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Figure 1. The distribution of catalytic species is a good indi-
cator of the rate of the reaction when the control of reaction
parameters is difficult.

To show the power of this new indicator, we have chosen the
aminocatalytic Michael addition of C-nucleophiles to conju-
gated aldehydes. Although it is one of the benchmark reac-
tions operating via iminium activation mode, there are im-
portant discrepancies in the literature evincing reproducibil-
ity problems. Concretely, similar reactions have been report-
ed to perform better in the presence of acid as an additive,’
base as an additive* and in the absence of additives.> The
benefits of each additive can be justified from a mechanistic
point of view due to the interconnected catalytic network of
these reactions (Scheme 1).

Scheme 1. General mechanism for the conjugate ad-
dition of nucleophiles to enals via iminium interme-
diates.
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20 ABSTRACT: Irreproducibility is a common issue in catalysis.

21 The ordinary way to minimize it is by ensuring enhanced

22 control over the factors that affect the reaction. When con-

23 trol is insufficient, some parameters can be used as indicators

24 of the reaction performance. Herein we describe the use of

25 the distribution of catalytic species as an indicator to map,

26 track and fine-tune the performance of catalytic reactions.

27 This indicator is very sensitive and presents a quick response

28 to variations in the reaction conditions. We have applied this

29 new strategy to the conjugate addition of C-nucleophiles to

30 enals via iminium intermediates, consistently achieving

31 maximum turnover frequencies (TOF) regardless of the qual-

32 ity of the starting materials used. In addition, the present

33 ;nezlhod has ?ll(iwed us to1 (;fﬁchielitly reducedthe %atdal)ffst

34 oading to as little as 0.1 mol%, the lowest one described for

35 this kind of reaction.

36

37

38 The reproducibility of catalytic reactions is rarely tested in

39 the early stages of their development, but it can be an obsta-

40 cle for their broad application later on. Capricious catalytic

41 reactions are avoided in key synthetic steps and industrial

42 applications regardless of their performance in yield, selec-

43 tivity, mildness, cost or significance of the products. The

44 common way to minimize irreproducibility is by ensuring

45 enhanced control over the reaction factors that might con-

46 tribute to generate it, such as impurities, temperature or

47 stirring rates. However, this strategy might fail for factors

48 t};ai1 are difficult to measure and/ orhchsnge giuring t;le CO;II‘SE
of the reaction. Herein we present the distribution of catalytic

gcg) species as a new indicator to evaluate catalyst performance in

51 situ, and its use in overcoming irreproducibility.

52 In catalytic reactions, the kinetic constants and the concen-

53 tration of reactants, impurities and additives determine the

54 rate of the reaction as well as the distribution of catalytic
species. Usually, the distribution of catalytic species is ig-

55 nored, or at most used to infer mechanistic information. We

56 propose to use it as an indicator of the rate of reactions

g; where the control and measurement of reaction parameters
is difficult (Figure 1).

59

60
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Figure 2. Map-assisted reaction optimization from different cinnamaldehyde (1) batches leading to similar optimized reaction
profiles with (a) dimethyl malonate (2a) and (b) nitromethane (2b).°

The overall reaction involves two fused catalytic cycles shar-
ing one step and therefore both cycles have to turn over at
the same rate, like the gears of a clock. One of the cycles
limits the rate of the other one and it determines the overall
reaction kinetics. In addition, most of the steps drawn in the
mechanism involve several proton-transfer processes, and
therefore their rates are extremely sensitive to the acidity of
the reaction media. Basic additives accelerate the cycle in
blue (Scheme 1 right), but inhibit the steps in red (Scheme 1
left), which are known to be accelerated in acid conditions.*
The fine balance of all the steps makes these reactions espe-
cially sensitive to acidic impurities, usually contained in
aldehydes,’ and bases, as the aminocatalyst itself. Therefore,
the reaction requires different additives depending on the
quantity of acid contained in each batch of aldehyde and on
the catalyst loading used. Careful distillation of the aldehyde
reduces the content of acid, but it does not provide a suffi-
ciently consistent amount to guarantee reproducibility.
When high catalyst loadings are used, these traces of acid are
neutralized by the catalyst itself, mitigating its perturbing
effect. However, its presence becomes critical with low
amounts of catalyst, and high variability in the reaction rate
is observed.

As any other reaction indicator, the distribution of catalytic
species needs to be calibrated. To do so, the distribution of
catalytic species and the rate of the reaction were measured
simultaneously under a range of reaction conditions by
NMR.® This information was then graphically summarized in

ternary contour plots. We used ternary contour plots because
we were able to quantify three main catalytic species: free
catalyst I, iminium of the starting enal II’ and product
enamine III (Scheme 1).® Each position of the ternary plot
correlates with a unique distribution of catalytic species and
the colored contours indicate the turnover frequency of the
reaction. During this process, we discovered that extra water
was necessary to achieve optimal TOF, but the most critical
and sensitive parameter was the acidity of the media.

Figure 2a shows the fine-tuning of the addition of dimethyl
malonate (2a) to cinnamaldehyde (1) catalyzed by only 1
mol% of diphenyl prolinol trimethylsilyl ether I for two very
different batches of cinnamaldehyde. The first reaction was
set up with undistilled cinnamaldehyde. The initial distribu-
tion of catalytic species was L:IL:III=7:81:12 (Figure 2a left, red
diamond). The large proportion of iminium ion II indicates
that the C-C bond forming step is limiting the rate of the
overall reaction and therefore a basic additive should in-
crease the TOF of the reaction. Consequently, we adjusted
the amount of water and added triethylamine until we ob-
served the optimal distribution of catalytic species (red zone
of the ternary plot). Several consecutive small amounts of
triethylamine were added to show the shift of the distribu-
tion of catalytic species (Figure 2a left, blue triangles). Using
this information, the correct amount of additive could be
estimated based on the original distribution of catalytic
species and, in practice, one single addition was enough to
achieve the optimal reaction conditions. The corrected reac-
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tion with only 1 mol% proved to be much quicker than the
original reaction, reaching full conversion in 5 h with the
same enantioselectivity as the original reaction (Figure 2a
right). The second reaction was set up with a batch of freshly
distilled cinnamaldehyde (Figure 2a left, yellow circle). The
initial distribution of catalytic species was I:II:III=5:5:90. The
large proportion of product enamine III indicates that the
final hydrolysis step is limiting the rate of the overall reaction
and in this case acid should accelerate the reaction. We were
delighted to observe that upon the addition of water and
acid, the distribution of catalytic species shifted to the red
zone of the plot (Figure 2a left, green squares). As in the
previous case, the reaction was much faster than the original
reaction and the enantioselectivity of the reaction was pre-
served (Figure 2a right). More importantly, both optimized
reactions from very different batches of aldehyde had similar
kinetic profiles. The reactions consistently resulted in more
than 9o% conversion in around 3 h using only 1 mol% of
catalyst, which represents an average TOF between ca. 10 to
300-fold higher than the pioneering works run at o °C.*#**3¢

We also successfully applied the method to the asymmetric
conjugate addition of nitromethane (2b) to cinnamaldehyde
(1) catalyzed by L'*"** As in the previous case, the distribu-
tion of catalytic species guided us to decide the quantity and
the nature of the best additive for each batch of cinnamalde-
hyde (Figure 2b left). Again, the reactions consistently per-
formed better than the previously reported cases (average
TOF of 3.4 h™ compared to 0.17 to 0.1 h™)."***

The contour plots created with 1 mol% were used to fine-
tune reactions with other catalyst loadings. The reduction of
catalyst loading entails an obvious reduction in reaction rate,
but due to its basic nature, it also affects the acidity of the
media. This change in the acidity of the media also changes
the quantity and even the nature of the best additive for the
reaction. Figure 3a shows the optimization of three reactions
run with the same batch of starting materials, but with 10, 1
and 0.1 mol% of catalyst (I). The initial distributions of cata-
lytic species appeared in very different areas of the plot,
revealing the impact of the catalyst concentration on the
acidity of the reaction media. With 10 mol% (Figure 3a, red
diamonds) and 1 mol% (Figure 3a, blue triangles) of catalyst,
different amounts of acid were needed as an additive to
achieve the optimal distribution of catalytic species. In the
case of 0.1 mol% of catalyst (Figure 3a, green squares), base
was required to achieve a similar distribution of catalytic
species. The two reactions using 10 and 1 mol% of catalyst
were completed in 30 min and 5 h respectively,’ but the
reaction with 0.1 mol% required further corrections during
the reaction time in order to maintain the optimal distribu-
tion of catalytic species. We believe these corrections were
necessary to compensate very small amounts of acid pro-
duced during the course of the reaction (Figure 3b-d).”
These repeated corrections were only needed when using 0.1
mol% of catalyst, where the catalytic system was extremely
sensitive to any acidity variation of the media. The comple-
tion of the reaction with only 0.1 mol% of a Jorgensen—
Hayashi type catalyst® is the lowest one described until now.
This accomplishment evidences that the use of this kind of
catalyst was not limited by high degrees of deactivation®*
nor insufficient TOF, but by the lack of control of the reac-
tion conditions. With proper reaction control and without
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reproducibility issues, this kind of catalysts should be com-
petitive in industrial process."
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Figure 3. (a) Effect of the catalyst loading over the distribu-
tion of catalytic species. (b) Confining the distribution of
catalytic species in the maximum TOF area at 0.1 mol% of
catalyst loading (c) Kinetic profile of the fine-tuned (green)
and blank (yellow) reactions at 0.1 mol% of catalyst loading.
(d) Et;N addition proﬁle.6
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This last example proves the utility of the method herein
described. If the reaction had been optimized using 1 or 10
mol%, acid would have been incorrectly employed as addi-
tive also for the reaction with 0.1 mol% of catalyst. Even if the
reaction with 0.1 mol% had been optimized independently, a
single addition of base would have been insufficient to com-
plete the reaction. In both scenarios, the conclusion would
have been that the reaction cannot be completed with such a
small amount of catalyst.

Finally, in order to prove the potential of the method beyond
NMR scale, we applied it in a gram-scale reaction with non-
deuterated solvent (Figure 4). We run a reaction with 5
mmol of dimethyl malonate 2a, 10 mmol of undistilled cin-
namaldehyde 1, and 1 mol% of catalyst I in ACS grade meth-
anol. The distribution of catalytic species was measured by
no-D NMR"” of an aliquot of the reaction. The correct addi-
tive and its amount were decided as described previously
(Figure 4, green triangles). Then, the proportional amount of
triethylamine was added to the main batch of the reaction
and it was confirmed that the distribution of catalytic species
was the expected one (Figure 4, blue square). Without fur-
ther modification, the reaction reached full conversion in 4
h, affording 116 g of the Michael adduct 3a (80% isolated
yield) with 92% ee.’®
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Figure 4. Gram-scale reaction with non-deuterated MeOH.*

The method herein presented can be used regardless of the
analytical technique chosen to measure the distribution of
catalytic intermediates. Therefore, this method can also be
implemented in reactions impossible to monitor by NMR.

In summary, we have used the distribution of catalytic spe-
cies as a new indicator to quickly evaluate and in situ opti-
mize the performance of a catalyst. We have exemplified the
utility of this approach in the conjugate addition of C-
nucleophiles to enals under iminium activation. This method
is able to overcome the problems related to variation in reac-
tion conditions, therefore solving discrepancies in the litera-
ture. This new indicator has allowed the reduction of the
catalyst loading to as little as 0.1 mol% for the addition of
dimethyl malonate to cinnamaldehyde.
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Figure 2. Map-assisted reaction optimization from different cinnamaldehyde (1) batches leading to similar
optimized reaction profiles with (a) dimethyl malonate (2a) and (b) nitromethane (2b).6
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