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Chapter 1

Umpolung Amide Synthesis Mechanistic Study

1.1 Introduction

Amide bond formation is a strategically important process in the synthesis of
proteins and many pharmaceutical drugs. In 2007 proteins and peptides made up 18% of
the top 200 drugs sofd.Nature forms these bonds through enzsamlyzed
condensatiosiof amines andhioestersin the absence of enzymes, synthetic methods for
this condensation have been dieped using coupling reagen®@hile these methods are
widely used, thergemain problemsnherent to these methods that still need to be

overcome.

1.1.1. Current Methods and Problems in Amide Coupling

Classical amide bond synthesis consists of the condensation of an amine and
carboxylic acid® This process occurs quite readily in nature due to enzymes, but it is
much more difficult at the bench top due he high amount of energy required to remove
a molecule ofvater. This has led to thesel of coupling reagents to promai@ide bond
formation (Scheme1).> While these coupling reactions are widely used and very
successful when working with simple amides, their effectiveness begins to degrade as

substrates become larger and mooenplex. Thishas led to low conversions and high

! www.arizona.edu/njardarson/group/Top200PharmaceuticalProductsbyWorldwideSalesin2009.pdf
2 Jones, JAmino Acid and Peptid8ynthesisQxford Science Publications: Oxford, 1992.

% For recent reviews, see: Han, S.Y.; Kim, YTetrahedror2004 60, 2447. Montalbetti, C.; Falque, V.
Tetrahedror2005 61, 10827. Valeur, E.; Bradley, MChem. Soc. Re2009 38, 606.

1



levels of epimerization at the-carbon of the activated carboxylic acid in cases such as

disubstituted amines, peptidic amines/carboxylic acids, and acidic amino acids.

Schemel. Amide Bond Formation: Examples of Coupling Reagents
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In order to overcome this limitation, additives that can act as rate enhancers (e.g. DMAP)

and racemization suppressants (e.g. HOBT) have often been(&iglee 1).

Figure 1. RateEnhancers and Racemization Suppressants
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While these additives cdawer the amount of racemization seen, the problem cannot be
completely eliminated.An additional concern when working with coupling reagents is

that they are generally expensivaxit, and used in large excess

Several alternatives for the formation of amides have also been developed. Solid
phase peptide syntkis, a variation of traditional peptide synthesiglies on large
excesses of coupling reagents to drive thedanfiond formation to completion. This

methodis often used due tthe easy separation of reactants and the peptide bound to



solid phasgScheme2);* however, this method also relies on large excessesagfents

(often expensiveand resultsn a lot of wasteAdditional alternatives teraditional amide

Scheme2. Solid Phase Peptide Synthesis
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bond synthesis have been developed in order to counteract some of these problems
(Scheme3d). These methods include Staudinger ligafionative chemical ligatiofi,
oxidative amidation of alcoholsaldehyde$, or alkynes’ and ketoacichydroxylamine

ligation,*® among others!

While there are a variety of methods for amide bond &tiom, the same
problems predominatacross most of the availabfeethods.The high cost of coupling
reagents and the need to use them in high excess results in an expensive reaction that
produces ahigh wlume of chemical wasteEpimerization of theU-carbon of the

carboxylic acid remains an obstacle as well due to the majority of amide bond formation

“ Atherton, E; Sheppard, R.CSolid Phase Peptide Synthesis: A Practical Appro&ptford University
Press: New York, 1989.

°Saxon, E.; Armstrong, J. |.; Bertozzi, C.®g. Lett.200Q 2, 21412143. Saxon, E.; Bertozzi, C. R.
Science200Q 287, 20072010.Nilsson, B. L.; Kiessling, L. L.; Raines, R. Drg. Lett.200Q 2, 1939
1941. For a recent review, see: Kohn, M.; BreinbaueArigew. Chem., Int. E@004 43, 31063116.
®Dawson, P. E.; Muir, T. W.; Clarklewis, |.; Kent, S. B. $tiencel994 266, 776779.

'Gunanathan, C.; Bebavid, Y.; Milstein, D.Science2007, 317, 790.792.Nordstrem, L. U.; Vogt, H.;
Madsen, RJ. Am. Chem. So2008 130, 1767217673.

800, W. J; Li, C. JJ. Am. Chem. So2006 128 1306413065. Gao, J.; Wang, G. W. Org.Chem.
2008 73, 29552958.

°Chan, W. K.; Ho, C. M.; Wong, M. K.; Che, C. Nl. Am. Chem. So2006 128 1479614797.
%Bode, J. W.; Fox, R. M.; Baucom, K. Bngew. Chem., Int. EQ006 45, 12481252

Y, X.; Danishefsky, S. 1. Am. Chem. So2008 130, 54465448.Li, X.; Yuan, Y.; Kan, C;
Danishefsky, S. J. Am. Chem. So2008 130, 1322513227.

3



methods requiring an activated estgre intermediate. This intermediate results in the
amide bond carbgh carbon being electrophilic in nature allowing for racemization of

the Usstereocenter to be a viable pathway.

Scheme3. Novel Methods for Amide Bond Synthesis
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1.1.2. Syntheseof *0-Labeled Peptideand Their Use

80-Labeled peptides are commonly used in conjunction witHRRBtudies to
determine protein movements and interactions that are essential to their function.
Vibrational spectroscopy studies tend to probe the picosecond time domainalidich
for the large structural dynamics to appear static (inhomogeneous) and fast structural
dynamics (such as solvent and hydrogen bonding dynamics) appear dynamic
(homogeneous). Effectively, this type of study allows you to take a series of snapshots o
the large structural dynamic changes the protein is undergoing over a period of time.
Incorporation of arfO-label at a single point in a protein allows for the resolution of that
particular carbonyl peak without perturbing the overall protein streicfi®-Labeling of

a specific amide is normally done in conjunction wit& labeling of the carbonyl to

4



further shiftthe signal to be studied apafthis allows for the systematic study of the
largestructural dynamics occurring in each region of theéganathrough the synthesis of
a series ofdentical proteins with the singf€0/*°C label placed in various regions of the

protein®?

80-Labeled proteins have been used in a variety of studies evaluating protein
environment and interactions. They have been used in the evaluation of the
environmental interactions betweehwaman transmembrane protein and its surroundings
to further demonstratthat line width in the 2BDR spectrum is markedly different for
residues lining the interior of a membrane versus its ext&rté@-Labeled proteins have
also been used to evaluate the interactions between a transmeniiremnef htertwined
helices. Byselectively labeling one heliwith a single**C-labeled carbonyl and the other
with an '®0/=C-labeled carbonyl at the same residue in both cates structural
dynamics at the point where the two helices intertwined wesbedby observing the
resulting signal crospeaks™® *¥0/**C-labeling of a carbonyl at various residues of a
photoswitchable protein was used to evaluate potential mechanisbheedix folding*
By *®0/**C-labeling an identical series of hIAPPofypepide hormone used for storing
insulin) proteins at different residuet)e aggregation pathway through which amyloid
fibril formation occurs was evaluated. This fibril formation in the islets of Langerhans of
the pancreas is a common symptom observed pe & diabetes patients.**0/C-

Labeling of an identical series of Trpzip2 (a-re8idueb-hairpin peptide) at various

“Mukherjee, P.; Kass, I.; Arkin, 1.; Zanni, M. Proc. Natl. Acad. Sci. U. S. 2006 103 35283533.
BFang, C.; Senes, A.; Cristian, L.; DeGrado, W. F.; Hochstrasser, Ridd. Natl.Acad. Sci. U. S. A.
2006 103 1674016745.

Yhalainen, J. A.; Paoli, B.; Muff, S.; Backus, E. H. G.; Bredenbeck, J.; Woolley, G. A.; Caflisch, A,;
Hamm, PProc. Natl. Acad. Sci. U. S. 2008 105 95889593.

15Shim, S. H.; Gupta, R.; Ling, Y. L.; StrakfeD. B.; Raleigh, D. P.; Zanni, M. Proc. Natl. Acad. Sci.
U. S. A2009 106 66146619.



residues was used to evaluate the conformational changes occurring between its folded
and unfolded state$.As *®0-labeled peptides beo® increasingly more valuable as
probesof structural dynamicsseveral methodsave been developed for the synthesis of

protein backbones with only a single isotopicddlipeled residue.

Traditionally, *®0-labeledpeptideshave been made througttid hydolysis of
amino acids in k%0, followed by iterative solid phase peptide synthesis to produce the

desired®O-labeled peptideSchemet).” This metha remains in widespread use and

Scheme4. Traditional Preparation dfO-Labeled Peptides

1) 180 180

HZN\:)J\OH %2180» H2N\:)1180H protection PG/H\:)l"’OH SPPS
R! R Rl
75-85% 180
180 R
BocHN\_)]\N)\’(O > BocHN
ROTo

cleavage from R
resin
BocHN

commonly results in 285% 20 enrichment of the amino acitiHowever this method
alsorequires a large excess of'fD andelevated temperatures over at@ur periodust
to form the'®0O-labeled amino acid prior to tHarther manipulations necessary to form
the *¥0-labeled amidé® This method alsoequires one of the two labeled oxygeoms

to be sacrificed since it is removed during the coupligpther potential pitfall is the

®Smith, A. W.; Lessing, J.; Ganim, Z.; Peng, C. S.; Tokmakoff, A.; Roy, S.; Jansen, T. L. C.; Knoester, J.
J. Phys. Chem. B01Q 114, 1091310924.

YPonnusamyE.; Jones, C. R.; Fiat, D. Labelled Compd. Radiophart987, 24, 773778.

8seyfried, M. S.; Lauber, B. S.; Luedtke, N. ®fg. Lett.201Q 12, 104106.

OMarecek, J.; Song, B.; Brewer, S.; Belyea, J.; Dyer, R. B.; Raleigh, OrgPLett.2007, 9, 493%-4937.



possibility of back exchange between ffi®-labeled carboxylic acid and.HO water

being produced as a side prod(8themes).®

Scheme5. Potential BackExchange Using H°O/Acid Hydrolysis

%0 HCI/H,'80 %0 HCI/H,'80 0
HZN\)LWOH —A; HZN\)LWOH —A; H2N\)J\18OH
H ~—— H ~——— H
R H2160 R H2160 R

The drawbacks teraditional **0-labeling method have led to additional studies
se&ing to improve it.As Fmocprotected amino acids usually result in lower yields and
80 enrichmentlevels than their Boprotected counterparts, a method was developed
specifically for usig Fmoc protecting groupgScheme6). This method began with
protection of the amino acid (usuall{/C-labeled) with theFmoc group prior to
H,'®O/acid hydrolysis. An in situ solution of 0.25 M HCI (in 90%'¥) was prepared

from acetyl chloride reacting with /O to maintain the acid concentration more

. 9
precisely*
Scheme6. Method for*®0 Enrichment of FMOC Protected Amino Acids
o o 0.25 M HCI o0
1] f 18,
HZN\}C\OH FmocCl, Na,CO43 FmocHN\-}C\OH (in 90% H,™*0) FmocHN\-}C.180H
H dioxane: H,O = dioxane: H,O S
R R R
reflux

The **C-enriched Fmod.-amino acid was then refluxed in a 3:2 dioxane/0.25 M
HCl (in 90% H'®0) until the *0 enrichment level remained constamy mass
spectrometry analysisThe mixture was then concentrated andsubjected to the
reaction conditions to furér improve the®0 enrichment levelThis method commonly
produced Fhoc protected amino acids witfO enrichment levels ranging from 87 to

96%. This procedurealsoallowed for the conservation of,HO by preventing the need



to use it as an excess reagerst well as recycling the reaction medium after the exchange

was completé?

Although the above method prevents the need for an excesg®6f &hd results
in higher*®0 enrichment levels than the standard protocol, its highly acidic conditions
prevent its use when dealing with compounds containing acid sensitive protecting groups.
This led to the development of ahet novel protocol that produced the sdmgh levels
of 0 enrichment buproved compatible with a variety of aesénsitive protecting
groups(Scheme7). This protocol functioned through the eliminatiohpotential back
exchange during $0/acid hydrolysis to enhanc¢80 enrichment levelsThis was done
through the addition of a large excess of carbodiimide, whiche@adth the H°0
being produced as a byproduct of the exchange to prevent it femting with the now
80-labeled carboxylic acidOverall, this method resulted in high yields and consistent
30 enrichment levels in the 90s, as well as proving highly compatible with a variety of
acid-sensitive protecting groups on both the amine andi®ahain. However, the major
drawback of this method is that it requires a large excess of both the carbodiimide (30

equivalents) and $°0 (50 equivalents’

Scheme?. Method for'*®0 EnrichmenPreventing BaclExchange

160 160 180

H\)L H,'80, EDC, H* HJ H,'80, EDC, H* HJ
PG~ 160H PG~ 180H PG~ 180H

R R R
160 16/180
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H H H H
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While H,'®0/acid hydrolysis remains the most common method ‘i

enrichment, alternative methods for the production®af-labeled amides have been



developed(Scheme8). One such method allows for the formation of tfi@-labeled
amide directly from thé°0-labeled amide using 40, although this method has not yet
been proven to result in gt levels of incorporatioff A second method allows for
formation of the'®0O-labeled amide from the corresponding thioamide using 20 mol%
CuCl and'®0O, gas, although it generally requires elevated reaction temperatures and
formation of the unlabeled amidist followed by conversion to the thioamiéelt is
interesting to note that neither of these methods allows for direct formation of the amide

as an'®O-enriched species.

Schemes8. Alternative Methods for the Preparation'é®-Labeled Amides

DCM, pyr., Tf,O 80

(0] 1)
-50 to 0 °C
N Me Pr N Me
k 2) 10% H,'80 k
Me Me

10% 80

180

7
3 CuCl (20 mol%)
N 180, (syringe) _ N
H DMF, 80 °C H

85% '80
8

Given the elevated temperatures daje excesses of expensive reagents used
throughout thesenethods the development of new protocols for the formatiort®et
labeled amides remains aaessity.The ideal methodology should prove ceffective

and allow for direct formation dfO-enriched amides under mild reaction conditions.

2ghibahara, F.; Suenami, A.; Yoshida, A.; MuraiChem. Commur2007, 23542356.

2ICharette, A. B.; Chua, Fetrahedron Lett1998 39, 245248.
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1.2 Umpolung Amide Bond Synthesidechanistic Study

Previously in the Johnston Group, a novel amide bond forming reaction was
developed wherein an amine could be coupled ta+aromo nitroalkaneo form an

amide in the presence of an electrophilic halonium sourt® @¢heme).?* This

Scheme9. Umpolung Amide Synthesis Using NIS

NIS
K»COj3, H,0

RO hNg - ¥R
R DME, 0 °C

methodologywas applied to the formation of a variety of amides (featuring both
sterically bulky and peptidic substrates) with promising results (isolated yields- of 48
81%). Currently, the only major limitation appears to be in using aromatic amines, as the
use of anine resulted in no amide product formation. Overall, this new methodology
represents a novel amide bond formation mechanism that occurs through a reversal of the
normal polarities seen in amide bond coupling partners as the amine acts as the
electrophileand theU-bromo nitroalkane (a carbonyl surrogate) acts as the nucleophile
(Figure 2). This pathway effectively mechanistically prohibits racemizaidrthe U-

carbon of the carboxylic acid, which is a common problem in @otional amide bond

synthesisdue to the acyl donor carbon now agtias a nucleophile.

While the amide synthesis has been successfully optimized and applied, the
mechanism of the reaction remained to be carefully studied, particularly the sequence of
events between the tetrahedral intermediate and the amide product. This led to a

mechanistic study of the reaction to determine the oxygen donor responsible for the

#Shen, B.; Makley, D. M.; Johnston, J. Nature201Q 465, 10271032.
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formation of the amide carbonyl and to evaluate its potential for the formation of
isotopically labeled peptides.

Figure 2. Umpolung Amide Bond Synthesis

Condensative Amide Synthesis (conventional approach)

)
H\"»O -
LG ® of
H o}

Umpolung Amide Synthesis —> O,U\ ,O

N
Br 0 }L
= | H\"»o
NO, © o pp—
H

[@ electrophilic component]

o
= |

© nucleophilic component
LG Leaving Group

1.2.1 Initial Determination of Oxygen Donor

As shown inSchemel 0, theU-halo nitroalkane is deprotonated byGO; and the
electron withdrawing effect of the nitro group coupled with the shown resonance
structure allows it to act as a carbon nucleopHiB.(The halonium ion source (NIS)
activates the aminghrough formation of aN-haloamineto allow it to act as the
electrophile {2) resulting in a tetrahedral intermediatE3), which exists in the same

oxidation state as the desired amide.

SchemelO. Proposed Mechanisfeaturing HO as the Amide Carbonyl Oxygen Donor

NIS, K,COj,

K* O~
NO, P H H
Ph - .
9 B HzN\rPh 17— Ph/>< \r Ph/\n/ \r
10 11 B AP oN” Br
Me [ )\r Me 0O Me
Ve 13 15
KHCO; 9 KI
I:‘lé H,O
N—H
N_ _Ph
Ly
°© NO, Me
14
HBr
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Although the exet source of the amide oxyges not know, the amide 15)
could potentially be formed through a hydrolybesed process. This theory was tested

by performingthe standard amide synthesis>99%*0-labeed-H,0 (Schemel 1).

Schemell. *®0-Labekd H,O Amide Bond Synthesis

NO, Me NIS, K,COs, H,'80 N_ _ph
Y AN e e Y

Br HoN Ph THF,0°C

9 10 (76%) 15
80 incorporation undetected

Mass spectrometricanalysis of the final amide product revealed less than %%
incorporation indicating that amide bond formation was not occurring through

conventional hydrolysis.

Next, we hypothesized that the amide could potentially be formed through an
unconventional hydrolysis involving the nitro group. There are several exampiésoof
group based hydrolysis available in the literatimehe first example itschemel2, 16is
heated allowing the nitrorgup to rearrange to nitrite7. This allows an oxygen from the
nitro group to participate in the formation of the carbonyl&thus acting as proof that
a nitro group can participate in the riwation of a carbonyt® In the second example,
heating of19 homolytically cleaves the carbartrogen bond, providing a pathway to
nitrite and racemizetnitro/nitrite ester 21/22).%* These examples offer proof that the N
to O rearrangement of the nitro group can actually occur in specific circumstances. It is
important to note that in both cases listed so far, the nitro group is tertiary and there is a
radical stabilizing group prese@GCO,Et). The last example offers further support of the

need for of a tertiary nitro group for the rearrangement to nitrite to occur. When

“\vilstatter, R; HottenrothV. V. Chem. Bel904 37, 1775.
#Hochstein, W; Schoelkopf, U. Justus Liebigs Ann. Cheft978 1823.
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Schemel2. Nitro Group Based Hydrolysis

EtO,C, NO, heat EO:C ono EtO,C
>< = . o+ BrNO
Eo,d O eo,c B EtO,C
16 17 18
Ph,, ,CO,Et
L)
Ph,,, »COZEt heat ONe " “Me Ph><COZEt . Ph><C02Et
O,N° Me 1 20 ONO™  Me O,N°  Me
19 21 22
ONOe
Br, NO; Br. NO. o
} i 2 CH30H ; i 2 NO
T> H3CO H —_— HsCO 2
ON  Br reflux O,N  Br (55%) Br
23 24 25

nitro-olefin 23 is refluxed in methangit produce a tertiary intermediate2@) containing

both a nitro group and a halide, which is similar to ploéative tertiary intermediatie

the umpolungamide synthesisin this case, the tertiary nitro group rearranges to the
nitrite and is hydrolyzed to produce the desired carb@ryis important to note that the
secondary nitro group remains unaffected by this readtiogach of thesexamples, the
amide oxygen originates from the nitro group indicating it is a likely source for the amide

carbonyl Scheméel3).

Schemel3. Proposed Mechanism Featuring the Nitro Group as the Amide Carbonyl Oxygen Donor

O,N Br Me

—

o=

H H H OH H
N Ph N Ph /XN Ph 2 N Ph
—> | Ph > ——> Ph Ph
Br,. Me -0 Br Me O Me
26 27
1

13 ‘NO, <> "ON 5

This theory was tested by the formation déubly ‘*O-labeled Ubromo

nitroalkane(Scheme 14)Doubly *20-labeled sodium nitrite30) was prepared by

25Nguyen, N.V.; Baum, KTetrahedron Lett1992 33, 2949.
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Schemel4. Formation of?0-Labded U-Bromo Nitroalkane

. 180 160 160
0 R DOWEX-50 X 4 0 7 - -y
NS ® H” H 48 h, rt NS © Ng® ~ o N&® N O NP
o Na . 180 180 180
28 29 (69%) 36

B NaN'80,, phloroglucinol ® 1. KOH, MeOH/H,0 N80,
P = N e e Ph/Y
31 DMSO 32 . Bra, 2Ll - Br

(64%) (80%) 9
84% N80, 82% N80,

treating sodium nitrite28) with *%0-labeked water 29) in acidic conditions geneed by
theacidic resin Doweys0X4. The acidic conditions allowed for the generation of nitrous
acid, at which point the oxygen atoms of nitrous acid ceutthange with the oxygen
atoms of the labeled water. The reaction was then treated with sodium hydroxide to
reform doublylabeled sodium nitrite30) in 69% vyield. It was crucial when performing
this reaction that the Dowedx0X4 be freshly egenerated and completely drjhe
reaction flask must also be sealed as the nitrouscacicéscapas a gas.This exchang
occurs though anequilibrium between nitrous acid forms where both oxygen atoms are
labeled,one oxygen atom is labeled, anélither oxygen is labeledttempts to quantify

the ratio of labeled nitrite bynass spectrometry ultimately failesp theO-labekd
NaNQ; was used directly in the next reaction where the amounibfabel could be

guantified by mass spectrometry.

80-Labeled nitroalkane 32 was then formed by reacting the labeled sodium
nitrite (30) with (2-bromoethyl)benzene{). Sinceeither the nitrogen or oxygen atom in
sodium nitrite could actas a nucleophile, phloroglucihvas added to trap angikyl
nitrite that may have formed by converting it to an alc8hoThis allowed for

straightforward purification bylash colunm chromatgraphy to obtairthe desired®0-

®procedure adapted frolrickson, A. S.; Kornblum, NI. Org. Chem1977, 42, 3764.
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labelednitroalkane(32) in 64% yield.Analysis of32 by mass spectrometry showed 84%
80,-incorporation0-L a b e tbwmo niffoalkane9) was generated by deprotonation

of the®0-labeled nitroalkané32) with potassium hydroxide, followed by bromination

of the nitronate salt to generate a mixture of monobrominated and dibrominated product.
Purification via flash column chromatography gave fl@&| a b e-bremb nittoalkane

(9) in 80% vyield. Analysis o9 by mass spectrometry showed 82% incorporation of
doubly labeled®0 in the nitro group.

The 82% '°O-labeledUbromo nitroalkanewas used in the standard amide
synthesis reation, which resulted in onlyl7% ®O-incorporation(Scheme15). This
clearly indicates that although the nitro group can serva @wbonyl oxygendonor,
there is another simce within the reaction that can contribute the oxygenevaluate the
role of other potential oxygen donors in the reaction, th@d% was removed from the
reaction and ng@aced with an excess of aminkhis allowed for the elimination of one
potential oxygen source and resulted in an increa8®imetention at 49%Removal of
the K,COs in conjunction with the use of botifO-labeed Ubromo nitroalkaneand
H,'®0 also resulted iM9% *®0-incorporation(Schemel5). This clearly indicates that
K>CQOs can act as a potential oxygen donor, but there muanbthersource of oxygen
within the reaction that is the primary contributoConsidering the possibility that
adventitious oxygen might be involdén the amide formatiorihe reation was degassed
alongwith removal of KCOs, which resulted in an increase'fiD-incorporation to 66%

(Schemels).
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Schemel5s. Evaluation of Potential Oxygen Sources

H
N

N'0, HN___Ph NIS, K,CO3, H,0 Ph
SO G g T

Br Me THF, 0°C 180 Me
9 10 (76%) 5
16.6% 180
no K,CO4
N'%0, HN__Ph  NIS, H,0 N_ _pn
Y Y Y
Br Me THF,0°C 80 Me
5eq (70%)
9 10 15
82% '80 49.0% 80

using H,'80, 49.0% 80

no K,CO3
N'80, H,N.__Ph Q
Ph/\( 2 M2 Y NIS, H,O F’h/\n/N\l/Ph
Br Me degassed THF 180 Me
5a Ar,0°C
q
9 10 (70%) 15
82% '°0 66.1% 180

The increase to 66%§0O-incorporation using degassed Tifd to the hypothesis
thatsince the reaction of oxygen with carbon radicals is often near the rate of difflision,
oxygen in the aimight be capable of intercepting the putative radical intermediate after
heterolytic cleavage of the carbaitro bond This theory was tested by running the
standard amide synthesis reaction untfér gas with no other source &fO in the
reaction.This resulted in 2% '®0O-incorporationgstablishinghat oxygen in the aitould

serveas the primary oxygen donor for theidmcarbony (Schemel6).

Schemel6. ¥0, Gas Amide Bond Synthesis

NIS, 80,
H
NO, H,N__ _Ph KoCO3, H,0 N _Ph
MY Y
Br Me THF,0°C 80 Me
9 10 (70%) 15

72% 80 Incorporation

This mechanistic data led to the revised hypothesis that the amide product of this

reaction was actually forming through two distinct pathways: an aerobic pathway where

27Mai||ard, B.; Ingold, K. U.; Scaiano, J. G. Am. Chem. Sot983 105 50955099. Pratt, D. A.; Mills, J.
H.; Porter, N. AJ. Am. Chem. So2003 125, 58015810.;U-Aminomethyl radical reactions with oxygen:
Lalevee, J.; Graff, B.; Allonas, X.; Fouassier, JJAPhys. Chem. 2007, 111, 69916998.
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oxygen serves as the oxygen donor and arrab& pathway where the nitro group
serves as the oxygen don&chemel?). The results also clearly indicate that the aerobic
pathway is much faster than the anaerobic pathiuayto the fact that whewmoth *20-
labeled Ubromo nitroalkaneand unlabeled oxygen frorthe air are present in the

reaction, the levels dfO-incorporation are very low.

Schemel?. Proposed Aerobic anBinaerobicPathways of Amide Bond Synthesis

O,
Ho _R  NIS

Br | K,CO4 \)I\
H _— Ph R
Ph\)\ NO H,0 N Ox

S .
H N Br
z THF 38 |
9 o
H
K,CO3 20
or amine
H* o
|
Br. (0] H O’.\
- - Ph\>< R z N//O
O +.0O a7 N (I)\ 5
r
Ph\)]\B Ph\XJ/R
r

H—N
\R 7N\ \R ON. B Br -NO,
o o 33 Ph \>< R ——= Ph \).\N/ R

N

H H
- 34 35
N—I N—H tetrahedral
intermediate

1.2.2 Optimization of'®0-Labding Method
Once the oxygen source was successidintified, methodsto improve the'®0
incorporationinto the amidethrough a more controlled addition of th¥, gaswere
investigatedA variety of methods were evaluated, and a comparison is shown in Table 1.
In Method 1all reagents except NIS were added t@SamL round bottomed flasko
prevent the reaction from starting prior to degassifige flask was more thoroughly

degassed than the previotf©, gas experiment(undergoing three 45 minute freeze
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pumpthaw cyclesthrough a vacuum line adaptes. three 1@minute cycleyin order to
removemore unlabeled oxygen from the reaction tkarlier reaction attempt®nce the
degassing was complete, the vacuum line adapter was rejraneedNIS was added to
the readbn before quickly resealing the flask with a septum. ¥ gas line (directly
attached to the tank with no regulator) and a balloon (flushed withrise times) were
inserted through the septum, af@, gas was directly added to the flask utti# kalloon
was fully inflated.The reaction was cooled to°@ and allowed tgroceed as normal.
Method 1 resulted in a 66% yield and only a 63%0-incorporation by mass

spectrometrySchemel8).

Since Method 1 showed no improvement*i® incorporation despite a much
more thorough degassing processappearedhat exposingthe reaction to the air for
even the shortest amount of time resulted in a higher level of unlabeled oxygen
incorporaion in the final amide producthis seems even more likely when considering
that oxygen reacts with carbon radicals near the rate fifsitih?’ and this reaction
pathway is driven by radical intermediat@sis led to the development of Method 2 to

prevent the reactioffom coming into any unecessary contact with the air.

In Method 2all reagentswere addedo a 15 mL round bottomed flask (RB1)
except thelJ-bromo nitroalkane andmine which weredded to a second 1AL round
bottomed flask (RB2)Both flasks were sealed with a septum andfilared shut before
being thoroughly degasseldy undergoing threeonehour freezgpumpthaw cycles
through a vacuum line needle adapt®nce the degassing was complete, the vacuum line
needle adapters were removed. @, gas line (directly attached the tank with no

regulator) and a balloon (flushed with Miree times) were inserted through the septum

18



of RB1, and"®0, gas was directly added to the flask until the balloon was fully inflated.
A dry syringe was used to transfer ttantents of RB2o RB1. The reaction was cooled
to 0°C ard allowed to proceed as normilethod?2 resulted in a 68% yield and an%83
80-incorporation by mass spectrome{Schemel8). This supportghe hypothesis that
any contact with aiduring the reactioris detrimental to the overatfO-incorporation

levels of the reaction.

Schemel8. *¥0, Gas Addition Methods Comparison

80,, NIS
K,CO3, H,0 H
NO. HoN Ph N Ph
Ph/\r 2 2 \( > Ph/\n/ \r
Br Me THF, 0°C, 16 h 80 15 Me
9 10 Method 1: 66% (63% '80)

Method 2: 68% (83% '80)

While Method 2 workd well, ensurindnigh levels of'®0 incorporation, it also
proved to be quite expensive due to the need to fully inflate the balloort®®itlyas.
This led to the development of a more eeective method for achieving high levels of
80-incorporationThe first step toward developing a more eef§ective method fot?0-
incorporation was to make delivery of th%, gas more efficientThis was done by
attaching a regulator to tH80, tankfor better monitoring of the gas additiaipng with
a short copper we attached to a needle to simplify the gas delivery prodéssfinal
80, gastank setup is shown iffigure 3. The next stage of improvement involved
limiting the surface area of the reaction vessel. Toward this goal, the reaction flask was
switched from a 15 mL round bottoffask to a1l mL reaction vial.This allowed for a
smaller amount of?0, gas to be necessary to fill the availablechspace of the reaction
vessel.Once the basic system was established, attempts to fuetwee the protocol
began.
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Figure 3. *®0, Gas Delivery System

In Method 3all reagentsvere addedo al mL reaction vial (Vial 1)except theNIS
which was added as a solution TiHF to asecondl mL reaction vial (Vial 2. KoCO;
was removed from the reaction conditions and replaced with excess amine in order to
prevent potential stirring problems. Both vialere sealed with aght fitting septum and
parafiimed shut before beingpdroughly degagsl (undergoing threene hour freeze
pumpthaw cycles through a vacuum line needle adapter). Once the deggasssn
complete, he reaction vial was refrozen in liquid,Nand a dry syringe was used to
transfer the contents of Vial 2 to Vial 1. Th#%, gas linewas insertedhrough the
segptumof Vial 1, andthe entire system was placed back unde@muum. Thezacuum was
turned off, and a singleharge of®0, gaswas directly added to the viahd thevacuum

line was removedThe reaction was cooled to°C and allowed to proceed as normal.
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Unfortunatdy, Method 3 resulted in a 58% yield and ol '°O-incorporationinto the

amide

Assuming the low incorporation was a result of the vacuum line being removed
after %0, addition (resulting in the loss of amO, gas that was in the linelhe
experiment was repeated with the removal of the vacuum line pri8sayas addition
(Method 4) While this modification did result in an increase to 58@-incorporation
from Method 3 the incorporation level was stilwer than what was seen ngithemore
expensive route. The next modificationvolved changing threeomponents: ) the
reaction vial was changed to ariL glassvial with a screw capcontaining a silicone
septum 2) the vacuum line was left in during the course of the reactioprdeent
potential loss of the vacuum prior %0, gas addition, as well as to prevent leaving an
open hole in the septynand 3) an extra charge 80, gas was addedUnfortunately,

Method 5resulted ima similar54% *20-incorporation into the amide

Since the addition of extrd®0, gas appeared not to improve the overall
incorporation 6the reaction, it was hypothesizétat the absence of,KO; sufficiently
slowed down the reaction to the point that the product was not forming fast enough to
interact vith the bulk of the'®0, gas before it was lost from tisgstem.This hypothesis
was tested by running the same modification as above usi@@Kinstead of excess
amine (Method 6), which resulted in an increase to 88ncorporation but only a
37% yield due to poor stirring. Method 7 was the final modification, and it was modified
in two key ways: 1) rate of stirring was increased dramatically to help improve the
overall yield and 2J%0, gas was added to the systentiluhe regulator needle remained
steady ingtating the system was at equilibriyfigure4).
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Figure 4. Optimized'®0, Gas Amide Synthesis Set Up

Gratifyingly, this method resulted in a 79% yield an@%% %0 incorporation.
This method achievescomparable result to the more expensive method which consumes
more 0, gas and still remains more castective despite # additional*®0, gas
required to achieve the desired resultsth the optimal reaction conditions established,
they wereapplied to a series of substrates to show the general versatility of the method in

forming various-0-labeled amides, including péges(Table 2.
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Table 1. Method Comparison foffO, GasAmide Synthesis

80,, NIS
H
NO,  HyN Ph KaCOs, H0 N Ph
Ph/\r Y Ph
Br Me THF, 0 °C 180 Me
9 10 15
method % yield % 180
1 66 63
2 68 83
3 58 14
4 68 54
5 62 54
6 37 60
7 79 79

Table 2. Substrate Scope %0, Gas Amide Bond Formation

100 mol% NIS, 180,

K,COj, HyO . oH
R_ _NO.
\r 2 HzN\R > SR
Br THF, 0 °C 10
H H
N\rPh N
15 39
79% yield 78% yield
79% 80 incorporation? 79% 180 incorporation®
OMe
4 (e}
: H
H ~ N\)]\ Me
N__-Ph BocHN Y~ ~o”
18 z
0 Me e e
40 4
81% yield 65% yield
65% 80 incorporation® 76% 80 incorporation®
cl OMe
Ph Ph
Y o e o
H H H H
N\)J\ O N\)J\ N
BocHN/\n/ 7N Me BocHN/\n/ 7N Me
B0 Me o B0 Me o)
42 43
58% yield 49% yield

93% 80 incorporation?

88% '80 incorporation?

a13C NMR indicated approximately 71% 80 incorporation. ? 13C NMR indicated approximately 72%
80 incorporation. ¢ 3C NMR indicated approximately 75% '80 incorporation. ¢ 180 incorporation
could not be determined by '3C NMR due to overlapping peaks.
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Since our previous peptidic substrates resulted in such'fi@mcorporations, an
additional substrate scope was undertaken to show the full applicability of this method
for ®0-labeleing peptidesT@ble 3). Sirce these substrates were prepared on a larger
scale than the previous exampled| of these reactions were ruslightly more
concentrated (0.3M instead of 0.2M) order to maintain use of the same seflipe
reaction solvent waalso switched to DME, sie ithad beemoticed that THF was prone

to oxidationunder UmAS reaction conditions resulting in a slightly lowered yield.

Table 3. Peptidic Substrate Scope’80-Labeled Peptides

100 mol% NIS, 80,
KoCOs, HyO
o

H
N\)]\ _Me
BocHN/\n/ v o
180 é.

@x

DME (0.3 M), 0°C, 20 h

cl cl cl
i o i [e] i [e]
H H H H H H
N\)]\ ~Me N\)]\ ~Me N\)]\ Me
BockN” " Y o BociN” " Y o BociN” " Y O
180 z 180 R Me 180 R
Me” Me \r e
44 45 " 46
60% yield 77% yield 45% yield

86% 80 incorporation

Cl

:H
N _Me
BocHN/\n/ o

71% yield
91% 80 incorporation

OMe

BocHN

84% 80 incorporation

92% 80 incorporation

BocHN

heos

H
N\)]\O/Me
180

48
62% yield
91% 80 incorporation

OMe
1% =
\)j\ Me -
v Yo7 BocHN/\n/
z 18
O
/\Me

90% 80 incorporation

OMe

180
49
49% yield Me
85% 80 incorporation

Me

<

50

41% yield
90% 80 incorporation
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1.2.3 NMR, IR, and Mass Spectrometrignalysis of Compounds

There are three primary methods than can be used to evaluate the preserté®-of an
labeledcarbonyl in a compoundThese methods aréR, *C NMR, and mass
spectrometryDu e t o H & kighér eightasetgpe attached to a carbonyl in the
IR will resultin alower frequencyshift thanwhat isseen for the lower weight isotope
carbonyl peak® Unfortunately, this method can only confirm the presence of®@n
label without providingneans of quantitatioThe heavy isotope effect states that’d
NMR, the presence of a higher weight isotope attach#dtetoarbon will result in a slight
upfield shift of that carbon peak in the spectrtimif the shift is significant the
approximate amount of®O-incorporation can be determined based ategration.
Unfortunately, theshifts we observed, coupled with broadening of the amide carbonyl
carbons, allowedpproximatioronly in the case of simple amides.

Mass spectrometry is by far the most quantitative method for determining the amount
of **0-incorporation in a compoundhis is done by using the relative intensities of both
the *®0-labeled and*®O-unlabeled fragments to calculate the exact amount®@f
incorporation present in the sampl€he incorporation value is also corrected for the
amount of theM+2 mass peakhat would be prsentin a nonlabeled samplaue to
naturally occurring isotope configationsto ensure that the incorporation value indicates
only what the reaction itself is responsible for incorporatifgr a more direct
comparison, the®O-labeled samplecan be directly compared to the autherifi®-
sample.The effectiveness of these three methads evaluated using both a simple

amide and a tripeptide.

Zadvances in Physical Organic Chemistry, Volump@ald, V.; Bethell, D., Eds.; Academic Press, Inc.:
London, 1987.
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Example 1 *0-Labeled2-PhenytN-(1-phenylethyl)acetamide

H
N Ph
Ph

180 15 Me
Shown inFigure5, the IR data for this compound showed a substantial 2b cm
shift to a lower frequency when compared to data for the standard substrate with no

130 labeling.This is indicative that there is afO label present, but this gives us no

guantitative data to help determine the amount of incorporation.

Figure 5. IR Data for*®0-Labeled2-PhenytN-(1-phenylethyl)acetamide
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In the case of simple amides such as this one’>&IMR data proved useful in
approximating the amount dfO-incorpaation present in the compounéis shown in
Figure6, a clear upfield shift of th&O-labeledcarbonyl can be seemtegration of the
two carbonyl peaks indicated an approximdf©-incorporation of 71%. Mass
spectrometry results indicated an ex&€k-incorporation of 7%, indicatirg that the use
of 3C NMR to evaluate th&0O-incorporation of this compound was accurate within 10%

of the actual incorporation. This same trend was seen in other examples of simple amides
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as well. Thus, ®*C NMR is a viable method for experimentaly det@ing *?O-

incorporation of simple amides.

Figure 6. *C NMR Data (expansion and integration) f80-Labeled2-Pheny#N-(1-
phenylethyl)acetamide
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The most quantitative analytical method used was mass spectrometry. In the case
of this simple amide, an overaflO-incorporation of 7% was determined by comparing
the intensities of the [MJand [M+2] mass peaksContributors to the [M+Z]mass peak
include ME?0), as well as MEC,) and M**N,). As a result, the natural occurence and
intensity expected for the [M+2]mass peak in a nefiO-labeled samplemust be

removed by calculatiorAn example calculation is shovim Equationl.

Equation 1. Theoretical®O Incorporation Mass Spectrometry Calculation

Step 1{*°0 ion intensity) x (predictetfO ion natural abundance in the unlabeled
compoundd U 30008 intensity expected in the unlabeled compound

Step 2:(*®0 ion intensity) (*20 ion intensity expected in the unlabeled compound) =
corrected®0 ion intensity

Step 3:(Corrected®0 ion intensity) / (CorrectetfO ion intensity +°0 ion intensity) x
100 =% *°0

Equation 2. Mass Spectrometry Calculation f§O-Labeled2-PhenytN-(1-phenylethyl)acetamide

Step 1:(489962 x 1.62) / 100 2937
Step2:1807239 1 7937 = 1799302

Step 3:1799302 / (1799302 489962) x 100 = 7990

Example 2 *0-LabeledN-Boc-4-Cl-PhenylglycineAla-PheOMe

Cl

Shownin Figure7, the IR data for this compound showed a substantial 2b cm

shift to a lower frequency when compared to data for the standard substrate With no
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labeling. This is indicative that there is affO label present, but this gives us no
guantitative data to help determine the amount of incorpordtias.also interesting to
note that a separate carbonyl peak is present if’@abeledIR that is not present in

the broadcarbonyl peak of the standafthis is not a wholly unexpected observation as
the presence of afiO-label at one carbonyl could conceivably cause the entire molecule

(and its additional carbonyls) to undergo vibrational changes.

Figure 7. IR Data for**0-LabeledN-Boc-4-Cl-PhenylglycineAla-Phe OMe
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In the case of dipeptides and tripeptides, i@ NMR data proveda bit
complicated to analyzeThe identity of thé®O-labeled carbonyl wasonfirmed via
process of elimination usingMBC analysisShown inFigure8, C8 correlateso H6 and
H9 indicating it is the ester carbonyl. C5 correlates to HBHdhindicding it is likely the
unlabeledamide carbonyl, as the labeled amide carbonyl should not correlate to H4. C2 is
likely to be the labeledarbonyl amide peak as it weakly correlates to H3rnmatH4.

The carbamate carbonyl of the Boc group issimwn because it occurs much
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Figure 8. HMBC Data Expansion of the Carbonyl Region'#-LabeledN-Boc-4-Cl-PhenylglycineAla-

PheOMe
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more upfield than the other carbonyl peaks (at 154 ppm), which is to be expected. As
shown inFigure 9 the carbamate carbonyl of the Boc group shows only one weak
correlation to H1 when the spectrum is highly magnified. This is likely due to the broad

nature of both the carbon and proton peak.

Figure 9. HMBC DataExpansion Featuring the Carbamate Carbonyl of the Boc Group
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As shown inFigure 10, the upfield shift is not clear and results in a broad

carbonyl peak that is impossible to integrate succegsithis led to additional’C

Figure 10. °C NMR daa (expansion) fot’O-LabeledN-Boc-4-Cl-PhenylglycineAla-PheOMe
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NMR studies with the substrate by comparing the carbonyl shift at various amounts of
80 incorporation.Figure 11 shows the spectra for the substrate at 0% and ¥8%
incorporation, whileFigure 12 shows the spectra for the substrate at 27% and'é3%

incorporation. In both cases, a slight upfield shift of the broad carbonyl peak is apparent
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dependingon the amount of incorporatiomterestingly, slight upfield shifts of the other

two carbonyl peles (the second amide and the ester) are detectable as well.

Figure 11 **C NMR for'®O-LabeledN-Boc-4-Cl-PhenylglycineAla-Phe OMe at 0% and 93%
Incorporation
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Figure 12. *C NMR for'®0-LabeledN-Boc-4-Cl-PhenylglycineAla-Phe OMe at 27% and 93%
Incorporation
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While signs of'®0-incorporation can be observed in tH€ NMR spectra, it
requires additional data to be obtained and a much more complicated evaluation process.

Furthermore, it still lackshe ability to serve as a viable method for approximating the
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amount of"®0-incorporation and serves only to confirm the presemzklocatiorof the
80-label. In this case, IR wouldlearly establistthe presence of th&O-label. Thus,
gualitative anaisis by IR followed by direct submission forass spectrometry analysis
is the more effective method for determining the presencé®®fand its resulting

incorporation in dipeptides and tripeptides.

Using mass spectrometry, an overa-incorporation 0f93% was determined
for the tripeptide by comparing the intensities of the Teijd [M+2] mass peaks and

performing the same calculation showrEigquationl.

Equation 3. Mass Spectrometry Calculation f§O-LabeledN-Boc-4-Cl-PhenylglycineAla-PheOMe
Step 1:(12293 x 32.27) / 100 3967

Step221156806 1T 3967 = 152839

Step 3:152839 / (152839 + 12293) x 100 = 93%

1.2.4 Formation of Doubly Labeled®0 Peptides Through Standard Coupling

Since many proteinstudies feature doubly labeletfO peptides, it was
hypothesizedhat a straightforward method forrfoation of these doubly labele8O
peptides could be developed through the use ofiutabeling methodfollowed by a
standard coupling of twd®0-labeled peptide fragments after deprotection/hydrolysis.
With this hypothesis in mind, formation of the following pentapeptide was attdmpte
using an*®O-labeled dipeptide anO-labeled tripeptideRigure13). Unfortunately, only
trace amounts of the desired pentapeptide could beaddats mg~5% yield). Analysis
of the pure pentapeptide by mass spectrometry resulted in 63% ddGslgbeled

pentapeptide, 30% singl}’O-labeled pentapeptide, and 7% unlabeled pentapeptide.
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Since the yield of the coupling proved to be so low, un&bgkrsions of the dipeptide

and tripeptide were prepared in order to furnealuate coupling conditions.

Figure 13. Hydrolysis, Deprotection, and Formatioha Doubly*®0-Labeled Pentapeptide

Ph Ph
NHBoc o NHBoc (o]
H \)j\ LIOH H \)]\
N o. N oH
: N M THEH,0 (411) : N
B0 Me o) s B0 Me 0
cl 42 c 51
93% 180 88% yield
I
o @
NHBoc @ DCM: TFA (9:1) FC™ 0n R 0
N\=)J\O,M8 - N\=)J\O/Me
180 = 180 H
MeO Me™ Me MeO Me” Me
41 52
76% 180 62% yield Me
Ph O _O
Ph NHBoc o
NHBoc o H\)J\
{ oH ) EDC (2.2 eq); HOBT (2.2 eq) NN O ':,,,r""e
Y N )j\ Hunig's Base (3 eq) H H
: H o9 - 0 Me HN Me
B0 Me e} FsC” 707 \H o cl e}
cl 51 sy DMF (0.1 M) 53
N\_)]\O/Me ~5% yield
180 §
MeO Me” Me
52 OMe

The initial coupling conditions were retried on a larger scale using the unlabeled
dipeptide and tripeptidehowever, theystill resulted in only trace amounts of the desired
pentapeptide. Next, the coupling was tristhg the variety of different coupling reagents
shown inFigure 14. However, all coupling attempts resulted in what appeared to be
either trace amoustof the desired pentapeptide or no formation of the pentapeptide.
Large excesses of amine (5 equivalents) and coupling reagent (PyBOP, 5 equivalents)
were also used in an attempt to increase conversion to the desired pentapeptide; however,
no improvementsn yield were seen. Although the yield could not be optimized further,
the coupling was repeated usitfg-labeled coupling partners, and trace amounts of the
desired doubly*®0O-labeled pentagmide were isolated via PrepLC (Scheme IR)e
structure of he product was verified by NMR, andass spectrometric analysis of the
doubly ®0-labeled pentapeptide resulted in 57% douB@-labeled pentapeptide, 36%
singly 1*O-labeled pentapeptide, and 8% unlabeled pentapeptide.
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Figure 14. Coupling Reagents Used in the Standard Coupling

Q Q y Ja qj\o/IMG

N=C=N N=C=N
DCC Me EDC isobutyl carbonochloridate
1 D
Me N F
Me~N""Me F_1_F /,\;,LNO P
\LN PN o \ P
O/F’ \ | °F / F7 I
h }\l Me F N N
7 N
N
BOP 56 PyBOP 3
(0]
’I:! Me
-M
Me” o~ é\O/N\Me N—Me .
SN SN o/<\ FQLF
/ N—Me >pZ
N /* FTLTF
o) \N Me F
U
N
DEPBT HBTU
57 58

Schemel9. Formation of the Doubly?O-Labeled Pentapeptide

~+
Ph CliH ©  PyBOP (2.5 eq) ;HOB (2.5 eq), NHBoc O P O°
NHBoc (o) H
H N\)J\ NEt; (5 eq) H
N\)J\ OH OMe —_— N e} v, ~Me
N

N v E DCM:DMF (4:1) (0.1 M), 48 h R HN r
B0 e o MeO Me” Me O Me HN Me
51 59 cl 53 80

2.5 equivalents trace amounts of product

Since all attempts to form the desired pentapeptide had resulted in trace amounts

of product or no product formation, it was hypothesized that the coupling might be

struggling under a combination of the steric bulk of the carboxylic acid fragment and a

staically hindered amine (due to the arylglycine ring). This hypothesis was tested by

running two additional PyBOP mediated couplings: 1) couplibgcprotected phenyl

alanine and a dipeptidewithout an arylglycine by the amine and 2) couplinmpc

protectedphenyl alanineand a dipeptide featuring an arylglycine by the aniBe&heme

20). This allowed for adirect comparison between the effectiveness of ¢bepling

reagent when coupling lass bulkycarboxylic acidto an amine without aarylglycine,
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coupling aess bulkycarboxylic acid to an amine containiag arylglycine, and coupling

a bulky carboxylic acid to an amine by an arylglyciAs.shown inScheme20, a clear

trend can be observed in that as the steric bulk near the reaction site of the coupling
partners increase, the yield decreases to the point that only trace amounts of product can
be isolated. This suggests that the steric bulk of the couplingepaurinplaying a role in

the low amount of product formation being observed.

Scheme20. Comparison of Coupling Reagent Effectiveness

L 9 PyBOP 1eq) HOBT (1 eq) Ph o Ph
H
BOC/N\_)J\OH o N\)J\ il Boow R A o,
: DCM (0.25 M) N TN
(o] Me (o]
60 62
59% yield
OMe
o
R ax 0 o
Boc” " o N Q PYBOP (1 eq); HOBT (1 eq) ; "
: PN NEt; (2 eq) N R
R OMe _— Boc 4 H pe OMe
= o =

! H DMF (0.25 M). 48 h
MeO Me” Me
60 61

26% yield

O, (o]
CI NH3 PyBOP (1 eq) ;HOBt (1 eq), NHBocH ]
NHBoc \)j\ NEt; (2 eq) N\)j\ o ., _Me
_— v N HN ’

DMF (0.25 M), 48 h H H r

80 Me HN Me

“Me ¢] 53 180
Cl trace product

OMe

While evaluatingthe potential role of thesteric bulk of tle coupling partnerst
was hypothesized théte formation of a doubl?O-labeled peptide might proceed more
smoothly featuring coupling partners with minimal steric bulk near the reaction site.
Since our available library dfO-labeled peptides all featured an arylglycine group near
the amine reaction site, steric bulk wasnimized on the acid coupling partner by
featuring a glycine residue rather than a phenylalanine residue near the reaction site.

Gratifyingly, this coupling resulted in a 38% yielfldheme21), andthe product structure
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was verified by NMR. Mss spectrometric analysissulted in76% doubly*?O-labeled

tetrapeptide, 21% singfjO labeledetrapeptide, and 3% unlabeled tetrapeptid

Scheme21. Formation of a Doubly®O-Labeled Tetrapeptide
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Chapter 2

Catalytic Umpolung Amide Synthesis

2.1 Introduction

The novel protocol for umpolung amide synthesis developetbbgston, Shen, and
Makley?? resulted in good yields for a variety of amide substrates. However, the success
of this reaction depends on thse of stoichiometric amounts of NIS, which is quite
expensiveg($1032 per mole, Sigma Aldrizlitompared to iodine ($142er mole, Sigma
Aldrich). This stimulated a desire to develop naore costeffective version of this

reaction.

2.1.1 Alternatives to NIS

Early atempts to improve the caesfficiency of this reaction focused on finding a
less expensive, but equally effectimalogenating agento replace NIS? The first
alternative halogenating agents tried were NBS and NCS in order to directly compare the
threeN-halosuccinimide halogen sourcé&able 4). Unfortunately, both NBS and NCS
resulted in much lower yields of the desired amide product. The ie&Sion appeared
to suffer from slow conversiaresulting in the formation of dibrominatedroalkane as a
major byproduct but full conversiorto the desired amide product could be obtaihéd
equivalents of amine were used and the reaatras run atoom temperaturé=ormation
of the dibrominated nitroalkane could also méimized by premixing the NBS and

amine prior to addition of th&-bromo nitroalkane or basénfortunately, the NBS

“Makley, D. M.; Johnston, J. NUnpublished Results.
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reaction still resulted in a lower yield th#re optimized N$ reactionThe NCS reaction
appeared to undergo full conversion, but the criltledNMR shoved a large excess of
amine and the presence of multipleproducts This likely indicates that the presence of

NCS is encouraging decomposition of thbromo nitralkane

Table 4. Comparison of NHalosuccinimideHalonium Sourcés

X" (1 eq), K,COs (2 eq)

H
Ph/\(NOZ HZNYPh H20 (5 eq) Ph/\n/N Ph Ph/\ﬁNOQ
Br Me 2 €quiv THF,0°C \r X Br

9 ¢] Me
10 15 67
entry X* source cost/mole (%) conversion (%) 19:50 % yield

1 NIS 1032 100 1:0 72
2 NBS 58 50 3:4 25
3 NBS 58 71 1:0 56
4¢ NBS 58 100 1:0 68
5 NCS 27 100 1:0 21

aWork performed by Dawn Makley, ® NBS and amine were pre-mixed before adding a-bromo
nitroalkane or base, © 5 equivalents amine were used, and the reaction was run at room temperature.

Next, a more extensive screen of potential halogenating reagents was performed
(Table5).?° In each example, thi-halo amine was preformed followed by addition of
K,CO; and HO before being cooled to ©C prior to U-bromo nitroalkane addition.
Despite extended reaction times, the majority of the tested halogenating reagents
produced low yieldsTCCA appeared promising with a 55% yield; unfortunately, it
proved inconsistent on attempts to replicat&iBromophthalimide resulted in a higher
yield than NBS, which makes it likely that extra equivalents of aminddcuther
improve this yield. lodinea much cheaper source of iodoniussulted in a comparable
yield to that oldiined with NIS; unfortunately, iodinesulted in inconsistent yad$ when

tested on different reaction substrates.
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Table 5. Full Halogenating Reagent Scréen

NO
Ph/\/ 2 HZNYPh X*, 2 eq K,CO3 H Ph
YT
Br Me 5 eq H,0, THF
9 10 0°C,2d Q45 Me

entry X'source equiv % yield cost/mol ($)

1 none -- 3
[ 299 Ca(ClO),® 15 22 7
or 3d NCS 1.0 40 27
4° TCCA 0.33 55 4
5¢ DCDMH 0.5 53 10
Y Br, 1.0 40 25
. 7 NBS 1.0 56 58
8f NBP 1.0 54 585
L 9  DBDMH 0.5 28 10
10 I 1.0 70 60
" 11 Icl 1.0 43 97
12 NIS 1.0 72 1032

2 Work performed by Dawn Makley, ? order of addition: amine,
X* source, K,CO3 and H,O added; brought to 0 °C; a-BN
added, ° reaction done in DME, ? reaction let stir 3 d, ®65%
available CI*, " reaction let stir 4 d.

(e} o]
Cl Br.
NS N o

PUBS MeHN—Cl N—Br MeHN_Br
(¢} N @) Me Me
| 0
cl

trichlorcyanuric acid  dichoro-dimethyl hydantoin ~ N-bromophthalimide  dibromo-dimethyl hydantoin
(TCCA) (DCDMH) (NBP) (DBDMH)

2.1.2 OxygenCatalyzed Turnover of NIS
While attempting to establish the primary oxygen donor of the amide carbonyl, it
was observed that the reaction proceeded much faster under an oxygen atmésphere.
particular, the aerobic pathway to amide formation was proceeding much faster than the
anaerobic pathway to amide formatioc@ne hypothesis to explairwhy the aerobic
pathway was proving to be faster than &maerobigathway was that molecular oxygen
was somehow aiding in the conversion of iodine back to iodoniomjntaining a

constant concentratioaf iodonium available throughout the course of the reaction. If
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molecular oxygen could be proved ¢atalyze the turnover of iodide iodonium, this
would allow for a coseffective improvement to the umpolung amide synthesis by

allowing NIS to be useth catalytic amounts instead of stoichiometric amounts

Scheme22. Proposed Aerobic Patlay Featuring Turnover of lodide lodonium
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As a result of the mechanistic stu@y, is considered a likely intermediate along
the aerobic pathway; however, subsequent breakdown to form the amide product and the
mechanism for turnover of iodide to iodonium remains unknown. One potential
mechanism for product formation and reformation of il@dm is shown iNScheme22.
This mechanism is supported by the fact thi#ite radicals hee been shown in the

literatureto react with superoxid@and XONO, (X=CI, Br, ) compounds are known to

¥Goldstein, S.; Czapski, @. Am. ChemSoc.1998 120, 34583463. Hodges, G. R.; Ingold, K. U. Am.
Chem. Socl999 121, 1069510701.
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form via radical processéSHowever,the final breakdown to product and conversion of
iodide backto iodonium couldootentiallyoccur through a number pbtentialpathways
as radical reactions betweerygen and halogef$and nitro radicals and halog&hare

alsowell docunented in the literature

2.2 Catalytic Umpolung Amide Bond Synthesis

The possibility of adding NIS in catalytic amountsder an oxygen atmosphevas
tested on the standard reaction andltedin 75% yield after only 2 hoursScheme23).
This result is indicativef the fact that thismide synthesis can be performed much more
costeffectively through the use of a catalytic amount of expensive halogenating reagent.
Since THF oxidation was observed in several crude reaction mixtures, the solvent was

switched to DME for all further reactions.

Scheme23. Umpolung Amide Synthesis Using Catalytic NISn6I %)>*

NIS (5 mol%), O,

NO HoN Ph K2CO3 (2 eq), Ho0 (5 eq) H
Ph/\r 2 2 Y - Ph N Ph
1.2 equiv THF,0°C,2h \r
Br Me o) Me
9 10 15

75% Yield

Once the catalytic NIS conditions proved effective, theyewested on a broad
variety of amines andlbromo nitroalkane donors. The yields we@mparedo those
achieved under stoichiometric conditioffgble 6 shows the substrate scopelbliromo

nitroalkane donors tested under the new catalytic conditions. Gratifyingly, the yields

#papayannis, D. K.; Kosmas, A. l@hem. Phys2005 315, 251-258.

32Kosmas, A. MBioinorg. Chem. AppR007, 11/3-11/9; Drougas, E.; Kosmas, A. M. PhysChem. A
2007, 111, 34023408; Laszlo, B.; Huie, R. E.; Kurylo, M. J.; Miziolek, A. \0l.Geophys. Res., [Atmos.]
1997 102 15231532.

33Jia, X-J.; Liu, Y-J.; Sun, 3Y.; Sun, H.; Wang, F.; Pan, 2M.; Wang, R-S. Theor. Chem. AcQ01Q
127, 49-56.

3Shen, B.; Johnston, J. NUnpublished Results.
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Table 6. Catalytic Umpolung Amide SynthesiSubstrate Scope @Bromo Nitroalkane Dnors

5 mol% NIS, O, H
R N Ph

NN —Sse— T L

Br Me o Me
try? duct equivalents catalytic stochiometric
entry produc of amine % yield % yield

HsC_ CHay
7 NC\)S(N Ph 1.2 53 54
(o] Me
73
H
N Ph
8 Ho/\/\n/ 1.2 41 48
(o] Me
74
H
HO. N Ph
9 \/\n/ 1.2 71 70
(o] Me
75
MeO,C H Ph
e
10 2 \/\n/ \r 12 76 70
(o] Me
76

2 a-BNA was added to a 15 mL rxn flask, followed by H,O and DME. The reaction was cooled to 0 °C,
followed by addition of NIS and K,CO3; An oxygen balloon was added, followed by rapid addition of
amine. Reaction was allowed to stir for 2-15 hours.
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observed using catalytic conditions were consistent or higher than those seen under

stoichiometric conditions. The substrate scopl-&oc U-bromo nitr@amine donors is

shown inTable 7, and the results were more mixed. While couplings betweetitthe

bromo nitroamine (whereRCl) and a single amino acid (entries 1 and 2) produced

Table 7. Catalytic Umpolung Amide SynthesiSubstrate Scope &f-Boc UBromo Nitroamines

NHBoc o 5 mol% NIS, O, NHBocH o
NO; ¢ _Hs't‘\)j\ _Me __KeCOs H0 N\)J\O,Me
: o DME, 0°C, 6 h :
R Br R2 R (0] R
a duct equivalents catalytic stochiometric
entry produc of amine % yield % yield
NHBoc (o]
H
N _Me
1 - (e} 1.2 73 70
o =4
cl Me” Me
44
NHBoc (o]
M
2 Y~ ~o” ¢ 1.2 77 81
0 3 _Me
cl \|/
45 Me
NHBoc
H
3 SAlaPheOMe 1.2 51 72
cl °
42
NHBoc (0]
4 o 12 59 75
o =
MeO Me” Me
41
NHBoc (0]

MeO

NHBoc

N
6> SAlaPheOMe 1.2 34 72
o)

MeO 43

2 a-BNA was added to a 15 mL rxn flask, followed by H,O and DME. The reaction was cooled to 0 °C,
followed by addition of NIS and K,CO3; An oxygen balloon was added, followed by rapid addition of
amine. Reaction was allowed to stir for 6 hours, © reaction was run for 48 hours.
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similar yields under catalytic conditions as seen under stoichiometric conditions,
coupling with the dipeptide (entry 3) resulted in a remarkably lower yield than what is
seen under stoichiometric conditions. The couplings shown in ent3ealdo proved
incredbly time dependent, as letting the reaction run over 48 hours instead of 6 hours led
to a 510% decrease in yield. Thébromo nitroamine (where 'ROMe) couplings
resulted in much lower yields than seen in entri@s While the coupling shown in entry

4 dd not suffer from any noticeable time dependency, the couplings depicted in entries 5
and 6 experienced a significant drop in yield (24% and 21% respectively) when the

reaction time was lowered to 6 hours.

One potential theory for the lower vyields is tihe Ubromo nitroamines of
entries 46 are much more likely to undergo electrophilic aromatic substitution due to the
electron donating capabilities of the methoxy group, leading to permanent loss of the
iodonium. With that theory in mind, further optimization of these catalytic couplings
began through studying the effect of increasing the equivalents of NIS on difim|6
8). An increase td0 mol% NIS (instead of 5 mol¥IS) resultedin an increase in yield
to 60% however, further increases to 20 mol%SNesulted in no improvement the
yield (57%). Interestingly, the increase to 10 mol% NIS also allavedeaction to be
run for a shorter reaction time (6 hours) to achieve a similar yield (63%). However, it was
seen that lowering the reaction time even further (to 2 and 4 hours) resulted in significant
loss in yield (24% and 52% respectivelfhe samencrease in NIS equivalents (to 10
mol%) was also tried in the couplings depicted in entries 4 and 6; however, no

improvement in yield was seen in either case.
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Table 8. Optimization of NIS Equivalents for Entry 5

[S]

NHBoc c o XX mol% NIS, O, NHBoc o
® K,CO3, H,0 H
NO, H3N\)J\ _Me N\)J\ _Me
—_—
T ° DME, 0 °C, XX h T °
Br R Me [e] B Me
MeO 77 7s\r MeO 49 \r
Me Me
entry mol% NIS rxn time Yield
1 5 48 50
2 10 48 60
3 10 6 63
4 20 48 57

Further optimization of this reaction was attempted by altering the reaction
temperature. However, both increasing and decreasing thiBoretemperature resulted

in a loss in yield Table9).

Table 9. Temperature Variation Studies on Entry 5

©
Cl
o 9 10 mol% NIS, O, NHBoc O
NO, H3N\)J\O/Me KaCOs HO N\)J\ _Me

L we  DMEXX°C,6h s
MeO 77 7h/ MeO 49 Y

Me Me

NHBoc

entry XX°C Yield
1 -22 26
2 0 63
3 25 50

It was also hypothesized that the methyl ester could be undergoing hydrolysis
under the basic reaction conditions leading to diminished yields. This theory was tested
by using leucing-butyl ester instead of leucine methyl ester. Unfortunately, thistegisul
in an overall lower yield for the coupling than what was seen when using the methyl ester

(Figure 15. However, it is important to note that when both the leucine methyl ester
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Figure 15. Protecting Group Change

©
NHBoc cl o 10 mol% NIS, O, NHBoc o
® K»COj3, H,0 y
NO, H3N R N R
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: DME, 0°C,6h :

Me Br - Me Me °© NM

o 7 Y © Y

Me R='Bu, 48% Yield, 79 Me

R=Me, 63% Yield, 49
and leucineg-butyl ester couplings were allowed to run for 3 days, the yield dfibgy!

leucine coupling was comparably higher. This seems to indicate that while the methyl
ester peptide is more prone to hydrolysis over longer periods of time thiabuty ester
peptide, the leucine methyl ester coupling produces an overall highéray a shorter
reaction time than the leucindoutyl ester coupling produces at the longer reaction time

(Figurel6).

Figure 16. Protecting Group Change over a Longer Reaction Time

NHBoc o) 10 mol% NIS, O, NHBoc o}
K,CO3, Hy0 H
NO, HoN _Me o N _Me
T 0 DME, 0°C,3d * : ©
MeO Br B Me o B Me
e Y MeO 49 Y
Me Me

40% Yield
10 mol%, 6 h: 63% Yield

NHBoc o) 10 mol% NIS, O, NHBoc o}
K,CO3, H,0 H
NO, HoN _'Bu o N _Bu
T 0 DME, 0°C,3d T ©
MeO Br B Me MeO (o) B Me
e e 79 \r
Me Me

56% Yield
10 mol%, 6 h: 48% Yield

Table10 shows the substrate scope of various amines coupled under the catalytic
conditions. Fortunately, the yields observed using catalytic conditions were consistent for
the most part with those ese under stoichiometric conditions. However, entries 914nd

resulted ina 20%decrease in yield when compatedhe stoichiometric conditions. The
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Table 10. Catalytic Umpolung Amide SynthesiSubstrate Scope of Amines

5 mol% NIS, O,

H
NO, K3CO3, H0 N
HoN > ~
SR DME, 0 °C R
Br (0]
try@ duct equivalents catalytic stochiometric
entry produc of amine % yield % yield
H Ph
1 Y 1.2 73 75
(0] Me
15
H
N

81
H
N/
5 1.2 62 61
(e]
82
N
6 ~"on 12 86 86
(e]
83
H
N\/\/\
7 OH 1.2 69 71
(0]
84
H CO,M
HMe
8 ~ 12 74 72
(e]
85
H
N.
9 '8y 2 41 60 (1.8 eq)
(0]
86
Me

10 ©/YN\/'V'6 2 32 50 (1.2 eq)
(0]
87

2 a-BNA was added to a 15 mL rxn flask, followed by H,O and DME. The reaction was cooled to 0 °C,
followed by addition of NIS and K,CO3 An oxygen balloon was added, followed by rapid addition of
amine. Reaction was allowed to stir for 2-15 hours.
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yield of entry 9 can be improved to 50% when 3 equivalents of amine are used, and the
yield of entry 10 can be improved to 40% when 3 equivalents of amine are used. This
trend indicates that as the substituents on the amine become more bulky, the catalytic
condtions appear to be slightly less effective than the stoichiometric conditions. Further
optimization remains necessary to improve the yields of bulky and disubstituted amine

couplings under both stoichiometric and catalytic conditions.

2.3 Catalytic Umpolung Anide Coupling Using Disubstituted Amines

Disubstitutedamides are found in a vanebf natural products, many of which are
desirable synthetic targets due to their biological activBgveral exaples of

biologically active dsubstituted amides can beesenFigurel17.

Figure 17. Natural Product ExampleSeaturingDisubstitutedAmides
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Cyclosporine A(88) is a fungal metabolite that tscas a reversible inhibitor of
cytokines in T helper cells. It has immunosuppressive properties and has been used in the
treatment woyndBemeet 6rsheumatoid ar®tTeiti s,
didemnins(89) have also been shown to exhibit significant immunosuppressive and
antiproliferative activity’® while tentoxin(90) hasbeen used as a selective weed killer.
Jasplakinolide (91) has exhibited a broad range of biological activity including

antifungal, anthelminthic, insecticidal, and acdincer propertie®.

The increased biological activity of peptides contaimihgkyl residues is attributed
to a decreasegreference for thérans conformation which isnormally highly favored
by monaubstituted amides. This allows for the formation of more biologically abtive
hairpin peptide conformation€onformational effects on both intrand intermolecular
hydrogen bonding also lead soibstantial changes in the secondary and tertiary protein
structure, allowingN-methylated peptides to be used in conformational struetttreity
studies.N-Alkylated peptides also tend to enhance hydrophobdgity prove to be more
stable in the preseamf proteolytic enzymes, which can lead to enhanced bioavailability

and medicinal potentiaP

One of the defining problems in using peptides as therapeutics is that many of the
potential drug candidates have a short-hgfin vivo and poor bioavailalty. This has
led to the formation ofN-methylated derivatives of a variety of biologically active

peptideswhich naturally contain only mosabstituted amides. This has been shown to

#Wu, X. Y.; Stockdill, J. L.; Wang, P.; Danishefsky, SJ.JAm. Chem. So201Q 132, 40984100.
%Jou, G.; Gonzalez, |.; Albericio, F.; Lloyilliams, P.; Giralt, EJ. Org. Chem1997, 62, 354-366.
¥Loiseay N.; Cavelier, F.; Noel, &.; Gomis, JM. J. Pept. Sci2002 8, 335346.

*®Tannert, R.; Hu, TS.; Arndt, H:D.; Waldmann, HChem. Commur2009 14931495,
*Humphrey, J. M.; Chamberlin, A. Rhem. Rev1997, 97, 22432266.
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enhance metabolic stability, as well as intestinal permeability, lgadimncreased oral
availability of some peptidic drug candidaté&Methylation has also been shown to
enhance the selectivity of somepidic drug candidatéd The potential therapeutic uses
of N-alkylated peptidic natural products and their derivativage led to an increased
interest in the development of novel synthetic methagies for the formation of

disubstitutechmides.

2.3.1 Current Methods andChallenges ofCoupling Disubstituted Amines
The synthesis of dubstituted amides has proven quite dificunder classic
dehydrative conditions due to thect that thesteric hindrance of the disubstituted amine
outwdghs its nucleophilicity. This generally results in slow coupling rates, leading to

long reaction timedpw yields,and undesired side prodsd® This hasproven

Scheme24. Mechanism of Racemization M-Methyl Amino Acid Couplings

Racemization Through Oxazolone Intermediate:

R2

2
0 M R30H 1 1"
. )
RO N Q’\JJ\/N Peptide R OWH\N)IYN\H/PGDMG}
| R30 v \,\n/ _Z > | f
0O H &0 O H R O
l T amine

Peptide Peptide Peptide
(0] (0] (o]
— \N+ \N+ \N+
0 SMe &—> HO™ X' '“Me ¥— 0 ~Me
YH SR
R* ‘\_ R* H
Base
ACHIRAL

intermediate
Racemization Through Ketene Intermediate:

RZ O Me

(0] Me 3 Me |
| R°OH le) | . 1 X
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~ Base

““Chatterjee, J.; Gilon, CHoffman, A.; Kessler, HAcc. Chem. Re2008 41, 13311342.
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particularly true forcoupling N-methylamino acid and estersas they are inmeasingly
prone to slow reaction rates and racemizatfofhe increased racemization ragdikely
due to the absence of the acidic amide proton, which would usually ionize first and help

suppresé}deprotonation under basic conditiq@cheme24).3

Interestingly, the presence of HOBt (usually a racemization suppressant) has
actually been shown to increase racemization when coulghmgthyl amino acids. This
is likely due to thdact that thentermediate HOBt estas too sterically bulky to react
with the disubstituted amine, leading aslower reaction rate, and thereforeyraer

possibility of racemizatio(Scheme25).*?

Scheme25. HOBt Racemization Suppressant Mechanism
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An additional difficulty encountered when couplifgmethyl dipeptidesis the
potential formation of a diketopiperazine side prod(@theme26). Although this
problem can be avoided by extending the chain length of the carboxylic acid coupling

partner, racemization through the oxazolone intermediate becomes even morg likely.

“IFang, J. B.; Sanghi, R.; Kohn, J.; Goldman, AinBrg. Chim. Act2004 357, 24152426.

“’Montalbetti, C.; Falque, VTetrahedror2005 61, 1082710852.
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Scheme26. Mechanism for Diketopiperazine Formation
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Since the majority oEommonly useatoupling reagentsesultin either decreased or
inconsistent yields wheused to coupléisubstitutecamines?® the development of ovel
coupling reations with the potential toavoid these shortcomingsas becme an
increasing area of interesbne of the first novektoupling reactionof disubstituted
amineswasdeveloped andeported by Wengein the first total synthesis of cyclosporine
A. This coupling worksby activating he carboxylic acid toward substitution via
formation of amixed pivalic anhydride intermediate. This method resulted in fair yields
(60-70%) and onlymoderate racemization @0%)** Further developments led to the
activation of the carboxylicacid by formation of a mixed bis(2-oxo-3-
oxazolidinyl)phosphoni¢BOP) anhydride, which resulted in higher yields and reduced
racemization. This improvement is likely caused by intermolecular hydrogen bonding
between the oxazolidinone carbonyl and the antipdroger!®> Since BOPCI will react
faster with a carboxylate anion than with a disubstituted amine, this modification can be
performed in one potlowever, it is important to note that monosubstituted amines are
capable of competing with the carboxylat@am for BOPCI, so this type of coupling

should be limited to disubstituted amir{€&gure18).%°

“Valeur, E.; Bradley, MChem. SodRev.2009 38, 606:631.
*“\Wenger, R. MHelv. Chim. Actdl983 66, 26722702.
“Van Der Auwera, C.; Anteunis, M. J. @t. J. Pept. Protein Re4987 29, 574588.

**Colucci, W. J.; Tung, R. D.; Petri, J. A.; Rich, D. HOrg. Chem199Q 55, 28952903.
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Figure 18. Mixed Pivalic and BOP Anhydride Activated Carboxylic Acids
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In recent years, there have been several develugsmimm the synthesis of
disubstitutedamides. In 2003 Batey reported the synthesidigibstitutedamides from
carbamoylimidazolium salt& excellent yields (8.00%) with no required purification
steps; however, no peptidic coupling examples were di/én2004 Goldman reported

the synthesis ddisubstitutecamides in moderate to high ids using TaGlas a coupling

Scheme27. RecentAdvances in the Synthesis DfsubstitutedAmides
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] \)J\ Me pwave
Danishefsky : " O'Bu 50/ \)]\ O'Bu
Me/\sMe o) K A CHO o)
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agent, including several peptidic coupling examplesqg%).41 In 2009 Danishefsky
reportedthe synthesis oflisubstitutedamides from isonitriles and gave a handful of

examples showing good yields @0%).*® He later showcased this methodologyain

*'Grzyb, J. A.; Batey, R. ATetrahedron Lett2003 44, 74857488.
**Rao, Y.; Li, X.; Danishefsky, S. J. Am. Chem. So2009 131, 1292412926
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total synthesis of cyclosporirfe resultingin an overall yield of 54%Scheme27).*°

2.3.2 Reaction Optimizatiorof DisubstitutedAmine Coupling
To further optimize our catalytiamide bond synthesis for the formation of
disubstitutedamides, a representative coupling using diethyl amine was chosen for

further evaluatiofScheme28). In each experimental modification, one equivalent of

Scheme28. Model Reaction foDisubstitutedAmide Formation Optimization

Me

Me/\”/\Me 5 IT‘Z':"/OF’ Nl'_isxooz r
203, Ha
NOz 2 equiv > Ph N -Me
Ph DME, 0 °C
101 o
Br (32%) 87

9

Ubromo nitroalkan@nd five equivalents of #0 were added tBME (0.2 M) andcooled
to 0 °C. After addition of2 equivalents oK,CO; and5 mol% NIS, a O, balloon was
added, followed by rapid addition of diethyl amindeTreaction was thestirredat 0°C
for the specified reaction tim&he reaction mixture wabendiluted with DCM, dried

over MgSQ, filtered, and concentrated.

In previous experimental results, it was observed that increasing thealeqtsv
of amineoften resukd in an increase in yieldThis also proved to be the case in this
reaction; vihenthreeequivalentsof amine were used instead of tvibe yield increased to
41%. Interestinglythe use of three equivalerdtdistilled diethyl amine actually resulted

in adrop in yield to 28%Table11).

*Wu, X. Y.; Stockdill, J. L.; Wang, P.; Danishefsky, SJJAm. Chem. So201Q 132, 40984051.
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Table 11. Effect of Amine Equivalents obisubstitutedAmide Synthesis

Me

Me” SN SMe 5 mol% NIS, O, (
NO, H KaCOs HO N _-Me
ph/\/ XX equiv DME. 0 °C Ph
> 101 O g7
entry eq of amine % yield
1 2 32
2 3 40
32 3 28

@ Amine was distilled

To better observe whether the reaction was reaching full conversion, the reaction
wasmonitored byanalyzingaliquots from the reaction at various times by NMBased
on this analysisthe reaction appeared to balbhg at 65% conversion aftértol10 hours.
This indicated thattiwaslikely that thecatalytic iodonium was no longer present in the

reaction mixture after 10 hour$his led to the theory that an additional 5 mol% NIS

added aftets hours mightesult in an improved reaction conversion

Table 12. Effect of Additional NISAddition

Me

Mo SN Nme 5 Mol% NIS, O, (
NO, H . K,CO3, H,O - N _Me
ph/\( XX equiv DME. 0 °C Ph
B 101 0 87
9
entry eq of amine % yield
14 1.2 35
24 3 49

@ Additional 5 mol% NIS added after 5
hours.

The addition ofa second mol%aliquot ofNIS to the reaction aftér hours led
to an8% increase iryield (49%). However, attempting to lower the equivalents of amine

from 3to 1.2 equivalents resulted in agrin yield to 35% indicating agxcess of amine

was still necessarffable12).

Since addition of second mol%aliquot of NIS after 5 hours hacksulted in a

slight improvement in yield, an additional 5 mot¥aNIS was added to the reaction every
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5 hours until complete conversion was observed by NMBble 13). Complete
conversion was observed after l28urs with the eventualaddition ofa total of20 mol%

NIS.

Table 13. Reaction Conversiowith Additional NIS Monitored by NMR Aliquot

Me
0,
e Rpmeo [
NOz 3 equiv Gt A N N _-Me
F’h/\( 121 DME, 0 °C Ph
Br o 87
9

entry time (h) mol % NIS? conversion (%)° % yield
1 5 5 52
2 10 10 61
3 23 15 78
4 29 20 100 37

2 Additional 5 mol% aliquot of NIS was added at each new entry, ? based
on "H NMR analysis of remaining o-BNA.

Despite what appeared to be complete disappearance of the staltingio
nitroalkane, the reaction onhgsuted in a 37% yieldThe reaction was then repeated
adding afull 20 mol% of NIS at the beginning of the reaction instead of in aliquots, but
the yield (47%) still remained consistent with the yield observed using 10 mol% NIS

despite thepparentifference in conversian

Throughout the course of the reaction, it was obsetivaidayellowish solidwas
forming in the solution and sticking to theides of theflask. In the workup of this
reaction, this solid was filtered off as it wassumed todK,CO; since it is not entirely
soluble under the reaction conditions. Howewemaodification of the reaction workip
conditionsto include an acidifican and extraction with DCM resulted in a large amount

of dinitroalkane being present in the crdeeNMR (24%), whereas no dinitroalkane had
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been seen in the crudid NMR previously(Table14). This suggested the possibility that
large amounts of ditroalkane were forming, but it was either precipitating out as a salt
or becoming trapped in the insoluble@0O;. The dinitroalkane most likely formed

through the ter Meer reactigrathway(Scheme29).>°

Scheme29. The ter Meer Reaction

“NO, “Br
R Br R Br R NO, u R NO,
NO, +N +N NO,
—o/ \OH _O/ \OH

In order to prove that formation of the dinitroalkane was having a significant
effect on the yieldthe reaction was repeatedi@2 °C. This was doné&ecause dropping
the temperature had previously been shown to decrease dinitroalkaneidormae
same acidic workup was performed on tB2 °C reactionandresulted in an improved
yield of 52% (up fron 41% at 0°C). A decrease in dinitroalkane formati¢h3%) was
observedfurthermore, 8% of the startingbromo nitroalkane remained indicating that
the lower temperature wasowing down conversion of the-bromo nitroalkane tdoth
dinitroalkaneand product This experiment indicated thalinitroalkane formation was

having a significant effect on the ovitrgeld of the reactior{Table 14)

Table 14. Acidic Workup and Temperature Effects on isubstitutedAmide Syntheis

Me
Me/\N/\Me 20 mol% NIS, O,
H K>CO3, H,O

NOz 3 equiv > N Me
Ph/ﬁ/ q DME, 0°C Ph'
101 o
87

Br
9

entry temp (°C)  BNA : dinitro : amide eq of amine % yield

1ab 0 0:24:76 3 41

2a¢ -22 8:13:79 3 52

2 Reactions were acidified and extracted with DCM, © reaction was ran for 2
days, ¢ reaction was ran for 3 days.

50ter MeerAnn. 1876 181, 4; Hawthorne, M. FJ. Am. Chem. So&956 78, 49804.
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Since the change in workup had such a significant effect on what was seen in the
crude NMR of the disubstituted amine coupling, the reaction was repeated using a
monosubstituted aminénterestingly, the crudéH NMR of the monosubstituted amine
coupling revealed 12% of thetbromo nitroalkane amaining and 2% dinitroalkane
whereas a simple filtration work up showed complete consumption otitiremo

nitroalkaneand 2% dinitroalkane formatiqi®cheme30).

Scheme30. Acidic Workup vs. Filtration Workup for Monosubstituted Amine Coupling

HoN Ph
5 mol% NIS, O,

No,  Me K,COs, H,0

H
- N Ph
Ph/\r 10 DME, 0 °C, 6 h Ph/\ﬂ/ he
(0] 15 M

Br
9

Filtration Workup: 98% Amide, 2% Dinitro (73% Yield)
Acid/Extraction Workup: 86% Amide, 12% BNA, 2% Dinitro (67% Yield)

Since both disubstituted and monosubstituted amine coupling yields seemed to
suffer due to the formation of the dinitroalkane side praduetas hypothesized that any
modification that resulted in an improveproduct to dinitroalkane ratio for the
monosubstituted couplingvould also result in an improved cargion in the
disubstituted couplingSince themonosubstitutecamine couplingwas known to be
complete after only 2 hosirit wasused to sreen a variety of caltions with the hope
that an increase iconversionas well as an increase in the product to dinitroalkane ratio,
would be seenthat could translate to better conversions and higher yields in the

disubstituted amine couplings.

Since the conversion raiavere changing so drastically upon the use of an acidic
workup, it was hypothesized that once thieromo nitroalkane was deprotonated some of

it could fall out of solution as the potassium salt, as the reaction mixture remains

59



heterogeneous throughoutetentire course of the reaction. This theory was tested by

screening various ionic carbonate bases, as well as two hydroxide Taisied H).

Table 15. Base Screen for the Monosubstituted Amine Coupling

H,N Ph
he 5 mol% NIS, O, H
NO,  Me Base, H,O N_ _Ph
Ph/\/ 10 DME, 0 °C, 6 h Ph/\ﬂ/ h
Br (¢] Me
9 15
entry base BNA : dinitro : amide? % yield
1 Li,CO4 40:15:45 39
2 Na,COj3 3:23:74 55
3 K,CO4 12:2:86 67
4b K,CO4 0:7:93 61
+1 Cations
5¢ K,COs 2:9:89 61
6 Cs,CO3 0:12:88 67
7° Cs,CO, 0:16:84 58
8 (NH,),CO4 16:25:59 46
9 CaCOg, 47 : 14 : 39 30
+2 Cations
10 BaCO; 43:15: 41 39
11 NaOH 2:10:88 57
Hydroxide
Bases
12 KOH 81:4:15 12

@ Ratios determined by NMR Analysis, b5 mol % tetra butyl ammonium iodide was
added,® 5 mol % tetra butyl ammonium bromide was added.

Unfortunately, none of thbases resulted increasedjields. Cs,CO; resulted ina
similar yield to K,CO;s, but further attempts to improyikese yields through the addition
of phase transfer catalysts (to increase transfer between the organic layer and the small
agueous layer of the reaction) only resulted in lower yid&dspite appearing goroduce

higher conversions to produciVhile the bulk of the +1 cations tested resulted in a
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similar yield to KCQOs;, the +2 cations and the hydroxide bases resulted in significantly

lower yields (with the exception of NaOH).

Earlier in this optimization study, had been foundT@ble 11) that the use of
distilled amine resulted in a lower yield than when the amine was not distilled. Since no
impurities were observed in tiel NMR of the diethyl amine, it was assumed that the
additional water that would be present in the -dastilled amine could potentially be
improving the reaction rate thugh increased solubility oK,CQO;, as well asany
resulting saltsinterestingly, the removal afiater from the standard reaction conditions
when coupling the disubstituted amine resulted in only trace amounts of the desired
amide producindicating water was playing an important role in the reacfitas led to
an evaluation ofvhat effectalternaing the amount of water present in the reachad

onthe overall conversion and yieldr the monosubstituted amine couplifigble16).

Table 16. Effect of Wateronthe Monosubstituted Amine Coupling

H,N_ _Ph
\( 5 mol% NIS, O,
NO, Me K3CO3, H,0 - H Ph
Ph/\( 10 DME, 0°C, 48 h Ph/\ﬂ/ h
Br 1.2 equiv o Me
9 15
entry o BNA : dinitro : amide % yield
1 0 0:22:78 56
2 2 0:12:88 67
3 5 0:13:87 67
4 10 0:13:87 60
5 50 37:12:51 32
6 200 28:12:60 39

While completely removing watdto the best of our abilitiedfom the reaction
resulted in aslight drop in yield, 2 to 10 equivalents whter could be added with no

variation in yield. An increase to 50 equivalents higher of water resulted in a
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significant decrease in yield; this is likely due to the fact that as the amount of water in
the reaction increasetvo layers weraisibly forming in the reaction mixturegesulting

in less interactiotetween the base and any water soluble salts with the organic layer.

The next modification was to evaluate alternatives to water that could potentially
help solubilize the KCO; and improve tB homogeneity of the reactiofiable 17).
Unfortunately, substitution of an alcohol for water only resulted in a lower,yield

indicating it caused decreased solubility of th€R);.

Table 17. Potential Water Substitutes for the Monosubstituted Amine Coupling

H,N_ _Ph
\r 5mol% NIS, O,
NO, [\Illg KyCOs ROH N_ _ph
Y 0, Toveocasn P Y
Br O45 Me
9
entry ROH BNA : dinitro : amide % yield
1 H,O 0:13:87 67
2 MeOH 0:28:72 57
3 EtOH 4:23:73 58

Since the reaction mixture was still very heterogeneowsast hypothesized tha
decreasinghe reaction concentrationmight increaseinteractions between the organic
phaseand small aqueouphase Unfortunately,changes in the reaction concentration
appeared to have no noticeable effect on the reaction yietdte Sncreasing the
homogeneity of the reaction by varying the concentration and amount of water had not
worked, it was hypothesized that the use of a more wasaiblesolvent might have the
desired effectSeveralsolvent systems thatre known to be nre miscible with water

were tested, but only slight deases in yield were observa@dble18).
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Table 18. Solvent Screen for the Monosubstituted Amine Coupling

H,N_ _Ph

h 5mol% NIS, O, |
NO, Me KaCO3, H,O N Ph
Ph/\r 10 Solvent, rt, 48 h Ph/\ﬂ/ \r
B8 1.2 equiv
r [¢] Me
9 15
entry solvent BNA : dinitro : amide % yield
1 nitromethane 92:0:8
2 dioxane 6:3:91 57
3 DME/dioxane 0:17:83 62

To further investigate the effect of temperature on the couglwegreactionvas
both warmed to room temperature after thirty minutesstincedat room temperaturia
hopesof a higher ratef conversion Table 19). Interestingly, the reactiomt room
temperature resulted in a 10% increase in yield (76%) when cethfiathe reactioat O
°C (67%). Gratifyingly, no increase in dinitroalkane formatioaswobserved with the
higher temperature. Unfortunately, this same in@eas/ield was not observed withe
disubstituted amine coupling at room temperature. In fact, a significant drop in yield was
observed from 49% to 19% despite the observed ratid product to dinitroalkane
remaining consistent (100% conversion: 21% dinitroalkane formation). This seemed to
indicate that although the-bromo nitroalkane was being completely consumed, it was
not converting to only product and dinitroalkarfénis would then result in the ratios
betweenthose three componen{Etbromo nitroalkane, dinitroalkane, and amidet
accurately reflecting the true amount of product being formed in the reaction. This effect
is likely increased for the formation afisubstitutedamides due tdhe disubstituted
amine couplings being slower than monosubstituted amine couphhgsh would allow

the U-bromo nitroalkane more time to undergo alternative mechanistic pathways.
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Table 19. Temperature Variations of the Monosubstituted Amine Coupling

H,N Ph
5 mol% NIS, O,
NO, Me KoCOs HO N_ _ph
Ph/\( 10 " DME,0°C,6h Ph/\ﬂ/ h
B 1.2 equiv
r (0] 15 Me
9
entry temperature (°C) BNA : dinitro : amide % yield
1 0 0:13:87 67
24 0 0:3:97 63
3 rt 0:6:94 76
4P rt 0:7:93 67

@ Reaction warmed to rt after 30 minutes, ° reaction was run for 24 hours.

With the goal in mindeing to reacta better understanding of what was actually
occurring during the course of the disubstituted amine coupling reaction, the reaction was
evaluatéd over a 48 hour reaction tim8ince the conversion ratios were not accurately
reflecting the amount of produddormed, an individual reaction was set up for each

reaction time point, and the product was isolated to achieve an accuratd gta&R().

Table 20. Reaction Time Evaluation for Disubstituted Amine Couplings

Me
MmN e 20 mol% NIS, O, [
K,CO3, H,0

H N Me
NOz 3 equiv > ~
P oo DME, 0°C, Xxh "
O g7

entry time (h) BNA : dinitro : amide % yield
1 1 17 :14:69 36
2 2 4:25:71 40
3 5 4:26:69 43
4 14 9:14:77 43
5 30 2:18:80 40
6 48 0:24:76 41

Interestingly, the reaction appeared to reach its optimum yield at 5, hours
revealing thathe reaction was occurring much faster than originally thought. The ratio of
the Ubromo nitroalkane to product and dinitroalkane aisyedconsistent in entries-3,

proving that the observed ratio is not an accurate depiction of actual product dormati
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Entries 46 also show a significant trend, as the observed ratio seems to indicate
increased product formatipsomethingvhich is not observed in the isolated yield. This
suggests the possibility that both the dinitroalkane andH{@mo nitroalkanenight be

undergoing further reactive pathways or decomposition.

The possibility of theJ-bromo nitroalkane undergoing some type of alternative
mechanistic pathway was investigated by subjecting (ixeomo nitroalkane to the
coupling conditions withouthe amine coupling partner. After 48 hours, dromo
nitroalkane remained and the cruté NMR appeared very messy with no identifiable
products. The amine donor was then added to the same reaction mixture, but no product
was observed. This seems to suppthe theory that theJdbromo nitroalkane is
undergoing some type of decomposition or alternative reaction patHeeying to
intermediates that will not convert to the desired amide pro@uctethese alternative
pathways were not easily identifiablbe goalthenbecameto investigatanethods for
speeding up the desired amide synthesis regataaher than preventing the undesired
pathways, so thahe maximum amount df-bromo nitroalkane would reattefore it

could be consumed by the alternatpaghway.

One possibility for speeding up the desired amide synthesis reagtisno
determine whether the reaction was stalling due to one of the necessary reagents
becoming unavailable. This was investigated by running a series of disubstituted amine
couplings, with each variation having one of the necessary components present in excess
(Table21). In entry 5 it was observed that an increase in the amount of NIS present in the

reaction led to a substantial increase in yield (57% up from 43%), which seemed to
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indicate that a higher coantration of NIS was necessaryetosure increased amounts of

catalytic turnover of iodonium thielpspeed upghe reaction

Table 21. Excess Reagent Screen for Disubstituted Amine Couplings

Me
Me” SN Spe 20 mol% NIS, O, r
H K,CO3, H,0

N Me
NOz 3 equiv > ~~
Ph/\( b DME, 0°C, 4 h Ph I
87

Br
9

entry excess reagent? BNA : dinitro : amide % yield
1 None 4:26:69 43
2 K,CO3 (4 eq) 15:12:73 36
3 Amine (6 eq) 3:17:80 37
4 NIS (20 mol%) 6:13:81 30
5 NIS (40 mol%) 0:0:100 57

@ Half the excess reagent was added at the beginning. The second half
was added after 1 hour.

The hypothesis that a greater concentration of NIS was necessary to speed up the
desired reaction pathway was further tested éwaluating the disubstituted amine
coupling reaction at various concentrations of NI8hje22). As the amount of NIS was
increased over the same time scale, an obvious increase in yield was observed. This is
clear evidence that whiléé¢ catalytic disubstituted amine coupling may currently be too
slow to overcome potential degradation pathways of GHgomo nitroalkane, the
stoichiometric disubstituted amine coupling yield can be increased to 61% under an
oxygen atmosdpere. Interestindy, it was also observed that when theaction was
allowed to run for 48 hours, as opposed to a shorter reaction time, a clear decrease in
yield was observed. This could be indicative that the amide product is susceptible to
degradation or alternative ntemistic pathways when it remains under the reaction

conditions for an extended time.
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Table 22. Variations in NIS Equivalents for Disubstituted Amine Couplings

H
ph/\r NO: 3 equiv
101
Br
9

Me

Me” SN e XXmol% NIS, O, r
K5,CO3, H,O N Me
>  py N
DME, 0 °C, XX h /\n/
o
87
entry time (h) mol% NIS % yield

1 2 5 13
2 2 40 51
3 2 100 51
4 4 40 56
5 4 100 61
6 48 5 40
7 48 40 42
8 48 100 47

Although a halogenating agent screen has been done on the monosubstituted amine

coupling, the best performing halogenating agents were tried on the disubstituted amine

coupling in orderto see if the same trend would be obser{fable 23). Unfortunately,

all alternative halogenating agents proved greatly inferior to NIS for disubstituted amine

couplings, even iodine which had performed well in the previous halogenating agent

screen.

Table 23. Halogenating Agent Seen for the Disubstituted Amine Couplings

Me

e 5 mol% X*, O, r
‘ K2CO3, HyO N _Me
uiv DME, 0 °C, 48 h Ph/\ﬂ/
(0]
87
entry X* % yield

1 NIS 39
2 I 21
3 NBP <20
4 Ca(CIO), <20

Other attempts to speed up the catalytisubstitutedamide bond formation
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include saturating the reaction solution with oxygen @ngdorming the NISamine
complex pior to addition,bothof whichresulted in nomprovement irnyield. Attempts to

stop the possible radical degradation pathwayltheomo nitroalkane was undergojng

by addingsmall amounts of radical inhibitoto the reation, resulted in complete
shutdown of the desired and undesired reaction pathways and complete conservation of

U-bromo nitroalkane.

2.3.3 Coupling Examples Featuring ANMe Amino Esters

The synthesis oflisubstitutedamides is an important organic transformation due
to the increasing number of biologically actidealkylated peptidic natural products.
These natural products are also proving to have increased biological activity and
metabdic stability when compared to their ndialkylated counterpartCurrently, the
majority of current methods for synthesizigigubstitutecamides go through an activated
carboxylic acid intermediatdeading to the potential for epimerization, whereas ou
novel amide bond formation chemistry eliminates that possibHibpwever, attempts to
apply umpolung amide synthesis to the formatiorNahethyl peptideshave met with
some resistancdnitial reactions focused on the coupling Bfmethyl phenylalanine
methyl ester andN-methyl alanine methyl ester tan arylglycine bromo nitroalkane
donor. The syntheses of these amino ester derivatives are shSaimeime31.

Scheme31. Synthesis oN-Methyl Amino Ester Derivatives

o o o ]
Me. NaH; Mel NaHCO3; Wash
_—

THF/DMF
reflux, 3d

NaH: Mel

THF/DMF
reflux, 3 d

Mej)Lo/Me HCI Me\l)ko/Me
dioxane

Me” “Boc
103
76% Yield (4.4 g)

o
Me
Ph/\l)]\ o~

Me” “Boc
106

53% Yield (3 g)

HCI

dioxane
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ME;NHz cl-

104
99% Yield

Me\l)ko/Me

Me/NH

105

o o
/\l)k _Me  NaHCO; Wash _Me
Ph o] ———————® Ph (e}

MS;NHz cl-
107
88% Yield

Me/NH
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Initial attemptsfocused on the coupling of thd-methyl phenylalanine methyl
ester salt and the arylglycirgomo nitroalkane donor. However, the reaction mixture
appearedcomplicatedby *H NMR and proved difficult to purify Furthermore, large
amounts of the starting arylglycine bromo nitroalkane were isolated from the reaction
mixture indicating a potentialolv conversion to product. Hypothesizing that the low
conversion might be due to the large excess @ required due to these of the
amino ester salthe coupling was next attempted using the free base amino ester. While
reaction stirring was much impved, the crudéH NMR remained messy and only slight

amounts of potential product were s¢8oheme3?2).

Scheme32. UmAS Couplings Featuriniy-Methyl Phenylalanine Methyl Ester

Boc H
NHBoc Me NIS, O,

(o] (o]
{ K,COj3 (9 eq), H,O |
v, A e K800 -

*HCI £ DME, 0°C, 6 h

Cl Cl
109 3eq \© 110 \©
107
(o]

NIS, O, Boc H

NHBoc l\llle [¢] l\llle
K,CO3 (2 eq), H,O
NO, N ' oM AR L N y oM
Br H DME, 0°C, 6 h o H
Cl cl
109 1.2 eq\© 110 \©
108

Even more surprisingly, it was revealed upon careful purification that the desired
amide product was noformed. hstead, the isolated products proved to be the starting
bromo nitroalkane and an altered form of tNemethyl phenylalanine methyl ester

(Schemes3).

Scheme33. Purification Results for thBl-Methyl Phenylalanine Methyl Ester

Boc _H Boc _H
N 100 mol% NIS, O, N

I\Ille (o]
NO, H/N\_/U\O/Me KaCOs (9 0). Ho0 NO; N
oHCI £
o Br DME, 0°C, 6 h N Br
109 107 3 ;@ 109 111
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As shown in Figure 19, the 'H NMR of the isolated alteredN-
methybhenylalanine methyl ester appeassmilar to the starting'H NMR of
phenylalanine methyl estavith two noticeable exceptions: 1) two rotamers are now
visible in the spectrum and 2) the majority of protons have shifted downfield with the

most noticeable shift belonging to tbigroton.

Figure 19. NMR Comparison oN-Methylphenylalanine Methyl Ester to its Altered Derivative

Ci\Drukex\TOPSPIN\data 'u:'.«l_’;’v.ur.
(o}
N
Me” Y “oMe
Sph
i ) |
)"‘ f\ l ] |
D N |\, 8 = R o i Nkl
IT-323-158 |1 ) t‘:'.lm;'(u\‘rln:’-Mmrlata\.:hm:kljp'.nnE
’i’ o I\I/Ie o
N\)]\ N
Me” Y “ome 27N ToMme
Sph ph
— l - JJA/L_A_"LML _J‘\—AL‘
— T v v v T v v — v v T y v — v v v T
7 6 5 1 3 2 [ppem)

Since the most noticeable shifts appear to béNthée peak and th&-proton, it is
likely that the nitrogen atom now bears an additional substituent that contains no carbons
or protons and is causing the downfield shift. This hypothesis is further supported by the

presence of noNH stretches in the IR and the presencenaf rotamers in théH NMR.
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Based on this evidence, it was hypothesized that the isohsmethylphenylalanine
methyl ester derivative was actually the iodinated form ofNkhmethylphenylalanine
methyl ester. However, this product could not be confirbgdmass spectrometry

analysis.

Once it was establisheithat the desired amide product was not forming when
couplingN-methyl phenylalanine methyl ester, our focus shifted toward the coupling of
the N-methyl alanine methyl ester. Since the free base foirrthe N-methyl alanine
methyl ester proved quite volatile, all coupling attempts used the amino ester salt.
Gratifyingly, this resulted in the isolation of pudemethylalaninemethyl ester amide in
33% vyield (Scheme34). Increasing the amount of,8 to 15 equivalents instead of 5
equivalents to help solubilize the additionaldO; resulted in a substantial loss in yield
(13%). This is likely due to #h excess water allowing the mixture to become too
biphasic. Increasing the reaction time to 3 days instead of 6 hours also resulted in no
improvement in the yield (34%).

Scheme34. Formation of theN-Methyl Alanine Methyl Ester Amide

Boc H Boc H
N7 Me O 100 mol% NIS, O, SNT Me O

| |
NO, ., ;’l < Mo KeCOs(9ea) HoO N\E)I\O/Me
Br N 3 eq DME, 0°C, 6 h 8 e
cl 109 104 cl 112

33% yield
3 days: 34% yield

Further optimization of this coupling was attempted by increasing the equivalents
of amine salt and ¥CQO;. An increase to 4quivalents of amine salt and 9 equivalents of
K,CO; was tried over reaction times ranging from 6 to 48 holiable 24, entries 13).

The best yield for this coupling was consistently obtained using 4 equivalents of amine

salt, 9 equivalents of ££O;, and a 21 hour reaction t&{41%, averaged over 2 runs).
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Table 24. Optimization ofN-Methylalanine Methyl Ester Coupling

Boc _H

NHBoc o, o) 100 mol% NIS, O, N I\I/Ie o)
/©)\(N02 e . o Me K2CO3, H;0 - /©)\”/N\=)J\O/Me
Br Me DME, 0 °C, XX h 0 Me
cl 109 104 cl 112
entry eq amine eq K,COy rxn time yield (%)
1 4 9 6h 25
28 2n e
3 4 9 48 h 25
4 6 12 6h 23
5 6 12 18 h 25
6 6 18 18h 9

Unfortunately, further increasing the equivalents of the amine salt ZD@:#o0 6 and 12
equivalents respectively resulted in a loss in yi@lab{e 24, entries 4 and 5). Increasing

the amount of KCO;to 18 equivalents in the hope thatMbuld increase the amount of

the amine salt being deprotonated resulted in a significant loss in yield due to the reaction

mixture becoming too heterogeneotialjle24, entry 6).

Considering that amide product could be obtained fromNimethyl alanine
methyl ester coupling and not from tNemethyl phenylalanine methyl coupling, it was
hypothesized that the side chain of tlkenethylamino methylesters was significantly
affecting the yield of the reaction. This was a likely possibility as the reaction mechanism
is dependent on the ability of the nitronate to perform a substitutiondisubstituted
nitrogen atom $cheme35). Since that would be a difficult substitution to begin with, it
would be unsurprising that as the substituents on the nitrogen atom become more bulky

the yield of the reamin would lower.
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Scheme35. Potential Intermediates in Disubstituted UmAS

Boc / Boc /

Boc /H Boc\ ,H
Br K2C03 NIS \)J\ E— \)l\
| OMe
Q ) oN Br g o
Me” OMe

N \)]\ cl cl
Me” Y OMe
R

This hypothesis was tested through the usdl-afethyl glycine methyl ester in
the coupling to allow for the complete eliminationtbé side chainN-methyl glycine

methyl ester was synthesized as show8dheme36. The stoichiometric coupling of the

Scheme36. Synthesis oN-Methyl Glycine Methyl Ester

NaH, Mel TFA/DCM

I i I
—_— —_—
g0 N on THF, it 2. \)J\ TFA-HN\)J\

13 114 15
71% yield 99% yield

p-ClAryl bromo nitroalkane antl-methyl glycine methyl ester resullein a56% yield
under oxygen$cheme37). Attempts to further optimize this reaction through increased
reaction times or increased equivalents of amine salt resulted in a loss in yieldh8ince
amine salt proved highly hygscopic, the coupling waattempted withH,O as the
solvent in the hogs that once the nitronate was generated it would prove soluby®in H
Unfortunately, this resulted in no product formation and the isolation of the starting

bromo nitroalkane.

Scheme37. Formation of theN-Methyl Glycine Methyl Ester Amide

Boc H Boc( /H
Me O 100 mol% NIS, O, M
NO, TFA-HN\)J\O/Me KoCO3 (9 eq), HO \)J\
Br 3eq DME, 0°C, 6 h (0]
cl cl
109 115 116

56% Yield
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Overall, a clear trend can be observed that as the side chain bfrtethyl

amino ester increases in bulk, the yield of UmAS decreases significantly to the point

where thedesired amide pduct can no longer be formetdlaple 25). Even in the cases

shown where product can be formed, the yield is moderate to low whem

stoichiometric amounts of NI&re employedThis seems to indicate thdtmethylamino

esters are not currently ideal candidates for UmAS under catalytic conditions.

Unfortunately, attempts to form the desifdanethyl amino ester amides under standard

UmAS stoichiometric conditions resulted venlower yields thanthoseseen under

catalytic conditions.

Table 25. The Effect of the Side Chain on CoupliNgMethylamino Esters

Boc H - Boc H
cl ~
he O 100 mol% NIS, O, N7 Me O
NO, Me;N . O/Me K,CO3 (9 eq), H20= /©)\'(N\=)J\O/Me
Br F={ © [¢] F={
o 3eq DME, 0°C,6 h o
109
entry R yield (%)
1 -H 56
2 -Me 33
3 CH,Ph 0
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Chapter 3

Experimental

All reagents and solvents were commercial grade and purified prior to use when
necessary. Tetrahydrofuran (THF) was dried by passage through a column of activated
alumina as described by GrubBsThis was done to accurately quantitate the amount of

water in each reaction. NIS was recrystallized from dioxang/CCl

Thin layer chromatography (TLC) was performed using gtesked silica gel
(250 um) plates, and flash chromatography utilized-230 mesh silica gel from
Scientific AdsorbentsProductswere visualized by UV light, iodine, and/or the use of

ninhydrinsolution.

IR spectra were recorded on a Thermo Nicolet IR100 spectrophotometer and are
reported in wavenumbers (&n Compounds weranalyzed as neat films on a NaCl plate
(transmission). Nuclear magnetic resonance spectra (NMR) were acquired on a Bruker
DRX-400 (400 MHz) or a Bruker AVI#600 (600 MHz) spectrometer. Chemical shifts
are measured relative to residual solvent peaks sdeanal standard set to 7.26 and 77.1
for CDClk. Mass spectra were recorded on a Thermo Electron Corporation MAT- 95XP
Trap mass spectrometer by use of chemical ionization (CI), electron impact ionization
(El) or electrospray ionization (ESI) by the Indsatniversity Mass Spectrometry

Facility, or on a Synapt hybrid quadrupole/b@F mass spectrometer equipped with a

*pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,Gighnometallics 996
15, 15181520
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dual chemical ionization/electrospray (ESCI) source by Vanderbilt University Mass
Spectrometry Facility. A posicquisition gain correction as applied using sodium

formate or sodium iodide as the lock mass.

80 Percentage Mass Spectrometry Calculation

Contributions to the [M+2] mass peak include f@)and the natural abundance of
M(*C,) and 2E°N). Their contribution is removed from the findD percentage by the

following calculation:

(*°0 ion intensity)x(predictefO i on natural abundance in th

=180 jon intensity expected in the unlabeled compound

(*®0 ion intensityi (*20 ion intensity expected in the unlabeled compound) = corrected

80 ion intensity

(Corrected'®0 ion intensity) / (CorrectefO ion intensity +:°O ion intensity)x100 =

XX% 80

N o DOWEX-50 X 4 N N N s
0% Y0 Na' W T H 48h, rt 187 #0” Na® 1897 1607 Na® 1607 160" Na® | -O~y

Preparation of %0,-Labeled Sodium Ntrite (30)

Following the procedure developed by Yang and Goldbeagoundbottomed flask was
charged with H*°0 (0.5 mL, 27.8 mmol) via syringe and cooled to 0 °C. Sodium nitrite
(109 mg, 1.58 mmol) and dry, activated DowsxX4 (30 mg) were added, and titesk

was sealed with a glass stopper and parafilm. The reaction mixture was allowed to stir at
room temperature for 48 h, using pH paper to confirm reaction completion (pH less than
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4). The reaction mixture was filtered to remove DovX4 and brought t@H 11.8
with NaOH powderH,O was removed via short path distillation under reduced pressure
to give®O,-labeled sodium nitrite as a solid (79.5 mg, 69%)e °0O enrichmentin

NaN*®0, was not determined.

NaN'80,, phloroglucinol

B o 18
ph r > Ph/\/N O,

DMSO

80-(2-Nitroethyl)benzene(**0-Labeled 32

NaN*®0, (110 mg, 1.51 mmol) was added to a solution of the bromide (155 mg, 837
pmol) in DMSO (2.8 ml, 0.3 M), followed by phloroglucinol (116 mg, 921 umol). The
mixture was stirred at room temperature for Z'de resulihg solutionwaspoured into

ice water and extracted with EBE£. The organic layer was dried, filtered, and
concentrated. The residue was purified by flash column chromatography on silica gel
(5% ethyl acetate in hexanes) to give the nitroalkane as aesdaril (82.7mg, 64%R}=

0.40 (20% EtOAc/hexanedRR (neat) 3065, 3032, 2920, 1527, 1340’ NMR (400

MHz, CDCl)l 7.357.31 (m, 2H),7.30:7.27 (m, 1H),7.227.20 (m, 2H)4.62 (t,J= 7.6

Hz, 2H), 3.33 (tJ = 7.6 Hz, 2H);**C NMR (100 MHz,CDCl) ppm 13%.7, 128.9, 18.6,

127.4, 762, 33.4; HRMS (Cl): Exact mass calctbr CgH13N,°0,[M+NH,4]*169.0976
found 169.09643.1%; CgH13N,'°O™®O[M+NH,]*171.1014 found 171.101726.9%;
CgH1aN, %0 [M+NH,]7173.1056 found 173.105170.1%. Overall 83.6% *0O

incorporation (=1/2(26.9)+70.1).
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NEO 1. KOH, MeOH/H,0 Ph/\/wgoz
2 .
Ph7 N 2. Bry, CH,Cly, -78 °C I8

180-(2-Bromo-2-nitroethyl)benzene(*20-Labeled 9)

The nitroalkane (78.8 mg, 508umalNas added to a solution of KOH (28.5 mg, 508
pmol) in 25% MeOH:HO (1.2 mL) and allowed to stir until the nitroalkane completely
dissolved. The reaction was cooled-82 °C and transferred to a separatory funnel. A
solution of bromine (81.1 mg, 508 pmol) in DCM (2.5 mL) was cooled/&°C and
quickly added to the sepmory funnel, which was shaken vigorously until the orange
color disappeared. The reaction mixture was extracted with DCM, dried over /MgSO
filtered, and concentratéd. The residue was purified via flash column chromatography
(2-3% ethyl acetate in hexanes) afford the Ubromo nitroalkaneas a colorless oil
(95.0mg, 80%).IR (neat) 3066, 3032, 29, 1538 133 cm’; 'H NMR (400 MHz,
CDCly) § 7.37-7.3 (m, 3H), 7.227.19 (m, 2H),6.04 (dd,J = 8.2, 6.1 Hz, 1H), 3.76 (dd,
J=14.6, 8.2 Hz, 1H), 3.51 (dd,= 14.6, 6.1 Hz, 1H)**C NMR (100 MHz,CDCl;) ppm
133.3, 12, 1291, 128.4, 79.2, 43; HRMS (CI): Exact masscalcd for
CsH1BrN2 O [M+NH 4] *2470322, 3.3%;CsH1,BrN,° 0¥ 0O[M+NH4]*249.0195, 29.1%:;
CsH1BrN, 0, [M+NH 4] 251.0220, 67.7% Overall 82.2% ®0 incorporation

(=1/2(29.1)+67.75§?

20Only the nominal masses match with the calculated values. Thel&tiiare good for the relatives ratios.
They are not internally calibrated since Nkhs will not ionize perfluorokerosene. €id too aggressive to
make a stable Kion for nitro compounds. HNSZomes off as a neutral loss easily.
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NIS
K,CO3, H,'80 N

NO. HoN Ph N Ph
ph/\( 2 TN > ph/\n/ N~
: THF,0°C,2d :

Br Me

Amide 15 Prepared Using>99% H,'%0

A 15 mL roundbottomwas charged with a solution &fbromo nitroalkang30.8 mg,
134 pmol) dissolved in THF (0.67 mL}S)-U-Methylbenzylamine (20.7 pL, 161 pumol)
was added via microsyringe, and the reaction was cooled to 6I@l potassium
carbonate (37.0 mg, 267 pmahd NIS (30.1 mg, 134 umol) were added, followed by
H,'®0 (13.4 pL, 669 umol).The reaction mixture was allowed to stir for 48 h at
0°C.Anhydrous MgS® was added, and the reaction mixture was diluted with
dichloromethanefiltered, andconcentrated. The selue was purified via flash column
chromatography (20% ethyl acetate in hexanes) to afford the amide as a yellow solid
(24.5 mg, 76%)R=0.35 (40% EtOAc/hexanes$pectroscopidata (IR,’H NMR and

13C NMR) was in complete accorwith that previously georted® HRMS (ES): Exact
mass calcdor CyeH1gNO[M+H]" 240.1388 found240.1389. The labeled product was not

observed by mass spectrometry, indicating <{@incorporation.

NIS

H
N80, H,N Ph K,CO3, H,O N Ph
Ph/Y 2 M2 ~ - F,h/\n/ ~

Br Me THF,0°C,2d 180 Me

Amide 15 Prepared Using 82%*0-Labeled U-bromo nitroalkane

A 15 mL round bottom was charged with a solutiort®af-labeledU-bromo nitroalkane
(20.0 mg, 85 pumol) dissolved in THF (430 pl¥)-U-Methylbenzylamine (13.2 pL, 103
pmol) was added via microsyringe, and the reaction was cooled t&0%@ potassium

carbonate (23.6 mg, 171 umol) and NIS (19.2 mg, 85 umol) were added, followed by

*NordstramL. U.; Vogt, H.; Madsen R.J. Am. Chem. So2008 130, 1767217673.
79



distilled HO (7.7 uL, 427 umol)The reaction mixture was allowed to stir for 48 h at
0°C.Anhydrous MgS® was added, and the reaction mixture was dilutedh wi
dichloromethane, filtered, antbncentrated. Theesidue was purified via flash column
chromatography (20% ethyl acetate in hexanes) to afford the amide as a yellow solid
(15.8 mg, 76%)R=0.35 (40% EtOAc/hexanesdpectroscopic data (IRH NMR and
13C NMR) was in complete acodmwith that previously reported fofO-amides® but two

IR carbonyl peaks are present at 1644 and 1629 dhe *C NMR also showed the
presence ot®?0 and*®O carbonyl peaks with th€O peak shifted upfield approximately
0.03 ppm. Integrationof these two peaks indicated around a 22 incorporation.
HRMS (Cl): Exact mass calcd for 1£13NO[M+H]"240.1383 and
Ci16H1eN"®O[M+H] *242.1425, found 240.1605 and 242.16BHe relative intensities of
these two peaks and their natural abundances were used to determine A017%

incorporation.

80 Percentage Mass Spectrometry Calculation:
(834168 1. 62)13514 100 =
1793 6 13514= 165832

(165832/(165832834168 ) | 10% = 17 %
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NIS, H,0

N0, H,N___Ph Ph

Ph/\r 2 2 ~~ > Ph/\n/ ~~

B Fie THF, 0°C, 2 d y
5eq

Amide 15 Prepared Using®0-Labeled U-bromo nitroalkane and Excess Amine

A 15 mL round bottomed flask was charged with a solutiort®eflabeled U-bromo
nitroalkane(20 mg, 85 pumol) dissolved in THF (430 pl(5)-U-Methylbenzylamine (55

pL, 427 umol) was added via microsyringe, and the reaction was cooled to 0°C.NIS (19.2
mg, 85 pmol) was added, followed by distilledCH (7.7 pL, 427 pmol).The reaction
mixture was allowed to stir for 48 h at 0°@nhydrous MgSQ@ was added, and the
reaction mixture was diluted with dichloromethane, filtered, apndcentrated. The
residue was purified via flash column chromatography (20% ethyl acetate in hexanes) to
afford the amide as a yellow solid (14.2 mg, 709%)=0.35 (40% EtOAc/hexanes);
spectroscopic data (IR'H NMR and **C NMR) was in complete accdrwith that
previously reporteé, but two IR carbonyl peaks are present at 1648 and 1627 Ehe

3%C NMR also showed the presence'®® and*®0 carbonyl peaks with th#O peak
shifted upfield approximately 0.03 ppm. Intagion of these two peaks indicated a 49%
80 incorporation HRMS (CI): Exact mass calcd fori&:sNO [M+H]* 240.1383 and
Ci16H1eN™®0 [M+H]" 2421425, found 240.1592 and 242.163he relative intensities of
these two peaks and their natural abundances were used to determine A049%

incorporation.

30 Percentage Mass Spectrometry Calculation:
(510360 | &86%2) / 100 =
497908 1 8268 = 489640
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(489640/ (4896405 1 036 0) )49%®¥01 00 =

N0, H,N___Ph NIS, Hy'®0 Ph
Ph/Y 2 T2 ~~ - F,h/\n/ ~

THF,0°C, 2d

Amide 15 Prepared Using *?0-Labeled U-bromo nitroalkane/H,®0 and Excess
Amine

A 15 mL round bottom was charged with a solutiort®af-labeledU-bromo nitroalkane

(20 mg, 85 pmol) dissolved in THF (430 pL()S-U-Methylbenzylamine (55 pL, 427
pmol) was added via microsyringe, and the reaction was cooled tiNG8G19.2 mg, 85

pumol) was added, followed by AfO (7.7 pL, 427 pumol).The reaction mixture was
allowed to stir for 48 h at 0°C.Anhydrous MgHS®as adeéd, and the reaction mixture

was diluted with dichloromethane, filtered, and concentrated. The residue was purified
via flash column chromatography (20% ethyl acetate in hexanes) to afford the amide as a
yellow solid (14.2 mg, 70%)R=0.35 (40% EtOAc/heanes):spectroscopic data (IRH

NMR and**C NMR) was in complete acadmwith that previously reportegbut two IR
carbonyl peaks are preseat 1649 and 1629 cm The *C NMR also showed the
presence ot°0 and*®0 carbonyl peaks with th€O peak shifted upfield approximately

0.03 of these two peaks indicated around a 48%incorporationHRMS (Cl): Exact

mass calcd for GH1gNO [M+H]* 2401383 and @H1gN*°O [M+H]* 2421425, found
240.1592 and 242.1637. The relative intensities of these two peaks and their natural

abundances were used to determine a #@incorporation.
30 Percentage Mass Spectrometry Calculation:

(510334 j =826®82) / 100
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497933 1T 8267 = 489666

(489666/ (4896665 1 033 4) ) (0100 = 49%
N80, H,N Ph NIS, H,O H Ph
Ph/\g \,\; degassed THF, 0°C,2d Ph/:g/ \M/e

5eq

Amide 15 Prepared Using®0-Labeled U-bromo nitroalkane, Excess Amine, and
Degassed Solvent

A 15 mL round bottom was charged with a solutiort®af-labeledU-bromo nitroalkane

(9 mg, 39 pmol) dissolved in degassed THF (190 |{§)-U-Methylbenzylamine (24.8

pL, 192 umol) was added via microsyringe, and the reaction was cooled to 0°C.NIS (8.7
mg, 39 pumol) was added, followed by distilled® (3.5 uL, 192 pmol). The reaction
mixture was allowed to stir under argon for 48 h at 0°C.Anhydrous Mg&® added,

and the reaction mixture was diluted with dichloromethane, filtered, and concentrated.
The residue was purified via flash column chromatography (28¥yl acetate in
hexanes) to afford the amide as a yellow sol&5nfg, 70%). R=0.35 (40%
EtOAc/hexanes)spectroscopic data (IRH NMR and*C NMR) was in complete accor

with that previously reported but two IR carbonyl peaks are present at 1654 and 1629
cm®. The'®*C NMR also showed the presenceé ¥ and*®0 carbonyl peaks with tH€O

peak shifted upfield approximately 0.03 ppm. Imédigpn of these two peaks indicated
around a 58%°0 incorporation.HRMS (H): Exact mass calcd for 1gH.sNO [M]*
2391310 and GgH17N*®0 [M]* 2411353, found 239.1287 and 241.1323e relative
intensities of these two peaks and their natural abundances were used to determine a 66%

130 incorporation.
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80 Percentage Mass Spectrometry Calculation:

(10660544 j 1.62) / 100 = 172701

209070944 1 172701 = 20798243

(20798243/ (207982431066 054 4) ) | 200 = 66 %
180, NIS )

Amide 15Prepared Using Degassing antfO, Gas

The U-bromo nitroalkan€28.5 mg, 124 pmol) and amine (19 pl, 149 pjnokre added

to a 10 mL rounéottomed flask (flask A) and sealed with a septwmapped with
parafiim. K;CO; (34.3 mg, 124 pmol), NIS (27.9 mg, 124 umaind HO (11.2 ul, 620
pmol) were added to a second 10 mL rodrwdtomed flask (flas B) in a solution of
THF (620 ub), which was subsequently sealed with a sepadwrapped with prafilm.

Both flasks were degassed using three 80 minute feemgthaw cycles. A balloon
(that had been evacuated and purged 3 times with nitrogen) was added to flask B, and
80, gas was added directly to flask B through the septum until the ballooriuiias
inflated The contents of flask A were transferred to flask B via dry microsyringe in one
portion. The reaction was alleed to stir at 0 °C for 16./Anhydrous MgSQwas added,

and the reaction mixture was diluted with dichloromethane, fid{eaadconcentrated.
The residue was purified vidlash columnchromatography(20% ethyl acetate in
hexanes) to afford the amide as a yellow solid (20.1 mg, 68%60.35 (40%
EtOAc/hexanes)spectroscopic data (IRH NMR and**C NMR) was in completaccod

with that previously reported but two IR carbonyl peaks are present at 1654 and 1624

84



cm™*. The®*C NMR also showed the presence"¥ and'®0O carbonyl peaks with thH&O
peak shifted upfield approximately 0.03 of these two peaks indicated around 809%
incorporation. LRMS (El): Exact mass calcdor CigHi7NO[M]™ 239.1305 and
Ci16H17N'®0O[M] * 241.1347 found239.20 and 241.2The relaive intensities of these two

peaks and their natural abundances were used to determine’&8B&orporation.
80 Percentage Mass Spectrometry Calculation:

(180492 § 292462) |/ 100 =

904618 1 2924 = 901694

(901694/(901694+ 80492) ) o100 = 83 %

General ProcedureA: Amide Synthesis Using an Ammonium Salt

K>CO; (3.2 equiv)was added to the suspension of the ammoniung{lsaliequiv)and the
U-bromo nitroalkang1.0 equiv, 0.2 M) ifTHF andH,0 (5.0 equiv) ab °C, followed by
NIS (1.0 equiv). Theeaction mixture was stirred at @ for 2 d. The resulting mixture
was diluted with dichloromethane and filtered to remow®. The filtrate was

concentrated and subjected to purification by flash column chromatography on silica gel.

General ProcedureB: Optimized Amide *®0-Labeling using a 1 mL-Dram Vial

The Ubromo nitroalkang1 equiv) and amine (1.2 equiv) were added to a 1 mL glass

screw cap vial (vial A), followed by addition o8 (5 equiv) and KCO; (2.0 equiv with

free amines and 3.2 equivivh ammoni um sal t s) . THF (200 ¢
which was subsequently sealed with the screw cap (containing a silicone septum) and
parafil med. NI'S (1 equiv) in THF (200 e€L)

vial (vial B) and sealed withhe silicone septum screw cap and parafilmed. Both flasks
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were degassed using three 80 minute frgemapthaw cycles. Once degassing was
complete, vial A was refrozen in liquid nitrogen. The NIS solution in vial B was
transferred to vial A via dry micreyringe in one portion. Once the transferred solution
had frozen, thé®0, regulator needle was inserted through the septum, and the entire
system was placed under high vacu(@d@5 Torr). The vacuum was turned off, and the
180, gas regulator was opened dllow its entry to the system under static vacuum, and
until the regulator pressure gauge remained steady. The reaction was warmed to O °C and
allowed to stir overnight. If the pressure gauge needle dropped while the reaction was
warming, additionaf®0, gas was added to allow the needle to return to its previously
stable state. Following a 16 to 44 h reaction tiar@ydrous MgS@was added. The
reaction mixture was diluted with dichloromethane, filtered, and concentrated. The

residue was purifiedia flash columrchromatography

100 mol% NIS,'80 H
NO. HoN Ph 2 N Ph
Ph/\r ’ 2 \r K2CO3, H0 Ph/\ﬂ/ h
Br Me THF,0°C, 16 h 80 Me

80-Labeled 2-Pheny+N-(1-phenylethyl)acetamide(**0-Labeled 15)

Following General Procedure, Bhe U-bromo nitroalkan€26.1mg, 113 pmol) and amine

(17.3 pl 136 umol) provided the amde after flash column chromatograpt0%o ethyl
acetate in hexanes) as a white soRd.{ mg, 7%). R=0.35 (40% EtOAc/hexanes);
spectroscopic data (IR'H NMR and **C NMR) was in complete accdrwith that
previously reporteé, but a shift in the IR carbonyl peak from 1645to 1624 avas
observed. Th&’C NMR also showed the presence'#® and*®O carbonyl peak wiit the

80 peak shifted upfield approximately 0.03 of these two peaks indicated around a 71%

%0 incorporation. LRMS (El): Exact mass calcdor CigHi/NO[M]* 239.13 and
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CieH17N*O[M]* 241.13 found 239.20 and 241.20The relative intensities of these two

peaks and their natural abundances were used to determine’&i8€6rporation.
80 Percentage Mass Spectrometry Calculation:

(489962 | T9WB®2) [/ 100 =

1807239 1 7937 = 1799302

(1799302/ (17993024 8 9 9 6 2 ) 979%¥01 0 0

100 mol% NIS,1802 H
HoN K,CO3, H,O N
NO. 23, M2
ph/\/ 2 - P
B THF,0°C, 20 h 180
)

180-Labeled N-Cyclohexyl2-phenylacetamide(*0-Labeled 39)

Following General Procedure, Bhe Ubromo nitroalkan€30.1mg, 131 pmol) and amine

(18 ul, 157umol) provided the amide after flash column chromatograf@ys(ethyl
acetate in hexanes) as a white sofl@.% mg, 78%). R= 0.11 (20% EtOAc/hexangs)
spectroscopic dataH NMR) was in complete accord with that previously reporfeal.
shift in the IRcarbonyl peak from 1638 c¢hto 1620 crit was observed. THEC NMR

also showed the presence'®® and'®0 carbonyl peaks with tH€O peak shifted upfield
approximately 0.03 of these two peaks indicated approximately#@%ncorporation.
LRMS (El): Exact mass alcd for CigH1gNO[M]* 217.15 andCieH1gN*®O[M]* 219.15
found 217.20 and 219.20The relative intensities of these two peaks and their natural

abundances were used to determine a #@incorporation.

*Chan, W. K.; Ho, C. M.; Wong, M. K.; Che, C. Nl. Am. Chem. So2006 128 1479614797.
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80 Percentage Mass Spectrometry Calculation:

(163531 j 20928) / 100 =

601428 1 2093 = 599335
(599335/(599335¢ 6353 1)) j¥0o100 = 79%
O\( 100 mol% NIS, 80, Q/H
NO, H,N_ _Ph KoCOs H0 N_ _Ph
B 7\; THF,0°C,17h 180 jM/e

180-LabeledN-(1-Phenylethyl)cyclohexanecarboxamid€ ®0-Labeled 40)

Following General Procedure, Bhe U-bromo nitroalkan€28.7mg, 129 pmol) and amine
(29.7 pl, 155umol) provided the amide after flash column chromatografg$o(ethyl
acetate in hexanes) as an -wffite solid @4.5 mg, 81%). R=0.25 (20%
EtOAc/hexanes);spectrogmio data fH NMR) was in complete accord with that
previously reported A shift in the IR carbonyl peak from 1644 ¢no 1623 crit was
observed. Th&’C NMR also showed the presence'® and*O carbonyl peak with the
80 peak shifted upfiel@pproximately 0.03 of ttse two peaks indicated arounds%
80 incorporation. LRMS (El): Exact mass calcdor CigH1gNO[M]* 231.16 and
Cle-,ngNmO[M]+ 233.17 found231.25 and 233.30he relative intensities of these two

peaks and their natural abundameeere used to determine a 65% incorporation.
30 Percentage Mass Spectrometry Calculation:
(95132  13mW4) | 100 =

180814 1 1370 = 179444

55 Vora, H U.; Rovis, T. J. Am. Chem. So2007, 129, 1379613797.
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(179444/ (1794449513 2) ) | *a00 = 65%

OMe

Boc _H
N7 o, @ 100 mol% NIS, 180, ©
NO, cl H3N\)J\ K2CO3, H0 7 o]
e OMe > " H H\)J\
Br iPr THF, 0°C, 44 h SN v OMe
MeO | H
80 'Pr

1

Boc

180-Labeled-N-Boc-4-OMe-PhenylglycineVal-OMe (**0-Labeled 41)

Following General Procedure ,Bthe Ubromo nitroalkane(40.6 mg, 10& mo | ) and
ammonium salt of valine(21.7 mg, 13 mo | ) provi ded t he di |
diastereomer) after flash column chromatography (2884l ecetatein hexanes) as a

viscous oil (27.6 mg, 8%). R=0.32 (30% EtOAc/hexanesA shift in the IR carbonyl

peak from 1664 cthto 1645 cni was observed. ThEC NMR 0 and®0 carbonyl

peaks were too close to approximate 1@ incorporation HRMS (ESI): Exact mass

calcd for CogHaoNoNaOs [M+Na]*417.2002and CyoHaoN,NaGs0 [M+Na]* 419.2059
found417.1995and 419.2036he relative intensities of these two peaks and their natural

abundances were used to determine a #&incorporation.
80 Pecentage Mass Spectrometry Calculation:
(46161 j 316703 / 100 =
145922 1 1671 = 144251

(144251/ (14425146 161) ) { ¥a00 = 76%
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OMe

Boc _H
N7 0o 100 mol% NIS,0, 7 o

- o+ = H
NO, Cl HSN\)J\ K,CO3, H,0 Ho A~ N\)]\
" “OMe N/\n/ " “OMe
= THF, 0°C, 44 h | =
Br Pr Boc O 'Pr
MeO

N-Boc-4-OMe-PhenylglycineVal-OMe (41)

Following General Procedure ,Athe U-bromo nitroalkane (23mg, 61¢ mo | ) thea n d
ammonium salt of valine(12.3 mg, 73.Z mo | ) provided t he di |
diastereomer) after flash column chromatography (20% ethyl adgetdiexanes) as a

viscous oil (17.8 mg, 24).[ (%37 € 1.0, CHCL); R=0.32 (30% EtOAc/hexanedR

(film) 3321, 2965, 2930, 2362, 1740, 1664, 1612, 16ii" 'H NMR (400 MHz,

CDCl) & 7.30 (d,J = 8.0 Hz, 2H), 6.87d, J = 8.4 Hz, 2H), 6.30 (br s, 1H), 5.§Br s,

1H),5.13(br s, 1H) 4.54(dd,J = 8.8,4.8 Hz, 1H), 3.7%s, 3H),3.73(s, 3H) 2.06(qqd, J

= 6.8, 6.8, 5.0 HAH), 1.41 (s, 9H), 0.76 (d = 6.8 Hz, 3H), 0.71 (d,) = 6.8 Hz, 3H);

13%C NMR (150 MHz, CDGCJ) ppm 172.1, 170.2, 159.5, 128.4, 13458.0, 56.93, 55.2,

52.2, 31.3, 31.1, 29.6, 28.2, 18.17.3; HRMS (ESI): Exact mass calcd for

CaoH30N2NaOs [M+Na]*417.2002 found 417.2001
Cl

o) 100 mol% NIS, 180,

© Ph
2 o
. R
NO,  ClI H3N\)J\N OMe KoCO3 H,O H\N/‘\n/N\)]\NJin/OMe
: H THF, 0°C, 24 h | = H
al Br (e}

Me o] Boc '80 Me

80-Labeled-N-Boc-4-Cl-Phenylglycine Ala-Phe-OMe (**0-Labeled 42)

Following General Procedure,Bvith an additional base wash (satdueousK,COs)
after chromatography, tHébromo nitroalkan€39.9 mg, 105 umol) and ammonium salt
(36.2 mg, 126 umol) provided the amide after flash column chromatograpk0¥30

ethyl acetate in h&nes) as a white solid (31.4 mg, 58%); spectroscopic HathlNIR,
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13C NMR, and IR) was in complete accord with that previously repéftadshift in the

IR carbonyl peak from 1643 chto 1625 crit was observed. THEC NMR *°0 and'®0

carbonyl peaks were too close together to approximaté®encorporation. HMBC

NMR analysis confirmed the identity of th80-labeled carbonyl at 169.5 ppHRMS

(ESI): Exact mass calcd for CyeH3CINsNaOg[M+Na]'540.1877 and
Co6H3:CIN3NaOs' ®O[M+Na]*542.1862, found 540.1837 and 542.19Zhe relative
intensities of these two peaks and their natural abundances were used to determine a 93%

180 incorporation.
30 Percentage Mass Spectrometry Calculation:

(12293 | 33%R7) /| 100 =

156806 1 3967 = 152839
(152839/ (152839 +#012293)) j 100 = 93%
H9
IH4'
H6 H3 H7 I | H
- M J e, — IV -
; 1
' . 2
c2 Z ﬁ [

Cl
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HMBC Analysis (Carbonyl Assignments):

C8 correlates to H6 and H9 indicating it is the ester carbonyto@®lates to H3 and H4
indicating it is likely the unlabeled amide carbonyl, as the labeled amide carbonyl should
not correlate to H4. C2 is likely to be the labeled amide carbonyl peak as it weakly
correlates to H3 dunot H4. The carbamate carbonyl didg Boc group only shows one
potential correlation to H1 when the spetrum is highly magnified. This weak signal is
likely due to the broad nature of both the carbon and proton shifts. A correlation between
the labeled amide carbonyl (C2) and H1 cannotlearky identified, which is also likely

due to the broad nature of both the carbon and proton shifts. The shift of the carbamate
carbonyl of the Boc group is also much further upfield than the ester and amide carbonyl

peaks, which is to be expected.

OMe

Ph © Ph
o] 100 mol% NIS, 80, ~ y o)
- o+ =
NO,  Cl H3N\)J\N OMe KoCO3 H,O H\N/'\H/N\)J\N OMe
E H THF, 0°C, 24 h | : H
Br Me (e] o
MeO

Boc\N/H

Boc '®0 Me
80-Labeled-N-Boc-4-OM e-Phenylglycine Ala-Phe-OMe (**0-Labeled 43)
Following General Procedure,Bvith an additional base wash (satd} K.CQO;) after
chromatography, the-bromo nitroalkang¢41.6mg, 111 pmol) and ammonium sa(B8.2
mg, 133umol) provided the amide after flash column chromatograp@¥o(ethyl acetate
in hexanes) as a white soli@l7(7mg, 49%); spectroscopic data NMR, **C NMR, and
IR) was in complete accord with that previously reporfedhift in the IR @rbonyl peak
from 1647 cnt to 1630 cnl was observed. ThEC NMR %0 and*®O carbonyl peaks
were too close to approximate tH© incorporation. HMBC NMR analysis confirmed

the identity of the®O-labeled carbonyl at 170.2 pptRMS (ESI): Exact mass al for
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CoH3sN3NaO; [M+Na]™536.2372 and C,7H3sNsNaGs'°0 [M+Na]* 538.2432 found
536.2352 and 538.2407The relative intensities of these two peaks and their natural

abundances were used to determine a &%ncorporation.
80 Percentage Mass Spectrometry Calculation:

(6168 j 5379) / 100 =

45097 1 370 = 44728
(44728/] (44728 +®»H168)) j 100 = 88%
H9
| i
B N . ) _n_JLi_
1

"

c2

L

a0
©;

T
e

LE]

u—u———-—-\-—u.u——u-—u-w-—'—“lL o
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T T T
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HMBC Analysis (Carbonyl Assignments):

C8 correlates to H6 and H9 indicating it is the ester carbonyl. C5 correlates to H3 and H4
indicating it is likely the unlabeled amide carbonyl, as the labeled amide carbonyl should
not correlate to H4. C2 and the carbamate carbonyl shift of the Boc froughown)

show no correlations, which is likely due to the broad nature of the carbon and proton

shifts. C2 is likely to be the labeled amide carbonyl due to the other carbonyl shift being
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much higher upfield (155 ppm), which would be expected for theacaate carbonyl of

the Boc group and not the amide.

OMe
Py a-, 8 o NIS, K,CO4 © 0

b S5

N-Boc-4-MeO-PhenylglycineAla-Phe-OMe (43)

Following General Procedure Ahea-br omoni t roal kane (20. 0 mg,

ammonium salt of the AlRhed i pepti de (18. 0 mg, 60. 0 ¢e&mol

(single diastereomer), aftBdash column chromatograph$@% ethyl acetate in hexanes),

as a white solid (19.7 mg, 72% [ (]]-38.1 € 2.2 CHCk); R=0.17 (40%

EtOAc/hexanes); mp =17880°C; IR (film) 3282, 2927, 1651, 1512, 1247, 1169 tm

'H NMR (600 MHz, CDCJ) & 7.25 (m, 5H), 7.09 (d] = 6.6 Hz, 2H), 6.85 (d] = 9.0 Hz,

2H), 6.60 (br s, 1H), 6.36 (d,= 7.8 Hz, 1H), 5.66 (br s, 1H), 5.06 (br s, 1H), 4.80 (ddd,

= 6.6, 6.6, 6.6 Hz, 1H),.45 (dg,J = 6.6, 6.6 Hz, 1H), 3.78 (s, 3H), 3.70 (s, 3H), 3.12 (dd,

J=13.8, 6.0 Hz, 1H), 3.03 (dd,= 13.8, 6.6 Hz, 1H), 1.42 (s, 9H), 1.22 {d= 7.2 Hz,

3H); 3C NMR (150 MHz, CDG)) ppm 171.6, 171.4, 170.2, 159.6, 155.1, 135.7, 130.0,

129.2, 128.6128.5, 127.2, 114.4, 80.1, 58.2, 55.3, 53.3, 52.3, 48.8, 37.7, 289, 17.

HRMS (ESI): Exact mass calédr Co7H36N3O,[M+H] "514.2548, found 514.2552.
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Cl

Boc _H
N~ 0 100 mol% NIS, 80,

-+ [ j
NO, Cl H3N\)J\ K,CO3, H,O < o)
M OMe > u H “\)j\
H DME, 0 °C, 21 h ~
Br N Y oM
Cl Me/\Me /\ﬂ/ H ©

I =
Boc 80 X
Me/\ Me

80-Labeled-N-Boc-4-Cl-PhenylglycineVal-OMe (**0-Labeled 44)

Following General Procedure B, h ebrordo nitroalkane(70 mg, 184 ¢mol) and
ammonium salt of valine(37.1 mg, 221 € mo | ) provi ded t he
diastereomer) afteflash column chromatography(Q® ethyl acetatén hexanes) as a
yellow solid (44.7 rg, 60%). Spectroscopic datdH NMR, **C NMR, and IR was in
complete accord with that previously report€d shift in the IR carbonyl peak from
1661 cni to 1646 crit was observed. ThEC NMR *°0 and*®0 carbonyl peaks were
too close to approximate th€O incorporation.HRMS (ESI): Exact mass kca for
C1H27CIN,NaOs [M+Na]* 421.1506and C1gH,7CIN,NaO, 20 [M +Na]* 423.1485 found
421.1495 and 423.1495The relative intensities of these two peaks and their natural

abundances were used to determine an ¥&¥ncorporation.

Cl

Boc _H
N~ 100 mol% NIS, 80,

(¢]
NO, CI_ H;N\)J\ K2003, Hzo ~ (o]
: one = § H\)J\
H o H N
N Br \/Me DME, 0°C, 21h \']l/\n/ v OoMe

Me

80-Labeled-N-Boc-4-Cl-Phenylglycine Leu-OMe (*%0-Labeled 45)
Following General Procedure,B t -bremo Witroalkane(70.0 mg, 184 emol) and
ammonium salt of alanind40.1 mg, 221 € mo | ) provided t he

diasteeomer) afte flash column chromatography(® ethyl acetatén hexanes) as a
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yellow solid (59.2 mg, 7). Spectroscopic datd NMR, **C NMR, and IR was in
complete accord with that previously report€d\ shift in the IR carbonyl peak from
1661 cm' to 1645 crit was observed. ThHEC NMR '°0 and'®0O carbonyl peaks were
too close to approximate th€O incorporation.HRMS (ESI): Exact mass kca for
Co0H29CINNaOs [M+Na]* 435.1663and CaoHo9CIN,NaO, 0 [M +Na]* 437.1642 found
435.1633 and 437.1655The relative intensities of these two peaks and their natural

abundances were used to determine a $2%ncorporation.

Boc _H
Ng . 0 100 mol% NIS, 80, ©
NO, cl HaN\)l\ KaCOs, Hz0 E i
: OMe = H : H\)]\
H DME, 0 °C, 21 h ~
B
o r N/\ﬂ/ B OMe

80-Labeled-N-Boc-4-Cl-Phenylglycine PheOme (°O-Labeled 46)

Following General Procedure ,B t {bremo Witroalkane(70 mg, 184 ¢mol) and
ammonium salt of phenylalaning7.6 mg, 221 mo | ) provided the
diastereomer) afteflash column chromatography(Q® ethyl acetatén hexanes) as a
yellow solid (37.6 mg, 4%). Spectroscopic datdH NMR, **C NMR, and IR was in
complete accord with that previously report€d\ shift in the IR carbonyl peak from
1661 cni to 1646 crit was observed. ThEC NMR *°0 and*®0 carbonyl peaks were
too close to approximate th€O incorporation.HRMS (ESI): Exact mass calcibr
Co3H27CIN,NaOs [M+Na]* 469.1506and CysH,o7CIN,NaO, 20 [M +Na]* 471.1488 found
469.1485 and 471.1495The relative intensities of these two peaks and their natural

abundances were used to determine a §@incorporation.
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Cl

Boc _H
N~ 0 100 mol% NIS, 80,

-+
NO,  cCl H3N\)J\ K,CO3, H,0 t_ o
7~ “oMe > o Z H\)J\
- Br Me DME, 0°C, 21 h \N/\n/ < OMe

| H
Boc '80 Me

80-Labeled-N-Boc-4-Cl-Phenylglycine Ala-Ome (°O-Labeled 47)

Following General Procedure ,B t {bremo Witroalkane(70 mg, 184 ¢mol) and
ammonium salt of alaning29.8 mg, 221 ¢ mo | ) provi ded t he
diastereomer) afteflash column chromatography(Q® ethyl acetatén hexanes) as a
yellow solid (49.0 mg, 7). Spectroscopic datatl NMR, **C NMR, and IR was in
complete accord with that previously report€d\ shift in the IR carbonyl peak from
1662 cni to 1645 crit was observed. ThEC NMR *°0 and*®0 carbonyl peaks were
too close to approximate th€O incorporation.HRMS (ESI): Exact mass calcd for
C17H23CIN,NaOs [M+Na]* 393.1193and C17H,3CIN,NaO, 0 [M +Na]* 395.1171 found
393.1170 and 395.1194The relative intensities of these two peaks and their natural

abundances were used to determine a #ncorporation.

Boc _H
N7 ., 9 100 mol% NIS, 10, ©
/©)\(NOZ cl H3N\)J\ K>CO3, HO 2 o)
OMe - R
DME, 0°C, 21 h Ho R L
Br N oM
Cl | /\n/ ©

80-Labeled-N-Boc-4-Cl-Phenylglycine Gly-Ome (%0-Labeled 48)

Following General Procedure ,B t 4bremo Witroalkane(75 mg, 198 ¢mol) and
ammonium salt of glycing(29.8 mg, 237 €¢ mo | ) provided t he
diastereomer) afteflash column chromatography(® ethyl acetatén hexanes) as a

yellow solid (43.8 mg, 6%). Spectroscopic datakl NMR, **C NMR, and IR was in
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complete accord with that previously report€d shift in the IR carbonyl peak from
1699 cm' to 1648 crit was observed. THEC NMR *°0 and'®0O carbonyl peaks were
too close to approximate th€O incorporation.HRMS (ESI): Exact mass calcibr
C16H21CIN,NaOs [M+Na]* 379.1037and C16H,:CIN,NaO, 20 [M +Na]* 381.1014 found
379.1035 and 381.1049The relative intensities of these two peaks and their natural

abundances were used to determifd% 20 incorporation.

OMe

Boc _H
N7 100 mol% NIS, 180,

-+
NO, cl H3N\)]\ K2CO3, H0 Z o]
Y OMe L H H\)J\
] DME, 0 ° H N
Br g ,0°C,21h N/\n/ " “OMe
MeO Pr | s

80-Labeled-N-Boc-4-OMe-Phenylglycine Leu-OM e (*0-Labeled 49)

Following General Procedure ,B t {bremo Witroalkane(70 mg, 187 ¢mol) and

ammonium salt of leucing40.7 mg, 224 ¢ mo | ) provi ded t he di
diastereomer) after flash column chromatography (20% ethyl adetdiexanes) as a

viscous oil (37.5 mg, #8). Spectroscopic data'i NMR, *C NMR, and IR was in

complete accord with that previously report€d shift in the IR carbonyl peak from

1664 cmt to 1646 crit was observed. ThEC NMR *°0 and*®0 carbonyl peaks were

too close to approximate th€O incorporation.HRMS (ESI): Exact mass calcibr
CoiHaoNoNaOs [M+Na]* 431.2158and CpiHaN,NaGs*0 [M+Na]* 433.2201 found

431.2141 and 433.2178The relative intensities of these two peaks and their natural

abundances were used to determine a &incorporation.

% Shen, B., Makley, D., Johnstah, N.Nature.201Q 465, 1027.
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Boc _H Boc _H o

cr o
+\)J\ NIS, K,CO3, H,0 H
NO, H;N - N
: OMe THF, 0 °C T OMe
Br S Me (¢] B Me
MeO \( MeO Y

Me Me
N-Boc-4-OMe-PhenylglycineLeu-OMe (49)

Following General ProcedureA, the Ubromo nitroalkangl 25 . 0 mg, 67.0 ¢€n
ammonium sal't of | euci ne (the 4ipeptiden(gingle 8 0 . 4
diastereomer) after flash column chromatography (20% ethyl acetate in hexanes) as a
yellow oil (20.8 mg, 76%)] @] -67.6 ¢ 1.1, CHCk); Rr= 0.17 (206 EtOAc/hexanes);

IR (film) 3319, 2958, 2931, 1743, 1715, 1664, 1612, 1512, 1367 H NMR (600

MHz, CDCk) & 7.28 (d,J = 8.4 Hz,2H), 6.87 (d,J = 8.4 Hz, 2H), 6.18 (d) = 8.4 Hz,

1H), 5.65 (brs, 1H), 5.12 (br s, 1H), 4.60 (ddd= 9.0, 9.0, 4.8 Hz, 1H), 3.79 (s, 3H),

3.72 (s, 3H), 1.57 (ddd, = 13.8, 8.4, 5.4 Hz, 1H), 1.45 (ddii= 14.4, 9.0, 5.4 Hz, 1H),

1.42 (s, 9H), 1.35 (m, 1H), 0.81 (@= 5.4 Hz, 3H), 0.80 (d] = 4.8 Hz, 3H);**C NMR

(150 MHz, CDC}) ppm 173.1, 170.1, 159.6, 155.0, 130.3, 128.5, 114.3, 80.0, 58.1, 55.3,

52.3, 50.8, 41.3, 28.2, 24.6, 22.7, 21.7; HRMS (ESI): Exact massl dalc

CaiHaaNoNaOs [M+Na]* 431.2158 found 431.2137.

Boc _H
N . o 100 mol% NIS,'80, ©
NO, cl H3N\)J\ K2CO3, H0 7 o]
OMe > g H\)J\
I8 DME, 0 °C, 21 h \N/\n/ OMe
MeO |

180-Labeled-N-Boc-4-OMe-Phenylglycine Gly-OMe (*20-Labeled 50)

Following General Procedure Bwith the addition of a satd aq p&0O; wash) t-he U

bromonitroalkang75.0 mg, 200 emol) and ammonium salt of glycine (30mg, 240
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emol ) provi ded tdiastereamerp atgflash cblemn(clsromatggraphy
(30% ethyl acetatén hexanes) as a white solid (29.3 mg%)1Spectroscopic data'l
NMR, **C NMR, and IR was in complete accord with that previously reporeeshift in

the IR carbonyl peak from 1669 €nto 1647 crit was observedThe **C NMR *°0 and
80 carbonyl peaks were too close to approximate'iBeincorporation HRMS (ESI):
Exact mass calctbr C;7H24NNaOg [M+Na]* 375.1532and C17H24N-NaGs %0 [M +Na]*
377.1575 found375.1507 and 377.154The relative intensities of these two peaks and

their natural abundances were used to determine a%#corporation.

Boc _H
g ., 9 100 mol% NIS ©
NO, Cl H3N\)]\ K2CO3, HO ? o)
OMe > ER \)J\
o H N
L DME, 0 °C, 2 d \N/\n/ oMo
MeO |

N-Boc-4-OMe-Phenylglycine Gly-OMe (50)

Following General Procedure fAwith the addition of a satdq NaCO; wash) t-he U
bromonitroalkan€30.0 mg, 80 emol) and ammonium salt of glycine (121g,96¢ mo | )
provided the dipeptide (single diastereomer)raftash column chromatography (@

ethyl acetatén hexanes) as a white solid (9.3 mg¥@3[ {’]-57.3 € 0.95 CHCk); R

= 0.08 (30% EtOAc/hexanesnp 98100 °C IR (film) 3324, 2926, 2853, 1751, 1669,
1612, 1512, 1368, 1248n%; *H NMR (600 MHz, CDCY) § 7.29 (d,J = 8.4 Hz, 2H),

6.88 (d,J = 9.0, 2H), 6.27 (br s, 1H), 5.656r(s, 1H), 5.15 (br s, 1H), 4.07 (dii= 18.6,

5.4 Hz, 1H), 3.97 (dd) = 18.6, 4.8 Hz, 1H), 3.79 (s, 3H3,73 (s, 3H), 1.41 (s, 9HJ’C

NMR (600MHz, CDCk) ppm 170.6, 169.9, 159.7, 130.0, 128.6, 114.3, 80.4, 57.8, 55.3,
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52.4, 41.4, 28.3HRMS (ESI):Exact mass calctbr C;7H24NoNaOg [M+Na]* 375.1532

found 375.1517.

o Ph (o) (e}
H\)J\ Tor PyBOP (1 eq); HOBT (1
N Cl NH 0 y (1 eq); (1eq)
Boc” Y OH ®H NEt; (2 eq) BOC\N OHN , Me
H N\)J\OMe - H r

m DMF (0.25M).48h HN o Me
iz
MeO Me/\Me

OMe

N-Boc-Phe-4-OMe-PhenylglycineVal-OMe (63)

Boc-protected phenylalanine (48.0 mg, 181 umol), PyBQP3 mg, 218 umol), and
HOBt (30.0 mg, 218 pmol) were dissolved in anhydrous DMF (0.22 M) and allowed to
stir for 10 minutes at room temperature. A solution of amine salt (72.0 mg, 218 pmol)
and triethyl amine (91.0 ul, 652 ul) was added, and the reastisrallowed to stir for 48
hours at room temperature. The reaction was quenched wihaAdd extracted with
methylene chloride, dried over MgaCand concentrated. The residue was purified via
flash column chromatograph80% ethyl acetate in hexanes)dfiord the amide as a
white solid (25.6 mg, 26%). J°]-32.3(c 1.5, CHCk); Rr = 0.16 (30% EtOAc/hexangs)

mp 166-170°C; IR (film) 3298, 2966, 2931, 1741, 1695, 1645, 1513, 1459, 1368, 1308
cm’; 'H NMR (600 MHz, CDCJ) § 7.256.92 (m, 9H), 6.79 (d] = 8.7, 1H), 6.71 (dJ =

8.2, 1H), 5.62 (br s, 1H), 5.43 (br s, 1H), 4.51 (#ld,8.9, 5.2 Hz, 1H), 4.43 (br s, 1 H),
3.77 (s, 3H), 3.72 (s, 3H), 3.05 (m, 2 )P4 (qqdJ = 6.7, 6.7, 5.4Hz, 1H), 1.39 (s,

9H), 0.71(d, J = 2.6 Hz, 3H), 0.7qd, J = 2.6 Hz, 3H); *C NMR (600MHz, CDCkL)

ppm 172.0, 170.5, 169.9, 159.3, 155.3, 136.5, 129.3, 129.2, 128.6, 128.3, 126.7, 114.0,
79.9, 57.1, 55.2, 52.2, 52.1, 38.7, 31.4, 28.24, 28.18, 18.7, HRMES (ESI): Exact

mass calcdor CygH3gNsNaO, [M+Na]* 564.2686found564.2694
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Boc _H Boc _H
o]

cr o
+ NIS, K,CO3, HyO H
NO, HaN . - N 5
T OB DME, 0 °C, 6 h Ty OBu
Br X Me (¢] B Me
MeO’ Y MeO Y

Me Me
N-Boc-4-OMe-PhenylglycineLeu-O'Bu (79)

Following General Procedure ,Ahe Ubromo nitroalkang( 2 9. 2 mg, 78. 0 ¢€n
ammonium salt of leucintert-butyl ester (146 mg3 0. 4 ¢ mo | thedipeptoesr i d e d
(single diastereomer) after flash column chromatography (20% ethyl acetate in hexanes)

as a yellow solid (16.9 mg, 48%). 3’ -64.1 ¢ 0.46 CHCk); Rr = 0.20 (206
EtOAc/hexanes)mp 7276 °C; IR (film) 3322, 2964, 2932, 1720, 1667, 1612, 1512,
1368cm™; *H NMR (600 MHz, CDCY) & 7.28 (d,J = 8.4 Hz,2H), 6.86 (d,J = 9.0 Hz,

2H), 6.08 (dJ = 8.4 Hz, 1H), 5.68 (br s, 1H), 5.09 (br s, 1H), 4.48 (ddd 8.4, 8.4, 5.4

Hz, 1H), 3.79 (s, 3H)1.51 (m, 2H),1.45 (s, 9H), 1.40 (s, 9H), 1.36 (m, 1H), 0.81J¢,

6.0 Hz, 6H);**C NMR (150 MHz, CDGJ) ppm 171.9, 169.8, 159.6, 130.2, 128.5, 114.3,

82.1, 55.3, 51.5, 41.6, 29.7, 28.3, 28.0, 24.7, 22.7, 21.9; HRMS (ESI): Exact mdss calc

for Co4H3sNoNaQs [M+Na]* 473.2628 found 473.2624.

NO, NIS, K,CO3, H,O N
Ph H,N » KoL0Os, My
/\l/ 2 \/\OH [ R ph/\n/ \/\OH
Br THF, 0 °C S

N-(2-Hydroxybutyl) -2-phenylacetamide 83)

Following GeneraProcedure AtheU-bromo nitroalkan€30.8mg, 134 pmol) and amine
(9.7ul, 161umol) provided theamideatfter flash column chromatograph424 methanol
in dichloromethangas a off-white solid(20.8mg, 86%). Ri= 0.37 (5% MeOH/CH,Cl,);
mp 5256 °C;IR (neat) 3290, 3063, 3029, 2920, 2850, 1645, 1604, 1583, 1445"€m

NMR (600 MHz, CDCl) & 7.287.26 (m,2H), 7.227.21 (m, 1H), 7.19.17 (m, 2H),
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6.02 (br s, 1H), 3.5@, J = 6.0Hz, 2H),3.49(s, 2H),3.27(dt, J = 6.0, 6.0 Hz, 2H)**C
NMR (600 MHz, CDCl;) ppm 172.5, 134.6, 129.4, 129.0, 12%2.1, 43.5, 42.6, 29,7

HRMS (ESI):Exact mass calcibr C;0H14NO,[M+H]" 180.1019found180.1014

_Boc Boc ,

" o, ekl i IS K005 H:0 \)J\
m Me 7 oMe T ovEocen /©)\”/
c
N-Boc-4-Cl-PhenylglycineN-Me-Ala-OMe (112
Following General Procedure ,Ahe Ubromo nitroalkangl 2 6 . 1 mg, 69. 0 ¢n
ammonium salt oN-methylalanine( 3 1. 8 mg, 2 0 7thedipaptite)(single ov i de
diastereomer) after flash column chromatography283% ethyl acetate in hexanes) as a
clear oil (8.6 mg, 3%). [U}° -125 € 0.2 CHCk); Rr= 0.13(20% EtOAc/hexanes)R
(film) 3320, 2924, 2853, 1745, 1710, 1650, 1489, 1408,1367, &244'H NMR (600
MHz, CDCk)®" § 7.32 (s, #), 6.09 (d,J = 7.2 Hz, 1H), 5.53 (d] = 7.2 Hz, 1H), 5.04 (q,
J= 7.2 Hz, 1H), 3.73 (s, 3H), 2.80 (s, 3H), 1.40 (s, 9H), 1.32 (d,7.8 Hz, 3H);**C
NMR (150 MHz, CDC}) ppm 172.0, 170.0, 154.8, 136.3, 134.2, 129.2, 128.9, 79.9, 54.8,
53.5 52.4, 31.9, 28.3, 14,3HRMS (ESI): Exact mass calcfor C;gH25CINoNaG,

[M+Na]* 407.1350 found 407.1349.

Boc Boc _H Me

HN or o o
L H2 NIS, K,CO3, H,0 |
NOz e oM > N oM
© © DME, 0°C, 6 h °
Br (e]
al cl

N-Boc-4-Cl-PhenylglycineN-Me-Gly-OMe (116)

-

Following General ProcedureA, the Ubromo nitroalkangl 25 . 0 mg, 66. 0 ¢€n

trifluroacetic acid salt oN-methyglycine( 4 0. 1 mg, 1 9 8thedipeptidd prov

" Compound was isolated as a 6:1 mixture of rotamers. Only the major rotamer is reported.
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after flash column chromatography (20% ethyl acetate in hexanes) as a clear oil (13.6 mg,
56%). [ {%-137 € 0.5 CHChk); Rr = 0.21 (30% EtOAc/hexanedR (film) 3416, 3326,

2977, 2930, 1751, 1709, 1656, 1489, 1407, 1867, *H NMR (600 MHz, CDC}) &
7.37 (d,J = 8.4 Hz, 2H),7.33 (d,J = 8.4 Hz, 2H), 5.94 (dJ = 7.8 Hz,1H), 5.59 (d,J =
7.8 Hz,1H), 4.32 (d,J = 17.4 Hz,1H), 3.94 (d,J = 17.4 Hz,1H), 3.73 (s, 3H)2.92 (s,
3H), 1.41 (s, 9H)**C NMR (150 MHz, CDGJ) ppm 1704, 169.1, 155.0, 135.9, 134.3,
129.4, 129.1, 80.0, 54.5, 52.2, 49.9, 36.3, 28IBMS (ESI): Exact mass catt for

C17H23CINoNaQ; [M+Na]* 393.1193 found 393.1174.
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