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A selective and practical approach for the formation of cis-1,4-aminocyclohexanol was developed. The
key transformation involves a one-pot imine formation/ Lewis acid-directed imine reduction and results
in a highly selective attack of the reducing agent. This simple and practical method is easily amenable to
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1. Introduction

The good understanding of the cyclohexane ring conformation
and its easy amenability to Structure Activity Relationship has
made this ring system an attractive scaffold for medicinal chemists
for various applications such as, for example, antihelmintic
agents,'? anti-inflammatory agents,'® Melanin-Concentrating Hor-
mone Receptor antagonists,' phosphodiesterase inhibitors,'®
presynaptic silent antagonists,'® dopamine receptor antago-
nists,'™™ modulator of chemokine receptor activity,!' antibacterial
agents,"y N-methyl-p-aspartate receptor antagonists,'* hyperten-
sive agents,'' and chemokine receptor antagonists.'™ The 1-substi-
tuted-4-aminocyclohexanol framework especially has in the last
few years been extensively used by research chemists. It is gener-
ally synthesized in a non-stereoselective manner to give rise to
both the cis and trans isomers. For the cis aminoalcohol isomer,
the commonly used approach consists of an iminonitroso Diels-Al-
der sequence which upon reduction of the N-O bond gives rise to
the desired aminocyclohexanol with a syn relationship of the
amine and alcohol functionality.? An alternative often encountered
is a non-stereoselective reductive amination of the corresponding
cyclohexanone system, which induces at best a modest selectivity,
and requires subsequent purification by column chromatography.?
Both strategies suffer from poor practicality and ease of operations.
The iminonitroso Diels-Alder approach also presents further draw-
backs, for example, the cost inherent in the formation of the diene
precursor and the safety limitations. We became interested in this
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specific problem and tried to design a system that could provide a
selective entry into variously substituted cis-1,4-aminocyclohexa-
nols in a practical, robust, and economical manner.

The numerous available methods of reductive amination
prompted us to focus on this approach.* We were hoping that upon
imine formation mediated by a suitable dehydrating agent, the lat-
ter could also serve as a Lewis acid to chelate the free hydroxyl
group and the imine in a boat-like conformation, thus inducing
the entry of the hydride from the opposite face (Scheme 1).°

Titanium-based reagents first appeared as suitable candidates
to promote both the dehydration-imine formation and the chela-
tion that would shield one face of the ring. An initial feasibility
study showed that the reaction proceeded well with the mild Lewis
acidic titanium tetraalkoxide (ethoxide or isopropoxide).3d We
tested this reaction with compound 1.6 Encouraged by these re-
sults, we evaluated various entering amine group. An optimal ca
9:1 ratio of cis/trans isomer was obtained with benzylamine (Table
1)

A subsequent screening of reducing agents showed that sodium
borohydride was superior to other more complex boron or other
hydride reagents or all other more expensive reagents (see Table
2, entries 1-5). The more reactive aluminum-based reducing agent
was not assessed to guarantee high chemoselectivity and a larger
compatibility with functional groups. No major counter-ion effect
could be observed (entries 1 and 3). The aluminum-based hydride
reagents especially led to much lower overall efficiency for both
the yield and the selectivity. Solvent evaluation revealed that the
selectivity was similar in various solvents and showed that alco-
hols were optimal (entries 6-8). We rationalize the marginal
difference observed as a consequence of the addition of solid
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Scheme 1. Working hypothesis for the selective formation of cis-1,4-aminocyclohexanol.
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Table 1
Optimization of reaction conditions for the synthesis of 2a
BnNH
2
HO__—COOEt HO COOEt HO COOEt
Ti(OiPr),
—_—
reducing agent T
NHBn !
NHBn
solvent
1
temperature 2a 3a
Entry Reducing agent Solvent Temperature Yield 2a/3a(")
1 NaBH4 THF —10°C 66% 90:10
2 NaBH5;CN THF —10°C 70% 80:20
3 LiBH4 THF —10°C 69% 90:10
4 NaBH(OACc)3 THF —-10°C 63% 92:8
5 NaBH(s-Bu)s THF —10°C Messy —
6 NaBH, CH,Cl, -10°C 81% 95:5
7 NaBH4 EtOH —-10°C 76% 95:5
8 NaBH4 iPrOH —15°C 82% 95:5
9 NaBH4 EtOH —60 °C 56% 96:4
10 NaBH4 EtOH —15°C 75% 97:3
11 NaBH4 EtOH 0-5°C 75% 89:11
12 NaBH,"" EtOH —15°C 80% 83:17

" Ratio determined by HPLC area% at 210 nm.

Table 2

Substrate scope

“ From the imine generated under dehydrative conditions without Ti(OiPr),.

sodium borohydride which reacted rapidly with the imine without
complexing the solvent. A final step of our optimization consisted
in the identification of a practical and optimal temperature range.
We herein found that selectivities >97:3 could be obtained at a
temperature of ca. —15 °C which allowed a highly practical and
economically attractive non-cryogenic process (entries 8-10).
Interestingly, when the sodium borohydride was added directly
to a solution of the imine preformed in the absence of a dehydrat-
ing agent but by azeotropic distillation, a ca 83:17 ratio of isomers
was obtained (entry 12). The extent of the effectiveness of the che-
lation in a polar protic solvent as demonstrated, for example, by
comparison of entries 10 and 12, is remarkable here.

We finally aimed at further enrichment of the isomeric ratio by
salt formation. A rapid screening allowed us to identify methane-
sulfonic acid or the enantiopure mandelic acid as optimal acid
partners for such systems that resulted, respectively, in excesses
of 96:4 and 99:1 after crystallization from ethyl acetate at room
temperature.

With an optimized process in hand, we turned our attention to
the scope of the methodology (Table 2). Not surprisingly, ratio
>97:3 could be observed for all substrates that displayed a confor-
mational preference for an axial hydroxyl group (entries 2 to 4,
R = iso-propyl, allyl, phenyl). In these cases, the ratio of isomers
could be further enriched to >99:1 via salt formation as described

Entry Ketone Product Major isomer Yield Cis/trans Isomeric ratio(")
OH OH
1 CP @ 57% 70/30
o (4a) NHen (33)
HO HO
2 76% 98/2
o (b NHen (Sb)
HO — HO =
3 Qj\/ 79% 97/3
o) (40) NHBn (3O
HO HO
4 87% 98/2
o (4d) NHen D)
OTBS OTBS
(0] (ﬁ) NHBn (2)
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Entry Ketone Product Major isomer Yield Cis/trans Isomeric ratio(")
./
6 Q >95% 2575
o @b NHen (D)
HO COOEt HO COOEt
7 6 94% 95/5
o 1 NHBn  (23)
NH2 NH,
8 @ >95% 73127
i 5
(0] (—g) NHBn —g)

Reaction conditions: BnNH,, Ti(OiPr),, EtOH, rt, 1 h then NaBH4, —15°C, 1 h.
" Ratio determined by HPLC area % at 210 nm.

above. Control experiments also showed the importance of the hy-
droxyl group to induce the hydride reduction from the opposite
face. Protection of the latter by a non-coordinating group (OTBS en-
try 5) indeed showed a ca. 10% change in the selectivity. When the
hydroxyl group was removed, the reductive amination even led to
the formation of the trans isomer preferentially in a 75/25 ratio
(entry 6).*> We finally showed that an amino group displayed the
same directing effect as the hydroxyl group and confirmed the al-
ready described lack of selectivity (73/27 cis/trans isomeric ratio,
entry 8).32¢

In conclusion, we have designed practical and general reac-
tion conditions that allow the selective formation of cis-1,4-
aminocyclohexanols via a controlled reductive amination. The
process is simple and directly amenable to large-scale synthesis.
We are currently investigating extension to other well-defined
ring systems and their use for the formation of chiral
compounds.

2. Experimental section

General procedure: To a solution of ethyl 2-(1-hydroxy-4-oxo-
cyclohexyl)acetate 1 (2.4 g, 12 mmol, 1.0 equiv) in anhydrous eth-
anol (12mL) at room temperature were added titanium
tetraisopropoxide (4.2 mL, 15 mmol, 1.25 equiv) and benzylamine
(1.4 mL, 12 mmol, 1.0 equiv). The resulting mixture was stirred
for 1 h, cooled to ca. —15 °C, and a freshly prepared solution of so-
dium borohydride (0.23 g, 6 mmol, 2 equiv) in anhydrous ethanol
(2 mL) was added dropwise at a rate such that the temperature re-
mained at ca. —15 °C. At completion, the mixture was quenched
with water (excess), and ethyl acetate was added. Filtration
through celite and extraction gave an organic extract that was
washed with water once, and concentrated to give the crude reac-
tion mixture.

Ethyl 2-((1S*, 4S*)-4-benzylamino)-1-hydroxycyclohexyl)ace-
tate 2a (major diastereoisomer) 'H NMR (400 MHz, CDCl3) &
7.40-7.10 (m, 5H), 4.22 (q, J = 7.7 Hz, 2H), 3.85 (s, 2H), 2.55-2.45

(m, 3H), 1.95-1.30 (m, 8H), 1.28 (t, J=7.7 Hz, 3 H); *C NMR
(100 MHz, CDCl3) & 172.8, 140.8, 129.0, 128.4, 126.8, 69.1, 60.6,
55.5, 50.9, 46.2, 35.8, 28.3, 14.2; HRMS calcd for C;;H,5NO3 [M+]
291.18344; found 291.18171.
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)
HO
OH
HO COOEt
o BnHN . Cy,NH
hydrolysis then
HO COOEt NHB varoly crystaline
EtOAc n Cy,NH >30:1 cis:trans ratio
—_— = + _ > 22% isolated yield
LHMDS acetone .
NHBn then acid NHB HO, ~—COOEt
n o}
HO
T OH
ca. 1:1 ratio NHBn
H “NHBn
in mother liquor
ca. 1:4 cis:trans ratio
45% isolated vield
7. Only a marginal effect with an increase of the steric hindrance or additional formed in situ and the Lewis acid brought in coordination sphere of the metal in
electronic interaction was observed, when going from benzylamine to o- a boat-like conformation with benzylamine. For all others, additional steric
methylbenzylamine, to a-phenylglycinol, and to its O-methyl derivative. We hindrance or competitive chelation of electrons with the Lewis acid reduced the
rationalize these observations by the optimal chelation between the imine extent of the selectivity.
HO Amine
COOEt HO COOEt HO COOEt
Ti(OiPr),
—_— +
NaBH }
(0] 4 NHR NHR
THF
1 -20°C
< 2a 3a
Entry Amine Yield 23/33*
NH,
1 76% 90/10
2 ©/L NH, 81% 80/20
NH,
3 @l:g‘ OH 77% 88/12
NH,
4 73% 80/20
OH
NH,
5 86% 89/11
OMe
6 NH3 51% 90/10

* Ratio determined by HPLC area % at 210 nm.
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