Catalysis and kinetics — David Fox (Warwick)

Catalysis is 1) important, 2) complicated and
3) often un-optimized
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Thinking about catalytic cycles ........
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Noyori-type transfer hydrogenation of ketones



Actually, it is a three-step process with HCO,H
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Time-dependent analysis of product formation



But we can model it as two steps
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Concs are all related to RuH, and alcohol product
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The concentration and therefore
rates of reaction of the active
catalyst and ketone are related.

Rate of reaction / concentration
of 2 species can pe calculated.

Data can pe fitted to evaluate 2
variaples.



Fitting data to the two coupled ODEs with MATLAB
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Putting the line through the data — any good?
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Small changes in catalyst — significant changes in kinetics

k1a kzb
SS2 10 37
RR4  >0.5 0.034
RR5 11 93
RR6 >3 025
RR7 11 12
_E h RR8 25 16
RUH 40°C, [ketone] = 1.62M, Y RS 07510
FAITEA (5:2), S/C = 200 AM 'min. ® min.

Org. Lett., 2007, 9, 4659-4662



Multi-step kinetics require proper analysis



RMS error (line v data) for array of ki and k?
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RMS error (line v data) for array of ki and k?
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k=6 k1 =8.0000 k=10
k=235  k2=2.0000 K2=1.83
(0.0106) (0.0000) (0.007)



Data with (artificial) measurement error

Concentrations of product and active catalyst
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RMS error (line v data) for array of ki and k?
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RMS error (line v data) for array of ki and k?
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The overall rate does not change much along the trench.

How can this be?
What does the trench mean?

What does this effect the catalytic cycle?



Putting the line through the data — any good?
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Putting the line through the data — any good?
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Putting the line through the data — any good?
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Putting the line through the data — any good?
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What is the difference between straight and curvy lines?

Is it anything to do with the rate determining step /
catalyst resting state?



A hydroamination (Scott) —what is the RDS?
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A hydroamination (Scott) —what is the RDS?
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A hydroamination (Scott) —what is the RDS? - Step 1
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If “k? step” is RDS then rate a [ketone]? — straight line
If “k! step” is RDS then rate a [ketone]! — curve
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Change in line shape = change in RDS
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Change in RDS balance as you “flex” the curve
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Change in RDS balance as you move along trench
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A problem?

Is there a way of increasing precision?
Can we get rid of the trench?

Can we learn any more about RDS?



Have we measure and use more information?
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Product concentrations only
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Catalyst concentrations only
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Catalyst concentrations only
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RMS error for array of k! and k? (product only)
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RMS error for array of k! and k? (catalyst only)
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Product and catalyst concentrations
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Combined RMS error (line v data) for array of k! and k?
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Is this just a problem for transfer hydrogenations?

Catalytic conjugate addition / lactonization (Smith)

O
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CH,Cl,, -78 °C 0 (\ N
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Ph X CF, i-Pr,NEt (2.5 eq) 200t 3 L )

trans:cis=9:1
99 0y e.e. (trans)



Is this just a problem for transfer hydrogenations?

Catalytic conjugate addition / lactonization (Smith)
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Essentially a three component — two step process
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Both reactions are (probably) second order
enolate formation: rate o [cat][anhydride]
Lactone formation: rate o [cat][enone]
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Log plots show order (or not) of reaction components
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In(k-obs*seconds)

Log plots show order (or not) of reaction components
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And, if you believe these things, so does DFT
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A general case of two second order reactions
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Both reactions are second order
ki step: rate a [catA][reactant]
k2 step : rate a [catB][reagent]



A general case of two second order reactions



Time-dependent analysis of product formation
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RMS error (line v data) for array of ki and k?

3 10 15
k1

The trench is WORSE! k' =10 M-imin
k=10 Mmin?

There are infinite solutions where error Is zero!



Time-dependent analysis of product formation
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Time-dependent analysis of product formation
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Time-dependent analysis of product formation
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RMS error (line v data) for array of ki and k?
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Time-dependent analysis of product formation
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RMS error (line v data) for array of ki and k?
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A general case of two second order reactions

reactant [ prOdUCt J
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Catalyst Catalyst
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W What if we vary
the amount of
by-pro reagent?

Both reactions are second order
ki step: rate a [catA][reactant]
k2 step : rate a [catB][reagent]



Analysis of product formation with 2 eq. reagent
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RMS error for array (2 eq reagent) product only
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Analysis of product formation with 2 eq. reagent
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RMS error for array (2 eq reagent) catalyst only
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RMS error for array (2 eq reagent) prod. and cat.
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Analysis of product formation with 0.5 eq. reagent
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RMS error for array (0.5 eq reagent) product only
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Analysis of product formation with 0.5 eq

Product and [CatA*100]
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RMS error for array (0.5 eq reagent) catalyst only
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RMS error for array (0.5 eq reagent) prod. and cat.
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A problem? A solution?

If you can measure the relative concentrations (resting
state ratio) of the catalytic species then you can
remove parameter interdependence.

And at the same time learn far more about RDS?
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Asymmetric Transfer Hydrogenation Of
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Asymmetric Transfer Hydrogenation of
a-trichloroketones

OH
\\H

HsC~ >CCly

2 85 %, 98 % e.e.
3 89 %, 98 % €.e.

OH
\\H

n-pent C(:|3

2 84 %, 96 % e.e.

OH

/\MJ\\\H
Mg ~CCls

2 83%, 94 % e.e.
3 99 %, 96 % €.e.

OH
\\H

N-Pr-">CCl,

2 70 %, 95 % e.e.
3 71 %, 97 % e.e.

OH
H

n-Oct~”~ ~CCl,

2 90 %, 96 % e.e.

OH

" H
CCl,

2 50 %, 83 % €.€.
3 59 %, 99 % e.e.

OH

H
Ph/\/l\\CCI3

2 97 %, 97 % €.e.
3 88 %, 90 % €e.e.

OH
\\H

n-Dec CCI3

2 84 %, 97 % e.e.
3 71%,97 % e.e.

OH

VY H
cCl,

2 90 % (57:43)

91 9p e.e. and 89 9, e.e.



Asymmetric Transfer Hydrogenation Of
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