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Conformationally restricted glutamic acid analogues: stereoisomers of

1-aminospiro[3.3]heptane-1,6-dicarboxylic acid

Anton V. Chernykh, Dmytro S. Radchenko, Oleksandr O. Grygorenko, Dmitriy M. Volochnyuk,
Svitlana V. Shishkina, Oleg V. Shishkin and Igor V. Komarov

A synthetic strategy to construct spiro[3.3]heptane core functionalised at the 1,6-positions gave

access to all stereoisomeric 1-aminospiro[3.3Jheptane-1,6-dicarboxylic acids.
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All four stereoisomers of the title compourith{d) were prepared, starting from a common precursor,
3-oxocyclobutanecarboxylic acid. Lewis acid-catalyzearrangement of a 8-oxadispiro[2.0.3.1] octane-
6-carboxylic acid derivative was used as the kenthsstic step to construct properly functionalized
spiro[3.3]heptane skeleton. A stabilized oxaphotpieintermediate of the Wittig reaction was detect
along the synthetic route. Separation of the diasteeric intermediates allowed obtaining each targe
compound as a single stereoisomer. The target congsoare all analogues of the glutamic acid; they
mimic glutamate in a large array of restricted confations, which might be used in mechanistic gsidi
or in systematic search for biologically active gmuands.

Introduction

Sets of isomeric functionalized derivatives of dmal
conformationally restricted molecular frameworkscafolds)
were shown to be useful in design of the molecuked to map
receptor binding sité$ and in systematic search for leads in drug
design®*® A term “stereolibrary” was coined for such compdun
sets where only relative position of the functiogadups in space
varies while molecular topology is the same alorp the 1c 1d
members of the sefs.Spirocyclic scaffolds are especially
attractive for the design of the stereolibraries, taey might
ensure vide variety of spatial disposition of thadtional groups,
and consequently, allow constructing chemically edie
compound set§?® For example, based on the spiro[3.3]heptane le u
scaffold, one can construct nine enantiomeric paifsrigid

glutamic acid analogues, which differ in positiondarelative ~ Results and discussion

orientation of the carboxylic and aminocarboxylaeieties**
Conformationally restricted glutamic acid analogoésuch type
might be used to map the glutamate receptor bindites, in
mechanistic studies of the enzymes which act otagiate, and

ultimately, in the search for biologically activerapounds using . ; . .
different systematic approach:'® In this paper we report on respectively). Their synthesis was based on sinpidonate
) chemistry, but cannot be adapted to the 1,6-isan@mpletely

the synthesis and stereochemical assignment of |nove,. . L
diff t strat h th t wioidhlighted b
spiro[3.3]heptane-based glutamic acid analogues he t merent siralegy was chosen in e presen ghlighted by

: ) . the retrosynthetic analysis shown in the Scheme 1.
st.ereollbra_ry _composed of  1-aminospiro[3.3jheptayte- In our approach to compountia—d, a modified Strecker reaction
dicarboxylic aciddla—d.

was proposed for construction of the aminocarbd&ytaoiety in
the late steps of the synthesis. Corresponding swithetic
transformation led to the ketoestr a key intermediate of the
synthesis. Compound2, in turn, could be obtained by
rearrangement of the epoxi@ Oxaspiro[2.2]pentanes (lik8)

By now, synthesis of only two of the eighteen thtically
possible members of the spiro[3.3]heptane-basedriibof the
glutamate analogues was reporttdamely, (&)- and (&)-2-
amino-spiro[3.3]heptane-2,6-dicarboxylic acidde (and 1f,
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can be prepared either by Corey-Chaykovsky reactidgim w
cyclopropyldiphenyl sulfonium ylid& or by epoxidation of the
corresponding alkened), which can be obtained by Wittig
olefination with phosphorus ylidé'” Both approaches led to the
ketoesters as the starting material, which is readily acdsesi
from commercially available 3-oxocyclobutanecarbdimxyacid
(7). Benzyl group (R in the scheme 1) would be an ogtim
choice for the protection of the carboxylic moiefy: would
diminish the volatility of the intermediate alkede as well as
allow for UV detection of the intermediate produatpon
chromatographic purifications.

COOH % : COOR
H

(o} ﬂ (o}
l>:PPh3 ¥ O:<>—< — W
OR OR

Scheme 1Retrosynthetic analysis of the targeted 1-
aminospiro[3.3]heptane-1,6-dicarboxylic acids

COOH
1

The retrosynthetic scheme should consider a pdisgitn isolate
all four target compound$a—d as the single stereoisomers. To
achieve this, we decided to use separation of efsineric
intermediates at the appropriate stages of the hepigt

reaction with a chiral aminee( g. (S-phenylglycinol) proved to
be an efficient tool for that purpose in the cycline seriet®
Implementation of the above retrosynt@gplqog@ﬁwﬁgﬁ‘”e
esterification of the acid via the corresponding acid chloride
(Scheme 2). The method for the synthesis of cyctiimnes
reported by Carreira et df,based on the Corey-Chaykovsky
reaction of 8 with cyclopropyldiphenyl sulfonium ylide
(KHMDS, THF, -40 °C, 4h, then Lil, 50 °C, 15h, onetpfailed

in our hands, a very complex mixture of unidentifi|ompounds
was isolated. Therefore, we explored an alternasigquence
based on the Wittig olefination with ylidg Our initial attempts
to introduce the ketoestd into this transformation were also
unfruitful. Therefore, we performed a more detaidddy of this
reaction using keton#2 as the model substrate. This ketone and
its olefination product turned to be not volatiledadid not
contain ester moiety which complicated optimizatioh the
reaction conditions with the ketoes&rReaction ofl2 under the
standard Wittig olefination conditions gave an pented
product13 (Scheme 3), the structure of which was determimed
an X-Ray diffraction study (Figure 1). Presumablye tsalt13
formed by protonation of the corresponding oxaphesnel4
upon the work-up of the reaction mixture with aquedH,CI.
Oxaphosphetanes are usually unstable; the increstabdity of
14 towards decomposition to alkeld® and triphenylphosphine
oxide can be explained by high steric strain inrttidecule ofL5.

It should be noted that although examples of stable
oxaphosphetanes are known in the literatli, all the cases

Compound? could be obtained as a mixture of diastereomers, sgeported to date the stabilization was achievedugjin electronic

the first separation could be done at this step.olRtsn of
enantiomers of the amino acid precursors synthédinther on
could be achieved by the use of a chiral auxilia®gecker

1. SOCl,

-

2. BnOH, NEt;
40% 8

T/} s, COOBn
H
0

11a (49%)

R
O 1. [>—ppn; Br

Wcooan W
o

11b (25%)

effects.

(0]

D=

0OBn KHMDS OBn
2. A, THF 9
46%
mCPBA
NaHCO,

BF3.Et,0 O

-—

OBn
10

Scheme ZPreparation of the key intermediate, compolihd

.
[>—pphs Br A
KHMDS o

12 14

49%

aq NH,ClI

+
CI PhsP Cl
HO

13
Scheme Model study of the Wittig olefination with a cytlotanone derivativ&2.
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Fig 1 ORTEP diagram of the compoutd (thermal ellipsoids are shown
at 30% probability level)

Transformation ofl4 into the alkend5 was achieved at elevated
temperature by heating at reflux in THF. Applicatiof these
conditions to the ketoest® led to the formation of alken®,
which was isolated in 46% yield. EpoxidationSi#vith MCBPA
was accompanied by partial rearrangement of theiépdO to
ketonell Therefore, compountl0 was not isolated but treated
with BR[ELO to give a 2 : 1 mixture of diastereoméika and
11b, which were separated by column chromatographye Th
stereochemical configuration dfla,b was established by 1D-
and 2D-NOESY experiments (Figure 2, see the Eleittro
supplementary information for details).

strong NOE

RS
weak NOE

11b

Fig 2 Significant correlations in the NOESY spectrdldg,b

Ph
o
1.
NH,

v, OOBn
S, Ph
H A . P
o Ti(Oi-Pr)y, i-PrOH HO\/\”
2. TMSCN
1a
Ph

OH

0
2. TMSCN
11b

Reaction ofl1awith (S)-phenylglycinol under various conditions
followed by treatment with TMSCN-MeOH was accompdriy
partial transesterification and resulted in an kouim mixture

of the corresponding aminonitriles and cyanohydriwith
COOBnN (68%) and COOMe (32%) ester groups, which were
difficult to separate. Therefore, we used Ti&), in i-PrOH as
water scavenger and mild Lewis acidic catalysttfar first step
of the reaction,i. e. imine formation. The reaction was alsc
accompanied by transesterification; after addibérfiTMSCN, a
mixture of diastereomerk6a and16b was obtained (Scheme 4).
The diastereomers were separated by column chrgnagtoy.
Compoundsl6a and 16b appeared to be unstable: formation of
the starting ketondla and epimerization were observed upon
standing for a few days. Therefore, bdtba and 16b were
subjected to the next step immediately after thpasion.
Compoundd 6cand16dwere obtained frori1bin an analogous
manner.

Further transformation of6a—d included cleavage of theSf
phenylglycinol residue with Pb(OAg) (Scheme 5). The
intermediate imined7a—d were not isolated, and immediately
subjected to hydrolysis. Under reflux in aqueous ,H@trolysis

of the nitrile moiety in16 was too slow presumably due to
considerable steric hindrance. Therefore, we usdbree-step
reaction sequence including formation of imidoylactde (HCI —
CH.Cl,), imidoester (HCI- MeOH), and final hydrolysis to
carboxylic acid (aqueous HCI). Imine and ester nesetvere
also hydrolyzed at this step to give amino adidsd, which were
isolated as hydrochlorides in 70-83% yields (basetiba—d.

In order to determine the absolute configuration tbie
aminonitriles16a-d tricyclic derivativesl8a-d were synthesized
(Scheme 6)via imidoester formation followed by cyclization.
After the work-up of the reaction mixture, a miduof 18 and
methyl esters19 were obtained; in the case df6g the
corresponding estel9c was isolated and characterized. No
substantial transformation @Bcto 18cwas observed during pro-

o, COOi-Pr o, COOi-Pr
S Ph S
: + E H
CN Ho—/ N" "eN
16a (50%) 16b (24%)

~, H 1. Y\ &, H o, H
W N Ph Q\/< Ph §>\/<
COOBn s COQi-Pr  + B COOi-Pr
Ti(Oi-Pr),, i-PrOH Ho—/ "N “ON Ho— N CN

16¢ (47%) 16d (24%)

Scheme 4Synthesis of aminonitrileb6a-d bearing the chiral auxiliary.
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H
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N~ "CN

2. HCI, MeOH
, H,N™ “COOH
3. aq HCl 2
77% 1cHCI

o, M v, H w, M e
Ph Pb(OAc), Ph 1. HCI, CH,Cl, N2
= ., COOi-Pr > \Q COOi-Pr - .. COOH
N~ TN

(\N CN
H

OH 16d 17d
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3 b HOl H,N” “cooH
70% 1d'HCI

Scheme Srinal steps of the synthesisis-d.

N7, H
Ph ) 1. HCI, CH,Cl,
T CoQi-Pr — >
Ho\/\ﬁ CN 2. HCI, MeOH
16¢

18a (50%)

Ph
18b (61%)

18¢ (57%)

T |

0,
A, toluene 19¢ (23%)

18d (52%)

Scheme @Final steps of the synthesisia-dand19c

longed heating in toluene. Therefore, the tricydfierivatives
18a-d were separated from the corresponding esférsby
column chromatography. Crystals suitable for X-Rdf§raftition
studies was obtained for compouritBac. The results of their
X-Ray crystallographic analysis, combined with thiz &nd 2D-
NOESY experiments for the ketoestdrka and 11b mentioned
above allowed us to deduce eventually the sterdigeoation of
final spirocyclic glutamic acid analogugés-d (see the Electronic
supplementary information for details in structurand
stereochemical assignments of compouhtisb by 1D and 2D-
NOESY  experiments, compounds18a-c by X-ray
crystallography, and discussion).

Conclusions

The Lewis acid-catalyzed rearrangement of a 8-t
[2.0.3.1]octane skeleton proved to be efficient éonstructing

1,6-functionalised spiro[3.3]heptanes. Using thisitegy, rigid
spirocyclic glutamic acid analoguds-—d were synthesized in
eight laboratory steps, starting from the commoecprsor, 3-
oxocyclobutanecarboxylic acid. Separation of theestlireomeric
intermediates along the synthetic pathway allonsmlation of
the target compounds as the single enantiomerssiibesized
stereolibraryla—d might be useful as a tool in mechanistic
studies of enzymes or receptors for which glutaeg is the
substrate or the ligand, respectively. Easy fumetii@gation of the
spiro[3.3]heptane scaffold might also be of usemrdicinal
chemistry, in the systematic search for biologicalctive
compounds derived from this three-dimensional mdaec
framework.
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Experimental section

General

Solvents were purified according to the standardcedures.
Compound 7 was purchased from commercial sources;
compoundl?! and cyclopropyltriphenylphosphonium bronfitie
were prepared using the procedures reported inlité@ture.
Melting points were measured on an automated ngelpioint
system. Analytical TLC was performed using Polychi®hi254
plates. Column chromatography was performed usilica gyel
(230—400 mesh) as the stationary phade*C NMR, and all 2D
NMR spectra were recorded at 499.9 or 400.4 MHzfotons
and 124.9 or 100.4 MHz for carbon-13. Chemical shdte
reported in ppm downfield from TMSH, *C) as an internal
standard. MS analyses were done on an LCMS instriumitin
chemical ionization (Cl) or GCMS instrument with dlea
impact ionization (El).

Benzyl 3-oxocyclobutane-1-carboxylate (8)

To a mixture of benzyl alcohol (113 mL, 1.09 molhda
triethylamine (122 mL, 0.874 mol) in GBI, (400 mL), a
solution of 3-oxocyclobutanecarbonyl chloriti€57.9 g, 0.437
mol) in CHCl, (200 mL) was added at 5 °C. The resulting
solution was stirred at room temperature for 15,naind then
poured into water. Organic phases was washed vi# &q.
citric acid, saturated ag. NaHGObrine, dried over NSO,
filtered, evaporated, and distilléal vacuo The unreacted benzyl
alcohol was distilled off first (50°C /1 mmHg), lifoved by
benzyl 3-oxocyclobutanecarboxylag (100°C /1 mmHg). The
yield was 35.2 g (0.172 mol, 40%). Yellow oil. BpaleC (1
mmHg).'H NMR (500 MHz, CDC}) 3.19 — 3.34 (m, 3H), 3.34 —
3.49 (m, 2H), 5.20 (s, 2H$,7.29 — 7.45 (m, 5H)*C NMR (126
MHz, CDCk) 8 27.4, 51.6, 67.0, 128.3, 128.5, 128.6, 135.5,
173.8, 203.4. MS (GCMS) 204 (W 91 (GH-"). Anal. Calcd. for
Cy,H1,05 C 70.58, H 5.92. Found C 70.36, H 6.17.
(1-(3-(4-Chlorophenyl)-1-hydroxycyclobutyl)cycloprgyl)-
triphenylphosphonium chloride (13)

To a suspension of cyclopropyltriphenylphosphonibromide
(2.19 g, 5.71 mmol) in THF (25 mL), KHMDS (0.5 M ialuene,
12.6 mL, 6.28 mmol) was added at —30 °C under awnarg
atmosphere. The orange solution was stirred faataty and then
a solution of 3-(4-chlorophenyl)cyclobutanob2 (0.928 g, 5.14
mmol) in THF (10 mL) was slowly added at —78 °C. Tkaction
mixture was stirred at -78 °C for 1 h, slowly wadnep to rt
overnight, and then poured into cold saturatedNid,Cl. The
mixture was extracted with CHgIthe organic phase was dried

131.8, 134.5 (dJ = 2.8 Hz), 135.5 (dJ = 9.5 Hz), 143.2. MS
(LCMS)  484/486  (MH-CI). Anal. Calcd. for

CaiH2sCLOPCHLCN C 70.72, H 5.75, G} 12,65, K250, F8litd C
70.39, H 5.71, Cl 12.43, N 2.74.

Chloro-4-(3-cyclopropylidenecyclobutyl)benzene (15)

To a suspension of cyclopropyltriphenylphosphonibromide
(2.67 g, 6.96 mmol) in THF (30 mL), KHMDS (0.5 M ialuene,
15.3 mL, 7.65 mmol) was added at —30 °C under argon
atmosphere. The orange solution was stirred atr 2, and then

a solution of 3-(4-chlorophenyl)cyclobutanot2 (1.13 g, 6.26
mmol) in THF (57 mL) was added slowly at —78°C. Taaction
mixture was stirred at -78 °C for 1h, then slowlyrmead up to rt
overnight, refluxed for 3h, and poured into coldusated ag.
NH,CI. The mixture was extracted with EtOAc, the orgatiase
was dried over N&Q,, filtered and evaporated. The brown oi:
was treated with hexane, the solution was decardad
evaporated. The crude product was purified by calum
chromatography (hexane as an eluent). The yield @S g
(3.66 mmol, 59%). Colorless oil. TL& = 0.58 (hexanes; UV).
'H NMR (500 MHz, CDC}) § 1.07 (d,J = 1.9 Hz, 4H), 2.85 —
2.98 (m, 2H), 3.15 — 3.29 (m, 2H), 3.61 (quihts 8.2 Hz, 1H),
7.25 (d,J = 8.1 Hz, 2H), 7.30 (d] = 8.1 Hz, 2H)*C NMR (126
MHz, CDCk) 6 2.3, 35.3, 39.2, 77.2, 111.7, 123.7, 128.0, 128._,
131.7, 144.7. MS (GCMS) 204/206 {M 169 (M-CI). Anal.
Calcd. for G3Hy3Cl C 76.28, H 6.40, Cl 17.32. Found C 76.66, H
6.21, Cl 17.39.

Benzyl 3-cyclopropylidenecyclobutanecarboxylate (9)

To a suspension of cyclopropyltriphenylphosphonibromide
(50.6 g, 0.132 mol) in THF (570 mL), KHMDS (0.5 M i
toluene, 290 mL, 0.145 mol) was added at —30 °C ruadygn
atmosphere. The orange solution was stirred foat2t and then
a solution of benzyl 3-oxocyclobutane-1-carboxylété24.2 g,
0.119 mol) in THF (200 mL) was added slowly at -°T8 The
reaction mixture was stirred at -78 °C for 1 h, dlowarmed up
to room temperature overnight, refluxed for 3h, émeh poured
into cold saturated saturated aq JOH The mixture was
extracted with EtOAc, the organic phase was driegt dNgSO,,
filtered and evaporated. The brown oil was treated decanted
with hexane — EtOAc (10:1) ¥310 mL), and the combined
organic extracts were evaporated. The crude proslastpurified
form by column chromatography (Hexanes — EtOAc:(2p as
an eluent). The yield was 12.5 g (54.8 mmol, 4620)orless oil.
TLC: R = 0.435 (hexanes : EtOAc 20:1; UVAH NMR (500
MHz, CDCk) § 1.03 (s, 4H), 2.97 — 3.07 (m, 2H), 3.07 — 3.18 (,,
2H), 3.21 — 3.33 (m, 1H), 5.18 (s, 2H), 7.28— 7(#% 5H).*°C

over NaSQ,, filtered and evaporated. The crude product wasNMR (126 MHz, CDCJ) § 2.2, 34.0, 34.8, 66.3, 112.5, 122.6

recrystallized from EtOAc-CECN, the precipitate of (1-(3-(4-
chlorophenyl)-1-hydroxycyclobutyl)cyclopropyl)triphyl-
phosphonium chloridd3 was filtered and washed with EtOAc.
The yield was 1.46 g (2.81 mmol, 49%). White solth 139—
140 °C.*H NMR (500 MHz, CDC}) § 1.04 (d,J = 15.7 Hz, 2H),
1.81 (d,J = 7.2 Hz, 2H), 2.37 () = 10.7 Hz, 2H), 2.48 — 2.63
(m, 2H), 2.78 —2.90 (m, 1H), 7.12 — 7.18 (m, 2HR4— 7.33 (m,
2H), 7.45 (br s, 1H), 7.60 — 7.68 (m, 6H), 7.69.787(m, 3H),
7.87—8.01 (m, 6H):3C NMR (126 MHz, CDCJ) § 10.0, 22.4 (d,
J =772 Hz), 32.2, 43.4 (dl = 4.7 Hz), 73.3 (dJ = 2.2 Hz),
119.7 (d,J = 87.1 Hz), 128.4, 128.8, 129.8 @,= 12.5 Hz),

128.2, 128.2, 128.6, 136.2, 175.2. MS (GCMS) 228)(M37
(M* = GHy), 91 (GH;"). Anal. Calcd. for GH;¢0, C 78.92, H
7.06. Found C 79.10, H 7.36.

Benzyl (Z,4r)-5-oxospiro[3.3]heptane-2-carboxylate (11a) and
benzyl (2,4s)-5-oxospiro[3.3]heptane-2-carboxylate (11b)

To a cooled (0 °C) solution of benzyl 3-cycloproggiiecyclo-
butanecarboxylat® (8.5 g, 37.2 mmol) in C§Cl, (160 mL), a
solution of metachloroperoxybenzoic acid (9.83 g (85%), 48.4
mmol) in CHCIl, (150 mL) was added dropwise. The reaction
was monitored by TLC (EtOAc/Hex 1:10). After theatan was

This journal is © The Royal Society of Chemistry [year]
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complete ¢a. 30 min), the mixture was washed with 10% agq.
NaSQ; (twice) and saturated aq. NaHgQ@iried over NgSQO;,
filtered and evaporated. The resulting oil was alig=d in dry
diethyl ether and cooled to 0 °C. BELO (0.53 g, 3.73 mmol)
was added slowly to the solution dropwise, andntirgure was
stirred at 0 °C for 15 min. The organic layer washeal with
saturated aq NaHGOand brine, dried over MgSOand
evaporated to give a crude mixture of two diasteres1la,bat
3:2 ratio (NMR data). Both isomers were obtained tinepform
by column chromatography (cyclohexane — EtOAc I}t as an
eluent). The chromatographic separation yielded? 44(18.3
mmol, 49%) oftransisomer11a (eluted first) and 2.27 g (9.29
mmol, 25%) ofcis-isomerl1b.

1la Colorless oil. TLC:R; = 0.52 (cyclohexane : EtOAc 4:1;
UVv). *H NMR (400 MHz, CDC}) & 1.97 (t,J = 8.5 Hz, H7a,
H7b), 2.33 (tJ = 10.6 Hz, H1b, H3b), 2.54 {,= 10.6 Hz, H1la,
H3a), 2.88 (tJ = 8.5 Hz, H64a, H6b), 3.15 (quirt= 8.6 Hz, H2),
5.06 (s, CHPh), 7.19 — 7.38 (m, &ls). *C NMR (126 MHz,
CDCly) 5 24.4 (C7), 32.8 (C2), 32.9 (C1, C3), 43.1 (C6), 60.1
(C4), 66.4 (CHPh), 128.1 (GHs), 128.3 (GHs), 128.6 (GHs),
136.0 (GHs), 174.3 (COOBnN), 213.4 (C5). MS (GCMS) 244
(M%), 91 (GH;"). Anal. Calcd. for GH;0; C 73.75, H 6.60.
Found C 73.94, H 6.66.

11b: Colorless oil. TLC:R = 0.45 (cyclohexane : EtOAc 4:1;
UVv). *H NMR (400 MHz, CDC}) & 2.11 (t,J = 8.4 Hz, H7a,
H7b), 2.19 — 2.34 (m, H1b, H3b), 2.63 — 2.77 (maHH3a),
2.89 (t,J = 8.5 Hz, H6a, H6b), 3.00 — 3.15 (m, H2), 5.08 (s,
CH,Ph), 7.21 — 7.36 (m, &l5). 1*C NMR (126 MHz, CDGJ) &
25.7 (C7), 31.9 (C2), 33.3 (C1, C3), 43.2 (C6), 59.5)(®6.3
(CH,Ph), 128.1 (GHs), 128.2 (GHs), 128.5 (GHs), 135.9
(CgHs), 173.7 (COOBN), 210.8 (C5). MS (GCMS) 244 jM91
(CH;H. Anal. Calcd. for GH;60; C 73.75, H 6.60. Found
C 73.51, H 6.38.

Isopropyl (2S,4r ,5R)-5-cyano-5-((§)-2-hydroxy-1-phenyl-
ethyl)amino)spiro[3.3]heptane-2-carboxylate (16a) r=d
Isopropyl (2R,4r ,55)-5-cyano-5-((6)-2-hydroxy-1-phenyl-
ethyl)amino)spiro[3.3]heptane-2-carboxylate (16b)

Compoundlla(1.50 g, 6.14 mmol)S-a-phenylglycinol (1.01 g,
7.37 mmol) and 2-propanol (20mL) were placed int6OamL,
two-necked flask equipped with a magnetic stirned &alcium
chloride drying tube. Titanium isopropylate (4.36457 mL),
15.35 mmol) was added to the solution. After stgrat rt for 3h,
TMSCN (1.83 g, 2.46 mLgcaution — toxid perform all the
operations under a fumehood!), 18.45 mmol) was @ddée
reaction mixture was stirred at rt overnight, anent poured into
EtOAc (350 mL). The mixture was diluted with wa{860 mL),
shaken, and the precipitate was filtered. The decglyer was
dried over NgSO, and evaporated to give a crude mixture of two
diastereomers (3 : 2 by NMR). Separation of isonbgrgolumn
chromatography (cyclohexane — EtOAc (2:1) as harerd)
yielded a mixture ofl6a with benzyl alcohol (eluted first) (1.25
g, 84% purity by NMR, 3.07 mmol, 50%) and a plifb (eluted
second) (0.50 g, 1.46 mmol, 24%). Compouiié was used in
the next step without any additional purification.

16a: Yellow oil. TLC: R = 0.46 (cyclohexane — EtOAc 2: 1;
UVv). 'H NMR (500 MHz, CDC)) & 1.24 (d,J = 6.2 Hz, 6H),
1.38 — 1.48 (m, 1H), 1.61 — 1.72 (m, 1H), 1.84 961(m, 2H),
2.14 (dd,J = 12.0, 6.7 Hz, 1H), 2.29 (dd,= 12.3, 6.8 Hz, 1H),

2.41 (br s, 2H), 2.55 — 2.66 (m, 1H), 2.85)(% 9.7 Hz, 1H), 3.03
—2.92 (m, 1H), 3.52 — 3.64 (m, 1H), 3.76 (dds 11.0, 4.0 Hz,
1H), 4.05 (ddJ = 9.1, 4.0 Hz, 1H), 4.95 5.5.06, (0 d4).7,22
7.44 (m, 5H).2*C NMR (126 MHz, CDG)) & 21.8, 29.4, 30.3,
30.7, 33.2, 34.2, 46.9, 60.8, 62.4, 67.1, 68.0,2,2127.8, 128.1,
128.6, 140.6, 174.7. MS (LCMS) 343 (M}

16b: Yellow oil. TLC: R = 0.34 (cyclohexane : EtOAc 2:1; UV).
'H NMR (500 MHz, CDC}) $ 1.21 (d,J = 6.2 Hz, 6H), 1.96 —
2.25 (m, 8H), 2.32 — 2.41 (m, 1H), 2.42 — 2.54 {iH), 2.67 —
2.54 (m, 1H), 3.60 — 3.70 (m, 1H), 3.75 (dd= 11.0, 4.4 Hz,
1H), 4.00 (ddJ = 8.0, 4.6 Hz, 1H), 4.90 — 5.03 (m, 1H), 7.29 —
7.47 (m, 5H)."*C NMR (126 MHz, CDGCJ) § 21.8, 29.4, 30.0,
30.9, 32.4, 33.8, 47.4, 59.7, 61.6, 66.5, 67.9,3,2[7.9, 128.5,
128.9, 140.1, 174.8. MS (LCMS) 343(NM Anal. Calcd. for
CoH26N,05 C 70.15, H 7.65, N 8.18. Found C 70.40, H 7.33, N
8.47.

Isopropyl (2R,4s,5R)-5-cyano-5-((6)-2-hydroxy-1-phenyl-
ethyl)amino)spiro[3.3]heptane-2-carboxylate 16¢

A mixture of 16¢ with benzyl alcohol (1.28 g, 77% df6c by
(NMR data), 2.87 mmol, 47%) was obtained analogotsli6a
from 11b and used in the next step without any additional
purification. Yellow oil. TLC:R; = 0.38 (cyclohexane — EtOAc
2:1; UV). *H NMR (500 MHz, CDC}) & 1.26 (dd,J = 6.2, 1.0
Hz, 6H), 1.49 (tJ = 9.8 Hz, 1H), 1.64 — 1.74 (m, 1H), 1.86 —
2.03 (m, 2H), 2.02 — 2.13 (m, 1H), 2.19 — 2.31 {id), 2.49 (dd,
J=11.6, 8.5 Hz, 1H), 2.57 — 2.92 (m, 3H), 2.94.653(m, 1H),
3.61 (t,J = 10.0 Hz, 1H), 3.73 (dd] = 10.9, 3.3 Hz, 1H), 4.07
(dd,J = 8.4, 3.6 Hz, 1H), 4.95 — 5.09 (m, 1H), 7.19 507(m,
5H). 13C NMR (126 MHz, CDGJ) § 21.8, 30.0, 31.0, 31.8, 34.3,
45.6, 60.1, 62.2, 67.1, 68.2, 77.2, 120.8, 127X.9, 128.4,
140.6, 175.0. MS (LCMS) 343(M#l

Isopropyl (2S,4s,59)-5-cyano-5-(()-2-hydroxy-1-phenyle-
thyl)amino)spiro[3.3]heptane-2-carboxylate (16d)

Compound 16d (0.5 g, 1.46 mmol, 24%) was obtained
analogously tol6b from 11b. Yellow oil. TLC: R = 0.28
(cyclohexane : EtOAc 2:1; UVYH NMR (500 MHz, CDC}) 6
1.22 (dd,J = 5.6, 3.8 Hz, 6H), 1.97 — 2.18 (m, 4H), 2.18 262.
(m, 1H), 2.26 — 2.34 (m, 1H), 2.34 — 2.58 (m, 3RiB4 (dd,J =
11.5, 8.0 Hz, 1H), 2.89 — 3.00 (m, 1H), 3.59 (d@¢,10.5, 8.3 Hz,
1H), 3.69 (ddJ = 10.8, 4.5 Hz, 1H), 3.90 (dd,= 7.4, 4.7 Hz,
1H), 4.93 — 5.05 (m, 1H), 7.25 — 7.47 (m, 5HC NMR (126
MHz, CDCk) & 21.8, 29.51, 29.57, 31.3, 31.9, 34.5, 46.0, 58.5,
60.8, 66.4, 68.2, 120.4, 127.5, 128.2, 128.8, 1397.8. MS
(LCMS) 343 (MH). Anal. Calcd. for GH,¢N,O; C 70.15, H
7.65, N 8.18. Found C 69.93, H 7.81, N 8.06.

The ratio of16c and 16d in the crude mixture was 3:2 (NMR
data).

(1R,4r,6S)-1-Amino-spiro[3.3]heptane-1,6-dicarboxylic  acid
(1a), hydrochloride

Compound 16a (0.62 g, 84% by NMR), 1.53 mmol) was
dissolved in CHCI-MeOH (1:1) (40 mL). The resulting
solution was cooled to 0°C, and Pb(OA().21 g, 2.73 mmol)
was added quickly. After 10 min at 0 °C, saturatgdNaHCQ

(50 ml) was added. The aqueous layer was extragtedCH,Cl,

(20 mL). The organic extract was filtered and thecppitate was
washed with CHCl, (15 mL). The combined organic phases were
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dried over NgSO, and evaporated. The residue was dissolved in(20 mL) and saturated with gaseous HCI for 20 min0%g.

CH,CI, (20 mL) and saturated with gaseous HCI for 20 i a
°C. MeOH (5 mL) was added, and the resulting mixtwes
saturated with HCI for another 20 min at 0 °C. Thactien
mixture was stirred overnight at ambient tempertand then
evaporated. The residue was dissolved M & HCI (30 mL)
and refluxed for 2h, then washed with,@&t (3x15 mL),
evaporated, dissolved in water (15 mL). This solutivas made
alkaline with an excess of NaOH and evaporatedyoess. The
residue was dissolved inNaq HCI and evaporated to dryness
again. The resulting residue was dissolved in dhamol (15
mL), and the precipitate was filtered off. The réle was
concentratedn vacuoand the resulting solid was recrystallized
from 2-propanol to give hydrochloride @& (0.28 g, 1.19 mmol,
78 %). White solid. Mp 213-215 °C (dea)]§*° = — 13.6 (c 0.5,
H,0). 'H NMR (500 MHz, BO) 5 2.14 — 2.46 (m, 6H), 2.50 —
2.60 (m, 1H), 2.68 (tJ = 11.1 Hz, 1H), 3.02 — 3.12 (m, 1H¥C
NMR (126 MHz, BO) & 24.5, 30.7, 32.0, 32.2, 33.9, 44.7, 62.2,
172.4, 179.7. MS (LCMS) 200 (MH CI). Anal. Calcd for

MeOH (5 mL) was added, and the resulting mixtures wa
saturated with HCI for another 20 mjg, at 03¢ ShhecHsd
mixture was stirred overnight at ambient tempertand then
evaporated. The residue was treated wih,@H(20 mL). The
resulting solution was washed with saturated add®a; and
dried over NgSQ,. Then the solvent was evaporated and the
crude product was purified form by column chromaaphy
(Cyclohexane — EtOAc (2 : 1) as an eluent). Th&lyaé 18awas
0.24 g (0.76 mmol, 50%). White solid. Mp 130-131 TCC: R

= 0.50 (cyclohexane : EtOAc 2:1; UV]p® = — 3.11 (c 0.55,
CHCly). *H NMR (500 MHz, CDC}) & 1.64 — 1.75 (m, 1H), 1.83
—1.99 (m, 2H), 2.16 (dd} = 11.3, 5.8 Hz, 1H), 2.28 — 2.37 (m,
3H), 2.68 — 2.78 (m, 1H), 2.91 — 3.05 (m, 2H), 3(693H), 4.14
(t, J=10.7 Hz, 1H), 4.26 (dd, = 10.6, 3.2 Hz, 1H), 4.31 (dd=
10.8, 3.1 Hz, 1H), 7.30 — 7.43 (m, 3H), 7.46Jd&; 6.9 Hz, 2H).
13C NMR (126 MHz, CDGJ) 6 29.7, 31.7, 32.8, 34.3, 35.6, 49.2,
51.9, 54.3, 65.0, 74.2, 127.3, 128.8, 129.0, 138711, 176.0.
MS (LCMS) 316 (MH). Anal. Calcd for GgH,;NO, C 68.55, H

CyH14CINO,4 C 45.87, H 5.99, CI 5.04, N 5.94. Found C 45.49, H6.71, N 4.44. Found C 68.37, H 6.93, N 4.26.

6.31, Cl4.77, N 5.90.

(1S,4r,6R)-1-Amino-spiro[3.3]heptane-1,6-dicarboxylic  acid
(1b), hydrochloride

Compoundlb (0.14 g, 0.59 mmol, 81%) was obtained fra6b
analogously tda White solid. Mp 212—214 °C (decy]§° = +
10.0 (c 0.5, HO). 'H NMR (500 MHz, BO) & 2.14 — 2.46 (m,
6H), 2.50 — 2.60 (m, 1H), 2.68 (t,= 11.1 Hz, 1H), 3.02 — 3.12
(m, 1H). ®C NMR (126 MHz, DO) & 24.6, 30.7, 32.0, 32.3,
34.0, 44.8, 62.3, 172.4, 179.7. MS (LCMS) 200 (MKI).
Anal. Calcd for GH,,CINO, C 45.87, H 5.99, Cl 5.04, N 5.94.
Found C 45.60, H 5.91, CI 5.26, N 5.71.

(1R,4s,6R)-1-Amino-spiro[3.3]heptane-1,6-dicarboxylic  acid
(1c), hydrochloride

Compound 1c (0,28 g, 1.19 mmol, 83%) was obtained
analogously tdla from 16c (0.64 g, 77% by NMR, 1.44 mmol).
White solid. Mp 224-226 °C (dec)]p?® = +13.2 (c 0.5, kD).

"H NMR (500 MHz, BO) & 2.16 — 2.36 (m, 5H), 2.38 — 2.51 (m,
2H), 2.53 — 2.61 (m, 1H), 3.13 — 3.26 (m, 1EC NMR (126

MHz, D;O) & 24.7, 29.6, 30.8, 33.1, 34.8, 42.6, 61.9, 172.6,(cyclohexane

179.1. MS (LCMS) 200 (MH-CI). Anal. Calcd for

Methyl (2R,4r,5S,7S)-10-0x0-7-phenyl-9-oxa-6-azadispiro-
[3.0.5.2]dodecane-2-carboxylate (18b)

Compoundl8b (0.14 g, 0.44 mmol, 61%) was obtained frbéb
(0,25 g, 0.73 mmol) analogously i@a White solid. Mp 142—
143 °C. TLC:R; = 0.41 (cyclohexane : EtOAc 2:1; UVi]p*° =
+12.89 (c 0.18, CHG). 'H NMR (500 MHz, CDC}) & 1.62 —
1.75 (m, 1H), 1.88 () = 9.6 Hz, 1H), 2.13 — 2.23 (m, 1H), 2.25 —
2.38 (m, 3H), 2.39 — 2.50 (m, 1H), 2.52 — 2.69 &H), 3.03 —
3.17 (m, 1H), 3.70 (s, 3H), 4.21 — 4.43 (m, 3HBO7= 7.51 (m,
5H). °C NMR (126 MHz, CDCJ) § 30.2, 30.5, 31.6, 32.3, 35.4,
49.8, 52.1, 53.9, 65.8, 74.7, 127.2, 129.1, 12937.4, 170.6,
175.8. MS (LCMS) 316 (MH. Anal. Calcd for GgH»NO, C
68.55, H 6.71, N 4.44. Found C 68.70, H 6.52 N 4.29.

Methyl (2R,4s,5R,7S)-10-0x0-7-phenyl-9-oxa-6-azadispiro-
[3.0.5.2"|dodecane-2-carboxylate (18¢)

Compound 18c (0.26 g, 0.82 mmol, 57%) was obtained
analogously tol8a from 16c (0.64 g, 77% (by NMR), 1.44
mmol).  White solid. Mp 111-111 °C. TLCR = 0.49
: EtOAcC 2:1; UV).a]p?® = —30.28 (c 0.455,
CHCl3). *H NMR (500 MHz, CDC}) § 1.71 — 1.85 (m, 2H), 1.95

CgH1CINO, C 45.87, H 5.99, Cl 5.04, N 5.94. Found C 45.66, H— 2.06 (m, 2H), 2.22 — 2.33 (m, 2H), 2.34 — 2.43 {id), 2.73 —

6.05, Cl 5.04, N 5.52.

(1S,4s,6S)-1-Amino-spiro[3.3]heptane-1,6-dicarboxylic  acid
(1d), hydrochloride

2.81 (m, 1H), 2.89 () = 10.0 Hz, 1H), 3.00 — 3.10 (M, 1H), 3.69
(s, 3H), 4.20 — 4.31 (m, 3H), 7.31 — 7.42 (m, 3HY8 (d,J = 7.4
Hz, 2H). *C NMR (126 MHz, CDG)) § 29.5, 31.3, 32.6, 33.9,
34.8, 47.3, 51.9, 54.2, 64.5, 74.3, 127.4, 12874.0, 138.2,

Compound 1d (0.12 g, 0.51 mmol, 70%) was obtained 170.9, 175.7. MS (LCMS) 316 (MH Anal. Calcd for

analogously tdafrom 16d (0.25 g, 0.73 mmol). White solid. Mp CisH»NO, C 68.55, H 6.71, N 4.44. Found C 68.42, H 6.58, N
224-226 °C (dec).a]p®® = — 17.2 (¢ 0.5, kD). '"H NMR (500 4 14.

MHz, D,O) & 2.16 — 2.36 (m, 5H), 2.38 — 2.51 (m, 2H), 2.53 —
2.61 (m, 1H), 3.13 — 3.26 (m, 1H}C NMR (126 MHz, BO) 5
24.7,29.6, 30.8, 33.1, 34.8, 42.6, 61.9, 172.6,LMS (LCMS)
200 (MH'— CI. Anal. Anal. Calcd for gH,,CINO, C 45.87, H
5.99, Cl 5.04, N 5.94. Found C 46.03, H 6.06, CI 5N.8,31.

Methyl (25,4r,5R,7S)-10-0x0-7-phenyl-9-oxa-6-azadispiro-
[3.0.5.2]dodecane-2-carboxylate (18a)

16a(0.62 g, 84% by NMR, 1.53 mmol) was dissolved in,CH

Methyl (2S,4s,5S,75)-10-0x0-7-phenyl-9-oxa-6-azadispiro-
[3.0.5.2"|dodecane-2-carboxylate (18d)

Compound 18d (0.12 g, 0.38 mmol, 52%) was obtained
analogously tal8b from 16d (0.25 g, 0.73 mmol). White solid.
Mp 79-80 °C. TLCR; = 0.40 (cyclohexane : EtOAc 2:1; UV).
[0]p® = +32.2 (c 0.25, CHG). *H NMR (500 MHz, CDCY)) §
1.66 —1.77 (m, 1H), 1.89 @,= 9.9 Hz, 1H), 1.95 — 2.06 (m, 1H),
2.16 — 2.45 (m, 4H), 2.54 — 2.70 (m, 2H), 3.18 843(m, 1H),
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3.72 (s, 3H), 4.25 — 4.39 (m, 2H), 4.51 — 4.64 (i), 7.30 —

7.44 (m, 3H), 7.48 (dJ = 5.9 Hz, 2H).®*C NMR (126 MHz,

CDCl;) 5 30.0, 30.1, 30.2, 32.4, 36.7, 48.4, 52.1, 53.44,6F4.8,

127.5, 128.9, 129.1, 137.6, 170.7, 176.0. MS (LC\M&IB

(MH™). Anal. Calcd for GH,;NO, C 68.55, H 6.71, N 4.44.
Found C 68.90, H 6.41, N 4.63.

Dimethyl (1R,4s,6R)-1-(((S)-2-hydroxy-1-phenylethyl)amino)-
spiro[3.3]heptane-1,6-dicarboxylate (19c)

Compoundl9c (0.11 g, 0.32 mmol, 22%) was obtained frabft
during chromatographic purification @8c White solid. Mp 68—
69 °C.TLC:R; = 0.36 (cyclohexane : EtOAc 2:1; UVu]p?° = +
25.2 (c 0.46, CHG). *H NMR (500 MHz, CDC}) 5 1.39 — 1.52
(m, 1H), 1.90 — 2.07 (m, 4H), 2.07 — 2.21 (m, 2RiH4 — 2.74
(m, 1H), 2.89 — 3.02 (m, 1H), 3.45 — 3.57 (m, 1BiK7 — 3.65
(m, 2H), 3.69 (s, 3H), 3.77 (s, 3H), 7.20-7.41 &H). °C NMR

(126 MHz, CDC}) 6 25.1, 30.5, 31.6, 33.1, 34.8, 45.5, 51.9, 52.1,

61.7, 67.6, 67.7, 127.3, 127.5, 128.5, 142.6, 17575.8. MS
(LCMS) 348 (MH). Anal. Calcd for GoH,sNOs C 65.69, H 7.25,
N 4.03. Found C 65.47, H 7.04, N 3.85.

X-Ray diffraction studies

X-Ray diffraction studieswere performed on an automatic

«Xcalibur 3» diffractometer (graphite monochromatetbK,

radiation, CCD-detectorp-scanning). The crystals were obtained

by slow evaporation of the solutions in MeCN3) or
cyclohexane — EtOAc18a 18b and 18¢). The structure was
solved by direct method using SHELXTL pack&$eositions of
hydrogen atoms were located from electron densiterdnce
maps and refined using riding model witQd3 nUgq (n = 1.5 for
methyl groups and 1.2 for other hydrogen atoms}théncase of

18a—¢ hydrogen atoms at N(1) were refined using isdtrop

model. The crystallographic data and experimerdedumeters are
listed in Electronic supplementary information, Teal®1. Final
atomic coordinates, geometrical parameters andadiygraphic
data have been deposited with the Cambridge Crygtafdhic

Data Centre, 11 Union Road, Cambridge, CB2 1EZ, UK: (fax

+44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk The
deposition numbers are given in Table S1.
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