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ABSTRACT:  This study addresses the chemoselectivity of the catalyzed reduction of a series of variously substituted -lactams by 

Et3SiH mediated by a pentamethylcyclopentadienyl iridacyclic acetonitrilo salt derived from benzo[h]quinoline. Introduction of an 

unsaturation within the 5-membered ring of the -lactam annihilates the precedence of the amide function over the capture of the 

silylium cation, which results in a lower chemoselectivity.  Monitoring over time the catalyzed reduction of a -lactam bearing a 

carboxylic ester appendage by 
1
H NMR spectroscopy revealed pseudo–zero order kinetics for the prior hydrosilylation of the lac-

tam’s amide.  This primary hydrosilylation reaction is followed by the full conversion of the formed intermediate into a pyrrolidine 

following a pseudo-first-order rate law.  Under anhydrous conditions, the hydrosilylation of the pendant ester function occurs only 

in a late stage once the -lactam’s amide function has underwent full reduction of the carbonyl function.  DFT investigations show 

that chemoselectivity is 1) governed by the affinity of the organic substrate for the triethylsilylium cation produced by the electro-

philic activation of Et3SiH by the Ir(III) catalyst and 2) by the ability of the in situ-formed hydrido-iridium(III) intermediate to 

transfer hydride to the activated substrate.   

INTRODUCTION 

The elaboration of selective and performant methods for the 

synthesis of pyrrolidines is of major importance, since they 

represent significant building blocks for polymers and dyes.
1
  

Pyrrolidines are common structural motives in biologically 

active plant alkaloids,
2
 and hence, convenient, and selective 

methods for their design are especially valued for by the 

pharmaceutical industry
2-3

 (Figure 1). 

The synthesis of pyrrolidines by the reduction of lactams 

requires a good control of the chemoselectivity of the process 

particularly if multiple competing functions are present in the 

starting lactam.
  

Hydrides such as LiAlH4
4
 and B2H6 or other 

boranes
5
 have long offered the most atom-efficient methods of 

reduction.  Current established procedures suffer from low 

selectivity and relatively harsh reaction conditions, though, 

which commend the development of milder and more selective 

alternative methods.
6
  Catalytic strategies are expected to 

provide more convenient methods for selective reductions, 

offering increased chemo- and regioselectivity.
7
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Figure 1.  Chemical structures of some biologically active pyrrol-

idine alkaloids and their derivatives. 

Transition-metal-complex-catalyzed reductive reactions using 

hydrosilanes have recently emerged as highly desired proce-

dures for the aliphatic and heterocyclic amides reduction.
8  

Hydrosilanes are particularly attractive reducing agents due to 

their ease of handling and storage, chemical stability over time 
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and moderate to low toxicity.  Numerous procedures have 

been developed for the catalytic hydrosilylation of amides 

based on noble metals.
9  

Metal-catalyzed hydrosilylation
10

 

reactions of C-C and heteroatom unsaturated compounds have 

been subject to intensive research and represents an active 

field of investigation and development.  Nonetheless, one 

challenging issue is that of chemoselectivity
11

 of the hydrosily-

lation catalysis in the synthesis of polyfunctional biorelevant 

molecules.  At first, it is expected that the outcome of hy-

drosilylation reactions on such substrates possessing several 

competing sites of reaction depends on the reactivity of the 

various organic functions as well as on the way the hydrosi-

lane is itself activated by the metal-based catalyst. 

Mainly two modes of activation of hydrosilanes can be com-

monly encountered and achieved that have different conse-

quences on the interaction with the substrate.
12

  The Si-H bond 

may either undergo oxidative-addition at the catalyst’s metal 

center or the electrophilic cleavage
13

 of the bond resulting into 

the transfer of the hydride to the metal and into the capture of 

the formed silylium cation
14

 by any Lewis base, including one 

or several at the substrate.  While the oxidative pathway re-

quires the organic unsaturated substrate to directly interact 

with the metal center to undergo further reaction, the electro-

philic activation pathway reduces the whole question of the 

selectivity of the reductive hydrosilylation reaction to the 

competition between various Lewis basic sites present at the 

substrate for capturing the generated  highly electrophilic 

[SiR3]
+
 silylium cation.

14d,14e
  2-Phenylpyridine and 

benzo[h]quinoline-derived
15

 iridium(III)-based metallacycles 

are efficient hydrosilylation catalysts that operate by the elec-

trophilic Si-H bond activation pathway; both the neutral and 

cationic variants of these organoiridium complexes have 

shown outstanding efficiency in the hydrosilylation of a great 

variety of organic functions such as alkenes, alkynes, amides, 

ketones and aldehydes and nitriles.
10a,10b,10d-f,13b,14a,14b,15-16

  In the 

present study a cationic acetonitrilo iridium complex [Ir-

NCMe]BArF24 (scheme 1) is used that requires no activating 

cocatalyst and possesses an outstanding reactivity with organic 

unsaturated functions such as in nitrile compounds R-

CN.
14a,14b,15

 

Scheme 1. Synthesis of pyrrolidines by the Ir(III)-catalyzed 

reduction of -lactams  
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Figure 2. ORTEP drawing of the structure of compound 1a re-

solved by X-ray diffraction analysis drawn at the 50% probability 

level (Si face of the amide’s carbonyl on top of the 5-membered 

ring).  

Scheme 2. Pyrrolidin-2-ones synthesized for the purpose of 

the present study. 
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The application of an easily accessible iridium (III) metallacy-

cle to the promotion of a one-pot simple or sequential double 

hydrosilylation of lactams 1 and other structural analogues, 

addressing a chemoselective approach to the related pyrrolidi-

nes 2 (scheme 1) by the catalyzed reduction of the former 

lactams, is disclosed and discussed herein. 

 

RESULTS AND DISCUSSION 

The pyrrolidin-2-ones 1 (schemes 1 and 2) were synthesized 

following an established route.
17

  The Michael addition of a 

series of primary amines to commercially available dimethyl 

itaconate in methanol at room temperature under anaerobic 

Schlenk technique conditions afforded the functional pyr-

rolidin-2-ones in yields >65%; the reaction being compatible 

with aliphatic substituents, aromatic and hetero-aromatic ben-

zene rings.  This study was started using methyl 1-benzyl-5-

oxopyrrolidine-3-carboxylate 1a (Figure 2) as a model sub-

strate to optimise the reaction conditions (Table 1). Notably, 

the structure of 1a (Figure 2) displays rather accessible amide 

and ester functions over which the benzyl group operates only 

little steric cluttering: the amide function appears slightly more 

sterically cluttered on its Si face than its Re one, a minor fea-

ture that did not interfere in the catalysis as shown farther. 

In general, the reaction proceeded smoothly with Et3SiH (1 to 

6 equivalents) used as the reducing agent and [Ir-

NCMe]BArF24 as the catalyst in all the reactions reported 

therein.  Different solvents, such as THF, CDCl3, CH2Cl2 

(abbr. DCM) and CD2Cl2, and 1,2-dichloroethane (abbr. DCE) 
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were investigated as to their adequacy in this catalysis.  It was 

found that DCE was particularly suited to the optimal condi-

tions affording quantitative yields (Table 1, entry 11) com-

pared to other chlorinated solvents of low coordinating ability 

(DCM and CDCl3), which all would require sealed vessels to 

allow reactions to run for hours above the respective boiling 

points at normal pressure (Table 1, entries 13 and 7).  Note-

worthy, under identical conditions THF proved to be signifi-

cantly detrimental to the performance of the reaction providing 

only 40% yield in 2a at 60°C (Table 1, entry 12).  

Table 1. Optimization studies for the reduction of pyr-

rolidin-2-one 1a with Et3SiH catalyzed by iridium cata-

lyst.
 a

 

N

O

MeO2C

Et3SiH (x equiv.)

 solvent, conditions N

MeO2C 2a1a
[Ir-NCMe]BArF24

H
H

 
entry Et3SiH 

 (x equiv.) 

solvent time (h) temperature 

(° C) 

yieldb in 2a  

1 1 DCE 22 25 0  

2 2 DCE 22 25 47c 

3 2 DCE 5 days 25 31c 

4 2 DCE 5 40 44 d 

5 2 DCE 75 40 30d 

6 6 DCE 6 days 40 80d 

7 2 CDCl3 5 50 0e 

8 2 CDCl3 22 50 18e 

9 3 DCE 15 60 43g 

10 6 (3+3f) DCE 40 60 100g 

11 6 DCE 4 60 100 

12 6 THF 4 60 40 

13 6 DCM 2 25 40 

aReaction conditions: the reactions (entry 1 to 13) were carried out with 0.08 mmol of 1a, 5 mol % 

of Ir catalyst, x (equiv.) of Et3SiH in 2 mL of solvent under an argon atmosphere. byield determined 

by 1H NMR spectroscopy.  c The 1H NMR spectrum collection was carried out from the same 

reaction mixture after 22 h and 5 days.  d The 1H NMR spectrum  was obtained from the same 

reaction mixture after 5 h, 75 h and 6 days.  e The 1H NMR spectrum was collected from the same 

reaction mixture after 5 h and 22 h.  f 3 equiv. of Et3SiH were added to the mixture of entry 9 after 

15 h of stirring at 60 °C. g the 1H NMR spectrum was acquired after 15 h then 40 h.  Note that the 

formation of 2a’ was never observed under the experimental conditions of these runs. 

All reactions were performed optimally with 5 mol% of Ir(III) 

catalyst and excess of Et3SiH with excellent chemoselectivity 

(entries 1 to 13), that is with no side formation of 2a’ (scheme 

3), i.e. the product of hydrosilylation of the ester function of 

2a that was observed only when the reaction was carried out in 

a sealed J-Young NMR sample tube under strict anhydrous 

and anaerobic conditions (vide infra). 

The mode of activation of Et3SiH by [Ir-NCMe]BArF24 en-

tails the electrophilic cleavage of the H-Si bond in Et3SiH like 

shown in scheme 3 leading to the trapping of the silylium 

moiety by the formed hydrido-iridium species [IrH] to form 

the labile [IrH(Si)]
+
 intermediate

14b
 from which the [Et3Si]

+
 

moiety can be abstracted by any stronger Lewis base present 

in the medium.  The latter is in great part responsible for the 

observed chemoselective reduction of the amide function in 

1a, which seems to be guided by the discriminating affinity of 

[Et3Si]
+
 for the most Lewis basic site in 1a, i.e. the lactam’s 

amide O atom (vide infra). 

No competing hydrosilylation of the more sterically accessible 

ester function is observed in the early stages of the catalysis.  

The capture of the silylium by the lactam’s amide O atom, 

raises the electrophilic character of the lactam’s amide and 

opens the reactive channel for the hydride transfer from the 

key hydrido-iridium intermediate [IrH].  This putatively leads 

to a highly reactive transient silyloxy intermediate that is 

further displaced by a hydride upon prior activation of the 

silyloxy group by [Et3Si]
+
. 

Scheme 3. Proposed mechanism of catalyzed reduction of 

the amide function of 1a. 
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This central role of the silylium species also stresses the im-

portance of the anhydricity of the medium as a key experimen-

tal requirement that is seemingly difficult to achieve or pre-

serve over time with standard Schlenk techniques.  It must be 

pointed out that the successful reduction of the amide function 

of the lactam into a cyclic amine such as 2a requires the cru-

cial electrophilic centers at the heterocycle to be sterically 

accessible by the hydrido-iridium [IrH] species.  Any steric 

cluttering would result in an increase of the concentration of 

“idle” silylium species hanging at Lewis bases, leading either 

to its decomposition or to its migration to any alternative 

Lewis base, thus reducing not only the yield of the desired 

reaction but also its chemo- and regioselectivity.
15

 

The iridium catalyst [Ir-NCMe]BArF24 (5 mol%) 

promotes the reduction of a variety of pyrrolidin-2-ones (cy-

clic amides) 1a-k (scheme 2) by Et3SiH at 60 °C of DCE 

(Table 2).  The reduction was shown to be compatible with 

aliphatic, aromatic and hetero-aromatic substituents to produce 

the corresponding pyrrolidines 2a-j (cyclic amine) in excellent 

yields.  Methoxy and dioxomethylene groups in 2c-f are inter-

estingly left untouched by the catalysis. 

Only in the case of the 4-hydroxyphenyl substituted 

1k was a conversion of the hydroxy group into the silylether 

2k observed along with the product of the ester hydrosilylation 

of 2k, i.e. 2k’. 
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Table 2. Synthesis of pyrrolidines 2a-k
 
by the catalyzed 

reduction of  pyrroldin-2-ones 1a-k
 a 

 

N

MeO2C

N

MeO2C
Cl

N

MeO2C
O

N

MeO2C

N

MeO2C

O

N

MeO2C

N

MeO2CO

O
O

N

MeO2C

N

MeO2C

N

MeO2C

N

MeO2C

OSiEt3

2a 2b 2c

2d 2e 2f

2g 2h 2i

2j 2k

N

OSiEt3

OSiEt3

O

+

2k'

4

O

MeO2C

N
R

MeO2C

N
REt3SiH (x equiv.)

DCE, 60°C

t (h)

[Ir-NCMe]BArF24(5 mol%)

1a-k 2a-k

 
entry product Et3SiH 

 (x equiv.) 
time  
(h) 

yield 
 (%) 

1 2a 6 4 99 b 

2 2b 8 12 98 b 

 3 2c 8 24 99 b 

4 2d 20 38 98 b 

5 2e 8.5 32 93 b 

6 2f 9 10 87 b 

7 2g 25 44 75 b 

8 2h 4 30 99 b 

9 2i 4 7 100 b 

10 2j 6 18 94c 

11 2k+2k’ 18 16 100c 

a Reaction conditions: the reaction was carried out with 30 mg of 1a-k, 5 mol% of Ir catalyst, x 

equiv. of Et3SiH in 3 mL of DCE under an atmosphere of argon at 60°C.  b Isolated yields after 

purification using flash column chromatography.  c  Determined by 1H NMR spectroscopy. 

Catalyzed reduction of  methyl 1-benzyl-5-oxo-4,5-

dihydro-1H-pyrrole-3-carboxylate with Et3SiH.  To further 

probe the chemoselectivity of the catalytic system a limited 

series of -lactams 4a-c (Figure 3) was synthesized (scheme 

4).  The synthesis was carried out in a three-step sequence 

consisting of two successive nucleophilic reactions of the 

primary amine (2 equiv.) in boiling bromobenzene to give an 

isomerisation intermediate, which, after a 5-exo-trig cycliza-

tion, spontaneously afforded the cyclic enamides 4a-c in yields 

spanning 50-70%.  As shown in Figure 3 the planarity of the 

5-membered rings makes the amide’s carbonyl equally acces-

sible on both Si and Re sides as compared to 1a (Figure 2).  

Quite surprizingly, the Ir(III) catalyst (5 mol%) was found to 

promote exclusively the reductive endo-to-exocyclic double 

bond isomerization of cyclic enamides 4a-c with Et3SiH at 

60°C in DCE, into new pyrrolidin-2-ones 5a-c containing an 

exocyclic double bond of an enol silyl ether in moderate yields 

(Table 3).  

This result outlines here a reversed preference of the 

silylium attack for the ester function that reveals the structural 

consequences of the existence of an endocyclic double bond in 

the 5-membered ring on chemoselectivity as a consequence of 

the electron density transfer operating from the amide function 

towards the ester one. 

Scheme 4  Synthesis of methyl 1-substituted-5-oxo-4,5-

dihydro-1H-pyrrole-3-carboxylate 4a-c and 3,4-cis-

disubstituted pyrrolidin-2-one 7. 
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Figure 3.  ORTEP drawings of the structures of 4a-c with atom 

numbering.  The ellipsoids are drawn at 50% probability.  See the 

Suppl. Mat. for further information. 

Table 3. Catalytic isomerization of 4a-c with iridium 

catalyst and Et3SiH
a,b

 

N

O

MeO2C

R Et3SiH

N

O

H
OSiEt3

DCE

R

60 °C

R = -CH2Ph (a), cyclohexyl (b), -CH2CH2Ph (c)

4a-c 5a-c

[Ir-NCMe]BArF24

 

entry substrate Et3SiH 

(equiv.) 

time 

(h) 

product yield b 

(%) 

1 4a 8 9 5a 45 

2 4b 5 6 5b 40 

3 4c 6 7 5c 39 

a Reaction conditions: 30 mg (1 equiv.) of 4a-c, 5 mol% of Ir catalyst and x (equiv.) of Et3SiH in 3 

mL of DCE under an argon atmosphere.  b Isolated yields after purification using flash column 

chromatography. 

Further probe of chemoselectivity on a methoxy-

substituted pyrrolidin-2-one.  One of the substrates chosen 

for these preliminary studies was methyl rac-cis-1-benzyl-4-

methoxy-5-oxopyrrolidine-3-carboxylate 7, which was readily 

prepared by a literature method
18

 involving conjugate addition 

of 1 equiv. of benzylamine to the allyl ether 6 in methanol at 

room temperature and air atmosphere, followed by 5 exo-trig 
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heterocyclization of the γ-aminoester intermediate, which 

afforded the 3,4-difunctionalized pyrrolidin-2-one 7 in 74% 

yield (scheme 4). 

Scheme 5 Catalytic reduction of 3,4-disubstituted 

pyrrolidin-2-one 7 with catalyst and Et3SiH 
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In the presence of Et3SiH, the iridium catalyst (5 mol%) initi-

ates the catalytic reduction under the same conditions used 

before.  The reaction resulted into the full conversion of 7 by 

reduction of the amide function alongside the uncontrolled 

further hydrosilylation of the ester function: a mixture contain-

ing 8, i.e. the product of amide reduction yield and 8', i.e. the 

product of its partial hydrosilylation, was obtained in 38% and 

62% yield respectively (scheme 5). 

 

 

Figure 4.  Plots of concentration (mM) of reactants vs. time (s) as 

analyzed with MestRe Nova19 from the 1H NMR spectroscopic 

monitoring of the catalyzed  reduction (2 mol% of Ir(III) catalyst) 

of 1a by Et3SiH in different solvents, in a spinning argon-sealed J-

Young NMR sample tube at 25°C. The top (purple) curves are the 

control concentration checksums probing the accuracy of the 

determination of the medium’s composition. a) CD2Cl2, 1a 

(cinitial= 118 mM), Et3SiH (cinitial= 659 mM). b) CD2Cl2, 1a (cinitial= 

135 mM), Et3SiH (cinitial= 97 mM).  c) ClD2C-CD2Cl, 1a (cinitial= 

114 mM), Et3SiH (cinitial= 693 mM).  d) d8.THF, 1a (cinitial= 122 

mM), Et3SiH (cinitial= 764 mM). 

1
H NMR monitoring of the catalyzed reduction of 1a by 

Et3SiH.  
1
H NMR spectroscopy is particularly well suited for 

the monitoring of reactions and the observation of reaction 

transients and intermediates in the making.
20

 

The catalytic conversion of 1a into 2a was monitored by 
1
H 

NMR spectroscopy under different conditions having two 

goals in scope.  The first one was to attempt the observation of 

key reaction intermediates such as 1a’, i.e. the one resulting 

from the primary hydrosilylation reaction at the cyclic amide.  

The second was to gain knowledge of the internal kinetics 

governing the reduction of 1a. 

The experiments were carried out in CD2Cl2, ClD2C-CD2Cl 

and THF-d8 in sealed J-Young tubes all prepared under a dry 

Ar gas atmosphere.  Reactive solutions were frozen as they 

were layered in the bottom of the tube before being introduced 

inside the NMR spectrometer’s probe.  They were warmed 

within the NMR probe at 25°C to melt the frozen solutions, 

mix them by spinning the sealed sample tube and thus trigger 

the reaction.  Acquisition of fast induction decays was started 

within a few minutes, i.e. as soon as satisfactory homogeneity 

of the field was achieved.  Whenever achievable, reaction 

intermediates were analytically characterized (cf. Suppl. Mat.) 

from the raw reaction mixture. 

The 
1
H-NMR monitored catalytic runs were carried out under 

similar conditions of concentration of substrate and catalyst 

(Figure 4).  Notwithstanding the amount of hydrosilane used, 

all experiments allowed the observation of the formation of a 

ca. 1:2.5 mixture of diastereomers 1a’, that is the first inter-

mediates arising from the hydrosilylation of the amide func-

tion that precedes the reduction of the cyclic amide into the 

cyclic amine by the silylium-assisted displacement of the 

triethylsilyloxy leaving group by the formal hydrido ligand 

(scheme 3). 

The mixture of diasteromers 1a’ is short-lived in the CD2Cl2 

and ClD2C-CD2Cl solutions and is slowly consumed to pro-

duce 2a and 2a’.  In THF-d8, 1a’ is the only product of the 

reaction of 1a with a ca. 6-fold excess of Et3SiH and any 

further evolution of the reaction seems inhibited putatively by 

the capture of the silylium by THF. 

The kinetic profile of the consumption of 1a and of the forma-

tion of 1a’ in the two chlorinated solvent in the presence of a 

ca. 6-fold excess of Et3SiH matches (pseudo) zero-order reac-

tion kinetics with a rate constant k
0
 of (2.15 ± 0.04)10

-2 
M s

-1 
in 

CD2Cl2 (Figure 4a) and (1.65 ± 0.1)10
-2

 M s
-1

 in ClD2C-CD2Cl 

(Figure 4c). 

In both chlorinated solvents the full consumption of 1a was 

achieved in less than 2h.  Note that the control concentration 

checksum curve (upper purple curves in Figure 4), used here 

to verify the conservation of matter over time with 1a and its 

structural derivatives, reveals that significant signal integration 

inconsistencies are produced by the overlap of signals in 

CD2Cl2 (Figure 4a), which prevents the localization and pre-

cise quantification of 2a from NMR spectra. 

In other terms, it remains plausible that like in Figure 4c, 

compound 2a may appear for a short time in the medium and 

be consumed to give 2a’. 

Given the conditions of the reaction carried out here in a 

sealed tube the observed conversion of 2a into 2a’ (Figure 4c) 

seemingly results from the strictly anhydrous and anaerobic 

conditions achieved within the J-Young tube, which suppos-

edly minimize the interference of adventitious moisture with 

highly electrophilic silylium species as compared to the stan-

dard Schlenk setup used in our catalytic runs.  This is evi-

denced clearly in Figure 4b which was carried out in quasi 

stoichiometric conditions between 1a and Et3SiH.  The plot 

shows the sensible emergence of 1a’ in the early stages of the 
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reaction with its maximum concentration reaching ca. 30 mM 

nearly at 5000 s before receding at t~ 6500 s to 2a, which 

reaches an optimal concentration of ca. 45 mM at t~ 7000 s. 

 

Scheme 6.  Proposed rationale for the pseudo first order 

rate inferred from 
1
H NMR-monitored kinetic studies 

based on the saturation of the catalyst in a Michaelis-

Menten mechanism. The aa index in [1a-SiEt3IrH]aa
+ 

stands for silylium activated amide undergoing hydrido 

ligand binding at the amide’s carbonyl C atom. 
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Worthy to note, the pseudo zero-order rate of the formation of 

1a’ resembles that of a Michaelis-Menten mechanism
21

 (abbr. 

3M) in the so-called “substrate saturation regime”
22

 where the 

hydrido-iridium(III) catalyst [IrH], referred to as E in scheme 

6 according to the accepted notation for the 3M, would give 

rise to the reactant complex [1a-SiEt3[IrH]]
+
 (also referred to 

as the [ES] adduct in scheme 6) resulting from a carbon-

hydrido ligand interaction between the transient [1aSiEt3]
+
 

adduct referred to as S in scheme 6 (vide infra) and [IrH].  

The saturation regime entails that the formation of the Ir-silane 

adduct in situ (scheme 3) should not limit the availability of 

the [1aSiEt3]
+
 adduct in the medium (referred to as S in 

scheme 6) and is way faster than the formation of the [1a-

SiEt3IrH]aa
+
 adduct (cf. [ES] adduct, scheme 6).  This 

would indeed explain the total selectivity of the first step of 

the process for the hydrosilylation of the cyclic amide function 

by suggesting consequently that the amide has a much 

stronger affinity for the [SiEt3]
+
 species than the competing 

ester function.  This assumption would also entail that the rate 

determining state in the formation of 1a’ is the hydrido ligand 

transfer in the [1a-SiEt3IrH]aa
+
 adduct from the Ir center to 

the carbonyl’s carbon (cf. [ES], scheme 3).  Figures 4a-c give 

also access to initial rates of formation of 2a and 2a’, which 

seemingly follow a pseudo-first order rate laws. 

Given the large inconsistency in the control concentration 

checksum curve in Figure 4a, Figure 4c was used instead to 

extract more reliable initial formation rate constants of 2a and 

2a’, which amount   
     = (1.8 ± 0.05)10

-2
 M s

-1
 and 

  
      = (5.1 ± 0.1)10

-2
 M s

-1
 respectively.  These values 

demonstrate that in the presence of a large excess of Et3SiH in 

a strictly anhydrous medium the hydrosilylation of the ester 

function of 2a is unavoidable once the amide has underwent 

complete reduction. 

 

Table 4.  Values of Vmin electrostatic potentials at the O 

atoms of the ester and amide functions of 1a and 4a and 

computed reaction enthalpies and Gibbs free energy of the 

formation of adducts [1a/4a-SiEt3]a/e
+
 by

 
the capture of the 

[Et3Si]
+
 moiety from the [IrH(Si)]

+
 species by either amide 

or ester functional groups. 

substrate Vmin(Oester)/(Oamide) 

(eV) 

capturing 

function 

adduct H, G 

(kcal/mol) 

1a -1.28/-1.72 amide@1a [1a-

SiEt3]a
+ 

-1.8, -1.5 

  ester@1a [1a-

SiEt3]e
+ 

+10.9, 

+11.8 

4a -1.47/-1.43 amide@4a [4a-
SiEt3]a

+ 
+15.2, 
+14.8 

  ester@4a [4a-
SiEt3]e

+ 
+12.1, 
+12.6 

Calculations were carried out at the COSMO(DCE)/PBE-D4(EEQ)/all electron TZP level.  In 

[1a/4a-SiEt3]a/e
+ the a index corresponds to the silylium binding the amide, while the e index 

relates to ester binding. 

Theoretical insight into the chemoselectivity of the cata-

lytic reduction of 1a and 4a.  The question of the chemose-

lectivity can theoretically be addressed from several view-

points. The first one may consider chemoselectivity as being 

partly predetermined by the electronic properties of the sub-

strate.  The second one may consider that the origin of 

chemoselectivity might lie also in the rate determining states.  

 As a matter of fact, the reduction reaction based on the cata-

lytic activation of Et3SiH is governed by the affinity of the 

substrate for the triethylsilylium [Et3Si]
+
, which determines the 

function that will subsequently undergo hydride transfer from 

[IrH].  The electrostatic control of the activation of substrates 

by a silylium can readily be approached quite intuitively by 

weighing the minima of the electrostatic potential Vmin, corre-

sponding to the most likely Lewis basic sites for an interaction 

with [Et3Si]
+
.Two prototypical cases were chosen here, that is 

namely 1a and 4a, which display rather different reactivity in 

the reduction reaction.  The computation of the minimum 

electrostatic potentials Vmin at the key O atoms of the ester and 

of the cyclic amide reveals a differentiation between 1a and 

4a, which, in spite of a minor structural difference, i.e. the 

intracyclic unsaturation, display an opposite behavior in the 

catalysis; the amide function being favored for the reduction 

reaction in the former case, while the ester is selectively at-

tacked in the latter substrate.  Table 4 shows indeed that 1a 

bears a stronger (more negative) charge density Vmin at the O 

atom of the amide while the situation is slightly reversed in 4a 

with the ester dominating slightly over the amide, the N atom 

of which is seemingly engaged in conjugation with the ester 

function. 

This coulombic control translates into distinct values of affini-

ties of each functional group for the [Et3Si]
+
 (Table 4 and 

Figure 5).  When modelled by considering the transfer from 

the Ir-hydrosilane adduct [IrH(Si)]
+
 to 1a, the enthalpy is 

slightly exothermic only for the capture of [Et3Si]
+ 

by the 

amide’s carbonyl oxygen atom, while the capture by the ester 

is largely endothermic by over 10 kcal/mol.   
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Figure 5.  a) Energy profile of the first reduction of 1a occurring 

at the amide function.  b) singlet-transition state geometry for the 

hydride transfer from the hydrido-iridium fragment to the 

triethylsilylium adduct of 1a. c) singlet-state van der Waals adduct 

resulting from the reduction of the [1a-SiEt3]
+ adduct and the 

reactivation of the released iridacycle by reaction with Et3SiH. 

In the case of 4a, both captures of the triethylsilylium moiety 

by the amide and the ester functions are endergonic, but this 

endergonicity is by 2 kcal/mol less pronounced for the ester 

function (Table 4, Figure 5), which might serve as a basis for 

rationalizing the reversed selectivity of the catalyzed reaction 

of 4a with Et3SiH that first targets the -unsaturated ester 

function. 

Figure 5a illustrates for 1a the higher affinity for [Et3Si]
+
 of 

the amide function, the silylium’s capture being slightly exer-

gonic while the capture by the ester is way endergonic by 

more than +12 kcal/mol.  Exploration of the energy profile 

(Figure 5a) of the reduction of 1a reveals also that the Micha-

elis-Menten assumption of a saturation of the iridium catalyst 

by the substrate being at the origins of the pseudo zero-order 

kinetics of formation of intermediate 1a’ is based: figure a5 

shows that the interaction of [IrH] with [1a-SiEt3]a
+
 is 

strongly exothermic (H ~ -22 kcal/mol). 

In other previously reported cases implying the same type of 

iridacyclic catalyst such catalyst-substrate adducts escaped 

DFT localization of the potential surface and were not isolated 

as local mimima: rather, the hydrido ligand transfer used to 

occur in an apparent “barrier-less” fashion.
14a,14b,15

 

In the present study, such reactant complexes were 

sought computationally and successfully isolated on the poten-

tial surface in the case of [1a-SiEt3]a
+
 (Figure 5) and for [4a-

SiEt3]a,e
+
 (Figure 6) for the first reduction reaction step.  Two 

possible [4a-SiEt3]
+
 adducts were considered (amide and ester 

activation by [SiEt3]
+
) with three potential interactions with 

the hydrido ligand of [IrH], i.e. namely: the interactions with 

amide’s C atom [4a-SiEt3IrH]aa
+
, ester’s C atom [4a-

SiEt3IrH]ee
+
 and ethylenic C atom connected to the nitrogen 

atom [4a-SiEt3IrH]ec
+
 (Figure 6). 

 

 

 

Figure 6.  Thermochemistry of the capture of the [Et3Si]+ moiety 

from the [IrH(Si)]+ adduct by either amide or ester functions of 

4a and the formation of reactant complexes by association of the 

cationic [4a-SiEt3]
+ and the hydrido-iridium(III) intermediate 

[IrH], that is [4a-SiEt3IrH]aa,ee and ec
+ where the indexes mean as 

follows: aa for silylium bound to the amide’s carbonyl the 

hydrido ligand interacting with the carbonyl’s carbon, ee for 

silylium bound to the ester’s carbonyl the hydrido ligand pointing 

at ester’s carbonyl carbon, ec for silylium bound to the ester’s 

carbonyl while the hydrido ligand interacts with the  ethylenic 

carbon. 

Theoretical investigation of the activated substrate-

hydridoiridium adducts.  Compared to [IrH], the computed 

Ir-H bond stretching vibrational band of the adducts [1a-

SiEt3IrH]aa and ee
+
 and [4a-SiEt3IrH]aa,ee and ec

+
 show signifi-

cant variations of the computed vibrational frequency  with 

-29 cm
-1

 <  < +64 cm
-1

.  These variations could suggest a 

vibrational Stark effect
23

, in the event  the [IrH] moiety would 

not be bonded covalently to the activated substrate.  Indeed, it 

could suggest that the local electric field influences the polari-

zation of the Ir-H bond in the [IrH] species, thus affecting 

presumably its propensity to transfer the hydrido ligand.  In 

fact, this assumption might only be true in the early stages of 

the formation of the considered [1a/4a-SiEt3IrH]
+ 

adducts.  

The analysis of the inter-fragment interaction in the latter 

adducts leads to a different interpretation of the stretching Ir-H 

frequency shift : it is caused by the nature of the donor-

acceptor interaction of weak but significant covalent character 

between the bridging hydrido ligand of the metallacycle and 

the cationic organic substrate.  To understand the electronic 

properties of the [1a/4a-SiEt3IrH]
+ 

adducts several bond 

analysis tools were used that provided complementary descrip-

tions of the interplay of covalence and noncovalence. 
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Table 5.  Analysis of the interaction of the hydrido-iridium 

[IrH] species with adducts [1a-SiEt3]
+
 and [4a-SiEt3]

+
 by 

IQA and ETS-NOCV. 

 
 [IrH] [1a-

SiEt3IrH]aa
+ 

[4a-

SiEt3IrH]aa
+ 

[4a-

SiEt3IrH]ec
+ 

IQA analysisa( V in kcal/mol) 

Ir-H 

Vint  

Vcov.(%) 

Vionic (%) 

 

-130.9 

-129.4(98.8) 

-1.5(1.1) 

 

-126.1 

-125.6(99.6) 

-0.5 (0.4) 

 

-126.8 

-125.0(98.6) 

-1.8 (1.4) 

 

-119.9 

-122.0 (101.8) 

+2.1 (-1.8) 

H-C 

Vint  

Vcov. (%) 

Vionic (%) 

- 

- 

- 

- 

 

-31.8 

-3.0 (9.4) 

-28.8 (90.6) 

 

-34.5 

-3.7(10.7) 

-30.8 (89.3) 

 

-20.4 

-12.8 (62.7) 

-7.6 (37.3) 

ETS-NOCVb
 t(E in kcal/mol) 

Ein 

Eorb 

Ek  

- 

 

 

-61.1 

-11.3 

-1.8 

-67.4 

-12.0 

-2.2 

-69.7 

-13.9 

-5.5 

atomic Bader charges q and intra-fragment charge variations q a 

q(Ir) 

q(H) 

q(C) 

+0.614 

-0.187 

- 

+0.598 

-0.167 

+1.206 

+0.611 

-0.176 

+1.203 

+0.602 

-0.140 

+0.409 

q([IrH]) 0 +0.08 +0.095 +0.16 

IGM-Independent Bond Strength Indexc 

Ir-H 0.427 0.429 0.432 0.432 

H-C - 0.026 0.029 0.057 

distancesb(in Å) 

d(Ir-H)  

d(H-C) 

1.603 

- 

1.599 

2.510 

1.598 

2.454 

1.606 

2.215 

computed Ir-H stretching modeb (reciprocal wavelengths in cm-1) 

(Ir-H) 

 

2133 2186 2200 2104 

a carried out at the PBE-D4(EEQ)/TZ2P level/ COSMO(DCE).  b carried out at the ZORA-PBE-

D4(EEQ)/all electron TZP level/COSMO(DCE).  c computed at the PBE-D3(BJ)/ZORA-def2-

TZVP & SARC-ZORA-TZVP for Ir /SDM(DCE) 

Hence, Table 5 lists the main features of the optimized singlet 

ground state local minima of those adducts by gathering the 

Interacting Quantum Atoms
24

 (IQA) and Independent Gradient 

Model (IGM)/Intrinsic Bond Strength Index (IBSI) analyses
25

 

of key bonds, the Extended Transition State – Natural Orbitals 

for Chemical Valence
26

 (ETS-NOCV) analysis of the orbital 

interaction between the two considered fragments and the 

local Bader charges
27

 deduced from the Quantum Theory of 

Atoms in Molecule (QTAIM-charges). 

q([IrH]) (Table 5) is the variation of the sum of 

QTAIM-charges at the [IrH] moiety upon interaction with 

[1a/4a-SiEt3]
+ 

and
 
materializes the extent of charge density 

transfer from the [IrH] species to the activated susbtrate.  The 

largest charge transfer is observed for [4a-SiEt3IrH]ec
+
, 

which is not unexpected given that this adduct is the one with 

the shortest H-C distance and the highest covalent character 

for the H-C interaction like revealed by the IQA analysis. 

The IQA energy partitioning method
24a,28

 is based on 

real-space partitioning of the molecular space; this method, 

when extended to the Kohn-Sham DFT framework, gives 

access to a semi-quantitative partitioning of energy contribu-

tions of exchange-correlation and of coulombic interaction 

terms for two-atom interactions within a molecule.  The intera-

tomic interaction energy Vint
AB

 is the sum of a covalent Vcov
AB

 

and an ionic contribution Vionic
AB

:  Vint
AB

= Vionic
AB 

+ Vcov
AB 

(Table 

5). These interatomic energies weigh the covalent and cou-

lombic contributions and allow to firmly establish which char-

acter is dominant. 

IQA analyses of [1a-SiEt3IrH]aa
+
 and [4a-SiEt3IrH]aa

+ 
show 

that the hydrido ligand attractively interacts with the triethyl-

silyl-activated substrate with the carbon atom where it will be 

transferred by dominating coulombic (ionic) interactions, the 

contribution of which represents about 90% of the interatomic 

interaction potential Vint.  Only in the case of [4a-SiEt3IrH]ec
+
 

the covalent contribution predominates in the Vint value. 

The three cases treated here cannot be directly com-

pared though due to the large difference of hydrido-to-carbon 

distances that span 2.510 ([1a-SiEt3IrH]aa
+
) to 2.215 Å ([4a-

SiEt3IrH]ec
+
) (Table 5).  Nonetheless, the ETS-NOCV analy-

sis
26

 that provides a detailed breakdown of orbital interactions 

between the [IrH] and the silylated substrates, which details 

the covalent contributions weighed by IQA.  This interacting 

fragment-based analysis indicates that the Ir-H…C interaction 

has a low Ek orbital interaction energy value in all cases, the 

highest value of -5.5 kcal/mol being for [4a-SiEt3IrH]ec
+
 for 

the interaction of the hydrido ligand with the N-bound intra-

cyclic ethylenic carbon.  This interaction is largely dominated 

by a covalent character according to the IQA analysis (Table 

5) and matches what is often assigned to an orbital-controlled 

pathway, while other interactions that are dominated by cou-

lombic interactions would rather match a charge-controlled 

pathway.  

The NCI-Plot analysis
29

 (Figure 7a) reveals local re-

pulsive, non-bonding van der Waals contacts and attractive 

noncovalent interactions by means of signed reduced density 

gradient isosurfaces, which have been shown to be systemati-

cally encountered
30

 in key reactant complexes of base-assisted 

C-H bond metalation mechanism
31

 and in reductive elimina-

tion reactions.
32

  Here the NCI-Plot graph shows a typical 

attractive lenticular domain between the hydrido ligand and 

the carbon atom subjected to reduction in the case of [4a-

SiEt3IrH]ec
+
.  In all other cases where the hydrido-to-carbon 

distance is longer no attractive NCI domain in the H-C seg-

ment is noted but rather a non-bonding one is observed.  

The IGM-δg
inter

 descriptor is a measure of the elec-

tron sharing caused by the electron density interference be-

tween two user-defined fragments.
25a,25b

  It assesses the mutual 

density penetration by the deviation of the true electron den-

sity gradient from a non-interacting reference, i.e. the inde-

pendent gradient model bearing the same electron density as 

the real system.   
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Figure 7.  ADF-NCIPlot and IGMPlot analyses for [4a-SiEt3IrH]ec
+
: (a) full ADF-NCIplot (cutoff values : s=0.5, = 0.02 a0

-3
)  

showing the typical lenticular attractive isosurface (circled with a green aura) between the hydridic H and the ethylenic C (noncova-

lent interactions are materialized by the reduced density gradient isosurface coloured according to the signed density: red for attrac-

tive domains, and blue for repulsive or non-bonding domains), the Si centre is in the dimmed back ; (b) IGM-δg
inter

 isosurface plot 

for the interaction between fragments (cutoff: δg
inter

 = 0.01 a0
–4

, and blue-green-red colour code in the range -0.02 < sign(λ2)ρ < 0.02 

a0
-3

) of the interaction between the [IrH] species (fragment 1) and the [4a-SiEt3]e
+
 adduct (fragment 2) in the [4a-SiEt3•IrH]ec

+
 

system showing the lenticular attractive isosurface (circled in red) between the hydridic iridium-bound H and the ethylenic C (non-

covalent interactions are here materialized by the independent gradient isosurface coloured according to the signed density from 

blue = attractive interactions to red = repulsive interactions). 

 

Like many QTAIM-based methods
27

 the IBSIs are not im-

pacted by basis set superposition errors (BSSE) and therefore 

they allow a “reputation-based” characterization of atom-pair 

interactions steming from Hénon‘s correlation of IBSI values 

with notorious types of atom pair interactions taken from a 

vast variety of reference compounds. 
25c

  Atom-pair interacti-

ons are thus categorized as noncovalent (0 a0
-1

< IBSI < 0.15 

a0
-1

), coordination (0.15 a0
-1

 < IBSI < 0.6 a0
-1

) or covalent 

(IBSI > 0.15 a0
-1

) according to reference standards. 
25c

 The 

IGM-IBSI descriptor
25,33

 is a measure of the electron sharing 

caused by the electron density interference between two user-

defined fragments.  It assesses accurately the mutual density 

penetration by the deviation of the true electron density gradi-

ent from a non-interacting reference, i.e. the independent 

gradient model bearing the same electron density as the real 

system.  Plotting the IGM-δg
inter

 isosurface (Figure 7b) in the 

real space allows the visualization of noncovalent interaction 

domains in a more discriminating fashion than NCIPlot like 

shown in Figure 7b.  As for the NCI-Plot, the IGM-δg
inter

 iso-

surface shows a typical attractive lenticular domain between 

the hydrido ligand and the carbon atom subjected to hydride 

attack in the case of [4a-SiEt3IrH]ec
+
. 

Here the IBSI of the Ir-H bond, i.e. ~ 0.43 (Figure 7b), 

matches the values for coordination bonds
25c

 and does not 

change drastically upon interaction with either [1a-SiEt3]
+
 or 

[4a-SiEt3]
+
.  In turn the IBSI value of the hydrido-to-

susbtrate’s carbon interaction is clearly different depending of 

the nature of the function facing the hydrido ligand, varying 

by almost a factor of 2 from 0.026 and 0.029 to 0.057 for [1a-

SiEt3IrH]aa
+
, [4a-SiEt3IrH]aa

+ 
and [4a-SiEt3IrH]ec

+
 respec-

tively.  The increase of the IBSI as the interatomic distance 

shortens is consistent with an increased charge transfer.  In the 

context of the competition that is expected between [4a-

SiEt3IrH]aa
+ 

and [4a-SiEt3IrH]ec
+
 this difference of IBSI 

rationalizes the preference given to the reductive double bond 

isomerization reaction, which requires a first step of hydride 

attack at the ethylenic position. 

 

CONCLUSION 

This study demonstrates that the performance of the 

benzo[h]quinoline-based acetonitriloiridacycle in the catalyzed 

reduction and hydrosilylation of multifunctional organic sub-

strates such as the -lactams addressed here depends essen-

tially on the selectivity of the capture of the transient silylium 

species released in the medium by the various functions pre-

sent in the substrate.  The outcome of the catalysis is, in a 

second stage, also determined by the ability of the hydrido-

iridium intermediate to transfer the hydrido ligand to the sub-

strate, a process that is either charge or orbital-controlled 

depending on the organic function facing the hydrido ligand in 

the key reactant complex.  Kinetic studies carried out with 1a 

as a substrate show that the first step of the reduction of the 

intra-cyclic amide function is the formation of the product of 

hydrosilylation of amide’s carbonyl, that is a N-substituted 

silyl ether produced by a pseudo-zero-order rate law that 
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matches a Michaelis-Menten catalysis under the catalyst’s 

saturation regime.  In all the cases treated here, the produc-

tiveness of the catalyzed reduction by Et3SiH is remarkable 

and confirms the potential of the used benzo[h]quinoline-

derived cationic iridacyclic catalyst.
14b,15

  On the issue of se-

lectivity of the reductive reactions, the main conclusions 

drawn are the following: 1) the catalysis is mostly governed by 

the silylium’s reactivity, that is chemioselectivity is driven by 

substrate’s site affinity for silylium, 2) the transfer of hydride 

to the silylium-activated substrate is not necessarily charge 

controlled, 3) substitution of the amide’s intra-cyclic N centre 

with an ethylenic moiety reduces the charge density at the 

amide carbonyl oxygen centre which results in a significant 

decrease of the affinity for the silylium cation and overall 

chemioselectivity, 4) a protic function such as hydroxy in 1k is 

readily silylated without compromising the main amide’s 

reduction and finally, 5) even though their affinity for the 

silylium transient might be significant, catalytic runs showed 

that methoxy and dioxomethylene groups (in 2c, 2e and 2d 

and in 7) are left untouched.  Further investigation are under-

way to attempt the capture of the spectroscopic signature of 

the key [1a/4a-SiEt3IrH]
+
 adducts. 

 

EXPERIMENTAL SECTION 

General Considerations: All reagents were purchased from 

commercial suppliers and used without further purification. 

Anhydrous 1,2-dichloroethane and dichloromethane were 

distilled under an argon atmosphere from CaH2 prior to use.  

Tetrahydrofuran was distilled under an argon atmosphere from 

sodium benzophenone prior to use. Reactions requiring anhy-

drous conditions were carried out using Schlenk techniques 

under argon atmosphere.  Deuterated halogenated solvents for 

NMR use were all degassed by the freeze-pump-thaw proce-

dure and dried by stirring a suspension of fresh CaH2 over-

night under argon.  The resulting suspension was subsequently 

filtered through dry Celite
TM

 and stored under argon over dry 

molecular sieves in a Schlenk tube.  Thin layer chromatogra-

phy was performed using silica gel plates (60 F254); visualiza-

tion was achieved by UV lamp or upon revelation with 

KMnO4 solution.  Flash chromatography was performed on 

silica gel (Aldrich 40-63 μm).  NMR spectra were recorded on 

Bruker NMR spectrometers (DPX 400, Avance NEO and III 

HD 500) at room temperature. 
1
H NMR (500), 

13
C NMR 

(126), 
29

Si NMR (99.37) chemical shifts (expressed in parts 

per million) were recorded in CDCl3 or CD2Cl2 in most cases 

unless otherwise stated and referenced to residual solvent 

peaks (with CDCl3 at 7.26 ppm for 
1
H and 77.16 ppm for 

13
C, 

with CD2Cl2 at 5.32 and 53.84 ppm for 
13

C).  
1
H NMR data are 

reported as follows: chemical shift (ppm, scale), multiplicity, 

coupling constant (Hz) and integration.  The abbreviations 

used for NMR signal multiplets stands as: s, singlet; d, dou-

blet; dd, doublet of doublet; ddd, doublet of doublet of dou-

blet, dq, doublet of quartet; t, triplet; q, quartet; quint, quintet; 

m, multiplet.  Data for 
13

C NMR are reported in chemical shift 

(ppm).  Infrared spectra were recorded using Bruker FT-IR 

spectrometer. High-resolution mass spectra were obtained by 

ESI on a TOF mass analyzer.  Elemental analyses were 

achieved with Thermo Scientific FLASH 2000 CHNS/O ana-

lyzers.  Single crystal X-ray diffraction data collection was 

carried out on a Bruker APEX II DUO Kappa-CCD and 

Bruker PHOTON III diffractometer. The catalyst used in this 

study, i.e. [acetonitrilo,(
5
-pentamethylcyclopentadienyl) 

(benzo[h]quinolinyl,C10,N)iridium][tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate] was synthesized according 

to a reported procedure.
14b,15

 

 

General procedure for the synthesis of pyrrolidin-2-one 1 

Pyrrolidin-2-ones 1 were prepared according to a literature 

procedure
17c,34 

with minor modifications. 1.1 equivalent of 

appropriate primary amine (3.4 mmol) was added dropwise to 

a solution of dimethyl itaconate  3.  mmol, 500 mg,   equiv.) 

in methanol     5 mL), the reaction mixture was stirred at room 

temperature and monitored by TLC. At the end of the reaction 

the solvent was removed under vacuum and the crude product 

was purified by silica gel chromatography eluting with a mix-

ture of n-pentane and ethyl acetate to afford desired pyrrolidin-

2-ones.  When the amine was tyramine, the crude product was 

purified by recrystallisation using a mixture of hexane/diethyl 

ether (7/3). Product 1a-c, 1g and 1k are known 

compounds.
17c,34

 
 

Methyl-1-benzyl-5-oxopyrrolidine-3-carboxylate 1a.
17c,34a

 

Following general procedure A the title product was purified 

by flash chromatography (n-pentane / EtOAc = 4:6) yielding 

lactam 1a (630 mg, 85%) as colorless oil which solidified on 

standing.  Anal. calcd for C13H15NO3: C, 66.94; H, 6.48; N, 

6.00. Found: C, 66.95; H, 6.50; N, 6.02.  IR, νmax/cm
-1

 (neat): 

1733 (C(O)O), 1689 (C(O)N). 
1
H NMR (500 MHz, CDCl3): δ 

7.35-7.22 (m, aromatic 5H), 4.46 (AB, J = 15.0 Hz, 2H), 3.70 

(s, 3H), 3.50-3.43 (m, 2H), 3.24-2.17 (m, 1H), 2.74 (qd, J = 

17.2, 8.7 Hz, 2H).
 13

C{
1
H} NMR (126 MHz, CDCl3): δ 173.3 

(CON), 172.3 (COO), 135.9 (aromatic =C), 128.8 (aromatic 2 

(=CH), 128.2 (aromatic 2 (=CH), 127.8 (aromatic =CH), 52.5 

(OCH3), 48.6 (CH2Ph), 46.7 (CH2N), 36.0 (CH2CO), 34.2 

(CHCO).  HRMS (ESI) calcd for C13H16NO3 [M+H]
+
 

334.1130. Found 334.1115. 

 

Methyl-1-(4-chlorobenzyl)-5-oxopyrrolidine-3-carboxylate 

1b
34b

.  Following the general procedure A the title product was 

purified by flash chromatography (n-pentane / EtOAc = 4:6) 

yielding lactam 1b (550 mg, 65%) as colorless oil which so-

lidified on standing.  Anal. calcd for C13H14ClNO3: C, 58.33; 

H, 5.27; N, 5.23. Found: C, 58.13; H, 5.22; N, 5.40.  IR, νmax  

/cm
-1 

(neat): 1731 (COO), 1675 CON). 
1
H NMR (500 MHz, 

CDCl3) δ 7.27 (d, J = 7.8 Hz, aromatic 2H), 7.14 (d, J = 7.7 

Hz, aromatic 2H), 4.39 (s, 2H), 3.67 (s, 3H), 3.46-3.40 (m, 

2H), 3.21-2.15 (m, 1H), 2.76-2.65 (m, 2H).  
13

C{
1
H} NMR 

(126 MHz, CDCl3) δ 173.1 (CON), 172.4 (COO), 134.5 (aro-

matic =C), 133.6 (aromatic =C-Cl), 129.5 (aromatic 2 (=CH)), 

128.9 (aromatic 2 (=CH)), 52.5 (OCH3), 48.4 (CH2Ar), 45.9 

(CH2N), 35.8 (CH2CO), 34.0 (CHCO).  HRMS (ESI) calcd for 

C13H15ClNO3 [M+H]
+
 268.0740. Found 268.0725.  

 

Methyl-1-(4-methoxybenzyl)-5-oxopyrrolidine-3-carboxylate 

1c
17c

.  Following the general procedure A the title product was 

purified by flash chromatography (n-pentane / EtOAc = 4:6) 

yielding lactam 1c (500 mg, 60%) as colorless oil which so-

lidified on standing.  Anal. calcd for C14H17NO4: C, 63.87; H, 
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6.51; N, 5.32.  Found: C, 63.82; H, 6.47; N, 5.28.  IR, νmax / 

cm
-1 

(neat): 1727 (COO), 1671 (CON).  
1
H NMR (500 MHz, 

CDCl3) δ 7.14 (d, J = 8.3 Hz, aromatic 2H), 7.84 (d, J = 8.3 Hz, 

aromatic 2H), 4.37 (AB, J = 15.0 Hz, 2H), 3.77 (s, 3H), 3.67 

(s, 3H), 3.42 (d, J = 7.7 Hz, 2H), 3.20-2.14 (m, 1H), 2.70 (qd, 

J = 17.1, 8.7 Hz, 2H).  
13

C{
1
H} NMR (126 MHz, CDCl3) δ 

173.3 (CON), 172.2 (COO), 159.2 (aromatic =C), 129.6 (aro-

matic 2 (=CH)), 128.0 (aromatic =C), 114.1 (aromatic 2 

(=CH)), 55.3 (OCH3), 52.5 (OCH3), 48.40 (CH2Ar), 45.9 

(CH2N), 35.9 (CH2CO), 34.0 (CHCO).  HRMS (ESI) calcd for 

C14H17NO4 +K [M+K]
+
 302.0796. Found 302.0789.  

 

Methyl-1-(piperonyl)-5-oxopyrrolidine-3-carboxylate 1d.  

Following general procedure A the title product was purified 

by flash chromatography (n-pentane / EtOAc = 4:6) yielding 

lactam 1d  (790 mg, 90%) as colorless oil, which solidified on 

standing.  Anal. calcd for C14H15NO5: C, 60.64; H, 5.45; N, 

5.05. Found: C, 60.65; H, 5.53; N, 5.06.  IR, νmax /cm
-1 

(neat): 

1729 (COO), 1674 (CON). 
1
H NMR (500 MHz, CDCl3) δ 

6.74-6.67 (m, aromatic 3H), 5.93 (s, 2H), 4.35 (AB, J = 14.6 

Hz, 2H), 3.69 (s, 3H), 3.45 (d,
 
J = 7.4 Hz, 2H), 3.22-3.15 (m, 

1H), 2.71 (qd, J = 17.2, 8.6 Hz, 2H). 
 13

C{
1
H} NMR (126 

MHz, CDCl3) δ 173.2 (CON), 172.3 (COO), 148.1 (aromatic 

=C), 147.3 (aromatic =C), 129.8 (aromatic =C), 121.7 (aro-

matic =CH), 108.7 (aromatic =CH), 108.4 (aromatic =CH), 

101.2 (O-CH2-O), 52.5 (OCH3), 48.4 (CH2Ar), 46.4 (CH2N), 

35.9 (CH2CO), 34.1 (CHCO).  HRMS (ESI) calcd for C14H15 

NO5 + K [M+K]
+
 316.0587. Found 316.0582.  

 

Methyl-1-(2-methoxybenzyl)-5-oxopyrrolidine-3-carboxylate 

1e.  Following the general procedure A the title product was 

purified by flash chromatography (n-pentane / EtOAc = 3:7) 

yielding lactam 1e (600 mg, 72 %) as colourless oil.  Anal. 

calcd for C14H17NO4: C, 63.87; H, 6.51; N, 5.32. Found: C, 

63.48; H, 6.48; N, 5.45.  IR, νmax/cm
-1 

(neat): 1733 (COO), 

1683 (CON).  
1
H NMR (500 MHz, CDCl3) δ 7.26 (t, J = 10.5 

Hz, aromatic 1H ), 7.19 (d, J = 7.5, aromatic 1H), 6.91 (t, J = 

8.5 Hz, aromatic 1H), 6.86 (d, J = 8.0 Hz, aromatic 1H), 4.52-

4.46 (m, 2H), 3.82 (s, 3H), 3.70 (s, 3H), 3.49 (d,
 
J = 7.5 Hz, 

2H), 3.22-3.15 (m, 1H), 2.70 (qd, J = 17.1, 8.0 Hz, 2H).  
13

C{
1
H} NMR (500 MHz, CDCl3) δ 173.4 (CON), 172.4 

(COO), 157.6 (aromatic =C),129.9 (aromatic =CH), 129.1 

(aromatic =CH), 124.1 (aromatic =C), 120.8 (aromatic =CH), 

110.5 (aromatic =CH), 55.5 (OCH3), 52.5 (OCH3), 48.9 

(CH2Ar), 41.2 (CH2N), 36.1 (CH2CO), 34.2 (CHCO).  HRMS 

(ESI) calcd for C14H18NO4 [M+H]
+
 264.1236. Found 

264.1230.  

 

Methyl-1-(2-methoxyphenylethyl)-5-oxopyrrolidine-3-

carboxylate 1f.  Following the general procedure A the title 

product was purified by flash chromatography (n-pentane / 

EtOAc = 4:6) yielding lactam 1f (0.86 mg, 98%) as yellow oil. 

Anal. calcd for C14H18NO4: C, 64.97; H, 6.91; N, 5.05. Found: 

C, 64.47; H, 6.86; N, 5.16.  IR, νmax /cm
-1 

(neat): 1734 (COO), 

1784 (CON).  
1
H NMR (500 MHz, CDCl3) δ 7.19 (t, J = 8.0 

Hz, aromatic 1H), 7.11 (d, J = 7.5 Hz, aromatic 1H), 7.87-7.82 

(m, aromatic 2H), 3.82 (s, 3H), 3.70 (s, 3H), 3.51-3.48 (m, 

3H), 3.46-3.42 (m, 1H), 3.16-3.10 (m, 1H), 2.87-2.80 (m, 2H), 

2.62 (qd, J = 16.9, 10.0 Hz, 2H).  
13

C{
1
H} NMR (126 MHz, 

CDCl3) δ 173.3 (CON), 172.2 (COO), 157.6 (aromatic =C), 

130.4 (aromatic =CH), 127.9 (aromatic =CH), 126.8 (aro-

matic =C), 120.5 (aromatic =CH), 110.3 (aromatic =CH), 55.3 

(OCH3), 52.4 (OCH3), 49.5 (CH2CH2), 42.5 (CH2N), 36.1 

(CH2CO), 34.1 (CHCO), 28.5 (CH2Ar).  HRMS (ESI) calcd 

for C14H19NO4 [M+H]
+
 278.1392. Found 278.1389.  

 

Methyl-1-cyclohexyl-5-oxopyrrolidine-3-carboxylate 1g.  

Following the general procedure A the title product was puri-

fied by flash chromatography (n-pentane/ EtOAc = 4:6) yield-

ing lactam 1g (575 mg, 81%) as a tan oil, which solidified on 

standing. Anal. calcd for C12H19NO3: C, 63.98; H, 8.50; N, 

6.22.  Found: C, 63.90; H, 8.57; N, 6.20.  IR, νmax /cm
-1 

(neat): 

1730 (COO), 1667 (CON).  
1
H NMR (500 MHz, CDCl3) δ 

3.96-3.89 (m, 1H), 3.72 (s, 3H), 3.58-3.52 (m, 2H), 3.21-3.15 

(m, 1H), 1.84-1.75 (m, 2H), 1.71-1.64 (m, 3H), 1.41-1.30 (m, 

4H), 1.15-1.01 (m, 1H).  
13

C{1H} NMR (126 MHz, CDCl3) δ 

173.5 (CON), 171.7 (COO), 52.5 (OCH3), 50.7 (CHN), 46.1 

(CH2N), 36.4 (CH2CO), 34.8 (CHCO), 30.4 (CH2), 30.2 

(CH2), 25.5 (2 (CH2)), 25.4 (CH2).  HRMS (ESI) calcd for 

C12H20NO3 [M+H]
+
 226.1443. Found 226.1438.  

 

Methyl-1-p-methylbenzyl-5-oxopyrrolidine-3-carboxylate 1h.  

Following general procedure A the title product was purified 

by flash chromatography (n-pentane/ EtOAc = 3:7) yielding 

lactam 1h (670 mg, 86%) as a tan oil, which solidified on 

standing.  Anal. calcd for C14H17NO3: C, 68.00; H, 6.93; N, 

5.66.  Found: C, 68.02; H, 6.97; N, 5.65.  IR, νmax/cm
-1 

(neat):1729 (COO), 1669 (CON).  
1
H NMR (500 MHz, 

CDCl3, δ ppm): 7. 4-7.10 (m, aromatic 4H), 4.50 (AB, J= 

14.1 Hz,
 
2H), 3.69 (s, 3H), 4.47-3.41 (m, 2H), 3.22 -3.15 (m, 

1H), 2.72 (qd, J = 17.1, 8.7 Hz, 2H), 2.33 (s, 3H).  
13

C{
1
H} 

NMR (500 MHz, CDCl3 δ, ppm):  173.3 (CON), 172.3 (COO), 

137.6 (aromatic =C), 132.9 (aromatic =C), 129.5 (aromatic 2 

(=CH)), 128.3 (aromatic 2 (=CH)), 52.5 (OCH3), 48.5 

(CH2Ar), 46.3 (CH2N), 35.9 (CH2CO), 34.2 (CHCO), 21.2 

(CH3).  HRMS (ESI) calcd for C14H17NO3Na [M+Na]
+
 

270.1106.  Found 270.1100.  

 

Methyl-5-oxo-1-(4-phenylbutyl)-pyrrolidine-3-carboxylate 1i.  

Following general procedure A the title product was purified 

by flash chromatography (n-pentane/ EtOAc = 1:9) yielding 

lactam 1i (760 mg, 87%) as an orange oil.  Anal. calcd for 

C16H21NO3: C, 69.79; H, 7.69; N, 5.09.  Found: C, 69.56; H, 

7.81; N, 5.16.  IR, νmax/cm
-1 

(neat): 1733 (COO), 1682 (CON).  
1
H NMR (500 MHz, CDCl3) δ 7.28-7.25 (m, aromatic 2H), 

7.18-7.14 (m, aromatic 3H), 3.72 (s,
 
3H), 4.58-3.49 (m, 2H), 

3.35 -3.24 (m, 2H), 3.23-3.16 (m, 1H), 2.72-2.61 (m, 4H), 

1.64-1.58 (m, 2H), 1.56-1.51 (m, 2H).  
13

C{1H} NMR (500 

MHz, CDCl3) δ 173.3 (CON), 172.3 (COO), 142.0 (aromatic 

=C), 128.4 (aromatic 2 (=CH)), 128.4 (aromatic 2 (=CH)), 

125.9 (aromatic =CH), 52.5 (OCH3), 48.9 (CH2N), 42.3 

(CH2N), 36.0 (CH2CO), 36.4 (CH2Ph), 34.2 (CHCO), 28.5 

(CH2), 26.6 (CH2).  HRMS (ESI) calcd for C16H21NO3+K 

[M+K]
+
 314.1159. Found 314.1153.  

 

Methyl 1-butyl-5-oxoxpyrrolidine-3-carboxylate 1j.
34a

  Fol-

lowing the procedure A the title product was purified by flash 

chromatography (n-pentane/ EtOAc = 1: 9) colourless oil 1j 
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(560 mg, 88%).  Anal. calcd for C10H18NO3: C, 60.28; H, 7.69; 

N, 7.03.  Found: C, 58.86, H, 8.60; N, 6.94.  IR, νmax /cm
-1 

(neat): 1734 (COO), 1681 (CON).  
1
H NMR (500 MHz, 

CDCl3) δ 3.70 (s, 3H), 3.60-3.51 (m, 2H), 3.25-3.21 (m, 1H), 

3.23-3.16 (m, 2H), 2.69-2.59 (m, 2H), 1.49-1.34 (m, 2H), 

1.31-1.24 (m, 2H), 0.90-0.87 (m, 3H).  
13

C{1H} NMR (126 

MHz, CDCl3) δ 173.4 (CON), 172.2 (COO), 52.5 (OCH3), 

48.9 (CH2N), 42.2 (CH2N), 36.1 (CH2CO), 34.3 (CHCO), 29.2 

(CH2-CH2), 20.0 (CH2-CH3), 13.8 (CH3).  HRMS (ESI) calcd 

for C10H18NO3 [M+H]
+
 :

 
200.1287. Found 200.1281.  

 

Methyl-1-(4-hydroxyphenyl)-5-oxopyrrolidine-3-carboxylate 

1k.  Following general procedure A the title product was ob-

tained in 99% yield as a beige solid.  Anal. calcd for 

C14H17NO4: C, 63.87; H, 6.51; N, 5.32.  Found: C, 63.81; H, 

6.53; N, 5.37.  IR, νmax/cm
-1 

(neat): 1742 (COO), 1658 (CON).  
1
H NMR (500 MHz, CDCl3) δ 7.03-7.01 (d, J = 8.5 Hz, aro-

matic 2H), 6.74-6.73 (m, aromatic 2H, 1 OH), 3.71 (s,
 
3H), 

2.57-2.46 (m, 4H), 3.18-3.12 (m, 1H), 2.77 (t, J = 7.1 Hz, 2H), 

2.65 (qd, J = 17.2, 8.6 Hz, 2H).  
13

C{
1
H} NMR (500 MHz, 

CDCl3) δ 173.2 (CON), 172.99 (COO), 155.4 (aromatic =C), 

129.7 (aromatic 2 (=C)), 129.3 (aromatic =C), 115.7 (aromatic 

=CH), 52.6 (OCH3), 49.4 (CH2N), 44.0 (CH2N), 36.1 

(CH2CO), 34.2 (CH2Ar), 32.7 (CHCO). HRMS (ESI) calcd for 

C14H17NO4 +Na [M+Na]
+ : 

286.1055. Found 286.1049. 

 

Synthesis of methyl 1-benzylpyrrolidine-3-carboxylate 2a by 

reduction of pyrrolidin-2-one 1a.  Et3SiH (0.77 mmol, 120 

μL, 6 equiv.) were added dropwise to a solution of pyrrolidin-

2-one 1a (0.13 mmol, 30 mg, 1 equiv.) and iridium catalyst
11 

 2  5 mol  ) in  ,2-dichloroethane     3.0 mL) at room tem-

perature in the anhydrous conditions. The mixture was the 

allowed to slowly warm up to 60 °C using an oil bath. After 

that the reaction was stirred vigorously for 4 hours and moni-

tored by TLC, at the end of the reaction the solvent was re-

moved under vacuum and the crude product was purified by 

silica gel chromatography eluting with a mixture of n-pentane 

and ethyl acetate respectively (3/ 7) to afford the desired pyr-

rolidine 2a (28 mg, 99%) as yellow oil.  
1
H NMR (500 MHz, 

CDCl3): δ 7.25-7.20 (m, aromatic 5H), 3.62 (s, 3H), 3.57 (s, 

2H), 3.02-2.95 (m, 1H), 2.85 (t, J = 8.8 Hz, 1H), 2.68-2.64 (m, 

1H), 2.56 (dd, J = 9.2, 7.1 Hz, 1H), 2.46 (q, J = 7.7 Hz, 1H), 

2.06-2.02 (m, 2H).  
13

C{1H} NMR (126 MHz, CDCl3) δ 175.6 

(COO), 138.9 (aromatic =C), 128.9 (aromatic 2 (=CH)), 128.4 

(aromatic 2 (=CH)), 127.1 (aromatic =CH), 60.2 (CH2Ph), 

56.8 (CH2-CH2), 53.9 (CH2N), 51.9 (OCH3), 42.0 (CHCO), 

27.7 (CH2CH).  HRMS (ESI) calcd for C13H18NO2 [M+H]
+ 

: 

220.1338. Found 220.1332. 

 

Synthesis of methyl 1-(4-chlorobenzyl)pyrrolidine-3-

carboxylate 2b by reduction of pyrrolidin-2-one 1b.  Et3SiH 

 0.89 mmol,  43 μL, 8 equiv.) were added dropwise to a solu-

tion of pyrrolidin-2-one 1b (0.11 mmol, 30 mg, 1 equiv.) and 

iridium catalyst (5 mol ) in  ,2-dichloroethane     3.0 mL) at 

room temperature in the anhydrous conditions. The mixture 

was allowed to slowly warm up to 60 °C using an oil bath. 

After that the reaction was stirred vigorously for 12 hours and 

monitored by TLC, at the end of the reaction the solvent was 

removed under vacuum and the crude product was purified by 

silica gel chromatography eluting a mixture of n-pentane and 

ethyl acetate respectively (4/ 6) to afford the desired pyr-

rolidine 2b (28.3 mg, 98%) as an orange oil.  
1
H NMR (500 

MHz, CDCl3): δ 7.29-7.24 (m, aromatic 4H), 3.68 (s, 3H), 

3.59 (AB, J =13.3 Hz, 2H), 3.07-3.00 (m, 1H), 2.86 (t, J = 8.8 

Hz, 1H), 2.69-2.66 (m, 1H), 2.64-2.61 (m, 1H), 2.52 (q, J = 

7.6 Hz, 1H), 2.12-2.06 (m, 2H).  
13

C{1H} NMR (126 MHz, 

CDCl3) δ 175.5 (COO), 137.9 (aromatic =C), 132.8 (aromatic 

=CCl), 130.1 (aromatic 2 (=CH)), 128.5 (aromatic 2 (=CH)), 

59.4 (CH2Ar), 56.7 (CH2-CH2), 53.8 (CH2N), 52.0 (OCH3), 

42.0 (CHCO), 27.8 (CH2CH).  HRMS (ESI) calcd for 

C13H17ClNO2 [M+H]
+ 

: 254.0948. Found 254.0942. 

 

Synthesis of methyl 1-(4-methoxybenzyl)pyrrolidine-3-

carboxylate 2c by reduction of pyrrolidin-2-one 1c.  Et3SiH 

 0.9  mmol,  46 μL, 8 equiv.) were added dropwise to a solu-

tion of pyrrolidin-2-one 1c  0.   mmol, 30 mg,   equiv.) and 

iridium catalyst  5 mol  ) in  ,2-dichloroethane     3.0 mL) at 

room temperature in the anhydrous conditions.  The mixture 

was allowed to slowly warm up to 60 °C using an oil bath.  

After that the reaction was stirred vigorously for 24 hours and 

monitored by TLC, at the end of the reaction the solvent was 

removed under vacuum and the crude product was purified by 

silica gel chromatography eluting with a mixture of n-pentane 

and ethyl acetate respectively (3/ 7) to afford the desired pyr-

rolidine 2c (28.2 mg, 99%) as an orange oil.  
1
H NMR (500 

MHz, CDCl3) δ 7.23 (d, J = 8.6 Hz, aromatic 2H), 6.85 (d, J = 

8.7 Hz, aromatic 2H), 3.80 (s, 3H), 3.68 (s, 3H), 3.56 (s, 2H), 

3.06-3.00 (m, 1H), 2.89 (t, J = 8.9 Hz, 1H), 2.72-2.68 (m, 1H), 

2.60-2.57 (m, 1H), 2.49 (q, J = 8.0 Hz, 1H), 2.11-2.07 (m, 

2H).  
13

C{
1
H} NMR (126 MHz, CDCl3): δ 175.7 (COO), 

158.8 (=C-OMe), 130.9 (aromatic =C), 130.1 (aromatic 2 

(=CH)), 113.8 (aromatic 2 (=CH)), 59.5 (CH2Ar), 56.7 (CH2-

CH2), 55.4 (OCH3), 53.7 (CH2N), 52.0 (OCH3), 42.0 (CHCO), 

27.7 (CH2CH).  HRMS (ESI) calcd for C14H20NO3 [M+H]
+
 : 

250.1443. Found 250.1438. 

 

Synthesis of methyl 1-(benzo[1,3-d]dioxol-5-

ylmethyl)pyrrolidine-3-carboxylate 2d by reduction of pyr-

rolidin-2-one 1d.  Et3SiH (2.16 mmol, 346 μL, 20 equiv.) 

were added dropwise to a solution of pyrrolidin-2-one 1d 

 0.   mmol, 30 mg,   equiv.) and iridium catalyst  5 mol  ) 

in  ,2-dichloroethane     3.0 mL) at room temperature in the 

anhydrous conditions. The mixture was allowed to slowly 

warm up to 60 °C using an oil bath. After that the reaction was 

stirred vigorously for 38 hours and monitored by TLC, at the 

end of the reaction the solvent was removed under vacuum 

and the crude product was purified by silica gel chromatogra-

phy eluting with a mixture of methanol and ethyl acetate re-

spectively (0.5/ 10) to afford the desired pyrrolidine 2d (28.3 

mg, 98 %).  
1
H NMR (500 MHz, CDCl3): δ 6.83 (s, aromatic 

1H), 6.73 (s, aromatic 2H), 5.92 (s, 2H), 3.67 (s, 3H), 3.51 (s, 

2H), 3.05-2.99 (m, 1H), 2.88 (t, J = 8.8 Hz, 1H), 2.70-2.65 (m, 

1H), 2.58 (dd, J = 9.4, 7.1 Hz, 1H), 2.48 (q, J = 7.8 Hz, 1H), 

2.10-2.05 (m, 2H). 
 13

C{
1
H} NMR (126 MHz, CDCl3) δ 175.6 

(COO), 147.7 (aromatic =C-O), 146.6 (aromatic =C-O), 132.9 

(aromatic =C), 121.9 (aromatic =CH), 109.3 (aromatic =CH), 

108.0 (aromatic =CH), 100.9 (O-CH2-O), 59.9 (CH2Ar), 56.7 

(CH2-CH2), 53.7 (CH2N), 51.9 (OCH3), 42.0 (CHCO), 27.7 
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(CH2CH).  HRMS (ESI) calcd for C14H18NO4 [M+H]
+ 

264.1236,. Found 264.1230. 

 

Synthesis of methyl 1-(2-methoxybenzyl)pyrrolidine-3-

carboxylate 2e by reduction of pyrrolidin-2-one 1e.  Et3SiH 

 0.96 mmol,  55 μL, 8.5 equiv.) were added dropwise to a 

solution of pyrrolidin-2-one 1e  0.   mmol, 30 mg,   equiv.) 

and iridium catalyst  5 mol  ) in  ,2-dichloroethane     3.0 

mL) at room temperature in the anhydrous conditions. The 

mixture was allowed to slowly warm up to 60 °C using an oil 

bath. After that the reaction was stirred vigorously for 32 

hours and monitored by TLC, at the end of the reaction the 

solvent was removed under vacuum and the crude product was 

purified by silica gel chromatography eluting with ethyl ace-

tate to afford the desired pyrrolidine 2e (26.9 mg, 93%) as an 

orange oil.  
1
H NMR (500 MHz, CDCl3): δ 7.34-7.32 (d, J = 

8.8 Hz, aromatic 1H), 7.23 (t, J = 8.6  Hz, aromatic 1H), 6.92 

(t, J = 7.4 Hz, aromatic 1H), 6.86 (d, J = 8.2 Hz, aromatic 

1H), 3.82 (s, 3H), 3.70 (s, 2H), 3.68 (s, 3H), 3.09-3.02 (m, 

1H), 2.99 (t, J = 8.8 Hz, 1H), 2.81-2.77 (m, 1H), 2.68 (dd, J = 

9.2, 7.2 Hz, 1H), 2.58 (q, J = 7.5 Hz, 1H), 2.12-2.07 (m, 2H).  
13

C{
1
H} NMR (126 MHz, CDCl3) δ 175.7 (COO), 157.9 

(aromatic =C-OMe), 130.6 (aromatic =CH), 128.3 (aromatic 

=CH), 126.6 (aromatic =C), 120.5 (aromatic =CH), 110.5 

(aromatic =CH), 56.7 (CH2Ar), 55.5 (CH2-CH2), 53.7 (OCH3), 

53.2 (CH2N), 51.9 (OCH3), 42.1 (CHCO), 27.7 (CH2CH).  

HRMS (ESI) calcd for C14H20NO3 [M+H]
+
:
 
250.1443. Found 

250.1438. 

 

Synthesis of methyl 1-(2-methoxyphenethyl)pyrrolidine-3-

carobxylate 2f by reduction of pyrrolidin-2-one 1f.  Et3SiH 

 0.97 mmol,  55 μL, 6 equiv.) were added dropwise to a solu-

tion of pyrrolidin-2-one 1f (0.11 mmol, 30 mg, 1 equiv.) and 

iridium catalyst (5 mol  ) in  ,2-dichloroethane     3.0 mL) at 

room temperature in the anhydrous conditions. The mixture 

was allowed to slowly warm up to 60 °C using an oil bath.  

After that the reaction was stirred vigorously for 20 hours and 

monitored by TLC, at the end of the reaction the solvent was 

removed under vacuum and the crude product was purified by 

silica gel chromatography eluting with ethyl acetate to afford 

the desired pyrrolidine 2f (24.7 mg 87 %) as an orange oil.  
1
H 

NMR (500 MHz, CDCl3): δ 7.18 (t, J = 8.6  Hz, aromatic 1H), 

7.14 (d, J = 8.8 Hz, aromatic 1H), 6.87 (t, J = 7.8 Hz, aro-

matic 1H), 6.84 (d, J = 8.1 Hz, aromatic 1H), 3.81 (s, 3H), 

3.69 (s, 3H), 3.10-3.04 (m, 1H), 3.00 (t, J = 8.7 Hz, 1H), 2.85-

2.81 (m, 2H), 2.80-2.76 (m,1H), 2.71-2.67 (m, 2H), 2.65-2.60 

(m, 1H), 2.56 (q, J = 7.7 Hz, 1H), 2.12-2.07 (m, 2H); 
13

C{
1
H} 

NMR (126 MHz, CDCl3): δ 175.6 (COO), 157.6 (aromatic 

=C-OMe), 130.2 (aromatic =CH), 128.6 (aromatic =C), 127.4 

(aromatic =CH), 120.5 (aromatic =CH), 110.3 (aromatic 

=CH), 56.9 (CH2-CH2), 56.2 (CH2N), 55.3 (OCH3), 54.0 

(CH2N), 52.0 (OCH3), 42.1 (CHCO), 30.0 (CH2CH), 27.7 

(CH2Ar).  HRMS (ESI) calcd for C15H22NO3 [M+H]
+
:
 

264.1600. Found 264.1594. 

 

Synthesis of methyl 1-cyclohexylpyrrolidine-3-carobxylate 2g 

by reduction of pyrrolidin-2-one 1g.  Et3SiH (3.32 mmol, 531 

μL, 25 equiv.) were added dropwise to a solution of pyr-

rolidin-2-one 1g (0.13 mmol, 30 mg, 1 equiv.) and iridium 

catalyst (5 mol ) in  ,2-dichloroethane     3.0 mL) at room 

temperature in the anhydrous conditions.  The mixture was 

allowed to slowly warm up to 60 °C using an oil bath. After 

that the reaction was stirred vigorously for 44 hours and moni-

tored by TLC, at the end of the reaction the solvent was re-

moved under vacuum and the crude product was purified by 

silica gel chromatography eluting with ethyl acetate to afford 

the desired pyrrolidine 2g (21.1 mg, 75 %) as an orange oil.  
1
H NMR (500 MHz, CDCl3) δ 3.66 (s, 3H), 3.06-2.97 (m, 1H), 

2.82-2.78 (m, 1H), 2.64-2.61 (m, 1H), 2.49 (q, J = 8.0 Hz 1H), 

2.08-2.00 (m,3H), 1.92-1.90 (m, 2H), 1.74-1.69 (m, 2H), 1.60-

1.55 (m, 1H), 1.24-1.16 (m, 5H).  
13

C{
1
H} NMR (126 MHz, 

CDCl3) δ 175.6 (COO), 63.5 (CHN), 54.4 (CH2-CH2), 51.9 

(OCH3), 51.3 (CH2N), 41.7 (CHCO), 31.9 (CH2CH), 27.5 (2 

(CH2)), 26.0 (2 (CH2)), 25.1 (CH2).  HRMS (ESI) calcd for 

C12H22NO2 [M+H]
+
:
 
212.1651. Found 212.1645. 

 

 Synthesis of methyl 1-(4-methylbenzyl)pyrrolidine-3-

carobxylate 2h by reduction of pyrrolidin-2-one 1h.  Et3SiH 

 0.48 mmol, 78 μL, 4 equiv.) were added dropwise to a solu-

tion of pyrrolidin-2-one 1h  0. 2 mmol, 30 mg,   equiv.) and 

iridium catalyst  5 mol  ) in  ,2-dichloroethane     3.0 mL) at 

room temperature in the anhydrous conditions. The mixture 

was allowed to slowly warm up to 60 °C using an oil bath. 

After that the reaction was stirred vigorously for 30 hours and 

monitored by TLC, at the end of the reaction the solvent was 

removed under vacuum and the crude product was purified by 

silica gel chromatography eluting with a mixture of n-pentane 

and ethyl acetate (5/5) to afford the desired pyrrolidine 2h 

(28.1 mg, 99 %).  
1
H NMR (500 MHz, CDCl3): δ 7.21-7.11 

(m, aromatic 4H), 3.68 (s, 3H), 3.59 (AX, J = 13.0 Hz, 2H), 

3.07-3.00 (m, 1H), 2.92 (t, J = 8.8 Hz, 1H), 2.72-2.68 (m, 2H), 

2.61-2.58 (m, 1H), 2.50 (q, J = 7.8 Hz, 1H), 2.33 (s, 3H), 2.11-

2.06 (m, 2H).  
13

C{
1
H} NMR (126 MHz, CDCl3): δ 175.7 

(COO), 136.7 (aromatic =C-Me), 135.8 (aromatic =C), 129.1 

(aromatic 2 (=CH)), 128.9 (aromatic 2 (=CH)), 59.9 (CH2Ar), 

56.8 (CH2-CH2), 53.8 (CH2N), 51.9 (OCH3), 42.1 (CHCO), 

27.7 (CH2CH), 21.2 (CH3).  HRMS (ESI) calcd for C14H20NO2 

[M+H]
+
:
 
234.1494. Found 234.1488. 

 

Synthesis of methyl 1-(4-phenylbutyl)pyrrolidine-3-

carboxylate 2i by reduction of pyrrolidin-2-one 1i.  Et3SiH 

 0.52 mmol, 84 μL, 4 equiv.) were added dropwise to a solu-

tion of pyrrolidin-2-one 1i  0. 3 mmol, 36 mg,   equiv.) and 

iridium catalyst  5 mol  ) in  ,2-dichloroethane     3.0 mL) at 

room temperature in the anhydrous conditions. The mixture 

was allowed to slowly warm up to 60 °C using an oil bath. 

After that the reaction was stirred vigorously for 7 hours and 

monitored by TLC, at the end of the reaction the solvent was 

removed under vacuum and the crude product was purified by 

silica gel chromatography eluting with ethyl acetate to afford 

the desired pyrrolidine 2i (34 mg, 100 %) as an orange oil.  
1
H 

NMR (500 MHz, CDCl3): δ 7.27-7.24 (m, aromatic 2H), 7.17-

7.14 (m, aromatic 3H), 3.67 (s, 3H), 3.05-2.98 (m, 1H), 2.86 

(t, J = 8.8 Hz, 1H), 2.68-2.57 (m, 4H), 2.49-2.38 (m, 3H), 

2.09-2.04 (m, 2H), 1.67-1.61 (m, 2H), 1.56-1.50 (m, 2H).  
13

C{
1
H} NMR (126 MHz, CDCl3): δ 175.6 (COO), 142.5 

(aromatic =C), 128.5 (aromatic 2 (=CH)), 128.4 (aromatic 2 

(=CH)), 125.8 (aromatic =CH), 57.0 (CH2N), 56.1 (CH2-CH2), 

54.1 (CH2N), 52.0 (OCH3), 42.0 (CHCO), 35.9 (CH2Ph), 29.5 
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(CH2CH), 28.6 (CH2CH2), 27.7 (CH2CH2).  HRMS (ESI) 

calcd for C16H24NO2 [M+H]
+ 

: 262.1807. Found 282.1801. 

 

Synthesis of methyl -1-butylpyrrolidine-3-carboxylate 2j by 

reduction of pyrrolidin-2-one 1j.  Et3SiH   . 7 mmol,  87 μL, 

6 equiv.) were added dropwise to a solution of pyrrolidin-2-

one 1j  0.2 mmol, 39 mg,   equiv.) and iridium catalyst  5 mol 

 ) in  ,2-dichloroethane     3.0 mL) at room temperature in the 

anhydrous conditions. The mixture was allowed to slowly 

warm up to 60 °C using an oil bath. After that the reaction was 

stirred vigorously for 18 hours and monitored by TLC, at the 

end of the reaction the solvent was removed under vacuum 

and the crude product was purified by silica gel chromatogra-

phy eluting with ethyl acetate, during the remove of the sol-

vent and after purification, the desired product was evaporated 

with the solvent (conversion: 94%)  
1
H NMR (500 MHz, 

CDCl3): δ 3.66  s, 3H), 3. 0-3.01 (m, 2H), 2.86-2.80 (m, 1H), 

2.69 (dd, J = 9.2, 6.6 Hz ,1H,) 2.56-2.45 (m, 3H), 2.17-2.05 

(m, 2H), 1.54-1.48 (m, 2H), 1.35-1.27 (m, 2H), 0.96-0.94 (m, 

3H), 0.92-0.88 (m, 18H), 0.58-0.47 (m, 12H).  
13

C{
1
H} NMR  

(126 MHz, CDCl3): δ  75.   COO), 56.5 (CH2-CH2), 55.9 

(CH2N), 53.9 (CH2N), 52.1 (OCH3), 41.9 (CH2), 30.5 

(CHCO), 27.7 (CH2), 20.7 (CH2), 14.0 (CH3), 6.8 (CH2-Si), 

6.5 (CH3).  HRMS (ESI) calcd for C10H20NO2 [M+H]
+
: 

186.1494. Found 186.1489. 

 

Synthesis of a mixture of methyl 1-(4-

triethylsilyloxyphenethyl)pyrrolidine-3-carboxylate 2k and 3-

(methoxy(triethylsilyloxy)methyl)-1-(4-

triethylsilyloxyphenethyl)pyrrolidine 2k’ by reduction of 

pyrrilidin-2-one 1k.  Et3SiH  2.05 mmol, 238 μL,  8 equiv.) 

were added dropwise to a solution of pyrrolidin-2-one 1k (0.11 

mmol, 30 mg, 1 equiv.) and iridium catalyst  5 mol  ) in  ,2-

dichloroethane     3.0 mL) at room temperature in the anhy-

drous conditions. The mixture was allowed to slowly warm up 

to 60 °C using an oil bath. After that the reaction was stirred 

vigorously for 16 hours and monitored by TLC, at the end of 

the reaction the solvent was removed under vacuum and the 

crude products were purified and separated by silica gel chro-

matography eluting with ethyl acetate to afford the mixture of 

2k and 2k’ with conversion respectively 61 % and 39 %. 

 

Methyl 1-(4-triethylsilyloxyphenethyl)pyrrolidine-3-

carboxylate 2k and 3-(methoxy(triethylsilyloxy)methyl)-1-(4-

triethylsilyloxyphenethyl)pyrrolidine 2k’. 
1
H NMR (500 

MHz, CDCl3) δ 7.05-7.03 (m, aromatic 4H), 6.77-6.74 (m, 

aromatic 3H), 4.61 (dd, J = 7.9, 6.4 Hz, 1H), 3.69 (s, 3H), 3.31 

(s, 2H), 3.05 (m, J = 31.5 Hz, 1H), 2.94 (t, J = 8.8 Hz, 1H), 

2.81-2.62 (m, 10H), 2.58-2.53 (m, 1H), 2.13-2.08 (m, 2H), 

1.95-1.86 (m, 1H), 1.74-1.62 (m, 1H), 0.91 (t,  J = 8.1 Hz, 

36H), 0.75-0.70 (m, 9H), 0.52 (q, J = 8.0 Hz, 30H); 
13

C{1H} 

NMR (126 MHz, CDCl3) δ 175.6 (COO), 154.0 (aromatic 

=C-O-), 153.9 (aromatic 2 (=C-O-)), 133.0 (aromatic =C), 

132.9 (aromatic 2 (=C)), 129.6 (aromatic 4 (=CH)), 129.6 

(aromatic 2 (=CH)), 119.9 (aromatic 4 (=CH)), 119.9 (aro-

matic 2 (=CH)), 101.4 (HC*), 101.3 (HC*), 58.5 (CH2-CH2), 

58.5 (CH2-CH2), 58.2 (CH2-CH2), 56.9 (CH2N), 56.1 (CH2N), 

55.2 (CH2N), 54.3 (CH2N), 54.1 (CH2N), 53.7 (CH2N), 53.3 

(OCH3), 52.0 (OCH3), 43.7 (OCH3), 42.1 (CHCO), 34.9 

(CH2Ar), 34.7 (CH2Ar), 34.6 (CH2Ar), 27.8 (CH2CH), 26.9 

(CH2CH), 25.9 (CH2CH) 7.0 (CH2), 6.9 (CH2), 6.8 (CH2), 6.6 

(CH3), 5.3 (CH3), 5.1 (CH3). HRMS (ESI) calcd for 

C20H34NO3Si [M+H]
+
 364.2308, found 364.2302. HRMS 

(ESI) calcd for C26H50NO3Si2 [M+H]
+
 480.3329, found 

480.3327. 

 

General procedure B for the synthesis of enamides 4.  The 

enamides 4 were prepared according to a literature procedure
35 

with minor modifications. To a solution of dimethyl-α-

(bromomethyl)fumarate (8.44 mmol, 2 g, 1 equiv.) in boiling 

bromobenzene     10 mL) were added dropwise the appropri-

ately amine (16.87 mmol, 2 equiv.), the reaction was stirred 

for 20 minutes, then cooled, filtered and the solvent was re-

moved under vacuum. The crude product was purified by 

silica gel chromatography. Recrystallization from a mixture of 

diethyl ether and hexane respectively (4/6) gave desired ena-

mides 4a-c. 

 

Methyl 1-benzyl-5-oxo-4,5-dihydro-1H-pyrrole-3-carboxylate 

4a.  Following General procedure B the title product was 

purified by flash chromatography (petroleum ether/ diethyl 

ether: 5/5). Recrystallization from a mixture of n-hexane and 

petroleum ether respectively (6/4) gave desired enamide 4a as 

a white solid (1.37 g, 70%).  Anal. calcd for C13H13NO3: C, 

67.52; H, 5.67; N, 6.06. Found: C, 67.48; H, 5.95; N, 5.94.  

IR, νmax / cm
-1 

(neat): 1722 (COO), 1695 CON), 1619 (C=C).  
1
H NMR (500 MHz, CDCl3) δ 7.36-7.22 (6H, 5 aromatic H 

and 1 enamide H), 4.65 (s, 2H), 3.69 (s, 3H), 3.35 (d, J = 2.0 

Hz, 2H).  
13

C{
1
H} NMR (126 MHz, CDCl3) δ  75.9  CON), 

163.5 (COO), 142.8 (=CH-N), 135.8 (aromatic =C),129.1 

(aromatic 2 (=CH)), 128.3 (aromatic =CH), 128.1 (aromatic 2 

(=CH)), 108.96 (=C), 51.4 (CH2Ph), 46.1 (OCH3), 36.4 

(CH2CO).  HRMS (ESI) calcd for C13H13NO3+Na [M+Na]
+
:
 

254.0793. Found 254.0782. 

 

Methyl 1-cyclohexyl-5-oxo-4,5-dihydro-1H-pyrrole-3-

carboxylate 4b.
36

  Following General procedure B the title 

product was purified by flash chromatography (n-pentane/ 

EtOAc = 8: 2).  Recrystallization from a mixture of n-hexane 

and petroleum ether respectively (6/ 4) gave desired enamide 

4b as a white solid (0.98 g, 52%).  Anal. calcd for C12H17NO3: 

C, 64.55; H, 7.67; N, 6.27.  Found: C, 64.63; H, 5.69; N, 6.34.  

IR, νmax  / cm
-1 

(neat): 1720 (COO), 1695 (CON), 1620 (C=C). 
1
H NMR (500 MHz, CDCl3) δ 7.49  s, enamide1H), 3.99-3.90 

(m, 1H), 3.73 (s, 3H), 3.31 (d, J = 2.0 Hz, 2H), 1.89-1.79 (m, 

4H), 1.43-1.67 (m,1H) 1.43-1.30 (m, 4H), 1.19-1.10 (m, 1H).  
13

C{
1
H} NMR (126 MHz, CDCl3) δ  75.8  CON), 163.8 

(COO) 141.1 (=C-N), 108.5 (=C), 51.4 (CHN), 51.0 (OCH3), 

37.0 (CH2), 32.4 (2 (CH2)), 25.5 (2 (CH2)), 25.3 (CH2).  

HRMS (ESI) calcd for C12H17NO3+Na [M+Na]
+
:
 
246.1106. 

Found 246.1101.  

 

Methyl 1-phenethyl-5-oxo-4,5-dihydro-1H-pyrrole-3-

carboxylate 4c.  Following General procedure B the title 

product was purified by flash chromatography (petroleum 

ether/ diethyl ether = 5:5). Recrystallization from a mixture of 

diethyl ether and petroleum ether respectively (3/ 7) gave 

desired enamide 4c as a beige solid (0.95 g, 55%). Anal. calcd 
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for C14H15NO3: C, 68.56; H, 6.16; N, 5.71.  Found: C, 68.37; 

H, 6.14; N, 5.81. IR, νmax  / cm
-1 

(neat): 1701 (COO), 1685 

(CON), 1616 (C=C).
1
H NMR (500 MHz, CDCl3) δ 7.32-7.15 

(m, aromatic 5H and enamide 1H), 3.76-3.73 (m, 2H), 3.72 (s, 

3H), 3.28 (d, J = 2 Hz, 2H), 2.91 (t, J = 7.3 Hz, 2H); 
13

C{
1
H} 

NMR (126 MHz, CDCl3) δ  76.  (CON), 163.6 (COO), 143.5 

(=C-N), 137.7 (aromatic =C), 128.9 (aromatic 2 (=CH)), 

128.8 (aromatic 2 (=CH)), 127.1 (aromatic =CH), 108.3 (=C), 

51.5 (OCH3), 44.2 (CH2N), 36.5 (CH2CO), 35.4 (CH2Ph). 

HRMS (ESI) calcd for C14H15NNaO3 [M+Na]
+
:
 

268.0950. 

Found 268.0944.  

 

Procedure for the synthesis of 1-benzyl-4-

((triethylsilyloxy)methylene)pyrrolidin-2-one 5a by reduction 

of enamide 4a.  Et3SiH   .04 mmol,  66 μL, 8 equiv.) was 

added dropwise (1 equivalent per hour) to a solution of ena-

mide 4a  0. 3 mmol, 30 mg,   equiv.) and iridium catalyst  5 

mol ) in  ,2- dichloroethane     3 mL) at room temperature in 

the anhydrous conditions. The mixture was then allowed to 

slowly warm up to 60 °C using an oil bath. After that the reac-

tion was stirred vigorously for 9 hours and monitored by TLC. 

At the end of the reaction the solvent was removed under 

vacuum and the crude product was purified by silica gel chro-

matography eluting with a mixture of n-pentane and ethyl 

acetate respectively (7 /3) to afford a mixture of 5a and [IrH] 
14b

 as a yellow oil.  
1
H NMR (500 MHz, CDCl3) δ 7.34-7.23 

(m, 5H, ArH), 6.06 (quint, J = 1.7 Hz, 1H), 4.61 (s, 2H), 4.45 

(d, J = 1.6 Hz, 2H), 3.81 (d, J = 1.7 Hz, 2H), 0.93 (t, J = 8.0 

Hz, 9H), 0.6 (q, J = 7.8 Hz, 6H).  
13

C{
1
H} NMR (126 MHz, 

CDCl3) δ  7 .5 (CON), 159.0 (=C-H), 137.52 (aromatic =C), 

128.9 (aromatic 2 (=CH)), 128.1 (aromatic 2 (=CH)), 127.6 

(aromatic =CH), 121.5 (=C), 60.3 (CH2N), 51.7 (CH2Ph), 46.1 

(CH2CO), 6.8 (3 (CH3CH2)Si), 4.4 (3 (CH3CH2)Si).  HRMS 

(ESI) calcd for C18H28NO2Si [M+H]
+
:
 

318.1889. Found 

318.1884. 

 

Procedure for the synthesis of 1-cyclohexyl-4-

((triethylsilyloxy)methylene)pyrrolidin-2-one 5b by reduction 

of enamide 4b.  Et3SiH  0.67 mmol, 78 μL, 5 equiv.) was 

added dropwise (1 equivalent per hour) to a solution of ena-

mide 4b (0.13 mmol, 30 mg,   equiv.) and iridium catalyst  5 

mol ) in  ,2- dichloroethane     3 mL) at room temperature in 

the anhydrous conditions. The mixture was then allowed to 

slowly warm up to 60 °C using an oil bath. After that the reac-

tion was stirred vigorously for 6 hours and monitored by TLC. 

At the end of the reaction the solvent was removed under 

vacuum and the crude product was purified by silica gel chro-

matography eluting with a mixture of n-pentane and ethyl 

acetate respectively (7 /3) to afford a mixture of 5b as an or-

ange oil and [IrH].  
1
H NMR (500 MHz, CDCl3) δ 5.98  quint, 

J = 1.6 Hz, 1H), 4.49 (d, J = 1.7 Hz, 2H), 4.03-3.97 (m,1 H), 

3.89 (d, J = 1.7 Hz, 2H), 1.85-1.77 (m, 4H), 1.74-1.63 (m, 

2H), 1.44-1.30 (m, 4H), 0.96 (t, J = 7.9 Hz, 9H), 0.62 (q, J = 

8.1 Hz, 6H).  
13

C{
1
H} NMR (126 MHz, CDCl3) δ  70.9 

(CON), 158.2 (=C-H), 122.0 (=C), 60.4 (CHN), 50.3 (CH2O), 

48.4 (CH2N), 31.8 (2 (CH2), 25.7 (2 (CH2)), 25.6 (CH2), 6.8 (3 

(CH3CH2)Si), 4.5 (3 (CH3CH2)Si). HRMS (ESI) calcd for 

C17H32NO2Si [M+H]
+
:
 
310.2202. Found 310.2203. 

 

Procedure for the synthesis of 1-phenethyl-4-

((triethylsilyloxy)methylene)pyrrolidin-2-one 5c by reduction 

of enamide 4c.  Et3SiH  0.73 mmol, 85 μL, 6 equiv.) was 

added dropwise (1 equivalent per hour) to a solution of ena-

mide 4c  0. 2 mmol, 30 mg,   equiv.) and iridium catalyst  2 

 5 mol ) in  ,2- dichloroethane     3 mL) at room temperature 

in the anhydrous conditions. The mixture was then allowed to 

slowly warm up to 60 °C using an oil bath. After that the reac-

tion was stirred vigorously for 7 hours and monitored by TLC. 

At the end of the reaction the solvent was removed under 

vacuum and the crude product was purified by silica gel chro-

matography eluting with a mixture of n-pentane and ethyl 

acetate respectively (6/4) to afford a mixture of 5c as a orange 

oil and [IrH].  
1
H NMR (500 MHz, CDCl3) δ 5.98  quint, J = 

1.6 Hz, 1H), 4.42 (d, J = 1.7 Hz, 2H), 3.72 (d, J = 1.7 Hz, 2H), 

3.68 (t, J = 7.3 Hz, 2H), 2.89 (t, J = 7.3 Hz, 2H), 0.94 (t, J = 

8.0 Hz, 9H), 0.60 (q, J = 7.9 Hz, 6H).  
13

C{
1
H} NMR (126 

MHz, CDCl3) δ  7 .5 (CON), 158.6 (=CH), 139.0 (aromatic 

=C), 128.8 (aromatic (2 (=CH)), 128.7 (aromatic (2 (=CH)), 

126.6 (aromatic =CH), 121.7 (=C), 60.2 (CH2N), 53.0 (CH2-

CO), 43.8 (CH2-Ph), 35.2 (CH2N),6.8 (3 (CH2)), 4.5 (3 (CH3)).  

HRMS (ESI) calcd for C19H30NO2Si [M+H]
+
:
 
354.1865. Found 

354.1860. 

 

Procedure for the synthesis of methyl 1-benzyl-4-methoxy-5-

oxopyrrolidine-3-carboxylate 7.
18

 
 
  Benzylamine (1.58 mmol, 

1 equiv.) was added dropwise to a solution of dimethyl 2-

methoxy-3-methylene succinate 6
37
  0.3 g,  .58 mmol) in 

methanol     6 mL) in the anhydrous conditions. The mixture 

was then stirred vigorously for 10 hours at room temperature 

and monitored by TLC, at the end of the reaction the solvent 

was removed and under vacuum and the crude product was 

purified by silica gel chromatography eluting with a mixture 

of diethyl ether and petroleum ether respectively (8/ 2) to 

afford the lactam 7 as a white solid in 74 % yield.  Anal. calcd 

for C14H17NO4: C, 63.87; H, 6.51; N, 5.32; Found: C, 63.86; 

H, 6.59; N, 5.35. IR, νmax  / cm
-1 

(neat): 1741 (COO), 1696 

(CON). 
1
H NMR (500 MHz, CDCl3) δ 7.35-7.23 (m, aromatic 

5H), 4.48 (s, 2H), 4.08 (d, J = 7.3 Hz, 2H), 3.70 (s, 3H), 3.66 

(dd, J = 10.1, 6.4 Hz, 1H), 3.61 (s, 3H), 3.36-3.32 (m, 1H), 

3.25 (dd, J = 10.1, 7.8 Hz, 1H).  
13

C{
1
H} NMR (126 MHz, 

CDCl3) δ  70.   COO),  69.7  CON), 135.7 (aromatic =C), 

128.9 (aromatic 2 (=CH)), 128.3 (aromatic 2 (=CH)), 127.9 

(aromatic =CH), 78.9 (CHOMe), 59.4 (OCH3), 52.3 (OCH3), 

46.7 (CH2Ph), 45.7 (CH2N), 42.9 (CHCO).  HRMS (ESI) 

calcd for C14H17KNO4 [M+K]
+ 

302.0795. Found 302.0789. 

 

Synthesis of a mixture of  8 and 8’ by reduction of lactam 7.  

Et3SiH  0.9  mmol,  46 μL, 8 equiv.) was added dropwise to a 

solution of lactam 7 (0.11 mmol, 30 mg, 1 equiv.) and iridium 

catalyst (5 mol%) in 1,2-dichloroethane     3 mL) at room 

temperature in the anhydrous conditions. The mixture was 

then allowed to slowly warm up to 60 °C using an oil bath. 

After that the reaction was stirred vigorously for 21 hours and 

monitored by TLC. At the end of the reaction the solvent was 

removed under vacuum and the crude product was purified 

and separated by silica gel chromatography eluting with ethyl 

acetate to afford a mixture of 8 and 8’. 
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Methyl 1-benzyl-4-methoxypyrrolidine-3-carboxylates 8.  The 

title product was isolated as a yellow oil in 38 % of conver-

sion.  
1
H NMR (500 MHz, CDCl3) δ 7.2-7.17 (m, 5H, aro-

matic H),  4.04 (ddd, J = 7.8, 5.5, 4.5 Hz, 1H), 3.65 (s, 1H), 

3.64-3.60 (m, 1H), 3.24 (s, 1H), 3.17 (q, J = 8.1 Hz, 1H), 3.04 

(dd, J = 10.0, 5.5 Hz, 1H), 2.91- 2.84 (m, 2H), 2.46 (dd, J = 

10.0, 4.5 Hz, 1H).  
13

C{
1
H} NMR (126 MHz, CDCl3) δ  7 .  

(COO), 138.8 (=C), 129.0 (aromatic 2 (=CH)), 128.4 (aro-

matic 2 (=CH)), 127.2 (aromatic =CH), 81.1 (C-OMe), 60.5 

(CH2N), 59.0 (CH2N), 58.0 (OCH3), 54.2 (OCH3), 51.8 (CH2-

CH), 48.3 (CHCO).  HRMS (ESI) calcd for C14H20NO3 

[M+H]
+ 

250.1443. Found 250.1438.  

 

1-Benzyl-3-methoxy-4-(methoxy((triethylsilyl)oxy)methyl) 

pyrrolidine 8’.  The title product was isolated as a yellow oil 

in 62 % of conversion.  
1
H NMR (500 MHz, CDCl3) δ 7.34-

7.29 (m, 4H, aromatic H), 7.25-7.22 (m, 1H, aromatic H), 

4.99 (d, J = 8.1 Hz, 1H), 3.78 (m, 1H), 3.72-3.69 (m, 2H), 3.28 

(s, 3H), 3.24 (s, 3H), 2.89 (dd, J = 10.8, 4.5 Hz, 0H), 2.80 (t, J 

= 8.8 Hz, 1H), 2.69 (dd, J = 10.7, 2.4 Hz, 1H), 2.64 (t, J = 9.7 

Hz, 1H), 2.51-2.45 (m, 1H), 0.98 (t, J = 8.0 Hz, 10H), 0.66 (q, 

J = 8.0 Hz, 5H).  
13

C{
1
H} NMR (126 MHz, CDCl3) δ  39.3 

(=C), 128.9 ((aromatic 2 (=CH)), 128.4 ((aromatic 2 (=CH)), 

127.0 (aromatic =CH), 97.4 (aromatic =CH), 80.8 (CHOMe), 

61.3 (CH2N), 58.3 (CH2N), 56.5 (OCH3), 53.7 (OCH3), 52.4 

(CH2N), 49.3 (CHCO), 7.0 (CH2), 5.2 (CH3).  HRMS (ESI) 

calcd for C20H36NO3Si [M+H]
+  

366.12464. Found 366.2459. 

 
Procedure for the 

1
H NMR monitoring of reactions in 

sealed J-Young tubes.  A clean dry J-Young NMR tube was 

loaded with the Ir-catalyst (2 mg, 1.42 µmol, 2 mol%), 

methyl-1-benzyl-5-oxo-pyrrolidine-3-carboxylate (1a) (17 mg, 

0.073 mmol) and 1,3,5-tri-tert-butylbenzene (5.2 mg, 0.021 

mmol) used as NMR standard reference for the quantification. 

To this mixture, 0.5 mL of dry CD2Cl2 was transferred and 

maintained under argon atmosphere.  The NMR tube was 

swiftly cooled down to ~ -50°C.  HSiEt3 (68 µL, 0.42 mmol) 

was added to the cooled solution, which was subsequently 

tightly sealed and set for NMR analysis.  
1
H NMR data acqui-

sition was carried out with a Bruker AV-400 MHz NMR spec-

trometer at 298 K.  Each spectrum was collected by 1D 
1
H 

pulse program with a 30° hard pulse of 2.42 µs length in 4 

scans with 2 s delay time after every scan.  A 60 s delay was 

set between each spectrum.  The spectra were collected and 

processed using an advanced plug-in of MestRe Nova soft-

ware
19

 requiring preliminary peaks assignment of relevant 

signals, which matched reported data. The 1D free induction 

decay of each spectrum at the respective data point was proc-

essed, and the products and the starting material were quanti-

fied based on the concentration of the NMR internal standard 

using the kinetic module of the MestRe
19

 software. 

 

Identification of intermediates 1a’ and 2a’.  The reaction 

was run in a sealed J-Young NMR sample tube using the 

above-explained procedure till the consumption 1a to give the 

maximum 1a' proton peak in the monitored NMR spectros-

copy.  The sample tube was quickly removed from the magnet 

and frozen to arrest any further progress of the reaction.  Reac-

tive intermediates were characterized primarily by NMR spec-

troscopy in a precooled probe of a NMR spectrometer at 213 

K.  Each spectrum was collected by 1D 
1
H pulse program with 

a 30° hard pulse of 4.33 µs length in 32 scans with 3 s delay 

time after every scan. 
1
H and 

13
C NMR spectra were thus 

captured at the optimal formation of 1a’. The NMR tube was 

further warmed to room temperature to reach reaction’s com-

pletion. The resulting medium containing 2a’ was analyzed by 

high resolution mass spectroscopy using electrospray ionisa-

tion (ESI) by directly injecting the reaction mixture into the 

mass spectrometer’s probe.  Intermediate 1a’:
 1

H NMR (600 

MHz, CD2Cl2): δ 7.78-6.51 (m, aromatic 5H), 4.84-4.73 (m, 

1H), 3.60 (s, 2H), 3.65 (s, 3H), 3.00 (m, 1H), 3.01-2.98 (m, 

1H), 2.88-2.82 (m, 1H), 2.69 (d, J = 9.7 Hz, 1H), 2.36-2.26 

(m, 1H), 0.93 (t, J = 8.0 Hz, 9H), 0.55 (qd, J = 7.9, 3.2 Hz, 

6H). 
13

C {
1
H} NMR (151 MHz, CD2Cl2): δ 175.5 (COO), 

138.8 (aromatic =C), 128.10 (aromatic 2 (=CH)), 127.8 (aro-

matic 2 (=CH)), 126.5 (aromatic =CH), 87.2 (COSiEt3), 53.0 

(CH2Ph), 51.8 (OCH3), 51.03 (CH2N), 39.14 (CHCO), 37.9 

(CH2COSiEt3), 6.6 (SiCH2), 5.62 (CH3-CH2). No HRMS was 

collected for 1a’ for it was very short-lived in the conditions of 

the catalysis.  Compound 2a’: 
1
H NMR (500 MHz, C2D4Cl2): 

δ 7.35-7.28 (m, aromatic 5H), 4.61-4.59 (m, 1H), 3.60 (m, 

2H), 3.27 (s, 3H), 2.58-2.51 (m, 1H), 2.50-2.43 (m, 1H), 2.42-

2.36 (m, 2H), 2.09-2.03 (m, 1H), 1.77-1.90 (m, 1H), 1.70-1.58 

(m, 1H), 1.09-0.91 (m, 9H), 0.71-0.51 (m, 6H); 
13

C NMR (126 

MHz, C2D4Cl2) δ: 149.8 (aromatic =C), 128.6 (aromatic 2 

(=CH)), 128.5 (aromatic 2 (=CH)), 119.3 (aromatic (=CH), 

101.2 (CHOSi), 60.2 (CH2Ph), 56.2 (CH2-CH2), 54.1 (CH2N), 

53.91 (OCH3), 43.7 (CHCH), 34.8 (CH2CH), 8.0 (CH2SiO), 

6.7 (CH3CH2). HRMS (ESI) calcd C19H34NO2Si [M+H]
+
 

336.2359 m/z. Found: 336.2332 m/z. 

Computational details.  a) DFT-D computations.  Geometry 

optimization of the reactants, intermediates, transition states, 

and products were performed using the SCM-ADF2019.01
38

 

package, at the Density Functional Theory (DFT) level.  The 

Perdew-Burke-Ernzerhof (PBE)
39

 functional augmented with 

 rimme’s dispersion corrections with the electronegativity 

equilibrium model (DFT-D4(EEQ))
40

 was used in all geometry 

optimizations.  Unless otherwise stated, all geometry computa-

tions were carried out using scalar relativistic effects with ad 

hoc all-electron single polarization functions triple-ζ Slater-

type basis set (TZP)
41

.  Solvation was treated by the Conduc-

tor-like Screening Model (COSMO)
42

 procedure assuming 

1,2-dichloroethane as a solvent and predefined Allinger atomic 

radii.  Geometry optimization by energy gradient minimization 

were carried out in all cases with integration grid accuracy 

“normal”.
43

  Transition states were submitted to the Intrinsic 

Reaction Coordinate (IRC)
44

 procedure to verify the connec-

tion to their reactive complexes and products.  Vibrational 

modes were analytically computed to verify that the optimized 

geometries were related to energy minima or to transition 

states.  b) IBSI computations.  Intrinsic Bond Strength Index 

(IBSI) of the key atom pairs were computed using the 

IGMPLOT program
25b,33

 using gaussian-type wavefunctions 

obtained from single-point calculations with the PBE func-

tional
39

 augmented with  rimme’s correction to the dispersion 

with a Becke-Johnson damping function
45

(PBE-D3(BJ)), 

scalar relativistic effects with the balanced Karlsruhe 2
nd

 gen-

eration default triple-ζ valence plus polarization  def2-TZVP) 

basis set
46

 and solvation model based on density (SMD)
47

 

simulating dichloroethane (ε= 10.36) as a solvent on the previ-
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ously optimized geometry using the ORCA program system
48 

version 4.1.1. 
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provided as a compilation of coordinates under the .xyz format.  
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