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ABSTRACT

The preparation of a novel cytochrom@B0 photoaffinity label is describet@ihe
targeted azidoquinone wasbe used as a pheteactive label to specifically identify peptides
associated with the oxidation binding site within cytochrome bcl, and cargbodetermine
the unigue catalytic mechanism of quinol oxidation processes and the intermediates involved.
The synthetic route features a Didller cyclization/alkylation/deyclization approach to
prepare thenimic of naturally occurring ubiquinon&he synthesis is accomplished in 6 steps
from commercially available-fhethylcatechol and involves incorporation of azide in the final
synthetic stepo prepare the novel azidoquinone

(97 Wynberg lactone was used to prepare the potent CERT inh{bR@8S)-HPA-12.
The route featurethe preparation of an optically actigeiddactonethrough a Corey.ink
reaction accompanied by nucleophilic acyl substitution. The synthesis was accomplished in 5
steps, and proceeded in 33% overall yfeddn (S)i Wynberg latone.

(R)-Wynberg lactone was used to prepare cluodysubstituted oxacycles through a
novel Jocietypereaction. The route featured a directedrl,8 d u c t i-hydroxykdtonea b
followed byrutheniumcatalyzed cross metathesisd osmiuncatalyzed asymmetric
dihydroxylation. A modified olefin metathesis procedure to suppress undesired byproduct
formation is described in detail. A variety of functionalized olefins were prepared by the

modified proceduré yields commonly exceeding 80%unctionalized tetraols were prepared



by a modified Sharpless asyratric dihydroxylation reaction with yields commonlycexeding
80%, and diastereomeriatios typically exceeding 85:15tereoselectivity in the
dihydroxyation of terminal moneubstituted olefins can be enhanced with afpreed phenyl
boronic ester addudConditions for ahancing the stereoselectivity with this class of substrates
aredescribed irdetail. The final symhetic step e route to the targed tetrahydopyran
derivatives involves intramolecular cyclization through a novel Jypereaction, and
commonly proceeds in > 80% yieM/ork towards the cyclization of all classes of prepared
tetraols is currently in progress.

Terminal alkylsulfanyl alcohols were prepaiadne stegrom an aliphatic
trichloromethyl carbinoin yields exceeding 85% hese results further demonstrtte utility of
gemdichloroepoxide internt#ates in Jocktype reactions, and lay the groundwdok future

transformations. Work in this area is currently underway.
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CHAPTER 1
SYNTHESIS OF 2METHOXY -3-AZIDO-5-METHYL-6-GERANYL-1,4-BENZOQUINONE

1.1 Backgroundand Significance

Quinoids are a family of compounds that possess a specific arrangement of alternating
single and double bonds inside and outsidesat-enembered ringKigure 11A). Quinones
(Figurel.1B) arethe largest class of the quinoid family, and are very common in ricBomae
of the more significant quinones in biological systems, such as ubiquiRigueg1.1C), contain
terpenoid side chaathat are anchored in the lipid phase of membrakesy biological
processes depend on the intrinsic redox potential of quinones which allows transport of electrons
between membrane bound components of electron transport chains. The shuttling oiselectro

creates a proton gradient on the outside of the membrane that serves as the driving force for ATP

production®
X o) o) OH
MeO MeO
MeO ~N H MeO ~N H
X o) o] 10 OH 10
A B C D

Figurel.1l: A: general structure of quinoids where X = C, N, @:$eneral structure of
guinoneC: ubiquinoneD: ubiquinol

! Thompson, R. HNaturally occurring quinones. lll. Recent Advandesndon. Chapman and Hall; 1987.
2Brunmark, A.; Cadenas, Eree Radical Biol. Med1989 7, 435477.
® Nohl, H.; Gille, L.; Staniek, KAnn. N. Y. Acad. Sc1998 854 394409.
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The cytochrome bcl (cyt bcl) complex is one of the membrane bound components that
plays an essential role in establishing the proton motive force necessary for the production of
ATP. Two substrate binding sitese within the cyt bcl complexXd,, where ulguinol (UQH,)

(Figure 11D) oxidation to ubiquinone (UQ) occurs, and;Qwhere UQ reduction to UQH
occurs® The transition of UQKto UQ regularly leads to the production of semiquinone (SQ)
radicals that, in the presence of oxygen, can potentially fammading reactive oxygen species.
Failure to inhibit the formation of reactive oxygen species, particularly superoxide, with SQ
radicals can lead to oxidative stress and tissue dafnAge. to the potential of superoxide
production at the Qbinding site 6 cyt bcl, the control of UQioxidation is of particular
interest’

In attempts to gain a better understanding of the unique catalytic mechanism of quinol
oxidation and the intermediates involved, the azidoquinmeethoxy3-azido5-methyl6-
geranytl,4-benzoquinone/ was synthesized. The azidoquinone was to be used as a-photo
reactive label to specifically identify peptides associated with the oxidation binding site. It was
essential that the synthetic azidoquinone be similar structurally to that of the natural substrate
order to achieve effective labeling. The phtabeling method involves illuminating high
concentrations of the reduced azidoquinol in the presence of the peptide. Illumination causes loss
of N, and formation of a reactive nitrene species. Subsequéndynitrenequinol covalently
attaches to peptides located in the binding site. A possible mechanism for the peptide labeling

process is shown in Scheme 1.1. The covalently labeled peptides can then be detected and

“ Cape, J. L.Bowman, M. K.; Kramer, D. MJ. Am. Chem. So2005 127, 42084215.

°>Muller, F. L.; Roberts, A. G.; Bowman, M. K.; Kramer, D. Biochemistry2003 42, 64936499.

® panaretakis, T.; Shabalina, I. G.; Grander, D.; Shoshan, M. C.; DePierreldxi¢l. Appl. PharmacoR001,
173 56-64.



analyzed through mass spectrométBeing able to identify the peptides associated with the
active site will offer insight to where the quinone is binding, and may explain what causes
superoxide production. Another application of azidoquinones involves their ability to act as
qguinone binding ite agonists or antagonists to prevent toxic radical generation. For this reason,
qguinone binding proteins have become attractive putative drug targets. Currently, there are still

many cases in which the location and architecture of quinone binding mtes@entirely

understood.
azidoquinol reactive nitrene species
N§N+ OH .. OH
N uv "N
MeO X X N2 MeO X X
OH OH
(0] o]
RHNJ\;/\/U\OH
NHR
Glu280
0] (0] O (0]
RHNJJ\;/\/U\C.) o [0] RHNJ\;/\/U\? OH
NHR  HN - NHR  HN
MeO N N MeO N N
(0] OH
cross-linked aziodoquinone cross-linked azidoquinol

Schemel.1: Mechanism for the photiabeling of peptides with azidoquinol

" Matsumoto, Y.Murai, M.; Fujita, D.; Sakamoto, K.; Miyoshi, H.; Yoshida, M.; Modi,J. Biol. Chem2006
281, 19051912.
8 pei, Z.;Gustavsson, T.; Roth, R.; Frejd, T.; HaegerhaelBiGorg. Med. Chen201Q 18 34573466.
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1.2 General Methods for Quinone Formation

It was previously mentionethat quinones are common structural motifs found in a wide
variety of naturally occurring compounds. Due to their importance in biological systems, several
reactions to form quinones have been developed. One common approach involves the oxidation
of phends or alkyl aryl ethers. Several reagents including nitric &cidpmic acid, hydrogen
peroxide or organic peroxides, ceric ammonium nitrate (CApDtassium nitrosodisulfonate
( Fr e my B@,"'8aad othérs are capable of forming quinones.. Thadtion ofortho- or
para- quinone isomers (Figure 1.2) is influenced by the presence or absence of subgttzents
to the hydroxyl group on the aromatic ring. Tgega isomer is often prefrentially formed,
except forcases where thgara position relative to the hydroxyl group is substituted. More
specifically,paraalkyl phenols will formortho-quinones: Having control over which isomer is

formed is often desirable due to complications arising from separation of the isomers.

O
O

O
para-quinone ortho-quinone

Figurel.2: isomers of quinone

? Nightingale, D. V.Chem Rey.1947, 40, 117.

19 castagnoli Jr, N.; Jacob, P.; Callery, P. S.; Shulgin, A. Drg. Chem1976 41, 36273629.

" Fremy, EAAnn. Chem. Phy4.845 15, 408.

12 (q) Kita, Y.; Higuchi, K.J. Am. Chem. So2001, 123 32143222. (b) Kubo, A.; Saito, N.; Harada, S. Nishida,
M.; Inouye, I.Chem. Pharm. Bulll995 43, 777782

1B Takizawa, Y.; Iwasa, Y.; Suzuki, T.; Miyaji, i&hem. Lett1993 18631864.

14 Zimmer, H.; Lankin, D. C.; Horgan, S. Wehem. Rev1971, 71, 229246.
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1.3 Planned Approach for the Synthesis @fmethoxy3-azido5-methyt6-geranyt1,4-
benzoquinone

The synthetic strategy for preparing azidoquindbegn with two conceptualized
approaches3cheme 2). The key step in the transformation is incorporation of the geranyl
substituent on the ring. Approach A involved an ottirected lithiation/alkylation reaction.
Approach B invoked a Dielalder approachincluding cyclization, then subsequent

alkylation/decyclization.

Approach A
MeO N X > meo > MeO
ODMG ODMG OH
3 2 1
o) o)
Br.
MeO AN N meo A T MeO/Qi/Y\/Y —
0 o) OH
5 4

mw ﬁ@ﬁ mé
i;r — ¢ — g

Schemel.2: Conceptualized synthetic approaches to azidoquiione




1.3.1 Directedrtheo-lithiation alkylation

Directedortho-metallation is a alternate approach to traditioredéctrophilic aromatic
substitution that effectively forms tleetho-substituted regioisomer instead of a mixture of
ortho- andpara isomers'®> Aromatic substituents bearing Lesvbasic functional groups can
serve a®rtho-directing groups upon treatment with an alkyl lithium reagent followed by a
suitable electrophile. The Lewis basic moiety of the directed metalation group (DMG)
coordinates to the lithium cation, resultingd@protonation of the aromatic ring at the nearby
othoposition. Strong DMGOG6s include amides, carl
oxazolines, methoxy methyl ethers and many others (FiguréIl.3).e DMG& s must poss
some unique properties includingibg a good Lewis base capable of coordinating the lithium
cation, but also relatively inert toward nucleophilic attack by the alkyl lithium species. Steric and
electronic effects can both affect the outcome of the reaction and which regioisomer is formed.
Theortholithiated arene can be quenched with a variety of electrophiles including aldéhydes,
ketones? tosyl azides; silyl halides® alkyl halides?! and others to furnish the desired

regioisomer. Installing a

O O O

O
1] |
R A -R Ar—S—1B _S N
Ar)]\N r\O)J\N r—< u Ar” S B /N\)g Ar/O\/O\
o Ar” O

Figurel.3: Examples of strong directed metalation groups

15 (@) Bebb, R. L.; Gilman, Hl. Am. Chem. So&939 61, 106109. (b) Fuhrmann, G.; Wittig, Ghem. Ber194Q
73,11971218.

18 Snieckus, VChem Rev199Q 90, 879933.

Watanabe, M.; Sahara, M.; Kubo, M.; Furukawa, S.; Billedeau, R. J.; SnieckLsDxj. Chem1984 49, 742
747.

8 pratt, S. A, Goble, M. P.; Mulvaney, M. J.; Wuts, P. G. Wet. Lett.200Q 41, 3559 3562.

®Reed, J. N.; Snieckus, Vet. Lett.1983 24, 37953798.

2 3ibi, M. P.; Snieckus, V. Org. Chem1983 48, 19351937.

2 Mills, R. J.; Snieckus, VJ. Org. Chem1989 54, 43864390.
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DMG on the phenolic oxygen atom of commercially availdb{8cheme 1.2) followed byrtho
lithiation and alkylation with geranyl bromide should aff¢the alkylated arengin good yield.

1.3.2 DielsAlder cyclization/alkylation/decyclization

An alternate approach to the formation of azidoquiribamploys a DielsAlder
approach to install the alkyl substituent on the ring (Scheme 1.2, Appro&chhg)formation
of the DielsAlder adductl1 upon treatment with cyclopentadiene should generate an enolizable
ketone at the free bridgehead carbon. Enolization, followed by alkylation and subsequent
decyclization should be an effective method for incorpogatie alkyl substituent onto the
qguinone.
1.4 Results and Discussion

Efforts towards the synthesis of azidoquin@rieegan with formation of directeattho-
metalation groups on the commercially availabla&hoxy5-methylphenoll. We chose to
install the methoxy methyl, andtié¢N-d i et hy | carbamate DMGOs becau

1.8 equiv NaH
1.3 equiv methyl

chloromethyl ether,
DMF, rt, 2 h
- > 2a
(84%) MeO

NN
< 1.2 equiv NaH,
MeO 1.2 equiv diethyl
OH carbamic chloride,
DME, 18 h, rt
1 - MeO 2b

(80%) 0._0
NEt,
Schemel.3: Il nstall at i omethoxf5-netMpldesol f r om 2

2 (a) Stowell, M. H. B.; Wang, G.; Day, M. W.; Chan, SJ.IAm. Chem. Sot998 120, 16571664. (b) Lu, L.;
Chen, FSynth. Commur2004 34, 40494053. (c) Merz, A.; Rauschel, Mbynthesid993 797802.
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strongortho- directors, andjenerally unreactive toward nucleophiles. Thed i f f er ent DMGUC
were successfully installed as shown in Scheme 1.3. Mat2aalsd2b were convenient to
handle and were indefinitely stable at room temperature.

Following successful installation of ttieMG6 s, we at t3ébyoghoed t o f or
lithiation followed by alkylation with geranyl bromide (Table 1.1). Ideally, treatmeBaaoi 2b
at-78°C with alkyl lithium, followed by addition of geranyl bromide should furnish the desired
alkylated producB. A variety of conditions were employed, however, all attempts resulted in a

complex mixture of products as well as recovered starting material and in some cased, phenol

was isolated.
Tablel.1: Attempts aforming alkylated produc®
1.RLi, -78°C, THF
MeO 2. geranyl bromide, MeO N A
ODMG -78°C =>rt ODMG
2 3

a: DMG = -CH,OCHj
b: DMG = CONEt,

Entry Substrate RLi (equiv) Geranyl bromide (equiv) Yield
1 2a n-BuLi (2.2) 6 a,b
2 2a n-BuLi (2.2) 2.2 a
3 2a n-BuLi (1.1) 1.1 a,c
4 2b secBuLi (1.8) 1.8 a,c
5 2b secBuLi (1.8) 1.8 a,c

2 a complex mixture of products was fornfaehenoll was isolated from the reaction mixtdre
80-90% of the starting material was recovered



In an attempt taeterminewhy the reaction was unsuccgsa test reaction was
conductedvhere substrateawas treated witim-BuLi at-78°C and quenched with D (Figure
1.4). The'H NMR of the crude mixture revealed that approximately 98% of the substrate had
been converted to the deuterated pro@bcit the desiredrtho- position. These results
suggestd that complications with the reaction were most likely reladgtie geranyl bromide

reagent and not to the directed ortmetallation step.

1. n-BulLi, -78°C, THF N
MeO 2.D,0, -78°C =>rt MeO D
o._©0
2a (98%) 3b

~

Figurel.4: ortholithiation/deuteration oRa

Work done by Yamamato et al provided some insight as to what might be happening with

geranyl bromide in solutiofiWe reasoned that geranyl bromide might be undergoing an

intramolecular cyclization forming limonene and other cyclic byproducts (Figure 1.5). Following

cyclization, HBr is generated which can subsequently quench the lithiated arene as well as cleave

the ayl ethers. Due to the lack of success of forming azidoquiami¢h theortho
lithiation/alkylation approach llafuture efforts were directed at preparing azidoquinonéth

the alternate Dielé\lder approach (Scheme 1.2, Approach B).

-HBr J\ %
Br\/\(\/\( - .

Figurel.5: seltcyclization of geranyl bromide

% (a) Yamamoto, H.; Sakane, S.; Fujiwara, J.; Maruokal, lm. Chem. Sot983 105, 61546155.
(b) Yamamoto, H.; Sakane, S.; Fujiwara, J.; Maruokal érahedrornl986 42, 21932201.
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Approach B led to the successful synthesis of azidoquidamé steps (Scheme 1.4).

We begarby determining optimal oxidatroconditions for the preparation péra-quinone9

(Table 1.2). Di fferent reagents including CAN
o
/Q/ 0O,, MeOH, CuCl, /qj/ _NBS, DMF_ j¢/ m _1.KO'BWHOBY,
B — e 2. geranyl Br
HO ¥
OH 35% MeO I 90% 95% oo,
8 9

o] 0
Br MePh, N3
_reflux NaN3, MeOH
MeO / 96% 37% MeO N N
0 N\ 0
12 7

Schemel.4: synthetic approach fahe preparation of azidoquinoiie

procedures described in the literattfrdnfortunately, all attempts greparingd from 1 resulted

in incomplete consumption of starting material, an inseparable mixture oftteeandpara

guinone isomers, or both. Flightly modified approach led to the most successful resulgs. In
CU?'/0,-catalyzedbxidation of commercially availablediethylcatecho8 in methanol9 was
obtained in 35% yield® Presumably te nitial oxidation results ifiormation of the

corresponding hydroxy quinone, which undergoes subsequent conjugate aglditioation

with methanol to affordhe desired methoxy adduct. The low yield was attriuaeteast in

part,to problems associatedth the workup; thick, dark emulsions formed while trying to
remove the copper salts, making extractions difficult. Fortunately, however, the transformation
resulted in only minor amounts of tbheho-quinone isomer, and was easily purified by silieh g

chromatography.

%4 (@) Hua, D. H.; Tamura, M.; Huang, X.; Stephany, H. A.; HelfrRhA. J. Org. Chem2002 67, 29072912. (b)
Kozikowski, A. P.; Sugiyama, K.; Springer, J.Org. Chem1981 46, 24282429.
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Tablel.2: preparation opara-quinone9

\°/©/ \ 0

OH
1 oxidant: a: (NH4)2C€(NO3)6
b: K2(NO(SO3)2 ~
C: 02 o)
/ .
HO
OH
8
. Isolated
Entry Substrate OX|d_ant Catal_yst Solvent yield of 9
(equiv) (equiv) (%)

1 1 a(2.5) - MeCN/HO 18
2 1 a(2.5) - MeCN/HO 20
3 1 a(2.5) - MeCN/H,O 16
4 1 a(5) - MeCN/H,O/dioxane NR
5 1 a(2.5) - MeCN/H,O 15
6 1 b (2.3) - Heptane/HO 3
7 1 b (2.3) - MTBE/H,0 NR
8 1 b (3) - Acetone/HO 9
9 8 c (excess) CuChk(0.5) MeOH 35

Bromination of9 with N-bromosuccinimide in dimethylformamide proceeded in 90%

yield with high regioselectivity. With brominated quinab@in hand, we proceeded with the

Diels-Alder approach to install the alkyl substituent on the ring. The approach and methods

utilized are sirar to those previously reporté@Formation of the Diel#\lder cycloadduct.1,
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followed by alkylation and subsequent rebBeels-Alder reaction afford$ in 19% overall yield.
The DielsAlder adductl1 was easy prepared by treating0 with an excess of freshly distilled

cyclopentadiene in DCM at room temperature. A variety of different conditions were tested in

Table1.3: optimization of alkylation ofLl1

geranyl bromide

Q base, solvent o O
Br 0°C => rt Br Br
\O \o / HO
0 o} A 0
1 12 11a
geranyl bromide . Time Isolated yield of 12
Entry (equiv) Base (equiv) h) Solvent (%)
1 15 KOtBu (1.5) 48 THF NR
2 15 KOtBu (1.5) 24 THF NR
3 4 KOtBu (1.5) 24 THF NR
4 15 NaH (1.5) 16 THF a
5 2 NaHABUOH (2) 72 THF a
6 allyl bromide (1.2) NaH (1.2) 40 THF a
7 allyl bromide (1.2) NaHABUOH (1.2) 70 THF a
8 4 NaH/MeOH (1.5) 40 MePh NR
neat NaH/MeOH
9 4 18 MePh NR
(1.5)
10 4 NaH (1.5) 48 neat NR
11 1 NaDMSO (1.5) 24 DMSO b
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12 15 LIHMDS (1.1) 48 THF 11

13 1.5 KOtButBUOH (1.1) 24  MePh 9
14 4 KOtButBUOH (1.1) 3 MePh 21
15 10 KOtButBUOH (1.1) 3 MePh 20
16 4° KOtBUtBUOH (1.1) 5 MePh 18

2 11awas isolated from the aqueous phase post wdteugomplex mixture of products was
formed® geranyl bromide was added drajise over 2 hours

the alkylation step (Table 1.3). Interestingly, when NaH was used as the base, a significant
amount of byproductlawas isolated following acidification of the aqueous phase during the
workup (entries 4/). The best results were obtained whdrwas treated with K@u and 4
equivalents of geranyl bromide irtext-butanol/toluene for 3 hours (entry 14). There appeared to
be no advantage to using a larger excess of geranyl bromide, or addingvitiseaper 2 hours
(entries 15 and 16). The low yield in the alkylation was attributed to complications with geranyl
bromide that were previously mentioned. Fortunately, we were able to obtain the desired product
from the complicated mixture of materials in 21%lated yield. Heating the alkylated product
12in refluxing toluene through a retro Diefdder reaction afforded the decyclized quindhie
96% vyield.

The final step in the synthesis of azidoquindhmvolved treatment 06 with sodium
azide in metharloMethanol appeared necessary to solubilize sodium azide, however, it also led
to the formation of the byprodu@t. Attempts at forming in other polar aprotic solvents were
unsuccessful (Table 1.4 was critical to closely monitor the reaction tchieve maximum
yield of productwhile limiting the amount of byproduct formation. The maximum yield of 37%
was obtained whe6 was treated with 1.1 equivalents of sodium azide, a catalytic amourt of 15

crown5, and stirred for 24 hours at room temperatarmethanol. It is important to note that
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the azidoquinone is to be used as a phe&xtive label in enzyme studies. Logically, installation
of the azido group was saved for the last step in the synthesis to limit its light exposure and
potential decompition. Special care had to be taken to ensure that the azidoquinone and the

immediate precursors were not exposed to light.

Tablel1.4: optimization for formation o7

Br Na:‘g—gr'(:w?;i\/)‘ N3 o N3 i
"o \ o solvent, time, rt o X X ~o N N
(e} o I
® 7 7a
Entry  15crowns (equiv)  Time (h) Solvent Isolated yield of7 (%)
1 0 3 MeOH o5
2 0 24 DCM/DMF NR
3 0 24 MeCN/DMF NR
4 0 24 DMF NR
> 0 24 CRCH;OH NR
6 0.11 6 MeOH 572
7 0.11 24 MeOH 378
8 0.22 24 MeOH 318

& 7awas formed as a byproduct

In conclusion, azidoquinoriéwas synthesized in six steps from commercially available
4-methylcatechol. The key step involving incorporation of the alkyl substituent invoked a Diels

Alder approach, including cyclization, then subsequent alkylation/deayicin.Initial studes of
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cyt bcl with azidoquinoné by the Michael Bowman research grdugve been promising, but
mass spectrometry results have been inconcluive.

1.5Index of Chapter Compoundand Numbers

AT

\O/©/ \OQ/ O\n/ NEt, \O = AN
OH @)
1

O\/O\ OH
2a 2b 4

Br N3
~0 A A ~0 N >0 A A
o) o)

O
A
(@]
5 6 7
(@] (@]
Br
HO” ; ~o ~o
OH
7a 8 9 10
(@]
o 0 Br
Br- Br
- ~o /
0] HO o) N\
(0] (e

11 11a 12
1.6 Experimental Details
'H and™*C NMR spectra were recorded on Bruker instruments at 360, 500, or 600 MHz
and 90 or 125 MHz, respectively. Chemical shifts were referencedtoacgtone = 2. 05 and

3083)orCDGE( U = 7.26 and 77.0). Mass dlpimacNTra wer e

% personal communication; Professor Michael Bowman and Preethi Vennam, December, 2012.
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mass spectrometer using electron ionization (El) at 70 eV and an EBE sector mass analyzer.
Melting points were determined with a MelTemp 1001D capillary melting point apparatus and
are uncorrected. Ultrasonication was conducted with a Bransonic 26TIBRultrasonic cleaner.
IR samples were prepared by dissolving the pure material in a small amount of a suitable aprotic
solvent. A small drop of the concentrated solution was placedd@r plate, and the solvent
was evaporated completely. A second KBr plate was placed on top of the first plate and rotated
by a quarter turn to make an even film of the material between the pRatgsectra were
recorded on a Jasco FT/HR00 instrumentOptical rotations were measured with a Rudolph
AUTOPOL IV/6W polarimeter. TLC visualization was achieved by UV light (254 nm) or
KMnQ, staining.Commercial cyclopentadieneas distilled immediately before use by
following the procedure outlined by Wagrard Hunt® Commercially available alkyl lithium
reagents were titrated agaifsbenzylbenzamid&€. THF wasfreshly distilled from a sodium
benzophenone ketyl radical solutigil other commercially available reagents were used as
received.
2-methoxy-5-methylcyclohexa2,5-diene-1,4-dione (9)

To a dry 500 mL, 3heck rounebottom flask wasdded anhydrous CuQll g, 7.44
mmol) and anhydrous MeOH (100 mL). The solution was purged with oxygen for 30 min. After
30 min, a solution of 4nethylcatechol (2 g, 16.11 mmol) in anhydrous MeOH (40 mL) was
added to the reaction flask by cannula, and a reflux condensettaased. The mixture was
heated to 68C, and stirred with oxygen bubbling for 20 h. The solution was cooled to rt, and
methanol was removed under reduced pressure. The crude mixture was dilutedhigith (DOO

mL), and extracted with Ci€I, (5 x 50 mL).The oganic layers were then dried (#$D,) and

% \Wagner, E. C.; Hunt, W. @Chem. Comam. 1951, 28, 309.
2" Burchat, A. F.; Chong, J. M.; Nielson, Bl.Organomet. Chem.997, 542, 281.
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concentratedThe crude product was purified bifica gelchromatography (hexaridstOAc,
9:1) to obtair9 (858 mg,5.64 mmol, 35%) as yellovcrystals mp 169170°C. *H NMR (360
Hz, CDCE) : 65 (gJ=1.6 Hz, 1 H), 5.93 (s, 1 H), 3.82 (s, 3 H), 2.07Xd 1.6 Hz, 3H).

13C NMR (125 MHz, CDG)) : 187.6482.1 158.7 146.8 131.3 107.6 56.2 15.7.

3-bromo-2-methoxy-5-methylcyclohexa2,5-diene-1,4-dione (10)

To a dry 250 mL, 3heck rounebottom flaskprotected from lightvasadded anhydrous
p-quinone9 (850 mg, 5.6 mmol) and anhydrous DMF (116 mL). The reaction flask was fit with
a reflux condenser, aridtbromosuccinimide (1.24 g, 7 mmol) was added. The mixture was
heated to 46C, and stirred under argon for 24 h. After 24 h, the mixture was cooled to rt, diluted
with Et,O (100 mL), and washed with B1,0 (5 x 75 mL).The oganic layers were then dried
(Na&xSOy) and concentratedhe crude product was purified Biica gelchramatography
(hexanesEtOAC, 9:1) to obtairl0(1.16 g,5.02 mmol,90%) as an orange solitH NMR (360
Hz, CDCE) : 6150 (gJ=1.6 Hz, 1 H), 4.19 (s, 3 H), 2.10, (= 1.6 Hz, 3H). *C NMR (125
MHz, CDCk) : 181.2480.7 156.8 145.8131.3118.261.516.3
6-bromo-7-methoxy-4a-methyl-1,4,4a,8atetrahydro -1,4-methanonaphthalene5,8-dione
11

To a dry 25 mL, zheckroundbottom flaskprotected from light was added
bromoquinondl0 (900 mg, 3.90 mmol) and GBI, (5 mL). Freshly distilled cyiopentadiene
(4.97 mL, 66.2 mmol) was added, and the mixture was stirred under argon at rt for 42 h. After 42
h, CH.Cl, and cyclopentadiene were removed under reduced pre$hererude product was
purified bysilica gelchromatography (hexaridst,O, 9:1)to obtain11(1.10 g,3.70 mmol,

95%) as an offvhite solid "H NMR (360 Hz, CDGJ) : 6013 (d¢dJ=2.9, 5.6 Hz, 1 H), 6.00
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(dd,J = 2.8, 5.6 Hz, 1 H), 4.10 (8 H), 3.45 3.40 (m, 1 H), 3.133.09 (m, 1 H), 2.89 (d] = 3.9
Hz, 1 H), 1.721.67 (m, 1 H)1.56 (dtJ = 1.7, 9.2 Hz, 1 H), 1.51 (s, 3 HfC NMR (125 MHz,

CDCl) : 184.7492.4161.7 138.5134.5125.560.9 58.0, 53.8, 53.7, 48.7, 46.3, 27.0

(E)-6-bromo-8a-(3,7-dimethylocta-2,6-dien-1-yl)-7-methoxy-4a-methyl-1,4,4a,8a
tetrahydro-1,4-methanonaphthalene5,8-dione (12)

To a dry 25 mL, zheckroundbottom flaskprotected from light was added Digddder
adductll @75 mg, 1.60 mmol) and anhydrous MéBuOH (1.33 nk.:4.00 mL ). Geranyl
bromide (1.27 mL, 6.40 mmol) was added, and the mixture was cool€€CtK®tBu (197 mg,
1.76 mmol) in anhydrousBuOH (1.76 mL) was added drapse by syringe. The mixture was
warmed to rt, and stirred under argon for 3 h. The i@agtas quenched with saturated )i
(25 mL), and extracted with 2 (5 x 25 mL).The oganic layers were then dried (%) and
concentratedThe crude product was purified bifica gelchromatography (hexarigstOAc,

20:1) to obtairl2 (146 mg,0.337mmol, 21%) as a brown oifH NMR (360 Hz, CDGJ) : U =
6.06 ({ J= 1.8 Hz, 2 H), 5.156.08 (m, 1 H), 5.0i/5.01 (m 1 H), 4.00 (s, 3 H), 3.18.11 (m, 1

H), 3.093.05 (m, 1 H), 2.72 (dd} = 8.1, 15.3 Hz, 1 H), 2.49 (dd= 5.7, 15.3 Hz, 1 H), 2.07

1.93 (m, 4 H), 1.821.77 (m, 1 H), 1.66 (s, 3 H), 1.60 (s, 3 H), 1.58 (s, 3 H), 1.52 (s, 3H), 1.51
1.47 (m, 1 H).
(E)-2-bromo-5-(3,7-dimethylocta-2,6-dien-1-yl)-3-methoxy-6-methylcyclohexa2,5-diene-
1,4-dione (6)

To a dry 10 ml.2-neckroundbottom flaskprotected from light equipped with a reflux
condenser was added alkylated Diglder adductl2 (250 mg, 0.58 mmol) and anhydrous

MePh (1.92mL). The mixture was heated to reflux for 3 h. After 3 h, the mixture was cooled to
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rt, and MePh was removed under reduced pres$teecrude product was purified bijica gel
chromatography (hexaridstOAc, 100:1) to obtaib (204 mg,0.555 mmol96%) as a reddish
brown oil *H NMR (360 Hz, CDG)) : 5105 499 (m 1 H), 4.944.89 (m, 1 H)4.16 (s3 H),
3.21(d,J=6.9 Hz, 2 H), 2.09 (s, 3 H), 2.02.93 (m, 4 H), 1.73 (s, 3H), 1.64 (s, 3H), 1.57 (s, 3
H). °C NMR (125 MHz, CDGCJ) : 181.8481.0156.9 142.0 140.8 138.0 131.6 123.9,
118.5, 117.9, 61.5, 39.6, 26.5, 25.6, 25.46176.3, 13.0.
(E)-2-azido-5-(3, 7-dimethylocta-2,6-dien-1-yl)-3-methoxy-6-methylcyclohexa2,5diene-1,4-
dione (7)

Quinone6 (96 mg, 0.26 mmol) and i&own5 (11 €1, 58 emol ) were
mL roundbottom flask and diluted with anhydrous MeOH (0.87 NaN; (19 mg, 0.29mmol)
(CAUTION: may explode if ground or contacted by metal surfas@s)added, and the mixture
was stirred at rt under argon for 24 h. After 24 h, MeOH was removed under reduced pressure.
The crude product was purified by silica gel chromatography@GHViePh 2:3) to obtai (32
mg,0.097 mmol37%) as a red oilR (KBr): 2524, 2853, 2115,652, 03, 1444, 1292m'".
'H NMR (360 Hz, CDG)) : 5iD5 498 (m 1 H), 4.944.86 (m, 1 H), 4.06 (8 H), 3.18 (d,J
= 7.1 Hz, 2 H), 2.03 (s, 3 H), 2.06.90 (m, 4 H), 1.72 (s, 3 H), 1.64 (s, 3 H), 1.57 (s, 30
NMR (125 MHz, CDC}) : 183.87181.7144.8,142.7,139.1, 137.9, 131.6, 126.9, 123.9,
118.6.MS (El): m/z = 330.2 [M + H]. HRMS (EI): m/z [M + Halcd for GgH24N30s: 330.

1782; fond: 330.178
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CHAPTER 2
SYNTHESIS OF POTENT CERT INHIBITORLR,3S)-HPA-12

2.1 Background and Significance

Thebiosynthesis and translocation of lipids are crucial processes fonigaiated
signaling. In eukaryotic cells, transport vesicles are responsible for trafficking and delivering
integral membrane pteins to the correct organellémwever, it has beemuggested that various
types of lipids synthesized in the endoplasmic reticulum (ER) are delegated to the organelles by
nonvesiculammechanism& In mammalian cells, ceramide synthesis osén the endoplasmic
reticulumandceramidds transported to théolgi apparatus for enzymatic conversion to
sphingomyelin by an AT¥lependent pathway (Figure 2?1 eramidds an important
contributor in many vital roles in intracellular signaling includaglj growth regulation,
senescence and apoptosis, and rakded to inflammatory sponses? The vitality of ceramide
analogueso cell signaling processes and autophlagye made therparticularly interesting as
potential anticancer ageritsSphingomyeliralsoplays apart in several vital roles:

Sphingomyeliraids in formation of lipid bilayers with unique surface characteristics and

% (a) Chen, Y. A.; Scheller, R. HNature Rev. Mol. Cell. BioR001, 2, 98-106. (b) Zerial. M.; McBride, HNature
Rev. Mol. Cell. Biol2001, 2, 107117.

#(a) Hanada, K.; Kumagai, K.; Yasuda, S.; Miura, Y.; Kawano, M.; Fukasawa, M.; Nishijimidatre (London)
2003 426, 803. (b) Hanada, K.; Kumagai, K.; Tomishige, N.; KawanoBMchim. Biophys. Act®2007, 1771, 644.
(c) Merrill, A. H. Jr.Chem Rew011, 111,6387.

% For a review of cell signaling by ceramides, see: (a) Bartke, N.; Hannun,JY Likid Res2009 50 (Suppl), S91
(b) Zeidan, Y. H.; Hannun, Y. ACurr. Mol. Med 201(Q 10, 454.

%l (a) Ogretmen, B.; Hannun, Y. Alat. Rev. Cance2004 4, 604. (b) Oskouian, B.; Saba, J.Alv. Exp. Med.
Biol. 201Q 688 185. (c) Fox, T. E.; Finnegan, C. M.; Blumenthal, R.; KesteiCkIl. Mol. Life Sci2006 63,

1017.
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fluidity, * participates in cellular signaling and membrane dynathasd helps regulate cell
growth and apoptosis among others. Ceramide transport protein (CERT) has beeaddestifi
the protein that mediates transportation of ceramide to the Golgi compartment.

(0] 00 (0]

O
N/
/P )J\ )J\M/
OH HNJ\R ., OO HNT 'R OH HN
K/T\‘/\/V\)\ Me3N\) W 10
12 12
OH OH OH
Ceramide Sphingomyelin (1R,3S)-HPA-12 (21)

Figure2.1: General structures of ceramide, sphingomyelin where R represents alkyl chains of
various fatty acids, andR,39)-HPA-12

2.1.1 CERT Protein Mechanism of Action

CERT is a hydrophilic 6&Da protein containing several functional domains including
the following: a~ 120 residue region which forms a pleckstrin homology (PH) domain at the
amino terminus, & 230 residue region that forms a steroidogenic acute regulatotein
(StAR)related START domain at the carboxyl terminus, and a middle region (MR) containing
250 amino acid residues with a critical binding motif (FFAT). The PH domain commonly
consists ofasevemit r a msdaendd wbi ¢ h  m o-hekx atytheCaterrdinust* heyare well
known for effectively binding phosphoinositides through an electrostatic interaction between the
phosphoinositides and a positively charged surface of the PH domain. Specifically, CERT is able
to bind phosphoinositide phosphafB$Ps) located on the cytosolic side of organelle membrane

bilayers in the Golgi apparatéfidn addition, GTPbinding protein interactions are another factor

32Hannun, Y. A.; Obeid, L. MNat. Rev. Mol. Cell. BioR008 9, 139.

% Goni, F. M; Alonso, A.Biochim. Biophys. Act&2009 1788 169.

% Lemmon, M. A.; Ferguson, K. MBiochem. J200Q 350, 1-18.

% (a) Auger, K. R.; Serunian, L. A.; Soltoff, S. P.; Libby, P.; Cantley, LG@l} 1989 57, 167-175. (b) Bunce, C.
M.; French, P. J.; Allen, P.; Mountford, J. C.; Moor, B.; Greaves, M. F.; Michell, R. H.; BrovBipGhem. J.
1993 289, 667-673.
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leading to effective binding of the PH domain with PIPs in the Golgi appaf@U&RT
domains catain~ 210 amino acid residues and are commonly known for mediating cholesterol
transportation between the outer and inner membranes in mitochondria for steroid hormone
production®’” Ceramide is highly hydrophobic due to the two aliphatic chains it pessasd
unsurprisingly, is able to firmly anchor itself in cell membranes. The START domain of CERT is
able to efficiently and selectively extract ceramide from cell membranes and facilitate its
delivery to other membrané%The elucidation of a corystal structure of the START domain of
CERT complexed with ceramide reveals the overall structure of the domain, and suggests how
CERT is able to selectively facilitate the intermembrane transportation of cerdidamiddle
region of the CERT protein contains an FFAT motif that interacts with the VAP protein of the
endoplasmic reticulum. The VAP and FFAT peptides bind primarily through a hydrophobic
interaction that allows for effective trafficking of ceramide todimsol of the ER?
2.2 Applications o{1R,3S}HPA-12

The ceramide analdg- [(1R,39)-3-hydroxy-1-(hydroxymethyl}3-
phenylpropylldodecamid@1, Figure 2.1) has been used as a valuable tool for determining
metabolic pathways and the roles of sphingolipids in cultured cells and an(itRaBS)-HPA-12
is a potent inhibitor of the ceramide trafficking protein CERJs{ = 50 nm)andwas discovered

and studied extensively by Kobayashi and Harfadhe potent effects (fLR,3S)-HPA-12 have

% evine, T. P.; Munro, SCurr. Biol. 2002 12, 695704.

37(a) Christenson, L. K.; Strauss I, F.Biochim. Biophys. Act®200Q 1529 175187. (b) Stocco, D. MAnnu.
Rev. Physiol200], 63, 193213

% Kudo, N.; Kumagai, K.; Tomishige, N.; Yamaji, T.; Wakatsuki, M.; Nishijima, K.; Hanad®&r&. Natl. Acad.
Sci. U.S.A2008 105, 488493.

¥ Kaiser, S. E.; Brickner, J. H.; Reilein, A. R.; Fenn, T. D.; Walter, P.; Brunger, 8trlicture2005 13, 1035
1045.

“0(a) Yasuda, S.; Kitagawa, H.; Ueno, M.; Ishitani, H.; Fukasawa, M.; Nishijima, M.; Kobayashi, S.; Hanada, K.
Biol. Chem2001, 276, 43991. (b) Nakamura, Y.; Matsubara, R.; Kitagawa, H.; Kobayashi, S.; Kumagai, K.;
Yasuda, S.; Hanada, K. Med. Chem2003 46, 3688. (c) Kumagai, K.; Yasuda, S.; Okemoto, K.; Nishijima, M.;
Kobayashi, S.; Hanada, K. Biol. Chem2005 280, 6488.
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made it useful for several other applications such as inhibition of hepatitis C secretion in infected
cells;" studying the role of CERT protein as a ceramide réguia UVB-irradiated
keratinocytes? and to aid understanding of limoneittuced inhibition of sphingomyelin
metabolisnt? Furthermore, alterations of sphingomyelin metabolism have been associated with
many pathologies. Therapeutic strategies have eméngedegulate sphingolipid
concentrations, including CERT protein inhibition, for certain cancer andisaitireatments:
2.3 Analysis of Reported Syntheses

It was previously mentioned théitR,3S)-HPA-12 was originally discovered and studied
by Kobayashi and Hanada, and naturally, they reported thesfirghesis of the compouridThe
route featured a stereoselective Mannich reaction with a chiral zirconium catalyst (Scheme 2.1)
as a key step in the synthesis. The tlm@®ponent reaction included Bkalkoxy aldehydel 3,
2-aminom-cresol14, 1-ethylthio-1-trimethylsiloxyethend5, and a chiral zirconium catalyst
generatedhn situfrom zirconiumtert-butoxide, R)-6,6-Br,BINOL, andN-methylimidazole. The
alkoxy portion of the aldehyde played a significant role in influencing the stereoselectivity in the
reaction. The best selectivity was obtained wheridheutyldimethykilyloxy group was used
(80% ee), and proceeded in 47% oveyadld. Séectivity was much lower when a benzyloxy
groupordertbut yl di phenyl silyl oxy group was used

respectively.

“1 Amako, Y.; Syed, G. H.; Siddiqui, Al. Biol. Chem2011, 286, 11265.

42 Charruyer, A.; Bell, S. M.; Kawano, M.; Douangpanya, S.; Yen, T. Y.; Macher, B. A.; Kumagai, K.; Hanada, K.;
Holleran, W. M.; Uchida, YJ. Biol. Chem2008 283, 16682.

3 Hullin-Matsuda, F.; Tomishige, N.; Sakai, S.; Ishitsuka, R.; Ishii, K.; Makino, A.; Greimel, P.; Abe, M.; Laviad,
E. L.; Lagarde, M.; Vidal, H.; Saito, T.; Osada, H.; Hanada, K.; Futerman, A. H.; KobayadhBidl. Chem2012

287, 24397.

“4 Delgado, A; Fabrias, G.; Bedia, C.; Casas, J.; Abad, Arti-Cancer Agents Med. Che2012 12, 285.

“5Ueno, M.; Kitagawa, H.; Ishitani, H.; Yasuda, S.; Hanada, K.; Kobayashet@hedron Lett2001, 42, 7863.
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Zr(OtBu), (10mol%) OH
R)-6,6-Br,BINOL (22mol%)
HO ( 2
\)?\ ;\TMS N-methylimidazole (12mol%) NH O
TBSO + + :
H SEt CH,Cl,, -45 °C SEt
OTBS

13 14 15 16
(80% ee, 47% yield)

Scheme2.1: Formation of16 by a stereoselective Mannich reaction

With 16in hand,(1R,3S)-HPA-12 (1) was prepared in five additional steps (Scheme
2.2). Compound.6 was converd to the free amink7 in 61% yield by treatment with CAN in
acetonitrile/HO. Amide18was gnerated in 81% yield by acylation with lauroyl chloride and
triethylamine in dichloromethane. Ketoh®was obtained by treatiri8 with a phenyl Gilman
reagent at15°C in THF. The reaction resulted in onlyrederate yield of product (37%);
however, 55% of the starting material was recovered. Reduction to the amido 2t olasl
accomplished with {Selectride® and proceeded with 54% de and 92% total yield. Desilylation
of 20 with tetrabutylammonium fluoride furnish€tiR,3S)-HPA-12 (21b) in 99% vyield.

Interestingly, theoriginal stereochemical assignmeani-1R, 3R) of the most potent

OH 0
;:[ lauroyl chloride, \M)k
CAN (2.2 equiv) NH, O NEt NH O
NH O - H _ Nety 10 5
A TBSO TBSO
: Skt MeCN/H,0, MSEt CH,Cly, rt Msa
OTBS 0°C,05h (81%)
(61%)
16 17 18
0 0
Ph,CuLi (2 equiv) \M)k L-Selectride® (3 equiv) \M)k TBAF (2 equiv)
NH O NH OH (1R,3S)-HPA-12
10 = 10 = = ,
THF, -15°C, 1 h : THF, -78°C, 1 h N ~p, THF,0°C, 10min
; TBSOMPh TBSO. _~_ "~ Ph .
(37%) (92%, de: 54%) (99%)
19 20 21

Scheme2.2: preparation of1R,35)-HPA-12 from16
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stereoisomer dfiPA-12 asreported by Kobayashi and Hanada wa®rrect. Later reports
establisled theactualstructue of active HPAL2 assyn1R,3Sby means of Xay
crystallography andH NMR data® +’

Kobayashi later improved upon the original synthesis through elaboratiad-of a
acylimino ester using a copper catalyst and chiral ligahid a Mannichtype reaction (Scheme
2.3)# This allowed the convenient formation of theacylated amino acid deritrae 25 directly
without having to deprotect and acylate the Mannich productN¥faeylimino este2 was

prepared foll owing pr oc ecdlaroglgcme derivativéfaredthe i t er at u

o) Cu(OTf), (10mol%)

o)
QTMS 24 (10%mol \M)k
Eto\[h\NJ\M/ + (10%mol) _ 0 NH O

10 /]\Ph 0 - :
0 CH.CI,, -78 °C, 18 h EtONPh
(92%, 94% ee) o
22 23 Ph Ph 25

-
2

NH HN

24

Scheme2.3: Preparation 025 by an enantioselective Mannityype reaction

silyl enol ethe3 was derived from acetophenone. The Mannich pro2bietas then treated
with K-Sdectride® followed by lithium triethylborohydride tirnish (1R,3S)-HPA-12 in 92%
yield and 62% ee. The route was superior to the original synthesis in terms of both efficiency and

selectivity.

“®Ueno, M.; Huang, Y.Y.; Yamano, A.; Kobayashi, ®rg. Lett.2013 15, 2869.

“"Duris, A.; Wiesenganger, T.; Moraveikova, D.; Baran, P.; Kozisek, J.; Daich, A.; Berk@sg[DLett.2011, 13,
1642.

“8 Kobayashi, S.; Matsubara, R.; Kitagawa,®tg. Lett.2002, 4, 143.

%9 (@) Schmitt, M.; Bourguignon, J.; Barlin, G. B.; Davies, LARBst. J. Cheml997, 50, 719. (b) Kober, R.;
Steglich, W Liebigs Ann. Chen1983 599.
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Kobayashi reported a third synthesis again featuring the Maitypehreaction as the
featured step in aqueousedia (Scheme 2.4)The route utilized acylhydrazoré due to its
stability in aqueous solvents. Optimal results were obtained 2®hand23 were treated with
chiralligand27, ZnF,, and a catalytic amount of trifluoromethanesulfonic acid (TfOH) in
THF/H,0 (9:1).Subsequerdcylation with lauroyl chloride, reduction with Nagrand NN
bond cleavage with Smifurnished(1R,35)-HPA-12 in 46% yield (over three steps).

ZnF5 (1 equiv),

EtO H Ph THF/H,0 (9:1), 0°C, 72 h EtONPh
(93%, 92% ee) o)
26 23 Ph Ph 28
27

Scheme2.4: Preparation 028 by an enantioselective Mannich reaction in aqueous media

Raghavan and eworkers were able to prepare thati-(1R,3R)- derivative of HPA12
based on the wrong initial stereochemical assignment reported by Kob&y&shicoute
featured the di ast etamimursituated sufoxddd fromm-tolglt i on o f
sulfoxide29 and anN-tosylated imine derivativ80 derived from cinnamaldehyde (Scheme
2.5) The transformation furnishegil in 81% yield and 50% ee. Treatment3dfwith NBS and
water resulted in regi@and stereoselective formation of the halohydrin. Reduction witSii,
followed by acylation of thednzylic alcohol with acetic anhydride in DCM furnished

compound32. Formation of33 proceeded throughRummerer intermediate which wiasated

0 Kobayashi, S.; Hamada, T.; Manabe JKAm. Chem. So2002,124, 5640.
*Raghavan, S.; Rajender, Retrahedron2004 60, 5059.
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with aqueous KCO; and NaBH without isolation Acetylation of the terminal alcohol with
acetic anhydride, follwed byN-acylation with lauroyl chloride in the presence ofNeaind
DMAP furnished the produ@4. Reduction of the sulfonamide with sodium naphthalenide,

followed by treatment with aqueous®O; led to the final produla

l\llTs
Z “Ph
30 1. NBS, H,0, MePh
_ rt, 1h, (84%)
o 1. LDA (1.5 equiv), O NHTs 2. Bu3SnH, AIBN, PhH, O~ HNTs OAc
SN . i SN flux, 1.5 h, (769 N
Tol” > Me 78 °C, 20 min. Tol” S>> pp, reflux (76%) oS Ph
2. 30 (1 equiv), 3. Ac,0, pyridine,
29 -78 °C, 20 min 31 DCM, rt, 4 h, (96%) 32
(81%, 50% ee)
- HNTs OAc K,CO3, NaBHy,
TFAA, 2,6-|Ut|d|n?, /S B 0 OC to rt, 15 min,
MeCN, 0 °C, 5 min Tol Ph (78%) HNTs OAc
- Ho
OYO oh
CFj 33
1.Ac0, py”f/i”e' Q Na-naphthalenide, DME 0
i, 2 h, (97 \M)k .
2. EtzN, DMAP, AcO Ph KoCO3, 24 h, (55%) HO._ -~ oh
lauroyl chloride,
0°C to rt, 4 h (91%) 34 21a

Scheme2.5: Preparation oRlathroughb-amido sulfoxide elaboration

In 2011, Berkes and emorkers published an expedient stereodivergent synthesis of
(1R,39-HPA-12 highlighting acrystallizationinduced asymmetric transformation (CIAT)
approach from commercially available materials (Schemé'ZTéie key intermediat86, was

prepared in 71% yield by an asymmetric Michigle addition of R)-1-phenylethylamine to
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aroylacrylic acid35in MeOH?>*> Michael adducB6 was reduced to th&/nramino alcohoB7

with catalytic MnC} and NaBH in MeOH in 72% yield and 97:3 d.r. Acichtdyzed

lactonization, followed by reduction with NaBlgenerated intermedia89in 65% yield over

two steps. Chemoselectiiedebenzylation to afford0was achieved under standard conditions
with Pd(OH) and 2 equivalents of AcOH in methanol with excelldiastereomeric purityN-
acylation of thg1R,3S)-HPA-12 precursod0 with succinimide dodecanoate furnished the final
product21in 79% yield.

HoN_ o) o

= (1.1 equiv) MnCl, (20%mol)
Ph M 1h - PhNOH NaBH, (2 equiv) Ph\;/\;)J\OH
OH O HN_ .~ OHHN_
o) MeOH, 45 °C, 20 h bl MeOH, rt, 1 h :
(71%, d.r. 97:3) Ph (72%, d.r. 97:3) Bh
35 36 37
HN\"/ Ph o~
HCI (8 M) FL\ Ph NaBH, (10 equiv) 7 o
4 h Ph*" N0 EtOH, rt, 3 h oA HNj“‘\\
(68%, d.r. 96:4) (96%) Ph
38 39

1.1 bar Hy , Pd(OH),/C

AcOH (2 equiv) Ph\;/\;/\OH C41H23C0O,Su (1.1 equiv) - Ph\;/\;/\OH
MeOH, 40 °C OH NH, THF, 1t OH HN\”/(/\;\
(72%) (79%) 10

40 21 o

Scheme.6: Preparation of1R,3S)-HPA-12 21 featuring a CIAT approach

In 2014, Kang and cworkers reported a synthesis(@R,3S)-HPA-12 featuring
elaboration of chiral nitronélinto the chiral 1,3xazinanet2 by rutheniumcatalyzed\-
demethylative rearrangement of the isa{atine intermediate generatedsitu (Scheme 2.73

N-acylation of42 with lauroyl chloride, followed by hydrolysis/oxidative cleavagdiiction of

%2 (a) Berkes, D.; Kolarovic, A.; Manduch, R.; Baran, P.; PovazanétFahedron: Asymmet8005 16, 1927. (b)
Kolarovic, A.; Berkes, D.; Baran, P.; PovazanecT érahedron Lett2001 42, 2579.
3 Xiao, Z-F.; Yao, C-Z.; Kang, Y:B. Org. Lett.2014 16, 6512.
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the 1,2diol affordedproduct43in 85% yield. Hydrolysis of the oxazinad8 under mildly

acidic conditimsafforded(1R,3S)-HPA-1221in 39% yield.

O  * -

N
ﬁl K,CO3 (1 equiv), RuCl,(p-cymene), (1mol%) HN

\
. N-O
O Styrene (1 equiv) o U p-TsOH (6mol%), K,CO4 O
] YN - e
H,O/MePh, reflux >
(e} (e e}

H,O/MePh, reflux, 6 h

» (52%) 42
1. lauroyl chloride (2 equiv)

Et3N (6 equiv), DMAP (5mol%) o o)

DCM, 0°C, 12 h \M)J\ PR \M)J\
2. TFA (1 equiv), AcOH, rt 3 h 10 N” 7O NH,OH - HCI (10 equiv), HCI 10 NH OH

N " HO A~
3.NalO, (2 equiv), MeOH, 0°C, 1h MO~ Ph MeOHIH,0, 40 °C, 48 h ~"pn
then NaBH, (4 equiv), 2 h (39%) 21
(85%) 43

Scheme.7: Preparation of1R,35)-HPA-12 byN-demethylative rearrangement of
isoxazolidines

Recently, Abad and Delgado reported a synthegi$R)8S)-HPA-12 proceeding through
the keto amino acid4 prepared in two steps from-&spartic acidsthe key intermediate
(Scheme 2.8¥.N-acylation of44 with lauroyl chloride proceeded in 85% yield t&#ication of
45was achieved by treatingl with BF; diethyl etherate in ethanol for 48 hours. Stereoselective
reduction of the ketone with-Kelectride®, followed by reduction of the ester with LigEt
furnished(1R,35)-HPA-12 in 80% yield and 80% d.8everal ester derivatives 46 were
reduced in attempts to increase the selectivity (i.e. metbghutyl, iso-butyl, iso-propyl esters),

however;no increase in selectivity was observed.

4 Abad, J-L.; Armero, I.; Delgado, ATetrahedron Lett2015 56, 1706.
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NaOH (2.3 equiv)

O NH3CI lauroyl chloride (1.2 equiv) O HN 10 BF3" Et,0
Ph OH OH
H,0,0°C, 1 h Ph EtOH, rt, 48 h
o) (85%) o) (85%)
44 45
0
Q 1. K-Selectride® (1.6 equiv)
O HN o THF, -78 °C, 10 min. OH HN 10
OEt OH
Ph 2. LiBEtzH (3.3 equiv) Ph
o -78°Ctort, 1h
46 (80%, 80% d.e.) 21

Scheme2.8: Preparation of1R,3S)-HPA-12 from keto amino acid derivativig

Initial syntheses of1R,3S)-HPA-12 reported by Kobayashi and Hanada effectively
introduced the €N bond through ansymmetric Mannicktype reactionhoweve, reduction to
thesyn1,3 amidoalcohol was modest. Raghavan was able to improve the selectivity eDthie C
bond formation through stereocontrolled formation of a halohydrin. The key step in the route
featured the di ast efamimsansdtueated sulfoxede. While tmearéactionn
proceeded in good yield, only modest selectivity of thd Bond formation was observed.
Arguably the most efficient synthesis(@R,3S)-HPA-12 prior to 2013n terms of efficiency and
selectivity was the crysiteation-induced approach reported by BerRé&ile Berkes was able
to prepard1R,39-HPA-12 in a 6step approach, the modest efficiency in the synthetic scheme
provided a platform for a concise, more efficient approach.

We intended to employ our recesutccess with CoreyLink®/intramolecular

nucleophilic acyl substitutioreactionsas a featured step preparation otlisubstituted

% Ganta, A.; Shamshina, J. L.; Cafiero, L. R.; Snowden, Te8ahedror2012 68, 5396.
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butyrolactone®n route to (R,39-HPA-12. Reduction of the lactone with LiAlHollowed by
N-acylation of the free amingas expected to furnish the targeted compound. The approach was
intended to provide an efficient route tdr(3S-HPA-12 without the need for

protection/deprotection steps.

2.4Planned Approach for Synthesis ¢1R,3S}HPA-12

For our planned approach to the synthesidBf3S)-HPA-12, we envisioned expanding
uponthe aforenentioned worlproceeding through a reactigemdichloroepoxide intermediate
in the key step (Scheme 2.9Ye envisioned tha&1 could be prepared ly-acylation of51 with
succinimide dodecanoate. The aminodidkhould be obtainable by complete reduction of the
azidolactoné&0with an excess of LiAlZ We expected th&0 could be derived from thgem
dichloroepoxide intermediate 49, followed by {2 substitution with azide, and subsequent
lactonization We conceptualizedheanti-1,3 diol49 could be prepared by directed Evans
reduction of ketond8 with tetramethylammonium triacetoxyborohyriden&lly, formation of
the aryl keton@8 should be fasible through FriedeCrafts acylation of$-Wynberg lacton&
47, prepared in one step with acetyl chloride, chld¥aN-diisopropylethyl amine and a catalytic

amount of quinine.

%% (a) Corey, E. J.; Link,.J0.; Shao, YTetrahedron Lett1992 33, 3431. (b) Corey, E. J.; Link, J. @etrahedron
Lett. 1992 33, 3435. (c) Corey, E. J.; Link, J. @.Am. Chem. So&992 114, 1906.

*"Evans, D. A.; Chapman, K. T.; Carreira, E. MAm. Chem. Sot988 110, 3560.

%8 (@) Wynberg, H.; Staring, E. @. Am. Chem. So982 104, 166. (b) Wynberg, H.; Staring, E. G.Org. Chem.
1985 50, 1977.
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49 48 47

Scheme2.9: Conceptualizedetrosynthetic approach (@R,39-HPA-1221

2.5Results and Discussion

Efforts towards the preparation @R,35)-HPA-12 began with FriedeCrafts acylation
of (S-Wynberg lactond7 which smoothly afforded ketor# in 89% yield (Scheme 2.10). It
was necessary to conduct the reactioa® M concentrationn order to mitigate the formation
of theO-acylated byproduc3. The bestesults were obtained wheowdered AlC{ was
sonicated in benzene, creating a fineension of the Lewis acid, followed by stirring at room
temperature for 12 hours. Thati-1,3 diol49 was successfully obtained in 80% yield and 96:4
d.r.byadirected , 3 r e d u c-hydraxyketonie usindntetrarbethylammonium
triacetoxyborohyrig in MeCN/AcOH at45°C. It was prudent to use freshly distilled
acetonitrile and acetic acid in a 1:1 ratio wid freezing of the solutioandto achieve optimal
selectivity. Temperatures lower thatb °C resulted in freezing of the solution, andhigher
temperatures, comparable yields were obtainedsteueselectivity was much lower. Lactone
50was prepared by CBrayhimkdeaatian : 1 whioh diodd wastebated with
four equivalents ofodium hydroxide and two equivalents of sodiazide in a 1:4 mixture
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o)
9
“CCly
(S)-47

Me4N(OAC)3BH

MeCN/ACOH, -45 °C
(80%, dr = 96:4)

o)

Cl
NaO 1IN

Ph

—_—

55

PhH, AICI3
(89%)

3

O OH

Ph)J\/:\CCIg,

48

O OH

o) (:))J\/:\cq3
Ph)J\/-\CCIg,

53

NaN3 (2 equiv)
NaOH (4 equiv)
OH OH DME/H,0, rt ONa
Ph CCls (7%, dr = 90:10) Ph/k/\Fu
49 st cl
LiAIH, OH  NH, C11H25CO,Su
OH -------------e- .
Ph ;
0 40 5
O N3 '
C11H23CO,Su Q '
111123 2
Ph 50 PhsP, THF/H,0 o NT% NaBH, 21
(75%) o] (93%)

Ph 52

Scheme2.10: Preparation of1R,39)-HPA-12 21 from (S-Wynberg lactone

of DME/H,0 at room temperature. The reaction proceeded first througjethe

dichloroepoxide intermediat&t formed following deprotonation of the trichloromethyl carbinol.

Azide substitution led to formation of the azidocarboxylic acid chloride intermesbatehich

underwenO-acylation to afford lactong0. After completion othe reaction, the crude mixture

was stirred in dilute aqueous hydrochloric acid f& ours to ensure that any hydrolyzed

lactone was converted to the product. These conditions provided the target lactoneotaV 7% t

yield, in a 90:10 ratio airans/cs epimers. To ensure the reaction had been fully optimized, a

series of reactions were conducted with various solvents and bases (Table 2.1). Adjusting the

ratio of DME/H,O resulted in lower yield of product (entry 2), and when less sodium hydroxide

was ugd, hardly angonsumption of starting material was observed (entry 3). When sodium

33



Table2.1: Optimization studies for formation of lactobé

0
OH OH NaN3 (2 equiv) N
/"\/'\ base, solvent, rt O s
Ph CCl, -
PH
49 50
Entry Base (equiv) Solvent [49] (M)  Yield® (%)
1 NaOH (4) DME/H.0 (1:4) 0.05 70
2 NaOH (4) DME/H,0 (2:3) 0.05 45
3 NaOH (2.5) DME/H,0 (1:4) 0.05 b
4 TBAH (6.7) CH.CI/TBAH (2:1) 0.05 c
5 DBU (5), 18crown6 (cat.) MeOH 0.05 40

?|solated yield of puréranslactone50° Reaction showed <5% conversion after 24 hbars
complex mixture of products was formed.

hydroxide was substituted with tetrabutylammonium hydroxide (enttp#pPBU and 18
crown6 (entry 5)5° conditions that have been successful in other JRe&ve o CoreyLink
reactions; there was no observed improvement.

Following successful formation of lactoB, we attempted a or@ot reduction of both
the azide and the lactone carbonyl with concentrations of lithium aluminum hydride ranging
from 6-15 equivaénts andat temperatures ranging from 086°C. Unfortunately, all attempts
resulted in a complex mixture of products, and the desired amintitiioluld not be obtained in
reasonable yield. As a result, we resorted to a slightly different approaclcimatandem

Staudinger reduction aridacylation reaction weremployed by adjusting a procedure reported

9 Qliver, J. E.; Schmidt, W. Fletrahedron: Asymmetr}998 9, 1723.

® Dominguez, C.; Ezquerra, J.; Baker, S. R.; Btysr&.; Prieto, L.; Espada, C. M.; PedregalT @rahedron Lett.
1998 39, 9305.

®1 For a recent review of Cordyink, JocicReeve, or related reactions, see: Snowden, ARBIVOC2012 (i),
24,
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by Bittman® To our delight, treatment of lacto®@ with triphenyl phosphine and succinimide
dodecanoate in THFA® afforded the amidolactor® in 75% yield. A simple reduction &2
with sodium borohydride in ethanol provid€dR,3S)-HPA-12 in 93% yield and 98% é&All
characterization data ¢fR,35)-HPA-12 (21) are consistent with those reported by Befkesid
arein agreement with the most potent HR2 stereocisomgilR,39S).

In summary, our synthesis (#R,35-HPA-12 was accomplished in fivéeps and 33%
overall yieldstarting from §-Wynberg lactond?. The described approach, which features a
onepot CoreyLink/intramolecular acyl substitution reaction, was the shortest and highest
yielding synthesis at the time.
2.6Index of Chapter Compondsand Numbers

O OH

Oﬁ O  OH 0 QJKA:CCL«5 OH OH
Ph)J\/\CCI3 Ph)J\/\CCI3 Ph/'\/\CCI3

CCl,
(S)-47 48 53 49
o)
OH OH OH OH o NNg OH  NH,
- - - OH
Ph ""ccl, Ph CCly Ph
PH
epi-49 ent-49 50 40
o) o)

‘\\NW OH HN 10 QH HN 10
O 10 -
I I N oH A A _oH

Ph Ph

Ph
52 21 21

(1R,3S)-HPA-12 (1R,3R)-HPA-12

2.7 Experimental Details

®2He, L.; Byun, H-S.; Bittman, RJ. Org. Chem200Q 65, 7627.
3 The ee (%) was determined by preparingNtusher diester derivative of this compound. The analysis showed the
material to have >98% ee.

35



'H and’*C NMR spectra were recorded on Bruker instruments at 360, 500, or 600 MHz
and 90 or 125 MHz, respectivelJF NMR spectra were recorded at 338 MHz. Chemical shifts
werereferencedtoacetortlg( U = 2. 05 ang U30=. 83)260ran@DCI7. 0) .
were recorded on an AutoSpdttima_NT mass spectrometer using electron ionization (El) at
70 eV and an EBE sector mass analyzer. Melting points were determinedviatfiemp
1001D capillary melting point apparatus and are uncorrected. Ultrasonication was conducted
with a Bransonic 2510®TH ultrasonic cleanetR samples were prepared by dissolving the
pure material in a small amount of a suitable aprotic solvernnail slrop of the concentrated
solution was placed on a KBr plate, and the solvent was evaporated completely. A second KBr
plate was placed on top of the first plate and rotated by a quarter turn to make an even film of the
material between the platdR spectra were recorded on a Jasco FHIRO0 instrument. Optical
rotations were measured with a Rudolph AUTOPOL IV/6W polarimeter. TLC visualization was
achieved by UV light (254 nm) or KMnGtaining. MeCN and benzene were dried ovér 4
molecular sieves pr to use. THF and ED were distilled from Na/benzophenone ketyl radical.
Chloral was purchased from Riedt# Haén and distilled neainto 4A molecular sieves. Acetyl
chloridewas distilled from PhNMg(onetenth volume). Anhydrous acetic acids prepred by
stirring AcOH Ac,O (1:1) for 1 h, and then AcOH was distilled ontd 4nolecular sieves. All
other reagents and solvents were used as received from commercial sources.
(S)-4-(Trichloromethyl)oxetan-2-one (47)®

A dry 1-L, 3-neck rounebottom flaskwas fitted with two addition funnels and an argon
supply. Quinine (406 mg, 1.25 mmol) and antoysEt,O (165 mL) were added to the round
bottom flask, then anhydusDIPEA (47.5 mL, 0.273 mol) was transferred to the flask by

cannula. Chloral (24.5 mL, 261 mol) in anhytbusEt,O (115 mL) was added to one addition
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funnel. AcCl (17.8 mL, 0.250 mol) in anhyaisEt,O (115 mL) was added to the other atioh
funnel. While cooling te15 °C, the chloral and AcCl were added dropwise to the mixture under
argonat approximately equal rates over 1.5 h. After the addition was complete, the mixture was
stirred afi 15 °C for 2 h. Ageousl M HCI (150 mL) was added and the mixture was warmed to
r.t. and then filtered through Celite. The layers were separated, aagiutbeus layer was

extracted with BEO (5 x 30 mL). The combined organic layers were washed with 1 M HCI (3 x
25 mL), dried(MgSQy), and concentrated by rotary evaporation yielding a light tan solid. The
solid was placed under vacuum to remove excess keotaimponents then purified by bt

bulb distillation (82 °C/0.27 mbar) to givl¥ as a white solid (mixture of enantiomers). The

solid was regystallized (methylcyclohexaji@yielding pure §-47 (23.4 g,12.4 mmol 49%) as
white, fluffy crystals; mB2i5 3 A §22+156c]1.0, ChCl,) (corresponds to >98%%8). IR
(KBr): 2972, 1644, 1101, 788 ¢m'H NMR (360MHz, CDCE) : U = J53.8)87Hg, dd ,
H), 3.74 (ddJ = 5.7, 17 Hz, 1 H), 3.60 (dd,= 3.8, 17 Hz, 1 H)™*C NMR (125 MHz, CDGJ): U

= 163.9, 96.6, 76.1, 42.5. MS (El): m/z = 71.0iMCls]. HRMS (El): m/z [Mi CCl] calcd for
C3H30,: 71.0133; found: 71.0130.

(9)-4,4,4Trichloro -3-hydroxy-1-phenylbutan-1-one (48)

Powdered AIG (6.3 g, 47 mmol) in anhydusbenzene (250 mL) was placed in-& 1
roundbottom flask. The system was sonicated for 1.5 h to create a fine suspension of the Lewis
acid. The mixture was then cooled to 0 °C, and at®wl of (5-Wynberg lactond7 (2.00 g,

12.5 mmol) in anhysbusbenzae (125 mL) was added dropwise. The reaction was warmed to
r.t. and stirred until judged complete by TLC analysis (~12 h). The reaction was quenched by
slow addition of ageoussat. NHCI (250 mL) and the aqueous layer was extracted with benzene

(4 x 60 mb. The combined organic layers were washed with brine (30 mL), dried (Mg&@
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concentrated. Téresidue was purified by silica ggiromatograph (hexanesSEtOAc, 9:1) to

give 48(2.99 g,11.2 mmol 89%) as white crystals; mp B2 3 A 8,1 35[6 (£]10, CHCL,).

IR (KBr): 3448, 3061, 2924, 1683, 1449'¢ml H NMR (360MHz, CDCE) : & <J=B8 0 ( d,
Hz, 2 H), 7.62 (tJ= 7.3 Hz, 1 H), 7.50 () = 7.9 Hz, 2 H), 4.88 (ddd,= 1.7, 4.5, 9.1 Hz, 1 H),

3.79 (d,J= 4.3 Hz, 1 H), 3.65 (ddl= 0.7, 17.3 Hz, 1 H), 3.50 (dd= 9.1, 17.3 Hz, 1 H)**C

NMR (125 MHz, CDC)) a = 197. 1, 136. 4, 133. 9, 128. 8,
= 249.0 [Mi OH]. HRMS (El): m/z [Mi OH] calcd for GoHsOCls: 248.9641; found: 248.9638.
(1S,39)-4,4A-Trichloro -1-phenylbutane-1,3-diol (49)

A solution of tetramethylammonium triacetoxyborohydride (1.57 g, 5.98 mmol) in
anhydousMeCN (3.4 mL) and anhydusAcOH (3.4 mL) under argon was stirred at r.t. for 1 h.
The soltion was then cooled b0 °C. Hyroxy ketone48 (200 mg, 0.75 mmol) in anhyous
MeCN (1.1 mL) was added to the stwbn by syringe. The mixture stirred for 30 h at a bath
temperature betweér5 °C and 50 °C. The reaction was quenched with 0.5 Meayssodium
potassium tartrate (8 miand warmed to r.t. The mixture was diluted withCH (6 mL) and
the layers were separated. The organic phase was washedwdtusspuratedNaHCG; (10
mL). The aqueous phase was back extracted witf)CGK4 x 5 mL), and the combined organic
layers vere washed with aggoussauratedNaHCG; until the aqueous layer reached pH 7. The
organic layers were then dried (Mgg@nd concentrated. The crude product was evaluated by
'H NMR spectroscopy to establish dnfi/syr) = 96:4 and then purified by silica gel
chromatography (hexaridstOAc, 8:2 to obtain49 (155 mg,0.575 mmol,77%) as white
crystals; mp 1041 0 5 APGi 657 (@ P.0, ChCL). IR (KBr): 3419, 2906, 1641, 1427 th
'H NMR (360MHz, CDCk) : U 1729 (M.54)B85.12 (dtJ = 3.2, 9.5 Hz, 1 H), 4.44 (ddd,

= 1.9, 4.4,10.0 Hz, 1 H), 3.25 (diblz 1.2, 4.7 Hz, 1 H), 2.45 (ddl= 1.4, 9.5, 14.3 Hz, 1 H),
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2.27 (dJ=3.9 Hz, 1 H), 2.07 (ddd,= 2.6, 9.7, 14.2 Hz, 1 H}°C NMR (125 MHz, CDCJ)) : U
=143.7 128.7, 127.9, 125.6, 103.8, 79.8, 70.8, 40.1. MS (El): m/z = 268.0 [M]+. HRMS (EI):
m/z [M] calcd for GoH110,Cls: 267.9825; found: 267.9827.
(3R,55)-3-Azido-5-phenyldihydrofuran -2(3H)-one (50)

Trichloromethyl carbino##9 (100 mg, 0.37 mmol) in DMEH,0 (1.5 mL:6.0 mL) was
placed in a sample vial with a magnetic stir bar. Ng#8.2 mg, 0.7@ mmol) (CAUTION: may
explode if ground or contacted by metal surfaces) and freshly powdered NaOH (59.4 mg, 1.49
mmol) were added at once. The reaction was stirqgdlyaat r.t. until judged complete by TLC
analysis (1224 h). The mixture was cooled to 0 °C, and the pH was adjusted to pH 2 with 0.5 M
HCI. This mixture was stirred for 3 h to promote lactonization of any hydrolyzed product. The
agueous phase was extetwith EtOAc (5 x 15 mL), dried (MgSJ and concentrated. The
crude product was evaluated 1y NMR spectroscopy to establish thafis/ci§ = 90:10 and
then purified by silica geghromatography (hexaridstOAc, 2:1) to obtain 9 (74.0 m@,364
mmol,70 %) as a cl e &;p+l754 (@l.0, CHCle).9Rs(KBY)i 2023, 2852] 1.780,
1458 cmi'. 'H NMR (360MHz, CDCE) : U i 734 (fn, 34H9, 7.307.28 (m, 2 H), 5.65 (t] =
6.6 Hz, 1 H), 4.36 (dd] = 6.1, 7.9 Hz, 1 H), 2.602.44 (m, 2 H)*C NMR (125 MHz, CDC}):
a = 172. 7, 138. 0, 129. 0, 128. 8, 125. 0, 79. 2,
m/z [M] calcd for GoHgN3O,: 203.0695; found: 203.0691.
N-[(3R,55)-2-Ox0-5-phenyltetrahydrofuran -3-yljJdodecanamide (52)

To a solution ob1 (50 mg, 0.25 mmol) in THRH,0 (6.6 mL:0.73 mL) were added
lauric acidN-hydroxysuccinimide ester (183 mg, 0.62 mmol) angPR@8 mg, 0.30 mmol). The
mixture was stirred at r.t. under argon for 48 h. The solvents were then removed by evaporation

[t-BUOH (3i 4 mL) was added to azeotropically remove residyél]Hand the residue was

39



dissolved in EtOAc (25 mL) and washed with ice cold 196®; (4 x 5 mL). The organic phase
was dried (NgS0Oy) and concentrated. The cruahaterial was purified by silica gel
chromatographyhlexanesEtOAc, 8:2) to affordb2 (66.2 mg,0.184 mmol,75%) as a white
solid: mp 969 7 A B, +38[21(c]1.0, CkCL,). IR (KBr): 3303, 2918, 1648, 1164 tm'H
NMR (360MHz, CDCE) : U 1727 (i, 54H), 6.52 (dl = 6.7 Hz, 1 H), 5.78dd,J = 2.5,
8.5 Hz, 1 H), 4.604.54 (m, 1 H), 2.79 (ddd,= 2.8, 9.3, 12.7 Hz, 1 H), 2.62.59 (m, 1 H), 2.23
(t, J=7.8 Hz, 2 H), 1.661.58 (m, 2 H), 1.361.20 (m, 16 H), 0.88 (1 = 6.7 Hz, 3 H)}*C NMR
(125 MHz, CDCY) : a = 175. £8.9, 18531250, 785,383, 3.9, 34.1, 31.9,
29.6, 29.6, 29.5, 29.3, 29.3, 29.2, 25.4, 22.7, 14.1. MS (El): m/z = 359.2 [M]+. HRMS (El): m/z
[M] calcd for GoH33NOs: 359.2460; found: 359.2468.
N-[(1R,35)-3-Hydroxy -1-(hydroxymethyl)-3-phenylpropyljdodecamide (21)

To a suspension &2 (40.0 mg, 0.11 mmol) in abkite EtOH (1.5 mL) was added
NaBH, (21 mg, 0.55 mmol), and the mixture was stirred at r.t. for 20 h. The reaction was then
guenched by the addition of 5%®0; soln (2.4 mL), and the EtOH wasmoved by rotary
evaporation. The aqueous phase was extracted with EtOAc (8L¥, &nd the resultant organic
layers were combined, dried (p&0;), and concentrated. Tipeoduct wadirst purified by silica
gelchromatography (EtOAtexanes, 4:1)Toremove contaminants (presumably grease and/or
residual lauric acid from the previous step) from the product, the material was diluted with DCM
(10 mL) and transferred to a separatory funnel. The organic layer was washed with saturated
agueous NaHCE5 x 3mL), dried with NaSO,, and concentrated. Finally, the organic material
was diluted with anhydrous MeCN (5 mL), and transferreddeanseparatory funnel. The
MeCN layer was washed with pentanes (8 x 5 mL) and concenteatddain21 (37.6 mg,

0.103mmol, 93%) as a white crystalline solid; mpi®1 A 8,i34[8 (t]1.0, CHG). IR
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(KBr): 3417, 3294, 1643 cth 'H NMR (360MHz , CDCI 3i).24 (ni, 5 H), 6743 (@816
= 6.6 Hz, 1 H), 4.80 (dd} = 3.3, 8.9 Hz, 1 H), 4.08..01 (m, 1 H), 3.93 (s, H), 3.70 3.62 (M, 2
H), 3.31 (s, 1 H), 2.15 (dd,= 7.3, 8.0 Hz, 2 H), 2.04 (ddd= 3.5, 5.5, 14.6 Hz, 1 H), 1.92
(ddd,J=7.0, 9.0, 15.8 Hz, 1 H), 1.64.55 (m, 2 H), 1.38L.23 (m, 16 H), 0.88 (dd,= 6.6, 7.0
Hz, 3 H)."*C NMR (125 MHz, CDCJ) : 1@4.37144.3,128.6, 127.7, 125.5, 71.9, 65.6, 50.5,
40.7, 36.8, 31.9, 29.6, 29.6, 29.5, 29.3, 29.3, 29.3, 25.7, 22.7, 14.1. MS (El): m/z = 363.3 [M]+.
HRMS (EI): m/z [M] calcd for GoH3/NOs: 363.2773; found: 363.2766
General Procedure for SynthesisofMe her 6s Di est er RPe+{UMettmtyi ves Us
UHrifluoromethylphenylacetic acid

To a flamedried 16mL round bottom flask equipped with a magnetic stir bar was added
(R)-(+)-UmethoxyU-trifluoromethylphenylacetic acid (61 mg, 0.260 mmol) and 1 mL
anhydrous benzene. The solution was concentrated by rotary evaporation to remove adventitious
moisture, and then the solid was diluted with DCM (0.1 mL). Freshly distille¢/laxtabride
was added (42.8 mg, 7.33 mmol) followed by 0.15 pL DMF. The solution was stirred rapidly
under argon at room temperature for 30 minutes, then coolettavilh an ice bath. The
solution was concentrated under reduced pressure for 30 mineitethé system was flushed
with argon. The crude mixture was diluted with DCM (0.1 mL), and transferred via canula to an
ice-cooled solution of dio#t9, epi49, ent-49, or 21 (0.046 mmol), 4dimethylaminopyridine (2
mg, 0.012 mmol), and triethylamine (64,0.46 mmol) in DCM (0.2 mL). The resulting
solution was stirred rapidly at 28 under argon until deemed complete by TLC analysis. The
reaction mixture was transferred to a separatory funnel with the aid of DCM, and sequentially
extracted with saturatexjueous ammonium chloride solution (2 x 5 mL), saturated aqueous

sodium bicarbonate solution (2 x 5 mL), and 5 mL of water. The organic layer was dried with
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NaSQy, filtered, and concentrated under reduced pressure. The product was purified by silica gel
chromatography using 4:6 ether/hexanes as the eluent to obtain the products listed below.

Mos her 0s [539-44 &Trichlard-1-phdnylbutane1,3-diol (49)

The indicated compound was obtained as a light yellow oil in 96% yield (31.24%gumao).

'H NMR (360 Hz, CDGJ)) U # 7.68 (i 2H), 7.54 7.51 (m, 3H), 7.42 7.27 (m, 8H),

7.05 (ddJ=1.9, 7.9 Hz, 2H), 5.80 (dd,= 1.1, 10.1 Hz, 1H), 5.59 (db= 1.6, 11.8 Hz, 1H),

3.55 (d,J = 1.12 Hz, 3H), 3.52 (d = 0.8 Hz, 3H), 2.85 (ddd,= 1.1, 11.8, 15.2 Hz, 1H), 2.17
(ddd,J=1.8, 10.1, 15.2 Hz, 1IH*C NMR (125MHz,CDG)) : 4 = 165. 6, 165.
130.7, 130.1, 129.5, 128.9, 128.9, 128.7, 128.4, 128.0, 127.6, 126.3, 1I3-2&RK.5 Hz),

123.2 (q,J = 288.6 Hz), 98.0, 85.(1, J = 28.5 Hz), 84.8 (q) = 27.9 Hz), 79.5, 74.0, 55.6, 55.4,

38.1.%F NMR (360 Hz, CDG))  &70.%6,-71.14.

Mos her 6s [R38)444£Trichlord -1-ghdnylbutane-1,3-diol (ep+49)

The indicated compound was obtained as a clear colorless9dits yield (30.5 mg43.5 umo).

'H NMR (360 Hz, CDGJ)) U  # 7.68 (i} ZH), 7.54 7.30 (m, 13 H), 5.89 (dd,= 4.2, 11.4

Hz, 1H), 5.30 (ddJ = 1.5, 9.1 Hz, 1H), 3.59 (d,= 1.0 Hz, 3H), 3.41 (d] = 1.0 Hz, 3H), 2.88

(ddd,J = 1.6, 11.4, 14.Hz, 1H), 2.46 (ddd) = 4.3, 9.1, 14.2 Hz, 1H}’C NMR (125 MHz,

CDCly) a = 165. 4, 165. 3, 135. 9, 132. 0, 130. 0,
127.6, 127.3, 124.2 (d,= 287.7), 98.0, 84.5 (§,= 27.8), 84.4 (q) = 28.1), 79.3, 74.8, 55.7,

55.4, 37.3% NMR (360 Hz, CDG)  §70.94,-71.33.

Mos her 6 s [R3R)sld,£4Trichlord -1-ghénylbutane-1,3-diol (ent49)

The indicated compound was obtained as a light yellow oil in 92% yield (29.921&umo).

42



HNMR (360 Hz,CDG) U = JE7.5, ZH),(7.65. 7.46 (m, 5H), 7.39 7.28 (m, 6H),
7.041 7.02 (m, 2H), 5.63 (dd} = 0.6, 9.9 Hz, 1H), 5.54 (dd,= 1.3, 11.8 Hz, 1H), 3.77 (d,=

1.4, 3H), 3.49 (dJ = 1.0, 3H), 2.81 (ddd] = 0.8, 11.8, 15.Hz, 1H), 2.05 (dddJ = 1.6, 10.0,

15.1 hZ, IH*C NMR (125 MHz,CDG)) : o = 165.5, 165.5, 137.

129.1, 128.8, 128.8, 128.4, 127.3, 127.3, 126.5, 1234+@89.1 Hz), 123.2 (gl = 289.5 Hz),
98.1, 84.4 (qJ = 27.8 Hz) 84.3 (q,J = 28.2 Hz), 79.2, 73.5, 56.3, 55.6, 38 % NMR (360 Hz,
CDCl)  &70.55,-70.95.

Mo s her 0s (IR,38)-N43ehydroxyfl-hydroxymethyl-3-phenylpropyl)dodecamide
(21)

The indicated compound was obtained as a clelarless oil in 85% yield (23.3 mg@9.3 umo).
'H NMR (360 Hz, CDG)) U # 7.26 (md B3H), 7.18, 7.16 (m, 2H), 5.86 (dd; 6.2, 7.9
Hz, 1H), 5.36 (dJ = 8.4 Hz, 1H), 4.35 (ddl = 4.0, 11.2, Hz, 1H), 4.22 (dd= 3.7, 11.2 Hz,

1H), 4.10i 4.14 (m, 1H), 3.49 (s, 6H), 2.202.12 (m, 1H), 2.10 1.98 (m, 3H), 1.60 1.50 (m,

7,

2H), 1.33i 1.20 (m, 16H), 0.88 (] = 7.01 Hz, 3H)"*C NMR (125 MHz,CDCJ) : & = 17 2.

166.3, 165.7, 137.6, 131.9, 131.7, 129.9, 1298,d, 128.7, 128.6, 128.4, 127.4, 127.3, 126.8,
84.1 (q,d = 22.4), 84.1 (q) = 23.7), 76.0, 67.1, 55.5, 55.4, 45.2, 38.0, 36.6, 31.9, 29.7, 29.6,

29.6, 29.5, 29.3, 29.3, 29.2, 25.4, 22.7, 1#ANMR (360 Hz, CDG)  &71.30,-71.57.
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CHAPTER 3
CONSTRUCTION OF POLYSUBSTITUTED OXACYCLES BY A NOVEL JOCIC

REACTION
3.1 Background and Significance
Functionalized tetrahydropyrans are common structural motifs found in a wide variety of
natural products that show diverse bioactivity. A survey of the litexrahows that natural
products containing the tetrahydropyran moiety, especially those with 2, 4, 6 connectivity, show

antibacterial, anttumor, and antinflammatory activity among many othéfdzor example, the

OMe

W'

Kendomycin

DA e
MeO OH

Swinholide A

(+)-centrolobine

Figure 3.1: examples of natural products containing tetrahydropyran substructures

% (a) Bode, H. B.; Zeeck, Rerkin 1200Q 323. (b) Elnakady, Y. A.; Rohde, M.; Sasse, F.; Backes, C.eie\l;
Lenhof, H:P.; Weissman, K. J.; Mueller, Rhem. Bio. Chen2007, 8,1261. (c)Chan,P. K.;Loh, P. T. Org. Lett.

2005 7, 4491.
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macrocyclic polyketide kendomycin exhibits antibacterial acitivity against ¢@stive and
Gramnegative bacteria asalV as cytotoxicity against a number of human tumor cell lines
(Figure 3.1). Perhaps most notably, kendomycin shows antibacterial activity against methicillin
resistantStaphylococcus aureasd vancomycin intermediag aureustrains. Other examples
of natural products bearing a tetrahydropyran substructure inctixderftrolobine, which
exhibits antibiotic and antifungal activityand swinholide A which exhibits antifungal activity
and cytotoxicity to several cancer celids® Due to the diverse biological activity of thagpes
of natural products, a number of reactions have been developed to construct tetrahydropyran
rings for their use in natural product synthesis.
3.2 General Methods for Tetrahydropyran Formation

Among the identified reactions for tetrahydropyran construction, those of considerable
popularity include the Prins and related cyclization reacficihg hetereDiels-Alder
cyclization® intramolecular Michaetype cyclizations; cyclizations onto epoxidgsand

additions to substitutenxocarbenium speciés’

® Jurd, L.; Wong, R. YAust. J. Cheml984 37, 1127.

% (@) Carmeli, S.; Kashman, Yetrahedron Lett1985 26, 511. (b) Doi, M.; Ishida, T.; Kobayashi, M.; Kitagawa,
I. J. Org. Chem1991, 56, 3629. (c) Kobayashi, M.; Kawazoe, K.; Okamoto, T.; Sasaki, T.; Kitaga@hem.
Pharm. Bull.1994 42, 19.

®7(a) Gesinski, M. R.; Rychnovsky, S. D.Am. Chem. So2011, 133 9727. (b) Dziedzic, M.; Furman, B.
Tetrahedron Lett2008 49, 678.

% (a) Ghosh, A. K.; Gong, GChem: Asian J.2008 3, 1811, (b) Raghavan, S.; Samanta, POKj. Lett.2012 14,
2346.

% (a) Evans, P. A.; Andrews, W.Angew. Chem. Int. E@008 47, 5426. (b) Fuwa, H.; Noto, K.; Sasaki, Krg.
Lett.2011, 13, 1820.

(a) An, C.; Jurica, J. A.; Walsh, S. P.; Hoye, A. T.; Smith, AJ.BDrg. Chem2013 78, 4278. (b) Kanemoto, M.;
Murata, M.; Oishi, TJ. Org. Chem2009 74, 8810.

L (a) Albury, A. M. M.; DeJoarder, D.; Jennings, M.TRetrahedron Lett2015 56, 3057. (b) Albury, A. M. M.;
DeJoarder, D.; Jennings, M. P.Org. Chem2012 77, 6929. (c) Sharpe, R. J.; Jennings, M.JPQrg. Chem2011,
76, 8027.

2 (a) Beaver, M. G.Buscagan, T. M.; Lavinda, O.; Woerpel, K. Angew. Chem. Int. EQ016 55, 1816. (b) Tran,
V. T.; Woerpel, K. A.;J. Org. Chem2013 78, 6609. (c) Beaver, M. G.; Woerpel, K. A.Org. Chem201Q 75,
1107.
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The Prins reaction generally refers to a reaction conducted with an alkene and
formaldehyde in the presence of an acid catalyst, such as the reaction between styrene and
formaldehyde in the presenctaqueous sulfuric acidProducts obtained under these

conditions include mixtures of X@oxanes, 1,3)lycols, tetrahydropyrans, and allylic and

/(\ )\ Levyis /(\
. acid
o R' o

—_—
R OH R O R'
Nu
+
Q Nucleophile
—_—_—
R (@] R' R (@] R’

Scheme8.1: Condensation based approach to Ptype cyclizations

homoallylicalcohols depending on the reaction conditions. More specifically, the Prins
cyclizationreaction involves a Lewis acithtalyzed electrophilic addition of an aldehyde or
ketone to homoall ylic al cohol-mcleopailicattagk proan e e d s
oxocarbenium cation to generate ring structures through casbayen and céron-carbon bond
formation (Scheme 3.1). Variations of the reaction have been employed to prepare halogenated
tetrahydropyran and dioxane derivatives with predictable and often excellent steregéénfrol.

For example, the Prins cyclization was featured in the synthellisliobacter pyloriinhibitor
(+)-spirolaxine reported by Dallavalle and-workers (Scheme 3.29 Treatment of homoallylic

alcohol56 with hemiacetab7 (functioning as a masked aldehyde) under Lewis acidic conditions

3 (@) Prins, H. JChem. Weekbll919 16, 1072. (b)Prins, H.J. Chem. Weekbll919 16, 1510.
" Dziedzig M.; Furman,B. Tetrahedron Lett2008 49, 678.

“Huang, S.; Du, G.; Lee, &G.J. Org. Chem2011, 76, 6534.

®Nannei, R.; Dallavalle, S.; Merlini, L.; Bava, A.; Nasini, &.Org. Chem2006 71, 6277.
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at-70°C generated the tetrahydropyranyl cation intermediate which was quenched by

nucleophilic addition of chloride to generate the chlorinated tetrahydrop8nan63% yield.

Ticl,
CH,CI
22 HO \‘O"/

63%
56 57 58

MeO

(+)-spirolaxine

Scheme.2:. Dal | aval |l egprolaasipepr oach to ( +)

While the Pringyclization reaction has proven to be an effective method of generating
tetrahydropyramlerivatives, the reaction requires precursors containing carbonyl and
preferentially terminal alkene functional groups. Additionally, Lewis acidic conditions are
necesary to generate the desired tetrahydropyran which may not be compatible with certain
substrates.

The hetereDiels-Alder cyclization is another effective method of generating
tetrahydropyran derivatives. An oxX@iels-Alder cyclization is a modification dhe traditional
Diels-Alder reaction, and involves a reaction between a reactive diene and an aldehyde or
ketone. The Sasaki group in route to the natural produdpblycavernoside A constructed the
dihydropyran ringg1 by a catalytic oxeDiels-Alder cyclization approach using aldehy@gand

silyloxy diene60 mediated by a chiral Lewis acid (Scheme 3.3hese types of reactions can

""Kasai,Y.; Ito, T.; SasakiM. Org. Lett 2012, 14, 3186.
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often proceed in poor yield unless highly reactive dienes or Lewis acidic catalysts are used.

Additionally, the reactionproceed with poor stereoselectivity unless chiral Lewis acids are used.

o \‘/(\/OPMB chiral Lewis acid . 1Bso o} OPMB
TBSO\)J\H * rt, 21 h Z
OTMS 7o% OTMS
59 60 61

Scheme3.3: Oxo-diels alder cyclization to form dihydropyr&6é

Another popular method for tetradippyran formation invokes an odichael reaction.
Lee and ceworkers highlighted its utility as a key step in the synthesisunfascandrolide A
The tetrahydropyraf3 was formed in 96% yield and a 10:1 diastereomeric ratio (dr) from

aldehydes2 and atalytic piperidine at40°C (Scheme 3.4).

(0]
piperidine, -40 °C
24 h, CH,Cl,
. 96% :
PMBO._~ PMBO._~
62 63

Scheme3.4: oxy-Michael approach to preparation of tetrahydropysan

Other methods for tetrahydropyran formation wagbognizing are ringlosing
metathesis? radical cyclization$? and metaimediated cyclization®.All published methods for

the preparation of chiral polysubstituted tetrahydropyrans are very effective in generating the

8 Lee, K.; Kim, H.; Hong, JOrg. Lett.2011, 13, 2722.

“Lee, H:Y.; Lee, S:S.; Kim, H. S.; Lee, K. MEur. J. Org. Chem2012 4192.
8 Kartika, R.; Gruffi, T. R.; Taylor, R. EDrg. Lett.2008 10, 5047.

8 palimkar, S. S.; Uenishi, J.; li, 4. Org. Chem2012, 77, 388.
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target structures with specific doyurations at one or more of the chiral centers in the product.
However, no unified approach is available to offer both step ecoaadiye ability to form any
desired configuration at multiple chiral centers in the preparation of a variety of politgelsti
tetrahydropyrandeveloping a step economic approach with the ability to obtain any desired
configuration at multiple chiral centers would expedite the preparation of libraries of
polysubstitued tetrahydropyran derivatives with clear advantagelsdtir targetirected
synthesis and drug discovery.
3.3 Relative Rates of Cyclization

A key aspect of cyclizations that must be considered is competing rates of cyclization.
Competing cyclizations can have major implications on the outcome of a readdiomuat be
taken into consideration when conceptualizing the approach to a cyclic target. Several factors
including entropic and enthalpic factors, transition state energies, substitution patterns, and the
nature of the nucleophile can affect the rate @moduct distribution in a cyclization reaction.

Mandolini and ceworkers did an extensive study on the kinetics of {peenoted ring
closure ofdiethyl (¥ -bromoalkyl) malonates in DMS(Bcheme 3.5% As a result of the study,
the following trend was ésblished for rate of ring closure: 5> 6 >4 > 7-2(B where 5
membered rings form > 100 times faster thané@nbered rings. Interestingly, in the case of
carbocycle formation, the difference in the cyclization rates of tla@@® 4membered rings in
the malonate studies were similar, with tamémber ring formation only being about 1.7 times
faster. This suggests that the high strain energy in the transition state fandrmebered ring

only plays a minor role in the overall kinetics of the ring ctestdowever, in other

82 Casadei, M. A.Galli, C.; Mandolini, L.J. Am. Chem. Sot984,106, 1051.
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COzEt base COzEt cyclization EtOQC COzEt

Br n COZEt Br n COzEt

Scheme.5:carbocycle formation from diethyl bromoalkyl malonates

examples of ring closure (i.e. cyclic ethers, cyclic amines, lactones) the rabeeofiler ring
formation can be substantially higher than that-afe@mbered ring¥.

Synthetic approaches are often designed to take advantage of relative rates of cyclization.
Exploiting the difference in ring closure kinetics can often eliminate thefoead
protection/deprotection step in a synthetic route. For example, in the synthesis ofGhé C1
subunit of madeirolide A, the®embered oxacycle is preferentially formed instead of the 4

membered oxacycle through an eiMychael cyclization (Scheme®.*

TSOH, CH2C|2
61%, dr>20:1

STol not formed

Scheme8.6: preferential formation of a-hembered oxacycle

83 (a) Kirby, A.J. Adv. Phys. Org. Cherh98(Q 17, 183.(b) Galli, C.; llluminati,G.; Mandolini, L.; Tamborra, Rl.
Am. Chem. S0d.977, 99, 2591.
8 paterson, I.; Haslett, G. WQrg. Lett.2013 15, 1338.
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3.4 Planned Approach for Formation oPolysubstituted Oxacycles

Two conceptualized approaches wenzisioned for the preparation of the
tetrahydropyran derivativeS¢heme 3). One key aspedif the synthesis is to l@ble to obtain
the homoallylic diol$7 and73 in a stereoselective manner. The plan outlined in Approach A
was toobtainintermediateés7 from a Brown allylatioff of 66. Approach B aimed to create the
homoallylic alcohols by means of a PraSad Evan§' reduction, following allylation of

Weinreb amid&’1. Grubbs cross metathe8isf the resulting homoallylic alcohois either

O OTES O OTES O OH 0
o)
HMCCI;; — EtOMCCIg — EtOMCClgi h
CCl,
66 65 64 47
Approach A
OH OH OTES OH OTES OH OTES
R& R\/\)\/k /\)\/k
W)*\/*K/*kcm3 j = * *>CCl, j = * *>CCly j
OH
69 68 67
o) &
OH
OH %
7o OH OH OH
OH OH OH OH
R * * R
* *>CCl, Z NN, ZNTNCCl,
OH 75 74 73
Approach B
O OH O OH O o
j O. j .
/\)J\/*ko(m3 - N/U\)*\CC|3
I CCly
72 71 47

Scheme8.7: Conceptualize@pproaches to tetrahydropyrad

8 Brown, H. C.: Bhat, K. SJ. Am. Chem. Sot986 108 293.

8 Chen, K. M.; Gunderson, K. G.; Hardtmann, G. E.; Prasad, K.; Repic, O.; Shapirazhend. Lett1987 1923.
8 Evans, D. A.; Chapman, K. T.; Carreira, E. MAm. Chem. Sot988 11Q 3560.

8 Grubbs, R. H.; Miller, S. J.; Fu, G. &cc. Chem. Red995, 28, 446.
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route allows a library of functionalized olefins to be prepared in a divergent manner. The tetraol
precursor to théinal product can be prepared stereoselectively from functionalized
and unfunctionalized olefins through a modified Sharflesymmetric dihydroxylation reaction
to establish the desired configuration at two additional chiral centers.

We envisionedhite synthesis of disparate tetrahydropyrans of G@eas possibléen 6-7
steps. The kegeaction involves a novel JoefdocicReeve) type reaction in the final step to
convert the tetradd9 or 75 to 70. The Jocic reaction proceeds through deprotonation of a
trichloromethyl carbinol to form a reactigemdichloroepoxide intermediat&¢heme 3.8
Subsequent nucleophilic substitut i-carhonfh@an t he
chloridebar i ng c ar bsubsttutet acid Ehimrides. The substituted acid chlorides can
react further due to their susceptibility to nucleophilic acyl substitution to afford a wide range of
acid derivative$! The novel Jocic reaction employed in the synthesolves intramolecular

nuc | e o-pubstitutipncon tbgemdichloroepoxide by the alkoxy anion@i6 to form the

Jocic Reaction

o
OH -
Ry cl base o\r @ i M ®
—_— R, Cl —_— — > | Ry Nu,
cl ol R cl Ry c Rs™u
R, ¢l R, Cai R, )(g Nu

Nuy”

Schemes.8: General mechanism for the Jocic reaction

heterocyclic product. The transformation as applied to polysubstituted tetrahydropyran synthesis
with a specific diastereomer is depicteditheme 3.9Construction of the heterocycle takes

advantage of the relative rates of ring formation, and théyatalform the low energy chair

8 Sharpless, K. B.; Akashi, Kl. Am. Chem. Sot976 98, 1986.

% Jocic, Z.Zh. Russ. Fiz. Khim. Ova897, 29, 97.

L For a review of applications of JoeReeve reactions, se8nowden, T. SARKIVOC (Gainesville, FL, U. B.
2012 24.
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conformer demonstrates why thaer@mbered ring is preferred. With an excess of sodium
hydroxide present, thg-substituted acid chloride can undergo nucleophilic acyl substitution to

furnish the carboxylic acid derivatives.

Cal OH Q
OH OH OH OH OH Ow c oL
S e IadIChs
OH
75 70

Scheme3.9: Tetrahydropyran ring construction mechanism witR43,6S) - 2,4,6/7 1 tetraol

Both routes shown iBcheme F offer certain advantages and disadvantages. Approach
A requires more steps than approach B, but avoids the use of expensive reagents such as the
borohydride (tetramethylammonium triacetoxyborohydride) used in the Evans reduction.
Another advantage to apprch A is the ability to allylate the aldehyde, while stereoselectively
generating the homoallylic alcohol. The aldehg@e&an be prepared by procedures that are
described in the literatuf@ Asymmetric allylation 066, however, resulted in only modest
diastereoselectivity (dr: 4:1). As a result, approachaB chosen as the primary route (vide
infra).

3.4.1 Olefin Functionalization by RuthenitlBasedCross Metathesis: Historical

Background

Since its discovery, olefin metathesis bagn a widely useghethod for carbowarbon
bondformation that involvesnetalcarbenecatalyzed cleavagellowed by reconstructioof the
carboncarbon double bond§igure 3.2) The first instance of a carbararbon double bond

rearrangement was reported by Anderson and Merckling in a titecatetyzed polymerization

% Tennyson, R. L.; Cortez, G. S.; Galicia, H. J.; Kreiman, C. R.; Thompson, C. M.; Ror@ugDLett.2002 4,
533
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of norbornené? Their pioneering work led to a new disproportionation reaction reported years

later by Banks anBailey in which olefins are converted to homologues of various leffgths.
Calderonandcwor ker s | ater coi ned®darde Hhyyrtmhd oll &tfe n6 (
Phillips6é group highlighted the ut®Afteity of ol

extensive research on the metathesis mechanism and its key internfédattagsts could be

J R1\/\R1 R R

R; [M=/ Ry NM]:/
R

R
[M]:/ = metal alkylidene

~ |
[

b Re i /{
RZJ_—[R2 sz mR -

7~

R

Scheme8.10: catalytic cycle in olefin metathesis

rationally designed anajptimized for their use in metathesis processes. The generally accepted

mechanism is shown in Scheme 3.10. TeBBehrock®® and Osbori?® made significant

% Anderson, A. W.; Merckling, N. G. (Du Pont de Nemours & Co.) U.S. Patent 2,721,189, 1955.

% Banks, R. L.; Bailey, G. Gnd. Eng. ChemProd. Res. Devi964 3, 170.

% calderon, N.; Chem, H. Y.; Scott, K. Wetrahedron Lett1967, 34, 3327.

% Chen, Z.; Kornfield, J. A.Claverie, J. P.; Grubbs, R. Rolym. Prepr1994 35, 692.

9 For a review on the olefin metathesis mechanism, sesh@r R. H.Tetrahedron2004 60, 7117.

% Tebbe, F. N.; Parshall, G. W.; Ovenall, D. WAm. Chem. So¢979 101, 5074.

% 'Wengrovius, J.; Schrock, R. R.; Churchill, M. R.; Missert, J. R.; Youngs, WAm. Chem. Sot98Q 102,
4515.

0Kress, J. R. M.; Russell, M. J.; Wesolek, M. G.; Osborn, Chem. Commuri98Q 431
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contributions to the movement towards synthesis of-defihed catalysts through the use of
high oxdation state, late metal complexes (Figure 3.2). \gfiined catalysts allow the
propagating species in a metathesis reaction to be observed and controlled, and represent the

basis of modern metathesis catalysts.

(=2 ref. 98 PEt,  ref. 99 ?l ref. 100

\ ‘\\\Cl,, Cl\vlv//o

Til AIM W fBU/\'V'O_\
~ o AMe; Cl” | X—C(CHa)s r(lll 4

C Bu
PEt
% Ha 3 tBu

Figure3.2: Examples of early catalysts featuring late transition metals

Schrock later developed molybderirased alkylidene catalysts which were the first
example of efficient and controlled catalysts for metashesctions (Figure 3.3}. These
catalysts displayed high reactivity and are particularly useful in reactions involving bulky or
electron deficient olefins. Despite the tremendous advancements made in metathesis processes
and controlled activity of alkyliene catalysts, functional group intolerance and sensitivity to air
and moisture make their use impractical in many cases. Many of the concerns related to
functional group intolerance and oxophilicity were addressed by Grubbs -avatkers in the
developnent of welltdefined rutheniurbased metathesis catalysts (Figure 3°Authenium
based catalysts have proverbmefficient metathesis catalysts due to the@rmalstability and
functional group tolerance, and theplication has been realizedvarious syntheses reported

in the literature?®

101 3chrock, R. R.; DePue, R. T.; Feldman, J.; Schaverien, C. J.; Dewan, J. C.; Liu. Aril.Chem. Sot988
110 1423.

1923) Schwab, P.; Grubbs, R. H.; Ziller W. J. Am. Chem. So&996 118 100; b)Scholl, M.; Ding, S.; Lee, C.W.;
Grubbs, R. HOrg. Lett.1999 1, 953. c) Garber, 8.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H.Am. Chem.
Soc.2000 122, 8168.

1033) Chatterjee, A. K.; Grubbs, R. Brg. Lat. 1999 1, 1751.b) Saford, M. S.;UIman, M.; Grubbs, R. HJ. Am.
Chem. So2001, 123 749. c) Connon, S. J.; Bleche®t; Angew. Chem. Int. E@003 42, 1900.
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Figure3.3: alkylidene metathesis catalysts developed by Schrock and Grubbs

3.4.1.1 Olefin Types and Influencing Th&irodug¢ Distributions

Olefin metathesis can be categorized into three clasédyed types of processes
(Scheme 3.11): (A), ringpening metathesis polymerization (ROMP); (B), fohgsing
metathesis (RCM); and (C), acyclic cross metathesis (€N the case oCM, the ability to
predict product distribution and stereoselectivity is crucial for a successful transformation.
Following investigation of a wide range of olefins bearing various functional groups and
substitution patterns, Grubbs andworkers develped a general model to predictably determine
the product selectivity and stereoselectivity in CM reactitiiishe model categorizes olefins
into types 4IV based on their ability to homodimerize, and the ability of their homodimers to
undergo secondary métasis (direct participation in productive CM to form the desired

product).

1% Chang, S.; Grubbs, R. Aletrahedron1998 54, 4413.
195 Chatterjee, A. K.; Choi, T-L.; Sanders, D. P.; Grubbs, R. H.Am. Chem. So2003 125, 11360.
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O U

Scheme3.11: Olefin metathesis processes

Type | olefins are described as those that rapidlyertgahomodimerization and whose
homodimers as well as the terminal olefin monomer can participate in CM. Olefins of this type
generally include terminal, morsubstituted olefinsstyrene, 2 allylic alcohols, allylhalides,
allyl boronate estergndallyl silanes Type Il olefins only slowly dimerize, however, unlike
type | olefins, the homodimers are generally unreactive and only sparingly participate in
productive CM reactions. Examples of type Il olefins incladgylates, acrylamides, acrylic
acids,acrolein, vinyl ketonesand 2 allylic alcohols Type Il olefins do not undergo
homodimerization but can undergo productive CM reactions with type | or type Il olefins.
Olefins of this type includé, 1-disubstituted olefins, nehulky trisubstitutedlefins,and3°
allylic alcohols Type IV olefins are spectators to CM reactions as they do not homodimerize or
undergo productive CM with other olefins. Additionally, type IV olefins do not inhibit catalyst
activity toward productive CM reactions. In geal, unhindered electron rich olefins fall under
a type | classification, while sterically hindered and/or electron deficient olefins fall under

classes IT IV.
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Scheme3.12: statistical distribution of products in a nealective CM reaction

Generally, when two olefins of the same type with similar reactivity are combined; a non

selective mixture of products is formed. For example, when two type | olefins are used in a

reaction, a statistical distribution of products is formed and only 50% of the desired CM product

can be obtained (Scheme 3.12). Type I olefins rapidly homodimerize, and an equilibrium will be

established with the desired CM product and the homodimers themeogndary metathesis. To

increase the percentage of desired CM product, an excess of one of the CM partners must be

used. When one CM partner is used in ddl@ excess, 91% of the CM product can statistically

be obtained. To avoid the statistical dimation of products and achieve more selective CM,

olefins from two different types must be used. For example, when a type | olefin and a type Il or

RZ\/ + /\RZ

A: type I olefin
B: type II/1II olefin

M]

M]

(slow)

RinZ gl + 2
R1\/""‘ R + /
R

ZWRZ + F

M]

Z R,

SchemeB.13: Selective ® reaction between type | and type Il/1ll olefins
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[l olefin are combined, the type I olefin will homodimerize initially, but the equilibrium will be
entropically driven toward the desired CM product as ethylene leaves the system. This prevents
the termin&olefin from regenerating and the type | homodimer will readily undergo secondary
metathesis to form the product (Scheme 3.13).

3.4.1.2 Ruthenium Catalysts and Their Reactivities

Among the welldefined alkylidene catalysts used for olefin metathesistiozes, those
that are arguably the most popular include the molybdemased alkyliden&6, and ruthenium
based alkylideneg7-79 (Figure 3.4).The catalysts all share common features including a metal
alkylidene, two anionic ligands, and two neutral iga. Catalys?6 exhibits remarkably high
metathesis activity especially with electron deficient olefins, however, it is incompatible with

many functional groups and is sensitive to air and moisture. Ruthenium cafa@ly$ts

EC i Pr Clrv. Clr.. SRU=
B’ TN, Y D
/o) PCy, Ph PCy; Ph 'or

Ph
FsC CFs G1 G2 GH2
Grubbs 1st Grubbs 2nd Grubbs-Hoveyda
Schrock's generation generation 2nd generation
catalyst catalyst catalyst catalyst
(ref. 101) (ref. 102) (ref. 102) (ref. 102)
76 77 78 79

Figure3.4: alkylidenebased metathesis catalysts

are more functional group tolerant and thermally stable than cafélySubstitution of the
tricyclohexyl phosphine ligand in7 with stableN-heterocytic carbene (NHC) ligand #Mes

led to interesting changes in reactivity. Catak&shows high activity, functional group
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tolerance, and higher thermal stability than that ©fSubstituting the second phosphine ligand
with a bidentate alkylidene leattseven higher thermal stability, as well as enhanced oxygen

and moisturegolerance in/9.

Crucial to the development and understanding of fundamental catalytic pathways was a
key finding that theeaction proceeds through a-&kectron species followgdissociation of a
neutral phosphine ligant.The catalytic cycle depicted with compléXis shown in Scheme
3.14. The tricyclohexyl phosphine ligand provides optimal catalyst activity; less bulky
phosphines bind the metal center too strongly and ael@mo dissociateffectively, and

phosphines with larger cone angles are too labile to produce a stable complex.

—\ PCy3 Ph
R Clu.. l —/
(Ru
% cl /—l
] \
R PC
7CYs pn PCys 7S pn 1 o
Cl: RU:/ i RU:/ CI/"'RU
v v v
Cl |C +PCy; Cl CI/J/
P
Ys 14 e \ )
77 >\ F|>Cy3 Ph /
Ph o RV_W
— o

Scheme3.14: catalytic CM intermediates

The improvementn activity of the NHC catalyst8 has been attributed to the increased
affinity of t-acdicoldfrts. Iditiallgiawasibelieved that the improved activity
of 78 stemmed from th&ransinfluence of the NHC ligands, leading to a faster dissociation rate

of the phosphine ligand. However, mechanistic evidence revealed that phosphine dissociation in

1% Djas, L.; Nguyen, S. T.; Grubbs, R. .Am. Chem. So&997, 119, 3887.
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77 was actually 100 times faster tha8'*’ This result emphasizes the fact that catalysviact
doesndét depend solely on the rate of dissocia
factors including initiation through phosphine dissociation, phosphiasgeciation, olefin

association with the 1dlectron species, and catalyst deposition rate.NHC ligands are

st r odhogn dir s aacagptopsoToe methlHC bond is less labile than the corresponding
metatphosphine bond, which may also help explain the increased thermal and oxidative stability

of the catalytic intermediates short, the NHC ligand is an excellent electron donor that aids in

stabilizing the intermediates, and the phosphine provides the labile ligand to initiate the reaction.

Increased thermal catalytic stability can be particularly advantageous in redtébns t
form a significant amount of th&alkene isomer. Performing the reaction with a more thermally
stable catalyst such &8 will generate a much higher amount of the more thermodynamically
favoredE-alkene. This is likely due to secondary metathesiherCM product® The
bidentate catalyst9 proved to be useful ithe preparation of the sterically demanding lactams
82 (Scheme 3.15¥2 Treatnent of the two type Il olefins with catalyg® in refluxing CH,Cl,
affordedproduct82in 85% yield ande:Z ratio of 1:1. Initially, only moderate yields 82 were
obtained, however, yields were dramatically improved with ponticge addition of the catalyst.

Significantly, the report was the first example of CM to form tetrasubstituted alkenes.

/]/:"‘i"c . 79 (2 mol% x 3) NBoc
> 74
o CH,Cly, reflux o
80 81

85%
E:Z 1:1 82

Scheme8.15; Formation of tetrasubstituted alkenes wifh

107 (@) Sanford, M. S.; Love, J. A.; Grubbs, R. HAm. Chem. So2001, 123 6543. (b) Sanford, M. S.; Ulman, M.;
Grubbs, R. HJ. Am. Chem. So2001 123 749.
1% jang, Y.; Raju, R.; Le, T.; Taylor, C. D.; Howell, A. Retrahedron Let2009 50, 1020.
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3.4.1.3 Undesired Olefin Isomerization

Despite the tremendous amount of success related to metathesis preesssab
problems associated with cross metathesis still ireniraparticular prevention of olefin
isomerization and cross metathesis of sterically demanding substratbslégrges that are
often encounteretf? Olefin isomerization/migration is a side reaction often observed in olefin
metathesis reactions thatrcsignificantly lower the yield of the desired product or alter the
product distribution. Additionally, byproducts formed from unwanted isomerization can lead to
complications related to isolation of the desired product.

It has been suspected that alefiomerization in cross metathesis reactiorcaissed by a
ruthenium hydride species eithggnerated by decomposition of the metatheaialystin situ, or
as an impurity formed in thareparation of the commercial reageatubbs reported the
observance of a decompositiproduct83in the preparation of catalyg8where the Ru wtal
center inserted into a-8 bond of one of the mesityl groups (Figu3.5."*° There are also

reportsof decomposition ofatdysts 77 and78into hydridecarbonyichloride complexes

’ ~ \\\\ ’ \
oo N. _N— N N-Mes
eS/N\(N Fl’Cy3 Mes™ \( Mes  Mes Y
Clll,
R
o)

Cliig Ru\ —Ru C
Y | H Cli.. “Ru—H \[/ C— ‘CI
oc” |
PCy; Y3
83 84 85 86

Figure3.5: Ruthenium decomposition products and hydride species

199 (@) Pederson, R. L.; Fellows, I. M.; Ung, T. A.; Ishihara, H.; Hajel&ds. Synth. CataR002 344, 728. (b)

Lehman, S. E.; Schwendeman, JlnorgEChim. ARt@dZD@3r345690I1(c) P. M. ;

Schmidt, B.Eur, J. Org. Chem2004 1865.
10Trnka, T. M.; Morgan, J. P.; Sanford, M. Sjlhelm, T. E.; Scloll, M.; Choi, T-L.; Ding, S.; Day, M. W.;
Grubbs, R. HJ. Am. Chem. So2003 125, 2546.
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84 and85in methanol* In fact,terminal monosubstituted olefins can be isomerized to the
internal crotyl olefin with78in the presence of methannl>80% yield*** There are also reports
that hydride specie®5 can be generated upon prolonged heating8afh the presence of
substrate®earing oxygen atoms such as ethyl vinyl etHérhe pathway leading to Rd
formation inaprotic solvents is lesgpparent; however, Grubbs acmworkers wereable to
isolate andtharacterize RiH 86 afterstirring the methylidene addug@®in benzene at 5% for
72 hours (Scheme 3.18)Furthermore86 was found to promote alkene isomerization of allyl
benzene to-2nethylstyrene in 76% yieldnaler normal metathesis conditions in subsequent
experiments

Following isolation and characterization&8, Grubbs proposed a mechanism for its
formation by decomposition of the methylidene spe8ie&Scheme 3.16). Grubbs reasoned that
ruthenium hydie species84 or 85) are not formed under typical metathesis conditions from the
parent ruthenium benzylidene compl& However, ruthenium methylidene species are
common byproducts formed during a metathesis reaction and studying their decompaosition may
provide a more revealing pathway for catalyst decomposition. The proposed mechanism was
supported by isolation and cheterization of the ruthenium hydri@s, as well as the
phosphonium saR1. Decomposition begins with nucleophilic attack of the dissociated
tricyclohexylphosphine on the ¥lectron methyliden87. Following elimination of the
phosphonium methyl ylidehé 12electron intermediat89 binds the pisystem of a neighboring

mesityl ring to form the bridged speci@@ HCI abstraction by the phosphonium ylide leads to

H13) Dinger, M. B.; Mol, J. COrganometallic2003 22, 1089. b) Dinger, M. BMol, J. C.Eur. J. Inorg. Chem.
2003 2827.

M2Hanessian, S.; Giroux, S.; Larrsén,Org. Lett.2006 8, 5481

"3 Hong, S:H.; Day, M. W.; Grubbs, R. HI. Am. Chem. So2004 126, 7414

4 vougioukalakis, G. C.; Grubbs, R. Bhem. Rev201Q 110, 1746.

63



the terminal alkylidyne speci€2, along with the phosphonium séft. A final insertion into

the alkyidyne GH bond, along with simultaneous chloride migration lead6to

ITIHC pC ITIHC
-FLys ,
Crri=  —— YRr=
Cl | +PCy3 Cl
PCy3
87 88

NHC = Mes—NvN—Mes

NHC NHC
C"""Il?u - =PCy; Clin,.
c” c” Y
89 CysP
+
THC N N—Mes
ke )
cl” | ‘ \\\C|/,,,,Rﬁcl
! —
PCYs NHC™ ~CI7 |
Cl
81 90

& \Cl
Ru- Ru,
NHC™ 4 C= . CI
H
86

NHC

Cl//// |
,Ru/\
v
Cl \PCy3

:PCy3
® ©
HsC—PCy,Cl

91

N
R

\ U \
QN N—Mes
‘ \\Clll,,\(_
RuU. 'Ru=CH
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92

Schemes.16: proposed mechanism for formation of ruthenium hydgiglé®
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While the exact mechanism of ruthenium hydimtemoted isomerization is unknown, it
can potentially be explained by a mebalsed hydride pathwd{,o r -adlyl pathway:'* The
two possible mechanisms for isomerization withHRapecies are shown 8cheme3.17.
Pathway A depicts thieydride additiorelimination pathway in which a secondary metal alkyl is
formed, f dydlide elimidatiob tp fofin isomerized olefilathway B nv ol v e s
allyl metal hydride mechanism in which insertion of an allyliei@ the metal generates - *
allyl metal hydride intermediate. Transfer of hydride to the terminal cdelanis to the

isomerized olefin.

R\:f?/ [MJ_H \SR_\: R\:f?/ lM] \&R_\Z
s "\

3 s e
. o i g
R R
o N

A B

Scheme3.17: Ruthenium hydride isomerization pathways

Expaimental evidence seems to suggest tiiglh temperatures and prolonged reaction
times can lead to the formation of Ruspecies. Efforts directed toward inhibiting olefin
isomerization have focused on using additives to serve &$ $davengers, or rate

enhancerst®

15 parshall, G. WHomogeneous Catalysig/iley: New York, 1980; p 3B5.

16 Crabtree, R. HThe Organometallic Chemistry of the Transition Metsi§ley; NewYork, 1988; p 188190.
"Hong, S:H; Sanders, D. P.; Lee,@V.; Grubbs, R. HJ. Am. Chem. So2005 127, 17160

18 Hauke, S.; Schmidt, BOrg. Biomol. Chem2013 11, 4194
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3.4.1.4 Suppression of Olefin Isomerization

While the pathways leading to olefin isomerization are currently not entirely understood,
extensive experimental evidence has suggested that ruthenium hydride species are most likely
responsiblé*To suppress unwanted isomerization by ruthenium hydride species, Rydride
accepting additives are typically employed. Grubbs anrgdaderssuccessfully prevented olefin
mi gr at i-unsaturiated cathoryl compourisemploying moderateka acids such as
acetic acid, and hydridacceptors such ds4-benzoquinoné’ Additionally, they were able to
completely suppress olefin isomerization in the 1thgsing metathesis of diallyl ether using the
2" generation Grubbs catalygB with acetic acidl,4benzoquinoneand other electron
deficient1,4-benzoquinong such ag,6-dichloro-1,4-benzoquinoneandtetrafluorel,4-
benzoquinonéTable 3.1). Isomerization was more prevalent with eleetiinbenzoquinones
such a2,6-dimethyl1,4-benzoquinoneand2,6-dimethoxy1,4-benzoquinone

Table3.1: Ring-Closing metathesis of diallyl ether

O/\/ 5 mol% 78, additive O(j . O(j
M CD,Cl,, 40 °C, 24 h

93 94 95

equiv Product distribution @
additive Relative to 93 94 95

None 0.1 <5% > 95%
Acetic acid 0.1 > 95% none
1,4-benzoquinone 0.1 > 95% none
2,6-dichloro-1,4-benzoquinone 0.1 > 99% none
tetrafluorel,4-benzoquinone 0.1 > 99% none
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2,6-dimethyt1,4-benzoquinone 0.1 16% 84%

and2,6-dimethoxy1,4-benzoquinone 0.1 22% 78%

2 determined frontH NMR

Schmidt and cavorkers developed a simple and efficient method for inhibiting olefin
isomerization of the allylic alcoh@6 using catalys?8, methyl acrylate, and phenol as an
additive (Scheme 3.18% Remarkably, phenol was able to completely inhibit formation of the
unsaturated ketor@8 even at 116C 8 conditions that can rapidly lead to catalyst
decomposition and byproduct formatidAtesumably, coordination of phenol to theeldctron
species retards catalyst decomposition, and in turn suppresses decomposition to a ruthenium
hydride species.

78 (2.5 mol%)

phenol (0.5 equiv)
v, OTBS v, OTBS

J/\/ /\Cone (10 equiv) J/\/\ /I//\/\
HO” N HO” > Co,Me o) CO,Me

MePh, 110 °C, 30 min

(98%)
96 97 98
(not formed)

Scheme8.18: phenol used an as additive in preparation of allylic alcéfol

The work by Schmidt and eworkers was based on previous success with phenol as an
additive in metathesis reactions using the first generation cafalysported by Forman and o
workers'® Computational evidence suggests that phenol has a hemilabile stabilization effect
where stabilization arises from an equilibrium between the acthedebiron specied9 and the
lower energy speciel00 (Figure 3.6). The equilibrium favodO0by 7.8 kal/mol, ensuring a

stabilized intermediate that inhibits decomposition of the parent catalyst. Additionally,

19G. S. Forman, A. E. McConnell, R. P. Tooze, W. J. van Rensburg, W. H. Meyer, M. M. Kirk, C. L. Dwyer and
D. W. SerfonteinOrganometallic2005 24, 4528.
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coordination of phenol may simultaneously activate the ruthenium species with coordinating

olefins for subsequent metathesis reactions.

PCys _. HOPh PCy; . HOPh
Cl -
a” RI= - ClzR\\“\\g
PhOH” e \H _O—ph
99 100

Figure3.6: Hemilabile stabilization effect of phenol

Examples of other additives that have proven useful for preventing olefin isomerization
include phenylphosphoric actéf,chlorodiphenylphosphine, and chlorocatecholbor&n&hile
many additives have been effective at preventing olefin isomerization for specific reactions, their
effectiveness is often reaction specific. There currently are no general additives that ah be us
for any metathesis system.
3.4.2 Formation of Vicinal 1,2Diols by Sharples®\symmetric Dihydroxylation: Historical
Background

Resuling fromthe need to devise a practical and efficient method for synthesizing
biologically active compounds, the development and utilization of asymmetric reactions has
become very attractive. Many asymmetric reactions have gained wide acceptance, and some are
even used on an industrial scaléhe osmiuracatalyzed asymmetric dihydroxylatigAD)
reaction developed by Sharpless anadvearkersis a powerful method for converting olefins into
nonracemic vicinal 1,2 diol®.The reaction exhibits enantiofacial selectivity with the olefin by

employing chiral cinchona alkaloid ligands dihydroquinine (DHQ) and dihydroquinidine

120 Gimeno, N.; Formentin, P.; Steinke, J.; Vilar,BRur. J. Org. Chem2007, 918.
2L Moiese, J.; Aseniyadis, S.; Cossy, Qrg. Lett.2007, 9, 1695.
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(DHQD) (Figure 3.7). A variety of lignds have been developed that work with most olefins and

yield specific stereoisomé&* s in eeds commonly

OMe

(DHQD),-PHAL (DHQ),-PHAL
Ligand used in AD-mix-3 Ligand used in AD-mix-a

o Vo
Ph N—N
7\
o Lo el 0
0% 5

Ph
Diphenylpyrimidine Phthalazine anthraquinone
(PYR) (PHAL) (AQN)

Figure3.7: Top: commercially available ligands witlthydroquinidine (DHQD), and
dihydroquinine (DHQ) alkaloids connected by a phthalazine linker. Bottom: common linkers
used in dihydroxylation ligands

Early methods for converting olefins into cis diols employed oxidants such aOsO
KMnOuain stoichianetric amount§*Of the two methods, olefin oxidation with Osfllowed
by hydrolysis of the osmium(VI) glycolate intermedié®&heme 3.19yvasoftenthe most

reliable Criegee further developed the method by showing that the addition of pyridine

122Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, KOBem Revi994 94, 2483.

12 gharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G.A,; Hartung, J.; Jeor); Kwong, H-L.;
Morikawa, K.; Wang, ZM.; Xu, D.; Zhang, X-L. J. Org. Chem1992 57, 2768.

124(3) Robinson, G. M.; Robinson, R Chem. Sad 925 127, 175. (b) Cotman, J. E.; Ricciuti, C.; Swern, D.
Am. Chem. S0d 958 78,5342.
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significantly accelerated the reacti&nhrough a process now known as the ligand acceleration
effect!*®

Although olefin oxidation with a stoichiometric amount of osmium tetroxide was a
reliable procedure, the cost and high toxicity of @s@de it impractical, specially for large
scale reactions. Thirompted the development aémylation procedures in which OsEuld
be usectatalytically.To achieve catalytic dihydroxylation withsQ,, the Os(\) glycolate
intermediate mudte oxidized to the trioxo Os(VIIglycolatefollowed by subsequent
hydrolysis to regeneratbe OsQ catalyst and yield the vicinal diol (Scheri.19. Relatively

inexpensive caxidants such as metal chloratésr hydrogen peroxid& are capable of

R R H,O .
/ R
HO OH %ZésﬁoyR
trioxo Os(VIII) glycolate
y L
0:0s. .
S0 oxidant
O
R
L N
o 9/§‘R
O,,Ols—O
L
R Os(VI) glycolate
R

Scheme8.19: osmiumcatalyzed dihydroxylation mechanism

re-oxidizing the osmium (VI) intermediate, however these oxidants often lead to diminished

yields due to over oxidatiosharpless and Akashi attemptedsuppress ovesxidation by

125 (3) Criegee, RlustusLiebigs Ann. Chen1936,522, 75. (b) Criegee, R.; Marchand, B.; Wannowius,JHstus
Liebigs Ann. Cheml942 550 99

122 For a review on the ligand accelerated effect, see: Berrisford, D. J.; Bolm, C.; Sharplesange®. Chem. Int.
Ed. 1995 34, 1059.

2 Hofmann, K. A.Chem. Ber1912 45, 3329.

128 Milas, N. A.; Sussman, S. Am. Chem. Soc1936,58,1302.
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performing the reaction undbasicconditions, and found thaatalytic dihydroxylatiorcould be
achieved by using the oxidatetrt-butyl hydroperoxidavith OsQ, in basic mediaOxidation
under these conditions gave good g&ebf vicinal diols with a variety of olefirt® A group from
the Upjohn Companlater introduced a mild osmiwgatalyzed oxidation of olefins to vicinal
diols usingN-methylmorpholineN-oxide (NMO) as the cooxidant. This became known as the
Upjohn Proces§®
The pioneering work of Criegé&,and later work by Griffith and eworkers;* revealed
that tertiary alkyl amines have a particularly high binding affinity for £m@l form complexes
that exhibit high stability. These results inspired Sharpless and Hentges to employ acetate esters
of the chiral cinchona alkaloids DHQ and DHQD tetmine their usefulness as chiral directors
and make the reaction stereoselectivExperimental results showed that additafri molar
equivalent of the DHQor DHQD-acetate addudb olefins with a stoichiometric amount of
osmium tetroxiden tolueneat room temperaturkirnishedvicinal diol products with fair to high
enantiomeric excesgd.
Due to the success of the cinchona alkaloids ligands in achieving enantioselectivity, and
the usefulness of the Upjohn Process for the oxidation of the osstatentermediate, the olefin
dihydroxylationprocedure became an increasingly effective catalytic process when the two
methods were combined. Sphkess and Marko reportestd s of 62 % f rl- styrene,
phenylpropeneand 88%or (E)-stilbeneunder tlese condition$®l nt er est i ngl y, the

thesecatalyticconditions were lower than those obtained fromstioechiometriareaction. These

129 gharpless, KB.; Akashi, K.J. Am. Chem. So&976 98, 1986.

130vanRheenen, V.; Kelley, R. C.; Cha, D. Wetrahedron Lett1976 1973.

18l Cleare, M. J.; Hyde®. C.; Griffith. W. P.; Wright, MJ.J. Chem. So¢Dalton Trans.1977,941.

%2 Hentges, S. G.; Sharpless, K.BAm. Chem. So&98Q 102, 4263.

133 Jacobsen, E. N.; Marko, I.; Mungalll. S.; Schroder, GSharpless, K. BJ. Am. Chem. So&988 110, 1968.
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unexplainable results suggested that there may be a competing secondary catalytic cycle
exhibitingpooror no eantioselecivity.

Investigations in search of evidence of a secondary cycle led to the significant discovery
that there were in fact two diol producing cycl&g he key intermediate in the new proposed
mechanism is the ko Os(VIII) glycolate (Scheme &)). This intermediate is in a vital position

at the junction of the two cycles, and consequently determines the production of diol between the

R R
HO OH L
H,O
O R O
i — n .0
’—O R O/, W
07450 R \Fo'os o) R
L R
R O
Primary Cycle e
. d . O:pg R Secondary Cycle
(high enantioselectivity) (0 t 'O:]\/ R (low enantioselectivity) [0]

trioxo Os(VIIl) glycolate

. é?\\o)R \/ o\g OH

- S~ < -~ S\

O~ R [O] v ISy
R

R R
H,0, L
HO  OH

Scheme8.20: competingpathways in catalytic olefin dihydroxylation

cycles. Experimental results showed that the primary cyclbupea diol products with highe
and the secondary cycle ided diol products with loveg presumably because the remote

stereochemical informatioof the primary alcohol does not influence facial selectivity upon

134Wai, J. S. M.; Marko, I.; Svendsod. S.; Finn, M. G.; Jacobsen, E. N.; Sharpless, K. Bm. ChemSoc 1989
111, 1123.
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oxidation of a second olefin. Slow additionaéfin to the reaction mixtureanhelp minimize
the second cycle leading lhighereein the product. Additionally, inclusion of acetate was
beneficial for the selectivity nucleophilic addition of acetate to ttreoxo Os(VIII) glycolate
helps facilitate regeneration of the catalyst.

Other significant contributions to the development of the AD reaction were made by
Hartung and Crispino in éhdevelopment of ligands with two independent cinchona alkaloid
ligands attached to a phthalazine c8rey a diphenylpyrimidine core (Figure 379These
discoveries led to considerably higher selectivity, and significantly broadened the scope of the
mettod. The increase in selectivity and broadened scope can be attributed to the optimal binding
affinity of these ligands with the osmium center. The ligands bind strongly enough §ad0sO
influence olefin coordination and selectivity, but not so strongly tietrioxo Os(VIII)
glycolate is inert to hydrolysis.

Another key contribution to the method was made by Kwong in 1990 by developing
biphasic conditions with ¥re(CNJ) as the cenxidant**” Under these conditions, participation in
the secondary cycle nde essentially eliminated (Scheme 3.21). Wighasiccondtions, the
only oxidantpresent in the organic layer is Qs& opposed to the homogeneous NMO
solutions. Due to the osmylation taking place in the organic layer, the Os(VI) monoglycolate
intermediate undergoes hydrolysteediol and ligand return to the organic layandOs(V1)
returnsto the aqueous laygrior to its reoxidation. This effectively prevents entry of the

osmium glycolate intermediate into the secondary cycle. Additionaltgspmm carbonate is

135 Amberg, W.; Bennani, YL.; Chadha, R. K.; Crispino, G. ADavis, W. D.; Hartung, J.; Jeong,-&.; Ogino,Y.;
Shibata, T.Sharpless, K. BJ. Org. Chem1993 58, 844,

136 Crispino,G. A.; Jeong, K-S.; Kolb, H. C.; Wang, ZM.; Xu, D.; Sharpless, K. BJ. Org. Chem1993 58, 3785.
137Kwong, H-L.; Sorato, C.; OginaY.; Chen, H.; Sharpless, K. Betrahedron Lett199Q 31, 2999.
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typically used to increase the pH of the solution and enhance the rate of hydrolysis of the

osmium glycolate ester.

R/\/RZ
;
Organic
Ri
R
O¢(I) _ 2 L
o"o|s 0 OsO,
L
OH
R1/'\rR2 + L
OH
_____Interface . 7 L.
o 6 2 2 0H-
HO'CI)IS//
HO 11 S0
@)
Aqueous
2 OH- 2 H,O
2 Fe(CN)s 2 Fe(CN)s~

Scheme3.21: dihydroxylationcatalytic cycle under biphasic conditions

3.4.2.1 Glycolate Ester Hydrolysis

Since the proposal and discovery of the secondary cycle in the osratalyzed
dihydroxylation of olefins?* many methods have been developed to enhance the rate of
hydrolysis of the osmium glycolate intermediate, and ultimately avoid its entry into the
nonselective secondary cycle. Amberg found that osmium glycoldtelisis could be
accelerated considerably in the presence of MaIBIR.'# Similar to acetat&’ MeSGNH,
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performs nucleophilic addition to the osmium (VIII) glycolate, accelerating regeneration of the
catalyst. Additionally, its increased effectiveness as opposed to acetate is attriliistbcyteer
solubility in organic solvents. The reaction rate can be as much as 50 times faster when the
additive is included, leading to high catalytic turnovers even with sterically congested substrates.
This modification broadened the scope of the readb include tetrasubstituted olefins. Also,
the Asul fonamide effecto &Q, furthevenhancngtbe i ons t o
asymmetric transformation. Methyl sulfonamide is routinely added to reaction mixtures to
enhance the rate of glycolaster hydrolysis with all olefins except for mesgbstituted
terminal olefins.

Beller and ceworkers studied the AD reaction under pH controlled conditions to improve
the rate and stereoselectivityThe dihydroxylation ofrans-5-decene was examined werd
typical AD conditions with commercially available Amix-b  ( n@ol%4K;[OsOx(OH),)], 1
mol% (DHQD)PHAL, 3 equivKzFe(CN}, 3 equivK,CO;s) in t-BuOH/H,O. The initial pH of
the solution was 12.2, but decreased to a value of 9.9 after 34 hours. Beller reasoned that two
hydroxide ions are consumed for every molecularfs-5-decene that is dihydroxylated which
explains the continuous decrease in pH owee {Figure 3.8). Consequently, product formation

becomes significantly slower as the pH decregsesumably due to the slower rate of

OH
C.H K2[OsO5(OH)4] -
CHS X749+ 20H + 2Fe® CsHy + 2Fe
4Hg C4Hg
(DHQD),PHAL L

Figure3.8: asymmetric dihydroxylatio stoichiometry

138 Mehltretter, G. M.; Dobler, C.; Sundermeier, U.; Beller, Ttrahedron Lett200Q 41, 8083.
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hydrolysis of the osmium (VIII) glycolate intermediate as the mixture becomes lessitasic
protonation of the alkaloid ligand, thereby limiting the ligatdtelerated catalysi$his

prompted investigations to determine if maintainengpnstant pH of 12 benefitted the reaction,

and in fact, this was the case. When the dihydroxylatiaraot-5-decene was performed at a
constant pH of 12 under otherwise identical conditions to the original protocol, full conversion to
the diol was olatinedin less than two hourd he reaction proceeded in @aof 90%, and a 95%
isolated yield which was comparable to the results obtained without pH control. The increased
reaction rate as a result of maintaining constant pH confirms that the osmiupg(olate
intermediate hydrolysis proceeds much faster at an optimal pH of 12. There is no advantage to
conducting the reaction at a pH higher than 12, and in fact, lower selectivity was observed in the
enantiomeric ratios. This can most likely be htited to a competition between hydroxide and

the chiral ligand for the osmium metal under strongly basic conditions.

Muniz and ceworkers reported another effective modification of the AD reactfdrhe
modification aimed to generate optically activelyboronic esters by including phenyl boronic
acid under otherwise unchanged conditions for enantioselective dihydroxylation. The reaction
presumably proceeds though olefin oxidation and subsequent cyclic boronic ester formation, and
results in high yield of products with excellent enantioselectivity. The free diols could be

K,[0sO,(OH)4] (1 mol%)
(DHQD),PHAL (5 mol%) Ph

PhB(OH), (1.2 equiv) o0-B
KsFe(CN)g (3 equiv)

)

Ph
H,O/tBuOH, 12 h

(94%, 96% ee)

Figure3.9: asymmetric dihydroxylation in the presence of phenyl boronic acid

139 Hovelmann, C. H.; Muniz, KChem. Eur. J2005 11, 3951.
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obtained following degtection of the cyclic boronic esters with hydrogen peroxide, and

agueous NaOH. A representative example with styrene is shown in Figure 3.9. Interestingly, the
reaction proceeds in the absence of Mg8@, indicating that the phenyl boronic acid plays a

role in the regeneration of Og®@llowing hydrolysis of the osmium (VIII) glycolate

intermediate. Muniz proposed an electrophilic cleavage mechanism for the final step in the
catalytic cycle to regenerate Os(3cheme 3.22). The initial stages of the lggitacycle are

identical to the parent Sharpless process. Initial ligation of the chiral ligadsiQd followed by
enantioselective oxidation of the olefin and dissociation of the ligand furnishes the osmium (V1)
glycolate ester. Following oxidation tbe osmium (VIII) glycolate ester, the catalyst is

regenerated by an electrophilic cleavage process with phenyl boronic acid, resulting in the chiral
boronic ester adduct. Initial interaction between the Lewis acidic boron center and the Lewis

basic oxygeratom of the glycolate ester weakeéhe osmiumoxygen bond which ultimately

R R
O’ O o) R
\$/ O3O\S<O\j \R
\ \
Ph HO—E(\OH
Ph
pe; L
O=(I)Is\\o oxidation,
PhB(OH),
R
L N
. 9/>4R
o Is.—O
L
R Os(VI) glycolate
R

SchemeB.22: electrophilic cleavage mechanism with phenyl boronic acid
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leads to the transesterie d bor oni c ester product. Il t6s wort
boronic acid does not interfere with the crucial ligatetween the chiral ligand and QsO
Additionally, higher yields were -nethwdrened fro
and 2vinyl naphthalene in the presence of phenyl boronic acid than those obtained from the

original Sharpless conditions. This is likely due to unwanted-oxiefation of the products

resulting in lower yields obtained under Sharpless conditié@seroxidized byproducts were

not observed in the presence of phenyl boronic acid.

3.4.2.2 Ligand Choice and PredictionSiereochemical Outcomes

Following significant development in the AD reaction, Sharpless developed a model to
predict the enantiotaal selectivity in the reactions (Figure 3.10 Iéft}:** The southwest
guadrant in the mnemonic was identified as an
accommodating planar, aromatic substituents, and/or large aliphatic substituents. This can be

explained by the electrostatic interaction resulting framasonably strong-& dipole between

(DHQD)2PHAL (DHQD)ZPHAL

!

(DHQ)ZPHAL (DHQ)ZPHAL

Attractive
Areq

Aftractive
Areq

Attractive
Area

Figure3.10: left: Sharpless mnemonic predictegn ant i of aci al selectivity.
revised mnemonic

49Dobler, C.; Mehltretter, G.; Sundermeier, U.; Beller, MOrganomet. Chen2001, 621, 70.
141 (@) Sharpless, K. B.; Amberg, W.; Beller, M.; Chen, H.; Hartung, J.; Kawanami, Y.; Lubben, D.; Manoury, E.;
Ogino, Y.; Shibata, T.; Ukita, T. Org. Chem1991, 56, 4585.
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thearomatic and/or aliphatic substituents and the aromatic moieties in the fijafiten an
olefin is positioned in this orienfacgtinthen, it
presence of DHQD der i vface)inthesesence of DHQHerivaivess t o m f
The southeast quadrant can only accommodate small substituents such as hydrogen due to steric
crowding by the alkaloi®-substituent (PHAL, PYR, etc.). Sharpless originally suggested that
the northwest quadrant presents a nsobarrier, also only being able to accommodate small
Ssubstituents. However, Norrby | ater s-uggested
interacting quadrant based on extensive computational stéfdiesrby proposed a revised
mnemonic wherether e actually two fattractiveodo areas;
most important for attractive interactions, but is closely followed by the northeast quadrant
(Figure 3.10 right). The Sharpless mnemonic is effective at predicting the stereochemical
outcomes in the case wansdisubstituted olefins and morsubstituted olefins, while the
Norrby mnemonic is arguably more effective when consideriggr tri-substituted olefins.

As it was previously mentioned, the alkal@esubstituent of the nchona alkaloid plays
a major role in influencing the enantioselectivity in AD reactions. While approximately 350
cinchonabased ligands have been studied, three different classes of ligands have emerged as the
most effective ligands for the dihydroxylatiof almost all olefins (Table 3.2). Although some
olefins are more problematic upon dihydroxylation, the ligands PHAL and PYR appear to be the
most general over all classes of olefins. PHAL ligands are especially effective when aromatic
groups are presertut are less effective with aliphatic olefins or olefins bearing small

substituents. The PYR ligand is especially vegiited for olefins bearing sterically demanding

142 petterson, I.; Liljefors, TJ. Comput. Cheni987, 8, 1139.
13 Eristrup, P.; TanneB.; Norrby, P-O. Chirality 2003 15, 360.
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substituents, or those bearing large aliphatic groups. The AQN ligand can be pérticular
effective in the dihydroxylation of olefins bearing aliphatic substituents or those

bearing heteroatoms in the allylic positiéhOnly thecis-olefin requireshe indoline (IND)
derivedligand foreffective selectivity. Additionally, dimeric ligands dming phthalazin&?’
pyridazine!*® and terephthalat€ linkers have been found to be effective, and in some cases, are
superior to PHAL ligands in the reaction. For reasons of availability however, PHAL and PYR

ligands remain to be the most popular.

Olefin | X /\/ﬁ/\/)ﬁ )\(
Class

PYR
Preferred| 5 | pHAL | IND | PHAL | PHAL | PYR
Ligand AQN PHAL

eerange | 30-97% | 70-97%| 20-80% | 90-99% | 90-99% | 20-97%

oo o on
Ph N—N >/OR
7\ N

RO\%\(OR rRO— )—OR ©/\)

0% O
Ph
Diphenylpyrimidine Phthalazine Indoline anthraquinone
(PYR) (PHAL) (IND) (AQN)

Table3.2: Recommended ligands for each class of olefin where R represents cinchona alkaloids
DHQ or DHQD

144 Eecker, H.; Sharpless, K. Bngew. Chem. Int. EA996 35, 448.

145 Becker, H.; King, S. B.; Taniguchi, M.; VanHessche, K. P. M.; Sharpless, K.@&g. Chem1995 60, 3940.
146 Corey, E. J.; Noe, M. C.; Sérar, S.J. Am. Chem. S0d.993 115, 3828.

147 (@) Lohray, B. B.; Bhushan, Vletrahedron Lett1992 33, 5113.(b) Lohray, B. B.; Bhushan, Vl[etrahedron
Lett. 1993 34, 3911
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3.5 Results and Discussion

3.5.1Formation ofsyn andanti-1,3 Diols from R)-Wynberg Lactone

Efforts toward the preparation of tetrahydropyrans of B@eere initially directed
toward both approaches outlined in SchemeThé.aldehyd®6 can be prepareflom Wynberg
lactone(R)-47, whichcanbe prepared by protocols outlined in the litergtéice by following
the procedure reported by Romo andnarkers (Scheme 3.2%)Treatment 6(R)-47 with a
catalytic amount of tosic acid in refluxing ethanol furnished the ethyl @iar98% yield. To
prevent potential retraldol side reactions from occurring in subsequent s&psas treated
with triethylsilane chloride in DMF to afforthe protected triethylsilane add@&in 95% yield.
Aldehyde66 was successfully obtained in 96% yield by reductiofodvith diisobutyl-

aluminum hydride in dichloromethane-@8 °C. With aldehydé6in hand, weattempted to

0] TES-CI, imidazole,
tok EtOH, TsOH (cat.) O OH DIEA . O OTES
CC|3 reflgg,o/IBO h EtO CC|3 DMF, rt, 3 hr EtO CC|3
(98%) (95%)
(R)-47 64 65
(+)-IpcoB(allyl) OH OTES
THF, -78 °C, 3 h
%
(74%, dr = 79:21) CCls
DIBAL, DCM O OTES 67a
.78 ° h H CCl
Yoo : (-HlpcaBlaly)
° 66 THF, -94 °C, 3 h OH OTES
(90%, dr = 80:20) = CCls
67b

Schemed.23: Brown allylation approach to olefins of typ&

stereoselectively generate the allylasgd andanti-1,3 product&$7aand67b by employing a

Brown allylation with optically activ@-allyldiisopinocampheyl borarféThe
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allylated products were obtained in goodlgs (74% and 90% respectivelifpwever,only
modestdiastereoselectivity (dr = 80: ¢ was obtained for each reaction. As a result, all future
efforts were directed towards approach B.

Homoallylic syn andanti-1,3 diols73aand73b were successfully prepared in three
steps from(R)-47 (Scheme 3.24)Thefirst step in the synthesisvolves Weinreb amidation of
(R)-47 under Lewisacidic conditions to affordlain 98% yield:* Allyl ketone 72acan be
obtained in 86% vyield by first treating Weinreb amrdewith isopropyl magnesium chloride,
followed by allyl magnesium chloride a5 °C. Failure to maintain reaction temperatures below

-10°C, or improper quenching of the allylation reaction can lead-galdition, isomerization,

o MeNH(OMe)- HCI.

O OH
o EtAICI, DCM, it o J\/'\ 1. iPrMgCl, THF, -20 °C,
- \ITI CCls }

ol (98%) 2.allyl MgCl, -20 °C
3
(R147 11a 3. HCl (ag), 0 °C
(86%)
Et,BOMe, THF/MeOH OH OH
NaBH,, -78 °C
' o
(90%, d.r. = 20:1) = CCls
O OH 73a
NJ\/'\CCHS <
Me4NBH(OAC)3, QH OH
72a | AcOH/MeCN, -40 °C :
= CCl
(83%, d.r. = 8:1) 3
73b

Scheme3.24: directed 1,3 reduction of allyl ketor@a

and conjugataddition byproducts that lower the desired product yielsomerization can also

occuron hydrated silica and upon prolonged storage in standard glas€waredried silica is

148 The diastereomeric ratio was determined from'th&MR spectrum of the crudeaction mixture
199Schimizu, T.; Osako, K.; Nakata, Tetrahedron Lett1997, 38, 2685
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necessary for the successful isolatio72& and it is prudent that2abe used immediately in
the next stepThe homoallylicsyndiol 73a or anti-diol 73b can be obtainedsymmetricallyby
employing directed 1,3 reduction methdd¥ Treatment of72awith diethylmethoxyborane and
NaBH, in THF generatedyndiol 73ain 90% yield, with asyn/antid.r. = 201** whenthe
reaction temperature was maintained7&°C. Directed reduction of2awith tetramehyl
ammonium triacetoxyboroldyide at-40°C furnishedanti-diol 73bin 83% vyield, with an
anti/synd.r. = 8:1'*1t is also worth noting that theyn andanti-diols 73aand73bcan be
quickly and inexpensively prepalt®n multigram scaleby NaBH, reduction of72ain

methanol (Figure 3.11). The reacticare complete within 30 minutesd generate roughly

equal mixturesd.r. (syn/ant) = 55:45 )of the diastereomers that are separable by silica gel

chromatography.
O OH OH OH OH OH
/\)J\/k NaBH4’ MeOH /\/k/k + /\/:\/k
= CCl, 30 min, rt = CCl; = CCl3
(92%, syn/anti d.r. = 55:45) 73a 73b
72a

Figure3.11: Convenient preparation of dBols by NaBH reduction

Weinreb amiddlawas cruci al t o t he -hgdioxykewrseRd u | prep
At t empt s -hydroxpketengr2zadirectlybfrom(R)-47 with allyl lithium, magnesium,
zinc, or copper reagents generated roughly equal mixtur&aptli-addition produc?2ag and
(R)-47 (Figure 3.12§> Allylation attempts usingllyltrimethylsilane BE-Et,O were also
unsuccessful. The lack of success is presumably due to premature carbonyl formation following
nucleophilic addition t¢R)-47 in situ. The resultindd-alkoxyketone, likely activated by metal
chelation, undergoes a second nucleophilic addition leading to bypitithetven at low

temperatures. Nucleophilic addition to Weinreb amitlaresults in a persisting chelated
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tetrahedrhintermediate when the temperature is kept bett®’C and deters regeneration of the

carbonyl.
(e} o /\/M, temperature, solvent (e} OH OH OH
A, -
M = MgX, Li, ZnX, CuLi = CCly = CCly
CCly )
(R)-47 72a 72aa

Figure3.12: nucleophilic addition to Wynberg lacto(i)-47

3.5.2 OlefinFunctionalization by Cross Metathesis

Terminal olefins73aand73bwere successfully functionalized through olefin metathesis
reactions with Grubbs 2nd generation catalgtand Grubbd{oveyda 2 generation catalyst
79. Our investigations of optimizinipe preparation of functionalized olefins began with
attempted formation of the phenyl addddafrom syndiol 73a(Table 3.3).The optimization
results indicaté that product yield can be significantly increased by using 10 equivalents of the
cross parter styrene (compare entriesride?), and also by adding tbatalyst portiorwise
throughout thegaction (see entrie$ @). Portionrwise addition of catalyst also significantly
increased the rate of product formation; starting material was completedyroed after 6 hours
when 1 mol% of the catalyst was present at the outset, and added in 1 mol% portions every hour
until 5 mol% was reached (entry 6). Another conclusion drawn from the optimization study was
that theGrubbsHoveyda 2% generation catalys§t9 was superioto Grubbs 2nd generation
catalyst78in terms of product yield. Unfortunateff{ NMR analysis of the isolated phenyl
derived product revealed that a significant amount of an unexpected byproduct closely
resembling thelesired product was being formed. We initially reasoned that formation 8f the
isomer was possible, however a collectioNMR experiments'f, *C, HMBC, HSQC,

COSY)confirmed the truncated structufdéaa(Scheme 3.25). A possible pathway leading to its
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Table3.3: preparation oV4ausing catalyst38or 79

o o S on o
= CCls DCM. 40 °C - PhF CCly
73a 74a
Entry Styrene (equiv)  Catalyst (mol%) Time Yield (%)?
1 3 78(5) 24 24
2 10 78(5) 24 43
3 10 79(5) 24 54
4 10 79 (5x2)° 24 61
5 10 79 (2x5)° 12 65
6 10 79 (1x8) 8 66

2 Determined frontH NMR analysis following isolation of an inseparable mixtur@4dand a
Ereviously unidentified byproduct

5 mol% catalyst was added at the outset, and after 12 hours
2 mol% catalyst was added at the outset, and every 2 hours until 10 mol% was reached, or
starting material was consumed.
91 mol% catalyst was added at the outset, and every hour until 10 mol% was reached, or starting
material was consumed

formation resub from ruthenium hydride promoted isomerization of the terminal of&arto
the internal olefiradduct73ai, followed byproductivecross metathesis with styrene dossof
propylene Pathways that proceed through the homodimé&Bafor through retrecross

metathesis processes are also conceivable.

Ph X
OH OH [Ru}H - OH OH 78 or 79 g
= CCl CCl Ph ccl;

73a 73ai 74aa

Schemed.25: Possible pathway leading to truncated byproducts
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3.5.2.1 Use of Additives to Suppress Isoizetion

We then directed our efforts toward preventing olefin isomerization in the preparation of
74a(Table 3.4)1 twbih noting that metathesis catalysts were purified by silica gel
chromatography immediately before weeemove any potential Rid species present in the
commercial reagent®’ Additionally, 74a and74aa are inseparable by silica gel chromatography
ard other purification technique$hus,the ability to form74a and other functionalized olefins
in >95% purity wagprudent for subsequent reactioBste to its convenient and inexpensive

preparationsyn1,3 diol 73awas used in all cross metathesis optimization reactions. In attempts

Table3.4: optimization conditions for preparation t4a

Styrene (10 equiv)

79 (mol%)

OH OH

additive (equiv) OH OH QH OH
= cel, Ph o~ A N

CCl, Ph CCl,
DCM, 40 °C, time

73a 74a 74aa
Yield (%)?
Entry 79 (mol%) Additive (equiv) Time (h) 74a 74aa
1 (5x2)° none 24 61 18
2 (2x5)° none 12 65 19
3 (1x8)" none 8 66 19
4 (5x2)°  TFBQ (0.1) 24 63 17
5 (5x2)°  TFBQ (1) 24 81 5
6 (2x5)°  TFBQ (1) 24 86 <2
7 (1x5)° phenol (0.5) 5 76 8
8 (2x5)° acetic acid (0.1) 12 67 8
9 (1x5)° acetic acid (0.5) 5 83 5

%0 Upon the recommendation of Professor Robert Grubbs, April 2013.
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10 (1x5)° acetic acid (1) 5 89 3
11 (1x5) acetic acid (2) 5 59 3
12 (1x5) benzoic acid0.5) 5 46 6
13 (1x5)° salicylic acid (1) 5 85 3

2 Determined fromH NMR analysis following isolation of an inseparable mixtur@4éand

74aa

5 mol% catalyst was added at the outset, and after 12 hours

©2 mol% catalyst was added at the outset, and every 2 hours until 10 mol% was reached, or
starting material was consumed.

91 mol% catalyst was added at the outset, and every hour until 10 mol% was reached, or starting
material was consumed

to prevent théormation of truncated byproducts, we employed additives to serve-Bs Ru
scavenger$, or rate enhancers: In the absence of any additives, the extent of byproduct
formation is fairly significan{17i 19%) However, ging one equivalent détrafluorc1,4-
benzoquinonéTFBQ)"'’ andadding the catalyst in five portiossippressed isomerization
substantiallyentry §. Phenol appeared to be useful as a rataresdr (corpare entries 3 and 7);
however formation of74aawas still observed. Satisfactory results were also obtained when
acetic acid was employed. Using one equivalent of acetic acid limited byproduct formation to
3%, and provided optimal product yields (entfy.linterestingly, using two equivalents of acetic
acid provided no advantage in terms of product yield or purity. The success of using phenol as a
rate enhancer and acetic acid as aHRacceptor prompted attempts with benzoic acid and
salicylic acid as dditives. Benzoic acid proged no advantage compared to Ac®tdéwever,
salicylic acid beautifully playetiothroles of rate enhancer, and-Riuacceptor, and provided
satisfactory results (entry 1But no better than AcOH (entry 10YFBQ, acetic acid,ral

salicylic acid all gave satisfactory yields@faand limited formation o74aato < 5%. Acetic

acid and salicylic acid proved superior in terms of reaction rate. Reactions with TFBQ required
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24 hours for complete consumption of starting material, exé#mportionwise addition of

catalyst (compare entries 2 and 6). Lastly, in light of reported catalyst decomposition to
ruthenium hydrido-carbonylspecies in the presence of methdtol;* we attempted preparing
74afrom the phenyl boronic ester addud@aafollowed by boronic ester deprotection with®3

(Figure 3.13). In the absence of any additives, the byprddaetwas brmed in fairly

significant amounts, suggesting that the alcohol functional groups present in the parent substrate

73adid not contribute significantly to catalyst decomposition and byproduct formation.

I?h 1.Styrene (10 equiv)
o/B\o 79 (1x 5 mol%) OH OH OH OH
PP P e e Ph o~ A AAL
> +
=
CCly 2. H,0, CCl, Ph CCly
73aa 74a T4aa

65% 13%

Figure3.13: Preparation of4afrom phenyl boronic estét3aa

The established cross metathesis conditions from above were applied to other systems to
form functionalized olefing4b-74k. First, we applied the previously successful conditions in
preparation o¥73b (Table 3.5). While including additives did appear to help limit formation of
the byproduc?3bb, we were unable to completely suppress isomerization in the preparation of
this suibstrate. Inclusion of phenol had a significant effect on the reaction rate (compare entries 1
and 3). This prompted attempts with additives similar to phenol, but there was no observed
advantage (entries 4 and 5). Salicylic acid appeared to offer theebekss in terms of yield and
product purity. Additionallywe were interested to see ik@e® could quench the dissociated

tricyclohexylphosphine with catalygs, and potentially inhibit the catalyst decomposition

88



pathway proposed by Grubbs (Scheme B'f@Jnfortunately, the attempt resulted in an

unsatisfactory product yield (entry 8).

Table3.5: Preparation o¥3b

1-hexene (10 equiv)

OH OH additive (equiv) OH OH OH OH
catalyst (mol%)
~ CCla DCM, 40 °C, time 7 CCla + 3 > CCls
73a 73b 73bb
Entry catalyst Additive Time Yield (%)?
(mol%) (equiv) (h) 73b 73bb
1 79 (2x5)° None 24 54 18
2 79 (2x5Y TFBQ (1) 24 70 12
3 79 (2x2) phenol (0.5) 5 76 12
4 79 (2x5) 4-nitrophenol (0.5) 24 <20 -
5 79 (2x2) thiophenol (0.5) 5 75 15
6 79 (1x5)° acetic acid (1) 6 68 10
7 79 (1x10¥f salicylic acid (1) 10 82 11
8 78 (1x10¥ Oxone® (0.1) 24 35 -

2 Determined frontH NMR analysis following isolation of an inseparable mixtur@4th and

74bb

2 mol% catalyst was added at the outset, and every 2 hours until 10 mol% was reached, or
starting material was consumed.

©1 mol% catalyst was added at the outset, and every hour until 10 mol% was reached, or starting
material was consumed

The catalyst decomposition pathway proposed by Grubbs also motivated us to attempt
preparation o¥3b from the prenyl adduct3ab (Figure 3.14). We envisioned that the 14

electron ruthenium isopropylide®&aresulting from productive cross metathesis betw&sab
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and hexene would be less susceptible to nucleophilic attack by free phosphines, or oxidation
processes leading tydrido-carbonylspecies:® *** Unfortunately, we were not able to get the

reaction to proceed even at higher temperatures.

1-hexene (10 equiv)

OH oH 78 (2 x 5 mol%) OH OH OH OH
= ccl > = ccl
3 MePh, 110 °C, 24 h 3 37 3 Y CCls
73ab 73b 73bb
NHC
Cli,
‘Ru
c”
88a

Figure3.14: Attempted preparation @f3b from prenyl adduct3ab

We were able to successfully prepare olefide 74k under similar conditions to those
described above (Table 3.6). Interestingly, olefin isomerization and truncation lyabserved
in one othesubstrate clag&ntries 1821). Based on our results, it appeared that isomerization
was only observed in cases where the prodeats one or more alkyl chai(@a 74b, 74i). In
cases where the cross partner is further functionalized, particularly Wweteroatom allylieo
the olefin, isomerization wasot observd. In fact, adding TFBQo the reaction mixture with
thesesubstratesansignificantly lower the yield (entries 2, JIHowever, salicylic acid was
extremely beneficial to the reaction régmtries 3,12). Acetic acid and salicylic acid emerged as
the most useful additives, and while byproduct formation could not always be completely
suppressed, including these additives had a positive effect on the reaction rate in most reactions.
We obtaired interesting results when attempting to prepareidal Comparable yields were
obtained when either 3, or 10 equivalents of the type | olefin allyl alcohol was used. These

results were slightly unexpected based on Grubbs olefin reactivity ifouéé were unable to

®Wwang, Z. J.; Jackson, R. W.; Robinson, ADdg. Lett.2013 15, 3006.
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Table3.6: preparation of functionalized olefifglc-74k

OH OH R1\Rr/ 79, additive OH OH R, OH OH
~ CCls soTvent, reflux, time - R/ CCly  + Ry N CCly
73a ’ 7T4c-74k 74cc-74kk
79 Additive Time Isolated Yield (%)
Entry Ri, Ry (equiv) (mol%) (equiv) (h) Solvent | 74c¢74k  74cc74kk
1 CH,0OBn, H (10) (2x5)° None 24 DCM 74¢ 85 74cG 0
2 CH,0OBn, H (10) (2x5)° TFBQ (1) 24 DCM 74¢ 55 74cc 0
3 CH,OBnN, H (10) (2x4y salicylic acid (1) 8 DCM 74¢ 85 74cG 0
4 CH,0OBn, Me (3) (2x5)° None 24 DCM 74d,37  74dd, 0
5 CH,OBn, Me (10) (1x8) None 8 DCM 74d,83  74dd, 0
6 CH,OH, H (10) (2x5) None 24 DCM T4e 47 74ee0
7 CH,OH, H (3) (2x5)° None 24 DCM 74e 46 74ee0
8 CH,OH, H (3) (2x5)° PhOH (0.5) 24 DCM | 74e51  74ee0
9 CH,OH, H (3) (2x5) salicylic acid (1) 24 DCM 74e 46 74ee 0
10  CON(MeOMe, H (2)  (2x5)f None 24 DCM | 74f 88  74ff 0
11  CON(MeOMe, H (2)  (2x5)° TFBQ (1) 24 DCM | 74f 20  74ff, 0
12 CON(MelOMe, H (2)  (2x4) salicylic acid (1) 8 DCM 741, 86 741f, 0
13 COCH;, H (2) (2x5)° None 12 DCM | 749 93  74gg 0
14 Ph, Me (5) (2x5)° None 24 DCM | 74h,NR -
15 Ph, Me (30) (2x5)° None 24 DCM | 74h,NR -
16 Ph, Me (30) (2x5) None 24 MePh | 74h,NR -
17 propyl, Me (3) (2x5) None 24 DCM | 74i, <10 -
18 propyl, Me (25) (2x5)° None 24 DCM 74i, 40° 74ii, 10
19 propyl, Me (25) (1x10¥ None 12 DCM | 74i,78%  74ii, 13
20 propyl, Me (25) (1x10¥ TFBQ (1) 12 DCM | 74i 46*  74ii, 12
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21 propyl, Me (25) (1x10y¥

22 CH,OH, Me (3) (1x10¥
23 CH,0H, Me (10) (1x10¥
24 SOPh, H (2) (2x5)

AcOH (1)
None
None

None

12

12

12

24

DCM

DCM

DCM

DCM

74i, 58°
74j, 56
74j, 81

74k, 78

74ii, 12

74jj, 0

74jj, 0

74Kk, O

2 Determined frontH NMR analysis following isolation of an inseparable mixtur@4ifand

74ii

2 mol% catalyst was added at the outset, and every 2 hours until 10 mol% was reached, or

starting material was consumed.

©1 mol% catalyst was added at the outset, and everyumii 10 mol% was reached, or starting

material was consumed

obtain higher than a 51% vyield 8#e however, preparation of the psetttiol 74cproceeded in

satisfactory yieldGiven that phenyl derived products®fa can be obtained in high puritye@

Table 3.4, we attempted to form trisubstituted olefins of ty@dwit h-mdihylstyrene (entries

141 16). These aempts were not successful unfortunatelye v e n

methylstyrene at higher temperaturddempts at preparing4h through a cross metathesis relay
strategy were also unsuccessftiNotably, however, we were able to preparestibstituted

olefins74d, 74i, and74j in satisfactory yields when at least afb@d excess of the cross partner

was used.

when

us

Functionalizedblefins 74l-74qwere prepared froranti-1,3 diol 73b under similar

conditions (Table 3.7). Comparable yields and product purity was obtained in all case&3tvhen

was used as the substrate.

AR

152 (3@) Stewert, I. C.; Douglas, C. J.; Grubbs, ROy let. 2008 10, 441. (b) Clark, J. R.; French, J. M.; Jecs, E.;

Diver, S. T.Org Lett.2012 14, 4178.
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Table3.7: Prepaation of functionalized olefing4l-74q

OH OH R1\RI/ 79, additive OH OH R, OH OH
- ) : :
~ CCls DCM, reflux, time - Rz/ CCls  + Ry N CCl
73b 741-74q 7411-74qq
79 Additive Time Yield (%)
Entry Ri1, Rz (equiv) (mol%) (equiv) (h) | 74-74q 74ll-74qq
1 Ph H (10) (1x5)° salicylic acid (1) 5 741, 88 7411, 3
2 butyl, H (10) (1x10° salicylicacid (1) 10 74m, 81  74mm, 11
3 CH,OBnN, H (10) (1x8)° salicylic acid (1) 8 74n, 84 74nn, 0
4 CH,OBnN, Me (10 (1x10° None 10 740, 80 7409 0
5 CON(MeOMe, H (2) (2x5)° None 24 74p, 88 74pp, 0
6 COCH;, H (2 (2x5)° None 24 74q, 86 74qq, 0

2 Determined fromH NMR analysis following isolation of an inseparable mixtur@4if74ll
and74m/74mm

® 1 mol% catalyst was added at the outset, and every hour until 10 mol% was reached, or starting
material was consumed

2 mol% catalyst was added at the outset, and every 2 hours until 10 mol% was reached, or
starting material was consumed.

3.5.3 Formation of Vicinal 1;Diols by Olefin Dihydroxylation

With a variety of functionalized olefins in hand, we aimed to stelecseely prepare the
tetraol precursor® the final producthrough a modified Sharpless asymmetric dihydroxylation
reaction® We began by subgéing all olefins to dihydroxylation conditions with commercial
AD-mix-U andnixAD Under these conditions, partial
was observed after 48 hours &0. As a result, we-mrtowEahat o a Af
more cesirabé rate of product formation. & worth noting that commerc¢iAD-mix contains
0.4 mol% of KOsG,(OH),4, 1 mol% of the ligandK,CO; and Kg(FeCN). The ligand/Os molar

ratio of 2.5:1 offers optimal enantiofacial selectivity and ligand acceleratalysia in the
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reaction. A 5:1 ligand/Os ratio can further anbe rate and stereoselectivitpwever, higher
ratios provide no advantage. In fact, too much ligand can inhibitidation and hydrolysis in
the catalytic cycle leading to slow catalystntowver'*****We reasoned higher concentration of
osmium, and ligand/Os ratios ranging fromi&ill would provide satisfactory results.

Our investigations toward finding optimal dihydroxylation coiwtis began with
forming tetraols’5baand75bb from phenyl derived olefiii4a(Table 3.8). We were able to
achieve complete consumption of starting material in 18 hourSGtben using 10 mol%
OsQ, and 30 mol% ligand. Unsurprisingly, the reaction rads wsignificantly slower when 2
mol% OsQ and 10 mol% was used. Finally, 5 mol% Qs@d 20 mol% ligand provided a

Table3.8: optimization for dihydroxylation of4a

0OsO4 (Mol%)
ligand (mol%)
KsFe(CN)g (3 equiv)

OH OH rAZCs%’SHeq(TV) Y OH OH OH OH OH OH
e equiv z
Ph s CCl, ke Ph\‘/'\/k/'\CCI;; * Ph Y CClg
tBUOH/H,0, 0 °C, time OH 6H
74a 75ba 75bb
Entry  OsO4 (mol%) Ligand (mol%) Time (h) dr® Yield (%)
75ba:75bb  75ba+75bb
1 10 (DHQ),PHAL (30) 18 91.9 86
2 10 (DHQD),PHAL (30) 18 10:90 89
3 2 (DHQ),PHAL (10) 42 95:5 83
4 2 (DHQD),PHAL (10) 42 7:93 89
5 5 (DHQ),PHAL (20) 24 95:5 95
6 5 (DHQD),PHAL (20) 24 6:94 89

2 The diastereomeric ratio was determined fronTHh&lMR spectrum of the crude reaction
mixture

133 Jacobsen, E. N.; Marko, I.; France, M. B.; Svendsen, J. S.; Sharpless].KarB. Chem. Sot989, 111, 737.
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satisfactory reaction rate, and was the most economical approach. Product yields and'tr values
were comparable among all reactions with the PHAL derived ligands; however, using a 4:1
ligand/Os ratio (entries 5 and 6) offered a slight stereoselective advantage. The sidstrate
appeaed to be perfectly compatible with the PHAL ligand, and stereochemical outcomes were
predicted with the selectivity mnemonic (see Figure 3.10).

We then sought to app]!l -mixconditionetp prapama tetradtbc n f or t 1 f
75h (Table 3.9). Te reaction proceeded nicely with substratesd, and generated tetraols

with dr value¥®ranging from 87:13 to 90:10 and yields ranging from%®®6. We were initially
concerned with the successful isolation of tetraols of Rgmand75gfrom the crude reaction
mixtures. The olen precursors to those tetraols were only +&®% pure, and contained
inseparable truncated byproducts from the previous cross metathesis reaction. Fgriueate

were able to isolate tetradl&caand75cbfrom the crude reaction mixtures, however we
werenot as f or t ubgaandr5glw The Weinreb anlida adduddhproweet! to

be a particularly challenging substrate in the AD reaction, and will be discussed in more detalil
below. Lastly, triol74] performed poorly as a substrate in thieydroxylation reaction, and only
minimal to no selectivity was observed in the diastereomeric mixture of products. This was not
surprising when compared to the successful results obtained with the analogous benzyl adduct
74d. The presence of the benzyl stituent in74d presumably is well suited for strong

interactions with the aromatic moieties in the PHAL ligand. Poor selectivity in the
dihydroxylation of74j is likely due to the absence of a substituent capable of forming strong

interactions within thaigand binding pocket.
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Table3.9: Preparation of tetraolgsc75h

0s0Oy4 (5 mol%)
ligand (20 mol%)
K3Fe(CN)g (3 equiv)

OH OH KoCO5 (3 equiv) OH OH OH OH OH OH
R MeSO,NH, (1 equiv) R + R H
~NF CCly ) ™ CCl, ™ CCly
R, tBuOH/H,0, 0 °C, time R, OH R, OH
a B
74 75ca-75ha 75ch-75hb
74b R4, R, = butyl, H 75¢ Ry, R, = butyl, H
74c R, R, = CH,0Bn, H 75d R,, R, = CH,OBn, H
74d Ry, R, = CH,OBn, Me 75e Ry, R, = CH,0Bn, Me
74f R,, R, = CON(Me),OMe, H 75f R, R, = CON(Me),OMe, H
74i Ry, R, = propyl, Me 759 R4, R, = propyl, Me
74j R,, R, = CH,0OH, Me 75h Ry, R, = CH,OH, Me
Entry Substrate Ligand (mol%) Time (h) gra Yield (%)
U: b U +
1 74b (DHQ).PHAL 18 88:12 75¢, 85°
2 74b (DHQD),PHAL 18 13:87 75¢ 81
3 74c (DHQ).PHAL 16 87:13 75d, 84
4 74c (DHQD),PHAL 16 10:90 75d, 88
5 74d (DHQ),PHAL 16 88:12 75¢ 97
6 74d (DHQD),PHAL 16 13:87 75¢ 96
7 74f (DHQ),PHAL 72 - 75f, c
8 74f (DHQD),PHAL 72 - 75f, c
9 74i (DHQ),PHAL 20 80:20 75g 81"
10 74i (DHQD),PHAL 20 18:82 75g 87
11 74j (DHQ),PHAL 12 50:50 75h, 84
12 74j (DHQD),PHAL 12 33:67 75h, 82

2 The diastereomeric ratio was determined fronTHh&lMR spectrum of the crude reaction
mixture.” The yield is based on starting material that was ~ 88% pNMR analysis of the
crude mixture showed 30% consumption of starting matéffale starting material was ~ 85%
pure. The indicated tetraols could not be obtained as pure compounds freactienrmixture
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After our initial unsuccessful attempts of preparing tetraols of Tb&rom 741, we
began exploring different reach conditions t@et the reaction to proceedacceptable yield
and diastereoselectivifyrable 3.10). Sharpless notdtht unsaturated amides react sluggishly,
presumably due to complications with hydrolysis of the osmate'&dttmwever, the rate of

catalyst turnover can be drastically improved by increasing the osmium concentration in the

Table3.10: preparationo¥5funder (a) fAstandardo versus (b

(@) 0sO,4 (10 mol%)
ligand (30 mol%)
KsFe(CN)g (3 equiv)
K,CO3 (3 equiv)

cl) tBUuOH/H,0, 0 °C, time (I)
“N = CCls > °N CCl;
I (b) 0sO,4 (0.2 mol%) T
dicarboxylic acid (2 equiv)
7af {BUOH/H,O, 0 °C, time 75f
Method (a)
Entry Ligand Time (h) Yield (%)
1 (DHQ)XPYR 72 36*
2 (DHQD),AQN 72 35
3 (DHQ),PHAL 72 47
4° (DHQ),PHAL 72 55%
Method (b)
Entry Dicarboxylic acid Time (h) Isolated Yield (%)
5 citric acid 14 95
6 L-(7)-malic acid 48 60
7 L-(+)-tartaric acid 48 60

?Yields were determined frofiH NMR analysis of the crude reaction mixtuteH was
maintained at 10 throughout the reaction by periodic addition of aqueous 1M &tahy
monitoring with a pH metef The reaction was buffered with 3 equiv of NaHCO

%4 Bennani, Y. L.; Sharpless, K. Betrahedron Lett1993 34, 2079
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reaction. We first tested all readily available ligands at a higher concentwatemium in

attempts to improve the conversion. There appeared to be only marginal differences between the
PHAL, PYR, and AQN ligand with 30 %mol osmium present, and all led to only partial
consumption of starting material after 72 hours. Next, we tae@dnduct the reaction under pH
controlled condition'$® to improve the rate of hydrolysis of the osmate ester (entry 3).
Unfortunately, when thpH was maintained at 10, starting material consumption was only
slightly improved. We then reasoned that the osmate ester hydrolysis in this specific reaction
might actually be more efficient under more acidic conditions. A few examples in the literature
have shown that asymmetric dihydroxylation reactions perform well in carbitnzdeoonate
buffered media:®> When the reaction was performed in the presence of 3 equivalents of NaHCO
under otherwise identical conditions, 55% conversion to product was observed (entry 4).
Although modest, thenprovement promptedihydroxylation attempts under even more acidic
conditions. According to a report by Sharpless and/akers:* citric acid 5 an extremely

useful additive in the osmiwtatalyzed dihydroxylation of electrateficient olefins. Indeed, in

the presence of 2 equivalents of citric acid anly 0.2 mol% OsQ, the reaction was complete

in 14 hours. The reaction proceeded in 95% yiatl generated a roughly equal mixture of
diastereomerg5f. Unfortunately, the chiral cinchona alkaloid ligands would be ineffective under
acidic conditions and cannot be used to induce stereoselectivity. We were able to modestly
influence the selectiwtby employing chiral dicarboxylic acids()-malic acid and L(+)-

tartaric acid dr = 71:29, 62:38 respectivelyjpwever onlya 60% yield of the products was

obtained in each case.

155 (@) Kolb, H. C.; Bennani, YL.; Sharpless, K. BTetrahedron Asymmetry1993 4, 133.(b) Arrington, M. P.;
Bennani, Y. L.;Gobel, T.; Walsh, P. J.; Zhao,-B.; Sharpless, K. Bletrahedror_ett. 1993 34, 7375.(c) Ko, S.
Y.; Malik, M. Tetrahedron Lett1993 34, 4675.

%8 Dupau, P.; Epple, R.; Thomas, A. A.; Foki, V. V.; Sharpless, KAd. Synth. CataR002 344, 421.
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Tetraols75i-75mwere prepared from functionalized olefingl-74ousing the optimized
fortified AD-mix conditions described previously (Table 3.11). The yields and diastereomeric
ratios*® were similar to those obtad from asymmetric dihydroxylation s§n1,3 derived
olefins74b-74e The fact that rates and selectivity did not differ much betwgerandanti-
derived olefins in the dihydroxylation reacti
negligide substrateontrolled influence on the stereochemical outcoraed/orthe 4:1
ligand/Os ratio is optimal for osmiufigand saturation. The osmiuhgand complex likely

mitigatescompetingsubstratecontrolled dihydroxylation processes from occurring.

Table3.11: Preparation of tetraol&sj-75m

0sOy4 (5 mol%)
ligand (20 mol%)
KsFe(CN)g (3 equiv)

OH OH KoCOs (3 equiv) OH OH OH OH OH OH
R H MeSO,NH, (1 equiv) R H + R R B
N~ CCly ) ™ CCly ™~ CCly
R, tBUOH/H,0, 0 °C, time R, OH R, OH
o B
74 75ja-75ma 75jb-75mb
741 Ry, R,=Ph,H 75j Ry, R,=Ph,H
74m R4, R, = butyl, H 75k R4, R, =butyl, H
74n R4, R, = CH,0Bn, H 751 R4, R, = CH,OBn, H
740 R4, R, = CH,0OBn, Me 75m R4, R, = CH,0OBn, Me
Entry Substrate Ligand (mol%) Time (h) gra Yield (%)
U: b u +
1 74l (DHQ),PHAL 24 94:6 75j, 94
2 74l (DHQD),PHAL 24 9:91 75j, 86
3 74m (DHQ).PHAL 16 87:13 75k, 84°
4 74m (DHQD),PHAL 16 13:87 75k, 88
5 74n (DHQ).PHAL 12 86:14 75l, 88
6 74n (DHQD),PHAL 12 14:86 75l, 86

99



7 740 (DHQ),PHAL 20 86:14 75m, 96

8 740 (DHQD),PHAL 24 13:87 75m, 95

2 The diastereomeric ratio was determined fronTth&IMR spectrum of the crude reaction
mixture® The yield is based on starting material that was ~ 88% pure.

3.5.3.1 Enhancing Stereoselectivityliarminal Monesubstituted Olefins

The osmiuracatalyzedasymmetric dihydroxylation reactiatieveloped by Sharpless and
co-workersis a powerful method for converting olefins into r@cemic vicinal 1,2 diolsA
variety of ligandglescribed previouslyork especially well withtrans-1,2-disubstituted olefins
ard trisubstitutedlefinsto yield specific stereoisomet$.Indeed this wasthe case in
preparation ofyn andanti-1,3 derived tetraolg5b-75m. However, achieving high selectivity
in the dihydroxylation of monsubstituted terminal olefiris particularlychallenging'®

Our investigation of forming tetraol8aaand75abbegan with asymmetric
dihydroxylation ofsyntdiol 73a (Table 3.12)Differentligands were examined to determine
optimalconditions andelectivity. The best results were obtained winenPYR ligand was
used but theselectivity was still only modest (entries 5, 6). After the PYR ligand was identified

Table3.12: Preparation of tetraolgbaaand75ab

0OsQOy4 (5 mol%)
ligand (mol%)
KsFe(CN)g (3 equiv)

OH OH KoCO3 (3 equiv) w OH OH OH
= CCl3 HO CCl, + HO CCly
tBUOH/H,0, 0 °C, time
73a 75aa 75ab
Entry Ligand (mol%) Time (h) dr?@ Yield (%)
75aa:75ab 75aa + 75ab
1 (DHQ),PHAL 20 57:43 84
? (DHQD),PHAL 16 40:60 86
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3 (DHQ),AQN 72 57:43 73

4 (DHQD),AQN 60 42:58 78
5 (DHQ)PYR 16 63:37 88
6 (DHQD),PYR 16 29:71 90
7° (DHQD),PYR 24 30:70 88
g° (DHQD),PYR 20 24:76 89

2 The diastereomeric ratio was determined fronTHh&IMR spectrum of the crude reaction
mixture ® pH was maintained above 10 throughout the reaction by periodic addition of aqueous
1M NaOHand monitoring with a pH meteérReaction was run iwateif surfactant media
(withouttBuOH) with sodium cholate (0.31 equiv) at a 0.1 M concentration (basé8apn

as the optimal ligand for this substrate, it was employed in attempted dihydroxylations under pH
controlled condition$® and in watérsurfactant medi&’ There was no advantagert@intaining

a pH > 10 (entry 7however, a slight improvement was observed in the presence of sodium
cholate(entry 8).

In hopes of further improving the selectivity in the preparatiorbaaand75ab, we
envisioned a slightly different approach proceeding through vinyl sulfdkéased on a report
by Evans and cavorkers!*® Presumably the lack of selectivity observed when proceeding
through the terminal olefidi3awas due to weak interactions from the relatively small
hydrophilic substituent within the ligand binding pocket. We reasoned the vinyl sulfone
substituent would bevell suited for asymmetric dihydroxylation and would lead to higher
selectivity. We hoped subjecting vinyl sulfonék to our established AD conditions would
promot e f or {maixysulfoneo This intarmedibbeesumablyvould undergo base
promded elimination, followed by rapid NaBHeductionin situto afford the desired tetraol

75aa(Scheme 3.26). Unfortunately, all attempts resulted in afeatified mixture of products

57 Branco, L. C.; Ferreira, F. C.; Santos, J. L.; Crespo, J. G.; Afon#gC Synth. CataR008 350, 2086
138 effray, M.; Evans, PTetrahedror2003 59, 7973.
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0, OH OH AD 0, OH OH OH
S\V/A\v/l\v/l\
Ph™ o CCl, Ph" > 3 CCl,

74k H

OH OH OH

| CCl, CCl,

75aa
Scheme3.26: Alternate approach to preparation of tetrdoha
Next,we envisioned that modifying the steric profile of the substrate to that of a bulkier

adductbearing an aryl groumight allow for higher enantiofacial discriminatiand stronger
interactiongn the ligand binding pocket, leadingtimher yields of the desired stereoisomer.
Thephenyl boronic ester addutBaawas prepared by treatiryjol 73awith 1.5 equivphenyl
boronic acidn DCM prior to dihydroxylatiorand proceeded in quantitative yie®lbjecting
73aato our established AD conditioyf®llowed byoxidative cleavage of the boronic ester
revealed the free tetraol in 94% yield, and 5 @Fable 3.13)Much like with AD of the free

Table3.13: Preparation of5aaand75abfrom boronic ester adduéBaa

1. 0OsOy4 (5 mol%)
ligand (mol%)

Ph KsFe(CN)g (3 equiv)
o®o :;anjn(-? ZQL:)‘V)C t OH OH OH OH OH OH
u , 0°C, time F
/\/'\/kccg 2 Ho\/K/K/'\C% " Ho\/\/'\/'\ccI3
2. H,0,

73aa 75aa 75ab

Entry Ligand (mol%) Time (h) dr® Yield (%)
75aa:75ab 75aa + 75ab

1 (DHQD),PHAL 24 47:53 78

2 (DHQD),AQN 30 47:53 86

3 (DHQD)PYR 24 17:83 94

2 The diastereomeric ratio was determined fronTHh&MR spectrum of the crude reaction
mixture of boroniaester diols
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diol 733 the PYR ligand was superior to other ligands with the modified terminal olefin. Along
with increasing the steric profile, we believe the phenyl boronic ester has several advantages:
First, the increased lipophilicity, and presencéhefaromatic ring likely leads to better ligand
substrate interactions and limits potential nonselective dihydroxylation processes. Second,
rotational conformers within the ligand binding pocket are limited by formation ofthe 6
membered ring potentially itigating substrateontrolled processes. Last, any potential directing
effects from the homoallylic alcohol would be effectively eliminated.

As a result of the success of phenyl boronic e&taain the AD reactionavariety of
aryl boronic esteréTable 3.14)werepreparedrom their corresponding boronic acids to be

Table3.14: boronic esterscreened in the asymmetric dihydroxylation reaction

1. OsOy4 (5 mol%)
(DHQD),PYR (20 mol%)

R KsFe(CN)g (3 equiv)
o B0 T;CSJ/S’ gq‘g")c t OH OH OH OH OH OH
u , 0°C, time R
/\/‘\/‘\CCla 2 HO\/'\/'\/'\CCI3 + HO\/\/'\/'\CC|3
2. Hy,0,
Pr 75aa 75ab
NOReS
iPr iPr
73aa 73ac 73ad 73ae
Entry Substrate Time (h) dr® Yield (%)
75aa:75ab 75aa + 75ab
1 73aa 24 17:83 94
2 73ac 24 42:58 45
3 73ad 24 17:83 78
4 73ae 24 40:60 86

2 The diastereomeric ratio was determined fronTth&IMR spectrum of the crude reaction
mixture of boronic ester diols
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screened in thAD reaction A comparable dr value was obtained from the

dimethylphenylboronic est&t3ad but resulted in a lower yield than witl3aa Other phenyl

boronic ester adducts provided no advantage in the stereoselectivity.

After establishing the optimal ligand and boronic ester for the asymmetric

dihydroxylation, we prepared tetradiSaa75aband75ia-75ib in a one pot approach from the

correspondingyn or anti-1,3 diol precursors (Table 3.15). The four stereoisomers were

generated in 894% vyield with diastereomeric ratid&anging from 74:26 83:17. The higher

degree of selectivity observed in preparatio@sdb can be explained by examining the

substratecontrolled reaction in the absence of the chiral ligands under Upjohn conditions

Table3.15: Preparation of terminal alcohols from goemed boronic ester adducts

1. PhB(OH), (1.5 equiv)

OH OH DCM, rt, 3 h OH OH OH OH OH OH
= CCly 2. 0s0, (5 mol%) HO CCly HO~ CCly
ligand (20 mol%) B
73a (4R) oxidant (aquiv) 75aa (4R) 75ab (4R)
73b (4S) KaCOs (3 equiv) 75ia (4S) 75ib (4S)
tBuOH/H,0, 0 °C, time
3. H,0,
Entry  Substrate Ligand Oxidant (equiv)  Time (h) dr Yield (%)
U: b U +
1 73a (DHQ)PYR KsFe(CN) (3) 24 76:24 753 91
2 73a (DHQD),PYR KsFe(CN) (3) 24 17.83 753 94
3 73b (DHQ)PYR KsFe(CN) (3) 24 74:26 75i1, 94
4 73b (DHQD),PYR KsFe(CN) (3) 24 26:74 75i, 89
5 73a none NMO (1.5) 18 40:60  75a 88
6 73b none NMO (1.5) 16 48:52 75i, 86

2 The diastereomeric ratio was determined fronTth&IMR spectrum of the crude reaction
mixture of boronic ester diols.
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(entries 5, 6). Stereoselectivitym™abl i kel 'y results from being

chiral substrate and the chiral ligatlidect dihydroxylation to the same face of the olefin.

3.5.4 Epoxidation/Azidation of TermindMono-substituted Olefins

To further expand upon our success in enhancing stereoselectivity in terminal mono
substituted olefins, we attempted formation ofaels from the corresponding phenyl boronic
ester adduct of3c(Table 3.16). Whei@3cwas subjected to standard asymmetric
dihydroxylation conditions with chiral ligands (DH)YR, and (DHQAQN, only modest
stereoselctivity was observed. Surprisingise-forming the phenyl boronic ester only marginally
improved selectivity and yields were modest.-forening the 2,édimethylphenyl boronic ester

Table3.16: preparation o¥5naand75nb from 73c

1. RB(OH), (1.5 equiv)

OH OH DCM, 1, 3 h OH OH OH OH
\/K/kc% 2. 0s0Oy (5 Mol%) HOWCC|3 HOWC%
ligand (20 mol%) OH OH
oxidant (equiv)
73c K>CO3 (3 equiv) 75na 75nb

tBUOH/H,0, 0 °C, time

Entry Boronic acid Ligand Time (h) dr® Yield (%)
75na:75nb
1 none (DHQ),AQN 5 62:38 |
2 none (DHQD),PYR 8 67:33 |
3 Phenyl boronic acid (DHQ):PYR 24 75:25 50
4° 2,6-dimethylphenyl boronic acic (DHQD),PYR 24 60:40 52

2 The diastereomeric ratio was determined fronTHh&lMR spectrum of the crude reaction
mixture of boronic ester diol8 The crude reaction mixture was treated with aqueo®s H
(30%) for 1 houto generate the free tetraols
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also provided no advantagestereoselectivity or yield. The low yields were attributed to
complications related to oxidative cleavage wit©Ob including migration of the boronic ester
and some product decompaosition.

Due to the lack of success in stereoselectively forming tetréolaand75nb, we
envisioned a slightly modified approach in route to pseattaols (Scheme 3.27). Asymmetric
epoxidation of7/3cfollowed by subsequent nucleophilic epoxide ring opemrgitu would lead
to pseudeetraols of typer50. The choice of the oxygedmased nucleophile used in the reaction
was crucial; it was necessary that the nucleophile not be basic enough to promote undesired
Payne rearrangemernitépr promote deprotonation dié trichloromethytarbinol. We imagined

phenoxidetype nucleophiles would be wedlited for this transformation.

OH OH asymmetric OH OH o OH OH
epoxidation 1. "O-R
NN —_ > R.
CCly o CCly ® (0] CC
2.H OH I3
73a 750

Scheme3.27: Preparation of pseueetraols750from allylic alcohol73a

To determine if the nucleophilic epoxide additioasKfeasible, we prepared a
diastereomeric (dr = 67:38)ixture ofepoxide73d by treating olefin/3awith mCPBA in DCM.
With epoxide73din hand, we began screening phenoxide nucleophiles under a variety of
conditions to preparéso. We quickly realized that the reaction was predominantly generating
the furan byproduci5ob (Scheme 3.28Presumably, rapid proton transfer was occurring

between the secondary alkoxide anion generated by alkoxide ring opening and the more acidic

1%9payne, G. B.J. Org. Chem1962, 27, 3819.
106



OH OH

OH OH
RONa OH OH o CCly
CC|3 R. >
° © CCls proton
73d ONa transfer

0]
CCl
; |

HO
HO 750b

© S)
o) @) O
MeO MeO

Scheme3.28: mechanism leading to furan byprodu&iob

trichloromethylcarbinol Thegeneratedrichloromethyl alkoxide then undergoes intramolecular
cyclization on the internal epoxide carbon electrophile to generate the furan byproduct.
Increasing the nucleophilicity of the alkoxide (pemethoxy phenoxidgy-methoxybenzyl
oxide) alsoonly resulted in formation of the furan byprodusttemptsto suppress
intramolecular cyclization by adding the conjugate acid of the alkoxide anion were unsuccessful.
Also, conducting the reaction with the corresponding protected phenyl boronic estetr add
resulted in byproduct formation and recovery of starting material.

We then directed our attention to more reactive nucleophiles to hopefulbpmutete
the intramolecular cyclization process. We sought to prepare the azi@diby treating the
terminal epoxid&3d with a source of nucleophilic azide (Table 3.17). The azido triol could be
an interesting target that may serve as a valuable precursor to nucleoside mimics obtainable

t hrough #cl%a fo annatunakedeoxyamimo gugars. Qnitial attempts of treating

10K olb, H. C.; Sharpless, K. Brug Discovery Todag003 88, 1128.
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73d with NaNs in polar apotic solvents were encouragirfgpwever the bgroduct was still

formed as the major product from the reaction (entfi&3.JAzidation attempts in isopropanol
(IPA) resulted in clean conversion to thghboduct. Including 1&£rown5 resulted in a modest
improvement, but product yields were still less than desired (entries 2, 3, 4). Finally, the
breakthrough came when we trea@@d with trimethylsilyl azide (TMSN) activated by a
catalytic amount of tetibutylammonium fluoride (TBAF) (entry 6). Under these conditions, the
resultingC-5 alkoxide anion was silylated by TMg$MWhich inhibited proton

transfer/cyclization, and simultaneously propagated activation of the azide anion. After the
reaction was compte, the crude reaction mixture was treated with a full equivalent of TBAF to
reveal the free azidotriol in 86% yield. Future objectives will focus on gonhpreparation of

75p through asymmetric epoxidation, followed by azidolysis with TMSN

Table3.17: preparation of azidotrial5p

OH OH azide (equiv) OH OH O CCl,
15-crown-5 (equiv) + HO
ccly N Ns/\H\/'\CCIS /\\Q’
o solvent, rt, time OH HO
73d 75p 750b
Yield (%)
Entry Azide (equiv) 15-crown-5 (equiv) Solvent  Time(h) | 75p 750b
1 NaN; (1.2) ) THF 24 23 50
2 NaN; (1.2) 0.2 THF 24 29 52
3 NaN; (1.2) 1 DMF 24 55 24
4 NaN; (1.2) ) IPA 20 0 81
5 NaN; (1.5) 1 DCM 36 55 21
6% TMSN;3 (1.2) T DCM 2 86 0

4 TMSN; was activated by adding one drop of TBAF (1 M in THF)
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3.5.5 Formation of Polysubstituted Oxacydbgsa Novel Jocic Reaction

With stereoisomeric tetraol derivatives of tyfiein hand, we aimed to prepare the
corresponding tetrahydropyran carboxylic acid derivatofagpe 70 by a novelntramolecular
Jocictypereaction® Previous work related to Joeigpe reactions and formation gém
dichloroepoxide intermediat@sovidedvaluablegroundwak to establish our reaction
parametersFirst, protic solventsarenecessary to promotermation of thegemdichloroepoxide
intermediatesConducting the reaction in polar aprotic solventsh as anhydrous THF, DMF,
or MeCNresults in little or no consumption of starting matefiarhis indicatesan S1-type
mechanismn whichthe protic solvenserves aa hydrogen bond dondhnatlikely facilitates the
elongation and eventuagéterolysis of the carbechlorine bondfollowed byintramolecular
attack of the alkoxide anio®onsequently, reactions of this type are ofteninalcoholic
solvents (i.e. methanol, ethanol, isopropanolyrader agueous conditions in conjunctigith
an aprotic organic solvent suchEM, DME, or acetoné' Second, hydixide has proven to be
a convenient andffective base in the formation gémdichloroepoxide intermediateand
practical for our intended purposé3ther bases that aeenployel include DBU'*? and cesium
carbonatg®®

We began our screening studieward the preparation of ther@hydropyran derivatives
with the phenyl derived tetradbba(Table3.18. Naturally, we chose water as our protic
solvent to prevent potential formaiti of unwanted ester byprodu¢#though preparation of

corresponding ester dedtives was also explored), adde to previously successful results in

161 (@) Shamshina, J. L.; Snowden, T(Bg. Lett.2006 8, 5881. (b)Oliver, J. E.; Waters, R. M.; Lusby, W. R.
Synthesid 994 273.(c) Khrimian, A. P.; Oliver, J. E.; Waters, R. M.; Panicker, S.; Nicholson, J. Mn,Kl. A.
Tetrahedron: Asymmetd996 7, 37.

162 (@) Scaffidi, A.; Skelton, B. W.; Stick, R. V.; White, A. Aust. J. Cher2006 59, 426. (b)Dominguez, C.;
Ezquerra, J.; Baker, S. R.; Borrelly, S.; Prieto, L.; Espada, C. M.; Pedrega&tr&hedron Let 1998 39, 9305.
183 Snowden, T. S. unreported results, 20RIBL5.
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similar Jocietype cyclization reactions, DCM was initially chosen as the orgarsobe@nt.

When conslering the amount of base tise in the reaction, we reagaithat the reactionould

require a minimm of4 equivalents of sodium hydroxide in route to the targeted pyran

carboxylic acid (see Scher8e8 and 3.9)These conditionprovided aeasonablstarting point

for our studiesTreatment of7f5bawith 4.0 equivalents of NaOH (entry 1) resulted in only

partial consumption of starting material after stirring for 96 hours. The substrate was completely
consumed when.6 equivalents of NaOH was uséxwever, a more satisfactory rate was
observed wheii5bawas treated with.6 equivalents of NaOH while stirring at room

temperature (compare entrigsb3. Unfortunatelyand somewhat unexpectegiynen DCM was

used as the organic-smlventeven at C, acomplex mixture of products was generated with

Table3.18: optimization screening toward preparatiory 6f

OH (0]
OH OH OH base (equiv) Ph : O “\\”\OH
Ph\H\)\/'\CCb solvent, /\()
OH temr:ﬁrzzture, 6 H
75ba 701

Entry Base (equiv) Solvent 0.1 M) Temp. CC) Time (h)  Yield® (%)

1 NaOH (4) DCMi Hx0 5:3 rt 96 b
2 NaOH (5) DCMI Hx0 5:3 0 48 c
3 NaOH (5) DCMI Hx0 5:3 rt 36 c
4 NaOH (6) DCMI Hx0O 5:3 rt 22 c
5 NaOH (6) DCMI Hx0 5:3 0 30 C
6 NaOH (6) DMET H20 5:3 rt 22 74
7 NaOH (6) DMET H20 2:3 rt 24 81
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8 NaOH (6) DMEi H,0 1:5 rt 30 83

9 NaOH (6) DMEi H,0 110 rt 30 83
10 NaOH (6) H.O rt 36 81
11 NaOH (6) Dioxand H,O 1:5 rt 24 83

2 Product yields are based off analysis of tHENMR spectrum of the crude reaction mixture

and are relative to the amount@dbaremaining in the mixture

® Only partial consumption of the starting material was observed

¢ The reaction resulted in a complex mixture of products

70l being present in <60% yield according to thHeNMR spectrum of the crude reaction

mixture. More encowyging results were obtained after switching to DME as the organic solvent.
Analysis ofthe crude mixture clearly revealed that the targeted carboxylic acid was being
generated as the major product of the reaction along with minor amounts of an unidentified
byproduct(describedn furtherdetailbelow)and unexpcted methoxy signals. We susail the
methoxy signals might be resultifirom demethylation of DME bthe free alkoxide groups in

the substratel his problem was later solved by switchingli@-dioxane as the organic solvent.

To our knowledge, this is the first use of-tlidxane as aosolvent in a reaction involving
generation of gemdichloroepoxideWhile screening the reaction conditions with DME as the
co-solvent, there was an observed trend that a lower organic solvent/water ratio was beneficial to
the yield and purity of theasired product. In fact, comparable yields were obtained when only
water was used as the reaction solvent, however, low concentratioesoofjimic solvent were
detrimental to the reaction rate presumably due to limited solubility of the substrate fgompa

entries 610). Finally, the best yield and purity of the desired product was obtained when using a

1:5 ratio of dioxanieH,O (entry 11)Further optimization studies anagoing

We were encouraged by our promising results with the cyclization optimization, but the

isolation of the desired product and identification of the unknown byproduct proved to be

111



extremelychallenging.The crude material obtained from cyclization/ébato carboxylic acid
70lwas an oily residue which madeagystallization difficult, and attempts to isolatél by
means of column chromatography on various stationary phases were unsuccéssfipitsXo
separat@ 0l from the byproduct by acid/base extraotmethods were also ineffective. The
unsuccessful acid/base extraction attempts along with NMR evidence indicated that the
byproduct most likely containegicarboxylic acid functionality whose structure closely
resembled the targeted product. We envigiah@t converting the crude mixture of carboxylic
acids to the corresponding acid fluoride adducts would promote selective lactonization and
potentiallyfacilitate separation of the two materidisdeed, treatment of the crude mixture of
products with cyauric fluoride and pyridine in DCM lead tonaeaningfuldiscovery (Figue
3.15. Spectroscopic analysis of the organic product obtained after the aqueousgpweriealed
the reaction resulted in clean conversion to the lactOi€86% yield over 2 stepsSuccessful

identification oflactone70Il offered some clarity pertaining to the products generated from the

OH ﬁ\ pyridine (1 equiv) OH
Ph ONG OH . unknown cyanuric fluoride (1 equiv) Ph O .
byproduct > =0
DCM, rt, 12 h ' f
- '/O
OH (86%)
701 7011

Figure3.15: preparation of lactongéOll from 70l

cyclizationreactionin 1,4dioxane In fact, comparison of the NMR data from the isolated
lactone to the NMR data obtained from the crude reaction mixtures allowed us to determine that
the unknowrmajorbyproduct was actually the lacte!® Identification of70Il also helps to

explain the unfruithl attempts at purification bsilica gel chromatography. We reasoned that the

1%t is possible that other minor, unidentified byproducts may also be generated in <5% yields.
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slightly acidic nature of the silica gel was promoting lactonizationdbas tle material passed
through the column, leading to-etution of the two materials. Somewhat unexpectedly
however, simply stirring 0l over silica gel for 12 hoursdeto no observed lactonizatione
have begno pursuing the preparation of pyran derivativégi 700 (Figure 3.16 following our
success with isotang the coresponding lactone a10l. Initial results have been promisiggoll
and70nnwere obtained in 86% and 81% yields respectivelgyl work toward the preparation
of 70kk, 70mm, and70o00is ongoing Future efforts in this area will be directed toward
identifying a method for converting lacton&3kki 70ooto carboxylic acid§0ki 70oand

obtaining the carboxylic acids as pure materials.

HO/,’ Ro ﬁ\ pyridine (1 equiv) HO/,' Ro
R1/kioj»\ OH cyanuric fluoride (1 equiv) R1A£()j"/,/0
DCM, t, 12 h ' /
"J

OH
70k R, R,=H,H 70kk Ry, R;=H,H
701 R, R,=Ph, H 70l Ry, R,=Ph, H (86%)
70m R, R, = CH,0Bn, H 70mm R,, R, = CH,0Bn, H
70In R, R, = butyl, H 70Inn Ry, R, = butyl, H (81%)
700 R1, R2 = CHzan, Me 7000 R1, R2 = CHzan, Me

Figure3.16:. preparation of lactone®kki 7000

After determining the optimal conditions for the cyclization reaction, we sought to apply
those conditions to other tetraol derivatives of typeTo our delight, the cyclizations proceeded
as expected and afforded the corresponding pyran carboxylic7@aid&0j in yields exceeding
82%(Table3.19. Interestingly,derivatives/Oa 70j were obtained as amorphous solids
following completion of the reaction and were easily purifieddnyystallization in DCM. More
specifically, in every case where th®-configuration is observed at tkk26 carbon of the

tetraol precursor, the corresponding pyran was crystalline regardless of the orientatidd-4f the
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Table3.19: preparation opyrans70a 70j

R ?H QH OH NaOH (6 equiv)
1 r
R CCl, . i _
HO R, dioxane-H,0 1:5 (0.1 M)
rt, 24-30 hr
75ab-75eb (4R) 70a-70e (4R)
75ib-75mb (4S) 70f-70j (4S)
Isolated
Entry Substrate Product
Yield®
OH OH OH ﬁ\
HO.__~ WO
1 ock How > 85%
75ab 70a (:)H
OH OH OH OH ?L
Ph._~ WO
2 Y CCl3 Ph/'\kj OH 93%
OH .
75bb 700 A
OH OH OH OH o
2 BnO e "\\”\OH
3 BnO H CCl3 85%
OH _
75ch 70c A4
OH OH OH OH ﬁ\
- O W
4 2 CCly 3 on 93%
OH _
75db 70d S
OH OH OH - OH o
BnO : ccl B”O\/"S;OJ“‘”\OH
n J 3 0,
5 G | 93%
75eb 70e A,
OH OH OH (‘1
HO A~ RONGRY
HO ' ' OH
6 ccly p 89%
75ib 70f OH
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OH OH OH OH ?
Ph < < .\\O R
7 Y CCls Ph/'w\‘j OH 84%
OH
75jb 709 Ay
OH OH OH OH o
5 2 BnO e \”\
8 BnO K CCl; OH 86%
OH
75kb 70h OH
OH OH OH OH ﬁ\
= = \\O R
9 5 * CCls nl on 82%
OH
75lb 70i OH
OH OH OH -, OH o
- . BnO.__AX_.0O "\\”\OH
10 BnO HO:- CCl3 82%
75mb 0 oy
% Isolated yield of diastereomerically pure carboxylic acids
hydroxyljgr oup. Per haps this isnb6t too surprising
of these particular diastereomers, but the <c

assume that when the equilibrium strongly favors one chair confawveethe other that the

material can stack in an ordered fashion leading to the crystalline material. In cases w@ere the

6 carbon of the tetraol is configured in tig- Orientation the opposite is true. The cyclization

reaction with these substrates resulted in an oily residue (with the excepiigmvaiiich

formed a crystalline solid) likely due to a lack of preference for one chair conformer over the

other. Fortunatgl pyrans70ki 70owith theC-6 (S-configuration have initially shown

promising results in the preparation of their corresponding lactones, and we are optimistic that all

derivatives from this class of diastemers can be isolated as kaetone adducilThe class of

tetraol diastereomers containing th&, (8S) configurationhave shown inconclusive results thus

far in the cyclizabn reaction, and/or in attempting form the corresponding lactone adducts
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(Figure3.17). Interestingly tetrahydropyrai@Op was obtained as an anphous solid from the

cyclization reaction, and recrystallization in DGNorded70pin 86% yield Additionally, the

phenyl derived pyrai@0qwas purified by silica gel chromatography. We rationalized that silica

promoted lactonizatiowoud be much slower in this particular class of stereoisomers due to the

relativeanti- relationship between the carboxylic acid functional group and thgdoxylon

the pyran ringWe are optimistic that the slower rate of lactonization will siggdifirification of

this class of pyrans by silica gel chromatography. Alternatively, if column purification is

unsuccessfuimodified approaches fareparing the corresponding lactone adducts will be

explored. Work towarsithe preparation of pyrar®ri 70t is currently underway.

OH OH OH

R1
HO R,

NaOH (6 equiv)

CCl,

75ia R;,R,=H,H

75ja R,,R,=Ph, H

75ka R;, R, = CH,OBn, H
75la Ry, R, =butyl, H
75ma R, R, = CH,0Bn, Me

| t 6s

dioxane-H,0 1:5 (0.1 M)
rt, 24-30 h

70p
70q
70r
70s
70t

Figure3.17: preparation of pyrang0pi 70t

worth
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t hat

n
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0
N

OH

R, =H, H (86%)
, R, = Ph, H (80%)

. R, = CH,0Bn, H

. R, = butyl, H (81%)
y R2 = CHzan, Me

cyclization

4-member oi7-member ringsThese observations hargnforced our hypothesisahwe could

use the reactiokineticsto our advantage and selectively form theémbered oxacycle without

the need for additional protection/deprotection steps in the synthetic Murte specifically, we

were able to confirm-Bnember ring formation frontfC NMR chemical shifts, HMBC, and

HSQC NMR experiments. Relative stereochemistry was established by first determining the
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chemical shift of each nonequivalent protad,(COSY, HMBC, H®C NMR), then by NOE
experimentation. The NOE correlations are shown in Figure 3.18. These results thdictie
dihydroxylation selectivity mnemonic accurately predicted the stereochemical outcome of the
tetraol productsWe arepleased that the cyzhtion reactions have generated #xpected -6
membered oxacyclemnd that the stereochemical outcome is easily predictBisdedescribed

methodhas proven to be a step economic approach to generating a wapetysubstituted

70d

70i

Figure3.18: NOE correlations showing relative stereochemistry in pyran derivaifiugpe 70
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tetrahydropyrans. The ability to form any desired configuration at multiple chiral centers
accentuates the appeal and utility of our approach.

3.6Index of Chapter Compoundand Numbers

Q o 0 O OH O OTES O OTES OH OTES
T T ool el whiten, AL

. ccl CCls CCl,
CCly cCly $
(R)-47 (S)-47 64 65 66 67a
O OH OH OH
OH OTES o OH Qo
/O‘NJ\/kcm Z CCly \)J\/'\ccb, = CCly
= CCly I 3
72b 73a
67b 71a 72a
Ph
B
o0 OH OH OH OH OH OH o QH
PN NN : N
= CCly = CCls § ccl, = CCls CCls
73aa 73ab 73ai 73b 3¢
OH OH OH OH OH OH OH OH
Ph_~ AN
o CCl3 CCly = CCl;  BnO™ CCly
73d 74a 74b 74c
OH OH OH OH o) OH OH o} OH OH
oA~ A N AN
BnO/Y\/k/kCCly, Ho/\/\/'\/'\ccl3 - lil = CCly = CCly
74d 74e 74f 74g
OH OH OH OH OH OH 0, OH OH
Ph \/\/k/k
f\/'\/'\CCQ WCCla HO/Y\/k/'\CCI?’ Ph/S yZ el
74h 74i 74j 74k
OH OH OH OH OH OH OH OH
Ph ' ; ; -
= CCly = cCl; BnO”~ & ccl; BnO” Y CCls
741 74m 74n 740
0 OH OH o) OH OH Q
0. JJ\/\/\/v\ )J\/\/\/'\ B”O/\l/ /O‘NJ\/
- T = CCl, = CCl, |
74p 74q 74r 74s
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OH OH OH OH OH OH OH OH OH
Ho X L Ho - Ph
CCl, CCl, CCl3
OH
75aa 75ab 75ba
OH OH OH QH OH OH OH OH OH
CCly //\»/“\//\»/L\/J\ccg BnO
OH OH OH
75ca 75cb 75da
OH OH OH OH OH OH O OH OH OH
: o.
BnO CCl; BnO™ CcCl; ~°N
" OH o] | OH
75ea 75eb 75fa
OH OH OH QH OH OH OH OH OH
. CCls X CClz HO™ > CCly
" OH OH v
75ga 75gb 75ha
OH OH OH OH OH OH OH OH OH
Ho A A HO. A Ph '
CCly CCly CCl3
OH
75ia 75ib 75ja
OH OH OH OH OH OH OH OH OH
CCl, CCl; BnO
OH OH OH
75ka 75kb 75la
OH OH OH OH OH OH OH OH
BnO™ cCly BnO” CCly HO™ CCly
" OH OH OH
75ma 75mb 75na
I
O W
HO o OH OH HO TN COH
/\I/\)<CC|3
Ho CCl, ;
OH OH
750b 75p 70a
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OH OH OH

Y CCly
OH
75bb
OH OH OH
BnO” CCly
OH
75db
O OH OH OH
O\ <
<N CCly
OH
75fb
OH OH OH
HO™ CCly
OH
75hb
OH OH OH
CCly
OH
75jb
OH OH OH
BnO~ ™ CCly
OH
75Ib
OH OH
HO CCly
OH
75nb
I
“"NOH
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70c 70d 70e 70f 709

70h 70i 70j 70k 70kk
OH OH OH ﬁ\ OH OH i
B | 0 BnO__~_ O . BnO o
Ph/\EOJ L on th //o \/\O OH \/\(J// H/\O OH
OH OH OH
701 7011 70m 70mm 70n
OH OH (”)\ o
o BnO.__X__O0._ . |
/éo n \>\Qj OH \>\£J (0] ]\OH
7 5
OH OH
70nn 700 7000 70p
OH (|3 (:)H ﬁ\ OH (lj
d BnO.__A__O_ . : J
Ph/\© J\OH n \/\(‘J OH H/\C:J-‘ J\OH \>\Q
OH OH OH
70q 70r

3.7 Experimental Details
'H and™*C NMR spectra were cerded on Bruker instruments at 360, 500, or 600 MHz
and 90 or 125 MHz, respectivelyF NMR spectra were recorded at 338 MHz. Chemical shifts
were referencedto acetedg( U = 2. 0 5CD&Ilp(du 2=9 . 78.42,6D;@h d( U7 7= 03 . 31

and 49.0)pr CD;CN (1.94 and 1.32)Mass spectra were recorded on an AutoSfisma_NT

120



mass spectrometer using electron ionization (El) at 70 eV and an EBE sector mass analyzer.
Melting points were determined with a MelTemp 1001D capillary melting point apparatus and
are uncorrected. IRamples were prepared by dissolving the pure material in a small amount of a
suitable aprotic solvent. A small drop of the concentrated solution was placed on a KBr plate,
and the solvent was evaporated completely. A second KBr platglaesi on top of the first

plate and rotated by a quarter turn to make an even film of the material between the plates. IR
spectra were recorded on a Jasco FIRO instrument. Optical rotations were measured with a
Rudolph AUTOPOL IV/6W polarimeter. TL@isualization wasichieved by UV light (254 nm),
KMnOj, staining andp-anisaldehyde stainindgleCNwas dried over-& molecular sieves prior

to use. THF and ED were distilled from Na/benzophenone ketyl radical. Chloral was purchased
from Riedelde Haérand distilled neat onto-A molecular sieves. AcCl was distilled from

PhNMe (onetenth volume). Anhydrou&cOH was prepared by stirring AcCOKAc,0 (1:1) for

1 h, and then AcOH was distilled ontedmolecular sievesCommercial ruthenium catalysts

were puchased from Aldrich and stored in a reagent bottle under an atmosphere of argon in a
dessicator in the freezérhe ruthernium catalysts were purified by silica gel chromatography
(hexanesEtOAC, 9:1) immediately before u§8 Commercial Grignard reagents were titrated

using the procedure described by Paquette an&iichloromethane was distilled over

calcium hydride. DME and 1;dioxane were pwhased as Drisolv® bottles from EMD

Millipore and were used as received. Anhydrous methanol was purchased from Aldrich and was
used as receivedll other reagents and solvents were used as received from commercial

sources.

1%51in, H.-S.; Paquette, L. ASynthetic Communicatio994 24, 2503.
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(R)-4-(Trichloromethyl)oxetan-2-one (475

A dry 1-L, 3-neck rouneébottom flask was fitted with two addition funnels and an argon
supply. Quindine (406 mg, 1.25 mmol) and anhgdsEt,O (165 mL) were added to the round
bottom flask, then anhydusDIPEA (47.5 mL, 0.273 mol) was traesred to the flask by
cannula. Chloral (24.5 mL, 0.251 mol) in anhyasEt,O (115 mL) was added to one addition
funnel. AcCl (17.8 mL, 0.250 mol) in anhyisEt,O (115 mLl) was added to the other atioh
funnel. While cooling te15 °C, the chloral anAcCl were added dropwise to the mixture under
argon at approximately equal rates over 1.5 h. After the addition was complete, the mixture was
stirred afi 15 °C for 2 h. Ageousl M HCI (150 mL) was added and the mixture was warmed to
r.t. and then filterethrough Celite. The layers were separated, and the aqueous layer was
extracted with BEO (5 x 30 mL). The combined organic layers were washed with 1 M HCI (3 x
25 mL), dried(MgSQy), and concentrated by rotary evaporation yielding a light tan solid. The
solid was placed under vacuum to remove excess volatile components then purified-toy bulb
bulb distillation (82 °C/0.27 mbar) to giyR)-47 as a white solid (mixture of enantiomers). The
solid was regystallized (methylcyclohexan@yielding pure(R)-47 (31.3 g,165 mmol,70%) as
white, fluffy crystals; mp 525 3 A 6221 15.6(¢]1.0, CHCl,) (corresponds to >98% B IR
(KBr): 3006, 1847, 1110, 91 *. '"H NMR (360 Hz, CDG) : U = J53.8)587Hgdd ,
H), 3.73(dd,J = 5.7, 17 Hz, 1 H), 3.60 (dd,= 3.8, 17 Hz, 1 H)*C NMR (125 MHz, CDCJ) : U
= 164.1, 96.7, 76.0, 42.81S (El): m/z = 71.0 [M CClj]. HRMS (El): m/z [Mi CCl] calcd for
C3H30,: 71.0133; found: 71.0130.
Ethyl (R)-4,4,4trichloro -3-hydroxybutanoate (64)*

A dry, 2-neck rounebottom flask was charged witR)-47 (500 mg, 2.64 mmol) and

diluted with anhydrous EtOH (2 mL). Tosic acid (10.0 mg, 0.020 mmol) was slowly aalded,
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condenser was attacheuhd the reaction was heated in &8il bath undeargon for 30 hours.
The reaction mixture was cooled to room temperature, and EtOH was removed under reduced
pressure. The crude mixture was diluted ewith EtOAc (25 mL), and washed with brine (3 x 25
mL). The organic layer was dried (}&0), and concentrat to afford64 (612 mg,2.60 mmol,

98%) as a clear colorless dilat did not require further purificatiotH NMR (500 MHz,

CDCl) : 462 (ddd) =2.3,4.3,9.2 Hz, 1 H), 4.22 (@= 7.2 Hz, 2 H), 3.71 (d] = 4.3 Hz, 1

H), 3.07 (ddJ = 2.4, 16.3Hz, 1 H), 2.76 (ddJ = 9.2, 16.3 Hz, 1 H), 1.29 d,= 7.2 Hz, 3 H).

13C NMR (125 MHz, CDGJ) : 1%0.8202.1, 79.4, 61.4, 37.1, 14.1.

Ethyl (R)-4,4,4trichloro -3-((triethylsilyl)oxy)butanoate (65)*

A dry, 2-neck rounebottom flask was charged wif4 (560 mg, 2.38 mmol) and diluted
with anhydrous DMF (4.75 mL). The solution was cooled € @nd treated with
chlorotriethylsilane (519 pL, 3.09 mmol) and a catalytic amount of imidazole (105 mg, 1.55
mmol). Subsequently, DIEA (455 pL, 2.62 mmol) wasled dropwise over 5 minutes. The
reaction mixture was warmed to room temperature and stirred under argon for 3 hours. The
reaction was quenched with Et@5imL), and the volatiles were removed under reduced
pressure. The crude reaction mixture was dilwgld Et,O (30 mL) and washed with DI (3
x 30 mL).The combined organic layers were waghvith brire (10 mL), dried (NaSQy), and
concentratedThe residue was purified by silica ggiromatograpy (hexanesEtOAc, 33:1) to
give 65 (790 mg,2.26 mmol 95%) asa clear colorless oitH NMR (500 MHz, CDCk) : 4172 =
(dd,J=2.4, 8.2 Hz, 1 H), 4.1@,J = 7.1 Hz, 2 H), 3.11 (ddl = 2.4, 16.4 Hz, 1 H), 2.70 (dd,
=8.2,16.4 Hz, 1 H), 1.29 @,= 7.1 Hz, 3 H), 0.98 (] = 8.2 Hz, 9 H), 0.71 (q] = 7.7 Hz, 6 H)

(R)-4,4,4trichloro -3-((triethylsilyl)oxy)butanal (66)
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A dry, 2-neck rounebottom flask was charged wiéb (200 mg, 0.572 mmol), diluted
with DCM (5.70 mL), and cooled t@8°C. The solution was treated with DIBAL (1 M in DCM,
1 mL, 1 mnol) by dropwise addition. The reaction mixture was stirre€7&8€C for 4 hours, then
carefully quenched with dropwise addition of MeOH (0.5 mL) followed by aqueous
sodium/potassium tartrate (1M, 3 mL), and DICH3 mL). The reaction mixture was warmed t
room temperature and stirred for 30 minutes. The phases were separated, and the aqueous phase
was extracted with DCM (5 x 20 mLhe combined organic layers were wedhvith brine (25
mL), dried (NaSQy), and concentratedhe residue was purified bylisa gelchromatograpp
(hexanesELO , 50:1) to gives6 (168 mg,0.550 mmol 96%) asa clear colorless oifH NMR
(500 MHz, CDCE) : 9185 (ed,J= 0.7, 1.5 Hz, 1 H), 4.78 (dd,= 3.0, 7.0 Hz, 1 H), 3.18 (ddd,
J=0.7,3.0,18.0 Hz, 1 H), 2.97 (ddbs 1.5, 7.0, 18.0 Hz, 1 H), 0.98 (= 8.1 Hz, 9 H), 0.71
(q,J=8.1 Hz, 6 H)*C NMR (125 MHz, CDGJ) : 188.0=102.8, 78.3, 48.6, 6.7, 5.0.
(R)-7,7, Ftrichloro -6-((triethylsilyl)oxy)hept -1-en-4-one (67a)

A dry, 2-neck rounebottom flask was charged with)-B-allyl diisopinocampheylborane
(2 M soln in pentane, 0.720 mL, 0O0’&mol) and anhydrous THF (2.4 mL). The reaction
mixture was cooled te4 °C, and a solution of aldehy@® (146 mg, 0.477 mmol) in TH(0.6
mL) was added dropwise. After stirring for 2 hoursS°C under argon, the solution was
warmed to room tempexae, and quenched wifiotassium phosphate buff@d M in HO, pH =
7, 300 pL) followed by slovdropwise addition of 30% aqueous®4 (650uL). The mixture
was stirred for an additional 12 hours at room temperature. The layers were separated and the
agueous phase was extracted with EtOAc (5 x 10 mL). The combined organics were dried
(NaxSQy,), and concentrate@he crude product was evated by"H NMR spectroscopy to

establish drgyn/ant) = 79:21 and thepurified by silica gethromatograpi (hexanesEtOAC ,
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9:1) to givea mixture of67aand67b (123 mg, 0.354 mmol;74%) asa clear colorless oifH
NMR (500 MHz, CDCE) : =580 5.77(m, 1 H), 5.285.06 (m, 2 H), 4.33 (dd} = 3.9, 6.8 Hz,
1 H), 3.953.87 (m, 1 H), 2.38.31 (m, 1 H), 2.3(2.16 (m, 2 H), 2.06 (d] = 3.5 Hz, 1 H), 1.86
(ddd,J=6.9, 8.2, 14.9 Hz, 1 H), 1.01 &= 7.9 Hz, 9 H), 0.800.70 (m, 6 H).
(S)-7,7, Ftrichloro -6-((triethylsilyl)oxy)hept -1-en-4-one (67b)

A dry, 2-neck rounebottom flask was charged with)-B-allyl diisopinocampheylborane
(2 M soln in pentane, 0.720 mL, 0.72 mmol) and anhydrous THF (2.4 mL). The reaction mixture
was cooled t694 °C, and a solution of aldehydg6 (146 mg, 0.477 mmol) in THF (0.6 mL) was
added dropwise. After stirring for 2 hours-@4 °C under argon, the solution was warmed to
room temperature, and quenched with potassium phosphate buffer (14,ipH = 7, 300 pL)
followed by slowdropwise addition of 30% aqueoug®4 (650L). The mixture was stirred for
an additional 12 hours at room temperature. The layers were separated and the aqueous phase
was extracted with EtOAc (5 x 10 mL). The combined organics were dN@e8Qs), and
concentratedThe crude product was evaluated'bByNMR spectroscopy to establish dr
(syn/ant) = 20:80 and then purified by silica gdtiromatograpi (hexaneSEtOAc , 9:1) to give
a mixture of67aand67b (149 mg,0.428 mmol90%) asa clear colorless oifH NMR (500
MHz, CDCE) : =5iB85.75 (m, 1 H), 5.235.12 (m, 2 H), 4.47 (dd}= 1.6, 9.5 Hz, 1 H), 3.87
3.80 (m, 1 H), 2.382.30 (m, 1 H), 2.2i72.17 (m, 1 H), 2.10 (ddd,= 1.6, 10.9, 13.9 Hz, 1 H),
1.80 (dddJ = 1.9, 9.5, 13.%z, 1 H), 1.62 (dJ = 3.8 Hz, 1 H),1.01 (t,J = 8.0 Hz, 9 H), 0.81
0.69 (m, 6 H).
(R)-4,4,4trichloro -3-hydroxy-N-methoxy-N-methylbutanamide (71a)

A dry, 2-neck rounebottom flask was charged with&{Cl under argon using an oven

dried gagtight syringe (10.0 mL, 79.8 mmol) and diluted with GEl; (80 mL). ThenN,O-
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dimethylhydroxylamine hydrochlorid@.79 g, 79.8 mmol) was added portionwise over a 15 min
period under argon at®C (oneportion was added at the outset, then every 5 minukes)
mixture was warmed to room temperature, and stirred for 1 hour. Then a solUfR)Maf(7.56
g, 39.9 mmol) in DCM (40 mL) was added dropwise via syringe over 10 mifCatThe
reaction was warmed to room temperature, and stirred for 12 hotes.12fhours, the mixture
was cooled to 6C, and a saturated aqueous solution ofGIH250 mL) wasslowlyaddedThe
reaction mixture was diluted with DCM, filtered through a pad of Celite, and then the@sdite
thoroughly washed with DCM. The aquedager was extracted with DCM (5 x 25 mO)he
combined organic layers were washwith brine (30 mL), dried (N&QOy), and concentrated.
The residue was purified by silica gglromatograph (hexaneEtOAc, 1:1) to giver1la(9.83

g, 39.2 mmol,98%) asa whie solid; mp 4647 A C . Py[+ @1]4(c 1.0, CHCL,). IR (KBr):

3399, 2975, 2941, 1644, 1105, 988 *. '"H NMR (360 Hz, CDCJ) : 4i¥4(dJ=4.2Hz, 1

H), 4.65(ddd, J = 2.4, 4.6, 9.3 Hz, 1 H), 3.73,@& H), 3.22 (s, 3 H), 3.12 (dd= 1.5, 16.4 Hz, 1
H), 2.94 (ddJ = 9.3, 16.4 Hz, 1 H)**C NMR (125 MHz, CDGJ) : 1@1.2=102.4, 79.3, 61.4,
34.1, 32.1MS (El): m/z =249.0[M] +. HRMS (El): m/z [M] calcd foiCgH10ClsNOs: 248.9726;
found: 248.9731.

(R)-7,7, Ftrichloro -6-hydroxyhept-1-en-4-one(72a)

A dry, 2-neck rounebottom flask was charged with Weinreb amrd& (1.25 g, 5 mmol)
and diluted with THF (10 mL). The mixture was cooled 16 °C, and isopropylmagnesium
chloride (1.97 M in THF, 2.48 mL, 4.9 mmol) was added dropwissywiage. The mixture was
stirred for 1 h, then allylmagnesium chloride (2.25 M in THF, 2.78 mL, 6.25 mmol) was added,
and the mixture was stirred for another 3.5e1 15°C reaction was quenched apidly

transferring it through a @ 1 M aqeous HClsolution (50 mL) via cannuld@he aqueous igr
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was extracted with EtOAc (7 X6ImL). The @mbined organic layers were dried ¢8&), and
concentratedThe residue was purified by silica ggiromatograpi (hexanesEt,O, 5:1) to give
72a(1.00 g,4.32 mmol 86%) asa clear colorless oi[. 85} + 42.3(c 1.06, CH,CL,). IR (KBr):
3432, 2984, 2924, 1717, 1638, 1698 . 'H NMR (500MHz, CDCE) : 5197 588 (m,1 H),
5.26'5.17 (m, 2 H), 4.67 (ddd = 2.1, 4.6, 9.1 Hz, 1 H), 3.63.56 (m, 1 H), 3.9/ 3.26 (m 2

H), 3.143.09 (m, 1 H), 2.96 (ddl= 9.1, 17.4 Hz, 1 H}*C NMR (125 MHz, CDGJ) : U =
205.5, 129.4, 119.8, 102.4, 78.7, 48.4, 4M8 (El):m/z =230.0[M] +. HRMS (El): m/z [M]
calcd forC;HyCl30,: 229.9668; found: 229.9663.

(R)-6,6,6trichloro -5-hydroxyhex-1-en-3-one (72b)

A dry, 2-neck rounebottom flask was charged with Weinreb amrd& (207 mg, 0.827
mmol) and diluted with THF (1.65 mL). The mixture was cooletlt6°C, and isopropyl
magnesium chloride (2.13 M in THF, 0.372 nfL793 mmol) was added dropwise via syringe.
The mixture was stirred for 1 h, then vinylmagnesium chloride (1.15 M in THF, 0.898 mL, 1.03
mmol) was added, and the mixture was stirred for anotheTdi.15 °C reaction was
quenched byapidly transferringt through a ®C 1 M aqeous HCI solution (50 mL) via
cannulaThe aqueous leer was extracted with EtOAc (7 % InL). The @mbined organic layers
were dried (Ng&SQy), and concentratedhe residue was purified by silica gdlromatograph
(hexanesEtOAC, 9:1) to give72b (89.8 mg,0.413 mmol50%) asa clear colorless oitH NMR
(500MHz, CDCE) : 642 (ed,J=10.4, 17.6 Hz] H),6.32 (d,J=17.6 Hz, 1 H), 5.97 (d =
10.4 Hz, 1 H), 4.73 (ddl= 2.0, 9.0 Hz, 1 H), 3.80 (hr& H), 3.26 (dd,J) = 2.0, 17.4 Hz, 1 H),
3.12 (dd,J=9.0, 17.4 Hz, 1 H)*C NMR (125 MHz, CDCJ) : 167.37136.3, 130.0, 102.5,

78.7,41.5
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(2R,4R)-1,1,Xtrichlorohept -6-ene2,4-diol (73a)

Adry, 2neckrouncb ot t om f | as k vhadsoxyketorse2ay3b@mgwti5t h b
mmol), freshly distilled THF (15.2 mL), and anhydrous MeOH (3 mL). Diethylmethoxyborane
(238 ¢L, 1.81 mmol) was added dropwise Vvia
room temperature under argon. Then, the mixture was cool&@®f&, and sodium borohydride
(80.1 mg, 2.12 mmol) was added. The mixture was stirred&ftC for 16 h then quenchediat
78°C by dropwise addition of 30% aqueougd(0.9 mL). The mixture was warmed slowly to
room temperature then THF and MeOH were removeéuretiuced pressure. The residue was
dissolved in water (5 mL) and extracted with EtOAc (5 x 10 mibe @mbined organic layers
were dried (NgSQ,), and concentrate@he crude product was evaluated'ByNMR
spectroscopy to establish dy(i/ant) = 95:5and then purified by silica gehromatograpi
(hexanesEtOAC, 8:2) to giver3a (319 mg,1.37 mmol 90%) asa white solid; mp 3435 °C.

[ G} 3.6(c1.00, CH:Cly). IR (KBr): 3398, 2978, 2930, 1643, 1434, 1108 *. *H NMR (500
MHz, CDCk) : 587578 (m,1 H),5.22/5.20 (m, 2 H), 5.206.16 (m 1 H), 4.334.25 (m, 2
H), 4.043.98 (m 1 H), 2.762.63 (m, 1 H), 2.402.34 (m, 1 H), 2.3@.25 (m, 2 H)*C NMR
(125 MHz, CDC}) : 183.5=119.1, 102.8, 82.7, 70.1, 42.2, 3¥S (El):m/z =232.0[M1
OH]. HRMS (EIl): m/z [M OH] calcd forC;H10Cl30: 214.9797; found: 214.9797.
(2R,49)-1,1, k- trichlorohex-5-ene2,4-diol (73c)

Adry, 2neckrouneb ot t om f | as k vhpdsoxyketorsely®80 mgwd.44 h D
mmol), freshly distilled THF (24.0 mL), andhlaydrous MeOH (4.90 mL). Diethyl
met hoxyborane (384 L, 2.92 mmol) was added
stirred 30 min at room temperature under argon. Then, the mixture was cooféf@ and

sodium borohydride (129 mg, 3.42 mmol) wadedl The mixture was stirrediat8 °C for 12 h
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then quenched &8 °C by dropwise addition of 30% aqueougd(1.20 mL). The mixture

was warmed slowly to room temperature then THF and MeOH were removed under reduced
pressure. The residue was dissolved in water (5 mL) and extracted with EtOAc (5 x Thel).
combined organic layers were dried ¢S&)y), and concetnated.The crude product was
evaluated byH NMR spectroscopy to establish gy/ant) = 96:4 and then purified by silica
gel chromatograph (hexaneSEtOAC, 8:2) to giver3c(473 mg,2.03 mmol,83%) asa white
solid.'H NMR (500MHz, CDCE) : 5®7 587 (m,1 H),5.385.30 (m, 1 H), 5.245.17 (m 1
H), 4.51 4.42 (m, 1 H), 4.334.24 (m 1 H), 4.04 (brs, 1 H), 2.59 (brs, 1 H), 2.30 (dd, 2.0,
4.0,14.1 Hz, 1 H), 1.94 (ddd= 8.9, 9.9, 18.8 Hz, 1 H}*C NMR (125 MHz, CDGJ) : U =
139.4, 116.1, 102,82.0, 71.9, 37.8

(2R,49)-1,1, L trichlorohept-6-ene 2,4-diol (73b)

A dry, 2-neck rounebottom flask was charged with tetramethylammonium triacetoxybor
ohydride (3.64 g, 13.8 mmol), anhydrous acetonitrile (8.0 mL), and anhydrous acetic acid (8.0
mL).Themixture was stirred at room temperature for 1 h. Theumaxivas then cooled i@l5
°C, and a solution db-hydroxyketone73a (385 mg, 1.73 mmol) in anhydrous acetonitriles(2
mL) was added slowly via symge. The mixture was stirred 45 °C for 48h. The reaction was
guenched witl®.5 N aqueous sodium potassium tart(@emL)and warmed slowly to room
temperatureThe mixture was diluted with dichloromethane (20 mL) and the layers were
separatedThe organic phase was then washed with a saturatdtbeadfilaqueous sodium
bicarbonate. The aqueous phase was bat&cetzd with dichloromethane (5 x bfL), and the
combined organic layers were washed with a saturated solution of aqueous sodium bicarbonate
until pH >7.The @mbined organic layers were édi (NaSQO;,), and concentratedhe crude

product was evaluated Byl NMR spectroscopy to establish @ngi/syr) = 89:11 and then
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purified by silica gethromatograpi (hexanesEtOAc, 8:2) to giver3b (323 mg,1.38 mmol,
83%) asa white solid; mp 119120°C.[ 0 + 36.2(c 1.00, MeOH). IR (KBr): 3384, 3171,
2972, 2932, 1644, 1440, 1042m'*. *H NMR (500MHz, acetoneds) : 5194 585 (m,1 H),
5.57 (ddJ = 0.9, 6.6 Hz, 1 H), 5.15.01 (m 2 H), 4.40 (dddJ = 1.6, 6.6, 10.1 Hz, 1 H), 4.00
3.93 (m 1 H), 3.87 (dJ=5.8 Hz, 1 H), 2.362.25 (m, 2 H), 2.041.99 (m, 1 H), 1.701.72 (m, 1
H). °C NMR (125 MHz acetoneds) : 186.27117.2, 106.2, 80.6, 67.8, 43.6, 3M$ (El):
m/z =232.0[M] +. HRMS (El): m/z [M] calcd foiC;H1,Cl50,: 231.9825; foud: 231.9829.
Nonselective preparation ofsyn and anti-diols 73a and 73b

Adry, 2neckrounecb ot t om f | as k vhpdsoxyketorsei2a430 g, W8.6t h b
mmol) and anhydrous methanol (62 mL). The mixture was cooledGodnd sodium boro
hydride (1.05 g, 27.9 mmol) was added. The mixture was warmed to room temperature and
stirred under argon for 30 min. The solution was cooled’®, @nd quenched with a saturated
solution of aqueous NaHG@100 mL). After stirring forlO min, methanol was removed under
reduced pressure. The aqueous phase was extracted with EtOAc (5 x Fheniombined
organic layers were dried (B0,), and concentrate@he crude product was evaluated'bly
NMR spectroscopy to establish diy(/ant) = 55:45 and then purified by silica gel
chromatograpy (hexanesEtOACc, 8:2) to giver2a(2.19 g 9.38 mmo) and73b (1.79 g 7.67
mmol) in a 92% combined yield.
General Procedure for the Preparation ofsyn and anti-1,3 Phenyl Derived Olefins 74a and
74

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was
charged with the terminal olefin (50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14

mL). Acetic acid (12.3 €L, 0.214 rooehdp?d® styre
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generation catalyst (1.34 mg, 2.14 e€mol ) were
45°C oil bath under a blanket of argon for 5 hours. Grttdbgeyda 2 generation catalyst
(2.14 emol, 1.34 mg) was thedathlgstiwaspresentyinthieour unt
reaction mixture. After 5 hours, the reaction mixture was cooled to room temperature, and the
volatiles were removed under reduced pressure. The crude material was purified by silica gel
chromatograpy using toluene to renve stilbene then toluenEtOAc 9:1 to afford the
corresponding phenyl derived olefin.

(2R,4R,E)-1,1,Xtrichloro -7-phenylhept6-ene-2,4-diol (74a)

The indicated compound was obtained as a light brown solid in 89% yield (5900184

mmol); mp 72 73.[ B+ 6.2(c 1.0, CHCI,). IR (KBr): 3364, 3027, 2927, 1495, 1110, 969
cm *.*H NMR (500MHz, CDCE) : 7iB9 736 (m, 2H), 7.34/7.30 (m, 2 H), 7.267.22 (m, 1

H), 6.52 (dJ = 15.8 Hz, 1 H), 6.22 (ddd = 7.0, 7.7, 16.0 Hz, 1 H), 4.33 (d}= 2.1, 10.0Hz, 1

H), 4.24 (brs, 1 H), 4.1%.05 (m, 1 H), 2.71 (brs, 1 H), 2158649 (m, 1 H), 2.482.41 (m, 1 H),
2.36'2.30 (m, 1 H), 1.981.85 (m, 1 H)*C NMR (125 MHz, CDGJ) : 186.9=134.1, 128.6,
127.6, 126.2, 124.7, 102.8, 82.7, 70.5, 41.4,.302 (El): m/z =308.0[M] +. HRMS (El): m/z

[M] calcd for Cy13H15Cl30,: 308.0138; found: 308.0134.

(2R,4S,E)-1,1, Xtrichloro -7-phenylhept-6-ene-2,4-diol (74l)

The indicated compound was obtained as a light brown solid in 91% yield (6004188

mmol); mp 161162°C.[ 0, + 23.0(c 1.0, MeOH. IR (KBr): 3378, 3086, 3061, 2920, 2871,
1604, 1496, 1081, 1030n'*. 'H NMR (500MHz, acetoneds) : 7145 7=38 (m, 2H), 7.34i

7.27 (m, 2 H), 7.267.18 (m, 1 H), 6.52 (dl = 15.9 Hz, 1 H), 6.446.34 (m 1 H), 5.61 (d,J =

5.8 Hz, 1 H), 4.484.41 (m, 1 H), 4.143.99 (m, 2 H), 2.48 (1] = 6.4 Hz, 2 H), 2.162.08 (m, 1

H), 1.88 1.81 (m, 1 H)!°C NMR (125 MHz,acetoneds) : 138.7,429.4, 127.9, 126.9, 106.2,

131



80.7, 68.2, 42.9, 40.MS (El): m/z =308.0[M] +. HRMS (EI): m/z[M] calcd for C13H15Clz0x:

308.0138; found: 308.0143.

General Procedure for the Preparation ofsyn and anti-1,3 Butyl Derived Olefins 74b and

74m

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was charged

with the terminablefin (50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14 mL).

Salicylic acid (29.6 mg, 0.214 mmoljile x ene (268 e L, 2-Hdveyda®mol ), a
generation catalyst (1.34 mg, 2.14 egmol) were
45 °C oil bath under a blanket of argon for 10 hours. Gritirseyda 2° generation catalyst

(2.14 emol, 1.34 mg) was added every hour unt
reaction mixture. After 10 hours, the reaction mixture was cooled to temerature, and the

volatiles were removed under reduced pressure. The crude material was purified by silica gel
chromatograpy (hexanesEtOAc 9:1) to afford the corresponding butyl derived olefin.
(2R,4R,E)-1,1, k- trichloroundec-6-ene2,4-diol (74b)

Theindicated compound was obtained as an inseparable mixtddoaind 74bbin a 7:1 ratio

and 93% total yield (57.5 m@.199 mmdl. *H NMR (500MHz, CDCl) : 56 553 (m, 1

H), 5.475.33 (m, 1 H), 4.41 (brs, 1 H), 4.30 (dd= 2.1, 10.0 Hz, 1 H), 4.08.90 (m, 1 H),

2.58 (brs, 1 H), 2.32.25 (m, 2 H), 2.2682.17 (m, 1 H), 2.002.00 (m, 2 H), 1.841.75 (m, 1 H),

1.381.26 (m, 4 H), 0.89 (1] = 7.1 Hz, 1 H)*C NMR (125 MHz,CDCL): (major)ti  136.0,

124.3,102.9, 82.7, 70.4, 41.1, 37.3, 32.3, 31.5, 22.2, 13.9. (miindi4.7, 123.6, 102.9, 82.8,

70.9, 35.7,31.7, 27.2, 22.3, 13.9.
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(2R,4S,E)-1,1, X trichloroundec-6-ene-2,4-diol (74m)

The indicated compound was obtained as an inseparabigrenof74m and 74mmin a 7:1
ratio and 92% total yield (56.9 mg.196 mma). ‘*H NMR (500MHz, CDCl;) : 5165 555
(m, 1H), 5.45/5.35 (m, 1 H), 4.454.37 (m, 1 H), 4.083.94 (m 1 H), 3.35 (d,J = 4.1 Hz,1 H),
2.41 2.45 (m, 1 H), 2.262.15 (m, 1 H), 214 2.00 (m, 3 H), 1.971.90 (m, 1 H), 1.87 (ddd,=
2.6, 9.9, 14.1 Hz, 1 H), 1.40.27 (m, 4 H), 0.89 (1] = 7.1 Hz, 1 H)!*C NMR (125 MHz,
acetoneds): (major)t  133.8, 127.3, 106.3, 80.7, 68.2, 42.4, 39.8, 33.0, 32.4, 22.8, 14.2.

(minor)i  132.5,126.5, 106.3, 80.7, 68.3, 39.9, 37.0, 32.6, 23.0, 14.3.

General Procedure for the Preparation ofsyn and anti-1,3 Benzyl Ether Derived Olefins

74c and 74n

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was charged

with the terminal olefin (50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14 mL).
Salicylic acid (29.6 mg, 0.214 mmol ), allyl b
Hoveyda®®gener ati on catalyst (2.68 mg, xtre®@a8 ¢ mol )
heated in a 48C oil bath under a blanket of argon for 8 hours. Grelbgeyda 2 generation
catalyst (4.28 e€mol, 2.68 mg) was added at 2
present in the reaction mixture. After 8 hours, the reachixture was cooled to room

temperature, and the volatiles were removed under reduced pressure. The crude material was
purified by silica gethromatograpi (hexaneSEtOAc 4:1) to afford the corresponding benzyl

ether derived olefin.
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(2R,4R,E)-8-(benzyloxy)-1,1, L trichlorooct -6-ene-2,4-diol (74c)

The indicated compound was obtained as an inseparable mixt4earid its corresponding-
isomer in a 10:1 ratio and 93% total yield (70.3 499 mmal. *H NMR (500MHz, CDCl):

U 7:397.30 (m, 5H), 5.80i 5.71 (m, 1 H), 5.7i/5.72 (m, 2 H), 4.52 (£ H), 4.34 (brs, 1 H),

4.28 (d,J= 9.2 Hz, 1 H), 4.084.00 (m, 2 H), 4.003.95 (m, 1 H), 2.80 (brs, 1 H), 23828 (m,

2 H), 2.282.24 (m, 1 H), 1.83 (dt] = 9.8, 19.5 Hz, 1 H):*C NMR (125 MHz,CDCl): (major)

a 138.1, 130.6, 128.8, 128.4, 127.8, 127.7, 102.9, 82.6, 72.3, 70.4, 70.3, 40.7, 37.22.(minor)

=137.6, 129.4, 129.3, 128.5, 128.0, 127.9, 102.9, 82.6, 72.7, 70.0, 65.2, 37.6, 35.9.

(2R,4S,E)-8-(benzyloxy)1,1,Xtrichlorooct -6-ene-2,4-diol (74n)

The indicated compound was obtained as a white solid in 84% yield (63.18§ mmal; mp
89190°C.[ B,}+ 26.0(c1.1,CHsCN). IR (KBr): 3384, 3136, 2970, 2930, 2851, 1441, 1369,
1106, 1084, 1038m'*. *"H NMR (500MHz, CD:CN) : 7i#0 7=31 (m, 4H), 7.31 7.26 (m, 1
H), 5.805.71 (m, 1 H), 5.7115.63 (m, 1 H), 4.47 (2 H), 4.45 (dJ = 6.4 Hz, 1 H), 4.27 (ddd,

= 1.6, 6.4, 10.0 Hz, 1 H), 4.02.95 (m, 2 H), 3.888.80 (m, 1 H), 2.97 (d1= 5.7 Hz, 1 H), 2.27
(dd,J=0.7, 6.8 Hz, 2 H), 2.02.95 fm, 1 H), 1.71 (ddd) = 2.2, 10.1, 13.8 Hz, 1 H°*C NMR
(125 MHz,acetoneds) : 189.97130.8, 130.2, 129.0, 128.4, 128.1, 106.2, 80.7, 72.2, 71.2,
68.0, 42.1, 40.0MS (EIl): m/z =352.0[M] +. HRMS (EI): m/z [M] calcd forC;5H14Cl305:
352.0400; found352.0404.

General Procedure for the Preparation ofsyn and anti-1,3 Tri-substituted Benzyl Ether
Derived Olefins 74d and 740

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was charged

with the terminal olefin (50.0 mg, 0.2Inmol) and anhydrous dichloromethane (2.14 mi). 2
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methylallyl benzyl ethe¥4r (348 mg, 2.14 mmol), and Grubbveyda 2° generation catalyst

(1.34 mg, 2.14 emol) were added,Cailbahundera r eac
blanket of argn for 8 hours. Grubbbsloveyda?°gener ati on catalyst (1. 34
added every hour until 8 mol% of the catalyst was present in the reaction mixture. After 8 hours,

the reaction mixture was cooled to room temperature, and the volatiles weredeamder

reduced pressure. The crude material was purified by siliczhgaihatograpy (hexanesEtOAc

4:1) to afford the corresponding-substituted benzyl ether derived olefin.

(2R,4R,E)-8-(benzyloxy)1,1,Xtrichloro -7-methyloct-6-ene-2,4-diol (74d)

The indicated compound was obtained as a clear colorless oil in 83% yield (64
mmol). [ Bz +3.2(c 1.0, CHCL,). IR (KBr): 3387, 3031, 2925, 2857, 1653, 1453, 1082, 1069
cm' . 'H NMR (500MHz, CDCE) : 7M#1i 729 (m, 5H), 5.53 5.46 (m, 1H), 4.57 4.50 (m, 1
H), 4.48 (s, 2 H), 4.26 (d,= 10.0 Hz, 1 H), 4.008.95 (m, 1 H), 3.94 (s, 2 H), 2.94 (brs, 1 H),
2.382.28 (m, 2 H), 2.2i72.23 (m, 1 H), 1.8i71.79 (m, 1 H), 1.71 (s, 3 H)*C NMR (125 MHz,
CDCl) : 188.27136.2, 128.4,127.7, 187122.3, 102.9, 82.7, 75.8, 72.0, 70.8, 37.2, 36.1,
14.3 MS (El): m/z =366.0[M] +. HRMS (EI): m/z [M] calcd forC1gH»:ClsOs: 366.0556; found:
366.0550.

(2R,4S,E)-8-(benzyloxy)1,1,Xtrichloro -7-methyloct-6-ene-2,4-diol (740)

The indicated compound wabtained as a white solid in 80% yield (63.0,8d.71 mmal; mp
102 103°C.[ 0 + 21.8(c 1.0, CHCl,). IR (KBr): 3376, 3031, 2922, 2857, 1454, 1667 .

'H NMR (500MHz, CDCE) : 743 731 (m, 5H), 5.60'5.50 (m, 1 H), 4.53 (s, 2 H), 4.46
(ddd,J=1.8, 4.7, 9.9 Hz, 1 H), 4.12.05 (m, 1 H), 3.98 (s, 2 H), 3.40 (¥ 4.7 Hz, 1 H),

2.452.31 (m, 2 H), 2.212.13 (m, 1 H), 2.04 (brs, 1 H), 1.93 (ddd: 2.6, 10.0, 14.1 Hz, 1 H),
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1.77 (s, 3 H)**C NMR (125 MHz, CDGJ) : 188.37136.4, 128.4, 1277 127.6, 122.5, 104.0,
79.9, 75.8, 72.0, 68.2, 37.9, 36.1, 1A/ (El):m/z =366.0[M] +. HRMS (El): m/z [M] calcd
for C16H21Cl303: 366.0556; found: 366.0550.

2-methylallyl benzyl ether (74r)

A dry, 2-neck rounebottom flask equipped with a reflux cagrtser and stir bar was charged
with 2-methylallyl alcohol (1.04 mL, 12.3 mmol), benzyl bromide (1.76 mL, 14.8 mmol), and
anhydrous tetrahydrofuran (25.0 mL). The reaction mixture was coole¥toadd potassium
tert-butoxide (1.66 g, 14.8 mmol) was add@&tie reaction mixture was heated in &@%il bath
under a blanket of argon for 8 hours. After 8 hours, the reaction mixture was cooled to room
temperature, then a saturated aqueous solution gENH5 mL) was slowly added. The
agueous phase was extieed with E3O (5 x 10 mL).The @mbined organic layers were dried
(N&S(Oy), and concentrated@he crude material was purified by silica gatomatograph
(hexaneBEt,O 9:1) to afford74r (1.50 g,9.25 mmol,75%) as a clear colorless oil. IR (KBr):
3066, 3031, 2974, 2916, 2853, 1654, 1453, 187. 'H NMR (500MHz, CDCE) : 7#0 =
7.28 (m, 5H), 5.06'5.01 (m, 1 H), 4.9774.93 (m, 1 H), 4.52 (s, 2 H), 3.96 (s, 2 H), 1.80 (s, 3 H).
¥C NMR (125 MHz, CDGJ) : =142.2, 138.5, 128.3, 127.6, 127.5, 112.2, 74.1, 71.8, M55
(ED): m/z =162.1[M] +. HRMS (EI): m/z [M] calcd foiCy;H;30: 161.0966; found: 161.0968.
General Procedure for the Preparation ofsyn and anti-1,3 Weinreb Acrylamide Derived
Olefins 74f and74p

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was charged
with the terminal olefin (50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14 mL).

Salicylic acid (29.6 mg, 0.214 mmoN;methoxyN-methylacrylamidé’4s(49.3 mg, 0.429

mmol), and Grubbsioveyda ?°gener ati on catalyst (2.68 mg,
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reaction mixture was heated in a%5oil bath under a blanket of argon for 8 hours. Grubbs
Hoveyda?®gener ati on catalyst (4.28 emol, 2.68 mg)
of the catalyst was present in the reaction mixture. After 8 hours, the reaction mixture was cooled
to room temperature, and the volatiles were removed under reducad @rdse crude material

was purified by silica gathromatograpy (hexanesEtOAc 2:3) to afford the corresponding

Weinreb acrylamide derived olefin.

(5R,7R,E)-8,8,8trichloro -5,7-dihydroxy -N-methoxy-N-methyloct-2-enamide (74f)

The indicated compound wastamed as a light brown solid in 88% yield (68.7,1a@14

mmol); mp 137138°C.[ 8,3+ 7.8(c 1.0, CHCL). IR (KBr): 3382, 3238, 3055, 2979, 2941,

2912, 1660, 1605, 1265, 10261 *. *H NMR (360MHz, CDCE) : 705 6:91 (m, 1H), 6.51
(d,J=15.4 Hz,1 H), 5.06 (dJ = 3.6 Hz, 1 H), 4.344.26 (m, 1 H), 4.1i74.05 (m, 1 H), 3.92

(brs, 1 H), 3.71 (s, 3 H), 3.24 (s, 3 H), 2.8%3 (m, 2 H), 2.32.20 (m, 1 H), 1.941.82 (m, 1

H). **C NMR (125 MHz, CDCJ) : 166.6=142.9, 121.8, 103.0, 82.5, 69.7, 64(88, 37.5,

32.4 MS (El):m/z =319.0[M] +. HRMS (EI): m/z [M] calcd forCyoH16Cl304: 319.0145; found:
319.0139.

(5R,7S,E)-8,8,8trichloro -5,7-dihydroxy -N-methoxy-N-methyloct-2-enamide (74p)

The indicated compound was obtained as a light brown safii%tyield (68.7 mg0.214. *H

NMR (500MHz, CDCE) : 7iD5 6:93 (m, 1H), 6.50 (d,J = 15.5 Hz, 1 H), 4.72 (brs, 1 H),

4.41 (d,J=9.9 Hz, 1 H), 4.184.10 (m, 1 H), 3.71 (s, 3 H), 3.25 (s, 3 H), 2342 (m, 2 H),

2.14 (dddJ = 1.7, 10.0, 13.8 Hz, #), 1.83 (ddd, = 2.2, 10.2, 13.8 Hz, 1 H)*C NMR (125

MHz, CDCk) : 167.07144.1,121.3,104.2, 79.4, 67.2, 61.8, 40.8, 38.7, 32.4
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N-methoxy-N-methylacrylamide (74s)

Adry, 2neckrouncdbot t om f | ask was charged with freshly

5.00 mmol) N,O-dimethoxyhydroxylamine hydrochloride (537 mg, 5.50 mmol), and anhydrous
dichloromethane (10.6 mL). The reaction mixture was cooled® and disopropylethyt

amine (1.92 mL, 11.0 mmol) was added. The reaction mixture was warmed to room temperature,
and stirred under a blanket of argon for 12 hours. The reaction was quenchedveiheous
hydrochloric acid15 mL)andthe layers were separatéiche organic layer was washed with a
saturated aqueous solution of NaH{Z@x 10 mL). The organic layer was dried (S@)), and
concentrated to afford4s(503 mg,4.37 mmol 87%) as a yellow oiH NMR (500MHz,

CDCl) : 6173 (ddJ=10.3, 17.1 Hz] H), 6.43 (ddJ = 1.9, 17.1 Hz, 1 H), 5.75 (dd= 1.9,

10.3 Hz, 1 H), 3.71 (s, 3 H), 3.26 (s, 3 H).

General Procedure for the Preparation ofsyn and anti-1,3 Methyl Ketone Derived Olefins

749 and 74q

A dry, 2-neck rounebottom flask equipped withr&flux condenser and stir bar was charged

with the terminal olefin (50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14 mL).
Methyl vinyl ketong( 35. 1 e L, 0. 4 2 9Hoveyda 2°¢yeneration catal@t (2.68b s

mg, 4.28 emol ) reaetioremixtuck vas theatechimad@otl et under a

blanket of argon for 12 hours. GrubHsveyda2’gener at i on catal yst (2.

added at 2 hour intervals until 10 mol% of the catalyst was present in the reaction mixture. After
12 haurs, the reaction mixture was cooled to room temperature, and the volatiles were removed
under reduced pressure. The crude material was purified by silicargetatograpy (hexanes

EtOAc 2:3) to afford the corresponding methyl ketone derived olefin.
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(6R,8R,E)-9,9,9trichloro -6,8-dihydroxynon-3-en-2-one (74Q)

The indicated compound was obtained as a light brown solid in 93% vyield (542189

mmol). *H NMR (360MHz, CDCE) : 6186 (et,J = 7.2, 16.0 Hz, H), 6.18 (d,J = 16.0 Hz, 1

H), 4.50 (brs, H), 4.31 (ddJ = 1.6, 9.9 Hz, 1 H), 4.12.07 (m, 1 H), 3.55 (brs, 1 H), 2155

2.41 (m, 2 H), 2.27 (s, 3 H), 2.26.20 (m, 1 H), 1.931.82 (m, 1 H)}*C NMR (125 MHz,

CDCl) : 188.77143.3, 133.6, 102.8, 82.6, 69.6, 40.5, 37.5, 27.1

(6R,8S,E)-9,9,9trichloro -6,8-dihydroxynon-3-en-2-one (749

The indicated compound was obtained as awbite solid in 86% yield (50.8 m@.184; mp

125/ 126°C. *H NMR (500MHz, CDCk) : 6184 (ét,J = 7.4, 15.9 Hz, H), 6.20 (d,J = 15.9

Hz, 1 H), 4.42 (ddd) = 1.9, 4.6, 10.0 Hz, 1 H), 4.22.13 (m, 1 H), 3.383.32 (m, 1 H), 2.55

2.43 (m, 2 H), 2.27 (s, 3 H), 22311 (m, 2 H), 1.89 (ddd,= 2.6, 10.0, 14.1 Hz, 1 H)’C

NMR (125 MHz, CDCY) : 188.47143.1, 133.8, 103.8, 79.7, 67.2, 40.7, 38.2, 27.3
(5R,7R,E)-8,8,8trichlorooct -2-ene 1,5, %triol (74e)

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was charged
with thesyn1,3 diol 73a(50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14 mL).
Allyl alcohol ( 1 4 6  &4lmmol) &hd Grubbsloveyda 2° generation catalyst (2.68 mg, 4.28
emol) were added, and t he °Cdlhbathtunderablankexof ur e wa
argon for 20 hours. Grublidoveyda2’gener ati on catalyst (2.68 mg,
everytwo hours until 10 mol% of the catalyst was present in the reaction mixture. After 20
hours, the reaction mixture was cooled to room temperature, and the volatiles were removed
under reduced pressure. The crude material was purified by silicargetatgraply (hexanes
EtOAc 1:1) to afford74e(26.5 mg,0.101 mmol47%) as a light brown oitH NMR (360MHz,

CDCly) : 5184567 (m, 2H), 4.81 (brs, 1 H), 4.30 (d,= 9.9 Hz, 1 H), 4.13 (dJ = 4.6 Hz, 2
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H), 4.053.96 (m, 1 H), 3.51 (brs, 1 H), 213821 (m, 3 H), 1.801.79.2°C NMR (125 MHz,

CDCl): 0 133.1, 127.4,102.9, 82.6, 70.3, 63.2, 40.6, 37.3.

(2R,4R,E)-1,1, X trichloro -7-methyldec6-ene 2,4-diol (74i)

A dry, 2-neck rounebottom flask equippeditih a reflux condenser and stir bar was charged

with thesyn1,3 diol 73a(50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14 mL). 2
methytl-pentend 6 6 2 €L, 5. 36 -HAovaydaP’generatich caBatyst (1.B4smg,
2.14 emol ) whereaction thigtewelwas heated in a8°@%il bath under a blanket

of argon for 10 hours. Grubltdoveyda 2’gener ati on catal yst (1.34 mg
every hour until 10 mol% of the catalyst was present in the reaction mixture. After 10theurs,
reaction mixture was cooled to room temperature, and the volatiles were removed under reduced
pressure. The crude material was purified by silicalygdmatograpy (hexanesEtOAc 4:1) to

afford an inseparable mixture 8#i and74ii in a 6:1 ratio an®1% total yield (56.5 md.195

mmol). *H NMR (500MHz, CDCl) : 5i21i5:10 (m, 1H), 4.51 4.41 (m, 1 H), 4.344.26 (m,

1 H), 4.013.90 (m 1 H), 2.52 (brs, 1 H), 2.38.20 (m, 3 H), 2.061.97 (m, 2 H), 1.881.76 (m,

1 H), 1.64 (s, 3 H), 1.49..37 (m, 2H), 0.87 (t,J = 7.3 Hz, 3 H)!*C NMR (125 MHz,CDCl):

(major)ii 140.4, 118.4, 102.9, 82.8, 71.2, 41.9, 37.3, 36.5, 20.9, 16.2, 13.7. (thind4)0.7,

119.1, 102.9, 82.8, 71.2, 36.4, 34.0, 23.6, 21.1, 14.0.

(5R,7R,E)-8,8,8trichloro -2-methyloct-2-ene 1,5, #triol (74j)

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was charged

with thesyn1,3 diol 73a(50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14 mL). 2
methylallyl alcohol 1 8 Q 2.1t mmol), and Grubkdoveyda 2° generation catalyst (1.34 mg,
2.14 emol) were added, and t°Qalbatheiadert blamket mi x t u

of argon for 12 hours. Grubltdoveyda 2?gener ati on catal yst (1.34 mg
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every hour until 10 mol% of the catalyst was present in the reaction mixture. After 12 hours, the
reaction mixture was cooled to room temperature, and the volatiles were removed under reduced
pressure. The crude material was purified by silicalggdmatogaphy (hexanesEtOAc 1:1) to

afford 74j (48.2 mg,0.174 mmol81%) as a light brown oiftH NMR (500MHz, CDCE) : a =
5.52'5.46 (m, 1H), 4.65 (brs, 1 H), 4.321.28 (m, 1 H), 4.04 (s, 2 H), 403.97 (m, 1 H), 3.24

(brs, 1 H), 2.382.28 (m, 2 H), 2.28.23(m, 1 H), 1.901.82 (m, 1 H), 1.70 (s, 3 H>C NMR

(125 MHz, CDC}) : 188.67120.2,102.9, 82.7, 70.9, 68.4, 37.4, 36.1, 14.1.
(2R,4R,E)-1,1, k- trichloro -7-(phenylsulfonyl)hept-6-ene-2,4-diol (74k)

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was charged

with thesyn1,3 diol73a(50.0 mg, 0.214 mmol) and anhydrous dichloromethane (2.14 mL).
Phenyl vinyl sulfon€72.1 mg, 0.429 mmol), and Grubb®veyda 2° generatio catalyst (1.34

mg, 2.14 emol) were added, andColltahundega@act i on m
blanket of argon for 24 hours. GrubHsveyda2°gener at i on catal yst (2. 6°¢
added every hour until 10 mol% of the catalyst was@nt in the reaction mixture. After 24

hours, the reaction mixture was cooled to room temperature, and the volatiles were removed
under reduced pressure. The crude material was purified by silicargetatograpy (hexanes

EtOAc 3:2) to afford74k (62.5mg,0.167 mmol,78%) as a light brown oitH NMR (360MHz,

CDCl) : 788 (¢,J=7.5Hz, 2H), 7.62 (t,J=7.3 Hz 1 H), 7.54 () = 7.7 Hz 2 H), 7.11

6.99 (M, 1 H), 6.47 (dl = 15.1 Hz, 1 H), 4.29 (dl = 10.0 Hz, 1 H), 4.084.02 (m, 1 H), 3.37

(brs 1 H), 2.532.45 (m, 2 H), 2.242.15 (m, 1 H), 1.911.78 (m, 1 H), 1.72 (brs, 1 HyYC

NMR (125 MHz, CDC}) : 142.57140.2, 133.5, 133.0, 129.3, 127.6, 102.7, 82.4, 69.1, 39.3,

37.4.
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General Procedure for the Preparation of Functionalized Tetraols 7575ha and 75ja

75ma.

A dry roundbottom flask equipped with a stir bar was charged wiRe{CN} (98.8 mg, 300

emol O ( K1. 5 mg, 30BHAMO( 15. 6 DH@®) .NA,@5tmgo | ) , Me
100 e mol )y(@A%wtnnH,OBE. B ¢ L, 5 emol ). The mixture w
mixture oftBUOHI H,O (1 mL), and stirred at room temperature until the mixture was

completely homogeneous. Then, the reaction mixture was coole¥Ciaa@d the corresponding

ol efin (100 & onepoltionvhesmixare was digorously stirred 8€Gor 12

24 hours. After complete consumption of thetgstgrmaterial as indicated by TLC, the reaction

was quenched at® by addition of sodium sulfite (150 m#).19 mmo), then warmed to room

tempeature and stirred for 30 minutes. The aqueous phase was extracted with EtOAc (5 x 3

mL), and the combined organic layers were washed with saturated aqu&ss(&x 1 mL).

The @mbined organic layers were dried ¢(S&y), and concentrated.

(1S,2S,4R,6R)-7,7, Ftrichloro -1-phenylheptanel,2,4,6tetraol (75ba)

The crude product was evaluated'ByNMR spectroscopy to establish the @5lfa75bb) =

95:5 and then purified by silica gel chromatography (hex&t€Ac 3:2) to afford the indicated

compound as aotorless clear oil in 95% total yield (32.6 rf.9 umo).[ G} + 9.4(c 1.0,

CH.CL). IR (KBr): 3375, 2921, 1642, 1453, 1428, 1k2 . *"H NMR (360MHz, CDCk) : U
7.457.27 (m, 5H), 4.84 (brs, 1 H), 4.48 (brg H), 4.45 (d)=7.0, 1 H), 4.23 (d1=9.8 Hz, 1

H), 4.154.05 (m, 1 H), 4.043.94 (m, 1 H), 3.92 (brs, 1 H), 3.21 (brs, 1 H), 2201 (m, 1 H),
1.851.74 (m, 1 H), 1.711.60 (m 1 H), 1.481.35 (m, 1 H)}*C NMR (125 MHz, CDG)) : U =
140.4, 128.7, 128.4, 126.9, 102.7, 82.5, 78.0, 7.4, B9.0, 38.1IMS (El): m/z =342.0[M] +.

HRMS (EI): m/z [M H,Q] calcd forC;3H;15Cl303: 324.0087; found: 324.0097.
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(2R,4R,6S,795)-1,1,xtrichloroundecane-2,4,6, #tetraol (75ca)

The crude product was evaluated'ByNMR spectroscopy to establish the @5¢a75ch) =
88:12 and then purified by silica gel chromatography (hex&t€Ac 3:2) to afford the
indicated compound as a white solid in 85% total yield (26.58h¢ umo); mp 73 74°C

[ 87 5.2(c 1.0, CHCL,). IR (KBr): 3360, 2956, 2931, 2871, 2860, 1661, 1455, 1110, 1081
cm'*. 'H NMR (500MHz, CD;CN) : 4188 (brs,1H), 4.27 (d,J = 9.6 Hz, 1 H), 4.224.05 (m

2 H), 3.663.56 (m, 1 H), 3.42 (brd H), 3.363.25 (m, 1 H), 2.84 (brs, 1 H), 2.18 (ddds 2.0,
4.4,14.1 Hz, 1 H), 1.80..66 (M, 2 H), 1.681.54 (m, 1 H), 1.5{11.40 (m, 2 H), 1.361.25 (m, 4
H), 0.91 (tJ = 6.3 Hz, 3 H)}*C NMR (125 MHz, CDCJ) : 102.8-82.6, 74.8, 74.6, 70.9,
40.2, 38.3, 33.2, 27.8, 22.7, 14M0S (EI):m/z =322.1[M] +. HRMS (EI): m/z [Mi H,0i CCly]
calcd forCypH1403: 187.1334; found: 187.1340.
(2S,3S,5R,7R)-1-(benzyloxy)-8,8,8trichlorooctane-2,3,5, #tetraol (75da)

The crude product was evaluated'BlyNMR spectroscopy to establish the @5da75db) =
87:13 and then purifieldy silica gel chromatography (hexahE$OAc 3:2) to afford the
indicated compound as a clear colorless oil in 84% total yield (32.84ntyumo). [ G5+ 9.2
(c 1.0, MeOH). IR (KBr): 3355, 2922, 2864, 1453, 1314, 1105, 16&i*. '"H NMR (500MHz,
CDCly):  .3857.23 (m, 5H), 5.80 (brs, 1 H), 4.65 (br& H), 4.56 (d,) = 12.1 Hz, 1 H), 4.53
(d, J=12.1 Hz, 1 H), 4.32 (dd,= 2.0, 9.7 Hz, 1 H), 4.4%..19 (m, 1 H), 4.05 (brs, 1 H), 3196
3.92 (m, 1 H), 3.713.66 (m, 1 H), 3.64 (dd= 5.0, 9.7 Hz, 1 §j 3.55 (dd,J = 6.1, 9.7 Hz, 1 H),
2.23 (dddJ=2.0, 5.1, 14.0 Hz, 1 H), 1.88.80 (m, 2 H), 1.78L.70 (m, 1 H)}*C NMR (125
MHz, CDCk) : 189.7=129.1, 128.4, 128.2, 105.2, 82.1, 73.7, 73.5, 72.8, 72.0, 70.0, 40.4,
39.9.MS (El): m/z =386.1[M] +. HRMS (EI): m/z [M H,Oi CCl3] calcd forC,4H1904:

251.1283; found: 251.1274.
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(2S,3S,5R,7R)-1-(benzyloxy)-8,8,8trichloro -2-methyloctane 2,3,5, #tetraol (75ea)

The crude product was evaluated'ByNMR spectroscopy to establish the @5¢a75eb) =
88:12 andhen purified by silica gel chromatography (hexé@g®Ac 3:2) to afford the
indicated compound as a clear colorless oil in 97% total yield (39.@Tafyumo). [ G} + 5.4
(c 1.0, MeOH). IR (KBr): 3381, 2925, 2859, 1651, 1454, 1314, 1680". '"H NMR (500 MHz,
acetoneds) : 74 722 (m, 5 H), 4.57 (dl = 12.1 Hz, 1 H), 4.53 (d = 12.1 Hz, 1 H), 4.33
(dd,J=2.0, 9.7 Hz, 1 H), 4.2%.19 (m, 1 H), 3.89 (dd} = 2.4, 10.2 Hz, 1 H), 3.54 (d= 9.2
Hz, 1 H), 3.42 (dJ = 9.2 Hz, 1 H), 2.24 (ddd,= 2.0, 4.9, 13.9 Hz, 1 H), 1.89.79 (m, 2 H),
1.65 (ddd,J = 8.7, 10.2, 18.9 Hz, 1 H), 1.15 (s, 3 FAC NMR (125 MHz, CDGJ) : 189.8=
129.1, 128.4, 128.3, 105.3, 82.1, 76.5, 75.8, 74.2, 74.0, 70.8, 39.8, 38.0421H)): m/z =
400.1[M] +. HRMS (El): m/z [Mi H20O] calcd forC;6H2104Cl3: 382.0505; found: 382.0487.
(2R,4R,6S,75)-1,1, :trichloro -7-methyldecane2,4,6, #tetraol (75ga)

The crude product was evaluated'ByNMR spectroscopy to establish the @5¢a75gb) =
80:20 and then purified by siiogel chromatography (hexain&OAc 3:2) to afford an
inseparable mixture o7¥5ga 75gh, and minor impurities as a clear colorless oil in 81% total
yield (26.2 mg 81.0 umo).

(2S,3S,5R,7R)-8,8,8trichloro -2-methyloctane 1,2,3,5,7pentaol (75ha)

The crude product was evaluated'byNMR spectroscopy to establish the @5lfa75hb) =
50:50 and then purified by silica gel chromatography (hex&t€Ac 1:4) to afford the
indicated compound in 84% total yield (26.2,r8¢.1 umo).

(1S,2S,4S,6R)-7,7, *trichloro -1-phenylheptanel,2,4,6tetraol (75ja)

The crude product was evaluated'BlyNMR spectroscopy to establish the @5j@:75jb) = 94:6

and then purified by silica gel chromatography (hexaBE3Ac 3:2) to afford the indicated
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compound as a crearolored solid in 94% total yield (32.3 m@4.0 umo); mp 150 151°C.

[ G,}+29.8(c 1.0 MeOH). IR (KBr): 3410, 2966, 2920, 1644, 1119, 1085, 1648". 'H
NMR (500MHz, acetoneds) : 741 736 (m, 2H), 7.3417.28 (m, 2 H), 7.25 (ttJ= 1.4, 6.5
Hz, 1 H),5.56 (brs, 1 H), 4.47 (d = 6.7 Hz, 1 H), 4.37 (ddl= 1.6, 10.0 Hz, 1 H), 4.22.16
(m, 1 H), 3.98 (dddJ = 2.6, 6.7, 9.6 Hz, 1 H), 3.97 (brs, 1 H), 2.86 (brs, 1 H), 2.10 (tdd,.6,
10.3, 13.7 Hz, 1 H), 1.66 (ddd= 2.3, 100, 13.7 Hz, 1 H), 1.52 (ddd= 3.0, 10.0, 14.0 Hz, 1
H), 1.43 (ddd, = 2.6, 9.2, 14.0 Hz, 1 H}°C NMR (125 MHz,acetoneds) : 143.67128.8,
128.1, 128.0, 106.2, 80.7, 78.5, 73.6, 65.4, 41.5, MD(EI): m/z =342.0[M] +. HRMS (EI):
m/z [Mi H,Q] calcd forC;3H;5Cl303: 324.0087; found: 324.0078.

(2R,4S,6S,7S)-1,1, ktrichloroundecane-2,4,6, #tetraol (75ka)

The crude product was evaluated'BlyNMR spectroscopy to establish the @5Ka:75kb) =
87:13 and then purified by silica gel chromatography (hex&t€Ac 3:2) to afford the
indicated compound asvehite solidin 84% total yield (26.2 mg81.0 pumo); mp 154 155 °C

[ G} +3.6(c1.0, MeOH. IR (KBr): 3358, 2926, 2856, 1456, 1140, 1@ *. *H NMR (500
MHz, acetoneds) : 5163 (¢,J = 6.3 Hz,1 H), 4.45 4.37 (m, 1 H), 4.244.15 (m 1 H), 4.04 (d,
J=5.9Hz, 1 H), 3.808.67 (m 2 H), 3.61 (d,) = 4.2 Hz, 1 H), 3.443.33 (m, 1 H), 2.11 (ddd,
=1.5,10.2, 13.6 Hz, 1 H), 1.73 (ddtk 2.3, 10.0, 16.0 Hz, 1 H), 1.67.62 (m, 2 H), 1.581.46
(m, 2 H), 1.481.27 (m, 4 H), 0.89 (] = 7.1 Hz, 3 H)*C NMR (125 MHz acetoneds) : U
106.3, 80.8, 75.2, 72.0, 65.7 42.1, 41.1, 33.7, 28.9, 23.5,NI&4E|): m/z =322.1[M] +.
HRMS (EI): m/z [M H,Oi CCl;] calcd forC,0H1903: 187.1334; found: 187.1338.
(2S,3S,55,7R)-1-(benzyloxy)-8,8,8tric hlorooctane-2,3,5, #tetraol (751a)

The crude product was evaluated'byNMR spectroscopy to establish the @5lg:75lb) =

86:14 and then pified by silica gel chromatography (hexanEBfOAc 3:2) to afford the
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indicated compound as a white solid in 88% total yield (34.288¢@ umo); mp 165 166°C.

[ Bz]g+ 8.6(c 1.0, MeOH). IR (KBr): 3336, 2972, 2940, 2925, 1632, 1316, 1131, 1094, 1069,
1040cm' . *H NMR (500MHz, acetoneds) : 742 725 (m, 5H), 5.57 (d,J = 6.4 Hz, 1 H),
458 (d,J=12.1 Hz, 1 H), 4.55 (d = 12.2 Hz, 1 H), 4.464.40 (m, 1 H), 4.2i74.15 (m, 1 H),
4.033.91 (m, 2 H), 3.82 (dl = 4.3 Hz, 1 H), 3.703.62 (m, 2 H), 3.60 (dl = 5.4 Hz, 1 H),
3.583.53 (m, 1 H), 2.18.11 (m, 1 H), 1.701.71 (m, 2 H), 1.67 (ddd,= 3.1, 8.9, 14.1 Hz, 1
H). °C NMR (125 MHz, CDGJ) : 189.8=129.1, 128.4, 128.2, 106.3, 80.8, 74.1, 73.8, 73.0,
6986, 65.7, 42.2, 41.MS (EI): m/z =386.1[M] +. HRMS (EI): m/z [M] calcd forCy5H21ClzOs:
386.0455; found: 386.0453.

(2S,3S,55,7R)-1-(benzyloxy)-8,8,8trichloro -2-methyloctane 2,3,5, #tetraol (75ma)

The crude product was evaluated'byNMR spectroscopy testablish the dr76ma75mb) =
86:14 and then purified by silica gel chromatography (hex&t€Ac 3:2) to afford the
indicated compound as a white solid in 96% total yield (38.696d. umo); mp 158 159°C.

[ G,}+10.0(c 1.0, MeOH). IR (KBr): 3361,2924, 1453, 1363, 1096, 1069, 1626 *. *H

NMR (500MHz, acetoneds) : 7143 721 (m, 5 H), 5.58 (d] = 6.2 Hz, 1 H), 4.57 (0 = 12.2
Hz, 1 H), 4.54 (dJ = 12.2 Hz, 1 H), 4.454.38 (m, 1 H), 4.244.17 (m, 1 H), 3.988.86 (m, 1

H), 3.62 (dJ=4.3 Hz, 1 H), 3.54 (dJ = 9.2 Hz, 1 H), 3.53 (brs, 1 H), 3.42 (t 9.2 Hz, 1 H),
2.172.10 (m, 1 H), 1.771.67 (m, 2 H), 1.621.55 (m, 1 H), 1.15 (s, 3 H}*C NMR (125 MHz,
CDClg) : 189.87129.1, 128.4,128.2,106.3, 80.9, 76.8, 74.4, 74.0, 72.6465.939.8, 21.2.
MS (El): m/z =400.1[M] +. HRMS (EI): m/z [M H,0] calcd forC,;6H21Cl30,4: 382.0505; found:

382.0513.
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General Procedure for the Preparation of Functionalized Tetraols 75bY5hb and 75jb
75mb.

A dry roundbottom flask equipped with a stir bar was charged wiRe{CN} (98.8 mg, 300

emol£Q:( K1.5 mg, 30GPHANI ()15 .(0D HWP,) N20.52my | ) ,

100 emol »@%wtnmH,OBE. B €L, 5 emol ). Thdlmi xtur e

mixture oftBUOHI H,O (1 mL), and stirred at room temperature until the mixture was

completely homogeneous. Then, the reaction mixture was cool€Ctaad the corresponding

olefin (100 emol) was added i nirredaed®CdooI2t i on .

24 hours. After complete consumption of thetgstgrmaterial as indicated by TLC, the reaction
was quenched at® by addition of sodium sulfite (150 mg), then warmed to room temperature
and stirred for 30 minutes. The aqueous phaseextracted with EtOAc (5 x 3 mL), and the
combined organic layers were washed with saturated aque@@ K3 x 1 mL).The @mbined
organic layers were dried (b80O,), and concentrated.

(1R,2R,4R,6R)-7,7, trichloro -1-phenylheptane-1,2,4,6tetraol (75bb)

The crude product was evaluated'ByNMR spectroscopy to establish the @5lfa75bb) =

6:94 and then purified by silica gel chromatography (hexa&tt€¥Ac 3:2) to afford the indicated
compound as an offhite solid in 89% total yield (30.5 m§8.8umol); mp 151 152°C[ 0}
+3.4(c 1.0, MeOH. IR (KBr): 3377, 2917, 1652, 1454, 1416, 1083, 16561". 'H NMR (500
MHz, acetoneds) : 7#1L =36 (m, 2H), 7.347.28 (m, 2 H), 7.287.22 (m, 1 H), 5.82 (brs, 1
H), 4.49 4.46 (m 1 H), 4.22 (brs, 2 H), 24i 4.18 (m 2 H), 4.003.95 (m, 1 H), 2.88 (brs, 1 H),
2.18 (dddJ=2.1, 5.1, 14.0 Hz, 1 H), 1.82 (ddbs 7.2, 9.7, 16.8 Hz, 1 H), 1.65.57 (m 1 H),

1.48 (dddJ= 2.5, 8.6, 14.0 Hz, 1 H}*C NMR (125 MHz, CDGJ) : 143.57128.8, 128.1,
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128.0, 103, 82.2, 78.4, 73.4, 67.9, 40.3, 30MS (EI): m/z =342.0[M] +. HRMS (El): m/z
[MT1H2Q] calcd forCy3H15Cl303: 324.0087; found: 324.0094.
(2R,4R,6R,7R)-1,1, - trichloroundecane-2,4,6, #tetraol (75ch)

The crude product was evaluated'ByNMR spectroscopo establish the di76ca75ch) =
13:87 and then purified by silica gel chromatography (hex&t€s\c 3:2) to afford the
indicated compounds aclear colorless oih 81% total yield (25.8ng, 78.2 umo).[ O+
38.2 € 1.0, MeOH).IR (KBr): 3337, 29542929, 2859, 1457, 1314, 10481 . *H NMR (500
MHz, acetonedg) : 592 (&,J = 3.6 Hz,1 H), 4.384.28 (m, 2 H), 4.24 (brd H), 3.813.72
(m, 2 H), 3.63 (brsl H), 3.453.36 (m, 1 H), 2.26 (ddd,= 2.0, 5.3, 14.0 Hz, 1 H), 1.91 (ddH,
=7.0,9.7, 16.8 Hz, 1 H), 1.78.65 (m, 2 H), 1.501.47 (m, 2 H), 1.451.31 (m, 4 H), 0.91 (1]
= 7.0 Hz, 3 H)!*C NMR (125 MHz, CDG)) : 104.4781.3, 74.2, 70.9, 67.1, 40.1, 39.1, 32.7,
28.0, 22.6, 13.5MS (El):m/z =322.1[M] +. HRMS (EI): m/z [MtH] calcd forC;1H22Cl304:
323.0584; found: 323.0594.

(2R,3R,5R,7R)-1-(benzyloxy)-8,8,8trich lorooctane-2,3,5, #tetraol (75db)

The crude product was evaluated'byNMR spectroscopy to establish the @5da75db) =
10:90 and then purified by silica gelromatography (hexaneSstOAc 3:2) to afford the
indicated compound as a white solid in 88% total yield (34.288¢ pmo); mp 105 106.

[ O+ 32.4(c 1.0, MeOH). IR (KBr): 3362, 2921, 1647, 1454, 1279, 1100, 1081, '*H NMR
(500MHz, acetoneds) : 7M1 720 (m, 5H), 5.87 (brs, 1 H), 4.56 (d,= 12.1 Hz, 1 H), 4.53
(d, J=12.1 Hz, 1 H), 4.354.27 (m, 2 H), 4.264.20 (m, 1 H), 4.013.93 (m, 1 H), 3.88 (brs, 1
H), 3.72 (brs, 1 H), 3.68.65 (m, 1 H), 3.64 (ddl = 4.9, 9.4 Hz, 1 H), 3.54 (dd,= 58, 9.4 Hz,
1 H), 2.24 (dddJ=2.1, 5.2, 14.1 Hz, 1 H), 1.90 (ddbs 7.1, 9.8, 16.8 Hz, 1 H), 1.82 (ddbs

3.2, 9.9, 14.1 Hz, 1 H), 1.67 (ddiiz 2.9, 8.8, 14.1 Hz, 1 HJ3C NMR (125 MHz, CDGJ) : U
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139.8, 129.1, 128.4, 128.2, 105.3, 82.2, 74.07,783.0, 69.4, 68.0, 41.1, 40MS (El): m/z =
386.1[M] +. HRMS (EIl): m/z [M] calcd forC;5H,:Cl30,4: 386. 0455; found: 386.0439.
(2R,3R,5R,7R)-1-(benzyloxy)-8,8,8trichloro -2-methyloctane-2,3,5, #tetraol (75eb)

The crude product was evaluated'ByNMR spectroscopy to establish the @6¢a75eh) =
13:87 and then purified by silica gel chromatography (hex&t€s\c 3:2) to afford the
indicated compound as a white solid in 96% total yield (38.696d umo); mp 142 143°C.

[ G} +27.2(c 1.0 MeOH). IR (KBr): 3335, 2966, 2905, 1653, 1417, 1087, 1058 1082. *H
NMR (360MHz, acetoneds) : 7189 724 (m, 5 H), 5.88 (brs, 1 H), 4.57 (b5 12.4 Hz, 1 H),
4.54 (dJ=12.4 Hz, 1 H), 4.3%4.18 (m, 3 H), 3.983.91 (m, 1 H), 3.73 (d1= 3.7 Hz, 1 H),
3.58'3.51 (m, 3 H), 3.41 (d] = 9.1 Hz, 1 H), 2.25 (ddd,= 2.0, 5.0, 14.0 Hz, 1 H), 1.90 (ddH,
=7.1,9.8,16.8 Hz, 1 H), 1.79.63 (m, 2 H), 1.14 (s, 3 H)®*C NMR (125 MHz, CDG)) : U
139.8, 129.1, 128.3, 128.2, 105.3, 82.3, 76.8, 74.4, 74.0,682,40.0, 38.7, 21.RIS (El):
m/z =400.1[M] +. HRMS (EI): m/z [M CClsi H,O] calcd forCysH2104: 265.1440; found:
265.1452.

(2R,4R,6R,7R)-1,1, L trichloro -7-methyldecane?2,4,6, #tetraol (75gb)

The crude product was evaluated'ByNMR spectroscopy testablish the dr76ga75gb) =
18:82 and then purified by silica gel chromatography (hex&t€s\c 3:2) to afford an
inseparable mixture o7¥5ga 75gh, and minor impurities as a clear colorless oil in 82% total
yield (26.5 mg 81.9 umo).

(2R,3R,5R,7R)-8,8,8trichloro -2-methyloctane1,2,3,5,7pentaol (75hb)

The crude product was evaluated'byNMR spectroscopy to establish the @5lfa75hb) =
33:67 and then purified by silica gel chromatography (hex&t€Ac 1:4) to afford the

indicated compound in 82%tal yield (25.6 mg82.2 pmoa). *H NMR (500MHz, acetoneds) :
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=5.93 (brs, 1 H), 4.31 (dd,= 1.7, 9.7 Hz, 1 H), 4.42.20 (m, 1 H), 3.92 (ddl= 3.3, 9.3 Hz, 1
H), 3.52 (dJ = 10.8 Hz, 1 H), 3.49 (dl = 10.8 Hz, 1 H), 2.25 (ddd,= 1.9, 5.1, 13.9 Hz, 1 H),
1.90 (ddd,) = 6.8, 9.7, 16.9 Hz, 1 H), 1.7Z.65 (m, 2 H), 1.09 (s, 3 H)*C NMR (125 MHz,
acetoneds) : 105.3782.2, 74.5, 72.7, 68.7, 68.2, 39.9, 38.8, 20.7.

(1R,2R,4S,6R)-7,7, *trichloro -1-phenylheptanel,2,4,6tetraol (75jb)

The crude product was evaluated'BlyNMR spectroscopy to establish the @5j@:75jb) = 9:91
and then purified by silica gel chromatography (hexaB&E3Ac 3:2) to afford the indicated
compound as a clear colorless oil in 86% total yield (29.861gumol). [ O+ 13.8(c 1.0,
MeOH). IR (KBr): 3377, 2917, 1652, 1416, 1259, 1084, 8#V". 'H NMR (500MHz, acetone
de) : 7i#2 737 (m, 2H), 7.347.29 (m, 2 H), 7.2i77.22 (m, 1 H)5.55 (brs, 1 H), 4.554.45
(m, 2 H), 4.40 (brs, 1 H), 4.3@.30 (m 2 H), 4.144.07 (m, 1 H), 3.963.89 (m, 1 H), 1.99 (ddd,
J=1.6,9.9, 13.5 Hz, 1 H), 1.65 (ddts 2.3, 10.1, 13.5 Hz, 1 H), 1.61.55 (m, 1 H), 1.501.45
(m, 1 H).**C NMR (125 MHz,acetoneds) : 143.47128.8,128.1, 128.0, 106.1, 80.3, 78.1,
76.4,68.0, 40.6, 40.6MS (El): m/z =342.0[M] +. HRMS (EI): m/z [M H,0] calcd for
C13H15Cl303: 324.0087; found: 324.0080.
(2R,4S,6R,7R)-1,1, L trichloroundecane-2,4,6, #tetraol (75kb)

The crude product was evaluated'byNMR spectroscopy to establish the @5Ka:75kb) =
13:87 and then purified by silica gel chromatography (hex&it€s\c 3:2) to afford the
indicated compound aswehite solidin 88% total yield (27.4 mg84.7 umo); mp 124 125°C

[ O,}+33.8(c 1.0, MeOH. IR (KBr): 3357, 2956, 2931, 2860, 1079, 8@ *. *H NMR (500
MHz, acetoneds) : 5i60 (brs1 H), 4.45 4.32 (m, 2 H), 4.2114.13 (m 1 H), 4.05 (brs, 1 H),
3.743.68 (m 1 H), 3.61 (brs, 1 H), 3.4%8.37 (m, 1 H), 2.122.06 (m, 1 H), 1.76 (ddd,= 2.5,

10.1, 13.5 Hz, 1 H), 1.73.67 (m, 1 H), 1.58L.45 (m, 2 H), 1.451.30 (m, 4 H), 0.90 ({J = 7.0
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Hz, 3 H).*C NMR (125 MHz,acetoneds) : 106.2780.4, 74.8, 74.7, 68.0, 41.1, 40.7, 33.6,
28.9, 23.4, 14.4MS (El): m/z =322.1[M] +. HRMS (EI): m/z [M H,Oi CCl3] calcd for
C10H1903: 187.1334; found: 187.1334.

(2R,3R,5S,7R)-1-(benzyloxy)-8,8,8tric hlorooctane-2,3,5, #tetraol (75Ib)

The crude product was evaluated'ByNMR spectroscopy to establish the @5lg:75lb) =
14:86 and then purified by silica gghiromatography (hexaridstOAc 3:2) to afford the
indicated compound as a colorless sticky oil in 86% total yield (33,868 umao); mp 165
166°C.[ 0.} + 29.3(c 1.0, MeOH). IR (KBr): 3358, 2928, 2867, 1454, 1087, 1027 *. 'H
NMR (500MHz, acetoneds) : 71 722 (m, 5H), 5.59 (d,J = 4.9 Hz, 1 H), 4.57 (d = 12.1
Hz, 1 H), 4.53 (dJ = 12.1 Hz, 1 H), 4.444.36 (m, 1 H), 4.29 (brs, 1 H), 42212 (m, 1 H),
4.08'3.77 (m, 3 H), 3.713.66 (m, 1 H), 3.64 (ddl= 4.8, 9.6 Hz, 1 H), 3.55 (dd= 6.0, 9.6 Hz,
1 H), 2.09 (ddd) = 1.6, 9.9, 13.7 Hz, 1 H), 1.80.71 (m, 3 H), 1.67-°C NMR (125 MHz,
acetoneds) : 189.87129.1, 128.4, 128.3, 128.2, 106.2, 80.4, 73.8, 72.8, 72.2, 67.8, 41.3, 40.7.
MS (El): m/z =386.1[M] +. HRMS (EI): m/z [M] catd for C;5H21Cl30s: 386.0455; found:
386.0445.

(2R,3R,5S,7R)-1-(benzyloxy)-8,8,8trichloro -2-methyloctane 2,3,5, #tetraol (75mb)

The crude product was evaluated'byNMR spectroscopy to establish the @5iha75mb) =
13:87 and then purified by silica gghiromatography (hexaridstOAc 3:2) to afford the
indicated compound as a white solid in 95% total yield (38.29%d umo); mp 112113°C.

[ G} + 25.4(c 1.0 MeOH). IR (KBr): 3372, 2925, 2859, 1454, 1371, 1090, 886". 'H NMR
(500MHz, acetoneds) : 7M1 724 (m, 5 H), 5.61 (dl = 6.3 Hz, 1 H), 4.58 (= 12.1 Hz, 1
H), 4.53 (dJ = 12.1 Hz, 1 H), 4.444.36 (m, 2 H), 4.2014.14 (m, 1 H), 4.12 (d] = 3.9 Hz, 1 H),

3.9213.86 (M, 1 H), 3.63 (s, 1 H), 3.53 (i 9.2 Hz, 1 H), 3.43 (d] = 9.2Hz, 1 H), 2.08 (ddd,
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J=1.4,9.9, 13.6 Hz, 1 H), 1.80.74 (m, 2 H), 1.64 (ddd,= 8.6, 10.3, 18.9 Hz, 1 H), 1.15 (s, 3

H). °C NMR (125 MHz,acetoneds) : 189.7=129.1, 128.4, 128.3, 106.2, 76.5, 76.0, 74.3,

74.0, 68.6, 40.7, 38.9, 20MIS (El): m/z = 400.1[M] +. HRMS (EI): m/z [M+H] calcd for

C16H24Cl30s: 401.0689; found: 401.0676.

General Procedure for the Preparation of Unfunctionalized Tetraols 75aa and 75ia

A dry roundbottom flask equipped with a stir bar was charged with terminal ol8awor 73b

(23.3 mg, 100 emol ), phenyl boronic acid (18.3
(2.00 mL). The mixture was stirred for 3 hours at room temperature under a blanket of argon.

After 3 hours, dichloromethane was removed under reduced preBlsearg.ksFe(CN}) (98.8

mg, 300 ,GOgnfo4dll).,5 Kmg, 300 RYP®I()L7 .athdmg,DHXOQ. 0 & mo
to the reaction flask. The mixture was diluted in a 1:1 mixtut8w®Hi H,O (1 mL), and

stirred at room temperature until the mixture was completely homogeneous. Then, the reaction
mixture was cooled to @, and Os@(4% wt. inH,0,31. 8 €L, 5.00 emol ) was
mixture was vigorously stirred at°C for 24 hours. The retion was quenched at°C by

addition of sodium sulfite (150 mg), then warmed to room temperature and stirred for 30

minutes. The aqueous phase was extracted with EtOAc (5 x 3 mL)hthemtbined organic

layers were dried (N8Qs), and concentrate@hecrude product was evaluated 1y NMR

spectroscopy to establish the diastereomeric ratio, then the crude mixture was diluted in a 5:1
mixture of THF MeOH (1.00 mL). The mixture was cooled t8@, then 30% aqueous6;,

(0.2 mL), and 1 drop of aqueous INdOH was added. The mixture was slowly warmed to room
temperature and stirred for 1 hour. After 1 hour, THF and MeOH were removed under reduced
pressure. The residue was dissolved in water (3 mL) and extracted with EtOAc (5 xTheL).

combined organic kers were dried (N&0Oy), and concentrated.
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(25,4R,6R)-7,7, *trichloroheptane-1,2,4,6tetraol (75aa)

Evaluation of théH NMR from the crude reaction mixture established th&8a&75ab) 76:24.
The crude mixture was then purified by silica gel chrogyaphy (hexané&£tOAc MeOH
10:40:1) to afford the indicated compound as a clear colorless oil in 91% total yield (24.3 mg
90.8 pmo).[ Uz + 15.8(c 1.0, MeOH). IR (KBr): 3365, 2934, 1428, 1312, 1119, 1A *.

'H NMR (360MHz, acetoneds) : 5iB0 (¢,J = 4.8 Hz, 1 H), 4.62 (d] = 1.8 Hz, 1 H), 4.32
(ddd,J= 1.6, 4.4, 9.5 Hz, 1 H), 4.28.14 (m, 2 H), 3.953.85 (m, 1 H), 3.80 (brs, 1 H), 3156
3.40 (m, 2 H), 2.23 (ddd,= 1.7, 5.1, 13.9 Hz, 1 H), 1.80.77 (m, 2 H), 1.651.54 (m, 1 H)**C
NMR (125 MHz,acetoneds) : 105.2782.0, 72.4, 70.0, 67.2, 40.6, 38/& (El): m/z =266.0
[M] +. HRMS (EI): m/z [M+H] calcd forC;H14Cl304: 266.9958; found: 266.9953.
(2S5,4S,6R)-7,7, +trichloroheptane-1,2,4,6tetraol (75ia)

Evaluation of théH NMR fromthe crude reaction mixture established the78ig 75ib) 74:26.
The crude mixture was then purified by silica gel chromatography (hé>a@sc MeOH
10:40:1) to afford the indicated compound as a white solid in 94% total yield (259389
pmol); mp 109 110°C.[ B,} + 15.8(c 1.0, MeOH). IR (KBr): 3336, 2950, 1456, 1415, 1362,
1123, 1088, 1016, 945" *. *H NMR (360MHz, acetoneds) : 514 (brs, 1 H), 4.41 (d,=

9.7 Hz, 1 H), 4.284.16 (m, 1 H), 4.10 (brs, 1 H), 4X@.68 (m, 3 H), 3.51 (ddl = 4.8, 10.8 Hz,
1 H), 3.46 (ddJ = 4.8, 10.8 Hz, 1 H), 2.11 (ddd= 1.5, 10.2, 13.6 Hz, 1 H), 1.73 (ddbk 2.2,
10.1, 13.6 Hz, 1 H), 1.64 (dddi= 3.4, 8.7, 14.1 Hz, 1 H), 1.58 (ddbk 3.4, 8.7, 14.1 Hz, 1 H).
¥C NMR (125 MHz,acetoneds) : 106.2780.7, 70.1, 67.6, 65.6, 42.1, 4M& (El): m/z =

266.0[M] +. HRMS (EI): m/z [Mi CH,OH] calcd forCsH1oClsOs: 234.9696; found: 234.9700.
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General Procedure for the Preparation of Unfunctionalized Tetraols 75ab and 75ib

A dry roundbottom flask equypped with a stir bar was charged with terminal ol&@aor 73b

(23.3 mg, 100 emol ), phenyl boronic acid (18.3
(1.00 mL). The mixture was stirred for 3 hours at room temperature under a blanket of argon.

After 3 hours, dichloromethane was removed under reduced pressure. ThefCNK); (98.8

mg, 300 ,G0nfo4l1).,5 Kmg, 300 sPnYaRl )(,17ar6d m(gDHQ@MD). 0 & m:
added to the reaction flask. The mixture was diluted in a 1:1 mixtuBu&fHi H,O (1 mL),and

stirred at room temperature until the mixture was completely homogeneous. Then, the reaction
mixture was cooled to &, and Os@(4% wt. inH,0,31. 8 €L, 5. 00 emol ) was
mixture was vigorously stirred at’C for 24 hours. The reaction wasenched at €C by

addition of sodium sulfite (150 mg), then warmed to room temperature and stirred for 30

minutes. The aqueous phase was extracted with EtOAc (5 x 3 mL)hthemtbined organic

layers were dried (N8Qs), and concentratedhe crude product was evaluated'bBlyNMR

spectroscopy to establish the diastereomeric ratio, then the crude mixture was diluted in a 5:1
mixture of THF MeOH (1.00 mL). The mixture was cooled t8@, then 30% aqueous6;,

(0.2 mL), and 1 drop of aqueousNINaOH was added. The mixture was slowly warmed to room
temperature and stirred for 1 hour. After 1 hour, THF and MeOH were removed under reduced
pressure. The residue was dissolved in water (3 mL) and extracted with EtOAc (5 xTheL).

combined organitayers were dried (N&Q,), and concentrated.
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(2R,4R,6R)-7,7, trichloroheptane-1,2,4,6tetraol (75ab)

Evaluation of théH NMR from the crude reaction mixture established th&5a&75ab) 17:83.
The crude mixture was then purified by silica getomatography (hexaridstOAci MeOH
10:40:1) to afford the indicated compound as a white solid in 94% total yield (2593189
pmol); mp 102 103°C.[ B+ 19.8(c 1.0, MeOH). IR (KBr): 3364, 2933, 1419, 1310, 1119,
1014, 986m' *. *H NMR (360MHz, acetoneds) : 5187 (¢,J=4.9 Hz, 1 H), 4.35 (d] = 4.2
Hz, 1 H), 4.31 (ddd) = 2.0, 4.7, 9.7 Hz, 1 H), 4.24.19 (m, 1 H), 3.963.85 (m, 2 H), 3.78 (brs,
1 H), 3.533.42 (m, 2 H), 2.24 (ddd,= 2.1, 5.2, 14.0 Hz, 1 H), 1.88 (ddtk 7.0, 9.7, 16.Hz,
1 H), 1.711.62 (m, 2 H)**C NMR (125 MHz,acetoneds) : 105.3782.2, 70.0, 67.9, 67.6,
41.2, 40.1MS (EI): m/z =266.0[M] +. HRMS (EI): m/z [M CHsO,] calcd forCeHgClzOx:
216.9590; found: 216.9588.

(2R,4S,6R)-7,7, *trichloroheptane-1,2,4,6tetraol (75ib)

Evaluation of théH NMR from the crude reaction mixture established th& Sia(75ib) 26:74.
The crude mixture was then purified by silica gel chromatography (hé>za@sc MeOH
10:40:1) to afford the indicated compound as a colodisky oil in 89% total yield (23.8 mg
89.0 umo).[ B+ 33.8(c 1.0, MeOH). IR (KBr): 3357, 2934, 1419, 1314, 1100, 1016, 988
cm' . 'H NMR (500MHz, acetoneds) : 553 (¢,J = 3.7 Hz, 1 H), 4.444.37 (m, 1 H), 4.35
(brs, 1 H), 4.2B4.11 (m, 2 H)3.943.86 (m, 1 H), 3.80 (brs, 1 H), 3.52 (dis 4.7, 10.9 Hz, 1
H), 3.46 (ddJ=6.2, 10.9 Hz, 1 H), 2.12.06 (m, 1 H), 1.701.69 (m, 2 H), 1.651.57 (m, 2 H).
¥C NMR (125 MHz,acetoneds) : 106.2780.4, 72.5, 67.8, 67.3, 41.5, 40% (El): m/z=

266.0[M] +. HRMS (EI): m/z [M CHsO;] calcd forCeHsClsO: 216.9590; found: 216.9583.
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(1S,3R)-4,4,4trichloro -1-(oxiran-2-yl)butane-1,3-diol (73d)

A dry, 2-neck rounebottom flask was charged wityn1,3 diol 73c(40.0 mg, 0.182 mmol) and

diluted with dichloromethane (0.910 mL). The reaction mixture was coole8@Qpdhdmeta
chloroperoxybenzoic acid (94.0 mg, 0.547 mmol) was added. The mixture was stirred for 8 hours
at 0°C under a blanket of argon. After 8ure, the reaction mixture was warmed to room
temperature, and dichloromethane was removed under reduced pressure. The crude material was
purified by silica gel chromatography (hexaitegOAc 3:1) to give a diastereomeric mixture of
73d(31.3 mg,133 umol73%) as a clear colorless otH NMR (500MHz, CDCL): (major)ti =
4.394.33 (m, 1 H), 3.8i73.81 (m, 1 H), 3.163.10 (m, 1 H), 2.902.86 (m, 1 H), 2.79 (dd =

2.7, 4.7 Hz, 1 H), 2.38 (ddd= 2.2, 3.7, 14.5 Hz, 1 HP.06{ 1.97 (m, 1 H). (minor§i 439

4.33 (m, 1 H), 4.104.03 (m, 1 H), 3.108.06 (m, 1 H), 2.862.81 (M, 2 H), 2.4&.43 (m, 1 H),

1.96'1.88 (m, 1 H)}*C NMR (125 MHz,CDCl): (major)ii 162.8, 81.6, 70.6, 54.7, 44.9, 35.2.
(minor)ti  162.8, 81.9, 68.7, 53.9, 44.2, 34.8.
(3S,5R)-2-(hydroxymethyl)-5-(trichloromethyl)tetrahydrofuran -3-ol (750b)

'H NMR (500MHz, CDCL): (major)li 491 (ddJ = 7.0, 8.1 Hz, 1 H), 4.8@.65 (m, 1 H),

4.294.23 (m, 1 H), 4.164.09 (m, 1 H), 4.03 (ddl = 2.8, 12.4 Hz, 1 H), 2.4%2.34 (m, 2 H).

(minor) Ui 4824.77 (m, 1 H), 4.544.49 (m, 1 H), 4.164.09 (m, 1 H), 3.84 (dd}= 4.0, 11.9

Hz, 1 H), 3.73 (ddJ = 4.7, 12.1 Hz, 1 H), 2.32.24 (m, 2 H). )’*C NMR (125 MHz,CDCly):

(major)ti  161.8, 89.1, 83.3, 74.3, 61.6, 39.8. (mirlor) 161.8, 88.688.4, 72.2, 62.7, 38.6.
(3S,5R)-1-azido-6,6,6trichlorohexane-2,3,5triol (75p)

A dry roundbottom flask was charged with epoxidéd( 1 8. 0 mg, 76. 0 emol ) a
di chl oromethane (380 e€L). Trimethyltwil yl azid

reaction mixture was cooled td’G. Tetrabutylammonium fluoride (1 M in THF, 1 drop) was
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added, and the mixture was slowly warmed to room temperature and vigorously stirred under

argon for 2 hours. After 2 hours, tetrabutylammonium fluoride (1 MHrT, 92. 0 eL, 92.
emol) was added, and the reaction mixture was
the reaction mixture was diluted with aqueous saturatesCNE mL) and the layers were

separated. The aqueous phase was extracted witlbmistdthane (5 x 3 mL), and the combined
organics were dried (N8(,), and concentrated. The residue was purified by silica gel
chromatography (hexaridstOAc 3:1) to afford75p (17.2 mg,61.8 umol,86%) as a clear

colorless oil IR (KBr): 3399, 2963, 2925, 2877, 2102, 1411, 1260, 1363. *H NMR (500

MHz, CDClL): i 439 (dd,J= 1.9, 10.0 Hz, 1 H), 4.03.97 (m, 1 H), 3.80 (brs, 1 H), 3i77

3.70 (m, 1 H), 3.543.49 (m, 1 H), 3.29 (brs, 1 H), 2.64 (brs, 1 H), 2880 (m, 1 H)2.08 1.99

(m, 1 H).®C NMR (125 MHz,CDCl) : 102.8782.2, 72.9, 70.6, 53.8, 34\S (El): m/z =

277.0[M] +. HRMS (EIl): m/z [M CH;N3] calcd forCgHgCl30,: 220.9539; found: 222.9544.

General Procedure for the Preparation of Tetrahydropyran Derivatives 70a70j and 70p

To a dry rounebottom flask equoped with a stir bar was addede t r a o | (50 emol ) ar
(83 eL). mixwewasealedto O&,and an aqueous solution of NaQitepared

from freshly crushed NaOH pellet®).71 MinHO,4 20 € L) wawise.dldedeadiondr op
mixture was slowly warmed to room temperature, and stirred id@@HKours until starting

material was consumed as indicatedlbZ. The reaction mixture was cooled t8@, diluted

with brine (2 mL), and quenched ldropwise addition of 1N HCI until pH 3 was obtained. The

agueous layer was immediately extracted with EtOAc (7 x 5 mL),renambined organic

layers were dried (N&Oy), and concentrated@he carboxylic acid derivatives were obtained by

adding hot DCM2 mL) to the crude residue until complete dissolution of the mixture. The
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reaction flask was slowly cooled to room temperature, and then further cooléa fior 0
minutes. The crystalline solid was filtered, and the solids were washed wibledcBCM (3 x 2
mL) to afford the indicated compounds.
(2S,4R,6R)-4-hydroxy-6-(hydroxymethyl)tetrahydro -2H-pyran-2-carboxylic acid (70a)

The indicated compoundas obtaine@dsa white solid in 85% total yield (7.5 mg2.6 umoy;
mp184185°C. %, t15.8(c 1.0, MeOH). IR (KBr): 3362, 2928, 2878, 1732, 1268, 1107,
1087, 1022zm'*. 'H NMR (500MHz, CD;OD) : 4i06 (¢J=11.7 Hz, 1H), 3.90 3.81 (m, 1
H), 3.66 3.49 (m, 3 H), 2.29 () = 12.1 Hz, 1 H), 1.931.82 (m, 1 H), 1.32 (g1 = 11.7 Hz, 1
H), 1.22 (gJ = 11.7 Hz, 1 H)}*C NMR (125 MHz, CROD) : 1@5.1=77.9, 75.3, 68.1, 66.0,
38.8, 37.2.

(25,4R,6R)-4-hydroxy-6-((R)-hydroxy(phenyl)methyl)tetrahydro -2H-pyran-2-carboxylic
acid (70b)

The indicated compound was obtained as #engolid in 93% total yield (11.7 mg6.4 umoy);
mp 142143°C . P 91.6 £ 1.0,CHCN). IR (KBr): 3421, 2957, 2923, 2852, 1716, 1653,
1082 cm'. 'H NMR (500MHz, CD:CN) : 740 729 (m, 5H), 4.55 (d,J = 6.3 Hz, 1 H),
4.02 (ddJ = 2.4, 12.2 Hz, 1 H), 3.73.64 (m 1 H), 3.54 (ddd) = 2.0, 7.1, 11.6 1 H), 2.20
2.13(m, 1 H), 1.441.38 (m, 1 H), 1.381.23 (m, 1 H), 1.161.07 (m, 1 H)}*C NMR (125 MHz,
CDsCN) : 1@2.1/141.8,129.2,128.9, 128.2, 81.3, 77.4, 75.0, 67.4, 3843, 37.
(25,4R,6R)-6-((R)-2-(benzyloxy) 1-hydroxyethyl)-4-hydroxytetrahydro -2H-pyran-2-
carboxylic acid (70c)

The indicated compound was obtained as aengwotid in 85% total yield (1289, 42.5 umo);
mp 168 169°C . PL 20.0(c 1.0,MeOH). IR (KBr): 3351, 2951, 2925, 2867, 1726, 1101,

1046cm't. *H NMR (500MHz, CD;OD) : 7iB6 730 (m, 4H), 7.297.25 (m, 1 H), 4.54 (s, 2
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H), 4.01 (ddJ = 1.9, 12.0 Hz1 H),3.88 3.79 (m, 1 H), 3.683.63 (M, 1 H), 3.633.59(m, 1 H),
3.59'3.53 (m, 2H), 2.292.20(m, 1 H) 1.88 1.81 (m, 1 H), 1.40 (g1 = 11.4 Hz, 1 H), 1.30 (q,
J=11.9 Hz, 1 H)**C NMR (125 MHz, CROD) : 1@5.27139.6, 129.4, 128.9, 128.7, 77.3,
74.4,73.7, 72.0, 68.1, 38.9, 37.2.

(2S,4R,6R)-4-hydroxy-6-((R)-1-hydroxypentyl)tetrahydro -2H-pyran-2-carboxylic acid

(70d)

The indicated compound was obtained as a white solid in 93% total yield (10.&6n%g
pmol).*H NMR (500MHz, acetoneds) : 4iD5 (ddJ = 2.3, 12.0 Hz, 1 H)3.933.84 (m, 1 H),
3.773.73(brs, 1 H), 3.513.44 (m 1 H), 3.40 (dddJ = 2.0, 5.2, 11.5 Hz, 1 H), 2.8.22 (m, 1
H), 1.941.88 (m, 1 H), 1.571.42 (m, 3 H), 1.4011.26 (m, 5 H), 0.89 () = 7.1 Hz, 3 H)*°C
NMR (125 MHz,acetoneds) : 1W1.2=79.4,72.9, 66.7, 38.1, 36.5, 32.3, 27.7, 22.5, 13.5.
(25,4R,6R)-6-((R)-1-(benzyloxy)2-hydroxypropan-2-yl)-4-hydroxytetrahydro -2H-pyran-2-
carboxylic acid

(70e)

The indicated compound was obtained as a white solid in 93% total yield (1446 #gmo);
mp 183184°C . P 29.4(c 1.0,MeOH). IR (KBr): 3342,2958, 2925, 2866, 1717, 1111,
1075cm't. *H NMR (500MHz, acetoneds) : 11.6920.0 (brs, 1 H), 7.367.30 (m, 4 H),
7.287.23 (m, 1 H), 4.56 (d] = 12.3 Hz, 1 H), 4.51 (dl = 12.3 Hz, 1 H), 4.144.01 (brs, 1 H),
4.05 (ddJ= 2.0, 12.1 Hz, 1 H)3.92 3.85 (m, 1 H), 3.823.73 (brs, 1 H), 3.61 (d,= 9.0 Hz, 1
H), 3.33 (dJ = 9.0 Hz, 1 H), 2.262.20 (m, 1 H), 2.011.95 (m, 1 H), 1.40 (q] = 11.8 Hz, 1 H),
1.32 (9q,J = 12.2 Hz, 1 H), 1.15 (s, 3 H*C NMR (125 MHz,acetoneds) : 1%2.0~139.9,
129.1,128.2, 128.2, 79.6, 75.9, 75.3, 73.8, 73.6, 67.9, 39.0, 35.0, 21.5.

(2S,4S,6R)-4-hydroxy-6-(hydroxymethyl)tetrahydro -2H-pyran-2-carboxylic acid (70f)
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The indicated compound was obtained as a white solid in 89% total yield (74r8g:mo);
mp 175176°C.*™H NMR (500MHz, DMSO-ds) : 18.4021.45 (brs, 1 H), 4.88.70 (brs, 1
H), 4.26 4.16 (m, 1 H), 4.104.06 (brs, 1 H), 3.7%8.68 (m, 1 H), 3.463.26 (m, 3 H), 1.821.73
(m, 1 H), 1.571.47 (m, 2 H), 1.371.28 (m, 1 H)!}*C NMR (125 MHz,DMSO-dg) : 1#.0,=
72.7,70.5, 64.5, 61.8, 35.5, 34.1.
(2S,4S,6R)-4-hydroxy-6-((R)-hydroxy(phenyl)methyl)tetrahydro -2H-pyran-2-carboxylic
acid (70g)

The indicated compound was obtained as a white solid in 84% total yield (1042 gumo);
mp 204 205°C . Pf B9.8(c 1.0, MeCN). IR (KBr): 3312, 2920, 2851, 1725, 1455, 1419,
1092, 106&m' L. 'H NMR (500MHz, CDsCN) : 985 925 (brs, 1 H), 7.40.27 (m, 5 H),
4.50 (d,J=7.3 Hz, 1 H), 4.41 (ddl= 2.6, 12.3 Hz, 1 H), 4.14.08 (m, 1 H), 3.92 (ddd,= 2.1,
7.4,11.9 Hz, 1 H), 3.83.60 (brs, 1 H), 2.9%8.83 (brs, 1 H), 1.921.87 (m, 1 H), 1.63 (ddd,=
2.5,12.3,14.8 Hz, 1 H), 1.43 (ddbs 2.8, 12.1, 14.6 Hz, 1 H), 1.19.13 (m, 1 H)*C NMR
(125 MHz,CDsCN) : 1¥3.17/141.8,129.2, 128.8, 12877.7, 77.7, 71.6, 63.4, 36.0, 34.5.
(2S,4S,6R)-6-((R)-2-(benzyloxy)1-hydroxyethyl)-4-hydroxytetrahydro -2H-pyran-2-
carboxylic acid (70h)

The indicated compound was obtained as a white so8@%ntotal yield (2.7mg, 42.9 umo);
mp 181 182°C . Pf 17.6(c 1.0,MeOH). IR (KBr): 3315, 2919, 2894, 2871, 1715, 1103,
1073cm' . *H NMR (500MHz, CD;OD) : 7iB7 7530 (m, 4 H), 7.287.24 (m, 1 H), 4.56 (d]
=12.0 Hz, 1 H), 4.53 (dl = 12.0 Hz, 1 H), 4.41 (dd,= 2.3, 12.3 Hz, 1 H), 4.28.22 (m, 1H),
4.0113.95 (m, 1 H), 3.683.57 (m, 2 H), 3.563.51 (M, 1 H), 2.041.95 (m, 1 H), 1.74 (ddd,=
2.8,12.0,16.4 Hz, 1 H1,.68 1.61 (m, 1 H), 1.6011.55 (m, 1 H)™*C NMR (125 MHz,CD;OD):

U 1%¥6.5,139.7,129.3, 128.9, 128.7, 74.4, 74.3, 73.9, 732,6G4.3, 36.6, 34.6.
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(2S,4S,6R)-4-hydroxy-6-((R)-1-hydroxypentyl)tetrahydro -2H-pyran-2-carboxylic acid

(70i)

The indicated compound was obtained as a white solid in 82% total yield (94r&gimo).
'H NMR (500MHz, acetoneds) : 101.649.84 (brs, 1 H), 4.45 (dd,= 1.9, 12.1 Hz, 1 H),
4.334.25 (m, 1 H), 4.163.95 (brs, 1 H)3.86 3.73 (M, 2 H), 3.463.36 (m, 1 H), 2.021.95 (m,
1 H), 1.691.59 (m, 2 H), 1.581.25 (m, 7 H), 0.89 (] = 7.2 Hz, 3 H)!}*C NMR (125 MHz,
acetoneds): U 1¥3.2, 76.5, 74.0, 71.7, 63.6, 36.5, 34.7, 33.2, 28.6, 23.4, 14.4.
(25,4S,6R)-6-((R)-1-(benzyloxy)-2-hydroxypropan-2-yl)-4-hydroxytetrahydro -2H-pyran-2-
carboxylic acid (70j)

The indicated compound was obtained as a white solid in 82% total yield{$240.9 umo);
mp 168169°C . °f, ¥14.6(c 1.0, MeOH). IR (KBr): 3415, 2929, 2868,721, 1645, 1090,
1070cm' *. *H NMR (500MHz, acetoneds) : 18.189.45 (brs, 1 H), 7.40.29 (m, 4 H),
7.297.22 (m, 1 H), 4.57 (dl= 12.4 Hz, 1 H), 4.51 (dl = 12.4 Hz, 1 H), 4.46 (dd,= 2.3, 12.3
Hz, 1 H), 4.354.30 (m, 1 H), 4.084.00, (m, 2 H), 3.833.70 (brs, 1 H), 3.64 (d,= 8.9 Hz, 1
H), 3.29 (dJ = 8.9 Hz, 1 H), 2.001.94 (m, 1 H), 1.741.70 (m, 2 H), 1.64 (ddd,= 2.6, 12.4,
14.9 Hz, 1 H), 1.11s( 3 H)."*C NMR (125 MHz,acetoneds) : 1%3.2240.0, 129.1, 128.2,
128.1, 75.8, 75.5, 73.8, 73.7, 72.1, 63.8, 36.6, 32.0, 21.4.
(2S,4S,6S)-4-hydroxy-6-(hydroxymethyl)tetrahydro -2H-pyran-2-carboxylic acid (70p)

The indicated compound was obtained adde solid in 86% total yield (7.6 mg3.1 umo)
General Procedure for the Preparation of TetrahydropyranLactone Derivatives 701 and
70NN

Toadryroundbot t om fl ask equipped with a stir bar

(83 ¢ L) . nmiktwe wascaotet tb @, and an aqueous solution of NaOH (0.71 M in
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H,0, 300 m @ was added drewise. The reaction mixture was slowly warmed to room
temperature, and stirred foriZD hours until starting material was consumed as indicated by
TLC. The reaction mixture was cooled t8®, diluted with brine (2 mL), and quenched by drop
wise addition of 1N HCI until pH 3 was obtained. The aqueous layer was immediately extracted
with EtOAc (7 x 5 mL), andhte @mbined organic layers were dried ¢S8&), and concentrated.

The crude residue waslded to a dry rounbdottom flask equipped with a stir bar, and diluted

with DCM (1 mL). The reaction mixture was cooled td@ thenpy i di ne (50 emol ) w
dropwise followed by drapise addition of cyanurit | uori de (50 emol ). The
was slowly warmed to room temperature and stirred under argon for 12 &olinls.were

observed precipitating from the reaction solution within the first hour, and precipitation
continued throughout the entire riact The reaction mixture was quenched with-océd DI

H0, filtered, and adequately rinsed on the filter with DCM. The aqueous layer was extracted
with DCM (5 x 5 mL), andhie @mbined organic layers were dried ¢S&)y), and concentrated.

The residue was purified by silica gel chromatography with 3:1 hexat@Aac to afford the
correspondindgactone.
(1S,3S,5R)-3-((S)-hydroxy(phenyl)methyl)-2,6-dioxabicyclo[3.2.1]octar7-one (70Il)

The indicated compound was obtained as a white soli@%n t®tal yield (10.1 mg43.1 umoy);

mp 153 154°C . Pf ©12.8(c 1.0, DCM). IR (KBr): 3460, 3063, 3032, 2997, 2928, 1778,

1607, 1052m'*. 'H NMR (500MHz, CDCk) : 7iB7 729 (m, 5 H), 4.964.90 (m, 1 H), 4.57
(d,J=6.7 Hz, 1 H), 4.40 (d] = 31 Hz, 1 H), 4.07 (ddd] = 5.7, 6.7, 15.4 Hz, 1 H2.92 (brs, 1

H), 2.252.17 (m, 1 H), 2.07 (d] = 12.4 Hz, 1 H), 1.741.67 (m, 2 H)**C NMR (125 MHz,

CDClg) : 112.97138.6, 128.6, 128.5, 127.0, 77.2, 76.4, 76.0, 72.8, 37.4, 32.6.

(1S,3S,5R)-3-((S)-1-hydroxypentyl)-2,6-dioxabicyclo[3.2.1]Joctanr7-one (70nn)
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The indicated compound was obtained as a yellow oil in 81% total yield (8.ZMm&yumo). ‘H
NMR (500MHz, CDCk) : 506 499 (m, 1 H), 4.3%4.31 (m, 1 H), 3.883.81 (m, 1 H), 3.48
3.41 (m,1 H), 2.082.02 (m, 2 H), 1.981.92 (m, 1 H), 1.511.43 (m, 2 H), 1.361.28 (m, 5 H),
0.89 (t,J = 8.0 Hz, 3 H).

(2S,4S,6S)-4-hydroxy-6-((S)-hydroxy(phenyl)methyl)tetrahydro -2H-pyran-2-carboxylic

acid (70q)

The crude mixture was purified by silica get@matography with 2:3 hexaridstOAc to afford
the indicated compound as a yellow oil in 80% total yield (10.148@ pmo).[ G + 47.4(c
1.0, MeOB. IR (KBr): 3377, 3034, 2954, 2925, 1716, 1454, 1169, k2. 'H NMR (500
MHz, acetoneds) : 18.399.78 (brs, 1 H), 7.45.41 (m, 2 H), 7.367.32 (m, 2 H), 7.3117.26
(m, 1 H), 4.68 (ddJ = 2.0, 6.4 Hz, 1 H), 4.63 (d,= 6.7 Hz, 1 H), 3.97 (ddd,= 2.3, 6.7, 13.6
Hz, 1 H), 3.783.66 (m, 1 H), 2.3i72.29 (m, 1 H), 1.641.55 (m, 2 H), 1.2111.13 (m 1 H).**C
NMR (125 MHz,acetoneds) : 1u@3.27142.1, 128.7, 128.3, 128.2, 77.6, 77.2, 73.0, 64.9, 37.1,

36.5.
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CHAPTER 4
REGIOSELECTIVE FORMATION OF TERMINAL ALKYLSUFANYL ALCOHOLS

4.1 Background and Significance

Terminal alkylsulfanyl alcohols are a class of compounds possessing unique medicinal
properties. Roots and stems of species isolated $amiaplants have traditionally been used
to treat rheumatism, gonorrhea, and various-digeases. The pseudaga sulfonium salts
neosalicinoll01and neokotalandl02 also isolated fronsaliciaplants, have been effectively
used as remedies for eadtage diabetes (Figure 4:$#9The mechanism of action of the
sul fonium compoun ds-glicosidaes, whicls catalyzdthelmegtadaton of o f U
carbohydrate€’l n hi b i -glacosslases delaythe digestion of carbohydrates and thus slow
the absorption of glucose into the bloodstream. The sulfonium compounds display potent activity
t o w a-glutositlases irihition, with ICs values that are comparable to the widely clinically
used acarbos€ Terminal alkylsulfanyl alcohols have also found application as alkylating
agents toward inhibition of glutathior&transferase&? Alkylating agents effectively alter

replication of DNA, and thus are clinically useful as argncer drugs. Glutathioffetransferase

186 Jayaweera D.M.AMedicinal plants used in ceylon, part 1. National Science Council of Sri Lanka, Columbo,
1981, 77.

%7 (@) Yoshikawa, M.; Murakami, T.; Shimada, H.; Matsuda, H.; Yamahara, J.; Tanabe, G.; Muraoka O.
Tetrahedron Lett1997 38, 8367. (b)Yoshikawa M.; Morikawa, T.; Matsuda H.; Tanabe G.; Muraoka O. Bioorg.
Med. Chem2002 10, 1547.

18 yoshikawa M.; Xu, F.;NakamuraS.;Wang T.; Matsuda H.; Tanabe G.; Muraoka O. Heterocycle008§ 75,
1397.

%9 5cheeter, R. L.; Alaowlamali, M. A.; Woo, A.; FahW. E.; Batist, GCancer. Res1993 53, 4900.
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inhibitors such a&03inhibit catalytic activity through a competitive mechanism and display

ICsp values in the sumillimolar range'”

OH OH OH OH Ph
)\AOH )\/’\(’\/OH Y\OH
B z B z S
©s_ OH ®s_ OH OH o H
’ OAQ Ho/\Q HOZCNN N._ CO,H
HO  OH HO  OH NH, Ho o
101 102 103
neosalicinol neokotalanol

Figure4.1: Examples of biologically active compounds bearing terminal alkylsulfanyl alcohols

4.2 Planned Approach for Formation of Alkylsulfanyl Alcohols

For the preparation of terminal alkyl&anyl alcohols, we intended to expand upon our
previous success with reactions involving reacgigardichloroepoxide intermediates (Scheme
4.1)"*We envisioned that treatment of trichloromethyl carbinols with an appropriate base would
promote formation of thgemdichloroepoxide intermediate. Nucleophilic substitution with
benzyl thiolate to the nechloride bearing carbon, followed by subsequent ehloride
reduction would lead to the desired target. We were interested to see if we could establish
conditions that would take advantage of the differences in polarizability among the various
nucleophiles present in the reaction. We reasoned thgethdichloroepoxide intermediate
would have better interactions with softer nucleophiles (i..dR&SH), and the acyl chloride

would be bettesuited for interactions with harder nucleophiles (i.e! (HB(iPr)3', oriPrOH).

0 procopio, A.; Alcaro, S.; Cndari, S.; De Nino, A.; Ortuso, F.; Sacchetta, P.; Pennelli, A.; Sinddnk/e@.
Chem.2005 48, 6084.
" Gupta, M. K.; Li, Z.; Snowden T. ®rg. Lett.2014 16, 1602.
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X 5 o
O
R)\’<0| base - Qﬁm /AV
Cl R Cl
Cl Ca @ )Qg
BnS~
O .
LiBH,
I I = o —_— R\T/A\OH
SBn SBn

Schemed.1: mechanism leading terminal alkylsulfanyl alcohols

4.3 Results and Discussion

We began our investigations toward the preparation of terminal alkylsulfanyl alcohols
with the trichlorometyl carbinol104as the test substrate. The trichloromethyl carbinol was
prepared in 93% yield from-Bhenylpropanal by following the method reported by Corey and
Link.** With 104in hand, we conducted a series of reactiorexfore the preparation of the
correspondindpenzylsulfanyl alcohal05(Table 4.1). When sodium hydroxide was used in the
presence of ethanol, the carboxylic acid byprodO&awas the major product isolated from the
reaction mixture. Switching to IPA as the solvent significantly increased the yield of the desired
product105 howeverlO6awas still formed as the major reaction product. We then opted to use
cesium carbonat® hopefully avoid the formation of the carboxylic acid byproduct. Indeed, in
all reactions where cesium carbonate was used, the carboxylitOfezEd/as not observed.
Starting material was consumed within two hours with 3 equivalents of cesium carlponate i
refluxing IPA, however a significant amount of the isopropyl esdécand the dimel07were
formed. We reasoned that higher concentrations of lithium borohydride and longer reaction times
would reduce the esters to the primary alcohol, and in fastwies the case. Conducting the

reaction with 4 equivalents of LiBHnN refluxing IPA for 5 hours influenced the product ratio
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toward the desired product as we had expected (entry 4). In attempts to further improve the yield,
104was treated with 5 equivetts of LiBH; and heated to 61T in IPA. We were able to obtain

the product in 86% yield with almost complete reduction of the isopropyl ester after 8 hours
(entry 5). Along with a higher concentration of LigHhe increased product yield can be

attribuied to the slower rate of thermal decomposition of the reducing agent at lower
temperatures. Comparable results were obtained when the reaction was tdlouvefbr 18

hours under otharise identical conditions.

Table4.1: optimized preparation dfo5from trichloromethyl carbinol04

base (equiv),
OH BnSH (1.2 equiv),

LiBH, (equiv) SBn SBn SBn SBn
4 + +
@)
Ph/\)\CCb Ph/\)\/OH Ph/\)\ﬂ/OR Ph/\)\ﬂ/ \)\/\Ph
o o

solvent, temp., time

104 105 106aR=H 107
106b R = OEt
106c R = OCH(CH3)2

Yield (%)

Entry Base (equiv) LiBH,4(equiv) Time (h) T (°C) Solvent| 105 106a 106bc
1 NaOH (4) 2 24 rt EtOH | 9 62 106b 12
2 NaOH (4) 2 4 85 IPA 38 41 10669
3? CsC0;(3) 3 2 85 IPA 45 0 106¢ 39
4 CsC0;(3.5) 4 5 85 IPA 67 0 106¢ 24
5 CsC0;(3.5) 5 8 60 IPA 86 0 106¢7
6 CsC0;(3.5) 5 18 60 IPA 82 0 106¢ 12

8 The dimerl07was also isolated from the reaction in 12% yield
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4.4 Future Directions

Due to our encouraging preliminary results in the preparation of terminal alkylsulfanyl
alcohols, we are optimistic that the method can be expanded even further by exploring a variety
of different nucleophiles to efficiently lead to interesting new tardéte scope of the method
can potentially be broadened to prepare biolo
ami n o a mhiakthesamidds and their corresponding sulfones, and aminoalcohols. Work
towards the preparation of those compounds is currantdgrway.

4.5Index of Chapter Compoundand Numbers

OH SBn SBn
OH OH
Ph/\)\CCI3 Ph/\)\/ Phw
0
104 105 106a
SBn
/\)\H/OEt " $on  SBn
Ph PhWo\( PhWONPh
0
o o)
106b 106¢ 107

4.6 Experimental Details

'H and™*C NMR spectra were recorded on Bruker instruments at 360, 500, or 600 MHz
and 90 or 125 MHz, respectivelghemical shifts were refaneed to acetonds( U = 2. 05 and
29.84)orCDCk (U = 7. 26 and 7 7. Oaghievedldy OV lght @3darh)i zat i on
staining andp-anisaldehyde stainin@-phenylpropanal was purchased from Aldrich, and was
purified by silica gel chromatographyith 9:1 hexané€£tOAc immediately before use.
Anhydrous IPA was purchased as a Drisolv® bottle from EMD Millipore and used as received.
Anhydrous DMF was purchased as a Sure/8dabttle from Aldrich and was used as received.

All other reagents and solnts were used as received from commercial sources.
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1,1, X trichloro -4-phenylbutan-2-ol (104)

A dry, 2-neck rounebottom flask was charged withghenylpropanal (2.40 mL, 18.2 mmol) and
diluted with anhydrous DMF (26.6 mL). Trichloroacetic acid (4.47 g3 2¥mol), then sodium
trichloroacetate (5.07 g, 27.3 mmol) was added, and the reaction was vigorously stirred under a
blanket of argon at room temperature. After 6 hours, starting material was still present according
to TLC. One equivalent of trichloroacetcid (2.98 g, 18.2 mmol) and sodium trichloroacetate
(3.38 g, 18.2 mmol) were added, and the reaction mixture was stirred an additional 2 hours. The
reaction mixture was diluted with /2 (75 mL) and washed with saturated aqueous NaHBO

x 25 mL). Theorganic layer was dried with sodium sulfate, and the solvent was removed under
reduced pressure. The resulting residue was purified by silica gel chromatography fhexanes
EtOAc 20:1) to afford the trichloromethyl carbiri®4(4.29 g,16.9 mmol 93%) as a gllow oil.

'H NMR (500MHz, CDCE) : 7188 %31 (m, 2 H), 7.307.23 (m, 3 H), 4.02 (ddl= 2.7, 9.8

Hz, 1 H), 3.082.98 (m, 1 H), 2.88.75 (m, 2 H), 2.4i72.37 (m, 1 H), 2.061.97 (m, 1 H)*°C

NMR (125 MHz, CDC}) : 140.77128.6, 128.5, 126.3, 1048R.0, 32.9, 32.0.
2-(benzylthio)-4-phenylbutan-1-ol (105)

A dry, 2-neck rounebottom flask equipped with a reflux condenser and stir bar was charged

with trichlorocarbinol104 (100 mg, 0.394 mmol), and diluted with anhydrous IPA (3.20 mL).
Benzyl mercaggn (55.5 ¢€L, 0.473 mmol) was added, f ol
1.97 mmol). Cesium carbonate (450 mg, 1.38 mmol) was added, and the reaction flask was
heated in a 68C oil bath for 8 hours. The reaction mixture was cooled to room tempeittene
guenched with a saturated aqueous solution ofNL5 mL). The aqueous phase was extracted
with EtOAc (5 x 15 mL). The combined organic layers were dried with sodium sulfate, and

concentrated under reduced pressure. The crude residue was fyrgieda gel
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chromatography (hexaridstOAc 7:1) to affordl05(92.4 mg,339 umol,86%) as a yellow oll.
'H NMR (500MHz, CDCk) : 7187 %27 (m, 5 H), 7.267.15 (m, 3 H), 7.127.07 (m, 2 H),
3.72 (ddJ=13.4, 16.9 Hz, 1 H), 3.63.61 (m, 1 H), 3.543.48 (m, 1 H), 2.77 (ddd] = 5.6, 9.0,
14.1 Hz, 1 H), 2.712.67 (m, 1 H), 2.672.61 (m, 1 H), 2.1112.03 (m, 1 H), 1.921.85 (m, 1 H),
1.851.75 (m, 1 H)!*C NMR (125 MHz, CDGJ)) : 141.57138.3, 128.8, 128.6, 128.4, 128.4,
127.2,125.9, 64.0, 48.0, 34.9, 33.2, 32.9.

2-(benzylthio)-4-phenylbutanoic acid (106a)

The indicated compoundas obtained as a white solith NMR (500MHz, CDCE) : 1fi.01=
(brs, 1 H), 7.377.21 (m, 8 H), 7.0i76.98 (m, 2 H), 3.943.78 (m, 2 H), 3.208.06 (m, 1 H),
2.76'2.56 (m, 2 H), 2.23.08 (m, 1 H), 2.011.85 (m, 1 H)*C NMR (125 MHz, CDGJ) : U =
179.0, 140.5, 137.3, 129.1, 128.6, 128.4, 128.4, 127.3, 126.1, 44.5, 36.0, 32.9, 32.2.
isopropyl 2-(benzylthio)-4-phenylbutanoate (106c)

The indicated compound was obtained as a yellowtiNMR (360MHz, CDCE) : 7iBS =
7.27 (m, 8 H), 7.087.01 (m, 2 H), 5.144.99 (m, 1 H), 3.81 (ddl = 13.2, 21.5 Hz, 2 H), 3.11(t,
J=7.4Hz, 1 H), 2.712.55 (m, 2 H), 2.212.07 (m, 1 H), 1.981.85 (m, 1 H), 1.321.27 (m, 6

H).

2-(benzylthio)-4-phenylbutyl 2-(benzylthio)-4-phenylbutanoate (107)

The indicated compound was obtained as a yellowiNMR (360MHz, CDCE) : 7iB4 =
7.00 (m, 20 H), 4.29 (ddd,= 5.2,6.7, 11.4 Hz, 1 H), 4.10(ddd = 2.5, 7.2, 11.2 Hz, 1 H),
3.8113.71 (m, 4 H), 3.12 (4] = 7.4 Hz, 1 H), 2.812.70 (m, 2 H), 2.6i72.55 (m, 3 H), 2.1i72.08
(m, 1 H), 2.011.87 (m, 2 H), 1.701.71 (m, 1 H)!}*C NMR (125 MHz, CDG) : 1@2.2=
141.3, 140.7138.2, 137.5, 129.1, 129.0, 128.6, 128.5, 128.5, 128.4, 128.4, 128.4, 127.2, 127.1,

126.1, 125.9, 67.0, 45.2, 42.7, 35.8, 35.5, 35.5, 33.4, 33.0, 32.6.
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