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Chapter 3 

Autocatalytic processes in amide reduction 

In this chapter, the design of a new autocatalytic reaction is described. Inspired by the 

well-established Corey-Bakshi-Shibata (CBS) oxazaborolidine asymmetric catalysis, we 

envisioned that borane-hemiaminal complexes prepared via the borane reduction of 

amides can exhibit autocatalytic properties. This chapter describes 1H and 19F NMR 

spectroscopy supported kinetic studies pointing at autocatalytic character of the amide 

reduction by boranes. Moreover, when reduction of various amides or amide and an 

ester was carried out in one reaction mixture cross-catalytic behavior of corresponding 

borane-hemiaminals has been observed.  
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3.1 Introduction 

Among the various types of catalysis, autocatalysis stands out due to its unique nature: 

the catalyst is being self-generated during the reaction.[1-3] Although the first 

autocatalytic reaction has been found as early as in 1869 by Boutlerow when he 

reported the formose reaction,[4] the current literature has a modest number of 

autocatalytic works in comparison with conventional catalysis.[1,2] Among these works, 

scientists highlight several types of autocatalysis:[1,2] 1) acid/base;[5-11] 2) autocatalytic 

reactions based on organometallic chemistry; [12-15] nucleophilic; [4,16-18] 4) template-

based;[19-26] 5) physical autocatalysis;[27-31] 6) asymmetric autocatalysis;[32-35] and 7) 

inorganic autocatalysis. [36-39] Surprisingly, however, a majority of published reactions 

was discovered by serendipity, and sparse works were done based on a rational 

design.[1,2] In fact, the design of a new autocatalytic reaction remains an issue and the 

development of new autocatalytic ones requires a well-thought-out approach, which 

must be confirmed by kinetic studies.[1,2] The recent review by S. N. Semenov et al. 

introduces three main approaches for the design of autocatalytic systems.[1] The first 

approach makes use of a reaction where the product plays the template role for its own 

formation and therefore results leads to the rate amplification.[19-26] The second 

approach is based on transition-metal catalyzed reaction where the reaction product 

can serve as a ligand and therefore enhance the catalytic activity of the metal.[40-42] The 

third approach is based on the liberation of an active catalyst by the product of the 

reaction.[43,44] 

The current work proposes a different route, which in a certain way generalizes the 

second approach described by S. N. Semenov et al. Instead of adapting a product to a 

known ligand, our design is based on a reaction, which results in a product that 

structurally resembles the well-established catalyst, e.g., Corey-Bakshi-Shibata (CBS) 

catalyst. It was anticipated that the reaction product will be able to catalyze its own 

formation, since it bears the two structural moieties present at the original CBS catalyst 

(Lewis acid (LA) and Lewis base (LB)). 

This strategy was inspired by an interesting case of CBS reduction published in 1996 by 

E. J. Corey et al.[45] Initially, the authors had planned to perform the enantioselective 

reduction of 2-benzoylpyridine A1 by catecholborane in the presence of the CBS catalyst 

(Scheme 1a).[45] However, the reduction resulted in the racemic product A2 (Scheme 1a). 

It was proposed that the direct reduction of the carbonyl is promoted by the 

coordination of A1 pyridine ring to catecholborane, and therefore proceeds faster than 

the CBS catalytic cycle.[45] To prove this hypothesis, the authors performed the reduction 
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of the respective pyridinium salt B1 (Scheme 1b) resulting in the corresponding product 

B2 with 99% ee.[45] 

 

Scheme 1. a) Reduction of 2-benzoylpyridine by catecholborane in the presence of the 
CBS catalyst. b) Reduction of 1-allyl-2-benzoylpyridin-1-ium trifluoromethanesulfonate 
salt by catecholborane in the presence of the CBS catalyst.[45] 

This reaction attracted our attention since the reduction product A2 (Scheme 1a) has 

similar Lewis acidic and Lewis basic properties as the CBS catalyst.[46,47] However, our 

preliminary studies showed that the reduction product A2 does not show autocatalytic 

properties, and the reaction proceeds via the direct reduction of A1 by catecholborane. 

Despite the fact that the reduction of 2-benzoylpyridine did not show autocatalytic 

properties, we anticipated that the desired autocatalyst must have more pronounced 

Lewis acidic and Lewis basic properties than the initial substrates to allow an effective 

autocatalytic cycle. Therefore, we turned to a different system with potentially 

autocatalytic properties of the product, namely the reduction of tertiary carboxamides 

by borane. 

As suggested in the literature, amide 1 undergoes reduction by borane to form an 

unstable hemiaminal 2, which is ultimately reduced to the corresponding amine 5/6 and 

boron-containing LAs (Scheme 2).[48-50] Importantly, the intermediate hemiaminal 2 with 

Lewis acidic –OBH2 and Lewis basic –NR2 moieties meets requirements to perform an 

autocatalytic cycle of self-generation. Nevertheless, there are only a few examples of 

stable hemiaminals obtained in the case of reduction by aluminium [51-53] or borohydride 

species, [54-56] and only one example of a stable hemiaminal obtained upon the reduction 

by borane has been reported so far.[57] 
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Scheme 2. Literature-reported mechanism of amide reduction by borane. [48-50]  

The stability of 2 strongly depends on the substituents (R1, R2, and R3, Scheme 2) since 

the decomposition process leading to highly reactive intermediate 3 is governed by the 

intramolecular attack of nitrogen electron pair on the neighboring electropositive 

carbon atom (Scheme 2).[48-50] To inhibit this process, electron-withdrawing substituents 

must be considered to allow quenching of the nitrogen electron lone pair 

nucleophilicity. The stabilization of hemiaminal 2 (Scheme 2) is an important part of the 

design since 2 is supposed to be an autocatalyst, which must be present during the 

reaction for a reasonable amount of time to perform autocatalysis. This direct reduction 

of 1 by BH3 will lead to the initial generation of 2 (a background reaction, step I, Scheme 

3). After that, a newly formed Lewis base (LB) (compound 2, blue nitrogen, Scheme 3) 

should coordinate BH3 molecule (Step III, Scheme 3) followed by coordination to 1 (Step 

IV, Scheme 3). This would result in simultaneous activation of both substrates, 

analogous to the CBS catalysis mechanism.[46,47]  Next, Step V (Scheme 3) will produce 

another molecule of 2 and restore the autocatalyst (2) closing the autocatalytic cycle. 
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Scheme 3. The anticipated mechanism of our designed autocatalytic amide reduction by 
borane: (Steps I-II) and autocatalytic cycle (Steps III-V). 

This autocatalytic process seems plausible since the first reduction step (Scheme 3) 

results in the liberation of the nitrogen lone pair from the conjugation with the carbonyl 

moiety. Hence, the nucleophilicity of intermediate 2 is expected to be significantly 

higher than the nucleophilicity of the starting amide 1. This subsequently makes 2 a 

better ligand for BH3 as required according to our design (Scheme 3). Moreover, the 

same step leads to the substitution of hydrogen to oxygen in the boron center, which 

subsequently increases the partial positive charge on the boron center, making it more 

Lewis acidic. (Note: the charge computation is in part 3.4, Table 1). 

This chapter illustrates an example of autocatalysis designed and tested on the 

renowned borane reduction of amides. Besides autocatalytic activity, this system 

demonstrates cross-catalytic activity when different amides are mixed in the presence of 

BH3. Moreover, hemiaminals have shown a catalytic activity in between substrate 

classes such as amides and esters. 
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3.2 Results and discussion 

3.2.1 Preliminary study of the borane reduction of amides 

The generally low stability of hemiaminals prevents their detection, and therefore, 

represents a problem for the study of this autocatalytic process. The stability issue has 

been overcome when trifluoroacetic acid carboxamides were examined in the current 

work (R1 = CF3, R2/R3 = Alk, Ar). The autocatalytic character of the reaction was 

determined by kinetic studies, which were carried out using 1H and 19F NMR 

spectroscopy in deuterated solvents such as dichloromethane-d2 (DCM-d2) and 

tetrahydrofuran-d8 (THF-d8). The borane dimethylsulfide complex (BMS) was used in 

the study as a reducing agent due to its stability, safety, and high solubility in organic 

solvents.[58] 

We started the investigation by evaluating the reactivity of different tertiary 

carboxamides in the reduction by BMS. The preliminary experiments confirmed the 

higher stability of hemiaminals in the case of the tertiary trifluoroacetamides 1a-e under 

the reaction conditions (Table 1). (Note: the kinetics of the reduction of other amides are 

enclosed in part 3.4). In virtue of the -CF3 group present in 1a-e structures, it was 

possible to monitor reaction kinetics using 19F NMR spectroscopy (for details see 

experimental part).[59] Regarding amides 1a-e, it was shown that amides with only 

aliphatic substituents (-NR2R3 = -piperidine 1a, dicyclohexylamine 1b, Table 1) do not 

form stable hemiaminals 2 in solution. However, the substitution of one aliphatic 

substituent to an aromatic one (-NR2R3 = -NMePh 1c) leads to the appearance of 

relatively stable hemiaminal 2c, the concentration of which was about 4.5 mol% in the 

reaction mixture (Table 1). As expected,[48-50] the formation of 2c leads to full reduction 

product 5c, confirmed by 1H NMR. In order to stabilize the hemiaminal and elongate its 

half-live in the solution, the aliphatic substituent was replaced by a phenyl ring (-NR2R3 = 

-NPh2 1d, Table 1). In the case of amide 1d, stable hemiaminal 2d was observed up to 

80 mol% of the reaction mixture before converting to the respective amine 5d with a 

promising kinetic profile (see part 3.2.2). Further decrease of the electron density at the 

nitrogen, by introducing -CF3 groups in the para position of the aromatic rings of the 

amide 1e (-NR2R3 = -N(C6H4pCF3)2 1e, Table 1), allowed stabilizing the hemiaminal 

intermediate further. It was present in the reaction mixture for 72 h (5e, Table 1). It is 

noteworthy that hemiaminal 2d, as 2e, appear in 19F NMR as two main doublets, 

however, also a set of low-intensity peaks are present which is indicative of the 

presence of several boron-containing hemiaminals are formed. 
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Table 1. The BMS reduction of amides 1a-e leading to 2a-e and subsequently to 6a/5b-e. 
Reaction conditions: 1 (0.045 M) / BMS (0.648 M) = 1/14.4, DCM-d2, N2. 

 

2 a b c d e 

max conc.[a], mol% 0 traces 4.5 80 97 

lifetime[b], h - - 7.25 17 >72 

5/6 a b c d e 

time full conv.[c], h 8 140 30 47 >72 

[a] max conc. of 2 in the reaction mixture expressed in mol% with respect to initial conc. 
of 1. [b] reaction time when conc. of 2 is max. [c] reaction time needed to ultimate 
reduction of amide 1 into respective amine 5/6.  

In the case of aromatic or bulky aliphatic substituents at the nitrogen atom, full 

reduction products do not form complexes with borane and are present in the solution 

as free amines 5b-e, whereas sterically not hindered aliphatic amine 5a forms complex 

6a quantitatively, under the reaction conditions. The formation of complex 6a was 

confirmed by 1H, 11B, and 19F NMR spectra (for details see part 3.4, description of 

compounds). 

To further clarify the structures of 2d and 2e, 11B NMR spectra were recorded. We have 

found that for the compound 2d chemical shift of 11B is 24.20 ppm, and for 2e is 28.09 

ppm. According to literature,[60] these chemical shifts correspond to the dioxyborane 

species 2-2 (Scheme 4). Therefore, the structure of hemiaminals in the reaction mixture 

was refined (2-2, Scheme 4). The formation of dioxyboranes from oxyboranes is a 

spontaneous process, which was described in the literature, e.g. in the case of the direct 

borane reduction of pinacolone.[61,62] Thus, the equilibrium between oxyborane 

hemiaminals 2 and dioxyborane hemiaminals 2-2 is excepted (Scheme 4). Naturally, the 

oxyboranes 2 are represented in solution as a mixture of R and S enantiomers. 

Therefore, the dioxyboranes 2-2 must be represented by a statistic mixture of 

diastereomers ([R,S] + [S,R]) / ([R,R] + [S,S]) = 50:50 (Scheme 4). The latter was identified 
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by a set of doublets in the 19F NMR spectra corresponding to the expected 

diastereomeric mixture (for details see part 3.4).  

 

Scheme 4. The equilibrium between oxyboranes 2 and dioxyboranes 2-2. 

Since the formation of 2-2 proceeds via spontaneous coordination of two molecules 

of 2,[61,62] we checked whether 2 could also be present in solution. To do so, the BMS 

reduction was carried out in THF-d8 as solvent as well. We hypothesized that the 

coordinating solvent would inhibit the formation of 2-2 to a certain extent. We found, 

that changing the solvent allowed us to observe the formation of new species that 

appeared as a separate set of doublets that likely correspond to hemiaminal 2 (for 

details see part 3.4). 

Finally, to characterize 2d/2e hemiaminals fully, we have tried to isolate them. 

Unfortunately, the hemiaminals were found unstable on silica or alumina; upon acidic, 

neutral, or basic quenching. All our attempts to isolate 2 led to its hydrolysis. 

After the preliminary results, a kinetic study was carried out. 

3.2.2 Kinetic studies: autocatalytic behavior confirmation  

Reactions were monitored by real-time 1H and 19F NMR spectroscopy. In the case of 
19F NMR, conversion of a starting material and the formation of products were 

measured using the -CF3 group: the integral intensity of the reaction mixture component 

signals was divided by the summarized integral intensity for all the components 

(products and starting amide). In the case of 1H NMR, hexamethyldisilazane (HMDSO) 

was used as an internal standard, and concentrations of the reaction mixture 

components were measured versus the internal standard signal. 

First, the kinetic investigation of the BMS reduction of amides 1a-e was performed. We 

have found that the reduction of all five amides features a lag phase followed by a rate 

amplification (for details see part 3.4, kinetics). Interestingly, in the case of amide 1d, 

the concentration profile of the reaction shows that both the hemiaminal 2d and the 

corresponding amine 5d are formed after a lag phase (1.5 h lag phase for 2d, and 35 h 
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for 5d) (Fig. 1). Usually, a lag phase is typical for autocatalytic reactions since the initial 

concentration of an autocatalyst (product) is low.[1] To confirm that the lag phase is the 

consequence of having an autocatalytic process, we need to test how the addition of the 

product affects the reaction rate. If the reaction is autocatalytic, the added product will 

increase the reaction rate and decrease, or even eliminate, the lag phase.[1]  

 

Fig. 1. Graphs showing kinetics for reaction of 1d with BMS (3.6 equiv.) after A) 60 h, B) 5 
h. Reaction conditions: [1d] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2.  

Therefore, two different experiments were carried out: 1) the addition of hemiaminal 2d 

to the start of a reaction and 2) the addition of the fully reduced products 5d and 7. 

Importantly, since the potential autocatalyst cannot be added as a pure isolated 

product, the addition of separate reaction mixtures containing a certain amount of 

hemiaminal and full reduction products was done instead (Fig. 2). 

These experiments were performed as follows: a separate reaction mixture containing a 

certain amount of 2d or 5d (defined by 1H and 19F NMR prior to use) was added in a 

freshly prepared reaction mixture in 15 mol% amount of respective catalysts. The kinetic 

studies showed the elimination of the lag phase in both cases, confirming the 

autocatalytic character of the reaction (Fig. 2). In the case of hemiaminal addition, the 

short lag phase disappears (Fig. 2A-C), initially the reaction proceeds faster (Fig. 2B). 

However, we found an overall rate deceleration that was assigned to the fact that the 

addition of hemiaminal is inevitably accompanied by the incorporation of the SMe2 that 

plays a ligand role to BH3. It has been shown in the literature[63] that dissociation of BMS 

to SMe2 and BH3 can be of key importance for the reduction of carbonyls; therefore, one 

would expect that the presence of SMe2 should slow down the reaction rate. To confirm 
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this, we performed the amide reduction with BMS containing an additional amount of 

SMe2 (>5 mol%), and we found that the reaction was slower. In addition, we performed 

the reaction in the presence of a stronger ligand to bind borane, namely dimethylaniline 

(1 equiv.), and found that this ligand has completely inhibited the reaction.  

We then moved to test the effect of adding fully reduced products on the reaction rate 

(5d and boron-containing LAs 7). We found that the lag phase was eliminated (Fig. 2A-

C). Thus, upon the addition of 15 mol% of the final mixture 35 h lag phase has 

disappeared, thus supporting that one or both reaction products are catalytically active. 

Yet, the overall rate is decelerated since the addition of 5d+7 (15 mol%) leads to rapid 

consumption of hemiaminal 2d (Fig. 2A-D), which are able to catalyze the first step. 

Therefore, the consumption of hemiaminal leads to a rate decrease, which is in good 

agreement with the initial design. 
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Fig. 2. Graph showing kinetics of 1d reaction with BMS (3.6 equiv.) under different 
conditions. A) no additive (orange), 2d (15 mol%) added at the start of the reaction 
(blue); 5d+7 (15 mol%) added at the start of the reaction (grey). B) Region corresponding 
to the first 5 h of the graph “A” is shown. C) Kinetics of 1d reduction with BMS 
(3.6 equiv.) and additive 2d (15 mol%). D) Kinetics of 1d reduction with BMS (3.6 equiv.) 
and additive 5d+7 (15 mol%). Reaction conditions: [1d] = 0.18 M, [BMS] = 0.648 M, 
DCM-d2, N2. 

Although the addition experiments confirmed autocatalytic behavior of the first step of 

the amide reduction and showed that even the second step is autocatalytic, further 

studies were necessary to demonstrate the autocatalytic activity of the system. 

Therefore, cross-catalytic experiments were performed. 

3.2.3 Kinetic studies: cross-catalytic behavior confirmation  

It has been reported that autocatalytic systems show also cross-catalytic behavior when 

mixed with other autocatalytic reactions that use homologous reagents.[26,63] Therefore, 

autocatalytic activity can be indirectly proved via cross-catalytic experiments. Following 

this rationale, we envisioned a reaction system where two amides with different 

reactivities are mixed together and result in a faster process compared to what would 

be expected in the individual reduction reactions. Hence, a series of cross-experiments 

were carried out. Two different amides (cross-systems 1a/1d; 1b/1d; 1a/1b; 1d/1e) 

were mixed in equimolar concentrations and reduced with the excess of BMS. An 

illustration of such a process is depicted in Scheme 5: the BMS reduction of amide 1a 

proceeds with two autocatalytic cycles (AC), the first one rendering 2a and the second 

yielding 5a/7. The same applies to amide 1d; for these systems hemiaminals 2a/2d 
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affect the first reduction step of the other, as 5a/5d/7 promote the second reductive 

step of the other amide, in a cross-catalytic manner. 

 

Scheme 5. Anticipated cross-catalytic behavior of reactions studied in the current 
chapter. 

Firstly, the mixture 1a/1d was examined. As expected, we have found that the reduction 

rate of 1a has been slightly decreased in the cross-catalytic system (blue curve, Fig. 3) 

when compared to the kinetics in the separate experiment (green curve, Fig. 3). On the 

contrary, the initial reduction rate of 1d has been significantly increased in the cross-

catalytic experiment (orange curve, Fig. 3) with respect to its individual reduction. In the 

case of 1d, the rate enhancement has been taking place up to the inflection point (Fig. 

3A) (around 9 h after the beginning of the experiment) until the reduction of 1a has 

been completed. Hence, this result confirms a catalytic activity of hemiaminals 2a in the 

first reduction step of 1d. Considering that hemiaminal 2a was not observed by NMR 

experiments, they must have a remarkable catalytic activity since the rate amplification 

and the lag phase elimination for the amide 1d were observed (Fig. 3). Moreover, as 

found from a separate experiment, the BMS reduction of 1a proceeds with the 

immediate formation of full reduction products (6a/7), and these products catalyze the 

second step of 1d reduction (yellow curve, Fig. 3). It results in a significantly amplified 

reduction of intermediate 2d into the respective amine 5d when compared to the 

results in the separate experiment, in which for the second step there is 17 h long lag 

phase. The rate deceleration for amide 1a can be a result of the inevitable liberation of 

the SMe2 molecule during the reduction since another equivalent of amide 1d is reduced 

in the reaction mixture. 
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Fig. 3. Kinetics of the cross-catalytic reaction of 1a/1d with BMS showing the first 20 h 
(A) and 5 h (B) reaction time frame. Reaction conditions: [1a] = [1d] = 0.045 M, 
[BMS] = 0.648 M, DCM-d2, N2. 

The second cross-system consists of the amide 1b and 1d, in which hemiaminals have 

different stability. In this case, the rate of the conversion of 1b has been increasing with 

the formation of 2d (blue curve, Fig. 4) that might indicate a catalytic effect of 2b on 1b 

reduction. Moreover, the reduction of 1d in the cross-catalytic experiment (orange 

curve, Fig. 4) proceeds faster than in a separate one (red curve, Fig. 4) confirming a 

catalytic activity of hemiaminals 2b. Again, as in the previous system 1a/1d, the 

accumulation of full reduction products 5b/7 led to a rapid conversion of 2d into 

respective amine 5d. Thus, mutual positive catalytic effects were observed in this cross-

system. The rate deceleration for amide 1b after the consumption of 1d must be a result 

of the liberation of SMe2 in the reaction mixture, as in the previous case. 
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Fig. 4. Kinetics of the cross-catalytic reaction of 1b/1d with BMS showing the first 50 h 
(A) and 20 h (B) reaction time frame. Reaction conditions: [1b] = [1d] = 0.045 M, 
[BMS] = 0.648 M, DCM-d2, N2. 

 

 
Fig. 5. Kinetics of the cross-catalytic reaction of 1a/1b with BMS showing the first 24 h 
(A) and 10 h (B) reaction time frame. Reaction conditions: [1a] = [1b] = 0.045 M, 
[BMS] = 0.648 M, DCM-d2, N2. 
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The following example of cross-catalysis is of particular interest due to the sterically 

similar amide substituents, reaction rates, and a composition of products that results in 

the most representative cross-catalytic system. The cross-system 1d/1e shows a 

remarkable cross-catalytic behavior (Fig. 6). Before discussing cross-catalysis, it is 

important to analyze separate experiments of the BMS reduction of 1d and 1e (Fig. 6A) 

in order to see the difference with the cross-experiment (Fig. 6B-D). According to kinetic 

data, amides 1d and 1e are reduced to the corresponding hemiaminals 2e and 2d with a 

short lag phase (yellow and light blue curves, Fig. 6A). Unlike amide 1d, amide 1e gives 

only traces of full reduction products 5e/7 under the reaction conditions (orange curve, 

Fig. 6A). The overall reduction rates of these amides are similar despite more electron-

withdrawing substituents of 1e when compared to 1d (Fig. 6). This observation is 

indicative of the first reduction step being autocatalytic: the stronger LB 1d undergoes 

catalytic activation by the weaker LA 2d whereas the weaker LB 1e is affected by the 

stronger LA 2e. As a result of cross-catalysis, greater rate amplification of the amide 1d 

by hemiaminals 2e was observed (Fig. 6). 

The cross-catalytic experiment of 1d/1e reduction by BMS confirmed the hypothesis: 

when these two amides are mixed, the reduction of amide 1d proceeds 4 times faster 

than the separate experiment of the 1d reduction (orange and grey curves, Fig 6B). The 

reduction rate of 1e in cross-experiment was not changed dramatically as was expected. 

However, the composition of 1e reduction is significantly changed with the presence of 

amide 1d (Fig. 6A-D). As shown in the case of 1a/1d or 1b/1d systems (Fig. 4 or 5, 

respectively), the accumulation of full reduction products leads to a rapid conversion of 

hemiaminal 2d in 5d. Importantly, the BMS reduction of amide 1e does not render 

directly 5e since the hemiaminal 2e is stable in a separate experiment (Fig. 6A). The 

cross-experiment 1d/1e shows an interesting result: the formation of the full reduction 

products 5d/7 launches the ultimate reduction of hemiaminal 2e yielding into the 

respective amine 5e (Fig. 6C,D). Therefore, in the case of stable hemiaminals, the cross-

catalysis facilitates the second step of reduction to proceed. 
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Fig. 6. Scheme and kinetics graphs for cross-catalytic system 1d/1e with BMS (14.4 
equiv.). A) Kinetics of separate reactions of 1d and 1e with BMS. B) Comparing kinetic 
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profile of conversion of 1d and 1e in separate and cross-catalytic experiments. C) Kinetics 
of cross-catalytic experiment (first 50 h). D) Kinetics of cross-catalytic experiment (first 
10 h). Reaction conditions: [1d] = [1e] = 0.045 M, [BMS] = 0.648 M, DCM-d2, N2 (another 
BMS batch, see experimental section 3.4 for details). 

To conclude, in the cross-catalytic experiments, regardless of the structure of amines 

5/6, the presence of full reduction products leads to faster conversion of hemiaminals 

into respective amines. The same result was found in the case of the experiment with 

the addition of 5d/7 products (Fig. 2). Additionally, a separate experiment of the BMS 

reduction of amide 1d with the addition of the isolated product 5d showed that the 

amine 5d does not affect the reaction rate. Considering these results experiments, 

boron-containing LAs 7 must be responsible for the autocatalysis of the second step of 

amide reduction. As shown in Scheme 2, they can act as LAs and facilitate the cleavage 

of hemiaminals leading to intermediates 3 (Scheme 2). Regarding the first reduction 

step, cross-catalytic systems 1a/1d, 1b/1d, and especially 1d/1e have proven 

autocatalytic activity of hemiaminals. Remarkably, even in the amplification of the 

reduction rate has been observed in the experiments where hemiaminals were not 

observed, e.g. 1a/1d system. 

3.2.4 Kinetic studies: catalytic reduction of esters  

In order to estimate the catalytic activity of 2d in the absence of other catalytically 

active intermediates, BMS reductions of ester 8 in the absence (orange curve, Fig. 7) and 

the presence (light blue curve, Fig. 7) of amide 1d were performed. Analogously to the 

results from the cross-experiments with only amides, the mixture shows higher 

reactivity towards the reduction by BMS when compared to separate experiments. The 

reduction rate of the ester 8 is ca. 4 times faster (light blue curve, Fig. 7) than in the 

separate reaction (orange curve, Fig. 7), and surprisingly the reduction rate of amide 1d 

is amplified as well (yellow curve, Fig. 7). The amplification of the rate of 1d reduction 

prompted us to perform an additional study to see whether another alkoxyborane 

species can promote the reduction of amide 1d. 
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Fig. 7. Reduction of 8 by BMS in the presence of 1d. Reaction conditions: 
[1d] = [8] = 0.045 M, [BMS] = 0.648 M, DCM-d2, N2. 

As depicted in Fig. 7, hemiaminal 2d has become more stable compared to the separate 

experiment of the 1d reduction. A more detailed analysis of 1H and 19F NMR spectra of 

the reaction mixture showed that there are various hemiaminals present including 2d. 

Esters are normally reduced by boranes into respective mono-, di-, and trioxyboranes.[64] 

Therefore, we hypothesize that these oxyborane species can undergo exchange with 

oxyborane hemiaminal 2d rendering a mixture of hemiaminals. We observed faster 

reduction rate when these new hemiaminals are present (yellow curve, Fig. 7).  

To prove possible promoting effect of alkoxyboranes, we performed the BMS reduction 

of amide 1d with the addition of MeOH, which naturally forms alkoxyboranes in situ.[64] 

In fact, methoxyborane species promoted the BMS reduction of 1d (light blue curve, Fig. 

8) and the initial rate was 1.5 times faster compared to a separate experiment without 

the addition of MeOH (yellow curve, Fig. 8). Moreover, hemiaminals 2d-mix obtained in 

the addition of MeOH experiment (orange curve, Fig. 8) showed higher stability than the 

hemiaminals 2d from a separate experiment (dark blue curve, Fig. 8). The formation of 

multiple methoxyborane species was observed by 1H NMR experiment confirming the 

formation of 2d-mix species (for details see part 3.4). The higher catalytic activity of 2d-

mix hemiaminals is possibly due to the less occupied boron atom comparing with bulky 

substituents of 2-2d dioxyborane hemiaminals, which predominantly exist in the 

reaction mixture, as was shown above. Additionally, the higher stability of 2d-mix is 

probably due to more electron-rich -OMe substituents in contrast to 2-2d hemiaminal 
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bearing with -OCHCF3NR2 substituents that are causing a deceleration of the 

intermediate 3 formation. 

 

Fig. 8. Effect of MeOH on the BMS reduction of 1d. Reaction conditions: [1d] = 0.045 M, 
[MeOH] = 0.03 M, [BMS] = 0.648 M, DCM-d2, N2. 

Concluding this part, the catalytic activity of hemiaminals 2d was examined in the case 

of ester 8. As was found, the hemiaminals possess not only auto- and cross-catalytic 

activity but also catalytic activity between substrate classes. Remarkably, originally slow 

BMS reduction of ester moiety was enhanced by hemiaminals. 

3.2.5 Mechanistic considerations  

3.2.5.1 Autocatalysis confirmation 

Despite the autocatalytic activity of hemiaminals being largely supported by the auto- 

and cross-catalytic experiments, one may point to another explanation for the rate 

amplification of the first step of the reduction, namely the direct reduction of amide 1d 

by hemiaminal 2d (Scheme 6). This means that the newly formed oxyborane 

hemiaminals 2d can react with amide 1d leading to the formation of dioxyborane 

hemiaminals 2-2d (Scheme 6). Such a process would proceed with a lag phase 

resembling an autocatalytic process since the initial concentration of 2d is low. In order 

to exclude this, the computation of such a process was performed for 1d. As was found, 

the reduction of amide 1d by hemiaminal 2d has a high energy barrier (31.64 kcal/mol). 

Thus, the direct reduction is not kinetically feasible.[65] Moreover, it is known that amides 
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do not undergo reduction by dioxyboranes, unlike boranes.[48,49] Also, an attempt to pre-

generate oxyborane species based on pinacolone structure[61,62] was done in order to 

see whether the alkoxyborane is capable of the reduction of amide 1d. As was found, 

the reduction by the pinacolone-based alkoxyborane does not proceed. In addition to 

these results, it is important to look at the cross-catalytic system 1d/1e.  

 

Scheme 6. The calculation of the 1d direct reduction by 2d. 

The outcome of the 1d/1e cross-catalysis supports autocatalytic properties of 

hemiaminals and excludes the direct reduction of amides 1 by hemiaminals 2 being 

responsible for the rate amplification. To further demonstrate this point, the conversion 

of amide 1d after 1.5 hours is analyzed (Fig. 6). It was found that the difference between 

the conversion of amide 1d in a separate experiment and in the cross-experiment is 27% 

(Fig. 6). Therefore, if the conversion of amide 1d is increased in virtue of the direct 

reduction by hemiaminals 2e then the conversion of the amide 1e must be at least 27%. 

However, we have found that the conversion of the amide 1e is 8%. Therefore, the rate 

amplification of the BMS reduction of amide 1d cannot be rationalized as the 

consequence of 2e reducing 1d, thus indirectly supporting the autocatalytic pathway.  

Moreover, as was observed in the case of the 1a/1d cross-catalytic system, the 

consumption of hemiaminal 2d towards 5d was facilitated by the full reduction products 

of 1a, leading to the deceleration of reduction of the amide 1d (Fig. 3). The same result 

was obtained in the case of BMS reduction of 1d in the presence of water (2 equiv., Fig. 

9). As it was found, the addition of water to the reaction mixture leads to the 

decomposition of hemiaminals 2d with the formation of new hemiaminals (2d-H2O, Fig. 

9), which demonstrate lower hemiaminal stability and the autocatalytic activity in the 
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solution (Fig. 9). Even though BMS (14.4 equiv.) reacts with water (2 equiv.) and 

therefore some amount of BMS is consumed, at least 12 equiv. of BMS are still present 

in the reaction mixture, and therefore a background reduction can proceed (Fig. 9). 

However, the addition of 2 equiv. of water results in a 10-folds decrease in the reduction 

rate (Fig. 9). This means that hemiaminals 2d are essential for the first reduction step. 

 

Fig. 9. Effect of H2O on the BMS reduction of 1d. Reaction conditions: [1d] = 0.045 M, 
[H2O] = 0.09 M, [BMS] = 0.648 M, DCM-d2, N2. 

3.2.5.2 Determination of the reaction order with respect to reagents 

Finally, we moved to explore the reaction orders for the BMS reduction of 1d. Since 

analyzed reactions have a lag phase, the initial rate analysis of reactions mixtures was 

performed using the linear part of the curve, excluding the first part of the rate 

amplification. The initial reaction order in 1d was found 1.21 (Fig. 10, calculations are in 

part 3.4.4, Fig. 22). However, the problem of the initial rates approach is considering 

only the fragment of the reaction progress. On the other hand, obtaining reagent orders 

using visual kinetic analysis (VKA) (calculations are in part 3.4.4, Fig. 23) allows more 

reliable information as it relies on the kinetic data obtained from the complete reaction 

profile.[66] Using the VKA method, we have found that the overall reaction order with 

respect to the amide 1d is 0.7. Fractional reaction order in amide indicates that the 

amide or its products (e.g. 2d or 5d/7) are involved in a complex process.[65] One 

element of such complex process is the product inhibition caused by the liberation of 

SMe2 from the BMS complex upon the reduction, which was observed in the previous 

auto- and cross-catalytic experiments. The accumulation of liberated SMe2 during the 

reaction was observed by 1H NMR. To further prove the inhibitory effect of SMe2, two 
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experiments with different concentrations of SMe2 (4 mol% and 8 mol% with respect to 

BMS) were performed (Fig. 10C). We found that increasing the SMe2 concentration 

decelerates the reaction rate (orange curve, Fig. 10C) proving the inhibition. 

Noteworthy, we observe an increase of the lag phase in experiments with a lower amide 

concentration, probably due to a decrease in the concentration of catalytically active 

hemiaminal 2d since it is obtained from the amide (Fig. 10A-B). Since we were not able 

to monitor BMS concentration directly, it was calculated as the initial concentration of 

BMS minus the consumed concentration of 1d. Using initial rates analysis, the reaction 

order in BMS was found 1.00, which was confirmed by the VKA method as well (Fig. 

10D). 

The fractional reaction order with respect to the reagent is somewhat unusual.[65] As 

was shown in the literature,[67] BMS dissociation can be a rate determining step in the 

reduction of carbonyls. Taking into account the obtained kinetic data and the literature 

results,[67] we suggest that the dissociation of BMS to BH3 and SMe2 is an important step 

in the overall process step (Scheme 7). This statement is based on the fractional reaction 

order in 1d, first order in BMS, and reaction rate inhibition by SMe2. The diminishing of 

the rate in the presence of SMe2 is explained using Scheme 7: increasing the SMe2 

concentration shifts the equilibrium towards the formation of the BMS complex 

subsequently decreasing the concentration of active BH3 in solution (Scheme 7). The 

inhibitory effect of a ligand on the second reduction step is better pronounced in the 

case of 1c reduction. In DCM-d2, the maximum concentration of hemiaminal 2c is 

0.01 M meaning that 2c is rapidly converted to 5c. However, when a coordinating 

solvent such as THF-d8 is used instead of DCM-d2, the maximum concentration of 2c is 

0.12 M and the formation of full reduction products is slowed down (see part 3.4.4, Fig. 

16). 

 

Scheme 7. The equilibrium showing the liberation of the BH3 molecule from the BMS 
complex.  
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Fig. 10. A) Concentration of BMS over time in the reaction with 1d at variable starting 
concentrations of 1d. B) Selected region of Graph A. Reaction conditions: [1d] = X M, 
[BMS] = 0.648 M, DCM-d2, N2. C) Kinetics of inhibition by SMe2.when using different 
concentrations of SMe2: 0.026 M (blue curve) (0.57 equiv. with respect to 1d); 0.052 M 
(orange curve) (1.15 equiv. with respect to 1d). Reaction conditions: [1d] = 0.045 M, 
[BMS] = 0.648 M, [SMe2] = X M, DCM-d2, N2. D) Concentration of 1d over time in the 
reaction with BMS at variable starting concentrations of BMS. Reaction conditions: 
[1d] = 0.045 M, [BMS] = X M, DCM-d2, N2. 

To summarize, we have proven by computational and experimental data autocatalysis is 

the most likely explanation of the rate amplification observed in our reaction system. 
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decelerates the reduction rate (Fig. 9) meaning that hemiaminals are necessary for the 

reduction. 

3.3 Conclusions 

The design of a new autocatalytic system requires significant effort since the number of 

well-defined approaches to autocatalysis is paltry.[1] In this work, we have described a 

new approach to autocatalysis, specifically we have explored the reduction of amides 

with borane. During this reduction, unstable hemiaminals are formed.[49] We 

hypothesize that stabilizing these hemiaminals was crucial in the design of a new 

autocatalytic process since they possess structural patterns that align with CBS catalysis. 

We report here how we managed to stabilize hemiaminals by finetuning their electronic 

properties. Moreover, we were able to observe auto-, cross-, and catalytic behavior of 

the BMS reduction of amides using kinetic studies carried out by 19F NMR spectroscopy. 

Lastly, we unexpectedly found that the reduction of hemiaminals toward full reduction 

products was also autocatalytic. 

3.4 Experimental part 

3.4.1 General Information 

Purification of the synthesized compounds was performed by column chromatography 

using Merck 60 Å 230-400 mesh silica gel. Components were visualized by UV and 

KMnO4 staining. NMR samples for kinetic measurements were prepared using dry 

deuterated solvents under a nitrogen atmosphere. Oven-dried glassware and Schlenk 

techniques were applied. Dry deuterated solvents (THF-d8 and DCM-d2) were stored 

over calcium hydride and were filtered from CaH2 only just before the use. Starting 

amides were stored under a nitrogen atmosphere. Commercial BMS was purified by 

vacuum transfer technique, it contained 4-5% of excessive dimethyl sulfide afterwards. 

Although the same behavior and the same shape for kinetic curves were obtained using 

commercial BMS, but general reaction rates were slower, most likely due to the excess 

of dimethyl sulfide. Other reagents and substrates purchased from commercial sources 

were used as received. NMR data was collected on a Varian VXR-300 (1H at 300 MHz; 13C 

at 50 MHz; 19F at 282 MHz) or a Varian VXR-400 (1H at 400 MHz; 13C at 101 MHz; 
11B NMR at 128 MHz, 19F at 376 MHz) equipped with a 5 mm z-gradient broadband 

probe. Chemical shifts are reported in parts per million (ppm) relative to residual solvent 
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peak (CDCl3, 1H: 7.26 ppm; 13C: 77.16 ppm), (CD2Cl2, 1H: 5.32 ppm; 13C: 53.84 ppm), (THF-

d8, 1H: 3.58 ppm; 13C: 67.21 ppm). Coupling constants are reported in Hertz (Hz). 

Multiplicity is reported with the usual abbreviations (s: singlet, bs: broad singlet, d: 

doublet, dd: doublet of doublets, t: triplet, td: triplet of doublets, q: quartet, qt: quartet 

of triplets, m: multiplet). Exact mass spectra were recorded on a LTQ Orbitrap XL 

apparatus with ESI ionization. 

All comparative experiments from the main part were performed on a single purified 

batch of BMS to avoid the reaction rate inhibition caused by different amount of SMe2. 

There was no significant deviation observed in confirmation experiments under 

standard dry conditions. Error bars represent standard deviation of reproduced kinetic 

experiments without considerable dispersion in the results (at least two independent 

runs). 

3.4.2 Description of reaction procedure and set up for following 

reaction kinetics 

General procedure for NMR kinetic experiments: An amide was placed in a dried NMR 

tube under N2 followed by the addition of a BMS solution prepared in a dry deuterated 

solvent under an N2 atmosphere. The NMR tube was sealed and shaken, the cup was 

covered with parafilm. The first NMR spectrum was typically registered in 5 minutes 

after mixing the components. 

General procedure for product addition experiments: An amide was placed in a dried 

NMR tube under N2 followed by the addition of a BMS solution prepared in a dry 

deuterated solvent under an N2 atmosphere. Then the reaction mixture from the 

previous separate experiment with a certain conversion to product 2 was immediately 

injected through a syringe under an N2 atmosphere, considering the amount of all 

components to reproduce the original concentrations of amide 1 and BMS from the 

previous experiment. Then, the NMR tube was sealed with a cap and parafilm and 

shaken. The first NMR spectrum was typically registered in 5 minutes after mixing the 

components. 

General procedure for cross-experiments: An amide was placed in a dried NMR tube 

under N2. The other amide (or ester 8) was loaded into a flame-dried vial followed by 

the addition of a BMS solution prepared in a dry deuterated solvent under an N2 

atmosphere. The mixture obtained was immediately transferred to the NMR tube under 

nitrogen. Then, the NMR tube was sealed with a cap and parafilm and shaken. The first 

NMR spectrum was typically registered in 5 minutes after mixing the components. An 
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excess (14.4 equivalents, 0.648 M) of BMS relative to carbonyls (0.045 M each) was used 

to minimize the BMS concentration change during the reaction. 

General procedure for NMR kinetic data management: Reactions were monitored by 

real-time 1H and 19F NMR spectroscopy. In the case of 19F NMR, conversion of a starting 

material and the formation of products were measured using the -CF3 labeling group: 

the integral intensity of the reaction mixture component signals was divided by the 

summarized integral intensity for all the components (products and starting amide). In 

the case of 1H NMR, hexamethyldisilazane (HMDSO) was used as an internal standard, 

and concentrations of the reaction mixture components, which were subsequently 

recalculated to conversion and formations, were measured versus the internal standard 

signal. Conversions were plotted against reaction time to obtain typical kinetic curves. 

3.4.3 Synthetic part 

Synthesis of substrates 

 2,2,2-trifluoro-1-(piperidin-1-yl)ethan-1-one (1a) 

A round-bottom flask was charged with piperidine (1.0 mL, 10 mmol) and dry DCM (15 

mL). trifluoroacetic anhydride (TFAA) (0.7 mL, 5 mmol) was added dropwise to the 

mixture over 10 min at 0°C. The reaction was allowed to warm up to room temperature 

and stirred for about 4 h. Then water (20 mL) was added and aqueous layer was 

extracted with DCM (3 x 15 mL). The combined organic phase was dried over Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by silica gel 

column chromatography (DCM as eluent) to give pure product 1a as colorless clear 

liquid in 80% yield. 1H NMR (300 MHz, Chloroform-d) δ 3.67 – 3.42 (m, 4H), 1.73 – 1.57 

(m, 6H). 13C NMR (75 MHz, Chloroform-d) δ 155.29 (q, J = 35.0 Hz), 116.63 (q, J = 287.9 

Hz), 46.81 (q, J = 3.7 Hz), 44.54, 26.32, 25.35, 24.15. 19F NMR (282 MHz, Chloroform-d) δ 

-68.92. HRMS (ESI+, m/Z): calc. for 182.07873 [M+H]+, found 182.07840.[68] 

 N,N-dicyclohexyl-2,2,2-trifluoroacetamide (1b) 
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A round-bottom flask was charged with dicyclohexylamine (3.3 mL, 17 mmol), 

triethylamine (4.6 mL, 33 mmol) and dry DCM (15 mL). TFAA (4.7 mL, 33 mmol) was 

added dropwise to the mixture over 10 min at 0°C. The reaction was allowed to warm 

up to room temperature and stirred for about 4 h. Then water (20 mL) was added and 

aqueous layer was extracted with DCM (3 x 15 mL). The combined organic phase was 

dried over Na2SO4 and concentrated under reduced pressure. The crude product was 

purified by silica gel column chromatography (eluent from pentane to pentane:Et2O = 

19:1) to give pure product 1b as white crystals in 92% yield. 1H NMR (400 MHz, 

Chloroform-d) δ 3.62 (t, J = 11.5 Hz, 1H), 3.12  – 2.93 (m, 1H), 2.40 (q, J = 12.2 Hz, 2H), 

1.97 – 1.68 (m, 6H), 1.68 – 1.39 (m, 6H), 1.40 – 0.96 (m, 6H). 13C NMR (101 MHz, 

Chloroform-d) δ 155.76 (q, J = 34.2 Hz), 116.72 (q, J = 288.8 Hz), 57.95 (q, J = 3.8 Hz), 

57.41, 30.99, 28.93, 26.39, 25.64, 25.19, 25.11. 19F NMR (376 MHz, Chloroform-d) δ -

69.28. HRMS (ESI+, m/Z): calc. for 278.17263 [M+H]+, found 278.17273. 

2,2,2-trifluoro-N-methyl-N-phenylacetamide (1c) 

A round-bottom flask was charged with N-methylaniline (0.542 mL, 5 mmol), 

triethylamine (0.7 mL, 5 mmol) and dry DCM (15 mL). TFAA (0.7 mL, 5 mmol) was added 

dropwise to the mixture over 10 min at 0°C. The reaction was allowed to warm up to 

room temperature and stirred for about 4 h. Then water (20 mL) was added and 

aqueous layer was extracted with DCM (3 x 15 mL). The combined organic phase was 

dried over Na2SO4 and concentrated under reduced pressure. The crude mass was 

purified by silica gel column chromatography (eluent pentane:EtOAc = 97:3) to give 1c as 

a clear yellowish liquid in 93% yield. 1H NMR (300 MHz, Chloroform-d) δ 7.53 – 7.34 (m, 

3H), 7.29 – 7.16 (m, 2H), 3.36 (s, 3H). 1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.35 (m, 

3H), 7.22 (d, J = 7.2 Hz, 2H), 3.34 (s, 3H). 13C NMR (75 MHz, Chloroform-d) δ 140.61, 

129.53, 128.98, 127.33, 118.24, 114.42, 39.66. 13C NMR (101 MHz, Chloroform-d) δ 

157.03 (q, J = 35.8 Hz), 140.79, 129.67, 129.11, 127.47, 116.48 (q, J = 288.0 Hz), 39.80. 
19F NMR (376 MHz, Chloroform-d) δ -67.12. HRMS (ESI+, m/Z): calc. for 204.06308 

[M+H]+, found 204.06300.[69] 

 2,2,2-trifluoro-N,N-diphenylacetamide (1d) 
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A round-bottom flask was charged with diphenylamine (1.2 g, 7.09 mmol), triethylamine 

(0.99 mL, 7.09 mmol) and dry DCM (26 mL). TFAA (1 mL, 7.09 mmol) was added 

dropwise to the mixture and left stirring at room temperature overnight. The organic 

phase was extracted with Na2CO3 (sat., 25 mL) and dried over MgSO4. The crude product 

was purified by silica gel column chromatography (eluent pentane:EtOAc = 19:1). The 

pure product 1d was obtained as a clear oil, which gradually crystallized to colorless 

crystals (85% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.02 (m, 10H). 13C NMR 

(75 MHz, Chloroform-d) δ 157.07, 141.56, 129.45, 129.06, 128.71, 127.62, 126.03, 

116.52 (q, J = 287.25 Hz). 13C NMR (101 MHz, Chloroform-d) δ 156.95 (q, J = 36.1, 35.7 

Hz), 141.64 (bs), 139.76 (bs), 129.57, 128.73 (bs), 127.69 (bs), 126.14 (bs), 116.66 (q, J = 

288.8 Hz). 19F NMR (282 MHz, Chloroform-d) δ -66.89. HRMS (ESI+, m/Z): calc. for 

266.07873 [M+H]+, found 266.07881. [70] 

 bis(4-(trifluoromethyl)phenyl)amine 

To a solution of 1-iodo-4-(trifluoromethyl)benzene (2.000 g, 7.35 mmol) and 4-

(trifluoromethyl)aniline (1.185 g, 7.35 mmol) in toluene (20 mL) were added Pd(OAc)2 

(0.165 g, 0.73 mmol), XPhos (0.351 g, 0.74 mmol) and Cs2CO3 (3.596 g, 11.03 mmol) and 

stirred at 100°C for 3 h under nitrogen. After cooling, the crude mixture was diluted with 

ethyl acetate and washed with brine (20 mL). The organic layer was dried with MgSO4 

and concentrated. The crude product was further purified by silica gel chromatography 

(eluent from pentane to pentane:EtOAc = 19:1) to afford 1.900 g of the bis(4-

(trifluoromethyl)phenyl)amine as a colorless solid with 85% yield. 1H NMR (400 MHz, 

Chloroform-d) δ 7.55 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 6.10 (s, 1H). 13C NMR 

(101 MHz, Chloroform-d) δ 147.45, 129.49 (q, J = 3.9 Hz), 126.94 (q, J = 271.0 Hz), 126.23 

(q, J = 32.8 Hz), 120.03. 19F NMR (376 MHz, Chloroform-d) δ -61.82. [71] 

 2,2,2-trifluoro-N,N-bis(4-(trifluoromethyl)phenyl)acetamide (1e) 

A round-bottom flask was charged with bis(4-(trifluoromethyl)phenyl)amine (0.900 g, 

2.95 mmol), N,N-diisopropylethylamine (0.77 mL, 4.42 mmol) and dry DCM (15 mL). 
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TFAA (0.63 mL, 4.42 mmol) was added dropwise to the mixture and left stirring at room 

temperature for 4 days. After that, solvent was evaporated, and residue was loaded on 

silica. The crude product was purified by silica gel column chromatography (eluent 

pentane:EtOAc = 19:1). The pure product 1e was obtained as a clear oil, which gradually 

crystallized to colorless crystals (33% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.71 (d, 

J = 8.2 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 156.79 (q, J = 

36.9 Hz), 142.98 (bs), 128.06 (bs), 127.62, 127.07 (q, J = 3.5 Hz), 123.56 (q, J = 272.5 Hz), 

116.28 (q, J = 288.6 Hz). 19F NMR (376 MHz, Chloroform-d) δ -62.88 (s, 6F), -66.93 (s, 3F). 

HRMS (ESI-, m/Z): calc. for 400.03894 [M-H]-, found 400.03821. 

 2,2,3,3,3-pentafluoro-N,N-diphenylpropanamide (1f) 

To dissolved diphenylamine (1.000 g, 6 mmol) in DCM (10 mL), triethylamine (1.6 mL, 12 

mmol) was added at RT in one portion under N2. Then, pentafluoropropionic anhydride 

(PFPA) (1.7 mL, 9 mmol) was added slowly. Resulted mixture was stirred for 15 h and 

then DCM was added (40 mL). Organic layer was washed with H2O (3 x 50 mL), then 

dried over MgSO4 and evaporated. The crude product obtained was purified by silica gel 

column chromatography (eluent pentane:Et2O = 19:1) to give pure product 1f as 

colorless solid in 85% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.12 (m, 10H). 
13C NMR (101 MHz, Chloroform-d) δ 158.03 (t, J = 25.2 Hz), 141.55 (bs), 139.74 (bs), 

129.59, 128.45 (bs), 126.34 (bs), 118.28 (qt, J = 286.5, 34.1 Hz), 108.53 (td, J = 274.4, 

36.7 Hz). 19F NMR (376 MHz, Chloroform-d) δ -81.82 (s, 3F), -112.23 (s, 2F). HRMS (ESI+, 

m/Z): calc. for 316.07553 [M+H]+, found 316.07566. 

 2,2,2-trichloro-N,N-diphenylacetamide (1g) 

A round-bottom flask was charged with diphenylamine (0.846 g, 5 mmol) and 

trimethylamine (0.834 mL, 6 mmol) in dry DCM (30 mL) and cooled down to 0°C. 

Trichloroacetic anhydride (1.1 mL, 6 mmol) was added dropwise to the mixture at 0°C, 

then allowed to warm up to room temperature and left stirring overnight. Then, the 

mixture was washed with brine (30 mL), dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude product was purified by silica gel column 

chromatography (eluent pure pentane for the first column, pentane/EtOAc = 19:1 for 

the second column). The pure product 1g was obtained as a light-yellow clear oil, which 
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slowly crystallized to light-yellow crystals. 1H NMR (400 MHz, Chloroform-d) δ 7.45 – 

7.22 (m, 10H). 13C NMR (101 MHz, Chloroform-d) δ 161.38, 143.04, 129.36, 128.48, 

128.14, 93.33. HRMS (ESI+, m/Z): calc. for 313.99007 [M+H]+, found 313.99011. 

 2,3,4,5,6-pentafluoro-N,N-diphenylbenzamide (1h) 

To diphenylamine (1.000 g, 6 mmol) dissolved in DCE (10 mL), Me3Al (1 M in hexane, 5.9 

mL, 6 mmol) was added slowly at RT under N2. After 3 h, methoxyperfluorobenzoyl 

(1.336 g, 6 mmol) was added to the mixture dropwise. Resulted solution was stirred for 

20 h. After that, reaction was quenched with NH4Cl (sat., 20 mL) and acidified with HCl 

(1.0 M, 5 mL). Then, organic layer was separated and aqueous layer was washed with 

DCM (15 mL). Combined organic fractions were washed with H2O (25 mL), dried over 

MgSO4 and concentrated under reduced pressure. The crude product obtained was 

purified by silica gel column chromatography (eluent from pentane to pentane:Et2O = 

19:1) to give pure product 1h as colorless solid. To remove impurities after column, 

crystals were washed with cold pentane (2 x 10 mL) to give 47% yield. 1H NMR (300 

MHz, Chloroform-d) δ 7.44 – 7.23 (m, 10H). 13C NMR (75 MHz, Chloroform-d) δ 169.84, 

158.52, 144.16, 141.27 (d, J = 2.7 Hz), 140.89, 140.17, 139.28, 135.75, 129.79, 129.41, 

128.90, 127.83, 127.37, 126.11. 19F NMR (282 MHz, Chloroform-d) δ -139.82 – -140.48 

(m, 2F), -151.78 (t, J = 20.7 Hz, 1F), -160.28 – -160.54 (m, 2F). HRMS (ESI+, m/Z): calc. for 

364.07579 [M+H]+, found 364.07553. 

 N,N-diphenyl-3,5-bis(trifluoromethyl)benzamide (1i) 

To dissolved diphenylamine (0.500 g, 3 mmol) in DCM (10 mL), triethylamine (0.41 mL, 

3 mmol) was added one portion at in RT under N2. Then, 3,5-bis(trifluoromethyl)benzoyl 

chloride (0.817 g, 3 mmol) was added slowly. Resulted mixture was stirred for 15 h and 

then DCM was added (40 mL). Organic layer was washed with H2O (3 x 50 mL), then 

dried over MgSO4 and evaporated. The crude product was purified by silica gel column 

chromatography (eluent pentane:Et2O = 19:1) to give pure product 1i as colorless solid 

in 75% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.86 (s, 2H), 7.77 (s, 1H), 7.36 – 7.29 (t, 
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J = 7.4 Hz, 4H), 7.28 – 7.12 (m, 6H). 13C NMR (101 MHz, Chloroform-d) δ 167.25 142.92, 

138.28, 131.49 (q, J = 33.8 Hz), 129.62, 129.51 (q, J = 2.9 Hz), 127.49 (bs), 127.37, 123.72 

(hept, J = 3.4 Hz), 122.90 (q, J = 272.9 Hz). 19F NMR (376 MHz, Chloroform-d) δ -63.21. 

HRMS (ESI+, m/Z): calc. for 410.09741 [M+H]+, found 410.09767. 

 1,3,3-trimethylindolin-2-one (1j) 

Indolin-2-one (1g, 7,51 mmol) was dissolved in THF (24 mL) and cooled down to 0°C. 

Then, NaH (60% in mineral oil, 1.2g, 30 mmol) was added portionwise under vigorous 

stirring, followed by MeI (1,6 mL, 26,34 mmol). The reaction mixture was allowed to 

warm up to room temperature and left stirring for 18 hours. Then quenching was 

performed using saturated aqueous NH4Cl (25 mL), the crude product was extracted 

with DCM (3 x 25 mL). The combined organic layers were washed with brine (50 mL), 

dried over anhydrous Na2SO4 and concentrated under reduced pressure. The product 1j 

was purified by silica gel column chromatography (eluent pentane:EtOAc = 2:1) to afford 

90% yield of a brownish oil. 1H NMR (400 MHz, Chloroform-d) δ 7.29 – 7.24 (m, 1H), 7.23 

– 7.18 (m, 1H), 7.16 – 6.94 (m, 1H), 6.84 (d, J = 7.8 Hz, 1H), 3.21 (s, 3H), 1.36 (s, 6H). 
13C NMR (101 MHz, Chloroform-d) δ 181.45, 142.74, 135.94, 127.75, 122.56, 122.34, 

108.10, 44.26, 26.30, 24.48. [72] 

 1-phenylindolin-2-one 

To a suspension of Indolin-2-one (1,33 g, 10 mmol), CuI (317 mg, 1 mmol) and K2CO3 (3 

g, 22 mmol) in CH3CN (30 mL), PhI (1.3 mL, 12 mmol) and N1,N2-dimethylethane-1,2-

diamine (0.2 mL, 2 mmol) were added under nitrogen atmosphere. The reaction mixture 

was then stirred under reflux overnight. The reaction mixture was allowed to cool down 

to room temperature, HCl (1 M, 30 mL) was added, and the solution was extracted with 

ethyl acetate (3 x 30 mL). The combined organic layers were washed with brine (100 

mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure. The 

residue was purified by silica gel column chromatography (eluent pentane/EtOAc = 5:1 

for the first column, then toluene to toluene/EtOAc = 10:1 for the second column) to 

give the product as a colorless solid (1.5 g, 72% yield). 1H NMR (400 MHz, Chloroform-d) 
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δ 7.60 – 7.49 (m, 3H), 7.46 – 7.37 (m, 4H), 7.32 (d, J = 6.8 Hz, 1H), 7.21 (t, J = 7.6 Hz, 1H), 

7.18 – 6.97 (m, 1H), 6.80 (d, J = 7.9 Hz, 1H), 3.72 (s, 2H). 13C NMR (101 MHz, Chloroform-

d) δ 174.43, 145.24, 134.51, 129.65, 128.09, 127.78, 126.63, 124.62, 124.32, 122.79, 

109.39, 36.08. [73] 

 1'-phenylspiro[cyclohexane-1,3'-indolin]-2'-one (1k) 

To a solution of 1-phenylindolin-2-one (750 mg, 3.584 mmol) in THF (12 mL), NaH (60% 

in mineral oil, 382 mg, 9.54 mmol) was added at 0°C. After 5 min, 1,5-dibromopentane 

(1.1 mL, 8.387 mmol) was introduced. After 10 min cooling bath was removed, and the 

mixture was allowed to warm to RT and left stirring for 20 h. The reaction mixture was 

then quenched with NH4Cl (sat., 10 mL), and extracted with DCM (3 x 15 mL). The 

combined organic layers were washed with brine (50 mL), dried over anhydrous Na2SO4 

and concentrated under reduced pressure. The product was purified by silica gel column 

chromatography (eluent pentane/EtOAc = 19:1). Second column was needed to get rid 

of residual 1,5-dibromopentane. The product 1k was obtained in 71 % yield as colorless 

clear viscous oil, which slowly crystallizes at RT. 1H NMR (300 MHz, Chloroform-d) δ 7.56 

– 7.48 (m, 3H), 7.45 – 7.36 (m, 3H), 7.20 (t, J = 7.8, 1H), 7.08 (t, J = 7.6, 1H), 6.84 (d, J = 

7.9 Hz, 1H), 2.06 – 1.90 (m, 4H), 1.85 – 1.65 (m, 6H). 13C NMR (75 MHz, Chloroform-d) δ 

180.09, 142.76, 135.33, 134.79, 129.61, 127.93, 127.43, 126.83, 124.17, 122.49, 109.31, 

47.49, 33.49, 25.30, 21.22. HRMS (ESI+, m/Z): calc. for 278.15394 [M+H]+, found 

278.15419. 

 3,3-difluoro-1-phenylindolin-2-one (1l) 

1-phenylindolin-2-one (0.418 g, 2 mmol) was dissolved in DCM (5 mL), and Deoxofluor 

(1.1 mL, 6 mmol) was added at room temperature followed by the addition of 2 drops of 

ethanol (to generate a catalytic amount of HF). The reaction mixture was stirred at room 

temperature for 48 h. Reaction was quenched by the slow addition of aqueous NaHCO3 

solution until the effervescence was completed. The dichloromethane layer was 

separated, dried over anhydrous MgSO4, and concentrated under reduced pressure. 

Product was purified by silica gel column chromatography (eluent 



Chapter 3. Autocatalytic processes in amide reduction 

106 
 

 

pentane/EtOAc = 19:1) to afford 3,3-difluoro-1-phenylindolin-2-one (1l) with 70% yield 

of light yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 7.68 – 7.61 (m, 1H), 7.60 – 7.52 

(m, 2H), 7.51 – 7.35 (m, 4H), 7.31 – 7.17 (m, 1H), 6.88 (d, J = 8.0 Hz, 1H). 13C NMR (101 

MHz, Chloroform-d) δ 164.65 (t, J = 30.6 Hz), 144.29 (t, J = 6.9 Hz), 133.64 (t, J = 1.7 Hz), 

132.74, 130.05, 129.06, 126.31, 125.09, 124.50 (t, J = 1.8 Hz), 120.01 (t, J = 23.0 Hz), 

110.89. 19F NMR (376 MHz, Chloroform-d) δ -110.62. [74] 

 3-hydroxy-3-phenylindolin-2-one 

To a solution of oxindole (1.47 g, 10.0 mmol) in THF (20 mL), NaH (60%, 0.6 g, 15 mmol) 

was added at –15°C and the resulting mixture was stirred for 30 min. PhMgBr (6.7 mL, 

3.0 M in Et2O, 20 mmol) was then added dropwise to the mixture and the reaction was 

allowed to warm to room temperature. 1 hour later the reaction mixture was quenched 

with NH4Cl (sat., 30 mL) and extracted with ether (3 x 50 mL). The combined organic 

layers were washed with brine (50 mL), dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. The residue was washed with DCM, dried over anhydrous 

MgSO4, and concentrated under reduced pressure to give product as light-yellow solid in 

82% yield. 1H NMR (400 MHz, DMSO-d6) δ 10.36 (s, 1H), 7.33 – 7.18 (m, 6H), 7.07 (d, J = 

7.4, 1H), 6.94 (t, J = 7.5, 1H), 6.87 (d, J = 7.7 Hz, 1H), 6.58 (s, 1H). 13C NMR (101 MHz, 

DMSO-d6) δ 178.48, 141.95, 141.54, 133.75, 129.23, 128.08, 127.41, 125.42, 124.78, 

122.05, 109.85, 77.32. [75] 

 3-methoxy-1-methyl-3-phenylindolin-2-one (1m) 

3-hydroxy-3-phenylindolin-2-one (0.634 g, 2.82 mmol) was dissolved in DMF (10 mL) and 

cooled down to 0°C. Then, NaH (60% in mineral oil, 0.259 g, 6.474 mmol) was added 

portionwise under vigorous stirring. Then, MeI (0.403 mL, 6.474 mmol) was added. The 

reaction mixture was allowed to warm up to room temperature and left stirring for 3 h. 

Then quenching was performed using saturated aqueous NH4Cl (15 mL), the crude 

product was extracted with EtOAc (3 x 15 mL), then washed with water (3 x 20 mL). The 

organic layer was washed dried over anhydrous Na2SO4 and concentrated under 
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reduced pressure. The product 1m was purified by silica gel column chromatography 

(eluent pentane/EtOAc = 10:1). The pure product was obtained as viscous semi-

transparent oil, which gradually crystallized to white crystals (87% yield). 1H NMR (400 

MHz, Chloroform-d) δ 7.46 – 7.35 (m, 3H), 7.34 – 7.24 (m, 4H), 7.21 – 7.04 (m, 1H), 6.93 

(d, J = 7.8 Hz, 1H), 3.24 (s, 3H), 3.23 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 175.18, 

144.50, 138.61, 130.12, 128.38, 128.35, 127.96, 126.30, 125.69, 123.26, 108.52, 83.92, 

53.10, 26.35. [76] 

 ethyl 3,5-bis(trifluoromethyl)benzoate (8) 

To suspension of potassium carbonate (0.500 g, 4 mmol) in dry ethanol (5 mL), 3,5-

bis(trifluoromethyl)benzoyl chloride (0.500 g, 2 mmol) was added. After 1 h of stirring, 

solvent was removed under reduced pressure, crude was suspesed in DCM (10 mL) 

filtered off and passed through flash silica column. Concentration under reduced 

pressure resulted to pure product 8 with 90% yield as colorless solid. 1H NMR (400 MHz, 

Chloroform-d) δ 8.49 (s, 1H), 8.06 (s, 1H), 4.46 (q, J = 7.1 Hz, 1H), 1.44 (t, J = 7.1 Hz, 1H). 
13C NMR (101 MHz, Chloroform-d) δ 164.06, 132.78, 132.28 (q, J = 34.2 Hz), 129.87 (q, J 

= 3.7 Hz), 126.48 – 126.24 (m), 123.05 (q, J = 272.9 Hz), 62.40, 14.40. 19F NMR (376 MHz, 

Chloroform-d) δ -63.02. [77] 

Products synthesis 

 

To a Schlenk flask (5 mL) charged with 1a-l (or 8) (0.08 mmol), BMS (1.14 mmol) in dry 

DCM (1.3 mL) was added at RT under nitrogen atmosphere. The reaction mixture was 

stirred for certain time specific for each compound (from 10 to 168 h). After completion 

of the reaction, MeOH (1 mL) was slowly added quench excess of BMS. Then, the 

resulted solution was quenched with NaHCO3 (sat., 20 mL). Aqueos layer was washed 

with DCM (2 x 20 mL), combined organic fraction were washed with brine (30 mL), dried 

over MgSO4, filtered off and concentrated in vacuo. Desired products were purified by 
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silica gel column chromatography when needed (eluent: pentane and gradient DCM 

from 0 to 4%). 

Note: Complexes and hemiaminals are unstable and were not isolated. Upon isolation, 

stable in the reaction medium hemiaminals undergo hydrolysis to aldehydes and 

amines. Thanks to high stability of 2d in THF-d8, 2d is characterizaed in the reaction 

mixture (for 2e in DCM-d2). 

N-(1-(boraneyloxy)-2,2,2-trifluoroethyl)-N-phenylaniline (2d).  

Characterization is done in the reaction mixture in THF-d8. Reaction time: 24 h. Full 

conversion mainly to hemiaminal. Due to multiple structures in solution, 

characterization is given for the major hemiaminal product. The 13C of –CF3 group is not 

included in the characterization due to complexity of the region. Two sets of 13C and 19F 

is highly likely due to formation of diastereomeric species, which exist in solution in 1:1 

dr. 

1H NMR (400 MHz, THF-d8) δ 7.27 – 7.18 (m, 4H), 7.14 – 6.93 (m, 6H), 6.37 (q, J = 5.4 Hz, 

1H). 13C NMR (101 MHz, THF-d8) δ 146.50, 146.36, 130.10, 130.06, 125.24, 125.18, 

125.00, 124.96, 84.34 (q, J = 15.8 Hz), 83.99 (q, J = 15.7 Hz). 19F NMR (376 MHz, THF-d8) 

δ -76.00 (d, J = 5.6 Hz), -76.22 (d, J = 5.4 Hz). 11B NMR (128 MHz, THF-d8) δ 24.20. 

 N-(1-(boraneyloxy)-2,2,2-trifluoroethyl)-4-(trifluoromethyl)-N-(4-

(trifluoromethyl)phenyl)aniline (2e). Characterization is done in the reaction mixture in 

DCM-d2. Reaction time: 48 h. Full conversion mainly to hemiaminal. Due to multiple 

structures in solution, characterization is given for the major hemiaminal products. The 
13C of –CF3 group is not included in the characterization due to complexity of the region. 
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Two sets of 13C and 19F is highly likely due to formation of diastereomeric species, which 

exist in solution in 1:1 dr. 

1H NMR (400 MHz, Methylene Chloride-d2) δ 7.56 (dd, J = 16.0, 8.6 Hz, 4H), 7.11 (dd, J = 

16.1, 8.6 Hz, 4H), 6.35 – 6.30 (m, 1H). 13C NMR (101 MHz, Methylene Chloride-d2) δ 

147.58, 147.48, 127.55, 127.37, 127.33, 127.29, 127.25, 127.22, 126.90, 124.70, 83.36 

(q, J = 28.2 Hz), 83.00 (q, J = 28.4 Hz). 19F NMR (376 MHz, Methylene Chloride-d2) δ -

62.63 (s, 6F), -62.66 (s, 6F), -75.72 (d, J = 5.1 Hz, 3F), -75.79 (d, J = 5.0 Hz, 3F). 11B NMR 

(128 MHz, Methylene Chloride-d2) δ 28.09. 

 N-cyclohexyl-N-(2,2,2-trifluoroethyl)cyclohexanamine (5b).  

Reaction time: 96 h. Yield 91%. 

1H NMR (400 MHz, Chloroform-d) δ 3.11 (q, J = 9.4 Hz, 2H), 2.69 – 2.44 (m, 2H), 1.79 – 

1.65 (m, 8H), 1.62 – 1.55 (m, 2H), 1.28 – 1.15 (m, 8H), 1.12 – 0.96 (m, 2H). 13C NMR (101 

MHz, Chloroform-d) δ 126.18 (q, J = 279.8 Hz), 59.37, 48.19 (q, J = 31.6 Hz), 32.42, 26.61, 

26.13. 19F NMR (376 MHz, Chloroform-d) δ -71.83 (t, J = 9.3 Hz). HRMS (ESI+, m/Z): calc. 

for 264.19336 [M+H]+, found 264.19360. 

 N-methyl-N-(2,2,2-trifluoroethyl)aniline (5c).  

Reaction time: 96 h. Yield 94%. 

1H NMR (400 MHz, Chloroform-d) δ 7.47 – 7.12 (m, 2H), 7.08 – 6.60 (m, 3H), 3.86 (q, J = 

9.0 Hz, 2H), 3.06 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 148.80, 129.38, 125.74 (q, J 

= 282.8 Hz), 118.41, 112.88, 54.56 (q, J = 32.5 Hz), 39.28. 19F NMR (376 MHz, 

Chloroform-d) δ -70.51 (t, J = 8.9 Hz). HRMS (ESI+, m/Z): calc. for 190.08381 [M+H]+, 

found 190.09382. 
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 N-phenyl-N-(2,2,2-trifluoroethyl)aniline (5d).  

Reaction time: 48 h. Yield 92%. 

1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.29 (m, 4H), 7.09 (d, J = 7.4 Hz, 2H), 7.04 (t, J 

= 7.9 Hz, 4H), 4.33 (q, J = 8.7 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 147.62, 

129.66, 125.37 (q, J = 282.8 Hz), 122.88, 121.46, 54.12 (q, J = 33.2 Hz). 19F NMR (376 

MHz, Chloroform-d) δ -69.56 (t, J = 8.7 Hz).[3] 

 N-(2,2,2-trifluoroethyl)-4-(trifluoromethyl)-N-(4-

(trifluoromethyl)phenyl)aniline (5e). Characterization is done in the mixture with 5d 

because product 5e can be obtained only after cross-experiment in a reasonbale 

amount. Reaction time: 72 h. Yield 84%.  

1H NMR (400 MHz, Chloroform-d) δ 7.59 (d, J = 8.6 Hz, 4H), 7.12 (d, J = 8.5 Hz, 4H), 4.37 

(q, J = 8.5 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 149.50, 127.18 (q, J = 3.7 Hz), 

125.68 (q, J = 20.6 Hz), 124.77 (q, J = 283.31 Hz), 121.41, 53.70 (q, J = 33.8 Hz). 19F NMR 

(376 MHz, Chloroform-d) δ -62.14 (s, 6F), -69.19 (t, J = 8.4 Hz, 3F). HRMS (ESI-, m/Z): 

calc. for 386.05968 [M-H]-, found 386.05965. 

 N-(2,2,3,3,3-pentafluoropropyl)-N-phenylaniline (5f). Reaction time: 

168 h. Yield 86%. Perfluorinated carbons have very low intensity signals in 13C NMR due 

to multiple splitting. 

1H NMR (400 MHz, Chloroform-d) δ 7.34 – 7.29 (m, 4H), 7.06 (t, J = 7.4 Hz, 2H), 7.01 (d, J 

= 7.9 Hz, 4H), 4.37 (t, J = 15.3 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 147.96, 
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129.65, 122.94, 121.52 (t, J = 1.1 Hz), 52.22 (t, J = 21.9 Hz).19F NMR (376 MHz, 

Chloroform-d) δ -84.42 (s, 3F), -119.32 (t, J = 15.3 Hz, 2F). HRMS (ESI+, m/Z): calc. for 

302.09627 [M+H]+, found 302.09614. 

 N-phenyl-N-(2,2,2-trichloroethyl)aniline (5g). React. time: 168 h. 

Yield 83%. 

1H NMR (400 MHz, Chloroform-d) δ 7.52 – 7.19 (m, 4H), 7.11 (d, J = 7.7 Hz, 4H), 7.07 (t, J 

= 7.3 Hz, 2H), 4.79 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 147.91, 129.50, 123.11, 

122.15, 100.25, 70.76. HRMS (ESI+, m/Z): calc. for 302.00786 [M+H]+, found 302.00711. 

 N-((perfluorophenyl)methyl)-N-phenylaniline (5h). Reaction time: 

72 h. Yield 89%. Although perfluorinated ring does not give clear 13C NMR peaks, weak 

broad signals in the aromatic region were addressed as –C6F5 ring carbons. 

1H NMR (400 MHz, Chloroform-d) δ 7.29 – 7.24 (m, 4H), 7.03 – 6.98 (m, 6H), 4.97 (s, 2H). 
13C NMR (101 MHz, Chloroform-d) δ 147.62, 146.83, 144.30, 142.04, 138.73, 129.50, 

122.63, 121.69, 44.38. 19F NMR (376 MHz, Chloroform-d) δ -140.36 – -143.55 (m, 2F), -

154.74 (t, J = 21.0 Hz, 1F), -162.06 – -162.42 (m, 2F). HRMS (ESI-, m/Z): calc. for 

348.08171 [M-H]-, found 348.08087. 

 N-(3,5-bis(trifluoromethyl)benzyl)-N-phenylaniline (5i). 

Reaction time: 24 h. Yield 78%. 

1H NMR (400 MHz, Chloroform-d) δ 7.81 (s, 2H), 7.76 (s, 1H), 7.28 (t, J = 7.9 Hz, 4H), 7.05 

– 6.96 (m, 6H), 5.10 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 150.17, 144.90, 134.53 

(q, J = 33.2 Hz), 132.18, 129.39 (q, J = 3.6 Hz), 125.87 (q, J = 273.8 Hz), 124.84, 123.84 – 
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123.61 (m), 123.39, 58.54. 19F NMR (376 MHz, Chloroform-d) δ -140.36 – -143.55 (m, 

2F), -154.74 (t, J = 21.0 Hz, 1F), -162.06 – -162.42 (m, 2F). HRMS (ESI+, m/Z): calc. for 

396.11815 [M+H]+, found 396.11949. 

 1,3,3-trimethylindoline (5j). Reaction time: 24 h. Yield 93%. 

1H NMR (400 MHz, Chloroform-d) δ 7.12 – 7.09 (m, 1H), 7.02 (d, J = 7.2 Hz, 1H), 6.74 – 

6.70 (m, 1H), 6.51 (d, J = 7.5 Hz, 1H), 3.08 (s, 2H), 2.76 (s, 3H), 1.30 (s, 6H). 13C NMR (101 

MHz, Chloroform-d) δ 152.00, 139.43, 127.59, 121.67, 118.13, 107.58, 70.47, 40.43, 

36.22, 27.54. HRMS (ESI+, m/Z): calc. for 162.12773 [M+H]+, found 162.12766. [78] 

 1'-phenylspiro[cyclohexane-1,3'-indoline] (5k). Reaction time: 24 h. 

Yield 90%. 

1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.32 (m, 2H), 7.28 (d, J = 8.6 Hz, 2H), 7.19 (d, J 

= 7.9 Hz, 1H), 7.14 (d, J = 7.3 Hz, 1H), 7.10 (t, J = 7.7 Hz, 1H), 6.97 (t, J = 7.3 Hz, 1H), 6.80 

(t, J = 7.3 Hz, 1H), 3.82 (s, 2H), 1.87 – 1.72 (m, 5H), 1.69 – 1.62 (m, 2H), 1.53 – 1.31 (m, 

3H). 13C NMR (101 MHz, Chloroform-d) δ 145.80, 144.32, 140.53, 129.27, 127.43, 

122.87, 120.77, 119.05, 117.53, 108.40, 62.04, 44.27, 36.76, 25.79, 23.25. HRMS (ESI+, 

m/Z): calc. for 264.17468 [M+H]+, found 264.17472. [79] 

 Borane 1-(2,2,2-trifluoroethyl)piperidine complex (6a). Characterization 

is done in the reaction mixture in DCM-d2. Reaction time: 10 h. Full conversion to one 

product. 

1H NMR (400 MHz, Methylene Chloride-d2) δ 3.52 (q, J = 9.7 Hz, 2H), 3.13 – 2.97 (m, 4H), 

2.18 – 2.10 (m, 2H), 1.73 – 1.62 (m, 2H), 1.51 – 1.40 (m, 2H). 13C NMR (101 MHz, 

Methylene Chloride-d2) δ 126.11 (q, J = 280.9 Hz), 63.58 (q, J = 33.1 Hz), 61.40 (q, J = 2.0 
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Hz), 24.93, 23.46. 19F NMR (376 MHz, Methylene Chloride-d2) δ -60.76 (t, J = 9.5 Hz). 
11B NMR (128 MHz, Methylene Chloride-d2) δ -10.38. 

 3-fluoro-1-phenyl-1H-indole (10). Reaction time: 48 h. Yield 81%. In the 

mixture with 11. 10 is the product of elimination of HF. 

1H NMR (400 MHz, Chloroform-d) δ 7.72 (d, J = 8.0 Hz, 1H), 7.61 – 7.45 (m, 5H), 7.37 (t, J 

= 7.2 Hz, 1H), 7.27 (t, J = 7.7 Hz, 1H), 7.22 (d, J = 7.7 Hz, 1H), 7.18 (d, J = 2.8 Hz, 1H). 
13C NMR (101 MHz, Chloroform-d) δ 147.89, 145.46, 139.48, 132.70 (d, J = 4.4 Hz) 

129.82, 126.63, 124.49, 123.63, 120.51, 117.43 (d, J = 2.6 Hz), 110.80 (d, J = 27.0 Hz), 

110.76. 19F NMR (376 MHz, Chloroform-d) δ -174.38 – -174.40 (m). HRMS (ESI+, m/Z): 

calc. for 212.08700 [M+H]+, found 212.08730. 

 1-phenylindoline (11). Reaction time: 48 h. Yield 9%. In the mixture with 

10. Although not all peaks in 1H and 13C NMR are visible due to the presence of 10, 

characteristic peaks of 11 are shown. 11 is the full reduction by-product. 

1H NMR (400 MHz, Chloroform-d) δ 7.09 (t, J = 7.7 Hz, 1H), 6.99 (t, J = 7.3 Hz, 1H), 6.87 – 

6.74 (m, 1H), 3.97 (t, J = 8.4 Hz, 2H), 3.15 (t, J = 8.4 Hz, 2H). 13C NMR (101 MHz, 

Chloroform-d) δ 129.28, 128.07, 125.16, 121.09, 117.82, 108.30, 52.26, 28.30. HRMS 

(ESI+, m/Z): calc. for 196.11208 [M+H]+, found 196.11212. [79] 

 1-methyl-3-phenyl-1H-indole (12). Reaction time: 96 h. Yield 79%. Upon 

isolation, intermediate eliminates MeOH resulting in compound 12. 

1H NMR (400 MHz, Chloroform-d) δ 7.98 (d, J = 8.0 Hz, 1H), 7.69 (d, J = 7.1 Hz, 2H), 7.46 

(t, J = 7.7 Hz, 2H), 7.39 (d, J = 8.2 Hz, 1H), 7.35 – 7.27 (m, 2H), 7.26 (s, 1H), 7.22 (t, J = 7.5 
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Hz, 1H), 3.86 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 137.62, 135.80, 128.88, 

127.47, 126.67, 126.30, 125.84, 122.11, 120.07, 120.02, 116.88, 109.66, 33.03. [80] 

 (3,5-bis(trifluoromethyl)phenyl)methanol (13). Reaction time: 168 h. 

Yield 85%. Isolated product after hydrolysis of the respective oxyborane species 9. 

1H NMR (400 MHz, Chloroform-d) δ 7.84 (s, 2H), 7.80 (s, 1H), 4.86 (s, 2H), 1.92 (s, 1H). 
13C NMR (101 MHz, Chloroform-d) δ 143.35, 131.94 (q, J = 33.2 Hz), 126.76 (q, J = 2.6 

Hz), 123.47 (q, J = 272.7 Hz), 121.66 – 121.44 (m), 63.90. 19F NMR (376 MHz, Chloroform-

d) δ -62.94. [81]  

Computational details 

Geometries of all the stationary points were fully optimized at the B3LYP[82]/6-

311G(d,p)[83] computational level using the Gaussian09 program.[84] In the chapter, 

energies are expressed in kcal/mol, they are computed using the standard conditions at 

Gaussian 298.15 K and 1 atm. The effect of the solvent (DCM) was modeled using the 

polarizable continuum model (PCM) with the default parameters implemented in the 

Gaussian09 package. 

Charge of boron center of different boron-containing species 

The assumption of increasing of Lewis acidity of mono-, di-, tri- oxyboranes comparing 

with the initial BH3 was supported via computing APT charges of the respective boron 

compounds. As we can see from the Table 2, the more hydrogens are replaced by 

electron-withdrawing oxygens, the higher the APT positive charge. However, this result 

helps us only to estimate to a certain extent the Lewis acidity of boronic compounds. 

Table 2. APT charge of boron center of different boron-containing species using DCM as 
solvent. 

 BH3 BH2OMe BH(OMe)2 B(OMe)3 BH2OBH2 2d 

APT charge of the 

boron 
0.602 0.983 1.498 1.864 1.095 1.036 
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19F NMR experiment to demonstrate 2d and 2d-2 hemiaminals 

As was mentioned in part 3.2 (Scheme 4), hemiaminals are represented in the reaction 

mixture in DCM-d2 mainly as two doublets, which were addressed as the compound 2-

2d using 19F NMR (Fig. 11). In order to see whether 2d hemiaminals are the products of 

the reaction, the reduction was performed in THF-d8. As THF-d8 is a coordinating 

solvent, it is expected that the equilibrium between monooxyborane hemiaminals 2d 

and dioxyborane hemiaminals 2-2d can be suppressed by the THF coordination. As seen 

from the 19F NMR experiment in THF-d8 (Fig. 12), the reaction mixture consists of 

multiple hemiaminal peaks, and the one observed first is a doublet presumably 

corresponding to monooxyborane 2d. Unfortunately, the 11B NMR experiment did not 

show any detectible peaks in the THF-d8 experiment except one corresponding to BMS. 

 

 
 

Fig. 11. A selected 19F NMR spectrum showing set of two doublets corresponding to 2d-2 
hemiaminal. Reaction conditions: 1d(0.045 M)/BMS(0.648 M) = 1/14.4, DCM-d2, N2.  
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Fig. 12. A selected 19F NMR spectrum showing set of two doublets corresponding to 2d 
and 2-2d hemiaminal. Reaction conditions: 1d(0.045 M)/BMS(0.648 M) = 1/14.4, THF-d8, 
N2. 

1H and 19F NMR experiments to demonstrate 2d-mix 

In the experiment with the addition of methanol, the amplification of the reduction rate 

of amide 1d is supposed to be a consequence of the formation of various 2d-mix 

hemiaminals, which include -OMe substituents of the boron derived from the MeOH 

present in the mixture. In order to prove this, 1H NMR spectra of the reaction mixture 

were analyzed. As was found, in the region of -OMe group (3.4-3.8 ppm), multiple peaks 

corresponding to various methoxyborane species are observed proving a feasible 

formation of mixed 2d-mix species (Fig. 13). Moreover, as seen from the arrayed 
19F NMR spectra (Fig. 14), multiple new peaks in the hemiaminal region (-75.5-76.4 ppm) 

appear with the addition of MeOH confirming the formation of 2d-mix species. 

Fig. 13. A selected 1H NMR spectrum of reaction mixture of 1d (0.045 M) and MeOH 
(0.03 M) with purified BMS (0.648 M) in DCM-d2 at RT under nitrogen atmosphere 
showing conversion of 1d to 2d and 5d. 

Clear CH2 quartet due to CF3 

Multiple quartets 

of 2d-mix 
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Fig. 14. Arrayed 19F NMR spectra of reaction mixture of 1d (0.045 M) and MeOH (0.03 M) 
with purified BMS (0.648 M) in DCM-d2 at RT under nitrogen atmosphere and their 
selected region after showing conversion of 1d to 2d and 5d. 

  

0 h 

46 h 

Clear CF3 

triplet due 

to CH2 

Multiple CF3 

doublets of 

2d-mix 
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3.4.4 Kinetics 

3.4.4.1 NMR spectra 

All kinetic experiments were carried out using NMR spectroscopy. Typical 1H NMR and 
19F NMR spectra are depicted below (Fig. 15). Obtained NMR data was used for graphs 

depicted later in the text. 

 

 

 

 

Fig. 15. A selected region of 1H (top) and 19F (bottom) NMR spectra of reaction mixture of 
1d (0.18 M) with commercial BMS (0.648 M) in DCM-d2 at RT under nitrogen 
atmosphere showing conversion of 1d to 2d and 5d. 

3.4.4.2 Kinetic data 

Kinetic data obtained from 1H and 19F NMR experiments are presented below as graphs. 

Here, separate experiments for various amides studied in the current work are 
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described. Graphs containing the only one curve showing the conversion of starting 

material to the respective amine since the hemiaminal was not detected. Graphs with 

multiple curves show conversion of an amide, the conversion of the amide to 

hemiaminal, and finally the conversion to the respective amine. 

Reduction of 2,2,2-trifluoro-N-methyl-N-phenylacetamide (1c) 

 

 

Fig. 16. Graphs showing kinetics for reaction of 1c with BMS (3.6 equiv.) in A) DCM-d2 
(left) and B) THF-d8 (right). Reaction conditions: [1d] = 0.18 M, [BMS] = 0.648 M, A) 
DCM-d2, B) THF-d8, N2. 

Reduction of 2,2,2-trifluoro-N,N-diphenylacetamide (1d) 
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Fig. 17. Graphs showing kinetics for reaction of 1d with BMS (3.6 equiv.) after A) 21 h, B) 
6 h. Reaction conditions: [1d] = 0.18 M, [BMS] = 0.648 M, THF-d8, N2. 

Kinetics of BMS reduction of amides 1f-m 

Reduction of 2,2,3,3,3-pentafluoro-N,N-diphenylpropanamide (1f) and 2,2,2-trichloro-

N,N-diphenylacetamide (1g) 

 

 
Fig. 18. Graphs showing kinetics for reaction of A) 1f (left) or B) 1g (right) with BMS (3.6 
equiv.). Reaction conditions: [1f] = [1g] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2. 
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Reduction of 2,3,4,5,6-pentafluoro-N,N-diphenylbenzamide (1h) and N,N-diphenyl-3,5-

bis(trifluoromethyl)benzamide (1i) 

 

 
Fig. 19. Graphs showing kinetics for reaction of A) 1h (left) or B) 1i (right) with BMS (3.6 
equiv.). Reaction conditions: [1h] = [1i] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2. 

Reduction of 1,3,3-trimethylindolin-2-one (1j) and 1'-phenylspiro[cyclohexane-1,3'-

indolin]-2'-oneone (1k) 
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Fig. 20. Graphs showing kinetics for reaction of A) 1j (left) or B) 1k(right) with BMS (3.6 
equiv.). Reaction conditions: [1j] = [1k] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2. 

Reduction of 3,3-difluoro-1-phenylindolin-2-one (1l) and 3-methoxy-1,3-

diphenylindolin-2-one (1m) 
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Fig. 21. Graphs showing kinetics for reaction of A) 1l (left) or B) 1m (right) with BMS (3.6 
equiv.). Reaction conditions: [1l] = [1m] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2.  
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Initial rate analysis for determination of reaction orders with respect to BMS and 1d 

The initial rate analysis was performed using the linear part of the kinetic curve. The 

slope of the curve (a from equation y = ax + b for the linear part) and the initial 

concentration of BMS/1d were taken to calculate the initial order with respect to 

reagent (Fig. 22). Since we can monitor only change in amide concentration, the reaction 

order in BMS was calculated using fractional conversion of 1d. The reaction order in 1d 

was calculated using fractional conversion of 1d multiplied by the coefficient equal to 

the ratio [initial conc. of 1d in analyzed reaction]/[0.045 M] (0.045 M is the lowest 

concentration examined). In this way, the normalized fractional conversion represents 

change in the concentration and can be used in the equation to find the order in 1d (Fig. 

22). The reaction order in 1d was found 1.21 (Fig. 22B), and in BMS 1.00 (Fig. 22D). 

 

 

Fig. 22. A) Fractional conversion of 1d over time in the reaction with BMS (X equiv.) in 
DCM-d2. Reaction conditions: [1d] = 0.18 M, [BMS] = X M in DCM-d2, N2. B) 
Determination of order in BMS, where “a” is the linear slope of the “conversion vs time” 
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graph. C) Fractional conversion of 1b (X equiv.) multiplied by the ratio [current initial 
conc.]/[0.045 M] over time in the reaction with BMS in DCM-d2. Reaction conditions: 
[1d] = X M, [BMS] = 0.648 M in DCM-d2, N2. D) Determination of order in 1d, where “a” is 
the linear slope of the “conversion vs time” graph. 

VKA for determination of reaction orders with respect to BMS and 1d 

The reaction order with respect to BMS/1d was calculated using VKA[66] with a 

normalized time scale. The reagent concentration was plotted vs a function of ∑[A]αt 

(normalized time), in which α is the order of the reagent. The value of α at which all 

BMS/1d concentrations profiles overlay corresponds to the order of the reaction in 

BMS/1d. Thus, the reaction order in 1d was found 0.7 (Fig. 23B), and in BMS 1.0 (Fig. 

23E). 
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Fig. 23. Divergence of the reaction profiles when the order in BMS (A-C) is modified from 
0.5 to 1.5, and in 1d (D-F) from 0.5 to 1.0. Reaction conditions: A-C: 
1d(0.045 M)/BMS(X M) = 1/x, X = [0.324 M], [0.648 M], [1.296 M], [1.620 M] in DCM-d2, 
N2. D-F: 1d(Y M)/BMS(0.648 M) = y/14.4, Y = [0.045 M], [0.090 M], [0.180 M], [0.360 M] 
in DCM-d2, N2.  
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