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Custom-built instrumentation and 

measurement techniques
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IR laser predissociation

spectra of [M+] tagged 

with He, H2, Ne, Ar, or 

N2 at 4-30 K in a cryo-

cooled FT-ICR

Threshold collision-induced dissociation 

experiments to measure activation energies
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Arbeitsgruppe Prof. Dr. Peter Chen

Physikalisch-Organische Chemie

“from gas-phase reaction mechanisms 

and intermediates to the design and 

synthesis of organometallic catalysts with 

novel reactivity and selectivity”

Ligand binding energies by 

threshold CID in ESI-MS/MS

13C spectra of a sequence-regular copolymers 

produced by designed catalysts based on 

diastereomeric site control of chemoselectivity

X-ray crystal structure of the most 

chemoselective catalyst in the series 

produced in the Chen group
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Cyclopropanes in nature and in the 

market

Cyclopropanation

O

HO OH

N NH

O

O
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O

H

FR-900848, antifungal compound isolated from  Streptoverticillium fervens

COOH

trans-chrysanthemic acid
   a natural insecticide

H3N CO2

an unusual amino acid
produced by plants as
the precursor to ethylene   

OH

Javanol (mixture of diastereomers)
 sandelwood fragrance compound
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#5

Electrophilic cyclopropanations are still 

done with Simmons-Smith

Cyclopropanation

R2 R3

R1 R4

  Zn(Cu)

Et2O, reflux
CH2I2+

R1 R4

R2 R3

           H.E. Simmons, R.D. Smith
JACS  1958, 80, 5323;  JACS 1959, 81, 4256. 

R2 R3

R1 R4

+EtZnCH2ICH2

R1 R4

R2 R3

EtZn I

Nakamura, et al  JACS 2003, 125, 2341. 

"butterfly mechanism"

The Simmons-Smith reaction:

 works with variable yield;

 is more than stoichiometric in zinc;

 requires diiodomethane (or in some cases dibromomethane);

 is difficult to build in selectivity;

 is the ONLY commercially feasible electrophilic cyclopropanation that

does not use diazomethane or other diazo compounds.
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#6

Why are catalysts important?

Cyclopropanation

  starting
compound

product A

product B

G‡[uncatalyzed

         reaction to B]

G‡[uncatalyzed

         reaction to A]

G‡[catalyzed

         reaction to A]

transition states

G[reaction to A]

G[reaction to B]

Catalysts are to Chemistry, like Leverage is to Finance.  Leverage means that one 

uses $1 to control what happens to $1,000,000, so one structures the $1 very 

carefully.  Catalysis means that one uses one molecule to control what happens to 

one million molecules, so one structures that one molecule very carefully.
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Ylids as carbene donors in an 

electrophilic cyclopropanation

Cyclopropanation

Fe

OC
OC OCH3

Fe

OC
OC Cl

Fe

OC
OC CH2

HCl

BF4

HBF4

BF4

Fe

OC
OC

+ other iron-containing products  

P.W. Jolly, R. Pettit JACS 1967, 88, 5044;  M.L.H. Green, M. Ishaq, R.N. Whitely JCS A 1967, 1508.

Fe

OC
OC S(CH3)2

BF4

Fe

OC
OC CH2

BF4

S(CH3)2

Ph Ph Ph Ph

Fe

OC
OC S(CH3)2

+

BF4

100%

E.J. O'Connor, S. Brandt, P. Helquist JACS 1987, 109, 3739.
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FpCH2
+ produced in the mass 

spectrometer by CID

Cyclopropanation
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Wittig reported N-ylids two years before 

he found the P-ylids that bear his name

Cyclopropanation

(CH3)4N     Br
PhLi

Et2O

(CH3)3N-CH2 LiBr       or   (CH3)3N-CH2Li    Br  

G. Wittig, M.H. Wetterling  Ann. 1947, 557, 193.

(CH3)3N-CH2Li    Br

0 to 10°C
5-18% yield (isolated) 

reported:  V. Franzen, G. Wittig  Angew. Chem. 1960, 72, 417.
retracted: G. Wittig, D. Krauss  Ann. 1964, 679, 34.

Prof. Dr. Georg Wittig

1897-1987

Nobel Prize 1979

S.A. Künzi, J.M. Sarria Toro, T. den Hartog, P. Chen  Isr. J. Chem. 2016, 56, 53.
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#10

Cyclopropanation

Angew. Chem. 1960, 417.

Main points:

• norcarane was distilled and  isolated 

from the reaction, and identified by 

elemental analysis, refractive index, 

GC, and IR;

• the yield was 5-18% and varied with 

reaction conditions;

• the authors believed that the N-ylid 

dissociates to produce free 

methylene.

In 1960, norcarane yield was low and variable, 

but identification was by isolation!
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#11

In 1964, Wittig retracted the 1960 paper, being 

unable to produce norcarane from the N-ylid

Cyclopropanation

Ann. 1964, 679, 34-41.

Main points:

• cyclopropanation of cyclohexene to

norcarane failed;

• the N-ylid underwent a Stevens

rearrangement;

• the 1960 paper was explicitly disavowed.
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#12

How the “nickel effect” led to the 

discovery of the Ziegler catalysts

Cyclopropanation

Angew. Chem.

1955, 67, 541-547.

Nickel impurities in 

an autoclave led to 

the discovery of 

Ziegler catalysts.
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Trace impurities become important when 

they are catalysts with high TON

Cyclopropanation

Eidgenössische

Technische Hochschule

ZürichETH 

#14

Cyclopropanation of an non-activated 

olefin with Ni (only) – odd behavior 1

Cyclopropanation

Conditions:  NMe4OTf (1 equiv., 0.1 

mmol), n-BuLi (1.05 equiv.), cyclooctene

(5 equiv.) in THF (0.05M).

a Yields determined by calibrated GC-FID 

with undecane as internal standard.

b 15 equiv. COE were used

Entry Catalyst Yielda 

1 None 0%b 

2 5 mol% Ni(OTf)2 6%b 

3 0.5 mol% (dme)NiBr2 15% 

4 1 mol% (PPh3)2NiCl2 25% 

5 1 mol% (PPh3)2NiBr2 26% 

6 1 mol% (dppe)NiCl2 9% 

7 1 mol% (PPh3)2Ni(o-tolyl)Cl 24% 

8 1 mol% (dme)NiBr2/2 PPh3 19% 

9 1 mol% Ni(cod)2/2 PPh3 19% 

10 1 mol% (dme)NiBr2/2 PCy3 6% 

11 1 mol% Ni(cod)2/2 PCy3 4% 

12 1 mol% (dme)NiBr2/2 P(o-tolyl)3 4% 

13 1 mol% Ni(cod)2/2 P(o-tolyl)3 2% 

14 1 mol% (dme)NiBr2/2 PBu3 11% 

15 1 mol% Zn(OTf)2 0.1% 

16 0.25 mol% CuOTf)2*C6H6 0% 

17 0.25 mol% (CuOTf)2*C6H6 / 1 mol% PPh3 0% 

18 0.5 mol% Fe(acac)2 0% 

19 0.5 mol% Fe(acac)2 / 2 PPh3 0% 

20 0.5 mol% Co(acac)3 0% 

21 0.5 mol% Co(acac)3 / 2 PPh3 0% 

22 1 mol% (PPh3)2PdCl2 0% 

23 1 mol% Rh2OAc4 0% 

24 1 mol% [(cod)(PPh3)2Rh]PF6*CH2Cl2 0% 

 

S.A. Künzi, J.M. Sarria Toro, T. den Hartog, P. Chen  Angew. Chem. Int. Ed. 2015, 54, 10670.
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Odd behavior 2 – open vs closed Schlenk

Cyclopropanation

Entry Catalyst Open/closedb Yielda

1 5 mol% Ni(OTf)2 Closed 6%c

2 5 mol% Ni(OTf)2 Open 0%c

3 1 mol% (dme)NiBr2 Closed 2.8%

4 1 mol% (dme)NiBr2 Open 0.9%

5 1 mol% (PPh3)2NiBr2 Closed 26%

6 1 mol% (PPh3)2NiBr2 Open 20%

7 1 mol% (dme)NiBr2/2 PPh3 Closed 19%

8 1 mol% (dme)NiBr2/2 PPh3 Open 23%

S.A. Künzi, J.M. Sarria Toro, T. den Hartog, P. Chen  Angew. Chem. Int. Ed. 2015, 54, 10670.
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#16

Odd behavior 3 – catalyst loading

Cyclopropanation

S.A. Künzi, J.M. Sarria Toro, T. den Hartog, P. Chen  Angew. Chem. Int. Ed. 2015, 54, 10670.
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Substrate scope

Cyclopropanation

S.A. Künzi, J.M. Sarria Toro, T. den Hartog, P. Chen  Angew. Chem. Int. Ed. 2015, 54, 10670.
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Proposed mechanism

Cyclopropanation

S.A. Künzi, J.M. Sarria Toro, T. den Hartog, P. Chen  Angew. Chem. Int. Ed. 2015, 54, 10670.
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Heuristic for enumeration and 

classification of possible mechanisms

Cyclopropanation

Juan Manuel Sarria Toro, Tim den Hartog 2013

Inner sphere

Transmetalation before oxidative addition

Methylene transfer before olefin binding

Eidgenössische
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#20

Relative and absolute rates: kinetic order 

with respect to phosphine and olefins

Cyclopropanation

Stefan Künzi 2018 (unpublished)
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Alkene Ka krel

Norbornene 4.4 1

1-Octene 5.0 x 10-1 b 2.4

Cyclooctene 6.2 x 10-2 11.4

Competitive reaction of two different

alkenes in one pot gives relative rates

of cyclopropanation.

Plot of kobs versus [PPh3] using 

0.5 mol% Ni(acac)2 (Method A). 

The red curve depicts a fit to the 

function y = axb to establish the 

order in PPh3, b = 0.17 ± 0.05.

Plot of kobs versus [NBE] 

using 0.5 mol% (Ph3P)2NiBr2

(Method A). The red curve 

depicts a fit to the function

y = axb to establish the order 

in norbornene, b = 0.18 ±

0.02.

Kinetics by GC-FID detection of cyclopropanes in aliquots, or

ESI-MS or 1H NMR of NMe4
+ in quenched aliquots of the reaction. 
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Heuristic for enumeration and 

classification of possible mechanisms

Cyclopropanation

Juan Manuel Sarria Toro, Tim den Hartog 2013

Inner sphere

Transmetalation before oxidative addition

Olefin binding before methylene transfer
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DFT calculations on the simplified model

Cyclopropanation

Renana Gershoni-Poranne 2018 (unpublished)-100
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M06-L/def2-SVP calculations of the catalytic cycle.  The 

turnover-limiting step is the formation of the nickel carbene 

complex, for which the transition states and activation 

energies are shown.  KIEs were also computed:  3  4

(kH/kD = 2.497), 4  5 (0.627), 6  1 (1.081), 6*  1*

(0.964).  Experiment finds kH/kD = 2.3.
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Simplest possible catalytic cycle

Cyclopropanation

Stefan Künzi 2018 (unpublished)

Michaelis-Menten (saturation) kinetics with the substrate alkene competing with

phosphine in a pre-equilibrium before the turnover-limiting step (carbene formation).
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#24

An further simplication with Tolman’s K 

values and only one fitting parameter

Cyclopropanation

Stefan Künzi 2018 (unpublished)

%𝑦𝑖𝑒𝑙𝑑 = 100 ∙
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𝑁𝑖 𝑡𝑜𝑡 − 𝑁𝑖𝑃 = 𝑁𝑖𝐴 which depends on K from
Tolman, C. A. J. Am. Chem. Soc. 1974, 96, 2780; and

gives us an equation with only one fit parameter, kCP/kH.

The fit is not bad, considering…

kCP/kH = 0.014

[Ni]tot = 0.5 mM

[P]tot = 1 mM

[A]tot = 250 mM

norbornene

1-hexene

cyclooctene

cyclohexene
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Good predictions of yields for different 

different ratios Ni:PPh3, catalysts, olefins 

Cyclopropanation
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Plot of mole fraction of nickel, XNi, versus the 

measured rate (squares) and predicted rate (red 

solid curve) based on the simple model with no 

adjustable parameters and the measured 

(triangles) and predicted yield (red dashed 

curve) (after 16 h) for the cyclopropanation of 

NBE. kCP/kH = 0.014, [Ni]tot + [P]tot = 0.5 mM, 

[A]tot = 250 mM.

Plot of catalyst concentration versus yield for COE 

(squares), 1-octene (circles) and norbornene 

(triangles). The black curves depict the predicted 

yield based on the simple model with no adjustable 

parameters. kCP/kH = 0.014, [P]tot = 2[Ni]tot, [A]tot = 

250 mM, which corresponds to the Ni : PPh3 ratio for 

the (PPh3)2NiBr2 catalyst system. 

Norbornene can out-compete PPh3 but other olefins cannot!

Stefan Künzi 2018 (unpublished)
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Goal is an 1:1 replacement for 

diazomethane

Cyclopropanation

T. den Hartog, J.M. Sarria Toro, P. Chen  Org. Lett. 2014, 14, 1100.
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Initial screens and optimization produced 

a reaction of limited scope

Cyclopropanation

T. den Hartog, J.M. Sarria Toro, P. Chen  Org. Lett. 2014, 14, 1100.
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#28

We could largely overcome the reactivity 

and side reaction limitations

Cyclopropanation

2j, 75 °C, 24h; 72%(68%)

2a, 75 °C, 22h; 94%

2a, 75 °C, 48h; 98%(88%)

2b, 75°C, 22h; 88% 2c, 75 °C, 22h; 98%

2d, 75°C, 22h; 55%

2d, 65° C, >1 week; 64%
75:1 dr

2e, 75° C, 22h; 39%

>99:1 dr

2f, 75 °C, 22h; 76%

2f, 75 °C, 48h; 88%(86%)
>99:1 dr

2g, 75 °C, 22h; 31% from (E)-2-hexen-1-ol

2h, 75 °C, 22h; 67%
73:1 dr

from (Z)-2-hexen-1-ol

2i, 75 °C, 22h; 65%
22:1 dr

2n, 75 °C, 48h; 29%(26%)

>99:1 dr

2m, 75 °C, 48h; 83%(77%)

7:1 dr
2k, 75 °C, 22h; 59%

2k, 75 °C, 48h; 61%
43:1 dr

2l, 75 °C, 22h; 0%

A.A.S.W. Tchawou, M. Raducan, P. Chen  Organometallics 2017, 36, 180.
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Kinetic order: Pd (0.5), EG (-0.5), 

phosphine (0), substrate (0)

Cyclopropanation

A) B)

Initial reaction rates for the conversion of COE vs time in the presence of 5 mol% Cat1 ()

and 10 mol% Cat1 () in A), and in the presence of EG (0.1 ml, 0.69 M,) and EG (0.05 ml,

0.71 M,), in B).

A.A.S.W. Tchawou, M. Raducan, P. Chen  Organometallics 2017, 36, 180.
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#30

Rate-determining-step is distinct from 

product-determining-step

Cyclopropanation

One possible mechanistic

Scheme consistent with

the kinetics

A.A.S.W. Tchawou, M. Raducan, P. Chen  Organometallics 2017, 36, 180.
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Evidence for the diverted Heck 

mechanism: oxidative addition

Cyclopropanation

A.A.S.W. Tchawou, M. Raducan, P. Chen  Organometallics 2017, 36, 180.
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#32

Evidence for the diverted Heck 

mechanism: oxidative addition

Cyclopropanation

single-crystal x-ray structure
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