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Solid-phase synthesis of hydroxamic acid based TNF-o convertase
inhibitors'
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Abstract: An acid-sensitive linker for the solid phase synthesis of hydroxamic acids is described. Hydroxamic acid based
TNFa inhibitors have been prepared by solid phase synthesis: derivatisation of N’-[4-(N-oxyamino)-2R-isobutyl-3S-
aminosuccinyl]-L-tert-leucine-N'-methylamide grafted on Sasrin® resin and subsequent acidic cleavage afforded
hydroxamic acids in good yields and with good purity. © 1999 Elsevier Science Lid. All rights reserved.
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Hydroxamic acids are very effective ion chelators. They have been extensively used as zinc binding ligands
in the field of zinc metalloenzyme inhibitors, especially as MMP (matrix metalloprotease) inhibitors. This
approach has led to pseudopeptide and non peptide hydroxamic acids which are potent MMP inhibitors (as
exemplified by Marimastat): several of them have advanced into human clinical trials for the treatment of

cancer, arthritis and corneal ulceration.”®

Marimastat

We have previously reported on the preparation and use of O-2,4-dimethoxybenzylhydroxylamine for the
synthesis of hydroxamic acid based inhibitors of biological interest.

As part of our on-going interest in the design and synthesis of TACE (tumour necrosis factor o convertase'”)
inhibitors, a zinc metalloenzyme, we have been developing effective solid-phase syntheses of these compounds.
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se equivalent of O-2,4-dimethoxybenzylhydroxylamine and its

CiC LIIC 14 Livil v L LIAGHIVA Y

We report here the preparation of 1, a solid
use in solid phase synthesis of TACE and MMP inhibitors 2a-¢, where we have widely varied

uuuuuuuuuu L paaase

multiparallel mode.
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1 ( Sasrin-ONH,) 2a-c 2a: R=R,80,

2b: R= R,CO

2c: R=R,CH,

o Z
We conceived a synthetic route where the R group was introduced in the penultimate step {by robust
1 Ao aaia and dmena then waeia T ool irac rlhmcan fas ite anca
reactions), followed by cleavage of the desired hydroxamic acid from the resin. Resin 1 was chosen for its ease

of cleavage under mild acidic conditions.

For this approach, we required the key intermediaie 3, that couid further be functionalised by
sulfonamide/amide coupling or reductive amination, and finally be cleaved under acidic conditions to give
hydroxamic acids 2a-c¢ (scheme 1).

N S?r'l\H o (M}

PS }— Sasri a0 R
(P8 J—{Sastin O"N)\‘/\( ~CONHMe Ho.N)\/‘\rrN ~~CONHMe
f H gm0 /T\ H RNH O
/ 3 \ 2a-c
b) Acidic a) Acylation or
cleavage reductive amination

Scheme 1
1 was synthesised from SASRIN® resin in a similar way to that described by Floyd and Lewis® using Wang
resin (scheme 2).

OMe OMe
f\—/z\_/o_\/_}_‘ 2 .G ﬁ\—/—i—/oj\_&“—//_\
W A Y oA
1
a) PPh, (8 eq.), DEAD (8 eq.), N-hydroxyphthalimide (8 eq.), CH,Cl,, 72h; b) NH,NH,, MeOH
Scheme 2
We first checked that a highly functionalised carboxylic acid can be coupled with 1 and cleanly cleaved from
the resin to give the corresponding hydroxamic acid: carboxylic acid 4 was reacted with 1 under peptide
coupling conditions to give the corresponding protected hydroxamic acid grafted on resin. Cleavage under mild
acidic conditions (5% TFA/dichloromethane) afforded hydroxamic acid 5§ with good purity as illustrated below

in scheme 3.

H a 0 H b o H
HOZC\/LWNYCONHMe , ﬁJK/(NNYCONHMe - HO. N._-CONHMe
o0 A I H H -~ H

a) Acid 4 (1.5 eq.), resin 1 (1 eq.). EDCI (5 eq.), DMAP (1 eq.), DMF; b) 5% TFA - CH,Cl,, 15 min

Scheme 3
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Intermediate 3 was prepared from D-leucine according to schemes 4 and 5: Triflate 6© was displaced by the
anion of 7 according to Stork’s procedure” to give 8, predominantly as the desired anti diastereoisomer®
(syn/anti ratio: 1/3). 8 was further processed to acid 11.

/< Ph%r"‘cozi"u '/-/\ [
D-leucine _____,Ref 6 : "o b )
10~ CO,Bn — tBquC\&Coan tBuozc\{LCO y
e Ph. N 2
; L L
(el 1}
c ’%1 FraYet 1N vl H i m '/Lll_! ataY VI HI Y PS
— tBquc\_/\n/vauwn e 2 nugu\_/\n/wvuuv Ve
NH o /‘i\ l:n'i‘:l. © /_[\
Fmoc 10 | ~imoC 1 I

a) 7, LDA (1 eq.), THF-DMPU, -78°C, then 6 (1 eq.), 99%, syn/anti ratio 1:3; b) H,, Pd/C, MeOH, 82%, c) FmocCi,
dioxane, aq. Na,CO,; L-tert-leucine methylamide (1.4 eq.), EDCI (1.2 eq.), CH,Cl,; seperation of isomers, 35% from
9; d) TFA - CH,CI, (1:1), 99%

Scheme 4
Coupling of 11 with resin 1 provided the required intermediate 3 after Fmoc deprotection with
piperidine/DMF. Validation of the coupling was assessed by cleavage of 12 with 5% TFA/dichloromethane
which gave hydroxamic acid 13 with good purity (scheme 5).

|
i a QD_S)—EES—MJ‘O‘ )UYNVCONHMe

HONH O Al
1 Fmoc I
12
= i :
O ‘
| E VY 1[ H fafaY YN ¥V PN /—\ f——— O Ll
HO H/\/\n/l \E/uuwnme (PSH Sasrinl—o\ IJJ\)\/HVCONHMe
it NH O - g b iy B ” :
Fmoc /]\ : NH, O /{\
13 3

a) Acid 11 (1.3 eq.), resin 1 (1 eq.), EDCI (5 eq.), DMAP (1.3 eq.), DMF; b) piperidine - DMF 1: 3
) $% TFA - CH,CI;, 15 min.

Scheme 5

With int rmedia.f.: 3 in hand, we were _e_:ady to derivatise _he amino group. Subsequent cleavage of the
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TN a,b L ? R
@— Sasrin %—O‘N,H\E/'\rrN\E/CONHMe - - ”Uﬂ/\‘:/\n,N\;,bUNﬂMQ
H NH, O 4 2 s O AN
3 1 2 2a
a) R,S0,CI (5 eq.), CH,Cl, - pyridine 4:1, ultrasonication; b) 5%TFA - CH,Cl,, 15 min

Scheme 6

Representative examples of sulfonamides are described in Table 1. Quality control (e.g. purity and structure
assignment) was assessed by HPLC with light scattering detection, UV detection at 254 nm and mass
spectrometry. 'H NMR was performed on representative examples to further determine the structural integrity of
compounds 2a.

The reaction proceeded equally well with aromatic and aliphatic sulfonyl

chlorides, in good yields and with good purity (see Table 1). However, bulky 9
aliphatic sulfonyl chlorides (such as isopropylsulfonyl chloride) or hydrolysis- no H)\/\((NYCONHME
sensitive sulfonyl equivalents (such as trifluoromethanesulfonyl anhydride) gave NH, O 4\
mixtures containing the unreacted amine 14. 14
Compound 2a Yield @ MS (ESI) HPLC t,
Entry R=R,SO0, mg (%) (MH") (min)
| n-BuSO, 14 (62) 451 7.6
2 PhSQO, 16 (68) 471 4.8®
3 PhCH,SO, 15 (62) 485 7.8
4 AN 16 (63) 513 7.5
Cr
L,
5 = 11.8 (43) 549 (Br) 8.8
Br\_/ 5 551 (“Br)
6 Ho,C C s0, 13.5(52) 515 6.7
7 o N Me 20.1(73) 549 7.0
Hbl'"‘_'\SJLSOZ
8 iPr 22.3(75 597 12.6
iPr <=§ 80, :
\iPr
9 x-S0, 24.1 (97 497 8.4
g 35,
10 C'_ﬁjTSOQ 14.3 (56) ;;; 53782 8.6
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Similarly, amide formation was performed under ciassical conditions [diisopropyicarbodiimide (6 eq.),

R,CO,H (5 eq), CH,Ci,/DMF, uitrasonication]. Cleavage from the resin with 5% TFA/dichioromethane afforded

the corresponding amides 2b. (scheme 7)

|
0 3 - O H

TN
@SasrinhONMNYCONHMe ’ - HOﬂ/"\s/'\[rN CONHMe
HoONH, 0 Al NH O /lr\
2 ! RCO

=\ A AB o ) P L AT ] S RPN SR || [P O - ~ ~t
a) R,COO0H (5 eq.), diisopropyicarbodiimide (6 eq.), DMF - Ly,

Representative examples of carboxamides are described in Table 2.

Compound 2b Yield ¥ MS (ESD) HPLC ¢,
Entrv TY__ TR M e SO\ A AT TEN £t N
’ rR=R,CO mg (%) {(MH") {min)
) Ph(CH,),CO 18.3 (75) 471 10.5
2 n-HexCO 14.8 (67) 443 10.5
3 N=, 21 (97) 436 5.8
N\ /4
4 N 26.1 (108) 486 6.9
C1)
W
CcO
5 22.6 (93) 485 9.5
6 MeO,C(CH,),CO 23.7 (100) 473 7.5
7 P o 13.1 (54) 488 8.4
g
H
Table
Tn furthar invactionta tha vercatility nf recin 1 we alen fimctinnaliced the amina oroiim of T hyv reductive
AWV Ldiudlwd 113V UOUIE“‘-U LIAN Y WA Jul.LAlLJ WL RWJRRL R VYW GAIV AVLIVIAUIAGAIUWLS LAV (AAAISRIV bl Vut) A WS VJ A WA W R g
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Reductive amination can lead to dialkylation of the amine."” To prevent it, the reaction was performed in

PUSENUN N 03 | R P SRR oY A
iwo blcpb Ublllg LUUK S rcuuuxvc d.uuuauuu pIULCUulU : LulllldtlUll UL tuc lllllllC 111 ulU pleCUL«C Ol

AL RT _TATT AT ot

trlmemyxortnorormate as GCDYGI'ZIUIlg agem and SUDSEQUCDI reduciion wiih excess of INabH;UIN in 1% acetic

acid-methanol (Scheme 8).
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©

NH, O A rNH O A~
3 R, 2c

a) R,CHO (10 eq.), trimethylorthoformate - CH,CI, 1:1, ultrasonication; b) NaBH,CN (20 eq.), 1% AcOH/MeCOH
ultrasonication; ¢) 5% TFA - CH,Cl,, 15 min

Scheme 8
Representative examples of amines are described in Table 3.
Compound 2¢ Yield @ MS (ESI) HPLC t,
pn ™y
Latry R= R,CH, mg (%) (MH") (min)
1 Ph("H 1074 A1 A4
1 1 111 12 1V \TU} TV L VT
2 Br_d\STCHZ 15.8 (63) 505("Br) 10.0
N~ 507 ¢*'Br)
2 tRn 21 6 (104N Al18 5 A
g Luubllz Py WA} \LU—T} LI o s \J
4 /N 25 (100) 497 102
2 WA
5 ,O\I/CHz 25.7(105) 411 5.4
\
6 MeO 23.7 (93) 511 6.2
MeO— )—CH,
U >/\
MeO
7 MeS(CH,), 22.4(107) 419 4.0
8 S _-CH 20.5 (87) 472 8.8
OZN—<\\\—"IJ 2 ( )
9 Cl AN 27.4 (105) 523 (*°C1) 11.2
|
r:g(;)\'/kc_:[-[2 525 ('CI)
10 O O CH, 27 (106) 509 10.2
11 IA\ 25 (108) 465 6.2
P
HO,C~ 7 "CH,
120 cyclohexyl 22 (106) 413 5.2
3@ 3-pentyi 21 (105) 401 4.6

(a) Reduction step: 2x3h with 20 eq. NaBH;CN in 1% AcOH-methanol, uitrasonication.
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The procedure worked well with a wide range of aldehydes. However, with a few aldehydes, we did not
obtain the expected amine, but we isolated the corresponding imidazolinone 17 (respectively 17a and 17b for
phthalimidoacetaidehyde and phenylacetaldehyde).

Formation of 17 was confirmed in solution. Reaction of 15 with phthalimidoacetaldehyde gave
imidazolinone 16a which could not be reduced to the corresponding amine with an excess of NaBH,CN in 1%
AcOH-methanol. Cleavage of  the 24-dimethoxybenzyl group gave the corresponding deprotected
imidazolinone 17a. Similarly, methylthiopropionaldehyde reacted with 15 to give imidazolinone 17¢ after
deprotection of the dimethoxybenzyl group with 5% TFA (scheme 9).

| 0
O 1 v
H N.__CONHMe
DMBO. NVCONHMe XO-N" ™3 hd
N >NH O AN
NH o} /T\ R,
5 16 (X = DMB)
DMB= 2,4-dimethoxybenzyl b 16a; R,= phthalimidomethyl
bz 47 (X = H)
a) R;CHO (10 eq.), trimethylorthoformate - CH,CI, 1:1; 17a: R= phthalimidom thy!; 17b: Rq= benzyl
b) 5% TFA - CH,Cl,, 15 min 17c: Ry= MeS(CH,),- | 17d: R,= ~(CH,),-
Scheme 9

These results"? suggest that during the reductive amination process, reaction of an aldehyde with 3 affords
first the corresponding imidazolinone which is reduced in most cases with NaBH;CN to amine 2¢ after acidic
cleavage from the resin.

The reductive amination procedure was also applied to aliphatic ketones (entry 12 and 13 in Table 3).
However, reduction of the corresponding imidazolinones"*” could only be completed by longer reaction times (2
x 3h with an excess of NaBH.CN in 1% AcOH-methanol). In entry 12 (cyclohexanone), shorter reaction times

led to subsequent amounts of unreduced imidazolinone 17d after cleavage.

In conclusion, we have developed an O-protected hydroxylamine 1 grafted on resin. Coupling of carboxylic
acid 11 (obtained by chiral synthesis) with 1 gave the key synthon 3 after removal of the Fmoc group.
Sulfonamide/amide coupling or reductive amination on 3 followed by mild acidic cleavage gave the
corresponding MMP/TACE inhibitors 2a-¢'® in an m,p.s. (multiple parallel synthesis) mode.

Acknowledgements: We warmly thank Dr. T.G.C. Bird for early work in this area and fruitful discussions.
Many thanks to Mr C. Delvare for recording gel *C NMR spectra of resins.

Experimental

All experiments were carried out under an inert atmosphere unless otherwise stated. Flash chromatography
was carried out on Merck Kieselgel 60 (Art. 9385). TLCs were performed on precoated silica gel plates (Merck
Art. 5715). Melting poims were determined on a Kofler Block or with a Biichi melting point apparatus and are

uncorrected. Proton and “C NMR spectra were recorded on a JEOL JMM-EX400 spectrometer at 400 MHz and

100 MHz respectlvely with TMS as an internal standard. Chemical shifts are expressed in units of § (ppm), and
o fallawe: ¢ at- 4 danhlat- A4 r‘nn‘\‘nf nF Ananhlat: t frin]nt hr ¢ hroad

alr ad
}JCCU\ lllulll})llblllcb CI.AG QA}JIDDD\'U ClD lUllUWD Dy Dlllslbb, U, UUUUVINL, WUu, Uu MUWUVIVL, L, WMipIvL, VL O, ViV
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singlet; m, multiplet. Gel "C NMR was performed on resin swollen in CDCI, (unless otherwise stated), typically
100 mg of resin in 0.5 ml of solvent. Pulse delay was reduced from 2.3 s to 0.7 s. The IR spectra were recorded
with a Bruker Vector 22 FTIR spectrophotometer. Mass SpCLll'd were obtained on a Finnigan SSQ7000 mass

spectrometer by electronic impact (EI) or electrospray (ESI) ionisation techniques. Elemental analyses were
narfnrmoed An a Carla Belha FAT10NR inctriimant TInlace ntharaidon gfatnd LIDT 7 satamtiae fitmanc szrmmn tmmmon o twad
PRLIVIILIOGU ULl d WAllV 1404 1AL LVO DU UBLIICIIL. UILCOD ULILIYWIDL dwalld, i LA TUCHion uiics WEIC measurca
on a 125/4.6 mm Kromasil CH?’ 5 um HPLC {‘thmp eluant: methanol and \xlaterfloélAlcOH; linear oradient from

DG SlOuIvIIY AUl

30:70 to 90:10 for 10 min then 100:0 for 5 min; flow rate 1.5 ml/min, UV detection 254 nm and light scattering.
SASRIN® resin was prepared from chloromethyl-copoly(styrene-1% divinylbenzene)-resin (Merrifield resin,
supplied by Bachem, loading: 0.8-1 mmol/g, crosslinked with 1% DVB, 200-400 mesh) according to Ref 14.

4-(Aminoxymethyl)-2-methoxyphenoxymethyl-copoly(styrene-1% divinylbenzene)-resin 1.
4-(Hydroxymethyl)-2-methoxyphenoxymethyl-copoly(styrene-1% dlvmylbenzene)-resm (SASRIN‘“’ resin) (2.6
n

v mn N T sl s Tvmdimes 1 O smminmd) cxraa csicmondad m ducr aldownfnman £ T a ]\ cmd omedles oo ldmda 1 Lo AN anl

B, Va4 V./ UV E luaumg, 1.0 HHIIUL ) wdd SUSPCHIUCU 111 Ur CINUIULIOI ( 1VUVU ILU} dal l Cllll_y dgllal,t:u 101 DOV Iilill
nnder a blanke{ {}F arann  N-hvdravvnhthalimide (72 71 ¢ 16 6 mmal) and trinhenvinhaoanhinae (4 16 o 1A A
il 4 u;suxx iy ALJM . l\) rllll-llulllllluv \‘.4 {1 5’ AU, I.ll_lllul/ Cring I-LIPIL\-‘I.IJ lPll\JJPlllll\r \_YAJU 5’ AV
mmol) were added. The mixture was stirred for 15 min. at 0°C. Diethylazodicarboxylate (2.6 ml, 16.6 mmol) was
added dropwise and the mixture was shaken for 72 h at room temperature. The resin was collected by filtration,

washed successively with chloroform (3x100 ml), methanol (3x100 ml), dichloromethane (3x100 ml), ether
(3x100 ml) and dried to give 4-(phthalimidoxymethyl)-2-methoxyphenoxymethyl-copoly(styrene-1%
divinylbenzene)-resin. *C NMR (gel in CDCl,): 163.4, 99.1, 74.2, 69.7, 55.4; IR: 1730.

4-(Phthalimidoxymethyl)-2-methoxyphenoxymethyi-copoly(styrene-1% divinylbenzene)-resin (3.6 g, ca. 0.6
mmol/g) was suspended in methanol (100 ml) for 30 min. To this mixture was added hydrazine hydrate (0.77

L The rallantad hy filivratian
1. 14C T8It wWas CoulCied Oy inuation,

0
100 ml Pthv] acetate (3x100
the

mal T& Q s Tha mivthira wwae ctirrad at ranm ta

ml, 15.8 mmol). The mixture was stirred at room temperatur
3

ml)’ ether

ixi (upa b el

liberated

iiidyy GG VS
S was assessed bv titration of
phthalhydraude 0 7-0.8 mmol/g) ’ MR (gelin THF 8). 102.2,75.4, 73.0, 58.1.

N’-[4-(N-Hydroxyamino)-2R-isobutylsuccinyl]-L-tert-leucine-N'-methylamide 5. Resin 1 (115 mg, 0.08
mmol) was suspended in DMF (7.5 ml) for 30 min. To this mixture were added acid 4% (36 mg, 0.12 mmol),

DMAP (10 mg, 0.08 mmol) and N-ethyi-N’-(3-dimethylaminopropyi)carbodiimide hydrochioride (EDCI) (80

mg, 0.4 mmol). The mixture was agitated for 18 h. The resin was collected by filtration and washed with DMF
(4 ¥ 10 mD. methano Nl A~ 10 mhY CHOL (4 v 10 mI) and ether (4 v10) m) to oive 05 mo of a white recin Thig

VoI f, AOVUIGIIVI T A 1V Iy iy \'T A BV i) QLI Viba T ALY L) WU BEVY O Ly UL G VYLD 1VO1il. 2 1S

esin was suspen ded in 5% TFA-CH,CI, (5 ml). The mixture was agitated for 15 mn. The resin was filtered off
and washed w1th CH,CL, (10 ml). Evaporatmn of the filtrate with toluene, followed by trituration in ether
afforded 5 as a white powdcr (13 mg, 82%). '"H NMR (DMSO0-d,): 10.4 (m, 1H), 8.7 (m, 1H), 7.85 (m, 1H), 7.66
(d, 1H, J= 9 Hz), 4.16 (d, 1H, J= 9 Hz), 2.84 (m, 1H), 2.55 (d, 3H, J= 4.3 Hz), 2.15 (dd, 1H, J= 14.4 Hz,

=7 Hz), 2.01 (dd, 1H, J= 14.4 Hz, ] = 7.4 Hz), 1.41 (m, 2H), 1.10 (m, 1H), 0.88 (s, 9H), 0.83 (d, 3H, J=5.9
Hz), 0.79 (d, 3H, J= 5.9 Hz); MS (ESI): 316 (MH"); HPLC (linear gradient 40% to 90% MeOH-1% AcOH/H,0
in 10 min): tz= 4 min

1-an7vl-4-fort-hutvl 3(R/S)-(N-diphenylmethylenc)a -2R-isobutylbutan-1.4-dioate 8. To a stirred

FORWAS RIRERTE ARV LT WEEPREVARY RRRRTEREA ANTESE HEARATRS
solution of LDA [75.2 mmol; prepared by addition of 1.6 M n-butyl lithium (47 ml, 75 2 mmol) in hexane to a
solution of diisopropylamine (10.53 ml, 80.3 mmol) in dry THF (120 ml) at -78°C] cooled at -78°C under argon
atmosphere was added dropwise tert-butyl N-(diphenylmethylene)glycinate”® 7 (22.2 g, 75.2 mmol) in dry THF
(170 ml). The mixture was stirred for 15 min at -78°C and DMPU (18 ml, 149 mmol) was added dropwise. The
mixture was stirred for 30 min at -78°C. A solution of benzyl 2R-trifluoromethanesulfonyloxy-4-

methylvalerate‘"’ 6 (26.3 g, 74.2 mmol) in dry THF (170 ml) was added dropwise to the reaction mixture at -

—yooﬂ i T, PSRN At 7790 £ 1 amA s Aian b osmmimnsntiinn e 1Q Tl Tha A xxroo ad s
/0 C. lnc mIXLurC was burrcu alL =/0 U 10r 1 Il dalia dl. IOOIIL chupcnalmc 101 10 11. L€ bUlullUll wad uuutcu in

mino
-b

petroleum ether (1000 ml), washed with saturated aqueous ammonium chloride (2 x 600 ml), water (600 ml) and
brine (600 ml), dried over MgSO, and filtered. The solvents were removed and the residue was purified by flash

chromatogrdphy on silica using petroleum ether-ethyl acetate with 0.5% triethylamine (gradient from 95/5 to



90/10) as eluant to give 8 (36.6 g, 99%, S/R (anti/syn isomers) 3:1 mixture): '"H NMR (CDCL,): 7.7-7.1 (m, 5H),
5.16 (d, 1H, J=12.5 Hz, 38 isomer), 5.10 (d, 1H, J= 12.8 Hz, 3R isomer), 5.07 (d, 1H, J= 12.5 Hz, 3S isomer),
5.03 (d, 1H, J=12.8 Hz, 3R isomer), 4.29 (d, 1H, J= 7 Hz, 3R isomer), 4.12 (d, 1H, J= 6.6 Hz, 3S isomer), 3.38
(m, 1H, 38 isomer), 3.22 (m, 1H, 3R isomer), 1.8-1.1 (m, 3H) 1.40 (s 9H, 3R isomer) 1.39 (s 9H, 38S isomer),

AN RAQ /EQTY. £NN (NALTH). Tlamaantal
0.90-0.81 ( um, Orj; MS (£51): SUU (M j; Ciemental audlyblb for L;2H371VU4 0. 1n2U Calcuilated: L, 76.6 DD i‘l

7.48; N, 2.79; Found: 76.42;H,745; N, 273,

TO, LN, L. BARUT 1S LE N -\.' Vig 24,

3(R/S)—Ammo—2R-|sobutvlbutan 1,4-dioic acid 4-tert-butyl ester 9. A solution of 8 (20 g, 40 mmol, R/S
1:3 mixture) in methanol (250 ml) was hydrogenated in the presence of palladium on charcoal (1.5 g, 10%)
under 1 bar for 24 h. The catalyst was removed by filtration and the solvents were removed in vacuo. The yellow
solid was triturated with petroleum ether to give 9 (8.07 g, 82%, R/S 1:3 mixture) as a white solid; '"H NMR
(DMSO0-d,, CD,CO,D): 3.86 (s br, 1H, 3R isomer), 3.63 (s br, 1H, 3S isomer), 2.68 (m, 1H), 1.7-1.25 (m, 3H),

1.44 (s, 9H, 3R isomer), 1.42 (s, 9H, 38 isomer), 0.89-0.84 (m, 6H); MS (EI): 246 (MH"); Elemental analysis for
C,,H,;:NO,: Calculated C, 58.75; H,9.45; N, 5.71; Found: C, 58.48; H, 9.76; N, 5.69; rnp 184-186°C.

osthavvursarhan aminal 4 _ftarmf_hotulavevarnnnine T _éned lasenina NI
lvluuAJ Tas uuuy lﬂlllluU}""lCl l"l.lul_y llh\_y su\,\,lll] l] LTI I=~ICUARIIT=INY =

L
methylamide 10. To a solution of 9 (4.7 g, 19.1 mmol, R/S 1:3 mixture) in a mixture of dioxane (50 ml) and

2 3 19 LS § LA N A (AL ~g IIARRIC VL AVAGLIT iz

= )
10% aqueous sodium carbonate (100 ml) coolcd at 0°C was added a solution of 9-fluorenylmethyl chloroformate
(5 g, 19.3 mmol) in dioxane (80 ml) dropwise. The mixture was warmed to room temperature and stirred for 1 h.
The mixture was acidified to pH 3 by the addition of 4N hydrochloric acid and extracted with ethyl acetate. The
organic layer was washed with brine, dried over MgSO,, and the solvents were evaporated in vacuo to give
3(R/S)-(9-fluorenylmethoxycarbonylamino)-2R-isobutylbutan-1,4-dioic acid-4-tert-butyl ester as a white solid.
To a solution of this crude compound in dichloromethane (70 ml) was added L-teri-ieucine methylamide (3.8 g,
26.4 mmol), and EDCI (4.4 g, 23.0 mmol). The mixture was stirred for 3 h, diluted with ethyl acetate, washed
with IN hvrlrnr\l'\lnrn‘ aci dried over M2SO,. The

id an recidue 1
ochloric acid ar s drie MgSO,. The residue was purif
chvmmatogranhv on silica gel u icetonitrile (85:15) as eluant to give pure iso

35%) as a white foam. 'H NMR (CDCL,): 7.76 (m, 2H), 7.63 (m, 2H), 7.39 (m, 2H), 7.30 (m, 2H), 6.40 (m, 2H)
5.70 (m, 1H), 4.50-4.20 (m, 4H), 4.14 (d, 1H, J=9.2 Hz), 2.99 (m, 1H), 2.82 (d, 3H, J= 4.8 Hz), 1.7-1.4 (m, 3H),
1.44 (s, 9H), 1.00 (s, 9H), 0.93 (d, 6H, J= 6.3 Hz); MS (ESI): 594 (MH"); Elemental analysis for C;,H,,N;Oq:
Calculated: C, 68.78; H, 7.98; N, 7.08; Found: C, 68.80; H, 7.98; N, 7.04; m.p.: 105-110°C.

N’-[2R-Isobutyi-3S- (9 ﬁuorenylmethoxycarbonylamino) 4-hydroxysuccinyl]-L-tert—leucine -N'-

méﬁlylamme 11 10 a bOlUIlOl’l Ol l.U L‘l’ g, O /‘+ mmm) 11'1 01(,r110r0memdne (LU ml) was aaaea [rlfiuoroaceuc
acid (20 ml). The mixture was stirred for 18 h at 0°C. The solvents were evaporated in vacuo. The residue was
taken up in toluene and the solvent was removed in vacuo (3 times). The residue was triturated in a mixture of
pentane/ether (1:1) to give a while solid which was collected and dried: 11 (3.6 g, 99%). 'H NMR (DMSO-d,):
7.90-7.10 (m, 11H), 4.35-4.10 (m, 4H), 3.97 (m, 1H), 2.97 (m, 1H), 2.56 (d, 3H, J= 4.4 11z), 1.52 (m, 1H), 1.37
(m, 1H), 1.10 (m, 1H), 0.83 (m, 15H); MS (ESI): 538 (MH"); Elemental analysis for C,;H;;N;0, 0.50 H,0:
Calculated: C, 65.91; H, 7.38; N, 7.69; Found: C, 65.76; H, 7.74; N, 7.47; m.p.: 150-160°C.

1d brine. The organic lﬂyer was
usi

ng dichloromethar

WwWas pur

Resin i2. Resin 1 (7.5 g, ca 0.7 mmol/g loading, 5.25 mmol) was suspenuea in DMF (200 ml) and gently
nnitatad £An 2N ...'.. T A +his oliassr sxrme crrmnmacoizraler o 41,1 1 2 £7 PR, A Y ™MNT /& o V'l TENNUNGIR, L R |
dgll 1CU LU OV 1L 10 Ul SIULLY Wdd SULLEOHHIVELY aUulidd 1 2.0/ 5, U 0.) llllllUl) DU\/I \J 5, 0.0 IlllllUl} alicl

a H 1
1§
DMAP (840 mg, 6.9 mmol). The mixture was shaken for 72 h. The resin was collected by filtration, washed
successively with DMF (2x100 ml), dichloromethane (100 ml), methanol (2x100 ml), dichloromethane (100 ml),
ether (100 ml) and dried.
Resin 3. Resin 12 (from above) was shaken with a solution of 25% piperidine in DMF (v/v, 200 ml) for 4 h.
The resin was collected by filtration, washed with DMF (2x100 ml), methanol (2x100 ml), dichloromethane

(2x100 ml), ether (100 ml) and dried to give resin 3 (8.65 g, theoretical loading 0.5-0.6 mmol/g).

was agitated for 15 min. Filtration and washing of the resin with CH,Cl, (10 ml) afforded :
white powder after addition of toluene and evaporation of the solvents. 'H NMR (DMSO-d;): 10.8 (s br, lH) 8.9
(s br, 1H), 7.88 (m, 3H), 7.67 (m, 2H), 7.44-7.23 (m, 6H), 4.28-4.11 (m, 4H), 3.84 (m, 1H), 2.79 (m, 1H), 2.55
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(4, 511, = 4.6 nzj, 1.54 (m, 1), 1.30 (m, 1H), 0.80 (s, 9H), 0.77 (m, 7H); MS (ESI): 575 (MNa"); HPLC (linear
gradient 60% to 90% MeOH 1% AcOH/H,0 in 7 min): t,= 6.6 min

General procedure for the synthesis of sulfonamides 2a: A gas dispersion tube with resin 3 (100 mg, ca
0.05 mmol) inside was placed in a test tube and 25% pyridine in dichloromethane (3 ml, v/v) was added,
followed by a sulfonyl chloride (0.25 mmol) in dichloromethane (1 ml). The mixture was agitated in a
ultrasonicated bath for 2 h. The gas dispersion tube was drained and purged with nitrogen. The standard protocol
tor washing the resin consisted in adding dichloromethane (2x6 ml), methanol (2x6 ml) and dichloromethane
{2x6 mi) into the gas dispersion tube, followed by agltauon by ultrasonication for 5 min, and finally dramlng and

A yar A 3m Aiall v 41 o s IS | : - en s
purging with nitrogen. 5% TFA in dichloromethane (5 ml) was added to the resin in the gas dispersion tube

(itself nlaced in a clean fPQf tube). The mixture was agitated in a lllfracnn‘r‘ated I’\uf far 18 m;n Tha vno'r\ wa

el PIGUla A1 & ciean te FLUL Je A aAv LIAARY VVAS GRAGILM 111 O wiuaoviana

drained, washed with methanol (3 ml), drained and purged with mtrogen The ﬁltrates were concentrated in
vacuo. Toluene (2 ml) and methanol (2 ml) were added and evaporated in vacuo to give the corresponding
sulfonamide 2a.

Sulfonamide 2a (entry 2: R = PhSO,): '"H NMR (DMSO-dj): 10.74 (s, 1H), 8.82 (s, 1H), 7.89 (m, 1H), 7.75
(d, 2H, J= 7.7 Hz), 7.67-7.52 (m, 4H), 7.27 (m, 1H), 4.12 (d, 1H, J= 9.2 Hz), 3.70 (t br, 1H, J=9.2 Hz), 2.73 (m,
1H), 2.59 (d, 3H, J= 4.4 Hz), 1.47 (m, 1H), 1.31 (m, 1H), 0.92 (m, 1H), 0.91 (s, 9H), 0.79 (d, 3H, J= 5.9 Hz),

N"T77731 2L T— £ 0TI
U./ 7, on, J= 5.V riZ)
General procedure for the synthesis of carboxamides 2b: A gas dispersion tube with resin 3 (100 mg, ca

0.05 mmol) inside was placed in a test tube containing dichloromethane (3 ml). A solution of a carboxyhc acid
(0.25 mmol) and diisopropylcarbodiimide (0.3 mmol) in DMF (1 ml) was added and the mixture was agitated in
a ultrasonicated bath for 4 h. The gas dispersion tube was drained and purged with nitrogen. Washing of the
resin was performed as above with the following solvents: methanol (3x5 ml), dichloromethane (1x5 ml),
methanol (1x5 ml) and finally dichloromethane (2x5 ml). Cleavage with 5% TFA in dichloromethane was
performed as above to give the corresponding carboxamide 2b.

General procedure for the synthesis of amines 2¢ (via reductive amination): A gas dispersion tube with
resin 3 (100 mg, ca 0.05 mmol) inside was placed in a test tube containing dichloromethane (2 mi),

trimethylorthoformate (2 ml), and an aldehyde (0.5 mmol). The mixture was agitated in a ultrasonicated bath for
2 h. The gas dispersion tube was drained and purged with nitrogen. Washing of the resin was performed as
above with dichloromethane (4x5 ml). The resin in the gas dispersion tube was placed in a clean test tube
containing NaBH;CN (1 mmol) in 1% acetic acid - methanol (5 ml). The mixture was agitated in a
uitrasonicated bath for 2 h. The gas dispersion tube was drained and purged with nitrogen. Washing of the resin
was performed as above with the following solvents: methanol (4 ml), 5% aqueous dlethanolamme (4 ml) water

'Ry ml\ INYL amnannie acatin on1r] (4 ml\ mnﬂ'\onr\
\J u} LU/0 ajulUus alCul acliG (& 1ilij, )

lﬂ?r

LTEENAL)
TF A in dichloromethane was performed as abov

NZ-[4-(N-Hydroxyamino)-2R-isobutyl-3S-aminosuccinyl]-L-tert-leucine-N'-methylamide 14.

'H NMR (DMSO-d,): 10.4 (s br, 1H), 8.8 (m, 1H), 7.82 (m, 1H), 7.73 (d br, 1H, J= 9.5 Hz), 4.19 (d, 1H, J=
9.5 Hz), 3.01 (d, 1H, J~95Hz) 2.63 (m, 1H), 2.56 (d, 3H, J= 4.4 Hz), 1.5-1.3 (m, 2H), 0.9 (m, 1H), 0.93 (s,
9H), 0.82 (d, 3H, J= 6. 0.78 (d, 3H, J= 6.6 Hz); MS (ESI): 331 (MH'), 353 (MNa'); HPLC (standard
gradient) t;= 1.7 min; H =34

N _[4 (1\]-‘7 4-Dimethoxvhenzvloxvami

g T AS RRAR S RAN Y RN RAAL y AU A Y SsERzaaa

nino
methvlamlde 15. A mixture of acid 11 (6.7 g, 12.4 mmol), O-24- d1methovaenzvlhvdroxvlamme“’ (2.75 g,
15 mmol) and EDCI (3.1 g, 16 mmol) in DMF (60 ml) was stirred for 18 h at room temperature. The mixture
was diluted with ethyl acetate, washed twice with water and brine. The organic layer was diluted with an equal
volume of petroleum ether. After crystallisation, the white solid was filtered, washed with ether-petroleum ecther
(1:1) and dried under vacuum to give the O-protected hydroxamic acid as white crystals (6.5 g, 75%). '"H NMR
(DMSO-dy): 11.35 (s, 1H), 7.88 (m, 3H), 7.68 (d, 2H, J= 7.3 Hz), 7.5-7.15 (m, 7H), 6.55 (s, 1H), 6.47 (d, 1H, J=

)-ZB ~-isobhutvl-38-aminosuccin II.J 1.-tert-leucine-N*-

Sy RO TRAL ! SRR "2V RalazaTTl
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8.4 Hz), 4.71 (s, 2H), 4.3-4.1 (m, 5H), 3.77 (s, 3H), 3.74 (s, 3H), 2.80 (m, 111), 2.55 (d, 3H, J= 4.4 Hz), 1.51 (m,
1H), 1.29 (m, 1H), 0.81 (m, 13H), 0.76 (d, 3H, J= 6.6 Hz); MS (ESI): 703 (MH").

This compound (3.4 g, 4.8 mmol) in piperidine/DMF (40 ml, 1:3) was stirred for 1 h. The mixture was
diluted with ethyl acetate (250 ml) and washed with water (2 x 250 ml) The aqueous layers were extractcd with

dichloromethane (3 x 200 m!). The dichlcro'“ethane layers were dried on Mg

solid residue was triturated with 1:1 ether/netroleum ether to give 15

aQ N
A Y trifura YWailadi i.i SRS [R5 LTL W /iYL AD GO G

P 2.1
(DMSO-d,): 7.82 (m, 1H), 7.73 (d, 1H, J=9.5 Hz), 7.23 (d, 1H, J= 8.1 Hz), 6 5 ( , 1H), 6.51 (d, 1H, J—S 1 Hz),
4.74-4.70 (AB system, 2H, J= 11 Hz), 4.17 (d, 1H, J= 9.5 Hz), 3.78 (s, 3H), 3.76 (s, 3H), 2.99 (m, 1H), 2.62 (m,
1H), 2.55 (d, 3H, J= 4.4 Hz), 1.5-1.3 (m, 2I), 0.91 (s, 9H), 0.90 (m, 1H), 0.80 (d, 3H, J= 7.6 Hz), 0.76 (d, 3H, J=
7.6 Hz); MS (ESI): 481 (MH"); Elemental analysis for C,,H,,N,O4 0.6 H,0 Calculated: C, 58.66; H, 8.45; N,

11.40; Found: C, 59.01; H, 8.85; N, 10.97; m.p.: 114-116°C.

16a (aldehyde: phthahmldoacetaldehyde hydrate): 57%; '"H NMR (CDCL, + CD,COOD): 8.05 (d br, 1H, J=
10 Hz), 7.87 (m, 2H), 7.73 (m, 2H), 7.25 (d, 1H, J=7.9 Hz), 6.91 (m, 1H), 6.44 (m, 2H), 5.10 (d, 1H, J= 9.8 Hz),
4.96 (d, 1H, J=9.8 Hz), 4.48 (dd, 1H, J= 8.5 Hz, I'= 3 Hz), 4.40 (d, 1H, J= 10 Hz), 4.25 (dd, 1H, J= 14.1 Hz, I'=
3.7 Hz), 3.87 (s, 3H), 3.81 (s, 3H), 3.71 (dd, 1H, J= 14.1 Hz, J’= 8.5 Hz), 3.55 (d, 1H, J= 4.2 Hz), 3.06 (m, 1H),
2.79 (d, 3H, J= 4.4 Hz), 1.64 (m, 1H), 1.48 (m, 2H), 0.97 (s, 9H), 0.86 (d, 3H, J= 5.8 Hz), 0.85 (d, 3H, J=5.8
Hz); “C NMR (CDCl,): 172.6, 172.4, 170.8, 168 (2C), 162.1, 159.7, 134.1 (2C), 133.0 (2C), 132.0, 123.5 (20),
115.4,104.1,98.7,72.8, 71.3, 60.8, 58.8, 55.5, 55.4, 45.1, 40.3, 38.0, 34.4, 26.7 (3C), 26.1, 25.9, 22.9, 22.0; MS

(ESI): 652 (MIT").

Imidazolinones 17. A solution of 16 (0.25 mmol) in 5% TFA-dichloromethane (10 ml) was stirred at room
temperature for 15 min. After evaporation of the solvents, methanol was added and the solid was filtered. The
filtrate was evaporated, triturated in ether-pentane (1:1) and dried.

i7a (pmnallmldoacetaldehyde hydrate): 63%, white solid; 'H NMR (DMSO-d,): 9.7 (s br, 1H), 8.0-7.7 (m,
H), 4.58 (m, 1H), 4.11 (d, IH, J= 9.5 Hz), 3.99 (dd, 1H, J= 13.9 Hz, J’=4.4 Hz), 3.68 (dd, 1H, J= 139 Hz, I’=

ori -4 J
6.6 Hz), 3.43 (m, 1H), 2.73 (m, 1H), 2.55 (d, 3H, ] = 4.4 Hz), 1.5-1.3 (m, 2H), 0.90 (m
(d, 3H, J= 6.2 Hz), 0.76 (d, 3H, J= 6.2 Hz); MS (ESI): 502 (MH"); Elemental :ma]_vmﬁ o TFA:
Calculated: C, 56.63; H, 6.52, N, 12.80; Found: C, 56.64; H 6.95; N, 12.79; HPLC: t,= 9.8 min; m.p.: 142-
144°C (decomposition).

17b (phenylacetaldehyde) obtained on solid phase, not purified: MS (ESI): 433 (MH"); HPLC t;= 10 mn

17¢ (methylthiopropionaldehyde): 20%, white solid; '"H NMR (DMSO-d,): 9.6 (i, 1H), 7.97 (d, 1H, J= 9.5

Hz), 7.88 (m, 1H), 4.20 (m, 1H), 4.18 (d, 1H, J= 9.5 Hz), 3.22 (m, 1H), 2.71 (m, 1H), 2.55 (d, 3H, J= 4.4 Hz),

2.05 (s, 3H), 1.95 (m, 1H), 1.76 (m, 1H), 1.64 (m, 1H), 1.5-1.4 (m, 3H), 0.90 (m, 1H), 0.89 (s, 9H), 0.84 (d, 3H,
=63 HZ), 0.80 \d 311, =63 HZ), MS (ESI) 417 (N \Lvul ) Elemental "‘1aljSiS for C‘9H36}J404S' Calculated: C,
54.78; H, 8.71; N, 13.45; Found: C, 54.36; H, 9.20; N, 13.54.

17d (cyclohexanone) obtained on solid phase, not isolated: MS (ESI): 411 (MH"); HPLC tz=9.2 min

B-Lactam 18. To a solution of 9 (14 mg, 0.057 mmol, 3:1 diastereoisomeric ratio) in acetonitrile (1.5 ml)
was added triphenylphosphine (19 mg) and 2,2’-dipyridy! disulfide (17 mg). The mixture was stirred for 18 h.
After evaporation of the solvents, the residue was chromatographed on silica [eluant: ethyl acetate / petroleum
ether (1:3)] to give the corresponding p-lactam 18 (9 mg, 70%). Oniy traces of the B iactam 19 were isoiated

10. 1LY \IA AT Iﬁhf‘l Y. £ 01 L. 1IN ’) LA 1LY T 9 & 1Y) 2 VA femn 1 AQ 7o } 5 AY

e 21T
1o; i NvIR (CDU 3) J.Y¥s3 (s or, I, > (d, 1H, J= 2.5 Hz), 3.26 (m, 1H), 1.9-1.2 (m, 3H), 1.49 (s, SH),

AS I,
0098(¢(d 3H. I=62 H» 94 (d. 3H. I=6.2 Hz): MS (EI}: 228 (MH"
v FO My Jadg v (S 2VA i B VA ,v TN, JAa, v VL 114, \isdJo &£&G (1Y Jr

19: "H NMR (CDCl,): 5.94 (s br, 1H), 4.14 (d, 1H,

1S
1H, J= 5.9 Hz), 3.56 (m, 1H), 1.88 (m, 1H), 1.6-1.4 (m, 2H),
1.50 (s, 9H), 0.94 (d, 6H, J= 6.6 Hz); MS (EI) : 228 (MH").
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