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Abstract: An efficient organocatalytic stereoselective retthn of 3-trifluoromethyl-substituted
nitroalkenes, mediated by 3,5-dicarboxylic estehsxdio pyridines (Hantzsch ester type), has been
successfully developed. A multifunctional thioutzased §)-valine derivative was found to be the
catalyst of choice, promoting the reaction in u@78%6 ee. The methodology has been applied to a
wide variety of substrates, leading to the formmatiof differently substituted precursors of
enantiomerically enrichef-trifluoromethyl amines. The mechanism of the reac&nd the mode
of action of the metal-free catalytic species wasmputationally investigated; on the basis of DFT

transition states (TS) analysis, a model of steection was also proposed.
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The introduction of fluorinated residues in a bibae molecule may have a strong impact on its
effectiveness, simultaneously modulating electrofipophilic and steric parameters, critically
influencing both the pharmacodynamic and pharmaetki propertiest! Many drugs are
characterized by the presence ok@Foup, as Efavirenz, used against HIV infectioelc@lgepant,
employed in the treatment of the neurovascularrdesomigraine and Prozac (Figure 1). Among
several trifluoromethylated compounds known in roedil chemistry,a- and 3-trifluoromethyl-

amine units are major components found in thissctdsioactive species (Figurel4)) Despite the



great interest in the topic and progress in thél fibighly stereochemically efficient catalytic

methods for the synthesis of chiral fluorinated rzesiare still deeply need&t.
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Figure 1. Some biologically active trifluromethylated compalsn

After focusing on the preparation of chiral-trifluoromethyl-amine, by trichlorosilane-
mediated enantioselective catalytic reduction dflusromethyl ketoimine$ we turned our
attention to chiralB-trifluoromethyl-amines. Recent works on innovajiveon stereoselective,
methods of trifluoromethylation to generdtetrifluoromethyl-substituted aza-derivatives clgarl
testify for the great interest in the preparatidrihis class of compoundd. However, really few
strategies are available for the stereoselectinghegis of enantiopuifgtrifluoromethyl-amines. In
2013, a chemo- and enantioselective®iMes addition toa-imino ketones promoted by Cinchona
derived ammonium salts was reported (up to 71%¢6k#).the same year, based on the seminal
contributions by MacMillan groufd] the first visible light-driven intermolecular amino
trifluoromethylation of alkenes was developed, figient and regioselective one-step access to a
variety of-trifluoromethylamides in up to 82% yield and 78¥4&i

An alternative strategy to obtain chiral trifluorethyl derivatives relies on the stereoselective

transformation of trifluoromethylated prochiral, atgly available substrates. Fluorinated



nitroalkenes represent an obvious entry for thehggis of3-trifluoromethyl-amino derivatives.
They have been widely used in combination with imatmeactant partner to diastereoisomerically
produce B-nitro-trifluoromethylated products; typical exarapl include the synthesis of
trifluoromethylated peptide analogues, using ewgotie a-amino acids as nucleophil&s.
Fluorinated nitroolefines have been also employedoliganocatalytic Michael reactions with
aldehydes$!0l intermolecular oxa-Michael addition of oxintE$and 3-alkylidene oxindold2l and
in the addition of indol&3] andp-dicarbonyl compounds4l

However, as far as we know, no examples of enaldosve organocatalytic reduction of
trifluoromethylated nitroalkenes are known. Here wish to report our preliminary investigation
on the synthesis of enantiomerically enriclettifluoromethyl nitroolefins,via organocatalyzed
addition of Hantzsch ester-type reducing agentButrinated nitroalkenes. Considering that the
starting materials are readily, and often commaéygiavailable, trifluoromethyl ketones the
methodology offers an easy, catalytic and practieatry to chiral B-trifluoromethyl-amines
(Scheme 1).
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Scheme 1. Organocatalytic approach to the synthesis of cButaifluoromethyl-amines.

In 2007, List and co-workers published the orgatadgaed stereoselective reduction of
nitroalkenes affording the corresponding enantiocadly enriched nitroalkanes in high yields and
up to 96% enantiomeric excess, the most efficiatdlgst featuring a thiourea moiety linked to the
diethylamide of §-tert-leucine and to thé\-pyrrole derivative of R,R-diaminocyclohexang?]
Based on this previous work we have preliminarylesqul a variety of bifunctional, thiourea-based
molecules as catalyst for the reduction of trifurmethylated nitroolefins (Figure 2f] Catalystsl-

11 were easily synthesized in four steps through emen of theN-Boc amino acid to the
corresponding amide, followed NBoc-deprotection, generation of the isothiocyargtaip and

reaction with the proper 1,2-diaminocyclohexaneavadive.



The reduction off3-trifluoromethylf3-nitrostyrene12 was selected as model reaction and
typically performed at 25°C for 20 hours in the gmece of a stoichiometric amount of Hantzsch
esterA and a catalytic amount (10 mol%) of the organdygsts, to afford the expected produ&
(Scheme 2). The results of this preliminary scregmire detailed in Table 1.
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Figure 2. A few selected chiral organocatalysts employedhédresent study.
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Scheme 2. Organocatalytic reduction @ktrifluoromethyl-nitrostyrene



Table 1. Preliminary studies on the catalytic reductiori®fwith organocatalyst$-11.

Entry Cat. Conv. (%) e.e. (%)

1 1 60 <5
2 2 >99 rac.
3 3 60 13
4 4 83 rac.
5 5 >99 38
6 6 85 57
7 7 >99 (99F% 59
8 8 >99 43
9 9 95 (93} 81
10 10  >99 (98§ 77
11 11 80 55

@ Reaction run in deuterated benzene at RT; conmersietermined byH and °F NMR; P
Enantiomeric excess determined by HPLC on chii@tary phase (see Supporting Information

for details);® In brackets isolated yields after chromatographicification.

In looking for the best catalyst, we systematicativestigated how the different parts
constituting the skeleton of these thiourea-basédictsires influence their activity and
stereoselectivity. Thus, the modification of thardinocyclohexan®&-substituents clearly showed
that an acceptable level of enantiocontrol coulcati@eved only with sterically hindered residues
on the amino group (entries 1w entries 5-6). In particular, a pyrrole ring proveedbe more
effective than a phtalimide in shielding one of ttve enantiotopic faces of the nitroalkene,
probably due to the presence of the 2,5-dimethigksiwents, able to extend the influence of the
heterocycle ring on the region of space just closthe site where the substrate is supposed to be
coordinated to the thiourea residue of the catafifggure 3, see below, Figure 5, for further

5



considerations based on computational studies). edew with catalyst 6 a modest

enantioselectivity was obtained.

Figure 3. Proposed mode of action of the bifunctional thiadb@sed catalyst.

Therefore we decided to look at the aminoacid porbf the catalyst; it was observed that,
when replacingtert-leucine with valine, higher e.e. were obtained.riea 7-8 of Table 1
demonstrated the combinatiog)-{aline and R,R.diaminocyclohexane to be the match pair, that
guarantees higher e.e.. The 2,5-dimethyl deriva@weas able to promote the reduction [&f
trifluoromethyl nitrostyrene at RT in 81% enantieséivity, to afford R)-2-trifluoromethyl-2-
phenyl-nitroethand3 in 95% vyield;N,N-dibenzyl substituents on the amide function (catal®)
afforded only slightly lower e.e. with respect teridative9.

Once compound8 and 10 have been identified as the most promising catslgsscreening of
reaction conditions was carried out. When tempegaitas lowered to 0°C, a diminished chemical
activity was observed but no significant improvemenenantiocontrol (entries 1,2 of Table 2). To
improve the reaction rate and to allow to perfohma teduction at lower temperatutdyutyl ester
derivative B (Figure 4), known to be a more active reducing 88éh was employed. In
dichloromethane (entries 3-6) neither at 0°C nof58°C higher ee were achieved; however, by
running the reaction in toluene, an increase of ehantioselectivity was observed for lower
reaction temperatures; in the presence of the ldehtiype esteB at -50°C, the stereoselectivity
was improved up to 87% e.e. with cata§sind up to 93% e.e. with catalyi€t (entries 9-10, Table
2). Reductions in polar or protic solvents ledhe products with low stereocontrol, while hexanes
proved to be a suitable solvent for the reactioith watalyst9 at -50°C, up to 83% e.e. was reached
(entry 15).
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Figure 4. Different reducing agents.



Table 2. Screening of experimental conditions in the orgatalyzed reduction df2.

Entry Cat. Solvent T Hantzsch ¢, (%} e.e. (%)

ester
1 7 CH:ClI2 0°C A (COOEy) 50 60
2 9 CHXClz 0°C A(COOEY) 60 80
3 9 CH:Cl2 0°C B (COOBu) >99 78
4 9 CHCl; -15°C B (COOQBuU) >909 77
5 10 CH.Cl, -15°C B (COQBuU) >99 74
6 9 CHXCl2 -50°C B (COQBuU) >909 77
7 9 toluene RT B (COOBu) >99 71
8 10 toluene RT B (COQBu) >99 81
9 9 toluene -50°C B (COQBu) 61 87
10 10 toluene -50°C B (COQBuU) 71 93
11 9 THF 0°C B (COQBu) >99 9
12 9  EtOH 0°C B (COOBuU) >99 6
13 9 hexanes 0°C B (COOBu) >99 80
14 10 hexanes -50°C B (COOtBu) 50 71
15 9 hexanes -50°C B (COQBu) 70 83

2 Conversion determined B and*°F NMR;® Enantiomeric excess determined by HPLC on chiral

stationary phase (see Supporting Information fdads).

The generality of the method was finally investegh(Scheme 3); differently 2-aryl and 2-
alkyl substituted 3,3,3-trifluoro-1-nitropropeneridatives 14a-g have been prepared and reacted
with dihdropyridineB to afford the corresponding chiral trifluorometmjtroalkanesl5a-g, in the
presence of 10% mol eq. of catalyi€t in toluene, typically at -50°C. Some selected fssale

reported in Table 3.



FsC cat. 10 (10 mol%.) E.C
t-BuO Ot-B = > 3

N R
14a R = 4-Me-pheny! 15a
14b R = 3-Me-pheny! 15b
14c R = 4-Cl-phenyl 15¢
14d R = 4-F-pheny! 15d
14e R = benzy! 15e
14f R = cyclohexyl 15f
149 R = n-heptyl 15¢g

Scheme 3. Organocatalytic reduction @ktrifluoromethyl nitroalkened4a-g.

Table 3. General applicability of the organocatalyzed reiduncof fluorinated nitroolefin§.

entry Substrate Time (h) Conv. (%% e.el
FsC A No,
1 36 81 83
Me
Fs;C 2 No,
2 36 75 73
Me
Fs;C A No,
3 20 85 81
Cl
FC o,
4 20 81 90
F

36 75 93




@ Reaction run in deuterated toluene, with 10 moféatalyst and 1.3 mol equivalents of reducing
agentB; P Conversion determined Bid and'®F NMR; ¢ Enantiomeric excess determined by HPLC

on chiral stationary phase (see Supporting Infororator details).

The reduction of differently substituted 2-arylstfioromethyl nitroalkenes has been
successfully accomplished, either on substratetiriag electron-donating groups or electron-
withdrawing residues; enantioselectivities usudligher than 80% and up to 90% were obtained
(see entries 1-4, Table 3).

Even better results were achieved with 2-alkylssitted fluorinated nitroalkene#le-g;
with benzyl derivativel4e the reduction mediated by catalyst afforded the expected nitroalkane
15e in 90% e.e. Excellent results were obtained inrdgduction of alkyl-nitroalkene&4f-g that
afforded product45f and15gin 97% and 93% e.e., respectively.

Possible extension of this reactionot@-disubstituted3-trifluoromethylnitroalkenes has also
been preliminary investigated (Scheme 4). It istivonentioning that the stereoselective reduction
of nitrostyrene derivatives featuring an-substituent is still considered a challenging
transformation, that requires a controlled protmmastep!8l and leads to the formation of a rather
labile stereocentre; indeed, at the best of ounmkege, no organocatalytic example has been

reported so fat

o) ) Me Me

] ] FoCo cat. 10 (10 mol%.)= E.C
tBuo)jl\/\/liLot Bu + \‘)\N()2 to|uene d8 3 NO2
N R R
H
16a R = phenyl 17a
16b R = 4-Cl-phenyl 17b
16¢ R = benzyl 17¢

Scheme 4. Reduction ofu—substituted3-trifluoromethyl nitroalkened6a-c.

Substrates were obtained as differently enrichédune of isomers that showed to be not
configurationally stable and involved in a equilin.[20] Due to this equilibration, H-H NOESY
experiments were not decisive for attributing tB& configuration; however computational
analysis shown thE-isomer to be slightly more stable tlatsomer (although by less than 2 kcals
mol, see the Supporting Information). Howeversitmportant to note that almost identical results
in terms of yield, d.r. and e.e. were obtainedhi ¢nantioselective reduction 18, independently

from the diastereoisomeric ratio of the startingaalkene.



The B-trifluoromethyl-a—methyl-substituted nitro alkanek’a-c were obtained in modest
yields and low diastereoisomeric ratio, but withagpreciable level of enantioselectivity, typically
about 60-70% e.e. for both isomers, and up to 7766 @able 4). Further experiments are
necessary to determine the configuration of theseeinfluorinated nitroalkanes, featuring two
stereocenters. Follow-up studies will be undertaketesign and develop a stereoselective catalytic

system better suited for this transformation.

Table 4. Organocatalyzed reducti@rsubstituted3-trifluoromethyl nitroalkenes.

& Reaction run in deuterated toluene, with 10 moféatalyst and 1.3 mol equivalents of reducing

E/Z ratio
Entry Substrate starting | React. T con¥ drP ee’
material
CF;
0f -
1 N Me 71:29 | 0°C,t48h|  20% 5g.ap | 4O
51%
NO,
CF;
Me . o 0 . 67% -
2 ©)\( 71:29 25°C 51% 60:40 70%
NO,
CF;
Me . o 0 . 65% -
3 ©)\( 95:5 25°C 57% 60:40 66%
NO,
CF4
Me 77% -
X . o 0 .
4 mo 54:46 25°C 66% 64:36 67%
Cl 2
CF4 50t
M . o . < 0 —
5 n e 90:10 25°C 42% 62:38 <5%
NO,

agentB; ? Conversion and diastereoisomeric ratio determibgdH and'°F NMR; ¢ Enantiomeric

excess determined by HPLC on chiral stationary ph{ase Supporting Information for details).

In order to establish the absolute configuratibthe reduction productdbe was transformed
by hydrogenation into the correspondifigrifluoromethyl aminel8, that was converted in the
known N-benzyl derivativel9,?*! thus determining the absolute configuration of rgor isomer
to beR (Scheme 5).

Scheme 5. Determination of absolute configuration of prodise.
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The different behaviour dert-leucine derivatives and of the valine-based catalystvas
computationally investigated. The Transition Stgfi€S3s) leading to the formation of bd®& andS-
13, for the reaction with both catalysésand9, have been located at a B3LYP/6-31G(d) level of
theory; finer electronic energies have successibelgn obtained increasing the basis set up to
6/311+(2df,2pd) with two different functionals: BgP???l and M062X(23]

Figure 5. B3LYP/6-31G(d) geometries of the TSs for catal/dh the “balls and springs” pictures,
the COOMe groups of the Hantzsch ester are repamégtansparent” fashion; non-participating

hydrogens are omitted for clarity. Below a compamibetween cataly$tand9 is reported.

Preliminary conformational analysis on the catalysnderlined a very rigid structure: only
three conformations for cataly$ and a unique conformation for cataly&tare energetically
allowed. The selected TSs have been found, assuthégoordination of the nitro group to the

thiourea moiety and of the Hantzsch ester NH groughe catalyst carboxyamide group (Figure 5).
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The methyl substituted Hantzsch esie(see Figure 4) was used to reduce possible coatwmns
of the system. In the tables and figures below,ntbtionTS-S9 refers to the TS of cataly$t
leading to §) isomer.

In the case of cataly§ a first inspection of the two TSs clearly highlig the role of the
pyrrole moiety, that exerts inS-S9 a repulsive interaction on the phenyl group oftiteoalkene,
thus disfavouring the formation of th&{enantiomer. Additionally, a deeper look B8-SO and
TS-R9 shows that upon the coordination of the substtatéhe thiourea, the nitroolefin C2
electrophilic carbon INMTS-S9 is closer to the bulky diaminocyclohexane moidtgnt in TS-RO.
Therefore the reducing agent, in releasing theillgdis forced in a hindered zone where its ester
group repulsively interacts with the 2,5-methyl noyrsubstituents, thus further favouriigs-R9
(see Figure 5).

On the other hand, in the attempt to understaddcampare the behaviour of cataly§tand
9, it should be noted thah TS-R of both catalysts a further repulsive interactimay occur
between the phenyl ring andPr or t-Bu groups. The competition between this two negati
interactions seems to be responsible for the wamisaiviour of catalysh with respect to cataly$,
where the less hinderedPr moiety may avoid a destabilizing interactionthwthe substrate

(comparel S-R6 andT S-R9 structures in Figure 6).

Figure 6. B3LYP/6-31G(d) geometries of the disfavoured T&@schtalys®6 and9. In the “balls and
springs” pictures, the COOMe groups of the Hantzseter are reported in “transparent” fashion;

non-participating hydrogens are omitted for clarity

In the attempt to rationalize the higher ee obsgrin the reduction of alkyl substituted
nitroalkenes it was noticed that in the disfavouf&s the methyl group of the 2,5-dimethyl pirrole

moiety is forced toward th@g-substituent of the substrate. Therefore, when sushbstituent is an

12



aryl group, a Chtmtinteraction might take place, reducing the enalifference between favoured
and disfavoured TS¢!

The presence of this kind of interaction was aoméid performing a Non Covalent Interaction
(NCI) analysis, as previously reported by Yanglgtusing the NCIPLOT softwaré®! results are
shown in Figure 7. The green surface between teayhing and the catalyst's methyl substituent
evidences a large region of weak positive inteoactiue to the expected @it stacking. Clearly,
when the3-aryl group is replaced by an alkyl one, this iat#ion cannot occur. Hence, TSs leading
to theR andS enantiomer should be energetically more diffesgat, justifying the experimentally

observed higher enantiomeric excesses with alkyalives (entries 6 and 7 of Table 3).

Figure 7. NCIPLOT analysis performed in a selected cube ¢sgporting information) using the
M06-2X/6-311+G(2df,2pd) electron density calculatmd the B3LYP/6-31G(d) geometry of the
disfavoured TS for catalySt Non-participating hydrogens are omitted for ¢lari

The calculated Gibbs free energies and the predidf the enantioselectivities are reported
in Table 5. Since the B3LYP functional is known dove a poor description for long-range
dispersive interactions, as expected, a betterigired of the enantiomeric excesses was obtained
with M06-2X. In particular, a remarkably good agrest between calculated and experimental e.e.
obtained with cataly€h has been achieved with M06-2X (438 57%e.e). Noteworthy, both the
DFT functionals predict higher TSs energy differenfor catalys® compare t®, thus confirming

the valine-derivativé to be the best performing catal{z.

Table 5. Computationally determined energies and enantioseies.
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B3LYP M 06-2X Exp. ee.
MG  ee. (% | AAGP e.e. (%) (%)°
TS-R6 0.0 0.0
97 43 57
TS-S6 2.4 0.5
TSR9 0.0 0.0
>99 99 81
TSS9 4.6 3.0

2 AAG in kcal/mol at the B3LYP/6-311+G(2df,2pd)//B3L&BALG(d) level of theory. The thermal
correction to the Gibbs free energy was calculaiethe B3LYP/6-31G(d) level:A4G in kcal/mol
at the M062X/6-311+G(2df,2pd)//B3LYP/6-31G(d) lewEltheory. The thermal correction to the
Gibbs free energy was calculated at the B3LYP/6{@L&vel;° e.e. was calculated according to
the formula: e.e. =100 expdGs)/RT]

In conclusion, the enantioselective organocatalgittiction of3-trifluoromethyl nitroalkenes
was successfully accomplished, eitheearyl- or3-alkyl substituted substrates, in up to 97% e.e..
The stereochemical outcome of the reaction andb#ieaviour of the metal-free, thiourea-based
catalyst were also rationalized and discussed,doasecomputational studies and DFT transition
states analysis. This easy to perform methodoldégroa valuable entry for a straightforward

synthesis of enantiomerically pupetrifluoromethyl amine$?7]

Experimental Section

General Methods

All commercially available reagents including dohgents were used as received. Organic extracts
were dried over sodium sulfate, filtered, and comeded under vacuum using a rotatory
evaporator. Nonvolatile materials were dried unkiggh vacuum. Reactions were monitored by
thin-layer chromatography on pre-coated Merck ailjiel 60 F254 plates and visualized either by
UV or by staining with a solution of cerium sulfaidg) and ammonium heptamolybdate
tetrahydrate (27g) in a mixture of water (469 mhdaconcentrated sulfuric acid (31mL). Flash
chromatography was performed on silica gel 60. NMR spectra were obtained at 300 MHz for
H-, 75 MHz for'3C-, and 282 MHz fot*F-NMR on a Bruker 300 spectrometer.

General procedure for organocatalytic reactions

14



The B-trifluoromethyl nitroalkene derivative (1 eq.) atite catalyst (0.1 eq.) were dissolved in the
dry solvent (1M solution) under nitrogen atmosphiene10 minutes at the desired temperature;
Hantzsch ester (1 eq.) was added as a solid andnikieire stirred for 20 hours at constant
temperature. The solvent was then removed underceedpressure and products were isolated by
flash column chromatography on silica gel (hexahgleacetate) for their NMR characterization.
When low-boiling substrates were employed — yiaddiaw boiling products — only the crude

mixture was analyzed. Enantiomeric excess wasméeted by HPLC on chiral stationary phase.

Supporting Information. Experimental details for catalysts synthesisalgtit enantioselective
reductions and synthetic modification for the absmlconfiguration determination. Analysis and
characterization, NMR and HPLC traces of the reactproducts. Cartesian coordinates, total
electronic and Gibbs free energies of all repostedctures.
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Graphical Abstract

An efficient organocatalytic stereoselective reducof B-trifluoromethyl-substituted nitroalkenes,
mediated by 3,5-dicarboxylic esters-dihydro pyrediHantzsch ester type), has been successfully
developed. A thiourea-base®)+valine derivative promoted the reaction in up 96% e.e.,
affording immediate precursors of enantiomericealtyiched3-trifluoromethyl amines.

FsC
3 f\N% N Fsc\‘/\Noz X Fe,CjANH2

chiral cat.
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