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Table 1 Conditions for the formation of TIMs.  

a
Product detected by LC-MS and TLC and conversion determined from LC-MS chromatography. 

b
Isolated yields. 

Results and discussion  

Experience from our group on amide-forming reactions of 

KATs with hydroxylamines or N-Cl amines established that 

KATs show little or no intrinsic reactivity with simple amines 

under aqueous conditions. For instance, our recent report on 

protein PEGylation using PEG-KAT reagents was conducted in 

glycine buffer and we have recently disclosed that amide 

formation from KATs and amines in the presence of a 

chlorinating agent does not proceed via an iminium 

intermediate.
9
 We reasoned, however, that iminium formation 

could occur under non-aqueous conditions (Table 1). Although 

KATs are generally insoluble in most organic solvents, sparing 

solubility is observed in acetone, DMF, acetonitrile, DMSO and 

other polar, aprotic solvents. Simply mixing KATs and amines 

did not lead to substantial iminium formation, however the 

addition of acid – presumably to form a salt with the liberated 

potassium ion – led to clean formation of the highly soluble 

TIMs and the corresponding inorganic salt (entry 2). Based on 

these observations, we found that zwitterion formation occurs 

cleanly under a variety of conditions and with numerous acidic 

additives, including HCl, AcOH, and CF3CO2H. Conveniently, the 

amine hydrochloride salts can also be employed directly in the 

reaction. 

 

The TIMs can be formed from both secondary and primary 

amines, in which case they are isolated as a 

chromatographically stable, protonated imine zwitterion 

(Scheme 1, next page). TIMs are typically white solids stable to 

air, moisture and standard aqueous workup. They are readily 

formed chemoselectively in the presence of a nearly all 

common functional groups, including carboxylic acids, esters, 

nitriles, and aldehydes. 

 

Unlike iminium ions derived from aldehydes or ketones, TIMs 

show no tendency to form enamines and are kinetically inert 

under aqueous conditions. Studies on exchange reactions with 

exogenous amines are currently in progress, but in preliminary 

studies this does not appear to be a major pathway. Intrigued 

by their unexpectedly high chemical inertness, we performed 

numerous tests on their stability, as summarized in Table 2. At 

no point did we observe protodeborylation products. The only 

products identified from their decomposition were the starting 

amine and KAT. Under more basic conditions (pH 8.0 – 9.0), 

the TIMs eventually broke down to the constituent KATs and 

amines.  

 

Based on the known chemistry of iminiums as excellent 

electrophiles in polar addition reactions, we anticipated that 

TIMs would undergo nucleophilic addition. The formation of 

stable zwitterionic iminiums offers an opportunity to conduct 

bond forming reactions on species that would otherwise be 

difficult to form or prone to enamine formation. We were 

pleased to find that TIMs, including those derived from 

secondary amines, underwent clean reduction to give mono-

substituted α-aminotrifluoroborates in the presence of KBH4 

(Scheme 2, next page). 

 

A great challenge is nucleophilic addition of carbon 

nucleophiles to iminiums. A few examples of the addition of 

organometallic compounds to iminiums are known, but these 

appear to be limited to aldehyde derived or non-enolizable 

iminiums.
10

 

 

 
Entry Amine Acid Conditions Conversion 

1 2.0 M in THF None CH3CN (0.2 M), 8 h < 5 %
a
 

2 HCl salt None CH3CN (0.2 M), 1 h 94 %
b
 

3 2.0 M in THF AcOH CH3CN (0.2 M), 15 min 93 %
b
 

4 2.0 M in THF CF3CO2H CH3CN (0.2 M), 15 min 90 %
b
 

5 2.0 M in THF AcOH DMF (0.2 M), 1 h 100 %
a
 

6 2.0 M in THF AcOH CH3CN (0.02 M), 5 h 98 %
a
 

7 2.0 M in THF AcOH CH3CN (0.002 M), 8 h 97 %
a
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Scheme 1 Substrate scope for the formation of TIMs from KATs and amines. 

a
DMF used instead of CH3CN. 
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Table 2  Stability tests for TIMs toward different reagents and in buffers at different pHs.  

 

Entry Conditions Conversion
a
 

2 h 16 h 24 h 

1 Et3N (5.00 equiv)   0 % 

2 Piperidine (20.0 equiv)   0 % 

3 CF3CO2H (0.1 mL)
b
   0 % 

4 aq. HCl (0.1 M, pH 1.2)   0 % 

5 aq. citric acid (0.1 M, pH 2.0)   0 % 

6 aq. citric acid / K2HPO4 buffer (0.1 M, pH 3.0) 0 % 2 %  

7 aq. citric acid / K2HPO4 buffer (0.1 M, pH 5.0) 2 % 5 %  

8 aq. KH2PO4 / K2HPO4 buffer (0.1 M, pH 7.0) 4 % 14 % 19 % 

 a
Conversion determined using LC-MS; 

b
CH2Cl2 used as solvent instead of CH3CN. Solvolysis of the BF3 group was never observed under aqueous conditions. 

 

 

 
Scheme 2 Substrate scope for the reduction of TIMs yielding monosubstituted α-
aminotrifluoroborates. 

 

We sought to employ the remarkable stability of the TIMs to 

access the fully substituted α-aminotrifluoroborates, including 

those containing cyclic tertiary amines. Therefore, we 

established conditions for the addition of Grignard reagents to 

TIMs derived from secondary amines. These couplings 

proceeded well for a broad scope of TIMs and Grignard 

reagents and the resulting fully substituted α-

aminotrifluoroborates were isolated in high yields. Linear alkyl, 

vinyl and even sterically more demanding branched alkyl and 

aryl Grignards added smoothly to both aromatic and aliphatic 

TIMs. At no point did we observe diminished yields due to 

enamine formation. For the addition of substituted aromatic 

and heteroaromatic Grignard reagents, Knochel’s Turbo-

Grignard chemistry
11

 was successfully employed (Scheme 3, 

next page).  

 

The α-aminotrifluoroborates are themselves interesting 

compounds, isolated as internal salts. A few simpler variants 

have been prepared and shown to undergo cross-coupling 

reactions under palladium or photoredox catalysis. Molander 

demonstrated that aminomethyltrifluoroborates can be 

coupled to various aryl- and hetaryl halides or mesylates under 

Suzuki-Miyaura conditions.
12

 Different amino acid derived Boc-

aminomethyltrifluoroborates were coupled to aryl bromides 

under photoredox conditions by the same group.
13

 Suginome 

was able to cross-couple chiral α-(acylamino)benzylboronic 

esters to aryl bromides with inversion of configuration.
14

 

Unfortunately, all attempts to subject these more substituted 

substrates to cross coupling conditions were unsuccessful, 

possibly due to the increased steric demands of the substrates  

in comparison to the successful examples studied by Molander 

and Suginome. 

 

In the course of these cross coupling studies, we identified 

conditions for clean protodeborylation of some substrates. The 

best results were obtained with Zr(O
i
Pr)4 in toluene (Scheme 

4). Unfortunately, these conditions were not successful with all 

substrates, particularly those lacking an α-aryl substituent on 

the α-aminotrifluoroborate. Further investigations on the 

mechanism of this unexpected reaction and the origin of the 

limitations are in progress, as are continued efforts to effect 

cross coupling of the α-aminotrifluoroborates.
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Scheme 3 Substrate scope for the addition of Grignard reagents to TIMs yielding fully substituted α-aminotrifluoroborates. 

 

 

The ultimate goal of this research was the formation of α-

aminoboronic acids, as these compounds have emerged as 

important structures in drug design and lack good, convergent 

approaches for their synthesis. Several conditions for the 

formation of boronic acids are known in literature, however 

these conditions did not yield the desired boronic acids for our 

substrates.
15

 SiCl4 is known for defluorination of 

organotrifluoroborates
16

, and we identified SiCl4 in CH3OH as 

the optimal conditions for the conversion of the α-

aminotrifluoroborates to the boronic acids. The boronic acid 

products are isolated as their HCl salts after treatment with 

aqueous HCl (Scheme 5, next page).  
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Conclusions 

In summary, we established the facile synthesis of TIMs from 

amines and KATs, which were found to be stable zwitterionic 

compounds with properties and stabilities suitable for further 

development. TIMs can be easily reduced with hydride 

reagents or participate in C–C bond forming reactions with 

Grignard reagents to give α-aminotrifluoroborates. The α-

aminotrifluoroborates can be hydrolyzed to α-aminoboronic 

acids. Along with the increasing synthetic and commercial 

availability of KATs, this chemistry enables the synthesis of 

fully substituted α-aminoboronic acids, that are difficult to 

access with methods known to date. 
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