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ABSTRACT: Decoupling the roles of the farnesoid X nuclear receptor and Takeda G-protein-coupled bile acid receptor 5 is
essential for the development of novel bile acid therapeutics targeting metabolic and neurodegenerative diseases. Herein, we describe
the synthesis of 12β-methyl-18-nor-bile acids which may serve as probes in the search for new bile acid analogues with clinical
applicability. A Nametkin-type rearrangement was applied to protected cholic acid derivatives, giving rise to tetra-substituted Δ13,14-
and Δ13,17-unsaturated 12β-methyl-18-nor-bile acid intermediates (24a and 25a). Subsequent catalytic hydrogenation and
deprotection yielded 12β-methyl-18-nor-chenodeoxycholic acid (27a) and its 17-epi-epimer (28a) as the two major reaction
products. Optimization of the synthetic sequence enabled a chromatography-free route to prepare these bile acids at a multi-gram
scale. In addition, the first cis-C-D ring-junctured bile acid and a new 14(13 → 12)-abeo-bile acid are described. Furthermore,
deuteration experiments were performed to provide mechanistic insights into the formation of the formal anti-hydrogenation
product 12β-methyl-18-nor-chenodeoxycholic acid (27a).

■ INTRODUCTION

Bile acids are physiologically important molecules that are
generated in the liver and constitute the end products of
cholesterol catabolism. They are conjugated with either taurine
or glycine before being secreted into small bile canaliculi by the
bile-salt export pump. From there, they flow through a growing
network of bile ducts into the gallbladder for storage. The
primary bile acids, cholic acid (CA, 1) and chenodeoxycholic
acid (CDCA, 2), are the products of the liver, whereas the
secondary bile acids, lithocholic acid (3) and deoxycholic acid
(4), originate from bacterial metabolization of primary bile
acids in the intestine (Figure 1). The conjugated primary bile
acids are the main components of the human bile acid pool.
Because of their amphipathic properties, bile acids facilitate the
solubilization of lipid-soluble nutrients, enabling their
absorption in the digestive tract. Eventually, they are actively
reclaimed from the distal small intestine and shuttled back to
the liver by a complex system of bile acid-specific transport
proteins.1,2

Until recently, however, the general knowledge of bile acids
did not extend far beyond their role as emulsifiers for lipids in
the enterohepatic circulation, rendering this class of com-
pounds rather unappealing for study.3 This paradigm changed
when bile acids were found to act as hormones4 by activating
the farnesoid X nuclear receptor (FXR) and Takeda G-protein-
coupled bile acid receptor 5 (TGR5).3,5,6 FXR is a bile acid
sensor that controls cellular bile acid concentrations by

mediating their biosynthesis, as well as their cellular uptake
and efflux.7,8 Furthermore, FXR is an important metabolic
regulator of lipid9,10 and glucose metabolism,10−12 and its
activation can also reduce inflammation13 and fibrosis.14

Activation of TGR5 signaling promotes various metabolic
actions including an increase in energy expenditure and oxygen
consumption in the brown adipose tissue and muscle,15

immunomodulatory effects,6b,16 and stimulation of glucagon-
like peptide-1 secretion in enteroendocrine cells, which in turn
ameliorate insulin sensitivity and glucose homeostasis, in
general.10,17,18

Both of these receptors have important physiological
functions due to which they are pursued as potent therapeutic
targets for the treatment of various liver and metabolic
disorders.19−27 Since their discovery, various bile acid
analogues have emerged as potent agonists (i.e., 5−11; Figure
1), and many of these are being evaluated in clinical and pre-
clinical trials.8,28−30 The 6α-ethyl-substituted analogue of
CDCA (5),30 also known as obeticholic acid or INT-747, is
of particular note as it was approved as a first-in-class FXR

Received: August 5, 2021
Published: September 14, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

25019
https://doi.org/10.1021/acsomega.1c04199

ACS Omega 2021, 6, 25019−25039

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Luxenburger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lawrence+D.+Harris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elizabeth+M.+Ure"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roselis+A.+Landaeta+Aponte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+D.+Woolhouse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+D.+Woolhouse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+A.+Cameron"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chris+D.+Ling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ross+O.+Piltz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+R.+Lewis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Graeme+J.+Gainsford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Graeme+J.+Gainsford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+Weymouth-Wilson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+H.+Furneaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04199&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/38?ref=pdf
https://pubs.acs.org/toc/acsodf/6/38?ref=pdf
https://pubs.acs.org/toc/acsodf/6/38?ref=pdf
https://pubs.acs.org/toc/acsodf/6/38?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


Figure 1. Primary and secondary bile acids and a selection of some medically important analogues.

Scheme 1. Previously Reported Syntheses of Δ13,14- and Δ13,17-12β-Methyl-18-nor-bile Acid Derivativesa

aAbbreviations: Tf2O: trifluoromethanesulfonic anhydride; Mc: chloromethanesulfonate (monochlate); Ms: methanesulfonate; py: pyridine.
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agonist by the US Food and Drug Administration (FDA) for
the treatment of primary biliary cholangitis in 2016. Currently,
the compound is also being evaluated in advanced clinical trials
for the treatment of primary sclerosing cholangitis and non-
alcoholic steatohepatitis.8,28,31 These findings sparked renewed
interest in bile acid research and has stimulated the
development of new bile-acid-inspired therapeutics.
In this paper, we report on our efforts to synthesize a new

class of 12β-methyl-18-nor-bile acids.32 Our inspiration for this
project stemmed from publications by Brieskorn and Mosandl
(1981) and Shimizu, T. et al. (1999).33,34 In both studies, the
authors described the preparation of Δ13,14- and Δ13,17-12β-
methyl-18-nor-bile acid derivatives (13/14 and 16/17) that we
deemed to be a suitable entry into the synthesis of a new range
of bile acids (Scheme 1). In both cases, a 12α-hydroxy-
activated bile acid derivative (12 or 15b) was subjected to
reaction conditions that enabled migration of the angular C18
methyl group to the neighboring C12 carbon atom in a
Nametkin rearrangement, leading to the formation of double
bonds between the C13 and C14, or C13 and C17 carbon
centers. Shimizu and co-workers also explored mesylate (15c)
and triflate (15d) as alternative leaving groups for their
reaction, but in these cases the alkene reaction products 16 and
17 were only generated in poor yields.34

To the best of our knowledge, there have been no
subsequent reports on the utility of such unsaturated 12β-
methyl-18-nor-bile acid derivatives or further investigations
into the rearrangement, leaving the potential of these
substrates unrealized. Moreover, the isolation of rearrangement
products has not been reported on a practical scale as either
preparative high-performance liquid chromatography (HPLC)
or silver chromatography was employed for separation.33,34

Renewed interest in the development of selective bile acid
therapeutics prompted us to investigate this rearrangement as a
source of new bile acid analogues. Herein, we describe the
development of a chromatography-free synthesis and charac-
terization of unnatural 12β-methyl-18-nor-bile acid derivatives
formed from an 18 → 12β Nametkin methyl migration of 12α-
hydroxy-activated CA derivatives.

■ RESULTS AND DISCUSSION

To access the envisaged alkenes 24a and 25a (Scheme 2), we
sought to prepare mesylate 23a as a substrate for the Nametkin
rearrangement previously described by Brieskorn and
Mosandl.33 Following established methods, our synthetic
efforts began by converting CA (1) into its corresponding
methyl ester 21a. This was followed by selective acetylation of
the 3- and 7-hydroxy groups and the subsequent reaction of
22a with methanesulfonyl chloride to furnish the desired
precursor 23a.35,36

When mesylate 23a was subjected to the reported reaction
conditions (NaOAc, HOAc, and 100 °C), a mixture of
unsaturated 12β-methyl-18-nor-bile acid products was ob-
tained in good yield after chromatographic purification.
Spectroscopic analysis and HPLC analysis revealed that the
Δ13,14-alkene 24a and the Δ13,17-isomer 25a were formed, on
average, in a 1:2 ratio, and that the mixture also contained
minor amounts of other alkene side products including the
Δ11,12-isomer 26a. After isolating the alkene product mixture,
as a single fraction by normal-phase chromatography, we
employed chromatography on silver nitrate-impregnated silica
gel as a means to separate the individual components.37 In this
manner, small amounts of the two major rearrangement
products 24a and 25a (Scheme 2) were recovered whose
structures were assigned by 2D NMR analysis. These
assignments were later confirmed by X-ray crystallographic
analysis (vide inf ra). However, silver chromatography37 was
limited by the requirement of repeated runs to obtain larger
quantities of individual products for further synthesis. In
addition, the prohibitive cost of silver nitrate needed to process
large quantities of product led us to seek alternatives.
With the knowledge that alkenes 24a and 25a were major

components of the rearrangement mixture, we next omitted
the purification step on silver-impregnated silica gel before
committing the partially purified mixture of alkenes to the final
two steps of the synthesis (Scheme 3). Accordingly, catalytic
hydrogenation over 10% palladium on charcoal in ethanol
yielded a mixture of saturated 12β-methyl bile acid products
that again proved inseparable by standard chromatography

Scheme 2. Preparation of Δ13,14- and Δ13,17-12β-Methyl-18-nor-bile Acid Intermediates 24a−c and 25a−ca

aReagents and conditions: (a) MeOH, p-TsOH·H2O, Δ or rt; 21b−c: 83−84%; (b) for 22a: Ac2O, DMAP, py (2.5 equiv), toluene;36 90%; for
22b−c: DCM, DMAP, NEt3, Ac2O, 0 °C−rt; 2−6 h; 76−86%; (c) for 23a36/23c: MsCl, py, 0 °C−rt, o/n; 83−97%; for 23b: McCl, py, 0 °C, 45
min; (d) 24a/c//25a/c: HOAc, NaOAc, 100 °C, 2−3 h; 83−86%; 24b/25b: HOAc, Zn(OAc)2, 100 °C, 1.5 h; 84%. Abbreviations: DCM:
dichloromethane; DMAP: N,N-dimethylaminopyridine; o/n: overnight; rt: room temperature; Ts: para-toluenesulfonate.
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techniques. Therefore, this saturated product mixture was
directly subjected to saponification to deprotect the acetate
and methyl ester-protecting groups.
Following global deprotection, HPLC analysis of the mixture

revealed that, among other minor products, two major
components were present in a 1:2.6 ratio (27a/28a). Both
compounds were isolated by a combination of reversed- and
normal-phase column chromatography, as well as recrystalliza-
tion. X-ray diffraction of suitable single crystals of each of these
isolated products elucidated their structures as two new 12β-
methyl-18-nor-bile acids 27a and 28a. Bile acid 27a is
structurally analogous to CDCA (2) except for the relocation
of the angular C18 methyl group to the 12β-position.

Diastereomer 28a, on the other hand, has an unnatural
epimerized C17 carbon center, positioning the side chain on
the α-face of the steroid scaffold; a feature that is not found in
naturally occurring steroids or bile acids. During efforts to
purify 27a and 28a, we also isolated small amounts of two
minor byproducts 29 and 30, whose structures were also
solved by X-ray diffraction. In addition to the rearranged
methyl group, now at the equatorial 12β-position, compound
29 was also found to have an epimerized C14 carbon center,
giving rise to an unprecedented diastereomer with a C/D-cis
ring junction. Compound 30 featured a C-nor-D-homo ring
system which resulted from the saturation of C-nor-D-homo
alkenes formed from migration of the C13−14 bond to the

Scheme 3. Preparation and Characterization of New 12β-Methyl-18-nor-bile Acids
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C12 position in a Wagner−Meerwein-type rearrangement of
mesylate 23a. This C-nor-D-homo motif has been reported
previously to be a characteristic structural feature of cyclop-
amine and related steroidal alkaloids.38

The reaction mixture also contained a minor amount (7−
9%) of 12β-methyl-18-nor-lithocholic acid isomers 31 and 32,
of which the structure of 31 was confirmed by X-ray
crystallographic analysis. As isomer 32 was an oil, confirmation
of its stereochemistry was not possible by crystallography, and
its analysis by NMR spectroscopy remained inconclusive.
Hydrogenation experiments with purified samples of either the
Δ13,14- or the Δ13,17-alkene (24a or 25a) demonstrated that
12β-methyl-18-nor-lithocholic acid side products (31 and 32)
were only generated from hydrogenation of the Δ13,14-alkene
(24a). In contrast, the two major products, 27a and 28a, were
the only two products formed from the Δ13,17-alkene (25a).

With the aim of building a drug discovery library of
structurally modified 12β-methyl-18-nor-bile acids, we also
pursued the synthesis of 24-nor- and 25-homo-analogues (27b/
c and 28b/c), as depicted in Scheme 4. For the synthesis of 24-
nor-bile acids (27b and 28b, Scheme 5), we investigated the
methodology described by Shimizu and co-workers34 (Scheme
1B), by employing monochlate 23b to effect the rearrange-
ment to Δ13,14- and Δ13,17-alkenes (24b and 25b) upon
treatment with zinc acetate in dioxane. As per the synthesis of
mesylate 23a (Scheme 2), the required monochlate (23b) was
prepared from 24-nor-cholic acid (19)39 in three standard
transformations, which involved methyl esterification, followed
by selective acetylation of the 3- and 7-hydroxy groups, and
activation of the 12-hydroxy group with chloromethanesulfonyl
chloride. However, when Shimizu’s reported conditions for the
rearrangement were applied to 23b (Scheme 1B), the starting

Scheme 4. Synthesis of 24-nor and 25-homo 12β-Methyl-18-nor-bile Acids 27b,c and 28b,c

Scheme 5. Chromatography-Free, Large-Scale Synthesis of 12β-Methyl-18-nor-alkene Bile Acids 33 and 34 and 12β-Methyl-18-
nor-bile Acids 27a and 28aa

aReagents and conditions: (a) MeOH, p-TsOH·H2O, Δ, 2 h, then rt, 3 d; (b) py, DMAP, EtOAc, Ac2O, 0 °C−rt, o/n; 51% (2 steps,
unoptimized); (c) MsCl, py, 0 °C−rt, o/n; (d) NaOAc, HOAc, 100 °C, o/n; (e) 10 M NaOHaq, MeOH, 80 °C, 72 h; 33: analytical sample: 92.5%
pure after fractional crystallization; >99% pure after chromatography; 34: ca. 60 g; 95% pure, following fractional crystallization (HPLC analysis);
(f) fractional crystallization; (g) H2 (5 bar), 10% Pd/C (0.1 equiv), MeOH/H2O (10:1), rt, 20 h; 27a: 98.8% pure after fractional crystallization;
28a: >99% pure after fractional crystallization (HPLC analysis).
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material was consumed exceedingly slowly. By switching the
solvent from dioxane to acetic acid and repeating the reaction
with zinc acetate at 100 °C, the rearrangement was complete
within 1 h.
Analysis of this partially purified mixture by HPLC showed

that the desired Δ13,14- and Δ13,17-alkenes 24b and 25b were
present in a ratio of 1:1.4 (see the Supporting Information). As
before, separation of alkenes 24b and 25b was achieved by
column chromatography on 20% silver nitrate-impregnated
silica gel. Δ13,17-alkene 25b was obtained as a clean fraction,
and suitable crystals were grown enabling its structural
determination by X-ray crystallographic analysis. On the
other hand, only a small amount of analytically pure Δ13,14-
isomer 24b was recovered for spectroscopic analysis. There-
fore, we subjected the Δ13,17-alkene 25b alone to palladium-
catalyzed hydrogenation. As expected, the product mixture
from this hydrogenation reaction contained only two products
(in an anti/syn ratio of ∼1:2.3, as deduced from the 13C NMR
spectrum of the chromatographed mixture), but yet again these
products were inseparable by chromatography. Therefore, the
mixture of saturated reaction products was saponified to
produce the two 12β-methyl-18,24-bisnor-bile acids 27b and
28b, which were easily separated by normal-phase chromatog-
raphy.
Since the application of the reaction conditions described by

Shimizu et al.34 to our substrates, namely, the use of a
monochlate-activated substrate in combination with Zn-
(OAc)2, afforded no particular benefit in effecting the desired
1,2-methyl shift, we elected to continue with the combination
of mesylate/NaOAc/AcOH as the preferred rearrangement
conditions. Accordingly, we then prepared the analogous 25-
homo-bile acids 27c and 28c (Scheme 4). Following the
preparation of the mesyl-activated 25-homo-bile acid precursor
(23c) from 25-homo-cholic acid 2035 and subsequent
rearrangement, the corresponding mixture of protected alkenes
(24c and 25c) was fractionated by column chromatography on
20% silver nitrate-impregnated silica gel. With the expectation
that the Δ13,17-alkene would form only two products in the
hydrogenation step, and to avoid the formation of other
byproducts, only Δ13,17-alkene 25c was subjected to hydro-
genation and saponification. Thus, the two 12β-methyl-25-
homo-18-nor-bile acids 27c and 28c were isolated by normal-
phase chromatography, and the structure of 28c was
determined by X-ray crystallographic analysis (Scheme 4).
Despite developing a general method that enabled the

synthesis of 12β-methyl-18-nor-bile acids 27/28(a−c), this
parallel approach was still limited to the preparation of small
amounts of target materials due to the required use of
expensive and laborious silver-impregnated chromatography.
To access a diverse drug discovery library would require the
production of larger quantities of materials. We therefore
turned our attention to upscaling the synthesis of 27a and 28a
to access 27b/28b and 27c/28c by side-chain reduction and
elongation reactions, respectively.39,40

Following the same reaction sequence outlined in Scheme 2,
we set out from 250 g of CA. With only minor modifications
and a single chromatographic step to remove an impurity that
otherwise inhibited the palladium-catalyzed hydrogenation
reaction, products 27a and 28a could be isolated by iterative
fractional precipitation procedures (see the Experimental
Section). A key feature of the fractional precipitation process
takes advantage of the relative insolubility of 28a in methanol/
ethyl acetate mixtures when compared with 27a. Therefore,

from 250 g of CA, this six-step procedure was amenable to
scale-up with 30.4 g (12% yield) of 27a and 32.4 g (13% yield)
of 28a being produced, with only a single passage of column
chromatography required to remove the impurity that
inhibited the catalytic hydrogenation step.
Surprisingly, during the fractional precipitation process to

isolate the individual products 27a and 28a, a small amount
(3.5 g) of pure deprotected Δ13,14-alkene 34 (Scheme 5) was
isolated, pertaining to incomplete hydrogenation of the
protected alkene mixture. The compound’s high crystallinity,
as a hydrate form, not only enabled its isolation and
characterization by single-crystal X-ray diffraction but also,
most importantly, indicated that it was stable to the basic
hydrolysis conditions employed in the final reaction step.
These observations prompted us to investigate reversing the
order of the hydrogenation and hydrolysis steps, to attempt
purification of the unsaturated 12β-methyl-18-nor-bile acid
products by precipitation, prior to hydrogenation. In the
envisaged process, we also anticipated removing the impurity
that inhibited catalytic hydrogenation.
With this objective in mind, we increased the scale to 500 g

of CA for our second campaign and prepared ca. 330 g of the
mixture of protected 12β-methyl-18-nor-alkenes (24a, 25a, and
others) over four steps (a−d; Scheme 5). Prior to committing
the bulk of this material to hydrolysis, we trailed the hydrolysis
on 12 g of this mixture. Following workup, it was possible to
isolate a mixture (6 g) containing the unsaturated, deprotected
12β-methyl-18-nor-bile acid products from the crude by
filtering a powder that precipitated between ethyl acetate and
the aqueous layers upon vigorous shaking and scratching.
Further chromatography of a sample (2 g) of this powder
enabled the isolation and characterization of the two major
reaction products 33 and 34. A test hydrogenation of the crude
material demonstrated that the saturated bile acids 27a and
28a were indeed formed in an approximate 2.5:1 ratio (as
deduced from the 13C NMR spectrum of the crude, by
comparison with the samples prepared previously), confirming
that the impurities that inhibited the catalytic hydrogenation
had been removed by the precipitation process. Interestingly,
this is a reversal of the anti/syn selectivity observed when the
protected alkene mixture containing 24a and 25a was
hydrogenated. The only further optimization required for the
hydrogenation was the addition of water to the reaction
solvent (methanol) to prevent esterification of the carboxylic
acids, which was found to be a significant side reaction when
neat methanol was employed as the reaction solvent.
Following the satisfactory outcome of the test hydrolysis and

hydrogenation reactions, we next subjected the remainder of
the bulk-protected 12β-methyl-18-nor-alkene mixture (318 g)
to basic hydrolysis (step e; Scheme 5). The reaction proceeded
in an almost identical fashion at scale, and ∼300 g of the crude-
deprotected 12β-methyl-18-nor-bile acid alkene mixture was
furnished as a powder upon precipitation. Evaluation of the
13C NMR spectrum of the mixture confirmed that alkenes 33
and 34 represented the major reaction products in a 1.5:1
ratio. Further purification, by fractional precipitation of the bile
acid alkene mixture, removed many of the side products and
yielded ca. 60 g of Δ13,14-alkene 34 (>95% pure) and 144 g of a
mixture that was enriched with Δ13,17-alkene 33, but also
contained alkene 34 and other minor impurities. For this
fractional precipitation, we were able to take advantage of the
relative insolubility of Δ13,14-alkene 34 in methanol/ethyl
acetate mixtures, when compared with Δ13,17-alkene 33.
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However, when alkene 33 was the major component of a
mixture of the two, it was possible to purify small amounts of it
by precipitating from hot, dry ethyl acetate.
For the final hydrogenation step, however, we recombined

46 g of pure Δ13,14-alkene 34 with the Δ13,17-alkene-enriched
mixture (144 g). The hydrogenation was conducted (in a
calorimeter-equipped 3.4 L stainless-steel pressure vessel) at 25
°C and 5 bar and was complete after 20 h. In contrast to our
initial work (vide supra), on hydrogenation of the protected
alkene mixture, we found that hydrogenation of the
deprotected 12β-methyl-18-nor-alkene bile acids favored the
formation of the saturated bile acid 27a in a ratio of 2.5:1 (as
deduced from the 13C NMR spectrum of the crude). Following
our procedures developed for the fractional precipitation, bile
acids 27a and 28a were eventually isolated in 16 and 5% yields,
respectively, with purity of greater than 95%, over six steps
from CA.
With the availability of gram quantities of the bile acids 27a

and 28a, the syntheses of the corresponding 12β-methyl-25-
homo-18-nor-bile acids 27c and 28c were accomplished in 36
and 44% yields, respectively, over five steps employing an
Arndt−Eistert homologation strategy (Scheme S2), whereas
the 24-nor-bile acid analogue 27b was prepared in 22% yield
(unoptimized) over three steps using a second-order
Beckmann rearrangement as a key transformation following
literature procedures (Scheme S3).39,40

To investigate what impact the position of the double bond
in the Δ13,14- and Δ13,17-12β-methyl-18-nor-alkene bile acids 33
and 34 would have on the profile of hydrogenation products,
we opted to study the hydrogenation of the individual alkene
bile acids using an H-Cube apparatus. Once reaction
conditions such as the concentration of reactant (2.5 mg/
mL), pressure (80 bar), and flow rate (0.3 mL/min) were
optimized, alkenes 33 or 34 were hydrogenated under
continuous flow in a single pass (Table 1). Thus, hydro-

genation of Δ13,17-alkene 33 generated 12β-methyl-18-nor-bile
acids 27a and 28a as the only two reaction products, which
was consistent with the hydrogenation of the protected
congeners. The product ratio was concluded to be 1.3:1
from analysis of the 13C NMR spectrum of the product
mixture.
In the case of Δ13,14-alkene 34, however, five hydrogenation

products were observed in the 13C NMR spectrum of the crude
reaction mixture (Table 1), all of which could be assigned by
comparison with authentic samples. Interestingly, under the
reaction conditions employed, considerable amounts of CD-cis
bile acid 29 and 12β-methyl-18-nor-lithocholic acid derivatives
31 and 32 were formed alongside the major product 27a,
whereas the 17-epi-isomer 28a represented only a minor
constituent of the product mixture. These results not only
corroborate that the 12β-methyl-18-nor-lithocholic acid
derivatives (31 and 32) and other side products (29) originate

from hydrogenation of Δ13,14-alkene bile acid 34 but also offer
insight into the mechanism of the palladium-catalyzed
hydrogenation of these alkenes.
To better understand the formation of 12β-methyl-18-nor-

bile acid 27athe product of a formal anti-hydrogenation
we performed a deuteration of Δ13,17-alkene bile acid 33 on a
preparative scale in an H-Cube by exchanging water for
deuterium oxide (as the source of deuterium gas) and using
deuterated methanol as the solvent (Scheme 6). The two
deuterated bile acid products 27a−d3 and its C17-epimer
(analogous to hydrogenated products 27a and 28a) were then
separated by chromatography for analysis.
Spectroscopic analysis of 27a−d3 revealed that the

compound carried three deuterium atoms (Figure 2). The
presence of these newly introduced deuterium atoms was most
obvious in the carbon NMR spectrum, as carbon−deuterium
coupling caused splitting of the carbon signals giving rise to an
apparent loss of signal intensity. This effect was observed for
the C13 and C17 signals, but in addition a third 2H atom was
bound to C16. The presence of a NOESY interaction between
the remaining H16 proton and the side chain demonstrated
that 2H16 was oriented toward the α-face.
Less straightforward proved the interpretation of the spectral

data for the C17-epimer. As before, the carbon NMR spectrum
showed that deuterium atoms were present in positions 13 and
17, which satisfied our expectation. However, additional
isotopic effects were observed for the C16 and C15 carbon
resonances in the proton- and deuterium-decoupled 13C NMR
spectrum, both of which appeared now as a cluster of three
signals with different intensities and up-field shifts (Figure 3).
The major resonance for C16 at 23.55 ppm was found to be
shifted up-field by 2Δ(C) = 0.1 ppm, when compared to the
same signal of the non-deuterated compound 28a. This effect
is characteristic for a two-bond isotope shift, as caused by the
neighboring 2H17. On the other hand, the major signal for
C15 at 30.36 ppm is in accord with the shift of the C15 signal
of the non-deuterated analogue 28a, which indicated that no
deuterium atom was nearby, including C16. These observa-
tions allowed us to conclude that these signals originated from
a compound that carried only two deuterium atoms, in
positions 13 and 17 (28a−d2). A subsequent examination of
the second largest signals at 23.22 (C16) and 30.25 ppm
(C15) revealed that the C16 signal had undergone a one-bond
isotope shift of 1ΔC(D) = 0.43 ppm due to a deuterium atom
being attached to C16, whereas the C15 resonance was shifted
up-field by 2ΔC(D) = 0.1 ppm as a secondary effect. This
suggested that the NMR sample contained a second
constituent with three deuterium atoms in positions 13, 17,
and 16 (28a−d3). The observation of a NOESY cross-peak
between the proton signals of H16 and H21 showed that the
2H16 was facing toward the β-side. Finally, the upfield shift of
1ΔC = 0.5 ppm of both of the least intense signals at 29.83 and
23.11 ppm, relative to their respective non-deuterated 13C
signals, pointed to the presence of a third isomer with four
deuterium atoms being attached to C13, C17, C16, and C15.
Although the orientation of the C15-deuterium could not be
elucidated by NMR spectroscopy, due to a lack of character-
istic NOESY interactions, we assigned a β-orientation based on
the neutron diffraction structure of 28a−d2‑4, as depicted in
Scheme 6. Moreover, the neutron structure confirmed the
presence and β-orientation of each of the four deuterium
atoms at C13, C17, C16, and C15. The notion that the
analyzed sample was in fact composed of a mixture of three

Table 1. Comparison of Product Ratios for H-Cube
Hydrogenation of Substrates 33 and 34

entry substratea product mixture product ratiob

1 33 (Δ13,17) 27a/28a 1.3/1
2 34 (Δ13,14) 27a/28a/29/31/32 3/0.2/1/0.4/0.8

a50 mg in 20 mL of methanol (2.5 mg/mL; 0.3 mL/min; 80 bar; 25
°C). bApproximate ratio: determined by integration of the 13C NMR
spectrum; quantitative conversion of the substrate.
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isomers with different deuteration patterns was furthermore
supported by the recorded isotope distribution in the mass
spectrum, which differed significantly from that expected for a
single compound (see the Supporting Information). By
comparison of the relative intensities of the respective carbon
peaks of each cluster in the semi-quantitative 13C NMR
spectrum, the ratio of the deuterated bile acid mixture was
estimated to be 4:2:1.
From these findings, we deduced that during the course of

the deuteration the tetrasubstituted Δ13,17-double bond had
undergone migration over two bonds, thus accounting for the
formation of the anti-deuteration product 27a−d3 and the
introduction of β-facing deuterium atoms in positions 16 and

15. These considerations can be rationalized by the half-
hydrogenated state mechanism that was introduced by Horiuti
and Polanyi in 1934.41,42 In accordance with this mechanism,
we can postulate the following sequence of events: Initially, the
Δ13,17-alkene reactant (33) is adsorbed onto the palladium
surface by its double bond from the convex side of the steroid
scaffold, presumably by a combination of π- and σ-bonding.
Since no deuterium atom was detected in position 12, we can
conclude that the first deuterium−carbon bond was established
at C13, whereas the adjacent C17 maintains bonding to the
palladium surface giving rise to a half-hydrogenated form. This
intermediate can now either react irreversibly with another
deuterium to give the 17-epi-bile acid 28a−d2 or, because of

Scheme 6. Deuteration of Δ13,17-Alkene Bile Acid 33 under Continuous Flow

Figure 2. Carbon NMR analysis of compound 27a−d3: (A) 13C NMR spectrum of 27a (with power-gated 1H decoupling); (B) 13C NMR
spectrum of 27a−d3 (with power-gated 1H decoupling); and (C) semi-quantitative 13C NMR spectrum of 27a−d3 (inverse-gated 1H- and 2H-
decoupled). 13C NMR spectra were recorded at 125 MHz in CD3OD.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04199
ACS Omega 2021, 6, 25019−25039

25026

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04199/suppl_file/ao1c04199_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04199?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the reversible nature of the reaction, dissociate again to either
the starting alkene 33 or the isomeric alkene 35. In the event
that the isomeric alkene (35) is formed, syn-addition of
deuterium from the α-face will yield the anti-deuteration
product 27a−d3, while deuteration from the β-face will yield
the trideuterium bile acid 28a−d3. Another iteration of this
sequence will lead to the intermediate alkene 36 which, upon
selective deuteration from the β-face, gives the tetradeuterated
analogue 28a−d4.

■ CONCLUSIONS
In summary, a Nametkin-type rearrangement was applied to
the CA scaffold to generate a mixture of Δ13,14- and Δ13,17-
unsaturated 12β-methyl-18-nor-bile acids. These rearrange-
ment products were hydrogenated, yielding a new series of
saturated bile acids with unprecedented structures. The
synthetic sequence was optimized, enabling the preparation
and isolation of alkene intermediates (33 and 34), and
saturated analogues (27−30) at a multi-gram scale by a
chromatography-free route. Together, these new chemical
entities constitute a new bile acid drug discovery library that is
suitable for further derivatization; several projects exploring
their synthetic utility have been undertaken in our laboratories
and will be reported in due course.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Melting points were

determined by differential scanning calorimetry (DSC) on a
Mettler Toledo DSC1 instrument at a heating rate of 10 K·
min−1. Proton (1H) and carbon (13C) NMR spectra were
recorded on a three-channel Bruker AVANCE III 500 MHz
spectrometer with a Bruker 5 mm BBO probe. Chemical shifts
are reported in ppm relative to Me4Si (TMS, δ 0.0), or residual
solvent peaks as an internal standard set to δ 7.26 and 77.00
(CDCl3), or δ 3.34 and 49.05 (MeOD) for 1H and 13C,
respectively. The 13C spectra were recorded using either
power-gated 1H decoupling (standard pulse sequence zgpg30)
or inverse-gated simultaneous 1H and 2H decoupling (see the

Supporting Information for details). NMR data are reported as
follows: chemical shift in ppm, multiplicity (ap = apparent, s =
singlet, d = doublet, t = triplet, q = quartet, sext = sextet, sp =
septet, br = broad, dd = doublet of doublets, td = triplet of
doublets, dt = doublet of triplets, and m = multiplet), coupling
constant in Hz, integration.
Electrospray ionization (ESI) mass spectrometry (MS)

experiments were performed on a QTOF Premier mass
spectrometer (Micromass, UK) under normal conditions.
Sodium formate solution was used as a calibrant for high-
resolution MS (HRMS) measurements. Specific optical
rotations were acquired on a Rudolph Autopol IV automatic
polarimeter at ambient temperature (20 °C), unless otherwise
stated, λ = 589 nm, and concentration (g/100 mL) in the
solvent indicated, using a cell of path length of 100 mm.
All reactions were monitored by thin layer chromatography

(TLC) using 0.2 μm silica gel (Merck Kieselgel 60 F254)-
precoated aluminum plates, using UV light and an ammonium
molybdate or a potassium permanganate staining solution to
visualize. Silver nitrate-impregnated TLC plates were prepared
by dipping silica gel-precoated aluminium plates in a 20%
aqueous silver nitrate solution and drying them in an oven at
120 °C overnight.43 Silver nitrate-impregnated silica gel was
prepared by dispersing silica gel in a solution of the
corresponding amount of silver nitrate in acetonitrile and
concentrating this mixture to dryness. Flash column
chromatography was performed on Davisil silica gel (60;
particle size, 0.040−0.063 mm), or using Reveleris silica or C-
18 reversed phase flash cartridges on a Grace Reveleris
automated flash system with continuous gradient facility.
Solvents for reactions and chromatography were of analytical
grade and were used as supplied unless otherwise stated.
Unless otherwise stated, petroleum ether refers to the fraction
boiling at 60−80 °C.
Hydrogenation and deuteration reactions in an H-Cube Pro

apparatus (ThalesNano) were performed at 100% gas
production capacity, using Milli-Q H2O or 99.9% D2O,
respectively. Chiral and achiral HPLC analyses were performed

Figure 3. Carbon NMR analysis of the mixture of 28a−d2−4: (A) 13C NMR spectrum of 28a (with power-gated 1H decoupling); (B) 13C NMR
spectrum (with power-gated 1H decoupling) of 28a−d2−4; and (C) semi-quantitative 13C NMR spectrum of the mixture of 28a−d2−4 (inverse
gated, 1H- and 2H-decoupled; NS 9600). 13C NMR spectra were recorded at 125 MHz in CD3OD. See the Supporting Information for full spectra.
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on an Agilent 1100 (Quaternary pump) HPLC system with a
diode array detector (200−400 nm), employing columns, as
indicated in the Supporting Information Injection volumes
were typically 10 μL (1−2 mg·mL−1), and data were processed
with Agilent Cerity System software. Compounds 21a−23a
were initially synthesized by employing the procedures
reported in ref 35a 35b, and 36a with minor modifications.
nor-Cholic acid (19) was prepared by the method of Bhattarai
et al. with minor modifications.39a

Experimental Procedures. Synthesis of 12β-Methyl-18-
nor-bile Acids. Methyl 3α,7α-Diacetyloxy-12β-methyl-18-
nor-5β-chol-13(14)-en-24-oate (24a) and Methyl 3α,7α-
Diacetyloxy-12β-methyl-18-nor-5β-chol-13(17)-en-24-oate
(25a). A mixture of mesylate 23a (17.1 g, 29.2 mmol) and
anhydrous sodium acetate (37.1 g, 452 mmol) in glacial acetic
acid (680 mL) was heated at 100 °C for 3 h. After completion
of the reaction (TLC analysis), most of the acetic acid was
evaporated, and the remainder was diluted with water and
extracted with ethyl acetate (3×). The combined organic
phases were washed acid free with a saturated bicarbonate
solution and brine, dried over MgSO4, and concentrated. The
crude product was partially purified by automated column
chromatography (silica gel, ethyl acetate/petroleum ether: 1−
20%) to afford 12.3 g (86%) of a mixture of rearrangement
products as a heavy light-yellow oil [Rf = 0.48 (ethyl acetate/
petroleum ether = 3:7)]. An analytical sample of each of the
two major rearrangement products, Δ13,14-alkene 24a and
Δ13,17-alkene 25a, was obtained by further purification of the
partially pure mixture of rearrangement products on 20% silver
nitrate-impregnated silica gel by eluting with a 3:7 mixture of
ethyl acetate and petroleum ether under gravity. Both
compounds were obtained as colorless oils that foamed. In
addition, a minor amount of Δ11,12-alkene 26a36b was
recovered as a colorless oil that solidified on standing [Rf =
0.35 (20% AgNO3-silica gel, ethyl acetate/petroleum ether =
3:7) and Rf = 0.20 (20% AgNO3-silica gel, ethyl acetate/
toluene = 1:9)].
Methyl 3α,7α-Diacetyloxy-12β-methyl-18-nor-5β-chol-

13(14)-en-24-oate (24a). Rf = 0.45 (20% AgNO3-silica gel,
ethyl acetate/petroleum ether = 3:7), Rf = 0.48 (20% AgNO3-
silica gel, ethyl acetate/toluene = 1:9), [α]D

20 = +52.6 (c 0.815,
CHCl3);

1H NMR (500 MHz, CDCl3): δ 5.08 (dd, 5.7, 2.8
Hz, 1H), 4.60 (tt, 11.3, 4.5 Hz, 1H), 3.65 (s, 3H), 2.59−2.54
(m, 1H), 2.45−2.39 (m, 1H), 2.39−2.30 (m, 2H), 2.24−2.11
(m, 2H), 2.10−1.95 (overlapping signals: m, 4H; 2.010, s, 3H
and 2.006, s, 3H), 1.95−1.81 (m, 2H), 1.80−1.62 (m, 6H),
1.62−1.56 (m, 1H), 1.55−1.41 (m, 2H), 1.28−1.20 (m, 1H),
1.13 (td, 14.4, 3.4 Hz, 1H), 1.07−0.97 (overlapping signals: m,
1H and 1.05, d, 7.2 Hz, 3H), 0.93 (d, 6.8 Hz, 3H), 0.92 (s,
3H); 13C NMR (125 MHz, CDCl3): δ 174.48, 170.57 (2C),
140.89, 137.74, 74.08, 70.96, 53.47, 51.39, 40.50, 39.44, 35.63,
34.70 (2C), 34.61, 33.51, 33.29, 32.68, 32.60, 31.66, 31.08,
26.89, 25.28, 25.08, 22.27, 21.58, 21.41, 21.13, 18.88; HRMS
(ESI) m/z: calcd for C29H44O6Na+, 511.3030; found,
511.3034.
Methyl 3α,7α-Diacetyloxy-12β-methyl-18-nor-5β-chol-

13(17)-en-24-oate (25a). Rf = 0.41 (20% AgNO3-silica gel,
ethyl acetate/petroleum ether = 3:7), Rf = 0.34 (20% AgNO3-
silica gel, ethyl acetate/toluene = 1:9), [α]D

20 = −24.4 (c 0.66,
CHCl3);

1H NMR (500 MHz, CDCl3): δ 5.08 (dd, 5.9, 3.2
Hz, 1H), 4.61 (tt, 11.4, 4.5 Hz, 1H), 3.66 (s, 3H), 3.05−2.96
(m, 1H), 2.41−2.34 (m, 1H), 2.25−2.13 (m, 5H), 2.08 (dt,
11.6, 13.0 Hz, 1H), 2.05 (s, 3H), 2.04 (s, 3H), 2.05−1.89 (m,

3H), 1.88−1.80 (m, 1H), 1.78−1.71 (m, 1H), 1.69−1.57 (m,
5H), 1.55−1.44 (m, 2H), 1.29−1.18 (overlapping signals: m,
2H and 1.26, d, 6.9 Hz, 3H), 1.10 (td, 14.4, 3.5 Hz, 1H), 0.98
(d, 6.8 Hz, 3H), 0.90−0.81 (overlapping signals: m, 1H and
0.86, s, 3H); 13C NMR (125 MHz, CDCl3): δ 174.27, 170.60,
170.23, 139.21, 135.25, 74.24, 69.71, 51.44, 49.46, 47.38,
40.81, 36.31, 35.81, 34.76, 34.72, 34.61, 34.02, 32.64, 31.42,
31.16, 30.38, 30.15, 26.96, 26.37, 22.82, 21.45 (2C), 20.75,
19.64; HRMS (ESI) m/z: calcd for C29H44O6Na

+, 511.3030;
found, 511.3028.

3α,7α-Dihydroxy-12β-methyl-18-nor-5β-cholan-24-oic
Acid (27a) and 3α,7α-Dihydroxy-12β-methyl-17-epi-18-nor-
5β-cholan-24-oic Acid (28a). To a solution of the partially
purified mixture of alkene rearrangement products (1.11 g,
2.27 mmol) in ethanol (15 mL) was added 10% palladium on
charcoal (190 mg), and the atmosphere was exchanged for
hydrogen. After being stirred under atmospheric pressure and
at room temperature overnight (TLC and/or MS analysis), the
reaction mixture was filtered through a pad of Celite, and the
filtrate was concentrated to give 1.10 g (99%) of a crude
mixture of hydrogenation products as a colorless oil.
The crude product was re-dissolved in methanol (25 mL)

and 10 M aqueous sodium hydroxide solution (3 mL) was
added. The resulting reaction mixture was heated at 80 °C
overnight. After being cooled to room temperature, the
reaction was concentrated and the residue re-dissolved in
water and acidified to pH 1 by the dropwise addition of a 1 M
aqueous hydrochloric acid solution. The formed colorless
precipitate was extracted with ethyl acetate (3×), and the
combined organic phases were washed with brine, dried over
MgSO4, and concentrated to give a light-yellow foam. The
crude product was adsorbed onto C-18 silica gel and purified
by automated flash column chromatography in two separate
batches (C18 silica gel, water/methanol = 2−85%) to yield A:
73.7 mg (8.7%) of a mixture of 12β-methyl-18-nor-lithocholic
acid derivatives [31/32, Rf = 0.64/0.53 (acetone/dichloro-
methane/acetic acid = 3:7:0.1), Rf = 0.10 (C18-silica gel,
water/methanol = 1:4)], B: 186 mg (21%) of a 3.4:1 mixture
of 27a and 30, as determined by 1H NMR analysis, and C: 380
mg (43%) of 28a containing 6% of CDCA (as determined by
1H NMR analysis) and a minor amount of 29. The presence of
CDCA results from hydrogenation/saponification of the
Δ11,12-unsaturated intermediate 26a, which was formed as a
minor side product in the Nametkin rearrangement.
The latter mixture was recrystallized from ethyl acetate/

methanol to afford 241 mg (27%) of pure 28a.
Additional purification of mixture B by automated flash

column chromatography on normal phase silica gel [acetone
(+1% acetic acid)/dichloromethane (+1% acetic acid) 2−
20%] gave rise to 111 mg (12%) of pure 27a and 33.4 mg
(4%) of 30 with 96% purity, as determined by HPLC analysis.
Employing the same latter chromatographic method for

purifying the mother liquor from recrystallization of mixture C,
35.0 mg (4%) of 29 was recovered with 95% purity, as
determined by HPLC analysis.
Separation of the mixture of the 12β-methyl-18-nor-

lithocholic acid derivatives (31/32, mixture A) was achieved
by flash column chromatography on silica gel [acetone/
dichloromethane (+1% acetic acid) = 1:49, 1:9]. Compound
31 was obtained as a solid which could be recrystallized from
ethyl acetate/petroleum ether to yield colorless needles.
Compound 32 was a colorless foam.
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3α,7α-Dihydroxy-12β-methyl-18-nor-5β-cholan-24-oic
Acid (27a). Rf = 0.34 (acetone/dichloromethane/acetic acid =
3:7:0.1), Rf = 0.38 (C18-silica gel, water/methanol = 1:4); mp:
182−184 °C (DSC); [α]D

20 = +24.2 (c 1.0, MeOH); 1H NMR
(500 MHz, CD3OD): δ 3.91 (dd, 5.8, 3.0 Hz, 1H), 3.38 (tt,
11.2, 4.4 Hz, 1H), 2.37 (ddd, 15.3, 8.8, 5.5 Hz, 1H), 2.26 (dt,
11.6, 13.1 Hz, 1H), 2.22−2.14 (m, 1H), 2.03−1.94 (m, 2H),
1.91−1.80 (m, 3H), 1.79−1.71 (m, 2H), 1.67−1.48 (m, 6H),
1.46−1.21 (m, 6H), 1.03−0.91 (overlapping signals: m, 2H;
0.97, d, 6.6 Hz, 3H and 0.93, d, 6.7 Hz, 3H), 0.89 (s, 3H),
0.88−0.78 (m, 2H); 13C NMR (125 MHz, CD3OD): δ 178.06,
72.97, 69.01, 54.48, 50.46, 48.99, 46.96, 43.23, 40.48, 40.00,
37.22, 36.63, 36.49, 36.15, 35.71, 34.32, 33.72, 31.45, 30.00,
26.44, 25.32, 23.58, 21.81, 19.94; HRMS (ESI) m/z: calcd for
C24H40O4Na

+, 415.2819; found, 415.2822.
3α,7α-Dihydroxy-12β-methyl-17-epi-18-nor-5β-cholan-

24-oic Acid (28a). Rf = 0.25 (acetone/dichloromethane/acetic
acid = 3:7:0.1), Rf = 0.25 (C18-silica gel, water/methanol =
1:4); mp: 225−228 °C (DSC); [α]D

20 = −36.5 (c 0.625,
MeOH); 1H NMR (500 MHz, CD3OD): δ 3.88 (dd, 5.7, 2.9
Hz, 1H), 3.37 (tt, 11.1, 4.5 Hz, 1H), 2.34−2.19 (m, 4H), 1.96
(ddd, 14.7, 5.5, 3.6 Hz, 1H), 1.96−1.87 (m, 3H), 1.84 (sext d,
6.8, 2.5 Hz, 1H), 1.75 (dt, 12.9, 3.6 Hz, 1H), 1.74−1.59 (m,
4H), 1.57−1.31 (m, 7H), 1.10−1.00 (m, 2H), 1.00−0.90
(overlapping signals: m, 2H and 0.97, d, 6.3 Hz, 3H), 0.89 (d,
6.8 Hz, 3H), 0.86 (s, 3H), 0.69 (dt, 11.5, 12.5 Hz, 1H); 13C
NMR (125 MHz, CD3OD): δ 177.99, 72.98, 68.78, 57.70,
48.54, 44.55, 43.32, 42.97, 40.40, 37.06, 36.62, 36.09, 35.70,
34.23, 33.57, 33.37, 33.23, 32.99, 31.49, 30.38, 23.69, 23.65,
21.77, 17.21; HRMS (ESI) m/z: calcd for C24H40O4Na

+,
415.2819; found, 415.2824.
3α,7α-Dihydroxy-12β-methyl-14-epi-18-nor-5β-cholan-

24-oic Acid (29). Rf = 0.29 (acetone/dichloromethane/acetic
acid = 3:7:0.1); 1H NMR (500 MHz, CD3OD): δ 3.89 (dd,
5.7, 2.9 Hz, 1H), 3.36 (tt, 11.2, 4.3 Hz, 1H), 2.35 (ddd, 15.3,
9.4, 5.2 Hz, 1H), 2.29 (dt, 11.6, 13.4 Hz, 1H), 2.24−2.18 (m,
1H), 2.08 (td, 12.1, 3.2 Hz, 1H), 2.04−1.97 (m, 2H), 1.97−
1.74 (m, 5H), 1.70−1.53 (m, 5H), 1.49 (dt, 14.4, 2.2 Hz, 1H),
1.46−1.25 (m, 7H), 0.99 (td, 14.2, 3.4 Hz, 1H), 0.90 (d, 6.4
Hz, 3H), 0.88−0.84 (overlapping signals: d, 3H and 0.86, s,
3H), 0.72 (ap q, 12.2 Hz, 1H); 13C NMR (125 MHz,
CD3OD): δ 178.11, 73.12, 71.94, 53.11, 47.89, 46.23, 43.53,
42.99, 40.37, 38.87, 36.76, 36.70, 36.25, 36.11, 34.05, 33.14,
31.79, 30.84, 29.91, 29.52, 28.63, 24.09, 21.21, 18.22; HRMS
(ESI) m/z: calcd for C24H40O4Na+, 415.2819; found,
415.2821.
3α,7α-Dihydroxy-14(13 → 12)abeo-13-epi-5β-cholan-24-

oic Acid (30). mp: 181−183 °C (DSC); [α]D
20 = −3.4 (c 0.475,

MeOH); 1H NMR (500 MHz, CD3OD): δ 4.00 (dd, 5.6, 2.8
Hz, 1H), 3.35 (tt, 11.3, 4.2 Hz, 1H), 2.36 (ddd, 15.5, 8.9, 5.4
Hz, 1H), 2.25 (dt, 12.0, 10.0 Hz, 1H), 2.21−2.10 (m, 2H),
1.94−1.35 (m, 16H), 1.21−1.04 (m, 4H), 1.00−0.93 (m, 2H),
0.92 (d, 6.8 Hz, 3H), 0.87 (s, 3H), 0.85 (d, 6.2 Hz, 3H); 13C
NMR (125 MHz, CD3OD): δ 178.16, 72.74, 67.47, 50.69,
45.57, 45.02, 43.04, 40.59, 39.80, 39.13, 37.65, 36.98, 36.71,
35.96, 33.73, 33.40, 31.75, 30.96, 26.52, 26.10, 22.45, 21.92,
18.57, 17.71; HRMS (ESI) m/z: calcd for C24H40O4Na

+,
415.2819; found, 415.2818.
3α-Hydroxy-12β-methyl-18-nor-5β-cholan-24-oic Acid

(31). mp: 158−161 °C (DSC); [α]D
20 = +50.5 (c 0.645,

MeOH); 1H NMR (500 MHz, CD3OD): δ 3.57 (tt, 11.1, 4.7
Hz, 1H), 2.40 (ddd, 15.2, 8.9, 5.5, 1H), 2.25−2.16 (m, 1H),
1.98−1.72 (m, 7H), 1.70−1.47 (m, 7H), 1.45−1.17 (m, 7H),

1.08−0.98 (overlapping signals: m, 2H and 1.00, d, 6.6 Hz,
3H), 0.98−0.92 (overlapping signals: m, 1H; 0.95, s, 3H and d,
3H), 0.91−0.80 (m, 2H); 13C NMR (125 MHz, CD3OD): δ
178.00, 72.53, 55.24, 54.58, 50.56, 43.62, 43.37, 41.30, 40.38,
37.22, 37.21, 36.57, 36.44, 35.67, 33.67, 31.32, 30.47, 28.26,
27.81, 26.38, 25.35, 24.03, 21.86, 19.91; HRMS (ESI) m/z:
calcd for C24H40O3Na

+, 399.2870; found, 399.2875.
Isomer of 3α-Hydroxy-12β-methyl-18-nor-5β-cholan-24-

oic Acid (32). [α]D
20 = +42.6 (c 0.62, MeOH); 1H NMR (500

MHz, CD3OD): δ 3.57 (tt, 11.0, 4.6 Hz, 1H), 2.39 (ddd, 15.4,
9.3, 5.0 Hz, 1H), 2.30−2.20 (m, 1H), 2.00−1.16 (m, 24H),
1.03 (td, 14.2, 3.6 Hz, 1H), 0.93 (d, 6.2 Hz, 3H), 0.92−0.89
(overlapping signals: 0.91, s, 3H and d, 3H), 0.69 (dt, 11.8,
12.3 Hz, 1H); 13C NMR (125 MHz, CD3OD): δ 178.08,
72.58, 51.46, 49.76, 47.11, 43.76, 39.05, 38.70, 37.16, 36.21,
36.12, 35.61, 35.54, 34.16, 33.17, 31.58, 30.69, 29.11, 28.58,
27.92, 26.04, 23.82, 21.26, 18.17; HRMS (ESI) m/z: calcd for
C24H40O3Na

+, 399.2870; found, 399.2878.
Synthesis of 12β-Methyl-18,24-bisnor-chenodeoxycholic

Acids (27b and 28b). Methyl 3α,7α,12α-Trihydroxy-24-nor-
5β-cholan-23-oate (21b). 24-nor-Cholic acid 19 (3.48 g, 8.82
mmol) was dissolved in dry methanol (120 mL) and a catalytic
amount of para-toluenesulfonic acid monohydrate (0.15 g,
0.83 mmol) was added. The reaction was stirred under an
atmosphere of argon for 3 d. Solid sodium carbonate was
added to the reaction mixture before concentrating to dryness.
The crude was purified by automated column chromatography
on silica gel eluting with a gradient of chloroform/methanol
(0−50%) to yield 3.60 g (83%) of the corresponding methyl
ester 21b. The recorded spectral data of 21b were consistent
with those reported in the literature.39a

Methyl 3α,7α-Diacetyloxy-12α-hydroxy-24-nor-5β-chol-
an-23-oate (22b). To a solution of methyl 24-nor-cholate
21b (5.00 g, 12.2 mmol) in dichloromethane (50 mL) was
added 4-dimethylaminopyridine (DMAP; 0.15 g, 1.2 mmol)
and triethylamine (6.86 mL, 49.2 mmol). The solution was
cooled to 0 °C before acetic anhydride (2.39 mL, 0.25 mmol)
was added dropwise. After 2 h, at 0 °C, water (10 mL) was
added to the reaction mixture followed by 1 M aqueous
hydrochloric acid (100 mL). The organic phase was separated,
washed with 1 M aqueous hydrochloric acid (50 mL) and
brine (50 mL), dried over MgSO4, and concentrated. The
crude product was purified by automated flash column
chromatography (silica gel, ethyl acetate/toluene = 10−35%)
to give 5.21 g (86%) of 22b as a colorless foam. [α]D

20 = +35.0
(c 1.0, CHCl3);

1H NMR (500 MHz, CDCl3): δ 4.91−4.88
(m, 1H), 4.58 (tt, 11.4, 4.5 Hz, 1H), 4.02−3.99 (m, 1H), 3.66
(s, 3H), 2.43 (dd, 14.8, 3.5 Hz, 1H), 2.23 (td, 11.8, 5.4 Hz,
1H), 2.13−2.01 (overlapping signals: m, 2H), 2.06 (s, 3H),
2.02 (s, 3H), 1.98−1.68 (m, 7H), 1.66−1.36 (m, 9H), 1.33−
1.23 (m, 1H), 1.19−1.01 (overlapping signals: m, 2H), 1.05
(d, 6.4 Hz, 3H), 0.93 (s, 3H), 0.73 (s, 3H); 13C NMR (125
MHz, CDCl3): δ 173.92, 170.70, 170.54, 74.16, 72.60, 70.92,
51.46, 47.27, 46.75, 42.22, 41.27, 41.04, 38.19, 34.86, 34.62,
34.45, 33.49, 31.39, 28.74, 28.23, 27.48, 26.75, 23.05, 22.62,
21.70, 21.52, 18.66, 12.61; HRMS (ESI) m/z: calcd for
C28H44O7Na

+, 515.2979; found, 515.2980.
Methyl 3α,7α-Diacetyloxy-12α-chloromethylsulfonyl-24-

nor-5β-cholan-23-oate (23b). To a solution of 22b (6.72 g,
11.1 mmol) in dry pyridine (110 mL) was dropwise added
chloromethylsulfonyl chloride (1.51 mL) at 0 °C. After 45
min, water (100 mL) and diethyl ether (100 mL) were added
before the mixture was transferred to a separating funnel. More
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water and diethyl ether were added until there were two
phases. The aqueous phase was separated and extracted with
diethyl ether (3 × 50 mL). The combined organics were
washed sequentially with water (2 × 50 mL), 1 M aqueous
hydrochloric acid (2 × 50 mL), and brine, dried over MgSO4,
and concentrated. The crude product was used in the next step
without further purification. 1H NMR (500 MHz, CDCl3): δ
5.24−5.22 (m, 1H), 4.93−4.90 (m, 1H), 4.69 (d, 12.6 Hz,
1H), 4.64 (d, 12.6 Hz, 1H), 4.57 (tt, 11.3, 4.3 Hz, 1H), 3.66 (s,
3H), 2.40 (dd, 15.0, 3.1 Hz, 1H), 2.30 (td, 12.4, 4.3 Hz, 1H),
2.14 (dt, 15.3, 3.8 Hz, 1H), 2.11−2.00 (overlapping signals: m,
2H; 2.07, s, 3H and 2.03, s, 3H), 1.99−1.77 (m, 6H), 1.75−
1.43 (m, 8H), 1.36−1.27 (m, 1H), 1.16−1.06 (overlapping
signals: m, 2H), 1.09 (d, 6.4 Hz, 3H), 0.94 (s, 3H), 0.82 (s,
3H); 13C NMR (125 MHz, CDCl3): δ 173.64, 170.78, 170.37,
86.84, 74.00, 70.55, 54.78, 51.52, 46.62, 46.44, 42.79, 40.99
(2C), 37.94, 34.90 (2C), 34.61, 33.91, 31.39, 28.48, 27.69,
27.03, 26.74, 23.03, 22.62, 21.64, 21.56, 18.80, 12.32; HRMS
(ESI) m/z: calcd for C29H45ClO9SNa

+, 627.2365; found,
627.2359.
Methyl 3α,7α-Diacetyloxy-12β-methyl-18,24-bisnor-5β-

chol-13(14)-en-23-oate (24b) and Methyl 3α,7α-Diacety-
loxy-12β-methyl-18,24-bisnor-5β-chol-13(17)-en-23-oate
(25b). To a solution of crude monochlate 23b (11.1 mmol) in
acetic acid (74 mL) was added zinc acetate (10 equiv, 20.4 g)
before the mixture was heated to 100 °C. After 1.5 h, the
reaction was cooled to room temperature, filtered, and the
filtrate concentrated in vacuo. The crude reaction product was
purified by automated column chromatography eluting with a
gradient of 5−30% ethyl acetate in petroleum ether to afford a
partially pure mixture of alkene products which was one spot
by silica gel TLC analysis (Rf = 0.32, eluent: 30% ethyl acetate
in petroleum ether). Subsequently, the partially pure alkene
mixture was separated by column chromatography on 20%
silver-impregnated silica gel, eluting with 8% ethyl acetate in
toluene to afford three main fractionsin the order of elution:
(i) a mixture of Δ13,14 alkene 24b and an unknown reaction
product with the same mass (2.76 g, 52%), (ii) pure Δ13,14

alkene 24b (260 mg, 5%), and (iii) Δ13,17 alkene 25b (1.44 g,
27%).
Methyl 3α,7α-Diacetyloxy-12β-methyl-18,24-bisnor-5β-

chol-13(14)-en-23-oate (24b). 1H NMR (500 MHz,
CDCl3): δ 5.08 (dd, 5.6, 2.8 Hz, 1H), 4.60 (tt, 11.3, 4.6 Hz,
1H), 3.65 (s, 3H), 2.63−2.58 (m, 1H), 2.57−2.48 (m, 1H),
2.41−2.34 (m, 2H), 2.29 (dd, 14.8, 3.2 Hz, 1H), 2.24−2.17
(m, 1H), 2.09−1.84 (overlapping signals: m, 6H; 2.012, s, 3H;
2.007, s, 3H), 1.78−1.56 (m, 6H), 1.54−1.41 (m, 2H), 1.17−
1.09 (overlapping signals: m, 1H and 1.13, d, 6.9 Hz, 3H),
1.05−0.95 (overlapping signals: m, 1H and 0.98, d, 6.8 Hz,
3H), 0.91 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 174.49,
170.54 (2C), 141.06, 138.02, 74.04, 70.87, 52.47, 51.36, 40.48,
39.47, 35.40, 34.71 (2C), 34.63, 33.46 (2C), 33.19, 32.59,
31.51, 31.10, 26.89, 24.87, 22.19, 21.57, 21.41, 21.01, 19.57;
HRMS (ESI) m/z: calcd for C28H42O6Na

+, 497.2874; found,
497.2870.
Methyl 3α,7α-Diacetyloxy-12β-methyl-18,24-bisnor-5β-

chol-13(17)-en-23-oate (25b). [α]D
20 = −45.3 (c 0.64,

CHCl3);
1H NMR (500 MHz, CDCl3): δ 5.10−5.06 (m,

1H), 4.61 (tt, 11.4, 4.5 Hz, 1H), 3.63 (s, 3H), 3.60−3.54 (m,
1H), 2.40−2.22 (m, 5H), 2.20−2.13 (m, 1H), 2.12−1.89
(overlapping signals: m, 4H; 2.044, s, 3H and 2.035, s, 3H),
1.88−1.80 (m, 1H), 1.78−1.71 (m, 1H), 1.66−1.57 (m, 3H),
1.55−1.43 (m, 2H), 1.35 (d, 6.9 Hz, 3H), 1.30−1.22 (m, 1H),

1.19 (td, 11.2, 3.3 Hz, 1H), 1.09 (td, 14.4, 3.4 Hz, 1H), 1.02
(d, 6.9 Hz, 3H), 0.89−0.80 (overlapping signals: m, 1H and
0.84, s, 3H); 13C NMR (125 MHz, CDCl3): δ 173.04, 170.46,
170.09, 138.91, 134.40, 74.17, 69.62, 51.25, 49.35, 47.22,
40.83, 40.78, 36.16, 35.81, 34.75, 34.69, 34.57, 33.96, 31.38,
30.55, 29.34, 26.92, 26.24, 22.78, 21.40 (2C), 20.29, 19.48;
HRMS (ESI) m/z: calcd for C28H42O6Na

+, 497.2874; found,
497.2885.

3α,7α-Dihydroxy-12β-methyl-18,24-bisnor-5β-cholan-23-
oic Acid (27b) and 3α,7α-Dihydroxy-12β-methyl-17-epi-
18,24-bisnor-5β-cholan-23-oic Acid (28b). To a solution of
Δ13,17 alkene 25b (671 mg, 1.41 mmol) in ethyl acetate (5 mL)
and ethanol (10 mL) was added 10% palladium on charcoal
(150 mg), and the mixture was placed under an atmosphere of
hydrogen. After 24 h, the catalyst loading was increased by 80
mg and the hydrogenation continued for another 16 h. The
mixture was filtered through Celite, and the filtrate was
concentrated and purified by automated column chromatog-
raphy on silica gel, eluting with a gradient of 5−20% ethyl
acetate in toluene, to afford 600 mg (89%) of a mixture of
saturated products (Rf = 0.58, eluent: 10% ethyl acetate in
toluene). This mixture was carried to the next step without
separation of isomers.
Employing the same procedure as for the preparation of

27a/28a, the mixture of hydrogenation products (600 mg, 1.26
mmol) in methanol (7 mL) was saponified in the presence of
sodium hydroxide solution to yield a residue of unprotected
12β-methyl-18,24-bisnor bile acids. Subsequent purification of
this mixture by automated column chromatography (silica gel;
acetone in dichloromethane, 0−90%) gave 87 mg of 27b (Rf =
0.33, eluent: 30% acetone in dichloromethane), 141 mg of 28b
(Rf = 0.10, eluent: 30% acetone in dichloromethane), and a
mixture of the two products (153 mg). Combined yield over
two steps: 80%.

3α,7α-Dihydroxy-12β-methyl-18,24-bisnor-5β-cholan-23-
oic Acid (27b). [α]D

20 = +9.4 (c 0.5, MeOH); 1H NMR (500
MHz, CD3OD): δ 3.92−3.88 (m, 1H), 3.38 (tt, 11.2, 4.5 Hz,
1H), 2.40 (dd, 14.5, 3.1 Hz, 1H), 2.37−2.30 (m, 1H), 2.26 (dt,
11.6, 13.2 Hz, 1H), 2.03−1.76 (m, 6H), 1.69−1.56 (m, 4H),
1.53 (dt, 14.7, 1.9 Hz, 1H), 1.49−1.25 (m, 6H), 1.02 (d, 6.6
Hz, 3H), 1.00−0.90 (overlapping signals: m, 2H and 0.98, d,
6.8 Hz, 3H), 0.89 (s, 3H), 0.82 (ap q, 12.3 Hz, 1H), 0.72 (ap
q, 10.2 Hz, 1H); 13C NMR (125 MHz, CD3OD): δ 178.14,
72.95, 68.94, 54.96, 49.71, 48.90, 46.93, 43.20, 40.47, 39.83,
37.20, 36.62, 36.51, 36.14, 35.70, 34.29 (2C), 31.44, 29.80,
25.42, 23.58, 21.76, 20.85; HRMS (ESI) m/z: calcd for
C23H38O4Na

+, 401.2662; found, 401.2666.
3α,7α-Dihydroxy-12β-methyl-17-epi-18,24-bisnor-5β-

cholan-23-oic Acid (28b). [α]D
20 = −41.1 (c 1.005, MeOH);

1H NMR (500 MHz, CD3OD): δ 3.88 (dd, 5.9, 3.2 Hz, 1H),
3.37 (tt, 11.2, 4.4 Hz, 1H), 2.40 (sext d, 7.0, 2.4 Hz, 1H),
2.30−2.18 (m, 2H), 2.15 (dd, 14.6, 7.6 Hz, 1H), 2.08 (dd,
14.6, 7.4 Hz, 1H), 1.99−1.86 (m, 4H), 1.80−1.60 (m, 5H),
1.59−1.48 (m, 3H), 1.43−1.27 (m, 2H), 1.10−0.90 (over-
lapping signals: m, 4H), 1.02 (d, 6.2 Hz, 3H), 0.93 (d, 6.8 Hz,
3H), 0.86 (s, 3H), 0.69 (q, 12.1 Hz, 1H); 13C NMR (125
MHz, CD3OD): δ 177.16, 72.89, 68.68, 57.55, 48.42, 44.35,
43.23, 43.06, 42.96, 40.31, 36.99, 36.57, 36.03, 35.63, 34.17,
33.35, 31.43, 31.09, 30.25, 23.69, 23.63, 21.65, 17.36; HRMS
(ESI) m/z: calcd for C23H38O4Na+, 401.2662; found,
401.2665.

Synthesis of 12β-Methyl-25-homo-18-nor-chenodeoxy-
cholic Acids (27c and 28c). Methyl 3α,7α,12α-Trihydroxy-
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25-homo-5β-cholan-25-oate (21c).40b A solution of 25-
homo-cholic acid (20; 6.39 g, 15.1 mmol) and a catalytic
amount of p-toluenesulfonic acid monohydrate (200 mg, 1.05
mmol) in dry methanol (90 mL) were heated under reflux
overnight. After being cooled to room temperature, the
reaction was diluted with ethyl acetate before being washed
with saturated sodium bicarbonate solution and brine. The
organic phase was separated and dried over MgSO4 to yield a
colorless solid, which was subsequently triturated with a 20%
mixture of ethyl acetate in hexane and recovered by filtration to
afford 5.52 g (84%) of 21c as a colorless amorphous solid.
[α]D

20 = +23.9 (c 0.585, CHCl3);
1H NMR (500 MHz,

CD3OD): δ 3.97−3.93 (m, 1H), 3.81−3.77 (m, 1H), 3.65 (s,
3H), 3.37 (tt, 11.1, 4.4 Hz, 1H), 2.34−2.21 (m, 4H), 2.01−
1.92 (m, 2H), 1.91−1.84 (m, 2H), 1.81 (dt, 14.3, 3.2 Hz, 1H),
1.77−1.68 (m, 2H), 1.68−1.62 (m, 1H), 1.62−1.47 (m, 6H),
1.47−1.34 (m, 4H), 1.30−1.20 (m, 1H), 1.16−1.06 (m, 2H),
1.04−0.94 overlapping signals (m, 1H and 1.02, d, 6.6 Hz,
3H), 0.92 (s, 3H), 0.71 (s, 3H); 13C NMR (125 MHz,
CD3OD): δ 176.13, 74.11, 72.95, 69.13, 51.97, 48.22, 47.51,
43.27, 43.04, 41.10, 40.54, 37.02, 36.60, 36.56, 35.96, 35.91,
35.29, 31.25, 29.65, 28.79, 27.95, 24.27, 23.21, 22.82, 17.96,
13.02; HRMS (ESI) m/z: calcd for C26H44O5Na

+, 459.3081;
found, 459.3059.
Methyl 3α,7α-Diacetyloxy-12α-hydroxy-25-homo-5β-

cholan-25-oate (22c).44 To a solution of methyl 25-homo-
cholate (21c, 5.52 g, 12.6 mmol), dry triethylamine (5.3 mL,
38.0 mmol), and a catalytic amount of 4-dimethylaminopyr-
idine (DMAP; 154 mg, 1.26 mmol) in dry dichloromethane
(60 mL) was dropwise added acetic anhydride (2.6 mL, 27.5
mmol) at room temperature over the course of 2 h. After being
stirred for 4 h, the reaction was diluted with water and
extracted. The organic phases were combined, dried over
MgSO4, and concentrated. The crude product was triturated
with a 20% mixture of ethyl acetate in hexane to yield 5.00 g
(76%) of 22c as a colorless, amorphous solid. [α]D

20 = +32.7 (c
0.575, CHCl3);

1H NMR (500 MHz, CDCl3): δ 4.91−4.87
(m, 1H), 4.58 (tt, 11.3, 4.5 Hz, 1H), 4.01 (t, 2.7 Hz, 1H), 3.67
(s, 3H), 2.34−2.16 (m, 3H), 2.11−2.05 (m, 1H), 2.06 (s, 3H),
2.02 (s, 3H), 1.94 (ddd, 15.5, 5.4, 3.7 Hz, 1H), 1.90−1.79 (m,
3H), 1.77−1.66 (m, 4H), 1.65−1.54 (m, 7H), 1.54−1.45 (m,
4H), 1.28−1.19 (m, 1H), 1.16−1.03 (m, 3H), 0.99 (d, 6.6 Hz,
3H), 0.92 (s, 3H), 0.68 (s, 3H); 13C NMR (125 MHz,
CDCl3): δ 174.24, 170.65, 170.50, 74.10, 72.79, 70.88, 51.44,
47.32, 46.56, 42.10, 40.97, 38.12, 35.25, 35.14, 34.78, 34.55,
34.44, 34.38, 31.31, 28.49, 28.16, 27.33, 26.68, 22.96, 22.53,
21.63, 21.51, 21.45, 17.67, 12.50; HRMS (ESI) m/z: calcd for
C30H48O7Na

+, 543.3292; found, 543.3288.
Methyl 3α,7α-Diacetyloxy-12α-mesyloxy-25-homo-5β-

cholan-25-oate (23c). To a solution of diacetate methyl
ester 22c (6.45 g, 12.4 mmol) in dry pyridine (120 mL) was
added methanesulfonyl chloride (1.34 mL, 17.3 mmol) at 0
°C, and the resulting mixture was stirred at room temperature
overnight. The reaction was quenched in ice and extracted with
ethyl acetate (3×). The combined organic phases were washed
with brine, dried over MgSO4, and concentrated. The crude
product was purified by flash column chromatography (silica
gel, ethyl acetate/petroleum ether = 2:3) to yield 7.17 g (97%)
of the corresponding mesylate 23c as a colorless oil that
solidified on standing. An analytical sample was re-crystallized
from ethyl acetate/petroleum ether to yield colorless prisms.
mp: 157−160 °C; [α]D

20 = +58.2 (c 0.655, CHCl3);
1H NMR

(500 MHz, CDCl3): δ 5.12−5.09 (m, 1H), 4.92−4.89 (m,

1H), 4.57 (tt, 11.4, 4.4 Hz, 1H), 3.66 (s, 3H), 3.08 (s, 3H),
2.34−2.21 (m, 3H), 2.12−2.04 (m, 1H), 2.09 (s, 3H), 2.05−
2.00 (m, 1H), 2.03 (s, 3H), 1.95 (ddd, 15.5, 5.4, 3.6 Hz, 1H),
1.91−1.79 (m, 3H), 1.77−1.67 (m, 3H), 1.67−1.57 (m, 4H),
1.57−1.47 (m, 3H), 1.47−1.35 (m, 3H), 1.31−1.22 (m, 1H),
1.16−1.05 (m, 3H), 1.01 (d, 6.6 Hz, 3H), 0.93 (s, 3H), 0.76
(s, 3H); 13C NMR (125 MHz, CDCl3): δ 174.15, 170.68,
170.37, 84.61, 74.02, 70.53, 51.45, 46.98, 46.01, 42.97, 40.96,
39.67, 37.80, 35.32, 35.19, 34.81, 34.77, 34.40, 34.34, 31.27,
28.53, 27.34, 27.07, 26.67, 22.82, 22.62, 21.62, 21.48, 21.37,
18.08, 12.25; HRMS (ESI) m/z: calcd for C31H50O9SNa

+,
621.3068; found, 621.3065.

Methyl 3α,7α-Diacetyloxy-12β-methyl-25-homo-18-nor-
5β-chol-13(14)-en-25-oate (24c) and Methyl 3α,7α-Diac-
etyloxy-12β-methyl-25-homo-18-nor-5β-chol-13(17)-en-25-
oate (25c). Using the same procedure as described for the
preparation of 24a/25a, a mixture of mesylate 23c (4.57 g,
7.63 mmol) and anhydrous sodium acetate (4.57 g, 55.7
mmol) in glacial acetic acid (180 mL) was heated at 100 °C for
2.5 h. The crude mixture of alkenes (light tan foam) was
partially purified by flash column chromatography (silica gel,
ethyl acetate/petroleum ether = 5−10%) to afford 3.80 g
(99%) of a crude mixture of alkenes. This mixture was then
separated by gravity column chromatography on 20% silver
nitrate-impregnated silica gel eluting with a mixture of 5% ethyl
acetate in toluene to yield 1.33 g (35%) of Δ13,14-alkene 24c as
a colorless oil, 1.27 g (33%) of Δ13,17-alkene 25c as a colorless
oil that solidified on standing, and 561 mg (15%) of mixed
fractions.

Methyl 3α,7α-Diacetyloxy-12β-methyl-25-homo-18-nor-
5β-chol-13(14)-en-25-oate (24c). [α]D

20 = +43.6 (c 1.49,
CHCl3);

1H NMR (500 MHz, CDCl3): δ 5.08 (dd, 5.7, 2.8
Hz, 1H), 4.60 (tt, 11.3, 4.5 Hz, 1H), 3.65 (s, 3H), 2.58−2.53
(m, 1H), 2.42−2.16 (m, 5H), 2.10−1.95 (overlapping signals:
m, 4H; 2.010, s, 3H and 2.005, s, 3H), 1.95−1.89 (m, 1H),
1.89−1.80 (m, 1H), 1.78−1.56 (m, 7H), 1.55−1.36 (m, 3H),
1.32−1.23 (m, 1H), 1.13 (td, 14.4, 3.5 Hz, 1H), 1.06 (d, 7.1
Hz, 3H), 1.03−0.89 (overlapping signals: 0.99, dt, 11.5, 12.2
Hz, 1H; m, 1H; 0.93, d, 6.8 Hz, 3H and 0.92, s, 3H); 13C
NMR (125 MHz, CDCl3): δ 174.17, 170.58, 170.56, 141.12,
137.45, 74.07, 70.93, 53.61, 51.36, 40.50, 39.47, 35.84, 34.69
(2C), 34.60, 34.52, 33.48, 33.40, 32.56, 31.67, 31.09, 29.35,
26.88, 25.04, 23.54, 22.21, 21.57, 21.40, 21.32, 19.12; HRMS
(ESI) m/z: calcd for C30H46O6Na+, 525.3187; found,
525.3188.

Methyl 3α,7α-Diacetyloxy-12β-methyl-25-homo-18-nor-
5β-chol-13(17)-en-25-oate (25c). [α]D

20 = −25.2 (c 1.055,
CHCl3);

1H NMR (500 MHz, CDCl3): δ 5.11−5.06 (m, 1H),
4.61 (tt, 11.2, 4.4 Hz, 1H), 3.65 (s, 3H), 3.02−2.93 (m, 1H),
2.41−2.32 (m, 1H), 2.29 (t, 7.6 Hz, 2H), 2.24−2.13 (m, 3H),
2.13−1.89 (overlapping signals: m, 4H; 2.04, s, 3H and 2.03, s,
3H), 1.87−1.78 (m, 1H), 1.78−1.71 (m, 1H), 1.66−1.43 (m,
7H), 1.38−1.19 (overlapping signals: m, 4H and 1.30, d, 6.8
Hz, 3H), 1.09 (td, 14.3, 3.2 Hz, 1H), 0.95 (d, 6.8 Hz, 3H),
0.92−0.81 (overlapping signals: m, 1H and 0.85, s, 3H); 13C
NMR (125 MHz, CDCl3): δ 174.14, 170.59, 170.23, 138.28,
136.09, 74.26, 69.76, 51.40, 49.47, 47.19, 40.82, 36.36, 35.81,
35.07, 34.76, 34.72, 34.60, 34.26, 34.02, 31.50, 31.42, 30.24,
26.96, 26.27, 23.53, 22.79, 21.45 (2C), 20.86, 19.79; HRMS
(ESI) m/z: calcd for C30H46O6Na+, 525.3187; found,
525.3184.

3α,7α-Dihydroxy-12β-methyl-25-homo-18-nor-5β-chol-
an-25-oic Acid (27c) and 3α,7α-Dihydroxy-12β-methyl-17-
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epi-25-homo-18-nor-5β-cholan-25-oic Acid (28c). Employ-
ing the same procedure as outlined for the preparation of 27a/
28a, a solution of Δ13,17-olefin 27b (881 mg, 1.75 mmol) in
ethanol (60 mL) was hydrogenated in the presence of 10%
palladium on charcoal (290 mg) at room temperature for 72 h.
The crude residue was re-dissolved in methanol (45 mL) and
treated with a 10 M aqueous sodium hydroxide solution (8
mL) under gentle reflux overnight. The crude product was
purified by automated flash column chromatography in two
separate batches (C18 silica gel, water/methanol = 2−85%) to
yield 147 mg (21%) of 27c and 373 mg (52%) of 17-epi-
isomer 28c, both as colorless solids, which were re-crystallized
from ethyl acetate/petroleum ether.
3α,7α-Dihydroxy-12β-methyl-25-homo-18-nor-5β-chol-

an-25-oic Acid (27c). [α]D
20 = +25.7 (c 0.435, MeOH); [α]D

20 =
+29.6 (c 0.365, EtOH); 1H NMR (500 MHz, CD3OD): δ
3.92−3.88 (m, 1H), 3.38 (tt, 11.1, 4.5 Hz, 1H), 2.34−2.21 (m,
3H), 2.02−1.93 (m, 2H), 1.88 (dt, 14.2, 3.1 Hz, 1H), 1.86−
1.79 (m, 1H), 1.79−1.69 (m, 3H), 1.68−1.59 (m, 3H), 1.59−
1.44 (m, 5H), 1.44−1.24 (m, 5H), 1.09−0.95 (overlapping
signals: m, 2H and 0.98, d, 6.6 Hz, 3H), 0.95−0.86
(overlapping signals: m, 1H; 0.93, d, 6.7 Hz, 3H and 0.88, s,
3H), 0.86−0.75 (m, 2H); 13C NMR (125 MHz, CD3OD): δ
177.90, 72.97, 68.99, 54.55, 50.73, 48.96, 46.98, 43.23, 40.48,
39.97, 37.28, 36.63 (2C), 36.14, 35.71, 35.48, 34.31, 31.45,
30.40, 29.89, 25.37, 24.83, 23.59, 21.96, 20.31; HRMS (ESI)
m/z: calcd for C25H42O4Na

+, 429.2975; found, 429.2979.
3α,7α-Dihydroxy-12β-methyl-17-epi-25-homo-18-nor-5β-

cholan-25-oic Acid (28c). mp: 174−176 °C; [α]D
20 = −40.6 (c

0.45, MeOH); 1H NMR (500 MHz, CD3OD): δ 3.91 (dd, 5.8,
3.0 Hz, 1H), 3.41 (tt, 11.2, 4.5 Hz, 1H), 2.33−2.22
(overlapping signals: m, 2H and 2.29, t, 7.4 Hz, 2H), 2.02−
1.90 (m, 4H), 1.86 (sext d, 6.9, 2.6 Hz, 1H), 1.82−1.72 (m,
2H), 1.72−1.51 (m, 8H), 1.46−1.35 (m, 2H), 1.31−1.14 (m,
2H), 1.12−0.93 (overlapping signals: m, 4H and 1.02, d, 6.2
Hz, 3H), 0.91 (d, 6.8 Hz, 3H), 0.90 (s, 3H), 0.72 (dt, 11.5,
12.5 Hz, 1H); 13C NMR (125 MHz, CD3OD): δ 177.69,
72.98, 68.79, 57.75, 48.54, 44.56, 43.33, 43.13, 40.40, 37.98,
37.07, 36.63, 36.09, 35.71, 35.28, 34.24, 33.39, 33.18, 31.50,
30.38, 24.21, 23.71 (2C), 21.83, 17.47; HRMS (ESI) m/z:
calcd for C25H42O4Na

+, 429.2975; found, 429.2980.
Procedures for Obtaining 12β-Methyl-18-nor-bile Acids

27a and 28a following the Rearrangement Reaction (Step
d; Scheme 2 or 5); Beginning from 250 g of CA. Partial
Purification and Hydrogenation of a Mixture of Protected
Alkenes (24a/25a/Other). Prior to hydrogenation, the crude
mixture of protected alkenes containing 24a and 25a, obtained
from the rearrangement reaction (step d; Scheme 2 or 5), was
partially purified by chromatography on silica gel (eluting with
5 to 25% ethyl acetate/petroleum ether mixtures) to remove
head and tail impurities containing an impurity that inhibits
direct hydrogenation of the crude mixture. The thus-obtained
mixture (173 g) was dissolved in ethanol (750 mL) before 100
mL of ethanol was evaporated under reduced pressure using a
rotary evaporator (water bath at 50 °C). The solution was
transferred into a 3.4 L stainless-steel pressure vessel fitted to
an HEL Simular reaction calorimeter to allow purging and
gassing of the system. The vessel was fitted with a 45 mm
diameter gassing impeller and stirred at 600 rpm and held at 20
°C through control of the external jacket temperature. After
being degassed, 10% palladium on charcoal (5 g) was added
under an inert atmosphere. The solution was degassed before
hydrogen (g) was introduced at 5 bar. After 16 h, the mixture

was carefully degassed, purged with nitrogen, and further 10%
palladium on charcoal (7 g) was added. The solution was
degassed before hydrogen (g) was introduced at 5 bar. The
reaction mixture was left stirring for an additional 48 h before
being filtered through a pad of Celite and concentrated.

Hydrolysis of the Saturated Alkene Mixture. The crude
thus obtained was dissolved in methanol (300 mL) before a
solution of sodium hydroxide (123 g, 3 mol) in water (300
mL) was added. The mixture was heated at 80 °C for 72 h.
Methanol was removed by concentration in vacuo. Water (1 L)
was added to the crude, which was then cooled in an ice bath.
Concentrated hydrochloric acid (270 mL) was added dropwise
to the crude, forming a gum. To the suspension containing the
gum was added an excess of ethyl acetate, and the gum was
vigorously agitated until a white powder precipitated. The
suspension was transferred to a separating funnel and after
standing the acidic aqueous layer was removed. The
suspension in ethyl acetate was washed with water and the
aqueous layer was removed. The suspension in ethyl acetate
was filtered to yield a colorless powder (∼100 g; fraction A),
and the filtrate was concentrated to give a brown oil (∼50 g;
fraction B).

Fractional Crystallization. Fraction B (∼50 g) could be
fractionally crystallized as follows: methanol (ca. 300 mL) was
added, and near complete dissolution was achieved (a fine
white precipitate remained). This suspension was concentrated
to approximately half the volume before ethyl acetate (500
mL) was added. This suspension was heated to reflux for 1 h
before cooling it to r.t. and ageing overnight. The precipitate
was filtered, affording compound 28a (8 g, >99% pure).
Briefly, fraction A (∼100 g) could be fractionally crystallized

by refluxing as a suspension in ethyl acetate (for 1 h), cooling,
ageing, and filtering. The concentration of the filtrate gave
fraction C (ca. 13.5 g), while the precipitatefraction D (ca.
85 g)was collected separately.
Ethyl acetate and water were added to fraction C before the

aqueous phase was discarded. The concentration of the
resultant ethyl acetate suspension to dryness (at 60 °C, in
vacuo), followed by the addition of fresh ethyl acetate, heating
to reflux (1 h), and cooling, led to the precipitation of pure
compound 27a (5.7 g).
Fraction D (ca. 85 g) was boiled in ethyl acetate (1 h) before

the suspension was concentrated to dryness (at 60 °C, in
vacuo). The resulting precipitate (63 g) was dissolved in hot
ethanol (750 mL total), filtered, and concentrated. Ethyl
acetate and methanol were used to dissolve this material, which
was then slowly concentrated (at 60 °C, in vacuo) to diminish
the amount of methanol in the mixture. By this process and by
seeding with powdered compound 28a that had been isolated
from fraction B (above), it was possible to precipitate pure
compound 28a (24.7 g). This process was repeated until the
amount of compound 28a in the remaining mixture had
diminished to the point that the next material to precipitate
preferentially (under the same conditions) was alkene 34 (3.5
g of a pure sample was isolated). Continuing this precipitation
process eventually cleanly delivered compound 27a (24.7 g
from various crops).

Overall Yields. Over four steps from 0.415 mol of
recrystallized diacetate 22a:27a (30.4 g, 0.077 mol, 19%)
and 28a (32.7 g, 0.083 mol, 20%). The combined yields of 27a
and 28a over six steps from 250 g of CA (1) from this
sequence was 28%.
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Chromatography-Free Synthesis of 12β-Methyl-18-nor-
bile Acids 27a and 28a; Beginning from 500 g of CA
(Scheme 5). Scheme 5, Step a. Methyl 3α,7α,12α-
Trihydroxy-5β-cholan-24-oate (21a).41 CA (1, 501.6 g, 1.23
mol) was suspended in dry methanol (1.5 L) and p-
toluenesulfonic acid monohydrate (4.0 g, 0.02 mol) was
added. The mixture was heated to reflux for 2 h until
dissolution, then the reaction was left to stir at room
temperature for 3 d. The precipitate was filtered and washed
with ice cold methanol (500 mL). The filtrate was
concentrated, and further precipitate was collected by filtration.
Ethyl acetate (1 L) was added to the combined solid portions
and the suspension was concentrated to dryness to afford CA
methyl ester 21a (524 g, quant).
Scheme 5, Step b. Methyl 3α,7α-Diacetyloxy-12α-

hydroxy-5β-cholan-24-oate (22a). Methyl ester 21a (524 g,
1.23 mol) was stirred in a refluxing mixture of ethyl acetate
(1.9 L), pyridine (300 mL), and N,N-dimethylaminopyridine
(DMAP; 7.0 g, 0.056 mol) until dissolution. The solution was
cooled to 3 °C before acetic anhydride (261 mL, 2.74 mol)
was added dropwise over 2 h. The solution was allowed to
warm to 20 °C and stirred for 16 h. Water (3 L) was added
and the mixture stirred vigorously for 30 min before
transferring to a separating funnel. The aqueous phase was
removed before 1 M aqueous hydrochloric acid (1.5 L) was
added, shaken vigorously, and separated. The organic phase
was washed with brine (2.4 L), dried over MgSO4, and
concentrated. Ethyl acetate (1 L) was added and the mixture
was concentrated to dryness. The crude was dissolved in twice
the volume (per weight) of boiling ethyl acetate before
petroleum ether (3 to 6 volumes) was added to the solution.
The mixture was allowed to cool slowly to effect crystallization.
After aging, the amorphous precipitate was collected by
filtration. The mother liquor was concentrated, and additional
crops of pure product were obtained from mixtures of ethyl
acetate/petroleum ether. Combined yield of 22a: 318 g, 51%
over two steps from 1 [Rf = 0.63; (ethyl acetate/petroleum
ether, 1:1)].
Scheme 5, Step c. Methyl 3α,7α-Diacetyloxy-12α-

mesyloxy-5β-cholan-24-oate (23a). CA 3,7-diacetate methyl
ester 22a (318 g, 0.62 mol) was dissolved in pyridine (1.5 L)
before concentrating it to half volume. More pyridine was
added (1 L), and the total volume was concentrated to about
1.6 L. This mixture was cooled in an ice bath to below 3 °C
under an atmosphere of argon. Methanesulfonyl chloride (100
mL, 1.28 mol) was added dropwise and the temperature was
maintained below 8 °C. After completion of the addition, the
mixture was allowed to warm to room temperature and was left
to stir overnight. The mixture was cooled in an ice bath before
water (100 mL) was added dropwise. The reaction mixture
was concentrated before ethyl acetate (1 L) was added and the
mixture re-concentrated. Ethyl acetate (1 L) and water (1 L)
were added. The organic phase was separated; washed with
water (500 mL), 1 M hydrochloric acid (500 mL), and brine
(800 mL); dried over MgSO4; and concentrated. The crude
product was used in the next step without further purification.
Rf = 0.61 (23a); 0.34 (22a) (acetone/dichloromethane, 1:19).
Scheme 5, Step d. Methyl 3α,7α-Diacetyloxy-12β-methyl-

18-nor-5β-chol-13(14)-en-24-oate (24a) and Methyl 3α,7α-
Diacetyloxy-12β-methyl-18-nor-5β-chol-13(17)-en-24-oate
(25a). The crude mesylate 23a (∼405 g) was dissolved in
acetic acid (500 mL) at 100 °C under an atmosphere of argon
before sodium acetate (170 g, 2.1 mol) was added in one

portion. After being stirred at 100 °C overnight, the reaction
was allowed to cool to room temperature. Toluene (800 mL)
was added and the mixture was concentrated. Toluene (1 L)
was added and the mixture was re-concentrated. Ethyl acetate
(1 L) was added and the mixture was concentrated. The
residue was partitioned between ethyl acetate and water, and
the organic phase was separated. The aqueous phase was
washed with ethyl acetate, and the combined organic phases
were washed with brine, dried over MgSO4, and concentrated
to dryness to afford 330 g of the crude alkene mixture (24a/
25a/others).

Scheme 5, Step e. 3α,7α-Dihydroxy-12β-methyl-18-nor-
5β-chol-13(17)-en-24-oic Acid (33) and 3α,7α-Dihydroxy-
12β-methyl-18-nor-5β-chol-13(14)-en-24-oic Acid (34). The
crude alkene mixture (318 g) (24a/25a/others) was dissolved
in hot methanol (650 mL) before a 10 M aqueous sodium
hydroxide solution (265 g of sodium hydroxide in 650 mL of
water) was added. This mixture was heated at 90 °C overnight.
Methanol was evaporated before fresh methanol was added to
obtain the total volume to 1.8 L. Separately, 800 mL of
concentrated hydrochloric acid was added to 5.2 L of water to
generate a diluted hydrochloric acid solution. This aqueous
hydrochloric acid solution was cooled in an ice bath before the
methanolic, basic, and crude reaction mixture was added
dropwise with vigorous stirring over 48 h, forming a white
precipitate. After the addition was complete, the acidic
suspension was filtered, and the precipitate was washed with
water.

Scheme 5, Step f. Fractional Precipitation of Deprotected
Alkene Mixture (33/34/Others). The precipitate (from step e)
was dissolved in methanol and concentrated to a point just
before precipitation occurred and then an equivolumetric
amount of ethyl acetate was added. The solution was then
concentrated to half the volume (rotary evaporator, 45 °C). An
equivolumetric amount of ethyl acetate was added and the
solution was concentrated to half volume once again. This
process was repeated until a precipitate formed. The
precipitate, which was pure Δ13,14-alkene 34 (60 g), was
collected by filtration. Further fractional crystallization by this
method yielded mixtures containing mainly alkenes 33 (major
component) and 34 (minor component) among other minor
alkene side-products (144 g).
An analytical sample of Δ13,17-alkene 33 could be obtained

by dissolving a portion of the 144 g mixture of alkenes
(obtained from the fractional crystallization) in hot ethyl
acetate and concentrating to dryness (several times to remove
water) followed by recrystallization from ethyl acetate.
Alternatively, analytical samples of alkenes 33 and 34 could
be obtained by column chromatography over silica gel eluting
with 10−30% acetone in dichloromethane + 1% acetic acid.

3α,7α-Dihydroxy-12β-methyl-18-nor-5β-chol-13(17)-en-
24-oic Acid (33). [α]D

20 = −36.3 (c 1.0, MeOH); 1H NMR
(500 MHz, CD3OD): δ 3.94−3.90 (m, 1H), 3.39 (tt, 11.1, 4.4
Hz, 1H), 3.12−3.04 (m, 1H), 2.65−2.57 (m, 1H), 2.31−2.14
(m, 6H), 2.08 (td, 11.8, 3.4 Hz, 1H), 2.04−1.98 (m, 1H), 1.96
(ddd, 14.7, 5.4, 3.6 Hz, 1H), 1.89 (dt, 14.3, 3.1 Hz, 1H), 1.70−
1.55 (m, 6H), 1.44−1.29 (m, 3H), 1.29 (d, 7.0 Hz, 3H), 1.16
(td, 11.3, 3.1 Hz, 1H), 1.05−0.96 (overlapping signals: m, 1H
and 0.99, d, 6.9 Hz, 3H), 0.92 (ap q, 12.2 Hz, 1H), 0.85 (s,
3H); 13C NMR (125 MHz, CD3OD): δ 177.74, 141.96,
135.17, 72.94, 67.96, 50.82, 50.55, 43.05, 40.42, 37.73, 37.26,
36.45, 36.21, 35.79, 34.46, 33.52, 32.39, 31.49, 31.45, 31.09,

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04199
ACS Omega 2021, 6, 25019−25039

25033

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


27.30, 23.62, 21.40, 20.30; HRMS (ESI) m/z: calcd for
C24H38O4Na

+, 413.2662; found, 413.2664.
3α,7α-Dihydroxy-12β-methyl-18-nor-5β-chol-13(14)-en-

24-oic Acid (34). [α]D
20 = +60.6 (c 1.0, MeOH); 1H NMR (500

MHz, CDCl3): δ 4.09−4.04 (m, 1H), 3.38 (tt, 11.2, 4.4 Hz,
1H), 2.66−2.60 (m, 1H), 2.40−2.23 (m, 6H), 2.14−2.06 (m,
2H), 2.04−1.93 (m, 3H), 1.86−1.78 (m, 2H), 1.77−1.60 (m,
4H), 1.54 (dt, 14.7, 2.1 Hz, 1H), 1.44−1.31 (m, 2H), 1.30−
1.19 (m, 1H), 1.10−1.01 (overlapping signals: m, 2H and 1.08,
d, 7.0 Hz, 3H), 0.96 (d, 6.8 Hz, 3H), 0.91 (s, 3H); 13C NMR
(125 MHz, CDCl3): δ 178.06, 142.28, 140.23, 72.89, 68.99,
54.96, 42.75, 42.51, 40.73, 37.18, 36.51, 36.13, 35.92, 34.95,
34.52, 33.90, 32.84, 32.74, 31.55, 26.76, 25.55, 22.96, 21.76,
19.33; HRMS (ESI) m/z: calcd for C24H38O4Na

+, 413.2662;
found, 413.2668.
Scheme 5, Step g. 3α,7α-Dihydroxy-12β-methyl-18-nor-

5β-cholan-24-oic Acid (27a) and 3α,7α-Dihydroxy-12β-
methyl-17-epi-18-nor-5β-cholan-24-oic Acid (28a). From
step f, Δ13,14-alkene bile acid 34 (46 g) was combined with
the mixture of alkenes 33 and 34 (144 g) (ratio not
determined) to afford the starting material (190 g) used in
this step. This mixture of alkenes (190 g) was dissolved in
methanol (1.8 L) before water (200 mL) was added. The
solution was transferred into a 3.4 L high-pressure reactor (as
described above) and degassed before 10% palladium on
charcoal (wet, 18 g) was added under an inert atmosphere.
The solution was degassed before hydrogen (g) atmosphere
was introduced at 5 bar. After 16 h, the mixture was carefully
degassed before filtration through a pad of Celite and
concentrated. Products 27a and 28a were isolated from the
crude by fractional crystallization (as described above) from
mixtures of methanol/ethyl acetate, ethyl acetate/water,
ethanol/ethyl acetate, and methanol (with heating, concen-
tration, and ageing) to yield 70.5 g (179.6 mmol, 29%) of 27a
and 27.2 g (69.3 mmol, 11%) of 28a over four steps from
recrystallized 3,7-diacetate CA methyl ester 22a (0.62 mol).
Obtaining Minor Byproducts. After fractional crystalliza-

tion of the major products, fractions of the mother liquor were
partitioned by column chromatography over silica gel eluting
with acetone (+1% acetic acid)/dichloromethane (+1% acetic
acid) mixtures (2−50%). Analytical samples of 14(13 → 12)-
abeo bile acid 30 (400 mg) and C,D-cis-ring-juncture
compound 29 (200 mg) were obtained by further recrystalliza-
tion and chromatography.
13β,16α,17α-Trideutero-3α,7α-dihydroxy-12β-methyl-18-

nor-5β-cholan-24-oic Acid (27a−d3) and a Mixture of
13β,17β-Di-, 13β,16β,17β-Tri- and 13β,15β,16β,17β-Tetra-
deutero-3α,7α-dihydroxy-12β-methyl-18-nor-5β-cholan-24-
oic Acids (28a−d2−4). A solution of alkene 33 (175 mg; 0.448
mmol) in CD3OD (2.5 mg/mL; the starting material (33) was
co-evaporated a few times with CD3OD prior to use) was
reacted in an H-Cube apparatus with deuterium oxide as a
deuterium source (after thorough pre-purging of the system
with D2O) at 25 °C, 80 bar pressure, and a flow rate of 0.3
mL/min. After the deuteration was complete, the solution was
concentrated and the crude product purified by automated
flash column chromatography [silica gel, acetone (+1% acetic
acid)/dichloromethane (+1% acetic acid) = 0−30%] to afford
76.2 mg (41%) of 27a−d3 and 71.3 mg (38%) of 28a−d2−4 as
colorless solids along with mixed fractions.
13β,16α,17α-Trideutero-3α,7α-dihydroxy-12β-methyl-18-

nor-5β-cholan-24-oic Acid (27a−d3). [α]D
20 +23.5 (c 2.48,

MeOH); 1H NMR (500 MHz, CD3OD): δ 3.91 (dd, 5.7, 2.9

Hz, 1H), 3.38 (tt, 11.1, 4.4 Hz, 1H), 2.37 (ddd, 15.3, 8.9, 5.5
Hz, 1H), 2.26 (dt, 11.6, 13.1 Hz, 1H), 2.22−2.14 (m, 1H),
2.03−1.94 (m, 2H), 1.88 (dt, 14.3, 3.2 Hz, 1H), 1.86−1.79 (m,
2H), 1.78−1.70 (m, 1H), 1.68−1.59 (m, 3H), 1.53 (dt, 14.7,
2.0 Hz, 1H), 1.49 (d, 8.9 Hz, 1H) 1.44−1.21 (m, 6H), 1.03−
0.87 overlapping signals (0.99, td, 14.2, 3.4 Hz, 1H; 0.97, d, 6.6
Hz, 3H; m, 1H and 0.93, d, 6.8 Hz, 3H), 0.89 (s, 3H), 0.82 (dt,
12.0, 12.3 Hz, 1H); 13C NMR (125 MHz, CD3OD): δ 178.03,
72.97, 69.02, 53.83 (t, 18.3 Hz), 48.91, 46.94, 43.23, 40.49,
39.87, 37.22, 36.64, 36.36, 36.16, 35.72, 34.32, 33.68, 31.45,
29.93, 26.44, 24.87 (t, 18.6 Hz), 23.58, 21.80, 19.90; HRMS
(ESI) m/z: calcd for C24H37D3O4Na

+, 418.3007; found,
418.3008.

Mixture of 13β ,17β-Di-, 13β ,16β ,17β-Tri- , and
13β,15β,16β,17β-Tetradeutero-3α,7α-dihydroxy-12β-meth-
yl-18-nor-5β-cholan-24-oic Acids (28a−d2−4). [α]D

20 −37.1 (c
0.44, MeOH); 1H NMR (500 MHz, CD3OD): δ 3.88 (dd, 5.7,
2.9 Hz, 1H), 3.37 (tt, 11.2, 4.4 Hz, 1H), 2.34−2.20 (m, 3H),
1.96 (ddd, 14.8, 5.6, 3.7 Hz, 1H), 1.93−1.80 (m, 4H), 1.78−
1.68 overlapping signals (1.75, dt, 12.9, 3.6 Hz, 1H and m,
1H), 1.68−1.59 (m, 2.6H), 1.56−1.40 (m, 5H), 1.40−1.31 (m,
2H), 1.09−1.00 (m, 2H), 1.00−0.94 overlapping signals (m,
1H and 0.97, d, 6.3 Hz, 3H), 0.89 (d, 6.8 Hz, 3H), 0.86 (s,
3H), 0.68 (dt, 11.6, 12.4 Hz, 1H); 13C NMR (125 MHz,
CD3OD): δ 177.98, 72.98, 68.78, 56.98 (t, 17.8 Hz), 48.51,
44.47, 43.32, 42.32 (m), 40.40, 37.05, 36.63, 36.09, 35.70,
34.23, 33.52, 33.28, 33.22, 32.87, 31.49, 30.37/30.26/29.96
(m), 23.70, 23.53/23.21 (t, 17.6 Hz), 21.75, 17.20; HRMS
(ESI) m/z: calcd for C24H38D2O4Na

+, 417.2944; found,
417.2946; m/z: calcd for C24H37D3O4Na

+, 418.3007; found,
418.3003; m/z: calcd for C24H36D4O4Na

+, 419.3070; found,
419.3060.

Synthesis of 25-homo-Cholic Acid (20; Scheme S1). 25-
Diazo-3α,7α,12α-triformyloxy-24-oxo-25-homo-5β-cholane
(S2).40b,c,46 To a solution of tris(formyloxy)-cholic acid S145

(21.0 g, 42.6 mmol) in dry benzene (200 mL) was added
oxalyl chloride (8.00 mL, 94.5 mmol) at 5 °C. After being
stirred for 5 h at room temperature, the reaction mixture was
concentrated, and the residue was dried under high vacuum
(light-yellow foam). The acid chloride was re-dissolved in a
mixture of dry toluene and diethyl ether before freshly
prepared diazomethane was distilled into the reaction flask
under ice cooling. [Diazomethane was prepared by adding a
solution of Diazald (27.9 g, 0.13 mol) in diethyl ether (160
mL) dropwise to a solution of potassium hydroxide (12 g, 0.21
mol) in water (60 mL) and ethanol (70 mL) at 70 °C using a
diazomethane kit and a blast shield]. The reaction was allowed
to warm to room temperature and was stirred overnight. Then,
the yellow solution was concentrated, and the crude was used
in the next reaction step without further purification. An
analytical sample of diazoketone S2 was obtained as a light-
yellow foam by automated flash column chromatography
(silica gel, ethyl acetate/petroleum ether = 5−40%). [α]D20 =
+65.2 (c 0.675, CHCl3);

1H NMR (500 MHz, CDCl3): δ 8.16
(s, 1H), 8.10 (s, 1H), 8.02 (s, 1H), 5.28−5.25 (m, 1H), 5.20
(sbr, 1H), 5.09−5.05 (m, 1H), 4.72 (tt, 11.4, 4.6 Hz, 1H),
2.39−2.28 (mbr, 1H), 2.27−2.09 (m, 3H), 2.06−1.99 (m, 1H),
1.98−1.84 (m, 2H), 1.83−1.62 (m, 8H), 1.61−1.51 (m, 2H),
1.50−1.24 (m, 5H), 1.17−1.05 (m, 2H), 0.95 (s, 3H), 0.84 (d,
6.6 Hz, 3H), 0.76 (s, 3H); 13C NMR (125 MHz, CDCl3): δ
195.12, 160.53 (2C), 160.48, 75.31, 73.74, 70.69, 54.24, 47.37,
45.07, 42.99, 40.84, 37.76 (2C), 34.84, 34.54, 34.48, 34.30,
31.36, 30.81, 28.59, 27.19, 26.60, 25.58, 22.80, 22.34, 17.63,
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12.18; HRMS (ESI) m/z: calcd for C28H40N2O7Na+,
539.2728; found, 539.2739.
Methyl 7α,12α-Diformyloxy-3α-hydroxy-25-homo-5β-

cholan-25-oate (S3). To a solution of crude diazoketone S2
in methanol (780 mL) was added a solution of silver nitrate
(38.0 g, 224 mol) in a 1:2 mixture of water (120 mL) and
methanol (260 mL) [prepared by dissolving the silver salt in
water first and then diluting this with methanol], and the
resulting reaction mixture was heated under reflux for 4 h.
After being cooled to room temperature, the reaction was
concentrated to half volume, diluted with a mixture water and
ethyl acetate, and subsequently filtered through Celite. The
aqueous phase was separated and extracted with ethyl acetate
(3×). The organic fractions were combined, washed with water
and brine, dried over MgSO4, and concentrated. The crude
product was purified by flash column chromatography (silica
gel, ethyl acetate/petroleum ether = 20−60%) to yield 13.0 g
(62%) of S3 as a colorless foam over three steps. [α]D

20 = +64.1
(c 0.64, CHCl3);

1H NMR (500 MHz, CDCl3): δ 8.14 (s, 1H),
8.10 (s, 1H), 5.28−5.24 (m, 1H), 5.08−5.04 (m, 1H), 3.66 (s,
3H), 3.50 (tt, 11.0, 4.4 Hz, 1H), 2.32−2.19 (m, 2H), 2.13 (td,
12.4, 4.4 Hz, 1H), 2.07−1.97 (m, 2H), 1.96−1.89 (m, 1H),
1.86 (tt, 9.5, 3.6 Hz, 1H), 1.82−1.72 (m, 2H), 1.72−1.62 (m,
5H), 1.62−1.51 (m, 2H), 1.51−1.41 (m, 4H), 1.40−1.32 (m,
2H), 1.30−1.18 (m, 2H), 1.14−0.97 overlapping signals (m,
2H and 1.01, td, 14.3, 3.3 Hz, 1H), 0.93 (s, 3H), 0.85 (d, 6.6
Hz, 3H), 0.75 (s, 3H); 13C NMR (125 MHz, CDCl3): δ
174.17, 162.72, 160.57, 75.39, 71.55, 70.87, 51.44, 47.22,
44.97, 42.96, 41.03, 38.60, 37.81, 35.13, 34.95, 34.90, 34.39,
34.28, 31.51, 30.40, 28.60, 27.22, 25.52, 22.81, 22.38, 21.43,
17.78, 12.11; HRMS (ESI) m/z: calcd for C28H44O7Na

+,
515.2979; found, 515.2986.
3α,7α,12α-Trihydroxy-25-homo-5β-cholan-25-oic Acid

(20).46 To a solution of bis(formyloxy)-methyl ester S3
(8.57 g, 17.4 mmol) in methanol (160 mL) was added a 2 M
aqueous solution of sodium hydroxide (80 mL, 160 mmol).
After being refluxed for 3 h, the reaction was cooled to room
temperature, the solvent evaporated, and the residue diluted
with water and added slowly to a 0.5 M aqueous solution of
hydrochloric acid. The resulting mixture was extracted with
ethyl acetate (3×), and the combined organic fractions were
washed with brine, dried over MgSO4, and concentrated. The
crude product was triturated with a 50% mixture of ethyl
acetate in hexane and recovered by filtration to give 6.39 g
(87%) of 20 as a colorless amorphous solid. [α]D

20 = +49.7 (c
0.38, MeOH); 1H NMR (500 MHz, CD3OD): δ 3.95 (t, 2.7
Hz, 1H), 3.81−3.77 (m, 1H), 3.37 (tt, 11.1, 4.4 Hz, 1H),
2.32−2.18 (m, 4H), 2.02−1.92 (m, 2H), 1.91−1.83 (m, 2H),
1.81 (dt, 14.3, 3.2 Hz, 1H), 1.77−1.68 (m, 2H), 1.68−1.62 (m,
1H), 1.62−1.34 (m, 10H), 1.31−1.21 (m, 1H), 1.17−1.05 (m,
2H), 1.04−0.94 overlapping signals (1.02, d, 6.6 Hz, 3H and
0.98, td, 14.2, 3.5 Hz, 1H), 0.92 (s, 3H), 0.72 (s, 3H); 13C
NMR (125 MHz, CD3OD): δ 177.91, 74.13, 72.95, 69.15,
48.28, 47.52, 43.28, 43.04, 41.10, 40.55, 37.06, 36.67, 36.56,
35.96, 35.91, 35.55, 31.25, 29.65, 28.80, 27.95, 24.28, 23.21,
22.96, 17.99, 13.03; HRMS (ESI) m/z: calcd for
C25H42O5Na

+, 445.2924; found, 445.2924.
Synthesis of 12β-Methyl-25-homo-18-nor-chenodeoxy-

cholic Acids 27c and 28c from 12β-Methyl-18-nor-
chenodeoxycholic Acids 27a and 28a (Scheme S2). 3α,7α-
Diformyloxy-12β-methyl-18-nor-5β-cholan-24-oic Acid (S4).
To a solution of compound 27a (7.50 g, 19.1 mmol) in 90%
formic acid (113 mL) was added a catalytic amount of 70%

perchloric acid (0.26 mL), and the reaction mixture was then
stirred at 50 °C for 2.5 h. After being cooled to 40 °C, acetic
anhydride (90 mL) was introduced dropwise over a period of
30 min ensuring that the temperature did not exceed 60 °C
(effervescence was observed toward the end of the addition).
The reaction was stirred at room temperature for 70 min and
subsequently quenched in ice water. The cream-colored
precipitate was filtered off and re-dissolved in ethyl acetate.
The organic solution was washed with brine, dried over
MgSO4, and concentrated. The crude product was purified by
automated flash column chromatography (silica gel, ethyl
acetate/petroleum ether = 5−35%) to give 8.64 g (quant.) of
S4 as a colorless foam. 1H NMR (500 MHz, CDCl3): δ 8.07 (s,
1H), 8.03 (d, 0.8 Hz, 1H), 5.18−5.14 (m, 1H), 4.73 (tt, 11.3,
4.4 Hz, 1H), 2.45 (ddd, 15.7, 9.8, 5.3 Hz, 1H), 2.24 (ddd, 15.9,
9.1, 6.8 Hz, 1H), 2.14 (dt, 11.9, 13.0 Hz, 1H), 2.05−1.99 (m,
1H), 1.99−1.90 (m, 2H), 1.85−1.69 (m, 4H), 1.68−1.44 (m,
8H), 1.42 (td, 10.9, 3.2 Hz, 1H), 1.36−1.23 (m, 3H), 1.10 (td,
14.4, 3.4 Hz, 1H), 0.96 (d, 6.6 Hz, 3H), 0.94−0.88
(overlapping signals: m, 1H; 0.92, s, 3H and 0.91, d, 6.7 Hz,
3H), 0.86−0.77 (m, 2H); 13C NMR (125 MHz, CDCl3): δ
178.14, 160.70, 160.68, 74.10, 70.98, 52.91, 48.92, 47.41,
43.69, 40.94, 38.31, 35.72, 34.92, 34.77, 34.72, 34.55, 33.98,
32.23, 31.35, 28.56, 26.81, 24.76, 24.08, 22.75, 21.12, 19.40;
HRMS (ESI) m/z: calcd for C26H40O6Na

+, 471.2717; found,
471.2714.

25-Diazo-3α,7α-diformyloxy-12β-methyl-24-oxo-25-
homo-18-nor-5β-cholane (S6). To a solution of S4 (8.64 g,
19.3 mmol) in dry toluene (80 mL) was added oxalyl chloride
(6.00 mL, 70.9 mmol) at room temperature. After being stirred
for 2.5 h, the reaction mixture was concentrated, and the
residue was dried under high vacuum. The acid chloride was
re-dissolved in dry toluene (20 mL) and subsequently added
dropwise to a pre-prepared diazomethane solution at 0 °C
[prepared from N-nitroso-N-methylurea (MNU; 20 g, 194
mmol), 50% aqueous potassium hydroxide solution (60 mL),
and diethyl ether (80 mL) at −5 to −10 °C; the diazomethane
solution was dried over potassium hydroxide before use]. The
reaction was allowed to warm to room temperature, and after
being stirred overnight the yellow solution was concentrated
and the residue was purified by automated flash column
chromatography (silica gel, ethyl acetate/petroleum ether = 5−
40%) to afford 6.80 g (75%) of the desired diazoketone S6.
[α]D

20 = +21.4 (c 0.935, CHCl3);
1H NMR (500 MHz, CDCl3):

δ 8.07 (s, 1H), 8.03 (d, 0.8 Hz, 1H), 5.24 (sbr, 1H), 5.18−5.13
(m, 1H), 4.73 (tt, 11.3, 4.5 Hz, 1H), 2.48−2.33 (mbr, 1H),
2.26−2.09 (overlapping signals: m, 1H and 2.14, dt, 11.9, 13.1
Hz, 1H), 2.02 (ddd, 15.4, 5.1, 4.1 Hz, 1H), 1.99−1.90 (m,
2H), 1.84−1.68 (m, 4H), 1.68−1.59 (m, 3H), 1.59−1.38 (m,
6H), 1.36−1.20 (m, 3H), 1.10 (td, 14.4, 3.5 Hz, 1H), 0.96 (d,
6.6 Hz, 3H), 0.94−0.87 (overlapping signals: m, 1H; 0.91, s,
3H and 0.89, d, 6.7 Hz, 3H), 0.87−0.78 (m, 2H); 13C NMR
(125 MHz, CDCl3): δ 195.33, 160.64 (2C), 74.08, 70.96,
54.21 (br), 52.84, 48.97, 47.38, 43.64, 40.91, 39.57 (br), 38.29,
35.68, 35.03, 34.74, 34.70, 34.53, 33.95, 31.33, 28.49, 26.79,
25.15 (br), 24.05, 22.73, 21.12, 19.54; HRMS (ESI) m/z:
calcd for C27H40N2O5Na

+, 495.2829; found, 495.2838.
Methyl 7α-Formyloxy-3α-hydroxy-12β-methyl-25-homo-

18-nor-5β-cholan-25-oate (S8). To a solution of diazoketone
S6 (6.80 g, 14.4 mmol) in methanol (20 mL) was added a
solution of silver nitrate (10.5 g, 61.8 mmol) in a 1:9 mixture
of water (35 mL) and methanol (315 mL) [prepared by
dissolving the silver salt in water first and then diluting it with
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methanol], and the resulting reaction mixture was heated
under reflux for 3−4 h. After being cooled to room
temperature, the reaction mixture was filtered through Celite
and methanol was evaporated. The aqueous phase was
extracted with ethyl acetate (3×), washed with water (2×)
and brine, dried over MgSO4, and concentrated. The crude
product was purified by automated flash column chromatog-
raphy (silica gel, ethyl acetate/petroleum ether = 0−50%) to
yield 3.90 g (60%) of S8 as a colorless foam. 1H NMR (500
MHz, CDCl3): δ 8.06 (s, 1H), 5.17−5.12 (m, 1H), 3.67 (s,
3H), 3.51 (tt, 11.0, 4.3 Hz, 1H), 2.37−2.24 (m, 2H), 2.04−
1.92 (m, 3H), 1.89 (dt, 14.4, 3.3 Hz, 1H), 1.80−1.33 (m,
16H), 1.33−1.20 (m, 2H), 1.08−0.93 (overlapping signals: m,
1H; 1.03, td, 14.2, 3.4 Hz, 1H and 0.96, d, 6.6 Hz, 3H), 0.93−
0.84 (overlapping signals: m, 1H; 0.89, d, 3H and 0.90, s, 3H),
0.82−0.70 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 174.21,
160.79, 71.76, 71.09, 53.04, 51.42, 49.15, 47.39, 43.79, 41.14,
38.81, 38.30, 35.83, 35.14, 34.99, 34.65, 34.45, 33.99, 31.48,
30.72, 29.12, 28.49, 24.09, 23.51, 22.79, 21.27, 19.74; HRMS
(ESI) m/z: calcd for C27H44O5Na+, 471.3081; found,
471.3086.
3α,7α-Dihydroxy-12β-methyl-25-homo-18-nor-5β-chol-

an-25-oic Acid (27c). To a solution of S8 (4.90 g, 10.9 mmol)
in methanol (65 mL) was added 2 M aqueous sodium
hydroxide solution (35 mL), and the resulting reaction mixture
was heated under reflux for 3 h. After complete conversion, the
reaction was allowed to cool to room temperature and
subsequently concentrated. The residue was re-dissolved in
water and then acidified to pH 1 by adding dropwise a 1 M
aqueous hydrochloric acid solution. The resulting mixture was
extracted with ethyl acetate (3×), and the combined organic
layers were dried over MgSO4 and concentrated. The crude
product was purified by automated flash column chromatog-
raphy [silica gel, acetone (+1% acetic acid)/dichloromethane
(+1% acetic acid) = 5−40%] to afford 3.55 g (80%) of 27c as a
colorless solid. The spectroscopic data of this compound are
consistent with those reported earlier for the same compound
27c.
3α,7α-Diformyloxy-12β-methyl-17-epi-18-nor-5β-cholan-

24-oic Acid (S5). Using the same protocol as outlined for the
preparation of compound S4, a catalytic amount of 72%
perchloric acid (0.33 mL) was added to a solution of 28a (9.50
g, 24.2 mmol) in 90% formic acid (142 mL) at 50 °C, and the
resulting reaction mixture was stirred for another 3 h at this
temperature. Subsequently, the reaction temperature was
lowered to 40 °C and acetic anhydride (115 mL) was added
dropwise so that the reaction temperature was maintained
between 40 and 50 °C. The reaction was stirred for another 60
min while cooling to room temperature. After work-up and
purification, 9.90 g (91%) of the desired bisformyl protected
acid S5 was recovered. [α]D

20 = −14.9 (c 0.67, CHCl3);
1H

NMR (500 MHz, CDCl3): δ 8.07 (s, 1H), 8.03 (d, 0.9 Hz,
1H), 5.19−5.15 (m, 1H), 4.74 (tt, 11.3, 4.5 Hz, 1H), 2.41−
2.30 (m, 2H), 2.22−2.16 (m, 1H), 2.12 (dt, 11.9, 13.1 Hz,
1H), 2.05−1.98 (m, 1H), 1.95 (dt, 14.5, 3.3 Hz, 1H), 1.87 (td,
11.8, 3.3 Hz, 1H), 1.84−1.70 (m, 3H), 1.70−1.59 (m, 4H),
1.59−1.39 (m, 7H), 1.19 (td, 10.7, 3.4 Hz, 1H), 1.15−0.99 (m,
2H), 0.99−0.92 (overlapping signals: m, 1H and 0.95, d, 6.3
Hz, 3H), 0.89 (s, 3H), 0.84 (d, 6.8 Hz, 3H), 0.69 (dt, 11.8,
12.4 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ 179.41,
160.68, 160.59, 74.12, 70.82, 56.06, 45.03, 43.08, 41.44, 41.00,
35.44, 34.76, 34.66, 34.50, 33.83, 32.07, 31.94, 31.85, 31.61,

31.28, 29.11, 26.82, 22.83, 22.51, 21.03, 16.68; HRMS (ESI)
m/z: calcd for C26H40O6Na

+, 471.2717; found, 471.2715.
25-Diazo-3α,7α-diformyloxy-12β-methyl-24-oxo-17-epi-

25-homo-18-nor-5β-cholane (S7). Employing the same
procedure as described for the preparation of S6, oxalyl
chloride (6.10 mL, 72.1 mmol) was added dropwise to a
solution of compound S5 (9.90 g, 22.1 mmol) in dry toluene
(80 mL) at 10 °C. After being stirred for 2.5 h and
concentrated, the crude acid chloride was re-dissolved in dry
toluene (40 mL) and subsequently introduced dropwise into a
pre-prepared solution of diazomethane in diethyl ether
[prepared from N-nitroso-N-methylurea (21.0 g, 204 mmol),
50% aqueous potassium hydroxide solution (60 mL), and
diethyl ether (120 mL) at −5 to −10 °C; the diazomethane
solution was dried over potassium hydroxide before use] to
obtain 8.70 g (83%) of S7 as a light yellow, crystalline solid.
mp/decomp.: 142−145 °C; [α]D

20 = −11.1 (c 0.75, CHCl3);
1H NMR (500 MHz, CDCl3): δ 8.06 (s, 1H), 8.03 (d, 0.5 Hz,
1H), 5.22 (sbr, 1H), 5.19−5.15 (m, 1H), 4.74 (tt, 11.3, 4.5 Hz,
1H), 2.37−2.26 (mbr, 2H), 2.21−2.09 (overlapping signals: m,
1H and 2.14, dt, 11.9, 13.0 Hz, 1H), 2.05−1.98 (m, 1H), 1.95
(dt, 14.5, 3.3 Hz, 1H), 1.86 (td, 11.8, 3.4 Hz, 1H), 1.83−1.70
(m, 3H), 1.69−1.59 (m, 4H), 1.58−1.39 (m, 7H), 1.19 (td,
10.7, 3.3 Hz, 1H), 1.14−0.99 (overlapping signals: 1.09, td,
14.4, 3.4 Hz, 1H and m, 1H), 0.99−0.91 (overlapping signals:
m, 1H and 0.95, d, 6.3 Hz, 3H), 0.89 (s, 3H), 0.83 (d, 6.8 Hz,
3H), 0.69 (dt, 11.7, 12.4 Hz, 1H); 13C NMR (125 MHz,
CDCl3): δ 195.19, 160.63, 160.54, 74.10, 70.80, 56.08, 54.14
(br), 45.03, 43.08, 41.54, 41.00, 39.20 (br), 35.43, 34.75,
34.66, 34.50, 33.83, 32.32 (br), 31.94, 31.79, 31.29, 29.11,
26.83, 22.83, 22.55, 21.09, 16.80; HRMS (ESI) m/z: calcd for
C27H40N2O5Na

+, 495.2829; found, 495.2830.
Methyl 7α-Formyloxy-3α-hydroxy-12β-methyl-17-epi-25-

homo-18-nor-5β-cholan-25-oate (S9). Employing the same
procedure as described for the preparation of S8, a solution of
silver nitrate (13.0 g, 76.5 mmol) in a mixture of water (43
mL) and methanol (90 mL) was added to a solution of
diazoketone S7 (8.40 g, 17.8 mmol) in methanol (300 mL),
and the resulting reaction mixture was refluxed for 2.5 h to give
rise to 5.15 g (65%) of S9 as a colorless foam. [α]D

20 = −40.4 (c
0.96, MeOH), [α]D

20 = −32.6 (c 0.57, CHCl3);
1H NMR (500

MHz, CDCl3): δ 8.06 (s, 1H), 5.17−5.13 (m, 1H), 3.67 (s,
3H), 3.51 (tt, 11.0, 4.4 Hz, 1H), 2.28 (t, 7.6 Hz, 2H), 2.18 (tt,
8.6, 2.9 Hz, 1H), 2.06−1.96 (m, 2H), 1.94−1.84 (m, 2H),
1.81−1.68 (m, 3H), 1.67−1.55 (m, 7H), 1.55−1.46 (m, 2H),
1.46−1.35 (m, 3H), 1.22−1.07 (m, 3H), 1.06−0.98 (m, 2H),
0.96 (d, 6.3 Hz, 3H), 0.93 (dt, 8.4, 11.8 Hz, 1H), 0.87 (s, 3H),
0.80 (d, 6.8 Hz, 3H), 0.67 (dt, 11.8, 12.3 Hz, 1H); 13C NMR
(125 MHz, CDCl3): δ 174.20, 160.71, 71.74, 70.97, 56.10,
51.40, 45.04, 43.08, 41.47, 41.17, 38.71, 36.65, 35.45, 35.11,
34.58, 34.33, 33.85, 31.94, 31.73, 31.40, 30.68, 29.10, 22.98,
22.85, 22.49, 21.15, 16.89; HRMS (ESI) m/z: calcd for
C27H44O5Na

+, 471.3081; found, 471.3084.
3α,7α-Dihydroxy-12β-methyl-17-epi-25-homo-18-nor-5β-

cholan-25-oic Acid (28c). Using the same procedure as
outlined for the preparation of 27c, a 2 M aqueous sodium
hydroxide solution (35 mL) was added to a solution of
compound S9 (5.14 g, 11.5 mmol) in methanol (65 mL), and
the resulting reaction mixture was refluxed for 3 h to yield 4.17
g (90%) of 28c as a colorless, crystalline solid. The
spectroscopic data of this sample were consistent with those
reported earlier for the same compound 28c.
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Synthesis of 12β-Methyl-18,24-bisnor-chenodeoxycholic
Acid 27b from 12β-Methyl-18-nor-chenodeoxycholic Acid
27a (Scheme S3). 3α,7α-Diformyloxy-12β-methyl-18,24-
bisnor-5β-cholane-23-nitrile (S10). To a solution of 3α,7α-
diformyloxy-12β-methyl-18-nor-5β-cholan-24-oic acid S4 (542
mg, 1.21 mmol) in trifluoroacetic acid (1.91 mL) was added
dropwise trifluoroacetic anhydride (0.51 mL, 3.63 mmol) at
room temperature. The solution was cooled to 0 °C and with a
slow flow of dry argon gas purging the reaction mixture, solid
sodium nitrite (91 mg, 1.32 mmol) was added portionwise.
The mixture was stirred for 30 min and allowed to warm slowly
to room temperature before heating to 40 °C for 1.5 h. The
reaction mixture was concentrated to dryness and stripped
twice from dry toluene before ethyl acetate (20 mL) and water
(20 mL) were added. The aqueous phase was separated and
extracted with ethyl acetate (2 × 20 mL). The combined
organics were washed sequentially with saturated aqueous
bicarbonate solution (2 × 30 mL) and brine, dried over
MgSO4, and concentrated. The crude product was purified by
automated flash column chromatography (silica gel, ethyl
acetate/petroleum ether = 10−35%) to give 280 mg (56%) of
S10 as a colorless foam. 1H NMR (500 MHz, CDCl3): δ 8.07
(s, 1H), 8.02 (d, 0.7 Hz, 1H), 5.17−5.14 (1H, m), 4.73 (tt,
11.3, 4.5 Hz, 1H), 2.39 (dd, 16.5, 4.0 Hz, 1H), 2.30−2.21 (m,
1H), 2.20−1.89 (m, 5H), 1.87−1.74 (m, 2H), 1.68−1.56 (m,
5H), 1.56−1.47 (m, 2H), 1.44−1.20 (m, 4H), 1.15−1.06
(overlapping signals: m, 1H), 1.12 (d, 6.9 Hz, 3H), 1.01 (d, 6.6
Hz, 3H), 0.95−0.87 (overlapping signals: m, 1H), 0.91 (s,
3H), 0.82 (q, 12.3 Hz, 1H), 0.68 (q, 10.3 Hz, 1H); 13C NMR
(125 MHz, CDCl3): δ 160.64, 160.54, 119.93, 73.97, 70.67,
53.58, 47.47, 47.30, 43.67, 40.84, 38.03, 35.62, 34.72, 34.68,
34.52, 33.90, 33.39, 31.28, 28.38, 26.79, 23.77, 22.67, 21.15,
20.07, 18.58; HRMS (ESI) m/z: calcd for C25H37NO4Na

+,
438.2615; found, 438.2612.
3α,7α-Dihydroxy-12β-methyl-18,24-bisnor-5β-cholan-23-

oic Acid (27b) and 3α,7α-Dihydroxy-12β-methyl-18,24-
bisnor-5β-cholan-23-amide (S11). A 20% (w/v) aqueous
potassium hydroxide solution (4 mL) was added to a solution
of nitrile S10 (280 mg, 0.67 mmol) in ethanol (4 mL). The
mixture was heated at 90 °C for 72 h before cooling to room
temperature and pouring slowly into an ice-cooled 10%
aqueous hydrochloric acid solution. Ethyl acetate was added
(20 mL) before the aqueous phase was separated and extracted
with ethyl acetate (3 × 20 mL). The combined organics were
washed with brine, dried over MgSO4, and concentrated. The
crude product was purified by automated flash column
chromatography [silica gel, acetone (+1% acetic acid)/
dichloromethane (+1% acetic acid) = 5−100%] to afford
100 mg (39%) of 27b and 100 mg (39%) of amide S11 as
white solids. The spectral data for 27b were identical to those
obtained earlier for the same compound.
3α,7α-Dihydroxy-12β-methyl-18,24-bisnor-5β-cholan-23-

amide (S11). mp: 198−199 °C (DSC); [α]D
20 +13.3 (c 0.3,

MeOH); 1H NMR (500 MHz, CD3OD): δ 3.92−3.89 (m,
1H), 3.42−3.34 (m, 1H), 2.35−2.21 (m, 3H), 2.04−1.77 (m,
6H), 1.69−1.27 (m, 11H), 1.07−0.82 (overlapping signals: m,
3H), 1.04 (d, 6.6 Hz, 3H), 0.97 (d, 6.7 Hz, 3H), 0.88 (s, 3H),
0.77 (q, 10.1 Hz, 1H); 13C NMR (125 MHz, CD3OD): δ
179.39, 72.89, 68.93, 54.76, 49.64, 48.98, 46.87, 43.15, 40.41,
39.93, 37.44, 37.07, 36.58, 36.11, 35.66, 34.47, 34.26, 31.40,
29.89, 25.54, 23.53, 21.69, 20.50; HRMS (ESI) m/z: calcd for
C23H39NO3Na

+, 400.2822; found, 400.2827.
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