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An integrated routing strategy approach towardssimehesis of novel erythronolides is
discussed in this dissertation. A macrocyclic bisfee] compound was made as a synthetic
scaffold. To date, more than 30 erythronolide deies have been made from this
intermediate within 3 steps or less. This appraaghesents by far the most efficient and

economic route for the access of erythronolidecsting space.

Many reactions were utilized in the modification thiese 14-membered macrolides,
including bromination, chelation and non-chelatimontrolled reductions and benzylic
migration, elimination, etc. More importantly, ndadlene oxidation conditions such as
allene epoxidation, spirodiepoxidation, and osmgtattransformations developed by our
group, were applied in the synthesis of diverseheoyolides and were central to our
strategy. New reactions, including new procedurfeallene dihydroxylation and allene

osmylation-electrophile addition, are also discdsse
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Chapter |

Erythromycinoid Antibiotics

1.1 Introduction

Macrolide antibiotics are very important drugs useddely against infections.
Erythromycin (.1) is an archetypal macrolide antibiotic. It is a@®dary metabolite
produced by soil inhibiting actinomycete familyludcteriaSaccharopolyspora erythraea
(formerly known asStreptomyces erythraea) and was first isolated in 1952 by the group of
J. M. McGuire at Eli Lily and was quickly launched commercially later trestryunder the
brand name of llosoffelt is a broad spectrum antibiotic and is ofteadiby people who

are allergic to penicillin.

Figure 1.1 Erythromycin A

The mechanism of erythromycin's antibiotic acticas been studied extensively. Its

superior bioactivity arose from binding to the leaitl ribosome and inhibiting bacterial
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protein transferasén the early 2000s, X-ray crystal structures oftlemymycin were
reported by Stef? and Yonatf® and showed that this macrolide binds to the 50S
ribosomal subunit, blocking the peptide exit tunmehr the peptide transferase center and
thereby shutting down protein synthesis. The preseof the deoxysugars, especially the
desosamine, are key to the biological activity. c8irribosomal structure is highly

conserved among bacteria, erythromycin can be asedoroad spectrum antibiotic.

Despite its significant clinical use in human meuc erythromycin suffers certain
limitations. For example, it is highly unstableanid. Also, it has weak activity against
gram-negative bacteria, and is ineffective agaesistant bacterial mutants. Hence, there

is a high demand for novel antibiotics.

1.2 The Development of Erythromycinoid Antibiotics

It has long been recognized that acid induces #ugadiation of erythromycif.1 to an
intramolecular hemiketal.2 forming between the C-6 alcohol and the C-9 ketone
(Scheme 1.1). Such degradation is responsiblenitdw stability of erythromycin in the

stomach and causes stomach crdmps

Scheme I.1 Acid Induced Degradation of Erythromycin



3

Modifications have been made in order to overconig problem. For example, th8%2

generation of macrolide antibiotics, which were @eped in the 1980s and
commercialized in the 1990s, are significantly m&teble to acid. Modifications included
the alkylation of the C-6 tertiary alcohol in Ckaromycinl.3 and altering the C-9 ketone

to an amine in Azithromycit.4 (Figure 1.2).

Clarithromycin € Azithromycin
(Biaxin; Abbott) (Zithromaz; Pfizer)

Figure 1.2 Examples of 2! Generation Macrolide Antibiotics

Despite their improvements, th& generation macrolide antibiotics were inactiveiasta
certain types of bacteria, e §reptococcus pneumoniae® and Haemophilus influenzae’.
Hence, there was still a demand for a new generaifoantibiotics. Many new drug
candidates were developed, and Telithromyci(marketed by Sanofi-Aventis under the
brand name Keté&l and Cethromycirl.6 were the best among them. Thi @eneration

of macrolides was commercialized during the pasade (Figure 1.3J.While they have a
C-6 alkylated alcohol similar to thé%generation compounds, the cladinose conjugate at
the C-3 position was replaced with a ketone. Camsetly, these macrolides are referred to
as ketolides. Another interesting common structaratif is the carbamate group across

the C-11 and C-12 positions in place of the diol.



1.5 1.6
Telithromycin Cethromycin
(Ketek; Sanofi-Aventis) (ABT-773; Advanced Life Sciences)

Figure 1.3 Examples of 3rd Generation Macrolide Antbiotics

1.3 Previous Approaches to the Total Synthesis ofrfghronolides

Natural substances of high structural complexityeh@ways drawn the interest of leading
synthetic organic chemists. The complex structdirergthromycin posed unprecedented
challenges, especially the stereocontrol. In 1958 . RNVoodward wrote: “Erythromycin,

with all our advantages, looks at present quitesteqsly complex, particularly in view of

its plethora of asymmetric center$””

o Aldol--18th step

Aldol--8th ste|
OH Aldol--8th ste
HO S OHL(\ Me P

Me“\‘E - Glycosidation--44th step
ACr0 e 7 HO
-lactonization Ay N(Me
40th step o 0 ome NMe)
Me MS ’
Glycosidation 0 Me
46th step

55 longest linear steps, macrolactonization at 40th step

R. B. Woodward et. al, J. Am. Chem. Soc. 1981, 103, 3210

Figure |.4 Key Steps in Woodward's Total Synthesisf Erythromycin
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In 1981, the Woodward group reported the first anly total synthesis of erythromycin
(Figure 1.4)* Despite a longest linear sequence of 55 stejssaitilestone in the study of
erythromycin compounds. One of the key findinggheir synthetic study was that the
macrolactonization step was important and extrerabitlenging. Woodward found that
in order to close the fully functionalized secoeqcit was important to modify the
precursor so that the chain is folded into a fabl@aconfiguration. Many subsequent

syntheses of erythronolides were guided by thidirfig.

Erythronolide A, the aglycone of erythromycin Agiso an interesting target for synthetic
organic chemists. Many efforts were made towartsrttolecule. Among them, the most
recent as well as the shortest route was repoytéteiCarreira grodpin 2009 (Figure 1.5).

In their synthesis, a 23 longest linear step secpi@ras employed, and Mg (I) mediated

cycloadditions of nitrile oxides were used as tley Isteps for setting many of the

stereocenters.
Cycloaddition o
15th ste
P }\ ~Me Grignard reaction
N 6th step
HO / ,OH
Mel L - OH “Y'ime
Wittig reaction__=5=(_ Me,, v
17th step M s 0 "OH
e
Yamaguchi /O/Ym Cycloaddition
macrolactonization Me 4th step

22nd step
25 longest linear steps

E. M. Carreira et. al, J. Org. Chem 2009, 74, 8695

Figure 1.5 Key Steps in Carreira’s Synthesis of Erthronolide A

Studies have shown th&@9)-dihydroerythronolide, the reduced form of erythwbde at

the 9-keto position, was an important intermediaté¢he synthesis of erythromycih
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According to Woodward, th®S configuration was critical in the cyclization dfet
seco-acid. The synthesis &J-dihydroerythronolide itself represents a formatthesis

of erythromycin. As a consequence, this moleculeabe another target of synthetic
chemists despite its lack of biological activityhelshortest synthetic route was reported by
the Hoffman grouf in 1993, while the most recent route was publisyethe Woerpel

group? in 2003 (Figure 1.6).

[3+2] annulation of Aldol addition
Crotylboration Crotylboration allylic silanes 21st step
4th step OH 7th step 2ndstep OH

, AMe % AMe
Wittig reaction HO OH
o|-| "~ 10th step Ry “IMe
Me \(g e, \J. Me Me“f\\\‘ [3+2] annulation
W ’ ZQH of allylic silanes

Crotylboration
Yamaguch|/ "'OH 14th step -
lactonization

OH
Yamaguchi "
22nd step Me\ Crotylboration |, ¢5nization Me\ Aldol addition
18th step 28th step 17th step

29 lonest linear steps
R. W. Hoffmann et al. K. A. Woerpel et al.

Angew. Chem. Int. Ed. 1993, 32, 101 J. Am. Chem. Soc. 2003, 125, 6018.

2nd step

23 longest linear steps

Figure 1.6 Key Steps in the Hoffmann and Woerpel Sytheses of

(9S)-Dihydroerythronolide

Total syntheses of erythromycin analogues are rag; No such effort was reported until
2011, when the total synthesis of 4,8,10-tridesgietlithromycin was reported by the
Andrade grouff with thirty-one longest linear step sequence. Thimpigned this

desmethyl structure based in part on the structmtd from Steiz and his co-workers.
Bacterial strains resistant to ketolide (MLSBK) ihrdtics commonly possess either an
N-methyl transferase that methylates the exocy¢iamine in A2058Ec in 23S rRNA or

a mutated 23S rRNA, often A2058G Steitz and coworkers postulated the cause of
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resistance might due to a steric clash of the armgmooip of guanine 2058 with the C4

methyl of the drug®

Grignard addition
17th step

N ) :TL(\)“ lo

Oxazolidinoneo\:-N \
formation = ¢

Olefin metathesis
19th step

S Glycosidation
27th ste N Oom
P Meme\ /e 24th step

~ “0-~-0—Me
Yamaguchi ws=—="1- HEX/%M )
esterification O (@) e)z
14th step Mo~ Aldol addition

11th step

Figure 1.7 Key Steps in Andrade’s Synthesis of

4,8,10-Tridesmethyltelithromycin

1.4 Limitations of Current Methods of Antibiotic Development

The antibiotics were widely used in the treatmdnintections, and as a consequence of
their abuse, resistance from the bacterial mutdexeloped rapidly. There are three major
mechanisms of resistance: 1) enzymatic modificatafn the drug molecule, 2)
modification of the bacterial ribosome, and 3)weffbf the drug from the cell. To address
the problem of resistance due to bacterial mutatorel antibiotics must be developed.
Before Andrade’s studies, all the commercial eitinycin antibiotics were developed by
semi-synthesis. Erythromycin was produced on laigde by fermentation and was then
modified to the designed candidate. The most olsvamvantage of this strategy is that it
provides a short and efficient way to make comptexural product-like structures.
However, a major drawback of this semi-synthetiategyy is the sever limitations placed

on target choice. The fully functionalized macrelibre is very sensitive and thus requires
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excessive and redundant protection-deprotectionesexes for nearly any modification.
More importantly, it is extremely challenging to keamodifications to the macrolide core
such as the removal of methyl groups. Althoughstinely by Steiz indicates the potential
benefits of removing methyl grouls such a molecule is unlikely to be obtained by
semi-synthesis. As a result, few SAR studies hacaded on modifications of the main

carbon skeleton of macrolides.

In contrast, modern methods enable chemists to rabkest any designed structure by
total synthesis. Andrade’s synthesis of 4,8,10eBidethyl telithromycin is one such
example: a target that cannot be made from erythcombut can be made by total
synthesis. However, we found that it is far fronviad to make many macrolides.
Traditional syntheses target one molecule, notdilaerse collection of structures that is
demanded by medicinal chemists. Developing a speoiite for one drug candidate does

not allow for the preparation of a large samplelpoodrug discovery.

1.5 Conclusion

The structural complexity of erythromycin macrokde one of the major obstacles in the
related drug discovery process, and it is widelgepted that the development of
erythromycin antibiotics requires a complete un@erding of their structure-activity
relationships. Therefore, an urgent need existiet@lop a method to gain rapid access to
erythromycin structure space. As we have reviewsy@, both semi-synthesis and total
synthesis have had some, though quite limited, esscen the development of novel

antibiotics.
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Herein we will discuss a novel integrated routimigategy to address this problem. The
details of the integrated routing strategy willdigcussed in chapter Il; the synthesis of the
macrocyclic bis[allene] will be discussed in chapte a new method for allene oxidation
and derivitization will be discussed in chaptersaM VI; The synthesis of erythronolide

derivatives will be discussed in chapter V.
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Chapter Il

Erythronolide Structure Space

2.1 Introduction

The beauty of complex small molecule natural pragllies not only in their structure, but
also in their promising biological activity. Syntieeorganic chemists have traditionally
focused on the construction of these complicatecucstres. Exploration of

structure-activity relationships (SARs) was noeaeyal priority until two decades ago.

Figure II.1 Structure-activity Space

s

The triangle plane represents the structural sritylaf molecules
(P=planar, R=rod-like, S=sphere-like)
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Consider a family of complex molecules that have gimilar core structures and exhibit
similar activity. If the molecules are plotted imusture-activity space, those with similar

functionality, shape, and activity will be closegach other (Figure I1.1).

Our efforts to access natural product structurespacus on synthesizing molecules that
have similar or superior biological activities.thie modern pharmaceutical industry, one
of the main goals of the synthetic organic chemigi gain access to one or more sectors of
the targeted structure space. Many methods anegiea have been developed to achieve

this goal.

2.2 An Integrated Routing Strategy for the Exploraton of Erythronolide

Structure Space

The exploration of unknown structure space is quétleable. One major reason is that a
natural product, although being the result of etroiy may not meet the needs of human
health. Erythromycin (Figure 11.2) is one such epéen Having been widely used for
several decades, it is one of the most efficienatdrspectrum antibiotics. However, as
described in Chapter I, its usefulness is compredchdue of its instability in the human
body and the resistance developed by certain tgbdsacterial mutants. Thus, it has
become important to explore the structure spaesydfiromycin, targeting molecules that

have similar activity but without the drawbacks.
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Figure 1.2 Erythromycin A

Pharmaceutical scientists have been working indhea for over twenty years, and some
progress has been made. However, their methodseantts can be further optimized to
address deficiencies in efficient methods to gamimited access to erythromycin
structure space. Described herein is an integnateting strategy for the exploration of

erythronolide structure space.

activity

Figure 1.3 Integrated Routing Strategy
Our group has been working on the integrated rgusinategy towards the synthesis of
some natural product familié$. The most important feature of the integrated rmti

strategy is that a common intermediate is syntledsas the precursor of many targeted
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products (Figure 11.3). This intermediate is desigo be structurally very similar to the
target molecules in the structure space, therefaking the conversions easier. Ideally,
one would design such an intermediate that candzbfied as divergently and extensively
as possible. Hence, the design of this intermedaire of the most important facets of the

strategy.

2.3 Design of the Key Intermediate Structure

The design of the key intermediate structure idlgiglependent on the target structure
space that one would like to access. In order toese maximum efficiency, the best
choice of molecule would be one with a high degoéeomplexity while remaining

modifiable at the important sites which are likglyolved in biological interactions.

Guided by this principle, the data from previousRSgtudies was taken as reference for the
design of the key intermediat®.As shown in Figure 11.4, prior studies indicatée t
following: (a) portions of the glycans, especidhg amino sugar, are critical, and both the
hydrophilic character of thg-face and the hydrophobic character of thface of the
macrolide contribute to binding (center structifréh) C9 amine or oxime functionality
suppresses unwanted side effects ¥¥/Jr) C9 C11 or C11_C12 heteroannulation can
improve binding and appears to represent opporésnid overcome resistance (VI, VII);
8 (d) C6_C9 heterocyclization leads to interestiaip€it nonantibiotic) activity (VII1)}}
and (e) retention of the C6 and C12 heteroatom extivity is desirable, and ether
formation at C6 may improve the antibiotic activétyd suppress other activity (V, X3

() C3 ketone derivatives (X) and alterations te ttydrophobic face of the macrocycle

(e.g., at C4, C8, and C10; Xl and XII) may overcamsistance?**Hence, modification
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of the C3_C6 and C9_C12 regions offers opportuniteeimprove drug properties and
avoid bacterial resistance.

OR
N

Me Me

R\

9

HO v

Me™ [ 12 OH
Me\\\‘\ o

[

Figure 1.4 Previous SAR Studies of Erythromycinoids
We decided to use a bis-allenic structure to repthese active binding areas in order to
enable diverse modifications. The macrocyclic bisfee] was planned to be synthesized
from the coupling between a C4 aldehydg a C6 alkyne€.2and a C5 alkyn2.3

(Scheme 11.1). The synthesis is convergent, anddbes are short.
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oP O O OP OoP
H\'(\)LNJ\O H Me
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o me )/ O Me H .

Bn

2.1 22 2.3
ilsteps
OP

Erythronolide Structure Space

Scheme Il.1 Synthesis of Erythromycinoids

2.4 Exploration of the Structure Space

The modification of allenes is central to the estmru of this synthetic strategy. The
properties of allenes are relatively underexplar@hpared with other unsaturated groups
such as alkenes and alkynes. One of the main feaigeir research group is the oxidation
and derivatization of allene-containing compourdee use of dimethyldioxirane (DMDO)
enables oxidation of the allene to a spirodiepoXi8BE) intermediate (Scheme I1.2).
There has been little precedentthe chemistry of spirodiepoxides, primarily hesmathey

have very low stability towards acids, bases, aati>Our group has demonstrated that
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by employing proper reaction conditions, the reacspirodiepoxides can be efficiently

converted into various types of structural motffs®

R, R
— =——y\\
R)_ S
y
l Spirodiepoxidation
O O 0
) RZI,MIR —_— M
OH Nu Ry H?® OH
° l \
O HO =
0 [ %
HN— OH

OH
Scheme 11.2 Allene Spirodiepoxidation and Derivitiation

However, there are still several concerns regartfiag@pplication of SDE chemistry. First,
the properties of SDEs in a macrolide system aexpiored, except by our group, and we
have little insight as to how they may react. Myleague Dr. Partha Ghosh and Dr. Yue
Zhang conducted a model study using an unfunciimegimacrocyclic bis[allenéf. The
results showed that the resulting SDEs are noelidehaved as they are on linear systems;
however, desired products were still observed. Aaotconcern was that despite the
richness of SDE chemistry, this chemistry will ngtant us unlimited access to
erythromycinoid structure space. In order to sdhis problem, new methods for allene

derivatization would need to be developed.
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Chapter Il

Synthesis of the Macrocyclic [Bis]allene

3.1 Introduction

One of the key molecules in this integrated rousitrgtegy is the macrocyclic [bis]allene.
Up until now, there was only one report of a simigclic [bis]allene by our group.

Therefore, the synthesis of such a structure wpsegedented.

There are a few concerns regarding the syntheisgt.d¥ all, the macrocyclization could
be challenging. According to Woodward, the cycimabf a 14-membered ring is not easy
and requires a specific placement of atoms. Howeseen small modifications could
possibly change the conformation of the seco-addsicerably, hence making the
lactonization step problematic. Another unknowntdads the stability and reactivity of
such a bis[allene] in somewhat strained cyclicaystAlthough we do have a handful of
data regarding allene oxidation, allenes on 14-neetbrings have rarely been examined.
Despite all of these concerns, we still believeat Hilenes are rich in interesting reactivity,
and that this would be a promising way to solve #xésting problem of accessing
erythromycin structure space. We will focus ondfethesis of the macrocyclic [bis]allene.

The route was first developed by my colleague,Aartha Ghosh Since then, Dr. Hiyun
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Kim and | have made improvements to the initialteoin terms of efficiency and

reproducibility. Our implements are presented below

3.2 Synthesis of the Three Key Coupling Units

The macrocyclic bis[allene] structure was desigiodae3.1 (Scheme IIl.1). The route was
planned to be convergent. Three fragments wereguaedi as shown, including a
C6-terminal alkyne.2, a C4-aldehyd8.3 and a C5-terminal alkyr&4. They would be

coupled to each other by metal-mediated alkynytattben converted to allenes.

Yamaguchi lactonization was planned to be thedeeg.

o)
OBn (( W\

/-* Me1:

OTBS

(0]
3.1
‘E %o

Scheme lll.1 Retrosynthetic Analysis of the Macrocgzilc Bis[allene]

The synthesis of the C6-alkyne began with an atdaktion using the Evans chiral
auxiliary 3.5 (Scheme 111.2) The desiredyn-aldol adduc®.6 was obtained in desirable
yield and d.r. It is remarkable in that it is thestf example of a dimethoxyacetaldehyde
being used in the Evans aldol reaction. The betipylattempts 08.6 using NaH and
BnBr were not successful, presumably due to theodatiol reaction. However, an

alternative condition using silver (I) oxide andBnwas successfdl Although it was
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sensitive to water and slow (usually taking abewd tdays for completion), we were still

able to isolate the product in excellent 95% yield.

O O  Bu,BOTf OH O O BnBr, Ag,0 oBhO O
’ ’ 2
M TEA, DCM MeO
e\)I\NJ\O . MeOMNLO e N~ YO
N (MeO),CHCHO MeO Me }——‘ 95% MeO Me c‘L_J
Bn Bn Bn
3.5 90% 3.6 3.7
BnQ 1. TsCl BnQ BnO Me
LiBH,, THF  MeO DABCO_ MeO MeO Z
= OH —— 3 A
95% MeO Me 2,LICCH-EDA MeO Me Hl mMeO Me
3.8 DMSO 3.9 3.10

82% (two steps)

Scheme Ill.2 Synthesis of the C6-Alkyne

The benzylated compourdd7 was then reduced with LiBHo afford the primary alcohol
3.8via cleavage of the chiral auxiliary (Scheme )I.Rr. Partha Ghosh reported that the
tosylation of3.8 using pyridine takes twelve hours to complete. Téection time was
reduced to one hour by using DABCO instead of piyeid The crude tosylate product was
then added to a solution of lithium acetylide eéim@diamine complex to give the terminal
alkyne3.9. A significant amount of byprodut10 which is very difficult to separate from
the desired product, was observed if this reactias quenched with Nf&I at room
temperature. The formation of this byproduct cobkl suppressed by adding MNH
solution dropwise over twenty minutes at’@sinstead of adding it in a single portion.

0Bn O O HOAc, Hy0O, TFA OBhO O

MeOMN )Lo ahrt \“/\)\N J\o
MeO Me Bn)_J 94% o) I\ille )_J

Bn
ent-3.7 3.3

Scheme 111.3 Synthesis of the C4-Aldehyde
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The C4-aldehyde was synthesized in one step frerentiomer d3.7, which was made
using the same two-step sequence (Scheme II1.3J.adid hydrolysis of the acetal group

over four hours afforded the desired C4-alde3:@an 94% vyield.

TMS AICl;, DCM o Ru(ll) cat. OH
/ —_——>» Me — 3 Me
™S propionyl A iPrOH, rt A\
chloride TMS 959, >95% ee ™S
3.12 95% 3.13 , 34
Me
Ts
i. TBSCI OoTBS N
imid., DMAP__  Me Ru
ii. K,CO3, MeOH x H @“‘ N
56% 3.4 Me~ "Me
3.15

Scheme 1ll.4 Synthesis of the C5-Alkyne

The synthesis of the C5-alkyne starts with the &niyis-TMS acetylen&.12 (Scheme
I11.4). Friedel-Crafts type acylation afforded tl@&5-ynone, which was reduced with
excellent enantioselectivity using theRR)-Noyori catalyst 3.15° A simple
protection-deprotection sequence of the pro@utt gave the desired known C5-alkyne
3.4in 56% vyield. The low yield is presumably due be foss of volatile product under

reduced pressure.

3.3 Coupling of the Three Building Blocks

The C6-alkyne 3.2, C4-aldehyde3.3, and Cb5-alkyne3.4 were brought together
sequentially by metal-mediated alkynylation. Thetfcoupling was done betwe2r? and

3.3(Scheme lII.5).
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i) n-BulLi, -78°C 0
BnO if) ZnBr,, 0°C BnO o
M o T 0 — N
e = Y iii) 3.3, 0°C - MeO = ""Me
OMe Me 64 % 8:1 OMe Me OBn
3.9 3.16

Scheme IlI1.5 The First Coupling

This reaction was first done by Dr. Partha Ghoshgusinc bromide mediated chelation-
controlled alkynylation. Dr. Hiyun Kim and | founthat some details are not fully
understood, hence the reaction was capriciousr Afteensive modifications, we found
that an carefully and fully dried solution of zibcomide in diethyl ether was the key to
reaction success. Moreover, the reaction temperatas also important, requiring careful

monitoring and control at°C at the coupling stage.

One major drawback of the reaction is that to engaod yield and selectivity, excess
(often >2 equivalents) of alkyr&9, is needed. This limits the efficiency, especiallyce
this fragment requires more effort to preparel, 3tie unreacted alkyne can be recovered,
and the yield based on recovered material is aallext 90%. Further attempts to optimize
this reaction with Carreira’s asymmetric alkynydati conditions using Jiang’s chiral
ligand were found to be inferior. These experiments heklpketermine thesyn
configuration of the product formed, which is alde expected configuration from

chelation-controlled alkynylatiof.
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o 0
BnO 0 HOAc,TFA,H,0  BnO 9
MeO _ "Me (4:1:1), 8h, g H = """Me
90 % (o) Me OBn
OMe Me OB
16 4 3.17
i) 3.4, MeLi, -78°C OTBS o]
ii) Ti(OIPr);Cl, 40°C e OBn o)
iii) 3.17, -40°C - A — "Me
86% 6:1 OH Me OBn
3.18

Scheme 111.6 The Second Coupling

The second coupling betwe@l7 and C5-alkyne3.4, however, was much smoother,
presumably because of the higher stability of ajdel8.17. Acid hydrolysis of the first
coupling product3.16 gives the desired aldehyde, though it takes lorigego to

completion.

In order to obtain thanti-adduct, non-chelation controlled alkynylation cibioths were
employed’ Thus, 3.4 was treated with methyl lithium followed by additi of
chloritriisopropoxyl titanium (1V) solution. Aldetde 3.17 was then added to affo8118
with the desired stereochemical configuration. &&oin of experimental conditions
showed that it is very important to maintain theperature at -4€ during the addition of

the titanium reagent, failure to do so resultelbw yield and diastereoselectivity.

3.4 Synthesis of the Macrocyclic [Bis]allene

The coupling producB8.18 which can be made on multi-gram scale, was tlagent

forward. It was first activated as the methaneswlfeester, then a single flask allene
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synthesis with excess methyl cyano cuprate affotdedlesired bis-aller&19 (Scheme

111.7).
oTBS o o i NEty sl )\/Mi/'t 0Bn O
Me OBn ii. MeCu i =
% — ',,Me > \A_/ OB Y\_)LOH
Y 88% W n H Me
OH Me OBn
218 3.19

Me

3.20

Scheme 1l1.7 One-pot Synthesis of the Bis[allene]

An interesting feature of this reaction is thahaligh it can give the desired product in one
step, we found that we were able to stop the r@aeti the mono-aller220stage by using

a stoichiometric amount of cuprate. This is refliectof the increased reactivity of the
mesylated relative to the lactone. The mono-altarebe converted to the bis[allei3e] 9

by further treatment with fresh cuprate. Althouglistseems redundant at this stage, we
thought we could further utilize this differentidtesactivity. Details concerning this will

be discussed in later sections.
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Scheme 111.8 Synthesis of the Seco-Acid and the Maxzyclic Bis[allene]

The TBS ether 018.19 was removed with acid to afford seco-a8i@1in 95% yield
(Scheme 111.8). The overall process time can betehed by skipping the purification of
3.19and instead pushing the crude material througdepeotection step. In this wad.21

can be obtained with a satisfying 70% yield.

Yamaguchi lactonization &.21affords the desired bis[allene] macrolgié.*° One major
byproduct was found to be the dimerized macrddd?2 (Figure 111.1). After optimization,
we were able to obtain the desired product in goeld (64%) by using dilute solution and

slow addition of the active ester into a hot DMA#usion over the course of two hours.
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3.22

Figure Ill.1 The Dimerized Byproduct of Lactonization

3.5 Flexibility of the Route: Possibilities for Futher Modification

As we discussed in chapter 2, one of the major bdaaks of the total synthesis approach to
erythromycin antibiotics is the lack of flexibilityn the synthetic route. One has to start
over from an early stage of the route to make aw target molecule. However, by using
the convergent synthetic strategy described alibigeproblem can possibly be addressed.
For example, we could imagine the possibility ofdifiging one of the three building
blocks without changing the other two. This way toate itself is not significantly
different, and changes will not be made until after 6-8' step. Another possibility for
modification is enabled by the stepwise bis[allefogination (Scheme 111.9). Since we
were able to differentiate the rate of formationtlodé two allenes, the incorporation of

heterofunctionality was possible.
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Scheme 111.9 Incorporation of Heterofunctionality in the Bis[allene]

3.6 Conclusion

The macrocyclic bis[allene] was made in eleven &stdinear steps, only nine of which
require purification. The overall yield is 10% frocommercially available material. We
were able to make the seco-a8i@1on gram scale and macroli@el in 500 mg scale.

Although it is also interesting to explore the pb#isy of assembling new macrolide
scaffolds with different building blocks, we deaiti® start working on the bis[allene] in

hand. The oxidation and derivatization of allersesur next focus.
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Chapter IV
Allene Osmylation: Methods for

Improvement of Efficiency

4.1 Introduction

Synthetic organic chemists have been studying ehetivity of all types of unsaturated
systems including alkenes, allenes and alkynesnfomy decades. Among these, allenes
have received the least attention. For examplekeirthe well developed methods for
alkene epoxidations, allene epoxidations were yaegorted. The initial research on the
allene epoxides and spirodiepoxides (SDEs), whierevthe mono- and bis- epoxidation

product of an allene, respectively, was reportedynyears agd. ? It was thought that the

allene epoxides were highly unstable and wouldyasdergo rearrangement under many
reaction conditions. Our group has extensive stu&BEs and has shown that the SDEs
can be used in structure motif building studi@Routes toward synthesis of complex
natural products via allene spirodiepoxidation Iz key reaction have also been also
reported’™**

However the application of SDE chemistry in the roagclic bis[allene] derivitization

was still a concern. The reactivity of a SDE ortraised system is not well precedented
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and the stability is not guaranteed. Dr. ParthasBrghowed that methyl cuprate can be
successfully added to the SDE in a single macroaxyus[allene], however the yield is
low.*® More importantly, the same reaction conditiontethto deliver methyl group to the
fully functionalized macrocyclic bis[allene], whigk designed to be the key step of the
synthesis of 99-dihydroerythronolide. Hence, a new method foerad oxidation and

modification is needed.

4.2 Alkene Osmylation: A Brief Overview

The osmium tetroxide catalyzed dihydroxylation e @f the most important methods for
the oxidation of alkenes. It has been studied limoat a century. It is a powerful tool to
make vicinal diols, a common structure motif in fhadyketide natural product. At first,

catalytic osmium tetroxide was employed along veithichiometric amount of a strong
co-oxidant such as hydroperoxides. However, sigmifi amount of over oxidation

byproduct such as the vicinal diketone was usuaiserved.

0s0,(1%)

Ri_ R nmoH0 HQ OH
) : 3 R R
RZ R4 ! 2 R4 3
41 4.2

Scheme IV.1 The Upjohn Dihydroxylation

A modification of this procedure was made by V. Raeenen et al of the Upjohn
Company in USA in 1978 N-methylmorpholineN-oxide (NMO) was employed as the
co-oxidant instead of hydroperoxides. This reagesntvery mild and significantly

suppressed the formation of over oxidation byprtgland increased the yield of the

desired vicinal diol (Scheme IV.1).
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4.3 4.4

Scheme V.2 The Sharpless Asymmetric Dihydroxylatio

The most widely used asymmetric dihydroxylation moet was developed by K. B.
Sharplesd?® Using the KOsQ, dihydrate powder as osmium sourcgF&CN) with the
combination of KCO; as the co-oxidant, and the use of chiral quinirgand
(DHQ),-PHAL or (DHQD)-PHAL can afford the vicinal diol in high yield areg. This

method is well known as the Sharpless Asymmetrig/@ioxylation (SAD).

There are several major advantages of this metimdynly because of its high yield and
stereoselectivity. For example, it is one of theiest reactions to perform: water is used as
solvent and atmosphere oxygen is not a concerno Ahés reaction is mild and
chemo-selective, few other functional groups afecééd, and it is also very selective
between alkenes with different electron density stedic accessibility.

The development of the SAD reaction greatly enhartbe practicality of the alkene
osmylation, and it has been widely used in thel tetmthesis of natural products.
Numerous reports of successful applications hayeaged since the original Sharpless

publications.

4.3 Allene Osmylation: An Underexplored Field

Compared with alkene osmylation, allene osmylatereived much less attention. Up to
now, there are only 7 reports regarding the osmatroxide oxidation of allenes. The first

stoichiometric allene osmylation was reported bgt®e* in 1971 when they used OsO
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to oxidize a steroidal exo-allede5 into a hydroxyl ketond.6 (Scheme 1V.2). According
to Crabbe, some over oxidation byproduct was oleskrand as a result the yield of this

reaction was not impressive.

Excess OsO, WOH
pyndmelbenzene

53%
Aco™ AcO™
Scheme V.3 Crabbe’s Stoichiometric Allene Osmylatin
The only catalytic asymmetric allene osmylation kvavas done by the Flemming
group?® *® They showed that AD-mix could catalyze the dihyytation of mono- or di-

substituted allenes that had an aromatic substitdieactly attached to the allene. The

product, a hydroxyl ketone, was formed in modeyaeé&.

— AD mix OH
—>
d 45%-79% yield R o
R 82%-92% ee
47 4.8
OH
Rz AD mix R,
)=o= —_— R1*(
4.9 5%-50% ee 4.10

R1,R2=alkyl

Scheme V.4 Fleming’s Asymmetric Allene Osmylation

Despite the fact that desired hydroxyl ketone pob@dould be obtained, this reaction still

has significant drawbacks: the yield aed is very low for allenes with only alkyl
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substituent, and the catalyst turnover is signifigalower than the alkene osmylation

(Scheme 1V.4).

4.4 Mechanistic Insights of Allene Osmylation

The detailed mechanistic rationale for the low ¢iahd catalyst turn over of an allene
osmylation is not clear yet. One possible reasghasthe osmium tetroxide adduti2
which is an osmate enol ester (Figure 1V.1), wasenstable than the osmate ester formed
from reaction of osmium tetroxide with an alkenes A result, the hydrolysis of an
allene-derived osmate ester may be much slowered@r, the enol ester may also be
reactive towards excess osmium tetroxide, and harsgcond molecule of Os@ould
add, giving over oxidation produdtl2as side products. If this hypothesis were truen th

an additive that accelerates the hydrolysis obdraate ester would solve this problem.

H
>=o=¢\RRs o)
R4 2
R R,
R;
0s04 OH OH
412
[O]
Q
=0
Os= ) ' _o
-~ -
OsO; o \O OsO, 0=Oé~0 O/O\S
H ~ —» \ fo)

Scheme V.5 Proposed Catalytic Cycle of Allene Osration
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We started our exploration with the use of methalfi@samide. This reagent is known to
be a phase-transfer catalyst, and can accelem®AD reactiort! As we expected, for the
simple tri-substituted alkyl allene4.13 the combination of AD-mix and
methanesulfonamide gives the desired hydroxyl ketohd in 56% vyield after 48 hours
(Scheme IV.6). Note that this substrate lacks tmengl substituent that was required by
Flemming’s report (Scheme [V.4). When only AD-mix asv used (without
methanesulfonyl amide), only trace product andntiagority of the starting material was

recovered (not shown).

AD mix, MsNH, OH
nBu o H 48h nBu
>_°_< ——® nBu iBu
nBu iBu 54% o)
4.13 4.14

Scheme V.6 Allene Osmylation Accelerated by Methasulfonamide

This result supports the hypothesis that hydrolisithe rate determining step of allene
osmylation. Although the yield and catalyst turreois greatly enhanced, there is room for

further improvement. Accordingly, we turned to séakalternative solutions.

4.5 Acid-promoted Allene Osmylation

The presence of acid is known to accelerate theohygls of osmate ester in alkene
dihydroxylation® In the case of allene-derived osmate ester, tbé raniety should be
nucleophilic and react with acid. Initial experinewere performed with alkyl alledel3
The use of 3 equiv. of acetic acid in the presexiaatalytic (10 mol%) Ospand NMO
gave the desired hydroxyl keto#d 4in 75% yield (Scheme IV.7). Stoichiometric amount
of acetic acid was found to be less effective, whemsing too much (>10 equiv.) of acetic

acid slows down the reaction dramatically.
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0s0, (10 mol%) OH
nBu>=.=<H NMO, AcOH nBug\“/\.
nBu iBu
nBu iBu 4h, 75%

413 414

Scheme V.7 Allene Osmylation Accelerated by Acid

When these reaction conditions were applied to aensomplex silyl protected allene
alcohol4.15 similar outcomes were observed, however the icgacates and yields were
inferior. The use of a stronger 4-nitrobenzoic acistead of acetic acid improved the
overall efficiency. Stability of the substrate tadais important. For example, similarly,
allene4.17 which bears the more acid stable TBDPS group, effasently reacted with
OsQ in the presence of HCI. (Scheme 1V.8). As with tlleer reactions, the presence of
acid has a beneficial effect on reaction rate aeldly

0Os0O4 (10 mol%), NMO
4-nitrobenzoic acid OH

TBSO H 3 oo
_>=o=<_/Ph ( eqUIv') > TBSO
Me 48h, 44% Me Ph

o)
415 4.16
TBDPSO H 0s0,4 (10 mol%), OH
_>=.=<_/Ph NMO, HCI (0.5 equiv.) _ TBDPso/ﬂ\“/\/\
Me 24h, 70% Me Ph
o)
4-17 4.18

Scheme V.8 Allene Osmylation of Protected Allene ldohols

4.6 Alternative Procedures for Efficient Allene Osnylation

Several other procedures have been developed toowepthe allene osmylation
significantly. In 1988, Narasaka reported a modifidpjohn’s procedure for alkene

dihydroxylation’® Phenyl boronic acid was employed as the watervatprt. This
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reaction can be conducted under anhydrous conditising DCM as solvent. The
resulting boronic ester can be further oxidized alehved to release the desired diol

(Scheme 1V.9).

0s0,4(2%) Eh
R, g, MO, PhBIOH), B\

= ooy RA—eRs

R2 Rs go9.93%
4.1 419

Scheme V.9 Narasaka’s Modification of Upjohn Dihydoxylation

This procedure can significantly increase the odtbe Upjohn dihydroxylation. We were
intrigued by possibility that this procedure mighe applicable to improving allene
osmylation. According to our mechanistic propofia, hydrolysis is the rate determining
step of allene dihydroxylation, and since a verffedent mechanism of hydrolysis is

involved in the Narasaka'’s procedure, it seemedsiliée that it would also be beneficial.

Initial attempts were performed on simple alkyeak4.13 In the event, 10 mol% of OO0

and 2 equiv. of NMO as co-oxidant effected consuompof the allene starting material
within 4 hours. However the product was isolated asixture of the boronic enol ester
(40%) and the free hydroxy ketone (35%). The additf molecular sieves to the reaction
mixture significantly suppressed the formationte# hydroxyl ketone. On the other hand,
adding AcOH instead of molecular sieves will acrale the decomposition of boronic

ester and forms the hydroxyl ketone in 70% yield.
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0sO, (10 mol%)
NMO, PhB(OH), OH
nBu>=._ H AcOH nBuﬂ\“/\.
_< nBu iBu
nBu iBu 4h, 70% o
413 414

Scheme V.10 Allene Osmylation by Narasaka’'s Modifiation

Another interesting observation regarding allenenydation is that tertiary amines
accelerate the overall reaction rate as well. Wi82mol% of Os@and 2 equiv of NMO as
co-oxidant was employed, adding catalytic to subktometric (10 mol% to 50 mol%)
amount of diazabicyclo(2,2,2)octane (DABG®ignificantly enhanced the reaction rate.
The desired hydroxy ketone could be formed in 688tdywithin 2 hours, down from over
4 hours when AcOH was used. However this proceldasea major drawback that a small

portion of overoxidation product is always observétis side reaction is rare in other

procedures.
OSO4 (10 mol%) OH
nBu H NMO, DABCO pBu
>=o=< - nBu iBu
nBu iBu 4h, 68%
413 4.14

Scheme V.11 Allene Osmylation Using DABCO as Addite

4.7 Conclusion

Significant progress towards the allene osmylati@s been made. The limit in the
oxidation of alkyl allenes now can be overcome Bing acid, phenylboronic acid or
DABCO. The result was still not optimal: the yiekl moderate and although catalyst
loading is low (5%-10%), we would prefer signifitigriower catalyst loading. However,

the current procedure seems suitable for the noadifin of the bis[allene] macrolide, a
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late-stage intermediate which do not require aelagale method. Therefore we decided to

return to the modification of the bis[allene] mdade intermediate, our main goal.

4.8 References

1. Crandall, J. K.; Machleder, W. B..Am. Chem. Soc. 1968 90, 7292.

2. Crandall, J. K.; Conover, W. W.; Komin, J. B.athleder, W. HJ. Org. Chem. 1974
39, 1723.

3. Ghosh, P.; Lotesta, S. D.; Williams, LJJAm. Chem. Soc. 2007, 129, 2438.

4. Lotesta, S.D.; Kiren, S.; Sauers, R. R.; andiavs, L. J Angew. Chem. Int. Ed. 2007,
46, 15.

5. Sharma, R.; Manpadi, M.; Zhang, Y.; Kim, H.; Addov, N. G.; and Williams, L. Qrg.
Lett. 2011 13, 3352.

6. Ghosh, P.; Cusick, J. R.; Inghrim, J.; Williarhs,). Org. Lett. 2009 11, 4672.

7. Katukojvala, S.; Barlett, K. N.; Lotesta, S. Bjlliams, L. J.J. Am. Chem. Soc. 2004
126, 15348.

8. Lotesta, S. .D.; Hou, Y.; Williams, L. Qrg. Lett. 2007, 9, 869.
9. Shangguan, N.; Kiren S.; Williams, L.Gxg. Lett. 2007, 9, 1093.
10. Ghosh, P.; Zhang, Y.; Emge, T. J.; WilliamsJ1Org. Lett. 2009 11, 4402.

11. Joyasawal, S.; Lotesta, S. D.; Akhmedov, NV@lijams, L. J.Org. Lett. 201Q 12,
988.

12.V. VanRheenen, R. C. Kelly and D. Y. Cretrahedron Lett. 1976 1973.

13.Kolb, Hartmuth C.; VanNieuwenhze, Michael S.afpess, K. BarrgZhemical
Reviews, 1994 94, 2483.

14.Biollaz, M.; Haefliger, W.; Velarde, E.; Crablie; Fried, J. HJ. Chem. Soc. D:
Chem. Comm. 1971, 21, 1322.

15.Fleming, S. A.; Carroll, S. M.; Hirschi, J.; LiR.; Lee Pace, J.; Ty Redd, J.
Tetrahedron Lett. 2004 45, 3341.

16.Fleming, S. A,; Liu, R.; Redd, J. Tetrahedron Lett. 2005 46, 8095.



41

17.M. H. Junttila, O. O. E. Hormi, Org. Chem. 2009 74, 3038-3047.

18.Dupau, P.; Epple, R.; Thomas, A. A.; Fokin, V; Sharpless, K. BAdv. Synth. Catal.
2002 344, 421.

19.lwasawa, N.; Kato, T.; Narasaka,®hem. Lett. 1988 1721.

20.Minato, Makoto; Yamamoto, Keiji; Tsuji, Jidournal of Organic Chemistry 199Q 55,
766.



42

Chapter V
Synthesis of Erythronolides From a

Macrocyclic Bis[allene]

5.1 Introduction

As described in the preceeding chapters, the mgdiodis[allene]3.1is central to our
integrated strategy towards the entry of erythrioleostructure space. Reactions on the two
allenic groups are particularly important. We pledrio use our mild osmium tetroxide
catalyzed allene oxidation as described in chapMerWe were also interested in the
spirodiepoxidation by DMDO and the consequentiativitezation of the formed

spirodiepoxide (SDE).

There are several major challenges. First offadl axidation of a macrocyclic bis[allene] is
unprecedented. Would the desired reaction proceexhy of four possiblerbonds?
Would the regioselectivity be problematic? Moreouanlike the total syntheses which
have a certain known structure to compare with téngeted new molecules have never
been reported before. We would have to fully deteenthe absolute structures of each

new product.
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Despite these concerns, the success in the madiyl done by Dr. Partha Ghosh and Dr.
Yue Zhang was encouragingVe decided to move forward toward our goal, sigrtiith

the allene osmylation, which was believed to belraitd selective.

5.2 Regioselective Osmylation of the Macrocyclic Blallene]

The osmylation of non-cyclic allene was done susftdly under catalytic conditions, as
stated in chapter IV. However, catalytic oxidatimimacrocyclic bis[alleneb.1 failed.
The combination of 10 mol% osmium tetroxide andgRie. of NMO gave a complex
mixture of products, and no desired product walsied. To simplify the relative complex
situation, dihydroxylation conditions using stoioimetric amount of osmium tetroxide
were used. Fortunately this modification succe$sfubvided the desired hydroxy ketone

5.2in up to 84% yield (Scheme V.1).

OBn
HM‘\Me 0s0, (10 mol%),
| e | NMO
1 Bno | — 3 decompose
Me Et H tBuOH, H,0
0 Me
(0]
5.1
OBn H
H \Me 0sO, (1.5 equiv.),
tBuOH, H20 /
BnO Me“ /
Me“ Et 84% \
Et®

Scheme V.1 Regioselective Osmylation of Macrocyclgis[allene] 5.1

It is remarkable that this reaction is highly regaad stereoselective. We can only observe

a single diastereomer product. This reaction issitga to pH: 3 equiv of AcOH
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significantly reduced the yield to 40% (Scheme V&gutral or buffered weak basic
conditions ensured consistent yields. This reaatiould be significantly accelerated by
amine ligand: stoichiometric DABCO reduced the tieectime from 1 hour to 15 mins,
although the yield dropped to 68%. Also with anligand, the reaction mixture became a
transparent homogenous brownish solution insteac dieterogeneous solution with
significant amounts of black precipitate. Sincehlléerogeneous reaction was much more

difficult to work up, the addition of amine provid&elp in a procedural level as well.

OBn

H aMe 0sO, (1.5 equiv.), H
AcOH
° Me
(J "

H \Me 0s0,4 (1.5 equiv.),
DABCO

BnO Ry
Me“ “\|_Et 68% Me“ )
Et

Scheme V.2 Effect of Additives to the Osmylation d.1
The high stereoselectivity of the addition of Qaas expected. As shown in the figure,

3D modeling of the macrocyclic bis[allene] showsttlone side of the allene is more

hindered than the other side substituted with ldhégne V.3)
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More accessible

OBn
H wMe H
= OBn
i Me i _ H
\\‘ Bno =

Me" L"Et H H

o) H

Me CH3

(0] OBn)

More hindered

Scheme V.3 Steric Difference Between the Two FacafsAllene
However we do not fully understand the significeate difference between the oxidation
of the two allenes. One possibility is that the ©&-allene is more electron rich than the
C10-C12 allene, especially on the more substitgiesl Due to the high sensitivity of
osmylation towards electron density, the rate cteldifferentiated. Another possibility is
that the C10-C12 allene might be more stericalhydbred; hence the rate of addition of

osmium tetroxide would be attenuated.

5.3 Osmylation of the C10-C12 Allene

Having the mono- dihydroxylation produef2 in hand, we then started to investigate the
possibility of the osmylation of the second allemerder to obtain a bis-hydroxyketone
5.3(Scheme V.4), which is a precursor of 4,10-didebyiatrythronolide (Scheme V.4).
Ideally we could obtain the 4,10-didesmethyl ergtialide 5.4 after controlled reduction

of two ketones and debenzylation, in less thantédss
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—> Me\\‘ —>

Me N '
0s0, (1.5 equiv.) N \1 TESOTf TESO, QMe
M t-BuOH, H,O HO\(& o Me 2,6-lutidine e\ (0] E
W
48% EtY N0 o 72% Et jfo
‘s
o 0B o) OBn

Me
Me
55 5.6
Structure confirmed
by X-ray

Scheme V.4 The Osmylation of the C10-C12 Allene

The osmylation of the second allene, however, gagduct5.5 instead of the desirésl3

in 48% vyield (Scheme V.4). In contrast with thstfioxidation which was complete within
1 hour, the second oxidation was much slower agdired 4 hours for completion. We
were not certain about the structure of the produéirst. Fortunately, upon silylation of
the C12 tertiary alcohol, we were able to isolaesbt6 as a white crystalline in 72% yield.
The X-ray diffraction crystallography confirmed thihe compound is a bicyclic lactone,
with a tetrahydrofuran moiety from C6-C9 area. Thisucture also confirmed the
assignments of the many precursors of this compterpound. Interestingly, the C9
benzyl group was eliminated during this processhd@lgh this substance was not the
immediate desired product, it’s still of considdeainterest. It has been reported in 1980’'s
that this type of structure, derived from the ariduced cyclization of erythromycin,

shows similar activity as motilin, and as a resulth macrolides are called “motilid%®.
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0sOy (1.5 equiv.) \\\‘1
HO,
t-BuOH, H,0 O L~Me

Me™
_—

48% Et™ )ofo
‘s

Scheme V.5 Mechanistic Framework of the Formationfds.5

This transformation was unprecedented. Our mect@nifamework for this
transformation is shown in Scheme V.5. The osmaiel ester intermediat®.7 is
elecronrich and therefore may readily eliminate @@ benzyl group. The resulting
intermediates.8, with or without osmium, is electrophilic and tGé tertiary alcohol could

attack the C9 position to give the tetrahydrofutiag.

Based on above rationale, installation of a pratecgroup on C6 tertiary alcohol before
the second osmylation would prevent the formatibithe tetrahydrofuran ring. In the
event, the TES protected mono hydroxyl ketér@(Scheme V.6) gave the unsaturated
ketone5.10in 34% yield upon osmylation instead of cyclizifighis result is consistent

with our mechanistic hypothesis.



48

TESOTf
2,6-Lutidine

85% Me™"
Et"

Scheme V.6 Osmylation of the 6-Protected Hydroxyl &tone 5.9

Considering the possibility for derivitization, shiinsaturated ketorielQis a promising

substrate for further study.

5.4 Reduction of the 5-Ketone

As for the synthesis of bioactive erythromycinoiid$s critical to reduce of all ketones on
the macrolide ring to alcohol form in a stereosgedashion. The C5 alcohol is the site of
glycosylation with desosamine, which is found toitpgortant in binding the bacterial
ribosome>® Paterson reported a reduction of an analogousefink in 1989 (Scheme
V.7). The chelation-controlled reduction®mfL1using zinc borohydride was employed. An
interesting fact was that the obtained produd?2 was the diastereomer of the desired
product predicted based on acyclic modé?aterson explained this phenomenon to be the
result of the intrinsic stereoselectivity lying fhe macrolide and called it macrocyclic
stereocontrol. We though we might be able to takeatage of this protocol to reduce the

C5 ketone of compounsl2 (Scheme V.8).
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Zn(BH,),, Et,0
—>
70%

Scheme V.7 Paterson’s Reduction of C5- Ketone

Zinc borohydride reduction of the mono hydroxyketagave the 5,6-didb.13in 68%
yield. Upon extensive 2D-NMR analysis, we foundt tie obtained product was not the
desired diastereomer. In contrast, the non-chelatemntrolled reduction using
tetrabutylammonium triacetoxyborohydridgave the desired diastereorBet4 whereas
the uncontrolled NaBiHreduction affords a mixture of two diastereomerslose to 1:1

ratio (Scheme V.9).
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Zn(BH4)2, Et20
— e
68% K

BU4NHB(OAC)3
Acetonitrile
> Me'*'
0,
50% Et
NaBH,, THF

—> M
82%, d.r.=1.1:1

Scheme V.8 Reduction of the C5-Ketone

Admittedly, we were surprised that we were not ableget the desired diastereomer
following Paterson’s procedure. Still, there canlitike doubt that this procedure worked
as described by Paterson: the product was takeandrthe structure was assigned by
correlation to the natural product. We later fotimat this procedure effected Paterson-like
selectivity on another substrate (Scheme V.9).rBgting the mono hydroxyketone with

N-bromosuccinimide (NBS) and water in acetonitriddvent, we were able to isolate the
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alkene5.15 The bromohydrin was then reduced using zinc baiotle to afford the C5
alcohol with desired stereoconfiguration, which veasmfirmed by extensive 2D-NMR

analysis.

OBn OBn

Me HO
OH ZnBH; mMen
_>

o 99% Et"

Scheme V.9 Bromohydration of the Allene and Reduain of C5-Ketone

The above result was a good demonstration of mgcliocstereocontrol: the macrolide,
because of its structural topology, is stericaipsked. Stereo control methods that work on
linear systems sometimes fail on the cyclic systamd,the stereo outcome of the reactions

on it is a reflection of its 3D structure.

5.5 Stereocontrol on the Macrocyclic Ring: Mechantg Insights

Zinc borohydride reduction of ketones is well pbeated-’** Theanti- diol is favored as
the major product — at least in the overwhelminmber of cases. However, when it was

applied in our cyclic system tlggn- product was formed in our case

As shown in the Scheme V.10, the zinc chelated dydrketone has two major
conformations. According to the anti-Felkin-Anh nabdScheme V.10), the nucleophile

will attack the more accessible face as determimedhe relative size of the adjacent
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substituents. The size difference between thé¢Rsmall) and R(L=Large) determines

the stereoselectivity of the following hydride attut.

HO ©H
H H
Rs O. < . .0 RL
Zn Z
R o~ _— n\o R
RL Rs

Scheme V.10 Anti-Felkin-Anh Model of the ChelatiorControl Reduction

This model is based on the assumption that theoRpgmwhich is on the other side of the
ketone does not have any impact with the reac&oner. This is typically true under most
circumstances. For acyclic hydroxyketones the iandbarrier of the carbonyl-R bond is
normally not very high and can rotate easily, thimsinish the steric difference between
different substitution groups. However this is m@cessarily the case for complex
macrolides. In our cyclic systems, few of the boadghe ring can rotate easily and hence
the steric differences imposed by the R group careo ignored (see Figure V.1,
compoundb.2?), especially when the difference betweeyaRd R is not large. In hydroxyl
ketoneb5.2, the difference between the C6- methyl and then@thylene is modest;
therefore the conformation of the ring system esfigcthe C3-C6 region becomes
important. (Figure V.1) Functional groups suchresBnO- group may block one face over

the other and interfere with the diastereoseldgtivi
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"Concave"-like
hindered face

less hindered face

OBn

less hindered face

5.2

Figure V.1 The 3D Looking of the Ketone Reduction

The conformation of the ring changes when the C10-&lene is converted into the vinyl
bromide, due to the large difference in rigiditydaopographical constrains between the
allene and alkenes (Figure V.1). The structurehef tinyl bromide macrolide is very
similar to the intermediate in Paterson’s synthesfs (95)-dihydroerythronolide.
Accordingly, these substrates exhibit similar redtgt under the same reaction condition.
Although extensive computational studies are ne¢éaledderstand the mechanistic details,

this rationale accounts for all the available data.

5.6 Attempts for the Glycosidation on the Macrocyat Ring

Although the zinc borohydride reduction gives thmelesired diastereomer for substrate
5.13 we were still interested in adding the desosartorie since our main goal was not

only making the natural product, but also makingedsified analogues.

The glycosidations of macrolides have been knovehcanried out repeatedly over the past
several decades. The first attempt appears to bege carried out by Woodward and

coworkers in their synthesis of erythromycin A. Arrcaptopyrimidine substituent was
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used in the desosamine glycosyl&telpon activation by silver (1) triflate, the sughonor
was successfully installed onto the macrolide rifiggs method was also used in several

other syntheses of macrolide antibioti¢é® Therefore we started with this procedure.

Me
6N HCI, EtOH o
—_— Mesz\_
52% OH “oH
517

Erythromycin A
$2/g

1) PBus, DIAD,HSPyrm m N/j
> MezN
OAc S)%N

2) Ac,0, TEA, DCM

45% over 2 steps 5.18

Scheme V.11 Synthesis of the Desosamine Donor

The sugar donor was prepared in three steps asilmibsdn the original report. The
desosamine was obtained in 52% vyield as a mixtdranomers by hydrolysis of
erythromycin A under strong acidic conditiodsAlthough it could also be made from a
commercial available pyranose, we chose to obtdiom the erythromycin because of
time efficiency. Mitsunobu reaction using 2-mercggtrimidine as nucleophile replaced
the 1-alcohol group of the desosamine with a thiopidine. The product was an
inseparable mixture with the Mitsunobu reactionesjgtoduct, and the mixture was

acylated on the 2-alcohol to gave the desired giylcdonor in 45% yield over 2 steps.
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Table V.1 Attempts of Glycosilation of 5.2

Mew
Et
Entry Eq. of Eq. of Temp. Addition order Result
AgOTf glycosyl
donor
1 6 5 rt. Donor mixture [Recovery of S.M.
to AgOTf
2 12 12 rt. to 60C Donor mixture decompose
to AgOTf
3 15 30 rt. AgOTf to decompose
donor mixture
4 30 0 rt. - decompose

The glycosidation, however, was not successfulsé®wvn in the Table V.1, no desired
product was observed by either changing the orfleaddition or the equivalence of
material used (entries 1-3). In most cases decobpo®f starting material occurred.

Silver triflate reacts with allenes and effectsataposition of the substrate (entry 4).

On the other hand, the glycosidation is more prorgisn other macrolide substrates. My
colleague Libing Yu successfully glycosylated therbohydrin5.16 The sugar donor was

different and work in this area is still ongoitfg”®
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5.7 Spirodiepoxidation of the Macrocyclic Bis[allee]

We have demonstrated the success of the allenelatsonyin making erythronolide
derivatives; however that partly achieved our ngoal. We are also curious about the
behavior of spirodiepoxide on such macrocyclic esyst and the possibility of accessing

erythronolide space with this chemistry.

The initial work of epoxidation on the bis[allemafcrolide5.1was done by my colleague,
Dr. Partha Ghosh. When he treated the macrolide BMDO to form the spirodiepoxide
and followed by the addition of methylcyanocupratecomplex reaction mixture was
formed, and he was not able to isolate the degmethyl addition product (Scheme

V.14)2°

OBn

Hm‘\Me
Me | i) DMDO

BnO | if) MeCuCNLi
Me* Et H ——————————® complex reaction mixture

0 Me

5.1

Scheme V.12 Initial Attempts of Bis[allene] Epoxidaon
In collaboration with Dr. Hiyun Kim, | extensivelstudied on the epoxidation of the
bis[allene] macrolide. She found that under certaimditions, the allene epoxidation could
be conducted in a controlled manner, and gave seeng interesting products. For
example, when the macrolidel was treated with DMDO using methanol as solvent, a
a,B-unsaturated ketong.23 was formed in an excellent 81% vyield. What is ipatarly

interesting here is that the benzyl group on C3atés to C6 position, and hence formed
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C6-ether functionality which is favorable becauseould prevent the formation of C6-C9
hemiketal. Moreover, this procedure is very semsito the solvent systems. By using
chloroform as solvent and using MeCuCNLi as additfter the treatment of DMDO, we
were able to isolate a furanobe4in 64% yield, which is different structurally théme

previous product.

H OBn OBn
|-| Me i) DMDO
/0 Me %Mgg’ ‘ ||) MeCuCNLi
e "
Me\u"Q \OBn D — Mex:
EC o 81%  me" “\,B:gt Ee
(o)
Me
5.23 5.1 5.24

Scheme V.13 Epoxidation of the Bis[allene] Macrolie 5.1

These two transformations were unexpected andintasesting to us. Several mechanistic
proposals were brought up and the most reasonabke are shown in Scheme V.16. The
first epoxidation occurs rapidly and gives theradl@xide5.25 The presence of hydrogen
bonding in the polar protic solvents promotes egexopening"?? before the second
epoxidation and thereby generates a tertiary catimts.26 The C3-benzyl ether is then
trapped intramolecularly by the carbocation. Thimé&mbered ring intermediatd.R7)is
not stable and undergoes eliminative opening tmfibre unsaturated ketone. In the other
case when aprotic conditions are used (e.g. cldargf the allene oxide is longer-lived
and the second epoxidation takes place. The regupirodiepoxidé&.28is not stable in
the presence of Lewis acid {)i and is then opened to generate a slightly differ
carbocation§.29) The benzyl ether oxygen then forms the rin§.80 The benzyl group

is then attacked by weak nucleophile and therebyddhe observed product.
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Scheme V.14 Mechanistic Framework of the Epoxidatio Cascades

Interestingly the stereoconfiguration at C6 iseliént for5.23and5.24 We suggest that
this is due to different carbocations involved lr treaction. These intermediates adopt
significantly different 3D structures, which leaal different biases of facial selectivity.
Extensive modeling of these intermediates showtstieabenzyl group is displaced above
the macrocyclic framework in one instance and bdtaw the other instance. Hence the

benzyl ether approaches from different faces.

5.8 Methods Used in the Structure Determination othe Novel

Erythronolides

The structure determination of the many macrolitteictures was one of the most

important processes in this project. Unlike polymycompounds that are rigid, the
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14-membered macrolide’s configuration is often hardetermine because it may adopt
multiple conformations. In this section the dethilenethod used in the structure

determination and some examples will be described.

The basic connectivity was confirmed by the comtiameof several 2D-NMR correlation
methods including TOCSY, HMBC and HETCOR. These hoé$ serve different
functions: TOCSY identified different types of hpden atoms that coupled to each other
in the same spin system; HMBC identified the thiebgnding interaction of C and H that
are 2-3 bonds away from each other, whereas HETid@Rified the interactions of C and
H that are directly connected. These methods edalsi¢o establish the basic connectivity

of these complex molecules.

Figure V.2 Key HMBC Correlations of 5.1 and 5.5

For example, the macrolactone functionalities iartyeall macrolides we have made were
confirmed by HMBC. The bis[allene] macrolidel is one example (Figure V.2). We
found the HMBC correlation between the allene Qid 1413, also the correlation between

H13 and ester C1. Also we were able to find theetation between C1 and H2, which
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confirms the connectivity. Another example waslitseeosmylation produd.5. Although

we have obtained the X-ray crystallography of thidecule, we already realized that the
HMBC correlation between C6 and H9 is characteristi a 5>-membered tetrahydrofuran
ring before we obtained the crystal structurehilienzyl migration molecule (compound
5.23 Scheme V.15) the HMBC correlation between thea@® the two benzyl hydrogens

is also the key method that identified the positibthe benzoxyl group.

Figure V.3 ORTEP Diagram of Compound 5.5

Determination of stereocenters, however, were samstvery challenging. The success
in obtaining X-ray crystallography of compoubd (Figure V.3) helped us in setting some
of the stereocenters such as C2, C3, C8 and Cl&eTbecame the starting point for
structure determination and used in conjunctiorhvabserved NOESYs and coupling
constant analysis. Different spin systems couldcbeelated and eventually the full

structure could be unambiguously assigned. For pkgrthe stereoconfiguration of C6 in
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compound5.2 was determined to bR partially because of the NOESY correlation

between the 6-Me and 8-Me, which was known tolaes rendered in Scheme V.17.

Figure V.4 Key NOESY Correlations of 5.2

Admittedly, in most cases the interpretation of NEYEdata is not as simple as it is5r2

A suitable low energy conformation of the molecuéed to be found that matches all the
spectral data including NOESY and coupling constita. Taking the mono oxidation
product as an example (compoun@, Figure V.3), the long-range coupling between H3
and H7 was a key observation for determining th&@amnation and hence configuration.
We found that the ring is most likely to be paftijded “up”. In such a conformation, all
the NOESY and H-H coupling constant data were mease, whereas if the 6-Me is
pointing “up” instead of “down” then the data da wonverge on a single structure. In this

way we concluded that the C6 configuratioiRis

5.9 Conclusion

As described in this chapter, allene osmylation alhehe epoxidation both gave many

valuable derivatives of erythronolides. Up to namgre than 40 novel macrolides have
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been made from the bis[allene] macrol&&within 3 steps or less. The synthesis is easy to
execute, and the route is short. This is alreaggaa demonstration that the modification
of the macrolide ring can be extensive and selectNso we have demonstrated the value
of cyclic allenes in accessing the erythronolideittire space. Many functional groups
have been introduced in the ring, includondnydroxy ketone, enone, vinyl bromohydrin,
tetrahydrofuran ring, etc. More importantly thodeustures are inaccessible from the

natural product.

We are still exploring new reactions and possibgiin applying them in this integrated

strategy. These reactions will be described irfalewing chapter.
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Chapter VI

Allene Osmylation Promoted by Electrophiles

6.1 Introduction

In this chapter we focus on the osmylation of akernThe reactivity of osmium enolates is

unknown. Our studies provide the first look at filnectionality and its reactivity.

Osmium catalyzed dihydroxylation reactions are agntite most important oxidation
reactions due to their high efficiency, excellenemoselectivity and tolerance to air and
moisture. Over the past several decades, numetodies and reports have been focused
on the catalytic asymmetric osmylation of varioysets of olefins. Many well developed
procedures, including the most widely known Shapldsymmetric Dihydroxylation
(SAD),! have been extensively utilized in the synthesisoafiplex molecules. However, in
contrast to the abundant data revealing the rapctof OsQ, towards alkenes, the
knowledge of allene osmylation is quite limited. Uil now, only eight relevant reports
are available. As mentioned in Chapter IV, sevdralvbacks severely curb the use of
allene osmylation: it typically results in low regelectivity and is often accompanied by
significant amount of over-oxidation byproducts.thslugh the oxidations employing
stoichiometric OsQ for example the oxidation of the bis[allene] nwicle 3.1 (see
chapter 5), are satisfactayhe toxicity and high expense of Os@ramatically limit its

applications. More general methods for allene dibyglation need to be developed.
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Several procedures for osmium tetroxide catalyzZézhe dihydroxylation have been

described, including the use of acid or DABCO atitack to increase the reaction rate and
catalyst turnover number. Those are all succesgiplications of known procedures. We
began to speculate on the broader potential aplicaf allene osmylation reactions. Our

focus was on the osmate ester. This species in@ate of uncharted reactivity.

6.2 The Osmate Enol Ester and Interesting ReactiwtWithin

Taking tri-substituted allen@.1 as an example, we envisioned that @&l first add to
the more substituted and electron rich double b®htk selectivity is disfavored by sterics
and favored by electrons. The osmium tetroxide etauthe allene, osmate enol e

is an interesting compound that has rarely beertioresd in the literature. Although there
is no obvious precedent for its reactivity, oneldamagine that a compound with similar
structure will have mild to good nucleophilicity,tgpical reactivity exhibited in nearly
other metal enolates or a silyl enol ether. Beingeophilic, this adduct should be able to
attack some electrophiles and hence install a gabtipea’-position of the hydroxy ketone
(6.3). Importantly, we postulated that the electrophitauld accelerate the dissociation of
osmium-oxygen bond thus facilitate catalyst turmoWe described in Chapter IV that
osmate ester hydrolysis may be rate limiting. Headdition of an electrophile could well

accelerate the overall reaction.
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Scheme VI.1 Proposed Electrophile Addition of Osmat Enol Ester

The a-substituted hydroxyl ketones derived from alleass not without precedent. Our
group has been working on the derivitization ofggiepoxides (SDEs) formed by DMDO
oxidation of allenes. If a nucleophile is addedh® SDE, it may open the SDE and form a
a-substituteda’-hydroxyl ketone (Scheme VI.2)' The DMDO oxidation of allenes is
stepwise: The first oxidation is at the more elaetich site and is highly selective (>20:1);
the second oxidation is at the less substitutedblédoond, and its selectivity depends on
the substitution groups. As a result, the secorakidp is usually formed from the less
sterically hindered side. Since the addition ofleaphile is from the back side of the

epoxide, this reaction reliably givesy- adduct.
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Scheme VI.2 Stereo Outcome of Allene Epoxidation @nOsmylation
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In contrast, the allene osmylation-electrophilici@idn will give different stereo outcome
and could potentially be complementary to the SD&hwmd. It was predicted that the
osmium enolate would be formed with high selegtidhd then the electrophile would
approach to the osmate enol ester from the lessdeted side. Thus,
osmylation/electrophile addition would provide thseti- adduct as the major isomer

(Scheme VI.2).

6.3 Halogenation of the Osmate Enol Ester

The choice of electrophile is important. The osmitnoxide catalyzed dihydroxylation
reaction often requires water to be a co-solveeinable the catalytic cycle. Therefore, in
order to avoid decomposition in water, the eledir@ should not be too reactive.
However, it must be reactive enough to consumesheate enolate. These requirements
narrow down the choice of electrophiles signifitanBeveral carbon electrophiles were
tested, including3-nitrostyrene, diisopropylazadicarboxylate (DIAD)dabenzaldehyde.

However, they either reacted with allene or didecmisume the osmium enolate.
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Scheme VI.3 Allene Osmylation-halogenation
Halogen electrophiles are considered to be reattivard enolates and stable in water, so
they became our choice of electrophiles. Gratiflyingy usingN-chlorosuccinimide (NCS)

as the electrophile, the stoichiometric osmylatbalkyl allene6.4 afforded aru-chloro

a’-hydroxyl ketone6.6 (Scheme VI.3). Similarly,N-bromosuccinimide (NBS) and
select-fluor delivered bromine or fluorine to tle-position of the hydroxy ketone,

respectively. It is remarkable that neither NCS &elect-Fluor react with this allene, and
hence can be pre-mixed with allene before D8&s added. NBS is very reactive and will
add to allene spontaneously. So stoichiometric osntetroxide needs to be added first

followed by the addition of NBS after two minutes.

6.4 Catalytic Osmylation-halogenation

The stoichiometric osmylation has severe drawbatiesosmium tetroxide is costly and
toxic; a large quantity of black precipitate bypunotl renders the workup difficult.

Therefore, a catalytic procedure becomes the relsdéacus.
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The initial attempts at catalytic osmylation-chi@iion are shown in Table VI.1. Multiple
products were observed when allene was mixed w&BNNMO and osmium tetroxide in
t-BuOH and HO, and only 10% of the desired product was isoléadry 1). Changing
the solvent system to acetone and water affordéa &4he desired product together with
an unknown byproduct as an inseparable mixturey@t The best result was obtained by
using acetone and pH=7.4 phosphate buffer as daiwegive the desire product in 68%
yield over 24 hours (entry 4). As a control expennt) the reaction condition using no
osmium tetroxide gave no product (not shown). Syl the catalytic
osmylation-fluorination using Select-Fluor insteafdNCS gave the desired fluorination
product in 40% vyield (entry 7).

Table VI.1 Optimization of Catalytic Allene Osmylation-halogenation

H 10 mol% 0OsO,4 fo)
wnBu NMO, Electrophile iBu nBu
. —_—
iBu>= ~nBu \A)l\(l;nBu
Entry Reagent Solvent R Time Yield (%)

1 NCS t-BuOH: H,O (1:1) ClI 12 h 10
2 NCS Acetone: H,O (1:1) Cl 3h 34
3 NCS t-BuOH: buffer (1:1) ClI 24 h 47
4 NCS Acetone: buffer (1:1)  Cl 24 h 68
5 NBS Acetone: buffer (1:1) Br 2d 31
6 NBS t-BuOH: buffer (1:1) Br 5h 68
7 Selectfluor  t-BuOH: buffer (1:1) F 12 h 40

The effect of pH=7.4 buffer in the catalytic osmiga-chlorination is not clear yet, since a
mixed solvent system wititBuOH and pH=7.4 buffer was much inferior (entry 3)
However, it was found that even though NCS doesreatt with allenes under regular
conditions, it reacts with allene rapidly in theegpence of catalytic amounts of

N-methylmorpholine (NMM), the by-product of the réao when NMO is used as
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cooxidant. This result explains the relatively loweyield in catalytic
osmylation-chlorination, and also encouraged wexfmore new co-oxidants. It was shown
that when hydrogen peroxide was used in place oONNKb buffer solution was needed,
and this reaction can be dong4BuOH and HO to give the desired product in 68% yield
(Scheme VI.4).

10 mol% OsO,
H,0,, NCS

H
.=\\nBu
i|3u>= nBu
t-BuOH, H,O Cl OH

68%

Scheme VI.4 The Use of Hydrogen Peroxide as Co-oaiut

The catalytic osmylation-bromination, however, wasy different. None of the reaction
conditions above gave the desired bromo-hydroxyletdnstead, multiple byproducts
were formed. Thin layer chromatography (TLC) shdhet those byproducts also form
without the addition of osmium tetroxide. Therefdheés is likely resulting from NBS
reacting rapidly with allene. We expected the nojlelicity of the osmate enol ester to be
greater than that of the allene. Accordingly wegddio determine the reaction outcome by
controlling the concentration of NBS in solutionttéx extensive optimization, the best
procedure found was to slowly add a solution of NB&cetone and water to the reaction
mixture over five hours. This procedure gave tha&réd bromination product in 68% yield

(Table VI.1, entry 6).

6.5 Stereoselectivity of Osmylation-halogenation

The addition of osmium tetroxide to trisubstitutalenes was found to be highly

stereoselective. This mirrors other allene additeactions and is attributable to the large
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steric bias imposed by the hydrogen and the alky$stuents on non-reacting terminus of
the allene. The halogenation step, however, isdelestive and depends on fine structural

details of the allene and the electrophile.

H, CH,; 0s0Q,, Select-Fluor oTBS O .
H C ’ ° - H3C%|'Bu
3 H,C¥=
""" Vuotss e |
H,C H,C 68% ;
6.8 6.9
>20:1 59:1
(0]
H, CH; 0s0,, NCS H COTBS B
Ny - el A e
mOTBS . 2
H3C H3C 8% ;
6.8 6.10
>20:1 53:1

Scheme VI.5 Allene Osmylation-halogenation of ChirlgAllene

The initial study focused on biased alléh8 and used stoichiometric amount of Qs®
was found that Select-Fluor and NCS could deliadidie to the desired position to give

the halo-ketone with satisfying d.6.9, d.r. =5.9:1 an®.1Q d.r. = 5.3:1, respectively).

The results of catalytic osmylation-halogenatioa sihown in Table VI.2. Interestingly,
stereoselectivity was noted for sterically unbiasedene 6.11 The catalytic
osmylation-fluorination and bromination gave theidsd product with 1.8:1 d.r. and 2:1

d.r., respectively (entry 2 and 3).
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Table VI.2 Catalytic Allene Osmylation-HalogenationStereoselectivity

Enty  Allene Product dr. Yield (%)
Osmylation Addition
H o]
——_N-Bu
“Me Ph n-Bu
Me
Ph R OH
6.1
1 6.1 H >20:1 71
2 6.1 F >20:1 1.8:1 58
3 6.1 Br >20:1 2:1 64
H (o}
—-=g\|\w—0TBS TBSO
e H,C™%
PH OH R Ph
6.12
4 6.12 H® >20:1 — 44
5 6.12 F >20:1 5:1 57
6 6.12 cl >20:1 2.4:1 55
7 6.12 Br >20:1 16:1 46

In our previous work, fluorine, chlorine and bromirlectrophiles exhibited similar

stereoselectivity. However, for the somewhat eteculeficient allené.12 the d.r. was

much differentiated. Fluorination gave the highest(5:1, entry 5), and chlorination gave

d.r. = 2.4:1 (entry 6), and the d.r. of brominatieas only 1.6:1 (entry 7).

The origin of such differences is difficult to knowith certainty. Many factors are

probably important such as the reactivity of trecbphile. Further research regarding the

d.r. is ongoing in our lab.
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6.6 Osmylation of Disubstituted Allene

The osmylation of disubstituted allenes was quitierent from that of the trisubstituted
allenes. We have demonstrated that the catalytitylagion of the trisubstituted alkyl
allene is often slow and fails to go to completibltowever, the catalytic osmylation of
disubstituted alkyl allené.13 was significantly faster and gave significantly mmo
overoxidation product. Indee@l,14was isolated as the major product (Table VI.3,eh}.
Using strong acid as additive suppressed the axidatbon and give a mixture of the
desired hydroxyl ketone and over-oxidation prodentry 2). When NMO was used as the
co-oxidant, increasing the amount of HCI resultedno reaction and the recovery of
starting material (entry 3). However, hydrogen pate as co-oxidant in place of NMO

gave the desired produgtl5in 51% yield (entry 4).

Table VI.3 Catalytic osmylation of disubstituted alene

H 10 mol% OsO ? ?
Ph\_)=-=g“|_t|-3u 10 mol% 0O, Ph\/\HI\(t-Bu N Ph\/\)‘\/t-Bu
OH OH OH
6.13 6.14 6.15
Entry Additive Co-oxidant Yield (6.14) Yield (6.15)
1 None NMO 57% 0
2 HCI (0.5 equiv.) NMO 34% 26%
3 HCI (10 equiv.) NMO N.R N.R
4 HCI (10 equiv.) H,0, 21% 51%

We note that the overoxidation of disubstitute@radls is consistent with our mechanistic

framework (Chapter IV, Scheme IV.5): the trisuhggt allene is bulky, hence the second
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osmium tetroxide addition is hard; the disubstiduaiene is less bulky, and as a result the
addition of second osmium tetroxide is faster.

In theory, the regioselectivity of disubstituteteak should be low due to similar electron
density of the two double bonds. However, sinceydation is sensitive to steric hindrance
we wondered at the possibility of designed subedralhat would react selectively. As
shown in Table VI.3, osmylation of a sterically $@a allene6.13 gives the desired
hydroxy ketone.15 and no formation of the regio isomer was obser&ahilarly, the
osmylation-fluorination 0f6.13 gave the6.16 as a single diastereomer in 54% yield
(Scheme VI1.6). However, a small amount of regio¥iso of 6.16 was observed, and the

ratio is found to be 4:16(16: undesired).

H 10 mol% OsOy, 0
NMO, select-Fluor
Ph —.—_l.nt-Bu ’ Ph t-Bu
\_>_ H —_— > H
54% OH F
6.13 d.r.>20:1 6.16

Me

Mj_\ OsO,, Select-Fluor TBDPSO O MeMe
Hy —.— —_—>

TBDPSO__—" OPMB

~N 62%, d.r. > 20:1

OH F OPMB
6.17 6.18

DDQ
80%, d.r. =1.8:1

Me HO

H Me 0s0,, Select-Fluor 0 Me
TBDPSO == OH — g 1BDPSO
= . F Me
H 64%, d.r. = 1.8:1 HO
6.19 6.20

Scheme VI.6 Osmylation-fluorination of Disubstitutel Allenes

Oxidation-fluorination of a more highly functionzdid allené.17gave fluoro ketoné.18
in 62% vyield as a single diastereomer. When al&h8with an unprotected alcohol was
oxidized under the same reaction condition, anllr@ixture of 5-membered cyclic

hemiacetab.20was formed (Scheme VI1.6). When the osmylation peb@. 18was treated
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with DDQ, the fluorohydroxyketone was converte®0spontaneously, giving the same
1.8:1 mixture of diastereomers as obtained in tegipus reaction. We conclude that the

osmylation/fluorination reaction was fully seledifor6.13 6.17and6.19

6.6 Osmylation-halogenation on Macrocyclic Bis[allee]

As described in Chapter V, one of our main goals t@amodify the two allenic groups of
the macrocyclic bis[allene3.1 in order to access erythronolide derivatives. Vit

promising osmylation data in hand, it was of gre&trest to explore the possibility of
applying these methods to the oxidation of macrbecyis[allene]. More importantly, the

resultinga-halo-a’-hydroxyketone product, especially the fluorinakedone, has drawn

broad interest in numerous fields including druscdivery and molecule labelin§.The
successful osmylation-halogenation reactions wpoléntially provide an alternative and

direct procedure for making such compounds.
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Table VI.4 Macrocyclic Allene Osmylation-halogenaibn

H i o
OsQy, Electrophile R
— ——, \\R2 4 R. 2
—_—
)= ~ SR, ﬁ)kﬁm
R3
( X 0H>

dr.2 dr.1

Entry? Allene Product (R) Yield%

1 6.21 H >20:1 - 45
2 6.21 F >20:1 >20:1 56
3 6.21 Cl >20:1 >20:1 52
H Ho Ve
Cl
HO Y Me
4 |-|3c""\ o Me™[ O = >20:1 >20:1 59
EtS Et“ S0 (o]
0 ’OBn
Me
6.22 6.23

The results are shown in Table VI.4. We startedh witfunctionalized model bis[allene]
macrolide. Simple osmylation d.21 without additive afforded the hydroxyl ketone
product in 45% yield (entry 1). This is a signiit@mprovement over other methods, since
oxidation of such a system is not triviahlso, in the presence of either Select-Fluor or
NCS the oxidation-halogenation process successfaiye the desired product in >50%
yield (entries 2, 3). The relative configurationtbé& chloride group and alkyl substitution

group were confirmed by X-ray crystallographic gsa of the product in entry 3. The
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catalytic osmylation-fluorination employing 10 mol%0sQ also gave the
difluoro-dihydroxyketone of entry 2 in 26% yieldaf& not shown).

On the other hand, the osmylation-chlorination gdime same procedure were able to
convert a more densely functionalized macrocydlena6.22to the corresponding chloro
ketone6.23 Similar to the known elimination-cyclization olbged in simple osmylation
(see Chapter 5, compouidb), a tetrahydrofuran moiety was found in the pradiibe
benzyl eliminates presumably via the same proceskescribed in Scheme V.5, and the
cyclization intermediate, which is also an osmiumlate (Scheme V1.7), is nucleophilic
and attacks the NCS to give the observed prad@l@& The unexpected syn- relationship is

also the result of macrocyclic stereocontrol.

®
cl H Me
Cl
HO o) Me
Me“[ O =
Et“™ SO o
o “OBn
Me
6.23

Scheme VI.7 Osmylation-chlorination mechanism of maocyclic allene

6.7 Allene Aminohydroxylation

Aminohydroxylation is a known method for alkene dation and is similar to alkene
dihydroxylation. The method uses a nitrogen-commginco-oxidant, usuallyN-halo

amides, carbamates or sulfonamiti@dhe product is typically an amino alcohol of type
6.23 (Scheme VI.7). The best asymmetric approach i®ldped by Sharpless, and is

known as the Sharpless Asymmetric Aminohydroxyta{teAA). Similar to the Sharpless
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Asymmetric Dihydroxylation (SAD) reaction, dihydnaigine ligand is used to induce

enantioselectivity in the products.

cat. K,0s0,
R X R chiral ligand (?)H
1v/\R2 + SN —— R1\./\R2
© H,O/R'OH NH
®Na R”

R = SO,R3, COR,, CO,R;, alkyl, Ar
X=Cl,Br

Scheme VI.8 The Sharpless Asymmetric Aminohydroxylzon

The accepted mechanism of alkene aminohydroxylasi@milar to the dihydroxylation,
albeit different in the form 06.24 a nitrogen-containing imidotriooxoosmium (VIII)
intermediate. The nitrogen can be delivered toredkeby a [3+2] cycloaddition process.

Hydrolysis of the 5-membered ring intermediate gitlee aminoalcohol product.

‘\
X3, R .
- 2KOH s ) \h«
K,0s0,(OH);, —— = 403\\\_/ — Os
H.0 0”1l o AR
- H, o) fo) o
6.24
R\ OH
R1\/\R2 o /N ARq hydrolysis R R
g Sos — > YR,
7 \ N
[3+2] 0 0°“R, r-NH

Scheme VI.9 Mechanism of Alkene Aminohydroxylation

The regioselectivity of aminohydroxylation remathfficult to predict yet. Sharpless has
shown that the use of dihydroquinine ligand cartr@the regioselectivity of aryl alkenes

efficiently, whereas the regio control of non-aaj#tenes is challenging:**
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) o O o)
Amino- 0: )l\ s
R H hydroxylation 93‘N Me 93\0
L lo) Me
Ry Se— =<R » N H or N%)\/H
3 R4 oR
R, R; R R
6.25 6.26

Scheme VI.10 Proposed Allene Aminohydroxylation

Encouraged by our success with allene dihydroxgative wondered about the reactivity
of allenes toward aminohydroxylation. We recognitteat if the nitrogen is delivered to
the center carbon of the alle6e25 we could well obtain the hydroxyl N-acylenamide;
whereas if the nitrogen is added to the tertiarpa@a of the allené.26 we should be able

to obtain a tertiary amine product. Both outconegsesent important functionality.

H 10 mol% K20$04, fo)
>=°=<\:BB:: AcNHBr, LiOH - iBu\H‘\r\Q"Bu
iBu t-BuOH, H,0 B OH“B”
6.4 97%
. 6.7

10 mol% K20$04,

H anBu  AcNHBr,LiOH Q 5
B >=°=*nBu > IU\HI\[‘H\:BI:,
u MeCN, H,O B o
97%

6.4 6.7

Scheme VI.11 Aminohydroxylation of Alkyl Allene 6.4

Initial attempts usetert-butylhypochlorite as the co-oxidant. However, cterpmixtures
were observed (data not shown). After screeningrathild nitrogen sources, we found
that exces®-bromoacetamide gave a single product in the poesehcatalytic KOsQ,
and excess LIOH (Scheme VI1.10). This reaction apggeeomplete within thirty minutes
in t-BUuOH/H,O or MeCN/HO. The product was a bromohydroxyketone and wasisho

be identical to compoungl?.
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The formation of this product is reasonable. F@ameple, one reasonable pathway includes
addition of the imidotrioxoosmium (VIII) intermed@&to the allene. The resulting osmium
enamide would be nucleophilic and could attack theeactedN-bromoacetamide
(Scheme VI.11). This rationale is consistent whk tnechanistic framework of allene
osmylation-bromination sequence. The resulting laromine is then hydrolyzed to release

the observed ketone.

o (o]
i
j\ O:OS“NJLMe
Ry H / )
Me” N > —» O H
o R; R R X
0:0s:=0 3 1
8 R, | R;
+
(o]
.B
(o]
N/ILM 7
€ hydrolysis R R
> » 2 3
R2>|)I\rR3 R1
Rq OH Br

OH Br
Scheme VI.12 Mechanistic Framework of Allene Aminoidroxylation

This reaction has some advantages: It is muchrféiséen the osmylation-bromination
sequence which takes several hours to complete.yidié is excellent and no side
products were observed. To secure success ofeidision, at least 5% of,RsQ, as well

as excess (3-4 equiNrbromoacetamide and LiOH proved most reliable.dsalso found
to be important to add exactly a 1:1 ratioNsbromoacetamide and LIOH. Otherwise, a

complex reaction mixture was observed.
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H 10 mol% K;0s0Oy,, o
.___‘\\Ggu AcNHBr, LiOH - Ph\/\‘)l\r\_\nsu
t-BuOH, H,0 2 OH""e
Ph 76%
6.11 d.r.=3:1
H 10 mol% K;0s0y, o
.#\Ggu AcNHBr, LiOH - Ph\/\Hl\ﬁ‘nBu
MeCN, H,0 B o
Ph 71%
6.11 d.r.=2.6:1
H 10 mol% K;,0s0y,, o
'=*“.G§‘” AcNHBr, LiOH -~ Ph\/\‘)l\r\.\nBu
THF, H,0 2 OH""e
Ph 64%
6.11 d.r. = 2.6:1

Scheme VI1.13 Aminohydroxylation of Chiral Allene inDifferent Solvents

This reaction also shows some tolerance regartimghoice of solvent. Not ontyBuOH,
but also acetonitrile and THF were found to beadlé@ of reaction (Scheme VI1.12).
Another promising observation was that thleutyl and methyl substituents on alléhé1l
were differentiated with some selectivity. Nearly84 d.r of the corresponding bromo
ketone was obtained in contrast to single osmylatimmination sequence (Table V1.2,

entry 3, d.r. = 2:1).
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10 mol% OsO,,

H NMO, NBS 0
Ph
== N » Et WPh
Et Me N Me
Br OH
6.27 6.28

10 mol% K20304,

H
AcNHBr, LIOH
% o=§““|;2 L Et \HH&Ph
Et t-BuOH, H,0 Me

54%

6.27

10 mol% K;0s0,,

o)
H .
R AcNHBr, LIOH __ ¢, \‘)l\r;\Ph
Et Me MeCN, H,0 1 Me
57% r OH
d.r.=6:1
6.27 6.28

Scheme VI.14 Aminohydroxylation of Aryl Allene 6.27

As mentioned in Chapter V, the allene osmylatioanpoted by NBS works for alkyl
allenes, but it fails to give the desired brommke6t.28from aryl allenes.27. Presumably
this is traceable to the high reaction rate of Q&@vards the aryl allen®.Hence, in this
case dihydroxylation and over oxidation occur befaddition of Br. This problem can be
partially solved by employing our aminohydroxylatiprocedure. The use of catalytic
K,0sQ,, N-bromoacetamide and excess LIOH was found to safidbsinstall the bromo

ketone moiety on the aryl allene in 54% yield aGcl>d.r.

6.8 Addition of Carbon Electrophiles

One of the most important applications of metallat®s is the construction of C-C bonds.
Therefore, it was also of great interest to deteemiwhether this osmate enol ester is

nucleophilic enough for the addition to carbon elgzhiles. This is proved to be a
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challenging problem. Previous studies using reddyiweak carbon electrophiles such as
aldehydes, enones and nitro alkenes gave no dgswddct and mostly recovered starting
materials. It was unclear whether the electroplide reactive enough. Therefore, stronger
electrophiles were examined. There were severakssso consider in addressing this
challenge. For example, many reactive carbon elpbiies are not stable and need to be
generatedn situ. As a result, water is not a favorable solventaoese it is very likely to
react with the electrophiles faster than the osneai@ ester would form and react as
desired. Such limitations suggested that be iniatempts should be done with

stoichiometric Os@

1 eq. 0504,
H 5“‘/ cie o
\nBu iBu nBu
- e
i %.#HBU o nBu
iBu 63% o
MezN
6.4 6.29
1 eq' 08045 O
Pyridine Ph nBu
Ph H o=‘nnBu EtOCOCI nBu
_—
\_)= nBu OH
64% | |
N
0)\0Et
6.30 6.31

Scheme VI.15 Allene Osmylation-iminium Addition

The commercially available dimethylmethyleneiminiumdide was chosen as potential
electrophile’* As expected, it successfully added to the osmaté ester to give the
tertiary amine product. The procedure was simgie: dllene was dissolved in DCM,
mixed with the iminium salt and then Os€blution in DCM was added. This reaction, as

predicted, is sensitive to moisture, and the aolditf molecular sieves further improved
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the yield. Similarly, thén situ generated pyridinium saftcan also be used as electrophile
to form the C-C bond from osmate enol ester. pér@-adduct6.31was observed as the

only product.

6.33 6.34

Scheme VI.16 Iminium Addition on Macrocyclic Bis[alene] 3.1

Successes in iminium ion addition demonstratetttmbsmium enolate is suitable at least
for some substrates for the formation of new C-8dso Since one of our main goals is to
make erythronolide derivatives, we wondered whethé reaction would deliver an
aminomethyl group to the macrolide ring. Pleasingihe reaction conditions described
above was able to install the desired tertiary @nain the macrolide (Scheme VI.15). In
principle, this reaction could be followed evenlyddy elimination of the amino group
(compound6.33 and the reduction of the alkene to give the campd.34 a methyl
group substituted the macrolide corresponding yohesmycin. This would provide an

alternative to the original route based on a sj@akide stategy.
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6.9 Conclusion

We have developed the first osmylation of allenad have further shown that this

catalyzed process can be accelerated by usindebiaphilic additives. The addition of
electrophile to osmate enol ester delivers ¢hsubstituteda’-hydroxyl ketone. This

collection of reactions promises great potentiatha synthesis of complex molecules.
Carbon-halogen bonds, as well as carbon-carbonsp@mnd constructed directly by this

method.

Also, it has been shown that aminohydroxylatioraliénes also give the hydroxyketone.
Most of this work had little precedent in the a#diterature. Indeed, there have been no
relevant studies on osmium enolates. This work destnates that this functionality is
interesting and useful. Finally, although we hagtperformed mechanistic studies per se,
all of the available data are nicely rationalizeithvour mechanistic framework. Further

studies are needed, but thus far, these methoklvérg promising.
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Chapter VI

Experimental Section

1. General

Starting materials, reagents and solvents werehpsed from commercial suppliers
(Aldrich, Strem, TCI America and Ochem.) and usetheut further purification unless
otherwise stated. All reactions were conductedvienedried (135C) glassware under an
inert atmosphere of argon. The progress of reagtnas monitored by silica gel thin layer
chromatography (TLC) plates (mesh size 250 um witB54 indicator, Dynamic
Adsorbent), visualized under UV and charred usingadehyde or ceric ammonium
molybdate (CAM) stain. Products were purified bgsth column chromatography (FCC)
on 120-400 mesh silica gel (Fisher). Infrared (FBTH#Rectra were recorded on an ATI
Mattson Genesis Series FTInfrared spectrophotonfeteton nuclear magnetic resonance
spectra {H NMR) were recorded on either a Varian-600 inseam(600 MHz) or a
Varian-500 instrument (500MHz). Chemical shifts egported in ppm relative to residual
CHCI; signal. Data is reported as follows: chemical tshihultiplicity (s=singlet,
d=doublet, t=triplet, g=quartet, br=broad, m=muéip coupling constant (Hz), and
integration. Carbon nuclear magnetic resonancetrspééC NMR) were recorded on
either a Varian-600 instrument (150 MHz) or a Va0 instrument (125 MHz). Mass

spectra were recorded on a Finnigan LCQ-DUO masstispmeter. Optical rotations were
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recorded at room temperature using the sodium ® (B89 nm), on a Perkin Elmer 343

Polarimeter.
2. Chapter Il
Bu,BOTT, NEts, OH o
(MeO) CHCHO
\)L /( 2 Meoj/H)LN’(O
L — MeO \
Bn\‘ 90% Br
35 3.6

To a solution of 4%-benzyl N-propionyl oxazolidinon&.5 (16.0 g, 68.6 mmol) in
dichloromethane (DCM) (343 mL) was added dibutytivotriflate (75.0 mL, 75.0 mmol)
and triethylamine (TEA) (9.72 g, 96.0 mmol) respaatyy at—78 °C. The reaction mixture
was then warmed to @ and stirred for one hour then cooled backi8 °C. A DCM
solution (1.0 M) of 1,1-dimethoxy acetaldehyde (X80, 100 mmol) was added to the
reaction mixture slowly at78°C. The mixture was slowly warmed tO over one hour
and stirred for one hour at that temperature. Eaetron was then quenched with 100 mL
solution of methanol and pH=7.4 phosphate buffe3 fatio) at O°C, followed by addition
of 100 mL solution of 30% $D, and methanol (1:2 ratio). The mixture was themesdifor
10 minutes at OC then diluted with 200 mL DCM. The organic layeasvseparated,
washed with water (2 x 100 mL), dried over anhydrdlgSQO;, filtered, and then
concentrated under reduced pressure to give tlge gmoduct, which was purified by FCC
using 40% ethyl acetate in hexane to afford aldotipct3.6 as white crystalline (20.9 g,
90% vyield). ]*°p= +50.0 ¢ = 0.01, CHCY); M.P. 67°C; IR vmaneat)/cni 3485, 2937,

1778, 1696, 1386H NMR (500 MHz, CDCJ) § 7.35-7.25 (m, 3H,), 7.21 (d,= 7.0 Hz,
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2H), 4.72-4.65 (m. 1H), 4.33 (d,= 6.0 Hz, 1H), 4.23- 4.15 (m, 2H), 4.05-3.96 (m, 1H)
3.42 (s, 3H), 3.38 (s, 3H), 3.26 (dbs 13.5, 3.5 Hz, 1H), 2.78 (dd,= 13.5, 10 Hz, 1H),
2.68-2.60 (bs, 1H), 1.32 (d= 7.0 Hz, 3H);*C NMR (125 MHz, CDG)) 6 176.1, 153.2,
135.4, 129.6 (2), 129.1 (2), 127.5, 104.9, 71.43665.4, 54.9, 54.4, 39.2, 38.1, 12.8; MS

(ESI+) calculated for [GH23NOg+Na]'": 360.2, found: 360.2

\NL /( BnBr, Ag,0, BnO O 0
_oom eoNNA
n“

o]
95% MeO Me :\\/
Bn
3.6 3.7

Powdered 4A molecular sieves (20.0 g) ang@¢35.0 g, 151 mmol) were combined
under inert atmosphere (glove bag) and to that adeked anhydrous DCM (150 mL)
followed by the addition of a solution of aldol prect 3.6 (17.0 g, 50.4 mmol) in
anhydrous DCM (100 mL). After stirring for 10 mimgtat room temperature BnBr (18.5 g,
108 mmol) was added to this heterogeneous mixiure.system was then covered with
aluminum foil and stirred for 2 days under inertmasphere in the dark at room
temperature. The mixture was then filtered oveateahd the solid residue was rinsed with
DCM (3 x 100 mL)The organic filtrate was concentrated under redyedsure to give
crude product, which was purified by FCC using 28%yl acetate in hexane to aff@d

as colorless 0i(20.4 g, 95% yield).d]*°>= +21.0 € = 0.01, CHCY); IR vma{neat)/cnt
2934, 1778, 1698, 1383, 116/ NMR (500 MHz, CDC}) § 7.39-7.23 (m, 8H), 7.19 (d,

= 7.0 Hz, 2H), 4.81 (d] = 11.5 Hz, 1H), 4.64)= 11.5 Hz, 1H), 4.59- 4.53 (m, 1H), 4.34
(d,J= 6.0 Hz, 1H), 4.14-4.03 (m, 3H), 3.84 (dcs 7.5, 6.5 Hz, 1H), 3.43 (s, 3H), 3.34 (s,

3H), 3.24 (dd,) = 13.5, 3.5 Hz, 1H), 2.75 (dd,= 13.5, 9.5 Hz, 1H), 1.31 (d,= 7.0 Hz,
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3H); *°C NMR (125 MHz, CDGJ) § 175.2, 153.3, 138.6, 135.5, 129.6 (2), 129.0123.4
(2), 128.2 (2), 127.8, 127.4, 107.0, 79.8, 74.41665.5, 55.4, 55.2, 39.5, 38.1, 13.8; MS
(ESI+) calculated for [gH2o0NOg+Na]': 450.2, found: 450.2;.
BnO (0] 0 LiBH BnO
TSN QN
MeO Me

R MeO Me
Bn 95%
3.7 3.8

To a solution 0f3.7 (17.8 g, 41.6 mmol) in diethyl ether (200 mL) wadded 5 mL
methanol. The reaction mixture was cooled t&€0and then 2.5 M solution of LiBHn
tetrahydrofuran (THF) (33.2 mL, 83.0 mmol) was atldlewly under argon. The resulting
solution was stirred at OC for 2 hours then quenched with aqueous;GIH50 mL) and
extracted with ethyl acetate (3 x 200 mL). The argdayer was separated, dried over
anhydrous NzB5O,, filtered and then concentrated under reducedspresto give crude
product, which was purified by FCC using 15% ethgktate in hexane to affoBI8 as
colorless 0i(10.1 g, 95% yield).d]*»= —33.0 €= 0.01, CHCY); IR vma(neat)/cn 3431,
2934, 1454, 1071H NMR (500 MHz, CDC}) § 7.38-7.32 (m, 4H), 7.30-7.25 (m, 2H),
4.82(d,J= 11.5 Hz, 1H), 4.58 (dl = 11.5 Hz, 1H), 4.39 (dl = 6.5 Hz, 1H), 3.59 (dd] =
6.0, 3.5 Hz, 1H), 3.59-3.46 (m, 2H), 3.49 (s, 3841 (s, 3H), 2.02-1.96 (m, 1H), 1.90 (bs,
1H), 0.94 (d,J = 7.0 Hz, 3H);**C NMR (125 MHz, CDGJ) 5 138.9, 128.5 (2), 128.2 (2),
127.8, 106.5, 79.6, 74.1, 65.8, 56.2, 54.6, 3694;1MS (ESI+) calculated for

[C14H2:04+Na]": 277.2, found: 277.2.
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BnQ i) TsCl, DABCO, DCM ~ BnO
i) LICCH, DMSO MeO
MeOW\OH i) Li \(k‘/\
MeO Me 82% over 2 seps MeO  Me H
3.8 3.9

To a stirring solution 08.8 (7.30 g, 28.7 mmol) in DCM (150 mL) was added DABC
(3.22 g, 28.7 mmol). The reaction mixture was cdate0°C and then tosyl chloride (5.47
g, 28.7 mmol) was added. The resulting solution thaes warmed to room temperature
and stirred for 1 hour then diluted with 150 mLREM, washed with saturated NEI
solution (3 x 50 mL) and water (50 mL). The orgalager was separated, dried over
anhydrous N#50Q,, and concentrated under reduced pressure to gide tosylate, which
was taken on without further purification as ddsed below.

The above tosylate was dissolved in anhydrous DM3O® mL), and then lithium
acetylide-ethylenediamine (4.76 g, 52.9 mmol) sotutn 30 ml DMSO was added. The
resulting mixture was stirred for 3 hours at ro@mperature, then cooled to 10 then
guenched carefully with aqueous MH (50 mL) so that the temperature of the solution
was controlled below 20C. The quenched solution was then diluted with letfcetate
(300 ml) and washed with water (3 x 100 mL). Thgamic layer was separated, dried over
anhydrous NzZ5Q,, filtered, and then concentrated under reducesdspre to give crude
product, which was purified by FCC using 3% ethgttate in hexane to affoi@l9 as
colorless 0i(5.95 g, 82% vyield).d]*>= -39.0 €= 0.01, CHCY); IR vma{neat)/cm' 3295,
2935, 2116, 1096H NMR (500 MHz, CDCY) & 7.38-7.30 (m, 4H), 7.28-7.22 (m, 1H),
4.68 (d,J= 11.5 Hz, 1H), 4.56 (dl= 11.5 H, 1H), 4.36 (d] = 7.0 Hz, 1H), 3.65 (dd] =
7.0, 3.0 Hz, 1H), 3.47 (s, 3H), 3.38 (s, 3H), 2.232 (m, 2H), 2.10- 2.00 (m, 2H), 1.96 (t,

J= 7.5 Hz, 1H), 0.98 (d] = 7.0 Hz, 3H)°C NMR (125 MHz, CDGJ) § 139.3, 128.4 (2),
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127.9 (2), 127.6, 106.4, 83.7, 80.3, 74.8, 69.60,563.8, 34.4, 23.5, 14.0; MS (ESI+)

calculated for [GeH2,03+NaJ": 285.1, found: 285.2.

OH

Me\)ol\Ni - Nio BnO ON,E
)\/o  — \(\—)l:)\/ —_— \(\)L)\/o

Bn

S-1 S-2 ent-3. 7

CompoundS-2 and ent-3.7 were prepared following the same procedure usedhi®
synthesis of their antipods6 and 3.7 respectively. The observed optical rotatiad{p )
for the compoun&-2andent-3.7are-50.0 €= 0.01, CHCJ), and-21.0 ¢=0.01, CHC))

respectively.

BnO (o] [o) BnO (o]

0 0

M‘*OY\_)‘\NJ(O HOAc, TFA, H,0 H\“/\)LN/(o

MeO Me )\/ We )\/
95%

Bn
ent-3 3.3

Ent-3.7(1.00 g, 2.34 mmol) was dissolved in 10ml wateet acid : trifluoroacetic acid
= 1:4:1 mixed solution at room temperature for 3s@nd 30 mins. The acidic solvent was
co-removed with toluene (5 x 20 mL) under reduceesgure and the resulting crude
product was taken on without further purificatios @described below. It could also be
further purified by FCC using 15% ethyl acetatehgxane to affor.3 as colorless
viscous 0il(847 mg, 95% yield).d]*°o= -30.0 €= 0.01, CHCJ); IR vma{neat)/cnit 1778,
1730, 1693, 1390, 12124 NMR (500 MHz, CDCY) § 9.81 (s, 1H), 7.38-7.22 (m, 8H),
7.17 (dJ= 7.0 Hz, 2H), 4.75 (d] = 12.5 Hz, 1H), 4.64-4.54 (m, 1H), 4.59 {&; 12.5 Hz,

1H), 4.32-4.24 (m, 1H), 4.16-4.06 (m, 2H), 3.92Xd, 6.0 Hz, 1H), 3.20 (ddl= 13.5, 3.5
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Hz, 1H), 2.76 (ddJ = 13.5, 10 Hz, 1H), 1.33 (d,= 7.0 Hz, 3H);*C NMR (125 MHz,
CDCl3) 6 202.0,173.8, 153.1, 137.2, 135.1, 129.6 (2),112®), 128.7 (2), 128.4, 128.3 (2),
127.5, 83.3,73.1, 66.4, 55.4, 41.5, 37.8, 13.4,(EMS+) calculated for [H2sNOs+Na]J':

404.2, found: 404.2.

BnO O o
H -
- NJ(O
(o] l\:lle )\/ 0
BnO Bn BnO o
MeO. 3.3 MeO = "I'Me
X
MeO Me H iynBuLi, Et,0 OMe Me OBn
3.9 i)ZnBr, 3.16
iii)3.3

64%
A stirring solution of alkyn&.9(2.04 g, 7.76 mmol) in diethyl ether (40 mL) wasled to
—78 °C and them-BulLi (3.10 mL, 7.76 mmol) was added slowly. Thagon mixture
was stirred at78°C for 1 hour and then a solution of Zait.75 g, 7.76 mmol) in diethyl
ether (20 mL) was added. The resulting milky wki&ition was stirred for 10 mins-af8

°C then warmed to 0C and then a solution of above aldehgd&(0.804 g, 2.1 mmol) in
diethyl ether (15 mL) was added drop wise usingrange pump for 2 hours. The solution
was then stirred for another 4 hours then quenehédaqueous NECI (50 mL) at 0°C,
diluted with ethyl acetate (200 ml) and washed wititer (2 x 50 mL). The organic layer
was separated, dried over anhydrousS9@a, and then concentrated under reduced
pressure to give the crude product (8:1 ratio'yNMR), which was purified by FCC
using 10% ethyl acetate in hexane to afford maomier of3.16as colorless oil (570 mg,
58% vyield). j]*p= +18.0 € = 0.01, CHC)); IR vma{neat)/cnt 2935, 2238, 1786, 1454;

'H NMR (500 MHz, CDCJ) § 7.38-7.24 (m, 10H), 5.12 (td= 2.0 Hz, 6.5 Hz, 1H), 4.82
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(d,J=11.5 Hz, 1H), 4.72 (d = 12.0 Hz, 1H), 4.53 (dl = 11.5 Hz, 1H), 4.51 (d= 11.5

Hz, 1H), 4.35 (dJ = 6.9 Hz, 1H), 3.88 (ddl= 9.5, 6.5 Hz, 1H), 3.57 (dd,= 10.0, 7.0 Hz,
1H), 3.47 (s, 3H), 3.37 (s, 3H), 2.86-2.76 (m, 1B{B8-2.20 (M, 2H), 2.10-2.00 (m, 1H),
1.25 (d,J = 7.0 Hz, 3H), 0.99 (d] = 7.0 Hz, 3H);*C NMR (125 MHz, CDGJ) § 176.0,
139.1, 137.1, 128.8 (2), 128.5 (2), 128.4, 128)1127.9 (2), 127.7, 106.4, 90.5, 81.0, 80.5,
74.7, 73.9, 72.4, 70.5, 56.1, 54.1, 39.4, 34.40,284.0, 12.7; MS (ESI+) calculated for

[C28H3406+Na]+: 489.3, found: 489.2.

O 0

BnO o HOAc, TFA, H,0 BnO o
MeO. = """Me —_— H _ “\le

0,
OMe Me OBn 90% O Me OBn

3.16 3.17

Alkyne 3.16 (280 mg, 0.600 mmol) was dissolved in 20 mL migetltion of acetic acid,
TFA and water (4:1:1) at room temperature andestifor 14 hours. The acidic solvent was
co-removed with toluene (5 x 100 mL) under redysesgsure to afford the crude product,
which was taken on without further purificationdescribed below. It could also be further
purified by FCC using 12% ethyl acetate in hexanaftord3.17 as colorless viscous oil
(227 mg, 90% vield).o]*>o= +22.0 £ = 0.01, CHCY); IR vmaxneat)/cni 2935, 2240, 1786,
1730, 1455H NMR (500 MHz, CDCJ) § 9.65 (s, 1H), 7.4-7.25 (m, 10H), 5.11 {c 6
Hz, 1H), 4.67 (dJ = 13 Hz, 2H), 4.54 (dJ = 11.5 Hz, 1H), 4.46 (dJ = 12 Hz, 1H),
3.95-3.85 (M, 2H), 2.85-2.75 (m, 1H), 2.48-2.26 Bi), 2.26- 2.16 (m, 1H), 1.27 (d=

7.0 Hz, 3H), 1.01 (d] = 6.5 Hz, 3H);"*C NMR (125 MHz, CDCJ) § 204.3, 175.9, 137.6,
137.1, 128.8 (2), 128.7 (2), 128.5, 128.3, 128)2128.0 (2), 89.2, 85.1, 81.0, 74.9, 73.4,
72.4,70.4,39.4, 35.2, 23.1, 14.5, 12.7; MS (EShtyulated for [GeH260s+Na]': 443.2,

found: 443.2.
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Me OTBS o

H =] "Me 3.4 % — il
O Me OBn i) MeLi, THF
317 ii) TI(OIPr),CI 3.18

ii) 3.17

89%
A solution of known alkyné&.4 (594 mg, 3.00 mmol) (The description of preparatién
compound3.4 could be found in the supporting information o flellowing publication:
Ghosh, P.; Lotesta, S. D.; Williams, LJJAmM. Chem. Soc. 2007, 129, 2438) in THF (25
mL) was cooled ta-78 °C and then MeLi solution in diethyl ether (1.4 n&.25 mmol)
was added slowly. The reaction mixture was stifoed hr and then a 1 M hexane solution
of chlorotriisopropoxytitanium (IV) (3.00 mL, 3.0@imol) was added. The solution was
slowly warmed to-40 °C and then a solution of aldehy8ld 7(315 g, 0.749 mmol) in THF
(10 mL) was added slowly a40 °C. The mixture was warmed slowly +@0 °C over 2
hours, diluted with ethyl acetate (200 ml) and veastith water (50 mL). The organic
layer was separated, dried over anhydrousSRa and then concentrated under reduced
pressure to give the crude product (6:1 ratio0HbNMR) which was purified by FCC using
10% ethyl acetate in hexane to afford major isoofié&.18as colorless oil (411 mg, 89%
combined yield for both diastereomer$).NMR (300 MHz, CDC}) 6 7.16— 7.44 (m, 1H),
5.11 (tdJ= 2.1 Hz, 6.0 Hz, 1H), 4.76 (d= 12.0 Hz, 1H), 4.72 (d} = 12.0 Hz, 1H), 4.58
(d,J= 12.0 Hz, 1H), 4.53)= 12.0 Hz, 1H), 4.43-4.54 (m, 1H), 4.32Jt 6.6 Hz, 1H),
3.87 (ddJ= 9.6, 6.6 Hz, 1H), 3.58 (dd= 5.4, 5.4 Hz, 1H), 2.88-2.76 (m, 1H), 2.46-2.13
(m, 1H), 1.75- 1.60 (m, 1H), 1.24 @ 7.2 Hz, 3H), 1.06 (d] = 6.9 Hz, 3H), 0.87 (s, 9H),

0.08 (s, 3H), 0.10 (s, 3H)"*C NMR (125 MHz, CDGJ) § 175.92, 138.48, 137.09, 128.84,
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128.61, 128.50, 128.08, 127.93, 127.90, 89.79,8&838.51, 82.67, 80.97, 77.49, 77.23,
76.98, 74.60, 74.35, 72.38, 70.47, 64.43, 63.54B3B4.69, 31.93, 26.00, 23.80, 18.45,

14.99, 12.68, 9.89, 0.22, -4.28, -4.80. MS (ESHpalated for [GHscOsSi+Na]": 641.3,

found: 641.3
oTBS O . H Me Me
Me OBn o i. NEts, MsCl oTBS OBn O

S ii. MeCu(CN)Li \/k/ M H

N = "Me —— A " “OH
= : n =
OH Me OBn H Me

3.18 3.19

To a solution 08.18(1.53 g, 2.47 mmol) in 50mL anhydrous diethyl etvas added BN
(377 mg, 3.71 mmol) and MsCI (424 mg, 3.71 mmo$pextively at C. The reaction
mixture was warmed to room temperature and stioed hour at room temperature. The
solution was then cooled #20 °C and then a solution of methyl cyanocuprate waedd
prepared from CuCN (1.32 g, 14.8 mmol) and Mel2 (@L, 14.7 mmol) in 75 ml EO at
—-20 °C. The reaction mixture was then warmed to roomptmature and stirred for 2h,
guenched with aqueous NEI (50 mL), extracted in diethyl ether (3 x 100 ménd
washed with water (100 mL). The organic layer weapasated, dried over anhydrous
NaSQ,, and then concentrated under reduced pressuligeda@igide produc8.19which

was then taken on without further purification ascibed below.

Ho Mo M
OTBS ° L omno on f We Me om0
Y OB Y\/H\OH —_— Me\/'\_/’ Y .Y\-)LOH
v n 88% over 2 steps fie ~ OBn L
3.19 3.21

The above bis-allenic aci19(1.39 g, 2.20 mmol) was dissolved in 80% acetid &0

mL) and stirred for 8 hours at room temperaturee Bolvent 80% acetic acid was
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co-removed with toluene (3 x 50 mL) under reduceesgure and the resulting crude
product was purified by FCC using 50% ethyl acetateexane to affor@.21as colorless
oil (1.14 g, 88% yield).d]*°>= +45.0 € = 0.01, CHCJ); IR vma{neat)/cm’ 3388, 2933,
1965, 1710, 1454H NMR (500 MHz, CDCY) § 7.36-7.27 (m, 10H), 5.18-5.10 (m, 1H),
5.08-5.02 (m, 1H), 4.70 (d,= 11.5 Hz, 1H), 4.68 (d] = 12.0 Hz, 1H), 4.45 (d] = 11.5
Hz, 1H), 4.41 (dJ = 12.0 Hz, 1H), 4.04 (dd,= 7.0, 7.0 Hz, 1H), 3.99 (§,= 6.5 Hz, 1H),
3.69 (ddJ= 8.5, 5 Hz, 1H), 2.84-2.76 (m, 1H), 2.38-2.32 (i) 11.94-1.84 (m, 1H), 1.75
(d,J= 3 Hz, 3H), 1.67 (d) = 2.5 Hz, 3H), 1.66-1.50 (m, 2H), 1.23 (tk 7 Hz, 3H), 0.98
(d, J = 6.5 Hz, 3H), 0.90 (1) = 7 Hz, 3H);*C NMR (125 MHz, CDCJ) § 203.6, 201.7,
175.7, 138.9, 137.7, 128.7 (2), 128.5 (2), 1282B.1 (2), 127.8 (2), 127.7, 103.4, 100.6,
92.5, 88.0, 82.1, 79.3, 74.2, 70.7, 70.4, 44.46,337.0, 27.9, 19.4, 15.4, 15.1, 13.3, 9.8;

MS (ESI+) calculated for [H40s+NaJ": 541.3, found: 541.3.

OBn
H \\\Me
H Me Me |) NEtg, CI3CeHchC|
" \/c":/ AAAN OBn O "\ DMAP, toluene P Me &
) £ Sn Wko“ RN
e H  fie 64% Mé Et H
0
3.21 Me
0
3.1

Seco acidB.21(280 mg, 0.540 mmol) was dissolved in 20 mL tokyghen triethylamine

(273 mg, 2.7 mmol) and 2,4,6-trichlorobenzoyl clder(658 mg, 2.7 mmol) was added at
room temperature. The reaction mixture was therestifor 6 hours at room temperature.
The resulting solution was delivered dropwise byrgye pump over 2 hours into a solution
of DMAP (659 mg, 5.40 mmol) in toluene (150 mLB&t°C. The mixture was then cooled

to room temperature and quenched with aqueougCNE.00 mL). The organic layer was
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separated, washed with water (2 x 100 mL), driedr anhydrous N&O,, and then
concentrated under reduced pressure to give thdecproduct which upon FCC
purification using 5% ethyl acetate in hexanesftord bis-allenic macrolactong.1 (172
mg, 64% yield) as a colorless oil. FRa(neat)/cnt 2970, 1961, 1731, 1454, 1248t
NMR (500 MHz, CDC}) § 7.45 — 7.29 (m, 8H), 7.29 — 7.19 (m, 2H), 5.41325m, 1H),
5.27 (t,J = 6.8 Hz, 1H), 5.19 — 5.07 (m, 1H), 4.66 J&& 11.7 Hz, 1H), 4.52 (dd,= 27.5,
11.7 Hz, 2H), 4.35 (d] = 11.8 Hz, 1H), 3.97 (dd,= 8.4, 4.0 Hz, 1H), 3.75 (dd= 9.3, 5.8
Hz, 1H), 3.55 — 3.38 (m, 1H), 2.87 — 2.67 (m, 1221 (dd,J = 5.3, 2.4 Hz, 1H), 2.18 (,

= 3.9 Hz, 1H), 2.03 - 1.90 (m, 1H), 1.72 @£ 5.6, 2.8 Hz, 4H), 1.70 — 1.65 (m, 1H), 1.65
—1.49 (m, 3H), 1.38 — 1.24 (m, 4H), 1.22)(& 7.0 Hz, 1H), 1.06 (dl = 6.7 Hz, 3H), 0.90
(dd,J = 13.5, 5.5 Hz, 3H), 0.89 — 0.75 (m, 2K} NMR (125 MHz, CDCJ) § 203.65,
201.41, 174.07, 139.32, 138.80, 128.51, 128.41.,9827127.89, 127.71, 127.49, 102.62,
99.24, 91.99, 90.75, 81.84, 76.99, 75.69, 70.783%85.19, 37.91, 36.10, 25.15, 20.40,

15.49, 14.26, 9.85; MS (ESI+) calculated fogdds004+Na]": 523.3, found: 523.3.

3. Chapter IV

General procedure for catalytic osmylation in acgblution:

To a solution of the allene (1 equiv.)thBuOH and HO (1:1, 0.1 M) was added Os0O
solution (4% wt. solution in water, 0.1 equiv.)r&d at rt. for 1 min. then acid (2 equiv.)
was added in one portion, stirred at room tempegatatil the consumption of allene, then
guenched with saturated sodium sulfite solutiotaeted with ethyl acetate. The organic
layer was combined, washed with NaCl solution, dieer NaSQ;, filtered and then
concentrated to dryness under reduced pressureveéotite crude product, which was

further purified by FCC to afford the desired protas colorless oil.
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Procedure for catalytic osmylation with phenyl baooacid:

Known allene4.13 (100 mg, 0.480 mmol) was dissolved in DCM (2.5 mhen NMO
(67.5 mg, 0.576 mmo), phenylboronic acid (70.2 1§76 mmol) and acetic acid (115 mg,
1.92 mmol) was added. A solution of Qs@2.2 mg, 0.0480 mmol) in 1 mL DCM was
added then, stirred at room temperature for 6 hthes quenched with saturated sodium
sulfite solution. The mixture was extracted withytacetate (2 x 10 mL), washed with
water and then concentrated to dryness under rdduessure to gave the crude product
which was then purified by FCC using 2% ethyl aieeta hexane to afford the desired

known product.14as a light yellowish oil (82.0 mg, 0.338 mmol,5%,).

0]
TBSOW
H3C z
OH Ph
4.16

Known racemic allend.15(100mg, 0.331 mmol) was convertedit@6using the general
procedure for catalytic osmylation in acidic sabuti 4-nitrobenzoic acid (163 mg, 1.00
mmol) was employed as the source of acid. FCC Bgthyl acetate in hexane afforded
the desired racemi89 as colorless oil (50.1 mg, 0.149 mmol, 4498 :vmax (neat)/cnt
3482, 2953, 2930, 2857, 1713, 1496, 1447, 14032,1B866, 1100, 1007H NMR (500
MHz, CDCk) 6 7.31 — 7.24 (m, 2H), 7.19 @,= 6.9 Hz, 3H), 3.84 (d] = 10.1 Hz, 1H),
3.74 (s, 1H), 3.50 (d = 10.1 Hz, 1H), 2.74 — 2.65 (m, 1H), 2.65 — 2.509 2H), 2.57 (]

= 7.2 Hz, 1H), 2.00 — 1.86 (m, 2H), 1.23 (s, 3HB8- 0.84 (m, 9H), 0.06 — 0.03 (M, 3H),

0.01 (d,J = 6.9 Hz, 3H)*3C NMR (126 MHz, CDGJ) 5 214.05, 141.85, 128.60 (2), 126.15,
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79.77, 69.38, 36.74, 35.35, 26.00, 25.97, 25.043%118.38, -5.32 (q)z (ESI-MS)

calculated for [C19H3203SiN3a]359.2, found: 359.2

H

——OTBDPS
/_): ~Me

Ph
4.17

Known racemic allend.16 (220 mg, 0.728 mmol) was converted to alldng7 via a
two-step sequence: alledel6was dissolved in 7 mL THF, then TBAF (1.8 mL, MO
solution in THF, 1.8 mmol) was added at 0 °C, watrteeroom temperature, stirred for 8
hours then quenched with saturated,RHsolution. The mixture was extracted with ethyl
acetate (2 x 10 mL), and the organic layer was ¢oeah dried over N&O,, filtered then
concentrated to dryness under reduced pressurnegdhg crude intermediate. This crude
intermediate was then dissolved in 7 mL DCM anthte mixture was added TBDPSCI
(412 mg, 1.50 mmol) and imidazole (102 mg, 1.50 Mystirred at room temperature for
15 mins, and then quenched with saturated@t$olution. The mixture was extracted
with DCM (2 x 5 mL), and the organic layer was conelol, washed with saturated NacCl
solution, dried over N&Q,, filtered and then concentrated to dryness undduaged
pressure to give the crude product, which upoé@rpurification by FCC using hexane to
afford4.17as colorless oil (268 mg, 0.628 mmol, 86% over $teps)’H NMR (500 MHz,
CDCl) 5 7.85 — 7.74 (m, 4H), 7.54 — 7.40 (m, 6H), 7.36.287m, 2H), 7.27 — 7.18 (m,
3H), 5.35 — 5.06 (M, 1H), 4.25 — 4.11 (m, 2H), 2-82.69 (m, 2H), 2.42 — 2.28 (m, 2H),

1.84 — 1.66 (m, 3H), 1.17 (s, 9HJC NMR (126 MHz, CDGJ) § 201.52, 142.21, 135.91,
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134.18, 129.89, 128.80, 128.52, 127.93, 126.04,15001.04, 66.10, 35.78, 31.03, 27.16,

19.65, 16.11m/z (ESI-MS) calculated for [C29H340SiNa}j49.2, found: 449.2

o)

PhWOTBDPS
Me
OH

4.18

Racemic allenet.17 (100mg, 0.234 mmol) was converted 4dl8 using the general
procedure for catalytic osmylation in acidic sadatj hydrochloric acid (0.120 mL, 1.0M
solution in HO, 0.12 mmol) was employed as the source of acC Esing 3% ethyl
acetate in hexane afforded the desired racemiapt&d 3as colorless oil (76.2 mg, 0.165
mmol, 71%):IR vmax (Neat)/crit 3482, 3070, 3026, 2931, 2858, 1713, 1496, 1473514
1428, 1362, 1112, 10084 NMR (500 MHz, CDC}) § 7.70 — 7.55 (m, 4H), 7.49 — 7.42 (m,
2H), 7.43 — 7.34 (m, 4H), 7.33 — 7.24 (m, 2H), 7-2A.15 (m, 3H), 3.91 (d, = 10.1 Hz,
1H), 3.91 — 3.83 (bs, 1H), 3.66 — 3.55 (m, 1H)4272.53 (m, 4H), 2.09 — 1.90 (m, 2H),
1.22 (s, 3H), 1.05 — 1.01 (m, 9HYC NMR (126 MHz, CDCJ) 5 213.45, 141.75, 135.87,
135.80, 135.74, 135.03, 133.05, 132.81, 130.14,682828.63, 128.05, 126.20, 79.95,
69.90, 36.50, 35.39, 27.00, 25.09, 21.39, 19.4¥z (ESI-MS) calculated for

[C29H3603SiNal: 483.2, found: 483.2
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4. Chapter V
OB
n H OBn
: Me @ / \Me
OsO,, t-BUOH, H,0
Et BnQ o TR TR Me < OH
Me H 83% Et ' o
o o “OBn
Me Me
52 5.2

The macrolactonb.1 (26 mg, 0.052mmol) was dissolved in 2 mL 1:1 migtaft-BuOH
and water. To this solution was added @&MD50 ml, 4% wt. water solution, 0.078mmol)
at room temperature, stirred for 45 mins then gheddy 20 ml saturated sodium sulfite
solution, extracted with diethyl ether (2 x 20 nfhe organic layer was separated, dried
over NaSQy, and then concentrated under reduced pressureeotige crude product,
which was purified by FCC using 10% ethyl acetatéexane to afford the macrolactone
5.2as a light yellowish oil (23 mg, 0.043 mmol, 83#lg): IR vma(neat)/cnt 3475, 2930,
2872, 1966, 1739, 1496, 1455, 13718;NMR (500 MHz, CDC}) & 7.26-7.38 (m, 10H),
5.15 (m, 1H), 4.94 (m, 1H), 4.74 @=11.6 Hz, 1H), 4.60 (d] =12.2 Hz, 1H), 4.56 (d]
=11.6 Hz, 1H), 4.34 (d]=12.2 Hz, 1H), 4.15 (m, 1H), 3.44 (di6.8, 8.1 Hz, 1H), 2.96
(dd,J = 6.9, 17.7 Hz, 1H), 2.93 (dd,=3.8, 17.7 Hz, 1H), 2.58 (m, 1H), 1.9 (6.6,
15.1 Hz, 1H), 1.79 (d] =2.9 Hz, 1H), 1.73 (m, 1H), 1.69 (m, 2H), 1.54 (d&3.2, 15.1
Hz, 1H), 1.32 (s, 3H), 1.30 (d=6.8 Hz, 3H), 1.05 (d] =6.8 Hz, 3H), 0.90 (tJ =7.4 Hz,
3H).°C NMR (126 MHz, CDGJ) § 212.1, 204.0, 173.8, 138.6, 138.4, 128.6, 128,11,
127.9, 127.7, 126.1, 99.8, 96.7, 82.3, 78.9, 76650), 73.8, 70.0, 45.6, 43.0, 42.6, 34.2,
27.4, 25.3, 18.6, 15.5, 13.7, 9.6; MS (ESI+) cated for [GsH4,0s+NaJ": 557.3, found:

557.3.
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OBn H Me
0s0,, t-BuOH, H,0 HO Me
Me L Me\\‘
3 Et 50% R
Me H Et o
o OBn 'J,OBn
Me Me
o
5.1 5.5

The macrolacton®.1 (10 mg, 0.02 mmol) was dissolved in a 1:1 mixtscdution of
t-BuOH and water (1 mL), then 0.28 ml Qssblution (4% wt. in water) was added at
room temperature, stirred for 4 hours then quenefigd 15 ml saturated sodium sulfite
solution, and then extracted with diethyl etherx(20 mL). The organic layer was
combined and dried over pBO, then concentrated under reduced pressure to giiela
product, which was purified by FCC using 20% ethgktate and hexane to afford
macrolactoné.5 as a colorless oil: (4.4 mg, 0.0092 mmol, 46%d)i¢R vma(neat)/cnt
3477, 2971, 2934, 2878, 1735, 1711, 1455, 1382IMR (600 MHz, CDC}) & 7.35 —
7.30(m, 5H), 4.89 (dd] = 9.0, 3.4 Hz, 1H), 4.63 (m, 1H), 4.57 {d 11.6Hz 1H), 4.59(d,
J=11.6 Hz 1H), 3.86 (M} = 11.1, 4.7 Hz, 1H), 3.37 (dd= 14.5, 6.4 Hz, 1H), 3.08 (dd,
=18.7, 10.2 Hz, 1H), 2.98 — 2.82 (m, 1H), 2.51362m, 1H), 2.29 (dd] = 4.7, 14.5 Hz,
1H), 1.97 (m, 1H), 1.89 (dd,= 12.9, 9.1 Hz, 1H), 1.79 (dd= 12.9, 7.3 Hz, 1H), 1.55 (m,
1H), 1.38 (s, 3H), 1.27 (s, 3H), 1.21 {ds 7.3 Hz, 3H), 0.93 (] = 7.5 Hz, 3H), 0.67 (d]

= 7.0 Hz, 3H);**C NMR (150 MHz, CDGJ) § 213.3, 212.6, 173.2, 137.5, 128.8, 128.4,
128.0, 88.5, 78.9, 78.4, 77.8, 76.3, 72.0, 42.15,489.6, 35.4, 34.9, 25.2, 23.1, 17.0, 15.0,

14.2, 11.0; MS (ESI+) calculated for f¢El30-+Na]': 483.3, found: 483.3.
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TESOTf, 2,6-Lutidine
DCM

78%

The keto-alcohol5.5 (4.0 mg, 0.0082 mmolwas dissolved in 1.5 mL DCM then
2,6-lutidine (100 mg) and TESOTf (120 mg) was adaespectively at room temperature,
stirred at room temperature for 30 mins then queddly 10mL saturated NBI solution.
Organic layer was diluted with 10 mL DCM, separdteeh concentrated under reduced
pressure to give the crude product, which was Eumlurified by FCC using 10% ethyl
acetate in hexane to afford the prodaiéas a colorless oil, which could be converted to a
white crystalline by slow evaporation at room tenapere in 1mL 30% ethyl acetate in
hexane (4.0 mg, 78% yield): IRna(neat)/cnt 3444, 2954, 2928, 2875, 1738, 1716,
1456, ,1378, 1183, 11644 NMR (600 MHz, CDCJ) § 7.33-7.30 (m, 5H), 5.2 (dd=2.9,
9.5 Hz, 1H), 4.6 (d)=10.4 Hz, 1H), 4.48 (m, 1H), 4.44 @=10.4 Hz, 1H), 3.87 (m, 1H),
3.26 (dd,J =9.6, 14.9 Hz, 1H), 2.92 (m, 1H), 2.78 (dcs10.5, 19.0 Hz, 1H), 2.35 (dd,
=1.5, 19.0 Hz, 1H), 2.24 (m, 1H), 2.17 (dc 3.8, 14.9 Hz, 1H), 1.89 (m, 1H), 1.81 (dd,
=11.4, 12.6 Hz, 1H), 1.73 (dd,=7.0, 12.6 Hz, 1H), 1.46 (m, 1H), 1.33 (s, 3H), 1(88
3H), 1.14 (dJ=7.0 Hz, 3H), 0.91 () =7.2 Hz, 3H), 0.89 (dd]=7.8, 8.2 Hz, 9H), 0.68 (d,

J =6.9 Hz, 3H), 0.56-0.54 (m, 6H}*C NMR (150 MHz, CDGJ) 6 215.5, 211.4, 172.9,
137.7, 129.1, 128.5, 128.3, 88.6, 79.6, 79.4, 7T®1, 41.6, 41.2, 39.8, 36.3, 35.0, 25.5,
22.7,17.0, 14.8, 13.9, 11.1, 7.2, 6.4; MS (EShki}ulated for [G,Hs00,Si+Na]: 597.3,

found: 597.3.
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TESOTf, 2,6-Lutidine
DCM -

83%

5.2 5.9

The macrolactob.2 (6.0 mg, 0.011 mmol) was dissolved in 1 mL DCM tRe@+Lutidine
and TESOTf was added respectively at room tempesastirred for 20 mins at room
temperature, and then quenched by addition of exegsieous NKCI solution. The
organic layer was diluted with 10mL DCM, separatadd then concentrated under
reduced pressure to give the crude product whichpuafied with FCC (3% ethyl acetate
in hexane) to afford the produg© as a colorless oil (6.0 mg, 0.0093mmol, 83% yidid)
vma{neat)/cm' 2957, 2934, 2875, 1726, 1455, 1370, 1167, 16A2NMR (500 MHz,
CDCly) 5 7.43 — 7.14 (m, 10H), 5.16 (dil= 6.2, 5.0 Hz, 1H), 5.04 — 4.90 (m, 1H), 4.60 (q,
J=11.0 Hz, 2H), 4.47 (dl = 12.1 Hz, 1H), 4.22 (ddd,= 19.7, 10.9, 5.9 Hz, 1H), 4.12 (d,
J=12.0 Hz, 1H), 4.05 (ddd, = 8.3, 6.0, 4.3 Hz, 1H), 3.49 — 3.35 (m, 1H), 3(d8,J =
16.9, 8.4 Hz, 1H), 2.88 — 2.82 (m, 1H), 2.82 — AmM51H), 1.91 (dt) = 10.2, 4.7 Hz, 2H),
1.78 — 1.74 (m, 2H), 1.73 — 1.63 (m,2H), 1.39 {4),3.35 — 1.28 (m, 3H), 1.28 — 1.23 (m,
3H), 1.21 (dJ = 7.0 Hz, 3H), 1.07 (d] = 6.7 Hz, 3H), 0.98 (dt] = 6.4, 5.6 Hz, 6H), 0.72
—0.60 (m, 6H), 0.57 — 0.47 (m, 3H5C NMR (101 MHz, CDGCJ) § 212.9, 204.1, 174.1,
139.2, 138.6, 128.4, 128.4, 128.3, 128.0, 127.8,5288.9, 92.4, 83.2, 82.4, 77.7, 77.6,
77.4,77.2,76.9,76.4,72.9,70.3,45.3,42./6,434.3, 26.9, 25.1, 18.1, 15.7,13.1, 9.3, 7.5,

7.1, 1.2, 0.2; MS (ESI+) calculated forals¢0sSi+Na] : 671.3, found: 671.3.
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0sOy4 t-BuOH, H,0  Me“
> e
32%, (49% BORSM)

The protected ketoalcohsl9 (12.8 mg, 0.0200 mmol) was dissolved in 1 trBuUOH
followed by the addition of citric acid (8.0 mg,080 mmol) and the osmium tetroxide
solution (0.13mL, 4% wt. in water). The resultinarkl purple solution was then stirred at
room temperature for 3 hours then the reaction stagped by adding 10 mL saturated
solution of sodium sulfite and extracted with 20 ethyl acetate. The organic layer was
separated and then concentrated under reducedirésgive a crude product which was
purified by FCC using 10% ethyl acetate in hexarafford producb.10as a colorless oil:
(3.7 mg, 0.0064 mmol, 32% vyield, 4.5 mg startingeamal recovered, 49% BORSM) IR
vma{neat)/cnt 3479, 2921, 2876, 2850, 1731, 1698, 1623, 14567:13H NMR (600
MHz, CDCL) & 7.33-7.28 (m, 5H); 6.64 (d,=15.5 Hz, 1H), 6.60 (dd] =8.2, 15.5 Hz,
1H), 4.89 (ddJ =2.5, 11.3 Hz, 1H), 4.56 (dJ,=11.6 Hz, 1H), 4.49 (d] =11.6 Hz, 1H),
3.68 (m, 1H), 3.60 (m, 1H), 3.42 (di=4.3, 18.8 Hz, 1H), 2.58 (m, 1H), 2.44 (dds 3.4,
18.8 Hz, 1H), 2.29 (dd},=10.2, 14.3 Hz, 1H), 2.02 (m, 1H), 1.78 (m, 1H) 5l(dd,J=2.1,
14.3 Hz, 1H), 1.31 (s, 3H), 1.23 (s, 3H), 1.21Xe7.0 Hz, 3H), 1.02 (d) =6.6 Hz, 3H),
1.01 (t,J=7.9, 9H), 0.88 (1) =7.4 Hz, 3H), 0.66 (m, 6H}’C NMR (150 MHz, CDCJ) &
212.5, 202.7, 178.5, 154.9, 138.1, 128.6, 128.8,a12122.7, 84.4, 82.4, 80.8, 77.1, 46.3,
43.0, 37.6, 33.3, 28.3, 23.6, 23.0, 22.5, 16.09,10.5, 7.0; MS (ESI+) calculated for

[C32H5007Si+NaTZ 597.3, found: 597.3
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H OBn
Me
2 Me
- Son Zn(BH,),, Et,0
N (o]
Et , 68%
o “OBn
Me
5.2

The hydroxyl keton®.2 (8.0 mg, 0.015 mmol) was dissolved in 1 mL anhydrdiethyl
ether, cooled to OC, then a 0.1 M solution of zinc borohydride (1 n@.]1 mmol) was
added, stirred for 30mins then quenched with sedré&H,Cl aqueous solution and
extracted with ethyl acetate. The organic layer diésd over NgSQ,, filtered and then
concentrated under reduced pressure to give a gmadieict which was purified by FCC
using 20% ethyl acetate in hexane to afférti3 as a colorless oil (5.4 mg, 0.010mmol,
68% vyield) as product; IRmax (neat)/cmt 3454, 2968, 2933, 2875, 1729, 1455, 1371, 1182,

1067; MS (ESI+) calculated for jgH4406+NaJ": 559.30, found: 559.30;

OBn

NBS, acetonitrile
r.t.
—_—

99%

To a stirred solution of macrolactoBe? (7.8 mg, 0.015 mmol) in 1.0 mL of acetonitrile
was added N-Bromosuccinimide (34 mg, 0.191 mmaipain temperature then stirred for
5 mins. The reaction mixture was quenched with 1aghkaturated aqueous solution of
NaS,03 and then extracted with diethyl ether (2 x 5 nill)e organic layer was separated
and then concentrated under reduced pressureddthg\crude product which was purified

by FCC using 14% ethyl acetate in hexane to affot® as colorless oil: (9.10 mg, 99%
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yield). For detailed NMR analysis, see page S3nfax (neat)/cni 3442, 3062, 2956,
2922, 2850, 1728, 1711, 1454, 1376, 1165, 1070; [ ESI+) calculated for

[CasHadBrO+NaJ': 653.3, 655.3, found: 653.2, 655.2]1°D = 7.6 (c = 0.005, CHG).

OBn

Zn(BHy)»
ether, 0°C

98%

To a stirred solution of macrolactoBel5(5.0 mg, 0.007@mol) in 1.00 mL of anhydrous
diethyl ether was added 0.13 M Zn(BKsolution in anhydrous diethyl ether (0.090 ml,
0.012mmol) at 0°C. The mixture was stirred for 30mins at®@, quenched with 1 mL of
saturated aqueous solution of i, then extracted with diethyl ether (2 x 5 mLher
organic layer was separated, dried oves3@@, filtered then concentrated under reduced
pressure to give the crude product, which was arthy FCC 20% ethyl acetate in hexane
to afford5.16 (4.9 mg, 98% vyield). For detailed NMR analysiss gage S34. IRmax
(neat)/cnt 2925, 2851, 1729, 1450, 1375, 1164, 1068; MS (ESiculated for

[CasHasO+Na]': 655.2, 657.2, found: 655.2, 657.8]1°D = 5.8 (¢ = 0.005, CHG).

OBn
“ DMDO/CDCly
l Methanol
Et -50 to -15°C

O
81%
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To a solution of macrolactortel (12 mg, 0.020 mmol) in methanol (3.0 mL) was adaed
solution of DMDO (0.38 mL, 0.14 mmol) dropwise -0 °C. The solution was stirred

under inert atmosphere and warmed-ttb °C over 1 hr 30min. The mixture was
concentrated under reduced pressure to give tlie gnoduct, which was purified by FCC
using 5% ethyl acetate in hexane to affor2l3(10 mg, 81%) as colorless oil. For detailed
NMR analysis, see page S28.Riax (neat)/cii 3442, 3062, 2956, 2922, 2850, 1728,
1711, 1454, 1376, 1165, 1070; MS (ESI+) calculdtedCssHacOs+Na]': 539.3, found:

539.3; p]*D = 3.3 (c = 0.005, CHG).

OBn

1) DMDO/CDCl,
40 to -15°C

[ Et 2) MeCuCNLl
O 2-methyl THF
-15°C

64%

H Me
5.24

To a solution of macrolactortel (17.7 mg, 0.0340 mmol) in CD§(0.5 mL) was added a
solution of DMDO (0.56 mL, 0.21 mmol) dropwise-&0 °C, warmed up te-15 °C over
30min, then lower order methyl cyanocuprate (MeCuizN).71 mmol) was added,
prepared by addition of MeLi (0.44mL, 0.71 mmol)aslurry of CuCN (63.30 mg, 0.71
mmol) in 2-methyl THF (5.99 mL) at78°C and then warming to —F&. The mixture was
warmed to—2°C over 1 hr 30min, quenched with saturated aqusoligion of NHOH
and NHCI (1:4 ratio) and then extracted with diethyl ethEhe combined organic layer
was dried over anhydrous p&O,, filtered and then concentrated under reducedspres
to give the crude product, which was purified byd~@sing 15% ethyl acetate in hexane to

afford5.24(10 mg, 64% yield) as a colorless oil. For dethiNMR analysis, see page S30.
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IR vmax (neat)/cri 3434, 2968, 2925, 1959, 1764, 1725, 1452, 13785,1MS (ESI+)

calculated for [GsH3406+Na]": 465.2, found: 465.5p]]*°D = 5.9 (c = 0.005, CHG)

X-ray ORTEP diagram of compoudb

Crystal data:

Table 1. Crystal data and structure refinemenKioi191.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

KL-191

C32 H50.83 O7.415 Si

582.29

100(2) K

0.71073 A

Monoclinic

P2(1)

a=8.6244(6) A a= 90°.



Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 32.03°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

b = 16.3829(11) A

1644.20(19) A
2
1.176 MgAm
0.116 min
632
0.32 x 0.19 x 0.08 min
1.75 to 32.03°.

-12<=h<=12, -24<=k<=24, -18<=I<=18

21344

10801 [R(int) = 0.0232]
99.4 %

Semi-empirical from equivaken
0.9908 and 0.9639

Full-matrix least-squares &n F
10801 / 203/ 400

1.011

R1 =0.0563, wR2 4840

R1 =0.0638, wR2 = 0.1392
-0.03(10)

0.565 and -0.257%.A

B=110.075(1)°.
c =12.3896(8) A y=90°.

111
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Table 2. Atomic coordinates ( x4@nd equivalent isotropic displacement paraméfites 105)

for KL-191. U(eq) is defined as one third of thace of the orthogonalizediensor.

X y z U(eq)
Si(1) 5320(1) 0(2) -4244(1) 25(1)
0(1) 1438(2) 2254(1) -3727(1) 20(1)
0(2) 2072(2) 3424(1) -4443(1) 30(1)
0(3) 1824(2) 2622(1) -1325(1) 27(2)
0(4) 4111(2) 3950(1) 410(2) 47(1)
0(5) 6462(2) 2679(1) -787(1) 23(1)
0(6) 5595(2) 1874(1) -3070(1) 31(1)
0o(7) 3705(2) 591(1) -4381(1) 26(1)
C(1) 1475(2) 3077(1) -3830(1) 20(1)
c(2) 686(2) 3494(1) -3056(2) 23(1)
Cc@3) 1781(2) 3421(1) -1778(2) 23(1)
C(4) 3583(2) 3630(1) -1562(1) 24(1)
C(5) 4554(3) 3579(1) -279(2) 27(1)
C(6) 6115(2) 3054(1) 157(1) 23(1)
c(7) 6458(2) 1799(1) -690(1) 20(1)
c(8) 4851(2) 1428(1) -1479(1) 21(1)
c(9) 4626(2) 1506(1) -2740(1) 21(1)
C(10) 3130(2) 1078(1) -3652(1) 19(1)
Cc(11) 2115(2) 1762(1) -4442(1) 19(1)
Cc(12) 326(3) 4387(1) -3405(2) 28(1)
Cc(13) 339(3) 2341(2) -1175(2) 42(1)
C(14) 837(2) 1792(1) -145(2) 31(1)
C(15) 1625(3) 2113(2) 932(2) 43(1)
C(16) 2172(3) 1632(2) 1901(2) 54(1)
c(17) 1898(4) 820(2) 1811(3) 56(1)
C(18) 1106(3) 455(2) 768(3) 52(1)
C(19) 563(3) 952(2) -247(3) 45(1)
C(20) 7581(3) 3593(1) 810(2) 37(2)
c(21) 5856(2) 2347(1) 888(1) 22(1)
Cc(22) 6826(2) 1653(1) 596(1) 23(1)

C(23) 6420(3) 806(1) 936(2) 33(1)



C(24)

C(25)

C(26)

C(27A)
C(28A)
C(29A)
C(30A)
C(31A)
C(32A)
C(27B)
C(28B)
C(29B)
C(30B)
C(31B)
C(32B)
O(8W)

2101(2)
705(2)
-194(3)
6972(6)
8277(10)
4480(12)
3937(9)
6070(6)
6423(8)
6488(5)
7963(7)
4503(7)
3610(6)
6796(4)
5955(6)
7099(5)

554(1)
1456(1)
2141(1)

2(4)
-669(7)

-1058(4)
-1481(4)

335(3)
1248(4)
-222(3)
-804(4)
-940(3)

-1507(3)

551(2)
936(3)
3673(3)

-3136(2)
-5479(2)
-6287(2)
-2800(3)
-2732(9)
-4630(6)
-3706(7)
-5440(4)
-5420(6)
-2695(2)
-2524(6)
-5054(5)
-4469(5)
-4806(3)
-5974(4)
-2384(3)

24(1)
26(1)
33(1)
36(1)
47(1)
42(1)
56(1)
30(1)
49(1)
36(1)
47(1)
42(1)
56(1)
30(1)
49(1)
42(1)
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Table 3. Bond lengths [A] and angles [°] for KE1.

Si(1)-0(7)
Si(1)-C(29B)
Si(1)-C(27A)
Si(1)-C(27B)
Si(1)-C(29A)
Si(1)-C(31B)
Si(1)-C(31A)
0(1)-C(1)
0(1)-C(11)
0(2)-C(1)
0(3)-C(3)
0(3)-C(13)
0(4)-C(5)
0(5)-C(6)
0(5)-C(7)
0(6)-C(9)
0(7)-C(10)
C(1)-C(2)
C(2)-C(12)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(6)
C(6)-C(20)
C(6)-C(21)
C(7)-C(8)
C(7)-C(22)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8A)
C(8)-H(8B)

1.6563(13)
1.841(5)
1.866(3)
1.872(3)
1.876(6)
1.878(3)
1.890(4)
1.355(2)
1.4596(18)
1.198(2)
1.420(2)
1.431(2)
1.212(2)
1.441(2)
1.446(2)
1.210(2)
1.4170(19)
1.517(2)
1.528(2)
1.545(2)
1.0000
1.523(3)
1.0000
1.523(2)
0.9900
0.9900
1.531(3)
1.527(3)
1.534(2)
1.522(2)
1.534(2)
1.0000
1.512(2)
0.9900
0.9900
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C(9)-C(10)
C(10)-C(24)
C(10)-C(11)
C(11)-C(25)
C(11)-H(11)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-H(19)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-C(22)
C(21)-H(21A)
C(21)-H(21B)
C(22)-C(23)
C(22)-H(22)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)

1.559(2)
1.523(2)
1.547(2)
1.520(2)
1.0000
0.9800
0.9800
0.9800
1.499(3)
0.9900
0.9900
1.378(3)
1.394(3)
1.377(4)
0.9500
1.349(5)
0.9500
1.374(5)
0.9500
1.435(4)
0.9500
0.9500
0.9800
0.9800
0.9800
1.526(2)
0.9900
0.9900
1.526(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
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C(25)-C(26)
C(25)-H(25A)
C(25)-H(25B)
C(26)-H(26A)
C(26)-H(26B)
C(26)-H(26C)
C(27A)-C(28A)
C(27A)-H(27A)
C(27A)-H(27B)
C(28A)-H(28A)
C(28A)-H(28B)
C(28A)-H(28C)
C(29A)-C(30A)
C(29A)-H(29A)
C(29A)-H(29B)
C(30A)-H(30A)
C(30A)-H(30B)
C(30A)-H(30C)
C(31A)-C(32A)
C(31A)-H(31A)
C(31A)-H(31B)
C(32A)-H(32A)
C(32A)-H(32B)
C(32A)-H(32C)
C(27B)-C(28B)
C(27B)-H(27C)
C(27B)-H(27D)
C(28B)-H(28D)
C(28B)-H(28E)
C(28B)-H(28F)
C(29B)-C(30B)
C(29B)-H(29C)
C(29B)-H(29D)
C(30B)-H(30D)
C(30B)-H(30E)
C(30B)-H(30F)

1.527(3)
0.9900
0.9900
0.9800
0.9800
0.9800
1.554(7)
0.9900
0.9900
0.9800
0.9800
0.9800
1.543(7)
0.9900
0.9900
0.9800
0.9800
0.9800
1.525(7)
0.9900
0.9900
0.9800
0.9800
0.9800
1.545(5)
0.9900
0.9900
0.9800
0.9800
0.9800
1.538(6)
0.9900
0.9900
0.9800
0.9800
0.9800
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C(31B)-C(32B)
C(31B)-H(31C)
C(31B)-H(31D)
C(32B)-H(32D)
C(32B)-H(32E)
C(32B)-H(32F)
O(8W)-H(81)
O(8W)-H(82)
O(7)-Si(1)-C(27A)
O(7)-Si(1)-C(29A)
O(7)-Si(1)-C(31A)
O(7)-Si(1)-C(27B)
O(7)-Si(1)-C(29B)
O(7)-Si(1)-C(31B)
C(27A)-Si(1)-C(29A)
C(27A)-Si(1)-C(31A)
C(29A)-Si(1)-C(31A)
C(27B)-Si(1)-C(29B)
C(27B)-Si(1)-C(31B)
C(29B)-Si(1)-C(31B)
C(1)-0(1)-C(11)
C(3)-0(3)-C(13)
C(6)-0(5)-C(7)
C(10)-O(7)-Si(1)
0(2)-C(1)-0(1)
0(2)-C(1)-C(2)
O(1)-C(1)-C(2)
C(1)-C(2)-C(12)
C(1)-C(2)-C(3)
C(12)-C(2)-C(3)
C(1)-C(2)-H(2)
C(12)-C(2)-H(2)
C(3)-C(2)-H(2)
0(3)-C(3)-C(4)
0(3)-C(3)-C(2)
C(4)-C(3)-C(2)
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1.516(5)
0.9900
0.9900
0.9800
0.9800
0.9800
0.840(10)
0.843(10)
115.81(19)
106.0(3)
104.62(16)
110.84(13)
106.4(2)
109.56(12)
110.3(3)
113.4(3)
105.9(3)
111.5(2)
106.17(18)
112.44(19)
117.63(12)
116.38(15)
110.55(12)
136.94(11)
124.23(15)
124.86(15)
110.91(14)
110.09(14)
111.39(13)
110.92(15)
108.1
108.1
108.1
104.56(13)
113.56(15)
113.01(14)



O(3)-C(3)-HE)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
O(4)-C(5)-C(4)
O(4)-C(5)-C(6)
C(4)-C(5)-C(6)
O(5)-C(6)-C(20)
O(5)-C(6)-C(5)
C(20)-C(6)-C(5)
O(5)-C(6)-C(21)
C(20)-C(6)-C(21)
C(5)-C(6)-C(21)
O(5)-C(7)-C(8)
O(5)-C(7)-C(22)
C(8)-C(7)-C(22)
O(5)-C(7)-H(7)
C(8)-C(7)-H(7)
C(22)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
0O(6)-C(9)-C(8)
0O(6)-C(9)-C(10)
C(8)-C(9)-C(10)
O(7)-C(10)-C(24)
O(7)-C(10)-C(11)
C(24)-C(10)-C(11)

108.5
108.5
108.5
109.47(15)
109.8
109.8
109.8
109.8
108.2
120.91(17)
119.00(16)
120.09(15)
108.16(15)
110.85(14)
109.29(15)
105.66(13)
112.68(15)
110.14(14)
111.91(13)
103.66(13)
115.02(14)
108.7
108.7
108.7
113.26(14)
108.9
108.9
108.9
108.9
107.7
122.19(15)
118.36(15)
119.42(14)
109.36(14)
104.54(12)
112.89(13)
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O(7)-C(10)-C(9)
C(24)-C(10)-C(9)
C(11)-C(10)-C(9)
0(1)-C(11)-C(25)
O(1)-C(11)-C(10)
C(25)-C(11)-C(10)
O(1)-C(11)-H(11)
C(25)-C(11)-H(11)
C(10)-C(11)-H(11)
C(2)-C(12)-H(12A)
C(2)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(2)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
0(3)-C(13)-C(14)
O(3)-C(13)-H(13A)
C(14)-C(13)-H(13A)
O(3)-C(13)-H(13B)
C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-C(19)
C(15)-C(14)-C(13)
C(19)-C(14)-C(13)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)

109.34(13)
113.92(13)
106.31(13)
108.97(13)
105.85(12)
114.20(13)
109.2
109.2
109.2
109.5
109.5
109.5
109.5
109.5
109.5
107.21(17)
110.3
110.3
110.3
110.3
108.5
118.5(2)
119.8(2)
121.7(2)
122.2(3)
118.9
118.9
119.6(3)
120.2
120.2
121.6(3)
119.2
119.2
119.0(2)
120.5
120.5
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C(14)-C(19)-C(18)
C(14)-C(19)-H(19)
C(18)-C(19)-H(19)
C(6)-C(20)-H(20A)
C(6)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(6)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(22)-C(21)-C(6)
C(22)-C(21)-H(21A)
C(6)-C(21)-H(21A)
C(22)-C(21)-H(21B)
C(6)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(23)-C(22)-C(21)
C(23)-C(22)-C(7)
C(21)-C(22)-C(7)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
C(7)-C(22)-H(22)
C(22)-C(23)-H(23A)
C(22)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
C(22)-C(23)-H(23C)
H(23A)-C(23)-H(23C)
H(23B)-C(23)-H(23C)
C(10)-C(24)-H(24A)
C(10)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(10)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(11)-C(25)-C(26)
C(11)-C(25)-H(25A)
C(26)-C(25)-H(25A)

119.1(3)
120.5
120.5
109.5
109.5
109.5
109.5
109.5
109.5
102.71(13)
111.2
111.2
111.2
111.2
109.1
114.56(16)
116.35(15)
101.25(13)
108.1
108.1
108.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
112.95(15)
109.0
109.0
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C(11)-C(25)-H(25B)
C(26)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(25)-C(26)-H(26A)
C(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(25)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(28A)-C(27A)-Si(1)
C(28A)-C(27A)-H(27A)
Si(1)-C(27A)-H(27A)
C(28A)-C(27A)-H(27B)
Si(1)-C(27A)-H(27B)
H(27A)-C(27A)-H(27B)
C(27A)-C(28A)-H(28A)
C(27A)-C(28A)-H(28B)
H(28A)-C(28A)-H(28B)
C(27A)-C(28A)-H(28C)
H(28A)-C(28A)-H(28C)
H(28B)-C(28A)-H(28C)
C(30A)-C(29A)-Si(1)
C(30A)-C(29A)-H(29A)
Si(1)-C(29A)-H(29A)
C(30A)-C(29A)-H(29B)
Si(1)-C(29A)-H(29B)
H(29A)-C(29A)-H(29B)
C(29A)-C(30A)-H(30A)
C(29A)-C(30A)-H(30B)
H(30A)-C(30A)-H(30B)
C(29A)-C(30A)-H(30C)
H(30A)-C(30A)-H(30C)
H(30B)-C(30A)-H(30C)
C(32A)-C(31A)-Si(1)
C(32A)-C(31A)-H(31A)
Si(1)-C(31A)-H(31A)

109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5
110.5(5)
109.5
109.5
109.5
109.5
108.1
109.5
109.5
109.5
109.5
109.5
109.5
114.5(4)
108.6
108.6
108.6
108.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5
113.1(4)
109.0
109.0
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C(32A)-C(31A)-H(31B)
Si(1)-C(31A)-H(31B)

H(31A)-C(31A)-H(31B)
C(31A)-C(32A)-H(32A)
C(31A)-C(32A)-H(32B)
H(32A)-C(32A)-H(32B)
C(31A)-C(32A)-H(32C)
H(32A)-C(32A)-H(32C)
H(32B)-C(32A)-H(32C)
C(28B)-C(27B)-Si(1)

C(28B)-C(27B)-H(27C)
Si(1)-C(27B)-H(27C)

C(28B)-C(27B)-H(27D)
Si(1)-C(27B)-H(27D)

H(27C)-C(27B)-H(27D)
C(27B)-C(28B)-H(28D)
C(27B)-C(28B)-H(28E)
H(28D)-C(28B)-H(28E)
C(27B)-C(28B)-H(28F)
H(28D)-C(28B)-H(28F)
H(28E)-C(28B)-H(28F)
C(30B)-C(29B)-Si(1)

C(30B)-C(29B)-H(29C)
Si(1)-C(29B)-H(29C)

C(30B)-C(29B)-H(29D)
Si(1)-C(29B)-H(29D)

H(29C)-C(29B)-H(29D)
C(29B)-C(30B)-H(30D)
C(29B)-C(30B)-H(30E)
H(30D)-C(30B)-H(30E)
C(29B)-C(30B)-H(30F)
H(30D)-C(30B)-H(30F)
H(30E)-C(30B)-H(30F)
C(32B)-C(31B)-Si(1)

C(32B)-C(31B)-H(31C)
Si(1)-C(31B)-H(31C)

109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5
112.9(3)
109.0
109.0
109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5
114.1(3)
108.7
108.7
108.7
108.7
107.6
109.5
109.5
109.5
109.5
109.5
109.5
113.0(3)
109.0
109.0
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C(32B)-C(31B)-H(31D)
Si(1)-C(31B)-H(31D)
H(31C)-C(31B)-H(31D)
C(31B)-C(32B)-H(32D)
C(31B)-C(32B)-H(32E)
H(32D)-C(32B)-H(32E)
C(31B)-C(32B)-H(32F)
H(32D)-C(32B)-H(32F)
H(32E)-C(32B)-H(32F)
H(81)-O(8W)-H(82)

displacement factor exponent takes the fornmZ[-B2 a*2U1 + ... + 2 h k a* b* 2]

109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5

110.1(18)
Table 4. Anisotropic displacement parametersx () for KL-191. The anisotropic

Ull U22 U33 U23 U13 U12
Si(1) 27(1) 20(1) 32(1) 2(1) 16(1) 4(1)
o(1) 24(1) 17(1) 24(1) 1(1) 13(1) 2(1)
0(2) 40(1) 22(1) 38(1) 0(1) 24(1) -2(1)
0(3) 27(1) 24(1) 35(1) 12(1) 18(1) 8(1)
O(4) 71(1) 40(1) 27(1) 0(1) 13(1) 31(1)
o(5) 26(1) 22(1) 22(1) -1(1) 9(1) -1(1)
0(6) 29(1) 38(1) 28(1) -2(1) 11(1) -9(1)
o(7) 26(1) 27(1) 24(1) -5(1) 8(1) 8(1)
cQ) 21(1) 19(1) 22(1) 0(1) 8(1) 2(1)
C(2) 24(1) 20(1) 27(1) 1(1) 12(1) 7(1)
c@3) 29(1) 19(1) 25(1) 4(1) 14(1) 10(1)
C(4) 32(1) 18(1) 22(1) 1(1) 9(1) 2(1)
C(5) 40(1) 18(1) 23(1) 1(1) 9(1) 5(1)
C(6) 28(1) 20(1) 20(1) -2(1) 7(1) -1(1)
c(7) 18(1) 22(1) 20(1) -1(1) 4(1) 3(1)
C(8) 20(1) 23(1) 20(1) -2(1) 8(1) 2(1)
C(9) 20(1) 21(1) 22(1) -1(1) 6(1) 4(1)
C(10) 20(1) 18(1) 20(1) -2(1) 7(1) 2(1)
c(11) 21(1) 16(1) 21(1) 0(1) 9(1) 2(1)
C(12) 35(1) 21(1) 29(1) 6(1) 10(1) 12(1)
C(13) 28(1) 50(1) 54(1) 24(1) 21(1) 7(1)
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C(14)
C(15)
C(16)
c@7)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27A)
C(28A)
C(29A)
C(30A)
C(31A)
C(32A)
C(27B)
C(28B)
C(29B)
C(30B)
C(31B)
C(32B)
O(8W)

27(1)
35(1)
44(1)
45(1)
53(2)
41(1)
44(1)
26(1)
23(1)
46(1)
27(1)
26(1)
33(1)
21(2)
36(2)
35(1)
45(2)
32(1)
44(2)
21(2)
36(2)
35(1)
45(2)
32(1)
44(2)
48(2)

33(1)
51(1)
79(2)
71(2)
30(1)
40(1)
31(1)
23(1)
24(1)
22(1)
20(1)
25(1)
33(1)
41(2)
52(3)
32(2)
31(1)
36(1)
66(2)
41(2)
52(3)
32(2)
31(1)
36(1)
66(2)
44(2)

43(1)
49(1)
47(1)
63(2)
95(2)
67(2)
31(1)
17(1)
21(1)
28(1)
25(1)
23(1)
26(1)
44(1)
53(3)
59(3)
87(3)
27(1)
40(2)
44(1)
53(3)
59(3)
87(3)
27(1)
40(2)
39(2)

13(1)
5(1)
14(1)
29(2)
15(1)
0(1)
-6(1)
1(1)
0(1)
5(1)
1(1)
-2(1)
2(1)
0(1)
6(2)

-19(2)

0(2)
3(1)
15(2)
0(1)
6(2)

-19(2)

0(2)
3(1)
15(2)
8(2)

23(1)
24(1)
25(1)
32(1)
52(2)
35(1)
7(2)
6(1)
4(1)
7(2)
8(1)
3(1)
1(1)
8(1)
15(2)
19(2)
19(2)
15(1)
19(2)
8(1)
15(2)
19(2)
19(2)
15(1)
19(2)
21(2)

8(1)
2(1)
-2(1)
11(1)
8(1)
-1(1)

-14(1)

4(1)
5(1)
6(1)
-3(1)
0(1)
2(1)
11(1)
23(2)
3(1)
-6(1)
2(1)
-5(2)
11(1)
23(2)
3(1)
-6(1)
2(1)
-5(2)
-5(2)
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Table 5. Hydrogen coordinates ( ¥*)Land isotropic displacement parameter(£0 3)
for KL-191.

X y z U(eq)
H(2) -389 3216 -3160 27
H(3) 1347 3803 -1320 28
H(4A) 4049 3244 -1984 29
H(4B) 3666 4189 -1843 29
H(7) 7391 1574 -905 25
H(8A) 4825 842 -1288 25
H(8B) 3914 1699 -1336 25
H(11) 2868 2108 -4710 23
H(12A) -432 4417 -4201 43
H(12B) 1359 4666 -3340 43
H(12C) -180 4652 -2898 43
H(13A) -348 2038 -1866 50
H(13B) -308 2809 -1053 50
H(15) 1798 2686 1009 51
H(16) 2739 1871 2629 65
H(17) 2262 493 2485 68
H(18) 920 -117 720 63
H(19) 25 712 -978 54
H(20A) 7807 3977 275 55
H(20B) 8555 3251 1166 55
H(20C) 7323 3898 1408 55
H(21A) 6302 2481 1717 26
H(21B) 4672 2206 673 26
H(22) 8028 1757 1006 28
H(23A) 6964 391 620 50
H(23B) 5223 721 631 50
H(23C) 6813 761 1776 50
H(24A) 2802 133 -2645 36
H(24B) 1204 295 -3755 36

H(24C) 1635 899 -2677 36



H(25A)
H(25B)
H(26A)
H(26B)
H(26C)
H(27A)
H(27B)
H(28A)
H(28B)
H(28C)
H(29A)
H(29B)
H(30A)
H(30B)
H(30C)
H(31A)
H(31B)
H(32A)
H(32B)
H(32C)
H(27C)
H(27D)
H(28D)
H(28E)
H(28F)
H(29C)
H(29D)
H(30D)
H(30E)
H(30F)
H(31C)
H(31D)
H(32D)
H(32E)
H(32F)
H(81)

-95
1146
598
712
-1045
7516
6475
9055
8879
7722
3522
5336
3511
3069
4884
7090
5225
6817
7269
5409
6901
5727
8544
8721
7558
3726
5428
3196
2682
4381
7367
7643
6780
5130
5412

6940(90)

1159
1064
2449
2507
1906
543

-707
-527
-1195
-1031
-1398
-2027
-1157
-1527
31
193
1385
1393
1553
298
-469
-889
-564
-1329
-789
-1244
-1988
-1215
-1680
982
161
1215
1331
511

3360(40)

-5210
-5909
-6536
-5884
-6960
-2653
-2200
-1943
-3249
-2963
-5354
-AT7T77
-3973
-3567
-2992
-5376
-6188
-6051
-4686
-5510
-2290
-2343
-1700
-2870
-2892
-5823
-5166
-4952
-4362
-3719
-4252
-4861
-6222
-5923
-6532

-1900(40)

31

31
49
49
49
44
44
70

70
70
50
50
83
83
83
36

36
73
73
73
44
44
70
70
70
50
50
83
83
83
36
36

73
73
73

63
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H(82) 6590(90) 3500(40) -3050(20) 63




Table 6. Torsion angles [°] for KL-191.

C(29B)-Si(1)-0(7)-C(10)
C(27A)-Si(1)-O(7)-C(10)
C(27B)-Si(1)-0(7)-C(10)
C(29A)-Si(1)-0(7)-C(10)
C(31B)-Si(1)-0(7)-C(10)
C(31A)-Si(1)-O(7)-C(10)
C(11)-0(1)-C(1)-0(2)
C(11)-O(1)-C(1)-C(2)
0(2)-C(1)-C(2)-C(12)
0(1)-C(1)-C(2)-C(12)
0(2)-C(1)-C(2)-C(3)
0(1)-C(1)-C(2)-C(3)
C(13)-0(3)-C(3)-C(4)
C(13)-0(3)-C(3)-C(2)
C(1)-C(2)-C(3)-0(3)
C(12)-C(2)-C(3)-0(3)
C(1)-C(2)-C(3)-C(4)
C(12)-C(2)-C(3)-C(4)
0(3)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-0(4)
C(3)-C(4)-C(5)-C(6)
C(7)-0(5)-C(6)-C(20)
C(7)-0(5)-C(6)-C(5)
C(7)-0(5)-C(6)-C(21)
0(4)-C(5)-C(6)-O(5)
C(4)-C(5)-C(6)-0(5)
0(4)-C(5)-C(6)-C(20)
C(4)-C(5)-C(6)-C(20)
0(4)-C(5)-C(6)-C(21)
C(4)-C(5)-C(6)-C(21)
C(6)-0(5)-C(7)-C(8)
C(6)-0(5)-C(7)-C(22)
0(5)-C(7)-C(8)-C(9)
C(22)-C(7)-C(8)-C(9)

134.6(2)
-6.2(3)
13.3(2)

116.5(3)

-103.6(2)

-131.8(2)
-2.4(2)
178.44(13)
15.7(2)
-165.14(15)
-107.8(2)
71.39(18)
166.30(17)
-70.1(2)
-71.76(18)
165.24(14)
47.13(19)
-75.87(17)
-58.42(17)
177.59(14)
-53.2(2)
126.84(17)
120.24(15)

-119.96(14)

-0.65(17)

-178.62(19)

1.3(2)
-59.5(2)
120.46(18)
64.8(2)
-115.24(18)
100.85(15)
-23.68(16)
68.37(17)
-173.69(14)
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C(7)-C(8)-C(9)-0(6)
C(7)-C(8)-C(9)-C(10)
Si(1)-O(7)-C(10)-C(24)
Si(1)-O(7)-C(10)-C(11)
Si(1)-O(7)-C(10)-C(9)
0(6)-C(9)-C(10)-0(7)
C(8)-C(9)-C(10)-0(7)
0(6)-C(9)-C(10)-C(24)
C(8)-C(9)-C(10)-C(24)
0(6)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(11)
C(1)-0(1)-C(11)-C(25)
C(1)-0(1)-C(11)-C(10)
O(7)-C(10)-C(11)-O(1)
C(24)-C(10)-C(11)-O(1)
C(9)-C(10)-C(11)-0(1)
O(7)-C(10)-C(11)-C(25)
C(24)-C(10)-C(11)-C(25)
C(9)-C(10)-C(11)-C(25)
C(3)-0(3)-C(13)-C(14)
0(3)-C(13)-C(14)-C(15)
0(3)-C(13)-C(14)-C(19)
C(19)-C(14)-C(15)-C(16)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(15)-C(14)-C(19)-C(18)
C(13)-C(14)-C(19)-C(18)
C(17)-C(18)-C(19)-C(14)
0(5)-C(6)-C(21)-C(22)
C(20)-C(6)-C(21)-C(22)
C(5)-C(6)-C(21)-C(22)
C(6)-C(21)-C(22)-C(23)
C(6)-C(21)-C(22)-C(7)
O(5)-C(7)-C(22)-C(23)

-4.3(2)
173.83(13)
-87.89(19)
150.97(15)

37.5(2)

50.8(2)

-127.40(15)

173.47(16)
-4.7(2)
-61.56(19)
120.27(15)
-99.37(16)
137.38(14)
177.37(12)
58.60(16)
-67.01(15)
57.49(17)
-61.28(18)
173.11(14)

-147.23(18)

67.9(3)
-110.3(2)
1.1(3)
-177.2(2)
-1.7(4)
1.1(4)
0.2(4)
0.2(3)
178.41(19)
-0.8(3)
24.74(17)
-93.16(18)
144.52(14)

-163.95(15)

-37.91(16)
162.82(15)
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C(8)-C(7)-C(22)-C(23)
0(5)-C(7)-C(22)-C(21)
C(8)-C(7)-C(22)-C(21)
0(1)-C(11)-C(25)-C(26)
C(10)-C(11)-C(25)-C(26)
O(7)-Si(1)-C(27A)-C(28A)
C(29A)-Si(1)-C(27A)-C(28A)
C(31A)-Si(1)-C(27A)-C(28A)
O(7)-Si(1)-C(29A)-C(30A)
C(27A)-Si(1)-C(29A)-C(30A)
C(31A)-Si(1)-C(29A)-C(30A)
O(7)-Si(1)-C(31A)-C(32A)
C(27A)-Si(1)-C(31A)-C(32A)
C(29A)-Si(1)-C(31A)-C(32A)
O(7)-Si(1)-C(27B)-C(28B)
C(29B)-Si(1)-C(27B)-C(28B)
C(31B)-Si(1)-C(27B)-C(28B)
O(7)-Si(1)-C(29B)-C(30B)
C(27B)-Si(1)-C(29B)-C(30B)
C(31B)-Si(1)-C(29B)-C(30B)
O(7)-Si(1)-C(31B)-C(32B)
C(29B)-Si(1)-C(31B)-C(32B)
C(27B)-Si(1)-C(31B)-C(32B)

40.3(2)
37.97(16)

-84.52(17)

66.07(19)

-175.82(15)

171.5(5)
51.1(6)
-67.5(6)
-74.4(6)
51.7(7)
174.8(6)
54.7(4)
-72.4(5)
166.5(5)
177.3(3)
59.0(4)
-63.8(4)
-73.1(4)
47.8(5)
166.9(4)
-47.9(3)
70.2(4)
-167.7(3)

Table 7. Hydrogen bonds for KL-191 [A and °].

D-H...A d(H...A) d(D...A) <(DHA)
O(8W)-H(81)...0(5) 0.840(10) 1.921(12) 2.760(4) 6(3)
O(8W)-H(82)...0(6) 0.843(10) 2.80(6) 3.214(5) 13)(
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Detailed NMR analysis for compounds 5.1

131

0.90 (t, J14-cH3, H14 = 7.5HZ, 14-CH3)
4.64 (d, J=11.7Hz, 3-Bn-CH,a)

4.48 (d, J=11.7Hz, 3-Bn-CH,b)

4.54 (d, J=11.9Hz, 9-Bn-CH,a)

4.34 (d, J=11.9Hz, 9-Bn-CH,b)
7.22-7.35 (two phenyl)

OBn
H o ‘\\\Me
6
el Me Me o
“Bno
Me\ h
3
(0]
! Me
(0]
5.1
13C NMR chemical
;I!-}HN,MR chemical shifts (d/ppm) and coupling constant shift (d/ppm)
2.78 (dq, Jy2, u3 = 8.4Hz, Jyyp 2.cu3 = 7.1Hz, H2) 173.8 ---- C1
1.26 (d, JocH3, H2 = 7-1Hz, 2-CH,) 445 - c2
3.95 (dd, Jy3 n2 = 8.4Hz, Jy3 w4 = 4.0Hz, H3) 772 - Cc3
5.33 (M, Jya, u3 = 4.0Hz, Jyyy 6.cH3=2.9Hz, 90.5 ----- Cc4
JH4,H7a=2.THZ, Jya, n7p = 3.4Hz, H4) 201.2 - c5
1.70 (d, 6-CH3) 1024 - cé
1.61 (M, Jy7p, Hg = 5.4Hz, Jy7p Hro = 15.4Hz, 37.7 - c7
JHa, H7p = 3.4Hz, HTB) 35.9 - c8
2.18 (M, Jy74, Hg = 5.THZ, Jy7q, H7p = 15.4Hz, 81.6 -—-- Cc9
JH4 H76=2.THZ, H7 ) 91.7 - c10
1.96 (M, Jy74, Hg = 5.THZ, Jy7p, Hg = 5.4Hz, 203.4 ----- C11
Jus, 8-cH3 = 6.7Hz, Jyg Ho = 7.2Hz, H8) 99.0 --—-- Cc12
1.05 (d, Jg_cHs, Hs = 6.7Hz, 8-CHj;) 755 - Cc13
3.74 (dd, Jyg ng = 7.2Hz, Jyg H10= 7.8Hz, HI) 249 - Cc14
5.13 (m, Jyo H10= 7-8Hz, Jy10 12-cH3 = 2.9Hz, 152 - 2-CH;
JH10-H13=1.1Hz, H10) 20.2 - 6-CH;
1.71 (d, Jy10,12-cH3 = 2.9Hz, 12-CH,) 176 - 8-CH;
5.26 (dt, Jy10-H13=1.1HZ, Jy43, 14 = 6.8Hz, H13) 140 - 12-CH;
1.69, 1.67 (m, 14-CH,) 9.6 - 14-CH;
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Detailed NMR analysis for compounds 5.2

1H NMR chemical shifts (d/ppm) and coupling

133

13C NMR chemical

constant (J/Hz) shift (d/ppm)
2.58 (dq, Juz, 13 = 8.7Hz, Jyz, 2.cH3 = 6.8Hz, H2) 173.84 - Cc1
1.30 (d, Jo.cH3, n2 = 6.8Hz, 2-CHy) 45.56 - c2
4.15 (M, Jya, n2 = 8.7Hz, Iy naq = 3.8Hz, Juz nag = 6.9Hz, H3) Zgg gi
2.93 (dd, Jpa, 13 = 3-8H2, Jpaq, Hapg = 17.7, Ha)) 2124 oo cs
2.96 (dd, Jyag, u3 = 6.9HZ, Jpag, Hap = 17.7, HAP) 780 e 6
1.32 (s, 6-CH,) 43.0 - c7
1.90 (dd, Jyzp, g = 6.6Hz, Juzp urg = 15.1Hz, H7P) 342 - cs
1.54 (dd, Juzq, ug = 3.2HZ, Juzg, nrp = 15.1Hz, H7a) Y X J— co
1.69 (M, Juz, g = 3.2Hz, Juzp, ng = 6.6Hz, 96.7 - c10
Jhs, s.cH3 = 6.8Hz, Jyg no = 6.8Hz, H8) 204.0 - c1
1.05 (d, Jg.chs, Hg = 6.8Hz, 8-CH) 9.8 - C12
3.44 (dd, Jyg, g = 6.8Hz, Jug, 10 = 8.1Hz, HO) T
4.94 (M, Jyg 1o = 8.1Hz, Jn1o 113=1.1HZ, J1o 12.0H3=2.9Hz, H10)| 2 o.CH
3
1.79 (d, J10.12.cH3=2-9Hz, 12-CH3) 274 6-CH,
5.15 (M, Jy13, 14 = 7.0 HZ, Jyy40,H13=1.1HZ H13) 186 - 8-CH;
1.69, 1.73 (m, 14-CH,) 155 - 12-CH,
0.90 (t, J14.cH3, H14 = 7-4Hz, 14-CH,) 9.6 - 14-CH;
4.34 (d, JH15a H150= 12.2, H15a) 738 - c16
4.60 (d, Jy15a H150= 122, H15b) 70.0 - C15
4.56 (d, J=11.6Hz, H16a) 1386 - P*°C-15
1281 - orthoc_15
4.74 (d, J=11.6Hz, H16b)
128.6 ----- metac_15
7.26-7.38 (m, 10H, two phenyl) 127.9 —mee parag.45
138.4 - ipsoc_16
126.1 ---- orthoc_16
128.5 ---- metac_16
127.7 --—--- parac.16
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Detailed NMR analysis for compounds 5.13

13C NMR chemical
1H NMR chemi\cal shifts (d/ppm) and coupling shift (d/ppm)
——consctant L1/}
2.76 (dq, Jyz, u3 = 7-2H2, Jyy 2.cH3 = 6.9Hz, H2) 1748 — c1
1.24 (d, Jo.cu3, H2 = 6.Hz, 2-CHy) 440 - c2
3.92 (M, Jus, w2 = 7-2H2, Jus. saq = 3.8H2, Jyp3, wap = 7.1Hz, H3) ;2; gi
1.86 (dd, Jyaq, 13 = 3-4HZ, Jpiaq, Hap = 15.0, Haa) 46 cs
1.83 (dd, Juap, n3 = 7.1HZ, Jpaq, Hap = 15.0, H4P) 137 c6
3.59 (M, Jyaq, H5 = 9-6HZ, Juap, hs = 2.1HZ, Jys5.04=6.21Hz, H5) | 398 ... c7
1.16 (s, 6-CH3) KV [— cs
2.89 (s, 6-OH) 80.6  -eom- c9
1.99 (dd, Juzp, Hg = 5-3HZ, Jyy7p, H7e = 14.8Hz, HTB) 9.7 e c10
1.07 (dd, Juze, Hg = 3.8Hz, Jpz, Hrp = 14.8Hz, H7a) 204.2 - c11
2.06 (M, Jy7q, Hs = 3-8Hz, Jyzp, ue = 5.3Hz, 322 """ g:i
Jus, 8-cH3 = 6.9Hz, Jyg no = 5.5Hz, H8) 950 14
1.00 (d, Jg.chs, Hg = 6.9Hz, 8-CH3) g o 2-CH,
3.69 (dd, Jye, Hg = 5-5H2, Jyg n1o =7-5Hz, HI) 274 e 6-CH,
5.21 (m, Jyg u10 = 7.5Hz, Jy10,413=1.2HZ, Ju10,12.cH3=3.0HZ, H10)| 199 ... 8-CH;
1.74 (d, Jy10,12-cH3=3.0Hz, 12-CH3) 14.6 - 12-CH;
5.38 (M, Ju13, 114 = 6.8 HZ, Jyy10,415=1.2Hz H13) 97 14-CH;,
1.72 (m, 14-CH,) 734 c16
0.91 (t, J14.cH3, H14 = 7-3Hz, 14-CH;) 70.6  ---- c15
4.59 (d, Jy15a 155= 11.1, H15a)
4.60 (d, Jy15a H155= 11.1, H15b)
4.42 (d, J=12.3Hz, H16a)
4.74 (d, J=12.3Hz, H16b)

7.27-7.37 (m, 10H, two phenyl)
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Detailed NMR analysis for compounds 5.10

1H NMR chemical shifts (d/ppm) and coupling

13C NMR chemical

constant (J/Hz) shift (d/ppm)
3.60 (dd, Ju2, u3 = 9.7Hz, Jyz, 2.cH3 = 7.0Hz, H2) 178.5 -—--- c1
1.21 (d, Ja.cH3, H2 = 7.0Hz, 2-CH3) 430 - c2
3.68 (ddd, Ju3, n2 = 9.7HZ, Ju3, Hao = 3.4HZ, Jy3 pap = 4.3Hz, H3| 771 - c3
2.44 (dd, Jyyq, H3 = 3.4Hz, Jpgq, nap = 18.8, Hda) 376 - c4
3.42 (dd, Jap, n3 = 4.3Hz, J yap, Hao = 18.8, H4P) 2125 - c5
1.23 (s, 6-CH;) 824 - cé
2.29 (dd, Juzp, ng = 10.2Hz, Juzp, 7o = 14.3Hz, H7P) 463 - C7
1.45 (dd, Jy7,, Hg = 2.1HZ, Ju74, H7p = 14.3Hz, H70) 33.3 - Cs8
2.58 (m, Jyg, s.cH3 = 6.6Hz, Jyg no = 8.2Hz, H8) 1549 - (o)
1.02 (d, Jg.cH3, Hg = 6.6Hz, 8-CH3) 1227 - c10
6.60 (dd, Jyg, Hg = 8.2Hz, Jug H1o = 15.5 Hz, H9) 202.7 ---- c11
6.64 (d, Jyg 1110 = 15.5Hz, H10) 80.8 ---- Cc12
1.31 (s, 12-CH,) 844 - c13
4.89 (dd, Jy13 H1a = 2.5, 11.3Hz, H13) 236 - c14
1.78, 2.02 (m, 14-CH,) 16.0 -—--- 2-CH,
0.88 (t, J14.cH3, H14 = 7-4Hz, 14-CH,) 28.3 - 6-CH;
4.49 (d, J=11.6Hz, Bn-CH,a) 225 - 8-CH,
4.56 (d, J=11.6Hz, Bn-CH,b) 23.0 - 12-CH,4
0.66 (m, J=7.9, 15.1, TES-CH,) 10.9 ----- 14-CH,
1.01 (t, J=7.9, TES-CH,) 1381 - ipsoc
128.3 -—--- orthoc
128.6 ----- metac
128.0 ----- parac
7.01 TES-CH,
7.45 - TES-CH;
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Detailed NMR analysis for compounds 5.5

Me
=

H

1H NMR chemical shifts (d/ppm) and coupling

139

13C NMR chemical

constant (J/Hz) shift (d/ppm)
2.89 (dq, Juz, nz = 11.1Hz, Jyz, 2.cHs = 7-3Hz, H2) 173.2 - c1
1.21 (d, Ja.ch3, 12 = 7-3Hz, 2-CH,) 7 X R— c2
3.86 (M, Jyz, vz = 11.1HZ, I3, Hao = 4.7THZ, Juz nap = 6.4Hz, H3)| 784 c3
2.29 (dd, Jy4q, H3 = 4.7THZ, JHag, Hag = 14.5, H4a) 354 - C4
3.37 (dd, Jpag 3 = 6.4Hz, Juaq nap = 14.5, H4P) 212.6 - c5
1.27 (s, 6-CH;) 88.5 - Cé6
1.89 (dd, Jyzp, ug = 9.1Hz, Juzp, uro = 12.9Hz, H7P) 405 - c7
1.79 (dd, Jy7q, ug = 7-3H2, Jyzq, uzp = 12.9Hz, H70) 349 - c8
2.40 (m, Jy74, Hg = 7-3HZ, Jy7p g = 9.1Hz, 76.3  ----- C9
Jus, s.cH3 = 7.0HZ, Jyg ng = 6.9Hz, HB) 39.6 - c10
0.67 (d, Jg.ch3, Hs = 7-0Hz, 8-CH;) 2133 wee c11
4.63 (ddd, Jye s = 6.9Hz, Jyg H10, = 10.2Hz, 4 J— c12
o, Hiop = 1.5Hz HY) 789 - c13
3.08 (dd, Jpg H10p = 10.2Hz, J10p 10, = 18.7Hz H10B) 231 - c14
2.29 (dd, Jug H10e = 1.5HZ, J1gq 110p = 18.7Hz H10c) 15.0 - 2-CH,
1.38 (s, 12-CH,) 252 - 6-CH;
4.89 (dd, 13, 14 = 3.4,9.0 Hz, H13) 142 - 8-CH,
1.55, 1.97 (m, 14-CH,) 17.0 - 12-CH,4
0.93 (t, J14.cH3, H14 = 7-5H2, 14-CH3) 1.0 - 14-CH,
4.57 (d, J=11.6Hz, Bn-CH,a) 137.5 omm- ipsog
4.59 (d, J=11.6Hz, Bn-CH,b) 128.8 - orthog
7.35 (°H/Ph) 128.4 - metac
7.34 (MH/Ph) 128.0 ----- parac
7.30 (PH/Ph) 720 - 15-CH,
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Detailed NMR analysis for compounds 5.6

1H NMR chemical shifts (d/ppm) and coupling
constant (J/Hz)

141

13C NMR chemical
shift (d/ppm)

292 (dq, JH2, H3 = 5.0Hz, JH2, 2-CH3 = 7.0Hz, H2)
114 (d, J2-CH3, H2 = 7.0HZ, 2-CH3)

3.87 (m, JH3, H2 = 5.0HZ, JH3, H4o = 3.8HZ, JH3, H4p = 9.6HZ, H3)

217 (dd, Jaq, H3 = 3-8HZ, Jpaq, Hap = 14.9, Hda)
3.26 (dd, Jpap, i3 = 9-6H2Z, Jaq, Hap = 14.9, HAP)
1.28 (s, 6-CH,)
1.73 (dd, Jyzp, He = 7-0HZ, Jyzp, Hre = 12.6Hz, H7)
1.81 (dd, J7o, Hg = 11.4H2Z, Juzg, Hrp = 12.6Hz, H70)
2.24 (M, Jy7, g = 11.4H2, Juzp pg = 7.0Hz,
Js, 8.cH3 = 6.9HZ, Jyg, o = 7.4Hz, H8)
0.68 (d, Jg.cH3, Hg = 6.9Hz, 8-CH3)
4.48 (ddd, Jye, ng = 7-4H2, Jpg H1oq = 1.5Hz,
Jhs, H1op = 10.5Hz H)
2.78 (dd, Jpe p10p = 10.5H2, J1op 10 = 19.0Hz H10B)
2.35 (dd, Jpg 10w = 1.5HZ, J10q H10p = 19.0Hz H1001)
1.33 (s, 12-CHs)
5.20 (dd, Jy13 H1g = 2.9,9.5 Hz, H13)
1.46, 1.89 (m, 14-CH,)
0.91 (t, J1a.ch3, H14 = 7-2, 7.6Hz, 14-CH3)
4.44 (d, J=10.4Hz, Bn-CH,a)
4.60 (d, J=10.4Hz, Bn-CH,b)
0.54, 0.56(m, H16)
0.89 (dd, J= 8.2, 7.8Hz, 16-CH;)
7.33 (°H/Ph)
7.33 ("H/Ph)
7.30 (PH/Ph)

orthoc
metac

paracy
15-CH,
C16



142

HMBC

NOESY




Detailed NMR analysis for compound 5.23
OBn

1H NMR chemical shifts (d/ppm) &

143

13C NMR chemical

coupling constant (J/Hz) shift (d/ppm)
3.30 (ddd, Jyz, H3 = 8.2Hz, Jyz, 2.cH3 = 6.8HzZ, Jyyp, ug = 1.1Hz, H2) 171.9 - c1
1.32 (d, Jo.cH3, H2 = 6.8Hz, 2-CH,) 423 - c2
6.73 (dd, Jy3, Ha = 15.7Hz, Jy3 1o = 8.3Hz, H3) 1453 -—- C3
7.05 (dd, Jyg, p3 = 15.7Hz, Jyy 12 = 1.2Hz, H4) 127.8 -—- C4
1.44 (s, 6-CH,3) 2021 - c5
4.26 (d, Jog = 11.5Hz, 6-OCH,) 849 - cé6
4.56 (d, Jog = 12.0Hz, 6-OCH,) 1.4 - C7
1.95 (dd, Jy7,, Hrp = 14.2Hz, H7B) 335 oo cs
1.48 (dd, Jy7p, Hg = 6.85 Hz, Jy7p Hro = 14.4HzZ, H7 1) 83.0 - C9
1.41 (m, H8) 93.9 - c10
1.09 (d, Jg.cH3, Hg = 6.6Hz, 8-CH3) 202.6 ----- C11
3.24 (t, Jyo, ng = 9-1Hz, H9) 101.1 - c12
4.24 (d, Jpog = 11.5Hz, 9-OCH,) 75.8 - C13
4.57 (d, Jog = 11.0Hz, 9-OCH,) 26.4 - C14
4.62 (dq, J = 9.31Hz, H10) 14.6 - 2-CH,
1.82 (d, J12.cH3, H10 = 2.9Hz, 12-CH3;) 174 - 6-CH3
4.71 (ddd, Ju13, 14-cH2 = 6.6Hz, Jyyq3 110 = 1.6HZ, H13) 199 - 8-CH;
1.68 - 1.78 (m, 14-CH,) 18.0 -=--- 12-CH;4
0.99 (t, J1a-cH3, 13-cH2 = 7.3HZ, 14-CH;) 9.7 - 14-CH,
7.48 - 7.17 (m, 8H, Ph) 66.3 - 6-OCH;

69.8 - 9-OCH;
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Detailed NMR analysis for compound 5.24
OBn

145

o
H CH,
1H NMR chemical shifts (d/ppm) & 13C NMR chemical
coupling constant (J/Hz) shift (d/ppm)

3.06 dq, Jyp, w3 = 4.4Hz, o 2.cH3 = 7.4Hz, H2) 171.0 - c1
1.35 (d, Jo.cps, H2 = 7-4Hz, 2-CH,) 402 - c2
3.90 (dd, Jy3 n2 = 4.4Hz, Jyy3 pa = 8.7Hz, H3) 79.7 e C3
5.07 (d, Jy4, 3 = 8.7Hz, H4) 725 e C4
1.14 (s, 6-CH;) 218.9 - C5
1.65 (dd, Jy7p, s = 3.9 Hz, Jyyzp 7o = 15.0Hz, H7B) 834 - C6
1.87 (dd, Jy7¢, Hg = 5.8 HzZ, Jy7¢, H7p = 15.0HZ, H7a) 429 c7
1.70 (m, H8) 340 - cs8
0.88 (d, Jg.cH3, Hg = 7.0Hz, 8-CHj3) 823 - c9
3.83 (dd, Jyg, ng = 2.6Hz, Jyyg 1o = 8.1Hz, HI) 90.7 - Cc10
4.62, 4.36 (d, Jpg = 12.1Hz, 9-OCH,) 206.6 ---- C11
5.07 (qd, H10) 99.0 v c12
1.80 (d, 12-CH3) 766 - C13
5.60 (dd, Jyy13, H14 = 6.3, 8.1Hz, H13) 243 - C14
1.65, 1.70 (m, 14-CH,) 13.8 - 2-CH,4
0.93 (t, J14-cH3, H14 = 7.6Hz, 14-CH;) 228 6-CH,

145 - 8-CH;3

136 - 12-CH,4

100 - 14-CHj,4

702 - 9-OCH;,
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Detailed NMR analysis for compound 5.15
OBn

1H NMR chemical shifts (d/ppm) & 13C NMR chemical
coupling constant (J/Hz) shift (d/ppm)
2.56 (quintet, Jyyp 2.cH3 = 6.9Hz, H2) 174.6 ----- c1
1.20 (d, Ja.cH3, H2 = 6.9Hz, 2-CH3) 425 - Cc2
4.34 (m, H3) 761 - c3
4.64, 4.52 (d, Jyg = 11.1Hz, C3-OCH,) 448 - C4
3.1 (dd, J4q, Hap = 15.6HZ, Jyag, v3 = 6.4HZ, H4a) 212.7 - C5
2.47 (dd, Juap, Haa = 15.6HZ, Jyap 13 = 5.7Hz, H4P) 794 - C6
1.23 (s, 6-CH3) T i J— c7
1.79 (dd, Jy7p, H7e = 14.4Hz, H7P) 35,0 - C8
1.45 (Jn7¢, He = 5.90 HZ, Jyy74, H7p = 14.4Hz, H7a) 840 - C9
1.70-1.85 (m, H8) 131.2 - Cc10
1.05 (d, Js.cH3, Hg = 6.6HZ, 8-CH,) 134.2 —-- Cc11
4.00 (dd, Jyg H1o = 8.3Hz, Jyg g = 6.1Hz, HI) 771 - C12
4.52,4.40 (d, Jog = 12.3Hz, 9-OCH,) 793 - C13
6.14 (d, J = 8.4Hz, H10) 244 - C14
1.44 (s, 12-CH3) 126 - 2-CH,
4.89 (dd, Jy13, 14 = 2.4, 10.9Hz, H13) 26.8 ----- 6-CH;
1.75-1.82, 1.47-1.55 (m, 14-CH,) 196 - 8-CH;
0.80 (t, J14.cH3, H14 = 7-4Hz, 14-CH3) 251 - 12-CH;
11 - 14-CH;
73.3 - 6-OCH;
722 - 9-OCH;
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Detailed NMR analysis for compound 5.16
OBn

1H NMR chemical shifts (d/ppm) &
coupling constant (J/Hz)

149

13C NMR chemical

shift (d/ppm)

2.65 (qd, Juz, 2.cH3 = 6.9HZ, Jyz, 13 = 13.4Hz, H2)
1.27 (d, Jp.cu3, Hz = 7-0Hz, 2-CHy)

4.36 (ddd. Jy3, 12 = 8.6HZ, Juz Hao = 6-2Hz, Jyy3, yap = 2.9Hz, H3
4.58, 4.51 (d, Jag = 10.7Hz, C3-OCH,)

1.83 (dd, Jyaq, Hap = 15.0HZ, Jpaq, 13 = 8.5 Hz, Haa)
1.77 (dd, Juap, Haa = 15.0H2, Jyyap, 1z = 3.0 Hz, H4P)
3.51 (dd, Jys, Haq = 2.4 Hz, Jys, pag = 7.0 Hz, H5)
1.28 (s, 6-CH3)

1.61 (dd, Jyzp, Hg = 6.1 Hz, Jyzp, Hra = 14.7THz, HTB)
1.17 (dd, Jy7a, He = 7-0 Hz, Iy, n7p = 14.9Hz, HTa)
2.31 (dt, Jyg,s.chz = 6.4Hz, H8)

1.12 (d, Jg.cH3, Hg = 6.7Hz, 8-CHy)

4.11 (dd, Jug, 1o = 8.6Hz, Jyg 1g = 6.6Hz, HI)
4.58, 4.47 (d, Jog = 12.4Hz, 9-OCH,)

6.38 (d, Jy10, o = 8.6Hz, H10)

1.50 (s, 12-CHs)

4.88 (dd, Jy13, 114 = 2.3, 11.0Hz, H13)

1.73-1.85 (m, 14-CH,)

0.89 (t, J1a.chs, H1a = 7-4Hz, 14-CHy)

71.9
137.9, 139.0
128.1, 128.0
126.5, 128.3
127.9, 127.6

6-OCH;
9-OCH,
P3°C (C3, Co)
orthoc (C3, Cg)
metac (C3, Cg)
PAraC (C3, Co)
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5. Chapter VI

General procedure of stoichiometric osmylationfination:

The Selectfluor® (5 equiv.) was dissolved-BuOH and HO (1:1, 0.05 M), then allene (1
equiv.) was added, stirred at rt. for 1 min. areht®sQ solution (4% wt. solution in water,
1.1 equiv.) was added. The resulting dark solutvas stirred at rt. for 1 hour, diluted with
water, and then sodium sulfite was added. Extrasiddethyl acetate, then the combined
organic layer was washed with saturated NaCl swiytilried over NgsO,, filtered and
then concentrated to dryness under reduced pretssgiee the crude product which was

further purified by FCC.

General procedure of stoichiometric osmylation-ghkion:

To a solution of the allene (1 equiv.)tiBuOH and HO (1:1, 0.05 M) was added OsO
solution (4% wt. solution in water, 1.1 equiv.)irgd at rt. then N-chlorosuccinimide
solution (2 equiv.) in-BuOH, HO and acetone (1:1:1, 0.05 M) was added in oneoport
stirred for 1 hr then quenched with saturated sodéulfite solution and extracted with
ethyl acetate. The organic layer was combined, eastith NaCl solution, dried over
NaSQ,, filtered and then concentrated to dryness urethrged pressure to give the crude

product, which was further purified by FCC.

General procedure of stoichiometric osmylation-bration:
To a solution of the allene (1 equiv.)tlBUOH (0.1 M) was added Og®olution (4% wit.

solution in water, 1.1 equiv.), stirred at rt. fomin. then N-bromosuccinimide (2 equiv.)
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was added in one portion, stirred for 30 min. thaanched with saturated sodium sulfite
solution, extracted with ethyl acetate. The orgéeyer was combined, washed with NaCl
solution, dried over N&OQ,, filtered and then concentrated to dryness undduaed

pressure to give the crude product, which was éunplurified by FCC to afford the desired

product as colorless oil.

General procedure of catalytic osmylation-Fluotimrat

The Selectfluor® (5 equiv.) was dissolved in tBuOH and HO (0.05 M), then NMO (2
equiv.) was added followed by the addition of a#l¢h equiv.), stirred at room temperature
until the Selectfluor® was dissolved, and then @s@ution (4% wt. solution in O, 0.1
equiv.) was added. The resulting dark solution stmsed at rt. for 8 hrs, diluted with water,
and then sodium sulfite was added. Extracted vkl ecetate twice, then the combined
organic layer was washed with saturated NaCl smiutilried over Ng&O,, filtered and
then concentrated to dryness under reduced pretssgiee the crude product, which was

further purified by FCC to afford the desired produ

General procedure of catalytic osmylation-Chlotimrat

To a solution of the allene (1 equiv.)tiBuOH and HO (1:1, 0.05 M) was added OsO
solution (4% wt. solution in water, 0.1 equiv.)irrgtd at rt. then N-chlorosuccinimide
solution (2 equiv.) in-BuOH, HO and acetone (1:1:1, 0.05 M) was delivered bynggri
pump over 5 hours, stirred for an extra 1 hr theenghed with saturated sodium sulfite

solution and extracted with ethyl acetate. The migyer was combined, washed with
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NacCl solution, dried over N8Q,, filtered and then concentrated to dryness urethsaed

pressure to give the crude product, which was éurgurified by FCC.

General procedure of catalytic osmylation-Bromioati

To a solution of the allene (1 equiv.)tiBuOH and HO (1:1, 0.05 M) was added OsO
solution (4% wt. solution in water, 0.1 equiv.)irrgd at rt. thenN-bromosuccinimide
solution (1 equiv.) in-BuOH, HO and acetone (1:1:1, 0.05 M) was delivered byngpi
pump over 6 hours, stirred for an extra 1 hr theenghed with saturated sodium sulfite
solution and extracted with ethyl acetate. The migyer was combined, washed with
NacCl solution, dried over N8Q,, filtered and then concentrated to dryness urethsaed

pressure to give the crude product, which was @&urplurified by FCC.

General procedure of allene aminohydroxylation:

To a solution of KOsQ, (0.05 equiv.) irnt-BuOH and HO (1:1, 0.1 M) was added LiOH
(3.0 equiv.) andN-bromoacetamide (3.0 equiv.). The resulting sofutias stirred
vigorously until it becomes a nearly clear colosleslution. Allene (1 equiv.) was then
added to this solution and stirred until the coripteof reaction indicated by TLC. The
reaction was then quenched with saturated sodilfitessolution and extracted with ethyl
acetate. The organic layer was combined, washddNaC| solution, dried over N&O,,
filtered and then concentrated to dryness undercestipressure to give the crude product,

which was further purified by FCC.
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oTBSO

HyC ' i-Bu

HiCOH F
6.9

Known allene6.8 (17.5 mg, 0.0652 mmol) was converted 8® using the general
procedure for stoichiometric osmylation-fluorinatioFCC using 2% ethyl acetate in
hexane gavé.9as a mixture of diastereomers (13.4 mg, 0.0418 In®Ado, d.r. = 5.9:1):
IR vmax (neat)/cni 3546, 2958, 2931, 2858, 1733, 1464, 1374, 125569,11120, 1037,
982, 836 H NMR (500 MHz, CDCY) § 5.48 (1H, m), 4.05 (1H, d,= 6.11 Hz), 2.83 (1H,
s), 1.96 — 1.88 (1H, m), 1.81 — 1.68 (2H, m), 1349, s), 1.08 (3H, dJ = 6.36 Hz), 1.01
(3H, d,J = 6.85 Hz), 0.98 (6H, dl = 6.26 Hz), 0.90 (9H, s), 0.86 (3H, §Jc NMR (125
MHz, CDCk) § 210.4 (dJ= 16.75), 92.2, 82.1, 72.4, 39.7, 25.8 (3), 25477223.3, 21.2,
18.6, 18.0, —4.3, —4.9/z (HRMS) calculated for [GH33FOsSiNa]: 343.2, found: 343.2;
[a]?°5 = —46.5° (c = 0.01, CH@).

OTBS O

H,C i-Bu

H3C 2
OH CI

6.10
Known allene6.8 (17.5 mg, 0.0652 mmol) was converted @d0 using the general
procedure for stoichiometric osmylation-chlorinatidFCC using 2% ethyl acetate in
hexane gavé.10as a mixture of diastereomers (17.1 mg, 0.0509 mn&8b, d.r. = 5.3:1):
IR vmax (Neat)/cni 3544, 2958, 2931, 2858, 1723, 1464, 1375, 12569,11104, 1029,
1008, 837*H NMR (500 MHz, CDCY) § 5.02 (1H, dd,J = 4.7, 10.2 Hz), 3.97 (1H, 4,=
6.3 Hz), 2.77 (1H, s), 1.90 — 1.82 (1H, m), 1.71L66 (2H, m), 1.42 (3H, s), 1.04 (3H,H,

= 6.3 Hz), 0.97 (3H, d]= 6.7 Hz), 0.93 (3H, dl = 6.3 Hz), 0.91 (3H, s), 0.90 (9H, s), 0.88
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(3H, s);"*C NMR (125 MHz, CDGJ) § 208.2, 82.1, 73.3, 55.7, 40.9, 25.8 (3), 25.7824.
23.1,21.1, 18.4, 18.0, —4.26, —4.81z (HRMS) calculated for [H33CIOsSiNa]": 359.2,

found: 359.2; (]*°5 = 24.8° (c = 0.01, CHG).

S1(Table V1.4, entry 1)
Known racemic allen6.21(8.0 mg, 0.034 mmol) was dissolved in 1.5 #BuOH and 1.0
mL H,O, then 12 mg acetic acid was added, stirred fon2@ then Os¢(0.48 mL, 4% wt.
solution in water, 2.2 equiv.) was added, stirr@danother 30 mins then quenched by 20
mg NaSQ;. The reaction mixture was diluted with 5 mlland extracted with ethyl
acetate (2 x 3 mL). The organic layer was concesdrto dryness under reduced pressure
to gave the crude product, which upon further pratfon by FCC using 30% ethyl acetate
to afford the racemic produ&1 as colorless oil (4.6 mg, 0.015 mmol, 45%3: Vmax
(neat)/cnt 3479, 2923, 2851, 1713, 1458, 1374, 11BBNMR (500 MHz, CDCY) § 4.43
(1H, d,J = 11.7 Hz), 4.18 (1H, s), 4.16 (1H, 3= 11.7 HZ), 3.94 (1H, s), 2.62 (1H, M),
2.56 (1H, m), 2.50 (1H, m), 2.31 (3H, m), 2.19 (1h), 1.91 (2H, m), 1.74 (1H, m), 1.62
(1H, m), 1.52 (1H, m), 1.36 (3H, s), 1.35 (3H, ER5 (1H, m), 0.54 (1H, m}*C NMR
(125 MHz, CDC}) 6 213.0, 210.0, 172.4, 80.5, 78.4, 69.7, 39.7, 38R, 32.3, 25.9, 21.8,

21.6, 21.5, 18.237z (HRMS) calculated for [GH240sNa]": 323.2, found: 323.2
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S2(Table V1.4, entry 2)
Known racemic allen6.21(10.4 mg, 0.0448 mmol) was dissolved in 1.0trBuUOH and
0.5 mL HO, and then Selectfluor® (64 mg, 0.18 mmol) waseadtbllowed by the
addition of OsQ@ solution (0.636 mL, 4% wt. solution in,8, 0.1 mmol) at room
temperature, stirred for 90 mins then quencheddoyng 20 mg Nz50;. Diluted with 10
mL H,0, extracted with ethyl acetate (2 x 8 mL). Orgdayer was separated, dried with
NaSQy, filtered, concentrated to dryness under reducesisprre to gave the crude product,
which upon further purification by FCC using 40%dtacetate in hexane to give the
racemic producB2as a colorless oil (8.4 mg, 0.025 mmol, 56BR)vmax (Neat)/cn 3479,
2927, 2853, 1727, 1455, 1372, 1182NMR (500 MHz, CDC}) § 5.43 (1H, dddJ = 46.4,
8.14, 3.25), 5.28 (1H, ddd= 47.1, 5.7, 2.7 Hz), 4.54 (1H, db= 11.3, 1.8 Hz), 4.22 (1H,
dd,J = 11.3, 3.8 Hz), 3.80 (2H, s), 2.46 (1H, m), (8, s), 2.29 (1H, m), 2.26 (1H, m),
2.08 (2H, m), 1.89 (1H, m), 1.64 (1H, m), 1.46 (&}, 1.46 (1H, m) 0.89 (1H, my*C
NMR (125 MHz, CDCJ) 6 209.9, 209.4, 171.7, 94.9, 90.9, 80.1, 78.5, 68024, 31.7,
28.2, 28.0, 25.0, 21.1, 17.4yz (HRMS) calculated for [GH..F.OgNa]": 359.1, found:

359.1.
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S3(Table V1.4, entry 3)
Known racemic allen6é.21(14.0 mg, 0.0603 mmol) was dissolved in 2.0trBUOH and
1.0 mL HO, and then N-chlorosuccinimide (32.0 mg, 0.241 tmvas added followed by
the addition of Os@solution (0.843 mL, 4% wt. solution in,8, 0.133 mmol) at room
temperature, stirred for 90 mins then quencheddoyng 20 mg Nz50;. Diluted with 10
mL H,O, extracted with ethyl acetate (2 x 8 mL). Orgdaier was separated, dried with
NaSO;, filtered, concentrated to dryness under reducesispre to gave the crude product,
which upon further purification by FCC using 40%dtacetate in hexane to give the
racemic producg3as a colorless oil, which could be crystallizedshyw evaporation of
solvent (20% diethyl ether in hexane at room tempee) to afford a white needle crystal
(11.2 mg, 0.0304 mmol, 52%, see below for X-raydtire): IR vmax (neat)/crit 3433,
2920, 2850, 1739, 1462, 1375, 1241, 1EH/NMR (500 MHz, CDCY) § 4.93 (1H, dd, J =
11.4, 3.8 Hz), 4.87 (1H, dd, J = 10.5, 3.9 Hz)94®H, d, J = 11.1 Hz), 3.88 (1H, d, J =
11.1 Hz), 2.71 (1H, s), 2.47 (1H, m), 2.32 (1H, BP9 (1H, m), 2.21 (1H, m), 2.18 (1H,
m), 2.11 (1H, s), 1.97 (1H, m), 1.73 (1H, m), 1(8MI, s), 1.47 (1H, m), 1.41 (1H, m), 0.69
(1H, m); **C NMR (125 MHz, CDGJ) § 209.8, 207.5, 171.4, 80.5, 79.1, 71.4, 54.0, 53.4,
41.6, 33.2, 30.8, 29.9, 27.6, 24.3, 21z (HRMS) calculated for [H,,Cl,0sH]": 367.1,

369.1, 372.1, found: 367.1, 369.1, 372.1.
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6.23
Known allene6.22 (13.2 mg, 0.0264 mmol) was dissolved in 1 trBuOH and 0.5 mL
H,0, then Os®(0.335 mL, 4% wt. solution in #D, 0.0528 mmol) was added, stirred at
room temperature for 5 mins then N-chlorosuccinen(iti0.5 mg, 0.0792 mmol) in 0.5 mL
acetone was added, stirred at room temperatuEsfoours then quenched by addition of
10 mg NaSG;. Thet-BuOH solvent was removed under reduced pressodetha aqueous
residue was extracted with diethyl ether (2 x 3 n)ganic layer was combined, dried
over NaSQ,, filtered and then concentrated under reducedspresto gave the crude
product, which upon further purification by FCC nil0% ethyl acetate in hexane to
afford 6.23as a colorless oil (7.7 mg, 0.016 mmol, 59%R)vmax (Neat)/crit 2971, 2936,
1740, 1717, 1456, 1375, 1300, 1168, 1102, 1EHNMR (500 MHz, CDCJ) § 7.39 (2H,
m), 7.34 (2H, m), 7.29 (1H, m), 4.93 (1H,X& 11.6 Hz), 4.68 (1H, dd, = 8.1, 4.0 Hz),
4.51 (1H, ddJ = 10.3, 4.0 Hz), 4.48 (1H, d,= 10.3 Hz), 4.46 (1H, dl = 11.6 Hz), 3.77
(1H, ddd,J = 10.7, 6.4, 1.7 Hz), 3.68 (1H, s), 3.29 (1H, 3i¢,1.7 Hz), 2.65 (1H, dd} =
13.8, 6.4 Hz), 2.54 (1H, dd= 0.8 Hz), 2.50 (1H, m), 2.49 (1H, m), 1.95 (1H, M82 (1H,
dd,J=13.8, 7.7 Hz), 1.68 (3H, s), 1.56 (1H, m), (38, d,J = 7.3 Hz), 1.28 (3H, s), 0.93
(3H, t,J = 7.5 Hz), 0.89 (3H, d] = 7.1 HZz);**C NMR (125 MHz, CDGJ) 5 206.8, 205.8,

173.7, 138.0, 128.6, 128.3, 127.7, 90.1, 79.5,,7®8 1B, 76.3, 70.9, 51.7, 43.9, 38.9, 34.7,
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34.6, 24.8, 23.2, 17.0, 16.2, 14.2, 1009z (HRMS) calculated for [gH3sCIO/Na]":

517.2, found: 517.2.

o)
Phwn-su
Me
F OH

S4(Table V1.2, entry 2)

Known racemic allené.11 (100 mg, 0.467 mmol) was convertedlusing the general
procedure for catalytic osmylation-fluorination. €Qising 2% ethyl acetate in hexane
afforded racemi&4 as colorless oil (72.7 mg, 0.273 mmol, 58%, insaiple mixture of
diastereomers, d.r. = 1.8:1R vmax (Neat)/crit 3501, 3028, 2958, 2932, 2871, 1724, 1604,
1497, 1455, 1373, 1222, 1162, 1072, 1030, 166MNMR (500 MHz, CDCY) § 7.42 —
7.25(2H, m), 7.21 (3H, m), 5.15 — 5.05 (m, THBB(1H, s), 2.93 — 2.81 (M, 1H), 2.77 (m,
1H), 2.66 (dd,) = 17.5, 9.9 Hz, 2H), 2.51 (m, 2H), 2.07 — 1.91 i), 1.64 (m, 1H), 1.40

(t, J = 3.7 Hz, 1H), 1.31 (s, 3H), 0.88 — 0.76 (m, 3HE NMR (126 MHz, CDQ) &
214.50, 141.52, 128.84, 128.66, 126.28, 78.91,63%88.79, 35.04, 33.96, 33.79, 31.13,
25.93, 25.74, 25.21, 23.10, 14.187 (ESI-MS) calculated for [C16H23FO2Nap89.2,

found: 289.2

O

Phwn-su
Me

Br OH

S5(Table VI.2, entry 3)
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Known racemic allené.11(100 mg, 0.467 mmol) was converted3busing the general
procedure for catalytic osmylation-bromination. FQ€ing 2% ethyl acetate in hexane
afforded racemi&5 as colorless oil (98.6 mg, 0.302 mmol, 64%, insaipi@ mixture of
diastereomers, d.r. = 2:1 by crude 1H NMM)vmax (neat)/cni 3505, 3027, 2957, 2932,
2862, 1714, 1603, 1497, 1454, 1371, 1229, 11781,10830, 1003*H NMR (500 MHz,
CDCl) & 7.37 — 7.28 (m, 2H), 7.23 — 7.15 (m, 3H), 4.81724m, 1H), 2.94 — 2.80 (m,
2H), 2.75 — 2.65 (m, 1H), 2.42 — 2.27 (m, 1H), 222.16 (m, 1H), 1.73 — 1.62 (m, 1H),
1.62 — 1.51 (m, 1H), 1.45 — 1.39 (s, 3H), 1.31241m, 2H), 1.21 — 1.02 (m, 1H), 0.88 (t,
J = 7.3 Hz, 3H)°C NMR (126 MHz, CDGJ) § 209.07, 140.22, 128.86, 128.63, 126.66,
79.95, 48.37, 45.29, 40.20, 39.59, 35.13, 33.3B&&5.79, 23.07, 14.15Yz (ESI-MS)

calculated for [C16H23BrO2N#&]349.2, 351.2, found: 349.2, 351.2

o
TBSOVJ\K\
H3C z
OH F Ph

S6(Table VI.2, entry 5)

Known racemic allené.12(100mg, 0.331 mmol) was convertedS6 using the general
procedure for catalytic osmylation-fluorination. EQising 1% ethyl acetate in hexane
afforded the desired racen@6as colorless oil (68.2 mg, 0.193 mmol, 57%, d5:5H:IR
vmax (Neat)/crit 3507, 3028, 2955, 2929, 2857, 1716, 1497, 147d3,14362, 1258, 1100,
1016;*H NMR (500 MHz, CDCJ) § 7.35 — 7.25 (m, 2H), 7.25 — 7.11 (m, 3H), 5.21d(dd
=49.6, 9.2, 3.2 Hz, 1H), 4.09 (dii= 9.9, 1.3 Hz, 1H), 3.53 (s, 1H), 3.51 (dd; 10.0, 2.3
Hz, 1H), 2.93 — 2.83 (m, 1H), 2.81 — 2.71 (m, 12420 — 2.06 (m, 2H), 1.31 (s, 3H), 0.84 (s,

9H), 0.06 — 0.04 (m, 3H), 0.02 (@= 3.0 Hz, 3H);*C NMR (126 MHz, CDGJ) & 210.77
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(d, J = 20.0 Hz), 140.54, 128.76, 128.71, 126.48, 93B3 = 183.8 Hz), 80.39, 68.77,
33.62 (dJ = 21.3 Hz), 29.89 (d, J = 37.5 Hz), 25.97, 21®8 € 3.8 Hz), 18.41, -5.31/z

(ESI-MS) calculated for [C19H31FO3SiNaB77.2, found: 377.2

o)
TBSO

H3C z
OH ClI Ph

S7(Table V1.2, entry 6)

Known racemic allené.12(100mg, 0.331 mmol) was convertedSdusing the general
procedure for catalytic osmylation-fluorination. EQising 1% ethyl acetate in hexane
afforded the desired racem®7 as colorless oil (67.8 mg, 0.183 mmol, 55%): Vmax
(neat)/cnT 3535, 3028, 2954, 2929, 2857, 1726, 1497, 1478514362, 1258, 1097, 1006;
H NMR (500 MHz, CDCY) § 7.29 (dd,J = 10.3, 4.4 Hz, 2H), 7.24 — 7.14 (m, 3H), 4.92
(dd,J = 9.3, 4.5 Hz, 1H), 3.93 (d,= 9.7 Hz, 1H), 3.42 (d] = 9.7 Hz, 1H), 3.30 (bs, 1H),
2.86 (M, 1H), 2.77 — 2.62 (m, 1H), 2.25 — 2.15 {id), 2.11 (ddd,) = 14.3, 9.7, 5.0 Hz,
1H), 1.30 (s, 3H), 0.85 — 0.76 (s, 9H), 0.04(s, 5.0 Hz, 3H), 0.03 — -0.02 (s, 3HJC
NMR (126 MHz, CDCJ) 6 208.69, 140.53, 128.79, 128.66, 126.51, 80.19,%%6.42,
34.86, 32.37, 25.99, 22.79, 18.40, 14.35, -5.3238;5m/z (ESI-MS) calculated for
[C19H31CIOS3SiNa]: 393.2, found: 393.2

o)
TBSO

H3C =z
OH Br Ph

S8(Table VI.2, entry 7)
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Known racemic allené.12(100mg, 0.331 mmol) was convertedS8 using the general
procedure for catalytic osmylation-bromination. FQ€ing 1% ethyl acetate in hexane
afforded the desired racem&8 as colorless oil (64.0 mg, 0.154 mmol, 46%): vVmax
(neat)/crt 3537, 2954, 2929, 2857, 1718, 1497, 1455, 1362412093, 1006'H NMR
(500 MHz, CDC}) § 7.33 — 7.27 (m, 2H), 7.21 (m, 3H), 4.91 (dd; 8.8, 5.5 Hz, 1H), 3.89

(t, J= 9.4 Hz, 1H), 3.42 (] = 8.8 Hz, 1H), 3.24 (bs, 1H), 2.91 — 2.77 (m, 1MJ5 — 2.60

(m, 1H), 2.32 — 2.13 (m, 2H), 1.40 (s, 3H), 0.88.75 (s, 9H), 0.06 — 0.03 (s, 3H), 0.03 —
0.01 (s, 3H)**C NMR (126 MHz, CDGJ) § 208.84, 140.54, 128.79, 128.64, 126.51, 80.12,
69.71, 46.07, 34.75, 33.40, 26.01, 23.64, 18.48]1,55.36;z (ESI-MS) calculated for
[C19H31BrO3SiNal: 439.1, 437.1, found: 439.1, 437.1.

o)

Ph\/\‘)J\/t-Bu

OH F

6.16

Known racemic allené.13 (50mg, 0.25 mmol) was converted@d 6 using the general
procedure for catalytic osmylation-fluorination. EQusing 5% ethyl acetate in hexane
afforded the racemic produgtl6as colorless oil (34.4 mg, 0.137 mmol, 54%, siragis-
diastereomer)R vmax (Neat)/crit 3496, 3028, 2961, 2872, 1720, 1603, 1497, 14835,14
1398, 1368, 1253, 1127, 1088, 1071, 1057, 1HANMR (500 MHz, CDC}) § 7.30 (t,J

= 7.2 Hz, 2H), 7.22 (dd} = 14.5, 7.3 Hz, 3H), 4.59 (= 31.8 Hz, 1H), 4.41 (d,= 8.3 Hz,
1H), 3.26 (s, 1H), 2.94 — 2.85 (m, 1H), 2.85 — ZMQ1H), 2.24 (ddJ = 19.9, 9.3 Hz, 1H),

1.72 — 1.59 (m, 1H), 1.12 — 1.01 (m, 9¥3c NMR (126 MHz, CDGJ) & 210.90 (d),
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141.25, 128.80, 128.70, 126.33, 100.68 (d), 74d9936.11 (d), 35.04 (d), 32.01, 26.04

(d).

O CH.CH,
TBDPSO

OH F OPMB

S15(Table 3, entry 10)

Known allene6.17 (35.0mg, 0.0700 mmol) was converted @d.8 using the general
procedure for catalytic osmylation-fluorination. EQising 10% ethyl acetate in hexane
afforded the desired produgtl8as colorless oil (23.8 mg, 0.0431 mmol, 62%): viR«
(neat)/cnT 3071, 3048, 2957, 2931, 2857, 1725, 1427, 13647,12173, 1112, 1035, 1008,
736, 702'H NMR (500 MHz, CDCY) § 7.67 — 7.63 (4H, m), 7.45 — 7.36 (6H, m), 7.21 —
7.18 (2H, m), 6.87 — 6.84 (2H, m), 5.16 (1H) &, 47.2 Hz), 4.49 — 4.46 (1H, m), 4.37 (2H,
s), 3.96 (1H, ddd] = 1.0, 3.4, 10.8 Hz), 3.89 (1H, ddi= 1.0, 4.4, 10.8 Hz), 3.80 (3H, s),
3.53 (1H, dd, J = 6.9 Hz), 3.19 (1H, dd, J = 9.3,Hz02 (9H, s), 1.00 (6H, s)*C NMR
(125 MHz, CDC}) 6 208.0, 207.8, 159.2, 135.7, 135.6, 132.9, 1326,8], 129.1, 127.7,
113.7, 97.0, 95.5, 76.5, 75.0, 72.8, 65.2, 55.22,400.1, 26.7, 20.9, 19.%y/z (HRMS)
calculated for [G;H41FOsSiNa]': 575.3, found: 575.3p*% = 18.4° (¢ = 0.01, CH@).

(o)

P nBu
iBu j)‘\’LnBu
H
MezN o
6.29

To the solution of known allene (30.0 mg, 0.140 Mnéo4 in anhydrous DCM (3 mL),

dimethylmethylideneammonium chlorié0.0 mg, 0.700 mmol), and Og8olution (3.0
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mL, 0.15 mmol, 0.050 M in DCM) were added at ro@mperature. The mixture was
stirred for 1 hour, and then quenched by saturstdation of NaS0O;. The organic layer
was extracted in DCM. The crude product was putifig FCC to gives.29 as a slight
yellowish oil (27.3 mg, 63% yield)*H NMR (500 MHz, CDC}) 3.92 (1H, s), 3.50 — 3.38
(1H, m), 2.46 (2H, t)= 7.6), 2.30 (6H, s), 1.76 — 1.00 (15H, m), 0.9684 (12H, m)*3C
NMR (125 MHz, CDC}) 6 219.7, 81.2, 64.4, 45.6, 42.3, 39.0, 38.7, 37643,25.6, 25.5,
23.2, 23.1, 23.0, 22.7, 14.1, 1318z (HRMS) calculated for [C18H37NO2H]+: 300.3,

found: 300.3.

To the solution of known allene (15.0 mg, 0.030 Mn3ol in anhydrous DCM (1 mL),
dimethylmethylideneammonium chlorigé.0 mg, 0.070 mmol), and Og®olution (0.8
mL, 0.040 mmol, 0.050 M in DCM) were added at rommperature. The mixture was
stirred for 1 hour, and then quenched by saturstéation of Na2SO3. The organic layer
was extracted in DCM. The crude product was putifiy FCC to give 6.29 as a slight
yellowish oil (8.3 mg, 0.014 mmol, 46%): 1H NMR (b01Hz, Chloroform-d)s 7.41 —
7.19 (m, 10H), 5.15 (dd, J = 14.2, 3.4 Hz, 2H)14d, J = 12.1 Hz, 1H), 4.63 — 4.52 (m,
2H), 4.46 — 4.34 (m, 2H), 3.37 (t, J = 9.2 Hz, 1819 (td, J = 9.4, 8.9, 6.0 Hz, 1H), 3.01
(dd, J=12.1,10.2 Hz, 1H), 2.66 (d, J = 8.2 H4),2.49 — 2.40 (m, 1H), 2.37 (dd, J = 12.1,
6.1 Hz, 1H), 2.14 (s, 3H), 2.03 — 1.95 (m, 1H),01(®, J = 15.4, 7.7, 4.2 Hz, 1H), 1.76 (d,

J = 2.5 Hz, 2H), 1.61 (dqd, J = 14.9, 7.3, 4.8 BH), 1.32 (s, 2H), 1.29 — 1.24 (m, 2H),
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1.20 (dd, J = 9.1, 6.8 Hz, 3H), 1.18 — 1.12 (m,,3H)9 (t, J = 7.1 Hz, 3H), 0.92 — 0.80 (m,
3H), 0.77 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, CI3) § 217.92, 203.41, 174.52,

138.72, 138.13, 128.78, 128.55, 128.51, 128.49,192827.99, 127.72, 127.20, 98.36,
93.46, 85.16, 81.29, 77.98, 77.96, 74.53, 70.45,(5%7.80, 46.08, 45.81, 42.65, 41.33,

40.89, 33.73, 31.81, 29.92, 25.60, 24.29, 22.888016.12, 14.34, 9.97, 7.84.
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X-ray ORTEP diagram of compoui&8:

——“f/'@os i
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X-ray crystallography data &3
Table 1. Crystal data and structure refinemenki2076.

Identification code ki2076

Empirical formula C15 H22 CI2 O6

Formula weight 369.23

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=9.8209(9) A o= 90°.
b =18.5191(18) A B=102.619(2)".
c =9.5660(9) A y=90°.

Volume 1697.8(3) R

Z 4

Density (calculated) 1.445 Mghn

Absorption coefficient 0.409 mrh



F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.28°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

776
1.00 x 0.02 x 0.01 Mm
2.13 to 28.28°.

167

-13<=h<=13, -24<=k<=24, -12<=|<=12

15055
4203 [R(int) = 0.0537]
99.8 %
Semi-empirical from equivaten
0.9959 and 0.6850
Full-matrix least-squares 8n F
4203/0/ 222
1.005
R1 = 0.0544, wR2 4046
R1 =0.0814, wR2 = 0.1263
0.581 and -0.2612.A
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Table 2. Atomic coordinates ( x4)dand equivalent isotropic displacement parameters
(A2x 109)
for kl2076. U(eq) is defined as one third of trece of the orthogonalizedijLIensor.

X y z U(eq)
CI(1) 2478(1) 3446(1) 4751(1) 31(1)
CI(2) 10966(1) 1346(1) 5794(1) 30(1)
0(1) 5347(2) 3626(1) 4328(2) 26(1)
0(2) 6265(2) 3700(1) 8086(2) 22(1)
0(®3) 3946(2) 743(1) 5584(2) 27(1)
0(4) 6065(2) 1236(1) 6319(2) 19(1)
0(5) 9164(2) 1353(1) 8370(2) 28(1)
0O(6) 7973(2) 413(1) 5133(2) 21(1)
C(1) 5296(2) 3610(1) 5576(3) 17(1)
C(2) 4041(2) 3310(1) 6086(3) 18(1)
C(3) 4244(2) 2510(1) 6484(2) 17(1)
C(4) 4267(2) 2013(2) 5211(3) 18(1)
C(5) 4703(2) 1260(1) 5709(2) 17(1)
C(6) 6652(2) 568(1) 6964(3) 19(1)
C(7) 8098(2) 494(1) 6638(3) 17(1)
C(8) 8889(2) 1198(1) 7118(3) 18(1)
C(9) 9306(2) 1695(1) 6003(3) 19(1)
C(10) 9412(2) 2480(1) 6437(3) 22(1)
C(11) 7969(2) 2771(1) 6497(3) 26(1)
C(12) 7917(2) 3589(1) 6526(3) 20(1)
C(13) 6522(2) 3900(1) 6725(2) 17(2)
C(14) 6520(3) 4720(1) 6552(3) 22(1)

C(15) 8863(3) -144(1) 7456(3) 29(1)




Table 3. Bond lengths [A] and angles [°] foRKT6.

Cl(1)-C(2)
Cl(2)-C(9)
O(1)-C(1)
0(2)-C(13)
0(2)-H(20)
O(3)-C(5)
O(4)-C(5)
O(4)-C(6)
O(5)-C(8)
O(6)-C(7)
0O(6)-H(60)
C(1)-C(2)
C(1)-C(13)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(7)-C(15)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-C(12)
C(11)-H(11A)
C(11)-H(11B)

1.787(2)
1.806(2)
1.206(3)
1.428(3)
0.76(3)
1.203(3)
1.338(3)
1.446(3)
1.204(3)
1.426(3)
0.74(3)
1.526(3)
1.539(3)
1.532(3)
0.98(3)
1.530(3)
0.9900
0.9900
1.504(3)
0.9900
0.9900
1.525(3)
0.9900
0.9900
1.521(3)
1.535(3)
1.531(3)
1.509(3)
0.95(3)
1.528(3)
0.9900
0.9900
1.517(3)
0.9900
0.9900
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C(12)-C(13)
C(12)-H(12A)
C(12)-H(12B)
C(13)-C(14)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(13)-0(2)-H(20)
C(5)-0(4)-C(6)
C(7)-0(6)-H(60)
0(1)-C(1)-C(2)
O(1)-C(1)-C(13)
C(2)-C(1)-C(13)
C(1)-C(2)-C(3)
C(1)-C(2)-Cl(1)
C(3)-C(2)-Cl(1)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
CI(1)-C(2)-H(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3B)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
0(3)-C(5)-0(4)
0(3)-C(5)-C(4)

1.536(3)
0.9900
0.9900
1.527(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
110(2)
118.80(17)
109(2)
122.5(2)
120.2(2)
117.3(2)
111.17(18)
110.40(17)
110.99(16)
111.1(16)
110.2(16)
102.7(16)
114.04(19)
108.7
108.7
108.7
108.7
107.6
110.95(19)
109.4
109.4
109.4
109.4
108.0
123.6(2)
125.5(2)
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O(4)-C(5)-C(4)
O(4)-C(6)-C(7)
O(4)-C(6)-H(6A)
C(7)-C(6)-H(6A)
O(4)-C(6)-H(6B)
C(7)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
0O(6)-C(7)-C(15)
0O(6)-C(7)-C(6)
C(15)-C(7)-C(6)
O(6)-C(7)-C(8)
C(15)-C(7)-C(8)
C(6)-C(7)-C(8)
O(5)-C(8)-C(9)
O(5)-C(8)-C(7)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(10)-C(9)-Cl(2)
C(8)-C(9)-Cl(2)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
CI(2)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11B)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12A)

110.92(19)
106.94(18)
110.3
110.3
110.3
110.3
108.6
111.24(19)
109.73(19)
109.9(2)
108.50(19)
110.1(2)
107.21(18)
120.9(2)
119.3(2)
119.8(2)
113.6(2)
111.48(16)
104.28(15)
110.7(17)
111.6(17)
104.7(17)
109.94(19)
109.7
109.7
109.7
109.7
108.2
112.83(19)
109.0
109.0
109.0
109.0
107.8
114.31(18)
108.7
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C(13)-C(12)-H(12A)
C(11)-C(12)-H(12B)
C(13)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
0(2)-C(13)-C(14)
0(2)-C(13)-C(12)
C(14)-C(13)-C(12)
0(2)-C(13)-C(1)
C(14)-C(13)-C(1)
C(12)-C(13)-C(1)
C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(7)-C(15)-H(15A)
C(7)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(7)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)

108.7
108.7
108.7
107.6
111.17(19)
110.87(19)
109.84(18)
107.09(18)
106.69(19)
111.08(19)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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Table 4. Anisotropic displacement parametergx(£03) for kI2076. The anisotropic
displacement factor exponent takes the formm2f22 ax2Ull+ . + 2 h k a* b* U2]

yll u22 u33 u23 ul3 ul2
Cl(1) 21(2) 27(1) 41(1) 5(1) -5(1) 3(1)
Cl(2) 22(1) 26(1) 48(1) -6(1) 18(2) 1(2)
0(1) 34(1) 25(1) 18(2) 1(2) 5(1) -6(1)
0(2) 27(2) 24(1) 15(2) -1(1) 4(1) -6(1)
0(3) 20(2) 18(2) 42(1) -2(1) 4(1) -5(1)
0o4) 16(2) 13(2) 27(2) 1(2) 3(1) -1(2)
0(5) 30(2) 34(1) 19(2) -5(1) 3(1) -4(1)
0(6) 26(1) 16(1) 21(2) -3(1) 6(1) -2(1)
C(2) 19(2) 12(2) 19(2) 0(2) 5(1) 2(2)
C(2) 15(2) 18(2) 19(2) -1(1) 2(2) 2(2)
C@3) 18(2) 16(1) 16(2) 0(2) 5(1) 0(1)
C@) 16(2) 18(1) 18(2) -2(1) 2(2) 1(2)
C() 19(2) 18(1) 15(2) -2(1) 6(1) 0(1)
C(6) 21(2) 14(2) 22(1) 2(2) 5(2) -1(2)
C(7) 17(2) 17(2) 17(2) -1(1) 2(2) 2(2)
C(8) 13(2) 17(2) 24(1) -1(1) 3(1) 4(1)
C(9) 14(2) 19(2) 23(2) -2(1) 5(1) 1(2)
c@o) 17(1) 18(2) 30(2) -3(2) 7(2) -3(1)
C(1y) 17(1) 16(2) 45(2) -3(2) 8(1) -2(1)
Cc(12) 17(1) 15(2) 27(2) 0(2) 6(1) -2(1)
C(3) 21(1) 14(2) 16(2) 0(2) 6(1) 0(1)
C(4) 28(1) 15(2) 23(2) -2(2) 6(1) 0(1)

C(15)  30(1) 23(1) 32(2) 5(1) 4(1) 8(1)
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Table 5. Hydrogen coordinates (>31@nd isotropic displacement parameterdxA0

3)
for kl2076.

X y z U(eq)
H(20) 6700(30) 3936(17) 8670(30) 33
H(60) 7620(30) 67(17) 4900(30) 32
H(2) 3860(30) 3586(14) 6900(30) 26
H(3A) 5133 2453 7198 20
H(3B) 3480 2354 6942 20
H(4A) 3326 1999 4573 21
H(4B) 4925 2207 4656 21
H(6A) 6056 155 6557 23
H(6B) 6722 579 8012 23
H(9) 8710(30) 1638(15) 5090(30) 28
H(10A) 9800 2763 5737 26
H(10B) 10049 2531 7389 26
H(11A) 7280 2594 5651 31
H(11B) 7698 2579 7364 31
H(12A) 8105 3776 5617 24
H(12B) 8671 3765 7315 24
H(14A) 5650 4918 6733 33
H(14B) 6596 4842 5574 33
H(14C) 7314 4927 7237 33
H(15A) 8285 -578 7246 43
H(15B) 9048 -44 8486 43

H(15C) 9748 -220 7163 43




Table 6. Torsion angles [°] for kl2076.

O(1)-C(1)-C(2)-C(3)
C(13)-C(1)-C(2)-C(3)
O(1)-C(1)-C(2)-CI(1)
C(13)-C(1)-C(2)-CI(1)
C(1)-C(2)-C(3)-C(4)
Cl(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(6)-0(4)-C(5)-0(3)
C(6)-0(4)-C(5)-C(4)
C(3)-C(4)-C(5)-0(3)
C(3)-C(4)-C(5)-0(4)
C(5)-0(4)-C(6)-C(7)
O(4)-C(6)-C(7)-O(6)
O(4)-C(6)-C(7)-C(15)
O(4)-C(6)-C(7)-C(8)
0O(6)-C(7)-C(8)-O(5)
C(15)-C(7)-C(8)-O(5)
C(6)-C(7)-C(8)-0(5)
0O(6)-C(7)-C(8)-C(9)
C(15)-C(7)-C(8)-C(9)
C(6)-C(7)-C(8)-C(9)
0O(5)-C(8)-C(9)-C(10)
C(7)-C(8)-C(9)-C(10)
0O(5)-C(8)-C(9)-CI(2)
C(7)-C(8)-C(9)-Cl(2)
C(8)-C(9)-C(10)-C(11)
Cl(2)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-O(2)
C(11)-C(12)-C(13)-C(14)
C(11)-C(12)-C(13)-C(1)
O(1)-C(1)-C(13)-0(2)
C(2)-C(1)-C(13)-0(2)
O(1)-C(1)-C(13)-C(14)

93.3(3)
-86.9(2)
-30.3(3)
149.46(16)
-66.8(2)
56.5(2)
170.64(18)
-4.9(3)
175.25(19)
108.0(3)
-72.1(2)
141.9(2)
-65.2(2)
172.16(19)
52.5(2)
-176.7(2)
-54.7(3)
64.9(3)
3.9(3)
125.9(2)
-114.5(2)
-27.6(3)
151.8(2)
94.0(2)
-86.6(2)
-66.6(3)
175.89(18)
-164.4(2)
-174.7(2)
63.8(3)
-173.0(2)
-55.2(3)
-170.5(2)
9.7(3)
70.4(3)
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C(2)-C(1)-C(13)-C(14) -109.4(2)
O(1)-C(1)-C(13)-C(12) -49.3(3)
C(2)-C(1)-C(13)-C(12) 130.9(2)



Table 7. Hydrogen bonds for kl2076 [A and °].

177

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
0(2)-H(20)..06)#1  0.76(3) 2.05(3) 2.812(3) 175(3
O(6)-H(60)...0(3)#2  0.74(3) 2.13(3) 2.835(2) 161(3

Symmetry transformations used to generate equitatems:
#1 X,-y+1/2,z+1/2  #2 -x+1,-y,-z+1

6. Reference

1. Li, J.J.; Wang, Y. A.; Guo, W.; Keay, J. C.;¥ima, T. D.; Johnson, M. B.;
Peng, XJ. Am. Chem. Soc. 2003,125, 12567.

2. Xie, R.; Kolb, U.; Li, J.; Basch, T.; Mews, 4.Am. Chem. Soc. 2005,127, 7480.
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Appendix |

Spectra of Compounds
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