SUPPORTING INFORMATION

Total Synthesis of Cyclosporine: Access to N-Methylated Peptides via
Isonitrile Coupling Reactions
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Laboratory for Bioorganic Chemistry, Sloan-Kettering Institute for Cancer Research, 1275 York Avenue,

New York, NY 10065
*Department of Chemistry, Columbia University, Havemeyer Hall, 3000 Broadway, New York, NY 10027
General Information. All commercial materials (Aldrich, Fluka) were used without further purification. All solvents
were reagent grade or HPLC grade (Fisher). Anhydrous THF, diethyl ether, CH,Cl,, toluene, and benzene were passed
through column of alumina and used without further drying. 'H NMR spectra and *C NMR spectra were recorded on a
Bruker Advance DRX-500 MHz or DRX-600 MHz at ambient temperature unless otherwise stated. Chemical shifts are
reported in parts per million relative to residual solvent CDCl; (‘H, 7.26 ppm; *C, 77.0 ppm). Multiplicities are
reported as follows: s = singlet, d = doublet, t = triplet, m = multiplet, comp. m = complex multiplet, app. = apparent,
br s = broad singlet. All C NMR spectra were recorded with complete proton decoupling. Low-resolution mass
spectral analyses were performed with a JOEL JMS-DX-303-HF mass spectrometer or Waters Micromass ZQ mass
spectrometer. High-resolution mass spectral analyses were performed by the MSKCC core facility staff. All reactions
were carried out in oven-dried glassware under an argon or nitrogen atmosphere unless otherwise noted. Analytical
TLC was performed on E. Merck silica gel 60 F254 plates and visualized by UV fluorescence quenching and CAM
staining. Flash column chromatography was performed on E. Merck silica gel 60 (40-63 mm). Yields refer to

chromatographically and spectroscopically pure compounds.
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Preparation of Compounds.

A 0 PN
1) CHCly Me O

H CN B |
" SH* ogn —————— ‘N
BocHN/\n/ 2) BuySnH, AIBN BocHN/\[f OBn
e} 100 °C, PhMe (0]
5 6 (62% yield, 2 steps) 7

Boc-Leu-MeVal-OBn (7). To a solution of leucine thioacid 5 (0.5 mmol, 124 mg) in chloroform (2.5 mL) was added
valine isonitrile 6 (0.5 mmol, 108 mg). The reaction mixture was stirred at ambient temperature overnight then
evaporated at low pressure to give a yellow oil. This residue residue was immediately dissolved in toluene (10 mL),
and then Bu,SnH (2.5 mmol, 0.65 mL) and AIBN (0.5 mmol, 82 mg) were added. The reaction mixture was heated to
100 °C for 30 min. The solvents were evaporated, and the residue was purified by chromatography using hexanes:ethyl
acetate (4:1) as eluent to give dipeptide 7 (134 mg, 62% yield). [a] éo =-76.8° (c = 1.0, CHCl,); '"H NMR (600 MHz,
DMSO-d,, mixture of rotamers, major rotamer reported), d = 7.39-7.32 (5SH, m), 7.00 (1H,d, J=8.1 Hz),5.19 (1H, d, J
=123 Hz),5.05 (1H,d,J =123 Hz),4.76 (1H,d, J = 10.5 Hz), 434 (1H,ddd, J = 4.6,4.6,9.8),291 (3H, s), 2.16
(1H,dddd,J=6.6,6.6,13.2,132 Hz), 1.54 (1H, dddd,J = 6.5,6.5,13.1, 13.1 Hz), 1.39 (1H, ddd,J=5.0, 100, 14.0
Hz), 1.34 (10H, app.s), 1.44 (1H,ddd, J=4.6,8.7,13.5 Hz), 093 3H,d,J= 6.5 Hz),0.81 (3H,d,J=6.5 Hz), 0.80
(3H,d,J = 6.5 Hz),0.75 3H, d, J = 6.7 Hz); C NMR (150 MHz, CDCl,), § = 174.1, 170.7, 155.8, 135.6, 128.6,
128.4,79.5,66.6,61.6,489,42.1,31.0,28.3,27.2,24.5,23.3,21.8,19.8, 18.7; IR (thin film) 2962.1, 1736.6, 1707.7,

1647.9,1497.5 cm™; HRMS (ES+) [M+H]* m/z calculated for [C,,H;N,Os+H]": 435.2859, found 435.2873.

1) CH,Cl,, TFA
2) cyclopentadiene
Me o H,0, HCHO Me O
N N
BocHN : OBn 3) CHCl3, TFA, EtsSiH HCI-HN i OBn
07 P (52% yield, 3 steps) Me Os P

HCl*MeLeu-MeVal-OBn (8). To a solution of 7 (110 mg, 0.25 mmol) in CH,Cl, (3 mL) at 0 °C was added
trifluoroacetic acid (1.0 mL), and the solution was stirred for 30 min. The reaction mixture was evaporated at low
pressure to provide 113 mg of the intermediate TFA salt. The salt was dissolved in H,0 (0.3 mL), and the resulting
homogeneous solution was treated with freshly cracked cyclopentadiene (58 uL, 0.63 mmol) and an aqueous solution

of 37% formaldehyde (30 uL, 0.32 mmol). The heterogeneous reaction mixture was vigorously stirred for 1.5 h, then
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washed with hexanes to remove excess cyclopentadiene and neutralized with 5% sodium bicarbonate solution. The
product was isolated by extraction with dichloromethane. The combined CH,Cl, extracts were dried over magnesium
sulfate and concentrated in vacuo. The residue was purified by flash chromatography to give a mixture of 2-
azanorbornene adducts. To a solution of the 2-azanorbornene adducts in chloroform (2.0 mL) was added trifluoroacetic
acid (0.2 mL) and triethylsilane (0.4 mL). The resulting homogeneous reaction mixture was stirred at ambient
temperature under argon for 10 h. LC-MS analysis of the crude reaction mixture indicated consumption of the starting
2-azanorbornenes. The solvents were removed under reduced pressure. The crude residue was evaporated from a 1:2
mixture of CH,Cl, and hexanes (10 mL) twice, then diluted with 10 mLL CH,Cl,, 30 mL hexanes, and 10 mL 1N HCI.
The layers were separated and the organic layer was washed with 1 N HCI (3 x 5 mL). The combined aqueous layers
were neutralized with sat. sodium bicarbonate then extracted with CH,ClL, (3 x 15 mL). The combined CH,Cl, layers
were then dried over Na,SO,, filtered, and acidified with 20 mL 1.0 N HCI in Et,0. Removal of the solvents afforded
dipeptide 8 (50.7 mg, 52% yield) as an off-white solid. [o] éo =-66.9° (c = 1.0, CH,Cl,); 'H NMR (600 MHz, DMSO-
dg, 74 °C), 6 = 7.40-7.35 (5H, m), 5.19 (1H,d,J =123 Hz),5.13 (1H,d,J =124 Hz),4.78 (1H,d, J= 10.0 Hz), 4.36
(1H,dd,J=5.3,73 Hz),2.99 (3H,s),2.48 (3H, s), 2.30 (1H,ddd,J =6.6,13.1,164 Hz),1.73 (1H,ddd, J=6.7,6.7,
134 Hz), 161 (1H,ddd,J=64,64,139 Hz), 149 (1H,ddd,J=6.5,6.5,134 Hz),1.26 (1H,br s),1.02 3H,d,J =
6.5 Hz),0.87 3H,d,J =59 Hz),0.86 3H,d,J = 6.2 Hz),0.85 (3H, d,J = 6.7 Hz); *C NMR (150 MHz, DMSO-d;), §
=169.3,1689,135.5,128.5,1284,128.3,66.3,62.2,56.2,389,31.5,314,26.3,23.3,22.7,21.8,19.8, 18.6; IR (thin
film) 2961, 2924, 2872, 2850, 2736, 2695, 1739, 1655, 1557, 1469, 1389, 1290, 1189, 1129, 1002 cm™; HRMS (ES+)

[M+H]* m/z calculated for [C,,H,,N,O,+H]*: 3492491, found 349 .2495.

[0}

(0] z Me
- < U
; oNn 1) cHel N
BocHNﬁ(SH + Y oBn BocHN " (" 7 ~oBn
5 2) BugSnH, AIBN 0
Y 100 °C, PhMe \(

9 10 (59% yield, 2 steps) 11

Boc-pD-Ala-MeLeu-OBn (11). To a solution of alanine thioacid 9 (89 mg, 0.43 mmol) in chloroform (2.5 mL) was
added leucine isonitrile 10 (100 mg, 043 mmol), and the reaction mixture was stirred at ambient temperature
overnight. The reaction mixture was evaporated at low pressure to give a yellow oil, which was immediately dissolved
in toluene (10 mL), and then Bu,SnH (0.56 mL, 2.15 mmol) and AIBN (71 mg, 0.43 mmol) were added. The reaction

mixture was heated to 100 °C for 30 min. The solvents were evaporated, and the residue was purified by flash

chromatography using hexanes:ethyl acetate (5:1) as eluent to give the product 11 (103 mg, 59%). [a] 200 =-294°(c=
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1.0, CHCL,); '"H NMR (600 MHz, DMSO-d,, mixture of conformers, major conformer reported), 8 = 7.39-7.33 (5H,
m), 693 (1H,d,/J=79 Hz),5.11 2H,dd, J =12.7,14.3 Hz), 497 (1H,dd,J=4.5,112 Hz),4.46 (1H, ddd, J = 6.8,
6.8,142 Hz),1.81 (1H,ddd,J=4.1,11.1, 149 Hz), 1.59 (1H,ddd,J=45,10.1, 143 Hz), 1.37 (3H, s), 1.12 3H, d, J
=7.0 Hz),0.89 3H,d,J = 6.7 Hz),0.82 (3H, d, J = 6.5 Hz); >*C NMR (150 MHz, CDCl,), § = 173.8, 171.3, 155.0,
135.6,128.6,128.3,128.1,79.5,66.9,55.0,46.7,37.2,314,284,26.8,250,232,21.2,19.1; IR (thin film) 2960.2,
17404, 1649.8, 14559, 1367.3 cm™'; HRMS (ES+) [M+H]" m/z calculated for [C,,H;sN,Os+H]*": 407.2546, found

407.2531.

= Me O =
BocHN/\WN\:)J\OBn 10 % Pd/C, H, BocHN/ﬁ]/ OH
0 = MeOH o]
y Y (100% yield) _ Y

MeO
N

Boc-p-Ala-MeLeu-OH (i). To a solution of dipeptide 11 (80 mg, 0.197 mmol) in methanol (5 mL) was added 10%
palladium on carbon (50 mg), and stirred under a balloon of hydrogen overnight. The resulting mixture was filtered and

evaporated to give acid i (62 mg, 100% yield) as a white solid, which was used in the following step with no further
purification. [a] éo =+13.1° (¢ = 1.0, CHCL,); '"H NMR (500 MHz, CDCL,), 8 = 5.68 (1H,d, J=7.9 Hz),5.16 (1H, dd,
J=7.1,86Hz),4.67 (1H,ddd,J=69,69,140 Hz),1.76 2H, app.t,J =7.0 Hz), 1.41 (10H, app. s) 1.29 3H,d,J =
6.9 Hz),0.95 3H,d, J= 6.7 Hz),0.89 (3H, d, J = 6.5 Hz); *C NMR (150 MHz, CDCl,), 8 = 175.3,174.4,155.3,79.8,
55.3,46.8,37.1,31.6,284,250,23.3,21.2,18.8; IR (thin film) 2957.3, 1748.2, 1658.5, 1516.7, 1368.3 cm™; HRMS

(ES+) [M+Na]* m/z calculated for [C,sH,,N,Os+Na]*: 339.1896, found 339.1892.

Me O

H i -
~ N\)J\ DEPBT, DIPEA, THF, 8 : ! !
BocHN OH ’ ’ ’ - N N
Y : BocHN ™ ™y \.)kN \.)J\OBn
(o] Y (90% yield) o H Me O H
4< /\

Boc-pD-Ala-MeLeu-MeLeu-MeVal-OBn (3). To a solution of dipeptide acid i (32 mg, 0.1 mmol) in THF (5.0 mL) at
—20 °C was added dipeptide 8 (35 mg, 0.1 mmol) and DEPBT (60 mg, 0.02 mmol). The resulting mixture was treated
with DIPEA (18 uL, 0.1 mmol), and stirred at —20 °C for two hours. LC-MS check indicated consumption of the

starting material. The solvents were removed, and the residue was purified by chromatograph using hexanes:ethyl

acetate (2:1) as eluent to give the product 3 (58 mg, 90% yield). [a] 200 =-96.4° (¢ =0.2, CHCl,); '"H NMR (600 MHz,
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DMSO-dg, ~2:1 ratio of conformers), § = 7.38-7.32 (5H, m), 7.12 & 7.09 (1H, 24, 1:2,J =73 & 7.4), 5.39-5.29 (2H,
comp.m),527 & 5.15 (1H,2d,1:2,J =125 & 124 Hz),5.09 & 501 (1H, 2d,2:1,J =124 & 12.5 Hz), 4.37 (1H, app.
ddd,J=70,70,14.1 Hz),2.85 & 2.82 (3H, 2s, 2:1), 2.84 & 2.60 (3H, 2s, 2:1),2.73 & 2.53 (3H, 2s, 2:1), 1.61-1.30
(7H, comp. m), 1.35 (9H, brs), 1.11 3H,d,J =69 Hz),093 (3H, 2d,2:1,/ =65 & 6.4 Hz), 0.88-0.78 (12H, comp.
m), 0.72 (3H, d, J = 6.7 Hz); '3*C NMR (150 MHz, CDCl,;, peaks for BOTH conformers reported), 6 = 173.1, 173.0
1719, 171.0, 170.8, 170.7, 170.6, 169.7, 169.6, 155.3, 1552, 135.6, 135.2, 129.0, 128.6, 128.54, 12847, 128.28,
128.25,128.2,79.64,79.57,66.8,664,64.4,61.7,51.5,51.4,51.0,46.6,38.5,38.0,37.8,37.5,31.1,30.3,30.1, 29.84,
29.82,29.6, 282,275, 27.2,24.73,24.10, 2441, 2436, 234,229, 22.83,22.79,225,223,22.1,220,219, 1938,
19.6, 18.63, 18.60, 18.3, 18.0; IR (thin film) 2959.2, 1737.6, 1642.1, 1456.9, 1367.3 cm™'; HRMS (ES+) [M+H]" m/z

calculated for [C;sHssN,O,+H]": 647.4384, found 647.4380.

0]
DCE, 155 °C (0]
Nﬁ\)J\ y
I OH . on Ot-Bu uwave Ns\)J\N Ot-Bu
) H !
N o (85% yield) _~._ CHOO
12 13 14

N;-Val-(CHO)Leu-O¢-Bu (14). To a solution of azido-valine 12 (29 mg, 0.2 mmol) in 1,2-dichloroethane (1 mL) was
added leucine isonitrile 13 (39 mg, 0.2 mmol). The resulting mixture was heated to 155 °C in the microwave for 40

min, and the solution was evaporated at low pressure to give a crude oil. The residue was purified by chromatograph

using hexanes:ethyl acetate (20:1) as eluent to give the N-formyl dipeptide 14 (58 mg, 85% yield). [a] 200 =4363,(c=
1.0, CHCl,); 'H NMR (600 MHz, CDCl,), 8 9.05 (1H, s),5.02 (1H,dd, J=4.7,9.8 Hz),3.89 (1H,d,J = 7.0 Hz), 2.28
(1H,dddd,J=6.7,6.7,13.3,20.1 Hz), 1.92 (1H,ddd,J=4.8,9.5, 144 Hz), 1.88 (1H,ddd,J=4.6,9.8, 14.5 Hz), 1.38
(10H, app. s), 1.06 (3H,d, J = 6.7 Hz),0.98 (3H,d,J = 6.7 Hz),0.87 (3H,d, J = 6.5 Hz),0.86 (3H, d, J = 6.7 Hz); °C
NMR (150 MHz, CDCl,), 6 170.6, 168.4,161.3,82.2,67.0,52.9,37.2,30.7,27.7,25.2,23.0,21.6, 194, 18 4; IR (thin

film) 2964.1, 2103.9, 1736.6, 1678.7, 1368.3 cm'; HRMS (ES+) [M+Na]* m/z calculated for [C,sH,N,O,+Na]*:

O (0]
Na Ay OtBu  HCOOH Na\/kN/i‘/\OH
Z z |

_A_ CHOO (100% yield) _A_ CHOO
14 i

363.2008, found 363.2010.

N,-Val-(CHO)Leu-OH (ii). Dipeptide 14 (34 mg, 0.1 mmol) was dissolved in formic acid (1.0 mL), and stirred at
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room temperature for 4.0 hours. The reaction mixture was evaporated at low pressure to give dipeptide acid ii (28.4 mg,
100% yield) as an oil. [a] ZDO =+18.7,(c = 1.1, CHCL,); 'H NMR (600 MHz, CDCl,), 8 = 11.51 (1H, br s),9.14 (1H, s),
525 (1H,dd,J=4.7,9.7 Hz),393 (1H,d,J =8.0 Hz), 2.28 (1H,ddd,J = 6.7, 13.6, 13.6 Hz), 1.98 (1H, ddd, J = 4.7,
95,144),185 (1H,ddd,J =4.6,9.7,144 Hz), 143 (1H, m), 1.09 3H,d,J =6.7 Hz), 1.01 (3H,d,J = 6.6 Hz), 091
(3H,d,J = 6.8 Hz),0.90 (3H, d, J = 7.1 Hz); >*C NMR (150 MHz, CDCl,), § = 175.3, 170.6, 161.5,67.5,51.8, 370,
309,25.1,22.9,21.5,19.3, 18.4; IR (thin film) 2964.1,2104.9,1717.3.6, 1675.8, 1366.3 cm™'; HRMS (ES+) [M+Na]*

m/z calculated for [C,H,,N,O,+Na]": 307.1382, found 307.1371.

HCleH,N-Ala-OBn
\)J\ HATU, DIPEA, DMF \)J\ Qj\osn

/\ CHOO /\ CHOO :
(81% yield)

N,-Val-(CHO)Leu-Ala-OBn (15). To a solution of ii (62 mg, 0.22 mmol) in DMF (1.0 mL) was added HATU (84 mg,
0.22 mmol) and DIPEA (86 uL, 0.5 mmol), and the reaction mixture was stirred for 5 min. To the resulting mixture
was added HCI'NH,-Ala-OBn (43 mg, 0.2 mmol), and stirred for 30 min. The reaction mixture was diluted with ethyl
acetate (10 mL), and washed with brine. The organic phase was dried over MgSO, and evaporated. The residue was
purified by flash chromatography using hexanes:ethyl acetate (6:1) as eluent to give tripeptide 15 (72 mg, 81%) as a
>20:1 ratio of diastereomers. [a] 200 =+154, (c = 2.0, CHCL); '"H NMR (600 MHz, CDCl,, major diastereomer), & =
9.06 (1H,s), 7.39-7.33 (5SH, m), 6.34 (1H,d, J= 6.8 Hz),5.21 (1H,d,J =122 Hz),5.18 (1H, app. t,J = 5.6 Hz), 5.16
(1H,d,J =124 Hz),4.60 (1H,ddd,J=7.1,7.1, 142 Hz),4.16 (1H,d,J =74 Hz) 2.30 (1H,ddd, J = 6.7,6.7, 13.5
Hz),199 (1H,ddd,J=6.7,6.7,13.5 Hz), 1.82 (1H,ddd,J=5.6,9.3,144 Hz), 1 47 (1H, m), 1.40 3H,d,J=7.1 Hz),
1.08 3H,d,J=6.7 Hz), 1.02 (3H, d, J = 6.7 Hz),0.95 (3H, d, J = 6.9 Hz), 093 (3H, d, J = 7.4 Hz); °C NMR (150
MHz, CDCly), 8 = 172.6,171.6, 168.6, 162.2, 135.1, 128.6, 128.5, 128.1, 67.6, 67.3,53.4,48.5,37.8,30.8, 252,230,
21.5, 194, 182, 18.1; IR (thin film) 3347.8, 2962.1, 21029, 1724.1, 1679.7 cm'; HRMS (ES+) [M+Na]* m/z

calculated for [C,,H;N;Os+Na]*: 468.2223, found 468.2200.
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H H | :
_A_ CHOO * CHJCl,, -50 °C ~_Me O =
(62% yield, 2 steps) 16

o (w0 erdiadesrc o ( w O
NG\-)\N/a;N\i)kOBn 2) TH,0, EtySiH NB\,)\N N\)J\OBH
15

N;-Val-MeLeu-Ala-OBn (16). To a solution of 15 (22 mg, 0.05 mmol) in dichloromethane (3 mL) at -50 °C was
added 1-propanol (0.15 mL) and acetic anhydride (7.5 uL). The reaction mixture was treated with lithium borohydride
(75 uL, 0.15 mmol) at =50 °C. After one hour, the reaction mixture was quenched trizma*HCI solution (0.2 M, 1.0
mL), and slowly warmed to room temperature while stirred vigorously until the solution became clear. The resulting
solution was extracted with CH,Cl, (2 x 5 mL), washed with brine, and dried over MgSO,. The solution was
evaporated at low pressure to give the crude. The residue above was dissolved in CH,Cl, (2.0 mL), cooled to -50 °C,
and treated with triflic anhydride (42 pL, 0.25 mmol) and triethylsilane (0.16 mL, 1.0 mmol). The solution was stirred
for two hours, neutralized with 10% sodium bicarbonate solution (1 mL), and extracted with CH,Cl, (2 x 5 mL),

washed with brine, and dried over MgSO,. The solution was concentrated to give a crude residue, which was purified

by flash chromatography using hexanes:ethyl acetate (6:1) as eluent to give tripeptide 16 (13 mg, 62%). [a] 200 =-246,
(c = 0.2, CHCL,); '"H NMR (500 MHz, CDCl,), 8 = 7.38-7.33 (5H, m), 6.51 (1H,d,J =73 Hz),5.18 (1H,d,/J =19
Hz),5.14 (1H,d,J =122 Hz),4.55 (1H,ddd,J=7.1,7.1, 144 Hz),3.52 (1H,d, J = 9.1 Hz),2.97 (3H, 5), 2.29 (1H,
m), 1.73-1.64 (2H comp. m), 148 (1H, app. ddd,J = 6.5, 13.0, 199 Hz), 140 (1H m), 1.36 B3H,d,J=7.1 Hz), 1.1
(3H,d,J=6.7Hz),095 3H,d,J =64 Hz),094 3H,d,J = 6.4 Hz),091 (3H, d, J = 6.5 Hz); *C NMR (150 MHz,
CDCly), 6 = 172.2,171.0, 1699, 1353, 128.6, 128.4, 128.2, 67.2, 64.4,54.7,48.1,36.2, 30.7,30.4, 249, 23.0, 22.0,
19.2,190, 18.1; IR (thin film) 3326.6,2962.1,2097.2, 1743.3, 1680.7 cm™'; HRMS (ES+) [M+Na]* m/z calculated for

[C,,H,,N,0,+Na]*: 4542430, found 454.2441.

o oo PPhg, THF, H,0 o ho©
N N T T HN N
3\:)\1}1 \E)J\OBn (75% yield) 2 \-')J\'T‘ %oan
A Me O ° A Me O °*
16 17

Val-MeLeu-Ala-OBn (17). To a solution of 16 (60 mg, 0.139 mmol) in a mixture of THF and H,O (5.25 mL, 20:1)
was added triphenyl phosphine (73 mg, 0.278 mmol). The reaction mixture was stirred at room temperature overnight
then evaporated at low pressure. The residue was purified by flash chromatography using CH,C1,:MeOH (20:1) as

eluent to give the product 17 (42 mg, 75% yield). The analytical data are identical with the published values.
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1) Boc-MeLeu-OH

o o0 HATU, DIPEA, DMF ) e
H,N N N N
2 \_.)J\l}l \;)J\OBn 2) TFA, CH.Cl, TFA*HN \__)J\r}l \;)J\OBn
A Me O = (85% vyield, 2 steps) Me O ~_ Me O =
17 18

TFAe*MeLeu-Val-MeLeu-Ala-OBn (18). To a solution of Boc-MeLeu-OH (32 mg, 0.129 mmol) in DMF (1.0 mL)
was added HATU (49 mg, 0.129 mmol) and DIPEA (58 uL, 0.344 mmol). The reaction mixture was stirred for 5 min,
and then compound 17 (35 mg, 0.086 mmol) was added, and the mixture was stirred for 30 min. LC-MS check showed
complete consumption of the starting material. The solution was diluted with ethyl acetate, washed with water and
brine, and dried over MgSO,. The solvents were evaporated, and the residue was purified by chromatograph using
hexanes:ethyl acetate (3:1) as eluent to give the Boc-intermediate (46 mg, 85% yield). The intermediate (46 mg, 0.073
mmol) was dissolved in CH,Cl, (0.5 mL), cooled to 0 °C, and TFA (0.5 mL) was added. The resulting mixture was
stitred at 0 °C until the starting material totally disappeared. The solvent was blown down to give the crude

tetrapeptide, which was used without further purification. The analytical data are identical with the published values.

Me O
Me O ¢-(CgHy1)-NC /gr.
SH + \ - = N\)J\
TsOHsHN
BocHN/g( E \)koan CHCI, BocHN T 0Bn

o]
19 20 (80% yield) 21

Boc-Abu-Sar-OBn (21). To a solution of 19 (44 mg, 0.2 mmol) in CHC, (1 mL) was added compound 20 (35 mg, 0.1
mmol) and cyclohexyl isonitrile (38 uL, 0.3 mmol). The reaction mixture was stirred at room temperature for 24 hours.
The solvents were evaporated, and the residue was purified by flash chromatography using hexanes:ethyl acetate (4:1)

as eluent to give the product 21 (29 mg, 80% yield). The analytical data are identical with the published values.

Me O Me O

| Lawesson's reagent |
N\)J\ N\)I\
BocHN OH BocHN SH
CH,Cl,, RT
° 65% yield ©
22 (65% yield) 23

Boc-Abu-Sar-SH (23). To a solution of 22 (27 mg, 0.1 mmol) in CHCI, (1 mL) was added Lawesson’ reagent (22 mg,
0.055 mmol), and the reaction mixture was stirred at room tempeature for 24 hours. The solvents were removed, and

the residue was purified by flash chromatography using hexanes:ethyl acetate (2:1) as eluent to give the product 23 (19
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mg, 65% yield). [a] ZDO =+733, (c =2.0, CHCL,); '"H NMR (600 MHz, CDCl,), 8 =527 (1H,d, J=7.9 Hz),4.62 (1H,
dd,J/=79,13.0Hz),449 (1H,d,J =169 Hz),4.05 (1H,d,/=16.9 Hz),3.17 (3H,s),1.83 (1H, app.ddd,/=6.9,6 9,
13.4 Hz), 1.61 (1H, dddd, J = 7.3, 7.3, 14.6, 14.6 Hz), 1.43 (9H, s), 093 (3H, t, J = 7.4 Hz); °C NMR (150 MHz,
CDCly), 8 = 194.7,173.3,155.6,79.7,58.8,51.3, 36.5,28.3,25.9,9.6; IR (thin film) 3323.7,2974.7, 1707.7, 1648 .8,

1485.99 cm™; HRMS (ES+) [M+Na]* m/z calculated for [C,,H,,N,0,S+Na]*: 313.1198, found 313.1193.

Me O 1) c-(CgH11)-NC
P _CHCl 18
BocHN T S J— CHiCl  TFATHN \)]\ N\)J\ QJ\OBn

(63% yield, 2 steps) Me 0 /\ Me 0 )

B 24

TFAe¢ Abu-Sar-MeLeu-Val-MeLeu-Ala-OBn (24). To a solution of 23 (78 mg, 0.27 mmol) in CHCI; (4 mL) was
added compound 18 (114 mg, 0.18 mmol) and cyclohexyl isonitrile (66 uL, 0.54 mmol). The reaction mixture was
stirred at room temperature for 24 hours. The solvents were evaporated and the residue was purified by flash
chromatography using hexanes:acetone (3:1) as eluent to give the product 24 (85 mg, 63% yield). The analytical data

are identical with the published values.

e HO. Ny,
‘N H§ Me
1) NaOH (ag), EtOH, 0 °C. N N
MeeN' O O Me O O \\FO

2) TFA, CH,Cly, —20 °C, (— 27)

3) ¢-(CgH11)-NC, HOBt © MeN
CHzCly, 70 °C, uwave
N Me M °
(54% yield, 3 steps) # )OK(e(Ji

26

Cyclosporine A (1). To a solution of 26 (14 mg, 0.01 mmol) in ethanol (1.4 mL) at 0 °C was added aqueous sodium
hydroxide (0.2 N, 0.2 mL), and the solution was stirred overnight at O °C until the starting material disappeared. The
reaction mixture was neutralized with acetic acid and evaporated at low pressure. The residue was dissolved in
dichloromethane (5 mL), washed with water then brine, and dried over MgSO,. Finally, the resulting solution was
evaporated to give the intermediate for next reaction. The intermediate was dissolved in CH,Cl, (0.5 mL) and cooled to
—20 °C, then TFA (0.5 mL) was added, and the solution was stirred overnight until the Boc group was completely

cleaved. The reaction mixture was diluted with CH,Cl, (5 mL), washed with saturated NaHCO, solution then brine, and

S9



dried over MgSO,. The solvents were evaporated and the crude residue was dissolved in CH,Cl, (8 mL). Cyclohexyl
isonitrile (6 uL, 0.048 mmol) and HOBt (2.0 mg, 0.015 mmol) in THF (0.3 mL) were added, and the resulting mixture

was heated at 70 °C in the microwave for 16 hours. Finally, the residue was purified by flash chromatography using

CH,Cl,:MeOH (20:1) as eluent to give the product 1 (6.4 mg, 54% over three steps). [a] 200 = -2679, (c = 043,
CHCL,); '"H NMR (600 MHz, CDCl,), 6 = 8.00 (1H,d,J=9.8 Hz),7.62 (1H,d,J = 7.4 Hz), 747 (1H,d, J = 8.3 Hz),
7.16 (1H,d,J =79 Hz),5.70 (1H,dd,J=4.3,109 Hz),549 (1H,d,J = 6.0 Hz), 534 (3H, comp. m), 5.12 (1H,d,J =
109 Hz), 5.06 (1H,t,J=7.1 Hz), 504 (1H,dd,J=74,17.0 Hz), 497 (1H,dd,J=59,9.8 Hz), 483 (1H, ddd, J =
6.7,6.7,13.8 Hz),4.72 (1H,d, J =139 Hz), 4.65 (1H, app. t,J = 9.2 Hz),4.52 (1H,ddd, J=7.3,7.3, 14.6 Hz), 3.79
(2H, m), 3.51 (3H, s), 340 (3H, s),3.26 (3H, s), 3.19 (1H,d, J = 13.9 Hz), 3.11 (6H, br s), 2.70 (3H, s), 2.69 (3H, s),
2.45-2.39 (2H, comp. m), 2.15-2.03 (4H, comp. m), 1.99 (1H,ddd,J=3.9,104, 14.5 Hz), 1.78 (1H, m), 1.71 (1H, ddd,
J=72,139,139 Hz), 1.66-1.58 (9H, comp. m), 1.50-1.21 (4H, comp. m), 1.35 3H,d,J =726 Hz),1.25 3H,d,J =
6.8 Hz),1.07 3H,d,/J=6.5Hz),1.03 3H,d,J=6.6 Hz), 101 (6H,d,J=6.7 Hz),095 (3H,d,J = 6.7 Hz),0.94 (3H,
d,/J=6.7Hz),093 3H,d,/J=65Hz),0.88 (3H,d,J =69 Hz), 087 3H,d,J =62 Hz),0.87 (6H,d, J = 6.5 Hz),
0.86 3H,d,J=7.3 Hz),0.85 (3H,d,J = 6.6 Hz),0.71 (3H, d, J = 6.1 Hz); °C NMR (150 MHz, CDCl,), = 173.81,
173.75,173.53,173.45,171.6,171.3,171.2,1704,170.3,170.1,170.0, 129.7, 126 2,74.7,58.9,57.9,57.6,55.5,55 4,
55.3,50.3,48.7,48.6,48.2,45.1 40.6,39.5, 39.0, 374, 36.03, 36.95, 35.6, 340, 31.5,31.3,31.1, 29.77,29.75, 29 5,
29.3,29.1,254,2490,24 .85,24.6,24.5,239,23.8,23.7,23.4,218,21.1,20.3,199,18.7,184,18.2,18.0,179,17.7,
16.8, 15.9; IR (thin film) 3322.8, 2960.2, 1639.2, 1470.5 cm'; HRMS (ES+) [M+Na]* m/z calculated for

[CeH,, N, ,0,,+Na]*: 12248311, found 1224 .8345.
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c18

UPLC trace of racemic tetrapeptide 3.

xw-cy-8b
1.0e+1
8.0
2 6.0
4.0
2.0
0.0
3.30 3.40 3.50
xw-cy-8b
1.0e+1
8.0
2 6.0
4.0
20 355
0.0
330 340 350
xw-cy-8b
100
L] ES
3.26
[
330 340 350
c18
xw-cy-8e
3.0
25
20
=2
1.5
1.0
5.0e-1
0.0
200 210 220 230
Xw-cy-8e
100
=
214

3.92 4.09
809860 707846

3.60 3.70 3.80 3.90 4.00 410 420

360 370 380 390 400 410 420

360 370 380 390 400 410 420

240 250 260 270 280 290 3.00
274
275
278

240 250 260 270 280 290 3.00

2: Diode Array
Range: 1.159e+1

Area Area%

ig
10196725 809860.44 53.36
11196727 707845.63  46.64

4.70 4.80
2: Diode Array
Range: 1.159e+1

470 480
1: Scan ES+
TIC
1.24e9
Time
470 480

2: Diode Array

Range: 3.52
350 3.60
1: Scan ES+
TIC
6.62e8
Time
3.50 3.60

UPLC trace from DEBPT-mediated coupling to form tetrapeptide 3.
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Date: Fri, Jan 8, 2010 3:31 PM Date: Fri, Jan 8, 2010 11:29 PM

Data: xw-cy-26(n) Data: xw-cy-26(s)1
Processing File: Processing File:

Sampling Int: 0.1 Seconds Sampling Int: 0.1 Seconds
Data: Data:

w
8
@
©
o
8
@
©
o o
3 2
I S
S 5 A
[ T T I
0.0 36.4 0.0 45.0

Chiral HPLC (analytical) trace for natural cyclosporine (left) and synthetic cyclosporine (right).

Date: Sun, Jan 10, 2010 2:05 PM
Data: xw-cy-26(co)

Processing File:
Sampling Int: 0.1 Seconds

Data:

8.215

Chiral HPLC (analytical) trace for coinjection of natural cyclosporine with synthetic cyclosporine.
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