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Abstract

Aim. To share our experience when working with the Pd-catalyzed hydrogenation and discuss reactions occurred contrary to
our expectations, as well as express our vision of the causes for such an unusual reactivity.

Results and discussion. Catalysis is a key technology and among the central themes of both petrochemical and fine chemical
industries. Although extremely useful and reliable, it can sometimes astonish researchers. The paper discusses 17 intriguing
cases of the catalytic hydrogenation and hydrogenolysis reactions from our practice in the High-pressure Synthesis Laboratory
(Enamine Ltd.). All examples presented are characterized by peculiar performance of commercially sourced heterogeneous
palladium-containing catalysts (Pd/C or Pd(OH),). Thus, some cases were characterized by reduced activity of the catalyst (or
even its complete loss), meaning that reaction conditions found before to be suitable for reduction appeared to be “broken”,
and we had to search for a new, often harsher reaction setup. Curiously, it is a matter of classical Pd-catalyzed hydrogena-
tions of N*-O~ and C=C fragments. Apparently, these results indicate the heterogeneity of commercially available catalysts
and are related to their fine internal structure, in particular the surface morphology. Another interesting issue the article
deals with is chemoselectivity of the catalytic hydrogenation. Sometimes some reactions led to astonishing results going
across theoretical views and expectations. Saturation of benzene rings instead of (or accompanying) debenzylation, breaking
of the common order of hydrogenation for compounds containing several aromatic parts with different resonance energies,
irreproducible experiment, obtaining of different products under the same conditions, uncommon results of Pd-catalyzed
reactions is the list of interesting results, which we observed and discussed in the article. Analyzing the information available in
the literature and considering all the results gathered we tend to believe that the presence of impurities of noble metals (Rh, Ru,
Pt) in the catalysts used to be a possible reason for these strange findings. The study supports the general idea that commercial
palladium catalysts differ in efficiency, resulting in significant differences in selectivity, reaction time, and yields. Elucidating the
regularities behind such empirical results is undoubtedly an interesting area of research in the field of catalysis.

Experimental part. All starting compounds exposed to hydrogenation were synthesized in Enamine Ltd. and had purity of not
less than 95 %. The palladium-containing catalysts used in the experiment were purchased from 6 commercial sources within
2011-2022. The structure and purity of the compounds synthesized were characterized by *H NMR spectroscopy, liquid
chromatography coupled with the mass spectrometry method, elemental analysis. Chromatographic experiments revealed
the purity of all compounds obtained being not less than 95 %.

Conclusions. In the paper we have summarized our experience with the Pd-catalyzed hydrogenation and presented cases of unu-
sual reactivity or unexpected outcomes of the reactions encountered in our practice. In general, complications we faced were of
three types: (1) irreproducibility of the procedures most likely as the result of a changeable activity of the catalysts; (2) chemoselec-
tivity issues when two or multireducible functional groups were present in the substrate; (3) undesirable Pd-catalyzed defunction-
alization reactions. In turn, these complications led to increase in production costs, loss of time and resources. Therefore, because
of this variability in the efficiency of Pd catalysts, far more efforts are required to find out the key differences between commercial
sources of Pd catalysts, as well as to create protocols clearly defining the catalytic activity of each batch of the catalyst allowing to
identify high-quality catalysts immediately prior to the use without wasting precious time and synthetic materials.
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baraTtorpaHHe BigHOB/NIEHHA, KaTaNi30BaHe KOMepPLiiiHO AOCTYNHUM Nasajiem: NOrNA4 Ha peakuito
i3 NpaKTU4HOro poceiay
AHoTaUin
Merta. MeToto cTaTTi 6yn10 noginntnca Hawmm focsigom poboTu 3 Pd-kaTanizoBaHUM rigpyBaHHAM i 0B6roBopuTH peakLii,
Lo BifbyBanMcA Bcynepey HalMM OYiKyBaHHAM, a TaKOX BUC/I0BUTU CBOE HauyeHHA NPUYMH TaKoi HE3BMYAMHOI peaKLiiHOT
34aTHOCTI.
Pe3ynbraTtu Ta ix 06roBopeHHs. KaTanis € K1t040OBOI TEXHO/OTIED Ta OAHIEI 3 LIEHTPaIbHMX TeM AK HadTOXiMiIYHOI, TaK i TOHKOT
XimivyHOi npomumcnoBocTi. Xo4a BiH € HaA3BUYAMHO KOPUCHMM i HAZIMHUM NiAXo40M, iHOAI BiH MOXKe AMBYBATM AOCAIAHUKIB.
Y NponoHoBaHii cTaTTi po3rnaHyTo 17 uikaBUX BUNaAKIB peaKLii KaTaniTMYHOro riapyBaHHSA 3 HaWoi NPaKTUKK B JlTabopaTopii
CUHTE3IB Nif, BUCOKMM TUCKOM (HBIM «EHamiH»). Yci HaBeAeHI NPUKNaamM XapaKTepmsyoTbCa CBOEPIAHOM NOBEAIHKOK Komep-
L iHO [LOCTYMHUX reTeporeHHuX nasagieBmicHWx katanisatopis (Pd/C abo Pd(OH),). Tak, AesKi BUNaaKu XxapakTepusyBasmcs 3HW-
YKEHO0 aKTUBHICTIO KaTasizaTopa (abo HaBiTb MOBHOLO Ti BTPATOD). HIIMMM CnoBaMK, YMOBM peakLi, AKi M1 paHile BBaXKaau
NpUAATHUMKN ONA BiAHOBNEHHSA, BUABUINUCA «31aMaHMMMNY, | HAM A0BENOCA LWYKaTU HOBI, 4acTO XOPCTKILLi yMOBM ANA NpoBe-
OeHHsA peakuii. LlikaBo, Wwo moBsa ige npo kKnacuyHe Pd-katanizosaHe rigpysaHHa N*—O~ i C=C ¢pparmeHTis. MeBHO, Li pe3y/bTa-
TW CBiAYaTb NPO PI3HOPIAHICTb KOMEPLAHO AOCTYNHMX KaTani3aTopis i NOB’A3aHI 3 iXHbOK TOHKOH BHYTPILLUHBOK CTPYKTYPOIO,
30Kpema MopdOorierd MOBEPXHi. IHIMM LLiKaBUM MUTAHHAM, BUCBITIEHMM Y CTATTi, € XeMOCENEKTUBHICTb KaTaNiTUYHOTO riapy-
BaHHA. Tak, iHOAj peaKLia NpM3BOAMIa A0 BPAXKAOUMX Pe3y/bTaTiB, WO Cynepeyniv TEOPETUYHUM NOMALAM i OYiKYBaHHAM.
HacrueHHa 6eH301bHUX Kinelb 3amicTb AebeH3nntoBaHHA (abo pa3om i3 HMM), NOPYLLEHHS 3araibHOro NOPAAKY riApyBaHHA 4N1A
CNONYK, AKI MICTATb Ki/lbKa apOMaTUYHMUX YAaCTMH 3 Pi3HOO eHEepPrielo Pe3oHaHCy, HEBIATBOPIOBAHMIN €KCNEPUMEHT, OTPUMAHHSA
Pi3HWMX NPOAYKTIB 32 BUKOPUCTAHHA O4HAKOBUX YMOB, HETUMOBI pe3y/ibTaTu peakLii, KaTanizoBaHmx Pd, — ue cnucoK Tmux pesynb-
TaTiB, AKi MK cnocTepiranu Ta 06roBopPOEMO B CTaTTi. AHaANI3yHOUM HAsABHY B NiTepaTypi iHPpopMaLLito Ta BpaxoByroUM BCi 3ibpaHi
pe3ynbTaTh, MU CXMbHI BBAXKaTU MPUYMHOIO LMX AMBHUX 3HAXiZOK HAABHICTb Y BUKOPUCTAHMX KaTanisaTopax OMILWOK b6aaro-
poaHux meTtanis (Rh, Ru, Pt). locniarkeHHA Hece 3arasibHy igeto Npo Te, Wo KOMEPL,iMHI Nanaaiesi KaTanisaTopu BigpisHAOTLCA 33
edEeKTMBHICTIO, L0 NPU3BOAUTb A0 3HAYHUX BiAMIHHOCTEN Y CENEeKTMBHOCTI, Yaci peakLu,ii Ta BUXozj. 3'acyBaHHA 3aKOHOMIPHOCTEN,
LLLO CTOATb 3@ TaKUMM eMNIPUYHUMM pe3y/ibTaTaMu, 6E3CYMHIBHO, € BaXKIMBMM HaNpAMOM JOCNIAKEHb Y LaPUHi KaTanisy.
EKcnepumeHTasibHa YacTUHA. YCi BUXiAHI CNOMYKM, NiaaaBaHi rigpyBaHHto, 6yno cnHtesoBaHo B TOB « EHamiH». BOHM Manu um-
CTOTY He MeHLwe 95 %. BUKOpUCTOBYBaHI B eKCNEPUMEHTI KaTalisaTopu 3 Nanagiem 6yno 3akynaeHo y 6 KOMepLiiHuX axKepen
ynpopoBx 2011—-2022 pokiB. CTPYKTYpY Ta YACTOTY CUHTE30BaHUX CMOJYK CXapaKkTepmnsoBaHo meTtodamu *H AIMP-cnekTpocKonii,
piAVMHHOI XxpomaTorpadii B NOEAHAHHI 3 MAaC-CMEKTPOMETPUYHUM METOAO0M, e1€eMEHTHOTO aHanidy. XpomatorpadiyHi gocnigm
3aCBiAYMAM, L0 YNCTOTA BCiX OAEePHKaHUX CNOYK CTAHOBUTbL He MmeHLwe 95 %.
BUCHOBKM. Y CTaTTi y3aranbHeHo A0CBig poboTK 3 Pd-KaTanisoBaHWM rigpyBaHHAM i PO3MISHYTO BUNAAKM HE3BMYAHOT pe-
aKTMBHOCTI abo HeouiKyBaHMX pe3ynbTaTiB peakKLii, AKi 3ycTpiyannca B Hallin NpakTULi. 3arasiom yCKNagHeHHs, 3 AKMMU MU
3iTKHYAUCS, 6ynn Tpbox TUNIB: (1) HeBiATBOPIOBaHICTL NpoOLEAYP, HANNEBHILWe, y pe3y/bTaTi BapiaTUBHOI aKTUBHOCTI KaTani-
3aTopiB; (2) Nnpobaemn xeMoCenekTMBHOCTI, Y BUNAAKY NPUCYTHOCTI B cybCTpaTi KiNbKoX GYHKLiOHANbHUX TPYN, 34aTHUX
00 BigHOBNEHHS; (3) HebaxkaHi peaku,ii AedyHKuUioHani3aUil, KaTanizoBaHi Pd. CBOE Yeproto Li ycKAaAHEHHA NPU3BENM 40
36iNbLIEHHA BUTPAT Ha BUPOBHMLTBO, BTPATK Yacy Ta pecypcis. Came yepes TaKy BapiabenbHicTb eheKTUBHOCTI NanasieBunx
KaTanisaTopiB NOTPiOHO 3HAYHO binblie 3ycub, Wob 3’AcyBaTU KAOYOBI BiAMIHHOCTI MiXK KOMepUuinHUMK axkepenamm Pd-
KaTani3aTopiB, a TAKOXK CTBOPUTU NPOTOKON, AKi YITKO BU3HAYAIOTb KaTa/liTUUHY aKTUBHICTb KOXKHOI NapTii KaTanisatopa, Wwo
fo3Bonse ineHTNdiKyBaTM BUCOKOAKTUBHI Pd-KkaTanizatopu 6esnocepegHbo nepes BUKOPUCTAHHAM i He BTpayath 40poro-
LiHHWI Yac Ta CMHTETUYHI maTepianu.
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H Introduction

Catalysis is the most powerful method of con-
trolling and directing chemical reactions, and it
is widely used as a viable avenue for preparing
compounds, which are hard to access by common
catalyst-less approaches. Thus, as of 2002, more
than 70% of industrial processes were catalytic,
and, indeed, the value has only increased over
the years [1]. Moreover, it was estimated that
production of more than 90% of all chemical pro-
ducts requires at least one catalytic step [2].

Undoubtedly, the catalytic hydrogenation (and
hydrogenolysis as well) has an enormous impact
on and constitutes a key technology in petrochemi-
cal, fine chemical, pharmaceutical and environ-
mental industries. The statement is eloquently
supported by two Nobel prizes awarded to Paul
Sabatier (1912, “for his method of hydrogenating
organic compounds in the presence of finely dis-
integrated metals...”), and William S. Knowles
and Ryoji Noyori (2001, “for their work on chi-
rally catalyzed hydrogenation reactions”) [3—5].
A large-scale conversion of benzene to cyclohexa-
ne and the production of L-DOPA, a drug used to
treat Alzheimer’s disease, are instructive exam-
ples of the reaction. Over more than 100 years
numerous catalysts, both homogeneous and he-
terogeneous, have been adjusted to the hydro-
genation though usually most of them contain a
noble-metal core (Au [6], Pt [7], Rh [8], Ru [9], Ir
[10], or Pd [11]) as an active site for the reaction.
As indicated by a patent landscape analysis, the
process of developing new catalysts has accele-
rated over the last 25 years [12]. Thus, starting
from the middle of 1990s more than 1000 patents
have appeared in the scientific field as compared
to only about 500 for the previous 70 years (from
1925 to 1995). It is noteworthy, that the amount
of patents protecting heterogeneous catalysts
increases twice as fast as homogeneous ones.
The fact accounts for advantages of the hetero-
geneous nature of former ones as they are re-
coverable and reusable, hence showing excellent
economy properties, as well as suitable for flow
chemistry processes. Therefore, it is no wonder
that the catalytic hydrogenation occupies about
10—-20% of the reactions used to produce chemi-
cals [13].

In this regard, palladium is probably the most
widely used metal component in the heterogeneous
catalytic hydrogenation with carbon-supported
palladium being a well-established heterogene-
ous catalyst. Thus, the largest number of patent
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families (1753 for the period of 2011-2015) was
identified for palladium. Moreover, this amount
is unceasingly growing [14]. About 75% of mo-
dern industrial hydrogenation processes are car-
ried out in the presence of a Pd/C catalyst [15]
and, no wonder, it is widely applied to the syn-
thesis of various chemicals of industrial and aca-
demic interest [16, 17].

Despite the undoubted progress in develop-
ing catalytic systems in general and Pd-contain-
ing ones in particular, their preparation still in-
volves complex procedures that make it diffi-
cult to obtain a reproducible catalytic body [18].
Thus, the way a heterogeneous catalyst is ma-
nufactured crucially determines its characteris-
tics, e.g. fine structure, surface characteristics,
catalytic activity, selectivity and lifetime. All of
the above results in significant variability in the
efficiency of commercial sources of palladium on
carbon. Such a situation becomes a striking prob-
lem as the determination of catalysts’ features
needed for their effective application is a tedi-
ous, time- and resource-consuming task and ob-
viously cannot be accomplished for each batch
of the catalyst [1, 19]. For this reason, a few at-
tempts have been made to standardize and de-
termine the qualities of carbon-supported palla-
dium aiming to provide an effective tool for the
prediction of the catalyst’s efficiency prior to its
use and to save valuable synthetic material and
time [20—22]. In spite of valuable findings, these
studies did not completely eliminate the problem
as they inherently contained limitations. Among
others, they include awkward procedures and dif-
ficult-to-obtain standard substrates. Moreover,
the methods developed cannot detect the selec-
tivity of Pd catalysts with respect to structural
variations of the substrate. As the result, palla-
dium/carbon catalysts remain a “black box” for
synthetic chemists. Nowadays, familiarizing such
catalysts is essentially a trial-and-error process
requiring extensive testing in order to identify
efficient catalysts, and find out suitable reaction
parameters of short reaction times and high iso-
lated yields.

Hydrogenation and hydrogenolysis are prin-
cipal processes in the production cycle of fine che-
micals existing in our company (High-pressure
Synthesis Laboratory of Enamine Ltd.). Every day
we deal with the hydrogenation of numerous sub-
strates, bur not always successfully. From time to
time we obtain unexpected results varying from
‘conditions found previously do not work’ to ‘how is
it possible for the compound to be obtained here? .

ISSN 2308-8303 (Print) / 2518-1548 (Online)



MKypHan opaaHiyHOi ma dpapmayesmuyHoi ximii 2022, 20 (4)

Often, we get in such a tight spot when switching
from one catalysts’ supplier to another though
we could not deny a contribution of the substrate
peculiarities to the unwanted outcome.

In this article we would like to share our enor-
mous experience of working with the Pd-cataly-
zed hydrogenation, as well as in some cases ex-
press our vision of the reasons of such an odd re-
activity. Nevertheless, this work is not intended
to find out and discuss the fundamentals of hy-
drogenation reactions.

B Results and discussion

The palladium-catalyzed hydrogenation can
be performed with nearly all types of unsatu-
rated bonds. In addition, even single C-O and
C-N bonds can be broken under the Pd catalysis.
The common range of substrates suitable for the
Pd catalysis covers the following 3 groups of or-
ganic compounds: (1) unsaturated hydrocarbons
and (hetero)arenes; (2) carbonyl-containing com-
pounds; (3) classes with nitrogen-containing mul-
tiple bonds. In most of the cases, Pd is either the
most satisfactory or one of the most satisfacto-
ry catalysts. However, one should emphasize here
again that it is a matter of relative rates, the struc-
ture of a Pd catalyst, reaction conditions, and so on.
In this regard, conditions that we found before
to be suitable for reduction (referred to as ‘ini-
tial conditions’ throughout the paper) some-
times appeared to be “broken” so that we had to
search for new, often harsher conditions (‘modi-
fied conditions’).

The first example of conditions no longer wor-
king is given in Scheme 1. It illustrates the com-
plete reduction of a furan moiety to obtain tet-
rahydrofuran derivative 2. Usually, similar reac-
tions proceed readily with a Pd/C catalyst under
mild conditions [23, 24]. As there is no data on
reducing compound 1 we have found out appro-
priate conditions enabling such a transformation
and including 48-hour protocol. Repeating the
reaction later we were stunned by the time re-
quired for 100% conversion of the starting furan

(monitoring by 'H NMR) being 7 times more than
it was determined before. The change is definite-
ly caused by the activity of the catalyst, which,
in turn, is related to its fine internal structure,
most likely another surface morphology. The ob-
servation brings us back to the question of the
reliability and reproducibility of the published
procedures. One should note that compound 2 was
unknown before. Considering the fact that tet-
rahydrofuran-3-carboxylates have been found to
possess valuable biological properties [25, 26]
the approach may provide access to new potent
agents.

Nitrogen-containing multiple bonds are an-
other well-established substrate for the Pd-cata-
lyzed reduction [27]. Thus, the hydrogenation
of compound 3 was already known [28] (Raney
Ni, MeOH, 40°C, 40 atm, 3 h) and was former-
ly used as a step in the synthesis of potential
inotropic agents [29, 30]. Both N-functionalities
underwent reduction simultaneously resulting in
4-amino-3-methoxypyridine (5). Performing the
reaction in the presence of 10% Pd/C we obtained
the same result (Scheme 2). However, this in-
teraction was able to surprise us the next time
when intermediate N-oxide 4 was observed un-
der the same conditions. In open sources, we were
unable to find a similar transformation occurring
with loss of nitro and retaining N-oxide moiety,
apparently due to their close tendency to reduc-
tion. To overcome the problem of the undefined
catalyst activity, we tested various conditions
and found that Pd(OH), gave the desired deriva-
tive 5, and, importantly, the reaction was repro-
ducible. Elucidating the regularities underlying
the partial recovery is undoubtedly an interest-
ing area of research in the field of catalysis.

Scheme 3 depicts another unexpected case
representing the absence of the catalytic acti-
vity of a Pd/C catalyst. Application of the ‘initial
conditions’ led to recovering the starting materi-
al. This may sound weird as palladium displays
an excellent catalytic performance in the hydro-
genation of alkene compounds, even conjugated
and partially aromatic, and serves as a classical

336 h
Me__O Pd/C 10 %, MeOH modified conditions Me_-©O
\ 80°C, 100 atm
o) o)
3 “—Me _48h 3 “Me
initial condtions
1 2

Scheme 1. The furan ring reduction — the reduced catalyst activity
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Pd/C 10 %, MeOH

e 50 °C, 50 atm, 72 h o
(? OMe initial conditions Me OMe
o‘g = I the reaction is inclomplete H2N = 1 ’HZN =z I
N. © x_N. © N
50 0 X
3 4

Pd(OH),/C 20 %, MeOH
50 °C, 100 atm, 12 h
modified conditions

the reaction is complete

Scheme 2. A partial reduction of the nitropyridine N-oxide

catalyst in such interactions [22, 31]. Moreover,
the hydrogenation of the methyl ester required
4 hours to be accomplished under similar condi-
tions [32]. Apparently, the problem was the he-
terogeneity of the catalyst and the presence of mic-
roparticles instead of nanoparticles. We managed
to fix the problem and obtained acid 7 applying
harsher conditions in an amount of up to 20 g in
a run. It is interesting to note that the reaction
may have an additional value as the N-methyl
derivative of isoquinolone 7 showed high effica-
cy in inhibiting E. coli DNA gyrase [33].

The reductive deoxygenation of ketones al-
lowing the substitution of the C=0 group with
a CH, fragment has attracted great attention
given its numerous applications in the synthe-
sis of fine chemicals and biofuel production [34].
Since classical methods for the deoxygenation of
carbonyl compounds (Barton—-McCombie, Clem-
mensen, Wolff—-Kishner methodologies) are gene-
rally associated with harsh reaction conditions,
the use of stoichiometric amounts of toxic rea-
gents, and the poor functional-group tolerance
[35], a number of advanced catalytic protocols for
the deoxygenation of carbonyls employing ‘green’
molecular hydrogen [36—39] have been reported.
Some papers describe practical and mild me-
thods for the deoxygenation utilizing supported

palladium catalysts [40—42]. We also contribu-
ted to the field as we developed a method for the
reductive deoxygenation of ketoacid 8 into tolyl-
butyric acid 9 promoted by 10% Pd/C catalyst
(Scheme 4). As with the previous reactions this
protocol turned out to be unreliable. Thus, we
worked out a more credible and efficient large-
scale procedure employing the Pd(OH),/C cata-
lytic system. The transformation discussed is des-
cribed in only one work and based on the ‘un-
friendly’ Huang-Minlon-Wolff-Kishner procedu-
re, which provides compound 9 with lower yields
[43]. The fact 1is important as acid 9 has shown
to be a useful agent in treating conditions associ-
ated with ER-stress, including diabetes, hyper-
cholesterolemia, atherosclerosis, etc. [44].

The next reaction appeared to be a tough nut
to crack for the heterogeneous palladium-cataly-
zed reduction is the hydrogenation of metanilic
acid (10), which succumbed to our efforts only
once giving cyclohexanesulfonic acid 11 in a low
yield. Our multiple later attempts resulted in
nothing as the only isolated material was the
starting metanilic acid with no signs of its con-
version into the target compound according to
the LC-MS analysis. Presumably, an answer to
the riddle is hidden in the fact that Pd is less
active in the saturation of aromatics than other

Pd/C 10 %, NaOH, H,O

o) 50°C, 50 atm, 168 h O
HN modified conditions >  HN
N ?
Pd/C 10 %, MeOH
rt, 30 h, 30 atm
O~ "OH initial conditions 0~ OH

6

Scheme 3. The search for suitable conditions — conversion of ‘alkene’ into ‘alkane’
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Pd(OH),/C 20 %, AcOH

o rt, 100 atm, 96 h H,
o modified conditions C (o)
/ -
( | - @[ \/Y
A OH > OH
Me Pd/C 10 %, AcOH Me
rt, 80 atm, 24 h
8 initial conditions 9

Scheme 4. The search for suitable conditions — reductive deoxygenation

NH2 Pd(OH),/C 20 %, AcOH NH2
120°C, 120 atm, 48 h
S//? "disposable” conditions' S//\
d/ OH d/ OH
10 1"

Scheme 5. A single reduction of benzene into cyclohexane

precious metals (Pt, Ru, Rh). Reduction of com-
pound 10 was reported to be successful in good
yields under the hydrogenation catalyzed by
Rh supported by Al,O, in acidic conditions [45].
Owing to this fact one can suspect that our ‘lucky’
catalyst contained an impurity of rhodium, which
was a real catalyst of the reaction. Thereby, one
should keep in mind that catalysts can vary in both
a fine structure and purity. If the former main-
ly affects the activity of the catalyst, the other may
turn the reaction in an unexpected direction.
Protecting groups constitute an essential in-
strument in the synthesis of both natural and ar-
tificial chemicals [46]. Synthetic avenues towards
complex, often natural, compounds are tricky,
requiring multistep protecting group manipula-
tions [47, 48]. Additionally, only a small amount
of the starting material can be available, which
creates the problem of high yields and selecti-
vity of the deprotection step [49, 50]. In this re-
gard, the palladium-catalyzed hydrogenolysis is
one of the most common problems we face. In ge-
neral, it involves the removal of benzyl ether and
N-benzyl protecting groups in order to release
OH- and NH-functionalities. Usually everything
goes smoothly, and such a deprotection some-
times becomes a serious obstacle on the way to
the product, as also reported earlier [51].
Schemes 6 and 7 represent our struggle for
O- (azetidinecarboxylic acid 12) and N-debenzy-
lation (oxazepan 14 and pyrrolidine 16), respec-
tively. Once deprotected easily under relatively
mild ordinary conditions (10% Pd/C, MeOH, 50°C),
the reactions refused to repeat and form the tar-
get compounds 13, 15 and 17 in the presence
of the abovementioned catalytic system though
some papers described the use of Pd/C in similar

preparation of heterocycles 15 and 17 [52, 53].
As in the previous cases, this is associated with
a decrease in the activity of catalysts due to an
increase in the particle size and changes in the
surface morphology.

However, we have found that the use of pal-
ladium hydroxide is a more reliable and repro-
ducible approach, as we noted earlier. The results
obtained are somewhat consistent with those re-
ported by Yong Li et al. [54]. The paper indicates
the absence of the catalytic activity in some ca-
ses for Pd/C and Pd(OH),/C used separately, while
their combination serves as an excellent catalyst
for the removal of O- and N-benzyl fragments.
Although there is currently no mechanistic ba-
sis for this observation, we believe that the for-
mation of a Pd/Pd(OH),/C mixture during the
hydrogenation may contribute to the successful
outcome of reactions. Finally, we would like to
note that neither the hydrogenolysis of the aze-
tidine derivative 12 nor product 13 is covered in
the literature although similar azetidine car-
boxylic acids have been considered as conforma-
tionally constrained GABA or B-alanine analogs
and, therefore, have been evaluated for their po-
tency as GABA-uptake inhibitors [55]. Our results
expand possibilities for the research, as well as
provide a new interesting experimental mate-
rial for studies in the field of medical chemistry.

While foregoing results mainly concerned is-
sues of the catalyst activity loss and searching
for new suitable conditions, the next part of the
work is going to highlight various selectivity as-
pects of the Pd-catalyzed hydrogenation and hy-
drogenolysis.

Sometimes reactions lead to astonishing results
going across theoretical views and expectations.
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Scheme 6. The search for suitable conditions — O-debenzylation
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Scheme 7. The search for suitable conditions — N-debenzylation

In continuation of the deprotection question Sche-
mes 8 and 9 show a kind of shocking outcomes,
which we observed during the N- and O-deben-
zylation of derivatives of morpholine 18 and in-
dole 21, respectively. In the first case, we failed
to obtain the target product 20. Instead, the only
recovered compound was cyclohexyl derivative 19.
The latter is obviously formed by the saturation
of the benzene ring being the dominant direction
of the reaction since we could not detect any traces
of the desired morpholinone. The subsequent va-
riations of the reaction conditions did not give
compound 19 as well. The situation seems to be
strange as palladium is often preferred over oth-
er noble-metal catalysts due to its lower propen-
sity to cause the saturation of aromatics [56].
This unexpected dearomatization of the benzyl
moiety was previously observed and reported on
examples of benzyl and naphthylmethyl ethers
[67, 58]. The authors suggested that the process
may be attributed to the self-inhibition of the Pd/C
catalyst by intramolecular nitrogen-containing ba-
sic centers. Although the structural features
of substrate 18 may affect the direction of the

interaction, we think that another reasonable
explanation would be the presence of other noble
metal (Rh, Pt) impurities in the catalyst used.
As indicated by Scheme 9, our initial experi-
ments on the deprotection of benzyloxy deriva-
tive 21 resulted in the isolation of ketone 22 as a
single product. In this case, the hydrogenolysis
was not a terminated step as it was followed by
the partial hydrogenation of the benzene moiety.
Curiously, despite the lower resonance energy
of the separated pyrrole compared to benzene,
the former was not hydrogenated during the re-
action. Although the data for the debenzylation
of exactly compound 21 is not available, there
are plenty of other examples of the hydrogenoly-
sis reaction employing 4-benzyloxyindoles (about
340 according to the Reaxys® database). Interesting-
ly, all the reactions give exclusively 4-hydroxy-
indoles with no any allusion to ketones similar
to 22. Thus, being surprised but interested in get-
ting additional portions of compound 22, we in-
creased the reaction scale to 50 g. Another sur-
prise awaited us. The recovered material was
a 3 to 1 mixture of phenol 23 and ketone 22
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Scheme 9. An unexpected hydrogenation of the benzene moiety of indole

according to LC-MS data. The result allows us to
suggest that a stepwise format of the reaction in-
cludes a primary debenzylation step followed by
the benzene moiety reduction. We also tend to be-
lieve that the presence of precious metal (Rh, Pt)
impurities is the cause for this behavior. Inspired
by the latest experiment, we are currently mak-
ing constant attempts to solve the problem and
find suitable as well as reproducible reaction con-
ditions that provide exclusively any of products
22 and 23.

In contrast to Scheme 9, the hydrogenation
of benzofuran 24 proceeded the way it was ex-
pected with the reduction of the ‘less aromatic’
furan moiety of the molecule and gave dihydro
derivative 25 (Scheme 10). The only difficulty that
we encountered was the irreproducibility of con-
ditions previously found to be suitable. Subse-
quently, we managed to find satisfactory ones
giving compound 25 with any batch of the cata-
lyst.

Minor structural variations of benzofuran 24,
namely the substitution of benzene moiety with
the pyridine core, drastically changed the direc-
tion of the hydrogenation reaction promoted by

10% Pd/C (Scheme 11). Thus, the reduction of
furo[3,2-c]pyridine-2-carboxylic acid (26) did not
give the expected 2,3-dihydro product 30. More-
over, the selectivity observed for benzofuran 24 was
lost. As evidenced results of LC-MS and 'H NMR
investigations of the isolated mixture, the reduc-
tion occurred stepwise with the pyridine ring re-
duced first (compound 27) followed by the forma-
tion of perhydro derivative 28. Even more inte-
resting, numerous studies report a reduction ex-
clusively for the furan moiety for variously sub-
stituted furo[3,2-c]pyridines. The information about
the complete reduction of furo[3,2-c]pyridines is
not available as well. We did not succeed in ela-
borating more selective conditions using Pd-con-
taining catalysts. So far, selective reduction of
compound 26 remains an open question definite-
ly deserving attention as some 4,5,6,7-tetrahydro-
furo[3,2-c]pyridines and octahydrofuro[3,2-c]py-
ridines have proven to be valuable pharmaceu-
tical components [59, 60].

Another interesting example for discussing the
chemoselectivity of the catalytic hydrogenation
1s given in Scheme 12. Compound 31 comprises
2 aromatic fragments of benzene and pyridine
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Scheme 12. Competing pathways in reduction of 2-phenylpyridine
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joined by a o-bond and both are potential sites
for the catalytic reduction. Numerous studies exa-
mining the Pd-catalyzed reduction of 2-phenyl-
pyridines have shown that the hydrogenation of
the pyridine ring is best performed under acidic
conditions, and phenyl rings are usually not re-
duced in significant amounts during the process

[14, 61, 62]. We were able to find only three ex-
amples reporting the non-selective reduction
of both pyridine and benzene fragments of the
2-phenylpyridine platform. Interestingly, all of
these studies work with other precious metals —
Ru(0) [63], Rh(II) [64], Pt(0) [65]. Moreover, the
application of Ru(0) allowed the neutral benzene
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Scheme 14. An unexpected reductive decarboxylation

39

ring to be selectively reduced instead of the more
electron-deficient pyridine ring, implying a pos-
sible directed hydrogenation by a Ru(0) catalyst.
Interestingly, in our experiments on the Pd/C pro-
moted hydrogenation of compound 31, a domi-
nant compound in the isolated mixture was also
2-cyclohexylpyridine 32 and not the product of
the reverse chemoselectivity — piperidine 33 (ac-
cording to 'H NMR and LC-MS data). Again, we
have the ground to suspect contamination of the
Pd-catalyst with more active noble metals lead-
ing to controversial results.

The last substrate, we want to discuss, with
two alternative centers for hydrogen attack is
4-hydroxy-2-methylquinoline (34). Its structure
implies the formation of products 35 and 36 re-
taining pyridine and benzene moieties, respecti-
vely. Taking into account theoretical views of the
aromaticity of benzene and pyridine one may pre-
dict that the pyridine moiety is more likely re-
duced as a less thermodynamically stable one.
Moreover, compound 34 exists as two tautomers.
In tautomer B, the pyridine ring loses aromatici-
ty and becomes more susceptible to reduction as

usual (though conjugated) alkene. Nevertheless,
despite our conclusions, the reaction turned out
to be chemoselective giving compound 35 as the
only product. Our observations are fully suppor-
ted by other works reporting the same results
for various 4-hydroxyquinolines in the presence
of different catalytic systems [66, 67]. So far, a
reasonable explanation of the experimental re-
sults is not available.

The last part of the paper discloses three amu-
sing instances of the hydrogenation where other
functionalities were involved.

The first reaction is the hydrogenation of 1,2,
3,4-tetrahydropyrrolo[1,2-a]pyrazine-1-carboxy-
lic acid (37) (Scheme 14). It was quite curious to
obtain different products 38 and 39 while utili-
zing identical reaction conditions. If compound 38
was much expectable and desirable in the reac-
tion, the isolation of decarboxylated derivative
39 made us feel confused. Even though reduc-
tive decarboxylation is a modern technique ex-
periencing intensive investigations [68, 69], its
proceeding is unwanted as other synthetic ap-
proaches towards compound 38 are complicated
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and time-consuming [70]. The main question cau-
sed by the experiment is “What is the reason for
the decarboxylation and how to ensure that the
same Pd-catalyzed reduction conditions give the
same result?’. Unfortunately, there is no answer
at the moment. We can only assume that the pre-
sence of free metal impurities can cause primary
decarboxylation of the starting acid 37 followed
by reduction.

We observed an undesired IN-methylation while
reducing compound 40 in the methanol solution
and producing derivative 41 as a major compo-
nent in the mixture. The Pd-catalyzed N-methy-
lation is already known; it is sometimes used in-
tentionally in order to obtain and simultaneous-
ly modify primary or secondary amino groups
[71, 72]. To avoid the continuation of this pro-
cess, we replaced methanol with indifferent
1,4-dioxane, having managed to isolate the tar-
get piperidine 42, which is of interest for medi-
cal chemistry and is used in the synthesis of sub-
stances having a remarkable activity that inhi-
bits the hepatocyte growth factor receptor, and
thus exhibit the antitumor activity, the activity

that inhibits angiogenesis, and the activity that
inhibits cancer metastasis [73].

The alcohol dehydroxylation is probably one of
the fundamental transformations in organic che-
mistry as it plays a great role in the total syn-
thesis of complex natural products [74]. Recently,
several protocols for the reductive dihydroxyla-
tion have been published utilizing Ir and Fe ca-
talysts [75, 76]. Palladium is not a common cata-
lyst for the reaction [14]. In this regard, the iso-
lation of dehydroxylated derivative 44 as a main
product in the Pd/C catalyzed hydrogenation of
azidoalcohol 43 was quite surprising. The forma-
tion of such a product shows that the formal deben-
zylation of 43 is more advantageous than the reduc-
tion of the pyridine ring. We are currently working
on finding suitable reaction conditions that allow
us to purposefully obtain any of the products.

B Conclusions

Although catalytic hydrogenation reactions are
vital transformations for all branches of chemi-
cal industry, commercial palladium catalysts are
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variable in their fine structure (size of Pd par-
ticles, surface morphology, other metals impu-
rities, etc.) and, consequently, in the efficiency,
resulting in significant differences in selectivity,
reaction times, and yields. In the paper, we have
summarized our experience with Pd/C-catalysts
from different commercial sources for the hydro-
genation reaction and presented cases of unusual
reactivity or unexpected outcomes of the reactions
encountered in our practice. In general, compli-
cations we faced were of three types: (1) irrepro-
ducibility of the procedures most likely as the
result of a changeable activity of the catalysts;
(2) chemoselectivity issues when two or multire-
ducible functional groups were present in the
substrate; (3) undesirable Pd-catalyzed defunc-
tionalization reactions. In turn, these complica-
tions led to increase in production costs, loss of
time and resources. Therefore, because of this va-
riability in the efficiency of Pd catalysts, far more
efforts are required to find out the key differenc-
es between commercial sources of Pd catalysts,
as well as to create protocols clearly defining the
catalytic activity of each batch of the catalyst.
Moreover, modern chemists need to have clear cri-
teria and regulations of catalysts’ quality without
wasting precious time and synthetic materials.

m Experimental part

All starting compounds exposed to hydroge-
nation were synthesized in Enamine Ltd. and had
purity of not less than 95%. Different batches of
palladium-containing catalysts used in the expe-
riment were purchased from commercial sources
(Daming Ruiheng Chemical Co., Ltd; Hangzhou
J & H Chemical Co., Ltd.; Junda Pharm Chem
Plant Co., Ltd.; Leap Labchem Co., Ltd; Shang-
hai Linsai Trade Co., Ltd.; SLN Pharmachem)
within a period of 2011-2022. The solvents were
distilled prior to the use. If needed, the reactions
progress was monitored by 'H NMR spectrosco-
py. The melting points were measured in open
capillary tubes and given uncorrected. 'H NMR
spectra were recorded on a Bruker 170 Avance
500 spectrometer (500 MHz), or a Varian Unity
Plus 400 spectrometer (400 MHz) in a DMSO-d,,
CDCI, or D,O solution using tetramethylsilane
as an internal standard. Chemical shifts were ex-
pressed in 6 (ppm) units with the following de-
scription: s was for a singlet, d — a doublet, ¢ —
a triplet, ¢ — a quartet, p — a pentet, m — a mul-
tiplet, br. — broadened. Mass spectra were recor-
ded on an Agilent 1100 LCMSD SL instrument

(an atmospheric pressure electrospray ioniza-
tion (ES-API)) and an Agilent 5890 Series II
5972 GCMS instrument (an electron impact ion-
ization (EI)). Chromatographic experiments re-
vealed the purity of all tested compounds being
not less than 95%. The elemental analysis was
carried out in the Analytical Chemistry Labora-
tory of the Institute of Organic Chemistry, Na-
tional Academy of Sciences of Ukraine.

Ethyl 5-methyltetrahydrofuran-3-car-
boxylate (2)

The solution of ethyl 5-methylfuran-3-carboxy-
late (1) (100 g, 0.649 mol) in methanol (800 mL)
was charged with 10% palladium on carbon (10 g).
The mixture was placed in an autoclave and hyd-
rogenated at 80°C and 100 atm of hydrogen for
336 h. The autoclave was vented, after that the
catalyst was filtered off. The solvent was re-
moved under reduced pressure to give the title
compound.

A colorless oil. Yield — 95.2 g (92.8%). Anal.
Calcd for C;H,,0,, %: C 60.74; H 8.92. Found, %:
C 60.54; H 8.98. 'H NMR (400 MHz, CDCl,), 6,
ppm: 1.21-1.35 (6H, m, 2xCH,); 1.77 (1H, dt, J =
12.5, 8.6 Hz, H-4fw); 2.27 (1H, ddd, J =12.0, 8.7,
5.6 Hz, H-4""); 3.11 (1H, qd, J = 8.3, 5.7 Hz, H-
3fr). 3.86—4.03 (2H, m, H-2f+H-5); 4.09 (1H,
dd, J=8.8, 5.7 Hz, H-2); 4.16 (2H, q, J = 7.1 Hz,
OCH,CH,). LC-MS (ES-API), m/z: 159.1 [M+H]".

4-Amino-3-methoxypyridine 1-oxide (4)

To the solution of 3-methoxy-4-nitropyridine
1-oxide (3) (87 g, 0.512 mol) in methanol (1500 mL)
10% strength palladium on carbon (8.7 g) was
added. The mixture was hydrogenated in an auto-
clave at 50°C and 50 atm of hydrogen for 72 h.
The catalyst was then filtered off, and the solvent
was removed under reduced pressure to give the
title compound.

A red solid. Yield — 68.13 g (95.1%). Anal.
Calcd for C;HN,O,, %: C 51.42; H 5.75; N 19.99.
Found, %: C 51.20; H 5.81; N 20.13. '"H NMR
(400 MHz, DMSO-dy), 6, ppm: 3.79 (3H, s, OCH,);
5.83 (2H, s, NH,); 6.49 (1H, d, J = 6.8 Hz, H-5»7);
7.56 (1H, dd, J = 6.8, 1.9 Hz, H-6»"); 7.75 (1H, d,
J = 2.0 Hz, H-2»"). LC-MS (ES-API), m/z: 141.0
[M+H]*.

3-Methoxypyridin-4-amine (5)

To the solution of 3-methoxy-4-nitropyridine
1-oxide (3) (84.8 g, 0.499 mol) in methanol (1500 mL)
20% strength palladium hydroxide on carbon
(8.5 g) was added. The mixture was hydrogena-
ted in an autoclave at 50°C and 100 atm of hyd-
rogen for 120 h. After full conversion of the star-
ting compound the autoclave was vented, and the
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catalyst was filtered off. The solvent was then
removed under reduced pressure to give the tar-
get compound.

A brown powder. Yield — 60.18 g (97.3%).
M. p. 88-90°C. Anal. Caled for C;HgN,O, %: C 58.05;
H 6.50; N 22.57. Found, %: C 58.23; H 6.36;
N 22.72. '"H NMR (400 MHz, DMSO-d,), 6, ppm:
3.80 (3H, s, OCH,); 5.64 (2H, s, NH,); 6.53 (1H,
d, J = 5.2 Hz, H-5*); 7.73 (1H, d, J = 5.2 Hz,
H-6»7); 7.87 (1H, s, H-2»). LC-MS (ES-API),
m/z. 125.0 [M+H]".

1-Oxo0-1,2,3,4-tetrahydroisoquinoline-
4-carboxylic acid (7)

1-Oxo0-1,2-dihydroisoquinoline-4-carboxylic
acid (6) (70 g, 0.367 mol) was dissolved in 3500 mL
of a water solution of NaOH (14.69 g, 0.367 mol)
and 10% strength palladium on carbon (7 g) was
then added. The mixture was placed in an au-
toclave and hydrogenated at 50°C and 50 atm
of hydrogen for 168 h. The autoclave was vent-
ed, after that the catalyst was filtered off, and
the filtrate was acidified with sodium bisulfate.
The precipitate formed was filtered off, and the
crude product was recrystallized from isopropyl
alcohol.

A white solid. Yield — 21.61 g (30.5%). M. p.
218-220°C. Anal. Calcd for C,,H,NO,, %: C 62.82;
H 4.75; N 7.33. Found, %: C 62.97; H 4.83; N 7.17.
'H NMR (500 MHz, DMSO-dy), §, ppm: 3.54—3.68
(2H, m, CH,); 3.83-3.95 (1H, m, CH); 7.35-7.41
(2H, m, ArH); 7.51 (1H, t, J = 7.7 Hz, ArH); 7.83
(1H, d, J=7.9 Hz, ArH); 7.94 (1H, d, J = 5.5 Hz,
NH); 12.85 (1H, br. s, COOH). LC-MS (ES-API),
m/z: 192.1 [M+H]".

4-(o-Tolyl)butanoic acid (9)

4-0xo0-4-(o-tolyl)butanoic acid (8) (85 g,
0.443 mol) was dissolved in acetic acid (800 mL) fol-
lowed by adding 10% palladium on carbon (8.5 g),
and the mixture was hydrogenated at room tempe-
rature and 80 atm of hydrogen for 24 h. After com-
pletion of the reaction the solid was filtered off,
the solvent was removed under reduced pressure,
and the residue was recrystallized from hexane.

A white fluffy solid. Yield — 75.1 g (95.3%).
M. p. 55-57°C. Anal. Calcd for C, H,,0,, %: C 74.13;
H 7.92. Found, %: C 74.01; H 8.05. '"H NMR
(400 MHz, DMSO-dy), 6, ppm: 1.74 (2H, p, J =
7.5 Hz, CH,CH,CH,); 2.17-2.31 (5H, m,
CH,Ar+CH,Ar); 2.53-2.60 (2H, m, CH,COOH);
7.00-7.16 (4H, m, ArH); COOH proton is in ex-
change. LC-MS (ES-API), m/z: 177.2 [M-H]-.

3-Aminocyclohexane-1-sulfonic acid (11)

To the solution of 3-aminobenzenesulfonic
acid (10) (20 g, 0.116 mol) in acetic acid (400 mL)
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20% palladium hydroxide on carbon (2.0 g) was
added. The mixture was then hydrogenated at
120°C and 120 atm of hydrogen for 48 h. After
the reaction was completed, the solid was filte-
red off, and the solvent was removed under re-
duced pressure. The residue was treated with me-
thanol to give the title product.

A white powder. Yield — 7.8 g (37.7%). M. p.
232-234°C. Anal. Calcd for C;H,;NO,S, %: C 40.21;
H 7.31; N 7.81. Found, %: C 40.39; H 7.16; N 7.72.
'H NMR (400 MHz, D,0), 6, ppm: 1.23-2.63 (8H,
m); 2.80-3.95 (2H, m). LC-MS (ES-API), m/z:
180.2 [M+H]".

1-(tert-Butoxycarbonyl)-3-(hydroxyme-
thyl)azetidine-3-carboxylic acid (13)

3-((Benzyloxy)methyl)-1-(tert-butoxycarbonyl)-
azetidine-3-carboxylic acid (12) (130 g, 0.405 mol)
was dissolved in methanol (1500 mL) and 20%
palladium hydroxide on carbon (13 g) was added
to the solution. The mixture was placed in an
autoclave and hydrogenated at 70°C and 100 atm
of hydrogen for 15 h. After cooling the autoclave
was vented, the catalyst was filtered off, and the
solvent was removed under reduced pressure.
The residue was treated with isopropyl alcohol
to give the title product.

A white solid. Yield — 87.27 g (93%). M. p.
175-177°C. Anal. Calcd for C,,H,,NO,, %: C 51.94;
H 7.41; N 6.06. Found, %: C 52.08; H 7.32; N 6.14.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 1.35 (9H,
s, 3xCH,); 3.65 (2H, s, CH,0); 3.73—4.00 (4H, m,
2xCH,N); COOH and OH protons are in exchange.
LC-MS (ES-API), m/z: 230.2 [M-H]~.

(1,4-Oxazepan-7-yl)methanol (15)

The solution of (4-benzyl-1,4-oxazepan-7-yl)-
methanol (14) (75 g, 0.339 mol) in methanol
(1500 mL) containing 20% palladium hydroxide
on carbon (7.5 g) was hydrogenated in an auto-
clave at 50°C and 50 atm of hydrogen for 120 h.
After the reaction was completed, the catalyst was
filtered off, and the solvent was removed under re-
duced pressure to give the title compound as an oil.

A pink yellow oil. Yield — 43.43 g (97.7%).
Anal. Caled for C;H,;NO,, %: C 54.94; H 9.99;
N 10.68. Found, %: C 55.11; H 10.09; N 10.48.
'H NMR (400 MHz, CDCl,), 6, ppm: 1.49-1.65
(1H, m); 1.73-1.90 (1H, m); 1.95-2.08 (2H, m);
2.75-3.10 (4H, m); 3.32-3.50 (2H, m); 3.51-3.68
(1H, m); 3.69-3.85 (1H, m); 3.88-4.05 (1H, m).
LC-MS (ES-API), m/z: 132.2 [M+H]".

Methyl 3-fluoropyrrolidine-3-carboxylate
hydrochloride (17)

To the solution of methyl 1-benzyl-3-fluo-
ropyrrolidine-3-carboxylate hydrochloride (16)

ISSN 2308-8303 (Print) / 2518-1548 (Online)



MKypHan opaaHiyHOi ma dpapmayesmuyHoi ximii 2022, 20 (4)

(175 g, 0.641 mol) in methanol (1500 mL) 20%
palladium on carbon (13 g) was added. The mix-
ture was hydrogenated at 50°C and 100 atm of
hydrogen for 12 h. The autoclave was vented, and
the catalyst was filtered off. The solvent was re-
moved under reduced pressure to give the title
compound.

A yellow powder. Yield — 110.5 g (94.2%). M. p.
153—-155°C. Anal. Caled for C;H,,CIFNO,, %: C
39.25; H 6.04; N 7.63. Found, %: C 39.41; H 6.10;
N 7.82. 'H NMR (400 MHz, DMSO-d,), §, ppm:
2.28-2.47 (2H, m); 3.24-3.34 (1H, m); 3.42—-3.68
(3H, m); 3.77 (3H, s, OCH,); 10.25 (2H, s, NH,);.
LC-MS (ES-API), m/z: 148.1 [M-CI]".

(S)-4-(Cyclohexylmethyl)-6-methylmor-
pholin-3-one (19)

The title compound was prepared according
to the procedure given below. Although the struc-
ture of the reaction product, as well as its puri-
ty, was confirmed while analyzing an aliquot by
'"H NMR and LC-MS methods, it was not isola-
ted by the reason of low prospects for further mo-
dification.

(S)-4-Benzyl-6-methylmorpholin-3-one (18) (74 g,
0.361 mol) was dissolved in methanol (800 mL)
and 10% palladium on carbon (7.4 g) was then
added. The mixture was exposed to hydrogena-
tion at 100°C and 50 atm of hydrogen for 48 h.
When the time was over, a 20 mL aliquot of the
solution was taken, the solvent was evaporated,
and the residue was analyzed by 'H NMR and
LC-MS methods.

'H NMR (400 MHz, DMSO-d;), 6, ppm:
0.78-0.96 (2H, m, CH®*); 1.06-1.25 (6H, m,
CH,+CH®=); 1.51-1.75 (6H, m, CH®*); 3.00—3.26
(4H, m, 2xCH,N); 3.85 (1H, dqd, /=9.1, 6.1, 3.1 Hz,
CH,CH); 4.02 (2H, s, CH,0). LC-MS (ES-API),
m/z: 212.1 [M+H]".

Methyl 2-(4-0x0-4,5,6,7-tetrahydro-1H-
indol-3-yl)acetate (22)

To the solution of methyl 2-(4-(benzyloxy)-1H-
indol-3-yl)acetate (21) (5 g, 0.017 mol) in metha-
nol (100 mL) 10% palladium on carbon (0.5 g)
was added. The mixture was hydrogenated at 50°C
and 100 atm of hydrogen for 48 h. Then the ca-
talyst was filtered off, and the solvent was re-
moved under reduced pressure. The residue was
treated with isopropyl alcohol to give the title
compound.

A brown powder. Yield — 1.65 g (47%). Anal.
Calcd for C,,;H,;NO,, %: C 63.76; H 6.32; N 6.76.
Found, %: C 63.54; H 6.43; N 6.87. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.97 (2H, p, J =
6.1 Hz, H-6); 2.21 — 2.30 (2H, m, H-7); 2.71 (2H,

t,J=6.1 Hz, H-5); 3.55 (3H, s, CH,); 3.62 (2H, s,
CH,CO); 6.58 (1H, d, J = 2.0 Hz, H-2); 11.14 (1H,
s, NH). LC-MS (ES-API), m/z: 208.1 [M+H]".

Methyl 5-methyl-2,3-dihydrobenzofuran-
7-carboxylate (25)

Methyl 5-methylbenzofuran-7-carboxylate (24)
(52 g, 0.274 mol) was dissolved in methanol
(1000 mL), and the solution was charged with
10% palladium on charcoal (5.2 g). The mixture
was hydrogenated in an autoclave at 50°C and
80 atm of hydrogen for 108 h. The resulting mix-
ture was filtered, and the filtrate was evaporat-
ed in vacuo to give the target compound.

A white powder. Yield — 49.2 g (93.6%). Anal.
Calcd for C,,H,,0,, %: C 68.74; H 6.29. Found, %:
C 68.52; H 6.38. 'H NMR (400 MHz, DMSO-d,),
0, ppm: 2.23 (3H, s, CH,Ar); 3.14 (2H, t, J = 8.8 Hz,
CH,Ar); 3.77 (3H, s, OCH,); 4.57 (2H, t, J = 8.8 Hz,
OCH,); 7.24 (1H, s, ArH); 7.37 (1H, s, ArH). LC-MS
(ES-API), m/z: 193.1 [M+H]".

2-Methyl-5,6,7,8-tetrahydroquinolin-4(1H)-
one (35)

The solution of 2-methylquinolin-4-ol (34)
(150 g, 0.943 mol) in methanol (1500 mL) was
charged with 10% strength palladium on carbon
(15 g). The resulting mixture was hydrogenated
at 50°C and 50 atm of hydrogen for 48 h. After
the time was over, the solid was filtered off, and
the filtrate was evaporated to dryness in a vacu-
um evaporator to give the title compound.

A beige powder. Yield — 149 g (96.9%). M. p.
239-241°C. Anal. Calcd for C,,H,;NO, %: C 73.59;
H 8.03; N 8.58. Found, %: C 73.71; H 7.92; N 8.54.
'H NMR (500 MHz, DMSO-d,), 6, ppm: 1.53-1.71
(5H, m); 2.11 (3H, s, CH,); 2.18-2.26 (3H, m);
5.75 (1H, s, H-3); 10.88 (1H, s, NH). LC-MS (ES-
API), m/z: 164.2 [M+H]".

Octahydropyrrolo[1,2-a]pyrazine-1-car-
boxylic acid (38) and octahydropyrrolo[1,2-
a]pyrazine (39)

The title compounds turned out to be the pro-
ducts of the hydrogenation reaction utilizing the
same starting compound and the same conditions
(given below), but using different batches of 20%
Pd(OH),/C catalyst. The loadings of the initial
pyrrole were 0.5 g to have octahydropyrrolo[1,2-
a]pyrazine and 3.2 g for octahydropyrrolo[1,2-a]
pyrazine-1-carboxylic acid. The procedure below
is given for an occasion of the decarboxylated de-
rivative; for another product, the quantities are
proportional.

The solution of 1,2,3,4-tetrahydropyrrolo[1,2-
a]pyrazine-1-carboxylic acid (37) (0.5 g, 0.003 mol)
in water (10 mL) was loaded with 20% palladium
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hydroxide on carbon (0.05 g), and the mixture
was hydrogenated at 100°C and 100 atm of hy-
drogen for 12 h. After completion of the reaction
the catalyst was filtered off, and the solvent was
evaporated under reduced pressure providing the
title compound.

Octahydropyrrolo[1,2-aJpyrazine-1-carboxylic
acid (38)

A white powder. Yield — 3.11 g (95%). Anal.
Caled for C;H,,N,0,, %: C 56.45; H 8.29; N 16.46.
Found, %: C 56.28; H 8.41; N 16.68. '"H NMR
(500 MHz, DMSO-d,), 6, ppm: 1.26 (1H, s); 1.53-1.81
(4H, m); 2.06 (2H, q, J =8.8 Hz); 2.22 (1H, t, J =
12.0 Hz); 2.76 (1H, t, J = 12.2 Hz); 2.90-3.11
(3H, m); 3.21 (1H, d, J = 11.8 Hz); 8.36 (1H, s,
NH"). LC-MS (ES-API), m/z: 171.1 [M+H]".

Octahydropyrrolo[1,2-aJpyrazine (39)

A colorless oil. Yield — 0.35 g (92%). B. p.
85—88°C (0.03 atm). Anal. Caled for C.H,,N,, %:
C 66.62; H 11.18; N 22.20. Found, %: C 66.73; H
11.05; N 22.38. 'H NMR (400 MHz, DMSO-d,),
6, ppm: 1.07-1.28 (1H, m); 1.45-1.77 (4H, m);
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1.80-2.11 (3H, m); 2.17-2.27 (1H, m); 2.563-2.61
(1H, m); 2.70-2.77 (1H, m); 2.78-2.97 (3H, m).
GC-MS (EI), m/z: 126.0 [M]*.

tert-Butyl 2-(piperidin-4-ylmethyl)pyrro-
lidine-1-carboxylate (42)

tert-Butyl 2-(pyridin-4-ylmethyl)pyrrolidine-
1-carboxylate (40) (15.15 g, 0.058 mol) was dis-
solved in 1,4-dioxane (300 mL) followed by add-
ing 10% palladium on carbon (1.5 g) and the
mixture was hydrogenated at 80°C and 100 atm
of hydrogen for 96 h. After completion of the re-
action the solid was filtered off, and the solvent
was removed under reduced pressure to give the
title compound.

A white powder. Yield — 13.4 g (86.5%). M. p.
73—75°C. Anal. Calcd for C,;H,,N,0,, %: C 67.13;
H 10.52; N 10.44. Found, %: C 67.32; H 10.44;
N 10.58. 'H NMR (500 MHz, CDCl,), 6, ppm:
0.95-1.40 (4H, m); 1.46 (9H, s, 3XCH,); 1.56-2.11
(8H, m); 2.52-2.67 (2H, m); 2.95-3.11 (2H, m);
3.25-3.43 (2H, m); 3.78-3.98 (1H, m). LC-MS
(ES-API), m/z: 269.2 [M+H]*.
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