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Abstract

Chlorosulfolipids (CSLs) are an intriguing familyf matural products featuring highly chlorinated elém
hydrocarbon skeletons. Although CSLs were firstaiwml in 1962, chemical synthesis of CSLs was haaape
because relevant methods for stereoselective cmtisin of the polychlorinated motifs of CSLs weraice.
Since Carreira’s first total synthesis of the CStilipin A in 2009, several groups, including ouwim, have
reported total syntheses of CSLs. As a result e$dhtotal syntheses, important progress has beda imahe
development of reliable synthetic methods for steeéective polychlorination. In this digest, we snanize the
total syntheses of CSLs HpCUSng on synthetic methods for stereoselective pdéyafation of the organic
frameworks of CSLs.
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Introduction

Chlorosulfolipids (CSLs), first isolated frofchromonas danica by Haines in 1962 are an unusual family of
chlorine-rich lipids which includes danicalipin A)( mytilipins A-C (7, 9, and10), and malhamensilipin A8j
(Figure 1)* CSLs are unique in featuring hydrocarbon skelewessely functionalized with chlorine atoms.
Around 1970, studies concerning producebilogical activities, and biosyntheses of CSlLwere reported. For
example,0. danica and Poterioochromonas malhamensis were identified as producers and toxicity agafistt
and invertebrate¥*growth inhibition of bacterid>* and lysis of mammalian erythrocyt&8 were revealed.
After further investigations throughout the 197@ssearch on CSLs largely subsided owing to the lafck

availability of CSLs from natural resources andmloal access to CSLs.
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Figure 1. Chlorosulfolipids (CSLSs).

In order to elucidate the mechanism of the biolalgactivity of CSLs at the molecular level, theatatination
of stereochemistries of CSLs is essential. Howewelyy planar structures of CSLs were known unti #000s
due to the lack of means to elucidate their comptexeochemistries, although the absolute configuraf the
simplest CSL6 was determined in 1969 More recently, in 1994, Gerwich and Slate repotteisolation and
gross structure of malhamensilipin &8)( a protein tyrosine kinase (PTK) inhibitor fourd cultured P.
malhamensis’ Finally, in 2001, Ciminiello and Fattorusso isekt mytilipins A-C 7,° 9,* and 10" and
determined their relative and absolute configuratiduring their search on food poisoning from migsigethe
Adrian Sea. In their structure elucidatiohbased configuration analysis (JBCA) developed byrat¥ was
successfully utilized to arrive at the relativerstehemistries. This structure determination stwag the first
application of JBCA to CSLs. With this publicatias a turning point, use of JBCA became widespreadht
elucidation of the relative stereochemistries o£.£3n 2009, the absolute configuration of danmaliA (1) was
determined. Vanderwal and Gerwick achieved thd tyathesis ofl in racemic form and assigned the relative
stereochemistries of syntheB8ausing JBCA. Additionally, a sample of natuBabbtained by Hanes more than 30
years ago was subjected to the modified Mosherthod®to determine the absolute stereochemistriek arfid
3.1% Concurrently, Okino isolated CSlis6 from culturedO. danica and elucidated their absolute configurations
by a combination of JBCA and the modified Moshenisthod™* These two reports reached the same conclusions.
Moreover, Okino evaluated toxicities &6 with brine shrimp Artemia salina), with 1, 2, 4-6 showing similar
toxicities and3 showing less toxicity. This result seems to indictitat the number of chlorine atoms in CSLs
does not affect their toxicity toward brine shrimp.

Because of their intriguing and unprecedented &tras, CSLs have attracted a great deal of atterfitam
synthetic organic chemists. After the first totghthesis of racemi#‘?® by Carreira in 2009, a milestone for the
chemical synthesis of CSLs, the following total thgses of CSLs were reported from four grou®s: by
Carreira,1,"° 7,** and8"® by Vanderwal1'® and7*’ by Yoshimitsu,and1'® by us. From a synthetic point of view,
it is necessary for the efficient construction lué polychlorinated frameworks of CSLs to stereadilely install

chloride(s) into a chlorinated scaffold. Howevemgxpected stereoselectivities were often foundhis tiype of
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transformation. For example, Carreira planned yimthesis ofsyn-chlorohydrinl2 from cis-epoxidell (Scheme

1).122 Although it is usually known that this type ofSreaction by chloride anion occurs at the allpi@sition
with stereochemical inversion, epoxide ring operoh@l with TMSCI afforded the unexpectadti-chlorohydrin
13 with retention as a major product along with @éramount of the expectsegh-chlorohydrin12 with inversion.
Yoshimitsu attempted the synthesis afti-1,2-dichloride 15 through stereospecifi@nti-1,2-dichlorination
reaction ofE-olefin 14.*” However, 26% of unanticipatesin-1,2-dichloride17 was formed along with anticipated
anti-1,2-dichloridesl5 (38%) and16 (10%). The anchimeric participation of chloridestihese polychlorinated
systems most likely causes the unusual stereosétiest This review summarizes recent total syaseof CSLs.
Special emphasis is placed on synthetic methodedddor stereoselective introduction of chlorides iotganic

frameworks of CSL&°

Cl
TBSO TMSCI
a x CH,Cly
5
11 EtOAc 5 5
12 4% 13 39%
(Inversion)
KMnOg4
o entl
/\/'\l/'\l/\f’)OTBS .
Cl Cl 6 CH,Cl»
14 15 38% 16 10% 17 26%

anti-Addition anti-Addition syn-Addition

Scheme 1Unusual stereoselectivities in total syntheses.

Carreira’s synthesis

The first in a series of syntheses of CSLs, Canedported the first total synthesis of racemicilipyt A (7) in
2009'%The synthetic details are shown in Schemes 2 aW¢hegn commercially available ethyl sorbat&)(was
reacted with ENClIs, stereospecifi@anti-1,2-dichlorination exclusively took place at thg-double bond, which
is more electron rich than tleef3-double bond, giving racemanti-1,2-dichloride19 in 65% yield. Reduction of
the ester, TBS protection, diastereoselective diwgdation with OsQ (dr = 5.6:1, see: Scheme 7), and epoxide
ring closure via triflation affordedis-epoxide20. Epoxide20 was further transformed intws-epoxidell as a
separablé€EZ mixture Z:E = 4.2:1) by TBS deprotection, Swern oxidation, &Mitkig reaction with21 derived
from commercially available 8-bromo-1-octanol. Aentioned above, the treatmentldfwith TMSCI provided
undesiredanti-chlorohydrin13 (39%) as a major product along with desisgatchlorohydrinl2 (4%). The major
diastereomel 3 was initially assumed to have the relative stemeaustry found in the natural product. Thai8,
was transformed into chlorosulfolipB. 1,2-Dichlorination ofLl3 gavesyn-1,2-dichloride22 in 51% yield along
with other diastereomers. The diastereoselectofitthe 1,2-dichlorination reaction af3 was not clear, since the
reaction was performed by employing &Z mixture of 13 and its E-isomer ZE = 2.6:1). However, the
stereoselectivity of the 1,2-dichlorination B8 was considered to be high, becauseatite 1,2-dichlorination of
related12 proceeded with high diastereoselectivity (10:13l@scribed later (Scheme 3). Conversio2dinto 23
was accomplished through Takai-Utimoto chlorooketion and sulfation. However, thie-NMR spectrum o023
was different from that of naturdl After careful re-examination of the NMR spectfal@ and13, it was found

that13 was the epimer af2 at the allylic position. These unexpected resudtge been debated as follows based
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on the report by Peterséh.Anchimeric participation of one of the chloride$ dl formed chloronium
intermediate24 or 25 with inversion of configuration at the allylic chl center. This was followed by
intermolecular chloride anion attack on the sandgi@lposition of 24 or 25 with inversion. As a result, the

epoxide opening ofl occurred with net retention of stereochemistrihatallylic asymmetric center to produce

13.
| 1. DIBAL, 72% | 1. CSA, 98%
/WCOZEt Et4NC|3 i/\/COQEt 2. TBSCI, im., 87% i/{ 2. Swern Ox.
Cl

65% 3. 0s04, NMO, 68% ®
18 19(C||2acemic) dr= 5.6:1 ’ o 3 Ph3p(;\p/70TBS
4. Tf,0, DABCO, 75% TBS B~ o
nBulLi
62% (2 steps)
Z.E=42A1
Cl
o TMSCI
TBSO
Cl
5 . 5 5
1 12 (Inversion) 4% 13 (Retention) 39%
cl
Et,NCl,
51%
€]
0S0; 1. CSA, 80%
cl Cl 2. TEMPO Ox. I QH Cl
Z>Cl "3 Grel, CHa
H B H . Crlly, 3 ~ = ~
Cl 0'230' 49% (2 steps) Cl 02'2 Cl _
4. SOgpy, 27% + diastereomers

Scheme 2Unexpected epoxide opening.

Next, the retentive epoxide opening reaction wadized for the total synthesis af(Scheme 3). The required
trans-epoxide 27 was prepared fromi9 by the following sequence: reduction of the estgoxidation with
mMCPBA (dr = 1:1), Ley oxidation dfans-epoxide26, and Wittig reaction witl21 (Z:E = 7:1). As anticipated, the
treatment o7 (pure Z-isomer)with TMSCI provided the desiresin-chlorohydrin12 in 43% yield as a single
product with stereoretention. By treatment I&f with EyNCI;, stereospecificanti-1,2-dichlorination of the
Z-olefin occurred in a highly diastereoselective mem (dr = 10:1, see: Tables 1 and 2) to afford
syn-1,2-dichloride28 in 93% yield, in stark contrast to the non-stepea#fic 1,2-dichlorination oE-olefin 14
(Schemes 1 and 11). Dichlori®8 was then converted to (¥)-ia vinyl chloride29 according to the same

synthetic scheme as that @#3.
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1. DIBAL, 72% WOH 1. TPAP, NMO, rt

2. mCPBA Cl 2.21, nBuli
95%, dr =1:1 26 34% (2 steps)
ZE=T7A1
Cl
0 TMSCI
X X
Cl OTBS  43% OTBS
6 Single Product 6
27 12 (Retention)
1. CSA, 98%
Et,NCl; (T)BS 2. TEMPO Ox.
93% 3. CrCl,, CHCls
dr=10:1 47% (2 steps)
28
€]
0S0;3
Cl OH Cl _ SOspy al
WCI - Al
Cl Cl Cl 99% & o o’
29 ®)-7

Scheme 3Total synthesis of by Carreira’s group.

In 2011, this group achieved the total synthesig-pimytilipin B (9), the most complex of the CSLs isolated to
date, utilizing a Julia coupling reaction betwe&tehyde34 and sulfonel2 (Schemes 4 and 5y.Synthesis 084
commenced withu,3,y,0-unsaturated est&0 prepared from commercially availabl®-{,2,4-butanetriol. While
anti-1,2-dichlorination with ENCI; proceeded cleanly at tlyg-double bond 080, the diastereofacial selectivity
was low (dr = 1.8:1, 66%). Reduction of the estaretylation, Sharpless asymmetric dihydroxylatiand
dehydration via triflation gaveis-epoxide31 as a single stereoisomer. NeX1, was transformed td-olefin 33
(probably only theZz-isomer) by a sequence involving acetonide remoMA& protection, selective deprotection,
Dess-Martin oxidation, and Wittig reaction emplayiphosphonium salB2 synthesized from commercially
available §)-ethyl lactate. Stereospecifariti-1,2-dichlorination of33 with E4NCI; (dr = 5:1, 71%, see: Tables 1
and 2) followed by deacetylation and Dess-Matrtimdation provided34.

1. Et4NCl3, 66%

dr=1.8:1
o 2. DIBAL, 43% j\o ¢!
3. AcCl, Et;N, 81% i
30 4. AD-mix-B, 74% 31 AcO
5. Tf,0, DABCO, 50%
1.CSA, 72%
2. TBSOTf
2 6-lutidine, 91% OTBS 1. EtNCla, 71%
3. HFpy, 40% TBS dr=51
4. DMP, 87% BnO S\ 2. K,CO3, 98%
5 QTBS _ © Cl ) 3.DMP,95%
3pph332 33 AcO
BnO
KHMDS, 55%

TBS
/ (;I

CHO

34

Scheme 4Synthesis of fragmer34.



Preparation ofi2 started with commercially available 1,5-pentank(B8) which was transformed to propargyl
alcohol 36 in 92% ee through successive mono-TBDPS proteci@MPO oxidation,a,a-dichlorination with
NCS andtBuNH,, and enantioselective Zn-acetylide additiomta-dichloroaldehyde (Scheme %)Conversion
of 36 into a-epoxyketone37 commenced with alkyne semireduction, VO(agaa)alyzed epoxidation, and
Dess-Martin oxidation. Regioselective epoxide riogening of 37 with ZrCl, followed by reduction of
a-chloroketone affordednti-chlorohydrin38 in 36% yield (2 stepsk-a,B-Unsaturated est&9 was synthesized
from 38 by successive acetonide protection, removal of iB®PS group, Dess-Martin oxidation, and Still
Z-olefination. After reduction of the ester, Shagsleasymmetric epoxidation (dr = 9:1) gasre-epoxide40.
Treatment o#0 with TiCI(OiPr); resulted in epoxide opening with inversion to gigin-chlorohydrin41 in 40%
yield, but the regioselectivity was low (1,2-digBidiol = 2:3). The synthesis @2 was completed following
acetonide formation, benzyl ether cleavage, Mitbundisplacement with phenyltetrazolylsulfide, anddation
to the sulfone.

1. TBDPSCI, 96%

2. TEMPO Ox., 93% OH
3. tBuNH,, NCS, 96% _ Si
HO(\)/\OH : - ~ Cl CI30
A 4. BnOCH,CCH

B
35 (-)-N-methylephedrine o8n 36
)
Zn(OTf),, EtsN, 70% 92% ee
Si = TBDPS

1. Red-Al, 92%
2. VO(acac),

0
TBHP, 62% Re 1. ZrCl
BnOWOSi .

3. DMP, 95% dc’ 2. NaBH,, 36%
37 (2 steps)
1. OMe
PPTS, 95%
MeO,C
g” 2. TBAF, 95% Bn Q>< ez |
K0Si o

3. DMP
dai
4 (CFCHa, GOMe  Cicit

KHMDS 0 39

68% (2 steps)

X

1. DIBAL, 88% Bno\/?\M TIC(OiPr)3, 40%
2. SAE, 92% Cl clcl H

0]
40

dr=9:1

1. TsOH, acetone, 83%
2. Pd/C, Hs, 94%

3. N-NPh_ DIAD, PPh;
N"N/>—SH 83%

4. mCPBA, 61%

Scheme 5Synthesis of fragmei2.



The crucial Julia coupling reaction betweghand42 gave allyliccis-epoxide43 (Z.E = 3:1) (Scheme 6).
Remarkably, epoxide opening 48 with PPhCI,** proceeded with inversion to give desisyd-chlorohydrin44
in 64% vyield (fromZE-mixture). The ring opening of allylic epoxidé3 did not suffer interference from
neighboring chlorides. In stark contrast, anchimguarticipation of neighboring chlorides took plameer the
stereochemical course of retentive epoxide openaigeglated allylic epoxidedl and27 (Schemes 2 and 3).
anti-1,2-Dichlorination of 44 with E{NCl; produced syn-1,2-dichloride 45 in 70% vyield with high
diastereoselectivity (see: Tables 1 andAf)er deprotection of the benzyl ethé&olefin formation with Martin
sulfurane followed by removal of the TBS groupseBwlefin 46. Finally, regioselective palmitoylation of the
triol, regioselective sulfation of the diol, andmeval of the acetonide groups were performed tivelethe
proposed structure of mytilipin B. However, t&NMR spectrum of syntheti@ differed from that of the natural
sample. Careful reconsideration of the data auvailabthe isolation report of mytilipin B led to woerns about
the assignment of the stereochemistry at C23. Canteus suggested that mytilipin B is the C23-egiraf the
structure reported in the isolation paper. Thisfigomational uncertainty will likely be resolved lgnthrough

chemical synthesis.
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0
44 (Inversion) clal O#
| EtaNCI, 70%

1. Hy, Pd/C, 79%
2. Martin sulfurane, 50%
3. HF-py, quant.

1. nC15H31COCI, py, 60%
2. DMF-S03, 60%
3. TFA, H,0

OH OH Cl

Cl Cl C C cidicl  OH
R" = nCysH3q (+)-9
Scheme 6Total synthesis d®.

Vanderwal’s synthesis

Vanderwal investigated the diastereoselectivitptefeospecifi@anti-1,2-dichlorination of a series @tallylic
alcohol derivatives, on the assumption that allgitain (A 3 Sserves as a valuable stereocontrol eleffent.
Preliminary experiments were carried out using sswdifferent allylic alcohol derivatives with twmolecular
chlorine surrogates, BNCl; (Mioskowski reagent§ and BnE{NCI-KMnO,TMSCI (Marké reagent)! to
reveal nearly identical levels of efficiency andstereoselectivity with both reagents. TherefortgNEl;, an
easily prepared, bench-stable solid, was emplogedfdrther studies. The results in Table 1 indicHiat

1,2-dichlorination 0f47 took place cleanly in a diastereoselective manvigr anti stereospecificity to afford
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syn,syn-dichloride 48 as a major stereoisomer along watiti,syn-dichloride 49. Although the steric bulkiness of
the substituent groups on the allylic alcohol oxydead little effect on selectivity, electron-dedint acyl groups
led to reasonable margins of selectivity. Partidylgivaloyl, trichloroacetyl, and trifluoroacetgroups showed
significant diastereoselectivities with the bestutes at —90 °C. However, dichlorinations of piako esters
generated substantial side products resulting fester migration, and trifluoroacetate esters waigld to
chromatographic purification. Thus, the trichlorette group was deemed optimal, despite the glightl
diminished selectivities. As shown in Table 2, #méi-1,2-dichlorination reactions of allylic trichloroatatess0
yielded syn,syn-dichloride 51 with usable stereoselectivities (4.6:1 to >20:4)l aeasonable functional group
tolerance across a range of structurally diffeseriitstrates. Thgyn,syn-hydroxydichloride stereotriad found &1
is prevalent in CSLs. In fact, tisgn,syn-hydroxydichloride stereotriad motif was succedgfobnstructed through
diastereofacially selectivanti-1,2-dichlorination ofZ-olefin 33 in Carreira’s total synthesis & Furthermore,
during Carreira’s total syntheses®and9, syn,syn-1,2,3-trichloride28, 22, and45 were derived fronZ-olefins
12, 13, and44, respectively, with high diastereofacial seletyiwiia stereospecifianti-1,2-dichlorination. Clearly,
allylic chloride groups directed facial selectivitf these 1,2-dichlorination reactions. Since tlehldrinations of
polychlorinatedZ-olefins always proceeded witmti stereospecificity to produagn-1,2-dichlorides exclusively,
anchimeric assistance of the distal chlorine at@madt occur during 1,2-dichlorinations @folefins. Therefore,
this synthetic procedure is one of the most poweniethods capable of incorporating an array of thébatoms

into hydrocarbon skeletons of CSLs with correciollite stereochemistries.

Table 1.
Optimization of protective group witf-allyl alcohol derivatives.
RO nBu EtNCl, OR Gl )OE/C\l
Ph/\/l\/ R')\('\nBu + R " nBu
47 48 (syn,syn) 49 (anti,syn)
R'= (CH2)2Ph

R temp. (°C) 48:49 R temp. (°C) 48:49
H -78 1.0:1 Piv -78 7.5:12
Me -78 2.0:1 Piv -90 7.7:12
TBS -78 2.0:1 ClsCCO -78 5.0:1
CO,Me -78 5.0:12 Cl,CCO  -90 6.5:1
Boc -78 5.0:12 F3CCO -78 6.0:1
Ac -78 5.0:12 F;CCO -90 7.0:1

@ Rearranged products were formed.
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Table 2.
Selectivity of 1,2-dichlorination.
1NF R! RZ + RV YTR?
R CH,Cl, & &
50 51 (syn,syn) 52 (anti,syn)
TCA = C(O)CCl3
TCAO CI TCAO ClI OMe
iPr OMe
Cl Cl
770/0, dr=7.71 78%, dr =>20 :1
TCAO I TCAO CI
tBU BnO\)\|/I\/\/
Cl Cl
77%, dr = 8.6:1 67%, dr = 4.6:1

Vanderwal achieved the total synthesis of (x)-dalipin A (1) via Wittig reaction of aldehyd&9 using
phosphonium sa6 (Scheme 7§° The synthesis d6 started from known 11-bromoundecar®)(which upon
treatment with NCS antBuNH,*? gavea,a-dichloride54 (71% yield as TBS ethd5) contaminated with small
amounts ofa-monochloride and starting material. Eventuallyrep66 was obtained by reduction of the
aldehyde, TBS protection, iodination 656, and treatment with PRha,B,y,0-Unsaturated estes?7, prepared
through Mizoroki-Heck reaction of knownE)-1l-iodo-1-octene with methyl acrylate, was sulgdctto
stereospecifi@anti-1,2-dichlorination with ENCI; and dihydroxylation with Os©(dr = 8.4:1) to give diob8 in
racemic form in 42% yield (2 steps). The diasteaemfl selectivity of the OsQoxidation was rationalized with
the model proposed by Kisffi,as well as the result observed in the @egidation of19 (Scheme 2). Epoxide

ring closing through regioselective nosylation, aeduction of the ester to an aldehyde afforé@d

1. NaBH,, 75% ©

. ClI CI 2 st Cl Cl 1. Nal. reflux o CICI
B~ tBuNH,; NCS B (2 steps) . Nal, reflu
CHO r Br OoTBS PhsP OTBS
o M;(CHO 2. TBSCI, im. % 2. PPh, %
53 54 95% 55 84% (2 steps) 56
+ monochloride
+sm
1. NsCl, pyridine |
1. Et4NCl5 ¢l OH 71% o)
Hex” - CO,Me Hex)\/'\(COQMe Hex™ ™
e 2. 0s0,4, NMO 2. K,CO3, 80% & CHo
_ Cl OH
Hex = I’ICQH13 42% (2 Steps) 3. DIBAL, 85%
57 dr=8.4:1 58 (Racemic) 59

50 equiv. Et4NCI

5 equiv. BF3'OEt2 Hex X ICI
48% “ 7 OTBS 4= 181
Single Product 61 (Inversion)
1. nBuzSnH, Et3B, O, o
Cl CI 30% (2 steps) Cl OSO31 ° ¢l OH
Hex” Y Y CI Cl
Hex™ ™ 2. 3HF-EtN, 87%  HexX™ % 0505
i i 7 : 3N, 6/% 6 Cl Cl
Cl Cl CI OTBS 3 CISO3H, 66% Cl ClI Cl ClCl 7
63 -1 62 (Retention) TBSO

Scheme 7Total synthesis of by Vanderwal's group.
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Wittig reaction of56 and59 produced allyliccis-epoxide60 (Z:E = 2.5:1). As reported by Carreira, treatment of

60 with TMSCI resulted in the formation of undesirggh-chlorohydrin62 with retention in 38% yield (from
Z-isomer) as the major diastereomer along with ddsyn-chlorohydrin61 with inversion (dr = 6:1). Empirical
studies led to the use of excess;#Ft, and E{NCI to give 61 in 48% vyield from theZE mixture of60 (67%
based orz-isomer). Stereospecifianti-1,2-iodochlorination 061 afforded63 with complete regioselectivity but
poor diastereofacial selectivity (1.8:1) in contrstheanti-1,2-dichlorinations as described so far. Aftericall
deiodination withnBusSnH followed by chromatographic separation of tHd-€pimers, total synthesis of (%)-
was achieved by removal of the TBS group and saifat

Recently, Vanderwal reported the highly effectigtal synthesis of mytilipin A7) in which the longest linear
sequence of steps was only seven for rac&rénd eight for optically activé (Scheme 8j? Crotyl alcohol 64)
was converted into racemanti-1,2-dichloride in 87% yield using molecular chiwiand EINCI (presumablyn
situ generation of BENCI3). After Dess-Martin oxidation, CBrH:CHC#lIEtz29 added to aldehyd@é5 with high
diastereoselectivity (dr = 98:2), consistent widihbthe Felkin-Anh and Cornforth modéfsand the bromohydrin
was transformed teis-epoxide ()66 by treatment with aqueous base. The olefin pa®erequired for the
convergent step was synthesized from commercialbilable 8-bromo-1-octene6®) by formylation of the
Grignard reagent generated fr&@@ and Takai-Utimoto chloroolefinatioZ-Selective olefin cross-metathesis of
(+)-66 and 69 employing Grubbs cataly§t0** afforded allyliccis-epoxide71 with complete control of olefin
geometry. Construction of th&n,syn-1,2,3-trichloride stereotriad motif af was carried out according to the
synthetic scheme described above. Epoxide operingl groducedsyn-chlorohydrin72 in 72% vyield in the
presence of excess BPEL and EfNCI with complete stereoinversion. Stereospedfiti-1,2-dichlorination of
72 with E4{NCI; occurred with excellent diastereofacial selectiidr = 93:7) in 86% vyield and subsequent
sulfation furnished (). For the chiral synthesis &f (+)-66 was resolved through chlorinolysis mediated by
(RR)-Denmark catalys67% to yield (+)66 in 87% ee. The synthesis of (%)the enantiomer of natural (¥)-

was accomplished by the use of resolvedd:)-

1.Cl, Et,NCI ¢ 5 cl
/\)OH 89% LCHO Br AIEt, 0 OO
X - T H
2. DMP cl then NaOH )\CT<'\ N
64 : Et4NC|, H20 /
65 (Racemic) 52% (2 steps) 4.6 OO
dr=98:2 ] Kinetic resolution
(+)-66 87% ee
N
1. Mg; DMF
AB e A /
= Br —
5 °' 2 CrCl,, CHCl 5 ONOY
68 79% 69
E.Z=937
cl BF3OEt; 1. Et;NCls, 86%
69, 70 O Et4NCI d;&t: 933;7 °
(+)-66 - .
32% Cl N xCl 72% x-Cl o SO4py, 94%
E:Z=1:>20 5  Single Product 5
I 72 (Inversion)

Scheme 8Total synthesis of by Vanderwal's group.
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In 2010, the same researchers achieved the tattiesis of (+)-malhamensilipin B)*° In the total synthesis,
formation of the syn,syn-1,2,3-trichloride stereotriad motif 08 was successfully performed with high
stereoselectivities through successive allylic é®xopening with inversion by BFOEL and E{NCI and
stereospecifi@nti-1,2-dichlorination with ENCI;. The synthetic scheme is shown in Scheme 9. Satad!<lof

the total synthesis have been omitted for lackpats.

1. AD-mix-B, 58%  Oct OH

/\/COzEt \)\rcozEt
Z 2. Ni(OAC),+4H,0

OH
NaBH4, H2
>95% ee
Oct=nCeHy;  (CHaNHa)o, 88%

Oct

1. NsCl, Et;N 1. K2CO3, 88%
77% 2. DIBAL, 90%
2. Et4NCl3, 83% 3. A, KHMDS
dr =>10:1 ZE=2:1
cl
Et4;NCI, BF3-OEt,
Oct” 0]
Cl &S R 32% (2 steps)

dr=>10:1

R 1.CISOzH, 83%

2. LDA, 26%
o Cl Cl
Cl Cl ClI 0SO; R= HQCH)K/OTBS
Oct A 7
: 1Yy S
cl i Cl Cl | clcl
: O @
0S0;  (+)-8 th“&d?@OTBS
A

Scheme 9Total synthesis o8 by Vanderwal’s group

Yoshimitsu's synthesis

Yoshimitsu described an effective synthetic metfmdenantioselective construction of the polychiated
hydrocarbon motifs of CSLs by means of multiple Iaaphilic chlorinations of chiral epoxides with NG&d
PPh (Table 3)* Although a direct approach to chiral 1,2-dichlesdfrom epoxides in a stereospecific manner
has been reported, little is known about the geérsexape of the 1,2-deoxydichlorination reactionstéicturally
complex internal epoxide’8 After extensive optimizations, they found tharstespecific 1,2-deoxydichlorination
of an epoxide cleanly proceeds by treatment withg8iv. of NCS and 3 equiv. of PPm toluene at 90 °C.
Representative examples are shown in Table 3. &@®dalichlorination ofcis- and trans-epoxides provided
anti-1,2- and syn-1,2-dichlorides, respectively, in good yields (56% 84%) with good functional group
compatibility. The stereochemistry of the produetas consistently inversion at both stereogenic erent
Moreover, 1,2,3,4-tetrachlorides were also produpeghne step from chiral bisepoxides by the us&lGt and
PhP. The stereospecific 1,2-deoxydichlorination ofradlhepoxides would provide novel short accessh® t

structural motifs of CSLs, particularlginti-1,2-dichloride motifs.
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Table 3.
1,2-Dichlorination from epoxide.
3 equiv. NCS cl
R2\<'\/OR1 3 equiv. PPh3 Rz\/é\/OR1
o} toluene, 90°C ¢
substrate product
ol
B0 > OTBDPS Bno~y ~-OTBDPS
Cl 82%
0. Cl
OR
BnO R = TBDPS, Cl
TBS, Piv 69-84%

o
#O o
O _N§>_oTBDPS \ A\ A OTBDPS

cl 56%
cl cl
nCsHy >~ _oTBDPS  NCsHin OTBDPS
Cl O o
¢l ol
B I8 _OTBDPS BnowOTBDPS
cl ¢l

42%

Denton developed the stereospecific O=Pé#ttalyzed 1,2-deoxydichlorination of epoxides WIBfOCI),.* As
illustrated in Table 4, the reaction was effectioe a variety of epoxides with yields ranging franoderate to
excellent (44% to 81%). They proposed a catalyidecin which chlorophosphonium sd@t generatedn situ
from O=PPh and (COCI) with concomitant loss of CO and GQvas effective for the 1,2-deoxydichlorination of

epoxides.



Table 4.

PhPO-Catalyzed 1,2-dichlorination from epoxide.

1.3 equiv. (COCI),

0., 0.15equiv. PhsPO ¢ R
RIER R
1.5 equiv. 2,6-(tBu),py Cl
80 °C
Cl  sio ci
Mer\h /\(\/))\ CI MeMJ\rMe
81%_ 8% 62% 579
cl |
cl
H\rnPr anPr MGMCOQEt
Si0 ¢l Si0 Cl 7L e
44% 46% 66%
Si = TBDPS
) % ¢t
RIFNER Ph’E‘hPh CO + CO,
B
o 0
R ph-Eph (cocl)
Cl Ph 2
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Additionally, in 2013, Yoshimitsu demonstrated ththe combination of NCS and #h also promoted

stereospecifi@anti-1,2-dichlorinations of olefins by serving as a ewllar chlorine surrogate by modification of
the reagent stoichiomet?§ The reaction was carried out with 3.0 equiv. ofS\N&hd 1.5 equiv. of PRm CH,Cl,

at room temperature. Typical examples are showmainle 5 which indicates that thati-1,2-dichlorination
reaction is tolerant of some functional groupsetestingly, dichlorination with NCS and ffhof allyl pivaloate

generated an ester-migrated product similar to dhalichlorination with EANCI; described by Vanderwal (see:

Table 1).
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Table 5.
1,2-Dichlorination of olefin with NCS and PPh

3.0 equiv. NCS cl
Rz\/\R1 1.5 equiv. PPh3 R2\=/I\R1
CH20|2, rt (E:|
substrate product
Cl Cl Cl CI Cl
OTBS Cl OTBS
%M% \/kﬁ)sQ
89%
O s
“Cl 93%
(0] Cl o
/\/\)]\OEt /INOEt
Cl 76%
Cl
TBSO > HITBOPS  1go ™y 0TEDPS
¢l 77%
Cl
Pivowg TBDPS
¢l 66%
PivOWé?TBDPS Cl
cl A E?TBDPS
OPiv 12%

In 2011, Yoshimitsu reported the total synthesigtgfdanicalipin A (), which featured the coupling reaction
between olefin 76 and nitro compound82 (Scheme 10Y° The synthesis of76 was initiated by
1,2-deoxydichlorination with NCS and PPlof cisepoxide 73, derived from commercially available
(2)-2-nonene-1-ol via Sharpless asymmetric epoxidaf8D% ee), to givanti-1,2-dichloride74 in 86% yield
with complete stereospecificity. Removal of thegbdyl group and Dess-Martin oxidation yielded alglddn75.
After addition of CH=CHMgBr to 75 (dr = 1.7:1), enzymatic separation of the majoimepic alcohol by
employing Lipase PS IM Amano followed by TBS praiec afforded enantiomerically pui@. The preparation
of 82 started from dien&7 (E:Z = 3:2), which was synthesized via the Wittig metgfaefination of commercially
available 10-undecenal. Stepwise 1,2-dichlorinatioin methoxyolefin with NCS, acidic hydrolysis, and
a-chlorination of thex-chloroaldehyde with NCS anBuNH, provideda,a-dichloroimine78, which was further
transformed to alcohof9 by acidic hydrolysis and reduction of the aldehy@@®&S protection, ozonolysis,
reduction of the aldehyde, iodination&@, and substitution d1 with NaNG; yielded82.

1,3-Dipolar cycloaddition withi76 and82 under Mukaiyama conditiofisafforded anti-isooxazoline83 in a
7.3:1 epimeric mixture. The preferential formatioindesired83 can be rationalized by considering a transition
state model for 1,3-dipolar cycloaddition proposgdHouk® Reductive NO bond cleavage with Mo(G@nd
subsequeranti-1,3-reduction of th@-hydroxyketone gavanti-1,3-diol 84 (dr = 6:1). Wher84 was reacted with
NCS (3 equiv.) and PBK3 equiv.),anti-1,3-dichloride85 with inversion of configuration at both asymmetric
centers was obtained as a major isomer in 38% gielay with its C11-epimer (5%). The 1,3-deoxydictiation

most likely suffered from interference by the disfalorine atoms. Finally, total synthesis of (+jvas completed



1€
through deprotection of the TBS groups and sulfatio

NCS . 1. 7 MgBr
Hex <9 PPh, OPWV 1 DIBAL, 94% LCHO 67% (2 steps), dr = 1.7:1 | OTBS
/\L o Hex| Hex Hex™ ™Y Z
oPiy 86% : 2. DMP CI 2. enzymatic separation &
3 (>99% ee)
7 74 75 3. TBSOTH, 2,6-lutidine, 98% 76
’ 89%03‘; Single Product
X = ters 1. TBSOTf -
1. NCS 2,6-lutidine, 95%
Cl Cl Cl Cl ’ . OTBS
2. TFA 1.3 N HCI 2. O3, CH,Cly; PPh
AN AN A~ 3, CHzCly; PPhg x%
8 3. tBuNH, 8 N 2.NaBH,4 8 on 3- NaBH, X=0H 80 I2, PPh3
Me'~  NCS tBu 63% 84% (2 steps) | :\ im., 98%
77 7 5 steps NaNO
8  (5steps) 79 X—NOZSZ:\GO% 2
82, Et;N S
| OTB
PhNCO 1. Mo(CO)g, 91% S
o H EO) 6 Hex E E 6 OTBS
dr607/031 Cl O-N Cl ClI 2. Me4NBH(OAC); Cl OHOH ™I ClI
= N 0, = .
83 84%, dr = 6:1 84
NCS o
PPh; T8S 1. AcCl, 97% §S0s o
Hex™ ™ 0S0;
38% 2. SOy : : 6
o 940/30 Py Cl Cl Cl clcl
85 (+)-1

+ some products

Scheme 10Total synthesis of by Yoshimitsu’'s group.

In 2010, they also achieved the total synthesig+)fmytilipin A (7).}" During the total synthesis, the
syn,syn-1,2,3-trichloride stereotriad of was efficiently constructed with high stereoselges by the use of
stereospecific 1,2-deoxydichlorination reactions$rafs-epoxides. The synthetic pathway is illustrate@aineme

11. Again, details of the total synthesis were tedidue to space considerations.

NCS
TBSO BSO

. PPhs_piyo DIBAL 1o 1. DMP, NaHCOs3, rt
5 85% 5

95% 2. allylITMS, BF 3 OEt,
Single Product 72% (2 steps)
dr=3.8:1
TBSO TBSO SeOy, TBHP
\ NaH -9~ oTBS NCS, PPhs salicylic acid
T 5 - 5
OHCI 0 9% Cl 70% | 49%, dr=1:1.6
Single Product
KMI’]O4
H ¢l TBSO 2-butene TBSO BnEtsNCI Acy0, EtsN
\/?\M) Grubbs 2nd M TMSCI DMAP
5 B ant
Cl Cl 93% G R quant.
’ dr=3.8:1
@
SOz
1. aq. HF-py | OACCI 1. CrCl,, CHCI3 | |
| QAcGI TBSO "5l _ P o

5 5  2.DIBAL 9% . °
2. DMP, 98% ' ¢t ci cl
cl ¢l Cl b ¢l ¢ Cl 3. SOy, 75% )7

Scheme 11Total synthesis of by Yoshimitsu’s group.
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Umezawa/Matsuda’s synthesis

In 2011, the authors reported the total synthebig+pdanicalipin A @) (Scheme 12% in which Wittig
coupling reaction between aldehy@2 and phosphonium sai6 was employed as the convergent step. The
synthesis of 92 commenced with knowncis-epoxide 86 derived from commercially available
(2)-2-butene-1,4-diol via Sharpless asymmetric epatiott (85% ee)a,3-Unsaturated estéd7 was obtained by
TEMPO oxidation and Wittig reaction in a one-potmaion. After purification by recrystallizationp@xide ring
opening with stereochemical inversion occurredrdiely treatment of enantiomerically pu8& with SOC}* to
give syn-chlorohydrin88 in 96% yield as the sole product. Reduction oftttfeunsaturated ester, TES protection,
and Swern oxidation provided aldehy@@ After extensive investigations, the diasteread®le a-chlorination
reaction of89 with (R,R)-2,5-diphenylpyrrolidined0, Jargensen cataly&twas found to achieve almost complete
diasterese|ectivitywithout any formation of ther,a-dichloroaldehyde, furnishing a labite-chloroaldehyde
which was isolated as tlgp-unsaturated est&l in 85% yield (2 steps) by adding a Wittig reagen one-pot
operation. Since thex-chlorination proceeded without interference frome tneighboring chloride, this
a-chlorination would provide a reliable method t&raluce a chlorine atom into the polychlorinatedregarbon
skeletons of CSLs with desired absolute stereodtgmby using the proper enantiomeric cataB@or ent-90.
Successive reduction of tleg-unsaturated ester and TEMPO oxidation yieldedrside92. For preparation of
the other coupling partn&6, known aldehyd®3, prepared from commercially available 7-bromo-pthaaol,
was cleanlya,a-dichlorinated by treatment with NCS in the preseiné a catalytic amount of pyrrolidine to
provide puren,a-dichloroaldehyd®4 (77% yield as TBS eth&5) without the formation of byproducts such as
a-monochloroaldehyde. Reduction of the aldehyde, PB&ection, iodination 095, and treatment with PRh
converted4 to 96.

Wittig reaction betwee®2 and 96 followed by hydrogenation of the olefin concurrevith cleavage of the
PMB group gave alcoh@7. TEMPO oxidation and subsequent Wittig reaction a one-pot operation furnished
E-a,B-unsaturated est&8 (E:Z = 10:1).E-Olefin 99 was obtained through reduction of the ester, éatgin, and
allylic substitution with nCsH;MgBr and LbCuClL.** After removal of the silyl groups, stereospecific
anti-1,2-dichlorination of thé=-olefin occurred cleanly by using BrEICI-KMnO,-TMSCI (Marké reagent) in
octane at 90 °C to give tlamti,anti-dichloride in 39% vyield along with anothanti-adduct syn,anti-dichloride, in
28% yield (dr = 1.8:1). Disulfation at the two hgdyl groups achieved the total synthesis of I:+)-
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o) 0
TEMPO Ox.; ‘/L\:\ SOCl, m ~_CO,Me 1.LiBH,, MeOH
PMBO—/L\—OH ~ PMBO " -
86 MeO,C” ~PPh; COMe  96% PMBO 2. TESOTf, 2,6-lutidine
799 859, 87 88 82% (2 steps)
° o ee ; 3. Swern Ox., 89%
~99% o6 ] Recrystal. Single Product o
OTES 90, BrCH,COH - oTES el o1 OTES
PMBO cHo NCS: N CO,Me _ M€V, 917 _~_CHO
Cl MeO,C SPPh; PMBO  Cl 2. ;E,D"PO Ox. PMBO CI Cl //\j
89 85%, dr = >20:1 o1 ’ 92 PR™N" "Ph
90
NCS o
pyrrolidine 1. DIBAL OTBS | OTBS
Bryy~_CHO BrWCHO r ANal Phs o
4 oke 2. TBSCI, im. 4 2. PPh; 4
77% (3 steps) 98% (2 steps) Cl Cl
93 94 95 96
Single Product
1. gg;/NaHMDS OTES OTES
_ 8%  _HO 0 otes TEMPOOXL  e0,c MK oTBS
2. Pd(OH),-C Ccl Cl  “clal MeO,C P (nBu) Cl c  clal
Ha, 81% 3
97 86%, E:Z = 10:1 98
1. TBAF, AcOH
OTES OTBS '
1. DIBAL 43% (2 steps)
Hex™ ™ 6
2. Ac,0, DMAP Cl Cl clcl 2. BnEt3NCI, KMnOy4
97% (2 steps) 9 TMSCI, 39%, dr = 1.8:1 (+)-1
3. nCsH14MgBr 9 3. CISO3H, 53%
Li;CuCly Hex = nCegH13
Scheme 12Total synthesis of by Matsuda’'s group.
Conclusion

In this digest, the authors summarize the totath®ses of chlorosulfolipids (CSLs), a fascinatingss of
natural products featuring highly chlorinated hymnbon scaffolds, bfOCUSng on synthetic methods for
stereoselective polychlorination of the organicrfeavorks of CSLs. Although CSLs were first isolatedl962,
chemical synthesis of CSLs has been hampered dubetdack of synthetic methods for stereoselective
polychlorination of hydrocarbon frameworks. Sincari@ira’s first total synthesis of a member of @8Ls in
2009, several groups, including our own, have aguetotal syntheses of CSLs. During the total sysdis,
unanticipated stereoselectivities were discoveradaitempts to stereoselectively chlorinate hydiomar
frameworks bearing chlorine atom(s). These chldidnareactions suffered interference from the neaying
chlorides that lowered stereoselectivities and ébainyields. By overcoming this disadvantage, int@ot
progress has been made in the development of leekghthetic methods for stereoselective polychktion. For
example,syn,syn-1,2,3-trichloride stereotriads, a common motif @SLs, were effectively constructed by a
combination of ring opening of Z-allylic epoxide with chloride andnti-1,2-dichlorination of the resulting
Z-olefin. These total syntheses should facilitatdgical studies on CSLs because of the difficoltyacquiring

sufficient quantities of CSLs from natural sour&és.
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After total synthesis of (+)-danicalipin A)(as mentioned above, we investigated the toxscievard brine
shrimp @rtemia salina) of (+)-1 and (-)ent-1, synthesized via the scheme same to that fol f#Qm ent-86.
Remarkably, (—ent-1 showed almost the same toxicity as {+p indicate that the absolute configuratioriof
has no effect on its toxicity in brine shrimp, sBef. 18.



