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Abstract: The first enantiocontrolled total synthesis of the marine sponge metabolite chlorodysinosin A is
described. The structure and absolute configuration are identical to those of dysinosin A except for the
presence of a novel 2S,3R-3-chloroleucine residue in the former. A concise stereocontrolled synthesis of
the new chlorine-containing amino acid fragment was developed. An X-ray cocrystal structure of synthetic
chlorodysinosin A with the enzyme thrombin confirms the structure and configuration assignment achieved
through total synthesis. Within the aeruginosin family of natural products, chlorodysinosin A is the most
potent inhibitor of the serine proteases thrombin, factor Vlla, and factor Xa, which are critical enzymes in
the process leading to platelet aggregation and fibrin mesh formation in humans.

The aeruginosins are a family of peptide natural products of
aquatic origin characterized structurally by the presence of a subset of structures isolated from tlgsideidaefamily of

substituted 2-carboxyperhydroindole core resitiMost of the

aeruginosins exhibit inhibitory activity against the serine pro-

Within the aeruginosin family, the dysinosins represent a

tease thrombin, which is the penultimate enzyme in the blood
coagulation cascade that converts fibrinogen into soluble fibrin

monomers and activates the process of platelet aggregation.

number of aeruginosins also display inhibitory activity against

other coagulation enzyme factors vital for hemostasisie
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medicinal implications of identifying novel, potent, and selective
serine protease inhibitors have fostered the development of
efficient methodologies for the synthesis of the aeruginosin
subunits as well as analogues for biological evaluation in our

laboratorie$ and elsewhere.To date, 21 members of the

aeruginosin family have been isolated from freshwater &lgae

and marine spong€ésThe total syntheses of six aeruginosins

have been completéd}? four of these involving revisions of
the originally proposed structurés.
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Synthesis

Despite various reports describing the preparation of halo-

R H o /%o genatedx-amino acidsy? the synthetic utility of3-halogenated
P z residues is limited by their susceptibility to base-promoted
NH / NH Ph NH / NH P . 0 .
o gY 2 N \ 2 elimination across thex,3-carbong? In our synthesis plan
o)\(\os% NH, O Ph NH toward2, we made an intuitive assumption that the amino acid
OMe OH component was R-chlorob-leucine. A number of challenges
1 R=H dysinosin A 3

were clearly apparent, not the least of which was the propensity
of the amino acid or its derivatives to undergeelimination.

To circumvent this problem, we chos&-8hlorob-leucinol to

be our initial subtarget for synthesis. Toward this objective, we

2 R = Cl chlorodysinosin A oscillarin

Figure 1.

marine sponge$We recently reported the total synthesis and - " ; > X
structural confirmation of dysinosin ALY (Figure 1) which  considered a regioselective opening of an appropriatély
revealed a unique 5,6-dihydroxyoctahydroindole-2-carboxylic substituted azmdme precursor Wlth a source of chIpnde afiion.
acid core structure and an unprecedented amidinopyrroine P The synthesis of 3-chloroleucinol commenced with the known
basic subunit? Oscillarin @), isolated from the freshwater algae  €POXY @lcohol4 (Scheme 1f? The N-substituted aziridines
Oscillatoria aghardii®® s the third member of the aeruginosin ~ 7a—d were obtained in good yield over four efficient steps by
family which was found to contain an amidinopyrroline subunit Way of intermediate$a,b and6. Our initial attempts to open

as a naturally occurring arginine mimetic residue. The originally the N-Boc (7a) andN-Ts (7b) aziridines with MgC}**® were
misassigned structure for this unique heterocyclic entity was unsuccessful (Table 1, entries 1 and 3). A recent report on the
corrected in conjunction with the total synthesis of oscillarin, Use of CeGr7Hz0 to cleave unhindered-Ts aziridines$®

which was also found to be the most active aeruginosin againstPrompted us to apply these conditions to subtraeeand .
thrombin (1Go = 28 nM)11 While the N-Boc-aziridine proved to be unreactive (Table 1,

Soon after, researchers at Pharmacia Corp. isolated a chlo€ntry 2), & regioisomeric mixture of chlorosulfonamides was
rinated analogue of dysinosin A2, here referred to as obtained in 69% yield fronTb (Table 1, entry 4). The desired
chlorodysinosin A) and reported its potent inhibitory activity 3-Chloro N-tosyl derivative could be isolated as the major
against thrombin, trypsin, and factor VI{&Structural studies
of 2 revealed that it differed from only in the presence of a
3-chloroleucine residdé instead ofp-leucine. Although the
stereochemistry o2 was not assigned, its structural similarity
to 1 suggested identical absolute configurations for the individual
subunits. This assumption could not, however, be made to
predict the configuration of the novel 3-chloroleucine residue,
although we assumed tioeleucine backbone to be the same as
that in 1. ll\lfit%rll,z'g R.; Patterson, G. M. L.; Helms, G. . Am. Chem. S0d.989
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cascade to that df, which lacks the chloro substituent. While K 14 - 1980 33 259. (b) Yasuda, N.
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. Takase, S.; Hashimoto, M.; Shibata, T.; Hino, M.; Fujii, JI. Antibiot.

over the years, mostly from cyanobactéfig-chloro-o-amino 2003 56, 682.

acids have only been found in a few natural products which (19) For reviews on the synthesis of fluorinated amino acids, see: (a) Kukhar,

. k V. P.; Soloshonok, V. AFluorine Containing Amino Acids: Synthesis

include the astin&® FR900148." and FR2256598 To the best and Properties Wiley: New York, 1995. (b)gQiu, X.-L.; Meng,)\,N.-D.;

of our knowledge, the isolation of chlorodysinosin A marked

Qing, F.-L. Tetrahedron2004 60, 6711. (c) Sutherland, A.; Willis, C. L.
! . . . Nat. Prod. Rep200Q 17, 621. For relevant examples of the synthesis of
the first occurrence of the 3-chloroleucine residue in a natural
product.
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aeruginosins 205A and 205B have been called into question through
synthesis and NMR analysis of the putative hydroindole core residue (see

ref 14a).
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reported: Hayashi, K.; Skinner, C. G.; Shive, WOrg. Chem1961, 26,
1167.
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Table 1
R cl NHR
N 2
\I/\:/\OTBS . x OR' + WOR.
NHR Cl
7a-d 3-chloro 2-chloro
entry Sma conditions yield® 3-Cl:2-Cl° R’
1 7a 10 equiv of MgC}, EtO, 72 h, rt no rxn TBS
2 7a 1.1 equiv of CeGr7H;0, MeCN, 90°C, 24 h no rxn TBS
3 7b 10 equiv of MgC}, EO, 72 h, rt no rxn TBS
4 b 1.1 equiv of CeG+7H,0, MeCN, 90°C, 24 h 69% 2:1 TBS
5 7c 1.1 equiv of CeGF7H,0, MeCN, 90°C, 24 h 57% 11 TBS
6 7d 2.0 equiv of CeGF7H,0, MeCN, 90°C, 48 h 56% 10:1 5:1 H:TBS
7 7d 4.0 equiv of CeG7H,0, MeCN, 90°C, 72 h 80% 10:1 H
8 7e 4.0 equiv of CeG+7H,0, MeCN, 90°C, 48 h 74% 10:1 H

aFor the structure ofe and R groups, see Scheme”?Tombined isolated yieldt Determined by*H NMR.

Scheme 1 @ Scheme 2 2
N3 : :
~ SO,tBu Cl , %
oTBS N a = % o
0 ab o }-(|)+H 5a . oNH \r\:/\OTBS 80% T OH = P i
WOH oy o oTBS NHSO,tBu vk
4 - OTBS 6 7d 8 |
N3 spb
SO,tBu
R 22 Cle
\\N' 7a: R = Boc (81%)? ‘\\l;l gl 2:/OH [e] —CO,H
- . - oT1RS 7b: R = SOPhMe (95%)° e _be NH — NH
7¢: R = SO,CF3 (81%) 7e 77% 78%
. 2Lr3 o . 2 steps / ‘,
7d: R = SO,tBu (88% 2 steps)? 1.1 65% TBDPSG  OMe TBDPSO  OMe
aReagents and conditions: (a) NaNNH4Cl, MeOEtOH/HO (9:1), 9 10

reflux; (b) TBSCI, EtN, DMAP, DCM, 0°C; (c) PPh, MeCN, 50°C; (d) L . .
Boc,O, E&N, DCM:; (e) TsCl, EfN, DCM: () Tf0, pyr, DCM, 0°C; (g) aReagents and conditions: (a) 4.0 equiv of GelH,0, MeCN, 90°C,

] o il 72 h; (b) 0.1 M TfOH/DCM, anisole; (c) PyBOP,R)-3-tert-butyl-
EFE:J:S?%I BN, DCM, 0°C thenmCPBA, DCM, 0°C; (h) 0.5 M TBAF/ diphenylsilyloxy-2-methoxypropionic acid, 2,6-lutidine, DCM; (d) 0.1 M

H2l0g/wet MeCN, cat. Cr@ 0 °C.

product in over 40% yield, but the modest regioselectivity and gyrthermore, CeGimediated opening of hydroxymethy! aziri-
harsh conditions eventually required for the deprotection of the dine7e(Table 1, entry 8) provided the corresponding 3-chloro-

N-tosyl group led us to investigate alternative activating groups. g ,ifonamide with the same regioselectivity and yield as those
Treatment of the trifluoromethylsulfonamide with CeCk- of 7d, despite diminished steric bulk at C2.

7H,0 in refluxing MeCN led to a 1:1 mixture of 2-chloro and With a concise and selective synthesis ofgR)-N-tert-
3-chloro regioisomers (Table 1, entry 5). We were pleased to find pyty|sulfonyl-3-chloroleucinolg), we proceeded with the elab-
that thetert-butylsulfonamide7d gave significantly improved  gration of amidel0. Treatment o8 with 0.1 M TfOH smoothly
regioselectivity in favor of the desired 3-chloro isomer (Table (jeaved thé\-Bus group, and the resulting amine salt was coup-
1, entry 6). By employing 4.0 equiv of Ce£TH,O in refluxing led with (R)-3-tert-butyldiphenylsilyloxy-2-methoxypropionic
MeCN for 72 h, it was possible to achieve efficient, regioselec- 5¢id'2 in the presence of PyBOP (Scheme 2). Oxidatiord of
tive aziridine opening and cleavage of the TBS group affording ynder a variety of well-known conditions resulted in complex
(2S3R)-N-Bus-3-chloroleucinol§) as a crystalline solid in 80%  mixtures of products. Gratifyingly, oxidation withsHDs and
yield (Table, entry 7). A single-crystal X-ray structure 8  catalytic CrQ, developed by Reider, Grabowski, and co-
confirmed the stereo- and regiochemistry of the product. workers26 provided the desired-terminal acidlOin 78% vield.
The tert-butylsulfonyl (Bus) protecting group, originally We have recently described an efficient intramolecular
introduced by Weinreb and co-workefsand later utilized in N-acyliminium ion halocarbocyclization route to the 2-carboxy-
the opening of aziridines with secondary amines by Sharpless5-hydroxyoctahydroindole (Choi) core found in oscillarin and
and co-workerg® has received scant attention as\aprotecting various other members of the aeruginosin farffiljtAs shown
group. The high regioselectivity of Ce@iediated opening of  in Scheme 3, treatment of the mixture of hemiaminal acetates
the Bus-protectedd may be due to a steric clash between the 12 with SnBr, in CH,Cl, at —78 °C afforded, within a few
tert-butyl and isopropyl groups, thus providing an open path minutes, the brominated intermediat8 in good yield. This
for Sy2 attack at C3. The less sterically demandiipsyl and method was exploited toward a new synthesis of the dihydroxy-

N-trifluoromethylsulfonyl groups ofb and7cmay allow fora  hexahydroindole core previously obtained via tin-mediated
competitive reaction at C2. This hypothesis is supported by the C-allylation and subsequent ring closing metathesis of a diene
fact that cleavage of the aziridine bearing the smallestilfony! intermediaté? Thus, dehydrohalogenation &8 by heating in
group studied{c) resulted in the lowest regioselectivity at C3. neat DBU gave the previously obtained RCM prodiidtin

(24) Sun, P.; Weinreb, S. Org. Chem1997, 62, 8604 (26) zZhao, M.; Li, J.; Song, Z.; Desmond, R.; Tschaen, D. M.; Grabowski, E.
(25) Gontcharov, A. V.; Liu, H.; Sharpless, K. Brg. Lett.1999 1, 783. J. J.; Reider, P. Jletrahedron Lett1998 39, 5323.
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Scheme 3 @

N 61% 70%
CO,Me bz Cbz

1 12 13
MOMO. |:-|
mcozR
MOMO" = N H,N,

H
c cl o
57% = 93%
NH + —

BocHN

MOMO

MOMO

i AL COMe —2 COMe b . COMe -73

ﬁ

MOMO,

CI---':
2 7\—/\ \—CO,H
MOMO™" ;
coMme * /_}LNH
Cbz

14 s TBOPSO  OMe

HO™ =N NH

_gi, H
38% cl o
4 steps z
NHBoc NH

NH;
O T OTBDPS N )\l/\ NBoc o)\é;\osos NH,
e e
16a R=Me<:d BocHN™ ~NBoc
16b R=H 17 18a R =TBDPS 2
78% 186 R=H <~ '

85%

aReagents and conditions: (a) SeBDCM, —78 °C, 5 min; (b) neat DBU, 8CC, 4 h; (c) DEPBT, 2,6-lutidine, DCM, OC, 4 h; (d) 20 equiv of
MeSnOH, 1,2-DCE, 78C, 48 h; (e) PyBOP, 2,6-lutidine, 2.0 equiv, DCM;0, 4 h; (f) 0.3 M TBAF/THF, 15 min, OC; (g) SQ-pyr, cat. BuSnO, DCM,

18 h, then repeat; (h) 10% TFA/DCM, rt, 6 h; (i) preparative RP-HPLC.

70% vyield. Following the four-step procedure described for in 78% yield32 Coupling of carboxylic acid intermediatish

dysinosin Al?2 14 was converted tal5 in preparation for
coupling to the chloro amino acid fragmeti.

Although we had achieved our first objectives with the
synthesis of fragment$0 and 15, we were cognizant that the
assembly o by previously employed methods for dysinosin

to amine 17 in the presence of PyBOP and 2,6-lutidine

proceeded in high yield to givé8a
The installation of the sulfate ester and final deprotection was

the last challenge to face en route to the intact intended target

2. This was achieved by treatment b8a with TBAF for 15

A2 had to be extensively modified due to the sensitive nature min to cleave the TBDPS ether. Longer reaction times resulted

of the 3-chloroleucine moiety. The first of the anticipated

in the formation of byproducts, including elimination. Reaction

challenges was encountered during attempted amide bondof 18bwith SOz+pyr and catalytic BeSnO (2 timesy? followed

formation. Use of triethylamine or diisopropylethylamine in
combination with EDC/HOBt, HBTU/HOBt, or PyBOP gave
only low (<15%) yields ofl6a(Scheme 3). By employing 2,6-
lutidine as a base in combination with various coupling
reagentg; yields improved slightly, although mixtures of

by global deprotection with 10% TFA/DCM and purification
of the crude peptide by RP-HPLC, gaé 38% overall yield.
The spectral data obtained from synthe®fiomatched those
reported for the natural proddBtin every respect, thus
confirming the structure of chlorodysinosin A as well as the

eliminated products still predominated. After extensive optimi- configuration of the (8 3R)-3-chloroleucine residue.

zation, we found thail6a could be obtained reproducibly in

55—-60% yield when coupling was mediated by 1.5 equiv of

recrystallized DEPBTP8

Biological and Structural Data

Although our “hunch” in choosing the §3R)-3-chloroleu-

The next major hurdle to overcome was the hydrolysis of cine diastereomer (rather than the equally possiBjepBoved

the methyl ester irnl6a As expected, the various hydroxide

correct, we had not yet appreciated the subtleties of replacing

bases effected the desired ester cleavage, but at the expense @f proR methine hydrogen il by a chlorine atom ir2, until
unwanted elimination. Unsuccessful attempts with both sodium their enzyme inhibitory activities were compared. Chlorodysi-

hydroperoxidé® and enzymatic methods such as pig liver
esteras® led us to explore the MeTeAlMeomplex, recently
reported by Corey and co-worketsAlthough we observed

nosin A proved to be the most potent inhibitor to date of throm-
bin and factor VIla among the known aeruginosinss(¢alues

for 2: thrombin= 5.7 nM, trypsin= 37 nM, and factor Vlla

efficient ester cleavage without elimination of HCI under the = 39 nM; for 1: thrombin= 46 nM, factor Vlla= 326 nM)3*
described conditions, the reaction was attended by rapid A cocrystal structure o2 with thrombin (@ 2 A resolution)
deprotection of the MOM ethers. However, we were gratified confirms the structure and configurational assignments through

to find that 16b could be obtainedvithout any detectable
eliminationby employing an excess of M8nOH with heating

(27) For a review of peptide coupling methods as applied to the synthesis of

complex natural products, see: Humphrey, J. M.; Chamberlin, £Hem.
Rev. 1997 97, 2243.

(28) (a) Li, H.-T.; Jiang, X.-H.; Ye, Y.-H.; Fan, C.-X.; Romoff, T.; Goodman,
M. Org. Lett. 1999 1, 91. (b) Fan, C.-X.; Hao, X.-L.; Ye, Y.-HSynth.
Communl1996 26, 1455. For discussions on the effectiveness of DEPBT

in difficult coupling reactions en route to complex natural products, see:

(c) Jiang, W.; Wanner, J.; Lee, R. J.; Bounaud, P.-Y.; Boger, 3. Am.
Chem. Soc2003 125 1877. (d) Ye, Y.-H.; Li, H.-T.; Jiang, X.-H.
Biopolymers2005 80, 172.

(29) See: Hanessian, S.; Kagotani, Marbohydr. Res199Q 202 67 and
referenced cited therein.

(30) Ohno, M.; Otsuka, MOrg. React.1989 37, 1.

(31) (a) Reddy, L. R.; Fournier, J.-F.; Reddy, B. V. S.; Corey, EJ.JAm.
Chem. Soc2005 125 8974. (b) Reddy, B. V. S.; Rajender, Reddy, L. J.;
Corey, E. JTetrahedron Lett2005 46, 4589.
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synthesis and provides insights into the enhanced binding.
While the overall conformation o2 bound to the thrombin
active site is very similar to the binding mode bfthere are
some interesting differences (Figure 2, left). For instance, both
Glul92 and Arg173 differ in the orientation of their respective
side chains in the cocrystal structures Jofand 2 bound to

(32) For a recent application, see: (a) Nicolaou, K. C.; Estrada, A. A.; Zak,
M.; Lee, S. H.; Safina, B. SAngew. Chem., Int. EQ005 44, 1378. See
also: (b) David, S.; Hanessian, Betrahedron1985 4, 643.

33) (a) Lubineau, A.; Lemoine, RTetrahedron Lett.1994 35, 8795. (b)
Sanders, W. J.; Manning, D. D.; Koeller, K. M.; Keissling, L. L.
Tetrahedron1997, 53, 16391.

(34) Nilsson, T.; Sjoling-Ericksson, A.; Deinum,Jl.Enzyme Inhibitiori998

13, 11.

(35) Déta for cocrystal structure @ bound to thrombin has been registered
with the protein data bank under PDB ID: 2GDE.
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Figure 2. (Left) Overlay of the cocrystal structures df(grey) and2 (pink) with thrombin. (Right) Overlay of the cocrystal structuresldigrey) and2
(pink) showing changes in the thrombin residue side chain orientations in the case of

thrombin (Figure 2, right). The flexibility of Glu192 has been sinosins would provide insight into the relative importance of
previously observed in substrate-bound thrombin strucfifres. the different terms and provide a basis for future refineménts.
Although Glul92 in thrombin adopts a different side chain Conclusion
orientation when bound t@ rather thart, there is no evidence We have described a concise total synthesis of chlorodysi-
of a direct interaction between Glu192 and the bound ligand in nosin A @), a highly potent inhibitor of the serine proteases
either X-ray structure. The Arg173 residue in thrombin points thrombin, trypsin, and factor Vlla. The synthesis also established
toward the sulfate group of the bound ligabdan orientation  the absolute configuration of the natural product. A nove! 3
not frequently observed in other thrombin complexes. The chioro-p-leucine amide residue was synthesized in a stereocon-
presence of the chlorine seems to cause the side chain of thigrolled manner en route to the target compound. An X-ray
Arg173 to return to its “normal” orientation (Figure 2, right).  cocrystal structure o2 bound to thrombin reveals important
Other differences in the orientation of the residues in the binding differences with the des-chloro analogue, dysinosii)A The
pocket include the backbone atoms of Glu217 (0.36 A fgr C  importance of chlorinated amino acids in natural products is
and Gly219 (0.47 A). Shifts of a similar scale are also observed highlighted by enhanced potency and functional novelty in these
for some of the ligand atoms. metabolites. The incorporation of a chlorine in related aerugi-
Perhaps most significant, the addition of the chlorine does nosins as hybrid analogues and the replacement of the 3-chloro-
not seem to change the conformation of either the side chain ofleucine with other hydrophobjg-branched residues are currently
the leucine or the protein binding site. We rationalize the being investigated.
enhanced inhibitory activity & by favorable changes in charge Acknowledgment. This paper is dedicated to Professor K. C.
distribution, better accommodation of the chlorine in the S3 Nicolaou, chemist extraordinaire, on the occasion of his 60th birthday.
subsite, and stabilization of thé dihedral angle of the @3R)- We thank NSERC and AstraZeneca R&D'Mdal, Sweden for gener-
chloroleucine residue. The presence of the chlorine atom also®Us financigl support. We also thank Michel Simard fothe X-ray struc-
enhances lipophilicity (log® of —1.8 for 2 vs —3.8 for 1) tu_re analysis of7. Thanks are dut_e to Drs. Ingemar Nllsson_ and Qla
contributing to increased hydrophobic interactions via a de- Fjellstrom of AstraZeneca for contlnueq support_ano! useful discussions.
creased desolvation penalty. In addition, the presence of a Note_ Added after ASAP and Pr|r_1t Publication: Due to a
chlorine atom in the S3 subsite of thrombin leads to a release production error, the references following ref 21 were misnumbered

f f h . hich id . . and structure3 in Figure 1 was incorrect in the version of this paper
of water from the protein, which provides an entropic gain. published on the Web July 24, 2006 (reflecting a change to Figure 1

To test to what extent the chlorine atom stabilizes the biolog- after initial ASAP publication on July 21, 2006), and in the August
ically active conformation of the dysinosins, we ran a short mol- 16, 2006 print issue. This electronic version of the paper, with the
ecular dynamics simulations starting from the bound conforma- correct Figure 1 and Scheme 1 and the references correctly numbered,
tions of 1 and 2. Dysinosin A was found to sample two major Wwas published on August 22, 2006; an Addition and Correction appears
conformations of thg* dihedral angle (approximately trans and in the September 6, 2006 issue (Vol. 128, No. 35, pp 1372728).
gauche), whereas the sampling;fin chlorodysinosin A 2) Supporting Information Available: Experimental procedures,

is clearly more restricte#f. These results suggest that conforma- *H, 1*C NMR spectra for all new compounds. Molecular modeling data
y ) 99 and a table of comparative biological activities are providedlfand

tional stabilization of the leucine side chain in fact plays an ; These materials are available free of charge via the Internet at
important role in the enhanced potency2ofA detailed calori- http://pubs.acs.org.

metric study of the relative binding thermodynamics of the dy-
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L.; Chattopadhyay, DActa Crystallogr.200Q D56, 1395. (b) Malikowski, and for a comparison gf* angles and energy minimized conformations of
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