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In this chapter, the mechanism of a palladium-catalyzed arylation is investigated, based
on the experimental results provided by our collaborators in the group of Prof. Esther
Lete and Prof. Nuria Sotomayor from the University of the Basque Country. They per-
formed intramolecular Fujiwara-Moritani reactions, whose outcome depended heavily
on the protecting group of the aniline substrate. Mixtures of 6-endo and 5-exo cyclization
products were obtained and, through the evaluation of the possible mechanisms, the
results were rationalized.
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Chapter 4. Regioselectivity of a Palladium-Catalyzed Intramolecular Fujiwara-Moritani Reaction

4.1 Context

This chapter of the thesis is based on a collaboration carried out with experimental
researchers. The experimental reactions were performed in the group of Esther Lete and
Nuria Sotomayor, from the University of the Basque Country (UPV/EHU). For more infor-

mation, please see the full article available in the appendix.

The investigations carried out by the author of this thesis are exclusively computa-
tional and will be presented in the results and discussion section. The aim of this section
is to provide a context for these investigations by introducing the nature of the chemis-
try, as well as briefly discussing the aim, procedures and results of the experimental

studies.

4.1.1 Objective

The aim of the experimental study conducted by our colleagues was the synthesis of
1,4-dihydroquinolines. For this purpose, they performed intramolecular Fujiwara-Mori-
tani reactions on N-protected substituted anilines. The reaction proceeds with catalytic
amounts of palladium(Il), which must be regenerated using an oxidant. By using a di-

verse set of alkenes, the synthesis of 4-substituted-1,4-dihydroquinolines is expected.

MeO R Pd(ll) MeO R
Ly = 0
|
MeO l}l MeO l}l
Y\\o Y\\O

Figure 4.1. Synthesis of 1-4-dihydroquinolines by means of intramolecular Fujiwara-Moritani reaction.

4.1.1.1 1,4-dihydroquinolines

Hydroquinolines are important building blocks of several natural products, some of
which have shown interesting biological activity.' In particular, 1,4-dihydroquinolines
have attracted special attention (Figure 4.2). 4-Oxo0-1,4-dihydroquinolines, also known as
quinolones, show a wide range of biological activity, mainly bactericidal. They constitute
family of broad-spectrum antibiotics; the second generation fluoroquinolone ciproflox-
acin has been one of the most consumed antibacterial agents wordwide.? They also target
several biologically interesting sites, such as cannabinoid receptor,® STAT transcription
factors (with an important role in carcinogenesis)* and the CFTR protein’, a protein

whose malfunction causes cystic fibrosis.
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(broad-spectrum antibiotic) (efflux pump inhibitor) (brain targeter systems)

Figure 4.2. Biologically active 1,4-dihydroquinoline derivatives.

Other types of 1,4-dihydroquinolines include N-benzyl-4-phenyl-1,4-dihydroquino-
line derivatives, which have shown efflux pump inhibition,® a mechanism responsible of
the multi-drug resistance present in cancerous cells. Brain-specific chemical delivery
systems have been developed using a set of N-mehtyl-3-carboxyl-1,4-dihydroquinon-

lines.”®

4.1.2 State of the art

4.1.2.1 Intramolecular palladium-catalyzed arylation reactions

The reaction studied in the present work is a Fujiwara-Moritani reaction (also called
dehydrogenative or oxidative Heck reaction). The reaction consists in the alkenylation
of aryl groups using palladium complexes (a, Scheme 4.1). It is considered a cross-cou-
pling reaction, as a new C-C bond is being formed using a metal catalyst (b, Scheme 4.1).
It can also be classified as a variant of the Mizoroki-Heck reaction of arenes (¢, Scheme

4.1), though it does not require the presence of a leaving group (X = halide, triflate).

\ / \

a) Fujiwara-Moritani reaction b) Cross-coupling reaction ¢) Mizoroki-Heck reaction
H  / [pd A/ M H  [pqg R/
Ar—H + = — = R-H + H-R b geg R-X + = — =

\ ’ \

Scheme 4.1. Fujiwara-Moritani reaction and related organometallic reactions.

The reaction was first reported in 1967 by Ichiro Moritani and Yuzo Fujiwara.’'° By
that time, Fujiwara and Moritani were studying the stereochemistry of the substitution
of olefins with nucleophiles by acetoxylating styrene with palladium chloride(Il) and ace-
tic acid. The reaction used benzene as solvent and, to their surprise, the coupling be-

tween styrene and benzene was observed, providing stilbene as one of the products

(Scheme 4.2).
‘ OAc
X PdCl, O X
9t .
benzene
AcOH

Scheme 4.2. First dehydrogenative Heck reaction reported, performed by Fujiwara and Moritani.
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In later works, reaction conditions were optimized," palladium loading was lowered
using oxidants (initially, AgOAc),"* and the scope was expanded."® The reaction was stab-
lished as an effective alkenylation method of arenes and heteroarenes with the use of
directing groups.’® The majority of the reported Fujiwara-Moritani reactions are inter-
molecular, although the intramolecular variant of the reaction has also been investigated

since the first example reported by Norman and coworkers (Scheme 4.3)."

R R R R
Pd(OAc), (1 eq.)
—_—

| AcOH, 80 °C
R = Me, Ph R = Me, Ph

Scheme 4.3. First intramolecular Fujiwara-Moritani reaction, by Norman and coworkers (ref. 14).

This reaction has an immense potential for the creation of complex polycyclic struc-
tures and has been broadly employed in the area of total synthesis of natural products.*®
For example, the short total synthesis of carbazoquinocin C shown in Scheme 4.4 utilizes

an intramolecular Fujiwara-Moritani reaction for the construction of the molecule’s scaf-

fold."®
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©\ N _MeOH _ ©\ _Cu(©Ac),
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carbazoquinocin C

Scheme 4.4. Total synthesis of carbazoquinocin C (ref. 15b).

4.1.2.2 Reaction mechanism

Initially, Fujiwara and Moritani'® proposed a C-H activation mechanism (a, Scheme
4.1) that involved the palladation of the arene, followed by the coordination and inser-
tion of the olefin to form an arylpalladium intermediate. Then, a p-elimination takes
place, forming the alkenylated arene and a palladium hydride, that later decomposes
into an acid and the free metal Pd(0). Some years after their first report, phenylpalladium

complexes were isolated, strengthening the hypothesis of arylpalladium intermediates.’
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Scheme 4.5. Two possible mechanisms for the Fujiwara-Moritani reaction.

Norman and coworkers, authors of the aforementioned intramolecular Fujiwara-
Moritani reaction,' proposed a different transformation (b, Scheme 4.5). The proposed
mechanism consisted on a Friedel-Crafts type reaction, starting with the activation of
the alkene by coordination to the palladium(Il) complex. Then, the attack of the arene

forms the new C-C bond, delivering the same arylpalladium intermediate.

It is generally accepted that the reaction proceeds through the arene palladation and
alkene insertion pathway (a, Scheme 4.5). Nevertheless, there is evidence of some inter-
molecular and intramolecular reactions proceeding through the alternative mechanism
(b, Scheme 4.5), due to the different reactivity of the reactants'®" or the stereochemistry

of the products.”

4.1.3 Experimental

Our collaborators carried out the first Fujiwara-Moritani reaction under the reaction
conditions optimized for N-aryl-acrylamides in their previous work.”* The N-protected
allyl-aniline 1a* was chosen as model substrate as it bears an electron rich ring, which

was proven to be essential to obtain good reactivity.*

* The numbering of the molecules has been reset, as they are not related to those in previous
chapters.
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Me® PdCI(CH3CN); (5 mol%) MeO

= PhCO4fBu (1.2 eq.)
Cu(OAc), (5 mol%) N
MeO N p-TsOH (1 eq.) MeO NG
o)\ AcOH, rt, 24 h

OMe
1a 2 (31%)

Scheme 4.6. Cyclization of 1a under previously optimized conditions.

Although the reaction did take place, the nitrogen was deprotected and the molecule
was fully oxidized, delivering 31% of quinoline 2 (Scheme 4.6). Therefore, milder reaction
conditions were employed in order to avoid the oxidized quinoline product. The solvent

was switched to dioxane and p-benzoquinone was used as oxidant.

Table 4.1. Optimization of the cyclization reaction of N-protected anilines.

MeO MeO MeO

Pd (Il) (5-10 mol%)
/@\ f pos e m * /ﬁ:E\é
MeO N p-TSOH (1eq.)  Meo N MeO

)\ dioxane, rt )\ N)\R

0~ R 0~ R 0]
1a-d 3a-d 4a-d
entry 1 R [Pd (1] (mol %) t (h) 3 yield (%)2 4  yield (%)
1 la OCHs Pd(CH3CN)2Cl2 (5) 16 3a 85 4a
2 1b  OtBu Pd(CHsCN)2Cl2 (5) 16 3b 38 4b
3 1b  OtBu Pd(CHsCN)2Cl2 (10) 15 3b 58 4b 16
4 1b  OtBu Pd(PhCN)2Clz (10) 1.5 3b 56 4b 13
5 b  OtBu Pd(PhCN)2Clz (10)° 2 3b 59 4b 15
6 1b  OtBu Pd(PhCN)2(BF4)2 (10)° 3 3b 16 4b 3d
7 1b  OtBu Pd(OAc)2 (10)° 6 3b 21 4b 14e
8 1c OBn  Pd(CHsCN)2Cl2 (10) 3 3c 67 4c
9 1d CHs  Pd(CHsCN)2Cl2 (5) 20 3d c 4d
10 1d CHs  Pd(CHsCN)2Cl2 (10) 1f 3d 85 4d 10

9Yield (%) of isolated pure compound. "“Boc-Val-OH (20 mol %) was used as ligand. ‘No reaction.
?Yield determined by ‘H NMR using 4-dimethylaminopyridine (DMAP) as internal standard (55%
conversion). °Yield determined by 'H NMR using DMAP as internal standard (51% conversion). /70
°C.
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Under these milder conditions, la proceeded through a 6-endo cyclization, but in-
stead of the desired 1,4-dihydroquinoline, the 1,2-dihydroquinoline 3a was obtained (en-
try 1, Table 4.1). The 5-exo process responsible for the formation of indole 4a was not
observed. The modification of the protecting group delivered the 1,2-dihydroquinoline
3b in lower yield (entry 2) and when the catalyst load was increased (entry 3), the selec-
tivity was lost, as a 16% of the indole product 4b was isolated. Changing the precatalyst
and ligands (entries 4-7) did not improve the selectivity. The use of benzyl carbamate as
protecting group (entry 8) lead to the regioselective formation of 3c. The amide-pro-
tected substrate 1d did not react when subjected to the same reaction conditions as 1a;
an increase of the catalyst loading and heating were necessary for the reaction to pro-

ceed, and even then, the formation of a mixture of products was observed.

Since entry 1 delivered the best results, same conditions were applied to the reac-
tions of allyl anilines with a substituted terminal alkene, using methyl carbamate as
protecting group. Instead of the 1,2-dihydroquinolines, these reactants provided the de-
sired 1,4-dihydroquinolines in a completely regioselective manner, in moderate to excel-
lent yields (Table 4.2).

Table 4.2. Synthesis of 4-substituted 1,4-dihydroquinolines.

MeO R R
_ PdCIy(CH3CN), (5 mol%)
p-BQ (1eq.) |
MeO N p-TsOH (1 eq.) MeO N
)\ dioxane, rt, 16 h )\
(6]

OMe (0]
1e-l 5e-l

F tBu

MeO N

5e 57%

Ph
MeO I
MeO I N

O~ OMe

5i 73%

MeO N

5f77%

Me

MeO I
L)
MeO N

O~ OMe

5§ 82%

MeO I
(L)
MeO N

O~ OMe

5h 87%

MeO I M
(L)
MeO N

O~ 'OMe

e

51 82%

86



Chapter 4. Regioselectivity of a Palladium-Catalyzed Intramolecular Fujiwara-Moritani Reaction

Some control experiments were carried out in order to gain some insight into the
reaction mechanism. According to the results in Table 4.3, the protecting group seemed
to have a significant impact in the selectivity of the reaction. When N-methyl aniline 1m
was used as substrate, only decomposition product was observed under standard reac-

tion conditions, both at room temperature, and heating at 70 "C (Scheme 4.7).

MeO
PdCI,(CH3CN), (5 mol%)
p-BQ (1 eq.) "
decomposition
MeO N p-TsOH (1 eq.)
| dioxane, rt, 2.5 h
Me or70°C 1h

1m

Scheme 4.7. Additional experiment to assess the role of the protecting group.

The reaction was also carried out using p-toluenesulfonyl as protecting group. Three
different substrates were employed, and the results were quite similar to those of car-
bamates. The unsubstituted alkene provided the 1,2-dihydroquinoline 3n, while the phe-
nyl substituted alkene delivered the 1,4-dihydroquinoline 5p. However, the reaction of
the methyl-substituted alkene resulted on a mixture of the two possible isomers, 30 and
50 (Table 4.3).

Table 4.3. Cyclization reaction with N-tosyl protected anilines.

MeQ R PdCly(CH3CN), (5 mol%) MeO R MeO R
J/ p-BQ (1 eq.) A
.
p-TsOH (1 eq.) |
MeO ’}l dioxane, rt, 16 h MeO ’}l MeO l}l
SOZTOI SOzTol SOzTol
1 3 5
entry 1 R 3 yield (%) 5 yield (%)
1 1n H 3n 87 5n
2 1o Me 30 64 50 26
3 1p Ph 3p 5p 42

In conclusion, a powerful method for the regioselective synthesis of 4-substituted
1,4-dihydroquinolines using a palladium(I)-catalyzed intramolecular 6-endo cyclization
was developed. The protecting group of the amine moiety seems to play a key role in

the mechanism of the reaction, although the mechanism itself remained unexplored.

87






Chapter 4. Regioselectivity of a Palladium-Catalyzed Intramolecular Fujiwara-Moritani Reaction

4.2 Computational approach

4.2.1 Objective

We believe that the mechanism of the reaction is crucial to understand the regiose-
lectivity of this particular Fujiwara-Moritani reaction. With our DFT calculations, we
should be able to compute the two possible mechanisms (a and b, Scheme 4.5) and iden-

tify which delivers the observed 5-exo and 6-endo product ratios.

We also want to explain the selectivity of the final elimination step, which seems to
favour the formation of 1,2 or 1,4-dihydroquinolines depending on the substitution of
the alkene (Table 4.3, products 3 and 5).

4.).2 General methods

For references and a more detailed description of the methodology, levels of theory

and software, please see chapter 1.

All structures were optimized using density functional theory (DFT) as implemented
in Gaussian with B3LYP as functional, 6-31G(d,p) as basis set for non-metals, and
LANL2DZ as basis set for palladium. Unless stated otherwise, final energies were ob-
tained performing single-point calculations on the previously optimized structures us-
ing the M06 functional and the basis set Def2TZVPP. Solvation factors were introduced
with the IEF-PCM method, using 1,4-dioxane as solvent. The stationary points were char-
acterized by frequency calculations in order to verify that they have the right number of
imaginary frequencies. The 3D structures shown in this thesis were generated with the

CYLview software.

At a certain point, the function al B3LYP including Grimme’s dispersion with the
original D3 damping function was also employed. The basis set combination of 6-
311+G(d,p) for non-metals and SDD for palladium was also tested. These exceptions to

the general method will be noted in the main text.
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4.3 Results and discussion

4.3.1 Path a. Classic Fujiwara-Moritani mechanism

We started our computational study looking into the widely accepted mechanism,
consisting on the palladation of the arene, alkene insertion (or cyclization, since the
reaction is intramolecular) and p-elimination. According to the preliminary experimental
data at hand, some of the reactions used palladium(Il) acetate as catalyst, so we used
acetates as ligands for the calculations. A conformational study was performed on the
starting complex, to determine the most stable position and conformation of the palla-
dium and the two acetate ligands. In the conformation with the lowest Gibbs free energy,
one acetate is coordinated in a bidentate manner, while the second acetate is coordinated

in a monodentate fashion (Figure 4.3.).

Figure 4.3. Most stable conformation for the coordinating complex | formed between Pd(OAc), and allyl aniline
la.

Next, the transition state of the palladation was obtained (TS.;), whose activation
energy was of 20.0 kcal/mol. As the metal is inserted in the aromatic ring, a molecule of

acetic acid is generated (Figure 4.4).
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4.3. Results and discussion

Figure 4.4. Transition state of the palladium insertion, TS.

In further steps, two different pathways were computed. In the first one, we consid-
ered that the acetic acid was removed from the coordination sphere, leaving the palla-
dium center with a single acetate ligand coordinated on a bidentate fashion. This way,
the complex has neutral charge, and the palladium has its four coordination sites occu-
pied. During the final B-elimination, this pathway would lead to the formation of a pal-
ladium hydride (left, Scheme 4.8).

* OAc

A | _Pd-0
' . --H--O
_ - ‘ OA
o= o= e | oo
PO 5 “lpg-0 Pd-0 }-Pa H
B-elimination }!' 3 i[é—_'k B-elimination o ~--O’l
H 3 H \r

Scheme 4.8. Two possible g-eliminations, palladium hydride formation (left) and acetate assisted abstraction
(right).

In the second pathway, we considered that after the detachment of the acetic acid, a
new acetate ligand would enter the coordination sphere. This would lead to an interme-
diate bearing two monodentate acetate ligands with total negative charge. Consequently,
during the B-elimination step, one of the acetates will abstract the hydrogen, as shown

in Scheme 4.8 (right).

First, we followed the reaction path with the metal bearing a sole acetate ligand,
starting with intermediate Il (Scheme 4.9). Then, the key transition states were computed,
both the 6-endo (TS;.i) and 5-exo (TS.v) cyclizations. The resulting Gibbs free energy

profile is shown in Scheme 4.9.
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Scheme 4.9. Gibbs energy profile of the palladation and insertion of I. Relative energy values referred to the
initial complex I, in kcal/mol.

As previously mentioned, the mechanism of the reaction starts with a low energy
barrier of 20.0 kcal/mol (TS, delivering intermediate Il. From this intermediate, we can
follow the 6-endo (TS, black) or 5-exo (TS, blue) pathways (Figure 4.5), with relative
energies of 15.0 and 8.3 kcal/mol respectively. This energy difference suggests that the
reaction should proceed through the 5-exo pathway, as the transition state is lower in
energy. Nevertheless, this would be in clear disagreement with the experiments, where

only the 6-endo product was observed.

Figure 4.5. Transition states of the 6-endo (left, TS,.;) and 5-exo (right, TS,.y) insertion of the olefin.
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Going ahead with the pathway, we computed the products of each cyclization: inter-
mediates Il and IV (Figure 4.6). The structures obtained from the IRC calculations
showed that the palladium atom does not completely detach from the aromatic carbon,
as a weak interaction can still be observed in both cases. Other possible conformation
of these intermediates were attempted, such as coordinating the palladium to the adja-
cent methoxy or the carbamate, but due to the strain of the rings, the energies of the

mentioned structures were always considerably higher.

Figure 4.6. 3D representation of the coordination observed in the optimized intermediates Il and IV. Bond
lengths in A.

The last step of the reaction was the B-elimination of a hydrogen atom. In the case
of the 6-endo pathway, there are two different transition states. One leads to the desired
1,4-dihydroquinoline 5a (TSu.v, Figure 4.7), while the other leads to the 1,2-dihydroquin-
oline 3a (TSy.v, Figure 4.7). The 5-exo pathway has only one possible transition state that

provides intermediate VI, which will eventually aromatize to deliver indole 4a.

Figure 4.7. 3D representation of the p-elimination transition states.

The barrier of the p-elimination step is very low for the three alternatives (Scheme
4.10). The generated hydrides are in fairly unstable, as the three of them are higher in

energy than the previous intermediate.
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Scheme 4.10. Gibbs energy profile of the B-elimination step, with one AcO" ligand.

Since the activation barriers of the g-elimination step are very low, this step will have
little impact in the 6-endo/5-exo selectivity. Nonetheless, the 1,2-DHQ/1,4-DHQ selectiv-
ity will be determined by the energy difference between TSyu.v (AG = -7.5 kcal/mol) and
TSuw (AG = -9.5 kcal/mol). The fact that the transition state leading to the 1,2-dihydro-
quinoline 3a is 2.0 kcal/mol lower in energy is in agreement with the experimental re-

sults, where only product 3a was observed.

Even though the predicted 1,2-DHQ/1,4-DHQ selectivity is correct, the 5-exo pathway
is overall lower in energy than the 6-endo route. The selectivity would be determined by
the cyclization step (Scheme 4.9), where the 5-exo transition state had an activation bar-
rier 6.7 kcal/mol lower in energy than the 6-endo pathway. Thus, according to this mech-
anism, only the indole derivative 4a should be observed, instead of the experimentally

found 1,2-dihydroquinoline 3a.

As previously mentioned, the mechanism with two acetates coordinated to the pal-
ladium atom was also computed (Scheme 4.11). In this case, the energy of the interme-
diates is much lower, although the B-elimination steps present higher activation barriers.
The activation energy difference between the 6-endo (TSwvi.ix) and 5-exo (TSvu.xi) cycliza-
tions is now of 10.7 kcal/mol, which is again against the experimentally observed selec-

tivity.
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Scheme 4.11. Full Gibbs free energy profile of the classic Fujiwara-Moritani mechanism with two AcO' ligands
Structures have been simplified for the sake of clarity.

Because the transition state of the cyclization is crucial to determine the selectivity
of the reaction, we focused on comparing the energies of the two possible transition
structures. In this last case, with two acetate ligands and total charge -1, this difference
was of 10.7 kcal/mol. If we look at the previous mechanism, where we considered only
one acetate ligand and the complex was neutral, the energy difference was significantly

lower (6.7 kcal/mol). Therefore, we wondered if increasing the positive charge of the
complex would keep on favoring the 6-endo transition state.
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Table 4.4. Gibbs free energy differences between the 6-endo and 5-exo transition states. Energies in kcal/mol.

L' L2
1
veo & F MeO by
f Pd. é
MeO Nd MeO N
Py J—0Me
0~ “OMe o]
6-endo 5-exo
Entry Lt L? Net charge G(6-endo) - G(5-ex0)
1 -OAC -OAC -1 10.7
2 ‘OAc none 0 6.7
3 MeCN MeCN +1 6.1
4 MeCN none +1 5.9
5 none none +1 3.4

The key 6-endo and 5-exo transition states were computed using different ligands

and their Gibbs free energies were compared (Table 4.4). We can observe that moving

from negative to positive charge and decreasing the number of ligands lowers the rela-

tive energy of the transition states. With the positively charged complex, the relative

energy was lowered to 6.1 kcal/mol (entry 3), and decreasing the number of ligands

reduce the difference even more, reaching a value as low as 3.4 kcal/mol (entry 5). Nev-

ertheless, the 5-exo transition state is still favored, which contradicts the experimentally

found regioselectivity.

In view of these results, we continued with the other possible reaction mechanism,

the Friedel-Crafts type reaction, hoping that it would provide the correct experimentally

observed regioselectivity.
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4.3.2 Path b. Friedel-Crafts type mechanism

This mechanism consists on a direct cyclization, by electrophilic aromatic substitu-
tion of the arene to the palladium-activated alkene. We already made a conformational
study on the complex formed between the palladium(lIl) acetate and 1a, so we continued

computing the direct cyclization transition states (Figure 4.8).

(‘)Ac
MeO Pd—O

cry

MeO

Figure 4.8. Transition states of the 6-endo (left, TS.xyv) and 5-exo (right, TS,xy) direct cyclizations.

Once the six or five-membered ring is formed, the generated intermediate will lose a
hydrogen (in red, Scheme 4.12) providing the previously computed intermediates IX and
XlI. Unfortunately, the resulting energy profile shows a preference of the 5-exo pathway
(AG* = 25.2 kcal/mol) over the 6-endo pathway (AG* = 27.2 kcal/mol), although the energy
difference between both transition states is much lower than in all previous cases (AAG
= 2.0 kcal/mol).

98



Chapter 4. Regioselectivity of a Palladium-Catalyzed Intramolecular Fujiwara-Moritani Reaction

AG _
OAc @ 6-endo
(kcal/mol) MeO |
Pd—O ® 5-ex0

272 (0] OMe
= XV
;270252 TRl
L ?Ac TIi-._ 157 OA _l
) T T — ()
.~ MeO ,--Pd—O R MeO |
é IS RIFAN ]
- B N N
—/, OA\Q‘\‘ 0
00 MeO ;\ _ ey MeO j\
OMe MeO Pd—0O '\
MeO o o NN 0~ OMe
O‘l— [ OAC TSy + ‘\\‘\\ 1X
$ MeO N
ANF e R
MeO j‘\ J—~OMe 2308
—
(0] OMe v 328 77
| /OAC
MeO Pd—O
.o
O
MeO

Scheme 4.12. Energy profile for the Friedel-Crafts like mechanism.

As we did for the previous mechanism, we focused on the study of the key 6-endo
and 5-exo transition states to understand the effect of the ligands on the reactivity. Since
the energy difference between the two transition states (TS.xv and TS;.xv) is now of only
2.0 kcal/mol, we wondered if reducing the net negative charge of the structures would

decrease this energy difference and eventually, reverse it.

The removal of one of the acetates from the palladium caused an interesting phe-
nomenon. Even if the remaining acetate was coordinated in a bidentate manner, there
still was a vacant site on the palladium atom, which was occupied by the carbamate
moiety. This phenomenon happened in both transition states, with a very promising

effect on their relative energy.
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T Sxvi-xvini

Figure 4.9. New 6-endo (left, TSxvixvn) and 5-exo (right, TSxvi.xvi) transition states for the Friedel-Crafts like
direct cyclization, with only one AcO ligand. The yellow arrow marks the new coordination between the car-
bamate and the palladium atom.

For the first time in our computational study, the reaction is selective towards the
experimentally found 6-endo product, as its transition state (TSxvi-xvi) turned out to be
3.4 kcal/mol lower in energy than the 5-exo transition state (TSxvi.xvm). This is likely due
to the lower ring strain formed during the 6-endo product, as a six-membered ring is
formed in opposition to the seven-membered ring formed during the 5-exo transition
state (Figure 4.10).

MeO

MeO o
- /07/ /o / Y
‘Pldfo N Ao
MeO N_ O MeO N O

OMe OMe

TSxvixvi TSxvixvin

Figure 4.10. Representation of the rings formed during the transition state of the 6-endo and 5-exo reactions.

The experimental results suggested that the protecting group had a significant im-
pact in the reaction; this hypothesis grows stronger as our calculations show the partic-
ipation of the protecting group during the cyclization transition state. Thus, using
bulkier carbamates like tert-butyl carbamate or protecting groups with different elec-
tronic properties such as amides, will have a direct impact on the outcome of the reac-

tion.

To our surprise, the activation energy of these two transition states was very high,
of 32.8 kcal/mol (6-endo) and 35.9 kcal/mol (5-ex0). A reaction with such high-energy
barriers would need years to proceed without heating. Thus, we focused our efforts on

lowering this huge barrier, as the experiments were carried out at room temperature.

We first tried changing the functional and basis set to check whether the employed
theory level is suitable for this reaction. Perhaps our theory level was underestimating

the energy of the complex, or overestimating the energy of the transition states. Thus,
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we performed single point calculations on the pertinent structures using a different

functional and basis set (Table 4.5).

Table 4.5. Comparison of the activation energies of the 6-endo and 5-exo transition states. All structures were
previously optimized in B3LYP/6-31G(d,p)/LanL2DZ.

Functional/Basis set? AG* 6-endo AG?* 5-exo
MO06/Def2TZVPP 32.8 35.9
MO06/6-311+G(d,p)/SDD 30.4 33.8
B3LYP-D3/Def2TZVPP 33.7 37.6
B3LYP-D3/6-311+G(d,p),SDD 31.4 35.5

‘Dioxane was used as implicit solvent.

The four tested theory levels provided similar activations barriers, suggesting that
the functional and basis set we chose are not responsible the high energy barriers, alt-
hough the level M06,/6-311+G(d,p)/SDD did provide slightly lower values.

Since the ligands had such an influence in the case of the classic Fujiwara-Moritani
mechanism, we decided to also test the effect of the ligands in the reaction. We tried
different combinations of three ligands: chlorine, acetonitrile and acetate. In Table 4.6,
the resulting Gibbs free energies of the 6-endo and 5-exo transition states are displayed.
In all the described cases, the coordination with the carbamate was maintained, as losing
it will always result in a lower activation barrier of the experimentally disfavored 5-exo

product.
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Table 4.6. Activation energies of the Friedel-Crafts type 6-endo and 5-exo cyclizations with different ligands.
Energies in kcal/mol.

MeO 1
¢ : 'I-1 MeO | '|‘
\J“de t A Pd-2
S '.
MeO N G5 o]
° fo MeO N\(
MeO OMe
6-endo 5-exo
Entry Lt L2 Net charge  AG* 6-endo AG* 5-exo
1 Bidentate AcO- +1 32.8 35.9
2 AcO- AcO- 0 40.4 43.7
3 Cl Cr 0 40.9 44.4
4 Crl MeCN +1 30.5 35.1
5 AcO- MeCN +1 30.9 36.7
6 MeCN MeCN +2 19.7 22.6

The activation energies depend greatly on the ligand, or more exactly, on the net
charge of the complex. When chlorine atoms and acetates were used to stabilize the
palladium (entries 2 and 3), extremely high activation barriers were observed, over 40
kcal/mol. Combinations of ligands that lead to an overall positive charge (entries 4 and
5) reduced the activation barriers to ca. 30-35 kcal/mol, similar to those of entry 1. Fi-
nally, when two acetonitrile ligands were employed (entry 6), feasible activation barriers
of even less than 20 kcal/mol, were obtained. This is due to the positive effect of an
electron deficient palladium on the activation of the double bond, making it a better

electrophile and hence promoting the reaction.

We extended the study to other substrates, in order to check the consistency of our
results. We calculated the activation energies of the 6-endo and 5-exo transition states
of the substituted alkenes l1e and 1f, and the N-tosyl-protected anilines 1n, 1o and 1p.
We used two acetonitrile molecules as ligands maintaining the coordination between the

protecting group and the palladium.
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Table 4.7. Activation energies of different Friedel-Crafts type 6-endo and 5-exo cyclizations, with two
acetonitrile ligands.

MeO R
€ l}lCMe MeO R, \gldCMe
“Xy--pd / -
Q " NCMe Q% ; NCMe
MeO N _o pe
Y MeO Ny
6-endo 5-exo
Entry 1 Y R AG*6-endo  AG' 5-exo
1 la COMe H 19.7 22.6
2 le COMe Me 16.4 26.2
3 1f COMe Ph 11.8 25.7
4 1n SOTol H 14.3 18.9
5 1o SOTol Me 14.2 21.4
6 1p SOTol Ph 11.9 23.3

We can observe in Table 4.7 that the 6-endo transition state is always lower in energy
than its 5-exo counterpart is. The activation barriers are feasible in all cases, never ex-
ceeding 20 kcal/mol in the case of the 6-endo pathway. The energy difference between
both transition states is between 3-4 kcal/mol when the alkene is unsubstituted, while
methyl and phenyl groups increase this difference significantly, especially in the case of

phenyl substituted alkenes.

The results we obtained with this mechanistic model lead us to believe that the re-
action proceeds through the Friedel-Crafts type mechanism, as the predicted selectivity
is in perfect agreement with the experimentally observed ratios. Likewise, the suspected
crucial role of the protecting group was confirmed, as it is actively participating during

the course of the reaction.

4.3.3 Elimination step

We located the transition states of the two possible hydrogen eliminations of the 6-
endo product under the previous conditions; this is, with the palladium atom having two
acetonitrile ligands. We computed the energies of both eliminations of the tosyl-pro-
tected substrates 1n, 1o and 1p and compared them with the experimental results (Table
4.8).
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Table 4.8. Activation barriers for the two possible B-eliminations of N-tosyl protected anilines.

+ +
NCMe |
R H. /NCMe—| R

. Pd Pd
“NCMe " >NCMe
-
N N

| |
SO, Tol SO, Tol

TSy, TS14
entry 1 R Grs2 - Gts1®  yield 1,2-DHQ  vyield 1,4-DHQ
1 1n H 2.4 87%
2 1o Me -2.1 64% 24%
3 1p Ph -4.5 42%

“A positive value indicates that TS, is preferred, while a negative value indi-
cates preference for TSy 4.

In Table 4.8 we can observe that the results for the unsubstituted alkene 1n (entry 1)
and the aromatic alkene 1p (entry 3) are in good agreement with the experimental re-
sults. In the case of the unsubstituted alkene, there is a 2.4 kcal/mol preference for the
1,2-DHQ, the only detected product. The reaction with the phenyl substituted alkene
provided exclusively the 1,4-DHQ, which agrees with the computed 4.5 kcal/mol prefer-
ence. The methyl-substituted alkene 1o in not selective, as reaction mixtures where ob-
tained in the experiments (64:24, entry 2). The calculations are not able to correct
properly the borderline character of the methyl substituent, as an energy difference
closer to zero would have been more fitting. Nevertheless, we can conclude that the
experimentally observed selectivity trend can be reproduced with our computational

model.
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4.4 Conclusions

A comprehensive computational study on the two possible mechanisms of the intra-
molecular Fujiwara-Moritani reaction of allyl anilines has been conducted. The study of
the Gibbs energy profiles of each mechanism was crucial to elucidate the most plausible

mechanism.

Initially, both mechanisms predicted the wrong selectivity, until an unexpected co-
ordination between the protecting group of the allyl anilines and the palladium atom
was found in the Friedel-Crafts type mechanism. The newly discovered coordination fa-
vored the experimentally observed 6-endo product, as the activation Gibbs free energy
was lower than that of the 5-exo transition state. This effect, caused by the higher strain
formed during the 5-exo cyclization transition state, serves to rationalize the big influ-

ence of the protecting group of the aniline, as experimentally found by our collaborators.

The encountered Gibbs activation barriers were high and therefore the computa-
tional model was adjusted to more accurately describe the reactivity of the reaction.
Appropriate activation barriers were achieved when electron deficient complexes were
employed, as an increase of the electrophilicity favored the Friedel-Crafts like attack.
The consistency of our model was proved, as all the tested substrates provided lower
activation barriers for the 6-endo product. The model also proved qualitatively suitable
for the prediction of the 1,2-DHQ:1,4-DHQ selectivity.
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Platinum and Gold-Catalyzed

cycloisomerization of 1,5-

enynes

Pt(I1) or Au(l)

cycloisomerization

In the present chapter, DFT calculations have been carried out for the study of the mech-
anism of Pt(II) and Au(l) catalyzed cycloisomerization reactions of 1,5-enynes for the
synthesis of sesquiterpenoids. Our collaborators from the Aristotle University of Thes-
saloniki conducted the experimental investigations, where they observed the formation
of different products depending on the reaction conditions and the nature of the sub-
strate. By means of computational tools, the divergent reactivity and observed isomeric
ratios have been rationalized.

Chapter based on the publication:

Sotorrios, L.; Demertzidou. V. P.; Zografos, A. L.; Gbmez-Bengoa, E. DFT Studies on Metal-
Catalyzed Cycloisomerization of Trans-1,5-enynes to Cyclopropane Sesquiterpenoids.
Org. Biomol. Chem. 2019, 17, 5112-5120.
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5.1 Context

This chapter of the thesis is based on a collaboration carried out with experimental
researchers. The experimental reactions were performed in the group of Prof. Alexan-
dros Zografos from the Aristotle University of Thessaloniki. Their experimental research
had been published' before we performed our computational investigations. The com-

putational publication arisen from this chapter is available in the appendix.

The work carried out by the author of this thesis is entirely computational and will
be presented in the results and discussion section. Nevertheless, in the present section
we will provide a context for these investigations by introducing the nature of the chem-
istry, as well as briefly discussing the aim, procedures and results of the experimental

studies previously carried out by our collaborators.

5.1.1 Objective

The aim of the experimental study conducted by our colleagues was the synthesis of
lindenane-type sesquiterpenoids bearing a furan or a lactone ring. For this purpose, they
planned to subject 1,5-enynes to cycloisomerization reactions using platinum(Il) and

gold(I) catalysts to construct the desired [3.1.0] bicyclic structure.

X
N B
S . Pt(l1) or Au(l) AcO
AcO P cycloisomerization PY
’ !
1,5-enyne bicyclo[3.1.0]alkene

Figure 5.1. Aim of the experimental project.

5.1.1.1 Lindenane-type sesquiterpenoids

Sesquiterpenes are a class of terpenes containing three units of the basic five-carbon
unit isoprene. Present in a vast number of plants, from conifers to lilies,? they are the
most diverse group of terpenes.’ They are biosynthesized from dimethylallyl pyrophos-

phate and its isomer isopentyl pyrophosphate* as illustrated in Scheme 5.1.
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*OPP=pyrophosphate

PP,
* —L> )\/\/k/\
)\/\OPP )\/\OPP = ~"opp *

prenyltransferase
dimethylallyl pyrophosphate isopentyl pyrophosphate geranyl pyrophosphate
PP;
D S A N
OPP prenyltransferase OPP il P
isopentyl pyrophosphate farnesyl pyrophosphate

Scheme 5.1. Biosynthesis of farnesyl pyrophosphate, precursor of sesquiterpenes.

The core structure of lindenane is a tricycle, as shown in Figure 5.2. Structures de-
riving from this framework are isolated from the chloranthus species®, which have been

extensively used in traditional Chinese medicine.®

lindenane

Figure 5.2. Chloranthus japonicus and core structure of the lindenane sesquiterpene.

Several assessments of the biological activity of lindenane-type sesquiterpenoids
have been carried out, with especial focus on sesquiterpenoids bearing a lactone moiety.
For example, chlojaponilactone B and structurally related sesquiterpenoids can regulate
the expression of inflammatory mediators and therefore, their anti-inflammatory poten-
tial has been assessed.” Closely related sesquiterpenes such as onoseriolide have shown

cytotoxicity against parasites from the genus Leishmania.®

HY HY AcO H o
AcO' AcO'
\ P \ P \ P o o
HO
(o) (o) (o) CO,Me (e} CO,Me
OH
chlojaponilactone B onoseriolide shizukaol D chlorahololide A

Figure 5.3. Examples of natural lindenane-type sesquiterpenoids displaying biological activity.

Although interesting monomeric lindenane-type sesquiterpenoids like the aforemen-

tioned exist, most of the isolated structures are encountered as dimers. Several dimers
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isolated from Chloranthus Japonicus, such as shizukaol D, have shown inhibition of the
expression of nitrogen oxide, mediator in inflammatory processes.’ Chlorahololides A
and B can act as selective blockers of the potassium ion channel, implicated in diseases

such as epilepsy and Alzheimer’s."

1.2 State of the art

5.1.2.1 Cycloisomerizations

Cycloisomerization reactions are rearrangements of polyunsaturated substrates that
form cyclic products while losing at least one degree of unsaturation. Since no formal
loss or gain of atom occurs, cycloisomerizations have emerged as atom-economic ap-

proaches to cyclic and polycyclic compounds.'*?

A myriad of different reactions can be categorized as cycloisomerizations."? Alt-
hough most of them involve the use of metals for the activation of the polyunsaturated
substrates, some cycloisomerizations can be carried out by using exclusively organic
substrates and reactants. For example, intramolecular pericyclic reactions performed
exclusively in thermal conditions would fall under this category, such as the simple in-
tramolecular Diels-Alder reaction showed in Scheme 5.2, a.”® In the same way, intramo-
lecular variants of the Rauhut-Currier reaction can generate cyclic products employing

organophosphines (b, Scheme 5.2).*

a) Intramolecular Diels-Alder reaction b) Intramolecular Rauhut-Currier reaction

(0]
A (0] | Me PMe3 (10 mol%)
_— =
~ | cyclohexane, 180 ° Me CH2CI2
X |

Scheme 5.2. Examples of thermal (left) and organocatalyzed (right) cycloisomerizations.

Metal-catalyzed cycloisomerization reactions have been extensively studied. Many
different metals can be used for this purpose and, although most cycloisomerizations
are based on the reaction of enynes, different substrates can also be subjected to these

reactions.'"'* A few relevant examples will be highlighted in the next lines.

Several ene-type reactions can be performed using transition metal catalysts. Al-
lenenyes can be subjected to rhodium catalyzed Alder-ene reactions as shown in Scheme
5.3, a, to synthesize cross-conjugated trienes.” Conia-ene cycloisomerizations can be
performed in cyclic B-ketoesters to form bicyclic structures using cobalt catalysts (b,
Scheme 5.3).'°
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a) Rhodium-catalyzed Alder-ene reaction b) Cobalt-catalyzed Conia-ene reaction
Me
S~— COZEt
g - _IR(COKCll, _ Z>H COzEt _ CpCo(CO) _
\/\\I tquene 90 °C benzene hv, A
CgH
6 CsHy;

Scheme 5.3. Examples of metal-catalyzed ene-type cycloisomerizations.

Other type of reactions can be categorized as cycloisomerizations as well. For exam-
ple, a rhodium-catalyzed hydroacylation is used for the synthesis of chiral 3-substituted
indanones from 2-vinyl benzaldehyde systems (a, Scheme 5.4)."" In a different manner,
an interesting palladium-catalyzed 1,n-diene cycloisomerization can be performed via

chain-walking reaction (b, Scheme 5.4).'®

a) Rhodium-catalyzed hydroacylation b) Palladium-catalyzed chain-walking
d(phen)CIMe
Rh(R-BINAP)]CIO,
IRN(R-BINAP)ICIO, _ MeO,C _ NaBAY_ he0,C
CH,Cly, 23 °C MeO,C C2HoCly, rt MeO,C

Scheme 5.4. Further examples of metal-catalyzed cycloisomerizations. “Ar = 3,5-(CF;),CsH;

As will be highlighted in the next section, enynes are excellent substrates of cycloi-
somerizations, especially employing gold and platinum catalysts. Nevertheless, reac-
tions using alternative metals can be found,” as is the case of the beautiful domino

Alder-ene reaction developed by Trost, the so-called palladium zipper (Scheme 5.5).?°

OMe
Pd(dba)y-CHCly y/
PhSO, _SbPhs, HOAC _ ppso,
Phs()2 benzene 50 °C PhSO2

Scheme 5.5. Palladium catalyzed cycloisomerization of a polyenyne.

5.1.2.2 Platinum and gold-catalyzed cycloisomerizations of enynes

The cycloisomerizations of enynes are among the most powerful strategies for the
synthesis of functionalized cycles, thanks to the level of complexity that can be obtained
from relatively simple enynes. Among the metals capable of catalyzing these reactions,
gold and platinum emerge as excellent alternatives, as they are capable of working under
mild conditions while providing great chemoselectivity and high efficiency. In this re-

gard, several authors have reviewed this topic thoroughly.*

Depending on the relative position of the alkene and alkyne motifs, different skeletal
rearrangements are possible. As an example, the reaction topologies observed in the
cycloisomerization of 1,6-enynes are displayed in Scheme 5.6. The nature of the selected
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catalyst and the substitution pattern of the substrate are crucial for the outcome of the

reaction.**

RsRy4 -
2
Ri L\ngs
X R4
Ry R3 1,6-enyne

R4

Scheme 5.6. Observed reaction topologies in platinum and gold cycloisomerizations of 1,6-enynes (adapted
from ref. 22a).

A similar number of skeletal rearrangements can be conducted on 1,5-enynes. One
of the first reported examples was the cycloisomerization of substituted propargyl
enamines for the synthesis of pyridine rings, which was highly efficient when
NaAuCl,-H,O was used as catalyst (Scheme 5.7).%

Ph J| NaAuCly-2H,0 Ph | X
+ _—
Ph ethanol, 75 °C Ph =

Scheme 5.7. Gold-catalyzed amination/annulation/aromatization sequence for the synthesis of substituted
pyridines, with propargyl enamines as key intermediates.

Other type of rearrangements can be carried out, such as the formation of cyclohex-
adienes. Kozmin et al. used 1,5-enynes bearing a triisopropylsilylether (OTIPS) group to
synthesize cyclohexadienes using gold(I) chloride (Scheme 5.8).>* As mentioned earlier,
the functionalities present in the substrate can greatly affect the outcome of the reac-
tion. In this particular case, removing the triisopropylsilylether group (OTIPS) caused a
different type of rearrangement to occur, as the formation of a bicyclo[3.1.0]alkene was

observed under the same reaction conditions.

Me Me Me Me Me
Me AuCl AuCl :O/\/
CH,Cly, 20°C Il CHiClp, 20°C TIPSO
H

X=H X X =0TIPS

Scheme 5.8. Cycloisomerization of two similar 1,5-enynes with gold(I) chloride.
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The formation of bicyclo[3.1.0]alkenes is actually the most common outcome of 1,5-
enyne cycloisomerizations and it is also the aim of the synthesis described in this chap-
ter of the thesis. In the examples presented in Scheme 5.9, [3.1.0] bicyclic systems were
constructed, using gold complexes (a, Toste et al.)*® or platinum(Il) chloride (b, Malacria
et al.)*® as catalysts. It is worth mentioning that both reactions were stereospecific, as

the use of Z-alkenes provided the opposite diastereoisomer.

a) 1,5-enyne cycloisomerization with gold b) 1,5-enyne cycloisomerization with platinum

H
N Me  [AuCI(PPh3)] H o~_Me = _Ph ol = WPh
Ph AgSbFg ~7" 2 /
o ‘
X CH,Cly, 1t Ph\/@,H HO™ S toluene, 80 °C o H

Scheme 5.9. Gold (aq, left) and platinum (b, right) catalyzed cycloisomerizations for the synthesis of [3.1.0]
bicyclic systems.

As proven above these lines, gold and platinum cycloisomerization of 1,5-enynes is
a versatile and efficient method for the construction of complex organic molecules. Its
potential on the synthesis of lindenane-type sesquiterpenoids, containing a [3.1.0] bicy-

cle, is very appealing.
5.1.3 Experimental

As previously mentioned, experimental reactions were performed in the group of
Alexandros Zografos from the Aristotle University of Thessaloniki. Prior to the cycloi-
somerization reactions, they synthesized enyne 0.3* from compound 0.1 as shown in
Scheme 5.10. This was obtained from the natural terpenoid carvone (0.0) as previously
reported.” Due to its instability, 0.3 was acetylated to generate 1, which was a stable
compound, and therefore suitable to isolation and further transformation through cy-

cloisomerization reactions.

W

T™MS

0.0 0.1

unstable stable

[ cycloisomerization ]

Scheme 5.10. Synthesis of the starting material, 1.

* The numbering of the molecules has been reset, as they are not related to those in previous
chapters.
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Enyne 1 was then subjected to the metal-catalyzed cycloisomerization reaction, un-
der the conditions shown in Table 5.1. The reaction of 1 with gold(I) chloride (entry 1)
lead to the formation of the allene 2 in quantitave yield. Unfortunately, compound 2,
which is the product of the 1,3-migration of the acetate, was inert to gold-catalyzed
cycloisomerizations. When more harsh conditions were employed, only decomposition

of the product was observed.

Table 5.1. Optimization of cycloisomerization reaction of 1.

OAc
AcO
E\\ C
C AcO
conditions .
~ o
1 2 3 4
Entry Metal? ConditionsP 2 3 (syn:anti) 4

1 AuCl rt, 2 h >99% - -
2¢ PtCl2 100 °C, o/n - - 65%
3 PtCl2 Deoxygenation; 110 °C, o/n - 45% (2.4:1) 30%
4 PtCl2 Deox.; 90 °C, 1.5 h - 48% (1.6:1) 27%
5 PtCl2 Deox.; 90 °C, 5 h then rt, o/n - 42% (2.3:1) 14%
6 PtCl2 Deox.; 90 °C, NaHCOg, o/n - 62% (2.4:1) 8%

5 % mmol. "Toluene was always used as solvent. <2 was used as starting material.

Nonetheless, allene 2 did react with platinum(I) chloride (entry 2), yielding 4 quanti-
tatively. Although 4 is indeed the product of a cycloisomerization and a [3.1.0] bicyclic

HO system was formed, the atom arrangement is different from the desired

H
: lindenane-type structure. After isolation of 4, its absolute configuration

was determined and the structure was found to be similar to that of a

=

\ different sesquiterpenoid, myliol (see picture on the left).

Next, the catalyst was switched to platinum(Il) chloride, using temperatures between
90 and 110 °C in deoxygenated toluene (entries 3-6). In these conditions, the presence of
the desired lindenane-type structure 3 was observed, along with compound 4. The reac-
tion conditions were optimized to improve both the 3:4 ratio and the diastereomeric

ratio of 3, achieving the best results with sodium bicarbonate as additive (entry 6).

In order to obtain the lactone congener of 3, they tried to oxidize the furan ring, but
unfortunately only decomposition was observed, even under mild oxidation conditions.

Therefore, they decided to synthesize the lactone congener of the starting material, 1.
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This could be achieved by treating 0.3 with pyridinium dichromate in dimethylforma-
mide before the acetylation. The resulting lactone 5 was then subjected to similar reac-

tion conditions, whose optimization is shown in Table 5.2.

Table 5.2. Optimization of cycloisomerization reaction of 5.

conditions AcO ©
— 5 + H +
\ 6] \ o
0 o)
6 7
Entry Metal Conditions? 6 7 8 9

1 PtCl2 (5 mmol %) Deox.; 60 °C, o/n traces - - -
2 PtClz (5 mmol %) Deox.; 80 °C, 3h 8% traces - -
3 PtCl2 (10 mmol %)  Deox.; 90 °C, o/n 37% 15%pP 19% 17%
4 PtCl2 (10 mmol %) NaHCOs; 110 °C, 4 h - - 16% 12%¢
5 PtCl2 (10 mmol %)  Deoxy.; 70 °C, o/n 40% 17%P 21% 11%

“Toluene was always used as solvent. “syn:anti ratio = 5:1. ‘Extended decomposition was also observed.

In contrast with furan 1, lactone 5 delivered only the lindenane-type structure 6 (and
its unprotected congener 7); the lactone analogue of the myliol-type compound 4 was
never observed. Compounds 8 and its unprotected analogue 9 were also formed, proba-

bly due to the 1,2-migration of the acetate occurring before the cycloisomerization step.

In the light of the above, it can be concluded that 1,5-enynes containing furan or
lactone moieties serve as excellent substrates for platinum-catalyzed cycloisomerization
reactions. The synthesized products are known intermediates of the synthesis of lin-
denane-type natural sesquiterpenoids, such as the furan epi-lindenene?® and the lactone

sarcandralactone A.*
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5.2 Computational approach

5.2.1 Objectives

In spite of the positive results of their experiments, the reasons underlying for some
of the experimental results were unclear. Therefore, we intended to give an answer by

means of computational chemistry to the following issues.

- Mechanism of the reactions

The exact mechanism of the two cycloisomerization reactions is far from trivial.
Locating the transition states and studying the energy profile could help us compre-

hend this complex process.

- Divergent reactivity observed between gold and platinum catalysis

When gold was used as catalyst, only the formation of allene 2 was achieved.
Comparing the reaction mechanism of the gold and platinum-catalyzed reactions

should give us an answer to this question.

- Preference of product 3 over 4 in the PtCl, catalyzed reactions

There seems to be a preference over product 3, although total selectivity was
never achieved. An exhaustive computational study may shed some light into this

matter.

- Diastereomeric ratio of 3

Even after careful optimization of the reaction conditions, the 2.4:1 selectivity
could not be improved. A comparison on the energies of the syn and anti paths would

clarify this issue.

- Different reactivity of furan 1 and lactone 5

The myliol derivative was obtained for the furan containing substrate 1, but never
for the lactone analogue 5, although same reaction conditions were employed for
both substrates. On the other hand, the diastereomeric syn/antiratio of furan 3 was
of 2.4:1, while in the case of the lactone 5 a ratio of 5:1 was obtained. These differ-

ences should be reflected on the energy profiles of each substrate.
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5.2.2 General methods

For references and a more detailed description of the methodology, levels of theory

and software, please see chapter 1.

Initially, the theory level used for the optimization of the geometries consisted of
the functional B3LYP, the basis set 6-31G(d,p) for non-metalls and the basis set LANL2DZ
for gold and platinum (for both core and valence electrons). Final energies were obtained
by performing single point calculations on the already optimized structures, with the
functional M06, the basis set 6-311G(d,p) for non-metals and the basis set SDD for gold
and platinum (for both core and valence electrons). Both the optimizations and single

point energy calculations were carried out in a solvent model (IEFPCM, solvent = toluene).

Later, certain structures were computed on additional theory levels. The functionals
used for this purpose were M11-L, wB97X-D, B3PW91-D3 and B3LYP-D3. The basis set
DefTZVPP was also tested. The cases when these methods were employed will be indi-

cated in the text and figures.

122



Chapter 5. Platinum and Gold-Catalyzed Cycloisomerization of 1,5-Enynes

5.3 Results and discussion

5.3.1 Mechanism of the reaction

5.3.1.1 Proposal

The study of the reaction mechanism was initiated with the enyne-furan 1. As an
initial approximation, we followed the mechanism postulated by our collaborators
(Scheme 5.11).

The reaction commences via 1,2 or 1,3-attack of the oxygen of the acetate to the
alkyne, causing the formation of a metal-carbon bond. After the 1,2-attack, a five mem-
bered ring is formed in intermediate (10), which is again opened through the formation
of the metal carbene 11. Next, the terminal alkene attacks the carbene forming a six
membered ring (12) which subsequently undergoes the final cyclization to form the lin-

denane-type product 3.

AcO

Scheme 5.11. Postulated mechanisms.

Following the 1,3-migration pathway, a six membered ring is generated in compound
13. The metal-carbon bond is then broken to complete the acetate migration, forming
allene 14. Next, the terminal alkene attacks the external carbon atom of the allene, in-
serting the metal and forming a six membered cycle (15). Later, a carbene is formed
causing the cyclization that assembles the myliol-type cyclic structure 16. Finally, prod-

uct 4 is generated via 1,2-hidrogen shift.
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5.3.1.2 Initial complex

The reaction should start with the coordination of the metal to the alkyne. Initially,
structures were calculated with neutral catalysts, AuCl and PtCl,, and also with their

cationic counterparts, Au* and PtCl".

It soon became clear that the cationic complexes were not feasible, since intermedi-
ates were not stable and transition state calculations did not converge. Henceforth, the

neutral catalysts were used when computing all intermediates and transition states.

We found the first differences between platinum and gold when looking into the
initial complexes (Figure 5.4). Gold(I) chloride is coordinated to the alkyne in a linear
fashion. Platinum(II) chloride on the other hand, showed double coordination with the

alkene and alkyne, acquiring a square planar conformation.

Figure 5.4. 2D and 3D structures of | and Il, (B3LYP/6-31G(d,p)/LANL2DZ).

A few different conformations of the complex Il were taken into consideration. The
platinum may be coordinated to the alkene, as displayed in Figure 5.4, but coordination
with the acetate or a C-H bond is also possible. In Table 5.3, the free Gibbs energies of

each conformation are displayed, related to the most stable conformer Il..
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Table 5.3. Different conformations of structure Il. Energies referring to ll,, in kcal/mol. Calculations were per-
formed at the M06/6-311G(d,p)/SDD(IEFPCM,toluene)//B3LYP/6-31G(d,p)/LANL2DZ theory level.

' H ¢ cl
LN — Pt
Cl Pt CH2|| Cl Pt | Pt~c) |

AN 1l N N

‘ AcO"
@]

Conf. 1 Iy I g lle
AG 0.0 9.0 26.7 27.6 24.0

Among the computed structures where the platinum has its four coordination sites
occupied (ll,, ll, and Ilc), conformation Il, is clearly the most favorable; it is 9.0 kcal/mol
lower in energy than llp, and 26.7 kcal lower than Il.. Actually, the agostic interaction
observed in Il barely stabilizes the complex, as the conformation without the agostic
interaction (Ilg) is only 0.9 kcal/mol higher in energy. The trans disposition of the chlo-
rine atoms in Ile seems slightly more stable, but it is still far from the most stable com-

plex, Il..

The first transition state should consist on the 1,2- and 1,3-migration of the acetate,
which will eventually lead to the lindenane-type core structure and the myliol-type core

structure, respectively. Both paths were studied for gold and platinum catalysis.

5.3.1.3 1,3-migration

Except for the charge of the metal, the 1,3-migration of the acetate group occurs as
illustrated in the mechanism proposal. The reaction starts with the nucleophilic attack
of the oxygen to the terminal carbon of the alkyne to form a zwitterionic intermediate,
Ill. Later, intermediate Il is cleaved to form an allene, which remains coordinated to the
metal. The resulting energy diagrams for the computed transition states and intermedi-

ates are displayed in Scheme 5.12.
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AG
(kcal/mol)

Vi

Scheme 5.12. Computed mechanism for the AuCl (left) and PtCl, (right) catalyzed 1,3-migration of the acetate.
Free Gibbs energies in kcal/mol. Theory level: M06/6-311G(d,p)/SDDUIEFPCM,toluene)//B3LYP/6-31G(d,p)
/LANL2DZ.

The attack of the oxygen to the gold-alkyne complex (Scheme 5.12, left) has an acti-
vation barrier of 13.4 kcal/mol and the formed zwitterionic intermediate Il is slightly
higher in energy than the starting complex |, by 4.6 kcal/mol. Intermediate Ill is unstable,
high in energy due to the separation of the charges. Finally, complex IV is formed
through a transition state of extremely low activation barrier (TSy.v, AG* = 0.6 kcal),

which upon release of the metal would generate the experimentally observed allene 2.

In the case of the platinum(II) chloride path, different possible conformations of the
platinum complexes were computed for each transition state and intermediate (as for
the starting complex Il). Unsurprisingly, the energies were always considerably lower
when the double coordination with the alkene occurred. Thus, all structures computed

hereafter contained this double interaction, whenever possible.

The general profile of the platinum-catalyzed 1,3-migration seems very similar to the
gold-catalyzed one. After a low barrier of 14.1 kcal/mol, the zwitterionic unstable inter-
mediate V is formed. The next barrier (TS,.v) is not as low as in the case of the gold-
catalyzed reaction, but is still very low, of just 1.8 kcal/mol. This way, intermediate VI is

generated, 8.2 kcal/mol lower in energy than the initial complex.
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5.3.1.4 Myliol cycloisomerization

After the 1,3-migration, the cycloisomerization leading to the myliol core structure
should occur. The proposed mechanism (Scheme 5.13) consisted on the attack of allene
14 by the terminal alkene, assembling a six membered ring (15). Then, a carbene should
be formed as the final cyclization takes place, constructing the myliol core structure, 16.

Finally, the 1,2-shift of a hydrogen and release of the catalyst would provide product 4.

Scheme 5.13. Proposed mechanism for the 1,3-pathway.

The computed mechanism differs quite a bit from the proposal. Even though the
transition state TSi4.15 was found (gold, TSy.vi, Scheme 5.14 and platinum, TSv.ix, Scheme
5.15), intermediate 15 could never be isolated, as its optimization always resulted in the
spontaneous cyclization and formation of 16. IRC calculations were performed on tran-
sition states TSy.vi and TSvi.ix, and although the last point of the IRC leading to product
formation looked like the proposed intermediate 15, the latter optimization of the ge-
ometry ended up providing intermediate 16 (VIlI in Scheme 5.14 and IX in Scheme 5.15).
This suggests that the second transition state of the cycloisomerization has an extremely
low activation barrier. For this very same reason, the transition state could never be

located.
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AG
(kcal/mol)

-26.9 Vil

Vi

Scheme 5.14. Computed mechanism for the gold-catalyzed cycloisomerization of IV. Theory level: M06/6-
311G(d,p)/SDD(IEFPCM, toluene).*

The activation barriers of the cycloisomerization and the hydrogen shift are both low
in energy, especially the second one, (AG* = 12.7 kcal/mol). The reaction is highly exer-

gonic.

An alternative path to that displayed in Scheme 5.14 was computed. Although the
absolute R or S configuration of the carbon bearing the acetate group is irrelevant for
the outcome of the reaction, diastereomeric transition states and intermediates are gen-
erated during the process. Therefore, both pathways were calculated to see if there were
any significant discrepancies. Energies barely changed from one path to another, with
the difference never being greater than 2.0 kcal/mol. The path shown in Scheme 5.14

corresponds to the lowest energy one.

* Please note that the theoretical level of the calculations was modified during the study. This was
due to a problem in the convergence of one of the transition states of the alternative mechanism
regarding the formation of the lindenane-type structures. Later on, an energy diagram will be dis-
played with the full mechanism and all energy values computed using the same theory level.
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AG
(kcal/mol)

Scheme 5.15. Computed mechanism for the platinum-catalyzed cycloisomerization of VI. Theory level: MO6/6-
311G(d,p)/SDD(IEFPCM,toluene).

The mechanism of the platinum-catalyzed reaction is identical to the gold-catalyzed
one, with some variations in the energies. The first transition state, TSy.i, is higher in
energy with the platinum catalyst (24.5 kcal/mol vs 18.2 kcal/mol with gold), probably
due to the loss of the double coordination between the platinum and the alkyne and
alkyne moieties. Carbene IX is generated and, after a 1,2-hydrogen shift with an activa-
tion barrier of 22.7 kcal/mol, the final complex X is formed. The reaction with platinum

is less exergonic.

5.3.1.5 1,2-migration

As early proposed, the 1,2-acetate migration takes place in two steps; first, the car-
bonylic oxygen of the acetate attacks the alkyne, generating a zwitterionic cyclic inter-
mediate. Then, a metal carbene is formed as the cycle is opened and the acetate migrates
to its final position. The energy diagram of the reaction with each metal is shown in
Scheme 5.16.
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AG
(kcal/mol)

X

Xiv

Scheme 5.16. Computed mechanism for the AuCl (left) and PtCl, (right) catalyzed 1,2-migration of the acetate.
Theory level: M06/6-311G(d,p)/SDD(IEFPCM,toluene).

The mechanism was computed similarly for both metals, maintaining the tetracoor-
dination with platinum and dicoordination with gold. After the first transition state,
almost 3 kcal/mol lower with platinum (14.1 kcal/mol TS;.x vs 11.2 kcal/mol TSxu), a
zwitterionic intermediate is formed. The next energy barrier is extremely low in the case
of the platinum (only 1.4 kcal/mol), as happened during the 1,3-migration. Contrastively,
the barrier with the gold catalyst is rather high (11.0 kcal/mol). Gold carbenes are usually
found to be more unstable compared to platinum carbenes,** hence the larger activation

barrier of TSx.xi and higher energy of intermediate XII.

The implications of this energy differences may be key to understand the distinct
behavior of platinum and gold, and will be discussed in the next section. Now, the second
part of the mechanism will be described, consisting in the cycloisomerization process

to yield the desired lindenane core structure.

5.3.1.6 Lindenane cycloisomerization
We started searching for the cycloisomerization transition states using gold(I) chlo-

ride, following the proposed mechanism involving the formation of a six membered ring

and the posterior annulation to form the [3.1.0] bicycle. However, the formation of the
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six membered ring was never observed. With the gold catalyst, the [3.1.0] system was
generated with one transition state, TSx.xv (Scheme 5.17). Intermediates XV are very sta-
ble, making this step highly irreversible. In the 3D drawing displayed on the left, the
interatomic distances (in A) have been indicated. Looking at the distances we can infer
that the three membered cycle is not completely formed, as one of the distances (1.64
A) is elongated. After a final transition state of low energy barrier (TSxv.xv), the final
product is formed, where the distances between the three carbons of the cyclopropane
ring are almost identical (1.49, 1.50 and 1.51 A).

anti-TSy,.
AG XII-XV ® s
(kcal/mol) A
u \ ® anti

AN
Au-__
o o=
/
o
a0 =
o _Cl
— JAu
\ anti-TS /E/
=1 9xv-xvi ]
\ -8.2 0
XIi o
\ e e \\ =
AT _ O
7.0
= = syn-XVvi
-17.8
_ClI
JAu
o2 o =
S~
0]
= o = o
syn-XV anti-XV anti-XVI

Scheme 5.17. Formation of the lindenane core structure using gold(I) chloride. Theory level: M06,/6-311G(d,p)/
SDD(IEFPCM,toluene).

Since this mechanism seemed feasible, being both activation barriers low, we fol-
lowed the same scheme with the platinum-catalyzed reaction. Interestingly, we found a
very different profile (Scheme 5.18). The first activation barrier is very high in energy
and, this time, the formed intermediates XVII are clearly four membered platinacycles
(Scheme 5.18, distances in A). During the second transition state (TSxvixvi), the platina-
cycle is broken to free the metal and form the final [3.1.0] bicycle. Nevertheless, the

activation barrier of this step is exceedingly high, of ca. 37 kcal/mol. Following Eyring’s

131



5.3. Results and discussion

transition state theory expression, with the current heating (110 °C), the reaction would

need years to overcome such a large activation barrier.

AG
(kcal/mol) anti-TSy.xvy ® syn
® anti
C‘)I
c—Pt
O S
“o //< R
= o)
syn-TSyyuxvi anti-TSyy.xvii 6
syn-TSxv.xvii 19.6 —
T oos-l
16.6 '19.7 -<
—\ ! anti-XVIII
71614
i’ \
” O
”
l” / O
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/ syn-XVill
I/I
—

AcO

XIv

anti-XVII syn-XVII

Scheme 5.18. Formation of the lindenane core structure using platinum. Theory level: M06/6-311G(d,p)/
SDD(IEFPCM,toluene).

We computed the energies using a basis set that takes diffusion into account,
Def2TZVPP, in order to check whether a poor description of the orbitals could be the
cause for this huge barrier. The energies were almost identical, but this method was

used for most upcoming calculations.

The unfeasibility of the second transition state of the cycloisomerization suggested
the existence of an alternative mechanism. While the previous mechanism was a 5-exo

cyclization, the new mechanism consists on a 6-endo cyclization (Scheme 5.19).
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Previous 5-exo mechanism

Syn-TSxv-xvii syn-XVii Syn-T Sxv-xvii

New 6-endo mechanism

Syn-TSx|v.x|x syn-XIX Syn-TSx|x.xx

Figure 5.5. 3D structures of the cyclization transition states, intermediates and elimination transition states
of the 5-exo mechanism (up) and 6-endo mechanism (down) of the platinum-catalyzed cycloisomerization.
Theory level: M06/6-311G(d,p)/SDD(IEFPCM,toluene).

The results in the energy profile were very satisfactory (Scheme 5.19). While the first
activation barrier is very similar to the previous mechanism (TSxy.xwi, AGF = 29.4
kcal/mol vs TSxv-xix, AG* = 28.9 kcal/mol), the second transition state, TSxix-xx, has now

a low activation barrier and is therefore completely reasonable.
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Scheme 5.19. 6-Endo mechanism for the cycloisomerization using platinum(Il) chloride. The chlorine atoms of
TSxixxx were omitted for the sake of clarity. Please note that the theory level has changed from previous
schemes. Theory level: MO6/Def2TZVPP(IEFPCM,toluene)//M06/6-311G(d,p)/SDD(IEFPCM,toluene).
In the view of these results, we selected the 6-endo cyclization to be the right mech-
anism for the reaction with platinum, while the gold-catalyzed reaction can only proceed

through the 5-exo mechanism.

5.3.2 Difference between gold and platinum catalysis

During the experimental work of our colleagues, different reactivity was observed
between gold and platinum catalysis. On the one hand, the reaction with gold provided
no product or intermediate of the 1,3-migration pathway. On the other hand, only the
formation of allene 2 was observed, meaning that the cycloisomerization step never oc-
curred. In fact, when the reaction with gold was heated, only decomposition was de-
tected. By comparing the energy profiles of the reactions with both catalysts, we hope

to provide a reason for this divergent reactivity.
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Scheme 5.20. Energy diagram of the 1,2-pathway of the platinum (black) and gold (blue) catalyzed synthesis
of 3. Theory level: M06/6-311G(d,p)/SDD(IEFPCM,toluene).

We can see a significant difference between both catalysts in the 1,2-migration reac-
tion (Scheme 5.20). In the case of gold, the first transition state is slightly higher in
energy than its platinum counterpart. Furthermore, the gold carbene and the transition
state leading to it are considerably higher in energy. Although the mechanism of the
cycloisomerization steps is different for each metal, the energy diagram shows two very

similar profiles.
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Scheme 5.21. Energy diagram of the 1,3-pathway of the platinum (black) and gold (blue) catalyzed synthesis
of 4. Theory level: M06,/6-311G(d,p)/SDD(IEFPCM,toluene).

Regarding the 1,3-pathway, there are no remarkable differences among catalysts
(Scheme 5.21). In fact, the path with gold is somewhat lower in energy during the whole

mechanism, especially in the cyclization steps.

To fully understand the reactivity of the gold-catalyzed reaction, the comparison be-
tween both paths catalyzed by gold is shown in Scheme 5.22. The selectivity of the plat-

inum-catalyzed reaction will be analyzed later, on its corresponding chapter.
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Scheme 5.22. Energy diagram of the gold-catalyzed cycloisomerization reactions of 1. Theory level: M06/6

The most remarkable difference between pathways is the much higher stability of
the 1,3-path intermediate IV. Since in both pathways the migration step is reversible

while the cyclization is not, we can apply the Curtin-Hammett principle (see chapter 1)
and compare the energies of the two highest transition states of each pathway. These

would be TS, in the 1,3-route (AG = 13.1 kcal/mol) and TSxixv in the 1,2-route (AG =
16.8 kcal/mol), meaning that AAG = 3.7 kcal/mol, favoring the 1,3-pathway. This energy
1,2-pathway.

difference suffices to justify the lack of intermediates and products originated from the

slightly lower energy barriers for gold.

The explanation to why the reaction catalyzed with gold stops at the allene is not
trivial. When looking at the 1,3-pathway for both metals, we found a similar profile, with

We tried to look for a different coordination in IV that was lower in energy and could
perhaps trap the gold chloride and prevent the reaction from proceeding. Nine different
structures were computed, from which only the coordination to the terminal alkene moi-
ety resulted in a lower energy intermediate (1.8 kcal/mol lower than V).
Although this could be one of the factors for the termination of the reaction, it does
not suffice to completely discard the gold-catalyzed reaction. The reaction may have
succeeded under different experimental conditions, but since the experiments carried

out with gold were scarce, we decided not to focus excessively on the gold catalysis.

Some possible side reactions were tested, aiming to explain the decomposition observed
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whilst heating, but none of them succeeded. Thus, we decided to focus on the reactivity
and selectivity of the platinum-catalyzed cycloisomerizations.

5.3.3 Path selectivity with platinum

As introduced in the experimental section, our colleagues observed a preference over
the 1,2-migration path, with isomer ratios ranging from 65:35 to 85:15, depending on
the conditions. It is important to remark that this selectivity, although crucial in an ex-
perimental context, cannot be unequivocally determined by means of DFT calculations.
These two ratios would correspond to a theoretical energy difference of only 0.4 to 0.9
kcal/mol, and given the current level of accuracy of DFT calculations, such small differ-

ences can be considered negligible. Nonetheless, we tried our best to computationally
simulate the experimentally observed selectivities.

We began comparing the energy profiles of both routes using the same theory level
(Scheme 5.23).
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Scheme 5.23. Energy profile for the 1,2 (black) and 1,3 (blue) pathways of the reaction with the platinum
catalyst. Theory level: MO6,/Def2 TZVPP(IEFPCM, toluene)//M06,/6-311G(d,p)/SDD(IEFPCM,toluene).

As the migration is reversible, we can apply the Curtin-Hammett principle and con-
sider that the isomer ratio of this reaction will depend on the relative energy between
the two highest transition states (AAG = TSx-xix - TSviix = 0.4 kcal/mol). In that case, the

predicted isomeric ratio of 3:4 would be approximately 35:65, in favor of the minor ex-
perimentally observed isomer.

We decided to use the software COPASI to better understand how the reaction pro-

ceeds. We calculated the constant rates according to Eyring’s equation using the Gibbs
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free energies obtained in the M06/Def2TZVPP(IEFPCM,toluene)//M06/6-311G(d,p)/
SDD(IEFPCM,toluene) theory level. The simulation was carried out in two different ways:
considering all the intermediates and transition states and neglecting the second (T Sx-
xiv and TSxv-xvi) and fourth (syn-TSxx-xx and TSixx) transition states. Seeing that the out-
come did not differ, all the following simulations were carried out omitting those tran-

sition states.

Reaction of furan 1 (M06/Def2TZVPP)
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Figure 5.6. Graph based on the results provided by the COPASI simulation. Reaction of the furan substrate 1.
Theory level: MO6,/Def2 TZVPP(IEFPCM, toluene)//M06,/6-311G(d,p)/SDD(IEFPCM,toluene).

As shown in Figure 5.6, the formation of the 1,2-intermediate (XIV, green) occurs
immediately, overlapping the curve of the starting material (Il, a red diamond marks time
= 0 s). In spite of this and due to the reversibility of this first step, the mayor product is
the 1,3-migration and later cycloisomerization product (X, yellow), with a lower cycliza-

tion barrier.

The final 3:4 ratio is 40:60, which is in disagreement with the experimental results
and highlights the difficulties of refining the energies to tenths of kcal/mol, as needed
in this case. In order to properly explain the experimental selectivity, further calculations
were performed. These will be discussed later, after studying the lactone containing sub-

strate.

5.3.4 Difference between furan and lactone

During their experimental work, our colleagues observed a couple of differences be-
tween the reactivity of the substrate containing a furan ring, 1, and the substrate con-
taining a lactone moiety, 5. The most significant is the absence of the myliol-type

product in the case of the lactone. Although they obtained several byproducts, all were
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derived from the 1,2-migration of the acetate, meaning that the 1,3-migration never oc-

curs in the case of lactone 5.
As starting point, we computed the lactone analogues of the intermediates and tran-
sition states we previously studied. This would allow us to compare their energy profiles

and detect the differences that demonstrate the aforementioned divergent reactivity.

The obtained Gibbs free energy profile is presented in Scheme 5.24. Since no signif-
icant structural differences were found, only the references of each structure are dis-

played.
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Scheme 5.24. Both pathways for the reaction of lactone 5 with the platinum catalyst. Theory level:
MO6/Def2TZVPP(IEFPCM,toluene)//M06,/6-311G(d,p)/SDDUIEFPCM,toluene).

The resulting profile is similar to that of the furan analogue. Even so, there is a re-
markable difference in the energy of the cycloisomerization transition state (TSxxw-xxvi,
black and TSxxv-xxvi, blue). Now, the energy of the 1,3-cyclization transition state is 3.3
kcal/mol lower in energy than the 1,2-cyclization transition state. Actually, in the case
of the lactone, the highest energy transition state of the 1,3-path is not the cyclization
(AG = 15.1 kcal/mol), but the initial migration of the acetate (TSxxixxm, AG = 17.9
kcal/mol). According to this, since the selectivity is determined by the relative energy

between the highest energy transition state of each path, the 1,3-pathway would now be
favored by 0.5 kcal/mol (TSxxiv-xxvi - TSxxi-xxm). This result would contradict the experi-

mental results, where only products derived from the 1,2-pathway were observed.

So as to predict the final ratios, we performed again a COPASI simulation to better

understand the selectivity of the reaction (Figure 5.7), just as we did in the case of the

furan.
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Reaction of lactone 5 (M06/Def2TZVPP)
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Figure 5.7. Graph based on the results provided by the COPASI simulation. Reaction of the furan lactone 5.
Theory level: M06/Def2 TZVPP(IEFPCM, toluene)//M06,/6-311G(d,p)/SDDIEFPCM,toluene).

As happened with the furan, on early stages of the reaction, the intermediate of the
1,2-pathway (XXIV, green) accumulates due to the lower migration barrier. Shortly there-
after, this intermediate disappears to give place to the product of that path (syn-XXVIlI,
blue). At the same time, the formation of the 1,3-intermediate (XXV, grey) can be de-
tected, meaning that the reaction is reversible, just as the furan reaction was. The reason
why we observe the accumulation of this intermediate is that the barrier of the cycliza-
tion is quite large (AG* = 30.6 kcal/mol). Nevertheless, this barrier is ultimately overcome
to provide the 1,3-product (XXIX, yellow). As we feared, the final 3:4 ratio is of 35:65,

instead of the experimentally observed total selectivity towards the 1,2-path.

In the next figure, a simplified scheme of reactivity of the furan and lactone sub-
strates has been illustrated. Only the key migration and cyclization transition state of

each pathway have been represented.
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Scheme 5.25. Simplified scheme of key transition states of the reaction of furan 1 and lactone 5. Theory level:
MO06/Def2 TZVPP(IEFPCM,toluene)//M06,/6-311G(d,p)/SDD(IEFPCM,toluene).

Looking at Scheme 5.25, we see that the 1,2-pathway (right) is almost identical for
both substrates, whereas the 1,3-pathway (left) has a noticeable difference. This differ-
ence is, as we saw earlier, the lower energy of the cyclization in the case of the lactone
(15.1 kcal/mol). Because of this, the selectivity of the lactone will not be determined by

the 1,3-cyclization, but by the 1,3-migration (17.9 kcal/mol).
5.3.5 Path selectivity of 1T and 5

The isomer ratio of the reaction depends on, as we explained earlier, the highest
energy transition state for each pathway. This transition states (green circles in Figure
5.8) are very close in energy: 0.4 kcal/mol in the case of the furan, and 0.5 kcal/mol in

the case of the lactone.
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Figure 5.8. Simplified scheme of key transition states of the reaction of furan 1 and lactone 5. Theory level:
MO06,/Def2 TZVPP(IEFPCM, toluene)//M06,/6-311G(d,p)/SDD(IEFPCM, toluene).

During the publication of this work, we were suggested to run our calculations using
alternative functionals and basis sets. Hopefully, this would help us find a theory level

that would accurately reproduce the experimentally observed ratios.

The screening was carried out performing single point calculations of geometries
computed in M06/6-311G(d,p)/SDD(IEFPCM,toluene). For this initial functional screen-
ing, only the two key transition states for each path were used. The employed function-
als were B3LYP, B3PW91 (both with Grimme’s 3D dispersion model), M11-L and «B97X-
D, all of them with the solvent method IEFPCM, solvent=toluene. These four functionals
were combined with two different basis sets, the same as in the geometry optimizations
(6-311G(d,p) for non-metals, SDD for platinum) and Def2TZVPP.
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Table 5.4. Comparison between the different theory levels utilized for computing the energies of key transition
stets. All of them were computed using toluene as solvent. Shown values are Gibbs free energies (in kcal/mol)
obtained by the addition of the potential energy obtained though single points calculations to the Gibbs free
energy correction on M06/6-311G(d,p)/SDD. Green: desired result. Yellow: < 0.5 kcal/mol against desired re-
sult. Red > 0.5 kcal against desired result.

Furan Lactone
Theory level CyC13 - CYyC12 CYyC13 - Mig12
MO06-2X/Def2TZVPP 0.4 0.5
B3LYP-D3/Def2TZVPP 5.6 1.7
B3LYP-D3/6-311G(d,p)/SDD 6.4 3.9
M11-L/Def2TZVPP 3.6 1.7
M11-L/6-311G(d,p)/SDD 4.7 2.3
wB97X-D/Def2TZVPP 0.5 -0.2
wB97X-D/6-311G(d,p)/SDD 2.0 2.2
B3PW91-D3/Def2TZVPP -0.4 0.1
B3PW91-D3/6-311G(d,p)/SDD 0.7 25

The first column corresponds to the energy difference between the 1,2 and 1,3-cy-
clization transition states of the furan, while the second one corresponds to subtraction
of the 1,2-migration transition state energy to the 1,3-cyclization transition state energy
of the lactone. The very first row shows the numbers resulting from the theory level
employed until now, while the rest of the rows correspond to the different theory levels
tested.

In order to predict the right selectivity, the values would need to be closer and, ide-
ally, of the opposite sign. Like so, the 1,2-pathways would be preferred, as found in the
experimental studies. Regarding the furan, this was only the case of the B3PW91-
D3/Def2TZVPP theory level. This theory level also provided a lower value for the lactone,
but it was using the level «B97X-D/Def2TZVPP when best results were obtained.

With the results of Table 5.4 in hand, we selected «B97X-D/Def2TZVPP and B3PW9I1-
D3/Def2TZVPP as the most suitable theory levels for our systems. The energy of starting
materials, intermediates and products was also calculated in order to generate new
COPASI simulations.
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5.3.5.1 B3PW9I1-D3/Def2TZVPP

Since this theory level provided an inversion on the selectivity of the furan containing
substrate, as illustrated in Table 5.4, a COPASI simulation was run to observe the course

of the reaction.

Reaction of furan 1 (B3PW91-3D/Def2TZVPP)
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Figure 5.9. Graph based on the results provided by the simulation. Reaction of the furan substrate 1, with
single point calculations in B3PW91-3D/Def2 TZVPP(IEFPCM,toluene).
The graph generated by COPASI provided excellent results. The shapes of the curves
is similar to those obtained with the original theory level, but this time the selectivity is
the desired one. The final 3:4 product ratio is 65:35, which is in perfect agreement with

the experimental results.

5.3.5.2 wB97X-D/Def2TZVPP

This theory level was the only one were an inversion of the selectivity of the lactone
containing substrate could be observed, and therefore a COPASI simulation was carried
out (Figure 5.10).
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Reaction of lactone 5 (wB97XD/Def2TZVPP)
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Figure 5.10. Graph based on the results provided by the simulation. Reaction of the lactone substrate 5, with
single point calculations in «B97X-D/Def2TZVPP(IEFPCM,toluene).
The results of the COPASI simulation reflect the just 0.2 kcal preference over the 1,2-
pathway. Although a bigger proportion of 1,2-product is observed, the selectivity is very

poor, far from the total selectivity experimentally achieved.

5.3.5.3 Solvent influence

Our final attempt to improve our results consisted on changing the solvent of our
simulations. The ability of the solvent to stabilize intermediates and transition states
could have a heavy impact on the outcome of our calculations. Therefore, we tried re-
running single point calculations in gas phase, but also defining the dielectric constant,

g, of our solvent. The values assigned to this constant were 5, 10, 25 and 50.

The changes observed when varying the solvent were similar for both theory levels;
thus, only one of them is shown in the forthcoming tables: «B97X-D/Def2TZVPP.

First, the energies of the key transition states of the reaction of lactone 5 are pre-
sented on Table 5.5, each row corresponding to a different dielectric constant. The last
column shows the difference between the 1,3-cyclization and the 1,2-migration, respon-

sible for the selectivity of the reaction.
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Table 5.5. Gibbs free energy values (in kcal/mol, referred to the starting complex XXI) of key transition states
of the reaction of lactone 5, with different values of e. Theory level: «B97X-D/Def2TZVPP//M06/6-
311G(d,p)/SDD. In bold, transition state responsible for the selectivity.

Lactone 5

1,2-pathway 1,3-pathway

Cyc13 TS - Mig12 TS
Mig. TS Cyc. TS Mig. TS Cyc. TS

Gas phase 16.1 20.8 19.4 18.4 -1.3
Original (Tol.) 12.6 16.7 16.9 12.9 0.2
€=5 10.8 14.2 15.6 9.8 1.4
€=10 9.8 12.7 14.8 8.1 21
€=25 9.1 11.7 14.4 6.9 2.6
€=50

In this theory level, the selectivity of the reaction was very poor, as a preference of
only 0.2 kcal/mol over the 1,2-product was observed (second row, Table 5.5). Neverthe-
less, a clear trend can be observed; as the polarity of the solvent is increased, the differ-
ence between the highest energy transition step of each path is also increased. In fact,
the final row shows a preference of 2.8 kcal/mol over the 1,2-pathway, which would

result in total selectivity.
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Table 5.6. Gibbs free energy values (in kcal/mol, referred to the starting complex XXI) of key transition states
of the reaction of furan 1, with different values of e Theory level: «B97X-D/Def2TZVPP//M06/6-
311G(d,p)/SDD. In bold, transition state responsible for the selectivity.

Furan 1
1,2-pathway 1,3-pathway
Cyc13 TS - Mig12 TS
Mig. TS Cyc. TS Mig. TS Cyc. TS

Gas phase 15.5 215 18.5 22.5 -3.0
Original (Tol.) 12.0 17.7 16.0 17.2 -1.7
e=5 10.2 15.5 14.7 14.2 -0.8
€=10 9.3 14.3 14.0 12.5 -0.3
€=25 8.6 13.4 13.5 11.3 0.1

€ =150 8.4 13.1 13.4 10.8 0.3

Table 5.6 displays the energy of the key transition states of the furan containing
substrate as well as difference between the 1,3-cyclization and the 1,2-migration. A sim-
ilar trend to that of lactone 5 can be observed. With low dielectric constants, the energy
difference is big, favoring the 1,3-migration product. However, as the polarity is in-
creased, the energy gap is reduced until, at € = 25, the selectivity is reversed. Actually,
the value of 0.3 kcal/mol (last row, £ = 50) would produce isomeric ratios similar to those

experimentally found.

It is important to point out the change of the selectivity-inducing step in Table 5.6.
At strong polarities, the highest energy transition state of the 1,3-route is, as in the
lactone, the migration. Contrarily, in gas phase and with a non-polar solvent, the rate-
limiting step is the cyclization. Because of this, the selectivity favoring the wrong isomer

using the original solvent (second row) is of 0.5 kcal/mol instead of 1.7 kcal/mol

In view of the results of Tables 5.5 and 5.6, we can conclude that our method is able
to reproduce the experimental data when a very polar solvent is simulated. All the tran-
sition states seem to be stabilized by the polarity of solvent, since their energy goes
down as the dielectric constant is increased. In the case of the furan, this causes the
selectivity to reverse as the polarity is increased, while in the case of the lactone, the

selectivity is increased until total selectivity is achieved with a very polar solvent.
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5.3.6 Syn/antiselectivity

The cycloisomerization reactions performed by our collaborators produced mixtures
of syn and anti isomers of the lindenane-type structure (1,2-pathway). The selectivity
was poor for both the furan (1) and lactone (5) containing substrates, as the isomer ratios

were of 2.6:1 and 5:1 respectively.

We computed the syn and anti cycloisomerization transition states and intermedi-
ates of the furan and lactone substrates. The results are displayed in Scheme 5.26, where
the energies are related to the carbene derived from the 1,2-migration of the acetate
(0.0).

AcO AcO P
Cl-Pt CI-Pt
cl :O Cl \ O
(0]
anti-XX
anti-XXVIII
AcO~ AcO~
CI-Pt CI-Pt
CIII “"0 cl \ o)
| 0
syn-XX !
furan <———— > [actone syn-XXVII

Scheme 5.26. Energy profile for the syn and anti 1,2-cyclizations of furan 1 and lactone 5. Theory level: M06,/6-
311G(d,p)/SDD(IEFPCM,toluene)//M06/Def2 TZVPP(IEFPCM,toluene).

The energy profile of the furan and lactone containing substrates is almost identical
in terms of syn/anti selectivity. The first activation barrier will determine the selectivity,
and only a 0.1 kcal/mol energy difference was found for both substrates. The only plau-
sible conclusion that can be reached from Scheme 5.26 is that both reactions will lead

to mixtures of syn and anti isomers.
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5.4 Conclusions

- Mechanism of the reactions

The mechanism of the two reactions responsible for the lindenane and myliol-
type products was successfully elucidated. The transition states of the acetate mi-
grations and later cycloisomerizations could be identified. Although the first activa-
tion barrier achieved for the lindenane-type cycloisomerization (5-exo) was too high,

a change to a 6-endo transition state led to a feasible activation barrier.

- Divergent reactivity observed between gold and platinum catalysis

The mechanism of both reaction catalyzed by gold and platinum were compared.
Evident differences were found between the two catalysts, both structurally and en-
ergetically. Nevertheless, the reason why the gold-catalyzed reaction stops after the
1,3-migration of the acetate is not completely clear. Probably, more experimental

data would be desirable to confirm the lack of reactivity.

- Preference of product 3 over 4 in the PtCl, catalyzed reactions

The experimentally observed selectivity in the case of the furan was a challenge.
The low experimental selectivities can only be qualitatively explained by means of
computational chemistry, since the accuracy of DFT methods is not sufficient for
such small differences in energy. Both pathways had similar activation barriers and,
although the initial selectivity predicted the formation of the minor isomer 4, per-
forming a screening of theory levels and tuning the properties of the solvent im-
proved our predictions. When the dielectric constant was low, the cyclization was
the highest energy transition state of the 1,3-pathway. At higher polarities, the mi-

gration was higher in energy than the cyclization, which induced the right selectivity.

- Diastereomeric ratio of 3

During the synthesis of 3 a preference over the syn product was observed, alt-
hough the selectivity was poor and ranged from 1.6:1 to 2.4:1. Such low selectivity
can be justified by means of DFT as long as the energy of the syn and anti leading
transitions states are similar in energy, which was the case for the formation of 3.
Although the diastereoselectivity observed in the lactone analogue was slightly bet-

ter (5:1), the results of the energy diagram were almost identical to those of furan 3.

- Different reactivity of furan 1 and lactone 5
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5.4. Conclusions

Since the experiments showed a complete selectivity towards the lindenane-type
structure in the case of the lactone, we expected to find a palpable difference be-
tween the energy diagrams of the two substrates. The only evident difference was
that, in the case of the lactone, the highest energy transition state of the 1,3-pathway
was not the cyclization, but the migration. Nevertheless, the difference between the
two highest transition state energies was still favoring the minor isomer. After per-
forming the screening and tuning the solvent, it was found that, under the same
conditions applied to the furan, the predicted selectivity concurred with the experi-

ments.
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- Transition states of 3k:
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Abstract: A range of functionalized heteroaromatic boron-
ic acid derivatives are readily accessed by a diboration/6z-
electrocyclization sequence. This study revealed the sur-
prising observation that there is a direct relationship be-
tween oxime ether stereochemistry and reactivity towards
electrocyclization. Specifically, E-oxime ethers are found to
be significantly more reactive than their Z-counterparts
(stereochemistry relative to azatriene scaffold). In contrast,
the configuration at the azatriene alkene terminus has
little impact on reaction rates. Computational analysis
offers a rationale for this observation; a Niyne pair —C=C 7*
orbital interaction lowers the energy of the transition
state in the electrocyclization of E-oxime ethers. Finally,
unreactive Z-oxime ethers can be converted to the corre-
sponding heterocyclic products by a photolytically pro-
moted E—Z isomerization and electrocyclization se-
quence.

- /

Heterocycle-fused pyridines are common fragments in biologi-
cally active compounds and azole-containing analogues are
particularly prominent, featuring in compounds such as nu-
cleosides and carbolenes.” These compounds are often pre-
pared by ring-forming synthetic strategies, for which a number
of catalytic methods have recently emerged.” However, suita-
bly functionalized variants of these compounds could allow
them to be introduced directly using cross-coupling reactions.
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In this regard, the availability of borylated azole-fused pyridine
derivatives is very limited.

Recent studies in our lab have demonstrated that aromatic
oxime ethers bearing an ortho-alkyne group can be trans-
formed into isoquinoline boronic esters via a diboration/6z-
electrocyclization sequence.” We therefore began our studies
by investigating the applicability of this transformation for the
synthesis of borylated thienopyridines as this would deliver a
novel class of heteroaromatic boronic ester scaffolds.** As
shown in Scheme 1, subjection of thiophene 1a to B,pin, in

Yz ) Bpin Bpin
7 Bypin, (1.1 eq) P __Bpin
a PUPPhg (6 mol%) /17N /7]
S 0,
| Toluene, 120 °C s =N S
N 15h I
“OMe meo-N
1a 2a 3a

EZ=115(61%2)
E:Z=16.5(86% 2)

29% (21%)
10% (n.d.)

57% (58%)
72% (70%)

Scheme 1. Synthesis of borylated thienopyridines. Estimated yields obtained
by "H NMR spectroscopy with isolated yields in parentheses. n.d.: Not deter-
mined.

the presence of a Pt-catalyst led to a diboration-electrocycliza-
tion cascade that delivered thienopyridine boronic ester 2a in
poor yield. Interestingly however, the remaining mass balance
consisted of diborylated alkene 3a, which was found to con-
tain exclusively the Z-configuration at the oxime. This result
was reproduced at higher Z/E-1a ratios. The correlation be-
tween initial oxime ether isomer ratio and the product ratios
indicated that the Z-minor oxime isomer of 1a could undergo
diboration, but was inert to electrocyclization.”

In continuing our scoping studies, we found that the majori-
ty of heterocycles examined provided very high selectivity for
E-oxime stereoisomers and so we were able to demonstrate
that this method offers a rapid and convenient means for gen-
erating novel heteroaromatic boronic esters from readily avail-
able starting materials. As shown in Scheme 2, Boc-protected
carbolenes were readily assembled by diboration of 1b,c, al-
though the free indole 1d required further heating to promote
cyclization. The method also allows a convenient means for ac-
cessing constitutional isomers, as exemplified by the synthesis
of azaindazoles 2e,g. Overall, this approach allows a range of

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Diboration-electrocyclization approach to heteroaromatic boro-
nates. [a] B,pin,, 10 mol % Pt(PPh;),, toluene, 120°C, 16 h. [b] (i) B,pin,,
10 mol % Pt(PPh,),, toluene, 120°C, 16 h; (ii) 1,2-C¢H,, 200°C, 16 h.

functionalized scaffolds to be generated in good yield over a
one or two step sequence.

Returning to the issue of the dependence of the electrocycli-
zation step on the oxime stereochemistry we explored the
generality of this observation, targeting substrates that could
deliver significant yields of Z-oxime ethers. We were able to
prepare and isolate individual isomers of thiazole 1i and ketox-
imes 1j-k. The diboration-electrocyclization of these com-
pounds reinforces the observation that the cyclization was crit-
ically dependent on oxime ether stereochemistry with Z-sub-
strates inert to pyridine ring formation (Scheme 3). E-1i cleanly

Ph . .
N = Bpin Bpin
</ | _ N ~-Ph N N Bpin
SN oy & Ph
OMe STN\F S N\=N,,
OMe
E-1i 2i; 65% E-3i; <2%
EIZ-1i (9:1 Z:E) 2i; (9%) Z-3i; (44%)
R .
= Bpin Bpin
Z R Bpin
N S
Me — | R
I _N Me
N |
VMOMe Me va‘
OMe
E-1j 2j; 73%} - E-3j; <2%} -
Z1j 2j; <2% R=H Z-3j; R=H

E-1k 2k; 95%]  _ E-3k; <2%]  _
Z-1k 2k;2%o}R_g Z-3k;< O}R'g

Scheme 3. Diboration—-electrocyclization efficiency in relation to oxime ether
stereochemistry. (i) B,pin,, 10 mol % Pt(PPh,),, toluene, 120°C, 16 h; (i) 1,2-
Cl,C¢H,, 200°C, 16 h. Estimated yields obtained by 'H NMR spectroscopy in
parentheses.
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provided 65% of pyridine 2i, whilst a sample containing
~90% Z-1i gave <10% of the pyridine and 44% of Z-3i,
which proved unstable with respect to protodeboronation.
Similar observations were found in the synthesis of isoquino-
lines 2j and 2k.

The thermally promoted disrotatory 6m-electrocyclization of
conjugated trienes to form cyclohexa-1,3-dienes is an estab-
lished transformation that has attracted many theoretical and
experimental studies over the years. The influence of substitu-
ent and geometrical effects in electrocyclization reactions of
trienes has been studied in some detail, and it appears that
the incorporation of groups in a ‘cis’ configuration at the ter-
mini of the triene chain significantly retard the cyclization
rate.”® This has been attributed to a reduced propensity for
the substrate to adopt the reactive s-cis, s-cis conformation. In
order to establish sensitivity of the reaction to the stereochem-
istry at the oxime ether, the alkenyl terminus, and the effect of
congested borylated substrates, we computed the free activa-
tion energy of the cyclization of Z and E oxime ether isomers
of a non-borylated substrate 4, and compared this to 3k

(Figure 1).

g g H Bpin
R= \u ) | _
v we QI

N,OMe

|
1E,5E-4 1E,57-4 E-3k

- 32.8 kcalmol™' 32.0 kcalmol™ 31.3 kcalmol™

N
) 1Z,5E-4 1Z2,57-4 Z-3k
55.7 kcalmol"166.0 kcalmol™! 62.8 kcalmol™!
R
Figure 1. Calculated free activation energies for cyclizations of E and Z

oxime ethers, computed at M06-2X/6-311 + G(d,p)(IEFPCM, toluene). Values
in kcalmol™.

The Z- and E-isomeric forms of all initial oxime substrates
show very similar relative stabilities, with differences between
them of only 0-0.6 kcalmol™" (see Supporting Information for
details). Surprisingly however, the activation energies for the
cyclization of the Z-oxime isomers were between 20 and
30 kcalmol™" higher than those of their E-counterparts, which
corresponds to ten or more orders of magnitude lower reac-
tion rate. The reaction barriers for the E-isomers range from
31-33 kcalmol™', and these barriers are easily surmountable at
the experimental temperatures typically used for the cycliza-
tion reaction. In contrast, Z-oximes afford activation energies
over 40 kcalmol™' (even as high as 63 kcalmol™'), meaning
that this general kind of substrate will probably never react,
whatever experimental conditions are employed. In contrast to
the oxime ether moiety, the computational data predict that
the structural features on the alkene terminus do not exert any
significant effect on the cyclizations. For example, 1E,5Z-4 pres-
ents slightly lower activation energy than 1E5E-4, suggesting
that cis-alkenes can be as good substrates (or even better) as
trans-alkenes in this specific reaction.”” Furthermore, increased

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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substitution on the alkene seems to be well tolerated, and tet-
rasubstituted derivative 3i shows comparable, slightly lower
activation barrier than the simplest E-alkene 4. Thus, the incor-
poration of boronic esters, and the substitution degree and
pattern of the alkene, appear to have no significant impact on
reactivity towards electrocyclization.

To find an explanation for the above findings, we analyzed
the structures of the four different transition states of com-
pound 4 (Figure 2). As expected, all the cyclizations are disrota-

TS-1Z5E-4
Snc=1.94 A

TS-12,5Z-4
Snc = 1.94 A
AAGF = 32.8 keal mol'!  AAGH = 32.0 keal mol-! AAGF = 55.7 kcal mol-! AAGF =66.0 kcal mol!

TS-1E,5E-4
Sn.c=1.90 A

TS-1E5Z-4
Snc =1.90 A

Figure 2. Structural features of the isomeric transition structures of com-
pound 4.

tory, and present very homogeneous C—N bond forming dis-
tances (1.90-1.94 A). The transition states of the two E-oxime
isomers (TS-1E,5E-4 and TS-1E,5Z-4) are structurally very similar,
and differ only in the relative cis/trans disposition of the
methyl group at the terminal alkene which does not have any
effect on their relative activation barriers (32.8 and 32.0 kcal
mol™). Indeed, the terminal olefinic carbon undergoes partial
pyramidalization during the transition state, releasing part of
the steric repulsion between the eclipsed aryl and methyl sub-
stituents in the Z-olefin containing substrates, providing an ex-
planation for the good performance of hindered Z-alkenes in
this process. Meanwhile, the geometry of the oxime moiety
during the reaction is also very instructive. We hypothesize
that the lone pair of the oxime-nitrogen actively participates in
the electrocyclization, and its orientation is thus crucial for the
reactivity. In TS-1E,5E-4, the iminic nitrogen lone pair is point-

CHEMISTRY

A European Journal
Communication

ing towards the terminal carbon of the double bond (see ten-
tative disposition, Figure 2 in red), whereas in TS-1Z,5E-4, the
lone pair is orthogonal to the forming C—N bond.

Evidence for donation of the nitrogen lone pair into the
alkene antibonding mt* orbital at the transition state is revealed
in the plotted orbital interaction diagram for TS-1E,5E-4 (B,
Figure 3). This interaction is lacking in TS-1Z,5E-4, where the
lone pair is not participating in the transition state (C). Also,
the electronegative region (red in the ESP diagrams) of react-
ing oxime Z is large around the lone pairs of nitrogen and
oxygen (D, Figure 3), showing that the electron density at ni-
trogen lies away from the forming C—N bond forming region.
Meanwhile, there is an absence of negative charge around ni-
trogen in the E-oxime (A), since its lone pair is involved in
bonding.

The fact that ketoxime ethers are commonly formed with
significant proportions of Z-isomer present constitutes a limita-
tion of this chemistry given that calculations suggest that Z-
oximes are essentially inert to cyclization. This prompted us to
consider the possibility of using photochemically promoted
cyclization methods as a means to processing these unreactive
azatrienes towards pyridine products. In principle, two path-
ways could be envisaged: (1)a photochemically promoted
conrotatory cyclization reaction; (2) a photochemically promot-
ed oxime ether isomerization followed by thermally promoted
disrotatory cyclization. Regarding the latter pathway, photo-
chemically promoted stereochemical isomerization of oximes
has been established (Scheme 4)."” Moreover, Pratt and co-
workers have reported that such processes can operate during
electrocyclization reactions, although they did not identify a re-
lationship between cyclization efficiency and oxime ether ste-
reochemistry."™ This approach is especially attractive in the
case of oxime ethers where the rate of thermal interconversion
is extremely slow.

In order to establish the potential of the photochemically
promoted cyclization, we subjected substrates 1Z,5E-3a and
1Z-3k to UV irradiation in 0-DCB. Pleasingly, these conditions
successfully furnished the desired heterocyclic substrates,
albeit in modest yield (Scheme 4). In the case of the reaction

TS-1E,5E-4

TS-1Z,5E-4

Figure 3. Orbital interaction diagrams (B and C) and Electrostatic Potential maps (A and D) for the cyclization transition states of the isomeric E- and Z-oxime

ethers.
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Scheme 4. Photochemically promoted electrocyclization reaction of oxime
ethers.

of 1Z-3k, monitoring the reaction progress via LC-MS and
'H NMR spectroscopic analysis showed the rapid formation of
the E-oxime ether together with product formation. Moreover,
a ~1:1 mixture of oxime ether isomers was maintained until
complete consumption of starting materials (See Supporting
Information). We therefore believe that, in this case, the reac-
tion operates via a photolytically promoted oxime ether iso-
merization followed by a thermally promoted electrocyclization
step.

In conclusion, the 6m-electrocyclization of conjugated aza-
trienes offers a useful method for the synthesis of heterocyclic
boronic acid derivatives. Our experimental studies show that,
in the case of oxime ethers, there is a direct relationship be-
tween oxime stereochemistry and reactivity towards electro-
cyclization. Specifically, while the configuration of the alkene at
the azatriene terminus has little impact on reaction rates, E-
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Diborylalkene (2.50 g, 5.0 mmol) in 0-DCB (50 mL) was stirred at
200°C for 16 h. The reaction mixture cooled to room temperature
and was filtered through silica gel. The residue was purified by
flash column chromatography on silica gel to give 2e as a yellow
foam (1.60 g, 93%). 'H NMR (400 MHz, CDCl,): 6=9.02 (s, 1H), 8.23
(s, TH), 7.68-7.63 (m, 2H), 7.45-7.36 (m, 3H), 4.21 (s, 3H), 1.32 ppm
(s, 12H); *C NMR (101 MHz, CDCly): 6 =154.6, 142.2, 134.6, 134.0,
133.9, 133.1, 129.7 (2Q), 127.9 (2C), 127.8, 84.4 (2C), 36.1, 24.8 ppm
(4C), one quaternary missing due to quadrupolar relaxation;
"B NMR (128 MHz, CDCl,): 6=31.6 ppm (br); FTIR: #=2971, 1725,
1562, 1451, 1319, 1195, 1070cm™'; HRMS m/z [M+H]"
CyoH,,""BN,0, calcd 336.1878; found: 336.1888.
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ABSTRACT: A protocol for the Pd(II)-catalyzed C—H alkenylation reaction of substituted N-allylanilines via an unusual 6-endo
process has been developed. A density functional theory (DFT) study of the mechanistic pathway has shown that the coordination
of the remote protecting group to the palladium center is determinant for the control of the regioselectivity in favor of the 6-endo
process. The reaction would proceed via prior activation of the alkene. This procedure constitutes a mild and efficient method for
the synthesis of 1,4-dihydroquinoline derivatives from simple and readily accessible substrates.

B INTRODUCTION

Transition-metal-catalyzed C—H functionalization reactions of
(hetero)arenes have emerged as very powerful tools for the
formation of carbon—carbon bonds' and as a good alternative
to traditional cross-coupling chemistry. No prefunctionalized
coupling precursors as halides or pseudohalides are required,
though a stoichiometric oxidant is needed to regenerate the
active catalytic species. These reactions can typically be carried
out under mild conditions, even in aqueous media, avoiding
the need for rigorous exclusion of oxygen. In the last years,
there has been a great progress in the intermolecular
dehydrogenative Heck reaction (DHR) or Fujiwara—Moritani
reaction.” This reaction consists of Pd(Il)-catalyzed direct
coupling between a Csp*hybridized reaction partner and an
alkene followed by f-hydride elimination toward the site of
initial migratory insertion, which formally provides an sp*—sp*
carbon—carbon bond. The main issue of this type of reactions
has been the control of site selectivity that has been addressed
by using either electronically activated substrates or directing
groups/ligands that are able to coordinate the metal center and
facilitate the catalyst approach to the selected C—H.® The
potential of its intramolecular variant for the synthesis of
carbocyclic and heterocyclic frameworks, however, remains
relatively underexplored, and has been mainly applied to
electron-rich heteroarenes such as indole and pyrrole. As in
related Heck cyclizations, the regioselectivity is determined by
the ring size and the preferential exo processes, which has been
attributed to the strain involved in the approach of the
arylpalladium intermediate. Thus, annulated indoles and

© 2019 American Chemical Society

7 ACS Publications
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pyrroles have been prepared via 5-, 6-, and/or 7-exo-trig
cyclizations of C-3- and/or C-2-substituted derivatives with
unactivated alkenes.” The procedure has also been applied to
the construction of benzofurans and chromenes using electron-
rich arenes.” Specifically, our group has reported intra-
molecular dehydrogenative Heck reactions of aryl homoallyl
ethers and N-homoallylanilines, which provide direct access to
highly and diversely substituted chromenes and (dihydro)-
quinolines, respectively.® On the other hand, endo-trig
cyclizations are rare and have been reported when the exo
processes are blocked, and the palladium hydride elimination is
not possible, as described by Lu in the synthesis of carbazoles’
(Scheme 1a).

The palladium-catalyzed cyclization/carboalkoxylation of C-
2 and C-3 alkenyl indoles to give carbazoles and cyclohepta-
[blindoles via either 6- or 7-exo-trig, as well as 6-endo-trig
processes is still an exception in dehydrogenative Heck-type
cyclizations.” Similarly, exo cyclizations are generally favored
using activated alkenes (bearing an EWG). Thus, Pd(II)-
catalyzed intramolecular reactions of N-phenylacrylamides
afford oxindoles via formal S-exo-trig processes, (Scheme
1b),” and in some cases, even when S-hydride elimination is
not possible, the Ar—Pd(II) intermediate prefers to undergo a
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Scheme 1. Intramolecular Pd(IT)-Catalyzed Alkenylation
Reactions through endo and exo Processes
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nucleophile capture or a subsequent C—H alkylation."’
However, we have demonstrated that the intramolecular 6-
endo-trig C—H alkenylation of related N-alkyl-substituted N-
phenylacrylamides gives 4-substituted quinolin-2[1H]-ones,"'
showing that the reaction can be switched to the S-position of
the acrylamide by selecting the catalyst, oxidant, and
experimental conditions. On the other hand, Glorius'> has
achieved the synthesis of indoles by a formal Pd(II)-catalyzed
oxidative S-endo cyclization of substituted N-arylenamine
carboxylates, although, as in the work of Oestreich,” a free
NH is required for the success of the reaction (Scheme Ic).
The size of the formed ring can also be decisive for the
regioselectivity, as in the cyclization of 1-(1H-indol-1-yl)prop-
2-enone derivatives to give 3H-pyrrolo[1,2-a]indol-3-ones that
takes place via a S-endo-trig cyclization'” (Scheme 1d).

Two alternative mechanistic pathways have been generally
proposed for the initial palladation that would be determinant
for the endo/exo selectivity (Scheme 2). The reaction could
proceed through an arene metalation—alkene insertion
(Scheme 2a) or alkene activation—arene insertion (Scheme
2b). Both reaction pathways have been proposed to explain
endo and exo insertions, in some cases without providing
experimental or theoretical evidences in favor of any of them.
However, both pathways differ in the stereochemical outcome
and may lead to the formation of different diastereomers using
the appropriate substrate: in pathway (a), the (hetero)aryl
palladium(II) intermediate would undergo a syn olefin
insertion, followed by syn p-hydride elimination. On the
other hand, anti-nucleophilic attack of the arene to the Pd(II)
complex would take place on a Pd(II)-coordinated alkene
(pathway b). In both cases, reductive elimination generates the
reaction product and a Pd(0) complex that can be reoxidized

2487

Scheme 2. Schematic Mechanistic Pathways for the
Intramolecular Pd(II)-Catalyzed Alkenylation Reactions
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to PA(II). Thus, there is a stereochemical support for a
mechanism involving initial palladation of the (hetero)-
arene®™* or attack of the heteroarene to the palladium-
complexed olefin.”'* This Friedel—Crafts-type mechanism has
also been proposed for the obtention of oxindoles (Scheme
1b),’ but also, depending on the substrate used, different
mechanisms have been propsed, such as the electrophilic
palladation of an electron-rich enamine, followed by
deprotonation of the aromatic ring (Scheme 1c)."” Hence, a
mechanistic understanding of the reaction is required to obtain
selectively the desired reaction products. In the context of our
interest in this type of cyclization reactions,”'" we decided to
study the Pd(Il)-catalyzed intramolecular alkenylation of N-
protected allyl anilines to obtain dihydroquinolines (DHQ)
through a 6-endo process (Scheme 1d).

Partially hydrogenated quinolines are important structural
frameworks present in a myriad of bioactive natural products
and pharmaceuticals, as well as building blocks in organic
synthesis.”> Among them, 1,4-dihydroquinolines (1,4-DHQ)
have attracted special attention, due to their important
biological activities. For example, 4-aryl-1,4-dihydroquinoline
derivatives have been characterized as a novel class of ABCB1
inhibitors to reverse the multidrug resistance of anticancer
drugs.'® Besides 1,4-dihydroquinoline, the core of azapodo-
phyllotoxins, known antiproliferative microtubule destabilizing
agents have expressed a very pronounced antitumor activity.l
1,4-DHQ can also be used as drug carriers for specific delivery
to the central nervous system (CNS) in the treatment of
Alzheimer’s disease'® or cerebral ischemia/reperfusion in-
jury,'” as well as in the targeting of positron emission
tomography (PET) radioligands for brain imaging.”’ On the
other hand, they are used as building blocks in the synthesis”'
of pyridoacridones, a family of marine alkaloids that exhibits an
array of biological activities (Figure 1).”” Therefore, the
synthesis of substituted 1,4-dihydroquinolines is interesting in
both synthetic and medicinal chemistry.

Although many examples of the catalytic synthesis of
quinolines and tetrahydroquinolines have been reported,”
there have been relatively few examples of the preparation of

https://dx.doi.org/10.1021/acs.joc.9b03174
J. Org. Chem. 2020, 85, 2486—2503
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Figure 1. Selected biologically active 1,4-dihydroquinolines.

1,4-dihydroquinoline derivatives. Herein, we report a joint
experimental and density functional theory (DFT) study on
the 6-endo cyclization on N-protected allyl anilines that has led
to an efficient method for the synthesis of 1,4-dihydroquinoline
derivatives from simple and readily accessible substrates. The
protecting group on nitrogen atom has been shown to be
crucial to favor the endo cyclization process.

B RESULTS AND DISCUSSION

We selected carbamate laa as a model substrate (Scheme 3)
using as starting point the reaction conditions that had been

Scheme 3. Cyclization of laa
PdCIy(CH3CN), (5 mol%)

OCHs PhCO3tBu (1.2 equiv) OCHs
/@\ J/ Cu(OAc); (5 mol%) m
p-TsOH (1 equiv.) H,co NG
AcOH, rt, 24 h
ocH3
1aa 2 (31%)

previously optimized for the 6-endo cyclization of N-aryl
acrylamides to quinolones.'' Under these conditions, quinoline
2 was obtained, although in a low yield (31%), together with
decomposition products. Quinoline 2 would be obtained from
a 6-endo cyclization followed by deprotection under the
strongly acidic conditions, and further oxidation.
Consequently, to avoid the deprotection and additional
oxidation, we switched to milder reaction conditions, using

dioxane as solvent and p-benzoquinone as the only oxidant
(Table 1). The use of p-toluensulfonic acid is also important to
enhance the reactivity probably through the formation of a
more electrophilic Pd(II) species.’ Under these conditions, the
6-endo cyclization took place with complete regioselectivity,
obtaining 1,2-dihydroquinoline 3aa in high isolated vyield
(85%) after 16 h at room temperature (Table 1, entry 1).
Formation of indole 4aa, through a S-exo process was not
detected. Interestingly, when the protecting group is changed
to a t-butyl carbamate (1ba, Table 1, entry 2), under the same
reaction conditions, the reaction was sluggish, obtaining 3ba in
a much lower yield (38%), along with trace amounts of the S-
exo cyclization product 4ba (not isolated) and decomposition
products. An increase in the catalyst loading to 10 mol %
(Table 1, entry 3) resulted in a faster reaction (1.5 h at room
temperature). However, although the dihydroquinoline 3ba
was obtained in a higher yield (58%), the reaction was not
selective, isolating a significant amount of indole 4ba, through
a S-exo process. The change of the palladium precatalyst
(Table 1, entry 4) gave a similar result. The use of a
monoprotected amino acid”* (Boc-Val-OH) in this case did
not accelerate the reaction rate and led also to a nonselective
reaction (entry S), also when the palladium source was
changed trying to obtain more electrophilic palladium
intermediates (Table 1, entries 6 and 7). The use of benzyl
carbamate 1ca led also to the regioselective formation of 3ca
(Table 1, entry 8). A significant difference in reactivity was
observed when the nitrogen is protected as an amide: acetyl-
protected 1da (Table 1, entry 9) did not react at all under the
conditions used for 1aa (Table 1, entry 1). It was necessary to
increase the catalyst loading and to heat the reaction to 70 °C
to obtain full conversion (Table 1, entry 10). Although the 6-
endo cyclization was the major reaction pathway obtaining a
good yield of 3da, indole 4da was also isolated from the
reaction mixture. Thus, the protecting group used has a strong
influence in both the reactivity and the regioselectivity of the
reaction, obtaining the best results with the methyl carbamate.

Next, we extended the reaction to substrates bearing
substituents on the alkene (lab-al, Table 2). In all cases, an
electron-rich aromatic ring was used, as we have previously

Table 1. Optimization of Reaction conditions: Protecting Group

OCHs ) (5-10 mol%)
/@\ J/ p BQ (1 equiv.)
pTsOH (1 equiv.)

dioxane

1

entry 1 R! [PA(IT)] (mol %)
1 laa OCH, PA(CH,CN),Cl, (5)
2 Iba OfBu Pd(CH,CN),Cl, (5)
3 1ba OtBu Pd(CH,CN),Cl, (10)
4 Iba OfBu Pd(PhCN),Cl, (10)
s 1ba OfBu Pd(PhCN),Cl, (10)°
6 1ba OtBu Pd(PhCN),(BF,), (10)°
7 1ba OtBu Pd(OAc), (10)°
8 lca OBn Pd(CH,CN),Cl, (10)
9 1da CH, Pd(CH,CN),Cl, (5)
10 1da CH, Pd(CH,CN),Cl, (10)

jsolilee
H4CO' j\ H4CO' N

OCH; OCH3

07 R! o)\R1

3aa-3da 4ba,da
t (h) 3 yield (%)% 4 yield (%)<
16" 3aa 85
16" 3ba, 38
1.5° 3ba 58 4ba 16
15" 3ba 56 4ba 13
2P 3ba 59 4ba 15
3b 3ba 16° 4ba 3¢
6” 3ba 2 4ba 14
3 3ca 67
201: d
18 3da 85 4da 10

“Yield (%) of isolated pure compound. *Room temperature. “Boc-Val-OH (20 mol %) was used as ligand. “No reaction. “Yield determined by 'H
NMR using 4-dimethylaminopyridine (DMAP) as internal standard (55% conversion). /Yield determined by 'H NMR using DMAP as internal

standard (51% conversion). £70 °C.
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Table 2. Synthesis of 4-Substituted Dihydroquinolines $“

2 2
OCH;3 R® Pd(CHsCN),Cl, (5mol%) CHsO R
/@\ f p-BQ (1 equiv.)
N |
pTsOH (1 equiv.)
HsCO )N\ dioxane, rt, 16 h HsCO j‘\
0”7 "oR! 0”7 "OR!
1 5
CH30 CHs; CH30 Ph CH30 Ph
' 0 Ise
HsCO N HsCO N HsCO N
07> 0CH; O)\OCHa 0)\0@“
5ab 57% 5ac 77% 5bc 73%
56%"¢ 79%° 86%"°
89%"”°
CHs 85%0.09
® o »
CH30 CHy0 CH30 CH3
(] () L)
HyCO N HaCO N HCO j\
O)\OCH3 07 0CH;3 07 0CH;
5ad 82% 5ae 92% 5af 82%
OCH; Ph
O OCHj3 O
CH50 CHs0 O CH50
(] (] L]
HsCO N HaCO N HsCO i
0770CH; 07> 0CH; 0~ "OCH,
5ag 82% 5ah 81% 5ai 73%
tBu F
CH30 O CHz0 O CHaO
1) () L)
HsCO N HaCO N HsCO j\
07 "0CH; 07> 0CH; O™ "OCHs
5aj 87% 5ak 72% 5al 82%
85%>¢

“Yield (%) of isolated pure product by column chromatography.
YBoc-Val-OH (10 mol %) was used as ligand. “Pd(PhCN),Cl, (5 mol
%) was used as catalyst. “1 mmol scale.

shown in related reactions that it is required to obtain good
reactivity.’ It is noteworthy that in the all cases, the
corresponding 1,4-dihydroquinolines 5 were obtained with
complete regioselectivity. No formation of the indoles, or the
corresponding 1,2-dihydroquinolines, was detected by NMR.
Thus, 2-butenylaniline lab (R' = R*> = CH;) gave only a
moderate yield of Sab (Table 2, 57%), also in the presence of
Boc-Val-OH. However, the reaction is best suited for the
synthesis of 4-aryl-substituted dihydroquinolines obtaining
Sac—S5al with high yields and complete regioselectivity under
the standard conditions (Table 2).

The use of PA(PhCN),Cl, in the reaction of lac gave Sac in
a similar yield (79%). However, the use of Boc-Val-OH as
ligand improved significantly the yield (Sac, Sbe, Sak). The
yield of Sac was comparable when the reaction was carried out
in a 1 mmol scale (85 vs 89% yield). In this case, the use of the
t-butyl carbamate as protecting group (1bc) did not imply a
loss of selectivity, as Sbc was obtained in a similar yield, not
detecting the formation of the indole in any case.

The regioselectivity of the reaction completely changed
when electron-withdrawing groups were introduced in the
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terminal position of the alkene (Table 3). Under the standard
conditions, no reaction was observed for 1am, and in this case,

Table 3. Use Electron-Deficient Alkenes: Synthesis of
Indoles 4

Os_OR? ?
OCHj; OCH; )
_ PACI,(CH4CN), (10 mol%) OR
p-BQ (1 equiv.) A
HsCO N pTsOH (1 equiv.) HaCO N,
4 COR' dioxane, 70 °C,4.5h COR
entry 1 R! R? 4 yield (%)
1 lam OCH; CH, 4am 68
2 1bm OtBu CH; 4bm 41
3 lan OCH, Et 4an 68
4 lao OCH; nBu 4ao 63
S lap OCH; tBu 4ap 54
6 laq OCH,; Bn 4aq 78

“Yield (%) of isolated pure product.

an increase of the catalyst loading to 10 mol % and heating to
70 °C was required. Under these conditions, indole 4am was
selectively obtained in a moderate yield (Table 3, entry 1). The
same result was obtained with the Boc-protected substrate
1bm, although indole 4bm was isolated with lower yield
(Table 3, entry 2), observing decomposition of the substrate.
The reaction could be extended to different esters lan—1agq,
obtaining selectively the indoles 4 with moderate to good
yields (Table 3, entries 3—6).

The results obtained show that the regioselectivity of the
reaction is strongly influenced on the one hand by the
protecting group on the nitrogen and on the other hand by the
nature of the alkene, leading to 6-endo or S-exo pathways. At
this point, additional experiments were carried out to establish
the scope and limitations of the reaction and provide
additional information on the possible reaction pathway.
First, control experiments were carried out with lac (Scheme
4a). In the absence of palladium, the reaction does not take
place and unreacted lac is recovered after 24 h at rt. When the
reaction was carried out in the absence of p-TsOH,
decomposition products were obtained. Finally, just a minor
amount of Sac (<5%) was observed by 'H NMR when the
reaction was performed with no oxidant. The reaction is not
compatible with substitution on the internal position of the
alkene. Under standard conditions, lar was unreactive,
whereas only decomposition products were obtained when
the reaction was heated at 70 °C (Scheme 4b). The influence
of the protecting group on nitrogen is clear, as only
decomposition products were obtained when N-methyl aniline
lea is treated under the standard reaction conditions at rt or at
70 °C (Scheme 4c).

In view of these results, we next studied the effect of a p-
toluensulfonyl group under the reaction conditions. Recently,
N-allyl-arylsulfonamides have been used as precursors of
tetrahydroquinolines in a palladium-catalyzed cascade reaction
with benzenesulfonyl chlorides.”® The proposed mechanism
involves the initial coordination of the alkene to an
arylpalladium(1I) intermediate formed by oxidative addition
of the sulfonyl chloride to Pd(0). Although the reaction results
in a formal 6-endo cyclization, the proposed mechanistic
pathway does not involve the cyclization of a substituted
alkene. Under our reaction conditions, sulfonamide 1fa gave

https://dx.doi.org/10.1021/acs.joc.9b03174
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Scheme 4. Additional Experiments

(a) OCH3; Ph CH30  Ph
_— PdCI,(CH3CN),
p-BQ ‘
H3CO N pTsOH H3;CO l}l
CO,Me dioxane, rt, 24 h CO,Me
1ac Sac

(a1) no PdCIy(CH3CN),; BQ (1 equiv), p-TsOH(1 equiv.): no reaction
(a2) PdCIy(CH3CN), (5 mol%); BQ (1 equiv), no p-TsOH: decomposition
(a3) PdCIy(CH3CN), (5 mol%); no BQ, p-TsOH (1 equiv): < 5% 5ac

(0) OCH, PdCIy(CH3CN),
CH,  (5-10 mol%) no reaction
p-BQ (1 equiv.) (rt, 16 h)
> decomposition
H3CO N pTsOH (1 equiv.) (70°C, 1.5 h)
CO,Me dioxane
1ar
OCHj3
© _ PAC(CH,CN), (5 mol%)
M decomposition
H;CO N pTsOH (1 equiv.)
CH3 dioxane, rt, 2.5 h
or70°C,1h
1ea

1,2-dihydroquinoline 3fa with complete regioselectivity in an
excellent yield (Table 4, entry 1), comparable to that obtained

Table 4. Use of N-Tosyl-Protected Anilines 1f

CH;O0 R’
AN
OCH;  R' PdCL(CHCN),  H,co N
(5 mol%) L
p-BQ (1 equiv.) SOTol
ol Nt VNN 3
H;CO N pTsOH (1 equiv.) 1
SO,Tol  dioxane, rt, 16 h CHO R
1fa-1fd |
HsCO N
5 SO,Tol
entry 1 R! 3 yield (%) S yield (%)“
1 1fa H 3fa 87 Sfa
2 b  CH, 3 64 stb 26
3 1fc Ph 3fc Sfc 42
4 1fd Bn 3fd Sfd 60

“Yield (%) of isolated pure product.

with carbamate laa (Table 1, entry 1). However, 1fb afforded
a regioisomeric mixture of 1,2- and 1,4-dihydroisoquinolines
3fb and Sfb, respectively (Table 4, entry 2). In addition, 5fc
and Sfd were selectively obtained, although with moderate
yields (Table 4, entries 3 and 4).

At this point, we decided to examine this reactivity pattern
computationally, to get a more precise insight into the
mechanistic course of the reaction. Substrate laa was
considered as a useful starting point for DFT calculations,*
to explore the main role of the palladium catalyst in the
mechanism (alkene activation or arene palladation, Scheme 2),
and the subsequent 5-exo/6-endo selectivity of the cyclization
process. Three key features of the reaction ought to be
explained during the study, namely, the unusual 6-endo
selectivity, the large influence of the N-protecting group on

the reaction outcome, and the preference for 1,2- or 1,4-
dihydroquinoline final product depending on the nature of the
substituent at the alkene terminus. According to Scheme 2a, a
hypothetical arene palladation would be followed by a syn
insertion of the alkene into the Ar—Pd bond, which could
occur through S-exo or 6-endo pathways. Interestingly, the
DFT-computed activation barriers for palladium complexes of
very diverse electronic properties show a general high
preference for S-exo insertion (Figure 2) in disagreement
with the experimental results.

L' L2
\ / 4
CH30 Pd--. CH30 }‘
! { ~_---Pd_
-- :_—j, L2
H3CO N H3CO N
OCH
o s 07 "OCH,4
5-exo 6-endo
favored favored
computationally experimentally
AG*(6-endo)
L' L?  AGHs5-exo)

TS1| OAc OAc 10.7
TS2| OAc none 6.7
TS3|MeCN MeCN 6.1
TS4/MeCN  none 5.9
TS5| none none 34

Figure 2. Computed activation energies for the alkene insertion into
the Ar—Pd bond with complexes of different electronic properties.

While this phenomenon presents no exception, more
electron-rich complexes like the anionic Pd(II) species in
TS1 show the largest exo/endo energy difference (AAG* =
10.7 keal/mol). Decreasing the electronic charge in the metal
center reduces consistently the exo preference (note the trend
from TS1 to TSS in Figure 2), but even the dicationic Pd
complex in TSS, which lacks L1 and L2, is still not able to
explain the formation of the quinoline moiety (AAG* = 3.4
kcal/mol). Thus, these data served to clearly discard a
mechanism involving cyclization after a previous arene
palladation step, as hypothesized in Scheme 2a.

Meanwhile, low activation barriers were measured when the
palladium complexes are activating the alkene toward an SpAr
cyclization step (Scheme 2b). However, once again, the major
product of the reaction was predicted to be the S5-exo
derivative, by a difference of 0.8 kcal/mol when an acetate is
coordinated to the metal center (TS6, Figure 3) and 2.2 kcal/
mol for the chloride derivative. Noteworthy, if the coordina-
tion of the oxygen of the carbamate to the palladium center is
considered (Figure 4),”” the interesting effect of a complete

I\_S —|+ L2 <|+

L3

CH30 W sPd-L CH30 H N\ s/

L ‘1 - /Pd

ek T
CH30 N CH50 N
OMe
(¢] O)\OMe
5-exo 6-endo

TS6, L', L?= OAc, L3= MeCN
TS7, L"'=Cl, L?>= MeCN, L3= MeCN  AAG* (6-endo - 5-exo) = 2.2 kcal/mol

AAGH (6-endo - 5-ex0) = 0.8 kcal/mol

Figure 3. Predicted endo/exo selectivity of the SpAr to the Pd(II)
activated alkene.
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CH30 NCMe CH3O
g NCMe
F’. ~L /
: P,d -L
CHO O CHO /
//O
5-exo 6-endo
L R AG¥5-ex0) AGH6-endo)
TS8 | Cl H 33.5 28.8
TS9 | MeCN H 22.6 19.7
Z =NCO,Me TS10 MeCN Me  26.2 16.4
TS1| MeCN Ph 257 11.8
TS12 MeCN H 18.9 14.3
Z =NSO,Tol TS13] MeCN Me 214 14.2
TS14 MeCN Ph 233 11.9

TS9 (6-endo)
L = MeCN

TS9 (5-ex0)
L = MeCN

Figure 4. Computed activation energies for the cyclization after
alkene activation by the Pd complexes.

inversion of the endo/exo selectivity is observed. In all cases,
the quinoline adduct becomes the preferred adduct (TS8—
TS11), as experimentally noted. If a chloride is still
coordinated to palladium, as in TS8, the activation energies
are high, over 28 kcal/mol. The replacement of the chloride by
a second molecule of MeCN reduces the values below 20 kcal/
mol, predicting a feasible reaction in the experimental
conditions. The endo regioselectivity is general for terminal
(TS9) and substituted alkenes (TS10 and TS11), and the
energy difference with respect to the S-exo counterparts is
always high (3.0—10.0 kcal/mol), ensuring a complete
regioselectivity. Even more, the tosylamide group can play a
similar role, and the activation energies for the 6-endo approach
are in the three cases (TS12—TS14) largely lower than those
of the S-exo transition states. The sense of regioselectivity
seems logical since the coordination of the carbamate to
palladium induces a larger ring strain in the exo structures. On
the other hand, the participation of the carbamate in the
reaction through intramolecular coordination to the metal can
help explain the effect of the different substituents of nitrogen
(Table 1). For example, increasing the steric bulkiness of the
carbamate (OfBu, Table 1, entries 2—8) or replacing the
carbamate by an amide (Table 1, entries 9—10) can reduce
their coordination ability, affecting negatively the reactivity
and/or selectivity of the process.

The formation of different amounts of 1,2- or 1,4-
dihydroquinoline products depending on the substitution at
the alkene terminus is difficult to rationalize at the first sight.
Thus, we calculated the f-elimination of the H atoms at the 2
or 4 positions of the cyclized palladium complexes, to ascertain
whether the adduct formation is under kinetic or thermody-
namic control. Interestingly, the calculations show that the 1,2-
dihydro adduct 3 is slightly (ca. 1 kcal/mol) more stable than §
regardless of the presence of the R substituent (hydrogen,
methyl, phenyl) in the benzylic position, in complete
disagreement with the results in Table 4. Thus, the
regioselectivity is not dictated by the relative stability of
adducts 3 and S. Gratifyingly, during the study of the kinetic
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conditions, the substrate bearing a terminal alkene (R = H,
TS1S, Figure S) was predicted to be deprotonated

CHO RH._ _NCMe CH0 R  |CMe
d_ _-Pd—NCMe

NCMe 3 !

CH40 N CH40 N ~H

S0,Tol S0, Tol

1,2-dihydro 1,4-dihydro
AGH(1,4) - AGF(1,2)

TS15,R=H +24
TS16, R = CH;, =21
TS17,R=Ph -45

Figure S. Computed activation energies for the $-elimination step and
comparison of the 1,2- and 1,4-dihydro pathways.

preferentially (AAG¥ = 2.4 kcal/mol) at the benzylic position
to afford the 1,2-dihydro adduct, as in the experimental result
(entry 1, Table 4). The conjugation of the forming double
bond is probably responsible for this behavior. On the other
hand, with phenyl as substituent (TS17), the computed and
experimental selectivities also match, favoring the major 1,4-
dihydro product. The steric hindrance between MeO/Ph and
Ph/Pd moieties probably induces a severe increase in the
activation barrier of the 1,2-dihydro transition state. The
methyl group shows a mixed behavior; while TS16 is
energetically in between the two other cases, the reaction is
experimentally nonselective (entry 2, Table 4). Nonetheless,
the calculations are not able to predict correctly the right sense
of selectivity for the methyl case, probably due to its borderline
character.

Along these lines, we also found that the reaction is not
stereospecific, and 1,4-dihydroquinoline is formed, regardless
of the geometry of the double bond in the starting material.
Thus, (Z)-1ac required heating at 70 °C and 10 mol % of
catalyst to react, but yielded 1,4-dihydroquinoline Sac with
good yield, not detecting the formation of the 1,2-
dihydroquinoline (Scheme Sa). A mechanism involving a

Scheme S. Additional Experiments

(a) OCHj,4 CH30 Ph
ZR a1 i) |
HsCO N pTsOH (1 equiv.) HsCO N
CO,Me dioxane CO,Me
(2)-1ac Sac

(a) PdCIy(CH3CN), (5 mol%), rt, 16 h: no reaction.
(b) PACIy(CH3CN), (10 mol%), 70°C, 1h: 5ac (76%)

b OCH OCH
®) ® _ PdCI3(CH3CN); (5 mol%) 8
-BQ (1 equiv.
p-BQ (1 equiv.) /@\/\y CH,
H3CO NH pTsOH (1 equiv.) H,CO N
CO,Me dioxane, rt, 3 h CO,Me
6 7 (78%)

palladium-catalyzed Claisen rearrangement followed by a 5-exo
oxidative cyclization has been proposed for the obtainment of
benzofurans from allyl aryl ethers.”® To rule out a related
mechanism for the formation of the dihydroquinolines, the
Claisen transposition product of laa (o-allylaniline 6) was
prepared. Under the standard reaction conditions, the aza-
Wacker reaction took place efficiently in only 3 h at rt, but

https://dx.doi.org/10.1021/acs.joc.9b03174
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exclusively through a S-exo pathway, leading to 2-methylindole
7 in high yield (Scheme Sb). Finally, we studied the cyclization
reaction using a chiral nonracemic carbamate as protecting
group on the nitrogen. For this purpose, we selected the
carbamate derived from (—)-menthol as protecting group. We
reasoned that the coordination of the carbonyl with palladium
in transition states such as those depicted in Figure 4 could
favor a closer disposition of the auxiliary to the stereocenter
being formed, and thus some extent of diastereoselectivity
could be obtained that would not be expected without the
coordination effect. As shown in Scheme 6, the reaction took

Scheme 6. Cylization of Carbamates 1g

PdCI,(CH;CN),
OCHj; (5 mol%) CH30 R
p-BQ (1 equw)
H stOH (1 equiv.) | H
dioxane, H3;CO N '
rt, 16 h )\
O o\\‘ o) O\"
iPr iPr
1gb R = CH3 5gb (67%, dr 58:42)
1gc R=Ph 5gc (78%, dr 63:37)
1gl R = 1-Naphthyl 5gl (79%, dr 58:42)

place in a good yield, and with modest, but appreciable,
diastereoselectivity in the case of 5gc.”® Thus, the possibility of
a modest 1,7-induction supports the coordination of the
remote protecting group with palladium in the transition state,
leading to the C—C bond formation.

To sum up, a reaction pathway proposal in accordance with
the computational and experimental data is shown in Scheme
7. Thus, the cyclization reaction would involve attack of the

Scheme 7. Mechanistic Proposal

OCHj
HaCO N/\/\Rz
Ox Pd'L, £~o
V alkene activation
Pd° OCHj3
ATTR?
2 CH3O N \
CHO R H-4 syn-elimination 8 ! pd—L
or z \\O/ \
| H-2 syn-elimination
CH30 N A
- 2 ;
5 Z -0 CHs0 R2 I‘_—I + anti attack
- Pd-L
CH;O R i
B H3CO NC //o
z B
CH30 N CH50 R2 —I +2
3 z 50 /L
HaCO N pg—L
z :o‘

electron-rich aromatic ring onto the palladium-complexed
olefin of A. As discussed earlier (see Figures 3 and 4), the
formation of intermediate B through a 6-endo process would be
energetically favored by the effect of the coordination of
palladium to the oxygen atom of protecting group on nitrogen.
Finally, syn p-hydride elimination of H-2 or H-4 would account
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for the formation of 1,2-dihydro- or 1,4-dihydroquinolines 3 or
5 respectively. The formation of the more stable 1,2-
dihydroquinoline is favored when R* = H, whereas H-4
elimination is preferential when R* = Ar (Figure S).

In conclusion, an efficient procedure for the synthesis of 4-
substituted 1,4-dihydroquinolines via Pd(II)-catalyzed 6-endo
intramolecular C—H alkenylation reaction of readily accessible
N-allylanilines has been developed. The regioselectivity is
controlled by the nature of the protecting group on the
nitrogen atom. DFT studies have provided understanding of
the factors that govern this unusual 6-endo process, in
agreement with the observed outcome of these cyclizations.
The reaction proceeds via prior activation of the alkene, being
the coordination of the remote protecting group to the
palladium center crucial to favor the formation of the six-
membered ring.

B EXPERIMENTAL SECTION

General Experimental Methods. Melting points were deter-
mined in unsealed capillary tubes and are uncorrected. IR spectra
were obtained using an attenuated total reflectance (ATR). NMR
spectra were recorded at 20—25 °C, at 300 MHz for 'H and 75.5
MHz for '*C in CDCly solutions. Assignments of individual *C and
'"H resonances are supported by DEPT experiments and 2D
correlation experiments (COSY, HSQCed or HMBC). Mass spectra
were recorded under electron impact (EI) at 70 €V, chemical
ionization (CI) at 230 eV, or with an ESI" source. Exact mass was
obtained using a TOF detector. TLC was carried out with 0.2 mm
thick silica gel plates. Visualization was accomplished by UV light.
Flash column chromatography was performed on silica gel (230—400
mesh). All solvents used in the reactions were anhydrous and purified
according to standard procedures. All air- or moisture-sensitive
reactions were performed under argon; the glassware was dried (130
°C) and purged with argon. Heating blocks with temperature control
were used, when necessary, for the reactions that required heating.
Palladium catalysts were commercially available and were used
without further purification: PdCL(CH,CN), (99% purity), Pd-
(OAc), (98%), and Pd(CHCN),(BFE,), (99.9%).

Computational Methods. All structures were optimized using
density functional theory (DFT) as implemented in Gaussian with
B3LYP as functional, 6-31G** as basis set for nonmetallic atoms, and
LANL2DZ as basis set for palladium. Final energies were obtained
performing single-point calculations on the previously optimized
structures using the M06 functional, 6-311 + G** as basis set for
nonmetallic atoms and SDD for palladium. Solvation factors were
introduced with the IEF-PCM method, using 1,4-dioxane as solvent.
The stationary points were characterized by frequency calculations to
verify that they have the right number of imaginary frequencies.

Synthesis of Substituted N-allylanilines 1. Substrates 1 were
prepared following the synthetic schemes described in the Supporting
Information (Schemes S1—S3).

Alkylation Reactions. Synthesis of Substituted N-allylani-
lines 1a,b,c,g. General Procedure (Scheme Sla—c). Over a
solution of the corresponding N-protected 3,5-dimethoxyaniline (1
mmol) in dry DMF (15 mL) at 0 °C under argon atmosphere, NaH
(60% in mineral oil) (1.1 mmol) was added. The reaction was stirred
at 0 °C for 1 h, and afterward, the corresponding allyl chloride (1.2
mmol) was added. Then, the reaction was allowed to warm up to
room temperature and stirred for 3—7.5 h. Afterward, water (20 mL)
was added and the aqueous layer was extracted with AcOEt (3 X 15
mL). The organic extracts were dried (Na,SO,) and concentrated in
vacuo. Flash column chromatography (silica gel, hexane/AcOEt)
afforded the corresponding N-substituted N-allyl-3,5-dimethoxyani-
lines laa—1gc.

Methyl Allyl(3,5-dimethoxyphenyl)carbamate (1aa). Prepared
from methyl (3,5-dimethoxyphenyl)carbamate (0.64 g, 3.03 mmol),
NaH (60% in mineral oil) (0.13 g, 3.33 mmol), and allyl chloride
(0.30 mL, 3.64 mmol). The reaction mixture was stirred at room
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temperature for 3 h. After workup and purification by flash column
chromatography (silica gel, hexane/AcOEt 7/ 3), laa was obtained as
an oil (0.69 g, 91%): '"H NMR (300 MHz, CDCLy): 5 3.64 (s, 3H),
3.69 (s, 6H), 4.15—4.21 (m, 2H), 5.05—-5.17 (m, 2H), 5.86 (ddt, J =
17.0, 10.2, 5.8 Hz, 1H), 6.30 (t, J = 2.2 Hz, 1H), 6.36 (d, ] = 2.2 Hz,
2H) ppm; BC{'H} NMR (75.5 MHz, CDCL): § 52.7, 53.2, 55.2,
98.5, 106.1, 116.9, 133.9, 143.7, 155.6, 160.7 ppm; IR (ATR): 1702
em™; MS (EI) m/z (rel intensity): 251.1 (M*, 93), 236.1 (100);
HRMS (CI-TOF): caled for C;3H;{NO,: 252.1236 [MH"]; found,
252.1234.

(E)-Methyl-but-2-en-1-yl(3,5-dimethoxyphenyl)carbamate
(1ab). Prepared from methyl (3,5-dimethoxyphenyl)carbamate (0.46
g, 2.20 mmol), NaH (60% in mineral oil) (96.7 mg, 2.42 mmol), and
(E)-1-chlorobut-2-ene (0.26 mL, 2.64 mmol). The reaction mixture
was stirred at room temperature for 7 h. After workup and purification
by flash column chromatography (silica gel, hexane/AcOEt 8/2), 1ab
was obtained as an oil and as a mixture of rotamers in a 75:25 ratio
(0.51 g, 88%): '"H NMR (300 MHz, CDCLy): § 1.57 (d, ] = 6.0 Hg,
3H, minor rotamer), 1.64—1.68 (m, 3H, major rotamer), 3.69 (s, 3H,
both rotamers), 3.76 (s, 6H, both rotamers), 4.07—4.22 (m, 2H,
major rotamer), 4.27 (d, ] = 6.3 Hz, minor rotamer), 5.53—5.62 (m,
2H, both rotamers), 6.33—6.40 (m, 3H, both rotamers) ppm;
BC{'H} NMR (75.5 MHz, CDCl,): § 12.8 (minor rotamer), 17.7
(major rotamer), 47.2 (minor rotamer), 52.6 (major rotamer), 52.8
(both rotamers), 55.3 (both rotamers), 98.6 (major rotamer), 98.7
(minor rotamer), 106.4 (both rotamers), 126.1 (minor rotamer),
126.5 (major rotamer), 127.1 (minor rotamer), 128.6 (major
rotamer), 143.8 (both rotamers), 155.7 (major rotamer), 155.8
(minor rotamer), 160.7 (minor rotamer), 160.8 (major rotamer)
ppm; IR (ATR): 1702 cm™'; MS (EI) m/z (rel intensity): 265.2 (M",
49), 236.1 (100); HRMS (ESI-TOF): caled for C;,H,,NO,:
266.1392 [MH*]; found, 266.1403.

Methyl Cinnamyl(3,5-dimethoxyphenyl)carbamate (1ac). Pre-
pared from methyl (3,5-dimethoxyphenyl)carbamate (0.30 g, 1.43
mmol), NaH (60% in mineral oil) (62.9 mg, 1.57 mmol), and
cinnamyl chloride (0.24 mL, 1.71 mmol). The reaction mixture was
stirred at room temperature for 3 h. After workup and purification by
flash column chromatography (silica gel, hexane/AcOEt 7/3), lac
was obtained as an oil (0.45 g, 70%): 'H NMR (300 MHz, CDCL,): 6
3.74 (s, 9H,), 440 (d, J = 6.2 Hz, 2H), 6.07—6.60 (m, SH,), 7.12—
741 (m, SH) ppm; *C{'H} NMR (75.5 MHz, CDCl;): § 52.9, 53.0,
55.4, 98.8, 106.5, 125.1, 126.5, 127.7, 128.6, 132.6, 136.7, 143.7,
155.9, 160.9 ppm; IR (ATR): 1702 cm™'; MS (EI) m/z (rel
intensity): 327.2 (M*, 16), 236.1 (56), 117.1 (100); HRMS (ESI-
TOE): caled for C;gH,,NO,: 328.1549 [MH']; found, 328.1565.

Methyl (2)-(3,5-Dimethoxyphenyl)(3-phenylallyl)carbamate
((Z)-1ac). Prepared from methyl (3,5-dimethoxyphenyl)carbamate
(0.45 g, 2.1 mmol), NaH (60% in mineral oil) (93.5 mg, 2.3 mmol),
and (Z)-(3-chloroprop-1-en-1-yl)benzene™ (0.39 g, 2.5 mmol). The
reaction mixture was stirred at room temperature for 5.5 h. After
workup and purification by flash column chromatography (silica gel,
hexane/AcOEt 8/2), (Z)-1ac was obtained as a solid (0.54 g, 78%):
mp (CH,CL,) 65—67 °C; '"H NMR (300 MHz, CDCl,): § 3.72 (s,
6H), 3.74 (s, 3H), 4.60 (dd, ] = 6.3, 1.8 Hz, 2H), 5.84 (dt, J = 12.0,
6.3 Hz, 1H), 5.35—5.38 (m, 1H), 6.39 (d, J = 2.0 Hz, 2H), 6.58 (d, ]
=12.0 Hz, 1H), 7.11-7.35 (m, SH) ppm; C{'H} NMR (75.5 MHz,
CDCly): § 48.7, 53.0, 55.3, 98.8, 105.1, 127.1, 128.3, 128.7, 128.8,
131.1, 136.5, 143.5, 155.8, 160.8 ppm; IR (ATR): 1690 cm™; MS
(ESI) m/z (rel intensity): 328.2 (MH*, 60), 224.1 (100); HRMS
(ESI-TOF): caled for C;oH,,NO,: 328.1549 [MH']; found,
328.1548.

Methyl (3,5-Dimethoxyphenyl)(2-methylallyl)carbamate (1ar).
Prepared from methyl (3,5-dimethoxyphenyl)carbamate (0.22 g
1.05 mmol), NaH (60% in mineral oil) (46.3 mg, 1.16 mmol), and
3-chloro-2-methylprop-1-ene (0.12 mL, 1.26 mmol). The reaction
mixture was stirred at room temperature for 3 h. After workup and
purification by flash column chromatography (silica gel, hexane/
AcOEt 6/4), 1ar was obtained as an oil (0.25 g, 89%): 'H NMR (300
MHz, CDCL): § 1.75 (s, 3H), 3.71 (s, 3H), 3.76 (s, 6H), 4.18 (s,
2H), 4.80—4.88 (m, 2H), 6.30—6.36 (m, 1H), 6.41 (d, ] = 1.5 Hz,
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2H) ppm; “C{'H} NMR (75.5 MHz, CDCL;): § 20.1, 53.0, 55.4,
562, 98.2, 1049, 112.0, 1412, 143.9 (C,), 156.0, 160.6 ppm; IR
(ATR): 1706 cm™; MS (EI) m/z (rel intensity): 265.2 (M*, 80),
250.2 (100); HRMS (ESI-TOF): caled for C,,H,NO,: 266.1392
[MH"]; found, 266.1401.

tert-Butyl Allyl(3,5-dimethoxyphenyl)carbamate (1ba). Prepared
from tert-butyl (3,5-dimethoxyphenyl)carbamate (0.47 g, 1.86 mmol),
NaH (60% in mineral oil) (82.0 mg, 2.05 mmol), and allyl chloride
(0.18 mL, 2.24 mmol). The reaction mixture was stirred at room
temperature for 4 h. After workup and purification by flash column
chromatography (silica gel, hexane/AcOEt 9/ 1), 1ba was obtained as
an oil (0.39 g, 72%): "H NMR (300 MHz, CDCly): § 1.46 (s, 9H),
3.76 (s, 6H), 4.20 (d, ] = 5.5 Hz, 2H), 5.07—5.23 (m, 2H), 5.92 (qd,
1H, J = 10.6, 5.5 Hz), 6.31 (t, ] = 2.0 Hz, 1H), 6.42 (d, ] = 2.0 Hz,
2H) ppm; “C{'H} NMR (75.5 MHz, CDCl;): § 28.3, 53.0, 55.3,
80.4, 97.9, 104.8, 116.3, 134.4, 144.4, 154.2, 160.5 ppm; IR (ATR):
1699 cm™'; MS (ESI) m/z (rel intensity): 294.2 (MH", 6), 238.1
(100); HRMS (ESI-TOF): calcd for C;¢H,,NO,: 294.1705 [MH'];
found, 294.1715.

tert-Butyl Cinnamyl(3,5-dimethoxyphenyl)carbamate (1bc). Pre-
pared from tert-butyl (3,5-dimethoxyphenyl)carbamate (0.63 g, 2.50
mmol), NaH (60% in mineral oil) (0.11 g, 2.75 mmol), and cinnamyl
chloride (0.42 mL, 3.00 mmol). The reaction mixture was stirred at
room temperature for 7.5 h. After workup and purification by flash
column chromatography (silica gel, hexane/AcOEt 9/ 1), 1bc was
obtained as a solid (0.91 g, 98%): mp (CH,Cl,) 63—64 °C; '"H NMR
(300 MHz, CDCl,): 6 1.48 (s, 9H), 3.76 (s, 6H), 4.40 (d, ] = 6.2 Hz,
2H), 6.22—-6.38 (m, 2H), 6.39—6.57 (m, 3H,), 7.18=7.42 (m, SH)
ppm; BC{'H} NMR (75.5 MHz, CDCl;): § 28.3, 52.6, 55.4, 80.5,
98.1, 105.0, 125.8, 126.4, 127.5, 128.5, 131.9, 136.9, 144.6, 154.3,
160.6 ppm; IR (ATR): 1685 cm™'; MS (ESI) m/z (rel intensity):
370.2 (MH', 6), 314.1 (100); HRMS (ESI-TOF): calcd for
C,,H,NO,: 370.2018 [MH*]; found, 370.2024.

Benzyl Allyl(3,5-dimethoxyphenyl)carbamate (1ca). Prepared
from benzyl (3,5-dimethoxyphenyl)carbamate (0.40 g, 1.41 mmol),
NaH (60% in mineral oil) (61.9 mg, 1.55 mmol), and allyl chloride
(0.14 mL, 1.69 mmol). The reaction mixture was stirred at room
temperature for S h. After workup and purification by flash column
chromatography (silica gel, hexane/AcOEt 9/ 1), 1ca was obtained as
an oil (0.40 g, 86%): 'H NMR (300 MHz, CDCL,): & 3.76 (s, 6H),
428 (dt, J = 5.8, 1.4 Hz, 2H), 5.12—5.24 (m, 4H), 5.85—6.03 (m,
1H), 6.37 (t, ] = 2.2 Hz, 1H), 6.43 (d, ] = 2.2 Hz, 2H), 7.25—7.41 (m,
SH) ppm; BC{'H} NMR (75.5 MHz, CDCL): & 53.3, 55.3, 67.3,
98.8, 106.1, 117.1, 127.8, 127.9, 128.4, 133.9, 136.6, 143.8, 155.1,
160.7 ppm; IR (ATR): 1702 cm™Y; MS (ESI) m/z (rel intensity):
3282 (MH', 93); HRMS (ESI-TOF): caled for C;oH,,NO,:
328.1541 [MH"]; found, 328.1558.

N-Allyl-N-(3,5-Dimethoxyphenyl)acetamide (1da). Prepared from
N-(3,5-dimethoxyphenyl)acetamide (0.28 g, 1.43 mmol), NaH (60%
in mineral oil) (62.9 mg, 1.57 mmol), and allyl chloride (0.14 mL,
1.72 mmol). The reaction mixture was stirred at room temperature for
3 h. After workup and purification by flash column chromatography
(silica gel, hexane/AcOEt 5/5), 1da was obtained as an oil (0.32 g
97%): 'H NMR (300 MHz, CDCL): 6 1.80 (s, 3H), 3.67 (s, 6H),
4.26 (d, ] = 6.2 Hz, 2H), 5.02—5.20 (m, 2H), 5.87 (ddt, J = 16.8, 10.7,
6.2 Hz, 1H), 6.31 (d, ] = 2.1 Hz, 2H), 642 (t, ] = 2.1 Hz, 1H) ppm;
BC{'H} NMR (75.5 MHz, CDCl,): § 22.5, 51.8, 55.4, 99.5, 106.4,
117.7, 133.3, 144.7, 161.2, 169.9 ppm; IR (ATR): 1652 cm™; MS
(EI) m/z (rel intensity): 235.1 (M*, 84), 192.1 (100); HRMS (CI-
TOE): m/z calcd for C;3H;{NO;: 236.1287 [MH']; found, 236.1294.

(1R,2S5,5R)-2-1soprpyl-5-methylcyclohexyl Allyl(3,5-
dimethoxyphenyl)carbamate (1ga). Prepared from (1R,2S,5R)-2-
isopropyl-S-methylcyclohexyl (3,5-dimethoxyphenyl)carbamate (A,
see below) (0.45 g, 1.36 mmol), NaH (60% in mineral oil) (59.6
mg, 1.49 mmol), and allyl chloride (0.13 mL, 1.63 mmol). The
reaction mixture was stirred at room temperature for 4 h. After
workup and purification by flash column chromatography (silica gel,
hexane/AcOEt 9/1), 1ga was obtained as an oil (0.37 g, 72%): [a]}
—36.9 (c 2.75, CH,CL,); 'H NMR (300 MHz, CDCl,): § 0.73—0.93
(m, 10H), 0.93—1.14 (m, 2H), 1.22—1.38 (m, 1H), 1.39—1.57 (m,
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1H), 1.58—1.71 (m, 2H), 1.86—1.99 (m, 1H), 2.05—2.16 (m, 1H),
3.76 (s, 6H), 4.23 (d, ] = 5.6 Hz, 2H), 4.62 (td, ] = 10.8, 4.3 Hz, 1H),
5.11-5.22 (m, 2H), 5.84—6.00 (m, 1H), 6.32 (t, ] = 2.2 Hz, 1H),
6.42 (d, ] = 2.2 Hz, 2H) ppm; *C{'H} NMR (75.5 MHz, CDCL,): §
16.3, 20.8, 22.0, 23.4, 26.2, 31.4, 34.3, 41.2, 47.1, 53.1, 55.3, 75.8,
98.4, 104.9, 1167, 134.2, 144.2, 155.0, 160.6 ppm; IR (ATR): 1700
cm™'; MS (ESI) m/z (rel intensity): 376.2 (MH?*, 23), 238.1 (87);
HRMS (ESI-TOF): calcd for C,,H;,NO,: 376.2488 [MH"]; found,
376.2491.

(1R,2S,5R)-2-isopropyl-S-methylcyclohexyl (3,5-dimethoxyphenyl)-
carbamate (A): Over a solution of commercially available 3,5-
dimethoxyaniline (0.67 g, 4.4 mmol) and pyridine (0.69 g, 8.8 mmol)
in dry THF (20 mL) under argon atmosphere, (1R)-(-)-menthyl
chloroformate (1.1 mL, 4.8 mmol) was added dropwise. The reaction
was stirred for 16 h at room temperature, and afterward, the solvent
was removed under reduced pressure. The crude reaction was
dissolved in CH,Cl, (30 mL) and washed with a 10% aqueous
solution of HCI (2 X 15 mL) and with water (15 mL). The combined
organic extracts were dried (Na,SO,) and concentrated in vacuo. The
resulting residue was purified by flash column chromatography (silica
gel, petroleum ether/AcOEt 9/ 1) affording the title compound as a
solid (1.1 g, 75%): mp (CH,CL) 89—91 °C; [a]y —118.4 (c 1.15,
CH,CL); '"H NMR (300 MHz, CDCl;): § 0.75—0.91 (m, 10H),
0.93—1.13 (m, 2H), 1.24—1.38 (m, 1H), 1.38—1.57 (m, 1H), 1.60—
1.70 (m, 2H), 1.88-2.02 (m, 1H), 2.01-2.11 (m, 1H), 3.74 (s, 6H),
4.62 (td, ] = 10.8, 4.3 Hz, 1H), 6.16 (t, ] = 2.2 Hz, 1H), 6.66 (d, ] =
22 Hz, 2H), 691 (br s, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDCL): & 164, 20.8, 22.0, 23.5, 26.2, 314, 34.2, 41.3, 47.2, 55.3,
75.1, 95.7, 96.7, 140.2, 153.4, 161.1 ppm; IR (ATR): 3357, 1739
ecm™; MS (ESI) m/z (rel intensity): 358.2 (MNa*, 100), 198.1 (18);
HRMS (ESI-TOF): caled for C;oH,yNO,Na: 358.1994 [MNa'];
found, 358.1993.

(1R,2S,5R)-2-Isoprpyl-5-methylcyclohexy! [(E)-but-2-en-1-yl](3,5-
dimethoxyphenyl)carbamate (1gb). Prepared from A (042 g, 1.3
mmol), NaH (60% in mineral oil) (55.4 mg, 1.4 mmol), and crotyl
chloride (0.15 mL, 1.5 mmol). The reaction mixture was stirred at
room temperature for 7 h. After workup and purification by flash
column chromatography (silica gel, hexane/AcOEt 9/1), 1gb was
obtained as an oil (0.40 g, 82%): [a]y —42.9 (c 0.74, CH,CL); 'H
NMR (300 MHz, CDCl,): § 0.77—0.92 (m, 10H), 0.92—1.09 (m,
2H), 1.24—1.36 (m, 1H), 1.42—1.54 (m, 1H), 1.57—1.66 (m, 2H),
1.67 (d, ] = 4.0 Hz, 3H), 1.86—1.96 (m, 1H), 2.07—2.15 (m, 1H),
3.77 (s, 6H), 4.09—4.34 (m, 2H), 4.61—4.72 (dt, ] = 10.8, 4.3 Hz,
1H), 5.49-5.65 (m, 2H), 6.32 (t, J = 2.0 Hz, 1H), 6.40 (br s, 2H)
ppm; PC{'H} NMR (75.5 MHz, CDCL,): § 16.3, 17.7, 20.9, 22.1,
23.4, 262, 31.4, 34.3, 41.3, 47.2, 52.5, 55.4, 75.7, 98.4, 105.1, 126.8,
128.2, 144.3, 155.0, 160.5 ppm; IR (ATR): 1695 cm™; MS (ESI) m/
z (rel intensity): 412.2 (MNa*, 100); HRMS (ESI-TOF): calcd for
C,;H,NO,Na: 4122464 [MNa*]; found, 412.24SS.

(1R,2S,5R)-2-Isoprpyl-5-methylcyclohexyl cinnamyl(3,5-
dimethoxyphenyl)carbamate (1gc). Prepared from A (0.21 g, 0.64
mmol), NaH (60% in mineral oil) (28.1 mg, 0.70 mmol), and
cinnamyl chloride (0.11 mL, 0.77 mmol). The reaction mixture was
stirred at room temperature for 7 h. After workup and purification by
flash column chromatography (silica gel, hexane/AcOEt 9/1), 1gc
was obtained as an oil (0.21 g, 71%): [a]y —95.2 (c 1.05, CH,CL,);
'H NMR (300 MHz, CDCl,): § 0.77—0.94 (m, 10H), 0.94—1.15 (m,
2H), 1.26—1.39 (m, 1H), 1.41-1.58 (m, 1H), 1.60—1.75 (m, 2H),
1.88—2.06 (m, 1H), 2.10—2.20 (m, 1H), 3.75 (s, 6H), 4.31—4.49 (m,
2H), 4.61—4.72 (m, 1H), 6.25—6.37 (m, 2H), 6.43—6.54 (m, 3H),
7.19-7.38 (m, SH) ppm; *C{'H} NMR (75.5 MHz, CDCl,): § 16.3,
20.8, 22.1, 234, 26.3, 31.4, 343, 41.3, 47.2, 52.7, 55.4, 75.9, 98.6,
105.0, 125.5, 1264, 127.6, 128.5, 132.1, 136.8, 144.2, 155.1, 160.7
ppm; IR (ATR): 1695 cm™; MS (ESI) m/z (rel intensity): 474.3
(MNa*, 77), 314.1 (10); HRMS (ESI-TOF): calcd for
C,sH,NO,Na: 474.2620 [MNa*]; found, 474.2623.

N-allyl-3,5-dimethoxy-N-methylaniline (1ea) (Scheme S1c). Over
a solution of 3,5-dimethoxy-N-methylaniline (0.20 g, 1.22 mmol) in
DMSO (S mL), powder KOH (0.14 g, 2.47 mmol) was added. After
15 min, allyl bromide (0.13 mL, 1.46 mmol) was added dropwise at
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room temperature and the reaction was heated at S0 °C (heating
block with temperature control) for 1 h. Then, water (10 mL) was
added and the mixture was extracted with AcOEt (3 X 10 mL). The
combined organic extracts were dried (Na,SO,) and concentrated in
vacuo. Flash column chromatography (silica gel, petroleum ether/
AcOEt 9/1) afforded lea as an oil (0.15 g, 60%): 'H NMR (300
MHz, CDCL): § 2.94 (s, 3H), 3.79 (s, 6H), 3.91 (dt, ] = 5.1, 1.6 Hz,
2H), 5.15—-5.21 (m, 2H), 5.85 (ddt, J = 17.0, 10.2, 5.1 Hz), 5.93 (s,
3H) ppm; BC{'H} NMR (75.5 MHz, CDCl,): § 38.2, 55.2, 55.3,
88.6,91.8, 116.2, 133.8, 151.4, 161.6 ppm; IR (ATR): 1612 cm™; MS
(CI) m/z (rel intensity): 208.1 (MH", 97), 207.1 (100), 176.1 (32);
HRMS (CI-TOF): calcd for C,,H;sNO,: 208.1338 [MH"]; found,
208.1320.

Alkylation Reactions. Synthesis of Tosylamides 1fa—1fd.
General Procedure (Scheme S1d). Over a solution of N-(3,5-
dimethoxyphenyl)-4-methylbenzenesulfonamide (1 mmol) in dry
acetone (20 mL), K,CO; (2.5 mmol) and the corresponding allyl
bromide (1.5 mmol) were added under argon atmosphere. The
reaction mixture was heated at reflux (heating block) for 16 h and
then allowed to cool down to room temperature. Afterward, CH,Cl,
(20 mL) was added and the mixture was washed with water (15 mL).
The aqueous phase was extracted with CH,Cl, (2 X 10 mL), and the
combined organic extracts were dried (Na,SO,) and concentrated in
vacuo. Flash column chromatography (silica gel, hexane/AcOEt 8/ 2)
afforded the corresponding N-allyl-N-(3,5-dimethoxyphenyl)-4-meth-
ylbenzenesulfonamides 1fa-1fd.

N-allyl-N-(3,5-dimethoxyphenyl)-4-methylbenzenesulfonamide
(1fa). Prepared from N-(3,5-dimethoxyphenyl)-4-methylbenzenesul-
fonamide (0.40 g, 1.32 mmol), K,CO; (0.45 g 3.29 mmol), and allyl
bromide (0.17 mL, 1.97 mmol). After workup and purification by
flash column chromatography, 1fa was obtained as a solid (0.41 g,
89%): mp (CH,Cl,) 82—84 °C; 'H NMR (300 MHz, CDCl,): § 2.42
(s, 3H), 3.70 (s, 6H), 4.13 (d, ] = 6.1 Hz, 2H), 5.00—5.18 (m, 2H),
5.64—5.86 (m, 1H), 621 (d, ] = 1.8 Hz, 1H), 6.37 (t, ] = 1.8 Hz, 1H),
7.26 (d, J = 8.0 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H) ppm; “C{'H}
NMR (75.5 MHz, CDCly): § 21.5, 53.6, 55.4, 100.0, 107.0, 118.7,
127.8, 129.4, 132.8, 135.5, 140.9, 143.5, 160.6 ppm; IR (ATR): 1345
em™, 1155 ecm™!; MS (ESI) m/z (rel intensity): 370.1 (MNa*, 100),
348.1 (MH', 52), 193.1 (57); HRMS (ESI-TOF): calcd for
C,sH,,NO,SNa: 370.1089 [MNa*]; found, 370.1091.

(E)-N-(but-2-en-1-yl)-N-(3,5-dimethoxyphenyl)-4-methylbenze-
nesulfonamide (1fb). Prepared from N-(3,5-dimethoxyphenyl)-4-
methylbenzenesulfonamide (0.30 g, 0.98 mmol), K,CO; (0.34 g, 2.45
mmol), and crotyl bromide (0.18 mL, 1.47 mmol). After workup and
purification by flash column chromatography, 1fb was obtained as a
solid and as a mixture of rotamers in a 83:17 ratio (0.30 g, 83%): mp
(CH,Cl,) 101-102 °C; 'H NMR (300 MHz, CDCl,): § 1.59—1.54
(m, 3H, minor rotamer), 1.55—1.59 (m, 3H, major rotamer), 2.41 (s,
3H, both rotamers), 3.70 (s, 6H, both rotamers), 4.02—4.09 (m, 2H,
major rotamer), 4.14—4.20 (m, 2H, minor rotamer), 5.30—5.58 (m,
2H, both rotamers), 6.19 (d, J = 2.3 Hz, 2H, major rotamer), 6.21 (d,
J = 2.3 Hz, 2H, minor rotamer), 6.36 (t, ] = 2.3 Hz, 1H, both
rotamers), 7.25 (d, J = 8.3 Hz, 2H, both rotamers), 7.54 (d, ] = 8.3
Hz, 2H both rotamers); “C{'H} NMR (75.5 MHz, CDCL;): 5 12.9
(minor rotamer), 17.7 (major rotamer), 21.5 (both rotamers), 47.4
(minor rotamer), 53.1 (major rotamer), 55.4 (both rotamers), 100.0
(both rotamers), 106.9 (minor rotamer), 107.1 (major rotamer),
124.7 (minor rotamer), 125.5 (major rotamer), 127.8 (major
rotamer), 128.4 (minor rotamer), 129.3 (major rotamer), 129.4
(minor rotamer), 130.2 (both rotamers), 135.8 (both rotamers),
141.1 (both rotamers), 143.3 (both rotamers), 160.5 (both rotamers)
ppm; IR (ATR): 1285, 1160 cm™; MS (ESI) m/z (rel intensity):
384.1 (MNa*, 100), 362.1 (MH?", 78), 308.1 (24), 207.1 (59); HRMS
(ESI-TOF): caled for CyH,sNO,SNa: 384.1246 [MNa']; found,
384.1241.

N-Cinnamyl-N-(3,5-dimethoxyphenyl)-4-methylbenzenesulfona-
mide (1fc). Prepared from N-(3,5-dimethoxyphenyl)-4-methylbenze-
nesulfonamide (0.27 g, 0.87 mmol), K,CO; (0.30 g, 2.16 mmol), and
cinnamyl bromide (0.26 g, 1.30 mmol). After workup and purification
by flash column chromatography, 1fc was obtained as a solid (0.21 g,
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58%): mp (CH,Cl,) 123—126 °C; 'H NMR (300 MHz, CDCL): §
241 (s, 3H), 3.68 (s, 6H), 4.32 (dd, ] = 6.5, 1.0 Hz, 2H), 6.14 (dt, ] =
15.8, 6.5 Hz, 1H), 6.28 (d, ] = 2.2 Hz, 2H), 6.38 (t, ] = 2.2 Hz, 1H),
643 (d, ] = 15.8 Hz, 1H), 7.17—7.30 (m, 7H), 7.61 (d, ] = 8.3 Hz,
2H); BC{'H} NMR (75.5 MHz, CDCL,): § 21.6, 53.4, 55.4, 100.1,
107.1, 1242, 126.5, 127.8, 128.6, 129.5, 133.7, 135.7, 1364, 141.1,
143.6, 160.7 ppm; IR (ATR): 1345, 1155 cm™"; MS (ESI) m/z (rel
intensity): 446.1 (MNa*, 53), 424.2 (MH",100), 117.1 (89); HRMS
(ESI-TOF): caled for C,,H,sNNaO,S: 446.1402 [MNa']; found,
446.1397.

(E)-N-(3,5-dimethoxyphenyl)-4-methyl-N-(4-phenylbut-2-en-1-
yl) benzene sulfonamide (1fd). Prepared from N-(3,5-dimethox-
yphenyl)-4-methylbenzenesulfonamide (0.30 g, 0.99 mmol), K,CO,
(0.34 g, 2.47 mmol), and (E)-(4-bromobut-2-en-1-yl)benzene™ (0.31
g, 1.48 mmol). After workup and purification by flash column
chromatography, 1fd was obtained as an oil (0.40 g, 92%): '"H NMR
(300 MHz, CDCL,): 6 2.41 (s, 3H), 3.26 (d, ] = 6.6 Hz, 2H), 3.67 (s,
6H), 4.16 (d, ] = 6.4 Hz, 2H), 5.38=5.71 (m, 2H), 6.24 (d, ] = 2.3
Hz, 2H), 6.42 (t, ] = 2.3 Hz, 1H), 6.84—6.99 (m, 2H), 7.10—7.30 (m,
5H), 7.58 (d, J = 8.3 Hz, 2H) ppm; “C{'H} NMR (75.5 MHz,
CDCLy): & 21.6, 38.4, 53.0, 55.4, 100.2, 107.3, 126.0, 126.1, 127.8,
128.4, 128.5, 129.5, 134.1, 135.7, 139.7, 140.9, 143.5, 160.7 ppm; IR
(ATR): 1360, 1170 cm™"; MS (ESI) m/z (rel intensity): 438.2 (MH®,
100), 308.1 (25), 131.1 (22); HRMS (ESI-TOF): calcd for
CysHsNO,S: 438.1739 [MH']; found, 438.1746.

Metathesis Reactions. Synthesis of Carbamates 1ad—1gl.
General Procedure (Scheme S2a). Two different procedures were
employed depending on the styrene used: In the case of liquid
styrene, a solution of allyl(3,5-dimethoxyphenyl)carbamate laa or 1ga
(1 mmol) and the corresponding styrene (S mmol) in dry CH,Cl,
(2.3 mL) was added via cannula over a solution of second-generation
Grubbs catalyst (0.05 mmol) in dry CH,Cl, (1.1 mL) under argon
atmosphere. In the case of solid styrene, a solution of second-
generation Grubbs catalyst (0.05 mmol) in dry CH,Cl, (1.1 mL) was
added via cannula over a solution of allyl(3,5-dimethoxyphenyl)-
carbamate laa or 1ga (1 mmol) and the corresponding styrene (S
mmol) in dry CH,Cl, (2.3 mL) under argon atmosphere. In both
cases, the reaction mixture was stirred at reflux (heating block) for 24
h and the volatile compounds were evaporated in vacuo. The obtained
residue was purified by flash column chromatography (silica gel,
petroleum ether/AcOEt) to obtain the corresponding carbamates
lad—1gl

Methyl (E)-(3,5-Dimethoxyphenyl)[3-(p-tolyl)allyllcarbamate
(1ad). Prepared from laa (0.28 g, 1.13 mmol) and 4-methylstyrene
(0.74 mL, 5.65 mmol) in dry CH,Cl, (2.6 mL) and second-
generation Grubbs catalyst (48.0 mg, 0.056 mmol) in dry CH,Cl,
(1.3 mL). Purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 8/2) afforded 1ad as a solid (0.27 g, 70%):
mp (CH,CL,) 93-95 °C; 'H NMR (300 MHz, CDCL,): & 2.34 (s,
3H), 3.74 (s, 3H), 3.76 (s, 6H), 4.38 (d, ] = 6.3 Hz, 2H), 6.26 (dt, ] =
15.9, 6.3 Hz, 1H), 6.37 (t, ] = 2.2 Hz, 1H), 6.40—6.50 (m, 3H), 7.11
(d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H) ppm; “C{'H} NMR
(75.5 MHz, CDCly): § 21.2, 53.0, 55.4, 98.8, 106.5, 124.0, 126.4,
129.2, 132.5, 133.9, 137.5, 143.7, 155.8, 160.8 ppm; IR (ATR): 1690
ecm™; MS (ESI) m/z (rel intensity): 343.2 342.2 (MH", 100), 224.1
(7); HRMS (ESI-TOF): caled for C,,H,,NO,: 342.1705 [MH'];
found, 342.1711.

Methyl (E)-(3,5-Dimethoxyphenyl)[3-(m-tolyl)allyllcarbamate
(1ae). Prepared from laa (0.37 g 1.49 mmol) and 3-methylstyrene
(0.99 mL, 744 mmol) in dry CH,Cl, (3.4 mL) and second-
generation Grubbs catalyst (63.2 mg, 0.074 mmol) in dry CH,Cl,
(1.7 mL). Purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 8/2) afforded 1ae as an oil (0.31 g, 61%): 'H
NMR (300 MHz, CDCl,): § 2.36 (s, 3H), 3.75 (s, 3H), 3.76 (s, 6H),
4.39 (d, ] = 6.1 Hz, 2H), 6.22—6.50 (m, SH), 6.99—7.29 (m, 4H)
ppm; PC{'H} NMR (75.5 MHz, CDCl,): § 21.4, 53.0, 55.4, 98.8,
106.4, 123.6, 124.8, 127.1, 128.4, 132.7, 136.6, 138.1, 143.7, 155.8,
160.8 ppm; IR (ATR): 1702 cm™'; MS (ESI) m/z (rel intensity):
3422 (MHY, 100), 224.1 (12); HRMS (ESI-TOF): calcd for
Cy0H,,NO,: 342.1705 [MH']; found, 342.1714.
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Methyl (E)-(3,5-Dimethoxyphenyl)[3-(o-tolyl)allyllcarbamate
(1af). Prepared from laa (0.34 g, 1.36 mmol) and 2-methylstyrene
(091 mL, 6.78 mmol) in dry CH,Cl, (3.1 mL) and second-
generation Grubbs catalyst (57.5 mg, 0.068 mmol) in dry CH,Cl,
(1.5 mL). Purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 8/2) afforded 1af as an oil (0.35 g, 75%): 'H
NMR (300 MHz, CDCl,): § 2.28 (s, 3H), 3.74 (s, 3H), 3.77 (s, 6H),
4.41(dd, J = 6.4, 1.4 Hz, 2H), 6.15 (dt, ] = 15.7, 6.4 Hz, 2H), 6.38 (t,
J = 2.3 Hz, 1H), 643 (d, ] = 2.3 Hz, 2H), 6.68 (d, ] = 15.7 Hz, 1H),
7.10—7.19 (m, 3H), 7.37—7.43 (m, 1H); 3C{'"H} NMR (75.5 MHz,
CDCL,): § 19.7, 53.0, 55.4, 98.8, 106.5, 125.9, 126.1, 126.4, 127.5,
130.2, 130.8, 135.4, 136.0, 143.6, 155.8, 160.8 ppm; IR (ATR): 1702
em™; MS (ESI) m/z (rel intensity): 342.2 (MH*, 100), 224.1 (13);
HRMS (ESI-TOF): caled for C,,H,,NO,: 342.1705S [MH*]; found,
342.1712.

Methyl (E)-(3,5-Dimethoxyphenyl)[3-(3-methoxyphenyl)allyl]-
carbamate (1ah). Prepared from laa (0.13 g, 0.50 mmol) and 3-
vinylanisole (0.35 mL, 2.52 mmol) in dry CH,Cl, (1.1 mL) and
second-generation Grubbs catalyst (21.4 mg, 0.025 mmol) in dry
CH,Cl, (0.6 mL). Purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 8/2) afforded 1ah as an oil (0.11
g, 61%): '"H NMR (300 MHz, CDCl,): § 3.73 (s, 3H), 3.75 (s, 6H),
3.80 (s, 3H), 4.38 (d, ] = 5.9 Hz, 2H), 6.21—-6.53 (m, SH), 6.76—6.82
(m, 1H), 6.87—6.91 (m, 1H), 6.92—6.98 (m, 1H), 7.17-7.27 (m,
1H) ppm; “*C{'H} NMR (75.5 MHz, CDCL): § 52.9, 53.0, 55.2,
55.4, 98.8, 1064, 111.8, 113.3, 119.1, 125.4, 129.5, 132.5, 138.2,
143.7, 155.8, 159.8, 160.8 ppm; IR (ATR): 1706 cm™'; MS (ESI) m/
z (rel intensity): 358.2 (MH?*, 100), 224.1 (15); HRMS (ESI-TOF):
caled for C,oH,,NOjs: 358.1654 [MH"]; found, 358.1664.

Methyl (E)-[3-([1,1'-Biphenyl]-4-yl)allyl](3,5-dimethoxyphenyl)-
carbamate (1ai). Prepared from laa (0.35 g 141 mmol) and 4-
vinylbiphenyl (1.27 mL, 7.0S mmol) in dry CH,Cl, (3.2 mL) and
second-generation Grubbs catalyst (59.8 mg, 0.070 mmol) in dry
CH,Cl, (1.6 mL). Purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 8/2) afforded 1lai as a solid (0.23
g, 40%): mp (CH,Cl,) 122—125 °C; 'H NMR (300 MHz, CDCL,): §
3.76 (s, 3H), 3.77 (s, 6H), 442 (dd, ] = 6.2, 0.9 Hz, 2H), 6.28—6.58
(m, SH), 7.30—7.38 (m, 1H), 7.40—7.48 (m, 4H), 7.53—7.63 (m,
4H) ppm; “C{'H} NMR (75.5 MHz, CDCl;): § 53.0, 55.4, 98.8,
106.5, 125.2, 126.9, 127.0, 127.2, 127.3, 128.8, 132.2, 135.7, 140.4,
140.6, 143.7, 155.9, 160.8 ppm; IR (ATR): 1706 cm™"; MS (ESI) m/
z (rel intensity): 404.2 (MH?*, 100), 193.1 (8); HRMS (ESI-TOF):
caled for C,qH,,NO,: 404.1862 [MH"]; found, 404.1859.

Methyl (E)-{3-[4-(tert-Butyl)phenyl]allyl}(3,5-dimethoxyphenyl)-
carbamate (1aj). Prepared from laa (0.25 g 1.01 mmol) and 4-
tert-butylstyrene (0.92 mL, 5.03 mmol) in dry CH,Cl, (2.3 mL) and
second-generation Grubbs catalyst (42.6 mg, 0.050 mmol) in dry
CH,Cl, (1.1 mL). Purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 9/1) afforded 1aj as a solid (0.26
g, 67%): mp(CH,Cl,) 108—111 °C; '"H NMR (300 MHz, CDCl,): §
1.31 (s, 9H), 3.73 (s, 3H), 3.76 (s, 6H), 437 (d, ] = 5.9 Hz, 2H),
6.15—6.57 (m, SH), 7.20~7.39 (m, 4H) ppm; “C{'H} NMR (75.5
MHz, CDCL): 5 31.3, 344, 53.0, 55.4, 98.7, 106.4, 124.2, 125.5,
126.2, 132.4, 133.9, 143.7, 150.8, 155.8, 160.8 ppm; IR (ATR): 1706
em™; MS (ESI) m/z (rel intensity): 384.2 (MH?*, 86), 173.1 (20);
HRMS (ESI-TOF): calcd for C,;H;oNO,: 384.2175 [MH*]; found,
384.2183.

Methyl (E)-(3,5-Dimethoxyphenyl)[3-(4-fluorophenyl)allyl]-
carbamate (1ak). Prepared from laa (0.31 g 1.25 mmol) and 4-
fluorostyrene (0.74 mL, 6.23 mmol) in dry CH,Cl, (2.8 mL) and
second-generation Grubbs catalyst (52.9 mg, 0.062 mmol) in dry
CH,Cl, (14 mL). Purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 8/2) afforded 1ak as a solid (0.24
g, 56%): mp (CH,CL,) 90-91 °C; 'H NMR (300 MHz, CDCL): §
3.73 (s, 3H), 3.75 (s, 6H), 4.36 (dd, ] = 6.3, 1.1 Hz, 2H), 6.21 (dt, ] =
15.8, 6.3 Hz, 1H), 6.37 (t, ] = 2.2 Hz, 1H), 6.39—6.49 (m, 3H), 6.93—
7.02 (m, 2H), 7.27—7.34 (m, 2H) ppm; “C{'H} NMR (75.5 MHz,
CDCL,): 5 52.9, 53.0, 55.4, 98.7, 105.5, 115.4 (d, J = 21.6 Hz), 124.8
(d, J = 2.0 Hz), 128.0 (d, J = 8.7 Hz), 131.4, 132.9 (d, J = 3.8 Hz),
143.7, 155.8, 160.8, 162.3 (d, J = 247.4 Hz) ppm; IR (ATR): 1695

https://dx.doi.org/10.1021/acs.joc.9b03174
J. Org. Chem. 2020, 85, 2486—2503


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b03174/suppl_file/jo9b03174_si_001.pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.9b03174?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

cm™'; MS (ESI) m/z (rel intensity): 346.1 (MH", 100), 224.1 (12);
HRMS (ESI-TOF): caled for CoH,,FNO,: 346.1455 [MH*]; found:
346.1453.

Methyl (E)-(3,5-Dimethoxyphenyl)[3-(naphthalen-1-yl)allyl]-
carbamate (1al). Prepared from laa (0.30 g 121 mmol) and 1-
vinylnaphthalene (0.90 mL, 6.06 mmol) in dry CH,Cl, (2.8 mL) and
second-generation Grubbs catalyst (51.4 mg, 0.061 mmol) in dry
CH,Cl, (1.4 mL). Purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 8/2) afforded 1al as an oil (0.32 g,
70%): '"H NMR (300 MHz, CDCL,): 5 3.78 (s, 3H), 3.80 (s, 6H),
4.55 (d, ] = 6.4 Hz, 2H), 6.35 (dt, ] = 15.9, 6.6 Hz, 1H), 6.45 (t, ] =
2.0 Hz, 1H), 6.54 (d, J = 2.0 Hz, 2H), 7.26 (d, ] = 15.9 Hz, 1H),
7.42—7.46 (m, 1H), 7.46—7.54 (m, 2H), 7.56—7.61 (m, 1H), 7.76—
7.82 (m, 1H), 7.83—7.89 (m, 1H), 7.96—8.05 (m, 1H) ppm; *C{'H}
NMR (75.5 MHz, CDCl,): 8 53.1, 55.5, 99.0, 105.7, 123.9, 124.1,
125.7, 125.9, 126.1, 128.1, 128.3, 128.6, 130.4, 131.2, 133.6, 134.6,
143.7, 155.9, 161.0 ppm; IR (ATR): 1702 cm™'; MS (ESI) m/z (rel
intensity): 400.2 (MNa*, 100), 378.2 (MH", 94), 224.1 (70), 167.1
(65); HRMS (ESI-TOF): caled for Cy3H,,NO,: 378.1705 [MH'];
found, 378.1703.

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl (3,5-dimethoxyphen-
yl) [(E)-3-(naphthalene-1-yl) allyllcarbamate (1gl). Prepared from
1ga (0.28 g 0.74 mmol) and I-vinylnaphthalene (0.55 mL, 3.71
mmol) in dry CH,Cl, (1.7 mL) and second-generation Grubbs
catalyst (31.5 mg, 0.037 mmol) in dry CH,Cl, (0.84 mL). Purification
by flash column chromatography (silica gel, petroleum ether/AcOEt
9/1) afforded 1gl as an oil (0.23 g, 62%): [a]y = —114.2 (c 0.53,
CH,CL); '"H NMR (300 MHz, CDCL): 5 0.78—0.93 (m, 10H),
0.96—1.16 (m, 2H), 1.29—1.40 (m, 1H), 1.42—1.55 (m, 1H), 1.61—
1.74 (m, 2H), 1.89—2.04 (m, 1H), 2.11-2.23 (m, 1H), 3.77 (s, 6H),
4.52 (dd, ] = 6.1, 1.2 Hz, 2H), 4.69 (td, ] = 10.8, 4.3 Hz, 1H), 6.19—
6.58 (m, 4H), 7.23 (d, ] = 15.7 Hz, 1H), 7.41-7.62 (m, 4H), 7.74—
7.92 (m, 2H), 7.97—8.07 (m, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDClLy): § 164, 20.8, 22.1, 23.4, 26.3, 31.4, 34.3, 41.3, 47.2, 52.8,
55.4,76.0, 98.8, 105.2, 123.9, 124.0, 125.6, 125.8, 126.0, 127.9, 128.5,
128.7,129.8, 1312, 133.6, 134.7, 144.1, 155.1, 161.7 ppm; IR (ATR):
1700 cm™'; MS (ESI) m/z (rel intensity): 502.3 (MH*, 36), 364.2
(100); HRMS (ESI-TOF): caled for Cy,H,oNO,: 502.2957 [MH'];
found, 502.2961.

Metathesis Reactions. Synthesis of Esters 1am—1bm.
General Procedure (Scheme S2b). To a solution of the
corresponding carbamate laa—lba (1 mmol) and acrylate (20
mmol) in dry CH,Cl, (28.9 mL), a solution of second-generation
Grubbs catalyst (0.05 mmol) in dry CH,Cl, (8.1 mL) was added via
cannula, under argon atmosphere. The reaction mixture was stirred at
reflux (heating block) for 7 h and it was allowed to cool down to
room temperature. Afterward, the solvent was evaporated in vacuo,
and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt) afforded the corresponding esters lam—
1bm.

Methyl (E)-4-[(3,5-dimethoxyphenyl)(methoxycarbonyl)amino]-
but-2-enoate (1am). Prepared from laa (0.24 g, 0.95 mmol) and
methyl acrylate (1.7 mL, 18.9 mmol) in dry CH,Cl, (27.3 mL) and
second-generation Grubbs catalyst (40.2 mg, 0.047 mmol) in dry
CH,Cl, (7.6 mL). After purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 8/ 2), lam was obtained as an oil
(027 g,91%): 'H NMR (300 MHz, CDCLy): § 3.67 (s, 3H), 3.68 (s,
3H), 3.71 (s, 6H), 4.33 (dd, ] = 5.5, 1.7 Hz, 2H), 5.90 (dt, J = 15.7,
1.7 Hz, 1H), 6.26—6.38 (m, 3H), 6.92 (dt, J = 15.7, 5.5 Hz, 1H) ppm;
BC{'H} NMR (75.5 MHz, CDCL,): § 51.5, 51.6, 53.1, 55.3, 98.7,
105.0, 122.2, 143.3, 143.4, 155.5, 160.9, 166.3 ppm; IR (ATR): 1710
ecm™; MS (ESI) m/z (rel intensity): 310.1 (MH", 100), 278.1 (23);
HRMS (ESI-TOF): calcd for C;H,oNOg: 310.1291 [MH*]; found,
310.1300.

Ethyl (E)-4-[(3,5-Dimethoxyphenyl)(methoxycarbonyl)amino]-
but-2-enoate (1an). Prepared from laa (0.26 g, 1.04 mmol) and
ethyl acrylate (2.3 mL, 20.8 mmol) in dry CH,Cl, (30.1 mL) and
second-generation Grubbs catalyst (44.2 mg, 0.052 mmol) in dry
CH,Cl, (8.4 mL). After purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 8/ 2), lan was obtained as an oil
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(0.33 g, 99%): 'H NMR (300 MHz, CDCLy): § 1.26 (t, ] = 7.1 Hg,
3H), 3.70 (s, 3H), 3.75 (s, 6H), 4.16 (q, J = 7.1 Hz, 2H), 4.36 (dd, ] =
5.5, 1.7 Hz, 2H), 5.92 (dt, J = 15.7, 1.7 Hz, 1H), 6.28—6.41 (m, 3H),
6.92 (dt, J = 15.7, 5.5 Hz, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDC];): 6 14.2,51.6,53.2, 55.4, 60.5,98.7, 106.0, 122.6, 143.2, 143 .4,
155.6, 160.9, 165.9 ppm; IR (ATR): 1710 cm™; MS (ESI) m/z (rel
intensity): 324.1 (MH", 100), 278.1 (9); HRMS (ESI-TOF): calcd
for C,4H,,NOg: 324.1447 [MH*]; found: 324.1454.

Butyl (E)-4-[(3,5-Dimethoxyphenyl)(methoxycarbonyl)amino]-
but-2-enoate (1ao). Prepared from laa (0.31 g 125 mmol) and
n-butyl acrylate (3.6 mL, 24.9 mmol) in dry CH,Cl, (36.0 mL) and
second-generation Grubbs catalyst (52.9 mg, 0.062 mmol) in dry
CH,Cl, (10.0 mL). After purification by flash column chromatog-
raphy (silica gel, petroleum ether/AcOEt 8/2), lao was obtained as
an oil (0.40 g, 91%): "H NMR (300 MHz, CDCL,): 5 0.88 (t, ] = 7.3
Hz, 3H), 1.25—1.45 (m, 2H), 1.53—1.68 (m, 2H), 3.67 (s, 3H), 3.71
(s, 6H), 4.08 (t, ] = 6.7 Hz, 2H), 4.33 (dd, ] = 5.4, 1.4 Hz, 2H), 5.89
(d, J = 15.7 Hz, 1H), 6.26—6.36 (m, 3H), 6.90 (dt, ] = 15.7, 5.4 Hz,
1H) ppm; “C{'H} NMR (75.5 MHz, CDCl,): § 13.7, 19.1, 30.6,
S1.6, 53.1, 55.3, 643, 98.7, 105.1, 122.6, 1432 (C,), 1434, 155.6,
160.9, 166.0 ppm; IR (ATR): 1710 cm™'; MS (ESI) m/z (rel
intensity): 352.2 (MH", 100), 278.1 (5); HRMS (ESI-TOF): calcd
for C;gH,(NOg: 352.1760 [MH*]; found: 352.1761.

tert-Butyl (E)-4-[(3,5-Dimethoxyphenyl)(methoxycarbonyl)-
aminojbut-2-enoate (1ap). Prepared from laa (0.23 g 091
mmol) and tert-butyl acrylate (2.7 mL, 18.3 mmol) in dry CH,Cl,
(264 mL) and second-generation Grubbs catalyst (38.8 mg, 0.046
mmol) in dry CH,Cl, (7.4 mL). After purification by flash column
chromatography (silica gel, petroleum ether/AcOEt 9/1), lap was
obtained (0.31 g, 99%) as an oil: '"H NMR (300 MHz, CDCL,): §
1.44 (s, 9H), 3.68 (s, 3H), 3.73 (s, 6H), 4.32 (dd, ] = 5.5, 1.7 Hz,
2H), 5.82 (dt, J = 15.7, 1.7 Hz, 1H), 6.28—6.38 (m, 3H), 6.81 (dt, J =
15.7, 5.5 Hz, 1H) ppm; *C{'H} NMR (75.5 MHz, CDCl,): § 28.0,
S51.5, 53.1, 55.3, 80.5, 98.7, 105.0, 124.3, 141.9, 143.5, 155.6, 160.8,
165.2 ppm; IR (ATR): 1702 cm™; MS (ESI) m/z (rel intensity):
3522 (MH', 11), 296.1 (100); HRMS (ESI-TOF): calcd for
CsH, NOg: 352.1760 [MH*]; found, 352.1760.

Benzyl (E)-4-[(3,5-Dimethoxyphenyl)(methoxycarbonyl)amino]-
but-2-enoate (1aq). Prepared from laa (0.20 g 0.81 mmol) and
benzyl acrylate (2.4 mL, 16.2 mmol) in dry CH,Cl, (23.4 mL) and
second-generation Grubbs catalyst (34.4 mg, 0.041 mmol) in dry
CH,Cl, (6.5 mL). After purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 8/2), 1laq was obtained as an oil
(0.31 g,99%): '"H NMR (300 MHz, CDCLy): 6 3.69 (s, 3H), 3.71 (s,
6H), 4.37 (d, ] = 4.1 Hz, 2H), 5.15 (s, 2H,), 5.99 (d, J = 15.7 Hg,
1H), 6.35 (br's, 1H), 6.38 (br s, 2H), 6.91—7.08 (m, 1H), 7.20—7.37
(m, SH) ppm; BC{'H} NMR (75.5 MHz, CDCl;): § 51.6, 53.1, 55.3,
66.3, 98.8, 105.1, 122.3, 128.2, 128.5, 1359, 143.4, 144.0, 155.6,
160.9, 165.7 ppm; IR (ATR): 1710 cm™'; MS (ESI) m/z (rel
intensity): 408.1 (MNa*, 100), 386.2 (MH", 60), 354.1 (37), 3;
HRMS (ESI-TOF): caled for C,H,;NOgNa: 408.1423 [MNa'];
found, 408.1420.

Methyl (E)-4-[(tert-Butoxycarbonyl)(3,5-dimethoxyphenyl)-
aminojbut-2-enoate (1bm). Prepared from 1ba (0.26 g, 0.88
mmol) and methyl acrylate (1.6 mL, 17.5 mmol) in dry CH,CL,
(25.3 mL) and second-generation Grubbs catalyst (37.2 mg, 0.044
mmol) in dry CH,Cl, (7.1 mL). After purification by flash column
chromatography (silica gel, petroleum ether/AcOEt 8/2), 1bm was
obtained as an oil (0.26 g, 86%): '"H NMR (300 MHz, CDCL,): §
1.44 (s, 9H), 3.72 (s, 3H), 3.75 (s, 6H), 4.34 (dd, ] = 5.2, 1.8 Hz,
2H), 5.93 (dt, J = 15.7, 1.8 Hz, 1H), 6.30 (t, ] = 2.2 Hz, 1H), 6.36 (d,
J =22 Hz, 2H), 6.97 (dt, ] = 15.7, 5.2 Hz, 1H) ppm; “C{'H} NMR
(75.5 MHz, CDCL,): & 28.3, 51.3, S1.6, 55.4, 81.0, 98.1, 104.7, 121.7,
144.1, 144.4, 154.0, 160.7, 166.5 ppm; IR (ATR): 1699 cm™’; MS
(ESI) m/z (rel intensity): 374.2 (MNa*, 54), 352.2 (MH*, 2), 252.1
(100); HRMS (ESI-TOF): caled for C,gH,;NO(Na: 374.1580
[MNa*]; found, 374.1584.

Reductive Amination and Protection. Synthesis of Methyl (E)-
(3,5-dimethoxyphenyl)[3-(4-methoxyphenyl)allylicarbamate (1ag)
(Scheme S3). Over a solution of commercially available 3,5-
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dimethoxyaniline (0.53 g, 3.47 mmol) in dry Et,O (17 mL), trans-p-
methoxycinnamaldehyde (0.56 g, 3.47 mmol) and anhydrous MgSO,
(4 g) were added under argon atmosphere. The reaction mixture was
stirred at room temperature for 16 h; it was filtered and the solvent
was evaporated in vacuo. The crude imine was dissolved in dry
MeOH (23 mL) and NaBH, (0.39 g 10.4 mmol) was added
portionwise under argon atmosphere. The reaction mixture was
allowed to warm up to room temperature and stirred for 3.5 h.
Afterward, a 1 M NaOH aqueous solution (15 mL) was added to
quench the reaction and it was diluted with water (20 mL). The
mixture was extracted with AcOEt (3 X 15 mL), the combined
organic extracts were dried (Na,SO,), and the solvent was evaporated
in vacuo. Flash column chromatography (silica gel, hexane/AcOEt 7/
3) afforded 1hg as an oil (0.64 g 62%): '"H NMR (300 MHz,
CDCly): 6 3.77 (s, 6H), 3.81 (s, 3H), 3.84—3.96 (m, 3H), 5.88 (d, ] =
2.1 Hz, 2H), 5.93 (t, ] = 2.1 Hz, 1H), 6.18 (dt, ] = 15.8, 5.7 Hz, 1H),
6.57 (d, J = 15.8 Hz, 1H), 6.87 (d, ] = 8.8 Hz, 2H), 7.32 (d, ] = 8.8
Hz, 2H) ppm; *C{'H} NMR (75.5 MHz, CDCL,): § 46.3, 55.2, 55.3,
89.9,91.9, 114.0, 124.6, 127.5, 129.7, 131.2, 150.1, 159.2, 161.8 ppm;
IR (ATR): 3408 cm™'; MS (ESI) m/z (rel intensity): 300.2 (MH",
37),298.1 (44), 148.1 (7), 147.1 (100); HRMS (ESI-TOF): calcd for
C,sH,,NO5: 300.1600 [MH"]; found, 300.1600. Over a solution of
1hg (0.51 g, 1.71 mmol) and freshly distilled pyridine (0.27 mL, 3.41
mmol) in dry THF (20 mL), methyl chloroformate (0.16 mL, 2.0S
mmol) was added dropwise. The reaction mixture was stirred at room
temperature for 16 h, and afterward, the solvent was evaporated under
reduced pressure. The crude reaction was dissolved in CH,Cl, (30
mL) and washed with a 10% aqueous solution of HCI (2 X 15 mL)
and with water (15 mL). The combined organic extracts were dried
(Na,SO,) and concentrated in vacuo. Flash column chromatography
(silica gel, hexane/AcOEt 7/3) afforded lag as an oil (0.54 g, 89%):
'H NMR (300 MHz, CDCL): § 3.72 (s, 3H), 3.74 (s, 6H), 3.77 (s,
3H), 432 (d, ] = 6.4 Hz, 2H), 6.16 (dt, ] = 15.8, 6.4 Hz, 1H), 6.33—
6.48 (m, 4H), 6.83 (d, ] = 8.7 Hz, 2H), 7.28 (d, ] = 8.7 Hz, 2H) ppm;
BC{'H} NMR (75.5 MHz, CDCL,): § 52.9, 53.0, 55.2, 55.4, 98.8,
106.5, 114.0, 122.8, 127.6, 129.5, 132.1, 143.8, 155.8, 159.3, 160.8
ppm; IR (ATR): 1695 cm™; MS (ESI) m/z (rel intensity): 380.1
(MNa*, 100), 358.2 (MH", 60), 224.1 (30), 147.1 (66); HRMS (ESI-
TOEF): calcd for CyyH,3;NOgNa: 380.1474 [MNa*]; found, 380.1473
5,7-Dimethoxyquinoline (2). Over a solution of 1aa (0.10 g, 0.41
mmol) in AcOH (1.7 mL), PhCO;'Bu (0.10 mL, 0.49 mmol),
Cu(OAc), (3.8 mg, 0.021 mmol), p-TsOH (79.5 mg, 0.41 mmol),
and PdCL(CH;CN), (5.4 mg, 0.021 mmol) were added. The mixture
was stirred at room temperature for 24 h, and then the solvent was
removed under vacuum. The residue was dissolved in AcOEt (S mL),
and it was washed with a 2 M aqueous solution of Na,CO; (2 X 10
mL) and brine (2 X 10 mL). The aqueous phase was reextracted with
AcOEt (10 mL), and the combined organic extracts were dried
(Na,S0,) and concentrated in vacuo. Flash column chromatography
(silica gel, hexane/AcOEt 5/5) afforded 2 as an oil (24.5 mg, 31%),
whose data are coincidental to those reported:*' 'H NMR (300 MHz,
CDCly): 6 3.94 (s, 3H), 3.96 (s, 3H), 6.51 (d, ] = 1.7 Hz, 1H), 7.02
(d,]=1.7 Hz, 1H), 7.22 (dd, ] = 8.3, 4.3 Hz, 1H), 8.43 (d, ] = 8.3 Hz,
1H), 8.79 (d, ] = 4.3 Hz, 1H) ppm; *C{'H} NMR (75.5 MHz,
CDCL): & 55.6, 55.8, 98.1, 99.6, 116.8, 118.1, 130.6, 150.4, 150.9,
1559, 1612 ppm; IR (ATR): 1627 cm™'; MS (EI) m/z (rel
intensity): 189.1 (M", 100), 160 (17), 146 (15); HRMS (CI-TOF):
caled for C;;H;,NO,: 190.0868 [MH*]; found: 190.0868.
Synthesis of 1,2-Dihydroquinolines 3. General Procedure.
To a solution of the corresponding N-ptotected aniline 1 (1 mmol) in
1,4-dioxane (66.7 mL), p-TsOH (1 mmol), BQ (1 mmol), and
PdCl,(CH,CN), (0.05 or 0.1 mmol) were added and the reaction
mixture was stirred at room temperature or 70 °C (heating block with
temperature control) for 1—16 h. Afterwards, water was added to
quench the reaction and it was extracted with CH,Cl, (3 X 10 mL).
The combined organic extracts were washed with brine (10 mL) and
dried (N2,SO,). The solvent was evaporated in vacuo and the residue
was purified by flash column chromatography (silica gel, petroleum
ether/AcOEt) affording the corresponding 1,2-dihydroquinolines 3.
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Methyl 5,7-Dimethoxyquinoline-1(2H)-carboxylate (3aa) (Table
1, Entry 1). Prepared from laa (0.14 g, 0.57 mmol), p-TsOH (0.11 g,
0.57 mmol), BQ (61.6 mg, 0.57 mmol), and PdCL,(CH,CN), (7.4
mg, 0.028 mmol) in dioxane (38 mL). The reaction mixture was
stired for 16 h at room temperature, and after workup and
purification by flash column chromatography (silica gel, petroleum
ether/AcOEt 7/3), 3aa was obtained as an oil (0.12 g, 85%): 'H
NMR (300 MHz, CDCl,): 6 3.78 (s, 3H), 3.80 (s, 6H), 4.32 (dd, ] =
4.3, 1.7 Hz, 2H), 5.82 (dt, ] = 9.6, 4.3 Hz, 1H), 624 (d, J = 2.3 Hz,
1H), 6.76 (dt, ] = 9.6, 1.7 Hz, 1H), 6.85 (br s, 1H) ppm; “C{'H}
NMR (75.5 MHz, CDCL,): 6 43.2, 53.0, 55.4, 55.6, 94.8, 101.0, 111.2,
120.7, 120.8, 138.2, 154.7, 155.6, 159.4 ppm; IR (ATR): 1702 cm™;
MS (EI) m/z (rel intensity): 249.1 (M*, 79), 190.1 (100); HRMS
(CI-TOF): calced for C3H (NO,: 250.1079 [MH']; found, 250.1085.

tert-Butyl 5,7-Dimethoxyquinoline-1(2H)-carboxylate (3ba)
(Table 1, Entry 3). Prepared from 1ba (0.12 g, 0.40 mmol), p-
TsOH (75.2 mg, 0.40 mmol), BQ (423 mg 0.40 mmol), and
PdCL,(CH,;CN), (10.3 mg, 0.040 mmol) in dioxane (26.3 mL). The
reaction mixture was stirred for 1.5 h at room temperature, and after
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 9/1), 3ba was obtained as an oil (67.3 mg,
58%): 'H NMR (300 MHz, CDCL): & 1.52 (s, 9H), 3.80 (s, 6H),
4.28 (dd, J=4.3,1.7 Hz, 2H), 5.82 (dt, ] = 9.6, 4.3 Hz, 1H), 6.21 (d, ]
= 2.3 Hz, 1H), 6.72—6.79 (m, 1H), 6.82 (d, J = 2.3 Hz, 1H) ppm;
IBC{’H} NMR (75.5 MHz, CDCL,): § 28.4, 42.8, 55.4, 55.6, 81.1,
94.5, 101.1, 111.2, 120.8, 121.0, 138.7, 153.1, 155.5, 159.1 ppm; IR
(ATR): 1649 cm™; MS (ESI) m/z (rel intensity): 314.1 (MNa*, 12),
292.2 (MH', 5), 236.1 (100); HRMS (ESI-TOF): calced for
C¢H,NO,Na: 314.1368 [MNa*]; found: 314.1370. In this reaction,
tert-butyl 4,6-dimethoxy-2-methyl-1H-indole-1-carboxylate (4ba) was
obtained as a byproduct (oil, 18.9 mg, 16%): '"H NMR (300 MHz,
CDCl,): § 1.65 (s, 9H), 2.35 (d, ] = 1.3 Hz, 3H), 3.86 (s, 3H), 3.87
(s, 3H), 6.30 (d, J = 2.0 Hz, 1H), 7.01—7.15 (m, 1H), 7.33—7.43 (m,
1H) ppm; *C{'H} NMR (75.5 MHz, CDCL,): § 12.3, 28.2, 55.3,
55.6, 82.9, 91.4, 94.2, 114.8, 116.7, 120.0, 137.6, 149.9, 154.9, 158.8
ppm; IR (ATR): 1724 cm™'; MS (ESI) m/z (rel intensity): 292.2
(MH?, 58), 236.1 (100); HRMS (ESI-TOF): calcd for C,4H,,NO,:
292.1549 [MH"]; found, 292.1557.

Benzyl 5,7-Dimethoxyquinoline-1(2H)-carboxylate (3ca) (Table
1, Entry 8). Prepared from 1ca (0.11 g, 0.33 mmol), p-TsOH (62.8 g,
0.33 mmol), BQ_ (35.7 mg, 0.33 mmol), and PdCL(CH,;CN), (8.6
mg, 0.033 mmol) in dioxane (22.0 mL). The reaction mixture was
stirred for 3 h at room temperature, and after workup and purification
by flash column chromatography (silica gel, petroleum ether/AcOEt
9/1), 3ca was obtained as an oil (71.5 mg, 67%): '"H NMR (300
MHz, CDCl,): 6 3.68 (s, 3H), 3.80 (s, 3H), 4.37 (d, J = 4.2 Hz, 2H),
5.24 (s, 2H), 5.78—5.89 (m, 1H), 6.23 (d, ] = 1.9 Hz, 1H), 6.73—6.85
(m, 2H), 7.28-7.44 (m, SH) ppm; “C{'H} NMR (75.5 MHyg,
CDCL,): & 432, 553, 55.6, 67.8, 95.1, 100.7, 1112, 120.7, 120.8,
128.2,128.3, 128.6, 136.1, 138.1, 154.0, 155.6, 159.3 ppm; IR (ATR):
1702 cm™'; MS (ESI) m/z (rel intensity): 348.1 (MNa*, 100), 327.1
(MH* + 1, 9), 326.1 (MH", 54), 282.1 (38); HRMS (ESI-TOF):
caled for C,oH;(NO,Na: 348.1212 [MNa*]; found: 348.121S.

1-[5,7-Dimethoxyquinolin-1(2H)-yllethan-1-one (3da) (Table 1,
Entry 10). Prepared from 1da (93.3 mg, 0.40 mmol), p-TsOH (75.4
mg, 0.40 mmol), BQ (42.9 mg, 0.40 mmol), and PdCL,(CH,;CN),
(10.3 mg, 0.040 mmol) in dioxane (26.4 mL). The reaction mixture
was stirred for 1 h at 70 °C, and after workup and purification by flash
column chromatography (silica gel, petroleum ether/AcOEt 7/3),
3da was obtained as an oil (78.2 mg, 85%): '"H NMR (300 MHz,
CDCly): 6 2.22 (s, 3H), 3.79 (s, 3H), 3.81 (s, 3H), 4.29—4.41 (m,
2H), 5.88 (dt, J = 9.5, 4.2 Hz, 1H), 6.28 (d, J = 2.2 Hz, 1H), 6.36 (br
s, 1H), 6.75 (dt, ] = 9.5, 1.8 Hz, 1H) ppm; “C{'H} NMR (75.5
MHz, CDCL): & 22.9, 41.4, 55.5, 55.7, 95.2, 102.0, 112.1, 120.8,
123.1, 138.8, 155.8, 159.2, 170.1 ppm; IR (ATR): 1659 cm™; MS
(ESI) m/z (rel intensity): 256.1 (MNa*, 83), 234.1 (MH", 100),
192.1 (8); HRMS (ESI-TOF): caled for C;3H;(NO;: 234.1130
[MH']; found: 234.1133. In this reaction, 1-(4,6-dimethoxy-3-
methyl-1H-indol-1-yl)ethan-1-one (4da) was obtained as a byproduct
(solid, 9.5 mg, 10%): mp (CH,CL): 141—143 °C; 'H NMR (300
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MHz, CDCly): 6§ 2.36 (d, ] = 1.3 Hz, 3H), 2.55 (s, 3H), 3.86 (s, 3H),
3.87 (s, 3H), 6.35 (d, ] = 2.0 Hz, 1H), 6.88 (d, ] = 1.3 Hz, 1H), 7.66
(d, J = 2.0 Hz, 1H) ppm; *C{'H} NMR (75.5 MHz, CDCL;): § 12.4,
24.1, 55.3, 558.8, 92.9, 95.2, 114.7, 118.9, 119.5, 137.9, 154.7, 159.5,
168.7 ppm; IR (ATR): 1685 cm™; MS (ESI) m/z (rel intensity):
234.1 (MH*, 100), 192.1 (45); HRMS (ESI-TOF): caled for
C,3H,(NO;: 234.1130 [MH']; found: 234.1138.

5,7-Dimethoxy-1-tosyl-1,2-dihydroquinoline (3fa) (Table 4,
Entry 1). Prepared from 1fa (0.11 g, 0.31 mmol), p-TsOH (584 g,
0.31 mmol), BQ (33.2 mg, 0.31 mmol), and PdCL,(CH;CN), (4.0
mg, 0.01S mmol) in dioxane (20.5 mL). The reaction mixture was
stired for 16 h at room temperature, and after workup and
purification by flash column chromatography (silica gel, petroleum
ether/AcOEt 8/2), 3fa was obtained as an oil (92.5 mg, 87%): 'H
NMR (300 MHz, CDCl,): § 2.33 (s, 3H), 3.74 (s, 3H), 3.85 (s, 3H),
4.37 (dd, J = 4.3, 1.6 Hz, 2H), 5.40 (dt, ] = 9.6, 4.3 Hz, 1H), 6.22—
6.36 (m, 2H), 6.93 (d, J = 2.3 Hz, 1H), 7.08 (d, ] = 8.0 Hz, 2H), 7.37
(d, J = 8.0 Hz, 2H) ppm; *C{'H} NMR (75.5 MHz, CDCl,): § 21.5,
45.2, 55.6,96.9, 102.9, 112.5, 119.0, 120.4, 127.3, 129.1, 136.6, 136.9,
143.4, 155.7, 159.6 ppm; IR (ATR): 1350 1160 cm™; MS (ESI) m/z
(rel intensity): 368.1 (MNa*, 100), 346.1 (MH", 89), 191.1 (33),
190.1 (48); HRMS (ESI-TOF): caled for C,3H,,NO,SNa: 368.0933
[MNa*]; found, 368.0934.

5,7-Dimethoxy-4-methyl-1-tosyl-1,2-dihydroquinoline (3fb)
(Table 4, Entry 2). Prepared from 1fb (0.10 g, 0.28 mmol), p-
TsOH (542 g 0.28 mmol), BQ (30.8 mg, 028 mmol), and
PdCL,(CH;CN), (3.7 mg, 0.014 mmol) in dioxane (19.0 mL). The
reaction mixture was stirred for 16 h at room temperature, and after
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 9/ 1), 3fb was obtained as an oil (65.5 mg,
64%): 'TH NMR (300 MHz, CDCL): 6 1.58 (s, 3H), 2.33 (s, 3H),
3.72 (s, 3H), 3.86 (s, 3H), 4.10—4.22 (m, 2H), 5.03—5.14 (m, 1H),
6.33—6.40 (m, 1H), 6.90—6.97 (m, 1H), 7.05—7.14 (m, 2H), 7.30—
7.38 (m, 2H) ppm; *C{'H} NMR (75.5 MHz, CDCl,): § 21.0, 21.4,
45.2, 55.5, 55.6, 98.3, 103.6, 115.0, 118.3, 127.5, 128.9, 132.2, 136.7
(Cy), 138.3, 143.1, 157.5, 159.2 ppm; IR (ATR): 1347, 1159 cm™;
MS (ESI) m/z (rel intensity): 382.1 (MNa*, 43), 360.1 (MH", 100),
204.1 (10); HRMS (ESI-TOF): calcd for C;oH,,NO,S: 360.1270
[MH"']; found: 360.1272. In this reaction, S,7-dimethoxy-4-methyl-1-
tosyl-1,4-dihydroquinoline (5fb) was obtained as a byproduct (solid,
26.6 mg, 26%): mp (CH,CL) 106—108 °C; 'H NMR (300 MHz,
CDCL): § 0.39 (d, ] = 6.8 Hz, 3H), 2.34 (s, 3H), 3.35 (q, ] = 6.8 Hz,
1H), 3.72 (s, 3H), 3.84 (s, 3H), 542 (dd, J = 7.5, 6.0 Hz, 1H), 6.29
(d, J = 2.3 Hz, 1H), 6.72 (d, ] = 7.5 Hz, 1H), 7.14—7.24 (m, 3H),
7.53 (d, ] = 8.3 Hz, 2H) ppm; *C{'H} NMR (75.5 MHz, CDCL,): §
21.5, 22.7, 264, 554, 55.6, 96.7, 99.3, 115.5, 120.7, 125.1, 127.6,
1292, 134.3, 135.9, 143.9, 157.1, 158.7 ppm; IR (ATR): 1350, 1164
ecm™; MS (ESI) m/z (rel intensity): 382.1 (MNa*, 20), 360.1 (MH?*,
100),190.1 (20); HRMS (ESI-TOF): caled for C,gH,,NO,S:
360.1270 [MH*]; found, 360.1269.

Synthesis of Indoles 4. General Procedure. To a solution of
the corresponding ester lam—aq, 1bm (1 mmol) in 1,4-dioxane (66.7
mL), p-TsOH (1 mmol), BQ (1 mmol), and PdCL,(CH;CN), (0.1
mmol) were added and the reaction mixture was stirred at 70 °C for
4.5 h. Afterward, water was added to quench the reaction and it was
extracted with CH,Cl, (3 X 10 mL). The combined organic extracts
were washed with brine (10 mL) and dried (Na,SO,). The solvent
was evaporated in vacuo, and the residue was purified by flash column
chromatography (silica gel, petroleum ether/AcOEt) affording the
corresponding 3-substituted indoles 4am—aq, 4bm.

Methyl 4,6-Dimethoxy-3-(2-methoxy-2-oxoethyl)-1H-indole-1-
carboxylate (4am) (Table 3, Entry 1). Prepared from lam (90.7
mg, 0.29 mmol), p-TsOH (55.8 mg, 0.29 mmol), BQ (31.7 mg, 0.29
mmol), and PdCL,(CH;CN), (7.6 mg, 0.029 mmol) in dioxane (19.4
mL). After workup and purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 8/2), 4am was obtained as a solid
(61.1 mg, 68%): mp (CH,CL,): 98—101 °C; 'H NMR (300 MHze,
CDCL,): 6 3.70 (s, 3H), 3.80 (d, J = 0.9 Hz, 2H), 3.81 (s, 3H), 3.85
(s, 3H), 3.98 (s, 3H), 6.30 (d, ] = 2.0, 1H), 7.28 (br s, 1H), 7.37 (s,
1H) ppm; *C{'H} NMR (75.5 MHz, CDCL): § 32.3, 51.9, 53.6,
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55.2, 55.7,91.6, 94.7, 113.7, 114.1, 121.1, 137.5, 151.4, 154.3, 159.3,
172.2 ppm; IR (ATR): 1728 cm™! MS (ESI) m/z (rel intensity):
308.1 (MH', 100), 248.1 (2); HRMS (ESI-TOF): calcd for
C,sH gNOg: 308.1134 [MH']; found, 308.1136.

tert-Butyl 4,6-Dimethoxy-3-(2-methoxy-2-oxoethyl)-1H-indole-
T-carboxylate (4bm) (Table 3, Entry 2). Prepared from 1bm (0.11
g 0.33 mmol), p-TsOH (62.0 mg, 0.33 mmol), BQ (38.8 mg, 0.33
mmol), and PdCL,(CH;CN), (8.5 mg, 0.033 mmol) in dioxane (21.7
mL). After workup and purification by flash column chromatography
(silica gel, petroleum ether/AcOEt 9/ 1), 4bm was obtained as a solid
(46.4 mg, 41%): mp (CH,CL,): 103—105 °C; '"H NMR (300 MHg,
CDCl,): 6 1.64 (s, 9H), 3.71 (s, 3H), 3.80 (s, 2H), 3.81 (s, 3H), 3.86
(s, 3H), 629 (d, J = 1.7, 1H), 7.26 (br s, 1H), 7.35 (s, 1H) ppm;
BC{'H} NMR (75.5 MHz, CDCL,): § 28.2, 32.4, 51.9, 55.2, 55.7,
83.3,91.6, 94.5, 113.2, 113.8, 121.7, 137.4, 149.7, 154.2, 159.1, 172.4
ppm; IR (ATR): 1756, 1720 cm™'; MS (ESI) m/z (rel intensity):
350.2 (MH*, 100), 294.1 (72); HRMS (ESI-TOF):calcd for
C1sH,NOg: 350.1604 [MH*]; found, 350.1606.

Methyl 3-(2-Ethoxy-2-oxoethyl)-4,6-dimethoxy-1H-indole-1-car-
boxylate (4an) (Table 3, Entry 3). Prepared from lan (0.13 g, 0.39),

p-TsOH (75.1 mg, 0.39 mmol), BQ (42.7 mg, 0.39 mmol), and

PdClL,(CH;CN), (10.2 mg, 0.039 mmol) in dioxane (26.3 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 8/2), 4an was obtained as a solid (86.4 mg,
68%): mp (CH,Cl,): 77—80 °C; 'H NMR (300 MHz, CDCLy): §
1.25 (t, ] = 7.1 Hz, 3H), 3.78 (s, 2H), 3.81 (s, 3H), 3.85 (s, 3H), 3.97
(s, 3H), 4.17 (q, J = 7.1 Hz, 2H), 6.30 (d, ] = 1.9, 1H), 7.28 (br s,
1H), 7.37 (s, IH) ppm; “C{'H} NMR (75.5 MHz, CDCl,): § 14.3,
32.6, 53.6, 552, 55.7, 60.6, 91.5, 94.6, 113.8, 114.3, 121.1, 137.5,
151.5, 154.3, 159.3, 171.7 ppm; IR (ATR): 1731 cm™; MS (ESI) m/
z (rel intensity): 322.1 (MH?", 100), 248.1 (3); HRMS (ESI-TOF):
caled for C 4H,NO: 322.1291 [MH*]; found: 322.1300.

Methyl 3-(2-Buthoxy-2-oxoethyl)-4,6-dimethoxy-1H-indole-1-
carboxylate (4ao) (Table 3, Entry 4). Prepared from lao (0.11 g,
0.31), p-TsOH (58.6 mg, 0.31 mmol), BQ (33.3 mg, 0.31 mmol), and
PdCL,(CH;CN), (8.0 mg, 0.031 mmol) in dioxane (20.5 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 8/2), 4ao was obtained as a solid (68.0 mg,
63%): mp (CH,CL,): 79-80 °C; 'H NMR (300 MHz, CDCL): &
0.90 (t, J] = 7.3 Hz, 3H), 1.22—1.46 (m, 2H), 1.51-1.69 (m, 2H),
3.79 (s, 2H), 3.81 (s, 3H), 3.86 (s, 3H), 3.99 (s, 3H), 4.17 (t, ] = 6.7
Hz, 2H), 6.30 (d, J = 2.0, 1H), 7.29 (br s, 1H), 7.38 (s, 1H) ppm;
BC{'H} NMR (75.5 MHz, CDCL,): § 13.7, 19.1, 30.7, 32.6, 53.6,
55.2, 55.7, 64.5, 91.5, 94.6, 113.8, 114.3, 121.1, 137.5, 151.5, 154.3,
159.3, 171.8 ppm; IR (ATR): 1731 cm™'; MS (ESI) m/z (rel
intensity): 350.2 (MH", 100), 349.2 (5); HRMS (ESI-TOF): calcd
for C,gH,,NOg: 350.1604 [MH*]; found, 350.1604.

Methyl 3-[2-(tert-Butoxy)-2-oxoethyl]-4,6-dimethoxy-1H-indole-
1-carboxylate (4ap) (Table 3, Entry 5). Prepared from lap (0.14 g,
0.40), p-TsOH (75.9 mg, 0.40 mmol), BQ (43.2 mg, 0.40 mmol), and
PdCL,(CH;CN), (10.4 mg, 0.040 mmol) in dioxane (26.6 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 9/1), 4ap was obtained as a solid (75.3 mg,
54%): '"H NMR (300 MHz, CDCL,): § 1.45 (s, 9H), 3.70 (s, 2H),
3.83 (s, 3H), 3.86 (s, 3H), 3.98 (5, 3H), 6.30 (d, J = 2.0, 1H), 7.27 (br
s, IH), 7.37 (s, IH) ppm; *C{'"H} NMR (75.5 MHz, CDCL,): § 28.3,
33.6, 53.6, 55.1, 55.7, 803, 91.5, 94.6, 113.9, 114.8, 121.0, 137.5,
151.5, 154.3, 159.2, 171.0 ppm; IR (ATR): 1735 cm™"; MS (ESI) m/
z (rel intensity): 350.2 (MH", 31), 294.1 (100); MS (ESI) m/z (rel
intensity): caled for C;3H,,NOg: 350.1604 [MH"]; found, 350.1608.

Methyl 3-[2-(benzyloxy)-2-oxoethyl]-4,6-dimethoxy-1H-indole-
1-carboxylate (4aq) (Table 3, Entry 6). Prepared from laq (0.10 g,
0.27), p-TsOH (51.2 mg, 0.27 mmol), BQ (29.1 mg, 0.27 mmol), and
PdCL,(CH;CN), (7.0 mg, 0.027 mmol) in dioxane (17.9 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 8/2), 4aq was obtained as a solid (80.4 mg,
78%): mp (CH,CL,): 136—138 °C; 'H NMR (300 MHz, CDCL;): §
3.66 (s, 3H), 3.85 (s, 2H), 3.87 (s, 3H), 3.99 (s, 3H), 5.17 (s, 2H),
6.28 (d,] = 1.9, 1H), 7.24—7.45 (m, 7H) ppm; “C{'H} NMR (75.5
MHz, CDCL,): & 32.6, 53.6, 55.0, 55.7, 66.4, 91.5, 94.7, 113.8, 114.1,
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121.2, 128.1, 128.3, 128.5, 136.2, 137.5, 151.5, 154.3, 159.3, 171.5
ppm; IR (ATR): 1735 cm™; MS (ESI) m/z (rel intensity): 406.1
(MNa* + 1, 81), 384.1 (MH", 100), 383.1 (17); HRMS (ESI-TOF):
caled for Cy H,,NOg: 384.1447 [MH*]; found, 384.1452.

Synthesis of 1,4-Dihydroquinolines 5. General Procedure.
To a solution of the corresponding N-protected (3,5-
dimethoxyphenyl)allyl aniline 1 (1 mmol) in 14-dioxane (66.7
mL), p-TsOH (1 mmol), BQ (1 mmol), and PdCl,(CH,CN), (0.0S
mmol) were added and the reaction mixture was stirred at room
temperature for 16 h. Afterward, water was added to quench the
reaction, and it was extracted with CH,Cl, (3 X 10 mL). The
combined organic extracts were washed with brine (10 mL) and dried
(Na,S0,). The solvent was evaporated in vacuo, and the residue was
purified by flash column chromatography (silica gel, petroleum ether/
AcOEt), affording the corresponding 1,4-dihydroquinolines 5.

Methyl 5,7-Dimethoxy-4-methylquinoline-1(4H)-carboxylate
(5ab) (Table 2). Prepared from lab (0.11 g, 0.42 mmol), p-TsOH
(79.8 mg, 0.42 mmol), BQ (454 mg, 0.42 mmol), and
PdCL(CH;CN), (5.4 mg, 0.021 mmol) in dioxane (28 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 7/3), Sab was obtained as an oil (62.6 mg,
57%): '"H NMR (300 MHz, CDCL): § 1.14 (d, ] = 6.8 Hz, 3H),
3.53—3.70 (m, 1H), 3.80 (s, 3H), 3.86 (s, 6H), 5.28—5,44 (m, 1H),
6.30 (d, ] = 2.2 Hz, 1H), 6.92 (d, ] = 7.7 Hz, 1H), 7.29 (d, ] = 2.2 Hz,
1H) ppm; C{'H} NMR (75.5 MHz, CDCL): § 22.1, 26.1, 53.2,
55.4, 55.5, 95.5, 98.1, 114.6, 116.0, 125.1, 137.3, 153.2, 156.8, 158.4
ppm; IR (ATR): 1705 cm™; MS (EI) m/z (rel intensity): 263.1 (M*,
10), 248.2 (100), 189.1 (64); HRMS (ESI-TOF): calcd for
C14H sNO,: 264.1236 [MH"]; found, 264.1251.

Methyl 5,7-Dimethoxy-4-phenylquinoline-1(4H)-carboxylate
(5ac) (Table 2). Prepared from lac (98.8 mg, 0.30 mmol), p-
TsOH (574 mg, 030 mmol), BQ (32.6 mg 0.30 mmol), and
PdCL,(CH;CN), (3.9 mg, 0.015 mmol) in dioxane (20.1 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 8/2), 5ac was obtained as a solid (76.0 mg,
77%): mp (CH,Cl,) 137—140 °C; "H NMR (300 MHz, CDCL,): §
3.70 (s, 3H), 3.83 (s, 3H), 3.89 (s, 3H), 4.82 (d, ] = 6.0 Hz, 1H),
5.42-5.55 (m, 1H), 6.29 (br s, 1H), 7.07 (d, ] = 7.8 Hz, 1H), 7.11—
728 (m, SH), 743 (br s, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDCL): 8 37.3, 53.4, 554, 55.6,95.8, 97.9, 112.1, 113.9, 125.2, 126.2,
127.4, 128.4, 137.5, 144.8, 153.2, 157.2, 159.0 ppm; IR (ATR): 1727
ecm™; MS (EI) m/z (rel intensity): 325.1 (M, 20), 248.1 (100),
189.1 (19); HRMS (ESI-TOF): caled for C;oH,NO,: 326.1392
[MH"]; found: 326.1400.

tert-Butyl 5,7-Dimethoxy-4-phenylquinoline-1(4H)-carboxylate
(5bc) (Table 2). Prepared from 1bc (0.11 g, 0.29 mmol), p- TsOH
(55.3 mg, 0.29 mmol), BQ (31.4 mg, 0.29 mmol), and
PdCL(CH;CN), (3.8 mg, 0.015 mmol) in dioxane (19.3 mL).
After workup and purification by flash column chromatography (silica
gel, petroleum ether/AcOEt 9/ 1), Sbc was obtained as a solid (77.4
mg, 73%): mp (CH,Cl,) 110—112 °C; '"H NMR (300 MHz, CDCl,):
5 1.61 (s, 9H), 3.71 (s, 3H), 3.84 (s, 3H), 4.83 (d, ] = 6.2 Hz, 1H),
545 (dd, J = 7.7, 6.2 Hz, 1H), 6.28 (d, ] = 2.3 Hz, 1H), 7.06 (d, ] =
7.7 Hz, 1H), 7.11=7.28 (m, SH), 7.37 (d, ] = 2.3 Hz, 1H) ppm;
BC{'H} NMR (75.5 MHz, CDCL,): 6 28.4, 37.4, 55.4, 55.6, 82.2,
95.5, 98.4, 112.4, 113.2, 126.0, 126.1, 127.5, 128.4, 137.9, 145.1,
151.6, 157.1, 158.9 ppm; IR (ATR): 1727 cm™'; MS (EI) m/z (rel
intensity): 390.2 (MNa*, 27), 312.1 (100); HRMS (ESI-TOF): caled
for: C,,H,;NO,Na: 390.1681 [MNa']; found: 390.1684.

Methyl 5,7-Dimethoxy-4-(p-tolyl)quinoline-1(4H)-carboxylate
(5ad) (Table 2). Prepared from lad (0.12 g, 0.36 mmol), p-TsOH
(67.8 mg, 0.36 mmol), BQ (38.5 mg, 0.36 mmol), and
PdCL(CH,;CN), (4.6 mg, 0.018 mmol) in dioxane (23.8 mL).
After workup and purification by flash column chromatography (silica
gel, petroleum ether/AcOEt 8/2), Sad was obtained as a solid (98.7
mg, 82%): mp (CH,Cl,) 105—106 °C; "H NMR (300 MHz, CDCl,):
5229 (s, 3H), 3.71 (s, 3H), 3.83 (s, 3H), 3.89 (s, 3H), 479 (d, ] =
6.2 Hz, 1H), 5.48 (dd, ] = 7.7, 6.2 Hz, 1H), 6.29 (d, ] = 2.3 Hz, 1H),
6.98—7.13 (m, SH), 7.42 (d, ] = 2.3 Hz, 1H) ppm; *C{'H} NMR
(75.5 MHz, CDCl,): § 21.0, 36.8, 53.3, 55.4, 55.6, 95.8, 97.9, 112.3,
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114.1, 125.0, 127.3, 129.1, 13S5.7, 137.5, 141.9, 153.2, 157.2, 158.9
ppm; IR (ATR): 1727 cm™; MS (ESI) m/z (rel intensity): 340.2
(MH?*, 100), 248.1 (3); HRMS (ESI-TOF): calcd for C,oH,,NO,:
340.1549 [MH"]; found: 340.1553.

Methyl 5,7-Dimethoxy-4-(m-tolyl)quinoline-1(4H)-carboxylate
(5ae) (Table 2). Prepared from lae (0.11 g 031 mmol), p-TsOH
(59.0 mg, 0.31 mmol), BQ (33.5 mg, 0.31 mmol), and
PdCL(CH;CN), (40 mg, 0.016 mmol) in dioxane (20.7 mL).
After workup and purification by flash column chromatography (silica
gel, petroleum ether/AcOEt 8/ 2), 5ae was obtained as a solid (96.5
mg, 92%): mp (CH,Cl,) 101—102 °C; '"H NMR (300 MHz, CDCl,):
52.33 (s, 3H), 3.71 (s, 3H), 3.84 (s, 3H), 3.90 (s, 3H), 4.79 (d, ] =
6.2 Hz, 1H), 5.48 (m, 1H), 6.30 (d, J = 2.1 Hz, 1H), 6.91—7.18 (m,
SH), 7.43 (d, J = 2.1 Hz, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDCly): 6 21.5, 37.2, 53.3, 55.4, 55.6, 95.8, 97.9, 112.1, 114.0, 124.4,
125.0, 127.0, 128.1, 128.3, 137.6, 137.9, 144.8, 153.2, 157.3, 159.0
ppm; IR (ATR): 1727 cm™; MS (ESI) m/z (rel intensity): 340.2
(MH?*, 100), 248.1 (2); HRMS (ESI-TOF): calcd for C,gH,,NO,:
340.1549 [MH"]; found: 340.1555.

Methyl 5,7-Dimethoxy-4-(o-tolyl)quinoline-1(4H)-carboxylate
(5af) (Table 2). Prepared from laf (0.11 g 0.31 mmol), p-TsOH
(59.6 mg, 0.31 mmol), BQ (33.8 mg, 0.31 mmol), and
PdCL(CH;CN), (4.1 mg, 0.016 mmol) in dioxane (20.9 mL).
After workup and purification by flash column chromatography (silica
gel, petroleum ether/AcOEt 8/2), Saf was obtained as a solid (87.6
mg, 82%): mp (CH,Cl,) 118—121 °C; "H NMR (300 MHz, CDCl,):
52.53 (s, 3H), 3.63 (s, 3H), 3.86 (s, 3H), 3.89 (s, 3H), 5.01 (d, ] =
5.9 Hz, 1H), 5.43 (m, 1H), 6.29 (d, ] = 2.3 Hz, 1H), 6.77—7.17 (m,
SH), 7.50 (d, J = 2.3 Hz, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDCL): 6 17.3, 34.0, 53.3, 55.4, 55.7, 95.8, 97.8, 112.1, 112.5, 124.6,
126.0, 126.6, 127.5, 129.9, 134.6, 138.1, 143.6, 153.2, 157.3, 159.0
ppm; IR (ATR): 1724 cm™; MS (ESI) m/z (rel intensity): 340.2
(MH?*, 100), 248.1 (2); HRMS (ESI-TOF): calcd for CyoH,,NO,:
340.1549 [MH"]; found, 340.1557.

Methyl 5,7-Dimethoxy-4-(4-methoxyphenyl)quinoline-1(4H)-
carboxylate (5ag) (Table 2). Prepared from lag (0.13 g 037
mmol), p-TsOH (69.7 mg, 0.37 mmol), BQ (39.6 mg, 0.37 mmol),
and PdCL,(CH;CN), (4.8 mg, 0.018 mmol) in dioxane (24.4 mL).
After workup and purification by flash column chromatography (silica
gel, petroleum ether/AcOEt 8/2), Sag was obtained as a solid (98.7
mg, 82%): mp (CH,Cl,) 109—110 °C; '"H NMR (300 MHz, CDClL,):
5 3.71 (s, 3H), 3.75 (s, 3H), 3.82 (s, 3H), 3.89 (s, 3H), 477 (d, ] =
6.2 Hz, 1H), 5.47 (dd, ] = 7.7, 6.2 Hz, 1H), 6.29 (d, ] = 2.3 Hz, 1H),
6.78 (d, J = 8.7 Hz, 2H), 7.06 (d, ] = 7.7 Hz, 1H), 7.12 (d, ] = 8.7 Hz,
2H), 7.41 (d, J = 2.3 Hz, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDCL,): 6 36.4, 53.3, 55.2, 55.4, 55.6, 95.8, 98.0, 112.5, 113.8, 114.2,
125.0, 128.4, 137.1, 137.4, 153.2, 157.1, 158.0, 158.9 ppm; IR (ATR):
1727 cm™'; MS (ESI) m/z (rel intensity): 378.1 (MNa*, 100), 356.2
(MH?*, 99), 248.1 (16); HRMS (ESI-TOF): calcd for C,,H,;NO;Na:
378.1317 [MNa*]; found: 378.1324.

Methyl 5,7-Dimethoxy-4-(3-methoxyphenyl)quinoline-1(4H)-
carboxylate (5ah) (Table 2). Prepared from lah (57.6 mg, 0.16
mmol), p-TsOH (30.7 mg, 0.16 mmol), BQ (17.4 mg, 0.16 mmol),
and PdCL(CH;CN), (2.1 mg, 0.008 mmol) in dioxane (10.8 mL).
After workup and purification by flash column chromatography (silica
gel, petroleum ether/AcOEt 8/2), 5ah was obtained as a solid (46.1
mg, 81%): mp (CH,Cl,) 101—103 °C; '"H NMR (300 MHz, CDCl,):
83.71 (s, 3H), 3.74 (s, 3H), 3.82 (s, 3H), 3.88 (s, 3H), 4.80 (d, ] =
6.2 Hz, 1H), 5.38—5.54 (m, 1H), 6.29 (d, J = 1.8 Hz, 1H), 6.65-7.18
(m, SH), 7.41 (d, J = 2.1 Hz, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDCL): & 37.2, 53.3, 55.0, 55.4, 55.6, 95.8, 98.0, 111.3, 112.0, 113.3,
113.8, 119.8, 125.3, 129.3, 137.5, 146.4, 153.1, 157.2, 159.0, 159.6
ppm; IR (ATR): 1720 cm™; MS (ESI) m/z (rel intensity): 356.2
(MH*, 100), 248.1 (1); MS (ESI) m/z (rel intensity): calcd for
CyH,NOs: 356.1498 [MH']; found, 356.1510.

Methyl 4-[(1,1'-Biphenyl)-4-yl]-5,7-dimethoxyquinoline-1(4H)-
carboxylate (5ai) (Table 2). Prepared from 1lai (0.11 g 0.28
mmol), p-TsOH (53.9 mg, 0.28 mmol), BQ (30.7 mg, 0.28 mmol),
and PdCL(CH;CN), (3.7 mg, 0.014 mmol) in dioxane (18.9 mL).
After workup and purification by flash column chromatography (silica
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gel, petroleum ether/AcOEt 8/2), Sai was obtained as a solid (82.6
mg, 73%): mp (CH,CL,) 54—56 °C; '"H NMR (300 MHz, CDCL,): §
3.74 (s, 3H), 3.85 (s, 3H), 3.92 (s, 3H), 4.89 (d, ] = 6.2 Hz, 1H), 5.53
(dd, J=7.7,6.2Hz, 1H), 6.33 (d, ] = 2.3 Hz, 1H), 7.11 (d, ] = 7.7 Hg,
1H), 7.20—7.71 (m, 10H) ppm; “*C{'H} NMR (75.5 MHz, CDCl,):
6 36.9, 53.4, 55.4, 55.6, 95.8, 98.0, 112.0, 113.8, 125.4, 127.0, 127.1,
1272, 127.8, 128.7, 137.5, 139.1, 141.1, 143.9, 153.2, 157.2, 159.1
ppm; IR (ATR): 1724 cm™'; MS (ESI) m/z (rel intensity):402.2
(MH*, 100), 248.1 (1); HRMS (ESI): m/z calcd for C,sH,,NO,:
402.1705 [MH"]; found, 402.1710.

Methyl 4-[4-(tert-Butyl)phenyl]-5,7-dimethoxyquinoline-1(4H)-
carboxylate (5aj) (Table 2). Prepared from laj (91.5 mg, 0.24
mmol), p-TsOH (45.4 mg, 0.24 mmol), BQ (25.8 mg, 0.24 mmol),
and PdCL,(CH,CN), (3.1 mg, 0.012 mmol) in dioxane (15.9 mL).
After workup and purification by flash column chromatography (silica
gel, petroleum ether/AcOEt 9/1), Saj was obtained as a solid (79.1
mg, 87%): mp (CH,Cl,) 107—109 °C; 'H NMR (300 MHz, CDCl,):
5 1.29 (s, 9H), 3.73 (s, 3H), 3.83 (s, 3H), 3.90 (s, 3H), 4.82 (d, ] =
6.3 Hz, 1H), 5.51 (dd, ] = 7.6, 6.3 Hz, 1H), 6.30 (d, J = 2.3 Hz, 1H),
7.08 (d, ] = 7.7 Hz, 1H), 7.15 (d, ] = 8.3 Hz, 2H), 7.26 (d, ] = 8.3 Hz,
2H), 7.41 (d, J = 2.3 Hz, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDCLy): 6 31.4, 34.3, 36.6, 53.3, 55.4, 55.6, 95.8, 98.0, 112.6, 114.2,
125.3, 127.0, 137.5, 141.6, 148.8, 153.2, 157.1, 158.9 ppm; IR (ATR):
1724 cm™"; MS (ESI) m/z (rel intensity): 382.2 (MH", 100), 248.1
(10); HRMS (ESI-TOF): caled for C,;H,gNO,: 3822018 [MH'];
found, 382.2019.

Methyl 5,7-Dimethoxy-4-(4-fluorophenyl)quinoline-1(4H)-car-
boxylate (5ak) (Table 2). Prepared from lak (0.11 mg, 0.31
mmol), p-TsOH (59.9 mg, 0.31 mmol), p-BQ_(34.0 mg, 0.31 mmol),
and PdCL,(CH;CN), (4.1 mg, 0.016 mmol) in dioxane (21.0 mL).
After workup and purification by flash column chromatography (silica
gel, petroleum ether/AcOEt 8/2), Sak was obtained as a solid (77.5
mg, 72%): mp (CH,Cl,) 129—131 °C; '"H NMR (300 MHz, CDCl,):
5 3.73 (s, 3H), 3.84 (s, 3H), 3.92 (s, 3H), 4.82 (d, ] = 6.2 Hz, 1H),
547 (dd, J = 7.7, 6.2 Hz, 1H), 6.31 (d, ] = 2.3 Hz, 1H), 6.88—6.97
(m, 2H), 7.09 (d, ] = 7.7 Hz, 1H), 7.14—7.21 (m, 2H), 7.45 (d, ] =
2.3 Hz, 1H) ppm; *C{'H} NMR (75.5 MHz, CDCL,): § 36.5, 53.4,
554, 55.6, 95.8, 98.0, 112.0, 113.6, 115.0 (d, J = 21.3 Hz), 125.3,
1289 (d, J = 8.0 Hz), 137.4, 140.6 (d, ] = 3.1 Hz), 153.1, 157.1,
159.1, 1614 (d, J = 243.9 Hz) ppm; IR (ATR): 1724 cm™"; MS (ESI)
m/z (rel intensity): 344.1 (MH', 100), 301.1 (1); HRMS (ESI-
TOF): caled for C;gHgFNO,: 344.1298 [MH']; found: 344.1311.

Methyl 5,7-Dimethoxy-4-(naphthalene-1-yl)quinoline-1(4H)-car-
boxylate (5al) (Table 2). Prepared from 1al (72.0 mg, 0.19 mmol), p-
TsOH (36.3 mg, 0.19 mmol), BQ (20.6 mg, 0.19 mmol), and
PdCL,(CH;CN), (2.5 mg, 0.010 mmol) in dioxane (12.7 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 8/2), Sal was obtained as a solid (58.4 mg,
82%): mp (CH,Cl,) 140—142 °C; 'H NMR (300 MHz, CDCL,): §
3.54 (s, 3H), 3.86 (s, 3H), 3.89 (s, 3H), 5.61—5.71 (m, 2H), 6.33 (d,
] = 2.4 Hz, 1H), 6.92—7.00 (m, 2H), 7.27—7.34 (m, 1H), 7.47—7.55
(m, 2H), 7.56—7.64 (m, 1H), 7.67 (d, ] = 8.2 Hz, 1H), 7.84—7.91 (m,
1H); 8.34 (d, ] = 8.4 Hz, 1H) ppm; “C{'H} NMR (75.5 MHz,
CDCly): 6 33.3, 53.3, 55.5, 55.6, 95.9, 97.9, 111.5, 113.0, 123.4, 124.1,
125.0, 125.4, 1259, 126.1, 126.6, 128.9, 130.9, 134.0, 138.7, 14122,
1532, 157.3, 159.3 ppm; IR (ATR): 1727 cm™'; MS (ESI) m/z (rel
intensity): 398.1 (MNa*, 53), 376.2 (MH", 100), 248.1 (25); HRMS
(ESI-TOF): caled for C,3H,,NO,: 376.1549 [MH*]; found:
376.1553.

5,7-Dimethoxy-4-phenyl-1-tosyl-1,4-dihydroquinoline (5fc)
(Table 4, Entry 3). Prepared from 1fc (0.10 g 025 mmol), p-
TsOH (46.6 mg, 0.25 mmol), BQ (26.5 mg, 0.25 mmol), and
PdCL(CH;CN), (3.2 mg, 0.012 mmol) in dioxane (16.3 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/CH,Cl, 4/6), 5fc was obtained as a solid (43.6 mg,
42%): mp (CH,Cl,) 161—163 °C; 'H NMR (300 MHz, CDCL): &
242 (s, 3H), 3.55 (s, 3H), 3.86 (s, 3H), 4.64 (d, ] = 5.6 Hz, 1H),
5.35-5.50 (m, 1H), 6.24 (br s, 1H), 6.44—6.53 (m, 2H), 6.89—6.98
(m, 3H), 6.99—7.08 (m, 1H), 7.18 (d, ] = 7.9 Hz, 2H), 7.42 (br s,
1H) 7.63 (d, ] = 7.9 Hz, 2H) ppm; “C{'H} NMR (75.5 MHz,
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CDCly): 6 21.6, 37.7, 55.4, 5.5, 96.5, 97.6, 111.2, 115.7, 124.1, 125.5,
127.2, 127.6, 127.8, 129.7, 134.7, 136.1, 144.2, 144.9, 157.9, 159.4
ppm; IR (ATR): 1350, 1154 cm™'; MS (ESI) m/z (rel intensity):
422.1 (MHY, 100), 344.1 (3), 267.1 (5). 266.1 (8); HRMS (ESI): m/
z caled for C,,H,,NO,S: 422.1426 [MH']; found: 422.1431.

4-Benzyl-5,7-dimethoxy-1-tosyl-1,4-dihydroquinoline (5fd)
(Table 4, Entry 4). Prepared from 1fd (0.10 g 0.24 mmol), p-
TsOH (44.8 mg, 0.24 mmol), BQ (254 mg, 0.24 mmol), and
PdCL(CH;CN), (3.1 mg, 0.012 mmol) in dioxane (15.7 mL). After
workup and purification by flash column chromatography (silica gel,
petroleum ether/AcOEt 9/ 1), 5fd was obtained as an oil (61.9 mg,
60%): '"H NMR (300 MHz, CDCly): § 0.97—1.13 (m, 1H), 2.34 (s,
3H), 2.44—2.57 (m, 1H), 3.51-3.61 (m, 1H), 3.71 (s, 3H), 3.87 (s,
3H), 5.24 (t, ] = 6.7 Hz, 1H), 6.33 (br s, 1H), 6.74 (d, ] = 7.5 Hz,
1H), 6.90 (d, J = 7.5 Hz, 2H), 7.13—7.33 (m, 6H), 7.64 (d, ] = 7.5
Hz, 2H) ppm; “C{'H} NMR (75.5 MHz, CDCL;): 5 21.6, 33.8, 44.7,
55.5, 55.6, 96.7, 99.4, 114.2, 118.8, 125.7, 126.0, 127.7, 128.1, 128.9,
129.5, 134.6, 136.3, 139.7, 144.3, 157.1, 159.0 ppm; IR (ATR): 1358,
1168 cm™'; MS (ESI) m/z (rel intensity): 458.1 (MNa*, 100), 436.2
(MH*, 91), 345.1 (15), 344.1 (96); HRMS (ESI-TOF): m/z calcd for
C,sH,NO,SNa: 458.1402 [MNa*]; found, 458.1406.

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 5,7-dimethoxy-4-
methylquinoline-1(4H)-carboxylate (5gb) (Scheme 6). Prepared
from 1gb (0.11 g, 0.28 mmol), p-TsOH (52.5 mg, 0.28 mmol), BQ
(29.8 mg, 0.28 mmol), and PdCL,(CH;CN), (3.6 mg, 0.014 mmol) in
dioxane (18.4 mL). After workup and purification by flash column
chromatography (silica gel, petroleum ether/AcOEt 18/1), Sgb was
obtained as a mixture of C-4 diastereoisomers in a 58:42 ratio and as
an oil (71.3 mg, 67%): [a]f = —57.9 (c 1.13, CH,CL); 'H NMR
(300 MHz, CDCl,): § 0.79—0.97 (m, 10H, both isom), 1.04—1.18
(m, SH, both isom), 1.44—1.61 (m, 2H, both isom), 1.69—1.76 (m,
2H, both isom), 1.93—2.04 (m, 1H, both isom), 2.14—2.23 (m, 1H,
both isom), 3.60—3.68 (m, 1H, both isom), 3.80 (s, 3H, both isom),
3.81 (s, 3H, both isom), 4.68—4.78 (m, 1H, both isom), 5.33—5.38
(m, 1H, both isom), 6.30 (d, J = 2.3 Hz, 1H, both isom), 6.93 (d, ] =
7.3 Hz, 1H, minor isom)6.95 (d, J = 7.3 Hz, 1H major isom), 7.32 (d,
J = 2.3 Hz, 1H, minor isom), 7.35 (d, J = 2.3 Hz, 1H, major isom);
BC{'H} NMR (75.5 MHz, CDCl,): § (major isom.): 16.6, 20.8, 22.0,
22.1, 23.7, 26.1, 26.5, 31.5, 34.3, 41.2, 47.3, 55.4, 55.5, 76.7, 95.5,
98.1, 114.5, 115.5, 125.2, 137.5, 152.5, 156.8, 158.4 ppm (minor
isom.): 16.6, 20.8, 22.1, 22.2, 23.7, 26.1, 26.7, 31.5, 34.3, 41.4, 47.3,
55.4, 55.5, 76.5, 95.6, 98.0, 114.8, 115.8, 125.3, 137.6, 152.5, 156.8,
158.4 ppm; IR (ATR): 1716 cm™;MS (ESI) m/z (rel intensity):,
4102 (MNa*, 82), 250.1 (9); HRMS (ESI-TOF): calcd for
C,;H,3,NO,Na: 4102307 [MNa*]; found: 410.2316.

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexy! 5,7-dimethoxy-4-
phenylquinoline-1(4H)-carboxylate (5gc) (Scheme 6). Prepared
from 1gc (0.12 g, 0.26 mmol), p-TsOH (48.8 mg, 0.26 mmol), BQ
(27.7 mg, 0.26 mmol), and PdCL,(CH;CN), (3.3 mg, 0.013 mmol) in
dioxane (17.1 mL). After workup and purification by flash column
chromatography (silica gel, petroleum ether/AcOEt 9/1), Sgc was
obtained as a mixture of diastereoisomers in a 63:37 ratio and as an oil
(89.4 mg, 78%): [a]y = —25.3 (c 0.88, CH,CL,); 'H NMR (300
MHz, CDCl,): § 0.72—0.98 (m, 10H, both isom), 1.07—1.18 (m, 2H,
both isom), 1.46—1.53 (m, 1H, both isom), 1.53—1.60 (m, 1H. both
isom), 1.70—1.76 (m, 2H, both isom), 1.94—2.03 (m, 1H, both isom),
2.18—2.25 (m, 1H, H,/), 3.73 (s, 3H minor isom), 3.74 (s, 3H major
isom), 3.83 (s, 3H, minor isom), 3.84 (s, 3H, major isom), 4.76—4.89
(m, 2H, both isom), 5.50 (ddd, J = 11.1, 7.6, 6.3 Hz, 1H, both isom),
628 (d, ] = 2.2 Hz, 1H both isom), 7.08 (d, J = 7.6 Hz, 1H, minor
isom),7.09 (d, J = 7.6 Hz, 1H major isom), 7.12—7.25 (m, SH, both
isom), 7.38 (d, ] = 2.2 Hz, 1H) ppm; C{'H} NMR (75.5 MHz,
CDCl,): & (major isom.): 16.6, 20.8, 22.1, 23.7, 26.6, 31.5, 34.3, 37.3,
41.2, 47.4, 55.4, 55.6, 77.0, 95.7, 98.3, 112.5, 113.8, 125.6, 126.2,
127.4, 128.3, 137.7, 145.0, 152.5, 157.1, 158.9 ppm (minor isom.):
16.5, 20.8, 22.1, 23.6, 26.6, 31.5 (Cy), 34.3, 37.3, 41.4, 47.4, 554,
35.6, 76.7, 96.0, 98.2, 113.0, 114.2, 125.8, 1262, 127.5, 128.3, 137.7,
144.8, 152.4, 157.0, 158.9 ppm; IR (ATR): 1716 cm™; MS (ESI) m/
z (rel intensity): 474.3 (MNa*, 100), 363.2 (5); HRMS (ESI): m/z
caled for C,gH;,NO,Na: 474.2620 [MNa*]; found: 474.2621.
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(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 5,7-Dimethoxy-4-
(naphthalene-1-yl)quinolone-1(4H)-carboxylate (5gl) (Scheme 6).
Prepared from 1gl (84.8 mg, 0.17 mmol), p-TsOH (32.2 mg, 0.17
mmol), BQ (18.3 mg, 0.17 mmol), and PdCL,(CH;CN), (2.2 mg,
0.0085 mmol) in dioxane (11.3 mL). After workup and purification by
flash column chromatography (silica gel, petroleum ether/AcOEt 9/
1), 5gl was obtained as a mixture of diastereoisomers in a 58:42 ratio
and as a solid (66.5 mg, 79%): mp (CH,CL,) 73—75 °C; [a]} =
—87.0 (0.71, CH,CL); '"H NMR (300 MHz, CDCL;): § 0.78—0.99
(m, 10H), 1.03—127 (m, 2H), 1.41-1.66 (m, 2H), 1.68—1.79 (m,
2H), 1.80—2.07 (m, 1H), 2.17—2.25 (m, 1H), 3.56 (s, 3H), 3.92 (s,
3H), 4.84 (qd, ] = 10.7, 4.3 Hz, 1H), 5.61-5.77 (m, 2H), 6.35 (d, ] =
2.2 Hz, 1H), 6.93—7.11 (m, 2H), 7.32 (t, ] = 7.7 Hz, 1H), 7.49-7.58
(m, 2H), 7.62 (t,] = 7.7 Hz, 1H), 7.70 (d, ] = 8.1 Hz), 7.90 (d, ] = 7.7
Hz, 1H); 8.39 (d, ] = 8.1 Hz, 1H) ppm; *C{'H} NMR (75.5 MHz,
CDCl,): & (major isom.): 16.7, 20.8, 22.0, 23.7, 26.6, 31.5, 33.3, 34.3,
41.1, 47.3, 55.5, 55.6, 76.7, 95.8, 98.1, 112.8, 113.4, 123.5, 124.1,
125.3, 125.9, 126.1, 126.6, 128.9, 131.0, 134.0, 138.9, 141.3, 152.5,
157.2, 159.1 ppm (minor isom.): 16.5, 20.7, 22.1, 23.6, 26.4, 31.5,
332, 34.3, 41.4, 47.3, 55.5, 55.6, 76.7, 96.0, 98.1, 111.6, 112.1, 123.5,
124.2, 125.3, 125.8, 126.1, 126.5, 128.9, 131.0, 134.0, 138.9, 141.3,
152.6, 157.2, 159.1 ppm; IR (ATR): 1713 cm™'; MS (ESI) m/z (rel
intensity): 522.3 (MNa*, §8), 500.3 (MH?*, 28), 362.1 (100); HRMS
(ESI-TOF): caled for C;,H3gNO,: 500.2801 [MH*]; found,
500.2794.

Use of Boc-Val-OH as Ligand. Synthesis of 5ac (1 mmol
Scale) (Table 2). To a solution of lac (0.3328 g, 1 mmol) in 1,4-
dioxane (68 mL), p-TsOH (0.1934 g, 1 mmol), BQ (0,1081 g, 1
mmol), Boc-Val-OH (0.02208 g, 0.1 mmol), and PdCl,(CH,CN),
(0.019 g, 0.0S mmol) were added and the reaction mixture was stirred
at room temperature for 16 h. Afterward, water was added to quench
the reaction and it was extracted with CH,Cl, (3 X 10 mL). The
combined organic extracts were washed with brine (10 mL) and dried
(Na,SO,). The solvent was evaporated in vacuo, and the residue was
purified by flash column chromatography (silica gel, petroleum ether/
AcOEt 8/2) affording Sac as a solid (0.2759 g, 85%).

Methyl (2-Allyl-3,5-dimethoxyphenyl)carbamate (6). Over a
solution of 2-allyl-3,5-dimethoxyaniline®* (51.1 mg, 0.26 mmol) and
pyridine (42.6 uL, 0.53 mmol) in dry THF (7 mL) under argon
atmosphere, methyl chloroformate (22.5 pL, 0.29 mmol) was added
dropwise. The reaction was stirred for 16 h at room temperature, and
afterward, the solvent was removed under reduced pressure. The
crude reaction was dissolved in CH,Cl, (15 mL) and washed with a
10% aqueous solution of HCI (2 X 15 mL) and with water (15 mL).
The combined organic extracts were dried (Na,SO,) and
concentrated in vacuo. Purification by flash column chromatography
(petroleum ether/AcOEt 8/2) afforded 6 as a solid (63.9 mg, 96%):
mp (CH,CL,): 83—84 °C; 'H NMR (300 MHz, CDCl,): § 3.36 (dt, J
= 5.6, 1.6 Hz, 2H), 3.76 (s, 3H), 3.78 (s, 3H), 3.81 (s, 3H), 4.93—
5.14 (m, 2H), 5.83—5.97 (m, 1H), 5.26 (d, ] = 2.4 Hz, 1H), 6.69 (br
s, 1H), 7.18 (br s, 1H) ppm; *C{'H} NMR (75.5 MHz, CDCL): §
279, 52.3, 554, 55.8, 95.0, 97.8, 109.2, 115.2, 136.1, 137.9, 154.3,
158.1, 159.4 ppm; IR (ATR): 3310, 1695 cm™'; MS (ESI): m/z
(%):274.1 (MNa*, 100), 252.1 (6); HRMS (ESI-TOF): calcd for
Cy5H,,NO,Na: 274.1055 [MNa*]; found: 274.1060.

Methyl 4,6-Dimethoxy-2-methyl-1H-indole-1-carboxylate (7).
Over a solution of 6 (55.5 mg, 0.22 mmol) in dioxane (14.7 mL),
p-TsOH (42.0 mg, 0.22 mmol), BQ (23.9 mg, 0.22 mmol), and
PdCL,(CH,;CN), (2.9 mg, 0.011 mmol) were added. The solution
was stirred at room temperature for 3 h. Afterward, water was added
to quench the reaction and it was extracted with CH,ClL, (3 X 10
mL). The combined organic extracts were washed with brine (10 mL)
and dried (Na,SO,). The solvent was evaporated in vacuo, and the
residue was purified by flash column chromatography (silica gel,
petroleum ether/AcOEt 9/1), affording 7 as a solid (42.7 mg, 78%):
mp (CH,CL,): 88—90 °C; '"H NMR (300 MHz, CDCL;): § 2.54 (s,
3H), 3.87 (s, 3H), 3.89 (s, 3H), 4.02 (s, 3H), 6.35 (d, ] = 1.9 Hz,
1H), 6.36 (br s, 1H), 7.36 (d, J = 1.9 Hz, 1H) ppm; “C{'H} NMR
(75.5 MHz, CDCL,): & 16.8, 53.4, 55.4, 55.8, 92.7, 94.3, 105.1, 113.7,
134.4, 138.0, 1522, 152.9, 1582 ppm; IR (ATR): 1720 cm™'; MS
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(ESI) m/z (rel intensity): 250.1 (MH*, 100), 190.1 (4); HRMS (ESI-
TOE): caled for C;;H;(NO,: 250.1079 [MH']; found, 250.1079.
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We have recently described the synthesis of strained carbocyclic sesquiterpenoid motifs through a highly
regioselective cycloisomerization of common enyne acetates, in the presence of platinum(i) and gold()
chlorides as catalysts. In this work, the mechanisms of these cyclization reactions have been studied by
means of DFT methods. At the outset of the reactions, the propargyl substrates suffer 1,2- or 1,3-acetate
rearrangements, which compete for the formation of a metal—carbene or a vinyl-metal species, respec-
tively. These intermediates are the resting states of the cycles towards the formation of lindenane or
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myliol core structures. The DFT studies have revealed the energetics of the two migration processes, as
well as the reasons for some of the key experimental observations, such as the syn/anti preference in the
formation of the cyclopropane rings, the different reactivities of substrates containing furan or lactone
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Introduction

Cycloisomerization reactions typically refer to transformations
of polyunsaturated acyclic substrates where the reorganization
of the electron density results in new cyclized products." The
advances in metal-catalyzed processes in the last few decades
have led to the evolution of cycloisomerization as one of the
most powerful and atom economical methods of modern
organic synthesis. Sesquiterpenoids, apart from their intri-
guing biological properties,” represent a class where the syn-
thetic power of cycloisomerization is well highlighted.® The
resemblance of the cationic nature of metal-catalyzed cyclo-
isomerization reactions to terpenoid biosynthetic pathways
and their high efficiency to provide even strained carbocyclic
cores counted them, in some cases, as artificial terpene
cyclases.® Substrates that are utilized as templates for ter-
penoid synthesis include mostly flexible 1,6-enynes, propargyl
acetates and polyenynes which avoid additional tethers
between their unsaturated functionalities.
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moieties, and the different outcomes of the reactions when Pt(i) and Au() salts are used.

In metal-catalyzed cycloisomerization reactions, typically
enynes are initially activated in the alkyne moiety by a n=-metal
complex (platinum(u), gold(r and m), rhodium, etc.) leading to
the formation of a carbocycle from the subsequent addition of
the pendant alkene moiety. In the cases where propargylic
acetates are involved, the acetate group tends to undergo 1,3-
migration to the alkyne to form allenes (B, Scheme 1) or 1,2-
migration to form metal carbenes (C), which are further elabo-
rated to cyclized products through their cycloisomerization by
the alkene.”® Although the high potential of such metal-cata-
lyzed processes is well established, utilization of cycloisomeri-
zation reactions with cyclized strained enynes are rather scarce
or completely absent from the literature.
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Scheme 1 Indicative cycloisomerization pathways for propargyl
acetates.
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Scheme 2 Formation of sesquiterpenoid frameworks by Pt(i)- and Au
(1)-catalyzed cycloisomerization reactions.

Recently, some of us reported the synthesis of strained car-
bocyclic sesquiterpene motifs that correspond to lindenane
and myliol natural core structures.” Our syntheses relied on
the cycloisomerization of trans-1,5-enynes 1 and 5 (Scheme 2),
which were essentially unexplored under metal-catalyzed
conditions.

Apart from the formal synthesis of sarcandralactone and
epi-lindenene natural products (Scheme 2),° our strategy
brought into light some interesting observations regarding:
(a) the experimental preference of platinum(u) chloride
towards 1,2- over 1,3-acetate migration, as evidenced by the
preferential formation of lindenane over myliol core struc-
tures (Scheme 2a); (b) the reaction dependence on the acidity
of the propargylic acetate-lactone enyne substrate, which
shuts down the 1,3-acetate migration pathway leading only to
selective formation of lindenane carbocycles (Scheme 2b); (c)
and the crucial role of the metal catalyst on the reaction
outcome; experiments showed that gold(i) chloride follows
only the 1,3-acetate migration pathway while platinum(iu)
chloride initiates both 1,2- and 1,3-routes (Scheme 2c). These
observations motivated us to study the reaction mechanisms
in more detail, with the aid of DFT calculations, aiming at a
better understanding of the catalytic cycle and for more
efficient design of catalysts and substrates for such cycloi-
somerization processes.

This journal is © The Royal Society of Chemistry 2019
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Discussion

The experimental results, discussed briefly in the introduc-
tion, posed some intriguing questions regarding the mecha-
nisms of the key cycloisomerization reactions, and we detail
herein the whole mechanistic overview by means of DFT
studies. In particular, we were especially interested in inter-
rogating the transition states and intermediates of the cata-
lytic cycles to provide answers to the following specific
questions:

(a) What is the reason for the experimentally observed pre-
dominance of 2 over 3 in the PtCl, catalyzed reaction of
elemane-type furan substrate 1? In a typical experimental pro-
cedure, lindenane polycycle 2 is isolated in a ca. 2: 1 ratio over
the minor myliol-type product 3 (up to 5:1 depending on the
conditions, Scheme 2a). What is more, if allene 4 is used as
the starting material, only compound 3 is isolated and also
observed by NMR, suggesting that allene 4 is an operative
intermediate along the route towards 3

(b) What is the origin of the different reactivities and selec-
tivities observed between furan 1 and lactone 5 substrates?
Both compounds do not have substantial structural differ-
ences, and their reactivities should follow probably similar
mechanisms, but in contrast to 1, lactone 5 produces only
compounds 6 and 8,° and not 7 or its derivatives (Scheme 2b).
The lack of formation of the latter indicates that, in this case,
the selectivity for initial 1,2-acetate migration must be com-
plete. The minor intermediate of this process (8) arises from
the decoordination of the Pt(u) catalyst at an early stage of the
cycle, before the double cyclization with the vinyl moiety takes
place, thus highlighting the greater difficulty of this latter step
in the case of the lactone.

(c) What are the underlying reasons for the observed
diastereoselectivity of product 2? In general, furan elemane 1
afforded the syn-cyclopropane diastereoisomer of 2, in variable
ratios (typically around 2 : 1) over the anti isomer (Scheme 2a).
A similar syn preference was observed for lactone 5, although
in this case with increased selectivity, up to 5: 1. The identifi-
cation of the diastereo-differentiating step and a comparison
of the activation energies for the syn and anti pathways would
probably allow us to optimize the sequence experimentally to
produce cleaner reaction profiles.

(d) How is the divergent reactivity between platinum and
gold catalysts explained, which has also been observed by
others in related reactions?® Experimentally, in the presence of
AuCl, the reaction seems to follow solely the 1,3-migration
pathway (Scheme 2c), where it stops at an intermediate stage,
after the formation of the allene 4. Allene 4 is the only product
of the reaction, formed in quantitative yield under very mild
reaction conditions, occurring typically at room temperature in
less than 2 hours. No polycyclized products were ever observed,
and more drastic reaction conditions (higher temperatures)
led only to decomposition.

In order to shed light on the previous questions, we per-
formed DFT calculations with the Gaussian suite of programs
(see the Computational section and ESIf for details).
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Propargylic acetates typically undergo 1,2- or 1,3-acetate
rearrangements in the presence of different metal salts, such
as PtCl, '° or AuCl,'" and we hypothesized that the main com-
pounds observed in our reactions could arise from these pro-
cesses, 2 and 6 from 1,2-migration, and 3 and 4 from 1,3-
migration (Scheme 2), followed by further evolution of the
intermediates and final ring formation.

(a) We initially computed the catalytic cycle that represents
the transformation of the furan elemane 1 in the presence of
PtCl, to the major product, lindenane compound 2
(Scheme 3). The double coordination of the platinum center
with the alkene and alkyne of 1 forms a tetracoordinated
complex (I), which is taken as the starting point for the Gibbs
free energy (G = 0). After this, the initial 1,2-rearrangement of
the acetate group takes place in two steps (TSy_y and TSy_yy) of
low activation energy, especially the second one (12.7 and
1.7 keal mol™", respectively). The cyclic transient intermediate
II is formed after TSy y, and is rapidly transformed into a Pt-
carbene complex (III)."> Based on the much lower energy of III
than that of I (AG = —10.1 kcal mol™"), we propose that the
platinum-carbene III is the resting state of the cycle.

The subsequent cyclometallation through TSy leads to
the formation of the six-member ring in IV. This step must be
the rate limiting step as it presents the highest energy within
the cycle (AG* = 28.9 keal mol™" from III), a value that is in
agreement with the experimental temperatures needed, from
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Scheme 3 Energy profile for the transformation of furan elemane 1
into final product 2, through a 1,2-acetate rearrangement. Gibbs free
energy values in kcal mol™ at the M06/Def2TZVPP level.
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60° to 110°. To complete the formation of the final product,
complex IV suffers a reductive elimination of the low activation
energy. The overall process is exergonic by 15.1 kcal mol ™,
and is completed with the release of compound 2 from the Pt
center in V. It is noteworthy that the formation of the inter-
mediate III might have some degree of reversibility, caused by
the higher activation barrier from III to IV (TSpyrv) than the
reverse process, from III to I (TSg).

Next, we could also confirm our previous proposal regard-
ing the formation of the minor product of the reaction (myliol
3 in Scheme 2), which could arise from an initial 1,3-acetate
rearrangement, as in Scheme 4. In this case, the attack of the
acetate-oxygen on the terminal carbon of the alkyne leads to
the formation of a dioxane zwitterionic intermediate (VI),
which is high in energy (G = 6.9 kcal mol™"), and kinetically
and thermodynamically unstable, as was II shown in
Scheme 3. Seemingly, the two steps of the acetate migration
are low in energy, especially the second one (TSyy; = 16.8 and
TSyiym = 1.7 keal mol™, respectively). In this case, complex
VII forms, which is significantly more stable than the starting
material I, becoming the resting state of the cycle. Complex VII
corresponds to the coordination of Pt to allene 4, and its low
energy suggests that it can be in equilibrium with the free
allene 4, explaining the experimental isolation of variable
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Scheme 4 Energy profile for the transformation of furan elemane 1
into final products 3 and 4 through a 1,3-acetate rearrangement. Gibbs
free energy values in kcal mol™ at the M06/Def2TZVPP level.
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Table 1 Calculation of the stereo-determining transition states for furan 1 and lactone 5. The values were obtained using B3PW91-D3 and
®-B97X-D. The final ratios were calculated by kinetic simulation with the COPASI software, to be compared with the experimental values, 65: 35

(2:3)and >99:1(6:7)

1,2-Pathway 1,3-Pathway
Furan 1 TSt TSi1v TSivi TSvir-vin Ratio 2:3
(a) B3PW91-D3 9.7 15.7 13.7 16.1 65:35
(b) ®-B97X-D 12.0 17.7 16.0 17.2 38:62
Lactone 5 TSx-_x1 TSxr—xmm TSx-xv TSxvi—xvit Ratio 6:7
(C) B3PW91-D3 9.5 11.5 15.1 9.7 99:1
(d) ®-B97X-D 12.6 16.7 16.9 12.9 58:42

amounts of 4 in some of the reaction mixtures. This obser-
vation is supported by the fact that allene 4 can serve as a sub-
strate for the formation of the final adduct 3 under the reac-
tion conditions. The subsequent formation of VIII through a
double cyclization transition state (TSyy_vin) has the highest
activation barrier of the catalytic cycle (AG* = 24.3 kecal mol™?),
becoming the rate limiting step. Carbene VIII is then trans-
formed into the final product by a 1,2-hydrogen shift, render-
ing an overall exergonic cycle by 17.3 kcal mol™.

As mentioned previously, variable amounts of final products 2
and 3 are formed depending on the experimental reaction con-
ditions, with a slight preference for 2. The selectivity usually
ranges from 2:1 to 5.6:1, and corresponds to a theoretical
energy difference of only 0.4 to 0.9 kcal mol™". It is worth men-
tioning that such a small difference can be considered negligible
from the computational point of view, given the current level of
accuracy of DFT in such large and complex systems, where errors
even larger than 1 kcal mol™ have been reported in some cases."

The data shown in Schemes 3 and 4 suggest that the selecti-
vity depends on various factors. First, the initial steps (from I to
III and from I to VII) are partially reversible, especially for the
1,2 pathway, pointing to the existence of an equilibrium
between the starting material (I) and the resting states of the
two cycles (II and VII). If pure Curtin-Hammett conditions
apply to these systems, the selectivity would be solely dictated
by the relative height of the rate limiting steps in each cycle,
namely TSyy_rv and TSyy_yi (18.8 vs. 18.4 keal mol™), predict-
ing a slight preference for the minor experimental isomer 3
(34:66). Meanwhile, the barriers of the initial acetate rearrange-
ment could play some secondary role, especially because of the
large energy difference favouring TS;y over TSpyy; (12.7 vs.
16.8 kcal mol™). Indeed, in the case of the 1,3-pathway, the
initial acetate rearrangement (TS;_y;) becomes energetically sig-
nificant, compromising the reversibility of the 1,3-migration
process. At this point, the reversibility degree of the process is
crucial to tip the balance in one direction or the other.

To further clarify this issue, we carried out a simulation of
the kinetics of the reaction with the COPASI software.'* Taking
directly the activation DFT energy values from Schemes 3 and 4
as the input for the simulated kinetics,"> we found that there
is an initial accumulation of intermediate III (resting state of
the cycle) whereas VII is not detected, but due to the reversibil-

This journal is © The Royal Society of Chemistry 2019

ity of the acetate rearrangement, adduct 3 builds up faster than
2, and an overall 40 : 60 mixture of the final adducts 2:3 was
predicted.'® The value is very similar to the one under Curtin-
Hammett conditions mentioned before (34:66), indicating
that the migration only plays a minor role to determine the
selectivity for furan substrate 1. In any case, the computed pre-
ference of 3 is in disagreement with the experimental selecti-
vity, between 65:35 and 85:15 for the opposite isomer 2. We
have to note here again that this disagreement in the prefer-
ence of 2 is not so relevant in energetic terms, less than 1 kcal
mol ™", from a computed +0.4 kcal mol™" to an experimental
—0.4 keal mol™ (values that are within the inherent DFT error).

To further analyze these values, we repeated the calcu-
lations with other functionals (B3PW91-D3 and ®wB97X-D,
Table 1, entries a and b) in toluene and in the gas phase,
which confirmed that the cyclization steps (TSyv and
TSyu_vimn) are rate determining along the 1,2 and 1,3 pathways
with furan. Interestingly, using the Grimme’s corrected
B3PW91-D3 method in toluene, the calculations are able to
correctly predict the sense and magnitude of the experimental
2:3 selectivity (65:35) due to the higher barrier of TSy vy
(16.1 kecal mol™") than that of TSy (15.7, entry a) with this
functional. Even more, in the gas phase, the three methods
analyzed (M06, B3PW91-D3 and ®B97X-D) predict the right
sense of selectivity.'” The results confirm that the reaction pro-
ceeds under Curtin-Hammett equilibrium conditions between
intermediates V and IX (Scheme 5).

(b) A second intriguing question posed by the experimental
data referred to the selectivity and reactivity difference
between the furan elemane 1 and its lactone congener 5.
Indeed, the compounds isolated in the reaction of 5 are
formed only through the 1,2-acetate rearrangement, with com-
plete selectivity. To understand this observation, the two path-
ways from lactone 5 were computed, and we found some sig-
nificant differences in the energy profiles of lactone and furan
substrates (Schemes 6-7 vs. 3—-4 respectively). For example, the
first step of the mechanism suffers from the probable lesser
nucleophilicity of the acetate in proximity to the lactone com-
pared to the furan. The computed activation energy values for
lactone (TSx.x; in Scheme 6 and TSx xy in Scheme 7) are
higher by 0.7-1.1 kecal mol™" than the previous ones with furan
(TSy_y and TSy_yy, Schemes 3 and 4).
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theory.
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Scheme 6 Energy profile for the transformation of lactone elemane 5
into final products 6 and 8 through a 1,2-acetate rearrangement. Gibbs
free energy values in kcal mol™ at the M06/Def2TZVPP level (B3PW91-
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As a consequence, the initial acetate migration gains
increased significance along the 1,3-pathway, as TSx xv is
higher by 2.8 kcal mol™ than the cyclization in TSxyy_xvi (17.9
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Scheme 7 Energy profile for the transformation of lactone elemane 5
into compound 7 through a 1,3-acetate rearrangement. Gibbs free
energy values in kcal mol™ at the M06/Def2TZVPP level (B3PW91-D3 in
parentheses).

vs. 15.1 keal mol™", Scheme 7), and it even approaches the acti-
vation energy of the 1,2-pathway (18.4 kcal mol™" in the rate
limiting step, TSxn_xm, Scheme 6). This finding suggests that
the acetate migration could become the selectivity-determining
step in the case of lactones. According to the values in
Scheme 7, the migration is also an irreversible process, cancel-
ling out the possibility of Curtin-Hammett equilibration of the
intermediates, as was the case for the furan substrate.

In this regard, while M06 probably overestimates the energy
barrier of the cyclization in TSxyxm, leading to a computed
34:66 ratio for 6:7, the other functionals in Table 1 (entries c
and d) highlight the key role of the initial 1,3-migration barrier
(TSx_xv) along the reaction pathway. B3PW91-D3 and ®B97X-D
afford the highest absolute barriers for the lactone formation for
that step (TSxxv; 15.1 and 16.9 kecal mol™', bold figures in
Table 1), becoming higher than the cyclization in TSxyyxvn in
both cases (15.1 vs. 9.7, 16.9 vs. 12.9). These data also confirm
the irreversibility of the 1,3-migration in Scheme 7 and its role in
determining the selectivity. Indeed, B3PW91-D3 (entry c) predicts
a 6:7 ratio of 99: 1, in agreement with the experimental data.

In summary, we believe that the difference in the behaviour
of furan and lactone arises from the combination of the follow-

This journal is © The Royal Society of Chemistry 2019
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ing effects: (1) the low selectivity found in furan relates to the
fact that the acetate migration is reversible, the rearranged
intermediates are in equilibrium, and the cyclization is the
rate determining step, presenting similar activation energies
for the formation of 2 and 3. (2) The complete selectivity in lac-
tones is a consequence of the increased irreversibility of the
1,3-migration step, which becomes selectivity determining,
and the large energy difference between the barriers for 1,3-
and 1,2-migration.

Another important feature of the reaction with the lactone
substrate is the formation of significant amounts of com-
pound 8 (Scheme 2), arising from the early decoordination of
platinum from intermediate XII (Scheme 6), before cyclization.
Interestingly, the energy values provide an explanation, noting
that the activation energy for the cyclometallation step
TSxu_xm is higher for lactone (30.3 kcal mol™" from XII) than
that for furan (28.9 kcal mol™ from III to TSyy_rv in Scheme 3).
At the same time the relative stability of the corresponding
resting states is higher for XII than that for II (—-11.9 vs.
-10.1 kecal mol™). Thus, the cyclization step is not efficient
enough in the case of the lactone substrate, inducing the for-
mation of 8 by decoordination of the metal center.

(c) The third point of interest was the syn/anti selectivity
observed in the formation of product 2. In Scheme 3, we only

Scheme 8 Formation of syn and anti isomers of V, by diastereomeric
cyclometallation pathways. Gibbs free energy values in kcal mol™.
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show one of the possible diastereoisomers during transition
state TSyypv, the one actually leading to the major final syn
isomer. In fact, a second isomeric transition state exists, leading
to the anti-cyclopropane derivative. As outlined in Scheme 8, the
energy difference between both transition states TSy yy and
TSy_v-anti (ca. 0.9 kcal mol™) is able to explain the preferen-
tial formation of the syn product and the low selectivity.

(d) Finally, we had previously described that the reaction in
the presence of AuCl as the catalyst leads to a completely
different outcome, since we only observed the quantitative for-
mation of allene acetate 4. This fact means that the reaction is
completely selective towards the initial 1,3-acetate migration,
since no compound related to tetracycle 2 was observed, and
also that the reaction prematurely stops at an intermediate
stage of the process, after the formation of allene-Au(r)
complex XXII (Scheme 9). To understand these observations,
we recomputed the 1,2- and 1,3-migration pathways in the
presence of gold(i) chloride. It must be taken into consider-
ation here that Au(i) is a dicoordinating species, and it does
not form a complex with the alkene fragment in XIX at the
outset of the reaction. Initially, in contrast to the Pt(u) salt, Au
(1) seems to facilitate the 1,3-acetate migration (TSxix-xx, AG* =
13.1 kecal mol™") over the 1,2-process (TSxix_xxim, AGH =
14.1 keal mol ™).

i

Scheme 9 1,2- and 1,3-acetate migration pathways in the presence of
an AuCl catalyst. Gibbs free energy values in kcal mol™.
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However, although being important, the low energy
difference (AAG* = 1.0 kcal mol™) alone does not suffice to
explain the sole formation of 4. A detailed inspection of the
subsequent steps after the 1,2-migration is more informa-
tive, since the endergonic formation of XXIII (G = +3.7 kcal
mol™") is followed by the appearance of a highly unstable
intermediate (XXIV, G = +11.6 kcal mol™"). The 1,2-migration
process must be, thus, very disfavored and reversible. In
contrast, the formation of the allene-Au(i) complex XXI is
exergonic at 5.0 kcal mol™", and therefore fairly irreversible.
The reaction is then under thermodynamic control, driven
by the much lower energy of XXII than that of XXIV. Also,
the significant stability difference between the gold carbene
XXIV and the platinum carbene counterpart (III, Scheme 3)
nicely explains the diverse reactivity patterns of platinum
and gold.

On the other hand, we have experimentally proved that
allene 4 does not further evolve in the presence of Au(i). To
account for this behavior, we have compared the coordination
ability of allene and alkene moieties towards Au(1), finding that
alkene-complex XXII is preferred by almost 2 keal mol™, corre-
sponding to the 30:1 preference over the allene complex XXI.
The alkene can divert in this way the Au atom from the catalytic
cycle, stopping the reaction at this stage. Also the alkene XXII/
alkyne XIX ligand exchange would direct gold towards a new
molecule of the substrate, re-entering a new catalytic cycle for
the formation of allene 4, as experimentally found.

Conclusions

DFT studies have been applied to shed light on the mecha-
nisms of the cyclization reactions of complex enyne acetates,
with the aim of understanding the reactivity and selectivity fea-
tures of our experimental systems. The formation of the linde-
nane core fragments arises from an initial 1,2-acetate
rearrangement, whereas the competing 1,3-migration leads to
the formation of the myliol core structures. In the case of the
furan substrates, the computed selectivity of the initial
migration and the fine balance between the energies of
migration and cyclization offer a qualitative explanation of the
low selectivity of the formation of lindenane/myliol derivatives.
In the case of the lactone substrates, their higher electron
withdrawing character increases the energy of the 1,3-acetate
rearrangement and its irreversibility, inducing a higher selecti-
vity, and leading exclusively to lindenane-type of products.
Finally, we were also able to explain the large differences in
reactivities between PtCl, and AuCl salts as catalysts. In the
case of gold, the exclusive formation of allene 4 could be
initially attributed to a selective 1,3-rearrangement.
Surprisingly, the initial 1,2- and 1,3-acetate migration pro-
cesses present comparable energies (14.1 and 13.1 kcal mol ™),
but the former leads to the endergonic formation of a highly
unstable gold carbene, making the acetate transfer completely
reversible, and triggering the formation of allene 4 through a
more favorable, downhill mechanism.
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Computational details

DFT calculations were carried out with the M06'® functional as
implemented in the Gaussian 09 suite of programs.'
Optimization was performed in a solvent model (IEFPCM,
solvent = toluene), using the 6-311G(d,p) basis set for non-
metallic atoms and the SDD*° basis set for platinum and gold.
Final energies were obtained by performing single point energy
calculations on the optimized structures with the basis set
Def2TZVPP*' and the functionals MO06, ©B97X-D** and
B3PW91,”* adding the D3 version of Grimme’s dispersion®* for
the latter. Some zwitterionic intermediates and charged species
are proposed to participate in the catalytic cycles, and therefore
an implicit solvation model was also incorporated into the cal-
culations (IEFPCM, solvent = toluene).>® The stationary points
were characterized by vibrational frequency calculations in
order to verify that they have the right number of imaginary fre-
quencies. Connectivity of the transition states with the corres-
ponding associated minima were established by IRC.>®
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