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Development of catalytic amide bond formation remxst from readily available starting
materials remains a challenging task for modermmicgychemistry. Herein, we report that
unactivated carboxylic esters and amines readbenpresence of 10 mol% of zirconocene
dichloride (CpZrCly) in toluene at 110 °C to afford amides in very dgdo excellent
conversions. The Zr-catalyzed reaction is amen&iethe amidation of aliphatic and
aromatic carboxylic esters with primary and secopdanines. The reaction proceeds with
almost complete retention of configuration for ehiesters and chiral amines.

2009 Elsevier Ltd. All rights reserved

1. Introduction

The amide bond is one of the central bonds in eatlir
provides a covalent linkage between adjacent antius dor the
formation of diverse classes of biologically fuoctal proteins.
Amide bonds are also present in other naturally egu
molecules, including nucleobases of DNA, and cofactrsh as
coenzyme A, NADH, tetrahydrofolic  acid, flavin
mononucleotide, and glutathiohe.

A recent study by the consortium of leading pharmat

companies has ranked the development of novelytiataimide
bond formation reactions as number one among
contemporary synthetic challenges for the medicote@mistry
research. Current synthetic methods for the formation of @eni
bonds are limited to the use of stoichiometric antsuof
activating agents, which makes the existing methma®ptimal
from the perspective of atom economy and green igni Due
to its relevance in chemical sciences, developneértatalytic
amide bond formation has become one of the emeiegs of
modern organic chemistfySeveral catalytic methods for the
formation of amide bonds using readily accessildebaxylic
acids and amines have been repottdd. addition, catalytic
transamidation reactions have also been developetiei past
decadé.

In comparison with carboxylic acids and amidim®re has
been limited success in developing catalytic vimet of direct
amidation of carboxylic esters. The common occuernf
carboxylic esters as intermediates in the multistgptheses of

organic molecules raises the necessity of develagmélytic
methods for their conversion into other importamdtionalities
such as the amides. Despite the fact that the tiatalynversion
of carboxylic acids into amides has an advantageatom
economy (releases only one water molecule), acide ha
potential to undergo decarboxylation at elevatedpierature, are
difficult to purify by chromatography, and underdgeprotonation
reactions with various reagents. On the other hand @
enhanced thermodynamic stability of amides, catalyt
ransamidation of primary carboxamides is typicafyried out
at harsh experimental conditions (110-140 °C).his tontext,

thgsing carboxylic esters as starting material maguonvent some

of these drawbacks of related carboxylic acids anddes.
Recent studies have demonstrated that carboxyterseseact
with stoichiometric amounts of aminoalcohols in gresence of
various organocatalystsvia a mechanism in which the
nucleophilic attack of alcohol gives the ester imediate which
subsequently undergoes the O-N acyl transfer reatticafford
the final amide bond.A metal-catalyzed direct amidation of
carboxylic esters has been achieved in the presanRe-pincer
complexe$, lanthanum(lll) triflate’ zirconium(1V) alkoxide in
the presence of 1-hydroxy-7-azabenzotriazole adxfiti and
iridium(lll) complexes under solvent-free conditior Amides
can also be prepared from carboxylic esters andesnin the
presence of stoichiometric amounts of Ga@ Mg(OCH,),."
Recently, an elegant conversion of carboxylic sstato the
corresponding amides in the presence of catalytioumts of
simple sodium methoxide in toluene has also beeorred™®
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Similarly, a two-fold excess of potassiurtert-butoxide = substitutents (as in Cp*Zrgl resulted in significantly lower
mediates a direct amidation of carboxylic estersleunmild  conversion (44%), highlighting the importance oé teize and
reaction conditiond’ electronics of the Cp-like substitutent. Similangplacement of
We have envisaged that the widely used carboxgtiters two Cp ligands by bulkier indenyl counterparts lad 60%
could undergo direct amide bond formation with aminethe  conversion, again demonstrating that the size otypp ligand
presence of transition metal ions as catalysts.hyeothesized affects the catalytic properties for direct amidatilnterestingly,
that, if successful, the proposed catalytic reactiould be based catalytic amidation of methyl benzoate in the pneseof 10
on the activation of esters by the complexationttiir C=O  mol% of CpZr(OTf), only affordedN-benzylbenzoate in 55%
oxygen by the transition metal that acts as a Lewid and is not conversion.
directly consumed in the reaction. Herein, we repibrat
Cp,ZrCl, catalyzes direct amide bond formation betweenTable 1. Screening of catalysts for amide bond formatiotwken
structurally diverse carboxylic esters and amimesary good to  carboxylic esters and amirfes

excellent yields. o 0
. . OMe HoN N
2. Results and Discussion Q)k + /\© _— ©)LH/\©

Initially, we have screened a series of common itians
metals and simple organocatalysts as potentialystdafor the Entry Catalyst Conversion (%)
reaction between methyl benzoate (1.0 equiv.) amzyb@mine

(1.3 equiv.) in anhydrous toluene at 110 °C forh2Qirs (Table 1 CpZrCly 85
1). Tested catalysts in the series also includedetthat have 2 Cp:TiCl, 45
been previously proven to catalyze direct amidedofommation !
between amines and carboxylic acids or amidd2leasingly, we 3 TiCls 34
have found that direct amide bond formation proseied85% 4 CpHIfCl, 78
conversion in the presence of 10 mol% of,Zgl, (Table 1, 5 Cu(OTf) 33
entry 1). Other reagents from group IV, including,Gg@l,, and
; . : 6 cuCl 4
TiCl,, were found to possess poor catalytic propertiestte
conversion of methyl benzoate iMbenzylbenzamide (Table 1, 7 ZnCl, 20
entries 2-3). CfCI, was found to be almost as effective (78% s FeCk 11
conversion) as GgrCl,, but its increased cost relative to the 9 Fe(OTf) 31
zirconium-based catalyst makes it less attractivdurther use as
a catalyst for direct amidation of esters (Tablerttry 4). 10 Mnl; 57
The first row transition metal salts were observeddtalyze 11 CoCb 56
the famide bond formation in poor conversions (2—)5(_7P_Aable 1, 12 NiCl, 2
entries 5-12). Cogland Mn} were the only two transition metal
salts evaluated that gave reasonable amounts ofathige 13 AlCls 7
product, whereas most of copper-, zinc-, nickeld aon-based 14 InBrs 42
salts afforded <30% oN-benzylbenzamide. AlGland InBg, 15 HONH,- HCI 19
both possessing Lewis acid properties, were founbate little )
catalytic activity for the formation of the amiderd (Table 2, 16 L-proline 21
entries 13-14). 17 Urea 9
We next evaluated potential small molecule orgatabysts 18 Thiourea 23
that have the ability to activate other carbonyiaining 19 Imidazole 16
compounds towards the nucleophilic attack. In tles@nce of 10
mol% of hydroxylamine hydrochloride, L-proline, atethiourea, 20 HCI 30
and imidazole, respectively, less than 25% of amde formed 21 - 9
for our standard reaction, demonstrating that titesepounds do 2 Methyl benzoate (5 mmol), benzylamine (6.5 mmagalyst (10

not exhibit catalytic properties for the conversafrthe ester into  6104), anhydrous toluene (1.2 mL), 110 °C, 28 Bonversion determined
the amide (Table 1, entries 15-19). The model i@aotas only  py gc.
poorly catalyzed by HCI yielding 30% amide; thisulésmplies

that high catalytic activity of GErCl, does not derive from its @ @ cl

A s h |
potential decomposition into HCI (Table 1, entry.Zlhe control Cl—zr—al Cl—Zr—Cl Ccl—zr—cl
reaction in the absence of any catalyst showed nhethyl Cd;; & &

benzoate and benzylamine produced only very snrathuats
(9%) of correspondingN-benzylbenzamide under standard
conditions (Table 1, entry 21).

In order to gain some deeper insight into why,Z@l,
exhibits superior catalytic activity for amidatioaf methyl <T> <
benzoate relative to other Lewis acids, we evaluittedimple 7 r al Tij?—OTf
analogues as catalysts for the model reaction (Hiy. d>
Substitutions on GZrCl, were introduced with the aim of 4> (JD Q
probing the chemical character of ligands thatatieethe Zr(IV) zé C@
cation. Decreasing the number of Cp ligands hadbetantial 149,
effect on the catalytic properties of the catalysthe presence of ° ) )
10 mol% of CpzrG) and ZrCl, 71% and 24% OfN- Fig. 1. CpZrCl, and its analogues as catalysts for direct amidatfo

benzylbenzamide was formed. The presence of twocatgri Methyl benzoate with benzylamine.
larger and more electron-rich pentamethylcyclopdietayl

85% 71% 24%

60% 55%



Examinations of the effect of the solvent, tempaeatcatalyst
loading, molarity of the solution, and time for theaction
between methyl benzoate and benzylamine in the presef
Cp,ZrCl, provided us with the most optimal reaction condiio
for the catalytic amide bond formation (see Suppgrt
Information). Overall, these results demonstratet tllae
conversion of methyl benzoate inddbenzylbenzamide occurs
efficiently when heated at 110 °C for 20 hours ilu¢oe (2 M)
in the presence of 10 mol% &4uCl,. The reaction betweeN-
benzylbenzamide and 1.3 equiv. of methanol in ttesence of
10 mol% CpZrCl, under standard conditiomd not afford any
observable amounts of methyl benzoate, indicatireg the our
catalytic amide bond formation is not reversible.

The effect of the side chain of benzoate esterstten
Cp.ZrCl,-catalyzed direct amide bond formation with
benzylamine under standard reaction conditions waen t
investigated (Table 2). Reactions with longer linadtylated
benzoates proceeded with only 37-58% conversions530
yields). Iso-propyl benzoate ansec-butyl benzoate reacted with
benzylamine under catalytic conditions to afford e th
corresponding amides in 22% and 26% conversiospegtively.
Notably, sterically hinderedert-butyl benzoate only reacted
poorly under standard catalytic conditions affogdi®% of N-
benzylbenzamide. Reactions with benzyl benzoate alhd
benzoate proceeded efficiently with 65-70% convessi(b8—
59% isolated vyields). Direct amidations of vinyl keate and
phenyl benzoate were observed to give quantitativeversions,
but these have also been found with the controlticraxin the
absence of GfZrCl, catalyst (Table 2, entries 10-11). All
background reactions using alkylated benzoate esterthe
absence of catalyst afforded only traces (<9%) Nf
benzylbenzamide product (Table 2, entries 1-9).s&heesults
indicate that the Zr-promoted amide bond formatakes place
with several aromatic esters, but most efficientlyhwsterically
accessible esters.

Table 2. The effect of the side-chain of the ester onarinam-

catalyze@ and uncatalyzéd amidation of carboxylic esters and
amines

OO — 0D

Entry R Catalytic Uncatalytic
Conversion (%)  Conversion (%)

1 Me 85° (78)° 9

2 Et 58 (52) 2

3 Pr 40 (32) 3

4 iso-Pr 22 (15) 6

5 Bu 37 (30) 1

6 sec-Bu 26 (23) 2

7 tert-Bu 94 1

8 Bn 70 (59) 4

9 Allyl 65 (58) 7

10 Vinyl 100 96

11 Ph 100 100

@ Alkyl benzoate (5 mmol), benzylamine (6.5 mmolp.ZrCl, (10 mol%),
anhydrous toluene (1.2 mL), 110 °C, 2@ Konditions as in catalysis, but in
the absence of GBrCl,. ¢ Conversion determined by GElisolated yield.

3

Having shown that GZrCl, catalyzes the amide bond
formation between methyl benzoate and benzylaminethse
investigated the scope of the reaction by examimargus esters
and amines under standard reactions conditiondé€3aband 4).
Methyl benzoates bearing electron-withdrawing sulstits at
the para position of the aromatic ring reacted with benzylan
to afford corresponding amides in 70-91% convessiffable
3). In contrast, the electron-donatipgra-OMe analogue yielded
only 52% of amide, demonstrating that the pertuobabf the
electrophilic character of the C=0O group of the redtas a
substantial effect on the overall progress of tmlgtic reaction.
In this regard, it is not surprising that the samesnd has been
observed for the background reactionmra-NO, gave the
highest conversion (26%), wheregsmra-OMe the Ilowest
conversion (1%) (see Supporting Information).

The more-favorable electronics and sterics of alighesters
caused a significant decrease in the reaction fianedirect
amidation of aliphatic esters when compared to atioidaof
aromatic esters. The reactions between methyl Hetysend
methyl phenylacetate with benzylamine proceededL@t°C for
4 hours to give 81% and 73% conversions, respégti@sclic y-
butyrolactone underwent uncatalyzed ring opening tlire
presence of benzylamine to yield the correspondamgide
quantitatively under standard reaction conditiotige (reaction
also proceeded in excellent yield (98%) at 50 °€20 hours).
The background reaction, however, only led to 21%damhen
carried out at 50 °C for 1 hour, whereas theZDpl,-catalyzed
reaction gave 85% of the amide under the same tonsli In
addition, amidation of sterically hindereelt-BuCOOCH only
afforded 38% of the corresponding amide; this tessilin
agreement with low transamidation conversioneof BUCONH,
with benzylamine in the presence of 10 mol% ofZz@l,.*

Methyl and ethyl esters of protected amino aciddemvent
Cp,ZrCl,-catalyzed amidations with benzylamine in only 4 dsou
at 110 °C. We were pleased that acid-sensitiprotecting
groups of amino acids remained unaffected by theleyed
reaction conditions. Ethyl hippurate gave excelleotversions
(97%) for the catalytic reaction, and only 4% amide the
uncatalyzed reaction. Similarly, Boc-protected miktjycinate
was also converted into the corresponding amide 9o 9
conversion, whereas the background reaction inatteence of
the catalyst only afforded the amide in 15% conweersCbz-
protected methyl glycinate underwent ZgCl,-catalyzed
amidation in 1 hour at 110 °C affording 86% of the
corresponding amide. The reaction under our camditi(and
also at 50 °C) was not applicable for amidation afdssensitive
esters, such as Fmoc-protected methyl glycinatee du
deprotection of the Fmoc group in the presence cpfineolar
amounts of amine.

Notably, reactions of enantiopure Boc-protected yiethters
of alanines proceeded with virtually complete (>99%tention
of the chiral configuration under our catalytic ddions (see
Supporting Information). Similarly, sterically hiaced Boc-L-
Phe-OMe and Boc-D-Phe-OMe underwent,Zgl,-catalyzed
reaction with benzylamine with almost complete retnt
(>98.5%) of configuration.
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Table 3. Amidation of various esters with benzylanfine

ZrCpoCly (10 mol%) o
(0]
)it . HZN/\© toluene R)LN
R™ "OMe 110°C,4-20h H

oo oo

57% (70) 63% (72)
o (o}
E O,N
61% (74) 77% (91)
o) o
/©)LN /\)LN
H/\@ H/\©
MeO
44% (52) 70% (81)
o
@\i Ho~ A,
N/\© H
H
66% (73) 81% (85)
I i H\/@
N
TR0 Oy
31% (38) 89% (97
o i
HJL Cbz” N
Boc” N/\© H
H
83% (99) 71% (86§
o o
BocHN._J\ BocHN. .
H/\© H H/\©
Ph Ph”
50% (70) 48% (66)
o o
BocHN. L BocHN\ﬁLN
H/\© H/\©
67% (71} 65% (70

@ Reaction conditions: ester (5.0 mmol), benzyl a5 mmol), CgZrCl,
(10 mol%). 4 h for aliphatic esters, 20 h for artimasters. Isolated yield
(Conversion)® Reaction time 8 .1 h at 50 °C Ethyl ester of hippuric acid
was used: 1 h at 110 °C.

A diverse set of amines was then evaluated for thaytia

and uncatalytic direct amidation of methyl benzoateder i
standard conditions (Table 4). Primary amines,uidiclg para- @AH
and

chlorobenzylamine, 2-(aminomethyl)thiophene,
phenethylamine all reacted very well affording cspending
amides in 65%, 73%, and 90% conversions, respégtive
Tetrahydrofurfurylamine, allylamine, and octylaminalso
efficiently reacted with methyl benzoate to prodwageides in
75%, 66%, and 98% conversions under catalytic cimmdi.
Notably, 4-aminobenzylamine that contains two differg/pes
of primary amines (i.e. a less nucleophilic arom&tH, and a
more nucleophilic aliphatic Njj exclusively reacted through its
aliphatic amine to afford the amide in excellen¥B86onversion.
In this regard, it is not surprising that anilinigl shot react with
methyl benzoate at 110 °C for 20 hours (we obseordyd 1%
conversion). At harsher conditions at 140 °C, howewgeiline
reacted with methyl benzoate in the presence of donof

Tetrahedron

nucleophilic 4-methoxyaniline proceeded to 96% @waion at
140 °C under catalytic conditions, whereas backglowwaction
only afforded 3% of the amide. The utility of ouatalytic
method was further demonstrated by the amidatiomethyl
benzoate with a representative secondary amine igiperthat
also proceeded well with 78% conversion. Backgrowattons
for all amines afforded <20% amides, indicatingt thatalytic
amounts of CgZrCl, are required for the efficient direct
amidation reaction (see Supporting Information).

Zirconium-catalyzed reaction between methyl benzaate
racemic and enantiomerically pureS-l-phenylethylamine
yielded the corresponding amides in 55% conver§i@ble 4).
We attribute the decreased conversion to incresieits of this
amine relative to primary benzylamine. It is notetlgrthat
Cp.ZrCl,-catalyzed amidation reaction occurs with the coteple
retention of configuration, without noticeable re¢zation (see
Supporting Information).

Table 4. Expanded substrate scope for amidation redction

ZrCp,Cly (10 mol%)

R 0

o} ) tol
1lL . N oluene R1MN”R2
RT “OMe R® 110°C, 20 h R3
o 0
N s
sRal SRRV,
cl
51% (65) 55% (73)
i /\/© i
H H
74% (90) 57% (75)
o o]
©)kN/\/ yNW
H H
52% (66) 85% (98)
(¢]
2
QAHAQ\ A
NH, H
75% (85) 66% (74}
o]
0 OMe
/\)k O
N
H
83% (96% 44% (78)
o]
Q)kN/'\(j
H
44% (55) 48% (55)

@ Reaction conditions: ester (5.0 mmol), amine (6rBol), CpZrCl, (10
mol%). Isolated yield (ConversiorP) Reaction was performed axylene at
140 °C for 20 h.

3. Conclusions

In conclusion, we have developed the ,Z3gl,-catalyzed
direct amidation of structurally diverse carboxyésters. This
redox-free condensation reaction is applicableaimidation of
unactivated aliphatic and aromatic esters with prymand
secondary amines, and proceeds with almost comgg&tation

Cp,ZrCl, to yield 74% of amide, whereas background reactiorp! configuration. Development of related catalytimide bond

only produced traces (1%) of the amide. The armodatif more

formations is currently ongoing in our laboratory.



4. Experimental Section

General procedure:

Carboxylic ester (5.0 mmol), amine (6.5 mmol), &@pZrCl,
(146.7 mg, 0.5 mmol) were suspended in 1.2 mL ofydrdus
toluene. The reaction was stirred at 110 °C for 4h@0rs. The
solvent was then removed under reduced pressure.citlue
product was purified on a Biotage IsolétaDne using a Biotage
SNAP Ultra cartridge (12 g or 25 g, 10-60% EtOAc nn
heptane) to isolate the desired amide.

N-Benzylbenzamide
'"H NMR (300 MHz, CDCJ): 5 7.82 (d,J = 9 Hz, 2H), 7.52-7.29
(m, 8H), 6.60 (bs, 1H), 4.65 (d,= 6 Hz, 2H);”*C NMR (75

5
N-Benzyl -4-methoxybenzamide
"H NMR (300 MHz, CDCJ): 5 7.79 (d,J = 9 Hz, 2H), 7.38-7.29
(m, 5H), 6.92 (d,J = 9 Hz, 2H), 6.50 (bs, 1H), 4.63 (@= 3 Hz,
2H),  3.85 (s, 3H)*C NMR (75 MHz, CDCJ): § 167.2, 162.6,
138.8, 129.2, 129.1, 128.2, 127.9, 127.0, 114.13,5%4.4; MS
(ESI): mz 242.1 (M + H); HRMS (ESI): (M + H), found
242.1190. [GsH1NO,] " requires 242.1181.

4-Benzoylpiperidine

'H NMR (300 MHz, CDCJ): 5 7.39 (s, 5H), 3.68 (bs, 2H), 3.34
(bs, 2H), 1.68 (bs, 4H), 1.52 (bs, 2HJC NMR (75 MHz,
CDCly): 6 170.6, 136.9, 128.7, 127.1, 49.1, 43.5, 26.9,,Z64(9;
MS (ESI):m/z 190.2 (M + H); HRMS (ESI): (M + H), found
190.1231. [GH;¢NO] requires 190.1232.

MHz, CDCk): 6 167.7, 138.6, 134.7, 131.9, 129.1, 128.9, 128.3,

127.9, 127.3, 44.5; MS (ESkyz 212.1 (M + H); HRMS (ESI):
(M + H"), found 212.1091. [GH..,NO]" requires 212.1075.

N-Benzyl-4-nitrobenzamide

'"H NMR (300 MHz, CDC)): & 8.26 (d,J = 9 Hz, 2H), 7.96 (dJ
=9 Hz, 2H), 6.75 (bs, 1H), 7.41-7.30 (m, 5H), 4.65)(d,3 Hz,
2H); *C NMR (75 MHz, CDC)): § 165.7, 150.0, 140.3, 137.8,
129.3, 128.6, 128.3, 124.2, 44.8; MS (E®#jz 257.1 (M + H);
MS (ESI): m/iz 257.0941 (M + F); HRMS (ESI): (M + H),
found 257.0941. [GH.,NO]J' requires 212.0926.

N-(Thiophen-2-ylmethyl)benzamide

'"H NMR (300 MHz, CDCJ): 5 7.80 (d,J = 6 Hz, 2H), 7.54-7.40
(m, 3H), 7.25 (dJ = 5.1 Hz, 1H), 7.05 (d] = 3.6 Hz, 1H), 6.98
(dd,J = 5.1, 3.6 Hz, 1H), 6.67 (bs, 1H), 4.81 {d= 3 Hz, 2H);
¥C NMR (75 MHz, CDC)): 167.5, 141.2, 134.5, 132.0, 128.9,
127.4,127.3, 126.6, 125.7, 39.2; MS (E®#z 217.9 (M + H);
HRMS (ESI): (M + N&), found 240.0481. [GH;;NOSNa]
requires 240.0459.

N-Benzyl-4-fluorobenzamide

'H NMR (300 MHz, CDCJ): § 7.81 (ddJ = 6 Hz,J = 9 Hz, 2H),
7.38-7.29 (m, 5H), 7.11 (§,= 9 Hz, 2H), 6.50 (bs, 1H), 4.64 (d,
J = 6 Hz, 2H);**C NMR (75 MHz, CDC)): § 166.7, 163.4,
138.4, 129.7, 129.2, 128.3, 128.1, 116.1, 115.8;44S (ESI):
m/z 230.0 (M + H); HRMS (ESI): (M + H), found 230.1000.
[C14H1sNOF] requires 230.0981.

N-Benzyl-4-bromobenzamide

'"H NMR (300 MHz, CDC)): § 7.68 (d,J = 9 Hz, 2H), 7.57 (dJ

= 9 Hz, 2H), 7.41-7.29 (m, 5H), 6.54 (bs, 1H), 4.63)(d,6 Hz,
2H); *C NMR (75 MHz, CDC)): 6 166.8, 138.3, 133.6, 132.2,
139.2, 129.0, 128.3, 128.1, 126.6, 44.6; MS (E®Ix290.0 (M
+ HY; HRMS (ESI): (M + H), found 290.0203. [GH,sNOBI]*
requires 290.0181.

N-Benzyl-4-iodobenzamide

'"H NMR (300 MHz, CDG}): & 7.79 (d,J = 9 Hz, 2H), 7.53 (dJ

= 9 Hz, 2H), 7.41-7.29 (m, 5H), 6.51 (bs, 1H), 4.63)(d,6 Hz,
2H); °C NMR (75 MHz, CDC)): 6 166.9, 138.4, 138.2, 134.1,
129.2, 129.0, 128.3, 128.1, 98.9, 44.6; MS (E®Ix338.1 (M +
H"; HRMS (ESI): (M + H), found 338.0057. [GH.sNOIJ*
requires 338.0042.

N-(4-Chlorobenzyl)benzamide

'"H NMR (300 MHz, CDCJ): 5 7.80 (d,J = 6 Hz, 2H), 7.55-7.50
(m, 1 H), 7.46—7.40 (m, 2H), 7.34-7.28 (m, 4H), 663, (LH),5
4.60 (d,J = 6 Hz, 2H);"*C NMR (75 MHz, CDCJ): 5 167.8,
137.2, 134.5, 133.7, 132.0, 129.5, 129.2, 130.3,31243.7; MS
(ESI): m/iz 246.1 (M + H; HRMS (ESI): (M + B, found
246.0711. [GHzNOCI]* requires 246.0686.

N-Allylbenzamide

'H NMR (300 MHz, CDCJ): § 7.82 (dd,J = 8.4 Hz, 2.4 Hz, 2H),
7.53-7.36 (m, 3H), 6.50 (bs, 1H), 6.00-5.87 (m, B:B3 (dd,J
=10.2 Hz, 1.5 Hz, 2H), 4.08 @,= 10.2 Hz, 2H)}*C NMR (75
MHz, CDCL): & 167.8, 134.9, 131.8, 130.3, 128.9, 127.3, 116.9,
42.8; MS (ESI):m/z 162.1 (M + H); HRMS (ESI): (M + H),
found 162.0928. [GH:,NO]* requires 162.0919.

N-Benzyl-4-hydroxybutanamide

'H NMR (400 MHz, CDCJ): § 7.34-7.21 (m, 4H), 6.51 (s, 1H),
4.37 (d,J = 5.7 Hz, 2H), 3.62 (tJ = 5.8 Hz, 2H), 3.53 (s, 1H),
2.37-2.30 (m, 2H), 1.89-1.79 (m, 2HYC NMR (101 MHz,
CDCly): 6 173.5, 138.1, 128.6, 127.7, 127.4, 77.4, 77.07,76.
62.0, 43.6, 33.7, 28.1; MS (ESh¥z 194.1 (M + H); HRMS
(ESN): (M + H), found 194.1178. [GH:NO,* requires
194.1181.

N-Benzyl pivalamide

'H NMR (400 MHz, CDCJ): § 7.47-6.91 (m, 5H), 5.96 (s, 1 H),
4.43 (d,J = 5.6 Hz, 2H), 1.23 (s, 9H)*C NMR (101 MHz,
CDCly): 6 178.3, 138.6, 128.7, 127.6, 127.4, 77.3, 77.07,76.
435, 38.7, 27.6; MS (EShn'z 192.1 (M + H); HRMS (ESI):
(M + HY, found 192.1397. [GH;sNO] " requires 192.1388.

Benzyl (2-(benzylamino)-2-oxoethyl)carbamate

'H NMR (400 MHz, CDCJ): § 7.44-7.08 (m, 10H), 6.35 (s, 1H),
5.43 (s, 1H), 5.09 (s, 2H), 4.44 @= 5.7 Hz, 2H), 3.89 (d] =
5.7 Hz, 3H);"*C NMR (101 MHz, CDGC)): § 168.3, 156.1, 137.2,
135.5, 128.3, 127.8, 127.6, 127.3, 127.2, 105.0,77/6.5, 76.1,
66.8, 44.2, 43.7, MS (ESl)/'z 298.9 (M + H); HRMS (ESI):
(M + Na"), found 321.1227. [GH1sN,OsNa]" requires 321.1215.

(R,S)-N-(1-Phenylethyl)benzamide

'H NMR (300 MHz, CDCJ): 5 7.80 (d,J = 9 Hz, 2H), 7.53-7.29
(m, 8H), 6.41 (bs, 1H), 5.37 (quin., J = 6 Hz, 1H)31(6,J = 6
Hz, 3H); ®C NMR (75 MHz, CDCJ): § 166.9, 143.5, 135.0,
131.8, 129.1, 128.9, 127.8, 127.3, 126.6, 49.6];29S (ESI):
m'z 226.0 (M + H); ; HRMS (ESI): (M + H), found 226.1249.
[C1sH1NO]" requires 226.1232p]*, 0.0 (c 0.73, MeOH).

(9-N-(1-Phenylethyl)benzamide

'H NMR (300 MHz, CDCJ): 5 7.78 (d,J = 9 Hz, 2H), 7.53-7.30
(m, 8H), 6.46 (bs, 1H), 5.36 (quirl= 6 Hz, 1H), 1.62 (d) = 6
Hz, 3H); ®C NMR (75 MHz, CDCJ): § 166.9, 143.5, 135.0,
131.8, 129.1, 128.9, 127.8, 127.3, 126.6, 49.6];29S (ESI):
m'z 226.0 (M + H); HRMS (ESI): (M + H), found 226.1244.
[C1sH1NO]" requires 226.1232a]*'5 4.9 (c 1.00, MeOH).

tert-Butyl (2-(benzylamino)-2-oxophenyl)carbamate
'"H NMR (300 MHz, CDCJ): & 7.34 (bs, 1H), 7.23-7.11 (m, 5H),
5.87 (bs, 1H), 4.26 (d, = 6 Hz, 2H), 3.86 (d] = 6 Hz, 2H), 1.32
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(s, 9H); ®C NMR (75 MHz, CDCJ): § 169.8, 156.5, 138.3,
129.1, 128.0, 127.9, 80.7, 44.9, 43.8, 28.6; MSI)E&z 287.0
(M + Na&); HRMS (ESI): (M + N&), found 287.1374.
[C1H20N,05Na]" requires 287.1372.

(9)-tert-Butyl (1-(benzylamino)-1-oxopropan-2-yl)carbamate

"H NMR (300 MHz, CDCJ): 8 7.36—7.24 (m, 5H), 6.59 (bs, 1H),
5.03 (bs, 1H), 4.46 (d} = 3 Hz, 2H), 4.20 (bs, 1H), 1.43 (s, 9H),
1.39 (d,J = 9 Hz, 3H);"*C NMR (75 MHz, CDCJ): § 172.9,
155.9, 138.4, 129.1, 128.0, 127.8, 50.6, 43.8, ,2887; MS
(ESI): m/iz 278.8 (M + H); HRMS (ESI): (M + N&), found
301.1534. [GsH,.N,OsNa]" requires 301.1528;0]*", —24.7 (c
0.82, MeOH).

(R)-tert-Butyl (1-(benzylamino)-1-oxopropan-2-yl)carbamate

'H NMR (300 MHz, CDCJ):  7.36-7.25 (m, 5H), 6.60 (bs, 1H),
5.03 (bs, 1H), 4.46 (d} = 3 Hz, 2H), 4.20 (bs, 1H), 1.43 (s, 9H),
1.38 (d,J = 9 Hz, 3H);*C NMR (75 MHz, CDCJ): § 172.9,
155.9, 138.4, 129.0, 128.0, 127.8, 50.6, 43.8, ,2887; MS
(ESI): m/iz 278.9 (M + H); HRMS (ESI): (M + N&), found
301.1531. [GeH»N,OsNa]" requires 301.1528;a]*, 21.8 (c
0.84, MeOH).

(S)-tert-Butyl
yl)carbamate
'H NMR (300 MHz, CDC)): § 7.32—-7.09 (m, 10H), 6.17 (bs,
1H), 5.10 (bs, 1H), 4.41-4.36 (m, 3H), 3.12-3.08 (k),2.41
(s, 9H); ®C NMR (75 MHz, CDCJ): & 171.4, 155.7, 138.1,
137.4, 129.7, 129.0, 128.0, 127.8, 127.3, 118.%,%5.4, 43.8,
40.0, 28.6; MS (ESI)m/z 354.9 (M + H); HRMS (ESI): (M +
Na’), found 377.1846. [GH,eN,0sNa]  requires 377.1841p]*"y
—2.3(c 0.22, MeOH).

(1-(benzylamino)-1-oxo-3-phenyl propan-2-

(R)-tert-Butyl
yl)carbamate
"H NMR (400 MHz, CDCJ):  7.29-7.09 (m, 10H), 6.16 (s, 1H),
5.09 (s, 1H), 4.35 (d] = 5.6 Hz, 3H), 3.08 (m, 2H), 1.38 (s, 9H);
®¥C NMR (101 MHz, CDGCJ)): & 171.0, 168.0, 137.6, 136.6,
129.3, 128.7, 128.6, 127.6, 127.4, 126.9, 77.9),776.7, 68.3,
56.0, 43.4, 38.6, 28.2; MS (ESkvz 354.9 (M + H); HRMS
(ESI): (M + N4&), found 377.1843. [GH,N,OsNa]" requires
377.1841; §*'; 2.3 (c 0.44, MeOH).

(1-(benzylamino)-1-oxo-3-phenyl propan-2-

N-Benzyl butyramide

'H NMR (300 MHz, CDCJ):  7.38-7.26 (m, 5H), 5.94 (bs, 1H),
5.44 (d,J = 6 Hz, 2H), 2.20 () = 9 Hz, 2H), 1.70 (sext] = 9
Hz, 2H), 0.97 (tJ = 9 Hz, 3H);"*C NMR (75 MHz, CDC)): 5
173.2, 138.8, 129.0, 128.1, 127.8, 43.9, 39.0,,1941; MS
(ESI): m/iz 178.1 (M + H); HRMS (ESI): (M + N&), found
200.1055. [GH;sNONa]J' requires 200.1051.

N-((Tetrahydrofuran-2-yl)methyl)benzamide

"H NMR (300 MHz, CDCJ): 8 7.79 (d,J = 6 Hz, 2H), 7.53-7.40
(m, 3H), 6.60 (bs, 1H), 4.12-4.04 (m, 1H), (dd= 9 Hz, 6 Hz,
1H) , 7.38-7.74 (m, 2H), 3.40-3.31 (m, 1H), 2.09-Xr883H),
1.68-1.57 (m, 1H)*C NMR (75 MHz, CDCJ): § 167.9, 134.9,
131.8, 128.9, 127.3, 78.2, 68.5, 44.0, 29.0, 2BIS;(ESI): nVz
206.1 (M + H); HRMS (ESI): (M + H), found 206.1189.
[C1H16NO,] " requires 206.1181.

N-Benzyl-2-phenylacetamide

'H NMR (300 MHz, CDCJ): § 7.41-7.17 (m, 10H), 5.83 (bs,
1H), 4.41 (d,J = 6 Hz, 2H), 3.64 (s, 2H)C NMR (75 MHz,
CDCly): 6 171.2, 138.5, 135.2, 129.8, 129.4, 129.0, 12728,8,
127.7, 44.2, 43.9; MS (ESlinz 226.1 (M + H); HRMS (ESI):
(M + H"), found 226.1247 [GH,eNO]" requires 226.1232.

Tetrahedron

N-(4-Aminobenzyl)benzamide

'H NMR (300 MHz, (CR),S0)): & 8.84 (t,J = 6 Hz, 1H), 7.88
(d,J = 6 Hz, 2H), 7.55-7.42 (m, 3H), 6.99 (tk 9 Hz, 2H), 6.52
(d,J = 9 Hz, 2H), 4.94 (s, 2H), 4.31 (@= 6 Hz, 2H);"*C NMR
(75 MHz, (CD;),S0):6 165.9, 147.5, 134.6, 131.0, 128.2, 127.2,
126.6, 113.7, 112.1, 42.3; MS (ES1z226.9 (M + H); HRMS
(ESI): (M + Na&), found 249.1014. [GH..N,ONa] requires
249.1004.

N-(2-Benzylamino)-2-oxoethyl)benzamide

'H NMR (300 MHz, (CR),S0):$ 8.79 (t,J = 6 Hz, 1H), 8.44 (t,

J =6 Hz, 1H), 7.91 (dJ = 9 Hz, 2H), 7.59-7.44 (m, 3H), 7.36—
7.20 (m, 5H), 4.31 (dJ = 6Hz, 2H), 3.94 (dJ = 6 Hz, 2H);"°C
NMR (75 MHz, (CD3),S0)): 6 169.0, 166.5, 139.4, 134.0, 131.3,
128.2, 127.4, 127.1, 126.7, 42.7, 42.0; MS (E®Ix291.1 (M +
Na); HRMS (ESI: (M + N&, found 291.1113.
[C1eH16NLO,Na] requires 291.1110.

N-Phenethylbenzamide

H NMR (300 MHz, CDCJ): 5 7.72 (d,J = 6 Hz, 2H), 7.52-7.27
(m, 8H), 6.27 (bs, 1H), 3.72 (4,= 12 Hz, 6 Hz, 2H), 2.96 (§,=
6 Hz, 2H); ®*C NMR (75 MHz, CDC)): & 167.8, 139.3, 135.0,
131.7, 129.2, 129.1, 128.9, 127.2, 127.0, 41.51;3€S (ESI):
m'z 226.1 (M + H); HRMS (ESI): (M + H), found 226.1245.
[C1sH1eNOJ " requires 226.1232.

N-Phenylbutyramide

'H NMR (300 MHz, CDCJ): § 7.54 (d,J = 6 hz, 2H), 7.46 (bs,
1H), 7.32 (tJ = 6 Hz, 2H), 7.11 () = 6 Hz, 1H), 2.35 () = 6
Hz, 2H), 1.77 (m, 2H), 1.01 (8, = 6 Hz) );"*C NMR (75 MHz,
CDCly): § 171.8, 138.4, 129.3, 124.5, 120.2, 40.0, 19.41;1MS
(ESI): mz 164.1 (M + H); HRMS (ESI): (M + H), found
164.1075. [GoH14NO]" requires 164.1075.

N-(p-Methoxy) phenyl butyramide

'H NMR (400 MHz, CDCJ): & 7.48 (bs, 1H), 7.40 (d} = 6 Hz,
2H), 6.82 (dJ = 6 Hz, 2H), 3.77 (s, 3H), 2.30 (= 6 Hz, 2H),
1.73 (m, 2H), 0.98 (tJ = 6 Hz, 3H);"*C NMR (101 MHz,
CDCly): 6 171.3, 156.3, 131.1, 121.8, 114.0, 55.4, 39.41,19.
13.7; MS (ESI):mz 194.1 (M + H); HRMS (ESI): (M + H),
found 194.1184. [GH,NO,]* requires 194.1181.

N-Octylbenzamide

'H NMR (400 MHz, CDC)): § 7.78 — 7.75 (m, 2H), 7.50 — 7.39
(m, 3H), 6.23 (bs, 1H), 3.47-3.42 (m, 2H),1.64—-1.57 2i),
1.41-1.21 (m, 10H), 0.88 @,= 6 Hz, 3H);"*C NMR (101 MHz,
CDCly): & 167.9, 135.2, 131.6, 128.9, 127.2, 40.5, 32.20,30.
29.7, 29.6, 27.4, 23.0, 15.4; MS (ESiyz 234.3 (M + H);
HRMS (ESI): (M + H), found 234.1868. [GH,,NO]" requires
234.1858.
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1. Materialsand methods

Solvents were dried by purging over activated ahanmgolumns in a MBraun MB SPS800 and stored
under nitrogen. Chemicals were purchased from caeiaiesources and were used without further
purification. Reactions were carried out underraartiatmosphere of dry nitrogen or argon. Standard
syringe technigues were applied for the transfelrgfsolvents and air- or moisture-sensitive reégen

NMR spectra were recorded on a Bruker DMX 300 (30dz), and a Varian 400 (400 MHz)
spectrometer in CDGlsolutions.'™H NMR chemical shifts are given in ppm with respéot
tetramethylsilane (TMS$ 0.00 ppm) as internal standardC NMR shift are given in ppm with
respect to CHGI( 77.4 ppm) or (CE),SO 6 39.5 ppm). Coupling constants are reported-zalues
in Hz.

Gas chromatography (GC) was performed on a Shim&i22010+, containing an Agilent DB-1
column (30 m, 0.32 mm ID, 0.25 Am DF) using FIDa#ton. The chiral HPLC measurements were
performed on a Shimadzu LC2010C Analytical HPLCtesys equipped with a 250 x 4.6 ID mm
Diacel Chiralpak AD-H column with Heptane/Isoproph(®0:10 v/v). Mass spectra were recorded on
a Thermo Finnigan LCQ Advantage Max electrospraytiap mass spectrometer.

2. General procedures

Amine (6.5 mmol) and ester (5.0 mmol) were suspdnidel.2 mL of anhydrous toluene. While
stirring, zirconocene dichloride (146.7 mg, 0,5 niynewas added. The reaction was stirred at 110 °C
for 4 - 20 hours. The solvent was then removed umeduced pressure. The crude product was
purified on a Biotage Isolef4 One using a Biotage SNAP Ultra cartridge (12g 5g,210-60%
EtOAc in n-heptane) to isolate the desired amide.
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3. Uncatalyzed reaction conversions

Scheme S1. Uncatalyzed conversiofis
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Scheme S2. Uncatalyzed conversiofis
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4. Solvent effect

Table S1. Effect of solvent

Entry Solvent Temperature (°C) Conversion (%)
1 toluene 110 85
2 dioxane 100 63
3 n-heptane 100 78
4 cyclohexane 81 41
5 THF 66 49

5. Molarity effect

Table S2. Effect of molarity

Entry Molarity (M) Cat. conversion (%) Uncat.consi®n (%)
1 0.5 25 1
2 1 57 2
3 2 85 9
4 neat 93 31

6. Catalyst load

Table S3. Catalyst load

Entry Catalyst load (%) Conversion (%)
1 1 26
2 2 38
3 5 54
4 10 85

7. Timecourse

Table $4. Effect of time

Entry Time (hours)

Conversion (%)

0
0.5

oO~NO U WN P

N
OOOCD-PI\)H

0
40
45
48
54
59
67
85
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8. Characterization of products
N-benzylbenzamide'

0

A

'H NMR (300 MHz, CDCJ): § 7.82 (d, J = 9 Hz, 2H), 7.52—7.29 (m, 8H), 6.6§ (tH), 4.65 (d, J = 6
Hz, 2H);13C NMR (75 MHz, CDCJ): 6 167.7, 138.6, 134.7, 131.9, 129.1, 128.9, 1283,9 127.3,
44.5; MS (El):m/z212.1 (M + H).

N-benzyl-4-nitr obenzamide®
0]

Heane

'H NMR (300 MHz, CDCJ)): § 8.26 (d, J = 9 Hz, 2H), 7.96 (d, J = 9 Hz, 2HY56(bs, 1H), 7.41-7.30
(m, 5H), 4.65 (d, J = 3 Hz, 2H}C NMR (75 MHz, CDCJ): § 165.7, 150.0, 140.3, 137.8, 129.3,
128.6, 128.3, 124.2, 44.8; MS (Eijfz 257.1 (M + H).

N-(thiophen-2-ylmethyl)benzamide®

SRav

'H NMR (300 MHz, CDCJ):  7.80 (d, J = 6 Hz, 2H), 7.54-7.40 (m, 3H), 7.25¢ 5.1 Hz, 1H),
7.05 (d, J = 3.6 Hz, 1H), 6.98 (dd, J = 5.1, 3.6 HH), 6.67 (bs, 1H), 4.81 (d, J = 3 Hz, 2L NMR
(75 MHz, CDC}): 167.5, 141.2, 134.5, 132.0, 128.9, 127.4, 12I28,6, 125.7, 39.2; MS (Eljz
217.9 (M + H).

N-benzyl-4-fluor obenzamide®

0

isgas

'H NMR (300 MHz, CDCJ):  7.81 (dd, J = 6 Hz, J = 9 Hz, 2H), 7.38-7.29 (#),5.11 (t, J = 9 Hz,
2H), 6.50 (bs, 1H), 4.64 (d, J = 6 Hz, 2EC NMR (75 MHz, CDCJ): § 166.7, 163.4, 138.4, 129.7,
129.2, 128.3, 128.1, 116.1, 115.8, 44.6; MS (& 230.0 (M + H).
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N-benzyl-4-bromobenzamide®

0

Jogns

'H NMR (300 MHz, CDC)): § 7.68 (d, J = 9 Hz, 2H), 7.57 (d, J = 9 Hz, 2H3177.29 (m, 5H), 6.54
(bs, 1H), 4.63 (d, J = 6 Hz, 2HJC NMR (75 MHz, CDCJ): § 166.8, 138.3, 133.6, 132.2, 139.2,
129.0, 128.3, 128.1, 126.6, 44.6; MS (Ejz292.0 (M + H).

N-benzyl-4-iodobenzamide®
O

Jogne

'H NMR (300 MHz, CDCJ): § 7.79 (d, J = 9 Hz, 2H), 7.53 (d, J = 9 Hz, 2H4177.29 (m, 5H), 6.51
(bs, 1H), 4.63 (d, J = 6 Hz, 2HJC NMR (75 MHz, CDCJ): 5 166.9, 138.4, 138.2, 134.1, 129.2,
129.0, 128.3, 128.1, 98.9, 44.6; MS (Eijz338.1 (M + H).

N-(4-chlor obenzyl)benzamide’
0]

saast

'H NMR (300 MHz, CDCJ):  7.80 (d, J = 6 Hz, 2H), 7.55-7.50 (m, 1 H), 7.4667(m, 2H), 7.34-
7.28 (m, 4H), 6.67 (bs, 1H§,4.60 (d, J = 6 Hz, 2H}’C NMR (75 MHz, CDCJ): § 167.8, 137.2,
134.5, 133.7, 132.0, 129.5, 129.2, 130.0, 127.3;48S (El):m/z246.1 (M + H).

N-benzyl-4-methoxybenzamide?
0]

0

'H NMR (300 MHz, CDCJ): § 7.79 (d, J = 9 Hz, 2H), 7.38-7.29 (m, 5H), 6.92Xd 9 Hz, 2H), 6.50
(bs, 1H), 4.63 (d, J = 3 Hz, 2H)3.85 (s, 3H)*C NMR (75 MHz, CDCJ): 5 167.2, 162.6, 138.8,
129.2,129.1, 128.2, 127.9, 127.0, 114.1, 55.8};44S (El):mVz 242.1 (M + H).
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4-benzoylpiperidine®

SRe

'H NMR (300 MHz, CDCJ): § 7.39 (s, 5H), 3.68 (bs, 2H), 3.34 (bs, 2H), 1168 @H), 1.52 (bs, 2H);
3C NMR (75 MHz, CDCJ): § 170.6, 136.9, 128.7, 127.1, 49.1, 43.5, 26.9,,ZB1®; MS (El)m/z
190.2 (M + H).

N-allylbenzamide®

©)J\N/\/
H

'H NMR (300 MHz, CDCJ):  7.82 (dd, J = 8.4 Hz, 2.4 Hz, 2H), 7.53-7.36 (i),36.50 (bs, 1H),
6.00-5.87 (m, 1H), 5.23 (dd, J = 10.2 Hz, 1.5 H4),20.08 (t, J = 10.2 Hz, 2H)*C NMR (75 MHz,
CDCly): § 167.8, 134.9, 131.8, 130.3, 128.9, 127.3, 11@B;MS (El):m/z162.1 (M + H).

(R,S)-N-(1-phenylethyl)benzamide?

Saae

'H NMR (300 MHz, CDC)): § 7.80 (d, J = 9 Hz, 2H), 7.53-7.29 (m, 8H), 6.44, (tH), 5.37 (quin., J
=6 Hz, 1H), 1.63 (d, J = 6 Hz, 3HYC NMR (75 MHz, CDCJ): § 166.9, 143.5, 135.0, 131.8, 129.1,
128.9, 127.8, 127.3, 126.6, 49.6, 22.1; MS (B} 226.0 (M + H); [0]*5 0.0 € 0.73, MeOH).

(S)-N-(1-phenylethyl)benzamide®

e

'H NMR (300 MHz, CDC)): § 7.78 (d, J = 9 Hz, 2H), 7.53-7.30 (m, 8H), 6.46, (tH), 5.36 (quin., J
=6 Hz, 1H), 1.62 (d, J = 6 Hz, 3HYC NMR (75 MHz, CDCJ): § 166.9, 143.5, 135.0, 131.8, 129.1,
128.9, 127.8, 127.3, 126.6, 49.6, 22.1; MS (B} 226.0 (M + H); [0]*s 4.9 € 1.00, MeOH).
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tert-butyl (2-(benzylamino)-2-oxoethyl)car bamate™

H 0]
BOC/N\)J\H/\Q

'H NMR (300 MHz, CDCJ): § 7.34 (bs, 1H), 7.23-7.11 (m, 5H), 5.87 (bs, 1H264(d, J = 6 Hz, 2H),
3.86 (d, J = 6 Hz, 2H), 1.32 (s, 9HJC NMR (75 MHz, CDCJ): § 169.8, 156.5, 138.3, 129.1, 128.0,
127.9, 80.7, 44.9, 43.8, 28.6; MS (B1)z 287.0 (M + N3).

(S)-tert-Butyl (1-(benzylamino)-1-oxo-3-phenylpr opan-2-yl)car bamate™

O
BocHNJJ\N
Ph”

'H NMR (300 MHz, CDCJ): § 7.32-7.09 (m, 10H), 6.17 (bs, 1H), 5.10 (bs, 14%1-4.36 (m, 3H),
3.12-3.08 (m, 2H), 1.41 (s, 9HYC NMR (75 MHz, CDC)): § 171.4, 155.7, 138.1, 137.4, 129.7,
129.0, 128.0, 127.8, 127.3, 118.5, 80.6, 56.4,,4808), 28.6; MS (El)mVz 354.9 (M + H); [o]*, -
2.3 € 0.22, MeOH).

(R)-tert-Butyl (1-(benzylamino)-1-oxo-3-phenylpr opan-2-yl)car bamate™

o)
BocHNj)J\N/\©
H
Ph
'H NMR (400 MHz, CDC)): § 7.29 - 7.09 (m, 10H), 6.16 (s, 1H), 5.09 (s, 14385 (d, J = 5.6 Hz,
3H), 3.08 (m, 2H), 1.38 (s, 9H}°C NMR (101 MHz, CDG)): § 171.0, 168.0, 137.6, 136.6, 129.3,
128.7, 128.6, 127.6, 127.4, 126.9, 77.3, 77.0,, BBB, 56.0, 43.4, 38.6, 28.2; MS (Et)z 354.9 (M
+ H; [0]*'p 2.3 € 0.44, MeOH).
N-benzylbutyramide®
0

A~
‘AP

'H NMR (300 MHz, CDCJ): § 7.38-7.26 (m, 5H), 5.94 (bs, 1H), 5.44 (d, J =% BH), 2.20 (t, J= 9
Hz, 2H), 1.70 (sext., J = 9 Hz, 2H), 0.97 (t, J HA 3H):*C NMR (75 MHz, CDCJ): § 173.2, 138.8,
129.0, 128.1, 127.8, 43.9, 39.0, 19.5, 14.1; M$: (Blz 178.1 (M + H).

N-((tetr ahydr ofur an-2-yl)methyl)benzamide®

SRR
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'H NMR (300 MHz, CDC)): 8 7.79 (d, J = 6 Hz, 2H), 7.53-7.40 (m, 3H), 6.68,(LH), 4.12-4.04 (m,
1H), (dd, J = 9 Hz, 6 Hz, 1H) , 7.38-7.74 (m, 2B}40-3.31 (m, 1H), 2.09-1.88 (m, 3H), 1.68-1.57 (m,
1H): *C NMR (75 MHz, CDC)): & 167.9, 134.9, 131.8, 128.9, 127.3, 78.2, 68.9),420.0, 26.3; MS
(El): m/z206.1 (M + H).

N-benzyl-4-hydr oxybutanamide™

(0]

HO\/\)J\N

'H NMR (400 MHz, CDC)): § 7.34 - 7.21 (m, 4H), 6.51 (s, 1H), 4.37 (d, J#Hz, 2H), 3.62 (t, J =
5.8 Hz, 2H), 3.53 (s, 1H), 2.37 - 2.30 (m, 2H),91-8.79 (m, 2H)**C NMR (101 MHz, CDGJ)): §
173.52, 138.10, 128.64, 127.68, 127.44, 77.354776.72, 62.02, 43.60, 33.67, 28.14; MS (Hi)
194.1 (M + H).

benzyl (2-(benzylamino)-2-oxoethyl)car bamate®

(]
£ 0
Y
(o]
'H NMR (400 MHz, CDCJ): § 7.44 - 7.08 (m, 10H), 6.35 (s, 1H), 5.43 (s, 15409 (s, 2H), 4.44 (d, J
= 5.7 Hz, 2H), 3.89 (d, J = 5.7 Hz, 3#iC NMR (101 MHz, CDG)): § 168.26, 156.13, 137.22,

135.53, 128.27, 127.81, 127.62, 127.26, 127.15,686056.95, 76.53, 76.11, 66.78, 44.20, 43.66; MS
(EI): m/z298.9 (M + H)

N-benzylpivalamide™

o
>HLN/\©

H
H NMR (400 MHz, CDC)): § 7.47 - 6.91 (m, 5H), 5.96 (s, 1 H), 4.43 (d, 168z, 2H), 1.23 (s,

9H); **C NMR (101 MHz, CDGJ): § 178.25, 138.61, 128.67, 127.60, 127.38, 77.342/76.70,
43.54, 38.69, 27.59; MS (Eiz191.1 (M + H).

N-benzyl-2-phenylacetamide®
99

N

‘P

'H NMR (300 MHz, CDCJ): § 7.41-7.17 (m, 10H), 5.83 (bs, 1H), 4.41 (d, JHz6 2H), 3.64 (s, 2H);
13C NMR (75 MHz, CDCJ): 5 171.2, 138.5, 135.2, 129.8, 129.4, 129.0, 1228,8] 127.7, 44.2,
43.9; MS (El):m/z226.1 (M + H).
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N-(4-aminobenzyl)benzamide®®

0

saacH

'H NMR (300 MHz, (CR),S0)):8 8.84 (t, J = 6 Hz, 1H), 7.88 (d, J = 6 Hz, 2H55¢7.42 (m, 3H),
6.99 (d, J = 9 Hz, 2H), 6.52 (d, J = 9 Hz, 2H)44(8, 2H), 4.31 (d, J = 6 Hz, 2HJC NMR (75 MHz,
(CD5),S0):6 165.9, 147.5, 134.6, 131.0, 128.2, 127.2, 12d.8,7, 112.1, 42.3; MS (EljnVz 226.9
(M + H.

2

N-(2-benzylamino)-2-oxoethyl)benzamide™

i

'H NMR (300 MHz, (CR),SO):8 8.79 (t, J = 6 Hz, 1H), 8.44 (t, J = 6 Hz, 1HRT/(d, J = 9 Hz, 2H),
7.59-7.44 (m, 3H), 7.36-7.20 (m, 5H), 4.31 (d, 8Hz, 2H), 3.94 (d, J = 6 Hz, 2HC NMR (75
MHz, (CD;),S0)):6 169.0, 166.5, 139.4, 134.0, 131.3, 128.2, 12 24,11, 126.7, 42.7, 42.0; MS
(E): mz291.1 (M + NQ).

N-phenethylbenzamide’
2 )
N
©)J\H
H NMR (300 MHz, CDC)): § 7.72 (d, J = 6 Hz, 2H), 7.52-7.27 (m, 8H), 6.23, (tH), 3.72 (q, J =

12 Hz, 6 Hz, 2H), 2.96 (t, J = 6 Hz, 2HJE NMR (75 MHz, CDC)): & 167.8, 139.3, 135.0, 131.7,
129.2,129.1, 128.9, 127.2, 127.0, 41.5, 36.1; BI% Wz 226.1 (M + H).

N-phenylbutyr amide®
2
/\)J\N
H

'H NMR (300 MHz, CDCJ)): § 7.54 (d, J = 6 hz, 2H), 7.46 (bs, 1H), 7.32 &,6Hz, 2H), 7.11 (t, J =
6 Hz, 1H), 2.35 (t, J = 6 Hz, 2H), 1.77 (m, 2HP1L(t, J = 6 Hz) )**C NMR (75 MHz, CDCJ): 5
171.8, 138.4, 129.3, 124.5, 120.2, 40.0, 19.4,; M3 (El): Vz 164.1 (M + H).
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N-(p-methoxy)phenylbutyramide®

o OMe
H

'H NMR (400 MHz, CDC)): § 7.48 (bs, 1H), 7.40 (d, J = 6 Hz, 2H), 6.82 (d,8Hz, 2H), 3.77 (s,
3H), 2.30 (t, J = 6 Hz, 2H), 1.73 (m, 2H), 0.98)(t 6 Hz, 3H) **C NMR (100 MHz, CDGJ): &
171.3,156.3, 131.1, 121.8, 114.0, 55.4, 39.4, IBT; MS (El)m/z 194.1 (M + H).

N-octylbenzamide®

N N
N
©)‘\H

'H NMR (400 MHz, CDC)): § 7.78 — 7.75 (m, 2H), 7.50 — 7.39 (m, 3H), 6.28 (tH), 3.47 — 3.42
(m, 2H),1.64 — 1.57 (m, 2H), 1.41 — 1.21 (m, 10B488 (t, J = 6 Hz, 3H) *C NMR (100 MHz,
CDCly): 6 167.9, 135.2, 131.6, 128.9, 127.2, 40.5, 32.2),3M.7, 29.6, 27.4, 23.0, 15.4; MS (HEl)z
243.3 (M + H).

(S)-tert-Butyl (1-(benzylamino)-1-oxopr opan-2-yl)car bamate®

O
BOCHN\_)J\N/\©
z H

'H NMR (300 MHz, CDC)): & 7.36 — 7.24 (m, 5H), 6.59 (bs, 1H), 5.03 (bs, 4#6 (d, J = 3 Hz,
2H), 4.20 (bs, 1H), 1.43 (s, 9H), 1.39 (d, J = 9 812); °C NMR (75 MHz, CDCJ): § 172.9, 155.9,
138.4,129.1, 128.0, 127.8, 50.6, 43.8, 28.7, MF(El): 2 278.8 (M + H); [a]*, -24.7 € 0.82,
MeOH).

(R)-tert-Butyl (1-(benzylamino)-1-oxopr opan-2-yl)car bamate®

(0]
B
OCHN\‘)J\N/\©
H

'H NMR (300 MHz, CDCJ): 5 7.36 — 7.25 (m, 5H), 6.60 (bs, 1H), 5.03 (bs, 486 (d, J = 3 Hz,
2H), 4.20 (bs, 1H), 1.43 (s, 9H), 1.38 (d, J = 9 B#d); *C NMR (75 MHz, CDCJ): § 172.9, 155.9,
138.4, 129.0, 128.0, 127.8, 50.6, 43.8, 28.7, MF(El):m/z 278.9 (M + H); ; [a]**> 21.8 € 0.84,
MeOH).
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9. Chiral HPLC data
(S)-N-(1-phenylethyl)benzamide

o\

3000 r
| 0 E
1 N |
- H | |
2000004 ‘
100000 | L
_ 3
. |,I ", I|I
. [y
o n RN 1Det A Chi
2Det A Ch2
5 zlu il:-' JlL] JIS 30
in
1 DetA Chl/ 234nm
2 DetACh?/ 215nm
PeakTable
Detector A Chl 254nm
Peals Fet Time Area Height Area % Height %
1 10.114 2262802 60185 100.000 100.000
Tota 2262802 a0183 100.000 100.000
(R,S)-N-(1-phenylethyl)benzamide
uVy
_ 0 E
500000+
_ N |
j | N
< (
N ‘ | [
250000+ | |I
| : L
1 H T
i ||I \ |I I| Il'rtl'll"
il [ i
e oA o N N - 1Det A Chl
g ™ 2Det A Ch2
T T T T T T T T | T T T | T T T | T T T T T T T T
{ 3 10 13 20 25 30
min
1 DetAChl/254nm
2 DetACh?/215nm
PeakTable
Detector & Chl 254nm
Peakz Ret. Time Area Height Area e Height °¢
1 11178 32149017 126226 30.060 59787
2 19.150 3207130 84002 49 040 40213
Total 6422067 211127 100.000 100.000
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(S)-tert-Butyl (1-(benzylamino)-1-oxopropan-2-yl)carbamate

Chromatogram
DCL657 C:\LabSolutions\Data\Users-tot04082014\Danny\DATA\DCL657.lcd
uV
F 0]
500000 |5
|
] I BocHNQJ\N
f | TNV
‘ \
i \
i [
\
250000~ | |
= ‘ |
\
- |
R
\
7 ||
, s
BRI - _ 1Det.A Chl
0 ] - - | T ~2Det.A Ch2
' \ \ | '
0 5 10 15 20 25 30
min
1 Det.AChl/254nm
2 Det. ACh2/215nm
PeakTable
Detector A Ch2 215nm
Peak# Ret. Time Area Height Area % Height %
1 9.140 14036704 515959 99.177 99.298
2 11.212 116551 3647 0.823 0.702
Total 14153256 519606 100.000 100.000
(R)-tert-Butyl (1-(benzylamino)-1-oxopropan-2-yl)carbamate
uV
I 18 0
| [1—
500000 | BocHN \Hk
I N
1 1 H/\©
|
] |
|
250000 R
1 |
n
: n
| P
L _ 1Det.A Chl
0 B— . - . i ~ 2Det.A Ch2
0 5 10 15 20 25 30
min
1 Dect.AChl /254nm
2 Det. ACh2/215nm
PeakTable
Detector A Ch2 215nm
Peak# Ret. Time Area Height Area % Height %
1 9.305 82239 3160 0.420 0.568
2 11.251 19511242 552907 | 99.580 99.432
Total 19593480 556067 100.000 100.000
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(S)-tert-Butyl (1-(benzylamino)-1-oxo-3-phenylpropan-2-yl)car bamate

mV
,‘": Det.A Ch2|
|
] ;I o)
300 |
j H H
: | | NHBoc
200~ ‘ y
l
_ |
100 |
: |
: A
0 N Tl‘l u [ _ B
0 T T T é T T T 1|0 T T T 1|5 T T T 2|0 T T T T 2'5 T T T T 30
min
Peak# Ret. Time Area Height Area % Height %
1 9.217 8212798 366800 100.000 100.000
Total 8212798 366800 100.000 100.000
(R)-tert-Butyl (1-(benzylamino)-1-oxo-3-phenylpr opan-2-yl)car bamate
mV
p— ,‘§ Det A Ch2
] I
1 I
] |
100 | 1 H
] |
:o
] I
0 i
i )
] - | '.
0_‘_,,_;\-\/;.‘_“ ,(fi_wﬁ TJ' o o _ i
0 T T T T é T T T T 1IO T T T T 1[5 T T T 2|0 T T T T 2]5 T T T T 30
min
Peak# Ret. Time Area Height Area % Height %
1 9.279 54972 2472 1.529 1.597
2 12.889 3540681 152299 98.471 98.403
Total 3595653 154770 100.000 100.000
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10. *H and **C NMR spectra of products

N-benzylbenzamide
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N-benzyl-4-nitrobenzamide
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N-(thiophen-2-ylmethyl)benzamide

o
S,
NH \
A LoV J A T R, N W
T Erey L
NO”RNR®RR ® S
OO0 00O O o~
T T T T T T T T T T T
14 13 12 1 10 9 8 7 6 5 3 2 1 0
f1 (ppm)
J J ] w . , " \
o by
T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 0 90 80 70 60 50 40 30 20 10 -10

110 10
f1 (ppm)

519



N-benzyl-4-fluor obenzamide
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N-benzyl-4-br omobenzamide
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N-benzyl-4-iodobenzamide
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N-(4-chlor obenzyl)benzamide
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N-benzyl-4-methoxybenzamide
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4-benzoylpiperidine
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N-allylbenzamide
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(R,S)-N-(1-phenylethyl)benzamide
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(S)-N-(1-phenylethyl)benzamide
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tert-butyl (2-(benzylamino)-2-oxoethyl)carbamate
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(S)-tert-Butyl (1-(benzylamino)-1-oxo-3-phenylpropan-2-yl)car bamate
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(R)-tert-butyl (1-(benzylamino)-1-oxo-3-phenylpr opan-2-yl)car bamate
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N-benzylbutyramide
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N-((tetrahydrofuran-2-yl)methyl)benzamide
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N-benzyl-2-phenylacetamide
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N-benzyl-4-hydroxybutanamide
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Benzyl (2-(benzylamino)-2-oxoethyl)carbamate
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N-benzylpivalamide
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N-(4-aminobenzyl)benzamide
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N-(2-benzylamino)-2-oxoethyl)benzamide
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N-phenethylbenzamide
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N-phenylbutyramide
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N-(p-methoxy)phenylbutyramide
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N-octylbenzamide
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(S)-tert-Butyl (1-(benzylamino)-1-oxopropan-2-yl)carbamate
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(R)-tert-Butyl (1-(benzylamino)-1-oxopropan-2-yl)carbamate
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