Diffraction data
were collected on a Nonius Kappa-CCD diffractometer
equipped with a 95 mm CCD camera and a k-goniostat, us-
ing graphite-monochromated Cu Kα radiation. Data were re-
duced to Fo

2 values. A numerical absorption correction was
applied using Gaussian integration (27), with max and min
transmission factors of 0.024 and 0.009, respectively. The
structure was solved by Patterson interpretation, using the
program DIRDIF-96 (28). Isotropic and full matrix
anisotropic least-squares refinements were carried out using
SHELXL-97 (29). All non-H atoms were refined anisotro-
pically, except N2, C5, and O2, which were isotropically re-
fined. All the hydrogen atom positions were geometrically
calculated and refined riding on their parent atoms. The mo-
lecular plots were made with the EUCLID program package
(30). The WINGX program system (31) was used through-
out the structure determinations.

X-ray structures of 10–13 and 15
Suitable crystals were grown from solutions of the com-

plexes in dichloromethane that had been layered with Et2O
and allowed to stand at RT (or at –10 °C) for several days.
Crystals were mounted on a glass fibre, covered in epoxy,
and data was collected on a Smart 1000 CCD diffractometer
using Mo Kα radiation (graphite monochromated). Isotropic
and full matrix anisotropic least-squares refinements were
carried out using SHELXL-97 (29). It should be noted that
complex 15 has twofold imposed crystallographic symmetry.
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Thermochemical behavior of dissolved carboxylic
acid solutes: Solubilities of 3-methylbenzoic acid
and 4-chlorobenzoic acid in organic solvents

Charlisa R. Daniels, Amanda K. Charlton, Rhiannon M. Wold, William E. Acree,
Jr., and Michael H. Abraham

Abstract: The Abraham general solvation model is used to correlate the solubility behavior of 3-methylbenzoic acid
and 4-chlorobenzoic acid in alcohol and ether solvents. The mathematical correlations take the form of

log(CS/CW) = c + r·R2 + s·π 2
Η + a·Σα 2

Η + b·Σ β 2
Η + v·Vx

log(CS/CG) = c + r·R2 + s·π 2
Η + a·Σα 2

Η + b·Σ β 2
Η + l·logL(16)

where CS and CW refer to the solute solubility in the organic solvent and water, respectively; CG is a gas-phase con-
centration; R2 is the solute excess molar refraction; Vx is the McGowan volume of the solute; Σα 2

Η and Σ β 2
Η are mea-

sures of the solute hydrogen-bond acidity and hydrogen-bond basicity; π 2
Η denotes the solute dipolarity–polarizability

descriptor; and L(16) is the solute gas-phase dimensionless Ostwald partition coefficient into hexadecane at 298 K. The
remaining symbols in the above expressions are known solvent coefficients, which have been determined previously for
a large number of gas–solvent and water–solvent systems. The Abraham general solvation model was found to describe
the experimental solubility data and published literature partitioning data of 3-methylbenzoic acid and 4-chlorobenzoic
acid to within overall standard deviations of 0.079 log units and 0.085 log units, respectively.

Key words: 3-methylbenzoic acid solubilities, 4-chlorobenzoic acid solubilities, alcohol solvents, partition coefficients,
molecular solute descriptors, solubility predictions.

Résumé : On a utilisé le modèle de solvatation générale d’Abraham pour établir une corrélation du comportement de
solubilité de l’acide 3-méthylbenzoïque et de l’acide 4-chlorobenzoïque dans des alcools et des éthers comme solvants.
Les corrélations mathématiques sont de la forme:

log(CS/CW) = c + r·R2 + s·π 2
Η + a·Σα 2

Η + b·Σ β 2
Η + v·Vx

log(CS/CG) = c + r·R2 + s·π 2
Η + a·Σα 2

Η + b·Σ β 2
Η + l·logL(16)

dans laquelle CS et CW se réfèrent respectivement à la solubilité du soluté dans le solvant et l’eau, CG est une concen-
tration dans la phase gazeuse, R2 est la réfraction molaire en excès du soluté, Vx est le volume de McGowan du soluté,
Σα 2

Η et Σ β 2
Η sont des mesures de l’acidité et de la basicité de la liaison hydrogène du soluté, π 2

Η est le descripteur de
la dipolarité–polarisabilité du soluté et L(16) est le coefficient de partage sans dimension d’Oswald du soluté en phase
gazeuse dans l’hexadécane, à 298 K. Les autres symboles de ces expressions sont des coefficients connus des solvants
qui ont été déterminés antérieurement pour un grand nombre de systèmes gaz–solvant et eau–solvant. On a trouvé que
le modèle de solvatation générale d’Abraham permet de décrire les données expérimentales de solubilité et les données
publiées dans la littérature pour les coefficients de partage de l’acide 3-méthylbenzoïque et l’acide 4-chlorobenzoïque
avec des déviations globales standard respectivement de 0,079 et 0,085 unités de logarithme.

Mots clés : solubilités, acide 3-méthylbenzoïque, acide 4-chlorobenzoïque, solvants alcooliques, coefficients de partage,
descripteurs moléculaires du soluté, prévisions de solubilités.

[Traduit par la Rédaction] Daniels et al. 1501

Introduction

Researchers have recognized for years the importance of
liquid–liquid equilibria. Chemical engineers design separa-
tion and purification processes based upon partition coeffi-
cient data. Solute partitioning between two immiscible
phases is the basis of all chromatographic separations. Biol-
ogists correlate partition and bioaccumulation data to better
understand the fate of organic pollutants in the environment.
Civil engineers need partition and adsorption coefficient data

Can. J. Chem. 81: 1492–1501 (2003) doi: 10.1139/V03-169 © 2003 NRC Canada
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to design water treatment facilities to remove organic com-
pounds from drinking water. Partition coefficients are re-
quired as input values in pharmacokinetic and toxicokinetic
models that mathematically predict the adsorption, excre-
tion, and metabolism of drug molecules in the body. The lat-
ter models involve tissue–air and tissue–blood partitioning;
however, studies have shown that biological partitioning
processes can sometimes be mimicked by select organic sol-
vents like hexane, oleyl alcohol, and 1-octanol.

Historically, many of the very early studies focussed ex-
clusively on developing correlational equations based upon
octanol–water partition coefficients, which are readily avail-
able for most organic compounds (1). As additional experi-
mental data became available, researchers expanded their
studies to include more organic solvents, as well as aqueous
micellar solvent media. In this regard, Abraham and co-
workers (2–9) developed expressions for describing the par-
tition of solutes between water and an organic solvent and
between the gas phase and a given solvent. The Abraham
general solvation model is based upon two particular linear,
free-energy relationships for describing the partition of sol-
utes between water and a given solvent (2–9)

[1] logP = c + r·R2 + s·π2
Η + a·Σα2

Η + b·Σ β2
Η + v·Vx

and between the gas phase and a given solvent

[2] logL = c + r·R2 + s·π2
Η + a·Σα2

Η + b·Σ β2
Η

+ l·logL(16)

The dependent variables in eqs. [1] and [2] are logP (the
partition coefficient of solute(s) between water and a given
solvent) and logL (Ostwald solubility coefficient). The inde-
pendent variables are the solute descriptors, as follows: R2
and Vx refer to the excess molar refraction and McGowan
volume of the solute, respectively; Σα2

Η and Σ β2
Η are mea-

sures of the solute hydrogen-bond acidity and hydrogen-
bond basicity; π2

Η denotes the solute dipolarity–polarizability
descriptor; and L(16) is the solute gas-phase dimensionless
Ostwald partition coefficient into hexadecane at 298 K. The
Ostwald partition coefficient, L, is the inverse of the Henry’s
law constant. It should be noted that the various c, r, s, a, b,
v, and l coefficients depend on the solvent phase under con-
sideration. The tendency of the phase to interact with solutes
through polarizability-type interactions, mostly via electron
pairs, is given by the r-coefficient. The s-coefficient is a
measure of the solvent phase dipolarity and (or) polarity,
while the a- and b-coefficients represent the solvent phase
hydrogen-bond basicity and hydrogen-bond acidity, respec-
tively. The l- and v-coefficients are a combination of the
work needed to create a solvent cavity wherein the solute
will reside and the general dispersion interaction energy be-
tween the solute and solvent phase. In the case of partition
coefficients, where two solvent phases are involved, the c, r,
s, a, b, v, and l coefficients represent differences in the sol-
vent phase properties.

To date, mathematical expressions have been deduced for
approximately 40 or so dry solvents. The derived mathemati-
cal expressions allow one to predict the partitioning and sol-
ubility behavior of organic and organometallic solutes,
provided that one knows the numerical values of the various

solute descriptors. Development of a single correlation equa-
tion requires experimental data for at least 40 or so different
solutes. It is important that the data set contain solutes that
span as wide a range of solute descriptors as possible in or-
der to derive meaningful correlations. Partition coefficients
of volatile solutes can be measured directly as the solute
gas–liquid chromatographic retention volumes on the given
organic solvent stationary phase, or they can be calculated
from infinite dilution activity coefficients. This latter infor-
mation is available in the published literature in the form of
binary liquid–vapor equilibria data. Solubility measurements
provide a very convenient means for including nonvolatile
solutes in the regression analysis. Here, the partition coeffi-
cient is calculated as the ratio of the solute molar solubility
in the organic solvent under consideration and water (or sat-
urated vapor concentration in the case of the gas–liquid par-
tition).

Presently, we are in the process of developing and (or) up-
dating correlation equations for additional and (or) existing
solvent systems (8–11) and in the process of developing new
computational methodologies for calculating solute
descriptors from available experimental data and (or) struc-
tural information (12–17). Solubility measurements have
been used in the determination of molecular descriptors of
the two equilibrium tautomeric forms (azo(phenolic) and
quinone(hydrazone)) of Sudan I (18). Several of our prelimi-
nary unpublished correlation equations were derived from
very limited experimental databases. As new experimental
data becomes available, existing correlation equations have
been periodically updated and existing values of the molecu-
lar solute descriptors have been refined by combining “prac-
tical” partitioning and saturation solubility data. Such
analysis allows us to assess the internal consistency of large
experimental databases and to identify possible outlier data
points in need of remeasurement. For example, outlier data
points would be identified by large differences between ex-
perimental and calculated values.

Of particular interest are the carboxylic acid solutes that
possess large numerical values for their hydrogen-bonding
acidity descriptors. The existing values that we have for the
molecular descriptors of many of the carboxylic acid solutes
were derived almost entirely from “practical” partitioning
data. For some solutes, there was only very limited experi-
mental partitioning data, and one or two incorrect data
points could lead to the calculation of incorrect values for
the molecular descriptors, as was the case in a recently com-
pleted solubility study involving acetylsalicylic acid.2 We
need to determine if the values that were previously calcu-
lated for several solute molecules that we plan to use in de-
veloping additional solvent and (or) process equations are
compatible with existing correlation equations for dry or-
ganic solvents. Moreover, we want to examine whether or
not our existing correlation equations for dry alcohol and dry
ether solvents correlate with the solubility behavior of the
less soluble carboxylic acid solutes. The databases used in
deriving the correlations for many of the dry alcohol and dry
ether solvents contained very few carboxylic acid solutes.
Most of the experimental data for carboxylic acid and other
very acidic solutes were in the form of saturation solubili-
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ties, which were in the 1–3 mol L–1 range. There is no guar-
antee that the correlation equations will work for carboxylic
acid solutes that have much smaller solubilities. For this rea-
son, solubilities of 3-methylbenzoic acid and 4-chlorobenzoic
acid were measured in numerous organic solvents of varying
polarity and hydrogen-bonding characteristics. Both car-
boxylic acids are expected to exist almost exclusively in
monomeric form in each of the solvents studied. Results of
these measurements are interpreted using the Abraham gen-
eral solvation equation.

Materials and methods

3-Methylbenzoic acid (Aldrich, 99%) and 4-chlorobenzoic
acid (Acros, 99%) were purchased from commercial suppli-
ers and were used as received. The purity of both carboxylic
acids was 99.8% (±0.3%), as determined by nonaqueous ti-
tration with freshly standardized sodium methoxide solution
to the thymol blue endpoint, according to the method of
Fritz and Lisicki (19), with the exception that toluene was
substituted for benzene. 1-Propanol (Aldrich, 99+%, anhy-
drous), methanol (Aldrich, 99.8%, anhydrous), ethanol
(Aaper Alcohol and Chemical Company, absolute), 1-
butanol (Aldrich, HPLC, 99.8+%), 1-pentanol (Aldrich,
99+%), 1-hexanol (Alfa Aesar, 99+%), 1-heptanol (Alfa
Aesar, 99+%), 1-octanol (Aldrich, 99+%, anhydrous), 2-
propanol (Aldrich, 99+%, anhydrous), 2-butanol (Aldrich,
99+%, anhydrous), 2-methyl-1-propanol (Aldrich, 99+%,
anhydrous), 2-methyl-1-butanol (Aldrich, 99%), 3-methyl-1-
butanol (Aldrich, 99%, anhydrous), 1-decanol (Alfa Aesar,
99+%), 2-methyl-2-propanol (Arco Chemical Company,
99+%), 2-methyl-1-pentanol (Aldrich, 99%), 2-pentanol
(Acros, 99+%), 4-methyl-2-pentanol (Acros, 99+%), methyl
acetate (Aldrich, 99.5%, anhydrous), ethyl acetate (Aldrich,
HPLC, 99.9%), butyl acetate (Aldrich, HPLC, 99.7%), di-
ethyl ether (Aldrich, 99+%, anhydrous), diisopropyl ether
(Aldrich, 99%, anhydrous), dibutyl ether (Aldrich, 99.3%,
anhydrous), tetrahydrofuran (Aldrich, 99.9%, anhydrous),
1,4-dioxane (Aldrich, 99.8%, anhydrous), and propylene
carbonate (Aldrich, 99.7%, anhydrous) were stored over mo-
lecular sieves and distilled shortly before use. Gas chromato-
graphic analysis showed solvent purities to be 99.7 mol % or
better.

Excess solute and solvent were placed in amber glass bot-
tles and allowed to equilibrate in a constant temperature wa-
ter bath at 25.0 ± 0.1 °C for at least 24 h (often longer) with
periodic agitation. After equilibration, the samples stood
unagitated for several hours in the constant temperature bath
to allow any finely dispersed solid particles to settle. Attain-
ment of equilibrium was verified both by repetitive measure-
ments the following day (or sometimes after two days) and
by approaching equilibrium from supersaturation by pre-
equilibrating the solutions at a slightly higher temperature.
Aliquots of saturated carboxylic acid solutions were trans-
ferred through a coarse filter into a tared volumetric flask, to
determine the amount of sample, and diluted quantitatively
with methanol for spectrophotometric analysis at 279 nm (3-
methylbenzoic acid) and 272 nm (4-chlorobenzoic acid) on a
Bausch and Lomb Spectronic 2000. Concentrations of the
dilute solutions were determined from a Beer–Lambert law
absorbance vs. concentration working curve.

Experimental molar concentrations were converted to sol-
ubility mass fractions via multiplying by the molar mass of
carboxylic acid, the volume(s) of volumetric flask(s) used,
and any dilutions required to place the measured
absorbances on the Beer–Lambert law absorbance vs. con-
centration working curve and then dividing by the mass of
the saturated solution analyzed. Mole fraction solubilities
were computed from solubility mass fractions using the mo-
lar masses of the solute and solvent. Experimental 3-
methylbenzoic acid and 4-chlorobenzoic solubilities, XS, for
the different organic solvents studied, are listed in Tables 1
and 2, respectively. Numerical values represent the average
of between four and eight independent determinations.
Reproducibility ranged from ± 1.5% for solvents having the
lower mole fraction solubilities to ±2.0% for solvents having
the larger 3-methylbenzoic acid solubilities, where an extra
dilution was necessary to keep the measured absorbances
within the Beer–Lambert law region.

Computational methodology

Equation [1] actually predicts partition coefficients, and
for select solvents, both “dry” and “wet” equation coeffi-
cients have been reported. For solvents that are partially mis-
cible with water, such as 1-butanol and ethyl acetate,
partition coefficients calculated as the ratio of the molar sol-
ute solubilities in the organic solvent and water are not the
same as those obtained from direct partition between water
(saturated with the organic solvent) and organic solvent (sat-
urated with water). Care must be taken not to confuse the
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Organic solvent XS

Methanol 0.1430
Ethanol 0.1617
1-Propanol 0.1618
1-Butanol 0.1595
1-Pentanol 0.1773
1-Hexanol 0.1828
1-Heptanol 0.1910
1-Octanol 0.1985
1-Decanol 0.1630
2-Propanol 0.1653
2-Butanol 0.1895
2-Methyl-1-propanol 0.1345
2-Methyl-2-propanol 0.2267
2-Methyl-1-butanol 0.1470
3-Methyl-1-butanol 0.1632
2-Pentanol 0.1965
2-Methyl-1-pentanol 0.1668
4-Methyl-2-pentanol 0.2133
Diethyl ether 0.1889
Tetrahydrofuran 0.3329
1,4-Dioxane 0.1860
Methyl acetate 0.1364
Ethyl acetate 0.1391
Butyl acetate 0.1263
Propylene carbonate 0.03892

Table 1. Experimental 3-methylbenzoic acid
mole fraction solubilities, XS, in select organic
solvents at 25 °C.
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two sets of partitions. In the case of solvents that are fully
miscible with water, such as methanol, no confusion is pos-
sible. Only one set of equation coefficients have been re-
ported, and the calculated logP value must refer to the
hypothetical partition between the two pure solvents. And
for solvents that are “almost” completely immiscible with
water — such as alkanes, cyclohexane, dichloromethane,
trichloromethane, tetrachloromethane, and most aromatic
solvents — there should be no confusion because indirect
partition (see eq. [3]) will be nearly identical to direct parti-
tion.

The predictive applicability of the Abraham general solva-
tion model is relatively straightforward. We start with the set
of equations that we have constructed for the partition of
solutes between water and a given solvent. Table 3 gives the
coefficients in eq. [1] for the water–solvent partitions we
shall consider. The actual numerical values may differ
slightly from values reported in earlier publications. Coeffi-
cients are periodically revised when additional experimental
data becomes available. Note that many of these are “hypo-
thetical partitions” between pure water and the pure dry
solvent; these are shown as “dry” in Table 1. Although “hy-
pothetical”, these partitions are very useful; as we show
later, they can be used to predict solubilities (and activity co-
efficients) in the pure dry solvent. The partition coefficient
of a solid between water and a solvent phase is related to the
molar solubility of the solid in water, CW, and in the solvent,
CS.

[3] P = CS/CW or logP = logCS – logCW

Hence, if CW is known, predicted logP values based upon
eq. [1] will lead to predicted molar solubilities through
eq. [3]. Three specific conditions must be met to use the
Abraham solvation model to predict saturation solubilities.
First, the same solid phase must be in equilibrium with the
saturation solutions in the organic solvent and in water (i.e.,
there should be no solvate or hydrate formation). Second,
the secondary medium activity coefficient of the solid in the
saturated solutions must be unity (or near unity). This condi-
tion generally restricts the method to those solutes that are
sparingly soluble in water and to nonaqueous solvents; how-
ever, we are finding that this restriction may not be as im-
portant as initially believed. Equations [1] and [2] have
shown remarkable success in the correlation of the solubility
of several very soluble crystalline solutes like benzil (16)
and acetylsalicylic acid.2 Finally, for solutes that are ionized
in aqueous solution, CW refers to the solubility of the neutral
form. For many carboxylic acids the correction should be
fairly small, provided that the solute is not highly insoluble
and does not have a large acid dissociation constant. We use
the solubility of 3-methylbenzoic acid in water, logCW = –
2.14 (20, 21), and of 4-chlorobenzoic acid, logC = –3.56
(20–24) (corrected for ionization), to convert the predicted
partition coefficients to saturation solubilities, which can
then be compared with the experimentally determined val-
ues. Ionization is not a concern in the organic solvents that
have dielectric constants much smaller than water.

For partition of solutes between the gas phase and sol-
vents, eq. [2] is used. (Equation coefficients are given in Ta-
ble 3 for several organic solvents.) Predicted logL values can
also be converted to saturation molar solubilities, provided
that the solid saturated vapor pressure at 298.15 K, VP°, is
available. VP° can be transformed into the gas-phase con-
centration, CG, and the gas–water and gas–solvent partitions,
LW and LS, can be obtained through eqs. [4] and [5], respec-
tively.

[4] LW = CW/CG or logLW = logCW – logCG

[5] LS = CS/CG or logLS = logCS – logCG

As before, the computational method will be valid if condi-
tions discussed above are met. If one is unable to find an ex-
perimental vapor pressure for the given solute molecule, an
estimated value can be used in the preliminary computa-
tions. The value can be adjusted then, if necessary, to reduce
the logL deviations and to make the logP and logL predic-
tions internally consistent.

Results and discussion

Solubility data for 3-methylbenzoic acid and 4-
chlorobenzoic acid is available in the chemical literature for
only one of the solvents listed in Tables 1 and 2. Thuaire
(25) investigated the solubility behavior of 19 substituted
benzoic acid derivatives in binary aqueous–ethanol solvent
mixtures. Our experimental mole fraction solubility of XS =
0.1617 for 3-methylbenzoic acid differs from the published
value of Thuaire, XS = 0.1620, by less than 1%. Agreement
is not quite as good in the case of 4-chlorobenzoic acid. Our
experimental value of X = 0.01013 is smaller than the pub-
lished literature value of X = 0.01229 (25). Both literature
values were determined by transferring a weighed aliquot
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Organic solvent XS

Methanol 0.00823
Ethanol 0.01013
1-Propanol 0.01188
1-Butanol 0.01350
1-Pentanol 0.01517
1-Hexanol 0.01646
1-Heptanol 0.01777
1-Octanol 0.01885
1-Decanol 0.01956
2-Propanol 0.01274
2-Butanol 0.01480
2-Methyl-1-propanol 0.009578
2-Methyl-2-propanol 0.02021
2-Methyl-1-butanol 0.01133
3-Methyl-1-butanol 0.01323
2-Pentanol 0.01655
Methyl acetate 0.008963
Ethyl acetate 0.01111
Butyl acetate 0.00926
Diisopropyl ether 0.006780
Dibutyl ether 0.005833
Tetrahydrofuran 0.05874
1,4-Dioxane 0.02974
Propylene carbonate 0.003247

Table 2. Experimental 4-chlorobenzoic acid
mole fraction solubilities, XS, in select organic
solvents at 25 °C.
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Process and (or) solvent c r s a b v/l

A. Water to solvent: eq. [1]
1-Octanol (wet) 0.088 0.562 –1.054 0.034 –3.460 3.814
Diethyl ether (wet) 0.248 0.561 –1.016 –0.226 –4.553 4.075
Diethyl ether (dry) 0.330 0.401 –0.814 –0.457 –4.959 4.320
1,4-Dioxane (dry) 0.098 0.350 –0.083 –0.556 –4.826 4.172
Tetrahydrofuran (dry) 0.207 0.372 –0.392 –0.236 –4.934 4.447
Methanol (dry) 0.329 0.299 –0.671 0.080 –3.389 3.512
Ethanol (dry) 0.208 0.409 –0.959 0.186 –3.645 3.928
1-Propanol (dry) 0.147 0.494 –1.195 0.495 –3.907 4.048
2-Propanol (dry) 0.063 0.320 –1.024 0.445 –3.824 4.067
1-Butanol (dry) 0.152 0.437 –1.175 0.098 –3.914 4.119
1-Pentanol (dry) 0.080 0.521 –1.294 0.208 –3.908 4.208
1-Hexanol (dry) 0.044 0.470 –1.153 0.083 –4.057 4.249
1-Heptanol (dry) –0.026 0.491 –1.258 0.035 –4.155 4.415
1-Octanol (dry) –0.034 0.490 –1.048 –0.028 –4.229 4.219
1-Decanol (dry) –0.062 0.754 –1.461 0.063 –4.053 4.293
2-Butanol (dry) 0.106 0.272 –0.988 0.196 –3.805 4.110
2-Methyl-1-propanol (dry) 0.177 0.355 –1.099 0.069 –3.570 3.990
2-Methyl-2-propanol (dry) 0.197 0.136 –0.916 0.318 –4.031 4.113
Ethyl acetate (dry) 0.358 0.362 –0.449 –0.668 –5.016 4.155
Chloroform 0.327 0.157 –0.391 –3.191 –3.437 4.191
Carbon tetrachloride 0.260 0.573 –1.254 –3.558 –4.588 4.589
Benzene 0.142 0.464 –0.588 –3.099 –4.625 4.491
Toluene 0.143 0.527 –0.720 –3.010 –4.824 4.545
Heptane 0.325 0.670 –2.061 –3.317 –4.733 4.543
Cyclohexane 0.159 0.784 –1.678 –3.740 –4.929 4.577
SDS micelles 1.201 0.542 –0.400 –0.133 –1.580 2.793
HPLC BK-20/10 (tR′ /10) 1.184 0.027 –0.148 –0.556 –0.839 1.098
HPLC BK-40/10 (tR′ /10) 1.284 0.023 –0.381 –1.030 –1.734 2.417
HPLC KHN (k) –0.309 0.245 –1.231 –0.550 –4.576 6.174
HPLC-KH70-2 (k) 0.096 0.167 –0.375 –0.318 –0.944 0.938
HPLC-ANNA (k) –0.010 0.709 –0.934 –0.119 –3.401 3.784
HPLC-MKMA-N (k) –1.216 0.495 –0.438 0.025 –2.757 2.671
HPLC-MKMB-N (k) –1.082 0.574 –0.500 –0.009 –2.591 2.240
HPLC-MKMC (k) –1.249 0.310 –0.499 –0.051 –1.643 1.643
HPLC-HAF-60 (k) –0.789 0.095 –0.487 –0.337 –1.994 2.181
HPLC-HAF-75 (k) –0.993 0.041 –0.397 –0.364 –1.629 1.757
HPLC-HAP-90 (k) –1.176 0.079 –0.417 –0.306 –1.140 1.290
MEEKC (k) –1.090 0.410 –0.530 –0.080 –2.280 2.440
(Gas to water) –0.994 0.577 2.549 3.813 4.841 –0.869

B. Gas to solvent: eq. [2]
1-Octanol (wet) –0.198 0.002 0.709 3.519 1.429 0.858
Diethyl ether (wet) 0.206 –0.169 0.873 3.402 0.000 0.882
Diethyl ether (dry) 0.288 –0.347 0.775 2.985 0.000 0.973
Tetrahydrofuran (dry) 0.189 –0.347 1.238 3.289 0.000 0.982
1,4-Dioxane (dry) –0.034 –0.354 1.674 3.021 0.000 0.919
Methanol (dry) –0.004 –0.215 1.173 3.701 1.432 0.769
Ethanol (dry) 0.012 –0.206 0.789 3.635 1.311 0.853
1-Propanol (dry) –0.028 –0.185 0.648 4.022 1.043 0.869
2-Propanol (dry) –0.060 –0.335 0.702 4.017 1.040 0.893
1-Butanol (dry) –0.039 –0.276 0.539 3.781 0.995 0.934
1-Pentanol (dry) –0.042 –0.277 0.526 3.779 0.983 0.932
1-Hexanol (dry) –0.035 –0.298 0.626 3.726 0.729 0.936
1-Heptanol (dry) –0.062 –0.168 0.429 3.541 1.181 0.927
1-Octanol (dry) –0.119 –0.203 0.560 3.576 0.702 0.940
1-Decanol (dry) –0.136 –0.038 0.325 3.674 0.767 0.947

Table 3. Coefficients in eqs. [1] and [2] for various processes.
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into a tared container and allowing the solvent to evaporate
at room temperature. The solubility was then determined
from the mass of the residue that remained. This particular
method, though often used, is subject to experimental errors,
particularly in the case of solutes of low solubilities. Care
must be taken to thoroughly remove all of the liquid solvent.
Nonvolatile impurities in either the solvent and (or) solute
add to the mass of the residue, which would result in a posi-
tive experimental error. For solutes having small solubilities,
the residue from the dissolved solute is very small. Trace
impurities in the solute and (or) solvent generally affect
spectroscopic solubility determinations only if the impurity
has an appreciable absorbance at the analysis wavelength.

From previous computations, numerical values exist for
the molecular descriptors of 3-methylbenzoic acid (R2 =
0.730, π2

Η = 0.874, Σα2
Η = 0.600, Σ β2

Η = 0.401, and Vx =
1.0726) and 4-chlorobenzoic acid (R2 = 0.840, π2

Η =
0.970, Σα2

Η = 0.630, Σ β2
Η = 0.280, Vx = 1.0541, and

logL(16) = 4.976). The computations were based upon a very
limited number of “practical” partition coefficient data
points. Our molecular descriptor database does not contain a
numerical value of logL(16), as 3-methylbenzoic acid has not
been used previously to develop any logL correlation. For
most noncarboxylic acid solutes, this descriptor can be esti-
mated from chromatographic measurements of the gas–
liquid partition coefficient of the solute on a hexadecane sta-
tionary phase. The experimental method is not applicable to
carboxylic acid solutes, in that measured retention times are
generally quite large at the 298.15 K column temperature.
The value of logL(16) can be obtained through calculation, by
setting the values of R2, π2

Η , Σα2
Η , Σ β2

Η , and Vx at their cur-
rent numerical values and then using the Microsoft Solver
program to calculate the numerical value of logL(16) that best
describes the experimental logL data. The computational
procedure using Microsoft Solver is discussed in detail else-
where (17).

Given the large number of additional solubilities in Ta-
bles 1 and 2, we decided to reanalyze all of the available ex-
perimental data to determine if a better of set of descriptor
values could be obtained. Gathered in Tables 4 and 5 are the
available “practical” partition coefficient (1, 26, 27), satura-
tion solubility, and high-performance liquid chromatographic
retention (28–32) data for systems for which logP and logL

correlations exist. We eliminated from consideration a few
practical partition coefficients for 3-methylbenzoic acid that
involved alkane and other highly nonpolar organic solvents
(33, 34). Carboxylic acids are known to exist largely in
dimeric form in such solvents. While the published experi-
mental values presumably had been corrected to remove
dimerization effects, the calculated logP values for the
monomeric solute depends to a large extent on the numerical
value taken for the dimerization constant. We did not want
to adversely affect the regression analysis by including ex-
perimental values that might be subject to large errors and
(or) uncertainties.

Measured mole fraction solubilities, XS, were converted to
molar solubilities by dividing XS by the ideal molar volume
of the saturated solution (i.e., CS ≈ XS /[XS VSolute + (1 – XS)
VSolvent]). The molar volume of the hypothetical subcooled
liquid 4-chlorobenzoic acid, V = 117.08 cm3 mol–1, was esti-
mated as the molar volume of benzoic acid (VSolute =
104.38 cm3 mol–1) + molar volume of chlorobenzene
(VSolute = 102.1 cm3 mol–1) – molar volume of benzene
(VSolute = 89.40 cm3 mol–1). A value of VSolute =
121.8 cm3 mol–1 was used for the molar volume of 3-
methylbenzoic acid (35). Any errors resulting from the esti-
mation of the hypothetical subcooled liquid molar volume of
4-chlorobenzoic acid, VSolute, or from the ideal molar volume
approximation should have only a very small effect on
the calculated CS values. 3-Methylbenzoic acid and 4-
chlorobenzoic acid are not overly soluble in many of the sol-
vents considered, and the XS VSolute term contributes very lit-
tle to the molar volume of the saturation solution.

Included in the 3-methylbenzoic acid regressional analysis
is the experimental aqueous solubility measurement. The
published amended correlation of Abraham and Le (20)

[6] (logCW)/5 = 0.104 – 0.201R2 + 0.154π2
Η

+ 0.434Σα2
Η + 0.848Σ β2

Η – 0.672Σα2
Η ·Σ β2

Η

– 0.797Vx

and its updated version (unpublished)

© 2003 NRC Canada

Daniels et al. 1497

Process and (or) solvent c r s a b v/l

2-Butanol (dry) –0.013 –0.456 0.780 3.753 1.064 0.906
2-Methyl–1-propanol (dry) –0.012 –0.407 0.670 3.645 1.283 0.895
2-Methyl-2-propanol (dry) 0.071 –0.538 0.818 3.951 0.823 0.905
Ethyl acetate (dry) 0.203 –0.335 1.251 2.949 0.000 0.917
Chloroform 0.116 –0.467 1.203 0.138 1.432 0.994
Carbon tetrachloride 0.282 –0.303 0.460 0.000 0.000 1.047
Benzene 0.107 –0.313 1.053 0.457 0.169 1.020
Toluene 0.121 –0.222 0.938 0.467 0.099 1.012
Heptane 0.275 –0.162 0.000 0.000 0.000 0.983
Cyclohexane 0.163 –0.110 0.000 0.000 0.000 1.013
(Gas to water) –1.271 0.822 2.743 3.904 4.814 –0.213

Note: The solvents denoted as “dry” are those for which partitions refer to transfer to the pure dry solvent. The other partitions are from water (more
correctly, water saturated with solvent) to the solvent saturated with water (see text). For the HPLC processes, the specific mobile and stationary phases
are described in detail in refs. 28–32. As an example, for HPLC-HAF-60 and HPLC-HAF- 75, the stationary phase was 5 µm Hypersil ODS and the mo-
bile phases were aqueous–methanol mixtures having 60 and 75 volume % methanol, respectively.

Table 3 (concluded).
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Equation [1] Equation [2]

Solvent logCS logPexptl logPcalcd logCS
calcd logLexptl logLcalcd logCS

calcd

1-Octanol (wet) 2.370b 2.287 7.350 7.252
1,2-Dichloroethane 1.330b 1.372 6.310 6.374
Diethyl ether (dry) 0.242 2.382 2.271 0.131 7.362 7.204 0.084
Tetrahydrofuran (dry) 0.545 2.685 2.784 0.644 7.665 7.743 0.623
1,4-Dioxane (dry) 0.303 2.443 2.491 0.351 7.423 7.438 0.318
Methanol (dry) 0.437 2.577 2.409 0.269 7.557 7.382 0.262
Ethanol (dry) 0.371 2.511 2.520 0.380 7.491 7.380 0.260
1-Propanol (dry) 0.292 2.432 2.494 0.354 7.412 7.432 0.312
2-Propanol (dry) 0.292 2.432 2.485 0.345 7.412 7.450 0.330
1-Butanol (dry) 0.217 2.357 2.335 0.195 7.337 7.409 0.289
1-Pentanol (dry) 0.204 2.344 2.384 0.244 7.324 7.376 0.256
1-Hexanol (dry) 0.166 2.306 2.345 0.205 7.286 7.342 0.222
1-Heptanol (dry) 0.141 2.281 2.307 0.167 7.261 7.261 0.141
1-Octanol (dry) 0.119 2.258 2.208 0.068 7.238 7.181 0.061
1-Decanol (dry) –0.044 2.096 2.209 0.069 7.076 7.200 0.080
2-Butanol (dry) 0.288 2.428 2.429 0.289 7.408 7.391 0.271
2-Methyl-1-propanol (dry) 0.145 2.285 2.337 0.197 7.265 7.324 0.204
2-Methyl-2-propanol (dry) 0.353 2.493 2.470 0.330 7.473 7.467 0.347
Ethyl acetate 0.136 2.278 2.272 0.132 7.256 7.260 0.140
SDS micelles 3.660c 3.525
HPLC-KHN (k) 3.310d 3.236
Gas-to-water 4.980 4.988 4.980 5.012

aNumerical values of the descriptors used in these calculations are R2 = 0.730, π 2
Η = 0.890, Σα 2

Η = 0.600, Σβ 2
Η = 0.400, Vx = 1.0726, and logL(16) =

4.8187.
bExperimental data taken from ref. 26.
cExperimental data taken from ref. 27.
dExperimental data taken from ref. 28.

Table 4. Comparison between observed and back-calculated partitions and molar solubilities of 3-methylbenzoic acid based upon
eqs. [1] and [2] and recalculated molecular solute descriptors.a

Equation [1] Equation [2]

Solvent logCS logPexptl logPcalcd logCS
calcd logLexptl logLcalcd logCS

calcd

1-Octanol (wet) 2.650b 2.593 7.450 7.375
Trichloromethane 1.720b 1.539 6.420 6.342
Carbon tetrachloride 0.880b 0.819 5.680 5.677
Toluene 1.260b 1.443 5.960 6.219
HPLC-KHN (k) 3.540c 3.567
HPLC-ANNA (k) 2.600d 2.628
HPLC-KH70-2 (k) 0.446 0.387
HPLC-HAF-60 (k) 0.352e 0.342
HPLC-HAF-75 (k) –0.176e –0.181
1,4-Dioxane (dry) –0.465 3.100 3.052 –0.508 7.900 7.826 –0.534
Tetrahydrofuran (dry) –0.153 3.410 3.326 –0.234 8.210 8.091 –0.269
Methanol (dry) –0.701 2.859 2.733 –0.827 7.659 7.535 –0.825
Ethanol (dry) –0.767 2.790 2.847 –0.713 7.590 7.508 –0.852
1-Propanol (dry) –0.800 2.760 2.843 –0.717 7.560 7.592 –0.768
2-Propanol (dry) –0.780 2.780 2.822 –0.738 7.580 7.604 –0.756
1-Butanol (dry) –0.840 2.720 2.667 –0.893 7.520 7.550 –0.810
1-Pentanol (dry) –0.860 2.700 2.709 –0.851 7.500 7.519 –0.841
1-Hexanol (dry) –0.880 2.680 2.699 –0.861 7.480 7.528 –0.832
1-Heptanol (dry) –0.900 2.660 2.657 –0.903 7.460 7.370 –0.990
1-Octanol (dry) –0.920 2.640 2.596 –0.964 7.440 7.369 –0.991
1-Decanol (dry) –0.988 2.572 2.552 –1.008 7.372 7.370 –0.990
2-Butanol (dry) –0.800 2.760 2.755 –0.805 7.560 7.534 –0.826

Table 5. Comparison between observed and back-calculated partitions and molar solubilities of 4-chlorobenzoic acid based upon
eqs. [1] and [2] and recalculated molecular solute descriptors.a
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[7] (logCW)/5 = 0.079 – 0.191R2 + 0.064π2
Η

+ 0.231Σα2
Η + 0.651Σ β2

Η – 0.157Σα2
Η ·Σ β2

Η

– 0.666Vx

are used for the aqueous solubilities. Both correlations
provide reasonable solubility estimations, provided that the
melting point temperature is not too large. The cross
Σα2

Η ·Σ β2
Η term was added to the model to account for

hydrogen-bond interactions between the acidic and basic
sites in the pure liquid or solid solute. Such interactions are
not normally included in partition coefficient correlations, as
the dissolved solute is surrounded by solvent molecules. In
solubility determinations, the equilibrium phase may be the
pure crystalline solute, in which case solute–solute interac-
tions become significantly more important. Crystal lattice
forces would have to be overcome in dissolving a crystalline
material.

Combining the two sets of linear, free-energy relation-
ships, we have a total of 42 equations for 3-methylbenzoic
acid and a total of 49 equations for 4-chlorobenzoic acid, for
which partition data and equation coefficients are available.
The respective McGowan volumes of 3-methylbenzoic acid
(Vx = 1.0726) and 4-chlorobenzoic acid (Vx = 1.0541) are
calculated from the individual atomic sizes and the number
of bonds in each molecule (36). The excess molar refrac-
tions are estimated as R2 = 0.730 (3-methylbenzoic acid) and
R2 = 0.840 (4-chlorobenzoic acid). The sets of 42 and 49
equations were then solved, using Microsoft “Solver”, to
yield the numerical values of the remaining solute
descriptors that best described the experimental logP and
logL partitioning. The new refined calculated descriptor val-
ues are given in Table 6, along with the “old” values. The fi-
nal set of molecular descriptors reproduce the experimental
logP and logL values for 3-methylbenzoic acid and 4-
chlorobenzoic acid to within an overall standard deviation of
0.079 log units and 0.085 log units, respectively, as shown in
Tables 4–6. The calculated descriptors are consistent with
those for benzoic acid (R2 = 0.730, π2

Η = 0.900, Σα2
Η =

0.590, Σ β2
Η = 0.400, and logL(16) = 4.395). For a homolo-

gous series, the logL(16) descriptor increases by about
0.45 units per CH2. Equations [6] and [7] gave 3-
methylbenzoic acid aqueous molar solubilities of (logCW)/5 =
–0.323 and (logCW)/5 = –0.357, which are in good agree-
ment with published experimental values. Careful examina-
tion of the numerical entries in Table 6 further reveals that
there is virtually no difference between the refined and the
old set of descriptors. The older numerical values mathemat-
ically describe the experimental partitioning data for 3-
methylbenzoic acid and 4-chlorobenzoic acid to within an
overall standard deviation of 0.084 log units and 0.089 log
units, respectively. Computations clearly show that the nu-
merical values of the solute descriptors determined previ-
ously for both 3-methylbenzoic acid and 4-chlorobenzoic
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Equation [1] Equation [2]

Solvent logCS logPexptl logPcalcd logCS
calcd logLexptl logLcalcd logCS

calcd

2-Methyl-1-propanol (dry) –0.990 2.570 2.623 –0.937 7.370 7.424 –0.936
2-Methyl-2-propanol (dry) –0.670 2.890 2.823 –0.737 7.690 7.642 –0.718
Ethyl acetate –0.950 2.610 2.809 –0.751 7.410 7.592 –0.768
HPLC-MKMA-N (k) 0.910f 0.840
HPLC-MKMB-N (k) 0.580f 0.546
HPLC-MKMC-N (k) –0.220f –0.241
HPLC-HAF-90 (k) –0.671f –0.676
MEEKC 0.714g 0.620
Gas-to-water 4.800 4.884 4.800 4.923

aNumerical values of the descriptors used in these calculations are R2 = 0.840, π 2
Η = 1.020, Σα 2

Η = 0.630, Σβ 2
Η = 0.270, Vx = 1.0541, and logL(16) =

4.9474.
bExperimental data taken from ref. 26.
cExperimental data taken from ref. 28.
dExperimental data taken from ref. 31.
eExperimental data taken from ref. 29.
fExperimental data taken from ref. 30.
gExperimental data taken from ref. 32. This particular value was found after the regression analysis was performed, and it is not included in the statisti-

cal information.

Table 5 (concluded).

3-Methylbenzoic
acid

4-Chlorobenzoic
acid

Old New Old New

Molecular descriptors
R2 0.730 0.730 0.840 0.840

π 2
Η 0.874 0.890 0.970 1.020

Σα 2
Η 0.600 0.600 0.630 0.630

Σ β 2
Η 0.401 0.400 0.280 0.270

Vx 1.0726 1.0726 1.054 1.0541

logL(16) 4.8187 4.976 4.9474

Input properties
logCW –2.14 –2.14 –3.56 –3.56

logCG –7.12 –8.36 –8.36

Statistical information
logP standard deviation 0.080 0.077 0.080 0.078
logL standard deviation 0.083 0.100 0.098

Table 6. Molecular descriptors and input properties for 3-
methylbenzoic acid and 4-chlorobenzoic acid.
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acid, based entirely on “practical” partitioning data, are
compatible with the solvent equations that were developed
for the dry alcohol and ether solvents.

Dibutyl ether was excluded from the solubility analysis
because we felt that dimerization of the carboxylic acids was
inevitable in this larger ether solvent. Carboxylic acids are
known to dimerize in saturated hydrocarbon and aromatic
hydrocarbon solvents. It was noted when the equation coeffi-
cients for dibutyl ether were calculated that the derived
equations did not describe the solubility behavior of several
carboxylic acids (benzoic acid, 2-hydroxybenzoic acid, 4-
hydroxybenzoic acid, and 3-nitrobenzoic acid) (11). The cal-
culated logP values were always less than the observed logP
values by the solubility method, as would be expected if
dimerization did occur in dibutyl ether. Solubility measure-
ments determine the total carboxylic acid concentration in
the organic solvent, and unlike in the case of “practical” par-
tition measurements, there is no convenient experimental
means to correct the measured value for dimerization effects.
Correlation equations for diethyl ether, tetrahydrofuran, and
1,4-dioxane did describe the solubility behavior of benzoic
acid, 2-hydroxybenzoic acid, and 4-hydroxybenzoic acid
(10). The latter three ether solvents were included in the sol-
ubility analysis.

Readers will note that while the Abraham general solva-
tion model has been employed to describe mathematically
the solubility of 3-methylbenzoic acid and 4-chlorobenzoic
acid in organic solvents, the computational methodology can
be applied to other molecules of interest. The computational
methodology requires experimental solubility data of the
solute molecule in water and in about a dozen or so solvents
for which equation coefficients are known. The solute
descriptors, after they have been calculated, can be used to
predict the solute solubility in any of the organic solvents for
which equation coefficients are known. To date we have de-
rived equation coefficients for 40 or so dry organic solvents
and have calculated molecular descriptors for over 3000
common organic and pharmaceutical compounds. Molecular
descriptors also enable the prediction of a wide range of bio-
logical properties through previously derived correlations
(37–47), as well as the prediction of the distribution of sol-
utes between water and micellar surfactants (27, 48–52), be-
tween air and micellar solvents (53), and between water and
room temperature ionic liquids (54–56).
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ERRATUM / ERRATUM

Erratum: Isocyanide insertion reactions into the
Ta—C bonds of cationic and zwitterionic
tantalocenes

Kevin S. Cook, Warren E. Piers, Brian O. Patrick, and Robert McDonald

Cook et al.
1503

Ref.: Can. J. Chem. 81(11): 1137–1148 (2003).
Readers who accessed the online version of the above manuscript between the dates of 28 May 2003 and 21 November

2003 should take note of the following:
During this period, Table 2 was inadvertently published with incorrect and (or) missing data. Please note that the corrected

table is published on the next page. The table as it appears now, both online and in the printed version, is correct.
We apologize for any inconvenience this may have caused.
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N-out 6aa N-out 7ab

Formula C41H25NF20BTa C43H27BF20NTa·CH2Cl2

FW 1103.38 1214.34
Temperature (K) 173(1) 193(1)
Crystal size (mm3) 0.30 × 0.25 × 0.20 0.42 × 0.09 × 0.08
λ (Å) 0.71069 0.71073
Crystal system Monoclinic Orthorhombic
Space group P21/n Pbca

a (Å) 13.8132(5) 16.5684(14)
b (Å) 19.1799(6) 22.7930(19)
c (Å) 14.5419(5) 23.0095(19)
β (°) 92.836(3)
V (Å3) 3848.0(2) 8689.4(13)
Z 4 8
Dcalcd (mg m–3) 1.904 1.856

µ (mm–1) 2.984 2.775
F(000) 2144.00 4736
Max, min transmission 1.000, 0.7608 0.8085, 0.3887
2θmax (°) 55.7 52.86

Reflections 32 197 37 899
Unique reflections 7922 8917
No. of variables 577 601
Restraints 0 0
R1 0.022 0.054
wR2 0.065 0.127

GoF 0.95 1.019
Residual density (min, max) (e Å–3) –1.67, 1.23 –1.119, 1.689

aR1 (calcd on F, I > 3σ(I)) = ∑ ��Fo� – Fc / ∑ �Fo�.
bR1 (calcd on F, I > 2σ(I)) = ∑ ��Fo� – Fc / ∑ �Fo�; wR2 (calcd on F2, all data) = [∑ (w(Fo

2 – Fc
2)2) / ∑ w(Fo

2)2]1/2.

Table 2. Summary of data collection and structure refinement details for N-out 6a and N-out 7a.
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