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Cyclopropanation

Eo=1.45+0.1eV (33.4 £ 2.3 kcal/mol)

Eo=1.60 + 0.1 eV (36.9 + 2.3 kcal/mol)

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”
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Cyclopropanes in nature and in the
market
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Electrophilic cyclopropanations are still
done with Simmons-Smith

"butterfly mechanism"

—#

Ra Rs Zn(Cu) Srig=l Rz Rs
>:< + CHyly = RZWAHRs «~— CH, =<—— EZnCHi + >=<
R Ry Et20, reflux [3%) Ry Ry “//—\“‘Ra R/ R4

R; R4
H.E. Simmons, R.D. Smith
JACS 1958, 80, 5323; JACS 1959, 81, 4256. Nakamura, et al JACS 2003, 125, 2341.

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.

#5

q Eidgendssische
Cyclopropanation ET H Technische Hochschule

Zirich

Why are catalysts important?

transition states\

AGi[uncataIyzed
reaction to A

AGi[uncatalyzed
AGI[cataIyzed

reaction to B] reaction to Al

starting
compound

product A

I AG][reaction to A]

product 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. 46
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Ylids as carbene donors in an
electrophilic cyclopropanation
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FPCH,* produced in the mass
spectrometer by CID
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Wittig reported N-ylids two years before
he found the P-ylids that bear his name

® o PhLi
(CH3)s,N Br —>
Et,O

@
(CH3)3N-CH,Li  Br

Prof. Dr. Georg Wittig
1897-1987
Nobel Prize 1979

@ e <] e
(CH3)3N-CH2 LIBT:I or (CH3)3N-CH2LI Br

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

0to 10°C
B —

5-18% yield (isolated)

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

S.A. Kiinzi, J.M. Sarria Toro, T. den Hartog, P. Chen Isr. J. Chem. 2016, 56, 53. #9
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In 1960, norcarane yield was low and variable,
but identification was by isolation!

Trimethylammonium-methylid
als Methylen-Donator
Von Priv-Doz. Dy. V.FRANZEN
und Prof. Dr. G. WITTIO

Maz- Planck-Institut fir Medizinische Forschung,
Institul fiir Chemie, Heidelberg
wund Chemisches Institul der Universitit Heldelberg

Unabhingig voneinander haben uns unsere Untersuehungen
iher Yiide!) einerseits und Carbene®) anderorseits zu der Frage ge-
fihrt, ob Trimethylammonium-methylid (1) unter geeigneten Be-
dingungen in Trimethylamin und Methylen (I1) zerfallen kann.
Wir bringen hier den experimentellen Nachweis fir diesen Zerfall

Eine gesattigte @therische Losung von Phenyllithium-Phenyl-
natrium 1:10 {II1} warde langsam unter Stickstoff bei 0 bis 10°C
zu einer stark turbinierten Suspension von Tetramethyl-ammo-
niumbromid (IV] in viel Cyelchexen getropft. Der Niedersehlag
wurde sbfiltriert und das Filtrat fraktioniert destilliort. Anschlie-
Bend an das Cyclohexen siedete eine Fraktion, die nach Analyse,
Brechungsindex, Gasehromatogramm und TR-S8pekirum mit Nor-
caran [V) identisch war. Die Ausbeuten liegen zwischen 5 und
18 %, sie sind sehwankend und hingen wohl vom Dispersionsgrad
von 1V ah3).

Die Bildung des Norearans 146t sich durch die Annahme erkli-
ren, dafi I in Trimethylamin und Methylen zerféllt. Methylon
reagiert in bekannter Weiset) mit Cyclohexen zu Norearan. Poly-
methylen entsteht bei der Umsetzung nur in verschwindender
Menge.

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.

#10
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In 1964, Wittig retracted the 1960 paper, being
unable to produce norcarane from the N-ylid

CYCLOPROPANIERUNGEN BEI EINWIRKUNG VON
N-YLIDEN AUF OLEFINE
von GeorG WG und DiErLINDE KRrauss
Walter Hiicke! zum 70. Geburistag in

Aus dem Institut fiir Organische Chemie der Universitit Heidelberg
Eingegangen am 11, Marz 1964

Trimethylammoniummethylid () war unter den hier gewdhiten Versuchs-
bedingungen nicht befahigt, Cyclohexen zum Norcaran abzuwandeln, da s ent-
weder die STEVENS-Isamerisation zum Dimethylithylamin einging oder Poly-
methylen bildete. Auch bei der Metallierung von Chlormethyl-trimethyl-am-
moniumchlorid in Anwesenheit von Cyclohexen wurde die Cyclopropanierung
durch Konkurrenzreaktionen unterdrilckt. Dieaus Butoxymethyl- und Phenoxy-

hyl-trimethyl i N-Ylide waren geeignet, Cyclo-

hexen in das Butoxy- bzw. Phenoxy-norcaran zu Gberfizhren

Main points:

 cyclopropanation of cyclohexene to
norcarane failed;

 the N-ylid underwent a Stevens
rearrangement;

Cyclopropanation

the 1960 paper was explicitly disavowed.

Ann. 1964, 679, 34-41.

Zur Herstellung von I erwies sich besonders geeignet die Umsetzung von Trimethyi-
brommethyl-ammoniumbromid mit Phenyllithium. Das iber eine Halogen-Metall-
Austauschreaktion sich bildende N-Ylid I lieB sich iiber sein Benzophenon-Addukt
in 70-proz. Ausbeute Versuche, C in t von I in
Norcaran zu verwandeln, verliefen erfolglos, auch als man in Glykoldimethylither
operierte, der die Ylid-Zersetzung fordert. Aber auch Umsetzungen von itherischem
Phenyllithium-Phenylnatrium (1:5 und 1:10) mit Tetramethylammoniumbromid in
Anwesenheit von Cyclohexen unter verschiedenen Bedingungens! lieferten, wenn
uberhaupt, nur Spuren Norcaran, das gaschromatographisch noch in 0.5-proz.
Ausbeute sicher zu erkennen wiire®).

Da das Ausgangssalz bei diesen Versuchen nur in Ausbeuten um 50% zuriick-
zugewinnen war und nur Spuren an Athylen und Polymethylen nachzuweisen waren,
mubte die Zersetzung des Ylides einen anderen Weg genommen haben. Wie im Ver-
suchsteil niher dargelegt wird, konnte Dimethylithylamin in Form seines Hydro-
bromides in 49-proz. Ausbeute isoliert werden. Hieraus folge, daB sich I im Sinne einer
Stevens-Umlagerung? zersetzt hat:

Hz

— (CHj)aN-CHy-CHj

3 G. Wrrnic und R, PoLsTer, Licbigs Ann, Chem. 599, 1 (1956).

4 W. von E. DoeriNG und A. K. Horeman, . Amer. chem. Soc. 76, 6162 (1954).

5) Niheres s. Dissertation D. Krauss, Univ. Heidelberg 1963

# Die Befunde von V. FRanzen und G. WITTiG, Angew. Chem. 72, 417 (1960), konnten
damit nicht bestitigt werden.

7 Vgl G. Wirnio, Angew. Chem. 63, 15 (1951).
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How the “nickel effect” led to the
discovery of the Ziegler catalysts

Das Milheimer Normaldruck-Polyéthylen-Verfahren

Von Prof. Dr., Dr.e.h. KARL ZIEGLER, Dr. E. HOLZKAMP, Dr. H. BREIL und Dr. H. MARTIN*}
Max-Planck-Institut fiir Kohlenforschung, Miitheim|{Ruhr

Nach einem Plenarvortrag von K. Ziegler auf der GDCh-Hauptversammlung (verbunden mit einer Tagung

der GDCh-Fachgruppe ,,Ki

7955 in Miinchen Angew. Chem.

ffe und K

Es wird dargelegt, wie man iberhaupt im Milhei

k') am 14. Septemb

Institut zur €

1955, 67, 541-547.

deck

g des ,,Normaldruck-Polyithy-

len-Verfahrens“ gekommen ist, denn diese Entdeckungsgeschichee ist fir sich schon interessant und ver-
dient es, festgehalten zu werden. Es werden weiter eine Reihe grundsitziicher Angaben liber das
neue Verfahren und das neue Polydthylen gemacht. Doch miissen eine Reihe wichtiger Probleme, die

Esfolgte eine etwas aufregende Suche nach dem Kokata-
lysator, deren Einzelheiten hier iibergangen werden kdnnen.

Die Lsung war sehr einfach: Es handelt sich um eine win-
zige Spur von kolloidalem Nickel, In dem Autoklaven
war friiher hydriert worden, in Haarrissen war Nickel zuriick-
geblieben. Beim Reinigen mit HNQ, und anschlieBend einem

Nickel impurities in
an autoclave led to
the discovery of
Ziegler catalysts.

Phosphat-haltigen Waschmittel hatte sich etwas schwer
l8sliches Nickelphosphat gebildet, und dieses war dann

durch Aluminiumtriathyl reduziert worden. Derart akti-

#12
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Trace impurities become important when
they are catalysts with high TON

CROSS COUPLING

When is free really free?

An organocatalytic method for constructing biaryls joins an increasing number of articles reporting metal-free
analogues to reactions that traditionally have required a transition-metal catalyst. What does it take to prove that
metal is not involved, and does it really matter?

Nicholas E. Leadbeater

n 2003, my group reported a procedure for ‘We found, however, that the reaction would transition-metal salt. To our surprise, the

a ‘transition-metal-free’ Suzuki coupling always work to more or less the same extent coupling reaction still occurred. This was the
reaction'?. The reaction was run in water, regardless of what we used. This made us genesis of a significant body of work focused
using sodium carbonate as a base. Having wonder if there was contamination of these around determining whether the reaction was
previously published a more ‘traditional’ metal salts with palladium, but the use of transition-metal free. The student performing

methodology for the Suzuki reaction using ultrapure materials did not change the results.  the work was quarantined to one part of
palladium acetate as a catalyst®, our interest ‘We then took the step of running a the lab and no metals were allowed in. New
had turned to the use of metals as catalysts. test reaction without the addition of any glassware and reagents were purchased and
HATURE CHEMISTRY | VOL 2 | CECEMBER 2010 | wwwnature.com,/haturechemistry 007

DOI: 10.1002/anie. 200902237
Iron or Copper? !

On the Role of Metal Contaminants in Catalyses with
FeCly**
Stephen L. Buchwald* and Carsten Bolm* Angew. Chem. int. Edl. 2009, 48, 5586 — 5587
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Cyclopropanation of an non-activated
olefin with Ni (only) — odd behavior 1

Entry Catalyst Yield?®
o catalyst v
| ® oTf n-Buli 1 None 0%
s
w NS THF, 0 °C to RT 3 0.5 mol% (dme)NiBr, 15%
9 14t018 h 4 1 mol% (PPhs),NiCl, 25%
12 5 1 mol% (PPh;),NiBr, 26%
+ + 7 1 mol% (PPh;),Ni(o-tolyl)CI 24%
M JAN 8 1 mol% (dme)NiBr,/2 PPhs 19%
the (only) side-products 9 1 mol% Ni(cod),/2 PPh 19%
Conditions: NMe,OTf (1 equiv., 0.1
mmol),. n-BuL| (2.05 equiv.), cyclooctene s T 2 0.1%
(5 equiv.) in THF (0.05M). 16 0.25 mol% CuOTH),*CeHs 0%
17 0.25mol% (CuOTf)*CeHs / 1 mol% PPhy 0%
. ) . 18 0.5 mol% Fe(acac), 0%
aYields determined by calibrated GC-FID 19 0.5 mol% Fe(acac), / 2 PPh; 0%
with undecane as internal standard. 20 S MELDEEy 02
21 0.5 mol% Co(acac); / 2 PPhg 0%
22 1 mol% (PPhs),PdCl, 0%
b 15 equiv. COE were used 23 1 mol% Rh;0AC, 0%
24 1 mol% [(cod)(PPhs),Rh]PE¢*CH,Cl, 0%

S.A. Klinzi, J.M. Sarria Toro, T. den Hartog, P. Chen Angew. Chem. Int. Ed. 2015, 54, 10670. #14
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Odd behavior 2 — open vs closed Schlenk

o catalyst
| ® OTf n-BulLi
P e
w NS THF, 0 °C to RT
9 14t0 18 h
12
Entry Catalyst Open/closed® Yield2
2 5 mol% Ni(OTf), Open 0%°
4 1 mol% (dme)NiBr, Open 0.9%
5] 1 mol% (PPh,),NiBr, Closed 26%
6 1 mol% (PPh,),NiBr, Open 20%
7 1 mol% (dme)NiBr,/2 PPh, Closed 19%
8 1 mol% (dme)NiBr,/2 PPh, Open 23%

S.A. Kiinzi, J.M. Sarria Toro, T. den Hartog, P. Chen Angew. Chem. Int. Ed. 2015, 54, 10670. #15

. Eidgendssische
Cyclopropanation ET H Technische Hochschule

Zirich

Odd behavior 3 — catalyst loading

o catalyst
| o OTf n-BuLi
M
w NS THF, 0°C to RT
9 14t0 18 h
12
20
2
= A 15
% / /\ \ —4—(dme)NiBr2
3 // \ \ 10 —@—(PPh3)2NiBr2
0.0000010.00001 0.0001 0.001 001 0.1 1

[catalyst]/M

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

1 mol% (PPh3),NiBr,
n-BulLi

e
INCL
®
W NS R/ﬁ THF, 0 °C to RT

16 h

R’

Yield (%]

Entry

1 79

s
9
£

S.A. Kiinzi, J.M. Sarria Toro, T. den Hartog, P. Chen Angew. Chem. Int. Ed. 2015, 54, 10670. #17
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Proposed mechanism

A L|CH2N CH3)3

S}
OTf
L, Ni'l— Li
/ \ ®
! LaNi"—CH,N(CHj)s
/=\ J\ /\ LiOTf
L,Ni'"=CH, N(CH5);
PP)% Q(\cm)g
© & L,Ni"=CH, © &
L,Ni®—CH,PPh; " L,Ni®—CH,N(CH3);

H,C=—=CH, 2 L Ni°
S.A. Kiinzi, J.M. Sarria Toro, T. den Hartog, P. Chen Angew. Chem. Int. Ed. 2015, 54, 10670. #18



Cyclopropanation

Inner sphere
Transmetalation before oxidative addition AY ‘]I
Methylene transfer before olefin binding v
h & r T
inner 1 g 1
sphere N
:/- b 2 L i
9% /I
1 /I‘\f
§ 8§ A\ )
initial olefin
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Heuristic for enumeration and
classification of possible mechanisms

oxidative addition

initial methylene

before transmetalation transfer to metal

coordination

to metal

transmetalation
before ox. add.

Juan Manuel Sarria Toro, Tim den Hartog 2013

Cyclopropanation

][ = NBE/ICOE
50| e NBE/1Oct
14 10ct/iNon|

[P.JIP,]

K s / MM min™

0.6

°
2

°
~

outer
sphere
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Relative and absolute rates: kinetic order
with respect to phosphine and olefins

equiv NBE

00 01 02 03 04 05 06 07 08 09 10

XJ

0.

Alkene Ka [
Norbornene 4.4 1
1-Octene 50x 100 2.4
Cyclooctene 6.2x 102 114

Competitive reaction of two different
alkenes in one pot gives relative rates
of cyclopropanation.

0

Stefan Kiinzi 2018 (unpublished)

1&0 260 360 460 5&0
[NBE]/ mM

Plot of K, Versus [NBE]
using 0.5 mol% (Ph3P),NiBr,
(Method A). The red curve
depicts a fit to the function
y = ax’ to establish the order
in norbornene, b =0.18 +
0.02.

mol% PPh,

0.0 0‘5 1‘0 1‘5 2‘0
[PPh,]/mM

Plot of ks Versus [PPhs] using

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

The red curve depicts a fit to the

function y = ax® to establish the

order in PPh;, b = 0.17 + 0.05.

Kinetics by GC-FID detection of cyclopropanes in aliquots, or
ESI-MS or *H NMR of NMe,* in quenched aliquots of the reaction.

10
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Heuristic for enumeration and
classification of possible mechanisms

oxidative addition initial methylene
before transmetalation transfer to metal

\ AV4 |
h & r T
inner l 1 1 outer
— T
sphere / sphere
x T L i
=)
T
pHE
Inner sphere
Transmetalation before oxidative addition
Olefin binding before methylene transfer /
initial olefin transmetalation
coordination before ox. add.
to metal
Juan Manuel Sarria Toro, Tim den Hartog 2013 #21
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DFT calculations on the simplified model

5 A »
b, N i
// & A ;PH Llcgém‘?weg \\ . TA
7 2 o e o
> o e [V 4
>

. 186 — Y $ot- A
S -l ol 2GRN0
Hyf - b ~
d

I
s y
N ~ ]
LiOTf
_ N(CHs)s
%
oo

2 phosphines 1 phosphine, 1 olefin 2 olefins
2.432A 2.485A 2.306 A

8.97 kcal mol? 15.01 kcal mol™? 13.76 kcal mol?

MO06-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
(kukp = 2.497), 4 > 5 (0.627), 6 > 1 (1.081), 6* > 1*
(0.964). Experiment finds ky/kp = 2.3.

Relative Free Energy / kcal molt

Reacion Py Renana Gershoni-Poranne 2018 (unpublished) 422
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Simplest possible catalytic cycle

Li Li
OTf 0
LiOTf L N|°—\ N LiOTf
NMe; Pph3 NMeivu\/NMea\% :\ NM63Y’>‘MS3
L,Ni=CH, L Ni—PPh; =——= L,Ni—]| L.Ni=CH,
F"Ph i _ PPhy ’ :‘
3 Homocoupling Cyclopropanation
CoH,
LNi A/S\
X Ln N|

L,Ni=CH,

Michaelis-Menten (saturation) kinetics with the substrate alkene competing with
phosphine in a pre-equilibrium before the turnover-limiting step (carbene formation).

Stefan Kiinzi 2018 (unpublished) #23
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An further simplication with Tolman’s K
values and only one fitting parameter

100 4

NiP NiA
[Ni]—PRy K PR3 + [Tli] .
+ D i -
=\ R/: 8 kep/ky = 0.014 norbomene
R —~
o
E [Ni]y, = 0.5 mM
-NMe; . -NMe; g 60 - ot
e kHl+ L|CH2NMe3OTflkcp_LiOTf g [Pl = 1 mM L-hexene
] [Ale: = 250 mM
IN[]=CH, H,C=[Ni] > w0 ot
PR, 1 :
R cyclooctene
204
L cyclohexene
1 \ :
0 T . . , ,
side-products /A 1E-4 0.001 001 0.1 1 10
K

[Ni] ot — [NiP] = [NiA] which depends on K from
Tolman, C. A. J. Am. Chem. Soc. 1974, 96, 2780; and
'L‘,, gives us an equation with only one fit parameter, Kcp/Ky.

% yield = 100 - —
o ke g, t+(1—@) [NiP]
ki o ki

The fit is not bad, considering...
Stefan Kiinzi 2018 (unpublished) #o4
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Good predictions of yields for different
different ratios Ni:PPh,, catalysts, olefins

100 4 o r15 100
A A
ol A a R w0 A" Ni(PPh,) /NBE
Ni(cod),/NBE
Lem ‘.‘ o %, s | & (Php)NiBr/NBE
- 609 A el aer T - O o (Ph,p),NiBr/10ct
° - -yield predicted| © ~. e
> m Kk, measured > N S.
s — k. predicted . = 3 . R = (Ph,P),NiBr,/COE
404 . 404 Sl = Ni(PPh,),/[COE
ks b e
L] ¢ - —— NBE predicted
204 20+ Y - - - -10ct predicted
cw, U ® |- - - COE predicted
0 : : : : 0 0 v T . 5 »
0.0 0.2 0.4 0.6 0.8 1.0 0.0 05 1.0 15 20 25
X [Nil,, / mM
N
Plot of mole fraction of nickel, Xy;, versus the Plot of catalyst concentration versus yield for COE
measured rate (squares) and predicted rate (red (squares), 1-octene (circles) and norbornene
solid curve) based on the simple model with no (triangles). The black curves depict the predicted
adjustable parameters and the measured yield based on the simple model with no adjustable
(triangles) and predicted yield (red dashed parameters. kep/ky = 0.014, [Pliot = 2[Nilir, [Alior =
curve) (after 16 h) for the cyclopropanation of 250 mM, whl_ch corresponds to the Ni : PPhj; ratio for
NBE. Kep/ky = 0.014, [Ni]g; + [Pl = 0.5 MM, the (PPhy),NiBr, catalyst system.
[Alit = 250 mM. )
Norbornene can out-compete PPh; but other olefins cannot!
Stefan Kiinzi 2018 (unpublished) #25

Eidgendssische

ET H Technische Hochschule
Zirich

Goal is an 1:1 replacement for
diazomethane

Simmons-Smith reaction
70
RNWR ¢ xS
X=Br,l

Cyclopropanation

R R'

cyclopropanation using diazomethane
, 'TM' (cat)
R/\H‘R + HC=Np —— RA R
cyclopropanation using the N-ylid

NI (cat)
xR ® CHp — /N
RN+ e N~= 2 R R

a more general approach

'Pd' (cat) ®_
A NR o+ Ny ——— A | cHaN L
capable of nucleofuge electrofuge R R @

migratory  leaving group allows
insertion or or transmetalation o
additionto  capable of of the N
Pd-carbenoid  oxidative alkyl moiety l BF3
addition to Pd

T. den Hartog, J.M. Sarria Toro, P. Chen Org. Lett. 2014, 14, 1100. #26
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Initial screens and optimization produced
a reaction of limited scope

DL,

Ppd P‘,’_@
SaRr/AN

Ab + 17 BRK Gme) b ™)
K,C0;(1.5 equiv.)

(1.0 equiv.) (1.5 equiv.) DMF/H,0 (8/1) 99%
hEE 90 °C, 6h
YL o
P'Pd Pd o

o (5%mol)
:Ib j: \ > :Ib )
+ B—\ >
o |

K,C03(1.5 equiv.)
CsF (3.0 equiv.) 92%

(1.0 equiv.) (1.5 equiv.) DMF/H,0 (8/1)

NBE 90 °C, 6h
T. den Hartog, J.M. Sarria Toro, P. Chen Org. Lett. 2014, 14, 1100. #27
q Eidgendssische
Cyclopropanatlon ET H Technische Hochschule

We could largely overcome the reactivity
and side reaction limitations

OH

Yo O GO0 O

2a,75°C,22h;94%  2b,75° C,22h;88% 2c,75°C, 22h 98%

Ty

) ) 2a, 75 °C, 48h; 98%(88% 2e,75°C, 22h;39%
(1.0 equiv.) (1.2 equiv.) %(38%) 2d,75° C, 220 55% ' sgout dr
2d, 65° C, >1 week; 64%
[(o-tolyl)sP],PdCI, 75:1dr

(5 mol%) W\DH fo A\/\ “"\/Av\
K,COj5 (5 equiv.) s

. . 29,75°C, 22h; 31% from (E)-2-hexen-1-ol from (Z)-2-hexen-1-ol
DMA:EG (16:1) 2f, 75 °C, 22h; 76% 2h,75°C, 22h; 67% 2i,75°C, 22h; 65%
temp (°C), time (h) 21,75 °c,ggr; gs%(ss%) 73:1dr 2z:1.dr 2j, 75°C, 24h; 72%(68%)
> r

“--0

)> o T:::" s

2k, 75 °C, 22h; 59% 2l1,75°C, 22h; 0% 2m, 75 C 48h 83%(77% 2n, 75 °C, 48h; 29%(26%)

2 2k, 75 °C, 48h; 61% >99:1dr
43:1dr
A.A.S.W. Tchawou, M. Raducan, P. Chen Organometallics 2017, 36, 180. #28
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Kinetic order: Pd (0.5), EG (-0.5),
phosphine (0), substrate (0)

A) B)
oS
- @ Smoli catalyst . ® DMACIEG (16:1) |
— @ 10 mol% catalyst = @ DMAGEG (16:0.5)
s T oo
Eoos] E"®
wo i oos
o o
c DOE = 0056
= 2
E ‘E‘ nos0
= 2 b=
= R'=0.986 € nass
£ s’ £ k =(2.45 £ 0.15).10" M.s'
S K =(2.45 £ 0.15).107 M.s~ S 0040 =(2.45 £ 0.15). LS . [
Coo| . 2 1 4 1, =0.986
k,=(3.47 £ 0.16).10" M5 R'=0,994 v 1o | 7355 2021010 "M.s R'=0.990
o 20 ' II'J ' EI'J i 100 ' 'i‘.} ' o 0 ' EIL' ' -I:J ' &0 dIU ' 'LIIU ' YéL"
time [mins] time [mins]

Initial reaction rates for the conversion of COE vs time in the presence of 5 mol% Catl (@)
and 10 mol% Catl (®) 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. #29
. Eidgendssische

Cyclopropanatlon ET H Technische Hochschule

Rate-determining-step is distinct from

product-determining-step
—

R{

2) SN
. 9 g —\_OH *base + | )]
One possible mechanistic (oo — TR
. . base.HI
Scheme consistent with \ oxidative addition
the klnetICS reductive elimination o é}\

A0
R R \‘/Pd Pd‘Pm-mn3
Ry \:‘</[B] P(o-tolfy vi [B]>
(o-tol)f»Pd‘&Rz RY R,
\R)Z\/ zeroth-order

X __Ri
B] l olefin n-complexation
ILH
Q Pd
/£
RO[BIK/ROH 7{’ R,
transmetalation —— X B VK\‘W
- p-hydride o
product-determining step elimination \
(o-tol)P <}
Vil 5

resting state

ROH/KOR [B]\ Re
: g,
!

P B Re

D -
. J}{é ‘@ Kpg/\‘m deprotometalation
& HO
o X migratory P/ \OH
TS[IX-X] insertion J inverse half-order
Vi
A.A.S.W. Tchawou, M. Raducan, P. Chen Organometallics 2017, 36, 180. #30
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Evidence for the diverted Heck
mechanism: oxidative addition

Instope pattern miz 651

miz 651
e
W Thecratical r
- Esperimental FF
% _.[;
e, o~
- e 1 prr; l‘"Dml-wn.m...n
0
E T 6T +BuxXPhos Bl 63
E & Y ] s
E miz
=0
H
T @
g,
0
10 miz 1263
o ll " - __A_

® 50 a5 150 ] 1080 10 pyy 140

A.A.S.W. Tchawou, M. Raducan, P. Chen Organometallics 2017, 36, 180. #31

q Eidgendssische
Cyclopropanation ET H Technische Hochschule

Zirich

Evidence for the diverted Heck
mechanism: oxidative addition

single-crystal x-ray structure

A.A.S.W. Tchawou, M. Raducan, P. Chen Organometallics 2017, 36, 180. #32
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Heuristic for enumeration and
classification of possible mechanisms

oxidative addition initial methylene

before transmetalation transfer to metal
Inner sphere

Oxidative addition before transmetalation

Methylene transfer before olefin binding
\
—( \ V4|
r 1 yr
inner 1 i g (1 outer
sphere 4 sphere
x T L i
) |
0 v
§ 3 A}

/

initial olefin transmetalation
coordination before ox. add.
to metal
Juan Manuel Sarria Toro, Tim den Hartog 2013 #33
| q Eidgendssische
CyC opropanatlon ET H Technische Hochschule

Zirich

Postscript

What about Volker Franzen?

#34
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