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ABSTRACT OF THE DISSERTATION

Transition Metal-Mediated Synthesis and Functionalization of Macrocycles

by

Sedef Karabiyikoglu

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2015

Professor Craig A. Merlic, Chair

Transition metal-mediated synthesis and functionalization of macrocycles were investigated.
A novel synthetic strategy was discovered to build macrocyclic enynes; vic-dibromo
tetrasubstituted alkenes were utilized as highly effective protected alkyne groups in selective
ene-ene ring closing metathesis reactions of (E)-dibromotrienes. Macrocyclic enynes with varied
sizes and functionality were synthesized in excellent yields by facile Zn-promoted deprotection
of (E)-dibromodiene rings. The new strategy circumvented high catalyst loadings and reaction
condition restrictions; thus, was proven superior to traditional alkyne protection methods
employing dicobalt octacarbonyl complexations. Cyclic enynes were obtained in a more step-
economic and efficient manner compared to classical Sy2 ring closing processes. The reactivity
and utility of enyne rings were showcased by platinum(ll)-catalyzed transannular

cyclopropanations.



The first dicobalt hexacarbonyl-promoted transannular [4+2] cycloaddition reactions were
demonstrated. Optimized cycloadditions for macrocyclic dicobalt-dienyne complexes afforded
target tricyclic scaffolds in a more effective manner than thermal transannular Diels-Alder
reactions of metal-free dienyne rings. Further, dicobalt hexacarbonyl complexes of unactivated
dienophiles underwent intermolecular room temperature-[4+2] cycloadditions with unactivated
dienes leading to products that are inaccessible by thermal Diels-Alder reactions. Cycloaddition
reactions of complexes were highly selective; [4+2] reaction adducts were obtained

stereospecifically and competing Pauson-Khand reactions were not detected.

Functionalizations of enyne macrocycles through intermolecular and transannular reactions of
their corresponding dicobalt complexes were studied. Novel complex polycycles were prepared
by intramolecular and intermolecular [2+2+2], [2+2+1+1], [2+2+1] cycloadditions. The
chemoselectivity of dicobalt-promoted cycloadditions was altered by varying the promoter and
solvents utilized. The first transannular Pauson-Khand reaction was discovered. The novel
synthetic method was optimized and structural requirements for reaction substrates were

investigated.
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Chapter 1
Metal-Mediated Transannular Reactions: A Review
1.1. Introduction

A wide range of natural products and/or biologically active molecules exist as polycyclic
structures, so generating efficient synthetic plans to access these complex scaffolds is
particularly important.™? There are three main topological approaches for the preparation of
polycyclic molecules; 1) intermolecular cycloadditions with at least one cyclic reaction partner,
I1) intramolecular reactions in which a side chain reacts with another functionality located on the
ring or another active side chain tethered on the ring and 111) transannular reactions (Figure 1.1)."
In a transannular (etymology: latin prefix trans — across or through, latin root anno — year or
circle of the sun or latin annular — adjectival form of latin annulus — little ring) reaction a
polycyclic molecule is constructed by an intramolecular bond formation in an existing cyclic

structure.®

Intermolecular Cycloadditions

Intramolecular Reactions

3O

()] or

Intramolecular Reactions

Transannular Reactions

()

$s
sReIReRe

Figure 1.1. Topological classification of synthetic approaches for the preparation of

polycyclic molecules

1



Due to challenges in the preparation of macrocyclic substrates, transannular transformations
are underdeveloped compared to other polycycle synthesis methods (Figure 1.1). However,
recent studies established that transannular reactions are highly efficient and reliable synthetic
tools to access complex structures.** This is especially true in asymmetric synthesis of
polycycles containing multiple chiral centers where transannular reactions can provide high
stereochemical control steming from the conformational constraints imparted by locating the
functional units of macrocyclic substrates in close proximity.>® Moreover, transannulations are
highly step and atom economical strategies as conversions of monocyclic structures to fused

polycyclic systems are achieved in a single step.®

Over the years researchers employed many well-established reactions in a transannular
fashion and thrived preparing natural products, pharmaceuticals, and other interesting
compounds through simple protocols. The range of transannular reactions investigated include
aldol condensations,’” radical cyclizations,® Michael reactions® to 1,3-dipolar cycloadditions.*
The main goal of transannular syntheses is to solve more than one synthetic problem in less than
one or two operations while maintaining high overall yields. This can only be achieved with a
transannular synthetic plan exhibiting high stereo- and regiochemical control. In this sense, when
faced with obstacles in the course of such synthetic protocols, chemists have utilized metals -
mainly transition metals- to increase the potency and stereoselectivity of reactions. This review
chapter aims to present those transannular reactions that employed metals. For simplicity,
acid/base-promoted transannular reactions in which alkali metal cations Li*, Na™ and K stabilize

the anionic intermediates, were excluded.



1.2. Metal-Mediated Transannular Cycloaddition Reactions

A number of different transannular cycloadditions leading to complex fused ring structures
have been demonstrated. Although there is great potential for cycloadditions like 1,3-dipolar and
[2+2] reactions to appear in effective transannular processes, the literature reports only a small
number of examples.**** On the other hand, the great majority of transannular reactions
described in the literature are [4+2] cycloadditions, i.e. transannular Diels-Alder (TADA)
reactions.® The all-encompassing efficiency of Diels-Alder reactions,* in terms of scope, atom
economy and versatility, is exhibited in most applications of transannular transformations.***
While proximity-induced®** and thermal®® TADA reactions are well studied, reports on metal-
mediated versions of the reaction are rare. In fact, the first transition metal-promoted
transannular [4+2] cycloaddition reaction was explored by the Merlic research group and this
reaction is discussed in detail in the following chapters. In other examples of metal-mediated
TADA reactions metalloids were utilized as Lewis acids to lower the activation barriers and/or

modulate the stereoselectivity of reactions.

Asymmetric synthesis of the diterpenoid (+)-maritimol,*® (1-3), used in Carribean folk
medicine for the treatment of venereal diseases, was studied by the Deslonchamps research
group. For this investigation a series of macrocyclic systems were prepared and in order to
improve reaction stereoselectivity, Lewis acids such as MeAICl,, Me,AICI and SnCl, were
tested. The Lewis acid catalysts increased the TADA reactivity at low temperatures and in turn
provided higher stereocontrol.}” After optimization, the macrocyclic triene 1-1 underwent Lewis
acid catalyzed endo-diastereoselective TADA reaction affording the (+)-maritimol precursor

tricyclic 1-2 in 75% vyield as a single diastereoisomer (Scheme 1.1).'



MeAICl,

CH,Cly, 23 °C, 75%

11 1-2 1-3
(+)-maritimol

Scheme 1.1. Synthesis of (+)-maritimol via a Lewis acid-catalyzed TADA reaction

The Jacobsen group demonstrated the first enantioselective TADA reaction utilizing
triflimide activated chiral oxazaborolidine Lewis acid 1-4 as the catalyst.® This methodology

provided a wide scope of tricyclic products in high enantiomeric excesses (Scheme 1.2).

H
N Ph
NTf, N*
H o

B-
F
/ \ 20% 1-4
< 0, >
\ X toluene, rt, 15-83%
@)
X =0, CH, % ee = 85-92
m,n=1,2 dr=5.0:1->19:1

Scheme 1.2. Chiral Lewis acid-catalyzed enantioselective TADA reactions

Impressively, it was possible with this method to adjust the stereochemical outcomes of
similar TADA reactions of specific macrocycles and alter the inherent diastereoselectivity. This
catalyst-controlled diastereoselectivity was illustrated by control reactions of unbiased

macrocycle 1-5 (Scheme 1.3). While the achiral Lewis acid-catalyzed or thermal TADA



reactions of 1-5 proceeded with poor selectivity, chiral catalyst 1-4 dramatically favored

formation of the endo-1-6 diastereomer (Scheme 1.3).*°

/ \ conditions
+
o \ (6]
o)

1-5 endo-1-6 endo-1-7
dr=8:1-13:1 MeAICl,, CHyCl,, rt, 1 h 50.0% 50.0%
toluene, 120 °C, 12 h 45.5% 54.5%

20% 1-4, toluene, rt, 20 h 2.8% 97.2%

Scheme 1.3. Catalyst-controlled diastereoselectivity in TADA reactions of cyclic triene 1-5

Jacobsen utilized this highly versatile enantioselective TADA reaction as the key step in the
total synthesis of sesquiterpene 11,12-diacetoxydrimane (1-10)."° Macrocyclic lactone 1-8 with
an all-trans triene arrangement, underwent endo-selective TADA reaction smoothly forming
tricyclic compound 1-9 as a single diastereoisomer in quantitative yield. The synthesis of 1-10

was completed in 6 further steps (Scheme 1.4).*°

O\
/ \H SiMez
o 20% 1-4 \ (6 steps)
SiMe, H - O >
toluene, rt, 20 h, 99% _—
\_/
1-8 1-9 1-10

11,12-diacetoxydrimane

Scheme 1.4. Synthesis of 11,12-diacetoxydrimane by the Jacobsen group

Martin and co-workers demonstrated an interesting metal-mediated transannular
cycloaddition reaction.”> Cs-symmetric tetracycles that were determined to be quite suitable for

molecular recognition were prepared through transannular [2+2+2] cycloadditions. The reactions



were performed under microwave irradiation in the presence of Wilkinson’s catalyst and
benzocyclotrimers 1-12 and 1-14 were synthesized in 75% and 70% vyield, from macrocyclic

triynes 1-11 and 1-13, respectively (Scheme 1.5).

O—3 O
// \\ 20% RhCI(PPh3)s
MW irradiation
(\) >
*5 o toluene, 160 °C, 75% 0
N M o
— 3
1-11 1-12
Ts
Ts
N-3 N
// \\ 30% RhCI(PPh3)3
MW irradiation
EQ)
TsN NTs toluene, 160 °C, 70% TsN
— NTs
g
113 1-14

Scheme 1.5. Rh-catalyzed transannular [2+2+2] cycloaddition reactions

An impressive exocyclic transannular ring closure of olefinic methylenecyclopropanes (1-15)
leading to [3.3.3]propellanes (1-17) was discovered by Nakamura and co-workers (Scheme
1.6).%! These transannular cycloadditions were unusually effective with the utilization of group
10 metal catalysts Ni(cod),, Ni(acac), or PdCl,(PPhs),.2* The reaction mechanism involves
cleavage of the sp°C-sp°C bond of the cyclopropane followed by formation of
trimethylenemethane-like intermediate 1-16 which is stabilized by transannular interactions with
the metal (Scheme 1.6). These transannular interactions led to a unique regioselectivity that was
not observed in similar intermolecular reactions of methylenecyclopropane substrates since in
the latter case cyclopropane sp°C-sp’C bond cleavage by the metal catalyst was preferred

(Scheme 1.6).%+%
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EtO,C EtO,C
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Scheme 1.6. Synthesis of [3.3.3]propellanes through metal-catalyzed transannular

cycloadditions
1.3. Metal-Mediated Transannular Cyclopropanations

Over the years various metal-mediated cyclopropanation reactions have been explored® and
there are a few examples of these reactions implemented in a transannular manner. The Sampson
group investigated cyclopropanation of 11-membered macrocyclic lactones via transannular
metal-stabilized carbene addition reactions.** A series of intramolecular and transannular model
reactions employing palladium, rhodium and copper catalysts were tested. The results showed
that while electron-deficient macrocycles failed to undergo any transannular reactions,
macrocyclic o-diazo lactone 1-21 with an electron-rich methoxy-substituted alkene unit
undergoes successful transannular cyclopropanation under Cu(acac), catalysis affording the

target cyclooctane product 1-22 in only modest yield (Scheme 1.7).



/ /
O 4)LDA, THF, -78 °C 7 ©
b) CF3COzCH20F3 . N, 0 10% Cu(acac)2 . 4 o
©) MsN3, EtsN, -78 °C to rt CH,Cly, reflux, 36%
0 0 o)
1-20 1-21 1-22

Scheme 1.7. Preparation and Cu-catalyzed transannular cyclopropanation of macrocyclic

lactone 1-21

Malacria and co-workers reported the first transannular PtCl,-catalyzed cyclopropanations of
enynes.”® Experimental and computational studies showed that platinum-catalyzed
cyclopropanations of enynes are diastereoselective?® and, remarkably, the same stereoselective
behavior was exhibited when the reactions were performed in a transannular fashion.”
Transannular cycloisomerisations of macrocyclic enynes with propargylic protected alcohols (1-
23 and 1-25) provided various tricyclic ketones (1-24 and 1-27) possessing internal cyclopropane
moieties (Scheme 1.8). These tricycloundecane frameworks frequently occur in natural products
(e.g. myliol?” and anestreptene?®®) so their diastereoselective syntheses are particularly important.
The Merlic group illustrated application of this methodology to macrocyclic enynes bearing ether

units as part of the ring. These reactions are discussed in the following chapter.
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Scheme 1.8. Pt-catalyzed transannular cyclopropanations developed by Malacria and co-

workers
1.4. Metal-Mediated Transannular Hydroalkoxylations

A total synthesis of apicularen A (1-31), a cytostatic antitumor agent, was developed by the
Maier research group.”® The key transformation in this synthesis was a highly stereo- and
regioselective, mercuric trifluoroacetate-promoted transannular etherification of macrolactone 1-
28 building the pyran ring of apicularen A (Scheme 1.9). Remarkably, the unwanted
retrocyclization of intermediate 1-29 was suppressed by simply changing the solvent from
CH.Cl, to THF and performing the reduction with LiBH, in the presence of Et3B. It should be
noted that use of a metal promoter in the pyran formation step was crucial as the same
transannular transformation failed completely when macrocycle 1-28 was treated with the
common hydroalkoxylation reagent N-(phenylseleno)phthalimide.® Later, this transannular
oxymercuration-demercuration methodology was successfully incorporated into the synthesis of
the sesquiterpene englerin A (1-36) by the Maier™ and Parker® research groups (Schemes 1.10a

and 1.10Db).
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Scheme 1.9. Hg-mediated transannular hydroalkoxylation in apicularen A synthesis

a) Hg(OgCCF3)2, CHgC'Z/MeOH, -78 °C

a)
b) NaBH,, MeOH, -78 °C to rt, 95% ! \
1-32 1-33
0 OH :
a) Hg(O,CCF3),, CH,Cl,/MeOH, -78 °C
b . englerin A
) . 1-36
- b) O, NaBH,4, DMF, 0 °C, 92%, dr = 1.5/1 N
nd = OTBS :
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Scheme 1.10. Hg-mediated transannular hydroalkoxylations in englerin A synthesis a) by

the Maier group and b) by the Parker group

Over the years the Furstner group elegantly investigated carbophilic activations of alkynes
with m-acidic metal catalysts and demonstrated elegant syntheses of a large library of natural
products.** An important component of the research was dedicated to different applications of
transannular hydroalkoxylations of alkynes under Pt or Au catalysis. Polycavernoside A (1-39) is

a potent marine toxin that is the cause of fatal food poisonings resulting from ingestion of the red

10



Alga Gracilaria edulis in the Philippines.®® Previously a number of different syntheses of
polycavernoside A were reported,® but only recently the Lee*® and Furstner®® groups used a
transannular transformation as the basis for the synthesis and obtained the target through a
relatively step-economic protocol. In Lee’s synthesis an alkyne transannular hydroalkoxylation
was performed with half-stoichiometric PtCl, under a CO atmosphere to provide the cyclic enol
ether 1-38 (Scheme 1.11). The Furstner group preferred a bulky gold complex (1-40) to catalyze
the transannular hydroalkoxylation of macrocyclic alkyne 1-37 (Scheme 1.11) and by doing so
suppressed the undesired Overman-type [3,3] sigmatropic rearrangement of the allylic ester unit,

which could have been easily catalyzed by Pt(11).%

; X .,
OH O o 3
Conditions

Lee's synthesis conditions:
OR 50% PtCl,, toluene, K,COg,

o " OMe
2 oM
4AMS, R = Ac €
1-37 1-38 OMe

OH polycavernoside A

. - 1-39
Furstner's synthesis conditions:

e
10% 1-40, CH,Cl,, R = TBS, 67% Bu © SbFg
“P—Au (MeCN)

Ph

1-40

Scheme 1.11. Pt- and Au-catalyzed transannular hydroalkoxylations in polycavernoside A

syntheses by the Lee and Furstner groups

A transannular hydroalkoxylation was also utilized in the synthesis of the marine natural
product amphidinolide F (1-43) by Furstner and co-workers.®® The key structural aspect in this
synthesis was a trans alignment of the unprotected alcohol in macrocycle 1-41 with the alkyne

11



unit and the w-acidic metal coordinated to that alkyne unit in order to ensure a highly
regioselective transannular 5-endo cyclization. As expected, 1-41 underwent a quantitative
transannular addition forming macrocyclic enol ether 1-42 with just a trace amount of
[PtCI>(CoH4)]2 (Scheme 1.12). Impressively, transannular nucleophile-alkyne-metal alignment

prevented 1-41 from undergoing a competing 4-exo-dig pathway.

0.25% [PtCly(CoHy)l2

Et,0, R=TBS, 97%

amphidinolide F
1-43

Scheme 1.12. Pt-catalyzed transannular hydroalkoxylation in a synthesis of amphidinolide

F

Spirastellolide F (1-48) is a potent phosphatase inhibitor possessing a backbone with 21
stereogenic centers. The Furstner group completed a challenging synthesis of this complex
molecule through a gold-catalyzed stepwise transannular spiroacetalization.® The key spiro-
transformation starts with a transannular 6-endo-dig hydroalkoxylation catalyzed by 1-40

(Scheme 1.13). Smaller gold catalysts resulted the formation of the incorrect regioisomer via a 5-

12



exo-dig addition process. However, bulky complex 1-40 prevented transannular attack of the
crowded hydroxyl group at C21, instead favoring formation of the desired regioisomer 1-46
through transannular attack of the hydroxyl group at C13. The required spiroketal 1-47 was
formed as a single isomer via treatment of 1-46 with catalytic amounts of pyridinum p-

toluenesulfonate (PPTS) (Scheme 1.13).

OMe OMe

10% 1-40

CH,Cly, 4A MS, 62%

OMe
OMe

\ ~iCl
BnO )
T o
"

OYO\
R O

@ oTBS

TBSO

PPTS, 84%

1-46 1-47 1-48
spirastellolide F

Scheme 1.13. Au-catalyzed transannular hydroalkoxylation in a synthesis of spirastrellolide

F

Transannular hydroalkoxylations can be performed with different m-systems. The m-acidic
catalyst AuUNTf,PPh; played an indirect role in the transannular hydroxylation of 1-49 affording

1-52, the core structure of enigmazole A (1-53).* The gold catalyst promoted the
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rearrangement*! of macrocyclic alkyne 1-49 to allenyl acetate 1-50 and subsequent transannular
hydroxyl attack formed macrocycle 1-51 which was converted to target product 1-52 via

hydrolytic work-up (Scheme 1.14).%

o o
0 o
5% AUNTF,PPh, K,CO3, MeOH
CH,Cl, 78%
AN oH AO™N oH
A\
AcO
1-49 1-50 1-51
0s..0,
SR
HO OoH
1-52 1-53

enigmazol A

Scheme 1.14. Au-promoted transannular hydroalkoxylation of macrocyclic allene 1-50

It is noteworthy that transannular hydroalkoxylations can be performed with substrates that do
not bear any nucleophilic hydroxyl groups. Various natural product core structures were
prepared by altering the transannular reactivity and by choosing the proper m-acidic catalyst. An

example is the synthesis of macrocycle 1-57%

that maps onto the core scaffolds of
furanocembranoids pukalide (1-58), deoxypukalide (1-59) and iopholide (1-60).* Treatment of
macrocyclic -ketoester 1-54 with a catalytic amount of AuCls in refluxing MeOH led to
transannular attack of the enol oxygen in complex 1-55 and formed the intermediate 1-56

(Scheme 1.15). Through rearrangement of intermediate 1-56 into the more stable furan unit,
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target 1-57 was obtained in 67% yield. Moreover, under similar reaction conditions macrocyclic
alkyne 1-61 underwent a transannular oxa-Michael addition with a net outcome of transannular
hydroalkoxylation product (1-62) formation (Scheme 1.16).“* Macrocyclic ketal 1-62 was

determined as the main framework of cytotoxic macrolide acutiphycin (1-63).%*

y 7% AuCls
_ T%ACKE

MeOH, reflux, 67%

1-54 1-55 1-56 1-57

pukalide deoxypukalide iopholide
1-58 1-59 1-60

Scheme 1.15. Au-catalyzed transannular hydroalkoxylation in the synthesis of

furanocembranoid core framework 1-57

Il Ho 2% AuCls

_— =

o o MeOH, 96%

1-61 1-62 acutiphycin
1-63

Scheme 1.16. Au-catalyzed transannular oxa-Michael addition in the synthesis of

acutiphycin core framework 1-62
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Although it doesn’t serve as an example for hydroalkoxylation, one transannular
transformation that should be mentioned in the context of this section is the synthesis of cyclic
enone 1-66 that constitutes the core of resorcylic acid macrolide zearalenone (1-67). Furstner and
co-workers demonstrated that macrocyclic alkyne 1-64 participated in a transannular Conia-ene
cyclization® under n-acidic AuCIPPh; catalysis.* It is believed that transannular 6-endo addition
of B-ketoester across the alkyne forms the intermediate 1-65 which rapidly rearranges to more

stable enone 1-66 (Scheme 1.17).*

o}
o d 5% AuCIPPh 6 O 6 0
0,
5% AgNTF, o o
= CH,Cly, 97%
1-64 1-65 1-66
OH O
@i‘&l
=
HO 6]
zearalenone
1-67

Scheme 1.17. Au-catalyzed transannular Conia-ene cyclization in the synthesis of

zearalenone core framework 1-66
1.5. Metal-Mediated Transannular Cation-Olefin, Michael and Friedel-Crafts Reactions

One of the earliest examples of metal-mediated transannular reactions was demonstrated by
Taylor and co-workers. trans-5,6-Epoxy-cis-cyclodecene (1-68) underwent a transannular
cation-olefin reaction with catalytic amounts of SnCl, in various solvents that acted as cation
traps (Scheme 1.18a).*° Remarkably, in these reactions four stereogenic centers were formed
selectively via single transannular ring closure. Later a related methodology was utilized by

Nagendrappa  to  synthesize  exo-cis-bicyclo[3.3.0]-2-octyl ~ ketones  (1-72).*
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Trimethylsilylcyclooctene 1-71 went through AICIs-promoted transannular cyclizations in the

presence of various acyl chlorides (Scheme 1.18b).

20% SnCl, o H H

a o - . -
Cl,SnO HO

N ArH, 30-76% H

1-68 1-69 1-70
ArH = toluene, o-xylene,

anisole, ethylbenzene.

furan, thiophene

0

R
SiMe,
b) AICI5, RCOCI R = -CHj, -CH,CHj, -CH,CH,CHg, -CH(CHa),,
CH,Cl, 0°C, 56-71% ~(CHy)10CHs, -Ph, -CH,Ph, -CHCHPh

1-71 1-72

Scheme 1.18. Sn- and Al-mediated transannular cation-olefin cyclizations

Transannular conjugate additions of nucleophiles to electron-poor olefins were successfully
incorporated in a number of syntheses and several of these transannular Michael reactions
utilized metals. An efficient application of a metal-mediated transannular Michael addition was
exhibited by the Evans group.*® Three tetracycline antibiotic core structures (1-74, 1-77 and 1-
80) were built via transannular Michael additions (Scheme 1.19). 14-Membered macrocycles 1-
73, 1-75 and 1-78 underwent transannular transformations smoothly in the presence of copper(ll)
acetate; deprotonations by the soft base acetate led to the formation of copper(ll) enolates (1-76
and 1-79) and the subsequent transannular additions were completely diastereoselective. It was
evident that the stereochemical outcomes were fully dictated by the chiral center at C4. Merely
changing the silyloxy substituent at this position to an NHBoc group caused a reversal in the

reactive face selection. The reason for this reversal was suggested to be NHBoc group interacting
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with the oxygen atom of the neighboring isoxazole ring and favoring a certain conformer of
macrocylic complex 1-79. However, the reasoning behind the preferred axial position of OTBS

group in 1-76 could not be explained.*®

Cu(OAC),H,0

MeOH, 0 °C, 83%

Cu(OAC),H,0

MeOH, 0 °C, 38%

1-76 1-77

Cu(OAC),H,0

MeOH, 0 °C, 55%

1-78 1-79 1-80

Scheme 1.19. Cu-promoted transannular Michael reactions in the synthesis of core

structures of tetracycline antibiotics

Evans and co-workers prepared an additional class of tetracycline core structures through
sequential transannular cyclizations (Scheme 1.20). In the presence of the Lewis acid CeCl;
macrocycles 1-77 and 1-80, previously synthesized by transannular Michael reactions (Scheme
1.19), underwent diastereoselective transannular Friedel-Crafts reactions and the target
hexacyclic core structures 1-82 and 1-84 were obtained after in situ oxidations of 1-81 and 1-83,
respectively (Scheme 1.20). Moreover, an impressive diastereoselective one pot transformation

comprising a transannular Michael/ transannular Friedel-Crafts/oxidation reaction sequence
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occurred when macrocycle 1-73 was treated with both Cu(OAc), and Ce(OAc)s resulting in the

formation of polycycle 1-85 in a 60% overall yield.*®

CeCl37H,0 O,
—_—
i-PrOH, rt SMey, 72%
CeCl37H,0
sty
i-ProH, rt
1-80 1-83 1-84

a) Cu(OAc), H,0
Ce(0AC)3H,0,, MeOH, rt

b) O, SMe,, 60%

1-73 1-85

Scheme 1.20. Transannular Friedel-Crafts and Cu-promoted transannular

Michael/Friedel-Crafts reactions in the synthesis of tetracycline antibiotic core structures

The Evans group demonstrated yet another successful metal-mediated transannular Michael
reaction during their attempts to synthesize the polycyclic alkaloid clavolonine (1-89).%° In the
presence of the Lewis acid ZnCl, enamine macrocycle 1-86 went through a stereoselective
transannular Michael addition. The resultant tricycle 1-87 was unstable and was converted to the
tetracyclic ketoester 1-88 via a spontaneous intramolecular Mannich cyclization upon exposure
to silica gel or alumina (Scheme 1.21). Unfortunately molecule 1-88 was not suitable for the total
synthesis of the target natural product and the research group devised an alternative synthetic

approach to access clavolonine.*
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clavolonine

Scheme 1.21. Zn-promoted transannular Michael reaction

One of the most common methods to access azabicyclic structures is transannular ring
contractions of monocycles possessing N-protected nucleophiles.?” Transition metals, especially
palladium, were used in these transformations to deprotect the final N-protonated products
without affecting the transannular step,®® but, more importantly, metals were used as activators in
transannular aza-Michael addition versions of these reactions. Sawicki and Wilson studied the
mechanism of transannular cyclizations in eight-membered rings with secondary amines.®* This
early study showed that 1-aza-4-cyclooctene (1-90) when treated with HgCl, transannularly
cyclized to pyrrolizidine 1-91 in excellent yield (Scheme 1.22). It was suggested that HgCl, (and
other soft electrophiles) approached the double bond from the less hindered face and formed an
onium ion. Subsequently, nitrogen nucleophile addition to this ion in a transannular fashion
yielded only the product with trans geometry. The study also pointed out the importance of using
a metal with low affinity towards nitrogen since transition metals like Pd shut down the
transannular cyclization path by coordinating to the olefin and nitrogen simultaneously.*

@ 1 equiv HgCl, N
NE TR, 1 h, 91% ;

ClHg

1-90 1-91

Scheme 1.22. Hg-promoted transannular aza-Michael reaction
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Li and co-workers employed a transannular aza-Michael reaction in the racemic synthesis of
the alkaloid cephalotaxine (1-94).>* The Michael system (1-92) with an exocyclic olefin was
activated by Zn-promoted reduction. Selective N-Troc bond cleavage initiated the transannular

diastereoselective formation of 1-93 (Scheme 1.23).

52%

1-92 1-93 194
cephalotaxine

Scheme 1.23. Zn-initiated transannular aza-Michael reaction in the synthesis of

cephalotaxine
1.6. Metal-Mediated Transannular Coupling Reactions

Surprisingly, examples of coupling reactions that were performed in a transannular fashion
are quite rare in the literature. In fact transannular macrocyclizations by intramolecular B-alkyl
Suzuki reactions described by Danishefsky in 2000,> are the first reported transannular cross-
coupling reactions. In this study, tandem regioselective terminal olefin hydroborations with 9-
BBN and transannular Pd(0)-catalyzed Suzuki couplings formed macrocycles (1-96 and 1-98) in
one pot maintaining high control over olefin geometry (Scheme 1.24). In terms of reactivity and
stereochemical control these reactions were proven superior to ring closing metathesis reactions.
For instance macrocycle, 1-96 could not be synthesized by the latter approach from iodide free

derivative of 1-95.%
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Scheme 1.24. Transannular macrocyclizations via intramolecular B-alkyl Suzuki cross-

coupling reactions

One elegantly executed example of a transannular cross-coupling reaction was investigated as
the key step in the total synthesis of rhazilinam,>* a natural product that mimics the cellular
activity of taxol.> Planar chiral 1-99 went through enantiospecific transannular Heck coupling
under Pd(0) catalysis building the otherwise challenging to access framework 1-100 (Scheme
1.25). A subsequent quantitative hydrogenation step concluded the synthesis of the natural
isomer of (-)-rhazilinam (1-101). The transannular Heck reaction was quite versatile; the
unnatural isomer (+)-rhazilinam was also prepared successfully by the same methodology from

the other enantiomer of 1-99.
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Scheme 1.25. Transannular Heck coupling in the synthesis of (-)-rhazilinam

A fascinating transannular ring formation reaction that generates the 5-5-5-5 fused ring
system of the crinipellin family with the correct absolute stereochemistry was investigated by the
Sieburth research group (Scheme 1.26).°° Although this transformation was not a formal
coupling reaction, the net outcome was construction of a new C-C bond. When molecule 1-102
was treated with TiCl, an epoxide opening produced a tertiary carbocation susceptible to
transannular nucleophilic attack. As a result, complex cage structure 1-104 was built with
complete stereocontrol. It should be noted that a number of other methods were tried to access 1-

104: however, none of the trials were successful.>®

TiCl,

-78 °C, 10 min, 92%

1-102 1-103 1-104

Scheme 1.26. Ti-promoted transannular C-C bond formation
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1.7. Metal-Mediated Free-Radical Transannular Cyclizations

Reactive intermediates taking part in transannular reactions are not limited to carbocations,
carbanions and carbenes. Free-radical transannular cyclizations have also attracted considerable
attention since the first examples were reported in 1964 by Dowbenko®’ and Friedman.>® These
reactions have now become common strategies in polycyclic natural product synthesis.>® When
metal-free radical initiators failed to trigger cyclizations, tin,% titanium®' and copper® reagents
were used to assist the desired transannular reactions. Selected examples that were explored as

part of biologically active molecule syntheses are discussed in this section.

Takashi and co-workers reported an efficient synthesis of the steroid BCD-ring system (1-
108) of progesterone (1-109), using a transannular radical cyclization as the key step.®® The
synthesis started with radical formation on the molecule tether upon treatment with tributyl
hydride and the intramolecular attack of this radical onto the main ring initiated the transannular
cyclization (Scheme 1.27). The stereochemistry of resultant polycycle was determined by X-ray

crystallography and computational studies.

The Yamamura research group implemented a transannular radical cyclization strategy to the
synthesis of the jantrapholone (1-112) core framework.°®® Xanthate 1-110 underwent
transannular cyclization in the presence of BuzSnH and AIBN constructing a 5-6-7-3 fused ring

system (1-111) stereoselectively (Scheme 1.28).

24



Os— Os— Ox—
Bus;SnH, AIBN
benzene
_— —_— _—
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| reflux, 74-95%
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</o </O </O
1-105 1-106 1-107

1-109
progesterone

Scheme 1.27. Sn-promoted transannular radical cyclizations in the synthesis of

progesterone BCD-ring systems

Bu,SnH, AIBN

toluene, reflux, 66%

1111 1-112
jantrapholone

Scheme 1.28. Sn-promoted transannular radical cyclization in the synthesis of

jantrapholone core framework 1-111

The caged core structure of platensimycin (1-115) was synthesized stereoselectively by
Matsuo and co-workers using a transannular radical cyclization of monothioacetal with BuzSnH
and AIBN as one of the key steps in the synthesis (Scheme 1.29).%% Tributyltin hydride was

crucial for the synthesis of the cage structure 1-114 as the transannular cyclization of
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monothioacetal 1-113 failed completely in the presence of the hydrogen atom sources

tris(trimethylsilyl)silane and triphenyltin hydride.%

o//\o o
a) BuzSnH, AIBN
toulene, reflux

07% b) 1M HCI, 57% g
SPh

1-113 1-114

OH
o o)
HOOC N
H

OH |

1-115
platensimycin

Scheme 1.29. Sn-promoted transannular radical cyclization in the synthesis of the

plantensimycin caged core structure

A number of synthetic protocols to access the sesquiterpene epi-illudol (1-121) were

investigated,®® but the first diastereoselective total synthesis was achieved through a cascade of

transannular radical cyclizations.®® The Malacria group showed that upon treatment with

tributyltin hydride 11-membered dienyne 1-116 went through transannular cyclizations

assembling the tricylic strained skeleton of epi-illudol stereoselectively (Scheme 1.30). In this

sense transannular radical cyclization method was proven to be superior even to Vollhardt’s one-

step intramolecular [2+2+2] cycloaddition method.®*®
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Scheme 1.30. Sn-promoted transannular radical cyclizations in the synthesis of epi-illudol
1.8. Metal-Mediated Transannular Ring Opening/Ring Closing Cascade Reactions

Transannular ring opening reactions are not as common as their ring closing counterparts;
however, several research groups efficiently incorporated ring closing/ring opening cascade
reaction strategies into the synthesis of several natural products. This section covers those
examples that involve ring openings triggered by transannular nucleophilic addition followed or

accompanied by transannular cyclizations.

The Metz group prepared the guaiane sesquiterpene (—)-oxyphyllol (1-125) in an
enantioselective manner from the epoxy enone 1-122 that already served as an intermediate for
the total synthesis of (—)-englerin A.** Precursor 1-122 was easily converted to 1-123 via alkene
hydroxylation followed by a Wittig reaction, but attempts to cyclize 1-123 through transannular
epoxide opening/ring closing cascade reactions in acidic medium failed leading to

decomposition. However, catalytic amounts of ytterbium triflate achieved the formation of
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oxygen-bridged bicyclic hydroazulene 1-124 and hydrogenation completed the synthesis of 1-
125 (Scheme 1.31). It should be noted that Taylor’s transannular Friedel-Crafts cyclization

(Scheme 1.18a) can be included in the same category as this transannular cascade strategy.

2% Yb(OTf)3 10% Pd/C, H,

CH,Cly, t, 80% MeOH, rt, 98%

1-124 1-125
(-)-oxyphyllol

Scheme 1.31. Yb-catalyzed transannular epoxide opening/ring closing cascade reactions in

the synthesis of (-)-oxyphyllol

Lei and co-workers prepared fawcettidine and fawcettimine-type lycopodium alkaloids (1-127
and 1-128) via transannular ring opening/ring closing cascade reactions (Scheme 1.32).%°° The
reductive transannular cleavage of the C4-N bond of 1-126 occurred in the presence of zinc and
the subsequent transannular C13-N bond formation afforded (+)-fawcettidine (1-127) in excellent
yield. Moreover, the regioselectivity of the reaction was altered by simply switching the metal
promoter. Treatment of 1-126 with Sml, achieved transannular cascade C4-N bond cleavage and
C13-N bond formation with selective reduction of carbonyl group on C13. This transformation

generated fawcettimine 1-128 stereoselectively (Scheme 1.32).
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- : —_—

140 °C, 95% (6] : N THF, 0 °C, 51%

1-127 1-126 1-128
(+)-fawcettidine fawcettimine

Scheme 1.32. Zn- and Sm-promoted transannular ring opening/ring closing cascade

reactions

1.9. Summary and Outlook

Metal-catalyzed and —promoted transannular reactions reported in the literature so far are
reviewed in this chapter. The reactions covered include cycloadditions, cyclopropanations,
hydroalkoxylations, Friedel-Crafts reactions, Michael and aza-Michael reactions, coupling
reactions, free-radical cyclizations and ring opening/closing cascade reactions. The showcased
metal-mediated transannular reactions were utilized as powerful methodological approaches for
remarkably stereoselective syntheses of polycycles, many of which are precursors to natural
products and pharmaceuticals. Various investigated transannular reactions also provide a strong
basis for future chemical methodology discoveries. In comparison to general transannular
reactions that underwent impressive advancements during the last years, metal-mediated
counterparts are still underdeveloped, but this review illustrated that new exciting progress
focusing on a wider range of reactions and new applications should be expected in this area in
the immediate future. Valuable contributions to metal-mediated transannular chemistry made by

Merlic research group are discussed in detail in the upcoming chapters.
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Chapter 2

Synthesis of Cyclic Enynes by Ring Closing Metathesis Using Vicinal Dibromoalkenes as

Protected Alkynes
2.1. Introduction

Macrocycles and polycycles, as also showcased in chapter 1, constitute a vast array of
biologically active molecules; they exist in numerous natural products, pharmaceuticals and are
widely used in industrial chemistry." Among these complex molecules cyclic enynes occupy an
important spot in synthetic chemistry that arose with interest in annulene structures in the 1960s.?
Their significance is even more important now as many biologically active natural products with
cyclic enyne units were discovered over the years.®> Enyne rings map on to the core structures of
very potent antitumor antibiotics like neocarzinostatin 2-1,* kedarcidin,” C-1027 chromophore,®
maduropeptin 2-2,” N199A2 chromophore,® esperamicin-A;,° calicheamicin-y;® and alkaloids®
like njaoamine G and H 2-3 (Figure 2.1). Cyclic enynes were also used as precursors in the

synthesis of natural molecules like the diterpene (+)-epoxydictymene,*** curcosone family,**

119 and penarolide sulfate A..** In addition,

macrolide aigialomycin D,* ecklonialactone family
cyclic enynes were explored as substrates in transannular reactions like cyclopropanations
(section 1.3, scheme 1.8),"?® hydroalkoxylations (section 1.4, scheme 1.12 and 1.13),'?"¢ and

free-radical cyclizations (section 1.7, scheme 1.30). All these discoveries stimulated

investigations on the construction of enyne rings.

37



"'OH

21 2-2
neocarzinostatin maduropeptin

2-3
R = H njaoamine G
R = OH njaoamine H

Figure 2.1. Examples of natural products with cyclic enyne cores
2.1.1. Synthesis of Cyclic Enynes

Traditionally, cyclic enynes are prepared through various cyclization reactions of
functionalized acyclic enynes. The most common method is the intramolecular Sn2 reactions of
acyclic substrates with chain ends differentiated into nucleophilic and electrophilic functional

130 is one of the

groups.®® Enyne ring formation step in the total synthesis of kallolide-B (2-6)
many examples of this strategy (Scheme 2.1a). Intramolecular condensation reactions have
frequently been used in cyclic enyne syntheses.' For instance, Wender and co-workers utilized a
CsF-promoted intramolecular aldehyde condensation to synthesize the core cyclic enyne unit of

dynemicin (2-8), a potent tumor cell line inhibitor (Scheme 2.1b).*
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a) O~ NaH, DMF

83%

2-4 2-5 2-6
kallolide B

b) CsF, CHyCN

_
0°C,3h,21%
dr=2:1

2-7 2-8
dynemicin

Scheme 2.1. Examples of cyclic enyne synthesis: a) by intramolecular Sy2 reaction and b)

by intramolecular condensation reaction

Transition metals have been applied in a number of intramolecular reactions to synthesize
enyne rings. One approach is to perform an intramolecular version of the Nicholas reaction," an
organic reaction in which a dicobalt octacarbonyl-stabilized propargylic cation is trapped with a

nucleophile.**?*°

the Magnus group successfully applied this methodology to the synthesis of
enediyne antitumor agents esperamicin, calicheamicin, dynemicin and neocarzinostatin.'® The
Schreiber group investigated the tandem use of this cobalt-mediated reaction in the synthesis of
(+)-epoxydictymene (2-11).}** Acyclic enyne 2-9 was converted into dicobalt hexacarbonyl
complexed cyclic enyne 2-10 in two steps and the synthesis was carried on without
decomplexation of the dicobalt unit (Scheme 2.2a). Another approach utilizing transition metals

is to close an enyne ring by an intramolecular coupling reaction. Over the years various cyclic

enynes were prepared via intramolecular pinacol coupling,'’” and Pd-'® and Cu-catalyzed™
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intramolecular cross-coupling reactions. For example, a series 12-membered cyclic enyne

lactones were prepared via modified Sonogashira coupling reactions (Castro-Stephens

19a

coupling)®® under Cul catalysis in modest yields (Scheme 2.2b).

2) Et,AICI, CH,Cly, -78 °C

%j \%\j/ 1) Coy(CO)g, Et,0 %j
Y

SlMe3 83%, dr = 20:1
29 2-10 211
(+)-epoxydictymene
(0] (0]
/\/\/ 10% Cul, 20% PPhg, K,CO3
b) o o
— | DMF, 110 °C, 37% N
212 213

Scheme 2.2. Examples of cyclic enyne synthesis by a) intramolecular Nicholas reaction and

b) intramolecular coupling reaction

Several cyclic enyne synthesis methods involved intramolecular cyclization reactions
followed by introduction of alkyne or alkene units into already formed fused polyring systems
through cycloelimination reactions.?*!* Applications of these methods, however, have decreased
in number over time as the final cycloelimination reactions usually require hash conditions. Two
rather efficient and recent examples of this approach are the thermal fragmentation of 1,2,3-

21b

selenadiazole 2-14 (Scheme 2.3a)“™" and the photochemical decarbonylation of cyclopropenone

2-16 leading to formation of reactive enediyne 2-17 (Scheme 2.3b).%°

Although they are not as efficient or common as intramolecular reactions, several

intermolecular methods were investigated to prepare cyclic enynes. A few reported examples
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include intermolecular palladium® or copper® catalyzed double coupling reactions (Scheme

2.4a) and intermolecular double Nicholas reactions (Scheme 2.4b).%*

N=N
Se N
a) Cu, 180 °C
5-10 Pa, 54%
2-14 215
o}
. —
b) i-PrOH, 40 °C
_— —_—
hv, 99% — HO
- HO
HO oTBS o OTBS Ph OTBS
Ph
2-16 217 2-18

Scheme 2.3. Examples of cyclic enyne synthesis by cycloelimination reactions on already

formed unsaturated ring systems

Pd(PPhs),, LiCl @\
+ =" “SnMe; o 0

SnMes DMF, 70 °C, 58%

2-19 2-20

(OC)3Co=——C0(CO)3 _~_NHTs 1) BFy Etz0, CH,Cl, 1t, 86% ﬁ
b) ﬂ + (\/ Ts—N N-Ts

HO OH NHTs 2) CAN, SOy, Et,0, 92% \_/

2-21

Scheme 2.4. Examples of cyclic enyne synthesis by a) intermolecular double coupling

reaction and b) intermolecular double Nicholas reaction
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The above mentioned cyclic enyne synthetic strategies (section 2.1.1) generally suffer from
tedious substrate preparations, low yields and limited product scope. Constructing acyclic
substrates with the chain ends possessing differentiated functionality adds extra steps to the
synthetic protocols. Moreover, these substrates usually contain heavy halides or pseudo halides
as leaving groups which are removed in the ring formation step and this does not serve well for
the overall mass/atom economy. More often than not the final cyclization steps provide low
yields which do not match the time and material spent on the preparation of the reaction
substrates. In addition, these cyclic enyne syntheses are not quite generic. They are generally
effective in the formation of medium sized rings with endocyclic conjugated enyne or, as several
showcased examples illustrated, conjugated enediyne units. Therefore, considering the

importance of cyclic enynes, it is necessary to develop more efficient and general methods.
2.1.2 Synthesis of Cyclic Enynes by Ring Closing Metathesis Reactions

Employing mild reaction conditions and high functional group tolerance ring closing
metathesis (RCM) is one of the most powerful tools in organic synthesis.? In order to minimize
the problems inherent with the previously mentioned cyclic enyne synthetic approaches, ene-ene
RCM reactions of acyclic dienynes or yne-yne RCM reactions of acyclic enediynes can be
considered as an alternative synthetic approach. However, the major obstacle is that RCM
reactions lack chemoselectivity and ene-yne metathesis is preferred whenever an ene-ene or yne-
yne Vs ene-yne reactivity competition exists.?® Experimental and theoretical studies showed that
dienynes do not prefer the “ene-then-ene” pathway which leads to cyclic enyne products but
instead follow the “ene-then-yne” or “yne-then-ene” pathways forming bicyclic products (Figure
2.2).2" This preference can be explained for substrates with 3- or 4-atom side chains connecting

the alkyne and alkene units that the initially formed metal carbene is located in close proximity
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with the alkyne thus favoring the insertion.?” Moreover, “ene-then-yne” and “yne-then-ene”
pathways are thermodynamically more favored since they produce conjugated intermediates

leading to conjugated bicyclic products that are more stable than cyclic enynes.?’

unfavored

"ene-then-ene" pathway
thermodynamically favored

R,L
L e L
Ru= Ru /
/
e ) — DY — D
AN

"ene-then-yne" pathway

"yne-then-ene" pathway

Figure 2.2. Mechanisms of ene-ene RCM and ene-yne RCM reactions of dienynes

A few exceptions to this chemoselectivity were observed when the alkyne is sterically
hindered by bulky silyl groups blocking the ene-yne insertion path®® (Scheme 2.52)*®° or the
alkyne is too strained to undergo ring closing ene-yne metathesis®® (Scheme 2.5b).?%* In addition,
the Furstner group showed that ring closing yne-yne metathesis can be favored over ene-yne
metathesis and cyclic enynes can be synthesized only when specialized Schrock alkylidyne

complexes are used together with conjugated enediyne substrates™®® (Scheme 2.5¢).*° These
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yne-yne RCM reactions did not occur in the presence of classical Grubbs catalysts and instead

produced mixtures of oligomers.

l o 0 o
) o "o 8% Grubbs I | o \)J\o
a . "
& § CHoCly, reflux T = N
TIPS TIPS TIPS
2-23 2-24 2-25
76% 19%

7% Grubbs Il

b) 21% benzoquinone
CH,Cly, reflux, 72%
E/Z=8.2/1
2-26 2-27
c) |

(e} _
_— 10% (OtBu);W=CCMej3 O
O/\/\/\/ %

= toluene, 80 °C, 84%

2-28 2-29
Scheme 2.5. Examples of exceptional cases to ene-yne RCM reaction selectivity
2.2. Results and Discussion
2.2.1. Dicobalt Hexacarbonyl Complexes as Protected Alkynes in RCM Reactions

Our main objective was to build a library of enyne rings that could serve as substrates for
various transannular reactions and we wanted to utilize the versatile metathesis method to access
the desired cyclic enynes. However, as outlined in section 2.1.2, an efficient, general ene-ene
metathesis reaction with acyclic dienynes requires that the alkyne units must be protected.

Previously, dicobalt hexacarbonyl complexes were used as protected alkynes in RCM
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reactions.!1026a¢2%31 |y these examples, dicobalt hexacarbonyl-alkyne complexes did not go
through carbene insertions into alkynes allowing ene-ene RCM reactions to occur and in some
cases the alkene-like geometries of dicobalt complexes enhanced the metathesis reactions by
releasing ring strain in the final cyclic products or by pushing the alkene tethers of dienyne

substrate close to each other (Scheme 2.6a,™¢ 2.6b,2% 2.6¢°).

0.0
(OC)5Co O©

\ =

a) 1) 25% Grubbs Il, CH,Cl,, 38%
(0C)sCo / (.
O 2)CAN, acetone, 94% o
TBSO /)/
0 TBSO 0]
2-30 2-31

7
40% Grubbs I O
b) CH,Cly, 16% S
-
(OC)3Co~—Co(CO),
2-32 2-33
(OC);5Co = 44% Grubbs | (OC);5Co
c)
(OC)3Co/ CH,Cly, 58% (OC)300/
o) o)
2-34 2-35

Scheme 2.6. Examples of ene-ene RCM reactions with dicobalt hexacarbonyl-alkyne

complexes

However, in syntheses using dicobalt hexacarbonyl complexes as protected alkynes, various

side reactions, high catalyst loadings and poor yields should be expected. Most RCM reactions
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require heat®>

and dicobalt complexed dienynes can readily undergo thermal Pauson-Khand
reactions forming cyclopentenones.”®**'*** The main cause of high catalyst loadings and low
yields, on the other hand, is the release of n-acidic CO when dicobalt hexacarbonyl complexes
are subjected to even small amounts of heat. The released CO rapidly coordinates to the metal
center of the metathesis catalyst. Due to a competition in n-back bonding, the pre-catalyst loses
its ability to stabilize the alkylidene and in turn produces metathesis inactive metal complexes™
(Scheme 2.7a).** Moreover, it was reported that when primary alcohols are used to quench
metathesis reactions in the presence of bases, alcoholysis generates CO molecules that act as the
main quencher rather than the alkoxy or alcohol molecules®**' (Scheme 2.7b).3"

EQ@%J D

1 atm CO

Ru_ —— ocC,
/4 o’ -78°C } ° RuJco
S | YocotBu
co

a)

2-36 2-37
b) N u N ROH/Et;3N, toluene, heat N u N
CI R = Me, Et, n-Pr, CgH4g CI
Ru_ Ru H
c” |
F>cy3 PCY3
2-38
N u N
PhCH,OH/Et;3N, toluene, heat CI
Ru—Ph
PCy3
2-40

Scheme 2.7. Deactivation of metathesis catalysts with CO
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The destructive effects of CO molecules on metathesis catalysts were also demonstrated
experimentally during our studies. Acyclic dienyne 2-43 was synthesized by NaH-promoted
nucleophilic substitution reaction of commercially available but-2-yne-1,4-diol (2-41) with p-
methylbenzenesulfonate 2-42 and the dicobalt hexacarbonyl complex 2-44 was obtained in high

yield through complexation of dienyne 2-43 with dicobalt octacarbonyl (Scheme 2.8).

OH

1.1equiv  (OC)Coz
0T 3 SN TN
[ RSN OTs NaH, DMF /\ Coy(CO) /O o~
90 °C, 12 h, 90% CH,Cly, 1t
OH O~ 12 h, 94% O~ F
2-41 2-42 2-43 244

Scheme 2.8. Synthesis of dienyne 2-43 and dicobalt complex 2-44

Dienyne 2-43 was subjected to RCM reaction conditions. In the presence of 5% Grubbs’ 1
generation catalyst (Grubbs 1), cyclic enyne 2-45 was formed in a mere 34% yield as a mixture
of E and Z isomers® together with unidentifiable metathesis side products and unreacted starting
material with 46% recovery (Scheme 2.9). Then complex 2-44 was tested for RCM reaction to
synthesize dicobalt hexacarbonyl-enyne ring 2-46, but the trials were even less successful than
the RCM reaction of “unprotected” dieneyne 2-43 (Table 2.1). Experimental conditions that
afforded cyclic enyne 2-45 did not produce any dicobalt-complexed RCM product (Table 2.1
entry 4), toluene was not the proper choice of solvent (Table 2.1 entry 2) and the more reactive®
Grubbs’ 2" generation catalyst (Grubbs I1) was completely ineffective (Table 2.1 entry 3). We
achieved to synthesis of 2-46 by performing the RCM reactions at lower temperatures in order to
decrease the amount of CO generated and increased the catalyst loadings (Table 2.1 entries 1, 5
and 6). However, the reaction yields were very low since lowering the temperature also

decreased the metathesis reaction initiation rates significantly.”®® These experimental results
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showed that development of an alternative alkyne protection method for metathesis reactions is

essential.

/ TN 5% Grubbs | / O/I
\/\/\2

ONF CH,Cl, reflux, 12 h 0
34% (E/1Z=1/1.2)
2-43 (46% of 2-43 was recovered) 2-45

Scheme 2.9. Synthesis of cylic enyne 2-45 via RCM reaction of “unprotected” dienyne 2-43

Table 2.1. Synthesis of cyclic enyne complex 2-46

(OC)sCoy
\ NN
/Q 0 o Conditions (00)600%?/\0
O~ F /
(0] %
2-44 2-46

Entry Temperature  Catalyst Catalyst Time (h) Solvent  Yield (%)

(’C) (%)
1 25 Grubbs | 2 12 CH,CI, 12
2 25 Grubbs 1 5 12 toluene 0
3 25 Grubbs 11 5 12 CH,CI, 0
4 40 Grubbs | 5 24 CH,CI, 0
5 25 Grubbs | 15 24 CH,CI, 14
6 0 Grubbs | 10 72 CH,Cl, 13

®The yields were determined by "H-NMR. Only Z isomer was observed.
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2.2.2. Vicinal Dibromoalkenes as Protected Alkynes in RCM Reactions

RCM reactivity is mainly determined by olefin substitution patterns and degrees. For
instance, one of the early studies of metathesis reaction initiation rates of various olefins (2-47a-
g) used Grubbs’ 1% generation catalyst (Scheme 2.10).>**% In deuterated benzene at 35 °C,
reaction of the terminal olefin 2-47a was ~50% faster than the reaction of cis-disubstituted olefin
2-47b, which went through metathesis about 2.5 times faster than its trans isomer 2-47c. Allylic
steric bulk was observed to have an impact on initiation rates; sec-butylethylene 2-47d with only
one allylic methyl group, reacted at about one-fourth the rate of 2-47a. More importantly, no
reaction was observed with gem-disubstituted 2-47e under these conditions. Tri-substituted 2-47f

and tetra-substituted 2-47g were therefore not even examined.

Rl

_ Grubbs | _ R'
s =/
R CeDe, 35 °C Ru
31 equiv
2-47 2-48

Et Et n -Pr
n-Bu Et Et —
L > N > 3 /—/ > :)7 > /—< >—<

2-47a 2-47b 2-47c 2-47d 2-47¢ 2-47f 2-47g
Kres = 4.00 3.04 1.20 1.00 0 - -
Scheme 2.10. Metathesis reactivity trends for substituted olefins deduced from relative

initiation rates of reactions with Grubbs | catalyst

To overcome the lack of metathesis reactivity, chemists used exocyclic gem-disubstituted
olefins as metathesis substrates in order to introduce ring strain into the alkene and enhance the
initiation, but, interestingly, these reactions only occurred at very low temperatures with
mediocre yields.?*%" Tetra-substituted alkenes are even less reactive than gem-disubstituted
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alkenes since their metathesis reactions create quaternary Cs located a to the metal centers in the

metallacyclobutene intermediates.?*

We decided to utilize this lack of reactivity of tetra-substituted alkenes as the basis for a new
alkyne protection strategy (Scheme 2.11). We proposed that converting the alkyne units of
dienynes into tetra-substituted vic-dibromoalkenes would make them inert in metathesis
reactions and ene-ene RCM would be preferred. The resultant cyclic dienes would be easily
“deprotected” via elimination reactions providing the desired cyclic enynes. To our knowledge,
since its discovery in late 1800s, alkyne bromination has been employed as a protection method
in only two cases; acetylenediamide synthesis*® and acetylenedicarboxylic acid ester synthesis.*
In this regard, our strategy would provide a unique and interesting modern entry to this synthetic

methodology.

RCM Br Elimination
Br | X Reaction | Reaction //
" H " Br
ring closin " —
Br 9 9 P deprotection P

Scheme 2.11. A new synthetic strategy to access cyclic enynes

A library of novel RCM reaction substrates was prepared by simple base-promoted
substitution reactions and fully characterized (Scheme 2.12, the details are enclosed in the
experimental section). Synthon (E)-2,3-dibromobut-2-ene-1,4-diol 2-49 was synthesized by
bromination of commercially available diol 2-41 and easily purified through extraction. Diol 2-
49 was then subjected to allyl bromide and a number of p-methylbenzyl sulfonates in the
presence of KOH to synthesize diether RCM substrates 2-50, 2-52, 2-54 and 2-55. Interestingly,
synthesis of these diether substrates failed when the diol 2-49 was treated with hydride bases
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which lead to decomposition. Monoether substrates 2-57 and 2-58 were prepared in good yields
through the reactions of tribromodiene 2-56 with dimethyl malonate derivatives. Further
bromination of 2-49 provided tetrabromo synthon 2-59 (Scheme 2.12). NaH- and K,COs-
promoted substitution reactions of 2-59 afforded all-carbon triene substrates 2-60, 2-61 and

sulfonamide containing triene substrates 2-64, 2-65, respectively.

P Br
KOH, DMSO/H,0 \/\O/j@
rt, 64% B O
2-50
> 7~ > A Br
I Br, Hoé/C KOH, DMSO/H,0 \/\Oé/c KOH, DMSO/H,0 \/\OI
e _ > _— >
o
Ho0, rt, 91% Br OH rt, 65% Br OH 70 °%T Br \H:\
S

7
on /\H/n 252 n=4, 61%
2-41 2-49 2-51 n=42-42 2-54 n=10,53%

n=102-53
NOTS
4 NSNS Br
KOH, DMSO/H,0 O/I/
o\/\/\/
70°C Br =
255

E

ME
n
AN Br
\/\O/Il/r PBrs, pyridine \/\O/IB/F NaH, DMF \/\om
Br OH B0, reflux, 78% B Br rt, E = CO,Me Br o=

r n

2-51 2-56 n=2,95% 2-57
n=3,79% 2-58
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2-49 2-59 n=1,80% 260
n =2, 66% 2.61
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Br K,COs Br
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_ Br AN acetone, Br X
i, E = CO,Me o ol

n=1,65% 2-62 n=1,77% 2-64
n=2,54% 2-63 n=2,88% 2-65

Scheme 2.12. Synthesis of RCM reaction substrates

The triene 2-50 was subjected to various RCM conditions to synthesize the 10-membered
diene ring 2-66 (Table 2.2). Room temperature RCM reactions with Grubbs | and Grubbs 11
catalysts were not effective and mixtures of oligomers were obtained together with unreacted
starting material (Table 2.2 entries 1 and 2). Being polyethers these oligomers were highly polar
and they could not be readily isolated. However, the room temperature experiment with Grubbs |
did afford the less polar 2-67 in 10% yield as the major oligomer. Based on high resolution mass
spectroscopy results and NMR spectra 2-67 was predicted to be the 20-membered tetraene ring
in the form of a mixture of ZZ, EE, EZ isomers in an unidentifiable ratio. This structure is the
RCM product of the dimer which formed via intermolecular metathesis of two 2-50 molecules.
Lowering the concentration of 2-50 decreased the amount of oligomers formed through further
intermolecular metathesis reactions and increased the vyield of 2-67 by favoring the
intramolecular reaction of the dimer of 2-50 (Table 2.2 entry 3 vs 6). The metathesis reactivity of
2-50 was increased with higher temperatures and longer reaction times, but the desired 10-

membered ring 2-66 did not form.
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Table 2.2. Attempted synthesis of 10-membered cyclic diene 2-66 by a RCM reaction

Br
O~ Br o /:(\O/\|LW\
\8: 5% catalyst |
Br._ =~

Br + 0O Br g o)

DCM Br
O/\/ (e} \N\“Il\/o | .
;

not observed
2-50 2-66 2-67

Entry  Temperature Catalyst Concentration Time  Recovered Yield of

(°C) of 250 (M)  (h) 250 (%)  2-67 (%)
1 25 Grubbs | 0.005 4 13 10
2 25 Grubbs 1 0.005 4 34 0
3 40 Grubbs | 0.005 12 0 30
4 40 Grubbs 1 0.005 6 0 0
5 40 Grubbs | 0.002 6 75 0
6 40 Grubbs | 0.002 12 0 50

®The yields are of isolated products.

Considering formation of 20-membered dimer RCM product 2-67, the cause of the failed
RCM reactions seemed to be the high ring strain in the target 10-membered molecule 2-66 rather
than the existence of vic-dibromoalkene units. Possibly due to the same reason the synthesis of
11-membered monoether diene ring 2-68 from substrate 2-57 could not be achieved even under
heated reaction conditions with reactive catalysts (Scheme 2.13). High dilution or dropwise
addition of 2-57 could not block the oligomerization pathways. Likewise 11-membered
sulfonamide containing diene ring 2-69 was also not observed after various RCM reaction

conditions were applied on substrate 2-64 (Scheme 2.14).
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O\/\

conditions
Br_~
Br
X
MeO,C CO,Me
not observed
2-57 2-68

Grubbs I, DCM (0.002M), reflux, 16 h (only a mixture of oligomers was formed)

10% Grubbs II, DCM (0.004M), 2-57 was added dropwise over 5 h, reflux (76% of 2-57 was recovered)

10% Grubbs Il, DCM (0.004M), 2-57 was added dropwise over 12 h, reflux (only a mixture of oligomers was formed)
5% Grubbs |, DCM (0.001M), reflux, 12 h (10% of 2-57 was recovered)

Scheme 2.13. Attempted synthesis of 11-membered cyclic diene 2-68 by a RCM reaction

Ts
NN
conditions

Br
= Br

=
MeO,C CO,Me

not observed
2-64 2-69

5% Grubbs I, DCM (0.002M), reflux, 20 h (76% of 2-64 was recovered)
10% Grubbs I, DCE (0.004M), reflux, 18 h (75% of 2-64 was recovered)
5% Grubbs II, DCM (0.002M), reflux, 12 h (only a mixture of oligomers was formed)

Scheme 2.14. Attempted synthesis of 11-membered cyclic diene 2-69 via a RCM reaction

To avoid oligomerization products we switched to larger rings, so triene 2-52 was tested to

synthesize the 13-membered ring 2-70 (Table 2.3). At room temperature with Grubbs | catalyst

the target ring was formed in 30% yield with a 8/1 ratio of E/Z isomers (Table 2.3 entry 1) but

this experiment was not efficient as the catalyst loading was too high (20%). A trial with the

more reactive Grubbs Il catalyst failed to form 2-70 and instead gave a mixture of decomposition

products (Table 2.3 entry 2). Contrary to dicobalt hexacarbonyl complexes, our alkyne protection

group was expected to be tolerant to heat so we tested the RCM reaction of 2-52 in refluxing

DCM and the reaction successfully afforded 2-70 in 69% yield as a 2.5/1 mixture of E/Z isomers

(Table 2.3 entry 3). This showed that in addition to avoiding catalyst decomposition, another
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advantage of using heat-tolerant protecting groups in RCM reactions was to be able to
compensate for the decrease in initiation rate caused by the high dilution of substrate. In
refluxing DCM, Hoveyda-Grubbs’ 2" generation catalyst (Grubbs 111) was ineffective (Table 2.3
entry 4) while Grubbs Il catalyst was too active and produced an unidentifiable mixture of

metathesis products (Table 2.3 entry 5).

Table 2.3. Synthesis of cyclic diene 2-70 via RCM reaction

(@)
O\/\ | |
Bre . catalyst Br |
r DCM o
oA
2-52 2-70

Entry Temperature Catalyst Catalyst Time (h) Concentration Yield (%)*

(°C) (%) of 2-52 (E/2)
1 25 Grubbs | 20 12 0.005 30 (8/1)
2 25 Grubbs 11 5 12 0.005 0
3 40 Grubbs | 5 12 0.002 69 (2.5/1)
4 40 Grubbs 111 5 12 0.002 10 (L/0)
5 40 Grubbs 11 5 12 0.002 0

®The yields are of isolated products.

All-carbon rings are known to have less strain compared to their heteroatom bearing analogs
as C-C o-bonds (~154 pm) are longer than C-O (~143 pm) and C-N c-bonds (~147 pm).?*® As a
result, although the rings 2-66, 2-68 and 2-69 were failed to form, we tested the ability of all-

carbon 10-membered ring 2-71 to be prepared (Table 2.4). In contrast with diether substrate 2-
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50, all-carbon triene 2-60 was quite resistant to oligomerization, but it also exhibited low activity
in RCM reactions. Optimum reaction conditions from studies on the synthesis of 2-70 (Table 2.3
entry 3) afforded only a trace amount of 2-71 and 90% of the starting molecule was recovered
(Table 2.4 entry 1). Higher temperatures and longer reaction times did not improve the yield
dramatically (Table 2.4 entry 2, 78% of 2-60 was recovered). In order to increase the metathesis
reaction rate both substrate concentration and catalyst loadings were increased (Table 2.4 entries
4-6. For entry 5; 68% of 2-60 was recovered). Fortunately, under these conditions with more
reactive Grubbs Il catalyst, ring 2-71 was obtained in a 90% vyield as a 1/5 mixture of E/Z

isomers (Table 2.4 entry 6).

Table 2.4. Synthesis of 10-membered cyclic diene 2-71 via a RCM reaction

CO,Me

M902C MeOzC
A Br CO,Me
Br talyst
= Br catalys Br
= MeO,C —
MeOZC COzMe Cone
2-60 2-71

Entry Temperature  Catalyst Catalyst Time Solvent Yield (%)?

(°C) (%) (h) (E/Z)
1° 40 Grubbs | 5 12 CH.Cl, 2 (1/0)
2° 85 Grubbs | 5 36 DCE 9 (1.7/1)
3 40 Grubbs I 5 12 CH.Cl, 50 (1/5.3)
4° 40 Grubbs | 10 36 CH,Cl, 54 (1.7/1)
5 85 Grubbs | 10 36 DCE 2 (1/0)
6° 40 Grubbs 11 10 12 CH.Cl, 90 (1/5)
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*The yields are of isolated products. "Concentration of 2-60 was 0.002M. Concentration of 2-60
was 0.004M.

We applied these optimized RCM reaction conditions (Table 2.3 entry 3, table 2.4 entry 6 for
2-71) to various dibromotriene substrates and obtained diene macrocycles that served as cyclic
enyne precursors in good to high yields (Figure 2.3). The reaction scope involves all carbon
diene rings (2-71, 2-72), a cyclic monoether (2-74), cyclic diethers (2-70, 2-75, 2-76) and a
cyclic sulfonamide (2-73). Tetrasubstituted vic-dibromoalkenes thus served as excellent
protected alkyne groups since the cyclization yields were high and each reaction went smoothly
providing only the ene-ene RCM product. The methodology was not limited to formation of
medium rings. 19-membered 2-76 and 16-membered 2-75 were synthesized successfully in 65%

and 87% yields respectively (Figure 2.3).

Br o Br COzMe Br CO2Me
| | | CO,Me | CO,Me
Br Br
> | MeO,C T MeO,C

COzMe COzMe

2-70 2-71 2-72

69% (E/Z =2.5/1) 90% (E/Z = 1/5) 86% (2)
Br COzMe Br COzMe

Br o
| CO.Me | CO,Me | /I
\/Br\} Br Br
TN & O O\/\/\2

2-73 2-74 2-75 2-76
93% (E/Z =11T) 80% (E) 87% (E/Z=1/1) 65% (E/Z = 2.5/1)

Figure 2.3. Protected cyclic enynes synthesized by RCM reactions
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Although the Z-geometry is favored for the formation of small and medium alkene rings,
stereoselective synthesis of large rings by metathesis is challenging. Recently, detailed
investigations on the preparation and applications of stereoselective macrocyclic RCM catalysts
were conducted by the Grubbs* and Hoveyda* research groups. Studies showed that traditional
metathesis catalysts (e.g. Grubbs I, Grubbs Il and Grubbs Il1) lack kinetic selectivity and the
corresponding E/Z ratios are determined by the relative stabilities of the macrocyclic isomers.
Therefore; the stereochemical outcome is affected by the ring size and/or substitution
patterns.*®*! RCM reactions of dibromotrienes also exhibited similar behavior. While formation
of symmetric 16-membered 2-75 showed no stereoselectivity, smaller ring 13-membered 2-70
and larger ring 19-membered 2-76 were formed with the same E/Z ratio (2.5/1). Moreover, we
observed a pronounced allylic chalcogen effect* in macrocyclic RCM reactions. Under the same
conditions 12-membered all-carbon ring 2-72 and 12-membered monoether ring 2-74 were
synthesized as single isomers, but with complete reversal of stereochemistry. In fact, metathesis
substrates with allyl ether tethers (2-52, 2-53 and 2-58) gave the E macrocyclic isomers as the

single or major isomer (Figure 2.3).

The 'H NMR spectra of rings 2-70 — 2-75 exhibited unexpected diastereotopicity for protons «
and g to the dibromoalkene units. This was attributed to rigidity imposed by the bromine atoms
restricting rotations leading to favored conformations with the geminal methylene protons and
esters located in different environments. Such behavior was not exhibited by the larger and less
strained 19-membered ring 2-76. The Z-isomer of 2-71 was particularly interesting with regard to
the diastereotopicity. The *H NMR displayed two distinct sets of multiplets for the vinyl protons,
suggesting it exists as a mixture of two conformers with planar chirality and interconversion

between the enantiomeric conformers is slow on the NMR time scale.
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The next step was to deprotect macrocyclic dienes (Figure 2.3 2-70 — 2-76) to access enyne
rings. To our delight, inexpensive and easy to handle Zn dust promoted deprotection and the
target cyclic enynes were formed in excellent yields (Scheme 2.15). Conveniently, the
stereoisomeric distributions were not affected during the deprotection reactions and the E/Z

ratios of macrocyclic isomers were maintained.

%)
| 0) 6 equiv Zn dust // m
Br m /
Y. — THF, reflux, 12 h
X n

X, Y = O, NTs, C(CO,Me),

n,m=1-10
2-70 - 276 2-77 - 2-82, 245
MeO,C
o #U2H _co,Me COMe
/ ] y y/ CO,Me
o | e MeO,C
€92 co,Me CO,Me
2.77 278 279
80% (E/Z = 2.5/1) 93% (2) 95% (2)

O
7
COZMe COzMe

W/ [ coMe / Tcome / oi 0
N
Ts” N = (0] N O\/\/\2

2-80 2-81 2-45 2-82
99% (E/Z = 1/7) 92% (E) 91% (E/1Z = 111) 93% (E/Z = 2.5/1)

Scheme 2.15. Synthesis of cyclic enynes by Zn-promoted deprotection reactions

As previously mentioned, enyne rings with allyl and homoallyl moieties cannot be
synthesized by RCM of unprotected acyclic dienynes since the ene-yne RCM reactions are

preferred. Our new synthetic strategy, on the other hand, allows efficient access to those cyclic
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enynes. In addition, our method has proven superior to alkyne protection through Co,(CO)s
complexation. Macrocycle 2-45 and its dicobalt-complexed counterpart 2-46 were formed in
poor yields by RCM reactions of acyclic enynes 2-43 and 2-44 respectively (2-45 was formed in
34% vyield, 2-46 was formed in 14% vyield, Scheme 2.9 and Table 2.1) while the new metathesis

protocol provided 2-45 with a 79% overall yield (Figure 2.3 and Scheme 2.15).

The synthesis of 10-membered cyclic alkynes is challenging. Deslongchamps prepared enyne
2-78 as a mixture of the monomer and the dimer via an intramolecular nucleophilic substitution
reaction.’® This base-promoted intramolecular substitution method formed the Z isomer of 2-78
in a 60% vyield and the more strained, less stable isomer E in a mere 17% yield from the Z and E
acyclic enynes, respectively (Scheme 2.16). Synthesis of cyclic enyne 2-78 was also somewhat
problematic via the elimination method. Diene 2-71 required harsher reaction conditions for the
completion of the deprotectection process. After testing several conditions (details are reported
the in experimental section) we determined that when a THF solution of 2-71 was heated in a
sealed tube at 60 °C for 4 days complete consumption of 2-71 occurred. As a result of this
deprotection reaction only more stable Z isomer of 2-78 was isolated in a 93% yield (total
product yield was 78%) and the less stable E isomer was not detected. Our approach to the
challenging synthesis of this 10-membered enyne was proven to be more versatile then
Deslongchamps’s intramolecular substitution approach. While RCM substrate 2-60 was prepared
in 3 steps and 1 column chromatography purification in a 51% overall yield (Scheme 2.12),
intramolecular substitution reaction substrate Z-2-83 was prepared in 7 steps and 6 column
chromatography purifications in a 17% overall yield and E-2-83 was prepared in 10 steps and 8
column chromatography purifications in a 22% overall yield.**® In addition, our RCM strategy

afforded Z-2-78 in a total of 5 steps with a 36% overall yield while Deslongchamps’s method
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required an 8-step synthesis of the same molecule with a 10% overall yield. This is a simple
example of the advantages achieved by metathesis reactions in ring closing transformations

which avoid the synthesis of substrates with the chain ends functionally differentiated.

M602C COzMe MeOZC COMe
7-10 steps 17-22% K2COs y 2
S .
I THFIDMF, 90°C I
CO;Me Z-2-78 60%
cl CO,Me E-2-78 17% MeOC™ Nco,me
2-83 2-78

Scheme 2.16. Synthesis of E- and Z-2-78 reported by Deslongchamps
2.2.3. Transannular Reactions

As discussed in detail in Chapter 1, there is a wide range of fascinating transannular reactions
in which macrocycles can participate. One of those transformations is transannular coupling
reactions (Chapter 1 section 1.6). In order to demonstrate the utility of the macrocycles prepared
through RCM reactions, a possible transannular Heck coupling® of diene 2-76 was tested
(Scheme 2.17). Unfortunately Pd(0) was more suited to promote elimination of vicinal bromides

as enyne 2-82 was obtained in 80% yield and no coupling product was detected.

o)
A
10% Pd(PPhs),, Et;N

CH5CN, reflux, 6h, 80% o
N
2-76 2-82
(EIZ = 2.5/1) (E/IZ =2.51)

Scheme 2.17. Attempted transannular Heck coupling of 2-76
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Among the macrocycles taking part in polycycle syntheses through transannular reactions the
enyne sub-class is one of the most widely used (Chapter 1 sections 1.4, 1.7 and 1.8)*? so we
shifted our focus to testing the transannular reactions of our synthesized novel enyne rings.
Platinum-catalyzed intramolecular cyclopropanations of acyclic allyl propargyl ethers**** has
extensively been investigated. In addition, this organometallic reaction was applied in a
transannular fashion using 1,5-enyne rings with exocyclic alkoxy substituents at the propargylic
positions by the Malacria research group (Chapter 1 scheme 1.8).?* Inspired by these reported
examples we subjected macrocycles 2-81 and 2-82 to Pt(ll)-catalyzed, ligand-free,
cyclopropanation reactions and tricyclic enol ethers 2-84 and 2-85 were successfully synthesized

in good yields (Scheme 2.18).

0
COZMe /O
10% PtClI :
/  |>coMe % PICly o\, i
toluene, 80 °C, 3 h, 97% 0 . H
O |
(¢
2-81 2-84
o
Vi
10% PtCl,
(@) +
toluene, 80 °C, 4 h, 54%
x>
2-82 2-85 2-86
(E/Z =2.5/1) (dr=2.5/1) not observed

Scheme 2.18. Pt-catalyzed transannular cyclopropanations of 2-81 and 2-82
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Detailed experimental’®***> and theoretical’® studies revealed that Pt-catalyzed
cyclopropanations are regio- and diastereoselective. We observed similar selectivities in the
synthesis of 2-84 and 2-85. Inferring from previous investigations we propose the reaction
mechanism illustrated in Scheme 2.19. Transannular cycloisomerization involves an initial 1,2-
hydride shift in the enyne-Pt complex A leading to allylic platinacarbene C through oxonium

44,4546

intermediate B. Stereospecific cyclopropanation of carbene C affords the polycycle 2-84.

Formation of the vinyl carbene is facilitated by delocalization of lone pair electrons from the f-

heteroatom, 22457946

As expected, Pt-catalyzed reaction of E-enyne 2-81 produced a single
diastereomer 2-84 and the heteroatom effect dictated the regioselectivity. The stereoisomeric
ratio of 2-82 was preserved in the cycloisomerization due to the stereospecific cyclopropanation
step (formation of product from intermediate C in Scheme 2.19) and NMR spectra of polycycle

2-85 confirmed that formation of the 3,4-dihydropyran ring was preferred over formation of the

tetrahydrofuran moiety (Schem 2.18 structure 2.86).

COzMe MeOzC
10% P(Cl, P
/| coMe MeO,C" \,, 1=H
toluene, 80 °C, 3 h, 97% N
O |
0
2-81 2-84
PtCl, ‘
MeO,C
Me02C 2 COZMe
H CO,Me
— =T om
NS RN
O X
®©
A B c

Scheme 2.19. Proposed mechanism of Pt-catalyzed transannular cyclopropanations
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2.3. Conclusions

In conclusion, a new strategy to access macrocyclic enynes was developed. A variety of RCM
reaction substrates with dibromoalkene units was prepared by simple base-promoted substitution
reactions under mild conditions. Vic-dibromo tetrasubstituted alkenes served as excellent
protected alkyne groups and (E)-dibromotrienes selectively went through successful ene-ene
RCM reactions leading to diene rings. Novel macrocyclic enynes with various ring sizes and
substitution patterns were prepared in excellent yields by facile Zn-promoted deprotection
reactions. Several advantages brought about by utilizing this metathesis methodology were
demonstrated. In comparison to classical Sy2 ring closing processes, cyclic enynes were obtained
in a more step-economic and efficient manner by avoiding introduction of differentiated chain-
end functionality into the substrates. This alkyne protection tactic employed for RCM reactions
was proven superior to traditional alkyne protection methods such as by Co,(CO)s complexation.
Ene-ene RCM reactions in the presence of vic-dibromo tetrasubstituted alkenes tolerated high
temperatures, various functional groups and did not demand high catalyst loadings. The utility of
macrocyclic enynes was illustrated by highly stereo- and regioselective Pt(ll)-catalyzed
transannular cyclopropanations. We believe our new approach to cyclic enyne synthesis provides
a modern and versatile entry to both alkyne protection chemistry and ring closing metathesis

applications.
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2.4. Experimental
General Procedures

All commercial compounds were used as received unless otherwise stated. DCM and Et;N
were purified by distillation over CaH,. THF, Et,O and toluene were distilled prior to use from
sodium-benzophenone ketyl. All reactions were carried out in flame-dried glassware under a N,
atmosphere, unless otherwise stated. Metathesis catalysts (Materia Inc.) were stored in a
glovebox and used as received. Column chromatography was performed using silica gel (Davisil,
40-63 micron) and reagent grade solvents without deactivation, unless noted. NMR spectra were
recorded on a Bruker ARX-400 instrument and calibrated to the solvent signal (CDCl3 6 = 7.26
ppm for 'H NMR, & = 77.0 ppm for *C NMR, C¢Dg 8 = 7.16 ppm for *H NMR, & = 128.0 ppm
for 3C NMR). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), p
(pentet), m (multiplet), or b (broadened). IR spectra were recorded on a Jasco FTIR-4100
spectrophotometer with an ATR attachment and selected signals are reported in cm™. Mass
spectra were recorded on a Thermo Fisher Scientific Exactive Plus with lonSense ID-CUBE

Direct Analysis in Real Time (DART) ion source.
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Hex-5-en-1-yl 4-methylbenzenesulfonate (2-42)

TsCI (5.2 g, 27.5 mmol) was added portionwise to a stirred and ice-cooled solution of hex-5-
en-1-ol (3 mL, 25 mmol), DMAP (0.06 g, 0.50 mmol) and Et3N (4.5 mL, 32.5 mmol) in DCM
(55 mL). The mixture was stirred for 1 h at 0 °C and 12 h at room temperature. After completion,
the reaction solution was diluted with DCM, washed with brine and dried over MgSO,. The
solution was filtered through silica gel and concentrated in vacuo to give 6.25 g (98% yield) of

the known*’ colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 7.78 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 5.71
(ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 4.98-4.92 (m, 2H), 4.02 (t, J = 6.4 Hz, 2H), 2.44 (s, 3H), 2.03-

1.97 (m, 2H), 1.68-1.61 (m, 2H), 1.44-1.37 (m, 2H).

NN
/Q o

o~ ~F
1,4-bis(hex-5-en-1-yloxy)but-2-yne (2-43)

A flame-dried flask was charged with NaH (314 mg, 7.86 mmol, 60% w/w dispersion in
mineral oil) and dry DMF (5 mL) under a N, atmosphere. The suspension was cooled to 0 °C and
a solution of but-2-yne-1,4-diol (0.23 g, 2.62 mmol) in dry DMF (5 mL) was added dropwise.
The mixture was stirred for 45 min at 0 °C prior to the addition of 2-42 (2.0 g, 7.86 mmol) in 3
mL dry DMF. The reaction solution was allowed to stir at 90 °C overnight. Upon completion,

water was added and the crude mixture was extracted with DCM. The combined organic layers
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were washed with water, brine, and dried over MgSO,. Solvent was removed in vacuo.

Chromatography with 9:1 hexanes:EtOAc afforded 0.59 g (90% yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) 5: 5.80 (ddt, J = 17.0, 10.2, 6.8 Hz, 2H), 5.00 (bdd, J = 17.0,
1.8 Hz, 2H), 4.94 (bdd, J = 10.4, 0.8 Hz, 2H), 4.17 (s, 4H), 3.50 (t, J = 6.5, 4H), 2.07 (bg, J = 7.2

Hz, 4H), 1.64-1.57 (m, 4H), 1.40-1.42 (m, 4H);
13C NMR (100 MHz, CDCls, ppm) 8: 138.5, 114.4, 82.2, 69.9, 58.2, 33.4, 28.8, 25.3;
IR (neat ATR): 3324, 2930, 2855, 1640, 1541, 1438, 1348, 1118, 1103, 1084, 992, 908;

HRMS (DART): calcd [M-H]" 251.20056, found 251.19978.

(OC)ecfig;/\o/\/\/\

o~ F
[(Co2(CO)s)-(-52, #>-HC=C(CH,);0CH2C=CCH,O(CH,);C=CH] (2-44)

To a solution of 2-43 (0.58 g, 2.32 mmol) in DCM (30 mL) Co,(CO)s (0.87 g, 2.55 mmol)
was added. The mixture was stirred at room temperature for 12 h. The solvent was removed in

vacuo. Chromatography with 15:1 hexanes/EtOAc afforded 1.17 g (94% vyield) of a red oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.85-5.75 (m, 2H), 5.00 (d, J = 17.2 Hz, 2H), 4.94 (d, J =
10.0 Hz, 2H), 4.61 (s, 4H), 3.59 (t, J = 6.0 Hz, 4H), 2.07 (bg, J = 6.8 Hz, 4H), 1.63 (bp, J = 7.0

Hz, 4H), 1.48 (bp, J = 7.0 Hz, 4H);

3C NMR (100 MHz, C¢Ds, ppm) &: 199.8 (CO), 138.5, 114.4, 92.8 (Co-C=C-Co), 70.73, 70.63,

33.4,29.1, 25.3;

IR (neat ATR): 2940, 2861, 2092, 2049, 2007, 1644, 1435, 1338, 1100, 992, 909;
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HRMS (DART): calcd [M-O(CH,)4C=CH]" 436.94763, found 436.94687.

o

Synthesis of 1,6-dioxacyclohexadec-11-en-3-yne (2-45) via Metathesis of 2-43

2-43 (0.106 g, 0.423 mmol) was reacted with Grubbs’ 1* generation catalyst (17 mg, 0.05
mmol) in DCM at 40 °C for 12 h and chromatography with 9:1 hexanes/EtOAc afforded 32 mg
of a colorless oil (34% NMR yield, E/Z ratio 1/1.2). After chromatography 14 mg of the Z isomer
was isolated together with 49 mg of 1,4-bis(hex-5-en-1-yloxy)but-2-yne (46% recovery) as one
fraction and a mixture of E and Z isomers (18 mg E/Z = 4/1) as another fraction. The reaction

also formed a mixture of unidentifiable possible oligomeric metathesis products.

'H NMR (400 MHz, CDCls, ppm) 8: (E) 5.48-5.42 (m, 2H), 4.17 (s, 4H), 3.56 (t, J = 7.2 Hz,
4H), 2.08-2.04 (m, 4H), 1.67 (p, J = 7.2 Hz, 4H), 1.53-1.44 (m, 4H); (Z) 5.40-5.30 (m, 2H), 4.18

(s, 4H), 3.60 (t, J = 6.4 Hz, 4H), 2.16-2.10 (m, 4H), 1.66 (p, J = 6.2 Hz, 4H), 1.53-1.44 (m, 4H);

13C NMR (100 MHz, CDCls, ppm) &: (E) 130.6, 82.6, 70.3, 58.08, 31.6, 28.3, 24.9; (Z) 129.8,

82.5,68.2,58.1, 27.7, 25.5, 25.3;
IR (neat ATR): 2929, 2854, 1442, 1348, 1267, 1102, 970;

HRMS (DART): calcd [M+H]* 223.16926, found 223.16897.
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Complex 2-46

A flame-dried round bottom flask was charged with Grubbs’ 1*' generation catalyst (34 mg,
0.04 mmol) under N,. A solution of starting 2-45 (1.16 g, 2.06 mmol) in dry DCM (200 mL) was
added into the flask and the resultant solution was stirred overnight at room temperature. The
solvent was removed in vacuo and the product was isolated as a mixture with unreacted starting
material after column chromatography with 20:1 Petroleum ether/Et,O. Yield was determined by
'H NMR (130 mg, 12%). After a second column chromatography fractions containing only

product were combined and concentrated for characterization.

'H NMR (400 MHz, CDCls, ppm) &: 5.42 (bt, J = 4.4 Hz, 2H), 4.70 (s, 4H), 3.64 (t, J = 6.0 Hz,

4H), 2.06 (bq, J = 6.4 Hz, 4H), 1.64 (bp, J = 6.2 Hz, 4H), 1.51-1.46 (m, 4H);
3C NMR (100 MHz, CsDs, ppm) &: 129.9, 93.2 (Co-C=C-Co), 71.1, 70.1, 28.5, 26.29, 25.98;
IR (neat ATR): 2937, 2857, 2092, 2050, 2017, 1609, 1431, 1342, 1099, 842

HRMS (DART): calcd [M+H]* 509.00514, found 509.00306.
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Br
= Br

OH
(E)-2,3-dibromobut-2-ene-1,4-diol (2-49)

But-2-yne-1,4-diol (2.30 g, 26.54 mmol) was dissolved in water (50 mL) and cooled to 0 °C.
Bromine (1.8 mL, 35.03 mmol) was added dropwise. The resultant light yellow solution was
stirred at 0 °C for 30 min and for an additional 90 min at room temperature. The reaction was
quenched with a small amount of saturated Na,S,03 solution and neutralized by addition of 1 M
NaOH. After extraction with ethyl acetate the combined organic layers were dried over MgSQy,
filtered through silica gel and the solvent was evaporated in vacuo. Removal of the solvent under

vacuum afforded 5.94 g (91% vyield) of the known*® white solid.

'H NMR (400 MHz, CDCls, ppm) &: 4.54 (s, 4H), 2.00 (bs, 2H);

'H NMR (400 MHz, (CDs),SO, ppm) &: 5.48 (t, J = 6.0 Hz, 2H), 4.28 (d, J = 6.0 Hz, 4H);
13C NMR (100 MHz, (CD3),SO, ppm) 8: 123.2, 65.8;

IR (neat ATR): 3226, 1440, 1361, 1245 1061, 1010, 999.
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(E)-1,4-bis(allyloxy)-2,3-dibromobut-2-ene (2-50)

2-49 (3.0 g, 12.2 mmol) was dissolved in a H,O/DMSO mixture (5 mL/20 mL) and cooled to
0 °C. Potassium hydroxide (1.70 g, 30.5 mmol) was added prior to dropwise addition of allyl
bromide (2.6 mL, 30.5 mmol). The solution was warmed to room temperature and stirred for 16
h. The reaction mixture was diluted with water and extracted with DCM. The organic extracts
were washed with brine, dried over MgSO, and the solvent was removed in vacuo. Column

chromatography with 9:1 petroleum ether/Et,0 afforded 2.5 g (64% yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.94 (ddt, J = 17.4, 10.2, 5.8 Hz, 2H), 5.33 (ddt, J = 17.2,
1.6, 1.6 Hz, 2H), 5.23 (ddt, J = 10.4, 1.6, 1.2 Hz, 2H), 4.46 (s, 4H), 4.01 (ddd, J = 5.8, 1.4, 1.4

Hz, 4H);
3C NMR (100 MHz, CDCls, ppm) &: 133.9, 121.8, 117.8, 73.1, 70.9;
IR (neat ATR): 2919, 2855, 1439, 1349, 1270, 1085, 991, 923;

HRMS (DART): calcd [M+H]* 326.94128, found 326.93997.
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(E)-4-(allyloxy)-2,3-dibromobut-2-en-1-ol (2-51)

2-49 (0.42 g, 1.72 mmol) was dissolved in a H,O/DMSO mixture (1 mL/2 mL) and cooled to
0 °C. Potassium hydroxide (0.97 g, 1.72 mmol) was added prior to dropwise addition of allyl
bromide (0.10 mL, 0.69 mmol). The solution was warmed to room temperature and stirred for 1
h. The reaction mixture was diluted with water and extracted with DCM. The organic extracts
were washed with brine, dried over MgSO, and the solvent was removed in vacuo. Column

chromatography with 3:1 hexanes/EtOAc afforded 0.13 g (65% vyield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.93 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.33 (ddt, J = 17.2,
1.6, 1.6 Hz, 1H), 5.23 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 4.56 (s, 2H), 4.43 (s, 2H), 4.02 (ddd, J =

5.8, 1.4, 1.4 Hz, 2H), 2.01 (bs, 1H);
13C NMR (100 MHz, CDCls, ppm) &: 133.8, 123.9, 120.1, 117.9, 73.1, 70.9, 67.2;
IR (neat ATR): 3338, 2915, 2858, 1440, 1351, 1245, 1080, 1063, 1008, 926;

HRMS (DART): calcd [M+H]* 286.90998, found 286.90898.
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(E)-6-((4-(allyloxy)-2,3-dibromobut-2-en-1-yl)oxy)hex-1-ene (2-52)

2-51 (0.73 g, 2.56 mmol) was dissolved in a H,O/DMSO mixture (5 mL/20 mL) and cooled
to 0 °C. Potassium hydroxide (0.20 g, 3.34 mmol) was added prior to addition of 2-42 (2.0 g,
7.70 mmol). The solution was heated to 70 °C and stirred for 5 h. The reaction mixture was
diluted with water and extracted with DCM. Organic extracts were washed with brine, dried over
MgSO, and the solvent was removed in vacuo. Column chromatography with 9:1

hexanes/EtOAc afforded 0.57 g (61% vyield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.94 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.80 (ddt, J = 17.0,
10.2, 6.8 Hz, 1H), 5.33 (ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 5.23 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 5.00
(ddt, J = 17.2, 2.0, 1.6 Hz, 1H), 4.95 (ddt, J = 10.0, 2.0, 1.2 Hz, 1H), 4.47 (s, 2H), 4.45 (s. 2H),
4.01 (ddd, J = 5.8, 1.4, 1.4 Hz, 2H), 3.46 (t, J = 6.4 Hz, 2H), 2.11-2.05 (m, 2H), 1.66-1.59 (m,

2H), 1.52-1.44 (m, 2H);

3C NMR (100 MHz, CDCls, ppm) &: 138.5, 133.9, 122.2, 121.5, 117.8, 114.5, 73.8, 73.1, 70.9,

69.9, 33.4, 28.9, 25.3;
IR (neat ATR): 2922, 2855, 1648, 1590, 1540, 1341, 1287, 1162, 1120, 1080, 918;

HRMS (DART): calcd [M+H]" 368.98823, found 368.98757.
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Br

10-bromodecan-1-ol

Concentrated HBr (1.2 mL, 6.88 mmol, 48% w/w (9 M) in H,O) was added to a mixture of
decane-1,10-diol (1.0 g, 5.74 mmol) in toluene (15 mL). The resultant biphasic mixture was
refluxed for 48 h. After completion the reaction mixture was diluted with ether and the layers
were separated. The organic phase was washed with 1 M NaOH and brine, dried over MgSO,
and the solvent was removed in vacuo. Chromatography with 1:1 hexanes/Et,0 gave 1.1 g (82%

yield) of the known™ colorless oil.

'H NMR (400 MHz, CDCls, ppm) 5: 3.64 (t, J = 6.8 Hz, 2H), 3.40 (t, J = 6.8 Hz, 2H), 1.85 (p, J

= 7.2 Hz, 2H), 1.59-1.52 (m, 2H), 1.43-1.25 (m, 12H);

13C NMR (100 MHz, CDCls, ppm) 8: 62.9, 33.9, 32.72, 32.68, 29.6, 29.25, 29.24, 28.36, 28.0,

25.6.
HO\/\/\/\/\/\|
10-iododecan-1-ol

Sodium iodide (2.5 g, 16.40 mmol) was added to a solution of 10-bromodecan-1-ol (1.1 g,
4.68 mmol) in dry acetone (25 mL) and the solution was refluxed overnight. The reaction
mixture was diluted with H,O and extracted with EtOAc. The combined organic layers were
washed with 1% Na,S,03 solution and brine, dried over MgSO, and concentrated in vacuo.

Chromatography with 4:1 hexanes/Et,O afforded 1.26 g (95% vield) of the known®® white solid.
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'H NMR (400 MHz, CDCl3, ppm) &: 3.64 (t, J = 6.8 Hz, 2H), 3.18 (t, = 7.2 Hz, 2H), 1.81 (p, J

= 7.2 Hz, 2H), 1.59-1.52 (m, 2H), 1.39-1.29 (m, 12H);

3C NMR (100 MHz, CDCls, ppm) d: 62.9, 33.4,32.7,30.4, 29.37, 29.26, 29.22, 28.4, 25.6, 7.2.
HOL A~~~ F

Dodec-11-en-1-ol

Cul (0.4 g, 2.11 mmol) was added into a flame-dried flask and flashed with N,. Anhydrous
THF (5 mL) was added and the suspension was cooled to -40 °C. Vinylmagnesium bromide (6.3
mL, 6.33 mmol, 1 M) was added and the reaction was stirred for 15 min at -40 °C. Then, HMPA
(0.7 mL, 4.22 mmol), triethyl phosphite (0.7 mL, 4.22 mmol), and 10-iododecan-1-ol (0.6 g, 2.11
mmol, dissolved in 5 mL THF) were added consecutively and the mixture was stirred for 1 h at -
40 °C and for 2 h at room temperature. Saturated NH4CIl was added to quench the reaction and
the crude product was extracted with EtOAc, washed with brine, dried over MgSO, and
concentrated in vacuo. Chromatography with 1:1 hexanes/Et,O afforded 0.375 g (96% yield) of

the known®! colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.81 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 4.9 (ddt, J = 17.0,
2.2, 1.6 Hz, 1H), 4.92 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 3.63 (t, J = 6.6 Hz, 2H), 2.06-2.00 (m,

2H), 1.60-1.53 (m, 2H), 1.41-1.28 (m, 14H).
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Dodec-11-en-1-yl 4-methylbenzenesulfonate (2-53)

TsCl (0.45 g, 2.37 mmol) was added portionwise to a stirred and ice-cooled solution of
dodec-11-en-1-ol (0.36 g, 1.97 mmol), DMAP (5 mg, 0.04 mmol) and EtsN (0.6 mL, 3.95 mmol)
in DCM (15 mL). The mixture was stirred for 1 h at 0 °C and 8 h at room temperature. After
completion, the reaction solution was diluted with DCM, washed with brine, dried over MgSO,
and concentrated in vacuo. Chromatography with 4:1 hexanes/EtOAc gave 0.57 g (85% vyield) of

the known>? colorless crystalline solid.

'H NMR (400 MHz, CDCls, ppm) &: 7.78 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 5.81
(ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 4.98 (ddt, J = 17.0, 2.2, 1.6 Hz, 1H), 4.92 (ddt, J = 10.0, 2.0,
1.2 Hz, 1H), 4.01 (t, J = 6.6 Hz, 2H), 2.44 (s, 3H), 2.06-2.00 (m, 2H), 1.66-1.59 (m, 2H), 1.38-

1.21 (m, 14H).

B
r o/\/

|
O~ NF
(E)-12-((4-(allyloxy)-2,3-dibromobut-2-en-1-yl)oxy)dodec-1-ene (2-54)

2-51 (1.16 g, 4.04 mmol) was dissolved in a H,O/DMSO mixture (8 mL/32 mL) and cooled
to 0 °C. Potassium hydroxide (0.3 g, 5.05 mmol) was added prior to addition of 2-53 (0.57 g,
1.68 mmol). The solution was heated to 70 °C and stirred for 16 h. The reaction mixture was

diluted with water and extracted with DCM. The organic extracts were washed with brine, dried
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over MgSO, and the solvent was removed in vacuo. Column chromatography with 9:1

hexanes/EtOAc afforded 0.40 g (53% yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) 8: 5.94 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.81 (ddt, J = 17.2,
10.4, 6.8 Hz, 1H), 5.33 (ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 5.23 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 4.98
(ddt, J = 17.0, 2.2, 1.6 Hz, 1H), 4.92 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 4.47 (s, 2H), 4.45 (s, 2H),
4.01 (ddd, J = 5.8, 1.4, 1.4 Hz, 2H), 3.44 (t, J = 6.6 Hz, 2H), 2.06-2.00 (m, 2H), 1.63-1.57 (m,

2H), 1.36-1.27 (m, 14H);

3C NMR (100 MHz, CDCls, ppm) &: 139.1, 133.9, 122.3, 121.5, 117.8, 114.0, 73.8, 73.2, 70.8,

70.2, 33.7, 29.51, 29.45, 29.43, 29.37, 29.32, 29.0, 28.8, 26.0;
IR (neat ATR): 2924, 2854, 1644, 1465, 1264, 1104, 992, 910;

HRMS (DART): calcd [M+H]* 453.08214, found 453.08115.

O~F

Br
= Br

O/\/\/\
(E)-6-((2,3-dibromo-4-(hex-5-en-1-yloxy)but-2-en-1-yl)oxy)hex-1-ene (2-55)

2-49 (0.97 g, 3.93 mmol) was dissolved in a H,O/DMSO mixture (2 mL/8 mL) and cooled to
0 °C. Potassium hydroxide (0.44 g, 7.86 mmol) was added prior to addition of 2-42 (2.50 g, 9.83
mmol). The solution was heated to 70 °C and stirred for 5 h. The reaction mixture was diluted
with water and extracted with DCM. The organic extracts were washed with brine, dried over
MgSO, and the solvent was removed in vacuo. Column chromatography with 9:1

hexanes/EtOAc afforded 0.64 g (40% vyield) of a colorless oil.
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'H NMR (400 MHz, CDCl3, ppm) 8: 5.80 (ddt, J = 17.2, 10.4, 6.8 Hz, 2H), 5.01 (ddt, J = 17.2,
2.0, 1.6 Hz, 2H), 4.95 (ddt, J = 10.0, 2.0, 1.2 Hz, 2H), 4.45 (s, 4H), 3.45 (t, J = 6.4 Hz, 4H),

2.11-2.05 (m, 4H), 1.66-1.59 (m, 4H), 1.52-1.44 (m, 4H);
13C NMR (100 MHz, CDCls, ppm) 8: 138.5, 122.0, 114.4, 73.9, 69.8, 33.3, 28.9, 25.3;
IR (neat ATR): 2933, 2858, 1640, 1105, 993, 908;

HRMS (DART): calcd [M+H]* 411.03519, found 411.03375.

K\

o

Br
= Br

Br
(E)-1-(allyloxy)-2,3,4-tribromobut-2-ene (2-56)

Phosphorus tribromide (0.1 mL, 1.63 mmol) was slowly added to a solution of 2-51 (0.82 g,
2.90 mmol) and pyridine (0.04 mL, 0.52 mmol) in Et,O (4 mL) at 0 °C. The solution was stirred
at 0 °C for 30 min then refluxed for 4 h. After cooling, the reaction was quenched with water and
the aqueous layer was extracted with ether. The combined organic extracts were washed with
saturated NaHCO3 and brine, dried over MgSO, and concentrated in vacuo. Chromatography

with petroleum ether afforded 0.79 g (78% vyield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.93 (ddt, J = 17.2, 10.4, 5.8 Hz, 1H), 5.33 (ddt, J = 17.2,
1.6, 1.6 Hz, 1H), 5.24 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 4.48 (s, 2H), 4.41 (s, 2H), 4.00 (ddd, J =

5.8, 1.4,1.4 Hz, 2H),

13C NMR (100 MHz, CDCls, ppm) &: 133.8, 124.2, 119.2, 118.1, 73.2, 71.1, 37.3;

78



IR (neat ATR): 3076, 2981, 2916, 2856, 1645, 1511, 1423, 1214, 1101, 988, 927, 873;

HRMS (DART): calcd [M+H]" 346.82763, found 346.82592.

Dimethyl 2-allylmalonate

Dimethyl malonate (1.0 mL, 8.74 mmol) was added dropwise to a suspension of NaH (350
mg, 8.74 mmol, 60% w/w dispersion in mineral oil) in THF (30 mL) at 0 °C. The mixture was
stirred for 30 min at this temperature then 3-bromoprop-1-ene (0.6 mL, 7.30 mmol) was added
slowly. The reaction mixture was refluxed overnight and was then quenched with H,O. The
heterogeneous mixture was diluted with ether and the organic layer was washed with water and
brine, dried over MgSO, and concentrated in vacuo. Chromatography with 4:1 petroleum

ether/Et,O gave 0.70 g (57% yield) of the known® colorless oil.

'H NMR (400 MHz, CDCls, ppm) 8: 5.76 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 5.12 (ddt, J = 17.2,
1.6, 1.4 Hz, 1H), 5.06 (dd, J = 10.4, 1.2 Hz, 1H), 3.73 (s, 6H), 3.46 (t, J = 7.6 Hz, 1H), 2.67-2.63

(m, 2H).
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Dimethyl 2-(but-3-en-1-yl)malonate

Dimethyl malonate (2.0 mL, 17.73 mmol) was added dropwise to a suspension of NaH (710
mg, 17.73 mmol, 60% w/w dispersion in mineral oil) in THF (50 mL) at 0 °C. The mixture was
stirred for 30 min at this temperature then tetrabutylammonium iodide (TBAI) (1.6 g, 4.43
mmol) and 4-bromobut-1-ene (1.5 mL, 14.78 mmol) were added. The reaction mixture was
refluxed overnight and then quenched with H,O. The heterogeneous mixture was diluted with
ether and the organic layer was washed with water and brine, dried over MgSO, and
concentrated in vacuo. Chromatography with 9:1 hexanes/EtOAc gave 1.9 g (70% yield) of the

known®>? colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.75 (ddt, J = 16.8, 10.4, 6.6 Hz, 1H), 5.06-4.99 (m, 2H),

3.73 (s, 6H), 3.39 (t, J = 7.4 Hz, 1H), 2.12-2.06 (m, 2H), 2.04-1.98 (m, 2H).

Dimethyl 2-(pent-4-en-1-yl)malonate

Dimethyl malonate (1.2 mL, 10.13 mmol) was added dropwise to a suspension of NaH (400
mg, 10.13 mmol, 60% w/w dispersion in mineral oil) in DMF (20 mL) at 0 °C. The mixture was

stirred for 30 min at this temperature then 5-bromopent-1-ene (1 mL, 8.44 mmol) was added
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slowly. The reaction mixture was allowed to stir overnight at room temperature and then diluted
with H,O. The crude product was extracted with Et,O and the combined organic layers were
washed with water and brine, dried over MgSO, and concentrated in vacuo. Chromatography

with 4:1 petroleum ether/Et,O gave 0.93 g (55% yield) of known> colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.77 (ddt, J = 17.2, 10.4, 6.8 Hz, 1H), 5.01 (ddt, J = 17.0,
1.8, 1.6 Hz, 1H), 4.96 (ddt, J = 10.2, 1.8, 1.2 Hz, 1H), 3.73 (s, 6H), 3.36 (t, J = 7.6 Hz, 1H),

2.11-2.05 (m, 2H), 1.94-1.88 (m, 2H), 1.45-1.37 (m, 2H).

_O O Br
/O = O\/\
B
o) r
AN

Dimethyl (E)-2-(4-(allyloxy)-2,3-dibromobut-2-en-1-yl)-2-(but-3-en-1-yl)malonate (2-57)

A solution of dimethyl 2-(but-3-en-1-yl)malonate (256 mg, 1.37 mmol) in DMF (2 mL) was
added dropwise to a suspension of NaH (55 mg, 1.37 mmol, 60% w/w dispersion in mineral oil)
in DMF (3 mL) at 0 °C. The mixture was stirred for 30 min at this temperature then 2-56 (400
mg, 1.45 mmol, in 5 mL DMF) was added slowly. The reaction mixture was allowed to stir for
24 h at room temperature and was then quenched with H,O. The crude product was extracted
with Et,0 and the combined organic layers were washed with water and brine, dried over MgSQO,
and concentrated in vacuo. Chromatography with 4:1 petroleum ether/EtO, gave 494 mg (95%

yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.92 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.83-5.71 (m, 1H),

5.32 (ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 5.21 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 5.04 (bdd, J = 17.0,
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1.2 Hz, 1H), 4.97 (bdd, J = 10.0, 1.6 Hz, 1H), 4.44 (s, 2H), 3.97 (ddd, J = 6.0, 1.6, 1.2 Hz, 2H),

3.75 (s, 6H), 3.59 (s, 2H), 2.06 (bs, 2H), 2.05 (bs, 2H);

13C NMR (100 MHz, CDCl3, ppm) &: 170.9, 137.2, 134.0, 123.3, 119.2, 117.9, 115.2, 73.5, 70.7,

56.8, 52.7,42.8, 31.2, 28.8;
IR (neat ATR): 2951, 1732, 1433, 1274, 1198, 1073, 915, 867;

HRMS (DART): calcd [M+H]* 454.98863, found 454.98575.

Dimethyl (E)-2-(4-(allyloxy)-2,3-dibromobut-2-en-1-yl)-2-(pent-4-en-1-yl)malonate (2-58)

A solution of dimethyl 2-(pent-4-en-1-yl)malonate (0.52 g, 2.61 mmol) in DMF (3 mL) was
added dropwise to a suspension of NaH (105 mg, 2.61 mmol, 60% w/w dispersion in mineral oil)
in DMF (7 mL) at 0 °C. The mixture was stirred for 30 min at this temperature then 2-56 (0.76 g,
2.18 mmol, in 10 mL DMF) was added slowly. The reaction mixture was allowed to stir for 24 h
at room temperature and was then quenched with H,O. The crude product was extracted with
Et,O and combined organic layers were washed with water and brine, dried over MgSQO, and
concentrated in vacuo. Chromatography with 4:1 petroleum ether/EtO, gave 0.80 g (79% yield)

of a colorless oil.

'H NMR (500 MHz, CDCls, ppm) &: 5.91 (ddt, J = 17.2, 10.2, 5.5 Hz, 1H), 5.76 (ddt, J = 17.0,

10.0, 6.7 Hz, 1H), 5.32 (ddt, J = 17.2, 1.5, 1.5 Hz, 1H), 5.21 (ddt, J = 10.5, 1.5, 1.5 Hz, 1H), 4.99
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(ddt, J = 17.0, 2.0, 1.5 Hz, 1H), 4.95-4.93 (m, 1H), 4.43 (s, 2H), 3.97 (ddd, J = 5.5, 1.5, 1.5 Hz,

2H), 3.74 (s, 6H), 3.56 (s, 2H), 2.07-2.03 (m, 2H), 1.96-1.93 (m, 2H), 1.39-1.33 (M, 2H);

3C NMR (100 MHz, CDCls, ppm) 8:171.0, 137.9, 134.0, 123.2, 119.3, 117.9, 115.0, 73.5, 70.7,

57.1,52.7, 42.8, 33.7, 31.6, 23.9;
IR (neat ATR):2951, 2857, 1732, 1434, 1232, 1197, 1180, 1085, 993, 915;
HRMS (DART): calcd [M+H]* 469.00428, found 469.00341.

Br

Br.
= Br

Br
(E)-1,2,3,4-tetrabromobut-2-ene (2-59)

Phosphorus tribromide (0.6 mL, 6.50 mmol) was slowly added to a solution of 2-49 (2 g, 8.13
mmol) and pyridine (0.1 mL, 1.46 mmol) in Et,O (10 mL) at O °C. The solution was stirred at 0
°C for 30 min then refluxed for 4 h. After cooling, the reaction was quenched with water and the
aqueous layer was extracted with ether. The combined organic extracts were washed with
saturated NaHCO3 and brine, and dried over MgSO,. The solution was passed through a silica

gel plug and concentrated in vacuo affording 2.07 g (70% yield) of the known®* white solid.
IH NMR (400 MHz, CDCls, ppm) 5: 4.34 (s, 4H);
13C NMR (100 MHz, CDCls, ppm) 3: 121.1, 36.9;

IR (neat ATR): 1417, 1210, 1162, 1082, 894;
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Tetramethyl (E)-6,7-dibromododeca-1,6,11-triene-4,4,9,9-tetracarboxylate (2-60)

A solution of dimethyl 2-allylmalonate (0.46 g, 2.69 mmol) in DMF (3 mL) was added
dropwise to a suspension of NaH (135 mg, 3.36 mmol, 60% w/w dispersion in mineral oil) in
DMF (10 mL) at 0 °C. The mixture was stirred for 30 min at this temperature then 2-59 (0.5 g,
1.35 mmol) was added slowly. The reaction mixture was allowed to stir for 24 h at room
temperature and was then quenched with H,O. The crude product was extracted with Et,O and
the combined organic layers were washed with water and brine, dried over MgSO, and
concentrated in vacuo. Chromatography with 4:1 petroleum ether/Et,O gave 0.59 g (80% vyield)

of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 5.83 (ddt, J = 16.8, 10.0, 7.4 Hz, 2H), 5.13-5.07 (m, 4H),

3.72 (s, 12 H), 3.58 (s, 4H), 2.70 (bd, J = 7.2 Hz, 4H);
3C NMR (100 MHz, CDCls, ppm) &: 170.4, 132.5, 120.2, 119.1, 57.6, 52.5, 43.1, 36.7;
IR (neat ATR): 2947, 1734, 1429, 1285, 1194, 1157, 1052, 937, 850;

HRMS (DART): calcd [M+H]* 555.00467, found 555.00370.
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Tetramethyl (E)-7,8-dibromotetradeca-1,7,13-triene-5,5,10,10-tetracarboxylate (2-61)

A solution of dimethyl 2-(but-3-en-1-yl)malonate (0.40 g, 2.15 mmol) in DMF (3 mL) was
added dropwise to a suspension of NaH (86 mg, 2.15 mmol, 60% w/w dispersion in mineral oil)
in DMF (7 mL) at 0 °C. The mixture was stirred for 30 min at this temperature then 2-59 (0.35 g,
0.93 mmol) was added slowly. The reaction mixture was allowed to stir for 24 hr at room
temperature and was then quenched with H,O. The crude product was extracted with Et,O and
the combined organic layers were washed with water and brine, dried over MgSO, and
concentrated in vacuo. Chromatography with 4:1 hexanes/DCM gave 0.36 g (66% yield) of a

white solid.

'H NMR (400 MHz, C¢Ds, ppm) 3: 5.79 (ddt, J = 17.0, 10.2, 6.4 Hz, 2H), 5.10 (ddt, J = 17.2,
1.6, 1.6 Hz, 2H), 4.94 (ddt, J = 10.2, 1.8, 1.2 Hz, 2H), 3.70 (s, 4H), 3.29 (s, 12H), 2.32-2.28 (m,

4H), 2.20-2.14 (m, 4H);
13C NMR (100 MHz, CDCls, ppm) &: 170.8, 137.1, 120.2, 115.2, 56.8, 52.6, 43.1, 30.9, 28.8;
IR (neat ATR): 2927, 1723, 1434, 1292, 1248, 1200, 1107, 1046, 914, 876;

HRMS (DART): calcd [M+H]* 583.03597, found 583.03448.
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Dimethyl (E)-2-allyl-2-(2,3,4-tribromobut-2-en-1-yl)malonate (2-62)

A solution of dimethyl 2-allylmalonate (0.42 g, 2.42 mmol) in DMF (4 mL) was added
dropwise to a suspension of NaH (126 mg, 3.16 mmol, 60% w/w dispersion in mineral oil) in
DMF (10 mL) at 0 °C. The mixture was stirred for 30 min at this temperature then 2-59 (1.2 g,
3.16 mmol) was added slowly. The reaction mixture was allowed to stir overnight at room
temperature and was then quenched with H,O. The crude product was extracted with Et,O and
the combined organic layers were washed with water and brine, dried over MgSO, and
concentrated in vacuo. Chromatography with 9:1 petroleum ether/Et,O gave 0.73 g (65% vyield)

of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.79 (ddt, J = 17.0, 10.2, 7.2 Hz, 1H), 5.14-5.08 (m, 2H),

4.45 (s, 2H), 3.73 (s, 6H), 3.51 (s, 2H), 2.71 (bd, J = 7.2 Hz, 2H);

3C NMR (100 MHz, CDCls, ppm) &: 170.2, 132.2, 121.6, 120.3, 119.5, 57.7, 52.6, 42.7, 37.7,

37.0;
IR (neat ATR): 2954, 1729, 1433, 1290, 1201, 914, 875;

HRMS (DART): calcd [M+H]* 462.85728, found 462.85641.
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Dimethyl (E)-2-(but-3-en-1-yl)-2-(2,3,4-tribromobut-2-en-1-yl)malonate (2-63)

A solution of dimethyl 2-(but-3-en-1-yl)malonate (0.35 g, 1.86 mmol) in DMF (3 mL) was
added dropwise to a suspension of NaH (100 mg, 2.42 mmol, 60% w/w dispersion in mineral oil)
in DMF (10 mL) at 0 °C. The mixture was stirred for 30 min at this temperature then 2-59 (0.90
g, 2.42 mmol) was added slowly. The reaction mixture was allowed to stir for overnight at room
temperature and was then quenched with H,O. The crude product was extracted with Et,O and
combined organic layers were washed with water and brine, dried over MgSO, and concentrated
in vacuo. Chromatography with 9:1 petroleum ether/Et,O gave 0.47 g (54% yield) of a colorless

oil.

'H NMR (400 MHz, C¢Ds, ppm) 3: 5.69 (ddt, J = 17.0, 10.2, 6.4 Hz, 1H), 5.03 (ddt, J = 17.2,
1.6, 1.6 Hz, 1H), 4.89 (ddt, J = 10.4, 1.6, 1.4 Hz, 1H), 3.84 (s, 2H), 3.51 (s, 2H), 3.27 (s, 6H),

2.25-2.21 (m, 2H), 2.14-2.07 (m, 2H);

3C NMR (100 MHz, CDCls, ppm) &: 170.6, 136.9, 121.7, 120.4, 115.2, 57.0, 52.7, 42.7, 37.7,

31.2,28.7;
IR (neat ATR): 2921, 2847, 1732, 1515, 1457, 1439, 1281, 1242, 1225, 1177, 1040, 1000, 804;

HRMS (DART): calcd [M+H]" 476.87293, found 476.87076.

87



N-(but-3-en-1-yl)-4-methylbenzenesulfonamide

4-pbromobut-1-ene (1.1 mL, 9.85 mmol) added into a suspension of K,COs3 (2.47 g, 17.9
mmol) and tosylamide (1.53 g, 8.95 mmol) in acetone (9 mL). The reaction was refluxed
overnight. After quenching with saturated NH4ClI, the crude product was extracted with Et,0,
washed with brine, dried over MgSO, and concentrated in vacuo. Chromatography with 4:1

hexanes/EtOAc affored 1.12 g (59% yield) of the known® colorless oil.

IH NMR (400 MHz, CDCls, ppm) &: 7.73 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 5.66-
5.56 (m, 1H), 5.05-4.99 (m, 2H), 4.59 (bt, J = 5.2 Hz, 1H), 3.02-2.97 (m, 2H), 2.41 (s, 3H), 2.21-

2.16 (M, 2H).

Dimethyl (E)-2-allyl-2-(2,3-dibromo-4-((N-(but-3-en-1-yl)-4-

methylphenyl)sulfonamido)but-2-en-1-yl)malonate (2-64)

A solution of dimethyl 2-62 (0.63 g, 1.36 mmol) in acetone (6 mL) added into a suspension of

K2COj3 (342 mg, 2.47 mmol) and N-(but-3-en-1-yl)-4-methylbenzenesulfonamide (280 mg, 1.24
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mmol) in acetone (6 mL). The reaction was refluxed for 24 h. After quenching with saturated
NH.CI, the crude product was extracted with DCM, washed with brine, dried over MgSO, and
concentrated in vacuo. Chromatography with 3:1 petroleum ether/Et,O afforded 574 mg (77%

yield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 7.71 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 5.88-
5.77 (m, 1H), 5.65 (ddt, J = 17.2, 10.0, 6.8 Hz, 1H), 5.12-4.98 (m, 4H), 4.41 (s, 2H), 3.72 (s,

6H), 3.57 (s, 2H), 3.19-3.15 (m, 2H), 2.68 (d, J = 7.2 Hz, 2H), 2.42 (s, 3H), 2.30-2.25 (m, 2H):

3C NMR (100 MHz, CDCls, ppm) &: 170.3, 143.4, 137.0, 134.3, 132.3, 129.5, 127.3, 122.3,

119.48, 119.30, 117.1, 57.5, 54.6, 52.6, 47.0, 43.1, 36.8, 32.4, 21.4;
IR (neat ATR): 3272, 3076, 1730, 1651, 1544, 1431, 1216, 1202, 1159, 927;

HRMS (DART): calcd [M+H]" 608.01346, found 608.01244.
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(E)-dimethyl-2-(but-3-en-1-yl)-2-(2,3-dibromo-4-(N-(but-3-en-1-yl)-4-methylphenyl

sulfonamido)but-2-en-1-yl)malonate (2-65)

A solution of dimethyl 2-63 (0.44 g, 0.93 mmol) in acetone (5 mL) added into a suspension
of K,COj3 (233 mg, 1.68 mmol) and N-(but-3-en-1-yl)-4-methylbenzenesulfonamide (190 mg,

0.84 mmol) in acetone (5 mL). The reaction was refluxed for 24 h. After quenching with
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saturated NH,CI, the crude product was extracted with DCM, washed with brine, dried over
MgSQO, and concentrated in vacuo. Chromatography with 4:1 hexanes/EtOAc afforded 458 mg

(88% vyield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 7.71 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 5.77-
5.68 (m, 1H), 5.63 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 5.04-4.93 (m, 4H), 4.41 (s, 2H), 3.73 (s,

6H), 3.55 (s, 2H), 3.17-3.14 (m, 2H), 2.42 (s, 3H), 2.28-2.22 (m, 2H), 2.00 (bs, 4H);

3C NMR (100 MHz, CDCls, ppm) 8: 170.6, 143.4, 137.00, 136.94, 134.3, 129.5, 127.3, 122.3,

119.5, 117.1, 115.2, 56.7, 54.6, 52.6, 46.9, 43.0, 32.3, 31.1, 28.7, 21.4,

IR (neat ATR): 3076, 2962, 2930, 1730, 1452, 1431, 1341, 1280, 1200, 1159, 1088, 925, 912,

745, 664;
HRMS (DART): calcd [M+H]" 622.02911, found 622.02847.
General procedure for ring closing metathesis reactions:

A flame-dried round bottom flask equipped with a reflux condenser was charged with
Grubbs’ 1% generation catalyst (0.05 equiv) under N,. The metathesis reaction substrate
dissolved in dry DCM (0.002 M) was added to the flask and the resultant solution was refluxed
overnight. After completion the solvent was removed in vacuo and the product was purified by

column chromatography.
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(3E,13E)-3,4,13,14-tetrabromo-1,6,11,16-tetraoxacycloicosa-3,8,13,18-tetraene (2-67)

According to the General procedure, 2-50 (0.13 g, 0.398 mmol) was reacted with catalyst (16
mg, 0.020 mmol) and chromatography with 4:1 petroleum ether/Et,O afforded 59 mg of a white

solid (50% yield as stereoisomeric mixture).
'H NMR (400 MHz, CDCls, ppm) &: 5.93-5.76 (m, 4H), 4.48-4.44 (m, 8H), 4.07-4.05 (m, 8H);

3C NMR (100 MHz, CDCls, ppm) &: 130.2, 129.9, 129.3, 122.6, 122.35, 122.28, 121.7, 74.0,

73.32,73.23, 71.0, 70.4, 65.23, 65.12;

HRMS (DART): calcd [M+H]* 596.81269, found 596.81086.
Br.
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(3E)-3,4-dibromo-1,6-dioxacyclotrideca-3,8-diene (2-70)

According to the General procedure, 2-52 (0.20 g, 0.543 mmol) was reacted with catalyst (22
mg, 0.027 mmol) and chromatography with 14:1 hexanes/EtOAc afforded 127 mg of a colorless

oil (69% yield, E/Z ratio 2.5/1).

'H NMR (400 MHz, CDCls, ppm) &: (E) 5.74 (dddd, J = 15.0, 9.6, 4.6, 1.2 Hz, 1H), 5.67-5.62
(m, 1H), 4.75 (d, J = 14.2 Hz, 1H), 4.69 (d, J = 13.7 Hz, 1H), 4.45-4.40 (m, 1H), 4.23 (dd, J =
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14.4, 2.4 Hz, 1H), 4.13 (dd, J = 13.6, 2.4 Hz, 1H), 3.83 (dd, J = 13.6, 9.6 Hz, 1H), 3.67-3.55 (m,
2H), 2.27-2.20 (m, 1H), 1.84-1.75 (m, 1H), 1.69-1.44 (m, 4H); (Z) 5.63-5.53 (m, 2H), 4.88 (d, J
= 14.3 Hz, 1H), 4.84 (d, J = 13.6 Hz, 1H), 4.33 (dd, J = 12.4, 8.0 Hz, 1H), 4.12-4.06 (m, 2H),
4.03 (bdd, J = 12.4, 5.6 Hz, 1H), 3.81-3.76 (m, 1H), 3.48-3.42 (m, 1H), 2.14-2.05 (m, 1H), 1.95-

1.86 (m, 1H), 1.69-1.44 (m, 4H);

13C NMR (100 MHz, CDCls, ppm) &: (E) 133.6, 128.1, 124.5, 121.4, 75.6, 74.8, 74.5, 70.5,

31.4,29.3,23.0; (Z) 134.2,125.0, 123.5, 122.5, 74.6, 71.5, 67.5, 63.1, 28.5, 25.4, 23.8;
IR (neat ATR): 2916, 2858, 1734, 1647, 1541, 1445, 1287, 1125, 1078, 1050, 970, 904;

HRMS (DART): calcd [M+H]* 340.95693, found 340.95596.

Tetramethyl (3E)-3,4-dibromocyclodeca-3,8-diene-1,1,6,6-tetracarboxylate (2-71)

According to the General procedure, 2-60 (0.283 g, 0.510 mmol, 0.004 M in 128 mL DCM)
was reacted with Grubbs’ 2" generation catalyst (43 mg, 0.051 mmol) and chromatography with

3:2 hexanes/Et,0 afforded 240 mg of colorless crystals (90% yield, E/Z ratio 1/5).

'H NMR (400 MHz, CDCls, ppm) 5: (E) 6.14-6.05 (m, 2H), 4.38 (d, J = 14.9 Hz, 2H), 3.80 (s,
6H), 3.71 (s, 6H), 3.12 (d, J = 14.8 Hz, 2H), 3.06 (d, J = 13.2 Hz, 2H), 2.47 (ddd, J = 13.2, 7.2,

3.2 Hz, 2H); (Z) 5.90-5.83 (m, 1H), 5.28-5.21 (m, 1H), 4.18 (d, J = 15.3 Hz, 1H), 4.05 (d, J =
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14.6 Hz, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 3.76 (s, 3H), 3.74 (s, 3H), 3.42 (ddd, J = 14.4, 2.2, 1.0

Hz, 1H), 3.27-3.17 (m, 2H), 2.90 (dd, J = 14.8, 12.4 Hz, 1H), 2.60 (bt, J = 14.8 Hz, 2H);

13C NMR (100 MHz, CDCls, ppm) 8: (E) 170.8, 170.6, 126.7, 122.0, 53.17, 52.8, 52.62, 43.5,
38.5; (2) 171.6, 171.5, 170.3, 169.8, 130.4, 125.0, 122.5, 118.7, 55.6, 53.7, 53.3, 53.2, 53.09,

52.69, 43.8, 41.8, 31.7, 30.3;
IR (neat ATR): 2955, 1728, 1428, 1218, 1175, 1059, 855;

HRMS (DART): calcd [M+H]* 526.97337, found 526.97216.

Tetramethyl (3E,92)-3,4-dibromocyclododeca-3,9-diene-1,1,6,6-tetracarboxylate (2-72)

According to the General procedure, 2-61 (0.195 g, 0.334 mmol) was reacted with catalyst
(14 mg, 0.017 mmol) and chromatography with 4:1 hexanes/EtOAc afforded 160 mg of a white

solid (86% yield).

'H NMR (400 MHz, CDCls, ppm) 8: 5.58 (bt, J = 5.1 Hz, 2H), 4.18 (d, J = 15.4 Hz, 2H), 3.77
(s, 6H), 3.74 (s, 6H), 3.33 (d, J = 15.4 Hz, 2H), 2.12 (td, J = 14.4, 5.1 Hz, 2H), 2.03-1.88 (m,

4H), 1.75-1.65 (m, 2H);

3C NMR (100 MHz, CDCls, ppm) &: 171.4, 170.6, 130.0, 121.3, 56.9, 53.07, 52.90, 41.4, 32.1,

21.9;
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IR (neat ATR): 2914, 2850, 2836, 1721, 1648, 1541, 1426, 1375, 1215, 1183,

HRMS (DART): calcd [M+H]" 555.00467, found 555.00302.

Dimethyl (3E)-3,4-dibromo-1-tosylazacyclododeca-3,9-diene-6,6-dicarboxylate (2-73)

According to the General procedure, 2-65 (0.203 g, 0.326 mmol) was reacted with catalyst
(14 mg, 0.016 mmol) and chromatography with 4:1 hexanes/EtOAc afforded 180 mg of a white

solid (93% yield, E/Z ratio 1/7).

'H NMR (400 MHz, CDCls, ppm) 8: (E) 7.68 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 5.63-
5.51 (m, 2H), 4.24-4.14 (m, 3H), 3.76 (s, 3H), 3.73 (s, 3H), 3.62 (ddd, J = 14.8, 5.2, 2.4 Hz, 1H),
3.20 (bd, J = 16.4, 1H), 2.60-2.53 (M, 1H), 2.44-2.34 (m, 2H), 2.34 (s, 3H), 2.20-2.11 (m, 2H),
1.61-1.45 (m, 2H); (Z) 7.70 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 5.54 (ddd, J = 10.8,
10.8, 4.4 Hz, 1H), 5.45 (ddd, J = 10.4, 10.4, 6.4 Hz, 1H), 4.35 (d, J = 16.0 Hz, 1H), 4.32 (d, J =
13.6 Hz, 1H), 4.20 (dd, J = 13.6, 2.8 Hz, 1H), 3.75 (bs, 6H), 3.44 (ddd, J = 14.4, 12.0, 7.2 Hz,
1H), 3.32 (dd, J = 16.0, 2.4 Hz, 1H), 2.68 (ddd, J = 23.2, 11.2, 2.4 Hz, 1H), 2.44-2.34 (m, 2H),

2.43 (s, 3H), 2.20-2.11 (m, 2H), 1.61-1.45 (m, 2H)

3C NMR (100 MHz, CDCls, ppm) &: (Z) 171.4, 169.8, 143.5, 135.4, 132.3, 129.7, 127.2, 126.1,
123.2, 120.2, 57.5, 56.6, 53.2, 53.0, 48.3, 41.0, 32.7, 29.4, 22.3, 21.4 (signals for the E isomer

were not observed in the **C NMR spectrum due to the minute amount in the product mixture);
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IR (neat ATR): 2951, 2922, 2851, 1749, 1597, 1436, 1303, 1266, 1164, 927;

HRMS (DART): calcd [M+H]" 593.99781, found 593.99607.
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Dimethyl (3E,10E)-3,4-dibromooxacyclododeca-3,10-diene-6,6-dicarboxylate (2-74)

According to the General procedure, dimethyl 2-58 (0.185 g, 0.395 mmol) was reacted with
catalyst (16 mg, 0.0197 mmol) and chromatography with 4:1 petroleum ether/Et,O afforded 140

mg of a white solid (80% vyield).

'H NMR (400 MHz, CeDe, ppm) &: 5.69 (dt, J = 15.6, 7.2 Hz, 1H), 5.56 (ddd, J = 15.4, 8.4, 3.6
Hz, 1H), 4.49 (d, J = 3.2 Hz, 1H), 4.45 (d, J = 4.4 Hz, 1H), 4.19 (dd, J = 13.2, 2.4 Hz, 1H), 3.89
(dd, J = 14.4, 2.8 Hz, 1H), 3.43 (dd, J = 13.4, 8.6 Hz, 1H), 3.39 (s, 3H), 3.26 (dd, J = 16.0, 2.4
Hz, 1H), 3.20 (s, 3H), 2.40-2.32 (m, 1H), 1.91 (d, J = 12.4 Hz, 1H), 1.88 (d, J = 13.2 Hz, 1H),

1.48-1.41 (m, 1H), 1.30 (g, J = 12.4 Hz, 1H), 1.25-1.18 (m, 1H);

13C NMR (100 MHz, CDCls, ppm) &: 172.0, 170.3, 133.1, 129.4, 125.9, 117.7, 75.6, 74.4, 56.2,

52.9,40.6, 29.2, 28.5, 23.5;
IR (neat ATR): 2954, 2925, 2857, 1732, 1455, 1432, 1294, 1265, 1240, 1207, 1172, 1056, 974;

HRMS (DART): calcd [M+H]" 440.97298, found 440.97067.
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(3E)-3,4-dibromo-1,6-dioxacyclohexadeca-3,11-diene (2-75)

According to the General procedure, 2-55 (0.20 g, 0.487 mmol) was reacted with catalyst (20
mg, 0.024 mmol) and chromatography with 14:1 hexanes/EtOAc afforded 162 mg of a colorless

oil (87% yield, E/Z ratio 1/1).

'H NMR (400 MHz, CDCls, ppm) 5: 5.45-5.38 (m, 2H), 5.37-5.31 (m, 2H), 4.84 (d, J = 12.5 Hz,
2H), 4.81 (d, J = 11.7 Hz, 2H), 4.14 (d, J = 12.5 Hz, 4H), 3.57-3.49 (m, 8H), 2.14-2.01 (m, 8H),

1.69-1.62 (m, 8H), 1.60-1.51 (m, 4H), 1.48-1.37 (m, 4H);

3C NMR (100 MHz, CDCls, ppm) &: 130.4, 129.8, 122.8, 122.7, 74.6, 74.4, 70.9, 68.7, 31.8,

28.8, 27.8, 25.8, 25.3, 24.7,

IR (neat ATR): 3002, 2969, 2938, 2859, 2359, 2341, 1439, 1365, 1229, 1216, 1124, 1093, 1073,

1010, 970, 913;

HRMS (DART): calcd [M+H]* 383.00389, found 383.00198.
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(3E)-3,4-dibromo-1,6-dioxacyclononadeca-3,8-diene (2-76)

According to the General procedure, 2-54 (0.15 g, 0.332 mmol) was reacted with catalyst (14
mg, 0.017 mmol) and chromatography with 14:1 petroleum ether/Et,O afforded 92 mg of a

colorless oil (65% vyield, E/Z ratio 2.5/1).

'H NMR (400 MHz, CDCls, ppm) &: (E) 5.74 (dt, J = 15.2, 6.8 Hz, 1H), 5.63-5.54 (m, 1H), 4.47
(s, 2H), 4.4 (s, 2H), 3.99 (dd, J = 6.4, 0.8 Hz, 2H), 3.49 (t, J = 6.6 Hz, 2H), 2.13-2.06 (M, 2H),
1.67-1.56 (m, 2H), 1.45-1.37 (m, 4H), 1.29 (bs, 10 H); (Z) 5.63-5.54 (m, 2H), 4.50 (s, 2H), 4.47
(s, 2H), 4.04 (bs, J = 5.2 Hz, 2H), 3.48 (t, J = 6.4 Hz, 2H), 2.13-2.06 (m, 2H), 1.67-1.56 (m, 2H),

1.45-1.37 (m, 4H), 1.29 (bs, 10 H);

3C NMR (100 MHz, CDCls, ppm) &: (E) 136.3, 125.8, 122.51, 122.1, 74.15, 72.3, 70.4, 69.7,
31.3,29.1, 28.2, 27.97, 27.93, 27.6, 27.5, 27.2, 25.4; (Z) 134.4, 125.3, 122.49, 122.3, 74.0, 73.3,

69.4, 65.1, 28.6, 28.1, 27.94, 27.7, 27.4, 26.9, 26.6, 25.2 (1 C peak overlaps);
IR (neat ATR): 2924, 2854, 1454, 1264, 1096, 970;

HRMS (DART): calcd [M+H]" 425.05084, found 425.04955.

General procedure for deprotection:

A flame-dried flask equipped with a reflux condenser was charged with Zn dust (6 equiv) and
flushed with N,. A solution of substrate (0.02 M) in THF was added into the flask and refluxed
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overnight. After completion the resultant reaction suspension was diluted with EtOAc, filtered
through celite and the solvent was removed in vacuo. The product was purified by column

chromatography.
7t
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1,6-dioxacyclotridec-8-en-3-yne (2-77)

According to the General procedure, 2-70 (135 mg, 0.397 mmol) was reacted with Zn dust
(156 mg, 2.38 mmol) and chromatography with 14:1 hexanes/EtOAc afforded 57 mg of a

colorless oil (80% vyield, E/Z ratio 2.5/1).

'H NMR (400 MHz, CDCls, ppm) &: (E) 5.76 (dt, J = 15.2, 6.0 Hz, 1H), 5.67 (dt, J = 15.6, 6.8
Hz, 1H), 4.17 (bt, J = 1.6 Hz, 2H), 4.13 (bt, J = 1.4 Hz, 2H), 4.09 (d, J = 6.0 Hz, 2H), 3.60 (t, J =
7.0 Hz, 2H), 2.10 (bddd, J = 12.0, 6.6, 0.8 Hz, 2H), 1.74 (p, J = 6.8 Hz, 2H), 1.62-1.49 (m, 2H);
(2) 5.79-5.70 (m, 1H), 5.50-5.44 (m, 1H), 4.59 (d, J = 7.6 Hz, 2H), 4.21 (bt, J = 1.6 Hz, 2H),
4.13 (bt, J = 1.4 Hz, 2H), 3.67 (t, J = 5.4 Hz, 2H), 2.19 (dd, J = 15.7, 8.0 Hz, 2H), 1.62-1.49 (m,

4H);

3C NMR (100 MHz, CDCls, ppm) &: (E) 133.4, 128.9, 84.2, 83.0, 73.9, 69.3, 58.9, 58.4, 31.1,

28.3,23.1; (Z) 136.0, 124.5, 84.3, 81.7, 68.3, 62.4, 58.7, 55.5, 28.7, 26.0, 24.9;
IR (neat ATR): 2927, 2851, 1446, 1350, 1240, 1207, 1094, 1079, 971, 898;

HRMS (DART): calcd [M+H]" 181.12231, found 181.12197.
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Tetramethyl (Z)-cyclodec-3-en-8-yne-1,1,6,6-tetracarboxylate (2-78)

According to the General procedure, 2-71 (168 mg, 0.319 mmol) was reacted with Zn dust
(125 mg, 1.915 mmol) at 60°C for 4 days in a sealed vial and chromatography with 3:1
hexanes/EtOAc followed by recrystallization from pentane afforded 91 mg of the known®*

white solid (pure Z isomer 93% vyield, total reaction yield 78%). The E isomer was not observed.

'H NMR (400 MHz, CDCls, ppm) &: 5.45 (t, J = 5.2 Hz, 2H), 3.73 (s, 12 H), 3.08 (bs, 2H), 2.95-

2.45 (m, 6H).
Table 2.5. Conditions tested for deprotection of 2-71
Entry Promoter Solvent  Temperature Time (h) Yield (%) Isomer
(equiv) (°C) Ratio
(E/2)
12 Zn (6) THF 66 12 53 1/18
2 Zn (6) 1,4- 101 72 - -
dioxane
3 Pd(PPh3), MeCN 82 96 - -
(0.10)
4 Zn (6) THF 60 96 78 0/1

#47% of starting material was recovered.
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Tetramethyl (Z)-cyclododec-9-en-3-yne-1,1,6,6-tetracarboxylate (2-79)

According to the General procedure, 2-72 (132 mg, 0.238 mmol) was reacted with Zn dust
(93 mg, 1.43 mmol) and chromatography with 4:1 hexanes/EtOAc afforded 90 mg of a white

solid (95% yield).

'H NMR (400 MHz, C¢Ds, ppm) 8: 5.56-5.48 (m, 2H), 3.19 (s, 12H), 3.01 (s, 4H), 2.41-2.37 (m,

4H), 2.21-2.24 (m, 4H);
3C NMR (100 MHz, CDCls, ppm) &: 170.8, 129.9, 78.4, 55.6, 52.6, 33.5, 23.5, 21.8;
IR (neat ATR): 2956, 2929, 2852, 1728, 1446, 1432, 1268, 1210, 1103, 1083, 1067;

HRMS (DART): calcd [M+H]* 395.17004, found 395.16877.
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Dimethyl 1-tosylazacyclododec-9-en-3-yne-6,6-dicarboxylate (2-80)

According to the General procedure, 2-73 (157 mg, 0.264 mmol) was reacted with Zn dust
(104 mg, 1.58 mmol) and chromatography with 3:1 hexanes/EtOAc afforded 114 mg of a white

solid (99% yield, E/Z ratio 1/7).

'H NMR (400 MHz, CDCls, ppm) 8: (E) 7.67 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 5.61-
5.50 (m, 2H), 3.79 (t, J = 1.6 Hz, 2H), 3.72 (s, 6H), 3.18-3.15 (m, 2H), 2.83 (t, J = 1.7 Hz, 2H),
2.45-2.40 (m, 2H), 2.42 (s, 3H), 2.05-1.93 (m, 4H); (Z) 7.65 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 7.9
Hz, 2H), 5.65 (dt, J = 10.8, 7.6 1H), 5.46 (dt, J = 10.8, 8.4 Hz, 1H), 3.92 (t, J = 1.6 Hz, 2H), 3.71
(s, 6H), 3.09-3.05 (m, 2H), 2.98 (t, J = 1.8 Hz, 2H), 2.56 (dt, J = 8.4, 8.4 Hz, 2H), 2.42 (s, 3H),

2.05-1.93 (m, 4H);

3C NMR (100 MHz, CDCls, ppm) &: (Z) 170.5, 143.6, 135.2, 131.2, 129.8, 127.5, 127.2, 80.7,
77.4,55.5,52.9,49.4, 40.1, 33.9, 29.1, 22.8, 21.5 (2C) (signals at 21.50 ppm and 20.75 ppm can
be observed when the **C NMR spectrum was taken in CsDg) (signals for the E isomer were not

observed in the *C NMR spectrum due to the minute amount in the product mixture);
IR (neat ATR): 2954, 2926, 2857, 1731, 1597, 1435, 1339, 1272, 1159, 1089, 1068, 927,

HRMS (DART): calcd [M+H]* 434.16318, found 434.16176.
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Dimethyl (E)-oxacyclododec-10-en-3-yne-6,6-dicarboxylate (2-81)

According to the General procedure, 2-74 (114 mg, 0.259 mmol) was reacted with Zn dust
(102 mg, 1.55 mmol) and chromatography with 4:1 hexanes/EtOAc afforded 67 mg of a white

solid (92% yield).

'H NMR (400 MHz, C¢Ds, ppm) 3: 5.59 (dt, J = 15.6, 6.4 Hz, 1H), 5.44 (dt, J = 15.6, 7.2 Hz,
1H), 3.87 (t, J = 2.2 Hz, 2H), 3.81 (d, J = 6.4 Hz, 2H), 3.23 (s, 6H), 3.07 (t, J = 2.2 Hz, 2H),

2.38-2.34 (m, 2H), 1.72 (td, J = 6.4, 5.2 Hz, 2H), 1.20-1.13 (m, 2H);

3C NMR (100 MHz, CDCls, ppm) 8: 170.9, 133.1, 130.5, 82.5, 81.3, 74.3, 59.6, 55.6, 52.7,

29.2,29.1, 225, 22.3;
IR (neat ATR): 2950, 2930, 2856, 1728, 1450, 1430, 1297, 1267, 1241, 1202, 1176, 1052;

HRMS (DART): calcd [M]* 280.13053, found 280.12918.

o

1,6-dioxacyclohexadec-11-en-3-yne (2-45)

According to the General procedure, 2-75 (110 mg, 0.288 mmol) was reacted with Zn dust
(113 mg, 1.72 mmol) and chromatography with 9:1 hexanes/EtOAc afforded 58 mg of a

colorless oil (91% yield, E/Z ratio 1/1). For spectral data refer to page 68.
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1,6-dioxacyclononadec-8-en-3-yne (2-82)

According to the General procedure, 2-76 (156 mg, 0.367 mmol) was reacted with Zn dust
(144 mg, 2.21 mmol) and chromatography with 9:1 petroleum ether/Et,O afforded 90 mg of a

colorless oil (93% vyield, E/Z ratio 2.5/1).

'H NMR (400 MHz, CDCls, ppm) 8: (E) 5.72 (dt, J = 15.6, 7.0 Hz, 1H), 5.64-5.48 (m, 1H), 4.18
(t, J = 1.6 Hz, 2H), 4.16 (t, J = 1,6 Hz, 2H), 4.05 (dd, J = 6.4, 0.8 Hz, 2H), 3.55 (t, J = 6.6 Hz,
2H), 2.13-2.07 (m, 2H), 1.62 (p, J = 6.8 Hz, 2H), 1.45-1.36 (m, 4H), 1.30 (bs, 10H); (Z) 5.64-
5.48 (M, 2H), 4.20 (t, J = 1.6 Hz, 2H), 4.18 (t, J = 1.6 Hz, 2H), 4.15-4.13 (m, 2H), 3.54 (t, ] = 6.6

Hz, 2H), 2.13-2.07 (m, 2H), 1.63 (p, J = 6.4 Hz, 2H), 1.45-1.36 (m, 4H), 1.30 (bs, 10H);

3C NMR (100 MHz, CDCls, ppm) &: (E) 136.1, 125.8, 82.76, 82.09, 69.92, 69.89, 58.29, 56.1,
31.2, 28.9, 28.1, 27.98, 27.87, 27.5, 27.3, 26.9, 25.4; (Z) 134.5, 125.3, 82.66, 82.03, 69.5, 64.9,

58.23,57.2, 28.5, 28.3, 27.92, 27.84, 27.7, 27.2, 27.0, 26.7, 25.2,;
IR (neat ATR): 2926, 2853, 1454, 1343, 1260, 1096, 970;

HRMS (DART): calcd [M+H]" 265.21621, found 265.21568.
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Dimethyl-(4aR,4bR,9aS)-4,4a,4b,5,6,7-hexahydrocyclohepta[2,3]cyclopropal1,2-c]pyran-

8,8(9H)-dicarboxylate (2-84)

A flame-dried flask was charged with PtCl, (6 mg, 0.0214 mmol), 2-81 (60 mg, 0.214 mmol)
and toluene (11 mL). The suspension was heated at 80 °C and the reaction was monitored by
TLC. After the complete consumption of starting eneyne (3 h), the solvent was removed in vacuo

and chromatography with 4:1 hexanes/EtOAc afforded 58 mg of a colorless oil (97% yield).

'H NMR (400 MHz, CDCls, ppm) 8: 5.99 (d, J = 6.1 Hz, 1H), 5.04 (d, J = 6.1 Hz, 1H), 4.06 (dd,
J=10.4, 1.2 Hz, 1H), 3.73 (s, 3H), 3.67 (s, 3H), 3.66 (dd, J = 10.4 (no overlap with the peak at
3.67 was observed when'H NMR was taken in C¢Dg), 2.2 Hz, 1H), 2.57 (d, J = 15.6 Hz, 1H),
2.42 (ddd, J = 14.2, 9.8, 4.0 Hz, 1H), 2.09 (ddd, J = 14.5, 9.4, 5.2 Hz, 1H), 1.98 (d, J = 15.6 Hz,
1H), 1.94-1.80 (m, 1H), 1.75 (ddd, J = 14.0, 7.0, 3.8 Hz, 1H), 1.57 (it, J = 14.4, 4.4 Hz, 1H), 1.21

(dt, = 11.2, 5.6 Hz, 1H), 1.10-1.09 (m, 1H), 1.06-0.95 (m, 1H);

3C NMR (100 MHz, CDCls, ppm) &: 173.0, 172.6, 140.1, 109.9, 61.6, 56.9, 52.6, 52.3, 37.8,

34.1,33.1,29.1, 27.9, 23.7, 16.5;
IR (neat ATR): 2992, 2952, 2861, 1729, 1637, 1456, 1433, 1244, 1209, 1171, 1040, 1018, 956;

HRMS (DART): calcd [M+H]" 281.13707, found 281.13707.
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4,5,6,7,8,9,10,11,12,12a,12b,13-dodecahydro-1H,3H-pyrano[4',3":1,3]cyclopropa[1,2-

c][1]oxacyclotetradecine (2-85)

A flame-dried flask was charged with PtCl, (7 mg, 0.0246 mmol), 2-82 (65 mg, 0.246 mmol
E/Z ratio = 2.5/1) and toluene (10 mL). The suspension was heated at 80 °C and the reaction was
monitored by TLC. After the complete consumption of starting eneyne (4 h), the solvent was
removed in vacuo and chromatography with 9:1 hexanes/EtOAc afforded 35 mg of a colorless

oil (54% yield with stereocisomer ratio 2.5/1).

O (Major isomer)

'H NMR (400 MHz, CDCls, ppm) §: 6.13 (d, J = 6.0 Hz, 1H), 5.40 (d, J = 6.0 Hz, 1H), 4.08 (dd,
J=10.4 Hz, 0.8 Hz, 1H), 3.67 (dd, J = 10.4, 2.0 Hz, 1H), 3.54 (d, J = 9.6 Hz, 1H), 3.53-3.33 (m,

2H), 3.15 (d, J = 9.6 Hz, 1H), 1.71-1.14 (m, 18H), 1.06-1.04 (m, 1H), 1.0-0.99 (m, 1H);

3C NMR (100 MHz, CDCls, ppm) &: 140.28, 108.8, 71.5, 69.0, 61.3, 31.0, 28.5, 27.9, 27.48,

27.40, 26.9, 26.6, 25.6, 25.2, 23.9, 22.9, 20.5;
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(Minor isomer)

'H NMR (400 MHz, CDCls, ppm) &: 6.25 (d, J = 6.2 Hz, 1H), 5.11 (d, J = 6.2 Hz, 1H), 4.01-
3.95 (m, 2H), 3.75 (d, J = 9.6 Hz, 1H), 3.53-3.33 (m, 2H), 2.81 (d, J = 9.3 Hz, 1H), 1.71-1.14 (m,

20H);

13C NMR (100 MHz, CDCls, ppm) 8: 140.39, 101.3, 78.3, 71.8, 60.4, 31.4, 29.7, 29.6, 27.51,

27.2,26.7, 26.3, 25.8, 25.4, 22.3, 20.0, 19.0;
For mixture of isomers;
IR (neat ATR): 2921, 2855, 1636, 1458, 1361, 1260, 1239, 1106, 1091, 1082, 1066, 1055, 853;

HRMS (DART): calcd [M+H]* 265.21621, found 265.21512.
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Chapter 3
Transannular [4+2] Cycloaddition Reactions of Dicobalt-Complexed Macrocyclic Dienynes
3.1. Introduction

The Diels-Alder reaction plays a crucial role in synthetic chemistry as one of the most
powerful transformations since its discovery in the 1920s." This highly versatile reaction is used
in the construction of complex organic compounds without scope or functional group limitations
and with high atom economy.? The transannular version of the Diels-Alder reaction has been
employed as an effective synthetic tool for building complex polycyclic scaffolds and provides
the most sophisticated examples of transannular reactions.® Transannular Diels-Alder (TADA)
reactions exhibit unique stereoselective behavior resulting from the combination of
conformational restrictions the macrocyclic substrates possess along with endo-/exo-selectivity
and stereospecificity inherent to Diels-Alder reactions.® The high levels of stereochemical
control delivered by TADA reactions also allow the prediction of facial selectivity in processes
with macrocyclic substrates holding pre-installed stereogenic centers.®** These valuable
synthetic and stereochemical features led to frequent employment of TADA reactions in the total
synthesis of important natural products and pharmaceuticals.> The preparation of the antibiotic
metabolite branimycin (3-3),° the neutral sphingomyelinase (N-SMase) inhibitor macquarimicin
A (3-6)" and the cytotoxic macrolide (+)-superstolide A (3-9)** are selected examples of the
widespread application of TADA reactions in natural product synthesis (Scheme 3.1). A
fascinating fact is that the first Diels-Alderase enzyme purified and characterized plays a key role

in the biosynthesis of spinosyn A, is actually a catalyst for a TADA reaction.®
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Scheme 3.1. Examples of TADA reactions in natural product syntheses

Remarkably, TADA reactions make it possible to build polycyclic structures under mild
conditions and at room temperature® through placement of diene and dienophiles in close
proximity.®® For example the Merlic research group reported palladium(l1)-catalyzed oxidative
couplings of bis(vinylboronate esters) as a highly effective preparation of triene and dienyne
macrocycles (Scheme 3.2).}' Some of the investigated macrocyclizations formed reactive
strained cyclic intermediates (3-11 and 3-14 in Scheme 3.2) that readily underwent proximity-

induced TADA reactions at room temperature (Scheme 3.2).*2 This study not only provided a
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mild and facile entry to macrocycle synthesis, but also opened up a new avenue suggesting

TADA reactivity can be modulated through alteration of substrate structures.

O._ X BPin 0 (0]
PdCl,(PPhs), A
P MeOH, rt, 84% Z
O/\/\Bpln o o)
not observed
3-10 3-11 3-12
"6 _
O/\/\Bpln P
PdCly(PPhs), A
| MeOH, rt, 86% =
. (0]
O X Bpin L O i
not observed
3-13 3-14 315
MeO,C CO,Me
MeO,C CO;Me  PdCly(PPhs), CeDs
MeO,C COsMe -
MeOH, I't, 62% 70 OC, t1/2 =67 min
N =
Bpin  Bpin
MeO,C CO,Me MeO,C CO,Me
3-16 317 3-18

Scheme 3.2. Previous work by the Merlic research group on TADA reactions

In order to gain a deeper insight on the effects of substrate structures on proximity-induced
TADA reactions we collaborated with the Houk research group and conducted a comparative
study using experimental and computational investigations. Macrocyclic dienynes with various
ring sizes were prepared and distortion, tether length and entropy effects on their TADA

reactions were tested.
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Although TADA reactions have been widely investigated, involvement of metals in these
transformations to promote or catalyze them remains poorly established. In this regard, the only
reported examples employing metals are TADA reactions promoted by metalloid Lewis acids in
the synthesis of (+)-maritimol investigated by the Deslongchamps group (Chapter 1 Scheme
1.1)" and enantioselective TADA reactions investigated by the Jacobsen group (Chapter 1
Scheme 1.2).* Transition metal catalyzed or promoted TADA reactions, on the other hand, were

unknown.

Over the years dicobalt-alkyne complexes have been shown to have a wide range of
applications in synthetic chemistry. In addition to operating as protected alkynes and stabilized
propargyl cations,*® dicobalt hexacarbonyl-alkyne complexes participate in several important
cycloaddition reactions.'” In particular, the [2+2+1] cycloaddition leading to cyclopentenones,
known as the Pauson-Khand reaction (PKR), is the most frequently studied.'® Nevertheless,
studies on other cycloaddition reactions of alkyne-{Co,(CQO)¢} complexes, especially the [4+2]
reaction, are rare. Although being an understudied topic, we postulated that [4+2] cycloaddition
reactions of dicobalt complexes would provide structures inaccessible via metal-free Diels-Alder
reactions and would present a unique entry to both organocobalt and macrocycle chemistry. The
details of our investigations on the first transannular [4+2] cycloadditions of macrocyclic alkyne-
{Co02(CO)s} complexes and the advantages of this transformations over metal-free TADA

reactions are discussed in this chapter.
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3.2. Results and Discussion

Previous studies conducted in our laboratories on Pd(Il)-catalyzed synthesis of macrocycles
revealed that strained 12-membered cyclic trienes and dienynes (e.g. 3-11 and 3-14 in Scheme
3.2) are unisolable and they in situ form tricyclic polycycles through room temperature-TADA
reactions. On the other hand, all-carbon 14-membered triene 3-17 was less strained and more
stable than the 12-membered diether analogues; therefore, it did not go through rapid room
temperature-TADA reaction. Tricycle 3-18 was obtained through thermal a TADA reaction of 3-
17 and the half-life of reaction was determined as 67 minutes at 70 °C (Scheme 3.2).}% In
accordance with these results, computational investigations revealed that 12-membered
macrocyles are enthalpically the most favorable structures.!” Moreover, heteroatoms and
alkynyl units contract the 12-membered cyclic substrates increasing the TADA reactivity. The
TADA activation barrier of dienyne 3-11 was computed to be 12.6 kcal/mol while triene 3-14
was found to have an activation barrier of 15.7 kcal/mol under the same conditions.’® As
expected, TADA reaction activation energy of larger ring 3-17 was experimentally determined as

26.1 kcal/mol which was in good agreement with the computed range of 23-28 kcal/mol thus

explaining the lack of reactivity of the 14-membered ring at room temperature.'?’

To explore further the effects of heteroatoms on alkynyl dienophiles on the TADA reactivities
of dienynes we needed to synthesize 14-membered ring 3-23 (Scheme 3.4). However, trials to
prepare triyne 3-21 via classical Sy2 reactions with various nucleophiles and electrophiles failed.
This was most likely due to the tendency of homopropargyl electrophiles to undergo elimination
reactions in the presence of bases and the low reactivity of but-3-yn-1-olate when used as
nucleophile. Therefore, we subjected dicobalt-complexed diol 3-19 to a double Nicholas reaction

(for the mechanism, see Scheme 3.3).2**® The Lewis acid BF; activated formation of propargyl

119



cations that are stabilized by cobalt. Nucleophilic reaction with homopropargyl alcohol afforded

complex 3-20 in 72% vyield (Scheme 3.4)

The resultant complex 3-20 was easily converted to target triyne 3-21 by high-yielding
Ce(NO3)s(NH4)2, (CAN) oxidation/decomplexation (Scheme 3.4). Selective bis-hydroboration
catalyzed by Schwartz’s reagent® resulted in bis(vinylboronate ester) 3-22. Macrocycle 3-23 was
observed to be slightly more reactive than 14-membered 3-17, but not as reactive as 12-
membered dienynes or trienes like 3-11 and 3-14. A 16-hour Pd(Il)-catalyzed macrocyclization
reaction of 3-22 formed macrocycle 3-23 in a 31% yield and TADA reaction tricycle 3-24 in a
33% vyield indicating the facility of the room temperature, proximity-induced TADA reaction of
the 14-membered dienyne. Decreasing the macrocyclization reaction time to 3 hours afforded 3-
23 in a 68% vyield as the sole isolable product. TADA reaction of isolated 3-23 at 21 °C was
monitored by *H-NMR spectroscopy and the reaction half-life was determined to be 27 hours at
this temperature (details are presented in the experimental section). On the other hand, thermal
TADA reaction of 3-23 was complete in 9.5 hours at 50 °C. The experimental TADA activation
barrier was determined to be 27.0 kcal/mol which was in good agreement with the computed

value of 28.0 kcal/mol.*?®

®
Co(CO);  Lewis Co(CO)3 Co(CO Co(CO)3
(0C)sCo Acid (0C)sCo 7 o(CO)s ROH (OC)sCo
3 _— s ® (0C)3Co<o— —_— "
HO OH HO j HO OR
HO

Scheme 3.3. General mechanism of the Nicholas reaction
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(OC)5Co r, CH2CI2 (OC)sCd \/\\ 0 °C, acetone /
4h, 72% Y min, 93% o/w
3-19 3-20 3-21
O~ gpin  10% PdCL,(PPh,),
H-Bpin 10 equiv AcCH,CI
20% Cp,ZrHCI _ 5 equiv K,CO3
reflux, CH,Cl, 0 > X BPin rt MeOH
14 h, 59%
3-22 3-23 3-24
16 h 31% 33%
3h 68% -
o) o)
| | X toluene, 50 °C
Z 9.5 h, 99%
o) t1/2=27hat21 OC o)
3-23 3-24

Scheme 3.4. Preparation and TADA reaction of dienyne 3-23

We then gravitated towards TADA reactions of larger dienyne rings to investigate the effects

of different tether lengths and, in turn, ring sizes on reactivity. Hydroboration of triyne 3-25

produced bis(vinylboronate ester) 3-26 in good yield and Pd(ll)-catalyzed coupling reaction of 3-

26 formed macrocycle 3-27 in 63% vyield (Scheme 3.5). The 15-membered cyclic dienyne was

considerably less reactive than 14-membered dienyne 3-23 as the overnight room temperature

macrocyclization of 3-27 did not yield any of the expected TADA product. In fact, stirring 3-27

at room temperature for 20 days produced tricyclic TADA product 3-28 in a mere 4% yield. A

thermal TADA reaction was more effective as 3-28 was formed quantitatively upon heating 3-27
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at 80 °C for 45 hours (Scheme 3.5). However, this thermal reaction of 3-27 was not as facile as
the reactions of 14-membered macrocycles 3-17 or 3-23. These results were anticipated as in the
15-membered macrocycle it is more conformationally challenging for diene and dienophile units
to approach each other and the TADA product tricycle 3-28 contains a fused medium sized ring

(8-membered) that is relatively more difficult to access with respect to five- and six-membered

counterparts.
@)
N O™ goin 10% PACL(PPhs),
| | H-Bpin N | | 10 equiv AcCqu
20% Cp,ZrHCI 5 equiv K,CO;4
0N 20% Et;N 0" Bpin rt, MeOH
reflux, CH,Cl, 12 h, 63%
7 h, 65%
3-25 3-26
O
(0]
conditions
Il N
o o]
3-27 3-28
CH,Cl,, rt, 20 d 4%
toluene, 80 °C, 45 h 99%

Scheme 3.5. Preparation and TADA reaction of dienyne 3-27

It was evident that as the macrocycle size increases the TADA reactivity decreases, thus we
aimed to discover alternative transannular [4+2] cycloaddition routes for unreactive TADA
substrates. Although studies on [4+2] cycloaddition reactions of alkyne-{Co,(CO)s} complexes
were scarce, there were a few reported examples that encouraged us to explore novel dicobalt-
promoted transannular [4+2] cycloadditions of macrocyclic dienynes. Pauson and Khand

reported intermolecular tandem Diels-Alder/[2+2+1] reactions of a few terminal dicobalt
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hexacarbonyl-complexed alkynes with 1,3-cyclohexadiene in 1978.2* However, none of the in
situ formed Diels-Alder products could be isolated as they rapidly underwent Pauson-Khand
([2+2+1] cycloaddition) reactions affording cyclopentenones. The Iwasawa and Zhang research
groups demonstrated 30 years later intermolecular Diels-Alder reactions with dicobalt complexes
of otherwise inaccessible strained and reactive cyclic alkynes.?? During these investigations it
was unclear whether the [4+2] reaction was indeed activated by the presence of the metal rather
than simply heat since the dicobalt-free dienophiles such as cycloheptyne were unstable and

could not be prepared for control reactions.

Dicobalt hexacarbonyl complex 3-29 was synthesized in 89% yield under mild conditions by
complexation of 3-28 with {Co,(CO)g} and tested for transannular [4+2] reactions (Table 3.1).
We did not observe TADA product 3-28 even after stirring complex 3-29 for 7 days at room
temperature (Table 3.1 entry 1). The rate determining step of a Pauson-Khand reaction (PKR) is
de-coordination of a CO ligand to provide an open coordination site for an incoming alkene. To
facilitate this mechanistic step, various promoters are commonly employed to either oxidize CO
to CO, or to weakly coordinate to the metal center.”® We proposed that promoters might also
activate transannular [4+2] cycloaddition reactions activating the coordination of the diene to the
dienophile complex unit. Promoter/solvent systems commonly used for PKR substrates with
propargylic units were thus selected for screening.?* DMSO/THF and TMTU/toluene systems
were ineffective at room temperature (Table 3.1 entries 2 and 3), but experiments at 80 °C
produced the desired TADA product in 74 and 99% yields, respectively (Table 3.1 entries 4 and
5). The reaction times indicated that the dicobalt-promoted TADA reaction was considerably
more facile than the cobalt-free TADA reaction; while the TADA reaction of metal-ree

macrocycle 3-27 was complete in 45 hours, tricycle 3-28 was obtained in quantitative yield from
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complex 3-29 in only 12 hours at the same temperature (Table 3.1 entry 5 vs Scheme 3.5). An
impressive result was obtained when the cycloaddition reaction was performed with a stronger
promoter. Although metal-free dienyne ring 3-27 was unreactive in a TADA reaction at room
temperature (Scheme 3.5), complex 3-29 formed product 3-28 in 80% vyield in just 30 minutes
when treated with NMO (Table 3.1 entry 6). Increasing the reaction time to 4 hours for complete
consumption of the complex increased the yield to 90% (Table 3.1 entry 7). Acetonitrile solvent,
which was the choice of promoter/solvent in previously reported cycloaddition reactions of
dicobalt complexes,?? did not affect the product yield, but dramatically slowed the reaction

(Table 3.1 entry 8).

Table 3.1. Preparation and transannular [4+2] reactions of complex 3-29

O 1 equiv
Coz(CO ©C) CO
il - r, CHZCI2
12 h, 89% (00)300
o)
3-27 3-29 3-28

Entry Temperature Promoter® Promoter  Time (h) Solvent  Yield (%)

(°C) equiv
1 25 - - 168 CH,CI, 0
2 25 DMSO 6 120 THF 0
3 25 TMTU 0.6 72 toluene 0
4 80 DMSO 6 18 THF 74
5 80 TMTU 0.6 12 toluene 99
6 25 NMO 6 0.5 CH,Cl, 80
7 25 NMO 6 4 CH,Cl, 90
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8 25 NMO 6 21 MeCN 86

®DMSO = Dimethg/l sulfoxide NMO = N-methylmorpholine-N-oxide TMTU = 1,1,3,3-
tetramethylthiourea “Yields are of isolated products. For entries 1-4 unreacted starting material
was recovered as dicobalt complex 3-29 and/or decomplexed dienyne 3-27.

After observing dramatic [4+2] reactivity changes by merely installing a single additional
atom on to substrate rings, we decided to test even larger macrocycles to elucidate the general
trend. 16-membered dienyne ring 3-32 was prepared via hydroboration of 3-30 followed by
Pd(I1)-catalyzed macrocyclization and then subjected to transannular [4+2] reaction conditions
(Scheme 3.6). Metal-free TADA reaction of 3-32 was not effective as tricyclic compound 3-33
was not formed even after heating 3-32 at 70 °C for 24 hours or at 80 °C for 72 hours. When
macrocycle 3-32 was heated in toluene at 120 °C for 72 hours only a trace amount of product
was observed by TLC. Clearly, this larger system no longer benefits from a proximity effect and

lacking diene or dienophile activating groups, no TADA reactions were observed.

gz
e} Z .
~F O~ BPin 10% PACh(PPhy)s
| | H-Bpin 10 equiv AcCH,CI
20% Cp,yZrHCI 5 equiv K,CO3
O/\/\ reflux, CH,Cl, OWBpin rt, MeOH
12 h, 67% 4 h, 58%
3-30 3-31
— 0}
— 0
o conditions
Xy
0}
3-32 3-33

CgDg, 70 °C, 24 h .
THF/6 equiv DMSO, 80 °C, 72 h
toluene, 120 °C, 72 h trace

Scheme 3.6. Preparation and attempted metal-free TADA reaction of dienyne 3-32
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Proximity-induced, metal-free TADA reaction of macrocyclic dienyne 3-32 failed, but we
postulated that the dicobalt complexed ring could undergo successful transannular [4+2]
cycloaddition considering the reactivity improvement detected in the reactions of 15-membered
macrocycle 3-27. Initially, we attempted to prepare dicobalt hexacarbonyl complexed
macrocycle 3-35 through Pd(I1)-catalyzed coupling reaction of complex 3-34 (Table 3.2) in order
to benefit from the pseudo cis alkene structure of {Co,(CO)g}-alkyne unit that could release the
strain in the product ring and force the vinylboronate ester coupling partners in close proximity
during macrocyclization. 3-34 was synthesized in 62% vyield by complexation of
bis(vinylboronate ester) 3-31 (Scheme 3.7). Several intramolecular coupling reaction conditions,
including the conditions that produced macrocycle 3-32 successfully (Scheme 3.6), were tested
but unfortunately target complex 3-35 did not form (Table 3.2). Each trial led to a mixture of
unreacted starting material and unidentifiable decomposition products. This could be caused by
deactivation of palladium catalyst through CO coordination or unwanted CO insertion
reactions.”> A coupling reaction was performed at 0 °C to inhibit the release of CO from the

substrate complex but nevertheless 3-35 was not detected (Table 3.2 entry 6).

O _~_"XBPin 1 equiv Co(CO)s
I Cox(CO)s (OC)3Co< O~ Bpin
rt, CH,Cl, P
/\/\/\ .
/\/\/\ . , 9 O
o = Bpin 5h, 62% Bpin
3-31 3-34

Scheme 3.7. Preparation of complex 3-34
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Table 3.2. Attempted synthesis of complex 3-35 by Pd(l1)-catalyzed macrocyclization

(0C)sCo~°(CO)s

Co(CO)3

- , 10% catalyst O
(OC)3CO\6K/O\/\/\/BP”‘ 10 equiv AcCH,CI @)
_—-
W . H
o Bpin 5 equiv base AN
3-34 3-35

not observed

Entry Tempoeratu re Catalyst Time (h) Solvent Base
1 (2? PdCl,(PPhs), 24 MeOH K,CO3
2 25 PdCI,(PPhs), 12 DMF K,COs
3 25 PdCl,(PPhs), 12 DMF CsF
4 25 PdCl,(PPhs), 19 THF CsF
5 25 PdCl, 48 DMF CsF
6 0 PdCl,(PPhs), 12 MeOH K2CO4

We used the previous strategy to prepare dicobalt complex 3-35 and the complexation
reaction of 3-32 with {Co,(CO)g} afforded the target macrocyclic complex in 93% yield (Table
3.3). Transannular [4+2] cycloaddition reaction conditions were applied on 3-35 and to our
delight tricyclic product 3-33; despite being inaccessible through metal-free thermal TADA
reactions, formed in satisfactory yields (Table 3.3). Dicobalt-promoted reactions were highly
dependent on the promoter/solvent composition. The previously most active promoter NMO was
ineffective at room temperature or at 80 °C (Table 3.3 entries 1 and 2). When heat was used as
the sole promoter product yields were low (Table 3.3 entries 3 and 4). While toluene/TMTU was

found to provide a quantitative conversion of 15-membered cycle 3-27 to tricycle 3-28 (Table
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3.1 entry 5), it failed to promote formation of tricycle 3-33. Higher yields were achieved when
benzene was used as the solvent partner to TMTU (Table 3.3 entry 6). Finally, product 3-33 was

successfully synthesized in an 86% yield with a THF/DMSO system (Table 3.3 entry 7).
Table 3.3. Preparation and transannular [4+2] reactions of complex 3-35

(CO)s

Co
l/\o 1 equiv (OC)3CO\/ (@)
Coy(CO)g 0

o) . .
« ) mCHCl %
24 h, 93% N 0

3-32 3-35 3-33

Entry Temperature Promoter  Promoter  Time (h) Solvent*  Yield (%)°

) equiv

1 25 NMO 6 48 CH,Cl, 14
2 80 NMO 6 48 DCE 17
3 80 - 100 - - 96 toluene 21
4 140 - - 17 (n-Bu),0 25
5 100 TMTU 0.6 24 toluene -

6 70 TMTU 2 12 benzene 51
7 80 DMSO 6 18 THF 86

®DCE = 1,2-dichloroethane. “Yields are of isolated products. For entry 1 unreacted starting
material was recovered as complex 3-35 and decomplexed dienyne 3-32. For entries 2-6
recovered 3-35 and 3-32 were detected together with unidentifiable decomposition products.

Tricyclic products 3-28 and 3-33 were obtained from the cobalt-promoted reactions as single
diastereomers and they were predicted to have cis stereochemistry. *H NMR analysis determined

that thermal metal-free TADA reaction of dienyne 3-27 and transannular [4+2] cycloaddition
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reaction of complex 3-29 formed the same diastereomer. Thus, the stereochemistry of tricylic

products 3-28 and 3-33 from cobalt-promoted reactions were assigned as cis.

We next turned to a transannular cycloaddition reaction of an even larger dienyne ring. 18-
membered macrocycle 3-38 was synthesized from bis(vinylboronate ester) 3-37 in 42% vyield by
Pd(I1)-catalyzed macrocyclization (Scheme 3.8). Like dienyne 3-32, macrocycle 3-38 failed to
undergo a thermal TADA reaction; after heating at 120 °C for 72 hours, no desired tricycle 3-39
was formed. These outcomes correspond well with results of theoretical studies. The TADA
reaction activation energy was calculated to be 37.9 kcal/mol for 16-membered 3-32, a value 10
units higher than the TADA activation barrier of 14-membered 3-23 (28.0 kcal/mol). The barrier

was calculated to be even higher at 41.6 kcal/mol for 18-membered 3-38.*%°

(¢}
\/\/\\\ OWBDIH 10% PdClz(PPh3)2
| | H-Bpin | 10 equiv AcCH,CI
—_— —_—
7 20% Cp,ZrHCI 5 equiv K,CO3
/\/\// X Bpin
(0} reflux, CH,Cl, 0NN rt, MeOH
12 h, 78% 7 h, 42%
3-36 3-37
Y
0] o] o
toluene
_——
[¢]
120°C,72h o
\_/
3-38 3-39

not observed

Scheme 3.8. Preparation and attempted TADA reaction of dienyne 3-38

Dicobalt hexacarbonyl complex 3-40 was prepared by a complexation reaction of 3-38 with
C0,(CO)s and subjected to test experiments for transannular [4+2] reaction with various
promoters (Table 3.4). Even at high temperatures with extensive reaction times (1-14 days), no

product formation was detected. These experiments resulted in mixtures of unreacted complex 3-

129



40 along with unidentifiable decomposition products (Table 3.4 entries 1-5). On the other hand,
when reactive the promoter NMO was utilized together with solvent/promoter MeCN to facilitate
the reaction, dicobalt-free macrocycle 3-38 was recovered quantitatively after 5 hours (Table 3.4
entry 6). The lack of reactivity may be due to steric interference by the extended methylene

chains and thus the increased distortion energy.

Table 3.4. Preparation and attempted transannular [4+2] reactions of complex 3-40

(OC)3Co——Co(CO)3

e\ )
0 o) 1.1 equiv [e)
Coy(CO)s O °
_ =

rt, CH,Cly
12 h, 96% [e]

\_/ \ /

3-38 3-40 3-39

not observed

Entry Temperature Promoter Promoter  Time (d) Solvent

(°C) equiv
1 60 TMTU 0.6 14 toluene
2 90 TMTU 0.6 3 toluene
3 110 TMTU 1.2 1 toluene
4 70 DMSO 6 1 toluene
5 90 DMSO 6 5 toluene
6 70 NMO 6 5h MeCN

Metal-free TADA reaction product 3-24, dicobalt-promoted transannular [4+2] cycloaddition
products 3-28 and 3-33 are polycycles with 1,4-cyclohexadiene moieties, thus aromatization
might be anticipated especially at high temperatures in the presence of oxidants. However,

aromatization products derived from 3-24 and 3-33 were not observed. The aromatized form of
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3-28 was detected by *H NMR only in trials involving cobalt and oxidizing promoters together
with heat. Fortunately, since it is possible to synthesize 3-28 at room temperature (Table 3.1

entries 6-8), aromatization can be avoided.

One reason for the limited number of dicobalt-promoted [4+2] cycloaddition examples
reported in the literature is the high propensity for Pauson Khand reactions to occur.
{Co02(CO)e}-alkyne complexes are known to readily undergo intermolecular PKR with
dienes.?#* Moreover, it was shown that an intramolecular PKR pathway is preferred over
dicobalt-promoted intramolecular [4+2] cycloaddition reactions when acyclic dienyne dicobalt
complexes were treated with promoters.?” In our studies, transannular [4+2] cycloaddition
reactions of dicobalt complexes showed impressive selectivity and none of the possible

transannular PKR products 3-41, 3-42, 3-43 or 3-44 were detected (Scheme 3.9).
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O —_—
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3-35 3-43
not observed

(OC)3Co——Co(CO),

Oﬂ_o 0 O

\_/ [

3-40 3-44
not observed

Scheme 3.9. Possible transannular Pauson-Khand reaction products

This selectivity may be due to conformational effects and a tendency for the intermediate
cobaltocycle D that results from alkene insertion into the dicobalt-alkyne moiety to undergo a
1,3-shift (Scheme 3.10) and subsequent reductive elimination faster than CO insertion/reductive
elimination path (i.e. Pauson-Khand reaction path in Scheme 3.10).2%* Failed attempts to perform
[4+2] cycloaddition reactions with catalytic amounts of {Co0,(CO)g} (details are discussed in
Chapter 4) imply that metal-activated classical concerted Diels-Alder type reactions®® are not

likely to occur. This in turn strengthens the possibility of the proposed stepwise mechanism.
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Scheme 3.10. Proposed general mechanism of dicobalt-promoted [4+2] cycloadditions

Finally, we tested intermolecular versions of dicobalt-promoted [4+2] cycloadditions. For
these control reactions we selected dienes and dienophiles that are not activated with electron-
donating or electron-withdrawing components similar to our TADA reaction substrates. Diels —
Alder reactivities of dienophiles 1,4-dipropoxybut-2-yne (3-45) and 3-hexyne (3-48) were tested
with 2,3-dimethylbuta-1,3-diene (3-46). Expected Diels-Alder adducts 3-47 and 3-49 were not
formed at room temperature and thermal Diels-Alder reactions similarly did not occur (Scheme

3.11).
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9
= . conditions o "
SN
o

3-45 3-46 3-47
not observed

5 equiv 3-46, rt, MeCN, 5 days, (86% 3-45 was recovered)
5 equiv 3-46, 60 °C, MeCN, 24 h, (93% 3-45 was recovered)

diti
/ + I conditions - H;
3-48

3-46 3-49
not observed

5 equiv 3-46, rt, MeCN, 7 days
5 equiv 3-46, 60 °C, MeCN, 64 h

Scheme 3.11. Attempted metal-free intermolecular Diels-Alder reactions of dienophiles 3-

45 and 3-48 with 2,3-dimethylbuta-1,3-diene (3-46)

Dicobalt hexacarbonyl complex 3-50 was prepared and tested for an intermolecular [4+2]
cycloaddition (Table 3.5). Remarkably, the dicobalt complexed version of otherwise Diels-Alder
inactive alkyne 3-45 formed product 3-47 at room temperature in the presence of NMO.
Acetonitrile was found to be a better solvent choice for the reaction (Table 3.5 entry 1 vs entry
2). Following previous reports,?® the equivalents of diene and the concentration of dienophile 3-
50 were increased which led to formation of product in a high yield (Table 3.5 entry 3).
However, use of 30 equivalents of diene was considered as a setback in terms of reaction
generality and efficiency, but use of stoichiometric amounts of diene decreased the yield
considerably (Table 3.5 entry 4). We proposed that NMO-assisted CO decoordination is quite
facile and that decomposition of the alkyne complex through multiple CO decoordinations

occurs faster than coordination of the alkene to the metal center. Fortunately, slow addition of a
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NMO/acetonitrile solution into the reaction and a small increase in diene equivalence afforded

[4+2] product in satisfactory yields (Table 3.5 entries 6-8).

Table 3.5. Preparation and intermolecular [4+2] reaction of complex 3-50

Co(CO

(\O 1 equiv (0C) Co// (O 6 equiv NMO

' Coy(CO)g 3 rt o "
7 rt, CH,Cl o ©

, CH,Cl, o N

o\) 5h, 98% ~ j > <

3-46
3-45 3-50 3-47

Entry Concentration Equivalent Time (h) Solvent Yield (%)
of 3-50 (M) of 3-46

1 0.1 10 12 CH,Cl, 30
2 0.1 10 24 MeCN 60
3 0.2 30 12 MeCN 84
4 0.2 1 24 MeCN 41
5 1.0 5 24 MeCN 62
6 0.2 5 24 MeCN 63
7° 0.2 5 24 MeCN 70
g° 0.2 5 24 MeCN 67

2A solution of NMO was added dropwise over 1 hour. °A solution of NMO was added dropwise
over 5 hours. °A solution of NMO was added dropwise over 14 hours.

Complex 3-51 was also reactive and [4+2] adduct 3-49 was obtained in a 64% yield at room
temperature by using 30 equivalents of diene and the mild promoter MeCN as the solvent. Slow
addition of NMO avoided high loadings of 3-46 and afforded adduct 3-49 successfully in a 61%

yield (Scheme 3.12). To our delight like the transannular analogues, the intermolecular [4+2]
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reactions were chemoselective; a competing Pauson-Khand reaction was not observed from 3-50
and only a trace was detected from 3-51. These results suggest that dicobalt-promoted [4+2]

cycloaddition reactions may be more feasible than previously thought and deserve further

exploration.
1.1 equiv Co(CO); 6 iv NMO
Co,(CO)g <7 MeC
P _ P (OC)Co __MeCN. it
rt, CH,Cly
12 h, 98% > <
3-48 3-51 3-46 3-49

with conditions in Table 3.4 entry 3  64%
with conditions in Table 3.4 entry 7 61%

Scheme 3.12. Preparation and intermolecular [4+2] reaction of complex 3-51

Intermolecular [4+2] reactions of alkyne 3-45 with catalytic amounts of {Co,(CO)g} were
also tested (Table 3.6). The reactions were not effective; in acetonitrile with the reactive
promoter NMO only trace amounts of product were detected (Table 3.6 entries 1-3). As
suggested in the reaction mechanism (Scheme 3.10) regeneration of a dicobalt hexacarbonyl-
alkyne complex may be necessary. Therefore, a catalytic reaction was tested under 1 atm of CO
in the presence of the mild promoter DMSO since NMO was suspected to decompose the
catalyst rapidly before alkyne-dicobalt complexation occurs (Table 3.6 entry 4). However, no
product was observed. Finally, triphenyl phosphine was tested as a substitute ligand for CO
(Table 3.6 entries 5 and 6), but {Co,(CO)e.n(PPh3),}-alkyne complexes were likely to be less
stable and more difficult to access compared to all carbonyl complexes, so the [4+2]-product
could not be obtained through these trials. Bisphosphino ligands can be tested in the future as

potentially more effective alternatives.
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Table 3.6. Attempted catalytic intermolecular [4+2] reaction of 3-45

0
(\ Co,(CO)s, NMO, PPhy N
- )OS
\) MeCN, H O~
0

3-46
3-45 3-47
Entry Concentration Equivalent Equivalents of Temperature Yield (%)
of 3-45 (M) of 3-46  Co0,(CO)s/NMO/PPh3 (°C)
1 2 1 0.1/0.1/- 25 trace
2 2 1 0.1/1/- 25 trace
3 0.5 1 0.1/1/- 40 8
42 0.2 5 01/-/- 25 0
5 0.5 1 0.1/-/1 25 0
6 1 4 0.1/0.1/0.2 25 0

46 equiv DMSO was used. Reaction was carried under 1 atm CO.

In order to investigate the reactivity of terminal alkyne-dicobalt complexes we prepared
complex 3-53 and subjected it to our optimized conditions. Complex 3-53 was highly resistant to
cycloadditions. Even under thermal [4+2] reaction conditions, after 21 hours TLC studies
showed complex 3-53 as the major component in the medium. Interestingly, the test experiments
yielded only small amounts of Pauson-Khand product 3-54 as the sole isolated product (Scheme
3.13, structure was determined by *H-NMR). It was clear that dicobalt hexacarbonyl complexes
of terminal alkynes have different reactivities than internal analogues and demand alternative

approaches for further investigations.
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1 equiv 6 i
Co(CO equiv NMO
Cox(CO)g Ok MeCN
W N — (OC)3CO
rt, CH,Cl, 5 equiv 3-46 H
12 h, 88% H rt, 48 h, 11%
3-52 3-53 50 °C, 21 h, 13%
0
S he
3-54 3-55

not observed

Scheme 3.13. Preparation and attempted intermolecular [4+2] reaction of complex 3-53
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3.3. Conclusions

In conclusion, we demonstrated the first transannular [4+2] cycloaddition reactions of dicobalt
hexacarbonyl alkyne complexes. In addition, the examples presented are the first transition
metal-mediated transannular [4+2]/Diels-Alder reactions. Substrates with 14-, 15-, 16-, and 18-
membered cyclic dienynes were efficiently synthesized via versatile Pd(ll)-catalyzed
macrocyclizations of the corresponding bis(vinylboronate esters). Proximity-induced, thermal
TADA reactions of the macrocyclic dienynes were tested and a direct correlation between ring
size and TADA reactivity was detected. In a cyclic dienyne as the bridge tethers connecting the
diene and dienophile units get longer, the tendency of the molecule to go through a TADA
reaction decreases. Experimental outcomes were in good agreement with the results of
theoretical studies. Dicobalt-promoted transannular reactions were significantly more effective
than the metal-free analogues and the transannular [4+2] cycloaddition product from a 16-
membered dienyne was only accessible by dicobalt-mediated reactions. Cycloadditions of
dicobalt heaxcarbonyl complexes were highly selective; the tricyclic products were obtained as
single diastereomers and competing Pauson-Khand reactions were not observed. Intermolecular
control reactions confirmed the ability to force unactivated dienes and dienophiles to participate
room temperature-[4+2] cycloaddition reactions selectively avoiding the Pauson-Khand reaction
pathway. Overall, this project provided valuable contributions to an almost untouched research
area of organocobalt chemistry and a novel, versatile method to prepare polycyclic structures

under mild conditions.
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3.4. Experimental
General Procedures

All commercial compounds were used as received unless stated otherwise. Dicobalt
octacarbonyl was purchased from Strem Chemicals, Inc. as a solid, stabilized with 1-5 % hexane
and was stored at 0 °C. DCM and Et3N were purified by distillation over CaH,. THF, Et,O and
toluene were distilled prior to use from sodium-benzophenone ketyl. All reactions were carried
out in flame-dried glassware under a nitrogen atmosphere, unless stated otherwise. Column
chromatography was performed using silica gel (Davisil, 40-63 micron) and reagent grade
solvents without deactivation, unless noted. NMR spectra were recorded on a Bruker ARX-400
instrument and calibrated to the solvent signal (CDCl; & = 7.26 ppm for *H NMR, = 77.0 ppm
for *C NMR, CgDg & = 7.16 ppm for "H NMR, & = 128.0 ppm for *C NMR). Multiplicities are
indicated by s (singlet), d (doublet), t (triplet), g (quartet), p (pentet), sextet (sext), m (multiplet),
or b (broadened). IR spectra were recorded on a Jasco FTIR-4100 spectrophotometer with an
ATR attachment and selected signals are reported in cm™. Mass spectra were recorded on a
Thermo Fisher Scientific Exactive Plus with lonSense ID-CUBE Direct Analysis in Real Time

(DART) ion source.
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(OC)scTBCOH
(OC);Co OoH
[(Co2(CO)6)-(H-1%, #*-HOCH,C=CCH,OH)] (3-19)

To a solution of but-2-yne-1,4-diol (0.50 g, 5.81 mmol) in DCM (25 mL) Co,(CO)s (2.20 g,
6.39 mmol) was added. The mixture was stirred at rt for 12 h and solvent was removed in vacuo.

Chromatography with 1:1 hexanes/Et,O afforded 2.14 g (99% yield) of the known?® red crystals.

'H NMR (400 MHz, CDCls, ppm) &: 4.87 (s, 4H), 2.70 (bs, 2H).

(OC)sCo BCO /%
(@]
(OC)4Cd >N

[(Co2(CO)s)-(u-#2, >~ HC=C(CH,),OCH2C=CCH,0(CH,),C=CH] (3-20)

A flame dried round bottom flask was charged with 3-19 (0.46 g, 1.24 mmol) in dry DCM (12
mL) under N; atmosphere. The solution was cooled to 0 °C and BF3-OEt, (0.30 mL, 2.48 mmol)
was added dropwise. The mixture was stirred at 0 °C for 30 min before 3-butyn-1-ol (1 mL,
12.40 mmol) was added dropwise. The reaction mixture was allowed to stir for 1 h at 0 °C and
for 4 h at rt. The solution was diluted with DCM, washed with saturated NaHCOj3 solution and
brine, and dried over MgSO,. Chromatography with 9:1 petroleum ether/Et,O afforded 0.425 g

(72% vyield) of a red oil.

'H NMR (400 MHz, CDCls, ppm) &: 4.70 (s, 4H), 3.74 (t, J = 7 Hz, 4H), 2.51 (td, J = 7.0, 2.8

Hz, 4H), 1.97 (t, J = 2.8 Hz, 2H);
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13C NMR (100 MHz, CDCls, ppm) 8: 91.7 (Co-C=C-Co), 81.0, 71.2, 69.4, 69.0, 19.9 (CO signal

was not observed);
IR (neat ATR): 3310, 2868, 2093, 2049, 2000, 1340, 1095;

HRMS (DART): calcd [M-OCH,CH,C=CH]" 406.90068, found 406.90053.

o
\/\%
l
=
OM

1,4-bis(but-3-ynyloxy)but-2-yne (3-21)

A flame dried round bottom flask was charged with 3-20 (0.41 g, 0.86 mmol) in dry acetone
(12 mL) under N, atmosphere. The solution was cooled to 0 °C and Ce(NO3)s(NH4)2 (2.4 g, 4.30
mmol) was added. The reaction mixture was stirred at 0 °C for 30 min. After warming to rt, the
solution was diluted with diethyl ether, washed with 1M NaOH, saturated NaHCO3 solution and
brine, and dried over MgSQ,. Filtration through a silica gel plug afforded 0.153 g (93% yield) of

a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 4.24 (s, 4H), 3.65 (t, J = 6.8 Hz, 4H), 2.50 (td, J = 6.8, 2.8

Hz, 4H), 1.99 (t, J = 2.8 Hz, 2H);
13C NMR (100 MHz, CDCls, ppm) &: 82.2, 81.0, 69.4, 67.9, 58.4, 19.7;
IR (neat ATR): 3287, 2861, 1351, 1120, 1086, 1013;

HRMS (DART): calcd [M+H]" 191.10666, found 191.10649.
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General Procedure 1: Preparation of bis(vinylboronate esters)

A dry two neck round bottom flask equipped with a reflux condenser was charged with
Cp2ZrHCI (0.20 equiv) under a N, atmosphere. A solution of triyne (1 equiv) in dry DCM was
added at 0 °C forming a suspension with the Cp,ZrHCI. Pinacolborane (4 - 4.5 equiv) was added
dropwise to this suspension. The resultant solution was stirred at 0 °C for 30 min and was
refluxed for overnight. The reaction was quenched with water, diluted with DCM and washed
with brine. After drying with MgSO, the solvent was removed in vacuo. Chromatography with

4:1 petroleum ether/Et,O afforded the product.

o)
N gpin

O/\/\/ BPin

1,4-bis((E)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enyloxy)but-2-yne (3-22)

According to the General Procedure 1 Cp,ZrHCI (0.054 g, 0.21 mmol) reacted with 3-21 (0.2
g, 1.05 mmol) and pinacolborane (0.70 mL, 4.73 mmol) to afford 0.276 g (59% yield) of a

colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 6.61 (dt, J = 18.0, 6.4 Hz, 2H), 5.52 (dt, J = 18.0, 1.6 Hz,

2H), 4.18 (s, 4H), 3.60 (t, J = 6.6 Hz, 4H), 2.46 (tdd, J = 6.6, 6.4, 1.6 Hz, 4H), 1.25 (s, 24H);

3C NMR (100 MHz, CDCls, ppm) &: 150.1, 83.1, 82.3, 68.6, 58.3, 35.8, 24.8 (boron substituted

vinyl carbons absent);
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IR (neat ATR): 2977, 2931, 2857, 1639, 1441, 1389, 1357, 1318, 1142, 1102, 1084, 997, 970,

849;

HRMS (DART): calcd [M+H]" 447.30838, found 447.30665.

\_/

(9E, 11E)-1,6-dioxacyclotetradeca-9,11-diene-3-yne (3-23)

A flame dried round bottom flask was charged with PdCI,(PPhs), (0.02 g, 0.029 mmol) and
flashed with N,. Methanol (145 mL), 3-22 (0.129 g, 0.29 mmol), chloroacetone (0.23 mL, 2.89
mmol) and aqueous K,CO3 (2 M, 0.7 mL, 1.45 mmol) were added and the mixture was allowed
to stir at rt. The reaction was monitored via TLC and after 3 h all starting material was
consumed. The reaction solvent was removed in vacuo and chromatography with 4:1 petroleum

ether/Et,0 afforded 0.038 g (68% yield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) 3: 6.24-6.19 (m, 2H), 5.75-5.65 (m, 2H), 4.11 (s, 4H), 3.60 (t,

J=5.4 Hz, 4H), 2.25 (dt, 7.2, 5.6 Hz, 4H);
13C NMR (100 MHz, CDCls, ppm) &: 134.3, 128.4, 82.6, 71.8, 60.2, 33.5;
IR (neat ATR): 2940, 2918, 2873, 1431, 1351, 1254, 1123, 1095, 1066, 993, 967;

HRMS (DART): calcd [M+H]* 193.12231, found 193.12174.
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(cis)-1,3,4,4a,6a,7,8,10-octahydropyrano[4,3-h]isochromene (3-24)

A flame dried round bottom flask was charged with 3-23 (12 mg, 0.0624 mmol) and toluene
(2 mL). The solution was heated at 50 °C for 9.5 h. TLC and NMR showed complete conversion

and removal of solvent in vacuo gave a quantitative yield of the colorless liquid TADA product.

'H NMR (400 MHz, CDCls, ppm) &: 5.50 (s, 2H), 4.68 (d, J = 12.8 Hz, 2H), 4.02 (ddd, J = 11.4,
4.4, 0.8 Hz, 2H), 3.62-3.56 (m, 4H), 2.80-2.77 (m, 2H), 1.78 (ddt, J = 13.2, 3.6, 2.0 Hz, 2H),

1.63 (dd, J = 12.0, 4.4 Hz, 1H), 1.57 (dd, J = 12.0, 4.4 Hz, 1H):
13C NMR (100 MHz, CDCls, ppm) &: 127.70, 127.67, 68.2, 66.1, 36.4, 35.7;
IR (neat ATR): 2965, 2937, 2916, 2838, 2359, 1138, 1098, 1077, 941, 861, 775;

HRMS (DART): calcd [M+H]* 193.12231, found 193.12182
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NMR conversion study

Compound 3-23 was dissolved in CDClI3, deoxygenated with N, and placed in an NMR tube.
The tube was kept in a mineral oil bath with a stabilized temperature of 21 °C and a ‘H NMR
spectrum was taken each time period shown below in Table 3.6 to monitor conversion of 3-23 to
TADA product 3-24. From In ([A]/[Aq]) vs time plot the slope was found to be -0.0257 h™ and

the t;, was calculated to be 26.97 h (27 h).

Table 3.7. Conversion of 3-23 to TADA product 3-24

Entry Time (h) SM/TADA SM (A) % TADA%  Ln([Al[Al)
1. 0 1/0.01 99.00 1.00 0

2. 2 1/0.06 94.34 5.66 -0.0482
3. 4 1/0.12 89.28 10.72 -0.1033
4. 6 1/0.19 84.03 15.97 -0.1639
5. 8 1/0.25 80.00 20.00 -0.2131
6. 19 1/0.64 60.97 39.03 -0.4847
7. 22 1/0.77 56.50 43.50 -0.5609
8. 255 1/0.94 51.55 48.45 -0.6527
9. 275 1/1.03 49.26 50.74 -0.6980
10. 30.5 1/1.18 45.87 54.13 -0.7993
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Ln ([A)/[Aq]) vs Time Plot

In ([A]/[A,]) vs Time

T T T T T 1
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05 \ —— Linear (Series1)
-0.6

y =-0.0257x- 0.0015
R? =0.9994

07 \
-0.8

-09

Time (h)

OH

O\
4-(prop-2-yn-1-yloxy)but-2-yn-1-ol

To a suspension of KOH (11.60 g, 206.75 mmol) in DMSO (100 mL) were added propargyl
bromide (4.50 mL, 41.25 mmol, 80% w/v in toluene) and but-2-yne-1,4-diol (17.5 g, 206.75
mmol). The mixture was then stirred for 2 h, poured into water, and extracted with DCM. The
aqueous phase was then acidified with aqueous HCI (6 M) and further extracted with DCM. The
combined organic phases were reduced in volume, washed with water, dried with MgSQ,, and
concentrated in vacuo. Chromatography with 3:1 hexanes/EtOAc afforded 3.097 g (60% yield)

of the known° colorless oil.
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'H NMR (400 MHz, CDCl3, ppm) &: 4.32 (s, 2H), 4.30 (s, 2H), 4.25 (d, J = 2.4 Hz, 2H), 2.45 (t,

J=2.4Hz, 1H), 1.77 (bs, 1H).
General Procedure 2: Preparation of 4-methylbenzenesulfonates

TsCI (1.1 equiv) was added portionwise to a stirred and ice-cooled solution of an alcohol (1.0
equiv), DMAP (0.01 equiv) and EtsN (1.3 equiv) in DCM. The mixture was stirred for 1 h at 0
°C and then at rt. Upon completion, the reaction solution was diluted with DCM, washed with
brine, dried over MgSQO, and concentrated in vacuo. The product was purified by column

chromatography with 4:1 Hexanes/EtOAc.

Hex-5-yn-1-yl 4-methylbenzenesulfonate

According to the General Procedure 2, TsCl (10.80 g, 56.64 mmol) was reacted with hex-5-
yn-1-ol (6.4 mL, 51.50 mmol), DMAP (63 mg, 0.515 mmol) and Et3N (9.3 mL, 66.95 mmol) in
DCM. Chromatography with 4:1 hexanes/EtOAc gave 12.08 g (93% yield) of the known*!

colorless oil.

IH NMR (400 MHz, CDCls, ppm) &: 7.78 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.05 (t, J
= 6.4 Hz, 2H), 2.44 (s, 3H), 2.15 (td, J = 6.8, 2.4 Hz, 2H), 1.92 (t, J = 2.6 Hz, 1H), 1.80-1.73 (m,

2H), 1.60-1.51 (m, 2H).
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6-((4-(prop-2-yn-1-yloxy)but-2-yn-1-yl)oxy)hex-1-yne (3-25)

A flame dried flask was charged with NaH (157 mg, 3.92 mmol, 60% w/w dispersion in
mineral oil) and dry DMF (4 mL) under a N, atmosphere. The suspension was cooled to 0 °C and
a solution of 4-(prop-2-yn-1-yloxy)but-2-yn-1-ol (374 mg, 3.01 mmol) in dry DMF (4 mL) was
added dropwise. The mixture was stirred for 45 min at 0 °C prior to the addition of hex-5-yn-1-yl
4-methylbenzenesulfonate (760 mg, 3.01 mmol). The reaction solution was allowed to stir at 85
°C overnight. Upon completion, water was added and the crude mixture was extracted with
DCM. The combined organic layers were washed with water, brine and dried over MgSQO,.
Solvent was removed in vacuo. Chromatography with 4:1 hexanes/EtOAc afforded 496 mg (81%

yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 4.30 (t, J = 1.4 Hz, 2H), 4.25 (d, J = 2.4 Hz, 2H), 4.17 (t, J
= 1.8 Hz, 2H), 3.52 (t, J = 6.2, 2H), 2.44 (t, J = 2.4 Hz, 1H), 2.22 (td, J = 7.0, 2.8 Hz, 2H), 1.94

(t, J = 2.6 Hz, 1H), 1.75-1.68 (m, 2H), 1.65-1.57 (m, 2H);

3C NMR (100 MHz, CDCls, ppm) &: 84.1, 83.2, 81.1, 78.8, 75.0, 69.4, 68.5, 58.1, 56.7, 56.4,

28.4,25.0,18.1;
IR (neat ATR): 3234, 2947, 1432, 1253, 1206, 1066, 1046, 966;

HRMS (DART): calcd [M+H]" 205.12231, found 205.12120.
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4,45,5-tetramethyl-2-((E)-6-((4-(((E)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yDallyl)oxy)but-2-yn-1-yl)oxy)hex-1-en-1-yl)-1,3,2-dioxaborolane (3-26)

Following General Procedure 1 the product was obtained in a 48% yield, so the procedure
was modified; Cp,ZrHCI (0.24 g, 0.92 mmol) reacted with 3-25 (0.94 g, 4.60 mmol),
pinacolborane (3.0 mL, 20.71 mmol) and EtzN (0.13 ml, 0.92 mmol). The reaction was refluxed

for 7 h and afforded 1.38 g (65% yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) 8: 6.65-6.57 (m, 2H), 5.70 (dt, J = 18.0, 1.6 Hz, 1H), 5.42 (dt,
J=18.0 Hz, 1.6 Hz, 1H), 4.19 (t, J = 1.6 Hz, 2H), 4.15 (t, J = 1.6 Hz, 2H), 4.12 (dd, J = 4.8, 1.6
Hz, 2H), 3.47 (t, J = 6.4 Hz, 2H), 2.20-2.14 (m, 2H), 1.63-1.56 (m, 2H), 1.52-1.45 (m, 2H),

1.258 (s, 12H), 1.254 (s, 12H);

3C NMR (100 MHz, CDCls, ppm) &: 154.1, 148.2, 83.3, 82.9, 82.6, 81.9, 71.1, 69.9, 58.2, 57.7,

35.4, 29.0, 24.78, 24.76, 24.71 (boron substituted vinyl carbons absent);
IR (neat ATR):2978, 2934, 2865, 1639, 1350, 1320, 1142, 1121, 997, 970, 848;

HRMS (DART): calcd [M+H]* 461.32403, found 461.32247.
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[

(8E,10E)-1,6-dioxacyclopentadeca-8,10-dien-3-yne (3-27)

A flame dried round bottom flask was charged with PdCI,(PPhs), (45 mg, 0.064 mmol) and
flushed with N,. Methanol (320 mL), 3-26 (0.294 g, 0.64 mmol), chloroacetone (0.50 mL, 6.38
mmol) and aqueous K,CO3 (2 M, 1.6 mL, 3.19 mmol) were added and the mixture was allowed
to stir at rt overnight. Methanol was removed in vacuo and chromatography with 4:1 petroleum

ether/Et,0 afforded 83 mg (63% yield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 6.30 (dd, J = 15.2, 10.0 Hz, 1H), 6.15 (dd, J = 15.2, 10.0
Hz, 1H), 5.86 (dt, J = 15.2, 7.2 Hz, 1H), 5.77 (dt, J = 15.2, 7.6 Hz, 1H), 4.16 (t, J = 1.6 Hz, 2H),
4.13, (t, J = 1.8 Hz, 2H), 4.09 (dd, J = 7.2, 0.4 Hz, 2H), 3.49 (t, J = 8.0 Hz, 2H), 2.18 (td, J = 6.4,

5.6 Hz, 2H), 1.69-1.63 (m, 2H), 1.51-1.45 (m, 2H);

3C NMR (100 MHz, CDCls, ppm) &: 135.2, 134.8, 130.2, 127.6, 84.8, 82.5, 74.1, 69.0, 58.6,

57.9, 33.7, 28.9, 22.4;
IR (neat ATR): 2934, 2857, 1648, 1540, 1357, 1121, 1087, 1041, 997,

HRMS (DART): calcd [M+H]* 207.13796, found 207.13718.
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(OC)3C0\ N

(OC);Co —
o)

Complex 3-29

To a solution of 3-27 (102 mg, 0.495 mmol) in DCM (10 mL) Co,(CO)s (170 mg, 0.495
mmol) was added. The mixture was stirred at rt overnight. The solvent was removed in vacuo.

Chromatography with 19:1 hexanes/EtOAc afforded 217 mg (89% yield) of a red oil.

'H NMR (400 MHz, C¢Dg, ppm) &: 5.92-5.77 (m, 2H), 5.44-5.32 (m, 2H), 4.32 (s, 2H), 4.25 (s,
2H), 3.74 (bd, J = 7.2 Hz, 2H), 3.15 (t, J = 7.2 Hz, 2H), 1.84-1.79 (m, 2H), 1.42-1.38 (m, 2H),

1.12 (bs, 2H);

3C NMR (100 MHz, CgDg, ppm) &: 199.8 (CO), 135.9, 134.5, 131.2, 126.4, 93.8 (Co-C=C-Co),

92.9 (Co-C=C-Co), 70.95, 70.93, 70.0, 67.5, 31.5, 26.5, 22.9;
IR (neat ATR): 3016, 2937, 2857, 2091, 2048, 2004, 1615, 1448, 1353, 1088, 1065, 993;

HRMS (DART): calcd [M+H]* 492.97384, found 492.97159.

152



(cis)-1,3a,5a,6,7,8,9,11-octahydro-3H-oxocino[3,4-e]isobenzofuran (3-28)

A flame dried round bottom flask was charged with complex 3-29 (75 mg, 0.152 mmol) in
DCM (5 mL). NMO (107 mg, 0.914 mmol) dissolved in 3 mL DCM was added slowly. The
solution was stirred at rt and monitored by TLC. After the complete consumption of starting
material (4 h) the reaction mixture was filtered through short silica plug to remove a purple

precipitate. Removal of solvent in vacuo afforded 28 mg (90% yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) 8: 5.77 (bdt, J = 9.6 Hz,1.6, 1H), 5.57 (bd, J = 10.0 Hz, 1H),
451 (d, J = 12.8 Hz, 1H), 4.39 (bd, J = 12.8 Hz, 1H), 4.19 (t, J = 7.2 Hz, 1H), 4.09 (bs, 2H),
3.86-3.80 (m, 1H), 3.41 (ddd, J = 11.2, 8.8, 2.8 Hz, 1H), 3.28 (dd, J = 10.8, 7.2 Hz, 1H), 3.16-

3.06 (m, 2H), 2.51-2.44 (m, 1H), 1.77-1.70 (m, 1H), 1.66-1.56 (m, 2H), 1.52-1.36 (M, 2H):

13C NMR (100 MHz, CDCls, ppm) 8: 137.4, 134.6, 127.4, 121.8, 71.4, 69.3, 68.7, 67.9, 41.0,

38.3, 30.9, 28.9, 22.6;
IR (neat ATR): 3020, 2928, 2852, 1068, 1029, 901, 815, 703;

HRMS (DART): calcd [M+H]* 207.13796, found 207.13717.
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Z 0%

Pent-4-yn-1-yl 4-methylbenzenesulfonate

According to General Procedure 2, TsCl (3.0 g, 15.7 mmol) was reacted with pent-4-yn-1-ol
(2.3 mL, 14.27 mmol), DMAP (17 mg, 0.143 mmol) and Et3N (2.6 mL, 18.55 mmol) in DCM.

Chromatography with 4:1 hexanes/EtOAc gave 3.04 g (90% vield) of the known* colorless oil.

IH NMR (400 MHz, CDCls, ppm) &: 7.79 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 7.6 Hz, 2H), 4.14 (t, J
= 6.0 Hz, 2H), 2.44 (s, 3H), 2.25 (td, J = 6.8, 2.8 Hz, 2H), 1.88 (t, J = 2.8 Hz, 1H), 1.87-1.82 (m,

2H).

OM

O/\/\

1,4-bis(pent-4-ynyloxy)but-2-yne (3-30)

A flame dried flask was charged with NaH (584 mg, 14.6 mmol, 60% w/w dispersion in
mineral oil) and dry DMF (10 mL) under a N, atmosphere. The suspension was cooled to 0 °C
and a solution of but-2-yne-1,4-diol (0.42 g, 4.87 mmol) in dry DMF (10 mL) was added
dropwise. The mixture was stirred for 45 min at 0 °C prior to the addition of pent-4-yn-1-yl 4-
methylbenzenesulfonate (2.9 g, 12.2 mmol in 5 mL dry DMF). The reaction solution was
allowed to stir at 90 °C overnight. Upon completion, water was added and the crude mixture was

extracted with DCM. The combined organic layers were washed with water, brine, and dried

154



over MgSO,. Solvent was removed in vacuo. Chromatography with 9:1 hexanes/EtOAc afforded

0.72 g (68% yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 4.14 (s, 4H), 3.56 (t, J = 6.2 Hz, 4H), 2.25 (td, J = 7.2, 2.8

Hz, 4H), 1.92 (t, J = 2.8 Hz, 2H), 1.80-1.73 (m, 4H);
3C NMR (100 MHz, CDCls, ppm) &: 83.7, 82.3, 68.6, 68.3, 58.4, 28.4, 15.2;
IR (neat ATR): 3289, 2944, 2884, 1435, 1304, 1250, 1103, 1075;

HRMS (DART): calcd [M-H]* 217.12231, found 217.12217.

O~ BPin

OW\Bpin

1,4-bis((E)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-enyloxy)but-2-yne (3-31)

According to General Procedure 1 Cp,ZrHCI (0.22 g, 0.84 mmol) reacted with 3-30 (0.92 g,
4.21 mmol) and pinacolborane (2.5 mL, 16.86 mmol) to afford 1.34 g (67% yield) of a colorless

oil.

'H NMR (400 MHz, CDCls, ppm) &: 6.61 (dt, J = 18.0, 6.4 Hz, 2H), 5.44 (dt, J = 18.0, 1.4 Hz,

2H), 4.16 (s, 4H), 3.49 (t, J = 6.4 Hz, 4H), 2.25-2.19 (m, 4H), 1.75-1.68 (m, 4H), 1.26 (s, 24H);

13C NMR (100 MHz, CDCls, ppm) &: 153.5, 83.0, 82.3, 69.5, 58.3, 32.2, 28.0, 24.8 (boron

substituted vinyl carbons absent);

IR (neat ATR): 2916, 2852, 1638, 1443, 1349, 1139, 1102, 1074, 987, 959, 895, 742,
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HRMS (DART): calcd [M+H]* 475.33968, found 475.33886.

,Z\O

0]

X

(10E, 12E)-1,6-dioxacyclohexadeca-10,12-diene-3-yne (3-32)

A flame dried round bottom flask was charged with PdCl,(PPhs), (0.07 g, 0.098 mmol) and
flushed with N,. Methanol (500 mL), 3-31 (0.465 g, 0.98 mmol), chloroacetone (0.80 mL, 9.80
mmol) and aqueous K,CO3 (2 M, 2.5 mL, 4.9 mmol) were added and the mixture was allowed to
stir at rt for 4 h. Methanol was removed in vacuo and chromatography with 4:1 petroleum

ether/Et,0 afforded 0.125 g (58% yield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) 3: 6.08-6.01 (m, 2H), 5.59-5.48 (m, 2H), 4.10 (s, 4H), 3.49 (t,

J=6.2 Hz, 4H), 2.21-2.16 (m, 4H), 1.73-1.67 (M, 4H);
13C NMR (100 MHz, CDCls, ppm) &: 131.5, 130.7, 82.2, 68.4, 57.9, 29.5, 27.8,
IR (neat ATR): 3014, 2911, 2849, 2360, 1667, 1344, 1133, 1098, 1084, 989, 957;

HRMS (DART): calcd [M+H]* 221.15361, found 221.15314.
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Complex 3-34

To a solution of 3-31 (700 mg, 1.476 mmol) in DCM (5 mL) Co,(CO)s (420 mg, 1.230 mmol)
was added. The mixture was stirred for 5h at rt. The solvent was removed in vacuo.

Chromatography with 9:1 hexanes/EtOAc afforded 580 mg (62% yield) of a red oil.

'H NMR (400 MHz, CDCls, ppm) &: 6.63 (dt, J = 17.6, 6.4 Hz, 2H), 5.45 (d, J = 18.0 Hz, 2H),

4.59 (s, 4H), 3.59 (t, J = 6.4 Hz, 4H), 2.27-2.22 (m, 4H), 1.77-1.70 (M, 4H), 1.26 (s, 24H);

3C NMR (100 MHz, CDCls, ppm) &: 200.2 (CO), 153.7, 117.2 (Co-C=C-Co), 83.0, 70.9, 70.4,

32.2, 28.3, 24.7 (boron substituted vinyl carbons absent).

——Co(CO);

(OC)sCo
%Z_\O

0]

X

Complex 3-35

To a solution of 3-32 (125 mg, 0.567 mmol) in DCM (15 mL) Co,(CO)s (194 mg, 0.567
mmol) was added. The mixture was stirred at rt for 24 h. The solvent was removed in vacuo.

Chromatography with 19:1 hexanes/EtOAc afforded 265 mg (93% yield) of a red oil.

IH NMR (400 MHz, CDCls, ppm) 3: 6.09-6.02 (m, 2H), 5.61-5.54 (m, 2H), 4.61 (s, 4H), 3.57 (t,

J=5.4Hz, 4H), 2.18 (td, J = 6.8, 5.2 Hz, 4H), 1.78-1.73 (m, 4H);
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13C NMR (100 MHz, CDCls, ppm) &: 131.9, 131.5, 92.9 (Co-C=C-Co), 71.5, 70.3, 30.4, 29.3

(CO peak was not observed);
IR (neat ATR): 3020, 2942, 2848, 2090, 2049, 1997, 1627, 1441, 1346, 1095, 988;

HRMS (DART): calcd [M+H]" 506.98949, found 506.98830.

(cis)-1,3,4,5,5a,7a,8,9,10,12-decahydrobenzo[2,1-c:3,4-c']bis(oxepine) (3-33)

A flame dried two necked round bottom flask equipped with a reflux condenser was charged
with complex 3-35 (130 mg, 0.257 mmol) in THF (30 mL). DMSO (0.10 mL, 1.54 mmol) was
added and the solution was refluxed for 18 h. The solvent was removed in vacuo.

Chromatography with 4:1 hexanes/EtOAc afforded 57 mg (86% yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.71(dd, J = 2.8, 1.2 Hz, 2H), 4.31 (d, J = 14.0 Hz, 2H),
4.11 (d, J = 14.4 Hz, 2H), 4.03 (dtd, J = 12.2, 3.4, 1.6 Hz, 2H), 3.21 (td, J = 11.8, 2.0 Hz, 2H),

2.95 (d, J = 10 Hz, 2H), 1.94-1.89 (m, 2H), 1.78-1.60 (M, 4H), 1.16-1.06 (M, 2H);
13C NMR (100 MHz, CDCls, ppm) &: 133.9, 129.9, 71.2, 70.0, 38.0, 37.7, 30.3;
IR (neat ATR): 3022, 2914, 2863, 2053, 1132, 1100, 1070, 895, 740;

HRMS (DART): calcd [M+H]" 221.15361, found 221.15300.
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1,4-bis(hex-5-ynyloxy)but-2-yne (3-36)

A flame dried flask was charged with NaH (648 mg, 16.25 mmol, 60% w/w dispersion in
mineral oil) and dry DMF (20 mL) under N, atmosphere. The suspension was cooled to 0 °C and
a solution of but-2-yne-1,4-diol (467 mg, 5.42 mmol) in dry DMF (10 mL) was added dropwise.
The mixture was stirred for 45 min at 0 °C prior to the addition of hex-5-yn-1-yl 4-
methylbenzenesulfonate (4.10 g, 16.25 mmol in 5 mL dry DMF). The reaction solution was
allowed to stir at 90 °C for 36 h. Upon completion, water was added and the crude mixture was
extracted with DCM. The combined organic layers were washed with water, brine, and dried
over MgSO,. Solvent was removed in vacuo. Chromatography with 4:1 hexanes/EtOAc afforded

1.16 g (87% vyield) of a colorless oil.

'H NMR (400 MHz, CDCl3, ppm) &: 4.17 (s, 4H), 3.52 (t, J = 6.4 Hz, 4H), 2.22 (td, J = 7.0, 2.8

Hz, 4H), 1.94 (t, J = 2.8 Hz, 2H), 1.75-1.67 (m, 4H), 1.65-1.57 (m, 4H);
13C NMR (100 MHz, CDCls, ppm) &: 84.1, 82.2, 69.3, 68.3, 58.2, 28.4, 25.0, 18.0;
IR (neat ATR): 3292, 2939, 2862, 1350, 1137, 1105, 1082, 906;

HRMS (DART): calcd [M+H]" 247.16926, found 247.16907.
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/\/\/\ .
@] Z Bpin

1,4-bis((E)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-enyloxy)but-2-yne (3-37)

According to General Procedure 1 Cp,ZrHCI (0.22 g, 0.84 mmol) reacted with 3-36 (0.92 g,
4.21 mmol) and pinacolborane (2.5 mL, 16.86 mmol) to afford 1.34 g (67% yield) of a colorless

oil.

'H NMR (400 MHz, CDCls, ppm) &: 6.61 (dt, J = 18.0, 6.4 Hz, 2H), 5.44 (dt, J = 18.0, 1.4 Hz,

2H), 4.16 (s, 4H), 3.49 (t, J = 6.4 Hz, 4H), 2.25-2.19 (m, 4H), 1.75-1.68 (m, 4H), 1.26 (s, 24H);

3C NMR (100 MHz, CDCls, ppm) &: 153.5, 83.0, 82.3, 69.5, 58.3, 32.2, 28.0, 24.8 (boron

substituted vinyl carbons absent);
IR (neat ATR): 2916, 2852, 1638, 1443, 1349, 1139, 1102, 1074, 987, 959, 895, 742;

HRMS (DART): calcd [M+H]" 475.33968, found 475.33886.

\ 7/

(11E, 13E)-1,6-dioxacyclooctadeca-11,13-diene-3-yne (3-38)

A flame dried round bottom flask was charged with PdCI,(PPhs), (56 mg, 0.079 mmol) and
flushed with N,. Methanol (600 mL), 3-37 (0.396 g, 0.79 mmol), chloroacetone (0.60 mL, 7.90

mmol) and aqueous K,CO3 (2 M, 2.0 mL, 3.90 mmol) were subsequently added and the mixture
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was allowed to stir at rt for 7 h. Methanol was removed in vacuo and chromatography with 4:1

petroleum ether/Et,O afforded 82 mg (42% vyield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) 3: 6.10-6.03 (m, 2H), 5.61-5.51 (m, 2H), 4.16 (s, 4H), 3.50 (t,

J=7.2 Hz, 4H), 2.13 (dt, J = 6.4, 5.6 Hz, 4H), 1.66 (it, J = 6.8, 6.0 Hz, 4H) 1.56-1.50 (m, 4H);
3C NMR (100 MHz, CDCls, ppm) &: 132.0, 131.0, 82.2, 70.1, 57.9, 31.8, 28.5, 24.2;

IR (neat ATR): 3012, 2931, 2855, 2359, 1443, 1350, 1267, 1207, 1121, 1099, 990, 740;
HRMS (DART): calcd [M+H]* 249.18491, found 249.18450.

(OC)s (CO)s

O o

\_7/

Complex 3-40

To a solution of 3-38 (60 mg, 0.242 mmol) in DCM (10 mL) Co2(CO)s (91 mg, 0.265 mmol)
was added. The mixture was stirred at rt overnight. The solvent was removed in vacuo.

Chromatography with 19:1 hexanes/EtOAc afforded 124 mg (96% yield) of a red oil.

IH NMR (400 MHz, CeDg, ppm) &: 5.99-5.92 (m, 2H), 5.44-5.37 (m, 2H), 4.36 (s, 4H), 3.27 (t, J

= 6.6 Hz, 4H), 1.88 (td, J = 6.8, 5.2 Hz, 4H), 1.44 (p, J = 6.8 Hz, 4H), 1.30-1.24 (m, 4H);

13C NMR (100 MHz, CeDg, ppm) &: 199.8 (CO), 131.7, 131.5, 93.5 (Co-C=C-Co), 70.6, 70.0,

31.3, 275, 23.9;

IR (neat ATR): 3012, 2934, 2859, 2092, 2048, 2003, 1615, 1443, 1350, 1096, 989;
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HRMS (DART): calcd [M+H]* 535.02079, found 535.01808.

A~
/\o
SN

1,4-dipropoxybut-2-yne (3-45)

But-2-yne-1,4-diol (1.07 g, 12.5 mmol) was dissolved in H,O/DMSQO mixture (5 mL/20 mL)
and cooled to 0 °C. Potassium hydroxide (1.75 g, 31.2 mmol) was added prior to dropwise
addition of 1-bromopropane (2.5 mL, 27.5 mmol). The solution was warmed to rt and stirred for
48 h. The reaction mixture was diluted with water, extracted with diethyl ether. Organic extracts
were washed with brine, dried over MgSO, and filtered through a short silica plug. Removal of

solvent in vacuo afforded 1.67 g (78% yield) of the known® colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 4.18 (s, 4H), 3.46 (t, J = 6.8 Hz, 4H), 1.66-1.57 (m, 4H),

0.93 (t, J = 7.4 Hz, 6H).

0OC)sC
( )6(8/\2’//\0/\/
O~
Complex 3-50
To a solution of 3-45 (493 mg, 2.89 mmol) in DCM (15 mL) Co,(CO)s (1.0 g, 2.89 mmol)
was added. The mixture was stirred at rt for 5 h. The solvent was removed in vacuo.

Chromatography with 19:1 hexanes/EtOAc afforded 1.30 g (98% yield) of a red oil.

IH NMR (400 MHz, CgDs, ppm) &: 4.31 (s, 4H), 3.21 (t, J = 6.1 Hz, 4 H), 1.46 (bsext, J = 6.8

Hz, 4H), 0.84 (t, J = 7.2 Hz, 6H);
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3C NMR (100 MHz, CgDs, ppm) &: 199.7 (CO), 92.8 (Co-C=C-Co), 72.5, 70.5, 22.9, 10.3;
IR (neat ATR): 2965, 2938, 2878, 2093, 2049, 2007, 1464, 1337, 1096;

HRMS (DART): calcd [M-OCH,CH,CHs]" 396.91633, found 396.91446.

N
O~

1,2-dimethyl-4,5-bis(propoxymethyl)cyclohexa-1,4-diene (3-47)

A flame dried round bottom flask was charged with 3-50 (274 mg, 0.60 mmol) and 2,3-
dimethylbuta-1,3-diene (0.3 mL, 3.00 mmol). A solution of NMO (422 mg, 3.60 mmol) in
MeCN (3 mL) was added dropwise over 5 h and the resultant reaction solution was stirred for 24
h at rt. Solvent was removed and flash chromatography with 9:1 hexanes/EtOAc afforded 104

mg (70% yield) of a colorless oil.

'H NMR (400 MHz, C¢Ds, ppm) 5: 3.95 (s, 4H), 3.20 (t, J = 6.4 Hz, 4H), 2.76 (s, 4H), 1.55-1.46

(m, 10H), 0.85 (t, J = 7.4 Hz, 6H);
3C NMR (100 MHz, CDCls, ppm) &: 130.3, 122.7, 71.8, 69.2, 36.3, 22.9, 18.0, 10.6;
IR (neat ATR): 2961, 2931, 2857, 1609, 1456, 1351, 1089, 1036, 957;

HRMS (DART): calcd [M+H]* 253.21621, found 253.21546.
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Complex 3-51

To a solution of 3-hexyne (0.5 mL, 4.40 mmol) in DCM (10 mL) Co,(CO)s (1.7 g, 4.84
mmol) was added. The mixture was stirred at rt overnight. The solvent was removed in vacuo.

Chromatography with 19:1 hexanes/EtOAc afforded 1.59 g (98% yield) of the known** red oil.
'H NMR (400 MHz, CDCls, ppm) &: 2.87 (bs, 4H), 1.29 (bs, 6H);

13C NMR (100 MHz, CDCl3, ppm) &: 200.6 (CO), 101.5 (Co-C=C-Co), 27.0, 15.5;

)0 ®

1,2-diethyl-4,5-dimethylcyclohexa-1,4-diene (3-49)

A flame dried round bottom flask was charged with 3-51 (92 mg, 0.25 mmol) and 2,3-
dimethylbuta-1,3-diene (0.14 mL, 1.25 mmol). A solution of NMO (176 mg, 1.50 mmol) in
MeCN (1.2 mL) was added dropwise over 5 h and the resultant reaction solution was stirred for
24 h at rt. Solvent was removed and flash chromatography with petroleum ether afforded 25 mg
(60% yield) of a colorless oil. During the work-up processes some aromatization occurred as *H-
NMR showed 9% aromatized product with a signals at 6.93 ppm (s, 2H), 2.21 (s, 6H), 2.15-2.10
(m, 4H), 1.20 (t, J = 7.4 Hz, 8H). Trace amounts of possible Pauson-Khand reaction products

were detected in *H-NMR as evidenced by weak signals at 6.00 (s), 5.63 (s), 5.33 (t, J = 7.2 Hz),
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5.22 (t, J = 7.4 Hz), 5.05 (s), 4.96 (s), 2.61 (d, J = 7.2 Hz), 1.94 (dt, J = 8.4, 0.8 Hz), 1.86-1.85

(m), 1.05-0.92 (m or multiple singlets) ppm.

'H NMR (400 MHz, CDCls, ppm) &: 2.57 (s, 4H), 2.05 (q, J = 7.4 Hz, 4H), 1.64 (s, 6H), 0.98 (t,

J=7.4 Hz, 6H);
3C NMR (100 MHz, CDCls, ppm) &: 129.0, 123.4, 37.2, 24.9, 18.0, 13.2;
IR (neat ATR): 2963, 2932, 2869, 2050, 2024, 1616, 1456, 1373, 887;

HRMS (DART): calcd [M+H]" 165.16378, found 165.16353.
OC)sC
( )6 2/%///\/\

Complex 3-53

Hex-1-yne (0.3 mL, 2.66 mmol), dicobalt octacarbonyl (900 mg, 2.66 mmol) and DCM (10
mL) were added into a round bottom flask. The mixture was stirred at room temperature under
N overnight. Solvent was removed in vacuo and the crude product was passed through a short

silica plug with hexanes affording 866 mg (88% yield) of known®” red oil.

'H NMR (400 MHz, CDCls, ppm) 8: 6.00 (s, 1H), 2.85 (t, J = 7.2 Hz, 2H), 1.64-1.57 (m, 2H),

1.51-1.42 (m, 2H), 0.96 (t, J = 7.2 Hz, 3H).
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AL~
2-butyl-5-methyl-5-(prop-1-en-2-yl)cyclopent-2-en-1-one (3-54)

A flame dried round bottom flask was charged with 3-53 (146 mg, 0.39 mmol) and 2,3-
dimethylbuta-1,3-diene (0.23 mL, 1.98 mmol). A solution of NMO (280 mg, 2.38 mmol) in
MeCN (2 mL) was added dropwise over 5 h and the resultant reaction solution was stirred

overnight at 50 °C. Solvent was removed and flash chromatography with 19:1 hexanes/EtOAc

afforded 10 mg (13% yield) of a white solid.

'H NMR (400 MHz, CgDg, ppm) &: 6.53-6.51 (m, 1H), 4.89 (bd, J = 0.4 Hz, 1H), 4.82 (dqg, J =
1.6, 1.6 Hz, 1H), 2.27 (ddd, J = 18.6, 4.7, 2.0 Hz, 1H), 2.18-2.05 (m, 2H), 1.83 (ddt, J = 18.8,
2.8, 2.0 Hz, 1H), 1.49 (dd, J = 1.2, 0.8 Hz, 3H), 1.42-1.26 (m, 2H), 1.16 (sext, J = 7.4 Hz, 2H),

1.11 (s, 3H), 0.78 (t, J = 7.4 Hz, 3H);

3C NMR (100 MHz, CeDs, ppm) &: 209.5, 153.1, 146.0, 144.5, 110.9, 51.7, 41.5, 29.9, 24.8,

22.36, 22.26, 19.3, 13.6;
IR (neat ATR): 2963, 2933, 2872, 1704, 1637, 1451, 1379, 1007, 890;

HRMS (DART): calcd [M+H]* 193.15869, found 193.15829.
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Intermolecular and Transannular Cycloadditions of Macrocyclic {Co,(CO)g}-Alkyne
Complexes
4.1. Introduction

Organocobalt compounds have been pivotal in chemistry and taken part in a wide range of
scientific' and industrial® applications. Cobalt has a high propensity to form octahedral structures
and sandwich molecules with ligands containing C, O and N atoms. Mono- and dicobalt
complexes have a high affinity to interact with carbonyl groups, C-C and C-N =-bonds. These
features led to cobalt-mediated transformations that benefit from n-bond reactivity™ like
cycloadditions, alkyne protections, C-H activations, reductive couplings, addition reactions,
carbocyclizations, cross-coupling reactions, enyne couplings and transformations in which cobalt
constitutes the core of vitamin Bi,-type catalysts.™

Among various cobalt complexes, dicobalt octacarbonyl {Co,(CO)s}, discovered by Mond
and Cowap in 1910,% is the most widely utilized.** The complex is commercially available, easy
to handle (no glovebox is required) and requires no further pre-experiment purifications.* The
complex has high functional group tolerance, forms stable acetylenic dicobalt hexacarbonyl
molecules with many different alkynes through simple, high yielding-experiments at ambient
temperatures with common solvents.”

Reactions of dicobalt hexacarbonyl complexes can be segregated into three major groups. In
Nicholas reactions® dicobalt stabilized propargyl cations or radicals readily react with various
nucleophiles (also see chapter 3 section 3.2). Dicobalt carbonyl complexation is used to protect
alkynes® (also see chapter 2 section 2.2.1) and through bond angle modifications this
complexation decreases the bond order in the host organic molecule from three to a pseudo two

thus placing the substituents in more favorable positions for cyclization reactions and by the
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same distortion effect decreasing strain in cyclic organic compounds.” Finally, {Co(CO)s}-
alkyne complexes took place in many important cycloaddition reactions among which the
[2+2+1] cycloaddition known as the Pauson-Khand Reaction (PKR)? is the most frequently
studied.™*

Participation of dicobalt octacarbonyl in macrocycle chemistry is rather limited compared to
the massive number of examples with small and medium cyclic {Co,(CO)g}-alkyne complexes.
Several macrocycle syntheses employing the Nicholas reaction were illustrated in literature.® A
number of studies reported on dicobalt hexacarbonyl complexed macrocyclic alkynes, diynes and
triynes investigating the reactivity change in these macrocycles caused by the distortion effects
of {Co,(CO)s} complexation.'® However, potential cycloadditions and transannular reactions of
macrocyclic complexes have been overlooked. In that sense our {Co,(CO)s}-mediated
transannular [4+2] reactions (Chapter 3) represent the first examples. We extended our
investigations to other synthetic applications and discovered novel transannular and
intermolecular [2+2+1] reactions, intermolecular [2+2+2] cycloaddition reactions and
intermolecular [2+2+1+1] cycloaddition reactions of macrocyclic dicobalt hexacarbonyl
complexes with the key controlling factor being choice of reaction promoter.

4.2. Results and Discussion
4.2.1. Intermolecular [2+2+2] Cycloadditions

[2+2+2] cycloadditions, or generally called cyclotrimerisations, have been studied in detail
and well understood since evidence of these transformations was first spotted by Berthelot in
1866." Over the years this trivial reaction has been used to efficiently prepare benzene,
cyclohexadiene and cyclohexene derivatives along with heterocycles.’? As elaborate studies

continued more advanced applications of [2+2+2] cycloadditions were discovered: reactions
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were performed stereoselectively,™ applied on medium and large rings with multiple double and

%14 and widely incorporated in polymer chemistry.™> Many

triple bonds in transannular fashion
metals can catalyze [2+2+2] reactions, but group 9 metals, especially cobalt, were found to be
best suited for the task.'? Although most of the [2+2+2] cycloaddition examples were established

with cyclopentadienyl cobalt complexes,

the carbonyl complex {Co,(CO)s} was employed in
a considerable number of syntheses. In fact one of the earliest examples of a [2+2+2]
cycloaddition reaction was cyclotrimerisation of cyclooctyne catalyzed by {Co,(CO)g}.*®
Dicobalt octacarbonyl-mediated cyclotrimerisations were used in sugar chemistry to form water
soluble trimannosides with protein cross-linker properties,*” in functionalization ~of
organometallic alkynes in order to enhance electrochemical properties of substrates,'® in cluster
formations with acetylenic heterocycles,'® in construction of bulky polycyclic systems with
extended aromaticities,? in intramolecular functionalizations of dicobalt-stabilized triynes** and
in tandem organic syntheses.?> However, to the best of our knowledge intermolecular
cyclotrimerisation of macrocyclic {Co,(CO)s}-alkyne complexes has yet to be reported.

We investigated dicobalt hexacarbonyl-promoted [4+2] cycloaddition reactions (Chapter 3).
Dicobalt complex of 16-membered dienyne 4-1 was found to go through a transannular [4+2]
reaction in the presence of DMSO as the promoter in refluxing THF forming the polycyclic
product 4-3 (Scheme 4.1). During our attempts to perform this reaction catalytically, we
observed instead an intermolecular [2+2+2] cycloaddition reaction of macrocyclic dienyne 4-1.
Trimer 4-2 was synthesized in 56% yield along with a small amount of the transannular [4+2]
reaction product 4-3 (Scheme 4.1).

In order to test the generality of this transformation we subjected model alkyne 4-5 to

[2+2+2] cycloaddition reaction conditions (Scheme 4.2). Cyclotrimerisation was only modestly
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catalytic, with high substrate concentrations (0.5M) and 5 mol % catalyst the target benzene

product 4-6 was obtained in 20% vyield. Trimer 4-6 was synthesized in 70% vyield when

{C02(CO)g} was used in 30 mol %.

7]
o)
2l 0 )2 g
__
I/\o 30% Co,(CO)g _ o
o)
6 equiv DMSO, X 0 *
PN THF, reflux, 24 h ( o )
2 (e} | 2 0
41 S
2
56% 9%
4-2 4-3
(0C)sCo—>0(CO)s
%Z_\O 6 equiv DMSO,

o THF, reflux, 18 h
0,
S 86%
4-4

Scheme 4.1. Intermolecular [2+2+2] cycloaddition vs transannular [4+2] cycloaddition of

macrocyclic dienyne 4-1

/\/O IO
| | conditions o H
- H o
4-5

4-6
5% Co,(CO)g, 6 equiv DMSO 20%
THF, reflux, 24h
30% Co,(CO)g, 6 equiv DMSO 70%

THF, reflux, 24h

Scheme 4.2. Intermolecular [2+2+2] cycloaddition of model alkyne 4-5
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Since intermolecular [2+2+2] cycloaddition reactions are important in the synthesis of
dendrimeric structures,***>"!® formation of a benzene fused with three macrocyclic substituents
is particularly interesting. Therefore, we tested 18-membered dienyne 4-7 in the
cyclotrimerisation reaction and successfully obtained benzene derivative 4-8 in 60% vyield as the

sole cycloaddition product (Scheme 4.3).

g 0 3
30% Co,(CO)g -
6 equiv DMSO, X
THEF, reflux, 24 h ( o )
™
4-7 3
60%
4-8

Scheme 4.3. Intermolecular [2+2+2] cycloaddition of macrocyclic dienyne 4-7
Detailed studies on the mechanism of dicobalt hexacarbonyl-promoted alkyne

cyclotrimerisation have been reported®%

and a general schematic is depicted in Scheme 4.4.
The mechanism is initiated with alkyne coordination and subsequent insertion of a metal-free
alkyne into a Co-C bond forming cobaltocycle D. Experimental studies showed stabilization of
complex D through formation of various cyclopentadienyl dicobalt “flyover” complexes that
favor coordination and insertion of a second alkyne leading to cobaltocycle F.*¥2* Consecutive
reductive coupling and reductive elimination steps produce the final benzene product. It was
shown that this mechanistic cycle can work with catalytic amounts of {Co,(CO)s} when the

reaction is performed under high pressures of CO (~30 atm)? and/or high temperatures.**
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Co(CO)s

alkyne coordination E alkyne insertion reductive coupling G reductive elimination

Scheme 4.4. General mechanism of {Co,(CO)g}-promoted [2+2+2] cycloaddition

Our preliminary results were particularly exciting as the products synthesized belong to an
important class of organic molecules (Scheme 4.5). Benzene derivatives with hexa-(CH,OR)
substituents have proven quite useful in various chemical applications.”> The key hexa-
substituted benzene pattern is found in sugar clusters with protein cross-linker properties,*’
crown ethers (or hexa-hosts for inclusion complexes),? in active ligands for transition metal
catalysts,?’ in dendrimers used in production of scratch-free, self-standing cross-linked
transparent films,? in biodegradable polymers® and in metal-organic frameworks (MOFs).® The
novel intermolecular [2+2+2] cycloaddition products prepared in the course of our project could

thus be investigated in the future as potential substrates for these applications.
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Scheme 4.5. Examples of chemically important molecules with structural resemblance to

products 4-2, 4-5 and 4-8

4.2.2. Intermolecular [2+2+1+1] Cycloadditions

During our investigations on cycloaddition reactions of dicobalt hexacarbonyl-alkyne
complexes various promoters were scanned in order to facilitate the CO de-coordination step in

the reactions. The choice of promoter/solvent system was determined to be crucial as different
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systems altered the reaction chemoselectivities observed. The 18-membered dienyne dicobalt
complex 4-12 lacked reactivity in transannular [4+2] and [2+2+1] cycloadditions even when the
most common Pauson-Khand reaction promoters were used (Chapter 3). Therefore, we decided
to test the complex under more stringent conditions. Amines, acting as hard ligands, were shown
to possess labilizing effects in {Co,(CO)s}-mediated Pauson-Khand reactions at high
temperatures.** Complex 4-12 was heated in 1,4-dioxane in the presence of co-solvent/promoter
aqueous ammonium hydroxide, but neither the tricyclic transannular [4+2] cycloaddition product
nor transannular the Pauson-Khand reaction product was observed. Unexpectedly intermolecular

[2+2+1+1] cycloaddition adduct 4-13 was isolated in 17% as the sole product (Scheme 4.6).

COz(CO)a
==\ (@] OH O
0] 0] 16 equiv NH,OH
1,4-Dioxane Z N
- ™ Z
90°C, 48 h, 17%
\ / (@] OH O
4-12 4-13

Scheme 4.6. Intermolecular [2+2+1+1] cycloaddition of macrocyclic complex 4-12

Although the starting material was mostly lost through decomposition and the synthesis was
not very efficient, this was an interesting outcome not just due to the importance of
hydroquinone derrivatives,® but also the scarcity of hydroquinone or quinone syntheses
mediated by cobalt-carbonyl complexes.®® The reported examples of participation of {Co,(CO)s}
in hydroquinone/quinone synthesis are limited to dicobalt octacarbonyl-promoted intramolecular
rearrangement of 1-(1,2-propadienyl)cyclopropanols to 1,4-hydroquinones® and synthesis of n*-
quinone cobalt complexes.®® Therefore, there have been no reports of {Co(CO)s} directly
promoting hydroquinone synthesis via cycloaddition. However, it is likely that the
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transformation of 4-12 to 4-13 in the presence of an amine resembles the industrially significant
hydroquinone preparation process investigated by Reppe and co-workers in 1940s.% Reppe’s
investigations showed that alkynes undergo [2+2+1+1] cycloadditions with metal carbonyl
complexes yielding 1,4-hydroquinones under high pressures of CO gas in the presence of water.
Even though Fe(CO)s is used most frequently, this process can be catalyzed by metal amine salts
such as [Fe(NHs)s][Co(CO)s]. or [Co(NH3)s][Co(CO)4], (Scheme 4.7).%°%" In addition, the
Liebeskind research group demonstrated more recently that various quinones can be prepared by

reacting alkynes with maleoylcobalt complexes carrying amino ligands.*®

OH
4 < H— H> + 2H,O0 + Fe(CO)s —» 2 + Fe(CO)s
OH
OH
[Fe(NH3)g][Co(CO)4l>
2 < H— H> + 3CO + H,0 > + CO,
600-700 atm 1,4-dioxane, 80 - 170 °C
70% OH

Scheme 4.7. Reppe’s hydroquinone synthesis

The dicobalt hexacarbonyl complex (4-14) of model alkyne 4-5 was tested for hydroquinone
synthesis (Table 4.1). Experiments were monitored by TLC for completion and overall, complex
4-14 exhibited low reactivity under the tested conditions. Even after long reaction times,
unreacted starting molecule was detected. However, conditions that afforded 4-13 (Scheme 4.6)
produced the target molecule 4-15 in a modest 26% vyield (Table 4.1, entry 1). EtsN was
ineffective as a co-solvent/promoter and TLC studies showed that acetonitrile solvent did not

lead to hydroquinone product, but instead favored formation of the [2+2+2] cycloaddition adduct
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4-6 (Table 4.1, entries 2 and 3). Likewise, THF was best suited for the [2+2+2] cycloaddition
reaction and benzene product 4-6 was obtained in 56% yield while 4-15 was not detected in the
reaction solution (Table 4.1, entry 4). We added metal free alkyne 4-5 in the [2+2+1+1] test
reactions to increase the yield of 4-15, but these trials favored formation of the [2+2+2] adduct
instead. Benzene derivative 4-6 was obtained in 23% yield when 1,4-dioxane was used as the
solvent and in 69% yield in the presence of THF (Table 4.1, entries 5 and 6) while 4-15 was not

detected in either case.

Table 4.1. Intermolecular [2+2+1+1] cycloaddition of complex 4-14

0C)C \/\O OH O/\/ 9] H
602
/y O/\/ /\0/\/ 00 C >©< H i
e~ + O 10-20 equiv promoter PR RN 0 o/\/
414 4-5 4-15 4-6
Entry Promoter  Equiv of Time (h) Solvent Yield of
4-52 4-15 (%)
1 NH,OH - 36 1,4-dioxane 26
2 EtsN - 72 1,4-dioxane -
3P NH,OH - 14 MeCN -
4 NH,OH - 14 THF -
5¢ NH,OH 1 40 1,4-dioxane -
6°° NH,OH 1 14 THF -

21 equiv with respect to complex 4-14. °Complete consumption of starting molecules was

observed. °56% 4-6 was isolated. 923% 4-6 was isolated. °69% 4-6 was isolated.



The intermolecular [2+2+1+1] cyloaddition reaction of alkyne 4-5 was tested in the presence
of catalytic amounts of {Co,(CO)s} (Table 4.2). DMSO as co-promoter/solvent and 1-
methylpiperidine as promoter were both ineffective (Table 4.2, entries 1 and 2). Incorporation of
EtsN as promoter (Table 4.2, entry 3) and NH,OH as the sole solvent yielded trace amounts of 4-
15 that was only detectable by TLC (Table 4.2, entry 4). A 14-dioxane/NH,OH
solvent/promoter system was effective and produced hydroquinone 4-15 in a modest 21% yield
(Table 4.2, entry 5). This result is particularly promising as it shows there is a minute efficiency
difference between the catalytic transformation and hydroquinone synthesis by the reaction of
dicobalt complex (Table 4.1, entry 1). These results might be improved under the stringent
conditions suggested by previously reported investigations (Scheme 4.7) if the design of an

industrial process is targeted.

Table 4.2. {Co,(CO)g}-catalyzed intermolecular [2+2+1+1] cycloaddition of alkyne 4-5

25% Co,(CO
raad 2.5 equh romo
.5 equiv promoter

0 90 °C
> A0 OH O~
4-5 4-15
Entry Promoter Time (h) Solvent Yield (%)

18b NH,OH 12 1,4-dioxane/DMSO -
2° 1-methylpiperine 12 1,4-dioxane -
3P EtsN 72 1,4-dioxane trace
4° NH,OH 24 - trace
5¢ NH,OH 17 1,4-dioxane 21
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31 4-dioxane and DMSO were used in a 1:1 ratio. "TLC showed unreacted 4-5 and complex 4-14
as the major products which were not isolated. “TLC showed [2+2+2] cycloaddition adduct as
the major product.

It was suspected that the existence of propargylic ether units in substrates 4-5, 4-12 and 4-14
would be problematic and could be the cause of the poor product yields, so 3-hexyne complex 4-
16 was tested under these [2+2+1+1] reaction conditions. Unfortunately, TLC studies showed
that starting material was inert and hydroquinone 4-17 or the [2+2+2] cycloaddition adduct 4-18

were not observed in the course of trial experiments (Scheme 4.8).

OH
(OC)eCo, 10-20 equiv promoter
/y > +
NH,OH/MeCN, rt, 48 h or
NH,OH/MeCN, 40 °C, 48 h or OH
NH,OH/1,4-dioxane, 90 °C, 48h
4-16 4 4-17 4-18
not observed not observed

Scheme 4.8. Attempted intermolecular [2+2+1+1] cycloaddition of complex 4-16
4.2.3. Pauson-Khand Reactions of Dicobalt Hexacarbonyl-Alkyne Complexes

The Pauson-Khand reaction (PKR), discovered by lhsan Ulhan Khand and Peter Ludwig
Pauson in the early 1970’s,® is a dicobalt octacarbonyl-promoted [2+2+1] cycloaddition of an
alkyne, an alkene and a carbon monoxide (for the general mechanism, see scheme 4.9).*® The
Pauson-Khand reaction has evolved and been improved tremendously over the years.”’ The
reaction was shown to tolerate a wide range of functional groups, the scope was extended to
substrates different than alkenes,* the reaction was performed catalytically** and promoted by
various metal complexes other than {C0,(CO)s}.*® In addition, complete stereochemical control
over the reaction was achieved.** Due to its high versatility this cycloaddition reaction is now

accepted as one of the most powerful synthetic tools and the most efficient method to prepare
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cyclopentenone derivatives. Countless Pauson-Khand transformations have been applied in total

synthesis of significant natural products and biologically active molecules.*

L]
co (|3 (CO), E P
Co(CO); _7° Co(CO), ‘/
(OC)3C°%|\ o (OORCOF (0C) 360% —
A CO dissociation B’ alkene coordination (03 alkene insertion
(0]

COorL O o
0C)3C
(OC)s /0\—> 4/ (00)300\\ oc 60
(OC)3C0 > (OC)3CO —_— OC_/CO —_—
\‘/ (OC)sC3

D’ CO insertion E' reductive coupling F' reductive elimination G'

Scheme 4.9. Mechanism of Pauson-Khand reaction

Surprisingly, the transannular version of this well studied reaction was unknown. It was
previously illustrated that dicobalt hexacarbonyl complexes of macrocyclic dienynes undergo
transannular [4+2] cycloaddition and no transannular Pauson-Khand (TAPK) reaction products
were observed (Chapter 3). Our goal was to investigate the possibility to alter the

reactivity/chemoselectivity of macrocyclic complexes and achieve the first TAPK reaction.

First we tested the reactivity of the alkyne units in the structures. Occasionally, propargylic
ethers were shown to be problematic in Pauson-Khand reactions leading to undesired
rearrangements, ionizations and hydrogenolyses,” so model alkyne complex 4-14 and
norbornadiene (4-19) were subjected to various intermolecular PK reaction conditions (Table
4.3). Heat as the sole reaction promoter was ineffective and 64% of the staring material was
recovered (Table 4.3, entry 1). In previous studies amine and sulfide promoters with 1,2-

dicholoroethane (DCE) solvent were used to overcome the problems caused by propargylic
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ethers.*” However, in our system i-PrNH, was ineffective yielding unreacted 4-14 together with
unidentifiable decomposition products while dimethyl sulfide caused complete decomposition of
4-14 to a large number of inseparable and unidentifiable molecules (Table 4.3, entries 2 and 3).
The reactive promoter NMO (N-methylmorpholine-N-oxide) paired with solvent and mild
promoter MeCN produced novel molecule 4-20 in a 29% yield, but the reaction was quite slow;
even after 19 hours 50% of the starting material 4-14 was recovered (Table 4.3, entry 4).
DMSO/toluene solvent system (DMSO is a mild oxidant and PK reaction promoter) increased
the yield to 49% at 70 °C (Table 4.3, entry 5), but 1,1,3,3-tetramethylthiourea (TMTU) was

found to be the best promoter for the formation of 4-20 (Table 4.3, entry 6).

Table 4.3. Intermolecular PK reaction of complex 4-14

(OC)6C02 'i
/\O/\/ . ; i conditions 5 0\~

SN N H O
2 equiv \/\
414 419 4-20
Entry? Promoter Promoter  Time (h) Solvent Temperature  Yield
Equiv (°C) (%)°
1 - - 24 toluene 80 -
2 i-PrNH, 3.5 48 DCE 25 -
3 Me,S 10 24 DCE 35 -
4 NMO 6 19 MeCN 25 29
5 - - 12 DMSO/toluene” 70 49
6 TMTU 0.6 12 toluene 70 56

3For entry 1, 64% 4-14 was recovered. For entry 4, 50% of 4-14 was recovered. "DMSO/toluene
was used in 3:1 ratio. Yields are of isolated products.
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Macrocyclic complexes 4-4 and 4-12 were tested under the optimized intermolecular PK
reaction conditions with norbornadiene. To our delight, the complexes were quite active and
novel PK reaction products 4-21 and 4-22 were obtained in 68 and 82% yields respectively
(Scheme 4.10). It is noteworthy that the molecules preferred to follow an intermolecular reaction

path over intramolecular [4+2] (see Chapter 3, Tables 3.3 and 3.4) or [2+2+1] reaction paths.

2 equiv 4-19, 0.6 equiv TMTU
toluene, 70 °C

O =
O = X
24 h, 68%
X

4-4 4-21
(|302(CO)6
o O 2 equiv 4-19, 0.6 equiv TMTU
toluene, 70 °C “
™
24 h, 82%
4-12 4-22

Scheme 4.10. Intermolecular PK reactions of complexes 4-4 and 4-12

Since the alkyne units in the macrocyclic complexes were shown to be active in PK reactions,
the effect of chain length on possible TAPK reactions of macrocyclic dienynes was tested.
Model acyclic dienyne complex 4-23 was heated at 70 °C in the presence of the promoter TMTU
and the experiment was monitored by TLC. Over 4 days no change in reaction solution was
observed. The temperature was increased to 90 °C; however, in 24 hours 4-23 decomposed into a
complex mixture of inseparable and unidentifiable molecules and the expected intramolecular

PK reaction product 4-24 could not be isolated or detected (Scheme 4.11).
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(01\

O~ ~F Q
| 0.6 equiv TMTU, toluene
(0C):Coz 70-90°C, 5d B
o0 T X o
not observed
4-23 4-24

Scheme 4.11. Attempted intramolecular PK reaction of complex 4-23

The length of the tether connecting {Co,(CO)s}-alkyne and alkene units is crucial in
intramolecular PK reactions. Although complex 4-23 failed to go through an intramolecular PK
reaction, unsymmetrical acyclic dienyne complex 4-25 afforded novel cyclopentenone product 4-
26 in 34 and 56% vyields in the presence of promoters TMTU and NMO respectively (Scheme
4.12). The regioisomer 4-27 that would be formed through the reaction of {Co,(CO)g}-alkyne
with the alkene unit separated by the longer chain, was not observed. Unfortunately the
transannular version of this intramolecular PK reaction was not possible since under the
conditions that formed 4-26 (Schem 4.12), 15-membered unsymmetrical macrocyclic dienyne
complex 3-29 underwent a high yielding transannular [4+2] cycloaddition without forming

TAPK products (see Chapter 3, table 3.1).
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S,

O\/W o
| conditions
(OC)sCop—|| +
O/\/ 0.6 equiv TMTU, toluene, 70 °C, 48 h, 34% o ®)
6 equiv NMO, DCM, rt, 27 h, 56% not observed
4-25 4-26 4-27

Scheme 4.12. Intramolecular PK reaction of complex 4-25

Previous reports in the literature show that Pauson-Khand reactions of dicobalt hexacarbonyl-
alkyne complexes with dienes are more challenging than the reactions with simple alkenes*®*®
and often different metal carbonyl complexes were utilized.**° We tested cyclic dienyne 4-1
with the catalyst RhCICO(PPh3), under 1 atm CO pressure for a TAPK reaction, but no
transannular [2+2+1] (4-28 and 4-29) or [4+2] (4-3 and 4-30) products were observed either at
room temperature or at 60 °C (Scheme 4.13). After the reactions 99% and 80% of starting cyclic
dienyne 4-1 were recovered, respectively. These results also reconfirmed the results on TADA
reactions presented in Chapter 3. 18-membered macrocyclic dienyne 4-7 was heated with

Mo(CQO)s in the presence of TMTU, however, starting material did not undergo any

transformations (Scheme 4.13)

187



Z\O 5% RhCICO(PPhs), 0 0
1 atm CO, DCE
o +
NN rt, 20 h, 99% 4-1 recovered 3
41 60 °C, 72 h, 80% 4-1 recovered
not observed not observed
4-28 4-3
0 o) 1.2 equiv Mo(CO)g 0]
0.6 equiv TMTU
> +
toluene, 90 °C, 72 h
\_/ ]
4-7
not observed not observed
4-29 4-30

Scheme 4.13. Attempted Rh- and Mo-mediated TAPK reactions of dienynes 4-1 and 4-7

Since cyclic dienynes had exhibited no transannular Pauson-Khand reactivity, we gravitated
towards different macrocyclic substrates. There have been examples of iron carbonyl complexes
promoting Pauson-Khand reactions of dienes with alkynes.”® We proposed that these
transformations could be performed in a transannular fashion with macrocyclic dienes. Diyne 4-
31 was prepared from benzylamine and subjected to our standard hydroboration conditions
(Scheme 4.14). Bis(vinyl boronate ester) 4-32 was synthesized in 78% vyield and successfully
transformed into cyclic diene 4-33 under our optimized Pd(ll)-catalyzed macrocyclization
conditions.®* 13-membered macrocycle 4-33 was subjected to previously reported Pauson-Khand
reaction conditions®®>? in the presence of Fe,(CO)s (Scheme 4.15). Heat, NMO and Lewis acid

AICI; were tested as promoters to activate the PK reaction of in situ formed Fe(CO)s-diene
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complex 4-34. The expected TAPK reaction product 4-35 was not detected most likely due to

steric constraints.

3 equiv K,CO4 /\/\/// 20% CpoZrHCI
/\/\/ MeCN, reflux BnN 4 equiv HBPin
BnNH,  +  TsO : M
24 h, 76% DCM, reflux,
4-31 12 h, 78%
_ 10% PdCl,(PPhs),
BN~ > - BPIn 10 equiv AcCH,CI o ~
n
MBPi” 5 equiv K,CO3 =
MeOH, rt, 6 h, 62%
4-32 433
Scheme 4.14. Preparation of macrocyclic diene 4-33
B ] Bn

==, 1.1 equiv Fe;(CO)qg S promoter
BnN _ BnN B (0]

4-33 4-34 4-35
not observed

Conditions:

toluene, 80 °C, 48 h

DCM, rt, 1.1 equiv NMO, 24 h
Et,0, reflux, 2.5 equiv AlICI3, 24 h

Scheme 4.15. Attempted Fe,(CO)g-promoted TAPK reaction of diene 4-33

Finally, we decided to test the transannular Pauson-Khand reactivity of macrocyclic enynes
which are easily accessible by our RCM strategy (Chapter 2). Intramolecular Pauson-Khand
reactions of enynes show a distinct regioselectivity compared to the intermolecular
counterparts.®*“® Enynes with short tethers form 3,4-substituted bicyclopentenones locating the

bulky substituents g to the carbonyl group, whereas in the products of intermolecular PK
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reactions sterically demanding groups are found « to the carbonyl groups (Scheme 4.16). 1,6-

and 1,7-enynes are known to exhibit the former regioselectivity in intramolecular PK reactions.
Regioselectivity in Intermolecular PK Reactions

o) R o
Co,(CO Rp. L

Rs———R. + 2R ) jé,R + jf?
Rg Rs

R

most favored
isomer

Regioselectivity in Intramolecular PK Reactions

O

=— COz(CO)B 2 1
i _ 3 5 3,4-substitution
— 4

1,6- and 1,7-enynes
Scheme 4.16. Regioselectivity in {Co,(CO)g}-promoted PK reactions

On the other hand, it is extremely challenging to perform intramolecular PK reactions of
enynes with long tethers and synthesize medium sized rings fused with cyclopentenones
(Scheme 4.11 and 4.12). There are very few examples of bicyclopentenone molecules with 3,4-
substitution pattern formed, with poor vyields, through intramolecular PK of dicobalt

hexacarbonyl enyne complexes with the reactive sites 5 or more atoms apart.>®

The reactivity, regioselectivity and stereoselectivity of a cycloaddition reaction can be altered
by performing the reaction in a transannular fashion so even though formation of bicycles 4-24
and 4-27 failed, we tested the TAPK reactivity of 16-membered cyclic {Co,(CO)s}-enyne
complex 4-37 (Scheme 4.17). The complex was unreactive in TMTU/toluene system as 63% of

4-37 together with a trace amount of 4-36 was recovered after heating the reaction solution at 90
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°C for two days. DMSO/THF and NMO/DCM promoter/solvent systems were too harsh and the
experiments resulted in decomposition of the starting complex. The target TAPK product 4-38

was not detected.

. 0OC)sCoy.
/O 1.1 equiv C02(CO)8‘( )eCo2 % O/I conditions
DCM, rt, 12 h, 93% /
o) _ o) — o

4-36 4-37 4-38
not observed
0.6 equiv TMTU, toluene, 90 °C, 48 h

(63% 4-37 and trace amount of 4-36 was recovered)
6 equiv DMSO, THF, reflux, 24 h

(decomposition)

6 equiv NMO, DCM, rt, 24 h

(decomposition)

Scheme 4.17. Preparation and attempted TAPK reaction of complex 4-37

A macrocycle with a 1,6- or 1,7-enyne unit was expected to favor the 3,4-substitution product
thus cyclic enyne 4-39 was subjected to a quick, small scale TAPK test reaction (Scheme 4.18).
The dicobalt hexacarbonyl complex was prepared in situ and following complete conversion of
the enyne the promoter NMO was added. The reaction solution was heated with a gradual
temperature increase and monitored by TLC. After 24 hours complete decomposition of the

substrate occurred and TAPK reaction adduct 4-40 was not detected by NMR spectroscopy.

(0] o 0)
a) 1 equiv Co,(CO)g
/ DCM, 1t, 1 h
o // b) 6 equiv NMO,
rtto 80 °C, 24 h ©
4-39 4-40

not observed

Scheme 4.18. Attempted TAPK reaction of enyne 4-39
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The Krafft research group took a different approach to synthesis of medium rings via the
Pauson-Khand reaction and embedded rigid aromatic rings into long tethers of enynes in order to
decrease conformational mobility and favor 3,4-substitution.>* A large library of 1,8-, 1,9-, 1,10-,
and 1,11-enynes were prepared and subjected to various {Co,(CO)g}-promoted intramolecular
PK reaction conditions (Scheme 4.19). Restrains in conformational flexibility did not solve the
3,4-substitution path problem and only a few medium ring products (4-42, 4-44) were
synthesized in poor yields. Interestingly, the Krafft group detected the first 2,5-substituted

bicyclic PK reaction products (4-45, 4-47, 4-49). Various substrates with different tether lengths

were tested, but only some of the 1,10- and 1,11-enynes were found to be reactive.>* Reaction
conditions were not general and optimization experiments were done for each substrate.
> 0
©\/\/ toulene, 65 °C g
0 Ny L0ACO) 15% O
S 0
4-41 4-42
o F toulene 65 °C ©i:
o._“X [: >=
~ C0,(CO)s 6% (1:1.4)
4-43 4-44
O~ toulene, 65 °C or o
@(/ g 6 equiv NMO, DCM, rt (e}
O onco
02(CO)e 31% o
4-46 4-47
DY
O/\; 5 equiv Me3NO DCM, rt %;’
o._“X
O ~ Co,(CO)g T %
4-48

Scheme 4.19. Intramolecular PK reactions of long tethered enynes by the Krafft group
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The results of the above mentioned experiments were particularly crucial to our study. It was
evident that there are several structural restrictions in building transannular Pauson-Khand
reaction substrates. The cyclic substrate should have one short chain connecting the alkyne to the
alkene so that 3,4-substitution can be achieved forming the fused bicyclic moiety of the TAPK
reaction product. Moreover, the substrate should have one long chain allowing formation of the

2,5-substituted (bridged) bicyclic unit.

Macrocyclic enyne complex 4-51 was prepared in high yield via reaction of 19-membered
enyne 4-50 (synthesized by our RCM methodology, Chapter 2) with {Co,(CO)sg} (Scheme 4-20).
To our delight the complex afforded the desired TAPK reaction product 4-52 in 18% vyield by
mild heating in the presence of TMTU. In order to improve the product yield, 4-51 was tested in
a NMO/DCM system at room temperature. After 17 hours only unreacted starting material and
decomplexed macrocyclic enyne was detected. A small scale test reaction was performed with
NMO in refluxing MeCN. The reaction was quite fast; after 1 hour a 1:1 mixture of decomplexed
starting material and TAPK reaction product was obtained. The NMO/MeCN combination was
more productive and improved the conversion; however, the cycloaddition was not as fast or
faster than the decomplexation side reaction. Thus we applied the technique used in
intermolecular [4+2] cycloadditions to overcome a similar obstacle (Chapter 3). Thus, a solution
of NMO in MeCN was added dropwise over 14 hours at 50 °C and tricycle 4-52, the first TAPK
reaction product, was synthesized in 44% yield (Scheme 4-20). The transannular Pauson-Khand
reaction was stereospecific like intramolecular Pauson-Khand reactions* as 4-52 was obtained

with same diastereoisomeric ratio as macrocyclic enyne complex 4-51.
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o} 0]

Y / 1 equiv Co,(CO)g (OCe 2y slow addition 14 h Q
_—m —_—

o DCM, 1t, 9 h o MeCN, 50 °C, 44%
88%
\ 0
(E1Z = 2.5/1) (E/Z = 2.5/1) (dr=2.5/1)
4-50 4-51 4-52

Other conditions tested:
(E/1Z = 3/1) 1 equiv TMTU, toluene, 90 °C, 48 h 18% (dr = 5/1)
(E/Z=2.5/1) 6 equiv NMO, DCM, reflux, 1 h B

Scheme 4.20. First transannular Pauson-Khand reaction

Previously, the beneficial effects of all-carbon chains as a structural constraint in cyclization
reactions was established (Chapter 2 and Chapter 3). Macrocylic enyne 4-53 with an all-carbon
1,8-enyne unit was subjected to TAPK reaction conditions following the synthesis of dicobalt
hexacarbonyl complex 4-54 (Scheme 4.21). However, the tether length was not adequate for a
successful 2,5-substitution and decomplexed cyclic enyne was recovered quantitatively.

Synthesis of different macrocyclic enynes are currently under investigation.

M602C
MeO,C 0
CO;Me CO,Me
co,Me 1equivCox(CO)s (0Cc).Co CO.Me 6 equivNMO a

Vi ? = (00 2™ slow addition 14 h
DCM, rt,6 h / >

O s 74% N eCN, 50 °C .

4-53 4-54 4-55

not observed

Scheme 4.21. Attempted transannular Pauson-Khand reaction of enyne 4-53
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4.3. Conclusions

In conclusion macrocycle functionalizations through dicobalt hexacarbonyl-promoted
cycloadditions were investigated. The complexes were easily synthesized by reactions of
dicobalt octacarbonyl with macrocyles prepared by versatile palladium(ll)-catalyzed oxidative
coupling reactions or ring closing metathesis reactions. The cyclization processes uncovered
encompass intermolecular [2+2+2], [2+2+1+1], [2+2+1] reactions of macrocyclic dienynes and
the first transannular Pauson-Khand reactions of macrocyclic enynes. In all the discovered
cycloadditions the key issue was the choice of reaction promoter/solvent system.
Chemoselectivity in the cycloadditions was modulated by simple alterations of reagents used.
The structural requirements for transannular Pauson-Khand cyclization substrates were explored
and reaction conditions were optimized. A novel tricyclic cyclopentenone was synthesized under
optimized TAPK reaction conditions in a stereospecific manner. We believe our studies provide
compelling evidence for the overlooked utility of macrocycles in transition metal chemistry and
the reactions investigated can be utilized in preparations of chemically and industrially valuable

molecules.
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4.4. Experimental
General Procedures

All commercial compounds were used as received unless stated otherwise. Dicobalt
octacarbonyl was purchased from Strem Chemicals, Inc. as a solid, stabilized with 1-5 % hexane
and was stored at 0 °C. Metathesis catalysts (Materia Inc.) were stored in a glovebox and used as
received. DCM and Et3N were purified by distillation over CaH,. THF, Et,O and toluene were
distilled prior to use from sodium-benzophenone ketyl. All reactions were carried out in flame-
dried glassware under a nitrogen atmosphere, unless stated otherwise. Column chromatography
was performed using silica gel (Davisil, 40-63 micron) and reagent grade solvents without
deactivation, unless noted. NMR spectra were recorded on a Bruker ARX-400 instrument and
calibrated to the solvent signal (CDClz & = 7.26 ppm for "H NMR, & = 77.0 ppm for *C NMR,
CeDs & = 7.16 ppm for 'H NMR, & = 128.0 ppm for *C NMR). Multiplicities are indicated by s
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), sextet (sext), m (multiplet), or b
(broadened). IR spectra were recorded on a Jasco FTIR-4100 spectrophotometer with an ATR
attachment and selected peaks are reported in cm™. Mass spectra were recorded on a Thermo
Fisher Scientific Exactive Plus with lonSense ID-CUBE Direct Analysis in Real Time (DART)

ion source.

For synthesis protocols and characterization information of hex-5-en-1-yl 4-
methylbenzenesulfonate, 4-23, 4-36, 4-37, 4-39, 4-50, 4-53, see Chapter 2, section 2.4; for hex-
5-yn-1-yl 4-methylbenzenesulfonate, 4-1, 4-3, 4-4, 4-5, 4-7, 4-12, 4-14, 4-16, see Chapter 3,

section 3.4.
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2((T 70 )y
= 0
N (e}
2( %5 | )5
SN
2
(6E,8E,20E,22E,34E,36E)-

1,3,4,5,10,11,12,14,15,17,18,19,24,25,26,28,29,31,32,33,38,39,40,42-tetracosahydrobenzo[1,2-

c:3,4-c":5,6-c""]tri[1,6]dioxacyclohexadecine (4-2)

4-1 (158 mg, 0.72 mmol) was dissolved in THF (14 mL). Dicobalt octacarbonyl (74 mg, 0.21
mmol) and DMSO (0.3 mL, 4.30 mmol) were added and the solution was refluxed for 24 h.
Solvent was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 88

mg (56% yield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 6.23-6.16 (m, 6H), 5.65-5.55 (m, 6H), 4.57 (s, 12 H), 3.45

(t, J = 4.8 Hz, 12H), 2.22 (td, J = 6.8, 6.0 Hz, 12 H), 1.67-161 (m, 12H);
3C NMR (100 MHz, CDCls, ppm) &: 138.1, 132.0, 130.8, 69.4, 66.9, 30.9, 28.6;
IR (neat ATR): 2908, 2851, 1107, 1085, 983;

HRMS (DART): calcd [M+H]* 661.44627, found 661.44470.
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7\0/\/

1,2,3,4,5,6-hexakis(propoxymethyl)benzene (4-6)

4-5 (126 mg, 0.74 mmol) was dissolved in THF (15 mL). Dicobalt octacarbony! (76 mg, 0.22
mmol) and DMSO (0.3 mL, 4.44 mmol) were added and the solution was refluxed for 24 h.
Solvent was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 88

mg (70% yield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 4.63 (s, 12H), 3.46 (t, J = 6.6 Hz, 12H), 1.60 (sext, J = 7.0

Hz, 12H), 0.92 (t, J = 7.4 Hz, 18H);
13C NMR (100 MHz, CDCls, ppm) &: 137.7, 72.4, 66.2, 22.9, 10.6;
IR (neat ATR): 2962, 2936, 2873, 1353, 1087, 908, 728;

HRMS (DART): calcd [M+H]* 511.39932, found 511.39808.
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(5E,7E,17E,19E,29E,31E)-1,3,4,9,10,12,13,15,16,21,22,24,25,27,28,33,34,36-

octadecahydrobenzo[1,2-c:3,4-c":5,6-c""]tri[1,6]dioxacyclotetradecine (4-8)

4-7 (43 mg, 0.17 mmol) was dissolved in THF (4 mL). Dicobalt octacarbonyl (18 mg, 0.05
mmol) and DMSO (0.07 mL, 1.04 mmol) were added and the solution was refluxed for 24 h.
Solvent was removed in vacuo and column chromatography with 6:1 hexanes/EtOAc afforded 26

mg (60% vyield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) 5: 6.11-6.04 (m, 6H), 5.54-5.47 (m, 6H), 4.47 (s, 12H), 3.48

(t, = 8.0 Hz, 12H), 2.15 (td, J = 7.2, 4.4 Hz, 12H), 1.66-1.59 (m, 12H), 1.49-1.42 (m, 12H);
13C NMR (100 MHz, CDCls, ppm) &: 137.7, 132.4, 131.3, 71.1, 66.0, 33.0, 28.3, 23.8;
IR (neat ATR): 2927, 2857, 1443, 1356, 1081, 989, 907, 727;

HRMS (DART): calcd [M+H]* 745.54017, found 745.53687.
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\ 7

(7TE,9E,24E,26E)-3,4,5,6,11,12,13,14,18,20,21,22,23,28,29,30,31,33-octadecahydro-1H,16 H-

benzo[1,2-c:4,5-c']di[1,6]dioxacyclooctadecine-17,34-diol (4-13)

In a round bottom flask complex 4-12 (145 mg, 0.27 mmol), NH,OH (2.2 mL, 2 M) and
dioxane (6 mL) were mixed. The reaction solution was heated at 90 °C for 48 h. The reaction
mixture was diluted with ether, filtered through celite and then through MgSO,. Column

chromatography with 9:1 hexanes/EtOAc afforded 13 mg (17% yield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 8.30 (s, 2H), 6.08-6.01 (m, 4H), 5.55-5.47 (m, 4H), 4.59 (s,
8H), 3.48 (t, J = 7.4 Hz, 8H), 2.13 (td, J = 7.0 , 4.8 Hz, 8H), 1.66-1.59 (m, 8H), 1.51-1.44 (m,

8H);
3C NMR (100 MHz, CDCls, ppm) &: 148.3, 132.2, 131.5, 122.5, 69.8, 65.5, 32.0, 27.6, 23.6;
IR (neat ATR): 3361, 2922, 2857, 1691, 1541, 1432, 1375, 1267, 1089, 1035, 985;

HRMS (DART): calcd [M+H]* 555.36802 , found 555.36545,
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2,3,5,6-tetrakis(propoxymethyl)benzene-1,4-diol (4-15)

In a round bottom flask complex 4-14 (280 mg, 0.61 mmol), NH,OH (1.7 mL, 4 M) and
dioxane (5 mL) were mixed. The reaction solution was heated at 90 °C for 36 h. The reaction
mixture was diluted with ether, filtered through celite and then through MgSO,. Column

chromatography with 9:1 petroleum ether/Et,0O afforded 32 mg (26% yield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 8.11 (s, 2H), 4.71 (s, 8H), 3.45 (t, J = 6.6 Hz, 8H), 1.66-

1.57 (m, 8H), 0.91 (t, J = 7.4 Hz, 12H);
13C NMR (100 MHz, CDCls, ppm) &: 148.4, 122.8, 72.0, 65.7, 22.8, 10.6;
IR (neat ATR): 3748, 1558, 1540, 1363, 1215, 1077;

HRMS (DART): calcd [M+H]* 398,26629 , found 398.26503.

o N\~

T
O

2,3-bis(propoxymethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one (4-20)

A flame dried round bottom flask was charged with TMTU (52 mg, 0.39 mmol) and flushed
with N,. A solution of complex 4-14 (300 mg, 0.65 mmol) in toluene (10 mL) and norbornadiene
(0.13 mL, 1.31 mmol) was added. The reaction solution was stirred at 70 °C for 12 h. Solvent
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was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 106 mg

(56% vyield) of a colorless oil.

'H NMR (400 MHz, C4Ds, ppm) 8: 5.99 (dd, J = 5.6, 3.2 Hz, 1H), 5.86 (dd, J = 5.6, 2.8 Hz, 1H),
4.33 (d, J = 15.2 Hz, 1H), 4.16 (dd, J = 15.2, 0.8 Hz, 1H), 4.15 (d, J = 12.0 Hz, 1H), 4.06 (d, J =
12.0 Hz, 1H), 3.17 (t, J = 6.6 Hz, 2H), 3.13 (ddt, J = 19.6, 9.2, 6.4 Hz, 2H), 2.91 (bs, 1H), 2.74
(bs, 1H), 2.73 (d, J = 5.2 Hz, 1H), 2.14 (d, J = 5.2 Hz, 1H), 1.50-1.36 (m, 4H), 1.26-1.21 (m,

2H), 0.81 (t, J = 7.4 Hz, 3H), 0.78 (t, J = 7.4 Hz, 3H);

3C NMR (100 MHz, CDCls, ppm) &: 208.1, 174.9, 140.9, 138.4, 137.1, 73.0, 72.5, 67.3, 61.5,

52.3,48.7,43.6,42.6, 41.3, 22.80, 22.76, 10.51, 10.50;
IR (neat ATR): 2964, 2938, 2874, 1698, 1100, 693;

HRMS (DART): calcd [M+H]* 291.19547, found 291.19484.

7\

(6E,8E)-1,3,4,5,10,11,12,14,14b,15,18,18a-dodecahydro-19H-15,18-methanoindeno[1,2

c][1,6]dioxacyclohexadecin-19-one (4-21)

A flame dried round bottom flask was charged with TMTU (26 mg, 0.19 mmol) and flushed
with Na. A solution of complex 4-4 (166 mg, 0.33 mmol) in toluene (6 mL) and norbornadiene
(0.10 mL, 0.65 mmol) was added. The reaction solution was stirred at 70 °C for 24 h. Solvent
was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 76 mg

(68% vyield) of a colorless oil.
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'H NMR (400 MHz, CDCls, ppm) &: 6.32 (dd, J = 5.6, 2.8, 1H), 6.20 (dd, J = 5.6, 2.8 Hz, 1H),
6.02 (dd, J = 14.6, 6.6 Hz, 1H), 5.93 (dd, J = 14.4, 6.4 Hz, 1H), 5.62-5.47 (m, 2H), 4.36 (d, J =
15.2 Hz, 1H), 4.31 (d, J = 15.2 Hz, 1H), 3.90 (s, 2H), 3.54 (ddd, J = 9.8, 6.0, 3.8 Hz, 1H), 3.49-
3.38 (m, 3H), 3.01 (bs, 1H), 2.94 (bs, 1H), 2.90 (d, J = 5.2 Hz, 1H), 2.31 (d, J = 5.2 Hz, 1H),

2.28-2.09 (m, 4H), 1.76-1.66 (m, 4H), 1.40 (dt, J = 9.2, 1.2 Hz, 1H), 1.24 (bd, J = 9.2 Hz, 1H);

3C NMR (100 MHz, CDCls, ppm) &: 208.3, 175.9, 139.7, 138.6, 137.0, 133.0, 131.9, 129.9,

129.3,71.7,70.1, 67.9, 60.7, 52.2, 48.7, 43.7, 42.7, 41.1, 31.9, 30.6, 28.5 (2 C signals overlap);
IR (neat ATR): 2916, 2868, 1692, 1095, 985, 911, 727;

HRMS (DART): calcd [M+H]* 341.21112, found 341.21017.

7 N

(7E,9E)-1,3,4,5,6,11,12,13,14,16,16b,17,20,20a-tetradecahydro-21H-17,20-

methanoindeno[1,2-c][1,6]dioxacyclooctadecin-21-one (4-22)

A flame dried round bottom flask was charged with TMTU (17 mg, 0.13 mmol) and flushed
with N2. A solution of complex 4-12 (115 mg, 0.22 mmol) in toluene (5 mL) and norbornadiene
(0.04 mL, 0.43 mmol) was added. The reaction solution was stirred at 70 °C for 24 h. Solvent
was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 65 mg

(82% yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 6.30 (dd, J = 5.4, 3.0, 1H), 6.19 (dd, J = 5.4, 3.0 Hz, 1H),

6.05 (dd, J = 14.4, 10.4 Hz, 1H), 5.98 (dd, J = 14.4, 10.4 Hz, 1H), 5.55-5.44 (m, 2H), 4.46 (d, J =
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16 Hz, 1H), 4.32 (d, J = 15.6 Hz, 1H), 4.08 (dd, J = 18.8, 12.4 Hz, 2H), 3.50 (td, J = 7.2, 2.4 Hz,
2H), 3.30 (t, J = 7.2 Hz, 2H), 2.94-2.91 (m, 3H), 2.29 (d, J = 5.2 Hz, 1H), 2.21-2.03 (m, 4H),
1.66-1.60 (m, 2H), 1.58-1.47 (m, 4H), 1.45-1.40 (m, 2H), 1.38 (bd, J = 9.2 Hz, 1H), 1.21 (bd, J =

9.2 Hz, 1H);

3C NMR (100 MHz, CDCls, ppm) &: 208.1, 175.6, 140.1, 138.6, 137.1, 132.6, 131.8, 131.5,

131.3,70.3, 70.1, 66.7, 61.9, 52.3, 48.8, 43.7, 42.8, 41.3, 32.0, 31.3, 27.42, 27.32, 24.1, 23.5;
IR (neat ATR): 2937, 2861, 1690, 1637, 1372, 1107, 990, 913, 731;
HRMS (DART): calcd [M+H]* 369.24242, found 369.24141.

OH

o
4-(allyloxy)but-2-yn-1-ol

To a suspension of KOH (2.30 g, 41.3 mmol) in DMSO (20 mL) were added allyl bromide
(1.4 mL, 16.2 mmol) and but-2-yne-1,4-diol (3.5 g, 41.3 mmol). The mixture was then stirred for
1 h, poured into water, and extracted with ether. The aqueous phase was then acidified with
aqueous HCI (6 M) and further extracted with ether. The combined organic phases were reduced
in volume, washed with water, dried with MgSO,, and concentrated in vacuo. Chromatography

with 3:1 hexanes/Et,O afforded 1.15 g (57% yield) of a known>® colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.90 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.31 (ddt, J = 17.2,
1.6, 1.6 Hz, 1H), 5.22 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 4.32-4.30 (m, 2H), 4.19 (t, J = 1.6 Hz,

2H), 4.05 (dt, J = 5.6, 1.2 Hz, 2H), 1.74 (bt, J = 5.6 Hz, 1H).
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6-((4-(allyloxy)but-2-yn-1-yl)oxy)hex-1-ene

A flame dried flask was charged with NaH (261 mg, 6.53 mmol, 60% w/w dispersion in
mineral oil) and dry DMF (6 mL) under N, atmosphere. The suspension was cooled to 0 °C and a
solution of 4-(allyloxy)but-2-yn-1-ol (343 mg, 2.72 mmol) in dry DMF (6 mL) was added
dropwise. The mixture was stirred for 45 min at 0 °C prior to the addition of hex-5-en-1-yl 4-
methylbenzenesulfonate (830 mg, 3.26 mmol). The reaction solution was allowed to stir at room
temperature for 24 h. Upon completion, water was added and the crude mixture was extracted
with DCM. The combined organic layers were washed with water, brine, and dried over MgSO,.
Solvent was removed in vacuo. Chromatography with 9:1 hexanes/EtOAc afforded 520 mg (92%

yield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 5.90 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.79 (ddt, J = 17.0,
10.4, 6.8 Hz, 1H), 5.29 (ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 5.21 (ddt, J = 10.4, 1.2, 1.2 Hz, 1H), 4.9
(ddt, J=17.2, 1.6, 1.6 Hz, 1H), 4.94 (ddt, J = 10.0, 1.2, 1.2 Hz, 1H), 4.19-4.16 (m, 4H), 4.05 (dt,
J =56, 1.2 Hz, 2H), 3.50 (t, J = 6.6 Hz, 2H), 2.09-2.04 (m, 2H), 1.64-1.56 (m, 2H), 1.49-1.41

(m, 2H);

3C NMR (100 MHz, CDCl3, ppm) &: 138.6, 133.9, 117.8, 114.5, 82.6, 81.9, 70.6, 70.0, 58.2,

57.4,33.4,28.9, 25.4;

IR (neat ATR): 2937, 2857, 1439, 1349, 1117, 1080, 992, 909;
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HRMS (DART): calcd [M+H]* 209.15361, found 209.15374.

(O\/\/\/

]
(OC)GCOZﬁ

LO/\/
Complex 4-25

To a solution of 6-((4-(allyloxy)but-2-yn-1-yl)oxy)hex-1-ene (156 mg, 0.75 mmol) in DCM
(10 mL) Cox(CO)s (282 mg, 0.82 mmol) was added. The mixture was stirred at room
temperature for 3 h. The solvent was removed in vacuo. Chromatography with hexanes afforded

323 mg (87% vyield) of red oil.

IH NMR (400 MHz, CDCls, ppm) &: 5.93 (ddt, J = 17.2, 10.8, 5.4 Hz, 1H), 5.80 (ddt, J = 17.0,
10.2, 6.6 Hz, 1H), 5.35-5.30 (m, 1H), 5.20 (dd, J = 10.4, 1.2 Hz, 1H), 5.00 (dd, J = 17.2, 1.6 Hz,
1H), 4.94 (bd, J = 10.4 Hz, 1H), 4.65 (s, 2H), 4.62 (s, 2H), 4.15 (bd, J = 5.2 Hz, 2H), 3.60 (t, J =

6.4 Hz, 2H), 2.10-2.05 (m, 2H), 1.66-1.59 (m, 2H), 1.52-1.45 (m, 2H);

3C NMR (100 MHz, CDCls, ppm) &: 138.7, 134.3, 116.8, 114.4, 71.6, 70.99, 70.95, 70.2, 67.9

33.5, 29.2, 25.3 (cobalt coordinated alkyne carbons absent and CO signal was not observed);
IR (neat ATR): 3016, 2969, 2942, 2093, 2049, 1997, 1439, 1365, 1228, 1216, 1091, 910;

HRMS (DART): calcd [M-OCH,CH=CH,]* 436.94763, found 436.94797, calcd [M-

O(CH3)4sCH=CH_] 394.90068, found 394.90097.
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N ©
6-((hex-5-en-1-yloxy)methyl)-3a,4-dihydro-1H-cyclopenta[c]furan-5(3H)-one (4-26)

A flame dried round bottom flask was charged with NMO (388 mg, 2.89 mmol) and flushed
with N,. A solution of complex 4-25 (238 mg, 0.48 mmol) in DCM (10 mL) was added and the
resultant solution was stirred at room temperature for 27 h. DCM was removed in vacuo and

column chromatography with 4:1 hexanes/EtOAc afforded 64 mg (56% vyield) of a colorless oil.

'H NMR (400 MHz, CeDg, ppm) &: 5.66 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 4.98-4.89 (m, 2H),
4.48 (d, J = 16.4 Hz, 1H), 4.41 (dd, J = 16.4, 1.6 Hz, 1H), 4.07 (ddt, J = 14.4, 2.8, 2.0 Hz, 1H),
4.01 (dtd, J = 14.4, 2.4, 1.4 Hz, 1H), 3.71 (t, J = 7.8 Hz, 1H), 3.06 (t, J = 6.2 Hz, 2H), 2.58 (dd, J
= 11.2, 8.0 Hz, 1H), 2.42-2.37 (m, 1H), 2.05 (ddd, J = 17.6, 6.4, 0.4 Hz, 1H), 1.89-1.83 (m, 2H),

1.50 (dd, J = 17.4, 3.8 Hz, 1H), 1.37-1.30 (m, 2H), 1.29-1.21 (m, 2H);

3C NMR (100 MHz, CDCls, ppm) &: 207.1, 178.6, 138.4, 133.8, 114.5, 71.37, 71.20, 65.5, 64.7,

44.0, 39.0, 33.3, 28.9, 25.2;
IR (neat ATR): 2934, 2857, 1710, 1680, 1374, 1272, 1121, 1024, 911, 887, 732;

HRMS (DART): calcd [M+H]* 237.14852, found 237.14890.
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BnN

M
N-benzyl-N-(hex-5-yn-1-yl)hex-5-yn-1-amine (4-31)

In a flame-dried round bottom flask benzylamine (0.5 mL, 4.57 mmol), potassium carbonate
(2.0 g, 13.73 mmol) and hex-5-yn-1-yl 4-methylbenzenesulfonate (2.3 g, 9.15 mmol) were mixed
with dry acetonitrile (15 mL). The resultant suspension was refluxed for 24 h. Upon completion
the reaction mixture was filter through celite and the solvent was removed in vacuo. Column
chromatography with 4:1 hexanes/EtOAc (small amount of EtzN was added) afforded 930 mg

(76% vyield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) 5: 7.32-7.27 (m, 4H), 7.24-7.20 (m, 1H), 3.53 (s, 2H), 2.41 (t,

J=6.8 Hz, 4H), 2.15 (td, J = 6.8, 2.8 Hz, 4H), 1.93 (t, J = 2.6 Hz, 2H), 1.61-1.48 (m, 8H);

13C NMR (100 MHz, CDCls, ppm) &: 127.8, 128.0, 126.60, 126.57, 84.4, 68.1, 58.5, 52.9, 26.13,

26.01, 18.1.

BnN/\/\/\/BPin
MBPin
(E)-N-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-((E)-6-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hex-5-en-1-yl)hex-5-en-1-amine (4-32)

A dry two neck-round bottom flask equipped with a reflux condenser was charged with
Cp2ZrHCI (70 mg, 0.27 mmol) under a N, atmosphere. A solution of 4-31 (366 mg, 1.37 mmol)
in dry DCM was added into the flask at 0 °C and formed a suspension with Cp,ZrHCI.

Pinacolborane (0.8 mL, 5.47 mmol) was added dropwise to this suspension. The resultant
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solution was stirred at 0 °C for 30 min and was refluxed for overnight. The reaction was
quenched with water, diluted with DCM and washed with brine. After drying with MgSQO, the
solvent was removed in vacuo. Chromatography with 4:1 hexanes/EtOAc (small amount of EtsN

was added) afforded 560 mg (78% vyield) of a colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: 7.29-7.28 (m, 4H), 7.23-7.20 (m, 1H), 6.60 (dt, J = 18.0,
6.4 Hz, 2H), 5.40 (dt, J = 18.0, 1.4 Hz, 2H), 3.51 (s, 2H), 2.37 (t, J = 7.0 Hz, 4H), 2.14-2.06 (m,

4H), 1.46-1.34 (m, 8H), 1.26 (s, 24H);

3C NMR (100 MHz, CDCls, ppm) &: 154.4, 128.68 (2 C signals overlap), 127.97 (2 C signals
overlap), 82.8, 58.5, 53.4, 35.6, 26.5, 25.9, 24.6 (boron substituted vinyl carbons absent).

~
BnN
/

(6E,8E)-1-benzylazacyclotrideca-6,8-diene (4-33)

A flame dried round bottom flask was charged with PdCl,(PPhs), (154 mg, 0.22 mmol) and
flushed with N,. Methanol (550 mL), 4-32 (1.15 g, 2.20 mmol), chloroacetone (1.8 mL, 22.0
mmol) and aqueous K,CO3; (2 M, 5.5 mL, 10.98 mmol) were subsequently added and the
mixture was allowed to stir at room temperature for 6 h. Methanol was removed in vacuo and
chromatography with 3:2 hexanes/EtOAc (small amount of EtsN was added) afforded 366 mg

(62% vyield) of a white solid.

'H NMR (400 MHz, CDCls, ppm) &: 7.34-7.28 (m, 4H), 7.24-7.20 (m, 1H), 6.12-6.05 (m, 2H),
5.43-5.32 (M, 2H), 3.59 (s, 2H), 2.36-2.29 (m, 4H), 2.10-2.05 (m, 4H), 1.42-1.35 (m, 4H), 1.26-

1.20 (m, 4H);
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3C NMR (100 MHz, CDCl3, ppm) &: 140.9, 132.0, 130.3, 128.5, 127.9, 126.4, 58.4, 52.5, 33.6,

23.3,22.8.

O
(OC)eCo2 /\///
/

(0]

Complex 4-51

To a solution of 4-50 (132 mg, 0.50 mmol) in DCM (10 mL) Co,(CO)s (171 mg, 0.50 mmol)
was added. The mixture was stirred at room temperature for 9 h. The solvent was removed in
vacuo. Chromatography with 19:1 petroleum ether/Et,O afforded 242 mg (88% vyield, E/Z =

2.5/1) of ared oil.

'H NMR (400 MHz, CDCls, ppm) &: (E) 5.71-5.51 (m, 2H), 4.64 (s, 2H), 4.61 (s, 2H), 4.14 (d, J
= 5.6 Hz, 2H), 3.58 (t, J = 5.8 Hz, 2H), 2.08 (bd, J = 6.0 Hz, 2H), 1.59-1.55 (m, 2H), 1.40-1.28
(M, 14H), (2) 5.71-5.51 (M, 2H), 4.67 (s, 2H), 4.64 (s, 2H), 4.23 (d, J = 6.0 Hz, 2H), 3.58 (t, J =

5.8 Hz, 2H), 2.08 (bd, J = 6.0 Hz, 2H), 1.59-1.55 (m, 2H), 1.40-1.28 (m, 14H);

3C NMR (100 MHz, CDCls, ppm) &: (E) 199.5 (CO), 193.2 (CO), 135.1, 126.8, 94.23 (Co-
C=C-Co), 94.22 (Co-C=C-Co), 71.33, 71.29, 71.0, 68.8, 31.6, 28.9, 27.9, 27.48, 27.39, 27.13,
27.09, 27.04, 24.7, (Z) 199.5 (CO), 193.2 (CO), 133.9, 126.3, 94.26 (Co-C=C-Co), 94.19 (Co-
C=C-Co), 71.6, 70.9, 69.8, 66.4, 29.0, 28.3, 27.66, 27.59, 27.57, 27.26, 27.1 (2 C signals

overlap), 26.9, 25.0;

IR (neat ATR): 2928, 2857, 2092, 2049, 2013, 1622, 1460, 1348, 1095, 971,
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HRMS (DART): calcd [M+H]* 551.05209, found 551.05013.

4-52

A flame-dried flask was charged with 4-51 (115 mg, 0.21 mmol) and acetonitrile (20 mL).
The solution was heated to 50 °C and NMO (147 mg, 1.25 mmol in 10 mL MeCN) was added
dropwise over 14 h. Upon completion, the reaction was cooled to room temperature, solvent was
removed in vacuo and chromatography with 1:1 hexanes/Et,O afforded 27 mg (44% vyield) of a

colorless oil.

'H NMR (400 MHz, CDCls, ppm) &: (Major) 4.70 (d, J = 16.4 Hz, 1H), 4.53 (d, J = 16.0 Hz,
1H), 4.34 (dd, J = 14.0, 14.0 Hz, 1H), 4.24 (d, J = 12.8 Hz, 1H), 4.04 (d, J = 12.8 Hz, 1H), 3.50-
3.44 (m, 1H), 3.42-3.36 (m, 1H), 3.24-3.18 (m, 2H), 2.26 (bt, J = 2.6 Hz, 1H), 2.19-2.11 (m,
1H), 1.76-1.64 (m, 1H), 1.65-1.50 (m, 2H), 1.47-1.14 (m, 14H), (Minor) 4.66 (d, J = 16.8 Hz,
1H), 4.60 (d, J = 16.4 Hz, 1H), 4.19 (dt, J = 11.6, 0.8 Hz, 1H), 4.15 (dd, J = 8.4, 8.4 Hz, 1H),
3.96 (d, J = 11.6 Hz, 1H), 3.56 (dd, J = 11.2, 8.4 Hz, 1H), 3.50-3.44 (m, 1H), 3.36-3.18 (m, 2H),

2.72-2.67 (M, 1H), 1.76-1.64 (m, 2H), 1.47-1.14 (m, 16H);

13C NMR (100 MHz, CDCls, ppm) &: (Major) 209.7, 180.2, 133.9, 71.4, 69.5, 64.9, 61.4, 49.2,

475, 28.1, 27.7, 27.3, 26.7, 26.6, 26.4, 26.0, 25.61, 24.5, (Minor) 210.4, 177.4, 130.9, 70.7,
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67.3, 65.3, 61.8, 49.7, 47.7, 28.7, 27.8, 27.6, 26.9, 25.59, 25.2, 24.2, 23.7 (1 C signal overlaps

around 27.0 ppm);
IR (neat ATR): 2925, 2855, 1712, 1676, 1094, 1025, 986, 889, 733;
HRMS (DART): calcd [M+H]" 293.21112, found 293.21005.

CO,Me
COM
(OC)GCOZ/\7 PSS

(

0] AN

Complex 4-54

To a solution of 4-53 (95 mg, 0.34 mmol) in DCM (7 mL) Co,(CO)g (116 mg, 0.34 mmol)
was added. The mixture was stirred at room temperature for 6 h. The solvent was removed in
vacuo. Chromatography with 9:1 petroleum ether/Et,O afforded 142 mg (74% vyield) of a red

solid.

'H NMR (400 MHz, CDCls, ppm) &: 5.88-5.65 (m, 2H), 4.66 (s, 2H), 4.00 (d, J = 1.6 Hz, 2H),

3.74 (s, 6H), 3.65 (5, 2H), 2.14 (bs, 2H), 2.02-1.96 (m, 2H), 1.41 (bs, 2H);

13C NMR (100 MHz, CDCls, ppm) &: 199.4 (C=0), 170.8 (C=0), 136.2, 128.4, 95.0 (Co-C=C-

Co), 87.0 (Co-C=C-Co), 70.5, 66.6, 58.0, 52.6, 38.2, 28.7, 28.2, 23.2;
IR (neat ATR): 2947, 2855, 2089, 2050, 1998, 1730, 1301, 1242, 1205, 1182, 1059, 1013;

HRMS (DART): calcd [M+H]" 566.97424, found 566.97174.

212



4.5. References and Notes

1. For selected reviews, see: a) Heck, R. F. Synlett 2006, 2855. b) Omae, I. Appl.
Organometal. Chem. 2007, 21, 318. c) Taylor, C. J. S.; Ward, B. D. New J. Chem. 2008,
32, 1850. d) Gandeepan, P.; Cheng, C. H. Acc. Chem. Res. 2015, 48, 1194. e) Ott, 1,;
Schmidt, K.; Kircher, B.; Schumacher, P.; Wiglenda, T.; Gust, R.; J. Med. Chem. 2005,
48, 622.

2. Schwab E. Chem. Eng. News. 2003, 80.

3. Mond, L.; Hirtz, H.; Cowap, M. D. J. Chem. Soc. 1910, 798.

4. a) Octacarbonyldicobalt. e-EROS Encyclopedia of Reagents in Organic Synthesis
[Online]; John Wiley & Sons, 2014. DOI: 10.1002/047084289X.ro001.pub3 b) Fischer,
S. Synlett 2002, 1558.

5. a) Nicholas, K. M.; Pettit, R. Tetrahedron 1971, 37, 3475. b) Nicholas, K. M. Acc. Chem.
Res. 1987, 20, 207. ¢) Kuhn, O.; Rau, D.; Mayr, H. J. Am. Chem. Soc. 1998, 120, 900. d)
Teobald, B. J. Tetrahedron 2002, 58, 4133. €) Montana, A. M.; Cano, M. Tetrahedron
2002, 58, 933. For a recent review on the topic, see: f) Amin, J.; Motevalli, M.; Richards,
C. J. J. Organomet. Chem. 2015, 776, 43. (also see chapter 3 ref 19)

6. For selected examples, see: a) Seyferth, D.; Nestle, M. O.; Wehman, A. T. J. Am. Chem.
Soc. 1975, 97, 7417. b) Marshall, J. A.; Robinson, E. D.; Lebreton, J. J. Org. Chem.
1990, 55, 227. c) Jones, G. B.; Hynd, G.; Wright, J. M.; Purohit, A.; Plourde, I. I. G. W.;
Huber, R. S.; Mathews, J. E.; Li, A.; Kilgore, M. W.; Bubley, G. J.; Yancisin, M.; Brown,
M. A. J. Org. Chem. 2001, 66, 3688. d) Gobbo, P.; Romagnoli, T.; Barbon, S. M.; Price,
J. T.; Keir, J.; Gilroy, J. B.; Workentin, M. S. Chem. Commun. 2015, 51, 6647. (also see

chapter 2 ref 11c, 26a-c, 29b, 31)

213



7.

10.

11.

a) Cragg, R. H.; Jeffery, J. C.; Went, M. J. Dalton Trans. 1991, 137. b) Magnus, P.;
Annoura, H.; Harling, J. J. Org. Chem. 1990, 55, 1709. ¢) Magnus, P.; Davies, M. Chem.
Commun. 1991, 1522. d) Magnus, P.; Pitterna, T. Chem. Commun. 1991, 541. e) Najdi, S.
D.; Olmstead, M. M.; Schore, N. E. J. Organomet. Chem. 1992, 431, 335. f) Rubin, Y_;
Knobler, C. B.; Diederich, F. J. Am. Chem. Soc. 1990, 112, 4966. g) Iwasawa, N.; Ooi, |.;
Inaba, K.; Takaya, J. Angew. Chem. Int. Ed. 2010, 49, 7534. h) Zhang, J.; Xing, S.; Ren,
J.; Jiang, S.; Wang, Z. Org. Lett. 2015, 17, 218.

a) Khand, I. U.; Knox, G. R.; Pauson, P. L.; Watts, W. E. Chem. Commun. 1971, 36. b)
Khand, I. U.; Konox, G. R.; Pauson, P. L.; Watts, W. E.; Foreman, M. I. J. Chem. Soc.
Perkin Trans. 1 1973, 977.

a) Gibe, R.; Green, J. R. Chem. Commun. 2002, 1550. b) Shea, K. M.; Closser, K. D.;
Quintal, M. M. J. Org. Chem. 2005, 70, 9088. c) Alvaro, E.; De la Torre, M. C.; Sierra,
M. A. Chem. Commun. 2006, 985. d) Zhao, L.; Northrop, B. H.; Stang, P. J. J. Am. Chem.
Soc. 2008, 130, 11886. e) Carrillo, R.; Martin, T.; Loopez-Rodriguez, M.; Crisostomo, F.
P. Org. Lett. 2014, 16, 552. (also see chapter 3 ref 19a)

a) King, R. B.; Haiduc, I.; Efraty, A. J. Organomet. Chem. 1973, 47, 145. b) Hamilton,
D. G.; Sanders, J. K. M. Chem. Commun. 1998, 1749. c) Davies, J. E.; Hope-Weeks, L.
J.; Mays, M. J.; Raithby, P. R. Chem. Commun. 2000, 1411. d) Song, L. —C.; Jin, J. —X;
Wang, H. -T.; Zhang, W. —X.; Hu, Q. —M. Organometallics 2005, 24, 6464. e) Song, L. —
C.; Jin, J. =X.; Zhang, W. —X.; Hu, Q. —-M. Organometallics 2005, 24, 700. f) Cetin, A;
Durfee, W. S.; Ziegler, C. J. Inorg. Chem. 2007, 46, 6236. g) Baillargeon, P.; Fortin, D.;
Dory, Y. L. Cryst. Growth Des. 2010, 10, 4357.

Berthelot, M. C. R. Hehd. Seances Acad. Sci. 1866, 62, 905.

214



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

For selected reviews, see: Gandon, V.; Aubert, C.; Malacria, M. Chem. Commun. 2006,
2209. b) Chopadea, P. R.; Louiea, J. Adv. Synth. Catal. 2006, 348, 2307. c) Weding, N.;
Hapke, M. Chem. Soc. Rev. 2011, 40, 4525. d) Kotha, S.; Brahmachary, E.; Lahiri, K.
Eur. J. Org. Chem. 2005, 4741.

Amatore, M.; Aubert, C. Eur. J. Org. Chem. 2015, 265.

Pla-Quintana, A.; Roglans, A. Molecules 2010, 15, 9230.

Okamato, S.; Sugiyama, Y. Synlett 2013, 24, 1044.

Bennett, M. A.; Donaldson, P. B. Inorg. Chem. 1978, 17, 1995.

a) Roy, R.; Das, S. K. Chem. Commun. 2000, 519. b) Das, S. K.; Roy, R. Tetrahedron
Lett. 1999, 40, 4015. c) Roy, R.; Das, S. K.; Dominique, R.; Trono, M. C.; Hernandez-
Mateo, F.; Santoyo-Gonzalez, F. Pure Appl. Chem. 1999, 71, 565.

a) Mamane, V.; Gref, A.; Lefloch, F.; Riant, O. J. Organomet. Chem. 2001, 637, 84. b)
Xie, R. -J.; Han, L. —M.; Zhu, N.; Hong, H. —L.; Suo, Q. —L.; Fu, P. Polyhedron 2012,
38, 7. c) Fletcher, J. T.; Therien, M. J. J. Am. Chem. Soc. 2000, 122, 12393. d) Fletcher,
J. T.; Therien, M. J. J. Am. Chem. Soc. 2002, 124, 4298. e) Gandon, V.; Leca, D.;
Aechtner, T.; Vollhardt, K. P. C.; Malacria, M.; Aubert, C. Org. Lett. 2004, 6, 3405.

a) Geng, Y.; Fechtenkotter, A.; Mullen, K. J. Mater. Chem. 2001, 11, 1634. b)
Kobayashi, K.; Shirasaka, T.; Sato, A.; Horn, E.; Furukawa, N. Angew. Chem. Int. Ed.
1999, 38, 3483. ¢) Al-Smadi, M.; Ratrout, S. J. Heterocylic Chem. 2004, 41, 887.

a) Dotz, F.; Brand, J. D.; Ito, S.; Gherghel, L.; Millen, K. J. Am. Chem. Soc. 2000, 122,
7707. b) Pisula, W.; Kastler, M.; Wasserfallen, D.; Pakula, T.; Mullen, K. J. Am. Chem.
Soc. 2004, 126, 8074.

Mohamed, A. B.; Green, J. R. Chem. Commun. 2003, 2936.

215



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Son, S. U.; Choi, D. S.; Chung, Y. K. Org. Lett. 2000, 2, 2097.

Gervasio, G.; Sappa, E. J. Organomet. Chem. 1993, 444, 203.

Baxter, R. J.; Knox, G. R.; Moir, J. H.; Pauson, P. L.; Spicer, M. D. Organometallics
1999, 18, 206.

a) Sigman, M. S.; Fatland, A. W.; Eaton, B. E. J. Am. Chem. Soc. 1998, 120, 5130. b)
Hecht, S.; Frechet, J. M. J. J. Am. Chem. Soc. 1999, 121, 4084.

a) Elwahy, A. H. M. Tetrahedron Lett. 2001, 42, 5123. b) Elwahy, A. H. M.; Abbas, A.
A. Tetrahedron Lett. 2006, 47, 1303.

a) Manen, H. —-J.; Fokkens, R. H.; Veggel, F. C. J. M.; Reinhoudt, D. N. Eur. J. Org.
Chem. 2002, 3189. b) Yin, X. =Y.; Tan, M. =Y. Synth. Commun. 2003, 33, 1113. c) Sanz,
D.; Jimenez, J. A.; Claramunt, R. M.; Elguero, J. Arkivoc 2004, 100. d) Liu, Q. -P.; Chen,
Y. -J.; Wu, Y.; Zhu, J.; Geng, J. —G. Synlett 2006, 1503. e) Reger, D. L.; Foley, E. A;;
Smith, M. D. Inorg. Chem. 2010, 49, 234.

Jyothish, K.; Vemula, P. K.; Jadhav, S. R.; Francesconi, L. C.; John, G. Chem. Commun.
2009, 5368.

Perry, M. R.; Shaver, M. P. Can. J. Chem. 2011, 89, 499.

a) Eubank, J. F.; Mouttaki, H.; Cairns, A. J.; Belmabkhout, Y.; Wojtas, L.; Luebke, R.;
Alkordi, M.; Eddaoudi, M. J. Am. Chem. Soc. 2011, 133, 14204. b) Wang, Y.; Yang, J.;
Liu, Y.-Y.; Ma, J. F. Chem. Eur. J. 2013, 19, 14591.

a) Sugihara, T.; Yamada, M.; Ban, H.; Yamaguchi, M.; Kaneko, C. Angew. Chem. Int.
Ed. 1997, 36, 2801. b) Rajeah, T.; Periasamy, M. Tetrahedron Lett. 1998, 39, 117. c)

Sugihara, T.; Yamaguchi, M.; Nishizawa, M. Chem. Eur. J. 2001, 7, 1589.

216



32.

33.

34.

35.

36.

37.

38.

For selected recent reviews on the importance and utility of hydroquinone derivatives,
see: a) Gueven, N.; Woolley, K.; Smith, J. Redox Biol. 2015, 4, 289. b) Bertanha, C. S,;
Januario, A. H.; Alvarenga, T. A.; Pimenta, L. P.; Silva, M. L. A.; Cunha, W. R.; Pauletti,
P. M. Mar. Drugs 2014, 12, 3608. c) Pochorovski, I.; Diederich, F. Acc. Chem. Res.
2014, 47, 2096. d) Kim, S. B.; Pike, R. D.; Sweigart, D. A. Acc. Chem. Res. 2013, 46,
2485. d) Xue, M.; Yang, Y.; Chi, X.; Zhang, Z.; Huang, F. Acc. Chem. Res. 2012, 45,
1294.

a) Liebeskind, L. S.; Jewell, C. F. Jr. J. Organomet. Chem. 1985, 285, 305. b) Jewell, C.
F. Jr.; Liebeskind, L. S.; Williamson, M. J. Am. Chem. Soc. 1985, 107, 6715. c) Gleiter,
V. R.; Schehlmann, V. Angew. Chem. 1990, 102, 1450. d) Liebeskind, L. S.; Yin, J. J.
Org. Chem. 1998, 63, 5726. e) Schuster-Haberhauer, A.; Gleiter, R.; Korner, O.;
Leskovar, A.; Werz, D. B.; Fischer, F. R.; Rominger, F. Organometallics 2008, 27, 1361.
a) lwasawa, N.; Owada, Y.; Matsuo, T. Chem. Lett. 1995, 115. b) Owada, Y.; Matsuo, T.;
Iwasawa, N. Tetrahedron 1997, 53, 11069.

a) Cho, S. H.; Wirtz, K. R.; Liebeskind, L. S. Organometallics 1990, 9, 3067. b) Jewell,
C. F. Jr,; Liebeskind, L. S. Inorg. Chim. Acta. 1994, 222, 235.

a) Reppe, W.; Schweckendiek, W. J. Liebigs Ann. Chem. 1948, 560, 104. b) Reppe, W.;
Wetter, H. Carbonylierung 1953, 6, 133. c) Reppe, W.; Kutepov, N.; Magin, A. Angew.
Chem. Int. Ed. 1969, 8, 727.

a) Reppe, W. German Pat. BASF. 874910, 1951. b) Reppe, W.; Magnin, A. German Pat.
BASF. 1232974, 1965.

a) lyer, S.; Liebeskind, L. S. J. Am. Chem. Soc. 1987, 109, 2759. b) Liebeskind, L. S.;

Chidambarama, R.; Nimkar, S.; Lioatta, S. Tetrahedron Lett. 1990, 31, 3723.

217



39.

40.

41.

42.

43.

44,

45.

a) Magnus, P.; Principe, L. M. Tetrahedron Lett. 1985, 26, 4851. b) Cambeiro, X. C;
Pericas, M. A. The Mechanism of the Pauson-Khand Reaction: Hypothesis, Experimental
Facts, and Theoretical Investigations. In The Pauson-Khand Reaction Scope, Variations
and Applications; Torres, R. R., Eds.; Wiley & Sons: Chichester, 2012; pp 23-46.

a) Blanco-Urgoiti, J; Anorbe, L.; Perez-Serrano, L.; Dominguez, G.; Perez-Castells, J.
Chem. Soc. Rev. 2004, 33, 32. b) Lee, H. -W.; Kwong, F. —Y. Eur. J. Org. Chem. 2010,
789. ¢) Kerr, W. J. The Pauson-Khand Reaction — an Introduction. In The Pauson-Khand
Reaction Scope, Variations and Applications; Torres, R. R., Eds.; Wiley & Sons:
Chichester, 2012; pp 1-17.

Kitagaki, S.; Inagaki, F.; Mukai, C. Chem. Soc. Rev. 2014, 43, 2956.

Gibson, S. E.; Stevenazzi, A. Angew. Chem. Int. Ed. 2003, 42, 1800.

Torres, R. R.; Vesely, J. Other Transition Metal-Mediated Cyclizations Leading to
Cyclopentenones. In The Pauson-Khand Reaction Scope, Variations and Applications;
Torres, R. R., Eds.; Wiley & Sons: Chichester, 2012; pp 276-299.

a) Kamlar, M.; Vesely, J.; Torres, R. R. Diastereoselective Pauson-Khand Reaction using
Chiral Pool Techniques (Chiral Substrates). In The Pauson-Khand Reaction Scope,
Variations and Applications; Torres, R. R., Eds.; Wiley & Sons: Chichester, 2012; pp 69-
91. b) Lledo, A.; Verdaguer, X.; Riera, A. The Enantioselective Pauson-Khand Reaction.
In The Pauson-Khand Reaction Scope, Variations and Applications; Torres, R. R., Eds.;
Wiley & Sons: Chichester, 2012; pp 148-176.

For selected examples, see: a) Su, S.; Rodriguez, R. A.; Baran, P. S. J. Am. Chem. Soc.
2011, 133, 13922. b) Bihelovic, F.; Saicic, R. N. Angew. Chem. Int. Ed. 2012, 51, 5687.

¢) Liu, Q.; Yue, G.; Wu, N.; Lin, G.; Li, Y.; Quan, J.; Li, C.; Wang, G.; Yang, Z. Angew.

218



46.

47.

48.

49,

50.

51.

52.

53.

Chem. Int. Ed. 2012, 51, 12072. d) McKerrall, S. J.; Jorgensen, L.; Kuttruff, C. A;
Ungeheuer, F.; Baran, P. S. J. Am. Chem. Soc. 2014, 136, 5799. e) Min, S. -J;
Danishefsky, S. J. Angew. Chem. Int. Ed. 2007, 46, 2199. e) Jamison, T. F.; Shambayati,
S.; Crowe, W. E.; Schreiber, S. L. J. Am. Chem. Soc. 1997, 119, 4353.

For a review, see: Bonaga, L. V. R.; Krafft, M. E. Tetrahedron 2004, 60, 9795.

a) Sugihara, T.; Yamada, M.; Yamaguchi, M.; Nishizawa, M. Synlett 1999, 771. b) Perez-
Serrano, L.; Casarrubios, L.; Dominguez, G.; Perez-Castells, J. Chem. Commun. 2001,
2602.

a) Khand, I. U.; Pauson, P. L.; Habib, J. A. M. J. Chem. Research (S) 1978, 346. b)
Becheanu, A.; Bell, T.; Laschat, S.; Baro, A.; Frey, W.; Steinke, N.; Fischer, P. Z.
Naturforsch. 2006, 589. c) Park, K. H.; Choi, S. Y.; Kim, S. Y.; Chung, Y. K. Synlett
2006, 527.

For a review, see: Croatt, M. P.; Wender, P. A. Eur. J. Org. Chem. 2010, 19.

a) Franck-Neumann, M.; Vernier, J. -M. Tetrahedron Lett. 1992, 33, 7365. b) Seigal, B.
A.; An, M. H.; Snapper, M. L. Angew. Chem. Int. Ed. 2005, 44, 4929.

lafe, R. G.; Chan, D. G.; Kuo, J. L.; Boon, B. A.; Faizi, D. J.; Saga, T.; Turner, J. W.;
Merlic, C. A. Org. Lett. 2012, 14, 4282.

Williams, D. R.; Shah, A. A.; Mazumder, S.; Baik, M. —H. Chem. Sci. 2013, 4, 238.

a) Ahmar, M.; Locatelli, C.; Colombier, D.; Cazes, B. Tetrahedron Lett. 1997, 38, 5281.
b) Alcaide, B.; Polanco, C.; Sierra, M. A. J. Org. Chem. 1998, 63, 6786. c) Lovely, C. J.;
Seshadri, H.; Wayland, B. R.; Cordes, A. W. Org. Lett. 2001, 3, 2607. (Characterization
of products by Lovely group revealed that the intramolecular PK products are in fact 2,4-

substituted bicyclopentenones.)

219



54. Krafft, M. E.; Fu, Z.; Bonaga, L. V. R. Tetrahedron Lett. 2001, 42, 1427.

55. Bennacer, B.; Fujiwara, M.; Lee, S.; Ojima, I. J. Am. Chem. Soc. 2005, 127, 17756.

220



Appendix A

Spectral Data

221



(udd) 1}
0z G'Z oe GE o S'f s GG os 5’9 (1) G4 o8 g'g o6 56 ook S0l oL

L

50

oo

4247

a12g

O\/W
2-43
J 5.852
I — _,jrr 5.836
B 5.827
{1 =~ 5819
- 5.810
= 1 5.793
o 5.784
] 5776
5.768
Lo ] L5751
—_ i
T 4 L
E] i
e
] r5.027
== ] 5.023
| _[r,rd 985
o - 4.981
[=]
- 1 4 961
L - \_4 959
= - 4 ! 4.935
] L4933
'
——
e ——
e

222

—T7.260

-5.852
5.836
5.827
5.819

- 5.810
5.793
5.784
5776

- 5.768
2.751

5.027
5.023
4.981
-4.961
-4.858

1493

3.520
%3.5{33
3487

2.099
2.081
%2.%3
2.045
1645

1.628
?1.611
- 1.580

L 1,574
L1 564
L 1 497
L 1.478
-1 467
- 1.460
-1.447
F1.440
-1.423




{wdd) 1}

hra 0e 0F 05 [i::] 173 D8 3] oL Okk ozl 0L orl oSl nal 0Ll 0wl 061 onz ] ¥ 0Ze

oL

223

— 138.550

— 114,465

— 82.208

— B9.886

— 58.197

33379
—— 28.853
25295



{udd) )
'L gL 0z 52 1 e 0y v s 55 (1R=] 5'9 oL 52 e S'g 0'a 56 ool g0l oLl

50

0o

oY o

OC)sC
(OC)s ?%;/\O/\/\/\

2-44

224

— T7.258

_~2.082
*= 2,065

1.644
{1.'52?
1.610

1.502
I-1.485
L1467



(wdd) 1)

ira g o 05 ] i73 D8 06 ool 0Lk el el orlL 05l naL 0Ll &l 06l o0z oLe ozZe

4]

OC)sC
(OC)s ?%;/\O/\/\/\

2-44
— 199.833

— 138.488

— 114,398

— 92,780

70.729
<

T0.627

- 33,450
—28.130

-~ 25341

225



{wdd) 1}
S0 oL gL e g2 o'e S'E oy §'f oS §'G 0 G'9 oL ) oe §'8 o' 56 0aL S0l oL

oo

a0+

8001

8.06]

810

8161
a.20qd

]
i

(widd) 1y
or's

5E'S
|

Q0E'S

fl

—

226




fdd) 1y
0z 0E o 05 [ol:] ol 08 06 0oL 0L 0z 0EL orl 0L nak 04k a1 0B 00z 0Lz nzZz

atl

227

_~ 130.589
T-128.827

B2.608
82.504

— 70.306
~—68.231

58.128
58.078



'8 oL 52 e '8 Y] 56 0oL S0l 0LE

0e

50 oL gl e 52 0'e g 0w 5

0o

1

W\

(OC)eCoy,

2

(

O

2-46

228

—7.260

5.431
{5.420
- 5.409

5798

—4.700

3.658
{3.643
628



{wdd) 1y

0z ne o i34 09 L7 ng 06 oL 1198 0zl el orl oSl naL 0Ll gl 06l o0z oLz 0Ze

ol

(OC)sCoy, ,/\o
4

/ —217.999

O

2-46

— 129.935

— 93.266

_~T1.164
- T70.086

28,521
~-26.296
"\ 25.982

229



(wdd) 1y

s

0a 59 1) G4 o8 g8 08 56 0oL S0l 0LL

§'G

50 oL 5L 0z Gz 0e G5E 0w G

oo

2.00]

20271
20T

4.19T

4.08=

18

09

fif

65

(tudd) 1)
S OG6% 9% LG
\‘1 \{

]

&G

Sl

)|

230

—7.258

-5.970
5.944
5.942

-5.930
5.927
5.916
5913

-5.901

L5 BRT

5.357
5.353
5.314

L5310
|—5.244

— 2748

4,025

[-4.022
4.018
4.011

-4.007
L4004



(wdd) 1y
0z 0g 0% oG [a:] 0l 08 06 ook oLL 0zl OEL arl oSl 09k 0Ll 08l 6L 002 oLz nzZe

1]

231

— 133.897

—121.804
— 117.803

—73.182
—-70.915



{wdd) 1)
S0 ok Sl oz 5 oe SE 0¥ S s 5G g 5'9 oL gl g '8 e 56 ook S0k 0k

oo

2.0+
2.05T

2051

65

BS

Fa

{wdd) |}
95

59

(]

[T TR

o]

&y

L'G

1"'""_"\|"'1.r'

s

—2.011



{udd) 14

0z 0E o 05 09 173 Dg 06 ool 0Lk 0zl ol orl oSl nal 0Ll gl 06l D0z DLz DZZ

a]®

OH
2-51

233

—133.836

—123.942
120172
—117.918

-—73.108
~-T70.969
—67.193



{wdd) 1y
50 ol gL 0z Sz oe 5'E 0 g 0 55 oe 59 iy g4 o8 58 06 g6 00k SOL 0Ll

oo

1.97=

2001

2071

2131

2183

{usdd) 1)

|r LB

Y

(0}

Z Br
0Ty

2-52

@

= L

= e

w | ==

o '

ml| =B

| =

[ l

~ 1

o] |

[=1]

:{.ﬂ_

(4]

w |

- —

m_’ —_

2 ] S—

o e

(%]

=] (

e

o ———
1 ——

:L_ (

w

234

-7.259
r5.973
- 5.947
- 5.944
- 5.930
L 5.904
L5 841
L5 815
5.798
5772
-5.358
-5.354
|-5.35'U
5.315
|'5.3'|'|
- 5.307
5.248
5.245
5.242
5.238
5.222
5.219
5.216
5.212
5.031
5.027
5023
4.088
4.984
4,980
4,966
4.963
4.961
4.058
4,855
4.941
4.938
I-4.035
L4933
Ho4.480
4451
4.026
4.023
4.019
4.012

| 4.008
-4.005
3.474
3.458

L3442
-2.107

- 2.089
2.071
2.067

2.053
-2.050

1.647
1.631
-1.626

L1615
L1610
- 1.504
- 1.521
- 1,500
-1.503
L 1,492
L 1.485
L1472
L 1.464




(wdd) 1}
0z 0g 0F oG 09 0l 08 08 ool aLlL 0ZL aEL afl 051 0aL 0Ll QgL 06L a0z oLZ DZe

al

Z Br
0Ty
2-52

235

—138.568
—133.904

—~122.261
121,561
~~117.822
=~ 114.486

73.876
i 73.182
S-70.894
A\ 69.906

-33.376
——28.942
——25.312



{wdd) 1)
40 oL gL e 52 o'e 5'E 0 5% 0's g5 iR¢] 50 0L =3 0'g ' oe 56 0oL S0l oL

0o

0.96

10,59

087 -x

1086 -

1.01

1.00

4.00 T

10,08 =

197 L

2,06 I

2171

4.25

1113

B
r | O/\/
Br
O eNNF
2-54

{wdd) 1y

g5 &5 09

gg @5 [l'g

£ ¥5

g5

L'g

s

2F 8f

236




(wdd) 1}

oz 0e o 05 09 173 D8 06 poL 1198 ird 0EL orl 05l 04l 0Ll o&l 06l o0z oLZ oZe

4]

2-54

—132.154
—133.:M2

—-122.359
121525
™~ 117.819
- 113.996

(wdd) 1y
062 Z6BZ Y6E 96T B

#'8e

237

_29.509
- 20,455
~29.431
™ 29,371
20,318

—29.033

— 28.841

73.865
‘Ji- 73.185
5-T0.879
\ 70183

r 3amz
Ir 29.509
ir 29.455
29.441
29.371

I 29.033

- 28.841
L 26.015



55 s 59 oL 54 e S8 (Y] 56 0ok ol 0LE

(wdd) 1y

50 ol gL 0z SE oe SR 0w v s
I'

oo

41

4102

4.20-T
4,220

(dd) 14
I's 5 €% ¥s %5 95 'S g5 &9 09

Bty &t 09

2-55

vw

7 |

238




{wdd) 1y
0z (85 0F [u}H] 09 04 og [8]31 0oL Ll 0ZL QeL ol oSl 09l 0Ll 0aL Q&L a0z oLg 0z2g

al

O~ F

/Br

Oy
2-55

— 138.565

—122.011

— 114,473

]

239

— 73.900
— 69.882

- 33.369
-— 28.943
—~ 25319



{wdd) 1y
S 0 5¢ o't 5 0'g 56 0's 5'9 oL G4 o8 '8 06 G&  00F S0F 0L

0z

ol

50

oo

09581

(widd) |y
5%

LS 2% 8% 09 La

oy

s E'S [

Y

0's

p i

|
f
|

—,

240



{dd) 1y
0z 0g oF 05 08 ol 08 06 ook ok 0EL OEL OPL OSL 09L 04 OBL OBL 002 OLE 022

1]

241

— 133.880

-—124.262
112180
-—118.167

- 73187
—71.109

—37.302



5’6 0ok S0k 0L

06

o

s

Gl

oL

o

g

{wdd) 14
ol Gl 0z Sz e GE 0w S [1R+ 5'G

]

oo

el
===

44
(= =]
A

3.80=

242




{wdd) 14

oL 02 06 0ok okl 0zZkL 0EL oFl 0S5tk 091 0Lt 08l 061 o0z 0Lz 0ZZ

09

0z s o

o

—170.902

— 137201
— 134.009

~123.318
L~ 119.202
~117.923
~ 115.262

243

—73.493
— 70712

— 56.875
—52.749

— 42837

— 31.257
—- 28.840



{wdd
50 oL gL e 52 0'e e 0y 't o 0s §'9 o'l 5l o'g §'g 0'e g6 ool goL 0Ll

0o

B'S

B'S

LI
(] &5
L 1 L
P
oW
@9~
B

o's

{wdd) 1y
£'S e 54 o's 1'S
1 1 1 1 1
oo gnonoan
Pl Pl P2 B L3 G0
Lo L G L e )
=] L3 £h 0B k3 A
e ——— et
B BB ;GG OGO
e I T T e e T T T T O ST G LT T )
e e = R O B o T R U G E S ]
e BB = TN T B TS I R s ]

ooea
0o
T
- l—|/—v—|lu
—

.

e)

L

=)
ol
0w w
=4 0O
({3 6]

2.25q
2.08%

1
0.54= - 1.952
2121 g 1.847

NN
o0 0O
e B
o n D

L 1.342

244



{wdd) 1)
0z 0E 0F 05 o9 0z o2 06 ook OLL 0ZL el ovl 0%k 09l 0iL 0HL 0BL 00z 0Lz 0Ze

oL

245

—171.037

—137.891
—134.014

_-123.202
_~119.326
~—117.897
~-115.061

—73.505
— 70.696

—57.150
—52.713

—42.837

— 33.765
—31.674

—23.944



oL 0kl
1

]
L

o'a

§'g
L

gl

(1]

0's

G'E 0¥ §'t

o'e

|18

_-4.D? q

112,001
HER:TEEN

13.80 I

{widd) 1
]

g

B'G

@'g

&5

0’5

'l'_‘r'

246

— 7.258

-5.887
5.869
5.862
5.851

-5.844
-5.827
5.820
5.809
\-5.801
L5.783

—5.131
5.126
-5.101
- 5,008
5.096
5.089
5.084
5.075
—39%8

—3.579

271
2,693



{wdd) 14

0z 0E o 05 09 oL 08 06 0oL 0LL 0ZL oel orl sl 09t 0Ll 08l 06 00z 0Lz 0ZZ

al

2-60

— 170.457

— 132,527

_~120.202
119162

— 57.646
— 52.543

—43.102

— 36.745

247



{wdd) 1)
50 ol = 0z 5Z 0 5% 0y 5% 0'g g5 09 5'9 o 54 os 58 06 56 00L S0L Ok

oo

Jz.o0

1.7 I

203X

13.80

{12.32=

lasz 1

3031

i

i

248




(wdd) 1}
0z 0E 0F 05 o8 o o8 06 ook 0Ll 0ZL 171 ol ol 09l 0Lk ] 0B 00z oLz 0Z%

atl

249

—170.8186

— 137.084

—120.183
— 115178

— 56.819
— 52.588

—43.170

- 30.945
—-28.841



5’6 oaL 5oL 0L

06

w

s

6'G

- 5.846
-5.828
5,821
5.810
5.803
5786
- 5773

o

54

oL

5. 767
4 5.760
-5.742

'S B
B

55 9%

{widd) 1)

{wdd) 14

s

an

oa

5’5

S0 o'l 5l oz 4 e 5E 0w S

oo

0.9

2.027

1.971

6.0+
2001

2.001

ES #¥S

£5

L'
jI‘
|
|

0's

Bt

r5.141
§.137
-5.133
r5.130
5,113
5111
5,108
5.099
- 5.094
5.080
-5.087

250



{wdd) 1)

473 08 06 ook 0LL 0ZL el oFl 05k 09k 0Ltk 08k 061 00z oLz 0z

09

0z 0g 0

[+

251

—170.230

—132.210

121.661
- 120.378
™ 119,482

— 57701
—52.643

—42.734
3770
:{ 36.990



59 oL 54 oe 98 06 56 N ] 0Lk

(1]

50 oL gl 0z 4 oe g'E o S

oo

L — 7407
) -5.744
5728 5.728
- fire u

e 5.685 .
= ~ 5.660 5.702
| oo o

1.0 5.054 :
F o Fs_osa 5.660
= [ 5019 5.644
z ] F5.015 5.058
1.0 F -g_m_ - 5.011 5.054
103 = = - 5.007 5.050
1 b grdon4 5015
T [ =— Jir 4.911 - 5.011
= E_ }4.90& 4.914
{ = -4.903 4.911
- 4.888 4,906
2.071 @ 4.885 4.903
1 - 4.881 4888
2101 -4.878 4.885
599= = — 4593
|-2.251
-2 248
- 2.236
2.233
2,001 2227
24T & -2.218
.|L2.2ma
-2.136
-2.127
L2121
L2 117
L 2,111
L 2,108
L2101
L 2.097
- — 647

252



(wdd) 1y
0z 0E o 05 [t} o 02 06 ook 0Ll 0z 0EL vl 0%k 09l 0Lk [ 0B 00z oLz nZe

al

— 170,625

— 136.969

— 121.686
"\ 120.384
—115.232

253

— 56.984
—52.708

— 42,766
— 37.705

-—31.216
— 28.714



56 S TR T N Y &

o6

&

g

L)

oL

o

{wdd) 1)
L] ol 5l 0z [ 0g GE 0w o' 1R} G oo

oo

1 2.002

| 2023

| 100d

1,00

| o

1.964

1 6.0

2,001

1 1851

| 2.00d

3.0

| 2077

T

254

—-3.720
— 3.566

3.191
?3.1?2
3688
L3672
2423
~-2.305
2.288
2.285
I-2.266
L2 249



(wdd) 14
0z 0E ot 0% 9 0l o8 06 0oL oLl 0zZ1L el orl 05l 09l 04l ofl 061 002 OLZ 0ZZ

ok

—170.328

— 143,389

136.997
jﬁ 134.317
Z-132.330
—~129.536
—127.323
122345
< 119.480

119,301
17122

255

W\E 57.541
- 54.610
\ 52,586
47.072
" 43.096
7 32.390
f -

—21.419



{widd) 1}
50 oL 5l 0z 52 o'e 5'E o' 5 s 5 s 5'9 ol 54 oe g'g 06 56 ook SoL 0L

oo

1.9

20+=

5.5+
1.981

1,969

3.084
2T
4077

{dd) 1)

0e's

GL'S 0BG

0Ls

G9'g

0s's &5y

5Py

T

[ Y]

.

256

—3.728
—3.556

3176
3.161
\-3.156
L3.136
2416
< 3284

1r2:5a
L2 245

389



0Bl 00z 0Lz nzZz

&L

0%k nak 04k

arl

~
O
Br
| (0]
Br

N ~F

(0]
2-65

— 170.678

—143.394

137.000
436,945
134314

0El

—129.543

0zl

{wdd) 1)
0oL okl

06

o2

~-127.299
—-122.279
—119.528
-~ 117.166
- 115.246

o

2]

— 56.723
- 54.588

05

0

0E

0z

ol

At 52.657
— 48,927
—43.043

32320
=~ 31.101
™\ 28.741

—21.428

257



(wadd) 1

0's

59 ol Gl 08 g'e 08 56 ool S0 oL

s

GG

SZ e e 0w Sy

0z

S0 o'l

oo

1 a.Du—I

g.121
818

N

Y

(wdd) )
G

¥

GE'R

258

(0]
| |
Br Br
o
B
2-67
2] |
I
h_
2

4487
T 4.482
4473
- 4458
— 4,451
" 4.447

— 7.259

|—5.934
5.922
5.887
5.885
5.880
5.836
5.796
-5.794
L5758

r4.482
I-4.473

4.458
4.451
4441
4.068
4.064
- 4.060
L4056



{wdd) 1)

oz og or 04 09 473 i)} 06 ool oLl el 0ElL vl DsiL naL 0Ll ol 061 00z oLe 0Ze

[

{wadd) 1y
ZZL €T PEZL SZL o7l JZL BEL GEZL  DEL  LEL

LZL

-—130.197

{—— ™-129.907
——— —129.363

ik

259

122,641
1223853
122282
~121.722

- 130,197
J-129.907
129363

122,641
=@22_353

122,282

L121.722



(wdd) 1y
g0 oL gl 0z 52 0'e GE oy Y s 5 0g ] (1] 54 e 58 06 56 ool 501 oLl

oo

[ g
m oo

SRN=2D0 =00
hg@@mwcmnoo-ﬂ
e n e v

oo

FRERR

o
g
= ‘:3
=
o =
o —_—
2y —
o [
L ——s—
o | —
2]
o —
: - ——
=in o ——
=
3@ r
= ___='.-‘
=
o | =
gl =
o
g
o
ol |
A
i |
f
w
-~
=
% -
o
-~
— L
‘_=
[ =
== o,
- -
f i
2
L‘;:- ©
w
-4
b
o
-
w
£ad
LS}:;-—-

pﬂ,—

!

ﬂriﬂww“ﬁ“qj

N

fl

S

260




{wdd) 1)

0z 0e o 05 09 173 D8 06 oL 0kl 0ZL oelL orl 0s1 naL 0Ll o8l 06l 002 1] 0ZZ

oL

Br

Br

2-70

261

134.294
133.624
£128.112
125008
124,529
123,503
q&‘\u 122.535
L121.419

f 75.674
74.810
{ 74,631
3. 74.556
-I- 71.580
L 70.520

W{L 67.579
L63.165

_fr 31.455
29.323
'—’C 28.581
—25.449
? 23.848
22,997



55 s 59 s g4 [l g'8 0'E 56 ool 0L oLl

{wdd) 14

50 oL g1 oz 5 0'E 58 0y 5 o's

oo

0404
1.0

0.884

g

I

S9'E

— 0
[= =]

oy TR

"‘Fﬁ”“\'ﬁ

el el bl sl
rpopPoDDWDDODE

¥

{wdd) 14
ag
1

z'9

oa
1

/G

s
L

2’5

{wdd) 12
08'e  GE'E

SL'E

0LE

FE
1

{Ldd) 1y
o€ zE
1

w'e

e

L
1

|

M

{

7

lﬂ

"

V

ﬁur'vﬂ'q”n'

mm

i

|
Il
a
T

P
oo
w
w

l

Ilﬂ.I
V1
]

.
I3
oo
m
=J

L
r rr r
il ol Al
mmwm oo
oo w0
@ m

262




{widd) 1y

ne g oF 134 09 0L o8 06 0oL 0kl ozl 0El arl oSl ngl 0Ll oHl 06l o0z oLz 0Ze

ol

{widd) L1

L

ELL

gl

W“‘t

|

.

T

_~171.651
~171.535

T~ 170.876

170.670
—~170.2897
169,867

r171.651
- 171.535
170.876
ﬁ‘lm.evo
170.297

- 162.867

- 130.461
126,694
<~ 125.071
—-122.582
122077
™ 118.721

{uudd) 1y

55

£5
I

il

25
I

263

— 55.651

r53.694
/r53.346
3f.fr53_24.4,
4-53171
~ 53.085
52,832
52,687

L52618

r 55.651
53.694
53,246
53.244
53.11M
53.085
52832
52 687
52 618
43.828

L 43570
41881
38 552

-~ 31.704
- 30.352



5'g s 58 ol g4 e g'g 0'é 5'6 oakL o goL 0k

(wdd) 1y

50 o'l gL 0z 52 e G'E o'y 5'F s

0o

2,004

1,989
pped-

1871

gl

T

(widd) 1
&L 0z

21

Lk

3l
o
. 1 L 5624
T — - 2.598
=T — —5.585
— 2 ] - 5572
™~ 5.548
e
o
[
=_—

264

—7.259

5.624
5.598
5.585

\- 5572

L5546




{wdd) 1y
0z ne 0F 0% 09 ol ng 0 noL aLlk 0z L Oel orl osL 0L 0lL ol 6L o0z oLZ Nz

1]

265

_~171.451
™ 170.802

— 130.083

— 121357

_~ 56,893
53.074
< 52.894

—41.410

—32.114

— 21.9486



{wad) 1}
o 5E 0¥ 5 oG 55 os 59 oL =¥ 0g 5'8 iy §& 00 SOL 0L

52

0z

o'l

50

oo

[= g

hyin o

o -
[+1]
&
o
@
=
L— i |
| 2zrx }
£ _|
w
&
B
P
g i
1,28 2
il ox 2
w |
[i=]
5.0 4 .
1,991 “_E e _ 3780 3,340
142] = 1 =378 3.334
w | ™o3.734 3.300
r = 3.294
ggg - - 2,602
2.662
DH-\I i
2.448
02T .
164 2.429
o | 1}3.543 2.415
P L3641 - 2.398
. L3611 2.382
12‘,1 L3604 -2.374
sl = ol L [3.465 52367
— i 2.343
— 23448 L 2.202
= —_ 3435 57
- To| — 3.429 |
Y alE R
- & L2107
C__ —=— ~-3.334 L1612
w | ———— - 3.300 L 1,607
w — ™ 3.004 L 1,586
- 1.5877
- 1.572
—3.223
w - 1.541
& ( — 3182 - 1.528
L1618
-1.510

266



(wdd) 1y

0z 0g o 05 09 oL 02 06 0ok 0LL 0z 148 arl 05l 092k 04k 0fk 1718 00z oLz 022

ol

S\\
o)
2-73

——171.431
- 169.828

— 143.540

135472
Tr132.328
129715
— 127.239
126,171
123,255
™ 120.199

267

-~ 57.523
- 5B6.587
-53.192
53.049
T 48.286

—41.076
— 32772
— 29.447

22293
~w21.450



{wdd) 1y
50 0L gl 0z 5 0'e GE o'+ 5'F 0's GG 0a 5'0 oL =) 0'e 5'8 06 G6 0oL S0l OLL

0o

203

1 103

4.02]

1414

268

Br.
Br
(@] N
2-74
-
-5.732
o - 5.714
= §\}5.&;94
= I~ 5.675
3 == 5857
= - -5.593
e o — 5.584
== L = 5573
= = 3-5.563
o - 5.545
- 5,534
o L5525
I
_
Lw=
=
B
=1 L 4492
== 4.485
_ & 4.457
(" 4.445
~ = 4.179
— ” r '<4.1?d
N l r3.919
e . Jraam
= = = 3883
= 35 [ 3.876
2 [ r3.450
@ \ r3.438
@ L j 3.416
= 3.393
=
§ C_ £ 3.289
= 3.283
o = "Ir; 3.248
I 3.243
w L3.208
=}




{wdd) 14

oz g o oG 09 173 ng 06 ool 0kl urd 0eElL orlL 0s1 nal oLl ol 06l o0z DLz 0ZZ

1]

~
Br
| O
Br 0
(@] NN

2-74

269

-~ 172.006
—~-170.273

——133.082
—129.410
—125.947

—117.699

_-75.639
~- 74,446

— 56.230
— 52955

— 40.678

=—29.210
28,527
—23.572



s 59 s 54 og g'8 o'a 56 ook 501 (LS

{wdd) 1)
o'e GE oy §'f oG GG
‘w

oL g1 e 52

50

oo

8.05T

812

dent

4344

(widdd) |
s GG

SE'S

0E'S

Br

Br
OM
2-75

270




{wdd) 1y
bz DE 0f 05 [l 0L o8 D& Dol oLl 0zl 0EL orl 051 091 0Ll ol 06l onz oLz 0ZZ

al

Br

(@)
Br
NN N

2-75

_~130.439
120,838

122.820
< 122.706

74.632

74.423
~ 70.971
™ 68.713

- 31.820
Jr28.820
Jr27.874
—-25.795
- 26.309

-24.738

271



S'g 06 56 0oL S0k OLE

{wudd) Ly
50 'l 5l 0z 5 1> 5 0¥ 5 oG 5'G 08 50 ol G4 o8
1 1

1]

u
32
iy

0.72 4
2.76
|2.00

072

2801

282

321 -
T5.80
1149

i3]

BG

J 'p'nr

||r1 |ﬂI

(wdd) 1)

ly

'l

¥ \,l

g'g

'S

Wi

8y

5F

e

Er

(widd) 1}
v

L't

0w

GBE

RS

Br

2-76

_~4.499
— 4475
~-4.443

4,051
4,038
4
3,998
L

3.982
-3.880




{wdd) 1y
0z g ot 05 09 0L ng 06 Dok oLL 0zl oElL orl 0%l 091 04l (a1 06L o0z oLZ 0ZZ

1]

Br

2

(0]
Br
— 136.371 o
& — 134.452
NN
2 2-76
pry =)
)
2
125 836
5 ~ 125,357
122 515
122.492
?-;;122.304
122.113
"
(=]
- 136.371
~—-134.452
II,-"IES.BSG
Jr125.357
122.515
‘&122.492
I-122.304
L122,113
74.150
JIrT.d 77
L-73.353
] } 72,297
—31.285 70.381
et nl.{ 69.776
iL 59.449
r 29,093 \
g I 28.244 65.102
i 28.131 31.285
n —_ i 27.971 r29.093
- 27.944 - 28.672
s 27.927 - 28.244
o = d- 07747 - 28.131
3 = 27.6186 - 27.971
e I:|L2?.525 - 97 944
| 27.395 - 27.927
ra - 27.240 i-27.747
[=1]
38455 |
b ~ 25.230 57305
(4] &
L 27.240
N L 26.984
L 06.666
L 25 472
L 25,230
73



59 s 59 s 5L g 58 o'a 56 ool 501 oL

{wdd) 1}

oL g1 oz 52 0'E 5¢ ¥ 5 s

50

0o

1 0.8

2.0

1 2104

37

65

25

LS

fwdd) 1)
ag
1

g5

i/

N

y

‘u"lh{‘.H i I,

!

r5.798
5.796
-5.783
- 5.781
- 5.760

- 5.758
ﬁ 5.742
- 5.729

- 5.709
1-5.692
L5675
-5.654
L5637
350
5.486
7 5478
- 5.468
:%5.459
5.441

(wdd) 1)

Bl

ek

[

0w

274

- 4.290
~4.272
4.209
L 4208
- 4.176
4172
4,135
- 4.131
4.102
L4087




(widd} 1)
0z 0E or 05 [t} 0l 02 06 0ok 111 0ZL 0ElL vl 0sk 091 04k [ 061 00z oLz 0ZZ

al

2-77

275

- 136,059
- 133.485
— 128.887
_-124.535

31.084
_flr 28.750
2 28330
~ 26,038
% 24.977

23.143



Y] 56 ] 50l 0LE

§'8

5'9 oL G4 o'g

(<]

50 o'l gL 0z 4 0'e GE 0w §'f

oo

2001

111.881

385 =<

3831

lao1 I

09's

276

" —5.561
¢ 5.535
o 2 — Jf;a.sza
= T ———— 5522
P = S-5.517
g -\5.509
— 5,483
tn
I
tn
-
(
G

— 7107

-5.561
I 5.535

5.528
5.522
5.517

L5500
L5483

—3.191
—3.014
F2.413
- 2.403
2.399
2.394
2.390
-2.381
- 2377
L2 369
L2 208
L2 106
L2 191
L 2 184
L 2.179
L2170
L2 165
L2148




(widd) 1)
0z 0E 0F 05 o8 oz o8 06 ook 0oLl 0ZL 11 ol 0slk 09l 0Lk &L 0B o0z 0Lz 0Ze

al

277

— 170.844

— 129.899

— 78.437

-— 55659
—52.674

— 33.498

-~ 23.555
—-21.853



§'G 0e 5'9 ol 5z oe G'g 0'a '8 0oL S0l 0LL

{wadd) L}

o's

50 'L gl e G52 1 e v '

0o

o C
233 - L

| 5.685
o | L - 5.665
31 = - 5.658
— 35,647
7 ~__  Z-5839
. = — 5621
E . _~5.582
| >-5.588
= | }5.5?5
1.1 =3 T-5572
u.zg C EP 5549
1 2] &= 5.538
| = Xxn
i C_:——-' 5:508
Z a 5.497
| 5.476
5.4586
] 5.450
190, 1 L5 429
026
CI.ED—F c--
g1
0,26
z.nn% '.L_
205
029
2061
415
a7 E‘
L

278




(wdd) 1}

aLL

el OFL 0%k 08l 0Ll oglL 06k ooz oke 022 OEZ OFe

(174

oz 115 ot 0s i) 0L ng 06 0ol

oL

0oL-

{wdd) 1
594 0L §4L 0 OB

09L

— 77425

279

— 170.550

— 143.609
135.189

f 131.194
4 120.808

127.507
"\ 127,250

— 80773
— 77.425

- 55.594
—52.942
——49.476

™ 40.161
—33.985
29,145

22.822
Jr21.514



55 (1] 5'9 oL 5 (18] g'g 06 5'6 ooE S0l 0L

fuiaa) Ly

50 o'l 5l 0z 4 0'e G oy §'t 0's

0o

1 2031

1 213

Yy

[Lu.d-‘ﬂ:l L4

g

95

g

FG

£S

I

||J "|

i
|

|
'a

Nl
Ul

Ty

|||!
|

r5.627
l,fr5.611
<~ 5.595
lE.ﬁﬂﬂ
-5.572
-\5.555
5476
~5458
- 5440
},\:5.438
5419
L5402

280

— 7.106



{wdd) 14
ne 0e (i) 05 o8 (114 oe (0[] Dol Okl 0eL OEL arl oS 04l 0l Ol 6L ang oLe nze

oL

— 170.996

- 133.091
—130.575

_~ 82528
- 81.327

281

— 74.298

——59.631
- 55.602
— 52,776

29.240
< 29.130
22,512
< 22.306



{wdd) 1}

s

o'a 56 ool 501 0L

§'8

0d 5L e

59

s

55

50 oL 51 e 52 e 5¢ oy 5

oo

1.00
1.81

(tudd) 1y
4G L'g 25

55

5]
I
0.85 4
2,69 %
299 e M
f_
.48 4 F
1.85 -
2685 X
f
k=)
-]
El

R

289 I —e———
5.66 -

15.4 P ———

SOy oL¥ SLF 0z SZ¥

[

2-82

282

-7.259
F5.744
- 5.726
5,723
L 5.705
5,688
-5.593
5,577
-5.574
|-5.5'E1
5,558
5.555
5,545
L 5.542
5,539

L 5 536
5.526
5523
5,520
5516
5.503
4.211
4.207
4,203
4,192
4,188
4,184
4179
4175
4,165
4.161
4,157
4.141
4,139
A138
4 061
4,059
4.045
4,043
- 3560




{wdd) 1y
oz 0E 0F 05 ] 0L og 06 ool oLl ozl oEL orl 051 091 0Ll (a1 06l oz oLz 0Ze

2]

2-82

-~ 136.162
T~ 134.487

_~125.883
125,321

82.764
82.661
- 82.086
- 82.029

LE
1

“WﬁWmWWT

oe

62
1

(wdd} 1)
14

8z

S
1

283

£9.921
-{ £9.890
69.583
- 54.929
58.287
< 58.225
1 57.186
L 56.085

r31.194
r 28.987
r28.121
27.975
- 27.914
- 27 . 868
- 27.841
L 97 7T
L 27 5583
L 27,348
L 27 264
L 97 080
L 26 979
L 96,743
L 25,390

L L
-




e 56 0oL S0l oLt
(wdd) 1)
) aa

g'g

oe
05

5L

s

5’9

0g
Sl

{wdd) 1)
0% GG
{wad) 1}
G99 ale

S

n9e

0w

=

_~B6.005
- 5.990

_~5.049
~-5.034

3.666
7 35660

GE

0e
9e
nf

u"ﬂ'_“‘

52
oo
¥e

0z
Lbk Db=DD
{wdd) 1y
0z e

ﬁ"“ﬂmﬂ

[P i SIS R

U‘wr

Bl

50

00
L

Wy Fﬁﬂmﬁw

284




(wdd) 14
0z 0e 0 05 09 oL 02 06 0ok 0Ll 0ZL 0EL orl 0%k 09t 0Ll 08l o1 00z 0Lz 0Z%

]}

L0t D o T iyl

N “':T[‘,‘ﬂ

285

_~173.003
T 1T2.671

— 140.125

—102.936

—61.619
- 56.959

52.630
"{ 52.299

_~37.797
34155
33176
20144
27 089
-~ 23715

— 16.527



(wdd) 1y
50 oL gL ne 52 0'e 5¢ 0y G 1] 59 0g 59 (1)) 54 o8 g8 06 56 oatl 501 oLl

oo

o _|
n
1 6262
o [“== ~6.247
1 ™-g.121
o |
for)
-
Y
g i
ER
o
1 L _~5415
I A T 5400
o _|
b L _~5125
1 5108
tn |
fo)
— ]
= —e
I o1
w
__ i
I —
e C_
L] =—
! Ll wm
=5
& ;55‘_ %
[a—=__- 1
c ]
C wl| —
o]
5 g?
1
r
_hd_
___—"_ -
==
e
=

286

|r4.095
-4.093
%4.069
4,067
_—3.988
Mo3.978
- 3.764
|- 3.740
- 3.682
- 3.687
3.666
3.661
— 3.558
3.534
3.521
L3512
3.506
3.497
3.488

it 3.482
3.474
3.400
3.393
3.378
3.371

L3354
3.159
L3.135

L2824
L2801

—7.260



(wdd) 1)

0z 0e o [iis] 09 ol og 05 oL 1198 ir 4 0ElL arl sl nal 0Ll gl i1 o0z ] ¥ 0zZe

oL

(wdd) 1)

ve

T

214

Bl

287

{ 140.387
140.276

— 108.820

— 101.352

— 78.364

71.841
42?1559
" 69.074

61330
- 60.443

r31.062
r28.572
- 27.972
- 27.508
- 27,486
- 27.398
r27.189
- 26,928
- 26,730
- 26 626
- 26,306
L 25 676
| 25.386
| 25,260
L 23.940
L 22 960
L22.353
L 20.561

Lol mml |




0oL 501 oL
1 1 ]

56
1

0
I

(wdd) 14
GG

s

G
I

1 40+

1 3.8

Pz
(OC)3COBCO M

(OC)5Co

3-20

—7.2598

—4.699

—T—ﬁﬁﬁh . r \f |

288



OLZ nzZz
J

00z
I

nak 0Lk 08k
1 I

0%k
1

{wdd) 1)
nal [1]01 0l 0ElL
1 1 1

06

—81.757

—81.051

289

71.188
69,380
{EQ.DM

—19.880



55 0a 59 1) 5L og §'8 oG 56 oal 501 [ ys

{wdd) 14

50 oL 5L 0z 5 e 5 0y 5 o's

0o

1 4.04T

| 4001

4.00

N 7

3-21

290

—7.259

—4.240

3.668
IS.EE‘I
T3.634

2517
-2.510
-2.500
2.493
2,483
2.476

2.003
-<—i 1.897
1.990



(wdd) 1y
0 0e (03] 05 09 ol 0g 06 ook oLk 0z L 0l orl 0%k nalL 0L [aj=] 06l anz OLZ Nz

1]

3-21

N 7

201

_~82.265
™ B80.994

_~69.443
" §7.900

— 58.444

—19.703



5 0s 5'9 ol 5l e G'g 06 56 ] g0l oLl

{wdd) 1y

50 oL gL 0z 52 0'e GE o'y 't 0's

oo

_-1.95—1

185

14003

a0z

3893

{124 00-=

{udd) 1)

09

]

29

@5

6.644
£6.523
6.612
6.598
I:~6.532
-6.567

5549
I-5.548
5.542

5.504
'{5.501
5.497

Ty

292

—1.255



{widd) 1y
0z 0g o 05 o9 0L o2 06 0oL OLL 0zl ol ol 0%l 09t 0Ll 08l 06 o0z oLz 0Ze

ol

293

— 150,105

_~ 83111
- B2.315

—B8.613

— 58.337

— 35.794

— 24.794



59 oL 5l oe 98 06 56 o ] 0LE

(1]

50 oL gl 0z S oe 5'E o S

oo

2.00

2000

294

(@)
[
/
(@]
3-23
L §.240
_ 6.222
o | [ee—— = 6.214
b e '\\Ls_mz
ﬁr \-6.185
o L6167
&
o
P -5.751
= 5735
- 5.727
5 ] 5716
o 5.709
ol = 5.698
2 = 5688
== 5.680
o { 5.670
& ] 5.662
L5645
o
()
=
— —2.271
- — 2258
ﬁx i {__5 -—2.253
T 5 ~=_ —2.244
2 — 2240
— -—2.226
N
v
=
|
=

—7.259

r6.240
6.222
-6.214
6.192
6.185
6167

1*-5.?51
- 5,735
-5.727
5,718
L 5,700
L 5 608
L5 688
L5 680
L5670

—25%3

3613
{S.Eﬂﬂ
3.586




{wdd) 1)
0g 0e 0F 05 09 al og (0[] noL oLk 0eL OE L arl 05 L 04t 0Ll Ol 06 L ong oLz nae

4]

3-23

O Ao A AT ey O

295

\_ 7/

— 134,258
—128.394

— B2.657

—71.782

—60.249

—33.546



{wdd) 1y

s

0a 59 ol 54 og §'g oG 56 ool 501 [ ys

55

oL 51 e 52 oe 5¢ oy 5

50

oo

| 1837

| 2031

2127

{widd) L)

gl
|
b

= ———
<
o A [
= L
2 _—
= <
o I-T___-

1f
|

296

r1.797
1.793
1788
4 1.783

e - 1770

} 1765
I 1.760

L1756
1.656
1.645
1.626
1.614
1.584
1582
1.563
1652

3-24

—T7.258

—5.489

-1.552



{dd) |y
0z 0E 0F 05 o8 oL ng 06 0oL oLl 0zl 0EL Ol 0%k 09l 0Lk a8 0B 00z OLZ 0Ze

atl

3-24

127.704
< 127.674

297

- B8.215
66101

_~ 36.383
- 35.673



5 09 59 (1] ) g g'e 06 56 ook g0k oL

(wdd) 1y

0z 52 0'e G'E 0¥ St s

5L

50

oo

- = PR3
%HCDG

2001

2.p2d
08

2.[:3-'5:
286

{wdd) 14
G 0E® GEY or'y

0Z'¥

oL

¥e

{wdd) 11
2e EZ
|

(4
1

Gl

298

4182
L4477
Seg73

—7.261




{wdd) 1y
0z 0E 0F 05 08 173 08 06 ook 1198 0ZL OEL orl oSl nal 0Ll 08l 061 00z oLe 0Ze

al

28 06

98

(wdd) 1)
(o] I

L

cl

AR

— 84,160
— 83,236

—81.143

— 78.870

— 75.057

299

84,160
~—B3.236
ToB1.143

78.870
" 75.057
69,408
" 68.576

58174

56.621
~ 56.388

— 28,449
— 25.059

—18.098



{widd) 14
52 0 5'E v g 0's 5'G on 59 iy =¥ g 5'g i 5&  0O0L  S0L Ok

0z

oL

50

0o

200 4

143

Jo.e7 I

el
~ oo
~l @ @
e

185 1

2,00 I

2.31
2.01
24 62T

[

T’
g

(wdd) |4

{wdd] 1)

oG B'G 0'a 9 g 9'9

e

Fra

0w

FAN rL'ty gL

oL

ey

300




{wdd) 1y
0z 0e [n}e] 0% 09 0l ng 06 noL oLk 0ZL ael orlL 0sL 0L oLk [aj1]" 06l o0z 0LZ NzZe

oL

{wdd) 1y
ze £8 e [=12]
bl i

(4]

og

————— 83287
A 823
*;_ — 82,672
= —B1.026
=

6'%E

BT

(wdd) 1y

L'¥E

vz

=8 74

301

I 24,774
__——g —-24.763

— 24,708

— 154.108

—148.224

83.287
[~ 82.993
- 82672
“81.928

_~T1.187
T~ B9.953

_~58.271
-57.728

— 35.439
Vs 28.994

24.774
{ 24,763
24,708



(wdd) 1}
S€ 0E 5E ¥ o 0's 55 0g 59 (1) 54 g 58 [N 56 oot ] ok

oz

50 iy 51

0o

191

207F

2.0¥

2003

2.0

2079
2063

LRl

o

. m[ ‘[

L9 Z9 €8 +v9

 {wdd) 1y

0e'f

(Ludd) 14
SL'¥

aL¥

0¥

G

PWWV

‘ol

'ﬁ|
|

Tl

=

302

6.332
Jf; 6.307
“§.203
- 6.269
6182
< B.157
B.144
\ 6.119
r 5.900
- 5.882
} 5.863
5844
5826
- 5.808
4.\\ 5.789
Tﬁ; 5.770
- 5.751
L5 732




{wdd) 1y
0z 0e o [35] 09 02 ng 06 Dok oLL 0ZL 0EL orlL 051 09l 04l asl 06l a0z 0Lz 0ZZ

1]

303

_— 135,257
134,884
—130.274
127635

—— 84,862
—82.543

— 74.148
— B69.084

_~5B.623
T-57.936

— 33.708
—2B8.978

—22.478



{wdd) 1)
oL =3l e G2 0'e 5'E 0'v 5% o's GG e 40 0L =l 0'g 58 08 =13 0oL S0l 0Ll

50

0o

Y

-
K=l

1, 8

&, 3 iE
Y, VanVs
v “wﬁ—\)ﬁ‘w

[l
f=]

P
=]

1,8
IIF_'_".
|
f

(2%
-

(0C)sCoy.

(OC);Co

3-29

304

7 1.843

i~ 1.827
%1.314
1.797
1.426
1,412
1-1.3086
L1380
L1121



(wdd) 1y
0z 0e 0F 05 [als} 0 08 05 ook oLt 0z JEL Pl oGl 09l 0Ll [4: 30 Q&L 002 oLz 022

al

(0C)sCoy.

(OC);Co

3-29

— 189818

— 135,997
T 134,546
- 131.262

305

— 1£b.378

_~93.824
T-82.913

70.951
£ 70,935
T\t 70.046

67.547

T~ 31.566
—~ 26,500
_-22.984



{wdd) 14
G0 oL gL 0z 'z oe 3 oy 5t s GG 0% 50 oL Gl o'e '8 06 GG nak SOl oL

oo

1.03T

PEE NN N QS Y
L = = e |

[ e
- O

TR SR

K

P RS =

= P L

y’

o (.
e ——
4___"—_—
o
o
=]
=
5,1 L
(_T—:-:L o r_:_:"__-_
r’____
o
n
]
{-;
L —
————
{_-.———
(
L‘_‘._
e
S
=)
-
[ 2
a—
[
e
=

(0]
(@]
3-28

- 5.785
- 5.765
5,761
—- 5588
— 5.563
o]t
& |
-
. =
P L-——:_
el =

|
[

1 L
co | =
[ =]
w | |
@ i

1
@ [_-a=-

1 ==
w Q;
wl|
= 1

306

Iy
=
L L
oo
=3
]




0Lk [ 06k o0z oLz nZe
1 1 I 1

Oorl 04l
1 I

{wdd) 1}
ool oLk gL
1 1

06

3-28

307

-—137.394
-—134.669

—127.455
—121.852

71.466
/69,359
X, 68.685

67.903

—41.012
——38.320

_-30.933
28.888
—~22.639



ook s0L 0L

56

g'8 e

54 g

1]

58

{wdd) 1y
GG [ R¢]

s

e 5¢ 0¥ 5

52

- IS

:“r' =]

NP
s

|

ZE

{wdd) 1)

L'E

o'l 51 0e

50

oo

ve

£T

0z

Bl

!

)

308

r 2.275
2,268
3”;: 2,257
- 2251

:1112.240
-2.233

1.924
:;{:1.918
1.911



(wdd) 1y
0z ne 0 a5 [ilt] ad ng 06 ool oLl 0L OEL orl osL nalL 0Ll OfL 6L 00z OLZ nege

oL

AN

309

_~B83.738
~-B82.288

68,572
< 68,328

— 58.370

— 28,389

— 15177



(dd) 1y
G'Z 0e GE 0¥ G s 5 09 ] s G4 U] g'g o6 56 ootk S0l oLl

0z

ol

S0

0o

183

182

388

3.04

400
398 I

254+1

29 9'a 89

(widd) 1y
09

8's

2’5

r 6.652
I 6.636
B.620
6607
- 6.591
LB.575

r 5.470
I 5.466
5.463
5.425
5421
Lga1s

310

—4.156

3.507
'£3 491
A

3.475

r2.249
- 2.246
-2.230
2.212
2.196
2.192

1.730
=1.711

1594



(wdd) 1)
0z (0] o 0% 09 ol 09 06 0oL oLl 0ZL Qe L ol 0sk 04l 0Ll o8l 0Bl 00z oLZ 0ZZ

1]

311

—153.514

_~83.038
- 82.302

— 69.495

— 58.321

—32.2186
——28.011
- 24776



{wdd) 1y
50 oL §'L 0 §'Z oe G'E oy 't s GG 0y §5'9 oL Gl 0'a 58 o'eG GG nak SOl oL

oo

18971

2,004

403

4,031

4,081

4157

-

X
3-32

312

—7.258

-6.084
6.066
-6.062
6.059
6.037
6.030
6.011

Ts.sm
L5561
L 5562
5 544
L 5.534
5 524
L5 516
L 5.507

— 3485

3.507
{3.492
3477

r2.213
- 2.196
2.182
—2.174
2.165
1.728
1.719
1.713
- 1.704

1.698

1.692

1.683

1.677
-1.667

==



pLduag Ly
0g 0E 0 0% 08 0L 08 ] Dol 0kl ar 4 0ElL ol DSl gl 0Ll i1 i1 002 oLe 0Ze

ol

X
3-32

F

313

_~131.5086
™-130.701

—B2.215

—68.413

— 57.966

-~ 29.552
T 27.867



(wdd) 1}
52 e GE 0w Sy 0'g 55 oa 5'9 ol G4 0a g'g o8 56 oot oL 0Ll

0z

]

oo

(OC)3Co<,

Co(CO);
O~ X Bpin

OW\Bpin
3-34

314

— 7.260
~B.672

- 6.656
6.640
6627

i-6.612
L 6.596

~2472
5427

—4.585



{wdd) 1y
0z 3 o 05 09 ol 08 06 ool oklb oL oL obk 0SL 091 0L oEL O0BL 002 OlZ  0ZZ

4]}

(OC)3Co<,

Co(CO);
O~ X Bpin

OW\Bpin

3-34 — 200.248

— 153.723

— 117.252

— 83.035

_~T70.950
-T70.419

—32.211
— 28.349
= 24777

315



{wdd) Ly
o'l 5L 0z [ o'e GE o' G oG GG (1] 50 o4 5] o' 58 06 6 0oL g'olL oLk

50

oo

- 2.00]

1 403

- 4.0

] 404
] 4_03{

(OC);Co

O

\r

s

___Co(CO)s

N

O

X
3-35

316

—T7.258



(wdd) 1}
0z ng 0F 05 09 ol 02 06 0ok 0oLl 0ZL 111 Opl 0%k nat 0zt o] 061 00z 0LZ NZZ

ol

(OC);Co

O

___Co(CO)s

N

O

X
3-35

|

317

131.907
<

131.510

—92.918

71533

~-70.302

_~30.4386
T-29.353



(wdd) 1)
50 oL 51 0z 58 e ¢ ¥ 5% s s 58 0d 5L 08 §'8 06 56 0ok 501 s
T AN WO Y i

oo

M=
= b W

wr

00T
03

;

(wdd) )

9'g

#'G

LG

55

N

——

{udd) 13

3-33

- 5.785
- 5765
5761

— 5.588
-— 5.563

r"v‘_'_

aF
1

il

T
'
I

¥
1

|

|

i

o
1 1
| ||'|

r4.524
Ir4.492
4ra.413
Ir4.381
I 4208
4.188
I-4.170
r4.088
r3.849

=
1 [

1 L

wl| =

=]

a7

.

w [_-a=~

1 —

YA

318

3.841
- 3.830
3818

3.803
- 3.440

3.435

3.419

3.413

3.405
- 3.390

3.384

3.300
/3282
3273

L 3.255
3@} 3.142
L3117
L3.004

390



{wdd) 1)
0z 0e 0F (41 09 0 08 05 ool oLt 0zl QgL orl W= 09l 0Ll [4: 30 Q6L 002 oLz 0zZe

ol

3-33

319

-—137.394
-— 134,669

— 127.455
—121.852

71.466
/) 69.359
X, 68685

67.903

—41.012
——38.320

~~30.933
"\ 28.888
_-22.639



56 oL sob ok
1 I ]

o'é

0's '8 oL 54
1

(wdd) 1y
5’5

s

5'E o '
I

o'e

| 4003

4.02T

W

(Ludd) 1}

Ee

2e

(A

0z

6l

Wfi“w”ﬂr

320

1.948
£ 1042
1035

—T7.258




{idd) 14
0z e 0F G a9 0 o8 08 ool oLl 0zl QgL ol 05l 09l 0Ll [aj0 0Bl o0z 0Lz DEZ

ol

321

—— 84,124
82,203

_~B9.355
™-68.356

—58.212

— 28,385
— 25,002

—18.049



501 okl
I 1

oo
1

06

58
1

55 [1R:] 59 [
1

{wdd) )

g

G
I

5E oy

0e

52
I

51

ol

192

J1e2

400

4.23 -1
4.0z X
23937

Il

Y

(dd) 1y
09
|

Ll

/\/\/\/B In

o p
3-37

| 6.650

= T~ 6.634

. - 6.618

- 6605

- 6.589

L6.573

r 5.454

I 5.451

L::T 5.447

5.410

KSADﬁ

L5402

322



0LZ nzZe
]

00z
1

osl nalk 0k a1
I 1 1

ol
1

—154.012

_~82.900
T §2.192

323

— 69.845

—G8.212

— 35334

- 28.895
{ 24 676
24.615



{wdd) 14
50 oL gL e g2 o'e 5'E v 5 o' 5°G iR¢] 58 oL gL o'g §'g o'e 56 0oL S'0L oL

oo

1,999

2009

1 a08]

4.07T

| 2011

| 407z

4.49T

\_ 7/

3-38

'lf

324

'
o m e
oo
P
[ %]




(wdd) 1}
0z 0e or (134 09 ol ng o0& ook oLl 0ZL OEL orl oGk gL oLl Ofl 061 o0z 0LZ 0z

1]

\_ 7/

3-38

_~131.982
~-131.017

— 82,253

:

325

— 70.081

— 57.9086

—-31.842
- 28.499
——24.238



{wdd) 1}
50 'L Sl e g2 o'e G'E v §'f o' §'G [R+] G oL Gl e g'g oG S'6 0oL S0l oL

oo

2.00

4.05{

4.05{

4.0

4089
416

(OC)s

0]

\_/

3-40

"II"

-

v

326

(CO)s

0

—7.108



{wdd) 1y
0z 4] or oG 09 0L 0g 0e 0oL aLk 0zl QEL orl [1]+1 8 [ui:]8 0Ll o2l 0Bl 00z 0Lz 0ZZ [aj5ra (0=

oL

oL

(OC)sCo—

oﬂo

\_/
3

-40

Co(CO)3

— 199,857

131.748
{‘131.536

327

— 93.510

_~ 70626
- 70,020

--31.329
— 27.538
— 23.969



ol G4 o §'8 06 '8 oL g0 Ok

'8

50 o'l 5l 0z 52 e 5'E o'y 5t

0o

4.00

3.97]

hls

(OC)GCOZ/\O/\/

PAYE
2

3-50

328

—7.105

—4.310

{3:213
3.202



(wdd) 1y
hira ne oF 134 ] 17 D8 06 Dok []9% [irA8 0El orl D%k nak 0Lk gk 061 ooz oLz nZe

4]

(OC)sCoy

O/\/

PAY
/
O\/\
3-50 — 199.763
—92.849
- 72.487
~ 70577
— 22.964
—10.356

329



'8 ol 54 e 58 o6 5'6 oar g0k ok

s

50 o'l 5l 0z 52 o'e g o 5t

oo

4,00 X

4.04 <

3,86

10321

6,43 =<

A

330

—7.106

—3.953



{wdd) 14

0z ne 0F 0% 08 i73 08 06 ool 0kl ozl i vl DGl nal 0Ll ogl i) 00z oLe e

4]

|

331

—130.352

—122.715

—71.788
— 69,265

—36.219

— 22,979
— 18.025

— 10.860



{wdd) 14
S0 L1y 5L 0e g2 o' G'E v §'f oG §'G [R¢] §'9 oL Gl 0'g g'g 06 S'6 0oL S0l oL
m ﬂer r

0o

0.2+x

oo Qoo
“Doooo

i

{dd) 1)

LA ]
(wdd) 1}

#E

0z 2% v 92

"l

s

FA

g0 0O

s

)
|

M |ﬁ"”flﬂ

B

|

—6.000

3-49

—7.258

—6.936

—6.000
5636
/r5.354
|-5.336
-5.318
5.243
1-5.225
L 5,206
L 5,050
-4.961
4878

4,874
4,822
-4.819

332




{wdd) 1y

ne e o 05 08 0L D8 06 0oL okk ozl el ol oSl nal 0Ll gl 06l onz DLe e

oL

o

Yo e

3-49

333

— 129.840
"\ 129.080
—123.401

— 37.239

25.042
{24.934
_~19.250
—18.085
~15.644

13.176



] [1F ol oe oe e 5B 0oL 50l
I I

g )]
I

(widd) 1)

ST e SE oy o 0's
1 1 1 I

e
1

Sl

1.001

95’9

(wddj 1y
259

3-54

r6.534
|- 6.531
6.526
7 6524
6.521

-6.51% L r2.303

L6514~ | 2.296

m] L - 2.256

w ] C 12,249

L L Il,—2.“|3’|

X 2127

. -\_2'123

™ 4 2.109

1 f‘- \Lzms

M -1.863

@ | 1861

- .[1.858

e ‘: 1.856

] ~1.816

3 1.814

N i-1.811

B L1.809

o ~1.499

bl i-1.497

- { 1.496

2.1 — 14194

a1l ~1.356

. [‘ - 1.348

- 1.345

Jl F 1.336

w 1.329

o - 1.327

N = 4-1.319

1 = 1.315

o I e 73717

1 L 1,308

= 1.185

= 1.167

= | 1.148

w ] 1.130

o | L1114

@ —— A-HH1

-1 [ “‘{Lo.?aa

270 L0.764

334



{wdd) 1)
0z 0f oF 05 a9 ol o8 06 ook oLl 0zZlL 0l orl osk pal 0l o8l 06l o0z oLz 0ZZ

[+]3

3-54

— 209,500

—153.108

—~146.073
T~ 144,563

335

— 110.984

— 51.726

—41.491

—29.886
24847

22,361
22262
"\ 19.271
—13.640



(udd) 1)

o's

oL Ok
1 J

oaL
I

06

58
1

5

o'l

0g
1

g's

5'E e S

0'e

5l oz
I

o'l

5'0
I

16,009

|8.00

_-1201—1

12.00

11203

112,001

g ﬂ

7]
o
20T "o ),
= 0
§ o
o)

2( (@] | )2

§

2

4-2

\l

v

N

i

—

336

3458
{3.44?
3435

r2.248
-2.231

2,716
2 189
r1.669

1.656

1.644
-1 639
1628
L1514



(Ludd) 1
0z 0 o 05 09 0l 08 06 ool obb 0ZL OEL OPL 0SL 091 0Ll ORL O6L  O00Z  OLE 022

ol

~ ]
o
20T "o ),
= 0
§ o
o)

2( (@] | )2

§

2
4-2

—138.086
Vs 131.995

- 130.842

— 69,392
—— 66983

— 30.880

—- 28,639

337



(dd) |
0z ST 13 5E 0 gy g §'S 0a 59 ol g4 g §'8 06 56 oat 0L oL

5L

0

0o

11184

12.00

1273

18247

338

— 7.258

—4 633

r1.648

1.613
?—1.594
-1.577
L1.559



5
anw
.

137.721

—72.434

— 66.246

22915

10.659

I T T T
220 210 200 190

T
180

170

160

T
150

T
140

T
130

120

T
110
1 {(ppm)

100

339



§'a ol G4 og g'g 08 56 oot 501 0Ll

09

(wdd) 1}
50 oL 51 0z 9E 0'e 5'E 0% Sy s 5%

oo

11_90{

12.4&{

14,66
12,904

‘l'_"“"ll.f-”

|

S

|

\ {ﬁT'

f

|

340

— 7.258



fad) 1)
0z 0e 0% 0% 09 17 D8 06 0oL oLl 0Z1 0ElL ol (111 naL 0Ll ogl 06l 002 0Lz 0nzZze

oL

= S\

— 137.701
r132.474
= 131.374

341

—71.139
— 65,997

™-33.000
-— 28,307
- 23.847



(wdd) 14
5'0 o'l 5l 0z 52 e G'E 0w S 0's g'g 0s 5'9 1)} 54 e 58 06 '8 oakL gob Ok

oo

7\

OH

OH

4-13

7994

342

\ 7/

—8.299

— 7.260

r6.082
-6.063
- 6.056
6.034
6.027
6.009

5.549
- 5.531
5.523
-5.513
5.503

ii:ﬁﬂg

3.503
ISAEE
3.466

r2.151

2.134
—2.122
2.104
1.664
1.647
1.629
-1.612
-1.585
-1.507

1.480

1.476

1.4861
-1.444

1~



(wdd) 1}
0z 0g 0% 0% 09 0L 08 06 ook oLl 0Z1 0El orl nsk 09l 0Lk ofl 06 00z 0Lz 0ZZ

1]}

7 N\

OH O

\_/

OH O

4-13

— 148.337

_~ 132174
T-131.544

—122.492

— 68.861
— 65.499

™ 32.011
- 27 800
_~23.8653

343



(dd) 1y

0's

0'g 5'a [1F g4 08 '8 06 56 oaL 0L 0L

§'g

A 13 G'E 0w R

0z

50 o'l

0o

185

17784 =

soogd =

112001

344

—8.108

—7.261

—4.711



oLz nzZe
|

o0z
1

Ofk
1

agl oSl 0Lt
1 I 1

0zl
1

(wdd) 1y
oLk

— 148.393

— 122,875

—72.041

—B5.721

—22.875

—10.585

345



(wdd) 1}
0e G'E o Sy s 55 09 59 0L Gl 0| 58 o6 56 ool S0l 0Ll

Gz

0z

50 oL

oo

55

1.04L

4241
2193

6371

4-20
—
:{ |
i
| S —4.353
I — —4.315
: [
=] 4.187
] =—— L4185
2 | == -4.168
— - \-4.148
= a4 C__ L 4.138
] ;}:—__ 4079
. [ 4.049
=
— 1
M_
S -
D_
o
m_ -
= |
% 4
3N
Ebgy
o
h_
o
h}_ |:_s_'

346

f3.'|93
=377
-\3.150
3.143
3,127

L3413

2743
2730

_~2.154
241

— 7.106

r1.437
1.434
1.418
1.237

G838
<0811
0.801
0.793
0,783
Lo7e4



{wdd) 1
0z 0g o 0% 09 0L 08 06 ook oLk 0Z1 oEl orl (1141 09l 0Lt 0fl 06l 002 0Lz 022

4]}

4-20

— 208,109

—174.946

_~140.996
—-138.433
™ 137.100

347

73.010

72.536
- B7.301
_~B1.579

_-52.305
_~48.784

43,601
442 g07
~41.316

_{22.805
22.758

10.518
{‘IU.EUB



G54 og g'g 08 56 oat 501 oLl

ol

iﬂTﬁ N

§'9

09

(wdd) 1}
52 0e G'E 0¥ Sy o'g GG

0z

5L

]

oo

1.00q
1.0+

0.8
0.8

1927

1.83L

0.8
3.0

0.90,

1.0
1.0

0.9
401
417

11+
1.54=x

7\

4-21

{wdd) 14
65 L'a £'9

L's

55

e

WIPuM‘P ﬂr

|P| |

1”'”\}

3

:

e

(il 14
ZZ ¥E 9% ®F U ZE FE 9E BE OF TF bV

WFI‘PIJ'—

Ty

348




{ludd) 1)
0z 0 o 05 09 ol 08 06 oL oLk OEL 08l oL oSk 09L QiL OBl O0BL 002 olE  0ZF

ok

7\

4-21

349

— 208.303

—175.908

r139.768
4r-138.606
£13T.053
_~133.026
= 131.949
T-129.898

\ 129,347

A TVLT2T
—T70.145
- 67.994

— B0.783

—~52.228
_~48.698

43.716
J 42,778
41,125

31910
=-30.606
T 28.567



55 0s 5'9 o'l g4 s 58 o'é 56 0oL g0 0L

(wdd) 1)

o's

o
P LAY
¥
I

W
T

5'0 o'l 5l 0z 52 0'e G'E 0w 5

oo

=
x
=] Ik_ ———
| —————— _‘\,‘
L L §.300
@ | — — 6.202
b - = }5.195
L e
= = ~- 6.059
= - 6.049
ol 3-6.023
° — 1-6.016
. — - 5.990
S l I 5.980
] L 5.954
3 !
e |
@ i
l 5.548
a4 5.530
5521
10T = | st
. o
] = 8| B
—_— 5485
o e
107 TEe= o rf"___ {gjég
1 "\ 5.448
=
=

0.9

Q:DT\I
L .
[==]
2021 C e
1.86T =]
(
2.83T S o
1.00-T Tw
4.05{ L

0E

Ww |

ol ol

9z

¥Z

A
1

0z
1

350




(wdd) 1)
0z o ot 05 o 0l o 06 ool oLl 0zL ael ol oGl naL 0/l asl 061 o0z OLZ 0ZZ

[1]8

7 N\

— 208.095

— 175.645

[ 140.169
4 138.623
J-137.118

132.584
/137859

131.498
L 131.305

351

70.357
70118
66.682
——B61.970

_~52.370
_~48.807

43.746
_fr 42.812
—-41.360

J,r32.010
J-31.322
27.422
27.322
'\‘_\- 24.131
= 23.540



{wdd) 1)
G0 oL gl 0z G e Gg ot Gy oG §'g 09 59 ol G 08 [ B S6 00 SoL 0Ll

oo

2127

2327
21461

lf\rum“fr\,h qm’r’_

5%

{wdd) 1y
¥'G

E'S

&5

(]

s

B

ey

1r

[ -

{wdd) |}

G0

ooy

4172
4188
L4183

- 4.062
I 4.059
4~ 4.058
3~ 4.048
I 4.045
L4041




(wdd) 1}
ook oLk 0z 0El orl osi ngl 0Lk 08l 06l 00z oLe 022
1 1 1 1 I I 1 I 1 1 ]

06

353

— 138.650
—133.996

—117.822
— 114,580

_~ 82651
™ 81.980

70,632
- 70.006

_~58.286
™-57.438

T~ 33.486
- 28.961
_~26.401



0oL soL 0Ll

56

(wdd) 1}
G2 oe G'E 0¥ Sy 0's 5 U] ] [1)F) G4 o'e g8 06

0z

] o'l

0o

I 235 B3

VR

B = -
oo

4.2

2.08T

2.08]

2.4

2.2
2.2

(OC)6C02_
o _|
=1 L?_;__
o] =
2] &=
]l ==
l =
[~ .
o™
- ]
=t
—_
307 L
O I —
“1C
o ':__=.-.
fo —
|
o
-_=.—_-— =
— 7
C &
—— o

N

354



{wdd) 1y
0z 0g oF 0% a9 ol o 06 ool oLl 0zl ael opl oSl oalL 04l o8l 061 00z oLz 0ZZ

oL

(OC)6C02

O~ F
[

1
O/\/
4-25

355

— 138.737
— 134,387

—116.834
—114.467

71.652
70.994
70,957
70,220

S5~

~-33.493
-—29.195
_~25.350



54 g ER] oe 56 oat 501 ok
1 I 1

L

og
I

(Ludd) 1y
0'g §'g
1

S

0k

[1a

g1 0

ok

2059

1.0
11
0.40=
144
1.081

2101

1.0
1.06L

11+
21T

1181
2.2

2.2

AN

4-26

= i
=
o _|
o
B .
=
=
ELUE
227
== _—
.
[‘——
5 =
=
» L ) 4,004
1 - 4 087
“ z /4083
C - 4.058
— 4.0586
~n — —._3—!_— 4. 054
e = T~ 4051
i = _ W\L‘ut..:‘_uus
2 P—— 4.040
- L 4.034
( L 4.031
pag L4028
8 J'fht 4.025
- 3.999
L 3.995

356




(wdd) 14

0z og or 04 09 173 o8 06 ool 119 [ir4 oEl ol osiL naL 0Ll o8l 06l ong ] ¥ e

oL

4-26

— 207197

—178.607

— 138.468
—133.879

— 114.560

357

71.376
< 71.206
_~65.545
T-B4.719

N\ 44.039
- 30.053
_~33.340
28.955
v
25277
S



{wdd) 14
GE 0E GE 0w v oG 55 09 59 oL g4 o8 g 0B §& 00L S0L OLL

0z

o'l

50

oo

2.05T

T

/\/%
BnN

4-31

ol

M

|

{wdd) 15
: ZZ £Z vz

L'z

0z

358

2,429
— 2.2
™-2.395

r2176
f‘?.‘lﬁg
=~2.159
a=2.182
2.142

L2136

1.937
£"|.E:31:|
" 1.924

539
83
524
513
508
502



(dd) 1}

0z oe 0% 05 08 473 08 06 ook oLk ozl i} ol DSk nak 0Ll [ 06l o0z oLz nzZe

ok

/\/%
BnN

4-31

128.701
_,f,- 128.015
-~ 126.605

L126.572

—84.474

359

— B8.150

— 58.518
— 52.967

26.130
{25.013

—18.164



59 ol ) o g'e e 56 oot S0l oLl

0g

(wdd) 1}
G2 oe G'E 0¥ Sy 0's 5S

0z

S0 oL

oo

b

194 T

T1ez 3

217

419

408 I

BEREE]

24.00-x

i

Ty

P ]

(wdd} 14
9'g

59

(widd) 14

Zr's ar's

BE'S

BPi
BnN/\/W In
X _ BPin

4-32

6.640
£5.624
_—G.608
——G.596
- 6.579
"\ §.562

5428

== —5.425

5.421

5.383

— -—-5.380

5376

]r’v‘

360

—3.508



{wdd) L}
0z ne 0f 04 09 [+ 08 06 ook oLl 0Z1L 0El ol oSk nal 04k (08 061 00z oLz NZZ

[+]3

BPi
BnN/\/W In
X _ BPin

4-32

— 154.478

_-128.680
*127.974

— B82.873

— 58.529
— 53.461

— 35.598

26.522
£ 25.906

24878

361



{wdd) 1}
0e A 0'E GE 0t G o'g 5% 0g 58 1 g4 e 58 s 56 orat SoL oL

5L

1 4851

50 oL

oo

BnN

4-33

o ;re.122
4.1 -E——- 1 | 6.104
1 1.0 o

— 5-6.075
® \-6.068
= “6.049

9
|
nw

197 m———

25
1

] r5.430
ro.d12
r5.404

Z.UU{ = 1 - 5.304
] - 5.386
1 - 5.375
- - 5.365
] r 5357
r5.351
- 0,347

N S
i =-5.339
o 5,321

{(widd) 1)
'S $
|

95
|

)

20+

4.00-1

4109

&

| 38+T %
e ——
r__—_——
f——

362

\ /




G 09 59 ol Gl og 58 06 56 ootk S0l oLL
I

{Ludd) 1)

g

0z Gz 0e GE ot Sy

5L

—7.258

2,091
<Zo76
[ 1588
1572
- 1.555

1.399

o'l

]

oo

L1 283

363



0zZe
1

WWWWWMMMNM

oL

08l
I

0Lk
1

05l

{wdd) 1y
£'F6 ¥ie

bl ]

LF6

94,263
- 94,234
- 04,224
~-94.189

— 199.572

— 193.246

_~135.156
™-133.930

_~126.862
- 126.323

(udd) |y

1T

IIW‘LM [”,J"\’r

I

5LZ 0'5E GHE

0Lz

n. |M

T

|||I'I

\1' |

un

mt' |

|

i

‘l.w"'wﬂll rl-\

364

-~29.012
- 28.960

— 28.351

—27.913
27.664
27.595

J—FZ?_s'm

~-27.486

- 27.394

™ 27.2B5

3-27.136

%2?.&5‘2

"\2?.&35

26.906




(Ludd) 1y
oz G'Z (135 G'E oy B3 0's G 09 59 L) 54 0 5'e 06 56 ook g0k oLl

L

S0

oo

—

i

9y

S

e
]

(Ldd} |

E'r

FA

'

ﬁ| |ﬂ|
¢
I
S
§

[
U

[

|

1
>
o
ra
w

Al
||
LR}-‘A

Pl_ﬂ I(-\I WI I|"ﬁlr
=£_-

It
1

{ e
-

A

—

(]

(=]

0
ﬂ'|"n| Uﬁ
>

4-52 -4 172

|

T
s
-
w0
.

|l

!
J

I
S
B
tn
)]
'y

|
|
|
u.
I
ke
@

i
"::Feg—'—'s
u L
[y
=g =]
= o

A
™
P fa

BAA
e |
=] 2

| |
i
!

o9t
1
V-

GE
{

¥E

- (uudd) 1)
£t
1 1
al
r“-’*”*”“m.rw,l fl

Tt

365



(wdd) 1}
0z 0e oF 0% 09 173 o8 06 ool 1193 0zl el ol 0sk 09l 0Ll ofl 06l 00z oLz 022

[1]8

366

- 210.487
) 0 - 200,772
(@]

4-52 — 180.254

— 177.391

—133.953

— 130.903
£ 71.484
I 70.744
h 4r69.528
1 1 — 28744 . 67.328
] E' 28.123 < 65336
S i 64.958
1 27.658 49.798
™ 27.379 ; 49.967
81 — —26.975 47.797

B - 26.778

= {———— % 26.661 47.575
— - 26.443 28.123
1 28018 E
=] —_— -{25.51? 12?_553
25.597 27.379
N 25.285 26.778
L 26.661
E — w24 554 L 26.443
- w24 964 26,018
&= 23747 25817
- 25,597
1 i 25.285
24.554
L 24 254



{wdd) 1)
§'0 ol 5l 4 52 0E §'E 0 5 o'g §'g 0a §'0 ol ) os '8 06 S6  00F oL 0L

oo

1.0
1.0

il

IR,

1,98
207

232

\

COzMe

(OC)GCOZ/\/

4-54

367

CO,Me

—7.258

-5.880
5.868
- 5.861
5.847
5.825
5813
5.727
5712
- 5.708
-5.692
5,675
-5.654

— 4,664

4.012
<3.995
-—3.747
™-3.658

~2.145

I-2.025
%2.019

2.004
\-1.990
L 1.958

—1.418



(wdd) 1)
0z 0g 0w 05 09 0 Dg 06 0oL oLl 0zl 0El ol 0glL oalL 04l 08l 06L o0z oLz 0Z%

4]}

(OC)GCOZ/\/

COzMe
CO,Me

4-54

— 199.451

— 170.872

— 136.293

— 128.405

— 95.083

— B7.085

368

— 70.508
— BE6.661

— 58.057
— 52,675

— 38.209

= 28.743
28.268
—23.238



NMR conversion study

Jul, A

L_C.__S A

L*i__; g -

L*i__cr WL P
L_n_g..,rr b _ e
IL*;% __c.r s

5.
1 (ppm}

369





