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Abstract The diastereoselective synthesis of 2,6- and 3,5-disubstitut-
ed morpholines was achieved from 1,2-amino ethers and 1,2-hydroxy
amines substituted by an allylic alcohol using an iron(III) catalyst. The
morpholines were obtained either by C–O or C–N bond formation. A
plausible mechanism is suggested, involving a thermodynamic equilib-
rium to explain the formation of the cis diastereoisomer as the major
product.

Key words morpholine, iron, diastereoselective, thermodynamic
equilibrium

Nitrogen- and oxygen-containing heterocycles are pres-

ent in a great diversity of compounds. Morpholine, which

contains these two heteroatoms, has a high industrial im-

portance and a wide range of applications from rubber ad-

ditives to optical brighteners.1 Moreover, the morpholine

scaffold is frequently encountered in biologically active

compounds.2 Therefore, a variety of methods has been de-

veloped to access this heterocycle,3 such as the use of vinyl

sulfonium salts along with amino alcohols,4 the ring-open-

ing of epoxides or aziridines,5 or the electrochemical activa-

tion of C=C double bonds.6 In the field of metal-catalyzed

synthesis of morpholines,3f several strategies have been de-

veloped depending on which bond is constructed (i.e. C–N,

C–O, or C–C bond). In particular, the formation of the C–O

bond by activation of allylic alcohols have attracted our in-

terest. For example, Saikia et al. have described the diastere-

oselective synthesis of cis-2,6-disubstituted morpholines B
via the activation of (Z)-allylic alcohols A using a Pd(II) cata-

lyst, followed by the intramolecular addition of an alcohol.7

Bandini et al. reported a similar transformation, with the

help of a cationic gold catalyst, starting from C.8

In the context of our studies concerning the use of iron

salts for the diastereoselective synthesis of disubstituted

heterocycles by activation of allylic alcohols,9 we have envi-

sioned that iron salts like iron trichloride could also induce

the formation of disubstituted morpholines F and H from

the corresponding substituted amino alcohols E and G
(Scheme 1)

Scheme 1  Metal-catalyzed activation of allylic alcohols to access 
disubstituted morpholines
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The synthesis of the amino allylic alcohols 6a–i, precur-

sors of 2,6-disubtituted morpholines F, was achieved from

the commercially available amino acetaldehyde dimethyl

acetal 1 according to the sequence depicted in Scheme 2.

After protection of the amine with a tosyl group, the sulfon-

amide 2 was transformed into the propargyl amine 3 in 95%

yield (propargyl bromide, K2CO3, acetone, reflux), which

was then used as a platform to access a diversity of amino

allylic alcohols 6. Deprotonation of the acetylenic moiety

(n-BuLi, THF) and addition of an aldehyde (R1 = Ph, Me, H)

led to the corresponding propargylic alcohols 4a–c. Cleav-

age of the acetal moiety under acidic conditions (PTSA,

100 °C) led to an aldehyde intermediate, which was trans-

formed by addition of a nucleophile into different second-

ary alcohols 5a–i. Finally, the partial reduction of the acety-

lenic bond (LiAlH4, THF, 0 °C to rt) gave the desired allylic

alcohols 6a–i. (Scheme 2)

Scheme 2  Synthesis of the 2,6-disubstituted morpholines precursors

A second strategy was employed for the synthesis of

amino allylic alcohols 10a–d precursors of 3,5-disubstitut-

ed morpholines H. Propargyl ethers 8a–d were obtained by

the regioselective opening of monosubstituted aziridines

7a–d by the propargylic alcohol in DMSO under basic con-

ditions (t-BuOK, DMSO).10 The terminal triple bond was

then functionalized by addition of the lithium acetylide on

the benzaldehyde. The resultant propargyl alcohols 9a–d
were partially reduced, as previously, by LiAlH4 to the cor-

responding allylic alcohols 10a–d (Scheme 3).

In order to test the heterocyclization, 6a was treated

with FeCl3·6H2O (5 mol%) in CH2Cl2 at room temperature.

After only 15 minutes, full conversion of 6a was observed,

and the monosubstituted morpholine 11a was isolated in

good yield (77%) (Scheme 4).

To evaluate the diastereoselectivity, the hexyl-substitut-

ed N-tethered amino alcohol 6b was first chosen for the op-

timization of the reaction conditions. When 6b was treated

with 5 mol% of FeCl3·6H2O (CH2Cl2, 24 h) morpholine 11b

was obtained as a mixture of two diastereoisomers

(cis/trans = 54:46; Table 1, entry 1). The same ratio was ob-

tained with an increased catalyst loading (10 mol%) and an

extended reaction time (48 h), while morpholine 11b was

isolated in good yield (81%; entry 2). The temperature of the

reaction was found to be a critical parameter. Indeed, heat-

ing the reaction mixture up to 50 °C led to a great improve-

ment of the diastereoisomeric outcome. After 15 min at

50 °C, the cis/trans ratio was 60:40 and, after 2 h, the cis di-

astereoisomer was obtained as the major product

(cis/trans = 94:6; entries 3 and 4). Under the same condi-

tions, other Lewis or Brønsted acids led to either low diaste-

reoselectivity or the degradation of the products. For exam-

ple, bismuth(III) triflate and indium(III) chloride efficiently

catalyze the cyclization, but, in each case, the morpholine

was formed as a mixture of two diastereoisomers

(cis/trans = 64:36 and 54:46, respectively; entries 5 and 6).

Palladium(II) acetate was, for its part, found to be totally in-

efficient in this transformation (entry 7). Brønsted acids

were also tested. While the use of HCl in Et2O led to the for-

mation of the 2,6-disubstitued morpholines albeit with no

diastereoselectivity (entry 8), the use of triflic acid (TfOH)

led to the complete degradation of the starting material

(entry 9).

The optimized conditions were then applied to the pre-

viously synthesized amino alcohols 6 in order to access a

diversity of 2,6-disubstituted morpholines. The isopropyl-

substituted substrate 6c led to the corresponding morpho-

line 11c with a good yield of 77% and a high dr in favor of

the cis diastereoisomer (cis/trans = 94:6). Similarly, the tri-

fluoromethylated morpholine 11d was isolated with a yield
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of 75% and a slightly lower dr than for 11c
(cis/trans = 90:10). The presence of a vinyl moiety has no

influence on the reaction, as 11e was obtained in 80% yield

with a cis/trans ratio of 92:8, while the phenyl-substituted

substrate 6f led to 11f with a high yield of 89%

(cis/trans = 95:5). Interestingly, a furyl-substituted mor-

pholine 11g can also be obtained. As the furyl group tends

to polymerize under the reaction conditions, the reaction

was stopped after only 30 min, which may explain the low

dr of 11g (cis/trans = 60:40) (Scheme 5).

The enantioenriched amino alcohol (R)-6f11 was also in-

volved in the heterocyclization. After 2 h at 50 °C, the enan-

tioenriched morpholine (2S,6R)-11f was obtained with an

excellent yield of 89%, a high diastereoselectivity

(cis/trans = 95:5) and a high ee of 95% (cis diastereoiso-

mer).12 This result shows that the stereocenter of 6f is re-

covered in 11f and that the configuration of the C2 stereo-

center is induced by the configuration of the C6 center

(Scheme 6).

Scheme 6  Formation of an enantioenriched morpholine

To evaluate the importance of the substituent of the al-

lylic alcohol, 6h (R1 = Me) and 6i (R1 = H) were also treated

with FeCl3·6H2O. In dichloromethane at 50 °C for 2 h, 6h
was transformed to the corresponding morpholine 11h
with a good yield of 80%, however, without any diastereose-

lectivity (cis/trans = 50:50; Table 2, entry 1). The reaction

medium had to be heated up to 100 °C in dichloroethane

(DCE), in a sealed tube, to obtain an excellent yield in 11h
(97%) and a cis/trans ratio of 92:8 in favor of the cis diaste-

reoisomer (entry 2). Compound 6i, incorporating a primary

allylic alcohol, was subjected to similar conditions. At 50 °C

in CH2Cl2, no cyclization occurred. At 100 °C in DCE the vi-

Table 1  Optimization of the Reaction Conditions to Access 2,6-Disub-
stuted Morpholinesa

Entry Lewis acid x (mol%) Time (h) Temp ( °C) Yield (%) cis/transb

1 FeCl3·6H2O 5 24 rt n.d.c 54:46

2 10 48 rt 81 54:46

3 10 0.25 50 n.d. 60:40

4 10 2 82 94:6

5 Bi(OTf)3 10 2 50 69 64:36

6 InCl3 10 2 50 73 54:46

7 Pd(OAc)2 10 2 –d –

8 HCle 10 2 79 51:49

9 TfOH 10 2 –f –

a Compound 6b was dissolved in CH2Cl2 in a tube. The Lewis acid was added 
to the solution, the tube was sealed, and the mixture stirred at rt or 50 °C 
during the specified time.
b The dr was measured by 1H NMR spectroscopy of the crude reaction mix-
ture after a short filtration through a plug of silica to remove the iron salts, 
and eluted with CH2Cl2.
c Not determined.
d No conversion.
e HCl in Et2O.
f Degradation of the starting material.
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Table 2  Influence of the Allylic Substitution

Entry R1 Solvent Temp ( °C) Yield (%) cis/trans

1 Me CH2Cl2 50 80 50:50

2 C2H4Cl2 100 97 92:8

3 H CH2Cl2 50 0a –

4 C2H4Cl2 100 50 50:50

a No conversion of 6i.
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nyl-substituted morpholine 11i was isolated with a modest

yield of 50% but without any diastereoselectivity (entries 3

and 4). These results show that a stabilizing electron-donat-

ing group favors the heterocyclization and is mandatory to

induce a good diastereoselectivity (vide infra).

Having demonstrated the efficiency of FeCl3 as a catalyst

for the formation of 2,6-disubstituted morpholines, we hy-

pothesized that similar conditions could be applied to ade-

quate substrates to lead to 3,5-disubstituted morpholines.

In the same manner as before, the unsubstituted amino

ether 10a was treated with a catalytic amount of FeCl3·6H2O

(5 mol%) in CH2Cl2, at room temperature. After 15 min, the

monosubstituted morpholine 12a was isolated with a good

yield of 81% (Scheme 7).

Compound 10b was chosen for the optimization of the

reaction conditions. The amino ether was first treated with

5 mol% of FeCl3·H2O in CH2Cl2 (rt, 2 h). Although the expect-

ed morpholine was isolated in 75% yield, analysis of the

crude reaction mixture by 1H NMR spectroscopy showed an

unexpected cis/trans ratio of 36:64 (Table 3, entry 1). When

the reaction was run for 168 h, the dr slowly evolved to

reach a 1 to 1 ratio of diastereoisomers (cis/trans = 52:48;

entry 2). Increasing the catalyst loading to 10 mol% resulted

in an improvement of the dr, as morpholine 12b was isolat-

ed as an 83:17 mixture of cis and trans diastereoisomers af-

ter 168 h (entry 3). Once again, the temperature was found

to be of importance for the outcome of the cyclization.

When 10b was treated with 10 mol% of FeCl3·6H2O, in

CH2Cl2 at 30 °C for 30 h, a similar yield in morpholine was

observed (75%) and the dr went up to 90:10 in favor of the

cis compound (entry 4). At 40 °C, it took only 1 h to reach

the full conversion of 10b, and the 3,5-disubstituted morpho-

line 12b was formed with a good yield of 77% and with a

good dr (cis/trans = 90:10; entry 5). It is worth noting that

by further increasing of the temperature, a degradation of

the morpholine was observed, without any change in the dr

(entries 6 and 7).13 Other Lewis or Brønsted acids were also

examined for this heterocyclization, but none of them gave

as good results as iron trichloride (entries 8–11).

The optimized conditions were next applied to the pre-

viously synthesized amino ethers 10c–e. When 10c, substi-

tuted by an isopropyl group was subjected to the heterocy-

clization, the corresponding 3,5-disubstituted morpholine

12c was isolated with a good yield (78%) and a good dr

(cis/trans = 93:7). The amino ether 10d, incorporating a

phenyl group led, for its part, to the corresponding morpho-

line 12d in 70% yield (cis/trans = 83:17). Finally, the ,-di-

methyl amino ether 10e led to the 3,5,5-trisubstituted mor-

pholine 12e with a modest yield of 60%, probably because of

the steric hindrance next to the nitrogen (Scheme 8).

Scheme 8  FeCl3·6H2O-catalyzed synthesis of cis-3,5-disubstituted 
morpholines

During the optimization process, it has been highlighted

that the dr evolves with time, suggesting an equilibration

process (Table 1, entries 3 and 4; Table 3 entries 1 and 2).

The results obtained with substrates 6h and 6i, bearing dif-

ferent substituents at the allylic position, suggest that the

Scheme 7  Iron-catalyzed heterocyclization: formation of the C–N bond
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Table 3  Optimization of the Reaction Conditions for the Synthesis of 
3,5-Disubstituted Morpholinesa

Entry Lewis acid x (mol%) Time (h) Temp ( °C) Yield (%) cis/transb

1 FeCl3·6H2O 5 2 rt 75 36:64

2 5 168 rt 75 52:48

3 10 168 rt 76 83:17

4 10 30 30 75 90:10

5 10 1 40 77 90:10

6 10 2.5 40 n.d.c 90:10

7 10 1 50 n.d.c 90:10

8 Bi(OTf)3 10 2 40 70 90:10

9 InCl3 10 2 40 35 36:64

10 PdCl2 10 2 40 –d –

11 HCle 10 2 40 16f 36:64

a Compound 10b was dissolved in CH2Cl2 in a tube. The Lewis acid was add-
ed to the solution, the tube was sealed, and the mixture stirred at rt or 
50 °C during the specified time.
b The dr was measured by 1H NMR spectroscopy of the crude reaction mix-
ture after a short filtration through a plug of silica plug to remove the iron 
salts and eluted with CH2Cl2.
c Not determined.
d No conversion.
e HCl in Et2O.
f Partial degradation of the starting material or of the product.
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presence of an electron-donating group is required to pro-

duce morpholines in good yields and diastereoselectivity

(Table 2). Thus, it may be hypothesized that the cyclization

process proceeds through a carbocation. From our previous

results in iron-catalyzed heterocycle synthesis,9 the follow-

ing mechanism could be proposed for both the 2,6- and the

3,5-disubstitued morpholines. The activation of the allylic

alcohols E and G by FeCl3 could promote the loss of water

and the formation of a delocalized carbocation (J and L),

stabilized by the substituent of the allylic alcohol. The in-

tramolecular attack of the oxygen or the nitrogen would

lead to the morpholines F and H, respectively, as a mixture

of cis and trans diastereoisomers. At this point, an iron-in-

duced thermodynamic equilibrium could take place, by a

ring-opening/ring-closing process, toward the formation of

the more stable cis diastereoisomer. This equilibrium would

be even easier if the carbocation is stabilized by an elec-

tron-donating group, explaining why a better diastereose-

lectivity is observed when starting from benzylic allylic al-

cohols rather than methyl- or unsubstituted allylic alcohols

(Scheme 9).

To explain why the cis diastereoisomer is always pre-

dominant after the thermodynamic equilibrium, the rela-

tive stability of each of the two diastereoisomers has to be

compared, regarding the spatial orientation of their substit-

uents. In the case of the 2,6-disubstituted morpholines F,

the cis diastereoisomer, whose two substituents stand in an

equatorial position, is more stable than the trans diastereo-

isomer. Indeed, in the trans diastereoisomer, one of the two

substituents has to be axial, thus generating unfavorable

1,3-diaxial interactions with the hydrogen at C6 (Scheme 10).

Scheme 10  Relative stability of cis and trans diastereoisomers in 2,6-
disubstituted morpholines

Regarding the 3,5-disubtituted morpholine H, a similar

reasoning can be applied. However, the presence of the N-

tosyl group has to be considered (Scheme 11). Indeed, it has

been described that the N–S bond in sulfonamides has a

partial double bond character.14a Crystallographic data pre-

viously obtained for 2,6-disubstituted N-tosyl piperidines

also suggest that the SO2 moiety is in an equatorial posi-

tion.14b Therefore, substituents  to the nitrogen may pro-

mote 1,3-allylic interactions with the N-tolyl group if they

stand in an equatorial position.15 For this reason, a cis diaxi-

al diastereoisomer would be more stable than a trans one,

in spite of diaxial interactions between the R3 group at C5

and the styrenyl group at C3. Actually, this steric interac-

tion may be the cause of the lower dr observed for 3,5-

compared to 2,6-disubstituted morpholines as the differ-

ence in energy between the two diastereoisomers may be

smaller.

Scheme 9  Plausible mechanisms for the iron-catalyzed heterocyclization
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Scheme 11  Relative stability of cis and trans diastereoisomers in 3,5-
disubstituted morpholines

Postfunctionalization of the synthesized 2,6-disubsti-

tuted morpholines 11 was then envisaged. The amino moi-

ety in 11b can be deprotected with magnesium powder un-

der ultrasonic activation16 leading to morpholine 13 in good

yield (88%). It is worth noting that the dr remains intact

during this process. The styrenic double bond can also be

transformed to introduce a new substituent on the mor-

pholine ring. Oxidative cleavage under classical conditions

(OsO4, NMO then NaIO4) followed by the reduction of the

subsequent aldehyde (NaBH4, EtOH) led to the primary al-

cohol 14 with an excellent yield (82% from 11b; Scheme

12).17

Scheme 12  Synthetic transformations of the 2,6-disubstituted mor-
pholine 11b

Similarly, 3,5-disubstituted morpholines can be post-

functionalized. The amino group in 12b can be deprotected

using the same conditions as before (Mg, MeOH, ultra-

sound) to produce the secondary amine 15 in 66% yield

(cis/trans = 91:9).18 The styrenyl moiety can also be cleaved

under oxidative conditions (OsO4, NMO then NaIO4) and the

primary alcohol 16 was obtained after reduction of the re-

sulting aldehyde (NaBH4, EtOH) with a yield of 67% (from

12b) and with an unchanged cis/trans ratio of 90:10

(Scheme 13).

Iron trichloride has been successfully used for the syn-

thesis of both 2,6- and 3,5-disubtituted morpholines by

promoting the formation of either a C–O or a C–N bond.

This catalyst constitutes a cheap and environmentally be-

nign alternative to palladium and gold catalysts. In each

case, the substituted morpholines were isolated mostly as

cis diastereoisomers, as the result of a thermodynamic

equilibrium occurring by a ring-opening/ring-closing pro-

cess.19 Post-transformations of the obtained morpholines

were also achieved, showing that they can be used as a plat-

form to access libraries of complex molecules.
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of silica gel, and elution was achieved with CH2Cl2 to remove the

iron salts. The filtrate was concentrated under vacuum to afford

the morpholine which was in most cases recovered as a pure

product. Purification by flash chromatography on silica gel was

performed if needed.

cis-(E)-2-Isopropyl-6-styryl-4-tosylmorpholine (10c)
1H NMR (400 MHz, CDCl3):  = 7.64 (d, J = 8.1 Hz, 2 H), 7.40–7.18

(m, 7 H), 6.73–6.59 (m, 1 H), 6.06 (dd, J = 16.1, 5.6 Hz, 1 H),

4.29–4.19 (m, 1 H), 3.68 (dapp, J = 11.3 Hz, 2 H), 3.41–3.29 (m, 1

H), 2.43 (s, 3 H), 2.05 (ddapp, J = 21.7, 10.8 Hz, 2 H), 1.77–1.65 (m,

1 H), 0.98 (d, J = 6.8 Hz, 3 H), 0.93 (d, J = 6.8 Hz, 3 H). 13C NMR

(100 MHz, CDCl3):  = 143.9, 136.3, 132.3, 132.1, 129.8 (2 C),

128.6 (2 C), 128.0, 127.8 (2 C), 126.6 (2 C), 126.1, 80.1, 75.6,

50.0, 47.7, 31.6, 21.6, 18.6, 18.4. MS (EI, 70 eV): m/z (abundance)

= 385 (3, M+•), 281 (14), 230 (29), 130 (16), 129 (12), 115 (10),

98 (100), 91 (30), 69 (16), 56 (16). HRMS: m/z calcd for C22H28-

NO3S [M + H]+: 386.1784; found: 386.1789.

cis-(E)-3-Isopropyl-5-styryl-4-tosylmorpholine (12c)
1H NMR (400 MHz, CDCl3):  = 7.76 (d, J = 8.2 Hz, 2 H), 7.38–7.19

(m, 7 H), 6.67 (dd, J = 16.2, 1 H), 6.56–6.41 (m, 1 H), 4.45–4.35

(m, 1 H), 3.92 (d, J = 11.8 Hz, 1 H), 3.87 (d, J = 12.0 Hz, 1 H), 3.38

(dd, J = 10.9, 3.4 Hz, 1 H), 3.20 (dd, J = 11.9, 4.0 Hz, 1 H), 3.11

(dd, J = 12.0, 3.6 Hz, 1 H), 2.43 (s, 3 H), 2.32–2.23 (m, 1 H), 1.05

(d, J = 6.7 Hz, 3 H), 0.94 (d, J = 6.7 Hz, 3 H). 13C NMR (100 MHz,

CDCl3):  = 143.4, 138.7, 136.6, 132.8, 130.0 (2 C), 128.7 (2 C),

127.9, 127.7, 127.0 (2 C), 126.5 (2 C), 69.1, 66.6, 59.6, 52.9, 28.4,

21.6, 20.6, 20.2. MS (EI, 70 eV): m/z (abundance) = 342 (23), 268

(19), 187 (11), 171 (16), 156 (12), 155 (37), 130 (16), 129 (26),

128 (11), 117 (33), 115 (27), 91 (100), 69 (14), 65 (15). HRMS:

m/z calcd for C22H27NNaO3S [M + Na]+: 408.1604; found:

408.1606.
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