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Abstract: The mechanism by which
oxovanadium(V)(salen) complexes'
VO(salen)X catalyze the asymmetric
addition of trimethylsilyl cyanide to
benzaldehyde has been studied. The re-
action kinetics indicated that the struc-
ture of the counterion (X) had a signif-
icant influence on the rate, but not on
the enantioselectivity of the reaction.
The less coordinating the counterion,
the lower the catalytic activity; a trend
that was confirmed by a Hammett
analysis. Variable temperature kinetics
allowed the enthalpies and entropies of
activation to be determined for some
catalysts, and showed that, for others,
the overall reaction order changes
from second order to zero order as the
temperature is reduced. The order with
respect to the catalyst was determined
for nine of the VO(salen)X complexes
and showed that the less active cata-
lysts were active predominantly as

mononuclear species whilst the more
active catalysts were active predomi-
nantly as dinuclear species. Mass spec-
trometry confirmed the formation of
dinuclear species in situ from all of the
VO(salen)X complexes and indicated
that the dinuclear complexes contained
one vanadium(V) and one vanadi-
um(IV) ion. The latter conclusion was
supported by cyclic voltammetry of the
complexes, by fluorescence measure-
ments and by the fact that catalyst de-
activation occurs when reactions are
carried out under an inert atmosphere.
Based on this evidence, it has been de-
duced that the catalysis involves two
catalytic cycles: one for catalysis by
mononuclear VO(salen)X species and
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the other for catalysis by dinuclear spe-
cies. The catalytic cycle involving dinu-
clear species involves activation of
both the cyanide and aldehyde, where-
as the catalytic cycle involving mono-
nuclear species activates only the alde-
hyde, thus explaining the higher cata-
lytic activity observed for -catalysts
which are predominantly active as di-
nuclear complexes. Based on these
mechanistic results, two new VO-
(salen)X complexes (X=F and NCS)
were predicted to form highly active
catalysts for asymmetric cyanohydrin
synthesis. VO(salen)NCS was indeed
found to be the most active catalyst of
this type and catalyzed the asymmetric
addition of trimethylsilyl cyanide to
thirteen aldehydes. In each case, high
yields and enantioselectivities were ob-
tained after a reaction time of two
hours at room temperature using just
0.1 mol % of the catalyst.
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The asymmetric addition of cyanide to an aldehyde to form
a non-racemic cyanohydrin is a reaction, which has been
known since 1908.) Oxynitrilase enzymes are widespread in
the plant kingdom and can be used to accomplish this reac-
tion by using hydrogen cyanide as the cyanide source.”’”
However, the enzymatic approach suffers from a number of
limitations including: the need to handle hydrogen cyanide,
slow reactions, limited substrate tolerance, and the availabil-
ity of only one enantiomer of an enzyme. In view of these
limitations and the commercial importance of enantiomeri-
cally pure a-hydroxy-acids,”! the last ten years have seen an
explosion of interest in the development of chiral Lewis
acids and/or Lewis bases as catalysts for the asymmetric ad-
dition of various cyanide sources to aldehydes and ketones.!
Currently, the most effective Lewis acids for the asymmetric
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synthesis of aldehyde-derived cyanohydrins are the bimetal-
lic titanium(salen®) complex 1 developed by our group,®”!
and the aluminum(binol) complexes 2 and 3 developed by
Shibasaki,™ and Najera,'” respectively. Shibasaki also de-
veloped the titanium or lanthanide complexes of glucose de-
rived ligands 4, as highly effective catalysts for the asymmet-
ric synthesis of ketone-derived cyanohydrins.*'! Complexes
1-3 will catalyze the asymmetric addition of trimethylsilyl
cyanide to aldehydes (Scheme 1) with good enantioselectivi-
ties under optimized conditions, and the use of other cya-
nide sources, such as cyanoformates,’? cyanophospho-
nates" and acyl cyanides,['"l has also been achieved.

chiral .
9 . catalyst SiMes
)\\ +Me;SiCN ——»
H R CN

Scheme 1. Asymmetric addition of trimethylsilyl cyanide to aldehydes.
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Subsequent to the development of titanium(salen) com-
plex 1, manganese,™ aluminum™ and lithium™” salen com-
plexes have also been found to catalyze the asymmetric ad-
dition of trimethylsilyl cyanide to aldehydes and ketones. A
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further significant advance was our development of
oxovanadium(salen) complex 5 as the first vanadium-based
catalyst for asymmetric cyanohydrin synthesis.'¥ Compared
to titanium complex 1, complex 5 is a more enantioselective
catalyst for the asymmetric addition of trimethylsilyl cyanide
to aldehydes, but is also significantly less reactive. Neverthe-
less, catalyst § has been adopted by other research groups
for use in synthesis projects.'” In a preliminary study we re-
ported that the catalytic activity, but not the enantioselectiv-
ity, of complexes of general structure VO(salen)X was criti-
cally dependent upon the structure of X.?! Complexes 1
and 5 have the unique ability to utilize potassium cyanide as
the cyanide source for asymmetric cyanohydrin synthesis/*!!
and recyclable versions of both of these catalysts have been
prepared.?

Herein we report a detailed study of the asymmetric syn-
thesis of cyanohydrin trimethylsilyl ethers catalyzed by VO-
(salen)X complexes.™ This study showed that catalysis can
occur through mononuclear and/or binuclear species, with
the latter involving both vanadium(V) and vanadium(IV)
ions, and resulted in the discovery of VO(salen)NCS as the
most active vanadium-based catalyst for asymmetric cyano-
hydrin synthesis yet developed.

Results and Discussion

Effect of counterion on catalytic activity: Complex § is coor-
dinatively saturated, so our first hypothesis as to its mode of
action was that dissociation of the water molecule would
generate a five-coordinate Lewis-acidic metal ion which
could coordinate to the aldehyde. Attack of cyanide on the
activated aldehyde within the chiral coordination environ-
ment of the vanadium ion would then account for both the
catalysis and enantioselectivity. To test this theory, com-
plexes 6a—e were prepared in the expectation that the com-
plexes with the most strongly coordinating counterions
would show the lowest catalytic activity, and that the triflate
complex 6a would exhibit enhanced catalytic activity.

tBu O (6] tBu

6a—f
a: X = CF;S80;
b: X =BF,
¢: X=NO,
d: X=Br
e: X=Cl
f:X=F
g: X=NCS

Complexes 6a—c were prepared by ion-exchange from
complex 5 on a DOWEX 1X8-400 resin. The formation of
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complexes 6ab was readily confirmed by using "F NMR
spectroscopy. Complex 6b displays two signals in its
YF NMR spectrum with relative intensities 1:3, which indi-
cates that the tetrafluoroborate counterion is partly coordi-
nated to the vanadium ion through one of the fluorine
atoms as previously reported for an achiral VO(salen)BF,
complex. Complex 6¢ was also prepared more conven-
iently by treating either complex 5 or VO(salen)®! with
ceric ammonium nitrate,”! and both methods gave complex
6¢ with identical spectroscopic and catalytic properties.
Complex 6d was also prepared by ion-exchange on a
DOWEX 1X8-400 resin, though, in this case, it was advanta-
geous to use complex 6b as the starting material, as the ab-
sence of a signal in the "F NMR spectrum of the product
provided a convenient test for the completeness of the ion-
exchange procedure. Complex 6e was prepared by direct
treatment of salen ligand 7 with vanadium oxychloride in
THEF, as shown in Scheme 2.

4
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Scheme 2. Synthesis of complexes 6e and 6 f.

The catalytic activity of each of the complexes 5 and 6a—e
was investigated by a study of the reaction kinetics for the
addition of trimethylsilyl cyanide to benzaldehyde under
standardized conditions ([PhCHO]=0.49 M, [Me;SiCN]=
0.56 M, [catalyst]=9.8x10~* m, dichloromethane solvent), as
shown in Scheme 3. The progress of the reactions was moni-
tored by measuring the UV absorbance (at 246 nm) of resid-
ual benzaldehyde at appropriate intervals during the reac-
tion. At the end of the reaction, the mandelonitrile trime-
thylsilyl ether was converted into O-acetyl mandelonitrile
by the method of Kagan! to allow the enantioselectivity of
the silylcyanation reaction to be determined by chiral GC
analysis. Reactions were first carried out at 293+0.5 K, the
resulting kinetic profiles are shown in Figure 1, and the cor-

catalyst (0.2 mol%), i
0 CH,Cl, (ESIM%

|| +Me;SiCN
ph” H Ph" TCN

0.48 M 0.56 M Sc(OTf); (1 mol%) / l

Ac,0 (2 equiv), MeCN
Iy
Ph T CN

Scheme 3. Reaction used to study the kinetics of asymmetric cyanohydrin
synthesis.
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Figure 1. Second-order kinetics plots for catalysts 5 and 6b-g at 293 K.
The reaction catalyzed by complex 5 was monitored for 150 minutes (re-
sulting in 60 % reaction). Only the first 100 minutes are shown to allow
all the catalysts studied to be displayed on the same scale, but the R?
value and the rate constant are based on all the data. The units used for
the vertical scale are: ([PhCHO],—[Me;SiCN],) " In([Me;SiCN],-
[PhCHO],[Me;SiCN],”'[PhCHO],™") in which the subscripts 0 and ¢ refer
to initial concentrations and concentrations at time ¢ respectively.

responding apparent second-order rate constants are given
in Table 1.

Table 1. Apparent second-order rate constants for complexes 5 and 6a-g
at 293 K.l

Complex Counterion Kauppx 10* [M's7'] ee [%]M
5 Et0SO, 22 91 (S)
6a CF,S0, 0 -

6b BF, 34 9 (S)
6¢ NO, 13 95 (S)
6d Br 15 94 (S)
6e ar 67 93 (S)
6f F 25 91 (S)
6g NCS- 28 95 (S)

[a] Reactions carried out at 293+0.5 K under the conditions shown in
Scheme 3. k,,,, was calculated from the slopes of the second-order kinet-
ics plots shown in Figure 1. [b] Determined by chiral GC analysis of man-
delonitrile acetate.

Contrary to initial expectations, complex 6a was found to
be catalytically inactive, which immediately suggested that
the Lewis acidity of the vanadium ion was not the key
factor in determining the catalytic activity of the complexes.
Each of the complexes 5 and 6b—e was catalytically active
and the reactions all obeyed second-order kinetics for all
data points between 0 and 33-90 % reaction depending on
the rate of catalysis, Figure 1. The observation of second-
order kinetics was unexpected, as titanium based catalyst 1
(and related complexes with modified salen ligands) had all
exhibited first-order kinetics (rate =k,,,[Me;SiCN] in which
ki.pp =Kk [catalyst]*) and a catalytic cycle consistent with this
kinetic behavior had been deduced.”” The same first-order
kinetics had also been observed for reactions involving
other cyanide sources catalyzed by complex 1."22'"l These
kinetics results indicated that asymmetric cyanohydrin syn-
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thesis catalyzed by oxovanadium(salen) complexes occurred
by a totally different mechanism to reactions catalyzed by
titanium(salen) complexes. Experiments carried out with
catalyst 6e varying the concentrations of trimethylsilyl cya-
nide and benzaldehyde were only consistent with a rate
equation, which was first order in both benzaldehyde and
trimethylsilyl cyanide,?! thus giving the rate equation:
rate = ky,,,[PhNCHO][Me;SiCN] in which k,,,, =k;[catalyst]".
The value of x will vary from catalyst to catalyst and this is
discussed in the following section.

Although the structure of the counterion had a major in-
fluence on the rate of addition of trimethylsilyl cyanide to
benzaldehyde, it did not influence the enantioselectivity of
the reaction, as in each case O-acetyl mandelonitrile with
93+3% ee was obtained (Table 1). This indicated that the
rate-determining step was not the enantiodetermining step
and suggested that the counterion may not be coordinated
to vanadium during the enantiodetermining step. The effect
of the counterion on the apparent second-order rate con-
stant is Cl>NO;>BF,>EtOSO;>Br> CF;SO; and this
trend suggests that the more coordinating the counterion
the more reactive a catalyst will be formed. Thus, triflate is
expected to be a totally non-coordinating ligand and the
crystal structure of a related VO(salen) triflate complex con-
firmed that this was the case, with a water molecule occupy-
ing the sixth coordination site around the vanadium ion.”*’)
Similar literature precedent also suggested that the bro-
midel™! and nitrate® counterions would be non-coordinat-
ing, with a water molecule again occupying the sixth coordi-
nation site around the vanadium ion. In the case of bromide
complex 6d this was supported by combustion analysis re-
sults, which indicated the presence of water within the com-
plex. The previously reported crystal structure™® of com-
plex 5 also showed that the ethylsulfate counterion was not
coordinated to the vanadium ion; again a water molecule
occupies the sixth coordination site around the vanadium
ion.

The “F NMR spectrum of complex 6b indicated that the
tetrafluoroborate counterion was present as an equilibrating
mixture of coordinated and dissociated forms consistent
with literature precedent on a related VO(salen)BF, com-
plex. The two crystal structures available on VO(salen)BF,
complexes further support this equilibrium, as one indicates
that the tetrafluoroborate anion is coordinated to the vana-
dium ion, whereas the other shows no coordination with the
sixth coordination site of the vanadium ion being filled by a
solvent molecule.”” There are a number of reported crystal
structures of vanadium(salen) complexes containing chloride
units and, in contrast to the crystal structures related to
complexes 5 and 6a-d, they all contain a covalent V—CIl
bond.?

The apparent second-order rate constants (Table 1) sug-
gest that there may be a link between the catalytic activity
of complexes 5 and 6a—e and whether or not the counterion
coordinates to the vanadium ion. The three least active com-
plexes (5 and 6a,d) all have non-coordinating counterions,
whereas complex 6b which has a more coordinating coun-
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terion displays higher catalytic activity, and complex 6e with
a chloride counterion known to bind covalently to vanadium
shows the highest activity. The trend is further supported by
the activity of complexes 6 f,g as discussed later.

However, other factors must also be involved in determin-
ing the catalytic activity, as tetrafluoroborate complex 6b
has lower catalytic activity than would be expected and the
wide range of catalytic activities exhibited by complexes 5
and 6a,c.d, all of which are expected to have non-coordinat-
ing counterions with a water molecule coordinated to the
vanadium ion, is not accounted for by this simple analysis.
Trimethylsilyl cyanide is a good silylating agent,* so the co-
ordinated water molecule present in complexes 5 and 6a,c,d
is likely to be converted into non-coordinating bis-trimethyl-
silyl ether during a cyanosilylation reaction. Another factor
which could affect the apparent rate constants is the order
with respect to the catalyst (ky,,, =k;[catalyst]*), since our
previous work on the use of complex 1 and related titanium-
(salen) complexes showed that this is determined by the
number of metal(salen) units involved in the catalytic cycle
and the equilibrium constant(s) between these species.*’!
Thus it was expected that x would vary from catalyst to cat-
alyst and influence the relative reactivities of the complexes.

Determination of order with respect to catalyst: As k;,,,=
ky[catalyst]", a plot of In(k,,) against In[catalyst] should
have gradient x, thus allowing the order with respect to the
catalyst to be determined from reactions carried out at dif-
ferent catalyst concentrations. This analysis was carried out
for each of catalysts 5 and 6b—e, as shown in Figure 2,% and

In[catalyst]

: , ; , . —4
-85 -8 -75 -7 -6.5 -5
R?=098

/R2= 1.00

In[kapp]

R2=1.00 -10

Figure 2. Plots of In(k,,,) against In[catalyst] for complexes 5 and 6b-e,g
at 273 K. 5: A, 6b: 0, 6¢: 0, 6d: % 6e: m, 6f: A, 6g: o.

the resulting orders with respect to the catalyst are given in
Table 2. The orders with respect to the catalyst can be used
to provide information on the number of VO(salen) units
involved in the catalytic cycle and on the oligomeric nature
of the catalytically active species, as previously described for
titanium-based catalysts.”’?! There are four limiting cases. If
the complex is catalytically active as a mononuclear species,
then:
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Table 2. Reaction orders with respect to the catalyst for complexes 5 and
6b-g.

Catalyst Reaction order (x)
with respect to catalyst

1 1340

5 0.64

6b 0.84

6¢ 0.77

6d 0.74

6e 0.88

6f 2.45

6g 123

[a] Value taken from reference [27a].

i) if the mononuclear complex is the predominant species
present in solution: rate = k[catalyst]'

i) if a dinuclear complex is the predominant species pres-
ent in solution: rate = k[catalyst]"

If the complex is catalytically active as a dinuclear species,
then:

iii) if the mononuclear complex is the predominant species
present in solution: rate = k[catalyst]*

iv) if a dinuclear complex is the predominant species pres-
ent in solution: rate = k[catalyst]'

For titanium-based catalysts, the order with respect to the
catalyst is always >1, thus indicating that the catalysts are
always catalytically active as dinuclear species.”’*) However,
as the data in Table 2 show, the vanadium-based complexes
exhibit more variability. For complexes 5 and 6b-e the
order with respect to the catalyst is between 0.6 and 0.9,
which suggests that the predominant catalytically active spe-
cies is mononuclear, though this is in equilibrium with dinu-
clear species, which may also have some catalytic activity.

These results confirmed that the mechanism of catalysis
using VO(salen)X complexes was fundamentally different to
the mechanism by, which titanium-based catalyst 1 catalyzes
the same reaction. The simplest explanation of the observed
orders with respect to the catalyst is that, for all of the VO-
(salen)X complexes, both mononuclear and binuclear com-
plexes are present in the reaction mixture and both are cata-
lytically active. The counterion influences the equilibrium
between, and/or relative catalytic activity of, the mononu-
clear and dinuclear complexes.

Mass spectra of VO(salen)X complexes: The high-resolu-
tion, positive-ion mode electrospray mass spectra of each of
complexes 5 and 6a—e were obtained from a 1:1 dichlorome-
thane/methanol solution of the complex.lzg] In all cases, an
ion cluster corresponding to a species containing a single va-
nadium ion was observed with a base peak at m/z 611. Both
the high-resolution masses and the isotope distribution indi-
cate that this corresponds to the expected [VO(salen)]* ion.
However, in all cases the spectra also showed a second ion
cluster with a base peak at m/z 1222. The isotope pattern
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for this peak indicates the presence of two vanadium ions,
and the high-resolution masses indicate that it corresponds
to the [VO(salen)],* ion. Importantly, this is a monocharged
ion obtained from two vanadium(V) units, so one of the two
vanadium ions must have been reduced to vanadium(IV)
within the mass spectrometer (the 'H NMR spectra of the
complexes showed no evidence of the presence of paramag-
netic vanadium(IV) species). No evidence for the formation
of [VO(salen)],>* was observed in any of the mass spectra
(this ion would appear at m/z 611, but the individual lines
within the isotope pattern would be separated by only
0.5 m/z units, allowing it to be easily distinguished from
[VO(salen)] ™).

Vanadium(V)(salen) complexes are well known oxidizing
agents,>3*3:3 o the formation of vanadium(IV)(salen)
units can be explained by oxidation of the methanol solvent.
The ratio of monuclear to dinuclear species varied from
complex to complex (between 2:1 and 16:1), but this will be
sensitive to the time between preparation of the solution
and recording the spectra as well as the structure of the
counterion. Nevertheless, the mass spectrometry results did
support the results of the catalyst order determinations by
showing that complexes 5 and 6a—e can form both mononu-
clear and dinuclear species in solution and indicated that the
dinuclear species would be derived from one vanadium(V)
and one vanadium(IV) ion.””

Effect of temperature on catalytic activity: To determine the
thermodynamic origin of the influence of the counterion on
the catalytic activity of the complexes, the catalytic activity
of selected complexes was studied at various temperatures
to allow the enthalpies and entropies of activation of the
complexes to be determined. Complex 6a was also found to
be catalytically inactive at 273 K. For comparison purposes
titanium(salen) complex 1 was also included in this study, as
the temperature dependence of its catalytic activity had not
previously been investigated. Reactions could be monitored
only over a temperature range of 263 K to 298 K as above
298 K the volatility of the dichloromethane solvent was
found to reduce the accuracy of the results. Below 263 K,
significant reaction was found to occur in the microlitre sy-
ringe used to withdraw samples for analysis, thus preventing
reliable analysis of the extent of reaction. The results ob-
tained are shown in Table 3.

The most surprising result of this variable-temperature
study was that for some, but not all, of catalysts 5 and 6b—e
the apparent reaction order changed from second order to
zero order, as the temperature was reduced from 293 K to
263 K, corresponding to a change in the rate equation from
rate = k,,,,[PhnCHO][Me;SiCN] to rate=kgy,,, in which
Koapp = Ko[catalyst]*. Thus, although catalysts 5 and 6e dis-
played second-order kinetics at all temperatures studied,
catalysts 6b—d displayed zero-order kinetics at 263 K and at
some of the intermediate temperatures. In the case of cata-
lyst 6¢, the change from zero- to second-order kinetics
occurs over a narrow temperature range as the kinetic data
fit only zero-order kinetics at 263 K, but fit only second-
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Table 3. Reaction order and rate constants for complexes 5, and 6b—e,g
at various temperatures.[*"!

Reaction order (apparent rate constant x 10%)

Complex 263K 273 K 283 K 293 K

1 1(12s Y 1(25s Y 1(40s 1) 1(75s Y

6b 0(0.6Ms™)  0(0.5Mms™) 0(0.6ms™") 2@B4m's™)
6¢c 007ms™h)  2094m'tsh) - 2(13m s

6d 007ms?)  0(L.1ms™h 2(5m sy 2 (15misTh
Ge 2(13m7 sy 2 (@26M7'sT) 2 (40M'sT) 2 (67m'sTh

6f 269 s ) 2(6m s 2(12m sy 2 (24m'sY)

6g 260m's ) 2(105m s Y 2 (228m s Y

[a] Reactions carried out at the specified temperature +0.5°C under the
conditions shown in Scheme 3. Apparent rate constants were calculated
from the slopes of the appropriate kinetics plots. [b] Reactions with com-
plex § were carried out at 278 K (ky,,,=1.1 ms ), 288 K (Kyupp=1.6
Ms™), 293 K (kpapp =22 Ms™") and 298 K (kyupp=2.6 Ms™).

order kinetics at 273 and 293 K.**! However, for catalysts 6b
and 6d, the transition from zero- to second-order kinetics
occurs over a wider temperature range. In the case of cata-
lyst 6b, the kinetics show a decreasingly good fit to zero
order and an increasingly good fit to second order as the
temperature increases, though only at 293 K is a good fit to
second-order kinetics observed and this is better than the fit
to zero order at this temperature. A similar trend was seen
for the data for catalyst 6d, though in this case the data at
263 and 273 K fitted only zero-order kinetics, whereas the
data at 283 and 293 K could be fitted to either zero- or
second-order kinetics with the second-order plot being the
slightly better fit at both of these temperatures. However, at
283 and 293 K, the fit of the data to either rate equation
was less good than observed in other cases, which suggests
that the reaction is transitioning from zero to second order
throughout this range and hence does not fit either order
particularly well.*®

Catalyst 1 exhibited first-order kinetics at all temperatures
studied (rate=ky,,,[Me;SiCN] in which k,,,=k[1]'*, as
previously determined?). The change in reaction order
with temperature prevented any calculation of the enthalpy
of activation associated with catalysts 6b—d, as insufficient
points with the same reaction order were available to carry
out a reliable graphical analysis.

The Eyring equation [Equation (1)] relates the rate con-
stant (k) for a reaction to the enthalpy (AH™) and entropy
(AS™) of activation. However, it is convenient to utilize the
apparent rate constants (k,,, = k[catalyst]"), which are direct-
ly available from the variable-temperature kinetics study, so
Equation (1) must be modified to give Equation (2). Taking
the logarithm of both sides of Equation (2) gives Equa-
tion (3), from which it is apparent that AH" can be deter-
mined from the gradient of a plot of In(k,,,/T) against 1/RT
(Figure 3) and that AS™ can be obtained from the y-axis in-
tercept, since the order with respect to the catalyst was de-
termined in the previous section.® The thermodynamic
data obtained in this way for complexes 1,5 and 6e are sum-
marized in Table 4.
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Figure 3. Plots of In(k,,,/T) against 1/RT for complexes 1,5, and 6e-g. 1:
m 5 e,060e:2,6f0,6g 0.

Table 4. Thermodynamic parameters for complexes 1,5, and 6e-g.

Catalyst AH* AS* AG*
[kImol ™ [IK 'mol™] (kJ mol™")t!

1 359 —86 59.4

5 27.6 —184 71.8

6e 32.5 —125 66.6

6f 37.6 —26 44.7

6g 20.4 ~136 575

[a] At 273 K.

k= (ky-Th')-exp(—AH* /RT) - exp(AS* /R) (1)

kapp/T =(kg ") - [catalyst]* - exp(—~AH " /RT) 2

-exp(AS*/R)
In(k,,,/T) =(—AH" /RT) + (AS™/R) )

+In(kg i ') + x In[catalyst]

(kg=Boltzmann’s constant, h=Planck’s constant, R=gas
constant)

The entropies of activation for the vanadium-based cata-
lysts were found to be more negative than that of the titani-
um-based catalyst 1. This is consistent with dinuclear species
being involved in the catalytic cycles of all of the complexes,
as complex 1 is pre-assembled into a dinuclear structure,
whereas the vanadium complexes exist predominantly as
mononuclear species.

A Hammett correlation study: In view of the unexpected in-
fluence of the counterion in complexes S5 and 6a—e on the
catalytic activity of the complexes, a Hammett correlation
study was undertaken to confirm the trend within a series of
more closely related complexes, and to allow the structure-
activity relationship to be quantified.®” Preliminary studies
showed that complexes with benzoate counterions were un-
stable towards chromatographic purification, so a series of
complexes 8a-m with benzenesulfonate counterions was
prepared. Complexes 8a—d were prepared from complex §
by ion exchange chromatography on a DOWEX 1X8-400
resin, as discussed above for complexes 6a—c (Scheme 4).
However, attempted preparation of complex 8e by this
method led instead to complex 8b as a result of a nucleo-
philic aromatic substitution reaction occurring between 4-
chlorobenzenesulfonic acid and the methanol solvent in the
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used for 8a-d | MeOH / 1,0 (2:1)

$

=N Q N=

5
synthesis J (DOWEX 1x8-400)" XCH,4SO;5

AN
RGN

tBu

8a-m

XCeH,SO0;H
(or X,C¢H3SOsH) /
0,, MeCN

VO(salen)

h: X =4-F

i: X =3-Cl

j: X = 3-CF,

k: X =4-1Bu

I: X = 3,4-(OMe),
m: X = 2,4-(OMe),

synthesis
used for 8e-m

a:X=H

b: X =4-OMc
c: X=4-Me
d: X =3-NO,
e: X=4-Cl
f: X =4-Br
g X=4-1

Scheme 4. Synthesis of complexes 8a-m.

presence of the basic ion exchange resin. To avoid this prob-
lem, an alternative route was used for the preparation of
complex 8e. Thus, treatment of VO(salen)®® with two
equivalents of 4-chlorobenzenesulfonic acid in acetonitrile,
whilst bubbling air through the solution, resulted in oxida-
tion of the vanadium(IV) to vanadium(V) and formation of
the desired complex 8e.*! This method required less benz-
enesulfonate than the ion exchange chromatography route,
so it was also used for the preparation of complexes 8 f-m
(Scheme 4).

The formation of complexes 8a-m was confirmed by
using '"H NMR spectroscopy and negative ion mode electro-
spray mass spectrometry, which indicated the presence of
the desired anion. The positive ion mode electrospray mass
spectra®! of complexes 8a-m again indicated the presence
of both mononuclear [VO(salen)]* and dinuclear [VO-
(salen)],* species as discussed above for complexes 5 and
6a—e. In addition, complexes 8a and 8b formed crystals suit-
able for analysis by X-ray crystallography (Figure 4 and
Figure 5 respectively). The most notable feature of both of
these crystal structures is that the benzenesulfonate counter-
ion is directly coordinated to the vanadium ion. The two
structures are almost identical, being crystallographically
isomorphous. Each has two molecules of the complex and
two molecules of toluene in the asymmetric unit. An ap-
proximate non-crystallographic inversion center relates the
independent molecules, the chirality of the ligand backbone
alone breaking this pseudo-inversion symmetry. The abso-
lute configuration is firmly established from the X-ray data
on the basis of significant anomalous scattering effects.

2154 —

www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. One of the two crystallographically independent molecules of
complex 8a. In all crystallographic figures of molecular structures, hydro-
gen atoms are omitted for clarity, and displacement ellipsoids are drawn
at the 30 % probability level. Bonds to vanadium are shown filled, others
hollow.

Figure 5. One of the two crystallographically independent molecules of
complex 8b. The close resemblance to the structure of 8a, in the detailed
conformation, is striking.

Each of complexes 8a—m was used to catalyze the asym-
metric addition of trimethylsilyl cyanide to benzaldehyde
under standard conditions (Scheme 3). The resulting rate
constants and enantioselectivities are given in Table 5. The
enantioselectivity of the addition of trimethylsilyl cyanide to
benzaldehyde was again found to be essentially independent
of the counterion, with all of complexes 8a—-m giving O-
acetyl mandelonitrile with 93+3 % ee, exactly as observed
for complexes 5 and 6b-g (Table 1). Complexes 8e and 8f
were found to display zero-order kinetics at 273 K as previ-
ously seen for complexes 6b,d (Table 3). The other com-
plexes all showed good fits to second-order kinetics®! and
the data for complexes 8a-d,g-1 could be used to construct
a Hammett plot (Figure 6). The Hammett plot was con-
structed using apparent second-order rate constants (K, =
k,[catalyst]*) and the data gave a good fit (R*=0.95) with a
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Table 5. Kinetic and enantioselectivity data obtained for complexes
8a-m.l

Complex Reaction Apparent rate Enantiomeric
order constant x 10* excess!®!
8a 2 kpupp=2.95m"'s7! 94 (S)
8b 2 kppp=4.72M""'s™" 93 (S)
8c 2 Kpapp=3.70M"'s ™" 94 (S)
8d 2 kpapp=0.45m""s7" 91 (S)
8e 0 Kpupp=0.65 M5~ 91 (S)
8t 0 Kpupp=0.62 M5! 95 (S)
8¢ 2 kppp=1.97m"'s7" 96 (S)
8h 2 kpypp=2.4TM"'s™! 94 (S)
8i 2 kppp=1.53M""s7" 93 (S)
8j 2 Kpupp=0.93M""s™" 94 (S)
8k 2 kpupp=4.33M""'s7" 96 (S)
81 2 Kpupp=3.68M"'s ™! 94 (S)
8m 2 Kaupp=10.50M"'s7! 95 (S)

[a] Reactions carried out at 273 +0.5 K under the conditions shown in
Scheme 3. Apparent rate constants were calculated from the slopes of
the appropriate kinetics plots. [b]Determined by chiral GC analysis of
mandelonitrile acetate.

0.4
8bh« 8k 0.2
8l ‘8:2 8a
‘ : > T ; : .
0.4 -0.2 .+ 0.2 0.4 0.6 0.8
02| ~ +89
% + Bi
-04{ & y=-0.0982x
% R2=0095 -
-06{ ¢ 8j
X
o8| & 8d

Figure 6. Hammett plot for complexes 8 a—-d,g-1.

p value of —0.98. As indicated by the negative reaction con-
stant and the rate data in Table 5, complexes 8 with elec-
tron-donating substituents formed faster catalysts than the
corresponding complexes with electron-withdrawing sub-
stituents. The magnitude and sign of the reaction constant
are indicative of an increase in positive charge on the sulfur
atom during the rate-determining step of the catalytic cycle
and this is consistent with electron donation from one of the
sulfonate oxygen atoms during this transition state.

The data used to construct the Hammett plot were based
on apparent second-order rate constants, as it was not feasi-
ble to determine the order with respect to the catalyst for
each of complexes 8a-m. If the order with respect to the
catalyst is the same for all of the complexes, then this will
cancel out of the equation used to generate the Hammett
plot, but if the order varies from catalyst to catalyst then it
will result in an apparently non-linear Hammett plot. The
good fit to a straight line observed in Figure 6 can be taken
as an indication that the order with respect to the catalyst is
approximately the same for all of the complexes in this se-
quence. However, to confirm that this is indeed the case, the
order with respect to the catalyst was determined for com-
plexes 8b and 8i which bear electron-donating and electron-
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withdrawing substituents respectively.®® This resulted in
values of 0.58 and 0.70 respectively, which are sufficiently
similar that any error caused by constructing the Hammett
plot from observed rate constants rather than actual rate
constants would be within the overall experimental error of
the experiments and would not affect the conclusions.

Complex 8m could not be included in the Hammett plot,
but it was included in this study, as a test of the predictive
powers of the Hammett correlation. Having two methoxy
groups present in positions in which they could stabilize pos-
itive charge on the sulfur atom through resonance effects
was expected to significantly enhance the catalytic activity
of the complex. This was indeed found to be the case as the
apparent second-order rate constant for complex 8m was
about twice that of complex 8b, which only has one me-
thoxy substituent. The contrast with complex 81 was also
quite marked as in the latter case one of the methoxy
groups is meta to the sulfonate group and hence exerts an
electron-withdrawing rather than electron-donating effect.
As expected, this reduces the catalytic activity of complex
81 compared to that of complex 8b.

Influence of the reaction atmosphere on reactivity: Prelimi-
nary studies carried out whilst optimizing the conditions for
the kinetics experiments showed that the atmosphere above
the reaction was critical to the activity of the catalysts. In
particular, attempts to carry out reactions under an argon
atmosphere resulted in catalyst deactivation.”™ Thus, for
each of complexes 5 and 6c-e, reactions carried out at
293 K under an argon atmosphere initially exhibited second-
order kinetics with an apparent rate constant comparable to
that observed for reactions carried out under an air atmos-
phere. However, after 5-25 minutes reaction, a deviation
from second-order kinetics was observed and catalyst deacti-
vation occurred. Catalyst 6d was found to be totally inactive
when used under an argon atmosphere.”! These data are
summarized in Table 6, and a representative set of kinetics
results (those for complex 6e) are shown in Figure 7.

The detrimental effect of an argon atmosphere was how-
ever, in some cases, dependent on the reaction temperature.
Thus, whilst for catalyst 6¢, reducing the reaction tempera-
ture to 273 K still resulted in deactivation, reactions carried
out with complex 6e at 273 K showed no evidence of cata-
lyst deactivation and the reactions obeyed second-order ki-
netics with an observed rate constant essentially identical to
that obtained for reactions carried out under an air atmos-
phere at the same temperature.

The most likely explanation for these results was that
under the reaction conditions, the catalyst was being re-
duced to catalytically inactive®®! vanadium(IV) species and
atmospheric oxygen was necessary to reoxidize the vanad-
ium(IV) to catalytically active vanadium(V). The lack of de-
activation observed for reactions carried out using complex
6e at 273 K could be a result of the high catalytic activity of
this catalyst resulting in catalyst reduction not being signifi-
cant during the reaction time, though catalyst reduction
must be accelerated relative to the rate of catalysis at 293 K
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Table 6. Influence of reaction atmosphere on the catalytic activity of
complexes 5, and 6¢-g.

Reaction order (apparent rate constant x 10%)

Complex  Temp. Argon Air Oxygen
5 293K 1.8m7's!forfirst 13%  22m7's7!
reaction (23 min),
then deactivates.
6c 293K 13m !s7! for first 35% 13mtst
reaction (11 min),
then deactivates.
6c 273K 85m's7! for first 24 % 94m7's! 119m7's7!
reaction (10 min),
then deactivates.
6¢ 263K 0.7 ms! 7.8 ms 'l
6d 293K  no reaction 1.5m 1s7!
Ge 293K 59m !s7! for first 52% 67m s 98m st
reaction (5 min),
then deactivates.
Ge 273K 25m7is! 26M 157! 31imls!
6f 273K 22m!s7! for first 19% 26M st

reaction (3 min),
then deactivates.
6g 293K 157m 's7! for first 82% 228w 's' 259w 's7!
reaction (6 min),
then deactivates.
6g 273K 103m~'s7! 105m's™t 11lm's™!

[a] Based on first 63 % reaction (7 min).

104
9 y = 0.5873x— 0.0005
1 R?=1.00
8 4
y=0.4x—0.2403
7 R%2=0.99
2 61
£ '
5 . y=0.3521x + 0.1739
R?=0.96
4 4
34
2 4
1 4
0r . . . . . .
0 10 20 30 40 50 60

time/minutes

Figure 7. Influence of reaction atmosphere on reactions catalyzed by
complex 6e at 293 K. The hashed line represents the best fit to the linear
portion of the reaction carried out under an argon atmosphere. m: oxygen
atmosphere, @: air atmosphere, A: argon atmosphere. The units used for
the vertical scale are: ([PhCHO],—[Me;SiCN])~" In([Me;SiCN],-
[PhCHO],[Me;SiCN],”'[PhCHO],™") where the subscripts 0 and ¢ refer to
initial concentrations and concentrations at time ¢ respectively.

to account for the catalyst deactivation observed at the
higher temperature.

To investigate the effect of oxygen on the catalytic activity
of the complexes in more detail, reactions catalyzed by com-
plexes 6¢ and 6e were carried out under an oxygen atmos-
phere (Table 6). In the case of catalyst 6¢, this resulted in a
greater than tenfold increase in the rate constant at both

www.chemeurj.org
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273 K (in which reactions under air and oxygen both obeyed
second-order kinetics), and at 263 K (in which reactions
under air and oxygen both obeyed zero-order kinetics). In
contrast, reactions carried out with complex 6e at 293 K and
273 K showed a much smaller increase in the second-order
rate constant on changing the atmosphere from air to
oxygen, consistent with catalyst reduction being less signifi-
cant in this case. However, even in this case, the increase in
second-order rate constant was larger at 293 K where cata-
lyst deactivation was observed for reactions carried out
under an argon atmosphere than at 273 K at which no cata-
lyst deactivation occurred for reactions carried out under
argon.

Stopped flow kinetics: As part of this project we attempted
to automate the acquisition of kinetic data by using a stop-
ped-flow kinetics system. Initial reactions showed that it was
not possible to monitor the reactions by UV absorbance as,
at the concentrations needed for reaction to occur, catalysts
5 and 6a-e absorbed so strongly that they obscured any
change in absorbance, owing to the change in aldehyde con-
centration. Therefore, the reactions were monitored by fluo-
rescence. Hammock has previously shown that enzymatic
hydrolyses of esters of the cyanohydrin of 6-methoxy-
naphth-2-aldehyde could be followed by fluorescence, as 6-
methoxynaphth-2-aldehyde 9 fluoresces strongly at A=
460 nm, whereas the corresponding cyanohydrin derivatives
fluoresce only weakly below A=370 nm.*"*! Therefore, the
asymmetric addition of trimethylsilyl cyanide to 6-methoxy-
naphth-2-aldehyde 9 catalyzed by complex 6e (Scheme 5)

b

Me;SiCN /
6e or 6g (0.2 mol%),
CH,Cl, /20 °C

Scheme 5. Asymmetric addition of trimethylsilyl cyanide to aldehyde 9.

was studied in the stopped flow system, with an absorbance
wavelength of 1=330nm and a A=395nm filter between
the cell and detector so that only light with a wavelength
A>395 nm and thus arising from fluorescence of aldehyde 9
would be detected. Control experiments confirmed that 6-
methoxynaphth-2-aldehyde was a substrate for catalyst 6e
and that it displayed the same kinetic behavior as benzalde-
hyde (second-order kinetics for reactions carried out in the
presence of air, deactivation for reactions carried out under
nitrogen).”!
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Based on the above results, it was expected that the fluo-
rescence response would decay as the reaction progressed,
corresponding to consumption of the fluorescent aldehyde
and that the resulting decay curve would fit a second-order
kinetic profile. Since the stopped flow cell is a sealed
system, working under anaerobic conditions, it was also an-
ticipated that catalyst deactivation would occur. To avoid
saturating the detector, it was necessary to reduce the con-
centration of the aldehyde, trimethylsilyl cyanide and cata-
lyst by a factor of three for reactions carried out in the stop-
ped flow system, and this was expected to reduce the reac-
tion rate by a factor of 24 for catalyst 6e. In the event, a
large apparent increase in fluorescence was observed, fol-
lowed by a subsequent decrease in fluorescence intensity
which could not be fitted to any simple kinetic profile
(Figure 8).

VO(salen)NCS

71 VO(salen)Cl

relative fluorescence units

0 200 400 600 800 1000 1200
time/minutes

Figure 8. Stopped flow kinetics results obtained using aldehyde 9 and cat-
alyst 6e or 6g at 293 K.

The large increase in apparent fluorescence observed
during the first 150 minutes of the reaction cannot be a
result of an actual increase in fluorescence, as the concentra-
tion of aldehyde 9 is at a maximum at the start of the reac-
tion. However, the UV spectra® of VO(salen) and complex
6e showed that the extinction coefficient of complex 6e is
greater than that of VO(salen) at all wavelengths above A=
325 nm, so the observed increase in fluorescence is consis-
tent with a decrease in the absorbance of the incident radia-
tion (A =330 nm; VO(salen) &33,=3813, 6e £33,=10558) and/
or the radiation arising from fluorescence (1=460 nm; VO-
(salen) e,50=257, 6e £,,0=2019) as a result of the in situ re-
duction of vanadium(V) to vanadium(IV). Thus the stop-
ped-flow kinetics study provided additional evidence to sup-
port the in situ formation of vanadium(IV) containing spe-
cies during the catalytic cycle. The remainder of the data in
Figure 8 are consistent with a second-order reaction be-
tween aldehyde 9 and trimethylsilyl cyanide accompanied
by catalyst deactivation (Table 6).
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Cyclic voltammetry: As the experiments carried out under
different atmospheres and the stopped flow kinetics results
both suggested that the oxovanadium(V)(salen) complexes
may be reduced to the corresponding oxovanadium(IV)-
(salen) complexes in situ, this process was investigated by
cyclic voltammetry to see if there was a correlation between
the catalytic activity of the complexes and their reduction
potential. The electrochemical properties of oxovanadium-
(salen) complexes have been extensively  stud-
ied?+:30.37e40.83] and it is well established that the intercon-
version between vanadium(IV) and vanadium(V) species is
electrochemically reversible and occurs in dichloromethane
solution in the presence of a tetraalkylammonium electro-
lyte.

Complexes 6b-e were selected for electrochemical study.
This series included all of the complexes which displayed
zero-order kinetics (Table 3), as well as the highly active
complex 6e. The cyclic voltamogram of each complex was
recorded at 22°C as a 0.6-1.1 mm solution in dichlorome-
thane in the presence of a 0.1m solution of the correspond-
ing tetrabutylammonium salt and under a nitrogen atmos-
phere.?® The use of dichloromethane as solvent meant that
the observed redox behavior was likely to be relevant to cat-
alytic reactions carried out in dichloromethane. Table 7

Table 7. Redox potentials of complexes 6b—e,g determined by cyclic vol-
tammetry.?!

Complex Redox potential
[mV]

6b —111

6¢ —229

6d -197

Ge —239

6g —5150

[a] Relative to ferrocene. Scan rate 100 mVs™'

redox wave is weak.

. [b] Approximate value as

gives the redox potentials of complexes 6b—e relative to that
of ferrocene. It is apparent from Table 7 that the three cata-
lysts which exhibit zero-order kinetics at temperatures
below 293 K (6b—d) all have less negative reduction poten-
tials than complex 6e and hence are more prone to reduc-
tion to catalytically inactive vanadium(IV) species during a
catalytic reaction. This is consistent with reoxidation of va-
nadium(IV) to catalytically active vanadium(V) being the
rate-determining step in the catalytic cycle at lower temper-
atures for complexes 6b—d, whilst for complex 6e this reoxi-
dation is less significant.

Catalytic cycles: Any catalytic cycle to explain the mode of
action of complexes 5, 6, and 8 must be compatible with the
following features of the chemistry.

@ The structure of the counterion X~ in complexes of gen-

eral structure VO(salen)t X~ significantly affects the
rate of reaction but not the asymmetric induction.
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@ The more nucleophilic the counterion, the faster the rate
of the catalyzed reaction.

e Both mononuclear and binuclear species are present in
solution and both may be catalytically active.

e Reactions catalyzed by some VO(salen)t X~ complexes
exhibit second-order kinetics whilst others exhibit zero-
order kinetics.

e The catalysts undergo reduction in situ to vanadium(IV)-
(salen) complexes.

o Mononuclear vanadium(IV)(salen) complexes (VO-
(salen)) are known to be catalytically inactive for asym-
metric cyanohydrin synthesis under the conditions used
for complexes 5, 6, and 8.

As the order with respect to the catalyst data (Table 2)
suggests that catalysts 5, 6, and 8 are at least partly catalyti-
cally active as mononuclear species, the catalytic cycle
shown in Scheme 6 (catalytic cycle A) can be used to ex-
plain some of the experimental features.*’ In this catalytic
cycle, complexes 5, 6,and 8 first dissociate the counterion or
coordinated water molecule to form complex 10 which was
detected by mass spectrometry.”®! Complex 10 is coordina-
tively unsaturated and can act as Lewis acid, coordinating to
the aldehyde to form species 11. The activated aldehyde
within complex 11 can then undergo intermolecular attack
by cyanide to form the new stereocenter and give a vanadi-
um bound cyanohydrin derivative 12. Expulsion of the cya-
nohydrin from complex 12 by the counterion and silylation
would generate the cyanohydrin trimethylsilyl ether and re-
generate complexes 5, 6, and 8. If the rate-determining step
of this catalytic cycle is the recoordination of the counterion
to complex 12 with extrusion of the cyanohydrin, then over-
all second-order kinetics (rate =k[RCHO][Me;SiCN])
would be observed and the rate of reaction would be deter-
mined by the coordinating ability of the counterion. This
catalytic cycle also explains why the asymmetric induction is
independent of the nature of the counterion, since the coun-
terion is a spectator in the conversion of complex 11 into
complex 12 during which the stereocenter is created. The
fact that complexes 5, 6, and 8 form much less active cata-
lysts than titanium-based complex 1 is also consistent with
this catalytic cycle, as the previously determined””’ mecha-
nism for complex 1 involves activation of both the aldehyde
and cyanide and intramolecular transfer of cyanide to the al-
dehyde. In contrast, the vanadium-based catalysts are only
activating the aldehyde in catalytic cycle A of Scheme 6.

The need for an oxygen atmosphere can also be accom-
modated by catalytic cycle A of Scheme 6. Thus, complexes
5, 6, and 8 can also oxidize an aldehyde®! and in the process
are reduced to the catalytically inactive vanadium(IV) com-
plex VO(salen). Molecular oxygen then reoxidizes this com-
plex to the catalytically active vanadium(V) species. For
those complexes that have low reduction potentials (6b-d,
see Table 7), this reoxidation can become the rate-determin-
ing step and, hence, the reactions exhibit over all zero-order
kinetics. Further support for this hypothesis came from a re-
action in which acetophenone was employed as substrate.
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Scheme 6. Catalytic cycles for asymmetric cyanohydrin synthesis using
complexes 5, 6, and 8.

Catalyst 1 is known to accept methyl ketones as substrates,
though the reactions require a higher catalyst loading (0.5
mol %) and longer reaction time (24 h) than those used for
aldehyde substrates.[®*¥*! However, use of 0.5 mol% of cat-
alysts 6 with acetophenone gave at most a 20% yield (ee
not determined) after a reaction time of four days. This sug-
gests that catalytic cycle A cannot fully account for catalysis
by the more active of the vanadium-based catalysts such as
Ge.

The order, with respect to catalyst data (Table 2) and the
mass spectrometry data, indicate that the mononuclear com-
plexes present in catalytic cycle A are in equilibrium with
dinuclear species and the acetophenone results are consis-
tent with the vanadium(V)-based catalysts requiring in situ
reduction to a mixed vanadium(IV)—vanadium(V) dimer to
form the most active catalysts. A ketone would be unable to
act as the reducing agent for this process and, hence, be
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unable to activate precatalysts 6. Subsequent results (vide
infra) and literature precedent based on the corresponding
dinuclear titanium salen complexes”” and heterobimetallic
titanium-vanadium salen complexes®® strongly suggested
that dinuclear complexes would form highly-active catalysts.

Scheme 6 can be extended to include a second catalytic
cycle (catalytic cycle B) based on dinuclear complexes.
Thus, coordination of the in situ formed vanadium(IV) com-
plex VO(salen) with a second molecule of complexes 5, 6,
and 8 forms dinuclear complex 13 which contains one vana-
dium(IV) ion and one vanadium(V) ion. Dissociation of the
counterion from complex 13 leads to the monocharged dinu-
clear complex 14, which was detected by mass spectrome-
try.8! Coordination of the aldehyde to the coordinatively
unsaturated vanadium(V) ion of complex 14 gives complex
15. In contrast to catalytic cycle A, it is now possible for the
trimethylsilyl cyanide to react with the vanadium(IV) ion of
complex 15 leading to complex 16,1! which is able to trans-
fer cyanide intramolecularly to the coordinated aldehyde in
the same way as previously described®”® for titanium-based
complex 1. This would form complex 17 containing a vana-
dium-bound cyanohydrin. Expulsion of the cyanohydrin by
the counterion and silylation regenerates complex 13 and
forms the cyanohydrin trimethylsilyl ether product. As for
the mononuclear cycle (cycle A), if the conversion of com-
plex 17 to 13 is the rate-determining step of the catalytic
cycle then overall second-order kinetics will be observed
and the relative reactivities of complexes 5 and 6a—e will be
explained. The observation of zero-order kinetics in some
cases is also consistent with this catalytic cycle as this would
correspond to the reoxidation of VO(salen) to VO(salen)X
being the rate-determining step, the latter being required
for the formation of dinuclear complex 13.

The asymmetric induction observed in the bimetallic cata-
lytic cycle is readily understood on the basis of the previous-
ly reported transition state for titanium-based complex 1.%”)
Intramolecular cyanide transfer is only possible if both salen
ligands adopt the cis-p configuration,*”*¥ thus allowing the
coordinated aldehyde and cyanide to both be located cis to
the bridging oxygen atom. The higher level of asymmetric
induction observed with vanadium complexes may be due to
formation of a tighter transition state, owing to the extra
positive charge of the vanadium ion to which the benzalde-
hyde is coordinated. It is however, a feature of catalysts §, 6,
and 8 that the level of asymmetric induction is independent
of the order with respect to the catalyst (Tables 1, 2 and 5),
which suggests that in both catalytic cycles the new stereo-
center is created in a similar chiral environment. During the
conversion of complex 11 to complex 12, the salen ligand is
apparently able to adopt a planar configuration around the
vanadium ion, which would not be expected to result in the
same level of asymmetric induction as obtained from cata-
lytic cycle B. However, coordinated aldehyde 11 can be in
equilibrium with a metalloacetal-containing species 18.1*)
This would force the salen ligand into the cis-f3 configura-
tion®™ and account for the observed asymmetric induction.
Although it has not proven possible to detect complex 18,

Chem. Eur. J. 2009, 15, 2148-2165

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

the corresponding titanium-based complex has previously
been detected.””

Thus, the two catalytic cycles shown in Scheme 6 allow all
of the features of asymmetric cyanohydrin synthesis cata-
lyzed by VO(salen)X complexes to be explained. They
could be tested and also allowed predictions to be made as
to how the catalytic activity of VO(salen)X complexes could
be enhanced to a level comparable with that of complex 1
as discussed below.

Influence of added tetrabutylammonium chloride: The rate-
determining step for both catalytic cycles in Scheme 6 in-
volves the counterion acting as a nucleophile and displacing
the cyanohydrin trimethylsilyl ether from complexes 12 and
17 respectively. Therefore, if these catalytic cycles are cor-
rect, carrying out the reaction in the presence of an excess
of the counterion should result in a rate enhancement. To
test this, reactions were carried out with catalyst 6e in the
presence of varying concentrations of tetrabutylammonium
chloride. As ammonium halides are known to catalyze the
racemic addition of trimethylsilyl cyanide to aldehydes,*! a
control experiment was first carried out in which tetrabutyl-
ammonium chloride was the only catalyst employed. This
showed that under the reaction conditions used (Scheme 3),
the reaction catalyzed by tetrabutylammonium chloride (1
mol %) was 40 times slower than that catalyzed by complex
6e (0.2 mol%). If tetrabutylammonium chloride (0.01-2
mol %) was added to reactions catalyzed by complex 6e (0.2
mol %) it did however have a remarkable effect on the rate
of reaction, as shown in Figure 9. In the presence of
0.1 mol % or more of tetrabutylammonium chloride, the re-
action kinetics changed from second to first order and a rate
enhancement was observed as expected.’” However, if
more than 0.4 mol% of tetrabutylammonium chloride was
used then the reaction rate started to decrease, though even
when 2 mol% of tetrabutylammonium chloride was used
the rate was more than 50 % faster than if no tetrabutylam-
monium chloride was employed. The enantioselectivity of
these reactions did not vary and was consistently 96-97 %.

0.08
0.075
0.07
0.065
< 0.06
0.055
0.05
0.045

0.042 T r : Y
0 0.5 1 1.5 2
BusNCl/mol%

Figure 9. Influence of added tetrabutylammonium chloride on the first-
order rate constant for the asymmetric addition of trimethylsilyl cyanide
to benzaldehyde catalyzed by complex 6e at 273 K.
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The results shown in Figure 9 are entirely consistent with
the catalytic cycles shown in Scheme 6. Therefore, although
increasing the concentration of chloride will increase the
rate of the rate-determining step for both catalytic cycles,
eventually the rate of this step will be enhanced to such an
extent that it is no longer the rate-determining step of the
catalytic cycle. Adding excess chloride will also have a
second effect on the catalytic cycle: it will slow down the
rate at which benzaldehyde coordinates to the catalyst (for-
mation of 11 and 15), because the chloride will compete
with benzaldehyde to coordinate to complexes 10 and 14.
The effect of this will be to increase the rate at which spe-
cies 11 and 15 are converted back to VO(salen)X and com-
plex 14 respectively, and thus to reduce the concentrations
of species 11 and 15. This second effect explains why, at
higher concentrations of chloride, the rate of reaction de-
creases and also why the kinetics change from second to
first order, since if coordination of benzaldehyde to the cata-
lyst is the rate-determining step of the catalytic cycle then
the rate will be independent of the concentration of trime-
thylsilyl cyanide.

Mechanism-based development of new highly active cata-
lysts: Based on the kinetic results obtained with complexes
5, 6a—e, and 8a—m, and the catalytic cycles postulated in
Scheme 6, it is possible to predict the properties needed in a
counterion X to make the corresponding VO(salen)X com-
plex a highly active catalyst for asymmetric cyanohydrin
synthesis. A good counterion should encourage the forma-
tion of bimetallic (or oligomeric) complexes and should
have a strong propensity to bind to the vanadium(V) ion so
as to increase the rate of the rate-determining step of the
catalytic cycle. In particular, it is apparent from the data in
Table 2 that complexes 5 and 6b-e are catalytically active
predominantly or exclusively as mononuclear species. In
contrast, complex 1, which has a much higher rate of cataly-
sis than any of the vanadium-based catalysts, is known to be
catalytically active as a dinuclear species.’” Therefore, if
the main cycle of catalysis could be switched from cycle A
of Scheme 6 to cycle B, then a significant increase in reac-
tion rate could be anticipated.

A search of the Cambridge Structural Database!™! re-
vealed two promising counterions. Thus, the crystal struc-
tures of known VO(salen)F complexes all had polynuclear
structures with tetrafluoroborate or VO,F, anions also pres-
ent. However, in each case the fluoride ion acted as a bridg-
ing ligand between two vanadium ions to which it was di-
rectly coordinated.”** An achiral VO(salen)NCS complex
has also been prepared and its crystal structure showed that
the isothiocyanate ligand was directly bound to the vanadi-
um ion.’” Therefore, the synthesis of complexes 6 f and 6g
was undertaken in the expectation that they would both
form highly active catalysts for asymmetric cyanohydrin syn-
thesis.

Complex 6 f was prepared by treatment of salen ligand 7
with vanadium oxyfluoride (Scheme 2). The nature of the
solvent was critical for the success of this procedure. Use of

2160

www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

THF as the reaction solvent, as
used for the synthesis of com-
plex 6e, gave a highly impure
product when used for the syn-
thesis of complex 6 f. However,
treatment of ligand 7 with vana-
dium oxyfluoride in dichloro-
methane gave complex 6f in
high purity with no need for
chromatographic  purification,
which was critical to the success
of the synthesis, as complex 6 f
was found to be unstable to
silica gel chromatography.
Complex 6g was conveniently
prepared simply by treatment
of complex 5 with an ethanolic
solution of potassium thiocya-
nate. In this case the success of
the ion exchange procedure was
confirmed by X-ray crystallog-
raphy (Figure 10), which clearly showed the presence of the
isothiocyanate unit directly bound to the vanadium ion
through the nitrogen atom as previously reported for a simi-
lar VO(salen)NCS complex.”™ The crystal structure of 6g
contains four independent complex molecules and four mol-
ecules of toluene in the asymmetric unit. The absolute con-
figuration is unambiguously established from anomalous
scattering effects.

As the data in Figure 1 and Table 1 confirm, both com-
plexes 6 f and 6g were indeed highly-active catalysts for the
asymmetric addition of trimethylsilyl cyanide to benzalde-
hyde. Complex 6 f was not as active as chloride complex 6e,
but was much more active than any of the other catalysts
prepared in this project. In contrast, complex 6g was found
to be by far the most active vanadium-based catalyst yet de-
veloped for asymmetric cyanohydrin synthesis with an ap-
parent second-order rate constant more than three times
greater than that of complex 6e (the second most active cat-
alyst). Both complexes 6f and 6g also retained the high
level of asymmetric induction observed for other
oxovanadium(V)(salen) complexes (Table 1). Experiments
carried out with catalyst 6g and varying concentrations of
benzaldehyde and trimethylsilyl cyanide confirmed that re-
actions with this catalyst still obeyed the rate equation:
rate = ky,,,[PhCHO][Me,SiCN] .

The high-resolution electrospray mass spectra of com-
plexes 6 f and 6g showed the presence of both mononuclear
[VO(salen)]* and dinuclear [(VO(salen)),]* ions, the latter
containing both vanadium(V) and vanadium(IV) ions as
previously observed for complexes 6a—e and 8a-m.*! How-
ever, the mass spectrum of complex 6f also showed peaks
corresponding to higher oligomers (up to a tetramer detect-
ed) and the 'H, C and ""F NMR spectra of complex 6f
were all significantly broader than those of the other VO-
(salen)X catalysts, consistent with the existence of oligomer-
ic species in solution.”*>¥

Figure 10. The structure of one
of the four crystallographically
independent  molecules  of
complex 6g.
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The order with respect to the catalyst was determined for
both complexes 6f and 6g to further investigate their pro-
pensity for formation of oligomeric species (Figure 2 and
Table 2).! For complex 6f, the order with respect to the
catalyst was found to be 2.4, a value which is much higher
than that found for any other vanadium (or titanium) com-
plex and implies that species containing three or more vana-
dium ions are involved in the catalysis.”® The highly catalyt-
ically active complex 6g was found to have an order with re-
spect to the catalyst of 1.23 which is significantly higher
than the value obtained for any other oxovanadium(salen)
complex except 6 f and is comparable to the value observed
for complex 1. This indicates that a dinuclear species is the
predominant catalytically active form in the case of this cat-
alyst and the high level of catalytic activity observed with
complex 6g is consistent with the catalytic cycles outlined in
Scheme 6 in which bimetallic species are more active than
mononuclear species. Again however, mononuclear species
are also present in the reaction and these may have some
catalytic activity.

A variable-temperature study of the kinetics of the asym-
metric addition of trimethylsilyl cyanide to benzaldehyde
catalyzed by complexes 6 f and 6g was also highly informa-
tive (Figure 3 and Table 4).¥ Complex 6f was found to
have a much less negative entropy of activation
(—26 JK'mol™) than any of the other complexes. However,
this is entirely consistent with de-oligomerization of the
complex during the assembly of the key catalytically active
species, which would partly offset the decrease in entropy
associated with bringing the catalyst and two reactants to-
gether. The high catalytic activity of complex 6¢g is largely
enthalpic in nature as its enthalpy of activation is exception-
ally low, even compared to the highly active titanium-based
catalyst 1. The result of this is that complex 6g has a low
Gibbs energy of activation even though its entropy of acti-
vation is higher than that of either complex 1 or complex
6e.

The thermodynamic data in Table 4 suggest that complex
6 f should be the most active catalyst studied as it has the
lowest Gibbs energy of activation. However, both complexes
6e and 6g are more active than complex 6f This may be
due to only a relatively small amount of the oligomeric pre-
catalyst 6 f being converted into a catalytically active species
during the catalytic cycle and hence to the concentration of
active catalyst present in the reaction being much lower in
the case of catalyst 6 f than for any of the other complexes.
For complexes 1, 5, 6e, and 6g, the trend in Gibbs energy of
activation (5>6e>1>6g) does correspond to the observed
relative catalytic activities (5<6e<1<6g).

The influence of the reaction atmosphere on catalysis by
both complexes 6 f and 6g was also investigated (Table 6).*
In the case of catalyst 6 f, changing the atmosphere from air
to argon at 273 K deactivated the catalyst exactly as seen
for complex 6¢. In the case of the more active catalyst 6g
however, the results resembled those discussed above for
complex 6e. Thus, at 293 K, deactivation occurs when reac-
tions are carried out under an argon atmosphere, whereas
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use of an oxygen atmosphere results in a 13 % rate enhance-
ment compared to reactions carried out under air. However,
at 273 K, no deactivation occurred under an argon atmos-
phere and no significant rate enhancement was observed
when an oxygen atmosphere was used. Thus, at 273 K, com-
plex 6g is such an active catalyst for asymmetric cyanohy-
drin synthesis that the reaction is complete before reductive
processes can have any influence on the reaction.

The cyclic voltamogram of complex 6g was consistent
with this analysis as the complex was found to have a very
negative reduction potential (—515 mV) compared to com-
plexes 6b—e. This indicates that complex 6g is significantly
less prone to reduction to catalytically inactive vanadi-
um(IV) species than any of the other VO(salen)X species
studied. Use of complex 6g under stopped flow conditions
(Scheme 5) also indicated that reduction of complex 6g was
more difficult than reduction of the other VO(salen)X com-
plexes. The time dependence of the fluorescence (Figure 8)
showed the same increase followed by decrease in intensity
as seen for complex 6e, but the maximum fluorescence in-
tensity for complex 6g was observed after 430 minutes,
whereas that for complex 6e occurred after just 130 minutes.
The UV spectrum of complex 6g closely resembled that of
complex 6e with e330=11458 and &,4,=2478."

Asymmetric cyanohydrin synthesis using catalyst 6g: Having
developed complex 6g as the most active vanadium-based
catalyst for the asymmetric addition of trimethylsilyl cyanide
to benzaldehyde, its application to the asymmetric synthesis
of a range of other cyanohydrin trimethylsilyl ethers was in-
vestigated. These reactions were carried out using the (§,S)-
enantiomer of catalyst 6g under the standard synthetic con-
ditions used previously’®'® (0.1 mol% catalyst, dichlorome-
thane, room temperature, air atmosphere) to allow compari-
son with previous results and to demonstrate the effective-
ness of the catalyst under convenient reaction conditions
and at a high substrate to catalyst ratio. The reactions were
stopped after a 2 hour reaction time and the cyanohydrin
trimethylsilyl ether was isolated and purified, then convert-
ed into the corresponding cyanohydrin acetate! to allow its
ee to be determined (Scheme 7). The results obtained with
thirteen different aldehydes 19a—m are shown in Table 8.

As expected, use of the (§,S)-enantiomer of catalyst 6g
always resulted in the preferential addition of cyanide to the

(S,9)-6g (0.1 mol%),
CH,Cl,, air, 2 hours

o SiMes
‘ R room temperature
J\ +MeSiCN———— -
R H R” °CN
19a-m 20a-m
a: R =Ph h: R = 4-FC¢H, Sc(OTf); (1 mol%) /
b: R =2-MeCHy i: R = PhCH=CH A0 (2 equiv),
e: R =3-MeC¢Hy j: R =2-thienyl MeCN
d: R =4-MeC¢H, k: R=CgHyy Ac
e:R=4-McOCH;  I: R=MesC i
f: R =3-CIC¢Hy m: R =Cy R CN
g: R=4-CIC4Hy

Scheme 7. Asymmetric cyanohydrin synthesis using (S,S)-6g.
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Table 8. Asymmetric cyanohydrin synthesis using aldehydes 19 a-m'*!

Aldehyde Yield of 20a-m [%] ee [%] 1 Lit ee [%]
19a 99 91 (R) 94,111 gple!
19b 99 88 (R) 90,11 761!
19¢ 94 92 (R) 95,11 9ple!
19d 99 91 (R) 94,111 g7tel
19e 98 > 95l 90,11 84lel
19¢ 93 871

19g 99 86 (R)

19h 94 9l

19i 93 85 (R)

19j 96 81tl ()Ll

19k 93 87 (R)

191 98 79 (R) 68,11 66lel
19m 85 85 (R)

[a] All reactions were carried out at room temperature for 2 h using 0.1
mol % of catalyst 6g in dichloromethane. [b] Determined by chiral GC
analysis of the cyanohydrin acetate unless stated otherwise. [c] Based on
comparison of the specific rotations of the trimethylsilyl ethers with liter-
ature values for 19" and 19j.°*! [d] Absolute configuration unknown
but assumed to be R based on the order of elution of the major and
minor peaks from the chiral GC column. [e] The formation of the (S)-en-
antiomer in this case is purely an artifact of the CIP priority rules.
[f] Value for cyanohydrin trimethylsilyl ethers obtained using catalyst
5.1 [¢] Value for cyanohydrin trimethylsilyl ethers obtained using cata-
lyst 1.1

si-face of the aldehyde. The enantioselectivities obtained
with catalyst 6g were generally comparable to those previ-
ously reported™ using catalyst 5 and significantly higher
than those obtained® using catalyst 1, but the reactions had
mostly gone to completion in two hours, as opposed to the
24 h required using catalyst 5. The only exception to this
trend was pivaldehyde 191, which gave a much higher enan-
tioselectivity with catalyst 6g than that obtained with either
catalyst 1 or 5. One reason for this may be that the much
shorter reaction time required when using catalyst 6g pre-
vents the racemic background reaction from occurring to
any significant extent and so raises the observed enantiose-
lectivity.

Conclusion

Oxovanadium(V)(salen) complexes have been shown to cat-
alyze the asymmetric addition of trimethylsilyl cyanide to al-
dehydes by two parallel catalytic cycles involving monome-
tallic and bimetallic catalytic species respectively. The bi-
metallic pathway involves cooperative metal ion catalysis by
vanadium ions in two different oxidation states and leads to
intrinsically faster catalysts, as both components of the reac-
tion (aldehyde and cyanide) are simultaneously activated
and assembled for reaction. The key step in both catalytic
cycles is the displacement of the metal-bound cyanohydrin
from vanadium by the counterion present in the vanadium
complex. It has also been shown that atmospheric oxygen
plays a key role in the catalysis, by maintaining the required
equilibrium between vanadium(IV) and vanadium(V) spe-
cies.
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The determining of the catalytic cycles allowed a catalyst
with optimized structure to be designed and resulted in the
development of VO(salen)NCS 6g as the most active vana-
dium-based catalyst for asymmetric cyanohydrin synthesis
yet developed. Complex 6g was found to catalyze the asym-
metric addition of trimethylsilyl cyanide to aromatic and ali-
phatic aldehydes at a rate which is comparable to that of bi-
metallic titanium(salen) complex 1 and did so with enantio-
selectivities comparable to those previously observed for
other vanadium-based catalysts.

Experimental Section

General procedure for aldehyde cyanosilylation by the (S.,5)-enantiomer
of catalyst 6g: Aldehyde 19a-m (0.98 mmol) was added to a solution of
catalyst (S,5)-6g (0.66 mg, 0.98 pmol, 0.1 mol %) in dry CH,Cl, (1.75 mL)
at room temperature. Trimethylsilyl cyanide (0.15 mL, 1.12 mol) was then
added. The reaction mixture was stirred for 2 h, then filtered through a
plug of silica eluting with CH,Cl, and evaporated in vacuo. If any un-
reacted aldehyde was present, the residue was purified by rapid chroma-
tography on silica eluting with toluene/ethyl acetate (see the Supporting
Information for details) to give cyanohydrin trimethylsilyl ethers 20a—m.
Compounds 20a-m were subsequently dissolved in MeCN (1 mL) and
Sc(OTf); (5Smg, 0.01 mmol) and acetic anhydride (0.2 mL, 2.1 mmol)
were added. After 20 minutes, the reaction mixture was passed through a
short silica plug eluting with MeCN. The resulting solution of the cyano-
hydrin acetate was analyzed by GC to determine the enantioselectivity of
the cyanosilylation.

General procedure for kinetics experiment: A solution of a catalyst (1.96
pumol, 0.2 mol%) in dry dichloromethane (1.75 mL) was added to a
round-bottomed flask fitted with a magnetic stirrer bar and a SubaSeal
stopper. For reactions in a non-air atmosphere, the flask had been thor-
oughly flushed with argon or oxygen before the addition of the catalyst
solution. The reaction temperature was adjusted by a water bath (water-
ice for 0°C; water-ethanol for —10°C; temperatures other than 0°C were
kept within a +0.5°C range by adding dry ice). Bu,NCI (0.96-19.2 umol)
was added for experiments carried out in the presence of excess chloride.
A 0.5pL aliquot was taken and diluted into dry dichloromethane
(3.5mL). This solution was used for UV-baseline calibration at 240-
260 nm. Freshly distilled benzaldehyde (0.1 mL, 0.96 mmol) was then
added and a t=0 aliquot was taken and analyzed as described for the
baseline calibration sample. Trimethylsilyl cyanide (0.15 mL, 1.125 mmol)
was added, and aliquots of the reaction were taken at approximate inter-
vals of t=1, 2.5, 5, 7.5, 10, 12.5, 15, 20, 25 and 30 minutes and each 10 mi-
nutes thereafter if necessary. After completion of the kinetics analysis,
the reaction mixture was passed through a short silica plug eluting with
dichloromethane. The solvent was evaporated and the residue dissolved
in MeCN (1 mL) and Sc(OTf); (5 mg, 0.01 mmol) and acetic anhydride
(0.2mL, 2.1 mmol) were added. After 20 minutes, the reaction mixture
was passed through a short silica plug eluting with MeCN. The resulting
solution was analyzed by GC to determine the enantioselectivity of the
cyanosilylation. GC conditions: initial temperature 100°C, hold at initial
temperature for 5 minutes, then ramp rate 5°Cmin~'. Tg=15.5 min (R-
enantiomer) and 15.7 min (S-enantiomer).

Typical procedure for stopped flow kinetics experiments: The system was
thoroughly flushed with CH,CI, and held at 293 K using a thermostated
water bath. The incident light was passed through a monochromator to
select a wavelength of 330 nm and a 395 nm filter was inserted between
the stopped flow cell and the fluorescence detector. Syringe A was
charged with aldehyde 9 (180 mg, 0.97 mmol) in CH,Cl, (3 mL) and sy-
ringe B was charged with trimethylsilyl cyanide (0.14 mL, 1.05 mmol)
and complex 6e (1.15 mg, 1.78 umol) or complex 6g (1.19 mg, 1.78 pumol)
in CH,Cl, (3 mL). The system was then flushed with the contents of sy-
ringe B to obtain the background measurements. The experiment was
started simultaneously by pneumatically driving samples from both sy-
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ringes into the reaction cell and the fluorescence was monitored over a
period of 20 h.

X-ray crystallography: Data for compounds 8a, 8b, and 6g were mea-
sured at 120 K with synchrotron radiation at the Daresbury Laboratory
Synchrotron Radiation Source. Details are provided in the Supporting In-
formation. The structures were solved by standard direct methods and re-
fined on all unique F* values. Each structure contains multiple molecules
in the crystallographic asymmetric unit (Z'=2, 2, and 4 respectively), and
all are 1:1 toluene solvates; one toluene molecule in 8a could not be
modeled with discrete atoms. CCDC 698433 (8a), 698434 (8b), 698435
(6g) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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