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ABSTRACT: The synthesis of all stereoisomers of spiro[3.3]heptane-1,6- WNHCW ., NHCbz
diamines suitably protected for use as building blocks in drug discovery is P AT 4

reported. Structural analysis revealed the similarity between the spiro[3.3]- HN' H Ry H/NHZ

heptane and cyclohexane scaffolds. Comparison of the distance between .. NHp . L, NHp
functional groups and their spatial orientation proved that (1S,4r,6R)- and 20 Rl D=p =
(1R,4,6S)-1,6-disubstituted spiro[3.3]heptanes can be considered as BocHN” “H H  ‘NHBoc
restricted surrogates of cis-1,4-disubstituted cyclohexane derivatives. M H
Similarly, (1S45,6R)- and (1R4s,6S)-1,6-disubstituted spiro[3.3]heptanes <>\/<NH<ﬁ> L = WNH
are the restricted surrogates of trans-1,3-disubstituted cyclohexanes. Such BocHN” "M ? TR H” NHBoc °

replacement can be recommended for use in optimization of ADME

parameters of lead compounds in drug discovery.

B INTRODUCTION

Saturated carbo- and heterobicyclic systems, in particular,
spirocyclic derivatives, can be frequently found among natural
biologically active compounds;"” they are also attractive
molecular frameworks (scaffolds) used in contemporary drug
design.’*~> The bicyclic scaffolds were shown to allow wide
variation of the nature and relative orientation of the
substituents that might be of use in fine-tuning the
pharmacodynamic and pharmacokinetic parameters of the
derivatives during lead identification.® Spirocyclic scaffolds
composed of small rings (three- or four-membered) might offer
another opportunity to obtain the leads in a preorganized,
conformationally restricted “biologically active” conformation,
thus enhancing the chances to improve efficiency and selectivity
of the drug—target interaction.”” "

Previously, we have reported the synthesis of spiro[3.3]-
heptane and azaspiro[3.3]heptane derivatives as well as their
evaluation as 4-aminopiperidine surrogates.“’12 Also, small-ring
containing heteroatom-substituted azaspiro[3.3]heptanes were
proposed as restricted surrogates of piperidine, piperazine,
morpholine, or thiomorpholine derivatives (Figure 1a).'>'*
Furthermore, substitution of the heterospirocyclic analogues for
the six-membered heterocyclic residues in biologically active
compounds was shown to advantageously alter the metabolic
stability of the compounds.”” In the present study, we
developed this concept further and report on a library of

-4 ACS Publications  © 2015 American Chemical Society

doubly functionalized spiro[3.3]heptane derivatives which
might be used as conformationally restricted surrogates of
1,3- or 1,4-substituted cyclohexanes (Figure 1b).

Numerous biologically active compounds and approved
drugs contain mono- or disubstituted cyclohexane motifs in
the molecules. Mucolytic agents Bromhexine (1), introduced
by Boehringer Ingelheim in 1963 and still widely used
nowadays,'®'” or its metabolite Ambroxol (2)'®'® could be
the examples. Recently, 1,3- and 1,4-disubstituted cyclohexane
diamine derivatives (for example, compound 3)*° were
evaluated as antitubercular agents (Figure 1c).

To the best of our knowledge, a vast majority of the
spiro[3.3]heptane derivatives known to date are mono- or
“linearly” 2,6-substituted. The examples are axially chiral
spiro[3.3]heptane-2,6-diamine, which has been known since
1936,2%% or glutamic acid analogues, based on the spiro[3.3]-
heptane scaffold.*® Simple “angularly” 1,5- and 1,6-function-
alized spiro[3.3]heptanes are much less studied; rare examples
are described mainly in patent literature.** Here, we disclose
our synthetic approach to novel 1,6-disubstituted spiro[3.3]-
heptane derivatives, namely, all the isomers of monoprotected
1,6-spiro[3.3]heptane diamines—the building blocks which can
be directly used in constructing analogues of the cyclohexane-

Received: February 11, 2015
Published: March 13, 2015

DOI: 10.1021/acs.joc.5b00323
J. Org. Chem. 2015, 80, 3974—3981


pubs.acs.org/joc
http://dx.doi.org/10.1021/acs.joc.5b00323

The Journal of Organic Chemistry

NY
a) N

1,

/j\(N

X =NR, O, CHy, S, SO, SO,

b)

<:> : R

jos @ﬁ

Javesiare s |

Figure 1. Spirocyclic surrogates of heterocyclic (a) and carbocyclic saturated six-membered rings (b) and examples of cyclohexane-containing

biologically active compounds (c).

derived biologically active compounds or generally in drug
design.

B RESULTS AND DISCUSSION

Synthesis. Each of the target compounds has four
stereoisomeric forms, and we wanted to obtain them in an
optically pure form. In order to achieve this goal, we decided to
commence the synthesis from appropriate diastereomeric
starting compounds and then use a stereoselective trans-
formation employing a chiral auxiliary at the appropriate step of
the synthesis.

Recently, we described diastereomeric ketoesters 4a and 4b
(Scheme 1), easily prepared from commercially available

Scheme 1. Synthesis of Starting Ketones 4a and 4b
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ketoacid § and separated by column chromatography.*®
Compounds 4a,b are functionalized in the 1,6-positions suitably
to prepare the target compounds.

The carbonyl group in 4ab was used as a convenient
“handle” to attach the chiral auxiliary. Formation and
subsequent reduction of imines with either (R)-phenylglycinol
or (R)-phenylethylamine that we tried first gave an inseparable
mixture of diastereoisomeric amine derivatives. The progress
was achieved when the ketoesters were converted into the
imine derivatives using Ellman’s sulfinamide auxiliary (R)-t-
BuS(O)NH, or (S)-t-BuS(O)NH, and Ti(Oi-Pr), as a Lewis
acid catalyst and mild dehydrating agent.26 Scheme 2 shows the
overall strategy, exemplifying it on the synthesis of 12a and 13a
starting from 4a and (R)-t+-BuS(O)NH,. Following the same
synthetic scheme, other stereoisomers were prepared, using
other combinations of the starting keto-ester and chiral
auxiliary: 12b and 13b — from 4a and (S)-t-BuS(O)NH,;
12¢ and 13c — from 4b and (R)-t-BuS(O)NH,; and 12d and
13d — from 4b and (S)-t-BuS(O)NH,.

The subsequent reduction of imine 6a with NaBH,
proceeded with good stereoselectivity installing successfully
the new chiral carbon center. The diastereomer 7aa was the
major product in the synthesis, with the ratio of 7aa:7ab = 9:1
(by '"H NMR of the crude mixture); it was easily purified by
column chromatography. Two-step hydrolysis of compound
7aa gave the amino acid 9a. The latter was protected at the
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nitrogen atom as a Boc-derivative 10a and subjected to the
Curtius rearrangement using benzyl alcohol to quench the
intermediate isocyanate, leading to the benzyl carbamate
protection at the second nitrogen atom. Both of the protecting
groups in compound 11a could then be selectively removed by
hydrogenolysis or acidic hydrolysis to form compounds 12a or
13a, respectively.

The absolute configuration of the products was established
by X-ray diffraction study performed with diastereomeric
derivatives 8a—8d.”’

Structure Analysis. The structural relationship between
disubstituted cyclohexane and spiro[3.3]heptane derivatives is
obvious from considering simple molecular models, but in
order to assess this relationship in a quantitative way, we relied
on a geometrical approach used by us 8prev10usly for bicyclic
diamines and other molecules.”'"*® In this approach,
conformation of a scaffold can be characterized by relative
spatial orientation of exit vectors n, and n, defined by the
functional groups attached (Figure 2). The attachment points
C' and C? are used as the starting points of these vectors,
whereas, to define their direction, the C'=FG! and C>*-FG?
bonds are used. In turn, the relative orientation of the vectors
n; and n, is described by four geometric parameters: the
distance r between the atoms C' and C? the plane angles ¢,
(between vectors 1, and C*>C') and ¢, (between n, and C'C?),
and the dihedral angle 6 defined by vectors n;, C'C? and n,. It
can be seen that the values of ¢; and ¢, close to 0° are
characteristic of a “linear” relative disposition of the
substituents attached to the scaffold, whereas € close to 0°
(or 180°) corresponds to the “flattened” structures. On the
contrary, the values of 6, ¢,, and @, far from these extreme
limits show a “three-dimensional”, “non-flattened” nature of the
scaffold. It should be noted that the angle 6 is the only
parameter that distinguishes enantiomers: for these, the
absolute values of € are the same, but the signs are opposite.
In further discussion, we will consider only the absolute values
of 6, keeping in mind that the values have opposite signs for the
enantiomeric pairs.

Geometric parameters r, 0, ¢;, and ¢, obtained for 1,6-
disubstituted spiro[3.3]heptane scaffolds from X-ray data for
the compounds 8a—8d, together with the literature data for
some other mono- and bicyclic scaffolds,® ™' are given in
Table 1 and illustrated in Figure 3 in different coordinates. For
the choice of C' and C? atoms to be not deliberate, we put ¢, >
P>

The results reflect the fact that four relative spatial
orientations of the substituents are possible for 1,6-
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Scheme 2. Synthesis of Monoprotected Spiro[3.3]heptane Diamines 12a and 13a and the Structures of All the Monoprotected
Diamines Prepared by This Approach
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n, 2 n, "o “SCh pairs), each corresponding to one of the stereoisomers 8a—8d.
: (':'7\ \ n These orientations have similar values of r (3.41—3.59 A), ¢,
FG : @ (76-81°), apd @, (30—46°), but differ s1g.nlﬁcar.1tly in th.e 0
values. As might be expected, the two enantiomeric pairs differ
Figure 2. Definition of geometric parameters r, 6, ¢, and ,. only by the sign of the 6 angle: + 25° for 8a,b and +151° for
8c,d, respectively.

Table 1. Values of Geometric Parameters r, 6, ¢,, and @, for It would be of interest to compare the obtained values of
the Compounds 8, 11-17 geometric parameters with the data for other related
e R NS e 7 rof. disubstituted cores. In particular, the 1,6-disubstituted
1 Sa 359 7 % 25 this work spiro[3.3]heptane scaffold has the value of r int?rmediate
5 sb 359 76 46 25 between 2,6-disubstituted spiro[3.3.]heptane (4.12 A), (coron-
3 8¢ 344 81 20 151 pound 14) and 1,4-disubstituted cyclohexanes (2.94—2.95 A)
4 3d 341 81 30 151 (compounds 19 and 20). In the r—6 plot, the data points for
5 14 412 33 21 140 11 8c,d are located between the points for 14 and trans-14-
6 15 212 32 31 4 disubstituted cyclohexane 19, whereas, for 8a,b, the closest data
7 16 2.14 63 40 180 point corresponds to cis-20 (Figure 3a). There is also a
8 17 2.51 34 34 2 28 similarity in these coordinates for compounds 8c,d and trans-
9 18 2.53 81 35 118 28 1,3-disubstituted cyclohexane 18, trans-1,3-disubstituted cyclo-
10 19 2.94 27 25 171 29 butane 16, as well as for the compounds 8ab and the

11 20 2.95 68 27 3 30 corresponding cis-isomers 15 or 17.

The situation is different if the values of ¢, and @, angles are
also considered (Figure 3b). The 2,6-disubstituted spiro[3.3]-
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Figure 3. Chemical space covered by scaffolds discussed in this work: (a) r—6 representation (polar coordinates); (b) ¢,—6 and ¢,—6
representations (shown in the same plot, Cartesian coordinates); (c) ¢,—@, representations (Cartesian coordinates).

heptane 14 and all isomers of disubstituted monocyclic
scaffolds which have a (pseudo)equatorial orientation of both
the substituents (ie., cis-1,3-disubstituted cyclobutane 15, cis-
1,3-disubstituted cyclohexane 17, and trans-1,4-disubstituted
cyclohexane 19) show only little difference between ¢, and ¢,
values—a feature which reflects the similar surroundings of the
two substituent attachment points in each case. However, there
is significant difference in ¢@; and ¢, values for the 1,6-
disubstituted spiro[3.3]heptanes 8a—8d; this is obviously the
consequence of the scaffold dissymmetry. This resembles the
situation with isomeric scaffolds in 16, 18, and 20, which have
the two substituents mounted on the cycloalkane ring in
(pseudo)equatorial and (pseudo)axial positions, respectively.
This fact is better illustrated in Figure 3c: the data points for 10,
16, 18, and 20 are close to one another, but far from the ¢, =
@, line, which is characteristic for dissymmetric disubstituted
scaffolds. In this view, the trans-1,3-disubstituted cyclohexane
18 can be considered as a possible analogue for 8c,d, and cis-
1,4-disubstituted cyclohexane 20 for 8a,b. It should be noted,
however, that, due to some conformational flexibility, the
substituents in the scaffolds present in 18 and 20 can change
their positions from equatorial to axial and vice versa, which is
impossible for 8a—8d (Figure 4). Therefore, the (1S,4r,6R)-
and (1R4r,6S)-1,6-disubstituted spiro[3.3]heptanes (present in
8a,b) can be considered as conformationally rigid replacements
fixing equatorial and axial positions of the substituents for cis-
1,4-disubstituted cyclohexanes, and (1S,45,6R)- and (1R4s,6S)-
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Figure 4. Spiro[3.3]heptane scaffold as cyclohexane framework
analogue.

isomers (present in 8c,d) for trans-1,3-disubstituted cyclo-
hexanes.

Bl CONCLUSIONS

Expedient synthesis of all stereoisomers of spiro[3.3]heptane-
1,6-diamines monoprotected by t-butyloxycarbonyl or benzy-
loxycarbonyl groups is reported. Structural analysis of the
spirocyclic scaffold in the intermediates, studied in this work by
X-ray crystallography in comparison with the reference
compounds described in the literature, revealed the similarity
between the spiro[3.3]heptane and cyclohexane scaffolds. This
might allow isosteric replacement of cis-1,4-disubstituted
cyclohexane derivatives with the conformationally restricted
analogues, (1S,4r,6R)- and (1R,4r,6S)-1,6-disubstituted
spiro[ 3.3 Jheptanes. Similarly, (15,45,6R)- and (1R,4s,6S)-spiro-
[3.3]heptanes can be the restricted surrogates of trans-1,3-
disubstituted cyclohexanes. The replacement can be recom-
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mended for use in optimization of pharmacokinetic and
pharmacodynamic characteristics of lead compounds in drug
discovery.

B EXPERIMENTAL SECTION

General. Solvents were purified according to the standard
procedures. Compound 7 was purchased from commercial sources;
compounds 4a and 4b were prepared using the procedures reported in
the literature.”® Melting points were measured on an automated
melting point system. Analytical TLC was performed using Polychrom
SI F254 plates. Column chromatography was performed using silica
gel (230—400 mesh) as the stationary phase. 'H, '*C NMR spectra
were recorded at 499.9 or 400.4 MHz for protons and 124.9 or 100.4
MHz for carbon-13. Chemical shifts are reported in ppm downfield
from TMS (*H, *C) as an internal standard. MS analyses were done
on an LCMS instrument with chemical ionization (CI) or a GCMS
instrument with electron impact ionization (EI). HRMS spectra were
recorded on an HPLC system interfaced to an LTQ Orbitrap
equipped with electrospray (ESI) ion source. All compound names
were generated using ChemBioDraw.

(2R,4r,55)-5-(((R)-tert-Butylsulfinyl)amino)spiro[3.3]heptane-
2-carboxylic Acid (8a). Isopropyl (2R,4r,55)-5-(((R)-tert-
Butylsulfinyl)amino)spiro[3.3]heptane-2-carboxylate (7aa) and Iso-
propyl (25,4r,5R)-5-(((R)-tert-Butylsulfinyl)\amino)spiro[3.3]heptane-
2-carboxylate (7ab). Titanium isopropylate (5.86 g (6.14 mL), 20.62
mmol) was added to the solution of compound 4a (1.44 g, 5.89
mmol) and (R)-2-methylpropane-2-sulfinamide (2.14 g, 17.66 mmol)
in 2-propanol (20 mL) under an argon atmosphere. The mixture was
refluxed for 3 days. After cooling to ambient temperature, NaBH,
(0.22 g, 5.79 mmol) was added to this solution in three portions. The
reaction mixture was stirred at rt overnight, and then poured into
EtOAc (250 mL). The mixture was diluted with water (250 mL),
shaken, and filtered. The organic layer was dried over Na,SO, and
evaporated to give a crude mixture of two diastereomers (90:10 by
NMR). Separation of isomers by column chromatography (hexane—
EtOAc—Et;N = 3:1:0.2 as an eluent) gave inseparable mixture of 7aa
and benzyl alcohol (eluted first) (1.39 g, 85% purity by NMR, 3.93
mmol, yield 67%) and 7ab (eluted second) (0.10 g, 0.33 mmol, yield
6%). Compound 7aa was used in the next step without additional
purification.

7aa: Colorless oil. TLC: Ry = 0.37 (hexane:EtOAc:Et;N = 3:1:0.2).
'H NMR (500 MHz, CDCL,), &: 495 (dt, ] = 12.4, 6.2 Hz, 1H), 3.61
(d, ] = 9.1 Hz, 1H), 3.57—3.50 (m, 1H), 3.15—3.04 (m, 1H), 2.51 (t, ]
=9.7 Hz, 1H), 2.30 (t, ] = 9.7 Hz, 1H), 2.23—1.98 (m, 3H), 1.80—1.70
(m, 1H), 1.55-1.69 (m, 2H), 1.29—1.10 (m, 15H). “*C{'H} NMR
(126 MHz, CDCl,), 8: 175.5, 67.4, 58.7, 55.7, 46.1, 34.9, 33.0, 30. 6,
29.0, 26.1, 22.7, 21.9. MS (LCMS) 302 (MH").

7ab: White solid. mp 79—80 °C (hexane—EtOAc). TLC: R, = 0.29
(hexane:EtOAc:Et;N = 3:1:0.2). [a]® = —31.12 (¢ 0.33, CHCL,). 'H
NMR (500 MHz, CDCly), &: 4.95 (dt, ] = 12.3, 6.1 Hz, 1H), 3.61—
3.56 (m, 1H), 3.34 (d, ] = 7.3 Hz, 1H), 2.83 (p, ] = 8.3 Hz, 1H), 2.51
(t, J = 104 Hz, 1H), 2.26—2.14 (m, 3H), 2.13—2.02 (m, 1H), 1.76—
1.56 (m, 3H), 1.27-1.10 (m, 15H). “C{'H} NMR (126 MHz,
CDCl), &: 174.9, 67.6, 57.7, 55.9, 45.9, 35.3, 33.5, 30.6, 28.9, 27.9,
22.8, 21.8. MS (LCMS) 302 (MH").

A mixture of 7aa and benzyl alcohol (1.39 g, 85% purity by NMR,
3.93 mmol) was dissolved in 20 mL of THF and was added to 50 mL
of a cooled (0 °C) aqueous solution of LiOH-H,O (1.65 g, 39.30
mmol). The reaction mixture was stirred at the same temperature for 2
h, diluted with water (20 mL), and extracted with EtOAc (50 mL).
The aqueous layer was separated, acidified with aq. NaHSO,, and
extracted with CH,Cl, (2 X 50 mL). The organic phase was dried over
Na,SO,, filtered, and evaporated. The crude product was recrystallized
from EtOAc. The yield was 0.81 g (3.13 mmol, 80%). White solid. mp
186 °C (EtOAc). [a]® = +14.08 (c 0.2575, CHCL,).

"H NMR (500 MHz, CDCL,), &: 4.00 (d, J = 8.6 Hz, 1H), 3.58 (q, ]
=82 Hz, 1H), 3.24-3.12 (m, 1H), 2.57 (t, ] = 10.4 Hz, 1H), 2.34 (t, ]
= 10.7 Hz, 1H), 2.28—2.20 (m, 1H), 2.18—2.06 (m, 2H), 1.82—1.72
(m, 1H), 1.71-1.57 (m, 2H), 1.24 (s, 9H). *C{*H} NMR (126 MHz,

3978

CDCly), &: 180.1, 58.8, S6.1, 46.1, 35.1, 32.8, 30.8, 29.0, 26.1, 22.8.
HRMS (ESI-Orbitrap) m/z: [M + H]* Caled for C;,H,,NO,S
260.1315; Found 260.1313.

(2S,4r,5R)-5-(((S)-tert-Butylsulfinyl)amino)spiro[3.3]heptane-
2-carboxylic Acid (8b). Isopropyl (2S,4r,5R)-5-(((S)-tert-
Butylsulfinyl)lamino)spiro[3.3]heptane-2-carboxylate (7ba) and Iso-
propyl (2R,4r,55)-5-(((S)-tert-Butylsulfinyl)amino)spiro[3.3]heptane-
2-carboxylate (7bb). A mixture of 7ba and benzyl alcohol (3.72 g
93% purity by NMR, 11.49 mmol, 69% yield) was obtained from 4a
(4.06 g, 16.64 mmol) analogously to 7aa and used in the next step
without additional purification. 7bb (0.2 g 0.66 mmol, 4%) was
obtained analogously to 7ab as well.

7ba: Colorless oil. Ry = 0.37 (hexane:EtOAc:ELN = 3:1:0.2).
NMR/LCMS data are consistent with the data for its enantiomer,
compound 7aa.

7bb: White solid. mp 77—79 °C (hexane—EtOAc). TLC: Ry = 0.29
(hexane:EtOAC:Et;N = 3:1:02). [a]f = +30.26 (¢ 0.335, CHCL,).
NMR/LCMS data are consistent with the data for its enantiomer,
compound 7ab.

Compound 8b (2.54 g, 9.81 mmol, 85%) was obtained from a
mixture of 7ba and benzyl alcohol (3.72 g, 93% purity by NMR, 11.49
mmol) analogously to 8a. White solid. mp 186 °C (EtOAc). [a]y
—11.08 (¢ 0.25, CHCl;). NMR/HRMS data are consistent with the
data for its enantiomer, compound 8a.

(25,4s,55)-5-(((R)-tert-Butylsulfinyl)amino)spiro[3.3]heptane-
2-carboxylic Acid (8c). Isopropyl (2S,4s,55)-5-(((R)-tert-
Butylsulfinyl)amino)spiro[3.3]heptane-2-carboxylate (7ca) and Iso-
propyl (2R,4s,5R)-5-(((R)-tert-Butylsulfinyl)amino)spiro[3.3]heptane-
2-carboxylate (7cb). A mixture of 7ca and benzyl alcohol (1.34 g, 86%
purity by NMR, 3.83 mmol, 56% yield) was obtained from 4b (1.67 g,
6.84 mmol) analogously to 7aa and used in the next step without
additional purification. 7cb (0.15 g, 0.50 mmol, 7%) was obtained
analogously to 7ab as well.

7ca: Colorless oil. TLC: Ry = 0.32 (hexane:EtOAc:Et;N = 3:1:0.2).
'"H NMR (500 MHz, CDCl,), &: 4.97 (dt, J = 12.5, 6.2 Hz, 1H), 4.11
(s, 1H), 3.70—3.56 (m, 1H), 3.02—2.86 (m, 1H), 2.66—2.53 (m, 1H),
2.26—2.08 (m, 3H), 2.01 (t, J = 10.1 Hz, 1H), 1.84 (t, ] = 9.8 Hz, 1H),
1.81-1.61 (m, 2H), 1.32—1.10 (m, 15H). “C{*H} NMR (126 MHz,
CDCL), 8: 175.5, 67.6, 554, 55.4, 44.5, 34.7, 33.0, 30.9, 29.2, 24.5,
22.7,21.7. MS (LCMS) 302 (MH").

7cb: White solid. mp 103—104 °C (hexane—EtOAc). TLC: Ry =
0.19 (hexane:EtOAc:Et;N = 3:1:0.2). [a]y = —29.44 (c 0.2825,
CHCL,). 'H NMR (500 MHz, CDCL,), &: 4.96 (dt, J = 12.3, 6.2 Hz,
1H), 3.52 (q,J = 7.9 Hz, 1H), 3.33 (d, ] = 7.5 Hz, 1H), 2.98 (p, ] = 8.8
Hz, 1H), 2.51 (t, J = 10.0 Hz, 1H), 2.35—2.24 (m, 1H), 2.18 (, ] =
10.3 Hz, 1H), 2.11-2.01 (m, 1H), 2.01—1.92 (m, 1H), 1.91—1.81 (m,
1H), 1.79—1.66 (m, 2H), 1.29—1.15 (m, 15H). “C{'H} NMR (126
MHz, CDCly), 8: 174.7, 67.6, 56.8, 56.1, 45.6, 34.6, 33.1, 31.1, 29.3,
282, 22.8, 21.9. MS (LCMS) 302 (MH").

Compound 8c (0.82 g, 3.17 mmol, 83%) was obtained from a
mixture of 7ca and benzyl alcohol (1.34 g, 86% purity by NMR, 3.83
mmol) analogously to 7ca. White solid. mp 149 °C (EtOAc). [a]}
—18.74 (¢ 0.275, CHCL,).

'H NMR (500 MHz, CDCl,); &: 5.01 (s, 1H), 3.71-3.52 (m, 1H),
3.07-2.91 (m, 1H), 2.78—2.61 (m, 1H), 2.27—2.07 (m, 3H), 2.01 (t, J
= 10.3 Hz, 1H), 1.84 (t, ] = 10.0 Hz, 1H), 1.81—1.71 (m, 1H), 1.67—
1.55 (m, 1H), 1.26 (s, 9H). BC{'H} NMR (126 MHz, CDCl,), &:
178.8, 56.2, 56.0, 44.4, 35.4, 33.0, 30.6, 29.6, 24.5, 23.0. HRMS (ESL-
Orbitrap) m/z: [M + H]" Caled for C,H,NO;S 260.131S; Found
260.1312.

(2R,4s,5R)-5-(((S)-tert-Butylsulfinyl)lamino)spiro[3.3]heptane-
2-carboxylic Acid (8d). Isopropyl (2R,4s,5R)-5-(((S)-tert-
Butylsulfinyl)amino)spiro[3.3]heptane-2-carboxylate (7da) and Iso-
propyl (25,4s,55)-5-(((S)-tert-Butylsulfinyl)amino)spiro[3.3]heptane-
2-carboxylate (7db). A mixture of 7da and benzyl alcohol (1.48 g,
80% purity by NMR, 3.93 mmol, $7%) was obtained from 4b (1.67 g,
6.84 mmol) analogously to 7aa and used in the next step without
additional purification. 7db (0.13 g, 0.43 mmol, 6%) was obtained
analogously to 7ab as well.
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7da: Colorless oil. TLC: R = 0.32 (hexane:EtOAc:Et;N = 3:1:0.2).
NMR/LCMS data are consistent with the data for its enantiomer,
compound 7ca.

7db: White solid. mp 103—104 °C (hexane—EtOAc). TLC: Ry =
0.19 (hexane:EtOAc:Et;N = 3:1:02). [a]¥ = +31.81 (¢ 0.2625,
CHC13). NMR/LCMS data are consistent with the data for its
enantiomer, compound 7cb.

Compound 8d (0.86 g, 3.32 mmol, 85%) was obtained from a
mixture of 7da and benzyl alcohol (1.48 g, 80% purity by NMR, 3.93
mmol) analogously to 8a. White solid. mp 149 °C (EtOAc). [a]y
+22.43 (¢ 0.3, CHCl;). NMR/HRMS data are consistent with the data
for its enantiomer, compound 8c.

(1S,4r,6R)-6-Carboxyspiro[3.3]heptan-1-aminium Chloride
(9a). Compound 8a (0.6 g, 2.32 mmol) was dissolved in 8 mL of 2
M methanolic HCl solution. The reaction mixture was stirred at room
temperature for 1.5 h. The solution was evaporated and redissolved in
30 mL of 6 M aqueous HCI solution. The aqueous phase was washed
twice with CHCl; (15 mL), the organic phase was discarded, and the
aqueous extract was refluxed for 10 min. The solution was evaporated.
The crude product was recrystallized from i-PrOH. The yield was 0.36
g (1.88 mmol, 81%). White solid. mp 226 °C (i-PrOH) (dec). [a]} =
+7.91 (c 0.3233, MeOH). '"H NMR (500 MHz, D,0), &: 3.58 (t, ] =
7.5 Hz, 1H), 3.03 (tt, ] = 9.5, 6.5 Hz, 1H), 2.59—2.46 (m, 1H), 2.42—
231 (m, 1H), 2.25-2.09 (m, 3H), 2.05—1.96 (m, 1H), 1.93—1.74 (m,
2H). *C{'H} NMR (126 MHz, D,0), 6: 179.8, 51.9, 42.3, 34.8, 32.5,
30.5, 29.5, 21.5. HRMS (ESI-Orbitrap) m/z: [M + H]* Calcd for
CgH,,NO, 156.1019; Found 156.1019.

(1R,4r,6S)-6-Carboxyspiro[3.3]heptan-1-aminium Chloride
(9b). Compound 9b (1.34 g, 6.99 mmol, 86%) was obtained from
8b (2.1 g, 8.10 mmol) analogously to 9a. White solid. mp 226 °C (i-
PrOH) (dec). [a]y = —8.57 (c 0.1433, MeOH). NMR/HRMS data
are consistent with the data for its enantiomer, compound 9a.

(1S,4s,6S5)-6-Carboxyspiro[3.3]heptan-1-aminium Chloride
(9¢). Compound 9c (0.33 g, 1.72 mmol, 76%) was obtained from
8¢ (0.58 g, 2.24 mmol) analogously to 9a. White solid. mp 243 °C (i-
PrOH) (dec). [a]¥ = +36.30 (¢ 0.1, MeOH). 'H NMR (500 MHz,
D,0), 8: 3.49 (t, ] = 7.6 Hz, 1H), 3.16—3.03 (m, 1H), 2.32 (t, ] = 9.5
Hz, 1H), 2.24—2.09 (m, 4H), 2.04 (t, ] = 10.4 Hz, 1H), 1.96—1.75 (m,
2H). *C{'H} NMR (126 MHz, D,0), 8: 179.6, 50.9, 41.3, 34.9, 32.1,
31.4, 28.8, 21.8. HRMS (ESI-Orbitrap) m/z: [M + H]* Calcd for
CgH,,NO, 156.1019; Found 156.1017.

(1R,4s,6R)-6-Carboxyspiro[3.3]heptan-1-aminium Chloride
(9d). Compound 9d (0.38 g, 1.98 mmol, 73%) was obtained from
8d (0.7 g, 2.70 mmol) analogously to 9a. White solid. mp 243 °C (i-
PrOH) (dec). [a]® = —26.55 (¢ 0.3067, MeOH). NMR/HRMS data
are consistent with the data for its enantiomer, compound 9c.

(2R,4r,5S)-5-((tert-Butoxycarbonyl)amino)spiro[3.3]heptane-
2-carboxylic Acid (10a). Compound 9a (0.33 g, 1.72 mmol) was
dissolved in 15 mL of saturated aq. NaHCO;. To this solution was
added Boc,O (1.13 g, 5.16 mmol) in 15 mL of THF. The reaction
mixture was stirred for 24 h and was diluted with 20 mL of water. The
aqueous phase was washed with EtOAc (30 mL), acidified with aq.
NaHSO,, and extracted with CH,Cl, (2 X 25 mL). The organic phase
was dried over Na,SO,, filtered, and evaporated. The crude product
was recrystallized from a Hexane—EtOAc mixture. The yield was 0.43
g (1.68 mmol, 98%). White solid. mp 111 °C (Hexane—EtOAc). [a]}
= +9.07 (c 0.275, CHCl,). 'H NMR (500 MHz, CD;0D), &: 3.98—
3.79 (m, 1H), 2.97—2.77 (m, 1H), 2.61-2.4S5 (m, 1H), 2.32 (t, ] = 8.7
Hz, 1H), 2.25-2.12 (m, 1H), 2.11-1.96 (m, 2H), 1.76—1.61 (m, 3H),
146 (s, 9H). ®C{'H} NMR (126 MHz, CD,0D), §: 179.3, 158.0,
80.0, S4.1, 46.7, 37.0, 342, 322, 29.5, 28.8, 24.6. HRMS (ESI-
Orbitrap) m/z: [M + Na]* Caled for C;3H,;NO,Na 278.1363; Found
278.1360.

(2S,4r,5R)-5-((tert-Butoxycarbonyl)amino)spiro[3.3]heptane-
2-carboxylic Acid (10b). Compound 10b (1.44 g, 5.64 mmol, 87%)
was obtained from 9b (1.24 g, 6.47 mmol) analogously to 10a. White
solid. mp 111 °C (Hexane—EtOAc). [a]¥ = —11.44 (c 0.1875,
CHCl;). NMR/HRMS data are consistent with the data for its
enantiomer, compound 10a.
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(25,4s,55)-5-((tert-Butoxycarbonyl)amino)spiro[3.3]heptane-
2-carboxylic Acid (10c). Compound 10c (0.39 g, 1.53 mmol, 97%)
was obtained from 9c (0.30 g, 1.57 mmol) analogously to 10a. White
solid. mp 164 °C (Hexane—EtOAc). [a]¥ +12.10 (c 0.1625,
CHCL;). 'H NMR (500 MHz, CD;0D), &: 3.85—3.64 (m, 1H), 3.07—
291 (m, 1H), 2.50 — (m, 2H), 2.15-1.94 (m, 3H), 1.92—1.81 (m,
1H), 1.80—1.63 (m, 2H), 1.45 (s, 9H). BC{*H} NMR (126 MHz,
CD,OD), &: 178.9, 157.9, 80.0, 52.7, 46.3, 36.2, 334, 32.5, 29.9, 28.8,
25.2. HRMS (ESI-Orbitrap) m/z: [M + Na]* Calcd for C;;H,NO,Na
278.1363; Found 278.1361.

(2R,4s,5R)-5-((tert-Butoxycarbonyl)amino)spiro[3.3]heptane-
2-carboxylic Acid (10d). Compound 10d (0.45 g, 1.76 mmol, 96%)
was obtained from 9d (0.35 g, 1.83 mmol) analogously to 10a. White
solid. mp 164 °C (Hexane—EtOAc). [a]¥ = —13.01 (¢ 0.3025,
CHCl;). NMR/HRMS data are consistent with the data for its
enantiomer, compound 10a.

Benzyl tert-Butyl ((1S,4r,6R)-Spiro[3.3]heptane-1,6-diyl)di-
carbamate (11a). Compound 10a (0.25 g, 0.98 mmol), triethylamine
(041 mL, 2.94 mmol), and DPPA (0.23 mL, 1.08 mmol) were
dissolved in toluene (20 mL). The reaction mixture was slowly heated
to 100 °C (oil bath) and stirred for 1 h. Benzyl alcohol (0.3 mL, 2.90
mmol) was added to the solution, and the resulting mixture was stirred
overnight at the same temperature. The reaction mixture was cooled,
poured into EtOAc (25 mL), and washed with water. The organic
phase was dried over Na,SO,, filtered, and evaporated. The crude
product was recrystallized from a Hexane—EtOAc mixture. The yield
was 0.28 g (0.78 mmol, 80%). White solid. mp 134 °C (Hexane—
EtOAc). [a]y = —32.81 (¢ 0.2175, CHCL;). '"H NMR (500 MHz,
CD;0D), é: 7.42—7.21 (m, SH), 5.02 (s, 2H), 3.99—3.78 (m, 2H),
2.73-2.63 (m, 1H), 2.46—2.33 (m, 1H), 2.12—1.99 (m, 1H), 1.98—
1.86 (m, 1H), 1.82—-1.28 (m, 13H). *C{'H} NMR (126 MHz,
CD,OD), &: 188.1, 157.7, 138.4, 129.4, 128.9, 128.7, 80.1, 67.2, 53.8,
44.1, 429, 41.9, 37.6, 28.9, 28.8, 25.2. HRMS (ESI-Orbitrap) m/z: [M
— Boc]* Caled for C;5H,;N,0, 261.1598; Found 261.1594.

Benzyl tert-Butyl ((1R,4r,6S)-Spiro[3.3]heptane-1,6-diyl)di-
carbamate (11b). Compound 11b (1.42 g, 3.94 mmol, 80%) was
obtained from 10b (1.25 g, 4.90 mmol) analogously to 11a. White
solid. mp 134 °C (Hexane—EtOAc). [a]® = +30.69 (¢ 0.3525,
CHCl;). NMR/HRMS data are consistent with the data for its
enantiomer, compound 11a.

Benzyl tert-Butyl ((1S,4s,6S)-Spiro[3.3]heptane-1,6-diyl)di-
carbamate (11c). Compound 11c (0.39 g, 1.08 mmol, 74%) was
obtained from 10c (0.37 g 1.45 mmol) analogously to 11a. White
solid. mp 113 °C (Hexane—EtOAc). [a]¥ = —55.63 (¢ 0.3775,
CHCL,). '"H NMR (500 MHz, CD,0D), §: 7.50—7.12 (m, SH), 5.03
(s, 2H), 4.05—3.90 (m, 1H), 3.87—3.71 (m, 1H), 2.28—2.05 (m, 3H),
2.06—1.90 (m, 2H), 1.87—1.61 (m, 3H), 1.44 (s, 9H). BC{'H} NMR
(126 MHz, CD,0D), 5: 158.0, 157.9, 138.4, 129.4, 128.9, 128.7, 80.0,
672, 52.7, 43.8, 42.6, 41.0, 37.9, 29.5, 28.8, 25.7. HRMS (ESI-
Orbitrap) m/z: [M — Boc]* Calcd for C;sH,;N,0, 261.1598; Found
261.1597.

Benzyl tert-Butyl ((1R,4s,6R)-Spiro[3.3]heptane-1,6-diyl)di-
carbamate (11d). Compound 11d (0.4S g, 1.25 mmol, 78%) was
obtained from 10d (0.41 g, 1.61 mmol) analogously to 11a. White
solid. mp 113 °C (Hexane—EtOAc). [a]¥ = +54.16 (¢ 0.29, CHCL,).
NMR/HRMS data are consistent with the data for its enantiomer,
compound 11c.

tert-Butyl ((15,4r,6R)-6-Aminospiro[3.3]heptan-1-yl)-
carbamate (12a). Compound 11a (0.12 g, 0.33 mmol) was dissolved
in dry methanol (S mL), and 5% Pd/C (30 mg) was added. Hydrogen
was bubbled though the mixture over 1 h upon stirring, the catalyst
was filtered off, and the filtrate was evaporated under reduced pressure
to give 12a (0.07 g, 0.31 mmol, 94%). Colorless oil. [@]3 = +24.90 (c
0.1225, CH;0H). 'H NMR (500 MHz, CD,0D), §: 3.95—3.82 (m,
1H), 326=3.12 (m, 1H), 2.74—2.58 (m, 1H), 2.48—2.32 (m, 1H),
2.13—1.98 (m, 1H), 1.84—1.74 (m, 1H), 1.73—1.56 (m, 4H), 1.45 (s,
9H). *C{'H} NMR (126 MHz, CD;0D); &: 157.9, 80.0, 54.1, 44.4,
44.1, 43.4, 39.0, 29.0, 28.8, 25.1. HRMS (ESI-Orbitrap) m/z: [M +
H]* Calcd for C;,H,3N,0, 227.1754; Found 227.1751.

tert-Butyl ((1R,4r,6S5)-6-Aminospiro[3.3]heptan-1-yl)-
carbamate (12b). Compound 12b (0.15 g, 0.66 mmol, 96%) was
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obtained from 11a (0.25 g, 0.69 mmol) analogously to 12a. Colorless
oil. [a]¥ = —2420 (¢ 0.14, CH;OH). NMR/HRMS data are
consistent with the data for its enantiomer, compound 12a.
tert-Butyl ((15,4s5,6S5)-6-Aminospiro[3.3]heptan-1-yl)-
carbamate (12c). Compound 12c (0.09 g, 0.40 mmol, 95%) was
obtained from 11c (0.15 g, 0.42 mmol) analogously to 12a. Colorless
oil. [a]} = +32.25 (¢ 0.5, CH;0H). 'H NMR (500 MHz, CD;0D), &:
3.88-3.70 (m, 1H), 3.30-3.20 (m, 1H), 2.22—2.04 (m, 3H), 1.92—
1.63 (m, SH), 1.45 (s, 9H). BC{’'H} NMR (126 MHz, CD;0D), &:
158.0, 79.9, 53.0, 43.8, 43.7, 43.0, 39.8, 29.9, 28.8, 25.7. HRMS (ESI-
Orbitrap) m/z: [M + H]* Calcd for C\,H,;N,0, 227.1754; Found
227.1751.
tert-Butyl ((1R,4s,6R)-6-Aminospiro[3.3]heptan-1-yl)-
carbamate (12d). Compound 12d (0.10 g, 0.44 mmol, 94%) was
obtained from 11d (0.17 g, 0.47 mmol) analogously to 12a. Colorless
oil. [a]y = —32.88 (¢ 0.545, CH;OH). NMR/HRMS data are
consistent with the data for its enantiomer, compound 12c.
(1S5,4r,6R)-6-(((Benzyloxy)carbonyl)amino)spiro[3.3]heptan-
1-aminium Chloride (13a). Compound 11a (0.13 g 0.36 mmol)
was dissolved in 5 mL of 2 M methanolic HCI solution. The reaction
mixture was stirred at room temperature for 1.5 h, and then the
solution was evaporated. The crude product was recrystallized from i-
PrOH. The yield was 0.10 g (0.34 mmol, 94%). White solid. mp 71 °C
(i-PrOH). [a]¥ = —187.21 (¢ 0.27, H,0). '"H NMR (500 MHz, D,0),
5: 7.42—7.10 (m, SH), 4.88 (s, 2H), 3.91-3.75 (m, 1H), 3.62—3.42
(m, 1H), 2.69—2.51 (m, 1H), 2.49-2.29 (m, 1H), 2.25—2.07 (m, 1H),
2.04—1.70 (m, SH). *C{"H} NMR (126 MHz, D,0), §: 157.3, 136.4,
128.7, 1283, 127.7, 66.7, 52.3, 41.4, 40.0, 39.9, 35.2, 29.3, 21.9. HRMS
(ESI-Orbitrap) m/z: [M + H]* Caled for C;sH,N,0, 261.1598;
Found 261.1593.
(1R,4r,65)-6-(((Benzyloxy)carbonyl)amino)spiro[3.3]heptan-
1-aminium Chloride (13b). Compound 13b (0.17 g, 0.57 mmol,
98%) was obtained from 11b (0.21 g, 0.58 mmol) analogously to 13a.
White solid. mp 71 °C (i-PrOH). [a]f = +187.70 (¢ 0.3, H,0).
NMR/HRMS data are consistent with the data for its enantiomer,
compound 13a.
(1S,4s,65)-6-(((Benzyloxy)carbonyl)amino)spiro[3.3]heptan-
1-aminium Chloride (13c). Compound 13¢ (0.14 g, 0.47 mmol,
94%) was obtained from 11c (0.18 g, 0.50 mmol) analogously to 13a.
White solid. mp 58 °C (i-PrOH). [a]¥ = —120.60 (c 0.2775, H,0).
'H NMR (500 MHz, D,0), §: 7.39=7.08 (m, SH), 490 (s, 2H),
3.94-3.74 (m, 1H), 3.58—3.36 (m, 1H), 2.32—2.04 (m, 3H), 2.04—
1.73 (m, SH). *C{'H} NMR (126 MHz, D,0), 6: 157.2, 136.4, 128.7,
128.3, 127.7, 66.7, 50.6, 41.0, 39.6, 38.8, 36.7, 28.6, 22.4. HRMS (ESI-
Orbitrap) m/z: [M + H]" Caled for C;sH,,N,0, 261.1598; Found
261.1593.
(1R,4s,6R)-6-(((Benzyloxy)carbonyl)amino)spiro[3.3]heptan-
1-aminium Chloride (13d). Compound 13d (0.12 g, 0.40 mmol,
95%) was obtained from 11d (0.15 g, 0.42 mmol) analogously to 13a.
White solid. mp 58 °C (i-PrOH). [a]f = +120.19 (¢ 0.3, H,0).
NMR/HRMS data are consistent with the data for its enantiomer,
compound 13c.
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