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ABSTRACT: Chiral Cu-1B generatedn situ was used as an efficient catalyst for the synshe§p-nitroamines in high yield (88%) with
excellent enantioselectivity (ee up to 99%) at RTabsence of co-catalyst via asymmetric aza-Hegagtion of various isatin derivédBoc
ketimines with nitromethane. This catalytic systaich not work well with other nitroalkanes under #igove optimized reaction conditions. To
examine this catalytic behaviour, quantum cheniifal calculations were performed with the nucleagghi{CHNO, and CHCHNG) for the
conversion ofla to 2a using macrocyclicCu-1B complex. The DFT calculated results have showh tthe reaction with CENO, is more
favourable than the corresponding {LHINO,. The calculated activation barriers suggest thatreaction with CENO, is ~8.0 kcal/mol
energetically favoured than GEHNO, . This catalytic protocol was further used to abtaihiral g-diamines (a building block for
pharmaceuticals) at gram scale. In order to elteidlae reaction mechanism of asymmetric aza Heeagtion kinetic experiments were
performed with different concentrations of the tataCu-1B, nitromethane andlg as the representative substrate. The reactioratifi iN-Boc
ketimine was first order with respect to the coniaion of the catalyst and the nitromethane bdtrait depend on the initial concentration of
the substrate. A possible mechanism for the azayHeaction was proposed.

Keywords:Asymmetric aza-Henry, Cu(ll), Macrocyclic ligande&clibility, (S)-diamine

Introduction

State-of-the-art in enantioselective catalysis ines the design and development of catalyst, capablinducing the
chirality in a wide range of substrates. Enantiesite aza-Henry reactions have become one ofntiperitant reaction,
since the end products can easily be convertedriwny value added products viz., vicinal diamiifeand a-amino
carbonyl compound. The 3,3disubstituted oxindoles are observed in a broageaf naturally occurring indolizidine
alkaloids. Asymmetric aza-Henry reaction of isatin derive¢grotected ketimines is the most straightforward an atom
economic approach for accessing chppalitroamines from 3-substituted oxindol. Due to fmesence of two vicinal
nitrogen atoms in different oxidation states fimitroamines facilitated them to convert into vaindiamines,a-
aminoacids,a-aminonitriles, oximes and heterocyclic small males of pharmaceutical and industrial importance
(Scheme B)™. Chronologically, Feng and coworkers for the fifste reported chiraN,N'-dioxide-copper complex as a
catalyst in enantioselective aza-Henry reactionketimines giving excellent enantioinduction fanitroamines with
moderate yieldS. Over the period both meté&f®and metal fre®2° asymmetric aza Henry reaction protocols have been
documented. Although most of these systems haversigood to high enantio-induction at low temperatimr presence
of co-catalysts with high catalyst loading. Therefdo address these issues and non-recyclabflityeocatalysts which is
also a major concerns considering the cost involaeithe designing of these catalyst (typically ristétp). In this line,
with our continued efforts in developing the reeyate catalyst, recently our group has reported ICudimeric
macrocyclic salen complexes with trigol and piperadinkers for asymmetric aza- Henry reaction s#tin derived\-
Boc ketimines with various nitroalkanes as nucléleptgiving the desiredg-nitroamines in high yields and
enantioselectivity’. The present paper reports the Cu(ll) monomericrawyclic salen complexes witl§)((R) BINOL
linker for the synthesis gf-nitroamines at RT via asymmetric aza-Henry reactibisatin derivedN-Boc ketimines with
nitromethane. High yield gf-nitroamines with excellent enantio-induction wakiaved under co-catalyst free condition.
Chiral monomeric macrocyclic salen compléx-1B worked well up to five cycles with retention o§ iperformance.
Chiral g-diamine was synthesized using this protocol amngsaale. In order to understand the mechanism aHenry
reaction of isatifN-Boc ketimine with nitromethane, kinetic investigais were carried out. Based on kinetic, catalytic
and experimental data, a probable mechanism foazheHenry reaction is also proposed.
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Result and Discussion

Mechanistically in aza-Henry reaction, it is welidwn that designing of an efficient catalyst neleidfinctional
reactive sites (acidic and basic sites) for achigviigher yield and enantioselectivity in the pradfl Acidic site (metal
center) helps to strengthen the electrophilic matfrthe imine nitrogen atoms that get bind to rietal center in aza-
Henry reaction while basic sites require for almstom of proton from the nitromethane to generateonate ion, the
active nucleophile. The monomeric macrocyclic canps due to their higher molecular weight have &edability in
non-polar solvent like hexane, hence offer recyelabaracter of the catalyst as well as reducedleyst loading.

Therefore, the chiral macrocyclic salen ligarids1D, 2D were synthesized according to our reported praeétiin a
stepwise manner by the interaction oft&butyl)-5-(chloromethyl)-2-hydroxybenzaldehydewith (S- (+)-(BINOL)

1U(R)- (-)-(BINOL) 2 as linker to prepare the corresponding dialdehyife The condensation of dialdehydtewith

(1S29-(+) 1,2 diamino cyclohexana/(1S29-(-) 1,2-diphenylethylene diaminB/ R-(+)1,1’binaphyhyl-2,2’-diamine
C/(1R,2R)-(+)-1,2-diphenylethylene diamiri@ gave macrocyclic chiral salen ligant&-1D, 2D (Scheme 2).

At the very beginning, chiral monomeric macrocydaten ligand4A-1D, 2D (10 mol%) with Cu(OT£.H,O (10 mol%)
were screened in aza-Henry reactioriafas a representative substrate (0.5 mmol) wittomigthane (10 equivalent) in
THF. Data in the Figure 1 concede that itnsitu generated complex&3u-1B andCu-1D with monomeric macrocyclic
ligands with diphenyldiamine collaB and D with (9-(+) BINOL linker worked better in term of readty and
enantioselectivity of3nitroamine with opposite configuration. TherefoBa-1B was subjected to change in the reaction
parameters and variation with other copper sources.
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Scheme 2Synthetic route for chiral monomeric macrocycigahds 1A-D, 2D.

After achieving the encouraged preliminary reswith the catalystCu-1B and to further improve the reactivity and
enantioselectivity of the produgnitroamine, we explored the screening of sevevpper salts with the ligantB using
la as model substrate based on the concept that fusepper salts with different counter ions effebe tcatalytic
performanc&. Besides, the counter anions in the metal soulsze assist the abstraction of proton from nitroatkdo
generate nitronate ion which acts as nucleophizaHenry reactid®*2 Among the copper salts used, Cu(CAE)O
with macrocyclic ligandLB gave good yield and enantioselectivity of the pidg*nitroamine (Table 1, entry 2) in the
absence of any base additive, hence, this catabstsubjected to other reaction parameters optimizauch as catalyst

loading, choice of solvents and temperature astpasameters are known to influence the yield arahoselectivity of
the products.
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Figure 1. Screening of the catalysts in aza Henry reactfdtaavith nitromethane

Table 1 Screening of various counter ions of copper skdtsenantioselective aza-Henry reaction X using the
macrocyclic ligandLB ?

,Boc Boc
. 0 ,
l>l Ligand 1B (10 mol%) HN, «—NO,
Metal Source (10 mol%) \
O + CH3NO, > =0
N Dry THF (1 mL) N
la 2a
Entry Metal source Yield%)"® Ee (%
1 Cu(OTf) H,0 88 83
2 Cu(OAC)- H,0 88 89
3 CuC}-2H,0 61 45
4 Cu(NQ), 6H,0 78 73
5 CuBr 11 -

®All the reactions were performed witla (0.2 mmol), nitromethane (1.0 mmol), ligand
1B (0.02 mmol), Metal source (0.02 mmol) in TH¥solated yields after flash column
chromatographyDetermined by HPLC (Chiralcel IA).

First, we varied the catalyst loading from 1 mold610 mol% (Table 2, entries 1-5) in aza Henry rieactof 1a with
nitromethane and found that 5 mol % of the catafysufficient to give 85% yield with 93% enantites®ivity in chiral s-
nitroamine (Table 2, entry 3). To further promdte teactivity and enantioselectivity gfitroamine, different solvents
viz., dichloromethane, toluene, tetrahydrofurargtauwitrile, methanol and chloroform [Table 2, esdri3, 6-10] were
explored in aza Henry reaction d& with nitromethane. However, DCM gave the besfqgrerance (yield 88% and ee
99%) (Table 2, entry 8). Next with the above optied reaction conditions a range of temperaturewadsd from RT to
0 °C (Table 2; entries 8, 11, 12). However, reducimg teaction temperature (30 & 0°C) caused a reduction in both
yield and ee (entries 11, 12) which may be duéécsblubility issue of the substrate at lower terapges.



Table 2. Optimization of the reaction conditiohs

Boc Boc
171 Ligand 1B (x mol%) HN_ .—NO,
. o \
w o+ cino, _ CUOAOHO (xmol%) Neo
N Dry Solvents (1 mL) N
H H
1a 2a
Entry Catalyst (mol%) Solvent Temp Yield (%)°  ee (%§
1 1 THF RT 15 -
2 25 THF RT 63 78
3 5 THF RT 85 93
4 7.5 THF RT 86 90
5 10 THF RT 88 89
6 5 Toluene RT 63 74
7 5 ACN RT 78 80
8 5 DCM RT 88 99
9 5 MeOH RT 79 83
10 5 CHC} RT 80 91
11 5 DCM 10°C 66 92
12 5 DCM 0°C 63 92

2 All the reactions were performed wifla (0.2 mmol), nitromethane (1.0 mmol), ligand
1B (x mol%), Cu(OAc).H,O (y mol%) in dry solvent (1 mLflsolated yields after flash
column chromatograph{Determined by HPLC (Chiralcel IA).

Finally, adopting then situ generated complex from the ligad® (5 mol%) with Cu(OAc) (5 mol%) in DCM with
nitromethane (5 mmol) at RT as the optimum reactimmdition, we applied this catalytic protocol ma-Henry reaction
of various isatinN-protected ketimineda-1j with different substituentsn the aromatic ringndN protecting groups
(Scheme 3)p-nitroaminexa-2g, 2i-2jwere achieved in good to high yield (77-88%) witicedlent enantio-induction (ee
up to, 99%) excedh at room temperature by usi@y(I)-1B as a catalyst in dichloromethane. There was rar ¢tfend
seen in the electronic effect of the substituemtshe yield as well as enantioselectivity of thedarct. ThusCu(ll)-1B
complex performed efficiently at low catalyst loagli (5 mol%) by producing the desirgtnitroamines in higher
enantioselectivity than the previously reportedpEil) nitrogen containing ligand systeth§'.



/N Ligand 1B (5 mol%)
Cu(OAc), (5 mol%)
0O +  CH;NO, >
%) N Dry DCM (1mL) R; \
R, R
2a-2j, ® Yield (77-88%)
0.1 mr‘nol 1 mmol Cee (up to 99%)
la-1j -

2a,Yield 88% 2b,Yield 81% 2¢,Yield 77% 2d,Yield 81%
ee 99% ee 95% ee 89% ee 89%
Boc~yp Boc~\y

&\\\ NOZ

Cl

N
Cl H
2e,Yield 82% 2f, Yield 81% 2g.Yield 80%
ee 90% ee 95% ee 91%
Boc~ Boc— Boc~
N 2 Br o NOZ /0 W~ N )

(0) (0)
N N
H H
Cl
2h,Yield 82% 2i,Yield 86% 2j,Yield 80%
ee 46% ee 94% ee 91%

3All the reactions were performed with 1a-1j (0.2 mmol), nitromethane (1.0 mmol), ligand 1B (5
mol%), Cu(OAc),.H,O (5 mol%) in dry solvent (1 mL).

YIsolated yields after flash column chromatography.

¢ Determined by HPLC (Chiralcel IA, AD-H).

Scheme 3Substrate scope in aza Henry reaction of iddtimotected ketimine%

To further expand the scope of this reaction pmltotess explored nitroethane, 1-nitropropane wels® used as
nucleophile under the optimized reaction conditiof®wever, low product yield (24%) was obtained hwiit

diastereoselectivity and enantioselectivity.



To understand the reason behind the behaviouresietimitroalkanes to react witla, we have performed the quantum
chemical DFT calculations. The effect of nucleoghi(CHNO, and CHCHNGO,) for the conversion ofa to 2a using
macrocyclicCu(ll)-1B complex has been investigated. For computatidngllity, we have modelled the -GHéf —Boc
protected isatin derived ketimida& with hydrogen atom in all cases. Initially, the coordinates wittCu(ll)-1B complex
(Figures 2 & 3). The nucleophiles (RO, and CHCHNO,) approaches thka complex withCu(ll)-1B to coordinate
with the copper atom using the two oxygen atomthefnitro group. The copper coordinated nucleopsiiteultaneously
attacks the carbon centerId to form the product. The transition state geomshgws the coordination and attack of the
nucleophile to the reactant 83-1). We have observed that the nitro oxygen of nyiide CHNO, interacts with copper
atom very strongly i.e., the O...Cu distances are7 200and 2.11 A, whereas, corresponding O...Cu distsrnia
CH,CHNO, are 2.11 A and 2.13 A, respectively. The imaginfrequencies for two nucleophiles (g¥0, and
CH;CHNO,) are 504.8 and 767.7 émespectively. The computed activation barriersrseebe a downhill process with
M06-2X/6-31+G(d) level of theory. The energy barrmalculated for the attack of the nucleophile ,NB, is 8.3
kcal/mol is favoured compared to the nucleophile;GHNO, at same level of theory. The mulliken charge anslys
performed for CENO, and CHCHNO, suggests that the negatively charged carbon dbtieer anion is -0.93, whereas
the later anion has -0.51. This result clearly ssggthat the nucleophilicity of GNO, is more compared to GBHNO,’
and hence the rate of reactions would be differettiese case. The PES corroborates the abovevaliser

1a
+
e
- R )
- @ ocmNo; 1112

Figure 2. The potential energy profile for production2d from 1a nitro methane using Cu cataly&ty(I)-1B) at the
MO06-2X/6-31+G(d)//PM6 level of theory. The relatigaergy differences are given in kcal/mol.

The calculated results corroborate the formationpafduct2a much more feasible with nitromethane compared to
nitroethane.
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Figure 3. The potential energy profile for production2s from 1a nitroethane using Cu catalyg(Il)-1B) at the MO6-
2X/6-31+G(d)//PM6 level of theory. The relative egedifference is given in kcal/mol.

For reusability experiments, aza-Henry reactionlafwith Cu(ll)-1B was conducted under the optimized reaction
condition using nitromethane as nucleophile. Afite first catalytic run (entry 8, Table 2), thaerocyclic complex was
precipitated from the reaction mixture by the additof hexane. The monomereu(ll)-1B was recycled five times
without any noticeable loss in their activity anthatioselectivity (Figure 4).
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Figure 4. Recyclability study oCu(ll)-1B complex

Using this reaction protocol, enantio-enrictfediamine was prepared in gram scale with good yieldd
enantioselectivity$cheme %

/Boc ) Boc
HN, N NiCl,.6H,0 (1 eq.) HN, — NH
N ©2 NaBH, (12 eq.) S 2 HCI
SN—0 » N—o —_—
N dry MeOH N Et,O-MeOH
\ 0°c, \
2b 3b
Yield 98%
ee 93%

Scheme 4Synthesis ofi-diamine from aza-Henry product

The CD spectra recorded f@u(ll)-1B and Cu(ll)-1D in THF (0.001 M) were illustrated in Figure 5.slhows three
opposites peaks at 582 nm (d-d transition, inditegéeformation of complex) 344 nm and 296 nm intiicathat the metal
complexes gain geometrically opposite chiralitynirthe respective chiral ligands originating fra® and1D* and upon
complexation brings enantiopure geometrical chiali
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Figure 5. CD spectra of complexedu(ll)-1B andCu(ll)-1D in THF (1 x 10° M).

Kinetic study

In order to understand the mechanism of aza Hezagtion of isatifN-Boc ketimine, kinetic experiments were performed
with 1g as a model substrate as a function of the coratémirof catalystCu(ll)-1B, substrate and nitromethane as
nucleophile. In all the kinetic runs the plots ofrhation ofg-nitroamine with time was found to be linear in ibedng of
the reaction and exhibit saturation close to cotigiigFigure 6a). Based on this observation, titéal rate constantsgk
was determined by directly estimating the amourithefproducp-nitroamine formed up to completion of the reaction

Effect of catalyst concentration on reaction rate

Aza-Henry reaction ofig was studied by conducting the kinetic experimexitslifferent concentration of the catalyst
Cu(ll)-1B [0.0025-0.01 M] at constant concentrationlgf[0.1 M] and nitromethane [0.5 M]. From the kimetlata a
linear plot of ks of the f-nitroamine formation versus log[catalyst] with uslopes (d log §Jd log[catalyst] ~1) was
obtained which passes through the origin, indicptimat the aza Henry reaction is of first orderhwiespect to the
concentration of the catalyst (Figure 6b).

Effect of substrate concentration on reaction rate

Kinetic experiments were carried out at differenitial concentration of isatifN protected ketimind.g ranging from (0.
067-0.169 M) by keeping the concentration of otfeactants and physical conditions constant fronchvithe rate was
calculated. The plot of Jk against [substrate] showed the zero order depeedeh the reaction on the substrate
concentration (dlogk4dlog[substrate] ~ 1) (Figure 6c).
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Figure 6. (a) Time-dependent plot for the formation ghitroamine at RT, [catalyst] = 0.005 M, [imine]=10M, and
[nitromethane] = 0.5 M(b) Plots of catalysCu(ll)-1B concentration (0.0025-0.01 M) versug 40, [imine]=0.1 M,
[nitrometahne]=0.5 M;(c) substrate Xg) concentration (0.067-0.169 M) versus,&kl1(®, [catalyst]= 0.005 M,
[nitromethane] =0.5M(d) nitromethane concentration (0.4-0.7 M) versus<R(°, [catalyst]=0.005 M, [imine]=0.1 M.

Effect of nitromethane concentration on reaction rée

To check out the effect of concentration of nitroinaeme on reaction rate, we have performed the @rayHeaction with
a variable concentration of nitromethane (0.4-0.) byl keeping constant concentration of the catal@9205 M) and
ketiminelg, 0.1 M). The plot of js against [nitromethane] gave straight line (dlggy/# log[nitromethane] ~ 1) which
indicate the T order dependence of the reaction in term of tiieentration of nitromethane (Figure 6d).

Overall the kinetic data revealed a first order etefence of rate on catalyst and nitromethane cdératem and
independent on substrate concentration. Basedrmtié$ data, a probable mechanism for the aza Heawtion oflg as
representative substrate, nitromethane as nucleopking the catalystu(ll)-1B is proposed in Scheme 5. Since, the
kinetics of the reaction is not effected by concatiin of substrate display that the very fiaséraction between catalyst
and substratéX) and the overall rate of the reaction does not dgperthe substrate concentration. Since the reacdite

is first order dependent on catalyst and nitrometheoncentrations, a possible intermed{tecan be proposed as rate
determining step where the metal centre activabed dubstratelg and also the nitronate ion followed by the
nucleophilic attack to the activated substrate Siidaceto produce the producBy-g-nitroamine (Scheme 5). Such
observation is inconsonance to those reportedeeably us and othefs®. Furtheron the basis of the observed absolute
configuration of the product, a possible transitiate with hexacoordinated copper metal centergeagrated by
energy minimization where the Si face attack of nleleophile to the iminég was more favorable energetically
than the Re face attack due to steric crowding.
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Scheme 5Probable mechanism for aza Henry reactiohgofvith nitromethane in presence @fi(l1)-1B as catalyst.

Further, in order to understand the structure efdfficientin situ formed catalystCu(ll)-1B incorporating the ligandB
and Cu(OAc).H,O was prepared and characterized by ESI-MS (ginesupporting information).

Conclusions

In summary we have designed a series of chiral menic macrocyclic salen ligands for asymmetric ldeary
reaction of isatirN protected ketimines with Cu(OAd),O. It was found that chiral macrocyclic salen cospCu(ll)-
1B at room temperature afforded chifahitroamines with excellent yields (88%) and higtaetioselectivity (ee>99%)
under co-catalyst free condition. Incidentally, thesitu formed macrocyclic salen compl&u-1B retained its activity
and enantioselectivity at multigram scale and waassfully recycled several times. To understaedréasons behind
the inability of other nitroalkane (nitroethane)réact withla, the quantum chemical DFT calculations were penéat to
examine the effect nucleophiles (4D, and CHCHNO,) for the conversion ofa to 2a using macrocyclicCu(ll)-1B
complex. The calculated results corroborate theédion of producRa much more feasible with nitromethane compared
to nitroethane. We further converted our reactiomdpct chirals-nitroamine to chirafp-diamines in two steps at gram
scale. The kinetic investigations of a represeveasubstratdg show first-order dependence on the concentratibrise
catalyst Cu(ll)-1B, nitromethane, but no dependence on the initiadceotration of the substratdg. A possible
mechanism for the aza Henry reaction was proposed.

Experimental Section

Synthesis of ligands

Ligands1A, 1B, 1D and2D were synthesized by the reported procedure Rf the synthesis of ligantiC a solution of
dialdehydeY (250 mg, 0.37 mmol) in dry DCM (0.7 mL) was added solution of R)}-(+)1,1’binaphyhyl-2,2’-diamine
C (127.8 mg, 0.0.45 mmol) in dry MeOH (0.4 mL) abmo temperature. The stirring of the solution wastiomed at
room temperature for 5 h, and the progress of é&aetion was checked on TLC. After completion of thaction the
solvent was removed under reduced pressure. Tgbthyellow solid product thus obtained was takedighloromethane
(20 mL) and the organic layer was washed with wg&er 20 mL), brine (20 mL) and was dried over aioys NaSQO,.
The solvent was removed under reduced pressuiigedig yellow ligandLC (Yield 83%).

Typical experimental procedure for asymmetric aza-Hnry reaction

Chiral ligand1B (5 mol%, 0.01 mmol) and Cu(OAdj5 mol%, 0.01 mmol) were added to a screw-capp@dentaining
Dry DCM (1 mL) and a stirring magnetic bar. A bloelor solution was formed after 30 minut&sprotected ketimines
la-1g (0.2 mmol, 1 equiv) were added to the resultinytgm followed by nitromethane (1.0 mmol, 5 equifter
running the reaction for 16 h, the volatile compusevere removed under reduced pressure and tde prneduct was
purified by flash column chromatography (n-hexatig/acetate 2:8).

Recycling of the catalyst Cu(ll)-1B

Recyclability experiments were carried out with ol of 1a. After completion of catalytic run (checked on T).the
solvent was completely removed from the reactiordiome under reduced pressure. PrecipitatiorCofll)-1B was
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carried out by adding excess of (n-hexane:ethydaee®8:02) and further wash the precipitate witlkahe, dried in
vacuum and reused for the subsequent catalytigvithout further purification.

Computational Methods

The optimization of ground state and transitioriesteometries was done using PM6 level of themgueous phasé
We have characterized the stationary point by feegy calculations in order to verify that the tidina structures which
possess only one, imaginary frequency. There arenaginary frequencies in the ground state geoe®in frequency
calculation. Further, we have calculated the simgent calculation at M06-2X level of theory usitige basis set 6-
31+G(d) for carbon, hydrogen, oxygen and nitrogett BANL2DZ basis set for copper atom in aqueoussphia’. The
SMD solvent model has been used for our calculatioall calculations were performed with the Gaussinsuite of
progrant®.
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Supplementary Material

All the Characterization data of aza Henry prodiikes'H NMR, **C NMR, optical rotation, HPLC profile and ESI-MS
were provided in this section
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