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Pd-Catalyzed Regio- and Stereoselective sp’> C—H Arylation

of Primary Aliphatic Amines: Mechanistic Studies and

Synthetic Applications

i+ [a

Hyeonbin Ha,” Ho Jeong Choi*,®” Hahyoun Park*," Yunyeong Gwon*,® Jiin Lee*,

+ [b]

Jaesung Kwak,* Min Kim,* and Byunghyuck Jung*®

The Pd-catalyzed y-position sp>~C—H arylation of primary
amines bearing an aliphatic chain or cycloalkyl substituent and
related mechanistic studies are disclosed. 3-Bromo-2-hydroxy-
benzaldehyde plays a key role in y-position sp>~C—H arylation
as a transient directing group (TDG) to assist the regio- and
stereoselective C—H activation of a Pd catalyst, and the develop-
ment of a tandem reaction to transform 1°-amines into y-aryl-
substituted ketones demonstrates synthetic utility. Density

Introduction

C—H functionalizations through transition metal catalysis have
been powerful tools in organic synthesis and have played a key
role in the synthesis of complex molecules."? C—H functionali-
zation of substrates often requires a proper functional group
(FG) attached to the substrate for reactivity and
regioselectivity,”! but amino groups are challenging as directing
groups (DGs) for the C—H activation. Their intrinsic nature as
strong Lewis base leads to the formation of a solid link to a
transition metal and catalyst deactivation,” and the oxidation
of the C—N bond to a C=N bond is detrimental to the reaction
efficiency.”

Gaunt and coworkers overcame these hurdles and were the
first to report the free-amine-directed y—C(sp®)—H arylation of
secondary alkylamines with 2-iodobenzoic acid derivatives
acting as a carboxylate ligand.” After this report, Gaunt, Yao,
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functional theory (DFT)-based calculations revealed the detailed
reaction mechanism and the origins of the high selectivity (y-
position and cis-only). The X-ray crystal structure of the isolated
endo-palladacycle intermediate supported the DFT results, and
a kinetic isotope experiment confirmed the results of DFT
calculations indicating that the C—H activation step via simulta-
neous palladation and deprotonation is rate-determining.

Bannister, and Yu'’s independent works reported methods that
did not require the use of transient directing groups (TDG) for
the sp® C—H arylation of amines.”” Nonetheless, most synthetic
examples require an amine-protecting group that also plays the
role of a DG."" However, the installation and removal of a DG
decrease the efficiency and economy of the whole process."”
Dong and Murakami reported C(sp®)—H arylation to solve this
issue via insitu generation of imines by treatment of free
amines with a stoichiometric amount of 8-formylquinoline or an
analog of salicylaldehyde.™ Although the imine-based DG with
external chelation functionality showed better catalytic per-
formance than a free-amine DG, more than a stoichiometric
amount of aldehyde reagent was necessary for efficient trans-
formation.

In recent years, catalytic TDG-assisted C—H functionaliza-
tions have emerged, and y—C(sp®)—H arylation of amines via a
TDG strategy was developed by Yu, Ge, Bull, Kamenecka, Young,
and Liu’s research group independently.™*'? In particular, 2-
hydroxynicotinaldehyde or 3-chloro-2-hydroxybenzaldehyde
has an outstanding ability as a transient DG to conduct C—O
and C—F bond formation as well as C—C bond formation at
vy—C(sp®) in primary amines.”® From these synthetic protocols
utilizing 3-chloro-2-hydroxybenzaldehyde, the roles of —CHO
and —OH in the proposed mechanistic pathway were clearly
understood as the imine generator and metal-coordination site,
respectively. However, a theoretical study has not yet been fully
explored with experimental supports. For y—C(sp®)—H arylation
of aliphatic amine substrates via the TDG strategy, Dang and
coworkers reported a density functional theory (DFT)-based
computational study with glyoxylic acid as a TDG in 2019,%" but
there is no example of a mechanistic study on y—C(sp®-H
arylation of amines with a cycloalkyl substituent, which is
expected to be a more complex system than an aliphatic chain.
Herein, we report that our efforts towards the mechanistic
understanding of the y—C(sp®)—H arylation of free cyclic and
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acyclic amines with salicylic aldehyde-type TDGs through DFT-
calculations, and their synthetic applications for the (-arylated
ketones through tandem catalytic reactions of Pd and Ru. In
addition, a kinetic isotope effect (KIE) study and X-ray
crystallography with a palladacyclic intermediate support our
mechanistic proposal along with DFT calculations, and dopa-
mine derivatives could be prepared through direct arylation of
amine. The selective sp®* C—H arylation of primary aliphatic
amines with TDG is reported based on experimental and
computational approaches (Scheme 1).
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Results and Discussion

Using cyclohexylamine (1a) and 4-iodomethylbenzoate (2d) as
arylation partners, optimization of y—C(sp’)—H arylation was
investigated. Based on a previous report that salicylaldehyde
(3b) allowed the formation of the y-arylated product (4ad) in
62 % yield, analogs of salicylaldehyde (TDG 3c-3f) were tested
(Table 1). The sterically demanding t-butyl-substituted TDG (3 c)
could not provide the desired performance. However, 3-halo-2-
hydroxybenzaldehydes (3 d-3f) underwent y—C(sp®)—H arylation
with 1a to give an 89~91% yield. Although pyridine-function-
alized 2-hydroxynicotinaldehyde (3a) resulted in the best yield
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Scheme 1. Previous studies and developments in the Pd-catalyzed y—C—H
activation of primary amines.

Table 1. Optimizing the reaction conditions with various TDGs.
NH,
10 mol% Pd(OAc),
NH, '\©\ 20 mol% TDG
+
O, CO,Me AgTFA (2 equiv)
HFIP: HOAG = 19:1
1a 2d H,0 (10 equiv), Y °C, 12 h sag OMe
(X equiv)
R 3b: R'=R%=H
B 3c: R'=R?=t-Bu
NA_H 3a g 3 R'=H, R?=F
OH O R? 3e: R'=H, R2=C|
OH O 3f: R'=H, R%=Br
Entry® TDG X Y 4ad [%]
1 3a 2 120 94
2 3b 2 120 62
3 3c 2 120 <2
4 3d 2 120 89
5 3e 2 120 91
6 3f 2 120 91
7 3f 2 110 63
8 3f 2 100 41
9 3f 1.5 120 79
[a] cyclohexyllamine (1a, 0.2 mmol), aryl iodide (2d, 0.4 mmol), Pd(OAc),
(10 mol%), TDG (20 mol%), and AgTFA (0.4 mmol) were used.
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(94 % yield) under standard conditions, halogen-functionalized
TDGs (3d-3f) were quite competitive with pyridine-TDG (3a) in
terms of accessibility. Among the halogens, 3-chloro-TDG (3 e)
was already reported as a reference result for the arylation of an
amine substrate by Yu’s group, and 3-bromo-TDG (3f) was
selected as a main TDG in the present study since 3-iodo-TDG
was not commercially available and 3-fluoro-TDG (3d) had no
advantages in terms of price competitiveness and accessibility.
Using 3f as the main TDG, additional optimization of arylation
was performed (Table 1). Reducing the reaction temperature
caused a decrease in the generation of the desired product, and
the use of less than 2 equivalents of aryl iodide (2d) decreased
the efficiency (entries 4-7 in Table 1).

Under the optimized reaction conditions for selective y—C-
(sp*)—H arylation, a range of substituted aryl iodides (2) were
immediately reacted with cyclohexylamine (1a, Scheme 2). In
general, aryl iodides containing electron-withdrawing groups
(EWD, e.g., Br, NO,, ester, acetyl, and CF;) reacted with cyclo-
hexylamine in good yields (55-86%), and electron-donating
groups (EDGs, e.g., Me and OMe) also showed good yields (82%
and 77 %) for arylations (4aa-4ah, in Scheme 2). The electronic
effect of substituents affected the reactivity little. Treatment of
cyclohexylamine 1 with para-, meta-, or ortho-iodoanisole
generated the corresponding arylation products 4ah, 4ai, and
4aj in 77%, 67%, and 63% yield, respectively. The sterically
encumbered aryl iodide with ortho-F provided desired product
4ak in 65% yield. Interestingly, the 1-naphthyl group was
successfully and selectively installed in the cyclohexylamine
moiety without any difficulty (4al, 75 %, Scheme 2).

Clearly, the amine counterpart was very sensitive to the -
selective sp>~C—H arylation efficiency. A small ring, 5-membered
cyclopentylamine, showed poor reactivity under the optimized
conditions; therefore, the amount of the TDG 3f was increased
to 50 mol% from 20 mol% for efficient arylation (51 %, 4be). In
the case of a slightly larger ring, 7-membered cycloheptylamine,

10 mol% Pd(OAc),

NHBoc
l NH;, 20 mol% TDG 3f HCI (aq)THF |
+ Ar-|
®’ AgTFA (2 equiv) then NaOH (aq),
Ar
1 4

HFIP: HOAG = 19:1 Bocy0
2 H,0 (10 equiv), 120 °C, 12 h

NHBoc 4aa: R=H, 78% NHBoc NHBoc

4ab: R=Br, 72% R
4ac: R=NO,, 79%

4ad: R=CO,Me, 86% OMe

4ae: R=COMe, 77%

R 4af: R=CF3, 55%
4ag: R=Me, 82% 4ai 67%

4ah: R=OMe, 77% g ROMe. 53%
. = y o

4ak: R=F, 65%

NHBoc NHBoc NHBoc MBOC
Ve .
O O  4ddll: R=CO,Me, 72%
COMe 4del?l: R=COMe, 73%
4al, 75% abeld 51 4cel?l, 36% 4dml?; R=CHO, 55%

Scheme 2. Substrate scope for y-selective sp>~C—H arylation with a TDG. ©

50 mol% of a TDG ligand was employed.
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a poor product yield of 4ce was obtained under the increased-
TDG condition (36%). Notably, the acyclic amine 2-amino-
butane also showed good reactivity with various aryl iodides
under the increased-TDG condition. Ester (4dd, 72%), acetyl
(4de, 73 %), and aldehyde (4dm, 55 %) groups were successfully
incorporated into 1-aryl-3-amino-butane synthesis with Boc
protection (4dd-4dm, Scheme 2).

In line with the selective arylation of aliphatic amines,
regioselective y—C(sp®)—H arylations were carefully investigated.
It was demonstrated that the judicious choice of TDG ligands
can enable site-selective y—C(sp®)—H arylation under otherwise
similar Pd-catalyzed reaction conditions (Scheme 3). When 2-
methyl cyclohexylamine (1e) was employed under the opti-
mized conditions with aryl iodide (2d with ester) and the main
TDG in the present system (3f), 4-aryl-1-methyl cyclohexylamine
(4ed) was selectively obtained in 42% product yield. At the
same time, when 2-methyl cyclohexylamine (1e) was treated
with palladium pivalate and Bull’s acetal TDG,"” arylation at the
methyl position was achieved (5ea, 33%). Two different y—C-
(sp*)—H sites in a single molecule were selectively activated by
Pd—Ag catalysis with different TDGs. Indeed, cis-arylation to the
methyl group (for 4ed) and the trans-isomer between the
arylated methyl and amino groups (for 5ea) occurred via only
two selective pathways. This selectivity clearly indicated that
the mechanistic pathway follows very stereospecific and stereo-
selective steps.

We performed DFT calculations using Gaussian 09°? to
understand the reaction mechanism. All stationary points were
optimized in the gas phase with the dispersion-corrected
B3LYP-D32¥ level of theory. The LANL2DZ™Y basis set with
effective core potential (ECP) was used for Pd, Ag, and |, and
the 6-31G** basis set was used for other atoms. Frequency
calculations were performed at the same level of theory to
verify the nature of ground states and transition states. In
addition, intrinsic reaction coordinate (IRC) calculations were
carried out to confirm that the optimized transition state
structures connected the reactants and products. Single-point
energies and solvation calculations were performed with the
M06™' / SDD* (Pd, Ag, 1)-6-311 + + G** level of theory by using
the SMD solvation model®” (solvent=generic, eps=16.7,
epsinf=1.625625) to include the hexafluoro-2-propanol (HFIP)
solvation effect.”® The reported Gibbs free energies included
zero-point vibrational energy corrections and thermal correc-
tions at 298 K. All graphical structures were illustrated using
CYLview.”

10 mol% Pd(OAc),

NHBoc 20 mol% 3f 10 mol% Pd(OPiv),

|—©—002Me c e 20 mol% 3-1 NH,
(2d, 2 equiv) O\Q Phi (2a, 3 equiv) O\
OMe AgTFA (2 equiv) AgTFA (2 equiv) \?
HFIP: HOAC = 19:1 Ph

HFIP: HOAC = 19:1
o H,0 (10 equiv), 120°C, 12 h
4ed, 42%
cis only

cisltrans
mixture
then, Boc protection 1e

H,0 (10 equiv), 120°C, 12h

5ea, 33%
trans only

OMe

TDG 3-l, Bull's TDG

TDG 3f, present study

Scheme 3. Site-selective sp>~C—H arylations dependent on the TDG.
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Palladium acetate, which has a trimeric structure in non-
polar solvents, dissociates into mono- or dipalladium species in
the presence of ligands or substrates.®” To identify the catalyst
resting state species, we compared the Gibbs free energies of
possible catalytic species (Scheme 4). The homodimeric palla-
dium complex B_eq_dimer is 6.1 kcal/mol more stable than
trimeric palladium acetate, and the monomeric form B_eq is
3.5 kcal/mol less stable than B_eq_dimer. When the acetate
ligand of B_eq is replaced with the substrate, the resulting bis-
salicylaldimine palladium species A is —10.0 kcal/mol more
stable than B_eq. Thus, A is considered the catalytic resting-
state species.

The computed Gibbs free energy profile of the reaction
from catalyst resting state species A is shown in Figure 1. The
reaction is initiated by ligand exchange of the salicylaldimine of
A with acetic acid, affording Pd(substrate)(OAc) B. The
cyclohexyl group in B has three conformational isomers, which
are B_eq, B_ax, and B_twist with respect to the cyclohexyl
conformations. Since the Pd(OAc)-bound directing group is
extremely large in size, B_ax is uphill 7.3 kcal/mol from B_eq.
Interestingly, B_ax is less stable than B_twist, presumably due
to a high 1,3-axial interaction. For the subsequent concerted
metalation-deprotonation (CMD) pathway, alignment between
palladium acetate and the target C—H bond is required. While
such geometrical requirements are less likely in B_eq, B_ax
satisfies this prerequisite condition. The relative Gibbs free
barrier for the CMD transition state (TS1) from B_ax was
computed to be 14.9 kcal/mol (Figure 2a), affording a total CMD
barrier of 32.2 kcal/mol. C—H bond is also accessible by the
palladium center when the chair conformation of the cyclohexyl
ring is distorted to the twisted boat form (Figure 2b). The
corresponding CMD barrier is 23.0 kcal/mol, which is energeti-
cally infeasible. We further computed the CMD pathway for
palladium trifluoroacetate, which is a possible catalytic inter-
mediate in the reaction condition, and the computed overall
CMD barrier for TS1_TFA from A is calculated to be 29.4 kcal/
mol. This result indicates that the trifluoroacetate-assisted CMD
process is favored over the acetate-assisted CMD process. The
resulting cyclometalated species C featuring a coordinated
carboxylic acid undergoes ligand exchange with iodobenzene

Br Br

Oy —C,
Q Pl M o. 9
N’ S
Pd_ )—Me
’ N
-\ 6

N C)ﬁdw-'%\ AG® =35
07 g Me
Br Cy

B_eq_dimer B_eq

substrate
AG® =-10.0 K
AcOH AcOH
j AG° = -6.1
substrate

Br
Cy,
0, N=
1/3 Pd3(OAC)s Pd
=N 0
Cy
A Br

172

Scheme 4. The relative Gibbs free energies (kcal/mol) of the catalyst
formation.

© 2021 Wiley-VCH GmbH


https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0690.YourJOCTalents

EurJOC Full Papers

Chemistry
Europe
. . European Chemical
European Journal of Organic Chemistry dOl.OI‘g/lO.1002/6]0C.202001428 Societies Publishing
fo R
\ O
X e
Sn—Pd g 9
\}/\'H TS1-boat <\
= H TS1-boat (39.2) o N—Pd—TFA 1g3
o '
£ - C \
= ! N—Rd._~ Ts2
< ? o_R {18t Q P! H
X TS
9 N-Pd” Y ;@22 o
(i O ;S N—Pd | pco,H H 1S3
TS TFA sy - (27.6)
Ho TS (204)] 1, it D —
A \ H TS2 J \
i (24.5) H .
i " —_— / '
B_ax /'," W D 7 ‘\ ,'l ;
(17.3) 1 il 18.0 Y N o5 :
=" B_twist b {1890) / 5 4E G |
Ly g \ Ve B . (15.5) (15.0) V
ot {18:2) ! / —— ! '
b o BanTRA : g e TS :
_eq ] ' ) / '
ooy o 199 ' . (105) / 112 (AGTFA)2 .12 (Agl), '
Sub g (\o " i \
\/" B_eq_TFA \ v C o« o) \
J —e(g_—g) S -Pd—0,CR L 44y S (\o \ )
RCOH - -7 H. \m— Q N N—Pd—TFA \
/ - o S \Pd-" thlpdf\ P \
e/ H @9 oy o T - :
A (0.0) B_ax H '
H F G
-H-0 '
o H
Br C¥~y# C \ 0/>’R g \
& N N—Pd" :
O * z L (3.
N, Br H il \ N—Pd—TFA
A s

Figure 1. Computed Gibbs free energy profile for Pd-catalyzed C—H arylation using SMD (generic, eps = 16.7, epsinf=1.625625)/M06/SDD(Pd, Ag, 1)/6-311 +
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Figure 2. Optimized transition state geometries of (a) TS1_TFA, (b) TS1_

boat_TFA, (c) TS2, and (d) TS3. The selected bond distances are shown in
angstroms.

to give E via the coordinatively unsaturated D. The oxidative
addition of iodobenzene to the Pd center via TS2 with a barrier
of 14.0 kcal/mol affords the high-valence Pd(IV) species (Fig-
ure 2¢). The iodide abstraction of F by AgTFA affords palladium
triflate species G,°" and the subsequent reductive elimination
via TS3 (Figure 2d) is uphill 12.6 kcal/mol, giving the arylated

product H. Based on the free energy profile, the rate-limiting

step is determined as the CMD transition state TS1_TFA, and
Eur. J. Org. Chem. 2021, 1136-1145

www.eurjoc.org
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this result is consistent with the experimentally determined KIE
value (k, / kp=3.54).

Next, we analyzed the experimentally observed site-selectiv-
ity for 1e using DFT calculations. Because each trans/cis isomer
of 1e has two possible reaction sites at 3, 5-positions, we
computed four possible pathways to compare the energetics of
each pathway (Figure S10, Figure S11).%? The catalytic resting
species A can have three species, Aqansiranss Atranscs and Ags i
with respect to trans/cis isomer of 1e, and the relative Gibbs

free energies for these species are computed to be 0.0, 0.9, and

1.6 kcal/mol, respectively (Figure S9). Therefore, we assumed

that Ayunswans 1S @ catalyst resting species. The CMD barriers for
trans-1e at 3 and 5-position from Ay . «ans are calculated to be
31.4 and 30.9 kcal/mol, respectively (Figure 3). On the other
hand, the CMD processes for cis-1e occurs through A, s
which is uphill by 0.9 kcal/mol from A nsians @and the overall
CMD barriers are 28.3 and 28.5 kcal/mol at 3- and 5-position,
respectively. The lower CMD barriers for cis-1e than trans-1e
are due to the lack of 1,3-di-axial interaction exerted by an axial
methyl group of trans-1e. The free energy barriers of TS3 at 3-
and 5-position of cis-1e are computed to be 31.9 and 26.3 kcal/
mol, respectively. This selectivity is originated from steric
congestion between phenyl and methyl group during the
reductive elimination step at 3-position, and these results agree
with the experimental results.

The proposed reaction mechanism of the C—H arylation
reaction, especially for C—H activation pathway, can be
supported by the KIE study (Scheme 5a). Transformation of 1a
and deuterated cyclohexylamine D;;-1a through Pd catalysis in
20 minutes generated the corresponding arylated products 4ae
and D,,-4ae. The value of k, / kp=3.54 indicated that the C—H

140 © 2021 Wiley-VCH GmbH
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Figure 3. Computed Gibbs free energies (kcal/mol) for the selected tran-
sition-states of the site-selective sp>~C—H arylations of 1e.

a) KIE study NHBoc

Pd(OAc); (10 mol%)

N ! TDG 3f (20 mol%)
2 AgTFA (2 equiv
. ve 29 (2 equiv)
HFIP: ACOH = 19: 1,

H10/D1o

H11/D1q o H,0 (10 equiv), 120 °C, Me
20 min, then, Boc Protection
1a + Dyy-1a 2e 4ae + Dqp-4ae
(2 equiv) K/kp = 3.54

H F 1) Pd(OAc),, CsOAC
n 3d ; CH4CN, 60°C, 1.5h
n Ay MeOH, 22 °C 2) CsOAc, 60°C, 0.5 h
NH; 3) PPhg, CHCly

22°C,05h

Scheme 5. Experimental studies on the (a) KIE and (b) isolation of a
palladacycle 8.

activation step should be rate-determining and supported the
computed CMD barrier from A to TS1 in Figure 1. Additionally,
we isolated the palladacycle intermediate 8 by the use of (R)-
bornylamine 6 as an amine substrate (Scheme 5b). Treatment of
6 with a stoichiometric amount of TDG 3d led to the formation
of imine 7. A stoichiometric quantity of Pd(OAc), was treated
with imine 7 in the presence of CsOAc as a base instead of
AgTFA, and the subsequent addition of PPh, afforded sp®> C—Pd
complex 8. XRD analysis of intermediate 8 indicated that 1) a-
or B-sp* C—H activation was not favored (vs. y-selectivity); 2) the
regio- and stereoselectivity (cis) were determined at the pallada-
cycle formation step; and 3) TDG 3d did not activate y,-sp* C—H
(vs. Bull's TDG 3-Il in Scheme 3). However, this palladacycle
complex 8 was not fully active in the arylation step due to the
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attached PPh; group. It was also observed that the addition of
PPh; in the optimized condition for the synthesis of 4ae (in
Scheme 2) allowed only 48 % product yields.

The usefulness of our method was demonstrated with N-
protected 3 C-dopamine 9-1 (Scheme 6). Dopamine and its
analogs have shown interesting adhesive and coating proper-
ties via their polymerization, and catechol and primary amine
moieties are essential.”® In contrast to dopamine having two
methylene units between the benzene ring and amino group,
3 C-dopamine has three methylene units. You and coworkers
synthesized a precursor (9-1) of 3 C-dopamine in five steps from
3,4-dimethoxybenzaldehyde with 13% overall yield®¥ Alterna-
tively, Pd-catalyzed y—C(sp®)—H arylation of propylamine and
successive treatment of trifluoroacetic anhydride under basic
conditions provided the target molecule in 71% overall yield (2
steps) without any regioisomers.

Furthermore, the synthesis of f-aryl-substituted ketones
from amines showed the synthetic utility of our method
(Scheme 7). The conversion of C—N bonds into C=0 bonds is
very useful due to its versatility in organic synthesis, and
numerous synthetic protocols have been reported.®’™ One of
the core strategies to generate f-aryl- or alkyl-substituted
ketones is the transition metal-catalyzed conjugate addition of
proper nucleophiles to a,f-unsaturated ketones.*® The use of
saturated amines as substrates is very rare. We developed a
cascade reaction of Pd-catalyzed y—C(sp®)—H arylation and Ru-
catalyzed oxidation to transform cyclohexanamine into B-aryl-
substituted cyclohexanone 11a-11d in 42~63% yield.®” The
oxidation of amines by the catalytic use of tetrapropylammo-

[Pathway A: 2 steps with 71% total yield]

[Pathway

1) Pd(OAc), + TDG 3f
leO. 1

0
H ]©/ MeO L 1) LiAH,, THF, A MeO. CN
H 2 ©
NH, —————— MeO

2) MeO’ N

9 9 FiC” “OMe
AL ° ‘
F.C” 07 CF. DMF,
9 : : 9o heat
MSODA(COOH
CN
MeO 1041
NaBH,
o O THF, 1t
Meoj©)‘\H NC._COOH "N Meomcocm
PhCHy, reflux CN
MeO 10 MeO 104

Scheme 6. Synthetic application to prepare a key intermediate for dopamine
derivatives.

NH, 10 mol% Pd(OACl  1pAp (20 mol %)
NMO (1.5 equiv)

40 mol% 3f
AgTFA (2 equiv) DCM
HFIP: HOAc = 19:1
H,0 (10 equiv), 120 °C, 16 h

|©—R (2 equiv.)

11a: R=p-NO,, 62%
o 11b: R=p-CO,Me, 61% o
11c: R=p-COMe, 63%

NO,

12a: R=NO,, 71%
12b: R=CO,Me, 75% !
12c: R=COMe, 69% !
12d: R=CHO, 31%

11d: R=p-CHO, 42%
11e: R=p-OMe, 60%
11f: R=m-OMe, 55%
11g: R=0-OMe, 51%
11h: 1-naph, 60%

Scheme 7. Tandem reaction from aliphatic amines to f-arylated cyclic
ketones.
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nium perruthenate (TPAP) along with 1.5 equivalents of N-
methylmorpholine N-oxide provided imines easily, and subse-
quent acidic workup generated the corresponding ketones. We
tested 2-iodoxybenzoic acid (IBX)-oxidation®® and Cu-catalyzed
oxidation with H,0, as a co-oxidant,*® but both conditions
generated trace amounts of the desired compounds. The
synthesis of 4-aryl-substituted 2-butanone also proceeded
smoothly to provide 12a-12d in 31~75% yield.

Conclusion

In summary, we have investigated the TDG-assisted Pd-
catalyzed y—C(sp’)—H arylation of amines with high regioselec-
tivities and stereoselectivities. Experimentally and computation-
ally, an easily accessible and useful 3-bromo-TDG (3f) was
revealed to be an efficient TDG towards Pd-catalyzed y-selective
C(sp?)—H arylation. These selective y—C(sp®}—H arylations were
performed with a variety of substrates, including EWGs and
EDGs bearing aryl iodides along with various cyclic and acyclic
amines. Site-selective y—C(sp®)—H arylation based on the choice
of TDG ligands and the synthetic utility of the present system
are highlighted: i) Pd-catalyzed y—C(sp®)—H arylation followed
by Ru-catalyzed oxidation provides a novel synthetic pathway
to form B-aryl-substituted ketones from amines, and ii) a direct
synthetic method for vy-arylation is a key intermediate for
several important organic syntheses. Moreover, DFT calculations
suggested that these regioselective and stereoselective reac-
tions progressed through a monometallic pathway, and the
formation of a 5-membered palladacycle at the 1,3-axial
position of cyclohexane determined the superior selectivity.
Last, a KIE experiment with deuterium and single-crystal X-ray
structural analysis of an intermediate supported our experimen-
tal and computational results and findings.

Experimental Section

General Methods. Proton nuclear magnetic resonance spectra ('H
NMR) were recorded on Bruker Avance-lll 400 MHz or Bruker
Avance 500 MHz. Chemical shifts were quoted in parts per million
(ppm) referenced to the appropriate solvent peak or 0 ppm for
TMS. The following abbreviations were used to describe peak
patterns when appropriate: br=broad, s=singlet, d=doublet, t=
triplet, g=quartet, and m=multiplet. Coupling constants, J, were
reported in Hertz unit (Hz). X-ray crystallographic analysis was
performed using Bruker D8 QUEST diffractometer equipped with
molybdenum X-ray tube on a Bruker Photon Il diffractometer.

General Procedure for y—C—H arylation. A screw-caped vial was
charged with Pd(OAc), (4.5 mg, 10 mol%), 3-bromo-2-hydroxyben-
zaldehyde (3f, 8.0 mg, 20 mol%), aryl halide (0.4 mmol), AgTFA
(88.4 mg, 0.4 mmol), solvent (1 mL, HFIP: AcOH=19:1), and H,0O
(36 pL, 0.2 mmol). Alkylamine (0.2 mmol) was added to the reaction
vessel. The mixture was stirred at 22°C of 10 min, placed in a
preheated reaction block which temperature was well-controlled at
120°C, stirred for 12 hr. The crude mixture was cooled using iced
water, filtered through celite pad, concentrated under reduced
pressure. THF (0.8 mL) and 2 M HCl (0.4 mL) were added to the
residue and stirred at 22°C for 1 hr. The mixture was basified with
10 M NaOH (0.4 mL) and Boc,O (175 mg, 0.8 mmol) was added. The
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solution was stirred at 22°C for 4 hr. After then, EtOAc (3 mL) was
added. The mixture was stirred for an additional 10 min. The
organic layer was separated and filtered through a silica pad. Three-
times repetition of the formal procedure, the organic solution was
evaporated using a rotary evaporator. The residue was separated
by column chromatography (EtOAc/n-hexane) to give the desired
product.

tert-Butyl (3-phenylcyclohexyl)carbamate (4aa): Single diaster-
eomer (cis-form), colorless Solid (42.9 mg, 78 %); 'H NMR (400 MHz,
CDCl3) 6 7.29 (2H, m), 7.19 (3H, m), 4.43 (1H, br), 3.58 (1H, br), 2.62
(TH, m), 2.18 (1H, d, J=12.24 Hz), 2.04 (1H, d, J=12.12 Hz), 1.87 (2H,
m), 1.44 (12H, m), 1.22 (4H, m); *C NMR (100 MHz, CDCl;) & 155.3,
146.4, 128.5, 126.9, 126.2, 79.3, 50.2, 43.4, 41.6, 33.7, 33.3, 28.6, 25.3,
25.0.

tert-Butyl (3-(4-bromophenyl)cyclohexyl)carbamate (4ab): Single
diastereomer (cis-form), yellowish Solid (51.0 mg, 72%); '"H NMR
(400 MHz, CDCl,) 6 7.38 (2H, d, J=8.44 Hz), 7.04 (2H, d, /=8.32 Hz),
4.43 (1H, br), 3.56 (1H, br), 2.58 (1H, m), 2.16 (1H, d, J=12.16 Hz),
2.04 (1H, d, J=12.36 Hz), 1.85 (2H, m), 1.43 (10H, m), 1.20 (4H, m);
3C NMR (100 MHz, CDCl;) & 155.3, 145.3, 131.6, 128.7, 119.8, 79.4,
50.0, 42.8, 41.4, 33.2, 28.5, 25.2. EI-MS(+4) m/z calcd. For C;,H,,BrNO,
[M]": 353.0990, found [M]": 353.0992.

tert-Butyl (3-(4-nitrophenyl)cyclohexyl)carbamate (4ac): Single
diastereomer (cis-form), yellowish Solid (50.6 mg, 79%); '"H NMR
(500 MHz, CDCl;) 6 8.11 (2H, d, J=8.76 Hz), 7.31 (2H, d, /=8.68 Hz),
4.49, (1H, br), 3.57 (1H, br), 2.73 (1H, m), 2.19 (1H, d, J=11.8 Hz),
2.04 (1H, m), 1.92 (1H, m), 1.85 (1H, m), 1.51 (1H, m), 1.42 (9H, s),
1.21 (4H, m); *C NMR (100 MHz, CDCl,) & 155.3, 153.9, 146.5, 127.7,
123.8,79.4, 49.9, 43.3, 40.9, 33.0, 32.9, 28.5, 25.1

Methyl 4-(3-((tert-butoxycarbonyl)amino)cyclohexyl)benzoate
(4ad): Single diastereomer (cis-form), yellowish Solid (57.3 mg,
86%); 'H NMR (400 MHz, CDCl;) & 8.11 (2H, d, J=8.3 Hz), 7.24 (2H,
d, J=8.3 Hz), 4.44, (1H, br), 3.89 (3H, s), 3.59 (1H, br), 2.68 (1H, tt,
,=12.3Hz, J,=3.3Hz), 2.19 (1H, d, J=12.05 Hz), 2.04 (1H, d, J=
12.35 Hz), 1.87 (2H, m), 1.51 (1H, m), 1.43 (9H, s), 1.34 (1H, m), 1.24
(1H, m), 1.12 (1H, qd, J,=12.55 Hz, J,=3.75 Hz); *C NMR (125 MHz,
CDCly) & 167.2, 155.3, 151.7, 129.9, 128.2, 127.0, 79.4, 52.1, 50.0,
435, 33.2,33.0, 28.6, 25.3.

tert-Butyl (3-(4-acetylphenyl)cyclohexyl)carbamate (4ae): Single
diastereomer (cis-form), yellowish Solid (48.8 mg, 77%); '"H NMR
(500 MHz, CDCl,) 67.87 (2H, d, J=8.25 Hz), 7.26 (2H, d, J=8.65 Hz),
4.47 (1H, br), 3.58 (1H, br), 3.59 (1H, br), 2.69 (1H, m), 2.19 (1H, d, J=
11.95 Hz), 2.04 (1H, m), 1.88 (2H, m), 1.52 (1H, m), 1.43 (9H, s), 1.36
(1H, qd, J,=12.7 Hz, J,=3.35Hz), 1.25 (2H, m), 1.12 (1H, qd, J,=
12.5Hz, J,=3.8Hz) ; ®C NMR (125 MHz, CDCl;) & 197.9, 155.3,
152.0, 135.5, 128.8, 127.1, 79.4, 50.1, 43.4, 41.1, 33.2, 33.0, 28.5, 26.7,
25.2.

tert-butyl  (3-(4-(trifluoromethyl)phenyl)cyclohexyl) carbamate
(4af): Single diastereomer (cis-form), yellowish Solid (37.7 mg,
55%); '"H NMR (400 MHz, CDCl;) 6 7.53 (2H, d, J=8.12 Hz), 7.30 (2H,
d, J=8.2 Hz), 4.44 (1H, br), 3.58(1H, br), 2.69 (1H, m), 2.22 (1H, d, J=
12.04 Hz), 2.06 (1H, d, J=12.4 Hz), 1.91 (2H, m), 1.50 (1H, m), 1.43
(9H, s), 1.24 (3H, m) ; *C NMR (100 MHz, CDCl;) & 155.3, 150.3, 128.6
(@ Jep=322Hz), 1273, 1255 (q, Jor=3.63 Hz), 1244 (q, Jos=
270 Hz), 79.4, 50.0, 43.3, 41.3, 33.2, 33.1, 28.6, 25.2.

tert-Butyl (3-(4-methylphenyl)cyclohexyl)carbamate (4ag): Single
diastereomer (cis-form), yellowish Solid (47.4 mg, 82%); 'H NMR
(400 MHz, CDCl;) 8 7.09 (4H, m), 4.43 (1H, br), 3.57 (1H, br), 3.59 (1H,
tt, J;,=12.15Hz, J,=3.15Hz), 2.32 (3H, s), 2.17 (1H, d, J=12.4 Hz),
2.05 (1H, d, J/=12.35 Hz), 1.87 (2H, m), 1.50 (1H, m), 1.44 (9H, s), 1.32
(1H, qd, J,=12.45 Hz, J,=3.15Hz ), 1.21 (1H, g, J=11.95 Hz), 1.09
(1H, qd, J;,=12.5 Hz, J,=3.7 Hz); *C NMR (100 MHz, CDCl;) & 155.3,
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143.5, 135.7, 129.2, 126.8, 79.3, 50.2, 43.0, 41.7, 33.4,29.8, 28.6, 25.3,
21.1.

tert-Butyl (3-(4-methoxyphenyl)cyclohexyl)carbamate (4ah): Sin-
gle diastereomer (cis-form), yellowish Solid (47.6 mg, 77 %); '"H NMR
(400 MHz, CDCl;) 6 7.09 (2H, d, J=8.56 Hz), 6.82 (2H, d, /=8.72 Hz),
4.44 (1H, br), 3.78 (3H, s), 3.56 (1H, br), 2.57 (1H, m), 2.15 (1H, d, J=
12.12 Hz), 2.06 (1H, m), 1.87 (2H, m), 1.43 (11H, m), 1.20 (4H, m) ; *C
NMR (100 MHz, CDCl;) 6 158.0, 155.3, 138.7, 127.7, 113.9, 79.2, 55.4,
50.2,42.5, 41.8, 33.5, 33.3, 28.6, 28.5, 25.3.

tert-Butyl (3-(3-methoxyphenyl)cyclohexyl)carbamate (4 ai): Single
diastereomer (cis-form), yellowish Solid (40.9 mg, 67%); 'H NMR
(400 MHz, CDCl;) 6 7.20 (1H, m), 6.78 (1H, d, J=7.65 Hz), 6.73 (1H,
m), 4.44 (1H, br), 3.79 (3H, s), 3.57 (1H, br), 2.60 (1H, tt, J;=12.2 Hz,
J,=3.1Hz), 2.19 (1H, d, J=12.2 Hz), 2.03 (1H, d, /=124 Hz), 1.86
(2H, m), 1.50 (1H, m), 1.44 (9H, s), 1.33 (1H, qd, J;,=12.95Hz, J,=
3.6 Hz ), 1.21 (1H, q, J=12.1 Hz), 1.09 (1H, qd, J;=12.55Hz, J,=
3.6 Hz); ®C NMR (125 MHz, CDCl3) § 159.8, 155.3, 148.1, 129.5, 119.3,
1129, 111.4, 79.3, 55.3, 50.2, 43.4, 41.5, 33.3, 33.2, 28.6, 25.3. ; ESI-
MS(+) m/z caled. For CgH,,LINO;y [M+Lil*: 312.2145, found [M+
Li1":312.2147.

tert-Butyl (3-(2-methoxyphenyl)cyclohexyl)carbamate (4 aj): Single
diastereomer (cis-form), yellowish Solid (38.4 mg, 63%); '"H NMR
(400 MHz, CDCl;) 6 7.16 (2H, m), 6.91 (1H, t, J=7.16 Hz), 6.84 (1H, d,
J=8.08 Hz), 4.42 (1H, br), 3.81 (3H, s), 3.59 (1H, br), 3.08 (1H, t, J=
Hz), 2.11 (2H, m), 1.86 (2H, m), 1.52 (1H, m), 1.44 (9H, s), 1.22 (3H, m)
; *C NMR (100 MHz, CDCl,) & 156.8, 134.6, 127.0, 126.6, 120.6, 110.6,
79.2,55.5,50.3, 40.1, 35.8, 33.7, 32.0, 28.6, 25.4.

tert-butyl (3-(2-fluorophenyl)cyclohexyl)carbamate (4ak): Single
diastereomer (cis-form), yellowish Solid (38.1 mg, 65%); 'H NMR
(400 MHz, CDCl;) 6 7.18 (2H, m), 7.06 (1H, m), 6.99 (1H, m), 4.44,
(1H, br), 3.58 (1H, br), 2.95 (1H, tt, J;=12.24 Hz, J,=3.28 Hz), 2.15
(2H, m), 1.85 (2H, m), 1.45 (11H, m), 1.1 (1H, m) ; *C NMR (100 MHz,
CDCly) & 160.7 (d, Jo;=244Hz ), 1553, 132.9 (d, J,=144Hz ),
1255705 S 3608 R 9 624573 3700 uble s B0 (4
tert-Butyl (3-(naphthalen-1-yl)cyclohexyl)carbamate (4al): Single
diastereomer (cis-form), yellowish Solid (48.8 mg, 75%); 'H NMR
(400 MHz, CDCl;) 6 8.11 (1H, d, J=8.48 Hz), 7.85 (1H, d, /=8.44 Hz),
7.71 (1H, d, J=8.08 Hz), 7.49 (3H, m), 7.35 (1H, d, J=6.48 Hz), 4.48
(TH, br), 3.76 (1H, br), 3.46 (1H, t, J=11.76 Hz), 2.33 (1H, d, J=
12.44 Hz), 2.15 (1H, d, J=11.52 Hz), 2.00 (2H, m), 1.64 (1H, m), 1.46
(10H, m), 1.36 (1H, m), 1.17 (1H, m) ; C NMR (100 MHz, CDCl,) &
155.3, 142.2, 134.0, 131.3, 129.1, 126.7, 126.0, 125.7, 125.5, 123.2,
1224, 79.3, 504, 41.1, 38.0, 33.7, 33.0, 28.6, 25.6. ESI-MS(+) m/z
caled. For C,;H,;,NNaO, [M+Nal": 348.1934, found [M+Na]*:
348.1934.

tert-Butyl (3-(4-acetylphenyl)cyclopentyl)carbamate (4be): Single
diastereomer (cis-form), yellowish Solid (30.9 mg, 51%); '"H NMR
(400 MHz, CDCl,) 6 7.89 (2H, d, J=8.4 Hz), 7.30 (2H, d, /=8.16 Hz),
4.62 (1H, br), 4.09 (1H, br), 3.12 (1H, m), 2.57 (3H, s), 2.52 (1H, m),
2.12 (2H, m), 1.76 (1H, m), 1.63 (1H, m), 1.44 (9H, s) ; C NMR
(100 MHz, CDCly) 6 197.9, 155.6, 151.0, 135.4, 128.7, 127.3, 794,
52.1, 44.0, 41.8, 33.0, 32.0, 28.6, 26.7.; ESI-MS(+) m/z calcd. For
C,gH,sLINO; [M +Lil1": 310.1989, found [M +Li]": 310.1991.

tert-Butyl (3-(4-acetylphenyl)cycloheptyl)carbamate (4ce): Single
diastereomer (cis-form), yellowish Solid (23.9 mg, 36%); 'H NMR
(400 MHz, CDCl,) 6 7.87 (2H, d, J=8.36 Hz), 7.25 (2H, d, /=8.24 Hz),
449 (1H, br), 3.74 (1H, br), 2.81 (1H, m), 2.57 (3H, s), 2.05 (2H, m),
1.93 (1H, m), 1.69 (5H, m), 1.54 (1H, m), 1.41 (9H, s) ; C NMR
(125 MHz, CDCl;) & 198.0, 155.1, 154.6, 135.2, 128.8, 127.0, 79.4,
51.6, 43.9, 43.6, 36.7, 35.5, 28.6, 26.7, 26.3, 23.7.; ESI-MS(+) m/z
caled. For CyH,LiINO; [M+Lil*: 3382302, found [M+Lil":
338.2304.
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Methyl 4-(3-((tert-butoxycarbonyl)amino)butyl)benzoate (4dd):
Yellowish Solid (44.2 mg, 72%); 'H NMR (400 MHz, CDCl;) & 7.94
(2H, d, J= Hz), 7.24 (2H, d, J= Hz), 4.36 (1H, br), 3.89 (3H, s), 3.71
(TH, br), 2.71 (1H, dt, J;= Hz, J,= Hz), 1.73 (2H, q, J= Hz), 1.44 (9H,
s), 1.15 (3H, d, J= Hz) ; *C NMR (100 MHz, CDCl;) § 167.3, 155.5,
147.6, 129.9, 128.5, 128.0, 79.3, 52.1, 46.5, 38.9, 32.7, 28.6, 21.5.

tert-Butyl (4-(4-acetylphenyl)butan-2-yl)carbamate (4de): Yellow-
ish Solid (42.5 mg, 73 %); 'H NMR (400 MHz, CDCl,) 6 7.86 (2H, d, J=
8.24 Hz), 7.26 (2H, d, J=8.16 Hz), 4.38 (1H, br), 3.70 (1H, br), 2.71
(1H, dt, J;=4.12 Hz, J,=7.2 Hz), 2.57 (3H, s), 1.69 (2H, m), 1.44 (9H,
s), 1.15 (3H, d, J=6.6Hz) ; *C NMR (100 MHz, CDCl;) & 198.0,
155.5,147.9, 135.2, 128.7, 128.7, 79.3, 46.4, 38.9, 32.7, 28.6, 26.7,
21.5,; ESI-MS(+) m/z calcd. For C;;H,sNNaO; [M +Nal*: 314.1727,
found [M +Na]*: 314.1726.

tert-Butyl (4-(4-formylphenyl)butan-2-yl)carbamate (4dm): Yel-
lowish Solid (30.5 mg, 55%); '"H NMR (500 MHz, CDCl,) & 9.97 (1H,
s), 7.79 (2H, d, J=8.15Hz), 7.35 (2H, d, /=8.05 Hz), 4.34 (1H, br),
3.72 (1H, br), 2.73 (2H, m), 1.75 (2H, m), 1.44 (9H, s), 1.16 (3H, d, J=
6.6 Hz); *C NMR (125 MHz, CDCl;) § 192.1, 155.5, 149.6, 134.7, 130.1,
129.2, 79.4, 46.4, 3838, 32.9, 28.5, 21.5; ESI-MS(+) m/z calcd. For
Cy6H,3NNaO; [M +Na] *: 300.1570, found [M +Na]*: 300.1570.

General Procedure for tandem synthesis of f-Aryl Substituted
Ketones. An oven-dried 4 mL vial equipped with a stir bar was
charged with  3-bromo-2-hydroxybenzaldehyde (3f, 16 mg,
0.08 mmol), Pd(OAc), (9 mg, 0.04 mmol), 1-iodo-4-nitrobenzene
(199 mg, 0.8 mmol), and AgTFA (177 mg, 0.8 mmol) sequentially.
The mixture was dissolved in solvent (hexafluoroisopropanol/acetic
acid=19:1, 2mlL) and add cyclohexanamine (46 uL, 0.4 mmol)
followed by the addition of water (72 uL, 4 mmol). The vial was
sealed with a cap and wrapped with electrical tape. The resulting
solution was allowed to stir for ten minutes prior to heating at
120°C for 12 hours. After allowing the mixture to cool to 22°C, the
reaction was quenched by passing the mixture through a short
plug of celite and eluted with tetrahydrofuran (3 x2 mL). The filtrate
collected in an oven-dried 20 mL vial was concentrated in vacuo
and equipped with a stir bar followed by the addition of
tetrahydrofuran (2 mL) and HCI (2 M, 2mL). The mixture was
allowed to stir for 30 minutes and CH,Cl, (5 mL) was added. After
the removal of the organic layer to exclude the undesired organic
compounds, the mixture was basified with NaOH (3 M, pH >10).
The basic aqueous solution was transferred into a separatory funnel
and extracted with CH,Cl, (3x5 mL). The combined organic layers
were dried with anhydrous Na,SO,, filtered, and concentrated. An
oven-dried 8 mL vial equipped with a stir bar was charged with the
crude and CH,Cl, (2 mL). Tetrapropylammonium perruthenate
(TPAP, 28.1 mg, 0.08 mmol) and N-methylmorpholine N-oxide
(NMO, 70.3 mg, 0.6 mmol) were added to a mixture. The resulting
solution was allowed to stir for 12 hours at ambient temperature
and the reaction was quenched by the addition of aqueous HCl
(2 M, 3 mL). The mixture was allowed to stir for an additional hour
and extracted with diethyl ether (3 x4 mL). The combined organic
layers were dried with anhydrous Na,SO,, filtered, and concentrated
(*CAUTION: due to the volatility of ketones, concentrate the
solution in an ice bath) to afford the brown oil, which was purified
by silica gel chromatography (gradient 20:1 to 7:1 Petroleum
ether/Et,0) to give the desired ketone 11a as a colorless oil
(54.3 mg, 0.248 mmol, 62 % yield).

3-(4-Nitrophenyl)cyclohexan-1-one  (11a):  Colorless  liquid
(54.3 mg, 62%); 'H NMR (500 MHz, CDCl;) & 8.19 (2H, d, J=8.8 Hz),
7.39 (2H, d, J=8.52 Hz), 3.15 (1H, m), 2.49 (4H, m), 2.14 (2H, m), 1.85
(2H, m); C NMR (100 MHz, CDCl;) & 209.7, 151.7, 147.0, 127.7,
124.2,48.3,44.6,41.1,32.5,254.

© 2021 Wiley-VCH GmbH


https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0690.YourJOCTalents

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

EurJOC . .
doi.org/10.1002/ejoc.202001428

European Journal of Organic Chemistry

Methyl 4-(3-oxocyclohexyl)benzoate (11b): Colorless liquid
(56.6 mg, 61%); 'H NMR (500 MHz, CDCl;) 6 7.99 (2H, d, J=8.4 H2),
7.29 (2H, d, J=8.2 Hz), 3.90 (3H, s), 3.07 (1H, m), 2.49 (4H, m), 2.14
(2H, m), 1.85 (2H, m) ; *C NMR (100 MHz, CDCl;) & 210.4, 167.0,
149.6, 130.2, 128.8, 126.8, 52.2, 48.6, 44.8, 41.2, 32.6, 25.6.

3-(4-Acetylphenyl)cyclohexan-1-one  (11c):  Colorless liquid
(54.5 mg, 63%); 'H NMR (500 MHz, CDCl;) 6 7.93 (2H, d, J=8.4 Hz),
7.32 (2H, d, J=8.16 Hz), 3.08 (1H, m), 2.50 (7H, m), 2.16 (2H, m), 1.84
(2H, m); C NMR (100 MHz, CDCl;) & 2104, 197.8, 149.8, 136.0,
129.0, 127.0, 48.6, 44.8, 41.3, 32.6, 26.7, 25.6.

3-(4-Formylphenyl)cyclohexan-1-one (11d): Colorless liquid
(33.9 mg, 42%); 'H NMR (500 MHz, CDCl;) & 9.99 (1H, s), 7.85 (2H, d,
J=8.2Hz), 7.39 (2H, d, J=8.1 Hz), 3.11 (1iH, m), 2.51 (4H, m), 2.14
(2H, m), 1.82 (2H, m); *C NMR (100 MHz, CDCl;) & 210.1, 191.8,
151.3,135.4,130.4, 127.5, 48.5, 44.9, 41.2, 32.6, 25.5.

3-(4-Methoxyphenyl)cyclohexan-1-one (11e): Colorless liquid
(49.0 mg, 60%); 'H NMR (400 MHz, CDCl,) & 7.14 (2H, d, J=8.52 Hz),
6.87 (2H, d, J=8.76 Hz), 3.80 (3H, s), 2.95 (1H, m), 2.45 (4H, m), 2.11
(2H, m), 1.81 (2H, m); *C NMR (100 MHz, CDCl;) & 211.4, 1584,
136.7, 127.6, 114.2, 55.4, 49.4, 44.1, 41.3, 33.2, 25.6.

3-(3-Methoxyphenyl)cyclohexan-1-one (11f): Colorless liquid
(44.9 mg, 55%); '"H NMR (400 MHz, CDCl;) 6 7.26 (1H, m), 6.79 (3H,
m), 3.81 (3H, s), 2.98 (1H, m), 2.48 (4H, m), 2.11 (2H, m), 1.81 (2H, m);
3C NMR (100 MHz, CDCl3) & 211.1, 160.0, 146.2, 129.8, 119.0, 112.8,
111.8, 55.3, 49.1, 44.9, 43.3, 32.8, 25.7.

3-(2-Methoxyphenyl)cyclohexan-1-one (11g): Colorless liquid
(41.6 mg, 51%); '"H NMR (400 MHz, CDCl,) & 7.21 (2H, m), 6.94 (1H,
td, J,=7.48 Hz, J,=1.04 Hz), 6.87 (1H, dd, J,=8.2 Hz, J,=0.92 Hz),
3.82 (3H, s), 3.42 (1H, m), 2.50 (4H, m), 2.07 (2H, m), 1.83 (2H, m); "*C
NMR (100 MHz, CDCl;) 6 211.9, 156.9, 132.7, 127.7, 126.7, 120.8,
110.7,55.4,47.7,41.5, 38.1, 31.2, 25.7.

3-(Naphthalen-1-yl)cyclohexan-1-one (11h): Colorless liquid
(53.8 mg, 60%); 'H NMR (400 MHz, CDCl,) & 8.04 (1H, d, J=8.32 Hz),
7.87 (1H, m), 7.76 (1H, d, J=8.12 Hz), 7.49 (4H, m), 3.87 (1H, m), 2.60
(4H, m), 2.22 (2H, m), 1.97 (2H, m); C NMR (100 MHz, CDCl;) &
211.4, 140.2, 134.1, 131.0, 129.2, 127.4, 126.4, 125.8, 125.7, 122.8,
122.6, 48.7,41.6, 39.5, 32.4, 25.7.

4-(4-Nitrophenyl)butan-2-one (12a): Colorless liquid (54.8 mg,
71%); '"H NMR (400 MHz, CDCl,) 6 8.12 (2H, d, J=8.8 Hz), 7.34 (2H,
d, J=8.84 Hz), 2.99 (2H, t, J=7.36 Hz), 2.81 (2H, t, J=7.36 Hz), 2.15
(3H, s); *C NMR (100 MHz, CDCl;) & 206.8, 149.1, 146.6, 129.4, 123.8,
44.3,30.2, 29.4.

Methyl 4-(3-oxobutyl)benzoate (12b): Colorless liquid (61.8 mg,
75%); '"H NMR (400 MHz, CDCl;) 6 7.94 (2H, d, J=8.4 Hz), 7.24 (2H,
d, J=85Hz), 3.89 (3H, s), 294 (2H, t, J/=7.4Hz), 2.77 (2H, t, J=
7.7 Hz), 2.14 (3H, s); *C NMR (100 MHz, CDCl;) & 207.4, 167.2, 146.7,
130.0, 128.5, 128.3, 52.2, 44.7, 30.2, 29.8.

4-(4-Acetylphenyl)butan-2-one (12c): Colorless liquid (52.5 mg,
69%); "H NMR (500 MHz, CDCl,) 6 7.87 (2H, d, J=8.36 Hz), 7.26 (2H,
d, /=844 Hz), 293 (2H, t, J=7.4 Hz), 2.77 (2H, t, J=7.6 Hz), 2.57
(3H, s), 2.14 (3H, s); *C NMR (125 MHz, CDCl;) & 207.3, 197.8, 146.9,
135.4,128.7, 128.6, 44.5, 30.1, 29.6, 26.6.

4-(3-oxobutyl)benzaldehyde (12d): Colorless liquid (21.8 mg,
31%); 'H NMR (500 MHz, CDCl;) & 9.97 (1H, s), 7.80 (2H, d, J=
8.1 Hz), 7.35 (2H, d, J=8 Hz), 2.98 (2H, t, J=7.45 Hz), 2.80 (2H, t, J=
7.55 Hz), 2.16 (3H, s); C NMR (125 MHz, CDCl;) & 207.2, 192.1,
148.6, 134.9, 130.2, 129.2, 44.6, 30.2, 29.9.

Deposition Number 2019569 (for 8) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
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