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Abstract: Enantioselective addition of trimethylsilyl cyanide (TMSCN)
to aldehydes is one of the most extensively studied organic reactions
in asymmetric catalysis. Herein, we report our intensive kinetic
investigation on the asymmetric addition of TMSCN to benzaldehyde,
catalyzed by a covalently bridged dinuclear (salen)titanium complex
2, which has been one of the most efficient artificial chiral catalysts
reported so far for this reaction. It was found that the method of initial
rates for kinetic investigation is not appropriate in this case because
of the presence of a significant incubation period in the catalysis, while
the method of progress rates proved to be more reliable and efficient
for judging the kinetic orders of this catalytic system. The kinetic
results revealed that the reaction follows first order with respect to the
catalyst and is nearly independent of concentrations of both
benzaldehyde and TMSCN. A detailed catalytic mechanism for
cyanosilylation of benzaldehyde in the presence of 2 was proposed,
wherein the key active dinuclear species works in a cooperative
manner for dual activation of both reactants.

Introduction

Catalytic asymmetric addition of cyanide to aldehydes and
ketones produces enantioenriched cyanohydrins, one type of
versatile chiral intermediates in synthesis.! During the past
decades, a large number of catalysts, including enzymes, ! Lewis
acidic metal-based catalysts,® organocatalystsi and metal-
organic frameworks®! have been developed for these
transformations.l**! One of the important breakthroughs in this
area is the use of chiral catalyst of dimeric dinuclear
(salen)titanium complex 1 (Scheme 1), developed by Belokon’,
North and co-workers, which demonstrated very high efficiency in
the catalytic addition of TMSCN to aldehydes with moderate to
high enantioselectivity (50-92% ee) at 0.1 mol% catalyst
loading.®! Kinetic investigation disclosed that reaction orders are
in the range of 1.3-1.8 for several homologous dimeric dinuclear
(salen)titanium complexes, suggesting that two metal centers
were possibly involved in the catalysis.l”)

Inspired by this study, a dinuclear (salen)titanium complex 2 with
cis-5-norbornene-endo-2,3-dicarboxylate as a covalent bridge
between the two salen-Ti units has been developed,® which can
effectively prevent the problematic dissociation of the catalytically
active dimer 1 into inactive salen-Ti=O monomers,[”! thereby
leading to a dramatic increase of catalytic efficiency. In fact,

catalyst 2 demonstrated extremely high efficiency in the
asymmetric cyanation of aromatic aldehydes, affording the
adducts with ee values up to 97% even at catalyst loading as low
as 0.0005 mol% (turnover numbers up to 172000).1® Preliminary
mechanistic study suggested a possible intramolecularly
cooperative catalysis mechanism, whereas the kinetic behavior of
the reaction especially the order in catalyst remained to be
explored. Experimental kinetic studies are essential in
mechanistic study of a reaction, since the rate dependence on the
concentrations of the catalysts and reactants is valuable to
understanding the catalysis at the molecular-level. Herein, we will
report our detailed kinetic study of cyanosilylation of
benzaldehyde 3 catalyzed by dinuclear (salen)titanium complex 2,
which has provided a strong support for a cooperative bimetallic
catalysis pathway.
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Scheme 1. Dimeric dinuclear (salen)titanium complex 1 reported by Belokon’
and North, and covalently bridged dinuclear (salen)titanium complex 2 for
catalytic asymmetric cyanation of aldehydes in this group.

Results and Discussion



Attempt to deduce the order in catalyst 2 using the method
of initial rates. For the reaction between benzaldehyde 3 and
TMSCN 4 with dinuclear (salen)titanium complex 2 as a catalyst,
kinetic studies were carried out by monitoring of reaction progress
with in situ FT-IR (see Supporting Information for details). At the
beginning of the study, several reactions were run at different
catalyst loadings ranging from 0.01 to 0.02 mol% under otherwise
identical conditions, and the initial rates were measured to
determine the order in catalyst 2. The initial rates were thus
obtained from the data between 0-5% and 0-10% conversion of
benzaldehyde 3, respectively, in the reaction profiles established
by plotting concentration of benzaldehyde [3] vs time (Figure 1a,
1b). However, the plot of log (rate) vs log [2] (Figure 2a) displayed
no sign of acceptable linear relationship, suggesting that the
classic method of initial rates does not work well for kinetic studies
in this case, presumably caused by the existence of an incubation
period for activation of the pre-catalyst 2.

o ) OTMS
H (0.01-0.02 mol%) ~eN
+ TMSCN —— >
CH,Cl,, 28 °C
3 4 5
a) initial rates deduced from [2] slope
0.38} 0-5% conversion of 3 © 0.0379 mM -0.00501
' # 0.0473 mM -0.00379
< 0.0568 mM -0.00344
4 0.0663 mM -0.00451
© 0.0758 mM -0.00601
. 037r
=
N—r
)
0.36 o
A
035 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7
time (min)
b) 0.39
initial rates deduced from 2 slope
0-10% conversion of 3 © 0.0379 mM -0.00441
0.38 # 0.0473 mM -0.00410
< 0.0568 mM -0.00415
4 0.0663 mM -0.00501
0.37F 0 0.0758 MM -0.00612
s
~ 0.36
()
0.35}f
034} 3
0 2 4 6 8 10
time (min)

Figure 1. Deduction of the initial rates from the data between (a) 0-5% and (b)
0-10% conversion of benzaldehyde 3. Reagents and conditions: catalyst 2
(0.01-0.02 mol%, 0.0379-0.0758 mM), initial concentration of benzaldehyde:
[3]o = 0.38 M, initial concentration of TMSCN: [4]o = 0.42 M, CH2Cl> (15 mL).

A closer examination of the profiles for the entire reaction course
(Figure 2b, and Figure S1 in Supporting Information) revealed that
there was a tangible rate-accelerating stage in the initial phase of
the reactions, especially when the conversion of 3 was lower than
20% (data for Stage 1 were encircled in the red rectangle in Figure

2b). This is usually taken as a clear sign of incubation period,
which is the time required for transformation of a pre-catalyst into
the active species and for the catalytic reaction to reach the
steady state. Incubation period is very common in catalytic
reactions, since any catalytic reaction that starts with a pre-
catalyst rather than the real catalytically active species should
possess an incubation period in principle, no matter it is short or
long, detectable or not.!¥ While the classic method of initial rates
is widely used to deduce kinetic orders using the kinetic data from
the initial stage of a reaction, there is a high risk of encountering
an incubation period. If a kinetic study of the catalytic reaction is
based on the method of initial rates, the kinetic data obtained from
the incubation period will inevitably lead to inaccurate or even
incorrect conclusions. Nowadays, various highly accurate in situ
spectroscopic techniques have been available for routine
monitoring the entire courses of many catalytic reactions, and
thus remarkably facilitating the acquisition of high-quality data for
kinetic analysis. In this case, the main progress of the reaction
should occur at Stage 2 where the conversion of benzaldehyde 3
lies between 20-80% (Figure 2b), and data corresponding to this
stage are more valuable for the kinetic analysis since the
information should reflect the behavior of the reaction in its steady
state. The data in Stage 3 (Figure 2b) where the conversion of 3
is higher than 80% were discarded in pursuing a rate law that
reflects steady-state catalysis, as a catalytic reaction usually
deviates from the steady state (if it used to reach) near the end of
the reaction due to low concentrations of reactants, high
concentration of products and/or possible deactivation of catalyst.
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Figure 2. (a) Attempt to deduce the order in catalyst 2 by using the method of
initial rates (The plots and the error bars in the Figures of the text were
generated with program Origin from OriginLab Corp., Northampton, MA); (b)
Different stages in the [3] vs time reaction profiles. Reagents and conditions:
catalyst 2 (0.01-0.02 mol%, 0.0379-0.0758 mM), initial concentration of
aldehyde: [3]o = 0.38 M, initial concentration of TMSCN: [4]o = 0.42 M, CH:Cl
(15 mL).

Determination of the order in catalyst 2 using the method of
progress rates. In the previous kinetic study of disulfonimide-
catalyzed cyanosilylation of aldehydes, a novel protocol for kinetic
analysis of catalytic reactions, i.e., the method of progress rates,
has been developed. The protocol was demonstrated to be very
efficient in deducing the orders from a series of kinetic data
obtained using in situ measurements.!% This method allows to
study the natural state of the reaction under real conditions where
reactant concentrations change at the same time and makes full
use of the highly qualified kinetic data mainly obtained from the
steady state catalytic cycles of the entire reaction progress. The
method of progress rates was employed here for kinetic analysis
of the titled reaction, using the data collected from in situ FT-IR
studies (for details, see Supporting Information). To this end, the
reaction profiles ([3] vs time, Figure 2b) for the catalysis with
different concentrations of 2 were first converted to the plots of
rates against [3], which delineate clearly the rate variance with the
continuously changing concentrations of benzaldehyde over the
reaction course (Figure 3a). As shown in each of these profiles,
the curves within the region of Stage 2 depicts a well-behaved
reaction kinetics, with a smooth curvature much better defined
than those in either Stage 1 or 3. The incubation period are clearly
discernible from the profiles, and the initial rates (Stage 1) exhibits
an irregular pattern, possibly as a result of the partial activation of
the pre-catalyst at the initial stage of the reaction.

Subsequently, as a step towards the derivation of the
relationship between rate and [3], the data in each of the profiles
in the region of Stage 2 (Figure 3a) were fitted with a distinct high-
order polynomial function (Figure 3b, blue lines). From the
resulting functions, the progress rates (instantaneous reaction
rates at a certain time point in the progress of the reaction) for the
reactions under the specified catalyst loading can be calculated
at a given concentration of aldehyde 3. This manipulation allows
to compare the progress rates at the same phase (for example,
the phase indicated by the purple dashed lines in Figure 3a,3b) of
the reaction course where the instantaneous concentrations of
the reactants such as [3] or [4] from different reactions are the
same. Then, a series of concentrations of 3 in Stage 2 (0.08-0.30
M) at a fixed interval (here 0.02 M), were used to calculate the
progress rates, thus affording the data set of {rate, [2]} that can
be used to derive the reaction kinetics with respect to the catalyst
2 (Figure 3b). Indeed, linear regression of the plot of log (rate) vs
log [2] at each [3] (Figure 3c, exemplified with the case of [3] =
0.22 M) gave a linear function (Figure 3c), whose slope
corresponds to the empirical kinetic order of [2] at this specified
concentration of 3. Finally, the calculated kinetic order of [2] was
plotted against [3] (Figure 3d), giving a profile that reflects the
variance in the empirical order of the catalyst as a function of
changing substrate concentrations. As shown in Figure 3d, for [3]
in the range of 0.08-0.30 M the empirical order in catalyst 2 is 0.96
+ 0.09 (the calculation of the standard errors was performed with
program Origin from OriginLab Corp., Northampton, MA),
indicating that the reaction rate is approximately first order with
respect to the concentration of the catalyst.
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Figure 3. Determination of the order of catalyst 2 by using the method of
progress rates: (a) Rate vs [3] profiles with various concentration of 2 (catalyst
loadings); (b) Fitted high-order polynomial functions (shown as blue lines) and
the resulting data sets of {rate, [2]} (c) Double logarithmic plot and linear
regression of rate vs [2] when [3] = 0.22 M (the deduced order of [2] corresponds
to the slope: 1.07892); (d) The profile of (order of [2]) vs [3] in the selected range
of [3] (0.08-0.30 M). Reagents and conditions: catalyst 2 (0.01-0.02 mol%,
0.0379-0.0758 mM), initial concentration of aldehyde: [3]o = 0.38 M, initial
concentration of TMSCN: [4]o = 0.42 M, CH2Cl2 (15 mL).

The obtained arch-shaped kinetic order profile in Figure 3d is very
interesting, as it contains clues valuable for understanding the
intrinsic kinetic behaviors of the reaction. We speculated that at
the initial stage of the reaction (low conversion, right side of the
arch-shaped curve), the apparent order in catalyst 2 is smaller
than the average value owing to the incubation period when only
partial activation of the pre-catalyst has been achieved, since
higher catalyst loading may cause longer incubation period (or
may have lower pre-catalyst activation percentage at same
conversion of the catalytic reaction). The calculated order of the
catalyst increases gradually with the proceeding of the reaction,
and reaches its maximum (about 1.1), and the reaction in the
region around this time point (when [3] = 0.18-0.20 M) is proposed
to be the closest to the steady state, which is a theoretical
situation that may never really achieve for some catalytic
reactions. From this critical point on to the end of the reaction, the
calculated catalyst order decreases steadily (left side of the arch
shaped curve), possibly due to unsaturation of the catalyst
(catalyst with higher loading requires higher reactant
concentrations to saturate).

Verification of the order in catalyst 2 via linear regression
approach for modelling the [3] vs time profiles in the main
progress (Stage 2). A closer examination of the profiles for [3] vs
time in Stage 2 (Figure 2b) suggested a quasi-linear relationship
between [3] and time. Therefore, we decided to use linear
regression approach to model the [3] vs time profiles in Stage 2,
and use the thus obtained overall approximate progress rates to
deduce the order in catalyst 2, so as to further verify the results
obtained in the previous section. As shown in Figure 4a, there
does exist a fairly good linear relationship between [3] and time.
Thus, the obtain progress rates (absolute value of the slopes)
were used to deduce the order in catalyst 2 via double logarithmic
plot and linear regression of rate vs [2] (Figure 4b). In this way,
the empirical order in catalyst 2 was determined to be 1.05 + 0.17,
which is in good agreement with the previously obtained result
(0.96 £ 0.09), thus confirming first order in catalyst 2. This result
indicated that only one molecule of dinuclear (salen)titanium
complex 2 is involved in the rate-determining step, and supported
the catalytically active dinuclear species and cooperative dual
activation model proposed by Belokon’ and North.®71 The
dicarboxylate bridge in dinuclear (salen)titanium complex 2
effectively prevent the two salen-Ti units from dissociation during
catalysis. This explains why complex 2 is such a highly efficient
catalyst in cyanosilylation of benzaldehyde, which proceeded well
even at a catalyst loading of only 0.0005 mol%.

Determination of the kinetic orders in benzaldehyde 3 and
TMSCN 4. There exists a fairly good linear relationship between
[3] and time in stage 2 (Figure 2b and 4a), implying that the
progress rates are nearly constant, i.e. the reaction displays
nearly zero order kinetics in a large part of the reaction progress.

4

That is to say, the orders both in benzaldehyde 3 and in TMSCN
4 should be very close to zero, thus leading to a nearly constant
rate under a fixed catalyst loading. To verify this rationale, further
experiments were carried out under identical conditions, by
varying only the initial concentrations of benzaldehyde 3 or
TMSCN 4. The resulting kinetic plots were shown in Figure 5 and
6, respectively. Two reaction profiles of [4] vs time corresponding
to initial concentrations of {[4]o = 0.59 M, [3]o = 0.38 M} and {[4]o
=0.59 M, [3]o = 0.55 M} were obtained, and the data sets between
[4] = 0.28-0.46 M (Figure 5a) were modelled with linear
regression approach. The resultant overall approximate progress
rates (absolute value of the slopes) were used to calculate the
order in benzaldehyde 3, via double logarithmic plot and linear
regression of rate vs [3] (Figure 5b). In this way, the average value
of the theoretical order in 3 was determined to be 0.14 * 0.03
which is in good agreement with our assumption (nearly zero
order).
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Figure 4. Determination of the order of catalyst 2 via linear regression approach
for modelling the [3] vs time profiles in the main progress (Stage 2): (a)
Deduction of the progress rates via linear regression of [3] vs time profiles; (b)
Double logarithmic plot and linear regression of rate vs [2] (the deduced order
of [2] corresponds to the slope: 1.0479).

In a similar way (Figure 6), the average value of the empirical
order in TMSCN 4 was determined to be 0.08 + 0.01, which is also
in good agreement with our speculation (nearly zero order).



Taking all these results together, the overall empirical rate law
(power-law form) of the reaction, which reflects mechanistic
events at molecular-level, can be expressed in Equation 1. It is
worth to note that this empirical rate equation approximately
reflects the kinetic behavior in the main progress of the reaction
(around 20-80% conversion of 3) while may not be applicable to
the initial or final phase of the reaction.

rate = k - [2]*© - [3]%4 - [4]°-08 (Equation 1)
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Figure 5. Determination of the order of benzaldehyde 3 via linear regression of
[4] vs time profiles in the main progress. (a) Profiles of [4] vs time with same
initial concentration of TMSCN: [4]o = 0.59 M and different initial concentration
of benzaldehyde: [3]o = 0.38, 0.55 M; (b) Profile of (order of [3]) vs [4]. Reagents
and conditions: catalyst 2 (1.66 mg, 0.0758 mM), 28 °C, CHzCl. (15 mL).

Determination of the apparent activation energy, activation
enthalpy and entropy. The temperature dependence of the
reaction rates was studied in the temperature range of 296.15—
311.15 K under otherwise identical conditions (Figure 7a). The
apparent activation energy of the reaction was deduced to be 34.5
+ 1.5 kJ-mol? (8.24 + 0.36 kcal-mol?) according to the Arrhenius
equation by plotting Ink vs 1/T (Figure 7b). The activation enthalpy
AH* was deduced to be 32.0 + 1.5 kJ-mol* (7.64 + 0.36 kcal-mol
1) and the activation entropy AS* was deduced to be —95.7 + 5.0
J:molt-K?! (-22.9 + 1.2 cal'mol'-K?) according to the Eyring
equation by plotting In(k/T) vs 1/T. The Gibbs energy of activation
AG* was calculated to be 58.1 + 2.9 kJ-mol* (13.9 + 0.68 kcal-mol
1) at 273.15 K (Supporting Information Figure S13).
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Figure 6. Determination of the order of TMSCN 4 via linear regression of [3] vs
time profiles in the main progress. (a) Profiles of [3] vs time with same initial
concentration benzaldehyde: [3]o = 0.38 M and different initial concentration of
TMSCN: [4]o = 0.42, 0.59 M; (b) Profile of (order of [4]) vs [3]. Reagents and
conditions: catalyst 2 (1.66 mg, 0.0758 mM), 28 °C, CH2Cl (15 mL).

The proposed mechanism. Based on the kinetic investigation
results described above, as well as the high similarity between 2
and dimeric dinuclear (salen)titanium complex 1, and the catalytic
cycle and transition state proposed by Belokon’ and North for
complex 1,167 a catalytic cycle for cyanosilylation of benzaldehyde
catalyzed by the covalently bridged dinuclear (salen)titanium
complex 2 was outlined as shown in Scheme 2. Nearly zero order
both in 3 and 4 indicates none of them directly participates in the
rate-determining step as a free molecule. Possibly a catalyst
species associated with both benzaldehyde 3 and the nucleophilic
cyanide anion is involved in the rate-determining step, and the
intramolecular attack of a Ti-bound CN on the Ti-activated
aldehyde is the turn-over limiting step. Within the catalytic cycle,
the transmetallation reaction of TMSCN 4 with the cyanohydrin-
bound Ti intermediate to release the cyanosilylation product 5 and
regenerate the CN-loaded catalytic species should be fast. As
shown in Scheme 2, during the incubation period the pre-catalyst
complex 2 reacts with two molecules of TMSCN (4), to generate
the catalytically active species A with the release of (TMS),0
(step 1). Since complex 2 is also possible to present as a
polymeric/oligomeric form via O-Ti-O to Ti=O rearrangement, [l a
depolymerization process can’'t be ruled out during the pre-
catalyst activation period. A undergoes ligand exchange with
benzaldehyde 3, to afford key bimetallic species B (step 2), in
which one titanium acts as Lewis acid to activate aldehyde and
the other brings the nucleophilic cyanide in proximity. Such kind



of dual activation of substrates and precise preorganization of the
reaction components allow the subsequent intramolecular
transfer of cyanide to the activated aldehyde (step 3) in a very
efficient and stereoselective way to afford the titanium bonded
cyanohydrin C. Finally, the reaction of titanium bonded
cyanohydrin C with TMSCN releases TMS protected product 5
and regenerate intermediate A for the next cycle. Neither step 2
nor step 4 can be the rate-determining step since the reaction rate
is nearly independent of substrate concentrations as disclosed in
the kinetic studies. The rate-determining step most probably is the
intramolecular nucleophilic attack of cyanide to benzaldehyde in
the intermediate B (step 3), which is supported by the first order
kinetic behavior of catalyst 2 and the independence of
enantioselectivity on employed cyanide sources (both TMSCN
and NaCN afford the cyanation products with 96% ee) ¥ as well
as the very negative activation entropy (-95.7 + 5.0 J-mol*-K'1).

a) temperature  slope %

¢ 296.15K -0.00687 0.9978
e 301.15K -0.00838 0.9939
* 306.15K -0.01038 0.9916
A 311.15K -0.01355 0.9953

0.3 *

S o2}
)
0.1f
(4
0 10 20 30 40 50 60
time (min)
b)
y =-4150.29 x + 18.94643
R?=0.9943
55t E, =34.5 kJ mol
X
£
5.0}
0.0032 0.0033 0.0034
UT (K™Y

Figure 7. Determination of the apparent activation energy: (a) Profiles of [3]
versus time obtained at different temperatures; b) Profile of In k vs 1/T ([3] = 0.2
M). Reagents and conditions: [3]o = 0.38 M, [4]o = 0.42 M, CH2Cl2 (15 mL), 2
(1.66 mg, 0.02 mol%, 0.0758 mM), 296.15, 301.15, 306.15, 311.15 K.

Conclusion

The kinetic behaviors of the cyanosilylation of benzaldehyde
catalyzed by the covalently bridged dinuclear (salen)titanium
complex have been investigated with in situ FT-IR technique, and
the empirical orders in catalyst and reactants for a power-law form
of rate equation are deduced through the method of progress
rates. It is worth mentioning that the method of initial rates did not

work in this case because of the incubation period and particular
attention is deserved whenever the method of initial rates is
employed to deduce kinetic orders of catalytic reactions that have
incubation period. The reaction kinetics can be approximately
described as a first order dependence on the dinuclear catalyst 2,
and nearly zero order on both aldehyde and TMSCN. Such a
kinetic behavior is consistent with the proposed mechanistic
scenario of a bimetallic synergistic catalysis, wherein an
intramolecular nucleophilic attack of cyanide anion to
benzaldehyde, both activated within the same catalyst molecule,
is likely to be turnover-limiting. The underlying reason for
extremely high efficiency of catalyst 2 in cyanosilylation of
benzaldehyde can be well explained using this model. It is
expected that both the kinetic investigation protocol employed in
the present work and the cooperative catalysis model disclosed
in this reaction system might stimulate future works on use of
progress rate method for kinetic studies of catalytic reactions and
the design of new high-performance catalysts in asymmetric
reactions.*!
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Experimental Section

Caution: TMSCN must be carefully used in a well-ventilated hood due to
its high toxicity! Catalyst 2 (1.66 mg, 1.25 pymol, 0.02 mol%, 0.0758 mM)
and CH2Cl2 (15 mL) were placed in a pre-dried Schlenk tube equipped with
a Teflon-coated magnetic stirring bar and a thermometer under nitrogen.
The tube was immersed in a water bath and the temperature was set to be
at 28 °C. The probe rod of ReactIR® 4000 (Mettler-Toledo) was immersed
into the solution and the background spectrum was collected. The
scanning started (interval: 1.0 min) and benzaldehyde 3 (0.64 mL, 6.25
mmol, 0.38 M) was added via syringe into the solution. The stretching
vibration absorption of carbonyl group (1710 cm™) in 3 was monitored.
After a few minutes, an aliquot of TMSCN 4 in a syringe (0.87mL, 6.88



mmol, 0.42 M) was slowly added to the tube over about 10 seconds and
the profile of reaction (IR vs time) was recorded. The reaction was
quenched with water (10 pl) after most benzaldehyde 3 had been
consumed.
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Kinetic investigations using in situ FT-IR technique and the method of progress rates disclosed that cyanosilylation of aldehydes follows
first order in catalyst and nearly zero order in aldehyde and TMSCN, supporting an intramolecular cooperative catalysis mechanism.
This model has well illustrated the underlying reason for extremely high efficiency of the title catalyst in the reaction.



