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Chapter 0: Summary

Chapter O
SUMMARY

0.1 Generd

Enamine activated reactions have become an important method for enantioselective a-

functionalizations of carbonyl compounds (Scheme 0.1).
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Scheme 0.1. Catalytic cycle of secondary amine catalyzed reactions of aldehydes and ketones

with electrophiles.

Key-steps of the reaction cascade shown in Scheme 0.1 are combinations of electrophiles with
nucleophiles, the rates of which should be accessible by Equation (0.1), where nucleophiles
are described by a nucleophilicity parameter N and a nucleophile-specific sensitivity

parameter S, and electrophiles are characterized by an electrophilicity parameter E.

log k(20 °C) = S(N+E) (0.1)
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In this work, we have used Equation (0.1) to derive electrophilicity parameters E and
nucleophile—specific parameters N and S for substrates and intermediates of enamine activated
reactions in order to get insight in the mechanism and scope of some enamine activated

reactions.

0.2 Nucleophilic Reactivities of Primary and Secondary Amines in

Acetonitrile

The kinetics of the reactions of primary and secondary amines (for structures see Figure 0.2)
with benzhydrylium ions and quinone methides in acetonitrile were studied under pseudo-
first-order conditions (high excess of amines) by UV/Vis spectroscopy. Generally, the plots of

Kobs versus the amine concentrations were linear, in line with a second-order rate law (0.2).

Kobs = ko [AMing] (0.2)

However, for some reactions of secondary amines with quinone methides, an upward
curvature was observed in plots of Kus vs. the amine concentration, indicating rate limiting

deprotonation of the initially formed adduct | by a second molecule of amine (Scheme 0.2).
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R' i © '
Amine R I
+ R,oNH
2 kp
Ka
NR, ® NR,
R I I RoNH, R
60 R" HO R"
R’ R’

Scheme 0.2. Reactions of secondary amines with quinone methides in acetonitrile.
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For these reactions the initial electrophile-nucleophile combination step is reversible, and the
more complicated rate law (0.3) has to be employed for deriving the rate constant k, for the

attack of the amines on the electrophiles.

Kobs = ko [AMine]” ky/(k + k, [AMine]) (0.3)

From the second-order rate constants k;, the nucleophilicity parameters N and s for the amines
according to Equation (0.1) were determined (as exemplified for selected examples in Figure
0.1) and cover a reactivity range of 10 < N < 19. The less reactive amines react with similar
rates as silyl ketene acetals, trialkyl-substituted pyrroles and pyridines, whereas the more

reactive amines show a similar nucleophilicity as stabilized carbanions (Figure 0.2).

Me MeQ N Me,N
/ / @ ®
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1
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6 g ' Ph” "NH,
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Electrophilicity E

Figure 0.1. Plots of the second-order rate constants log k; (20 °C) for the reactions of
pyrrolidine, benzylamine, and tert-butylamine with benzhydrylium ions and
quinone methides in CH;CN against the E-parameters of the reference

electrophiles.
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Figure 0.2. Comparison of the nucleophilic reactivities of amines in acetonitrile with other

nucleophiles.

A poor correlation between N and pK,y has been found and shows that also in acetonitrile,
relative basicities cannot be used for predicting relative nucleophilicities. Solvent polarity
affects the reactivities of alkylamines and anilines quite differently: Whereas anilines react
approximately two times faster with benzhydrylium ions in water than in acetonitrile, primary
alkylamines react at least 10 times faster in acetonitrile than in water. The opposite solvent
effect on these closely related reactions demonstrates the limitation of Hughes-Ingold rules to
predict solvent effects on polar organic reactions on the basis of the relative charge dispersal

in the ground and transition states.

0.3 Electrophilic Reactivities of 1,2-Diaza-1,3-dienes

The kinetics of the reactions of 1,2-diaza-1,3-dienes 1 (for structures see Figure 0.4) with
acceptor substituted carbanions 2 (for structures see Figure 0.3) have been studied at 20 °C.
'H- and "C-NMR analysis of the addition products confirmed the formation of 1,4-adducts or

of pyrroles after subsequent cyclization (Scheme 0.3).
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Scheme 0.3. Michael-addition of B-dicarbonyl compounds to 1,2-diaza-1,3-dienes 1 and

subsequent cyclization.

In these reactions the attack of the carbanions 2 at the electrophiles 1 is rate limiting; the
reactions follow a second-order rate law and can be described by the linear free-energy
relationship (0.1). With Equation (0.1) and the known nucleophile-specific parameters N and
s for the carbanions 2, the electrophilicity parameters E of the 1,2-diaza-1,3-dienes 1 were

determined as exemplified for 1b and 1d in Figure 0.3.
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Figure 0.3. Plots of (log k»)/s versus the N-parameters of the carbanions 2a—e for the reactions
of the 1,2-diaza-1,3-dienes 1b and 1d with 2a—e in DMSO at 20 °C (the slopes are
fixed to 1.0 as required by Equation (0.1); reaction of 2d in methanol).



Chapter 0: Summary

With E-parameters in the range of —15.4 to —13.3, the electrophilic reactivities of la—d are
comparable to those of benzylidenemalononitriles, 2-benzylideneindan-1,3-diones, and

benzylidenebarbituric acids (Figure 0.4).
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Figure 0.4. Comparison of the electrophilic reactivities of 1,2-diaza-1,3-dienes 1 with those of

other classes of electrophiles.

The experimental second-order rate constants for the reactions of la—d with amines and
triarylphosphines agreed with those calculated from E, N, and s (Figure 0.5), indicating the
applicability of the linear free-energy relationship (0.1) for predicting potential nucleophilic
reaction partners of 1,2-diaza-1,3-dienes 1. The positive deviations of the enamines from the
correlation line in Figure 0.5 show that enamines react up to 10°-10° times faster with
compounds 1 than predicted by Equation (0.1). This deviation is indicative for a mechanistic

change; possibly an initial concerted [4+2]-cycloaddition is operating where the transition
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state profits from the simultaneous formation of two new bonds. The isolated pyrroles may be
formed via rearrangement of the initial Diels-Alder adducts.

The Diels-Alder adducts obtained in the reactions of enol ethers with the diene 1¢ must be
generated by concerted mechanisms, because the stepwise processes can be estimated by

Equation (0.1) to require more than 10* years.

\ H in MeCN
1L A inMeOH. /v, [Oj
(log ko) /'s NN N
0 A Y H in DMSO
\) \
-1 F II : i
! H in MeOH
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3L
Hin MeOH
'4 r NH2
in MeOH
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10 11 12 13 14 15 16 17 18 19 20

Nucleophilicity N

Figure 0.5. Plot of (log k»)/s for the reactions of the 1,2-diaza-1,3-diene 1c with carbanions 2,
amines, phosphines, and enamines at 20 °C against the N parameters of the
carbanions 2a—e (filled circles), amines (filled triangles), phosphines (filled
squares, in CH,Cl,), enamines (open triangles, in MeCN) and methanolate (filled
rhomb). - The linear curve refers to the plot of (log k»)/s against the N parameters
of the carbanions 2a—€, and the slope is fixed to unity as required by Equation

(0.1). ™ P(ani); = tris(p-anisyl)phosphine.
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0.4 Electrophilic Reactivities of Azodicarboxylates

The kinetics of the reactions of the azodicarboxylates 3 (for structures see Figure 0.7) with
enamines (for structures see Figure 0.6) have been studied in CH3CN at 20 °C. The reactions
follow a second-order rate law and can be described by the linear free-energy relationship

(0.1) (Figure 0.6).

(log ky) /'s

11 12 13 14 15 16

Figure 0.6. Correlation of (log ky)/s against the corresponding nucleophile parameters N of the
enamines for the reactions of azodicarboxylates 3a-d (for structures see Figure

0.7) with enamines [the slopes are fixed to 1.0 as required by Equation (0.1)].

With E parameters from -12.2 to -8.9, the electrophilicities of 3 cover a surprisingly wide
range of reactivity, and turned out to be comparable to those of a,B-unsaturated iminium ions,
amino-substituted benzhydrylium ions, and ordinary Michael acceptors (Figure 0.7).

Unexpectedly, the E parameters of the azodicarboxylates 3 also hold for their reactions with
triarylphosphines, though none of the reaction centers is carbon, a prerequisite for the
applicability of Equation (0.1). The potential of Equation (0.1) to predict rates of P-N bond

formations may be due to comparable bond energies of the P-N and the C-N bond. In contrast,
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Equation (0.1) cannot be applied to N-N bond forming reactions, as the reactions of the
azodicarboxylates with secondary amines are 10°-10° times slower than predicted by Equation
(0.1).

Concerted cycloadditions with the azodicarboxylate 3b proceed 10° to 10° times faster than
calculated by Equation (0.1). In these reactions the concerted formation of two new o-bonds
stabilizes the transition state and gives rise to a higher reaction rate. The difference between
experimental and calculated rate constants for concerted cycloadditions and ene reactions of

azodicarboxylates provides a measure for the energy of concert of these reactions.
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Figure 0.7. Comparison of the electrophilicity parameters of azodicarboxylates 3 with other

electrophiles.
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0.5 Kinetic Evidence for Oxazolidinone Formation in the Stereogenic Step

of Proline-Catalyzed Reactions

The kinetics of the reactions of the proline-, pyrrolidine-, and proline methyl ester derived
enamines 4 (for structures see Figure 0.8) with benzhydrylium ions and quinone methides in
acetonitrile were studied under pseudo-first-order conditions (high excess of enamines) by
UV/Vis spectroscopy. The reactions follow a second-order rate law, and the N and S
parameters of 4a, 4b, and 4c were determined by plotting the logarithms of the second order
rate constants against the E parameters of the electrophiles according to Equation (0.1)

(Figure 0.8).

logk, 4

Figure 0.8. Plots of log k, for the reactions of the enamines 4 with reference electrophiles (for
detailed structures see Table 5.1 in Chapter 5) at 20 °C in acetonitrile versus their

electrophilicity parameters E.

The considerably higher reactivity of the enamine carboxylate 4a reflects anchimeric
assistance of the electrophilic attack by the carboxylate group. The high reactivity of the
enamino carboxylate 4a” and the reversed stereochemistry of the product of the reaction of
4,4’-bis(dimethylamino)benzhydrylium tetrafluoroborate with the enamino carboxylate 4a’, in
comparison to the proline catalyzed reaction of cyclohexanone with 4,4’-bis(dimethylamino)-

benzhydrol (Scheme 0.4) supports Blackmond’s and Armstrong’s suggestion of an attack of

10
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the electrophiles on the s-trans isomer of the enamine carboxylate 4a in proline catalyzed

reactions in the presence of base (Figure 0.9).

O

QY@
BFe 0 ‘
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/‘/\‘\ 4a_ O O
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2. H30 R)
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O
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: e}

H OH

OH 0 T
TFA (25 mol%) ~
DAY
MezN NMe> CH2Cl2 Me,N
(S)

(70%,; 24% ee)

NMe,

Scheme 0.4. Stereoselectivities of the reactions of 4,4’-bis(dimethylamino)benzhydrylium
tetrafluoroborate with the enamino carboxylate 4a and the proline catalyzed

reaction of cyclohexanone with 4,4’-bis(dimethylamino)benzhydrol.

Nevertheless, the low stereoselectivities of these reactions indicate that there is no clear
preference for the S-Cis or the s-trans conformation of the enamine (Figure 0.9).

)

HE E

a)

"
Y

0

Y

Figure 0.9. Transition state models of the proline-catalyzed reactions of carbonyl compounds
with electrophiles: a) anti addition of the electrophiles to the s-trans isomer of the

enamine; b) anti addition of the electrophiles to the s-Cisisomer of the enamine.

While the increased reactivity of 4a (compared with 4b) toward benzhydrylium ions can
partially be due to Coulombic attraction, the 100 times faster reaction of B-nitrostyrene with
4a’ than with 4b can fully be assigned to anchimeric assistance of the carboxylate group. The
observation that di-t-butyl azodicarboxylate reacts only six times faster with the enamine
caboxylate 4a than with the unsubstituted pyrrolidinocyclohexene 4b indicates that the

magnitude of anchimeric assistance is strongly dependent on the nature of the electrophiles.

11
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Chapter 1

INTRODUCTION AND OBJECTIVES

In the 1930s, electron-deficient and electron-rich species were defined as ‘electrophiles’ and
‘nucleophiles’, respectively, by Ingold.'"! Since then it has been a goal for organic chemists to
quantify electrophilicity and nucleophilicity as general concepts. Swain and Scott were the
first to find a constant order of reactivity for different nucleophilic reagents toward different
substrates in Sx2 reactions.” Later, Ritchie discovered that the rates of the reactions of
diazonium ions and stabilized carbocations with various n-nucleophiles can be described by a
constant selectivity relationship (1.1).) The relative reactivities of nucleophiles do not
depend on the absolute reactivities of the electrophiles. Ritchie constructed a nucleophilicity
scale, covering a range of about 13 orders of magnitude, which allowed to calculate reaction

rates from only one parameter for electrophiles (log Ky) and one for nucleophiles (N.).

log (k/kp) = N (1.1)

Later it turned out, that Equation (1.1) is not strictly valid and that better correlations are

obtained when different classes of electrophiles are treated separately.

In 1994, Mayr and Patz introduced the three parameter linear free-energy relationship (1.2),
where nucleophiles are described by a nucleophilicity parameter N and a nucleophile-specific

sensitivity parameter S, and electrophiles are described by an electrophilicity parameter E.™
log k(20 °C) = S(N+E) (1.2)

Benzhydrylium ions and structurally related quinone methides were chosen as reference
electrophiles, as the steric surroundings at the reaction centers can be kept constant while the
reactivity can widely be varied by introducing different substituents in meta and para position
of the aromatic rings.'”) With Equation (1.2) reactivity scales, presently including 569

nucleophiles and 145 electrophiles, have been constructed.

12
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After realizing the potential of the first proline-catalyzed enantioselective intramolecular aldol

]

reaction, known as the Hajos-Parrish-Eder-Sauer-Wiechert reac‘[ion,[7 enamine activated

reactions have become an important method for enantioselective a-functionalizations of

carbonyl compounds (Scheme 1.1).1"*]

NR,*
ot HNR,* RS " 2
0 HX R
R, X
Ry
H,0 C
Elec X —HX

Elec X

Scheme 1.1. Catalytic cycle of secondary amine catalyzed reactions of aldehydes and ketones

with electrophiles.

In enamine catalysis, an iminium ion A is formed by the reversible reaction of the catalyst, a
secondary amine with a carbonyl compound, which is transformed into the enamine B by
removing the a-proton. Subsequent addition of the electrophile leads to a second iminium ion
C, which regenerates the amine catalyst and liberates the a-functionalized carbonyl compound
by hydrolysis (Scheme 1.1).

In order to get insight in the mechanism and the scope of enamine activated reactions, we
were interested in the rates of the key-steps of the reaction cascade of Scheme 1.1 by
quantifying the reactivity of substrates and intermediates of such reactions. Equation (1.2)
should provide access to these data as it was shown to be applicable for many nucleophile-
electrophile combination reactions.!**]

Proline-catalyzed o-functionalizations of carbonyl compounds are considered to proceed

[11]

. . 10 .. . . . . .
either via the neutral'” or anionic!'! enamine intermediates derived from proline and a

carbonyl compound. Studying the kinetics of the reactions of enamines derived from

13
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prolinate-, pyrrolidine-, and proline methyl ester and cyclohexanone with electrophiles
seemed to be appropriate to elucidate the mechanism of proline-catalyzed reactions.
Azodicarboxylates are commonly used as electrophiles in organocatalytic a-aminations of

5121 The knowledge of their electrophilic reactivities seemed to be of

carbonyl compounds. !
importance to locate the reactivity range of appropriate electrophiles in enamine activated
reactions, as they should react fast with the enamine intermediates but not with the enols,
which are formed from carbonyl compounds as tautomers.

In view of the great synthetic potential of 1,2-diaza-1,3-butadienes which has been
demonstrated by Attanasil®! these compounds were considered as possible substrates in
enamine activated reactions. Reactivity parameters for these electrophiles should provide a
quantitative basis for the rational planning of (enantioselective) synthetic strategies.
Nucleophilic reactivities of secondary amines, catalysts in enamine activated reactions, in
acetonitrile are of great importance in order to study and evaluate the reactions of

azodicarboxylates and 1,2-diaza-1,3-butadienes with secondary amines in this solvent as

acetonitrile is a commonly used solvent in organocatalytic reactions.

As all of the parts of this thesis have already been published, accepted or submitted for

publication, individual introductions will be given at the beginning of each chapter.
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Chapter 2

NUCLEOPHILIC REACTIVITIES OF PRIMARY AND
SECONDARY AMINESINACETONITRILE

Tanja Kanzian, Tobias A. Nigst, Andreas Maier, Stefan Pichl, and Herbert Mayr in Eur. J.
Org. Chem. 2009, 6379-6385.

The results obtained by T. A. Nigst are not listed in the Experimental Section.

2.1 Introduction

Amines belong to the most important reagents in organic synthesis, and numerous kinetic
investigations have been performed to determine their nucleophilic reactivities in various
types of reactions.!'! They have been characterized on the Swain-Scott n scale as well as on
the Ritchie N; scale.!'**

Recently, we have employed Equation (2.1), which characterizes nucleophiles a by the
parameters N and s, and electrophiles are characterized by the parameter E.”*) for determining
N and s of a variety of amines in aqueous solution.””! In this way it became possible to add

amines to our comprehensive nucleophilicity scale, which includes n-, z-, and o-

4a,6 1l

nucleophiles.””! Comparison with the few available data in DMSO"** and methanol'”! showed
that amine nucleophilicities are strongly dependent on the solvent, in contrast to the behavior

of most neutral 7z- and g-nucleophiles.
log k»(20 °C) =s(N + E) (2.1)

Systematic investigations of the nucleophilic reactivities of amines in acetonitrile have so far
not been reported. Such data are of eminent importance for two reasons. (1) Acetonitrile is an
ideal solvent for exploring the combat zone of nucleophilic aliphatic substitutions, i.e. the
zone where the change from Sy1 to Sy2 mechanisms occurs.!®* (2) Acetonitrile is the solvent
of choice for the photoheterolytic cleavage of carbocation precursors.!”! By using nanosecond-

laser pulses, it is possible to generate carbocations in acetonitrile in the presence of various
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nucleophiles and to determine rates of reactions along the borderline between activation and
diffusion control, typically second-order rate constants from 10® to 10" m's™" 1'%

Knowledge of rate constants along this borderline is crucial for the understanding of
structure-reactivity relationships, e.g., correlations between reactivity and selectivity as well
as the breakdown of linear free energy relationships.!''! Because many of these investigations

B25] e have now determined the N and s

involve reactions with amines in acetonitrile,
parameters of primary and secondary amines using benzhydryl cations (Table 2.1) as

reference electrophiles as described previously (Scheme 2.1).5

® k ®
e 2 . NHRR'
RR'NH + AI’/\Ar BF4 )\ BF4®

Ar Ar
RR'NH

NRR' ©) ©
+ RR'NH, BF,
Ar Ar

Scheme 2.1. Reactions of amines with benzhydrylium ions.

2.2 Results and Discussion

2.2.1 Product Char acterization

A combination of the benzhydrylium salt 1h—BF4 with 2—3 equivalents of the amines 2, 3, 4,
5,7,9, 12, 14, and 15 in acetonitrile gave the corresponding benzhydrylamines 2h, 3h, 4h,
5h, 7h, 9h, 12h, 14h, and 15h respectively (Scheme 2.2). The chemical shifts of the Ar,CH-
protons and the isolated yields are listed in Table 2.2.
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Table 2.1. List of reference electrophiles used in this study.

reference electrophile!™ EM
POas
o ove | Ni(-Bu)QM (1a)  —16.11
t-Bu
t-Bu %
5 ‘ O e tol(+-Bu),QM (1b)  —15.83
o t-Bu
P =
o ‘ O e ani(Ph),QM (1c) ~12.18
Ph
@
y O O ) (1il),CH" (1d) —10.04
©]
N O O N (jul.CH" (1e) —9.45
©)
y O O . (ind),CH" (1f) -8.76
Mel Me
@
.
G\,D (pyr).CH" (19) —7.69
©]
Me\NN,Me (dma),CH" (1h) ~7.02
Me Me
)
Ph\NN/Ph (mpa),CH" (1i) ~5.89
Me Me
@
CF4 CFs .
\y \ (mfa),CH" (1)) -3.85
Me Me
®
(ani),CH" (1K) 0.00

<
@
(@)

i

OMe

(ani)(to)CH" (1)  1.48

<
@
o
<
©

(tol),CH" (1m) 3.63

<
o

:

]

Ph(tol)CH" (1n) 4.59

Ph,CH" (10) 5.90

%

[a] Counterion of the benzhydryl cations: BF4. [b] Electrophilicity parameters £ were taken
from refs. [5a,b].
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Me,N Me;N
R CH3CN O H ® O
®)>—H + 2HN ~—— * RR'NH; BFy
o R’ NRR
WAL W,
MezN MezN
1h 2.5,7,9,12,14,15  (2-5)h, 7h, 9h, 12h, 14h, 15h

Scheme 2.2. Reactions  of  amines  with  4,4’-bis(dimethylamino)-benzhydrylium
tetrafluoroborate 1h-BF.

Table 2.2. "H-NMR chemical shifts of the Ar,CH group of the products of the reactions of 1h
with 2-5, 7, 9, 12, 14, and 15 and yields of the isolated products.

amine product Jy/ppm yield/ %
2,2, 2-trifluoroethylamine (2) 2h 4.80 85
tert-butylamine (3) 3h 4.88 98
isopropylamine (4) 4h 4.81 90
ethanolamine (5) 5h 4.69 98
allylamine (7) 7h 4.70 97
n-butylamine (9) %h 4.65 95
diethylamine (12) 12h 4.50 45
piperidine (14) 14h 3.99 71
pyrrolidine (15) 15h 3.97 67

2.2.2 Kinetics of the Reactions of the Amines 2-15 with the Reference Electrophiles 1

The rates of the reactions of amines with the reference electrophiles 1la-j were determined
photometrically in CH3CN at 20 °C. For the kinetic studies, the amines 2-15 were used in
large excess (> 10 equiv.) over the electrophiles 1 to ensure first-order conditions. Details are
given in the Experimental Section (Chapter 2.4). The first-order rate constants ks were

obtained from the exponential decays of the absorbances of the electrophiles (Figure 2.1).
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0.8
60

Kops = 7.29x104 [6] + 0.1

R2 = 0.9996
0.6 -

< 04
0.0008
0.2
0.0
0.00 0.05 0.10 0.15 0.20

t/s

Figure 2.1. Exponential decay of the absorbance at 613 nm during the reaction of 1h with
benzylamine ([6] = 4.42 X 107 M; kops = 32.7 sfl). Insert: Determination of the
second-order rate constant k (7.29 x 10° M s7") as the slope of the correlation of

the first-order rate constants kops with the concentration of the amine 6.

Plots of ks versus the amine concentrations were linear for the reactions of the primary and
secondary amines 2-15 with all benzhydrylium ions 1d-0 (insert of Figure 2.1) and for the
reactions of the primary amines 2-9 with the quinone methides 1a-c. In these reactions the
attack of the amines at the electrophiles is rate limiting, and the slopes of these plots gave the

second-order rate constants k, [Equation (2.2)], which are listed in Table 2.3.
kovs = k» [amine] (2.2)
In the case of trifluoroethylamine (2) and N,N-bis(2-methoxyethyl)amine (10) the reactions

with benzhydrylium ions of low reactivity become reversible, which is reflected by the

positive intercepts in the plots of kops versus the amine concentrations.
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Table 2.3. Second-order rate constants for the reactions of the reference electrophiles 1 with

the amines 2-15 in acetonitrile at 20 °C.

Amine N s Electrophile k, /M 's
F.C” NH, 2 10.13 0.75 1h 1.43 x 10

1i 2.53 x 10°

1 4.03 x 10*

1k 3.50 x 1071

1l 1.50 x 10° !

im 8.50 x 10% P!

1n 1.70 x 10° 0!

10 2.00 x 107 1!
%NHZ 3 1235 072 1c 1.52

1d 4.15 x 10"

1f 3.34 x 107

1i 5.13 x 10°
}NHZ 4 1377 070 1c 1.56 x 10"

1d 2.97 x 10

1f 2.43 x 10°

19 2.13 x 10*

1h 5.24 x 10"
HO o~ 5 1411 0.71 1c 2.71 % 10"

1d 5.85x 107

1f 4.94 % 10°

1g 424 % 10"

1h 1.02 x 10°
P NH, 6 1429 0.67 1b 1.10 x 10"

1c 2.06 x 10

1d 6.53 x 107

1f 4.61 x 10°

19 3.48 x 10°

1h 7.29 x 10°
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Table 2.3 continued.

Amine N K Electrophile 4,/ M st
N NH, 7 1437 0.66 1b 1.25x 107"

1d 5.09 x 10°

1f 432 x10°

19 3.64 x 10°

1h 8.61 x 10*
SN, 8 1511 063 1la 2.64 %107

1b 3.82x 10"

1c 5.46 x 10

1d 1.38 x 10°

le 3.87 x 10°

1f 7.54 x 10°

1g 6.77 x 10*

1h 1.43 x 10°

1k 1.00 x 10° 0!

1l 2.30 x 107 1!

im 4.10 x 107 !

1n 4.40 x 10° !

10 4.50 x 10° 01
AN Sm, 90 1527 063 la 3.41x10"

1c 7.49 x 10!

1f 1.03 x 10*

1h 2.12 x 10°
MeO -~ 10 1324 093 Ic 7.89 [0l

1d 1.12 x 10

OMe le 4.47 x 10°
1f 1.25 x 10*
19 1.17 x 10°
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Table 2.3 continued.

Amine N K Electrophile 4,/ M st
SNy 11 1451 0.80 1c 6.74 x 10"
" 1d 3.95 x 10°
1le 1.38 x 10*
1f 3.17 x 10*
1g 2.77 % 10°
SN 12 15.10 0.73 1c 1.51 x 107!
" 1d 4.62 x 10°
le 1.29 x 10*
1f 3.49 x 10*
1g 3.24 x 10°
O 13 15.65 0.74 1b 2.03 x 107"
[Nj 1c 3.85 x 1071
H 1d 1.15 x 10*
le 4.11 x 10*
1f 1.04 x 10°
1g 8.03 x 10°
O 14 1735 0.68 1la 6.04!¢]
N 1b 1.23 x 10"l
: 1c 3.52 % 10°
1d 7.85 x 10°
1le 2.69 x 10°
O 15 18.64 0.60 1a 3.25 x 10!
N 1b 4.82 x 10!
1d 1.18 x 10°
1le 3.50 x 10°

[a] Second-order rate constants k, from ref. [9b]. [b] Not included for the determination of the

N and s parameters. [c] k, was derived from Equation (2.7) and is less precise.

For the reactions of the secondary amines 10-12 with the quinone methide 1c (1a and 1b were

not studied), of morpholine (13) with the quinone methides 1b and 1c, and of piperidine (14)
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with the quinone methides 1a and 1b, the plots of kys versus amine concentrations are not

linear (Figure 2.2).

025
» 0.08
Z 006
" 0.04 y = 5x10%x + 0.01483
20 b & R?=0.999
020 |- = 05
b
= 0.00 ‘
0 500 1000 1500
< 015 [12] 7 ML
2]
-
”
o
o
* o010 |
0.05 |
0.00
0.000 0.001 0.002 0.003 0.004 0.005 0.006

[11]/M

Figure 2.2. Plots of kops vs. [11] and [11]/kobs vs. 1/[11] (insert) for the reaction of 11 with the
quinone methide 1c. The k; value for that reaction is 1/(0.0148 M s) = 67.4 M s

The upward curvature in the plots of ks versus amine concentration indicate that a second

molecule of the amine is involved in the reaction as a base catalyst (Scheme 2.3).

®
NHR,
R' = k2 R'
cen = T
0 R" K2 0 R
R E A R
R,NH
+ 2 kp
Ka
NR, ® NR2
ROl (T
%0 R" HO R"
R' R'

Scheme 2.3. Reactions of secondary amines with quinone methides.
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Analogous behavior has been reported for the reactions of secondary amines with

thiocarbonates,ml thionobenzoates,[13] and activated esters of indole-3-acetic acid."*! The
change of the concentration of the zwitterionic intermediate | can be expressed by Equation

(2.3).

d[1)/dr = kao[E] [A] - kaof1] - ka [1]1 [A] - kp[1] (2.3)

With the assumption of a steady state concentration for the intermediate |, the rate law can be

expressed by Equations (2.4) and (2.5).

-d[E}/dr = ko[E] [A] (ka [A] + kp)/ (ko + ka [A] + kp) (2.4)
kovs = ky [A] (ka [A] + kp)/ (ko + ka [A] + k) (2.5)

Let us first neglect the direct proton-transfer from NH' to O in the zwitterionic intermediate
|. Equation (2.5) is then reduced to Equation (2.6) which can be transformed into Equation

Q2.7).

kops = ko [A] ko (ko + ko [A]) (2.6)
[AVkobs = 1/ky + kolks [A] ka (2.7)

The linear plot of [A]/kobs against 1/[A], as depicted in the insert of Figure 2.2, shows that this
formalism holds for a wide range of concentrations. As shown in the Experimental Section
(Chapter 2.4), deviations from these linear plots occur only at very low amine concentrations
and are explained by the operation of k. If the ks values at very low amine concentrations
are neglected, the k, values can be obtained from the intercepts (1/k;) of the linear correlations
[see insert of Figure 2.2 and Equation (2.7)]. If k., << k, [A], Equation (2.6) is transformed to
Equation (2.2), that is, a second-order reaction with rate-determining formation of the CN
bond. Although this situation holds for all reactions with benzhydrylium ions, linearity
between kops and [amine] was never reached, for reactions of the quinone methide 1a with 14,
1b with 13 and 1c with 10-14, even when very high amine concentrations were used. The
second-order rate constants k, are listed in Table 2.3.

When the logarithms of the second-order rate constants are plotted against the previously
reported electrophilicity parameters £ of the reference systems, linear correlations are

obtained (Figure 2.3) which yield the nucleophile-specific parameters N and s that are listed
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in Table 2.3. The rate constants for the reactions of trifluoroethylamine (2) with 11-0 and for
the reactions of n-propylamine (8) with 1k—0”® were not included for the determination of
the nucleophilicity parameters, because these reactions are close to diffusion control. As the s-
parameters of the amines differ only slightly, their relative nucleophilicities are almost
independent of the nature of the electrophiles, and the reactivities of the amines can be
compared by only regarding their N-parameters, which cover the reactivity range of 10 <N <
19. The less reactive amines react with similar rates as silyl ketene acetals, trialkyl-substituted
pyrroles and pyridines, whereas the more reactive amines show a similar nucleophilicity as

stabilized carbanions (Figure 2.4).

8 r o~ 1k
151 > 6 Ph” "NH,
N / _ AN
6 1d le H ’/ 3};BU NH2 F3C 2 NHZ
1g 1h/’ li,' 1]
4
log k,
2
0
-2 1 1 1 1 1 1
-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2

Electrophilicity E ———>

Figure 2.3. Plots of the second-order rate constants log k, (20 °C) in CH3CN against the E-
parameters of the reference electrophiles for the reactions of 2, 3, 6, and 15 with

benzhydrylium ions and quinone methides.
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A
N /\ﬁ
NN
19 7T __/
— HN 15 — @in CH3CN)[15]
| M
17 T T HNi > 1 © & ©
: b]
, HoNCH,CH,CH,CH3 9 (in DMSO)*")
16 T "+ HNCH,CH,CH; 8 /\ /\j>*
HN O N NMe
s+ = HoNCH,CH=CH, 7 == "\__/ 13 W/ 2
,+.-H,NCH,Ph 6 N (in CH3CN)118l
= N /T

N Al

. . H2N4< >—
13 T ) H2N4< 4 \‘ \‘

r
|

(in CH,Cl,)[#0]
—_— '\ HN "
12 T AN \ \_\
HZN% 3 \ —_— /N
' N
T K OMe
11 \‘ /_/ . H .
PR (in CH5CN)I27]
+ — H,N~ TCFy 2 HN 10 .
10 3 — ‘. OSiMes
OMe

OBu
(in CH,Cl,)[8]
Figure 2.4. Comparison of the nucleophilic reactivities of amines in acetonitrile with other

nucleophiles.

Figure 2.5 shows that the nucleophilic reactivities of the amines correlate only poorly with the
corresponding pK,y values in acetonitrile.'” As previously reported for the reactions of

1401 't is thus not possible to predict the nucleophilic reactivities of amines in

amines in water
CH;CN on the basis of their pK,y values.

In previous work we reported that aniline is approximately 5 times more nucleophilic in water
than propylamine!* despite the considerably higher basicity (pKay) of the aliphatic amine.
We now find that in CH3;CN the reactivity order is reversed and primary and secondary
alkylamines are more nucleophilic than aniline (N = 12.64, s = 0.68)"".

This reversal of the relative reactivities is due to the different solvent effects on the
reactivities of aromatic and aliphatic amines. Whereas aniline and p-toluidine have similar

nucleophilicities in water and acetonitrile (for aniline + 1h: kcnyen/km,o = 0.42), alkylamines

are typically one to two orders of magnitude more reactive in acetonitrile than in water (for

propylamine + 1h: kcusyen /knyo = 46).
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.15( \
N
18 | N H
e
OMe o) |
16 N
13 @ Z 9 H
N [ ]
N [ ) 8
H

N °
I ? °

12/\N/\
NH, @ @ NH; PY

° Ph” “NH,
12 - e
3 NH;

10

10 12 14 16 18 20
PKan +logp —

Figure 2.5. Plot of the N parameters of amines in acetonitrile versus the statistically corrected

basicities in acetonitrile (p = numbers of protons of the conjugated acid).!**'"!

Thus, although the nucleophilicity order alkylamines > aniline in acetonitrile is the same as
that of the relative basicities (pKau), the correlation in Figure 2.5 shows that also in
acetonitrile anilines are considerably more reactive than expected on the basis of their
basicities. In other words, the previously reported surprisingly high nucleophilicities of
anilines are not a water-specific phenomenon.

In previous work, we have already mentioned that the reliability of Equation (2.1) to predict
rate constants for the additions of amines to various Michael acceptors is limited because of
variable stabilizing interactions between the NH protons and the different basic sites in the
Michael acceptors.””? Although Figure 2.3 demonstrates that the reactivities of amines
towards benzhydrylium ions and quinone methides correlate excellently with their
electrophilicity parameters E, which have been derived from their reactivities towards C-
nucleophiles, significant deviations are found by applying Equation (2.1) to additions of
amines to other types of Michael acceptors in CH3CN. In Chapter 2.4.2 (page 63) in the
Experimental Section it is shown that in several cases the calculated rate constants deviate by
more than a factor of 10° (the common confidence limit of Equation (2.1) from the
experimental values). It is presently not clear whether these unusually high deviations are due
to variable interactions of the NH protons with the basic sites of the Michael acceptors or

whether the reactions under concern require a specific treatment of solvent effects.
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2.3 Conclusion

The reactions of primary and secondary amines with benzhydrylium ions 1d-0 and of primary
amines with quinone methides la-C in acetonitrile follow a second-order rate law, which
indicates rate-determining attack of the amines on the electrophiles. In contrast, for most of
the reactions of the secondary amines 10-15 with the quinone methides la-c the initial
electrophile-nucleophile combination step is reversible and the more complicated rate law
(2.6) has to be employed to derive the rate constants k, for the attack of the amines at the
electrophiles. From the linear correlations of log k, with the electrophilicity parameters £ of
the benzhydrylium ions, the nucleophile-specific parameters N and s for amines in CH3;CN
have been derived. The poor correlation between N and pK,u shows that also in acetonitrile,
relative basicities cannot be used for predicting relative nucleophilicities. Solvent polarity
affects the reactivities of alkylamines and anilines quite differently: Whereas anilines react
approximately two times faster with benzhydrylium ions in water than in acetonitrile, primary
alkylamines react at least 10 times faster in acetonitrile than in water. The opposite solvent
effect on these closely related reactions demonstrates the limitation of Hughes-Ingold rules®*"

to predict solvent effects on polar organic reactions on the basis of the relative charge

dispersal in the ground and transition states.

2.4 Experimental Section
2.4.1 General comment

The benzhydrylium tetrafluoroborates 1-BF4°* and quinone methides®*! (see Table 2.1) were
synthesized by literature procedures. n-propylamine (8), bis(2-methoxyethyl)amine (10), di-n-
propylamine (11), diethylamine (12), morpholine (13), piperidine (14) and pyrrolidine (15)
have been purchased and purified by distillation prior to use. 'H- (400 MHz) and *C-(100
MHz) spectra were measured on a Varian Inova 400 instrument.

The kinetics of the reactions of the benzhydrylium ions and quinone methides with the amines
were followed by UV-Vis spectroscopy in acetonitrile at 20 °C.

For slow reactions (71, > 10 s) the UV-Vis spectra were collected at different times by a J&M
TIDAS diode array spectrophotometer connected to a Hellma 661.502-QX quartz Suprasil
immersion probe (5 mm light path) by fiber optic cables with standard SMA connectors. All

the kinetic measurements were carried out in Schlenk glassware with the exclusion of
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moisture. The temperature of the solutions during the kinetic studies was maintained to within
+ 0.1 °C by using circulating bath cryostats and monitored with thermocouple probes that
were inserted into the reaction mixture.

Stopped-flow spectrophotometer systems (Applied Photophysics SX.18MV-R or Hi-Tech SF-
61DX2) were used for the investigation of fast reactions of benzhydrylium ions with
nucleophiles (10 ms < 71, < 10 s). The kinetic runs were inititated by mixing equal volumes
of acetonitrile solutions of the amines and the benzhydrylium salts.

From the exponential decays of the absorbances at Amax of the electrophiles 1, the first-order

rate constants kops (s'l) were obtained.

2.4.2 Kinetic Experiments

Kinetics of the reactions of benzhydrylium ions and quinone methides (1) with

n-propylamine (8)

Rate constants for the reactions of n-propylamine (8) with ani(z-Bu),QM (1a) in CH;CN
(diode array spectrophotometer, 20 °C, 4 = 393 nm).

[1alo /M [8lo/ M [8lo/[1alo  hovs /s
492 x10° 126x10° 26 3.59 x 10™
486 x10°  3.74x 107 77 9.76 x 107
489 x10°  5.02x10° 103 1.33 x 107
482x10° 6.18x10° 128 1.66 x 107
0.002 y = 0.2637x + 0.00001
R2 = 0.999
FI'(/)
2 0.0l |
~ ky=2.64x10" M5!
0.000 L L L !
0.000 0.002 0.004 0.006 0.008
[8]/ M
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Rate constants for the reactions of n-propylamine (8) with tol(t-Bu),QM (1b) in CH;CN
(diode array spectrophotometer, 20 °C, A =371 nm).

[1b]o /M [8lo/M  [8lo/[1blo  kobs/s™
542x10° 243 x10° 45 9.22 x 10™
542x10°  3.03x10° 56 1.15x 107
544 x10°  3.66 x 107 67 1.40 x 10
532%x10°  4.17x10° 78 1.61 x 102
542x10°  4.86x 107 90 1.84 x 107
533x10°  538x107° 101 2.05 %107

0.003 r y = 0.3822x - 0.000004
R? = 0.9993
| 0.002
w
~ 0001 ¢ =382x10" Mg
0.000 1 1 1 1 1 1
0.000 0.001 0.002 0.003 0.004 0.005 0.006

[8] /M

Rate constants for the reactions of n-propylamine (8) with ani(Ph),QM (1c) in CH;CN
(Stopped-flow, 20 °C, A =422 nm).

[1c]o/ M [8lo/M  [8lo/[1Clo  kops/S"
2.06x10°  7.11x10™* 35 4.03 x 102
2.06x10° 8.88x10™ 43 5.08 x 102
2.06x10°  1.07x10° 52 5.98 x 102
2.06x10°  1.24x10° 60 7.08 x 107
2.06 x10°  1.42x10° 69 7.99 x 107
2.06x10°  1.78x10° 86 9.85 x 107
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0.10 r y = 54.639x + 0.002
R? = 0.9993

0.08

0.06

K obs / st

0.04

ky=5.46 x 10" M s™!
0.02

0. OO 1 1 1 ]
0.0000 0.0005 0.0010 0.0015 0.0020

81/ M

Rate constants for the reactions of n-propylamine (8) with (lil)CH BF,; (1d) in CH;CN
(Stopped-flow, 20 °C, 4 = 639 nm).

[1d]o /M [8]o/ M [8lo/[1d]o  hobs/S"

6.82x10° 1.16x10* 17 1.32 x 107"
6.82 x 10° 231 x10™ 34 3.09 x 107!
6.82 x10°  3.47x10* 51 4.43 x 107!
6.82x10°  4.63x10* 68 6.34 x 107!
6.82x10°  6.94 x10* 102 9.32 x 107!
1.0 r y = 1382.1x - 0.02
os L R?=0.998
F"f 0.6
é 04 |
k=138 x10° M 5!
0.2 +
OO 1 1 1 1
0.0000 0.0002 0.0004 0.0006 0.0008
[8] / M
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Rate constants for the reactions of n-propylamine (8) with (jul),CH'BF4 (1€) in CH3CN
(Stopped-flow, 20 °C, A = 642 nm).

[1€]o /M [8lo /M [8lo/[1€lo  kobs /s
6.39x10°  1.16 x10* 18 3.99 x 10!
6.39x 10° 231 x10* 36 8.71 x 107!

6.39 x 10°  3.47x10* 54 1.33
6.39x10°  4.63 x10™ 72 1.77
6.39x10° 579 x10* 91 2.20
6.39x 10°  6.94 x 10* 109 2.65
3.0 y = 3872x - 0.03
25 L R?2=0.9998
| 2.0
7]
\‘3 1.5
< 10~ k=387 x10° M s
0.5
OO 1 1 1 1
0.0000 0.0002 0.0004 0.0006 0.0008
[8] / M

Rate constants for the reactions of n-propylamine (8) with (ind),CH'BF4 (1f) in CH;CN

(Stopped-flow, 20 °C, A = 625 nm).

[1f]o/ M [8]o/ M [8o/ [Ulo  hkops/S"
221 x10°  2.82x10* 13 1.96
221 x10° 423 x10* 19 3.01
221x10°  5.64 x 10 26 4.00
221x10°  7.05x10™* 32 5.13
221%x10°  1.41x107° 64 1.04 x 10"
221 x10°  2.12x10° 96 1.58 x 10"
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Kobs / st

(o]
T

y =7537.3x - 0.2
R2=1

ky=754%x10°M" s

4
0
0.0000

0.0005 0.0010 0.0015 0.0020  0.0025
[8] / M

Rate constants for the reactions of n-propylamine (8) with (pyr),CH'BF, (1g) in CH;CN
(Stopped-flow, 20 °C, 4 = 620 nm).

[1g]o /M [8lo/M [8lo/[10]0  kobs /S

1.71 x 10°  2.82x10™ 16 1.81 x 10"

1.71 x 10° 423 x 10™ 25 2.82 x 10!

1.71 x 10°  5.64x 10™ 33 3.60 x 10"

1.71 x 10°  7.05x 10™ 41 4.57 x 10"

1.71 x 10°  1.41x 103 82 9.46 x 10!

120 y = 67736x - 1
R2 =0.9993

| 80 |

7]

* 40r bh=677%10* M s
0 1 1 1
0.0000 0.0005 0.0010 0.0015

[8] / M
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Rate constants for the reactions of n-propylamine (8) with (dma),CH BF4 (1h) in CH3CN
(Stopped-flow, 20 °C, L = 613 nm).

[1h]o /™M [8lo/M  [8lo/[1h]o  kobs/s™
9.35x10° 1.10x10™ 12 1.84 x 10"
935x10° 1.65x10™ 18 2.58 x 10!
935x10° 221x10™ 24 3.24 x 10!
935x10°%  2.76 x 10™ 30 4.07 x 10"
9.35x10° 331x10* 35 4.88 x 10!
935x10° 3.86x10™ 41 5.82 x 10!

60 r y = 143113x + 2

50 | R?=0.997
r.' 40 +
[7]
\‘é 30
* 20r kh=143x10°M" s

10 +

0 1 1 1 1 ]
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
[8] / M
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Kinetics of the reactions of benzhydrylium ions and quinone methides (1) with N,N-
bis(2-methoxyethyl)amine (10)

Rate constants for the reactions of N,N-bis(2-methoxyethyl)amine (10) with ani(Ph),QM (1c)
in CH3CN (diode array spectrophotometer, 20 °C, 4 = 422 nm).

[1c]o / M [10]o/M  [10]o" /™" [10]o/[1Clo  kobs/S"'  [10]o % kobs' / Ms
516 x10°  1.07x10°  9.33 x 10 21 5.52x 10" 1.94 1
521x10°  2.16x10°  4.63 x 10 42 1.78 x 107 1.21
516x10°  321x10°  3.11 x 10 62 3.62x 107 8.88 x 10
511x10°  424x10° 236 x 107 83 6.29 x 107 6.75 x 10™!
5.07x10°  527x10°  1.90 x 10 104 9.20 x 107 572 x 10

@) not included for the evaluation of k», because at the low concentration of 10 the assumption

that k, << k, x [10] seems to be invalid.

0.010 r
0.008 |
0.006 | L

0.004 | °

K obs / st

0.002 | ®

0.000 ' ' '
0.000 0.002 0.004 0.006

[10] / M

25 ¢ y = 0.0024x + 0.1267

R2 = 0.997

/

O. 0 1 1 1 1 ]
0 200 400 600 800 1000

[201*/ M

20
15
1.0 |

[10] kobs / M s

05 | kz =7.89 M-1 S_1
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Rate constants for the reactions of N,N-bis(2-methoxyethyl)amine (10) with (lil),CH BF,
(1d) in CH3CN (Stopped-flow, 20 °C, 1 = 639 nm).

[1d]o /M [10]o/M  [10]o/[1d]o  hops/ S
1.83x10°  425x10™ 23 2.24
1.83x10°  8.50x10™ 47 2.75
1.83x10° 127x10° 70 3.31
1.83x10°  1.70 x 107 93 3.69
1.83x10°  2.12x10° 116 4.16
1.83x10° 255x%x10° 140 4.64

6 r y = 1116.8x + 2
5 | R? = 0.998
- 4 r
w
3 e
< 2r kh=112x10°M"s!
1 L
0 1 1 1 1 1 1

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030
[10] / M

Rate constants for the reactions of N,N-bis(2-methoxyethyl)amine (10) with (jul),CH BF4
(1e) in CH3CN (Stopped-flow, 20 °C, A = 642 nm).

[1€]o/ M [10]o/M  [10]o/[1€lo  kobs/s
1.76 x 10° 425 x 10™ 24 5.74
1.76 x 10°  8.50 x 10™ 48 7.40
1.76 x 10° 127 %107 72 8.91
1.76 x 10°  1.70 x 107 96 1.08 x 10!
1.76 x 10°  2.12x 103 120 1.35 x 10"
1.76 x 10°  2.55%x 107 145 1.50 x 10"
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16 y =4474.4x + 4
R?=0.992
12
‘_"(/)
38
= 4l ky=4.47x10°m"s!
0 1 1 1 1 1 ]
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

[10] / M

Rate constants for the reactions of N,N-bis(2-methoxyethyl)amine (10) with (ind),CH BF4
(1f) in CH3CN (Stopped-flow, 20 °C, A = 625 nm).

[1f]o /M [10]o/M  [10]o/ [f]o  Kkops/S

2.15x10°  2.11x10* 10 4.74
2.15x10°  422x10* 20 6.63
2.15%10°  632x10™ 29 8.79
2.15x10° 843 x10™ 39 1.13 x 10"
2.15x10°  126x%x10° 59 1.75 x 10"
2.15x10°  1.69 %107 78 2.27 x 10!
25 r y =12498x + 1
20 | R%=0.994
H‘g 15 |
é 10 |
] ky=125x10"m's!
0 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020

[10] / M
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Rate constants for the reactions of N,N-bis(2-methoxyethyl)amine (10) with (pyr),CH BF,
(1g) in CH;3CN (Stopped-flow, 20 °C, 4 = 620 nm).

[1g]o /M [10]o/M  [10]o/[1glo  kobs/s™
2.09x10°  422x10* 20 4.45 % 10"
2.09x10°  632x10™ 30 6.84 x 10!
2.09x10° 843 x10™ 40 9.07 x 10"
2.09%x10°  1.26x10° 61 1.38 x 107
2.09x10°  1.69x10° 81 1.93 x 10?

250 r y = 116656x - 6

200 | R?2=0.998
H‘<\n 150 |
é 100

k=117x10° M s
50
O 1 1 1 ]
0.0000 0.0005 0.0010 0.0015 0.0020
[10] / M

Kinetics of the reactions of benzhydrylium ions and quinone methides (1) with

di-n-propylamine (11)

Rate constants for the reactions of di-n-propylamine (11) with ani(Ph),QM (1c) in CH;CN
(Stopped-flow, 20 °C, 4 =422 nm).

[1c]o / M [11]o/™M  [11]o" /™' [12]o/[1clo  hobs/S"  [11]o* kobs' / Ms
514x10°  854x10*  1.17x 10’ 17 1.14 x 10 7.49 x 107
5.14x10° 256 x10°  3.90 x 10 50 7.28 x 107 3.52 x 107
514 x10°  3.42x10° 293 x 10 66 1.10 x 10! 3.10 x 107
514x10°  427x10°  234x10° 83 1.61 x 10 2.65 %107
5.14x10°  5.12x10°  1.95x 10° 100 2.13 x 10™ 2.40 x 107
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0.25
0.20

0.15

K obs / st

0.10

0.05

0.00

0.000

0.10
0.08
0.06

0.04

[11] Kobs2/ M s

0.02
0.00

0.002 0.004 0.006
[11] / M

y = 0.00005x + 0.0148
R? = 0.999

ky=674%x10" M5!

200 400 600 800 1000 1200
[11]/ M1

Rate constants for the reactions of di-n-propylamine (11) with (lil),CH BF4 (1d) in CH;CN

(Stopped-flow, 20 °C, A = 639 nm).

[1d]o /M [11]o/M  [11]o/[1d]o  hops/ s
2.02x10°  3.18x10™ 16 1.72
202%x10° 424 x10* 21 2.18
2.02x10°  530x10™ 26 2.48
2.02x10°  636x10™ 32 2.85
2.02x10°  1.06 x 107 53 4.57
2.02x10°  1.48x10° 74 6.34
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8 r y =3950.1x + 0.4
R?=0.999
6 o
‘_"(/)
34r
~ 51 kr=3.95x10°m"s!
O 1 1 1 ]
0.0000 0.0004 0.0008 0.0012 0.0016
[11]/ M

Rate constants for the reactions of di-n-propylamine (11) with (jul),CH'BF, (1€) in CH;CN
(Stopped-flow, 20 °C, 4 = 642 nm).

[1€]o / M [11]o/M  [11]o/[1€]0  kops /S
1.94x10° 424 x 10 22 5.60
1.94x10° 530 10™ 27 7.52
1.94x10°  6.36x10™ 33 9.29
1.94x10°  1.06x 103 55 1.52 x 10"

1.94 x 10°  1.48 x 10 76 2.02 x 10!
1.94x10°  1.91x10° 98 2.66 x 10!
30 ¢ y =13770x + 0.2
o5 | R2=0.998
! 20
[7]
\B 15 +
=~ 10 r kr=138x10* M s
5 L
0 1 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

[11] / M
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Rate constants for the reactions of di-n-propylamine (11) with (ind),CH BF, (1f) in CH3CN
(Stopped-flow, 20 °C, A = 625 nm).

[1f]o /M [11]o/™M  [11]o/ [0 hkeps/ S
2.17x10°  2.41x10™ 11 8.07
2.17x10°  4.81x10* 22 1.63 x 10!

217 x10°  7.22x10™ 33 2.44 x 10!
2.17x10°  9.62 x 10™ 44 3.05 x 10!
2.17x10°  120x%x10° 55 3.73 x 10!
217 x10°  1.44x10° 66 4.76 x 10!
60 r y = 31672x + 0.7
R2 = 0.995
< 40 t+
w
< 20 ky=3.17x10*M"s!
O 1 1 1 1
0.0000 0.0004 0.0008 0.0012 0.0016
[11] / M

Rate constants for the reactions of di-n-propylamine (11) with (pyr),CH BF, (1g) in CH;CN
(Stopped-flow, 20 °C, A =611 nm).

[1g]o / M [11]o/M  [11]o/[1g]0  kobs/ S
1.06 x 10°  1.40 x 10 13 3.82 x 10!
1.06 x 10°  2.10 x 10™ 20 5.78 x 10!
1.06 x 10°  2.80 x 10™ 26 7.67 x 10!
1.06 x 10° 350 x 10™ 33 9.59 x 10!
1.06 x 10°  4.20x 10™ 40 1.16 x 10?
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150
y = 276714x - 0.6
2
« 100 | R2 = 0.9999
7]
< 50} s 1 -
k=277 x10"M" s
O 1 1 1 1 ]
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
[11] / M

Kinetics of the reactions of benzhydrylium ions and quinone methides (1) with
diethylamine (12)

Rate constants for the reactions of diethylamine (12) with ani(Ph),QM (1c) in CH3CN (diode
array spectrophotometer, 20 °C, A =422 nm).

[1c]o/ M [12]o/M  [12]0" /M [12]0/[1clo  kobs/S"  [12]o % kops ' / Ms
454 x10°  521x10%  1.92x10° 11 2.75%x10%  1.89x 1020l
428 x10°  9.82x10%  1.02x10° 23 5.77 x 102 1.70 x 107
425x10°  1.46x10°  6.85 x 10? 34 1.09 x 107! 1.34 x 107
419x10°  1.92x10° 521 x10° 46 1.60 x 107! 1.20 x 10

8] not included for the evaluation of k,, because at the low concentration of 12 the assumption
that k, <<k, % [12] seems to be invalid.
0.20
0.15

0.10

K obs / st

0.05 -

0.00 ' ' '
0.000 0.001 0.002 0.003

[12] / M
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0.025 y = 0.00001x + 0.0066
2 _

o 0.020 L R?=0.996 5
=
T 0015 /
E oomw0 |
) ky=151x10"m"s"
= 0.005 F

0.000 L L L '

0 500 1000 1500 2000
[12]F/ m?

Rate constants for the reactions of diethylamine (12) with (lil),CH'BF; (1d) in CH;CN
(Stopped-flow, 20 °C, A = 639 nm).

[1d]o /M [12]o/M  [12]o/[1d]o  Kops /S

2.00x10° 338x10™ 17 1.52
2.00x10°  6.77 x 10™ 34 2.98
2.00x10°  1.02x10° 51 4.56
2.00x10°  135%x10° 68 6.07
2.00x10°  1.69x10° 85 7.80
107 y = 4624.8x - 0.1
8 R2 = 0.9992
‘_.'U) 6 L
, ky=4.62x10° M 5!
O 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020

[12] / M
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Rate constants for the reactions of diethylamine (12) with (jul),CH'BF; (1€) in CH;CN
(Stopped-flow, 20 °C, A = 642 nm).

[1€],/ M [12]o/M  [12]o/[1€]0  hops/ S
2.07x10° 338x10* 16 4.47
2.07x10°  6.77x10™ 33 8.91°
207 x10°  1.02x10° 49 1.31 x 10"
2.07x10°  1.35x10° 65 1.83 x 10!
2.07x10°  1.69x10° 82 2.24 x 10"
2.07x10°  2.03x10° 98 2.60 x 10!

30 ¢ y = 12945x + 0.2
25 | R%=0.998
bl 20
w
2 15
~ 10 F k=129 x10*Mm"s!
5 L
O 1 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
[12] I M

Rate constants for the reactions of diethylamine (12) with (ind),CH'BF, (1f) in CH3;CN

(Stopped-flow, 20 °C, A = 616 nm).

[1f]o/ M [12]o/M  [12]o/[1f]0  kobs/ s
2.04x10°  3.08x10™* 15 1.19 x 10!
2.04x10°  4.10x10™ 20 1.58 x 10"
2.04x10° 513 x10™ 25 1.94 x 10"
2.04x10°  6.15x10™ 30 2.26 x 10!
2.04x10°  7.18x10™ 35 2.64 x 10!
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30 - y = 34927x + 1
25 + R? = 0.999
< 20}
[7]
2 15 f
< 10} 44
: | k=349 x 10" M s
0 1 1 1 1 ]
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
[12] / M

Rate constants for the reactions of diethylamine (12) with (pyr).CH'BF, (1g) in CH;CN
(Stopped-flow, 20 °C, A = 611 nm).

[1g]o / M [12]o/M  [12]0/[1g]0  Kobs/S

1.02x10°  1.03x10™ 10 3.47 x 10!

1.02x10°  2.05x 10 20 6.83 x 10!

1.02x10°  3.08x10™ 30 1.03 x 10?

1.02x10°  4.10x10™ 40 1.34 x 10?

1.02x10°  5.13x10™ 50 1.68 x 10?
200

y = 324198x + 2
R? = 0.9998

ky=324x10 M5!

0 1 1 ]
0.0000 0.0002 0.0004 0.0006

[12] / M
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Kinetics of the reactions of benzhydrylium ions and quinone methides (1) with
mor pholine (13)

Rate constants for the reactions of morpholine (13) with tol(z-Bu),QM (1b) in CH3CN (diode
array spectrophotometer, 20 °C, A =371 nm).

[1b]o /M [13]o/M  [13]o" /M [13]0/[1blo  hobs/S"  [13]oX kobs' / Ms

6.16 x10° 214 x10°  4.68 x 10° 35 6.55 x 10 3.26 x 10"
6.84 x 10°  3.09x10°  3.23 x 10? 45 1.32x10* 2.34 x 10"
6.75%10°  4.07x10° 246 x10° 60 2.06 x 10™ 1.97 x 10!

0.0003
| 0.0002 L]
w
2 °
x~ 0.0001 f

[ ]
0.0000 L L
0.000 0.002 0.004
[13] /M

40 y = 0.0589x + 4.9154
" R? = 0.995
= 30 /
s 20 |
X
™ 10 |

o | | | | ky=2.03x10" M 5™
0 100 200 300 400 500

[13]1/ M1
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Rate constants for the reactions of morpholine (13) with ani(Ph),QM (1c) in CH3CN (diode
array spectrophotometer, 20 °C, 4 =422 nm).

[1c]o / M [13]o/M  [13]o" /™" [13]o/[1clo  kobs/S"'  [13]o* kobs' / Ms
485x10° 4.11x10% 243 x10° 8 5.84 x 1072 7.04 x 1073
487 x10° 825x10* 1.21x10° 17 1.69 x 107! 4.88 x 107
483 x10° 123x10°  8.13 x 10? 25 3.01 x 107! 4.09 x 107
485x10° 1.64x10°  6.10 x 10? 34 4.46 x 107 3.68 x 1073

05 r
[ }
04 t
H‘<\n 03 | °
£ 02|
~ [ ]
0.1
[ ]
00 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020
[13] /' M
0.010 r y = 0.000002x + 0.0026
»  0.008 | R? = 0.9991
=
2 0.006 |
S o004 |
™
= 0.002
ky=3.85x10°M"'s!
OOOO 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
[13]1/ M1
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Rate constants for the reactions of morpholine (13) with (lil)CH BF; (1d) in CH3;CN
(Stopped-flow, 20 °C, A = 639 nm).

[1d]o /M [13]o/M  [13]o/[1d]o  kops/ S

233 x10° 449 x10™ 19 6.50
233x10° 898 x10™ 39 1.34 x 10"
233x10°  135%x10° 58 1.89 x 10!
233x10°  1.80x10° 77 2.28 x 10!
233x10° 224x10° 96 2.69 x 10!
233x10°  2.69x10° 116 3.38 x 10!

40 r y = 11515x + 2

20 | R2=0.991
‘T.U)
2 20
* 10l ky=1.15x10*m"s™!

O 1 1 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

[13] /M

Rate constants for the reactions of morpholine (13) with (jul),CH'BF,; (1€) in CH;CN
(Stopped-flow, 20 °C, A = 642 nm).

[1€]o/ M [13]o/M  [13]o/[1€]lo  kobs/ s
2.18x10°  4.49 x 10™ 21 2.05 x 10
2.18x10° 898 x10™ 41 3.65 x 10!
2.18x10°  135%x10° 62 5.34 x 10!
2.18x10°  1.80x 107 82 7.51 x 10!
2.18x10°  224x10° 103 9.35 x 10!
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100 y = 41143x + 0.4
2 _
g0 | R2 = 0.997
oo |
é 40 L
ko=4.11x10"m"s"!
20
O 1 1 1 1 ]
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
[13] /M

Rate constants for the reactions of morpholine (13) with (ind),CH'BF4 (1f) in CH;CN
(Stopped-flow, 20 °C, 4 = 625 nm).

[1f]o/ M [13]o/M  [13]o/ [0  kovs/s
1.54x10°  5.72x107 4 4.48
1.54x10°  1.14 % 10™ 7 1.09 x 10"
1.54x10°  1.71 x10™ 11 1.69 x 10"
1.54x10°  229x10* 15 2.24 x 10!

1.54 x10°  2.86x10™ 19 2.83 x 10!
30 y = 103529x - 1
o5 | R?=0.9993
bl 20
w
;3 15 |
~ 10 r o =1.04x 105 M §7!
5 L
O 1 1 1 1
0.0000 0.0001 0.0002 0.0003 0.0004
[13] / M

50



Chapter 2: Nucleophilic Reactivities of Primary and Secondary Amines in Acetonitrile

Rate constants for the reactions of morpholine (13) with (pyr),CH BF, (1g) in CH;CN
(Stopped-flow, 20 °C, A = 620 nm).

[1g]o /M [13]o/M  [13]o/[1glo  kobs/s”
1.33x10°  1.14x10™ 9 8.19 x 10!
133 x10°  1.71 x 10™ 13 1.33 x 10?
133 x10°  229x10* 17 1.73 x 10?
1.33x10°  2.86x 10™ 22 2.18 x 10?
133 x10°  3.43x10™ 26 2.69 x 107

300 y =803323x -9
250 L R%=0.998
- 200
7]
2 150 |
~ 100 F by =8.03x 105 M5!
50 f
O 1 1 1
0.0000 0.0001 0.0002 0.0003
[13] /' M
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Kinetics of the reactions of benzhydrylium ions and quinone methides (1) with

piperidine (14)

Rate constants for the reactions of piperidine (14) with ani(+-Bu),QM (1a) in CH3;CN (diode
array spectrophotometer, 20 °C, 4 =393 nm).

[1a]o /M [14]o/M  [14]0" /™" [14]o/ (180 hobs/S"'  [14]0% kobs' / Ms
533x10°  1.04x10°  9.62x10° 20 1.07 x 107 9.72 x 107!
532%x10°  1.57x10°  6.37 x 10 30 2.22 %107 7.07 x 107!
529x10° 2.08x10°  4.81x10° 39 3.44 % 107 6.05 x 10!
527x10° 258 x10° 3.88x10° 49 5.27 x 107 4.90 x 107!
526x10°  3.09x10°  324x10° 59 7.38 x 107 4.19 x 107!

0.010
0.008 |
. [ ]
v 0.006 |
\m [ ]
; 0.004 °
0.002 ®
[ ]
0.000 L] ' ' ' '
0.0000 0.0010 0.0020 0.0030 0.0040
[14] / M
1.2 - y = 0.0008x + 0.1655
» 10 | R?=0.992
= o8|
s 06 |
>~ 04}
3
= 02t 1o
ky=6.04M"s
00 1 1 1 1 1
0 200 400 600 800 1000 1200
[24]%/ Mt
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Rate constants for the reactions of piperidine (14) with tol(z-Bu),QM (1b) in CH;CN (diode
array spectrophotometer, 20 °C, 4 =371 nm).

[1b]o /M [14]o/M  [14]0" /™' [14]0/[1blo  hops/S"'  [14]o% kobs' / Ms
6.10x10°  1.61x10°  6.21 x10° 26 3.94 x 1073 4.09 x 10!
6.25x10°  247x10°  4.05x10° 40 8.34 x 107 2.96 x 107!
6.23 x10° 328 x10°  3.05x10° 53 1.32 x 107 2.48 x 107!
6.00 x 105 3.96x10°  2.53 x 10? 66 1.83 x 107 2.16 x 107!
6.20 x 10°  4.91x10°  2.04 x10° 79 2.64 x 1072 1.86 x 107!
6.18x10°  570x10°  1.75x10° 92 3.31 x 102 1.72 x 107!

0.04

[ ]
F"w [ }
\1§ 0.02 °
=~ [ ]
[ ]
[ ]
OOO 1 1 1 ]
0.0000 0.0020 0.0040 0.0060 0.0080
[14] I M

0.5 r y = 0.0005x + 0.0814
o o4 L R?=0.999
o0
S 03¢t
S o2t
<
= 0.1

00 | | | ky=123x10"m"s"!

0 200 400 600 800
[24]1t/ Mt
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Rate constants for the reactions of piperidine (14) with ani(Ph),QM (1c) in CH;CN
(Stopped-flow, 20 °C, A = 422 nm).

[1c]o / M [14]o/M  [14]o/[1clo  hops/ S
480 x10° 4.89x10™ 10 1.47
480 x10°  9.77x10™ 20 3.02
480 x10° 1.95x10° 41 6.37
4.80x10° 2.93x107° 61 9.87
480 x10° 391x10° 81 1.35 x 10"
480 x10° 4.89x10° 102 1.68 x 10!
20 r y = 3518x - 0.4
16 | R2 = 0.9997
H‘g 12 |
. ky=352%x10°M" s
O 1 1 1
0.0000 0.0020 0.0040 0.0060

[14] / M

Rate constants for the reactions of piperidine (14) with (1il)CH BF; (1d) in CH;CN
(Stopped-flow, 20 °C, A = 639 nm).

[1d],/ M [14]o/M  [14]o/[1d]o  kobs/ s
1.91 x10°  2.18 x 10™ 11 1.53 x 10"
1.91 x10°  436x10™ 23 3.23 x 10!
1.91 x10°  6.54x 10™ 34 4.97 x 10"
1.91 x10°  8.71 x 10™ 46 6.38 x 10!
1.91 x10°  1.09x 103 57 8.10 x 10"
1.91 x10°  131x10° 68 1.03 x 10?
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120 y = 78523x - 2
R2 = 0.997
< 80 |
w
< 40 o =7.85x10* M s
0 1 1 ]
0.0000 0.0005 0.0010 0.0015

[14] I M

Rate constants for the reactions of piperidine (14) with (jul).CH'BF, (1€) in CH;CN
(Stopped-flow, 20 °C, 4 = 642 nm).

[1€]o / M [14]o/M  [14]o/[1€]0  kops/ S

216 x10°  2.18x10™ 10 3.98 x 10!
2.16 x10° 436 x10™ 20 9.19 x 10!
2.16 x10°  6.54x 10™ 30 1.51 x 10?
216 x10°  8.71 x10™ 40 2.15 x 10?

250 r y = 268568x - 21

200 G R? = 0.998
H'g 150 |
£ 100 |
~ 5.1 -1

50 | ky=2.69x10"M" s
O 1 1 1 1 ]
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

[14] / M
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Kinetics of the reactions of benzhydrylium ions and quinone methides (1) with

pyrrolidine (15)

Rate constants for the reactions of pyrrolidine (15) with ani(’ #-Bu),QM (1a) in CH3CN (diode
array spectrophotometer or Stopped-flow, 20 °C, 2 =393 nm).

[1a]o /M [15]o/M  [15]o/[1ale  kobs /S

590x10°  9.79 x 10" 17 1.85 x 1072
425%x10°  1.76 x 107 41 4.14 x 102
425x10° 235x10° 55 6.16 x 102
425x10°  2.94x10° 69 8.05 x 1072
425x10°  3.53x107° 83 1.01 x 10711

) diode array spectrometer; [ Stopped-flow.

0.15
y = 32.459x - 0.01

R2=0.999
< 010 |
%]
x 005} ky=325x10"m"s!

0.00 1 1 1 ]
0.000 0.001 0.002 0.003 0.004
[15] / M
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Rate constants for the reactions of pyrrolidine (15) with tol(+-Bu),QM (1b) in CH;CN (diode
array spectrophotometer or Stopped-flow, 20 °C, 2 =371 nm).

[1b]o /M [15]o/M  [15]o/[1blo  kobs /S

721x10° 133 x107 18 3.96 x 102
7.13x10° 197 x 107 28 6.77 x 1021
520%10°  239x107 46 9.10 x 1020
520%10°  3.19x 107 61 1.22 x 1071 1]
520%10°  3.99 x 107 77 1.66 x 107 [
520%10° 479 x 107 92 2.07 x 10711

() diode array spectrometer; ! Stopped-flow.

0.25
y =48.197x - 0.03

0.20 - R%=0.998
0.15 |

K obs / s

0.10 -

ky=482x10' M5!
0.05

0.00 1 1 1 1 1 ]
0.000 0.001 0.002 0.003 0.004 0.005 0.006

[15] / M
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Rate constants for the reactions of pyrrolidine (15) with (lil)CH BF, (1d) in CH3;CN
(Stopped-flow, 20 °C, A = 639 nm).

[1d]o /M [15]o/M  [15]o/[1d]o  hops/ S
6.73x10°  1.02x10* 15 7.07
6.73x10° 1.22x10* 18 9.72
6.73x10° 1.53x10* 23 1.40 x 10"

6.73 x 10°  2.04 x 10™ 30 1.93 x 10!
6.73x10° 255 x10* 38 2.56 x 10!
6.73x10°  3.06 x 10* 45 3.13 x 10!

40 y = 118048x - 5

20 R? = 0.999
‘T.U)
2 20
ol =118 x 10° M s

O 1 1 1 1
0.0000 0.0001 0.0002 0.0003 0.0004
[15] / M

Rate constants for the reactions of pyrrolidine (15) with (jul))CH BF, (1€) in CH3;CN

(Stopped-flow, 20 °C, A = 642 nm).

[1€]o/ M [15]o/M  [15]o/[1€]o  kobs/S
6.39x 10° 970 x 107 15 2.08 x 10!
6.39x10°  1.16x10* 18 2.71 x 10!
6.39 x10°  1.46x10* 23 3.58 x 10!
6.39x10° 243 x10™ 38 7.05 x 10!
6.39x10° 291 x10* 45 8.86 x 10!
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100 r y = 349669x - 14
R? = 0.999

80 |
60 |
40 -

K obs / st

20 L ky=3.50%x10° M5

O 1 1 1 ]
0.0000 0.0001 0.0002 0.0003 0.0004

[15] /M

Correlations analysis

Plot of log k, versus E for the reactions of n-propylamine (8).

|lal 1m® 1nt 10

0r y = 0.6317x + 9.543 1kl 1 56 O
2 o O
R“=0.998
8
61 1h
1g
o L 1f
~ e
o 4T 1d
o
1c
2 |
1b
0 - 1la
2 : : L 1 1 1 1 1 ]
-18 -15 -12 -9 6 3 0 3 6 9
E

(4] rate constants taken from rate constants taken from ref [9b]; not included for the

determination of N and s parameter due to diffusion control

N=15.11,5=0.63
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Plot of log &, versus E for the reactions of N,N-bis(2-methoxyethyl)amine (10).

y =0.9278x + 12.28

-13

R?=0.996 1g
L [ ]
1f
L le
1d )
L [)
L 1c
[}
-12 11 -10 9 -8 7
E

N=13.24,5=0.93

Plot of log k, versus E for the reactions of di-n-propylamine (11).

1g

y =0.7986x +11.59
R%=0.997

-12 -11 -10 -9 -8 -7

N=14.51,5=0.80
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Plot of log k, versus E for the reactions of diethylamine (12).

y = 0.7308x + 11.04

6r R2 = 0.997 19
5 | 1f
le
4l 1d
3 L
1c
2 L
1 1 1 1 1 1 ]
13 12 11 10 -9 -8 7
E

N=15.10,5s=0.73

Plot of log k, versus E for the reactions of morpholine (13).

log k 2

1g
y = 0.7358x + 11.52
R? = 0.998

le

[ not included for the determination of the N-and s-parameters due to the low accuracy of the

determination of &, (only 3 kqps values measured which correlate moderately)

N=15.65,5=0.74

61



Chapter 2: Nucleophilic Reactivities of Primary and Secondary Amines in Acetonitrile

Plot of log k, versus E for the reactions of piperidine (14).

y =0.6809x +11.81 le
R2=0.999 1d

N=17.35,s5=0.68

Plot of log k, versus E for the reactions of pyrrolidine (15).

6 —
y = 0.5971x + 11.13 le
R? = 0.999 1d
5 |
N 4 i
X
[@)]
S
3 |
2 |
1 1 1 1 1 ]
-18 -16 -14 12 -10 -8

N=18.64,s=0.60
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Comparison of calculated and experimental rate constants (M™s?) for the additions of
aminesto Michael acceptorsin acetonitrile

Electrophile E Amine N/s keare (20 °C) 1 Kexp
o 14 17.35/0.68 3.8 x10° 2.3 x 10° (25 °C)'¢
M -9.151 13 15.65/0.74 6.5 x 10* 4.0 x 10° (25 °C)'¢!
o OJOV 6 14.29/0.67 2.8 x 10° 8.7 x 10" (20 °C)™

9 14 17.35/0.68 6.4 x 10* 9.5 x 10° (25 °C)'¢!
oyl e
2 1 o h
MeO 0”0 6 14.29/0.67 4.9 x10 6.7 x 10" (20 °C)™
(0]

Q/jLo -12.76% 14 17.35/0.68 1.3 x 10° 1.1 x 10° (25 °C) ¢!
o o/%

XN [b] 3 0 [i]

I 9.42 6 14.29/0.67 1.8 x 10 1.5 x 10° (20 °C)

(0]
-10.11 6 14.29/0.67 6.3 x 10 1.5 x 10° (25 °C)l!
(@] Q

(6]
O \ ~11.320 6 14.29/0.67 9.8 x 10" 1.1 x 10° (25 °C)l!
el
(e}
e
M/’L 10379 14 1735/068 5.6 10° 3.2 x 10° (25 °C)®
MeO (e} ITI (@]

(6]
~
M j‘\\ -12.76!9 14 17.35/0.68 1.3 x10° 2.9 x 10* (25 °C)'#
MesN (0] l\ll (e}

X COsEt
©/\( -20.55! 6 14.29/0.67 6.4 x 107 2.5 x 107 (20 °C)™

CO,Et

N COzEt
m . 21.11% 6 14.29/0.67 2.7%x107° 1.8 x 107 (20 °C)™
2!
o COEt
m L 2147 6 14.29/0.67 1.5%x10° 1.3 x 107 (20 °C)™
2

MesN

Me

MeO

[a] Ref. [20c]; [b] ref. [23]; [c] ref. [20a]; [d] ref. [20b]; [e] ref. [24]; [f] calculated on the basis of log
ky (20 °C) = s(N + E); [g] ref. [1b]; [h] ref. [1w]; [i] ref. [1m]; [j] ref. [1q]; [k] ref. [1y].
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2.4.3 Synthetic Experiments

[Bis-(4-dimethylaminophenyl)methyl]-diethylamine (12h)

/\N/\
\/
' w

12h
A solution of diethylamine (12, 77 pL, 0.74 mmol) in 3 mL acetonitrile was added to a
solution of (dma),CH BF, (1h, 69 mg, 0.20 mmol) in acetonitrile (10 mL) over 5 min. at
20 °C. The solvent was removed under reduced pressure, the remaining solid was extracted
with diethyl ether after which the ether was evaporated: 12h (29 mg, 0.089 mmol, 45%)

colorless crystals.

'H-NMR (400 MHz, CD;CN) =093 (t,J=7.1Hz, 6 H, 2 x CH,CH3), 2.55 (q, J=7.1
Hz, 4 H, 2 x CH,CH3), 2.85 (s, 12 H, 2 x NMey), 4.50 (s,
1 H, Ar,CH), 6.66 (d, J = 8.9 Hz, 4 H, Hy), 7.22 (d, J =
8.8 Hz, 4 H, Hy).

BC-NMR (100 MHz, CD;CN)  §=11.3 (q), 41.0 (q), 43.5 (t), 70.9 (d, Ar,CH), 113.5 (d),
129.3 (d), 133.6 (s), 150.7 (s).

N-[Bis-(4-dimethylaminophenyl)methyl]-piperidine (14h)

-
WogoW

14h
A solution of piperidine (14, 77 pL, 0.78 mmol) in 3 mL acetonitrile was added to a solution
of (dma),CH BF, (1h, 86 mg, 0.25 mmol) in acetonitrile (10 mL) over 5 min. at 20 °C. The
solvent was removed under reduced pressure, the remaining solid was extracted with diethyl

ether after which the ether was evaporated: 14h (60 mg, 0.18 mmol, 71%) colorless crystals.
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'"H-NMR (400 MHz, CD;CN)

BC-NMR (100 MHz, CD;CN)

5= 1.38-1 45 (m, 2 H, CH,), 1.49-1.55 (m, 4 H, 2 x
CH,), 2.23-2.30 (m, 4 H, 2 x NCH,) 2.84 (s, 12 H, 2 x
NMe,), 3.99 (s, | H, Ar,CH), 6.66 (d, J = 8.9 Hz, 4 H,
H.), 7.18 (d, J = 8.9 Hz, 4 H, Hy,).

§=25.6 (1), 27.1 (1), 41.0 (q), 53.9 (1), 76.2 (d, Ar,CH),
113.6 (d), 129.2 (d), 134.3 (s), 150.8 (s).

N-[Bis-(4-dimethylaminophenyl)methyl]-pyrrolidine (15h)

(>

N
\/
w w

15h

A solution of pyrrolidine (15, 48 pL, 0.58 mmol) in 3 mL acetonitrile was added to a solution

of (dma),CH BF, (1h, 57 mg, 0.17 mmol) in acetonitrile (10 mL) over 5 min. at 20 °C. The

solvent was removed under reduced pressure, the remaining solid was extracted with diethyl

ether after which the ether was evaporated: 15h (37 mg, 0.11 mmol, 67%) colorless crystals.

'H-NMR (400 MHz, CD;CN)

BC-NMR (100 MHz, CD;CN)

§=1.70-1.75 (m, 4 H, 2 x NCH,CH,), 2.34-2.38 (m, 4
H, 2 x NCH,) 2.84 (s, 12 H, 2 x NMey), 3.97 (s, 1 H,
AnCH), 6.65 (d, J = 8.9 Hz, 4 H, Hy), 7.23 (d, J = 8.8
Hz, 4 H, H,,).

0 =244 (t), 41.0 (q), 54.3 (), 75.8 (d, ALCH), 113.6 (d),
128.7 (d), 134.6 (), 150.8 ().
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Chapter 3

ELECTROPHILIC REACTIVITIESOF 1,2-DIAZA-1,3-DIENES

Tanja Kanzian, Simona Nicolini, Lucia De Crescentini, Orazio A. Attanasi, Armin R. Ofial
and Herbert Mayr, Chem. Eur. J. 2010, 16, 12008-12016.

Results obtained by S. Nicolini are not listed in the Experimental Section.

3.1 Introduction

In recent years 1,2-diaza-1,3-dienes 1 have become increasingly important as tools for the
construction of a variety of heterocycles.!"! The electron withdrawing effect of the azo group
in the heterodiene system controls the regioselectivity of the nucleophilic attack at the
terminal carbon. This regioselectivity is further enhanced by appropriate electron withdrawing
groups at the terminal carbon and/or nitrogen atom of the conjugated azo-ene system. As a
consequence, typical reactions of conjugated azoalkenes with a variety of carbon, nitrogen,
oxygen, phosphorus, sulfur, and selenium nucleophiles result in the formation of 1,4-
hydrazonic adducts by Michael-type addition. From these intermediates, different
intramolecular cyclizations lead to a variety of five- and six-membered heterocycles, e.g.
pyrroles, pyrazoles, imidazoles, thiazoles, selenazoles, 1,2,3-thiadiazoles, 1,2,3-
selenadiazoles, 1,2,3-diazaphospholes, pyridazines, pyrazines, 1,4-thiazines, 1,2,4-triazines,
and 1,2,4-oxadiazines. In many cases, the 1,4-additions of nucleophiles at 1,2-diaza-1,3-
dienes are accompanied by spontaneous subsequent formations of heterocycles. Accordingly
heterocycles are frequently accessible by one-pot syntheses that do not require the use of
anhydrous solvents or work under an inert atmosphere. Another advantage which makes 1
attractive intermediates in organic chemistry is their good accessibility. Usually they are
synthesized by elimination of a leaving group X in the a-position of a hydrazone. The leaving
group X can either be present in the starting material, that is a cyclic or acyclic carbonyl

compound, or it can be introduced in the hydrazone derivative (Scheme 3.1).
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RZ

/ W/go WNHz
X 2
R2 _HX R

T R N

- \R']
R'-NHNH, 1
RZ
1

Scheme 3.1. Synthetic pathways to 1,2-diaza-1,3-dienes 1.

In order to make synthetic strategies which include the use of 1 more predictable and
efficient, it was our goal to quantify the electrophilicity of different substituted 1,2-diaza-1,3-
dienes 1. We have, therefore, determined the reactivities of 1 towards nucleophiles in the first
step of the complex, sequential transformations that lead to different products.

Recently, the Miinchen group has shown that the reactions of carbocations and various
electron-deficient alkenes with n-, 7-, and o-nucleophiles can be described by Equation (3.1),
where nucleophiles are characterized by the parameters N and s, and electrophiles are
characterized by the parameter E.”2! In this Way, it was possible to construct comprehensive
nucleophilicity and electrophilicity scales.””) Reactions of carbanions with typical Michael
acceptors, such as benzylidenemalononitriles, benzylideneindandiones, benzylidene

Meldrum’s acids, benzylidenemalonates have been shown to follow Equation (3.1).1%

log k(20 °C) =s(N + E) (3.1)
Assuming that the reactions of 1 with carbanions can also be described by Equation (3.1) we

have determined the electrophilicities of four conjugated azoalkenes (1,2-diaza-1,3-dienes 1a-

d) with ester or amido substituents at the positions 1 and 4 (Scheme 3.2).

1a 0] 1c
Tl i
_N_OM JLV/L\ _N__NHPh
MeoN" > NN MepNT N N
b O 1d O

Scheme 3.2. 1,2-Diaza-1,3-dienes 1a-d used in this study.
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For that purpose, we have investigated the rates of the reactions of 1a-d with the carbanions

2a-e, for which N and s parameters are known (Table 3. 1).2b!

Table 3.1. Reference carbanions 2 used in this study and their nucleophilicity parameters N

and s.

carbanion! N (s)™

j\/i 2a 13.91 (0.86) in DMSO
(@] (e}

S
2b 16.27 (0.77) in DMSO

(@] e (@]

OJ\@/QO 2¢ 17.64 (0.73) in DMSO

NCgCOZEt 2d 18.59 (0.65) in MeOH

NCgCN 2e 19.36 (0.67) in DMSO

[a] Counterion for 2a, 2b, 2¢, and 2e: K'; counterion for 2d: Na'. [b] Refs. [3b,5].

3.2 Results and Discussion
3.2.1 Reactions of 1,2-Diaza-1,3-dienes 1 with Carbanions 2
Product Characterization

Many base-activated reactions of 1,2-diaza-1,3-dienes 1 with CH-acidic compounds, such as
B-dicarbonyl compounds have been reported to result in the formation of pyrroles (Scheme

3.3).10

@)
® R1 © R‘1 RS
1 S “ k2 H \N’N‘RZ -H,0O
R\/\ N’/ N ~ R2 + O O _— _— / \
W slow o] o} E— N~ R
R3 R4 |
1 2 R3 R?4 HN\R2

Scheme 3.3. Michael-addition of B-dicarbonyl compounds to 1,2-diaza-1,3-dienes 1 and

subsequent cyclization.
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In previous investigations, ') the majority of the reactions between carbanions 2 and 1 were
carried out in THF. As the structure of the resulting products was reported to depend on the
solvent, we repeated some of the relevant reactions in those solvents used for the kinetic
studies in this work, i.e., DMSO or MeOH (Table 3.1, Scheme 3.4). The reactions of 1la with
the carbanions 2c,e and of 1c with carbanion 2e gave the expected pyrroles 2ca, 2ea, and 2ec,
while the reactions of 1a with 2d and of 1d with carbanion 2c yielded the acyclic 1,4-adducts
2da and 2cd, respectively. Because the products shown in Scheme 3.4 accordingly indicate
initial attack of the carbanions at C-4 of the diazadiene system, we have assumed that all other
combinations of 1la-d with 2 which were kinetically studied in this work proceed in an

analo £0ousS manner.

. K
M @
= - (@] O DMSO
EtO N N\H/NHPh . Y\f
(@)

la 2c NHPh
T

(@]
® 2ca(30%
M -
©
= -N NHPh 0] MeOH \
EtO N \ﬂ/ N NC/Y NHPh
(0] OEt r.t
la 2d
2da (21 %)
/ﬁ\)\ ®K®
N ~N._NHPh A~ DMSO
EtO N + NC~ "CN
la  © 2e NHPh
(0]
2ea (67 %)
O
a K® EtO CN
/U\)\ -N NH = DMSO / \
EtO NOY 2+ NcTeN ————>
r.t. N~ NH
lc @) 2e )
HN\n/NHz
(@]
2ec (61 %)
= ~N NHPh O (e} DMSO A
Me,N N \n/ + Y\f — T + MeN NN\n/NHPh
0 rt 0 O O
1d 2c
2cd (58 %)

Scheme 3.4. Products of the reactions of 1a, ¢ and d with carbanions 2 (isolated yields after

column chromatography).
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Kinetic Investigations

The rates of the reactions of 1 with the carbanions 2 were determined photometrically at
20 °C by using conventional or stopped-flow UV-Vis spectrometers. The carbanions 2 were
used as preformed potassium salts or were prepared in solution by deprotonation of the CH
acids with 1.05 equiv. of KOfBu (or NaOMe in the case of 2d). The reaction progress was
monitored by the decrease of the absorbances of the electrophiles. By using the nucleophiles 2
in excess over the electrophiles 1, first-order conditions were achieved. From the mono-
exponential decays of the absorbances the first-order rate constants ks were obtained by a

least squares fit to 4 = 4y € "°*' + C. Details are given in the Experimental Section (Chapter

3.4).

0.5 -
0.10
Kops = 5.610[2b] + 0.002
0.08
0.4 R2 =1.000
0.06
I(obs/s_1 0.04
03 |
0.02
A 0.00 1 1 1 1
0.2 0.000 0.004 0.008 0.012 0.016
[2b] /M —>
01}
0 1 1 1 ]
0 20 40 60 80

Figure 3.1. Exponential decay of the absorbance at 350 nm during the reaction of 1d with the
anion of dimedone in DMSO at 20 °C ([2b] = 1.43 x 107> M; kops = 8.21 x 107257,
counter-ion: K+). Insert: Determination of the second-order rate constant k> = 5.61
M s from the slope of the correlation of the first-order rate constants kg, with

the concentration of 2b.

The reactions of 1 with the carbanion 2d have been performed in methanol where 2d was
generated by treatment of 2d-H with sodium methanolate. Because ethyl cyanoacetate (2d-H)
is only partially deprotonated by methoxide in methanol, the evaluation of the kinetics of the

2d-H

reaction of 1 with 2d has to consider the acid-base equilibrium (2d-Na + MeOH

+MeO Na") as well as the parallel reaction of 1 with MeO . The actual concentrations of 2d
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and MeO  can be calculated by using the known equilibrium constant Koq.” The
independently determined second-order rate constants k> meo for the reactions of MeO™ with
the electrophiles 1 have then been employed to subtract k> meo[MeO ] from kqps to get to the
pseudo first-order rate constants for the reaction of 2d with the 1,2-diaza-1,3-dienes 1 (for
details see the Experimental Section (Chapter 3.4) and ref. [5]).

As exemplified in Figure 3.1 for the reaction of 1d with 2b, plots of kg (OF kobs —
kz.ome[MeO] in the case of the reactions with 2d) versus the carbanion concentrations were
linear for all reactions of 1 with 2. In these reactions, the attack of the carbanions at the
electrophiles is rate limiting, and the slopes of the plots of ks versus [2] gave the second-

order rate constants k, [Equation (3.2)], which are listed in Table 3.2.

kobs = k2[2] (32)

Figure 3.2 shows linear correlations of (log k»)/s versus N with slopes of unity, as required by
Equation (3.1). Consequently, the electrophilicity parameters £ of la—d could be derived
from a least-squares fit of experimental and calculated rate constants by minimization of A* =
Y(log ky — s(N + E))*. As discussed in previous reviews, the special type of linear free
energy relationship (3.1) avoids long-ranging extrapolations, because £ = —N for (log k2)/s =0
as shown graphically in Figure 3.2. While in most cases calculated (from E, N, s) and
experimental rate constants agree within a factor of 3 (Table 3.2), 1c reacts 7-times faster with
2d than calculated. Because this deviation is within the confidence limit of Equation (3.1), we

abstain from an interpretation of this deviation.
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Table 3.2. Experimental and calculated second-order rate constants for the reactions of la—d

with carbanions 2a—e at 20 °C in DMSO.

Electrophile (E) Nucleophile &P [M's™'] &M s f™P/k,
la(~13.28) 2a 1.52 3.48 0.44
2b 4.39 x 10 2.01 x 10° 2.2
2c 4.02 x 10° 1.52 x 10° 2.6
2d 2.96 x 10°™® 283 x 10° 1.0
2e 4.44 x 10° 1.18 x 10* 0.37
1b (-13.90) 2a 5.15x 107" 1.02 0.51
2b 8.11 x 10 6.68 x 10 1.2
2c 6.93 x 10° 537 x10° 1.3
2d 3.50 x 10°™ 112 % 10° 3.1
2e 221 % 10° 4.55 % 10° 0.49
1c (-14.91) 2a 7.98 x 102 1.38x 10 0.58
2b 1.88 x 10" 1.11 x 10 1.7
2c 3.86 x 10! 9.84 x 10! 0.39
2d 1.64 x 10°™ 247 x 10 6.7
2e 4.82 x 10* 9.58 x 10° 0.50
1d (~15.38) 2a 3.69 x 102 541 %107 0.67
2b 5.61 4.82 1.2
2c 8.98 x 10" 4.44 x 10 2.0
2e 3.13 x 107 4.68 x 10 0.67

[a] Calculated by using Equation (3.1), N and s parameters from Table 3.1 and E from this

Table. [b] Solvent: MeOH.
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2e
a) 6 ¢ 2
s} AT
or 1L A
EtO P Nf,N\H/NHPh 2’.b

1a

(log k) /s

N

2e
b) 6 -

N
T

(log ky) /s

SN
= N/,N\H/NHPh

1d 4

12 13 14 15 16 17 18 19 20

N ——

Figure 3.2. Plots of (log k;)/s against the N-parameters of the carbanions 2a-e for the
reactions of the 1,2-diaza-1,3-dienes la, 1c (Figure 3.2a), 1b and 1d (Figure
3.2b) with 2a—e in DMSO at 20 °C (the slopes are fixed to one as required by

Equation (3.1); reactions of 2d in methanol).
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The electrophiles la—d cover a reactivity range of two orders of magnitude and can be
compared to benzylidenemalononitriles,”*” benzylideneindandiones,'*” benzylidenebarbituric

4] electron deficient arenes!® and quinone methides"®!

acids,[4°] benzylidene Meldrum’s acids,
(Figure 3.3). 1,2-Diaza-1,3-dienes (1) are considerably more reactive than

benzylidenemalonates (E < —17.5).1*!

Oy
-10.80
CN ------- —=
MeO
O CC
o -.—11.87
—12 (0]

Ph -12.33 _

-N__NHPh
OzN P EtO N

o)
~13.28 + 0.48 (5)

~
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Z
®)
N
|
-
|.~
~
(0]
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_N_ _OM
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Lo ~13.90 £ 0.43 (5)

- MezN

/
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|oo
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2 \

-+ 16
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CO,Et
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Figure 3.3. Comparison of the electrophilic reactivities of 1,2-diaza-1,3-dienes 1 with those of
other classes of electrophiles (standard deviations are given for E(1) with the

number of experiments in parentheses).

3.2.2 Reactions of the 1,2-Diaza-1,3-dienes 1 with Other Nucleophiles

In order to examine whether the electrophilicity parameters of 1,2-diaza-1,3-dienes la-d
derived from the rates of their reactions with carbanions, which are listed in Figure 3.3, are

suitable for the prediction of their reaction rates with other types of nucleophiles, we studied
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the kinetics of the reactions of la-d with amines 3, triarylphosphines 4, and enamines 5 of

known nucleophilicities.[***!

Product Characterization

Products of the reactions of 1 with amines 3.

The reactions of la,c,d with the amines 3a,c,d in MeOH furnished the expected“o] o-
aminohydrazones 3aa,ac,ad,cc,dc in high yield (Scheme 3.5).

MeOH
_N_ _NHPh < _N_ _NHPh
/N\[( +EJT>EtO)S)\N\H/
L N o)
1a 3a [j 3aa (78 %)
0
0
J_L
1c

N 0 H
_N_ _NH MeOH _N_ _NH
N 2 [ j T . EtO)kH\\N il 2

EtO
0] ') r.t. N 0]
3a [ j 3ac (92 %)
o)
N MeOH _N_ _NHPh
MeN~ SZ N \H/NHPh . [ ] _MeOH MezN)KH\\N e
1d e) 9] r.t. N 0]
3a [ j 3ad (90 %)
o)
A 2N__NH, e )% N_ _NH
EtO N + _ N’ 2
T ) — "~ Eo I
3c N (@]

fe \ ] 3ce (87 %)
2L P
_N PO MeOH N_ _NH
Et0” N N \H/NHZ + HN°Ph o pio SN i 2
o)

1c O 3d (NH

0,
Lo 3dc (86 %)

Scheme 3.5. Product studies of the reactions of 1 with amines 3 (isolated yields).
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Products of the reactions of 1 with triarylphosphines 4.

Some of us''"! reported previously that the reactions of 1 with triphenylphosphine (4b) in
ethyl acetate produced the 1,5-zwitterions P1 which precipitated from the solvent (Scheme
3.6). These intermediates undergo different heterocyclizations, depending on the nature of the
solvent used: in methanol the 1,4-adduct P1 is transformed into a betaine intermediate 11 by
intramolecular attack of the nitrogen at the ester group. Subsequent loss of MeOH or EtOH
yields 4-triphenylphosphoranilidene-4,5-dihydropyrazol-5-ones P2. Also in acetonitrile, the
cyclic betaine intermediates |1 are formed, which then cyclize to the oxaphosphetane
intermediates 12. Finally, loss of triphenylphosphine oxide transforms 12 into the

corresponding pyrazoles P3.

0 0 o
M IN__R . .N__R o =N
RO /N’T—>RO N N_°
> PhsP ~
1 o PPh, O R
N 50 OR

PPh, P1 M
4b MeCN MeOH
-ROH
R =Me, Et
=N O e =N o} =N 0
SN N N
\(, -PhsP=0  Ph;Ps> \( PhaP \(
or R O OrR R R
P3 12 P2

Scheme 3.6. Mechanism of the reactions of 1 with triphenylphosphine (4b).

Because the kinetic experiments have been performed in CH,Cl,, we have also studied
products of the reactions between la,c and 4a,b in this solvent. Scheme 3.7 shows the
formation of the expected phosphorus ylides 4ba, 4ac, and 4bc.M'' In contrast, the reaction
between 1c and  tris(4-methoxyphenyl)phosphine  (4c) gave the  4-tris(4-
methoxyphenyl)phosphoranilidene-4,5-dihydropyrazol-5-one  (4cc),"") and the reaction
between 1d and 4-tris(4-chlorophenyl)phosphine (4a) afforded the pyrazole 4ad!'™
(Scheme 3.7).
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Scheme 3.7. Products of the reactions of 1la, ¢ and d with triarylphosphines (4) (isolated

yields after column chromatography).

Products of the reactions of 1 with enamines 5.

Reactions of the conjugated azoalkenes 1 with a,B-disubstituted enamines 5 have been
reported to yield 1-aminopyrroles P4 in polar and apolar solvents. The initial attack of the
nucleophilic carbon atom of the enamine 5 at the terminal carbon atom of the azo-ene system
1 produces hydrazonic intermediates |3, which undergo a [3+2]-cyclization to furnish the 2-
amino substituted dihydropyrroles 14. The spontaneous subsequent loss of the secondary

amine results in the formation of the 1-aminopyrrole derivatives P4 (Scheme 3.8).1'
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Scheme 3.8. Formation of 1-aminopyrroles P4 from the reactions of 1 with enamines 5.

For the product investigations, we have chosen the reactions between la,c and the
1-morpholinocycloalkenes 5a,d in acetonitrile. The reactions of la and 1c with
morpholinocyclohexene (5a) delivered the 1-aminopyrroles 5aa and 5ac, respectively. The
accompanying 1,4-adducts 3aa and 3ac are formed by addition of morpholine (a side product
of the formation of the pyrroles, see Scheme 3.8) to the electrophiles 1a and 1c.'* In the
reaction of la with 5d, the loss of morpholine did not occur spontancously; therefore, the
reaction mixture in THF was refluxed until the complete conversion into pyrrole 5da was

observed by TLC (Scheme 3.9).

0}
0 ()
EtOMN NHPh SN Q/—& )KH\ nen
1a @ rt., 5 min Nm/NHPh [ ] o
O 5aa (24 %) 3aa (26 %)
0]

(0]
/?K)\ [ ] Q&OH
1. CH3CN, r.t.
_N__NHPh 3CN,
EtO7 N + N - \
1a (6] é 2. THF, reﬂUX, 16 h HN\H/NHPh

5d (0] 5da (39 0/0)

(0]
I .N__NH, N~ CHsCN M
EtO N + _ +
\([)]/ r.t.,, 5min 1 EtO N” \”/
e i

5a O  5ac (51 %) O 3ac (38 %)

Scheme 3.9. Product studies of the reactions of 1a and 1c with enamines 5 (isolated yields

after chromatographic workup).
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Kinetic Studies

The kinetics of the reactions of 1 with amines 3, triarylphosphines 4, and enamines 5 were

determined photometrically as described above for the reactions of 1 with carbanions 2.

Reactions of 1 with amines 3.

The reactions of 1 with amines 3a-d were studied in different solvents. Table 3.3 shows that
the experimental rate constants for these reactions agree within a factor of 7 with those
calculated by Equation (3.1) from the electrophilicity parameters £ of 1 (Table 3.2) and the N
and s parameters of the amines 3a-C previously determined from the rates of their reactions
with benzhydrylium ions.”*¢!

The rate constants for the reactions of morpholine (3a) and piperidine (3b) with two
additional 1,2-diaza-1,3-dienes le and 1f were studied in methanol. Tentative E parameters
for 1e and 1f can be calculated by Equation (3.1), from the known N and s parameters of 3a

and 3b and the second-order rate constants listed in Table 3.3. The averaged values of the

electrophilicity parameters £ are —14.9 for 1le and —15.3 for 1f.

1,2-Diaza-1,3-dienes 1 with amido groups at the 1- and the 4-terminus are the least reactive
ones (1d/1f). Their reactivity increases slightly when the amido substituents at the terminal
carbon or the nitrogen atom are replaced by the stronger electron-withdrawing ester group (1d
is less reactive than 1b and l1la). However, these substituent effects are small, and the
electrophilicities of the 1,2-diaza-1,3-butadienes studied in this work cover a very narrow

reactivity range of only 2 orders of magnitude.
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Table 3.3. Experimental and calculated second-order rate constants for the reactions of 1,2-

diaza-1,3-dienes 1 with amines 3 at 20 °C.

1 Amine 3 N/sl Je, P [M_l S—l] kzcalcd [M—l s—l][b] Je, P/ kzcalcd
la morpholine (3a) in MeOH  15.40/0.64  4.72 2.27 x 10 0.21
la  morpholine (3a) in DMSO  16.96/0.67  4.12 x 10" 2.92 x 10° 0.14
la piperidine (3b) in MeOH  15.63/0.64  1.92 x 10’ 3.19 x 10 0.60
la piperidine (3b) in MeCN 17.35/0.68  2.22 x 10 5.86 x 10* 0.38
la pyrrolidine (3c) in MeOH ~ 15.97/0.63  3.18 x 10’ 4.95 x 10 0.64
1b  morpholine (3a) in MeOH  15.40/0.64  1.15 x 10 9.12 1.3
1b  morpholine (3a) in DMSO  16.96/0.67  1.45 x 10? 1.12 x 10 1.3
1b  piperidine (3b) in MeOH 15.63/0.64  2.63 x 10 1.28 x 10! 2.1
1c  morpholine (3a) in MeOH  15.40/0.64  2.17 2.06 1.1
1c  morpholine (3a) in DMSO  16.96/0.67  3.83 2.36 x 10! 0.16
1c  piperidine (3b) in MeOH 15.63/0.64  9.81 3.11 3.2
1c  piperidine (3b) in MeCN 17.35/0.68  4.00 x 10" 2.89 x 10! 0.88
1c  pyrrolidine (3c) in MeOH  15.97/0.63  1.68 x 10 4.65 3.6
1c  benzylamine (3d) in MeOH 13.46/0.62  1.91 x 10" 1.26 x 10 1.5
1d  morpholine (3a) in MeOH  15.40/0.64 1.69 1.03 1.6
1d  piperidine (3b) in MeOH 15.63/0.64  4.95 1.45 34
le morpholine (3a) in MeOH  15.40/0.64 1.19

le piperidine (3b) in MeOH 15.63/0.64 4.94

1f  morpholine (3a) in MeOH  15.40/0.64 8.04 x 10"

1f  piperidine (3b) in MeOH 15.63/0.64  2.35

[a] N and s parameters of amines from refs. [9b, 9d, 9¢]. [b] Calculated by using Equation

3.1).

Reactions of 1 with triarylphosphines 4.

The rates of the reactions of 1 with triarylphosphines 4a-c were studied in CH,Cl, by

following the decay of the electrophiles’ absorbance. In analogy to the reactions of 1 with

amines, the linearity of the ko5 vs [PR3] plots proved that second-order rate laws were obeyed

for all studied reactions. This fact allowed us to determine the second-order rate constants for

the attack of PR3 at the CC double bond of 1. Comparison of the experimentally obtained rate
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constants with those predicted by Equation (3.1) shows an excellent agreement of these values

within a factor of 5 (Table 3.4).

Table 3.4. Experimental and calculated second-order rate constants for the reactions of 1,2-

diaza-1,3-dienes 1 with phosphines 4 in CH,Cl, at 20 °C.

1  Phosphine (4) Nist?! kP M s fofted vt g1 Y] Feo®¥P ey
la (4-CIC¢Hy)sP (4a) 12.58/0.65 3.12x 10" 3.51x 10" 0.89
la PhsP (4b) 14.33/0.65  6.59 4.74 1.4
la (4-OMeCgH,)sP (4c)  16.17/0.62  1.02 x 10° 6.19 x 10 1.6
1b PhsP (4b) 14.33/0.65 9.63 x 10" 1.90 0.5
1c  (4-CIC¢Hy)sP (4a) 12.58/0.65  1.05x 10" 3.06 X107 3.4
1c PhsP (4b) 14.33/0.65 1.73 414 x 10" 42
1c  (4-OMeCeHy)sP (4c)  16.17/0.62  2.41 x 10 6.04 4.0

[a] N and s parameters of triarylphosphines 4a—C from ref. [9c]. [b] Calculated by using
Equation (3.1), N and s parameters from ref. [9c], and the £ parameters from Table 3.2.

Reactions of 1 with enamines 5.

The reactions of 1 with the a,B-disubstituted enamines 5a-C were studied in acetonitrile by
following the decay of the electrophiles’ absorbance. The progress of the reaction of 1c with
morpholinocyclopentene (5d) can be monitored by the decrease of the absorbance of the
electrophile and, additionally, by the increase of the absorbance of the reaction product. From
the mono-exponential increases (as from the mono-exponential decays) the kos values were

obtained by a least squares fit to the function 4 = (1 — 4y e *s) + C. The slope of the linear

plot of ks versus [5d] yielded the second-order rate constants k. Figure 3.4 shows the
reaction progress by the mono-exponential increase of the product and the mono-exponential
decay of 1c for the same reaction ([1C]p, = 2.19 X 10* m; [5d]o = 9.40 x 107 M). The first-
order rate constants for the reactions of 1¢ with 5d obtained by the two different methods are
in fair agreement; however, because of the high molar absorption coefficient of the product,
the concentration of 1c had to be kept small, which resulted in a very low absorption for 1c

and a less precise kobs value determined from the decay of [1c].
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Figure 3.4. Exponential increase of the absorbance at 300 nm during the reaction of 1¢ with

morpholinocyclopentene (5d) ([5d]y = 9.40 x 10 m). Insert: Exponential decay

of the absorbance of 1c at 444 nm during the reaction of 1c with 5d.

Table 3.5. Experimental and calculated second-order rate constants for the reactions of 1,2-

diaza-1,3-dienes 1 with enamines 5 in acetonitrile at 20 °C.

1  Enamine 5 Nyt BREPIM s R s Pk,
la morpholinocyclohexene (5a) 11.40/0.83 4.73 2.75% 107 172
la piperidinocyclopentene (5b)  15.06/0.82 1.23 x 10° 2.88 x 10 43
la pyrrolidinocyclopentene (5¢)  15.91/0.86 6.44 x 10° 1.83 x 107 35
1b morpholinocyclohexene (5a) 11.40/0.83 8.88 x 107! 8.41 x 107 106
1b piperidinocyclopentene (5b) 15.06/0.82 1.40 x 10 8.94 16
1b pyrrolidinocyclopentene (5¢)  15.91/0.86 1.07 x 10° 535 x 10 20
1c morpholinocyclohexene (5a)  11.40/0.83 8.05x 107! 122 x 107 660
1c morpholinocyclopentene (5d)  13.41/0.82 7.591¢! 5.89 x 102 128
1c piperidinocyclopentene (5b) 15.06/0.82 1.96 x 10 1.33 148
1c pyrrolidinocyclopentene (5C) 15.91/0.86 1.12 x 10° 7.24 155
1d morpholinocyclohexene (5a)  11.40/0.83 3.75x 107" 497 x 107" 754
1d morpholinocyclopentene (5d)  13.41/0.82 3.89 242 %107 160
1d piperidinocyclopentene (5b)  15.06/0.82 6.47 x 10 5.47 % 10" 118

[a] N and s parameters from refs. [3a, 9a]. [b] Calculated by using Equation (3.1). [c] kobs

values were obtained from the mono-exponential increases of the product.
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Though some of the rate constants listed in Table 3.5 agree with the calculated ones within a
factor of 10, all experimental rate constants are larger than calculated; most of the reactions
are 10°-10° times faster than derived from Equation (3.1), and the strongest deviation is found
for the reactions of the least nucleophilic enamine 5a with the least electrophilic azadienes 1C
and 1d. One, therefore, can assume that these reactions experience a special acceleration. As
shown in Scheme 3.10, 5 may react with the (Z,E)-conformational isomers of the diazadienes
1 to give the zwitterions Z11 or ZI2. Stabilization of these intermediates and the preceding
transition states by Coulombic attraction of the oppositely charged fragments may explain the
increased reactivity of the enamines. The observation that the acceleration is highest for the
slowest reactions may indicate that the transition state is even stabilized by partial formation
of the second bond (hatched lines in ZI1 and Z12) leading to the heterocycles DA and PY,
respectively.m] In accord with this interpretation, aldehyde-derived enamines 5 (R’ = H) have

(1241 possibly

been reported to undergo [4+2]-cycloadditions with 1,2-diaza-1,3-dienes.
analogous [4+2]-cycloadditions also occur with the enamines 5a-d studied in this work.
However, when R’ = alkyl, the zwitterion ZI2 is sufficiently stabilized that it can be
regenerated from the Diels-Alder adduct DA and finally gives the pyrrole PY as indicated in

Scheme 3.10.

!

X 0
HN™ "R /N\NJJ\R,,
N R o NR,
\ -
o = R" R
R" py DA

Scheme 3.10. Mechanism for the reactions of 1 with aldehyde and ketone derived enamines 5.
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From the nucleophilicity parameters N and s for ethyl vinyl ether (N = 3.92, s = 0.90), 2,3-
dihydrofuran (N = 4.37, s = 0.90), and cyclopentadiene (N = 2.30, s = 1.09) one can derive
that nucleophilic attack of these m-systems at the 4-position of the 1,2-diaza-1,3-diene 1C
would occur with rate constants between 2 x 10"'* and 3 x 10'° Mm's™". From these calculated
rate constants one can estimate that the Diels-Alder reactions with inverse electron demand
depicted in Scheme 3.11 would require 10* to 10° years at 20 °C (half reaction times for 1 M
solutions) if they proceeded stepwise through a zwitterionic intermediate. The reported
reaction times of 1.5 to 16 h at 15 °C are, therefore, clear evidence for the occurrence of

concerted Diels-Alder reactions.['¥

CONH;
Z OEt N-N
- 4 OEt
CH,Cl,, 16 h
EtO,C
= O ,CONHz
£
I .N__NH - /
EtO N2 CH,Cl,, 3 h w
1¢ O EtO,C
CONH;
N-N

- 7
CH,Cl,, 1.5 h w

EtO,C

Scheme 3.11. Diels-Alder reactions of 1¢ with ethyl vinyl ether, 2,3-dihydrofuran, and cyclo-
pentadiene (at 15 °C, from ref. [14]).

The considerably smaller deviations between calculated and experimental rate constants for
the reactions of 1 with enamines 5 indicate that the potentially involved initial Diels-Alder

reactions would profit much less from concertedness.

3.3 Conclusion

Figure 3.5 illustrates that the N and s parameters for carbanions 2, amines 3, and phosphines 4
derived from reactions with benzhydrylium ions also hold for their reactions with 1,2-diaza-
1,3-dienes 1. Though belonging to different classes of compounds, the deviations of these

nucleophiles from the correlation line in Figure 3.5 are small. The positive deviations of
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enamines from this correlation line are indicative for a mechanistic change toward concerted
[4+2]-cycloadditions which must be operating in the reactions of enol ethers with the dienes

1, because the stepwise mechanism can be estimated to require more than 10* years.

[ ]
A H in MeCN
5¢ MeO A 0 o 3
1} A in MeOH. _ R Ao [ j
(log ky) /' s NN
5a Ph3P- | NN N~
o} ! N H in DMSO
A 4b | | O 3a
N i
5 ; N in MeOH
z Ok
! © N in MeoOH
s L] e
' Nin MeOH
4 | NH, 3a
in MeOH
1 3dI

10 11 12 13 14 15 16 17 18 19 20

Nucleophilicity N ——

Figure 3.5. Plot of (log k,)/s for the reactions of the 1,2-diaza-1,3-diene 1c with 2-5 at 20 °C
against the N parameters of the carbanions 2a—e (filled circles), the amines 3a—C
(filled triangles), the phosphines 4a—c (filled squares, in CH,Cl,), the enamines
5a—C (open triangles, in MeCN) and methanolate (filled rhomb). The linear curve
refers to the plot of (log k,)/s against the N parameters of the carbanions 2a—e, and
the slope is fixed to unity as required by Equation (3.1). ™ P(ani); = tris(p-
anisyl)phosphine 4c.
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3.4 Experimental Section

3.4.1 General comment

1,2-Diaza-1,3-dienes la-f, the potassium salts of 2a-C and 2e, and the enamines 5a-d were
synthesized by following literature procedures.!'® ® 1> %1 Trig(4-chlorophenyl)phosphine (4a),
triphenylphosphine (4b) and tris(4-chlorophenyl)phosphine (4c) were purchased. Morpholine
(3a), piperidine (3b), pyrrolidine (3c) and benzylamine (3d) were purchased and purified by
distillation prior to use. 'H (400 MHz) and >C (100 MHz) NMR spectra were measured on a
Varian Inova 400 or Varian Mercury 400 NMR spectrometer.

The kinetics of the reactions of the conjugated azoalkenes 1 with the nucleophiles 2-5 were
followed by UV-Vis spectroscopy by using working stations similar to those described
previously.* ** '] For slow reactions (t;, > 10 s) the UV-visible spectra were collected at
different times by a J&M TIDAS diode array spectrophotometer that was connected to a
Hellma 661.502-QX quartz Suprasil immersion probe (5 mm light path) by fiber optic cables
with standard SMA connectors. All kinetic measurements were carried out in Schlenk
glassware under exclusion of moisture. The temperature of the solutions during the kinetic
studies was maintained to 20 °C within = 0.1 °C by using circulating bath cryostats and
monitored with thermo-couple probes that were inserted into the reaction mixture. Stopped-
flow spectrophotometer systems (Applied Photophysics SX.18MV-R or Hi-Tech SF-61DX2)
were used for the investigation of fast reactions of 1,2-diaza-1,3-dienes with nucleophiles
(10 ms < 112 < 10 s). The kinetic runs were initiated by mixing equal volumes of solutions of

the 1,2-diaza-1,3-dienes and the nucleophiles.
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3.4.2 Kinetic Experiments

Kinetics of the reactions of 4-ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-

diaza-1,3-butadiene (1a) with nucleophiles

Rate constants for the reactions of 4-ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1.2-

diaza-1.3-butadiene (1a) with carbanions 2

Rate constants for the reactions of la with the anion of Meldrum’s acid (2a-K) in DMSO

(conventional UV-Vis spectroscopy, 20 °C, A =400 nm).

[1a]o/ M [2a]o /M [2a]o/[lalo  kobs /S
530x10"% 547 x10° 10 9.71 x 10
521 x10%  8.05x 107 15 1.43 x 107
5.12%x10*%  1.06 x 10 21 1.76 x 107
5.14x10%  1.32x1072 26 2.13 x 1072
5.05x10%  1.56x102 31 2.55 x 1072

0.03
y =1.5178x + 0.0016

w, 002 R?=0.9971
f 0.01
0

0 0.005 0.01 0.015 0.02
[2a] / M
kh=152M"'s!
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Rate constants for the reactions of 1a with the anion of dimedone (2b-K) in DMSO (stopped-
flow method, 20 °C, 1 =400 nm).

[1a]o/ M [2blo/M  [2b]o/[1a]0  Kobs/S”

545x10%  6.82x107° 13 3.45
545x10%  9.68 x 107 18 4.79
545x10%  1.25x102 23 6.30
545x 10 1.64 x 107 30 7.97
545x10%  2.09x 1072 38 9.90
545x10% 283 %102 52 1.29 x 10"

y = 439.47x + 0.6187
R?=0.9981

0.00 0.01 0.02 0.03
[2b]/ M

ky=439%x10° M s

Rate constants for the reactions of la with the anion of acetylacetone (2c-K) in DMSO
(stopped-flow method, 20 °C, 4 = 360 nm).

[1a]o /M [2c]o/M  [2c]o/[1a)0  hops/ S

1.09x 10*  1.11x10? 10 6.39

1.09 x 10*  221x10° 20 1.17 x 10!
1.09 x 10*  3.32x10° 30 1.59 x 10"
1.09 x 10*  4.42 %103 41 1.98 x 10"
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y = 4019.3x + 2.342
R?=0.9947

0 0.001 0.002 0.003 0.004 0.005
[2c] /M

ky=4.02x10° M s

Rate constants for the reactions of 1la with the anion of ethylcyanoacetate (2d-Na) in MeOH
(deprotonation of 2d-H with NaOMe, stopped-flow method, 20 °C, A = 400 nm).

[laly/M [2d-H]y/M [MeOo/M [2d]'/M [MeOT/M [2d]/[1aly  kow/s'  kyy/s™

3.49x 10" 871x10% 833x10° 2.76x10° 1.41x107° 8 8.57 8.56

3.49 x 10% 871 x 107 1.67x10% 539x10° 2.94x 107 15 1.69 x 10" 1.69 x 10"
3.49 x 10* 871 x10° 250x 107 7.89x10° 4.61 x 107 23 249 x 10" 2.49 x 10
3.49 x 10% 871 x10% 3.33x10% 1.02x107 6.41 x 107 29 3.10x 10" 3.10 x 10’
3.49 x 10% 871 x10° 4.17x10% 1.25x10% 836x 107 36 3.75x 10" 3.75 x 10’

® were calculated based on Kog= 2.40 x 10" Mt U

Koan = [2d]/([2dH] [MeO])

[2d] = [2dH],-[2dH]

[MeO'] = [MeO]o-[2d]

® Kobs = kiy + [MeO] konteo-s kameo- =425 M 77

y = 2964.9x + 0.7758
R?=0.9985

0 0.004 0.008 0.012 0.016
[2d]/M
ky=2.96x10°m's!
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* Rate constants for the reactions of 1a with sodium methanolate in CH;OH (stopped-flow method,

20 °C, A =400 nm).

[1a], /M [NaOMe], / M [NaOMe], / [1a], kops /S
3.49 x 107 8.33 x 107 24 3.67 x 1072
3.49 x 107 1.67 x 102 48 7.43 x 1072
3.49 x 10 2.08 x 107 60 9.08 x 102
3.49 x 10 2.92 x 10 84 1.27 x 107!
3.49 x 107 3.33 x 107 96 1.43 x 107!

0.16

y = 4.2543x + 0.0022

0.12 R?=0.9995

0.08

K obs / st

0.04

0.00
0 0.01 0.02 0.03 0.04

[MeO]/M
kh=425Mm'g"!

Rate constants for the reactions of la with the anion of malononitrile (2e-K) in DMSO
(stopped-flow method, 20 °C, 4 =350 nm).

[1a]o /M [2e]o/M  [2€]o/[1a]0  hops/S"

1.09 x 10*  1.08 x 102 10 3.61
1.09x 10*  2.16 x 107 20 8.80
1.09 x 10* 324 x10° 30 1.46 x 10"
1.09 x 10*  432x10° 40 1.87 x 10"
1.09 x 10*  5.41 %107 50 2.27 x 10"

y = 4443.1x - 0.7225
R?=0.9935

0 0.001 0.002 0.003 0.004 0.005 0.006
[2¢] / M

ky=4.44x10° M s™!
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Rate constants for the reactions of 4-ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1.2-

diaza-1.3-butadiene (1a) with secondary amines 3

Rate constants for the reactions of 1a with morpholine (3a) in CH30H (conventional UV-Vis
spectroscopy, 20 °C, 4 = 340 nm).

[1a]o /M [3a]o/M  [3a]o/[lale  kobs/S"
3.09%x10%  1.08x 107 4 4.80x 107
3.11x10%  217x10° 7 9.92x 107
3.02x10*  3.17x10° 11 1.50 x 10
3.02x10%  4.23x10° 14 1.92 x 107
299%x10*  523x10° 17 2.46x 107

0.03

y = 4.7168x - 0.0003
R?=0.9984

0 0.002 0.004

[3a] / M

0.006

kh=472M's!

Rate constants for the reactions of 1a with morpholine (3a) in DMSO (stopped-flow method,
20 °C, 2 =400 nm).

[1a]o /M [3a]o/M  [3a]o/[lale  kobs/S"
3.63x10%  4.04x10° 11 1.68 x 107!
3.63x10%  1.01 x 107 28 4.25x% 107"
3.63x10%  1.62x 107 44 6.60 x 10!
3.63x10%  2.22x107 61 9.15% 10
3.63x10*  2.83x107 78 1.17 x 10°

94



Chapter 3: Electrophilic Reactivities of 1,2-Diaza-1,3-dienes

16

y =41.167x + 0.0024

1.2 R? =0.9998

0.8

K ops / st

0.4

0.0

[3a] /M

ky=412x 10" M s™!

Rate constants for the reactions of 1la with piperidine (3b) in CH30H (conventional UV-Vis
spectroscopy, 20 °C).

[1a]o/ M [3blo/M [3blo/[lalo  kops/ S 2/ nm!!

6.65%10%  237x10° 4 4.40 % 107 425
3.06x10%  1.22x10° 4 2.13x 107 340
3.05x10%  3.66x 107 12 6.76 x 107 340
3.06x10%  4.89x 107 16 8.94 x 107 340
3.03x10%  6.06x 107 20 1.16 x 10™ 340

[a] evaluated at different wavelengths to show the consistency of all reactions, which were

collected at different wavelengths

0.16

y = 19.236x - 0.0024
0.12 R?=0.9983

k obs / 3-1

0 0.002 0.004 0.006 0.008
[3b]/ M

k=192x10"m's!

95



Chapter 3: Electrophilic Reactivities of 1,2-Diaza-1,3-dienes

Rate constants for the reactions of 1a with piperidine (3b) in CH;CN (stopped-flow method,
20 °C, =400 nm).

[1a]o/ M [3blo/M [3blo/[1a]y  hops/ S

6.18x10*  6.02x107 10 1.22
6.18x 10"  1.21x 107 20 2.54
6.18x 10"  1.81x 107 30 3.87
6.18x 10" 2.41x107 39 522
6.18x 10"  3.01 x 107 49 6.58

y =222.47x - 0.1341
R?=1

0 0.01 0.02 0.03 0.04
[3b]/ M

ky=222x10°M"'s!

Rate constants for the reactions of 1a with pyrrolidine (3c) in CH3CN (conventional UV-Vis
spectroscopy, 20 °C, 4 = 340 nm).

[1a]o /M [Bclo/M  [3clo/[1a]o  Kkobs/S”

3.04x10%  1.58x107 5 5.05% 10
3.04x10% 258 %107 9 8.24x 107
3.01x10*  3.58x10° 12 1.14x 107"

y =31.75x + 0.0004
R*=1

K obs / st

0 0.001 0.002 0.003 0.004
[3c]/ M

kr=3.18x10'm's!
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Rate constants for the reactions of 4-ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1.2-

diaza-1.3-butadiene (1a) with triarylphosphines 4

Rate constants for the reactions of 1a with tris(4-chlorophenyl)phosphine (4a) in CH,Cl,
(conventional UV-Vis spectroscopy, 20 °C, 2 =400 nm).

[1a]o /M [da]o/M  [4alo/[lale  kobs /S
534x10%  536x107° 10 1.59 x 107
516 x 10* 777 %103 15 2.36x 107
5.13x10%  1.03x1072 20 3.06 x 10
5.02x10%  1.51x102 30 4.63 x 107
5.03x10%  1.99x 102 40 6.13 x 10

0.008
y =0.3124x - 1E-04

- 0.006 R?=0.9996

2‘_6’ 0.004

= 0.002

0t .
0 0.005 0.01 0.015 0.02 0.025
[4a] / M

k=312x10"m!s!

Rate constants for the reactions of 1a with triphenylphosphine (4b) in CH,Cl, (conventional
UV-Vis spectroscopy, 20 °C, 4 =400 nm).

[1a]o /M [4blo/M  [4blo/[1a)0  hops/S"
279 x10* 133 x10° 5 8.77 x 107
278 x10%  2.65x 107 10 1.72 x 107
278 x10*  397x10° 14 2.58 x 107
271 x10%  5.17x10° 19 3.41 x 10
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0.04
y = 6.5854x - 0.0001

R?=0.9997

0.03

0.02

K obs / st

0.01

0

0 0.001 0.002 0.003 0.004 0.005 0.006
[4b]/ M

kh=659M"'s!

Rate constants for the reactions of la with tris(4-methoxyphenyl)phosphine (4c) in CH,Cl,
(stopped-flow method, 20 °C, A =400 nm).

[1a]o/ M [4clo /M [4clo/[1a]y  kobs/s”

3.49x10*  3.62x 107 10 3.59 x 107!
3.49 x10*  7.25x 107 21 7.34 x 107"
3.49x 10*  1.09 x 10 31 1.10
3.49 x 10*  1.45x 1072 42 1.47

1.6

y = 102.08x - 0.009
R?=1

1.2

0.8

K obs / st

0.4

0.0

0 0.005 0.01 0.015
[4c] /M

k=1.02%x10°M"'s™!
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Rate constants for the reactions of 4-ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1.2-

diaza-1.3-butadiene (1a) with enamines 5

Rate constants for the reactions of la with morpholinocyclohexene (5a) in CH3;CN

(conventional UV-Vis spectroscopy, 20 °C, 2 =400 nm).

[1a]o /M [5alo/M  [5alo/[lale  kobs /S
7.50 x 10°*  3.51 x 107 5 1.71 x 10
755 %x10*%  530x10° 7 2.61 x 1072
745 x10*  6.96 x 102 9 3.28 x 1072
735x10%  8.61x 107 12 4.16 x 107

0.05

y =4.7292x + 0.0006

0.04 R?=0.9976
‘_‘"\’3 0.03
é 0.02

0.01

0.00

0.000 0.002 0.004 0.006 0.008 0.010
[5a] / M
k=473M"'s!

Rate constants for the reactions of 1a with piperidinocyclopentene (5b) in CH;CN (stopped-
flow method, 20 °C, 1 = 444 nm).

[1a]o /M [Bblo/M  [Bblo/[1a]o  kobs/s”
1.07 x 107 1.42x 107 13 1.94 x 10"
1.07 x 107 3.46 x 107 32 4.46 x 10
1.07 x 107 4.93 x 107 46 6.23 x 10
1.07 x10° 826 x 107 77 1.02 x 10?
1.07 x10°  1.15x 10" 108 1.46 x 10°
1.07 x 10°  1.41 x 10" 132 1.74 x 10
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200

y =1233.6x + 1.6964

150 R? = 0.9994

100

k obs / S<1

50

0 0.04 0.08 0.12 0.16
[5b]/ M

k=123 x10° M s

Rate constants for the reactions of 1a with pyrrolidinocyclopentene (5¢) in CH3CN (stopped-
flow method, 20 °C, 1 = 444 nm).

[1a]o/ M [5¢lo/M  [5Clo/[1a)0  hops/ S

1.04x10°  1.97x 107 19 1.34 x 10?
1.04x10°  3.11x 107 30 2.21 x 10
1.04x 107 4.60x 107 44 3.30 x 10°
1.04x10°  6.42x 107 62 4.19 x 10

y = 6440x + 16.756
R?=0.9888

0.00 0.02 0.04 0.06 0.08
[5c]l/M

ky=6.44x10° M 57!
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Correlations of the second-order rate constants (log k> (20 °C)/s) of the reactions of 1a with

the nucleophiles 2-5 versus the corresponding N parameters of the nucleophiles

Plot of log k»/s versus N for the reactions of 1a with carbanions 2 (filled symbols) in DMSO

and with amines 3 (open symbols) in different solvents.

piperidine 3b
O MecCN

3 -
logky/s morpholine 3a

(e] O pmso

o
piperidine 3b
MeOH

o
morpholine 3a
MeOH

12 13 14 15 16 17 18 19 20

N >

Plot of log k»/s versus N for the reactions of 1a with carbanions 2 (filled symbols) in DMSO
and with phosphines 4 (open symbols) in CH,Cl,.

2e
2c
[ ]

P(4-OMeCgHy)s

logk, /s

| P(4-CICgH,)3
4a

12 13 14 15 16 17 18 19 20

N —_—
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Plot of log k»/s versus N for the reactions of 1la with carbanions 2 (filled symbols) in DMSO

and with enamines 5 (open symbols) in MeCN.

iy O

N 2e
s 2c o
5c ¢
N o
4L 5b
o 2b
®

logk, /s 3|

11 12 13 14 15 16 17 18 19 20

Kinetics of the reactions of 4-(dimethylaminocarbonyl)-3-methyl-1-methoxycar bonyl-
aza-1,3-butadiene (1b) with nucleophiles

Rate constants for the reactions of 4-(dimethylaminocarbonyl)-3-methyl-1-methoxycarbonyl-

1.2-diaza-1.3-butadiene (1b) with carbanions 2

Rate constants for the reactions of 1b with the anion of Meldrum’s acid (2a-K) in DMSO

(conventional UV-Vis spectroscopy, 20 °C, 4 = 340 nm).

[1b]y/ M [2a]o/M  [2a]o/[1b]o  kobs /S
6.01 x10* 517x107 9 2.52x 107
5.84%x10%  1.01 x 107 17 4.84 %107
581 x10%  1.25x 107 22 5.96 x 107
579% 107 1.49 x 107 26 7.57 %107
570x10%  1.96 x 107 34 9.87 x 107

102



Chapter 3: Electrophilic Reactivities of 1,2-Diaza-1,3-dienes

y = 0.5151x - 0.0003
R? = 0.9968

0.000 0.005 0.010 0.015 0.020
[2a] / M

ky=515x10"m's!

Rate constants for the reactions of 1b with the anion of dimedone (2b-K) in DMSO (stopped-
flow method, 20 °C, 2 =350 nm).

[1b]o /M [2blo/M  [2b]o/[1blo  hops/ S

1.50x10°  9.68x 107 6 7.69 x 107!
1.50x 107  1.25x%x107 8 9.96 x 10!
1.50x 107  1.64x107 11 1.33
1.50x 107  2.09x 107 14 1.71
1.50x10°  2.83x107 19 2.27

2.5

y = 81.124x - 0.0102
R?=0.9993

0.0
0.000 0.005 0.010 0.015 0.020 0.025 0.030

[2b] / M

k=811x10"'m's!
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Rate constants for the reactions of 1b with the anion of acetylacetone (2c-K) in DMSO
(stopped-flow method, 20 °C, A = 350 nm).

[1b]o /M [2c]o/M  [2¢]o/[1b]o  Kobs /S

1.66x10°  1.82x10? 11 1.08 x 10"
1.66x 10> 2.40x 10 15 1.52x 10"
1.66 X107  3.29x 107 20 2.16 x 10"
1.66 X107  4.02x 107 24 2.60 x 10"

y = 693.45x - 1.6061
R?=0.9978

K obs / st
=
w

0.00 0.01 0.02 0.03 0.04 0.05
[2c] /M

ky=6.93x10°M"' s

Rate constants for the reactions of 1b with the anion of ethylcyanoacetate (2d-Na) in CH;0OH
(deprotonation of 2d-H with NaOMe, stopped-flow method, 20 °C, 2 = 300 nm).

[1b]o/M [2d-H]o/M [MeOlo/M [2d]*/M [MeOT'/M [2d]/[1b]ly  hkops/S" kyy /s
136x10°  9.60x 102  950x10%  249x102  2.26x 1072 18 4.14 % 10" 4.14 % 10"
1.36x10°  9.60% 102 143x 107 3.16%x10%  4.00x 107 23 6.27 x 10! 6.26 x 10"
1.36x10°  1.40x 10 890%x 102  294x10%  1.51x102 22 5.49 x 10" 5.49 x 10"
136x10°  1.24x 10" 1.78x 1070 427%x10%  4.63x 107 31 1.03 x 10? 1.03 x 10?

% were calculated based on Kogyy = 2.40 x 10" m! 71

Kogn = [2d]/([2dH] [MeO])

[2d] = [2dH],-[20H]

[MeO] = [MeOo-[2d]

® kobs = kiy + [MeO] kameors koo = 1.48 M s
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120
y = 3495.4x - 46.98
R?=0.9986

100
80
60

Ky /st

40
20

0.00 0.01 0.02 0.03 0.04 0.05
[2d]/M

kr=350x10° M5!

*Rate constants for the reactions of 1b with sodium methanolate in CH;OH (conventional UV-Vis spectroscopy, 20 °C,

A =300 nm).

[1b]o/M [NaOMelo/M [NaOMely/[1blo  kops/s"

230107  847x107° 1.07 x 10
226%x10°  1.25% 107 1.61 x10?
224%10° 1.65% 107 226 %107
0.025
y =1.4818x - 0.002
0.020 R?=0.9969
‘_"U) 0.015
§ 0.010
X
0.005
0.000
0.000 0.005 0.010 0.015 0.020

[MeO]/M
k=148Mm'5s"!

Rate constants for the reactions of 1b with the anion of malononitrile (2e-K) in DMSO
(stopped-flow method, 20 °C, 4 = 350 nm).

[1b]o /M [2e]o/M  [2€]o/[1blo  kobs /S

246x10°  2.14x107 9 4.06 x 10"
246x10°  3.11x107 13 5.57 x 10
246x10°  4.07x107 17 8.22 x 10
2.46x10°  536x107 22 1.10 x 10?
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y =2212.6x - 9.0789
R?=0.9916

0.00 0.01 0.02 0.03 0.04 0.05 0.06
[2e] / M

ky=221x10°Mm"'s™!

Rate constants for the reactions of 4-(dimethylaminocarbonyl)-3-methyl-1-methoxycarbonyl-

1,2-diaza-1.3-butadiene (1b) with amines 3

Rate constants for the reactions of 1b with morpholine (3a) in CH;0H (conventional UV-Vis
spectroscopy, 20 °C, 4 =300 nm).

[1b]o /M [3a]o/M  [3a]o/[1blo  kobs/S"

2.64x10*  1.88x107 7 2.28 x 107
3.47x10%  3.70x107 11 4.68 x 107
3.44x10%  550x107° 16 6.32 x 107
343%x10*  7.31x10° 21 8.65 % 107

y =11.472x + 0.0021

0.08 R?=0.9953

-
» 0.06
-
3
S 0.04
X

0.02

0 0.002 0.004 0.006 0.008
[3a]/ M

kh=1.15x10'm!s!
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Rate constants for the reactions of 1b with morpholine (3a) in DMSO (stopped-flow method,
20 °C, =420 nm).

[1b]o /M [3a]o/M  [3a]o/[1blo  kobs /S
3.42x10°  2.83x107 8 4.17
3.42x10°  4.04%x 107 12 6.02
3.42%x 107 4.98 x 107 15 7.34
3.42%x 107 6.47 x 107 19 9.45
3.42%x10° 8.74x 107 26 1.29 x 10"
342%10°  121x10" 35 1.76 x 10"

20
y = 145.2x + 0.1088

- 15 R? = 0.9998

22 10

=~ 5

0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

[3a]/M
ky=1.45%x10°M" s

Rate constants for the reactions of 1b with piperidine (3b) in CH;OH (conventional UV-Vis
spectroscopy, 20 °C, A =300 nm).

[1b]y/ M [3b]o/M  [3b]o/[1b]o  hops/ S
3.54%x 10*  1.07x10° 3 3.23x 10
351 x 10 1.59% 107 5 4.95 x 107
3.47x10%  2.10x 107 6 5.96 x 10
3.47x10%  2.63x10° 8 7.44 x 10
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0.08

y = 26.289x + 0.0054

0.06 |- R?=0.9917

0.04

K obs / st

0.02

0.00
0.000 0.001 0.002 0.003

[3b]/ M
ky=2.63x10' M's!

Rate constants for the reactions of 4-(dimethylaminocarbonyl)-3-methyl-1-methoxycarbonyl-

1,2-diaza-1.3-butadiene (1b) with triarylphosphines 4 and enamines 5

Rate constants for the reactions of 1b with triphenylphosphine (4b) in CH,Cl, (conventional
UV-Vis spectroscopy, 20 °C, A =420 nm).

[1b]o /M [4blo/M  [4blo/[1blo  kops/ S

429%x 107  2.06x107 5 1.91 x 10
417x10°  3.00x 107 7 2.83 x 107
414%10°  3.98x 107 10 3.73 x 102
4.00%10°  4.48 x 107 11 4.26 % 107
0.05
y =0.9626x - 0.0007
0.04 R? = 0.9996
‘_"2 0.03
_zé 0.02

0.01

0
0.00 0.01 0.02 0.03 0.04 0.05

[4b] / M

ky=9.63x10" Mg
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Rate constants for the reactions of 1b with morpholinocyclohexene (5a) in CH;CN

(conventional UV-Vis spectroscopy, 20 °C, A = 350 nm).

[1b]o /M [Galo/M  [5a]o/[1b]o  kobs /S
220%x10°  810x10° 4 6.40 x 107
220%x10°  1.21x10? 6 1.03 x 107
2.18x10°  1.60x 107 7 1.40 x 10
2.16x10°  1.98x107 9 1.67 x 10

0.020
y =0.8879x - 0.0006

- 0.015 R?=0.9951

1.;, 0.010

_\‘o 0.005

0.000
0.000 0.005 0.010 0.015 0.020 0.025

[5a] /M
k=888 x 10" m!s!

Rate constants for the reactions of 1b with piperidinocyclopentene (5b) in CH;CN (stopped-
flow method, 20 °C, 1 =420 nm).

[1b]o /M [Bblo/M  [5blo/[1ble  kops/ S
824x10° 826x107 10 1.23 x 10"
824x10° 1.15%x10" 14 1.71 x 10"
824x10° 1.41x10" 17 2.08 x 10"
824%x10° 1.76x 10" 21 2.53x 10!
824x10° 2.03x10" 25 2.94 % 10"

35
20 y =140.11x + 0.8743

L 2 R?=0.999

'2 20

£ 15

~ 10

5
0
0.00 0.05 0.10 0.15 0.20 0.25

[5b]/ M
kh=140x10°M's!

109



Chapter 3: Electrophilic Reactivities of 1,2-Diaza-1,3-dienes

Rate constants for the reactions of 1b with pyrrolidinocyclopentene (5¢) in CH;CN (stopped-
flow method, 20 °C, 4 =420 nm)

[1b]o /M [5¢lo/M  [5Clo/[1b]o  kobs /s

824x10° 8.01x102 10 8.42 % 10"
824x10° 9.69%x 102 12 1.02 x 107
824%x10° 1.11x10" 13 1.16 x 10°
824%x10° 1.29x10" 16 1.37 x 10°

160
y = 1069.3x - 1.8647
R?=0.999

120

80

K obs / st

40

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
[5c]/ M

k=1.07x10°Mm"'s™!

Correlations of the second-order rate constants (log k> (20 °C)/s) of the reactions of 1b with

the nucleophiles 2-5 versus the corresponding N parameters of the nucleophiles

Plot of log k»/s versus N for the reactions of 1b with carbanions 2 (filled symbols) in DMSO

and with amines 3 (open symbols) in different solvents.

morpholine 3a
DMSO

logks/s piperidine?é)

2l MeOH 2b

morpholine3a
MeOH

12 13 14 15 16 17 18 19 20

N ——
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Plot of log ky/s versus N for the reactions of 1b with carbanions 2 (filled symbols) in DMSO
and with phosphines 4 (open symbols) in CH,Cl,.

log ks, /s

12 13 14 15 16 17 18 19 20

Plot of log k»/s versus N for the reactions of 1b with carbanions 2 (filled symbols) in DMSO

and with enamines 5 (open symbols) in MeCN.

logk,/s

11 12 13 14 15 16 17 18 19 20
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Kinetics of the reactions of 4-ethoxycarbonyl-3-methyl-1-aminocar bonyl-1,2-diaza-1,3-

butadiene (1c) with nucleophiles

Rate constants for the reactions of 4-ethoxycarbonyl-3-methyl-1-aminocarbonyl-1.2-diaza-

1.3-butadiene (1¢) with carbanions 2

Rate constants for the reactions of 1C with the anion of Meldrum’s acid (2a-K) in DMSO

(conventional UV-Vis spectroscopy, 20 °C, 4 =400 nm).

[1c]o/ M [2a]o/M  [2a]o/[1Clo  kobs /S
1.65x10°  1.19x10? 7 4.84 x 10™
1.66 x 10°  1.55x 107 9 7.31 % 10™
1.66 x 10°  1.71 x 10 10 4.84 x 107

0.0010 -
y =0.0798x - 0.0005
0.0008 - R? = 0.9837
‘_"(\/) 0.0006 -
é 0.0004 -
0.0002 -
0.0000 T 1
0.000 0.005 0.010 0.015 0.020
[2a] / M

k=798 x 102 m!s!

Rate constants for the reactions of 1¢ with the anion of dimedone (2b-K) in DMSO (stopped-
flow method, 20 °C, 1 = 444 nm).

[1c]o / M [2blo/M  [2b]o/[1Clo  kobs/ S
1.49x10°  9.68x 107 6 1.97 x 107!
1.49x10°  125%x107 8 2.59 % 107"
1.49x10°  1.64%x107 11 3.18x 10
1.49x10°  2.09x%x107 14 4.09 % 10
1.49%x10°  2.83x10? 19 5.50x 10
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y = 18.791x + 0.0165
R?=0.9987

0.00 0.01 0.02 0.03
[2b] /M

k=188 x 10" m's™!

Rate constants for the reactions of 1c with the anion of acetylacetone (2¢c-K) in DMSO
(stopped-flow method,20 °C, A = 360 nm).

[1c]o / M [2¢]o/M  [2c]o/[1Clo  hops/ S

2.19x10%  135%x107 6 1.41
2.19x10*  5.00x 107 23 2.73
2.19x10%  6.25 x 107 29 3.34

y = 38.639x + 0.8695
R? = 0.9956

0.00 0.02 0.04 0.06 0.08
[2c]/ M

ky=3.86x10'm"s!
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Rate constants for the reactions of 1C with the anion of ethylcyanoacetate (2d-Na) in CH;0H
(deprotonation of 2d-H with NaOMe, stopped-flow method, 20 °C, A = 444 nm).

[iclo/M  [2d-H]o/M [MeOTJo/M [2d]/M  [MeOT'/M [2d]/[1Cly  kops/S" ky /s
139x10°  9.60x 107  470x10%  145x10%  9.01x10° 10 1.84 x 10’ 1.84 x 10"
139x10°  9.60x 107  9.50x10%  249x10%  2.26x 107 18 3.35x 10" 3.34x 10"
139x10°  1.40x10"  890x10%  294x10%  1.51x107? 21 4.03 x 10! 4.04 x 10’
139%x10°  9.60x10%  143x10"  3.16x10%  4.00x 107 23 451 %10 4.46 x 10!
139x10°  1.24x10"  1.78x 10" 427x10%  4.63x 107 31 6.48 x 10" 6.47 x 10!

% were calculated based on Kogpy = 2.40 x 10! M V]

Kogi = [2d]/([2dH] [MeO)

[2d] = [2dH](-[2dH]

[MeO] = [MeO]y-[2d]

® Kobs = ki + [MeO] kpteo-s hapeo- = 3.03 ™ 571

60 | ¥=1640x - 6.6946
R®=0.9946

0.000 0.010 0.020 0.030 0.040 0.050
[2d]/ M

kr=1.64x10°M"s"!
*Rate constants for the reactions of 1¢ with sodium methanolate in CH;OH (conventional UV-Vis spectroscopy, 20 °C,

A =444 nm).

[1cly/ M [NaOMe], / M [NaOMe], / [1c]o kops /!
2.25% 107 8.55x 107 3.80 2.36 x 107
223 %107 1.27 x 107 5.70 3.59 x 107
220x 107 1.67 x 107 7.61 471 x 107
220x 107 2.09 x 107 9.50 6.13 x 107

22; y = 3.0289x - 0.0026

R?=0.9984

0.05
0.04
0.03
0.02
0.01
0.00

0.000 0.005 0.010 0.015 0.020 0.025

[MeOT/M

K ops / st

kh=3.03Mm's!
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Rate constants for the reactions of 1c with the anion of malononitrile (2e-K) in DMSO

(stopped-flow method, 20 °C, A = 444 nm).

[1c]o / M [2e]o/M  [2€]o/[1clo  Kkobs/S”
146x10°  2.14x 107 15 9.17
1.46x 107  3.11x10? 21 1.28 x 10"
1.46x10°  4.07x 107 28 1.86 x 10"
1.46x10°  536x107 37 2.43 % 10!

30.0
25.0 y =481.59x - 1.4568
« 200 R?=0.9937
22 15.0
~ 100
5.0
0.0
0.00 0.02 0.04 0.06

[2e]/ M
ky=4.82x10°m's!

Rate constants for the reactions of 4-ethoxycarbonyl-3-methyl-1-aminocarbonyl-1.2-diaza-

1.3-butadiene (1¢) with amines 3

Rate constants for the reactions of 1¢ with morpholine (3a) in CH3OH (conventional UV-Vis
spectroscopy, 20 °C, A =300 nm).

[1c]o/ M [3alo/M  [3a]o/[1Clo  kobs /S
7.65%10%  234x10° 3 4.95% 107
7.55% 10"  4.62x 107 6 9.96 x 10>
7.55%10%  6.91x107 9 1.50 x 107
745%10% 923 %107 12 1.99 x 107
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0.025
y =2.1728x - 1E-04

R?=0.9999

0.020

-
» 0.015
-
2
o 0.010
4

0.005

0.000
0 0.002 0.004 0.006 0.008 0.01

[3a] /M
k=217m's!

Rate constants for the reactions of 1¢ with morpholine (3a) in DMSO (stopped-flow method,
20 °C, A =444 nm).

[1c]o / M [3a]o/M  [3a]o/[1Clo  kobs /S

1.54x 107  1.62x107 10 6.17 x 107

1.54x10°  2.22x107 14 8.39 x 107

1.54x10°  2.83x 107 18 1.06 x 10™

1.54x10°  4.04x 107 26 1.53 %10

1.54x10°  4.98 x 107 32 1.92x 10

1.54%x10°  6.47 x 107 42 246 %10
030

y = 3.8318x - 0.001
R?=0.9997

Kops/ S

0 0.02 0.04 0.06 0.08
[3a] /M

k=383 M"'s"
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Rate constants for the reactions of 1¢ with piperidine (3b) in CH;0OH (conventional UV-Vis
spectroscopy, 20 °C, 4 =300 nm).

[1c]o / M [3blo/M  [3blo/[1Clo  Kops/S"

6.65x 10  3.24x10° 5 2.97 %1072
6.60 x 10*  4.84x10° 7 4.63 %107
6.65%10%  6.50x% 107 10 5.97 x 102
6.65%10"%  8.04x 107 12 7.78 x 107

y =9.8103x - 0.0021
R®=0.9954

0.000 0.002 0.004 0.006 0.008 0.010
[3b]/ M

k=981 M"'s!

Rate constants for the reactions of 1¢ with piperidine (3b) in CH;CN (stopped-flow method,
20 °C, 2=300 nm).

[1c]o / M [3blo/M  [3blo/[1Clo  Kops/S"

1.65%x10°  1.21x107 7 4.82 %10
1.65x10°  1.81 x 107 11 7.28 x 10"
1.65%x10°  2.41x107 15 9.71 x 10!
1.65x10°  3.01 x 107 18 1.22
1.65x10°  4.52 %107 27 1.85
1.65x10°  6.02x 107 36 2.39
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3.0

y =39.977x + 0.0089
R?=0.9992

25
2.0
15

Kops/ S

1.0
0.5

0.0
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

[3b] / M

ky=4.00x 10" M5!

Rate constants for the reactions of 1c with pyrrolidine (3c) in CH30H (conventional UV-Vis
spectroscopy, 20 °C, A =300 nm).

[1c]o / M [3clo/M  [3clo/[1Clo  Kobs/s”

7.90x 10*  2.68x 107 3 3.42 %107
7.90x 10*  4.03x 107 5 5.77x 10
7.85x10%  535x%x10° 7 7.77 x 10>
7.85x10%  6.66x 107 8 1.02x 10
0.12
0.10 L y =16.847x - 0.0109
R?=0.9987
".'w 0.08
\g 0.06 -
~ 004 -
0.02 +
0.00
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

[3c]/M
kh=1.68x10"Mm's!
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Rate constants for the reactions of 1¢ with benzylamine (3d) in CH3;0H (conventional UV-Vis

spectroscopy, 20 °C, 4 =300 nm).

[1c]o / M [3dlo/M  [3d]o/[1Clo  hops/S"

7.00x10%  222x10° 3 3.90 x 10
6.95x 10*  4.43x10° 6 741 %10™
6.70x 10*  6.66 x 107 10 1.30x 107
6.75%10%  859x 107 13 1.56 x 10

0.002
y =0.1911x - 5E-05

0.002 R?=0.9878

0.001

K ops / st

0.001

0.000

0 0.002 0.004 0.006 0.008 0.01
[3d]/ M

k=191 x10"' M5!

Rate constants for the reactions of 4-ethoxycarbonyl-3-methyl-1-aminocarbonyl-1.2-diaza-

1.3-butadiene (1¢) with triarylphosphines 4

Rate constants for the reactions of 1c with tris(4-chlorophenyl)phosphine (4a) in CH,Cl,
(conventional UV-Vis spectroscopy, 20 °C, 1 = 444 nm).

[1c]o / M [4a]o/M  [4a]o/[1Clo  kobs /S

2.65x10°  1.69x107 6 1.59x 107
2.62x10°  2.12x107 8 2.12x 107
261x10° 235x107 9 2.35% 107

0.003
y = 0.1054x - 0.0002
R?=0.9853

0.002

-1
obs/ S

~ 0.001

0.000
0.000 0.005 0.010 0.015 0.020 0.025 0.030

[4a] / M

ky=1.05x10"m!s!
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Rate constants for the reactions of 1¢ with triphenylphosphine (4b) in CH,Cl, (conventional

UV-Vis spectroscopy, 20 °C, A = 444 nm).

[1c]o / M [4blo/M  [4blo/[1Clo  kops/S"

2.40x10°  9.89x107 4 1.98 x 107

238x10°  1.53x 107 6 2.99 x 107

232%x10°  1.99 x 107 9 3.71 x 107
0.040

y =1.7323x + 0.0029

0030 R?=0.9975
‘n
T3 0020
o
X
0.010
0.000
0 0.005 0.01 0.015 0.02 0.025

[4b]/ M
k=173M"'s!

Rate constants for the reactions of 1¢ with tris(4-methoxyphenyl)phosphine (4c) in CH,Cl,
(stopped-flow method, 20 °C, 4 = 444 nm).

[1clo/ M [4clo/™M  [4clo/[1Clo  hobs/S

1.42x10°  1.49x107 11 3.58 x 10!
1.42x10°  2.99x107 21 7.30% 10!
1.42x10°  4.96x 107 35 1.19 x 10°
1.42x10°  7.09%x 107 50 1.71 x 10°

y = 24.058x + 0.0028
R? = 0.9999

0.000 0.020 0.040 0.060 0.080
[4c]/ M

ky=241x10"m's!
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Rate constants for the reactions of 4-ethoxycarbonyl-3-methyl-1-aminocarbonyl-1.2-diaza-

1.3-butadiene (1¢) with enamines 5

Rate constants for the reactions of 1C with morpholinocyclohexene (5a) in CH3;CN

(conventional UV-Vis spectroscopy, 20 °C, 1 = 444 nm).

[1c]o / M [5alo/M  [5a]o/[1Clo  kobs /S

230x10°  1.04x107 5 7.94 %10
226x10°  1.53x107 7 1.19 x 107
221x10°  250x%x107 11 1.97 x 10

0.025
y = 0.8053x - 0.0004
R?=1

0.020

F.'
»n 0.015
-

[%]

S 0.010 |
4

0.005

0.000
0.000 0.005 0.010 0.015 0.020 0.025 0.030

[5a] I M

ky=8.05x 10" M s

Rate constants for the reactions of 1c with morpholinocyclopentene (5d) in CH3;CN

(conventional UV-Vis spectroscopy, 20 °C, increase at 4 = 300 nm).

[1c]o/ M [5d]o/M  [5d]o/[1Clo  hops/ S

2.19%x10*  9.40x10™ 4 8.09 x 107
2.19x10%  1.88x107 9 1.54 x 107
2.16x10*  2.77x10° 13 2.17 x 107
2.16x10*  3.71x10° 17 2.89 x 1072
2.16x10*  4.63x10° 21 3.63x 107
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y = 7.5926x + 0.0009
R?=0.9996

0.01
0.00
0.000 0.001 0.002 0.003 0.004 0.005
(5d] / M

ky=759M"'s!

Rate constants for the reactions of 1c with piperidinocyclopentene (5b) in CH3CN (stopped-
flow method, 20 °C, 1 = 444 nm).

[1clo/M  [Bblo/M  [50blo/[1Clo  Kobs/S"

1.49%10°  3.46x 107 23 6.94
1.49%10° 493 x107 33 9.85
1.49x10°  826x 107 55 1.63 x 10"
1.49x10°  1.15x 10" 77 2.34 % 10"
1.49%10°  1.41x10" 94 2.74 % 10"

y =196.32x + 0.2091
R?=0.9979

k obs / S-l

0.00 0.04 0.08 0.12 0.16
[5b]/ M

k=196 x10° M s

122



Chapter 3: Electrophilic Reactivities of 1,2-Diaza-1,3-dienes

Rate constants for the reactions of 1¢ with pyrrolidinocyclopentene (5¢) in CH3CN (stopped-
flow method, 20 °C, 1 = 444 nm).

[1c]o / M [5¢lo/M  [5Clo/[1Clo  Kobs/S™
142%x10°  1.97x10? 14 1.93 x 10"
142%x10°  3.11x10? 22 3.20 x 10"
1.42x10°  4.60x 107 33 4.97 x 10"
142x10°  6.40x 107 45 6.93 x 10"
1.42x10°  8.10x 107 57 8.79 x 10"

100
y =1121.8x - 2.6221
80 R%=0.9998
‘_"z\n 60
_:g 40
20
0
0.00 0.02 0.04 0.06 0.08 0.10

[5¢c] /M
kh=1.12x10°Mm"'s!

Correlations of the second-order rate constants (log k» (20 °C)/s) of the reactions of 1c with

the nucleophiles 2-5 versus the corresponding N parameters of the nucleophiles

Plot of log k»/s versus N for the reactions of 1c with carbanions 2 (filled symbols) in DMSO

and with amines 3 (open symbols) in different solvents.

MeCN

pyrrolidine 3¢
logky/s 2t MooH é 2p
iperidine 3b
t ﬂe%H O morpholine 3a
DMSO
morpholine 3a

MeOH

_1 L benzylamine 3d
MeOH >

11 12 13 14 15 16 17 18 19 20
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Plot of log k»/s versus N for the reactions of 1¢ with carbanions 2 (filled symbols) in DMSO
and with phosphines 4 (open symbols) in CH,Cl,.

logk,/s 1

Plot of log k»/s versus N for the reactions of 1c with carbanions 2 (filled symbols) in DMSO

and with enamines 5 (open symbols) in MeCN.

logky,/s 2 ¢

11 12 13 14 15 16 17 18 19 20
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the
carbonyl-1,2-diaza-1,3-butadiene (1d) with nucleophiles

Kinetics of reactions of 4-dimethylaminocarbonyl-3-methyl-1-phenylamino-

Reactions of  4-dimethylaminocarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1.3-

butadiene (1d) with carbanions 2

Rate constants for the reactions of 1d with the anion of Meldrum’s acid (2a-K) in DMSO

(conventional UV-Vis spectroscopy, 20 °C, A = 350 nm).

[1d],/ M [2a]o/M  [2a]o/[1d]0  kobs /S
2.84%x10*%  3.99x%10° 14 1.56x 10
276 x 10 7.79x 107 28 2.93x10*
271x10%  127x107 47 4.80x10™
2.63x10%  1.74%x107 66 6.49 x 10™

0.0008

y = 0.0369x + 8E-06
R? = 0.9999

0.0006

0.0004

Kops/ S

0.0002

0.0000
0.000

0.020

0.010
[2a] / M

0.005 0.015

k=3.69%x10"Mm!s!

Rate constants for the reactions of 1d with the anion of dimedone (2b-K) in DMSO (stopped-
flow method, 20 °C, 2 =350 nm).

[1d], /M [2blo/M  [2b]o/[1d]o  hops/ S
1.05x10* 3.22x10° 31 1.98 x 107
9.57x10° 536x107 56 322 %1072
9.57x10° 7.15x 107 75 421 %107
9.57%10°  1.43 x 107 149 8.21 x 10
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0.10
y = 5.6104x + 0.0019
0.08 R2=1
-
» 0.06
-
1%
8 0.04
X

0.02

0.00

0 0.004 0.008 0.012 0.016
[2b] / M

k=561M"'s!

Rate constants for the reactions of 1d with the anion of acetylacetone (2c-K) in DMSO
(stopped-flow method, 20 °C, 4 = 360 nm).

[1d]o /M [2clo/M  [2c]o/[1d]o  Kobs/ S

8.68x10° 1.11x10° 13 1.21 x 107!

8.68x10° 221x10° 25 2.27x 107"

8.68x10° 3.32x10° 38 3.22x 10

8.68x10° 4.42x%10° 51 420% 10"
0.5

y = 89.768x + 0.0245
R? = 0.9995

0.000 0.001 0.002 0.003 0.004 0.005
[2c]/ M

k=898 x 10! M s
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Rate constants for the reactions of 1d with the anion of malononitrile (2e-K) in DMSO

(stopped-flow method, 20 °C, A = 350 nm).

[1d], /M [2elo/M  [2€]o/[1d]o  kobs/S”
9.57x 10°  1.08x10° 11 237x 10"
9.57x10°  2.16x 107 23 6.09 x 107"
9.57x10° 3.24x10° 34 9.01 x 10"
9.57%10° 432x10° 45 1.31
9.57x10°  5.41x107 57 1.58

2.0
y =313.01x - 0.0874
o 15 R?=0.9965
28 1.0

0.001 0.002 0.003

[2e] I M

0.004 0.005 0.006

k=3.13x10°Mm"'s!

Reactions of 4-dimethylaminocarbonyl-3-methyl-1-phenylaminocarbonyl-1.2-diaza-1.3-

butadiene (1d) with amines 3 and enamines 5

Rate constants for the reactions of 1d with morpholine (3a) in CH;OH (conventional UV-Vis
spectroscopy, 20 °C, 4 = 360 nm).

[1d]o /M [3a]o/M  [3a]o/[1d]o  kobs /S
2.62x10%  136x10° 5 2.20x 107
2.60x10%  257x10° 10 437x10°
2.57x10%  3.18x10° 12 536x%x 107
2.59%x10%  3.84x10° 15 6.42 %107
2.57x10%  5.08x10° 20 8.51x 107
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0.010

y = 1.6874x - 4E-05

0.008 R? = 0.9995

‘v 0.006
2
1%}
£ 0.004
X
0.002
0.000

0 0.001 0.002 0.003 0.004 0.005 0.006
[3a]/ M

k=1.69M"'s!

Rate constants for the reactions of 1d with piperidine (3b) in CH;OH (conventional UV-Vis
spectroscopy, 20 °C, A =360 nm).

[1d]o /M [3blo/M  [3b]o/[1d]o  hops/ S

3.26x10%  127x10° 4 6.16 X 10

3.25%10%  2.54x%10° 8 1.23x 10

3.22%x10%  3.77x10° 12 1.83 x 107

3.17x10%  4.95%x 107 16 2.41 x 107

3.14x10*  6.13x107 20 3.03x 10
0.035

y = 4.9519x - 0.0002

0.080 R?=0.9997

4 0025
2 0.020
£ 0015
= 0.010
0.005
0.000
0.000 0.001 0002 0.003 0004 0005 0006 0.007

[3b]/ M

kh=495Mm"¢s!
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Rate constants for the reactions of 1d with morpholinocyclohexene (5a) in CH;CN

(conventional UV-Vis spectroscopy, 20 °C, A = 360 nm).

[1d]o /M [Galo/M  [5a]o/[1d]o  kobs /S

3.13x10*  3.81x10° 12 1.05x% 107
3.10x 10 7.54% 107 24 2.42%10°
3.07x10%  1.12x 107 36 3.69x 107
3.02x 107 1.47x 107 49 5.08 %107
3.00x 10%  1.82x 107 61 6.46 X 10

0.006 y = 0.3749x - 0.0004
R?=0.9993

0.000 0.005 0.010 0.015 0.020
[5a] /M

ky=3.75x10"m!s!

Rate constants for the reactions of 1d with morpholinocyclopentene (5d) in CH;CN
(conventional UV-Vis spectroscopy, 20 °C, A = 360 nm).

[1d]o /M [5dlo/M  [5d]o/[1d]o  kops/ S

3.15x 10 3.97x10° 13 1.54 x 10
3.10x 10 7.82x 107 25 2.95 % 107
3.07x10%  1.16x 107 38 4.42 x 10
3.02x10%  1.53x 107 51 591 x 10
3.01 x10%  1.90x 107 63 7.36x 10
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0.08

y = 3.8886x - 0.0005

0.06 R?=0.9997

0.04

K obs / st

0.02

0.00
0.000 0.005 0.010 0.015 0.020

[5d]/ M

k,=3.89M"'s!

Rate constants for the reactions of 1d with piperidinocyclopentene (5b) in CH;CN (stopped-
flow method, 20 °C, 1 = 360 nm).

[1d],/ M [Gblo/M  [Bblo/[1d]o  hops/ S

1.03x10*  1.79x 107 17 1.11x 10"
1.03x10* 3.57x10° 35 2.24x 10"
1.03x10*  536x10° 52 3.41x 10"
1.03x10*  7.15x%x10° 69 4.56 x 107!
1.03x10*  893x107 87 573 x 107
0.6
05 y = 64.726x - 0.0059
‘T'w 0.4
\E 0.3
< 02
0.1
0.0
0.000 0.002 0.004 0.006 0.008 0.010

[5b]/ M
k=647 x 10" M s
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Correlations of the second-order rate constants (log k» (20 °C)/s) of the reactions of 1d with

the nucleophiles 2-5 versus the corresponding N parameters of the nucleophiles

Plot of log k»/s versus N for the reactions of 1d with carbanions 2 (filled symbols) in DMSO

and with amines 3 (open symbols) in different solvents.

logky /s piperidine 3b

1 MeOH o
morpholine 3a
MeOH S

11 12 13 14 15 16 17 18 19 20

Plot of log k»/s versus N for the reactions of 1d with carbanions 2 (filled symbols) in DMSO

and with enamines 5 (open symbols) in MeCN.

logky,/s

11 12 13 14 15 16 17 18 19 20
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Kinetics of the reactions of ethyl 2-[2-(aminocarbonyl)-1-diazenyl]-1-cyclopentene-1-

carboxylate (1e) with amines 3

Rate constants for the reactions of 1e with morpholine (3a) in CH3;0H (conventional UV-Vis

spectroscopy, 20 °C, A =320 nm).

[1€]o / M [3a]o/M  [3a]o/[1€l0  kobs/S"

3.75%10%  1.52x10° 4 1.94x 107
3.78x 10%  3.06x 107 8 3.90 x 10
378 x 10 4.59% 107 12 5.66 x 107
3.94%x10%  6.12x10° 16 7.40% 107
3.90x 10 7.57x10° 20 9.19x 107

0.010
y =1.1873x + 0.0002

R? =0.9996

0.008

0.006

0.004

K obs / st

0.002

0.000
0.000 0.002 0.004 0.006 0.008

[3a] /M

k=119M"'s!

Rate constants for the reactions of 1e with piperidine (3b) in CH;0H (conventional UV-Vis

spectroscopy, 20 °C, 4 =320 nm).

[1€],/ M [3blo/M  [3blo/[1e]o  kops/S"

3.76 x 10*  2.56x 107 7 1.45%x 102
3.72%x10%  422x10° 11 227 %107
3.69x10%  5.86x107 16 3.08 x 102
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0035
0.030 | y = 4.9394x + 0.0019

. 0025 | R'=1
© 0020 |
£ 0015 |
=~ 0010 |
0.005 |-
0.000
0000 0001 0002 0003 0004 0005 0006 0.007

[3b]/ M

ka=494M"s"
Kinetics of the reactions of 4-dimethylaminocarbonyl-3-methyl-1-aminocarbonyl-1,2-
diaza-1,3-butadiene (1f) with amines 3

Rate constants for the reactions of 1f with morpholine (3a) in CH3;0OH (conventional UV-Vis

spectroscopy, 20 °C, 4 =300 nm).

[1f]o/ M [3a]o/M  [3a]o/[1f]o  kobs/S"

3.09x10%  9.49x10* 3 7.26 x 10™
3.07x 10 1.89x 107 6 1.49 % 107
3.04x 10*  3.74x107 12 3.00 x 107
3.02x 10*  5.56x10° 18 4.43 %107
0.005
y = 0.8044x - 3E-05
0.004 | R?=0.9999
7'2 0.003 -
_;é) 0.002 +
0.001 +
0
0 0.001 0.002 0.003 0.004 0.005 0.006
[3a] /M

ky=8.04x 10" m!s!
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Rate constants for the reactions of 1f with piperidine (3b) in CH;0H (conventional UV-Vis
spectroscopy, 20 °C, 4 =300 nm).

[1f]o/ M [3blo/M  [3b]o/[1f]0  kovs/S"
3.06x 10  1.60x107 5 3.57x 107
3.05x 10 2.66x107 9 5.99%x 107
298x10*  3.64x10° 12 8.32x 107
296x10*%  4.64 %107 16 1.06 x 10
3.02x10% 578 x 107 19 1.34 x 107

0.016
0.014 - y = 2.3477x - 0.0002

0.012
0.010
0.008
0.006
0.004
0.002
0.000

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

[3b]/ M

R?=0.9998

K obs / st

ky=235Mm"'¢s!

3.4.2 Synthetic Experiments

2ca
4-Ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene 1a (130 mg,
0.498 mmol) was added to a stirred solution of acetylacetone 2c (50 mg, 0.50 mmol) and
KO#Bu (62 mg, 0.55 mmol) in dry DMSO (5 mL). After the consumption of the starting
materials, the reaction was quenched with water and extracted with CH,Cl,. The combined
organic layers were washed with water, dried over Na,SO4, and evaporated under reduced

pressure. The crude product was purified by column chromatography on silica gel

(cyclohexane/EtOAc): 2ca (50 mg, 0.15 mmol, 30%) colorless oil.
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'H-NMR (400 MHz, ds-DMSO) § =126 (t, 3H, °J = 7.0 Hz, CH3), 2.13 (s, 3 H, CH3),
2.27 (s, 3 H, CHs), 2.30 (s, 3 H, CH3), 4.21 (g, 2 H, *J = 7.2 Hz, OCH,), 7.00 (t, 1 H, 7.6 Hz,
CH), 7.28 (t, 2 H, 8.0 Hz, 2 x CH), 7.46 (d, 2 H, 8.8 Hz, 2 x CH), 9.41 (br s, 1 H, NH), 9.48
ppm (s, 1 H, NH).

PC-NMR (100 MHz, d¢-DMSO) & =9.4, 9.8, 13.6, 30.4, 59.2, 107.9, 118.3, 119.6, 122.1,
128.3, 132.6, 135.3, 138.6, 153.2, 163.9, 196.3 ppm.

H
X -N._NHPh
EtO N \ﬂ/
O O
NC
OEt
2da

4-Ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene 1a (131 mg,
0.501 mmol) was added to a stirred solution of ethyl cyanoacetate 2d (57 mg, 0.50 mmol) and
NaOMe (30 mg, 0.56 mmol) in MeOH (5 mL). The formed precipitate was filtered and
washed with diethyl ether: 2da (40 mg, 0.11 mmol, 21%) white solid.

'H-NMR (400 MHz, d¢-DMSO) & = 1.08-1.25 (m, 6 H, 2 x CH;), 1.99%, 2.01 (2s, 3 H,
CHs), 4.09-4.23 (m, 4 H, 2 x OCH,), 4.24-4.25 (m, 0.5 H, CH), 4.29-4.30 (m, 0.5 H, CH),
5.06-5.08 (m, 1 H, CH), 7.00-7.04 (m, 1H, CH), 7.29-7.33 (m, 2H, 2 x CH), 7.57-7.60 (m, 2
H, 2 x CH), 8.44, 8.51* (2s, 1 H, NH), 10.01, 10.05* ppm (2s, 1 H, NH).

PBC-NMR (100 MHz, de-DMSO) 0 = 13.58*, 13.61 (2q), 13.78, 13.82* (2q), 16.47*, 16.81
(2q), 37.41, 37.45* (2d), 51.23 (signals of diastereomers superimposed, d), 61.66, 61.72* (2t),
62.51, 62.54* (2t), 116.82*, 116.88 (2s), 118.60*, 118.73 (2d), 122.47 (signals of
diastereomers superimposed, d), 128.66, 128.69* (2d), 138.71*, 138.73 (2s), 142.76*, 143.39
(2s), 153.03%*, 153.09 (2s), 165.36*, 165.67 (2s), 168.09*, 168.20 ppm (25s).

*signals belong to the major diastereomer
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o)
EtO CN

/N
N
HN

NH,
\H/NHPh
O

2ea
4-Ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene ~ la (52 mg,
0.20 mmol) was added to a stirred solution of malononitrile 2e (13 mg, 0.20 mmol) and
KO7Bu (25 mg, 0.22 mmol) in dry DMSO (5 mL). After the consumption of the starting
materials, the reaction was quenched with water and extracted with CH,Cl,. The combined
organic layers were washed with water, dried over Na,SO4, and evaporated under reduced
pressure. The crude product was purified by column chromatography on silica gel
(cyclohexane/EtOAc): 2ea (34 mg, 0.10 mmol, 52%) orange solid. Spectroscopic data are in

agreement with previously published data.!"®!

'H-NMR (400 MHz, d-DMSO) & = 1.26 (t, 3H, °J = 7.1 Hz, CH3), 2.23 (s, 3 H, CHj),
4.19 (q, 2 H, *J=7.1 Hz, OCH,), 6.22 (s, 2 H, NH,), 6.97-7.01 (m, 1 H, CH), 7.26-7.30 (m,
2 H, 2 x CH), 7.45-7.48 (m, 2 H, 2 x CH), 9.17 (s, 1 H, NH), 9.25 ppm (s, 1 H, NH).

3C-NMR (100 MHz, d¢-DMSO) & = 10.0 (q), 14.1 (q), 59.2 (1), 65.3 (s), 105.3 (s), 116.7
(s), 118.7 (d), 122.3 (d), 128.6 (d), 132.1 (s), 139.1 (5), 149.2 (s), 153.3 (s), 162.9 ppm (s).

136



Chapter 3: Electrophilic Reactivities of 1,2-Diaza-1,3-dienes

0
EtO CN

/ \

N NH,

I\ﬂ/NHZ

HN
o

2ec
4-Ethoxycarbonyl-3-methyl-1-aminocarbonyl-1,2-diaza-1,3-butadiene 1c (56 mg, 0.30 mmol)
was added to a stirred solution of malononitrile 2e (20 mg, 0.30 mmol) and KO7Bu (37 mg,
0.33 mmol) in dry DMSO (5 mL). After the consumption of the starting materials, the
reaction was quenched with water and extracted with CH,Cl,. The combined organic layers
were washed with water, dried over Na,SO4, and evaporated under reduced pressure. The
crude product was purified by column chromatography on silica gel (cyclohexane/EtOAc):

2ec (45 mg, 0.18 mmol, 60%) white solid.

'H-NMR (400 MHz, de-DMSO) 0 =125 (t, 3H, 3J=17.1 Hz, CHs), 2.19 (s, 3 H, CHj3),
4.17 (g, 2 H, =171 Hz, OCH,), 6.05 (s, 2 H, NH»), 6.34 (s, 2 H, NH,), 8.98 ppm (s, 1 H,
NH).

BC-NMR (100 MHz, de-DMSO) 6 = 9.93 (q), 14.1 (q), 59.2 (t), 65.4 (s), 105.3 (s), 116.8
(s), 132.0 (s), 148.9 (s), 156.5 (s), 162.9 ppm (s).

H
NS
Me,N N N \ﬂ/ NHPh
(@) O O
2cd
4-Dimethylaminocarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene 1d

(130 mg, 0.499 mmol) was added to a stirred solution of acetylacetone 2¢ (50 mg, 0.50 mmol)
and KO7Bu (62 mg, 0.55 mmol) in dry DMSO (5 mL). After the consumption of the starting
materials, the reaction was quenched with acetic acid (1 vol-%) and extracted with CH,Cl.
The combined organic layers were washed with water, dried over Na,SO,, and evaporated
under reduced pressure. The crude product was purified by column chromatography on silica

gel (cyclohexane/EtOAc): 2cd (104 mg, 0.289 mmol, 58 %).
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'H-NMR (400 MHz, de-DMSO) & = 1.76 (s, 3H, CH3), 2.20 (s, 3 H, CHs), 2.23 (s, 3 H,
CHs), 2.82 (s, 3 H, CH3), 3.16 (s, 3 H, CH3), 4.52 (d, 1 H, >J=11.6 Hz, CH), 4.66 (d, 1 H, *J
=10.8 Hz, CH), 6.99-7.02 (m, 1 H, CH), 7.28-7.32 (m, 2 H, 2 x CH), 7.59-7.61 (m, 2 H, 2 x
CH), 8.66 (s, 1 H, NH), 9.68 ppm (s, 1 H, NH).

PC-NMR (100 MHz, de-DMSO) ¢ = 13.7 (q), 29.3 (q), 30.6 (q), 35.5 (q), 37.3 (q), 50.0
(d), 68.1 (d), 119.3 (d), 122.4 (d), 128.6 (d), 139.0 (s), 144.9 (s), 153.3 (s), 168.7 (s), 202.4
(s), 203.1 ppm (s).

9 H
X N NHPh
M .
7
O
3

4-Ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene la (261 mg,

aa

0.999 mmol) was added to a stirred solution of morpholine 3a (87 mg, 1.0 mmol) in methanol
(10 mL). The formed precipitate was filtered and washed with diethyl ether/ petroleum ether
(bp 40-60 °C): 3aa (272 mg, 0.781 mmol, 78%).

'H-NMR (400 MHz, d.-DMSO) § =120 (t, 3H, °J = 7.1 Hz, CH3), 1.91 (s, 3 H, CH3),
2.41-2.48 (m, 4 H, 2 x CHy), 3.58 (t, 4 H,J= 4.6 Hz, 2 x CH,), 3.91 (s, | H, CH), 4.12-4.20
(m, 2 H, CH,), 7.00-7.03 (m, 1 H, CH), 7.27-7.31 (m, 2 H, 2 x CH), 7.51-7.54 (m, 2 H, 2 X
CH), 8.59 (s, 1 H, NH), 9.81 ppm (s, 1 H, NH).

3C-NMR (100 MHz, d-DMSO) & = 13.2 (q), 14.0 (q), 50.2 (1), 60.4 (1), 66.2 (t), 74.3 (d),
118.9 (d), 122.4 (d), 128.6 (d), 138.7 (s), 145.7 (s), 152.9 (s), 169.1 ppm (s).
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9 H
X -N NHPh
(@]

.

3ad
4-Dimethylaminocarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene 1d

(164 mg, 0.630 mmol) was added to a stirred solution of morpholine 3a (55 mg, 0.63 mmol)
in methanol (10 mL). The formed precipitate was filtered and washed with diethyl
ether/petroleum ether (bp 40—60 °C): 3ad (198 mg, 0.570 mmol, 90%).

'H-NMR (400 MHz, d¢-DMSO) 6 = 1.88 (s, 3H, CH3), 2.41-2.47 (m, 4 H, 2 x CH,), 2.85
(s, 3 H, NCHz3), 3.09 (s, 3 H, NCHj3), 3.56-3.61 (m, 4 H, 2 x CHy), 4.18 (s, 1 H, CH),
6.98-7.02 (m, 1 H, CH), 7.27-7.31 (m, 2 H, 2 x CH), 7.52-7.54 (m, 2 H, 2 x CH), 8.70 (s, 1
H, NH), 9.72 ppm (s, 1 H, NH).

3C-NMR (100 MHz, d-DMSO) & = 13.0 (q), 35.3 (q), 36.9 (q), 50.4 (t), 66.3 (t), 70.8 (d),
119.0 (d), 122.3 (d), 128.5 (d), 138.8 (s), 147.1 (s), 153.0 (s), 167.7 ppm (s).

N 0]

O

4-Ethoxycarbonyl-3-methyl-1-aminocarbonyl-1,2-diaza-1,3-butadiene 1c (185 mg,

EtO N’\[( 2
cc

0.999 mmol) was added to a stirred solution of pyrrolidine 3c (71 mg, 1.0 mmol) in methanol
(10 mL). After the typical red colour of 1c had faded, the solvent was evaporated under
reduced pressure the crude was purified by column chromatography on silica gel
(cyclohexane/EtOAc). The obtained product was crystallized from EtOAc/cyclohexane: 3cc
(223 mg, 0.870 mmol, 87%).
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'H-NMR (400 MHz, d¢-DMSO)  d = 1.17 (t, 3H, °J = 7.1 Hz, CH3), 1.69-1.70 (m, 4 H,
CH,), 1.83 (s, 3 H, CHj3), 2.43-2.47 (m, 4 H, 2 x CH,), 3.67 (s, 1 H, CH), 4.07-4.14 (m, 2 H,
CH,), 6.27 (brs 2 H, NH»), 9.27 ppm (s, 1 H, NH).

BC-NMR (100 MHz, de-DMSO) 0 = 12.7 (q), 14.0 (q), 23.2 (1), 50.6 (t), 60.3 (t), 73.4 (d),
145.3 (s), 156.9 (s), 169.6 ppm (s).

1 S N _NH
EtO N 2
o)

NH

Ph
3dc

4-Ethoxycarbonyl-3-methyl-1-aminocarbonyl-1,2-diaza-1,3-butadiene 1c (132 mg,
0.713 mmol) was added to a stirred solution of benzylamine 3d (76 mg, 0.71 mmol) in
methanol (10 mL). After the typical red colour of 1c had faded, the solvent was evaporated
under reduced pressure and the product was crystallized from diethyl ether/petroleum ether

(bp 40—-60 °C): 3dc (158 mg, 0.616 mmol, 86%).

'H-NMR (400 MHz, d¢-DMSO) ¢ = 1.17 (t, 3H, *J = 7.1 Hz, CHs), 1.78 (s, 3 H, CH3),
2.99 (brs, 1 H, NH), 3.60-3.68 (m, 2 H, CH,), 3.87 (s, 1 H, CH), 4.09—4.14 (m, 2 H, CH,),
6.30 brs, 2 H, NH,), 7.20-7.30 (m, 5 H, 5 x CH), 9.22 ppm (s, 1 H, NH).

BC-NMR (100 MHz, ds-DMSO)  d = 13.3 (q), 14.1 (q), 50.4 (1), 60.5 (t), 66.3 (d), 126.6
(d), 128.00 (d), 128.04 (d), 140.0 (s), 144.7 (), 157.0 (s), 170.9 ppm (s).
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O
NHPh

EtoJ\”)\\N’ N\n/
PPh, o)

4ba
Triphenylphosphine 4b (129 mg, 0.492 mmol) was added to a stirred solution of
4-ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene  la (128 mg,
0.490 mmol) in CH,Cl, (10 mL) After the typical red colour of 1a had faded, the solvent was
removed in vacuo and the crude product was purified by column chromatography on silica gel

(cyclohexane /EtOAc): 4ba (113 mg, 0.216 mmol, 44%). Spectroscopic data are in agreement
with previously published data.!'"!

'H-NMR (400 MHz, d-DMSO) & = 0.65 (t, 3H, °J = 7.1 Hz, CHs), 2.19 (s, 3 H, CHj),
3.63 (q, 3H, °J = 7.1 Hz, CH,), 6.66-6.68 (m, 2 H, 2 x CH), 6.84—6.88 (m, 1 H, CH),
7.09-7.14 (m, 2 H, 2 x CH), 7.52-7.77 (m, 16 H, 15 x CH, NH), 8.86 ppm (s, 1H, NH).

3C-NMR (100 MHz, d¢-DMSO) ¢ = 14.1, 18.9 (d, Jpc = 5.9 Hz), 51.9 (d, Jpc = 120.2
Hz), 56.7, 117.2, 121.5, 126.8 (d, Jpc = 91.8 Hz ), 128.5, 128.7 (d, Jpc = 12.0 Hz), 131.8,
133.0 (d, Jpc = 9.6 Hz), 138.6, 151.3 (d, Jo.c = 4.9 Hz), 152.7, 168.0 ppm (d, Jp.c = 15.4 Hz).

EtO \N’H\H/NHZ
P(CgH4CI)30

4ac
4-Ethoxycarbonyl-3-methyl-1-aminocarbonyl-1,2-diaza-1,3-butadiene 1c (93 mg, 0.50 mmol)
was added to a stirred solution of tris(4-chlorophenyl)phosphine 4a (183 mg, 0.500 mmol) in
CH,Cl, (10 mL). After a few minutes the typical red colour of 1c had faded. Then the solvent
was removed in vacuo and the crude product was purified by column chromatography on

silica gel (cyclohexane /EtOAc): 4ac (160 mg, 0.290 mmol, 58%).
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'H-NMR (400 MHz, d,-DMSO) & = 0.74 (t, 3H, *J = 7.1 Hz, CH;), 2.07 (2s, 3 H, CHs),
3.68 (q, 3H, J=17.1 Hz, CH,), 7.59-7.72 (m, 14 H, 12 x CH, NH,), 8.33 ppm (s, 1H, NH).

3C-NMR (100 MHz, d¢-DMSO) 6 = 14.2 (q), 19.0 (qd, Jpc = 6.0 Hz), 50.7 (sd, Joc =
122.8 Hz), 56.0 (t), 125.4 (sd, Jpc = 94.3 Hz ), 128.9 (dd, Joc = 12.9 Hz), 134.8 (dd, Jpc =

10.9 Hz), 137.2 (sd, Jo.c = 3.4 Hz), 149.2 (sd, Jp.c = 5.9 Hz), 156.8 (s), 167.9 ppm (sd, Jp.c =
16.0 Hz).

S'P.NMR (162 MHz, d.-DMSO) 6= 18.7 ppm (s)

EtO N 2
PPh, o)
4bc

Triphenylphosphine 4b (263 mg, 1.00 mmol) was added to a stirred solution of
4 ethoxycarbonyl-3-methyl-1-aminocarbonyl-1,2-diaza-1,3-butadiene 1c (92.5 mg,
0.500 mmol) in CH,Cl, (15 mL). After a few minutes the typical red colour of 1c had faded.
Then the solvent was removed in vacuo and the crude product was purified by column
chromatography on silica gel (cyclohexane /EtOAc): 4bc (120 mg, 0.268 mmol, 54%).

Spectroscopic data are in agreement with previously published data.!'"!

'H-NMR (400 MHz, d-DMSO)  J = 0.67 (t, 3H, >J = 6.8 Hz, CHs), 2.10 (s, 3 H, CHs),
7.51-7.67 (m, 17 H, 15 x CH, NH,), 8.26 ppm (s, 1H, NH).

BC-NMR (100 MHz, de-DMSO) 6 = 13.7 (d, Jep = 6.1 Hz), 18.6, 50.5 (d, Jep = 119.8
Hz), 56.3, 126.6 (d, Jc.p = 91.0 Hz), 128.1 (d, Jep = 11.4 Hz), 131.2, 132.5, 149.2 (d, Jcp =
6.0 Hz), 156.5, 167.6 ppm (s, Jcp = 15.1 Hz).
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4cc
4-Ethoxycarbonyl-3-methyl-1-aminocarbonyl-1,2-diaza-1,3-butadiene 1c (46 mg, 0.25 mmol)
was added to a stirred solution of tris(4-methoxyphenyl)phosphine 4c (88 mg, 0.25 mmol) in
CH,Cl, (5 mL). After a few minutes the typical red colour of 1c had faded. Then the solvent
was removed in vacuo and the crude product was purified by column chromatography on

silica gel (MeOH/EtOAc): 4cc (62 mg, 0.13 mmol, 50%).

'"H-NMR (400 MHz, d¢-DMSO) = 1.25 (s, 3H, CHj), 3.86 (s, 9 H, 3 x OCH3), 6.92 (brs,
1 H, NH), 7.19-7.23 (m, 6 H, 6 x CH), 7.56-7.63 (m, 6 H, 6 x CH), 8.52 ppm (br s, 1 H,
NH).

3C-NMR (100 MHz, d-DMSO)  §=15.5 (qd, Jep = 1.2 Hz), 55.5 (qd, Jcp = 5.3 Hz), 66.9
(sd, Jep = 129.0 Hz), 113.2 (sd, Jep = 100.0 Hz), 115.0 (dd, Jep = 13.8 Hz), 135.5 (dd, Jep =
12.3 Hz), 149.3 (sd, Jep = 11.8 Hz), 151.3 (s), 163.0 (sd, Jep = 2.9 Hz), 168.0 ppm (sd, Jcp =
18.1 Hz).

S'P.NMR (162 MHz, d.-DMSO) 6= "7.8 ppm (s)

4-Dimethylaminocarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene 1d
(52 mg, 0.20 mmol) was added to a stirred solution of tris(4-chlorophenyl)phosphine 4a
(73 mg, 0.20 mmol) in CH,Cl, (5 mL). After a few minutes the typical red colour of 1d had
faded. Then the solvent was removed in vacuo and the crude product was purified by column

chromatography on silica gel (cyclohexane /EtOAc): 4ad (30 mg, 0.12 mmol, 61%).
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'H-NMR (400 MHz, de-DMSO) 6 = 2.52 (s, 3H, CHs), 2.89 (2s, 6 H, 2 xCHj3), 5.97 (s, 1
H, CH), 7.12 (t, 1H, *J = 7.2 Hz, CH), 7.36 (t, 1H, *J = 7.2 Hz, CH), 7.68 ppm (d, °J = 8.4 Hz,
2 x CH).

3C-NMR (100 MHz, d¢-DMSO)  § = 14.0 (q), 38.7 (q), 98.6 (d), 120.1 (d), 123.5 (d),
128.6 (d), 143.6 (s), 148.7 (s), 158.4 ppm (s).

CZ/—Q )J\H\N \[(])/NHPh

\g/NHPh [ ]

Saa 3aa

HN

4-Ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene la (287 mg,
1.10 mmol) was added to a stirred solution of morpholinocyclohexene 5a (187 mg,
1.12 mmol) in of acetonitrile(15 mL). The formed white precipitate was filtered, washed with
diethyl ether and purified by column chromatography on silica gel (cyclohexane/EtOAc).
Two products could be isolated 5aa (90 mg, 0.26 mmol, 24%) and 3aa 100 mg, 0.29 mmol,
26%).

5aa: 'H-NMR (400 MHz, d¢-DMSO)  § = 1.25 (t, 3H, °J = 7.1 Hz, CH3), 1.66-1.68 (m, 4
H, 2 x CH,), 2.23-2.44 (m, 5 H, CHs, 1 x CH,), 2.58-2.60 (m, 2 H, CH,), 4.12-4.18 (m, 2 H,
OCH,), 6.96-7.00 (m, 1 H, CH), 7.24-7.28 (m, 2 H, 2 x CH), 7.44-4.46 (m, 2 H, 2 x CH),
9.21 (brs, 1 H, NH), 9.26 ppm (s, 1 H, NH).

BC-NMR (100 MHz, d¢-DMSO) = 10.4 (q), 14.4 (q), 20.2 (1), 22.1 (1), 22.9 (1), 23.1 (t),
58.4 (t), 106.9 (s), 115.0 (s), 118.7 (d), 122.2 (d), 128.6 (s), 129.4 (d), 135.5 (s), 139.2 (s),
154.0 (s), 164.9 ppm (s).
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5da
4-Ethoxycarbonyl-3-methyl-1-phenylaminocarbonyl-1,2-diaza-1,3-butadiene la (266 mg,
1.02 mmol) was added to a stirred solution of morpholinocyclopentene 5d (156 mg,
1.02 mmol) in of acetonitrile (15 mL). After < 1 min the typical red colour of 1a had faded.
Then the solvent was evaporated under reduced pressure and the crude product was refluxed

in THF for 20h. After removing the solvent, the product was purified by column
chromatography on silica gel (cyclohexane/EtOAc): 5da (130 mg, 0.397 mmol, 39%).

'H-NMR (400 MHz, d¢-DMSO) 6 = 1.23 (t, 3H, °J = 7.0 Hz, CH3), 2.23-2.31 (m, 5 H,
CHs, CHy), 2.53-2.60 (m, 2 H, CH,), 2.62-2.73 (m, 2 H, CH,), 4.12 (q, 2 H, °J = 6.8 Hz),
6.97 (t, 1 H, CH), 7.25 (t, 2 H, 2 x CH), 7.45 (d, 2 H, *J = 8.4 Hz, 2 x CH), 9.19 (s, 1 H, NH),
9.40 ppm (s, 1 H, NH).

PC-NMR (100 MHz, d-DMSO)  6=10.2, 13.9, 23.7, 26.2, 26.7, 58.0, 105.0, 118.3, 121.8,
123.3,128.2, 136.1.4, 138.7, 138.8, 153.6, 164.1 ppm.

OEt o
I\ < N NH,
EtO N \ﬂ/

N
| N (@]
HN\H/NHZ [ ]

o} o

5ac 3ac

4-Ethoxycarbonyl-3-methyl-1-aminocarbonyl-1,2-diaza-1,3-butadiene 1c (177 mg,
0.956 mmol) was added to a solution of morpholinocyclohexene 5a (160 mg, 0.957 mmol) in
acetonitrile (10 mL). After < 1 min the typical red colour of 1c had faded. Subsequently the
solvent was evaporated under reduced pressure and the crude product was purified by column
chromatography on silica gel (cyclohexane/EtOAc). Two products could be isolated 5ac (130
mg, 0.490 mmol, 51%) and 3ac (100 mg, 0.367 mmol, 38%).
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5ac: "H-NMR (400 MHz, dg-DMSO) §=1.24(t, 3H, °J=7.1 Hz, CH3), 1.65-1.69 (m, 4
H, 2x CH,), 2.20-2.39 (m, 5 H, CH3, 1 x CH,), 2.56 (m, 2 H, CH,), 4.11-4.16 (m, 2 H,
OCH,), 6.17 (brs, 2 H, NH;), 9.00 ppm (s, 1 H, NH).

BC-NMR (100 MHz, de-DMSO) 6 = 10.3 (q), 14.4 (q), 20.1 (1), 22.1 (t), 22.9 (1), 23.1 (t),
58.3 (t), 106.8 (s), 114.9 (s), 128.0 (s), 135.4 (s), 157.3 (s), 165.0 ppm (s).
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Chapter 4

ELECTROPHILIC REACTIVITIES OF
AZODICARBOXYLATES

Tanja Kanzian and Herbert Mayr, Chem. Eur. J. 2010, 16, 11670-11677.

4.1 Introduction

Azodicarboxylates 1 have been used as strong electrophiles in numerous synthetic

e, g., electrophilic aminations of carbonyl compounds, which have first

transformations,
been described in 1954 by Huisgen and Jakob.) They have been reported to be highly
reactive dienophiles and enophiles in Diels-Alder and ene reactions,™ and their reaction with
phosphines represents the first step of the synthetically important Mitsunobu reaction.” In
recent years organocatalytic enantioselective a-aminations of aldehydes and ketones with
azodicarboxylates attracted great attention,” where the electrophiles 1 are attacked by
intermediate enamines. Electrophiles, used for enamine activated reactions of carbonyl
compounds should react fast with the enamine intermediates but not with the enols, which are
present in equilibrium with the tautomeric carbonyl compounds. As the reactions of
azodicarboxylates with enamines represent the key-step of organocatalytic a-aminations of

carbonyl compounds,” we have now quantified the electrophilic reactivities of the four

azodicarboxylates 1a-d using the linear free-energy relationship [Equation (4.1)].
log k (20 °C) =s(N+ E) (4.1)

In numerous investigations we have shown that the reactions of carbocations and Michael
acceptors with o-, n-, and m-nucleophiles follow Equation (4.1), where electrophiles are
described by E (electrophilicity parameter) and nucleophiles are described by N

(nucleophilicity parameter) and s (nucleophile-specific slope parameter).®)
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CO,Bn CO,Et CO,iPr CO,tBu
N=N N=N N=N N=N
BnOZC EtOZC |Pr02C tBuO ZC
la 1b lc 1d
Bn = CH,Ph

In this way, we were able to set up comprehensive electrophilicity and nucleophilicity scales,
which allow us to predict the rates of polar organic reactions with an accuracy of better than a
factor of 10”in a reactivity range of 40 orders of magnitude.!”

The nucleophile-specific parameters N and s of the enamines 2a-e have recently been derived
from the rates of their reactions with benzhydrylium ions (Table 4.1)."** These enamines
have now been employed as reference nucleophiles for determining the electrophilicities £ of

1a-d.

Table 4.1. Enamines 2 used as reference nucleophiles in this study and their reactivity

parameters N and s in dichloromethane.

Enamine N (s)"

QN o 2a 11.40(0.83)
QN ) 2b 13.36 (0.81)
Q*N O 2¢ 13.41(082)
QNG 2d 14.91 (0.86)
E%N Y 2e 15.06(0.82)

[a] Refs. [7a,8]
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4.2 Results and Discussion

4.2.1 Reactions of Azodicarboxylates 1 with Enamines 2.

Treatment of the azodicarboxylates 1b-d with the enamines 2¢ and 2d yielded the a-
hydrazino substituted ketones 3***) after aqueous workup (Scheme 4.1). Initial attack of the
nucleophilic carbon of the enamine 2 at the azo functionality of 1 leads to zwitterionic

intermediates, which are hydrolyzed with formation of the final products 3.

0

[ j CO,R  1)20°C, CHsCN [ ¢oR

N _ 2 s N. .CO,R

el Roarss
RO,C 2) H,0

H

2c R=Et 1b 3bc (88 %)

R=iPr 1c 3cc (77 %)

R = tBu 1d 3dc (53 %)

<N> CO,R  1)20°C, CHaCN Q  §OR
+ /N:N N\N/COZR

RO,C 2) H,0 1

2d R=Et 1b 3bd (46 %)

R=iPr 1c 3cd (57 %)

R = tBu 1d 3dd (50 %)

Scheme 4.1. Reactions of 1b-d with the enamines 2¢ and 2d.

The rates of the reactions of the azodicarboxylates 1 with the enamines 2 were determined
photometrically in CH3CN at 20 °C. For the kinetic studies, the nucleophiles 2 were used in
high excess over the electrophiles 1 to achieve first-order conditions. The reaction progress
was monitored by following the decrease of the absorbances of the electrophiles 1 at 405 nm.
From the observed mono-exponential decays the first-order rate constants k.,s were obtained

(Figure 4.1). Details are given in the Experimental Section (Chapter 4.4).
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0.25
a0
0.20 | Kops = 448.42[2¢] + 1.63
} 30 | R?=0.9975

0.15 | I(obs/S_1 20
A 10 f

0.10 0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[2¢c]/ M —>
0.05
0.00
0 0.1 0.2 0.3

t/ls —>

Figure 4.1. Exponential decay of the absorbance at 405 nm during the reaction of 1b with 2¢
([1b] = 6.52 x 107 M; [2¢] = 4.81 X 107 M; kops = 2.32 x 10" s7'). Insert:
Determination of the second-order rate constant k> (4.48 x 10> M ' s™') as the slope
of the correlation between the first-order rate constants ks and the concentration

of the enamine 2c.

As shown for the reaction of diethyl azodicarboxylate (1b) with morpholinocyclopentene (2¢)
in Figure 4.1, plots of ks versus the enamine concentrations were linear as required by
Equation (4.2).

kobs = k2 [2] (4.2)

The slopes of these plots yielded the second-order rate constants k, which are listed in

Table 4.2.
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Table 4.2. Second-order rate constants k, for the reactions of the azodicarboxylates 1a-d with

the enamines 2a-e in acetonitrile at 20 °C.

Azodicarboxylate ()  Enamine kP [

M s

kzcalcd -1 -1

[M s

] [a] kzexp / kzcalcd

1a (-8.89)

1b (-10.15)

Ie (-10.71)

1d (-12.23)

2a

2b

2¢

2a

2b

2¢

2e

2a

2b

2¢

2d

2e

2a

2b

2¢

2d

2e

1.72 x 10°
3.02 x 10°
4.88 x 10°
1.84 x 10'
3.04 x 10°
4.48 x 10
8.52 x 10°
4.98

1.13 x 10°
1.47 x 10
5.95 x 10°
2.54 x 10°
2.86x 10"
5.07

1.02 x 10
2.99 x 10

1.50 x 10?

1.21 x 10°
4.17 x 10°
5.08 x 10°
1.09 x 10’
3.97 x 10°
4.70 x 10
1.06 x 10*
3.73

1.40 x 10°
1.63 x 10°
4.08 x 10°
3.68 x 10°
2.06x 10"
8.28

9.34

2.03 x 10

2.11 x 10°

1.4

0.72

0.96

1.7

0.76

0.95

0.80

1.3

0.81

0.90

1.5

0.69

0.61

1.1

1.5

0.71

[a] Calculated by using Equation (4.1), N and s parameters from Table 4.1 and E from this

Table.
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Applicability of Equation (4.1) implies slopes of 1.0 for the plots of (log k;)/s versus N.
Figure 4.2 shows that this condition is roughly fulfilled for the reactions of 1 with the
enamines 2, where a new C-N bond is formed. Therefore, electrophilicity parameters E of 1
were determined by a least-squares fit, i.e., by minimization of A> = Y (log k» — s(N + E))*.
The last column of Table 4.2 shows that calculated and experimental rate constants agree
within a factor of 2, which is within the confidence limit of Equation (4.1). It is remarkable
that the N and s parameters of 2a-e, which have been derived from their reactivities toward
benzhydrylium ions, also hold for their reactions with the N-electrophiles 1. In line with this
interpretation, we have previously reported that the N and s parameters of carbon nucleophiles

can also be used to calculate rates of reactions with diazonium ions.!'"

CO,Et
N=N
/
Sr EtO,C 1b
]

(logky) /s

ENGREEEEEEEN SEEN SEEEEEEN |

N
Y
=z -
Il
z

i PrOZC 1c

_2 1 1 1 1 ]
11 12 13 14 15 16

Figure 4.2. Correlation of (log k,)/s against the corresponding nucleophile parameters N of the
enamines 2a-e for the reactions of azodicarboxylates 1a-d with 2 (the slopes are

fixed to 1.0 as required by Equation (4.1).

The electrophilicities of the azodicarboxylates 1a-d cover three orders of magnitude. They are

[10]

only slightly less reactive than arenediazonium ions,” ° comparable to a,p-unsaturated
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[11] [7a

iminium ions,") amino-substituted benzhydrylium ions,”’® and ordinary Michael acceptors
(Figure 4.3)."™!?! The slightly less electrophilic, structurally related 1,2-diaza-1,3-dienes react
with nucleophiles at the alkenyl and not at the azo group.!"”!

The origin of the remarkably large effect of the different ester groups on the electrophilicities
of the azodicarboxylates in the order of Bn > Et > iPr > tBu, as shown in Figures 4.2 and 4.3,
is not known. With electrophilicity parameters between —9 and —12 azodicarboxylates are not
attacked by typical enols, but react fast with enamines, comparable to other Michael

acceptors, which proved to be suitable for enamine-activated reactions of carbonyl

compounds.
N-electrophiles E C-electrophiles
. _ _Xo
@—NEN 7.20 10 -7 -7.20 [11] N N=\_\
(0] Y Ph
Ph
@ £ Ph
oo g
*~.-8.40 1] qd =
8.60 (1] N
COBn 889 ®
o OC
BnO,C 1la [7a]
2 945! N N
CO,Et 0
=\ 10T 10110
NTN -10.15 e N
EtO,C 1b '
-10.71 _10.80[126.] O Q
COziPr \‘\
=/ 11 T+ -
N=N .. SN CN
iPrO,C 1c CN
MeO
12 [7b] Ph
. -12.18 X
CO,tBu 223 O O
/N:N MeO O
tBuO,C  1d Ph
-13 T
-13.28%% j\/L
- = ~N NHPh
EtO N
(0]
14

Figure 4.3. Comparison of the electrophilicity parameters of azodicarboxylates 1 with other

electrophiles.

154



Chapter 4: Electrophilic Reactivities of Azodicarboxylates

In order to compare these reactivities with rate constants determined in dichloromethane, we
have also studied the influence of solvent on some of the reactions of 1 with 2. Table 4.3
shows that the second-order rate constants for the reactions of 1 with 2 in acetonitrile
(dielectric constant £ = 35.94)!"* and dichloromethane (e = 8.93)!"*! differ by less than a factor
of 3. It is, therefore, not necessary to consider the effect of solvent on £ when applying

Equation (4.1) on reactions of 1 with nucleophiles in dichloromethane.

Table 4.3. Comparison of second-order rate constants k, for the reactions of the azodi-
carboxylates la-d with the enamines 2a-e in acetonitrile (MeCN) and

dichloromethane (DCM) at 20 °C.

MeCN, ,_DCM
k" ke

la 2¢ 4.88x10° 1.81 x 10° 2.7
1b 2a 1.84 x 10! 1.08 x 10! 1.7
2¢ 4.48 x 10° 2.38 x 10? 1.9
lc 2a 4.98 221 23
2¢ 147 x10° 8.36 x 10! 1.8
1d 2a 2.86x107" 1.24 x 107! 23
2b 5.07 2.48 2.0
2¢ 1.02x 10 3.98 2.6
2¢ 1.50x 107 1.03 x 10? 1.5

4.2.2 Reactions with Triarylphosphines 4

In order to check whether the electrophilicity parameters £ of 1a-d (Figure 4.3) derived from

the rates of their reactions with enamines 2 (carbon nucleophiles) are also suitable for the

prediction of the rates of the reactions of azodicarboxylates with heteronucleophiles, we

studied the kinetics of the reactions of 1a-d with the triarylphosphines 4 and the amines 5,

155



Chapter 4: Electrophilic Reactivities of Azodicarboxylates

whose N and s parameters have previously been derived from the rates of their reactions with
benzhydrylium ions.!'>'®!

Nucleophilic additions of the triarylphosphines 4 to dialkyl azodicarboxylates 1, which
correspond to the first step of the Mitsunobu reaction, yield the so-called Huisgen zwitterions,

as depicted in Scheme 4.2.1'"

0O 0 @
rRo—4 RO PArs
N=N + PAR T~ NN
JOR ©  )-oRr
1 © 4 9

Scheme 4.2. Reactions of 1 with phosphines 4.

The kinetics of the reactions of 1 with triarylphosphines in CH,Cl, were determined
photometrically as described above for the reactions of 1 with enamines 2. Linear plots of kops
vs. [PAr;] confirmed second-order rate laws for these reactions, and the resulting second-
order rate constants for the attack of PAr; at the N=N unit are summarized in Table 4.4.

As shown in the last column of Table 4.4, the experimental rate constants for the reactions of
1 with the phosphines 4 generally agree within a factor of 10 with those calculated by
Equation (4.1). This agreement is surprising: Since £ parameters are generally derived from
reactions with a series of C-centered nucleophiles (£ of 1 from reactions with enamines,
Table 4.2, Figure 4.2) and N, s parameters are generally derived from the rates of reactions
with a series of C-centered electrophiles (N, s of 4 from reactions with benzhydrylium ions),
Equation (4.1) can only be expected to hold for the formation of C-X bonds, i. e., for reactions
where at least one of the reaction centers in electrophile or nucleophile is carbon."> The
unexpected observation that Equation (4.1) also holds for the formation of a N-P bond
reminds one of the observation that Equation (4.1) as well as the Ritchie Equation were also
found to work for the combinations of diazonium ions with several hetero-nucleophiles.!'® '*]
The comparable magnitudes of the P-N (290 kJ mol ") and C-N (305 kJ mol™") bond energies

may account for this finding.!"”’
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Table 4.4. Experimental and calculated second-order rate constants for the reactions of the

azodicarboxylates 1 with the phosphines 4 in dichloromethane at 20 °C.

1  Phosphine 4 (NV/s)™ B IM s R s B ppealed g

la (4-CIC¢Hy)sP 4a 641 x10' 2.50 x 10° 3.9
(12.58/0.65)

la PhsP 4b  4.83 x 10° 3.44 x 10° 7.1
(14.33/0.65)

la (4-MeCgH,)sP 4c  242x10° 1.56 x 10* 6.4
(15.44/0.64)

la (4-OMeCgH,)sP 4d 1.07 x 10 3.26 x 10* 3.0
(16.17/0.62)

1b PhsP 4b  1.45x 10 521 x10° 3.6
(14.33/0.65)

1b (4-MeCgHy)sP 4c  6.13 x 10° 243 x10° 3.8
(15.44/0.64)

1b (4-OMeCgH,)sP 4d 236 x10° 5.40 x 10° 2.3
(16.17/0.62)

Ic  (4-CIC¢Hy)sP 4a 428 1.64 x 10 3.8
(12.58/0.65)

1c PhsP 4b 451 %10 2.25 x 10 5.0
(14.33/0.65)

Ic  (4-MeCgHy)sP 4c  2.16 x 10° 1.06 x 10° 4.9
(15.44/0.64)

Ic  (4-OMeCgH,)sP 4d  7.25x 10 2.43 x 10° 3.3
(16.17/0.62)

1d (4-CIC¢H,)sP 4a 483 x10" 1.69 3.5
(12.58/0.65)

1d PhsP 4b 2.14 2.32 x 10 11
(14.33/0.65)

1d (4-MeCgH,)sP 4c 111 x 10 1.13 x 10 10
(15.44/0.64)

[a] N/s-parameters from ref. [15]. [b] Calculated by using Equation (4.1), N and s parameters

from ref [15], and the E parameters from Table 4.2.
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4.2.3 Reactions with Amines 5

The reactions of azodicarboxylates 1 with amines 5 have been reported to yield triazanes 6 in
petroleum ether solution.”! Scheme 4.3 shows that triazanes 6 are also formed in acetonitrile
solution, i.e., the solvent in which the kinetic investigations were performed. Though N-N
single bonds are generally rather weak, the triazanes 6 are stabilized by two electron

withdrawing ester groups and can be isolated without problems.'***!

(;o2 ( CH3;CN C02
O — ROZC\N,N A

ROZC H \\/X

lcd 5d: X=0,n=2 6ce:R=iPr,X=CH,,n=2;92 %
5e: X=CH,,n=2 6dd: R =tBu, X=0,n =2; 93 %
5: X =CH,,n=1 6de: R=tBu,X=CH,,n=2;81%

6df: R=tBu, X=CHy, n=1; 76 %

Scheme 4.3. Reactions of 1¢,d with amines 5d-5f.

Nevertheless, the thermodynamic driving force for these additions seems to be rather low. As
shown below, the relative reactivities of the azodicarboxylates 1 toward amines are the same
as toward enamines 2 and phosphines 4. For that reason, one can expect that 1a should even
react faster with amines than the azodicarboxylates 1b-d. The fact, that no conversion was
observed when 1a was combined with morpholine 5d and pyrrolidine 5f must, therefore, be
due to unfavourable thermodynamics (fast reverse reactions).

The reactions of 1 with the secondary amines 5a-f were studied in CH3;CN by following the
decay of the electrophiles’ absorbances. When the amines were used in large excess, first-
order kinetics were observed with exponential decays of the absorbances of the
azodicarboxylates 1. However, linearity of the ks vs. [S] plots was only observed for the
reactions of 1¢ with 5¢ and 5e. For all other reactions of the azodicarboxylates 1 with the
secondary amines Sa-f, the plots of the k., values vs. the amine concentrations showed
concave curvatures (Figure 4.4), indicating that a second molecule of amine is involved in the

rate determining step, which acts as a base catalyst (Scheme 4.4).
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0.025

0.020 }
0.015 |
Kops / 871
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[5d]/M —

Figure 4.4. Plots of kobs vs. [Sd] for the reaction of 5d with the azodicarboxylate 1b (CH;CN,
20 °C).

The assumption, that the formation of the intermediate I1 is a reversible process, is in line
with the observation that tertiary amines [e.g. DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) or
DABCO (1,4-diazabicyclo[2.2.2]octane)] do not react with the azodicarboxylates 1.

0O )
rRo—~4 ke ro< g
N=N}V + R,NH =———= N-N
OR k-2 R,N® OR
o) “H o}_
1 5 11
+ RoNH ’
5 p
ka
o) ® o)
ROJ{ o R,NH, ROJ(
N-N N-NH
RN )—OR R;N  )—OR
O o)
12 6

Scheme 4.4. Reactions of the azodicarboxylates 1 with the amines 5.

According to Scheme 4.4, the change of the concentration of the betaine intermediate I1 can

be expressed by Equation (4.3).

A[I1Y/dt = ko[1] [5] — ko[11] — k, [11] [5] = ko [11]  (4.3)
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With the assumption of a steady state concentration for the intermediate I1 (d[I1]/d¢ = 0), the
rate law can be expressed by Equations (4.4) and (4.5).

-d[1)/dt = ko[1] [S] (ka [S] + kp) (ko + ka [S] + k) (4.4)
kobs = k2 [5] (ka [S] + kp)/(ko + ke [S] + Kp) (4.5)
Let us first neglect the direct proton-transfer (k,) from NH' to N in the zwitterionic

intermediate I1. Equation (4.5) is then reduced to Equation (4.6), which can be transformed

into Equation (4.7).

kobs = ka [5) ko/ (k2 + Ky [5]) (4.6)
[S1/kobs = 1/ky + ko/(ky [S] ka) 4.7)
kobs = kZ [5] (48)

If ky << k, [5], Equation 4.6 is transformed to Equation 4.8, i.e., a second-order reaction
[Equation (4.2)] with rate-determining formation of the NN bond. As mentioned before, this
situation was only observed for the reaction of 1c¢ with Sc¢ and Se. At high amine
concentrations the second-order rate law [Equation (4.8)] also holds for the reactions of 1b
with Sb and 5S¢, and for 1d with 5b. As exemplified in Figure 4.5a for the reaction of 1d with
5b, kobs/[Sb] increases with increasing amine concentration [Sb], because the proton transfer
(ka[5b]) 1s getting faster. At high amine concentrations, where kos/[Sb] is constant, the attack
of the amine at the azodicarboxylate is rate limiting and kqs/[Sb] = k> [Equation (4.8)]; the
second-order rate constant equals the intercept on the y-axis. The whole range of amine
concentrations can be evaluated by using Equation (4.7). The linear plot of [5]/kobs against
1/[5], as shown in Figure 4.5b, provides 1/k; as the intercept. The second-order rate constants
for the reaction of 1c¢ with 5d, determined by the different evaluations, are thus in fair
agreement. Equation 4.7 has analogously been used to determine the second-order rate

constants k, for the first step of the reactions of 1b with 5b and Sc.
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Figure 4.5. Plots of kobs/[Sb] vs. [Sb] (Figure 4.5a) and [5b]/kebs] vs. 1/[Sb] (Figure 4.5b) for
the reaction of Sb with the azodicarboxylate 1d.

In all other combinations of 1 and 5, rate limiting NN bond formation was never observed, not
even at high amine concentrations. The second-order rate constants for the first step of the
reactions were also determined by plotting [5]/kobs against 1/[5]. Deviations from these linear
plots occur only at very low amine concentrations, probably due to the operation of k. If the
kobs values at low amine concentrations are neglected (open circles in Figure 4.6), the second-
order rate constants k, can be obtained from the intercepts (1/k;) of the linear correlations
[Figure 4.6 and Equation (4.7)].

Analogous changes of the reaction order of amines have previously been reported for the

[16] [21]

reactions of secondary amines with quinone methides, thiocarbonates,

[22

thionobenzoates,”” and activated esters of indole-3-acetic acid.”®! Table 4.5 shows the

second-order rate constants k, for the reactions of 1 with 5 obtained by these evaluations.

161



Chapter 4: Electrophilic Reactivities of Azodicarboxylates

100
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80  R?=0.9877

60
([5d)/Kobg) / (M s)

40 operation of k,

20

0 1 1 1 ]
0 2 4 6 8
[5d]t/ Mt ——

Figure 4.6. Plot of [5d]/kobs vs. 1/[5d] for the reaction of 5d with the azodicarboxylate 1b.
(filled circles : included for the determination of k; k> = 1/(13.076 M s) = 7.65 x
102 M s7) ; open circles: not included for the evaluation of k», because at the

low concentration of 5d the assumption that &, << k, % [Sd] seems to be invalid).

The experimental rate constants are 10° to 10° times smaller than the values calculated by
Equation (4.1). As described above, Equation (4.1) can only be expected to hold when at least
one of the reaction centers in either electrophile or nucleophile is carbon. Table 4.5 clearly
shows that Equation (4.1) cannot be applied to the N-N -bond forming reactions in the first
step of Scheme 4.4. The considerably smaller N-N-bond energy (159 kJ mol ") compared
with the CN-bond energy (305 kJ mol ') may account for the fact, why N-parameters of
amines which have been derived from the reactivities of amines with C-electrophiles give far

too low values in reactions with N-electrophiles.
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Table 4.5. Experimental and calculated second-order rate constants for the reactions of

azodicarboxylates 1 with amines 5 in acetonitrile at 20 °C.

1  Amine 5 (N/s)™ R IM s R s ppledyp e

1b bis(2-methoxy)ethylamine  1.58 x 107> 7.48 x 10 4.7 x 10*
5a (13.24/0.93)

1b  di-n-propylamine 3.34x 10" 3.08 x 10° 9.2 x 10’
5b (14.51/0.80)

1b diethylamine 1.00 4.11 % 10° 4.1x10°
5¢ (15.10/0.73)

1b morpholine 7.65 x 1072 1.17 x 10* 1.5 % 10°
5d (15.65/0.74)

1b piperidine 1.72 7.87 x 10° 4.6 x 10*
5e (17.35/0.68)

1b pyrrolidine 2.94 x 10! 1.24 x 10° 42 x10°
5f (18.64/0.60)

Ic bis(2-methoxy)ethylamine ~ 5.52 x 10~ 2.25 %107 4.1 % 10*
5a (13.24/0.93)

lc di-n-propylamine 9.52x 10°* 1.10 x 10° 1.2 x 10*
5b (14.51/0.80)

1c diethylamine 327 x 1071 1.60 x 10° 4.9 x 10°
5¢ (15.10/0.73)

1c morpholine 1.86 x 1072 4.52 x 10° 2.4 % 10°
5d (15.65/0.74)

1c piperidine 459 x 107" 327 x10* 7.1 % 10*
5e (17.35/0.68)

1c pyrrolidine 1.55 x 10’ 5.73 x 10* 3.7 % 10°
5f (18.64/0.60)

1d bis(2-methoxy)ethylamine ~ 3.22 x 10 8.70 2.7 x 10*
5a (13.24/0.93)

1d di-n-propylamine 7.24 %107 6.67 x 10 9.2 x 10°
5b (14.51/0.80)

1d diethylamine 2.60 x 10°* 1.24 x 107 4.8 x 10°
5¢ (15.10/0.73)

1d morpholine 1.06 x 107 3.39 x 107 3.2 % 10°
5d (15.65/0.74)

1d piperidine 3.07x 107 3.03 x 10° 9.9 x 10*
5e (17.35/0.68)

1d pyrrolidine 8.09 x 10" 7.01 x 10° 8.7 x 10°
5f (18.64/0.60)

[a] N/s-parameters from ref. [16]. [b] Calculated by using Equation (4.1), N and s parameters
from ref [16], and the E parameters from Table 4.2. [c] Derived from plots of kops vs. [5].
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Figure 4.7. Plots of (log k,)/s against the N-parameters of the enamines 2a-c and 2e (filled
circles), the phosphines 4b-d (filled triangles) and the amines Sa-f (open circles)
for the reactions of the azodicarboxylate 1b with 2, 4 and S at 20°C. The linear
graph refers to the plot of (log k,)/s against the N-parameters of the enamines 2a-c

and 2e and the slope is fixed to unity.

Figure 4.7 illustrates that acyclic and cyclic secondary amines 5 are on different correlation
lines, considerably below that for enamines 2, from which the phosphines 4 deviate only
marginally. Nevertheless, the internal consistency of the second-order rate constants k, for the
reactions of the amines 5 with the azodicarboxylates 1b-d is beautifully demonstrated by
Figure 4.8 where the reactivities of the amines 5a-f towards the azodicarboxylates 1c¢ and 1d

are plotted against the corresponding reactivities toward diethyl azodicarboxylate (1b).
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Figure 4.8. Correlation of (log k») for the reactions of 1¢ and 1d with the amines 5a-f against

(log k,) for the reaction of 1b with the amines Sa-f (in CH3CN, 20 °C).

4.2.4 Pericyclic Reactions

Rate constants for the [2+2] cycloaddition of 1b with ethyl vinyl ether, * for the Diels-Alder
reactions of 1b with cyclohexa-1,3-diene[4b] and 2,3-dimethyl-1,3-butadiene,[4a] and for the
ene reaction of diethyl azodicarboxylate (1b) with 2-methyl-but-2-enel* have previously
been reported (Table 4.6). Though the conditions (solvent, temperature) were not in all cases
identical to those for which the reactivity parameters £, N, and s have been derived, they are
similar enough that a comparison between experimental and calculated rate constants appears
to be justified.

Table 4.6 shows that the reaction of 1b with ethyl vinyl ether at 30 °C is only 36 times faster
than calculated for 20 °C, i. e., the rate of the [2+2]-cycloaddition is in agreement with the
predictions of Equation (4.1). As [2+2]-cycloadditions proceed stepwise and only one new o-

bonds is formed in the rate limiting step, Equation (4.1) appears to be applicable.
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On the other hand, the Diels-Alder reactions as well as the ene reaction (entries 2-4 in Table
4.6) proceed 10° to 10 times faster than calculated by Equation (4.1). In these cases, the
concerted formation of two new c-bonds stabilizes the transition state and gives rise to a
higher reaction rate. In cases where pericyclic processes are feasible, Equation (4.1) gives
only a lower limit for the rate constant. If calculated and experimental rate constants refer to
the same reaction conditions, the deviation between the two values may even be considered as

a measure for the energy of concert.!*"!

Table 4.6. Comparison of experimental and calculated second-order rate constants k, for

pericyclic reactions of 1b with different nucleophiles.

kzexp [a] k2calcd [b]
. . kzexp/kzcalcd
M s ] M s ]
E
| EtO,C« CHZCN N/COZ t
Py S I
20 °C N _ _
EtO Noco,kt eo’  coet  838x 107 23x10° 36
N =3.92[ 1b
s=0.90

+ o |
Nocoer 307 Necoer 761079 34x10™ 22x10°

I EtOZC\'H toluene Ij'}l/COZEt
+ o
N-co,er 33°C Necoet 9.46x10°1M  96%x10'° 9.9x10*

N=1.170 1b
s=1.00

w) EtOZC\’}lI CH3CN \[H\N/COZEt
T Nagguet 30°C ' 57x10°M  69x%107'2 83 x 10

/N\
N = 065 o] 1b H CO,Et
s=1.17

[a] If more than one rate constant was reported for a certain reaction, we selected that one,
which was determined under conditions most similar to those we used for deriving the
reactivity parameters (acetonitrile, 20 °C, 1013 mbar). [b] Calculated by using Equation (4.1).
[c] Ref. [7c], [d] Ref. [3d], [e] Ref. [3D], [f] Ref. [3a], [g] Ref. [7a], [h] Ref. [3c].
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4.3 Conclusion

The m-systems of azodicarboxylates and enamines combine with formation of only one new
C-N bond, which allows us to derive electrophilicity parameters E for the azodicarboxylates
la-d. They are slightly less electrophilic than ordinary arenediazonium ions, comparable to
a,B-unsaturated iminium ions and benzylidenemalononitriles. The E parameters of the
azodicarboxylates determined in this work can be used to predict rate constants not only for
the reactions of these electrophiles with carbon nucleophiles but unexpectedly also for the
reactions with phosphines, though none of the reaction centers is carbon, a prerequisite for the
application of Equation (4.1). The reported rate constants for Diels-Alder and ene reactions of
diethyl azodicarboxylate are 10° to 10 times higher than calculated by Equation (4.1)

indicating concerted pericyclic reactions.

4.4 Experimental Section

4.4.1 General comment

Azodicarboxylates 1a-d, phosphines 4a-d, and amines 5a-f were purchased, and the amines 5
were purified by distillation prior to use. The enamines 2a-e were synthesized by literature
procedures.*!

The kinetics of the reactions of the azodicarboxylates with enamines, triarylphosphines, and
amines were followed by UV-Vis spectroscopy at 20 °C.

For slow reactions (71, > 10 s) the UV-Vis spectra were collected at different times by using a
conventional diode array spectrophotometer (J&M TIDAS) that was connected to a Hellma
661.502-QX quartz Suprasil immersion probe (5 mm light path) by fiber optic cables with
standard SMA connectors. All kinetic measurements were carried out in Schlenk glassware
under exclusion of moisture. The temperature of the solutions during the kinetic studies was
maintained to within = 0.1 °C by using circulating bath cryostats and monitored with thermo-
couple probes that were inserted into the reaction mixture.

Stopped-flow spectrophotometer systems (Applied Photophysics SX.18MV-R or Hi-Tech SF-
61DX2) were used for the investigation of fast reactions of azodicarboxylates with
nucleophiles (10 ms < 7;, < 10 s). The kinetic runs were inititated by mixing equal volumes

of solutions of the nucleophiles and the azodicarboxylates.
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From the exponential decays of the absorbances at An.x of the electrophiles 1, the first-order
rate constants kp (s'l) were obtained.
The k, values were obtained as slopes of the plots of kg vs. the nucleophile concentrations

unless noted otherwise.

4.4.2 Kinetic Experiments
Kinetics of the reactions of dibenzyl azodicarboxylate (1a) with nucleophiles

Rate constants for the reactions of dibenzyl azodicarboxvlate (1a) with enamines 2

Reactions in CH3;CN

Rate constants for the reaction of 1a with morpholinocyclohexene 2a (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1a]o/ M [2a]o/ M [2a],/ [1a]o kops / 8
1.96 x 10 2.10 x 107 11 4.09 x 10°
1.96 x 10 3.00 x 102 15 5.73 x 10°
1.96 x 103 5.99 x 102 30 1.08 x 10"
12
10 L Y=171.76x+0.524
< gl R?=0.9998
wn
=6
_j 4
2
0 1 1 1 1 1 1 ]

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[2a] / M
k=172%x10°M"s™!
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Rate constants for the reaction of 1a with piperidinocyclohexene 2b (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1a]o/ M [2b]o /M [2b], / [1a]o kops / 87
2.00% 107 1.76 x 1072 9 5.73 x 10"
2.00% 107 2.24 % 107 11 6.74 x 10"
2.00x 107 3.19x 10 16 9.76 x 10"
2.00x 107 3.99 x 10 20 1.23 x 10?
2.00x 107 4.79 x 107 24 1.47 x 10?
200 r
y = 3020.2x + 1.9946

o 150 R®=0.9981

\g 100 f

>~ 50 |

0 1 1 1 1 1 ]

0 0.01 0.02 0.03 0.04 0.05 0.06

[2b]/ M
kb =3.02%x10°M" s

Rate constants for the reaction of 1a with morpholinocyclopentene 2¢ (stopped-flow method,

20 °C, 4 =405 nm) in CH3CN.

[1a]y/ M [2¢]o/ M [2¢]o / [1a]o kops /8™
1.92 x 107 1.76 x 10 9 739 x 10
1.92 x 107 247 %107 13 1.11 x 10
1.92 x 107 3.17x 107 17 1.44 x 107
1.92 x 107 423 %107 22 1.98 x 107
1.92 x 107 5.29x 107 28 2.46 x 10°
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300
y = 4882.4x - 10.639
- R?=0.9995
"y 200
8

x 100

0

0 0.01 0.02 0.03 0.04 0.05 0.06

[2c]/ M
ky=4.88x10° M 5!

Reactions in CH,Cl,

Rate constants for the reaction of 1a with morpholinocyclopentene 2¢ (stopped-flow method,

20 °C, A =405 nm) in CH,Cl,.

[1a]o/ M [2¢]o/ M [2¢]o / [1a]o kops / 87
2.02x 107 2.17 %1072 11 431 %10
2.02x 107 2.72 x 10 13 5.10x 10"
2.02x 107 3.26 x 107 16 6.23 x 10"
2.02x 107 4.34 % 107 22 8.18 x 10"
100 (
y=1808.8x+ 3.0694

< 80 R?>=0.9976

- 0.

\w 60

_é 40

O 1 1
0.00 0.01 0.02 0.03 0.04 0.05

[2c]/ M

k=181 x10° M s
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Rate constants for the reactions of dibenzyl azodicarboxylate (1a) with phosphines 4 in

CH,Clp

Rate constants for the reaction of 1a with tris(4-chlorophenyl)phosphine 4a (stopped-flow

method, 20 °C, 4 =405 nm) in CH,Cl,.

[1a]o/ M [4a]y/ M [4a]o / [1a]o kops /57!
2.06x 107 1.98 x 10 10 1.30
2.06 X107 2.97 %107 14 1.94
2.06x 107 3.97 x 10 19 2.64
2.06 X107 4.87 %107 24 3.13
4 -
y=64.08x+ 0.0433
- 3+ R?=0.9979
(7))
32
<.l
O 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06
[4a] I M

k=641 x10' M s

Rate constants for the reaction of 1a with triphenylphosphine 4b (stopped-flow method,
20 °C, 2 =405 nm) in CH,Cl,.

[1a]o/ M [4b]y /M [4b], / [1a]o kops / 7!
2.01x10° 1.96 x 10~ 10 9.62
2.01x10° 2.72x 10 14 1.39 x 10"
2.01x10° 3.02x 1072 15 1.47 x 10"
2.01x10° 3.47 %107 17 1.70 x 10"
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25
y = 483.46x + 0.3045

20 2
- R“ =0.9904
‘n 15
210
4

5 F

0

0 0.01 0.02 0.03 0.04

[4b] /M
ky=4.83x10°M"' s

Rate constants for the reaction of 1a with tris(4-methylphenyl)phosphine 4¢ (stopped-flow
method, 20 °C, A =405 nm) in CH,Cl.

[1a]o/ M [4c]o /M [4c]o / [1a]o kobs / s~
2.06x 107 1.81 x 10 9 3.61 x 10"
2.06 X107 2.09 x 102 10 430x 10"
2.06x 107 2.36x 107 11 4.95 % 10"
2.06 X107 2.78 x 102 13 5.96 x 10"
80 r
y = 2420.3x - 7.6484
- 60 F R2=1
(7]
\w 40
< 50t
0
0 0.01 0.02 0.03

[4c]/ M
b =242%x10°M" s

Rate constants for the reaction of 1a with tris(4-methoxyphenyl)phosphine 4d (stopped-flow
method, 20 °C, A =405 nm) in CH,Cl.

[1a]o/ M [4d], /M [4d], / [1a]o kops /87
2.01 x 107 1.69 x 10 8 1.48 x 10°
2.01 x107 1.78 x 107 9 1.53 x10?
2.01 x 107 2.04 %107 10 1.84 x 107
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200
y =10651x - 33.954

. 150 R? =0.9853

‘0

= 100

C

=< 50 |

0
0 0.005 0.01 0.015 0.02 0.025

[4d]/ M
ky=1.07x10*Mm"' s

Kinetics of the reactions of diethyl azodicarboxylate (1b) with nucleophiles

Rate constants for the reactions of diethyl azodicarboxylate (1b) with enamines 2

Reactions in CH3;CN

Rate constants for the reaction of 1b with morpholinocyclohexene 2a (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1b]o/ M [2a]y/ M [2a]o/ [1b]o kobs / s~
2.05x 107 1.75 x 107 9 2.90 % 10"
2.05% 107 3.50 x 10 17 6.22 x 10!
2.05x 107 5.25% 107 26 9.57 % 10
2.05% 107 7.00 x 107 34 1.25
1.6 -

y =18.371x - 0.024

- 1.2 R2 =0.9991

(%]

% 08

* 04

0
0 0.02 0.04 0.06 0.08
[2a]/ M

ky=1.84x10"m"' s
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Rate constants for the reaction of 1b with piperidinocyclohexene 2b (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1b]o /M [2b]y /M [2b]o / [1b]o kops /87
1.99 x 10 2.13x 107 11 7.56
1.99 x 10 3.04 x 10 15 1.07 x 10"
1.99 x 107 3.96 x 10 20 1.35% 10"
1.99 x 10 4.87 x 107 25 1.61 x 10"
1.99 x 107 6.09 x 10 31 1.97 x 10"
25
y = 304.03x + 1.2962
- 20 R®=0.9987
© 15
é 10
5
0 1 1 1 1 1 1 1

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[2b]/ M
ky=3.04x10°M" s

Rate constants for the reaction of 1b with morpholinocyclopentene 2¢ (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1b]o/ M [2¢]o/ M [2¢]o / [1b]o Kops / 8™
6.52x 107 2.06 x 107 3 1.05 x 10
6.52 % 107 3.44 %107 5 1.76 x 10"
6.52x 107 4.81 %107 7 2.32% 10"
6.52x 107 6.19 x 107 9 2.92 % 10"
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35
30 L y=448.42x+1.6277

R?=0.9976

K obs / s
=
o

O 1 1 1
0 001 0.02 003 0.04 005 0.06 0.07

[2c]/ M

k=448 x10° M ™!

Rate constants for the reaction of 1b with piperidinocyclopentene 2e (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1b]o/M [2e]o /M [2e]o/ [1b]o kops / !
2.34%10° 2.17 %1072 9 1.72 x 10?
2.34% 107 3.11x 107 13 2.35 % 10?
2.34%10° 4.04 x 107 17 3.09 x 10°
2.34% 107 4.97 x 10 21 4.00 x 10?
2.34% 107 6.21 x 1072 27 5.12 % 10°
600
500 | Y=8521.9x-23.799
T, 400 |- R?=0.9954
\8 300 |
< 200 |
100 |
O 1 1 1 1 1

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[2e]/ M
ky=852%x10° M s

175



Chapter 4: Electrophilic Reactivities of Azodicarboxylates

Reactions in CH,Cl,

Rate constants for the reaction of 1b with morpholinocyclohexene 2a (stopped-flow method,

20 °C, A =405 nm) in CH,Cl,.

[1b]o/ M [2a]y/ M [2a]o/ [1b]o kobs / s~
2.07 %107 2.32 %107 11 2.17% 10"
2.07 %107 6.96 x 10 34 6.66 x 10!
2.07x 107 1.16 x 107! 56 1.15
2.07x 107 1.62x 10" 78 1.67
2.07 %107 2.09 x 107" 101 2.22
25 -
) 20 L y= 10.2794x-0.0679
" R“=0.9984
\w 15
_é 1.0 F
05 |
OO 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25

[2a] / M
ky=1.08%x10"' M s

Rate constants for the reaction of 1b with morpholinocyclopentene 2¢ (stopped-flow method,

20 °C, A =405 nm) in CH,Cl,.

[1b]o/M [2¢]o /M [2¢]o/ [1b]o kops / 7!
2.06x 107 2.17 x 10 11 7.17
2.06x 107 434 %107 21 1.29 x 10"
2.06x 107 6.52x 10 32 1.82x 10"
2.06x 107 8.69 x 107 42 2.28 x 10!
2.06x 107 1.09 x 107! 53 2.81x 10!
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K obs / s

| y=238.14x+2.297
R2=0.9988

0.00 0.02 0.04 0.06 0.08 0.10 0.12

[2c] /M
ky=238%x10°M"' s

Rate constants for the reactions of diethyl azodicarboxylate (1b) with phosphines 4 in CH,Cl,

Rate constants for the reaction of 1b with triphenylphosphine 4b (stopped-flow method,
20 °C, A =405 nm) in CH,Cl,.

K obs / st

[1b]o/ M [4b]y /M [4b]o / [1b]o kobs / s~
1.72 x 107 1.96 x 107 11 2.62
1.72x 107 2.72 %107 16 3.76
1.72 x 107 3.02x 107 18 3.92
1.72x 107 3.47 x 107 20 4.73
1.72 x 107 3.88 x 107 23 5.46
1.72x 107 4.66 x 10 27 6.48

7

6 y=144.65x - 0.2566

5 R?=0.9939

4

3

2

1

o 1
0.00 0.01 0.02 0.03 0.04 0.05

[4b] /' M
k=145%x10°M" s
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Rate constants for the reaction of 1b with tris(4-methylphenyl)phosphine 4¢ (stopped-flow

method, 20 °C, A =405 nm) in CH,Cl.

[1b]o /M [4c]o /M [4c]o / [1b]o kops /87
2.08x10° 1.81x 107 9 1.14 x 10
2.08x10° 2.09 x 10 10 1.35x 10"
2.08x10° 2.36x 107 11 1.50 x 10"
2.08x10° 2.78 x 102 13 1.75 x 10"
2.08x%10° 3.06 x 102 15 1.92 x 10"
25 -~
_ 20 y= 61:23.3x+ 0.4781
o R*=0.998
~ 15
2 10
5
O 1 1 1 1 1 1 ]
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

[4c] /M
kbr=6.13x10°M" s

Rate constants for the reaction of 1b with tris(4-methoxyphenyl)phosphine 4d (stopped-flow
method, 20 °C, A =405 nm) in CH,Cl.

[1b]o/M [4d], /M [4d], / [1b]o kops / 7!
1.72 x 107 1.69 x 107 10 3.39x 10
1.72 %107 1.78 x 107 10 3.51 x 10
1.72x 107 2.04 %107 12 4.19 x 10"
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40 & y=23502331x- 6.3646
b 2 _
» 30 | R?=0.9878
é 20
4
10 +
0 1 1 1 1 1
0.000 0.005 0.010 0.015 0.020 0.025
[4d]/ M

ky=236%x10°M"'s"!

Rate constants for the reactions of diethyl azodicarboxylate (1b) with amines 5 in CH3;CN

Rate constants for the reaction of 1b with bis(2-methoxyethyl)amine Sa (conventional UV-

Vis spectroscopy, 20 °C, 4 =405 nm) in CH;CN.

[1b]o /M [5a]o/M  [5a]o’ /M [5alo/[1blo  keps/S"  [5a]o* kobs ' /Ms
2.71x102%  2.49x10" 4.02 9 1.89x 10 1.32x 107
2.70x 1027  2.79x 10" 3.58 10 2.22x%10° 1.26 x 10°
2.69%x102%  3.09x10" 3.24 11 2.51x10° 1.23 x10°
2.66x102%  3.89x10" 2.57 15 3.66x 107 1.06 x 10°
2.63x102%  453x10" 221 17 439x%10° 1.03 x 10°
257x102%  5.02x10" 1.99 20 5.18x 107 9.69 x 10"
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0.006
°
~ 0004 ¢
(7] [ ]
2
°
~ 0002 | o ®
0.000 ' L |
0.0 0.2 0.4 0.6
[5a] / M

» 120

s

Ty 80 y = 17.446x + 63.313

° R? =0.9796

= 40 }

(4]

o,

0 1 1 1 1 1
0 1 2 3 4 5
[5a]t/ M?

kr=1.58x107m" s
k, determined by plot of [5a]/kobs vs. 1/[5a]

Rate constants for the reaction of 1b with di-n-propylamine Sb (stopped-flow method, 20 °C,
A =405 nm) in CH3CN.

[1b]o/ M [5blo/M  [5blo' /M [5blo/[1blo  kobs/s'  [5b]o kobs' / Ms

196107  4.14x 10" 2.42 21 8.73 x 107 4.74
1.94 x 107 1.33 7.52 %107 69 3.90 x 10™ 3.41
1.94 x 107 1.78 5.62x 10" 92 5.18 x 10" 3.44
1.89 x 10 2.12 472 %10 112 6.25x 107! 3.39
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0.6 | y=0.3145x-0.0387 .®
< R?=0.9991 2
2 04 | K
8
~x 02 |

Y
0.0 1 1 1 1 |
0.0 05 1.0 15 2.0
[Bb] /M

[5blk obs* / M s

o r N W ~ O
\

y=0.719x+ 2.9901
R?=0.9846

0.0 05

1.0

[5b]t/ M1

ky determined by plot of [Sb]/kobs vs. 1/[Sb]

15

2.0

25

ky=334x10"Mm's!

Rate constants for the reaction of 1b with diethylamine Sc¢ (stopped-flow method, 20 °C,

A =405 nm) in CH3CN.

[1b]o/ M [5clo/M  [5clo! /M [5clo/[1blo  kops/S'  [5¢lo* kobs' /Ms
281x102%  2.67x10" 3.75 10 1.33x 10 2.01
2.81x10%  9.83x10" 1.02 35 7.99 x 10! 1.23
2.81x107 1.55 6.45 % 10" 55 1.37 1.13
2.81x 107 2.06 4.85x 10" 73 1.83 1.13
2.81 x 107 2.80 3.57x 107" 100 2.41 1.16
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3 -
y=0.908x- 0.0826
o) R?=0.9977 .-®
2 2r e
3 e
X 1 L
-9
o —'." 1 1 1
0 1 2 3
[5c] /M
20
(7]
= 15
"y 1.0 y=0.2666x+ 0.9981
© 2
o R?=0.9865
< 05
o,
0.0 1 1 1 |
1 2 3 4
[5c]t/ Mt

ky=1.00Mm"s"
k, determined by plot of [5¢]/kobs vs. 1/[5¢]

Rate constants for the reaction of 1b with morpholine 5d (conventional UV-Vis spectroscopy,

20 °C, A =405 nm) in CH3CN.

[1b]o /M [5d]o/M  [5d]o" /M [5d]o/[1b]o  kobs/s'  [5d]o kobs' /Ms
3.24%x1027  1.39x%10" 7.19 4 1.96 x 10 7.09 x 10"
3.27%x102  2.10x 10" 4.76 6 3.75% 103 5.60 x 10"
321x102  3.43x10" 2.92 11 7.34% 107 4.67 x 10"
3.14x 107  4.71x10" 2.12 15 1.30x 102 3.62x 10
3.09%x 102 6.61x10" 1.51 21 2.14x 107 3.09 x 10"
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0.025

0.020 |
© 0015
i .
< 0010 |

0.005 } °

0.000 1 . 1 1 1 1 1 ]

0.00 0.10 0.20 0.30 0.40 0.60 0.70
[5d]/ M

0.50

100
y=11.39x+13.076

R?=0.9877

(o}
o
T

(o))
o

N
o

[5d]k obs™ / M s
D
o

o

[5d]t/ Mt
kry=7.65%102M" s

ky determined by plot of [Sd]/kobs vs. 1/[5d]

Rate constants for the reaction of 1b with piperidine Se (stopped-flow method, 20 °C, 1 =
405 nm) in CH3CN.

[1b]o/ M [Selo/M  [Selo' /M [Selo/[1blo  kops/S"'  [5€Jo* kobs /Ms
3.12%x10%  2.15x 10 4.65 7 2.22%107 9.68 x 107!
3.12x10%  3.77x10" 2.65 12 4.11 %10 9.17 x 10"
3.12%x10%  7.84x 10" 1.28 25 1.07 733 %107
3.12x 107 1.00 1.00 32 1.42 7.04 % 10
3.12x 107 1.37 730 x 10™ 44 1.99 6.88 x 10!
3.12x 107 2.09 4.78 x 107 67 3.30 6.33 x 107"
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35 ¢ °
30 |
F"(/J 25 F
~ 20 | Y
~ 157} o
10 } °
05 F o
0.0 ‘ 1 1 1 1 ]
0.0 05 1.0 15 2.0 25
[5e] /M
15
y=0.1265x + 0.5800
; R2=0.9916
< 10 | o
i
8
~ 05 [
()
o,
0.0 1 1 1 1 1
0 1 2 3 4 5

[5e]t/ Mt
kh=172M's!

k, determined by plot of [5e]/kobs vs. 1/[5€]

Rate constants for the reaction of 1b with pyrrolidine 5f (stopped-flow method, 20 °C, 1 =
405 nm) in CH3CN.

[1b]o/ M [5flo/M  [5f]c" /M [5flo/[1blo  kevs/S"  [5f]o % kops ' / Ms

3.12%x10%  2.04x 10" 4.90 7 2.57 7.94 % 107
3.12x107  4.43x10" 2.26 14 8.15 5.44 x 107
3.12x10%  597x10" 1.68 19 1.17 x 10" 5.10 x 107
3.12%x10%  8.95x 10 1.12 29 2.06 x 10’ 434 %107
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25 -
20 } °
'3 15 |
2 | [ ]
210 °
5
[ ]
O 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
[5f]/ M
012 -
” y=0.00928x + 0.03397
= 009 R?=0.99525
“, 0.06 |
8
= 003 [
o,
0.00 . . .
0 2 4 6
[5f]1/ M1

kr=2.94%x10"m"s!
k, determined by plot of [5f]/kops vs. 1/[51]

Kinetics of the reactions of di-isopropyl azodicarboxylate (1c¢) with nucleophiles

Rate constants for the reactions of di-isopropyl azodicarboxylate (1¢) with enamines 2

Reactions in CH3;CN

Rate constants for the reaction of 1¢ with morpholinocyclohexene 2a (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1c]o /M [2a]o/ M [2a]o/ [1c]o kobs / s~
2.54 %107 2.69 x 107 11 1.29 x 107!
2.54%10° 4.03 x 10 16 2.02x 10"
2.54 %107 5.37%x 107 21 2.62x 107"
2.54 %107 6.71 x 10 26 3.31%x 10"
2.54 %107 8.73 x 107 34 432 %107
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y=4.9805x - 0.003
R?=0.9995

K obs / st

0 0.02 0.04 0.06 0.08 0.1
[2a] I M
k=498 Mm's!

Rate constants for the reaction of 1c¢ with piperidinocyclohexene 2b (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

K obs / s

[1c]o /M [2b]y /M [2b]o / [1c]o kops /87
2.35%x10° 2.13 %107 11 2.12
2.35% 107 3.04 x 107 15 3.12
2.35%10° 3.96 x 107 20 4.20
2.35% 107 4.87 x 10 25 5.30
2.35%10° 6.09 x 107 31 6.56

8 -~

y =113.28x - 0.2914

6 R2 =0.9993

4 L

2 |

0

0 0.02 0.04 0.06 0.08
[2b]/ M
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Rate constants for the reaction of 1¢ with morpholinocyclopentene 2¢ (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1c]o /M [2¢]o /M [2¢]o/ [1c]o kops /87
2.37% 107 2.41 %107 10 4.06
2.37x107 3.01 x 107 13 4.94
2.37%x 107 422 %107 18 6.78
2.37x107 6.03 x 107 25 9.53
2.37% 107 7.23 x 107 30 1.11x 10'

2 y=147.47x+ 0.5279
9 r R%=0.9994

K obs / s7*

ky=147x10* M s

Rate constants for the reaction of 1¢ with pyrrolidinocyclohexene 2d (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1c]o/M [2d], /M [2d]o / [1c]o kops / !
2.54 %107 2.47 %107 10 1.38 x 10°
2.54 %107 3.09 x 1072 12 1.77 x 10?
2.54%10° 3.71 x 1072 15 2.16 x 10°
2.54 %107 433 %107 17 2.48 x 10?
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300
y=5951.6x- 7.6048
. R?=0.9978
W 200 |
S 100
0 1
0 0.01 0.02 0.03 0.04 0.05
[2d]/ M

kb =595%x10° M5!

Rate constants for the reaction of 1¢ with piperidinocyclopentene 2e (stopped-flow method,

20 °C, 4 =405 nm) in CH3CN.

[1c]o/ M [2e]o/ M [2e]o/ [1c]o kops /57!
237x%107 2.17 x 10 9 4.88 x 10"
237x%10° 3.11x 1072 13 7.08 x 10"
237x%107 4.04 x 10 17 9.56 x 10"
2.37x107 4.97 x 107 21 1.21 x 10°
237x%107 6.21 x 10 26 1.50 x 10?

160

y=2538.5x-6.8384
P 120 1 R*=0.9991
\8 80 |
= 40 }
O 1 1 1 1 1 1 ]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[2e] /M

ky=254%x10° M s!
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Reactions in CH,Cl,

Rate constants for the reaction of 1¢ with morpholinocyclohexene 2a (stopped-flow method,

20 °C, A =405 nm) in CH,Cl,.

K obs / st

Rate constants for the reaction of 1¢ with morpholinocyclopentene 2¢ (stopped-flow method,

[1c]o /M [2a]o/ M [2a]o/ [1c]o kobs / s~
1.84 %107 2.32 %107 13 5.61 x 10
1.84% 107 6.96 x 10 38 148 x 10"
1.84 %107 1.16 x 107! 63 2.54 % 107"
1.84 %107 1.62x 10" 88 3.59x 107
1.84 %107 2.09 x 107" 113 4.64 % 107"
05
y=2.2122x- 0.0005
04 |+ N
R“=0.9993
0.3
0.2
0.1
O 1 1
0.00 0.05 0.10 0.15 0.20 0.25
[2a] I M
k=221M's!

20 °C, A =405 nm) in CH,Cl,.

[1c]o /M [2¢]o /M [2¢]o/ [1c]o kobs / s~
2.19% 107 2.17 x 10 10 1.85
2.19% 107 434 %107 20 3.52
2.19% 107 6.52x 10 30 5.52
2.19% 107 8.69 x 10 40 7.40
2.19% 107 1.09 x 107! 50 9.03
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10
y=283.625x+ 0.0083

R?=0.9987

K obs / 5%

o N A~ O @
T

0.00 0.02 0.04 0.06 0.08 0.10 0.12
[2c] /M

ky=836x10"m's!

Rate constants for the reactions of di-isopropyl azodicarboxvylate (1¢) with phosphines 4 in

CH,Cl,

Rate constants for the reaction of 1¢ with tris(4-chlorophenyl)phosphine 4a (stopped-flow
method, 20 °C, A =405 nm) in CH,Cl.

[1c]o /M [4a]y/ M [4a]o / [1c]o kops /87
2.17x10° 1.98 x 102 9 1.12x 10"
2.17x 103 2.97 x 107 14 1.50 x 107!
2.17x 107 3.97 x 102 18 1.79 x 10!
2.17x 103 4.87 x 107 22 241 % 10"
0.3
y=4.2831x+ 0.0228
% 02 R?=0.9659
; 0.1
0 1 1 1 1 ]
0.00 0.01 0.03 0.04 0.05 0.06
[4a] /M
k=428 M"'s!
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Rate constants for the reaction of 1¢ with triphenylphosphine 4b (stopped-flow method,
20 °C, 2 =405 nm) in CH,Cl,.

K obs / s

Rate constants for the reaction of 1¢ with tris(4-methylphenyl)phosphine 4¢ (stopped-flow

method, 20 °C, A =405 nm) in CH,Cl,.

[1c]o /M [4b]y /M [4b]o / [1c]o kops /87
1.87 x 107 1.96 x 10 10 7.58 x 10"
1.87 x 107 2.72 % 107 15 1.06
1.87x 107 3.02x 107 16 1.18
1.87 x 107 3.47 x 107 19 1.38
1.87x 107 3.88 x 10 21 1.55
1.87 x 107 4.66 x 10 25 1.93
1.87x 107 6.42 x 10 34 2.77
1.87 x 107 8.02 x 107 43 3.44

4
y=45.103x- 0.1668

3t R?=0.9991

> |

1L

0.00 0.02 0.04 0.06 0.08 0.10

[4b] /M

ky=451%x10'M"'s!

[1c]o /M [4c]lo /M [4c]o/ [1c]o kops /87
2.17 %107 1.81 x 107 8 3.56
2.17 x 107 2.09 x 107 10 4.17
2.17 % 107 2.36 %107 11 4.77
2.17 x 107 2.78 x 107 13 5.69
2.17 %107 3.06 x 107 14 6.24

191



Chapter 4: Electrophilic Reactivities of Azodicarboxylates

0.04

7 -
6 y=215.68x- 0.3334
< 5L R?=0.9996
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Rate constants for the reaction of 1¢ with tris(4-methoxyphenyl)phosphine 4d (stopped-flow
method, 20 °C, A =405 nm) in CH,Cl,.

[1c]o /M [4d], /M [4d]o / [1c]o kops /87
1.87x10° 1.69 x 102 9 1.29 x 10"
1.87 x 107 1.78 x 107 10 133 % 10"
1.87x10° 2.04 x 10 11 1.56 x 10"
1.87 x 107 2.67 % 107 14 1.99 x 10"
25
20 L y=725.08x+0.5971
T R*=0.997
= 15
3 10
5
O 1 1 1 1 1 ]
0.00 0.01 0.01 0.02 0.02 0.03 0.03
[4d] / M

ky=725%10*M" s
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Rate constants for the reactions of di-isopropyl azodicarboxylate (1¢) with amines 5 in

CH;CN

Rate constants for the reaction of 1¢ with bis(2-methoxyethyl)amine 5a (conventional UV-Vis

spectroscopy, 20 °C, A =405 nm) in CH3CN.

[1c]o/ M [5alo/M  [5alo’ /M [Salo/[lelo kovs/S'  [5a]o X kobs' / Ms
2.63x10%  1.92x10" 5.21 7 5.47%x10™ 3.51 x 10°
2.59%102%  2.58x%x10" 3.88 10 7.67x10™ 3.36 x 107
262x102%  3.17x10" 3.15 12 9.94x 10 3.19 x 107
2.62%x10%  4.08x10" 2.45 16 1.41x10° 2.89 x 10?
2.62x10%  4.99x10! 2.00 19 1.86 x 10 2.68 x 10°

0.0020 Py

r"m 0.0015 | °
\u, 0.0010 | [ J
v Y
< 0.0005 | °
0.0000
0.0 0.2 0.4 0.6
[5a] / M
400
%) O
= 300
"y 200 y=43.828x+181.01
<] 2 _
% 100 L R“=0.999
w0,
0 1 1 1
0 2 4 6
[5a]t/ Mt

k=552%x10>Mm"s"!
ky determined by plot of [Sa]/kos vs. 1/[5a]
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Rate constants for the reaction of 1¢ with di-n-propylamine 5b (conventional UV-Vis

spectroscopy, 20 °C, 4 =405 nm) in CH3;CN.

[1c]o /M [5blo/M  [5blo' /M [5blo/[1clo  kobs/S'  [5b]o kobs /Ms
255%x10%  2.11x10" 4.74 8 1.30 x 10 1.62x 10"
2.54%x102%  245x%x10" 4.08 10 1.59 x 102 1.54 % 10"
2.53x102%  3.48x 10" 2.87 14 2.46 x 10 1.41 x 10"
246 %107 4.06x 10" 2.46 17 3.04 x 102 1.34 x 10"

0.04
., 003} [
. o
3 0.02
_j 0.01 L °
000 1 1 1 1 ]
0.0 0.1 0.2 0.3 0.4 0.5
[5b] /M
n 16 |
s /'/././.
- 12
’-‘w 8 y=1.2103x+ 10.502
° I R?=0.9908
= 4|
0,
O 1 1 1 1 1
0 1 2 3 4 5
[5b]t/ Mt

kry=952x102M" 5!

k, determined by plot of [Sb]/kos vs. 1/[5b]
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Rate constants for the reaction of 1¢ with diethylamin 5S¢ (stopped-flow method, 20 °C,
A =405 nm) in CH3CN.

[1c]o /M [5clo/M  [5clo/[1b]o  hops/ S
2.87%x10%  2.67x10" 9 471 % 107
2.87x102  6.96x 10! 24 1.85x% 10"
287x102% 998 x 10" 35 2.95% 10
2.87 %107 1.38 48 429 %10
2.87 %107 2.08 73 6.53x 10"
2.87 %107 2.34 82 7.16 x 107!
0.8
y =0.3274x - 0.036
o 0.6 R? = 0.9985
\w 04 F
< 0.2
0.0
0.0 0.5 1.0 1.5 2.0 25

[5¢]/M
ky=327x10" M s

Rate constants for the reaction of 1¢ with morpholine Sd (conventional UV-Vis spectroscopy,

20 °C, A =405 nm) in CH3CN.

[1c]o/ M [5d]o/M  [5d]o" /M [5d]o/[1clo  kobs/S'  [5d]o kobs' /Ms
2.71x102%  138x10" 7.25 5 6.59 x 10 2.09 x 10°
298x102%  2.06x 10" 4.85 7 1.21x10° 1.70 x 10°
295%x10%  2.72x10" 3.68 9 1.90 x 10 1.43 x 10?
287x10% 331x10" 3.02 12 270 x 107 1.23 x10°
290x102%  4.68x 10" 2.14 16 439x%10° 1.07 x 10°
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k, determined by plot of [5d]/kops vs. 1/[5d]

Rate constants for the reaction of 1¢ with piperidine Se (stopped-flow method, 20 °C,
A =405 nm) in CH3CN.

[1c]o /M [Selo/M  [5elo/[1clo  hops/S"
3.12%x 102 2.15x 10 7 1.19x 10
3.12%x 102 3.77x 10" 12 1.87 x 10
3.12%x 102 7.84x 10" 24 3.73x 10
3.12x 107 1.00 32 470 %10
3.12x 107 1.37 44 6.49 x 10!
0.7 r
06 L y=0.4588x +0.0199
. 05} R? = 0.9984
© 04
2 03 F
X o2 L
0.1
OO 1 1 1 ]
0.0 0.4 0.8 1.2 1.6

[5e]/ M
ky=459%10" M s
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Rate constants for the reaction of 1¢ with pyrrolidine 5f (stopped-flow method, 20 °C,
A =405 nm) in CH3CN.

[1c]o /M [5fl/M  [5f]c" /M [5f]o/[1clo kops/S”  [5f]o % kops ' /Ms
3.12%x 102 2.04x10" 4.90 7 9.30 x 10! 2.19x 10
3.12x 102 4.43x 10! 2.26 14 2.95 1.50x 10
3.12x 102 5.97x 10" 1.68 19 4.39 1.36 x 10
3.12x 102 8.95x 10" 1.12 29 7.47 1.20x 10!
3.12x 107 1.30 7.69 % 10" 42 1.27 % 10" 1.02x 10"
3.12x 107 1.81 5.52%x 10" 58 1.97 x 10" 9.19x 10

25 r

20 [ )

" 15 | o
g 10 }
0 L] e °
0.0 0.5 1.0 1.5 2.0
(5] / M
0.3
" y=0.0495x + 0.0645
Z o2 R=1 ©
< 01
i)
oo 1 1 1 1 ]
0 1 2 3 4 5
[5f]1/ M1

kr=155%x10'm" s
k, determined by plot of [5f]/kobs vs. 1/[51]
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Kinetics of the reactions of di-t-butyl azodicarboxylate (1d) with nucleophiles

Rate constants for the reactions of di-#-butyl azodicarboxylate (1d) with enamines 2

Reactions in CH;CN

Rate constants for the reaction of 1d with morpholinocyclohexene 2a (conventional UV-Vis

spectroscopy, 20 °C, 4 =405 nm) in CH3CN.

[1d]o/M [2a]o/ M [2a], / [1d]o kops / !

1.93x 107 2.06 x 107 11 6.60 X 10
1.90 x 10 3.21x 107 17 9.39%x 107
1.96 x 10 4.07 x 10 21 1.24 x 107

y=0.286x+ 0.0006

0.012 |
R?=0.989
—
%, 0.009
£ 0.006
4
0.003
O 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05

[2a] / M
ky=2.86x 10" M s

Rate constants for the reaction of 1d with piperidinocyclohexene 2b (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1d],/ M [2b]y /M [2b]o / [1d]o kops /87
2.08x 107 1.80 x 107 9 8.28 x 107
2.08 %107 3.66 x 107 18 1.81 x 10"
2.08x 107 5.48 x 107 26 2.52 %10
2.08 x 107 7.31x 107 35 3.66x 10
2.08x 107 9.14 x 10 44 4.55x% 10"
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05
y=5.0704x-0.0104

R?=0.9964

04 |
03 -
02 |

K obs / st

0.1 +

0.0
0.00 0.02 0.04 0.06 0.08 0.10

[2b] /' M

ky=5.07M"'s!

Rate constants for the reaction of 1d with morpholinocyclopentene 2¢ (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1d],/ M [2¢]o /M [2¢]o / [1d]o kobs / s~
2.11x107 2.02x 107 10 2.01 x 10
2.11x107 4.04 %107 19 3.99x 10"
2.11x 107 6.07 x 10 29 6.08 x 10"
2.11x107 8.09 x 107 38 8.18 x 10"

10
0g L Y=10.178x-0.008

R?=0.9998

©» 06
2 04t
4
02 |
0.0 ' !
0.00 0.02 0.04 0.06 0.08 0.10
[2c] /M

ky=1.02%x 10" m"'s!
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Rate constants for the reaction of 1d with pyrrolidinocyclohexene 2d (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1d],/ M [2d], /M [2d], / [1d]o kops /87
1.95x% 107 2.67 % 107 14 8.68
1.95x% 107 5.34 %107 27 1.70 x 10"
1.95% 107 8.01 x 107 41 2.47 % 10!
1.95% 107 1.07 x 10" 55 3.28 x 10!
40
y=299.18x+ 0.81
« 30 R?=0.9998
(7))
\8 20
=~ 10
O 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12
[2d] / M

ky=2.99x 10> M 5!

Rate constants for the reaction of 1d with piperidinocyclopentene 2e (stopped-flow method,

20 °C, A =405 nm) in CH3CN.

[1d]o/M [2e]o /M [2e]o/ [1d]o kops / !
1.95% 107 2.58 x 10 13 4.79
1.95% 107 5.16 x 107 27 9.28
1.95x 107 7.74 % 10 40 1.27 x 10!
1.95x 107 1.03x 10" 53 1.76 x 10"
1.95x 107 1.29 %10 66 2.00 % 10"
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y=150.16x+ 1.252
R?=0.9912

K obs / 5%

0.00 0.05 0.10 0.15
[2e] /M
ky=150x%x 10> M 5!

Reactions in CH,Cl,

Rate constants for the reaction of 1d with morpholinocyclohexene 2a (stopped-flow method,

20 °C, A =405 nm) in CH,Cl,.

[1d],/ M [2a],/ M [2a],/ [1d], kops / 87!
2.05x% 107 1.16 x 107" 56 1.44 x 107
2.05x 107 1.62x 107" 79 2.03 x 107
2.05x 107 2.09x 107" 102 2.59 x 1072
0.030
0025 L Y=0.1239x+7E-05
" 0020 L R?=0.9998
\g 0.015
=~ 0.010 t+
0.005 |
0_000 1 1 1 1 ]
0.00 0.05 0.10 0.15 0.20 0.25
[2a] / M

ky=124x10"m"'s?!
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Rate constants for the reaction of 1d with piperidinocyclohexene 2b (stopped-flow method,

20 °C, A =405 nm) in CH,Cl,.

[1d],/ M [2b]y /M [2b]o / [1d]o kops /87
2.05% 107 1.51 x 107 7 3.73x 107
2.05x 107 3.02x 102 15 8.53x 107
2.05x% 107 453 %107 22 1.27% 10
2.05x% 107 8.06 x 107 39 2.02x 10"
0.25
020 L Y=24776x+0.0069

R?=0.9902

2 015
2
< 0.10
0.05
OOO 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
[2b] / M

k=248 Mm's!

Rate constants for the reaction of 1d with morpholinocyclopentene 2¢ (stopped-flow method,

20 °C, A =405 nm) in CH,Cl,.

[1d]o/ M [2¢]o /M [2¢]o / [1d]o kobs / s~

2.18x 107 2.17x 107 10 8.63 x 107
2.18x 107 435 %107 20 1.66 x 107!
2.18 x 107 6.52 x 107 30 2.45x% 10
2.18 x 107 8.69 x 107 40 3.36x 10"
2.18x 107 1.09 x 10™ 50 434 %10
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05
y=3.9838x-0.0062

04 | ,
R%=0.9976

03 -
02 |

K obs / 5%

0.1 |

O 1 1 1 1 1 ]
0.00 0.02 0.04 0.06 0.08 0.10 0.12

[2c] /M

k=398 M's!

Rate constants for the reaction of 1d with piperidinocyclopentene 2e (stopped-flow method,

20 °C, 4 =405 nm) in CH,Cl.

[1d]o/ M [2e]o/ M [2e]o / [1d]o kops /57!
2.18x 107 2.06 x 107 9 2.07
2.18x 107 2.58 x 1072 12 2.64
2.18x 107 3.10x 10 14 3.03
2.18x 107 3.61 x 107 17 3.52
2.18 %107 6.19 x 10 28 6.22
2.18 %107 9.29 x 10 43 9.46
2.18 %107 1.03x 107" 47 1.05x 10"
12
10 L y:1202.71x-0.1
i R“=0.9997
n 8 |
2 6t
X 4 |
2
0 1 1 1 1 1 ]

0.00 0.02 0.04 0.06 0.08 0.10 0.12
[2e]/ M
kr=1.03x10°M" s
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Rate constants for the reactions of di-z-butyl azodicarboxvylate (1d) with phosphines 4 in

CH,Clp

Rate constants for the reaction of 1d with tris(4-chlorophenyl)phosphine 4a (stopped-flow

method, 20 °C, 4 =405 nm) in CH,Cl,.

[1d],/ M [4a]y / M [4a], / [1d]o ko / 87
1.92x10° 1.98 x 10 10 1.44 x 102
1.92 %103 2.97 %107 15 1.90 x 102
1.92x 107 3.97 x 10 21 2.43 %10
1.92 %103 4.87 %107 25 2.82x 107

0.03 -

y=0.4832x+ 0.0048
R?=0.9987

‘E 0.02
G
~ 001
O 1 1 1 1 1 I
0.00 0.01 0.02 0.03 0.04 0.05 0.06
[4a] I M

k=483 %x 10" M s™!

Rate constants for the reaction of 1d with triphenylphosphine 4b (stopped-flow method,
20 °C, 2 =405 nm) in CH,Cl,.

[1d]o/M [4b]y/ M [4b]o / [1d]o kops / !
213 %107 2.04 %107 10 5.37%x 107
2.13x 107 3.14 x 102 15 7.70 x 107
2.13x 103 3.92x 107 18 9.50 x 102
2.13x10° 471 x 102 22 1.11x 10"
2.13x 103 6.97 x 10 33 1.59 %10
2.13x10° 9.37x 102 44 2.15% 10"
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| y=2.1365x+0.0103
R?=0.9998

K obs / st
o
o
©

0.04
[4b] / M

0.06

0.08

k=214m"s!

Rate constants for the reaction of 1d with tris(4-methylphenyl)phosphine 4¢ (stopped-flow
method, 20 °C, 4 =405 nm) in CH,Cl,.

[1d]o/ M [4clo/ M [4¢c]o / [1d]o kops /57!
1.92x10° 1.81 x 102 9 1.91 x 10"
1.92 %103 2.09 x 102 11 2.28% 10"
1.92x10° 2.36x 107 12 2.50%x 10"
1.92x 103 2.78 x 102 14 2.99 x 10!
1.92x10° 3.06 x 107 16 3.32%x 10"
04 -
y=11.073x- 0.008
T 0 R2=0.9971
g 02 L
X
0.1 |
0 1 ]
0.00 0.01 0.02 0.03 0.04
[4c] /M

k=111x10'Mm" s
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Rate constants for the reactions of di-t-butyl azodicarboxylate (1d) with amines 5 in CH3;CN

Rate constants for the reaction of 1d with bis(2-methoxyethyl)amine Sa (conventional UV-

Vis spectroscopy, 20 °C, 4 =405 nm) in CH;CN.

[1d]o /M [5a]o/M  [5a]o’ /M [Salo/[1d]o  kobs/S"  [5aloX kobs' / Ms
2.60x102%  247x10! 4.05 10 5.84x 107 423 % 10°
2.58x102% 276 x 10" 3.62 11 6.80 x 10° 4.06 x 10°
249x102%  3.74%x 10" 2.67 15 9.60 x 107 3.90 x 10°
243x10%  4.69%x 10! 2.13 19 127 %10 3.96 x 10°
243x102%  5.47x10" 1.83 23 1.53x10™ 3.58 x 10°

0.00016 | y=3.13E-04x- 1.93E-05 )

%, 0.00012 R*=9.99E-01 e

- _,./

% 0.00008 | ’._. e

= 0.00004 | e

0.00000 ' ' ' ' !
0.0 0.1 0.2 0.3 0.4 0.5 0.6
[5a] /M
6000
" y=275.79x+ 31014
s R?=0.9785
< 4000 /._._/./4/‘
io 2000 |
8,
O 1 1 1 1 1
0 1 2 3 4 5

[5a]t/ Mt
ky=322x10*Mm"'s!

ky determined by plot of [Sa]/kos vs. 1/[5a]
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Rate constants for the reaction of 1d with di-n-propylamine Sb (conventional UV-Vis

spectroscopy, 20 °C, 4 =405 nm) in CH3;CN.

[1d], /M [5blo/M  [5blo' /M [5blo/[1d]o  kobs/S'  [5b]o* kobs' / Ms
248%x10%  2.09x10" 4.78 8 1.11 x 107 1.88 x 107
2.46x102%  2.41x10! 4.15 10 1.35x 107 1.79 x 10°
2.44x102%  3.42x10" 2.92 14 2.07x107 1.65 x 10°
238x107%  433x10" 2.31 18 2.70x 107 1.60 x 10°
237x10%  530x10" 1.89 22 3.32x 107 1.60 x 10°

0.004
y=0.0069x-0.0003 °

o 0003 - R?=0.9994 o

.

= 0002 e

< 0001 - __,—0"’

0.000 L L |
0.0 0.2 0.4 0.6
[Bb] /M
200
7]
= 150 /.,0/'/'/.
“.'\m 100 L y=10.082x+ 138.04
= R?=0.9702
g‘ 50
0 1 1 1 1 1
0 1 2 3 4 5
[5b]™t/ Mt

k, determined by plot of [Sb]/kops vs. 1/[5b]
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Rate constants for the reaction of 1d with diethylamine S¢ (conventional UV-Vis

spectroscopy, 20 °C, 4 =405 nm) in CH3;CN.

[1d], /M [5clo/M  [Sclo’ /M7’ [5elo/[1d]o  kobs/S'  [5¢]o* kops ' /Ms
232x107%  1.84x10" 5.43 8 1.53x 103 1.20 x 10?
234x10% 276 x 10" 3.62 12 2.87x10° 9.62 % 10"
228x102%  3.60x 10" 2.78 16 4.59 x 107 7.84 % 10"
230x102% 453 %10 221 20 6.26 x 107 7.24 % 10"
227x10%  538x10" 1.86 24 8.04 x 107 6.69 x 10"
225%x102% 623 x10" 1.61 28 9.96 x 10 6.26 x 10"

0.012 ¢
[ }

%, 0.008 o

~ )

5 0004 } L]

[ )
[ ]
0000 1 1 1 1 1 1 ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
[5¢]/M
s 150
s y=15.208x + 38.407
>~ 100 R?=0.9946
2 50
)
|L2| 0 1 1 1 1 1 ]
0 1 2 3 4 5 6
[5c]t/ M1

kr=2.60%x102Mm" s
k, determined by plot of [5¢]/kobs vs. 1/[5¢]
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Rate constants for the reaction of 1d with morpholine 5d (conventional UV-Vis spectroscopy,

20 °C, A =405 nm) in CH3CN.

[1d], /M [5d]o/M  [5d]o" /M [5d]o/[1d]o  kobs/s'  [5d]o* kobs' /Ms
256%x102%  1.00x107  1.00x 10" 4 2.71x10° 3.69 x 10°
225%x10%  1.65%x10" 6.06 7 5.84 x 107 2.83x10°
2.56x102%  2.01x10" 4.98 8 8.29 x 107 2.42%10°
247%x10%  5.15x10" 1.94 21 3.32x10% 1.55 % 10°
2.19x102% 576 x 10" 1.74 26 3.84x10* 1.50x 10°
2.44x102%  639x%x10" 1.56 26 4.60 x 10™ 1.39x 10°

0.0005
[ ]

_0.0004 °

© 00003 | o

2 0.0002 |

~ ooo001 | °

[ ]
OOOOO . 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
[5d] /M
5000

y=306.32x + 940.77
R?=0.9974

[5d]* / M?
ky=1.06%x10>M"'s!

k, determined by plot of [5d]/kops vs. 1/[5d]
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Rate constants for the reaction of 1d with piperidine 5e (conventional UV-Vis spectroscopy,

20 °C, A =405 nm) in CH3CN.

[1d], /M [Selo/M  [Selo’ /M’ [Selo/[1d]o  kobs/S'  [Selo* kops ' /Ms
2.12x10%  120x 10" 8.33 6 1.90 x 10 6.32x 10"
232x10%  220x10" 4.55 9 4.44 %107 4.95x% 10"
241x102%  3.43x10" 2.92 14 8.12x 107 4.22 x 10"
236x 107 447 %10 2.24 19 1.08 x 10 4.14 % 10"
234x10%  5.55x%x10" 1.80 24 1.40 x 107 3.97 % 10"

0.016 ¢
[ J

F"U, 0.012 P

~ 0.008 | ®

< 0.004 [ )

[ J
0.000
0.0 0.2 0.4 0.6
[5e]/ M
70
» 60 L Y=36184x+32617
= 5 R%=0.9989
~ 40
S 30 F
X
iy 20
v 10 L
0 1 1 ]
0 3 6 9
[5e]t/ Mt

k,=3.07%x102 M5!
k, determined by plot of [5e]/kobs vs. 1/[5e]

210



Chapter 4: Electrophilic Reactivities of Azodicarboxylates

Rate constants for the reaction of 1d with pyrrolidine 5f (conventional UV-Vis spectroscopy,

20 °C, A =405 nm) in CH3CN.

[1d], /M [5fl/M  [5f]c" /M [5flo/[1d]o  kovs/S"  [5f]o % kops ' /Ms

247x10%  137x10" 7.30 6 2.87 %107 4.77
2.50x 102  2.08x 10" 4.81 8 5.90 x 107 3.52
248x102%  2.75%x 10" 3.64 11 9.26 x 10 2.97
2.52x107%  3.40x 10" 2.94 13 1.26x 107 2.70
247%x10%  4.11x10" 2.43 17 1.71 x 107! 2.40
0.20 r
- 0.15 ° o
\% 0.10 °
~ 005 | L
[ ]
OOO 1 1 1 1 ]
0 0.1 0.2 0.3 0.4 0.5
[5f] / M
6 _
n 5 | y=0.4824x+1.2367
Z 4| R?=0.999
<. 3
g2
B 1F
— O 1 1 1 ]
0 2 4 6 8
[5ft/ Mt

k=8.09%x10" m!s!
k, determined by plot of [5f]/kobs vs. 1/[51]
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4.4.3 Synthetic Experiments
Syntheses of a- substituted carbonyl compounds 3

General procedure for the syntheses of compounds 3:

The azodicarboxylate 1 (1 equivalent) dissolved in acetonitrile was added dropwise to a
stirred solution of the enamine 2 in dry acetonitrile. The reaction mixture was stirred until the
yellow color of the azodicarboxylate had disappeared. The reaction mixture was quenched
with water and the organic layer was dried over MgSOj,. The solvent was removed in vacuo.

The crude products were purified by colum chromatography (pentane/ethyl acetate).

O
-N o~
Y

3bd

O
/\O)J\

N,N’-Bis(ethoxycarbonyl)-2-hydrazino-cyclohexanone 3bd!2*%%249¢9290.91l

was synthesized
from 202 mg (1.16 mmol) diethyl azodicarboxylate (1b) and 176 mg (1.16 mmol)

pyrrolidinocyclohexene (2d) (white solid, yield 46 %, 144 mg, 0.529 mmol).

'H NMR (CDCls, 300 MHz): 8= 1.23 (t, °J = 6.1 Hz, 6 H), 1.54-1.57 (m, 1 H), 1.68—1.80 (m,
2 H), 1.95-2.01 (m, 2 H), 2.28-2.49 (m, 3 H), 4.12-4.18 (m, 4 H), 4.87-4.97 (m, 1H), 6.69
(brs, 1H).

PC NMR (CDCl;, 75 MHz): § = 14.3 (q),14.4 (q), 24.2 (), 26.7 (t), 30.6 (1), 41.2 (1), 61.8 (1),
62.7 (t), 65.6 (d), 156.3 (s, 2C), 207.7 (s).
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/\ /N O\/
O N
H \n/
O
3bc

[2a,9a]

N,N’-Bis(ethoxycarbonyl)-2-hydrazino-cyclopentanone 3bc was synthesized from

255mg (1.46 mmol) diethyl azodicarboxylate (1b) and 224 mg (1.46 mmol)
morpholinocyclopentene (2¢) (white solid, yield 88 %, 327 mg, 1.27 mmol).

"H NMR (CDCl;, 300 MHz): 8= 1.25 (t, >J=7.1 Hz, 6 H), 1.68-2.19 (m, 4 H), 2.28-2.39 (m,
2 H) 4.15-4.21 (m, 4 H), 4.42-4.69 (m, 1H), 6.56 (br s, 1H).

3C NMR (CDCls, 75 MHz): § = 14.4 (q, 2C), 18.0 (t), 26.0 (1), 35.3 (1), 62.2 (t), 63.0 (1),
66.3 (d), 155.9 (s), 156.2 (s), 219.9 (s).

)\O)J\H/N\g/oj/

3cd

N,N’-Bis(isopropoxycarbonyl)-2-hydrazino-cyclohexanone 3ed”® was synthesized from
163 mg (0.806 mmol) di-isopropyl azodicarboxylate (1c¢) and 122 mg (0.807 mmol)
pyrrolidinocyclohexene (2d) (white solid, yield 57 %, 137 mg, 0.456 mmol).

'"H NMR (CDCls, 600 MHz): §= 1.22-1.25 (m, 12 H), 1.51-1.60 (m, 1 H), 1.72-1.85 (m, 2
H), 1.96-2.07 (m, 2 H), 2.30-2.47 (m, 3 H), 4.81-4.97 (m, 3 H), 6.58 (br s, 1H).

3C NMR (CDCls, 125 MHz): § = 21.81 (q), 21.84 (q), 21.9 (q), 22.0 (q), 24.3 (1), 26.7 (1),
30.7 (1), 41.3 (1), 65.3 (d), 69.3 (d), 70.4 (d), 155.9 (s), 156.0 (s), 207.8 (s).
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o Qso
AOJLH,NWJOY

3ce

N,N’-Bis(isopropoxycarbonyl)-2-hydrazino-cyclopentanone 3cc was synthesized from
179 mg (0.885 mmol) di-isopropyl azodicarboxylate (1c) and 136 mg (0.888 mmol)
morpholinocyclopentene (2¢) (white solid, yield 77 %, 195 mg, 0.681 mmol).

'"H NMR (CDCls, 600 MHz): §= 1.24-1.26 (m, 12 H), 1.76-1.84 (m, 1 H), 1.92-2.18 (m, 3
H), 2.26-2.43 (m, 2 H), 4.52-4.69 (m, 1H), 4.93-4.98 (m, 2 H), 6.45 (br s, 1H).

3C NMR (CDCls, 125 MHz): § = 18.0 (t), 21.9 (g, 2C), 22.0 (q, 2C), 25.9 (1), 35.4 (1), 66.0
(d), 69.8 (d) , 70.6 (d), 155.4 (s), 156.0 (s), 214.3 (s).

s

3dd

N,N’-Bis(t-butoxycarbonyl)-2-hydrazino-cyclohexanone  3dd”™" was synthesized from
121 mg (0.525 mmol) di-z-butyl azodicarboxylate (1d) and 79 mg (0.52 mmol)
pyrrolidinocyclohexene (2d) (white solid, yield 50 %, 85 mg, 0.26 mmol).

'H NMR (CDCls, 300 MHz): 8= 1.45-1.80 (m, 21 H), 1.95-2.09 (m, 2 H), 2.19-2.49 (m, 21
H), 4.82-4.87 (m, 1H), 6.48 (s br, 1H).

BC NMR (CDCls, 75 MHz): § = 24.4 (t), 26.7 (1), 28.1 (q, 3C), 28.2 (q, 3C), 30.7 (t), 41.4 (1),
64.9 (d), 81.6 (s), 80.6 (s), 155.27 (s), 155.33 (s), 208.0 (s).
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o Qso
XOJLH,NWO(OK

3dc

N,N’-Bis(¢-butoxycarbonyl)-2-hydrazino-cyclopentanone 3dc was synthesized from 458 mg
(1.99 mmol) di-#-butyl azodicarboxylate (1d) and 304 mg (1.98 mmol) morpholino-
cyclopentene (2¢) (white solid, yield 53 %, 326 mg, 1.04 mmol).

'H NMR (CDCls, 300 MHz): 5= 1.45 (s, 18 H), 1.66-2.35 (m, 6 H), 4.47-4.67 (m, 1H), 6.35
(brs, 1H).

PC NMR (CDCls, 75 MHz): § = 18.0 (1), 25.8 (t), 28.1 (q, 6C), 35.4 (t), 65.5 (d), 81.1 (s),
81.7 (s), 154.7 (s), 155.3 (s), 214.5 (s).

Syntheses of triazanes 6

General procedure for the syntheses of compounds 6: The amines S (2 equiv.) were added to
solutions of the azodicarboxylates 1 in acetonotrile at 20 °C, and the mixture was stirred until
the yellow color of the azodicarboxylates had disappeared. The solvent was evaporated in

vacuo.

2021 was synthesized from 82 mg

N,N’-Bis(i-propoxycarbonyl)-1-hydrazino-piperidine 6ce
(0.41 mmol) di-isopropyl azodicarboxylate (1¢) and 70 mg (0.82 mmol) piperidine (5e) (white

solid, yield 92 %, 109 mg, 0.379 mmol).
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"H NMR (CD:CN, 400 MHz): 5= 1.19-1.23 (m, 12 H), 1.27-1.39 (m, 2 H), 1.57-1.63 (m, 4
H), 2.56-2.82 (m, 4 H), 4.77-4.91 (m, 2H), 7.43 (br s, 1H).

13C NMR (CDsCN, 100 MHz): 22.2 (g, 4C), 24.0 (1), 26.5 (t, 2 C), 52.8 (t, 2 C), 70.6 (d, 2C),
157.3 (s, 2C).

N,N’-Bis(¢-butoxycarbonyl)-1-hydrazino-morpholine 6dd was synthesized from 102 mg
(0.443 mmol) di-#-butyl azodicarboxylate (1d) and 77 mg (0.88 mmol) morpholine (5d)
(white solid, yield 93 %, 130 mg, 0.410 mmol).

'"H NMR (CDsCN, 400 MHz): 6= 1.42 (s, 9 H), 1.44 (s, 9 H), 2.57-2.93 (m, 4 H), 3.65 (t, °J
=4.74Hz , 4 H), 7.32 (br s, 1H).

13C NMR (CD;CN, 100 MHz): 28.30 (q, 3C), 28.33 (g, 3C), 52.1 (t, 2C), 67.3 (t, 2C), 81.6 (s,
2C), 156.7 (s, 2 C).

N,N’-Bis(¢-butoxycarbonyl)-1-hydrazino-piperidine 6de was synthesized from 104 mg
(0.452 mmol) di-#-butyl azodicarboxylate (1d) and 77 mg (0.90 mmol) piperidine (Se) (white
solid, yield 81 %, 115 mg, 0.365 mmol).
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"H NMR (CD:CN, 400 MHz): 5= 1.25-1.43 (m, 20 H), 1.56-1.61 (m, 4 H), 2.50-2.87 (m, 4
H), 7.27 (br s, 1H).

13C NMR (CDsCN, 100 MHz): 24.0 (t), 26.5 (t, 2 C), 28.30 (g, 3 C), 28.33 (g, 3 C), 52.8 (t, 2
C), 81.2 (s, 2 C), 156.6 (s, 2C).

;\O)J\E,H\C[)I/O\K

O

6df

N,N’-Bis(¢-butoxycarbonyl)-1-hydrazino-pyrrolidine 6df was synthesized from 100 mg (0.434
mmol) di-z-butyl azodicarboxylate (1d) and 62 mg (0.87 mmol) pyrrolidine (5f) (white solid,
yield 76 %, 98 mg, 0.33 mmol).

'"H NMR (CDsCN, 400 MHz): 5= 1.42 (s, 9 H), 1.44 (s, 9 H), 1.69-1.74 (m, 4 H), 2.72-2.80
(m, 4 H), 7.30 (br s, 1H).

13C NMR (CDsCN, 100 MHz): 22.5 (t, 2C), 28.3 (q, 6C), 49.5 (t, 2C), 81.3 (s, 2C), 156.7 (s, 2
Q).
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Chapter 5

KINETIC EVIDENCE FOR OXAZOLIDINONE FORMATION
IN THE STEREOGENIC STEP OF PROLINE-CATALYZED
REACTIONS

Tanja Kanzian, Sami Lakhdar, and Herbert Mayr, Angew. Chem. 2010, accepted:

The results obtained by S. Lakhdar are not listed in the Experimental Section.

5.1 Introduction

The stereoselectivity of proline-catalyzed reactions of aldehydes or ketones with
electrophiles!! is usually rationalized by activation of the electrophile by the proton of the

carboxy group as depicted in the List-Houk transition state (TS-A) of Scheme 5.1.1%

~N

:/‘;'/ NE R?{N/TJ x’R:}(‘ N/E

<--xI

R’ Y
1l
Y
TS-A TS-B TS-C
(s-trans) (s-cis) (s-trans)
List-Houk Oxazolidinone mechanism

Scheme 5.1. Transition state models of the proline-catalyzed reactions of carbonyl

compounds with electrophiles.

Oxazolidinone formation had generally been considered as an unproductive dead end of the
reaction cascade®® until Seebach and Eschenmoser suggested that oxazolidinones, rather than
being ‘parasitic species’, may also play a decisive role in determining the stereochemical
course of proline-catalyzed reactions.””) In this mechanism, illustrated in Scheme 5.2, proline

and the carbonyl compound combine with formation of the oxazolidinone I-1, which
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undergoes ring-opening to furnish the s-cis and/or s-trans conformer of the
enaminocarboxylate 1-2. In order to account for the observed stereoselectivities, it was
assumed that TS-B (Scheme 5.1), which yields the more stable oxazolidinone, is favored over
the stereoelectronically preferred TS-C.®! Support for the involvement of an enamine
carboxylate I-2 has recently been provided by Blackmond and Armstrong, who reported that
the enantioselectivities of proline catalyzed reactions of aliphatic aldehydes with
azodicarboxylates are reversed in the presence of tertiary amines.!*! This reversal was
explained by a change from TS-A (Scheme 5.1) in the reactions without tertiary amines to
TS-C in the presence of amines, where the attack of the electrophile occurs at the s-trans
isomer of the enamine carboxylate. The role of the carboxylate group could not be clarified,
however, and it was suggested that CO, either acts as a steric blocking group, or in
accordance with Seebach/Eschenmoser, participates in the addition step.'

Traditionally, anchimeric assistance (neighboring group participation) has been derived from
stereochemical as well as kinetic investigations in a variety of reactions, e.g., solvolytic
displacement reactions, electrophilic additions and eliminations.””! Due to the conformational
flexibility of the intermediate enamines stereochemical investigations did not provide
unequivocal evidence for or against the formation of oxazolidinones in the stereogenic

step.!'! Therefore, we have now approached this problem with kinetic methods.

1.3 R -1 R

S e

==
—

R
1-2

Scheme 5.2. Crucial role of oxazolidinones in proline catalyzed reactions according to

Seebach and Eschenmoser."!
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In order to separate steric and electronic effects, we have studied the kinetics of the reactions
of the proline-, pyrrolidine-, and proline methyl ester derived enamines 17, 2, and 3 toward the
benzhydrylium ions 4a-4f and the quinone methides 4g-4j (Table 5.1). As shown previously,
their electrophilicities can be fine-tuned by variation of the para- and meta-substituents, while
keeping the steric surroundings of the reaction centers constant.!” The empirical
electrophilicity parameters listed in Table 5.1 show a continuous decrease of reactivity from

top to bottom by 8 orders of magnitude.
s O O O
w DBU N N N
N O — 00 OCHs
ij DBUH*
1 1~ 2 3

Table 5.1. Benzhydrylium ions 4a-f and quinone methides 4g-j employed as reference

electrophiles.
Electrophile E M
4a ® X =NMe, —7.02
4b X =N(CHy)4 —7.69
X X
4c @ n=>2 -8.22
4d ()” n=1 ~8.76
Me Me
de ® = ® n=2 945
4f M n=1 -10.04
49 Y=Ph;Z=0Me -12.18

Y =
4h Y=Ph;Z=NMe, -13.39
(0] 4
Y

4 Y=1Bu;Z=NO, -14.36
4 Y =tBu; Z=Me —15.83

[a] Empirical electrophilicity parameter £ for 4a-f from ref. [6] and for 4g- from ref. [7].
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5.2 Results and Discussion

The proline-catalyzed reaction of cyclohexanone with 4,4’-bis(dimethylamino)benzhydrol
(4a-OH) was recently reported by Cheng et al. to yield (S)-5a with 16% ee.l*! Under the same
conditions we have obtained (S)-5a with an ee of 24% (Scheme 5.3). The corresponding
reaction of the benzhydrylium salt 4a-BF, with the enaminocarboxylate 1, which was
obtained by treatment of the oxazolidinone 1 with 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU)
gave (R)-5a with 25% ee. The reaction of the quinone methide 4] with 1° yielded the o-
substituted cyclohexanone 5 with 81% de. While the enantiomeric excess of the major
diastereomer could not be determined, an ee of 53% was found for the minor diastereoisomer.

The reaction of 4a-BF, with the proline ester 3 yielded 5a almost in racemic form (0.7% ee).

O\( (25 mol%), (l
TFA (25 mol%)
O O CH,Cl,

4a-OH (S)-5a (70%; 24% ee)

o 0o
BF, 1. ‘

® DBUH* o
Me,N NM CH3CN

€2

2H30+ MezN NMez
4a-BF, (R)-5a (51%:; 25% e€)
[
N
(o]S) o
“rron CUsr g
o} 1- HO
tBu THF tBu
+
4i 2. H30 5] (65%; 81% de;

53% ee (minor diastereomer))

o OCHj,
BF,4 1.
® (0]
; Q)
Me,N NMe, CHZCN Me,N

4a-BF 5a (45%, 0.7% ee)

NMeZ

Scheme 5.3. Stereoselectivities of the reactions of cyclohexanone derived enamines with the

reference electrophiles 4a and 4.

223



Chapter 5: Kinetic Evidence for Oxazolidinone Formation in the Stereogenic Step of Proline-
Catalyzed Reactions

The rates of the reactions of 17, 2, and 3 with the electrophiles 4 were determined
photometrically in CH3CN at 20 °C by following the decrease of the absorbances of the
colored electrophiles 4. Reactions with k> < 10° M ' s were studied with stopped-flow
techniques, while the Laser-flash-photolytic generation of benzhydrylium ions was employed
for determining rate constants k» > 10° M™' s as described previously.”’ By using the
enamines 17, 2 and 3 in high excess over the electrophiles 4, first-order conditions were
achieved, and the first-order rate constants k.,,s were obtained from the observed mono-
exponential decays (Figure 5.1). From the linear plots of kos vs [17], [2], or [3] the second-
order rate constants k> were obtained which are listed in Table 5.2.

While the enamines 2 and 3 were used as pure samples, solutions of 1~ were freshly prepared
by treatment of 1 with one equivalent of DBU.”! The quantitative conversion of 1 to 1™ under
these conditions was demonstrated by kinetic investigations with solutions obtained from 1
with 0.95 or 1.3 equivalents of DBU.I"” Details are given in the Experimental Section

(Chapter 5.4).

05 - 80000 - Kobs = 6.07 x 10 [17] + 1.05 x 10*
R2=0.997
04 T 60000
‘ Kops / 57140000
03 r 20000
A
O 2 i O 1 1 1 1
' 0 0.0003 0.0006 0.0009 0.0012
[1]/m—
01}
O 1 1 1 1

0 20 40 60 80 100 120 140 160 180

t/uys —>

Figure 5.1. Exponential decay of the absorbance at 611 nm during the reaction of 1 (5.27 %
10 M) with laser-flash-photolytically generated 4b at 20 °C in acetonitrile (kops = 4.25 x 10*
sﬁl). Insert: Determination of the second-order rate constant k, = 6.07 x 10’ M ' s as the
slope of the correlation between the first-order rate constant ks and the concentration of the

enamine 1.
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Table 5.2. Second-order rate constants for the reactions of 1, 2 and 3 with reference

electrophiles 4 in acetonitrile at 20 °C.

Nucleophile Electrophile &, /M 's™

1 4b 6.07 x 10’
4c 3.03 x 107
4d 1.31 x 10’
4g 441 x10*
4h 1.35 x 10
4i 8.58 x 10°
2 4c 6.43 x 10°
4d 2.12 x 10°
4e 7.62 x 10*
4f 3.25 x 10*
3 4c 3.74 x 10*
4d 1.40 x 10*
4e 5.98 x 10°
4f 2.02 % 10°

[a] From ref. [18].

The second-order rate constants for the reactions of 2 with 4c—4f in acetonitrile (Table 5.2)
deviate from those, previously measured in dichloromethane solution!'" by less than a factor
of 3, in line with our previous observations that the rates of the reactions of carbocations with
neutral m-systems are only slightly affected by the nature of the solvent.'"? Plots of the
logarithms of the second-order rate constants against the empirical electrophilicity parameters

)31 is applicable

E of the reference electrophiles 4 are linear, showing that Equation (5.1
(Figure 5.2) which allows us to calculate the nucleophile-specific parameters N and s for the
enamines 1 (N = 18.86; s = 0.70), 2 (N = 16.42; s = 0.70), and 3 (N = 14.96; s = 0.68) in

acetonitrile.

log k(20 °C) = s(N + E) (5.1)
s = nucleophile specific slope parameter
N = nucleophilicity parameter

E = electrophilicity parameter
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Figure 5.2. Plots of log &, for the reactions of the enamines 17, 2, and 3 with the reference

electrophiles 4b—i at 20 °C in acetonitrile versus their electrophilicity parameters E.

The enamine ester 3 is about 15 times less reactive than the unsubstituted enamine 2, which
reflects the electron-withdrawing effect of the ester group. In contrast, the enamino
carboxylate 1" is 50 to 60 times more reactive than 2 and even 800 to 900 times more reactive
than 3 (Table 5.2, Figure 5.2). In line with earlier observations, the reactions of ordinary
enamines with the quinone methides 4g-4i in dichloromethane solution are
thermodynamically unfavorable, and 2 was found not to react with 4g—4i.!'¥

Can one rule out that the second-order rate constants listed for 1™ in Table 5.2 reflect the rates
of addition of the carboxylate group to the electrophiles 4 and that the isolated products 5 are
the result of thermodynamic product control? This possibility can rigorously be excluded for
the reactions of 1° with the quinone methides 4g-4i, as no decrease of absorbance was
observed when these electrophiles were combined with carboxylate ions, e.g.,
tetrabutylammonium acetate in acetonitrile (thermodynamically unfavorable). The
disappearance of the benzhydrylium ions 4b—4d in the reactions with 1" also cannot be due to
initial reactions of the carbocations with the carboxylate group, because previous studies on
the kinetics of the reactions of the amino-substituted benzhydrylium ions 4a—4f with
tetrabutylammonium acetate!'”! have shown that the reactions with carboxylate anions are

approximately 10 times slower than the reactions with 1™ (Table 5.2).
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Two reasons may account for the fact that 1™ is by far the most reactive enamine of this series
(Figure 5.2). One is anchimeric assistance of the electrophilic attack by the carboxylate group
as shown in TS-B/C of Scheme 5.1. The second one is electrostatic attraction between the
cationic electrophiles and the anionic nucleophile 17, which may contribute in the reactions
with the benzhydrylium ions 4b-4d. From the comparison of the rate constants for the
reactions of 4a with aniline (k» = 7.16 x 10° M s )" and the 3-aminobenzenesulfonate
anion (k, = 7.68 x 10* M™' s™') in acetonitrile, one can derive that Coulombic attractions may
be responsible for an acceleration of the cation-anion combinations in acetonitrile by a factor
of approximately 10."” As a consequence, Coulomb attraction can only partially account for
the high reactivity of 1~ with 4b, 4c, and 4d, and anchimeric assistance by the carboxylate
group must play a significant role.

This interpretation is corroborated by comparing the reactivities of the enamines 1” and 2
toward the neutral electrophiles B-nitrostyrene (6) and di-z-butyl azodicarboxylate (7), where
Coulombic attractions cannot contribute (Scheme 5.4). The observation that the
enaminocarboxylate 1™ reacts 107 times faster with B-nitrostyrene (6), but only 6 times faster
with the azodicarboxylate 7 than the enamine 2 (Table 5.3) indicates that the magnitude of the

anchimeric assistance is strongly dependent on the nature of the electrophiles.

(@] Ph
6 NO>
2. H0*
O\/(O
N
09
. —
DBUH CO,tBu
N=N
- 7 B
1 1. tBUO,C §  §OABu
7 N.
I\IIH
2.H30+ COztBU

Scheme 5.4. Reactions of B-nitrostyrene (6)) and di-r-butyl azodicarboxylate (7) with the

enamine 1.
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Table 5.3. Second order rate constants for the reactions of 1™ and 2 with B-nitrostyrene (6) and

di-#-butyl azodicarboxylate (7) in acetonitrile at 20 °C.

Electrophile Nucleophile &;/ M st

6 1 243 x 10°
2 2.27 x 10

7 1 1.80 x 10
2 2.99 x 107

From ref. [19].

5.3 Conclusion

The kinetic data presented herein thusprovide clear evidence for anchimeric assistance by the
carboxylate group in electrophilic additions to the enamino carboxylate 1. In combination
with the results of Blackmond and Armstrong!! these data support the proposal that
oxazolidinone formation may occur in the stereogenic step of proline-catalyzed reactions,™
particulary in the presence of strong bases. Our results do not affect the rationalization of the
stereoselectivities of a manifold of proline-catalyzed reactions by TS-A when the effective

le,20

nucleophile is an enaminocarboxylic acid !'**”! and not an enamino carboxylate anion.
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5.4 Experimental Section
5.4.1 General comment

The kinetics of the reactions of the enamines 1, 2 and 3 with the electrophiles 4-6 were
followed by UV-Vis spectroscopy at 20 °C.
For the reactions with k» < 10° M™" s

Photophysics SX.18MV-R or Hi-Tech SF-61DX2) was used. The kinetic runs were initiated

a stopped-flow spectrophotometer system (Applied

by mixing equal volumes of acetonitrile solutions of the electrophiles and the enamines 1, 2,
and 3.

For determining the rates of the reactions of the benzhydrylium ions 4 with 1~ with reaction
times below 10 ms, benzhydrylium ions were generated by laser-flash photolysis of solutions
of benzhydryl tri-n-butylphosphonium tetrafluoroborates (P-salt) in acetonitrile at 20 °C. A
solution of known concentration of the precursor in acetonitrile was mixed with a known
concentration of the enamine carboxylate 1” and the resulting colorless solution was then
irradiated with a 6.5-ns laser pulse (Innolas SpitLight 600 Nd:YAG laser, fourth harmonic at
A =266 nm: power/pulse of 40-60 mJ) to generate the benzhydrylium ions Ar,CH".

From the exponential decays of the absorbances at Ay, of the electrophiles 4, 6, and 7, the
first-order rate constants kops (s'l) were obtained. All kinetic measurements were carried out in
Schlenk glassware under exclusion of moisture. The temperature of the solutions during the
kinetic studies was maintained to within + 0.1 °C by using circulating bath cryostats and
monitored with thermo-couple probes that were inserted into the reaction mixture.

Solutions of 1~ were freshly prepared by treatment of 1 with one equivalent of DBU.
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5.4.2 Kinetic Experiments

Kinetics of thereactions of the enamine carboxylate 1" with the electrophiles 4b-d, 4g-i, 6
and 7

Rate constants for the reaction of 1" with 4b (precursor: 4b-"P(n-butyl);BF4, 40-P(nBu);-salt)
in CH3CN laser flash photolysis, 20 °C, 4 = 620 nm).

[170/M [4b-P(nBu)s-salt]o / M kops / ™!
1.76 x 10™ 1.14 x 107 1.98 x 10*
3.52 x10™ 1.14 x 107 3.31 x 10*
5.27 x 10™ 1.14 x 10 4.25 x 10*
7.03 x 10 1.14 x 10° 5.44 x 10*
8.79 x 10™ 1.14 x 107 6.39 x 10*
1.06 x 107 1.14 x 107 7.40 x 10*
80000
y = 6.07E+07x + 1.05E+04
60000 R? = 9.97E-01
F"U)
\8 40000
<
20000
O 1 1 1
0 0.0004 0.0008 0.0012
1T/ ™

ky=6.07x10" M s

Rate constants for the reaction of 1~ with 4c (precursor: 4c-'P(n-butyl);BF,", 4c-P(nBu)s-salt)
in CH3CN laser flash photolysis, 20 °C, 2 =611 nm).

[170/M [4c-P(nBu)s-salt]y / M Kobs /87!
1.76 x 10™ 1.10 x 107 7.48 x 10°
3.52x 10 1.10 x 10 1.37 x 10*
5.27 x10™ 1.10 x 107 1.87 x 10*
7.03 x 10 1.10 x 107 2.44 x 10*
8.79 x 10™ 1.10 x 107 3.01 x 10*
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1.06 x 10 1.10 x 107 3.40 x 10*

40000 y = 3.03E+07x + 2.70E+03

R? = 9.96E-01

. 30000
%
=, 20000
e
~

10000

0 1 1 1 1
0 0.0003 0.0006 0.0009 0.0012
[1T/™m

kry=3.03x10" M s

Rate constants for the reaction of 1" with 4d (precursor: 4d-"P(n-butyl);BF,, 4d-P(nBu);-salt)
in CH3CN laser flash photolysis, 20 °C, 4 = 627 nm).

16000

12000

8000

K obs / s7*

4000

17/ M [4d-P(nBu)s-salt]y / M kops / ™
1.56 x 107 1.02 x 107 4.43 x 10°
3.11x 10" 1.02 x 107 6.92 x 10°
4.67 x 10™ 1.02x 107 9.75 x 10°
6.23 x 107 1.02x107° 1.03 x 10*
7.79 x 107 1.02x107° 1.38 x 10*
9.34 x 10™ 1.02 x 107 1.45 x 10*

y = 1.31E+07x + 2.80E+03
R? = 9.71E-01

0 1 1 1 1 ]
0 0.0002 0.0004 0.0006 0.0008 0.001

[T/ ™
ky=131x10"Mm"' s
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Rate constants for the reaction of 1° with 49 in CH3CN (stopped-flow method, 20 °C,

A =422 nm).
[T]o/M [49]o /M [170/ [49]o Kops /8
2.87 x 10™ 1.54 x 107 19 1.43 x 10"
6.08 x 10™ 4.12 x 107 15 3.40 x 10!
1.22 x 107 4.12 x 107 30 6.30 x 10"
1.83 x 1073 4.12 x 107 44 7.96 x 10!
2.43 %107 4.12 x 107 59 1.20 x 10?
3.04 x 107 4.12 x 107 74 1.35 x 10?
[a] Deprotonated with 1.34 equivalents DBU.
160
120 L R? = 0.9869
" 100
\8 80
S 60
40
20
O 1 1 1 1
0 0.001 0.002 0.003 0.004
[1]/ M

k=441 x10* M s

Rate constants for the reaction of 17 with 4h in CH3CN (stopped-flow method, 20 °C,
A=1533 nm).

[1]0/M [4h]o /M [0/ [4h]o Kops /8!
5.57 x 107 2.28 x 107 24 9.90
6.08 x 10™ 4.17 x 107 15 1.12 x 10"
8.36 x 107 2.28 x 107 37 1.52 x 10
1.11 x 10738 228 x 107 49 1.96 x 10"
1.22 x 107 4.17 x 107 29 2.16 x 10!
1.83 x 107 4.17 x 107 44 2.69 x 10!
2.43 %107 417 x 107 58 3.78 x 10!
3.04 x 1073 4.17 x 107 73 4.38 x 10!

[a] Deprotonated with 0.95 equiv. DBU.
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50

y = 13529x + 3.5742
40

R? = 0.9908

© 30
£ 20
X
10
0 1 1 1 ]
0 0.001 0.002 0.003 0.004
[17/ M

k=135%x10*Mm"' s

Rate constants for the reaction of 1 with 4i in CH3;CN (stopped-flow method, 20 °C,
A =374 nm).

[170/M [4i]o/ M [170/ [4i]o kops / 57!
2.65 % 10™ 1.71 x 107 16 6.46 x 10™"
531 x 10" 1.71 x 107 31 9.41 x 107
7.96 x 107 1.71 x 107 47 1.10
1.06 x 107 1.71 x 10” 62 1.41
1.33 x 107 1.71 x 107 78 1.55

1.8

y = 858.27x + 0.4463
R? = 0.9863

15 -
1.2
0.9
0.6
0.3

O 1 1 ]
0.0015

Kobs / st

ky =858 x10° M s
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Rate constants for the reaction of 1 with 6 in CH3;CN (stopped-flow method, 20 °C,

A =340 nm).
[110/M [6]o/ M [170/ [6]o kobs / 8!

4.54 x 107 1.85 x 107 25 2.16 x 10"
6.82 x 107 1.85x 10 37 2.69 x 10!
1.14 x 107 1.85 x10™ 61 3.78 x 10!
1.36 x 107 1.85x 10™ 74 438 x 10!

50

40 L y = 2430.1x + 10.423

R? = 0.9995
30

20
10 F

K obs / s

0.000 0.005 0.010 0.015
17/ ™M
ky=2.43%x10° M5!

Rate constants for the reaction of 17 with 7 in CH3CN (stopped-flow method, 20 °C,
A =410 nm).

[170/M [7]0/ M [170/ [7]o kops / 7!
1.98 x 10 3.19 x 107 6 2.63 x 10"
2.23 x 107 3.19 x 10 7 3.18 x 10!
2.48 x 107 3.19 x 10 8 3.62 x 10!
2.97 x 1072 3.19 x 107 9 4.44 x 10"
50
y = 1803.4x - 8.8657
_4r R? = 0.9954
'c\n 30 |
g 20 |
4
10 +
0 1 1
0 0.01 0.02 0.03 0.04

1T/ ™
k=180x10M" s
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Kinetics of the reactions of the 1-(pyrrolidino)cyclohexene 2 with the electrophiles 4c-f

and 6

Rate constants for the reaction of 2 with 4c in CH3;CN (stopped-flow method, 20 °C,

A =620 nm).
[2]o/ M [4clo /M [2]o / [4cC]o kobs / 8!
5.70 x 107 8.87 x 10°® 6 3.37 x 10"
1.14 x 10* 8.87 x 10 13 6.65 x 10"
1.71 x 10™ 8.87 x 10°® 19 1.10 x 10?
2.28 x10™ 8.87 x 10°® 26 1.42 x 10?
3.42 x10™ 8.87 x 10°® 39 2.16 x 10?
240
200 |- y = 643030x - 3.6486
R? = 0.9987
F"m 160 |
\g 120
~ 80 |
40 |
0 1 1 1 ]
0.0000 0.0001 0.0002 0.0003 0.0004

[2]1 /™M
ky=643x10° M5!

Rate constants for the reaction of 2 with 4d in CH;CN (stopped-flow method, 20 °C,
A =630 nm).

[2]o/ M [4d]o /M [2]0 / [4d]o kobs / 8!
1.41 x 10™ 7.91 x 10° 18 3.01 x 10
2.82x 107 7.91 x 10° 36 5.64 x 10
423 x10* 7.91 x 10° 53 8.76 x 10
5.65x 10" 7.91 x 10° 71 1.18 x 107
7.06 x 107 7.91 x 107 89 1.49 x 10
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160
y = 211893 - 1.4955

R? = 0.9992

120

‘_I‘U)

> 80

2

X
40
O 1 1 1 1
0.0000  0.0002  0.0004  0.0006  0.0008

[2]/ M

kbh=2.12%x10°M" s

Rate constants for the reaction of 2 with 4e in CH3;CN (stopped-flow method, 20 °C,
A =630 nm).

[2]o/ M [4€], / M [2]0 / [4€]o kops / !
1.41 x 10™ 7.88 x 107 18 1.13 x 10
2.82x 10" 7.88 x 10 36 2.36 x 10!
423 x10* 7.88 x 10 54 3.29 x 10!
5.65x 10 7.88 x 107 72 4.62 x 10"
7.06 x 107 7.88 x 10 90 5.38 x 10

60

y = 76153x + 1.3169
R? = 0.9942

0.0002

0.0004
[2] /™M

0.0006 0.0008

0.0000

ky=7.62%x10* M s
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Rate constants for the reaction of 2 with 4f in CH3;CN (stopped-flow method, 20 °C,

A =620 nm).
[2]o/ M [4f]o /M [2]o / [4f]o kobs / 8!
5.70 x 10 7.69 x 107 7 1.40
1.14 x 10™ 7.69 x 107 15 3.27
1.71 x 107 7.69 x 107 22 5.02
228 x 10 7.69 x 107 30 7.85
3.42 % 10™ 7.69 x 107 44 1.04 x 10"
12 -
10 y = 32470x - 0.3346
. R® = 0.9843
o 8
3 6f
<~ 4}
2 L
0 1 1 1 1

0.0000 0.0001 0.0002 0.0003 0.0004
[2]/ M
ky=325%x10*Mm" s

Rate constants for the reaction of 2 with 6 in CH3;CN (stopped-flow method, 20 °C,
A =340 nm).

[2]o/ M [6]o/ M [2]o / [6]o Fobs / 8!
1.50 x 10 9.55 %107 16 2.87 x 107
3.00 x 107 9.55 %107 31 5.45 x 10
450 x 107 9.55 %107 47 9.45 x 107
6.00 x 107 9.55 %107 63 1.27 x 10

7.50 x 107

9.55 %107

79

1.63 x 107!
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0.2
y = 22.74x - 0.0088
o 015 R?=0.099067
2]
2 01t
[}
X
0.05 |
O 1 1 1 ]
0.0000  0.0020  0.0040  0.0060  0.0080

[2]/ M
ky=227%x10" M 5!

Kinetics of the reactions of 3-aminobenzenesulfonate anion with 4a

Rate constants for the reaction of 3-aminobenzenesulfonate anion (Nu) with 4a in CH3;CN
(stopped-flow method, 20 °C, 4 = 613 nm, the solution of 3-aminobenzenesulfonate anion was
freshly prepared before the experiment by adding one equivalent of NEt; to a solution of 3-

aminobenzenesulfonic acid).

[Nulo /M [4a], / M [Nu]o / [4a]o kops / 7!

1.23 x 10 1.08 x 107 114 7.16 x 10"

1.44 x 107 1.08 x 107 133 8.73 x 10!

1.65 x 107 1.08 x 10°° 153 1.04 x 10°

1.85 %107 1.08 x 107 171 1.19 x 10°
120

y = 76767x - 22.938
80 | R? = 0.9999

0.0000 0.0005 0.0010 0.0015 0.0020

[3-aminobenzenesulfonate anion] / M

ky=7.68x10* M5!
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5.4.3 Synthetic Experiments

BN
tBu
BORS
tBu
5
The oxazolidinone 1 (43 mg, 0.22 mmol) was dissolved in dry THF (10 ml) under Ar in a
two-necked flask (dried by heat gun at 1.2 mbar). The solution was cooled to 0 °C, DBU (33
ul, 0.22 mmol) was added, and the mixture was stirred for 30 min. Then a solution of 4j in
THF was added (68 mg, 0.22 mmol). The mixture was stirred for 1 h, and the reaction was
quenched with a diluted solution of acetic acid (5 ml) and extracted with ethyl acetate (3x).
The organic layer was dried over MgSQOs, filtered, and concentrated under vacuum. The
residue was purified by column chromatography on silica gel (15% AcOEt/pentane) to give 5]
as white solid (59 mg, 0.15 mmol, 68%, 81% de, 53% ee of the minor diastereomer). The
enantiomeric excess was determined by HPLC analysis on a Chiralpak AD-H column, A= 254

nm, eluent i-PrOH/n-hexane (2:98), flow rate= 0.7 mL/min; major diastereoisomer: tr = 6.66

min; minor diastereoisomer: tg = 7.77 (major enantiomer), 10.03 min (minor enantiomer).

Major isomer:

'H NMR (300 MHz, CDCl3): 6 = 1.41 (s, 18 H), 1.62-1.70 (m, 1 H), 1.75-2.02 (m, 5 H), 2.27-
2.35 (m, 4 H), 2.39-2.47 (m, 1 H), 3.23-3.31 (m, 1 H), 4.28 (d, 1 H, J=10.4 Hz), 4.97, (s, 1
H), 7.01-7.22 (m, 6 H). Additionally the following chemical shifts were found for the minor
isomer: 0 =4.18 (d, J=11.1), 5.01 (s).

Major isomer:

BC NMR (75.5 MHz, CDCls): 6 = 21.0 (q), 23.9 (t), 29.2 (1), 30.36 (q), 33.1 (1), 34.3 (q), 42.0
(t), 50.2 (d), 55.7 (d), 124.3 (d), 128.2 (d), 129.1 (d), 134. 2 (s), 135.3 (s), 135.5 (s), 140.7 (s),
151.9, 212.8 (s). Additionally the following chemical shifts were found for the minor isomer:
0=30.34,124.5,127.5,129.0, 133.4, 135.7, 141.4, 152.1, 213.1.
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DAD1 B, Sig=220,16 Ref=600,100 (D:\DATAKONSTANTINITANJATK127AD 2010-05-18 13-44-181031-0201.0)

AU 3
mAU | 8 ibq‘
il
i
| @
n}
250 |
200
160
100
| &
50 s & 8
& s D
e 8 4
A W S
0 u 1 -, S
5 10 15 20 min
Area Percent Report
Sorted By s Signal
Multiplier: A 1.0000
Dilution: £ 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD1 B, S5ig=220,16 Ref=600,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
] P | S el P
1 6.663 MF 0.5099 BB0A.62305 287.86795 90.5141
2 7.772 MM 0.4994 649.17511 21.66438 6.6722
3 10.031 MM 0.6411 273.76123 7.11683 2.8137
Totals : §9729.55939 316.64916
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