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Serine protease

Serine protease

• Nature is the master in carrying out chemical transformations with 
enormous proficiencies and exquisite specificities

• Nature‘s way of catalysis: cooperative activation of two (or more) 
components

• Hydrogenbonding is a key contributor in a diverse array of 
enzymatic systems



IntroductionIntroduction

Traditional catalysis Bifunctional catalysis
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Single active site
Activation of one species

Two (or more) active sites
Simultaneous activation of 
multiple species
“Artificial enzymes“
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A careful hold by two catalysts.A careful hold by two catalysts.
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Acids ScreeningAcids Screening
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• Difficulties due NMR Investigations

“Free Catalyst is not soluble in benzene
Additional solvent [d6]-DMSO needed for higher solubility

• Investigation of binary complex

Difficulties in measuring the NOE-effect: No NOE-effect between 
bifunctional catalyst and benzoic acid!

Mechanistic Insights Mechanistic Insights –– NMR StudiesNMR Studies
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• Investigation of binary complex

Mechanistic Insights Mechanistic Insights –– NMR StudiesNMR Studies
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• Titration experiment of catalyst with 2,6-dimethylbenzoic acid in [d6]-
benzene

Mechanistic Insights Mechanistic Insights –– NMR StudiesNMR Studies
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600 MHz, Catalyst (0.01 mmol) with increasing amount of 2,6-dimethylbenzoic acid in [d6]-benzene



• Investigation of binary complex in [d6]-benzene via 1H DOSY NMR
• 1H DOSY NMR of “free” catalyst is not possible through solubility

Mechanistic Insights Mechanistic Insights –– NMR StudiesNMR Studies

600 MHz, Left: 2,6-Dimethylbenzoic acid (0.01 mmol) in [d6]-benzene; Right: Catalyst and 2,6-dimethylbenzoic acid (1:1 at 0.01 mmol) in [d6]-benzene
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• NOE experiment of catalyst with 2,6-dimethylbenzoic acid in [d6]-
benzene

Mechanistic Insights Mechanistic Insights –– NMR StudiesNMR Studies

Catalyst and 2,6-dimethylbenzoic acid (1:1 at 0.01 mmol) in [d6]-benzene
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• 1H 2D ROESY: NOE experiment of binary complex of catalyst with 
2,6-dimethylbenzoic acid in CD2Cl2

Mechanistic Insights Mechanistic Insights –– NMR StudiesNMR Studies

600 MHz, Catalyst and 2,6-dimethylbenzoic acid (1:1 at 0.01 mmol) in CD2Cl2
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• Section of the 1H, 15N-HSQC spectrum of binary complex in CD2Cl2 

Mechanistic Insights Mechanistic Insights –– NMR StudiesNMR Studies
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600 MHz, Catalyst and 2,6-dimethylbenzoic acid (1:1 at 0.01 mmol) in CD2Cl2



• DFT computations of “free” catalyst - conformationally flexible

DFT computations (M06/6-31G(d,p)) in the gas phase and solvent model SCRF(benzene). All data in kcal mol-1

Mechanistic Insights Mechanistic Insights –– Computational StudiesComputational Studies
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• With benzoic acid – stabilization of the conformationally flexible 
“free” catalyst

• Complex of “protonated” bifunctional thiourea catalyst and benzoate 
or complex of bifunctional thiourea catalyst and benzoic acid?

Mechanistic Insights Mechanistic Insights –– Computational StudiesComputational Studies

DFT computations (M06/6-31G(d,p)) in the gas phase and solvent model SCRF(benzene). All data in kcal mol-1

1·5_2



• Lowest lying binary complexes
• Left: Z,Z-orientation versus E,Z-orientation of the NH-bonds 

Mechanistic Insights Mechanistic Insights –– Computational StudiesComputational Studies

DFT computations (M06/6-31G(d,p)) in the gas phase and solvent model SCRF(benzene). All data in kcal mol-1
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• With benzoic acid – stabilization of the conformationally flexible 
“free” catalyst

• Binary complex with benzoic acid not with benzoate!
• E,Z-orientation of the NH-bonds!

Mechanistic Insights Mechanistic Insights –– Computational StudiesComputational Studies

1·5 1·5



• “Free” catalyst in toluene

Mechanistic Insights Mechanistic Insights –– ESI/MSESI/MS
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• Binary complex of catalyst and benzoic acid in toluene

Mechanistic Insights Mechanistic Insights –– ESI/MSESI/MS

ESI/MS, positive mode; catalyst in toluene.

ZZ84p_neg_005 #246-309 RT: 2.34-2.95 AV: 64 NL: 2.51E5
T: FTMS - p NSI Full ms2 633.17@cid24.00 [170.00-700.00]

200 250 300 350 400 450 500 550 600 650 700
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

511.14

633.18

533.67
476.84 541.24196.69 686.64

350.33 397.64197.48 322.04
669.73454.89373.39 586.59

625.20

[1+PhCOO–]

[1–H+]

N
N N

S

N

H

H

O
O

H
F3C

CF3



Mechanistic Insights Mechanistic Insights –– Computational StudiesComputational Studies

• Ternary complex of bifunctional catalyst and benzoic acid
• Nucleophilic attack of TMSCN

DFT computations (M06/6-31G(d,p)) in the gas phase and solvent model SCRF(benzene). All data in kcal mol-1



Mechanistic Insights Mechanistic Insights –– Computational StudiesComputational Studies

Distances: NH1···O1 d = 2.044 Å (2.420 Å), NH2···O=C d = 2.080 Å (2.167 Å), Nimidazole···H-O2 d = 1.708 Å (1.743 Å), 
NH2···Phenyl-Ring = 2.626 Å (2.585 Å)

• E,Z-orientation of the NH-bonds
• Re-facial nucleophilic attack by TMSCN

• High enantioselctivities for aromatic aldehydes and low 
enantioselctivities for aliphatic aldehydes
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• Fixation of conformationally flexible 
catalyst through benzoic acid is critical 
for the enantioselective cyanosilylation

• Binary complex through hydrogen-
bonding of catalyst to benzoic acid 
underlined by NOE-effect, DOSY, DFT 
and Nano-ESI/MS

• Ternary complex through hydrogen-
bonding of catalyst to benzoic acid as 
well as to benzaldehyde

• Ternary complex shows an additional 
T-shaped π-π-interaction of the 
acidified ortho-proton to the phenyl ring 
of the benzaldehyde

• Re-facial nucleophilic attack by 
TMSCN

SummarySummary
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600 MHz 1H NMR, Catalyst and 2,6-dimethylbenzoic acid (1:1 at 0.01 mmol) in [d6]-benzene


