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ABSTRACT: The first synthesis of 22-isospirostane derivatives is described. They
were obtained by photochemical isomerization of 23-oxosapogenins. The structure
of 23-oxo-22-isotigogenin acetate (12) was proved by a single crystal X-ray
diffraction, while structures of 23-0x0-22-isodiosgenin acetate (13) and 23-0xo-22-
isosarsasapogenin acetate (14) were elucidated by spectroscopic methods. 22-
Isodiosgenin acetate (17) was obtained by NaBH, reduction of the 23-oxo
derivative 13 followed by the two-step Barton—McCombie deoxygenation
procedure. Conformational analysis of 22-iso compounds was carried out with

CD and NMR, as well as DFT calculations.

B INTRODUCTION

Saponins are a class of compounds found in natural sources,
particularly abundant in various plant species with different,
sometimes beneficial, biological activities.' More specifically,
they are amphiphilic glycosides composed of one or more
hydrophilic glycoside moieties combined with a lipophilic
triterpene or steroid derivative. The glycoside-free portions
(aglycones) of the saponins are termed sapogenins. The steroid
sapogenins are cholestane, furostane, or spirostane derivatives.
The latter compounds with the two additional spiro connected
rings (E and F) are the most frequently found in plants. The
normal-type configuration at the spiro carbon atom (such as in
diosgenin) was found in the majority of naturally occurring
compounds. The 21-methyl group is usually a-oriented (20S).
However, the spirostanes differ in configuration at C25. In
compounds with an equatorial 27a-methyl group (e.g.,
diosgenin (1), tigogenin (3), smilagenin ($), hecogenin (7))
it is R, while compounds with an axial 27/-methyl group (e.g,,
yamogenin (2), neotigogenin (4), sarsasapogenin (6),
silalagenin (8)), have the 25S configuration (Figure 1).

Of course, there are also further structural differences
between the saponins in the type of functionalization and
configuration at the A/B ring junction (Sa- and Sf-steroids).
Apart from the most common sapogenins with a [4.5]
spiroketal system, in nature exist the isomeric [4.4] spiroketal
compounds with both configurations (R or S) at the spiro
carbon atom (Figure 2). The chemistry of spirostanes was
intensively studied during the past century.” Plant sapogenins
are relatively cheap raw materials for syntheses, usually
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employing the Marker degradation,’ of a number of medicinally
important steroids.* Recently, spirostanes have been enjoying a
renaissance due to the intensive studies on cephalostatins and
ritterazines.

B RESULTS AND DISCUSSION

With regard to a question of [4.5] spiroketal configuration, it
should be noticed that there are three stereogenic centers (C20,
C22, and C25) in the side chain, and as a consequence, eight
stereoisomers can be formed. The molecular mechanics
calculations show that normal (natural) sapogenins (22R)
have lower steric energy than their epimers at the spiro carbon
atom. The reason for that is the repulsion between binding
electrons of angular 18-methyl group and lone pair electrons on
the F-ring oxygen in the isomeric spiroketal systems. In
addition to that, there is only one anomeric effect in the
isomeric compounds compared to two such effects in normal
[4.5] spiroketals. Also, the natural configuration at C20 (20S) is
preferred over the isomeric one, since the 20R isomers show
higher steric energy. Finally, compounds with an equatorial
methyl group at C2S (25R) are more stable than their axial 258
isomers. Therefore, of the eight possible stereoisomers, the
20S8,22R,25R-spirostanes are the thermodynamically most
stable ones.’ If the reaction conditions enable interconversion
between the isomers, these compounds are preferentially
formed (e.g., compounds 1, 3, S, 7 of Figure 1).
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Figure 1. Structures of common spirostane sapogenins.
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Figure 2. Spiroketal and pseudosapogenin structures.

The isomerization reactions between the [4.5] spiroketal
sapogenins are well-known. In acid medium, protonation
(acylation, Lewis acid complexation) of sapogenins at the
oxygen atom of ring F occurs followed by cleavage of the ring
affording enol ethers commonly called pseudosapogenins
(Figure 3).” The reaction is reversible, and starting sapogenins
are formed from pseudosapogenins on treatment with strong
proton acids. Under these conditions (thermodynamic control)
the original configuration at C20 and C22 is restored, since the
20S,22R spiroketal system is the most stable. However, if a

weak acid (e.g, acetic acid) is used, the kinetically favored
products are formed. Then the product distribution depends on
configuration at C2S. In the case of 25R pseudosapogenins, the
major product is the compound with inverted configuration at
C20. A similar transformation of tigogenin (3) to its 20R
epimer can be also achieved electrochemically.®

The 25§ pseudosapogenins preferentially afford the 20R,22S
product (inversion of configurations at both chiral centers) in
addition to the parent sapogenin and its epimer at C20.

Treatment of the 2SS sapogenins with strong proton or
Lewis acids leads to formation of 2SR sapogenins (e.§.,
isomerization of sarsasapogenin (6) to smilagenin (5)).%’
This unique transformation has previously been explained in
terms of an oxidation—reduction mechanism (Figure 4).'° The
key step of the process is a reversible 1,5-hydride transfer from
C26 to C22.

The isomerization involves a series of equilibria between the
oxonium ions produced by acid. The driving force of the
reaction is a formation of a more stable product with an
equatorial (25R) methyl group.

None of the known isomerization methods allow a change in
configuration at the spiro carbon atom without alteration of
configuration at other side chain chiral centers. It seems that
sapogenins with the 22-isomeric [4.5] spiroketal structure do
not occur in nature, though there are a few reports in the
literature about isolation of such compounds. The last example

Lewis or proton acids §

HO “, O
s ;
weak acid
o T
HO

weak acid
=

Figure 3. Ring-closure reactions of pseudosapogenins.
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Figure 4. Acid-catalyzed isomerization of sapogenins at C-25.
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is the structure of cephalostatin 16,'"' but the proposed
structure has been questioned later."

The problem with the synthesis of the 22-isomeric [4.5]
spiroketal system is its thermodynamic instability. It is,
however, a challenge for synthetic chemists, especially as
high-energy stereoisomers frequently show high biological
activities.>™"?

Here we present the photochemical isomerization of
spirostanes with a carbonyl group at C23 position.

The ketones 9, 10 and 11 (Scheme 1) were prepared from
naturally occurring sapogenins: diosgenin (1), tigogenin (3)
and sarsasapogenin (6), respectively. The starting sapogenins 1,
3, and 6 have the R configuration at the spiro carbon atom, but
oxygenation at C23 formally inverts configuration at C22
because of the change in priority between substituents (C20
and C23). The sapogenins were oxidized to the corresponding
23-oxoderivatives by Barton’s procedure,’* improved by
Iglesias-Arteaga.'> UV irradiations of 23-ketones 9—11 were
carried out in acetonitrile/dichloromethane solutions in the
presence of triethylamine at room temperature for 1—2 h.
Under the described conditions, slow isomerization occurred at
the spiro (C22) carbon atom to the slightly more polar isomers
12, 13 and 14. However, the photochemical equilibrium could
not be reached since highly polar overirradiation products were

formed (the reactions were monitored by TLC and stopped
when a spot at the bottom of the TLC plate suggested
intolerably high concentrations of such products). From the
reaction mixtures, substantial amounts of starting compounds
9, 10, and 11 were recovered (40, 60, and 44%, respectively).

The products 12—14 proved isomeric with the starting
compounds as it was shown by MS-ESL In the *C NMR
spectra a signal at 203.8 ppm (compounds 12 and 13) or 202.5
ppm (compound 14) confirmed the presence of a carbonyl
group in the obtained products. The 26-H signal pattern in the
'H NMR spectra of compounds 10, 11, 13, and 14 is different
for each compound and can be used for distinguishing between
the isomers (Figure S). Of course, the presence of the C5—C6
double bond or lack of such bond has little influence on 26-H
signals, and therefore, the spectra in the diagnostic range were
virtually identical for compounds 9 and 10 (5 3.5—-3.9 ppm)
and for compounds 12 and 13 (8 3.5—4.3 ppm). The starting
sapogenins with the 25R configuration (i.e., with the equatorial
methyl group at C25), 23-oxotigogenin acetate (9) and 23-
oxodiosgenin acetate (10) show 26-H signals less separated
from each other than in the case of the 25S compound with the
axial methyl group, 23-oxosarsasapogenin acetate (11). In the
case of 23-oxodiosgenin acetate (10), the signals arose as a
triplet at 3.79 ppm (axial H pro-R, J = 11.2 Hz) and a doublet
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Figure 5. Selected "H NMR signals of starting materials (10, 11) and products (13, 14).

of doublets of doublets at 3.59 ppm (equatorial H pro-S, J =
11.2, 5.0, 1.7 Hz), while in the case of 23-oxosarsasapogenin
acetate (11), these two signals showed up at 4.28 ppm (axial H
pro-R, doublet of doublets, ] = 11.2, 2.9 Hz) and 3.42 ppm
(equatorial H pro-S, doublet of triplets, ] = 11.1, 2.1 Hz). The
26-H signal patterns proved symptomatic for the 22-isomeric
systems. In 23-oxo-22-isodiosgenin acetate (13), a doublet of
doublets of doublets was observed at 3.60 ppm (axial H pro-S, J
=11.2, 3.8, and 1.8 Hz) and a doublet of doublets at 4.20 ppm
(equatorial H pro-R, J = 11.2 and 3.4 Hz). For 23-ox0-22-
isosarsasapogenin acetate (14), in turn, the 26-H signals
appeared as a doublet of doublets of doublets at 3.78 ppm
(equatorial H pro-R, J = 11.3, 4.6, 1.9 Hz) and a triplet at 3.72
ppm (axial H pro-S, J = 11.3 Hz).

The described above coupling constants of 26-H unequiv-
ocally prove the position (axial or equatorial) of the methyl
group at C2S. It is obvious that during photochemical reactions,
configuration at this chiral center remains intact. Assuming that
isomerizations occur at the spiro carbon atom and the ring F
chair conformation dominates, the methyl group at C25 must
be axial in the product 13, unlike the starting 23-oxodiosgenin
acetate (10). Similarly, it was expected to be equatorial in the
case of the product 14, while in the starting 23-oxosarsasapo-
genin acetate (11) the 25-methyl group occupied the axial
position. These predictions were confirmed by analysis of
signals at 26-H.'

The structure of product 12 (Figure 6), obtained by
irradiation of 23-oxotigogenin acetate (9), was unequivocally
proved by an X-ray analysis. An inversion of configuration at
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Figure 6. Molecular structure of 12 with displacement ellipsoids
drawn at the 35% probability level.

C22 (the spiro carbon atom) during the photo reaction was
confirmed.

The X-ray crystal structure analysis established that the six-
membered A, B and C rings adopt the expected chair
conformation, while the five-membered D ring shows a half-
chair conformation and the E ring displays an envelope
conformation. The pyran ring F shows a chair conformation,
and it was also possible to establish the configuration at C22
and C2S5 being both R, with the methyl at C25 in axial
orientation. The methyl group in 12 occupies the axial position
both in solid state and in solution as proved by the "H NMR
spectrum of 12, which showed a similar pattern of 26-H signals
to that presented for the compound 13.

A strong confirmation of the structural features of
spirosapogenins discussed above is provided by experimental
and theoretical circular dichroism spectra (CD). Since CD
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Table 1. UV and ECD Data of Compounds 9—14 Recorded in CH;CN

comp UV & (Apa)
9 31 (299.0)
10 11400 (191.4) 33 (299.0)
11 2650 (199.0) 47 (302.5)
12 95 (316.0)
13 12100 (192.6) 93 (316.0)
14 2590 (200.5) 77 (316.0)

“An additional band with A¢ equal to —3.7 is present at 185 nm.

ECD Ae (4,,)

—4.2 (196.5) +1.3 (306.0)
—10.2 (186.0) +1.3 (306.0)
—3.4 (196.0) +1.6 (310.0)
+3.8 (190.0) —2.3 (210.0) —1.3 (321.0)
+3.4 (196.0)% —1.5 (214.0) —1.3 (320.0)
+2.6 (190.0) —-1.8 (211.0) —0.6 (320.0)

spectroscopy is very sensitive to the small changes in the
geometry and electronic structure of the investigated molecules,
the combination of experimental and theoretical CD results
should allow the drawing of more definite conclusions within
the scope of present research. Such combination has already
proven efficient and reliable for the assignment of the absolute
configuration of various chiral organic molecules."’”

The experimental electronic circular dichroism (ECD)
spectra of spirosapogenins 9—14 were measured at room
temperature in acetonitrile and thus represent a thermal
average over the ECD spectra of different conformers. In
terms of ECD results, 9—14 can be divided into two groups.
The first group, consisting of compounds 9—11, exhibits two
ECD bands, whereas the second group, containing compounds
12—14, possesses three ECD bands in the same spectral region
(Table 1, Figure 7). The sign and position of the carbonyl nz*

4 — 9
— 11
—_12
~ 24 — 14
O
g o
b=l
2 24
4
T 1] T L T I
200 240 280 320 360 400
r/nm

Figure 7. ECD spectra of compounds 9 (black), 11 (red), 12 (blue)
and 14 (green) measured in CH;CN.

band clearly depends on the configuration of the spiro carbon
atom (C22). And so, in compounds 9—11 with 22S absolute
configuration, this ECD band occurs at around 310 nm and is

positive, while in the case of compounds 12—14 with the 22R
absolute configuration it has a negative sign and is shifted
toward the red to about 320 nm. For the first group the ECD
band attributed to the zz* carbonyl transition and arising at
around 190 nm has the opposite sign to the nz™* band; i.e,, it is
negative. For the second group, however, the band in this
spectral range is bisignate with two maxima of opposite signs: a
negative one at ca. 210 nm and a positive one at around 190
nm. These bands are a mixture of excitations out of the
carbonyl transitions and transitions out of acetate carbonyl and
oxygen lone pairs into the same acceptor orbitals (see the
Supporting Information).

In principle, ECD spectra are identical for compounds 9, 10
and 12, 13 differing only in the presence or absence of the
double bond at C5—C6. However, the transitions out of the
double bond orbitals mix strongly with the carbonyl transitions,
and for 10, this mixing results in strong absorption at 186 nm.
In the case of 13, in turn, the absorption at 196 nm can be
attributed to transitions occurring within the double bond
mostly (see the Supporting Information).

To rationalize the experimental observations, the TDDFT
calculations using B3LYP/TZVP/PCM method were per-
formed for 10—14. First, the applied calculation methodology
was validated by direct comparison of the geometry-related data
obtained from the X-ray studies and from the molecular
modeling of spirosapogenin 12.

For spirosapogenin 12, two conformers within a 3 kcal/mol
energy window were found (Figure 8). In the first one,
populated in the conformational equilibrium over 78%, the six-
membered ring F is in a chair conformation and the methyl
group at C25 occupies an axial position. In the second
conformer, higher in energy by 0.77 kcal/mol, this ring adopts a
boat conformation with the methyl group at C25 in an
equatorial position (Figure 8). The lowest energy chair
conformer is in a very good agreement with solid state
structure, as it is apparent from the data of Table 2 and
comparison of structures in Figure 6 and 8 (left).

A very good agreement between the solid-state and
computed structures (Table 2), as well as the close similarity
of the ECD spectra of 12 recorded in both solid-state and

Figure 8. Structures of the ring F lowest energy chair conformer (left) and ring F boat conformer (right) of 12 calculated at the B3LYP/6-31G(d)

level of theory.
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Table 2. Selected Torsional Angles in Deg (°) Determined by the X-ray Diffraction and Calculated for Lowest Energy
Conformers of 10—14 by B3LYP/6-31G(d) Method”

comp 27—25—24-23
10 calc. 173.49
11 calc. 73.52
12 X-ray —77.59
calc. —78.03
13 calc. —76.01
14 calc. 167.14

27-25-26—026
—179.68
—66.48
67.15
65.78
65.24
170.10

026—26—25—-24
56.18
57.23
—58.71
—58.71
—58.61
—67.15

26—25—24-23
—49.43
—50.28
48.20
47.80
47.78
44.29

25—24-23-22
48.51
48.82
—3891
—39.40
—39.56
—21.14

24-23-22—-026
—50.50
=50.21
39.30
38.69
38.90
16.54

“Atom numbering as in Figure 6.

solution (Figure 9) indicates the presence of the same
molecular species in both states. This means that the solute—

05
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Figure 9. ECD spectra of spirosapogenin 12 recorded in acetonitrile

(purple line) shown in A¢ and in KCl pellet (blue line) given in mdeg,
both presented over the range 380—250 nm.

solvent interactions, which may considerably affect the CD
spectra because of both conformational and vicinal effects, are
negligible in this case and point out that the observed ECD is
largely a molecular property. Therefore, the analysis of the
ECD data can be performed on the basis of chiroptical data
obtained for solutions.

To provide further evidence and to find experimental
verification for the computational results, the variable low-

temperature ECD spectra of spirosapogenin 12 were recorded.
As can be seen in the resulting spectra, the intensity of the
diagnostic nz* band is greatly dependent on temperature of the
solution (Figure 10). The spectra showed a decrease of the 320
nm band intensity with lowering the temperature. The
experimental result is in line with the calculations, because
the population of the lowest energy conformer with computed
Cotton effects in the corresponding spectral regions should
increase with decreasing temperature. Since the rotatory
strength of chair conformer is substantially lower than that
for boat conformer, the lowest energy chair conformer
dominates at lower temperatures while contribution from
boat conformer increases at higher temperatures (Table 3).

Table 3. Calculated (DFT) Population of Chair (Column A)
and Boat (Column B) Conformers of 12 at Different
Temperatures (In Percent)

temp (K) A B
298 78.7 21.3
273 80.6 194
233 84.2 15.8
193 88.3 11.7
153 92.7 7.3
113 96.9 3.1

93 98.5 1.5

The presented results clearly demonstrate that the conforma-
tional changes considerably affect ECD spectra, although the
origin of calculated rotatory strengths remains the same.

0.2
0.0 4
- -0.2 4
£
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S 044
2 0.4 — 93K
E — 113K
3 6. 153K
3 — 193 K
— 233 K
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Figure 10. Left: Variable low-temperature ECD measurements of 12 recorded in MI;; (methylcyclohexane—isopentane, 1:3, by vol.). Right:
Simulated ECD spectra of chair and boat conformers of 12 at the B3LYP/TZVP/PCM (2,2,4-trimethylpentane, ¢ = 1.936) level of theory.
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Figure 11. Structures of the two lowest energy conformers of 11 calculated at the B3LYP/6-31G(d) level of theory. Left, chair conformer; right, boat

conformer.

The results for 12 demonstrate a very good conformity
between the calculated and the solid-state values and prove the
correctness of the calculation methodology used. Thus, for the
remaining spirosapogenins, which do not form crystals suitable
for the X-ray analysis, the same TDDFT calculation method-
ology was applied. The selected structural data for lowest
energy conformers of compounds 10—14 are collected in Table
2.

For compound 11 representing the first group of
spirosapogenins with the 22S absolute configuration, two
conformers have been found in the energy range of 3
kecal'mol™" (Figure 11). The lowest energy conformer belongs
to the structural class characterized by a chair conformation of
the six-membered ring F and an axial orientation of the methyl
group at C2S. Its population in the conformational equilibrium
definitely prevails and amounts to 93.5%. The second stable
conformer of higher energy by 1.58 kcal-mol™, populated in
the conformational equilibrium in 6.5%, shows the six-member
ring F in a boat conformation with the 25-methyl group in the
equatorial position. In the Boltzmann-averaged ECD spectrum
comprising, by definition, the sum of contributions from all
populated conformers, two ECD bands of the negative sign at
203 nm and the positive one at 295 nm are visible (Figure 12).

2

-5
14
; 0 0
8 ©
"~_ &
S -1 -
£ 3
3
o . -3 8
~ 24 Experimental 3
4 ——— DFT Simulation
.34
=10
-4 T v T v T T T T T
200 240 280 320 380 400

Alnm

Figure 12. Computed ECD spectrum at the B3LYP/TZVP/PCM
(CH4CN) level of theory obtained as a population-weighted sum at
298 K of individual conformers of 11 compared to experiment in
CH,CN.

The Boltzmann-averaged spectrum shows very satisfactory
agreement between experiment and theory, thus providing
strong evidence that these conformers are present in solution
under these conditions. Besides, this result identifies the chiral
carbon atom C22 of 11 as being of S configuration.

Only one contributing conformer was found for compound
14 within a 3 kcal/mol energy window. In this conformer, the
six-membered ring F is in a slightly skewed chair conformation

and the methyl group at C2S occupies an equatorial position
(Figure 13, left). The simulated ECD spectrum is in an
excellent agreement with the experimental data. Thus, on the
basis of the results of combined experimental and theoretical
ECD analysis, the 22R absolute configuration can be assigned
for 14 with a high degree of confidence. The results of
calculations for spirosapogenins 10 and 13 are summarized in
the Supporting Information.

The formation of irradiation products of 23-oxosapogenins
may be readily explained, since the a-cleavage (Norrish type
1)'® of the C22—C23 bond is likely to occur in this system. A
tentative mechanism for the photochemical isomerization of the
23-oxospirostanols is outlined in Scheme 2.

On irradiation of 23-oxosapogenins, an intermediate A is
initially formed by a-cleavage. The C22 radical centers were
also formed during our preceding study on photochemical
reactions of 23-hydroxy sapogenins.'” Such centers are
stabilized by neighboring oxygen atoms and thus favorable.
Since the radical at C22 is flat, the reconstruction of the C22—
C23 bond by radical recombination may occur from either side
affording the starting ketones (9—11) or products of their
isomers at the spiro carbon atom (12—14).

Crystals of 23-0x0-22-isosapogenins are resistant to sun light
exposition, but in solution (e.g, in dichloromethane) slow
isomerization to the normal type sapogenin derivatives is
observed. In the presence of a catalytic amount of p-TsOH the
isomerization of 23-oxo-22-isosapogenin 13 into 23-oxo-
diosgenin acetate (10) is much faster; a complete isomerization
in dichloromethane occurs within 90 min at room temperature.

In the next step, attempts to remove the carbonyl group in
23-o0x0-22-isodiosgenin 13 without affecting the configuration
at the spiro carbon atom were undertaken. Since the Wolff—
Kishner approach did not work because of the steric hindrance
around the 23-carbonyl group (the 23-hydrazone was not
formed), compound 13 was reduced with NaBH, to give a
mixture of epimeric 23-alcohols 15 in comparable amounts. A
relatively high content of the axial alcohol in the mixture is due
to the easier approach of the hydride to the 23-carbonyl group
from the side opposite to the axial methyl group at C25. On the
other hand, the equatorial approach of hydride is hindered by
the a-methyl group at C20.*° The mixture of alcohols was then
converted into mesylates followed by lithium aluminum
hydride reduction. However, a difficult to separate mixture of
several deoxygenated products was obtained. The most likely
rearrangements of the spiroketal moiety during the hydride
reduction occurred, as it was previously observed in the case of
23-mesylates in the normal spiro system.”’

Finally, the mixture of 23-alcohols was subjected to the
Barton—McCombie deoxygenation procedure.”>** In the first
step xanthate 16 was prepared, albeit in a low yield.
Interestingly, only the equatorial epimer of 16 was obtained.
The large coupling constants of 23-H (J = 10.6 and 5.4 Hz)
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Figure 13. Structure of the lowest energy conformer of spirosapogenin 14 calculated at the B3LYP/6-31G(d) level of theory and its computed ECD
spectrum at the B3LYP/TZVP/PCM (CH,CN, ¢ = 35.688) level of theory compared to experiment in CH;CN.

Scheme 2
7 o) .
S
oﬁ\ ‘ ° 0
—h (0] |
EtN, % L ~ \
CHCNICH,Cl, =0
g 0
§ 12,13
Scheme 3
PR / Hoﬁ\j
L S o) D o
(0] (e}
NaBH,
AcO

2=t s o
2 o:\\ 5 . S 5

o
1. NaH, imidazole
———
2. CS,, Mel
AcO

16

BuzSnH
toluene, reflux

Q&tg
AcO

17

proved its axial orientation. Most likely the axial alcohol did not
form the corresponding xanthate because of steric hindrance.
The reductive displacement of the dithiocarbonate group of 16
with BusSnH proceeded smoothly in toluene to afford the
desired 22-isodiosgenin acetate (17). The reactions described
are outlined in Scheme 3.

From the 26-H signal pattern of 17 it was easy to deduce the
axial orientation of the methyl group at C2S (Figure 14). The
signals were well separated (5 4.06 and 3.38), similar to other
compounds (11, 12, 13) with an axial methyl group at C2S.
The large geminal coupling constant (J = 11.2 Hz) was

accompanied by much smaller ones between axial (J = 3.2 Hz)
and equatorial (<1 Hz) protons at C26 and the equatorial
proton at C25.

An isomerization reaction of 22-isodiosgenin acetate (17)
into diosgenin acetate was carried out in the presence of p-
TsOH in dichloromethane. The reaction was fast: about 75% of
the starting material disappeared in 15 min. The reaction was
completed within less than 1 h. It seems that isomerization of
22-isodiosgenin acetate (17) to the normal spiroketal system
proceeds faster than in the case of its 23-oxo derivative 13.
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Figure 15. Top: ECD spectra of diosgenin acetate and 22-isodiosgenin acetate (17) measured in CH;CN. Bottom: Comparison of experimental and
simulated ECD spectra of diosgenin acetate (left) and 22-isodiosgenin acetate (17) (right).

To independently confirm the structure of 22-isodiosgenin spectral range 180—220 nm. However, the observed shift of the
acetate (17), CD spectroscopy was applied again. In fact, 22- long-wavelength band by 15 nm toward the red in 17 in
isodiosgenin acetate (17) differs from diosgenin acetate only in comparison with diosgenin acetate correlates well with a similar
the configuration at the spiro carbon atom (C22) and, as a red shift in spirosapogenins 12—14 compared to spirosapoge-
consequence, in orientation of the 25-methyl group, which nins 9—11. This indicates the same absolute configuration at
occupies in the former compound the axial position. Since both C22 for 17 and 12—14 and thus points to the absolute
these compounds do not have a suitable chromophoric system, configuration of C22 as S in 22-isodiosgenin acetate (17). A
it could be expected that ECD spectra would not allow very good agreement between the simulated and experimental
distinguishing between the isomers (Figure 15). Indeed, the ECD spectra lends strong support to this assignment (Figure
ECD spectra of both compounds are very similar over the 15).

11265 dx.doi.org/10.1021/j03022549 | J. Org. Chem. 2012, 77, 11257—11269



The Journal of Organic Chemistry

diosgenin acetate

0.08 4

0.06

0.04 4

0.02 4

Ae / dm®mol™'em™
o
o
o
1

-0.02 4

-0.04

-0.06

T T T T T
1500 1400 1300 1200 1100 1000

v/cm’

1000

—— diosgenin acetate
—17
800

(o]

o

o
1

400

¢ /dm°mol”cm™

200+

0
T T T T T
1500 1400 1300 1200 1100 1000

v/cm!

Figure 16. VCD (left) with noise level and IR spectra (right) of diosgenin acetate and 22-isodiosgenin acetate (17) measured in CDCl,.

0.08

| — DFT Simulation
Experimental

0.00

A

-0.04

Ae / dm®mol”'cm™

T T T T T
1500 1400 1300 1200 1100 1000

v/cm’

12004 —— DFT Simulation
Experimental

1000

800

600

¢ /dm°mol'cm’’

400

. T 4 T 4 T T 2 T
1500 1400 1300 1200 1100 1000

v/cm’

0.06 {4 —— DFT Simulation
Experimental

0.04

0.02 +

Ae / dm°mol’'cm”

0.00

-0.02 +

v T v T T T v T
1400 1300 1200 1100 1000

1200 4 —— DFT Simulation
| = Experimental

1000

800

600

¢ /dm°mol'cm’”

400

200

T T y T g T T T
1400 1300 1200 1100 1000

v/em’

Figure 17. Comparison of experimental and simulated VCD and IR spectra of diosgenin acetate (left) and 22-isodiosgenin acetate (17) (right).

An additional proof of this assignment comes from
vibrational circular dichroism (VCD) spectroscopy. As can be
seen in Figure 16, the VCD spectra of diosgenin acetate and its
22-iso derivative 17 substantially differ in the fingerprint region
facilitating the sterochemical assignment. Differences occurring
in the range of C—O stretching vibration in the E and F rings as
well as C—H wagging and twisting vibrations are highlighted in
the Figure 16. The calculated VCD and IR spectra are
compared in Figure 17.

As one can see, the overall agreement of the predicted and
experimental spectra supports the stereochemical assignment of
22-isodiosgenin acetate (17). Therefore, one can say that such a
combined use of different chiroptical methods for structure

determination allows for an unambiguous configurational
assignment.

B CONCLUSIONS

The first synthesis of sapogenin derivatives with inverted
configuration at the spiro carbon atom from 25R- and 25S-23-
oxosapogenins is described. The isomerization reactions were
carried out by irradiation of the starting ketones with a UV
lamp. The obtained 22-iso compounds were proved relatively
stable in the solid state but in solution underwent isomerization
to ketones with a natural configuration at C22, particularly
under acidic conditions. In the case of a 22-isosapogenin devoid
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of the 23-oxo group (22-isodiosgenin acetate) isomerization to
the natural sapogenin was even faster. This observation may
explain why compounds extracted from natural sources show
always the configuration at C22 characteristic for the more
stable isomers.

The results of combined experimental and theoretical
analysis of ECD spectra of sapogenins 9—14, consistent with
NMR predictions, allowed the assignment of their three-
dimensional molecular structure with great certainty. Moreover,
theoretical VCD spectra of diosgenin acetate and its derivative
17 show the same tendency as the experimental data, further
confirming the configurational assignment derived from the
ECD spectra. Thus, the methodology consisting of concerted
DEFT calculations of ECD and VCD spectra to solve structural
and stereochemical problems has demonstrated again its
potential and excellent effectiveness.

B EXPERIMENTAL SECTION

General Information. Melting points were determined on a
Kofler apparatus of the Boetius type. NMR spectra were recorded on a
400 MHz spectrometer in CDCl; as a solvent with TMS as internal
standard (only selected signals in the "H NMR spectra are reported).
Infrared spectra were recorded on a FT-IR spectrometer in chloroform
solutions. Mass spectra were recorded on a time-of-flight (TOF)
spectrometer with electrospray ionization (ESI). The reaction
products were isolated by column chromatography performed on
70—230 mesh silica gel. The progress of reactions was monitored using
silica gel 60 TLC plates. TLC spots were visualized by heating plates
that were sprayed with ammonium molybdate/cerium(IV) sulfate
solution.

23-Oxotigogenin acetate 9), 23-oxodiosgenin acetate (10), and 23-
oxosarsasapogenin acetate (11) were prepared by an improved
Barton’s procedure.'*'®

Photochemical studies were carried out using the Heraeus
photochemical reactor, which consisted of a submerged UV lamp
(TQ 150 type; high pressure mercury burner, 150 W power input)
surrounded by a quartz shield. A stirred solution of 23-oxosapogenin
(9, 10, or 11; ~100 mg) in 400 mL of the acetonitrile/
dichloromethane mixture (9:1) in the presence of triethylamine (1.5
mL) was irradiated at room temperature for approximately 2 h. The
reactions were monitored by TLC every 15 min. The solvents were
evaporated in vacuo after the reaction, and products were separated by
a silica gel column chromatography.

23-Oxo-22-isotigogenin Acetate (12) from 23-Oxotigogenin
Acetate (9). Irradiation time: 2 h. Elution with 6% EtOAc/hexane
afforded the unreacted compound 9 (40 mg; 40%) followed by
compound 12 (30 mg; 30%); colorless crystals: mp 254—257 °C; IR
(v, em™) 1721, 1262, 1027; 'H NMR (ppm) 4.64 (m, 1H), 4.20 (m,
1H), 4.13 (dd, J = 112, 3.5 Hz, 1H), 3.54 (ddd, J = 11.2, 3.8, 1.7 Hz,
1H), 2.73 (dd, J = 15.8, 5.5 Hz, 1H), 1.97 (s, 3H), 1.06 (d, ] = 6.9 Hz,
3H), 1.03 (d, ] = 7.1 Hz, 3H), 0.84 (s, 3H), 0.83 (s, 3H); *C NMR
(ppm) 203.8 (C), 170.7 (C), 111.1 (C), 82.1 (CH), 73.6 (CH), 68.1
(CH,), 61.0 (CH), 55.6 (CH), 54.1 (CH), 44.6 (CH), 43.7 (CH,),
40.9 (CH), 40.8 (C), 40.0 (CH,), 36.7 (CH,), 35.6 (C), 35.0 (CH),
34.0 (CH,), 32.1 (CH, x 2), 30.2 (CH), 28.4 (CH,), 27.4 (CH,), 21.4
(CHy), 21.0 (CH,), 179 (CHy), 166 (CH,), 149 (CHy), 122
(CH;); MS-ESI (m/z) 495.7 (MNa*). Anal. Caled for C,0H,,O4: C,
73.69; H, 9.38. Found: C, 73.48; H, 9.45.

23-Oxo-22-isodiosgenin Acetate (13) from 23-Oxodiosgenin
Acetate (10). Irradiation time: 1.5 h. Elution with 6% EtOAc/hexane
afforded the unreacted compound 10 (60 mg; 60%) followed by
compound 13 (20 mg; 20%); colorless crystals: mp 214—217 °C; IR
(v, em™) 1723, 1255, 1032; 'H NMR (ppm) 5.37 (m, 1H), 4.60 (m,
1H), 4.27 (m, 1H), 420 (dd, J = 11.2, 3.4 Hz, 1H), 3.60 (ddd, ] =
112, 3.8, 1.8 Hz, 1H), 2.78 (dd, J = 15.9, 5.4 Hz, 1H), 2.03 (s, 3H),
1.10 (d, J = 7.0 Hz, 3H), 1.07 (d, ] = 7.1 Hz, 3H), 1.04 (s, 3H), 0.88
(s, 3H); BC NMR (ppm) 203.8 (C), 170.5 (C), 139.7 (C), 122.2
(CH), 111.2 (C), 82.1 (CH), 73.8 (CH), 68.1 (CH,), 60.9 (CH), 55.8

(CH), 49.9 (CH), 43.7 (CH,), 40.9 (CH), 40.5 (C), 39.7 (CH,), 38.1
(CH,), 36.9 (CH,), 36.7 (C), 32.2 (CH,), 32.0 (CH,), 31.3 (CH),
30.2 (CH), 27.7 (CH,), 21.4 (CHj), 20.8 (CH,), 19.3 (CH,), 17.9
(CH,), 16.4 (CH,), 14.9 (CH,); MS-ESI (m/z) 493.6 (MNa"). Anal.
Caled for C,oH,,04: C, 74.01; H, 8.99. Found: C, 73.82; H, 9.09.

23-Oxo0-22-isosarsasapogenin Acetate (14) from 23-Oxosarsa-
sapogenin Acetate (11). Irradiation time: 2 h. Elution with 1.5%
EtOAc/benzene afforded the unreacted compound 11 (44 mg; 44%)
followed by compound 14 (20 mg; 20%); colorless crystals: mp 152—
154 °C; IR (v, cm™) 1724, 1452, 1263; '"H NMR (ppm) 5.07 (m,
1H), 4.16 (m, 1H), 3.78 (ddd, J = 11.3, 4.6, 1.9 Hz, 1H), 3.72 (t, ] =
11.3 Hz, 1H), 2.05 (s, 3H), 1.06 (d, ] = 7.1 Hz, 3H), 0.99 (s, 3H), 0.92
(d, J = 6.4 Hz, 3H), 0.84 (s, 3H); *C NMR (ppm) 202.5 (C), 170.6
(C), 110.1 (C), 81.7 (CH), 70.7 (CH), 68.9 (CH,), 60.8 (CH), 55.8
(CH), 44.4 CH,), 40.9 (C), 40.8 (CH), 40.2 (CH,), 40.0 (CH), 37.3
(CH), 35.2 (CH), 35.0 (C), 32.1 (CH,), 31.9 (CH), 30.7 (CH,), 30.6
(CH,), 264 (CH, x 2), 25.0 (CH,), 23.8 (CH,), 21.5 (CH,), 20.9
(CH,), 16.7 (CH;), 16.6 (CH;), 14.4 (CH;); MS-ESI (m/z) 495.3
(MNa*). Anal. Caled for CyH,,O4: C, 73.69; H, 9.38. Found: C,
7347; H, 9.51.

Deoxygenation of Compound 13. 23-Oxo-22-isodiosgenin acetate
(13; 125 mg) was subjected to reduction with NaBH, (65 mg) in
methanol (15 mL) for 16 h at room temperature. The standard
workup of the reaction mixture afforded epimeric alcohols 15 (115 mg,
0.24 mmol), which were dissolved in dry THF (10 mL) and treated
with sodium hydride (20 mg) and imidazole (S mg) under Ar. The
mixture was stirred at room temperature for 2 h. Carbon disulfide
(0.043 mL, 3 equiv) and methyl iodide (0.045 mL, 3 equiv) were
added sequentially (20 min) under Ar. The reaction mixture was
stirred for 0.5 h, poured into aqueous NH,CI and extracted with Et,O.
The organic layer was dried over Na,SO,. Silica gel column
chromatography afforded xanthate 16 (17 mg, 12% yield) as a
yellowish oil eluted with 8% AcOEt in hexane: IR (v, cm™) 1725,
1254, 1232; '"H NMR (ppm) 5.80 (dd, J = 10.6, 5.4 Hz, 1H), 5.39 (m,
1H), 4.78 (m, 1H), 4.62 (m, 2H), 4.08 (dd, J = 11.2, 2.9 Hz, 1H), 3.38
(d, J = 11.2 Hz, 1H), 2.58 (s, 3H), 2.04 (s, 3H), 1.19 (d, ] = 7.0 Hz,
3H), 1.06 (s, 3H); 1.02 (d, ] = 7.4 Hz, 3H), 0.92 (s, 3H); *C NMR
(ppm) 214.7 (C), 170.5 (C), 139.8 (C), 122.3 (CH), 111.3 (C), 83.9
(CH), 79.0 (CH), 73.9 (CH), 67.5 (CH,), 62.6 (CH), 55.7 (CH),
50.0 (CH), 42.6 (CH), 40.9 (C), 39.8 (CH,), 38.1 (CH,), 37.0 (C),
36.7 (CH,), 33.6 (CH,), 32.0 (CH,), 31.3 (CH), 29.8 (CH,), 29.5
(CH), 27.7 (CH,), 21.4 (CH,), 20.8 (CH,), 19.3 (CH,), 19.2 (CH,),
16.7 (CH,), 164 (CH,), 16.1 (CH,); HRMS (ESI-TOF) m/z [M +
Na]* caled for CyH,s0.S,Na 585.2684, found $85.2671.

To xanthate 16 (17 mg, 0.03 mmol) in dry toluene (10 mL) tri-n-
butyltin hydride (0.17 mL, 2.5 equiv) was added under Ar. The
reaction mixture was refluxed for 1 h. The organic solvent was
evaporated in vacuo; the reaction mixture was poured into water and
extracted with dichloromethane. The organic layer was dried over
Na,SO,. The silica gel column chromatography afforded isodiosgenin
acetate 17 (6 mg, 43% yield) eluted with 3% AcOEt in hexane,
colorless crystals: mp 159—162 °C; IR (v, cm™') 1724, 1255, 1255; 'H
NMR (ppm) 5.38 (m, 1H), 4.61 (m, 2H), 4.32 (m, 1H), 4.06 (dd, ] =
11.2, 3.2 Hz, 1H), 3.38 (d, J = 11.2 Hz, 1H), 2.04 (s, 3H), 1.06 (d, ] =
7.3 Hz, 3H), 1.05 (s, 3H), 1.01 (d, ] = 7.2 Hz, 3H), 0.92 (s, 3H); "*C
NMR (ppm) 170.5 (C), 139.7 (C), 122.3 (CH), 111.2 (C), 80.8
(CH), 73.9 (CH), 68.6 (CH,), 62.3 (CH), 55.5 (CH), 50.1 (CH),
41.5 (CH), 40.8 (C), 40.3 (CH,), 38.1 (CH,), 37.0 (CH,), 36.8 (C),
329 (CH,), 32.1 (CH,), 31.1 (CH), 27.7 (CH,), 27.5 (CH), 25.5
(CH,), 23.4 (CH,), 21.4 (CHj;), 20.9 (CH,), 19.3 (CH;), 16.9 (CH,),
164 (CH; x 2); HRMS (ESI-TOF) m/z [M + Na]" calcd for
C,oH,,0,Na 479.3137, found 479.3127.

Crystal Structure Determination. Suitable crystals for X-ray
analysis of 12 were obtained from dichloromethane by slow
evaporation of the solvent; monoclinic, space group P2, with two
molecules in the unit cell.

The X-ray data collection was performed at 273 K on a Kappa CCD
diffractometer (Ayox, = 0.71073 A, monochromator: graphite).
Refinement and data output were carried out with SHELXL-97
program included in the software package WingGX-Version 1.80.0S.
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Crystallographic data have been deposited at the Cambridge
Crystallographic Center as Supporting Information No. 906258. A
copy of the data can be obtained free of charge by correspondence to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. E-mail: deposit@
ccde.cam.ac.uk.

The molecular structure of 12 with displacement ellipsoids drawn at
the 35% probability level is shown in Figure 6.

The packing structure of 12 (see the Supporting Information) is
characterized by an arrangement of one-dimensional layers propagat-
ing along the plane formed by the a and c¢ crystallographic axis that is
governed by the weak intermolecular hydrogen bond between 25-H
and the oxygen 028 atom of a neighboring molecule, with a C25—(25-
H)---028 angle of 143° and a C25—028 distance of 3.433(5) A with
symmetry code [1566.] = x, 1 + y, 1 + z. Also the supramolecular
arrangement shows two moderate intramolecular hydrogen bond
interactions between 3-H and 028 with a C3—(3-H)---028 angle of
102° and a C3—028 distance of 2.680(4) A and the interaction of
21A-H and 023 with a C21—(21A-H)-+023 angle of 116° and a
C21—023 distance of 2.971(4) A (Figure 8). All of these interactions
are nonclassical hydrogen bonds, since the donor is a carbon atom
(Steiner** and Desirajuzs).

ECD Measurements. The electronic circular dichroism (ECD)
spectra were recorded between 450—180 nm at room temperature in
spectroscopic grade acetonitrile. Solutions of 9—14 with concen-
trations in the range from 3.6 X 10~ to 4.5 X 10™* M were examined
in quartz cell with path length of 2—0.1 cm. In the case of diosgenin
acetate and 22-isodiosgenin acetate (17) concentrations were higher
(from 7.4 X 107 to 8.0 X 107* M). All spectra were recorded using
100 nm/min scanning speed, a step size of 0.2 nm, a bandwidth of 1
nm, a response time of 0.5 s, and an accumulation of S scans. The
spectra were background corrected.

Low-temperature ECD measurement of 12 were performed in the
temperature range 293—93 K in solution of MI,; (methylcyclohexane/
isopentane, 1:3, by vol.) as a solvent. Solution with concentrations 8.8
x 107" M was measured between 400—220 nm in 1 cm quartz cell.
Baseline correction was achieved by subtracting the spectrum of a
reference MI,; obtained under the same conditions. All spectra were
normalized to Ae using volume correction for MI;.

The ECD solid-state spectrum of 12 was obtained using diffused
transmission (DTCD) mode, as KCl pellet placed in the integrating
sphere coated with barium sulfate and introduced to the high
sensitivity photomultiplier tube situated at 90°. ECD spectrum (1.318
mg/100 mg KCl) was recorded between 450—250 nm at room
temperature using the following parameters: 100 nm/min scanning
speed, a step size of 0.2 nm, a bandwidth of 5 nm, a response time of
0.5 s, and an accumulation of S scans. The resulting spectrum was
background corrected. The KCl pellet was mounted on a rotatable
holder located just before the integrating sphere. The sample was
measured upon rotation of the disk around the incident axis direction
at various rotation angles. The spectra were almost identical,
demonstrating the absence of detectable spectral artifacts. Linear
dichroism (LD) was also measured; the order was ca. 2 X 1073,

VCD Measurements. The IR and VCD spectra of diosgenin
acetate and 17 were measured at a resolution of 4 cm™ using CDCl,.
FT-VCD spectrometer was equipped with dual sources and dual
PEM’s. Concentrations were 0.13 and 0.04 M, respectively, the cell
path length was 102 ym, and the probes were placed in a BaF, cell
with a path length of 102 ym and assembled in rotating holder (14 s/
cycle). The ZnSe photo elastic modulator of the instrument was set to
1400 cm™". To improve the S/N ratio, the spectra were measured for 4
h 40 min (14336 scans) and 21 h (65536 scans), respectively. Baseline
correction was achieved by subtracting the spectrum of a reference
CDClI; obtained under the same conditions.

Quantum Chemical Calculations. Conformational Analysis
and TD DFT Optimization. The conformational search was done
using HyperChem program26 with MM+ force field within 3 kcal/mol
energy windows, and then all structures were submitted to the
Gaussian09 program27 for a single-point energy calculation at B3LYP/
6-31G(d) TD DFT level of theory in order to improve confidence for

conformers found. Then, finally the prediction of ECD and UV spectra
were performed.

UV/ECD Calculations. Simulation of UV/ECD spectra were carried
out with TD DFT method for conformer/conformers found in two-
step conformation analysis. The B3LYP hybrid functional in
conjunction with the Ahlrichs’ triple-{ split-valence basis set TZVP
was used. For reflecting the solvent influence on measured ECD
spectra, the polarizable continuum model (PCM) implemented in the
Gaussian 09 was used. Rotatory strengths were calculated using both
length and velocity representations. The differences between the
length and velocity of calculated values of rotatory strengths were <3%,
and for this reason, only the velocity representations (R,,) were taken
into account. The ECD spectra were simulated by overlapping
Gaussian functions for each transition by means of the SpecDis”
program. The final spectra were Boltzmann averaged (T = 298 K)
according to the population percentages of individual conformers
based on the relative Gibbs free energies (AG). The same results were
obtained using AESF and AH values from Gaussian output file. The
calculated UV spectra were red-shifted by 10—15 nm in relation to the
experimental, and consequently ECD spectra were also wavelength
corrected. A Gaussian band-shape was applied with 0.35—0.38 eV as a
half-height width.

IR/VCD Calculations. Computations were performed in the
framework of TD-DFT in Gaussian 09 package.”” In order to predict
VCD spectra for diosgenin acetate and 22-isodiosgenin acetate (17),
first geometry was reoptimized, and then calculations of harmonic
vibrational frequencies, dipole strengths and rotational strengths were
carried out at the same level. B3LYP hybrid functional was tested in
conjunction with the 6-31G(d), TZVP and DGDZVP basis sets.
Calculated IR and VCD spectra were extracted from Gaussian 09
output to ASCII XY-format by using ViewVCD software* (Lorentzian
curves were simulated using half-width at half-height values of 6 cm™).
Comparisons between theoretical and measured IR and VCD spectra
were evaluated using CompareVOA confidence level algorithm.*® The
best comparison was obtained in the case of combination B3LYP/
DGDZVP. Therefore, only these data are presented here.

Summary for diosgenin acetate: scaled factor = 0.975; IR spectral
similarity = 82.2%; VCD similarity for the correct enantiomer (22R) =
80.0%; enantiomer similarity index (calculated as a difference between
similarity for the correct enantiomer and opposite one) = 56.1%;
confidence level for the stereochemical assignment (22R) = 100%.

Summary for 17: scaled factor = 0.977; IR spectral similarity =
72.0%; VCD similarity for the correct enantiomer (22S) = 77.2%,
enantiomer similarity index = 52.2%, confidence level for the
stereochemical assignment (22S) = 100%

B ASSOCIATED CONTENT

© Supporting Information

Spectroscopic data for compounds 12—17, CD analysis, DFT
calculations, and crystallographic information file (CIF) for
compound 12. This material is available free of charge via the
Internet at http://pubs.acs.org.
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