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0 Summary

0O Summary

0.1 General

The seconarder rate constankso-c(M' § 3 of nucleophileelectrophile combinations can
be described by e@.1, in which the nucleophilepecific slope parametés sy, N is the

nucleophilicity parameter artelis the electrophilicity parameter.

log koocc=sn(N + E) (0.1)

Based on this correlation a broad range of nucleophiles, including various phosphorous and
sulfonium ylides, have been studied, whileaacterizations of the electrophiliciti€s of
electrophles other than colored cations and Michael acceptdhsabsorption maxima in the
visible or near UWis rangehave hardly beenattempted Only recently the electrophilicity
parameters of sonwlorlessaldehydesimines and chalconeweredetermined

The purpose ofthis thesis igo investigateahe kinetics and mechanisms of theactionsof
nitrogen ylideswith acceptoysubstituted olefinsTherefore, the reactions ammonium ylides
and pyridinium ylideswith reference electrophiles were studied ineortb quantify their
reactivity by using eq 0.T'he nucleophilicity parameters of pyridinium ylides derived in this
way could then be used fitire characterization ofhe electrophilicities of a largeumber of
synthetically importantcolorless acceptesubstituted olefins, namelacceptorsubstituted
ethylenes propylenes, and styrenes. Th&ctrophilicity parameters of these compounds
allowed us to test the applicability of eq 0.1 to reported seoaher rate constanfer the
reactions of acceptesulstituted olefins with various nucleophileshich were collected from

the literature.
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0.2 The Wide Mechanistic Spetum of Ammonium Ylide Mediated

Cyclopropanations

Kinetics and mechanism®f the reactions of stabilized ammonium ddis with
diarylcarbenium ions andeveralMichael acceptors have been determined byi W&/ and
NMR spectroscopy in DMSO &0 °C (Scheme0.1). The cyclopropanationsf the Michael
acceptors by ammonium ylidesere found to proceeda intermediate betaindScheme.1),
which could be observed and characterized in some cases.

Theoverallreaction, betaine formation and ring closure, was found to follow four different
types of mechanisms depending on théurea of theMichael acceptor and thelectron
withdrawing groupstthe ylide.

The more basiccyano, amido, and estsubstitutedylides (Kav 20 in DMSO) were
found to form the intermediate betaines irreversibly with éastlow subsequent ring clagu
depending on the Michael acceptor, while the less basjtsubstitutedylides (Kan 151
16) formed the intermediate betaines reversibly with rate determining ring closure.

The energy profilesof four different types of mechanisnfigr the cyclopropaatiors with
ammonum ylides, i.e., irreversible betaine formation with fast (case 1a) and slow subsequent
ring-closure (case 2a), and reversible formation of-oleservable (case 1b) and observable

betaines (case 2hyeconstructedKigure0.2b).

Scheme0.1. Reactions of ammonium ylides with diarylcarbenium ions and Michael acceptors.
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Figure 0.1. UV-vis spectra of the reaction of an estersubstituted ammonium ylide with a benzylidene
malonate with formation of an intermediate betaine during the first 10 min of the reaction(a) and of the

ring-closure of the betaineto the cyclopropane in the follownhg 120 min (b).
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Figure 0.2. a) Plots of the observed second order rate constarksc of the reactions of different ammonium
ylides with benzhydrylium ionsand Michael acceptorsversus the correponding electrophilcity parameters
E; b) Energy profiles for the four different mechanisms observed for the cyclopropanations of Michael

acceptors (E) by ammonium ylides (Nu) via intermediate betaine8j.
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The correlationsof log k. for the 17.22/ 1822/ 2050/ 21.11/ 24.69/  27.43/
_ ¢ unalid h 0.69 054 059 050 0.0 0.37
reactions of the ammoniurglides wit N
!t . POPR2D P
benzhydrylium ions and for the formation :<N
of betaines from ammonium ylides and Voo “ooue Lot boseu |CONEt2 |C:
Michael acceptors versus the electrephi 1} | } 2}3 2}5 ;7
licity parameter& werelinear(Figure0.2a |
yp (Fig ) QNMe o@ @NMe3

and allowed us to determindne nucle Coph CozEt cozEt

ophile-specific parameterd andsy for the 17.45/ 20.15/ 21.05/
. ) . 0.58 0.58 0.52
ammonium ylides, adefinedby theeq0.1.
By including them into our comprehensive ~ Figure 03. Reactivity parameters N/sv of
- . . ammonium ylides investigated in this work.
nucleophilicity scale a direct comparison

with other types of nucleophiles was achieyedure0.3).
0.3 One-Pot Two-step Synthesis of ZEthoxycarbonyl-indolizines via

Pyridinium Ylides

The pyridinium salts PyCH,-EWG were found to react wiubstituted Michael acceptors
of the type ArCH=C(CQELt)(Acc) at ambient temperature in the presence of base to give
[3+2]-cycloadducts via stepwise [3+2Ycloadditions of the intermediate pyridinium ylides
(Scheme 0.2

Oxidization of the intermediate {2]-cycloadduct in the crude reaction mixtures with
1 equivalent of chloranil in the presence of atmospheric oxygen and sodium hydroxide gave 1
ethoxycarbonyindolizines by dehydrogenation and elimination of the acceptor group (Acc).
A mechanism for theokmation of the dethoxycarbonyindolizines was proposed as depicted
in Schemed.3.

Scheme0.2. Scope of the ongot indolizine synthesisdeveloped in this work.
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COPh Ar= p-NO,, p-CN, exampl
R=  3-Cl, 4-NMey, m-Cl, p-Br, H, es

isoquinoline p-Me, p-OMe,
p-NMe,, julolidyl
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Scheme0.3. Proposed mechanism for the formation of ethoxycarbonykindolizines.
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The developed synthetic procedure was found to tolerateoad brange of electren
withdrawing groups and substituserdn the ylides and the Michael accegtas shown in
Schemd).2. Structurally related isoquinolinium salts react with Michael acceptors analogously
to give pyrrolo[2,1a]isoquinolines.

As also a 2-alkyl substituted indolizinewas accessiblefrom Py-CH.CN and 'Pr-

CH=C(CQEt)2 by this methodthis indicaks that theprotocolis not restricted to aromatic
Michael acceptors.



0 Summary

0.4 Nucleophilicity Parameters of Pyridinium Ylides and Their Use in

Mechanistic Analysis

The kinetics of the reactions of pyridinium, isoquinolinium, and quinolinium ylides with
diarylcarbenium ions, quinone methides, and arylidene malonates (reference electrophiles)
have been studied in DMSO solution by IOXs spectroscopy. The reactions of pyridinium
ylides with benzhydrylium ions and quinone methides gave the simple alkylation products
(Scheme.4).

Scheme0.4. Reactions of pyrinium ylides with benzydrylium ions and quinone methides.

AR

EW

9 example_s Ri=H EWG = CN 8 examples
39%-quant. yield m-Cl CONEt, 94%-quant. yield
p-NM62 COzEt
Isoquinoline COMe
Quinoline COPh

Themeasuredeconedorder rate constants (Idg) were found to correlate linearly with the
electrophilicity parameteri of the reference electrophiles as requireceq9.1, allowing us
to derive the nucleophilspecific parameters andsy for the investigated pyridinium ylides
(Figure0.4).

The measured rate constants for the -diglar cycloadditions of pyridinium,
isoquinolinium, and quinalium ylides with acceptor substituted dipolarophiles (arylidene
malononitrile and substituted chalcone) were found to agree with those calculatdg] fipm
andsy, showing that the above correlation is a suitable tool for the prediction of absolute rate
constants of stepwise or highly unsymmetrical concerted cycloaddichgin€.5). Changes
of the reaction mechanism were demonstrated by deviations between calculated and
experimental rate constants by a factor ¢t 10

Pyridinium-substitution is found to have a similar effect on the reactivity of carbanionic

reaction centers as alkoxycarbonyl substitutieigire0.5).
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Figure 0.4. Plots of logk: for the reactions of pyridinium ylides with reference electrophiles in DMSO at
20°C versus the corresponding electrophilicity parameters.
Scheme0.5. Stepwisereactionsof pyridinium ylides with benzylidene malomnitriles (a) and chalcones (b).
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Figure 0.5. Comparison of k>-values of the reactions of analogously substituted pyridinium, ammonium,
sulfur, and phosphorous ylides and carbanions towardp-NMe:2-substituted diphenyl quinone methide N
and sv-values are given below each nucleophile (reactivities refer to DMSO as solvefig]. Calculated by eq
0.1 fromsy, N, andE; [b] In CH2Cl2.

0.5 Electrophilicities of 1,2-Disubstituted Ethylenes

The kinetics of the reactions of maleic

anhydride, N-methyl maleimide, fumaro ﬁéoO [fN_Me J/CN J/COZEt [COZEt
nitrile, diethyl fumarate, and diethyl NC™ EtO,C CO,Et
maleaé with pyridinium and sulfonium Chfgt 0.1.o 1,2Disubstituted ethylenes inve
ylides were studied in DMSO at 2TC stigated in this work.

(Chart 0.1)

The reactions of pyridinium vylides with the idsubstituted ethylenes gave
tetrahydroindolizines as initial products, whigbre isolated in case of the benzeybstituted
isoquinolinium ylide(Scheme 0.6a)pr oxidized to the corresponding indolizines in case of the
benzoylsubstituted pyridinium ylide Scheme 0.6b). The reactions of 1;disubstitued

ethylenes with sulfonium ylides gave cyclopropargshéme).6c).
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Scheme0.6. Reactions of 1,Aisubstituted etyhlenes with isoquinolinium, pyridinium, and sulfonium ylides.

EWG
\ EWG  Base A
A JN® * [ — EWG
Br EWG DMSO N
PhOC 20°C COPh
— EWG EWG
<\ 2@ EWG Base = [O] Zar—
by o N& + | — L )—Ewe | ——— [ " —Ewe
Br > ewg CH.Cl, X X
PhOC 20°C COPh COPh
DMSO EWG
©) K
Me,S EWG 20 °C =
c) >@ + | — R—QL
R Ewg ~SMe
EWG

All reactions follow a secondrder rate law and can be described by the linear free energy
relationship lod. = sn(N + E) (Figure0.6). The electrophilicity parameteEsof the investigated
dipolamphiles were derived from the linear correlations of Kgfsn versusN and range from
T 19 .E& < 1Hgurg0.7)
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71 .
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s |
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5 |
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Figure 0.6. Correlation of (log kz)/sv-values deived from the reactions of 1,2disubstituted ethylenes with

pyridnium and sulfonium ylide against the corresponding nucleophilicity parameterdN of the ylides
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Figure 0.7. Reactivity ordering of the 1,2disubstituted ethylenes investigated in this work.
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0.6 Quantification of the Ambident Electrophilicities of a,b-Unsaturated

Aldehydes

The ambident reactivity of the,b-

unsaturated aldehydes acrolaamtonalde H(i i i
H H H
hyde and cinnamaldehyd&hart 0.2)was | " ﬁ Phﬁ
e
studied in their reactions with pyridinium  chart 0.2. a b-unsaturated aldehydes investiga
andsulfoniumylides (Scheme).7). ted in this work.

The rate constants of tinestepwise [3+2fcycloadditions with pyridinium ylides, and fhe
cyclopropanations or epoxidatiohg sulfoniumylides have been determined photometrically
in DMSO at 20°C.

Pyridinium ylidesgaveindolizines (after oxidation) which atke products of theonjugate
attackat the enalThe reaction of benzoyl and acetyl substituted pyridinium ylides watju®.
of acrokingavethe3-(oxopropy) indolizine-1-carbaldehydafter elimination of thacyl group
from the intermediate Stabilized sulfonium ylidesexclusively gave cyclopropanes by
conjugateattack while the semistabilized ylidesalso formed epoxidesy 1,2-addtion to the
aldehydgSchemd.7).

Scheme0.7. Reactions of pyridinium and sulfonium ylides witha,b-unsaturated aldehydes.
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Figure 0.8. Plots of the(log kz2)/sn values for thel,4-attack of pyridinium and stabilized sulfonium ylides at
the a,b-unsaturated aldehydes versus the corresponding-parameters. The slopesf the correlations were

set to 1.0 as required by eq 0.1.

All investigatedeactions were found to follow a secemdler rate law and the rate constants
refer to the initial formationsf the intermediate betaines. The obtained rate constantky)log
were combined with the known nucleophilicity parametidrand sy of the pyridinium and
sulfonium ylides to derive the electrophiliciti&sof the C=C and C=@ouble bonds of the
a,b-unsaturated aldehydes according to the lineardrmegy relationship log = sv(N + E)
(Figure0.8).

Reported rate constarfty thereactions of substituted pyridines, morpholine, and cysteine
dianion with thea,b-unsaturéed aldehydes were collected from the literature and compared
with those calculated by eq Offom the E parameters of the,b-unsaturated aldehydes
determinedn this workand thepreviously publishedy andN-parameters of the nucleophiles.

The investigion provides a quantitative description of the ambident electrophilicities of
a,b-unsaturated aldehydes and allows to include them into our comprehensive

nucleophilicity scaleKigure0.9).

11



0 Summary

1,4 Addition 1,2 Addition
L_&Ph
N* Ph E
| OSiMe;
18
| ! SN
|
Ph
— H)\Ph
{ +5 ——110 T
j i
| 712 H™ Ph
NI,BOC
J — ——114 H Ph
— |\ POPh,
|
CO,Et P
J/ 1116 —  H . Ph
EtO,C o -
o - L0 H |
H TTi118 — 5
| Ph le . H | _ CeHa-p-NO,
—_—u .

Ph © o0 —— h—— HJ\L
EtOZCj/COZEt H 12 0— o Me
= . J\L 0
Ph Ph H)J\Ph

Figure 0.9. Comparison of the electrophilicity parametersk of a,b-unsaturated aldehydes with those of

Michael acceptors, aldehydes, imines, and iminium ions.

0.7 Electrophilicities of Acceptor-Substituted Olefins

The rate constants of the réaaos of acceptor substituted olefins, in particuéhylenes,
propylenes, and styreng€hart 0.3) with pyridinium and sulfonium ylides have been
determined photometally in dimethyl sulfoxide

The reactions of pyridinium ylides withe acceptesubsituted olefins fronChart0.3 gave
dihydrandolizinesorindolizinesafter oxidationwhile the reactions of activated ethylenes with
asulfoniumylide gave cyclopropandScheme 0.8)

All of these reactions were shown to follanseconebrder rate lawPlots of (log k2)/sn
versughe nucleophilicity parameteb$of the ylideswvere linear with a slope of approximately
1.0 as required bgq 0.1(Figure 0.10).

o
o o \\/O oN 9 R . \/o CN
ﬁo& HJ\NMez r Ph r |HJ\R2 | j Tol J/
Ry

= OMe, Ry = I\P/Ir? R3, Ry = n I\P/Ir? Rg = Me
’ Ph
OEt Me, H
O'Bu

Chart 0.3. Acceptor-substituted olefins investigated in this work.
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Scheme0.8. Reactions of activated acceptesubstituted olefins with pyridnium and sulfonium ylides.
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Figure 0.10. Correlation of (log k2)/sv with the nucleophilicity parameters N for the reactions of acceptor

substituted olefins with pyridinium and sulfonium ylides.

The linear correlationallowed ugo derive the electrophilicity parametét®f the Michael
acceptors irChart0.3 according to eq 0.1 (Figure 0.1%hich range froni24.7 <E <71 15.2
The derived electrophilicity parameteis of the acceptesubstituted olefia allow many
comparisonsvith otherMichael acceptorand can help to increase the understanding of the

nucleophile independent orderingedéctrophilicreactivities(Figure 0.1].
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Figure 0.11. Comparisonof the electrophilicities E activated ethylenes, propylenes, and styrenes with those

of other Michael acceptors.

0.8 Applications of the Linear Free-Energy Relationship logkz = su(N +E)

We collected 110 rate constants for reactions of the acesyibstitute olefins investigated
in this wor k wthC® aNr O©,sS arid. Rhucl@ophBesfrom the literature.
Subsequently we compared these experimental rate constants with those calculated by eq 0.1
using the known reactivity parameters of the reactdnt®96 cases we found that the rate
constant could be predicted within the limit of confidence of eq 0.1 of two orders of magnitude.
This agreement demonstrates the reliability of eq 0.1 for the prediction of rate constants of polar
organic reactions.

The rate constants of the reactions of glutathione with Michael acceptors of known
electrophilicity andthe rate constants for the reactions of different activated ethylenes with
amines, pyridines, and alkoxides, whoseleophiicitiesare known, were colleetl from the
literature to estimate the nucleoptily parameters of glutathionand the electrophilicity
parameters of the activatethylenes. The comparison with the reactivity parameters of related
compoundsvasused to analyze the reliability of thgs@rameters.
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Figure 0.12. Correlation of rate constants for the reactions of acrylonitrile with pyridinium and sulfonium
ylides (black dots) used to draw the correlation line (the slope is set to 1.0). G&ld dots refer to rate

constants for its reactions with nucleophiles collected from the literature.

Although eq 0.1 cannot be used to prethet rates opericyclic reactions, we collectetthe
rate constants of the reactions of diazomethanediandswith the acceptesubstituted olefins
i nvestigated in this work ( ChaNandsyobdiffarand . 3) .
diazomethanes and dienes were previously determined from their stepwise reactions with
benzhydrylium ions. Plots of lokp versus the electrophilicity paramet&sand of (logka)/sy
versus the nucleophilicifyarameter showed that the reactions of diazomethanes and dienes
deviate from the correlation lines for the stepwise reacbenaus¢hesereactions proceehly
a corceredmechanism in agreement with previous interpretations of these reactions. Although
these reactions do not follow eqg 0.1, the rate constants still show a dependence on the reactivity
parametersHigure0.13) as they increaseith increasing reactivity of the reactants.

The concertedness of these reactions can Dbe
C 0 N ¢ BGkokedt= RTIN ka®Vk 2% from the ratio of the experimenta?®) and calculated

(k¥4 by eq 0.1secondorder rate constants for these pericyclic reactions.
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Figure 0.13. a) Plot of the logk: values of the reactions of diphenyl diazomethane with benzhydrylium
tetrafluoroborates (filled dots, CH2Cl2, 20°C) and Michael acceptors (open dots) versus the corresponding
E parameters; b) Correlation of the (logkz)/sv values of the reactions of methyl acrylate with pyridinium
ylides and sulfonium ylide (filled dots, DMSO, 20°C), diazomethanes and dienes verstthe corresponding

N parameters.
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1 Introduction and Objectives

1.1 Introduction

The numerous types of organic reactions described today facilitate a vast amount of possible
nucleophile electrophile combinat®rThe sheer number pbssible combinations leattsthe
needfor simple and reliable tosto predictorganicreactions The developmendf such tools
has been a great challenge to phystrghnic chemistever thelast decades.

A major progres$o describe organic reactivity was made ibgdld in thel930sas he found
that organic reactions are in many case the combinatioeedfonrich specieswhich he
calledfi n u c | e pwitlh éldcteospoor specieswhich he namedi e | e c t fHoTpidri | es o .
classification was the basis for the first systematienaptsby Swain and Scd# to quantify
organic reactivity by using kines.When theyinvestigaed the kinetics 06nv2 reactionghey
found that their rate constants followedl linear freeenergy relation (edL.l), in which

nucleophiles are charactezit by one parametan)(and electrophiles by two parametesarid
log ko).

log (ko) = s (1.1)

In 1972 Ritchie showed, that the rates of the reactions of nucleophiles with carbocations and
diazonium ions can bdescribedby a simple equatiof2), in which the reactivity of the
electrophile (logko) and the nucleophileN¢) is described by one paramefétdowever, the
applicability of eql.2 was found to be limited and a separate treatment of the different classes

of electrophiles gave better corriades

log (k/ko) = N+ (1.2)

In 1994 Mayr and Patz developed a linear-eeergy relationship (ef;.3) based on the
reaction rates of benzhydrylium ions, cationic mgtglomplexes, and diazonium ions with n,
p, ands-nucleophiles® In the three parameter equaties-c is the secondrder rate constant
(M" § 3, sy is thenucleophile specific slope paramefsiis thenucleophilicity parameter, and

E is theelectrophiicity parameter.
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log k2o°c = sn(N + E) (1.3)

The applicationof eq 1.3 wassimplified by defining benzhydrylium ions and quinone
methides as reference electrophilesat allowedoroad variations of the reactiviy aconstant
reaction center by chamg the substituentsf the aromatic ringsSubsequently,arioushighly
substituted Michael acceptdrave beemadded to the reactivity scale, allowing the construction
of a comprehensive nucleophilicity and electrophilicity scale with curr®dtinucleophiles
and249electrophiles characterizéd.

1.2 Obijectives

Nitrogen ylides are known to be highly reactive nucleophiles and are used for the preparation
of a wide range of produgte.g. cyclopropanesrOm ammonium ylides) or indolizine$rém
pyridiniumylides)”!

By studying the kineticand mechanismef the reactions of ammoniunglides with
carbocations anichael acceptors, a better understandinthefr reactivity should become
possible(Schemel.1a).

Similar investigabns with the related pyridinium ylides should show, if their [3-+2]
cycloadditions to Michael acceptors proceed stepwise and follow g&dhgmel.1b). The
comparison of the reactivities of ammonium and pyridinium ylides walréactivities of the
recently characterizeghosphoniur§! and sulfonium ylide€8 should show the eftt of the

oniummoiety on theeactivities.

Schemel.l. Reactions of ammonium (a) and pyridinium ylidegb) with Michael Acceptors.

Acc Acc Acc
R3N@ Acc. _AcC k.. ® ke Acc
a) W@ + \[ ——» RN R T EWG
-NR
EWG R EWG 3 R
rate- fast?
determining?
Acc
R Acc Acc/H
@@ Acc._ActH Rm N R
b ol 2
) N NW@J(\E —>K/N@ Ar —>K/N Ar
Ar
EWG EWG EWG

log k(20 °C) = sy(N + E) valid?
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As mentionedabove four times moreucleophiles $47 examples) were characterized by
means of eq 1.8\, sv) thanelectrophiles 249 examples}® Until now mainly the reactivity
of colored carbocationsl86 examples) including heteroatom substitutedrbocationsand
cationic metalp-complexes have been quantified by eq 1.3. The quantificatioMhael
acceptordhas beenmestricted to highly substituted systems, having absorption maxima in the
visible or near UWis range.The reactivity of gntheticallyimportant colorlessaccepor-
substituted olefindhasnot been investigated by our methodas suitable colored reference
nucleophiles were not available.

Applying the colored pyridinium ylides as reference nucleophiles should allow us to study
the electrophilicies of such accepts-substituted olefins, as theternal electrophileof the
pyridinium ylide the pyridinium moiety, should be able to trap the carbanion formed in the
intermediate (cfSchemel.1).

1,2-Disubstituted ethylenes are common eledtitss in pericyclic reaction$” The kinetic
investigation of their reactions with pyridinium ylides should allow us to analyze which
substitution pattern of the ylide induces a concerted mechaSisheie 1.2

It is knownthatsemistabilized sulfoniunylides addo the formyl group of,b-unsaturated
aldehyde8® while pyridinium ylides addo the conjugate positiofSchemel.3). Combining
both reactivities should offer the possibility to quantify the electrophdeaf the formyl group
andof theconjugateposition ofa,b-unsaturated aldehydes.

In further studies, theiseof suitable pyridinium ylides as reference nucleophiles should
allow us to quantify the electrophilic reactivities of other accepttastituted olefins§cheme
1.4). Variations of their substituents should allow a systematic quantification of their

electrophilicities.

Schemel.2. Stepwise and concerted reactions of pyridinium ylides with 1;8isubstituted ethylenes.

(\ RI TNEWG

LN EWG Acc
RY®T 2
H

/ ° .ACC \ RKC\\ H
\_,77 \

Acc Acc, __.

Acc
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Schemel.3. Reaction ofa,b-unsaturated aldehydes with pyridinium and sulfonium ylildes.

®
Mezs O
R 7 N\
®

Me,S g Yo 0® o)

9’ R EWG N ~u H
o - - | H——| ! —» N
H -SM62 R AN k2 R 5 = R R
X R EWG EWG

X
| R'" R? k
NOEWG + \—(f —
®WH/ Acc H
R'=H, Me
R2 =H, Me, Ph
Many rate constants for the additions of - §<’3§?P N
nucleophiles to acceptsubstituted olefins RT H (R H (R?
. Acc X =
have been determined over the last decades ~ Nu—/ R “Acc R'  Macc
) ) a)log kog o.c = sN(N + E)  b) determination of AGgoncert
(Figure  1.R)I The  previous always vaild?

guantification of the electrophilicities of Figure 1.1. Applications of the electrophilicity
acceptorsubstituted olefins should allows parameters of acceptorsubstitued olefins
to study the reliability of eq 1.By com investigated in this work.
paring thereported experimental ratenstants with those calculated by eq 1.3. Furthermore,
many rate constants for the reactions of acceqibstituted olefins witdiazomethanes ([3+2]
cycloaddiion)*® and dienes (Dielé\lder reaction}” have previously beereported Figure
1.1b). The comparison of the experimental rate constants with those calculated by eq 1.3 should
allow us to analyzéhe degree of concertednéBXconcer) Of these reactions.

As parts of this thesis have been published or submitted for publication, individual
introductions will be given at the beginning of each chaf@emeof the presentedinetics
have been performed during thester thesis ahe authoras indicated in the experimental

sections.
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2  The Wide Mechanistic Spetrum of Ammonium Ylide

Mediated Cyclopropanations

Dominik S. AllgauerPeter Mayer, Konstantin Troshiand Herbert Mayr

2.1 Introduction

Ammonium ylides are important Scheme2.1. Reactions of ammonium yides with

. . . 2
reagents in organic synthe&i§! They are aldehydes.
intermediates in various rearrangements @ j\ rn® R, Ro
T
e.g., Stevens and Sommelet R1> Ry “H Ry T o© -NR, Ry

rearrangement§), and are usetbr thesyn

thesis of epoxides from carbongbmpoundg (Scheme2.1). Catalytic enantioselective
cyclopropanations of Michael acceptoby ammonium ylides have been described by
Papageorgiou, Ley, and Galihtto provide a straightforward stereoselective access to
cydopropanes$cheme.2). Due to the large number igadilyavailable chiral tertiary amines,
this application has significantly increased the interest in ammonium ylidagcent
yearg3a b 4.5.7]

So far, réative reactivities of ylides have mostly beassociated witlthe acidities of thie
precursor saltsT@ble2.1),® though the correlation between acidities and reactivities of carbon
centered nucleophil&sis known to be only moderatven when reactions at the same centers
are comparef

While the mechanisms of sulfonium ylide mediated epoxidations and cyclopropanations
have intensely been studiBd,most kinetic and theoretical studies on reactions ehanium
ylides focugdon rearrangement reactighd and only fewstudiesdealt withthe mechanisms
of ammonium ylide mediated epoxidati&fsor cyclopropanation8* Quantitative data on the
nucleophilic reactivities of ammonium ylides hase far not been reported. Aggarwal and
other$'® demonstrated that the leaving group abilities ¢ B> 1314 15¢as well as those of

R2S 14 15¢lgnd RP14 ¢ have a big influence on the course of the reactions.
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Scheme2.2. Organocatalytic cyclopropanations of Michael acceptorsy ammonium ylides!”
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We recently studiedthe kinetics of the reactionof phosphoniunt®! sulfonium®” and
pyridinium ylides®'® with carbo@tions and Michael acceptoand showed that the rates of
these reactionsan be described by &ifl, wherekcc is the seconarder rate constant in ¥
sl (at 20 °C) sy is a nucleophilespecific sensitivity parametelN is a nucleophilicity

parameter, ad E is an electrophilicity paramet&f;18 19

log kec = sn (N + E) 2.2)

In this way, ylides were included into themprehensive nucleophilicigcaleshown in ref.
[19i] which provides a direct comparison of many differenssds of nucleophiles.

We have now studied the kinetiasd mechanismaf the reactions of the ammonium ylides
laii (Table 2.1) with benzhydrylium ion2ai d, quinone methidegai f, and benzylidene
malonatestal d which we generally employ agference electrophileas well aswith other
common Michael acceptgrsuch asthe benzylidene indandiosebai ¢ and the chalcone6
(Chart2.1). The results will be used to rationalitee changes ofmechanism of ammonium
ylide mediated cyclopropanations atwl determine the nucleophilicity parameters of the

ammonium ylided as defined by eq 1.
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Table 2.1. Synthesi§® and pKa values of the ammonium saltstH*X' employed as precursors for the

ammonium ylides 1 and UV absorption maxima of the ylides 1.

THE  RN® RN
NR; + = ’ e
EWG 20°C  xZgwe EWG
1H*X 1
NRs X  EWG Salt Yield/% pK{DMSO)® Ylide  /ma(DMSOYnm
DABCO Br CN 1aH*Br' quant. (20.9 1a <256
DABCO Cl CONEg 1bH*CI' 91 (24.9 1b <256
DABCO Br COEt 1cH'Br' quant. (20.0 1c <258
DABCO Cl COMe 1dH*CI' 76 (16.3M 1d <260
1dH*OTI g3v! (16.3)¢
DABCO Br COPh leH'Br' 80 (14.9 le <257, 310
DABCO Br CO/Bu  1fH*Br' 95 (~21y 1f not determined
Quinuclidine  Br COEt 1gH*Br! 71 (20.0f 1g not determined
NMes Br COEt 1hH*Br’ 83 20.09 1h not determined
NMes Br COPh 1iH*Br! quant. 14.69 1i <257, 307

[a] The Kasvalues of*NMes-substituted salts were assumed to be good approximatiorthefatructurally
analogoudDABCO*-compoundsSince benzoysubstituted ammonium salts with quinuclidiniuamd *NMes-

moiety have the sameKa-valuest®® @ [b] Synthesizedy treament of 1ldH*CI" with TMS-OTf in MeCN under
N2 at20 °C (for details se&xperimentalSection) [c] pKs-valuefrom ref.[8c]; [d] Estimated fronthe [Ka-value

of 1cH*Br' andDpK, & 1 of ethyl andtert-butyl phenyhcetatd?® .

Ph
|O |O 2R
R Etom 3
Me,N NMe, ! 2 =

2a E=-7.02 3a E—-12 18 (R, = OMe) 4a E =-17.67 (R3=p-NOy)
3b E=-13.39 (R»] NMez) 4b E =-18.98 (R3 = m_C|)

4c E=-20.55 (R3=H)

@ t
Bu =
0, S
M’N Nl\/l © Re 7
e e By =
2b E=-876 3¢ E=-15.83 (R,=Me) Q
'e) R

3d £=-16.11 (R, = OMe) 4

)
e E=-17.29 (R;=NMey) 5, £= 1011 (R,=H)
5b E =-11.32 (R, = OMe)

N N _ 5
. c

2c E=-945 (n=2)

2d £=-10.04 (n=1)

=-17.90
5¢c E =-14.68
PhOC.__~
6 E=-17.33 NO,

Chart 2.1. Electrophiles Employed in this Work[*1. 19 ¢. 7. 21]



2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Because of their low stability at room temgierre,the ylideslai i were not isolated but
generated in solution by treating their conjugate atitfX' with a base. The ammonium salts
1H*X" listed inTable 2.1 were obtained by a Menschutkin reaction from the corresponding

tertiary amines and alkyl halides in THF, according to a recently reported proé&dure.

2.2 General

2.2.1 Mechanistic Scenarios

The ylides 1 have been reported to react with Michael acceptors via zwitterionic
intermediates§cheme2.3), 52 7. Mwhich may be formedreversibly orreversibly with the
rate constarkcc for the forward and the rate consté&nic for the backward reaction. The ring
closure proceeds with the rate constan{Scheme2.3; eqs 2.22.4).

Scheme 2.3. Mechanism of the reaction ofammonium ylides (Nu) with Michael acceptors (E) via

intermediate betaines (l) to cyclopropanes (P).

Acc EWG kee Ace hee EWG ke A Acécc
Acc )]
‘\g T O®ONR; ke QNR -N A?/
Ar g Nu I
AE = - BTN+ K ] 22)
L = INUITED - K o] Kel] 23)
AP 2.4)

dt

One can nowdifferentiatefour extreme caseslepending on the relative rates of the various
steps

In the firsttwo caseghe intermediate betaireis formed as ahortlived speciesand the
steady state approximation holds (eq 2.5). In cas@da.6), the backward reactiok cc is
muchslowerthan the ring closurke, i.e.,the intermediatbéetaind is formed irreversiblyand
the rate constants which are derived from the decays o&likerbances of thMlichael

acceptorsk) thus correspond tiacc.
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

In case 1b (eq 2.7), the backward reackos ¢s much faster than the ring closuke i.e.,
the formationof thebetaine is highlyeversible, and the observed seconder rate constants
koobs Which are derived from the morexponential decays of trebsorbances of thdichael
acceptors E), equal Kk.. These two cases (case 1a,b, eqs 2.B8) cannot simply be

discriminated kinetically, as both cases follow a seeunuiér rate law.

, d[P] _ d[E] _ keck[NU][E]
Case 1:% =0 Y at  dt E otk (2.9)
Casela:kicc << ki v % =- % = kedNUJ[E] (26)
Case 1bkicc>> kic Y diP] __d[E] _ kec -
dt - dt k_ cc er[NU][E] Ker[NU][ E] (27)
with the equilibrium constart =:C_C
-CC

In cases 2a and 2bé formationof the intermediate betairieis much faster thaits ring
closureto cyclopropand andthe backward reactiowdc >> vicc andvce >> Vi¢; as reactions
of different order are compatewe have to refer to rateqtrto rate constanksin both cases
the intermediate betainé accumulates, ancheé rate constantwhich is derived from the
consumption othe Michael acceptole) equals the rate of the formatiomn the intermediate
betainel (kcc, eq 2.8).The backward reactiomay be slower than the subsequemg closure
(case 2ak; cc < kic), or the backward reaction may be faster than the ring closure (cdse2b,
> kic). Therate of theformationof the cyclopropan® (k) by ring closureof theintermediate
betainel may be determineskeparately

an
dt °

Case 2Vcc>> Vi ¢ oVic
Case 2aki cc < ke
Case D: ki cc > ke

First step (Cases 2a,b‘%'t_] = % = ke NULE] (8)

Second step (Cases 2a,b)€'(%] - % =k [I]
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

2.2.2 Kinetic Methods

The kinetics of most reactions of taenmonum ylides 1 with the electrophiles2i 6 were
monitored photometrically by following the disappearance of the colored electrophiles in the
presence of more than &guiv.of the ylidesl (pseudefirst-order conditions)Somekinetics
werefollowed byH NMR and GCas described in thExperimentalSection

Solutions of the ylided were generated by combining freshly prepared solutions of the
ammoniumsalts1H*X' andKO'Bu (1.05 eg)n DMSO directly before the kinetic experiments
The formatiolsof the ylideslai e,i wereverified by thé UV1 vis spectraTable2.1). To assure,
that the ammonium saltsH*X" were quantitatively deprotonatesder these conditionshe
ammonium salt with the highestgvalue in the seriedbH*CI"; pKa= 24.9in DMSO)®9 was
titrated with a solution of K&Bu in DMSQ Monitoring the absorbance of the ylideb at
256 nm (for details se&xperimentalSectior) showed that complete deprotonationldiH*
was achieved witbne equivalent of K&Bu, sincefurther addition of KOBuU did not lead to an
increase of the absorbamtbee toan increase of the concentratiorttod ylidelb. Combination
of the electrophile®i 6 with more than 10 equivalents of the ammonium ylidessually
resulted in monoexponential desagf the UV vis absorbances of the electrophi({@sgure
2.1a), from which firstorder rate constantsns were derivedoy leastsquares fitting othe
exponential function A: = Ao e X [kdd) to the timedependent absorbances of the
electrophiles2i 6. Plots ofkeps (S 1) versis the concentrations of the nucleophilewere linear
with negligible intercepts1 mostcasesandthe slopes of these plots gave the seamnder rate

constants Figure2.1b).

a)  Keps=1.95T1071s't b)) Kkee= 2.88 x 102 [1c] - 2.40 x 102

k
08 N 12 _ cc
To.e - T
0.8
At0-4 r kobs/S-:L
0.4
0.2 r
O 0.0 Il Il Il J
0 5 10 15 20 0.000 0.001 0.002 0.003 0.004

ts — [lcyM —

Figure 2.1. a) Decay of the absorbance of 3d ([3dF 4.00x 10° M) at 393 nm during its reaction with 1c
([1c]o= 8.00 x 1&* M) in DMSO at 20°C. b) Linear correlation of kesswith the concentration of 1c.

29



2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Several kinetic experiments have been repeated by using only 0.5 equivalentBoff&O
the deprotonation of the saft$i*X'. In these experimenthe concentrations of the ylidds
correspond to thénitial concentration of K&Bu, andthe seconeorder rate constants agreed
within 10% with those measured with05 equivalentsf KO'Bu (for details se&xperimental

Section).

2.3 Results

2.3.1 Reactions with the Benzhydrylium Salts 2BF4

The bis(4dimethylamino)benzhydrylium tetrafluoroborat@a-BF4 was chosen as
representativeelectrophile to examine the course of the reactions tbe stabilized
benzhydrylium ions withaii. Slow addition of potassiutert-butoxide (KOBuU) to equimolar
solutions ofthe benzhydrylium tetrafluoroborat2a-BF4 andthe ammonium saltsH*X" in
(MeCN:CHCI2)-mixturesat room temperature gave rise to the formation of the ammonium
salts7(ai i)-BF4, which were purified by recrystallizationgble2.2). Most of theammonium
saltswhere obtained as tetrafluoroborafeBF4; only the ammonium sald-OTf was isolated
as triflate(verified byfluorine coupling in thé3C NMR andby HRMS).

Table 2.2. Reactionof the ylides 1 with the benzhydrylium tetrafluoroborate 2aBFa.

MezN MezN

O GSNR?’ 1. MeCN/CH,Cl, O @NR3

. 2. KOBU/THF _
o EWG 20°C, 5min

EWG
- v

2a-BF, 1H'X 7-BF,
Me,N Me,N
Salt NRs EWG Product Yield/%®!

1aH*Br' DABCO CN 7a-BF4 21(96)

1bH*CI' DABCO CONE® 7b-BF4 5(91)

1cH™Br' DABCO COEt 7¢-BFa 27
1dH*OTf! DABCO COMe 7d-OTf 73

leH™Br’ DABCO COPh 7e-BFa 45 (94)

1fH*Br’ DABCO CO/Bu 7f-BF4 78

1gH*Br' Quinuclidine CO.Et 79-BF4 77

1hH*Br NMes CO.Et 7h-BF4 51(87)

1iH*Br’ NMez COPh 7i-BF4 76

[a] After recrystallization from MeCN or MeCN/ED; Yields of the crude produsin parentheses
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

As mentioned above, the kinetics of these reactions were followed by monitoring the
absorbanceof the benzhydrylium ion2 after adding >10 equiv. of the ylid&sAll reactions
led to complete consumption of the benzhydrylium ®asd followed a secondrder rate law
with the seconérder rate constantgc listed inTable 2.3 The reactions of the ammonium

ylides1a,b with the benzhydrylium ion2 are too fast to be measured with our techniques.

Table 2.3. Rate constants for the reactions of the ammoniurglides 1 with the benzhydrylium ions 2 in
DMSO at 20°C.

EWG
o
@NR3
Ylide NRs EWG Ar,CH* (2) kedM' ' 1
1c DABCO COEt 2d 5.92x 1¢°
1d DABCO COMe 2b 1.4 x 1P
2c 369 x 10
le DABCO COPh 2c 1.63 x 16
2d 1.32 x 16
1f DABCO CO/Bu 2d 252x 1¢°
1g Quinuclidine CO.Et 2d 7.31x 10
1lh NMes COsEt 2c 6.88x 1P
2d 6.77 x 10
1i NMes COPh 2c 4.08 x 10
2d 3.24x 10

2.3.2 Reactions with the Quinme Methides 3

In the reactions of the ylides with the quinone methid8c, which was studied as a
representative foBai f, the spire@ycles9 were formedwith variable stereselectivity (Table
2.4), as derived from thélOESY correlations ofthe protons and the substituents of the
cyclopropaneaings In addition, the structures of the spirocycs and9ccwere confirmed
by the crystal structures ofs-9bc andtrans-9cc as depicted ifrigure2.2.

While the reaction of the cyamubstituted yliddla with 3c gave9ac as a33:67 mixture of
transcis isomers,the amidesubstituted ylidelb gave preferentiallythe trans-cyclopropane
9bc, and the ester substituted ylidds,fih gave thetrans-cyclopropanes9cc and 9fc
exclusively(Table 2.4). The reactions of the benzestibstituted ylids 1ei with 3c yielded
equal amounts of both diasterecisomer8atf In the reaction oBc with the acetyl substituted

ylide 1d no cyclopropanation product and only decomposition of the ylide was observed.
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Table 2.4. Reactions of the ylides 1 with the quinone methide 3c. The first letter of the product number

refers to the employed ylide 1, the second to the quinone methide 3.

1) Bu Conditions A: koe By o) ‘Bu
DMSO/CH,Cl, .
‘Bu O KO'Bu/DMSO Bu @ Bu O
EWG o : EWG
\ L« 20 °C, 15 min >—EWG
NR3;  Conditions B: NR; NR;
O x@  DMF/CH,CI, O ® O
KO'Bu/DMF
me 3¢ TH'X 450 30 min md 8 Mé 9
Salt NR3 EWG Conditions Betaine8 Spirocycle Yield 9/%@ (transcis)-9

laH*Br’ DABCO CN A 8ac 9ac 52 3367
B 8ac 9ac (58 3367
1bH*Br! DABCO CONE® A 8bc 9bc 65 75.25
B 8bc 9bc 87 83.17
1cH*Br! DABCO CO:Et A 8cc 9cc 83c >95:5
Bl 8cc 9cc (56)cd >95:5

1dH*CI' DABCO COMe A 8dc 9dc 0ol -
leH'Br’ DABCO COPh A 8ec 9ec 64 50:50
B 8ec 9ec 68 60:40
1fH*Br’ DABCO CGOBu A 8fc 9fc-H,0 764 >95:5
1gH*Br’ Quinuclidine COEt A 8gc 9gc(=9co 38 >95:5
1hH*Br’ NMes CO.Et A 8hc 9hc (= 9¢c9 33 >95:5
1iH*Br’ NMes COPh A 8ic 9ic (= 9e9 57 50:50

[a] After recrystallizatiorfrom EtOH [b] Determined byH NMR of the crude producfc] Reaction time 2 h[d]
Yield of the crudeproduct the productdecomposd during the attempted purification by crystallization from
MeOH,; [€] Crystallization from CHCl»:iso-hexane.

S’
‘-19‘-- /C @] C’l;‘
2 Ny o
T ONRY Q / )
& 7. SR o W
f v, O ¢ QB0 LOFF
1§ LS| Ve Lf{/o Az = L
G NEay o W, U 4 \.J .
‘ \ Cv"?'/\ o \}"‘,__A’Z) : d o O\y/ N 0
) /\/NJ K{/"_-)\? é-'/ @ Ef’ \ ~ \ O\";l,"\,
oo g e NSNS
} 6 ¢ \F( ’J/i\ l J\
6, . (e & O -
cis9bc & trans9cc Z4 T Ny

Figure 2.2. ORTEP-drawing of the crystal structure of cis-9bc andtrans-9cc (thermal ellipsoids are shown
at the 50% probability level).
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Variation of the solven(DMSO g DMF) and temperatur@0°Cg 1 2@ had little
effect on the yields and stereoselectivitidshe cyclopropanation&able2.4). Only for the
reaction oflb with 3c, andfor the reaction ofle with 3c a small change ofstereselectivity
was observed, when the reactions were carried out in DMESEC instead of DMSO &0°C
(Table2.4, Conditions Ay B).

As shown inFigure 2.1a, the absorbance of the gome methide3d decayed mono
exponentially when combined with an excess of the id@seudefirst order conditions) to
give the firstorder rate constarkns which increased linearly with the concentrationlof
(Figure2.1b). The same behavior, i.e., secasrder kinetics with complete consumption of the
guinone methidewasobserved for all reactions of the cyasubstituted ylidd a, of the amide
substituted yliddLb, and of the estesubstituted ylidedcand 1fi h. The resulting secororder
rate constants are listedTiable2.5.

When thereactions of the ylideai ¢ with equimolar amounts of the quinone methide
were monitoredby *H NMR in (DMSO-ds : CD-Clo)-mixtures at 20C, the cyclopropane8ad
cc were observed immediately after mixing the reactants, and neither Jlalesnor the
intermediate betain€dad cc were observabléMonitoring the reaction of the estsubstituted
trimethylammonium ylidelh with quinone methide8f by UVivis spectroscopy showed a
monoexponential decay df and gave no evidence for the formation of a lciiged
intermediate betainghf, indicating that the reaction proceeds according to case 1. A
mechanism according to case 1 can thus also be expkectede reactions of the other
structurally relatedestersubstituted ammonium ylidekc,f,g with the quinone methidesf.
Further evidence which is presented belowindicatesthat case 1la, i.e., irreversible betaine
formation with fast subsequent cyclia isalsorealized in the reactiorsf the cyano, amido,

and estesubstituted ammonium yliddsi ¢,gi h with the quinone methides
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Table 2.5. Rate constants for the reactions of the ammonium ylides 1 thithe quinone nmethides3 in DMSO
at 20°C.

EWG
o
@NRs

1 NR3 EWG 3 ked/M1 st KA /Mi1g1 K/M't kio/s't Caséd

la DABCO CN 3b 2.47x16 la
3¢ 1.43x10 la
3d 1.04x10 la
3e 3.36x16 la
3f 1.32x 16 la

1b DABCO CONEt 3a 1.59 x 16M la
3a 157x10 la
3b 2.18x 100 la
3c 5.07x168 la
3d 287x1C la

1c DABCO COEt 3a 4.68x10 la
3b 9.69x168 la
3c 4.85x 16 la
3d 2.87x16 la
3e 4.50x10 la
3f 2.26 x 10 la

1d DABCO COMe 3a 2.08 x 16W - - - 1b/2b
3b 3.45 x 16 6.09 (1.6 x16) (38x1029  1p/2b

le DABCO COPh 3a 382x10C - - - 1b/2b
3b 3.60x 1 2.45 2.79x 1% 8.79x 103 1b/2b
3c (1.9x 103)d 1b

1f DABCO CO/Bu 3b 9.51x16 la
3c  6.49x 10 la
3d 381x1C la
3e 6.80x10 la
3f 249 x 10 la

1g Quinuclidire CO:Et 3a 6.84x10 la
3b 633x10C° la
3c  3.49x16 la

1h NMes COEt 3a 7.15x10 la
3b 1.12 x 10 la
3c 6.77x16 la
3d 4.67x1Q la
3e 8.03x10 la
3f 437 x 10 la

1i NMes COPh 3b 2.25x16 3.89¢l (4x10)  (1x109¢  1p/2b

[a] Assignment of the individual reactions to theeliféint cases see belgiw] Deprotonation of the conjugate €H
acids1H*X" with 0.5 equiv. of KO'Bu; [c] Estimated fromKA; [d] Kk estimated fromtH NMR monitoring
(seeFigure2.5); [e] Kinetics werereproducedn a diode array spectrophotometer and conventionally evaluated
(cf. Figure2.1; Kk~ 3.1 M 15 ).
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In the reactions of thguinone methide8ab with the less basic acetyl and benzoyl
substituted/lides1d,e,i (pKan= 15 16 in DMSO) we did not observe maeeaponential decays
of the quinone methide&a,b when working under pseudost-order conditions. Instead, fast
partial consumptiorof the absorbance &ab on the nilli secondto second time scalwas
obseved(Figure2.3a, Inse), followed bycomplete consumption of the quinone methi8ab
on the minute to hour time scgligure2.3a).

The initial fast and incomplete dgcaof the absorptions of the quinone methiBab were
assigned to the reversible formationghebetaines8, while the slow subsequent decaysre
attributedto the formation of the cyclopropang¢Table2.4).

From thefastinitial decaysof the absorbances dfie quinone methide8ab (e.g.Figure
2.3a, Inse) first-order rate constankspswere derived as described abgseeFigure2.1). Plots
of kopsversus theoncentratiormf the acyisubstituted ylide&d,e,i gave lineacorrelationgrom
which the rate of the formation of the betaiBdkcc) were derived.

The pseuddirst-order rate constants for the slow subsequent decays of thdafbses of
the quinone methide8a,b depend on the equilibrium constéht ked/ki ¢ deq 2.7) andke, as

expressed by eq 2.9, which is derived in the General Section BkpegimentalSection.

1.0 1.0
a) b)
og | 600
08 L ' Kops= 2.81 51 1
0.6 r
A 450
06 0.4 r
0
A 0.2 | 3
=~ 300 t
04 r
O'O Il Il Il Il
00 04 08 12 16 20
t/s Kopst = 0.408 [1e] 1 + 114
150
02 I - _ _ (KkI’C-l) kI’C-l
kobs =1.761 10" 3s' 1 Kkrc =245 Milg 1
t=0s
0.0 ! ! L L L L a 0 I | |
-100 500 1100 1700 2300 2900 3500 0 500 1000 1500
t/s [1h]YM2

Figure 2.3. a) Slow decay of the absorbance of 3b ([3b} 1.80x 10° M) at 533 nm during the reaction with
le ([1ep=9.01x 104 M) in DMSO at 20°C (conventional photometry).Inset: Fast decay of the absorbance
of 3b ([3bJo = 4.00x 10° M) at 533 nm during the equilibrium reaction with 1e ([1ep = 2.40 x 10 3M) in
DMSO at 20 °C (Stoppedflow photometry); b) Plot of ked *of the second decayersus [1€] ‘for the

determination of krc and K.
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1 1 1

KooKk of NUR . 29

The plot of 1k.nsversus 1/1€ for the reactiorof the quinone methidéb with ylide 1ewas
found to be linearRigure2.3b) with 1k as the intercept andKlk as the slope, from which
the rate of ring closurk. and the equilibrium constakt were derived as givein Table2.5.
The equilibrium constanK derived in this way agrees well with the equilibrium constant
calculated from the ratio of the absorbance8loétt = 0 and at the plateau of tlheversust
correlation, which is reached when the iditequilibrium is established (for details see
ExperimentalSection).

Plots of 1konsversus 1/[Nu] for the second part of the reactions of thesadydtituted ylides
1d,i with the quinone methid&b are also linear, but the interceptkdare close toero so that
k.c cannot reliably be derived from these plots. However, the slopes of these correlations, which
correspond to 1KA:c), could be used to calculdtd. and the separation into andk.c hadto
be achieved differently.

The equilibrium consintsK of the reactions of the aecglbstituted ylided.d,i with the
guinone methide&b could be determined from the initial absorbancksg 6f the quinone
methide3b and the plateaus of the absorbanceés observed whemfter the initial fast

reactionon the millisecond to second timeschive reached equilibrium

Figure 2.4 shows a linear correlation (AgAceg)/Aq = 155.7 [1d] + 0.0021
between Aol Aeq)/Acqand [Ld], the slope of 06 - K

which corresponds to the equilibrium »

constantK as defined by e@.10. As the f

equilibrium constant& determined in this {0'3 I

way arenot veryprecise the rate constants <

for ring-closurek. which are obtained by 0.0

dividing KA by K are less accurate and are 0 [1%8?”20| L1 0.004

given in parentheses rable2.5. Figure 2.4. Determination of the equilibrium

constant K for the reaction of 1e with 3b from

plots of (Aol Aeq)/AeqVs [1d].

— [1] :Ab'Aeq v K[NU]ZA)-AEQ
[EI[Nu] A [Nu] A,

(2.10)
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For the reactions of the aesuibstituted ylided.d,e with the quinone methid&a only the
first part, which corresponds to the reversible formations of the be&daes1d8ea could be
evaluatedKcc; Table2.5), since the decay of the absorbance in the second part of the reaction
was not monexponential A determination of the equilibrium constaktsvas not possible.

The kinetics of the reactions of the less basic-aapistituted ylidedd,e,i with the quinone
methides3a,b indicate the partial conversion of the reactants into the bet&imesa fast
reversible initial reaction, i.eki c & k. According to eq /case 1b refers to reactions with
infinitesimal concentrations of the intermediate betaine, while case 2b refers to reactions with
complete reversible conversion of the reactants into the intermediates, vosvatealing with
borderline cases between 1b and 2b.

4 NMR spectroscopic monitoring ofé reaction ofequimolar amounts ahe benzoy
substituted ylidele with the quinone methid8c in DMSO-ds/CD2Cl> showed the gradual
decreasef the reactantde and 3c andthe increasing amount of theyclopropaneec and
DABCO during 3 hwhile theintermediate betain@ecwas notdetectableThe progress of the
reaction was derivedrdm the 'H NMR signals of liberatedABCO (for detdls see
Experimental Section). The seceadierrate law for reactions with equal concentrations of the

reactantss given byeq 2.1122 and plotsof 1/[3d versus time gave dinear correlation for

the first 20 minof the reactiorwith a slope [le] 1=1.917 10" 3t +21.2
of kaobsand anintercept of 1/1h]o (eq2.11; 500 -  Koobs
Figure 2.5). For higher conversions the i 40.0 |
obtained data points deviate from the L 300 |
correlation line and were thus not included % 200
to determinekobs = 100
From the norobservance of an 0.0 * J
intermediate betaine in the reaction of ylide ° ?/20—> 1200
le with quinone methide&c we conclude Figure 2.5. Determination of the secondorder
that the reactiofollows case land later we rate constant kzons (1.9 x 10 °M' '} for the

reaction of 1e (5.00x 10 2M) with 3c (4.98 x

will show that it can be assigned to cdde )
10 2M) by 'H NMR in DMSO-ds at 20°C.

(Table2.5) and the measured secendier

rate constankzobscorresponds t& .
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1 . .
d[TE:]'kd [E] Y T E kiR Y £ kiR (211)

when[Nu]o [E]o
[Nu] = [Nu]oi [DABCO]

[E] = [E]oT [DABCO]
2.3.3 Reactions withBenzylidene Malonates 4

Addition of the benzylidene malonatda and4d to solutions of the ylide$ formed from
1H*X" and KO'Bu in DMSO generallyed to the formation of the cyclopropants (Table
2.6). The preference for the formation of ttrans-diastereomersf 11 wasderivedfrom the
vicinal coupling constast) = 7.41 7.9Hz (cis: 3J ~ 10 Hz) of the cyclopropane protofg?d
These assignments warenfirmed byNOESY correlations athe protons and the substitugnt
of the cyclopropaneing of trans-11ad,ba,cd andthe X-ray structure otrans-11ca(Figure
2.6). The acetydsubstituted ylideld did not cyclopropanate the benzylidene malodatdout
decomposed insteanh analogyto the attempted reaction &fl with the quinone methidac
described abovflable2.4).

Table2.7 shows that the reaction tife ammonium ylidd.c with the benzylidene malonate
4a gave letter yields ofthe cyclopropanellca when longr reaction timesor elevated
temperature were used, although TLC analysis indicated complete consumption of the
reactants within 10 min at roetemperature. Theanscisratio of the cyclopropanglcawas
greater thard8:2 at short reaction times, but slow partial isomerizatiotraris-11cainto cis-
11cais observed when the prodweaskept in the presence of KBu for several hours.

UVivis monitoring of the reaction dhe esteisubstituted ylidelc with the benzylidene
malonateda showedthe completeconsumption o#la (/ max = 302 nm) within 10min (Figure
2.7a). New bands at 264 nm and 445 nm were formed with the same rate constaB02am-
absorption ofta disappeagd.

The new absorptiodands do not correspond to the WAs-spectrum of theyclopropane
11ca(/max = 277 nm;for details sedxperimental Section While the 264 nrband can be
assigned to the intermediate betalfieg the absorption band at 84m might correspond to
asmall concentration of zwitteriongnitro-benzyl anioril 0 cas depicted ifrigure2.7a. As
p-nitrotoluene was reported to fmur orders of magnitudess acidic than diethyl malon&fé

one can rationalize the formation of a small concentratidn@fcbg & proton shift froniOca
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Table 2.6. Reaction of the ylides 1 with the benzylidene malonates 4a,@he first letter of the product

number refers to the employed Ylide 1, the second to the employed benzylidenalonate 4.

EtO,C E10,C EWG
EWG> )COEt o EWG /)= COEt &ggzg
R3N® + —_— > R3N@ — N
NS KO'Bu/DMSO NR;
20 °C
1H*X" 4ad X 515min 10 R R racil
Salt NRs EWG 4 R Betaine Cyclopropane Yield (transcis)-113
10 11 11/%
laH*Br' DABCO CN 4d Me 10ad 1lad 60 96:4
1bH*CI' DABCO CONEt, 4a NO, 10ba 11ba 50 87:13"
1cH*Br’ DABCO COuEt 4a NO, 10ca 1lca 53 97:3
1cH*Br’ DABCO COEt 4d Me 10cd 11cd 64 96:4
1dH*CI' DABCO COMe 4a NO, 10da 11da 0 -
leH'Br’ DABCO COPh 4d NO> 10ed 1led 43¢ >08:2d
IfH*Br’ DABCO CO/Bu 4d Me 10fd 11fd 64 96:4
1gH*Br’  Quinuclidine CO:Et 4d Me 10gd 11gd(=11lcd 63 96:4
1hH*Br! NMes COEt 4a NO> 10ha 11lha(=11cgy 29 >08:2d
1hH*Br! NMes COoEt 4d Me 10hd 11hd(=11cd 63 96:4

[a] Determined byH NMR of the crude produgfb] Determined by GEMS of the crude produgfc] After stirring

for 2 h at ambient temperaturig] After purification

Table 2.7. Time- and temperature dependence of
the formation of cyclopropane 1llca by the
reaction of the ylide 1c with the benzylidene
malonate 4al

Entry Time T/°C Yield/%® transcig”

1 1Q 20 32 >08:2

= 2 30 20 41 982

: / 3 1h 20 47 98:2

gy transllca 4 2h 20 53 973

5 4h 20 50 92:8

] ) 6 5min 100 65 98:2

Figure 2.6. ORTEP-drawing of the crystal 7 10 100 81 955
structure of trans-1lca (thermal ellipsoids are [a] Conditions: 4a and 1cH'Br' (1.7 eq) were
shown at the 50% prdoability level). suspended in DMSO and treated with 'R® (1.7
eq); [b] Determined by'H NMR of the crude

product.
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Figure 2.7. a) UVi vis-spectra of the first 10 min of the reaction of 1c ([1ef 4.20 x 18* M) with 4a ([4a]o=

7.30 x 16° M) following the decrease of the absorption of 4at 302 nm kcc =2.21 x 16M "'s?) and increase

of the absorption the of 10ca at 264m (kcc=2.27 x 16M''§y and of 10lka=®55%16M 45 nm (
1d y;b)UVivisspectra of the second part ( 329057110“Mywith) of t h
4a ([4ap=730x1®M) with the decrease of absorptionkcef 10ca

6.28x 104 ') and increase of the absorption of 11ca at 277 nm.
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Similar protonshifts have previously been observedthe readbns of phenylacetonitrile
anions with benzylidene malonatd$!® A shift of the protonin 10cato form another
ammoniumylide may occur. Howeverthe proton next to the DABCOgroup in 10cais
approximately 5 Han-unitsless acididhan the malonate mety and the resulting ylide should
not absorb above 400 nm (see Table 2.1).

The new bands at 264 nm and 44, thus assigned to betainé®caand1 0 ¢ aré
subsequently consumed within 12h with the rate constaRt, yielding theUV spectrum of
the cyclopropanellca (Figure 2.7b). From the decrease of the absorbance of betHdoa
evaluated at 270 nrthe rate constant of ring closuie.E 5.96x 10 % j was derived. In line
with this interpretation, the rate of ring closuke was found to be independent of the
concentration of the ylidéc (Figure2.8a)

The cyclization of betain&0Ocato cyclopropand 1cawasalso monibred by'H NMR, by
generating betain@0cafrom equimolar amounts of ylidéc and benzylidene malonat&a
(Figure2.8b). The spectra showed that the reactants were completely converted into the betaine
10caimmediately after mixig, which subsequently underwent cyclization into cyclopropane
11cawith expulsion ofDABCO within 2 h (Figure 2.8b)Fitting of the concentrations te
evolvedDABCO with anexponential function gave thiateconstanf ring closurek. = 6.29
x 10 4s Y(for details see Experimental Sectiamich is in agreememith k. = 5.96x 10 *

s Iderivedfrom the decrease of théV/1 Vis absorbance afOca

COzEt EtO,C CO,Et
EtOZC COZEt EtO,C
N slow krC
DABCO
0N 40ca 11ca NO;
a)keps= (T 5100fac]+5.961 1009s't  b)k,=6.29T 107 4’ 1
0.0008 r K 0.04
rc —
|
e o o @ ©
p: £
2 L (o) L
;0.0004 o 0.02
m
<
=}
0 : . 0.00- : ‘
0 0.0006 0.0012 0 120_ 240
[1c}/mol L1 t/min

Figure 2.8. a) Plot of kensd/S'? obtained from the decays of the absorption of 10ca at 270 nm versus the
concentration of 1c. b)'H NMR monitoring of the evolution of DABCO from 10ca in DMSOds at 20°C.
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The timedependent absorbances at — k.avease =2537 10 mol L' s'1al
krcaverage =7.231 10 4s'llal
0.8

. . A (264
absorptionsof benzylidenemalonate 4a, A o At 5264 Emg

264 nm and 302nm due to the overlapping

betainelOcg andcyclopropanellcawere
also simulated with MATLAB 24 by <

solving the system of linear differential eqs

2 1 4Figure 2.9; for details seeExpert

mental Section.?> 281 The simulation 0 60 120

which showed excellent agreement between
Figure 2.9. Simulation of the absorbance change
calculated and observed absorbances g g

_ at 264 and 302 nm during the reaction of 1c ([1¢]
providedthe rate constantgc®¢?%°= 2.53

=1.06 x 10 3M) with 4a ([4a]o =4.25 x 10 °M) by

x 10t M' s’ fandk 2= 7.23 x D' 45 * MATLAB (for d etails see Exerimental Section).
which are close to those derived from [a] Average of two simulations at different
sepaate experents which were optimized concentrations (for details see Experimental

for the determination déc (high resolution Section).

of the first stage) and the determinatiorke{Figure2.9).

The experimental observations reported so far are in accord with irreversible conversion of
thereactantdc and4ainto betainelOca(case 2a) as well as with reversible formation of a high
concentration ofOca(case 2b), in both castslowed by slow subsequent cyclization. In order
differentiate these casadDMSO solution of betainEOcg generated fromgeiimolar amounts
of ylide 1cand benzylidene malonad@, was treated with a solution of quinone meti8den
CHCI> and kept for 1 h at ambient temperatusel{eme2.4).

Scheme2.4. Crossoverexperiment to test the reversibility of the formation ofbetaine 10ca.

CO,Et CO,Et
Eo.cS 2 1h EtO,C.j 2
2 COEt 20°C CO,Et
— 2
Dy -DABCO
K,
@ rc
N

O,N 10ca O,N 11ca

in DMSO exclusive product, 46%

% k.cc

() Bu
CO,Et By O
Et0,C Co,Et 3¢
N Lo in CH,Cl, fast [>—Co,Et
o) ——» 8cc —>»
-4a -DABCO

&

O,N 4a
2 Me  not observed
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

If the betainelOca would undergo retroadditionk(c} faster than cyclizationkg), the
regenerated ylidéc should be trapped by the quinone metl#dewhich reacts 22 times faster
with 1c than the benzylidene malonata. As the crossover product, the spirocygte was
not observed and cyclopropahkcawas isolated in 46% yield, which is similar to the yield of
1lcaobtained fromlc and4aafter 1 h reaction time at ambient temperatiii@(e 2.7, entry
3), thereversibleformation of betaind.0accan be ried out. Thus the reaction &t with 4a
can be assigned to case 2aZd).

Monitoring of the reaction of the trimethylammonitgsubstituted ylide.h with benzylidene
malonateda by UVi vis spectrophotometry indicates the initial formation of the bettihe,
which subsequentlgyclizesto form the cyclopropane, similar to the reaction of ylidavith
4adescribed above. By analogy we assign the reactidmh efith 4ato case 2abut we have
not performed crossing experiments as described in Schemedifigtentiate between cases
2a and 2b.

GC-MS-monitoring of the reaction of the estesubstituted ammonium ylidéc with
benzylidene malonat#d showed that the consumption of the electrophil@roceeds equally
fast as the formation of the cyclopropdied (Figure2.10), indicating that the intermediate
betainelOcd is not accumulated. The reaction of ylilewith benzylidene malonatéd can,
therefore, be assigned to case 14&). Futher arguments which allow tlassignmento case
la (eq2.6), i.e., ratedetermining irreversible betaine formation with fast subsequent ring
closure, will be presented below.

Analogousresults were found for the reactions of thenuclidiniumsubstituted ylidelg
andthe trimethylammoniursubstituted ylidelh with benzylidene malonatd (for detals see

Experimental Section) so that these reactions could also be assigned to case 1a.

0.04

CO,Et o, COEt EtO,C CO,Et 0.03 1‘lcd
E10,C—( @<C02Et . EtO,C CO,Et ok Et0,C S 0on ko= 2161 107 1M 1T 1
+ N® = N® 5 o 4d

&% @ “DABCO ool = 2167 107 2w 157
N N 5 ,
Me 4d 1c Me 10cd 11cd Me

0.00

0 200 400 600 800
t/s

Figure 2.10. Decrease of the concentration of the electroplki 4d (filled dots; [4d = 2.54 x 10 2M) during
the reaction with the nucleophile 1c ([1a) = 5.72 x 102M) in DMSO at 20 °C and increase of the
concentration of the product 11d (open dot§ monitored by GC-MS and GEPASIfit 271 of the obtained data

(black curves).
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

The reactions of theyanosubstituted ammonium ylidea with the most reactive-nitro-
substituted benzylidene malondgeandthe least reactive-methylsubstitutedtd were studied
by 'H NMR.

When equimolar amounts oflide 1a and benzylidene malonatda were combined in
DMSO-ds, complete consumption of the reactants &ordhation of a 67:33 mixture of the
intermediate betain#0aaandthe cyclopropandlaawereobservedn a'H NMR spectrum
takenl min after combining the reactants at ambient temperature. In the corregpoeriition
of theless reactivdbenzylidene malonatéd, the reactants were completely consumed after
1 min and a 3763 mixture of betaine 10ad and cyclopropanellad was formed The
accumulation of the intermediate betaid@naand10ad is similar as intie reactions of the
estersubstituted ylidel.c with benzylidene malonata described above and allows to assign
the reactions of the cyarsubstituted yliddawith benzylidene malonatésto case 2 (e8.8).

The 'H NMR spectrum taken immediately afterximg the amidesubstituted ammonium
ylide 1b with benzylidene malonatéa showed complete conversion of the reactants to the
cyclopropanellba The linear freeenergy relationships discussed in the next section suggest
that the reaction follogicase 1a.

H NMR monitoring of the progress of the reaction of the less basic besabstituted
ammonium ylidele (pKan = 15 in DMSO)with benzylidene malonatéa for 3.5 h showed
decreasing amounts of the reactdrtand4aand increasing amounts of tbgclopropaellea
andof DABCO, while theintermediate betaing0eawas not detectahlé&rom the increasing
concentration of DABC@onswas derivedasdescribed above for threaction of ylidelewith
quinone methide3a (see Figure 2.5; for details seeExperimental Sectior). Since the
intermediatebetainelOeadid not accumulatethe reactionof the benzoysubstituted ylidele
with benzylidene malonatta mustproceed according to case 1 @&5).

UV1 vis monitoringof thereactions of the more basic cyano, amiaiod estesubstituted
ammonium ylidedai ¢c,h (pKan 20 in DMSO) with the benzylidene malonateshowedhe
complete consmption of the absorbance dfby a moncexponentialdecayfrom which the
first-order rateconstantskons for the formation of the betaind® were derived. The linear
increase of the firsbrder rate constantsns with increasing concentration of the ylidesvas

used to derive the secowdder rate constanksc listed inTable2.8.
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Table 2.8. Rate constants for the reactions of the ammoniurglides 1 with the benzylidene malonates 4 in
DMSO at 20°C.

@<EWG
»NR;
1 NR;3 EWG 4 ked/M 1 st KA /Mt st Kiof/s't Case
la DABCO CN 4a 5.65 x 18 (6] 2l
4b 2.23x 168 (6] 2l
4c 4.08 x 16 (6] 2l
4d 2.32x 16 (6] 2l
1b DABCO CONE® 4a 5.64x 17 la
1c DABCO COoEt 4a 2.21x10 5.96x 10 44 2a
4d 216 x 10 4 la
le DABCO COPh 4a (44 %10 3 1b
1g Quinuclidine  COEt 4d 2.2 x 101 la
1h NMes COEt 4a 4.36x 10 9.10 x 10 4 2a
4d 4.0x 10t la

[a] Assignment of the individual reactions to thffatent cases see beloflg] k. not determinedjc] Crossover

experiments to differentiate casa and 2b were not madigl] The rateconstantswvere also derived from a
simulation with MATLAB using the sol uked®®w2.53fx18 he sy s
M' 18 1 kaverage= 7 23x 10 49 ), and from following the evolution of DABCO Y4 NMR (k. = 6.29 x 104

s 3; for details se€igure2.10; [€] Kineticsmeasuredby *H NMR (for detailsExperimentaBection; [f] Kinetics

monitored by GC (for details s€ggure2.10 andExperimentalSection).

2.3.4 Reactions with Benzylidene Indandiones 5

'H NMR spectra taken immediately after mixing equimolar amounts of the more basic
cyano, amido, and estesubstituted ylideslaic (pKan O 20 i n DMSO) with
indandione5b in (DMSO-ds/CDCl)-mixtures at ambient temperature showed complete
conversion of the reactants irttee intermediate betaind2aki 12cbwhich are formed as 1:1
mixtures of the two diastereoisomers with comptaiaversion of the reactan{§able 2.9).

The lifetimes of the betaind2ali 12cbwere sufficient to allow their characterization by NMR
(*H, 13C, 2D NMR); a'3C NMR signal atd~ 103 ppm for the tertiary carbaniorcenter of the
indandione fragment is in agreement with publisié@ NMR data for related tertiary
carbanions derived from substituted indandidffes.
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Table 2.9. Reaction of the ylides 1 with the benzytieneindandione 5b. The first letter of the product number

refers to the employed ylide 1, the second to the employed benzylidene indandione 5

O EWG pmsoicH,Cl,

NG 20°C o |[>—ewec
O @ KO'Bu/DMSO -DABCO O
MeG 5b 1H*X MeG 13
dr 1:1 for 12ba-cb
Salt EWG Condition&! Betainel2 Cyclopropane Yield 12/% (transcis)-
13 130
1laH*Br’ CN A 12ab 13ab 19 25.75
B 12ab 13ab 82 20:80
1bH*CI' CONE® C 12bb 13bb 22 66:33
B 12bb 13bb 66 66:33
1cH*Br’ COEt A 12ch 13cb 30 80:20
B 12cb 13cb 50 89:11
1dH*CI' COMe C 12db 13db 53 66:33
leH™Br’ COPh B 12eb 13eb 60 75.25

[a] Conditions A: A solution ofIH*X' in DMSO was treated with KBu in DMSO for 30 s, theBb was added
in CH,Cl, and the solution was stirred for 5 min2&t°C; B: A solution ofIH*X" and5b in DMSO/CH:.CIl, was

treated with KCBu in DMSO and stirred for 0i& h at20 °C; C: Biphasic conditions Ci€l/aq. NaOH (32%)

for 2 h at20 °C; [b] Determined byH NMR of the crudeproduct

In line with these observations, tbgclopropaned3ab and13cb were obtained only in low

yields, when mixture 6 1a or 1c with 5b were quenchedvith sat. NHCI solution after

5 minutesreactiontime at 20°C in DMSO (Table2.9; Conditions A) The cyclopropanes

13abi 13cb were isolatedn 50% to 82%
yield, however, wherthe reaction miture
was stirredfor 1 h at 20 °C (Table 2.9;
Conditions B).

The stereochemistryof the spirocycles
1 3 a b washbassigned onthe basis of
NOESY correlatiors of the protons and the
substituentsat the cyclopropane mg; the
configuration of the spirocycleis-13ab
was furthermore confirmed by its Xray
structure(Figure2.11).

46

cis13ab

Figure 2.11. ORTEP-drawing of the crystal
structure of cis-13ab (thermal ellipsoids are

shown at the 50% probability level)
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Table2.9 shows that théranscis ratios of the cyclopropands8ahbi 13cbdiffered from the
1:1 diastereomeric ratios of the preceding betaii#gd 12ch This change of configuration
may either arise from retroaddition b2aly 12cbto the reactants or from epimerization of the
DABCO"-substituted carbon center of theseabreds by deprotonation and reprotonation.

To test whether the betainEgali 12cb undergo retroaddition kcc) before cyclizationk),
the unsubstituted benzylidene indandidse®was added to a solution of betaid2ab in
DMSO/CHCI> (2.5:1) and kept fofl h at ambient temperaturBgheme2.5). After aqueous
workup, the spirocyclé3abwas isolated in 46%ield and 90% of the benzylidene indandione
5awas recovered while the crossover prodiBaawas not observedf the betainel2abwould
undergo retroadditioparallel to the formation af3ab, the regenerated ylidea would rather
react with the unsubstituted benzylidene indandi5a¢o give the spirocycld3aathan to
recombine with the X@mes less reactive-methoxysubstitited benzylidene indandioi.

For that reason we cda rule out the reversible formation of betaibab, and assign the
reaction of the cyansubstituted ammonium ylidea with benzylidene indandiongb to case
2a. As the reactions of the amido ancestibstituted ylidedb,c with benzylidene indandione

5b behave similarly, their reactions were also assigned to case 2a.

Scheme2.5. Crossoverexperiment to test the reversibility of the formation ofbetaine 12ab.

o "
CN °
_—

20 °C
(0]
rgf) -DABCO
vSo R
N
MeO 12ab MeO 13ab
in DMSO/CH,Cl, exclusive product, 46%
Sha
o (A
\ C 5a
(e} in CH,CI Ko CN
* O< ;i 12aa L» O ’

MeO 5b 1aH*X 13aa
not observed
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'H NMR-monitoring of the reactions of the less basic @udstituted ammonium ylides
lde(pKan= 15716 in DMSO) wi t Bbfoblhire(MSOM/EDCR)- | ndan
mixtures at room temperature showed ctetg conversion of the reactants into the
cyclopropaned 3db and 13ebwhile the signals of the intermediate betaifd@dgb and12eb
were not observable.

The assignment of the stereochemistfy the spirocycletrans-13eb was basedon the
NOESY correlatiors of the protons and the substituerds the cyclopropane rop The
assignment of cyclopropat@ns-13dbwas based on its coupling constéht 9 Hz?! for the
cyclopropane protons, which is in the range of the coupling of the cyclopropamnes
1 3 a b,ebadsigned by NOESY.

The formation of the betainek2ali cb from the more basic cyano, amido, and ester
substituted ammonium yliddsi ¢ and benzylidene indandio®® were monitored by UWis
spectroscopy and the observed menponential decays tfie absorbance &b were used to
derive the secondrder rate constankgc listed inTable2.10.

The rates of ringlosurek. of the intermediate betaindali cb to the cyclopropanes
13abi cb listed in Table 2.10 were determined by following thimrmation of DABCO by
H NMR spectroscopyfor details se€&xperimentalSection).

In the reactions of the less basic asybstituted ylidedd,e,i with benzylidene indandione
5b initial fast and incomplete dagsof 5b were observedn the millisecond to second time
scale followed by slow complete decays of the absorban&b oh the minute time scale. An
analogous behaviarf the corresponding reaction$ 1d,e,i with the quinone methide3a,b

was describeth Table 2.5see illustration irFigure2.3a).

Table 2.10. Rate constants for the reactions of the ammoniumlides 1 with the benzylidine indandiones 5
in DMSO at 20°C.

EWG
o
@NRy
Ylide NRs EWG 5 ked/M? st KA /Mit g1 K/M' 1 kio/s't Casél
la DABCO CN 5b 1.60 x 16 6.8 x 104 2a
1b DABCO CONEt 5b 2.75x 16 6.2 x 10 40 2a
1c DABCO COFEt 5b 222x 10 65x10 4 2a
1d DABCO COMe 5b 8.80x 1C¢° 9.52 x 10 2x10®) (5x10YHY9d  1b/2b
5c 3.41 1b
le DABCO COPh 5b  1.20x10 340x 100  (2x106) (2x1099  1b/2b
5c 2.75 x 10" 1b

1i NMes COPh 5b 3.07 x 16 455 x 10 Bx10®) (2x10YHYd  1b/2b
[a] Assignment of the individual reactions to the different cases see;{jélddinetics monitored byH NMR.

[c] Estimated fronKk; K determined individually.
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The initial fast and incomplete decays were assigned to the reversible formation of the
intermediate betaines2db,eb,ib, with the rate constantsc and the subsequent complete
decays of the absorbances %th were assignedo the formation of the cyclopropanes
13db,eb,ib. Because of thkigh reversibility of the formationf the betained2db,eb,ib, these
intermediates were not observable by the NMR experiments described above.

The firstorder rate constanteps for the sow decays of the absorbances of benzylidene
indandionebb in the second part of its reactions witti,e,i depend orK andk.c as described
by eq 2.9. The slopes of the plots déddversus 1/[Nu] correspond toKl., but the intercept,
which equals X, is almost zero, so that cannot beused for thedetermination ofkc.
Therefore, the equilibrium constarifswere derived from plots ofAGT Aeg)/Aeq Versus [Nu]
according to eq 2.10 and combined vith to determine the rate constants of ring closwe
which are given inTable 2.10. The reactions of the ylidekd,ei with 5b thus follow a
mechanism between the cases 1b and 2b.

In the reactions of the acglubstituted ylidesld,e with benzylidene indandionBc the
intermediate betaines were not observablewSomplete mon@xponential decays of the
absorbancesf 5¢ were observed, from which the psetfdst-order rate constantsns were
derived.The observation of isosbestic pts allows to assign these reactions to case 1 (eq 5)
and sincéschas a considerably lower Lewis acidity tHay) the equilibrium constar for the
formation of the betaines must be smaller than in the analogous reactiobb,withich allows
us to asgin the reactions dfd andle with 5cto case 1b. In line with these conclusions, the
linear freeenergy relationships discussed below also indicate that the observed-satemd

rate constantkopscorrespond tdkAe.

2.3.5 Reactions with Chalcone 6

Mixtures ofthe threaliastereoisomer&i C of the cyclopropanekswere obtained from the
reactions othe ylidesl with chalcones in 40i 70% yield(Table2.11).

The configuratios of the diasteresomersl5-(A T Pwereassigned on basis of the NOESY
correlations of the protons and substituents of the cyclopropane moiety. Theregrefer
formation ofthe cyclopropans 15aA and 15aB from the cyanesubstituted ylidela and
chalcones was confirmed by th crystal structures of teediastereoisomers-{gure2.12). The
cyclopropanesl5c(Ai C) were recently described by Taylor and-workers and our

assignments of their configurations are in agreement with thes€%&ygcloprqpanelSseis
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preferentially formed as thenesediastereocisomerl5eB, whose configuration was also
verified by its crystal structurd~gure2.12).

The diastereoisomds-C may beformedby the rotation of the former GGouble bondn
the intermediate betaindd (Table2.11), butalso througtbase mediatedpimeriationof the
cyclopropanedb.

The 'H NMR spectra taken immediately after combining the cyano, amido, and ester
substituted ylidedai ¢ with chdcone 6 showed complete consumption thie reactantsand
formation of the cyclopropand$ai c, but no signals of the intermediate betaibéa c.

In the kinetics of the reactions of the cyano and estbstituted ylideda,c with chalcone
6 moncexponental decays of the absorbancetoivere observed and evaluated as described
above to derive the secondder rate constants listed Trable2.12. For the reaction of ylide
1bwith chalconéb a bisexponential decay of the absorbarfahalcones was observed, which

could notbeevaluate.

Table 2.11. Reaction of the ylides 1 with the chalcone 6.

(0) Ph
£ o o
EWG /  EWG °
N { DMSO/CH,Cl, . =\ fFW6
+ @Nx —»t N n Ph e
KO'Bu/DMSO N
=) a0 ) Ty &)
6 NO2  qy*x- ON 14 O,N
/)ABCO l-DABCO l -DABCO
O (0] (0]
Ph—/ Ph—4/ Ph—/
§:§><EWG [>wews [>—=ewe
O.N rac-15-A O,N rac-15-B O,N  rac-15-C
Salt EWG Betainel4 Cyclopropanel5 Yield/% dr 15(A:B:C)Hd
1laH*Br’ CN 14a 15a 58 70.27:3
1bH*CI' CONE®b 14b 15b 5201 50:50:0°
1cH'Br’ CO:Et 14c 15¢c 67l 40:40:20
1dH*CI' COMe 14d 15d 400! 78:20:2!¢ 4
1leH'Br’ COPhO 14e 15e 8gd 8:02M1

[a] Determined byH NMR of the crudeproduct [b] Synthesized under biphasionditions 50% NaOH/CiC I,
at20°C; [c] After column chromatographyd] After 1 h stirringat20 °C; [€] Tentative assignment based¥n

coupling, as no NOESY spectrum was availaffleDue to their symmetr§5e-A and15e-C are enantiomers.
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} Ao~
15aA >, i

15eB

Figure 2.12. ORTEP-drawing of the crystal structures of 15aA, 15aB, and 15eB (thermal ellipsoids are
shown at the 50% probability level)

Table 2.12. Rate constantsfor the reactions of the ammonium ylides 1 with the chalcone 6 in DMSO at
20°C.

EWG
&
@DABCO
Ylide EWG ked/M1 st KA /Mgt Caséd
la CN 4.47x 10° la
1c CO:Et 3.09x 10 la
1d COMe (9.6 x 105)1! 1b
le COPh (5.6 x 10 §t! 1b

[a] Assignment of the individual reactions to the different cases see;déloinetics monitored byH NMR

(for details se&xperimentalSectior).

Monitoring the reactions of the less basic asybstituted ylided.d,e with chalcone6 for
4 h in (DMSO-ds:CD.Clp)-mixtures by'H NMR showed a decrease of the concentrations of
the reactants, and increasing concentrations of the cyclopropadesand DABCO, but no
formation of the intermediate betainédde. The absence of observable betaimeghe
H NMR spectra indicatethat these cyclopropanations follow case 1 (eq 2.5).

Theconsiderablysmaller secondrder rate constasfor the reaction of thacetyl (Ld) and
benzoytsubstituted ylidé€1e) with chalcones werederived by*H NMR spectrgcopy from the
increase of théH NMR signalsof DABCO as described abovEigure2.5).

The linear freeenergy relationshipsliscussedn the next section allow us to assign the
measured secorarder rate constanksopsfor the first two entries ofable2.12to kcc and the

lower two entriesto KA.
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2.4 Discussion

2.4.1 Correlation Analysis

According to g 1, plots of the secondrder rate constanter the reactions of the ylidets
with the benzhydrylium ion2 and the Michael accepto@ 6 versus the corresponding
electrophilicity parameterg are expeted to be linearif the observed secormtder rate
constang kaobscorrespond tdcc, the rate constant for the formation of tetaine.

Therefore correlation analysisnay allowto differentiate the cases lkedys = kcc) and 1b
(k2obs = K&c), which could not be discriminatedy formal kinetics, as both mechanisms are
characterized by a secondder rate law

Figure 2.13 shows a linear correlation between thg kcc-valuesof the reactions of the
ylides 1ai c and the Michael acceptd8s6. Rate constants which can unequivocally be assigned
to kec, because the formation @f(from 2d) or of the betaines was directly observable, are

marked by filled symbols. As the observedcondorder rate constantsfor the reactionsof

PhOC
— O

X
EtO,C = SAr
2 Y\Ar = SAr ® BFS?
CO,Et o o Ar” O Ar
4 6 NO, x 3 5 2

4d 4c 4b3f 4a6 3e3d3c  3b 3a5b 2d

DNRR
AT
[T

6 L
5 L
g4l 1L L 5 EWe=
& . y O A “.._ ‘laCN
o L1 : L A .
83 i i . " 1b CONEt,
5 | i ﬁ 1c CO,Et
(/I—N(D EWG
1t e
| S
0 - | 1

-22 -20 -18 -16 -14 -12 -10

Figure 2.13. Correlation of log kzobs (DMSO, 20°C) for the reactions ofthe cyano, amido, and ester

substituted ammonium ylides 14 ¢ with the electrophiles 26 versus their electrophilicity parameters E.

Filled symbols refer to case 2a reactions (including reaction with 2dppen symbols refer to of case la
reactions. Only the reactions of lalc with the refere

lines. For the correlations of logkzossversusk of 1fi i seeExperimental Section
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lai c with the other Michaehcceptors included in Figure 2.13 (open symbols) are on the same
correlation lines, we concluded that these rate constants also corresgaerditough the
intermediate betaines were not observable. In these reactions, tdetsataining formation

of the betaines is followed by fast subsequent cyclization, and the kinetics follow eq 6 (case
la).

Analogous relationships were found between the rate constants of the reafcti@nsther
estersubstituted/lides 1fi h with the benzhydrylium ion2 and the Michael acceptoBsand4
which are depicted in tHexperimentaBSection.Thus, all measured secendder rate constants
koobsfor the reactions of the cyandd), amido (Lb), and estesubstituted ylidesl(c,f,g,h) with
the electrophile®i 6 correspond to the formation of one new CC bond, and therefore follow
eql.

Figure2.14 analyzes th@bserved secordrder rate constantsons of the reactions of the
less basicacetytsubstituted ammoniunylide 1d (pKan = 16 in DMSQ squarey and the
benzoytsubstituted ammoniumlide 1e (pKan = 15 in DMSQ; circleg with the electrophiles
2i 6. One can see, that the reactions of these ylides with the benzhydrylium &bid, the
guinore methide8a,b, and the benzylidene indandioble, the seconérder rate constants for
the attack of ylidedd andleat the electrophilef.e., koobs = kcc) lie on thesamecorrelation
lines log koobs Versus E (filled symbols, Figure 2.14). This correlation confirms our
interpretationof Figure2.3a that in the reactions of the ylidéd,e with the quinone methides
3ab and the benzylidene indandiorsh, small, but observable concentoats of the
intermediate betaines are formed in a fast reversible process. Thus a situation between the cases
1b and 2b is encountered.

As the attack of théessbasicacylsubstitutedylides 1d,e atthe quinone methide3ab is
reversible, one&anexpect hat the degree of reversibility is even higli@r the reactions of
these ylidesvith the less electrophilic Michael accept8c#4a,5¢, and6. The strong deviations
of kaopsfor these combinations (open symboisactions othe ylidesld,e with these Mitael
acceptordrom the correlation lines ifigure2.14 are, therefore, naurprising. he betaine
intermediates are formed in small steady state concentratindthe measuredgecondorder
rate constants carspond tdzons= K (case 1beq 7, i.e., case 1b is realized

Analogous correlations were found for the corresponding reactions of the
trimethylammoniursubstituted ylideli with the benzhydrylium ion2cd and the Michael
acceptors8a,b and5b, which are described ihe ExperimentalSection.
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O
PhOC X
= 7oA 7 A BEY
EtO,C 4
%\Ar ] o Ar” Ar
4 CO.Et 6 x 3 5 2
; 4a6 3c 5cNO3b 3a 5b  2d2c 2b
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Figure 2.14. Correlation of log k2obs(DMSO, 20°C) for the reactions of the acybubstituted ammonium ylides

1d,e with the electrophiles 21 $E. Filed symmwls refareo rad ect r op
constants of CGbond formations; open symbols correspond t&A. Only the reactions of 1d,e with the
reference electrophiles 2bi1d, and 3 a,abalogogsoeelaticned t o d
of 1i seeExperimental Section

2.4.2 Energy Profiles

By combining the Gibbs free energib&® and the activation free energiB&' obtained
from thedifferent kinetic and mechanististudies, energy profiles for the different types of
reactions of ammonium ylides with idhael acceptors can be constructétgure 2.15
illustrates the different mechanistic scenarios for a representative highly basic ammonium ylide
(10 and a representative for a weakly basic ylitg).(

Asshown in the upper paof Figure 2.15ylide 1c, a representative for highly basic ylides,
reacts irreversibly witlBb,c and5b, i.e., cyclization is faster than retroaddition. Whereas in the
two upper left casesve only know that the transition state for cyclization is beloat tor
retroaddition, in the upper right casee ¢ 5b), the barrier for cyclization of the quantitatively
generated betaine wdsectly measured.

As shown in the lower part of Figure 2.15, ylitle a representative for less basic ylides,
gives betainesvith 3b,c and5b, which cyclize more slowly than they undergo retroaddition.
While the position of the first transition state for the reactioteaf 3c (bottomleft) cannot be

determined experimentally, but reliably calculated by eq 1, the positior séttond transition
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state can be derived from the measured valiédaf BetaineBecwas set at the same level as

the reactants, which implies that the intermediate is not observable at the low concentrations of

the reactants.

The bisexponential decaydserved for the reactions @k with 3b and 5b allow us to

construct the full energy profiles for the two reactions on the bottom right of Figure 2.15. The

slightly exergonic formation of the betaing@sb and12ebimplies that only small equilibrium

concerrations of these intermediates are generated under the conditions of the kinetic

experiments (high dilution).

Irreversibly formed 75 7

betaines with 50
highly basic ylide
gnly y o5
N
@Cﬁ co,et 9
~— 2
© T2
1c 15

Reversibly formed 100
betaines with 75
weakly basic ylide 50

25

o
B Ph
o, Q.. S0
o) Me o) NMe; Q o OMe
3c 5b

Bu Ph 3D
., (E= 715.83(E= 1713.39F= 110.
DG/kJ mol' 1
1 20.7 49.4 41.2
[ic+se 1c +3b
¥ 8cc
a

Intermediate

8ch |

Intermediate

Intermediate

A not observable not observable observable
| DG/kJ mol' *
T eeea B g5, 896 (63)
1 [ 48.9 T
1 833 (7e)
le+3c 8¢ 'le+3b L_| | 1h+5b l
5 113.7 (113)
8eb ’ 12eb

(Case 1b/20)

Intermediate
observable

Intermediate
observable

Intermediate
not observable

Figure 2.15. Energy Profiles for ammonium ylide mediated cyclopropanations with irreversible 1c) and

reversible (1e) betaine formations.Dotted lines indicate qualitatively assignedrelative energies of the

intermediates. [a] The corresponding secondrder rate constant was calculated by eq 1 using thé and sy

parameters of 1e inTable 2.14 and E from Chart 2.1.
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2.4.3 Nucleophilicity Parameters and Reactivity Comparisons

From thecorrelations in Figures 2.13 and 2.14 thecleophilicity parametersl and the
sensitivitessy for the ylideslai i listed inTable2.14 werederivedwhich allowsus toinclude
lai i into our comprehensive nucleophilicity scifd.
The strongly varyingn-parameters of the nucleophilgéaii (0.70 >sy > 0.36; Table 2.14)
indicatea significantdependence of the relative reactivities of the ammonium ylides on the
electrophilicities of their reaction partners. We therefore use the rate constants of the reactions
of the ammonium ylidedai i with the quinone methid8b, for which rate constants with all
ylideslai i have been determined,tcompare the relative reactivities of the ammonium ylides
laii (Table 2.13, realizing that their order will change for different electrophiles.

As shown inTable 2.13, the acetydubstituted ammonium ylided has a similar reactivity
towards3b as the benzoydubstituted ylidd.e Theethoxycarbonybsubstituted analogukcis
Table 2.13. Relative reactivities of theDABCO- 28 times more reactive thad. Exchangng
substituted ammonium ylides 1af towards the the ethoxycarbonylby the sterically more

i thide 3b (DMSO, 20C). _
quinone methide 3b ( ) demandingert-butoxycarbony(1f) has no

®<EWG effect on the reactivityReplacement of the
DABCO :
ester group by a carboxamigroup (b
Ylide EWG kec®(3b) group by igroup (Lb)
1d COMe 1.0 increases the reactivity by a factor of 2
1e COPh 22 Though the cyano group is genetly
lc COEt 28 .
1f COJBu 28 considered to be a better electron acceptor
1b CONE® 63 than acyl, alkoxycarbony, and
la CN 748

aminocarbonylgroups according to

A

Hammett 6s subdgdandfyent coc

Table 2.14. N- and sy parameters of the ammoniunylides 1 in DMSO at 20°C.

©<EWG
@NR3
Ylide NR3 EWG N SN

la DABCO CN 2743 0.37
1b DABCO CONEg 2423 0.42
1c DABCO COsEt 2015 0.58
1d DABCO COMe 1821 0.54
le DABCO COPh 1722 0.69
1f DABCO CO/Bu 2105 050
1g Quinuclidine CO.Et 2014 0.59
1h NMes COoEt 21.06 052
1i NMes COPh 1736 0.60
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the cyancsubdituted ylidelais by far the strongest nucleophile in this series. As it is even 10
times more reactive than the “1imes stronger bas&b,®!! one can again concled that
nucleophiles with cyansubstituted reaction centers react with relatively small reorganization
energies (low intrinsic barriers), as previously demonstrated faetwtions of malononitrile
with benzhydrylium iong%

Table2.15 showsthat the esteisubstituted ammonium ylides: (kec™® = 1.0),1g, and 1h
have almost the same reactivit{&sc) towardthe electrophile2d, 3b, and4d, indicating that
the nucleophilicitiesof the ylidesare only slighty affected by the nature of the ammonium
moiety.

Table 2.16compares the relative rate constants of ring clokdfeof the betained2abi
eb,ib with respect to theyclization rateof betainel2bb which is set to 1.0The cyclization
rates of the cyam amido, and esteyubstitutedoetainesl2abi cb arealmostthe samewhile
the acylsubstitutedbetaines12db,eb,ib cyclize ~300i 800 times faster than 12bb. While
changingthe leaving group from DABCO1Rebh to NMes (12ib) has noeffect on the
cyclizationrate the acetyl substituted betaing2db cyclizes 2.5 times faster than its benzoyl
substituted analogudZeb. The higher activating effect of vicinal acetyl and benzoyl groups
compared to ethoxycarbonyl and cyano grougsallels thatpreviously repaed for

intermoleculaiSy2 reactions of alkyl chlorides with in acetone®?

Table 2.15. Relative reactivities of the estessubstituted ammonium ylides 1c,g and 1ftowards the
benzhydrylium ion 2d, the quinone methide 3b and the benzylidene malonate 4d (DMSO, 20).

EWG
o(
®NR3
Ylide NR; ked® (2d) ked® (3b) kec™ (4d)
lc DABCO 1.0 1.0 1.0
19 Quinuclidine 1.2 0.7 1.0
1h NMes 11 1.2 0.9

Scheme2.6. Relative rates of ring closure of tle betaines 10ca and 10ha in DMSO at 26C.

DABCO® _CO,Et COE MeND _CO,Et
keg®=1.0 ke® =15
S O -DABCO  EtO,C -NMe; S O
EtO,C NO, NO, EtO,C NO,
10ca 11ca 10ha
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Scheme 2.6 shows that the relative Table 2.16. Relative rates of ring closure of the

cyclization rates iflOcaand 10ha depend betaines 12abeb,ib in DMSO at 20°C.

only slightty on the nature of the OR3N® EWG
nucleofuge. In accordwi t h Aggar wal 6s
conclusion?¥4 15 the slightly better " OMe
_ - Betaine NRs EWG Kec®!
leaving group ability of NMe (pKan = 8.5 12bb DABCO CONE® 10
in DMSO)*? compared to DABCO (fa+i= 12cb DABCO COEt 11
, (34] , 12ab DABCO CN 11
8.9 in DMSO)** may be explained by the 12ib NMes COPh 399
slightly smaller basicity of NMe 12eb DABCO COFn 322
12db DABCO COMe 806

2.5 Conclusion

Mechanistic investigations of the reactions of ammonium ylides with Michael acceptors
have shown that the intermediate betaines are formed reversibly with ylides of low basicity and
irreversibly with ylides of high &sicity. Kinetic investigations have revealed the occurrence of
four different mechanisms: The intermediate betaines are formed in low, but observable
stationary concentrations by irreversible (case 1a) or reversible reactions (case 1b), or the
intermedia¢ betaines are formed in observable concentrations by irreversible (case 2a) or
reversible reactions (case 2b).

Therates of the betainrmatiors in the reactions of ammonium ylidéswith the Michael
acceptors3i 6 can be described by eq lyhich enableaus to include tkese synthetically
important highly nucleophilic ammonium ylidesn our comprehensive nucleophilicity
scalel¥ Figure 2.16 compares the rates of attack of cyano (left) and ethoxycarbonyl
substitited (right) carbanion$®¥ phosphonium® sulfonium!*”@  pyridinium,*® and
ammoniumylides at quinone methidgb. The cyanasubstitutedammonium ylidela reacts
roughly six orders of magnitude faster with tgainone methid&b than thecorrespondig
triphenylphosphoniumylide, and three orders of magnitude faster than theated
dimethylsulfonium ylide.While the cyano substituted carbanions from malononitrile and
cyanoaetate are significantly more nucleophilic than the structurally related pbogph and
sulfonium ylides, the reactivity of ammonium ylidla and the corresponding pyridinium ylide
exceed those of the corresponding carbanions bpaleeof magnitudeTheethoxycarbonyl

stabilized ammonium ylidéc behaessimilarly, as it react amost five orders of magnitude
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faster with3b than thecorrespondingghosphaiumylide, and three orders of magnitude faster
than therelated sulfoniunylide. In contrastto the reactivity order on the left side éfigure
2.16, the ammonium ylidel.c reactshalf an ordeiof magnitudemore slowly with3b thanthe
ethoxycarbonykubstituteccarbaniongliethyl malonate and ethyl cyanoacetate, and even one
order of magnitude morg@owly than the ethoxycarbonglubstituted pyridinium ytle.

As reactions of ammonium ylides in vicarious meghilic aromatic substitutiohave
alreadybeendescribedin the literature, ammonium ylides are nowvensidered to bédeal

candidates for the quantification of thelectrophilic reactivities of electnedeficient

areneg® 3°!

N log k, (3b)
(LW o Ce
1@; 6 _ N\6/002Et
27.43/0.37 T~ 7 26.71/0.37
= I
. N@/ CN 51T —— EtO,C._ CO,Et
25.94/0.42 | T - -~ 20.22/0.65
EtO,C.__CN — 4 Tl
\@/ 4 NC\®/COZEt
19.62/0.67 p 19.62/0.67
NC._ _CN,” N
N ’ —_
S 3 @N@/COZEt
19.36/0.67 ©)
1c
20.15/0.58
® 2
MeZS\e/CN S Me,S_COLEL
16.23/0.601]
1 15.85/0.61[]
0 i
® ®
PhsP_CN Ph3P_CO,Et
O I — S)
12.29/0.75(2:b] A+ 12.21/0.61[@b!

Figure 2.16. Comparison of the logkcc-values ofanalogoussubstituted ylides'®” 18 and carbaniong*d
towards the quinone methide3b in DMSO at 20°C. N and sy-Values are given below each Nucleophile. [a]
Log k2 (3b) cakulated by eq 2.1 withE from Chart 2.1 and the givenN and s values; [b] In CH2Clo.
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2.6 Addendum

2.6.1 Reactions of Ammonium Ylides with Activated Styrenes

The reactions of the ammonium ylidég,b with the activated styrenel6a d gave the
cyclopropaned8via intermediate betaind¥a d (Table2.17). While the cyclopropanek3a
cwere formed in 3417157% vyi ellddcaeuldontybeointairtedd mper a
when the ammonium salaH*Br' and 4phenytbuten2-one 16d were heated with ¥COs in
DMSO at 10C°C for 2 h.

The assignment of the diastereoisomers is preliminaryigaonly based on the coupling
constants of the protons in the cyclopropane ring and needs to be verified by 2D NMR
(NOESY). The reactions selectively formed the diastereoisofrtess, in which thetrans
configuration of the substituents of the actidagtyrenesl6 was preserveTable2.17). In
case of the cyclopropari8c the formation of thenesediastereomef8cB was observed,
which could be unambiguously identified by the multiplicity (d, t) and couplmgt@nt §° =

6.2Hz) of the protons of the cyclopropane ring.
Table 2.17. Reaction of the ylides 1a,b withihe activated styrenesl6.

X Acc

Acc EWG © EWG Acc—S  EWG
Lo e HS T

N N
16 1H*X 17 17
/DABCO l—DABCO l -DABCO
Accc Accc Acc//
P—EWG P---IEWG [>—Ewac
Ph Ph Phs
rac-18-A rac-18-B rac-18-C
Salt EWG  Styrene  Acc Base T/ Betaine Cyclo- Yield dr18
1H*XT 16 °C 17 propanel8 18% A:B:CH
laH'Br' CN 16a COEt KOBu 20 17a 18a 57 66:33:0
1bH*Br’  CONEg 16b Tos KOBu 20 17b 18b 49  92:8:0"
laH'Br’ CN 16¢ CN KO'Bu 20 17c 18c 34  50:50%
laH'Br’ CN 16d COMe KOBu 20 17d 18d 0 -
K.CGs 100 17d 18d 77 66:330

[a] Determined byH NMR of the crude product; [b] After purification, [Elue to their symmetrg8c-A and18c-
C are enantiomers.
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Rotation of the former C@ouble bond in the intermediate betail@sseems not to take
place aghe diastereoisomef8C were not observed (Table 2.17).

Attempts to study the kinetics of the reactions of the ylidgls with the activated styrenes
16a d by UV-vis spectrophotometry failed, due to an overlap of thevidvabsorptions of the
reactantsAn assignment of the cyclopropanations of the activated stydghtsone of the

four mechanistic cases was thus not attempted.

2.6.2 Marcus Analysis

From the observed ratand equilibrium constants, Marcirgrinsic barriersDGo' could be
derived.The equiilbrium constant& (Tables 2.5, 2.10and rate constanksc (Tables 2.5, 2.10
for the CGbond formatiorto the intermediate betainegre converted int®G® andDG' and
inserted into the Marcus equation @42) to calculateDGo (Table2.18). Substituent effects
onDGP andDG' in thereactionsf the less basiglides 1d,e with theMichael acceptor8b and
5b are relatively small, as thecetytstabilized ylideld hasonly & 1 kJ mol* smaller intrinsic
barriersthan thebenzoylsubstituted ylidele (Table2.18). The additions of the ylidekd,e to
3b proceed with an intrinsic barrier which889 kJ mol! higher than that for the analogous
reaction withbb (Table2.18), which may be explained by the large reorganization energy when
the resonance stabilization of the phenylogousiaBb is destroyed.

DG’ =DG; +0.5DG° +% (212

0

Table 2.18: Reaction free energiesG), activation free energiesDG'), and intrinsic barriers (DGo') for the
reaction of the ylides H and 1ewith the electrophiles3b and 5b (DMSO, 20°C).

Nucleophile Electrophile DG%kJ mol 1@ DG'/kJ mol 10 DGo' /kJ mol 1
DABCO®\/COMe 3b 112.4 575 63.5
S 5b (i 13) 49.6 (56)
1d
pABCOY _CoPh 3b 113.7 57.4 64.1
© 5b (i 13) 48.9 (55)
le

[a] DG® = RTInK; [b] Fromkccin Tables2.8,2.10, using the Eyring equatiofg] From Marcus equation (eq12).
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2.6.3 pKa-Correlation

The structurally related benzesubstituted quinuclidinium and trimethylammonium
(LiH*Br") salts have the same Ka values (Table 2.1).2Y) Hence the Ka values of
trimethylammoniumsalts areassumed to be the same as thesthefemployed DABCG
substituted salt§(ai eH*Br' (refs. [8c,d])A plot of these Kavalues versus the Idgc-values
of the reactions of the yliddsai e with the quinone methid&b showsonly a poorcorrelation
(Figure2.17), as itwas shown for many other nucleophiles bef@eé. [10]). Therefore the

pKa values of the ammonium yliddscamot be used to predict their reactivity.

6
N
N/\ .\“ K_/D\F\/CN
(/LN*\/COPh 1a »
4 y o
e NESA N
) . @ +cog (LN*YCONEt2
log kce ’ b 17c 1b
2 NEaN
@"\_/COMe
1d
0
14 18 22 26

Figure 2.17. Plot of the pKa values®d of the ammonium salts 1(ae)H*X" versus the logkcc values of the

reactions of the corresponding ylides lie with quinone methide 3b.

2.6.4 Correlation of the log kz-values of the Ylides 1 withChalcone6

Theplots(log kaong/sn Versus theucleophilicity parametei for the reactions of the cyano
and estesubstituted ammonium ylidds,c and of the reactions with sulfonium and pyridinium
ylides (Table2.19) arelinear Figure2.18). The rate constants tifereactions of the ammonium
ylides 1a,c with chalcones follow this correlation lineconfirming our interpretation of a rate
determining betaine formatiaatcording to caseal(Table2.19; filled dots) The(log koobg/Sn
values for the reactions dfd,e with 6, as well as thd€log k»)/sv value of the reaction of
Pyr"CH' COPhwith 6, deviate from this correlatiothereforethe observed rate constaran
be assignetb KA. (ca® 1b).
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Figure 2.18. Plot of (log kzobg/sy versusN of the reactions of chalcone 6K =1 17.33) withthe ammonium
ylides 1a,c,d,e, pyridinium ylides[*® and sulfonium ylided**® in DMSO at 20 °C. Filled dots refer to

reactions wherekzobs = kce, open dots refer to reactions wherdzobs = Khe.

Table 2.19. Observed seconarder rate constants of the reactions of ammonium, pyridiniun® and

sulfonium™!®! Ylides with chalcone 6.

Nucleophile N SN Kaobs
la 27.39 0.37 447 % 10°
1c 20.50 0.59 3.09x 10
1d 18.47 0.52 (9.6x 10°9)
1le 17.15 0.70 (5.3x 10}
Pyr'CH' COEt18l 26.71 0.37 482 x 16
Pyr'"CH CONE18! 27.45 0.38 6.12 x 16
Pyr"CH' CNI8l 25.94 0.42 7.92x 10
Pyr*CH' COMel*8l 20.24 0.60 2.55 x 10
Pyr*CH' COPH®l 19.46 0.58 8.54x 101
3-CIl-Pyr'CH COm8l 17.98 0.63 3.67
Isoquin*CH' COPH®! 20.08 0.57 3.56x 10
Quin*CH' COPH8l 19.38 0.50 1.64x 10
MexS'CH'-CsHa-p-NOJM1P  18.42 0.56 3.46 x 1@
MexS'CH'-CgHa-p-CNIF1®l - 21,17 0.67 5.22

2.7 Experimental Section

2.7.1 General

Analytics *H- and**C NMR spectra were recorded in CRQy 7.26,d. 77.16)13% CD,Cl,
(dn 5.32, dc 53.84)% or DMSO-ds (du 2.50, d: 39.52)1%¢ on 200, 300, 400, or G0OMHz

NMR spectrometers. The following abbreviations were used to designate chemical shift
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multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. For
reasons of simplicity, thtHHNMRs i gn al s -gpin systeinsf@-Bi€ubstituted aromatic

rings were treated as doublets. The assignmentsdofidoal NMR signals were based on
additional 2DNMR experiments (COSY, NOESY, HSQC, HMBC). Diastereomeric ratigs (
were determined byH NMR of the crude products if notated otherwise. Integrals for
mixtures of diastereoisomers are set to 1.0 for one proton of the minor diastereocisomer. HRMS
and MS were recorded on a Finnigan MAT 95 Q (El) mass spectrometer or Thermo Finnigan
LTQ FT Ultra (ESI). The melting points werecogded on a Biichi Melting PointB40 device

and are not corrected. The s spectra were recorded on a di@leyspectophobmeter
system (J&M TIDAS DAD 2062) with 0.5 mm cuvette length in DMSO by generating the
ylides 1 from their corresponding salt$1*X" by deprotonation with 1.05 equiv. KBu.

Chemicals CH.Cl, was dried oveCaH andfreshly distilled prior to useDMSO (99.7%,
extra dry, @er molecular sieves, AcroSeal), and Ne(29.%6, extra dry, wer molecular
sieves, AcroSealjerepurchase@nd used without further purification.

Kinetics. Individual reaction ratesvere determined by UWis spectroscopy in DMSO at
20 °C by using stoppeflow spectrophotometer systems (Applied Photophysics SX.1-8MV
and HiTech SF61DX2) as well as diodarrayspectophobmetersystems (J&M TIDAS DAD
2062). The temperature of the solutions during the kinetic studies was maintained at 20 + 0.2
by using circulating bath cryostaf®&he ylides were generated in DMSQ2&t°C immediately
before each kinetic run hyixing DMSO solutions of the salfdH*X" and KOBu (typically
1.00:1.05 equivalents). The kinetic runs were initiated by mixing DMSO solutions of the ylides
and electrophiles with the ylidein large excess over the electroph#®$ (> 10 equivalents
to achievdirst-order conditionsFirst-order rate constanksss(s } were obtained by fitting the
single exponentiads = Ao e X [kdd) + C (monoexponential decrease) to the observed time
dependent absorbances (average of at least three kineticorueach concentration for the
stoppesdflow method) of the electrophiles or ylides. Secander rate constants (L mol !

s ) were derived from the slopes of the linear correlations of the obtkipadluesvs. the
concentrations of thglide 1. Partsof the kinetic datdnave been determined duritige master
thesis of the authas indicatedf®

For the kinetic studies aie ringclosure reactionsf the intermediate betaingbge ylides
1c and1h were generatettom their corresponding saltgc,h)H*X" with 1.05 eq. KCBu (if
not mentioned otherwise). The kinetics were monitored photometrically by following the
disappearance of tHeenzylidene malonatéda at or close to the absorption maxima of the
intermediate betainelOcaha under firstorder comlitions using at least 1€quiv.of the ylides
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1 over 21 6. From the exponential decays of the W6 absorbances of the intermediate
betaines10cgha, the firstorder rate constantk. were obtained.The simulation of the
absorption during the reactiondwith 4awasperformed byDr. K. Troshinusing avIATLAB
program cod&* 3

For evaluating the second slow decay of the absorbances of quinone ngithidhel

benzylidene indandiort&b in the reactions with the acglubstituted ylidedd,e,i aratelaw was
derivedas follows

( ‘OO0
% . O Qo Qo
with 0 0. O assuming a rapid prequilibrium.
Q% . Q%
Elo= £+ 1 + [P Q% Q) QO ™ 95 Y Qo
- Y Y
° " 95 b Qo Q0
Q0
. Q% Qo0 , Q%
—_— Y
PV 95 o P Y q% )
. Qo0 o
Wi ey @)
Q% o) ko) 'y
Q0 p U ) p U vob
Q% YU
% p ©
. Q0 - Qu. O
Q : or Q —=
p L p uv. O
for K[Nu] << 1v o) Qu. 0 (case 1b)
for K[Nu] >> 1 v o) Q*
P P P P
Y

T 0.0 o PR

*This corresponds to the consumption of a small residual concentration of electrophile in the second step of case
2b, which can actuajlnot be observed.
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The euilibrium constants$or the reactions of the ammonium ylidege,i with the Michael
acceptors3b and 5a were determined by UWis spectrphotometryin DMSO by using a
stoppedflow spectrophotometeiThe Michael acceptor8b and 5a were treated with large
excesses (> 10 equiv.) of the ammonium ylifles variable concentrations. From the initial
absorbancesfg) and the absorbance plateaus in the ms or s time gegletlie equilibrium
constantK were derived as defined in ed @, as the slopes of the linear correlationsfed {
Ao)/Aeq With [1], assuming proportionality between the absorbances and the concentrations of
the employed electrophile$n most cases the Clobnd formations were the ring closure
reactions of the intenediate betaines were too fast, to give clearly visible plateaus on the ms
and s time scale. In these cases the equilibrium constants were determined from the initial
absorbance$y and the constar® obtained by fitting the monoexponential functidn= Ag
e X [kdd) + C to the timedependent absorbances.

The kinetics followed by NMRwvere performed on a 200 MHz NMspectrometerThe
experimental procedures for thd NMR monitoring of the reactions of the ylid&éswith the
Michael acceptorsi 6 are givenbelow the analytical data of the corresponding reaction
products in the Products Sectidhge corresponding kinetic measuremeatts given in the
Kinetics Section For the evaluation of the measuremerttse HOBu formed by the
deprotonation ofLlH*X" was used as internal standard to derive the camagons of the
evolving DABCQ if not mentioned otherwis&or measuring the rates of riotpsure from the
intermediate betaines tl®ncentrations of DABCO were plotted versus tiamel fitted with
OriginPro 6.0 by using the monoexponential function y =+/A:1€ */ With t1 = 1ki. For
reactions following a secorarder rate law the plots of the transient concentrations of the
reactantg 1] and [E] were calculated from the initial concentratiofip pnd [Ep and the
concentration of the evolved DABCO. From #lepes of plots of]]" or [E]' lversust, the
secondorder rate constambonswas determined according to 24 1.

The kinetics followed by GBAS were performedroan Agilent 5973 Network G®IS. For
performing these kinetics the ylides1 were generatethy addition ofsolutions of KO'Bu
(128 mg, 1.14mmol) in DMSO (4 mL) to solutions oflH*X' (1.14mmol) in DMSO (10 mL).

After 30 s the electrophildd (200 mg, 0.762mmol) dissolvedin DMSO (6 mL) was added
and he reaction mixture was stirred for dbn at 20°C. Every minutea samplef the reaction
mixture (1 mL) wastaken andquenchedy additionof sat. agNH4Cl (3 mL). The mixturs
wereextracted with EO (4 mL) and filtrated through N&Qu. A sample of eachrganic layer
wassubjected to GBS andysis. After 15 min the remainingplution wagjuenched witlsat.
ag. NH4Cl (20 mL) and extracted with ED (2x10mL). The combinedorganic layers were
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washed with wate(10 mL) and dried over MgS© The solvent was evaporated and the
corresponding cycloppanesvere obtained. For evaluation of the kinetics rdeetant/product
ratios were converted into concentrations and fitted by a semwied rate lawusing the
GEPASI (v. 3.30%so0ftware The reaction was described dw[+[ E]->[1]->[P], with kcc asthe
rate constant for theatedetermining, irreversible firsandk.. asthe rate constant for tHast

subsequent reaction.

2.7.2 Preparation of the Ammonium Salts 1HX'

Gener al Procedure A for the PreparTag i on o
ammonium saltdH+Xi were prepared from the correspondidglkylhalides and tertiary
amines in THF. The amine was dissolved in THF andkakylhalideswas added dropwise
at ambient temperature. After 30 min the resulting precipitateemasvedwashed with EO,
andsubsequentlyecrystallized from MeOH:§HsCHs.
1-(Cyanomethyl)1,4-diazabicyclo[2.2.2]octarl-ium bromide (l1aH'Br'). From
bromaacetonitrile (1.7 g, 1.0mL, 14 mmol) and DABCO (1.6 g, 14nmol) according to
procedureA. laH'Br’ was obtained agolorlesssolid (3.2 g, ¥ mmol, quant). Mp
(MeOH:CgHsCHs) 195°C (decomp.)H NMR (400 MHz,DMSQds) U = 4. 98 (s, 2
3.531 3.42 (m, 6H, 3X*NCHy), 3.167 3.06 (m, 6H, 3xNCH). 13C NMR (100 MHz, DMSQ
= o) U=111.5 (s, CN), 52.6 (t, 3KCH>), 50.2 (t, CH), 44.5 (t, 3xNCH). HRMS
bﬁv"“ (ESI+):m/z calcd. for [GH14N3]*: 1521182, found 152.1183. DA131
1-(2-(Diethylamino)-2-oxoethyl)-1,4-diazabicyclo[2.2.2]octanrl-ium chloride (1bH*CI").
From 2chloro-N,N-diethylacetamide (1.6, 11 mmol) and DABCO (1.2 g, Immol) according
to procedureA. 1bH*CI' was obtained agolorless solid (2.7 g, 1@nmol, 91%). Mp
(MeOH:CgHsCH3) 216°C (decomp.)'H NMR (400 MHz,DMSQds) U = 4. 58 (s, 2
3.681 3.65(br m, 6H, 3x'NCH_), 3.31i 3.25 (m, 4H, 2xNCH, superimposed by4® signal),
N—/ﬁN\CjOL 30671 3.02 (br, m, 6H, 3xNCHh), 1.12 (t,J = 7.1 Hz, 3H, CHg), 1.02 (t,J =
e N 7.1 Hz, 3H, CHs). 13C NMR (100 MHz, DMSGds) Ui = 163.0 §, CO), 60.4 (d,
CHy), 52.5 (t, 3*NCH_), 45.0 (t, 3xNCH), 41.55 (t, NCH), 40.4 (t, NCH), 14.3 ¢, CHya),
13.2 @, CHz). HRMS (ESI+):mvz calcd. for [G2H24N30]™: 226.1914, found 226912. DA181
1-(2-Ethoxy-2-oxoethyl}1,4-diazabicyclo[2.2.2]octarl-ium bromide (1cH'Br'). From
ethylbromoacetate (2.0 2 mmol) and DABCO (3.0 g27 mmol) according to procedur&.
N2y %0 1cH'Br' was obtained ascolorless solid (5.0 g, 18mmol, quant). Mp
oo (MeOH:CeHsCHs) 235°C (decomp.)H NMR (400 MHz, DMSGdsg) U = 4. 40
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(brs, 2 H,CH2), 4.23 (9,J = 7.1Hz, 2 H, CH,), 3.52 (brs, 6 H, 3X'"NCH_), 3.13i 3.03 (m,
6 H, 3xNCH), 1.25 (t,J = 7.1Hz, 3H, CHs). 3 C NMR (100 MHz, DMSQds) U = 16 4.
CO), 61.9 ¢, CH), 60.7 (t, CHH), 52.3 (t, 3NCH>), 44.4 (t, ¥NCH), 13.8 (q, CH). HRMS
(ESI+): mz calcd. for [GoH1eN202]™: 1991441, found 1991435. DA62
1-(2-Oxopropyl)-1,4-diazabicyclo[2.2.2]octarl-ium  chloride  (1dH*CI").  From
chloroacetone (4.8, 5.0mL, 47mmol) and DABCO (5.2 g, 4/mol) according to proedure
A. 1dH*CI' was obtained asolorlesssolid (7.2 g, 35mmol, 76%). Mp (MeOH:
CsHsCHs) 160°C (decomp.)!H NMR (400 MHz, DMSGds) U = 4. 66,353, 2
3.44 (m, 6H, 3X*NCHy), 3.111 3.01 (m, 6H, 3xNCH), 2.16 (s, 3H, CHs). 13C NMR (100
S o, MHz,DMSOds) U = 200. 37 (25520Q3XNCH#.4%, ( s,
NI
® M 3xNCH), 28.7 (q, CH). HRMS (ESI+): m/z calcd. for [GH17N20]*: 169.1335,
found 169.1335DA168
1-(2-Oxopropyl)-1,4-diazabicyclo[2.2.2]octanl-ium triflate (LdH*OTf"). Trimethylsilyl
triflate (0.82 g, 3.7mmol) was added to a solution @tlH*CI" (0.50 g,2.4 mmol) in MeCN
(5 mL) under N at ambient temperaturéfter the evolution of HCktopped stirring was
continued for 30 min. The solvent was evaporated and the crude product was recrystallized
from MeCN:EtO . 1dH*OTf' was obtained asolorlesssolid (0.62 g, 2.0nmol, 83%). Mp
(MeCN:EtO) 201°C (decomp.)H NMR (400 MHz, DMSQds) U = 4. 65 382s, 2
i 3.75 (br, m, 6H, 3X'"NCH), 36071 3.52(br, m, 6H, 3xNCH.), 218 (s, 3 H, CH). 3*C NMR
(100 MHz, DMSQds) U = 200 .0.3(q,0s 322H2,&Fs) , 67174t, CH), 517 (t,
L Cort 3x*NCHy), 43.7 (t, 3xNCH), 28.9 (g, CH). HRMS (ESI+): m/z calcd. for
Ca A [CoHuN:OT 169.1335, found 169.1336vz caled. for [GH1NO(2xCROsS)] -
4670387, found 467.0377DA168
1-(2-Oxo-2-phenylethyl)-1,4-diazabicyclo[2.2.2]octarl-ium bromide (1eH'Br'). From
bromoacetophenone (0.§025 mmol) and DABCO (0.28 g, 2.81mol) according to procedure
A. 1eH'Br' was obtained asolorlesssolid (0.62 g, 2.0nmol, 80%).Mp (MeOH:CsHsCHs)
255°C; lit: 2521 255°C.B™ 14 NMR (400 MHz, DMSQds) U % 7.9B (@) Z H, 2xG&-
H), 7.791 7.72 (m, 1 H, G-H), 7.651 7.57 (m, 2 H, 2x&-H), 5.35 (s, 2 H, Cb), 3.70i 3.59

4

(M, 6H, 3x'NCH), 3.18i 3.06 (m, 6H, 3xNCH,). 23C NMR (100MHz, DMSO-ds) U = 191 .

(s, CO), 134.7d, Car-H), 134.5 (s, &), 129.0 (d, 2xG-H), 128.1 (d, 2xG-H), 65.1 (t, CH),
52.4 , 3X*NCHy), 44.4 (, 3xNCH,). HRMS (ESI+): mz calcd. for [GaH19N20]*: 231.1492,
found 231.1485DA72
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N Bry 1-(2-(tert-Butoxy)-2-oxoethyl}1,4-diazabicyclo[2.2.2]octanrl-ium bromide
(1fH*Br'). Fromtert-butylboromoacetate (4.68 g, 24nmol) and DABCO (2.70 g,
24.0 mmol) according to procedurd. 1fH*Br' was obtained asolorlesssolid (7.01 g,

22.8mmol, 95%).Mp (MeOH:CsHsCHs) 250°C. 'H NMR (400 MHz, DMSG
N@gim d) U = &, CHS, 3.5353.44 @n, 6H, 3X*NCHy), 3.117 3.03 (m, 6H,
3xNCHp), 1.48 (s, H, 3xCHs). 13C NMR (100 MHz, DMSGds) & = 163.5 (s, C

Cy), 61.2 (t, CH), 52.2 (t, 3XNCHy,), 44.4 (t, 3XNCH), 27.6 (q, 3xCH). HRMS (ESI+): m/z
calcd. for [GoH23N20,]*: 2271754, found 2271747. DAS4

1-(2-Ethoxy-2-oxoethyl)quinuclidin-1-ium bromide (1gH*Br"). From ethylbromoacetate
(0.75 g, 4.5mmol) andquinuclidine (0.50 g, 4.3nmol) according to procedur&. 1gH'Br'

was obtained asolorlesssolid (0.89 g, 3.2nmol, 71%).Mp (MeOH:Ce¢HsCHz)

@JLOB 162 °C; lit 162163 °C.F"d 4 NMR (400 MHz, DMSGQds) U = 4.34 (s, 2 H,
CH2CO), 4.24 (gqJ = 7.1Hz, 2 H, OCH), 3.67i 3.59 (br m6 H, 3X"NCHy), 2.07 2.03 (br
m, 1 H, CH), 1.921.85 (br mp H,3xCHp), 1.21 (tJ= 7.1Hz, 3 H, CH). 3C NMR (100MHz,
DMSO-ds) U = 164.5(s, CQ), 61.9 (t, OCHp), 60.8(t, CH2.CO), 54.6(q, 3X’NCHy), 231 (t,
3xCHp), 18.8(t, CH), 13.8 (q, Ch). HRMS (ESI+): nV/z calcd. for [GiH20NO2]*: 198.1489,
found 198.1482. DA78

2-Ethoxy-N,N,N-trimethyl -2-oxoethanl-aminium  bromide  (1hH*Br').  From
ethylbromoacetate (1.0 g, Gxmol) andNMes (0.35 g,5.9 mmol, 50 wt% in HO) according
to procedureA. 1hH*Br' was obtained asolorlesssolid (1.1 g, 4.9mmol, 83%). Mp

(MeOH:CeHsCHs): 156°C.1H NMR (400 MHz, DMSOds) 1 = 4. 504.20€,)= 2 H, ¢
7.1 Hz, 2 H, OCH), 3.24 (s, H, 3x'NCHs, 1.21 (t,J = 7.1 Hz, 3 H, CH). 13C NMR (100
.- MHz,DMSOds) U = 165.3 (s, 6EDF CH),6535@, (t,

veN" Ao 3x*NCHs), 14.3 (g, CH). HRMS (ESI+): m/z caled. for CrH1eNO2]*: 146.1176
found 146.1171DA96
N,N,N-Trimethyl -2-oxo-2-phenylethan-1-aminium  bromide  (1iH*Br').  From
bromoacetophenone (1.0 g, Bn@nol) and NMe (0.31 g, 52 mmol,50 w% in waterjaccording
to proceduréd. The preciftate was additionally wasld with CHCl,. 1iH*Br' was obtained
ascolorlesssolid (1.29 g, 5.00nmol, quant). Mp (MeOH:CsHsCHa) 220 °C; lit: 220 °C.E™I
'H NMR (400 MHz, DMSQds) U ¥ 7.9 (nQ BH2xCar-H), 7.791 7.70 (m, 1 H, G-
H), 7.67i 7.56 (m, 2 H2Car-H), 5.47 (s, 2 H, Cb), 3.36 (s, H, NMe3).23C NMR (100 MHz,
DMSOde) U = 191.5 (C#),134@Ql) Gr-H)112940.(d7 2xG-#l), 127.9 (d,
QL 2xCa-H), 67.2 (t, CH), 53.3 (g, NMe). HRMS (ESI+): m/z calcd. for
[C11H16NO]*: 178.1226 found 178.122RA95
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273 Products of the Reactions of the Ammoni um

2.7.3.1 Reactions with Benzhydrylium lon 2aBF4

General procedure B for thesynthess of the products7-BFa. KO'Bu (1.1 Equiv) in THF
(5 mL) was added to a suspensior?afBFs (1 4 7 T @nMandlH*X" (1 4 7 T 2rbMin
CH2Clo/MeCN (5 mL, 3:2) at ambient temperature tilrdiscolorationof 2a-BF4was observed
The solvent was evaporateddathe resulting solid wataken up in MeCN(10 mL) and
insoluble solids were removed. After removal of the solWieatcrude produatvas obtained
The crude product was recrystallized froreEMeCN (10:1) orMeCNto give theammonium
salts7-BF4. Theamnonium salts/-BF4 are sensitive to moisture and acids aretlecompose
easily.
1-(1-Cyano-2,2-bis(4-(dimethylamino)phenyl)ethyl)-1,4-diazabicyclo[2.2.2]octanl-
ium tetrafluoroborate (7a-BF4). From 2a-BF4 (100 mg, 294 umol), 1aH'Br' (68.2 mg,
294 umol) and KOBuU (35.0mg, 312umol) according to procedur®@. The crude product was
obtained in 96% vyield (136ng, 283 umol). After recrystallization fromMeCN 7a-BF4 was
obtained as a yellow solid (30rmg, 61.3umol, 21%).Mp (MeCN) 133°C. 'H NMR (400
MHz, DMSO-d¢) U = J# 8.8 8z, 2(Hd2xGy-H), 7.30 (d,J = 8.9 Hz, 2H, 2xCar-H),
6.66 (d,J= 8.9 Hz, 4H, 4xCar-H), 6.18 (dJ= 8.2 Hz, 1 H, CH), 4.94 (dJ = 8.2 Hz, 1 H,
CH), 3.51i 3.42(m,6 H,3xCH), 3.04 (tJ= 6.7 Hz, 6H, 3xCHp), 2.84 (s, 61, 2xCHs), 2.83
e o (s, 6H, 2xCH). 15C NMR (100 MHz, DMSQds) & = 1.5,049.9 (s,
O (s, Cu), 129.4 (d, 2xG-H), 128.7 (d, 2xG-H), 1277 (s, Gu), 127.5 (s,
Car), 113.6 (s, CN), 113.0 (d, 2:xH), 1129 (d, 2xCar-H), 68.34 (d, CH),
52.8 (t, 3xCHl), 46.0 (d, CH) , 44.9 (t, 3xChl, 40.7 (q, 2xCH), 40.3 (g, 2xCH). HRMS
(ESI+):m/z calcd. for [GsHzaNs]*: 4042809, found 404.2807DA164
1-(1-(Diethylamino)-3,3-bis(4-(dimethylamino)phenyl)-1-oxopropan-2-yl)-1,4-diazabi-
cyclo[2.2.2]octanl-ium tetrafluor oborate (7b-BF4). From 2a-BF4 (100 mg, 294 pumol),
1bH*CI'" (77.0mg, 294umol) and KOBuU (35.0mg, 312umol) according to procedui@. The
crude product was obtained #1% yield (151mg, 267 umol). After recrystallization from
MeCN 7b-BF4 was obtained as yellow solid (8.8mg, 16 pmol, 5%).

N
K cones Mp (MeCN)181°C (decomp.)!H NMR (400MHz, DMSOds) U = 7. 54

M NNM (d,J = 8.8 Hz, 2 H, ZXCAr-H), 7.13 (d,J =88 Hz, 2 H, ZXCAr'H), 6.69

(d,J = 8.8 Hz, 2 H, 2)Car-H), 6.55 (d,J = 8.9 Hz, 2 H, 2>Car H), 5.44 (d,J = 10.7 Hz, 1 H,
CH), 4.61 (d,) = 10.6 Hz, 1 H, CH), 3907 3.78(m, 1H, CHHP), 3.597 3.41 (m, 6H, 3xCHb),
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3.333.28 (m, 1 H, CHI®), 3.153.08 (m, 1 H, &H?, 3.017 2.91 (m, 6H, 3xCH), 2.86 (s,
6 H, 2xChb), 2.77 (s, 1, 2xCHs), 2737 2.65(m, 1 H,CHH?), 1.09 (tJ= 7.0 Hz, 3 H, CH),
0.38 (t,J= 7.0 Hz, 3H, CHs). ®*C NMR (100 MHz,DMSQds) U = 164.6 (s, CC
Car), 149.7 (s, &), 129.6 (d, 2x@&-H), 129.5 (d, 2x&-H), 128.4 (s, &), 128.3 (s, &), 1130
(d, 2xCar-H), 112.6 (d, 2x@&-H), 71.1 (d, CH), 52.4 (t, 3xCi{ 49.7 (d, CH), 45.1 (t, 3xCH
45.0 (t, CHH), 42.1 (t, CHH}0.7 (g, 2xCH), 40.4 (g, 2xCH), 13.9 (q, CH), 11.5 (g, CH).
HRMS (ESI+): m/z calcd. for [GoHaaNsO]™: 478.3540, found 478.353BA189-2
1-(1,2-Bis(4-(dimethylamino)phenyl)-3-ethoxy-3-oxopropan-2-yl)-1,4-diazabicyclo-
[2.2.2]octan1-ium tetrafluoroborate (7¢c-BF4). From 2a-BF4 (50.0mg, 147umol), 1cH*Br!
(41.0mg, 147 umol) and KOBuU (25.0mg, 223 umol) according to procedur®. The crude
product was recrystallized froMeCNto give7¢-BF4 as acolorlesssolid (21.7mg, 40.3umol,
@ . 27%).Mp (Et:O:MeCN) 187 °C. 'H NMR (400 MHz, DMSQds) U =
I 7.44 (d,J= 8.8 Hz, 2 H, 2xGy-H), 7.13 (dJ = 8.8 Hz, 2 H, 2xG-H),
Me:N O O ne, 6.65 (d,J = 8.9 Hz, 2 H, 2xGy-H), 6.56 (dJ = 8.8 Hz, 2 H, 2xG-H),
5.37 (d,J = 10.2 Hz, 1 H, CH), 4.66 (dJ) = 10.3 Hz, 1 H, CH), 3.87 3.70 (m, 2 H, CH),
3.50'3.33 (m, 6H, 3xCH), 3.022.91 (m, 6H, 3xChb), 2.83 (s, 6H, 2xCH), 2.79 (s, &H,
2xCHg), 0.86 (t,J= 7.1 Hz, 3 H, CH). 3C NMR (100 MHz,DMSQds) U = 166. 4 ( s
149.9 (s, G), 149.7 (S, &), 129.6 (s, 2x@-H), 129.0(d, 2xCar-H), 128.5 (s, &), 128.0 (s,
Car), 113.2 (d, 2x@-H), 112.5 (d, 2x&-H), 76.4 (d, CH), 62.3 (t, ChH, 52.1 (t, 3xCH), 47.4
(d, CH), 45.0 (t, 3€H>), 40.5 (q, 2xCH), 40.4 (q, 2xCH), 13.6 (q, CH). HRMS (ESI+): m/z
calcd. for [G7H39N4O2]*: 4513068, found 451.3067DA157-2
1-(1,1-Bis(4-(dimethylamino)phenyl)-3-oxobutan-2-yl)-1,4-diazabicyclo[2.2.2]octanl-
ium trifluoromethanesulfonate (7d-OTf). From 2a-BF4 (100 mg, 294 pumol), 1dH*OTf!
(93.6 mg, 294 pmol) and KOBu (84.0 mg, 749 umol) accordng to procedureB. After

@u@ come recrystallization fromEt;O:MeCN 7d-OTf was obtainedas acolorless
"o AT solid (123mg, 216 pmol, 73%). Mp (Etz0:MeCN) 176°C. 'H NMR (400
- ¥ MHz, DMSOds) & = J~=.88%Hz @ H,,2xG-H), 7.14 (d,J =

8.8 Hz, 2 H, 2xGy-H), 6.67(d,J = 8.9 Hz, 2 H, 2xGy-H), 6.57 (d,J = 8.9 Hz, 2 H, 2xG-
H), 5.67 (d,J = 10.7 Hz, 1 H, CH), 4.55 (dJ = 10.7 Hz, 1 H, CH), 3.48 3.39 (m, 3 H,
3xCHHP), 3.323.25 (m, 3 H, 3xG2H), 3.02i 2.85 (m, 6H, 3xCH), 2.83 (s, 8H, 2xCH),
2.80 (s, 6H, 2xCH), 1.97 (s, 3 H, CH). 13C NMR (100MHz, DMSO-ds) U = 205. 4 (s
149.73 (s, G), 1497 (s, Gu), 130.0 (d, 2xG-H), 129.1 (d, 2xG-H), 1284 (s, Cu), 127.0 (s,
Car), 121.1 (qJ = 322.3Hz, CFs), 1132 (d, 2xCa-H), 112.7 (d, 2x@-H), 77.0 (d, CH), 63
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(d, CH), 52.1 (t, 3xCHH), 44.9 (t, 3xGH 40.8 (q, 2xCH), 40.4 (q, 2xCH), 35.1 (g, CH).
HRMS (ESI+):m/z calcd. for [GeHa7N4O]": 4212962, found 421.2962DA173
1-(1,2-Bis(4-(dimethylamino)phenyl)-3-oxo-3-phenylpropan-2-yl)-1,4-diazabicyclo-

[2.2.2]octan1-ium tetrafluoroborate (7eBF4). From 2a-BF4 (100 mg, 294umol), 1eH'Br!
(91.6mg, 294umol) and KOBu (34.6mg, 308umol) according to procedur® to yield 94%
of the crude product (15Wg, 275umol). The crude product was recrystallized fréfaCN to
give 7e-BFs as a give solid (75..hg, 132 pmol, 45%).Mp (Et:O:MeCN) 134°C. *H NMR
(400 MHz, DMSQds) U = J& 7.0 Hz, A H 2xGy-H), 7.60 7.58 (m, 3 H, 3x@&-H),
7.44 (t,J= 7.8 Hz, 2 H,2xCar-H), 6.96 (dJ = 8.9 Hz, 2 H, 2xGy-H), 6.68 (dJ = 8.9 Hz, 2
H, 2xCar-H), 6.38 (dJ= 10.8 Hz, 1 H, CH), 6.23 (dJ= 8.9 Hz, 2 H, 2x G-H), 4.76 (dJ =

10.7 Hz, 1 H, CH), 3.583.47 (m, 6H, 3xCH), 2.987 2.88 fm, 6 H,
@v coph 3xCH), 2.84 (s, H, 2xCHp), 2.62(s, 6H, 2xCH). 13C NMR (100 MHz,
BF DMSOds) G = 196. 3 (a3 1058 G) 137.8@, GJ,
134.8 (d, Gr-H), 130.2 (d, 2xG-H), 129.4 (d, 2xG-H), 129.3 (d, 2xG-H), 1291 (d, 2xCar-
H), 128.7 (s, &), 126.9 (s, &), 113.1 (d, 2x&-H), 112.4 (d, 2x@&-H), 72.6 (d, CH), 52.6 (t,
3xCH), 49.3 (d, CH), 45.0 (8xCH), 40.4 (q, 2xCH), 40.3 (q, 2xCH). HRMS (ESI+): m/z
calcd. for [GiH39N4O]": 483.3118, found 483.311PA158

1-(1-(tert-Butoxy)-3,3-bis(4-(dimethylamino)phenyl)-1-oxopropan-2-yl)-1,4-diaza-

bicyclo[2.2.2]octarrl-ium tetrafluoroborate (7f-BF4). From 2aBF4 (50 mg, 147 pumol),
1fH*Br' (45.3mg, 147 pmol), KO'Bu (25.0mg, 223 umol) according to procedur®. After
recrystallizatiofrom MeCN 7f-BF4 was obtaineas a yellow solid (64.61g, 114 umol, 78%).
Mp 166°C (decomp.)!H NMR (400 MHz, DMSQds) U 41+d,J%.8.7Hz, 2 H, 2xG-
H), 7.15 (dJ= 8.8Hz, 2 H, 2xGy-H), 6.64 (dJ= 8.8 Hz, 2 H, 2xCGy-H), 6.58 (d,J= 8.9 Hz,
2 H, 2xGy-H), 5.19 (d,J= 10.9 Hz, 1 H, CH), 4.54 (dJ = 11.0 Hz, 1 H, CH), 3.51 3.45
(m, 3 H, 3xCHHP), 3.387 3.30 (m,3 H, 3xCH3H), 3.002.94 (m, 6H, 3xCH), 2.82 (s, &H,
2xCHg), 2.77 (s, €H, 2xCHs), 1.07 (s, H, 3xCHp). 3C NMR (100 MHz,
g, DMSOds) U = 165. 4 (ap5149TAO®), 12975d) 2x Q-
Me;N O O nve, - H), 129.0 (d, 2x@e-H), 128.6 (S, @), 128.4 (S, &), 113.2 (d, 2x&-H),
112.7 (d, 2xG&-H), 84.3 (s, @), 76.8 (d, CH), 5A (t, 3xChb), 47.9 (d, CH), 45.0 (t, 3xCH
40.6 (gq, 2xCH), 40.4 (q, 2xCH), 27.2 (g, 3xCH. HRMS (ESI+): m/z calcd. for
[C2oH43N4O2] *: 4793381, found 479833878 DA159

N
@6‘ CO,'Bu
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1-(1,2-Bis(4-(dimethylamino)phenyl)-3-ethoxy-3-oxopropan-2-yl)quinuclidin -1-ium
tetrafluoroborate (7g-BF4). From2a-BF4 (100mg, 294umol), 1gH*Br' (81.8mg, 294umol),
and KOBu (35.0mg, 312 umol) according to procedurB. After recrystallization from
EtO:MeCN 7g-BFs was obtained as a yellow solid (12fhg, 225 pmol, 77%). Mp
(EtzO:MeCN)213°C. *H NMR (400 MHz, DMSGds) U = J#% 8.8H%, 2 H,2%xG-H),
7.12 (d,J= 8.8 Hz, 2 H, 2xG-H), 6.65 (d,J = 8.8 Hz, 2 H, 2xG-H), 6.56 (d,J = 8.9 Hz,
2 H, 2xCy-H), 5.26 (dJ = 10.1 Hz, 1 H, CH), 4.62 (dJ = 10.1Hz, 1 H, CH), 38671 3.67 (m,
2 H, CH), 3.62i 3.56(m, 3 H, 3xCHH), 3.51i 3.40 (m, 3 H, 3xCPH), 2.83 (s, @, 2xCH),
2.77 (s, 6H, 2xCHs), 1.997 1.93 (m, 1 H, CH), B471 169 (brs, 6 H, 3xCh), 0.85 (t,J =
@N@ o 7.1Hz, 3 H, CH). 3C NMR (100 MHz, DMSQds) U = 166. 6 (s
‘st 149.8 (s, G), 149.7 (s, &), 129.6 (d, 2x@-H), 129.0 (d,2xCar-H),
M 128.7 (s, Gr), 128.1 (S, @), 113.1 (d, 2xG-H), 112.5 (d, 2x@&-H), 76.1
(d, CH), 62.3 (t, Ch), 54.2 (t, 3xCHH), 47.6 (d, CH), 40.5 (q, 2x€}H40.4 (q, 2xCH), 23.7
(t, 3xCh), 19.1 (d, CH), 13.6 (g, G HRMS (ESI+): m/z calcd. for [GsHaoN3O2]™:
450.3115, found 450.3115. DA169
1,1-Bis(4-(dimethylamino)phenyl)-3-ethoxy-N,N,N-trimethyl -3-oxoproparn-2-aminium
tetrafluoroborate (7h-BF4). From2a-BF4 (100mg, 294umol), 1hH*Br' (90.6mg, 401umol),
and KOBu (35.0 mg, 312 umol) according to procedurB. After recrystallization from
MeCN:EO 7h-BFs was obtained as a colorless solid (6§, 150 pmol, 51%). Mp
(EtzO:MeCN) 148°C. 'H NMR (400 MHz, DMSGds) U = J#.8.9 Blz, 2 H] 2xG-
H), 7.16 (dJ= 8.9Hz, 2H, 2xCar-H), 6.66 (dJ = 8.9Hz, 2 H, 2xGy-H), 6.58 (dJ = 8.9Hz,
2 H, 2xCa-H), 5.46 (dJ = 10.9Hz, 1 H, CH), 4.55 (dJ = 10.9Hz, 1 H, CH), 3.94 3.69 (m,
2 H, CH), 3.06 (s, H, 3xCH), 2.82 (s, 61, 2xCH), 2.78 (s, 6H, 2xCH), 0.83(t, J= 7.1Hz,
3 H, CH). 3C NMR (100 MHz, DMSGds) U = 166. 9 (»9,,1498Q8)&), 150. 0
Me®_COEt 129.4 (d, 2xG-H), 129.1 (d, 2x@-H), 128.0 (s, &), 127.9 (s, &),
SBF 113.2 (d, 2xG-H), 112.6 (d, 2x@&-H), 76.4 (d, CH), 62.3 (t, Chi 53.4
edt " (g, 3xCH3), 48.6 (d, CH), 40.5 (g, 2xGh 40.4 (q, 2xCH), 13.6 (g, CH).
HRMS (ESI+):m/z calcd. for [GaH3eN302]*: 398.2802, found 398.2801. DA161
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1,1-Bis(4-(dimethylamino)phenyl)-N,N,N-trimethyl -3-oxo-3-phenylpropan-2-aminium
tetrafluoroborate (7i-BF4). was synthesized fronRa-BF4 (100 mg, 294 umol), 1iH*Br'
(76 mg, 294 umol) and KOBu (35.0mg, 312 umol) according to procedurB. The crude
product was recrystallized from MeCN:Etto yield 7i-BF4 as a yellow solid (116ng,
224 umol, 76%). Mp. (EtO:MeCN) 159°C. 'H NMR (400 MHz, DMSQds) U #8.Gb. 1 3
(m, 2 H, 2xG-H), 7.661 7.58 (m, 3H, 3xCar-H), 7.46 (t,J = 7.8Hz, 2 H, 2xG-H), 7.061
7.00 (m, 2 H, 2x@-H), 6.751 6.68 (m, 2 H, 2x@&-H), 6.40 (dJ= 10.9Hz, 1 H, CH), 6.32
6.23 (m, 2 H, 2x@-H), 4.68 (d,J = 10.9Hz, 1 H,CH), 3.14 (s, H, 3xCH), 2.87 (s, eH,
2xCHg), 2.64 (s, H, 2xCHs). 13C NMR (100 MHz, DMSQGds) U = 195.8 (s, CC

von” _copn Car), 149.1 (s, &), 136.8 (s, @), 134.3 (d, Gr-H), 129.6 (d, 2x@-H),

“;’BF 129.0 (d, 2xG-H), 128.8 (d, 2x@&-H), 128.5 (d, 2x@&-H), 127.7 (s, &),
" 126.1 (s, ), 112.6 (d, 2x@-H), 112.0 (d, 2x@-H), 72.2 (d, CH), 53.4
(g, 3xCH), 49.9 (d, CH), 39.8 (q, 2xGH 39.7 (q, 2xCH). HRMS (ESI+): nV/z calcd. for
[C28H36N30]": 430.2853, found 430.2851. DA425

2.7.3.2 Reactions with Quinore Methide 3c

General procedure Cfor the synthesis of theproducts 9. KO'Bu (0 . 3 9 mrhal) b
DMSO (2 mL) was added taH*X" (0 . 4 Tminol)n DMSO 6 mL) atambient temperature.
After stirring for 1 min3c(0 . 2 Tm@nol)slissolved CHCI, (2 mL) was addedAfter 5 minutes
reactiontime ag.sat. NH:iCl (25 mL) was added anthe mixure was extracted witBtO or
CHCI> (3x20mL). The combined organic layers wevashed with water (2x2®L) and brine
(2%x20 mL) dried over MgS@ The solventwas removed andhe crude product was
recrystallized from ethanol or purified by column chrorgaéphy (silica). The diastereomeric
excess 0P was determined from the crude product after aqueous-wmrk

General procedure Dfor the low temperature synthesis of theproducts 9. KO'Bu
(0 . 5 5 Tnmnol)Sn7DMF (3 mL) was addedo suspensions dfH*X' (0 . 5 5 Tnnol)5n7
DMF (5mL) ati 15°C. The solution was stirred for 1 min, thea( 0 . 3 7nantl)irBCHCl2
(2 mL) was added dropwise and stirring was continued for 30 min. The reaciturenwas
guenched with watef5 mL) at 115 °C and allowed to warm tambient temperaturd he
mixture was extractedith CH>Cl» (3x10mL), and the combined organic layers were washed
with water (3x20mL). The solvent was evaporated and the crude wagaehljto an NMR

analysisIf possible9 was crystallized from EtOH or MeOH.
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5,7-Di-tert-butyl-6-oxo-2-(p-tolyl)spiro[2.5]octa-4, 7-diene-1-carbonitrile (rac-9ac)

From 1aH*Br' (90.3mg, 389umol), KO'Bu (44 mg,0. 39 mmol), and3c (100mg, 324umol)

accordng to procedureC. After purification by column chromatography (SiOn-

pentane:EtOAc 25:10ac-9ac was obtainedn 2 fractionsascolorlessoils (59 mg, 170umol,
N 52%,transcis 33:67). rac-cis-9ac solidified slowlyon treatment with EtOH

t-Bu

Fraction 1: rac-trans-9ac (obtained as mixture witBc). 'H NMR (300
" MHz, CDCk) Ui = J% 7.8, 2H®xGy-H), 7.00 (dJ = 8.0Hz, 2
H, 2xCar-H), 6.41 @, J = 2.8 Hz, 1 H, C=CH), 5.61 (d) = 2.8 Hz, 1 H, C=CH), 335(d, J =
6.9Hz, 1 H, CH), 2.61 (dJ = 7.1Hz, 1 H, CH), 2.27s, 3 H, CH), 1.24 (s, ™, C(CHh)3),
1.00(s, 9H, C(CHs)s). 3C NMR (75 MHz,CDCh) & = 185 . B(s,C=€H), 18DO) , 151
(s,C=CH), 138.4 (s, @), 138.0 (d, CEH), 136.4 (d, CEH), 130.0 (s, &) 129.7 (d, 2X G-
H) 128.7 (d, 2xG-H), 111.5 (s, CN), 39.7 (d, CH), 35.5 &(CHs)3), 35.4 (SC(CHs)3), 35.1
(s, @), 29.4 (g, CCHa)3), 29.2 (g, CCH3)3), 21.3 (g, CH), 20.1 (d, CH)Fraction 2: rac-cis-
9ac. Mp 101 T 1 €2H NMR (300 MHz, CDC§) U ¥ 7.15 (m2 4, 4xCar-H), 6.18 (d,
J=2.9Hz, 1 H, C=CH), 6.02 (d) = 2.8Hz, 1 H, C=CH)3.23 (d,J = 9.0Hz, 1 H, CH), 2.62
o (d,J=9.0Hz, 1 H, CH), 2.35 (s, 3 H, G} 1.27 (S, H, C(CHs)3), 1.17 (s,
o Me 9 H, C(CHs)3). ®C NMR (75MHz, CDCk) & = 185.4 (s, CO
C=CH), 150.4 (sC=CH), 139.8 (d, CEH), 138.5 (s, @), 135.8 (d, CEH),
130.0 (d, 2xG-H), 129.7 (d, 2xG-H), 128.5 (s, @), 116.4 (s, CN), 36.9 (d, CH), 35.7 (s,
C(CHs)3), 35.2 (SC(CHa)3), 33.9 (s, ), 29.4 (g, CCHa)3), 29.3 (g, CCHa)s), 213 (g, CHy),
20.9 (d, CH)HRMS (El): m/z calcd. for [GaH2oNOJ*# 3472244, found 3472241. MS (EI)
miz = 348 (13), 347 (44), 320 (100), 305 (21), 276 (13), 189 (&R56-3
5,7-Di-tert-butyl-6-oxo-2-(p-tolyl)spiro[2.5]octa-4, 7-diene-1-carbonitrile (rac-9a0).
From 1aH'Br' (132mg, 568umol), KO'Bu (64 mg, 0.57 mmol), and3c (117 mg, 379umol)

according to procedui®. rac-9awas obtained only as crude product (#6gl 219umol, 58%,

(0]
t-Bu rac

transcis 33:67), and decomposed duringhe attempted recrystallization from MeOH.
(Analytical data see abovB)A504
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IH NMR Monitoring of the reaction of 1a with 3¢.KO'Bu (28.1mg, 250pmol) in DMSO-
ds (1 mL) was added dropwist a stirred solution ofaH*Br' (58.0 mg, 250 umol) and
quinone methide3c (77.1 mg 250 pumol) in DMSO-ds: CD:Cl2> (2 mL, 1:1) at ambient
temperature over 1 min. After stirgrfor 1 min the solution was quenched by freezing at
20°C. For NMR-analysis the solution was brought back t¢@0The reaction mixture showed
only signals of the produ@ac but no signals of thentermediate betain8ac or ylide la
DA807

5,7-Di-tert-butyl-N,N-diethyl-6-oxo-2-(p-tolyl)spiro[2.5]octa-4,7-diene-1-carboxamide
(rac-9bc). From 1bH*CI" (262 mg, 1.00mmol), KO'Bu (112mg, 998umol) and3c (154 mg,
499 umol) according to procedu@. After column chromatography (Sih-Pentane: CECl
1:1) rac-9bcwas obtained as light yellow oil (13ig, 325umol, 65%,trans:cis75:25), from
which cis-rac-9bc solidified on treatment with EtOHransrac-9bc. 'H NMR (300 MHz,
CDCl) O = H,44CA-H), 652 (dd=2.7Hz, 1 H C=CH), 5.94 (dJ=2.7Hz, 1 H,
C=CH), 3.91 (dJ=7.4Hz,1H,CH),37 1 1 (m31H; &H), 3.7 3.16 (m, 3 H, CHH,
2xCHH), 3.07 (dJ= 7.3Hz, 1 H, CH), 2.33 (s, 3 H, G 1.23 (s, H, C(CH3)3), 1.15i 1.01

(m, 15H, 2xCHs, C(CH)s, signal superimposed hyjs-isomer)3C NMR

CONEt,

. (75MHz,CDCY) o = 185.8 (s, CO) C=CH)p6.

T “Fwe 149.7 (sC=CH), 139.5 (s, CEH), 139.3 (s, CEH), 137.2 (s, &), 132.7
(s, Gar), 129.3 (d, 2x@&-H), 129.1 (d, 2xG&-H), 42.2 (t, GiH), 41.2 (t, GiH), 39.3 (d, CH),
37.5 (d, CH), 37.0 (s, § 35.3 (5,C(CHs)3), 35.2 (s,C(CHa)s), 29.5 (g, CCH2)3), 29.4 (q,
C(CH3)3), 21.3 (q, Gr-CH3), 14.5 (q, CH), 13.3 (g, CH). HRMS (El): nV/z calcd. for

[CaeH3oNO] A 421295, found 421.296MS (El) miz = 421 (13), 176 (11), 100 (100).

cisrac-9bc. Mp( Et OH) 1C3'H NMR3(200 MHz,CDC}) U = H,.40%- ( s,

H), 6.86 (d,J = 2.7Hz, 1 H,C=CH), 6.12 (d,J = 2.8Hz, 1 H,C=CH), 3.53i 3.14 (m, 5H,
2xCHp, CH, signal superimposed lsansisomer), 2.79 (dJ = 9.7, 1 H, CH), 2.29 (s, B,
CHa), 1.27 (s, H, C(CH)s, signal superimposed kjs-isomer),1.15 (s,

+Bu ONEtQ 9 H, C(CHbk)s, signal superimposed lgansisomer),1.147 1.02 (m, 6H,
© ‘ ve 2XCH, signal superimpasl bytransisomer).13C NMR (75 MHz, CDC})

t-Bu rac

U = 186.1 (s, CO), C=Ci§) 6480 (sSC=CH), 1G30INJC=CH). 1BBE 9

(d, C=CH), 136.9 (s, &), 130.8 (s, &), 129.8 (d, 2xG-H), 128.7 (d, 2xG-H), 42.1 (t, CH),
40.5 (t, CH), 39.7 (d, CH), 36.4 (d, CH), 35.5 (;)C34.9 (sC(CHa)3), 34.7 (SC(CHs)3), 29.5
(0, C(CHa)3), 29.4 (q, CCH3)3), 21.2 (g, Gr-CH3), 14.4 (q,CHs), 13.1 (g, CH). HRMS
(APCI): m/z calcd. for [GeHaoNO2]*: 422.3054, found 422.305RA324
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Table 2.20. Crystallographic data rac-cis-9bc.

net formula
M./g mol !
crystal size/mm
T/IK
radiation
diffractometer
crystal system
space group
alA
b/A
c/A
us A
b/ A
o/l A
VIA3
z
calcd. density/g crh 3
e/ rhin
absorption correction
refls. measured
Rint
me a )/l 4 (
d range
observed refls.
X, Y (weighting scheme)
hydrogen refinement
refls in refinemat
parameters
restraints
R(Fobs)
Ru(F?)
S
shift/errofmax
max electron density/e' R
min electron density/e /&

5,7-Di-tert-butyl-N,N-diethyl-6-oxo-2-(p-tolyl)spiro[2.5]octa-4, 7-diene-1-carboxamide
(rac-9bc). From 1bH*CI" (146 mg, 558 umol), KO'Bu (63 mg, 0.56 umol), and3c (114 mg,
370 umol) according to procedui®. After recrystallization from MeOldac-9bc wasobtained

as colorless solidl@5mg, 320umol, 87%, transcis83:17 in crude productiranscis 1:6 after

CagHaoNO2
421.615
0.30 x 0.10 x 0.05
173(2)
Mo KU
'‘KappaCCD'
monoclinic
P2./c
12.0043(5)
20.5212(9)
11.2053(4) &
90 /
112.369(2) o= V .
90 _ /
2552.63(18) !
4 \
1.09709(8) f
0.068
none | )
16349 S @2 ’»" o~
0.0660
0.0572
3.31125.39
3084
0.0692, 0.7088
constr
4669
289
0
0.0546
0.1480
1.021
0.001
0.222

1T0.225

recrystallization from MeOH)Analytical data see abovd)A501

NMR -Monitoring of the reactions of 1b and 3¢ 1bH*CI' (32.3mg, 123 pmol) and3c
(38.2mg, 124 umol) were dissolved in DMS@s:CD.Cl> (2 mL, 1.5:1) andKO'Bu dissolved
in DMSO-ds (900 pl, 2.57 x 10'M) was addet ambient temperaturéfter 30s stirring the
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solution was subjected 1 NMR. The spectra shownly the producObc andno formation
of theintermediate betaingbc or ylide 1b. DA893
Ethyl 5,7-di-tert-butyl-6-oxo-2-(p-tolyl)spiro[2.5]octa-4,7-diene-1-carboxylate (rac-
9cg. From 1cH'Br' (136 mg, 487 umol), KO'Bu (55 mg, 0.49 mmol), and 3¢ (100 mg,
324 umol) according to procedur@. After crystallization from EtOHac-9cc was obtained as
colorlessneedles (106ng, 269 umol, 83%,transcis >95:5). Mp (EtOH) 141 °C. 'H NMR
(300 MHz, CDC4$) 4 ¥ 7.06 (m, &H, 4xCar-H), 6.87 (dJ = 2.7Hz, 1 H,C=CH), 5.81
COEt (d,J=2.8Hz, 1 H,C=CH), 4.31i 4.18 (m, 2 H, CH), 3.66 (dJ= 7.4Hz,
1 H, CH), 3.02 (dJ = 7.4Hz, 1 H, CH), 2.33 (s, 3 H,&CHj3), 1.32 (t,J =
a7 1 Hz 3 H, CH), 1.27 (s9 H, C(CH)), 1.07 (s, H, C(CH)). 2°C NMR
(75 MHz, CDC})  185.9(s, CO), 169.8 (s, C£, 149.4 (sC=CH), 149.4 (sC=CH), 139.2
(d,C=CH), 138.0 (dC=CH), 137.5 (sCar), 131.8 (sCar), 129.3 (d, 2x@&-H), 128.8 (d, 2% -
H), 61.7 (t, CH), 40.1(s, G), 38.2 (d, CH), 36.7 (d, CH), 35.4 3(CHz)3), 35.2 (sC(CHz)3),
29.5 (g, CCHa)3), 29.3 (g, CCH3)3), 21.3 (q,CHz3), 14.4 (g, CH). HRMS (EI): mv/z calcd. for
[C26H3403] ##394.25@, found 394.2508DA356
Ethyl 5,7-di-tert-butyl-6-oxo-2-(p-tolyl)spiro[2.5]octa-4,7-diene-1-carboxylate (rac-
9cg. From 1cH'Bri (148 mg, 530 umol), KO'Bu (60 mg, 0.53mmol) and3c (109 mg,

353 umol) according to procedur®. rac-9cc was obtained only as crude product (7§,

t-Bu

(0]

198 umol, 56%,transcis >95:5), and decongsed during attempted recrystallization from
MeOH. (Analytical data see above) DA515

NMR -Monitoring of the reaction of 1c with 3c.KO'Bu dissolved in DMS@is (900 pll,
1.38 x 10 M) was addedo a solution ofLlcH*Br" (35.7 mg, 128umol) and3c (36.8 mg,
119 umol) in DMSOds:CD.Cl2 (2 mL, 1.5:1) at ambient temperature. After 8@tirring the
solution was subjected tél NMR. The spectra shownly theproductdccandno formationof

an intermediate betair8zcor of ylidelc. DA892
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Table 2.21. Crystallographic datarac-trans-9cc.

net formula CaeH3403
Mi/g mol 1 394.546
crystal size/mm 0.25x0.20 x 0.11
T/IK 173(2)
radiation Mo KU
diffractometer '‘Oxford XCalibur'
crystal system monoclinic
space group P24/n
alA 10.3896(4) Ao
b/A 15.3439(7) - o
A 14.6025(8) Y <
U/ A 90 . /"l"
b/ A 91.264(4) r
o/ A 90 ‘*'/h
VIA3 2327.32(19) SN \,_ / ~Y°
z 4 R ,"’ [ i :
calcd.density/g crh 3 1.12605(9) TN N /’ T
g / rhin 0.072 7\ | \('r N
absorption correction 'multi-scan’ o N\ o _.:’f ~N
transmission factor rang 0.95108 1.00000 ‘ r_.'_' ~
refls. measured 8184
Rint 0.0296
me a )/l G ( 0.0489
d range 4.2226.37
observed refls. 3390
X, Y(weighting scheme) 0.0497, 0.6860
hydrogen refinement constr
refls in refinement 4709
parametes 270
restraints 0
R(Fobs) 0.0503
Ru(F?) 0.1289
S 1.014
shift/errokmax 0.001
max electron density/e' R 0.198
min electron density/e /& T0.182

1-Benzoyt5, 7-di-tert-butyl -2-(p-tolyl)spiro[2.5]octa-4, 7-dien-6-one  (rac-9eq. Fom
1eHBr' (151 mg, 485 umol), KO'Bu (55 mg, 049 mmol) and 3c (100 mg, 324 umol)
according to procedur€. The reaction mixture was stirred for Rin this case.After

recrystallization from EtOHac-9ecwas obtained asolorlesssolid (8 mg, 200 pmol, 64%,
COPh

oA transcis 50:50). Mp (EtOH) 147 7 1 ®0The integral of one signal of one
oMe of the diastereoisomers ofic-9ec was set to 1.0'H NMR (300 MHz,
CDCk) U = 17=8.3 3.3Hd,@ H, 2xG-H), 7.85 (dd,J = 5.3,
3.3Hz, 2 H, 2xGy-H), 7.631 7.54 (m, 2 H, 2x&-H), 7.53i 7.43 (M, 4H, 4xCar-H), 7.14 (s,
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4 H, 4xCar-H), 7.08 (d,J = 7.9Hz, 2 H, 2xG-H), 7.03 (d,J = 2.7Hz, 1 H,C=CH), 6.98 (d,
J=8.0Hz, 2 H, 2xGy-H), 6.61 (dJ= 2.8Hz, 1 H,C=CH), 6.24 (dJ= 2.7Hz, 1 H,C=CH),
6.06 (d,J = 2.8Hz, 1 H,C=CH), 4.04 (dJ = 7.5Hz, 1 H, CH), 3.91 (dJ = 7.5Hz, 1 H, CH),
3.76 (d,J=9.5Hz, 1 H, CH), 3.57 (dJ = 9.6Hz, 1 H, CH), 2.35 (s, 3 H, G| 2.32 (s, 3 H,
CHa), 1.32 (s, H, C(CHb)3), 1.18i 1.14 (m, 27H, 3xC(CHs)3). 13C NMR (75 MHz, CDC})
U=194.8 (s, CO), 194.0 (s, CO), 186.1 (s, CO), 185.8 (s, CO), 150CEQ), 149.8 (s,
C=CH), 149.0 (sC=CH), 148.8 (sC=CH), 142.7 (dC=CH), 138.9 (s, &), 138.7 (dC=CH),
137.9 (s, Gr), 137.7 (dC=CH), 137.5 (s, &), 137.2 (s, &), 137.1 d, C=CH), 133.6 (d, G-
H), 133.3 (d, G+-H), 132.2 (s, &), 130.3 (d, 2% @&-H), 129.9 (d, 2x&-H), 129.4 (s, &),
129.1 (d, 2xG-H), 129.0 (d, 2x &-H), 128.9 (d, 2% @&-H), 128.9 (d, 2x @&-H), 128.3 (d,
2x Car-H), 128.2 (d, 2x @-H), 42.0 (d, CH)41.2 (d, CH), 40.7 (s,d% 40.0 (d, CH), 39.5 (d,
CH), 37.6 (s, ©, 35.6 (5,C(CHa)3), 35.3 (s,C(CHyg)3), 35.3 (S,C(CHa)3), 35.1 (s,C(CHg)3),
29.5 (g, CCH2)3), 29.4 (q2xC(CHz3)3), 294 (g, C(CH3)3), 21.3 (g, CH), 21.3 (q, CH). HRMS
(APCI): m/z cdcd. for [CaoH3502]": 427.2632, found 427.262B1S (El) m/z = 426 (25), 309
(10), 105 (100)DA329

1-Benzoy}5, 7-di-tert-butyl -2-(p-tolyl)spiro[2.5]octa-4,7-dien-6-one  (rac-9eq. From
1eHBr' (165 mg, 530 umol), KO'Bu (59 mg, 0.53 mmol), and 3c (109 mg, 353 umol)
according to procedur®. The reaction mixture was stirred for 2 h in this ca&ter
recrystallization from MeOHac-9ecwas obtained asolorlesssolid (103mg, 241umol, 68%,
transcis 60:40). (Analytical data see abovB)A505

NMR -Monitoring of the reaction of 1e with 3cKO'Bu in DMSO-ds (500 L, 2.61 x 101
M) was addedo a solution ofleH*Br' (40.4mg, 130 umol) and3c (36.6mg, 119 umol) in
DMSO-ds:CDCl> (2.00mL; 1:1) at ambient temperaturdfter stirringfor 30 s the solution
was subjeted to'H NMR. The spectra shodecreasingignals of theeactantdeand3c, and
increasingsignals of the product9eg but now formation of an intermediate beta®ec
(Evaluation of the kinetics sé@neticsSection) DA894

tert-Butyl 5,7-di-tert-butyl-6-oxo-2-(p-tolyl)spiro[2.5]octa-4, 7-diene-1-carboxylate
hydrate (rac-9fc A®l). From 1fH*Br' (149 mg, 485 umol), KO'Bu (55mg, 0.49 mmol) and
3c (100 mg, 324 umol) according to procedur€. After column chromatographyn{
pentane:EtOAc 25:1) and recrystallization frarhexaneCH.Cl> rac-9fc was obtained as

colorlesssolid (109mg, 247umol, 76%,transcis >955). Mp (i-hexane :

CO,t-Bu

o) CH.Cl»): 123 1 2@HNMR (300 MHz, CDC) U = J6 8.@He,
" e T M 2H, 2xGy-H), 6.92 (4] = 8.1Hz, 2 H, 2xGi-H), 6.72 (s, 2 H, 28=CH),
; 5.03 (s, 1 H, HBI--OC), 4.91 (d,) = 8.6Hz, 1 H, CH), 3.64d, J= 8.6 Hz,
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1 H, CH), 3.20fr s, 1 H,HOH), 2.27 (s, 3 H, Ck), 1.46 (s, H, C(ChHy)3z), 1.31 (s, 1&H,
2xC(CH)3). °C NMR (75 MHz, CDCh) U = 1 7)31539 (%, €0), 180T (s.AQ,
137.1 (s, @), 135.5 (s,C=CH), 128.6 (d, 2x@&-H), 126.7(d, 2xCar-H), 126.5 (s,C=CH),
125.2 (d, 2€=CH), 81.5 (s, @(CHa)3), 772 (d, CH, superimposed by solvgn60.7 (d, CH),
34.3 (s, 2¢(CHz)z3), 30.3 (g, 2xCCHa)3), 29.9 (s, G), 28.2 (qC(CHa3)3), 21.2 (g, CH). HRMS
(El): m/z calcd. for [GeHzs03] A +422.2815, found 422.2812MS (El) mz = 441 (40), 425 (30),
422 (18), 367 (100DA720

Ethyl 5,7-di-tert-butyl -6-oxo-2-(p-tolyl)spiro[2.5]octa-4,7-diene-1-carboxylate (rac-9gc
(=rac-9cq). From 1gH*Br' (57 mg, 0.20 mmol), KO'Bu (26mg, 0.23 mmol), and3c (51 mg,
0.17 mmol) according to procedur€. After recrystallization from EtOHac-9gc (=rac-9cq
was obtained asolorlesssolid (25 mg, 63 umol, 38%, transcis >95.5). (Analytical data see
above).DA911

Ethyl 5,7-di-tert-butyl-6-oxo-2-(p-tolyl)spiro[2.5]octa-4,7-diene-1-carboxylate (rac-9hc
(=rac-9cq). From 1LhH*Br' (52.4mg, 232umol), KO'Bu (55mg, 0.49 mmol), and3c(100mg,
324 pumol) according to procedur€. rac-9hc (= rac-9cc was obtained asolorlessneedles
(30.0mg, 76.0umol, 33%, transcis >95.5). (Analytical data see abov&)A250

1-Benzoyt5, 7-di-tert-butyl -2-(p-tolyl)spiro[2.5]octa-4,7-dien-6-one  (rac-9ic  (=rac-
9dc)). From 1iH*Br" (142 mg, 550 pmol), KO'Bu (62 mg, 0.55 mmol) and 3c (113 mg,
367umol) according to procedui@. The reaction miture was stirred for Bin this caseAfter
recrystallization from EtOHac-9ic (=rac-9dc) was obtained asolorlesssolid (88.8mg,
208 umol, 57%, trans:cis50:50). (Analytical data see abové)A496

2.7.3.3 Reactions with Benzylidene Malonates 4

General procedue E for the synthesis of theProducts 11. KO'Bu (0 . 6 Tnimolp
dissolved in DMSOfmL) was addetb a solution oflH*X" (0 . 6 Tminol)2n DMSO 6 mL)
at ambient temperatur@fter 30 s4 (0 . 3 imbnol)Gvas added and the solution was stiffiead
51 1 @min. The reaction mixture was quenched with sa. NH4Cl solution(25 mL) andthe
mixture wasextracted with CHCl2> or EbO (3 x 20mL). The combined organic layers were
washed withwater (2 x 20nL) andbrine  x 20mL), anddried over MgS@ The solvent was
evaporated and if necessary the products wherdéied by flash column chromatography (
pentaneEtOAc, 20:1 oils and solidsand/or recrystallized from ethanol (solids).
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Diethyl 2-cyano-3-(4-methylphenyl)cyclopropanel,l-dicarboxylate (rac-1lad). A
solution of KOBu (124mg, 1.11 mmol) in THF (10 mL) was added dropwige a suspension
of 1aH'Br' (244 mg, 1.05mmol) and 4d (250 mg, 953 pmol) in MeCN (25 mL) andthe
solution was stirred for 5 mist ambient temperatur&he reaction mixture was quenched with
ag. sat. NEICI (50 mL) and extracted witlEt2O (3 x 10mL). The combined organic layers
were washed with water (20L) and dried over MgS® The solvent was removed and the
crude product wapurified by chromatographysilica, n-pentane: EO = 20:1) togive rac-

. 1lad as yellow oil (130mg, 0.430umol, 45%,93:7 transcis after work

Et°2°j>EtQMe up).'H NMR (400 MHz, CDC¥) U = JZE.8.1Hz 2(Hd2xGy-H),

Ne e 7.06 (d,J= 8.2Hz, 2 H, 2xGy-H), 4.451 4.32 (m, 2 HCH>), 4.02i 3.89
(m,2H, CH), 3.68 (dJ= 7.6Hz, 1 H, CH), 3.02 (d)= 7.6Hz, 1 H, CH) 2.31 (s, 3 H, CH},
1.36 (t,J= 7.1Hz, 3 H, CH), 0.97 (t,J = 7.1Hz, 3 H, CH;). 3*C NMR (100 MHz, CDC$) U
= 165.3 (s, CQ), 164.0 (s, CQ), 138.5 (s, &), 129.4 (I, 2xCar-H), 128.2 (d, 2x@&-H), 128.0
(s, Gar), 116.2 (s, CN), 63.2 (t, G 62.5 (1t CHp), 42.8 (s, @), 35.6 (d, CH), 21.3 (qCH3),
15.6 (d, CH) 14.3 (q, C#), 13.9 (q, CH). HRMS (EI): m/zcalcd. for [G7H1o0NO4] A#301.139,
found 301.1306. DA198

Diethyl 2-cyano-3-(4-methylphenyl)cyclopropanel,l-dicarboxylate (rac-1lad). From
laH'Br' (332 mg, 1.43mmol), 4d (250 mg, 953 umol), and KOBu (160mg, 1.43mmol)
according to general procedute rac-11ad wasobtained as yellow oil (17619, 574 pmol,
60%,trans:cis96:4). (Analytical data see abovd)A388

'H NMR Monitoring of the Reactionof 1a with 4a. A solution of KOBu (28.1mg,
250umol) in DMSO-ds (1 mL) was added dropwide a stirred solution dfaH*Br' (58.0mg,
250umol) and4a(73.3mg250pumol) in DMSO-ds (1 mL) over 1 min aambient temperature
After stirring for 1 min the soition was quenched by freezing 20 °C. For NMR-analysis the
solution was brought back to 2C. The reaction mixture showed signals of the intermediate
betainelOaaand the produatac-11ag but no signals of ylidéa. The ratio betweefhiOaaand
rac-11laa was66:33. DA795

IH NMR Monitoring of the Reaction of 1a with 4d.A solution of KOBu (28.1mpg,
250pumol) in DMSO-ds (1 mL) was added dropwidge a stirred solution dfaH*Br' (58.0mg,
250pumol) and4d (65.6mg250umol) in DMSO-ds (1 mL) atambient terperatureover 1 min.
After stirring at for 1 min the solution was quenched by freeziii@@fC. For NMR-analysis
the solution was brought back to 0. The spectrum showed signals of teactantdaH'Br’
and 4d, the intermediate betairitlad and the poduct12ad. The ratio betweerilad and
DABCO (corresponds th2ad) is 37.63. DA806
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Diethyl 2-(diethylcarbamoyl)-3-(4-nitrophenyl)cyclopropane-1,1-dicarboxylate (rac-
11ba). From 1bH*CI" (618 mg, 2.36mmol), KO'Bu (265mg, 2.36mmol), and4a (250 mg,
0.85 mmol) according to procedurde. After purification chromatography sflica, i-
hexaneEtOAc = 20:1) rac-11ba was obtained asolorlessoil (172 mg, 423 umol, 50%,
trans:cis87:13by GGMS).'H NMR (400 MHz, CDC$) U = J& 8.0H¥, 2H®2xG-
H), 7.37 (dJ= 8.5Hz, 2 H, 2xGy-H), 4227 413 (m, 2 H, CH), 3971 3.88 (m, 2 H, Ch),
3.80 (d,J=7.6Hz, 1 H, CH), 3.63 3.35(m, 4H, 2 x CH), 3.26 (d,J= 7.6 Hz, 1 H, CH),
1.3071 1.21 (m, 6H, 2 x CH3), 1.05 (t,J = 7.1Hz, 3 H, H3), 0.97 (t,J= 7.1Hz, 3 H, (H>).
I3C NMR (100 MHz,CDC}) U = 165.8 (s, CO), 165. (s, C

@ 141.7 (s, Gr), 129.8 (d, 2x@-H), 123.6 (d, 2x@-H), 62.4 (t,CHz), 62.2
ELNoC rae (t, CHo), 44.6 (s, @), 424 (t, CHy), 41.0(t, CHy), 34.4 (d, CH), 31.2 (d,
CH), 14.8 (q,CHa), 14.2 (q,CHs), 14.0 (q,CHs), 13.1 (q,CHs). HRMS (EI): m/z calcd. for
[C20H26N207] A+ 406.1B5, found 406.1732MS (El): m/z 406, 361, 333, 306, 260, 232, 100,
72.DA238-2

NMR -Monitor ing of the reaction of 1b and 4aKO'Bu dissolved inDMSO-ds (900 pl,
2.61 x 10 'M) was addedo a solution oftbH*CI" (35.5mg, 136 umol) and4a (36.1 mg,
123 umol) in DMSO-ds (1.5 mL) at ambient temperaturéfter 30 sstirring the solution was

EtO,C

subjectd toH NMR. The spectra show constant ratios of'Bi®and DABCO and no signals
of thereactantslbH*CI" and4a or an intermediate betairi®ba over 30 min. The product
11bacould not be unambiguously identified in the reaction mixture and may be decainpose
by the excess of KBu present in the reaction mixture. DA895
Triethyl 3-(4-nitrophenyl)cyclopropane-1,1,2tricarboxylate. (rac-11ga (= rac-11ca)).
From1gH*Br' (533mg, 1.92mmol), KO'Bu (265mg, 2.36mmol), and4a (250mg,852umol)
according to proature E. After purification by flash column chromatography- (
hexaneEtOAc, 20:1) and recrystallization from etharat-11ga (= rac-11ca) was obtained as
colorlesssolid (95.4mg, 0.25mmol, 29%, transcis >98.2 after purification).Mp (EtOH)
10071 °COHM NMR (300 MHz, CDC$) U ¥ 8.2 (n2 DH, 2x@&-H), 7.501 7.42 (m,
2 H, 2xCar-H), 4.21 (m, H, 2xCH), 4.091 3.89(m, 2 H, CH), 3.67 (dJ= 7.6Hz, 1 H, CH),
3.26 (dJ=7.6Hz,1H,CH),1.31 (t)=7.1Hz, 1.3, 3 H), 06(t,J=7.1Hz, 1 H, CH), 1.01
(t,J=7.1Hz, 3H,CH).3CNMR (75MHz,CDCk) U = 1 6)8L654 (s(C%), 16500
e (s, CQ), 147.6 (s, @), 140.8 (s, @), 129.9 (d, 2x@-H), 123.6 (d, 2xG-H),
T 62.5(t, CH), 62.4 (t, CH), 62.0 (t, CH), 44.5 (s, @, 35.2 (d. CH), 31.4 (d,
CH), 14.3 (q, CH), 14.1 (q, CH), 14.0 (g, CH). HRMS (EI): mVz calcd. for [GgH21NOg] A
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379.12@, found 379.1264MS (El): mz334, 306, 278, 261, 250, 232, 204, 180, 150, 144
(DMSO) = 276 nmDA236

Table 2.22. Crystallographic datarac-trans-11ca.

net formula C1gH21NOg
M:/g mol 1 379.361
crystal size/mm 0.28 x 0.12 x 0.03
TIK 173(2) 1
radiation Mo K U S
diffractometer ‘Oxford XCalibur' - ) ’ -
crystal system monoclinic a /“U ‘ e
space grop P2y/c d © \/f \ ‘I i 9]
alA 12.5464(7) ' NN
b/A 17.1786(8) N\ 1 ¢ ) _
c/A 8.6949(5) -/ -"'-\
0/ A 90 "“‘\ .
b/ A 94.423(5) o /
ol A 90 <\
VIA3 1868.43(17) Pt
VA 4 =
calcd.density/g crh 3 1.34863(12)
e/ rhin 0.107
absorption correction ‘multi-scan’
transmission factor rang 0.854391.00000
refls. measured 6865 3
Rint 0.0344 25
me a )/l 4 ( 0.0593 X
d range 4.27 28.74
observed refls. 2945 <157
X, y(weighting scheme)  0.0453, 0.1805 1r
hydrogen refinement constr 05
refls in refinement 4140 0 :
parameters 247 260 360 /Inm 460
restraints 0
R(Fobs) 0.0488 Figure 2.19. UVivis spectrum of rac-11ca € =
Ru(F?) 0.1189 6.00 x 10 5M).
S 1.020
shift/erroma 0.001
max electron density/e’ R 0.261
min electron density/e /& 10.218

General procedureF for the Time- and Temperature Dependenceof the Formation of
11ca.KO'Bu (64mg, 570umol, 1.7 equivin DMSO (2 mL) was added dropwige a solution
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of 1cH*Br' (160mg, 573umol, 1.7 equiv) andta (100 mg, 341umol, 1.0 equiv) in DMSO
(5mL) a the temperature given rable2.23. Forreactions performed at elevated temperature,
the suspension dfcH*Br' and4awas heated to 10T prior to theadditionof KO'Bu. After

the timeindicated inTable2.23, HCI (2 M, 15 mL) was added to quench the reactidhe
mixture was extracted with GBI» (3x10mL). The combined organic layers were washed with
brine x20mL) and dried over N&Qu. If the crude produatiassolid after evaporatioaf the
solvent,it was recrystallied from EtOHTable2.23). Otherwise it was subjected to a column
chromatographysflica; n-pentane:EtOAc = 10:1Table 2.23). (Analytical data see above).
DA7131i7

Table 2.23. Time- and Temperature Dependence of the Formation of 11ca.

t T/°C m/mg n/mmol Purification Yield/% transcigd®
method
10 min 20 40 0.11 column 32 >08:2
30 min 20 52 0.14 recryst. 41 98:2
1lh 20 59 0.16 column 47 98:2
2h 20 68 0.18 column 53 97:3
4h 20 64 0.17 recryst. 50 92:8
5 min 100 83 0.22 recryst. 65 98:2
10 min 100 105 0.277 column 81 95:5

[a] Determined from crude reaction mixture ¥y NMR.

NMR -Monitoring of the reaction of 1c with 4a.A solution of KO'Bu in DMSO-ds
(500 pL, 2.61 x 10 M) was addedo a solution oficH*Br’ (41.9 mg, 150 umol) and4a
(35.8mg, 122umol) in DMSO-ds (2.00mL) at ambient temperatur@fter stirring for 30 s the
solution was subjected ttH NMR. The spectrashow constant decreasirsignals of the
intermediate betaing0caand increasingignalsof the productsac-11caand DABCQ The
formation of ylidelcwas not observed. For details on the kinetic evaluation of the NMR data
seeKinetics Section

Crossoverexperiment to test the reversibility of the formation of 10ca.A solution of
KO'Bu (59 mg, 0.53 mmol)n DMSO (2 mL) was added dropwise to a solutionlaH*Br’
(147 mg, 527 pmgland4a (147 mg, 501 pmol)n DMSO (5 mL)over 1 min at ambient
temperatureAfter 3 min reaction time a solution &c (154 mg, 499 pmol) in C¥Cl> (2 mL)
was added and the reaction mixture was stirred for 1 h at ambient temperature. The reaction
was quenched with 2 M HCI (20 mL) and extracted withClkl(3 x 10 mL). The combined
organic layers were washed with brine (2 x 20 mL) and dried owS®aThe crude product

was subjected to column chromatography (siliepentane:EtOAc 10:1)11cawas obtained
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as colorless solid (88 mg, 232 umol, 46%); 73 mg (0.25 mmol, 50%3 ahd116 mg (376
pmol, 75%) of3cwere reisolatedA813

Triethyl  3-(4-Methylphenyl)cyclopropane-1,1,2tricarboxylate  (rac-11cd). Fom
1cH™Br' (319 mg, 1.14mmol), KO'Bu (128 mg, 1.14mmol), and 4d (200 mg, 762 umol)
according to procedurg. rac-11cd was obained ascolorlessoil (169 mg, 485 umol, 64%;
CosEt trans:cis96:4). 'H NMR (400 MHz, CDC$) U = J/=.7D#z 7 Hl ,
.y aC@M 2xCar-H), 7.07 (dJ = 8.0Hz, 2 H, 2xGy-H), 4.271 4.13 (m, 4H, 2xCHhp),
4.007 3.88 (m, 2 H, CH), 3.58 (dJ= 7.5Hz, 1 H, CH), 3.19 (dJ = 7.5Hz, 1 H, CH), 2.29
(s, 3H, CH), 1.30i 1.26 (m, 6H, 2xCH), 0.96 (tJ = 7.1Hz, 3 H, CH). 13C NMR (100 MHz,
CDCl) 0 = 1 6)916621 (s( k), 16%5]s, C), 137.4 (sCar), 1300 (s, Gu), 1290
(d, 2xCar-H), 128.6 (d, 2x@&-H), 62.1 (t, CH), 62.0 (t, CH), 61.6 (t, CH), 44.4 (s, @), 35.6
(d, CH), 31.1 (d, CHR1.2 (q,CH3), 14.3 (g, CH), 14.1 (g, CH), 13.9 (g, CH). HRMS (ESI):
m/z calcd. for [GeH24NaQs]*: 371.1465, found 371.146MS (EI): m/z 348, 302, 275, 228,
201, 184, 173, 149, 129, 115, WA332

Triethyl 3-(4-Methylphenyl)cyclopropane-1,1,2tricarbo xylate (rac-11gd (= rac-11cd)).
From 1gH*Br' (160mg, 575 pmol), KO'Bu (64 mg, 0.57 mmol), and4d (100 mg, 381 umol)
according to procedur&. rac-11gd (= rac-11cd) was obtained asolorlessoil (85 mg,
0.24 mmol, 63%, trans:cis96:4).  (Analytical data se above). DA334

EtO,C

Triethyl 3-(4-Methylphenyl)cyclopropane-1,1,2tricarboxylate (rac-11hd (=rac-11cd)).
From 1hH*Br' (129mg, 571 umol), KO'Bu (64.2mg, 572pumol), and4d (100mg, 381 umol)
according to procedur&. rac-11hd (= rac-1lcd) was obtained asolorless oil (84 mg,
0.24mmol, 63%,trans:cis96:4).  (Analytical data see above)A333

Diethyl 2-benzoy}3-(4-nitrophenyl)cyclopropane-1,1-dicarboxylate (rac-1lea). From

1eHBr' (318 mg, 1.02mmol), KO'Bu (115mg, 1.02umol), and 4a (200 mg, 682 umol)
acording to procedurd. After purification bychromatographysflica; n-pentare:EtOAc =
10:1) rac-11ea was obtained as colorless oil (12@, 292 umol, 43%,transcis >98:2 after
purification).'H NMR (300 MHz, CDC}) U = J& 8.8Hg, 2 H®RxG-H), 8.141 8.06
(m, 2 H, 2xG-H), 7.7117.43 (m, 5H, 5% Gar-H), 4.2171 3.99 (m, 5H, 2xCH, CH), 3.95 (d,
J=7.9Hz, 1 H, CH), 1.13 1.03 (m, 6H, 2xCHs). ®*C NMR (75 MHz,CDCk) U0 = 192. 9
0,0 °°ff@mz CO), 1654 (s, CQ), 165.4 (s, CQ), 147.6 (SCar), 141.3 (SCar), 136.6 (s,
PrOC rac Car), 134.1 (d, 2x@-H), 129.9 (d, 2x&-H), 129.0 (d, G-H), 128.8 (d,
2xCar-H), 123.7 (d, 2x&-H), 62.6 (t, CH), 62.4 (t, CH), 46.5 (s, @), 35.2 (d, CH), 35.1 (d,
CH), 14.1 (g, CH), 140 (q, CH). HRMS (ESI): m/z calcd. for [G2H21NO-CI]': 446.1012,
found 446.1011DA350
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NMR -Monitoring of the reaction of 1e with 4aKO'Bu in DMSO-ds (500 L, 2.61 x 101
M) was addedo a solution ofleH*Br' (40.4mg, 130 umol) and4a (36.6 mg, 125 umol) in
DMSO-ds (2.00mL) at ambient temperatur@fter stirringfor 30 s the solution was subjected
to 'H NMR. The spectra show decreasisignalsof the reactantsle and4a, and increasing
signalsof the productac-11eg but no signals of the intermediate betdifea (Evaluation of
the kinetics see KineticSection)

2-tert-Butyl 1,1-diethyl 3-(p-tolyl)cyclopropane-1,1,2tricarboxylate (rac-11fd). From
5~ 1fH*Br' (172mg, 560 umol), KO'Bu (64.2mg, 572umol), and4d (100 mg,
BuOLC  rac 381 umol) according to procedure. rac-11fd was obtained asolorlessoll
(91.5mg, 243umol, 64% trans:cis96:4). 'H NMR (600 MHz,CDC$) 4 = J#8.aHz, ( d,
2 H, 2xG-H), 7.07 (dJ= 7.8Hz, 2 H, 2xG-H), 4.36i 4.15 (m, 2 H, CH), 4.01i 3.87 (m,

2 H, CH), 3.53 (dJ=7.6Hz, 1 H, CH), 3.14 3.08 (m, 1 H, CH), 2.30 (s,B, CHy), 1.48i

1.44 (m, 9H, C(CHg)3), 1.32i 1.27 (m,3 H, CHp), 1.02i 0.94 (m, 3 H, CH). 1*C NMR (150
MHz,CDCk) 0 = Qa@@)816632 (s( ), 165.7 (s, CQ), 137.3 (s, &), 130.3 (s, &),

129.0 (d, 2xG&-H), 128.7 (d, 2x@-H), 82.2 (sC(CHa)3), 62.0 (t, CH), 61.9 (t, CH), 44.5 (s,
Cy), 35.4 ¢, CH), 32.2 (d, CH), 28.1 (q, CHs)s), 21.3 (q,CHz3), 14.2 (q, CH), 14.0 (g, CH).

HRMS (ESI): m/z calcd. for [GiH2806 Na]*: 399.1778, found 399.177MS (EIl): m/z 303,
275, 247, 230, 201, 129, 119, 105, 91, 57, 41. DA335

EtO,C

2.7.3.4 Reactions with Benzylidene In@dndione 5b

General procedure G for thesynthesis of the products 13KO'Bu (0.7 mmol) in DMSO
(2 mL) was added dropwige a solution oftlH*X" (0.7 mmol) and benzylidene indandio®e
(0.4mmol) in DMSO/CHCI> (3:2,5 mL) atambient temperaturéfter 30 mn reaction time
additional IH*X" (0.4 mmol) and KOBu (0.4 mmol) were added and stirring was continued
for 30 min.Water (20mL) was adde@ndthe mixture wagxtracted with CKCl, (3x10mL).
The combined organic layerseve washed with water (2x20L) and dried over Ng&SQw. The
solvent was evaporated, atridnecessary the produci8 were purified by filtration (EtOAc
over silica). The diastereomeric exaessvere determined from the crude products after
aqueous worup. General note: Benzylidene indandébb is labile under the employdzhsic
reaction conditions and decompas&ne decomposition producis anisaldehyde whose

separation fronthe cyclopropaned3was not always successful.
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2-(2-(1,4-Diazabicyclo[2.2.2]octanl-ium-1-yl)-2-cyano-1-(4-methoxyphenyl)ethyl)-
1,3-dioxo-2,3-dihydro-1H-inden-2-ide (12ab). KO'Bu (28.1 mg, 250 pmol) in DMSO-ds
(1 mL) was added dropwise over 1 mima solution ofLaH'Br' (58.0mg, 250umol) and5b
(66.1 mg, 250 pmol) in DMSO-de/CD2Cl> (1:1, 2 mL) at ambient temperate. During the
addition of the basthesolutionturned deep red. After stirring 20 °C for approximately Snin
the solution was quenched by freezing 20 °C. For NMR-analysis the solution was brought
back to 20°C. The spectra showed a mixturerafo 12ab:13ab (10:1) with full conversion of
the reactantgo 12ab (dr 1:1). The amount ofi3ab increased during the acquisition of the
N @ spectralH NMR (400 MHz, DMSQds) U = J% 8.8Hy, 2 H,@%Car-
i I" H), 7.51 (d,J = 8.8Hz, 2 H, 2xGy-H), 7221 7.17 (m, 4 H, 4xCar-H), 7.09i
° = ™ 7.03(m, 4H, 4xCar-H), 6.857 6.78(m, 4H, 4xCar-H), 6.32 (dJ= 8.4Hz, 1
H, CHCN), 5.99 (dJ = 8.9Hz, 1 H, CHCN), 4.58 (dJ = 8.9Hz, 1 H, CHC\x), 4.46 (d,J =
8.3Hz, 1 H, CHCA/), 3.70 (s, H, CHg), 3.69 (s, H, CHs), 3.61 (t,J = 6.3, 6H, "N(CHy)3),
3.537 3.47 (m, 6H, *N(CHy)3), 3.141 3.02 (m, 12 H2xN(CHy)3). 13C NMR (100 MHz,
DMSOds) U= 187.8 (s, 21 CO) a) 15B8Ts, @), 1400 (s, 22@)CO) ,
139.8 (s, 2x&x), 134.6 (S, Gr), 133.6 (S, &), 129.9 (d, 2x@-H), 129.5 (d, 2x@&-H)129.3 (d,
2xCar-H), 129.1 (d, 2x@&-H), 117.0 (d, 2x@&-H), 116.9 (d, 2x@&-H), 113.7 (s, CN), 113.
(d, 2xCar-H), 113.5 (d, 2x@&-H), 113.3 (s, CN), 103.5 (s, 102.8 (s, ©), 67.8 (d,CHCN),
65.9 (d,CHCN), 55.0 (g, CH), 55.0 (q, CH), 51.7 {, "N(CH)3), 51.5 {, "N(CH>)3), 44.7(t,
N(CHy)3), 44.7 (t, N(CH)3), 38.0 (d,CH-Car), 37.7 (d,CH-Car). DA792
3-(4-Methoxyphenyl)-1',3'-dioxo-1',3'-dihydrospiro[cyclopropane-1,2'-indene} 2-

(o3}

carbonitrile (rac-13ab). was synthesized according to procednistirring for 5 min at 20C)
from 1aH*Br' (158 mg, 681 pmol), KO'Bu (76.5mg, 682umol) and5b (150 mg, 568umol).
After chromatography (silica)-pentane:EtOAc = 5:1andrecrystallization from ethanohc-
13ab was obtained as a colorless solié (8g, 0.11 mmol, 19%, trans:cis25.75). (Analytical
data see belowpA447
3-(4-Methoxyphenyl)-1',3'-dioxo-1',3'-dihydrospiro[cyclopropane-1,2'-indene} 2-

carbonitrile (rac-13ab). From 1aH*Br' (155 mg, 668 pmol), 5b (100 mg, 378 umol) and
KO'Bu (76 mg, 0.68 mmol) according to procedur& (stirring for 60 min at 20C). After
column filtrationrac-13ab was obtained as colorless solid (@8, 0.31 mmol, 82%, trans:cis
20:80). Mp 2 1 213°C. rac-cis-13ab. *H NMR (300 MHz, CDC$) U0 # 7.8.(nQ ZH,
2xCar-H), 7.891 7.85 (m,2 H, 2xCar-H), 7.35 (d,J = 8.4 Hz, 2 H, 2xGy-H), 6.89 (d,J =

CN

A - 8.8Hz 2 H, 2xGy-H), 3.80 (s, 3 HCHs), 3.52 (d,J = 9.1 Hz, 1H, CH),
* ol 304(dJ=92Hz 1H CH.CNMR (75MHz, CDCY) & = 194 .

rac
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

CO), 191.0 (s, CO), 159.9 (saQ; 143.2 (s, &), 140.8 (s, @), 136.1 (d, Gr-H), 135.7 (d,
Car-H), 131.0 (d, 2x@&-H), 123.5 (d, G:-H), 123.4 (d, G-H), 121.4 (s, &), 114.3 (d, 2% G-
H), 114.2 §,CN), 55.4 (q,CH3), 42.1 (s, @), 38.2 ¢, CH), 19.8 ¢, CH). HRMS (EIl): m/z
calcd. for [GeH13NO3] A+303.089, found 303.0874MS (El) m/'z = 304 (10), 303 (53), 272
(63), 203 (10), 133 (40), 104 (21), 58 (408 @.00).rac-trans13ab. *H NMR (600 MHz,
CDCl) U0 #8.0B(m018H, G-H), 7.877.80 (m,3 H, 3xCar-H, superimposed byis-
product), 7.17 (d) = 8.5Hz, 2 H, 2x G-H), 6.85 (dJ= 8.8Hz, 2 H, 2x G-H), 3.78 (s, 3 H,
CHa, superimposed brsac-cis-13ab diastereoisomér3.75 (d,J = 8.1Hz, 1 H, CH), 3.20 (d,
J=8.1Hz,1H,CH)..®C NMR (150 MHz,CDC}) U = 192.7 (s, CO), 19:
Car), 142.1 (s, @), 142.0 (s, &), 135.9 (d, Gr-H), 1359 (d, 3xGr-H), 130.1 (d, 2x&-H),
122.1 (d, 2xGe-H), 115.2 (s, &), 114.2 (s, CN), 58.6 (€Hz), 43.6 (s, @), 41.6 (d, CH), 19.1
(d, CH).DA447-3

NMR -Monitoring of the reaction of 1a with ®. KO'Bu dissolved inDMSO-ds (500 l,
0.520 M was addetb a solution oflaHBr* (53.3mg, 230umol) and5b (49.8mg, 188umol)
in DMSO-ds: CD2Cl2 (2.1 mL, 5:2) at ambient temperaturafter 30 sstirringthe solution was
subjected to'H NMR. The spectra show quantitative formation of the intermediate betaine
12ab, the signals of which decrease with time, while the signals of the proadBab
increase. The formation of ylidea was not observed. For a detailed kinetic analysis of the
NMR data see kinetic sectioDA876

Crossover experimentto test the reversiblity of the formation of betaine 12ab. A
solution of KO'Bu (59 mg, 0.53 mmolin DMSO (2 mL) was added dropwise to a solution of
laH'Br' (122 mg, 526 umgland5b (132 mg, 499 pumol) in DMSO/CEI, (5 mL, 3:2)over
1 min at ambient temperature. Aften8n reaction time a solution &a (117 mg, 499 pmol)
in CH2Cl2> (2 mL) was added and the reaction mixture was stirred for 1 h at ambient temperature.
The reaction was quenched with 2 M HCI (20 mL) and extracted witCZkB x 10 mL). The
combined organic lars were washed with brine (2 x 20 mL) and dried oveSRa The crude
product was subjected to column chromatography (sifiggentane:EtOAc 10:1)13ab was
obtained as colorless soliddmg, 231 umol, 46%);105mg @48 mmol,90%) of 5a and12mg
(45 umol, 9%) of 5b were reisolatedd>A815
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2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Table 2.24. Crystallographic data for rac-cis-13ab.

net formula Ci9H13NO3
Mi/g mol 1 303.311
crystal size/mm 0.28 x 0.04 x 0.0
T/IK 200(2)
radiation Mo KU
diffractometer '‘KappaCCD'
crystal system monoclinic
space group P2./c
alA 5.8676(2)
b/A 30.1350(12)
c/A 8.1744(3)
s/ A 90 AN
b/ A 92.707(2) " 2 /{
SV 90 RS T
VIA® 1443.79(9) | ’,.-‘,\" I
5 4 A \_‘,‘-\/“g.-‘.._.,/ d
calcd.density/g crh 3 1.39540(9) J l / |8
e/ rhin 0.095 8
absorption correction none
refls. measured 9074
Rint 0.0593
me a )/l 4 ( 0.0547
d range 3.2225.35
observed refls. 1671
X, Y(weighting scheme) 0.0418, 0.3886
hydrogen refinement constr
refls in refinement 2615
parameters 209
restraints 0
R(Fobg 0.0448
Ru(F?) 0.1106
S 1.054
shift/errofmax 0.001
max electron density/e' R 0.159
min electron density/e /& T0.21¢4

NMR -Monitoring of the reaction of 1a with ®. KO'Bu dissolved inDMSO-ds (500 pl,
0.520 M was addetb a solution oftaHBr* (53.3mg, 230umol) and5b (49.8mg, 188umol)
in DMSO-ds: CD-Cl> (2.1 mL, 5:2) at ambient temperaturafter 30 sstirringthe solution was
subjected to'H NMR. The spectra show quantitative formation of the intermediate betaine
12&b, the signalsof which decrease with timayhile the signals of the prat rac-13ab

increag. The formationof ylide 1a was not observed. For a detailed kinetic analysis of the
NMR data see kinetic sectioDA876
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2-(2-(1,4-Diazabicyclo[2.2.2]octanl-ium-1-yl)-3-(diethylamino)-1-(4-methoxyphenyl)
3-oxopropyl)-1,3-dioxo-2,3-dihydro-1H-inden-2-ide (12bb). A solution of KO'Bu in
DMSO-ds (500ul, 415 mM)was added dropwise over 1 min to a solutioflafi*CI' (49.4mg,
189 pmol) and 5b (50 mg 189 pmol) in DMSO-ds/CH2Cl> (2.5:1; 2.1 mL) at ambient
temperature. During the addition bblsethe solution turned deep red. After stirring for
approximately 5 min a20 °C the solution was quenched by freezing 20 °C. For NMR-
analysis the sation was brought back to 2C. The spectrunimmediately takemfterthawing
showed aatio of 12bb:13bb ~10:1 and two diastereoisomersl@bb (dr 1:1) with complete
conversion obb. The ratio of12bb:13bb changed tak5 during thetime needed to perform a
completeNMR analysis {H, *C NMR, COSY, HMBC, HSQC)Oneisomerof 12bb obviously
forms 13bb fasterthan the otherso that after the complete the NMiRalysis it beamesthe
minor diastereoisomédr 1:18). *major diastereoisomer aftérawing *minor diastereoisomer
afterthawing in the®*C NMR fi* 0 corresponds to the signaisth lower intensiy, as thenitial
major diastereoisomes the minordiastereoisomer afténe complete NMR measuremsrftor
theH NMR the integrals of the signals are not givéhNMR (400 MHz, DMSQds) U = 7. 82
(d,J = 8.5Hz, 2xCar-H),* 7.461 7.37 (M, 2xG-H),* 7.207 7.16 (M, 2xG-H),” 7.127 7.03

) (m, 4xCar-H),** 6.997 6.92 (M, 2xG-H),* 6.82 (d,J = 8.3 Hz, 2xCar-H),*

O (1 667 (dJ=83Hz 2xCar-H),# 5.67 (d,J = 9.0 Hz, CH, superimposed by
solven},* 5.60 (d,J = 10.8Hz, CH)#4.59 (d,J = 7.5Hz, CH),* 4.46(d,J =

7.7Hz, CH)#3.971 3.75 (m,*N(CHH)3, 2xCHH®),%3.71 (s, CH),* 3.64 (s, CH),*3.53i 3.32
(m, *N(CHH)3, 2x*"N(CHH)3),*#3.32i 3.03 (m, CHH3, CHHP, superimposed bi3bb),*#3.03
i 2.82 (m, 2xN(CH)s),*# 2.827 2.65 (m, CHH®, superimposed b¥3bb),* 1.117 1.00 (m,
2xCHs, superimposed byt3bb),*# 0.54 (s, CH),* 0.45 (s, CH).* 13C NMR (100 MHz,
DMSO-ds) U 882 (brls,2xCO)# 187.3 (br s2xCO),* 165.2 (brs, CON)# 164.7 (brs,
CON),* 157.9(s, Gu),* 157.5(s, Gar),* 140.6(s, 2xGy),* 140.0(s, 2xGyv),” 136.7(s, Ca),*
134.0(s, Car),*130.7(d, 2xCar-H),#129.0(d, 2xCar-H),* 128.5(d, 2xCar-H),* 128.2(d, 2xCar-
H),* 116.7(d, 2xCar-H),* 116.2(d, 2xCar-H),* 112.7(d, 2xCar-H),# 112.3(d, 2xCar-H),* 103.8
(s, G'),#103.5(s, G/),* 71.1 (d, CH),* 68.1d, CH)¥ 54.7(q, CHs) 52.2(q, CHs), 513 (br t,
*N(CHH)3),” 50.5 (t,"N(CHH)s),* 44.8 (t, N(CH)3),* 44.4 (t, N(CH)3),* 42.1 (t, CHH),* 41.8
(t, CHH)#38.7 (br t, CHH):38.6 (t, CHH),* 38.4 (d, CHj37.7 (d, CH),* 13.5 (q, Ck),* 13.4
(9, CHs),*11.2 (g, CH),*11.1 (g, CH).* DA875
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N,N-Diethyl-3-(4-methoxyphenyl}1',3'-dioxo-1',3'-dihydrospiro[cyclopropane-1,2'-
indene}2-carboxamide (rac-trans-13bb). 1bH*CI" (179 mg, 684 umol) and5b (101 mg,
382 umol) were suspededin CH.Cl> (10 mL) and ag. NaOH (InL, 32%) was addedat
ambient temperaturéfter 30 minstirring anothemportion of 1bH*CI' (50 mg, 191 umol) was
added and stirring was continued for 30 min. The reaction mixture was diluted with water
(20mL) and extracted with EtOAc (3%x2BL). The combined organic layers were washed with
brine and dried over N&Qu. The solvent was removeddithe crude product was subjected to
a gradient column chromatography (silicePentane:EtOAc 5d.1:1). rac-trans-13bb was
obtained as yellow oil (3&hg, 85 umol, 22%,trans:cis66:33). (Analytical data see below).
DA498

N,N-Diethyl-3-(4-methoxyphenyl}1',3'-dioxo-1',3'-dihydrospiro[cyclopropane-1,2'-
indene}2-carboxamide (rac-trans-13bb). From 1bH*CI' (179 mg, 684 pumol), 5b (100 mg,
378 umol), and KOBuU (77 mg, 0.69 mmol) according to proceduré. rac-trans-13bb was
obtained as yellow oil (981g, 0.25 mmol, 66%,trans:cis66:33). 'H NMR (300 MHz, CDC4)

U = 7.Jg6.1, 1.6Hd 1 H, G-H), 7.851 7.71 (m, 3 H, 3x@&-H), 7.21 (d,J = 8.6 Hz,
2 H, 2xCy-H), 6.81 (dJ = 8.7Hz, 2 H, 2xGy-H), 4.03 (dJ= 8.8Hz, 1 H, CH), 3.76 (s, 3 H,
CHs), 3.57 (d,J = 8.8Hz, 1 H, CH), 3.53 3.11 (m, 4H, 2xCH), 1.13 (t,J= 7.1 Hz, 3 H,
CHa), 1.02 (tJ= 7.1Hz, 3H, CH). 3C NMR (75 MHz,CDC}) & = 194.8 (s, CC
CO), 164.1 (s, CON), 159.4 (sa{; 142.3 (s, @), 141.8 (s, &), 135.2 (d,
o.w/@we Car-H), 135.0 (d, Gr-H), 130.3 (d, 2x&-H), 124.6 (sCar), 122.9 (d, G-
H), 122.8 (d, Gr-H), 113.7 {, 2xCar-H), 55.3 (q,CHa), 47.1 (s, @), 43.9
(d, CH), 41.9 (t, CH), 40.3 (t, CH), 38.2 (d, CH), 14.1 (g, GHi 13.0 (g, CH). HRMS (EI):
m/z calcd. for [GsH23NO4] A#377.162, found 377.1624MS (EI) m/'z = 377 (15), 276 (10),
100 (100), 72 (33 DA450-2

IH NMR Monitoring of the reaction of 1b with 5. KO'Bu in DMSO-ds (1.00mL, 2.54 x
10 M) was addedb a solution oflbH*CI* (32.7mg, 125umol) and5b (31.5mg, 119umol)
in DMSO-ds:CH-CI> (1:1, 2.00mL) at ambient temperatur@fter 30 sstirringthe solution was

0]

subjected tdH NMR. The spectra show decreasisignalsof the intermediate betairi2bb
and increasingignalsof the productL3bb. The formation of ylideLb was not observedtor a

detailedkinetic analysis of the NMR data skieetic section.
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2-(2-(1,4-Diazabicyclo[2.2.2]octanl-ium-1-yl)-3-ethoxy-1-(4-methoxyphenyl)-3-oxo-
propyl) -1,3-dioxo-2,3-dihydro -1H-inden-2-ide (12cb). KO'Bu (77mg, 0.69 mmol) dissolved
in DMSO (2mL) was added to solution of1cH*Br' (191 mg, 684 umol) and5b (150 mg,
568 umol) in DMSO:CHCI2 (3 mL, 2:1) at ambient temperatufEhe reaction was stirred for
5 min, then water (3thL) was added and the mixture was extracted with@H3x10mL).
The solvent was remed and thecrudeproductwas subjected to NMRThe spectrum after
work-up showed a-16:1ratio of 12ch:13cb with two diastereoisomers df2cb (dr 1:1), and
fo,c @ complete conversion db. After performing the complete NMRnalysis
O @ - (*H-, *C NMR, COSY, HMBC, HS@) the ratio ofl2cb:13cb changed to
2:1 with only onediastereoisomenf 12cb remaining.!H NMR (300 MHz,
CDCl) U = JF.846Mz 2(H] 2xG-H), 7.207 7.14 (m, 4H, 4xCar-H), 6.62 (d,J =
8.9Hz, 2 H, 2xGy-H), 5.29 (dJ= 11.3Hz, 1 H, CH), 4.9 (d,J = 11.3Hz, 1H, CH), 3.98
3.88 (m, H, "N(CHH)3), 3.77i 3.67 (m,2H, CHy, superimposed bi3d), 3.62 (s, 3H, CHa),
3.451 3.34 (m, 3H, "N(CHH)3), 3.02i 2.92 (m, 64, N(CHy)3), 0.78 (tJ = 7.1Hz, 3H, CH).
13C NMR (75 MHz, CDC§)  1189.8 (s, 2xCO), 166.2 (s, CM 158.2(s, Car), 139.5(s,
2xCar), 132.6(s, CGar), 130.4 (d, 2x &-H), 129.4 (d, 2x &-H), 117.4(d, 2x Gar-H), 113.2(d,
2xCar-H), 102.8(s, G'), 74.6 (d, CH), 62.@t, CH,), 54.9(q, CHs), 51.6(t, *N(CHH)3), 45.2
(t, N(CH2)3), 39.0 (d, CH), 13.19, CHs). DA439-2
Ethyl 3-(4-methoxyphenyl)1',3'-dioxo-1',3'-dihydrospiro[cyclopropane-1,2-indene}
2-carboxylate (rac-trans-13cb). 1cH*Br' (191 mg, 682umol), 5b (150 mg, 568 umol), and
KO'Bu (77 mg, 0.68 mmol) according to proedureC (5 min stirring at 20°C). After
purification by chromatography sflica; n-Pentane:EtOAc, 5dL2:1) rac-trans-13d was
obtained as yellow 0il58 mg, 0.17 mmol, 30%, trans:cis80:20). (Analytical data see below).
DA439
Ethyl 3-(4-methoxyphenyl}1',3'-dioxo-1',3'-dihydrospiro[cyclopropane-1,2-indene}
2-carboxylate (rac-trans-13cb) was synthesized according to procedGrefrom 1cH'Br'
(191 mg, 684 pmol), 5b (100mg, 378umol) and KOBu (77 mg, 0.68 mmol). rac-trans-13cb
is obtained as yellow oil @mg, 0.19 mmol, 50%, trans:cis 89:11). *H NMR (300 MHz,
CDCl) 097% 7.94(m, 1 H, Cy-H), 7.831 7.71 (m, 3 H, 3x@-H), 7.18 (d,J= 8.9Hz, 2
H, 2xCar-H), 6.831 6.75 (m, 2 H, 2x&-H), 4.301 4.16 (m, 2 H, CH), 3.93 (dJ= 8.8Hz, 1
S A H, CH), 3.75 (s, 3 HCHs), 3.54 (d,J = 8.8Hz, 1 H, CH), 1.27 (qJ = 7.0,
or;CCLOMe 3H, CH). ®CNMR (75 MHz,CDCE) & = 194.9 (s,
166.6 (s, CQ), 159.4 (s, &), 142.1 (s, &), 142.0 (s, &), 135.2 (d, Gr-H), 135.1 (d, G-H),
130.3 (d, 2xGr-H), 123.9 (s, &), 122.9 (d, G&r-H), 122.8 (d, G&r-H), 113.8 (d, 2Car-H), 61.8

93

co) ,
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(t, CHp), 55.3 (q,CHa), 46.1 (s, @), 42.3 (d, CH), 36.9 (d, CH), 14.2 (q, @HHRMS (EI):
mvz calcd. for [GiH180s]*#350.149, found 350.11476VS (El) m/z= 350 (29), 305 (19), 304
(32), 277 (100), 276 (67), 262 (16), 234 (11), 178,(86)(17), 43 (38)DA439-3
NMR -Monitoring of the reaction of 1c¢ with . KO'Bu (26mg, 0.23 umol) dissolved in
DMSO-ds (0.50 mL) was addedo a solution oflcHBr* (64 mg, 0.23 mmol) and5b (50 mg,
0.19 mmol) in DMSO-ds:CH2Cl2 (1.6 mL, 1.6:1) at ambientémperatureAfter 30 sstirringthe
solution was subjected f#1 NMR. The spectra show decreasing amounts of the intermediate
betainel2d and increasing amounts of the prodli8th. The formatiornof ylide 1¢ was not
observed. For a kinetic analysis of thBIR data see kinetic section. DA653
2-Acetyl-3-(4-methoxyphenyl)spiro[cyclopropanel,2-indene}1',3'-dione (rac-trans
13db). Aq. NaOH (5mL, 32%) was added to suspensionlafH*CI' (116 mg, 567 umol) and
5b (100 mg, 378umol) in CHxCI> (10 mL) and atamhkient temperatureAfter 30 minstirring
anothermortion of 1ldH*CI' (50 mg, 0.24 mmol) wasadded and stirring was continued for 30
min. The reaction mixture was diluted with 2Q water and extracted with EtOAc (3x84.).
The combined organic layers wereshad with bringd2x30mL) and dried over N&OQw. The
solvent was removed and the crude was subjected to chromatographyr$tieaaane: EtOAC
5:1g 1:1). rac-trans-13db was obtained as brown oil (6dg, 200umol, 53%,trans:cis66:33)
contaminated bgb. 'H NMR (400 MHz, CDC}) ®B . 9 0.9 {m, 2 H, 2xG-H), 7.81
o 7.80(m, 2 H, 2xGy-H), 7.55 (d,J = 8.7 Hz, 2 H, 2xGy-H), 6.93 (d,J =
OWQOME 8.8Hz, 2 H, 2xGy-H), 3.99 (d,J = 9.1 Hz, 1 H, CH), 3.82 (s, 3HCH),
3.66 (d,J = 9.1 Hz, 1 H, CH), 2.40 (s, B, CHs). 13C NMR (100 MHz,
CDCk) U = 198.7 (s, 21 COy),142D%82x@), 1858(d, 2@ ) , 161
H) 130.8 (d, 2x@-H), 127.1 (S, &), 123.4 (d, 2x@&-H), 114.5 (d, 2x@&-H), 55.5 (q,CHs),
47.6 (s, G), 44.2 (d, CH), 42.8 (d,18), 249 (g, CH). HRMS (EI): m/zcalcd. for [GoH1604]
320.104, found 320.1044DA500
NMR -Monitoring of the reaction of 1d with 3. KO'Bu in DMSO-ds (500 L, 2.61 x 16 1
M) was addedo a solution oftdH-CI* (26.7 mg, 130 umol) and5b (31.5mg, 119 umol) in
DMSO-ds:CH2Cl2 (2.00mL, 1:1) at ambient temperaturdfter 30 sstirring the solution was
subjected tdH NMR. The spectra showonstantignals ofthe productl3db, but no betaine
12db. For a kinetic evaluation of the NMR data $@eetic Section
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2-Benzoyl3-(4-methoxyphenyl)spiro[cyclopropanel,2-indene}1',3'-dione (rac-trans
13eb). From 1eH'Br' (265 mg, 851 umol), KO'Bu (9% mg, 0.85 mmol) and5b (150 mg,
568umol) according to procedul@. After purification bychromatographyntPentane:EtOAc,
5:1g 2:1)rac-trans-13eb was obtained as brown oil (181g, 343umol, 60%, trans:cis75:25).
'H NMR (300 MHz, CDC}) U % 7.91.(n® Z H, 2x@&-H), 7.881 7.81 (m, 2 H, 2x@-
H), 7.781 7.72 (m, 2 H, 2x@-H), 7.51 (tJ = 7.4Hz, 1 H,Car-H), 7.38 (t,J = 7.6 Hz, 2 H,
2xCar-H), 7.29 (dJ = 8.8Hz, 2 H, 2xGy-H), 6.85 (dJ = 8.7Hz, 2 H, 2xG-H), 4.26 (dJ =
8.9Hz, 1 H, CH), 4.17 (dJ= 8.9Hz, 1 H, CH), 3.17 (s, B, CHs). ¥3C NMR (75 MHz, CDC#})
o G = 194.4 (s, CO), 194 .(2G) H21(€0),
o [ Ca), 1420 (s, @), 1362 (s, @), 135.2 (d, Gr-H), 135.1 (d, Ge-H),
133.8 (d, Gr-H), 130.4 (d, 2xG-H), 128.9 (d, 2x@-H), 128.4 (d, 2xG-
H), 124.2 (s, &), 123.0 (d, Gr-H), 122.8 (d, Gr-H), 113.8 (d, 2x@&-H), 55.2 (q,CHz), 47.8
(s, G), 42.6 (d, CH), 41.0 (d, CHHRMS (EI): m/z calcd. for [GsH1s04]#382.12@, found
382.1199. DA435
NMR -Monitoring of the reaction of 1e with B. KO'Bu in DMSO-ds (500 L, 2.61 x 16 1
M) was addedo a solution ofleHBr* (39.3mg, 126 umol) and5b (30.2mg, 114 umol) in
DMSO-ds:CH2Cl> (2.00mL, 1:1) at ambient tempature After 30 sstirring the solution was
subjected tdH NMR. The spectra show constaignals ofthe product13eb, but no formation
of the intermediate betairi®eh For a kinetic evaluation of the NMR data &aeetic Section.
DA898
2-(3-Ethoxy-1-(4-methoxyphenyl)3-oxo-2-(trimethylammonio)propyl) -1,3-dioxo-2,3
dihydro-1H-inden-2-ide (12hb). KO'Bu (21mg, 0.19 mmol) in DMSO-ds (1 mL) was added
to a solution ofthH*Br' (50 mg, 0.16 mmol) and5b (43 mg, 0.16 mmol) in DMSO-ds:CD.Cl>»
(2.5 mL, 2:1) at amhkent temperatureAfter 10 min CHCI> was evaporated under reduced
pressure and the remaining solution was subjected to MkHRysis.The spectrum after
evaporation of CkCl> shows a>20:1ratio of 12hb:13hb (= 13db) and two diasterecisomers
of 12hb (dr 1:1). After performing the compleféMR analysis(*H, 3C NMR, COSY, HMBC,
HSQC) the ratio 012hb:13hb changed to 1:1 with only ortBastereoisomesf 12f remaining.
o0 e, Thespectrumis contaminated b¢hH*Br'. *H NMR (400 MHz, DMSQds)
U = 7J=887HZ AH, 2xGe-H), 72 0 1 (N7 2 H, BxGi-H), 7.06
T 7 (mP24H, 2xGy-H), 6.74 (d,J = 8.9Hz, 2 H, 2xG,-H), 5.13 (d,J =
11.5Hz, 1 H, CH), 4.29 (dJ = 11.5Hz, 1 H, CH), 4.13 (qJ = 7.1Hz, 2 H, CH), 3.72 (s, H,
CHs), 3.27 (s, H, *N(CHs)3), 1.18 (t,J = 7.1Hz, 3H, CHs). 13C NMR (100 MHz, DMSQds)
U = 188.0 ( $s, CQ}058.8(s,&) 13.9(s, 3xGy), 1333 (s, Ca) 130.5(d,
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2xCar-H), 129.2(d, 2xGCar-H), 116.9(d, 2xCar-H), 113.3(d, 2xCa-H), 102.0(s, G), 74.3(d,
CH), 61.9 {, CH), 55.0 (q,CHs), 530 (g, "N(CHs)s) 40.2 (d, CH), 13.9q, CHs). DA479

2.7.3.5 Reactions with Chalcone 6

If not mentioned otherwesthe reactios of the ylidesl with the chalcon® were performed
according togeneral procedureC. All products 15 where purified by flasttolumn
chromatographysflica; n-Pentane:EtOAc, 10:1). The diastereomeric examgsredetermined
from the crude products after aqueous wapk

2-Benzoyt3-(4-nitrophenyl)cyclopropanecarbonitrile  (rac-158. From laH'Br!

(200 mg, 0.86 mmol), 6 (200mg, 790 umol), and KOBu (134mg, 1.19mmol) according to
procedureC. After column chromatographsac-15a (overll: 134 mg, 458 pumol, 58%; dr
A:B:C 70:27:3) was obtainedh two fractionsasyellow solid fraction 1:rac-15a-A, 67.0mg,
229 umol, 29%) and redsolid (fraction 2:rac-15a-B, rac-15a-C, 67.0mg, 229 umol, 29%, dr
15a-B:15a-C 5:1). Fraction 1: rac-15a-A. Mp (acet one) °C134 1
o\\w-% 'H NMR (300 MHz, CDC}) U * 8.&.(n3 2 H, 2x@&-H), 8.091 8.03
no, (M, 2 H, 2xG-H), 7.737 7.66 (m, 1 H, G-H), 7.591 7.52 (m, 4H, 4xCar-

W), 3.71 (ddJ = 5.9, 5.1Hz, 1H, CH), 3.17 (ddJ = 9.0, 5.9Hz, 1 H, CH),
2.78 (ddJ= 9.0, 5.1Hz, 1 H, CH)..3C NMR (75 MHz,CDCk) U = 193.4 (s, CC
Car), 140.9 (s, &), 135.9 (s, &), 134.6 (d, G-H), 129.2 (d, 2x@&-H), 129.0 (d, 2x@-H),
128.6 (d, 2xG-H), 124.2 (d, 2x&-H), 116.8 (s, CN), 32.0 (d, CH), 30.8 @H), 15.9 (d,
CH). HRMS (ESI): m/z calcd. for [G7H12CIN2O3]": 327.0542, found 327.0556raction 2:
rac-15a-B. Sgnals of minor diastereoisomerac-15a-C not given, due to overlap with the
major diastereocisomeac-15a-B. 'H NMR (300 MHz, CDC}) U ¥8.18 (m2 2BH, 2x@-
5A H), 8.091 8.02 (m, 2 H, 2x&-H), 7.69i 7.61 (m, 1 H, &-H), 7.561 7.50 (m, 2

ws  H, 2xCar-H), 7.427 7.34 (m, 2 H, G-H), 3.5 71 3.46(m, 2 H,2xCH), 2.49 (dd,
J=8.3,6.4Hz, 1H,CH).3CNMR (75MHz,CDCk) U = 19178(,G3 143.20), 1.
(s, G, 136.3 (s, &), 134.4 (d, G-H), 129.1 (d, 2x@-H), 128.6 (d, 2xG&-H), 127.7 (d,
2xCar-H), 124.3 (d, 2x&-H), 116.2 (s, CN), 31.4 (d, CH), 31.3 (d, CH), 16.3 (d, GHRMS
(El): m/z calcd. for [G7H12N205)” #292.082, found 292.0851MS (EI) m/z = 293 (10), 292
(40), 291 (19), 265 (32), 245 (18), 189 (17), 141 (86), 140 (100). DA424
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Table 2.25. Crystallographic data for rac-15aA.

net formula Ci7H12N203
Mi/g mol 1 292.289
crystal size/mm 0.119 x 0.103 % 0.05
TIK 173(2)
radiation '"MoK U

diffractometer

'‘Bruker D8Venture'

crystal system monoclinic
space group P2,
alA 5.6718(4)
b/A 17.3942(14)
c/A 13.8976(12)
us A 90
b/ A 94.576(2)
o/l A 90
VIA3 1366.72(19)
z 4
calcd density/g crh 1.42052(20)
e/ rhin 0.099
absorption correction multi-scan
transmission factor rang  0.9401 0.9590
refls. measured 25447
Rint 0.0354
me a )/l 4 ( 0.0402
d range 3.1727.61
observed refls. 5097
X, Y(weighting scheme)  0.0359, 0.1801
hydrogen refinement constr
Flack parameter 1.1(8)
refls in refinement 6224
parameters 397
restraints 1
R(Fobs) 0.0385
Ru(F?) 0.0833
S 1.067
shift/errofmax 0.001
max electron density/e' R 0.185
min electron density/e /& 1T0.193

NMR -Monitoring of the reaction of 1a with 6.KO'Bu in DMSO-ds (1.00mL, 2.54 x 101
M) was added to a solution @BH*Br' (58.0mg, 250umol) and6 (63.3mg, 250umol) in
DMSO-ds:CHCl> (2.00mL, 1:1) at ambient temperature. After 1 min stirring the solution the
solution was quenched by freezing 820 °C. The solution was brought back to ambient
temperature and subjectedté NMR. The spectrum shows only signals of the prodiset

The formation of an intermediate betalt¥aor ylide 1lawas not observedA900
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Table 2.26. Crystallographic data for rac-15aB.

net formula Ci7H12N203
Mi/g mol 1 292.289
crystal size/mm 0.144 x 0.143 x 0.08
T/IK 173(2)
radiation 'MoK U
diffractometer ‘Bruker D8Venture'
crystal system monoclinic K -
space group P2:/n ),-&‘/J
alA 10.6057(6) o—cf Y
b/A 9.0729(6) \ f"'ﬂz?'ﬁc
c/A 14.7093(9) ) U e Q o
o/ A 90 ) ) /""‘ Xh.;-/ Y
b/ A 99.0411(17) Py S S \ PR Y
2/ A 90 o \o ®
VIA3 1397.81(5) - io ~
z 4
calcd.density/g crh 1.38893(15)
e/ rhin 0.097
absorption correction multi-scan
transmission factor rang  0.9206 0.9585
refls. measured 28066
Rint 0.0384
me a )/l G ( 0.0194
d range 3.1526.43
observed refls. 2315
X, Y(weighting scheme)  0.0460, 0.6158
hydrogen refinement constr
refls in refinement 2867
parameters 199
restraints 0
R(Fobs) 0.0397
Ru(F?) 0.1072
S 1.039
shift/errofmax 0.001
max electron density/e' R 0.259
min electron density/e /& 1T0.180

2-BenzoykN,N-diethyl-3-(4-nitrophenyl)cyclopropane-1-carboxamide (rac-150).
1bH*CI'" (312mg, 1.19mmol) and6 (200mg, 790 umol) were dissolvedn CH.Cl, (10 mL)
and ag. NaOH1 mL, 32%) was addeat ambient temperaturéAfter 30 min the reaction
mixture was diluted with watg20 mL) and extracted with EtOAc (3x2%5L). The organic
layer was washed with briri@x20mL) and dried over N&Qs. The solvent was removed and
the crudgoroductwas subjected to chromatography (siliegentane:EtOAc 5)1After column
chromatographyac-15b (overall: 151mg, 0.41, 52%lr A:B:C ~50:50:0) was obtainedh two

fractionsas yellow oils fraction 1:rac-15b-A: 69 mg, 0.19 mmol, 24% fraction 2:rac-15b-
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B: 82mg, 0.22mmol, 28%). Fraction 1. rac-15b-A. '"H NMR (300 MHz,CDC}) 4 # 8. 19
8.07 (m,4 H, 4xCar-H), 7.651 7.58 (m, 1 H, G-H), 7.56i 7.48 (m, 2 H, 2x@&-H), 7.47i
7.40 (m, 2 H, 2x@&-H), 4.10 (ddJ = 5.7, 5.1Hz, 1 H, CH), 3.65 3.36 (m, 2 H, 2xE2H),
3.32i 3.14(m, 2 H, CH, CHH®), 3127 2.99m, 1 H, CHHP), 2.94 (ddJ = 9.9, 5.0Hz, 1 H,
CONEt, CH), 1.13 (tJ = 7.2Hz, 3H, CHg), 0.84 (t,J= 7.1Hz, 3H, CHs). 13C NMR
o5 (75MHz,CDCk) U = 197.2 (s, CO) a)l1485%(s,1 ( s,
gj wo1sb-a  Car), 137.0 (S, @), 133.8 (d, &r-H), 129.1 (d, 2x&-H), 128.9 (d, 2x&-H),
128.6 (d, 2xG-H), 123.5 (d, 2x@&-H), 41.9 (t, CH), 40.6 (t, CH), 34.4 (d, CH), 33.8 (d, CH),
30.4 (d, CH), 4.5 (g, CH), 12.9 (g, CH). HRMS (ESI): m/z calcd. for [GiH22N204"+
366.154, found 366.1580Fraction 2. rac-15b-B. 'H NMR (300 MHz, CDC$) U ¥ 8. 11
8.00 (m, 2 H, 2x@-H), 7.97i 7.89 (m, 2 H, 2xG-H), 7.587 7.51 (m, 1 H, G-H), 7.46i
7.40 (m,2 H, 2xCGy-H), 7.35 (d,J = 8.8 Hz, 2 H, 2xG-H), 3.691 3.51 (m,
3H, CH, CH), 3.51i 3.36 (m, 44, CH, 2xCH), 1.32 ()= 7.2Hz, 3H, CHg),
o, 1.16 (t,J= 7.1Hz, 3H, CHs). BC NMR (75MHz,CDCk) 4 = 193.9 (s
" 168.8 (s, CON), 147.0 (540, 142.7 (s, Gr), 137.3 (s, @), 133.7 (d, Gr-H),
129.7 (d, 2xG-H), 128.8 (d, 2x@&-H), 128.4 (d, 2x&-H), 123.5 (d, 2x&-H), 42.7 (t, CH),
41.4 (t, CH), 35.4 (d, CH), 34.9 (d, CH), 25.3 (d, CH), 15.2 (q,3;H3.3 (q, CH). HRMS
(ESI): m/z calcd. fa [C21H22N204]* #366.154, found 366.1577DA494
'H NMR Monitoring of the reaction of 1b with 6.KO'Bu in DMSO-ds (1.00mL, 2.54 x
10 M) was addedo a solution oftbH*CI" (32.7mg, 125umol) and6 (31.5mg, 124 umol)
in DMSO-ds:CH-CI> (2.00mL, 1:1) at ambient tempature After 30 sstirringthe solution was
subjected tdH NMR. The spectra show only signals of the prodiitt. The formation of an

CONEt,

intermediate betain®4b or ylide 1b was not observed. DA900
Ethyl 2-benzoy}3-(4-nitrophenyl)cyclopropane-1-carboxylate (rac-15¢c). From 1cH*Br!

(322mg, 115 mmol), 6 (190 mg, 750umol), and KOBu (134mg, 1.19mmol) according to
procedureC by stirring for 1 h aambient temperaturdfter 30 minstirring another portion of
co 1cH*Br' (322mg, 1.15 mmol) and KOBu (134mg, 1.19mmol) was added.
o N @\ After chromatographyac-15c (overall: 171 mg, 504 umol, 67%,dr A:B:C

motsen 2 40:40:20) was obtainedn two fractionsas yellow oils fraction 1:rac-15c¢A:
65 mg, 0.19mmol, 25%; fraction 2rac-15¢B andrac-15¢C: 106 mg, 312umol, 42%,dr
15¢B:15¢C 2.5:1) Fraction 1. Spectrum also contains small amounts of the minor
diastereoisomerdH NMR (300 MHz, CDC}) U = 8.148m, 2 H, 2x&-H), 8.13i 8.07
(m, 2 H, 2xG-H), 7.671 7.62 (m, 3H, 3xCar-H), 7.531 7.48 (m,2 H, 2xCar-H, superimposed
by minor diastereoisomer), 4.073.98 (m, 2 H, CH), 3.88 (dd,J = 6.2, 5.0Hz, 1 H, CH,
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superimposed by minotaktereoisomer), 3.33 (ddi= 9.9, 6.3Hz, 1 H, CH), 2.88 (dd] = 9.9,

4.8Hz, 1 H, CH), 1.12 () = 7.1Hz, 3H, CHs). 13C NMR (75 MHz, CDC}) U ©€(s,195.

CO), 168.5(s, CQ), 147.0(s, Car), 142.6(s, Car), 136.8(s, Gar), 134.0(d, Car-H), 130.1(d,
2xCar-H), 129.1(d, 2xCar-H), 128.5(d, 2xCar-H), 123.6(d, 2xCar-H), 61.5(t, CHp), 34.0(d,
CH), 32.5(d, CH), 8.9(d, CH),14.3(q, CHg). Fraction 2 rac-15¢B andrac-15¢C. *-signals
of major diastereoisomenc-15c-B; *-signals ofminor diastereoismer rac-15¢-C. For the
analysis of théH NMR spectrum no integral are given due to the odd ratibbofC:15¢-B,
which results in confusing dimensions of the integfédlsNMR (300 MHz, CDC8) U ¥
8.15 (m, 2xG-H),* 8.091 7.99 (m, 4xG-H),** 7.951 7.89 (m, 2xG-H),” 7.637 7.53(m,
2xCar-H),** 7.521 7.43 (m, 4xGr-H),*# 7.417 7.34 (m, 4xG-H),** 4.25 (q,J = 7.1 Hz,
CHy),#4.131 4.01 (m, CH)*, 3.66 (dd,J= 10.1, 4.9Hz, CH),* 3.46 (t,J = 6.2Hz, CH),* 3.38
GOzt (dd,J = 10.1, 6.3Hz, CH)? 3.25 (dd,J = 6.3, 4.9Hz, CH)? 3.17 (dd,J =

"”’@\NCZ 9.7,6.4Hz, CH),* 2.73 (ddJ= 9.7, 6.0Hz, CH),* 1.34 (tJ= 7.1Hz, CHg),”

reetseB.maior ] 11 (1, = 7.1Hz, CHg).* 33C NMR (75 MHz, CDC) &  =(s, CO)2 .

192.7 (s, CO),* 171.5 (s, G 168.4 (s, CQ),* 147.2 (s, G),*147.1 (s, Gr),*
146.0 (s, G),* 141.6 (s, Gr),* 137.2 (s, &),* 136.7 (s, &),* 133.8 (d, Gr-H),*
133.7 (d, G-H),* 129.9 (d, 2x G-H),* 128.9 (d, 2xG-H),* 128.5 (d, 2XCar-
H),” 1289 (d, 2xCar-H),* 128.3 (d, 2xG-H),” 127.5 (d, 2x G-H),* 124.1 (d, 2xGr-H),*
123.5 (d, 2xG-H),*61.8 (t, CH),” 61.6 (t, CH),* 35.6 (d, CH),* 34.9 (d, CHj,34.8 (d, CH)!
32.3 (d, CH),* 28.9 (d, CH),* 26.7 (d, CHiY4.3 (q, CH),” 141 (g, CHy).* HRMS (EI): m/z
calcd. for [GoH17NOs])*+339.110, found 339.1119MS (El) m/z: 267 (17), 266 (100), 105
(52), 77 (25)/ max (rac-15¢c, DMSO) = 285 nmDA426

I~
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Figure 2.20. UV-Vis spectrum ofrac-15c¢ (c ~ 1x10M).
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NMR -Monitoring of the reaction of 1¢ and 6A solution ofKO'Bu in DMSO-ds (500 L,
2.54 x 10 M) was addedo 1cH*Br' (27 mg, 98 umol) and6 (30.2mg, 119pumol) in DMSO-
ds:CH2Cl2 (1:1, 2.00mL) at ambient temperaturéfter 30 sstirring thereaction mixturavas
subjected tdH NMR. The spectra show only constaignals of thgroductl5c¢ The formation
of theintermediate betaink4cor ylide 1cwas not observed. DA901

1-(2-Benzoyt3-(4-nitrophenyl)cyclopropyl)ethan-1-one (rac-15d). Ag. NaOH (1 mL,
32%) was added to solutions TdH*OTf' (379mg, 1.19mmol) and6 (200mg, 790umol) in
CHCl> (10 mL) at ambient temperaturé\fter 30 minstirring anotherportion of 1bH*OTf!
(50mg, 0.16mmol)wasadded and stirring was continued TiLC-analysis showed a complete
conversion(~ 2 h) The reaction mixture was diluted with wa{80 mL) and extracted with
EtOAc (3x25mL). The organic layer was washed with brfag20mL) and dried over N&SQu.
The solvent was removed and the crpdeduct was subjected to chromatography (silina
pentane:EtOAc 54 1:1). rac-15d (over all: 97mg, 314 umol, 40%,dr A:B:C 78282 after
work-up) wasobtainedn two fractions as browails (fractionl: rac-15d-B 31 mg, 100umol,
13% fraction2: rac-15d-A, 66 mg, 214umol, 27%). Fraction 1: rac-15d-A. 'H NMR

come (300 MHz,CDCl) U & 8.B4.(2, @ H, 2x@-H), 8.111 8.06 (m, 2 H,
EA 2xCar-H), 7.681 7.61 (m, 1 H, G&-H), 7.591 7.52 (m, 2 H 2xCar-H), 7.461
motsan . 7.42 (M, 2 H, 2x@-H), 4.02 (dd,J = 6.3, 4.9Hz, 1 H, CH), 3.42 (dd) = 9.8,
6.3Hz, 1 H, CH), 3.19 (dd) = 9.8 4.8Hz, 1 H, CH), 2.21 (s, 81, CHs). 13C NMR (75 MHz,
CDClk) 0 = @0),1964 (s,(CO), 147.3 (saQ, 142.0 (s, &), 136.7 (s, &), 134.1 (d,
Car-H), 129.9 (d, 2x@-H), 129.1 (d, 2x@-H), 128.6 (d, 2x&-H), 123.7 (d, 2x@&-H), 40.2
(d, CH) 36.2 (d, CH), 31.8 (q, CH 30.4 (d, CH)HRMS (EI): m/z calcd. for [GgH13NO3]*
(M1 H20): 291.0895, found 291.088RIS (EI) m/z = 291 (17), 266 (15), 254 (13), 204 (63),
158 (10), 105 (100), 77 (42), 58 (10), 43 (4@)action 2 rac-15d-B. *H NMR (400 MHz,
o CDCl) U ¥8.@(m) DH, 2x@-H), 7.941 7.88 (m, 2 H, 2x@&-H), 7.60
@ i 7.53 (M, 1 H, G-H), 7.471 7.42 (m, 2 H, 2x&-H), 7.371 7.32 (m, 2 H,
el 2%xCar-H), 3.66 (ddJ = 10.0Hz, 4.9, 1 H, CH), 3.54 (dd},= 6.1, 4.9Hz, 1 H,
CH), 3.37 (ddJ = 10.0, 62 Hz, 1 H, CH), 2.49 (s, Bl, CHg). 13C NMR (150 MHz,CDCls) U
= 204.9 (sCO), 193.1 (s, CO), 147.2 (sa€, 141.9 (s, &), 137.1 (s, &), 133.9 (d, G-H),
129.8 (d, 2xG-H), 129.0 (d, 2x&-H), 128.4 (d, 2x@&-H), 123.6 (d, 2x&-H), 37.1 (d, CH),
36.7 (d, CH), 33.6 (d, CH), 31.7 (q, GMS (El): n/z = 309, 291, 266, 220, 204, 192, 105,
77.DA497-2

O,
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NMR -Monitoring of the reaction of 1d with 6.KO'Bu in DMSO-ds (500 uL, 2.54 x 101
M) was addedo a solution oftdH*CI" (27.4mg, 134 umol) and6 (31.5mg, 124 umol) in
DMSO-ds:CH2Cl> (2.00mL, 1:1) at ambient temperaturdfter 30 sstirring the solution was
subjected tdH NMR. The spectra show decreasing amounts ofeéhetantsd dH*CI', 6, and
ylide 1d, and increasing amounts of the prodlst. No formation of an intermediate betaine
14dwas observed. For a kinetic analysis of the NMR data see kinetic section. DA903
(3-(4-Nitrophenyl)cyclopropane-1,2-diyl)bis(phenylmethanone)  (rac-15¢). From
1eHBr' (370 mg, 1.19 mmol), 6 (200 mg, 790 pmol), and KOBuU (134 mg, 1.19 mmol)
according to procedur€. rac-15e was obtained as pale yellow needles (8% 695 umol,
88%,dr M:C 8:920). 15e-B. Mp. (EtOH) 1691  1°C.0H NMR (300 MHz, CDC$) U =
8.271 8.21 (m, 2 H, 2x@&-H), 8.017 7.95 (m, 4H, 4xCar-H), 7.591 7.52 (m, 2 H, 2x&-H),
7.491 7.39 (m, 6H, 6xCar-H), 3.65 (t,J= 6.1Hz, 1 H, CH), 3.48 (dJ = 6.1Hz, 2 H,2xCH).
I3CNMR (75MHz,CDC) & = 193. 3 ( 2),1484(€@) 136.9U(s2Zx@)2 (s, (
133.6 (d, 2x@-H), 128.9 (d, 4x@-H), 128.5 (d, 4x@-H), 127.5 (d, 2x@&-H), 124.3 (d,
coPh 2xCar-H), 37.4 (d, 2xCH), 30.3 (d, CHHRMS (EIl): m/z calcd. fa (Mi 2 H)
° @ [C23H1sNO#A+ 3690996 found 369.1009MS (El) mvz = 369 (3), 339 (10),
rectseB 266 (61), 220 (12), 105 (100), 77 (49). DA428
NMR -Monitoring of the reaction of 1e with 6. KO'Bu in DMSOds (500 pL, 2.54 x
10 M) was added to a solution @&H'Br’ (404 mg, 130umol) and6 (30.7 mg, 121umol)
in DMSO-ds:CH-Cl> (2.00mL, 1:1) at ambient temperature. After 30 s stirring the solution was
subjected tdH NMR. The spectra show decreassignalsof the ylideleand6, and increasing
signalsof the productl5e, butno formation ofthe intermediate betainé4e was observed.
DA902
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Table 2.27. Crystallographic Data ofrac-15eB.

net formula Co3H17NO4
Mi/g mol 1 371.385
crystal size/mm 0.156 x 0.096 x 0.05
TIK 200(2)
radiation ‘MoK U 5
diffractometer '‘Bruker D8Quest' O\_‘
crystal system monoclinic = o
space group P2i/n AI \—O £ —r ‘/Q
a/A 13.8242(17) - \ ] l \\\
b/A 6.0419(7) =l N
A 22.426(3) [z o \
s A 90 P B
b/ A 100.387(4) /l_/ =
o/ A 90 “\*‘
VIA3 1842.4(4) S m®.
Z 4 Q ,
calcd.density/g crh 3 1.3389(3) \_.-r_,
e | rhin 0.092 [ \_{/
absorption correction multi-scan R ]’
transmission factor rang  0.8778 0.9280 ‘\__,\
refls. measured 10224 r N
Rint 0.0652 o
me a )/l @ ( 0.0690 N\
d range 2.9025.07 &
observed refls. 1875
X, Y (weighting scheme) 0.0462,0.0250
hydrogen refinement constr
refls in refinement 3231
parameters 299
restraints 0
R(Fob9 0.0508
Ru(F?) 0.1131
S 1.024
shift/errofmax 0.001
max electron density/e' R 0.181
min electron density/e /& 1T0.179

One phenyl ring disordered, spiitodel applied, sof ratio 0.56/0.4Bhe figure shows the main component.

2.7.3.6 Reactions with the Activated Styrenes 16

General ProcedureH for the Synthesis of Cyclopropanesac-18. KO'Bu (11 eq) in
DMSO 3 mL) was added dropwis® solutions ofiH*X" (0.6 mmol) and16 (0.5 mmol) in
DMSO (5 mL) at room temperature over 2 min. Thereaction mixturavas stirred fod hand

guenched withag. sat. NH4Cl (25 mL). The aqueoudayer was extracted withCH-ClI>
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(3x15mL), the combined organic layers were washed witheb(2x20mL) and dried over
NaSQu. The solvent was evaporated and the residue wagegury column chromatography
(silica, n-pentane:EtOAc 20i110:1).

Ethyl 2-cyano-3-phenylcyclopropanecarboxylate (rac-18a). From 1aH*Bri(140 mg,
603 umol), 16a(88 mg, 0.50 mmol), and KOBu (67 mg, 0.60 mmol) according to procedure
B. rac-18awas obtained as colorlesg (61 mg, 283 umol, 57%,dr A:B:C 66:33.0). *major
rac-18aA, *minor diastereoisomerac-18aB; one integral of a signal of the minor

o diastereoisomewas set to 1.0H NMR (300 MHz,CDCl3) t11.197 1.32 (m,9 H,
QA 2xChg),*#2.02 (ddJ = 8.5, 6.31 H, CH),* 2.327 2.41 (m,3 H, CH),** 2.53i
T 562 (M2 H, CH)* 2.89 (ddJ= 9.1, 6.0Hz, 2 H, CH)* 3.08 (tJ= 6.2Hz, 1H,

. CH)"4.107 4.28 (m,6 H, 2xCHy),** 7.011 7.08 (m,2 H, 2xCa-H),” 7.177 7.36

@‘sza (m, 13 H, 8xCar-H, superimposed by solverit*13C NMR (75 MHz, CDC}) i 14.0

Tt CHo)* 14.2 (g, CH),* 14.3 (g, CH),? 14.3 (t, CH),* 27.2 (d, CH),* 28.0 (d, CH),
30.7 (d, CH),* 31.1 (d, CHj,621 (t, CH),” 62.2 (t, CH),* 116.8 (s, CNY, 117.0(s, CN)*,
126.7(d, 2xCar-H),* 128.1(d, 2xCar-H),* 128.2(d, Car-H),* 128.4(d, 2xCar-H),* 128.9(d,
2xCar-H),* 129.1(d, Car-H),* 133.0(s, Car),* 135.3(s, Cu),” 168.2(s, CQ),” 169.9(s, CQ).*
HRMS (EI): calcd.for [Ci1sH13NO,]” 2150941, found215.0936 MS (El) m/iz. 215 (14), 170
(15), 156 (17), 143 (100), 142 (68), 115 (M3N678

N,N-Diethyl-2-phenyl-3-tosylcyclopropanecarboxamide (rac-18b). Fom 1bH*CI'
(157 mg, 600 pmol), 16b (129 mg, 470 umol), and KOBu (67 mg, 0.60 mmol) according to
procedure Brac-18bwas obtained as colorless (over all 90mg, 0.23 mmol, 4%, dr A:B:C
92:8:0 after workup). The NMRsignals of the minor diastereoisomer could not be assigned
unambiguously due to overlap with the major diastereoisotdeNMR (300 MHz,CDCls) U
0.74 (t,J= 7.1Hz, 3H, CHs), 1.14 (t,J= 7.1Hz, 3H, CHg), 2.43 (s3 H, CHg), 2.791 2.97
(m,2H, CH, CHH?®), 3097 3.26(m, 1 H, CHHB), 3.32 (ddJ = 10.5, 6.1Hz, 1H), 3.37i 3.51

cone, (M, 1H, CHH?, superimposed by minafiastereocisomér 3.517 3.68 (m, 1 H,
©iﬁ§f CHHP), 3.81 (ddJ = 6.1, 4.9Hz, 1 H), 7.02i 7.08 (m,2 H, 2xCar-H), 7.167 7.23
(m, 3 H, 3xCar-H), 7.35 (M, 2 H, 2xCar-H, superimposed by minaliastereoisomégy 7.801
7.87 (m,2 H, 2xCar-H). 13C NMR (75 MHz, CDC}) U= 12.5 (t, CH), 14.5 (, CHs), 21.8 (t,
CHz), 28.9 (d, CH), 30.1 (d, CH), 40.3 (t, @H41.7 (t, CH), 43.5 (d, CH), 127.€d, Car-H),
127.7(d, 2xCar-H), 128.2(d, 2xCar-H), 128.4(d, 2xCar-H), 130.2 ¢l, 2xCar-H), 133.0(s, Car),
137.2(s, Car), 144.8(s, Gar), 163.7(s, CON) HRMS (EI): calcd .for [C2iH2sNOsS|A 8711550,
found371.1543MS (El) m/iz 371 (<1), 217 (12), 216 (100), 115 (1R)A684
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3-Phenylcyclopropanel,2-dicarbonitrile (rac-18c). From 1aH*Br' (140 mg, 603 umol),
16¢ (65 mg, 0.50 mmol), and KOBu (67 mg, 600 umol) according to procedure. Bac-18cwas
&NCN obtained as colorlesolid (29 mg, 0.17 mmol, 34%, dr A:B:C 50:50:0; A andC
©""’°‘“°‘A are enantiomersMp 1 3 4 T C3r&c-18¢A% rac-18¢B*. 'H NMR (300 MHz,
CDCl3) i2.25 (d,J= 6.2Hz, 2H, 2xCH),* 2.43 (ddJ = 6.4, 5.2Hz, 1 H, CH),* 2.52(dd,J =
o 9.1,5.1Hz 1H, CH),#3.12 (ddJ= 9.1, 52 Hz, 2H, CH),#3.16 (t,J = 6.2Hz, 1H,
@18‘;” CH),* 7.091 7.16 (m,2 H, 2xCar-H),* 7.261 7.31 (m,2 H, 2xCar-H),” 7.331 7.46
(m, 6 H, 6xCar-H).*#13C NMR (75 MHz,CDCl3) G = 11.5(d, CH),# 13.2(d, 2xCH)* 13.9
(d, CH)*30.0(d, CH)* 31.6(d, CH)# 115.2(s, CN) 1160 (s, 2xCN) 117.1(s, CN) 126.7
(d, 2xCar-H),* 128.0(d, 2xCar-H),* 129.2(d, Car-H),* °# 129.3(d, Car-H),* °"# 129.3(d,
2xCar-H),* 129.4(d, 2xCar-H),* 131.0(s, Gar),* ©# 133.0(s, Cu).* °#*HRMS (EI): calcd.for
[C11HsN2]* 1680682, found168.0672MS (El) m/'z: 169 (13), 168 (100), 141 (95), 140 (53),
91 (18) DA680
2-Acetyl-3-phenylcyclopropanel-carbonitrile (rac-18d): 1aH*Br'(140 mg, 603 umol),
16d (73 mg, 500umol), and KCOz (207mg, 1.50mmol) were dissolved in DMS (5mL) and
heated at 100C for 2h. The reaction mixture was cooled to room temperature and quenched
with sat. NHCI (25 mL, ag.). The aqueous layer was extracted with@{{(3x15mL). The
combined organic layers were washed with brine (2x25 and dred over NaSQu. The
solvent was removed and the residue was subjected to a column chromatography-silica,
pentane:EtOAc 15:1jac-18dwas obtained as colorless oil (ffiy, 383umol, 77%,dr A:B:C
33:66:0, 13:87:0 after worldp). *major rac-18d-B, *minor diastereoisomerac-18d-A; the
integral of one signal of the minor diastereoisomer was set ttHLNIMR (300MHz, CDCl3)
U2.15(s, 3H, Ch,#2.43 (s24H, CHs),*#2.46 (ddJ = 8.9, 5.0Hz, 8 H, CH),* 2.74 (ddJ =
6.6, 5.2Hz, 1 H, CH),* 2.8471 2.94 (m,16 H, 2xCH),* 2.98 (dd,J= 10.1, 5.2Hz, 1 H, CH)/*
A 3.19 (dd,J = 10.0, 6.5Hz, 1H, CH),* 7.097 7.15 (m,2 H, 2xCar-H),* 7.261 7.32
meeewe (M) 19H, 3%Car-H),*#7.331 7.43 (M, 24 H, 3x&-H).* 13C NMR (75 MHz,CDCl3)
19.0(d, CH)* 15.4(d, CH)* 31.2(q, 2xCH),**# 32.6(d, CH)* 33.8(d, CH)* 33.9(s, CH)
35.8(s, CH) 117.1(s, CN)* 119.2(s, CN)* 127.8(d, 2xCar-H),* 128.0(d, Car-H),* 128.3(d,
Car-H),* 128.5(d, 2xCar-H),” 128.5(d, 2xCar-H),” 128.8(d, 2xCar-H),* 131.6(s, Car),* 133.2
(s,Car),* 199.1(s, CO)* 202.5(s, CO)* HRMS (EI): calcd.for [C12H10NO]? 1840757, found
184.0752MS (El) m/z: 184 (4), 143 (92), 115. (84), 89 (16), 43 (LADA690-2
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2.7.4 Kinetics of the Reactions of the Ylided w i

2.7.4.1 Kinetics of the Reactions of Ylide l1a

e/L mol't cm?

400
350
300
250
200
150
100

50

DABCO*__CN

th the Electrophiles

350 400
| /nm

450 500

Figure 2.21. Absorption spectrum of 1a ( max= 256 nm, DMSO, 2C0°C).

Table 2.28. Determination of the nucleophilicity parametersN and sy for 1a with the electrophiles 3,4 (filled

dots). Open dotsrefer to the reactions with5b,6 and werenot used for the determination ofN and s.

Electrophile E  logkz
3b -13.39 5.39
3c -15.83 4.15
3d -16.11 4.02
3e -17.29 3.53
3f -17.90 3.12
4a -17.67 3.75
4b -18.89 3.35
4c -20.55 2.61
4d -21.11 2.37
5b -11.32 6.20
6 -17.32 365

7.00

6.00 r

5.00

4.00

log k,

3.00

2.00

1.00

0.00

log k, = 0.3665 E + 10.052
R2 = 0.9463 o

Nucleophilicity parameters fdrain DMSO: N = 27.43,sy = 0.37.

Table 2.29. Kinetics of the reaction of 1a with 3b (DMSO, 20C, Stoppedflow method, detection at 5331m).

No.

[3b)/mol L [1a)/mol Lt

Kobds

dal31lsél
dal3lsé&4
dal3lse2
dal31lséb
dal31se3

4.00 x 10
4.00 x 10
4.00 x 10
4.00 x 10
4.00 x 10

4.00 x 1¢¢
5.00 x 1¢*
6.00 x 10
7.00 x 10
8.00 x 10

6.19 x 10
8.63 x10*
1.13 x 16
1.31x 16
1.63 x 16

kx(20°C) = 2.47 x 16 L mol* s*

180

120

60

y = 246900x - 37.1
Rz = 0.9946

0
0.00E+00

106

2.00E-04 4.00E-04 6.00E-04
[1a]/mol L1

8.00E-04
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Table 2.30. Kinetics of the reaction of 1a with 3c (DMSO, 20C, Stoppedflow method, detection at 371m).

No. [3d/mol Lt [1a)/mol LY KopdS? 8.00
dal3ls®2 2.00x1¢ 3.00x10* 231  _ 600 Y L ot
da131si3 2.00x 1 4.00x16" 3.93 %400
dal3isi4 200x1¢ 500x10¢ 534 500
dal31si5 2.00x 1  6.00 x 16*  6.60 0.00 ‘ ‘ ‘
ko(20°C) = 143 x 10/ L molt st 0.00E+00 2.00E-04 [1a]/m04‘|9-QE'04 6.00E-04

Table 2.31. Kinetics of the reaction d 1a with 3d (DMSO, 20°C, Stoppedflow method, detection at 393 m).

No. [3d)/mol L* [1a)/mol L Kepds?

dal31s4l 2.00 x 16® 5.00 x 16" 3.47
dal31s42 2.00x 10 6.00x10* 4.68
dal31s43 2.00 x 16®¢ 7.00 x 10 5.25
dal31s4 2.00x 16 8.00x10* 6.47
dal31s4 2.00x16® 9.00 x 16" 7.76

k2(20°C) = 1.04 x 16L mol*s?

y =10370x - 1.733
Rz = 0.9865

2.00
0.00 . . :
0.00E+00 3.00E-04 6.00E-04 9.00E-04
[1a])/mol Lt

Table 2.32. Kinetics of the reaction of 1a with 3e (DMSO, 20C, Stoppedflow method, detection at 486 1m).

No. [3€/mol Lt [1a)/mol L Kopds?

dal31s3l 2.00 x 1 5.00 x 16" 1.07
dal31s22 2.00x 16 6.00x10G* 1.26
dal31s4 2.00 x 16 8.00 x1¢* 2.08
dal31s® 2.00 x 16 9.00 x 16" 2.34
k2(20°C) = 3.36 x 16L molt st

3.00
y = 3360x - 0.6645
. 2.00 R2=0.987
XY
S 1.00
0.00 ‘ !
0.00E+00 1.00E-03

5.00E-04
[1a]/mol Lt

Table 2.33. Kinetics of the reaction of 1a with 3f (DMSO, 20C, Stoppedflow method, detection at 52Ihm).

No. [3f)/mol L [1a)/mol L

KobdSt

1.20

dal3ls2l 4.00 x 1¢°
dal3ls2 4.00 x 1¢°
dal3ls23 4.00 x 1¢°
dal3ls24 4.00 x 1¢¢ 9.00 x 1¢

5.00 x 10 4.90x 101 0.80
6.00x 16 590x10*
8.00x 10" 8.50x 101
1.02

y = 1320x - 0.1865

k2(20°C) = 1.32 x 16L molt st

- R2 = 0.993
Y
20.40
X
0.00 : : ‘
0.00E+00 3.00E-04 6.00E-04 9.00E-04
[1a)/mol Lt

Table 2.34. Kinetics of the reaction of 1a with 4a (DMSO, 20C, Stoppedflow method, detection at 302im).

No.  [4a)/mol L [1a)/mol L Kobdst

dal3lssl 4.00 x 1 1.00x 1 5.06
dal3ls® 4.00x 16 1.20x 16 6.16
dal3lss3 4.00x 166 1.40x 16 7.35
dal3lss4 4.00x 166 1.60 x 168 8.43

kx(20°C) = 5.65 x 18L mol s

12
8 y =5650x - 0.595
o R2? =0.9997
LY
S 4
0 L L L ]
0.00E+00 5.00E-04  1.00E-03 1.50E-03  2.00E-03
[1a]/mol Lt
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Table 2.35. Kinetics of the reaction of 1a with 4b (DMSO, 20C, Stoppedflow method, detection at 27 m).

No. [4b)/mol LT [1a)/mol L2 kobdS™
dal31s71 8.00 x 1¢® 8.00 x 1¢ 1.23
dal3ls?2 8.00x10° 1.00x 1€ 2.17
dal31s73 8.00x1¢®¢ 1.20 x 1€ 2.99
dal3ls74 8.00x1¢° 1.40x 1€ 1.61
dal3ls/s 8.00x16¢ 1.60 x 1€ 2.54

kx(20°C) = 2.23 x 18L mol* st

Kops/S™t

3.00
y = 2225x - 0.562
2.00 Rz =0.9965
1.00
0.00 : : :
0.00E+00 4.00E-04 8.00E-04 1.20E-03  1.60E-03
[1a]/mol Lt

Table 2.36. Kinetics of the reaction of 1a with 4c (DMSO, 20C, Stoppedflow method, detection a283nm).

No.

[4c)/mol LT [1&]/mol L

Kobds?

dal31s8l
dal3ls&
dal31s&3
dal31ls&4
dal31s&

8.00 x 1¢
8.00 x 1¢
8.00 x 1¢
8.00 x 1¢
8.00 x 1¢

8.00 x 16
1.00 x 16®
1.20 x 16°
1.40 x 16°
1.60 x 16°

2.07 x 16
2.66 x 10
3.66x 101
459 x 10
5.18 x 10

k2(20°C) = 4.08 x 16 L mol? s?

i
2
<
)

2
=}
k4

6.00E-01

4.00E-01

2.00E-01

0.00E+00

y =407.5x - 0.1258
R2=0.9915

0.00E+00 4.00E-04 8.00E-04 1.20E-03 1.60E-03

[1a]/mol L1

Table 2.37. Kinetics of the reaction of 1a with 4d (DMSO, 20C, Stoppel-flow method, detection at295nm).

No.

[4d}/mol L [1al/mol Lt

Kobdst

dal31s91
dal31s®
dal31s®3
dal31sA
dal31s%

6.00 x 1
6.00 x 1
6.00 x 1C°
6.00 x 1C°
6.00 x 1C°

6.00 x 16* 6.92 x 1%
7.50 x 16* 1.08 x 16
9.00 x 10" 1.48 x 10
1.05 x 16® 1.73 x 10!
1.20 x 16° 2.11 x 16

k2(20°C) = 2.32 x 16L mol?* s?

2.40E-01

1.80E-01

1

Kops/S

1.20E-01

6.00E-02

0.00E+00 ‘
0.00E+00 3.00E-04 6.00E-04 9.00E-04 1.20E-03

y =232.4x - 0.0673
R? =0.995

[1a)/mol Lt

Table 2.38. Kinetics of the reaction of 1a withSb (DMSO, 20°C, Stoppedflow method, detection at 388 1m).

No.

[5b]/mol L™

[1a)/mol L~ KobdS*

dal31slil
dal31s112
dal31s113
dal31sl#4
dal31sl1:

1.00 x 16
1.00 x 16
1.00 x 16
1.00 x 16
1.00 x 16

2.00 x 16" 1.17 x 16
2.50 x 16 2.09 x 16
3.00 x 16* 3.09 x 18
3.50 x 10* 3.71x 17
4.00 x 10" 4.36 x 16

k2(20°C) = 1.60 x 18L mol* s?

Kops/S™t
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6.00E+02
y = 1600000x - 192
Rz2=1
4.00E+02
2.00E+02 F
0.00E+00 ‘ ‘
0.00E+00 2.00E-04 4.00E-04
[1a]/mol Lt
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Table 2.39. '"H NMR monitoring of the kinetics of the formation of 13aa (DMSQds:CD:Clz; 20 °C; evolution
of DABCO followed; Experimental procedure see Productsection).

[HO'Bu] = 8.84 x 102 mol L!

s  [DABCO}/mol L™

0
2.40 x 16
7.80 x 16
9.00 x I?
1.08 x 10
1.26 x 16
1.38 x 16
3.66 x 16
4.32 x 16
5.46 x 16
8.46 x 16
1.16 x 10
1.34 x 10

7.15x103
7.96 x 103
8.77x103
8.99 x 103
8.91x103
8.99 x 103
9.13x103
9.95x 103
1.01x102
1.02x 102
1.04 x 102
1.05 x 10 2
1.06 x 10 2

ko(20°C) = 677 x 10 s

[DABCO]/mol L™

0.0110
0.0105 " "
P E—

] =
0.0100 - -
0.0095 H
0.0090 4 ﬁ Data: Datal_B

’ :/f Model: ExpDecl
/ Chir2 = 2.9198E-8

0.0085 + / R'2 = 097795

N / yO  0.01039 +0.00008
0.0080 L Al -0.00302 +0.00015

. / UKL 1477.9178  +167.61394
0.0075

| n
0.0070 H

T T T T T T T T T T T T T
-2000 0 2000 4000 6000 8000 10000 12000 14000
t/s

The time at which the first spectrum wakda equals =

t=0s.

0

S .

Therefore

Table 2.40. Kinetics of the reaction of 1awith 6 (DMSO, 20°C, Stoppedflow method, detection at 325 1m).

No.

[6)/mol L.

[1a)/mol L

Kobdst

dal31sl@ 1.00 x 1¢°
dal31s1®4 1.00 x 1¢°
dal31s1éb 1.00 x 16°

2.50 x 16" 4.63 x 10
3.50 x 16" 9.69 x 10
4.00 x 16

1.42

k2(20°C) =4.47x 1C°L mol* st

iy

1.50
1.00

4
\;§ 0.50

4

2.7.4.2 Kinetics of the Reactions of Ylide 1b

0.00

y = 4467

R2 =0.9927

.1x - 0.6647

0.00E+00 1.00E-04 2.00E-04 3.00E-04 4.00E-04
[1a]/mol Lt

UV-Vis monitoring of the titration of 1bH *CI" with KO 'Bu. The formation of the ylide

1b from its conjugate Ckacid 1bH*CI' was recorded by using diode array UWis

spectrometerThe temperature durirte experiment was kept constant by using a circulating

bath (20.° 0.02°C). The CH acidlbH*CI' (c = 3.39 x 10 “M) was dissolved in DMSO and
subsequently treated wift60 pl portions oKO'Bu dissolved in DMS@5.25 x 10 2M).
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350

300 -

250

200

150

e/L mol't cm™?

100

50

DABCO?__CONEt,

1b

0.5
! +1.05 eq. KOtBu

04
0.3

0.2

0.1

250

300

350 400

| /nm

450 500 0 0.5

t/min ——

Figure 2.22. UVi Vis spectrum of 1b in DMSO at20 °C (/ max= 256nm, DMSO, 20°C; left); Monitoring of

the UVi Vis absorption band (256nm) of 1b during its generation fom 1bH*Br' by addition of KO'Bu
(right). The experiment was performed by adding 16@| portions of a solution of KO'Bu in DMSO (dashed
lines; [KOBuU] = 5.25 x10 M) to an ¢ = 3.39 x 10" mol L solution of 1bH'Br' in DMSO (23.8mL).

Table 2.41. Determination of the nucleophilicity parametersN and sxfor 1b with the electrophiles 3,4 (filled

dots). Open dot refer sto the reaction with 5b and wasnot used for the determination ofN and s..

Electrophile E log ko
3a -12.18 5.20
3b -13.39 4.34
3c -15.83 3.71
3d -16.11 3.46
3e -17.29 2.85
da -17.67 275
5b -11.32 5.44

log k,

OFrRr NWkMOON

log k, = 0.4217 E + 10.216
R2=0.9765

-26 -24 -22 -20 -18 -16 -14 -12 -10

Nucleophilicity parameters fdrb in DMSO: N = 2423 sy = 0.42.

Table 2.42. Kinetics of the reaction of 1b with 3a (DMSO, 20C, Stoppedflow method, detection at 422im).

No. [3a)/mol L [KO'Bu]/mol Lt [1bH*CI')/mol LY Konds? y = 158857x - 54.82
dal81s6r 4.00x 105  4.20 x 10° 8.00x10' 142x108 % R#=0.9883
dal81s612 4.00 x 1P 5.25 x 16 1.00 x 16 263x10
dal81s6:3 4.00 x 1¢  6.30 x 10 1.20x 168 459x108 4%
dal81s64 4.00 x 1@ 7.35 x 16* 1.40 x 16 5.83x10
dal81s655 4.00 x 1P 8.40 x 10 1.60 x 10° 8.16 x 10 0 ‘ ‘

0.00E+00 5.00E-04 1.00E-03
k2(20°C) = 1.59 x 16L mol* st [1b}/mol L

Table 2.43. Kinetics of the reaction of 1b with 3a (DMSO, 20C, Stoppedflow method, detection at 422im).

No. [3al/mol L [1b)/mol Lt  Kobds™t 90.0
dal81s611 4.00 x 16 4.00 x 16 2.10 x 10 y = 157314x - 42.971
dal81s613 4.00 x 16 6.00 x 16" 5.14 x 10 ~,
dal8ls6d 4.00x 16 7.00x 10" 6.30x10 £ 5 .
dal81s6/5 4.00 x 166 8.00 x 16 8.60 x 10

k2(20°C) = 1.57 x 16L molts? 0.0 ‘ ‘ ‘ ‘
0.00E+00 2.00E-04 4.00E-04 6.00E-04 8.00E-04
Kareprdkz = 0.99 [1b]/mol Lt

110



2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Table 2.44. Kinetics of the reaction of 1b with 3b (DMSO, 20C, Stoppedflow method, detection at 533m).

No. [3b)/mol LT [KO'Bu)/mol L' [1bH*Cl'}/mol L Konds* y = 21808x - 4
dalsls2l 4.00x10  4.20 x 10° 800x 100 543z 00 Re=1
0.02 E15.0
dal8ls2  4.00x 16  6.30 x 16" 120x16 1.00x10 %
dal81s8  4.00x 16  8.40 x 16* 1.60x 16  1.32x10 o4 | |
dal8ls®  4.00x 16  126x 10° 240x10  239x10  0.00E+00 7.80E:04 150503

k(20 °C) = 2.18x 10' L mol* st

Table 2.45. Kinetics of the reaction of 1b with 3c (DMSO, 20C, Stoppedflow method, detection at 371hm).

No. [3d/mol Lt [1b)/mol LY KopdS*
dal81s3l 4.00 x 16¢ 4.00 x 16¢* 4.65 x 16+
dal81s®2 4.00 x 16¢ 6.00 x 1¢* 1.42
dal81s33 4.00 x 16° 8.00 x 1¢* 2.34
dal81s 4.00 x 16¢ 1.00 x 16° 3.29
dal81s® 4.00 x 16¢ 1.20 x 16° 4.60

k2(20°C) = 5.07 x 18L mol* st

5.00
4.00
3.00
2.00
1.00
0.00

Kops/S™t

y =5070x - 1.633
R2 = 0.9946

0.00E+00 3.00E-04 ?18?)%{84 9.00E-04 1.20E-03

Lt

Table 2.46. Kinetics of the reaction of 1b with 3d (DMSO, 20C, Stoppedflow method, detection at 3931m).

No. [3d)/mol L [1bJ/mol L Kondst
dal81s4l 4.00 x 16 6.00 x 1¢* 6.18x 10?
dal81s42 4.00 x 16 8.00 x 1¢* 1.37
dal81s43 4.00 x 1 1.00 x 1 1.95
dal81s45 4.00 x 16 1.40 x 1 2.95

k2(20°C) = 287 x 1 L mol* st

3.00
2.00

%
2 1.00
xO

y = 2866.3x - 1.001

R2? =0.9906

0.00

0.00E+00 4.00E-04

8.00E-04 1.20E-03 1.60E-03
[1b]/mol L1

Table 2.47. Kinetics of the reaction of 1b with 4a (DMSO, 20C, Stoppedflow method, detection at 302im).

No.  [4a/mol LY [1b)/mol LT  KobdS* 2.00
dal8lsil 8.00 x 16 8.00x 10* 2.70x 10! Y oK a0
dal8lsi2 8.00x 16 1.20x 10 410x10° &
dal81si3 8.00 x 1 1.60 x 16* 6.81x 10!
dal81si4 8.00 x 16¢ 2.00 x 16® 9.24x 10? 0.00 ‘ ‘ ‘
dal81lsi5 8.00x 10 240x1C° 114 0.00E+00  100E-03  200E-03  3.00E-03
k2(20°C) =5.64x 1P L molts? [1b}/mol L

Table 2.48. Kinetics of the reaction of 1b with5b (DMSO, 20°C, Stoppedflow method, detection at 388 1m).

No.

[5bj/mol L™ [1b)/mol LT kepdS?

dal8lsial
dal8lsle
dal81s1
dal81ls1en

2.50 x 10* 5.75x 10
3.00 x 10* 7.15x 10
3.50 x 10* 8.16 x 10
4.00 x 10* 1.00 x 16

1.00 x 16
1.00 x 16
1.00 x 1@
1.00 x 1@

kx(20°C) = 2.75 x 16 L mol* s*

120.0

0.0

y = 275240x - 11.808
R2=0.9872

0.00E+00

111

2.50E-04
[1b]/mol Lt

5.00E-04
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Table 2.49. 'TH NMR monitoring of the formation of 13ba (DMSO-ds:CH2Cl3; 20 °C; evolution of DABCO

followed, Experimental procedure see Products section)

[HO'Bu] = 8.82 x 1# mol L*

0.030

Therefore

t he

t/s [DABCO]/mol L
0 8.60 x 103 0.025 -] -
660 X 1@ 136 X 10 2 F“_, Data: Datal_B
9.60x16  1.71x102 S 00204 et Feoect
168x16  223x10°2 g . SENLE
2.04 x 16 2.48 x 10 2 g 0.015 / M oozos 00102
474 % lG 297 % 10 2 = "/, 1/k1 1735.08286 +177.80467
7.86x16  3.03x102 e
9.66 x 16 3.04x102 ‘
krc(zo OC) = 576 X 101 Sl o0 (I) ZOIOO 40IOO 60IOO 80IOO lO(I)OO
t/s
The time at which the first spectrum wakda equals= 0 s .
t=0s.
2.7.4.3 Kinetics of the Reactions of Ylide 1c
1,400
1,200
1000 | DABCO?__CO,Et
E 800 1c
S 600
€
%j: 400
200 -
0 : : ‘
250 300 350 400 450 500
I /nm
Figure 2.23. Absorption spectrum of 1¢ { max = 258nm).
Table 2.50. Determination of the nucleophilicity parametersNandssf or 1 c¢c wi t h

dots). Open dots refer to the reactions with5b,6 and werenot used for the determination ofN and s.

Electrophile E log ko
2d-BF4 -10.04 5.77
3a -12.18  4.67
3b -13.39  3.99
3c -15.83  2.69
3d -16.11  2.46
3e -17.29  1.65
3f -17.90 1.35
4a -17.67 134
4d -2111  -0.67
5b -11.32 535
6 -17.32  1.50

6.00
5.00
ﬁ.OO
é.OO
_2.00
1.00
0.00
-1.00

-10

| log k, = 0.5845 E + 11.775
R2 = 0.9974
22 -20 -18 16 -14 -12

Nucleophilicity parameters fdrcin DMSO: N = 2015, sy = 0.58.
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Table 2.51. Kinetics of the reaction of 1c with 2dBF4 (DMSO, 20 °C, Stoppedflow method, detection at
630nm).

No. [2d-BF4)/mol L [1d/mol L KobdS™t 80 y = 592000x - 17.44
da62s71 1.00 x 16° 1.00 x 164 4.16x 10+ R?=0.9977
da62s72 1.00 x 1@ 1.10 x 16¢ 4.74x 10 v a0
da62s73 1.00 x 16 120 x 16  5.44x 100 2
da62s74 1.00 x 16° 1.30 x 16¢  5.94x 10
da62s75 1.00 x 16° 1.40 x 10¢  6.52x 10 0 ‘ ‘

0.00E+00 5.00E-05 1.00E-04 1.50E-04
k2(20°C) =5.92x 1 L mol? s? [1c)/mol L

Table 2.52. Kinetics of the reaction of 1¢ with 3a (DMSO, 20C, Stoppedflow method, detection at 42zZym).

No. [3a)/mol LT [1d/mol L KobdS™ 80.0
da62s6l1  2.00x 16  4.00x 1 1.97 x10 60.0
da62s62 2.00 x 160 6.00 x 10" 3.17 x10 Em40.0
da62s63 2.00 x 160 8.00 x 10 3.87 x10 5
da62s64  2.00 x 10 1.00x 168  4.75x 10
da62s65 2.00x1¢° 1.20x10* 5.86x10 0.0

0.00E+00 4.00E-04 8.00E-04  1.20E-03
k2(20°C) = 4.68 x 16L molt st [1c)/mol L

y =46800x + 1.8
R?=0.9933

4
20.0

Table 2.53. Kinetics of the reaction of 1c with 3b (DMSO, 20C, Stoppedflow method, detection at 533im;
from ref. [39]).

No. [3b/mol LY [1d/mol Lt  KondS? 8.00
da62s51  2.00 x 16 2.00x10°  1.50 6.00 Y = 9690x - 0.504
da62s52 2.00x 16  3.00x 10"  2.41 Re=0.9964

% 4.00
da62s53 2.00 x 16 4.00 x 1¢¢ 3.27 ;g 200
da62s54 2.00 x 16 5.00 x 1¢* 4.26 ’
0.00 ‘ w w
da62ss5 2.00x10  6.00 x1C° 542 0.00E+00 2.00E-04 4.00E-04  6.00E-04
k2(20°C) = 9.69 x 18L mol?* s [1c)/mol L*

Table 2.54. Kinetics of the reaction of 1c with 3c (DMSO, 20C, Stoppedflow method, detection at 371m;
from ref. [39]).

No. [3c/mol L [1d/mol L KobdS™* 2.00
da62sil 4.00x16¢ 8.00 x 1¢* 3.04 x 16
da62s12 4.00x 16 1.60x1¢ 8.01x 10
da62si3 4.00x D° 240 x 16 1.14
da62si4 4.00x 166 3.20 x 1 1.51
da62s15 4.00 x 16 4.00 x 16 1.89 0.00

- ) 0.00E+00 2.00E-03 4.00E-03
k2(20°C) =4.85 x 16L molts [1c)/mol L

y = 485.12x - 0.0353
R2 = 0.9958
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Table 2.55. Kinetics of the reaction of 1c with 3d (DMSO, 20C, Stopped-flow method, detection at 393 1m;
from ref. 38).

No. [3dl/mol Lt [1d)/mol L* Kobdst
da62s2l  4.00x 1  8.00 x 10* 1.95 x 10" 12
da62s2 4.00x 1 1.60x 16 4.51 x 10" 0.8
da62s23  4.00x 16 240 x 16 6.53 x 10"
da62s24  4.00x 16  3.20x 10° 9.20 x 10"
da62s25 4.00x16°F  4.00 x 1 1.11 ‘ ‘

k2(20°C) = 2.87 x 16L molts? 0.000 0.001 0.002 0.003 0.004
[1c)/mol Lt

Table 2.56. Kinetics of the reaction of 1c with 3e (DMSO, 20C, Stoppedflow method, detection at 486 im;
from ref. [39]).

y =287.37x - 0.0239
R2=0.9975

No. [3€/mol L [1d/mol L Kobdst 2 00E-01
da62s3l  4.00x 1  8.00x 10" 272 x 1¢ y = a5,037% - 9.0068
da62s32 4.00 x 1@ 1.60x16° 6.83 x1C? b
da62s33 4.00x 16 240x16 1.083x 10
da62s34 4.00 x 1¢° 3.20x 168 1.33x 10
da62s35 4.00 x 1¢° 4.00x 16 1.75x 10 0.00E+00

0.00E+00 2.50E-03
kz(20°C) = 4.50 x 16L molts? [1c]/mol L

1.00E-01

kobs

5.00E-03

Table 2.57. Kinetics of the reaction of 1c with 3f (DMSO, 20C, Stoppedflow method, detection at 521hm;
from ref. [39]).

[3f)/mol L [1c)/mol L Kobds™ 3.00E-01 y = 22.625x - 0.0016
400%x 10 2.00x106 3.96x 102 R?=0.9943

—

400 %16 400x10 937x107 “§50E01
4.00x 16 6.00x16 1.37x108 =~
400x 106 8.00x1CG 1.76x 1@  000E+00 : ‘

0.00E+00 5.00E-03 1.00E-02
k2(20°C) = 2.26 x 16L mol*s? [1c]/mol L

For the determination of the pseudo fiestler rate constds of the reaction afc with 4a
the decrease of thdogsorption of4a at 302 nm and the increases of the absorptidilohat
263 and 446 nm were monitored by Y5 spectroscopy.

Table 2.58. Kinetics of thereaction of 1c with 4a (DMSO, 20°C, J&M method, detection at 302nm).

[4a)/mol L't [1d/mol Lt konds® 3.00E-02

420%x 16 4.20x 100 9.63x 10° y = 22.1x + 0.0007

399x16° 599x100 143x1¢ 7200 Re=0.9921

4.04x16 8.08x10° 1.84x1¢  31.00E-02

1.69x 16  1.06 x 1¢¢ 2.51 x 1¢? 0.00E400 | | |

1.66 x 16 1.24x10¢ 274 x1@ 0.00E+00  5.00E-04  1.00E-03  1.50E-03
k2(20°C) = 2.21 x 16L molt st [1c)/mol Lt
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Table 2.59. Kinetics of the reaction of 1c with 4a (DMSO, 20C, J&M method, detection at 263nm).

[4a/mol LT [id/mol LY KopdsSt 0.04
420x1G 420x10° 121 x10° 0.03 Y e 0
3.99x 16 599 x 100 1.77x1® 7,
= 0.02
404x16 8.08x100 224x1¢ 2
1.69 x 16 1.06 x 168 2.81 x 1 0.01
1.66 x 16 1.24x 16 3.08 x 1® 0 ‘ ‘
0.00E+00 7.00E-04 1.40E-03
k2(20°C) = 2.27 x 16L mol* st [1c]/mol Lt

Table 2.60. Kinetics of the reaction of 1c with 4a (DMSO, 20C, J&M method, detection at 446nm).

[4a)/mol L't [1d/mol L KobdS™t

420x 16 4.20x10¢0 1.12x1@
3.99x 16 599x10 1.66 x1F
4.04 x 1P 8.08 x 10 1.99 x10?
1.69x16F 1.06x10¢° 2.73x 1@
1.66x16 1.24x10¢ 3.26 x 1

kx(20°C) = 255 x 10 L mol* st

0.04
y = 25.46x + 0.0005
0.03 R2=0.9918
b
~3 0.02
xD
0.01
0.00 ‘ ‘
0.00E+00 7.50E-04 1.50E-03
[1c)/mol Lt

For the determination of the firstrder rate constants of tf@mation ofllcathe decrease

of the dsorption oflOcaat 270 and 440m wasmonitored by UWVis spectroscopyk.c was

determined from the intercept.

Table 2.61. Kinetics of the formation of 11ca (DMSO, 20C, J&M method, detection at 270nm).

[4&)/mol L't [1c)/mol Lt Kobd/S™ 5.00E-04
421 x 10° 4.21 x 16 5.99x 10* PS PS ® Py
4 % :
412 x 160 6.17 x 16* 594x 10 2 4.00E-04 y = -5.00E-04x + 5.96E-04
417 x 160 8.34 x 108 592x10% < R2 = 1.57E-03
4.25 x 16P 1.06 x 16 5.99x 10* 0.00E+00 ‘ ‘ ‘
0.00E+00 4.00E-04 8.00E-04 1.20E-03
k(20°C) = 5.96 x 10 st [1c])/mol L1

Table 2.62. Kinetics of the formation of 11ca (DMSO, 2C°C, J&M method, detection at 446 nm).

[4a]/mol Lt [1c)/mol L™ KobdS™

4.21 x 160 4.21 x 16 6.99x 104
4.12 x 16 6.17 x 10 9.15x 10*
4.17 x 16 8.34 x 10 9.81x 10*
4.25 x 16 1.06 x 16° 9.31x 10*

k<(20°C) = 6.28 x 10* s

115

1.20E-03
b 6.00E-04 /./././.
2 y = 3.45E-01x + 6.28E-04
N3 R2 = 5.87E-01
0.00E+00 ‘ )
0.00E+00 6.00E-04 1.20E-03
[1c)/mol Lt
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Table 2.63. MATLAB fit of the UV-Vis absorptions of the reaction of 1¢ with 4a (DMSO, 20 °C, J&M
method, detection at 264 and 308m; from ref [39]).

No. da62j31 da62j34 08 302 nm Obs
[Ag/mol LT 421x16F 1.06x1C o6 | daizr T e o
[4a/mol LT 421x16 4.25x 16° p— 264 nm Calc

ked mol L*s'  1.35x10  3.71x10 < 04
kicd mol L*st 251 x 16 2.19 x 16° 02 Moo -
kol 8.35x 10"  6.11 x 10*
f 7.72x100  7.72x 10 "0 2 40 e 8 100 120
f2 234x10" 1.67 x 10 08 Umin
fs 554 x 100 4.05 x 10 06 |, da62j3-4 obs
fa 267 %100 1L71x100 1 e e 302 nm
o 709x 16 9.75 x 16 04 L ....................... o
to/s 168x16 8.43x 16 <,k Obs
T T X 77077, Il TS
Kece29fmol LT i 1 2.53 x 10 0 e
kicds 251x10% 219 x103°¢ 0 0 s 80 100120
ki ccaverasps’ 1 2.35 x 107
koS L 8.35x 104  6.11x10 *
k2veraggg 1 7.23 x 10¢

f1 proportionality between extinctions of intermediafea and sibstrateda.
f> proportionality between extinctions of final prodddta and substratéa.
f3 proportionality between extinctions of intermedia@ea and final produciilca.
f4 proportionality between extinctions of the intermedil@ea and substratéa
Co deadtime correction factor for the concentration.
to deadtime.
The symbolic form of the kinetic equatio®ymsol was derived from eqs (2) and (4)
according to ref[26].

Function [AC, ACBJ=symsol(kcc, kmcc, krc, cO, t);
AC=1/2*c0*(exp(1/2*( - kmcc krc -
kcc+(kmeer2+2*kmcec*krc+2*kmcec*kece+krch2 -

2*kcc*kre+kee2)M(1/2))*t)*kmec+exp(1/2*( - kmcc krc -
kcc+(kmeer2+2*kmcec*krc+2*kmcec*kece+krch2 -
2*kcc*kre+kecn2)N(1/2))*t)*kre -exp(1/2*( - kmcc krc -
kcc+(kmeer2+2*kmcec*krc+2*kmcec*kece+krch2 -
2*kcc*kre+kec2)M(1/2))*t)*kec+exp (2/2*( - kmcc kre -

kcc+(kmcech2+2*kmcec*krc+2*kmcec*keec+kreh2 -
2*kcc*krc+kec2)M(1/2))*t)*(kmee~2+2*kmec*kre+2*kmcec*kec+kren2 -
2*kcc*kre+kee2)N(1/2) -exp( -
1/2*(kmcc+krc+kec+(kmeeh2+2*kmcec*kre+2*kmec*kec+kreh2 -
2*kcc*kre+kece2)N(1/2))*t)*kmcec -exp( -

1/2*(kmcc+krctkec+  (kmcc”2+2*kmcec*krc+2*kmec*kec+kren2 -
2*kcc*kret+kee2)MN(1/2))*t)*krc+exp( -
1/2*(kmcc+krc+kec+(kmeen2+2*kmcec*krec+2*kmcec*kec+kreh2 -
2*kcc*krc+kec2)MN(1/2))*t)*kec+exp( -
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1/2*(kmcc+krc+kec+(kmeen2+2*kmcec*krc+2*kmcec*kec+kreh2

2*kcc*krct+kec2)MN(1/2))*t)*(kmeen2+2*kmce
2*kccrkrc+kec2)M(1/2))/(kmeer2+2*kmcec*kre+2*kmcec*kec+kreh2

2*kccrkre+kec2)MN(1/2);

ACB=cO0*kcc*( - exp(1/2*( - kmcc krc -
kcc+(kmecnh2+2*kmec*krc+2*kmec*kec+kreh2 -

2*kcerkrec+kec N 2)MN1/2))*t)+exp(

1/2*(kmcc+krc+kec+(kmee~2+2*kmcec*krec+2*kmcec*
2*kcerkrec+kece N 2)M(1/2))*t))/(kmec2+2*kmec*kre+2*kmec*kec+kren2

2*kccrkrc+kec2)MN(1/2);

c*krc+2*kmcc*kcc+krcn2

kcc+krch2 -

The program codé®! below was used to calculate the fit for both wavelengths:

function ssd=ssddom(k,inp,inps,nu,tr);

[r,c]=size(inp);

[r2,c2]=size(inps);

=1;

ssd=0;

for i=[1:1:length(k)]
if k(i)<0
ssd=100500;

end

end

if ssd<100500

for i=[1:2:c -1]
kce=nu(j)*k(1);

kmcc=k(2);
krc=k(3);
cO=k(8+i -1);
tO=k(9+i -1);
f1=k(4);

%proportionality between

substrate

f2=k(5);

%proportionality between
substrate

f3=Kk(6);

%proportionality between
product

fa=k(7);

%proportionality between
substrate

%at the wavelength of the substrate

for b=[1:tr:r]
t=inp(b,i)+tO0;

[A 1] = symsol(kcc,kmcc,krc,cO,t);

Acalc= A+(cO - A- )*f2+I*f4;

ssd=ssd+(Acalc - inp(b,i+1))"2;
end
for b=[1:tr:r2]

t=inps( b,i)+t0;
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ssd=ssd+(lIcalc

end
=i+l
end
end

[A 1] = symsol(kcc,kmcc,krc,cO,t);
- A D*3;

Icalc= f1*I+(cO

- inps(b,i+1))"2;

Table 2.64H NMR monitoring of the formation of 11ca (DMSO-ds, 20 °C, evolution of DABCO followed;
experimental procedure see Products section).

16000

[HOBuU] = 6.53 x 10?mol L 0.030 - e ==
t/s [DABCO]/mol L //'
0 6.75x 10 ° 00251 o
3.60x 1¢ 1.23x 10 2 <
1 02)( 103 l 80)( 10 2 % 0.020 + / Data: Datal_B
. . IS # Model: ExpDecl
2.10x 1C° 2.41x 10 ? 8 Chi"2 = 7.0798E-8
i 0 8 0.015 R"2 = 0.9993
288x 103 264)( 1q g . yo 0.03031 +0.00015
4.26x 10° 2.86x 10 2 = 0,010 Y lsossre  s43sezes
6.54x 10° 2.99x 10 2
1.22x 10¢ 3.04x 10 2 0.005 |
140x ld 304)( 10 2 T T T T T T T T 1
= - -2000 0 2000 4000 6000 8000 10000 12000 14000
ke(20°C) = 6.8 x 10 %S ! Us
The time at which the first spectrum wakdaequali= O s. Therefore

=0s.

[ DAB

The kinetics of the reaction &t with 4d were monitored by GC as outlinedthe General
Sectionwith concentrations ofllclo = 5.72 x 1& mol L't and Bd]o = 3.81 x 1¢ mol L.

Table 2.65. Experimental ([4d]*) and calculated ([4df?%) decrease of the timalependent concentrations
of 4d during the reaction of 1c with 4d (DMSO, 20C, GC-MS-methods).

t/s [4d]exp/m0| Lt [4d]calccym0| LTt D[4d]expcalcd
0 3.81x102 3.81x 10?2 0
60 2.32x10? 207x102 249x10°3
120 1.29x162 1.31x10°2 -1.23x 104
180 7.62x10°3 8.88 x 103 -1.26 x 103
240 4.91x10°3 6.30 x 103 -1.39x 103
300 3.90x10°3 459 %103 -6.92x104
360 2.86x10°3 341x10°% -553x104
420 217 x10°3 257 %103 -3.99x 104
480 1.97x103 1.95x10°3 2.01x10°
540 1.91x103 1.49x103 4.23x10%
600 1.56 x 103 1.15x103 416 x 104
660 1.54x103 8.84 x 104 6.55 x 10 *
720 1.42x103 6.84 x 10 4 7.37x104
780 1.31x103 531x104 7.78 x 104
840 1.29x103 531x104 7.61x104

k:(20°C) = 2.16 x 10 'L mol s*
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[4d]/mol L1

4.00E-02

3.00E-02 .

[ 4d] exp/ mol

——[4d] cal c/ mol

2.00E-02

1.00E-02

0.00E+00

-1.00E-02

—a— D[4d]exp-calc

0.00E+00

5.00E+02

1.00E+03
t/s
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Table 2.66. Experimental ([11caP® and calculated ([11ca}®®) increase of the timedependent
concentrations of 11ca during the reaction of 1c with 4d (DMSO, 20C, GC-MS-method).

/s [1lca]®¥mol L' ! [11ca]*™*Imol L' ! D[1lca]®Pcad

Table 2.67. Kinetics of the reaction of 1¢ with 5b (DMSO, 20C, Stoppedflow method, detection at 388 1m).

0 0 0 0
60 1.48 x 1072 1.73x10°? 248 x 103
120 2.51x10°? 2.49 x 10?2 1.24x104
180 3.04 x 102 2.91x10°? 1.26 x10°3
240 3.31x10°2 3.17 x 1072 1.40 x 103
300 3.41 x 10?2 3.34 x 102 6.93 x 104
360 3.51 x 10?2 3.46 x 10 2 5.54 x 10 4
420 3.58 x 102 3.54 x 102 4.00x104
480 3.60 x D' 2 3.61 x 10?2 -1.95 x 165
540 3.61 x 10?2 3.65 x 10 2 -4.22 x 104
600 3.64 x 102 3.69 x 102 -4.15x 104
660 3.65 x 102 3.71x 10?2 -6.55 x 10 4
720 3.66 x 102 3.73x 10?2 -7.37 x 104
780 3.67 x 102 3.75x 102 777 x 104
840 3.67 x 102 3.75x 102 -7.61x 104
k2(20°C) = 2.16 x 10 'L mol* s?

4.00E-02

3.50E-02 |

3.00-02 ¢ [11cd]exp/ mol
. 2.50E-02
%Z.OOE-OZf ——([11lcd] cal c/ mol
% 1.50E-02 |
= —— D[11cd]exp-calc

1.00E-02

5.00E-03

0.00E+00

-5.00E-03 : : ‘

0.00E+00

2.00E+02 4.00E+02

No.

[5b}/mol Lt [1c)/mol L

Kobdst

da62s91
da62s92
da62s93
da62s%4
da62s9%5

1.00x 10°
1.00x 10°
1.00x 10°
1.00x 10°
1.00x 10°

2.00x 10*
3.00x 10*
4.00x 10*
5.00x 10*
6.00x 10*

2.63x 10
5.59x 10t
7.09% 10t
1.00x 17
1.15x 17

Kops/S™t

kx(20°C) =222 x 1 L mol* st

t/s

1.40E+02

7.00E+01

0.00E+00

6.00E+02

8.00E+02

y = 221500x - 14.98
R2=0.9874

0.00E+00
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Table 2.68. 'TH NMR monitoring of kinetics of the formation of 12ca (DMSQds, 20°C, evolution of DABCO

followed; experimental procedure see ProductSection.

[HO'Bu] = 1.09 x 1¢t mol L?
/s  [DABCOJ/mol Lt
0 1.19 x 16
3.00 x1G 3.8 x 108
7.20 x1G 4.86 x 1¢°
1.92 x16 9.17x 108
3.42 x1G 1.16x 102
5.58 x1G 1.24x 102
8.76 x16 1.24x 102

ki(20°C) = 6.52 x 16 s

t/s
The time at which the first spectrum wakda equal$ = 0s .

t=0s.

0.014

0.012

0.010

0.008 -

0.006 -

[DABCO}/mol L

0.004

0.002

Data: Datal_B
Model: ExpDecl

Chin2 = 9.2813E-8
R"2 = 0.99663

yo 0.01263
Al -0.01193
1/k1 1534.63413

+0.00025
+0.00043
+149.72743

T T
[0} 2000

T
4000

T T
6000 8000

1
10000

Therefore

Table 2.69. Kinetics of the reaction of 1c with 6 (DMSO, 20C, J&M method, detection at 325nm).

No.  [6]/mol L [1c)/mol L

Kobdst

da62j21 3.60x 10°
da62j22 3.71x 10°
da62j23 3.64x 10°
da62j25 3.67x 10°

3.75x% 104
5.64x 10*
7.29% 10*
1.12x 10*

7.30% 10°
1.18x 102
1.77x 10?
3.03x 10?

k2(20°C) = 309x 10' L mol? s

4.00E-02

3.00E-02
@ 2.00E-02
< 1 00E-02

y =30.912x - 0.0044
R2=0.999

0.00E+00
0.00E+00

2.7.4.4 Kinetics of the Reactions of Ylide 1d

4.OOE[1%41/m0| I_,18.OOE—04

General note: If not mentionedherwiseldH*OTf' was used as precursor salt.

2.00E403

1.60E+03 |-
- DABCO?Y_ _COMe
§ 1.20E+03 | ~
5 1d
£
= 8.00E+02 |
T

4.00E+02

0.00E+00

250 300 350 400 450 500
/ Inm

Figure 2.24. Absorption spectrum of 1d ¢ max = 260nm).
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Table 2.70. Determination of the nucleophilicity parametersN and sy for 1d with the electrophiles 2,3 (filled
dots). Open dots refer to the reactions withb,6 and werenot used for the detemination of N and s.

Electrophile E  logk:

) B 5 | log k, = 0.5356 E + 9.7552
2b-BFe  -876 5.15 * Re= 09921
2cBFs  -9.45 457 o |
3a  -12.18 3.32 <
3b  -13.39 254 21t o
50  -11.32 3.95 .
B¢ -14.68 0.53 18 .16 -14 -12 10 8
6 -17.32 -0.77 E

Nucleophilicity parameters fdrd in DMSO: N = 18.21, sy = 0.54.

Table 2.71. Kinetics of the reaction of 1d with 2bBF4 (DMSO, 20 °C, Stoppedflow method, detection at
627nm).

No. [2b-BF4)/mol L't [1d]/mol Lt KobdSt 160
dal68s4l 4.00 x 1 4.00 x 100 7.19x10 120

y = 140835x + 15.04
R2 =0.9855

dal68s4  4.00 x 160 500x 10" 875x10 & &
dal68s43  4.00 x 160 8.00x 100 1.21x16 < 40
0 1 |
dal68s#  4.00 x 160 1.00x 16 1.60 x 16 0.00E+00 5 OOE.04 L 00E.03
k2(20°C) =141 x 1¢° L molts? [1d}/mol L

Table 2.72. Kinetics of the reaction of 1d with 2eBF4 (DMSO, 20 °C, Stoppedflow method, detection at
635nm).

No.  [2¢-BF4/mol L [1d/mol L Kopdst 80 | = 36850 + 13.775
dal68s47  4.00x 1  6.00x 10" 345x10 - 60 R? = 0.9893
dal68s4l 4.00x 1P  8.00 x 10 4.52 x 10 ;n 40
dal68s43 4.00x 1P  1.20x 1% 5.77 x 10 20

dal68s4 4.00 x 1@ 1.40 x10° 6.51 x 10 0
0.00E+00 4.00E-04 8.00E-04 1.20E-03 1.60E-03
k2(20°C) = 3.69 x 10 L mol*s? [1d}/mol L1

Table 2.73. Kinetics of the reaction of 1d with 3a (DMSO, 20C, Stoppedflow method, detection at 422xm).

No. [3a)/mol L [KOBu}/mol L't [1dH*OTf'}/mol L kopds?

10
dal68s2r2l 4.00 x 16 4.20 x 1¢¢ 8.00 x 1¢* 6.23
dal68s2r2 4.00x 1  8.40 x 10 1.60 x 16° 668 25
dal168s2rB 4.00 x 16 1.26 x 16° 2.40 x 16¢° 7.92 N3 y =2080.3x + 5.2023
R2=0.9844
da168s2r5 4.00 x 160 2.10 x 1 4.00 x 1¢¢ 9.59 0
0.00E+00 1.25E-03 2.50E-03
k2(20°C) = 2.08 x 16L mol!s? [1d)/mol Lt
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Table 2.74. Kinetics of the reaction of 1d with 3b (DMSO, 20C, Stoppedflow method, detection at 533m).

No.  [3b)/mol Lt [KO'Bul/mol Lt [1dH*CI'J/mol L kopdS™ 3.00
dal68sldl 4.00 x 168  4.20 x 10* 8.00 x 1¢* 1.67 -
dal68s12 4.00 x 166 8.40 x 1¢¢ 1.60 x 16° 1.78 %150
dal68sk3 4.00 x 16 126x1C  240x1¢ 197 < y=345.20x + 1515
dal68sl4 4.00x 1  1.68 x 16° 3.20 x 16° 2.09 0.00 ‘
k2(20°C) = 3.45 x 18L mol* s? 000E+00 1) qymoi L 29%F03

Table 2.75. Kinetics of the formation of 9db (DMSO, 20°C, J&M method, detection at 533nm).

No. [3b]/M [1d]/M KobdS™ [1d]' IM* Kobs/S
da168j41 1.80 x 166 3.60 x 10* 217x 10° 2.78x 100 4.61x 10
da168j42 3.53 x 16° 7.06 x 16* 3.89x 10° 1.42x 160 257x 10
da168j43 3.98 x 16° 1.19 x 16% 6.68 x 10° 840x 1  1.50x 1¢?
da168j44 3.78 x 16° 1.51 x 16° 8.80% 103 6.61x 1  1.14x 10
dal68j45 3.82 x 16 1.91 x 16 1.09 x 1% 5.24% 10 9.17x 10

1/KAc=164x 10 ‘M s =>KA(20°C) =6.09L mol?!s?

500 y = 0.1641x + 10.42
R2 = 0.9969

0

2 250

4

O L L ]
0.00E+00  1.00E+03 2.00E+03  3.00E+03

[1d] /M

Table 2.76. Determination of the equilibrium constant of the reaction of 1d with 3b (DMSO, 20C, Stopped

flow method, detection at 5331m).

No. [3b)/mol LT [1d/mol Lt Ay Aed® (Adl Acg)/Acq 06 -
dal68sil 4.00 x 16f  4.00 x 16 0.998 0.924  0.080 y= 1;59?9; %}0021
dal68s? 4.00x16F 8.00x 10 1.004 0.895 0.122 '

dal68si3 4.00x 16 1.20x1C° 1.003 0.838  0.197 03 |

dal68s14 4.00x 16 1.60x1C° 1.002 0.818 0.225

dal6817 4.00x 16 2.80x1C° 0998 0.702  0.422 | |

dal68si8 4.00x 16 320x10° 0992 0.651 0524 O OE00 100505 320508
K(20°C) = 16 x 1CM' [1d}imol Lt

[a] The equilibrium absorbances have been determined from the corGtatitained by fitting the

monoexponential functioA = Aqg st + C to the timedependent absorbances.

Table 2.77. Kinetics of the reaction of 1d with5b (DMSO, 20°C, Stoppedflow method, detection at 388 1m).

30
No.  [5b)/mol L [1d)/mol L kopds?
dal68s® 2.00x10° 3.00x 10* 1.76x 10" 3
dal68s53 2.00x 105 4.00x 104 1.84x 10t £ y = 8800x + 14.89
dal68s& 2.00x 10° 5.00x 104 1.91x 10! 0 ‘ R =0.9852 ‘
dal68s% 2.00x 10° 6.00x 104 2.03x 10 0.00E+00 2.00E-04 4.00E-04 6.00E-04

1d])/mol L1
ke(20°C) = 880 % 10° L mol™ s? [idimo
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Table 2.78. Kinetics of the formation of 13da (DMSO, 20C, Stoppedflow method, detection at 388 1m).

No. [5b)/M [1d)/M KobdS™ [1d]' M Kobs™/s
dal68s522 2.00x 10° 3.00x 10* 255x 102  3.33x16  3.92x10
dal168s532 2.00x 10° 4.00x 10* 3.15x 102  250x16  3.17 x 10
dal168s542 2.00x 10° 5.00x 10* 3.89x 102  2.00x16  2.57 x 10
dal168s562 2.00x 10° 6.00x 10* 4.63x102  1.67x16  2.16x 10

1/KAc = 1.05 x 10 2M s =>KA(20°C) =9.52x 10' L mol? s?

50
y =0.0105x + 4.5404

R2 =0.993
K4
’-'g 25
xC)
0 L ]
0.00E+00 2.00E+03 4.00E+03
[1d]Y¥/molt L

Table 2.79. Determination of the equilibrium constant of the reaction of 1d withbb (DMSO, 20°C, Stopped-

flow method, detection at 388 m).

No. [5b]/mol L [1d])/mol L Ao Acd? (AdT Acd)lAcq
da168s5l 2.00% 108 2.00% 103 118  0.828 0.425
da168s53 2.00% 108 4.00x 10* 115  0.773 0.488
da168s54 2.00x 105 5.00x 10* 113 0.776 0.456
dal@s5100 2.00x 105 2.00x 103 1.03  0.596 0.728
da168s5110 2.00x 105 2.20x 103 1.04 0578 0.799
da168s5140 2.00x 105 2.80x 103 1.04  0.548 0.898

K(20°C)=2x 1PL mol' *
[a] The equilibrium absorbances have been determined from the corGtaiitained by fitting the

monoexponential functioA = Ajg ***st+ C to the timedependent absorbances.

1.0
< 05
< y = 179.92x + 0.3895
P R2 = 0.9906
~— 0.0 1 J
0.00E+00 1.60E-03 3.20E-03
[1d}/mol Lt

The large positive intercept shows the uncertainty of the melhiba: value$Agl Aecq)/Acq
obtained with the highest concentrationlefis divided ly [1€], one obtains an equilibrium

constant oK = 3 x 16.

Table 2.80. Kinetics of the reaction of 1d with 5¢ (DMSO, 20C, J&M method, detection at 523nm).
-1 -1 1
No. [5¢/mol L™ [1d}/mol L™ kondS 1 00E-02

dal68j212 3.61 x 16° 7.23 x 16* 5.28 x 10° y=3.é3§96< £;9%0028
da168j21 3.72x 10 9.30 x 10* 5.89 x 1¢® /
dal68j222 3.71x 16 1.11 x 16° 6.67 x 16¢ & 500E03

dal68j242 3.44 x 16 1.38 x 16° 7.38 x 16
dal68j25 3.72x 16 1.67 x 16 854x 10°  0.00E+00 ‘
KA«(20°C) = 3.41 L mof' s? 0.00E+00 5.008-04 £

kobs

1.50E-03 2.00E-03

E-
(g
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Table 2.81. Kinetics of the reaction of 1e and 3¢ (DMSO, 26C, *H NMR method, evolution of DABCO and

consumption of 3c followed)For the experimental procedure Products Sectio.

[KO'Bu] = 5.08 x 102M [1d]°=5.36x 10 M [6]°=4.96x 10 2M
t/s [DABCO]/M [1d]/M [6]/M [6]' IMT 1
0 3.05x 10 3 5.06x 10 2 466x10 2 215x 10
6.60x 10 3.18x 10 3 5.04x 10 2 464x10 2  215x 10
1.20% 10° 3.30% 10 3 5.03x 10 2 463x10 2 216x 10
3.96x 10° 3.85% 103 4.97x 10 2 457x10 2  219x 10

KAc=9.6x 10°M'" is' 1

25
—e
20
—. 15 y = 9.56E-05x + 2.15E+01
== R2 = 1.00E+00
=10
5
O 1 J
0 2000 4000

t/s

The time at which the first spectrum wakdaequals= O s. Ther ef ore [ DAE
t=0s.

2.7.4.5 Kinetics of the Reactions of Ylide le

5.00E+03

4.00E+03
DABCOY__COPh

3.00E+03 1e

2.00E+03

elL mol* cm™

1.00E+03

0.00E+00

250 300 350 400 450 500

/ Inm

Figure 2.25. Absorption spectrum of 1€ {max= 257, 310 nm).
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Table 2.82. Determination of the nucleophilicity parametersN and sx for 1e with the electrophiles 2,3filled

dots). Open dots refer to the reactions withd 1 @nd were not used for the determination ofN and sv.

Electrophile E log ko 6.00 -

2c-BF4 -9.45 521

2d-BF2  -10.04 5.12 4.00 ¢
3a -12.18 3.58 200 |
3b -13.39  2.56 g
3¢ 1583 272 0.00 o log k, :ng'igégsEa; 11.909
4a -17.67 -3.36 -2.00
5b 1132 4.08 o LOO © | | |
5c -14.68 -0.56 -18 -16 -14 £ -12 -10
6 -17.33  -3.25

Nucleophilicity parameters fdrein DMSO: N = 17.22,sy = 0.69.

Table 2.83. Kinetics of the reaction of 1e with 2eBF4 (DMSO, 20 °C, Stoppedflow method, detection at
635nm; from ref. [38]).

No. [2c-BFs)/mol Lt [1€)/mol L Kobds™ 200
da72sil  4.00x 16  400x10F 670x18 _ e
da72s2  4.00 x 16° 6.00x 100 8.80x 10 4100
da72s13  4.00 x 16° 8.00x 1¢¢ 1.31x16 |
da72si4  4.00 x 16° 1.00 x 166 1.61 x 18 0.00E+00 5 00E-04
kx(20°C) = 1.3 x 10 L molts? [1e]/mol L

1.00E-03

Table 2.84. Kinetics of the reaction of 1e with 2eBF4 (DMSO, 20 °C, Stoppedflow method, detection at
630nm; from ref. [38]).

No. [2d-BF4]/mol L't [1€)/mol L™ KobdSt 160
da72s21 8.00 x10° 400x10' 410x10 g0 | Y~ 213%9;58%0-56
da72s22 8.00 x 1¢P 6.00x10° 6.98x10 & o
da72s23 8.00 x 1¢P 8.00x 10" 9.38x16 40
da72s24 8.00 x 1¢P 1.00 x 16 1.23 x 16 . | | |

da72s25 8.00 x 16 120x106° 146 x 16 0.00E+00 4.00E-04 8.00E-04  1.20E-03
k2(20°C) = 1.32 x 18L mol*s? [1e]/mol L

Table 2.85. Kinetics of the reaction of 1e with 3a (DMSO, 20C, Stoppedflow method, detection at 422m;
from ref. [38)]).

No. [3a/mol LY [1é/mol Lt  KkondS? 20.0
da72s41 2.00x 16 8.00 x 1¢¢ 3.96

y = 3820x + 0.908

da72s43 2.00 x10° 2.40x1C¢ 1.04 x10 Ewl0.0
da72s44 2.00x106F 3.20x1C¢ 1.25x10 .
0.0 L ]
da72s45 2.00x106° 4.00x1¢ 1.65x10 0.00E+00 2.00E-03 4.00E-03
kx(20°C) = 3.82 x 16L mol* st [1e}/mol L
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Table 2.86. Kinetics of the reaction of 1e with 8 (DMSO, 20°C, Stoppedflow method, detection at 533m).

No. [3b)/mol L [1g/mol Lt kopdS? 4.00 r
y = 359.82x + 1.9711
da72s3r1  2.00x 16 4.00 x 10  2.13 R2 = 0.9904
da72s3r2 2.00x16° 8.00x 10" 2.24 3.00 -
da72s313 2.00 x 166  1.20 x 1 2.40 P
da72s3 2.00x 16 1.60x16 25 G 29
da72s3t5 2.00x16®¢ 2.00x1C¢ 2.64
1.00 -
da72s36  2.00 x 16 2.40 x 16° 2.81
da72s3f7 2.00 x 16° 2.80 x 16° 3.03 0.00 ‘ ‘ ‘ ‘
da72s318 2.00 x 16 3.20 x 1% 311 0.00E+00 8.00E-04 1.60E-03 2.40E-03 3.20E-03
-1
k:(20°C) = 3.60 x 16L mol st [1e}/mol L

Table 2.87. Kinetics of the formation of 9eb (DMSO, 2C°C, J&M method, detection at 533nm).

No [3b)/M [1€/M KobdsS! [1g" " 1 Kobs 7s
da72j61 1.80x% 10° 9.01x 10* 1.76% 103 1.11x16  5.68 x 16
da72j62 1.82x 10° 1.38x 103 2.47x 103 725x 1% 405 x 16
da72j63 1.81x 10° 1.81x 103 2.96x% 103 552x 1?  3.38x 16
da72j64 1.80x 10° 2.26x 103 3.40x% 103 442x16  2.94x16
da72j65 1.79x 10° 2.69% 103 3.74x 103 3.71x16  2.67x16

1/KAc = 4.08 x 10 'M s =>KA((20°C) = 2.45L mol* s*

1ke=1.14 x 16 M s =>k(20°C) =8.79 x 10 3s*

K(20°C) = 2.79 x 16 L mol:

600 -
0

& 300 |

y =0.4077x + 113.78
R? = 0.9997
O L ]
0.00E+00 6.00E+02 1.20E+03
[le] YML
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Table 2.88. Determination of the equilibrium constant of the reaction of 1e with 3b (DMSO, 20C, Stopped

flow method, detection at 533 1m).

No. [3b]/mol L [16l¢/mol Lt Ao Acq (Ad AcgfAcq
da72s34 2.00 x 16° 1.60 x 16° 0.885 0.693 0.277
da72s315 2.00 x 16° 2.00 x 16° 0.874  0.622 0.405
da72s316 2.00 x 16° 2.40 x 16° 0.866 0.571 0.517
da72s3¢7 2.00 x 16° 2.80 x 16° 0861 0.514 0.673
da72s318 2.00 x 169 3.20 x 16° 0.861  0.496 0.736

K(20°C) = 3.0 x 16 M' 1
08 ¢
y =296.42x - 0.1898
R2=0.9881
;-:\U 04 F
<I0)
<
0.0 - -
0.00E+00 1.60E-03 3.20E-03

[1e}/mol Lt

The negative intercept of the correlation skdwe uncertainty of the method.

Table 2.89. Kinetics of the reaction of 1e and 3¢ (DMSO, 2%C, 'H NMR method, evolution of DABCO and

consumption of 3c followed)For the experimental procedure ProductsSection.

[1€0=5.00 x 10 M [3c]o=4.98 x 10 M
t/s equiv.DABCO [1g/M [3c]/M [3c' MT !
0 0.217 3.92x10°? 3.90 x 1072 2.56 x 10
3.60x 1C¢ 0.349 3.25x107? 3.24x107? 3.09 x 10
7.20%x 17 0.479 2.60 x 1072 2.59 x 1072 3.86 x 10
9.00 x 16 0.52 240 x 1072 2.39x107? 419 x 10
1.02x 16 0.538 2.31x10°2 230 x D' 2 4.35x 10

Kkc=1.9x10M'" 15 1

< 30
20 t y = 0.00191x + 21.2
R2 = 0.991
10 t
0 1 1 ]
0 500 1000 1500

t/s

The ratio of thesignals of CDHCI> (residual in CRCl2) and of DABCO was used to
determine the decrease of the concentration of the reactantdet®¢] [= [1€3clo T
[1€/3c]x(equiv. DABCO) The time at whichhe first spectrum was kan equalg = O s.
Therefore [DABIGO] | 0 M at
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Table 2.90. Kinetics of the reaction of 1e and 4a (DMSO, 26C, *H NMR method, evolution of DABCO

followed; experimental procedure see Product$ection).

[HOBu] = 5.05 x 102M [160 = 6.49 x 10 M [4a]o=6.24 x 10 M

t/s [DABCO/M [1d/M [4a]/M [4a]" IMT 1

0 6.73x 10 4 6.42x 10 2 6.17x10 2 1.62 x 10
3.60% 10 1.56x 10 3 6.33x 10 2 6.08x 10 2 1.64 x 10
7.80x 10° 257x 10 3 6.23x 10 2 5.98x10 2 1.67 x 16
1.14x 10° 3.07x 10 3 6.18x 10 2 5.93x 10 2 1.69 x 10
2.16x 10° 4.71x 10 3 6.02x 10 2 577x10 2 1.73x 16
4.74% 10° 8.42x 10 3 5.65x 10 2 5.40x 10 2 1.85 x 10
1.01x 10" 1.41x 10 2 5.08x 102 4.83x10 2 2.07 x 16
1.26x 10" 1.65x 10 2 4.84x 10 2 459x10 2  2.18x 10

KKkc=44x10 “M" s 1

25 r
20 “M/.M
S15 ¢
'§ 10 y = 4.37E-04x + 1.63E+01
- R2 =9.99E-01
5 L
O 1 1 ]
0.00E+00 5.00E+03 1.00E+04 1.50E+04
t/s
The time at which the first spectrum wakdaequali= O s. Therefore

=0s.

Table 2.91. Kinetics of the reaction of 1e withbb (DMSO, 20°C, Stoppedflow method, detection at 388 1m).

No. [5b)/mol Lt [1€)/mol L KobdS? 300
da72s52 2.00 x 1@ 3.00 x 1¢ 1.79x 10
da72s53 2.00 x 1@ 4.00 x 10¢ 1.90x 10
da72s%4 2.00 x 1@ 5.00 x 1¢ 2.05x 10

15.0

Kops/S™t

y =12000x + 14.3

Rz =0.9917
da72s55 2.00x16°  6.00x10¢  2.14x 10 0.0 ‘

k2(20 oC) =1.20 x 16L molts? 0.00E+00 [1e]/mol L1 5.00E-04
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Table 2.92. Kinetics of the formation of 13ea(DMSO, 20°C, Stoppedflow method, detecion at 388nm).

No [5b)/M [1e/M KobdS® [1g "Mt Kopd /s
da72s522 2.00 x 1¢° 3.00 x 16 1.02 x 102 3.33x 1C? 9.80x 10"
da72s532 2.00 x 1¢° 4.00 x 10¢ 1.33 x 102 2.50x 10 7.52x 10+
da72s542 2.00 x 1¢° 5.00 x 16* 1.57 x 1 2.00x 103 6.37x 10t
da72s552 2.00 x 1¢° 6.00 x 10 1.91 x 1(? 1.67x 10° 5.24x 10t

da72s51002 2.00x 105 2.00x103 6.94 x 10 5.00x 1% 1.44x 10+

/KA = 2.94 x 10 "M s =>KA(20°C) = 340x 10' L mol?* s?

120 y = 0.0294x + 1.8399
R2 = 0.9949
T 60
N
O L J
0.00E+00 2.00E+03 4.00E+03
[le] YML

Table 2.93. Determination of the equilibrium constant of the reaction of &with 5b (DMSO, 20°C, Stopped
flow method, detection at 388 1m).

No. [5b)/M [1gd/M Ao Aed? (Ad Acd/Acq
da72s51 2.00 x 166 2.00x 104 111 0866 0.305
da72s52 2.00 x 166 3.00 x 10 1.11  0.848 0.309
da72s53 2.00 x 166 4.00 x 10 1.11  0.798 0.391

da72s5100 2.00 x 16° 2.00x 103 1.11  0.653 0.700

da72s5110 2.00 x 16° 2.20x 103 1.11  0.634 0.751

da72s5120 2.00 x 16° 240 %103 1.11  0.624 0.779

da72s5130 2.00 x 1¢° 2.60 x 103 1.11  0.592 0.875

K(20°C)=2x 1PM' *
[a] The equilibrium absorbances have been determined from the cor@tastitained by fitting the

monoexponential functioA = Age' st + C to the timedependent absorbass

10 ¢
gﬂ)
<ICD
£05 |

y =222.78x + 0.2656
R2 =0.9904
0.0 1 1 ]
0.00E+00  1.00E-03 2.00E-03 3.00E-03
[1e])/mol L1

If the value$Aol Aeq)/Aeq Obtained with the highest concentrationlefis divided by [Leg,
one obtains an equilibrium constantkof= 3 x 1¢. The time at which the first spectrum was
takenequalt= O s. Thereforte0f.DABCO] i 0 M at
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Table 2.94. Kinetics of the reaction of 1e with 5¢ (DMSO, 20C, J&M method, detection at 523m).

No. [5¢/mol L [1€/mol Lt KopdS?t 4.00E-04
da72j51 1.88x 10° 1.88x10* 1.65x 10*
da72j52 1.85x 10° 3.71x10* 2.13x 10%
da72j53 1.85x 10° 5.55x 10* 2.51x 10*

2.00E-04

Kops/St

y = 0.2746x + 0.0001

da72j54 1.84x 10° 7.37x10* 3.25x 10% 0.00E+00 R2=10.988
.00E+ \ ‘
da72j55 1.83x 10° 9.15x 10* 3.59x 10* 0.00E+00 5 00E-04 1 00E-03
KA(20°C) = 2.75 x 16 L mol* s? [1e]/mol Lt

Table 2.95. Kinetics of the reaction of 1e and 6 (DMSO, 20C, *H NMR method, evolution of DABCO

followed; experimental procedure see ProductSection).

[HOBu] = 5.08 x10 2M [1€lo=5.08 x 10 M [6]o=4.84 x 10 2M
t/s [DABCO]/M [16/M [6)/M [1e]' IMT 1
0 3.43x 10 3 4.74% 10 ? 450x10 2 2.22x10
6.60x 12 4.28x 10 3 4.65x 10 2 441x10 2 227 x10
1.26x 10° 4.91x 10 3 4.59x 10 2 435x102 2.30x10
4.56x% 10° 8.13x 10 3 4.27%x 10 ? 4.03x10 2 2.48x10
KA (20°C) = 5.64 x 10*M" s’ 1
The time at which the first spectrum wakda equals= 0 s . Thereforte
=0s.
30 r
25 —o
. 20 .———Q——k
§ 15 | y = 5.64E-04x + 2.23E+01
S0 | R2 = 1.00E+00
5 L
0 . . . . .

0.00E+00 1.00E+03 2.00E+03 3.00E+03 4.00E+03 5.00E+03
t/s

2.7.4.6 Kinetics of the Reactions of Ylide 1f

Table 2.96. Determination of the nucleophilicity parametersN and sv for 1f with the electrophiles 2,3.

Electrophile E log ka 5.00
2d-BFs  -10.04 5.40 4.00 log k; = 05025 £ + 10.579
3b -13.39  3.98 < 3,00
3c -15.83 281 2 200 DABCOY_CO,fBu
3d -16.11  2.55 1.00 ”
3e -17.29  1.83 0.00 ‘ ‘ ‘ :
-20 -18 -16 -14 -12

3f -17.90  1.40 E

Nucleophilicity parameters fdif in DMSO: N = 2105, sy = 0.50.
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Table 2.97. Kinetics of the reaction of 1f with 2dBF4 (DMSO, 20 °C, Stoppedflow method, detection at
630nm).

No. [2d-BF4/mol L't [1f)/mol L Kepds™ 75.0
da54s6l 1.00 x 166  1.00 x 16* 3.79 x 10
da54s62 1.00x 166  1.10 x 10* 3.96 x 10
da54s63 1.00x 16 1.20 x 10" 4.26 x 10
da54s64 1.00 x 166 1.30 x 10* 453 x 10+ 0.0

0.00E+00 5.00E-05 1.00E-04 1.50E-04
kx(20°C) =252 x 1P L molts? [1f)/mol L

y =252000x + 12.37
R2? =0.9882

50.0

1

25.0

Kops/S

Table 2.98. Kinetics of the reaction of 1f with 3b (DMSO, 20°C, Stoppedflow method, detection at 533 im;
from ref. [38]).

No. [3b)/mol Lt [1fl/mol LY KopdS? 6.00
da54s5l 2.00 x 16 2.00 x 10¢  1.46
da54s52 2.00x 166 3.00x16" 2.07
da54s53 2.00x 16  4.00 x 1¢¢  3.05
da54s54 2.00x 1 5.00 x 16¢  4.06
da54s55 2.00x 16 6.00x1¢ 522 2%

0.00E+00 2.00E-04 4.00E-04 6.00E-04
k2(20°C) = 9.51 x 18 L mol? s? [1f}/mol L

4.00 y =9510x - 0.632
R2=0.9892

Table 2.99. Kinetics of the reaction of 1f wih 3c (DMSO, 20°C, Stoppedflow method, detection at 371m;
from ref. [38]).

No.  [3d/mol L' [iff/molL™*  konds® 140 640.20x - 0.2844
daS4sil 4.00x 16 8.00 x 10* 1.91x 10" R?=0.9918
da54si2  4.00x 16 1.20x16 535x10 % %7
da54s13 4.00x 16 1.60x16 7.82x10 000

das4sis 4.00 x 16 240x10° 1.25 0.00E+00 1.00E-03 2.00E-03 3.00E-03
k2(20°C) =6.49x 1(* L molts? [1f)/mol L2

Table 2.100. Kinetics of the reaction of 1f with 3d (DMSO, 20C, Stoppedflow method, detection at 3931m;
from ref. [39]).

No. [3d])/mol L'*  [1f]/mol L Kobdst 1.00
da54s21  4.00 x 160 8.00 x 1 2.39x 10?
da54s22 4.00x16F 1.20x16¢ 3.83x 10!

y = 380.75x - 0.0716
R2=0.9967

HQU, 0.50
da54s23  4.00x 16 1.60x 16 540x 10t
dab4s24 4.00x 16 2.00x10¢° 6.68x 10! 0.00 ‘ ‘ ‘
dab4s2s 4.00x 16 2.40x10° 8.58x10% 0.00E+00 6.00E-04 1.20E-03 1.80E-03 2.40E-03
ke(20°C) = 381x 1L mol* s* [fYmol L*
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Table 2.101 Kinetics of the reaction of 1f with 3e (DMSO, 20C, Stoppedflow method, detection at 486 m,;
from ref. [3§]).

No. [3d/mol Lt [1f]/mol L™ Kobds 2.00E-01
da54s3l 4.00x 1 120 x 16 6.68 x 1¢? 1.50E-01 y=0797ox 90129
dab4s®  4.00x16 1.60x16 9.65x1F Ty om0l
da54s33 4.00x1¢° 2.00x1C¢ 1.24x10¢ e 0oE.02
dab4s34 4.00x 16 240x16¢ 1.54x10

0.00E+00 : : ‘
da54s35  4.00x10 2.80x10 1.74x10 0.00E+00  1.00E-03  2.00E-03  3.00E-03
k2(20°C) = 6.80 x 16L mol?! s? [1f]/mol L

Table 2.102 Kinetics of the reaction of 1f with 3f (DMSO, 20°C, Stoppedflow method, detection at 527m;
from ref. [39]).

No. [3fl/mol LT [1f)/mol L? Kobds*

1.50E-01
dab4s4l 2.00x 16 1.60x1¢ 4.40x1C y = 24.85x + 0.0078
2 =
daS4s42 2.00x 16 2.40x16¢ 7.32x102 3 VOOFO! Re=0.9873
da54s43 2.00x 1 320x 16 855x1®  Fcoopop
da54s44 2.00x16° 4.00x 16 1.08 x 1
da54s45 2.00x16° 4.80x16¢ 1.26 x 1@ 0.00E+00 ‘ ‘
0.00E+00 2.50E-03 5.00E-03
k2(20°C) =249 x 10t L molts? [1f)/mol Lt

2.7.4.7 Kinetics of the Reactons of Ylide 1g

Table 2.103 Determination of the nucleophilicity parametersN and sy for 1g with the electrophiles 2,3 (filled
dots). Open dotrefersto the reaction with 4d and wasnot used for the determhation of N and su.

Electrophile  E l0g Yo 7.00 log k, = 0.5941 E + 11.897
2d-BFs  -10.04 5.8 e e e
3a -12.18  4.83 300
3b -13.39  3.80 300
3c -15.83 2.54 100
4d -21.11 -0.66 100 O . ‘ ‘ ‘ 1g ‘
Nucleophilicity parameters fdrg -22 -20 18 £16 14 12 -10

in DMSON = 2014, sy = 0.50.

Table 2.104 Kinetics of the reaction of 1g with 2eBF4 (DMSO, 20 °C, Stoppedflow method, detection at

630nm).

No. [2d-BF4)/mol LT [1g)/mol L KobdSt
da78s41 5.00 x 1¢# 1.00 x 1¢* 337x 10
da78s42 5.00 x 1¢# 1.10 x 1¢* 395x 10
da78s43 5.00 x 1¢# 1.20 x 10% 469x 10
da78s44 5.00 x 1¢# 1.30 x 1¢* 5.46x 10
da78s45 5.00 x 1¢# 1.40 x 1¢* 6.27 x 10

kx(20°C) = 731 x 10F L mol* s*
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Table 2.105 Kinetics of the reaction of 1g with 3a (DMSO, 20C, Stoppedflow method, detection at 422im;
from ref. [3§]).

No. [3a/mol Lt [1g/mol Lt Kobds® 160
da78sil 4.00x1¢ 4.00 x 16* 2.52 x 10 120
da78s12 4.00x1¢ 8.00x10* 5.51x10
da78s13 4.00x1¢ 1.20x10¢° 8.33x10
da78si4 4.00xD° 1.60x10° 1.11x16 ‘ ‘
da78s15 4.00 x 16° 2.00 x 16° 1.34 x 16 0.00E+00 5.00E-04 1.00E-03 1.50

k2(20°C) = 6.84 x 16L molts? [1g}/mol L*

y = 68375x - 0.33
Rz =0.9979

E-03 2.00E-03

Table 2.106. Kinetics of the reaction of 1g with 3b (DMSO, 20C, Stoppedflow method, detection at33nm;
from ref. [39]).

No. [3b)/mol LT [1gl/mol LT KobdS™ 16.0
da78s2l 4.00x16°  4.00x10*  2.07 Y oAt
da78s2 4.00x 1  8.00 x 1¢ 4.34 % 80
da78s23 4.00x16 120x1G  6.77 R
da78s24  4.00 x 1¢P 1.60 x 1&¢° 9.41 0.0 ‘ ‘
da78s25  4.00 x 1¢P 2.00 x1¢¢ 1.22 x 106 OI.OOE+OO 1.00E-03 2.00E-03
k2(20°C) =633 x 1L molt st [1g]/mol L

Table 2.107. Kinetics of the reaction of 1g with 3c (DMSO, 20C, Stoppedflow method, detection at 37 hm;
from ref. [39]).

No. [3c/mol LT [1gl/mol Lt KopdsSt 1.20
da7881 8.00x16 8.00x 10" 1.69 x 10 v =348.6x- 00874
da7882 800x16F 1.60x16F 4.95x10 B '
da788-3 800x 16 240x16 7.74x100 040
da788-4 8.00x 16 3.20x16 9.84 x 10
da7885 8.00x 16 3.50 x 16° 1.15 0.00

0.00E+00 1.00E-03 2.00E-03 3.00E-03 4.00E-03
k2(20°C) = 3.49 x 16L mol* s? [1g]/mol L1
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The kinetics of the reaction dfg with 4d were monitored by GC as outlined onthe
General Sectiowith concentrations ofljg]o = 5.72 x 1& mol L'* and Bd]o = 3.81 x 1& mol
L. The deviations between the experimental and calculated doatems are a result of the

uncertainty of the method.

Table 2.108 Experimental ([4d]®®) and calculated ([4d}°Y) decrease of the timalependent concentrations
of 4d during the reaction of 1g with 4d (DM3), 20°C, GC-method).

t/s [4d]e><p/m0| [ [4d]calc/ mol L' 1 D[4d]e><pcalcd
0 3.80 x 1072 3.80 x 102 0
60 3.04 x 1072 2.06 x 102 974 x10°3
120 1.40 x 10?2 1.30 x10? 1.01x10°3
180 420x10°3 8.84 %103 T4.6431 1
240 1.05x 103 6.27 x 10 3 i5.2237 1
300 1.07 x 103 4.56 x 103 13.50°%1 1
360 6.29 x 10 * 3.39x103 T2.76317 1
kx(20°C) =22 x 10 L molts?
5.00E-02
¢ [4d] exp/ mo
o [4d] cal c/
':O' 3.00E-02 ® .+ Dldjexp-calcd
£
;3 1.00E-02
-1.00E-02 :
0.00E+00 2.0t(/)E+02 4.00E+02
s

Table 2.109 Experimental ([11gdF*®) and calculated ([11gd{) increase of the timedependent
concentrationsof 11gd during the reaction of 1h with 4d (DMSO, 20C, GC-method).

tls [11gd]®®mol L' * [11gd]°@Y mol L' * D[11gdexPealcd
0 0 0 0
60 7.62x10°3 1.76 x 1072 T1.00217 1
120 2.40 x 1072 252 %1072 T1.2731 1
180 3.38x107? 2.94 x 1072 4.41 x10 3
240 3.70x 1072 3.19x107? 5.02x10°3
300 3.69 x 1072 3.36 x 102 3.33x10°3
360 3.74 x107? 3.48x107? 2.62x10°3
kx(20°C) = 2.2 x 10 'L molt s?
¢ [llgd]exp/mol L-1

«  7.00E-02 —[11gd]calc/mol L-1

:o' —a— D[11gd]exp-calc

S

;; 3.00E-02 > ¢

-

=

-1.00E-02 : ‘
0.00E+00 2.00E+02 4.00E+02
t/s
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2.7.4.8 Kinetics of the Reactions of Ylide 1h

Table 2.110 Determination of the nucleophilicity parametersN and ssf or 1h wi th t he

(filled dots). Open dot refers to the reactionwith 4d and wasnot used for the determination ofN and s.

Electrophile E log ko 6.00 °
2cBFs -9.45 5.84 500 - log k; = 05234 € + 11,025
2d-BFs -10.04 583 400 | :
3a  -12.18 4.85 o 300 |
3b -13.39  4.05 9
3¢  -15.83 2.83 - 200 MesN‘__CO,Et
3d -16.11 267 1.00 - "
3e -17.29 1.90 0.00 t
3f -17.90 1.64 100 O ‘ ‘ ‘ ‘ ‘ ‘
da -17.67 1.64 -22 -20 -18 -16 -14 -12 -10 -8
4d 2111 -070 E

Nucleophilicity parameters fdrh in DMSO: N = 21.3, sy = 0.52.

Table 2.111 Kinetics of the reaction of 1h with 2eBF4 (DMSO, 20 °C, Stoppedflow method, detection at
635nm).

No. [2¢c-BFs)/mol L [1h)/mol Lt kondS? 200

y = 687500x - 60.5

da96s22 2.00 x 1P 2.40% 10* 1.05 x 16 - R2 = 0.9886
da96s23 2.00 x 166  2.80x 10* 1.34 x 16 % 100
da96s24 2.00x 16f  3.20x 10* 1.54x16
4 O | |
da96s2s 2.00 x 166  3.60x 10* 1.90 x 16 0.00E+00 > 00E-04 4 OOE-04
k2(20°C) = 6.88 x 16L mol*s? [1h)/mol Lt

Table 2.112 Kinetics of the reaction of 1h with 2dBF4 (DMSO, 20°C, Stoppedflow method, detection at
630nm).

No. [2d-BFs)/mol L2 [1h)/mol L KobdS™ 80.0

da963-1  5.00x 10° 1.00%x 10* 445x 10" y = 677143x - 22.614
da96§-2 5.00x 10°  1.10x 10* 5.17x 10+ % 40.0 Re=0.9926
da963-3  5.00x 10° 1.20x 104 6.01x 10+ ~
- 6 4 0.0 L I )
da%g-5 5.00x 10 1.40x 10 7.15x 10 0.00E+00 5.00E-05 1.00E-04 1.50E-04
kx(20°C) =677 x 1P L molt st [1h]/mol L

Table 2.113 Kinetics of the reaction of 1h with 3a (DMSO, 20°C, Stoppedflow method, detection at
422nm).

No. [3a)/mol L [1hl/mol LY Kopds? 50.0

da96s6l 2.00 x 168 2.00 x 10* 1.28 x 16 y =71500x - 1.32
- R2 = 0.9996
da96s62 2.00 x 1 3.00 x 1¢* 2.02x 10 & P
da96s63 2.00 x 16 4.00 x 10* 2.74 x 16 <
da96se4 2.00 x 1¢ 5.00 x 10* 3.47 x 106
da96s65 2.00 x 16F 6.00 x 16* 4.13 x 10 0.0 ‘ ‘ ‘
0.00E+00 2.00E-04 4.00E-04 6.00E-04
k2(20°C) = 715 x 10* L mol? s? h}/mol L1
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Table 2.114 Kinetics of the reaction of 1h with 3b (DMSO, 20°C, Stoppedflow method, detection at
533nm).

No. [3bl/mol L't [1hl/mol L2 kobdS™ 12.0
da96si1 2.00 x16® 2.00 x 1 1.21
da96s12 2.00 x16® 4.00 x 10  4.27

y = 11200x - 0.806

»n 6.0
da96si3 2.00 x 1 6.00 x 100 540 3
da96si4 2.00 x 16 8.00 x 100  8.29 0.0 ‘ ‘
da96s15 2.00 x 1 1.00 x 16° 1.04 x 10 0.00E+00 5.00E-04 1.00E-03
k:(20°C) = 1.12 x 16L mol s? [Lh}/mol L*

Table 2.115 Kinetics of the reaction of 1h with 3c (DM®, 20 °C, Stoppedflow method, detection at
371nm).

No.  [3c/mol Lt [1h)/mol Lt  KobdS* 3.00
da96s31 4.00 x 166 8.00 x 1¢* 3.82 x 1¢
da96s32 4.00 x 16 1.60 x 16° 9.30 x 10

y =677x-0.1244
Rz =0.9932

Kops/S™

1.50
da96s33 4.00 x 16f 2.40 x 16° 1.58
da96s24 4.00 x 1 3.20 x 16® 2.11
0.00 L L L ]
da96s35 4.00x 1 4.00x 16  2.50 0.00E+00 1.00E-03 2.00E-03 3.00E-03 4.00E-03
k2(20°C) = 6.77 x 16 L mol? s? [1h]}/mol Lt

Table 2.116 Kinetics of the reaction of 1h with 3d (DMSO, 20°C, Stoppedflow method, detection at
393nm).

No. [3d]/mol Lt [1h[/mol L?  kondS? 0.50
da96s4l 2.00 x 16 4.00 x 10* 1.17 x 10 y = AT A% 90523
da96s43 2.00 x 16 8.00 x 10 3.53 x 10+ & 025
da96s44 2.00 x 16 1.00 x 16 4.23 x 10+
da96s45 2.00 x 16 1.20 x 16° 4.87 x 10 0.00 ‘ ‘ ‘ ‘
k(20°C) = 4.67x 17 L moltst 0.00E+00  3.00E-04 [fﬁ?/(fc}?f—l 9.00E-04  1.20E-03

Table 2.117. Kinetics of the reaction of 1h with 3e (DMSO, 20°C, Stoppedflow method, detection at
486nm).

No. [3€l/mol L'? [1hl/mol L2 Kobds™ 0.40
da96s511 2.00 x 16° 2.00 x 1¢* 1.85 x 10 030
da96s512 2.00 x 16F 2.40 x 10 2.17 x 10+ ¢
da96s513 2.00 x 160 2.80 x 16 2.47 x 10
da96s5# 2.00 x 160 3.20 x 168 2.92x 10! 0.10
da96s5# 2.00 x 160 3.60 x 16 3.08 x 10 0.00

0.00E+00 1.00E-03 2.00E-03 3.00E-03 4.00E-03
ko(20°C) = 8.03x% 10'L molt st [1h}/mol L

y = 80.25x + 0.0251
R? =0.986

/st

£0.20

K

136



2 The Wide Mechanistic Spgram of Ammonium Ylide Mediated Cyclopropanations

Table 2.118 Kinetics of the reaction of 1h with 3f (DMSO, 20°C, Stoppedflow method, detection at

521nm).
No. [3fl/mol LT [1h)/mol L* kobdS™ 6.00E-02 | = 43,662 - 0.0041
da96j:r3  3.95 x 1¢¢ 395x10" 123x10¢F R?=0.9971
dag6jll 4.24x 16  424x100 142x1¢ g *0F%
dag96jt4  4.06 x 16 6.09x 10" 240x1F <, 0e02
da96j1t5 4.06 x 16  1.02x 106  4.00 x 1
da96j12 4.16 x 16  1.25x 10  5.04 x 1 0.00E+00 | | ‘
P R 0.00E+00 5.00E-04 1.00E-03 1.50E-03
k2(20°C) =437 x 10t L molt s [1h)/mol Lt

The for the determination of the pseudo fostler rate constants of the reactioriLbfwith
4athe derease of the absorption 44 at 302 nm and the increases of the absorptiditOb&
at 263 and 446 nm were monitored by-W\\é spectroscopy.

Table 2.119, Kinetics of the reaction of 1h with 4a (DMSO, 20C, J&M method, detection at 302nm).

No. [4a)/mol LY [1h]/mol L Kobds* 6.00E-02
da96j21  4.12x 16  424x10" 1.75x 1% y =43 018x £ 2.0008
dag6j22  4.09x16  613x16° 280x1¢ & +00E02 '
da96j23  3.90x 1  7.80x 10" 365x1® %, 0c0p
dag6j24  4.05x 16  1.01x106  4.44 x 1¢
da96j25 4.10x 1  1.23x1° 538x 1  0.00E+00 ‘ ‘ ‘
ke(20°C) = 4.36% 10° L molt st 0.00E+00 5.OOE-[?}1]]/mldl(l)_(_)1E-O3 1.50E-03

Table 2.120. Kinetics of the reaction of 1h with 4a (DMSO, 20C, J&M method, detection at 263nm).

No. [4a/mol L't [1h]/mol L KobdSt 8.00E-02 J = 63.769x - 0.0048
da9621 4.12x10  4.24x10° 212 102 R% = 0.9994
dag6j22  4.09x16F  6.13x10' 345x1® .
da96j23 390x1¢  7.80x1¢" 453x1¢  § 0%
dag6j24 4.05x16F  1.01x16° 588x1® <
dag96j25 4.10x16F  1.23x16°  7.40 x 1@ 0.00E+00 ‘

ke(20°C) = 638 x 10' L mol* s 0-008+00 1.00E-03

[1h}/mol Lt

The deviation between the rate constant of the consumptidba (802 nm, see above) and

the formation ofLlOha (263 nm) may be caused by an absorption overlap

Table 2.121 Kinetics dof the reaction of 1h with 4a (DMSO, 20°C, J&M method, detection at 446nm).

No. [4a)/mol L't [1h)/mol Lt KobdSt 8.00E.02
da96j21  4.12 x 1¢° 424 x 100 1.95x 1@ y = 44.007x + 0.0031
da96j22  4.09x1¢  6.13x10° 3.05x1F % R#=0.9854
da96j23  3.90x 16  7.80x 10" 3.99x 1¢ £ 0F2
da96j24 4.05x 16  1.01x16¢ 4.81x 1
da96j25 4.10x16F  1.23x16 557 x1@®  0.00E+00 ‘ ‘ ‘

k2(20°C) = 440x 10' L mol* st

0.00E+00 5.00E-04 1.00E-03 1.50E-03
[1h]/mol I+
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Table 2.122 Kinetics of the formation of 11ha (DMSO, 20C, J&M method, detection at 270nm).

No. [4a)/mol Lt [1h])/mol L™ Kobds™
da96j32 4.22 x 10 6.33 x 16 9.10 x 1¢¢
da96j33 4.02x1¢ 8.03x 16" 9.07 x 1¢¢
da96j34 4.18 x 1¢° 1.05x 16 9.10 x 1¢*

ke(20°C) =9.10 x 10* s*

K /st

1.00E-03

5.00E-04

0.00E+00

0.00E+00

———e o —0o—

I y = 3.28E-15x + 9.10E-04
5.00E-04 1.00E-03
[1h}/mol Lt

1.50E-03

The kinetics of the reaction dfh with 4d were monitored by GC as outlined onthe
General Sectiowith concentrations ofih]o = 5.72 x 1& mol L and Bd]o = 3.81 x 1& mol

L. The deviations between the experimental and calculated concentrations are a result of the

uncertaintyof the method.

Table 2.123 Experimental ([4d]®*®) and calculated ([4d}?%) decrease of the timalependent concentrations
of 4d during the reaction of 1h with 4d (DMSO, 20°C, GC-method).

ts [4d®Imol L' [4d]¥Y mol L' 1 D[4d]exeealcd
0 380x102  3.80 x 102 0

60 1.84x 102 213x102 12.90°3
120 464 %103 1.37x 102 i9.09°3
180 1.25x 103 9.47 x 103 i8.2283
240 8.60x104 6.81x103 T15. 953
300 4.92x104  503x103 1 4. 543
360 4.23x104  378x10% 1 3. 363
420 2.35x10% 288x103 T12.65°3

k2(20°C) = 2.0x 10 L molts?

5.00E-02

1

2+ 3.00E-02

[4d])/mol L

1.00E-02

¢ [4d]exp/mol
L1 1
— [4d]calc/ mol
L1 1
—a— D[4d]exp-
calcd

-1.00E-02

0

100 200t/s300 400 500

Table 2.124 Experimental ([11hd®®) and calculated ([11hdf¥°Y) increase of the timedependent
concentrations of 11hd during the reaction of 1h with 4d (DMSO, 20C, GC-method).

t/s [11hd]®¥mol L' * [11hd]*@Y mol L' * D[ 11hd]exPealed
0 0 0 0
60 1.96 x 10 ? 2.41 x 1072 447 x 103
120 3.34x107? 3.10 x 102 2.35 x10 3
180 3.68 x 10 ? 3.41 x 1072 2.66 x 103
240 3.71x 1072 3.57 x 1072 1.45x 103
300 3.75x 1072 3.66 x 102 9.12x 104
360 3.76 x 10 2 3.71x 1072 4.45 x 104
420 3.78 x 102 3.75x 1072 3.08 x10 4
kx(20°C) =4.0x 10 L molts?!

_ 4.00E-02

5 3:00E-02 e [11hd]exp/

E 200802 [11hd]calc

§ 1.00E-02 —a&— D[11hd]exp-calcd

= 0.00E+00

~ -1.00E-02
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2.7.4.9 Kinetics of the Reactions of Ylide 1i

040
0.30 .
MesN*__COPh
< =
0.20 1
010 |
0.00 1 1 L 1 vl 1 ]
250 300 350 400 450 500 550 600

//nm

Figure 2.26. Absorption spectrum of 1 (/ max = 257, 307 nm).

Table 2.125 Determination of the nucleophilicity parametersN and s for 1i with the electrophiles 2,3 (filled

dots). Open dotrefersto the reaction with 5b and wasnot used for the determination ofN and s.

Electrophile E log ka 6.00
26-BF4 719.45 4.61 log k, = 0.5798 E + 10.376
Rz =0.9901
2d-BFs  110.04 451 4.00
3b i13.39 235 2
5b i11.32 3.49 ~2.00
Nucleophilicity parameters foti
OOO | | | |
. -16 -14 -12 10 -8
in DMSO: N = 17236; sv = 060. E

Table 2.126. Kinetics of the reaction of 1i with 2eBF4 (DMSO, 20 °C, Stoppedflow method, detection at
635nm).

No. [2¢-BFg)/mol L [1i}/mol Lt Kepds? 80.0 y = 40837x + 27.551
2 —

da95sil  2.00x 16  3.00 x 10" 4.00 x 10 R2 = 0.9946

da95s12  2.00x 1 4.00x100433x18 & /././'/'/.
da95s14 2.00x 16 6.00 x 10*5.30 x 10

da95s15 2.00x 16 7.00 x 10* 5.56 x 10

da95s13  2.00 x 1  8.00 x 10* 6.02 x 10 0.0 ‘ ‘

0.00E+00 4.00E-04 8.00E-04
k2(20°C) = 4.08 x 16L mol* s? [1i)/mol Lt

o

Kops/S™t

Table 2.127. Kinetics of the reaction of 1i with 2dBF4 (DMSO, 20 °C, Stoppedflow method, detection at
630nm).

No. [20-BFs)/mol L' [Li/mol LT kopdS™ 24.0
dag5s2l  1.00x16  250x10f 1.05x18 . 460 Y= 32A00K 247
da95s2  1.00x 1  3.00 x 1¢* 123x 10" 3
da95s23  1.00x 16 350 x 1¢* 138x 10+~ °° /
da95s24  1.00 x 1P 4.00 x 10* 154x 10 0.0 : /
ke(20°C) = 3.24x 10 L mol s 0-00E+00 i 4.00E-04
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Table 2.128 Kinetics of the reactionof 1i with 3b (DMSO, 20°C, Stoppedflow method, detection at 533im).

No. [3b)/mol LT [Li)/mol L kepds®

da95s4l 1.00 x 1¢ 2.50 x 16* 1.70 3.00 [

da95s43 1.00 x 16 7.50 x 16 1.78 AN

da95s44 1.00 x 166 1.00 x 16 1.87 D o1e0 |

da95s46 1.00 x 16 1.25x10% 1.92 3

da95s47 1.00 x 16 1.35x 10 1.94

da95s48 1.00 x 1 1.50 x 16 1.97 0.00 ‘ ‘ ‘ ‘
k2(20 oc) =2.25x 10°L molls? 0.00E+00  4.00E-04 8.00E-04 1.20E-03 1.60E-03

[1i)/mol Lt

Table 2.129Kinetics of the formation of 9ib (DMSO, 20°C, Stopped flow method, detction at 533nm).

No. [3b)/M [1i]/M KobdS™ [1i] M kobs /s
da95s43 1.00 x 16° 7.50 x 16* 2.78 x 16° 1.33x 1 3.60x 102
da95s44 1.00 x 16° 1.00 x 16® 3.81 x 168 1.00x 1C° 2.68x 102
da95s45 1.00 x 16° 1.15x 103 4.03 x 16# 8.70x 1(? 2.48x 102
da95s46 1.00 x 160 1.25 x 16 4.40 x 16 8.00x 107 2.27x 10
da95s47 1.00 x 160 1.35 x 16 491 x 16 7.41%x 107 2.04x 102
da95s48 1.00 x 16° 1.50 x 16 5.39 x 16° 6.67x 102 1.86x 1¢?
VKA =2.57 x 10 '=> KA(20°C) = 389 L mol's?
400 r  y=0.2569x + 17.078
R2 = 0.9929
, 300 |
l% 200 |
100 |
0 L L ]
0 500 1000 1500

[Li]-YML

Table 2.130. Reproduction of the kinetics of the formation of 9ib (DMSO, 20°C, J&M method, detection at
533nm).

No. [3b)/mol LT [1li)/mol Lt Kods? 4.00E-03
da95jk2 1.79x10¢ 3.58x 10" 1.16 x 1¢°
da95j:3 1.83x10° 5.49 x 10* 1.2 x 10°
da95jr4 1.81x10 7.25x 10" 244x 10°
da95jt5 1.83x10 9.15x 10" 290x 10° 0.00E+00

. - - 0.00E+00 5.00E-04 1.00E-03
KA(20°C) & (3.1 x 10 L mol*s?) * [1i}/mol L

y = 3.1144x + 0.0001
R2=10.9868

1

2.00E-03

Kops/S

Evaluated by plottingopbsversusas the evaluation according to eq 9 gave a poor fit.
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Table 2.131 Determination of the equilibrium constant of the reaction of 1i wih 3b (DMSO, 20°C, Stopped
flow method, detection at 533 1m).

No. [3b])/mol L [1€)/mol L Ay Acd? (Ad Acg)/ Acq
da95s41 1.00 x 16 2.50 x 16 0.489 0.453 0.077
da95s43 1.00 x 16 7.50 x 104 0487 0.440 0.098
da95s46 1.00 x 16 1.25 x 16° 0.483 0.434 0.113

K(20°C) =4 x 10t L mol *
[a] The equilibrium absorbances have been determined from the corGtastitained by fitting the

monoexponential functioA = Ase st + C to the timedependent absorbances.

0.14
$ /‘
g 007
<
& y = 35.641x + 0.0692
~ R2 = 0.9927
0.00 . ;
0.00E+00 8.00E-04 1.60E-03

[1i)/mol L1

If the valueqdAdl Aeq)/Aeq Obtained with the highest concentrationl&fis divided by [L€,

one obtains an equilibrium constantkof 9 x 10.

Table 2.132 Kinetics of the reaction of 1i with 5b (DMSO, 20C, Stoppedflow method, detecton at 388nm).

No. [5b)/mol L't [1iJ/mol Lt KopdS?

18.0
da95s3l 2.00 x 16 2.50 x 10* 1.38x 10 e *

dag5s2 2.00x 16 5.00 x 10' 1.44x 18 & 9.0

da95s33 2.00 x 16  7.50 x 16f 1.55x 10 Y ey

dag5s35 2.00x 16 1.25x 16° 1.68x1d 00 ‘ ‘
ke(20°C) = 3.07% 16L mol* s* 0.00E+00 R 1.60E-03

Table 2.133 Kinetics of the formation of 13ia (DMSO, 20°C, Stoppedflow method, detection at 388 m).

No. [Sb]/M [1i]/M KobdST [1i] /M1 Kobs /S
da95s311 2.00 x 16° 2.50 x 10¢ 1.19 x 162 4.00x 10°  8.40x 10"
da95s321 2.00 x 168 5.00 x 10¢ 2.75 x 102 2.00x16  3.64x 10
da95s331 2.00 x 168 1.00% 103 6.52 x 107 1.00x16  153x 10
da95s351 2.00 x 168 1.25 x 16% 6.76 x 107 8.00x16  1.48x 10

1K = 2.20 x 18 => KA (20°C) = 4.55 x 10t L mol s?
90.0

» 45.0

= y =0.0220x - 5.0455

2 Rz =0.9958

X
0.0 : :
0.00E+00 2.50E+03 5.00E+03

[1i]-Y/M-
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Table 2.134 Determination of the equilibrium constant of the reaction of 1i with 5b (DMSO, 20C, Stopped

flow method, detection at 388 1m).

No. [5b]/mol L [1i/mol L Ao Aedd (Ad Acg)l Acq
da95s31 2.00 x 16° 2.50 x 10" 0.7 0.662 0.193
da95s32 2.00 x 16° 5.00 x 10" 0.797 0.639 0.246
da95s35 2.00 x 16° 1.25 x 16° 0.8 0.531 0.507

K(20°C) =3 x 1(*L mol' !

[a] The equilbrium absorbances have be 0.6 y = 321.23x + 0.1011

determined from the consta@tobtained by fitting R2 = 0.9926
0.3 /

the monoexponential functiogh= A *°bst+ C to the
time-dependent absorbances.

0.0

0.00E+00 7.00E-04 1.40E-03

[Li}/mol L1

(AO_Aeq)/ Aeq

The large intercept shows the uncertainty of the methfitite value$Adl Aeg)/Aeq Obtaned
with the highest concentration déis divided by [Lg], one obtains an equilibrium constant of
K=4x16.
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Dominik S. AllgauerPeter Mayerand Herbert Mayr

Eur. J. Org. Chem 2013 6379 6388.

3.1 Introduction

Since their discovery by Krohnke in 198%he properties and reactions of pyridinium ylides
have been intensively studi€d! In recent years, pyridinium ylides have attracted a lot of
attention, as they react with various electrophiles to form a great variety of prédoctsding
indolizines® The indolizine scaffold has a broad pharmacological profile, as it can act as
calciumchannel blockét or aromatase inhibitdf} and it is found in agents with antibiofft,
antitumor!® antiinflammatory!'® and antiviral activitie§:*! Moreover, several indolizines are
potent, inexpensive, and easily modifiable fluorescent prdBeReactions of pyridinium
ylides with benzylidenemalononitriles and other unsaturated nitriles have already been
reported??' 4449 Cyclopropanes8 have been obtained from the reactions of pyridinium salts
1H*X" with benzylidenemalononitrile® and reléed compounds under basic conditions
(Schemes.1).*1 At least one of the two acceptor groups of the Michael acceptor has to be a
cyano group, howevéf>4941 The corresponding reactions of isoquinolinium saksBr!
with Michael acceptorg under basic conditions produced pyrrolofa]isoquinoliness after

oxidative workup (Schemes.2).4!

Scheme3.1. Cyclopropanations of benzylidene malononitriles ad related compounds 2 via pyridinium
ylides 1

1. Pyridine, NC._ EWG?2

CN 1
EWG'-CH,X + ACHO + [~ _ MeCN,rt. EWGW@;

EWG?2 2. NEty
-Pyridine 3 50-96%

| Ne X EWG? _CN
via: ~ Nw and \H/
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Scheme3.2. Reaction of isoquinolinium ylide 4 with benzylidene cyanoactetates and cyanoacetami@d¥’

NC
CN
o CONH, 1.:\ltEt3, EtOH
N ) + ArCHO + or - > " A
L EWG NC 2.2 equiv DDQ, XN
=z EtOH, r.t. EWG
COqEt 551-94%
AN o EtO,C.__CN H,NOC._ _CN
® Br
via: X Nw and J]/ or J/
Ar Ar
EWG
4H'Br 2

The same pyrrolo[2;&]isoquinolines (i.e.,5) were obtained from the reaction of
isoquinolinium salgH*Br' with either of the two electrophil&sshown inSchemes.2

The nitrile group was preserved in thesedoiais, while the amide or the ester group was
eliminated during the oxidative aromatization. The different reaction course for pyridinium and
isoquinolinium ylides has been explained by dleinitio MO calculations of Matsumura and
co-workers®! They slowed that the addition of pyridinium and isoquinolinium ylides
alkylidenemalononitriles proceeds stepwise, and not in a concerted manner. As cyclization of
the intermediate betaine to give the [3€%tloadduct leads to a greater loss of aromaticity for
the pyridinium ylides than for the isoquinolinium ylides, only the latter ylides undergo-[3+2]
cycloadditions with Michael accepto® In contrast, the betaines formed from pyridinium
ylides undergo intramoleculan3reactions that result in the formai of cyclopropanes and
the elimination of pyridine. We now report that in contrast to cyanustituted Michael
acceptors2, benzylidenanalonates6 undergo [3+2jcycloaddition with pyridinium ylides.
Subsequent oxidation provides a simple and straigiiar access to indolizines.

This investigation is part of our program to determine the nucleegppdeific parametens
and sy by studying the rates of reactions with benzylider@onatess, which have been
introduced as reference electrophilé®4 < E < i17 for p-NMez to p-NO2)!*¥! for the

characterization of strong nucleophiles by the liffeme-energy relationship given &g 31.124

logkzo-c = sn(N + E) (3.1)
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3.2 Results and Discussion

As most pyridinium {) and isoquinolinium ylides4) are unsthle compounds, we made no
attempts to isolate them. Instead we used their conjugatelatids or 4H*Br', which were
obtained by nucleophilic substitution from the corresponding pyridines or from isoquinoline in
THF in moderate to high yield3 éble3.1).¢19

Treatment oftlH*X" or 4H*Br' with a base in the presence of arylidenalonatesbai i or
alkylidenemalonate6j (Scheme3.3) gave ylidesl and 4, which subsequently reacted with
Michael acceptor§. As shown byTable 3.3 entries 15 Michael adduciM-1a was formed
exclusively when an equimolar mixture d8H*Br' and 6f was treated with an excess of
HNMe,, NEt, or KOBU in various solvents at ambient temperature. Analogous reactions with
NEts (2 equi.) in CHCI> or EtO/MeCN (2:1) at ambient temperature gave mixtures of
Michael adducM-laand [3+2}cycloadductC-1lawithin 15 min (Table 3.1) entries 6 and 7).
[3+2]-CycloadductC-1a, contaminated by traces @& was observed exclusively, when the
mixture of laH*Br' and6f was combined with KéBu (1.1 equiv.) in THF (Table 2, entry 8)
or with NaOH (32% ag.) under biphasic conditiohal{le 3.3 entry9).

Table 3.1. Synthesis of the pyridinium 1HX' and isoquinolinium salts 4H'Br' employed as precursors for

the pyridinium ylides 1.

R //R =
AR %@ Cﬂ ! N 6
A NG; N X . N® r

- X _EWG — » w
1H*X- EwG THF,20°C THF, 20 °C AHBr  EWG
R X EWG Product Yield/%
H Br COEt laH*Br! 82
H Br CONE® 1bH*Br! 83
H Br CN 1cH'Br! quant.
H Cl COMe 1dH*CI' 454
H Br COPh leH'Br’ 94
3-Cl Br CN 1fH*Br’ 31
4-NMe; Br CN 1gH*Br' 97
Isoquinoline Br CN 4aHBr’ 49
Isoquinoline Br COPh 4bH*Br’ 93

[a] After refluxing in THF for 4 h.
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Although [3+2}cycloadductC-lawas a Table 3.2. Electrophilicity parameters E of the

labile compound that could not be purified, @'Y ! i dene (6aTmapnae @ al kyl id

[3+2]-cycloadductC-4a, from the reaction R/\(COZEt
of 4aand6f, was purified and characterized 6 CO.Et

No. R E!
by 2D NMR spectroscopy and HRMS 6a CeHa-p-NOs 1767
(Scheme 3.4). The ratio of the 6b CeHa-p-CN i18.06

. . . 6¢c CeHa-p-Br -

diastereoisomers was determined from the 6d CeHameCl 18.98
'H NMR spectrum of the crude product, and 6e CeHs i20.55
the dereochemistry was assigned on basis ef CoHa-p-Me rali1

69 CeHa-p-OMe i21.47
of NOESY-correlation of the protons at the 6h CsHa-p-NMe, i23.10
2-, 3, and 10kpositions of the adduct. _ )

6i N 123.80
From the configuration of the stereocenters,
one can conclude that the major 6 CH(CH). ; .

[a] Generated by Knoevenagel condensation

diastereoisomer of C-4a shown is according torefs. [13, 16]; [b] E parameters taken
preferentially formed bynanti-2-endoap- fromref. [13].

proach of ylide4a and benzylidenenalonate 6f. The stereochemistry of the minor
diastereoisomers could not be assigned unambiguously

To find the best conditions for the conversion of [3€3jcloadductC-1ainto indolizne 7a
in CH-Cl> at ambient temperature, we tested differentants. Catalytic amounts of Rl
under an @ atmosphere, diert-butyl hydroperoxide (4 equiv.), d¥-chlorosuccinimide (4
equiv.) did not promote the oxidation 6flainto indolizine 7a within 18 h at20 °C (Table
3.4, entries 13). The formation of indolizinda was observed when DDQ was used as an

oxidant Table3.4, entry 4). Chloranil gave a significantiygher conversion intmdolizine7a

Scheme3.3. Base induced reactions of the pyridiniunsalt 1aH*Br' with the arylidene malonate 6f

EtO,C .o CO,Et EtO,C.__CO,Et

tOZC CO,Et
@ Br Sgﬁf;t = | baseH'Br = | Br@
20 °C, base
COzEt 15 min
1aH*Br CO,Et Me CO,Et Me
B-1a M-1a
\ CO,Et
CO,Et
~ M
N ©
CO,Et
C-1a
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Table 3.3. Base induced reactions of the pyridiniunsalt 1aH*Br' with the arylidene malonate 6f at ambient
temperature (B = betaine; M = Michael adduct, C = [3+2fcycloadduct).

Entry Base Equiv. base Solvent Conv. of6f/%®  RatioM-1a/C-1a!
1 ag. HNMe (30%) 36 DMSO 75° >98/2
2 NEt; 2.0 DMSO 40 >98/2
3 KOtBu 1.2 DMSO 9% >98/2
4 NEt; 14 MeOH 78 >98/2
5 NEt; 2.0 MeCN 88 >98/2
6 NEt; 1.5 CH:Cl2 92 72128
7 NEt; 1.5 Et,O/MeCNY 86 34/66
8 KOtBu 1.1 THF 99 >2/949
9 aq. NaOH (32%) 32 CH.Cl, 97" >2/98

[a] By *H NMR as ratio of ¥-1a+C-1a)/(6f+M-1a+C-1a); [b] By 'H NMR; [c] After agueous workip;
[d] EtO:MeCN = 2:1;[e] Contaminated by traces of indolizirg; [f] After filtration through silica -
pentane:EtOAC:NEt5:1:1).

(Table 3.4, entry 5). When the amount of chloranil was reduced and the reaction time was
decreased from 18 to 3 h, a further increase in the conversion to ind@lmas observed
(Table3.4, entry 6) After a reaction time of 1 h, the conversiorvtowvas the same as afteh3

but decreasing the reaction time further led to a decrease in the convEaditm8{, entries 7

and 8). Under lathe conditions examined, the oxidation©flato 7awas accompanied by
regeneration 06f, which indicates that the formation Gtla by cyclization of betain®-1a

must be a reversible procesBable 3.3. The existence of the basgediated equilibrim
between Michael addudfl-1a and [3+2}cycloadductC-1a was proved by the formation of
indolizine 7awhen the solution obtained under the condition§aifle 3.3 entry 2 was heated

with MnO; at 100°C for 3 h in DMSO (for details, sdexperimentaSectian).

Scheme3.4. Formation of the [3+2}cycloadduct G4a.

CO,Et
% Et0,C._COLEt GH,Cly (E%?OZE‘
NaOH (32%)
/@j “20°Cc

rac-C-4a 99%, dr 4:8:88
4aH*Br (by "H-NMR from crude product)
H

- ‘:\N® \\\\CN .
via: —y o —H anti-2-endo
: approach
Et0,C. | H

=
EtO,C

Me

150



3 One Pot Wo-step Synthesis of Ethoxycarbdsindolizines via Pyridinium Ylides

Table 3.4. Oxidant-screeningfor the formation of indolizine 7a.

| \ B EOC aq. NaOH I~
32% 20°C N Me M . _N_// Me
1aH*Br COzEt C.1aC0E 7q COMEt
Entry Oxidant Equiv. t/h Conversion/%
1 PdC/O;, [al 18 0ot
2 DTBPO/aif! 4.0 18 0fel
3 NCS/ait! 4.0 18 0ot
4 DDQ/aire] 1.4 18 54 d
5 Chloranil/air 2.0 18 69" d
6 Chloranil/air 1.0 3 741
7 Chloranil/air 1.0 1 741
8 Chloranil/air 1.0 0.5 65

[a] Under Q-atmosphere; [b] By TLC; [cTBPO = Ditert-butyl-peroxide; [d] NCS =N-Chlorosuccinimide; [e]
DDQ = 2,3Dichloro-5,6-dicyane1,4-benzoquinone; [f] ByYH NMR as ratio of7al/(6f+7a); [g] After filtration
through silica with CHCl..

To clarify why 1 equiv. of chloranil is sufficient to promote the full oxidation of [3+2]
cycloadduciC-1ainto indolizine7a (Table3.4, entries £8), isolated [3+2kycloadduciC-4a
(Table3.5) was treated with 1 equiv. of chloranil under different conditions. When the reaction
with chloranil was performed under a nitrogen atmosphere, only 21afwas converted
into indolizine8a (Table3.5, entry 1), whereas in an open flask, the oxidatioG-dia with 1
equiv. of chloranil gave a 58% conversion@#a into 8a (Table3.5, entry 2). Addition of a
small amounof NaOH (32% aq.) to the reaction mixture significantly lowered the conversion
of C-4ainto indolizine8a (Table 4, entry 3). When GBI, was stirred with NaOH (32% aq.)
for 1 h, the aqueous layer was subsequently removed, and 3, @ts driedover NeoSQu
before dissolving-4aand chloranil, complete conversion@f4ainto 8awas achievedl{able
3.5, entry 4). These experiments show that air and traces of anhydrous hydroxide are favorable
to promote the oxiation of the [3+2cycloadduct into the indolizine.

A mechanism for the conversion of [3+@]cloadduciC-1ainto indolizine7athat requires
only 1 equiv. of chloranil is propose&ttheme 3.5Chloranil abstracts a hydride from the 8a
position ofC-1ato gve pyridinium ion9. One ester group &is subsequently hydrolyzed by
traces of hydroxide to give intermediatB), which decarboxylates in a Groype
fragmentatioR”! to give 2,3dihydroindolizine 11. Oxidation of the initially generated
hydrochloranli anion (redox potential of hydrochloraiiid.71 V in CHCI, at 25°C)1*8 with

oxygen (redox potential +0.65 ¥ regenerates chloranil and produces a hydroper@fidm
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Table 3.5. Direct oxidation of the [3+2]-cycloadduct G4a with chloranil to indolizine 8a under various

conditions.
O CO,Et
1 equiv chloranil =
® Th2o°c N7 Me
8a CN
Entry Additive Conversion/%!
1 - 21
2 - 58
3 air ag. NaOH (32%) 17
4 air NaOHpV! guant.

[a] Determined byH NMR; [b] CH.Cl, was stirred with aq. NaOH (32%) for 1 h; the aqueous layer was removed
and CHCI, was dried over N& O, beforeC-4a and chloranil were dissolved.

that might also attack the ethyl ester. Hydride abstraction from dihydroindollAirtzy
chloranil forms pyridinium ion 12, which loses a proton to form indolizinéa and
dihydrochloranil (whose formation was verified by Q@S). Direct oxidation of
dihydroindolizine 11 into indolizine 7a by air seems unlikely, as the closely related
dihydroindolizines deved from cyanoacetamide® and isoquinolinium ylidest are air
stablel#°]

Scheme3.5. Proposed mechanism for the formation of indolizine 7a.

02 cl T Cl
/ -HOS?
o cl cl
Cl c HOY ( o0
or +
HO@O‘\ )
EtOC ookt Cl Cl | CO,Et
Z 82.X4 (6] =
C-1a CO,Et 9 CO,Et
=
= N
N @@ Y e
. _N ;
7a OH 12 CO,Et o 11 CO,Et
CO,Et cl cl 2 cl cl
+ OH
o] cl
cl cl cl Cl
OH cl cl o
e
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Table 3.6. Dependency of indolizine formation on the stabilization of ylides 1 and 2.

1

R
X
X Br

1H*X" EWG 4aH*Br  CN
1. CH,Clyf 1. CH,Cly/
R'8 g, C102Et aq. NaOH (32%) EtO,C.__CO,Et aq. NaOH (32%) 2
71\@j/\/:> < > R? <20°C | 20 °C .
6 XN 3/ 2 2. 1 eq chloranil, \(@ 2. 1 eq chloranil,
5 7° EWG CH,Cl,, air, 20 °C 6 gz CHxClair, 20°C  8a:H,0 CN
Entry Salt R? EWG Electrophile R? Product Yield/%
1 laH*Br' H CO:Et 6f Me 7a 65
2 1bH*Br’ H CONEb 6f Me 7b 52
3 1cH'Br! H CN 6f Me 7c 74
4 1dH*CI' H COMe 6f Me 7d 52
5 1eHBr! H COPh 6a NO; 7e (1)@
6 1fH*Br’ 3-Cl CN 6f Me 7f 54
7 1gH'Br’ 4-NMe, CN 6f Me 79 19
8 4aH*Br! - CN 6f Me 8a 89

[a] Purification not successful.

As shown inTable 3.6, indolizines can be analogously synthesized from other pyridinium
and isoquinolinium ylides. Exchanging the ester grouaifor anN,N-diethylamido group (in
1b) or an acetyl group (iid) led to slightly decreased yields of the correspondidglizines
(i.e.,7b and7d), while a cyano substituent led to indolizifein a higher isolated yieldrable
3.6, entries 14). With benzoylsubstituted ylidele, indolizine formation was only observed
whenp-nitro-substituted benzylidermalonatesa was used as the electrophile, and even then,
indolizine 7e was only observed in low conversionaple 3.6, entry 5). The reason for this
behavior will be discussed below.

As cyanesubstituted ylidelc gave the best results, cyasobstituted ylides were used to
investigate substituent effects in the pyridine ring (Scheme 6, enfif#®s A 3-chloro
substituent (inlf) was tolerated and led regioselectively to indoliZifeith chlorine in the 6
position, as shown by the dil € 1.8 and 0.Hz) of 5-H in the'H NMR spectrum Table3.6,
entry 6). In contrast, a strong electrdonor such as theMMe; substituent in ylidéd g resulted
in a reduced yield of indolizingg (Table3.6, entry 7). Probably, the decreased electrophilicity
of the pyridinium ring retarded the cyclization of beta&gto give[3+2]-cycloadductC-1g
(seeTable 3.3. The reaction of isoquinolinium ylidéh with benzylidene malonatf resulted
in an almost quantitative formation of indolizida(Table3.6, entry 8), which can be explained

by the smalleloss of aromaticity in the cyclization step.
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Scheme3.6. Reaction of salt 1eFBr' with benzylidene malonates 6 in ethanol and proposed mechanism for

the formation of the salts 13.

Eto2 CO,Et
X N, EtOC COzEt
P _NEty NEy
5,0 ;\ -HNEt;"Br- ;\ TEoH N®
i R / 13a 99% R =NO,
1eH*Br 13b 69%, R = Me

o)
HNEt;"Br- EtO)J\ Ph

Et0,C .o CO,Et EtO,C.__CO,Et
EtO,C CO,Et slow O 2 2 HNEt3*Br O B©
Z
N NEt3
&P R Eto@ Ph R
C-1e B-1e M-1e

To rationalize the low yield of indolizin€e we examined the reactions of benzoyl
substituted yliddemore closely. WheteH*Br' was combined with benzylidenmealonatesa
in EtOH at20 °C in the presence of NEtdebenzoylated pyridinium sdlBa was formed in
99% yield Gcheme 3.6 This product was unambiguously identified MyIR spectroscopy,
high-resolution mass spectrometry, and elemental analysisEgeerimentalSectior). Its
formation may be explained by the mechanism showcleme &. The initially generated
ylide (i.e., 1€) undergoes a 1;dddition to Michael acceptda to form betaineB-le This
intermediate is protonated by HNBBI' to give Michael addud¥l-1e. Obviously, nucleophilic
attack by ethoxide and elimination of thenbkeyl group (the formation of ethyl benzoate was
detected by GOMS) is faster than the generation of [34«3fcloadduciC-1eby cyclization of
betaineB-1e This process seems to be general, as debenzoylated pyridiniubBlsalas
obtained wunder the sameorditions from the reaction of ylide 1e with p-
methylbenzylidenenalonatesf.

An easier cyclization step, as had previously been observed in the isoquinolinium series, was
now also found with benzoyubstituted ylides, and a good yield of [3+&}cloaddut C-4b
was obtained when isoquinolinium sdliH*Br' was combined with benzylidemmealonateta
in DMSO under basic conditionS¢heme3.7). The diastereomeric ratio wdstermined from
the 'H NMR spectrum of the ade product. Recrystallization @F4b from EtOH resulted in
the formation of needishaped and prismatic crystals, which were separated for analysis (see
Experimental Sectio). The needlshaped crystals were composed of all three

diastereoisomers, wherethe prismatic crystals were composed of a single diastereocisomer (by
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Scheme3.7. Reaction of 4bHBr' with benzylidene malonate 6a in DMSO at 20C.

A B EtO,C.__CO,Et
N | NEt,
DMSO, 20 °C
07 Ph  O,N
4bH*Br- 6a C-4b 75%, dr 6:38:56

(by "H-NMR from crude product)

H NMR spectroscopy)Solutions of this single diastereoisomer in CPgbwly isomerized

to give a mixture of three diastereoisomers, which prevented an unambiguous assignment of
the stereochemistry. The isomerization may be duedeep r ot onati on of t he
benzoy group or reversible opening of tpgrrolidine ring ofC-4b.

As shown inTable 3.7, the indolizine synthesis presented in this work tolerates strongly
electronwithdrawing and electredonating groups on the phdming of the electrophile. The
most electrophilic and the least electrophilic arylidemdonates tested (i.eGa and 6i,
respectively) gave the corresponding indolizines (fk.and70) in lower yields Table 3.7,
entries 1 and 9). It was even possible to replace the aryl ring in the aryhiddoeates by an
isopropyl group (in6j) and obtain 83% of the corresponding indolizine (i/@;, Table 3.7,
entry 10). Productp has an isopropyl group in thepdsition, as does the calcischannel
blocker fantofaroné!

Indolizine 71 was not only obtained as describedTable 3.7, but also when pyridinium
bromide 1cH*Br' was combinedvith Michael acceptord4a or 14b under the conditions
described above, followed by oxidation with chloranil (1 equiv.) in air (Scheme 9). The yield
of 7l decreased from 34 to 22% when 2 equiv. of chloranil was used for the oxidation ef [3+2]
cycloadductl5b. Indolizine7g was obtained from pyridinium bromideH*Br' and14cunder
the same conditions.

While the selective formation @1l from 153a i.e., the preferential elimination of the acetyl
group over the ethoxycarbonyl group, can be explained by #ehanism described in
Scheme3.5 (nucleophilic attack at COCHis easier than that at GEX), the preferential
cleavage of the SMe group can be explained by the high nucleofugality of this group, which
has recently been quantifieBqhemes.9).1"

The preferential cleavage of the formamido group over the ethoxycarbonyl group, which has
previously been observed in the isoquinolinium sétfémay be explained by the elimination
of isocyanic acid, as shown $theme 3.16%

In agreement with literature repoH¥,the leavinggroup abilities of different electrewith-
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drawing substituents in the oxidative aromatizations of the [8y@padducts to give
indolizines can roughly be ordered: éN< COMe & EtG@OMe, SGMe, CONH,.

The preliminary results shown8cheme.11illustrate that less activated Michael acceptors
like ethyl methacrylate could also be used for this reaction sequence, although the isolated

yields of indolizinel8 were low.

Table37. I ndol i zines 7c, hT p'Brfarnodm tphyer iMliicnhiauent saaclcte pltcoH s
-~ B CO,Et
l g  Et0,C.__CO,Et 1.CHCl/ 2
N NW . ]/ aQ.NaOH@32%) @2\ o
CN R 2.1 eq chloranil, CHyCly, N %
1cH'Br 6a-j air, 20 °C 7¢,h-p CN
Entry Reactant R Product Yield/%
1 6a CeHa-p-NO- 7h 48
2 6b CeHa-p-CN 7i 82
3 6¢ CsH4-p-Br 7] 81
4 6d CeHa-m-ClI 7k 77
5 6e CeHs 71 69
6 6f CeHs-p-Me 7c 74
7 69 CsHs-p-OMe m 78
8 6h CeHas-p-NMe> m 80
9 6i julolidyl 70 53
10 6] CH(CHg)2 7P 83

Scheme3.8. Reaction of 1cHBr'wi t h 14at1c¢c to indolizine 71 and 7¢q.

™ B°  coc gwe CHCY FOC EwG | chy0,. CO,R
/NC% . \[ aq. NaOH (32%)_ | ~ o | @ir 20°C AN o
° > _—
CN pn 20°C N chloranil N7
1cH*Br 14 15 CN (1 equiv.) 7 N
Electrophile R EWG [3+2]-Cycloadduct Product Yield/%
14a Et COMe 15a 7 56
14b Et SOMe 15b 7 344l
14c Me CONH. 15¢c 7q 56

[a] 2 equiv. chloranil: 22 % vyield.
Scheme3.9. Elimination of the ' SOMe group during the formation of indolizine 7I.

CO,Et
HO@/T_? $

SO,Me CO,Et
= A -HOP =
Ph L» - Ph O_X> 71
N - HSO,Me N
15b CN 16b CN
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Scheme3.10. Cleavage of the formamido group in the formation ofndolizine 7q.

H\N)k“
MeOZC M902 CO,Me
Chloranil ( 1eq 'HNCO Y Ox
( Ph Ph — > 7q
N N® -H20 N
15¢ CN 17c¢ CN 16¢c CN

Scheme3.11. Reaction of 1eHBr’ and ethyl methacrylate to indolizine 18.

| N Br® 1. NEtg, ] Me
_ N@ . EtOQC Me CH2C|2, 20 °C = —

_—
Soph 2. air, 20 °C N
1eH*Br _ COPh
Chloranil, 1 eq 18 (20%)
Chloranil, 2 eq (15%)

3.3 Conclusion

In contrast to arylidenmalononitriles and other cyarsubstituted Michael acceptors, which
are cyclopropanated by pyridinium ylidés arylidenemalonatess undergo tepwise [3+2]
cycloaddition with pyridinium ylidesl to give [3+2}cycloadductsC-1. Under certain
conditions, intermediate Michael addudfs1 can be observed. In the presence of air and
sodium hydroxide, only 1 equiv. of chloranil is needed to conveg]f8ycloadduct<-1 into
indolizines 7 by hydride abstraction and degradation of the ethoxycarbonyl group. Michael
acceptord4a c, in which one ester group of the benzylidenalonates (i.e§) is replaced by
an acetyl, methylsulfonyl, or amidocarborgtoup, behave similarly, and yield the same
indolizines (i.e.,7), because the latter groups are eliminated faster than are alkoxycarbonyl
groups. As isoquinolinium ylides react analogously, the sequence of¢$eidhddition and
oxidation provides a sinkp onepot synthesis of indolizineg and benzindolizine$ from
readily accessible pyridinium salts 'P@H.-EWG or isoquinolinium salts IQCH,-EWG and
a variety of Michael acceptors.
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3.4 Experimental Section

3.4.1 General

ChemicalsSolvents and chemicals wersed as purchased without further purification. The
diethyl benzylidene and alkylidenelonates wersynthesized according to ret?, 15].

Analytics *H- and**C NMR spectra were recorded in CRQ 7.26,d. 77.16)?24 CD,Cl
(dn 7.26,d: 77.16)22°) or DMSO-ds (d 2.50,d.: 39.52)?23 on 200, 300, 400, or 600Hz NMR
spectrometerand are given in ppmTlhe following abbreviations were used to designate
chemical shifimultiplicities: s= singlet, d = doublet, t = triplet, q = quartet, m = multiplet:b
broad. For reasons of simplicity, tHéi NMR s i gnal s sdin systandsBoR-0
disubstituted aromatic rings were treated as doublets. The assignmemdsvioiual NMR
signals were based on additional-RIMR experiments (COSY, NOESY, HSQC, HMBC).
Diastereomeric ratiosdf) were determined b¥H NMR of the crude reaction products if not
stated otherwiseHRMS and MS were recorded on a Finnigan MAT 95 Q (EI) mass
spectrometer or Thermo Finnigan LTQ FT Ultra (ESI). An Elementar Vario Micro Cube or an
Elementar Vario EL device was used for elemental analysis. The melting points were recorded
on a Bichi Melting Point 8540 device and are not corrected-dpectra were recorded on a
PerkinElmer FHIR-BX spectrometer with ATR probe.

3.4.2 Synthesis of the Pyridinium Salts 1HX'

Procedure A for the Synthesis of the Pyridinium Salts 1EX'. An equimolar amount of
the halo compound was addeda solution of the corresponding pyridine in THF. The solution
was stirred at room temperature over night. The solvent was evaporatec aedidne was
washed with ether. Recrystallization from EtOH@Etor MeOH/toluene afforded the salts
1H*XT,

1-(2-Ethoxy-2-oxoethyl)pyridin-1-ium bromide (1aH'Br'). The title compound was
synthesized by procedufefrom ethyl bromoacetate (15.5 g, 90ndnd) and pyridine (7.13,
90.0 mmol). 1aH*Br’ was obtained as colorless solid (18.1 g, #8réol, 82%).Mp 135
136°C; lit.: 135 136°C.I*%3 14 NMR (400 MHz, DMSQdg) ti=1.22 (tJ= 7.1Hz, 3H, CHg),

. 420(qJd=7.1Hz,2H, Ch), 5.74 (s, 2 H, Ch, 8.24 (ddJ = 7.7, 6.8Hz, 2 H,
s 2xCar-H), 8.71 (t,J = 7.8 Hz, 1 H, Ga-H), 9.0871 9.16 (m, 2 H, 2x&-H).

1aH*Br

3C NMR (100 MHz, DMSQds) U = 14.4 (g, CH), 60.7 (t, CH), 62.8 (t, CH), 128.3 (d,

158



3 OnePot Two Step Synthesis of-Ethoxycarbonyindolizines via Pyridinium Ylides

2xCar-H), 146.7 (d, 2x@-H), 147.3 (d, Gr-H), 166.9 (s, CO).HRMS (ESI+): m/z
[CoH12NO2]™": calcd: 166.0863, found: 166.0857. DA79
1-(2-(Diethylamino)-2-oxoethyl)pyridin-1-ium bromide (1bH*Br'). The title compound
was synthesizeby proceduré\ from 2-bromoN,N-diethylacetamidé* (2.00 g, 10.3nmol)
and pyridine (8.14 g, 10:8mol). 1bH*Br' was obtained as colorless wax (2.33 g, 81530,
83%,dr (amide) 1:12) which solidified slowly &8 °C in EO. Mp < 20°C. *H NMR (400
MHz, DMSO-dg) ti= 1.04 (tJ= 7.1Hz, 3H, CHy), 1.24 (tJ= 7.1Hz, 3 H, CHy), 3.31 (qJ =
7.1Hz,2H, CH), 3.37 (qJ=7.1Hz, 2 H, Ch), 5.81 (s, 2 H, Ch), 8.16 8.22 (m, 2 H, 2x -
S H), 8.66 (tt,J= 7.9, 1.4Hz, 1 H, Gy-H), 8.979.01 (m, 2 H, 2€a-H). 3C NMR
“wrse (100 MHz, DMSOds) Ui = 13.2 (q, CH) 14.2 (q, CH), 40.7 (t, CH), 41.2 (t,
CHy), 61.4 (t, CH), 127.9 (d, 2x@&-H), 146.6 (d, 2x@&-H), 146.9 (d, Gr-H), 163.9 (s, CO).
HRMS (ESI+): m/z [C11H17N20]": calcd: 193.1335, found: 193.1335. DA19
1-(Cyanomethyl)pyridin-1-ium bromide (1cH*Br'). The title compound was synthesized
by proceduréA from bromoacetonitrile (1.71 g, 14m3mol) and pyridine (1.47 g, 181®&mol).
1aH'Br' was obtained as colorless solid (2.85 g, T4n3ol, 100%) Mp 164 165<C; lit.: 166/
167°C.3 14 NMR (400 MHz, DMSQds) Ui = 6.07 (s, 2 H, Ck) 8.188.43 (m, 2 H, 2x@-
H), 8.75 (tt,J= 7.9Hz, 1.3, 1 H, Gi-H), 9.24 (ddJ = 6.8, 1.3Hz, 2 H, 2xG-H). ¥3C NMR
_ (100 MHz, DMSQde) li=47.7 (t, CH), 114.3 (s, CN), 128.6 (d, 2x@H), 145.5 (d,
‘ ?”;C” 2xCar-H), 147.6 (d, Gr-H). HRM S (ESI+):mVz[C7H7N2]*: calcd: 119.0604, found:
119.0604. DA130
1-(2-Oxopropyl)pyridinium chloride (1dH*CI'"). The title compound was synthesized by
procedureA from chloroacetone (4.3 g, 46mol) and pyridine (3.7 g, 4ihmol) under reflux
in THF for 4 h 1dH*CI' was obtained as colorless solid (3.6 gn#tol, 45%). Mp 208
209 °C; lit.: 201 °C. (decomp.}%3 1H NMR (400 MHz, DMSQdg) U = 2.29 (s, 3 H, Ch),
6.03 (s, 2 H, Ch), 8.188.25 (m, 2 H, 2x@-H), 8.66 (tt,J = 7.9, 1.4Hz, 1 H, G\-H), 9.06
(v cowe (dd,J = 6.6, 1.2Hz, 2 H, 2xGy-H). 13C NMR (100 MHz, DMSQds) Ui = 27.6 (g,
" CHa), 68.6 (t, CH), 128.1 (d, 2xG-H), 146.4 (d, 2x@-H), 146.6 (d, G,-H), 200.0
(s, CO).HRMS (ESI+):m/z[CgH10NO]": calcd: 136.0757, found: 136.0757. DA167
1-(2-Oxo-2-phenylethyl)pyridin -1-ium bromide (1eH'Br'). The title compound was
synthesized by procedurk from bromoacetophenone (508g, 2.51 mmol) and pyridine
(289 mg, 3.65mmol). 1eH'Br' was obtained as neeebapedcrystals(657 g, 2.36mmol,
94%).Mp 201 °C; lit.: 204i 206 °C.**3 'H NMR (400 MHz, DMSQdg) Ui =

X

| N*__COPh .
N 6.57 (s, 2 H, CH), 7.63 (ddJ = 10.6, 4.8Hz, 2 H, 2x G-H), 7.727.81 (m, 1

1eH*Br
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H, Car-H), 8.018.08 (m, 2H, 2x Ca-H), 8.228.31 (m, 2 H, 2x @-H), 8.688.77 (m, 1 H,
Car-H), 9.05 (dd, = 6.7, 1.3Hz, 2 H, 2xGy-H). 13C NMR (100 MHz, DMSQds) Ui = 66.7 (t,
CHy), 128.3 (d, 2x@&-H), 128.7 (d, 2x@&-H), 129.6 (d, 2x&-H), 134.0 (s, &), 135.2 (d,
Car-H), 146.7 (d, 2x&-H), 146.8 (d, G:-H), 191.2 (s, COHRMS (ESI+):m/z[C13H1NOJ™:
calcd: 198.0913, found: 198.0908. DA71

3-Chloro-1-(cyanomethyl)pyridin -1-ium bromide (1fH*Br'). The title compound was
synthesized by procedufefrom 3-chloropyridine (815ng, 7.18mmol) and bromoacetonitrile
., (861mg, 7.18mmol). 1fH*Br' was obtained as beige solid (521, 2.25mmol,
e 31%).Mp 201i 202 °C. '*H NMR (400 MHz, DMSO-ds) U = 6.02 (s, 2 H, Cbh),
8.31 (dd,J = 8.5, 6.2Hz, 1 H, Gy-H), 8.92 (dddJ = 8.5, 2.1, 1.(Hz, 1 H, Gy-H), 9.25 (dt,
J=6.2,1.2Hz, 1 H, G-H), 9.63 (t,J= 1.6 Hz, 1 H, Gy-H). 1°C NMR (100 MHz, DMSQ
de) U=47.7 (t, CH), 113.8 (s, ®), 129.1 (d, G-H), 134.2 (s, &), 144.3 (d, Gr-H), 145.1 (d,
Car-H), 147.1 (d, G-H). HRMS (ESI+): [GHsCIN2]* calcd: 153.0214; found: 153.0213;
HRMS ( E S| 7HeBr.CIN2L calcd: 310.8592; found: 310.8594. Da727

1-(Cyanomethyl}4-(dimethylamino)pyridin -1-ium bromide (1gH'Br'). The title

Cl

compound was synthesized by proceduifeom 4-(dimethylamino)pyridine (DMAP§877mg,
7.18 mmol) and bromoacetonitrile (86rhg, 7.18 mmol). 1gH*Briwas obtained as colorless
solid (1.68g, 6.94nmol, 97%).Mp 241i 242 °C. 'H NMR (400MHz, DMSO-ds) U= 3.23 (s,
_—— 6 H, N(CHb)2), 5.57 (S, 2 H, Cb), 7.11i 7.17 (m, 2 H, 2x@&-H), 8.36i 8.42
1gH'Br (m, 2 H, 2xG-H). 13C NMR (100MHz, DMSO-ds) U = 40.0 (g, N(CH)2),
43.7 (t, CH), 108.2 (d, 2x@&-H), 115.4 (s, CN), 141.9 (d, 2xEH), 156.2
(s, Gar). HRMS (ESI+): [CoH12N3] " caled: 162.1026; found: 162.1025. Da730
2-(Cyanomethyl)isoquinolin-2-ium bromide (4aH'Br'). The title compound was
synthesized by proceduie from isoquinoline (927mg, 7.18 mmol) and bromoacetonitrile
(861mg, 7.18mmol). 4aH*Br' was obtaied as beige solid (88ig, 3.54mmol, 49%). Mp
208 209°C; lit.: 207 209!211H NMR (400 MHz, DMSQde) U= 6.19 (s, 2 H, Ch), 8.13 (t,
_ . J=T72Hz 1H, GH) 834 (tJ=7.1Hz 1 H, Gv-H), 8.41 (dJ=8.2Hz 1 H,
CE)HT;:C” Car-H), 8.60 (dJ = 8.3Hz, 1 H, Gar-H), 8.70 (dJ = 6.8Hz, 1 H, Gar-H), 8.90 (dd,
J=6.8, 1.4Hz, 1 H, Cx-H), 10.27 (s, 1 H, &-H). 13C NMR (100 MHz, DMSQdg) Ui = 47.5
(t, CH), 114.3 (s, CN), 126.3 (d,AcH), 127.0 (s, &), 127.4 (d, G-H), 131.0 (d, G-H),
131.6 (d, Gr-H), 134.6 (s, @), 137.5 (d, &-H), 138.0 (d, Gr-H), 151.5 (d, G+-H). HRMS
(ESI+): GiiHoN2" caled: 169.0%60; found: 169.0759. Da729
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2-(2-Oxo-2-phenylethyl)isoquinolin-2-ium bromide (4bH*Br'). The title compound was
synthesized by procedure from bromoacetophenone (4.00 g, 2éhinol) and isoquinoline
(2.60 g, 20.Inmol). 4bHBr' was obtained as colorless sql&l15 g, 18.5mmol, 93%).

Mp 207 208 °C; lit.: 209 2103° H NMR (400 MHz, DMSQds) i = 6.68 (s, 2 H, Cb),
7.617 7.74 (m, 2 H, 2x@-H), 7.751 7.92 (m, 1 H, G-H), 8.091 8.16 (m, 3 H, 3x&-H),
8.34 (dddJ = 8.3, 7.0, 1.Hz, 1 H, Gar-H), 8.43 (dJ= 7.6Hz, 1 H, Gar-H), 8.53i 8.59 (m, 1
H, Car-H), 8.70 (dJ = 6.9Hz, 1 H, Ga-H), 8.77 (ddJ = 6.8, 1.4Hz, 1 H, Gar-H), 10.07 (s, 1

. H, Car-H). 3C NMR (100 MHz, DMSQds) U= 66.1 (t, CH), 125.5 (d, G-
\v H), 126.8 (s, &), 127.4 (d, G-H), 128.3 @, 2xCar-H), 129.2 (d, 2xG&-H),
130.6 (d, Gr-H), 131.4 (d, G-H), 133.6 (s, &), 134.8 (d, &-H), 136.3 (s,
Car), 137.2 (d, G-H), 137.5 (d, Gi-H), 151.7 (d, Gr-H), 190.9 (s, CO)HRMS (ESI+): m/z
[C17H14NO]*: calcd: 248.1070, found: 248.1071. D48}

3.4.3 System Development

3.4.3.1 Base and Solvent Dependence

Synthesis of Michael Adduct M1a in DMSO with HNMe2 (30% aq.). 1aH*Br' (62 mg,
0.25mmol) and6f (66 mg, 0.25mmol) were dissolved in DMSO (&1L) and HNMe (2 mL,
30% aq) was added a20 °C in one portion.The solution turned immediately red and was
stirred for 15 min at 20C. Brine was added (20L) and the solution was extracted with £Hp
(3x20mL). The combined organic layers were washed with watem({20and brine (20nL)
and dried over N&Qu. Thesolvent was evaporated and the crude material was subjected to
H NMR: 75:25 mixture oM-1a(dr 2:1) andef. Da6291

Synthesis of Michael Adduct M1a in DMSO with NEts. 1aH*Br' (123 mg, 500 pmol)
and 6f (131 mg, 500 umol) were dissolved in DMSO (&L) and NEts (140 pL, 102mg,
1.01mmol) was added &0 °C in one portion. The solution turned immediately red and was
stirred for 15 min at 20C. Then TFA (80 pl, 54ng, 0.47mmol) was added to quench the
reaction. Brine was added (&) and the solution wasxtracted with CECl> (3x20mL). The
combined organic layers were washed with watern2)) and brine (20nL) and dried over
NaSQu. The solvent was evaporated and the crude material was subjetiteNkR: 40:60
mixture ofM-1a(dr ~1:1) andef. Da6261
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Synthesis of Michael Adduct Mla in DMSO with KO'Bu. 1-(1,5Diethoxy-4-
(ethoxycarbonyl)-1,5-dioxo-3-(p-tolyl)pentan-2-yl)pyridin -1-ium bromide (M-1a).
laH'Br' (123mg, 500umol) and6f (131 mg, 500umol) were dissolved in DMSO (L) and
KO'Bu (67 mg, 0.0 mmol) in 2mL DMSO was added &0 °C in one portion. The solution
turned immediately red and was stirred for 15 min at°’@0 Then TFA (80 ul, 54mg,
0.47mmol) was added to quench the reaction. Brine was addeahl2@nd the solution was
extracted wih CHCl> (3x20 mL). The combined organic layers were washed with water
(20mL) and brine (20mL) and dried over N&Qu. The solvent was evaporated and the crude

@war coget material was subjected t6l NMR: 93:7 mixture ofM-1a (dr ~1:1.2) andbf.
Me@ﬂ&iga Tentative assignmentof the 'H NMR-signals in the mixture of

diastereoisomerdd NMR (200 MHz, CDCH)ti= 0. 6471 0. 08I m, 21
(t, J=7.1Hz, CHg), 0.98 (t,J = 7.1 Hz, CHg), 1.187 1.10 (m, 2xCH, superimposed b§f),
2.00(s,CH),215(s,CH) , 3.53 1T B.68.F¢®, 12BCHA)401lm, 21 Ct
4.19 (m, 3xCH, 2xCh), 4.50 (dJ = 10.6Hz, CH), 6.77 (dJ=8.0Hz,2xCy-H) , 6. 94 1 7
(m, 4xCy-H) , 7. 06 T a-R), 7182 (t,X=n6,9 HZ 2xGCy-H), 8.01 (t,J = 6.9 Hz,
2xCar-H), 8.38 (t,J = 7.7Hz, Car-H), 8.62 (t,J = 7.7 Hz, Car-H), 9.21 (d,J = 5.8 Hz, 2xCar-
H), 9.36 (d,J = 6.0Hz, 2xCar-H). Da6262

Synthesis of Michael Adduct M1a in Methanol with NEts. 1aH'Br' (62 mg, 0.25mmol)
and6f (66 mg, 0.25mmol) were dissolved in methanol (2L) and NE% (37 mg, 0.37mmol)
was added &0 °C in one portion. The solution turned imdiately red and was stirred for 15
min at 20°C. The solvent was evaporated and the crude material was subjeéte8lkoR:

78:22 mixture oM-1a(dr 1:1) and6f. Da6292

Synthesis of Michael Adduct M1a in MeCN with NEts. 1aH'Br' (123 mg, 500 umol)
and6f (131 mg, 500umol) were dissolved in MeCN (&1L) and NEt (102 mg, 1.01mmol)
was added a20 °C in one portion. The solution turned immediately red and was stirred for
15 min at 20°C. Then the solvent was evaporated and the crude material was subjected
'H NMR: 88:12 mixture oM-1a(dr 2:1) andef. Da6263

Synthesis of Michael Adduct M1a in CH2Cl2 with NEts. 1aH*Br’ (59 mg, 0.24mmol)
and6f (62 mg, 0.24mmol) were suspended in GBI> (2 mL) and NE% (37 mg, 0.37mmol)
was added a20 °C in one porton. The solution turned immediately red and was stirred for
15 min at 20°C. Then the solvent was evaporated and the crude material was subjected to
'H NMR: 8:92 mixture of6f and M-1a (dr 3:1)/C-1a (dr not determined) in a 72/28 ratio.
Da649roh
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Synthesis of [3+2]-Cycloadduct C-1a in EO/MeCN with NEts. 1aH'Br' (59 mg,
0.24mmol) and6f (62 mg, 0.24mmol) were suspended in /MeCN (3mL, 2:1) and NE£
(50pL, 37mg, 0.36mmol) was added &0 °C in one portion. The solution turned immediately
red and wa stirred for 15 min at 20C. Then the solvent was evaporated and the crude material
was subjected tH NMR: 14:86 mixture oBf andM-1a (dr 1:1)/C-1a (dr 3:2) in a 342/66
ratio. Da6492

Synthesis of [3+2]Cycloadduct C-1a in THF with KO 'Bu. 1aH'Br' (59 mg, 0.24mmol)
and6f (62 mg, 0.24mmol) were suspended in THF (@L) and KOBu (28mg, 0.25mmol) in
1 mL THF was added. The solution turned immediately red and was stirred for 5 mifGat 20
The solvent was evaporated and the crude material was ubjetit NMR: 99:1 mixture of
C-la(dr 1:1) and6f. Da6494

Synthesis of [3+2]Cycloadduct C-1a in CHz2Cl2 with NaOH (32%). 1aH*Br' (59 mg,
0.24mmol) and6f (62 mg, 0.24mmol) were suspended in GEl> (5 mL) and NaOH (ImL,

32%) was added &0 °C in one prtion. The solution turned immediately red and was stirred

Et0,C

L Aek7 - for 15min at 20°C. Water was added (20L) and the solution was extracted
6 N—/2 ©
i O with CHzCl2 (3%x20 mL). The combined organic layers were washed with

water (20mL) and brine (20nL) and dried over N&Qs. The solvent was evaporated , the
crude material was filtrated over Si@-pentane:EtOAc:NE5:1:1) and subjected &l NMR:
97:3 mixture ofC-1a (dr 1.7:1) andef. Tentative assignment of tiHel NMR-signals in the
mixture of diastereoisomers:rajor,*-minor diastereoisoméH NMR (200 MHz, CDC}) U
=0.68 (t,J= 7.1Hz, CHg),* 0.831 0.97 (m, 2xCH),*1.111 1.24 (m, 3xCH),* 2.18 (s, CH),*
2.23 (s, CH),* 3.457 3.97 (m, 3xCH),*# 4.007 4.34 (m, 3xCH, 2x2H, 3-H, 8-H),*#4.52
i 4.65 (m, 8-H),#4.88 (d,J = 8.1Hz, 3-H),*4.91i 5.18 (m, 5H, 8H),*#5.66 (t,J = 2.2Hz,
7-H),*5.691 5.76 (m, 8H),5.80 (d,J = 7.7Hz, 5-H, 7-H),*#5.85 (d,J = 5.7Hz, 6-H),*5.92
(d,J=7.3Hz, 6-H),*6.92 (S, 4xG-H),”6 . 981 7. 0.4H)(,m, 721007 T&wrH)*. 18
Da6496

Oxidation by MnO2. 1aH*Br' (59 mg, 0.24 mmol) and 6f (62 mg, 0.24 mmol) were
dissolved in DMSO (2nL) and NE% (76 mg, 0.75mmol) were added &0 °C in one portion
under stirring, After 5 min Mn@(55 mg, 0.63mmol, 2.6eq) was added and the solution was
stirred for 3 h at 10°C. Then 2N HCI (20nL) was added and the mixture was extracted against
EtOAc (3x20mL). The combined organic layers were washed with watem20and brine
(20 mL) and dried over N&Qu. The solvent was evaporated and the crude material was
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subjectedd *H NMR. 7awas obtained with 50% conversion (by NMR) with ethyhéthyl)

cinnamate (50%) formed froBf by degradation to EtOH and G@s byproduct. Da643
Synthesis of [3+2]Cycloadduct rac-C-4a in CH2Cl2 with NaOH (32%). Diethyl 3-

cyano-2-(p-tolyl)-2,3-dihydropyrrolo[2,1 -alisoquinoline-1,1(1(H)-dicarboxylate (rac-C-

4a). 4aH'Br' (159 mg, 6382umol) and6f (132 mg, 503 umol) were suspended in Gal»

(5 mL) and NaOH (1ImL, 32%) was added &0 °C in one portion. The solution turned

immediately orangeral was stirred for 15 min at 2@. Water was added (20L) and the

solution was extracted with GBI (3x20mL). The combined organic layers were washed with

water (20mL) and dried over N&Qi. The solvent was evaporated and the crude material was

recrygallized from E$O. rac-C-4awas obtained as orange solid (208; 495umol; 98%;dr

4:9:100 for antexo approach)Mp (antrexo-C-4a) : 1 3°Z1'H SMR (antiexo-C-4a,
400 MHz, CDC$) 4= 0.69 (tJ= 7.2Hz, 3 H, CH), 0.74 (tJ= 7.2Hz, 3 H, CH), 2.33 (s, 3
H, CHs), 3.341 3.47 (m,2H,CH) , 3. 71 1 32,887 (dIJm10.2Rz HH,2 CH

H), 4.53 (d,J = 10.2Hz, 1 H,1-H), 5.53 (d,J = 7.7Hz, 1 H, 6H), 5.68 (s, 1 H, 10H), 6.53
(d,J = 7.8Hz, 1 H, 5H), 6.98 (ddJ = 7.7, 1.4Hz, 1 H, 7H), 7.06i 7.17 (M, 5 H, 4xG-H,
8-or 9-H), 7.21 (tdJ= 7.5, 1.3Hz, 1 H, 8 or &-H), 7.32 (dd,)= 7.6, 1.4, 1 H, 14H). °C NMR

qu’cﬁa (antiexo-C-4a,100 MHz, CDC}) 1= 13.3 (g, CH), 13.3 (g, CH), 21.2 (q,
LA CHy), 547 (d, GL), 59.2 (d, €2), 61.7 (1, CH), 62.0 (t, CH), 67.0 (d, G
oo 1), 70.9 (s, €3), 103.7 (d, @), 115.7 (s, CN), 124.5 (d-T), 125.9 (d,

C-8), 126.9 (s, €107, 128.6 (d, C10), 128.8 (d, €9), 129.5 (d, 4xG,-H), 131.3 (d, €5), 131.5
(s, G6%), 132.1 (s, @), 138.4 (s, &), 168.5 (s, CQ), 169.3 (S, CE). HRMS (EI): CagH26N204
calcd.: 430.1893; found: 430.189MS (EI) m/z = 430.13 (2), 262.03 (8), 217.00 (9), 169.00
(10), 167.99 (100), 144.000), 116.01 (18), 115.00 (11). Da884

3.4.3.2 Oxidant-Screening

Pd/C/Oz. 1aH*Br' (62mg, 0.25mmol) and6f (66 mg, 0.25mmol) were dissolved in C¥Cl»
(5 mL) and ag. NaOH (InL, 30%) was added &0 °C in one portion. The solution turned
immediately red and vegastirred till all of6f was consumed (by TLC). Then BL water was
added, the organic layer was separated and the aqueous layer was extractesChy CH
(2x10 mL). The combined organic layers were dried ovesSTa. The dried solution was
transferred to &chlenkflask and Pd/C (2engPd/C 2 mg Pd (10%)) was added. The flask
was set under £and stirred for 18 h at 2@. No conversion 06f to 7awas observed by TLC.
Da6543
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DTBPO. A solution of DTBPO (146ng, 1.00mmol, 4.0 eq) was added to a driexgion
of C-lagenerated as describat Pd/C/Q (see aboveat 20 °C and stirred for 18 h. Onlgf
and not a trace afawas observed by TLC. Da65#

NCS. NCS (133mg, 1.00mmol, 4 eq) was added to a dried solutiorCaia generated as
described i® at20 °C and stirred for 18 h. Onl§f and not a trace afawas observed by TLC.
Da6545

DDQ. DDQ (80mg, 352umol, 1.4 eq) was added to a dried solutiorCeta generated as
describedor Pd/C/Q (see aboveat 20 °C and stirred for 18 h. The solvent was evaporated
and the crude material was filtrated over SM@ith CHCl> as eluent. The solvent was
evaporated and the product was subjectetHtNMR. 7a was obtained with 54% conversion
(by NMR; as ratio of7a/(6f+7a)). Da6541

2.0equiv. Chloranil for 18 h. Chloranil (122mg, 0.50mmol, 2.0 eq) was added was added
to a dried solution o€-1a generated as describém Pd/C/Q (see abovedoubleamount of
reactantsht 20 °C and stirred for 18 h. The solvent wasapuerated, the crude material was
filtrated over SiQ with CHClz> as eluent. The solvent was evaporated and the product was
subjected tdH NMR. 7awas obtained with 69% conversion (by NMR, as ratidascf+7a)).
Da6542

Oxidation by 1.0equiv. Chloranil for 3 h. Chloranil (62mg, 0.25mmol, 1.0 eq) was added
to a dried solution of-1agenerated as describfa Pd/C/Q (see aboveat 20 °C and stirred
for 3 h. The solvent was evaporated and subjectéti tNMR. 7a was obtained with 74%
conversion (by NMRas ratio of7a/(6f+7a)). Da6548

Oxidation by 1.0equiv. Chloranil for 1 h. Chloranil (62mg, 0.25mmol, 1.0 eq) was added
to a dried solution o€-1agenerated as describfa Pd/C/Q (see aboveat 20 °C and stirred
for 1 h. The solvent was evaporatatt the crude material was subjectedHdNMR. 7awas
obtained with 74% conversion (by NMR; as ratio/ef(6f+7a)). Da6546

Oxidation by 1.0 equiv. Chloranil for 0.5 h. Chloranil (62mg, 0.25mmol, 1.0 eq) was
added to a dried solution 6F1a generatecs describetbr Pd/C/Q (see aboveat 20 °C and
stirred for 0.5 h. The solvent was evaporated and the crude material was subjadtSi/iR.
7awas obtained with 65% conversion (by NMR; as ratida6f+7a)). Da6547
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3.4.3.3 Mechanistic Studies

Oxidation of C-4a under inert atmosphere C-4a (80 mg, 0.19mmol) was dissolved in
CD.Cl> under N-atmosphere. UnderzNt 20 °C chloranil (45.7mg, 0.19mmol) was added
and the solution was stirred for 1 h. After 1 h the reaction mixture was subjeét¢dNMR-
analsis. 21% ofC-4awere converted to indolizinga.

Oxidation of C-4a under air. C-4a (80 mg, 0.19mmol) was dissolved &0 °C in CD.Cl>
under air and chloranil (45mg, 0.19mmol) was added and the solution was stirred for 1 h.
After 1 h the reaction miyure was subjected #1 NMR-analysis. 58% of-4awere converted
to indolizine5a

Oxidation of C-4a under air with aq. NaOH (32%). C-4a (166 mg, 0.39 mmol) was
dissolved a0 °C in CD2Cl> under air, chloranil (93ng, 0.38mmol) and 20ul ag. NaOH
(32%) were added and the solution was stirred for 1 h. After 1 h the reaction mixture was
subjected tdH NMR-analysis. 17% o€-4awere converted to indolizirnga.

Oxidation of C-4a under air with NaOH saturated CHzCl2. 5 mL CH.Cl; and 1mL aq.
NaOH (32%) werstirred for 1 h at 20C, then water was added and the CHwas separated
and dried over N&Qs. ThenC-4a(47 mg, 0.11mmol) was dissolved in the NaOH sat. &b
at 20 °C under air, chloranil (2/g, 0.11mmol) was added and the solution was stirradifo
h. After 1 h the solvent was evaporated and the crude reaction mixture was subjected to
H NMR-analysis. 100% of-4awere converted to indolizirnsa.

3.4.4 Synthesis of the Products 5, 7, 12,-@b, and 18

Procedure B for the Synthesis of the Indolizines %, The Michael acceptd@ a orjl3a c
(0 . 2 5 Tnfnol)5and the sall a T tXHor 4aH*Br' (0 . 2 5 TnimolOn@re suspended in
dichloromethane (C¥Cl>, 0.1 M), and ImL of NaOH (aq. 30%1 mL) was added at room
temperature. The suspension was stirred till the Micheetptor was coptetely consumed
(monitored by TLC; 15 min 1 h). Water (30mL) was added and the reaction mixture was
extracted with CECl> (3x5 mL). The combined organic layers were dried ovepSTa.
Chloranil (1 eqg.) was added and the solution was stirred at roopetatare for 30 min to B.
The solvent was evaporated and the residue was subjected to column chromatagraphy (
pentane : EtOAc 15:1 3:1, depending oR¥). The resulting solids were dissolved in CE|CI
and insoluble precitates were removed by filtrati. After evaporation the products were

further purified by recrystallization from .
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3.4.4.1 Variation of the Ylides 1

Diethyl 2-(p-tolyl)indolizine-1,3-dicarboxylate (7a). According to procedureB from
laH*Br- (62 mg, 0.25mmol), 6f (60 mg, 0.23mmol) and chbranil (56 mg, 0.23mmol). 7a
was obtained as colorless crystalline solidrif&3 0.15mmol, 65%).

Rf = 0.51 (-Hexane:EtOAc 5:1)Mp 116'117°C. IR (neat)ﬁ =3329, 3148, 2981, 1727,
1664, 1628, 1499, 1401, 1384, 1334, 1257, 1200711875, 1118, 1092, 1054, 1037 cin
'H NMR (300 MHz, CDC#) i=0.88 (t,J= 7.1Hz, 3 H, CH), 1.06 (tJ= 7.1Hz, 3 H, CH),

8 ga O

Oy 2.41(s,3H,Ch), 4.05(qJ=7.1Hz, 2 H, CH), 413 (9= 7.1Hz, 2 H,
R CHy), 6.98 (td,J = 6.9, 1.5Hz, 1 H, 6H), 7.097 7.21 (m, 4 H, 4x@&-H),
7.32 (dddJ= 9.0, 6.8, 1.Hz, 1 H, #H), 8.33i 8.44 (m, 1 H, &), 9.60 (dtJ= 7.2, 1.1Hz,
1 H, 5H). 13C NMR (75 MHz, CDC}) U= 13.6 (g, CH), 14.1 (q, CH), 21.5(q, CH), 59.6 (t,
CHy), 60.0 (t, CH), 105.3 (s, €1), 113.9 (s, G3), 114.4 (d, &), 119.8 (d, €8), 125.9 (d, €
7), 127.7 (d, 2x@-H), 128.1 (d, G5), 129.2 (d, 2x@&-H), 133.1 (s, &), 136.4 (S, &), 138.7
(s, G889, 140.4 (s, ), 162.0 (s, C@Q), 164.5 (s, Ce). HRMS (El): C21H21NO4 calcd:
351.1471; fand: 351.1463MS (El) m/z = 351 (100), 323 (5), 306 (10), 279 (22), 207 (12).
Da659

Ethyl 3-(diethylcarbamoyl)-2-(p-tolyl)indolizine -1-carboxylate (7b). According to
procedureB from 1bH*Br' (163mg, 597umol), 6f (131 mg, 500umol) and chloranil (1238ng,
500 umol). 7b was obtained as colorless solid (88), 0.26 mmol, 52%). Rr = 0.21 (-
Hexane:EtOAc 5:1)Mp 10Gi 101 °C. IR (neat)/7 = 2975, 2931, 1695, 1617, 1542, 1502,
1439, 1382, 1266, 1230, 1218, 1171, 1148, 1133, 1048 4#NMR (400 MHz, CDC4) li=
0.61 (br s, 3H, Ch, 1.05 (br s, 3H, CkJ, 1.24 (tJ= 7.1Hz, 3 H, CH), 2.38 (s, 3 H, Cb),
2.62 (brs, 1 H, @HY), 3.04i 3.24 (m, 2 H, CH2 CHHP), 3.74 (br s, 1 H, CHP), 4.13i 4.35
Al (m, 2 H, CH), 6.751 6.81 (m, 1 H, éH), 7117 7.17 (m, 3 H, ™, 2xCar-

6 N\ N2 Me

H), 7.30i 7.36 (m, 2 H, 2x@&-H), 8.20 (dtJ = 7.0, 1.1Hz, 1 H, 5H), 8.27
(dt,J= 9.1, 1.3Hz, 1 H, 8H). 13C NMR (100 MHz, CDC}) ti= 12.5 (br g, CH), 14.1 (br g,
CHs), 14.5 (g, CH), 21.5 (g, CH), 38.9 (t br, CHH), 438 (t br, CHH), 59.6 (t, Cb), 101.6 (s,
C-1), 113.3 (d, @B), 118.6 (s, €3), 120.3 (d, €8), 123.6 (d, €7), 125.3 (d, €5), 128.4 (d,
2xCar-H), 130.6 (s, &), 130.6 (d, 2x@-H), 130.9 (s, &), 137.1 (s, €9), 137.4 (s, G),
163.1 (s, CO), 165.0 (§0).HRMS (EI): CasHaeN20s calcd.: 378.1943; found: 378.193@S
(El) m'z= 378 (56), 279 (100), 234 (28), 204 (12). DaE26
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Ethyl 3-cyano-2-(p-tolyl)indolizine-1-carboxylate (7c) According toprocedureB from

1cH'Br' (149 mg, 750umol), 6f (131 mg, 500umol) and chloranil (123ng, 500 umol). 7c

was obtained as colorless solid (148 370umol, 74%).Rr = 0.36 (-Hexane:EtOAc 5:1Mp

128 129°C. IR (neat)7 = 3402, 2920, 2201, 1747, 1680, 1502, 1446, 1401, 1264, 1243, 1153,
1055, 102, 991 cm 1 H NMR (300 MHz, CDC#) i= 1.22 (tJ= 7.1Hz, 3 H, CH;), 2.42 (s,

3 H, CH), 4.26 (qJ= 7.1Hz, 2 H, CH), 7.03 (tdJ = 6.8, 1.4Hz, 1 H, 6H), 7.22i 7.29 (m,

2 H, 2xCar-H, superimposed by solvent), 7.34 (ddd;, 9.1, 6.9, 1.3z, 1 H, 7#H), 7397 7.47

(m, 2 H, 2xG-H), 8.311 8.41 (m, 2 H, BH, 8H). 13C NMR (75 MHz, CDC}) ti= 14.3 (q,

CHa), 21.5 (g, CH), 60.1 (t, CH), 97.4 (s, CN), 103.8 (s,-0), 113.2 (s, €3), 115.0 (d, &),

120.9 (d, G5 or G8), 125.6 (d, & or G8), 126.3 (d, €7), 128.6 (s, &), 128.8 (d, 2x@&-H),

8 COgt

O e 130.0 (d, 2%G-H), 138.7 (s, Gr), 138.7 (s, €8%), 1416 (s, @), 163.7 (s,
S COy). HRMS (El): C1sH16N20; calcd: 304.1212; found: 304.120H1S (EI)
m/z= 304 (100), 276 (16), 259 (55), 232. (41). Da665

Diethyl 3-aceyl-2-(p-tolyl)indolizine -1-carboxylate (7d).According toprocedureB from
1dH*CI" (162 mg, 944 umol), 6f (131 mg, 500 umol) and chloranil (123ng, 500umol). 7d

was obtained as colorless solid (88, 0.26mmol, 52%).Rr = 0.50 (-Hexane:EtOAc 5:1Mp
145°C. IR (neat)ﬁ =3405, 2921, 2852, 1747, 1553, 1445, 1400, 1372, 1256, 1196, 1172,
1012, 991 cmiH NMR (600 MHz, CDC$) ti=1.03 (t,J= 7.1Hz, 3 H, CH;), 1.91 (s, 3 H,
CHs), 2.42 (s, 3 H, Ck), 4.10 (qJ = 7.1Hz, 2 H, CH), 7. (td,J = 7.0, 1.5Hz, 1 H, 6H),
7.19 (d,J=8.1Hz, 2 H, 2xG-H), 7.23 (dJ = 7.9Hz, 2 H, 2xG-H), 7.40 (dddJ = 8.9, 6.8,
1.2Hz, 1 H, 7H), 8.41 (dt,J = 9.0, 1.2Hz, 1H, 8H), 10.04 (dtJ = 7.2, 1.1Hz, 1H, 5H).
13C NMR (150 MHz, CDC}) U = 14.0 (q, CH), 21.5 (g, CH), 30.9 (g, CH), 59.7 (t, CH),
106.0 (s, €l1), 115.3 (d, ), 119.6 (d, €8), 122.7 (s, €3), 127.5 (d, €7), 128.8 (d, 2x@-
H), 129.2 (d, €5), 129.3 (d, 2x@-H), 133.2 (s, &), 137.6 (s, &), 138.7 (s, €8%), 141.5 (s,

5 go O C-2), 164.4 (s, C@), 190.2 (s, COHRMS (EI): Co0H19NO3 calcd: 321.1365;

H—
Me

GEQ,S/CZME found: 321.1363MS (El) nVz = 322 (18), 321 (100), 278 (16), 276 (23), 249
(18), 234 (27), 204 (11). Da743

Ethyl 3-benzoyt2-(4-nitrophenyl)indolizine -1-carboxylate (7e).Accordingto procedure
B from 1eH'Br' (105mg, 378umol), 6a(73mg, 249umol) and chloranil (128ng, 500umol).
7ewas obtained as impure yellow solid (@8, 53 umol, 21%).R: = 0.26 (-Hexane:EtOAc
5:1).'"H NMR (600 MHz, CDC$) ti=1.11 (tJ= 7.1Hz, 3H, CH), 4.17 (qJ = 7.1Hz, 2 H,

7 L " CHy), 7.03 (t,J = 7.8Hz, 2 H, 2xG-H), 7.11 (t,J= 7.0Hz, 1 H, 6H), 7.18

6N\ N2

® 76" copn (t, J=7.5Hz, 1 H, G-H), 7.227 7.28 (m, 2 H, 2x&-H, superimposed by
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solvent), 7. 30 a-H), 774513752 ((nniH, 7-R), 786 ¢, 24 8B Hz, 2 H,
2xCar-H), 8.49 (dJ = 9.0Hz, 1 H, 8H), 9.64 (dJ= 7.1Hz, 1 H, 5H). 13C NMR (150 MHz,
CDCl) = 14.2 (q, CH), 60.2 (t, CH), 104.9 (s, €l1), 115.7 (d, &), 120.1 (d, €8), 122.0
(d, 2xCar-H), 122.4 (s, €3), 127.9 (d, 2x@-H), 128.0 (d, G7), 128.4 (d, 65), 129.2 (d, 2x -
H), 131.6 (d, G-H), 132.2 (d, 2x&-H), 137.8 (s, &), 139.3 (s, €89, 139.4 (s, €2), 141.7
(s, Gar), 146.8 (s, &), 164.0 (s, CQ), 187.9 (s, CO)HRMS (El): Cz4H1sN20s calcd:
414.1216; found: 414.12.MS (El) m/'z= 414 (100), 369 (12), 342 (10). Da688

Ethyl 6-chloro-3-cyano-2-(p-tolyl)indolizine -1-carboxylate (7f). According toprocedure
B from 1fH*Br' (175mg, 750umol), 6f (132mg, 503umol) and chloranil (1281g, 500umol).

. com 7f was obtained as tmrless solid (92ng, 0.27mmol, 54%).Rr = 0.47 (-
q;{ z//CN " Hexane:EtOAc 5:1Mp 126/ 127°C. IR (neat)ﬁ = 3364, 2916, 2208, 1771,
168&':, 1501, 1433, 1423, 1379, 1324, 1264, 1241, 1180, 1098, 1060, 103HcNMR (400
MHz, CDChk) U= 1.19 (t,J= 7.1Hz, 3 H, CH), 2.40 (s, 3 H, Ch), 4.23 (q,J = 7.1Hz, 2 H,
CHy), 7.217 7.30 (m, 3 H, ™, 2xCar-H, superimposed by solvent), 7.134.44 (m, 2 H, 2x -
H), 8.31 (ddJ = 9.6, 0.9Hz, 1 H, 8H), 8.37 (ddJ = 1.8, 0.9Hz, 1 H, 5H). 13C NMR (100
MHz, CDCh) Gi= 14.2 (g, CH), 21.5 (g, CH), 60.4 (t, CH), 97.7 (s, CN), 104.6 (s,-0), 112.6
(s, G3),121.3 (d, €8), 123.5 (d, €5), 123.6 (s, €B), 127.6 (d, €7), 128.1 (s, &), 128.9 (d,
2xCar-H), 130.0 (d, 2x@&-H), 136.7 (s, €8%), 139.0 (s, &), 141.7 (s C-2), 163.3 (s, CQ).
HRMS (EI): C1oH15CIN20- calcd: 338.0822; found: 338.08181S (El) m/z = 340 (31), 338
(100), 295 (24), 293 (75), 266 (63), 229 (15). Da733

Ethyl 3-cyano-7-(dimethylamino)-2-(p-tolyl)indolizine -1-carboxylate (7g).According to
procedureB from 1gH*Br' (151 mg, 624umol), 6f (132mg, 503umol) and chloranil (128ng,
500 umol). 7g was obtained as colorless solid (8#y, 98 umol, 19%). Rf = 0.19 (-
Hexane:EtOAc 5:1Mp 1901 191°C. IR (neat)/7 =3485, 2980, 2194, 1692647, 1513, 1492,
1433, 1301, 1226, 1179, 1143, 1066, 1034 tii NMR (300 MHz, CDC}) ti= 1.17 (t,J =
7.1Hz, 3 H, CH), 2.41 (s, 3 H, Chk), 3.12 (s, 6 H, N(CHk)2), 4.19 (gJ = 7.1Hz, 2 H, Ch),
6.72 (ddJ= 7.6, 2.6Hz, 1 H, 6H), 7.23 (dJ= 79 Hz, 2 H, 2xGy-H), 7.41 (dJ = 8.0Hz, 2
H, 2xCar-H), 7.48 (dJ = 2.6Hz, 1 H, 8H), 8.10 (dJ = 7.6Hz, 1 H, 5H). 3C NMR (75 MHz,
CDCl) U= 14.3 (q, CH), 21.5 (q, CH), 40.6 (g, N(CH)2), 59.6 (CH), 94.7 (s, G1), 97.8 (br

s Cogt d, G8), 99.7 (s, CN)105.4 (d, G6), 114.4 (s, €3), 126.2 (d, €5), 128.6 (d,

MeN__~ 8/ 1

™ 2xCarH), 129.3 (s, G), 129.9 (d, 2xG-H), 138.3 (s, &), 141.7 (br s, €

8%, 142.6 (s, @), 148.1 (s, €7), 164.4 (s, CQ). HRMS (EI): CaiH21N20; calcd: 347.1634;
found: 347.1626MS (EI) mVz = 347 (100), 319 (35), 302 (25), 275 (35). Da732
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Ethyl 3-cyano-2-(p-tolyl)pyrrolo[2,1 -alisoquinoline-1-carboxylate hydrate (8aA #D).
According toprocedureB from 4aH*Br' (175 mg, 703 umol), 6f (132 mg, 503 pmol) and
chloranil (123mg, 500umol). 8aA ¥D was obtained as light yellow solid (16, 443umol,
89%).Rr = 0.53 {-Hexane:EtOAc 5:1)Mp 143 144 °C. IR (neat)/7 = 3403, 2931, 2924,
2208, 1748, 1701, 1508, 1401, 1369, 1265, 1209, 1190, 1113, 1095M02H NMR (600
MHz, CDCh) ti= 1.08 (t,J = 7.2Hz, 3 H, CH), 1.56 (s, 2 H, kD), 2.43 (s, 3 H, Ck), 4.26
Ao oo (4,9=T7.1Hz 2H, CH), 7.20 (dJ=7.2Hz, 1 H, 6H), 7.28 (d,J = 7.8Hz,
// ve 2 H, 2xCy-H), 7.41 (d,J = 8.0Hz, 2 H, 2xGy-H), 7.57i 7.64 (m, 2 H, &H,

- 9-H), 7.69i 7.78 (m, 1 H, ), 8.11 (dJ = 7.2Hz, 1 H, 5H), 8.74i 8.82 (m,
1 H, 16H).13C NMR (150 MHz, CDC#) Ui = 13.8 (g, CH), 21.5 (q CHs), 61.5 (t, CH), 97.7
(s, CN), 110.0 (s, @), 113.3 (s, €3), 115.4 (d, &), 122.3 (d, 5), 124.6 (s, &3, 125.5 (d,
C-7), 127.7 (d, €10), 128.7 (d, 68 or G9), 129.0 (s, &), 129.0 (d, C8 or G9), 129.1 (d,
2xCar-H), 129.3 (d, 2x&-H), 1295 (s, G107, 132.9 (s, €1(P), 138.6 (s, ), 138.7 (s, @),
166.4 (s, CQ. HRMS (El): C23H18N20- caldd.: 354.1368; found: 354.13681S (EI) m/z =
354 (100), 326 (12), 309 (73), 282 (83), 266 (25). DaZ31

3.4.5 Reactions of Benzoyl Substituted Ylides witlBenzylidene Malonates 6

1-(4-Ethoxy-3-(ethoxycarbonyl)-2-(4-nitrophenyl) -4-oxobutyl)pyridin -1-ium bromide
(13a) 1eH'Br' (73 mg, 0.26mmol) and6a (70 mg, 0.24mmol) were dissolved in ethanol
(10mL) and triethylamine (781g, 721umol) was added at rooremperature. The mixture was
stirred for 1 h and the solvent was evaporated. The crude product was recrystallized from
ethanol to yield 3aas colorless needles (16®), 240umol, 100%).Mp 206 207°C. *H NMR
(300 MHz, CDC$) U= 0.95 (tJ = 7.1Hz, 3 H, CH), 1.25 (t,J = 7.1Hz, 3 H, CH), 3.81i
3.96 (m, 2 H, Ch), 4.13i 4.31 (m, 4 H, 2xCH, Ch), 5.49 (dd,J = 13.1, 4.9Hz, 1 H, CHH),

@Nf . 6.01 (ddJ= 13.0, 9.z, 1 H, CHH), 7.75 (dJ = 8.7Hz, 2 H, 2xG-H), 7.90

o T 8. @M, 2&G@wn-H), 8.08 (dJ=8.8Hz, 2 H, 2xGy-H), 8.45 (tJ= 7.8Hz,

7w Ga-H), 9.39 (d,J = 5.7Hz, 2 H, 2xGy-H). 13C NMR (75 MHz, CDCH) i
=13.8 (q, CH), 14.1 (q, CH), 47.3 (d, CH), 54.7 (d, CH), 62.2 (t, @62.4 (br t, CHH), 62.9
(t, CHp), 124.2 (d, 2xG-H), 128.4 (d, 2x&-H), 130.7 (d, 2x@&-H), 142.4 (s, &), 145.5 (d,
2xCar-H), 145.9 (d, G+-H), 148.0 (s, @&-H), 166.7 (s, CQ), 167.5 (s, CQ. HRMS (ESI):
C20H23N206" calcd: 387.1551; found: 387.154Blemental analysis calcd: N 599, C 51.40,
H 4.96; found: N 5.91, C 51.23, H 4.93. DA630
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1-(4-Ethoxy-3-(ethoxycarbonyl}-4-oxo-2-(p-tolyl)butyl)pyridin -1-ium bromide (12b).
1leH'Br' (146 mg, 525umol) and6f (131 mg, 500 umol) were dissolved in ethanol (L)
and triethylamine (146nhg, 1.44mmol) was added at room temperature. The mixture was then
stirred for 1 h and the solvent was evaporated. The reaction crude was recrystallized from EtOH
and from acetone to yieltl3b as colorless solid (15tg, 346 umol, 69%). The product is

O* 3 contaninated byleH'Br'. Mp 183°C (decomp.)H NMR (300 MHz, CDC})

wom U=0.91 (t,J= 7.1Hz, 3 H, CH), 1.27 (t,J = 7.1Hz, 3 H, CH), 2.22 (s, 3 H,

w7 CHg), 3.76 (td,J = 10.7, 4.3Hz, 1 H, CH), 3.87 (qJ = 7.1Hz, 2 H, CH), 4.03
(d,J=10.5Hz, 1 H, CH), 4.16 4.33 (m, 2H, CH), 5.25 (ddJ = 13.0, 4.3Hz, 1 H, CHH),
5.62 (dd,J = 12.9, 11.0Hz, 1 H, CHH), 6.97i 7.04 (m, 2 H, 2x@&-H), 7.04i 7.12 (m, 2 H,
2xCar-H), 7.861 7.95 (m, 2 H, 2x@-H), 8.45 (tt,J= 7.8, 1.4Hz, 1 H, Ga-H), 8.911 9.00 (m,
2 H, 2xGy-H). 13C NMR (75 MHz, CDC}) U = 13.7 (g, CH), 14.1 (q, CH), 21.1 (g, CH),
47.8 (d, CH), 55.0 (d, CH), 61.9 (t, @K62.6 (t, CH), 64.1 (t, CHH), 128.0 (d, 2xH),
128.6 (d, 2x@-H), 130.0 (d, 2x@-H), 131.2 (s, &), 138.7 (S, &), 145.1 (d, 2x@&-H), 145.8
(d, Car-H), 1669 (s, CQ), 168.0 (s, CQ. HRMS (ESI): G1H26NOs4" calcd: 356.1856; found:
356.1856. DA881

Diethyl 3-benzoyt2-(4-nitrophenyl)-2,3-dihydropyrrolo[2,1 -alisoquinoline-1,1(10kH)-
dicarboxylate (C-4b). 4bH*Br’ (164 mg, 500 umol) and 6a (147 mg, 500 umol) were
dissolved in 5mL of DMSO and NE (73 mg, 0.72mmol) was added. The reaction mixture
was stirred for 5 min at room temperature, therp@lH(15 mL) was added and the solution
was poured onto brine (28L). The organic layer was separated and the aquegas Was
washed twice with CECl2 (15 mL). The combined organic layers were washed with brine
(2x25 mL), dried over NgSQs and the solvent was evaporated at room temperature. The
resulting solid was recrystallized from ethanol to gdvdb (202mg, 374umal, 75%,dr 1:6:9)
as a mixture of orange needladr (1:4:6) and red prisms (single diastereoisomer), which
isomerize slowly in solutiorMp (EtOH).: 148 149°C. (mixture).Mixture C -4b (dr ~1:4:6).
Tentative assignment of thel NMR-signals in the mixturef diastereoisomers; *-major,*-
first minor diastereoisomet;second minor diastereoisoméid NMR (300 MHz, CDC}) Ui =
0.651 0.76 (m, 2xCH),* 0.821 0.95 (m, 2xCH),¥1.197 1.30 (m, 2xCH),*3 . 27 1 3. 45
A s CHy , * 3. 47 1 "02071( m,. 441 H¥49 (d,GH
vo,  7.3Hz, 3-H)," 4.62 (d,J = 8.6 Hz, 3-H),#5.00 (d,J = 10.4Hz, 3-H),* 5.10

B o (d,J= 10.4Hz, 2-H),* 5.23 (d,J = 7.5Hz, 2-H),* 5.30 (d,J = 7.5Hz, 2-H)/*
5.38 (d,J = 7.7Hz, 6-H),* 5.58 (d,J = 7.3Hz, 6-H)," 5.81 (d,J = 7.7Hz, 5H),* 5.87 (s, 16-
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3 OnePot Two Step Synthesis of-Ethoxycarbonyindolizines via Pyridinium Ylides

H), 5.91 (d,J = 8.6 Hz, 6-H),”5.98 (s, 6 H, 18H),* 6.03 (d,J = 7.5Hz, 5H),” 6.20 (d,J =
7.5Hz, 5-H),* 6.24 (s, 16H), 6.817 6.88 (m, 2x8H or 9-H),** 6.907 7.02 (m, 3x8H or &

H),* #*7.05i 7.71 (m, 3x7#H, 8H or 9-H, 3x10H, 16xGH, superimposed by solvent)*
7.82 1 7. HA"g.m5 41 C8 ..HL* #{8 NMRSigBals of the minor
diastereoisomerg,* are partially superimposed by the major diastereoisomer *. The
multiplicicity assignment of the aromatic carbatoms Gr was notunambiguous!3C NMR

(75 MHz, CDC}) ti=13.3 (q), 13.4 (q), 13.7 (q), 14.1 (q), 51.5 (d), 51.6 (d), 51.9 (d), 61.6 (1),
61.7 (1), 61.9 (t), 62.2 (1), 62.3 (t), 64.7 (d), 68.4 (d), 70.3 (d), 70.5 (d), 71.1 (d), 71.2 (d), 73.1
(d), 73.4 (d), 99.2 (d), 100.1 (d), 104.4,(d23.0 (Gy), 123.2 (Gy), 123.5 (Gy), 124.1 (G,
124.2 (G, 124.4 (Gy), 125.2 (Gy), 125.4 (Gy), 125.5 (Gy), 125.8 (Gi), 126.4 (G), 126.6 (G,
127.3 (G, 127.7 (Gy), 128.2 (Gy), 128.3 (Gr), 128.4 (Gy) 128.6 (Gy), 128.7 (Gr), 128.8 Ca),
128.8 (Gy), 129.1 (G, 129.4 (Gy), 130.0 (br, @), 131.1 (Gy), 131.4 (G, 131.5 (Gy), 132.0
(Can), 132.6 (Gy), 132.7 (Gy), 133.5 (Gy), 134.0 (Gy), 134.6 (Gy), 134.6 (Gy), 135.2 (Gy), 135.5
(Ca), 135.8 (Gy), 136.3 (s), 143.2 (s), 144(s), 146.5 (s), 147.2 (s), 147.4 (s), 167.4 (s), 168.1
(s), 169.2 (s), 169.3 (s), 169.6 (s), 169.9 (s), 193.3 (S), 196.5 (s), 196HR{EE (EI):
Ca1H28N207 calcd: 540.1897; found: 540.188FIS (EI) m/z =540 (1), 465 (1), 435 (1), 293
(10), 248 (37)247.12 (61), 246 (100), 203 (22), 147 (12), 129 (17), 115 Pryms C-4b (1
diastereoisomerfH NMR (200 MHz, CDC#) t= 0.791 0.99 (m, 6 H, 2xCh), 3.42 4.09 (m,

4 H, 2xCH), 4.61 (dJ = 8.6Hz, 1 H, CH), 5.30 (dJ = 7.5Hz, 1 H, CH), 5.91 (dJ = 8.6 Hz,

1 H, CH), 6.03 (dJ= 7.5Hz, 1 H, CH), 6.23 (s, 1 H, CH), 6.86 (dbi= 7.5, 1.4Hz, 1 H, Cur-

H), 6.921 7.02 fn, 1 H, Gy-H), 7.05i1 7.20 (m, 3 H, 3x@-H), 7.21i 7.33 (m, 2 H, 2x&-H,
superimposed by solvent), 713650 (m, 2 H, 2x&-H), 7.59 (dd,J = 5.3, 3.3Hz, 2 H, 2xGy-

H), 7.74 8.00 (m, 2 H, 2x&-H). HRMS (EI): C31H28N207 calcd: 540.1897; found: 540.95.

MS (El) m/z=540(2), 464 (2), 435 (2), 293 (12), 248 (45), 247 (65), 246 (100), 203 (30), 147
(15), 129 (32), 115 (20). Da622

3.4.6 Variation of the Methylidene Malonates 6

Ethyl 3-cyano-2-(4-nitrophenyl)indolizine -1-carboxylate (7h).According toprocedue B
from 1cH*Br' (149mg, 749umol), 6a (147 mg, 500umol) and chloranil (123ng, 500pmol).
7h was obtained as colorless solid {88, 0.24mmol, 48%).R: = 0.25 {-Hexane:EtOAc 5:1).
Mp 162 163°C. IR (neat)/7 =3107, 2982, 2206, 1692633, 1602, 1516, 1507, 1436, 1381,
1348, 1323, 1268, 1244, 1192, 1183, 1153, 1133, 1109, 1061, 1033, 1017
cm' 1'H NMR (300 MHz, CDC#) ti=1.21 (t,J= 7.1Hz, 3 H, CH;), 4.26
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