EFFICIENT MULTIGRAM SYNTHESIS OF 3,3-SPIRO-a-PROLINE CONTAINING
CHIMERAS
Nikita O. Derkach,! Kostiantyn V. Levchenko,! levgenii A. lermolenko,“? Eugeniy N.
Ostapchuk,>® Dmitry A. Lega,’® Valeriya G. Makhankova,? Alexander B. Rozhenko,?3
Dmytro M. Volochnyuk,*?>3 Serhiy V. Ryabukhin?3

IEnamine Ltd., 78 Winston Churchill str., 02094 Kyiv, Ukraine

2Institute of Organic Chemistry of the National Academy of Sciences of Ukraine,
5 Akademik Kukhar str., 02094 Kyiv, Ukraine

3Taras Shevchenko National University of Kyiv, 60 Volodymyrska str., 01033
Kyiv, Ukraine

Keywords: a-proline; 3,3-spirocyclic a-prolines, heterocyclizations, medchem
relevant building blocks, cyclic ketones.

Abstract

A series of novel spirocyclic a-proline building blocks for drug discovery with a
spiro conjunction in position 3 of pyrrolidine was prepared by means of two
convenient and practical synthetic approaches. Both alternative routes utilize simple
and easily available starting materials — cyclic ketones and esters — and comprise 6-
and 7-steps, respectively. The methodologies feature several advantages, including
exploitation of simple organic chemistry transformations and suitability for
preparation of multigram amounts of the target prolines. Approach to other valuable
chemicals — spirocyclic pyroglutamic acids —is also discussed.

Introduction

Nature is the wisest synthetic chemist that have been performing in the world
ever. Producing a wide range of small to complex compounds, it shows enormous
ability to create molecules with unique protein binding properties and ultimate power
to fulfill key roles in living organisms and environment. Owing to this, natural products
have been inspiring scientists and have consistently shown to be an unrivaled point
to start when it comes to drugs development.»%3>%>® Even though last years have
been facing a decrease in interest of large pharma in naturally derived compounds,
over the past three decades they have formed the basis for more than 70% of
antimicrobials and 60% of chemotherapeutics that are going through clinical trials.’
The trend is indeed dictated by unique properties of natural product
pharmacophores, which inject additional hydrophilicity and increase stereochemical
content in drugs of completely synthetic origins, thereby enhancing the chemical
diversity available for small-molecule drug discovery.® It is worth mentioning that the
partnership is mutual as contemporary drug discovery tools can breathe new life into
natural derivatives as well. MedChem instruments allow structure of nature-inspired
molecules to be rationalized and adapt to a modern medicinal chemistry paradigm.
This can include the change in nature and positioning of substituents, the introduction
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of peculiar functional groups and chirality centers, 3D shaping, etc., which enrich the
intrinsic value and complexity of natural compounds.>*

Among different groups of nature-derived structures amino acids are an
essential part of the modern medicinal chemist’s repertoire and the primary
substances supporting biological life activities. They are responsible for vital
physiological functions, being building blocks for the protein synthesis, acting as
precursors for signaling molecules and energy metabolites, maintaining and
regulating body development, osmotic pressure stability, and neurotransmission.%1?
It is hardly possible to undervalue the significance of amino acids for the food and
medical sectors.’®** In particular, they have found to display an impressive range of
pharmacological activities including antitumor,?® anti-HIV,!° anti-fatigue effects,’ and
agents against insulin resistance and liver cirrhosis!® The simple and diverse structure
of amino acids and advantageous physicochemical properties are commonly
exploited in drug synthesis and structural modification®2%2! as they are a key factor
22,23 \water solubility,?*% and cytotoxicity?.
Another reason behind immense popularity of amino acids in drug discovery projects

for improving the pharmacological activity,

is availability of two orthogonal functional groups attached to a chiral center that can
be readily modified by practical and commonly employed methods.?”?® Overall, no
matter what direction pharmaceutical industry will choose to proceed — low
molecular APIs, medium size peptides or large proteins — it seems that there will
always be a need for amino acids as they constitute a basis for each of the classes.

“Unusual” (out of the 20 canonical) amino acids is a special branch of amino
acids. They are not necessarily of fully synthetic origin as naturally occurring
“unusual” amino acids also exist and are formed as secondary metabolites, arisen
from post-translational modifications or by other mechanisms and include
hydroxylysine, MeBmt, pyrrolysine etc.?® Nowadays, the chemical space covers more
than 800 natural and thousands synthetic “unusual” amino acids®® and this pool is
constantly expanding. The tendency comes from the fact of “unusual” amino acids
are gaining ever-increasing attention from MedChem community as a result of
structural diversity of the side structural moiety and the presence of easily derivatized
NH and CO;H fragments within the central core. Application of such starting units in
pharmaceutical campaigns brings many advantages. In particular, this approach
allows for the construction of structurally diverse agents for SAR investigations,
assembly of peptide-like compounds with different conformational behavior and
restrictions as compared to original small molecules or peptides.3! Recent magnificent
review on the issue comprehensively sheds light on various aspects of the question
with a special emphasis put on “unusual” a.-amino acids that become more and more
influential player in medicinal chemistry research. It also highlights structural and
practical diversity of such amino acids.3?

Among the standard amino acids pool, proline is apparently a unique one as it
contains a-amino group incorporated in a five-membered cyclic framework of
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pyrrolidine. This peculiar structure grants proline exclusive conformationally
restricted shape that was exploited in many ways. Thus, proline and its structural
variations are known for their ability to cause a reversal in the orientation of the
peptide chain and to affect significantly the secondary structure of peptides and
proteins.®® Proline is being actively utilized to impart enhanced bioactivity, selectivity,
water solubility and safety to natural products with poor pharmacological properties.
Figure 1(A) illustrates several such cases including structurally refined anthraquinone
(1),3* pentacyclic triterpenoid asiatic acid (11)* and lignin podophyllotoxin (111)%.
Remarkably, creation of all the hybrids improved pharmacological profile of the
parent compounds with retained or improved bioactivity. The distinct influence of
proline on the hybrids’ structure and activity has given rise to works focusing on
preparation of proline derived amino acids that were inserted into peptides to
investigate their structural and biological characteristics.3” Another case represents
construction of 3,3-dimethylprolines and related derivatives to design
peptidomimetics against HIV protease with enhanced metabolic stability and
bioactivity.3® A possible strategy for controlling the shape of peptide chains is to
substitute 3,3-dimethylproline for proline, therefore decreasing the rate of N-
terminal amide isomerization in peptides.3® A representative set of approved and
proline platform is exemplified in Figure 1(B).

|II

investigational drugs with “unusua
Generally, modification can affect any of proline’s in-ring carbons (including
condensed counterparts), thus providing derivatives that ensure perfect
activity/safety profile. Compound IV (originated from phenylalanine predecessor for
the treatment of gastrointestinal symptoms) is the odd one out within the set, owing
to spirocyclic proline framework present in the molecule. In light of persisting “escape
from flatland” paradigm claiming construction of architecturally complex compounds
with a high level of three-dimensionality, introduction of a spiro-linkage is a powerful
approach to design out-of-plane carcasses, hence adjusting molecular shape to reach
enhanced receptor/ligand complementarity. Considering proline-based frameworks
to be prominent scaffolds in MedChem investigations, installation of a strained spiro
conjunction may allow the engineering of favorable protein-ligand interactions not
possible for a much flatter monocyclic proline ring, and thus to improve selectivity
and mitigate off-target outcomes.
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Figure 1. Overview of proline based pharmacophores

As a part of our ongoing efforts on design and synthesis of advanced building
blocks for MedChem projects, our research group has developed several practical
multigram approaches toward a.- and B-spirocyclic pyrrolidines from readily available
starting materials.*°,*,% Proceeding further we were looking for new unexplored
areas of chemical space in the quest to provide more sophisticated platforms for
innovative drug molecules. Driven by all the beneficial effects of proline core
mentioned above, we have focused our efforts on proline chimeras with a spirocyclic
moiety placed in different positions with respect to the carboxyl function. Thereby, in
this particular paper, we are describing our synthetic endeavors towards convenient
multigram preparation of prolines with spiro conjunction in 3 position (Figure 2).
Apart from the synthetic idea of creating new 3D shaped low-molecular scaffolds,
such a spiro fusion may have other utility consequences, e.g. making molecule more
stable against enzymatic degradation fate as a result of the ‘umbrella’ effect of the

orthogonal spiro fragment.
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Figure 2. Evolution of our research of spiro pyrrolidines

After scanning the infospace for the related results, we were surprised to notice
that despite the apparent simplicity of the target compounds and the immense
number of works published with the key term “spiro” (more than 90,000 hits,

I
T
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including 5,000-6,000 publications per year since 2010, according to the Reaxys®
database®), there did not seem to be many relevant results for the synthesis of 3-
spiro fused prolines (Figure 3). Thus, historically first were methods relying on radical
processes. One of them included intramolecular cyclization of glycine-derived free
radicals** (Figure 2, A) and another paper communicated the SET-induced
photocyclization reactions of [B-(aminoethyl)cyclohexenones**’ (Figure 2, B).
However, these approaches are hardly called preparative because of low product
yields and lack of selectivity. Alternative 9-step route towards a proline analog with
B-spiro linked cyclopropyl moiety was proposed by Tandon et al. during the study of
substrate specificity of human prolyl-4-hydroxylase. This multistep protocol exploited
3-hydroxyprolinol as the starting compound and utilized non-conventional reagents
and conditions affording the target compound with a moderate yield (Figure 2, C).*®
1,3-Dipolar cycloaddition seems to be the most attractive approaches existing so far.
The method was elaborated and shared in the works by Jones et al.*® and Deng et al.*°
Both studies lean on metal supported 1,3-dipolar cycloaddition reactions between
ring-containing exocyclic alkenes as dipolarophiles and imines derived from o.-amino
acid esters, thus affording spirocycles in 40-99% yield (Figure 2, D). Some available
methods to the target compounds utilize a ready-made spirocyclic core rather than
a(mono)cyclic precursors Thus, in the patent® carboxamide group was placed in 5-
azaspiro[2.4]heptane via organometallic mediated introduction of aldehyde followed
by oxidation. Similar derivative was obtained in another patent starting from a 3-oxo
proline ester through Horner-Wittig—>Simmons—Smith reactions sequence.>

A. Free radicals cyclization B. SET-Induced photocyclization
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Figure 3. Approaches to 3-spiro proline platform

It is quite clear that the aforementioned methods have intrinsic shortcomings.
The highlighted strategies are hardly appropriate when it comes to multigram and
cost-effective synthesis of building blocks, in particular, as a result of the use of
uncommon or hazardous reagents and/or catalysts, multistep reaction sequences,
and/or limited substrate scope. Consequently, aiming to bring easy access to these
practical derivatives herein we have turned our efforts to search for a strategy making
use of readily available starting compounds, convenient synthetic steps and having
broad substrate scope. These aspects are crucial for modern medicinal chemistry
requiring new molecular entities to be synthesized from inexpensive and readily
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available starting materials in a small number of steps with high yields. Figure 4
overviews and reflects distinctive characteristics of the present work. In brief, for
preparation of the target spirocyclic chimeras we chose protocol that relies on
building up proline ring moiety upon cyclic ketone (Route A) or methyl carboxylate
platforms (Route B). Although not being trendy one-stage operations, both routes
include reasonable number of steps, routine organic chemistry transformations and
reagents, and good to excellent yields furnishing spiro prolines.

readily available starting materials

O 2(3) ortogonal diversity points
O conformationally constrained
O non-planar 3D building-blocks

O high F(sp3) value (0.85-0.90)

\ \
Route A \; Route B
6 steps 7 steps
E >—COZ P —
(@) A COzMe
ketone SM : | ester SM

proline ring construction

Figure 4. Hallmarks of the present work

Results and discussion

Structural peculiarities and spatial arrangement of components in a spirocyclic
framework offer a conformationally rigid structure with a clearly specified
vectorization along three spatial axes. This advantageous feature of spiro-built
molecular carcasses has made them popular in MedChem research programs as we
have stated above. However, so attractive density and rigidity simultaneously make
spiro compounds fairly challenging targets for synthetic chemists. As a matter of fact,
assembly of a spiro conjunction has been acknowledged to be among the trickiest
operations in organic chemistry protocols.”®>>* In order to conquer the difficulty
several practical methods have been developed relying on 1,3-dipolar cycloaddition
reactions.*** As regards 3-spirocyclic proline chimeras such a cycloaddition enables
simultaneous one-step construction of a spiro framework and introduction of the
carboxyl function (Figure 3, D). However, though the yields are moderate to high, and
the route is concise, compounds prepared by the method are overloaded with
substituents that significantly reduces their attractiveness as building blocks. At the
same time “old-fashioned” stepwise approach to spirocycles is still a viable way to
take advantage of and to efficiently supply those molecular structures.* It commonly
leans on forming a tetrasubstituted prespiro-carbon prior to the cyclization step
yielding spirocycles, and the strategy can be realized as a cascade process.”>>® This
way may utilize well-established organic reactions and features high flexibility, thus
mostly eliminates a drawback of employing peculiar reagents and catalysts. Thereby,
we chose step-by-step strategy to bring a practically useful preparation of a series of
poorly documented 3-spirocyclic a.-prolines. Among two principal possibilities of what
initial compound to start from, we decided to use ring | derivatives (Figure 4) as a
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platform for the construction of proline core Il. This is justified by easy expanding a
range of cores | to low functionalized, e.g. carbocyclic ones.

While designing different synthetic sequences toward the target spiro prolines,
we have firstly opted for cyclic ketones as starting compounds, which are versatile C1
electrophiles and readily available both commercially and synthetically. The
elaborated strategy included 6 simple stages and depicted in Figure 5 (Route A).
Suitability of this synthetic avenue for our purposes was firstly examined on
cyclobutanone. The first stage (S1), we commenced from, implied introducing a two-
carbon moiety via interaction of cyclobutanone (1b) with triethyl phosphonoacetate
under Horner-Wadsworth-Emmons reaction conditions affording exocyclic alkene 2b
with the double bond activated by electron accepting ester function. The presence of
the conjugated acrylate fragment made it previously possible to use similar alkenes
as precursors in [3+2] cycloadditions with 1,3-dipoles.*>*0 Aiming to attain the desired
topology, at S2 step alkene 2b reacted with 2-aminomalonic ester derivative under
basic conditions. Consecutive Michael addition and intramolecular lactamization
furnished a principal backbone of the target spiro proline — pyrrolidone 3b. This stage
requires a comment. Crude diester 3b was contaminated with the corresponding
monoester and the ration was ~60:40 with the diester predominating. This mixture
can be promoted to the next stage without purification, as the monoester does not
interfere with the following transformation. Otherwise, the diester is also accessible
as an individual compound after a purification step. Regardless of purity of the
starting compound, a redundant ester group was subsequently removed from the
molecule of 3b at S3 step by means of Krapcho decarboxylation leading to monoester
4b. This way of treating diester 3b allowed to cleave only one of the two ester groups
and keep another one intact, in contrast to the apparent alternative — base hydrolysis
followed by decarboxylation sequence. Prior to reduction of the pyrrolidine part, in-
ring nitrogen received Boc-protecting group (S4). A higher activity of borane dimethyl
sulfide complex against a tertiary amide as compared to an ester made regioselective
reduction of 5b possible (S5), thus providing ethyl ester of spirocyclic proline 6b. The
latter was conventionally hydrolyzed to the final N-Boc protected spirocyclic proline
chimera 7b. The 6-stage approach is characterized by good-to-high vyields of the
products, convenient purification methods and handy experimental procedures that
are common for the laboratory practice. One thing to point out is a weak place of the
strategy being cyclization step S2 that provides the product with a moderate yield of
about 33%. Unfortunately, our efforts to overcome this shortcoming did not bring
some fruit so far and we are still keeping optimizing the procedure. Progress in the
issue will be reported in due course. In spite of this flaw, diminishing overall yield to
10.4%, the route turned out to be workable and, what is more important, readily
scalable providing 33 g of 7b in a single synthetic run.

Having feasible synthetic protocol, we focused on expanding the substrates
range and the next object we tested was cyclopropanone. Since the parent compound
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is labile, we utilized its surrogate — (1-ethoxycyclopropoxy)trimethylsilane. The
generation of the reactive ketone was done in situ under the treatment of the
reaction mixture with pTSA. One should note that suitable partner for the ketone in
this transformation was the Wittig intermediate
(carbethoxymethylene)triphenylphosphorane that is a requirement of the
experimental procedure. The intermediate was not produced in situ and applied as a
ready-made substance. Notably, despite our efforts the reaction proceeded with a
low vyield of 2a. The reason behind that was a high volatility of cyclopropylidene 2a
leading to substantial losses of the product while concentrating the solution at the
isolation step. A slow and careful evaporation of the solvents slightly improved the
situation, though the yield did not exceed 26%. The following stage S2 provided
diester 3a in a mixture with the decarboxylation product 4a (~65:35 ratio), which can
be treated similarly to the cyclobutane derivatives. Another experimental peculiarity
that should be highlighted occurred at the Krapcho decarboxylation step (S3).
Considering pronounced water solubility of ester 4a the use of saturated NaCl
solution is required during the extraction step in order to reach acceptable yields of
the product. Otherwise, the steps S2-S6 occurred as expected, and the yields were
good, though typically less than those for the cyclobutanone-derived products.
Overall, the synthetic protocol showed its practicability to produce 12 g of the target
proline 7a spiro-linked with cyclopropane ring.

To further extend the synthetic and MedChem versatility of the spirocyclic
products, we checked the possibility of handling N-Cbz protected 3-azetidinone for
the generation of orthogonally protected 2,6-diazaspiro[3.4]octane-5-carboxylic acid.
Access to such a proline-based building block forms the basis for further controlled
functionalization on either ring nitrogen after chemoselective deprotection. In
general, the elaborated protocol worked well in this case. The desire to install
orthogonal protection into the final spiro proline product made us add two more
stages to the synthetic route (S4.1-S4.3) thus having achieved acid 7c¢ with N-Cbz
group in the azetidine portion and N-Boc group in the pyrrolidone part in 7.3% overall
yield and 20 g scale. Such an elongation of the protocol was partially compensated by
eliminating S3 stage as the construction of proline backbone and deesterification
(52+S3) were accomplished as a one-pot domino process providing spiro intermediate
4c_1. This unexpected finding brought an advantage regarding the yield of 4c_1 being
somewhat higher than the two-stage yield for 4a and 4b. The presence of ‘naked’
carboxyl function in compound 7c enables its easy modification leaving the protected
amine groups intact. In addition, we obtained amino ester 15c via Pd-supported
hydrogenation of intermediate 6c that allows for specific attachment of the building
block into a more complex molecule through azetidine N-atom.
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Figure 5. Synthetic strategies, yields and scales of the target compounds

A rational advancement of the study was involvement of ever-larger and
versatile cyclic ketones into the designed synthetic protocol thus creating a library of
spiro prolines. However, while moving to 5-membered cyclopentanone the Route A
turned out to be unable to furnish the desirable building blocks 7. An obstacle
emerged at the S2 stage of composing pyrrolidone framework. Thus, introducing ethyl

2-cyclopentylideneacetate

(2d) in the reaction with the aminomalonic ester
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derivative resulted in only recovery of faintly decomposed starting acrylate and no
trace of the spirocyclic pyrrolidone 3d was detected. Apparently, this outcome can be
explained by a reduced electrophilicity of the conjugated double bond as the result of
higher electron-pushing properties of cyclopentane as compared to the smaller rings.
The same result was obtained for cyclohexane, gem-di-F-cyclohexane and pyrane
derivatives. In light of the existed problem, we had no choice but to find a different
way toward spiro prolines 7. In search for an alternative approach, we turned our
attention to a synthetic avenue communicated by Medina et al®>’ allowing
preparation of 3,3-dimethylproline. It is based on a 7-stage route and starts from
protected 3-methyl-2-pyrrolidone giving the proline derivative in 57% yield and sub-
gram scale. Considering the similar topology of 3,3-dimethylproline with the desired
spiro derivatives, we decided to supplement and modify the mentioned approach
with the purpose of utilizing more convenient starting materials and scaling it up to
multigram amounts (Scheme 1). Retro-synthetic analysis of the pyrrolidone has led us
to readily available esters via a 2-stage synthetic sequence involving conventional
reduction and alkylation. The esters were decided to use as a starting point in our
alternative solution to preparation of the spiro prolines including 7 steps (Figure 5,

Route B).
N Modified part [ -~ Supplemented part _
</ . o CO,Me
COH Medina et al. concept o | _reduction N/ alkylation /K + x> N
e — ></CN —
N, NH MeO,C
Boc
target spiro proline 3,3-disubstituted readily available
chimeras 2-pyrrolidone starting compounds

Scheme 1. Overview of the alternative route to the target spiro prolines

According to the outlined strategy, methyl cyclopentanecarboxylate (8d) was
alkylated with bromoacetonitrile in base mediated conditions giving nitrile 9d (61%).
Raney nickel supported catalytic reduction of the nitrile was achieved in the presence
of ammonia to suppress the formation of secondary/tertiary amine byproducts. The
reduction with the following ring closure afforded spirocyclic 2-pyrrolidone 10d in a
cascade manner and with a high yield of 87%. After installing Boc-protection to the
pyrrolidone nitrogen (S3 stage, 40% vyield), lactam 11d was supposed to transform
into lactamol 12d. Although several possible reducing approaches are known from
the literature reports for this conversion (mostly DIBAL,*® but also SMEAH> and
NaBH;® including Medina’s work>) our previous experience with similar reactions
evidences that lithium triethylborohydride (LiTEBH) is a reliable agent for generating
lactamols from the corresponding lactams. In this case, the reaction takes a short time
(usually ~0.5 hours) and proceeds cleanly without formation of over-reduction by-
products. Compound 12d was such obtained in 107% vyield (crude) and promoted
further without purification. Having cyclic framework of the target compound ready,
the remaining challenge was introducing one-carbon moiety being precursor for the
carboxyl group. This can be achieved from lactamol 12d via a Lewis acid promoted in
situ generation of N-acyliminium cation followed by addition of a nucleophilic
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portion.®! Thus, the interaction of 12d with trimethylsilyl cyanide in the presence of
boron trifluoride etherate provided 2-cyanopyrrolidine 13d with 68% vyield, avoiding
additional O-methylation stage as it was reported by Medina et al. Subsequent acidic
hydrolysis and N-Boc protection completed the synthetic route affording amino acid
7d. Remarkably, all stages of the strategy were easily scaled to multigram quantities
without tangible changes in yield or purity of the products as well as specific
adjustment of the reaction conditions. Following the discussed scheme, we managed
to obtain 20 g of spiro proline 7d in one run. Besides, the strategy was perfectly
applicable to methyl cyclohexanecarboxylate (8e) used as a starting compound, and
after 7 stages gave the target proline 7e with spiro-fused cyclohexane fragment.
Likewise the cyclopentane derivative, multigram protocol was successfully applied in
this case as well, providing 36 g of compound 7e in overall yield of 15%. Both
cyclopentane and cyclohexane derivatives acted similarly throughout the scheme
toward the target spiro prolines, though the yields for cyclohexane containing
products were generally higher.

While Route B has showed good performance with the carbocyclic substrates
8d,e, the following examination of functionalized esters 8, namely methyl 4,4-
difluorocyclohexanecarboxylate (8f) and methyl tetrahydro-2H-pyran-4-carboxylate
(8g), revealed some interesting details. Thus, the stages S1-S4 proceeded with a
comparable efficiency for these substrates and affected the cyclic portion in no way.
At the same time, while attempting substitution of OH with CN (stage S5) we have
come across an issue being the reaction product contains substantial percentage of
the starting material (initially nearly 50%). Alternation of the reaction conditions (in
particular, temperature mode, reaction time, and catalyst) did not eliminate the
problem completely. However, a reasonable increase of the catalyst and TMSCN loads
enabled us to reach 70:30 ratio of CN to OH derivatives in the isolated material.
Further experiments have proved the fact that the presence of unreacted lactamol
does not interfere with the subsequent steps. Another interesting detail was faced at
the stage of acidic hydrolysis of CN group for gem-di-F derivative 13f. The standard
procedure exploiting dilute HCl did not provide an acceptable result in this case as CF;
fragment underwent hydrolytic cleavage as well with the formation of the
corresponding ketone (not isolated, observed in HPLC-MS spectra). The selectivity
issue caused a significant reduction in the product yields to 15-20%. We managed to
resolve the problem by using acetic acid as a reaction medium and a lower amount of
HCI. In such conditions, the desired amino acid hydrochloride 14f was isolated in ~60%
yield. The final N-Boc protection of hydrochlorides 14f,g did not have notable features
and led to the target compounds 7f,g. All the stages toward these derivatives were
successfully scaled that made it possible to obtain 20 g of 7f and 53 g of 7g within a
single synthetic run.

Considering the low overall yield of cyclopropane decorated spiro proline 7a
achieved in Route A, we shifted our focus to Route B to explore the possibility of
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improving it. Commercially available methyl cyclopropanecarboxylate was employed
as the starting compound. Unfortunately, after the prosperous alkylation step the
procedure failed at the stage S2. The reason was the lability of cyclopropane ring
against Raney Ni supported reduction that resulted in a mixture of products.

In the introduction part we have touched on utility of 3,3-dimethylproline
molecular platform for medicinal chemistry investigations, which was also regarded
as proline-valine chimera.®??> What is more, gem-di-Me fragment imparts enhanced
metabolic stability to the molecules containing it. Besides that, inclusion of 3,3-
dimethylproline derivatives in medicinal chemistry programs of pharmaceutical
giants, like SmithKline Beecham Corp.®® and AstraZeneca® also adds to its value.
Evidently, 3,3-dimethylproline is closely related to the objects of the current study.
However, asfar as we know preparative approaches to this compound are scarce. The
handiest preparation scheme by Medina et al. starts from inconvenient and inflexible
N-TBS-protected 3-methyl-2-pyrrolidone and provides sub-gram quantities of 3,3-
dimethylproline. Due to all the arguments, we decided to test applicability and
effectiveness of the Route B for multigram preparation of the latter. For this reason,
we used in bulk and cheap methyl isobutyrate as the starting compound. Overall, the
synthetic protocol proceeded smoothly without notable peculiarities to be outlined
and provided 95 g of 5,5-dimethylproline (7h) in 22.8% 7-stage yield. Accomplished
synthesis of 7h assumes that the way is an excellent option for the preparation of the
related 3,3-disubstituted alkyl homologues including non-symmetrical ones, which
are currently unknown, though definitely of MedChem interest. This research
direction seems promising for us, and we are going to communicate achievements on
the question in our upcoming works.

Having a developed tool for obtaining spirocyclic structures, we next decided
to synthesize unprotected amino acids, as they are also widely applicable building
blocks in organic and bioorganic chemistry investigations. This was achieved by simple
removing Boc-group via treatment of the starting compounds 7 with HCl/dioxane
solution affording amino acids 14 in high yields (Scheme 2, A).

Finally, we would like to discuss spiro lactams 4 as, along with the target spiro
prolines 7, they represent another captivating structural topology. In fact, they are
esterified spiro analogs of pyroglutamic acid, which is a ubiquitous however scarcely
investigated natural amino acid.® Particularly, this chemical was identified both as a
free metabolite in varied living cells or as a bound one at the N-terminus of proteins,
e.g. bacteriorhodopsin. This natural molecule is commercially available as a nootropic
dietary supplement and has shown to elicit anti-diabetic activity, remarkable
inhibitory property against PDE-5, ACE, urease enzymes.®®®” Recently, a
pyroglutamide derivative has been identified as a potent RORyt agonist and can be
useful agent for treating psoriasis.®® Pyroglutamic acid and its derivatives have been
prepared by numerous ways including multicomponent as well as multistep
approaches. However, its 3-spiro linked counterparts are nearly unknown and were
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only disclosed in a couple of patents.®¥’° 3-Step approach proposed in this work and
illustrated in Figure 5 (Route A) is a practical method to such valuable derivatives. In
order to reach derivatives with free carboxyl function eligible for further convenient
functionalization we performed hydrolysis of compounds 4, thus obtaining amino
acids 16 (Scheme 2, B).

A. Sythesis of 3-spiro prolines
O O C T T T F o —
N/ | [N (Y d |
6/00*' HClidioxane YCOZH . > <> "/ F ~
N </NH *HCI

83-97%  \—NH*HCI

*Boc vyield 94% 91% 90% 97% 83% 89% 96%
7a,b,d-h 14a,b,d-h 'scale 8¢ 21g 17g 29¢g 4149 1M1g 279 .
B. Sythesis of 3-spiro pyroglutamic acids *
| CO,Et N/ com | e !
2 HCI, H,0 2 1 - 1
HOLRO Ny + (N-coz
NH NH ‘ :
vyield 81%  87% !

o ¢) ‘
7b,c 16b,c scale 15¢ 139

Scheme 2. Synthesis of 3-spiro prolines and 3-spiro pyroglutamic acids

Conclusions

In summary, ‘unusual’ 3D-shaped oa-amino acids have broken into modern
medicinal chemistry and become its indispensable components. This tendency is a
direct consequence of the growing desire to escape from flatland, the expanding
recognition of peptides as versatile medical agents, and immense freedom in creating
such molecular platforms with diverse side chains. Moreover, natural origin of a-
amino acids and their inherent biomedical value may impart prominent properties to
the products containing such pharmacophores. Substitution of certain amino acid
residues in naturally occurring peptides is a promising way of comprehending a
mechanism of their action and, what is more, limitless possibility to control their
activity. Guided by all the motives, herein we reported practical protocols for the
preparation of conformationally constrained a-prolines bearing spiro conjunction in
position 3 of the pyrrolidine ring. Two elaborate synthetic avenues utilize readily
accessible starting materials (cyclic ketones and carbo(hetero)cyclic esters) and
operate routine experimental procedures without a need to use peculiar reagents.
Following those approaches we were able to construct nine simple low-substituted
prolines with different spiro linked cores. The protocols were adapted to preparation
of multigram quantities of the target products, thus providing of up to 36 grams of
prolines in a single synthetic run. Additionally, the synthetic methodology was used
for efficient preparation of 95 grams of 3,3-dimethylproline, which can be regarded
as a mimic of the prepared spiro products. Other value-added products the paper
deals with are spirocyclic pyroglutamic acids, which are nearly unknown, though
promising building blocks for MedChem purposes. These derivatives wer eobtained
in good yields and large scale.

Most of the described compounds were either unknown or hard to obtain so
far. With this, the work opens up access to new areas of chemical space and supports
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ongoing endeavors in creation of novel potent pharmaceutical substances. We
believe that its findings will be useful for a wide range of research groups from both
academia and industry.

Experimental part

This section contains optimized protocols for the preparation of the
compounds described throughout the paper.

All starting compounds were obtained from commercial sources and used
without additional purification. All solvents were purified according to the standard
procedures. All compounds known from the literature are given appropriate
reference; experimental data comply with the referenced papers.

1.37 M LDA solution was prepared from interaction of nBulLi (1.0 equiv, 2.5 M
solution in hexanes) with diisopropylamine (1.05 equiv) in THF (0.32 mL per 1 mmol
of diisopropylamine) under argon atmosphere and used immediately after
preparation.

'H NMR spectra were recorded on a Varian Unity Plus 400 (400 MHz) or a Bruker
170 Avance 500 (500 MHz) instrument; 3C NMR spectra were recorded on a Bruker
170 Avance 500 (126 MHz) or an Agilent ProPulse 600 (151 MHz) spectrometer. The
NMR chemical shifts are referenced using the solvent signals at 7.26 and 77.1 ppm for
'H and C nuclei, respectively, in CDCls, and 2.48 and 39.5 ppm for 'H and 3C nuclei,
respectively, in DMSO-ds. LCMS and GCMS analyses were performed with assistance
of an Agilent LC/MSD SL 1100 instrument (atmospheric pressure electrospray
ionization (ES-API)) or an Agilent 5890 Series Il 5972 GCMS instrument (electron
impact (El) ionization (70eV)), respectively. Results for elemental analysis were
obtained at the Analytical Laboratory of the Institute of Organic Chemistry of the
National Academy of Sciences of Ukraine. A composition of the hydrochloride salts
was established by an acid-base titration method. Melting points were determined
on an MPA100 OptiMelt automated melting point system.

N-Boc protected prolines 7 adopt two major rotameric conformations, what is
manifested in doubling signals in 3C NMR spectra.

SYNTHETIC PROCEDURES FOR THE ROUTE A STRATEGY EMPLOYING KETONES
AS THE STARTING COMPOUNDS

5-(tert-Butoxycarbonyl)-5-azaspiro[2.4]heptane-4-carboxylic acid (7a)

Step 1. Synthesis of ethyl 2-cyclopropylideneacetate’ (2a)

(1-Ethoxycyclopropoxy)trimethylsilane (600 g, 3.4 mol) was dissolved in
benzene (9.6 L), then pTSA (393 g, 2.0 mol) was added.
(Carbethoxymethylene)triphenylphosphorane (1.44 kg, 4.1 mol) was added
portionwise to the mixture. After that, the reaction mixture was stirred at reflux for
two days. Then the resulting mixture was cooled to room temperature and the
precipitate was filtered off, benzene solution was concentrated on a rotary
evaporator. Hexane was added to the residue and the mixture was filtered. The
filtrate was concentrated on a rotary evaporator and the residue after evaporation
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was distilled in vacuo to obtain ethyl 2-cyclopropylideneacetate (2a) (110 g, 0.88 mol,
26%).

Colorless liquid. *H NMR (500 MHz, CDCls): § 6.22 (p, /= 2.0 Hz, 1H), 4.21 (q, J =
7.2 Hz, 2H), 1.45 (ddd, / =9.8, 7.9, 2.3 Hz, 2H), 1.30(t, / = 7.1 Hz, 3H), 1.23 (ddd, J =
10.9, 8.0, 1.7 Hz, 2H) ppm. GCMS: [M]** 126.1, [M — CH4]** 98.1. Anal. Calcd for
C/H100,, %: C 66.65, H 7.99. Found, %: C 56.73, H 7.94.

Step 2. Synthesis of dimethyl 6-oxo-5-azaspiro[2.4]heptane-4,4-dicarboxylate
(3a)

Metallic sodium (15.4 g, 0.64 mol) was dissolved in dry methanol (1.2 L), then a
flask with the reaction mixture was placed in an ice bath, and diethyl 2-
acetamidomalonate (127 g, 0.58 mol) was added in one portion, the reaction mixture
was stirred for another hour. After that ethyl 2-cyclopropylideneacetate (2a) (110 g,
0.88 mol) was added in one portion and the reaction mixture was refluxed for two
days. then cooled to room temperature and acetic acid (42 mL, 0.7 mol) was added.
The resulting mixture was concentrated on a rotary evaporator and the residue was
diluted with ethyl acetate (1 L) and water (0.5 L). The organic layer was separated and
the water was twice extracted with ethyl acetate, the combined organic fraction was
washed with an aqueous sodium hydrogen carbonate solution, dried over sodium
sulfate and concentrated in vacuo. The flask with the residue after evaporation was
placed in an ice bath, the precipitate was filtered and washed with a small amount of
diethyl ether to obtain dimethyl 6-oxo-5-azaspiro[2.4]heptane-4,4-dicarboxylate (3a)
(64 g, 0.28 mol, 48%).

Step 3. Synthesis of methyl 6-oxo-5-azaspiro[2.4]heptane-4-carboxylate (4a)

Dimethyl 6-oxo-5-azaspiro[2.4]heptane-4,4-dicarboxylate (3a) (64 g, 0.28 mol)
was dissolved in dry DMSO (200 mL), then distilled water (15.2 mL, 0.84 mol) and
sodium chloride (14.3 g, 0.34 mol) were added to the reaction mixture. The reaction
mixture was refluxed for 3 hours, cooled to room temperature, and poured into ethyl
acetate (1.2 L). The ethyl acetate layer was separated, washed with a saturated
aqueous sodium chloride solution (2x300 mL), the aqueous layer was washed with
ethyl acetate (2x300 mL), the organic fractions were combined, dried over sodium
sulfate and concentrated in vacuo to obtain methyl 6-oxo-5-azaspiro[2.4]heptane-4-
carboxylate (4a) (24 g, 0.14 mol, 50%).

Step 4. Synthesis of 5-(tert-butyl) 4-methyl 6-oxo-5-azaspiro[2.4]heptane-4,5-
dicarboxylate (5a)

Methyl 6-oxo-5-azaspiro[2.4]heptane-4-carboxylate (4a) (24 g, 0.14 mol) was
dissolved in dry dichloromethane (300 mL), then triethylamine (29.6 mL, 0.21 mol)
and DMAP (1.7 g, 0.01 mol) were added to the solution. Next, the reaction mixture
was cooled in anice bath and Boc;0 (36 mL, 0.15 mol) was added dropwise. Then the
reaction mixture was stirred at room temperature for 16 hours, washed with 10%
aqueous sodium hydrogen sulfate solution (2x200 mL), organic layer was separated
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and dried over sodium sulfate and concentrated in vacuo to obtain 5-(tert-butyl) 4-
methyl 6-oxo-5-azaspiro [2.4]heptane-4,5-dicarboxylate (5a) (24 g, 0.08 mol, 57%).

Step 5. Synthesis of 5-(tert-butyl) 4-methyl 5-azaspiro[2.4]heptane-4,5-
dicarboxylate (6a)

5-(tert-Butyl) 4-methyl 6-oxo-5-azaspiro[2.4]heptane-4,5-dicarboxylate (5a)
(24 g, 0.08 mol) was dissolved in dry THF (300 mL), the flask was placed in a water
bath and borane dimethyl sulfide complex (13.4 ml, 0.142 mol) was added dropwise
under argon stream at room temperature. The reaction mixture was allowed to stir
for 16 hours at room temperature. Then, while cooling with an ice bath, a saturated
potassium carbonate solution (49 g, 0.35 mol) was slowly added to the reaction
mixture. Upon completion, the reaction mixture was poured into MTBE, the aqueous
layer was separated, washed with MTBE, and the combined organic fraction was
washed with brine, dried over sodium sulfate and concentrated in vacuo. The residue
was purified by flash chromatography (hexane/ethyl acetate 5:1) to obtain 5-(tert-
butyl) 4-methyl 5-azaspiro[2.4]heptane-4,5-dicarboxylate (6a) (14 g, 0.05 mol, 63%).

Step 6. Synthesis of 5-(tert-butoxycarbonyl)-5-azaspiro[2.4]heptane-4-
carboxylic acid (7a)

Potassium hydroxide (9.2 g, 0.16 mol) was dissolved in dry methanol (100 mL),
the solution was cooled to room temperature, and a solution of 5-(tert-butyl) 4-
methyl 5-azaspiro[2.4]heptane-4,5-dicarboxylate (6a) (14 g, 0.05 mol) in dry
methanol (40 mL) was added in one portion. The reaction mixture was stirred at room
temperature for 16 hours and then concentrated under reduced pressure. The
residue was dissolved in water (300 mL) and the solution was twice washed with
MTBE, acidified with sodium hydrogen sulfate (23 g, 0.19 mol), and twice extracted
with ethyl acetate. MTBE fraction was separated, dried over sodium sulfate, and
concentrated in wvacuo to obtain the target 5-(tert-butoxycarbonyl)-5-
azaspiro[2.4]heptane-4-carboxylic acid (7a) (12 g, 0.05 mol, 100%).

5-(tert-Butoxycarbonyl)-5-azaspiro[2.4]heptane-4-carboxylic acid (7a)

6 Steps yield: 12 g, 0.05 mol, 2.2%. White crystalline powder. Mp: 131-134 °C.
'H NMR (400 MHz, CDCl3): § 3.81—3.61 (m, 2H), 3.58 —3.44 (m, 1H), 2.30(dd, J = 24.8,
12.1 Hz, 1H), 1.55 - 1.34 (m, 10H), 1.03 — 0.85 (m, 1H), 0.78 — 0.56 (m, 3H), COzH
proton is in exchange. ppm. 3C{*H} NMR (151 MHz, CDCl3): § 177.74, 176.66, 154.79,
153.71, 80.36, 65.26, 64.85, 46.31, 45.87, 32.98, 32.29, 28.41, 28.26, 25.56, 24.81,
15.15, 6.34, 6.16 ppm. LCMS: [M - H] 240.2. Anal. Calcd for C12H19NOa4, %: C 59.73, H
7.94, N 5.81. Found, %: C 59.92, H7.99, N 5.70.

6-(tert-Butoxycarbonyl)-6-azaspiro[3.4]octane-5-carboxylic acid (7b)

Step 1. Synthesis of ethyl 2-cyclobutylideneacetate’ (2b)

Sodium hydride (60% suspension in mineral oil, 81.5 g, 2.0 mol) was suspended
in dry THF (400 mL), the mixture was cooled in an ice bath, and triethyl
phosphonoacetate (423 mL, 2.13 mol) was added dropwise. Upon completion the
reaction mixture was stirred for 30 minutes until the bubbling ceased. After that, a
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solution of cyclobutanone (130 g, 1.85 mol) in dry THF (300 mL) was added dropwise
while cooling the reaction mixture with ice. Then the resulting mixture was stirred at
room temperature for 16 hours. After that, THF was decanted, the remaining solid
was washed with one portion of THF (500 mL) and also decanted. The combined THF
fraction was concentrated under reduced pressure and the residue was purified by
distillation in vacuo to obtain ethyl 2-cyclobutylideneacetate (164.5g,1.17 mol, 63%).

Colorless liquid. *H NMR (500 MHz, CDCls): 6 5.57 (p, /= 2.4 Hz, 1H), 4.14 (q, J =
7.2 Hz, 2H), 3.13 (t, /= 8.0 Hz, 2H), 2.83 (tt, /= 8.4, 2.0 Hz, 2H), 2.08 (p, /= 8.0 Hz, 2H),
1.26 (t,J = 7.1 Hz, 3H) ppm. GCMS: [M]** 140.0. Anal. Calcd for CsH120,, %: C 68.55, H
8.63. Found, %: C68.61, H 8.68.

Step 2. Synthesis of diethyl 7-oxo-6-azaspiro[3.4]octane-5,5-dicarboxylate (3b)

Metallic sodium (20.66 g, 0.86 mol) was dissolved in absolute ethanol (2 L), then
the solution was cooled on an ice bath, and diethyl 2-acetamidomalonate (170 g, 0.78
mol) was added in one portion. The resulting mixture was stirred for 1 hour followed
by adding ethyl 2-cyclobutylideneacetate (2b) (164.5 g, 1.17 mol) in one portion and
the reaction mixture was refluxed for 16 hours. Upon completion, the content was
cooled to room temperature and acetic acid (53.7 mL, 0.94 mol) was added. The
mixture was concentrated under reduced pressure and the residue was diluted with
ethyl acetate (1 L) and water (1 L). The organic layer was separated, and the water
layer was twice extracted with ethyl acetate. The combined organic fraction was
washed with aqueous sodium hydrogen carbonate solution, dried over sodium
sulfate, and concentrated in vacuo. The flask with residue after concentration was
cooled on an ice bath, the precipitate formed was filtered off and washed with hexane
to obtain diethyl 7-oxo-6-azaspiro[3.4]octane-5,5-dicarboxylate (3b) (71 g, 0.26 mol,
33%).

Step 3. Synthesis of ethyl 7-oxo-6-azaspiro[3.4]octane-5-carboxylate (4b)

Diethyl 7-oxo-6-azaspiro[3.4]octane-5,5-dicarboxylate (3b) (71 g, 0.26 mol) was
dissolved in dry DMSO (210 mL), then distilled water (14.2 mL, 0.79 mol) and sodium
chloride (18.5 g, 0.32 mol) were added and the reaction mixture was refluxed for 3
hours. Then the content was cooled to room temperature, poured into ice-cold water
(600 mL) and extracted with ethyl acetate (3x600 mL). The ethyl acetate layer was
separated, washed with a saturated aqueous solution of sodium chloride, dried over
sodium sulfate and concentrated under reduced pressure. The residue was purified
by flash chromatography (hexane/ethyl acetate 2:1) to obtain ethyl 7-oxo-6-
azaspiro[3.4]octane-5-carboxylate (4b) (47 g, 0.24 mol, 92%).

Step 4. Synthesis of 6-(tert-butyl) 5-ethyl 7-oxo-6-azaspiro[3.4]octane-5,6-
dicarboxylate (5b)

Ethyl 7-oxo-6-azaspiro[3.4]octane-5-carboxylate (4b) (47 g, 0.24 mol) was
dissolved in dry dichloromethane (500 mL), then triethylamine (49.8 mL, 0.36 mol)
and DMAP (2.9 g, 0.024 mol) were added, the reaction mixture was cooled on an ice
bath and Boc,0O (60 mL, 0.26 mol) was added dropwise. The resulting mixture was
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stirred for 16 hours at room temperature, then washed with an aqueous solution of
sodium hydrogen sulfate, the organic layer was separated, dried over sodium sulfate
and concentrated in vacuo to obtain 6-tert-butyl 5-ethyl 7-oxo-6-azaspiro[3.4]octane-
5,6-dicarboxylate (5b) (58 g, 0.195 mol, 81%).

Step 5. Synthesis of 6-(tert-butyl) 5-ethyl 6-azaspiro[3.4]octane-5,6-
dicarboxylate (6b)

6-tert-Butyl 5-ethyl 7-oxo-6-azaspiro[3.4]octane-5,6-dicarboxylate (5b) (58 g,
0.195 mol) was dissolved in dry THF (600 mL), the flask was placed in a water bath,
and borane dimethyl sulfide complex (29.6 mL, 0.312 mol) was added dropwise under
argon stream. The reaction mixture was left to stir for 16 hours at room temperature.
Then, while cooling with ice, a saturated solution of potassium carbonate (108 g, 0.78
mol) was slowly added to the reaction mixture. Upon completion, the reaction
mixture was poured into MTBE, the aqueous layer was separated, washed with MTBE,
the combined organic fraction was washed with brine, dried over sodium sulfate and
concentrated in vacuo. The residue was purified by flash chromatography
(hexane/ethyl acetate 5:1) to obtain 6-tert-butyl 5-ethyl 6-azaspiro[3.4]octane-5,6-
dicarboxylate (6b) (42 g, 0.148 mol, 76%).

Step 6. Synthesis of 6-(tert-butoxycarbonyl)-6-azaspiro[3.4]octane-5-carboxylic
acid (7b)

Potassium hydroxide (25 g, 0.444 mol) was dissolved in dry methanol (300 mL),
the content was cooled to room temperature, and a solution of 6-tert-butyl 5-ethyl 6-
azaspiro[3.4]octane-5,6-dicarboxylate (6b)(42g, 0.148 mol) in dry methanol (120 mL)
was added to the reaction mixture in one portion. The content was stirred for 16
hours at room temperature and the resulting mixture was concentrated under
reduced pressure. The residue was dissolved in water and the solution was twice
washed with MTBE, acidified with sodium hydrogen sulfate (62.3 g, 0.52 mol), twice
extracted with ethyl acetate, dried over sodium sulfate and concentrated in vacuo
thus affording 7c¢ (33 g, 0.13 mol, 88%).

6-(tert-Butoxycarbonyl)-6-azaspiro[3.4]octane-5-carboxylic acid (7b)

6 Steps vyield: 33 g, 0.13 mol, 10.4%. White powder. Mp: 108-111 °C. 'H NMR
(400 MHz, CDCl3): 64.18 -4.00 (m, 1H), 3.66 —3.46 (m, 1H), 3.40—3.24 (m, 1H), 2.39
—2.20 (m, 1H), 2.14 - 1.76 (m, 7H), 1.50 — 1.36 (m, 9H) ppm, CO;H proton is in
exchange. BC{*H} NMR (151 MHz, CDCls): § 177.35, 176.13, 154.95, 153.95, 80.29,
68.19, 67.54, 48.37, 47.38, 44.67, 44.27, 35.68, 35.13, 34.40, 28.39, 28.26, 27.49,
27.30,16.04 ppm. LCMS: [M - H]~ 254.2. Anal. Calcd for C13H21NOs, %: C61.16,H 8.29,
N 5.49. Found, %: C 61.03, H 8.38, N 5.40.

2-(tert-Butoxycarbonyl)-2-azaspiro[4.4]nonane-1-carboxylic acid (7c)

Step 1. Synthesis of tert-butyl 3-(2-ethoxy-2-oxoethylidene)azetidine-1-
carboxylate”® (2c)

tert-Butyl 3-oxoazetidine-1-carboxylate (120 g, 0.7 mol) was dissolved in
dichloromethane (1.2 L), then (carbethoxymethylene)triphenylphosphorane (293 g,
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0.85 mol) was added portionwise while cooling the flask in an ice bath. The reaction
mixture was then stirred at room temperature overnight and concentrated under
reduced pressure. The residue after evaporation was triturated in hexane/MTBE (4:1)
mixture, triphenylphosphine oxide was filtered off and the filtrate was concentrated
in vacuo. The residue was purified using flash chromatography (hexane/ethyl acetate
3:1) to obtain tert-butyl 3-(2-ethoxy-2-oxoethylidene)azetidine-1-carboxylate (2c)
(162.5 g, 0.67 mol, 96%).

Colorless liquid. *H NMR (500 MHz, CDCls): 6 5.76 (p, J = 2.4 Hz, 1H), 4.84 - 4.79
(m, 2H), 4.62 — 4.56 (m, 2H), 4.17 (q, / = 7.1 Hz, 2H), 1.45 (s, 9H), 1.28 (t, /= 7.1 Hz,
3H) ppm. GCMS: [M]** 241.2. Anal. Calcd for CgH1,0,, %: C 61.56, H 8.02, N 6.42.
Found, %: C 61.72,H7.91, N 6.28.

Steps 2-3. Synthesis of 2-(tert-butyl) 5-ethyl 7-oxo-2,6-diazaspiro[3.4]octane-
2,5-dicarboxylate (4c_1)

Metallic sodium (16.6 g, 0.67 mol) was dissolved in absolute ethanol (1.6 L), the
reaction mixture was cooled in an ice bath, and diethyl 2-acetamidomalonate (133 g,
0.61 mol) was added in one portion. The resulting mixture was stirred for 1 hour, and
tert-butyl 3-(2-ethoxy-2-oxoethylidene)azetidine-1-carboxylate (2c) (162.5 g, 0.67
mol) was added in one portion, and the reaction mixture was refluxed for 36 hours.
Upon completion, the reaction mixture was cooled to room temperature, and acetic
acid (36.8 mL, 0.64 mol) was added. The resulting content was concentrated under
reduced pressure, the residue was partitioned between ethyl acetate (1 L) and water
(1 L), the water layer was washed with ethyl acetate (0.5 L), and the combined organic
fraction was washed with 10% sodium hydrogen carbonate solution (0.5 L) and brine
(0.5 L), dried over sodium sulfate and concentrated in vacuo. The residue was mixed
with hexane/MTBE (4:1) mixture, cooled in an ice bath, the precipitate formed was
filtered off and washed with MTBE to obtain 2-(tert-butyl) 5-ethyl 7-oxo-2,6-
diazaspiro[3.4]octane-2,5-dicarboxylate (4c_1) (65.5g, 0.22 mol, 33%).

Step 4.1. Synthesis of ethyl 7-oxo-2,6-diazaspiro[3.4]octane-5-carboxylate
trifluoroacetate (4c_2)

Ethyl 7-oxo-2,6-diazaspiro[3.4]octane-5-carboxylate (4c¢_1) (65.5 g, 0.22 mol)
was dissolved in dry dichloromethane (250 mL), the reaction mixture was cooled in
an ice bath, and trifluoroacetic acid (250 mL) was added dropwise. The reaction mass
was stirred at room temperature overnight and concentrated under reduced
pressure. The residue after evaporation was poured into MTBE and stirred for an
hour. Then a precipitate of ethyl 7-oxo-2,6-diazaspiro[3.4]octane-5-carboxylate
trifluoroacetate (4c_2) (57.3 g, 0.18 mol, 82%) was filtered off and promoted to the
next synthetic step without an additional purification.

Step 4.2. Synthesis of 2-benzyl 5-ethyl 7-oxo-2,6-diazaspiro[3.4]octane-2,5-
dicarboxylate (4c_3)

Ethyl 7-oxo-2,6-diazaspiro[3.4]octane-5-carboxylate trifluoroacetate (4c_2)
(57.3 g, 0.18 mol) was dissolved in the THF/water mixture (570/285 mL), NaHCOs (34
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g, 0.4 mol) was added in portions followed by CbzCl (31.3 mL, 0.22 mol) slowly added
dropwise. The reaction mixture was stirred at room temperature overnight and then
poured into ethyl acetate (600 mL). The organic layer was separated, washed with
saturated sodium chloride solution, dried over sodium sulfate, and concentrated in
vacuo to afford 2-benzyl 5-ethyl 7-oxo-2,6-diazaspiro[3.4 ]Joctane-2,5-dicarboxylate
(4c_3) (53 g, 0.16 mol, 89%) using in the next step without purification.

Step 4.3. Synthesis of 2-benzyl 6-(tert-butyl) 5-ethyl 7-oxo-2,6-
diazaspiro[3.4]octane-2,5,6-tricarboxylate (5¢)

2-Benzyl 5-ethyl 7-oxo-2,6-diazaspiro[3.4]octane-2,5-dicarboxylate (4c_3) (53
g, 0.16 mol) was dissolved in dichloromethane (530 mL), then triethylamine (33.3 mL,
0.24 mol) and DMAP (1.95 g, 0.016 mol) were added, and the reaction mixture was
cooled in an ice bath. Boc,O (40.3 mL, 0.175 mol) was added dropwise and the
reaction mass was left to stir at room temperature overnight. Upon completion, the
reaction mixture was washed with water and 10% aqueous solution of sodium
hydrogen sulfate (2x300 mL), the organic layer was dried over sodium sulfate and
concentrated on a rotary evaporator. The residue was mixed with MTBE and the
mixture was concentrated again under reduced pressure. After that the residue was
poured with diethyl ether and the precipitate was filtered off to obtain 2-benzyl 6-
tert-butyl 5-ethyl 7-oxo-2,6-diazaspiro[3.4]octane-2,5,6-tricarboxylate (5c) (46 g, 0.09
mol, 56%).

Step 5. Synthesis of 2-benzyl 6-(tert-butyl) 5-ethyl 2,6-diazaspiro[3.4]octane-
2,5,6-tricarboxylate (6c)

2-Benzyl 6-tert-butyl 5-ethyl 7-o0x0-2,6-diazaspiro[3.4]octane-2,5,6-
tricarboxylate (5c) (46 g, 0.09 mol) was dissolved in dry THF (460 mL), the flask was
placed in a water bath and borane dimethyl sulfide complex (22.8 mL, 0.24 mol) was
added dropwise under argon flow. The reaction mixture was left to stir for 16 hours
at room temperature. Upon completion, the flask was placed in an ice bath, and a
saturated solution of potassium carbonate (64 g, 0.462 mol) was carefully added
dropwise to the reaction mixture. The resultant mass was poured into MTBE, the
aqueous layer was separated, washed with MTBE, the combined organic layer was
washed with brine, dried over sodium sulfate and concentrated in vacuo. The residue
was purified by flash chromatography (hexane/ethyl acetate 5:1) to obtain 2-benzyl
6-tert-butyl 5-ethyl 2,6-diazaspiro[3.4]octane-2,5,6-tricarboxylate (6c¢) (36 g, 0.086
mol, 96%).

Step 6. Synthesis of 2-((benzyloxy)carbonyl)-6-(tert-butoxycarbonyl)-2,6-
diazaspiro[3.4]octane-5-carboxylic acid (7c)

2-Benzyl 6-tert-butyl 5-ethyl 2,6-diazaspiro[3.4]octane-2,5,6-tricarboxylate (6c)
(36 g, 0.086 mol) was dissolved in dry THF (360 mL) and solution of lithium hydroxide
monohydrate (10.8 g, 0.256 mol) in water (60 mL) was added to the reaction mixture,
which was stirred at room temperature overnight. The resulting mixture was poured
into distilled water (400 mL), and the aqueous layer was washed with MTBE (2x200
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mL). The water fraction was acidified with sodium hydrogen sulfate (36.1 g, 0.3 mol)
and then extracted with ethyl acetate (2x300 mL). After that the organic fractions
were combined, dried over sodium sulfate and concentrated in vacuo to obtain 2-
[(benzyloxy)carbonyl]-6-[(tert-butoxy)carbonyl]-2,6-diazaspiro[3.4]octane-5-
carboxylic acid (7c) (20 g, 0.051 mol, 59%).

2-((Benzyloxy)carbonyl)-6-(tert-butoxycarbonyl)-2,6-diazaspiro[3.4]octane-
5-carboxylic acid (7c)

6 Steps yield: 20 g, 0.051 mol, 7.3%. Light-green crystalline powder. Mp: 44-47
°C. IH NMR (500 MHz, CDCl3): § 7.39 —7.28 (m, 5H), 5.10 (s, 2H), 4.38 — 4.17 (m, 2H),
4.04-3.76 (m, 3H), 3.70 - 3.50 (m, 1H), 3.41-3.24 (m, 1H), 2.33 -2.08 (m, 2H), 1.52
—1.36 (m, 9H) ppm, COzH proton is in exchange. 3C{*H} NMR (151 MHz, CDCls): &
171.05,170.83,154.30,153.72,80.07,79.96,66.63,66.11,61.01,60.91, 59.23,59.15,
52.20,52.06,48.30,47.29,44.51,44.13,34.89,34.13,28.36, 28.26,14.40, 14.30 ppm.
LCMS: [M - H]” 284.2. Anal. Calcd for CyH26N206, %: C 61.53, H 6.71, N 7.18. Found,
%: C61.65,H6.77, N 7.10.

6-(tert-Butyl) 5-ethyl 2,6-diazaspiro[3.4]octane-5,6-dicarboxylate (15c)

2-Benzyl 6-(tert-butyl) 5-ethyl 2,6-diazaspiro[3.4]octane-2,5,6-tricarboxylate
(6¢) (40 g, 0.096 mol) was dissolved in dry methanol (500 mL), 10% Pd/C (1 g) was
added and the flask was vacuumed while stirring using a water jet pump. After 10-15
minutes, the pump was disconnected and the flask was joined to a rubber bulb with
H.,. The reaction mixture was left to hydrogenate overnight. Then the reaction mixture
was filtered and the filtrate was concentrated in vacuo. The residue was dissolved in
MTBE (400 mL) and washed with cold 10% aqueous potassium hydroxide solution
(100 mL). The MTBE layer was dried over sodium sulfate and concentrated in vacuo
to give 6-(tert-butyl) 5-ethyl 2,6-diazaspiro[3.4]octane-5,6-dicarboxylate (20 g, 0.07
mol, 73%).

Yellow oil. *H NMR (500 MHz, CDCls): 6 4.32—4.11 (m, 3H), 3.94 —3.52 (m, 3H),
3.48 —3.25 (m, 3H), 2.30 - 2.06 (m, 3H), 1.49 - 1.36 (m, 9H), 1.28 (q, / = 7.6 Hz, 3H)
ppm. 3C{H} NMR (126 MHz, CDCls): § 171.73, 155.98, 153.23, 135.72, 135.63,
128.01, 127.71, 127.67, 127.58, 127.54, 80.40, 66.68, 66.56, 65.44, 64.75, 43.92,
43.53,42.89,41.82,34.32,33.66,27.84,27.71 ppm. LCMS: [M + H]* 285.2. Anal. Calcd
for C14H24N,04, %: C 59.14, H8.51, N 9.85. Found, %: C 59.29, H 8.44, N 10.01.

SYNTHETIC PROCEDURES FOR THE ROUTE B STRATEGY EMPLOYING METHYL
CARBOXYLATES AS THE STARTING COMPOUNDS

2-(tert-Butoxycarbonyl)-2-azaspiro[4.4]nonane-1-carboxylic acid (7d)

Step 1. Synthesis of methyl 1-(cyanomethyl)cyclopentane-1-carboxylate’® (9d)

Diisopropylamine (146 mL, 1.03 mol) was dissolved in dry THF (1.2 L), the
solution was cooled to -78°C and butyl lithium (412 mL, 16% solution in hexane, 1.03
mol) was added in one portion. The reaction mixture was stirred for 30 minutes
at -20°C. Then a solution of methyl cyclopentanecarboxylate (8d) (120 g, 0.94 mol) in
dry THF (150 mL) was added dropwise at -78°C, and the resulting mixture was stirred
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at -78°C for 1 hour. After that, a solution of bromoacetonitrile (84.8 mL, 1.22 mol) in
dry THF (100 mL) was added dropwise at -78°C, and the reaction mixture was warmed
to room temperature and left to stir for 16 hours. Upon completion, the reaction mass
was cooled to 0°C and an aqueous solution of ammonium chloride (400 mL) was
added dropwise. The reaction mixture was poured into ethyl acetate, and the organic
phase was separated. The water fraction was additionally washed with ethyl acetate
and the combined organic layers were dried over sodium sulfate and concentrated in
vacuo. The residue was purified by flash chromatography (hexane/ethyl acetate 5:1)
to give methyl 1-(cyanomethyl)cyclopentanecarboxylate (9d) (96 g, 0.574 mol, 61%).

Step 2. Synthesis of 2-azaspiro[4.4]Jnonan-1-one’ (10d)

Freshly prepared Raney nickel (40 g) was placed in an autoclave, then a solution
of methyl 1-(cyanomethyl)cyclopentanecarboxylate (9d) (96 g, 0.574 mol) in
methanol/ammonia (1.8 L) was added and the reaction mixture was stirred in the
autoclave at room temperature for two days under H, pressure of 50 atm. After that,
the reaction mixture was filtered, the filtrate was concentrated under reduced
pressure to obtain 2-azaspiro[4.4]nonan-1-one (10d) (69.6 g, 0.5 mol, 87%).

White crystalline powder. *H NMR (500 MHz, CDCls): § 6.34 (s, 1H), 3.29 (t, J =
6.7 Hz, 2H), 2.03 — 1.89 (m, 4H), 1.85 — 1.72 (m, 2H), 1.71 — 1.59 (m, 2H), 1.59 — 1.50
(m, 2H) ppm. GCMS: [M]** 139. Anal. Calcd for CgsH13NO, %: C 69.03, H 9.41, N 10.06.
Found, %: C 68.88, H9.49, N 10.13.

Step 3. Synthesis of tert-butyl 1-oxo-2-azaspiro[4.4]nonane-2-carboxylate (11d)

2-Azaspiro[4.4]nonan-1-one (10d) (69.6 g, 0.5 mol) was dissolved in dry
dichloromethane (800 mL), then triethylamine (104.5 mL, 0.75 mol) and DMAP (6.1 g,
0.05 mol) were added. After that the reaction mixture was cooled in an ice bath and
Boc,0 (126.5 mL, 0.55 mol) was added dropwise. The resulting mixture was stirred at
room temperature for 16 hours, then washed with a saturated solution of sodium
chloride and 10% solution of sodium hydrogen sulfate (2x400 mL), dried over sodium
sulfate and concentrated in vacuo to obtain tert-butyl 1-oxo-2-azaspiro[4.4] nonane-
2-carboxylate (11d) (50 g, 0.2 mol, 40%).

Step 4. Synthesis of tert-butyl 1-hydroxy-2-azaspiro[4.4]nonane-2-carboxylate
(12d)

tert-Butyl 1-oxo-2-azaspiro[4.4]nonane-2-carboxylate (11d) (50 g, 0.209 mol)
was dissolved in dry THF (1 L), the solution was cooled to -78°C. Keeping the
temperature lithium triethylborohydride (265.6 mL, 10% solution in THF, 0.25 mol)
was slowly added, and the resulting mixture was stirred at -78°C for 30 minutes. A
saturated solution of sodium carbonate (66.4 g, 0.626 mol) was added dropwise at -
78°C, the internal temperature was raised to 0°C followed by dropwise adding 30%
hydrogen peroxide (13.9 mL). The reaction mixture was stirred for 30 minutes and
poured into ethyl acetate. The organic layer was separated, dried over sodium sulfate
and concentrated under reduced pressure to obtain crude tert-butyl 1-hydroxy-2-
azaspiro[4.4]nonane-2-carboxylate (12d) (54 g, 0.223 mol, 107%).
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Step 5. Synthesis of tert-butyl 1-cyano-2-azaspiro[4.4]nonane-2-carboxylate
(13d)

tert-Butyl 1-hydroxy-2-azaspiro[4.4]nonane-2-carboxylate (12d) (54 g, 0.223
mol) and trimethylsilyl cyanide (69.8 mL, 0.558 mol) were mixed in dry
dichloromethane (1 L), the mixture was cooled to -78°C and to boron trifluoride
etherate (84.5 mL, 0.67 mol) was added dropwise to the reaction mixture. The
content was stirred at -78°C for 4 hours. Then keeping the same temperature a
saturated solution of sodium carbonate (118 g, 1.116 mol) was added dropwise, the
temperature was raised to room temperature, and the reaction mixture was poured
into a mixture of dichloromethane and water. The organic layer was separated, dried
over sodium sulfate and concentrated under reduced pressure. The residue was
purified by flash chromatography (hexane/ethyl acetate 5:1) to obtain tert-butyl 1-
cyano -2-azaspiro[4.4]nonane-2-carboxylate (13d) (38 g, 0.151 mol, 68%).

Step 6. Synthesis of 2-azaspiro[4.4]nonane-1-carboxylic acid hydrochloride
(14d)

tert-Butyl 1-cyano-2-azaspiro[4.4]nonane-2-carboxylate (13d) (38 g, 0.151 mol)
was suspended in 35% aqueous hydrochloric acid solution (400 mL) and the reaction
mixture was refluxed overnight. Upon completion, the reaction mixture was cooled,
water (200 mL) was added, and the mixture was washed with MTBE (2x300 mL). The
aqueous layer was separated, concentrated in vacuo, and the residue of 2-
azaspiro[4.4]nonane-1-carboxylic acid hydrochloride (14d) (30 g, 0.145 mol) was used
in the next step without purification.

Step 7. Synthesis of 2-(tert-butoxycarbonyl)-2-azaspiro[4.4]Jnonane-1-carboxylic
acid (7d)

2-Azaspiro[4.4]nonane-1-carboxylic acid hydrochloride (14d) (30 g, 0.145 mol)
was dissolved in the THF/water mixture (300/150 mL), then potassium carbonate
(60.4 g, 0.44 mol) was added portionwise to the reaction mixture followed by Boc,0
(40.2 mL, 0.17 mol) dropwise. The reaction mass was stirred at room temperature for
16 hours. Upon completion, the resulting mixture was poured into water (300 mL),
washed with MTBE (2x100 mL). The aqueous layer was separated, acidified with
sodium hydrogen sulfate (61.3 g, 0.51 mol), and extracted with ethyl acetate (2x200
mL). The organic fraction was dried over sodium sulfate and concentrated in vacuo to
furnish 2-(tert-butoxycarbonyl)-2-azaspiro[4.4]nonane-1-carboxylic acid (7d) (20 g,
0.074 mol, 50%).

2-(tert-Butoxycarbonyl)-2-azaspiro[4.4]nonane-1-carboxylic acid (7d)

7 Steps yield: 20 g, 0.074 mol, 7.9%. Light-beige powder. Mp: 138-141 °C. H
NMR (400 MHz, DMSO-dg): & 12.50 (s, 1H), 3.76 — 3.69 (m, 1H), 3.49 —3.39 (m, 1H),
3.31-3.16 (m, 1H), 1.82 (dq, /=20.1,9.8,9.3 Hz, 1H), 1.71-1.47 (m, 8H), 1.45-1.23
(m, 10H) ppm. 3C{*H} NMR (126 MHz, DMSO-d¢): 6 179.41, 178.58, 156.02, 155.24,
81.44, 81.25, 68.81, 68.20, 54.83, 53.88, 46.53, 46.22, 39.79, 39.75, 36.75, 36.07,
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34.63, 34.50, 29.57, 29.43, 25.19, 24.81 ppm. LCMS: [M - H]™ 268.2. Anal. Calcd for
C14aH23NO4, %: C62.43,H 8.61, N 5.20. Found, %: C 62.54, H 8.52, N 5.32.
2-(tert-Butoxycarbonyl)-2-azaspiro[4.5]decane-1-carboxylic acid (7e)

Step 1. Synthesis of methyl 1-(cyanomethyl)cyclohexane-1-carboxylate (9e)

Diisopropylamine (155.6 mL, 1.1 mol) was dissolved in dry THF (1.5 L), the
solution was cooled to -78°C and butyl lithium (440 mL, 16% solution in hexane, 1.10
mol) was added in one portion. The reaction mixture was stirred for 30 minutes
at -20°C. Then a solution of methyl cyclohexanecarboxylate (8e) (120 g, 0.84 mol) in
dry THF (100 mL) was added dropwise at -78°C, and the resulting mixture was stirred
at -78°C for 1 hour. After that, a solution of bromoacetonitrile (70.5 mL, 1.00 mol) in
dry THF (100 mL) was added dropwise at -78°C, and the reaction mixture was warmed
to room temperature and left to stir for 16 hours. Upon completion, the reaction mass
was cooled to 0°C and an aqueous solution of ammonium chloride (300 mL) was
added dropwise. The reaction mixture was poured into ethyl acetate, and the organic
phase was separated. The water fraction was additionally washed with ethyl acetate
and the combined organic layers were dried over sodium sulfate and concentrated in
vacuo. The residue was purified by flash chromatography (hexane/ethyl acetate 5:1)
to give methyl 1-(cyanomethyl)cyclohexanecarboxylate (9e) (90 g, 0.497 mol, 59%).

Step 2. Synthesis of 2-azaspiro[4.5]decan-1-one (10e)

Freshly prepared Raney nickel (40 g) was placed in an autoclave, then a solution
of methyl 1-(cyanomethyl)cyclohexanecarboxylate (9e) (90 g, 0.497 mol) in
methanol/ammonia (1.8 L) was added and the reaction mixture was stirred in the
autoclave at room temperature for two days under H, pressure of 50 atm. After that,
the reaction mixture was filtered, the filtrate was concentrated under reduced
pressure to obtain 2-azaspiro[4.5]decane-1-one (10e) (65.6 g, 0.428 mol, 86%).

White crystalline powder. *H NMR (500 MHz, CDCls): 6 6.05 (s, 1H), 3.30 (t, J =
6.9 Hz, 2H), 2.03 (t, /=6.9 Hz, 2H), 1.75-1.60 (m, 5H), 1.49—-1.41 (m, 2H), 1.38 — 1.25
(m, 3H) ppm. GCMS: [M]** 153. Anal. Calcd for CsH1sNO, %: C 70.55, H 9.87, N 9.14.
Found, %: C 70.39, H9.94, N 9.20.

Step 3. Synthesis of tert-butyl 1-oxo-2-azaspiro[4.5]decane-2-carboxylate (11e)

2-Azaspiro[4.5]decane-1-one (10e) (65.6 g, 0.428 mol) was dissolved in dry
dichloromethane (700 mL), then triethylamine (89.5 mL, 0.64 mol) and DMAP (5.23 g,
0.043 mol) were added. After that the reaction mixture was cooled in an ice bath and
Boc,0 (118.0 mL, 0.51 mol) was added dropwise. The resulting mixture was stirred at
room temperature for 16 hours, then washed with a saturated solution of sodium
chloride and solution of sodium hydrogen sulfate, dried over sodium sulfate and
concentrated in vacuo to obtain tert-butyl 1-oxo-2-azaspiro[4.5]decane-2-
carboxylate (11e) (71.3 g, 0.28 mol, 65%).

Step 4. Synthesis of tert-butyl 1-hydroxy-2-azaspiro[4.5]decane-2-carboxylate
(12e)
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tert-Butyl 1-oxo-2-azaspiro[4.5]decane-2-carboxylate (11e) (71.3 g, 0.28 mol)
was dissolved in dry THF (1.4 L), the solution was cooled to -78°C. While keeping the
temperature lithium triethylborohydride (238.5 mL, 15% solution in hexane, 0.338
mol) was slowly added, and the resulting mixture was stirred at -78°C for 30 minutes.
A saturated solution of sodium carbonate (89.5 g, 0.844 mol) was added dropwise at
-78°C, the internal temperature was raised to 0°C followed by dropwise adding 30%
hydrogen peroxide (31.3 mL). The reaction mixture was stirred for 30 minutes and
poured into ethyl acetate. The organic layer was separated, dried over sodium sulfate
and concentrated under reduced pressure to obtain crude tert-butyl 1-hydroxy-2-
azaspiro[4.5]decane-2-carboxylate (12e) (70 g, 0.274 mol, 98%).

Step 5. Synthesis of tert-butyl 1-cyano-2-azaspiro[4.5]decane-2-carboxylate
(13e)

tert-Butyl 1-hydroxy-2-azaspiro[4.5]decane-2-carboxylate (12e) (70 g, 0.274
mol) and trimethylsilyl cyanide (85.7 mL, 0.685 mol) were mixed in dry
dichloromethane (1.1 L), the mixture was cooled to -78°C and to boron trifluoride
etherate (103.7 mL, 0.82 mol) was added dropwise to the reaction mixture. The
content was stirred at -78°C for 4 hours. Then keeping the same temperature a
saturated solution of sodium carbonate (87.2 g, 0.82 mol) was added dropwise, the
temperature was raised to room temperature, and the reaction mixture was poured
into a mixture of dichloromethane and water. The organic layer was separated, dried
over sodium sulfate and concentrated under reduced pressure to afford tert-butyl 1-
cyano-2-azaspiro[4.5]decane-2-carboxylate (13e) (60 g, 0.227 mol, 83%).

Step 6. Synthesis of 2-azaspiro[4.5]decane-1-carboxylic acid hydrochloride (14e)

tert-Butyl 1-cyano-2-azaspiro[4.5]decane-2-carboxylate (13e) (60 g, 0.227 mol)
was suspended in 35% aqueous hydrochloric acid solution (800 mL) and the reaction
mixture was refluxed for 16 hours. Upon completion, the reaction mixture was
cooled, and washed with MTBE (2x300 mL). The aqueous layer was separated,
concentrated in vacuo, and the residue of 2-azaspiro[4.5]decane-1-carboxylic acid
hydrochloride (14e) (50 g, 0.227 mol, 100%) was used in the next step without
purification.

Step 7. Synthesis of 2-(tert-butoxycarbonyl)-2-azaspiro[4.5]decane-1-carboxylic
acid (7e)

2-Azaspiro[4.5]decane-1-carboxylic acid hydrochloride (14e) (50 g, 0.227 mol)
was dissolved in the dioxane/water mixture (500/250 mL), then potassium carbonate
(94.4 g, 0.68 mol) was added portionwise to the reaction mixture followed by Boc,0O
(62.8 mL, 0.273 mol) dropwise. The reaction mass was stirred at room temperature
for 16 hours. Upon completion, the resulting mixture was poured into water (400 mL),
washed with MTBE (2x200 mL). The aqueous layer was separated, acidified with
sodium hydrogen sulfate (95.6 g, 0.79 mol), and extracted with ethyl acetate (2x300
mL). The organic fraction was dried over sodium sulfate and concentrated in vacuo to
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furnish 2-(tert-butoxycarbonyl)-2-azaspiro[4.5]decane-1-carboxylic acid (7e) (36 g,
0.127 mol, 56%).

2-(tert-Butoxycarbonyl)-2-azaspiro[4.5]decane-1-carboxylic acid (7e)

7-Steps yield: 36 g, 0.13 mol, 15.1%. Beige powder. Mp: 154-157 °C. *H NMR
(400 MHz, CDCl3): 6 4.10—-3.88 (m, 1H), 3.66 —3.50 (m, 1H), 3.39(dq, /=18.7,9.1 Hz,
1H), 1.92-1.76 (m, 2H), 1.69 —1.31 (m, 19H) ppm, CO,H proton is in exchange. 3C{*H}
NMR (151 MHz, CDCls): 6 178.19,177.49, 154.94,154.22,80.25, 79.99, 68.69, 67.87,
46.41, 45.35, 44.59, 44.34, 35.55, 35.44, 33.06, 33.00, 28.42, 28.26, 25.81, 22.92,
22.66 ppm. LCMS: [M - H]” 282.1. Anal. Calcd for CisH2sNO4, %: C 63.58,H 8.89, N 4.94.
Found, %: C 63.72, H8.93, N 4.80.

2-(tert-Butoxycarbonyl)-8,8-difluoro-2-azaspiro[4.5]decane-1-carboxylic acid
(7)

Step 1. Synthesis of methyl 1-(cyanomethyl)-4,4-difluorocyclohexane-1-
carboxylate (9f)

Diisopropylamine (140 mL, 0.98 mol) was dissolved in dry THF (1.4 L), the
solution was cooled to-78°C and butyl lithium (394.3 mL, 16% solution in hexane, 0.98
mol) was added in one portion. The reaction mixture was stirred for 30 minutes
at -20°C. Then a solution of methyl 4,4-difluorocyclohexane-1-carboxylate (8f) (135 g,
0.757 mol) in dry THF (100 mL) was added dropwise at -78°C, and the resulting
mixture was stirred at -78°C for 1 hour. After that, a solution of bromoacetonitrile
(63.3 mL,0.91 mol) in dry THF (100 mL) was added dropwise at -78°C, and the reaction
mixture was warmed to room temperature and left to stir for 16 hours. Upon
completion, the reaction mass was cooled to 0°C and an aqueous solution of
ammonium chloride (300 mL) was added dropwise. The reaction mixture was poured
into ethyl acetate, and the organic phase was separated. The water fraction was
additionally washed with ethyl acetate and the combined organic layers were dried
over sodium sulfate and concentrated in vacuo. The residue was purified by flash
chromatography (hexane/ethyl acetate 5:1) to give methyl 1-(cyanomethyl)-4,4-
difluorocyclohexane-1-carboxylate (9f) (66 g, 0.304 mol, 40%).

Step 2. Synthesis of 8,8-difluoro-2-azaspiro[4.5]decan-1-one (10f)

Freshly prepared Raney nickel (25 g) was placed in an autoclave, then a solution
of methyl 1-(cyanomethyl)-4,4-difluorocyclohexane-1-carboxylate (9f) (66 g, 0.304
mol) in methanol/ammonia (1.3 L) was added and the reaction mixture was stirred in
the autoclave at room temperature for two days under H; pressure of 50 atm. After
that, the reaction mixture was filtered, the filtrate was concentrated under reduced
pressure to obtain 8,8-difluoro-2-azaspiro[4.5]decan-1-one (10f) (40 g, 0.211 mol,
69%).

White crystalline powder. *H NMR (500 MHz, CDCls): 6 6.05 (s, 1H), 3.30 (t, J =
6.9 Hz, 2H), 2.03 (t, /=6.9 Hz, 2H), 1.75-1.60 (m, 5H), 1.49—-1.41 (m, 2H), 1.38 — 1.25
(m, 3H) ppm. GCMS: [M]** 153. Anal. Calcd for CsH1sNO, %: C 70.55, H 9.87, N 9.14.
Found, %: C 70.39, H9.94, N 9.20.
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Step 3. Synthesis of tert-butyl 8,8-difluoro-1-oxo-2-azaspiro[4.5]decane-2-
carboxylate (11f)

8,8-Difluoro-2-azaspiro[4.5]decan-1-one (10f) (40 g, 0.211 mol) was dissolved
in dry dichloromethane (400 mL), then triethylamine (44.2 mL, 0.32 mol) and DMAP
(2.6 g, 0.021 mol) were added. After that the reaction mixture was cooled in an ice
bath and Boc;0 (58.34 mL, 0.25 mol) was added dropwise. The resulting mixture was
stirred at room temperature for 16 hours, then washed with a saturated solution of
sodium chloride and 10% solution of sodium hydrogen sulfate (2x300 mL), dried over
sodium sulfate and concentrated in vacuo to obtain tert-butyl 8,8-difluoro-1-oxo-2-
azaspiro[4.5]decane-2-carboxylate (11f) (55 g, 0.19 mol, 90%).

Step 4. Synthesis of tert-butyl 8,8-difluoro-1-hydroxy-2-azaspiro[4.5]decane-2-
carboxylate (12f)

tert-Butyl 8,8-difluoro-1-oxo-2-azaspiro[4.5]decane-2-carboxylate (11f) (55 g,
0.19 mol) was dissolved in dry THF (1.1 L), the solution was cooled to -78°C. While
keeping the temperature, lithium triethylborohydride (120.8 mL, 20% solution in THF,
0.228 mol) was slowly added, and the resulting mixture was stirred at -78°C for 30
minutes. A saturated solution of sodium carbonate (60.4 g, 0.57 mol) was added
dropwise at -78°C, the internal temperature was raised to 0°C followed by dropwise
adding 30% hydrogen peroxide (21.1 mL). The reaction mixture was stirred for
additional 30 minutes and poured into ethyl acetate. The organic layer was separated,
dried over sodium sulfate and concentrated under reduced pressure to obtain crude
tert-butyl 8,8-difluoro-1-hydroxy-2-azaspiro[4.5]decane-2-carboxylate (12f) (53 g,
0.182 mol, 96%).

Step 5. Synthesis of tert-butyl 1-cyano-8,8-difluoro-2-azaspiro[4.5]decane-2-
carboxylate (13f)

tert-Butyl 8,8-difluoro-1-hydroxy-2-azaspiro[4.5]decane-2-carboxylate (12f)
(53 g, 0.182 mol) and trimethylsilyl cyanide (56.9 mL, 0.45 mol) were mixed in dry
dichloromethane (0.8 L), the mixture was cooled to -78°C and to boron trifluoride
etherate (68.85 mL, 0.54 mol) was added dropwise to the reaction mixture. The
content was stirred at -78°C for 4 hours. Then while keeping the same temperature a
saturated solution of sodium carbonate (96.4 g, 0.91 mol) was added dropwise, the
temperature was raised to room temperature, and the reaction mixture was poured
into a mixture of dichloromethane and water. The organic layer was separated, dried
over sodium sulfate and concentrated under reduced pressure to afford crude tert-
butyl 1-cyano-8,8-difluoro-2-azaspiro[4.5]decane-2-carboxylate (13f) (46 g).

Step 6. Synthesis of 8,8-difluoro-2-azaspiro[4.5]decane-1-carboxylic acid
hydrochloride (14f)

tert-Butyl 1-cyano-8,8-difluoro-2-azaspiro[4.5]decane-2-carboxylate (13f) from
the previous step (46 g) was suspended in acetic acid (30.6 mL, 0.536 mol) followed
by slow addition of 35% aqueous hydrochloric acid solution (320 mL, 3.06 mol) and
the reaction mixture was heated overnight at 95°C. Upon completion, the reaction
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mixture was cooled, a precipitate formed was filtered off giving crude 8,8-difluoro-2-
azaspiro[4.5]decane-1-carboxylic acid hydrochloride (14f) (24 g, 0.094 mol) that was
used in the next step without purification.

Step 7. Synthesis of 2-(tert-butoxycarbonyl)-8,8-difluoro-2-
azaspiro[4.5]decane-1-carboxylic acid (7f)

8,8-Difluoro-2-azaspiro[4.5]decane-1-carboxylic acid hydrochloride (14f) (24 g,
0.094 mol) was dissolved in a dioxane/water mixture (240/120 mL), then potassium
carbonate (39 g, 0.281 mol) was added portionwise to the reaction mixture followed
by Boc;O (26.6 mL, 0.122 mol) dropwise. The reaction mass was stirred at room
temperature for 16 hours. Upon completion, the resulting mixture was poured into
water (300 mL), washed with MTBE (2x200 mL). The aqueous layer was separated,
acidified with sodium hydrogen sulfate (39.4 g, 0.33 mol), and extracted with ethyl
acetate (2x200 ml). The organic fraction was dried over sodium sulfate and
concentrated in vacuo to furnish  2-(tert-butoxycarbonyl)-8,8-difluoro-2-
azaspiro[4.5]decane-1-carboxylic acid (7f) (20 g, 0.063 mol, 67%).

2-(tert-Butoxycarbonyl)-8,8-difluoro-2-azaspiro[4.5]decane-1-carboxylic acid
(7)

7-Steps vyield: 20 g, 0.06 mol, 8.3%. White powder. Mp: 164-167 °C. *H NMR
(500 MHz, CDCl3): 64.19-3.97 (m, 1H), 3.74 - 3.56 (m, 1H), 3.42 (dt, J =18.7, 9.1 Hz,
1H),2.21-1.56(m, 10H), 1.51 —1.35(m, 9H) ppm, CO,H proton is in exchange. 3C{*H}
NMR (151 MHz, CDCls): 6 177.36,176.58, 154.96, 154.04, 80.74, 80.58, 66.87, 65.92,
44.97,44.35,44.15,43.93,33.94,32.79,31.43,30.88,30.49, 29.31, 28.38, 28.24 ppm.
LCMS: [M - H]” 318.2. Anal. Calcd for CisH23F2NO4, %: C 56.42, H 7.26, N 4.39. Found,
%: C56.31,H7.33, N4.29.

2-(tert-Butoxycarbonyl)-8-oxa-2-azaspiro[4.5]decane-1-carboxylic acid (7g)

Step 1. Synthesis of methyl 4-(cyanomethyl)tetrahydro-2H-pyran-4-carboxylate
(9g)

Diisopropylamine (153 mL, 1.08 mol) was dissolved in dry THF (1.5 L), the
solution was cooled to -78°C and butyl lithium (433 mL, 16% solution in hexane, 1.08
mol) was added in one portion. The reaction mixture was stirred for 30 minutes
at -20°C. Then a solution of methyl tetrahydro-2H-pyran-4-carboxylate (8g) (120 g,
0.83 mol) in dry THF (100 mL) was added dropwise at -78°C, and the resulting mixture
was stirred at -78°C for 1 hour. After that, a solution of bromoacetonitrile (70.5 mL,
1.00 mol) in dry THF (100 mL) was added dropwise at -78°C, and the reaction mixture
was warmed to room temperature and left to stir for 16 hours. Upon completion, the
reaction mass was cooled to 0°Cand an aqueous solution of ammonium chloride (300
mL) was added dropwise. The reaction mixture was poured into ethyl acetate, and
the organic phase was separated. The water fraction was additionally washed with
ethyl acetate and the combined organic layers were dried over sodium sulfate and
concentrated in vacuo. The residue was purified by flash chromatography
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(hexane/ethyl acetate 5:1) to give methyl 4-(cyanomethyl)tetrahydro-2H-pyran-4-
carboxylate (9g) (66 g, 0.36 mol, 43%).

Step 2. Synthesis of 8-oxa-2-azaspiro[4.5]decan-1-one (10g)

Freshly prepared Raney nickel (25 g) was placed in an autoclave, then a solution
of methyl 4-(cyanomethyl)tetrahydro-2H-pyran-4-carboxylate (9g) (66 g, 0.36 mol) in
methanol/ammonia (1.3 L) was added and the reaction mixture was stirred in the
autoclave at room temperature for two days under H, pressure of 50 atm. After that,
the reaction mixture was filtered, the filtrate was concentrated under reduced
pressure to obtain 8-oxa-2-azaspiro[4.5]decan-1-one (10g) (48 g, 0.31 mol, 86%).

Step 3. Synthesis of tert-butyl 1-oxo-8-oxa-2-azaspiro[4.5]decane-2-carboxylate
(11g)

8-Oxa-2-azaspiro[4.5]decan-1-one (10g) (48 g, 0.31 mol) was dissolved in dry
dichloromethane (500 mL), then triethylamine (64.6 mL, 0.46 mol) and DMAP (3.78 g,
0.03 mol) were added. After that the reaction mixture was cooled in an ice bath and
Boc,0 (78.0 mL, 0.34 mol) was added dropwise. The resulting mixture was stirred at
room temperature for 16 hours, then washed with a saturated solution of sodium
chloride and 10% solution of sodium hydrogen sulfate (2x300 mL), dried over sodium
sulfate and concentrated in vacuo to obtain tert-butyl 1-oxo-8-oxa-2-
azaspiro[4.5]decane-2-carboxylate (11g) (74 g, 0.29 mol, 94%).

Step 4. Synthesis of tert-butyl 1-hydroxy-8-oxa-2-azaspiro[4.5]decane-2-
carboxylate (12g)

tert-Butyl 1-oxo-8-oxa-2-azaspiro[4.5]decane-2-carboxylate (11g) (74 g, 0.29
mol) was dissolved in dry THF (1.5 L), the solution was cooled to -78°C. While keeping
the temperature, lithium triethylborohydride (368 mL, 10% solution in THF, 0.35 mol)
was slowly added, and the resulting mixture was stirred at -78°C for 30 minutes. A
saturated solution of sodium carbonate (92.1 g, 0.87 mol) was added dropwise
at-78°C, the internal temperature was raised to 0°C followed by dropwise adding 30%
hydrogen peroxide (32.2 mL). The reaction mixture was stirred for 30 minutes and
poured into ethyl acetate. The organic layer was separated, dried over sodium sulfate
and concentrated under reduced pressure to obtain crude tert-butyl 1-hydroxy-8-oxa-
2-azaspiro[4.5]decane-2-carboxylate (12g) (80 g, 0.31 mol, 107%).

Step 5. Synthesis of tert-butyl 1-cyano-8-oxa-2-azaspiro[4.5]decane-2-
carboxylate (13g)

tert-Butyl 1-hydroxy-8-oxa-2-azaspiro[4.5]decane-2-carboxylate (12g) (80 g,
0.31 mol) and trimethylsilyl cyanide (97.2 mL, 0.777 mol) were mixed in dry
dichloromethane (1.3 L), the mixture was cooled to -78°C and to boron trifluoride
etherate (117.6 mL, 0.93 mol) was added dropwise to the reaction mixture. The
content was stirred at -78°C for 4 hours. Then keeping the same temperature a
saturated solution of sodium carbonate (131.8 g, 1.24 mol) was added dropwise, the
temperature was raised to room temperature, and the reaction mixture was poured
into a mixture of dichloromethane and water. The organic layer was separated, dried
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over sodium sulfate and concentrated under reduced pressure to afford crude tert-
butyl 1-cyano-8-oxa-2-azaspiro[4.5]decane-2-carboxylate (13g) (71 g).

Step 6. Synthesis of 8-oxa-2-azaspiro[4.5]decane-1-carboxylic  acid
hydrochloride (14g)

tert-Butyl 1-cyano-8-oxa-2-azaspiro[4.5]decane-2-carboxylate (13g) (71 g) was
suspended in 35% aqueous hydrochloric acid solution (1.2 L) and the reaction mixture
was refluxed for 16 hours. Upon completion, the reaction mixture was cooled, and
washed with MTBE (2x300 mL). The aqueous layer was separated, concentrated in
vacuo, and the residue of 8-oxa-2-azaspiro[4.5]decane-1-carboxylic acid
hydrochloride (14g) (59 g, 0.266 mol) was used in the next step without purification.

Step 7. Synthesis of 2-(tert-butoxycarbonyl)-8-oxa-2-azaspiro[4.5]decane-1-
carboxylic acid (7g)

8-0Oxa-2-azaspiro[4.5]decane-1-carboxylic acid hydrochloride (14g) (59 g, 0.266
mol) was dissolved in the dioxane/water mixture (590/295 mL), then potassium
carbonate (92 g, 0.665 mol) was added portionwise to the reaction mixture followed
by Boc;O (73.45 mL, 0.32 mol) dropwise. The reaction mass was stirred at room
temperature for 16 hours. Upon completion, the resulting mixture was poured into
water (500 mL), washed with MTBE (2x200 mL). The aqueous layer was separated,
acidified with sodium hydrogen sulfate (95.8 g, 0.80 mol), and extracted with ethyl
acetate (2x300 ml). The organic fraction was dried over sodium sulfate and
concentrated in vacuo to furnish 2-(tert-butoxycarbonyl)-2-azaspiro[4.5]decane-1-
carboxylic acid (7g) (28 g, 0.10 mol, 38%).

2-(tert-Butoxycarbonyl)-8-oxa-2-azaspiro[4.5]decane-1-carboxylic acid (7g)

7-Steps yield: 28 g, 0.10 mol, 12.1%. Beige powder. Mp: 123-125 °C. *H NMR
(500 MHz, CDCls): 6 4.25-4.00 (m, 1H), 3.87 —3.56 (m, 5H), 3.41 (dq, J = 19.3, 10.0,
9.3 Hz, 1H), 2.02 -1.84 (m, 2H), 1.80 — 1.65 (m, 2H), 1.61 — 1.38 (m, 11H) ppm, CO;H
proton is in exchange. ¥C{*H} NMR (126 MHz, CDCls): 6 176.23, 175.55, 154.45,
153.62, 80.08, 79.90, 67.23, 66.16, 64.38, 64.27, 63.96, 43.68, 43.51, 43.42, 42.40,
35.02, 34.98, 32.50, 32.42, 27.89, 27.76 ppm. LCMS: [M - H]™ 284.2. Anal. Calcd for
C14aH23NOs, %: C58.93, H 8.13, N 4.91. Found, %: C 59.07, H 8.04, N 5.02.

1-(tert-Butoxycarbonyl)-3,3-dimethylpyrrolidine-2-carboxylic acid (7h)

Step 1. Synthesis of methyl 3-cyano-2,2-dimethylpropanoate’ (9h)

Diisopropylamine (266 mL, 1.88 mol) was dissolved in dry THF (2.7 L), the
solution was cooled to -70°C and butyl lithium (755 mL, 16% solution in hexane, 1.88
mol) was added dropwise. The reaction mixture was stirred for 30 minutes at -70°C.
Then a solution of methyl isobutyrate (8h) (175 g, 1.71 mol) in dry THF (200 mL) was
added dropwise at -78°C, and the resulting mixture was stirred at -78°C for 45
minutes. After that, a solution of bromoacetonitrile (143.2 mL, 2.05 mol) in dry THF
(200 mL) was added dropwise at -78°C, and the reaction mixture was stirred for 2
hours at -78°C, warmed to room temperature and left to stir overnight. Upon
completion, the reaction mass was cooled to 0°C and an aqueous solution of
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ammonium chloride (300 mL) was added dropwise. The reaction mixture was stirred
for 15 minutes, the THF layer was separated and the water phase was twice extracted
with ethyl acetate. Combined organic layers were dried over sodium sulfate and
concentrated in vacuo. The residue was dispersed in a water/CH,Cl, mixture, organic
phase was separated, dried over sodium sulfate and concentrated in vacuo giving
methyl 3-cyano-2,2-dimethylpropanoate (9h) (155 g, 1.1 mol, 64%).

Colorless liquid. *H NMR (500 MHz, CDCls): 6 3.74 (s, 3H), 2.60 (s, 2H), 1.37 (s,
6H) ppm. GCMS: [M]** 141, [M-CO,Me]* 82 (100%). Anal. Calcd for C;H11NO,, %: C
59.56, H 7.85, N 9.92. Found, %: C 59.43, H7.91, N 9.81.

Step 2. Synthesis of 3,3-dimethylpyrrolidin-2-one’ (10h)

Freshly prepared Raney nickel (65 g) was placed in an autoclave, then a solution
of methyl 3-cyano-2,2-dimethylpropanoate (9h) (155 g 1.1 mol) in
methanol/ammonia (3.1 L) was added and the reaction mixture was stirred in the
autoclave at room temperature for two days under H, pressure of 50 atm. After that,
the reaction mixture was filtered, the filtrate was concentrated under reduced
pressure to obtain 3,3-dimethylpyrrolidin-2-one (10h) (113 g, 1.0 mol, 91%).

Step 3. Synthesis of tert-Butyl 3,3-dimethyl-2-oxopyrrolidine-1-carboxylate’
(11h)

3,3-Dimethylpyrrolidin-2-one (10h) (113 g, 1.0 mol) was dissolved in dry
dichloromethane (1.7 L), then triethylamine (281 mL, 2.01 mol) and DMAP (6.15 g,
0.05 mol) were added. After that the reaction mixture was cooled in an ice bath and
Boc,0 (254.3 mL, 1.11 mol) was added dropwise. The resulting mixture was stirred at
room temperature for 16 hours, then washed with a saturated solution of sodium
chloride and 10% solution of sodium hydrogen sulfate (2x850 mL), dried over sodium
sulfate and concentrated in vacuo to obtain tert-butyl 3,3-dimethyl-2-oxopyrrolidine-
1-carboxylate (11h) (185 g, 0.87 mol, 87%).

Step 4. Synthesis of tert-butyl 2-hydroxy-3,3-dimethylpyrrolidine-1-carboxylate
(12h)

tert-Butyl 3,3-dimethyl-2-oxopyrrolidine-1-carboxylate (11h) (185 g, 0.87 mol)
was dissolved in dry THF (600 mL), the solution was cooled to -78°C under argon
atmosphere. While keeping the temperature, lithium triethylborohydride (1.0 L, 10%
solution in THF, 0.98 mol) was slowly added, and the resulting mixture was stirred at
-78°C for 30 minutes. A saturated solution of sodium hydrogen carbonate (1700 mL)
was carefully added dropwise at -78°C, the internal temperature was raised to 0°C
followed by dropwise adding 30% hydrogen peroxide (87 mL) keeping the
temperature around 0°C. The reaction mixture was allowed to attain to room
temperature, stirred for 30 minutes and poured into ethyl acetate. The organic layer
was separated and the water fraction was washed with ethyl acetate. The combined
ethyl acetate fraction was washed with brine, dried over sodium sulfate and
concentrated under reduced pressure to obtain tert-butyl 2-hydroxy-3,3-
dimethylpyrrolidine-1-carboxylate (12h) (161 g, 0.75 mol, 86%).
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Step 5. Synthesis of tert-butyl 2-cyano-3,3-dimethylpyrrolidine-1-carboxylate
(13h)

tert-Butyl 2-hydroxy-3,3-dimethylpyrrolidine-1-carboxylate (12h) (161 g, 0.75
mol) and trimethylsilyl cyanide (181.5 mL, 1.45 mol) were mixed in dry
dichloromethane (2.5 L), the mixture was cooled to -78°C and to boron trifluoride
etherate (218.3 mL, 1.73 mol) was added dropwise to the reaction mixture. The
content was stirred at -78°C for 4 hours. Then keeping the same temperature a
saturated solution of sodium carbonate (244.5 g, 2.30 mol) was added dropwise, the
temperature was raised to room temperature, and the reaction mixture was poured
into a mixture of dichloromethane and water. The organic layer was separated, dried
over sodium sulfate and concentrated under reduced pressure to afford tert-butyl 2-
cyano-3,3-dimethylpyrrolidine-1-carboxylate (13h) (137 g, 0.61 mol, 81%).

Step 6. Synthesis of 3,3-dimethylpyrrolidine-2-carboxylic acid hydrochloride
(14h)

tert-Butyl 2-cyano-3,3-dimethylpyrrolidine-1-carboxylate (13h) (137 g, 0.61
mol) was suspended in 35% aqueous hydrochloric acid solution (2.1 L) and the
reaction mixture was refluxed for 16 hours. Upon completion, the reaction mixture
was cooled, and washed with MTBE (2x450 mL). The aqueous layer was separated,
concentrated in vacuo, and the residue of 3,3-dimethylpyrrolidine-2-carboxylic acid
hydrochloride (14h) (97 g, 0.54 mol, 89%) was used in the next step without
purification.

Step 7. Synthesis 1-(tert-butoxycarbonyl)-3,3-dimethylpyrrolidine-2-carboxylic
acid (7h)

3,3-Dimethylpyrrolidine-2-carboxylic acid hydrochloride (14h) (97 g, 0.54 mol)
was dissolved in the dioxane/water mixture (1200/600 mL), then potassium
carbonate (186 g, 1.35 mol) was added portionwise to the reaction mixture followed
by Boc,O (151.50 mL, 0.66 mol) dropwise. The reaction mass was stirred at room
temperature for 16 hours. Upon completion, the resulting mixture was poured into
water (1.2 L), washed with MTBE (2x450 mL). The aqueous layer was separated,
acidified with sodium hydrogen sulfate (180 g, 1.50 mol), and extracted with ethyl
acetate (2x750 mL). The organic fraction was dried over sodium sulfate and
concentrated in vacuo to furnish 1-(tert-butoxycarbonyl)-3,3-dimethylpyrrolidine-2-
carboxylic acid (7g) (95 g, 0.39 mol, 72%).

1-(tert-Butoxycarbonyl)-3,3-dimethylpyrrolidine-2-carboxylic acid (7h)

7-Steps yield: 95 g, 0.39 mol, 22.8%. White powder. Mp: 101-103 °C. 'H NMR
(400 MHz, CDCls): 6 10.14 (s, 1H), 3.96 - 3.81 (m, 1H), 3.68 — 3.54 (m, 1H), 3.53 — 3.37
(m, 1H), 1.96 —1.80 (m, 1H), 1.68 — 1.58 (m, 1H), 1.49—1.37 (m, 9H), 1.18 (s, 3H), 1.10
(s, 3H) ppm. B3C{*H} NMR (101 MHz, CDClz): 6§ 178.02,177.24, 154.87,154.18, 80.34,
80.10, 69.14, 68.59, 45.22, 44.90, 42.40, 41.37, 38.09, 37.47, 28.41, 28.25, 27.87,
23.66 ppm. LCMS: [M - H]~ 242.0. Anal. Calcd for C1;H21NO4, %: C59.24,H 8.70, N 5.76.
Found, %: C 59.11, H8.81, N 5.73.
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Preparative procedure for the synthesis of 3-spiro proline hydrochlorides
14a,b,d-h

Corresponding N-Boc protected carboxylic acid 7 was dissolved in a small
amount of dioxane and then 3-fold excess of 4M HCI solution in dioxane was added.
The mixture was allowed to stir overnight at room temperature. After MTBE was
added and the mixture was additionally stirred for 10 min. The formed precipitate
was filtered off, washed with MTBE providing the title salts.

Synthesis of 3-spiro pyroglutamic acids 16b,c

Starting ester 4 (1.0 equiv) was placed in a flask containing 1:1 (v/v)
ethanol/water mixture (5 mL per 1 mmol of 4). Then potassium carbonate (2.0 equiv)
was added and the mixture was refluxed for 3 hours. After, it was cooled to room
temperature and acidified with 35% HCl to pH 1. A precipitate formed was filtered off,
washed with water and dried in air affording the title acids.
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