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ABSTRACT: Morpholines are prevalent in medicinal chemistry due to
their favorable pharmacokinetic properties and widespread presence in
FDA-approved drugs. Existing methods for morpholine synthesis often
require prefunctionalized or protected reagents, limiting their versatility
and efficiency. Here, we present a photocatalytic, diastereoselective
annulation strategy for the synthesis of morpholines directly from readily
available starting materials. This method employs a visible-light-activated
photocatalyst, Lewis acid, and Brensted acid to achieve high yields and
stereoselectivity. It also provides access to diverse substitution patterns,
including challenging tri- and tetra-substituted morpholines. Mechanistic
studies reveal that the reaction proceeds through the formation of a radical
cation intermediate, with triflic acid playing critical roles in protonating the
substrate, preserving the photocatalyst, and preventing product oxidation.
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Beyond morpholines, this strategy is extended to piperidines, pyrrolidines, and other privileged nitrogen heterocycles. Our findings
provide a modular approach for constructing complex, medicinally valuable scaffolds, advancing both synthetic and medicinal

chemistry.

B INTRODUCTION

N-heterocycles are present in more than 80% of the top 200
selling FDA approved drugs,"”” and new methods for their
selective synthesis continue to be an important area of
chemical research.”® In this context, morpholines (1) confer
many drug-like physical properties, such as favorable solubility,
permeability, and stability, that have elevated them into the
pantheon of medicinally valuable N-heterocycles (Figure 1a).”
Most notably, their presence in molecules can lead to
improved pharmacokinetic and metabolic profiles as well as
modulated nitrogen basicity, which makes them one of the
most promising moieties evaluated in structure—activity
relationship (SAR) studies.”"® Not surprisingly, substituted
morpholines are the fourth most common saturated scaffold
found in FDA approved medicines, and they have a plethora of
molecular targets.””*

Many elegant reactions have been developed for the
formation of substituted morpholine rings, including nucleo-
philic displacement,'*~"” ring expansion,'®™*° intramolecu-
lar”' = and intermolecular alkene cyclization,”* and radical
cyclization”*¢ (Figure 1la). Despite the utility of these
methods, major drawbacks for many morpholine-forming
reactions include the need for protecting groups on the
nitrogen atom and the limitation of forming one stereogenic
center. In addition, an in-depth analysis of recent diaster-
eoselective routes for the preparation of morpholines
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containing two or more stereogenic centers reveals the paucity
of methods to access certain important substitution patterns,
such as 2,3-trans-substitution found in many medicinally
valuable compounds (Figure 1b). For example, 2,3-disub-
stituted morpholines 2—4 are representative of this class of
molecules that are being evaluated as lead compounds in drug
discovery programs.”’ >’

The current state-of-the-art in diastereoselective morpholine
synthesis is Bode’s SnAP (stannyl amine protocol) and SLAP
(silicon amine protocol) reactions, which avoid major
limitations of other approaches (Figure 1a).*>*' However,
these strategies rely on reagents that are prefunctionalized with
tin and silicon-based groups and require several steps to
synthesize, which limits the types of functional groups (R* =
Me, Et) and substitution patterns that can be incorporated into
the morpholine products. A notable omission in the substrate
scope of Bode’s approaches is the synthesis of 2,3-disubstituted
morpholines with high diastereoselectivity, which is necessary
to access products such as 2-4.7 During the preparation of
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Figure 1. Strategies for Synthesizing Substituted Morpholines. (a)
Current approaches for morpholine synthesis. (b) Selected examples
of substituted morpholines for pharmaceutical applications. (c) Our
synthesis of substituted morpholines via a photocatalytic C—H
functionalization and annulation.

this manuscript, Nicewicz and co-workers reported an elegant
photocatalytic synthesis of N-carbamoyl piperazines, a chemi-
cally distinct but equally important pharmacophore.”

Our goal was to develop a general and diastereoselective
method to synthesize morpholines that would be amenable to
a diverse range of substitution patterns and functional groups
(Figure 1c). Herein, we demonstrate a modular approach to
access functionalized morpholines with a variety of substitution
patterns from readily available starting materials. This
diastereoselective, photocatalytic C—H functionalization and
annulation strategy enables rapid access to several function-
alized and unprotected morpholines, and it represents a
versatile disconnection for the assembly of complex morpho-
line scaffolds. We explore the scope of this method and provide
mechanistic data. We also expand this mode of activation to
the synthesis of other medicinally privileged N-heterocycles,
such as piperidines and pyrrolidines.

B RESULTS AND DISCUSSION

Reaction Development. We commenced our studies into
the photocatalytic synthesis of morpholines by preforming
imine 7a via a neat condensation between 2-benzyloxy-1-
ethanamine Sa and benzaldehyde 6a (Table 1). These

Table 1. Optimization of Photocatalytic Morpholine
Annulation”

(0] Ph
~ Photocatalyst
(5 mol%)
NH 1.neat, 4 h o Ph Lewis Af'd
5a 2. vacuum, 12 h ~ (20 mol%) [ j’
+ - .
0 quantitiative yield NA pnh  TIOH (1 equiv)
4 AMS, DCE
H” >Ph 7a Blue LED, Fan, 24 h >2§-1 o
6a :
Entry Photocatalyst Lewis Acid Yield (%)
1 A - <5
2 B - <5
3 C - 41
4 c Sn(OTf), 12
5 o] Cu(OTf), 14
6 o] CuBr, 40
7 C CuCl, 65
8 C Cul 54
9 C CuCl 84
10 C CuBr 91 (91)°
1 - CuBr <5
12¢ C CuBr <5
134 c CuBr <5
14¢ Cc CuBr 46
Mes Mes Ph
B I x
O © O ® O =
NZ = Ph™"~0="~Ph
JaRe) t-Bu N t-Bu [e)
Me °ZBF, P OBF, BF,
A B (o]

NMR yield using 1,3,5- trlmethoxybenzene as internal standard.

bIsolated yield. “No light. ¥No TfOH. ®No fan. “Reaction conditions:
Imine 7a (0.25 mmol, 1 equiv), Photocatalyst (S mol %), Lewis Acid
(20 mol %), TfOH (1 equiv), 4 A MS (25 mg) in 1,2-dichloroethane
(0.1 M). Blue LED strip lights.

conditions proved to be robust, as all imines in this study
were quantitatively formed using this protocol.”* With imine
7a in hand, we began optimizing the annulation to form
morpholine 8a in the presence of a photocatalyst, a Brensted
acid (TfOH), and blue LED light. We first examined
photocatalysts covering a range of excited-state reduction
potentials. While acridinium catalysts®> 30 A (E,og/? = +2.06
V vs SCE in CH;CN) and B (E4"/** = +2.15 V vs SCE in
CH,;CN) provided the desired product in low yields (entries 1
and 2), in the presence of the more strongly photo- OXIdIZIIlg
2,4,6- trlphenylpyryhum tetrafluoroborate (TPP-BF,) C’

(E,ed1 2 = 4+2.39 V vs SCE in CH;CN), morpholine 8a was
formed in 41% yield (entry 3).
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Table 2. Substrate Scope of Photocatalytic Morpholine Annulation®

o 1.neat, 4 h CuBr (20 mol%) =
HZN/\/ 2. vacuum, 12 h N/\/O o | ®/
5 —_— | TfOH (1.0 equiv) Ph= 70
quantitiative yield 4 A Ms, DCE (0.1 M) N ‘4,
O/ R2 L H R2
Kessil Lamp (467 nm)
, 7 Fan, 24 h 8
6 R >20:1dr
a Varying B Ring
(0] Ph ° Ph o Ph
O Ph
= Y
N7 . .
—» H N “ly, N ‘1
C H H
OMe FsC
OMe
]
8a, 91% yield 9a 8b, 90% yield 8¢, 88% yield 8d, 83% yield 8e, 75% yield
o Ph O Ph
O Ph

QETQ QE]’ o

8f, 67% yield 8g, 81% yield 8h, 66% yield

O Ph

@

8m, 46% yield

O Ph

C

,,//

Br

81, 63% yield 8n, 73% yield

80, 49% yield

(T

"0

CFy
8j, 77% yield

©\ /\/Me

8k, 57% vyield

e

8i, 32% yield

I,

Eoj/F'h
N "'/@ !
H | H
=N |

8p, 27% yield®

b Varying A Ring

O ° CF (0}
[ [ OMe E 3
CN . N "“Ph )
“ph N7 ’Ph H N7 "Ph
H H
8s, 55% yield 8t, 90% yield 8u, 62% vyield 8v, 46% yield 9v
CF.
CFs s
(0]
o. CF o
OMe 3 o o
. N7 CFs [ .,
N7 H . ", N
H N . N H
H H
CF3
Cl
CF3 Me
8w, 86% yield 8x, 70% yield 8y, 37% vyield 8z, 69% vyield 8aa, 32% yield

94 M HCl in 1,4-dioxane, Et,0 (0.1 M), 23 °C. "Reaction performed on a 0.50 mmol scale. “Reaction conditions: Imine 7 (0.25 mmol, 1 equiv),
Photocatalyst C (5 mol %), CuBr (20 mol %), TfOH (1 equiv), 4 A MS (25 mg) in 1,2-dichloroethane (0.1 M).

Intrigued by recent developments in photocatalytic reactions
aided by Lewis acid,”® "' we examined the effects of various
Lewis acids on the reaction efficiency (entries 4—10). While
we did not observe a drastic yield improvement in the presence
of Sn(OTf), and several copper salts, CuBr provided 91%
isolated yield of the desired morpholine 8a (entry 10). Control
experiments showed that the photocatalyst, light, and TfOH,
were all required for annulation (entries 11—13). The presence
of a fan was also important to achieve optimal conditions
(entry 14). We believe this is due to the light source slowly

heating the reaction vial over a 24 h period, leading to

decomposition of the imine 7a into amine and aldehyde
starting materials, which was detected by "H NMR analysis.
Substrate Scope. With optimized conditions in hand, we
examined the scope of the diastereoselective annulation with
respect to the B ring at C2 of the morpholine (Table 2A). We
started by assessing different electron withdrawing and
donating groups around the B ring. Ortho-, meta-, and para-
methoxy derivatives (8b-8d) were synthesized in 83—90%
yield. Trifluoromethyl substituted imines (8e—8g) were also
tested and resulted in yields ranging from 67 to 81%. In all
cases, the diastereoselectivity was determined by 'H NMR to
be >20:1. The relative configuration of the major diastereomer

14607 https://doi.org/10.1021/jacs.5¢01832

J. Am. Chem. Soc. 2025, 147, 14605—14613


https://pubs.acs.org/doi/10.1021/jacs.5c01832?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01832?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01832?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01832?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01832?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01832?fig=tbl2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c01832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Me

Me

Journal of the American Chemical Society pubs.acs.org/JACS
Table 3. Synthetic Utility of Photocatalytic Annulation
3 .
R TPP-BF, (5 mol%) 0 LR o, .R' 0 R' o. .R'
o R CuBr (20 mol%) . N
N N
J| TfOH (1.0 equiv) R3TON R2 RITSNTR2 R3" N7 7R2 R3TON R2
R? 4 A MS, DCE (0.1 M) H H H H
10 Kessil Lamp (467 nm) trans-cis-11 trans-trans-11 cis-trans-11 cis-cis-11
Fan, 24 h
a Tri-Substituted Morpholines Derived From Chiral Amino Acids
(0] \\\\O
O O W O O W *
* Me N > : OMe
Ph Me = N
N Me N Me N Me 2N H H
H H HH A H Me

11a, 64% yield
4:1:0:0 dr
from phenylalanine

11b, 53% yield
4:1:0:0dr
from leucine

11c, 48% yield
2.5:1:0:0dr
from isoleucine

OMe

11d, 57% yield
1.3:1:0:0dr
from isoleucine

11e, 94% yield
2:1:0:0 dr
from isoleucine

3P
:

13b, 64% yield
single diastereomer

13a, 72% yield
single diastereomer

C Other N-heterocycles

Piperidine

Ph Ph
NN annulation strategy (j’
| E——
) N~ ““Ph

16
84% yield
>20:1dr

Pyrrolidine

Ph

{ :
N7 PR

H

annulation strategy
_—

20
33% yield
>20:1dr

19

“4 M HCl in 1,4-dioxane, Et,0 (0.1 M), 23 °C.

= ———————————

Tetrahydroquinoline

Ph
Ph
annulation strategy
N - > .,
N~ “Ph
H

N

Ph
18
17 90% yield
>20:1dr
Indoline
Ph Ph
annulation strategy
N — > w1Ph
Il .
Ph H
22
21 81% yield
10:1 dr

of the product was determined to be trans by X-ray analysis of
HCI salt 9a, which was derived from morpholine 8a. Other
benzylic positions could also be introduced into the substrate,
and we still observed activation of the C—H bond of the
benzylic ether to form morpholines 8h and 8i. The
comparatively lower yield of formation for morpholine 8i
may be due to competitive activation of the other benzylic C—
H bond to yield undesired byproducts. Other functional
groups such as phenols (8j), ethers (8k), and halogens like
bromine (81) and chlorine (8m, 8n) were compatible with the
transformation as well. Heteroaromatic aldehydes were
tolerated in the transformation providing access to morpho-
lines with thiophene (80) and pyridine (8p) substituents.
Aliphatic aldehydes also proved successful under these
conditions, as we observed the formation of morpholines

14608

derived from cyclohexanecarboxaldehyde (8q) and isovaler-
aldehyde (8r).

We then examined the scope of the A ring at C3 of the
morpholine (Table 2B). Electron donating groups such as
methoxy were tolerated at the ortho position of the A ring, as
morpholine 8t was isolated in 90% yield. A para-methoxy
substituent in the A ring led to decomposition of the imine,
presumably because of its instability under the acidic reaction
conditions. Electron withdrawing groups were also evaluated,
as ortho-CN, meta-CF;, and para-CF; groups provided the
trans morpholine products (8s, 8u-8v). The relative stereo-
chemistry of the major diastereomer of morpholine 8v was
confirmed by X-ray crystal analysis of the HCI salt, 9v. When
the A ring in the imine substrate was replaced with a simple
methyl substituent, the 2-methyl morpholine product was not

https://doi.org/10.1021/jacs.5c01832
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Figure 2. Mechanistic Studies on Photocatalytic Annulation. (a) Hammett plot identifies the rate-determining step as photo-oxidation of aromatic
ring A. (b) Configurational stability of product under reaction conditions. (c) TfOH protonates imine. (d) TfOH prevents photocatalyst
decomposition and allows efficient excited-state quenching. (e) TfOH affects the reduction potential of imine. (f) TfOH prevents product
oxidation.
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observed, which suggests the importance of the aromatic A
ring in the mechanism of the reaction (vide infra).

We synthesized several 2,3-disubstituted morpholines in
which both the A and B rings were substituted (8w—8aa). A
combination of electron donating and withdrawing functional
groups were incorporated to either ring system, and the trans
morpholine products were generated in synthetically useful
yields and >20:1 dr.

Morpholines from Amino Acids. We identified a unique
opportunity to expand the synthetic utility of our morpholine
annulation strategy by using enantiopure amino acids to
generate the imine substrates 11 (Table 3a). This would not
only enable the synthesis of trisubstituted morpholines but
would also provide the opportunity to generate enantioen-
riched morpholine products. With the extra stereogenic center,
we now had to overcome the challenge of forming 4 potential
stereoisomers of morpholine 11 (trans—cis, trans—trans, cis—
trans, and cis—cis).

We synthesized phenylalanine and leucine derived imines
(see Supporting Information) and subjected them to our
optimized reaction conditions. Gratifyingly, trisubstituted
morpholines from phenylalanine and leucine (1la, 11b)
formed in good yields as a 4:1:0:0 mixture of stereoisomers,
where the two trans diastereomers (relative to R! to R?) were
the only products observed. Isoleucine derived morpholine 11c
formed in 48% yield in a 2.5:1:0:0 ratio of stereoisomers, once
again favoring the two trans isomers (relative to R' to R?).
Methoxy groups were incorporated in the meta positions of the
A and B rings to further diversify the trisubstituted scaffold
(11d, 1le). Interestingly, the position of the methoxy
substituent had a minor effect on the stereoselectivity of the
reaction. The relative and absolute stereochemistry of the
major stereoisomer of morpholine 11e was confirmed by X-ray
crystal analysis of the HCI salt, 12e.

Tetrasubstituted Morpholines. We were excited to
access tetra-substituted morpholines as well (Table 3b).
Starting with an imine derived from (1R,2S)-(+)-cis-1-amino-
2-indanol, we isolated tetracyclic scaffold 13a in 72% yield as a
single diastereomer. We also formed tetra-phenylmorpholine
13b in 64% yield as a single diastereomer starting from
(1R,25)-(—)-2-amino-1,2-diphenylethanol. The relative stereo-
chemistry of morpholine 13b was confirmed by analysis of the
X-ray crystal structure of its HCI salt, 14b.

Beyond Morpholines. We hypothesized that our dis-
connection for the synthesis of morpholines via a photo-
catalytic C—H functionalization would be applicable to the
synthesis of other medicinally privileged N-heterocycles (Table
3c). We generated a series of imines with remote benzylic C—
H bonds. Under the optimized reaction conditions for
morpholine synthesis, we generated an unprotected piperidine
(16), tetrahydroquinoline (18), pyrrolidine (20), and indoline
(22). The method was therefore accommodating of different
ring sizes. In all cases, the trans diastereomer was generated
with high diastereoselectivity.

Mechanistic Studies. To gain insight into the mechanism
of the photocatalytic annulation, we first constructed Hammett
plots to identify the rate-determining step of the reaction
(Figure 2a). Competition experiments were performed
between a series of substrates to measure the effect of aryl
substitution on the rates of annulation. While substitution on
the B ring had minimal effect on the reaction rate, substitution
on the A ring had a more pronounced effect, with a p value of
—1.95. The negative slope indicates a buildup of positive

charge in the system,"” suggesting that the rate-determining
step of the reaction is the formation of radical cation
intermediate 23 upon photochemical oxidation of the A
ring, ¥

To ascertain whether the high diastereocontrol is due to
selective formation of the trans isomer or epimerization of the
cis isomer to the more thermodynamically stable trans isomer,
the cis diastereomer of morpholine 8a was independently
synthesized (see Supporting Information) and resubjected to
the reaction conditions (Figure 2b). After 24 h, morpholine cis-
8a was reisolated in quantitative yields, suggesting that the high
diastereoselectivity for trans morpholines is not due to a
photocatalytic epimerization.*’

Since TfOH was required for product formation (Table 1,
entry 13), we were interested in understanding the role of this
additive in the reaction mechanism. First, UV—vis titration
experiments suggest that TfOH fully protonates imine 7a to
form the iminium ion 7a°TfOH, as indicated by the presence
of an isosbestic point at 260 nm (Figure 2c).

Second, we believe that protonation of imine 7a also helps in
preserving photocatalyst C under the reaction conditions
(Figure 2d). In the absence of TfOH, Stern—Volmer
quenching experiments between imine 7a and photocatalyst
C resulted in a nonlinear trend and a loss of color in the
solution, which was consistent with a nonlight induced
degradative process. We hypothesize that in the absence of
TfOH, trace amounts of water can cause decomposition of
imine 7a, and the resulting amine Sa could react with pyrylium
photocatalyst C to form the corresponding Katritzky salt 24
(as observed by '"H NMR). When Stern—Volmer quenching
experiments were performed in the presence of a fixed
concentration of TfOH, the solution remained colored and
intense excited-state quenching of photocatalyst C was
observed upon the addition of imine 7a. Thus, the presence
of TfOH helps in preventing deleterious pathways by forming
the iminium jon 7a*TfOH as well as protonating any trace
amine Sa, thereby preventing decomposition of the photo-
catalyst to the corresponding Katritzky salt 24.

Third, cyclic voltammetry (CV) experiments suggest that
TfOH may impact both the reduction potential of imine 7a
(Figure 2e) as well as the reduction potential of morpholine 8a
(Figure 2f). All CV studies were performed in the absence of
copper salts, as they were not fully soluble in the reaction
medium and they were also unnecessary for product formation
(Table 1, entry 3). In the absence of TfOH, the electro-
chemical data recorded for imine 7a does not show significant
electrochemical waves between —2.0 and 2.0 V vs SCE. Upon
addition of TfOH, a new reduction peak around —1.0 V was
observed, which suggests that protonation of imine 7a renders
the single electron reduction of this substrate significantly
easier. For morpholine 8a, a nonreversible oxidation peak is
observed in the absence of TfOH, which is most likely
attributed to the oxidation to the morpholine radical cation.
The lack of reversibility prevents the precise determination of
the reduction potential of the morpholine/morpholine radical
cation couple, but based on the electrochemical data, we
estimate this potential to be around 1.2 V vs SCE. Upon
addition of TfOH, the oxidation peak disappeared completely,
implying that protonated morpholine 8a*TfOH is recalcitrant
to single electron oxidation (Figure 2f). Thus, TfOH could
also help in protecting the final morpholine product toward
light-induced oxidation from the excited photocatalyst C.
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With these experiments in mind, we propose two possible
mechanisms for the photocatalytic annulation (Figure 3).

Path A:
6-endo-trig

Path B:
radical radical coupling
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Figure 3. Proposed Mechanisms of Photocatalytic Annulation

Based on UV—vis titration studies, imine 7a is protonated in
the presence of TfOH to form iminium ion 25. Both
mechanistic paths commence with visible light activation of
the photocatalyst to reach the corresponding excited state. The
4 ns excited-state lifetime of photocatalyst C is competent for
bimolecular electron transfer with the iminium substrate, with
the corresponding electron transfer rate constant of 1.2 X 10°
M™' s7'. This charge-shift type reaction, confirmed by
nanosecond UV—vis transient absorption spectroscopy (Figure
S1), leads to the formation of the monoreduced photocatalyst
and the oxidized radical cation 26 with a radical located on the
A ring. Protonation of the imine with TfOH protects the imine
from oxidation and thus enables oxidation of the A ring
Formation of oxidized radical cation 26 was revealed as the
rate-determining step from Hammett plot analysis. This radical
is then deprotonated to form benzylic radical 27.

At this stage, two divergent mechanisms are proposed. In
Path A, the benzylic radical adds into the iminium group via a
6-endo-trig cyclization to form nitrogen-based radical cation 28.
Subsequent single electron reduction results in morpholine 29
and the regenerated photocatalyst C to complete the catalytic
cycle. Protonation of the morpholine with TfOH leads to
intermediate 30, which prevents undesired oxidation of the
product, as described in Figure 2f.

In Path B, the iminium group in intermediate 27 undergoes
a single electron reduction to form diradical 31 and the
regenerated photocatalyst C. Radical—radical combination
results in the formation of morpholine 29, which is protonated
by TfOH to provide the same final product as Path A. Based
on our mechanistic studies, Path A is favored for three main

reasons: (i) with a reduction potential of ~1.2 V vs SCE
(Figure 2f), the reduction of the nitrogen-based radical cation
28 by PC*” (E,;, = — 0.35 V vs SCE) is thermodynamically
favorable; (ii) the low concentration of radicals formed after
photoinduced electron transfer would favor intramolecular 6-
endo-trig cyclization over diffusional reactivity; and (iii) in Path
B, the reduction of the iminium from PC*®” is uphill by ~0.5 V
(Figure 2e) and thus not thermodynamically favorable.

B CONCLUSION

In summary, we have developed a robust diastereoselective
annulation strategy to synthesize morpholines with various
substitution patterns and functional groups. This method
provides a novel way to build complex morpholine scaffolds
from easily accessible starting materials. Additionally, the
approach is extended to the synthesis of other valuable five-
and six-membered N-heterocycles. Mechanistic studies unveil
the rate-determining step of the reaction to be the formation of
a radical cation on the A ring. Further mechanistic evaluation
also suggests multiple roles of TfOH in the system, as it
prevents decomposition of the photocatalyst and prevents
product oxidation. We anticipate this general strategy will be
amenable to many other cyclic scaffolds.
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