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A strategy for the palladium-catalyzed dehydrative tandem benzylation of 2-morpholinoanilines with benzyl alcohols has

been developed. This cascade reaction is devised as a straightforward and efficient synthetic route for N-(1,2-

www.rsc.org/

diphenylethyl)-2-morpholinoanilines in moderate to good yields (50-81%). The dehydrative sp3 C-H bond benzylation

proceeds chemoselectively at the benzylic position of N-benzyl-2-morpholinoaniline to form a new C(sp3)-C (sp3) bond. KIE

experiments show that C-H bond activation is involved in the rate-determining step (KIE = 2.7). A Hammett study of the 2-

morpholinoanilines gives a negative p value, suggesting that there is a build-up of positive charge in the transition state.

The “on water” protocol, which affords the corresponding desired products with water as the sole co-product, can be

achieved under mild reaction conditions without the need for base or other additives on the atom-economic process.

Introduction

2-Morpholinoaniline moieties are found in drug candidates
for treatment of cancer,1 Alzheimer's disease,2 wet age-related
macular degeneration (wet AMD)3 and infectious disease®
(Figure 1). However, these compounds are limited to
structures containing an amide moiety. Therefore, efficient
methods for the direct introduction of diverse functionalities
on 2-morpholinoanilines are gaining increasing interest in
medicinal chemistry. For example, the palladium-catalyzed
(hetero)arylation  (Buchwald-Hartwig amination) of 2-
morpholinoanilines has recently been reported. 3

Palladium-catalyzed Tsuji-Trost type benzylation has become
one of the most powerful strategies for the formation of
carbon-carbon and carbon-nitrogen bonds.® Early studies on
the generation of w-benzylpalladium(Il) complexes used benzyl
halides.’ Furthermore, the use of benzyl carbonates, acetates
and phosphonates as activated alcohols has been reported to
be effective under neutral conditions.® In contrast, the direct
use of benzyl alcohols for benzylation is especially challenging
because of their low reactivity towards Pd(0) compared with
benzyl halides. Therefore, the development of a direct
catalytic substitution of benzyl alcohols as electrophilic
partners, which affords the desired products along with water
as the sole co-product, is highly attractive in synthetic organic
chemistry.9 In this regard, early studies on the Pd-catalyzed
carbonylation of benzyl alcohols have been reported by
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Sheldon et al.* In 2014, Tunge et al. developed the Tsuji-Trost
type benzylation via retro-Claisen activation of carbon
nucleophiles utilizing benzyl alcohols.!* In 2016, Zhang et al.
reported in situ C-O bond activation by dimethylcarbonate.12
Recently, the scope of m-allylpalladium chemistry has been
extended to electrophilic umpolung allylic substitutions via bis-
n-allylpalladium intermediates. This work was pioneered by
Yamamoto et al. in 1996 (Scheme 1A).13 In 2017, Bao and
Yamamoto demonstrated the palladium-catalyzed allylation of
benzyl chlorides with allyl pinacolborates through coupling of
the nl-allyl ligand with the n3-benzyl ligand of n3-allyl-n3-
benzylpalladium intermediates (Scheme 1B).14 Pincer
complexes have also been employed in the catalytic allylation
of electrophiles, since the allyl moiety is constrained to an nl-
coordination state required for the nucleophilic reactivity. s
We have been developing a unique strategy for benzylation
by the m-benzylpalladium(ll) species A from Pd(0)/TPPMS
(TPPMS: sodium diphenylphosphinobenzene-3-sulfonate) and
non-activated benzyl alcohol (Scheme 2A).16 Water activates
the sp3 C-O bond by hydrogen bonds between water and the
hydroxyl group of the alcohol to form complex A. We recently

reported a new type of palladium-catalyzed tandem
benzylation of anilines with benzyl alcohols for direct
construction of N-(1,2-dipheny|ethy|)aniIines.17 These

processes involve the formation of bis-n-benzylpalladium
intermediates followed by the coupling of the nl-benzyl ligand
(nucleophiles) with the ng-benzyl ligand (electrophiles).
Although elegant protocols for the synthesis of N-(1,2-
diphenylethyl)anilines have been establish to date (e.g., the
benzylation of imines,18 hydroamination of
aIkynes/reduction,19 and reductive amination of ketones),20
these methods require the use of toxic reagents and organic
solvents under anhydrous conditions.
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Figure 1. Representative biologically active 2-morpholinoanilines.
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Scheme 1. Reactions of bis-rt-allylPd(Il) complexes.

As an extension of our investigation of the n-benzylpalladium
system, we herein present the palladium-catalyzed
dehydrative N-benzylation/benzylic C-H benzylation cascade of
2-morpholinoanilines on water (Scheme 2B). The tandem
reaction proceeds smoothly to produce N-(1,2-diphenylethyl)-
2-morpholinoanilines in moderate to good vyields, which can
potentially be used for the construction of a diverse chemical
library in drug discovery. The dehydrative sp3 C-H bond
benzylation reaction chemoselectively occurs on the benzylic
position of the N-monobenzylated intermediate to form a new
C(spg)-C(sp3) bond, a reaction that cannot proceed by
traditional benzylation protocols such as the use of benzyl
chloride with base (Scheme 3). Therefore, direct catalytic
functionalization of the sp3 C-H bond has emerged as an
attractive alternative to traditional synthetic methods.
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Notably, the “on water” protocol is essential for achieving this
efficient strategy in our catalytic system.21 This green method
has reduced waste generation, uses safer solvents and
reaction conditions, and increases energy efficiency, all of
which contribute to the efficiency of a chemical
transformation.

A. Tsuji-Trost type benzylation using p-benzylPd(ll) on water.
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B. Present work: N-Benzylation/C-H benzylation of 2-morpholinoanilines.
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Scheme 2. Strategy for the tandem benzylation by m-benzylPd(II) A on water.
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Scheme 3. Reaction of 1a with benzyl chloride.

Results and discussion

Effects of catalysts and solvents. Initially, 2-

morpholinoaniline (1a) and benzyl alcohol (2a) were chosen as
the model compounds to optimize the reaction conditions.
When using Pd(OAc), (5 mol%) and sodium
diphenylphosphinobenzene-3-sulfonate (TPPMS, 10 mol%) as
the catalyst, the desired N-(1,2-diphenylethyl)-2-
morpholinoaniline (3a) was obtained selectively in 75% yield
(Table 1, entry 1). In contrast, no reaction occurred in the
absence of TPPMS (entry 2). With regard to the palladium(Il)
catalysts, Pd(OAc), gave the best result (entry 1 vs entries 3-7).
When the reaction was performed at 100 °C, the yield of 3a
was increased to 95% (entry 8). Replacing water with organic
solvents such as toluene, heptane, EtOH, 1,4-dioxane or DMF
resulted in no reaction (entries 9-14). Furthermore, low yield
or no reaction occurred with the use of D,O or under the neat
condition, respectively (entries 15-16). These results suggested
that the “on water” accelerated reaction would proceed since
the organic-water interface effect of dangling OH groups could
enhance the reaction rates. The use of zero-valent palladium,

d,(dba);-CHCl;, afforded the product 3a in 81% yield (entry
17).

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Effects of catalysts and solvents.”

@ Ph™ OH 2a (5 equiv)

N Pd catalyst (5 mol%)
©[ TPPMS (10 mol%) @: ©[
, 80-100°C, 20 h

View Article Online
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of 5-7.%2 Therefore, these low deuterium isotope values
suggested that hydrogen bonding activation occurred for the
benzylic C-H benzylation on water.

NH,
1a
Ph 3a 3 ot detscted Ph

Entry Pd catalyst T(°C) Solvent Conv. (%)”
1 Pd(OAc), 80 H.0 75
2°¢ Pd(OAC), 80 H,0 0
3 PdBr, 80 H,O 0
4 PdCl, 80 H,O 36
5 PdCl,(CH3CN), 80 H,O 62
6 Pd(OCOCF;), 80 H,O 47
7 [PdCl(allyl)], 80 H,0 0
8 Pd(OAc), 100 H,0 95
9 Pd(OAc), 80 toluene 0
10 Pd(OAc), 80 heptane 0
11 Pd(OAC), 80 EtOH 0
12 Pd(OAc), 80 dioxane 0
13 Pd(OAC), 80 DMF 0
14 PACl,(PPhs), 80 DMF 0
15 Pd(OAc), 80 D,0 44
16 Pd(OAc), 80 neat 0
17°¢ Pd,(dba);-CHCl3 120 H,O 81

ho Ph™ OH 2a (5 equiv)
N\) Pd(OACc), (5 mol%)
©[ TPPMS (10 mo%) _
NHa "o 100c
1a
Ph 3a 4a
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Figure 2. Reaction time course for the conversion of 2-morpholinoaniline (1a, 0.5
mmol) with benzyl alcohol (2a, 5 equiv) into desired 3a and N-benzyl-2-
morpholinoaniline (4a).

H,0, 120 °C
/kH sealed tube, air Ph
4a

3a

N
Pd(OAG), (5 mol%) : N
TPPMS (10 mol%) :
= ‘

NH NH ' 22N

Ph 6

not detected

?Reaction conditions: aniline 1a (1 mmol), Pd catalysts (5 mol%), TPPMS (10 mol%),
benzyl alcohol 2a (5 equiv), solvent (4 mL), 80 °C, 20 h under air. ® The conversion was
determined by "H NMR analysis of the crude product using 1,3,5-trimethoxybenzene as
an internal standard. € without TPPMS. “under Ar. Using 2a (10 equiv).

2. Reaction progress. To gain further understanding of the
reaction progress, the reaction of 2-morpholinoaniline (1a)
with benzyl alcohol (2a) was monitored by 'H NMR
spectroscopy. After 6 h, the reaction of 1a afforded N-benzyl-
2-morpholinoaniline (4a) in 73% yield smoothly. In contrast, N-
(1,2-diphenylethyl)-2-morpholinoaniline (3a) was formed
slowly while 4a was reduced (Figure 2). Furthermore, the N-
monobenzylated 4a as a starting material afforded
dibenzylated product 3a smoothly (Figure 3). These results
indicated that N-benzylation of 1a with 2a occurred quickly to
form mono-N-benzylated product 4a, which then slowly
converted to desired 3a through benzylic C-H benzylation.

3. Kinetic isotope effect. KIE studies were performed to gain
further mechanistic details of the benzylic C-H activation. The
intermolecular competition between mono-N-benzylated 4a
and its deuterium-labeled substrate 4a-d gave KIE = 2.7 on the
basis of 'H NMR analysis, suggesting that C-H bond cleavage
was involved in the rate-determining step (Scheme 4A). Next,
the rates for Pd-catalyzed benzylic C-H benzylation “on H,0”
and “on D,0” were compared. The reaction rates were faster
“on H,0” than “on D,0” with a primary H/D effect of 1.6
(Scheme 4B). In general, the KIE for protonation shows values

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Conversion of N-benzyl-2-morpholinoaniline (4a, 0.5 mmol) with benzyl
alcohol (2a, 5 equiv) into desired 3a at different time intervals in the “on water”
reaction.

4. Control experiments. We conducted competition
experiments to investigate the role of the 2-morpholino group
on the palladium-catalyzed N-benzylation and benzylic C-H
benzylation steps. The N-benzylation of 2-morpholinoaniline
(1a) proceeded smoothly to give 4a in 45% yield, while aniline
(7) was produced in only 29% yield (Scheme 5A). This result
suggested that this process was favored by the electron-
donating 2-morpholino group on aniline. In contrast, the C-H
benzylation of electron-sufficient 4a is slower than that of 8,
suggesting that N-benzylated 4a would act as an electrophile
(Scheme 5B). Next, the reaction of 1a with an electron-

J. Name., 2013, 00, 1-3 | 3
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deficient benzylic alcohol, 4-fluorobenzyl alcohol (2b), did not
afford the dibenzylated product but gave N-monobenzylated
4b in 78% yield (Scheme 5C). No reaction occurred when using
4b as a starting material in the palladium-catalyzed reaction,
indicating the electron-deficient benzyl moiety generated from
the 4-fluorobenzyl alcohol (2b) could not act as a nucleophile
in the C-H benzylation step.

A. Competitive deuterium labeling experiment.
. 2a
o o P OH (1 mmol) ho
> J

N \) N 2a-d N
D5—Ph><OH (1 mmol)
Pd(OAC), (5 mol%)
NH NH TPPMS (10 mol%) NH

Ph/%H o Ph)(D H,0/D,0 (1:1) Ph)[v Ph
H 5 D 100 °C, 16 h H/D
4a (0.25 mmol)  4a-d (0.25 mmol) 3a (kylkp =2.7)

B. Deuterium isotope effect for on-H,0 and on-D,0.
% i
N Q Pd(OAc), (5 mol%) N\)
TPPMS (10 mol%)
P OH oo 2on a
N ph , , air NH

H 2a sealed tube )\/ Ph
4a (5 equiv) Ph

H,0: 87%, D,0: 55% 3a
Scheme 4. Kinetic isotope effects.

A. N-Benzylation of anilines 1a and 7.

(3

(0]
N\) Ph”” OH ﬁ
2a (1 mmol) N
Pd(OAc), (5 mol%)
NH; TPPMS (10 mol%) A~ Ph A~
1a(0.25mmol) — o m Ph ” Ph
o -
Ph—NH, 100 °C, 2 h, air 4a: 45% 8: 29%

7 (0.25 mmol) Dibenzylated products were not obtained.

B. Benzylic C-H benzylation of N-monobenzylated 4a and x.

S
[ o
Ph”” NoH

2a (0.5 mmol) N
P o

N~ Ph Pd(OAc), (5 mol%)

H TPPMS (10 mol%) Ph.
4a(0.25mmol) T NH NH
Ph 100 °C, 16 h, air )\/Ph )\/Ph

\”/\Ph Ph Ph

8 (0.25 mmol) 3a: 12% 9:21%

C. Reaction of 4-fluorobenzyl alcohol (2b).

O, (0
K\o F 2b (5 equiv) N\)
N\) Pd(OAc), (5 mol%)
@: TPPMS (10 mol%)
- 5 N
H

NH, 120 °C, 20 h, air
4b: 78%

1a sealed tube E
Dibenzylated product was not obtained.

Scheme 5. Control experiments.

5. Reaction scope. Results for the reactions of several 2-
morpholinoanilines 1 with benzyl alcohols 2 using Pd(OAc),
and TPPMS are summarized in Scheme 6. Both electron-
donating methyl and electron-withdrawing chloro and
trifluoromethyl groups on the benzene ring of substituted 2-
morpholinoanilines 1 were tolerated well to produce the
corresponding products 3b-e in moderate to good yields. The

4| J. Name., 2012, 00, 1-3
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scope of benzyl alcohols 2 was examined next with 2-
morpholinoaniline (1a) as the coupling partner. The use of
benzyl alcohols with electron-donating alkoxy and alkyl groups
resulted in moderate to good vyields (3f-j). A sterically
demanding methoxy group at the ortho position was tolerated
in the benzylic C-H benzylation (3k, 61%). In contrast, the
benzyl alcohol with an electron-withdrawing trifluoromethyl
group resulted in no reaction. Furthermore, replacement of
the morpholino group with a piperazino group on the benzene
ring was tolerated in our catalytic system (3, 61%).23 In
contrast, 2-dimethylaminoaniline did not react due to the
poisoning of the Pd(ll) cation species (morpholine: pKa value of
8.5 vs dimethylamine: pKa value of 10.6).24

‘/\x X
Re N\) PA(OAD); (5 mol%) Ry~ N
2 TPPMS (10 mol%) |
| A A Ny —
A r OH A
NH, 2 H20, sealed tube NH
1(X=0O orCHy) (10equiv) 120 °C,20h, air Ar

3b: 81% 3c: 71% 3d: 50% 3e: 75%

L

o . O
o G

MeO 3f 61% 3g: 53%
S 7
(J [
@[ O"Bu (:[ Me
E I O
o) 3h: 50% Me 3i: 70%
‘/\o ‘/\
N N
@ 'Pr (:E
H

3§ 72% 3k 61%

'\O no reaction I\Ille
OH NS
F3C NH Me
)\/Ph FaC

PH NHz
3l 61%
Scheme 6. Scope of anilines 1 and benzyl alcohols 2. Reaction conditions:
anilines 1 (1 mmol), Pd(OAc), (5 mol%), TPPMS (10 mol%), benzyl alcohols 2 (5
equiv), H,0 (4 mL), 120 °C, 20 h in a sealed tube. Yield of isolated products.

"Bu

6. Hammett study. To demonstrate the electronic effect of the
tandem benzylation, the relative rates of coupling of 3- and 5-
substituted 2-morpholinoanilines 1 (X = Me, Cl and CF; groups)

This journal is © The Royal Society of Chemistry 20xx
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with benzyl alcohol (2a) were examined. Figure 4 shows good
correlation between the log(ky/ky) and the o values of the
respective substituents. The resulting negative p value of 2.2
suggests that there is a build-up of positive charge in the
transition state.

0.4
.02 y =-2.2x+0.008
5-Me .. H R*=0.93
0@
0.1 0 . 01 0.2 03 04 0.5
—_ 0.2
&
3 -0.4 .
3 e 3
87 0.6 e [ J
- 038 =~ e 5-CFy
3
1 )@[“\) 5-cl PY ®
L, L N,

Figure 4. Hammett plot for the rate constants of benzylation by various
substituted 2-morpholinoanilines 1.

7. Mechanistic considerations. On the basis of these results
and our previous report,®"” we propose a catalytic system for
the benzylation of 2-morpholinoaniline (1a) with benzyl
alcohol (2a) on water as illustrated in Scheme 7. First, oxidative
addition of benzyl alcohol 2a to the water-soluble
Pd(0)/TPPMS  species affords the cationic mono-7u-
benzylpalladium(ll) complex A (step 1). The dangling OH
groups on the water surface activate the sp3 C-O bond of the
alcohol 2a by forming hydrogen bonds, and the resulting
cationic charge of complex A is also stabilized by water (see
Table 1). This process should be favored by electron-donating
groups on intermediate A, since these will stabilize the positive
charge on Pd(ll). Therefore, the benzylation using 4-
trifluoromethylbenzyl did not proceed since the
alcohol could not form cationic intermediate A (see Scheme 6).
In contrast, the N-benzylation of 4-fluorobenzyl alcohol (2b)
proceeded due to the weaker electron-withdrawing ability of a
fluoro group than a CF; group (fluoro group: Hammett G, value
of 0.06 vs CF;: Hammett o, value of 0.54). Next, the
nucleophilic substrate 1a attacks intermediate A smoothly to
afford the N-monobenzylated product 4a and regenerate Pd(0)
(the dehydrative Tsuji-Trost type benzylation). Indeed, the
reaction rate of electron-sufficient substrate 1a is faster than
that (7) (see Scheme ©5A). Next, the N-
monobenzylated 4a coordinates with w-benzylpalladium(ll) A
to form a cationic N-palladated intermediate, with its positive
charge stabilized by the electron-donating 2-morpholino
group. Hammett studies show that there is a build-up of
positive charge in the transition state. The dehydrative C-H
cleavage at the benzylic position proceeds since the positive
charge of N-palladated complex TS increases the acidity of the
benzylic proton. This is followed by formation of the bis-nt-
benzyl palladium(ll) intermediate (step 3). The KIE of 2.7
suggests that the C-H cleavage process is involved in the
turnover-limiting step. White and co-workers reported the
electrophilic allylic C-H cleavage of a-olefins

alcohol

of aniline

using a

This journal is © The Royal Society of Chemistry 20xx

palladium(ll)/sulfoxide catalyst to afford m-allylpalladium(ll)
intermediates.” The bis-n-benzyl palladium(ll) intermediate is
converted to the n3-n-benzyl/n1-c-benzyl palladium complex |
by coordination of a ligand such as TPPMS, which would
involve the nucleophilic nl-cs-benzyl ligand and electrophilic
n3-7r-benzyl ligand. Therefore, the nl-c-benzyl ligand attacks
the n3-7r-benzyl ligand of intermediate | to form a new C(sp3)-
C(sp3) bond at the benzylic position in the reductive
elimination step (step 4). The reaction of 4-fluorobenzyl
alcohol did not afford the desired product 3, since the
electron-deficient nl-c-benzyl ligand is disadvantageous for
nucleophilic benzylation (see Scheme 5C). Additionally, the
electron-donating groups on the benzene ring of intermediate
I stabilize the 8" charge in the m-benzyl Pd(ll) species, which
makes it the more electrophilic position for direct
intramolecular nucleophilic attack from the oc-benzyl anion
ligand. This 8" charge is also stabilized by the nitrogen lone
pair.

H-bonding activation
by dangling OH groups
on water surface

©i N \)
NH Pd(0)L,
“H
Ph te 1:

a K oxidative addition

Pd(II)L
©/Pdll
ﬁ A S0H (H,0),
Pd(ll) )
®/

f"/w
,,o\@ - @[

uﬂ;h (Hz0)n
TS step 2: TSujl-TI‘Ost type

step 3: C-H cleavage (KIE = 2.7) N-benzylation "electrophilic”
by dangling OH group on water surface

step 4:
benzylic C-H
benzylation

Scheme 7. Proposed mechanism.

A. The reaction pathway from imine 5 with hydrlde palladium species B.

.. Bn-Pd(I)-OH |
—

b
Ph” OH PS :
2 ref.oa | *+ HP(l)-Bn! ;
: ST I S
ho NJ PoL Ph
NQ ' H— Pd(II)J B
"""""" > NH ‘A /
AN /\
1a M2 Ph:  Ng
a Ph 3, :
B. Palladium-catalyzed reaction of 1a, aldehyde, and benzyl alcohol.

9
N
2a (2 5 mmol)

Pd(OACc), (5 mol%)

NH, TPPMS (10 mol%)

CECE

1a (0'+5 mmol) H20 sealed tube
Ph—CHO 120°C, 7h Ph3 4 .
10 (0.5 mmol) a: 24% 4a:57%
C. Experiment with radical scavenger. (\O
o N\)
NJ Pd(OAC), (5 mol%)
TPPMS (10 mol%)
/\ —_—
Y PN TOH - H0120°C NH
4a H Ph 5 2 sealed tube o Ph
(5 equiv) BHA (1 equiv) 32 61%
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Scheme 8. Possible reaction pathways from the imine and the hydride palladium
species.

To exclude the possibility of the reaction pathway from
imine 5 and the hydride palladium species, the palladium-
catalyzed reaction of 2-morpholinoaniline (la),18 benzaldehyde
(10), and benzyl alcohol (2a) was investigated (Scheme 8A).
After 1 h, the imine 6 was detected by '"H NMR analysis of
reaction mixture. After 7 h, desired product 3a and N-
monobenzylated 4a were formed in 24% and 57% yields,
respectively (Scheme 8B). In contrast, the desired 3a was
obtained in 55% yield when using 4a as the starting material
(see Figure 2). These results suggested that N-
monobenzylated 4a not imine 6 would be the intermediate in
the benzylic C-H benzylation process. Furthermore, the
reaction of 4a was not inhibited by the addition of a radical
scavenger (BHA: 3-tert-butyl-4-hydroxyanisole, 1 equiv)
(Scheme 8C). Therefore, the possibility of a reaction pathway
through the carbon radical addition to the imine via a single
electron transfer process was also excluded.

8. Scale-up experiment. Finally, we examined the scalability of
our catalytic system (Scheme 9). To demonstrate the utility of
our environmentally benign, efficient and simple protocol, a
gram scale reaction of 1a with 2a in the presence of Pd(OAc),
(5 mol%) and TPPMS (10 mol%) on water was carried out. The
gram-scale synthesis of desired 3a was achieved successfully in
76% isolated yield.

NJ PA(OAC), (5 mol%) ©[
TPPMS (10 mol%
@[ + o oy Lue (0 moBe) NH
NH, 100°C, 16 h

Ph

11g (5 equiv) 3a: 1.6 g (76%)

Scheme 9. Scale-up experiment.

Conclusions

In summary, we have demonstrated a straightforward and
efficient  synthetic route to N-(1,2-diphenylethyl)-2-
morpholinoanilines using the m-benzylpalladium system on
water. This simple protocol, which affords the corresponding
desired products with water as the sole co-product, can be
achieved under mild conditions without the need for bases or
other additives on the atom-economic process. The
dehydrative C-H benzylation on the benzylic position of N-
benzyl-2-morpholinoanilines is involved in the new C-C bond
formation. Notably, the “on water” protocol is essential for the
success of our catalytic system.

Experimental

General procedure: A mixture of anilines 1 (1 mmol),
palladium(ll)  acetate (12 mg, 0.05 mmol), sodium
diphenylphosphinobenzene-3-sulfonate (TPPMS, 36 mg, 0.1 mmol)
and benzyl alcohol 2 (5-10 mmol) in H,0 (4 mL) was heated for 20 h
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in a sealed tube under air. After cooling, the reaction mixture was
poured into water and extracted with EtOAc. The organic layer was
washed with brine, dried over MgSO, and concentrated in vacuo.
The residue was washed with hexanes, then purified by flash
column chromatography (silica gel, hexanes/EtOAc) to give desired
product 3.

N-(1,2-Diphenylethyl)-2-morpholinoaniline 3a

Following the scale-up experiment (see Sl), 3a was obtained as a
pale yellow solid. 1.63 g (76%); mp 95-97 °C; IR (KBr) (cm'l) 3320,
2961, 2844, 1601, 1508; "H-NMR (400 MHz, CDCl;) & 2.64 (brs, 2H),
2.89 (brs, 2H), 2.96 (dd, J=14.0, 9.6 Hz, 1H), 3.24 (dd, J=14.0, 4.8 Hz,
1H), 3.77 (brs, 4H), 4.55 (brs, 1H), 5.30 (brs, 1H), 6.27 (dd, J=7.6, 1.2
Hz, 1H), 6.60 (td, J=7.2, 1.2 Hz, 1H), 6.81 (td, J=7.6, 1.2 Hz, 1H), 6.94
(dd, J=7.6, 1.2 Hz, 1H), 7.18-7.40 (m, 10H); >C-NMR (100 MHz,
CDCl;) 6 45.7, 51.7, 59.2, 67.8, 111.6, 116.8, 119.6, 126.2, 126.8,
128.5, 128.6, 129.3, 137.9, 138.5, 142.4, 143.9; MS (FAB): m/z 359
[M+H]"; Anal. Calcd for Cy4HyN,0: C, 80.41; H, 7.31; N, 7.81. Found:
C,80.37;H,7.17; N, 7.78.

N-(1,2-Diphenylethyl)-5-methyl-2-morpholinoaniline 3b

Following the general procedure, 3b was obtained as a white solid.
302 mg (81%); mp 135-137 °C; IR (KBr) (cm™) 3400, 3332, 3060,
3030, 2961, 2856, 2813, 1607, 1582, 1521; 'H-NMR (400 MHz,
CDCl3) & 2.08 (s, 3H), 2.85 (brs, 4H), 2.96 (dd, J=14.4, 9.2 Hz, 1H),
3.22 (dd, J=14.4, 4.8 Hz, 1H), 3.76 (brs, 4H), 4.55 (ddd, J=9.2, 4.4, 4.4
Hz, 1H), 5.31 (d, J=4.0 Hz, 1H), 6.10 (d, J=1.6 Hz, 1H), 6.40 (dd, J=7.6,
1.2 Hz, 1H), 6.84 (d, J=8.0 Hz, 1H), 7.15-7.39 (m, 10H); *C-NMR (100
MHz, CDCl;) & 21.4, 45.6, 52.0, 59.1, 67.8, 112.3, 117.2, 119.6,
126.2, 126.7, 126.9, 128.5, 128.6, 129.3, 134.8, 136.2, 138.0, 142.3,
144.0; MS (FAB): m/z 373 [M+H]"; Anal. Calcd for C,gHyN,O *

0.1H,0: C, 80.22; H, 7.59; N, 7.48. Found: C, 79.81; H, 7.58; N, 7.41.

3-Chloro-N-(1,2-diphenylethyl)-2-morpholinoaniline 3¢

Following the general procedure, 3¢ was obtained as a white solid.
279 mg (71%); mp 120-122 °C; IR (KBr) (cm™) 3376, 3054, 3023,
2850, 1595, 1584, 1569; "H-NMR (400 MHz, CDCl5) & 2.25 (d, J=11.2
Hz 1H), 2.57 (d, J=11.2 Hz 1H), 3.00 (dd, J=14.0, 9.2 Hz 1H), 3.26 (dd,
J=14.0, 4.4 Hz 1H), 3.32 (dd, J=11.2, 2.8 Hz 1H), 3.57 (dd, J=10.8, 2.0
Hz 1H), 3.63-3.79 (m, 3H), 3.90 (d, J=9.2 Hz 1H), 4.61 (dt, J=9.6, 5.2
Hz 1H), 6.00 (d, J=4.4 Hz 1H), 6.16 (d, J=8.0 Hz 1H), 6.49 (dd, J=8.4,
1.6 Hz 1H), 6.76 (t, J=8.4 Hz 1H), 7.17 (d, J=7.2 Hz 2H), 7.19-7.35 (m,
8H); C-NMR (100 MHz, CDCl3) 8 45.2, 48.7, 58.5, 68.1, 68.4, 109.7,
118.0, 126.2, 126.9, 127.1, 127.6, 128.6, 128.7, 129.2, 132.2, 133.5,
137.6, 143.4, 146.8; MS (FAB): m/z 393 [M+H]", 395 [M+H+2]; Anal.
Calcd for Cy4H,5CIN,0: C, 73.36; H, 6.41; N, 7.13. Found: C, 73.64; H,
6.43; N, 7.14.

5-Chloro-N-(1,2-diphenylethyl)-2-morpholinoaniline 3d

Following the general procedure, 3d was obtained as a white solid.
196 mg (50%); mp 128-130 °C; IR (KBr) (cm'l) 3326, 2844, 1588,
1501; "H-NMR (400 MHz, CDCl5) § 2.59 (brs, 2H), 2.82 (brs, 2H), 2.95
(dd, J=14.4, 9.2 Hz, 1H), 3.24 (dd, J=14.4, 5.2 Hz, 1H), 3.75 (brs, 4H),
4.53 (dt, J=9.2, 4.8 Hz, 1H), 5.35 (d, J=4.4 Hz, 1H), 6.23 (d, J=2.4 Hz,
1H), 6.54 (dd, J=8.4, 2.4 Hz, 1H), 6.82 (d, J=8.4 Hz, 1H), 7.17 (dd,
J=6.4, 2.0 Hz, 2H), 7.19-7.38 (m, 8H); *C-NMR (100 MHz, CDCl3) &
45.4, 51.8, 58.9, 67.7, 111.3, 116.3, 120.7, 126.1, 126.9, 127.3,
128.6, 128.8, 129.3, 130.7, 137.1, 137.6, 143.1, 143.5; MS (FAB):
m/z 393 [M+H]", 395 [M+H+2]"; Anal. Calcd for C,4H,sCIN,O: C,
73.36; H, 6.41; N, 7.13. Found: C, 73.50; H, 6.41; N, 7.13.

This journal is © The Royal Society of Chemistry 20xx
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N-(1,2-Diphenylethyl)-2-morpholino-5-(trifluoromethyl)aniline 3e
Following the general procedure, 3e was obtained as a white solid.
320 mg (75%); mp 120-122 °C; IR (KBr) (em™) 3330, 2845, 1604,
1587, 1517; "H-NMR (400 MHz, CDCls) & 2.66 (brs, 2H), 2.90 (brs,
2H), 2.99 (dd, J=14.4, 9.2 Hz, 1H), 3.27 (d, J=14.4, 5.2 Hz, 1H), 3.77
(brs, 4H), 4.58 (dt, J=9.2, 4.4 Hz, 1H), 5.30 (d, J=4.0 Hz, 1H), 6.48 (d,
J=2.0 Hz, 1H), 6.85 (dd, J=8.0, 1.6 Hz, 1H), 6.95 (dd, J=7.6 Hz, 1H),
7.18 (d, J=6.8, 1.6 Hz, 2H), 7.21-7.37 (m, 8H); *C-NMR (100 MHz,
DMSO-dg) & 44.7, 51.3, 58.8, 67.1, 107.1 (q, Je==3.8 Hz), 113.6 (q,
Jer=3.8 Hz), 119.9, 125.0 (q, J;~=270.8 Hz), 125.3 (q, J=31.5 Hz),
126.8, 127.1, 127.6, 128.9, 129.0, 129.8, 138.8, 142.2, 143.9; MS
(FAB): m/z 427 [M+H]"; Anal. Calcd for C,sH,sF3N,0: C, 70.41; H,
5.91; N, 6.57. Found: C, 70.71; H, 5.84; N, 6.59.

N-(1,2-Bis(4-methoxyphenyl)ethyl)-2-morpholinoaniline 3f
Following the general procedure, 3f was obtained as a white solid.
255 mg (61%); mp 125-127 °C; IR (KBr) (cm'l) 3394, 2818, 1609,
1598, 1585, 1511; ‘H-NMR (400 MHz, DMSO-dg) & 2.55 (brs, 2H),
2.75 (brs, 2H), 2.87 (dd, J=14.0, 10.0 Hz, 1H), 3.03 (dd, J/=14.0, 4.8
Hz, 1H), 3.69 (s, 3H), 3.71 (s, 3H), 3.71 (brs, 4H), 4.45 (dt, J=9.6, 4.8
Hz, 1H), 5.20 (d, J=5.6 Hz, 1H), 6.19 (dd, J=8.4, 1.6 Hz, 1H), 6.47 (td,
J=7.6, 1.6 Hz, 1H), 6.70 (d, J=8.0, 1.6 Hz, 1H), 6.81-6.90 (m, 5H), 7.18
(d, J=8.4 Hz, 2H), 7.29 (d, J=8.4 Hz, 2H); *C-NMR (100 MHz, DMSO-
dg) 6 44.3, 51.8, 55.5, 58.4, 67.4, 111.4, 114.2, 116.7, 119.8, 125.1,
127.8, 130.8, 136.5, 138.8, 142.3, 158.4, 158.5; MS (FAB): m/z 419
[M+H]"; Anal. Calcd for CyH3oN,03: C, 74.61; H, 7.23; N, 6.69.
Found: C, 74.77; H, 7.31; N, 6.65.

N-(1,2-Bis(4-ethoxyphenyl)ethyl)-2-morpholinoaniline 3g

Following the general procedure, 3g was obtained as a white solid.
237 mg (53%); mp 111-113 °C; IR (KBr) (cm'l) 3400, 3326, 2818,
1607, 1598, 1584, 1509; "H-NMR (400 MHz, CDCl3) 6 1.39 (t, J=7.2
Hz, 3H), 1.41 (t, J=7.2 Hz, 3H), 2.68 (brs, 2H), 2.89 (dd, J/=14.4, 8.8
Hz, 1H), 2.92 (brs, 2H), 3.12 (dd, J=14.4, 5.2 Hz, 1H), 3.99 (q, J=6.8
Hz, 2H), 4.01 (qd, J=7.2, 1.2 Hz, 2H), 4.44 (dt, J=8.4, 4.0 Hz, 1H), 5.25
(d, J=3.6 Hz, 1H), 6.30 (dd, J=8.4, 0.8 Hz, 1H), 6.59 (td, J=7.2, 1.6 Hz,
1H), 6.76-6.88 (m, 5H), 6.93 (dd, J=7.6, 1.2 Hz, 1H), 7.05 (d, J=8.8 Hz,
2H), 7.22 (d, J=8.8 Hz, 2H); C-NMR (100 MHz, CDCl;) § 14.8, 14.9,
44.9,51.7,58.7,63.4,67.8,111.6, 114.4, 114.5, 116.6, 119.5, 125.1,
127.3, 129.8, 130.3, 135.8, 138.5, 142.5, 157.8, 157.9; MS (FAB):
m/z 447 [M+H]"; Anal. Calcd for CygH34N,05: C, 75.31; H, 7.67; N,
6.27. Found: C, 75.48; H, 7.58; N, 6.25.

N-(1,2-Bis(4-butoxyphenyl)ethyl)-2-morpholinoaniline 3h

Following the general procedure, 3h was obtained as a white solid.
252 mg (50%); mp 86-88 °C; IR (KBr) (cm’™") 3407, 3320, 2949, 2869,
1597, 1585, 1509; "H-NMR (400 MHz, CDCl3): § 0.96 (t, J=7.6 Hz,
3H), 0.97 (t, J=7.6 Hz, 3H), 1.48 (sext, J=7.2 Hz, 2H), 1.49 (sext, J=7.2
Hz, 2H), 1.75 (sext, J=7.2 Hz, 4H), 2.66 (brs, 2H), 2.88 (dd, J=14.0,
9.2 Hz, 1H), 2.90 (brs, 2H), 3.12 (dd, J=13.6, 4.4 Hz, 1H), 3.78 (brs,
2H), 3.92 (t, J=7.2 Hz, 2H), 3.94 (t, J=7.2 Hz, 2H), 4.44 (dt, J=8.8, 4.0
Hz, 1H), 5.24 (d, J=3.6 Hz, 1H), 6.29 (dd, J=8.4, 1.6 Hz, 1H), 6.59 (td,
J=8.0, 1.6 Hz, 1H), 6.77-6.88 (m, 5H), 6.93 (dd, J=8.0, 1.6 Hz, 1H),
7.06 (d, J=8.8 Hz 2H), 7.21 (d, J=8.8 Hz 2H); BC-NMR (100 MHz,
CDCl5) & 13.9, 19.2, 19.3, 31.3, 31.4, 44.9, 51.7, 58.8, 67.7, 67.8,
111.6, 114.5, 116.6, 119.5, 127.2, 129.8, 130.3, 135.8, 138.5, 142.5,
158.0, 158.1; MS (FAB): m/z 503 [M+H]"; Anal. Calcd for C3,H,,N,05:
C, 76.46; H, 8.42; N, 5.57. Found: C, 76.49; H, 8.43; N, 5.62.

N-(1,2-Di-p-tolylethyl)-2-morpholinoaniline 3i

This journal is © The Royal Society of Chemistry 20xx

Following the general procedure, 3i was obtained as a white solid.
269 mg (70%); mp 118-120 °C; IR (KBr) (cm™) 3400, 3326, 2818,
1597, 1510; "H-NMR (400 MHz, DMSO-dg) 6 2.25 (s, 3H), 2.27 (s,
3H), 2.54 (brs, 2H), 2.73 (brs, 2H), 2.90 (dd, J=13.2, 9.2 Hz, 1H), 3.07
(dd, J=13.6, 4.4 Hz, 1H), 3.71 (brs, 4H), 4.49 (dt, J=9.6, 4.8 Hz, 1H),
5.23 (d, J=4.8 Hz, 1H), 6.19 (d, J=8.4 Hz, 1H), 6.47 (td, J=7.2, 1.2 Hz,
1H), 6.70 (dd, J=7.6, 1.2 Hz, 1H), 6.88 (d, J=7.6, 1.2 Hz, 1H), 7.10 (d,
J=7.6 Hz, 2H), 7.12 (d, J=7.6 Hz, 2H), 7.17 (d, J=8.4 Hz, 2H), 7.28 (dd,
J=8.4 Hz, 2H); C-NMR (100 MHz, CDCl3) & 21.2, 44.7, 51.9, 58.7,
67.3, 111.4, 116.7, 119.8, 125.1, 126.7, 129.4, 129.5, 129.7, 135.8,
136.0, 136.2, 138.8, 141.7, 142.3; MS (FAB): m/z 387 [M+H]"; Anal.
Calcd for CyeHsoN,0: C, 80.79; H, 7.82; N, 7.25. Found: C, 80.87; H,
7.90; N, 7.20.

N-(1,2-Bis(4-isopropylphenyl)ethyl)-2-morpholinoaniline 3j
Following the general procedure, 3j was obtained as a white solid.
319 mg (72%); mp 104-106 °C; IR (KBr) (cm™) 3387, 3326, 2964,
2850, 1595, 1507; ‘H-NMR (400 MHz, CDCl;) & 1.22 (d, J=6.8 Hz,
6H), 1.22 (dd, J=6.8, 1.2 Hz, 6H), 2.59 (brs, 2H), 2.80-2.95 (m, 5H),
3.21 (dd, J=14.4, 4.8 Hz, 1H), 3.75 (brs, 4H), 4.49 (dt, J=10.0, 4.0 Hz,
1H), 5.25 (d, J=3.6 Hz, 1H), 6.28 (dd, J=7.6, 0.8 Hz, 1H), 6.58 (td,
J=7.6, 1.2 Hz, 1H), 6.81 (td, J=7.2, 1.6 Hz, 1H), 6.92 (dd, J=8.0, 1.6 Hz,
1H), 7.15 (s, 4H), 7.19 (d, J=8.0 Hz, 2H), 7.31 (d, J=8.0 Hz, 2H); “c-
NMR (100 MHz, CDCl;) & 24.0, 24.1, 33.7, 45.5, 51.7, 59.0, 67.8,
111.5, 116.5, 119.5, 125.1, 126.0, 126.6, 126.7, 129.2, 135.5, 138.5,
141.6, 142.7, 147.3, 147.4; MS (FAB): m/z 443 [M+H]"; Anal. Calcd
for C3pH3gN,0: C, 81.40; H, 8.65; N, 6.33. Found: C, 81.67; H, 8.77; N,
6.29.

N-(1,2-Bis(2-methoxyphenyl)ethyl)-2-morpholinoaniline 3k
Following the general procedure, 3k was obtained as a white solid.
254 mg (61%); mp 132-134 °C; IR (KBr) (cm™) 3357, 2964, 2835,
1598, 1511; 'H-NMR (400 MHz, CDCls) & 2.73 (brs, 2H), 2.91 (brs,
2H), 3.05 (dd, J=13.6, 8.8 Hz, 1H), 3.18 (dd, J=13.6, 4.8 Hz), 3.81 s,
3H), 3.82 (brs, 4H), 3.91 (s, 3H), 5.03 (brs, 1H), 5.38 (brs, 1H), 6.32
(dd, J=8.4, 1.2 Hz, 1H), 6.40 (td, J=7.6, 1.2 Hz, 1H), 6.79-6.87 (m, 4H),
6.89-6.93 (m, 2H), 7.09-7.26 (m, 4H); *C-NMR (100 MHz, CDCl;) &
36.7, 51.7, 52.6, 55.4, 55.6, 67.8, 110.4, 110.6, 111.2, 116.0, 119.2,
120.3, 120.7, 125.1, 126.9, 127.5, 127.6, 130.8, 132.0, 138.3, 142.4,
156.9, 157.9; MS (El): m/z (%) 418 (M", 8.9), 297 (100); HRMS-EI:
m/z (M") calcd for CpgH3oN,05418.2256, found 418.2253.

N-(1,2-Diphenylethyl)-2-(piperidin-1-yl)-5-(trifluoromethyl)aniline 3l
Following the general procedure, 31 was obtained as a white solid.
260 mg (61%); mp 139-141 °C; IR (KBr) (cm™) 3350, 3326, 2936,
1602, 1584; 'H-NMR (400 MHz, CDCls) & 1.67 (brs, 4H), 2.64 (brs,
2H), 2.86 (brs, 2H), 3.01 (dd, J=13.6, 8.8 Hz 1H), 3.22 (dd, J=14.0, 5.2
Hz 1H), 4.54 (dt, J=9.2, 5.2 Hz 1H), 5.38 (d, J=4.4 Hz 1H), 6.47 (s, 2H),
6.82 (d, J=8.0 Hz, 1H), 6.93 (d, J=8.0 Hz, 1H), 7.17 (d, J=6.8 Hz, 2H),
7.20-7.35 (m, 8H); “C-NMR (100 MHz, CDCl;) & 24.3, 26.8, 45.4,
52.6, 59.4, 107.3 (q, J=3.8 Hz), 113.5 (q, J=3.8 Hz), 119.1, 124.4
(g, Jc=269.9 Hz), 126.1 (q, J=31.5 Hz), 126.2, 126.7, 127.2, 128.5,
128.7, 129.3, 137.7, 142.3, 143.2; MS (FAB): m/z 425 [M+H]"; Anal.
Caled for Cy6H,7F3N,: C, 73.56; H, 6.41; N, 6.60. Found: C, 73.31; H,
6.13; N, 6.58.

N-(4-Fluorobenzyl)-2-morpholinoaniline 4b

Following the general procedure, 4b was obtained as a white solid.
223 mg (78%); mp 94-96 °C; IR (KBr) (cm'l) 3345, 2967, 1595, 1508;
"H-NMR (400 MHz, CDCl3) & 2.92 (t, J=4.6 Hz, 4H), 3.83 (brs, 4H),
4.33 (brs, 2H), 5.14 (brs, 1H), 6.56 (dd, J=9.2, 1.4 Hz, 1H), 6.72 (td,
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J=7.8, 1.4 Hz, 1H), 6.96-7.02 (m, 2H), 7.04 (dd, J=8.7, 2.8 Hz, 2H),
7.31 (dd, J=8.7, 5.5 Hz, 2H); *C-NMR (100 MHz, CDCl3) & 47.4, 51.8,
67.7, 110.5, 115.4 (d, Je=21.1 Hz), 117.2, 119.6, 125.3, 128.5 (d,
Jee=7.7 Hz), 135.5 (d, J=3.8 Hz), 138.5, 142.9, 161.9 (d, J=244.4
Hz); MS (FAB): m/z 287 [M+H]"; Anal. Calcd for C;;H;oFN,O: C,
71.31; H, 6.69; N, 9.78. Found: C, 71.41; H, 6.73; N, 9.70.

A mixture of 2-morpholinoailine (1a) (1.78 g, 10 mmol), K,CO3
(2.76 g, 20 mmol), and benzylchloride (1.15 mL, 10 mmol) in DMF
(20 mL) was stirred at 80 °C for 20 h under Ar. After cooling, the
reaction mixture was poured into water and extracted with EtOAc.
The organic layer was washed with brine, dried over MgSO, and
concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, hexanes/EtOAc) to give the N-
monobenzylated product 4a (385 mg, 1.43 mmol, 14%) and N,N-
dibenzylated product 5 (412 mg, 1.15 mmol, 12%).
N-Benzyl-2-morpholinoaniline 4a 2
Amorphous; IR (KBr) (cm™) 3338, 2852, 1601, 1508; "H-NMR (400
MHz, CDCl5) 6 2.93 (d, J=4.8 Hz, 4H), 2.83 (brs, 4H), 4.37 (d, J=5.6 Hz,
2H), 5.16 (brs, 1H), 6.60 (dd, J=7.6, 1.2 Hz, 1H), 6.71 (td, J=7.6, 1.2
Hz, 1H), 7.00 (td, J=8.0, 1.6 Hz, 1H), 7.04 (dd, J=7.6, 1.2 Hz, 1H),
7.26-7.30 (m, 1H), 7.34 (d, J=1.6 Hz, 2H), 7.36 (s, 2H); ">C-NMR (100
MHz, CDCl;) 6 48.2, 51.9, 67.8, 110.6, 117.1, 119.6, 125.4, 127.1,
128.7, 138.6, 139.9, 143.2; MS (El): m/z (%) 268 (M", 65.5), 72 (100).

N,N-Dibenzyl-2-morpholinoaniline 5

White solid; mp 149-151 °C; IR (KBr) (Cm'l) 3066, 3030, 2955,
1588; 'H-NMR (400 MHz, CDCl3) & 3.27 (brt, J=4.4 Hz, 4H), 3.86
(t, J=4.4 Hz, 4H), 4.35 (s, 4H), 6.76 (d, J=8.0 Hz, 1H), 6.87-6.94
(m, 1H), 6.99 (d, J=5.2, 0.8 Hz, 2H), 7.08 (dd, J=8.0, 1.6 Hz, 4H),
7.20-7.30 (m, 6H); BC-NMR (100 MHz, CDCl;) & 50.6, 53.6,
67.7, 118.8, 121.9, 122.7, 123.1, 127.0, 128.3, 129.0, 138.4,
143.7, 144.4; MS (El): m/z (%) 358 (M+, 3.4), 267 (100); Anal.
Calcd for CpaHyeN,0: C, 80.41; H, 7.31; N, 7.81. Found: C, 80.17; H,
7.42; N, 7.96.
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N Pd(OAC), (5 mol%) | R2
- | TPPMS (10 mol%) -
x —_— A= HY
NH, H,0, 80-120 °C \HOAr
sealed tube -
1= Pd-catalyzed
R =H,Me, Cl, CFy dehydrative

R2 = H, MeO, EtO, "BuO, Me, 'Pr 50-81% yield

cross-coupling

A strategy for the palladium-catalyzed dehydrative tandem benzylation of 2-morpholinoanilines with
benzyl alcohols has been developed. This cascade reaction is devised as a straightforward and efficient
synthetic route for N-(1,2-diphenylethyl)-2-morpholinoanilines in moderate to good yields. The “on
water” protocol, which affords the corresponding desired products with water as the sole co-product,
can be achieved under mild reaction conditions without the need for base or other additives on the

atom-economic process.
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