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ABSTRACT

The selective transformation of the renewable bssneesources into the highly
value-added platform chemicals is essentially irtgydr for sustainable chemistry.
Here we report a simple and highly efficient stggtefor the synthesis of
N-heterocyclic compounds from the reductive amimatid the bio-derived levulinic
acid and a wide range of anilines by metal-freeB{Ja/hydrosilane catalyst system.
Through adjusting the amounts of hydrosilane, we sgnthesize a series of
pyrrolidones or pyrrolidines, respectively. Isotdpbeled NMR experiments were

conducted to investigate the possible reactionvpayh
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1. Introduction

The selective transformation of the renewable besn@sources into the highly
value-added platform chemicals is essentially irtgodr for sustainable chemistry
[1,2]. As one of the top ten platform chemicalsulénic acid (LA) derived from the
acidic hydrolysis of carbohydrates [3] has beenlegga for the production of many
valuable fine chemicals [4,5]. Among them, N-suistid pyrrolidone derivatives
have received intense attention due to their wigldieation in solvents, surfactants,
drug racetams as well as its utilization of LAl tvalorization of biomass [6]. In last
decades, many catalyst based on homogeneous ardderteous systems have been
developed to synthesize pyrrolidones from LA. Mostthem utilized formic acid
(formate) [7-13pr H, [14-22] as reducing reactants.

As an efficient and mild reducing reagent, hydeors#l has been widely applied in
the reduction of unsaturated compounds [23]. Régehtwas also utilized for the
reductive amination of LA to produdé-substituted pyrrolidones and pyrrolidines in
the presence of transition-metal catalyst [24-27]2016, Sakai group reported the
first example for the synthesis of pyrrolidones agdolidines catalyzed by In(OAg)
and Ing, respectively [24], whereas Liu group employed IMRuCk and ionic liquid
as catalysts to synthesize tNesubstituted lactams [25, 26]. More recently, Dharce
group developed an iron-based catalyst systemat@zeethe synthesis of pyrrolidones
or pyrrolidines, respectively [27].

On the other hand, B¢Es); is known as a powerful metal-free Lewis acid toe t

activation of hydrosilane in many organic synthd2g] and the reduction of lignin



and lignin model compounds [281]. Recently, our group successfully employed the
combination of B(@GFs); with various hydrosilanes to achieve the highly
C3-regioselective silyated indoles from the coneatglisproportionation reaction of
indoles [32]. Besides, the application of somesitasrganic reactions enabled us to
achieve highly efficient cleavage of the C-C bomd$oth lignin model compounds
and native lignin and produce useful aromaticsighho excellent yields [33-35].
More recently, Fu et al reported one example fog thansformation of the
biomass-derived LA into pyrrolidones or pyrrolidinen 86% and 91% yields,
respectively, during their investigation towarde B(GFs)s-catalyzedN-alkylation of
amines with carbonyl acids by using silane as reduagen{36]. However, detailed
study of this reaction is still lacking. Therefovee believed that the application of the
B(CsFs)s/hydrosilation system to the reductive aminatiorbimimass-derived LA will
not only produce the usefiN-heterocyclic compounds, but also provide important
foundation to biomass valorization. Here we regbriesimple and highly efficient
synthetic strategy for synthesis of pyrrolidone gndrolidine from the reductive
amination of LA with a variety of anilines catalyzby B(GFs)s/hydrosilane system.
Moreover, by adjusting the amounts of hydrosilaneseries of pyrrolidone or
pyrrolidine derivatives could be produced in high excellent yields. The
investigation towards the reaction pathway %y NMR spectroscopy were also

included into this study.
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Scheme 1 Controllable synthesis of pyrrolidones or pyrrolgs. (One example was
reported in reference 36 by using BFE)/PMHS (polymethylhydro-siloxane)
catalyst system)
2. Result and Discussion
2.1 Optimization of thereaction

By using PhSiH as hydrogen resource, we selected LA and 4-metitiyla as
substrates to optimize the reaction conditions@ahl It turned out that after heating
at 120 °C for 6 h, only 4% vyield of pyrrolidoness obtained in the absence of
catalyst (Table 1, entry 1) whereas 5 mol% &z can significantly enhance the
yield of 3a to 99% (Table 1, entry 2). It should be noted th&tmol% B(GFs)s; can
produce3a in 99% vyield but the employment of 1.25 mol% B€); drastically
decreased the yield @& to 50% (Table 1, entries 3 and 4). For reactioriopaed
with a lower temperature of 100 °C or shorter rieactime of 3 h, incomplete LA
conversion and lower product yield 84 were obtained (Table 1, entries 5 and 6).
The study of the solvent effects indicated thatieake (TOL) stood out among the
investigated solvents while GA8I, or THF produceda in lower yields of 89% and

92%, respectively (Table 1, entries 7 and 8). larghcontrast, the employment of
4



protic solvent such as methanol only produced 7étdyof 3a, probably due to the
irreversible coordination between Bgf&s)s; and the hydroxy group of methanol
moleculegTable 1, entry 9) [37]. For comparison, severabbd_ewis acid catalysts,
such as BFOEbL, BCl;, BBrs, B(OPr; and BPh were also evaluated for the
reductive amination reactions and exhibited mueteloactivity than B(GFs)s (Table

1, entries 10-14). Previous study indicated that ldrge steric hindrance and the
strong electron-deficient properties enabled ¢B(Jz to effectively activate
hydrosilane to form (€s)3B---H---Si active species [38], which is essentiall
important for the hydrosilylation of the imine inteediate generated from the
reaction of LA with aniline. Since the propertigshydrosilane also have significant
impact on the reaction, several hydrosilanes wereesied for the reductive amination
reactions. The yield d3a was dramatically decreased with the increasinghbaimof
bulky electron-withdrawing group on hydrosilaneBh$iH; (99%) > PhSiH, (89%) >>
PhsSiH (7%), Table S1, entries 1-3). The steric hindeais also found to have impact
on the reaction. Such as hydrosilanes with bullsstuents tend to have much lower
yield of 3a (PhsSiH (7%)~ (OEt):SiH (4%) << EtSiH (83%), Table S1, entries 3-5).
For more, complex hydrosilanes, the yield3afis determined by the comprehensive
effects of both the electron and steric hindrantéhe hydrosilanes. For example,
polymethylhydrosiloxane (PMHS) produc&a in 86% vyield (Table S1, entry 6)
whereas both PhM8iH and 1,1,3,3-tetramethyldisiloxane(TMDS) (TaBle, entries

7 and 8) showed comparable product yields as Ph&idH Interestingly, replacing

PhSiH; with 10 bar H almost quenched the reaction and furnisBeed less than 1%



yield (Table S1, entry 9), which indicated that ttadrosilylation reduction went
through the (@Fs)3B---H- - - Si active species [39].

Table 1. Optimization of the reductive amination of LA widimiline?

Catalyst i
+ PhSiHy ——

Entry ?ﬁ?&?t T(irr:;e Solvent T(eorg)p ' \E;)l)d
1 no 6 TOL 120 4
2 B(GsFs)3(5) 6 TOL 120 99
3 B(CsFs)3 (2.5) 6 TOL 120 99
4 B(CsFs)3 (1.25) 6 TOL 120 50
5 B(CsFs)3 (2.5) 6 TOL 100 72
6 B(CeFs)3(2.5) 3 TOL 120 77
7 B(CsFs)3(2.5) 6 CH,Cl, 120 89
8 B(CsFs)3(2.5) 6 THF 120 92
9 B(CsFs)3(2.5) 6 CHsOH 120 7

10 BR:-OEb (2.5) 6 TOL 120 15
11 BCk(2.5) 6 TOL 120 14
12 BBr; (2.5) 6 TOL 120 14
13 BPh(2.5) 6 TOL 120 18
14 B(OPr) (2.5) 6 TOL 120 22

&Conditions: 0.25 mmol LA, 0.25 mmol aniline or 4-imgtniline, 0.25 mmol PhSijl 1 mL TOL. Yield was

determined by HPLC with standard curves.

2.2. The scope of anilinesfor thereductive amination of LA to pyrrolidones
With the optimized reaction conditions in hand, examined the scope of anilines
(2) with a variety of substituents for reaction penfied with a 1:1:1 LA: anilines:

PhSiH; ratio in TOL and heated at 120 °C, by using (IAas a model substrate and
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PhSiH as reducing agent (Table 2). It only took 1.5 h dgonple aniline without
substituents3b) to reach quantitative conversion and furnish @iadone 3b in 97%
yield (Table 2, entry 2), but 6 h is required fdwetother anilines to reach full
consumption of substrates. It should be noted that B(GFs)s/PhSiH; catalyst
system can tolerate a wide range of anilines bg@ana-substituted groups including
both the electron-donating methyl group and theteda-withdrawing groups such as
F, ClI, Br, furnishing corresponding pyrrolidone igtatives in high to excellent yields
(3a, 99%;3c, 99%:;3d, 98%:;3e, 98%;3f, 93%) (Table 2, entries 1 and 3-6). However,
the employment of aniline bearing a strong electuthdrawing 4-Ck group led to a
drastically decreased product yield of 74% 3gr(Table 2, entry 7), probably due to
the side reactions resulted from the strong elaetvithdrawing effect of Cg group,
which is consistent with the previous report [2Bk also examined the effectiveness
of the substituent position on the reaction by gsamilines with a CI- group at
varying position. Compared witd possessing a para-Cl gro@dh, having a meta-Cl
substituent showed comparable reactivity and pred83% yield of3h whereasi
bearing an ortho-Cl group producgdin a slightly decreased yield of 93% (Table 2,
entries 8 and 9), implying that the substituentitpws did not have significant impact
on the reaction. However, this Bfg)s/hydrosilane system is not applicable to the
reduction amination dliphatic amines, such as benzylamine amuttylamine (Table
2, entries 10 and 11), similar results have beeeed in different catalyst systems
[37].

Table 2. The scope of anilines for the reductive aminatibhA to pyrrolidones.
7
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& Conditions: 0.25 mmol LA, 0.25 mmol aniline, 2.5 IPtoB(CsFs)s, 0.25 mmol PhSigl 1 mL TOL, 6 hP1.5h,
120 °C. Yield was determined by HPLC with standand/es, isolated yield was given in parentheses.

2.3. Scope of anilinesfor the reductive amination of LA to pyrrolidines

Previous studies showed that BEg)s/hydrosilane system was effective for the
reduction of amides to amines [40, 41]. The ide@tfon of such highly efficient
catalyst system for preparation of pyrrolidonesrfrbA promoted us to investigate
whether this B(GFs)s/hydrosilane system is applicable for the direattsgsis of
pyrrolidine from LA. To our delight, by using LA dn4-methylaniline Za) as
substrates, the reaction performed with a 1:1:228AhSiH; ratio afforded 56%
yield of pyrrolidone3a and 43% vyield of pyrrolidinda, respectively (Table S2, entry

1). Increasing the amounts of Phgitd 3 equiv., we observed that the product yield



of 3a is reaching the maximum value of 68% within 2.5Hgn gradually decreasing
whereas the product yield d& kept increasing to reach 98% within 24 h (Fig.,S1)
which clearly indicated the gradual transformatioin3a into 4a along with the
reaction time. Therefore, we envisioned that thettssis of either pyrrolidone or
pyrrolidine derivatives could be achieved by adpgthe amounts of hydrosilane (1
or 3 equiv.), which is less than the previouslyortgd (2 or 4 equiv.) [25-27],
suggesting that the B§Es)s can efficiently activatePhSiH for the reductive
amination of LA. Next, a 1:3 LA/PhSi+atio was employed for the direct synthesis
of pyrrolidines from LA by using the above-mentidnaniline derivatives as
substrates (Table 3). Similar activity could beamd for reactions using anilines
bearing para-substituent®a( 2c to 2f), furnishing the corresponding pyrrolidines in
high to excellent yields4@, 98%:; 4c, 98%; 4d, 93%:; 4e, 92%; 4f, 93%, Table 3,
entries 1 and 3-6 ) whereas the presence of Agtdup in2g almost quenched the
reaction and furnished trace amounts4gfin up to 24 h, further confirming the
effects of strong electron-withdrawing substituentthe reduction of pyrrolidone to
pyrrolidine [25] (Table 3, entry 7). Compared wéth, the anilines substituted with ClI
group atortho- and meta- position produced the corresponding pyrrolidinas i
relatively lower yields 4h 73% and4i, 67%; Table 3, entries 8 and 9). Moreover,
different hydrosilanes were also evaluated thefeativeness on the synthesis of
pyrrolidines (Table S2). PhSigHhowed the best performance among the investigated
hydrosilanes (Table S2, entries 2-7). It shouldnb&ed that neither PhM8iH nor

TMDS could transform the pyrrolidones into pyrraties, thus not applicable to the



synthesis of pyrrolidines (Table S2, entries 8 a@d Moreover, by using
4-acetobutyric acid as substrate (Scheme 2A), #aetion performed with a 1:1
LA/PhSiH; ratio and heated at 120 °C for 6 h afforded ansexnberN-containing
heterocyclic pyrrolidongl in 93% vyield whereas the reaction performed with:&
LA/PhSiH; ratio and heated at 120 °C for 24 h afforded arsxnberN-containing
heterocyclic pyrrolidingll in 88% yield, indicating this method was not lindit® the
synthesis of five-member lactam products. Switching 2-carboxybenzaldehyde
enabled us to achieve pharmaceutically impomé&atylisoindolinone derivatives [42]

3m and4m in 98% and 92% yields, respectively (Scheme 2B).

Table 3. Scope of anilines for the reductive amination afth pyrrolidines®
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b6 h. Yield was determined by HPLC with standardresy isolated yield was given in parentheses.

(A

x=1

B(CsFs)a
—— U Yield: 93% (88%)
o N 120°C, 6 h
M __~_coon © _
+ + PhSiH; —
4|

4-acetylbutyric acid 2 X equiv.

B(Cst)s

120°C, 24 h Yield : 88% (81%)

(B)

x=1 @i @ Yield: 98% (95%)
~ B(CeFy)s

120°C 1.5h

CHO
@ PhSiH; —
COOH X equiv.
2-carboxybenzaldehyde B(Cst)z ©3 —© Yield: 92% (90%)

120°C 6h

Scheme 2. Reductive amination of 4-acetylbutyric acid and Phoaybenzaldehyde with aniline respectively.
Conditions: (A) 0.25 mmol 4-acetylbutyric acid, 0.88nol aniline, 2.5 mol% B(s)s, 1 mL TOL. (B) 0.25
mmol 2-carboxybenzaldehyde and aniline, 2.5 mol%gB{g, 1 mL TOL. Yield was determined by HPLC,
isolated yield was given in parentheses.

2.4 Mechanistic study

According to the previous literatures, there weve alternative pathways for the
synthesis of pyrrolidone from the reductive amioatof LA with aniline (Scheme 3).
At first, ketiminel was generated from the condensation of LA andrenilvhich can
be directly reduced by hydrosilane to produce gaic pyrrolidone through pathway
A [24, 27]. In the alternative pathway B [25, 2&etimine | first underwent
imine-enamine tautomerization [43,44] to furnishaeme 111, which can be

transformed into a five-member intermedidtésor V during the cyclization process.
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There is an equilibrium between intermediat®sand V. Both IV andV can be
reduced to pyrrolidone. To verify which pathwaymsre preferred by our system, we
perform the isotope-labeléth NMR experiments to by using the deuterium-lalklle
hydrosilane (P48iD.) as reducing agent (Fig. 1). The comparisot-bNMR spectra
revealed that only the H(b) of pyrrolidone prodbas been deuterated (Fig. S3b). If
the reaction went through pathway B, the reductimuld take place at the C=C
double bond otV or V, thus furnishing the deuterated H(c) or H(d). Efere, we
can safely draw the conclusion that the pathwaysAadopted by the reaction.
Furthermore, we turned our attention to investigéte intermediate during the
reductive amination by in situ NMR experiments.ragealed by Scheme 4a and Fig.
S4, LA and aniline could not generate imingspontaneously or in the presence of
B(CsFs)s. We did not observe during the reductive amination process, probably d
to its unstable structure (Fig. S6). A 1:7 molatioraf intermediatell to 3b was
observed after 30 min of reaction (Scheme 4b agd $), which was similar with
that reported by Fischmeister et al. [45]. Afteatththe amount of intermediaté
decreased with the reaction time. It almost disapgeat 60 min and was completely
converted ta3b after 1.5 h. However, the produced small amouhtd ¢ends to be
easily and rapidly transformed in8b, we could not isolate the intermedidte The
above results could further confirm our pathwayefy, aniline first reacted with the
carbonyl group of LA to produce ketimiie which is similar to the reported in
previous literature [36]. The hydrosilylation retioo occurred at the C=N bond kf
which was subsequently hydrolyzed to vyield interraed|l. Finally, stable

12



five-member pyrrolidone produBb would be generated through dehydration.

j\/\ CoOH + Ph-NH, __ "¢ P“*EN Pathway A Pji/\
LA aniline - Al/\cooH [?_::;] ["coon
{PathwayB
" “NH Pathway A

)MCOOH -H20

m
R V Yo

Ph Ph Ph Ph

N o

o N Pathway B (Mo BCsFsls gy
Wy ~_r [Si-H] PhsiH, |
v v 3b ab

Scheme 3. Two alternative pathways proposed for the redecimination of LA to pyrrolidone.

N
NH; E Pz
ﬂ (L B(CoFe)s b,

IS
~ e
7 "Scoon * ‘ J’ PhySiH, a /N o
\// 1 equiv.
c d
b
— ad a
ﬁ .ﬁc A A
- \ A |
X
NH, | >

8 B(CFss b

)-J\ h
+ PhsSID, ———> N
P Ncoon * E ) 2810, a NN~ 0
= 1 equiv.

¢ o

T T T T T T T T T T T T T T

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

Fig. 1. Overlay of thetH NMR spectra of P}siD,and in-situ NMR reaction obtained for the reductweination
of LA to pyrrolidone. Conditions: (top) 0.1 mmol LA,1 mmol aniline, 0.1 mmol B&iH,, 2.5 mol% B(GFs)3,
0.5 mL GDg, 120 °C,1.5 h. (bottom): 0.1 mmol J&D, instead of P§SiH,.

13



(@)

M B(C5F5J3 orne
N

120 C )]\/\
COOH

(b)

o NH, Q
OH B(CFs); — N
+ + PhSiHy, — . +
o

o
; NH N another 60 min, 120 °C \(_\r’
1 equiv. 30 min, 120 °C )\/\ Uc
COOH

TH NMR ratio

Scheme 4. Reaction intermediate in the reductive amination. ditmns: 0.125 mmol LA, 0.125 mmol aniline,
0.125 mmol PhSik] 2.5 mol% B(GFs)s, 0.5 mL GDg, 120 °C.

2.5. Reuse experiment

We also investigated the reuse capability of ¢B€Jz for the production of
pyrrolidone from the reductive amination of LA asichple aniline into pyrrolidone in
Fig. 2. After full conversion of substrates wasctead for the first run, the second
batch of reaction mixture containing both the stgrimaterials (LA and aniline) and
reducing reactant PhSiMere immediately added to the NMR tube. Near gtativie
conversion of substrates can be maintained afteethuns, but it decreased for the

fourth run, probably due to the partial deactivatid the catalyst.

I Conversion of LA (%)

100+

0 I I I

Runs

Conversion (%)
Y D (o]
. 2. %

N
?

Fig. 2 Reusability of B(@Fs); catalyst for the reductive amination of levulimicid with aniline. Conditions: 0.125

mmol levulinic acid, 0.125 mmol aniline, 0.125 mnRASiH;, 2.5 mol% B(GFs); in 0.5 mL GDg, 120 °C, 1.5 h.
Conversion was determined Hy NMR analysis.
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3. Conclusion

In summary, we employed the metal-free ER{s/PhSiH; system to synthesize
N-heterocyclic compounds, including pyrrolidonesd apyrrolidines, from the
reductive amination of biomass-derived LA with aiety of anilines. Adjusting the
molar ratio of LA to hydrosilane enabled us to awkipyrrolidones or pyrrolidines in
high to excellent yields, respectively. Moreovdrge tcombination of the detailed
experimental data and isotope-labeled experimeads tb the possible reaction

pathway, thereby providing the much-needed insigtitsreaction mechanism.

4. Experimental Section

4.1 General Information

Levulinic acid (98%), methyl levulinate (98%), ethievulinate (98%), butyl
levulinate (98%), 4-methylaniline (98%), 4-chlordare (98%), 4-methoxyaniline
(98%), 4-fluoroaniline (98%), 4-bromoaniline (98%?-trifuloroaniline (98%),
3-chloroaniline (98%), 2-chloroaniline (98%), polgthylhydrosiloxane (PMHS, 98%)
PhSiH,  (98%), EtSiH  (98%), PESIH  (98%),  (OE®SIH
(98%),1,1,3,3-tetramethyldisiloxane (TMDS, 98%) w®&eprovided by Energy
Chemical. PhSiklwas obtained from J&K Scientific Ltd. Solvents wegsurchased
from Adamas company. B{Es)s was prepared according to literature procedures
[46].

NMR spectra were recorded on Bruker Avance Il 300(MHz,'H; 126 MHz,
3¢ and 471 MHz°F) instrument at room temperatur#l and **C spectra were

referenced to internal solvent resonances andepiated as parts per million relative

15



to SiMe,, and*°F relative to CFGl The reaction mixture was analyzed using Waters
High Performance Liquid Chromatograph (HPLC) sysezgmipped with autosampler,
C18 column (Length: 150 mm, Internal diameter: sé, 35 °C) and UV/Vis
detector X = 254 nm). CHCN: H,O = 70: 30 was used as mobile phase with a flow
rate of 1 mL/min for the analysis of the products.

4.2 Typical Procedures

The reductive amination of LA and aniline was perfed in a thick wall tube with a
Teflon screw cap (10 mL volume). In a typical expemt, under air atmosphere, 0.25
mmol LA, 0.25 mmol aniline, 2.5 mol% B§Es); and 1 mL toluene were added into
the reactor. One or three equiv. PhSikhs used for the synthesis of pyrrolidone or
pyrrolidine respectively. Then, the reactor wastbé@an oil bath for the desired time.
Upon the completion of reaction, the product yields determined by HPLC with
standard curves of pure products. The pure sampke® isolated by column
chromatography on silica gel with the eluent (pletnon ether: ethyl acetate = 1:1) for
pyrrolidones and (petroleum ether: ethyl acetai®=) for pyrrolidines.

4.3 Spectral data

1-(4-methyl phenyl)-5-methyl pyrrolidin-2-one (3a)

Yellow solid;*H NMR (500 MHz, CDC}) § 1.22 (d,J = 6.3 Hz, 3H), 1.73-1.80 (m,
1H), 2.36 (s, 3H), 2.38-2.42 (m, 1H), 2.52-2.59 {H), 2.62-2.67 (M, 1H), 4.24-4.30
(m, 1H), 7.21-7.26 (m, 4H) ppnt°C NMR (126 MHz, CDGJ) § 20.2, 21.0, 26.8,
31.29, 55.8, 124.2, 129.6, 134.9, 135.6, 174.2 ppm.
5-Methyl-1-phenylpyrrolidin-2-one (3b)

16



Colorless oil*H NMR (500 MHz, CDCJ) § 1.22 (d,J = 5.0 Hz, 3H), 1.74-1.81 (m,
1H), 2.35-2.42 (m, 1H), 2.52-2.59 (m, 1H), 2.63@2@n, 1H), 4.30-4.34 (m, 1H),
7.21-7.24 (m, 2H), 7.37-7.42 (m, 4H) ppifC NMR (126 MHz, CDG) § 20.2, 26.7,
31.4, 55.6, 124.0, 125.7, 128.9, 137.6, 174.2 ppm.
1-(4-Fluorophenyl)-5-methyl pyrrolidin-2-one (3c)

Colorless oil*H NMR (500 MHz, CDCJ) § 1.20 (d,J = 6.3 Hz, 3H), 1.73-1.80 (m,
1H), 2.36-2.42 (m, 1H), 2.52-2.58 (m, 1H), 2.6172@n, 1H), 4.22-4.28 (m, 1H),
7.08-7.11 (m, 2H), 7.32-7.35 (m, 2H) ppHC NMR (126 MHz, CDG)) § 20.1, 26.8,
31.2, 55.9, 115.8 (d} = 22.3 Hz), 126.0 (d] = 8.2 Hz), 133.5 (dJ = 2.9 Hz), 159.5,
161.4, 174.3 ppmt?F NMR (470 MHz, CDGJ) 116.2 ppm.
1-(4-Chlorophenyl)-5-methyl pyrrolidin-2-one (3d)

Colorless oil;'H NMR (500 MHz, CDCJ) & 1.20 (d,J = 10.5 Hz, 3H), 1.69-1.81
(m, 1H), 2.30-2.42(m, 1H), 2.47-2.67 (m, 1H), 4232 (m, 1H), 7.34-7.37 (m, 4H)
ppm.13C NMR (126 MHz, CDG) 6 16.0, 26.6, 31.2, 55.4, 124.9, 129.0, 130.8, 136.2
174.2 ppm.

1-(4-Bromophenyl)-5-methyl pyrrolidin-2-one (3¢)

Yellow oil; *H NMR (500 MHz, CDCJ) § 1.23 (d,J = 6.3 Hz, 3H), 1.74-1.81 (m,
1H), 2.36-2.43 (m, 1H), 2.52-2.59 (m, 1H), 2.63@2@n, 1H), 4.27-4.33 (m, 1H),
7.31-7.32 (m, 2H), 7.51-7.53 (m, 2H) ppIfC NMR (126 MHz, CDG) § 20.0, 26.6,
31.3, 55.4, 118.7, 126.2, 132.0, 136.7, 174.2 ppm.
1-(4-Methoxyphenyl )-5-methyl pyrrolidin-2-one (3f)

Yellow solid; *H NMR (500 MHz, CDCY) 6 1.19 (d,J = 6.2 Hz, 3H), 1.74-1.79 (m,
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1H), 2.35-2.42 (m, 1H), 2.52-2.67 (m, 2H), 3.821(s)), 4.18-4.22 (m, 1H), 6.94 (d,
8.8 Hz, 2H), 7.25 (dJ = 9.0 Hz, 2H) ppm**C NMR (126 MHz, CDG)) § 20.3, 26.9,
31.2, 55.5,56.1, 114.3, 126.1, 130.4,157.8, 1jp18.
1-(4-(trifluoromethyl)phenyl)-5-methyl pyrrolidin-2-one (39)

Colorless oil*H NMR (500 MHz, CDCJ) § 1.27 (d,J = 6.2 Hz, 3H), 1.78-1.84 (m,
1H), 2.38-2.45 (m, 1H), 2.54-2.61 (m, 1H), 2.672 (M, 1H), 4.38-4.44 (m, 1H),
7.59-7.67 (m, 4H) ppmtC NMR (126 MHz, CDGJ) § 19.9, 26.5, 31.3, 55.1, 122.7,
'*F NMR (470 MHz, CDGQJ) 126.1 (gJ = 3.75 Hz), 140.9, 174.3 ppm.
1-(3-Chlorophenyl)-5-methyl pyrrolidin-2-one (3h)

Colorless oil;'H NMR (500 MHz, CDCJ) & 1.22 (d,J = 10.4 Hz, 3H), 1.70-1.81
(m, 1H), 2.31-2.43 (m, 1H), 2.47-2.70 (m, 1H), 4285 (m, 1H), 7.15 - 7.20 (m,
1H), 7.29-7.31 (m, 2H), 7.44-7.45 (m, 1H) pprii€ NMR (126 MHz, CDGJ) § 20.0,
26.5, 31.3,55.4, 121.5, 123.6, 125.5, 129.9, 1348.9, 174.2 ppm.
1-(2-Chlorophenyl)-5-methyl pyrrolidin-2-one (3i)

Colorless oil*H NMR (500 MHz, CDCJ) § 1.22 (d,J = 6.3 Hz, 3H), 1.76-1.84 (m,
1H), 2.40-2.46 (m, 1H), 2.56-2.60 (m, 2H), 4.1824(, 1H), 7.20-7.22 (m, 1H),
7.27-7.31 (m, 2H), 7.46-7.48 (m, 1H) ppifC NMR (126 MHz, CDG) § 20.2, 27.8,
30.7, 56.2, 127.6, 129.1, 130.4, 130.6, 132.9,0,35.5.0 ppm.
1-Phenyl-6-methyl pyrrolidin-2-one (3l)

Colorless oil;'H NMR (500 MHz, CDCJ) § 1.07 (d,J = 6.45 Hz, 3H), 1.71-1.76
(m, 1H), 1.82-1.87 (m, 1H), 1.97-2.01 (m, 1H), 2082 (m, 1H), 2.53-2.56 (M, 2H),
3.90-3.94 (m, 2H), 7.16-7.18 (m, 1H), 7.27-7.30 (H), 7.38-7.42 (t) = 7.75 Hz,
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2H) ppm.*3C NMR (126 MHz, CDG)) & 18.3, 20.9, 30.8, 32.8, 55.7, 127.1, 128.1,
129.1, 141.6, 170.3 ppm.
2-phenylisoindolin-1-one (3m)

White solid; *H NMR (500 MHz, CDCY) & 4.89 (s, 2H), 7.20-7.23 (m, 1H),
7.44-7.64 (m, 5H), 7.89-7.97 (m, 3HJC NMR (126 MHz, CDGJ) 5 50.7, 119.5,
122.6, 124.2,124.5, 128.4, 129.2, 132.1, 133.9,51340.1, 67.5 ppm.
1-(4-methyl phenyl)-5-methyl pyrrolidin-2-one (4a)

Yellow solid; *H NMR (500 MHz, CDC}) § 1.20 (d,J = 6.20 Hz, 3H), 1.70-1.73
(m, 1H), 1.9-2.00 (m, 1H), 2.01-2.11 (m, 2H), 2.9 3H), 3.14-3.19 (m, 1H),
3.43-3.46 (m, 1H), 3.84-3.90 (m, 1H), 6.56 Jd; 8.05 Hz, 2H), 7.07 (d} = 6.70 Hz,
2H) ppm.1*C NMR (126 MHz, CDGJ) 19.5, 20.2, 23.4, 33.2,48.5, 53.7, 111.9, 124.2,
129.7, 145.3 ppm.
1-phenyl-2-methyl pyrrolidine (4b)

Colorless oil*H NMR (500 MHz, CDC}) § 1.17 (d, 10.6 Hz, 3H), 1.67-1.72 (m,
1H), 1.93-2.12 (m, 3H), 3.11-3.19 (m, 1H), 3.388n, 1H), 3.83-3.91 (m, 1H),
6.56-6.66 (M, 3H), 7.19-7.24 (m, 2H) ppifC NMR (126 MHz, CDG) § 19.4, 23.3,
33.2,48.2,53.6, 111.8, 115.14 129.2, 147.2 ppm.
1-(4-Fluorophenyl)-2-methyl pyrrolidine (4c)

Colorless oil;'H NMR (500 MHz, CDCJ) 6 1.20 (d,J = 6.3 Hz), 1.73-1.75 (m,
1H), 1.99-2.03 (m, 1H), 2.08-2.13 (m, 2H), 3.13&(n, 1H), 3.42-3.45 (m, 1H),
3.82-3.87 (m, 1H), 6.52-6.55 (m, 2H), 6.96-6.99 &H) ppm.*3C NMR (126 MHz,
CDCl) 6 19.4, 23.4, 33.2, 48.7, 54.1, 112.2, 112.2, 11K15,6, 144.0, 153.7, 155.6

19



ppm.*°F NMR (470 MHz, CDGJ) 131.2 (m, 1F).
1-(4-Chlorophenyl)-2-methyl pyrrolidine (4d)

Colorless oil;'H NMR (500 MHz, CDCJ) 6 1.20 (d,J = 6.3 Hz), 1.72-1.75 (m,
1H), 1.99-2.12 (m, 3H), 3.15-3.20 (m, 1H), 3.408@n, 1H), 3.86-3.91 (m, 1H),
6.46-6.63, (M, 4H), 7.12-7.15 (m, 1H) ppHC NMR (126 MHz, CDGJ) 5 19.2, 23.3,
33.1, 48.29, 53.8, 112.8, 119.9, 128.9, 145.8 ppm.
1-(4-Bromophenyl)-2-methyl pyrrolidine (4€)

Yellow solid; *H NMR (500 MHz, CDCY) 6 1.18 (d,J = 6.2 Hz, 3H), 1.71-1.74 (m,
1H), 1.71-2.14 (m, 4H), 3.12-3.17 (m, 1H), 3.38B@n, 1H), 3.83-3.88 (m, 1H),
6.47 (d,J =8.5Hz, 2H), 7.30 (dJ = 8.9 Hz, 2H) ppm**C NMR (126 MHz, CDG))
19.1, 23.3, 33.1, 48.2, 53.7, 106.9, 113.4, 1314%,1 ppm.
1-(4-Methoxyphenyl)-2-methyl pyrrolidine (4f)

Yellow solid; *H NMR (500 MHz, CDC}) § 1.20 (d,J = 6.15 Hz, 3H), 1.71-1.73
(m, 1H), 1.98-2.00(m, 1H), 2.07-2.11 (m, 2H), 3338 (m, 1H), 3.42-3.46 (M, 1H),
3.80 (s, 3H), 3.81-3.84 (m, 1H), 6.59 (= 9.0 Hz, 2H), 6.89 (d] = 8.50 Hz, 2H)
ppm.l3C NMR (126 MHz, CDQ) 6 19.7, 23.4, 33.3, 49.0, 54.1, 56.0, 112.7, 115.1,
142.4, 150.6 ppm.
1-(3-Chlorophenyl)-2-methyl pyrrolidine (4h)

Colorless oil*H NMR (500 MHz, CDCJ) § 1.20 (d,J = 6.3 Hz, 3H), 1.72-1.76 (m,
1H), 1.99-2.15 (m, 3H), 3.15-3.20 (m, 1H), 3.408@n, 1H), 3.86-3.91 (m, 1H),
6.47 (d,J = 10.8 Hz, 1H), 6.57 (] = 2.3 Hz, 1H), 6.63 (d] = 7.8Hz, 1H), 7.14 () =
8.2 Hz, 1H) ppm**C NMR (126 MHz, CDGJ) § 19.1, 23.2, 33.0, 48.1, 53.7, 110.0,
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111.5, 114.91, 130.0, 135.0, 148.1 ppm.
1-(2-Chlorophenyl)-2-methylpyrrolidine (4i)

Colorless oil*H NMR (500 MHz, CDCJ) § 1.07 (d,J = 6.1 Hz, 3H), 1.59-1.67 (m,
1H), 1.80-1.86 (m, 1H), 1.94-2.01 (m, 1H), 2.1982 (@, 1H), 2.97-3.01 (m, 1H),
3.84-3.89 (m, 1H), 3.95-4.01 (m, 1H), 6.84-6.87 (iH), 6.96-6.98 (m, 1H),
7.17-7.20 (m, 1H), 7.33-7.35 (m, 1H) pplfC NMR (126 MHz, CDG) § 19.0, 24.0,
33.9, 52.39.54.55, 119.2, 121.1, 126.2, 126.9,9.30GL6.5 ppm.
1-Phenyl-6-methyl pi peridin-2-one (4l)

Colorless oil;'H NMR (500 MHz, CDCJ) & 1.05 (d,J = 6.65 Hz, 3H), 1.60-1.74
(m, 4H), 1.79-1.82 (m, 1H), 1.90-1.95 (m, 1H), 3305 (m, 1H), 3.25-3.29 (m, 1H),
6.87 (t,J = 7.30 Hz, 1H), 7.00 (d} = 8.10 Hz, 2H), 7.29 (1] = 7.75 Hz, 2H) ppm-*C
NMR (126 MHz, CDCY) 6 14.0, 19.9, 27.0, 31.9, 45.2, 51.5, 117.7, 11928.0,
151.5 ppm.
2-phenylisoindolin (4m)

White solid; *H NMR (500 MHz, CDCY) & 4.7 (s, 4H) 6.72-6.74 (m, 2H),
6.78-6.81 (s, 1H), 7.33-7.40 (m, 6HFC NMR (126 MHz, CDG)) 5 53.7, 111.6,

116.2, 122.6, 127.2, 129.4, 138.0, 147.2 ppm.
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