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Combined multi-technique (visible spectroscopy, conductance, electrospray MS) experiments have been applied to
the study of Jacobsen’s manganese salen complex, JCI. Equilibria between JCI and o-donors L (heterocyclic amines
and 4-phenylpyridine N-oxide) form labile octahedral salts [J(L),]Cl as the major solution species. Many samples

of JCl are found occasionally to contain small amounts of an impurity whose kinetic behaviour suggest it is JOH.
The compound JOH may also be generated by Bu,NOH addition to JCI. In the presence of an excess of cumyl
hydroperoxide CHP and N-methylimidazole, JOH is converted into a green intermediate, characterised by mass
spectrometry as [J,(O)]*. This intermediate undergoes first-order decomposition in the presence of CHP regenerating

JOH.

Introduction

Some of the most effective asymmetric oxidation catalysts are
the remarkable manganese salen-derived complexes, first
described by Jacobsen, of which JCI is the most successful
example (see Scheme 1 for nomenclature).! Compound JCI
catalyses the epoxidation of cis-substituted alkenes with very
high enantioselectivity using various terminal O-atom sources.
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T [(R,R)-(—)-N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexane-
diaminato]manganese(1r) chloride.

i Electronic supplementary information (ESI) available: derivations,
absorbance and conductance data. See http://www.rsc.org/suppdata/dt/
b0/b0010591/
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However, while NaOCl,? H,0,,* NalO,,* peracids® and PhIO®
are all effective in these reactions, use of hydroperoxides (for
example, cumyl hydroperoxide, PhCMe,O0OH, CHP) leads to
no epoxidation activity. The general features of the successful
epoxidations are in accord with the catalytic cycle (Scheme 1)
originally proposed by Kochi and co-workers.® Species closely
related to the key manganese(v) oxo species have been detected
by electrospray mass spectrometry.” These manganese(V) oxo
species add an additional manganese(i) salen complex result-
ing in a Mn", p-oxo dimer as the catalytic rest state.® Both the
rate and selectivity of epoxidations catalysed by compound JCI
are promoted by the addition of o-donor ligands whose pro-
posed role is to stabilise the manganese(v) oxo species in the
catalytic cycle.®* However, characterisation of the species present
in catalytic cycles promoted by JCI is complicated by their
paramagnetic nature that prevents the use of NMR methods.
We proposed using combined visible spectroscopy—conduc-
tance—electrospray mass spectrometry techniques as an altern-
ative approach to deriving mechanistic, and rate, information
from such paramagnetic catalysts. As a test of the utility of this
combined technique approach reactions of JCI with c-donor
ligands (such as N-methylimidazole, MeNC;H,N, NMI) and
cumyl hydroperoxide have been studied. Specifically we aimed
to: (i) quantify o-ligand binding to JCI and (ii) identify the
reasons why hydroperoxides are poor terminal oxidants for
epoxidations with this class of catalyst.

Results and discussion

Reaction of Jacobsen’s catalyst JCI with N-methylimidazoles
and related ¢-donors

As the concentration of NMI is increased (0-125 mM) in a 1.0
mM acetonitrile solution of Jacobsen’s catalyst JCI a subtle
change is evident in the visual spectrum with the observation of
a clean isosbestic point at 476 nm (Fig. 1). More concentrated
solutions of JCI cannot be used due to its high molar absorptiv-
ity. The observation of a single isosbestic point is most simply
explained by clean transformation of JCI into a single major
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Fig. 1 Visible spectra resulting from successive addition of NMI to
JCI (1.0 mM) in acetonitrile at 20 °C.

species. Both before and after addition of the NMI the
solutions are EPR silent consistent with both species being
manganese(in) and showing that reduction to Mn™ does not
occur.’

Three models can be proposed that are consistent with these
observations: the formation of octahedral J(L)CI, the five-co-
ordinate salt [J(L)ICI, or the octahedral salt [J(L),]CI (Scheme
2, equilibria 1-3, L = NMI). Conductance data are useful to
distinguish between these possibilities. Control runs indicate
only a slight increase in the conductance of acetonitrile due to
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Table 1 Binding constants (as K) values for the formation of [J(L),]ICI
from JCI

Binding constant K pK,(HL)*

Donor ligand (equation 3)/M ! (ref)
NMI 0.36 6.0 (10)
1,2-DMNMI 0.09 7.87 (10)
5-CINMI 0.007 5.10 (10)
Py 0.03 5.24 (11)
DMAP 0.81 9.55 (12)
4-PhPyO 0.17 0.83 (13)

added NMI in the absence of JCI. We attribute this very slight
increase to traces of water contamination in the NMI; this was
corrected for in the JCI/NMI system. At 25 °C the specific con-
ductance (x) of 1.0 mM solutions of Jacobsen’s catalyst JCI is
291 x10° S cm™'. This value increases over ten times to
34.5% 10% S cm™! once a 25 fold excess of NMI is present. At
124 mM NMI and 1.0 mM JCI the conductance is 74.3 X 10° S
cm ™! This value compares very well with that observed for a 1.0
mM solution of HNMI*CI™ in dry acetonitrile in the presence
of 122 mM NMI (65.4 x 10° S cm™!). Thus, clear ionisation of
JCI takes place and equilibrium (1) may be rejected on these
grounds. Equilibria (2) and (3) were defined and both the
absorption and conductance data simulated (see Supplemen-
tary data). For a series of additions of aliquots of NMI to a
solution of JCI the expected absorbances can be calculated
from the concentrations of reactants, the equilibrium constant
K, and g;ompiex- The ‘best-fit” values for K and &,pmpex Were calcu-
lated by minimising Z(obs. — calc.)®>. A similar calculation
applies to conductance data. A typical experiment took 1 mM
JClin acetonitrile, and portions of NMI were added to increase
its concentration in 25 mM steps. Both conductance and
absorbance at 550 nm were recorded. For absorbance data
Z(obs. — calc.)*=0.001 (equilibrium 2) and 4 x 10~° (equi-
librium 3). For conductance data Z(obs. — calc.)? = 10.2 (equi-
librium 2) and 3.3 (equilibrium 3). For both physical properties
these data lead to the conclusion that [J(L),]Cl (L = NMI) is the
major species in equilibrium with JCI with K=0.30 = 0.02
(absorbance) and 0.35 + 0.04 M ! (conductance). This value of
K is temperature independent, within the range reported here.
Spectrometry and conductivity data at 20 °C give K=0.36 £
0.14 M. Most results were obtained at this latter temperature.
Equilibrium (3) is promoted by the addition of water, and
experiments performed under conditions that are not rigor-
ously anhydrous lead to slightly higher K values. Similar
experiments were carried out with other heterocyclic donors
and with 4-phenylpyridine N-oxide. The results of these
experiments are summarised in Table 1 (for definitions of the
abbreviations and the ligand structures see Scheme 2). Reward-
ingly both the visual spectroscopy and conductance data give
identical values for the equilibrium constants within experi-
mental error.

The behaviour of 1,2-dimethylimidazole 1,2-DMNMI and
S-chloroimidazole 5-CINMI is similar to that of the parent
NMI except that smaller changes in the molar absorbance and
conductance are observed. Applying equilibria analogous to (2)
gives a lower binding constant for 1,2-DMNMI. The binding
of 5-CINMI was so small that only a lower limiting value for K
could be obtained. We ascribe these lower binding constants
to steric clashes with the metal complex in the case of 1,2-
DMNMI and to inductive weakening of the donor basicity for
5-CINMLI. Similarly pyridine Py is bound about 20 times more
weakly than the more electron rich 4-dimethylaminopyridine
DMAP. There is some correlation between the size of the bind-
ing constants K and the pK, values of the conjugate acids HL*
of the donor ligands (Table 1). An exception to this is the
behaviour of 1,2-DMNMI. The higher pK, value does not
take into account the steric clashes involved in binding the



manganese complex vs. a proton. Additionally, 4-phenyl-
pyridine N-oxide 4-PhPyO has a relatively high binding con-
stant even though it is more acidic. Given that pK, is essentially
only a measure of o-donor power this may be indicative of
some 7 donation by 4-PhPyO.

While the data obtained here suggest a significant weighting
towards species of type [J(L),ICI it is important to realise in
high spin d* Jahn-Teller distorted species that axial co-ordin-
ation sites are very labile. Crystallographically characterised
manganese(1i1) salen complexes show Mn™-L,_,, distances of
2.2-2.3 A compared to 1.95-2.15 A for Mn"™N,,,, and 1.85—
1.9 A for Mn™-O,enoie bonds, reinforcing this idea.'* When
JCI (1 mM) is mixed with 125 mM NMI, [J(NMI),]ICI repre-
sents some 90% of the solution species present (based on the
calculated value of K). This picture is consistent with crystallo-
graphic data where manganese(1mr) salen cations generally exist
as bis solvates in the solid state.">'® After the addition of o
donors to JCI it is clear that [J(L),]CI are present as a major
species under the large excess of L employed here. However, the
five-co-ordinate species [J(L)]ICI will be readily formed under
conditions favouring ligand dissociation. Interestingly in this
respect the visible spectroscopy data from the interaction of
1,2-dimethylimidazole 1,2-DMNMI with JCI shows slight
evidence of a second isosbestic point at ca. 650 nm. Such
behaviour would be consistent with a mixed equilibrium lead-
ing to small amounts of five-co-ordinate [J(1,2-DMNMI)]CL.
The ready accessibility of five-co-ordinate species, via ligand
dissociation, in these systems is supported by electrospray mass
spectrometry (ESMS) studies.

Electrospray mass spectrometry. Positive ion ESMS of a 1
mM MeCN solution of Jacobsen’s catalyst JCI shows no
molecular ion. Conductance studies and literature data's con-
firm that only JCI is present in the solution entering the mass
spectrometer. A strong peak at m/z 599 corresponding to J* is
seen. Additionally, peaks are observed at m/z 1233 and 1869
whose isotope patterns confirm them to be [J,(CD]* and
[J5(CD),]* (for nomenclature see Schemes 1, 2). Secondary frag-
mentation analysis of these ion-trapped species indicates weak
chloro bridging ligands. For example, secondary fragmen-
tation of the m/z 1233 peak leads only to J*. As our conduc-
tance studies give no evidence for spontaneous ionisation of
JClin acetonitrile it is clear that these chloro-bridged oligomers
are generated during the electrospray ionisation and are
not present in the JCI solution. This is supported by the
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fact that the intensity of the m/z 1233 and 1869 features is
highly dependent on the ESMS conditions (flow rates and
capillary temperature).

On addition of NMI to the JCI solution the spectrum is
largely unchanged but two new major reproducible peaks are
observed. These are assigned to [JINMD]* (m/z 681) and
[J(MeCN)]* (m/z 639). No signal for [J(NMI),]* could be iden-
tified. Apparently it does not survive heating in the ES capil-
lary (200 °C) or under the ES ionisation conditions facile NMI
dissociation occurs. Related loss of one axial ligand from bis
adducts of manganese(i1) salen complexes is known.™*

Reaction of Jacobsen’s catalyst JCI with PhCMe,OOH in the
presence of NMI and hydroxide sources

Formation of the green intermediate [J,(O)]*. Experimentally
it is found that when some (but not all) sources of JCI are
treated with PhCMe,OOH, in the presence of an excess of
NMI, a green colour is formed which then fades with time. As
the green colour intensifies the solution conductance falls while
simultaneously a peak in the mass spectrum at m/z 1214 grows
in intensity. The isotope pattern of this latter peak is consis-
tent with the formulation [J,(O)]*. This species, presumably
a manganese(lILIv) p-oxo species (of which examples are
known'?), is the origin of the green colour. Sources of JCI
which give the most intense green colour are those which have
been exposed to sources of hydroxide during their preparation.
(Literature preparation of JCI often involves deprotonation of
the salen ligand by KOH; normally a slight excess of hydroxide
is used in these reactions.'®) This “hydroxide effect” can be con-
firmed by dosing “inactive” JCI sources with NBu,OH. Under
these conditions, all samples of JCl lead to the green intermedi-
ate [J,(O)]* in the presence of CHP and NMI. The starting
material in these reactions is effectively [JCI + OH™]. This mix-
ture is equivalent to the species “JOH” and it is convenient to
define it as the starting material for the oxidation. (Analysis
of these solutions by simultaneous ESMS/conductance/vis
spectroscopy monitoring indicates that although the visible
spectrum remains the same if hydroxide is added JCl is cleanly
consumed. Additionally, a porphyrin analogue of JOH has
recently been isolated.'®) The kinetics for the formation of the
green intermediate [J,(0)]* was followed using JCI synthesized
in-house (containing ~3 mol% JOH) or by using samples of
JOH generated by in situ mixing of pure JCI and Bu,NOH. As
JCI scavenges OH™ so effectively care was taken to avoid the
adventitious inclusion of hydroxide contaminants in the NMI
or solvents employed in these reactions. Owing to these experi-
mental procedures all of the reactions of JOH/NMI/CHP in
this study take place in the presence of an excess of JCl and this
is always detected in the electrospray mass spectra in the evolv-
ing reaction system. Thus, the kinetic data interrogate the
nature and reactivity of the JOH impurity in samples of JCI.
Control reactions indicated that JCI free of hydroxide impur-
ities does not react with equivalent amounts of CHP in the
presence of an excess of NMI.

s
OH 0
[J000]

The reaction of 1 mM typical synthetic grade JCI (contain-
ing ~0.03 mM JOH) with CHP (0.1-5.0 mM) in the presence of
an excess of NMI (125 mM) follows a second-order equal con-
centrations kinetic rate law up to more than 4 half-lives (based
on both absorbance and conductance data). The rapid produc-
tion of a green product is paralleled by a conductance decrease,
as expected for an oxidative dimerisation of JOH to green
[J,(0)]* (the number of charge carriers falls). The same k,°* is
found by analysis of conductance—time and absorbance—time

. klohs .
data. For the reaction X + X —— Product, eqn. (4) is the

Ay — A,

A=A, +—2 =
1+ [Xo)[k, >

4)

integrated rate equation, where 4,, 4, and A4, are absorbances
(or conductances) at time ¢, zero, and infinity; [X.] is the
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Table 2 Rate constants (k,°™) and A4 values for reaction of JOH with CHP in the presence and absence of NMI

[JCl,J/mM [OH ]/mM [NMI}/mM [CHP)/mM AA kMg ta
1.0° — — 1.0 0.51 6.58
1.0° — 125 0.1 0.207 47.0
1.0° — 125 0.25 0.327 50.6
1.0° — 125 0.38 0.404 52.3
1.0° — 125 0.5 0.429 67.5
1.0° — 125 0.75 0.478 80.5
1.0° — 125 1.0 0.501 95.2
1.0° — 125 3 0.569 211
1.0° — 125 5 0.621 334
1.0¢ — 125 1.0 0.303 18.1
1.0¢ 0.05 125 1.0 0.336 53
1.0¢ 0.1 125 1.0 0.402 73
1.0¢ 0.15 125 1.0 0.379 122
1.0¢ 0.2 125 1.0 0.806 229
1.0¢ 0.4 125 1.0 0.617 233
1.0¢ 1.0 125 1.0 0.583 ~1385
“ From absorbance-time data using eqn. (4) with [X,] = [JCl,,]. ® Synthetic JCI containing 0.03 mM JOH. ¢ Aldrich reagent grade JCI containing
0.01 mM JOH.
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Fig. 2 Variation of k,°* with concentration of added hydroxide ions
for commercial reagent grade JCI (Aldrich) reacting with 1.0 mM CHP
in the presence of 125 mM NMI in acetonitrile at 20 °C.

concentration of X at the start. Because JOH in all catalytic
runs represents a small fixed fraction of the impure Jacobsen’s
catalyst JCI the data are conveniently analysed by letting X
be the concentration [JCl], eqn. (5) where [JCl,] is the

[JCl] = [IClca] + [JOH] )

concentration of the impure Jacobsen’s catalyst used in the
kinetic run. Experiments involving the generation of JOH by
addition of Bu,NOH to pure JCI, in the presence of NMI, lead
to similar kinetics and the rate constant for the formation of the
intermediate, k,°™, is linearly dependent on the amount of
added OH™ (Table 2, Fig. 2). The graph indicates that typical
commercial (Aldrich) reagent grade JCI catalyst contains 3.8
mol% of JOH. Additional support for the involvement of JOH
comes from the fact that the presence of small amounts of acid
(0.2 mM HCI in MeCN/NMI) totally suppresses the formation
of the green intermediate [J,(O)]*. Protonation of the JOH
impurity generates inactive JCI consistent with this picture. If
the intermediate is generated in the absence of added NMI its
rate of formation is dramatically slowed (Table 2). The role of
the NMI may be to co-ordinate free sites in the intermediates
leading to [J,(0)]*.

The second-order equal-concentration kinetic fit for the
formation of [J,(O)]* from impure Jacobsen’s catalyst contain-
ing hydroxide impurities JOH is essentially perfect over >2000
data points for all runs at different CHP concentrations (0.1 to
5.0 mM). For this simple kinetic regime (eqn. (4)) both the
measured change in absorbance (AA) and value of the derived
rate constant k,°* should not depend on the CHP concen-
tration as this does not appear in eqn. (4). This is not the case.
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Fig. 3 Absorbance change (AA4) for reaction of synthetic grade JCI
(1.0 mM, containing ~0.03 mM JOH) in the presence of 125 mM NMI
with varying CHP concentrations in acetonitrile at 20 °C. The line is the
best fit of eqn. (10) to the data.
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Fig. 4 Variation of k,°® with CHP concentration for reaction of
synthetic grade JCI (1.0 mmol, containing ~0.03 mM JOH) in the
presence of 125 mM NMI in acetonitrile at 20 °C.

Both are CHP concentration dependent: absorbance change
(Fig. 3) and observed rate (Fig. 4). The only kinetic models that
rationalise these observations involve equilibrium binding of
the CHP to the starting material JOH or the product [J,(O)]*.
These reaction intermediates cannot be isolated but the pro-
posed structures contain free axial co-ordination sites capable
of binding CHP as a ¢ donor.

The observed rise in absorbance (A4) for the formation of
[J,(O)]* gives a reciprocal fit (eqn. (6)) with a = 0.62, K = 4000

AA = ¢K[CHP)/(1 + K[CHP]) (6)

M™! while k,°™ is linearly dependent on CHP concentration
(Fig. 4).

Considering an equilibrium on the starting material first, a
perturbation of the initial absorbance A, could result from
equilibration of the minor component JOH with CHP as in
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equilibrium (7). The exact binding mode of the CHP is not
specified as the structure of the short-lived intermediate JOH-
CHP (with absorbance A4,) cannot be interrogated.

Addition of CHP to impure Jacobsen’s catalyst containing
JOH, and in the presence of NMI, produces little change in
absorbance just after addition of the CHP. It appears that there
are insufficient differences in the absorption coefficients of the
species in equilibrium (7) to account for the behaviour in the
overall reaction. However, equilibrium (7) must be present to
account for the dependence of the observed second-order rate
constant k,°* with changing CHP concentration as no product
[J,(0)]"* is initially present in the reaction mixture. Combination
of two JOH-CHP, generated via equilibrium (7), under second-
order equal-concentration kinetics affords green [J,(O)]*.
Defining this reaction in terms of the concentration of the
impure Jacobsen’s catalyst used [JCl,,] (eqn. (5)) it can be shown
(Supplementary data) that eqn. (8) applies. If K[CHP] <1,

“JOH”] K, [CHP]
[JCl,] (1 + KG[CHP))

obs _ tre[
k2 - 2u

®)

k,°* will increase linearly with the CHP concentration. With
the concentrations of reagents used a linear plot of k,°* against
[CHP] is obtained (Fig. 4) only if Kp ~ 100 M,

An alternative explanation for the dependence of the absorb-
ance rise on [CHP] is the presence of an equilibrium on the
product [J,(O)]* through interaction with excess of CHP which
is always present to give a more highly coloured product
[J,(O)]*-CHP) as in equilibrium (9). The structure of such a

[Jo(CT”
{[J2A0)]"«CHP)
species is not known explicitly as the compound cannot be isol-

ated. If equilibrium (9) can occur the change in absorbance is
given by eqn. (10), where a = ep.cpp/ép, P is the species [J,(0)]*

AA =

[“JOH”], [ (1 + aKpp[CHP]
&p

~ 2. ] 10
2 1+KPP[CHP]> gone | (10)

and P-CHP is [J,(0)]*-CHP. Fig. 3 shows that this equation
fits the data well. The best-fit values of variables are Kpp 4000
M1 4 50, and & 850 M~! cm ™!, with [JOH] 3 x 10~° M (initial
[JCl,] 1 x 107* M). As required &(JOH) is experimentally the
same as &(JCI) (270 M~ ! cm™! at 550 nm). Although further
study is required to determine the constants more precisely, as
eqn. (10) contains 5 variables, we have shown that the proposed
interaction of CHP with [J,(0)]* can account for the experi-
mental data.

Decay of intermediate [J,(O)]*. The green intermediate
[J,(O)]* undergoes first-order decay in solution back to JOH.
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Fig. 5 Schematic view of the combined visible spectroscopy—con-
ductance-electrospray MS cell.

No chemical decomposition of the salen complexes involved in
the system occurs in these transformations and the formation
of [J,(0)]* and its decay may be repeated at least six times on
the same sample. However, it is apparent that Jacobsen’s com-
plex JCI itself undergoes photochemical decomposition with
high intensity 550 nm light to afford non-absorbing species.
Experiments conducted in a conventional Unicam UV3 UV/vis.
spectrometer, where the sample was continuously irradiated
with monochromatic 550 nm light, led to very slow first-
order photochemical decay of 1 mM JCI solutions with
Kpnoto & 0.00003 s7'. Presumably this decomposition process
follows the mechanism recently elucidated by Fukuda et al'
for analogous compounds. This photochemical decomposition
could be avoided by working with the dip cell (Fig. 5) due to the
much lower light intensity. Under these conditions the observed
first-order rate constant for the decay of [J,(O)I* k,°® is
0.000250-0.000300 s~*. It is very difficult to isolate the organic
co-product(s) which are generated during the decomposition of
intermediate [J,(0)]*, because of the very low concentrations
used and the polar nature of the products generated. For reac-
tions run under more concentrated conditions cumyl alcohol
PhCMe,OH was the only product that could be identified. This
product is normally indicative of Haber—Weiss hydroperoxide
ROOH disproportionation, a reaction for which Jacobsen’s
catalyst is known to be active in with H,0,.! As no oxygen
evolution could be detected in any reaction the intermediate
[J,(O)]* was intercepted with cyclohexene. GC analysis of the
reaction mixture revealed that cyclohexenol and cyclohexenone
were generated. The formation of such products is normally
indicative of the formation of ROO" and RO’ radicals derived
from Haber—-Weiss hydroperoxide decomposition.? Use of
CHP-d,, PhCMe,O0D, in place of CHP did not significantly
alter the rate of formation of [J,(O)]* or its decomposition.
The decomposition of intermediate [J,(0)]* in the presence of
an excess of Bu,NCl was essentially unaffected indicating no
chloride involvement.

Conclusions

The data from the combined visible spectroscopy, conductance,
electrospray mass spectrometry suggest that Jacobsen’s catalyst
JCI reacts with o-donor ligands to give labile Jahn-Teller dis-
torted octahedral salts [J(L),]CI as the major solution species.
These labile compounds apparently react easily with OH™
sources to give a hydroxy impurity JOH. This species JOH
appears to be a minor contaminant in many samples of JCI.
Given the ease with which JCI scavenges hydroxide sources
typical JCINaOCl alkene epoxidation reactions? run at
pH ~ 11 will involve significant contribution by JOH to the
catalytic manifold. Both in the presence and absence of NMI,
JOH reacts with cumyl hydroperoxide to give a new product
[J,(0)]*, suggested to be the mixed valence oxo bridged man-
ganese(n,Iv) dimer [(u-0)J,]*. The behaviour of [J,(O)]* is
complicated by the presence of equilibria with CHP involving
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either the starting material JOH and/or the product itself. The
species [(n-0)J,]" undergoes one electron reduction with an
excess of CHP regenerating JOH. The cumyl radicals ROO" and
RO’ (R = PhCMe,) generated in this chemistry undergo typical
C-H abstraction reactions with cyclohexene. Overall, the reac-
tion is best described as a cumyl hydroperoxide CHP dispropor-
tionation as shown in Scheme 3. The inability of the [(u-0)J,]*

m K m
JCl J(L); _—
2L (Jo rRoOHP
©
20H Kee |[ROOH
il I
JOH + JOH o Ny C) .
JOJ¥ + OH +H,0+ RO
Ko ||ROOH k2%
k% | ROOH

a1
2 (JOH-ROOH)

m ™
2JOH + RCO
Scheme 3

to form a manganese(lv) dimer on treatment with CHP is
the reason for the lack of epoxidation activity in attempted
catalysis by JCI.

Experimental
General

All manipulations involving air or moisture sensitive reagents
were carried out under nitrogen or argon atmospheres using
standard Schlenk techniques. N-Methylimidazole (99%+,
Aldrich) was distilled from CaH, under reduced pressure and
stored under nitrogen at room temperature over A4 molecular
sieves. Acetonitrile solutions of HNMI*CI™ were prepared by
addition of standard solutions of HCI gas in acetonitrile.
Acetonitrile (HPLC grade) was distilled from CaH, immedi-
ately prior to use. Cyclohexene was distilled from anhydrous
potassium carbonate. Tetrabutylammonium chloride (Fluka,
>99%) was used as supplied and handled in a glovebag to pre-
pare standard acetonitrile solutions of Bu,NCIl. A commercial
source of 1.0 M Bu,NOH in methanol (Aldrich) was used as
supplied. Mass spectra were obtained either on a Finnigan 1020
(electron impact ionisation, EI) or a LCQ instrument (electro-
spray ionisation, ES; a capillary temperature of 200 °C was
used together with the standard positive ionisation settings
supplied with the instrument software). Proton NMR spectra
were recorded on a JEOL-270 (270 MHz) spectrometer, visible
spectra with Unicam UV3 (pathlength 1 cm) and Perkin-Elmer
Lambda 40 (equipped with a Helma dipcell, pathlength 0.5 cm)
instruments. Reaction compositions were analysed by GC using
a Perkin-Elmer 8320 chromatograph equipped with a 24 m
capillary BP-20 column, with the following parameters: oven
temperature = 100 °C, injection temperature = 100 °C, detector
temperature = 250 °C. Samples of Jacobsen’s manganese salen
complex JCI were either commercial (Aldrich) or prepared by
a literature route.’® Pure JCI gave no significant absorption
change at 550 nm on treatment with NMI/CHP mixtures and
was deemed to be free of hydroxide impurities (JOH and/or
OH").

Purification of cumyl hydroperoxide

The method of Rosenthal et al.** was employed. Typically 4
grams of crude cumene hydroperoxide (technical grade, 80%)
were dissolved in an equal volume of benzene and the organic
layer washed with water (10 cm?) three times. The organic layer
was separated and distilled (0.1 mmHg) giving low boiling frac-
tions (bp 20-40 °C) consisting of water and water/benzene/
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cumene hydroperoxide azeotropes. The pure hydroperoxide dis-
tilled as a sharp cut (bp 60-65 °C) which assayed as pure by 'H
NMR spectroscopy and iodometric titration.” The compound
PhCMe, 00D, CHP-d, was prepared by stirring similar CHP/
benzene/D,0 mixtures in the presence of NaOH (35 mg) and
employing a similar work-up. CAUTION: although no problems
were encountered using these approaches, only small amounts
of CHP (<5 g) should be purified at any one time. The method
of Perrin® should not be used as explosions have been
reported.”

Apparatus: general comments

Combined visible spectroscopy—conductance—electrospray
mass spectrometry studies have not been described before;
appropriate apparatus is shown schematically in Fig. 5. For
meaningful conductance data to be attained rigorously anhy-
drous organic solvents were required. Additionally only
systems containing sufficient charge carriers gave reliable con-
ductance data. If these requirements were not adhered to then
the measured conductance was dominated by residual water
contamination. Both these requirements were met by solutions
of JClin freshly distilled acetonitrile. The usual platinum black
electrodes used for conductance are not appropriate for oxid-
ation reactions involving hydroperoxide intermediates, due
to rapid ROOH disproportionation. However, gold-plated
platinum electrodes could be used as the surface is completely
passivated towards ROOH (R =H or alkyl) decomposition.
Such cells cannot apparently be calibrated using standard
aqueous KCl solutions (for which accurate values of the specific
conductance x are known?®) due to electrochemical reactions
at the gold surface. To check the behaviour of the combined
technique cell, and allow absolute calibration in the case of
conductance, some experiments were also run in parallel using
traditional bench-top spectrometers and conductance cells.

Construction of the reaction cell. The glass reaction cell
(volume ca. 20 cm®) was fabricated to the general design of Fig.
5. The two approximately 1 cm? platinum electrodes were made
from 0.207 mm thick plate (8/1000 in) cut to 14 X 7 mm. These
were attached to platinum mounting wires, 0.503 mm in diam-
eter (20/1000 in) with high temperature solder. The electrodes
were mounted in the cell separated at a fixed distance (ca. 0.2
cm). The platinum plates and their supporting wires were com-
pletely passivated by being coated with gold using the aqueous
electrolyte K[Au(CN),] and passing a current of about 10 milli-
amps (see later). The plating efficiency was tested by using H,0,
which is much more sensitive to platinum-catalysed decom-
position than cumene hydroperoxide used in these studies; no
decomposition to H,/O, could be detected (gas evolution or
iodometric titration® of remaining H,0,). The platinum elec-
trodes were connected via mercury pools to a Jenway 4320
digital conductance meter calibrated against 100 and 1000 Q
0.1% wire-wound resistors. The cell constant was 0.82 cm™".
The reaction cell has provision for controlled addition of gas if
this becomes a requirement of the experiment. Similarly, sam-
ples may be withdrawn to an electrospray mass spectrometer by
a Dosca micrometering pump. The cell mixture can be stirred
with a mini-magnet flea and is theromostatted (1 °C). The cell
is fitted with a Helma fibre-optic dip probe (path length 5 mm)
for concurrent measurement of absorbance.

Gold electroplating. The conductance cell having the plat-
inum plates to be gold plated was cleaned with 33% neat HNO,
that had been diluted with an equal volume of distilled water.
The cell containing 15% w/w HNO;(aq) was placed in an
ultrasonic bath (10-15 min) then washed several times with dis-
tilled water. The gold plating solution was composed of 0.227
mM K[Au(CN),] (20 cm®) in the presence of monosodium
citrate (0.01 M, 5 cm®) and citric acid (0.01 M, 5 cm®). The cell
was kept in a water bath at 60-65°C and the solution was



stirred. An electric current of 10 milliamps was passed for 20
minutes using a 4.5 V battery, a variable resistor, and milliamp
meter.

Determination of equilibrium binding constants between
Jacobsen’s catalyst JCI and N-methylimidazoles (NMI,
1,2-DMNMI, 5CI-NMI) or pyridines (Py, DMAP) or
4-phenylpyridine /N-oxide (4-PhPyO)

By visible spectroscopy. Studies were carried out using either a
thermostatted (25 + 0.5 °C) Unicam UV3 or in the custom cell
(Fig. 5) using a Perkin-Elmer Lambda 40 spectrometer. For the
Unicam, five standard aliquots of N-methylimidazole NMI
(6 pL, 75 pmol) were added to a 1.0 mM acetonitrile solution of
Jacobsen’s catalyst, JCI (3 cm®, 0.003 mmol) in a glass cuvette in
air. For the Perkin-Elmer five samples of N-methylimidazole
NMI (20 puL, 75 mmol) were added to a 20 cm® of 1.0 mM of
Jacobsen’s catalyst JCI in acetonitrile. The equilibrium con-
stant was calculated by the change in absorption at 500 or 550
nm. Other substituted imidazoles, pyridines, and 4-phenyl-
pyridine N-oxide were investigated in a similar manner.

By conductivity. Studies were carried out as single experi-
ments using a standard cell equipped with platinum black
electrodes, or simultaneously with visible spectroscopy investi-
gations using the custom cell (Fig. 5). In both cases a digital
conductance meter calibrated against 100 and 1000 Q 0.1%
precision wire-wound resistors was used.

The standard conductance cell (volume 15 cm?®) contained
two approximately 1 cm square platinum black electrodes at a
fixed distance (ca. 0.2 cm). The cell was thermostatted at 20
or 25 °C. The cell constant, b, was determined by calibration
against 0.01 M aqueous KCI using standard values of x for
KCL.” Specific conductances were determined using x = bC,
where C is the measured conductance and b the cell constant. In
a typical run five standard aliquots of N-methylimidazole (20
pL, 0.25 mmol) were added to a 1.0 mM acetonitrile solution of
Jacobsen’s catalyst JCI (10 cm?, 0.01 mmol total). Control runs
indicated the change in the specific conductance of dry
acetonitrile alone due to the addition of an equivalent amount
of N-methylimidazole were at least five times smaller than for
an acetonitrile solution of Jacobsen’s catalyst JCI or at least 50
times smaller for solutions of Jacobsen’s catalyst JCI in the
presence of N-methylimidazole.

Studies in the gold UV-vis conductance cell (Fig. 5) were
carried out in an identical manner except that the cell constant
b had to be determined using the standard values of x derived
for Jacobsen’s catalyst measured above as aqueous KCI solu-
tions were found not to be suitable for calibrating gold cells.

Reaction of Jacobsen’s complex JCI samples containing JOH
with cumyl hydroperoxide in the presence of N-methylimidazole

Some visible spectroscopy studies were carried out using a
thermostatted (20 = 0.5 °C) Unicam UV3 spectrometer in air.
Neat N-methylimidazole (30 pL, 0.0375 mmol) was added to
a 1.0 mM MeCN solution of Jacobsen’s catalyst JCI (3 cm?,
0.0003 mmol total) in a glass cuvette and the solution shaken.
The sample was placed in the spectrometer beam, the light
turned to 550 nm and the absorbance zeroed. The data acquisi-
tion was started (absorbance, time data points every 10 s). After
ca. 5 minutes a standard solution of cumyl hydroperoxide
(30 uL 0.1 M in acetonitrile, 0.003 mmol) was added and the
solution mixed rapidly with a plastic plunger. Typically data
were recorded for 4-6 h. An infinity reading was taken at
approximately 16 h. Similar runs were carried out varying the
concentrations of the catalyst JCI, the N-methylimidazole and
the cumyl hydroperoxide.

Additional runs were performed by monitoring visible
spectroscopy and conductance simultaneously in the custom
cell using the Perkin-Elmer instrument. Neat N-methylimid-

azole (200 pL, 2.51 mmol) was added to a 1.0 mM MeCN
solution of Jacobsen’s catalyst (20 cm®, 0.02 mmol). The
absorbance at 550 nm was monitored as a function of time. The
residual absorbance of the MeCN solvent was removed by sub-
traction. Data acquisition was started and time-absorbance
data points taken every 1 to 30 seconds. If necessary Bu,NOH
(0.001 to 0.008 mmol, as 1 M solution in MeOH) was added.
After 5 minutes a standard solution of cumyl hydroperoxide
(200 pL of 0.1 M MeCN solution, 0.02 mmol) was added. The
mixture was thermostatted at 20 = 0.5 °C with continuous stir-
ring. Typically data both for spectral changes and conductance
changes were recorded simultaneously every 30 seconds for
5 hours, or every second for 20 minutes. Similar runs were
carried out varying the concentration of cumyl hydroperoxide,
N-methylimidazole and catalyst JCI.

Interception of intermediate [J,(O)]* with cyclohexene, V-
methylimidazole hydrochloride or tetrabutylammonium chloride

The green intermediate [J,(0)]* was generated in the usual way
from 1 mM Jacobsen’s catalyst JCI, 125 mM N-methylimid-
azole and 1 mM cumyl hydroperoxide. As the intermediate
reached its maximum concentration (ca. 6 minutes after addi-
tion of cumyl hydroperoxide) standard solutions of neat
cyclohexene, N-methylimidazole hydrochloride, or tetrabutyl-
ammonium chloride were added and mixed with plastic plunger
(if using the Unicam UV3) or by stirrer bar (if using the Perkin-
Elmer instrument). Absorbance/time data were collected in the
normal way. In the case of cyclohexene, 2-cyclohexanone was
detected as the sole oxidation product by GC (BP-20 column,
100 °C isothermal).
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