
Stephan J. Zuend and Eric N. Jacobsen 

J. AM. CHEM. SOC. 2007, 129, 15872‐15883 



• H-Bond donor 

• Cooperative Mechanism 



• Activation of electrophile by H-bonding 

• Nucleophile binding and activation 





Figure 1. Rate dependence on [6b]. Plot of the rate of cyanosilylaEon of 
6b with TMSCN ([TMSCN]i ) 0.50 M) catalyzed by HCN (0.33 M) and 
1a (0.025 M) at different [6b]i. Each set of points represents the results 
from a single in situ IR experiment: (red) [6b]i ) 0.33 M; (blue) [6b]i ) 
0.165 M; (black) [6b]i ) 0.083 M. 

no appreciable catalyst decomposiEon or 
 product inhibiEon occurs over the 
 enEre course of the reacEon 



Figure 2. Rate dependence on [HCN]. Plot of the rate of cyanosilylaEon 
of 6b ([6b]i ) 0.33 M) with TMSCN ([TMSCN]i ) 0.50 M) catalyzed by 
HCN and 1a (0.025 M) at different [HCN] and at different conversions of 
6b. 

• no reacEon occurs without HCN,  
• 15 mol % is sufficient to effect 
 >90% substrate conversion.  

 HCN is a cocatalyst for the ketone cyanaEon. 



Figure 2. Rate dependence on [HCN]. Plot of the rate of cyanosilylaEon 
of 6b ([6b]i ) 0.33 M) with TMSCN ([TMSCN]i ) 0.50 M) catalyzed by 
HCN and 1a (0.025 M) at different [HCN] and at different conversions of 
6b. 

•  Rate inhibiEon is observed at high [HCN] 



Figure 3. Rate dependence on [1a]. Plot of the rate of cyanosilylaEon of 
6b ([6b]i ) 0.33 M) with TMSCN ([TMSCN]i ) 0.50 M) catalyzed by 
HCN (0.33 M) and 1a at different [1a] and at different conversions of 6b. 

The reacEon rate displays a less than first‐order 
dependence on [1a] at elevated  
catalyst concentraEons 



At low concentraEons (approximately 0.10 M 
[HCN], 0.20 M [6b], and 0.015 M [1a]), 

• rate‐limiEng addiEon of HCN to 6b catalyzed by 1a 

• post rate‐limiEng silylaEon of an alkoxide or alcohol  intermediate to form 
7b and regenerate HCN. 



deviaEons from simple first‐order kineEc behavior at 
higher concentraEons of catalyst 1a and HCN 



AcEve species 

• Uncomplexed catalyst is dominant at low concentraEons of all species 

• eq 2 simplifies to eq 1 

CatalyEcally inacEve 

DeviaEon from integral kineEcs 

InhibiEon  



inhibitory effect at high concentraEons of HCN : Lewis basic properEes 

Figure 4. Rate dependence on [CH3CN]. Plot of the rate of cyanosilylaEon 
of 6b ([6b]i ) 0.33 M) with TMSCN ([TMSCN]i =0.50 M) catalyzed by HCN (0.33 M) and 1a 
(0.025 M) in the presence of CH3CN. The curves represent least‐squares fits to eq 3 with In 
=CH3CN 

Rate inhibiEon was observed  
No change in enanEoselecEvity (97% ee) 

PossibiliEes: 
• Specific interacEon – senseEve to electronic 
And steric effect 
• Medium effect‐ inssenseEve to steric properEes  



Figure 5. Rate dependence on [subsEtuted pyridine]. Plot of the rate of cyanosilylaEon of 6b ([6b]i ) 0.33 M) 
with TMSCN ([TMSCN]i ) 0.50 M) catalyzed by HCN (0.33 M) and 1a (0.025 M) in the presence of subsEtuted 
pyridines: pyridine ( red), 2,6‐luEdine ( blue), and 2,6‐ditert‐butylpyridine ( green).  

InhibiEon rate: 
Pyridine > 2,6‐luEdine > 2,6‐ditert‐butylpyridine 

No change in enanEoselecEvity 

Support the direct interacEon between Lewis base  
and catalyst 



less sterically demanding pyridines caused significantly greater changes in chemical shie of both 
the amide and thiourea protons. 

most downfield thiourea proton shows the smallest chemical shie change : internal hydrogen 
bond to the terEary amine‐ maintained upon pyridine binding. 

Spectral evidence: 



Lewis base binds to thiourea and inhibit ketone cyanaEon 

Constant ee – mechanism of producEve path‐way remains unchanged. 

No reacEon occurs when inibitor is bound to the catalyst. 

Thiourea funcEonality is involved directly in catalysis of cyanosilylaEon 

data do not reveal how the thiourea is involved in the catalyEc mechanism. 



DeterminaEon of producEveor unproducEve interacEons of HCN with trialkylamine porEon 
catalyst 

Effect of trialkylamine on ee and rate. Plot of the rate and enaEomerin excess(%) of cyanosilylaEon of 6b 
([6b]i = 0.33 M) with TMSCN ([TMSCN]i=0.50 M) catalyzed by HCN (0.33 M) and 1a (0.025 M) in the 
presence of trialkylamines: i‐Pr2NEt (red), Et3N (blue), and Me2NEt   ( green).Rate data were obtained at 
20% conversion of 6b. 

degree of rate inhibiEon and the decreases in enanEoselecEvity correlate with the size of the 
trialkylamine. 



Spectroscopy Data shows same trend as with subsEtuted pyridine. 

inhibiEon trends‐kineEcally and the binding trends‐ spectroscopically : 
opposite dependence on the steric properEes of trialkylamines, 

Brønsted basicity of trialkylamines also correlates with their size 

ReacEon rate for di‐n‐propylamino catalyst 1a 20 Emes faster than dimethylamino 1b, with 
slightly higher enanEomeric excess (97% ee versus 95% ee). 



Rate dependence on [HCN] and [DCN]. Plot of the rate of cyanosilylaEon of 6b ([6b]i = 0.33 M) with 
TMSCN ([TMSCN]i =0.50M) catalyzed by HCN and 1a (0.025 M) at different [HCN] or [DCN] at 50% 
conversion of 6b.  

intrinsic rate (at low concentraEons) and the 
inhibitory effect (at high concentraEons) : 
greater with DCN than with HCN 

Posssibility: greater acidity of DCN –  
deprotonaEon important for producEve or  
Inhibitory path 

ObservaEon:stronger hydrogen bond in the gas 
phase between DCN  



(1)  more basic amines :beier catalysts and stronger inhibitors (i‐Pr2NEt versus Me2NEt)  
(2)  DCN : more reacEve at low concentraEons , beier inhibitor at high concentraEons than HCN 

catalyst inhibiEon by HCN:  formaEon of a 1:2 complex between 
1a and HCN at high concentraEons of HCN  

DeprotonaEon of HCN with trialkylamine: catalysis and inhibiEon 

catalyst inhibiEon by trialkylamine: formaEon of cyanide ion‐binds 
to thiurea. 

< first order kineEcs at higer [1a]: formaEon of catalyst 
aggregates. 

Key finding: terEary amine acEvaEon of HCN is important for 
catalysis 
 unproducEve binding to the thiourea of 1a inhibits catalysis‐ 
both the thiourea and the trialkylaminefuncEons of 1a are 
involved directly in the catalyEc pathway 



(1)  more basic amines :beier catalysts and stronger inhibitors (i‐Pr2NEt versus Me2NEt)  
(2)  DCN : more reacEve at low concentraEons , beier inhibitor at high concentraEons than HCN 

MulEple  modes exist for catalyst associaEon to HCN 

both have 
1)transiEon structures with idenEcal composiEons 2)involve HCN 
deprotonaEon‐ idenEcal elementary rate laws and similar predicted 
isotope effects. 



enanEoselecEvity is independent on reacEon condiEons: 
• same stoichiometry of transiEon structures leading to the major and minor enanEomer 

• selecEvity‐determining step is the same under all condiEons 

VariaEon of C‐C‐C‐O dihedral angles between C=O and C=C (shown in red) in the transiEon 
structures for cyanide ion addiEon to 3‐penten‐2‐one in the absence of catalyst 



enanEoselecEvity is independent on reacEon condiEons: 
• same stoichiometry of transiEon structures leading to the major and minor enanEomer 

• selecEvity‐determining step is the same under all condiEons 

VariaEon of C‐C‐C‐O dihedral angles between C=O and C=C (shown in red) in the transiEon 
structures for cyanide ion addiEon to acetophenone in the absence of catalyst 



• both mechanisms A and B are energeEcally accessible mechanism 

• A is significantly (major enanEomer 4.7 kcal/mol) more favorable. 

•  calculaEons of diastereomeric transiEon states : in mechanism A energy difference 
between enanEomers 0.9 kcal/mol) 

•  mechanism B idenEfy no basis for enanEoselecEvity (energy difference 0.0 kcal/mol) 



both the secondary amide and the tert‐leucine components of the catalyst play an important 
role in defining enanEoselecEvity 



60 X higher reacEvity of secondary amide catalysts compared with 
terEary amide catalysts: a terEary amide would block the addiEon 
of cyanide by placing an alkyl group 



interact through both lone pairs in a nearly symmetrical geometry : enzymaEc oxyanion hole 





Development of More Highly Enantioselective Catalysts. 



2‐heptanone gives lower enanEomeric excess than dialkyl ketones bearing π or lone pair 
subsEtuents :direct electronic interacEons between substrate and catalyst play an 
important role in controlling enanEoinducEon 

Development of More Highly Enantioselective Catalysts. 



 amino‐thiourea catalyzed ketone cyanosilylaEon involves simultaneous acEvaEon of HCN by 
the terEary amine and of the ketone by the thiourea. 

 KineEc analysis : ternary transiEon structure 1a.HCN.6b and revealed mechanisEcally 
significant inhibiEon effects at elevated concentraEons 

 KineEc analysis in the presence of inacEve inhibitors and isotopically subsEtuted substrates 
provides strong evidence that both the thiourea and terEary amine are involved directly in 
catalysis. 

 TransiEon state DFT calculaEons reproduce experimental trends in enanEoselecEvity‐ strong 
evidence for a mechanism of catalysis involving ketone‐thiourea rather than cyanide thiourea 
interacEons. 

 Analysis of the transiEon structures : enanEoselecEvity that involves direct substrate‐catalyst 
interacEons and binding through both ketone lone pairs‐ mode of asymmetric inducEon with 
chiral hydrogenbond donors different than with chiral Lewis acids.  


