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1. Introduction

Reactions involving the formation of carbon-carbbonds
have always attracted great interest in the orgahiemistry
community [1]. Over the last few years, with the great
development of the asymmetric organocatalysis fielggant
protocols to those transformations were further bhgesd,
especially those involving the simultaneous foromatof several
stereogenic centers [2,3]. In this context, theolalceaction
appears as an important transformation in which twceven
more stereocenters can be generated in a singigoreatep [4].
Furthermore, the reagents (aldol acceptor and diolobr) do not
require any pre-activation step, as occurs in thdi/ama aldol
reaction.

Asymmetric protocols for the aldol reaction havespraed
great developments since the pioneer studies ofdnd Barbas
Il with L-proline [5-7]. Thus, several catalysts were designe
and applied in this transformation, including pdps [8], metal
catalysts [9], thioureas [10,11], squaramides [1Znd
prolinamide organocatalysts [13]. On the other hanmhre
efficient chiral catalysts are still required ftvetenantioselective
aldol reaction, and the development of a geneatbpol for this
transformation is still a challenge [4].

Prolinamide organocatalysts, in the presence daniest, are
noteworthy for their capacity to form iminium/enamin
intermediates. These catalysts generally allowatldel reaction
to proceed at milder reaction conditions [13]. Mast these
catalysts rely on hydrogen bonding interactions tfog chiral
induction. For example, Singh’s group described tise of a
prolinamide-based organocatalyst bearing bothera-diphenyl
substituted side-chain and a hydroxyl group in @ésgmmetric
aldol reaction (Scheme 1A), affording the desirediuats in
moderate yields and moderate to excellent enantioragcesses
[14]. On the other hand, only acetone was used amdetction
required considerably lower temperatures. Anotheer@sting
study was recently described by Murata and co-worf@&heme
1B), which prepared an unnatural tripeptide beaang-proline
residue for the asymmetric aldol reaction betweetins and
acetone [15]. Most interestingly, the catalyst despredicted
stereocontrol by the simultaneous formation of ssvieydrogen
bonding interactions.

Our research group has recently been studying theirce of
new catalysts bearing polyol moieties derived frolycerol in
organic transformations, such as the Morita-Bahfiiinan
reaction [16], especially in solvent-free protacollhus, we
envisioned that the preparation of a chiral aminthwi polyol
side-chain would allow its subsequent coupling with amino
acid, affording novel chiral organocatalysts with tgydial
applications in amino-catalyzed transformationshésee 1C).
Furthermore, the asymmetric induction by the salect
stabilization of transition states through the fation of
hydrogen bonding interactions might be possible tuethe
presence of a side-chain bearing NH and OH groupseégeth
catalysts.
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Scheme 1Previous reports on prolinamide-catalyzed asymmetr
aldol reaction and this work proposal.

2. Results and Discussion
2.1. Catalysts preparation

We started our study by preparing the chiral ann&his
compound was prepared in five steps (21% overalldyie
employing the commercially availablzmannitol as the initial
substrate (Scheme 2). First, the hydroxyl groupevpeotected,
affording derivative2 in 77% isolated yield. Next, the oxidative
cleavage employing sodium periodate was carried folibwed
by the aldehyde reduction into the desired alc@h(@3% yield)
using sodium borohydride. For the conversion of liydroxyl
group into the desired amine, an Appel reactiortierformation
of iodide 4 (73% yield) was initially conducted, followed by a
nucleophilic substitution employing sodium azidenasleophile
(73% yield) and, finally, the azide reduction thgbu
hydrogenation over palladium on carbon (81% yieldis worth
mentioning that the optical rotation of all thesenpounds was
monitored during each reaction step and showed ggogement
with the literature values.
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Scheme 2Synthetic route to the chiral amifie

Next, three different catalysts bearing primary ammoieties
(9a-9 were prepared (Scheme 3). To this purpose, weliyiti
prepared the Boc-protected amino acidsc based on literature
protocols [17], prepared from the amino adid&line,L-leucine,
and L-phenylalanine, respectively. This step was thetoiad
by the N,N'-dicyclohexylcarbodiimide (DCC) mediated coupling
between these protected amino acids and the préyiprepared
amine6, resulting in the desired derivativ8a-c in up to 81%
yield. Finally, the simultaneous deprotection & Boc and ketal
groups afforded the desired cataly$s-c as trifluoroacetate
salts, in isolated yields between 89 and 92%. Maeothese
three-step protocol resulted in the desired praduct50-63%
overall yields. The chiral purity of these catadysind their
precursors§a-¢ was confirmed by th&H NMR analysis of the
crude reaction mixtures, which did not indicate tlseurrence of
epimerization during these steps.
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Due to the promising results in the literature emipig
proline-based organocatalysts [8,13,18,19], aswatiavith its
capability to form iminium/enamine intermediatesotigh the
condensation with ketones, the preparation of tigaraycatalyst
9d was carried out employing the same protocol preshou
applied and using-proline as the initial substrate. The desired
organocatalyst was isolated in 44% overall yiel@rafhe three-
reaction steps, as depicted in Scheme 4.
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Scheme 4Preparation of catalysésl.

The preparation of thealt-free 9d catalyst was also carried
out employing substrat®d, trichloroacetic acid (2 equiv.) under
reflux for 12 hours (full details of this reacti@me available in
the Supplementary data). However, due the imporitaraiure
precedents involving salt catalysts for the aldalction [20,21],
we decided to continue our investigation using tresapounds
as trifluoroacetate salts.

2.2. Reaction optimization

The use of these novel organocatalysts in the agyriavaldol
reaction between cyclic ketones and aryl-substitwtielhydes
was then studied. To this purpose, the use of tbatdysts (15
mol%), employing dimethylsulfoxide (DMSO) as solvéhable
1) at room temperature, and using 4-nitrobenzaldehsnd
cyclohexanone as substrates was initially investijat
Unfortunately, the yields and the diastereomerimsatvere poor
for all primary amine catalysts. On the other harie
prolinamide-based catalyst led to a more encougagesult
(entry 4). Based on literature reports employing OMB the
presence of water as an additive (10 equiv.) [22,&3}ts were
also carried out in this reaction condition (ergrie4). Although
an enhancement in the stereocontrol was achievezifalystod,
the isolated yield considerably dropped.

By changing the solvent to water, although an iaseein
yields was detected, the stereoselectivity slighithpped (entries
5-8). Once more, the best result was attained foptbknamide
organocatalyst. Next, tests in the absence of stdweere carried
out and, surprisingly, an excellent isolated yielid98% was
obtained when employing the cataly®d, with a good
diastereomeric ratio (10:1) and enantiomeric ex¢é3%) (entry
12). It is also worth mentioning that in the absemdethe
catalysts no product was detected.



Table 1. Optimization of reaction conditions.

0 0 OH
O 0 SR
ON NO

Catalyst (15 mol%)

.

Solvent

rt, 3 days 2

Entry Catalyst  Solvent Yield ( ar?tl;;/ n) e.e® (%)
1 9%a DMSO 10/25 2:1/2:F ND/81°
2 9b DMSO 9/23 2:1/3:F ND/74°
3 9c DMSO 9124 2:1/2:F ND/51°
4 od DMSO 72/53 7:1/14:F 75/87
5 9%a H,0 58 2:1 50
6 9b H,0 38 31 72
7 9c H,0 40 11 40
8 ad H,0 62 10:1 79
9 9%a - 38 11 38
1C 9 - 44 11 47
11 9c - 77 11 24
12 od - 98 10:1 79

Calculated through th#d NMR the analysis of the crude reaction mixture;
PCalculated through enantiodiscriminationg HPEReaction carried out
using 10 equiv. of water as additive. ND: Not detiered.

Since the best overall results were found for thelygst 9d,
further optimization employing this organocatalysas carried
out (Table 2). The use of polar protic (entry 1) aaprotic
solvents (entry 2 and 3) failed to considerably smde the
stereoselectivity. The use of trifluoroacetic a¢itFA) as an
additive (15 mol%) [24] was also evaluated, and ificantly
dropped the yield, d.r. and e.e. (entry 4). Intémgly, the use of
catalytic TFA (15 mol%), in the absence of the cetabd,
inverted the diastereocontrol towards #ya isomer (1:2 d.r.)
(entry 5). Noteworthy, by lowering the temperatureOtéC, in
the absence of solvents and additives, the bestalbveaction
condition was accessed (entry 6), with 90% yield11®@r. and
98% e.e. Finally, the catalyst loading was evaludtedries 7
and 8) and, although similar diasteomeric ratiosewatained
when using 5 or 10 mol% of organocatalgst a considerable
drop in yields and enantiomeric excesses were oéderv

Table 2. Optimization of reaction conditions employing taalyst

9d.
(o} o O OH
é . O)LH Catalyst 9d (15 mol%) é)\@
OoN Tempe?a?tll\llre:t3 days NO,

Entry ig(lj\:t?cg Temperature  Yield ( ar?n;s; n) ?o'/f;
1 Methanol rt. 82 9:1 84
2 Toluene r.t. 59 5:1 53
3 Dichloromethane r.t. 90 9:1 78
4 -ITFA rt. 75 2:1 58
5 -ITFA rt. 67 12 0
6 - 0°C 90 19:1 98
[ - 0°C 48 151 72
8 - 0°C 73 1711 84

3Calculated through th#4 NMR the analysis of the crude reaction mixture;
PCalculated through enantiodiscriminationg HPL®eaction carried out
using 15 mol% of trifluoroacetic acid in the absewé catalys@d; Reaction

Tetrahedron

carried out employing 5 mol% of cataly®td;, “Reaction carried out
employing 10 mol% of cataly$d.

The influence of the catalyst counter-anion was also
investigated. To this purpose, the substitutiorrifiioroacetate
moiety for trichloroacetate (catalySd-TCA) was carried out
(the method for its preparation is available in $w@plementary
data). After its use in the optimized reaction ctinds, the aldol
adduct was isolated in 80% vyield, only 4:1 d.r. aid6 e.e. A
control experiment employing thealt-free 9d catalyst was also
carried out and, although the aldol product wasaisol with an
excellent yield (97%), the stereoselectivity dregty dropped
(only 4:1 d.r. and 63% e.e.). These results suggtsit the
trifluoroacetate moiety is crucial for the adequetigal induction
in the desired aldol product. Interestingly, goasbuits for
catalysts bearing fluorinated counter-anions werevipusly
reported by other groups for the asymmetric aldattion [21].

Next, aiming to gain further insights of the impota and
extension of the polyol group interactions in th&yrametric
induction process, we prepared an analogue of catélg
(hereby named®d-rac) employing glycerol as starting material
(full details of this preparation are availablettie Supplementary
data). Thus, the polyol precursor is formed ascamdc mixture
and, after condensation with theproline moiety affords the
catalyst as a mixture of diasteomers. The use f tiovel
catalyst 9d-rac) in the optimized reaction conditions resulted in
the desired aldol adduct in 71% yield and with asiberable
drop in the reaction diastereoselectivity (only 4I.) and
enantiomeric excess (75%). This suggests that tholpside-
chain enhance reaction stereocontrol toward the mmaldol
isomer through selectively stabilizing the tramsitistate leading
to this isomer.

Finally, for the determination of the relative aabthsolute
stereochemistry of the synthesized derivative, "B NMR
analysis was carried out and indicated, by compariith
literature data [25],anti as the major isomer. Moreover,
enantiodiscriminating high-performance liquid chediography
(HPLC) analysis corroborated with these data and rgealed
(S)-2-((R)-hydroxy(4-nitrophenyl)methyl)cyclohexdrene as
the major stereoisomer.

2.3. Reaction scope

Having established the best reaction conditions and
determined the absolute configuration of the prodube
evaluation of the substrate scope was then carged\@rious
aromatic aldehydes and substituted cyclohexanones well
tolerated under the optimized reaction conditioBsheéme 5).
Aromatic aldehydes bearing electron-withdrawing groups
para, meta or even in the sterically bulkgrtho-position were
well tolerated, affording the desired compouf@a-din 80-90%
yield, 9:1to 19:1 d.r. and up to 98% e.e.
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Scheme 5Reaction scope.

Moreover, the use of aryl groups bearing halides walas
possible. For example, the use of 2-chlorobenzaftehesulted
in the derivative 10h in moderate vyield (48%) and good
stereoselectivity (7:1 d.r. and 77% e.e.). On thieerothand,
although aldehydes with naphthyl and toluyl grougsulted in
the desired adduct& @ and10j, respectively) in moderate yields
and stereoselectivities (up to 7:1 d.r and 64%),eaeconsiderable
drop in the enantiomeric excess was observed whetogimg
benzaldehyde (only 20% e.e.).

Most interestingly, the use of substituted cyclammnes was
also possible, affording the derivativé8m and10n, in which a
total of eight stereocisomers are possible to occliiese
compounds were obtained in excellent yields (up5%® with a
good selectivity towards the twanti diastereomers (up to 8:1
d.r.), an excellent diastereomeric ratio betweensehéwo

5
(compound 10p) in low vyield (only 17%) and moderate
diastereoselectivity (4:1 d.r.). This is probat#iated to the aldol
carbon-carbon bond formation step, in which lesctebphilic
aldehyde carbonyl groups are less favored. Finaltgtone was
tested as aldol donor in the presence of 4-nitrodlelehyde, but
lead only to the aldol condensation product.

2.4. Computational details

We then turned our attention toward the understandfrthe
basics of this reaction by investigating a plawsibkey
intermediate and the chiral induction process. fis purpose,
theoretical calculations were then carried out. Allcalations
were performed using the Gaussian09 package [26]esgni
otherwise stated, calculations were performed ataspre equal
to 1 atm and temperature of 273.15 K. The struttura
optimizations at the gas phase of all structuresleoular
complexes (MCs) and transition states (TSs) wereechout
employing the M06-2X functional [27] and the 6-31@{dhasis
set. A vibrational analysis was performed to cheekitkentity of
all stationary points and in the attainment of ttreermal
corrections to the Gibbs free energy. Transitiortestavere
optimized employing the Berny algorithm or the QSW2thod
and confirmed to have only one imaginary frequefficly details
concerning the theoretical data are available & HEbectronic
Supplementary Information).

Next, for the attainment of the electronic energthatdesired
level of theory, single-point energy calculations reve
subsequently carried out using the previously oggeh
geometries at the M06-2X-D3/6-31++G(d,p) level ofaityeand,
since no solvent was employed during the reactidhg,
Solvation Model Based on Density (SMD) for cyclohesae
(reagent) was employed [28]. The Gibbs Free Enefggaoh
structure was then calculated by equation 1 [29)wivich the
terms are, respectively, the Electronic Energy, fiodvation
Gibbs Free Energy, and the thermal correction thadpy and
entropy.

G;ol = EGas + GSolv + G;‘ (1)

2.5. Mechanistic investigation

Prolinamide-based organocatalysts are well
activating substrates through iminium/enamine faiome[13]. In
prolinamide catalyzed aldol reactions, the stemhaition step
occurs during the addition of the previously situ formed
enamine to the aldehyde. It is also reported inliteeature that,
although the rotation over the C-N bond is possibleamines
can preferentially adopt a conformatisuwis or s-trans [30]. Due
to that, both conformers were theoretically evaldgteigure 1)
and it was found that they are very close in endrgg 0.52
kcal/mol). Although both conformers presented two ilsim
hydrogen bonding interactions, its distance comalolg varied.
For example, the interaction between hydroxyl growps 2.88
A for s-cis conformer and 2.68 A fa-trans; on the other hand,
the hydrogen bonding interaction between the amaibonyl
and one of the hydroxyl groups was stronger for $hms
conformer (2.03 A against 2.15 A of thérans enamine).

stereoisomers (between 12:1 and 15:1 d.r.) and ad goo

enantiomeric ratio (up to 87% e.e.). Although a ggidd was
observed when employing a heteroaryl substitutecehgide

(compoundl00), only a moderate stereoselectivity was detected

(4:1 d.r and 72% e.e.). Moreover, the use of actele-donating
group was not well tolerated, affording the desirettuat

known for
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s-cis enamine
AG =0.52 kcal/mol

s-trans enamine
AG =0.00 kcal/mol

Figure 1. Enamine conformers.

Hydrogen bonding I

Since no selectivity towards a specific conformer was

observed, the C-C bond formation step involvinghbemhamine
substrates and the formation of all possible prtdueere
evaluated. To this purpose, the 4-nitrobenzaldelwae chosen
as the aldol acceptor and a total of eight diffepathways were
simulated. Interestingly, molecular complexes betwethe
enamine and the aldehyde are generally thermodyadmni
unfavored in comparison with the isolated reagesgpecially for
the scis enamine AG 4.76-7.68 kcal/mol). Thus,
approximation between aldehyde attans enamine 4G -0.90
to 4.33 kcal/mol) is much more probable to occur.

Moreover, the results concerning the aldol prodoonation

and thermodynamically favored along all other
pathways and perfectly explains the experimental.dat

palssi

NP9
/o~ L
VT'J. a)2.16 A
r« b)1.79 A
T.J ¢)2.03A

Figure 2. Transition state of the reaction betwesetnans enamine
and 4-nitrobenzaldehyde leading to (S)-2-((R)-hysi(dx
nitrophenyl)methyl)cyclohexan-1-one.

the 3.Conclusion

In summary, four novel organocatalysts were syntieelsby
the coupling of an amino acid and a chiral amirteese catalysts
were prepared along eight reaction steps and thpliedpn a

are summarized in Table 3 and reveal some integesti solvent-free asymmetric aldol reaction. The besulte were

conclusions. First, among all possible transitic@ates, six
presented hydrogen bonding interactions betweernlthehyde
carbonyl and

obtained for the prolinamide cataly&t, allowing the access to
the desired adducts in moderate to excellent yjielpso 19:1 d.r.

the enamine side-chain derived frome thand 98% e.e. Noteworthy, even sterically bulky aldelsyand

prolinamide group (entries 1, 2, 5, 6, 7, and 8 presented a substituted cyclohexanones were successfully emglayethe

hydrogen bonding interaction involving the aldehyiteo group
(entry 4) and the other did not present any inteyadnvolving
the aldehyde moiety (entry 3).

Table 3.Reaction pathways towards all possible stereoisomer

optimized reaction conditions. The relative and odlie
configuration of the products was confirmed throdghNMR
and enantiodiscriminating HPLC. Control experimerggealed
that the trifluoroacetate counter-anion is crucir the
attainment of higher stereoselectivities. Finallgheoretical

(kcal/mol). calculations were performed to gain insights towales chiral
induction mechanism and suggested that several obgdr
Enty  Enamine Enamine Aldehyde Final . AAG'  AAG bonding interactions t_)etween the enamine |r.1terrm=3(hﬂdl .the
face face product aldehyde are responsible for further stabilizatbthe transition
1 strans Re Si SS 5.78 2.13 ;
state that leads to the observed stereoisomer.
2 strans Re Re SR 0.00 0.00
3 strans Si Si RS 8.57 22.11
4 strans Si Re RR 12.41  26.05
5 scis Re Si SS 11.98  7.24 4 Experimental section
6 S Ccis Re Re SR 5.36 10.6
8 S Cis Si Re RR 6.69 10.17

#Stereochemistry related to the final product afténium hydrolysis: first

stereocenter related to thecarbonyl carbon; second stereocenter related to

the carbon bonded to the hydroxyl group.

Most interestingly, the lower energy transition sté&ntry 2)

All purchased solvents and chemicals were employetowit
further purification. The reactions were monitoredtbin-layer
chromatography performed on TLC plates (silica g@lF254)
and visualized by a UV lamp; column chromatographgsw
carried out employing 230-400 mesh silica gel. Riegubyields

involved the strans enamine and, simultaneously, presentedrefer to chromatographically purified and spectopically pure

three hydrogen bonding interactions between the emaside-
chain and the aldehyde carbonyl group (Figure 2)esgé
interactions are considerably strong (between 1t&b2a16 A),
lowering the transition state barrier to 23.19 koall

Noteworthy, the second most accessible transitiae ¢eatry 6)
also led to the experimentally observed stereoisdmethrough
thes-cis enamine. Moreover, the molecular complex formg@tri
after the carbon-carbon bond formation also preskrower
energy for the major stereoisomer, withA& of only 0.06
kcal/mol. Thus, the formation of this stereoisoriseboth kinetic

compounds. Chemical shifts fdH NMR were reported as
(parts per million) relative to chloroform signal at 7.26 ppm
(singlet — solvent CDGJ or to the water signal at 4.79 ppm
(broad - solvent deuterium oxide). Chemical sHifts**C {*H}
NMR were reported a relative to the central line signal of the
CDCl; triplet at 77.2 ppm or to methanol (internal st at
49.5 ppm. ThéH NMR spectra were recorded at 500 MHz, and
% {*H} NMR spectra were recorded at 125 MHz. Chemical
shifts are reported employing the following peak rablations:
br, broad; s, singlet; d, doublet; dd, doublet oullet; ddd,
doublet of doublet of doublet; dt, doublet of tepldq, doublet of



quartet; t, triplet; tdd, triplet of doublet of dulet; g, quartet; oct,
octet; m, multiplet. Melting points were acquired armelting
point apparatus and optical rotations on a polaeme
Enantiodiscriminating HPLC was performed using a %.@5
cn? Chiralpak 1B column (isocratic elution using
hexane/isopropanol 90:10 or 85:5; flow 0.5 or 0.9mmh). The
elemental composition of the catalysts was detemhiumEng a
Perkin Elmer 2400 CHNS/O Series Il microanalyzer.

4.2, General Procedure for the synthesis of product 2

In a round-bottom flask, 10.0 g @f-mannitol (54.9 mmol)
was added, followed by addition of 30 mL of dimetifsxide
(DMSO). The reaction mixture was kept under magrsticing
at 0 °C for 30 minutes. Next, 0.2 g pftoluenesulfonic acid (2
mol%) and 20 mL of acetone were added and theiosakept at
0 °C for 30 minutes and room temperature for 15rsidiext, the
crude reaction mixture was diluted in ethyl acef@®0 mL) and
a liquid-liquid extraction employing a 5% m/v of agueous
solution of NaHCQ (three aliquots of 100.0 mL) carried out. The
organic phase was then dried under reduced preasdréurther
purification by column chromatography (silica geinploying
isocratic eluent 1:1 ethyl acetate/hexane was choiig.

(1S5,29-1,2-his((R)-2,2-dimethyl-1,3-dioxolan-4-yl)ethane-1,2-

diol (2): White solid, 11.1y, yield: 77%. m.p.: 118.0-
120.0°C.[a]%° +2.4 (c 1.0, EtOH). IR (ATRy (cm’): 3389,
2978, 2942, 2887, 2849, 1628, 1445, 1402, 13662,11676,
1003, 918'H NMR (500MHz, CDCk) &: 4.17 @, J 6.3 Hz, 2H),
4.11 ¢d, J 8.6 Hz,J 6.4 Hz, 2H), 3.97dd, J 8.6 Hz,J 5.6 Hz,
2H), 3.74 {, J 6.6 Hz, 2H), 2.69d, J 6.5 Hz, 2H), 1.414 6H),
1.35 6, 6H)."°C {*H} NMR (125MHz, CDC}L) &: 109.5,76.4,
71.3,66.9, 26.9, 25.3.

4.3. General Procedure for the synthesis of product 3

In a round-bottom flask, 11.0 g of compouRd42.1 mmol)
was added, followed by addition of 100 mL of an awseo
solution of NaHCQ (5 % m/v). The reaction mixture was kept
under magnetic stirring at 0 °C for 10 minutes. N&d0 mL of
an aqueous solution containing 18.0 g (84.2 mmagQiv.) of
sodium periodate was slowly added to the reactiorturéx The
reaction was kept under magnetic stirring for 1 hafter which
100 mL of ethanol was added. The crude reactionuréxtvas
then filtered off to remove the unreacted periodaide
remaining solution was then cooled to 0 °C and 3.28842
mmol, 2 equiv.) of sodium borohydride was then addEuke
reaction mixture was then kept under magnetic sgrror 2
hours and then filtered off. The solid was dilutadchloroform
and submitted to a liquid-liquid extraction empluyidistilled
water. Finally, the organic phase was dried and tmepound3
distilled under reduced pressure (5 mmHg).

(9-(2,2-dimethyl-1,3-dioxolan-4-yl)methanol (3): Colorless ail,
7.0 g, yield: 63%[a]%° + 14.7° (pure). IR (ATRY (cm’): 3414,
2990, 2934, 2887, 1641, 1377, 1261, 1211, 11506.164NMR
(500MHz, CDCl) 3: 4.23 (dd, J 6.5 Hz,J 5.2 Hz,J 3.8 Hz, 1H),
4.03 (d, J 8.2 Hz,J 6.6 Hz, 1H), 3.78dd, J 8.2 Hz,J 6.5 Hz,
1H), 3.72 (d, J 11.6 Hz,J 3.6 Hz, 1H), 3.58dd, J11.6 Hz,J5.1
Hz, 1H), 2.10 Ir, 1H), 1.43 § 3H), 1.36 ¢ 3H).*C {'H}
NMR (125MHz, CDCk) 8: 109.5,76.3, 65.8, 63.1, 26.8, 25.4.

4.4, General Procedure for the synthesis of product 4

In a round-bottom flask, 3.0 g of prodi®{22.7 mmol) was
added, followed by addition of 100 mL of toluene. Né&x2 g of
triphenylphosphine (27.3 mmol, 1.2 equiv.), 2.33¢.L mmol,
1.5 equiv.) of imidazole and 7.5 g of (9.6 mmol, 1.3 equiv.)
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were added. The reaction mixture was kept underxeftuo0

°C for 2 hours. Next, the solvent was dried underuced
pressure and the crude reaction mixture dilutechloroform. A
liquid-liquid extraction employing a saturated agug solution

of N&S,0; (two aliquots of 100.0 mL) was then carried out. The
organic phase was then dried under reduced preasdréurther
purification by column chromatography (silica geinploying
isocratic eluent 2:8 ethyl acetate/hexane was chotig.

(R)-4-(iodomethyl)-2,2-dimethyl-1,3-dioxolane (4): Colorless oil,
4.0 g, yield: 73%[a]Z’ + 33.3° (c 1.8, ethanol). IR (ATR)(cmi

1): 2984, 2929, 2873, 1371, 1211, 1144, 104B. NMR

(500MHz, CDCk) &: 4.30-4.25 i, 1H), 4.14 @d, J 8.6 Hz,J 6.1
Hz, 1H), 3.78 ¢d, J 8.6 Hz,J 5.5 Hz, 1H), 3.25dd, J 9.8 Hz,J

4.6 Hz, 1H), 3.14dd, J 9.8 Hz,J 8.5 Hz, 1H), 1.45¢ 3H), 1.34
(s, 3H)."*C {*H} NMR (125MHz, CDCL) &: 110.7,75.8, 69.8,
27.3, 25.7, 6.8.

4.5, General Procedure for the synthesis of product 5

In a round-bottom flask, 3.0 g of produt{12.4 mmol) was
added, followed by the addition of 20 mL of dimefoymamide.
Next, 1.1 g of sodium azide (16.1 mmol, 1.3 equivas added.
The reaction mixture was kept under reflux at 6(0f6C6 hours.
The crude reaction mixture was then diluted in hexd®0 mL)
and washed twice with a saturated aqueous solutioNad3!
(2x60 mL). The organic phase was then dried undéuced
pressure and further purification by column chraygeaphy
(silica gel) employing isocratic eluent 1:9 ethyetate/hexane
was carried out.

(9)-4-(azidomethyl)-2,2-dimethyl-1,3-dioxolane (5): Colorless oil,
1.49, yield: 73%[a]2’ - 47.1° (c 2.8, CHG). IR (ATR) v (cm
): 2984, 2929, 2873, 1371, 1211, 1144, 104B. NMR
(500MHz, CDCk) &: 4.32-4.21 ifn, 1H), 4.06 @d, J 8.5 Hz,J 6.4
Hz, 1H), 3.77 dd, J 8.4 Hz,J 5.9 Hz, 1H), 3.40dd, J 12.8 Hz,J
4.7 Hz, 1H), 3.30dd, J 12.8 Hz,J 5.6 Hz, 1H), 1.47g 3H),
1.36 & 3H)."°C {*H} NMR (125MHz, CDC}) &: 110.1,74.7,
66.8, 53.0, 26.8, 25.4.

4.6. General Procedure for the synthesis of product 6

In a round-bottom flask, 1.0 g of produgt(6.4 mmol) was
added, followed by the addition of 15 mL of methanééxt,
0.11 g (0.96 mmol, 15 mol%) of Pd/C was added. The
atmosphere was then replaced by hydrogen. The oeauiixture
was kept at room temperature for 24 hours with eoballof H.
The reaction mixture was then filtered off to remdle Pd/C
and the solvent removed under reduced pressure. ciile
reaction mixture was then diluted in dichloromethgb@ mL)
and washed twice with a saturated aqueous solutioNadi!
(2x30 mL). The organic phase was then dried undeéuaed
pressure.

(9-(2,2-dimethyl-1,3-dioxolan-4-yl)methanamine (6): Yellow oil,
680mg, yield: 81%Ja]3’ - 24.0° (c 1.0, ethanol). IR (ATR)
(cm™): 3365, 2984, 2929, 1653, 1598, 1457, 1371, 12481121
1051.'"H NMR (500MHz, CDCkL) &: 4.13-4.06 ify, 1H), 4.02-
3.99 M, 1H), 3.65-3.621f, 1H), 2.81 @d, J 13.1 Hz,J 4.2 Hz,
1H), 2.75 @d, J 13.1 Hz,J 6.3 Hz, 1H), 1.61g 2H), 1.39 §,
3H), 1.33 § 3H).**C {"H} NMR (125MHz, CDC}) &: 109.3,
77.4,67.0, 44.8, 27.0, 25.4.

4.7. General Procedure for the synthesis of products 7a-d

Boc-protected amino acids were prepared following a
literature method [17]. Initially, to a solution okater/1,4-
dioxane (3:2 v/v), 5.0 mmol of an amino acidvéline, L-
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leucine, L-phenylalanine ot-proline) and 0.3 g of NaHCO
were added. Next, 7.5 mmol of Boc anhydride (1.5ejyjuwere
added to this mixture. The reaction mixture wagegirat room
temperature for 24 hours. The crude reaction méxtuas then
diluted in water (50.0 mL) and a liquid-liquid exttin
employing 40 mL of ethyl acetate was carried outetmove the

Tetrahedron

Tert-butyl ((9-1-((((9-2,2-dimethyl-1,3-dioxolan-4-
yl)methyl)amino)-3-methyl-1-oxobutan-2-yl)carbamate (8a):
White solid, 201mg, vyield: 81%.[a]%® -16.0° (c 1.0, CHG).
m.p.: 101.0-103.6C. IR (ATR) v (cm): 3340, 3309, 2978,
2930, 2868, 1683, 1653, 1518, 1365, 1211, 116D.NMR
(500MHz, CDCk) &: 6.26 pr, 1H), 5.01 r, 1H), 4.21 ¢d, J 6.3

residual BogO. The pH of the water phase was then adjusted to Mz, J 3.7 Hz, 1H), 4.02dd, J 8.4 Hz,J 6.5 Hz, 1H), 3.94-3.88

with an aqueous solution of HCI (2M). Next, a liquigdid
extraction employing ethyl acetate was carried thueg aliquots
of 100.0 mL). The organic phase was then dried uneiduced
pressure and further purification by column chraygeaphy
(silica gel) employing isocratic eluent 9:1
dichloromethane/methanol was carried out.

(Tert-butoxycarbonyl)-L-valine (7a): Colorless oil, 89@ng, yield:
82%.[a]%° -10.0° (c 1.0, DMF). IR (ATRy (cm’): 3536, 3325,
2968, 2934, 1718, 1505, 1394, 1368, 1160NMR (500MHz,

CDCly) &: 9.45 fr, 1H), 5.04 ¢, J 8.5 Hz, 1H), 4.25dd, J 9.0
Hz,J 4.7 Hz, 1H), 2.21-2.1&, 1H), 1.44 ¢, 9H), 0.99 ¢, J6.8
Hz, 3H), 0.92 @, J 6.8 Hz, 3H).°C {'H} NMR (125MHz,

CDCly) 8: 177.2, 156.0, 80.2, 58.6, 31.2, 28.4, 19.04,.17.6

(Tert-butoxycarbonyl)-L-leucine (7b): White solid, 1132ng,
yield: 98%. [a]2® -29.5° (¢ 1.0, DMF). m.p.: 67.0-7C°C. IR
(ATR) v (cmi'): 3448, 3320, 2961, 2876, 1714, 1510, .
NMR (500MHz, CDCk) &: 6.71 pr, 1H), 4.90 @, J 8.1 Hz, 1H),
4.31 @, J 6.9 Hz, 1H), 1.77-1.72nf, 1H), 1.70-1.64 rp, 1H),
1.57-1.48 fn, 1H), 1.44 §, 9H), 0.95 @, J 6.6 Hz, 6H).°C {'H}
NMR (125MHz, CDCk) &: 178.1, 155.8, 80.4, 52.1, 41.6, 28.4,
24.9, 23.0, 21.9.

(Tert-butoxycarbonyl)-L-phenylalanine  (7¢): White  solid,
1113mg, yield: 84%.[«]3° -20.2° (¢ 1.0, DMF). m.p.: 62.0-

65.0°C. IR (ATR)v (crmi'): 3436, 2986, 2929, 1712, 1505, 1370,

1258, 1160.H NMR (500MHz, CDCk) &: 7.31 ¢, J 7.2 Hz,
2H), 7.26 {, J 7.3 Hz, 1H), 7.18d, J 7.4 Hz, 2H), 4.96d, J 7.4
Hz, 1H), 4.61 ¢, J 7.4 Hz, 1H), 3.20dd, J 13.9 Hz,J 5.1 Hz,
1H), 3.08 @d, J 13.9 Hz,J 6.5 Hz, 1H), 1.42-1.30s( 9H).**C
{*H} NMR (125MHz, CDC}k) &: 176.4, 155.5, 136.0, 129.5,
128.8, 127.3, 80.5, 54.4, 37.9, 28.4.

(Tert-butoxycarbonyl)-L-proline (7d): White solid, 914ng,
yield: 85%.[a ]25 -46.0° (c 1.0, DMF). m.p.: 135.0-1370. IR

(m, 1H), 3.61 (d, J 8.4 Hz,J 6.4 Hz, 1H), 3.55ddd, J 13.9 Hz,
J 6.0 Hz,J 3.7 Hz, 1H), 3.32dt, J 14.0 Hz,J 5.9 Hz, 1H), 2.17
(br, 1H), 1.44 ¢, 9H), 1.43 ¢, 3H), 1.33 §, 3H), 0.96 ¢, J 6.8

Hz, 3H), 0.91 @, J 6.8 Hz, 3H).°C {'H} NMR (125MHz,

CDCl,) 6: 172.0, 156.0, 109.6, 80.1, 74.6, 66.8, 60.3, 43057,
28.4, 26.9, 25.3, 19.4, 17.@&nal. calcd. For GH;N,Os: C

58.16, H 9.15, N 8.48; found: C 58.43, H 8.67, N 8.52.

Tert-butyl ((9-1-((((9-2,2-dimethyl-1,3-dioxolan-4-
yl)methyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate  (8b):
White solid, 183ng, yield: 71%.[a]3® -20.0 (c 1.0, CHG).
m.p.: 96.0-98.0C. IR (ATR)v (cm™): 3376, 3328, 2965, 2929,
2873, 1702, 1647, 1501, 1371, 116 NMR (500MHz,
CDCly) 6: 6.48 fpr, 1H), 4.91 ¢, J 7.3 Hz, 1H), 4.19qd, J 6.3
Hz, J 3.9 Hz, 1H), 4.14-4.05n{, 1H), 4.00 ¢d, J 8.3 Hz,J 6.5
Hz, 1H), 3.60 ¢d, J 8.4 Hz,J 6.5 Hz, 1H), 3.52-3.49n¢, 1H),
3.31-3.27 fn, 1H), 1.69-1.63rf, 2H), 1.50-1.4610, 1H), 1.42 §,
12H), 1.32 §, 3H), 0.93 ¢, J 6.4 Hz, 3H), 0.91q, J 6.3 Hz,
3H).°C {*H} NMR (125MHz, CDCL) &: 173.1, 155.8, 109.5,
80.2, 74.6, 66.8, 53.3, 41.5, 41.4, 28.4, 26.94,284.9, 23.1,
22.1. Anal. calcd. For GH4N,Os: C 59.28, H 9.36, N 8.13;
found: C 60.27, H 8.67, N 8.34.

Tert-butyl ((9-1-((((9-2,2-dimethyl-1,3-dioxolan-4-
yl)methyl)amino)-1-oxo-3-phenyl propan-2-yl)carbamate ~ (80):
White solid, 185ng, yield: 65%.[a]? -2.0° (¢ 1.0, CHG).
m.p.: 104.0-106.6C. IR (ATR) v (cm?): 3340, 3315, 2984,
2929, 2868, 1683, 1659, 1512, 1371, 1205, 1162.NMR
(500MHz, CDCk) é: 7.30 €, J 7.3 Hz, 2H), 7.25-7.23nf, 1H),
7.22-7.19 {n, 2H), 6.08 br, 1H), 5.02 br, 1H), 4.33 br, 1H),
4.05 pr, 1H), 3.97-3.94r, 1H), 3.52 ¢d, J 8.3 Hz,J 6.5 Hz,
1H), 3.43-3.42 r, 1H), 3.27-3.22 10, 1H), 3.06-3.05rf, 2H),
1.40 6 9H), 1.35 ¢ 3H), 1.30 § 3H)."°C {'H} NMR
(125MHz, CDCk) 8: 171.6, 155.5, 136.8, 129.4, 128.9, 127.2,
109.5, 80.4, 74.4, 66.8, 56.1, 41.6, 38.7, 28.48,285.3.Anal.
calcd. For GyH3oN,Os: C 63.47, H 7.99, N 7.40; found: C 63.85,

(ATR) v (cm'): 3498, 3125, 2976, 2884, 1747, 1697, 1418,4 7.70, N 7.36.

1368, 1166, 1125'H NMR (500MHz, CDCk) (mixture of
rotamers): 6.61 pr, 1H), 4.35-4.24r, 1H), 3.55-3.33r, 2H),
2.30-2.28 fn, 1H), 2.09-2.04rf, 1H), 1.95-1.90rh, 2H), 1.48-
1.42 fm, 9H).**C {*"H} NMR (125MHz, CDCk) (mixture of
rotamers)s: 178.7, 174.8, 156.8, 154.0, 81.7, 80.5, 59.30,59.
47.2,46.5, 31.0, 28.5, 28.4, 24.5, 23.8.

4.8. General Procedure for the synthesis of products 8a-d

In a round-bottom flask, 100 mg of prodéct0.75 mmol) and
0.75 mmol of the Boc protected amino adid-d (1.0 equiv.)
were added, followed by the additon of 8 mL of
dichloromethane. Next, 155 mg of N,N-
dicyclohexylcarbodiimide (0.1 mmol, 1.3 equiv.) a&dng of 4-
dimethylaminopyridine (0.08 mmol, 10 mol%) were adld€he
reaction mixture was kept under magnetic stirring r@am
temperature for 24 hours. The reaction mixture vaas filtered
off for to remove thé\,N’-dicyclohexylurea and the solvent was
removed under reduced pressure. Further purificdiip column
chromatography (silica gel) employing isocraticesiti1:1 ethyl
acetate/hexane was carried out.

Tert-butyl (9-2-(2-((((9)-2,2-dimethyl-1,3-dioxolan-4-
yl)methyl)amino)-2-oxoethyl)pyrrolidine-1-carboxylate (8d):
White solid, 145ng, yield: 59%Ja]%® -80° (c 1.0, CHG). m.p.:
155.0-156.0C. IR (ATR) v (cm’l): 3340; 2984; 2929; 2865;
1683; 1647; 1531; 1390; 1365; 1156; 1135.NMR (500MHz,
CDCl,) (mixture of rotamersy: 6.95 pr, 0.5H), 6.44 Ifr, 0.5H),
4.24-4.19 fn, 2H), 4.02 br, 1H), 3.60-3.57 fy, 1H), 3.45 fr,
4H), 2.30-2.14 16, 2H), 1.87 br, 2H), 1.45 ¢, 9H), 1.42 ¢, 3H),
1.32 6 3H).”°C {*H} NMR (125MHz, CDCk) (mixture of
rotamers)s: 173.1, 172.6, 155.8, 154.9, 109.4, 80.7, 74.67,66
61.5, 60.4, 47.2, 41.5, 31.2, 28.4, 26.8, 25.16,223.8. Anal.
calcd. For GeH2eN,Os: C 58.52, H 8.59, N 8.53; found: C 58.57,
H 8.31, N 8.56.

4.9. General Procedure for the synthesis of products 9a-d

In a round-bottom flask, 0.3 mmol of prod@z-d, 1.5 mL of
dichloromethane and 6.6 mmol of trifluoroaceticda@2 equiv.)
were added. The reaction mixture was kept under ntiagne
stirring at room temperature for 3 h. Next, the eolvwas
removed under reduced pressure.



(9-1-(((9-2,3-dihydroxypropyl)amino)-3-methyl-1-oxobutan-2-
aminium 2,2,2-trifluoroacetate (9a): Yellow oil, 81mg, vyield:
89%. [a]3® +73.0° (c 0.3, CEDH). IR (ATR) v (cm): 3351,
2965, 2923, 2849, 1659, 1438, 1187, 11BLNMR (500MHz,
D,0) &: 3.80-3.76 ifn, 1H), 3.73 ¢. J 6.1 Hz, 1H), 3.56dd, J
11.8 Hz,J 4.3 Hz, 1H), 3.48dd, J 11.8 Hz,J 6.2 Hz, 1H), 3.40
(dd, J 14.0 Hz,J 4.4 Hz, 1H), 3.23dd, J 14.1 Hz,J 7.6 Hz, 1H),
2.16 pct, J6.8 Hz, 1H), 0.98d, J 6.8 Hz, 3H), 0.97q, J 6.9 Hz,
3H).™C {*H} NMR (125MHz, D,0) &: 170.5, 163.5¢, J 34

Hz), 116.9 ¢, J 290 Hz), 70.7, 63.9, 59.3, 42.4, 30.5, 18.2, 17.42-(hydroxy(3-nitrophenyl)methyl)cyclohexan-1-one

Anal. calcd. For GH;gF;N,O,: C 39.48, H 6.29, N 9.21; found:
C 38.72,H5.97, N 8.03.

(9-1-(((9-2,3-dihydroxypropyl)amino)-4-methyl -1-oxopentan-2-
aminium 2,2,2-trifluoroacetate (9b): Yellow oil, 86mg, yield:
90%.[a]3? +18.0° (c 1.0, CKDH). IR (ATR) v (cm?): 3221,
2929, 2855, 1659, 1413, 1193, 1139.NMR (500MHz, D,0)
3: 3.94-3.92 ifn, 1H), 3.83-3.81r0, 1H), 3.61 @d, J 11.7 Hz,J
4.2 Hz, 1H), 3.53dd, J 11.7 Hz,J 6.2 Hz, 1H), 3.44dd, J 14.0
Hz,J 4.5 Hz, 1H), 3.29dd, J 14.1 Hz,J 7.5 Hz, 1H), 1.71-1.70
(m, 2H), 1.46-1.36r, 1H), 0.97-0.95rh, 6H). °C {*"H} NMR
(125MHz, D,0O) &: 172.7, 163.6d, J 35 Hz), 117.0q, J 291
Hz), 70.7, 63.9, 52.4, 42.6, 40.9, 24.6, 22.4, 2Ar&l. calcd.

For G HFNO,: C 41.51, H 6.65, N 8.80; found: C 40.72, H

6.54, N 8.09.

(9-1-(((9-2,3-dihydroxypropyl)amino)- 1-oxo-3-phenyl propan-2-
aminium 2,2,2-trifluoroacetate (9¢): Yellow oil, 97mg, yield:
92%.[a]3* +37.5° (c 0.8, CKDH). IR (ATR) v (cm'): 3340,
2959, 2929, 2855, 1666, 1438, 1192, 11BLNMR (500MHz,
D,0) &: 7.44-7.35 1, 3H), 7.28 @, J 7.6 Hz, 2H), 4.19t(J 7.3
Hz, 1H), 3.57-3.65m, 1H), 3.46 (d, J 11.8 Hz,J 4.1 Hz, 1H),
3.39 @d, J 11.8 Hz,J 6.3 Hz, 1H), 3.29dd, J 14.0 Hz,J 4.5 Hz,
1H), 3.22-3.13 1, 3H)."*C {*H} NMR (125MHz, D,0) &:
171.5, 163.6d, J 36 Hz), 134.9, 129.9, 129.7, 128.5, 1169)
289 Hz), 70.6, 63.8, 54.9, 42.5, 38.@4nal. calcd. For
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1341, 1291'H NMR (500MHz, CDC}) (syn/anti 2:3) &: 8.20-
8.19 (n, 2H), 7.51-7,47rp, 2H), 5.48 §, 0.4H,syn), 4.89 @, J =
8.0 Hz, 0.6Hanti), 4.08 €, J = 2.2 Hz, 0.6Hanti), 3.19 ¢, J =
2.2 Hz, 0.4H,syn), 2.65-2.56 ify, 1H), 2.51-2.46rf, 1H), 2.42-
2.33 fn, 1H), 2.13-2.08 0, 1H), 1.87-1.81 10, 1H), 1.72-1.51
(m, 4H)."°C {"H} NMR (125MHz, CDCk) &: 214.9, 214.2,
149.2, 148.5, 147.7, 147.2, 128.0, 126.7, 123.3,6,74.1, 70.2,
57.3, 56.9, 42.8, 42.7, 30.9, 28.0, 27.8, 26.00,224.8.

(10b):
Reaction time: 3 days. White solid, 8@, yield: 80%, 10:1 d.r.,
79% e.e’H NMR (500MHz, CDC}L) (syn/anti 1:9) 5: 8.21-8.18
(m, 1H), 8.17-8.11 1, 1H), 7.68-7.66 rfy, 1H), 7.54-7.50 rf,
1H), 5.48 6, 0.1H,syn), 4.89 ¢, J = 8.5 Hz, 0.9Hanti), 4.11 6,
0.9H, anti), 3.17 6, 0.1H,syn), 2.67-2.59 ifn, 1H), 2.52-2.471h,
1H), 2.44-2.34 i, 1H), 2.14-2.09rf, 1H), 1.85-1.81 1, 1H),
1.76-1.51 i, 3H), 1.44-1.35rf, 1H).*C {*"H} NMR (125MHz,
CDCl,) 8: 215.0, 214.3, 148.4, 143.9, 143.4, 133.3, 1329.4,
129.3, 123.0, 122.2, 121.0, 74.2, 70.6, 57.3, 58208, 42.7,
30.9, 28.0, 27.8, 26.0, 24.9, 24.8.

2-(hydroxy(2-nitrophenyl)methyl)cycl ohexan-1-one (100:
Reaction time: 3 days. White solid, 8@, yield: 81%, 9:1 d.r.,
88% e.e'H NMR (500MHz, CDCE) (syn/anti 1:9) &: 8.01-7.83
(m, 1H), 7.77-7.76 i, 1H), 7.66-7.62 1, 1H), 7.44-7.41 rf,
1H), 5.96 ¢, J = 1.6 Hz, 0.1Hsyn), 5.44 ¢, J = 7.1 Hz, 0.9H,
anti), 2.89-2.73 1fh, 1H), 2.46-2.41 6, 1H), 2.37-2.30r, 1H),
2.12-2.07 fn, 1H), 1.86-1.83r0, 1H), 1.80-1.73r(, 1H), 1.71-
1.55 m, 3H).°C {"H} NMR (125MHz, CDC}) &: 215.1, 214.2,
148.9, 147.3, 137.1, 136.8, 133.3 133.2, 129.8,112928.5,
128.1, 124.8, 124.2, 69.9, 66.8, 57.4, 55.0, 4807, 31.3, 28.1,
27.9, 26.6, 25.1, 25.0.

2-(hydroxy(4-(trifluoromethyl)phenyl)methyl)cyclohexan-1-one
(10d): Reaction time: 3 days. White solid, 8@, yield: 81%,
13:1 d.r., 87% e.éH NMR (500MHz, CDCE) (syn/anti 1:9)

CuHigFsN,O,: C 47.73, H 5.44, N 7.95; found: C 48.73, H 5.91,7.61-7.59 {n, 2H), 7.45-7.42r(, 2H), 5.44 ¢, 0.1H, syn), 4.84

N 6.83.

(9-2-(2-(((9-2,3-dihydroxypropyl Jamino)-2-oxoethyl ) pyrrolidin-
1-ium 2,2,2-trifluoroacetate (9d): Yellow oil, 79mg, yield:
87%.[a]3* -30.0° (c 1.0, CKDH). IR (ATR) v (cm): 3359,
3266, 2959, 2923, 2855, 1666, 1567, 1426, 11875 THNMR
(500MHz, D,O) (mixture of rotamersy: 4.38 ¢, J 7.3 Hz, 1H),
3.82 ¢ldd, J 11.1 Hz,J 6.8 Hz,J 4.6 Hz, 1H), 3.61dd, J 11.8
Hz, J 4.3 Hz, 1H), 3.53dd, J 11.8 Hz,J 6.3 Hz, 1H), 3.49-3.36
(m, 3H), 3.30 @d, J 14.0 Hz,J 7.4 Hz, 1H), 2.49-2.43nf, 1H),
2.09-2.06 i, 3H).**C {*H} NMR (125MHz, D,0) (mixture of
rotamers): 170.3, 162.8d, J 36 Hz), 116.6, J 290 Hz), 70.7,
63.8, 60.4, 47.1, 42.6, 30.3, 244hal. calcd. For GoH;6FsN,0y:
C 39.74,H5.67, N 9.27; found: C 40.00, H 4.98, N 8.08

4.10. General Procedure for the synthesis of products 10a-p

In a 2 mL vial, 0.75 mmol of cyclohexanone (5 equivas
added, followed by 0.02 mmol of cataly$a-d (15 mol%) and
0.15 mmol of aldehyde. The reaction mixture was kepd °C
for 3-7 days. Next, the crude reaction mixture was ttliluted in
water (10.0 mL) and a liquid-liquid extraction emyghlg 10 mL
of dichloromethane (2x10 mL). The organic phase wasd
under reduced pressure and further purification doyumn
chromatography (silica gel) employing hexane
hexane/ethyl acetate was carried out.

2-(hydroxy(4-nitrophenyl)methyl)cycl ohexan-1-one (108):
Reaction time: 3 days. White solid, 84, yield: 90%, 19:1 d.r.,

98% e.e. IR (ATRY (cmi'): 3505, 2923, 2849, 1683, 1598, 1506,

to  3:12-((4-chlorophenyl)(hydroxy)methyl)cyclohexan-1-one

(dd, J= 8.6 Hz,J = 2.8 Hz, 0.9Hanti), 4.03 (I, J = 3.0 Hz, 0.9H,
anti), 3.11 ¢, J = 3.3 Hz, 0.1Hsyn), 2.62-2.56 if, 1H), 2.51-
2.45 (n, 1H), 2.42-2.3210, 1H), 2.13-2.08 0, 1H), 1.83-1.80
(m, 1H), 1.74-1.62 i, 1H), 1.59-1.50 rf, 2H), 1.39-1.29 rf,
1H). C {"H} NMR (125MHz, CDC}k) &: 215.3, 214.6, 145.7,
145.1, 130.2q, J = 32.1 Hz), 127.5, 126.2, 1254, § = 3.8 Hz),

125.3, 124.2d, J = 270.4 Hz), 74.4, 70.4, 57.4, 57.1, 42.8, 30.9,

28.0, 27.8, 26.0, 25.0, 24.9.

2-((4-fluor ophenyl) (hydr oxy)methyl)cyclohexan-1-one (108e:
Reaction time: 5 days. White solid, 2@y, yield: 88%, 5:1 d.r.,
79% e.eH NMR (500MHz, CDCk) (syn/anti 3:7) &: 7.30-7.25
(m, 2H), 7.05-7.00r6, 2H), 5.36 §, 0.3H,syn), 4.77 (id, J= 8.8
Hz, 0.7H,anti), 3.99 6, 0.7H,anti), 3.05 6, 0.3H,syn), 2.59-2.54
(m, 1H), 2.51-2.44 r, 1H), 2.40-2.32 1y, 1H), 2.12-2.07
1H), 1.87-1.79 i, 1H), 1.74-1.54 rp, 4H).”C {'H} NMR
(125MHz, CDCk) &: 215.6, 214.9, 162,5d(J = 244.4 Hz),
162,0 ¢, J = 243.1 Hz), 137,3d, J = 3.0 Hz), 136,9d, J = 3.1
Hz), 128,8 ¢, J = 8.0 Hz), 127.5d, J = 7.94 Hz), 115,4d, J =
21.3 Hz), 115,1d, J = 21.2 Hz), 145.1, 130.2(J = 32.1 Hz),
127.5, 126.2, 125.4q(J = 3.8 Hz), 125.3, 124.2y(J = 270.4
Hz), 74.3, 70.3, 57.6, 57.3, 42.8, 30.9, 29.8, 2819, 26.2,
25.0, 24.9.

(20f):
Reaction time: 5 days. White solid, &®y, yield: 52%, 9:1 d.r.,
73% e.e’H NMR (500MHz, CDC}) (syn/anti 2:3) 5: 7.33-7.28
(m, 2H), 7.27-7.23r0, 2H), 5.35 §, 0.4H,syn), 4.76 ¢, J = 8.7
Hz, 0.6H,anti), 3.98 ¢, J = 2.4 Hz, 0.6Hanti), 3.05 ¢, J= 2.6



10

Hz, 0.4H,syn), 2.58-2.53 ifh, 1H), 2.50-2.43 1, 1H), 2.40-
2.32 n, 1H), 2.12-2.07 0, 1H), 1.87-1.781h, 1H), 1.72-1.50
(m, 3H), 1.33-1.27r0, 1H).**C {*H} NMR (125 MHz, CDC}) &:
2155, 214.8, 140.1, 139.6, 133.7, 132.8, 128.B.512128.4,
127.3, 74.3, 70.3, 57.5, 57.2, 42.8, 30.9, 28.19,276.1, 25.0,
24.9.

2-((3-chlorophenyl)(hydroxy)methyl)cyclohexan-1-one (109):
Reaction time: 5 days. White solid, 2}, yield: 65%, 10:1 d.r.,
73% e.e’H NMR (500MHz, CDCL) (syn/anti 1:9) &: 7.34-7.32
(m, 1H), 7.29-7.25r0, 2H), 7.24-7.16 g, 1H), 5.36 §, 0.1H,
syn), 4.76 @d, J= 8.7 Hz,J= 2.7 Hz, 0.9Hanti), 3.99 ¢, J= 2.8
Hz, 0.9H,anti), 3.05 @, J = 3.2 Hz, 0.1H,syn), 2.60-2.55 1,
1H), 2.51-2.44 i, 1H), 2.41-2.32 1, 1H), 2.13-2.07 rfy, 1H),
1.88-1.79 fn, 1H), 1.73-1.52 rfy, 3H), 1.36-1.26 rf, 1H)."°C
{*H} NMR (125MHz, CDCk) &: 215.4, 214.7, 143.8, 143.2,
1345, 134.4, 129.8, 129.6, 128.2, 127.3, 126.5.4,2124.0,
74.4, 70.2, 57.4, 57.1, 42.9, 42.8, 30.9, 28.19,2726.1, 25.0,
24.9.

2-((2-chlorophenyl)(hydroxy)methyl)cyclohexan-1-one (10h):
Reaction time: 5 days. White solid, g, yield: 48%, 7:1 d.r.,
77% e.e’H NMR (500MHz, CDCE) (anti) &: 7.56-7.54 ffn, 1H),
7.34-7.29 fn, 2H), 7.23-7.1916, 1H), 5.35 ¢d, J = 8.1 Hz,J =
6.6 Hz, 1H), 4.02dq, J = 3.9 Hz, 1H), 2.70-2.65m, 1H), 2.48-
2.45 (n, 1H), 2.38-2.31r, 1H), 2.11-2.07 rh, 1H), 1.84-1.81
(m, 1H), 1.73-1.531(, 4H).*°C {*H} NMR (125MHz, CDC}) &:
215.4, 139.2, 133.1, 129.4, 128.9, 128.4, 127.4,8¥.7, 42.9,
30.5, 28.0, 25.1.

2-((4-bromophenyl)(hydroxy)methyl)cyclohexan-1-one (20i):
Reaction time: 5 days. White solid, 26, yield: 61%, 9:1 d.r.,
69% e.e’H NMR (500MHz, CDC}) (syn/anti 1:9) 5: 7.48-7.45
(m, 2H), 7.21-7.171, 2H), 5.34 ¢, 0.1H,syn), 4.75 fid, J= 8.7
Hz,J = 2.6 Hz, 0.9Hanti), 3.97 ¢, J = 2.8 Hz, 0.9Hanti), 3.04
(d, 3= 3.3 Hz, 0.1Hgyn), 2.58-2.52 1fn, 1H), 2.50-2.4616, 1H),
2.38-2.32 {n, 1H), 2.12-2.07 1, 1H), 1.87-1.78rf, 1H), 1.72-
1.64 (n, 1H), 1.60-1.50 rf, 2H), 1.33-1.251f, 1H)."°C {*H}
NMR (125MHz, CDCL) &: 215.4, 214.8, 140.6, 140.2, 131.6,
131.4, 128.9, 127.7, 121.9, 120.9, 74.3, 70.3,,59751, 42.8,
30.9, 28.1, 27.9, 26.1, 25.0, 24.9.

2-(hydroxy(p-tolyl)methyl)cyclohexan-1-one  (10j):  Reaction
time: 7 days. White solid, 137g, yield: 39%, 6:1 d.r., 64% e.e.
'"H NMR (500MHz, CDClL) (syn/anti 1:4) &: 7.21-7.18 if, 2H),
7.16-7.14 {n, 2H), 5.35 @, J= 2.3 Hz 0.2Hsyn), 4.75 ¢, J= 8.8
Hz, 0.8H,anti), 2.63-2.58 ifh, 1H), 2.50-2.43r, 1H), 2.40-2.32
(m, 4H), 2.10-2.05 r, 1H), 1.79-1.75f, 1H), 1.69-1.49
3H), 1.32-1.24 i, 1H)."*C {*H} NMR (125MHz, CDCk) &:
215.8, 215.0, 138.6, 138.1, 137.7, 136.7, 129.3.012127.1,
125.8, 74.7, 70.7, 57.6, 57.4, 42.8, 31.0, 28.10,286.2, 25.0,
24.9,21.3.

2-(hydroxy(phenyl)methyl)cyclohexan-1-one  (10k): Reaction
time: 7 days. White solid, 18g, yield: 60%, 8:1 d.r., 20% e.e.
'"H NMR (500MHz, CDC}) (syn/anti 2:3) &: 7.36-7.23 if, 5H),
5.39 6, 0.4H,syn), 4.79 @, J = 8.8 Hz, 0.6Hanti), 3.95 §, 0.6H,
anti), 3.01 6, 0.4H,syn), 2.65-2.58 i, 1H), 2.50-2.44 1, 1H),
2.41-2.33 fn, 1H), 2.10-2.06 i, 1H), 1.86-1.50r(, 4H), 1.35-
1.28 fm, 1H).*C {"H} NMR (125MHz, CDC}) &: 215.7, 215.0,
141.6, 141.1, 128.5, 128.3, 128.1, 127.2, 12725.9 74.9,
70.8,57.6,57.3, 42.8, 31.0, 28.1, 28.0, 26.2),254.9.

2-(hydroxy(naphthal en-2-yl )methyl)cycl ohexan-1-one (aon:
Reaction time: 7 days. White solid, &), yield: 46%, 7:1 d.r.,
62% e.e’H NMR (500MHz, CDCL) (syn/anti 1:4) &: 7.85-7.81

Tetrahedron

(m, 3H), 7.76 §, 1H), 7.50-7.35y, 3H), 5.57 §, 0.2H,syn), 4.97
(dd, J= 8.8 Hz,J= 2.0 Hz 0.8Hanti), 4.06 ¢, J= 2.6 Hz, 0.8H,
anti), 3.16 ¢, J = 3.0 Hz, 0.2Hsyn), 2.75-2.69 ify, 1H), 2.53-
2.47 (m, 1H), 2.43-2.3510, 1H), 2.11-2.06 1, 1H), 1.84-1.64
(m, 3H), 1.57-1.48r6, 1H), 1.39-1.29rf, 1H)."*C {"H} NMR
(125MHz, CDCl) &: 215.7, 215.0, 139.0, 138.4, 133.4, 133.3,
133.2, 132.8, 128.4, 128.2, 128.1, 128.0, 127.9,.712126.4,
126.3, 126.2, 126.1, 125.8, 124.8, 124.7, 124.01,,78.9, 57.5,
57.2,42.9,31.1, 28.1, 27.9, 26.2, 25.0, 24.9.

2-(hydroxy(4-nitrophenyl)methyl)-4-methyl cyclohexan-1-one
(10m): Reaction time: 3 days. White solid, Big, yield: 94%,
8:1 anti/syn, 12:1 d.r. (d.r. of thanti isomers), 87% e.e.'H
NMR (500MHz, CDCL) (syn/anti 1:4) §: 8.23-8.21 ifn, 2H),
7.51-7.50 fn, 2H), 5.49-5.47r, 0.2H,syn), 4.92 €I, J = 8.5 Hz,
0.8H,anti), 3.90 6, 0.8H,anti), 3.12 6, 0.2H,syn), 2.77-2.721fn,
1H), 2.58-2.51 1, 1H), 2.46-2.37 16, 1H), 2.10-2.04 rf, 1H),
1.96-1.92 fn, 1H), 1.82-1.78r, 1H), 1.63-1.58r, 1H), 1.33-
1.26 (n, 1H), 1.07-1.04 r, 3H).**C {*H} NMR (125MHz,
CDCly) &: 215.1, 148.5, 147.8, 128.0, 127.9, 126.7, 126288,
123.7, 123.6, 123,5, 74.3, 74.1, 70.5, 70.1, 58629, 53.0, 52.1,
42.2, 41.9, 38.7, 38.3, 36.2, 35.8, 35.6, 33.80,332.9, 31.7,
31.6,31.5, 26.8,21.3,21.2,18.3, 18.2.

4-ethyl-2-(hydroxy(4-nitrophenyl)methyl)cycl ohexan-1-one

(10n): Reaction time: 3 days. White solid, #@, yield: 95%, 6:1
anti/syn, 15:1 d.r. (d.r. of thenti isomers), 83% e.éH NMR
(500MHz, CDCL) (syn/anti 1:4) 3: 8.22-8.20 in, 2H), 7.51-7.47
(m, 2H), 5.48 ¢, 0.2H,syn), 4.92 ¢, J = 8.6 Hz, 0.8Hanti), 3.92
(s, 0.8H,anti), 3.15 6, 0.2H,syn), 2.70-2.65 ifh, 1H), 2.52-2.45
(m, 1H), 2.41-2.36 i, 1H), 1.93-1.85 1y, 1H), 1.76-1.70
1H), 1.57-1.35 iy, 4H), 0.82-0.79 rf, 3H). “*C {*H} NMR
(125MHz, CDCk) 6: 215.2, 148.5, 147.8, 128.0, 127.9, 126.7,
126.6, 123.8, 123.6, 74.3, 70.5, 70.2, 55.9, 512, 42.0, 41.8,
38.5, 38.1, 38.0, 33.8, 33.7, 33.2, 33.0, 31.76,380.5, 29.0,
28.7,28.6,24.9,24.8,12.1, 11.8, 11.7.

2-(furan-2-yl (hydroxy)methyl)cyclohexan-1-one (100): Reaction
time: 7 days. White solid, 2@g, yield: 70%, 4:1 d.r., 72% e.e.
'H NMR (500MHz, CDCL) (syn/anti 3:7) &: 7.39-7.34 ifn, 1H),
6.34-6.27 {n, 2H), 5.27 ¢, 0.3H,syn), 4.83 (id, J = 8.4 Hz,J =
2.6 Hz, 0.7Hanti), 3.88 @, J= 3.5 Hz, 0.7Hanti), 3.01 §, 0.3H,
syn), 2.94-2.80 i, 1H), 2.48-2.4410, 1H), 2.41-2.34 1, 1H),
2.13-2.08 in, 1H), 2.97-2.78 0, 2H), 1.71-1.63r(, 2H), 1.39-
1.28 (m, 1H).*C {"H} NMR (125MHz, CDC}) &: 215.1, 213.9,
154.8, 153.8, 142.5, 141.6, 110.4, 110.2, 108.6,71.%8.4, 66.9,
55.0,54.7, 42.8, 42.6, 30.8, 28.0, 27.8, 27.49,224.8.

2-(hydroxy(4-methoxyphenyl)methyl)cyclohexan-1-one  (10p):
Reaction time: 7 days. White solidny, yield: 17%, 4:1 d.rrH
NMR (500MHz, CDCk) (syn/anti 3:7) &: 7.25-7.21 ifn, 2H),
6.89-6.86 10, 2H), 5.33 § 0.3H,syn), 4.74 ¢, J = 8.9 Hz, 0.7H,
anti), 3.92 6, 0.7H,anti), 3.80 &, 3H), 2.98 ¢, 0.3H,syn), 2.62-
2.54 (m, 1H), 2.50-2.421h, 1H), 2.39-2.32 10, 1H), 2.11-2.06
(m, 1H), 1.87-1.7510, 2H), 1.73-1.50r6, 3H). °C {"H} NMR
(125MHz, CDCk) 6: 215.9, 215.1, 159.4, 158.8, 133.7, 133.3,
128.3, 127.1, 113.9, 113.7, 74.4, 70.6, 57.7, 5354, 42.9,
42.8, 31.0, 28.1, 28.0, 26.3, 25.0, 24.9.
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» Highlights

- Preparation of four novel organocatalysts for the solvent-free asymmetric aldol

reaction.
- Aldol adducts prepared in up to 95% vyield, 1:19 syn/anti and 98% e.e.

- Sterically bulky aldehydes and substituted cyclohexanones were well

tolerated.
- Up to three stereogenic centers formed in a single reaction step.

- Chiral induction through several simultaneous hydrogen bonding interactions.
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