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Procedure

A. tert-Butyl (R)-1-(methoxycarbonyl)-2-iodoethylcarbamate (2). An oven-
dried 1000-mL, three-necked, round-bottomed flask containing an egg-
shaped Teflon®-coated magnetic stir bar (7 cm long) is equipped with a
rubber septum with a thermometer, a 125 mL addition funnel and an argon
inlet adaptor. The apparatus is purged with argon (Note 1). Keeping a
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positive flow of argon, the septum is removed temporarily and the flask is
charged with triphenylphosphine (Note 2) (32.66 g, 124.5 mmol, 1.3 equiv)
and 400 mL of dichloromethane (Note 3). The solution is stirred at room
temperature and imidazole (8.47 g, 124.5 mmol, 1.3 equiv) (Note 2) is added
in one portion. The resulting mixture is stirred at room temperature for
10 min until full dissolution of imidazole is observed. The solution is cooled
in an ice bath to 0 °C and maintained at that temperature during the
addition of iodine (31.60 g, 124.5 mmol, 1.3 equiv) (Note 2) in four portions
over a period of 20 min. The reaction mixture is stirred in the dark. The
solution is warmed to room temperature, stirred for 10 min, and cooled to
0 °C. The septum is replaced with a dropping funnel (see photo), which is
charged with tert-butyl (S)-1-(methoxycarbonyl)-2-hydroxyethylcarbamate
(1, 21.00 g, 95.8 mmol) (Note4) in 100 mL of dichloromethane. To the
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reaction mixture at 0 °C, the solution of alcohol 1 in dichloromethane is
added drop-wise over 60 min. The resulting slurry is stirred at 0 °C for 1 h,
allowed to warm up to room temperature over 1 h, and stirred at that
temperature for 1.5 h (Note 5). The reaction mixture is filtered through 150 g
of silica gel dry-packed in a 9 cm column using 50:50 ether:hexanes
(~700 mL) as eluent and concentrated under reduced pressure to give 32.5 g
of brown oil, which is purified by column chromatography (Note 6).
Evaporation of the collected fractions provides a colorless oil (26.1 g, 82%)
(Notes 7 and 8), which converts to a white solid in the freezer at —20 °C.

B. tert-Butyl (S)-1-(methoxycarbonyl)but-3-enylcarbamate (3). An oven
dried 250-mL three-necked, round-bottomed flask containing an egg-
shaped Teflon®-coated magnetic stir bar (4 cm long) is equipped with a
reflux condenser fitted with an argon inlet adaptor, a thermometer and a
rubber septum (Note 1) (see photo). The apparatus is purged with argon.
Keeping a positive flow of argon, the septum is removed temporarily and
the flask is charged with zinc dust (11.92 g, 182.3 mmol, 6 equiv) (Note 9).

Dry DMF (20 mL) (Note 10) is then added to the flask via a syringe. 1,2-
Dibromoethane (1.57 mL, 3.42 g, 18.2 mmol, 0.6 equiv) (Note 11) is added
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next to the stirred suspension via a syringe. The mixture is stirred and
heated to 60 °C and stirred at 60 °C for 45 min (Note 12). The mixture is
cooled to room temperature. Chlorotrimethyl silane (TMS-Cl; 0.77 mL,
6.0 mmol) (Note 13) is added via a syringe to the slurry, which is stirred for
40 min at room temperature (Note 14). A solution of tert-butyl (R)-1-
(methoxycarbonyl)-2-iodoethylcarbamate (2, 10 g, 30.39 mmol) (Note 15) in
dry DMF (20 mL) is added via a syringe (Note 16) to the room temperature
mixture of activated zinc, which is then heated in a 35 °C oil bath and
stirred for 60 min. The zinc insertion was judged complete by TLC analysis
(Note 17). After complete zinc insertion, the reaction mixture is cooled to
room temperature, and charged with Pd,(dba); (779 mg, 0.85 mmol,
0.028 equiv) (Note 18) and tri(o-tolyl)phosphine (925 mg, 3.03 mmol,
0.1 equiv) (Note 19). The resulting mixture is cooled to 78 °C. A solution of
vinyl bromide (1 M in THF, 42.5 mL, 42.5 mmol, 1.4 equiv, Note 20) is
added drop-wise via a cannula to the stirred 78 °C suspension. After the
addition of the vinyl bromide is complete, the cold bath is removed and the
reaction mixture is allowed to warm to room temperature with stirring for
12 h (Note 21). The reaction mixture is diluted with ethyl acetate (200 mL)
and transferred to a 1 L Erlenmeyer. Water (200 mL) is added and the
resulting mixture is filtered through a pad of 35 g of Celite™ in a 6 cm
diameter filter funnel. The pad is washed with ethyl acetate (300 mL). The
filtrate and washings are combined and transferred to a separating funnel.
The organic layer is separated. The aqueous layer is extracted with ethyl
acetate (2 x 200 mL). The combined organic layers are washed with brine
(400 mL), dried over anhydrous sodium sulfate, filtered, and concentrated
under reduced pressure to give 8.2 g of brown oil, which is purified by
column chromatography (Note 22). Evaporation of the collected fractions
yields 4.50 g (65%) of a brown oil (Notes 23 and 24).

Notes

1. The submitters conducted this procedure under an atmosphere of
argon.

2. Triphenylphosphine (99 %), imidazole (purity 299 %), and iodine
(purity 299.9%) were obtained from Aldrich and used as provided. An
exotherm of A 7 °C per added portion of iodine was observed by the
checkers.
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The submitters used dry dichloromethane from a solvent filtration
system (Glass Contour, Irvine, CA). The checkers used anhydrous
dichloromethane under inert atmosphere with a sure seal bottle from
Aldrich chemical company, Inc.

The checkers purchased N-(tert-butoxycarbonyl)-L-serine methyl ester
(1) from Sigma-Aldrich. The material was prepared by the submitters
according to the procedure reported by Trost, et al.>

TLC analysis was performed on Merck Aluminum silica gel plates
60 F,5,. Reaction conversion was ascertained using the following
procedure. The reaction mixture was spotted directly on the TLC plate,
which was eluted with (4:1) hexanes/ethyl acetate, and visualized with
254 nm UV light and KMnO, stain after heating: starting material 1 (R =
0.075, a UV inactive and KMnO, active spot); iodide 2 (R, = 0.55, a UV
active and KMnO, active spot).

Iodoalanine 2 is purified on a silica column in a dark place. The crude
residue is absorbed onto 70 g of silica gel, and added to a column
(18.4 cm diameter x 20 cm length), which is packed with a slurry of
360 g of silica (high purity grade Silica gel particle size 230-400 mesh
ASTM, Merck Ltd.) in hexanes (700 mL). An eluent of 5% diethyl ether
in hexanes (~1000 mL) is first flushed through the column to remove the
less polar spot tert-butyl 1-(methoxycarbonyl)vinylcarbamate. The
eluent is switched to 10% diethyl ether/hexanes (~2500 mL) to elute the
iodide (R = 0.55, 4:1 hexanes/ethyl acetate, visualized with 254 nm UV
light and KMnO4 stain on heating).

The reaction performed at half scale provided product in 79% yield.
Todide 2: 'H NMR (400 MHz, CDCL,) §: 1.44 (s, 9 H), 3.51-3.59 (m, 2 H),
3.78 (s, 3 H), 4.48-4.53 (m, 1 H), 5.32-5.38 (broad d, 1H); "C NMR
(100 MHz, CDCl,) d: 7.9, 28.4, 53.10, 53.8, 80.6, 154.9, 170.1; IR (film):
3346.6, 2981.6, 1731.6, 1688.9, 1521.4, 1438.3,1312.9, 1273.2, 12484,
1155.9, 1140.3, 1032.4, 1009.5, 862.9 cm™. HRMS caled for CoH (NIO,
[M+1]: 330.0124. Found: 330.0197. [a]p +42.0 (¢ 1.0, CHCL,). Calcd for
C,HNIO,: C, 32.84; H, 4.90; N, 38.56. Found: C, 33.06; H, 4.82; N, 4.28.
The enantiomeric purity of compound 2 was >98 % by SFC (eluent 10 %
MeOH, pressure 150 bar, flow rate 3 mL/min, injection volume 25 uL
into a 20 puL loop, column AD-H, 25 cm x 5 ym, column temp. 35 °C, t,_
1.68 min); injection of a sample containing an incremental addition of
0.1 mg of the R-isomer (t, = 2.25 min) into 10 mg of S-2 established the
limits of detection to be at least 1:99.
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Zinc dust (particle size <10 uym, >98 %) was purchased and used as
received from Aldrich chemical company.

The submitters used dry DMF from a solvent filtration system (Glass
Contour, Irvine, CA). The checkers used anhydrous DMF under inert
atmosphere with a sure seal bottle from Aldrich chemical company.
1,2-Dibromoethane was purchased from Baker Chemicals and used as
received. The checkers purchased 1,2-dibromoethane from Aldrich
Chemical Company, Inc. An exotherm of A 35 °C and gas evolution
were observed by the checkers after addition was completed.

The submitters used an oil bath kept at 60 °C external temperature once
the exotherm stopped.

TMS-Cl (purity =97%) was purchased from Aldrich chemical company
and used as received.

Evolution of gas was observed after the addition of TMS-CL.

During addition of iodide 2, the round-bottomed flask was covered
with aluminum foil and stirred in the dark until the reaction was
complete, because iodide 2 is light sensitive.

The time for reagent addition varied with reaction scale. In the reported
experiment, the addition was completed over 25 min in order to
maintain the internal temperature below 35 °C.

TLC analysis was performed on Merck Aluminum silica gel plates
60 F,s,. Reaction conversion was monitored by spotting the reaction
mixture on a TLC plate and eluting with 2:1 hexanes/ethyl acetate.
Using 254 nm UV light, consumption of starting material (Rf= 0.7) and
another spot slightly above the base line were visualized.

Pd,(dba), (purity 97%) was purchased from Aldrich chemical company
and used as received.

Tri(o-tolyl)phosphine (purity =97%) was purchased from Aldrich
chemical company and used as received.

Anhydrous THF (50 mL) in a flame-dried measuring cylinder fitted
with a septum was cooled to -78 °C. On cooling, the volume of the THF
contracted to 45 mL. Vinyl bromide gas was bubbled into the THF until
the total volume rose from 45 mL to 48.1 mL yielding a 1M solution.
Employment of vinyl bromide solutions of >1 molar augmented
formation of methyl N-(Boc)alaninate and diminished iodide yield.
Checkers used commercially available 1 M vinyl bromide in THF from
Aldrich chemical company. Methyl N-(Boc)alaninate is removed by
chromatography: TLC R, = 0.21 (9:1 hexanes/ethyl acetate), visualized
as a UV inactive and KMnO, active spot. The checkers stopped the
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positive flow of argon after the addition was completed in order to
avoid any loss of vinyl bromide. Excess pressure is released through a
bubbler connected to the argon inlet adapter. Submitters used a balloon
connected to a three-way stopcock to contain the excess pressure of
vinyl bromide.

Reaction conversion is ascertained on an aliquot of the reaction mixture
(100 pL), which was partitioned between ethyl acetate (200 uL) and
water (500 yL). The ethyl acetate layer was analyzed by TLC using 9:1
hexanes/ethyl acetate as eluant, and the plate was visualized with 254
nm UV light as well as with KMnO, stain after heating: methyl N-
(Boc)alaninate (R, = 0.21, a UV inactive and KMnO, active spot); iodide
2 (R =0.29, a UV and KMnO, active spot); olefin 3 (R = 0.29, a UV
inactive and KMnO, active spot).

Olefin 3 is purified on a silica column. The residue is absorbed onto 30 g
of silica gel. The column (18.4 cm diameter) is packed with slurry of
250 g of silica (high purity grade Silica gel particle size 230-400 mesh
ASTM, Merck Ltd.) in hexanes (1000 mL). Elution with 2% ethyl
acetate /hexanes removes first all non-polar spots. Switching to 7% ethyl
acetate in hexanes (~1500 mL) elutes the product (TLC R, = 0.29, 9:1
hexanes/ethyl acetate), which is visualized as a UV inactive and
KMnO4 active spot on heating.

The reaction performed at half scale provided product in 64% yield.
N-(Boc)Allylglycine methyl ester (3): [a]p +20.2 (c 1.5, CHCL); lit.* [a]p
+18.8 (c 1.0, CHCl,); '"H NMR (500 MHz, CDCl,) §: 1.40 (s, 9 H), 2.41-
2.53 (m, 2 H), 3.70 (s, 3 H), 4.32-4.38 (m, 1 H), 5.04 (br s, 1 H), 5.08 (s,
1H), 5.10-5.12 (m, 1 H), 5.62-5.71 (m, 1 H); ®C NMR (125 MHz, CDCl,)
d: 28.37, 36.86, 52.29, 53.0, 79.94, 119.12, 132.42, 155.27, 172.62; IR (film):
3359.0, 2978.3, 17459, 1715.7, 1505.7, 1437.9, 1366.3, 1249.9, 1162.6,
1051.2, 1022.7, 920.6 cm™; HRMS caled for C,;H,NO, [M+1]: 230.1314;
Found: 230.13867. In lieu of combustion analysis the checkers
determined the purity of N-(Boc)allylglycine methyl ester (98.1%) by
quantitative '"H NMR assay using dimethyl fumarate as a standard.
Attempts to ascertain the enantiomeric purity of olefin 3, as well as the
hydrochloride obtained on treating 3 with HCl gas in dichloromethane,
both were unsuccessful using SFC on a chiral column. To assess
enantiomeric purity, diastereomeric amides were synthesized using
respectively Boc-L-Ala (1.5 equiv), i-Pr,NEt (2 equiv), HATU (1.5 equiv)
(Note 25). The residue was examined by 'H NMR spectroscopy in
CD,CN at 700 MHz and 400 MHz. Incremental addition of (S,S)-6 into
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(S,R)-9 (Note 25) and observation of the methyl ester singlets at 3.691
and 3.697 ppm demonstrated the diastereomers were of >99:1 dr.
Hence, olefin 3 is assumed to be of >98% enantiomeric purity.

Synthetic procedure for making diastereomers (S,S)- 6 and (S,R)-9:

| | Boc HNJ\COZH o J
f HC (9) 5 (1.5 equiv) Jj
— : N~ YCO,Me

oo HATU (1.5 equiv) % 2
Boc HN” ~CO,Me (20 Vol) HsN™ "CO.Me DIEA (2 equiv)  Boc HN

3 4 DCM, rt, o/n (5.5)6

| | Boc HN COzH |

(0]
HCl (9) 5 (1.5 equiv) _
> (1 . N~ “CO,Me
. . HATU (1.5 equiv) 2
Boc HN' ~CO,Me 2DOCVMI HsN' "CO,Me DIEA (2 equiv) BocHN M
7 (20 Vol) 8 DCM, t, o/n (SR)9

(S)-Methyl 2-aminopent-4-enoate hydrochloride (4). Dry HCI gas was
bubbled into a stirred solution of tert-butyl (S)-1-(methoxycarbonyl)but-
3-enylcarbamate (3, 70 mg, 0.30 mmol) in dry dichloromethane at room
temperature. Consumption of SM was observed after 3h (TLC). The
resulting solution was concentrated under reduced pressure to give (S)-
4 as a brown solid: 'H NMR (400 MHz, CD,0D) §: 2.68-2.75 (m, 2 H),
3.86 (s, 3 H), 4.16-4.19 (m, 1 H), 5.27-5.33 (m, 2 H), 5.77-5.81 (m, 1 H).
(R)-Methyl 2-aminopent-4-enoate hydrochloride R-8 was made by an
analogous method as that used to prepare 5-4.

(S)-Methyl  2-((S)-2-((tert-butoxycarbonyl)amino)propanamido)pent-4-
enoate (5,5-6). A stirred solution of Boc-L-Ala (5, 85.1 mg, 0.45 mmol,
1.5 equiv) in DCM (5 mL) was treated with amine hydrochloride (S)-4
(50 mg, 0.30 mmol, 1 equiv), DIEA (77.5 mg, 0.6 mmol, 2 equiv), and
HATU (171.1 mg, 0.45 mmol, 1.5 equiv), stirred at room temperature for
16 h, diluted with DCM (~10 mL) and washed with saturated aqueous
NaHCO,;. The layers were separated. The aqueous layer was extracted
with DCM (~10 mL). The combined organic layers were washed with
brine, dried over anhydrous sodium sulfate, filtered, and concentrated
under reduced pressure to give (5,5)-6 as brown oil, which was
analyzed without further purification. This following spectral data was
provided by the submitters. (S,5)-6: '"H NMR (400 MHz, CD,CN) §&:
1.27-1.28 (d, ] = 7.2, 3 H), 1.44 (s, 9 H), 2.43-2.51 (m, 1 H), 2.53-2.60 (m,
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1H), 3.70 (s, 3 H), 4.06-4.10 (m, 1 H), 4.44-4.49 (m, 1 H), 5.10-5.19 (m,
2 H), 5.63 (br s, 1 H), 5.72-5.82 (m, 1 H), 6.91 (br s, 1 H); (S,R)-9 was
made by the analogous method used to prepare (S,5)-6 using R-8: (S,R)-
9: '"H NMR (400 MHz, CD,CN) §: 1.26-1.28 (d, ] = 7.2, 3 H), 1.44 (s, 9 H),
2.42-2.50 (m, 1 H), 2.53-2.60 (m, 1 H), 3.70 (s, 3 H), 4.05-4.09 (m, 1 H),
4.44-4.49 (m, 1 H), 5.10-5.18 (m, 2 H), 5.62 (br s, 1 H), 5.68-5.81 (m, 1 H),
6.90 (brs, 1 H).

Working with Hazardous Chemicals

The procedures in Organic Syntheses are intended for use only by
persons with proper training in experimental organic chemistry. All
hazardous materials should be handled using the standard procedures for
work with chemicals described in references such as "Prudent Practices in
the Laboratory" (The National Academies Press, Washington, D.C., 2011;
the full text can be  accessed free of charge at
http:/ /www.nap.edu/ catalog.php?record id=12654). All chemical waste
should be disposed of in accordance with local regulations. For general
guidelines for the management of chemical waste, see Chapter 8 of Prudent
Practices.

In some articles in Organic Syntheses, chemical-specific hazards are
highlighted in red “Caution Notes” within a procedure. It is important to
recognize that the absence of a caution note does not imply that no
significant hazards are associated with the chemicals involved in that
procedure. Prior to performing a reaction, a thorough risk assessment
should be carried out that includes a review of the potential hazards
associated with each chemical and experimental operation on the scale that

is planned for the procedure. Guidelines for carrying out a risk assessment
and for analyzing the hazards associated with chemicals can be found in
Chapter 4 of Prudent Practices.

The procedures described in Organic Syntheses are provided as
published and are conducted at one's own risk. Organic Syntheses, Inc., its
Editors, and its Board of Directors do not warrant or guarantee the safety of
individuals using these procedures and hereby disclaim any liability for any
injuries or damages claimed to have resulted from or related in any way to
the procedures herein.
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Discussion

In the field of peptide chemistry, unsaturated amino acids and their
esters are useful starting materials for the synthesis of amino acids,
constrained peptides and peptide mimics. Allylglycine esters have been
used as versatile building blocks for the synthesis of macrocyclic dipeptide
J-turn mimics,* azabicyclo[X.Y.0]lalkanone amino acids,’ the key
intermediate of diaminopimelate metabolism L-tetrahydrodipicolinic acid,’
potent macrocyclic HCV NS3 protease inhibitors,” bicyclic amino acid
substrates for intramolecular Pauson-Khand cyclizations,® and anti-bacterial
cyclic peptides.” The double bond of the unsaturated amino acid has been
functionalized by various chemical processes, including Diels—Alder
reactions,'’ and cycloadditions," cross-metathesis,'? as well as Heck" and
Suziki-Miyaura cross coupling reactions."

Although a variety of methods have provided allylglycinates in
enantiomerically enriched forms,>>® they require often longer reaction
sequences. Diastereoselective syntheses of allylglycinate have been achived
using chiral auxiliaries which may be removed or destroyed,” such as
ephedrine-derived imidazolidinone glycinimides,” menthone-derived
nitrones,"® and camphor-derived glycine derivatives.”**** Enantioselective
approaches to allylglycinate have featured allylation of ketoester oximes
employing chiral bis(oxazoline) ligands,” and allylation of fert-butyl
glycinate using tartrate-derived and Cinchona alkaloid-derived quaternary
ammonium phase-transfer catalysts.””” In addition, allylglycinates have
been prepared from amino acids as chiral educts. For example, glutamate
served as starting material for the syntheisis of allyl 2-(Boc)amino-4-
triphenylphosphonium butanoate, which reacted with various aldehydes
and paraformaldehyde in Wittig-Horner-Wadsworth-Emmons reactions to
yield unsaturated amino acids."® Similarly, ylide from
methyltriphenylphosphonium bromide reacted with o-tert-butyl N-(PhF)
aspartate B-aldehyde to provide protected allylglycinate.* In the context of
our research in peptide mimicry,*> we required an efficient, atom
economical route to enantiomerically pure allylglycine analogues. Building
on the established precedent of zinc-mediated, palladium-catalyzed cross-
coupling reactions of commercially available and inexpensive tert-butyl (R)-
1-(methoxycarbonyl)-2-iodoethylcarbamate,>>**** this extension employs
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vinyl bromide to give effective access to allylglycine in enantiomerically
pure form on multi-gram scale.

The zinc insertion reaction of the alininyl iodide 2 are typically
performed in DMF to thwart the chelation of the ester and carbamate
functions with zinc, which has been suggested to promote B-elimination to
the corresponding amino acrylate, particulary when performed in THF.*
The organozinc intermediate is relatively stable towards air and moisture.
Attempts to perform the related Kumuda coupling using vinylmagnesium
bromide were unsuccessful and resulted in p-elimination affording amino
acrylate. Negishi cross coupling of the alininyl zinc intermediate with vinyl
bromide is effectively mediated by Pd,(dba); and tri-(o-tolyl)phosphine and
has been examined at lower temperature to give the N-(Boc)-allylglycine
methyl ester 3 with improved yield.
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Appendix
Chemical Abstracts Nomenclature (Registry Number)

1,2-Dibromoethane; (106-93-4)
Chlorotrimethylsilane; (75-77-4)
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Vinyl bromide; (593-60-2)
Tris(dibenzylideneacetone)dipalladium(0); (51364-51-3)
Tri(o-tolyl)phosphine; ( 6163-58-2 )

Zinc dust (particle size <10 pm); (7440-66-6)
Triphenylphosphine; (603-35-0)

Imidazole; (288-32)

Iodine; (7553-56-2)
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