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Mechanistic Studies on the Bidentate Lewis Acid Catalyzed

Domino Inverse Electron-Demand Diels-Alder/Thiol

Transfer Reaction

Sebastian Beeck™ and Hermann A. Wegner*®

Recently, we presented a novel enantioselective multicompo-
nent reaction of phthalazines, aldehydes and thiols accessing
thioether-substituted 1,2-dihydronaphthalenes. Herein, a com-
prehensive investigation on the mechanism of this domino
inverse electron-demand (IEDDA)/thiol transfer reaction is
disclosed. In particular, the origin of the stereochemical out-
come has been rationalized, as well as structural requirement of
the thiol component for an efficient transfer step. Detailed NMR

Introduction

Efficiency is one key aspect for evaluating a synthesis route and
in particular the number of steps involved - referred to as step
economy. Each additional synthesis step reduces the overall
yield, consumes further energy and resources, and requires
time!" and effort. The incorporation of multicomponent reac-
tions (MCRs) into a synthetic strategy represent an appealing
way to meet the demand for short synthesis routes, as they can
be used to build up versatile structures in a single step.”’ Their
capability has been demonstrated in countless drug and total
syntheses.” Moreover, MCRs open up access to a whole range
of biologically active substances.” In the past, we incorporated
the bidentate Lewis acid catalyzed inverse electron-demand
Diels-Alder (IEDDA) reaction in various domino processes
combining diazenes, aldehydes and amines in efficient MCR
processes.”’ Recently, we presented an enantioselective, three-
component reaction, which gives preparative access to so far
unexplored thioether substituted trans-1,2-dihydronaphtalenes
(4) (Scheme 1).9' In this method simple and readily available
phthalazine (1), an aldehyde 2 and a thiol 3 were subjected to a
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spectroscopy studies uncover a competing reaction pathway
resulting in N,S-acetals. In addition, DFT computations illumi-
nate the mechanism of the group transfer process and enable
an explanation for the formation of the most dominant by-
product. The insights allow a direct prediction of suitable
substrates for the reaction and provide the basis for further
developments of novel stereoselective domino reactions.
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Scheme 1. Multicomponent process between phthalazine (1), an aldehyde 2
and a thiol 3 enabling efficient access to the library of thioether substituted
trans-1,2-dihydronaphthalenes 4.

tandem catalyzed inverse electron-demand Diels-Alder (IEDDA)
reaction. Phthalazine (1) is activated by the bidentate Lewis
acid 9,10-dimethyl-9,10-diboraanthracene (Me,-DBA, 5) for the
IEDDA step with an in situ formed enamine. The absolute
stereochemistry is controlled by a newly developed chiral amine
catalyst 6a.

Although a preliminary mechanism has been proposed in
our initial study, detailed investigations have not been done.
Open questions are: How does the chirality of the catalyst
translate into the product? Why are electron rich thiols not
effective in the transformation, although they should exhibit
the higher nucleophilicity? What is the reason for the long
reaction times in comparison to the very similar domino IEDDA-
amine transfer reaction? In order to clarify these issues, we
separately investigated the individual stages of the overall
reaction sequence by NMR experiments and DFT computations.
The first stage is the formation of the dienophile and diene,
which is marked by a network of equilibria and the most
dominant ones are now identified. Next, the IEDDA step has

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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been addressed focusing on the transition states to rationalize
the observed enantioselectivity. Finally, the details of the group
transfer reaction have been looked at, especially studying the
nature of the applied thiol.

Mechanistic Proposal

We have demonstrated in multiple examples, that Me,-DBA 5 is
a suitable bidentate Lewis acid (BiLa) to activate phthalazines in
IEDDA reactions with enamines.” Enamines are also key
intermediates in various organocatalytic transformations, where
enantioselectivity is established by chiral secondary amines.”
The IEDDA/group transfer domino process investigated in this
study combines the Bila activation of phthalazine with the
asymmetric feature of organocatalysis. Our proposed orthogo-
nal mechanism® starts with the activation of phthalazine (1) by
complexation with LA catalyst 5 (Scheme 2).'” In this complex,
the LUMO level is lowered to endorse the [4+- 2] cycloaddition
with enamines under moderate conditions."” In parallel, an
aldehyde 2 and chiral secondary amine 6 generate the
dienophile, the chiral trans-enamine 7. Enamine 7 and complex
A pass through the central IEDDA reaction to give intermediate
B. The chiral elements at the amine determine the spatial
arrangement between diene and dienophile, which defines the
stereochemistry in this method. Subsequently, LA catalyst 5 is
recovered and nitrogen is cleaved from DA product B, leaving
the o-quinodimethane intermediate C. At this point in the
reaction sequence, thiol 3 undergoes a group exchange
reaction with intermediate C while the amine catalyst 6 is
released. Simultaneously, aromaticity is re-established and the
final thioether-1,2-dihydronaphthalene product 4 is formed.

The entire mechanism can be divided in three sections: First
the generation of the electron-deficient diene and electron-rich
dienophile, then, the IEDDA reaction itself and finally, the
concluding group transfer reaction. These three parts were
studied separately.

R' Formation of
Dienophile

H3C\B
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Methods
NMR Studies

Air sensitive NMR samples were prepared in a glovebox under
inert conditions. Proton NMR ("H NMR) measurements were
used to study reaction equilibria in solution and to detect long-
lived intermediates. In addition, the progress of the reaction
was followed by NMR spectroscopy. For this purpose, samples
of the reaction solution were taken, from which the volatile
components were removed, the residues re-dissolved in a
deuterated solvent and the NMR spectra measured. In this way,
it was checked, for example, whether the phthalazine had been
completely converted.

Computational Studies

Initial geometries were optimized utilizing the M06-2x func-
tional and def2-tzvpp basis sets (1 atm, 335 K). Previous studies
proofed the M06-2x functional as especially reliable."? Addition-
ally, the method reproduces well the asynchronous bond
formation processes in DA reactions."™ A triple-C basis set with
two sets of polarization functions was picked, because polar-
izable third row elements, namely silicon and sulfur, are
involved in the reaction. It was expected that non-covalent
interactions (NCls) have a significant impact on the course of
the reaction. One option to account for this effect in DFT
optimizations is to incorporate empirical dispersion corrections
(e.g. developed by Grimme and coworkers).'"" However, the
MO06-2x functional benefits little from this correction,"*'? due
to the way it is parametrized. Optimizations were comple-
mented by frequency computations to check that there are no
imaginary frequencies in ground states and solely one coherent
imaginary frequency in transition states. Transition states were
also related to ground states by intrinsic reaction coordinate
(IRC) plots. Furthermore, single point energy values of the DFT
optimized geometries were refined by DLPNO-CCSD(T)/def2-
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Scheme 2. Mechanistic proposal of the enantioselective IEDDA/group transfer reaction.
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tzvpp computations. Frontier molecular orbitals were illustrated
on wB97x-D/cc-pVTZ computational method.

Results and Discussion
Formation of Diene and Dienophile

DA reactions are second order reactions and, hence, depend on
the concentrations of the diene and dienophile. In this method,
the dienophile, enamine 7, as well as the diene, the
phthalazine-LA complex A are generated in situ by equilibrium
reactions. Thermodynamic considerations of the A,G values
obtained from calculations indicate the status of these
equilibria (Scheme 3). A A,G value of —6.4kcal-mol™' was
calculated for the exergonic formation of the phthalazine-LA
complex A. Conversely, computations on the formation of
enamine 7b gave a AG value of 1.3 kcal-mol™'. The amine-
enamine equilibrium position is therefore located on the amine
side with an amine/enamine ratio of 94:6. This observation
corresponds to the fact that similar synthetic methods with
enamine intermediates often require an excess of both amine
and aldehyde to ensure a sufficient level of enamine concen-
tration in the reaction mixture. However, using an excess of
amine is not beneficial in the IEDDA/thiol transfer reaction
described here, since secondary amines can react as exchange
groups, which would generate the amine substituted by-
product.”? Catalytic amine loadings of 20 mol% have been
proven as a practical compromise between reaction time and
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Scheme 3. Computational simulations and 'H NMR experiment on the
formation of enamine 7 b from secondary amine 6a and isovaleraldehyde
2a as well as the formation of phthalazine-Me,-DBA complex A. The A,.G
values were calculated on DLPNO-CCSD(T)/def2-tzvpp//M06-2x/def2-tzvpp
(1 atm, 335 K) level of theory. 'H NMR experiment: amine 6a (20.5 pL,

50.0 umol, 1.00 equiv.) and isovaleraldehyde 2a (40.2 pL, 375 umol,

7.50 equiv.) were dissolved in dry THF-dg (1.0 mL) and a 'H NMR spectrum
was measured.
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the amount of side products formed. In addition, an aldehyde/
amine ratio of 7.5:1.0 was found to be superior in the IEDDA/
thiol transfer reaction. An aldehyde/amine mixture with this
ratio was analyzed by 'H NMR spectroscopy (see Supporting
Information Figure S2). In this way, the starting materials were
present in the same concentrations as in the IEDDA/thiol
transfer reaction. The amine 6a was not detectable in this
experiment, because the equilibrium is shifted to the enamine
7 a, due to the 7.5-fold excess of aldehyde 2a. The configuration
of the enamine double bond is essential for the further course
of the reaction. Comparison of calculated AG values showed
that the trans-configuration is preferred in relation to the cis-
isomer by 2.3 kcal-mol~". Accordingly, enamine 7b was identi-
fied in the "H NMR spectra only in its trans-configuration.

The IEDDA Step

We demonstrated that the stereoselectivity of the method is
unaffected by the choice of thiophenol used and concluded
that the enantioselectivity is established in the IEDDA step.®
The arrangement of the phthalazine-catalyst complex A and the
enamine 7 in the IEDDA transition state control the course of
this step. Due to the C, symmetry of the phthalazine-Me,-DBA
complex A enamine 7 can be arranged in four different
orientations in both relevant sectors of the Me,-DBA-phthala-
zine complex A. As discussed above, only the trans-isomer of
the enamine is considered, resulting in the trans-arrangement
of iso-propyl-group and amine. These four arrangements result
in four different reaction pathways (Scheme 4), which were
simulated separately by DFT computations. The relative Gibbs
energy diagram is exemplary shown for pathway IV (Figure 1).
Our investigations indicated similar trajectories for all four cases.
Two separated activation barriers can be distinguished for each
of the two C—C bond formations displaying a non-concerted
pathway for the IEDDA step. In the first stage, the C—C bond
between phthalazine and the C-atom of the enamine double
bond with a larger orbital coefficient is formed, followed by the
second C—C bond. The first barrier via TS1 is higher in energy
than the second one TS2, separated by a metastable inter-
mediate Int. The overall reaction sequence is slightly exergonic.
Similar observations have been made by us as well as others
(e.g. Houk and co-workers for the IEDDA reaction of 1,2,3-
triazines)."®

The reaction pathway via IV_TS1 and IV_TS2 was found to
be the lowest energy pathway (Table 1). This reaction corridor
leads to the o-quinodimethane enantiomer C-2, which ulti-
mately yields the (1R,2S)-enantiomer of product 4. Pleasingly,
the computational results are consistent with experimental
data, as (1R,2S)-enantiomer is also the main stereoisomer in the
IEDDA/thiol group exchange reactions.

The Group Transfer Step

More than 20 different thiols, including aliphatic, heterocyclic
and thiophenolic ones were screened in our initial study.”
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Scheme 4. Four arrangements of trans-enamine 7 b and phthalazine-LA complex A are possible in the IEDDA step. Each of these arrangements leads to a
different reaction pathway and produces either o-quinodimethane enantiomer C-1 or C-2.
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Figure 1. Relative Gibbs energy profile for the IEDDA reaction from enamine 7b and intermediate A to product B. Structures were optimized at the M06-2x/
def2-tzvpp level of theory (1 atm, 335 K) and energies were computed at DLPNO-CCSD(T)/def2-tzvpp.

Table 1. Relative Gibbs energy levels of stationary structures in the four
potential reaction pathway A to D. Thereby, thiophenols with different substitution patterns were
Entry reaction pathway AAG s #/kcal-mol ! investigated including the effect of ortho-, meta- and para-
TS1 Int TS2 position. In the case of chlorothiophenols for all isomers a
1 | 215 138 15.1 similar outcome was observed. Hence, we concentrated in the
2 Il 18.1 8.6 13.0 current study on para-substituted thiophenols (Table 2). Sub-
3 tn 15.0 7.5 10.5 strates with electron-withdrawing moieties, inclusive unsubsti-
4 v 125 88 ne tuted thiophenol (3d), gave moderate to good yields of the
[a] The AAGs;5¢ values were calculated on DLPNO-CCSD(T)/def2-tzvpp// final thioether products 4 (entry 1-4), while with 4-meth-
MOG-2x/def2-tzvpp (1 atm, 335 K level of theory. ylthiophenol (3e) the elimination product 8 was formed

(entry 5). This notable result can be explained by the proposed
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Table 2. Scope of para-substituted thiophenoles. The entries are sorted by
increasing nucleophilicity of the corresponding thiophenolate."”

Me,-DBA 5 (5 mol%),

CH. O amine 6a (20 mol%),
3 SH THF, 65 °C (oil bath OO

+ J+ - : 4a-f + CH
L) Hac)\) R - H,0 ®

N-N -N2 CHs
1 2a 3a-f 8
1.0 equiv. 1.5 equiv. 2.0 equiv

Entry Thiophenol 3a-f Yield 4a—f*" Yield 8%

SH rCHa

1 /©/ S CHs 0%
O,N
SH '/,(CH3 .
2 [ ] S CHs 0%
FaC ©/
FsC
SH . o
3 oy C ;
S CHs 0%
c' I
cl
SH ‘w, CHs3
I e L
SH rCH3
5 S CHs 51%
HaC /©/
HsC
6 /©/ S CH 0%
H3C\O /©/ 3
HiCx

Reaction conditions: phthalazine (1) (1.0 mmol, 1.0 equiv.), isovaleralde-
hyde (2a) (1.5 mmol, 1.5 equiv.), thiol (2.0 mmol, 2.0 equiv.), dry THF
(4.0 mL). [a] Given yields are after purification by column chromatography.
[b] E.r.s were determined by chiral HPLC.

mechanism of the group transfer step and the frontier molecule
orbital (FMO) analysis given later in this article.

The IEDDA/group transfer reaction with 4-meth-
oxythiophenol (3f) as exchange group proceeds atypically,
because none of the expected products 4f or 8 were observed
and phthalazine (1) was not consumed in the presence of this
thiophenol (Table 2, entry 6). Obviously, the IEDDA steps did
not proceed and we speculated that either the formation of
phthalazine-LA complex A or enamine 7a was intercepted as
soon as 4-methoxythiophenol (3f) is present in the reaction
mixture. Thiols are nucleophiles, but also Lewis bases. As such,
they might bind to the boron catalyst 5 and affect the
formation of phthalazine-Me,-DBA complex A, the activated
diene. The influence of 4-methoxythiophenol (3f) on the
formation of the BDLA-phthalazine complex A was investigated
via a NMR experiment. For this purpose, a 1:1 mixture of
phthalazine (1, 1.0 equiv.) and Me,-DBA 5 (1.0 equiv.) was
prepared in THF-d8. Then, 4-methoxythiophenol (3f, 2.0 equiv.)
was added and a 'H NMR spectrum was measured. No signals
in this spectrum could be assigned to a complexation between

Eur. J. Org. Chem. 2023, 26, 202201289 (5 of 8)

4-methoxythiophenol (3f) and Me,-DBA 5. Hence, an influence
on the formation of the activated diene A could be excluded.
Much more likely, 4-methoxythiophenol (3f) influences the
formation of enamine 7. In one way, 4-methoxythiophenol (3f)
could react with isovaleraldehyde (2a) to form a dithioacetal.
Nevertheless, with two equivalents of thiol, as it was used in the
standard procedure a maximum of one equivalent aldehyde is
abstracted from the reaction mixture, but 0.50 equivalents of
aldehyde would remain to form enamine 7 together with
secondary amine 6. In this way, the IEDDA reaction would be
slowed down, but not completely prevented. Since no
thiophenol is then available for the group exchange step,
amines are eliminated form intermediate C. In this situation, the
main product is naphthalene 8, as it is formed, for example,
when 4-methylthiophenol (3d) is used. Interestingly, when
mixtures of thiophenol (3d) and 4-methoxythiophenol (3f) in
different ratios were subjected to the Bila-catalyzed IEDDA/
thiol transfer reaction phthalazine (1) was also not consumed
(Scheme 5).

The fact, that even 0.5 equivalents of thiol 3f are sufficient
to inhibit the IEDDA step made the formation of a N,S-acetal
from the enamine and the thiol more feasible. To verify this
possibility, enamine 7c was prepared as a test system
(Scheme 6). Enamine 7c¢ and 4-methxythiophenol (3f) were
then dissolved in a 1:1 ratio in THF-d8 and analyzed by 'H NMR
spectroscopy. It revealed, that enamine 7c was completely
converted to the N,S-acetal 10. Hence, we can conclude that
this method is limited by the nucleophilic character of the
employed thiol. If the thiol is too nucleophilic, it converts the
enamine more rapidly in a side reaction to the N,S-acetal, which
prevents the intended IEDDA step.

Furthermore, the mechanism of the group transfer step was
studied using computations. The reaction pathway for each of
the para-substituted thiophenols 3a to 3f were calculated and
is exemplarily shown for thiophenol (3d) with intermediate C
(Figure 2). In a concerted process, first the acidic proton of the
thiol is transferred to the amine group of intermediate C. This is
followed by the nucleophilic attack of the thiophenolate on the

Me,-DBA 5 (5 mol%),

SH SH :
amine 6a (20 mol%),
CHj; ? THF, 65 °C (oil bath)
4 + + — %> 4d + 4Ff+ 8
\ 7 H3C)\) - Hy,0
N-N e} - N,
“CH3
1 2a 3d 3f

1.0 equiv. 1.5 equiv.
A: 1.0 equiv. 1.0 equiv

B: 1.5equiv. 0.5 equiv.

Scheme 5. Two IEDDA/thiol transfer reactions with mixtures of thiophenol
(3d) and 4-methoxythiophenol (3f) in different ratios. All other reaction
conditions were maintained compared to the standard procedure. Exper-
imental details: phthalazine (1) (131 mg, 1.00 mmol, 1.00 equiv.), isovaler-
aldehyde (2a) (161 pL, 1.50 mmol, 1.50 equiv.), A: thiophenol (3d) (104 pL,
1.00 mmol, 1.00 equiv.), 4-methoxythiophenol (3f) (123 uL, 1.00 mmol,
1.00 equiv.), B: thiophenol (3d) (156 pL, 1.50 mmol, 1.50 equiv.), 4-meth-
oxythiophenol (3f) (61.5 L, 500 pmol, 0.500 equiv.), Me,-DBA 5 (10.2 mg,
50.0 umol, 5.00 mol %), chiral amine 6a (81.8 puL, 200 pmol, 20.0 mol %) dry
THF (4.0 mL), 65 °C, 12 days. Conversion of phthalazine (1) was followed by
'H NMR. In both experiments, no phthalazine (1) was converted.
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Scheme 6. Preparation of enamine 7 ¢ as a test system to investigate the
formation of N,S-acetal 10. Experimental details on synthesis of 7 c:
isovaleraldehyde (2a) (1.07 mL, 10.0 mmol, 1.00 equiv.), pyrrolidine (9)
(0.821 mL, 10.0 mmol, 1.00 equiv.), dry THF (20 mL), five pellets of molecular
sieve. Crude enamine 7 c was purified by distillation (55 °C, 4.0 mbar). NMR
experiment: Enamine 7 c (157 pL, 1.00 mmol, 1.00 equiv.), 4-meth-
oxythiophenol 3f (123 pL, 1.00 mmol, 1.00 equiv.) were dissolved in dry THF-
d8 (2.0 mL). The mixture was stirred for 30 min at 65 °C, then 1.0 mL was
transferred to a NMR-tube and a 'H NMR spectrum was measured. The
enamine double bond signals at 4.00 ppm (dd) and 6.09 ppm (d) were
completely quenched.

R2
R2
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HsC—ZB-<BscH o . R
X R R?
A 7a 3 R'
R'=0TBS 10
-N strongly nucleophilic thiophenols
IEDDAJ| Mze DBA5 form N,S-acetals 10
-
k4
R1//”»,
d D
“R2
c 8

thiophenolates with high electron density
at S-atom lead to elimination product 8

Group Transfer || + R3/SH
Reaction 3
- 6a

| "R? thiophenols bearing electron withdrawing

.S substituents give
R® . 1,2-dihydronaphthalenes 4

and enantiomer

Scheme 7. Thiophenols with different nucleophilic potential lead to different
products in the course of the reaction. Three different situations were traced:
The formation of N,S-acetals, the elimination and the product forming
process.

carbon atom with simultaneous cleavage of the secondary
amine. A separation of thiophenolate and protonated inter-
mediate C after the proton has been transferred is rather
unlikely, because the calculated barrier is approximately
90 kcal-mol™". This conclusion is supported by experimental
data. Since syn-1,2-dihydronaphthalenes might be formed
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Figure 2. Relative Gibbs energy profile for the group transfer reaction from
intermediate C and thiophenol (3d) to product 4d. Structures were
optimized at the M06-2x/def2-tzvpp level of theory (1 atm 335 K), and
energies were computed at DLPNO-CCSD(T)/def2-tzvpp.

when these ions are separated. However, syn-products were not
found in any of the executed IEDDA/thiol transfer experiments.

The calculated AAG™ values and the C-S distances in the
TS¢r increase proportionally with the increasing nucleophilicity
of the corresponding thiophenolates in the series of para-
substituted thiophenols 3a to 3f (Table 3). To illuminate this
assessment, the FMOs of the thiophenolates E to J and the
protonated intermediate D were calculated at ®wB97X-D/cc-
pVTZ level of theory (Figure 3)."® The representative FMOs are
exemplified by thiophenolate. Qualitative analysis of the FMOs
indicated, that the overlap of HOMO-14,g..e @and LUMOy, is the
most relevant attractive orbital interaction. This is countered by
repulsion between HOMO-1,¢1,te and HOMO,,. The p-orbital of
the S-atom is the major contributor to HOMO-10ate-

In the series of thiophenolates E to J, the electron density at
the S-atom increases. Along with this the orbital coefficient of
the p,-orbital becomes larger and HOMO-1 gets bulkier. But the
sequential larger orbital overlap between HOMO-1,.e and
LUMO, is overcompensated by repulsion between HOMO-
Tthiolate aNd HOMOp, causing higher AAG™ values and larger C-S
distances in the TS¢; (Table 4).

Table 3. Relative energy levels of the activation barriers and C-S distances
in the transition states of the group transfer reactions with different para-
thiophenols.”’

Entry  Thiophenol AAG* C-S-distance
/keal-mol™ /A
1 4-nitro-thiophenol 3a 19.9 2.30
2 4-(trifluoromethyl)-thiophenol 3b  21.0 2.34
3 4-chloro-thiophenol 3¢ 219 2.36
4 thiophenol 3d 21.9 239
5 4-methylthiophenol 3e 229 2.41
6 4-methoxythiophenol 3 f 224 2.42

[a] Geometries were optimized at the M06-2x/def2-tzvpp level of theory
(1 atm, 335K), and energies were computed at DLPNO-CCSD(T)/def2-
tzvpp.
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Table 4. Charge densities at the S-atom in the series of thiophenolates E dienophile, the IEDDA step and the final groups transfer. In
to J.¢ particular, we wanted to understand why thiols, which

represent supposedly better nucleophile do not automatically
lead to better yields or higher reaction rates (Scheme 7). In fact,
thiols with strong nucleophilic character do not convert to the
expected products at all. We demonstrated, that the use of
such thiol interrupts enamine-based reaction processes. Instead,
—0.651 N,S-acetals are formed. In the IEDDA key step the enantiose-
lectivity is determined. In the present process this step proceeds

R
E
CF3
F
@CI though a stepwise mechanism. In addition, we were able to
O
H
CH3
1
O\
CHs
J

Entry Thiophenolate Charge density at S

S
—0.589

e}
©
©
—0682 locate a plausible arrangement of the enamine and phthala-
zine-LA complex resulting in the main enantiomer of the
~0.702 thioether product. FMO analysis of the group exchange reaction
showed that a higher electron density at the sulfur atom leads
to a larger reaction barrier of the exchange step. This makes the
elimination reaction more likely compared to the thiol
exchange reaction and explains the formation of product 8
6 S@ 0724 when 4-methylthiophenol (3 e) is used as exchange component.
Understanding the mechanism of this process will provide
valuable knowledge to design other novel MCRs. In general,

detailed insights into chemical processes improve our under-
standing of how structure is related to reactivity.

G

(0]

L)
S
S
os— )\
—0.710
O

[a] Charge densities were calculated at ®B97X—D/cc-pVTZ (335K, 1 atm)
level of theory.

Experimental Section

Standard procedure of the IEDDA/group transfer reaction:® In a
nitrogen filled glovebox phthalazine (1) (131 mg, 1.00 mmol,
1.00 equiv.) and Me,-DBA 5 (10.2 mg, 5.00 mol, 5.00 mol%) were
suspended in dry THF (4 mL). Then, isovaleraldehyde (2a) (161 pL,
1.50 mmol, 1.50 equiv.) was added and the reaction vessel was
sealed. The reaction set-up was continued under Schlenk conditions

HOMO,,

attractive - —H—
P

/" HOMO-1, ‘g

LUMO, Kk , ;

outside the glovebox. Afterwards, thiophenol 3 (2.00 mmol,
@SQ 2.00 equiv.) was added, followed by amine 6b (81.8 uL, 20.0 pmol,
H 20.0 mol%). The bright yellow suspension was stirred at 65 °C (oil

bath) for several days. The reaction progress was monitored by
'H NMR. After full conversion of phthalazine (1) the mixture was
concentrated under reduced pressure. An orange oil was obtained.
@ Si=CH, The crude product was purified by flash column chromatography
HN e} e . . . . .
(silica gel) and was isolated as a colorless oil. The enantiomeric ratio

quHS was determined by chiral HPLC.

CHs Further experimental data like characterizations, original spectra,
D etc,, is provided in the Supporting Information.

Figure 3. The leading frontier molecule orbitals in the group transfer step.

LUMO, and HOMO,, of intermediate C are depicted at the left site and the

HOMO-1 of thiophenolate H at the right site. The molecular orbitals are Acknowledgements
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