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ABSTRACT

The synthesis of dolastatin 11 was repeated on a much larger scale. Most of the
yields and reaction conditions in the original synthesis were improved upon. Several
problems that arose in the scale up were solved. Pure synthetic dolastatin 11 was obtained
for the first time. The synthetic dolastatin 11 had good activity against a variety of
cancer cell lines. The structure of the major by-product of the dolastatin 11 synthesis was
determined.

Several analogs of dolastatin 11 were synthesized. Testing results on the B-
alanine analog of dolastatin 11 showed it to have similar activity to the natural product.

Molecular modeling studies on dolastatin 11 in both chloroform and water were
pursued. The molecular modeling structure results in chloroform were consistent with
NOE and coupling constant evidence. Molecular modeling calculations were also carried
out on several dolastatin 11 analogs. These calculations combined with the testing results
on dolastatin 11and its B-alanine analog indicate that the lowest energy conformation

calculated for dolastatin 11 in chloroform mav be the most active conformation.



CHAPTER 1

SYNTHESIS OF DOLASTATIN 11

INTRODUCTION

Cancer is one of the leading causes of death in the world. It is estimated that 6
million new cases of cancer occur worldwide and 1.2 million in the United States every
year. These cases result in millions of deaths annually. Cancer is second only to heart
disease as a cause of death in the United States, and results in approximately 500,000
deaths annually.

Several methods of treating cancer are currently used clinically. These include
surgery, radiotherapy and chemotherapy. Chemotherapy relies on the use of a drug to kill
cancer cells. These drugs can act through a variety of different mechanisms. Examples
that are currently used clinically are alkylating agents, intercalating agents,
antimetabolites and microtubule inhibitors (“spindle poisons”).2

Many of these drugs used in chemotherapy are natural products. isolated from
plants, animals or microorganisms. This is a resource that though responsible for the
majority of drugs used clinically still remains widely undeveloped as it is estimated that
less than 10% of the plant life on earth has been examined for biological activity.

Microtubule inhibitors are called spindle poisons because they either prevent or
stabilize the formation of the spindle. The spindle, made up of microtubules (polymers of
the globular protein tubulin, Fig. 1-1) and a variety of microtubule binding proteins, plays

an important role in the cell division process called mitosis (Fig. 1-2).> Mitosis is the
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Figure 1-1. A. Cross section of microtubule. B. Short segment of a microtubule. C. Cartoon
representation of tubulin heterodimer.
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Figure 1-2. Schematic representation of the cell division cycle.
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process by which two sets of chromosomes in a dividing cell are divided into two
separate nuclei.

Several microtubule inhibitors are currently used clinically in the treatment of
cancer. They act through two basic mechanisms: they either inhibit the formation of
microtubules, or they stabilize the polymeric tubulin.

Vinblastine (1) and vincristine (2), microtubule inhibitors isolated from Vinca
rosea, are currently used in the treatment of various cancers.* > These vinca alkaloids
have been shown to inhibit the formation of microtubules by binding to tubulin
monomers, keeping them from forming polymers.” Colchicine (3), an alkaloid isolated
from Colchicum automnale, has also been found to inhibit microtubule formation by

binding to tubulin preventing it from polymerizing.*-®

1: R=CH;3 2:R=CHO 3

Taxol (4, also called paclitaxel) is a polyoxygenated diterpene isolated from the
Pacific yew, Taxus brevifolia, by Barclay in 1962.7 It has shown cytotoxic and inhibitory
activity against a variety of tumor cell lines. The synthesis of taxol (4) has received
much interest recently and was completed in 1994 by two different research groups.8 It

has been shown to be a microtubule inhibitor and was the first compound found to
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stabilize microtubules. It stabilizes the formation of microtubules by binding to the sides
of the microtubules, preventing them from depolymerizing and thus lowering the

concentration of tubulin in the cell.”

AcQ O OH S

Ph N wn

4 5:R=H 6: R=CH;

Several recently discovered natural products have shown that microtubule
stabilization is not unique to taxol (4). Epothilones A (5) and B (6), macrocyclic natural
products isolated from myxobacteria of the species Sorangium cellulosum, also stabilize
microtubule formation.’ Epothilones (5 and 6) have been shown to displace taxol (4)
bound to microtubules in solution and have shown strong activity against cells resistant to
taxol (4)."® Winkler and Axelson have recently developed a model for a common
pharmacophore between taxol (4) and the epothilones (5 and 6)."

Two other natural products have recently shown evidence of acting by stabilizing
microtubules. Discodermolide (7), a polyhydroxylated alkatetrene lactone isolated by
Gunasekera from the Caribbean sponge Discodermia dissoluta, has been shown to act to
stabilize microtubules in conditions under which taxol is inactive.'? Spongistatin 1 (8),
isolated from the marine sponge Spongia sp. by Pettit, was thought to inhibit microtubule
formation.” However, recent testing suggests that it may also act as a microtubule

stabilizer."
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OH

Dolastatin 10 (9) is a linear pentapeptide isolated from the indo-pacific sea hare
Dollabella auricularia by Pettit and his group. It has been shown to be one of the most
potent microtubule inhibitors known and is currently in phase two clinical trials."® It has
been shown to have a variety of activities. [t inhibits microtubule formation, non-
competitively inhibits binding of the vinca alkaloids 1 and 2 and stabilizes the colchicine

(3) binding activity of tubulin.'®
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Cytokinesis is the step of cell reproduction directly following mitosis (Fig. 1-2).
During cytokinesis the binucleated mother cell is divided into two individual daughter
cells.’ Microfilaments play the major role in cytokinesis, by forming a contractile ring
around the wall of the cell which contracts and divides the cell in two like a purse string
closes a purse (Fig. 1-3). If this contractile ring does not form, the dinucleated cell does
not divide. Based on the success of spindle toxins in the treatment of cancer, the NIH-
NCl is currently investigating microfilament inhibitors as potential leads to a new clinical
drug."”

Microfilaments are polymers of actin, a 375 amino acid protein to which a
molecule of ATP is tightly associated (Figs. -4 to 1-6).>* '® Actin’s shape is that of an
arrowhead. The pointed or minus end of an actin molecule and the barbed or plus end of
another actin molecule connect to form microfilaments. When two monomers of actin
bond to form an actin dimer they bond head to tail forming a filament with a pointed and
a barbed end (Fig. 1-6). Due to changes in the conformation of each actin monomer as it
enters the filament, the two ends of the filament have different critical concentrations for

polymerization. The plus or barbed end has a much lower critical concentration for
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Figure 1-3. Cartoon of cell undergoing cytokinesis with well developed contractile ring.
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Figure 1-4. 3-D structure of actin protein.
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Figure 1-5. Electron micrograph and cartoon of actin filament.
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Figure 1-6. Cartoon of actin monomer (G-actin) and actin polymer (F-actin).
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addition of another actin monomer and is the fast growing end. The minus or pointed end
has a much higher critical concentration for addition of another monomer and is a much
slower growing end. As the filament grows and the concentration of actin in the cell
begins to decrease, the minus end begins to lose units at a higher rate than it adds
monomer and the filament begins a process called treadmilling where units are added to
the plus and lost at the minus end at the same rate. The energy for this process is

supplied by the hydrolysis of ATP trapped within each actin unit into ADP (Fig. 1-7).
This energy source is similar to the GTP to GDP hydrolysis seen in microtubule
formation. The cell can cause the microfilament to grow or shrink by using various
microfilament binding proteins to either cap the minus or plus end of the filament.

During cytokinesis, microfilaments form contractile bundles. These bundles
contain filaments aligned parallel to each other with opposing polarities. These bundles
of filaments are separated by molecules of the protein a-actinin (Fig. 1-8), which act as
spacers to keep the filaments evenly spaced so that the motor protein myosin can fit in
between the filaments and pull the two filaments past one another (Fig. 1-9), causing the
closing of the contractile ring.’

Several natural products have been discovered that disrupt the normal function of
microfilaments. Swinholide A (10). a marine natural product isolated from the sponge
Theonella swinhoei by Carmely and Kashman, has been shown to destabilize
microfilaments by binding to two monomers of actin in solution, thus reducing the

amount of free actin able to bind to the growing barbed end of a microfilament.'® This
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Figure 1-8. Cartoon of a-actinin spacers between three microfilaments.
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Figure 1-9. Cartoon of myosin proteins pulling microfilaments.



mechanism is similar to the mechanism of the vinca alkaloids 1 and 2 in their inhibition

of microtubule growth.

Tolytoxin (11) is a macrolactone isolated by Moore from Scytonema. It has been
shown to inhibit microfilament formation by binding to monomeric actin and preventing
it from forming filaments.?® The latrunculins A (12) and B (13). macrolactones isolated
from the Red Sea sponge Latrunculia magnifica by Kashman, have been shown to inhibit
microfilament formation by the same mechanism.?'

Phalloidin (14), one of two compounds responsible for the toxicity of the
mushroom Amanita phalloides, acts through a mechanism similar to that of taxol (4). It
has been shown to bind to the sides of microfilaments, stabilizing them and not allowing

them to depolymerize.?? This lowers the critical concentration of actin for






polymerization by 10- to 30-fold and causes the cell to lose control of filament growth.
Jaspokinolide (15). a cyclic depsipeptide isolated by Crews and coworkers from the
marine sponge Jaspis sp.. has also been shown to bind to the sides of microfilaments.
thus preventing their depolymerization.

The cytochalasins (e.g. cytochalasin B, 16), a group of fungal metabolites, have
been shown to bind to the barbed or growing end of microfilaments in the cell.?* This
blocks addition of new actin units to the filament, preventing the growth of the filaments.
The stoichiometry of this binding is one molecule of cytochalasin (16) to one

microfilament.?®

OH

Cucurbitacin E (17) is a sesquiterpenoid that is the bitter principle in many plant
species, including crucifers, squash and begonias.” It has also been shown to disrupt the
formation of microfilaments. However. it does not appear to act directly upon the
microfilaments or actin monomers but appears to indirectly cause the depolymerization

. . . . . 7
of microfilaments; its exact target and mechanism of action are still unknown.'



The above-mentioned microfilament inhibitors all disrupt cytokinesis by either
inhibiting microfilament growth or by preventing microfilament depolymerization. None

of these compounds has so far produced a clinically useful antitumor agent.

The search for other microfilament inhibitors that may provide an anticancer drug that
inhibits cytokinesis continues. In 1989 Pettit and coworkers isolated the cytotoxic
depsipeptide dolastatin 11 (18) from the indo-pacific sea hare Dollabella auricularia,
which also provided dolastatin 10 (9).% Dolastatin 11 (18) showed excellent activity
against the murine P388 lymphocytic leukemia cell line with an ED50 of 2.7 x 107
pg/mL. Further testing at the NIH has determined that dolastatin 11 (18) does not inhibit
microtubule formation in the cell but inhibits cytokinesis. Further preliminary tests
indicate that dolastatin 11 (18) induces a new behavior of microfilaments: !7 the NIH
reported that treatment of cells with dolastatin 11 (18) ™ leads to changes in the
distribution to a pattern never seen before: the F-actin distribution becomes radial, with a
central accumulation and fibers radiating from the center.” Further testing on the
depsipeptide to determine its exact mode of action and if it can be used clinically are

underway.
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Pettit and coworkers characterized dolastatin 11 (18) and dolastatin 12 (19),
which accompanies it, by NMR and MS comparison to the structurally similar
majusculamide C (20) and 57-normajusculamide C (21).%° Majusculamides 20 and 21
were isolated from the blue-green alga Lyngbva majuscula by Moore and coworkers.*’
Pettit found that dolastatin 11 (18) contained six common amino acids (two glycines,

alanine, N-methylvaline, N-methylleucine, and N,O-dimethyltyrosine), a hydroxy
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acid ((2S,3S)-2-hydroxy-3-methylpentanoic acid, HMP, 22), an unusual $-amino acid
((2S,3R)-3-amino-2-methylpentanoic acid, Map, 23), and an unusual y-amino acid ((S)-4-
amino-2,2-dimethyl-3-oxopentanoic acid, Ibu, 24). The configurations of the Ala, Leu,
Tyr, Val and Hmp (22) units were determined to be the more usual S by comparison with
Moore’s data. However. the configurations of the two chiral centers in the Map (23) unit

and the center in the [bu (24) fragment were not determined.
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Bates and Gangwar devised a method by which all four possible stereoisomers of
the Map (23) unit could be synthesized.28 Syntheses of two of the four Map (23)
stereoisomers followed by comparison of the NMR and ORD data with those of natural
Map (23) obtained from degradation of majusculamide C (20) showed that Map (23) has
the (2S,3R) configuration. The configuration of the Ibu (24) unit was not determined but
was postulated to be S due to a biosynthesis from the more common S-alanine.

As a start on a dolastatin 11 (18) synthesis, Pettit and Bontems synthesized the
pentapeptide Boc-Gly-N-Me-Leu-Gly-N-Me-Val-N,0-diMe-Tyr-OMe.” Bates,
Gangwar and Taylor continued this work in an attempt to synthesize dolastatin 11 (18).%°
Bates completed the first total synthesis of dolastatin 11 (18) in early 1995.3" 32
Dolastatin 11 (18) was clearly visible in a 500 MHz NMR spectrum, but it was in a 50:50
mixture with an unknown by-product and it was estimated by HPLC peak area

comparison with natural material that only 0.15 mg of dolastatin 11 (18) had been

prepared.

RESULTS AND DISCUSSION
Part of this dissertation involved the synthesis of pure dolastatin 11 (18) for the
first time, and the preparation of 30 mg for further testing.*? The reaction sequence
(Schemes 1-1 to 1-6) used to first make dolastatin 11 (18) was employed, but reagents
and conditions were changed in optimizing the yields as the reactions were run on much

larger scales as will be described below.



The overall svnthesis is very convergent and is patterned after Shioiri’s synthesis
of didemnin A.** It was designed to be easily adapted to the making of analogs. The
Tyr-Ibu bond is made in the final cyclization to protect the acid and base sensitive Ibu
(24) chiral center from conditions that might cause epimerization. Each of the reactions

scaled up in this study will be described next.

Scheme 1-1. Convergent synthesis of dolastatin 11 (18)

Boc—L-Ala(1 DI

(2)LICH,COOBn

(3)H./Pd (1)Mel/NaH

(4)EDC (2)H/Pd-> 39
L-Ala-OBn (3)TBTU

(1)Ho/Pd-> 42
L-Asp —2S18BS_ 53 pap) g;;gg%,%’;ﬁ "0 TFA a3
HNO EDC (3)HBTU
L-lie——=2~22 (Hmp) === TEA
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Boc-Gly _IBCF l

l (1)NaOH-> 32 -3

1)Mel/NaH - —
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L-Tyr-OEt——  (3)SOCI/BnOH

Boc-L-Val
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Scheme [-2. Synthesis of 29

0 0
IBCF, NMM
BocHN —_
\)\ou + HCI HzN\)\oa BocHN N\/U\OEt

Q
(@)

¥

0
O
I

o))

Q

[¢]

I
:}<

ZT
"
o
]
X

SOCl,/ BnOH

0 | 0
>N J\(\@»we HCI HN N\:)Loen
LN Il o =
0 2

30



Scheme 1-3. Synthesis of 34
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Scheme 1-4. Synthesis of 38
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Scheme 1-3. Synthesis of 42
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Scheme 1-6. Synthesis of 18
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Synthesis of Boc-L-Val-L-Tyr-OEt (25)

Tyrosine methyl ester was coupled to Boc-valine using isobutyl chloroformate
(Scheme 1-2). The acid was dissolved in dry THF at —78 °C and neutralized with NMM,
and IBCF was added. After 15 minutes of stirring, tyrosine methyl ester hydrochloride
in DMF was added along with another equivalent of NMM. The yield was reported by
Gangwar’ to be 74% after recrystallization. However, omitting the recrystallization
yielded pure product on five times the scale in 84% yield. Upon scaling this reaction up
to 25 g, problems with dissolving the tyrosine ethyl ester hydrochloride in 50 mL of
DMF were observed. Several repeated stirrings in 50 mL DMF and scraping of the oily
solid into the reaction flask were required, but the yield did not drop noticably.
Dissolution of the tyrosine ethyl ester hvdrochloride was eventually omitted and the
tyrosine was added as a solid to the reaction mixture. Flame drying of the glassware and

minimization of exposure to the atmosphere allowed optimization of the yield at §9%.

Synthesis of Boc-Val-Tyr-OH (26)

Gangwaxj0 reported a 94% yield for the saponification of the dipeptide ethyl ester
in methanolic sodium hydroxide. This solution was acidified and the product. as a thick
oil, was collected on filter paper. However, scale-up of this reaction to tens of grams

yielded problems with the filtration step and the yield dropped to around 50%. To
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improve this yield and facilitate scale-up a new procedure was developed that avoided the
filoration step. After the saponification, most of the methanol was evaporated via
rotovap. The remaining aqueous solution was acidified and extracted with ethyl acetate.
This worked much better, giving a quantitative yield (based on 1 equivalent of ethyl

acetate in the product).

Synthesis of Boc-NMe-Val-N,0-diMe-Tyr-OH (27)

Gangwar}0 had reported a 78% yield in the methylation of 26 to 27 using a 40-
fold excess of methyl iodide on a 1.8 g scale. Scale-up to a much larger scale caused
investigation into the use of a smaller excess of methyl iodide. However, less than a ten-
fold excess produced large amounts of dimethylated product. Careful integration of the
N-methy! region of the spectrum is required to determine if the reaction has gone to
completion. The incompletely methylated product can be recycled through the reaction
again. When a ten-fold excess of methyl iodide was used, a 92% yield of gummy oil was
obtained. Hydantoin by-product 28 appeared in this reaction in 5-30% yield. Higher
concentrations of methyl iodide reduced the amount of this by-product.

Addition of the N-methyl groups causes several rotamers to be present and is
responsible for this being the first non-crystalline intermediate. The N-methy! peaks in

the NMR showed that all four possible rotamers are present.
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Synthesis of N-Me-Val-N,O-diMe-Tyr-OBn HCI (29)

Taylor and Bates®' had reported the conversion of 27 to the benzyl ester
hydrochloride, by treatment with thionyl chloride in benzyl alcohol. On a 1.6 g scale this
reaction gave the desired product (29) in a fair yield, 66%. Attempts to reduce the
number of washings with ether from seven to four caused benzyl alcohol to contaminate
the product. Switching back to seven washings essentially removed this contaminant.
The lyophilization of several hundred mLs of water presented a more serious problem:
large amounts of diketopiperazine 30 began to contaminate the product. It was
determined that if 29 sat in liquid water for very long it would begin to cyclize to form
diketopiperazine 30. During overnight runs on the lyophilizer the sample would thaw
and decompose to diketopiperazine 30. This problem was solved by running smaller
amounts through and by not using overnight lyophilizer runs.

Attemnpts to obtain the product in two steps instead of one and remove the need
for lyophilization were pursued. Conversion of 27 to the benzyl ester 31 by coupling
with benzyl alcohol in EDC went smoothly in 82% vield (Scheme 1-7). Attempted
conversion of 31 to 28 by treatment with HCI gas did not give a crystalline product and
this pathway was abandoned.

Attempts to increase the yield by increasing the reaction temperature to gave large
amounts of the diketopiperazine 30. The desired product disappeared when the reaction
was run at reflux. Reduction of the temperature to RT gave a 9.4% yield. The

temperature was optimized to 50 °C yielding 42% of the desired 30.



Scheme 1-7. Synthesis of 31
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Synthesis of Boc-Gly-N-Me-Leu-Gly-N-Me-Val-N,0-diMe-Tyr-OBn (33)

By IBCF coupling of dipeptide 29 and tripeptide 32, Gangwar"° reported a 58%
yield of pentapeptide 33 contaminated with 40 mole percent of diketopiperizine 30 on a
251 mg scale. Initial attempts to repeat this reaction on a larger scale resulted in 65%
diketopiperazine 30 resulting from intramolecular reaction of dipeptide 29 (Scheme 1-3).
Mass spectroscopy on the products further in the synthesis showed that the leucine and
one glycine fragment were missing from some of the product. Further analysis showed
that the tripeptide (32) used in the reaction was actually a 1:1 mixture of tripeptide 32
and Boc-glycine. This impurity was traced back to an early step in the synthesis and
removed.

Further experiments were aimed at reducing the amount of diketopiperizine
formed. It was thought that diketopiperazine 30 was formed from the cis-amide in
dipeptide 29. 29 was a crystalline solid so NMR studies were done to see if dissolving in
solvent caused formation of both cis and trans amide in solution (Scheme 1-8). However.
NMR of the solution in DMSO showed no change after time and gave evidence of only

one rotamer in solution. Direct addition of solid 29 to the reaction mixture gave the best
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yield (61%) but the desired pentapeptide 33 was contaminated by an equimolar amount

of diketopiperazine 30.

Synthesis of Gly-N-Me-Leu-Gly-N-Me-Val-N,0-diMe-Tyr-OBn TFA (34)

The Boc group was removed from 33 by treatment with TFA, which was quickly
blown off and the residue was treated again. The oil was then taken up in EtOAc and
evaporated twice to remove any TFA trapped in the oil. This procedure worked well and

was used in all further Boc removals thereafter.

Scheme 1-8. Trans and cis 29

Synthesis of 2-Hydroxy-3-methylpentanoic Acid (Hmp. 22)

Gangwar’® reported synthesis of Hmp (22) in 86% yield from L-Ile by treatment
with nitrous acid (Scheme 1-9). However, this yield was not repeatable. A crystalline
product was not obtained and an 'H NMR spectrum of the oil showed a | to 1 mixture of
22 and a diastereomer. A search of the literature yielded a procedure for the synthesis of
the S-leucine analog by Schibler and Wheeler.** To a solution of S-isoleucine in 1 N

H,SO, at -5 °C was added dropwise NaNO; in water with stirring over 1 hours. Stirring
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an additional 2 hours at 0 °C and 16 hours at 25 °C followed by extraction with ether and
evaporation gave an oil which by NMR was 95/5 the desired product 22 and its
diastereomer. Crystallization did not work well until the system 5:100 mL EtOAc:hexane
in a dry ice-isopropanol bath gave a 31% yield of pure 22. The low temperature was

required to get good crystallization of the product.

Scheme 1-9. Synthesis of 22
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Synthesis of Hmp-Gly-N-Me-Leu-Gly-N-Me-Val-N,0-diMe-Tyr-OBn (35)

The coupling reagent DCC was originally used for the coupling of the
pentapeptide 34 with the hydroxy acid Hmp (22; Scheme 1-4). However, contamination
of the product with the urea DCU led to the use of the water soluble coupling reagent
EDC. Gangwar reported a 96% yield for this coupling on a 74 mg scale. This high
yield was not repeatable but in a scale-up to 800 mg a yield of 75% was obtained. This
product was contaminated with diketopiperazine 30 from the starting material, which was
not removed at this stage of the synthesis. Success of the coupling of these two products

can be determined by the increase in the area of the methyl peaks in the '"H NMR

between 60.8-1.1.



45

Synthesis of Boc-Map-Hmp-Gly-N-Me-Leu-Gly-N-Me-Val-N,0-diMe-Tyr-OBn (37)
Taylor and Bates®' had reported the coupling of the Boc protected unusual -
amino acid Map (36) to 35 in 60% yield on a 2.2 mg scale. Scale-up of this reaction to a
several hundred milligram scale led to yields below 12% with much unreacted starting
material 35. Monitoring the reaction by TLC showed that the reaction was not going to
completion even after several days. Using less solvent led to faster disappearance of the
starting material. It was found that the more concentrated the reaction the faster and
further to completion the reaction went. The reaction went as far as it would go after 2
days. This was the first intermediate in the synthesis that was purified by
chromatography (HPLC). Diketopiperazine 30, unreacted starting material 35 and
product 37 were isolated. The yield of this reaction was optimized to 68% on a 500 mg

scale and 66% on a 847 mg scale after correcting for recovered starting material 35.

Synthesis of Map-Hmp-Gly-N-Me-Leu-Gly-N-Me-Val-N.O-diMe-Tyr-OBn'TF A (38)
The Boc protecting group in heptadepsipeptide 37 was removed by treatment
with TFA, which was evaporated with a stream of air. This was repeated and then the oil

was taken up in EtOAc and evaporated twice.
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Synthesis of Boc-Ibu-Ala-Map-Hmp-Gly-N-Me-Leu-Gly-N-Me-Val-N,O-diMe-Tyz-
OBn (40)

Bates coupled heptadepsipeptide 38 with dipeptide 39 (Scheme 1-5) using EDC
on a 6.9 mg scale.’! The '"H NMR spectrum of the product was very noisy but showed
the product 40 along with much silane. In the present study, this reaction was found to be
very moisture sensitive. The yield was increased over time to 45%. When TBTU was
used, the yield increased to 54% and the reaction was much more reproducible as long as
care was taken to ensure anhydrous reaction conditions. The '"H NMR spectrum of
nonadepsipeptide 40 was more complicated, particularly in the N-methyl region, than that
of any of the earlier intermediates. The N-methyl peaks appeared to be doubled. This
was at first assumed to be because of rotamers in the product. However, Nakkiew
showed by synthesizing the R-alanine analog of dolastatin 11 (41) that 41 was the major
by-product in the dolastatin 11 synthesis,*’ and this meant that epimerization in the

alanine unit was occurring in the formation of nonadepsipeptide 40.

MeO N | 0
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This is presumably due to the steric bulk of the ethyl side chain of the Map unit
slowing formation of the amide, allowing epimerization to occur. A variety of other
coupling agents and conditions were then investigated in an attempt to reduce or
eliminate epimerization.*®

EDC with the additive HOAT and triethylamine as the base did not decrease
epimerization. Changing the base to NMM did not yield any product. Attempts using
the IBCF coupling method also did not yield any product. HBTU coupling using the
HOAT additive and triethylamine as base and DMF at 0 °C did not yield product either.

BrOP and triethylamine had been reported to work well in sterically hindered
couplings by Pettit.'6 Preliminary tests on a small scale with this reagent yielded
nonadepsipeptide 40 in an unoptimized 22% yield, but the "H NMR spectrum of the
product looked similar to what had previously been obtained with no evidence of the
disappearance of the epimer. HBTU, HOAT and triethylamine in DMF at —78 °C gave
similar yields and products to those in the TBTU coupling.

The epimerization in this reaction and the inability to separate the diastereomers
obviously led to decreased yields of dolastatin 11 (18) but we were unable to find
conditions which avoided epimerization and were unable to separate the alanine epimer

by HPLC except at the end of the synthesis.
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Synthesis of Boc-Ibu-Ala-Map-Hmp-Gly-N-Me-Leu-Gly-N-Me-Val-N,O-diMe-Tyr-OH
(42)

The benzyl protecting group was removed by dissolving nonadepsipeptide 40 in
ethanol under argon, adding 5% Pd/C, flooding the flask with hydrogen, and stirring for
two hours. The reaction was complete by TLC and acid 42 was obtained in quantitative

yield.

Synthesis of Ibu-Ala-Map-Hmp-Gly-N-Me-Leu-Gly-N-Me-Val-N,0-diMe-Tyr-OH TFA
(43)

The Boc protecting group was removed by treatment with TFA and blowing off
volatiles (Scheme 1-6). The oily residue was taken up in EtOAc and evaporated twice to
remove any TFA trapped in the oil. This residue (43, 91% yield) was immediately

cyclized or stored in a freezer overnight and then cyclized to minimize epimerization.

Synthesis of dolastatin 11 (18)

Bates had completed the first synthesis of dolastatin 11 (18) using Bop-Cl to
cyclize nonadepsipeptide 43.° A large amount of a stereoisomeric by-product was
present, which was determined much later to be the R-Ala analog 41 of dolastatin 11
(18). Epimer 41 could be separated with difficulty from dolastatin 11 (18) by prep HPLC
on a reversed phase C-18 column, since epimer 41 had a retention time about 1 minute

shorter than that of dolastatin 11 (18). Initial attempts to repeat Bates’ cyclization on a
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larger scale gave similar results. One reaction yielded 5% of dolastatin 11 (18) and 5% of
the Ala-epi analog 41. Higher dilution increased the yield of dolastatin 11 (18) to 13%.

At this time the identity of the by-product was unknown and it was thought that it
most likely arose from epimerization of the Tyr or Ibu (24) unit in the final cyclization.
Epimerization of the a-proton of the activated acid in coupling reactions is well
known®?, and the y-position of Ibu (24) being o to a ketone functionality should be easily
epimerized under basic conditions. Since the configuration of the Ibu (24) unit in the
natural material had not been determined this also raised the question of whether we had
been correct about the Ibu (24) having the S configuration; possibly dolastatin 11 (18)
actually had the R configuration at the Ibu center and the S-Ibu unit put into the synthesis
had been partially epimerized to an R-Ibu unit during the synthesis. Other reagents were
investigated for the final cyclization in an attempt to increase the yield and decrease the
amount of epimerization. HBTU was found to yield between 20-24% yield of dolastatin
11 (18) by "H NMR and to reduce the yield of by-product to 10-12%. The yield of 99%+
dolastatin 11 (18) after 4 runs through HPLC was 12-15%. On successive passes through
HPLC, the purity of dolastatin 11 (18) went from 66% crude to 80, 90, 97 and 99%+,
resulting in a loss of 40% of the dolastatin 11 (18) to fractions containing the epimer 41.
Cyclization with TBTU yielded similar results as with HBTU.

Attempts to increase the yield of the final cyclization by increasing dilution as
described by Caldera®’ for axinastatin 4 yielded mixed results. The yield of dolastatin 11
(18) was increased from 25% crude in a 2.35 mg/mL solution of 43 in DMF to 30% crude

yield when 43 in 25 mIL DMF was added dropwise to a stirred solution of coupling agent
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and base. The yield was maximized at 30% in a 0.148 mg/mL solution of 43 to DMF.
Further dilution did not increase the yield and a 0.0571 mg/mL solution resulted in a
decreased yield of 7.5%.

The decrease in the ratio of epimer 41 to dolastatin 11 (18) by changing the
coupling reagent from BOP-Cl to HBTU was consistent with the epimer resulting from
epimerization at the Tyr-a center during the final coupling. The possibility of the epimer
resulting from base-catalyzed enolization of the y-position of the Ibu unit (24) by either
the triethylamine or diisopropylethylamine was also investigated. This could happen
before or after the cyclization. Attempts to epimerize the by-product into the desired
dolastatin 11 (18) by treatment with a neat solution of triethylamine for 1 day did not
yield any dolastatin 11 (18). This suggested that either a) the epimer differed at a
different center or b) the epimer was of enough lower energy than dolastatin 11 (18) that
an insignificant amount of dolastatin 11 (18) was present at equilibrium or c) these
conditions were not vigorous enough to cause epimerization « to a ketone carbonyl
group.

As mentioned above, the epimer was determined to be analog 41 that differed in
the configuration in the alanine unit when Nakkiew synthesized the R-alanine analog
41 The 'H NMR spectrum of the crude reaction product contained the peaks of both
dolastatin 11 (18) and the by-product 41, but the ratio of the two products was reversed
from what had been seen with the S-alanine derivative, to 2:1 in favor of epimer 41 over
dolastatin 11 (18). This served as confirmation that the Ibu (24) unit in dolastatin 11 (18)

has the S configuration.
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That the epimer is not a result of the final coupling was surprising at first since
changing the coupling agent in the final coupling from Bop-Cl to HBTU changed the
ratio of dolastatin 11 (18) to epimer 41 present in the cyclized product from 1:1 to 2:1.
This was rationalized by assuming HBTU forms dolastatin 11 (18) in a higher yield than
it forms epimer 41, resulting in a higher 18/41 ratio in the product mixture.

The synthesis consists of 35 steps overall, 11 of them deprotections. The longest
path from a readily available starting material is 16 steps through the Map fragment. The
average yield is about 70% and chromatography was used only for purification of
intermediates 36 and 39 and the final product 18. The overall yield was about 1% from
available materials through the longest path compared with 3x10°% for isolation from
the sea hare.?®

In-vitro testing against 60 human cancer cell lines on 30 mg of 99+% pure
synthetic dolastatin 11 (18) was done in the National Cancer Institute Developmental
Therapeutics Program (Table 1-1).*® Dolastatin 11 (18) inhibited the growth by 50% (or
GI50) on all the cell lines below a concentration of 107 molar. It reached the a GI-50
level for all but 5 of the cancer cell lines below a concentration of 10 molar. Total
growth inhibition (TGI) was not observed at levels below 10™ molar for any of the
leukemia or colon cancer cell lines. TGI levels below 107 molar were seen for 4 of 7
lung, 4 of 6 CNS, 3 of 6 melanoma, 4 of 6 ovarian, 5 of 7 renal, 1 of 2 prostate, and 3 of 8
breast cancer cell lines. CNS cancer cell line SF-539 and renal cancer cell line RXF 393
both showed TGI at levels below 107 molar. LC-50 values or the death of 50% of the

treated cells was seen at concentrations below 107> molar in one of the CNS, one of the



Table 1-1. Anti-Cancer Testing Results for Synthetic Dolastatin 11 (18)

National Cancer Institute Developmental Therapeutics Program

In-Vitro Testing Results

NSC: 606195-Q/6 | Experiment ID: 9707SRS5-5 Test Type: 08 Units: Molar
Report Date: September 18. 199 | Test Date:  July 28, 1997 QNS: SHP MC:
COMI: Dolastatin II | Stain Reagent: SRB Dual-P SSPL: 315F
Logl0 Concentration
Time Mear Cciica. nsities Percent Growth
Panel/Cell Line 2erc Sazs L e -.0 20 -6.0 =5.0 -9.0 =8.0 =7.0 =6.0 =5.0 GIS0 TSI LCSo
Leukemia
CCRF-CEM c.28: 1.192 C.726 83 73 35 30 27  4.00E-08 >1.00E-05 >..005-05
HL=-60 (TB) 0.243 .87 75 85 21 12 7 1.40E=-08 >1.00E-05 >1.00E-05
K-562 0.134 €7 65 S8 SO 40 8E-07 >..00E-05 >1.00E-05
MOLT=4 0.32: 95 99 79 52 41 1.47E=06 .>1.00E=05 >1.00E~05
RPMI-8226 0.55¢4 83 67 60 37 22  2.70E-07 >1.COE-05 >1.00E-05
SR 0.17% 103 93 S7 S0 52 . >1.00E=-05 >1.00E=05
Non=Small Cell Lung Cancer
AS549/ATCC 0.170 101 60 23 10 =3 1.87E-08 6.29E-06 >1.00E~-0S
EKVX 0.362 99 94 63 22 10  2.09E-07 >1.CO0E-05 >1.00E=05
HOP=92 0.538 121 120 76 =7 =4  2.06E=07 §.22E-07 >1.00E=-05
NCI-H226 0.629 101 104 81 17 -3 3.0SE-07 7.13E-06 >1.00E=05
NCI-H23 0.366 85 94 81 26 15  3.67E-07 >1.00E=05 >1.00E-05
NCI-H322M 0.723 111 114 97 20 =10  4.11E=-07 4.74E=06 >1.00E=-05
NCI-H460 0.338 S3 29 28 11 7 1.32E-09 >1.00E=05 >1.00E=05
Colon Cancer
coLo 205 0.291 92 . =30 ., 8 4.93E-09 . >1.00E-05
HCC-2998 0.443 4 59 M 21 2 2.27E-08 >1.00E-05 >1.00E=05
HCT-116 0.203 2.204 83 S7 S6 30 27 1.74E-07 >1.00E-05 >1.00E~05
HCT-15 0.251 9 83 61 48 6  6.68E-07 >1.00E-05 >1.00E-05
HT29 0.196 93 12 6 0 0  2.16E-08 >1.00E-05 >1.00E-05
KM12 0.339 106 98 69 37 19  3.88E-07 >1.00E-05 >1.00E=05
SW=620 0.179 0.930 88 77 65 S1 48  2.65E-06 >1.00E-05 >1.00E-05
CNS Cancer
SF-268 0.380 1.334 122 100 S0 15 2 1.02E-07 >1.00E=-05 >1.00E-05
SF-295 0.413 1.270 % 78 56 2 =12  1.27E-07 1.4SE-06 >1.00E-05
SF-539 0.587 0.888 94 60 -38 -52 =65  1.26E-08 4.08E-08 6.72E-07
SNB-19 0.705 1.474 96 105 99 -12 =19  2.76E-07 7.73E=07 >1.00E-05
SNB-T5 0.492 1.025 106 104 64 11 =23 1.81E-07 2.07E=06 >1.00E-05
.nuzsz 0.320 1.433 88 62 34 13 17  2.70E-08 >1.00E-05 >1.00E-05
anoma
MALME -3M 0.570 1.553 121 62 32 39 22 1.17E-07 >1.00E-05 >1.00E~05
SK=MEL-2 0.731 1.569 110 104 45 =15 =45  8.26E-08 5.60E-07 >1.00E-05
SK=MEL-28 0.401 1.552 94 85 44 23 19  7.27E-08 >1.00E-05 >i.00E-05
SK=MEL-5 0.381 1.194 75 71 26 -39 -42  2.94E-08 2.50E-07 >1.00E-05
UACC-257 0.245 0.751 €3 70 48 19 -4 7.88E-08 6.89E-06 >1.00E=-05
m.g:z.:c—g‘ % 0.428 1.566 9 101 S4 27 12 1.40E-07 >1.00E=-05 >1.00E=05
n Ce
0.316 1.431 119 94 25 0 =8  4.31E-08 9.71E-07 >1.00E-05
0.375 0.777 M 1 =32 =66  2.26E-08 1.05E-07 3.35E-06
0.552 1.435 86 82 48 -5 =12  8.70E-08 8.08E-07 >1.00E-05
0.280 0.875 98 99 84 S1 36  1.18E-06 >1.00E=05 >1.00E-05
0.230 1.078 106 90 66 18 3 2.15E-07 >1.00E=05 >1.00E-05
0.719 1.581 101 87 76 10 =11  2.48E-07 2.98E-06 >1.00E=05
0.413 1. 90 103 81 33 11  4.42E-07 >1.00E-05 >1.00E-05
0.342 1.267 86 81 24 =21 -24 3.52E-08 3.45E-07 >1.00E~05
0.364 1.162 109 97 22 =70 =61  4.26E-08 1.74E=07 6.09E-07
0.453 0.750 1l 101 =28 =53 =53  2.49E-08 €.09E-08 7.83E-07
0.304 1.177 100 79 €9 29 21  2.96E=07 >1.00E-05 >1.00E-05
0.204 0.6%0 95 101 53 =37 =68 1.08E-07 3.85£-07 2.S8E-06
0.522 1.538 92 98 82 =59 =81 1.69E-07 3.83E-07 8.66E~07
0.533 1.699 c.509 100 97 se 9 =5  1.44E=07 4.69E=06 >1.00E-05
0.491 1.396 0.565 103 103 71 10 8  2.19E-07 >1.00E-05 >1.00E=-05
0.567 1.337 O.44° 10C 95 47 =10 = + TSE=/ - . -l
WCI/ADA-RES  0.314 1.035 ST 10 92 81 68 27 2.80E-06 >31.008-05 >1.00-05
MDA-MB-231/ATCC 0.319 0.794 0.226 85 70 26 1 =29  2.87E=08 1.12E-06 >1.00E-05
HS S78T .603 1.155 0.617 120 134 102 15 3 3.99E-07 >1.00E-05 >1.00E-05
MDA-#B—435 0.415 1.547 0.993 102 91 48 27 16  9.07E=08 >1.00E-05 >1.00E-05
MDA-N 0.392 1.428 c.49: 103 93 52 20 10  1.14E=07 >1.00E-05 >1.00E-0%
BT-549 0.962 1.657 c.34 85 100 96 =50 =61  2.06E=07 4.S4E-07 9.99E-07
T-47D 0.728 1.429 c.99: 96 11C 96 27 38  4.62E=07 >1.00E=-05 >1.00E-0S

52



ovarian, 4 of the renal and one of the breast cancer cell lines. Five of these lines showed
LC-50 levels below 10 molar and renal cancer cell line UO-31 showed only 9% of the
original cell levels remaining at 10 molar. These results confirm that dolastatin 11 (18)
does inhibit cell growth and is toxic to cancer cell lines in-vitro. Further testing is
required to determine mammalian toxicity and if dolastatin 11 (18) shows cytotoxicity in-

vivo.

EXPERIMENTAL

'H NMR’s were run in CDCl; unless otherwise noted. The spectra were collected
on Varian Gemini 200 MHz, Bruker AM 250 MHz, and Bruker AM 500 MHz
spectrometers. 1600 data points were collected for samples run at 200 MHz into a
spectral width of 3000.3 Hz. 16K data points were collected for samples run at 250 MHz
into a spectra width of 2994.1 Hz; 16 K data points were collected for samples run at 500

MHz into a spectral width of 6250.0 Hz.

Boc-L-Val-L-Tyr-OEt (25). To Boc-L-Val (25.0 g, 115 mmol) in dry THF (500
mL) at -78° C was added NMM (12.6 mL. 115 mmol) followed by IBCF (14.9mL, 115
mmol). After 15 min, L-Tyr-OEt HCI (28.3 g. 115 mmol) was added, followed by
another portion of NMM (12.6 mL. 115 mmol). After 6 h at 0° C, the mixture was
filtered and the filtrate evaporated. Dissolution in 200 mL EtOAc, washing 3 x 100 mL
5% NaHCOs, 2 x 100 mL 5% agq. citric acid with 20 g NaCl, and 100 mL brine, drying

with MgSOj filtering and evaporating gave 25 (41.6 g, 89%), '"H NMR & 0.88 and 0.92
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(d, J= 6.8 Hz. Val-y). 1.26 (t, J=7.1, CH;Me), 1.46 (s, Boc), 2.05 (octet, J=6.8 Hz, Val-
B), 3.04 (d, J=5.5Hz, Tyr-B), 3.87 (dd, 9.0, 6.7 Hz, Val-at), 4.18 (q, J= 7.1 Hz. CH,;Me),

4.84 (dt, J= 8.0, 5.5 Hz, Tyr-a), 5.11 (d, J=9.0 Hz, Boc-NH), 6.46 (d, J= 8.4 Hz, Tyr-3) .

Boc-L-Val-L-Tyr (26). 25 was dissolved in methanol (200 mL) and aq NaOH
(1M, 200 mL, 200 mmol) and stirred for 3 h. Most of the methanol was removed by
rotary evaporation, and the residue was acidified to pH 2 with 1M aq HCI. The solution
was extracted 3 x 200 mL EtOAc, and the aqueous layer was reacidified with HCl and
extracted with 200 mL EtOAc. The combined organic layers were washed 2 x 100 mL
water, dried (MgSO,), and evaporated to give 26 (46.0 g, 100% based on 1 equivalent of
EtOAc visible in NMR), mp 87-89 °C (variable, depending on amount of EtOAc
present); 'H NMR & 0.87 (d, J= 7.4 Hz, Val-y), 1.47 (s, Boc), 2.00 (octet, J=7.4 Hz, Val-
B), 3.03 (m, Tyr-B), 3.93 (dd, J=9.0, 6.7 Hz, Val-a), 4.81 (dt, J=8.0, 5.5 Hz, Tyr-a),
5.29 (d, J= 7.5 Hz, Boc-NH), 6.67 (d. J= 8.0 Hz, Tyr-¢), 6.85 (d, J= 8.0 Hz, Tyr-NH),

6.93 (d, J= 8.0 Hz, Tyr-9).

Boc-N-Me-L-Val-O,N-diMe-L-Tyr (27). To 26 (36 g, 95 mmol) and Mel (58.8
mL, 950 mmol) in dry THF (400 mL) at 0 °C was added NaH (60% dispersion in mineral
oil (23.9 g, 598 mmol) with gas evolution. After 16 h at 25 °C, no 26 remained. The
solvent was evaporated, 600 mL of water was added, and the basic solution was washed 3
x 100 mL hexane to remove mineral oil. The aqueous soln was acidified to pH 3 with

2M HCI, NaCl (60 g) was added, and the solution was extracted 4 x 100 mL EtOAc.
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Drying (MgSO,) the organic extracts and evaporating left gummy 27 (37 g, 92%); 'H
NMR ( ca. equimolar mixture of four rotamers) & 0.28, 0.31, 0.68, 0.80. 0.81, 0.87, 0.89
and 0.91 (d. J=6.0-6.8 Hz. Val-y), 1.43 (s, Boc), 2.1-2.4 (m, Val-f), 2.38, 2.39, 2.61 and
2.62 (s, Val-NMe), 2.89, 2x2.90 and 2.96 (s, Tyr-NMe), 2.9-3.1 and 3.3-3.45 (m, Tyr-B).
3.75, 3.76 and 2x3.78 (s, OMe), 4.10, 4.32 and 2x4.57 (d, J=10.7 Hz, Val-a), 4.81, 5.10,
5.22 and 5.26 (dd, J=11.4, 4.4 Hz, Tyr-a), 6.80, 6.81, 6.83 and 6.84 (d, J=8.5 Hz, Tyr-¢),
3x7.08 and 7.18 (d, J= 8.5 Hz, Tyr-8), 9.95 (br s, COOH).

A minor by-product visible in the NMR spectrum was the hydantoin 28, '"H NMR
8 0.61 and 0.73 (d, J= 7.0 Hz, Val-y), 1.89 (octet, J= 7.0 Hz, Val-$), 2.76 and 2.81 (s,
NMe in diastereomers), 3.50 (m, Tyr-B), 3.75 (s, OMe), 4.14 (m, Val-a), 5.01 (m, Tyr-

a), 6.81 (d, J= 8.5 Hz, Tyr-g), 7.11 (d, J= 8.5 Hz, Tyr-5).

NMe-L-Val-O,N-diMe-L-Tyr-OBn HCI (29). Thionyl chloride (8 mL) was
added dropwise to a solution of 27 (1.6 g, 3.79 mmol) in 40 mL BnOH at 0 °C. After 50
°C 1 h and cooling in ice, 400 mL water and 200 mL ether were added. The aqueous
layer was washed 6 x 100 mL ether and lyophilized to give 29 (1.13 g, 42%). '"H NMR
(DMSO-dg) 6 0.81 and 0.85 (d, J=7.0 Hz, Val-y), 1.82 (m, Val-NMe), 1.91 (octet, J=7.0
Hz, Val-B), 2.90 (s, Tyr-NMe), 3.06 (dd, J=14.3. 11.4 Hz, Tyr-B), 3.26 (dd, J=14.3,4.6
Hz, Tyr-B), 3.69 (s, OMe), 4.12 (m, Val-at), 5.16 and 5.18 (d, J= 12.4, CH,C¢Hjs), 5.49
(dd, J=11.4, 4.6 Hz, Tyr-a), 6.81 (d. J= 8.6 Hz, Tyr-€), 7.19 (d, J=8.6 Hz, Tyr-6), 7.38

(s, C¢Hs), 8.48 and 9.03 (br s, NH).
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Boc-N-Me-L-Val-O,N-diMe-L-Tyr-OBn (31). To 27 (220 mg, 0.521 mmol) in
EtOAc (5 mL) at RT 58 puL of benzyl alcohol (61 mg, 0.573 mmol) was added followed
by EDC (120 mg, 0.628 mmol) and DMAP (63 mg, 0.524 mmol). After stirring for 16 h,
the solution was washed with 2 x 30 mL 5% NaHCOs3, dried over MgSO,, filtered and

evaporated to give oily 31 (220 mg, 82%).

Boc-Gly-N-Me-L-Leu-Gly-N-Me-L-Val-O,N-diMe-L-Tyr-OBn (33). To 32
(4.8 g, 13.4 mmol) in THF (dry, 500 mL) at —78 °C was added NMM (1.56 mL, 29.5
mmol) followed by IBCF (1.92 mL, 29.5 mmol). After stirring for 30 min, 29 (6.0 g,
13.4 mmol) was added, followed by NMM (1.56 mL, 29.5 mmol). After4hat0°C and
16 h at 25° C, the mixture was filtered and the filtrate evaporated. The oily mixture was
filtered and the filtrate evaporated. The oily residue in 500 mL EtOAc was washed 2 x
300 mL 5% NaHCO3, 2 x 300 mL 2M HCI, 300 mL brine, dried (MgSO;) and
evaporated to give gummy 33 (6.1 g, 61%. mixed with a roughly equimolar amount of
diketopiperazine 30, as evidenced by 'H NMR peaks for C-methyls at § 0.96 and 1.03, N-
methyls at 2.67 and 3.02, O-methyls at 3.79. and ArH at 6.85 and 7.14 (d, J= 8.5 Hz). 'H
NMR (mixture of rotamers) § 0.20. 0.55, 0.71, 0.84, 0.89-0.97 (d, J= 6.4-6.8 Hz, Val and
Leu CMe’s), 1.44 (s, Boc), 1.71 (t, J=7.3 Hz, Leu-B), 2.36, 2.45, 2.82, 2.84, 2.90, 2.91 (s,
NMe’s), 4.39, 4.91 (d, J=10.8 Hz, Val-a), 5.12 and 5.21 (d, J=12.3 Hz, Bn-CH3), 6.75,

6.83. 7.06, 7.14 (d, J= 8.6-8.7 Hz, Tyr-Ar), 7.34 (m, Bn-Ar).
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Gly-N-Me-L-Leu-Gly-N-Me-L-Val-O,N-diMe-L-Tyr-OBn TFA (34). After
stirring a mixture of 33 (2.56 g, 3.4 mmol) and TFA (30 mL) for 15 min at 25 °C, the
solvent was evaporated and the residual oil was taken up twice in ethyl acetate (30 mL)
with evaporation each time to give 34. 'H NMR (CD30D, mixture of 8 rotamers) & 0.18,
0.55,0.72, 0.82, 0.9-1.0 (d, J= 6.4-6.7 Hz, CMe’s), 2.30, 2.48, 2.81, 2.82,2.94,2.97 (s,
NMe’s), 3.73, 3.75 (s, OMe’s), 6.85, 7.13, 7.17 (d, J= 8.6-8.7 Hz, Tyr-Ar), 7.36 (m, Bn-
Ar).

Hmp-Gly-NMe-L-Leu-Gly-NMe-L-Val-O,N-diMe-L-Tyr-OBn (35). A
solution of 34 (1.06 g, 1.38 mmol) in 150 mL dry THF was cooled to 0 °C and
neutralized with triethylamine (0.42 mL, 3.05 mmol) under argon. To the reaction
mixture was added Hmp (22, 183 mg, 1.38 mmol) followed by HOBT (211 mg, 1.38
mmol) and EDC (290 mg, 1.52 mmol). The reaction mixture was stirred at 0 °C for 4 h
and at room temperature overnight, filtered and the solvent evaporated. EtOAc (200 mL)
was added and the organic phase was washed with 2 x 100 mL 2M HCL. 2 x 200 mL 5%
NaHCOs3, 200 mL brine, dried over MgSQ,, and concentrated to give 35 (800 mg, 75%).
This material contained varying amounts of diketopiperazine 30, which was not removed
before the next reaction. It was removed from a small sample by HPLC to give pure 35,
mp 61-63 °C, 'H NMR (8 rotamers) & 0.19. 0.54, 0.71, 0.8-1.0 (d, J= 6.2-6.8 Hz, CMe’s),
1.72 (brt, 6.6 Hz), 2.42, 2.49, 2.83. 2.85. 2.98 (s. NMe’s), 3.74 and 3.75 (s, OMe’s), 5.13
and 5.21 (d, J=12.1 Hz, OCH,), 6.74, 6.84, 7.05, 7.12 (d, J= 8.1-8.3 Hz, Tyr-Ar), 7.34

(br s, Bn-Ar).
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Boc-Map-Hmp-Gly-NMe-L-Leu-Gly-NMe-L-Val-O,N-diMe-L-Tyr-OBn
(37). After stirring a solution of 35 (847 mg, 1.10 mmol), Boc-Map (36, 255 mg, 1.10
mmol), DMAP (67 mg, 0.55 mmol) and EDC (463 mg, 2.42 mmol) in 3 mL of CH,Cl,
for 2 d, 50 mL of EtOAc was added and the organic phase was washed quickly with 5%
NaHCO; (2 x 50 mL) and brine (50 mL), dried over MgSO4 and the solvent was
evaporated. HPLC of the residual oil gave 35 (160 mg, retention time 30 min) and 37
(450 mg, retention time 35 min, 66% yield based on 35 consumed), '"H NMR § 0.20,
0.55,0.71, 0.8-1.0 (d, J= 6.2-6.8 Hz, C-Me’s), 1.42 and 1.43 (s, Boc), 2.38, 2.46, 2.82,
2.84,2.92 and 5.22 (d, J=12.2 Hz, OCH,), 6.75, 6.85, 7.08, 7.14 (d, J=8.1-8.4 Hz, Tyr-

Ar), 7.34 (br s, CgHs).

Map-Hmp-Gly-NMe-L-Leu-Gly-NMe-L-Val-O,N-diMe-L-Tyr-OBn TFA
(38). 37 (450 mg, 0.460 mmol) was mixed with 5 mL of TFA and after 5 min the
solvent was evaporated and the residual oil was taken up twice in ethyl acetate (30 mL)
with evaporation each time to give 404 mg (100%) of 38, 'HNMR §2.30, 2.55. 2.75 and
2.96 (s, N-Me), 3.75 (s, OMe), 5.12 and 5.22 (d, J=12.2 Hz, OCH3), 6.78 and 7.10 (d, J=

8.1-8.4 Hz, Tyr-Ar), 7.35 (br s. C¢Hs).

Boc-Ibu-L-Ala-Map-Hmp-Gly-NMe-L-Leu-Gly-NMe-L-Val-O,N-diMe-L-
Tyr-OBn (40). A solution of 38 (50.0 mg, 0.057 mmol), 39 (18.6 mg, 0.057 mmotl), O-
benzotriazol-1-yl-N,N,N’ N’-tetramethyluronium tetrafluoroborate (TBTU, 82 mg, 0.256

mmol) and diisopropylethylamine (44 pL, 0.256 mmol) in DMF (2 mL) was stirred for
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20 h, taken up in 20 mL EtOAc, and the solution was washed 2 x 20 mL 5% NaHCO;, 2
x 20 mL 2M HCl, and 20 mL brine, dried (MgSO,), filtered and evaporated. HPLC gave
40 (36.9 mg, 54%). '"H NMR (16 rotamers) & 0.21, 0.55, 0.71 (d, J=6.0-6.3 Hz, Val
Me’s), 1.42 (s, Boc), 2.37, 2.48, 2.81, 2.95 (s, NMe’s), 3.75 (s, OMe), 5.13 and 5.21 (d,

J=12.5 Hz, OCHy), 6.73, 6.84, 7.07, 7.12 (m, Tyr-Ar), 7.34 (br s, Bn-Ar).

Boc-Ibu-L-Ala-Map-Hmp-Gly-NMe-L-Leu-Gly-NMe-L-Val-O,N-diMe-L-
Tyr (42). After stirring 40 (180 mg, 0.151 mmol) in EtOH (2 mL) with 5% Pd/C (3 mg)
under 1 atm hydrogen at 25 °C for 2 h, the reaction mixture was filtered and the solvent
evaporated to give 42 (166 mg, 100%), 'H NMR (16 rotamers) & 0.30, 0.65 (d, J=6.0-6.7
Hz, Val Me’s), 1.42 (s, Boc), 2.75, 2.76, 2.88, 2.89, 2.97 (s, NMe’s), 3.75 (s, OMe), 6.83.

7.13 (d, J=8.3-8.4 Hz, Tyr-Ar).

Ibu-L-Ala-Map-Hmp-Gly-NMe-L-Leu-Gly-NMe-L-Val-O,N-diMe-L-Tyr
TFA (43). After 10 min, TFA was evaporated from a solution of 42 (166 mg) in TFA

(25 mL). Further TFA was removed by successive additions and evaporations of EtOAc
(3 x 2 mL) to give 43 (oil, 154 mg. 91%). 'H NMR (acetone dg, 8 rotamers ) § 0.35, 0.71
(d, J= 6.4-6.7 Hz, Val-y’s), 2.80. 2.85. 2.87. 2.89. 2.97 (s. NMe’s), 3.76 (s, OMe), 6.84,

7.22 (d, J= 8.4 Hz, Tyr-Ar).

Dolastatin 11 (18) Stirring a mixture of 43 (141 mg, 0.125 mmol), HBTU (213

mg, 0.623 mmol), and triethylamine (34 pL. 0.249 mmol) in DMF (60 mL) for 7 h at 25
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°C under argon. evaporation of the solvent, and HPLC of the residue gave 18 (25 mg,
20% yield), [a]p> —143.5° (c 0.33, CH,Cl,), FABMS, m/z 985 (M + 1), 'H NMR (500
MHz) § 0.37 (d, J= 6.6 Hz, Val-y), 0.74 (d, J= 6.7 Hz, Val-y), 0.88 (t, J=7.5 Hz, Hmp-y),
0.89 (d, J= 7.0 Hz, Hmp-§), 0.92 (d, J= 6.4 Hz, Leu-3), 0.93 (t, J= 7.4 Hz, Map-5), 0.98
(d, J=6.5 Hz, Leu-3), 1.07 (d. J= 7.0 Hz, Ala-B), 1.10 (d, J= 7.0 Hz, Map-B). 1.13 (d, J=
7.0 Hz, Ibu-8), 1.23 (m, Hmp-B), 1.39 (s, Ibu-B), 1.46 (m, Map-y), 1.47 (m, Hmp-y), 1.56
(m, Map-y), 1.56 (m, Leu-y), 1.57 (s, Ibu-p), 1.62 (m, Leu-B), 1.87 (ddd, J=13.3, 11.1,
3.9 Hz, Leu-f), 2.07 (m, Hmp-B), 2.23 (m, Val-B), 2.79 (dq, J= 7.2, 2.6 Hz, Map-a), 2.82
(dd, J= 14.1, 8.4 Hz, Tyr-B), 2.95 (s, Val-NMe), 2.96 (s, Tyr-NMe), 3.14 (s, Leu-NMe),
3.25(dd, J=14.1, 6.6 Hz, Tyr-B), 3.58 (dd, J= 16.1, 4.7 Hz, Gly-2-at), 3.60 (dd, J=17.9,
7.4 Hz, Gly-1-a), 3.75 (s, Tyr-OMe), 4.42 (dd, J= 17.9, 2.1 Hz, Gly-1-a), 4.44 (p, J=6.9
Hz, Ala-a), 4.46 (dd, J=16.1, 7.0 Hz, Gly-2-a), 4.47 (m, Map-B), 4.78 (d. J=10.7 Hz,
Val-a), 4.91 (p, J= 6.9 Hz, Ibu-y), 5.11 (dd, J=8.4, 6.6 Hz, Tyr-a), 5.19 (d, J=3.3 Hz,
Hmp-a), 5.37 (dd, J=11.1, 4.9 Hz, Leu-a), 6.81 (d, J=8.7 Hz, Tyr-¢), 7.09 (d, J= 10.6
Hz, Map-NH), 7.14 (d, J= 8.7 Hz, Tyr-9), 7.15 (d, J= 9.0 Hz, Ibu-NH), 7.35 (dd, J= 7.2,

4.6 Hz, Gly-2-NH), 7.41 (dd, J= 7.4, 2.1 Hz, Gly-1-NH), 7.78 (d, J= 8.3 Hz, Ala-NH).
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SUMMARY

Pure synthetic dolastatin 11 (18) was obtained for the first time.*® The synthesis
was scaled up from 0.15 mg of 50% pure material to 32 mg of 99% pure material. The
reaction conditions in many of the steps of this synthesis were experimented with and the
yields of almost all of the reactions were improved.

The first synthetic dolastatin 11 (18) was provided for biological testing. The
testing results on synthetic dolastatin 11 (18) confirmed that the activity of the natural
material is due to this structure. Further testing showed that dolastatin 11 (18) was active

against all 60 human cancer cell lines against which it was tested.>®
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CHAPTER 2

SYNTHESIS OF DOLASTATIN 11 ANAL.OGS

INTRODUCTION
The synthesis of dolastatin 11 (18) and the results of biological testing confirmed
that structure 18 is responsible for the natural product’s activity.®*® However, the
pharmacophore for dolastatin 11 (18) remains unknown. Three analogs of dolastatin 11
(18) have been isolated from nature: dolastatin 12 (19),%® majusculamide C (20) and 57-
normajusculamide C (21).27 18, 19 and 20 all have similar activity, showing that small
changes in three groups widely distributed around the structure do not significantly affect

the actiVity.26‘ 38.39

RESULTS AND DISCUSSION
By-product Cyclo-Hmp-Gly-N-Me-Leu-Gly-N-Me-Val-N,O-diMe-Tyr (44)

The first synthetic analog of dolastatin 11 (18) to be identified was a by-product
of the final cyclization. During the purification of 18 by HPLC a compound eluted off
the column 5 minutes after the desired product 18. The 'H NMR spectrum of this
compound was similar to that of 18. Its mass spectrum revealed it to be missing the Map,
Ala, and Ibu units, and thus to be 44. which came from cyclizing 35.

This by-product (44) may arise from hydrolysis or aminolysis of the ester in the

final reaction, followed by cyclization. This product will be tested for biological activity.



The simplicity of the structure compared to dolastatin 11 (18) suggests that it is unlikely

to have similar activity.
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By-product Ala-Epi-Dolastatin 11 (41)

The next analog of dolastatin 11 (18) to be synthesized and structure to be
determined was also a by-product of the synthesis: 41 is the major by-product of the final
cyclization to form dolastatin 11 (18). By-product 41 elutes off the HPLC column 1
minute before 18, with the 41:18 ratio between 1:1 and 1:3 depending on the cyclization
conditions. As described earlier, it was determined to be the alanine-epimer 41 of

dolastatin 11 (18) when it was synthesized by Nakkiew’> in our laboratory from R-

alanine.
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Attempts to free this analog 41 from dolastatin 11(18) so that its biological
activity can be tested have yielded product contaminated by 5% 18 and an unidentified
by-product after repeated HPLC runs. Analog 41 will be tested for biological activity

when a pure sample is available.

Synthesis of B-Alanine Analog 45

Dolastatin 11 (18) contains the unusual B-amino acid (2S,3R)-3-amino-2-
methylpentanoic acid (Map, 23) which has been synthesized in our group in eight
steps.>® Substituting this $-amino acid fragment with the simplest B-amino acid, B-
alanine, cuts these steps out of the synthesis and greatly shortens the longest path to

product. However, this analog (45) is missing an ethyl and a methyl side chain and thus

might have reduced activity.
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The late steps in our synthesis of B-alanine analog 45 are shown in Schemes 2-1

and 2-2. Nonadepsipeptide 46 was synthesized by McClure in our lab.*® Half of this
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material was converted to analog 45 by him*? and haif in this dissertation study as
described now. Hydrogenolysis over Pd/C gave acid 47 in 98% yield. The Boc
protecting group on 47 was removed the normal way by twice treating with TFA and
evaporation under a stream of air. The oil was then taken up twice in EtOAc, which was
evaporated. This gave the TFA salt in 110% yield. This yield was presumably larger

than quantitative because of EtOAc caught in the viscous oil.

Scheme 2-1. Synthesis of 47
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Scheme 2-2. Synthesis of 45
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Linear nonadepsipeptide 48 was cyclized with HBTU and triethylamine in DMF.
HPLC of the crude mixture gave 45 in 25% yield. Suprisingly, no other HPLC peak was
observed near that of the product and no major by-products were visible in its NMR
spectrum. McClure’s results for the other fraction of 46 deprotected and cyclized the
same way were almost identical.

The unexpected appearance of only one major product in the final cyclization was
in contrast to what had been seen with 18 where two major products, 18 and 41, were
observed. At this time the point at which 41 differed from 18 was unknown. It was
thought at this time that the two most likely differed at either the Tyr-a center or the Ibu-
v center and that epimerization was occurring at one of these centers during the final
cyclization. The similarity between the 'H NMR spectra of 45 and 41 suggested that 45
had the same configuration at the Tyr and Ibu centers as 41.

A closer examination showed that McClure’s spectrum of 46 was much less
complicated than that of the corresponding dolastatin 11 (18) intermediate (40).*° This
led to the hypothesis that 41 differed from 18 by epimerization in the Ala fragment
during the coupling to form 37 because of the bulky amine in 38. 42 has a sterically
unhindered amine and epimerization should be less likely to occur. Nakkiew confirmed
this hypothesis with the synthesis of 41 using R-alanine as a starting material.’®

In-vitro testing against 60 human cancer cell lines on this synthetic analog (45)
was performed in the National Cancer Institute Developmental Therapeutics Program

(Table 2-1).*' 45 has similar activity to dolastatin 11 (18), with the activity (GI50) of 45
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Table 2-1. Anti-Cancer Testing Results for p-Alanine Analog (45)

National Cancer Institute Developmental Therapeutics Program

In-Vitro Testing Results

NSC: 702158 -X/1 | Experiment ID: 9802NS10-17 Test Type: 08 Units: Molar
Report Date: March 31, 1998 | Test Date: February 9, 1998 QNS: MC:
COMI: des-Et.Me-dolastatmn 11 ! Stain Reagent: SRB Dual-P SSPL: 315F
Logl0 Concentration %
Time Mear. Opzica. Densities Perceat Growt
Panel/Cell Line 2erc ces. -5.3 w2 ed -6.3 -5.3 -4.3 8.3 =7.3 =6.3 =5.3 =4.3 GISo TGI LCSo
a
uu:t‘:::‘-cm 0.176 ©.716é 0.674 0.39¢ 0.310 0.244 0.137 92 40 25 13 =22 3.16E-08 1.1SE-05S >S.00E=-0S
K=-562 0.079 -..05. C.B93 0.556 0.551 0.409 0.172 84 49 49 3 10 4.71E-08 >5.00E-05 >5.00E-0S
MOLT=-4 0.156 0.68C C.714 0.64z 0.545 0.587 0.223 107 E X} 74 82 13 1.46E=-05 >5.00E~-05 >5.00E-05
RPMI-8226 0.686 2.000 1.855 :.31C 0.927 0.772 0.440 [ 1] 47 18 7 =36 4.34E-08 7.15E-06 >5.00E-05
SR 0.167 0.918 0.773 0.93% 0.527 0.297 0.129 81 102 4 17 =23 4.58E=07 1.34E-05 >S.00E-0S
-’ ng Cancer
”".:7:%},52“ o vo,ua 0.188 93 91 S4 18 3 6.39E-07 >5.00E~05 >5.00E-05
EKVX 0.357 0.323 $7 103 100 40 =10 3.39E-06 3.21E-05 >5.00E-05
HOP=62 1.078 0.369 2% 113 83 2 =66 1.29E-06 S5.43E-06 2.93E-05
HOP=-92 0.350 0.184 105 111 S1 =15 =47 5.14E=07 2.96E~06 >5.00E=-05
NCI-H226 0.399 0.338 92 81 57 50 =15 5.06E~06 2.91E-05 >5.00E-05
NCI-H23 0.477 0.659 100 96 35 44 17 2.83E=07 >5.00E-05 >5.00E-05
NCI=-H322M 0.489 0.674 104 102 L 1] S6 20 T7.29E=06 >5.00E-05 >5.00E~05
NCI=-H460 0.141 0.181 (1] 40 19 20 5 3.09E-08 >5.00E-05 >5.00E-05
NCI-HS522 0.276 0.170 95 32 -5 9 -39 2.58E-08 « >5.00E-05
T
uz;wu;:; 0.285 0.070 79 3 =75 =93 =75 1.20E-08 S.45E-08 2.37E-07
RCC~-2998 0.154 0.1 70 61 40 3 TE-08 >5.00E-05 >5.00E-05
HCT-116 0.085 0.138 91 37 2 23 2 2.88E-08 >5.00E~05 >5.00E-05
HCT-15 0.239 0.323 97 7 [ 3§ 25 8 1.80E-06 >5.00E-05 >5.00E-05
HT29 0.204 0.131 92 95 82 27 =36 1.93E-06 1.35E-05 >5.00E-05
KM12 0.264 0.449 87 S1 14 54 23 . >5.00E-05 >5.00E-0S
SW=620 0.188 0.305 9 49 17 45 13 4.85E-08 >S.00E-05 >S5.00E-05
CNS Cancer
SF-268 0.197 0.084 E X} a5 29 4 =58 2.12E=-07 S.06E-06 3.77E-0S
SF=295 0.441 0.420 L 2] 92 as 14 -5 2.69E-07 2.76E-05 >5.00E-05
SF-539 0.278 0.356 100 82 33 16 9 2.26E-07 >5.00E-05 >5.00E~-05
SNB-19 0.263 0.221 L 2] 33 40 13 =16 2.80E-07 1.38E-05 >5.00E-05
SNB-75 0.448 0.217 91 109 40 =10 =52 3.61E-07 3,11E-06 4.58E-0S
u251 0.141 0.033 92 49 18 =43 -7 4.76E~08 9.71E~07 7.96E-06
Mslancma
LOX IMVI 0.171 0.122 97 89 24 19 =28 1.98E-07 1.27=-05 >5.00E=-05
MALME -3M 0.339 0.268 100 73 46 26 =21 3.53E-07 1.79E-05 >5.00E-05
M4 0.261 0.247 89 98 69 19y -6 1.16E~-06 2.82E-05 >5.00E-05
SK=MEL~2 0.623 0.399 95 86 20 -5 =36 1.77E-07 3.10E=06 >5.00E-05
SK-MEL-28 0.287 0.257 92 55 20 28 -11 6.98E~08 2.63E-05 >5.00E-05
SK=MEL~-5 0.281 0.043 84 64 =33 =43 =85 6.93E-08 2.28E-07 7.34E-06
UACC-257 0.211 0.156 93 85 14 20 =26 1.56E-07 1.3SE-05 >5.00E-05
UACC-62 0.438 0.683 97 [ 1] a8 43 23 2.94E-07 >5.00E-05 >5.00E-05
Ovarian Cancer
IGROV1 0.155 0.086 98 106 52 =11 =44 5.35E-07 3.35E-06 >5.00E=-05
OVCAR=-3 0.461 0.362 94 103 53 23 =22 6.36E=07 1.64E=05 >5.00E~05
OVCAR=4 0.544 0.316 74 61 7 =30 =42 B8.08E-08 7.88E-07 >5.00E~05
OVCAR=-5 0.321 0.350 90 104 54 48 6 2.55E-06 >5.00E-05 >5.00E-05
OVCAR=-8 0.135 0.092 97 103 a8 45 =32 3.79E~06 1.92E-05 >5.00E-05
henal Cancer
7860 0.146 0.080 95 91 73 17 =45 1.29E-06 9.41E~-06 >5.00E-05
MO8 0.906 0.211 102 91 105 19 =77 2.20E-06 7.96E-06 2.64E-05
ACAN 0.398 0.356 96 94 a9 M4 -1 2.58E-06 >5.00E-05
CAKI-1 0.241 0.020 9% 97 87 12 =92 1.55E-06 1.98E-05
RXF 393 0.933 0.223 $2 100 64 <-48 -7¢ 6.66E~07 1.86E-06 5.76E-06
sN12C 0.169 €.212 91 [ 13 32 3 [ ] 2.35E-07 >5.00E-05 >5.00E-05
TK=-10 0.292 0.117 87 [ 13 76 1 =60 1.11E~06 5.28E-06 3.46E-05
Uo-31 0.272 0.074 96 81 95 7% =713 T7.7SE=06 1.66E-05 3.54E-05
Prostate Cancsr
PC-3 0.283 0.234 92 - 33 26 =17 1.99E=07 1.98E-05 >5.00E-0S5
DU-14% 0.312 0.29%0 94 100 a9 26 -7 2.08E~06 3.07E-05 >5.00E-05
Breast Cancer
wr?r 0.100 0.129 101 [ 1] 33 22 7 2.50E=07 >5.00E=-05 >5.00E-05
NCI/ADR=RES 0.477 0.674 94 104 107 95 23 2.11E-05 >5.00E-05 >5.00E-0%
MDA-MB~231/ATCC 0.252 0.138 91 €5 36 9 =45 1.66E-07 7.36E-06 >5.00E-05
as S78T 0.278 C.240 103 82 53 14 -14 5.98E-07 1.61E-05 >5.00E~0%5
MDA-MB-435 0.309 0.374 98 95 50 24 -4 5.00E~07 3.64E-05 >5.00E~-05
0.188 0.266 96 95 43 28 3.70E-07 >5.00E=0S >5.00E=05

MOA=N
BT=549 0.712 1.486

1.563 1.664 1.575 0.915 0.334 110 123 111

9
26 =53 2.63E-06

1.07E-05 4.57E-05
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less by an average factor of 11.22 (Table 2-2). However, for five of the nine types of

human cancer tested against the average factor was between 2.45 and 5.44. This suggests

Table 2-2. Comparison of 18 and 45°s Activities (GI50)

Cancer Cell Line

Leukemia CCRF-CEM
K-562
MOLT-4
RPMI-8226
Lung AS549/ATTC
EKVX
HOP-92
NCI-H226
NCI-H23
NCI-322M
NCI-H460
Colon COLO-205
HCC-2998
HCT-116
HCT-15
HT29
SW-620
CNS SF-268
SF-295
SF-539
SNB-19
SNB-75
U251
Melanoma MALME-3M
SK-MEL-2
SK-MEL-28
SK-MEL-5
UACC-257
UACC-62

Dolastatin 11
Activity (18)

(GI50)
4.00E-08

8.88E-07
1.47E-06
2.70E-07
1.87E-08
2.09E-07
2.06E-07
3.05E-07
3.67E-07
4.11E-07
1.32E-09
4.93E-09
2.27E-08
1.73E-07
6.68E-07
2.16E-08
2.65E-06
1.02E-07
1.27E-07
1.26E-08
2.76E-07
1.81E-07
2.70E-08
1.17E-07
8.26E-08
2.27E-08
2.94E-08
7.88E-08
1.40E-07

Analog 45

(GI50)

3.16E-08
4.17E-08
1.46E-05
4.34E-08
6.39E-07
3.39E-06
5.14E-07
5.06E-06
2.83E-07
7.29E-06
3.09E-08
1.20E-08
8.17E-08
2.88E-08
1.80E-06
1.93E-06
4.83E-08
2.12E-07
2.69E-07
2.26E-07
2.80E-07
3.61E-07
4.76E-08
3.53E-07
1.77E-07
6.98E-08
6.93E-08
1.56E-07
2.94E-07

Ratio of
Activity 45/18 Type

0.79
0.05
9.93
0.16
34.17
16.22
2.50
16.59
0.77
17.74
2341
243
3.60
0.17
2.69
89.35
0.02
2.08
2.12
17.94
1.01
1.99
1.76
3.02
2.14
3.07
2.36
1.98
2.10

Avg.

Ratio per
Cancer

2.73

15.91

16.38

4.48

2.45



Ovarian

Renal

Prostate

Breast

Average

IGROV1
OVCAR-3
OVCAR-4
OVCAR-5
OVCAR-8

A498
ACHN
CAKI-1
RXF-393
SN12C
TK-10
UO-31
PC-3
DU-145
MCEF7
NCI/ADR-
RES
MDA-MV-
231/ATC

HS 578T
MDA-MV-

435

MDA-N

BT-549

4.31E-08
2.26E-08
8.70E-08
1.18E-06
2.15E-07
4.42E-07
3.52E-08
4.26E-08
2.49E-08
2.96E-07
1.08E-07
1.69E-07
1.44E-07
2.19E-07
8.75E-08
2.80E-06

2.87E-08

3.99E-07
9.07E-08

1.14E-07
2.06E-07

3.14E-07

5.35E-07
6.36E-07
8.08E-08
2.55E-06
3.79E-06
2.20E-06
2.58E-06
1.55E-06
6.66E-07
2.35E-07
1.11E-06
7.75E-06
1.99E-07
2.08E-06
2.55E-07
2.11E-05

1.66E-07

5.98E-07
5.00E-07

3.70E-07
3.70E-07

1.75E-06

12.41
28.14
0.93
2.16
17.63
4.98
73.30
36.38
26.75
0.79
10.28
45.86
1.38
9.50
291
7.54

5.78

1.50
5.51

3.25
1.80

11.22
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12.25

28.33

5.44

4.04

that the methyl and ethyl side chains in the Map unit do have some role in the activity of

18 but cannot be of major importance for the cytotoxicity.

The simplification of the Map unit in 18 to B-alanine in 45 shortens the overall

synthesis by 8 steps. This also replaces the most expensive amino acid fragment with a

much less expensive fragment. Avoiding epimerization at the Ala-o. center during

formation of 46 causes only one major product to be obtained in the final cyclization.

This can be easily purified by one HPLC run as opposed to 3-4 HPLC runs required to
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separate 18 from 41. These combined factors make analog 45 approximately 100 times
less expensive to synthesize than 18. Since no large drop-off in activity occurs between

45 and 18. 45 may be a better target for investigation as a clinical agent.

Attempts at the Synthesis of Gaba Analog 49

The next fragment that we looked at simplifying was the other unusual amino acid
fragment, [bu. Substitution with the simplest y-amino acid, y-aminobutyric acid (Gaba),
would produce analog 49. Substitution of the methyl and ethyl side chains in the Map
unit by hydrogens to form 45 did not have a large effect on the cytotoxicity. However,
simplification of the Ibu fragment to form analog 49 could have a large effect on the
cytotoxicity and should give some insight into the phamacophore for 18. The loss of the
ketone carbonyl could give information about whether this is involved in hydrogen-
bonding at the active site. The loss of the three methyl groups could have a large impact

on the conformation of 49 and may cause a change in activity.

o/
AN\-)LNE :
HN O H/—>=0
O "’n
MeO N | o) AN O
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Our projected synthesis of Gaba analog (49) is shown in Schemes 2-3 to 2-5. Boc
protected Gaba and alanine benzyl ester were coupled with EDC, giving dipeptide 50 in
49% yield. The benzyl protecting group was removed by hydrogenolysis giving 51 in
95% yield. Acid 51 and amine 38 were coupled with HBTU and HOAT giving
nonadepsipeptide 52 in 73% yield. The '"H NMR spectrum of 52 had a slightly smaller
peak for the Boc-group than expected, but the rest of the spectrum looked good.

The benzyl protecting group was removed by hydrogenolysis to give acid 53. No yield

was determined as 53 was Boc deprotected directly to nonadepsipeptide 54.

Attempts at the cyclization of 54 to 49 using HBTU and triethylamine did not
yield the desired product, for unknown reasons. More work will be required to obtain

Gaba analog 49.



Scheme 2-3. Synthesis of 51

73
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Scheme 2-4. Synthesis of 53

MeO N ,

MeO
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Scheme 2-5. Synthesis of 49
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EXPERIMENTAL
'H NMR’s were run in CDCl; unless otherwise noted. The spectra were collected
on Varian Gemini 200 MHz. Bruker AM 250 MHz, and Bruker AM 500 MHz
spectrometers. 1600 data points were collected for samples run at 200 MHz into a
spectral width of 3000.3 Hz. 16K data points were collected for samples run at 250 MHz
into a spectra width of 2994.1 Hz; 16 K data points were collected for samples run at 500

MHz into a spectral width of 6250.0 Hz.

Boc-Ibu-L-Ala-B-Ala-Hmp-Gly-N-Me-L-Leu-Gly-N-Me-L-Val-N,0-diMe-L-
Tyr (47). 46 (78 mg, 0.068 mmol) was dissolved in absolute ethanol (15 mL) under
argon. About 10 mg 5% Pd/C was added. The flask was flooded with 1 atm hydrogen at
RT and stirred for 3 h. The hydrogen was replaced with argon, the solution was filtered
to remove the catalyst, and the solvent was removed by rotary evaporation, yielding oily

47. No yield was determined for this step.

Ibu-L-Ala-B-Ala-Hmp-Gly-N-Me-L-Leu-Gly-N-Me-L-Val-N,O-diMe-L-Tyr
TFA (48). 47 from the previous reaction was dissolved in TFA (10 mL). This was
immediately evaporated in the hood. The residue was dissolved in TFA (10 mL) again
and evaporated in the hood. The oil was treated with EtOAc (2 x 10 mL) which was
evaporated to remove excess TFA, yielding the TFA-salt 48 (78 mg, 110% over two

steps). This product was used directly in the next reaction.
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B-Alanine Analog of Dolastatin 11 (45). To 48 (78 mg, 0.073 mmol) dissolved
in DMF (60 mL) under argon were added HBTU (138 mg, 0.36 mmol) and triethylamine
(101 pL, 0.73 mmol). The mixture was stirred at RT for 6 h. The solvent was
evaporated in the hood overnight. The residue was purified by HPLC, yielding 45 (17.5
mg, 25%). 'H NMR & (500 MHz) 0.17 (d, J= 6.4 Hz, Val-y), 0.65 (d, J= 6.7 Hz, Val-y),
0.90 (t, J= 7.4 Hz, Hmp-y), 0.95 (d, J= 6.9 Hz, Hmp-§), 0.97 (d, J= 6.4 Hz, Leu-3), 1.03
(d, J= 6.7 Hz, Leu-d), 1.25 (m, Hmp-y), 1.25 (d, J=6.8 Hz, Ala-B), 1.30 (d, J= 6.9 Hz,
Ibu-9), 1.38 (s, Ibu-B), 1.48 (m, Hmp-y), 1.57 (s, Ibu-B), 1.71 (m, Leu-y), 1.80 (ddd, J=
13.3, 8.2, 5.1 Hz, Leu-B), 1.92 (ddd, J=13.3, 11.4, 3.9 Hz, Leu-B), 2.07 (m, Hmp-B), 2.17
(m, Val-B), 2.62 (ddd, J=15.7, 10.1, 1.7 Hz, B-Ala-at), 2.74 (ddd, J=15.7, 8.4, 2.3 Hz, B-
Ala-B), 2.79 (dd, J=14.8, 10.4 Hz, Tyr-B), 2.89 (s, Val-NMe), 2.94 (s, Tyr-NMe), 3.09
(s, Leu-NMe), 3.37 (dd, J= 14.8, 4.9 Hz, Tyr-B). 3.62 (dd, J=17.3, 3.9 Hz, B-Ala-y), 3.62
(dd, J=17.2, 3.9 Hz, Gly-2-a), 3.74 (s, Tyr-OMe). 3.75 (dd, J=15.7, 2.6 Hz, $-Ala-B),
3.75 (dd, J=17.2, 2.6 Hz, Gly-1-a). 4.22 (dd, J= 17.3. 3.9 Hz, Gly-2-a), 4.48 (dd, J=
17.2, 7.0 Hz, Gly-1-a), 4.59 (d, J=10.6 Hz. Val-a). 4.65 (p. J= 7.0 Hz, Ala-a), 4.98 (p,
J=17.0 Hz, Ibu-y), 5.13 (dd. J= 10.4. 49 Hz. Tyr-a). 5.18 (d. J= 3.9 Hz, Hmp-a), 5.20
(dd, J=11.4, 5.1 Hz, Leu-a). 6.53 (d. J= 7.5 Hz. Ibu-NH), 6.82 (br d, J= 8.5 Hz, Tyr-g),
6.86 (dd, J=7.0, 2.6 Hz, Gly-1-NH). 7.14 (br d. J=8.5 Hz, Tyr-8), 7.20 (d, J= 7.0 Hz,

Ala-NH), 7.35 (dd, J= 7.5, 3.9 Hz. Gly-2-NH). 7.52 (t. J= 7.0 Hz, B-Ala-NH)
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Boc-Gaba-L-Ala-OBn (50). To Boc-Gaba (260 mg, 1.28 mmol) in methylene
chloride (10 mL) were added Ala-OBn HCI (276 mg, 1.28 mmol) and EDC (269 mg,
1.40 mmol) followed by NMM (357 puL, 2.81 mmol. After 16 h no starting material
remained (TLC). The solvent was evaporated and the residue was taken up in 50 mL
EtOAc. Washing 2 x 40 mL 2M HCI, 2 x 40 mL 5% NaHCO3, and 40 mL brine, drying
over MgSQy, filtering and rotary evaporating solvent yielded 50 (220 mg, 49%). 'H
NMR § 1.41 (s, Ala-B), 1.43 (s), 1.79 (p, J= 6.7 Hz), 2.25 (t, J= 7.1 Hz), 3.14 (m), 4.62 (t,

J=7.0 Hz), 5.16 (dd, J=3.75 Hz), 6.78 (d, 5.0 Hz)

Boc-Gaba-L-Ala (S1). To 50 (134 mg, 0.368 mmol) in absolute ethanol (50 mL)
under argon, Pd/C (10 mg) was added. The reaction vessel was flooded with hydrogen
and stirred for 2 h. Flooding of the flask with argon and filtration followed by
evaporation of the solvent yielded 51 (95.4 mg, 95%). 'HNMR 5 0.91 (d, J= 6.5Hz).
1.25 (t, J=7.25 Hz), 1.43 (s, Boc-Me), 1.79 (br t), 2.29 (br d, J= 5.0 Hz), 2.92 (br m),
3.16 (br t), 3.24 (br m), 4.53 (t, J= 7.5 Hz), 4.70 (t, J= 7.5 Hz), 5.00 (br t), 6.63 (br s),

7.18 (d, J=7.25 Hz), 7.32 (d, J= 7.25 Hz)

Boc-Gaba-L-Ala-Map-Hmp-Gly-L-N-Me-Leu-Gly-L-N-Me-Val-L-N,O-
diMe-Tyr-OBn (52). To 38 (85.4 mg, 0.097 mmol) in 3 mL DMF, 51 (25.1 mg, 0.097
mmol) was added and the solution was cooled in an ice bath. HBTU (54.9 mg, 0.145
mmol), HOAT (19.7 mg, 0.145 mmol) and triethylamine (264 pL, 0.192 mmol) were

added. After stirring for 24 h at RT, the solution was taken up in EtOAc (50 mL),
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washed 2 x 30 mL NaHCOj3, 30 mL 2M HCI, 30 mL brine, dried (MgSO;) and the
solvent was evaporated. HPLC yielded 52 (80 mg, 73%). '"H NMR (500 MHz) § 0.23 (d,
J=35.0 Hz), 0.55 (d, J=5.0 Hz), 0.71 (d, J= 5.0 Hz), 0.88 (d, J=5.0 Hz), 0.95 (m), 1.12 (t,
J=5.0 Hz), 1.23 (1), 1.25 (s), 1.31 (d, J= 5.0 Hz), 1.42 (s, Boc-NH), 1.72 (t, J= 7.5 Hz),
1.82 (m), 2.41 (s), 2.47 (s ), 2.81 (5s), 2.84 (s), 2.95 (s), 3.75 (s), 5.13, 5.20, 6.73, 6.80,

7.04,7.34,7.62

SUMMARY

Several analogs of dolastatin 11 (18) were synthesized. Analog 44 which is
missing Map, Ala, and Ibu and analog 41, the epimer in the alanine unit and the major
by-product of the synthesis, have been prepared and will be tested. The first synthesis of
analog 45 in which B-alanine replaces the Map unit was completed.

The first biological testing results on analog 45 were obtained and show that
simplification of the Map unit to B-alanine does not cause a marked drop-off in the
activity.*® A synthesis of analog 49 in which y-aminobutyric acid replaces Ibu was nearly

completed.
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CHAPTER 3

MOLECULAR MODELING STUDIES ON DOLASTATIN 11 AND ANALOGS

INTRODUCTION

The exact mode of action for the cytotoxicity of dolastatin 11 (18) is unknown at
this time. It is known that it inhibits the formation of microfilaments and causes their
distribution pattern to become radial with fibers accumulating in the center.!” This
behavior has never been observed previously. It raises the question of what dolastatin 11
(18) is acting on: microfilaments, actin, a-actinin (the protein that keeps contractile
bundles evenly spaced), or myosin.

Attempts to grow a single crystal of any compound in this series for X-ray
analysis have been unsuccessful. This chapter will describe NOE and molecular
modeling studies we have undertaken on dolastatin 11 (18) and several analogs in
attempts to determine what conformations are present in significant amounts, which
conformation is most active and which parts of the dolastatin 11 (18) molecule are

important for activity.

RESULTS AND DISCUSSION
Pettit had run NOE difference experiments on natural dolastatin 11 (18),%® which
we reviewed (Table 3-1).* A closer review of these data allowed us to confirm some
points of the structure, correct some errors, and find new points. These data allowed us

to determine that 7 of the 8 amide



Table 3-1. Coupling Constants and NOE’s for Dolastatin 11 (18) in CDCl;

Atom # Coupling "H-"H NOE
Constants (Hz)
3 2.6 3a, 4, 4a’
3a 3.0 3,5
4 3, 3a, 4a, 4a’, 4b,
4a 4 .4b, 5
4a’ 3,4,4b
4b 3.0 3,4, 4a,4a’
5 10.6 3a, 4a, 4b, 7
7 5,7a,8
7a 3.0 7,8
8 8.3 7, 7a, 10b
10a 3.0 12
10b 3.0 8
12 6.9 10a, 12a, 13
12a 3.0 12, 13
13 9.0 12, 12a, 15
15 8.4,6.6 13, 15a, 15a’, 18
15a 6.6 15, 15a°. 15¢
15a’ 8.4 15, 15a, 15¢
15¢ 8.7,2.0 15, 15a, 15a’, 16a
15d 8.7,2.0 15¢, 151, 18c
15¢ 3.0 15d
16a 3.0 15¢
18 10.7 15. 15¢c, 18a, 18b, 18c
18a 18, 18b, 18c, 19a
18b 3.0 18, 18a, 19a
18c 3.0 15c, 18, 18a
19a 3.0 18a, 18b, 21a, 21b
21 17.9, 7.4 19a, 21b, 22
217 19a, 22a, 22
22 2.1 2la, 21b, 24
24 11.1,4.9 22, 24a, 24b, 24c
24a 11.1,3.9 24, 24a’, 24b, 24c,
24d, 25a
24a’ 24, 24a, 24c, 24d, 25a
24b 24, 243, 24a’
24¢ 6.4,3.0 24, 24a, 24a’

81
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24d 6.4,3.0 24a, 242’

25a 3.0 24a,24a’, 27a

27 7.0 25a, 270, 28

27 4.7 273,28

28 712,46 27a,27b, 30

30 3.3 28, 30a, 30b, 30d
30a 30, 30b, 30b°, 30c,

30d

30b 30, 30a, 30b’, 30c, 30d
30b’ 30, 30a, 30b

30c 7.5,3.0 30, 30a, 30b, 30b°
30d 7.0,3.0 30, 30a, 30b, 30b’

bonds and the ester linkage were of the more usual trans configuration. The Val-Tyr
linkage was determined to be a cis amide because of the very strong NOE peak between
the Tyr-a and Val-a protons. This is not surprising since the tyrosine bears an N-methyl
group.

In a2 Monte Carlo* conformational search on dolastatin 11 (18) using the Macro Model**
(version 4.5)" program, constraints on the amide and ester bonds were set using the data
from the NOE and NOESY data. All the amide bonds were locked in the trans
conformation except Val-Tyr, which was cis. The Tyr-OMe rotation was also fixed to
avoid having to calculate both of its planar conformations for each structure. One
thousand conformations were generated. These conformations were minimized in the gas
phase using the Amber force field.*® All of the conformations that fell within 50 KJ/mol
of the minimum were kept. The lowest of these conformations was put into a second
search in which five thousand conformations were generated. These were minimized as

before; all within 50 KJ/mol of the minimum were kept. The minimum of this search
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was again used as the starting structure for a Monte Carlo search in which ten thousand
structures were generated and minimized as before. All the structures (1398) within 50
KJ/mol of the minimum were again kept.

These structures had been minimized in the gas phase and all of the NMR data on
dolastatin 11 were in chloroform. The 1398 structures within 50 KJ/mol of the minimum
were each minimized in chloroform.*’” The minimum had an energy of —-662.6 KJ/mol;
17 additional conformations were found to be within 10 KJ/mol of the minimum (Table

3-2).

Table 3-2. Energies of Conformations Within 10 KJ/mol of Minimum for

Dolastatin 11 (18) in Chloroform

Conformation Energy above minimum
KJ/mol
18C1 0.00
18C2 2.16
18C3 5.38
18C4 7.68
18C5 7.89
18C6 7.96
18C7 8.26
18C8 8.32
18C9 8.43
18C10 8.46
18C11 8.55
18C12 8.73
18C13 9.06
18C14 9.27
18C15 9.44
18C16 9.65
18C17 9.66

18C18 9.76



|

Figure 3-1. Conformation 18Cl.
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The hydrogen-bonding scheme of the lowest energy conformation (18C1, Fig. 3-
1) is summarized in Table 3-3. Gly-1-NH is hydrogen-bonded to the carbonyl oxygen in
the same amino acid to form a 5-membered ring and with the [bu amide carbonyl oxygen
forming a 16-membered ring. Gly-2-NH and Ala-NH are each hydrogen-bonded with the
carbonyl oxygens in their respective amino acid fragments, forming 5-membered rings.
A 12-membered ring hydrogen-bond between Map-NH and the Gly-2 carbonyl oxygen is
also present in this conformation. Ibu-NH is bonded with its own amide carbonyl,

forming a 7-membered ring.

Table 3-3. Hydrogen-bonding Scheme in 18C1-18C3

H C=0 Ring Size Distznce,

18C1 Map-NH Gly-2 12 1.81
Ala-NH Ala 5 2.84
Ibu-NH Ibu-amide 7 1.97
Gly-1-NH Gly-1 5 2.16
Gly-1-NH Ibu-amide 16 2.08
Gly-2-NH Gly-2 5 2.08
18C2 Ala-NH Ala 5 2.83
Ala-NH  Gly-2 15 1.86
[bu-NH Ibu- 5 2.29

ketone
[bu-NH Gly-1 10 1.89
Gly-1-NH Gly-1 5 2.30
Gly-1-NH  Ibu- 14 1.83

ketone
Gly-2-NH Gly-2 5 2.90
Gly-2-NH  Ala 11 1.76
18C3 Ala-NH Ala 5 2.10

[bu-NH Ibu- 5 2.63
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ketone
Gly-1-NH Gly-1 5 2.43
Gly-1-NH Ibu-amide 16 1.99
Gly-2-NH Gly-2 5 2.21
Gly-2-NH  Ala 11 2.10

The second lowest conformation (18C2, Fig. 3-2) is 2.16 KJ/mol higher in energy
than the minimum and thus should be present in 30% of the amount of the minimum
energy conformation (18C1) at room temperature. Its ring conformation is very different
from the lowest energy conformation (Table 3-4). The Ibu ketone is bent back into the
ring so it is now involved in a 14-membered ring hydrogen-bond with Gly-1-NH. A 10-
membered ring hydrogen-bond occurs between [bu-NH and the Gly-1 carbonyl. Ibu-NH

is also involved in a 5-membered ring within its own amino acid fragment with its ketone

Table 3-4. Dihedral Angles of Ring Atoms in 18C1-18C3

Dihedral Atoms Angle in Angle in Angle in
18C1(degrees) 18C2(degrees) 18C3(degrees)
1-2-3-4 -122.1 -42.2 -30.0
2-3-4-5 75.6 -85.6 -80.7
3-4-5-6 82.0 87.5 99.1
4-5-6-7 172.6 174.3 170.8
5-6-7-8 94.5 98.9 168.2
6-7-8-9 -156.6 -154.6 -166.9
7-8-9-10 171.9 172.5 -165.9
8-9-10-11 -158.9 71.5 141.0
9-10-11-12 -93.2 39.1 -50.1
10-11-12-13 55.8 131.2 109.0
11-12-13-14 -145.5 -157.5 -153.3
12-13-14-15 177.7 -171.2 175.4
13-14-15-16 126.4 109.6 75.9
14-15-16-17 -125.6 -120.9 -124.5

15-16-17-18 -1.5 -0.2 10.7



¢

Figure 3-2. Conformation 18C2.
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16-17-18-19 79.8 120.6 854
17-18-19-20 -129.0 -105.6 -132.9
18-19-20-21 177.9 -174.8 -178.9
19-20-21-22 -162.9 -157.6 -150.4
20-21-22-23 -170.2 -175.2 -148.3
21-22-23-24 172.3 -176.5 175.3
22-23-24-25 117.3 108.8 119.5
23-24-25-26 -150.3 -126.2 -146.5
24-25-26-27 -176.9 177.7 -178.4
25-26-27-28 -173.7 108.7 -174.8
26-27-28-29 -176.7 -110.1 -163.9
27-28-29-30 -178.7 177.4 171.1

28-29-30-1 -0.7 -10.0 -7.0

29-30-1-2 81.6 -68.6 -67.8
30-1-2-3 -172.7 -169.3 -176.3

carbonyl. Gly-1-NH again forms a 5-membered hydrogen-bond ring with its own
carbonyl. Gly-2-NH is involved in hydrogen-bonds with its own carbonyl (5-membered
ring) and with the Ala carbonyl, forming an 11-membered ring. Ala-NH is involved in a
5-membered ring with its own carbonyl and also involved in a 15-membered ring with
Gly-2. The Map-NH is not involved in a hydrogen-bond.

The major differences between the two lowest energy conformations 18C1 and
18C2 start at the dihedral angle 1-2-3-4, which is -122.1° in 18C1 and —42.2° in 18C2,
and the angle 2-3-4-5, which is 75.6 in 18C1 and —85.6° in 18C2. These angles cause the
Map unit to have very different orientations in the two conformers with the ethyl group
pseudo-equatorial in 18C1 and pseudo-axial in 18C2. The next big difference between

the two conformations is in the Ibu fragment where 18C1 has 8-9-10-11, 9-10-11-12, and
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10-11-12-13 angles of -158.9, -93.2. and 55.8°, respectively, while 18C2 has angles of
71.5.39.1, and 131.2° for the corresponding bonds. This causes the ketone carbonyl in
18C2 to be pointed across the ring at Gly-1-NH, forming a hydrogen-bond. The geminal
methyl groups are pointing in a pseudo-axial and pseudo-equatorial manner away from
the large nng The ketone in 18C1 is pointing across the ring toward the Leu-N-Me and
is not able to form a hydrogen-bond. The geminal methyl groups in 18C1 are both on the
same side of the ring pointing away. The final large difference between 18C1 and 18C2
occurs in the Gly-2 fragment: 18C1 has near anti arrangements of the 25-26-27-28 and
26-27-28-29 bonds with angles of —173.7 and —176.7°, respectively, while 18C2 has
dihedral angles of 108.7 and —110.1° for these bonds. This causes a curve in the peptide
chain in 18C2 through the Gly-2 fragment, which is unique to this conformation.

The third lowest energy conformation (18C3, Fig. 3-3) is 5.38 KJ/mol higher in
energy than the lowest energy conformation and should thus be present about 10% as
much as the lowest energy conformation at room temperature. It is a third unique ring
conformation. It has six hydrogen-bonds. Ala-NH in 18C3 is involved in a 5-membered
hydrogen-bond ring with its own carbonyl. [bu-NH is again involved in a 5-membered
ring with the Ibu-ketone. Gly-1-NH is involved in two rings: a 5-membered ring with its
own carbonyl and a 16-membered ring with the [bu-amide carbonyl. Gly-2-NH is
involved in a S-membered ring with its own carbonyl and an 1 1-membered ring with the
Ala carbonyl. As in 18C2, Map-NH is not involved in a hydrogen-bond.

18C3 has a very similar conformation in the Map fragment to 18C2, with dihedral

angles for 2-3-4-5 and 3-4-5-6 of —-80.7 and 99.1° in 18C3 and -85.6 and 87.5° in 18C2.



AFigure 3-3. Conformation 18C3.
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It differs from the two previous conformations (18C1 and 18C?2) in the 5-6-7-8 dihedral
angle with an angle of 168.2° in 18C3 compared to 94.5 and 98.9° in 18C1 and 18C2.
The 8-9-10-11 dihedral angle is very different in all three of the lowest energy
conformations: 18C3 has a dihedral angle of 141.0° compared with —158.9 and 71.5° in
18C1 and 18C2. The next dihedral bond, 9-10-11-12, is also different in the three lowest
energy conformations with angles of -93.2, 39.1, and 50.1° in 18C1, 18C2, and 18C3,
respectively. These cause one of the geminalmethyl groups in the Ibu fragment of 18C3
to be pointed across the ring, while the other methyl group is in a pseudo-axial
configuration pointed away from the large ring.

Comparison of the three calculated lowest energy conformations 18C1-18C3 with
the information on the conformation in chloroform from 'H-'H NMR coupling constants
and NOE data is summarized in Table 3-5. While the data agree with all of the
conformations rather well, there is evidence that the lowest energy conformation (18C1)
is not the only conformation present and that at least 18C2 is present. The 3-4 bond in
the Map unit has a coupling constant of 2.6 Hz between the o and f protons. suggesting
that they are about 60 or 120° apart. However, an NOE is observed between Map-NH
and the B-Me but not seen between this NH and the -CH. This suggests that the two are
close to 180° apart. In 18C1 the Map-NH and -Me are blocked from each other and are
4.49 A apart (measured between the NH and the carbon of the methyl group). In 18C2
and 18C3 the Map-NH and B-Me are on the same side of the ring and 3.02 and 2.93 A
apart, respectively, close enough that they could have an observable NOE between them.

Table 3-5. Constraints on the 18C Structure from NOE and Coupling Constant Data.



Y= yes Conformation Fits Constraint; N= no; P= possibly

Bond 18C | 18C | 18C Constraint Reason for Constraint
1 2 3
1-2 Y Y Y 180° No NOE between Hmp-a and
Map-a
2-3 - - -
3-4 N Y Y | 180° between Map- | J,p=2.6 Hz, NOE between
o-Me and Map-3-H | Map-NH and a-Me, no NOE
bet. NH and §-CH
4-5 Y Y Y 180° bet. Map-NH J=10, 6 Hz, No NOE
and Map-B-CH
5-6 Y Y Y 180° NOE bet. Map-NH and Ala-a
6-7 Y Y Y ~0° bet. Map-NH Very big NOE
and Ala-a
7-8 Y Y Y | ~140° bet. Ala-NH J=8 Hz, small NOE
and Ala-a
8-9 Y Y Y 180° NOE between Ala-NH and
one Ibu-f8 but not the other
9-10 P | P Twisted to make one Ibu-f3
close to Ala-NH
10-11 - - -
11-12 - - -
12-13 Y Y Y ~180° bet. Ibu-NH J=9 Hz, ~ no NOE
and Ibu-y
13-14 Y Y Y 180° NOE bet. Ibu-NH and Tyr-a
14-15 Y Y Y ~0° bet. [bu-NH Very big NOE
and Tyr-o
15-16 Y Y Y | 180°bet. Tyr-NMe | No NOE bet. them; big NOE
and Tyr-a between Val-a and Tyr-a
16-17 Y Y Y 0° NOE bet. Val-a and Try-a
17-18 Y Y Y ~0° bet. Val-a and | Big NOE bet. Val-a and Tyr-
Tyr-N o4
18-19 Y Y Y | >60° bet. Val-NMe ~ No NOE bet. them
and Val-a
19-20 Y Y Y 180° NOE bet. Val-NMe and Gly-
1 a-H’s
20-21 P P p Twisted to make Gly-1-a-H’s
unequal, one closer to Val-
NMe
21-22 Y Y N Twisted to make Gly-1-NH
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~120° from Gly-1-a-H, J=2

Hz
22-23 Y 180° Big NOE bet. Gly-1-NH and
Leu-a
23-24 Y ~0° bet. Gly-1-NH Big NOE bet. them
and Leu-a
24-25 Y 180° bet. Leu-NMe No NOE bet. them
and Leu-a
25-26 Y 180° NOE bet. Leu-NMe and one
Gly-2-a-H
26-27 Y Twisted to make Gly-2-H’s
unequal, one closer to Leu-
NMe
27-28 Y ~0° ~ Equal J's from Gly-2-NH to
each Gly-2-a-H
28-29 Y 180° NOE bet. Gly-2-NH and
Hmp-a
29-30 N ~0° bet. Gly-2-NH Small NOE bet. them
and Hmp-o
30-1 -
4-4a - NOE bet. Map-NH and o-Me
15-15a - JTW_Q_B= 8.4, 6.6 Hz
15a-15b -
18-18a Y 180° bet. Val-ae and | J= 10.7 Hz, small NOE bet. a
Val- and 3
24-24a Y 180° bet. Leu-a and J=11Hz
one Leu-fB
24a-24b Y 180° bet. one Leu-B | Jicyop=4Hz, NOE bet. Leu-
and Leu-y o and one Leu-5
30-30a Y ~60° bet. Hmp-a J=3 Hz, Big NOE bet. them,
and Hmp-p no NOE Bet. Hmp-a and
Hmp-6
30a-30b Y

The next piece of data that fits some but not all of the three lowest energy

conformations involves the 26-27 bond. The NOE peaks between the Leu-N-Me and the

two Gly-2-H’s are of different sizes, suggesting that the Gly-2 is twisted so that one of
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the H's is closer to the Leu-N-Me than the other. 18C1 has the two Gly-2-H’s bisected
(2.83 and 2.98 A) by the Leu-N-Me and does not match with this difference in NOE’s.
18C3 also has these protons bisected (2.85 and 2.92 A) by the N-Me. 18C2 does not,
having one Gly-2-H almost in a eclipsed conformation (2.49 A) and the other proton
possibly too far away for an NOE to be observed (3.77 A).

The only piece of data that could not be explained by a mixture of these three
conformations (18C1-18C3) is the small NOE between the Gly-2-NH and the Hmp-a-H,
which suggests that at times the angle between them is small. In all of the three lowest
energy conformations these protons have a ~120° relationship.

18C4 (Fig. 3-4) is 7.68 KJ/mol above the lowest energy conformation (18C1). It

Table 3-6. Dihedral Angles of Atoms in 18C4 and 18C8

Dihedral Atoms Angle in Angle in
18C4(degrees) 18C8(degrees)
1-2-3-4 -23.0 -20.8
2-3-4-5 -64.3 -66.1
3-4-5-6 146.5 142.1
4-5-6-7 168.3 170.8
5-6-7-8 127.4 129.8
6-7-8-9 -166.9 -168.4
7-8-9-10 179.5 178.9
8-9-10-11 112.0 167.6
9-10-11-12 -47.4 -78.2
10-11-12-13 96.0 62.8
11-12-13-14 -163.0 -151.8
12-13-14-15 -179.1 -174.7
13-14-15-16 61.6 108.2
14-15-16-17 -138.9 -128.3
15-16-17-18 -54 -7.2

16-17-18-19 94.2 83.9



Figure 3-5. Conformation 18CS.
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17-18-19-20 -1274 -136.1
18-19-20-21 -176.4 -174.9
19-20-21-22 -166.5 -175.7
20-21-22-23 -177.9 -175.1
21-22-23-24 176.2 -179.6
22-253-24-25 113.2 105.6
23-24-25-26 -136.6 -137.8
24-25-26-27 177.4 -178.7
25-26-27-28 -170.4 -167.4
26-27-28-29 -169.5 -171.5
27-28-29-30 171.5 171.1
28-29-30-1 -6.5 -6.4
29-30-1-2 -71.0 -71.6
30-1-2-3 175.5 175.4

is very similar to 18C3, but differs in several ring angles (Table 3-6). In 18C4, the 3-4-
5-6 angle (for the Map-B-carbon to Map-N bond) is 146.5° compared to 99.1° in 18C3.
The next difference, in the 5-6-7-8 dihedral angle, which is 168.2° in 18C3 and 127.4° in
18C4, brings the two structures back together. The two structures next differ in the 20-
21-22-23 dihedral angle where 18C4 has a 177.9° angle with the two Gly-1-H’s bisected
by the NH. In 18C3 this bond has a —148.3° angle and this causes the two H’s to be
different distances from the NH. The structures are very similar from the Leu unit around

to the ester oxygen.

The next two conformations (18CS and 18C6, Figs. 3-5 and 3-6), 7.89 and 7.96
KJ/mol above the minimum. have almost exactly the same ring conformation as 18C1
and differ only in side chain rotations. 18CS has the Hmp-y-8 bond rotated 120°

differently than 18C1 and 18C6 only differs by a 120° rotation about the Leu-y-8 bond.



Figure 3-7. Conformation 18C7.
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18C7 (Fig. 3-7) is 8.26 KJ/mol above the minimum energy conformation and is similar to
conformation 1.

Conformation 18C8 (Fig. 3-8) is 8.32 KJ/mol above the lowest energy
conformation. It is very similar to conformation 18C3 through the Hmp, Map and Ala
fragments from 28-29 through 8-9, and very similar to 18C1 from the Ibu fragment
through to the end of the Gly-2 unit from 9-10 through 27-28. Conformations 18C9 (Fig.
3-9) through 18C12 (Figs. 3-10 to Fig.3-12) differ from 18C8 only in side chain
rotations. Their energies above the minimum are 8.43, 8.46, 8.55, and 8.73 KJ/mol
respectively. 18C9 differs from 18C8 by a Hmp a-P rotation and a 120° rotation of the
Leu -y bond and a 180° rotation of the Tyr O-Me. Conformation 18C10 (Fig. 3-10) has
the same Hmp side chain as 18C8 and the same rotation about the Tyr O-Me and Leu
side chain as 18C9. However, it is the first conformation not to have a 180° orientation
between the Val-a and § protons.

18C13 (Fig. 3-13) is 9.06 KJ/mol in energy above the minimum and is similar to
conformation 18C1. Conformation 18C14 (Fig. 3-14) is 9.27 KJ/mol in energy above
18C1 and is similar in conformation to 18C3. 18C15 (Fig. 3-15) is 9.44 KJ/mol in
energy above the minimum. It has the same ring conformation as 18C1 and only differs
in a 120° side chain rotation of the a-p bond of the Hmp unit.

18C16 (Fig. 3-16), 9.65 KJ/mol in energy above the minimum energy
conformation, has a very similar ring conformation to 18Cl, differing only in the
rotations of the Map unit. Bond 3-4 changes from 75.6° in the 18C1 conformation to —

64.6° in 18C16. The next bond 4-5 also changes from 82.0° in 18C1 to 155.6° in 18C16.
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Figure 3-11. Conformation 18C11.
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Figure 3-13. Conformation 18C13.
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Figure 3-15 Conformation 18C15.
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This causes the ethyl side chain in the Map unit to rotate from a pseudo-axial
conformation in 18C1 to a pseudo-equatorial conformation in 18C16.

Conformation 18C17 (Fig. 3-17) is 9.66 KJ/mol above 18C1 and is also very
similar to 18C1 in its ring angles. The only large difference from 18C16 is in the 4-5
bond angle in the Map unit, which is 155.6° in 18C16 is 134.6° in 18C17. 18C18 (Fig.
3-18) is 9.76 KJ/mol above 18C1 and is very similar to 18C1 in the rotations of the ring.
The major difference is in the Ibu fragment, where the 9-10, 10-11, and 11-12 bonds all
differ by ~20° from 18C1: —137.1, -67.8 and 71.4° in 18C18 and —158.9, -93.2. and
55.8° respectively in 18C1. This causes a change in the orientation of the geminal
methyl groups from both being oriented on one side of the ring in 18C1 to one being in a
pseudo-axial and one in a pseudo-equatorial conformation.

A closer look at the backbone bond angles of the five main low energy
conformations 18C1-18C4 and 18CS8 reveals three B-turns, where the aC;-aC; distance
is <7 A, in each of the structures(Table 3-7).*® The first is in the Ala-Map-Hmp-Gly-2
fragment. In 18C1 this B-turn does not fit into any of the defined B-turn types.‘g‘ ¥ In

conformations 18C2-18C4, and 18CS8 this fragment makes a Type III B-turn.



Figure 3-17. Conformation 18C17.
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Figure 3-19. Conformation 18C19. i
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Table 3-7. B-Turn Angles in Conformations 18C1-18C4, and 18C8

znd and 3rd
Conformation Residues in b2 W b3 W3
B-Turn
18C1 Map-Hmp 75.6 -122.1 81.6 -0.7
Val-Tyr -129 79.8 -125.6 1264
Ala-Map -156.6 94.8 82 75.6
18C2 Map-Hmp -85.6 422 -68.6 -10

Val-Tyr -105.6 1206  -120.9 109.6
Ala-Map -154.6 98.9 87.5 -85.6

18C3 Map-Hmp -64.3 -23 -71 -6.5
Val-Tyr -127.4 94.3 -138.9 61.6
Ala-Map -166.9 127.4 146.5 -64.3

18C4 Map-Hmp -66.1 208 -11.6  -64
Val-Tyr  -136.1 839  -1283 1082
Ala-Map  -1684 1298 1421  -66.1

18C8 Map-Hmp  -66.1  -206 -71.6  -6.4
Val-Tyr  -136.1 839  -1283  108.2
Ala-Map  -168.4 1298 1421  -66.1

The second B-turn present in these conformations is in the [bu-Ala-Map-Hmp
fragment. In all of these conformations these bond angles fit in the Type IV B-turn
category. The third and final B-turn present in the main 18C conformations is in the Gly-
1-Val-Tyr-Ibu fragment. Since the Val-Tyr amide bond is locked into ~0° in all of these

conformations, these all fit into the Type VI B-turn category.
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Glycine can play a unique role in the structure of proteins and peptides because of
its lack of chirality.’® Positive angles around the ¢ bond are difficult for S-amino acids to
obtain, but easy for glycine. In R-amino acids, positive angles are also common.
Glycines can be important in protein and peptide structure because of their ability to
mimic R-amino acids.

A review of the ¢ angles in the two Gly fragments in each of the main 18C
conformations (18C1-18C4, and 18C8, Table 3-8) reveals that all of these angles are
between —110.1 and —177.9°. Most of these angles are within 10° of 180° and might
really not be considered chiral. The Gly-2-¢ angles in 18C2 and 18C3 are —110.1 and
—-163.9° respectively. These correspond to S-glycine fragments. The Gly-1-¢ angle in
18C3 also corresponds to an S-glycine fragment with an angle of —148.3°.

Since the activity of dolastatin 11 (18) may occur in water, calculations were also
performed in water. Attempts to obtain good spectra of dolastatin 11 (18) in D,O failed
because of its low solubility in water. Without good NMR evidence for the conformation
in water, the amide and ester conformations found in chloroform were used. The
conformation calculated to be the minimum in the gas phase and the 1397 conformations
calculated to be within 50 KJ/mol of the minimum were minimized in water. The
minimum energy conformation in water (18W1) was determined to have an energy of
—636.68 KJ/mol. 19 other conformations were found to be within 10 KJ/mol of the

minimum (18W1, Table 3-9).
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Table 3-8. ¢ and ¢ Angles in Glycine Fragments of 18C1-18C4 and 18C8

18C1 o v
Gly-1 -170.2  -162.9
Gly-2 -176.7  -173.7

18C2 o v
Gly-1 -1752  -157.6
Gly-2 -110.1  108.7

18C3 0 v
Gly-1  -1483  -150.4
Gly2 -1639 -1748

18C4 o v
Gly-1  -1779  -166.5
Gly-2 -1695 -1704

18C8 ) Yy
Gly-1 -175.1  -175.7
Gly-2 -171.5 -1674

Table 3-9. Conformations Within 10 KJ/mol of Minimum for Dolastatin 11 (18)

in Water
Conformation Energy above minimum
KJ/mol
18W1 0.00
18W2 1.63
18W3 2.70
18W4 5.13
18W5S 5.17
18Wé6 6.00
18W7 6.64
18W8 6.79
18W9 7.11
18W10 7.12
18W11 7.25

18W12 7.90
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18W13 8.25

18W14 8.88
18W15 9.05
18W16 9.12
18W17 9.56
18W18 9.58
18W19 9.90
18W20 9.93

The lowest energy water conformation 18 W1 (Fig. 3-20, Table 3-10) is different
from the minimum energy chloroform conformation 18C1, but very similar to 18C8.
The only big differences between the two conformations are the in the Map 2-3 bond

which differs by 43.5° and in the Hmp unit in the 29-30 bond where 18W1 has a dihedral

angle of —32.2° and 18C3 has a dihedral angle of -7.0°.

Table 3-10. Dihedral Angles of Ring Atoms in 18W1-18W3

Dihedral Atoms Angle in Angle in Angle in
18W1(degrees) 18W2(degrees) 18W3(degrees)
1-2-3-4 13.5 -119.7 -28.3
2-3-4-5 -79.0 77.7 -81.6
3-4-5-6 124.8 85.7 98.6
4-5-6-7 173.1 171.0 171.6
5-6-7-8 126.6 88.5 169.1
6-7-8-9 -164.0 -157.2 -166.3
7-8-9-10 -176.6 172.3 -167.9
8-9-10-11 126.1 -157.8 141.0
9-10-11-12 -46.1 -94.4 -49.2
10-11-12-13 108.5 56.6 108.1
11-12-13-14 -157.6 -147.0 -153.2
12-13-14-15 179.9 177.9 175.7
13-14-15-16 73.0 128.5 74.7
14-15-16-17 -130.2 -125.2 -127.9

15-16-17-18 -6.3 -0.7 -8.2



Figure 3-20. Conformation 18W1,

011
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16-17-18-19 85.9 77.6 84.2

17-18-19-20 -131.3 -130.3 -132.8
18-19-20-21 -179.3 177.3 180.0
19-20-21-22 -150.5 -160.7 -149.7
20-21-22-23 -149.2 -168.1 -145.8
21-22-23-24 176.7 1723 175.6
22-23-24-25 119.9 121.2 119.0
23-24-25-26 -142.6 -150.6 -150.0
24-25-26-27 176.4 -1772 -179.4
25-26-27-28 -159.8 -173.1 -174.9
26-27-28-29 178.8 174.6 -161.5
27-28-29-30 178.9 -177.9 171.6
28-29-30-1 -32.2 -7.3 94
29-30-1-2 -71.5 79.5 -67.6
30-1-2-3 170.6 -172.7 -175.6

18W2 (Fig. 3-21) is 1.63 KJ/mol! higher energy than the minimum and thus
should be present in about 1/3 the amount of 18W1 at RT. It is almost identical to
conformation 18C1 (Fig. 3-22). 18W3 (Fig. 3-23), 2.70 KJ/mol above 18W1, is almost
identical to 18C3 (Fig. 3-24). It differs from the minimum 18W1 by rotations around
bond 6-7 in the [bu unit and around the 29-30 bond in the Hmp unit.

18W4 (Fig. 3-25) is similar to conformation 18W1 and is 5.13 KJ/mol in energy
above 18WI1. Its conformation differs the most in the [bu-Map span where a
superposition of the two structures shows similar angles but the two rings are separated
through this fragment. 18WS (Fig. 3-26) is 5.17 KJ/mol in energy above the minimum

and is also very similar to 18 W1. The largest difference between the two structures is a

rotation of the Gly-1 fragment.
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Conformations 18W6 and 18W?7 (Figs. 3-27 and 3-28) are 6.00 and 6.64 KJ/mol
above the minimum energy conformation. They both have the same ring conformation as
18W1. 18W6 differs by an Hmp-f-y 120° rotation and 18W7 by an Hmp-y-8 120°
rotation.

The first water conformation that had a similar ring conformation to 18C2 is
18W20 (Fig. 3-33). Itis 9.93 KJ/mol in energy above the minimum and only differs
from 18C2 by a rotation in the Map unit.

We were very interested in seeing what changes to the minimum energy
conformation would occur in analog 45 of dolastatin 11 (18) in which the B-alanine
fragment was substituted for the Map unit, since the synthesis of this analog was eight
steps shorter than that of dolastatin 11 (18) and it could be synthesized much faster and
cheaper than 18. Analog 45 is missing the methyl and ethyl units in the Map fragment
and thus is missing two chiral centers. NOE data were not obtained on the -alanine
analog 45, but the similarity of it’s NMR spectrum to that of dolastatin 11 (18) caused us
to lock the amide bonds in the same configurations as in dolastatin 11 (18). The ester
linkage was not locked. A Monte Carlo search was used to generate 1000 structures and
these structures were minimized using the Amber force field in chloroform. The results
differed from those of the previous two calculations in that only one conformation was
found to be within 14 KJ/mol of the minimum, and the third and fourth lowest energy

conformations were about 15 KJ/mol higher in energy than the minimum (Table 3-11).



Figure 3-21, Conformation 18W2.
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Figure 3-22. Conformation 18W2 superimposed on 18C1,
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Figure 3-23. Conformation 18W3,



Figure 3-24. Conformation 18W3 superimposed on 18C3,
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Figure 3-26. Conformation 18WS.
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Figure 3-28. Conformation 18W?7.
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Figure 3-30. Conformation 18W9.
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Figure 3-31. Conformation 18W10.

Figure 3-32 Conformation 18W11. -
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Figure 3-33. Conformation 18W20 superimposed on 18C2.
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Table 3-11. Energies of Five Lowest Energy Conformations for f-Alanine Analog 45

Conformation Energy above minimum
KJ/mol
45C1 0.00
45C2 7.60
45C3 14.49
45C4 15.96
45C5s 17.50

Conformation 45C1 (Fig. 3-34) almost exactly matches the ring and side chain
rotations of the lowest calculated energy conformation for dolastatin 11 in chloroform
(Fig. 3-35; 18C1, 18W2; Table 3-12) and the second lowest energy conformation for
dolastatin 11 in water. 45C2 (Fig. 3-36) is 7.60 KJ/mol in energy above 45C1 and differs

from it only in a 120° side chain rotation about the Leu B-y bond.

Table 3-12. Dihedral Angles of Ring Atoms in 45C1-45C3 and 45CS

Dihedral Bond Angle in Angle in Angle in Angle in
Angle 45C1(degrees) 45C2(degrees) 45C3(degrees) 45C5(degrees)
1-2-3-4 -128.3 -128.6 -114.3 -106.7
2-3-4-5 78.1 77.9 72.7 75.0
3-4-5-6 81.0 80.9 75.0 74.2
4-5-6-7 175.7 176.0 172.6 172.7
5-6-7-8 93.5 93.9 127.6 91.1
6-7-8-9 -156.2 -156.0 -167.4 -157.6

7-8-9-10 171.5 171.6 173.7 175.8
8-9-10-11 -159.0 -159.4 114.6 134.1
9-10-11-12 -93.0 -92.9 -48.0 -56.6
10-11-12-13 55.6 55.4 939 117.0
11-12-13-14 -145.6 -145.3 -161.9 -161.8
12-13-14-15 177.3 177.2 -178.4 -177.6

13-14-15-16 126.6 126.1 59.8 77.5



Figure 3-34. Conformation 45C1.
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Figure 3-35. Conformation 45Cl superimposed on 18C1,
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Figure 3-36. Conformation 45C2. \j
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14-15-16-17 -126.0 -126.1 -136.6 -128.5
15-16-17-18 -1.6 -1.4 -8.3 -5.7
16-17-18-19 80.0 79.9 92.3 87.2
17-18-19-20 -129.1 -129.2 -129.3 -129.3
18-19-20-21 178.0 178.4 -173.8 -176.0
19-20-21-22 -162.4 -163.5 -172.5 -158.0
20-21-22-23 -170.4 169.5 -170.0 -141.7
21-22-23-24 172.9 173.4 -178.0 -178.7
22-23-24-25 116.9 113.6 134.5 1194
23-24-25-26 -150.3 -149.3 -126.6 -137.5
24-25-26-27 -176.1 -175.0 177.8 175.5
25-26-27-28 -175.0 -1759 -159.1 -157.2
26-27-28-29 -174.8 -174.4 176.9 177.8
27-28-29-30 -178.2 -178.3 -1794 -178.7
28-29-30-1 8.3 0.8 -1.0 -22.0
29-30-1-2 -79.6 -79.6 -79.1 -74.6
30-1-2-3 -173.6 -173.9 -174.9 -174.3

The next lowest energy conformation (45C3, Fig. 3-37), 14.49 KJ/mol in energy
above 45C1, has a different ring conformation from 45C1. The first major difference is
in the 6-7 bond in the Ala fragment. All the non-amide bonds in the Ibu fragment in
45C3 differ considerably from the two lower energy conformations. This causes one of
the geminal methyl groups in 45C3 to point back into the ring toward the Gly-2 carbonyl.
This structure also differs from the lowest energy conformation by ~25° in the 23-24 and
24-25 bonds in the Leu fragment.

45C4 (Fig. 3-38) has the same ring conformation as 45C1 and differs in 120° side
chain rotations in the Hmp a-f and (3-y bonds. 45CS is the lowest energy conformation

of 485 that is similar to 1I8W1. It does differ from 18WI1 in the Map and Ala fragments
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Figure 3-38. Conformation 45C4.
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(bonds 2-3 through 8-9) where it is very similar to 45C1. However, in the rest of the
conformation (bonds 8-9 through 1-2) it is has very similar ring angles to 18W1.

Testing results on 45 show that it is only slightly less active than 18. This
suggests that conformation 18C1 may be the active conformation for dolastatin 11 (18).
It matches the two lowest energy conformations for 45 in chloroform (45C1 and 45C2)
and is represented in water by conformation 18W2. Conformation 18W1 is also
represented in 45 by 45CS, but this is 17.5 KJ/mol higher than the minimum and should
only be present in less than 0.1% at room temperature.

The low energy conformations in chloroform may not be the lowest energy
conformations for 45 in water, and with the testing results being run in water the
conformation of 45 in water should be investigated. Further Monte Carlo calculations on
45 in chloroform should also be run to confirm that no important conformation has been
missed.

The substitution of the Ibu fragment by y-aminobutyric acid (Gaba) removes the
ketone carbonyl and the three methyl groups from the [bu unit. This removes one
hydrogen-bond accepting position and three bulky groups that could affect the
conformation of the ring. Information on the conformation as well as testing results on
this derivative should give insights into the pharmacaphore for dolastatin 11 (18).

49 had not been synthesized when calculations were run on the conformation.
The amide and ester bonds were locked in the same conformations as observed in
dolastatin 11 (18). A Monte Carlo search was used to generate 1000 structures of 49.

These structures were minimized in chloroform using the Amber force field. 141



conformations were found to be within 50 KJ/mol of the minimum. The lowest energy
conformation was used as the starting point for another search in which 1000 more
structures were generated and minimized as before. 135 conformations were found to be
within 50 KJ/mol of the minimum. The two sets of structures were combined. Five

structures were found to be within 10 KJ/mol of the minimum (Table 3-13).
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Table 3-13. Energies of 49 Conformations in Chloroform

Conformation Energy above minimum
KJ/mol
49C1 0.00
49C2 3.90
49C3 6.67
49C4 7.38
49C5 7.93

The lowest energy conformation (49C1. Fig. 3-39) has an energy of -706.27

KJ/mol. It is similar to 18C1 (Table 3-14). The largest difference is in the Ibu/Gaba

fragment from atoms 10-13 as expected.



Figure 3-39, Conformation 49Cl.
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Conformation 49C2 (Fig. 3-40) has the same ring conformation as 49C1 and
differs only in a side chain rotation, a 120° rotation of the Leu-a-p bond. 49C3 (Fig. 3-
41) also has the same ring conformation as 49C1 but differs in a 120° rotation of the Leu-
B-y bond; it is 6.67 KJ/mol higher in energy.

Conformation 49C4 (Fig. 3-42) is 7.38 KJ/mol higher in energy than the
minimum and is the lowest energy 49C conformation to have a different ring
conformation from the minimum (49C1). The major difference between the two lowest
energy ring conformations 49C1 and 49C4 is the 17.8° rotation of the 9-10 bond in the
Gaba unit.

Conformation 49CS (Fig. 3-43) also has a different ring conformation from the
minimum and is 7.93 KJ/mol higher in energy. 49CS is the first ring conformation that is
very different from the minimum 49C1. Its major differences are in the Map unit where
it has angles of —17.8 and 151.1° in the 2-3 and 4-5 bonds while 49C1 has angles of

—99.8 and 73.4°.

Table 3-14. Dihedral Angles of Ring Atoms in 49C1, 49C4 and 49C5

Dihedral Atoms Angle in Angle in Angle in
49C1(degrees) 49C4 (degrees) 49CS (degrees)
1-2-3-4 -99.8 -108.3 -17.8
2-3-4-5 67.2 68.3 -63.2
3-4-5-6 73.4 75.9 151.1
4-5-6-7 177.5 174.4 177.4
5-6-7-8 99.4 100.1 116.4
6-7-8-9 -140.8 -148.0 -142.7
7-8-9-10 179.3 -177.9 -175.8

8-9-10-11 -157.7 -139.9 -170.5



Figure 3-40. Conformation 49C2.
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Figure 3-41. Conformation 49C3.

Figure 3-42. Conformation 49C4.
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135

9-10-11-12 -58.9 -59.8 -55.9
10-11-12-13 -34.2 -39.0 -32.8
11-12-13-14 -84.5 -81.6 -85.8
12-13-14-15 177.7 176.6 178.8
13-14-15-16 113.2 111.2 107.2
14-15-16-17 -111.8 -117.8 -118.2
15-16-17-18 2.7 5.4 4.9
16-17-18-19 85.4 86.9 89.0
17-18-19-20 -120.2 -116.1 -114.5
18-19-20-21 -175.6 -179.8 -177.4
19-20-21-22 -177.5 -173.6 169.1
20-21-22-23 -174.5 -178.3 -170.9
21-22-23-24 176.3 175.8 176.3
22-23-24-25 101.0 100.6 81.8
23-24-25-26 -143.8 -147.4 -137.8
24-25-26-27 170.3 173.5 171.2
25-26-27-28 -153.0 -161.7 -169.4
26-27-28-29 179.9 180.0 -170.6
27-28-29-30 -177.4 179.7 172.5
28-29-30-1 -19.2 -8.9 -11.2
29-30-1-2 -77.6 -79.0 -70.1
30-1-2-3 172.4 -177.6 175.9

Testing results on analog 49 will give some insight into the role of the ketone
carbonyl in the activity. If the ketone is very important in the binding of 18 to the active
site, this analog would be expected to show no activity. If this analog is active it should
help confirm which conformation is the active conformation as the lowest energy
conformations for 49C are similar to 18C1 and 18W2.

When it was determined that the epimer obtained in the dolastatin 11 (18) final
reaction was the analog with the R-alanine configuration, molecular modeling studies

were performed on this analog (41). One thousand structures were generated using a



Monte Carlo search. These structures were minimized in chloroform using the Amber
force field. All conformations within S0 KJ/mol of the minimum were kept.

The minimum (41C1, Fig. 3-45) was found to have an energy of —-642.82 KJ/mol.
Twelve other conformations (Table 3-13) were within 10KJ/mol of 41C1. The minimum
(41C1) is very similar to 18C1 (Fig. 3-46; Table 3-16). A superposition of the two
reveals that reversing the methyl and hydrogen in the alanine fragment does not make a
large difference in the overall ring conformation. The only major difference between the
two is in the 6-7 and 7-8 bonds which are in the alanine fragment on either side of the

change.

Table 3-15. Energies of Conformations Within 10 KJ/mol of Minimum for 41 in

Chloroform
Conformation Energy above minimum
KJ/mol
41C1 0.00
41C2 0.97
41C3 5.30
41C4 5.32
41C5 6.20
41C6 6.99
41C7 7.29
41C8 7.35
41C9 7.80
41C10 8.15
41C11 8.41
41C12 8.68

41C13 9.90



Figure 3-45. Conformation 41C1.

LET



Figure 3-46. Conformation 41Cl superimposed on 18C1.
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Dihedral Bond
Angle
1-2-3-4
2-3-4-5
3-4-5-6
4-5-6-7
5-6-7-8
6-7-8-9
7-8-9-10
8-9-10-11
9-10-11-12
10-11-12-13
11-12-13-14
12-13-14-15
13-14-15-16
14-15-16-17
15-16-17-18
16-17-18-19
17-18-19-20
18-19-20-21
19-20-21-22
20-21-22-23
21-22-23-24
22-23-24-25
23-24-25-26
24-25-26-27
25-26-27-28
26-27-28-29
27-28-29-30
28-29-30-1
29-30-1-2
30-1-2-3

Table 3-16. Dihedral Angle of Ring Atoms in 41C1-41C4

Angle in Angle in
41C1(degrees) 41C2(degrees)
-1122 -100.2
79.8 72.6
84.0 74.0
169.3 170.8
63.6 -179.2
-177.8 172.4
-177.6 166.7
-121.0 -173.4
91.9 -84.9
61.9 57.0
-147.7 -151.2
173.5 177.0
133.6 108.1
-122.8 -141.8
2.0 -6.2
78.5 88.4
-129.4 -133.1
178.1 -169.0
-170.0 135.6
-178.1 -153.7
175.8 175.8
115.2 121.5
-138.6 -103.7
-173.2 -175.1
178.0 -157.3
-174.2 -179.0
179.9 -178.5
-1.2 -15.0
-81.7 -74.9
-174.0 -174.0

Angle in
41C3(degrees)

75.0
-79.8
97.7
-176.5
-161.8
158.4
179.7
58.6
35.9
124.1
-152.8
176.4
111.4
-118.1
4.4
95.5
-111.1
-174.4
-170.2
-171.7
-178.3
122.9
-109.5
-172.9
159.0
-157.6
-178.6
59.9
59.0
176.9

Angle in

41C4(degrees)

-158.0
176.7
140.9
1752
-61.2
78.2
-176.5
176.0
60.4
109.1
-148.0
174.4
109.1
-117.0
42
96.8
-111.6
-174.4
-177.4
-167.1
-179.1
144.6
-110.5
-176.4
-170.6
-177.6
-176.6
-13.3
-78.8
173.2

Conformation 41C2 (Fig. 3-47) is 0.97 KJ/mol higher in energy than the

minimum. Its conformation is different from any of the previous 18 conformations either
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Figure 3-48. Conformation 41C3.
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in water or chloroform. The alanine methyl group is rotated so that it is pointing into and
across the ring. This causes the Ibu and Tyr fragments to be bowed out of the plane of
the ring. Its presence, if it is an inactive conformation, may be partly responsible for the
cytotoxicity of this analog being lower than that of dolastatin 11 (18).

41C3 (Fig. 3-48) is 5.30 KJ/mol higher in energy than the minimum and has very
different ring angles from 41C1 except in the Gly-1 fragment. The largest difference is
in the Hmp fragment, which has the sec-butyl group in the equatorial position and the
hydrogen in the axial position. This changes the angle of the ester and is the first
conformation to have a large positive angle for the 2-3 bond. The geminal methyl groups
in the Ibu fragment are on the opposite face than in 18C1 and 41C1.

Conformation 41C4 (Fig. 3-49) is 5.32 KJ/mol higher in energy than 41C1. It
also has a very different ring conformation from the minimum. It differs in the angles of
the Map fragment and is the first conformation to have the 2-3 bond with an almost anti
configuration.

Any of the low-energy conformations could be responsible for the activity of
dolastatin 11 (18). All of the possible active ring conformations have angles of the Map-
a-B bond (3-4) of -60° or larger except for 18C1 (=18W2), and the higher energy
conformations that correspond to side chain rotations of this conformation, which have

angles of ~75° for this bond. The 3-4 angles could be controlled by substituting the two

trans isomers of B-aminocyclopentanoic acid (55 and 56) for Map (23).
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Figure 3-50. Conformation 41C5.
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In the R,R stereoisomer of B-aminocyclopentanoic acid (55) the angle between
the acid and the amine is locked between -60 and -180°. If this were placed into the ring
in place of the Map fragment to give analog 57 this would lock the 3-4 angle between -60
and -180°. This analog should be a good mimic for all of the conformations except for
18C1.

The S,S stereoisomer of B-aminocyclopentanoic acid (56) has the angle between
the acid and amine group locked between 60 and 180°. Inserting this in place of the Map
fragment will lock the 3-4 bond between these angles. This should act as a good mimic
of the 18C1 conformation.

Conformational studies on analog 57 with (R,R)-B-aminocyclopentanoic acid (55)
substituted for the Map fragment (50) were undertaken. 250 conformations were
generated using a Monte Carlo search. The same constraints as in previous calculations
were used. These structures were then minimized in chloroform using the Amber force
field. The minimum energy conformation was then used as the starting point for a search
generating 1000 structures. The two sets of conformations were combined. Eleven

structures were found to be within 10 KJ/mol of the minimum (Table 3-17).
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Table 3-17. Energies of 57 Conformations in Chloroform

Conformation Energy above minimum
KJ/mol
57C1 0.00
57C2 1.65
57C3 2.12
57C4 2.80
57Cs 4.22
57Cé 5.38
57C7 5.60
57C8 6.26
57C9 6.42
57C10 7.23
57C11 7.25
57C12 7.44

The minimum (§7C1. Fig. 3-51) has an energy of -618.66 KJ/mol. The angle of
the 3-4 bond is —77.0° as was expected (Table 3-18). The rest of the bond angles do not

match closely with any of the low energy chloroform or water conformations.



Figure 3-51. Conformation 57C1.
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Table 3-18. Dihedral Angles of Ring Atoms in RR Conformers 57C1-57C4

Dihedral Atoms

1-2-3-4
2-3-4-35
3-4-5-6
4-5-6-7
5-6-7-8
6-7-8-9
7-8-9-10
8-9-10-11
9-10-11-12
10-11-12-13
11-12-13-14
12-13-14-15
13-14-15-16
14-15-16-17
15-16-17-18
16-17-18-19
17-18-19-20
18-19-20-21
19-20-21-22
20-21-22-23
21-22-23-24
22-23-24-25
23-24-25-26
24-25-26-27
25-26-27-28
26-27-28-29
27-28-29-30
28-29-30-1
29-30-1-2
30-1-2-3

Angle in Angle in
57C1(degrees) 57C2(degrees)
-18.5 -27.3
-27.0 -83.3
170.3 99.1
177.6 171.7
106.2 166.6
-158.4 -162.4
171.3 -164.3
-159.0 139.3
-92.9 -48.5
54.8 107.4
-144.8 -151.1
177.2 175.4
122.3 78.2
-126.3 -122.2
-1.9 -13.5
79.8 84.4
-129.7 -134.2
178.0 178.6
-164.3 -145.8
-172.4 -137.8
172.8 174.4
114.5 111.9
-152.2 -146.9
-175.9 175.6
-176.6 -177.8
-169.2 -158.2
173.0 172.5
-12.0 -11.9
-71.1 -67.3
178.4 -178.4

Angle in
57C3(degrees)
22,5
-109.4
92.8
-179.5
146.6
-165.3
-176.8
148.6
-58.4
122.3
-159.1
176.0
70.3
-122.9
2.7
85.5
-130.0
-170.0
-161.1
-157.1
-179.3
124.5
-147.8
178.7
-166.1
-158.7
175.5
-26.7
-70.0
161.6

Angle in
5§7C4(degrees)
-28.4
-83.1
98.2
171.7
168.5
-164.7
-163.1
140.0
-49.3
107.3
-151.8
175.3
77.6
-123.1
-12.4
84.9
-133.9
179.5
-148.3
-144.5
173.8
116.9
-145.8
-175.9
-177.4
-162.3
173.2
-6.8
-69.1
-177.3

Conformation §7C2 (Fig. 3-52) is 1.65 KJ/mol higher in energy than the

minimum. 57C2 has an angle of —83.3° in the Map 3-4 bond as expected. This
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Figure 3-53. Conformation 57C3.
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conformation (57C2) is similar to conformation 18C3 with the major difference being a
24.2° rotation in the Tyr-Val amide linkage. Conformation 57C3 (Fig. 3-53) is 2.12
KJ/mol higher in energy than the minimum and has a 2-3-4-5 dihedral angle of —109.4°.
It is similar to 18 W1, differing by 30.4° in the 3-4 bond, 32.0° in the 4-5 bond, 20.0° in
the 6-7 bond, and 22.5° in the 9-10 bond.

Conformation 57C4 is 2.80 KJ/mol higher in energy than the minimum. It has the
same ring conformation as §7C2 and differs only in a side chain rotation about the bond.
The 3-4 bond in this conformation is also in the expected range with a —83.1° angle. The
rest of the conformations that fall within 10 KJ/mol of §7C1 also have angles within the
expected range, -60 to -180°; all fall between —74.8 and -109.4° (Table 3-19).

Nakkiew® is currently pursuing the synthesis of this analog in our laboratory. Testing on
this analog should give insight into the importance of the orientation of the Map fragment
on dolastatin 11’s (18) activity. This analog should be a good mimic for all of the basic

conformations except 18CI1.

Table 3-19. Dihedral Angles of 2-3 and 3-4 Bonds in §7C1-57C12

Conformation  Angle of 2-3  Angle of 3-4

bond bond
57C1 -18.5 -77.0
57C2 -27.3 -83.3
57C3 225 -109.4
57C4 -28.4 -83.1
57C5 -24.2 -75.2
57Cé6 -21.4 -74.9
57C7 -13.9 -74.9

57C8 -19.1 -75.0
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57C9 -14.3 -74.8
57C10 -1.2 -78.6
57C11 -18.7 -75.7
57C12 8.9 -82.3

Table 3-20. Energies of 58 Conformations in Chloroform

Conformation Energy above minimum
KJ/mol
58C1 0.00
58C2 7.59
58C3 7.72
Ala S.S

N,O-diMe-Tyr % 0 ‘o
0=<14 ﬁHmp
28—
g o

MeO N l l HN
17
N_20 N_26
®) \H/\N 23 \n)
Iy-
)I o H o Gly-2
N-Me-Val Gly-1
N-Me-Leu
S8

The S,S stereoisomer of 2-aminocyclopentanoic acid (56) on incorporation into
the dolastatin 11 (18) chain in place of the Map unit (58) should closely mimic
conformation 18C1 in analog 58. A conformational search on analog 58 was performed.

250 structures were generated by a Monte Carlo search and minimized as before. The
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minimum was found to have an energy of -617.37 KJ/mol; two other conformations were
found to be within 10 KJ/mol of this minimum (Table 3-20).

Conformation 58C1 (Fig. 3-54) is superimposible with the minimum energy
conformation of dolastatin 11 in chloroform (18C1, Fig. 3-55) and has a 3-4-bond angle
in the expected range at 94.2° (Table 3-21). Conformation S8C2 (Fig. 3-56), 7.59 KJ/mol
higher in energy than the minimum, differs from it only in rotation about the Hmp B-y
bond.

Conformation 58C3 (Fig. 3-57) is 7.72 KJ/mol higher in energy than the
minimum and has a slightly different ring conformation from the two lower energy
conformations (S8C1 and 58C2). 58C3 differs by about 10° through the Ala fragment,
5° through the Ibu fragment, and 10° through the Tyr fragment. Its 3-4-bond angle nearly

matches 58C1’s and is in the expected range at 92.2°.

Table 3-21. Dihedral Angles of Ring Atoms in Conformations S8C1 and 58C4

Dihedral Atoms Angle in Angle in
58CI(degrees) 58C4(degrees)
1-2-3-4 -126.6 -133.9
2-3-4-5 94.2 922
3-4-5-6 60.8 62.2
4-5-6-7 -1779 -177.7
5-6-7-8 97.4 108.8
6-7-8-9 -153.5 -149.6
7-8-9-10 171.8 162.1
8-9-10-11 -158.2 -157.7
9-10-11-12 -93.1 -98.7
10-11-12-13 55.9 60.9
11-12-13-14 -145.6 -151.3

12-13-14-15 177.6 -178.8



Figure 3-54. Conformation 58C1.
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Figure 3-55. Conformation 58C1 superimposed on 18Cl1,

[43
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Figure 3-56. Conformation S8C2.
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13-14-15-16 126.5 115.9

14-15-16-17 -125.5 -137.5
15-16-17-18 -1.2 4.7
16-17-18-19 79.7 86.7
17-18-19-20 -128.9 -122.8
18-19-20-21 177.6 174.6
19-20-21-22 -162.0 -163.3
20-21-22-23 -170.3 -176.6
21-22-23-24 172.5 172.1
22-23-24-25 118.5 113.8
23-24-25-26 -150.5 -153.7
24-25-26-27 -176.1 -176.0
25-26-27-28 -175.0 -178.7
26-27-28-29 -174.6 -172.6
27-28-29-30 -177.3 -178.6
28-29-30-1 -2.7 1.8
29-30-1-2 -80.4 -80.5
30-1-2-3 -179.1 -179.8

All of the conformations within 10 KJ/mo! of the minimum all have the 3-4-bond
angle in the expected range between 60 and 180°, with values between 92.2 and 94.2°
(Table 3-22). The synthesis of this analog 58 is also currently being pursued in our
laboratory by Nakkiew. The synthesis and biological activity of this analog should give

insight into the importance of the 3-4 bond in the activity of dolastatin 11 (18).

Table 3-22. Dihedral Angles of 2-3 and 3-4 Bonds in S8C1-58C4

Conformation  Angle of 2-3 Angle of 3-4

bond bond
58C1 -126.9 942
58C2 -130.2 93.3

58C3 -133.9 92.2
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EXPERIMENTAL

Monte Carlo calculations and minimizations, were performed using Macro
Model* (version 4.5)* program. The amide bonds were locked into the trans
conformation except for the Val-Tyr amide bond which was locked in the cis
conformation. The Tyr-OMe bond was also locked into a 0° angle. The rest of the
degrees of freedom were minimized using the united atom Amber*® force field in Macro
Model 4.5. Minimizations in solvent used the GB/SA continuum model.*” These
minimizations were run on an IBM RS/6000 590 with 66 MHz POWER?2 architecture
and 256MB RAM. The data were worked up using a SGI Indigo2 with GUI-Extreme
Graphics, 150 MHz MIPS R4400/ R4010 FPU and 64MB RAM using the Macro Model
4.5 program. Using this set-up an average of 100 structures could be generated and

minimized per day.

SUMMARY
Conformational calculations were done on dolastatin 11 (18) and several analogs
in both chloroform and water in an attempt to gain insight into the pharmacophore of this
class of compounds.
Three primary ring conformations (18C1-18C3) and two other ring conformations
(18C4 and 18CS8) that are variants of the three main conformations were found within 10
KJ/mol of the minimum. These conformations agreed with almost all of the NOE and

coupling constant data for dolastatin 11 (18) in chloroform. The NMR evidence
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suggested that several conformations were present in solution at room temperature, since
no single conformation was consistent with all of the data. Even though an extensive
conformational search was run on dolastatin 11 (18), there is still a chance that an
important conformation was missed.

Since dolastatin 11°s (18) activity may occur in water, conformational studies
were also run in water. 18W1 has the same conformation as one of the chloroform
conformations (18C8). Two of the other main chloroform conformations, 18C1 and
18C3, also have nearly identical low-energy conformations in water, I8W2 and 18W3,
respectively. The first water conformation that matches 18C2 is 18W20. This
conformation is 9.93 KJ/mol higher in energy than the minimum (18W1).

No NMR data were obtained on 18 in water because of poor solubility in water so
the results of the conformational search could not be verified by experimental results.
However, these results suggest that one of the three low energy water conformations
18W1-18WS3 is responsible for the activity of dolastatin 11 (18). 18C2 is most likely not
involved in the activity because it is much higher in energy than the minimum in water.

Simplification of the Map unit to B-alanine produced active analog 45.
Conformational studies on this analog in chloroform showed that only one conformation
is prevalent in solution at room temperature. This conformation (45C1) is
superimposible with conformation 18C1. The similarity of the activities of dolastatin 11
(18) and analog 45 and this result suggest that 18Cl1 is a very important conformation for
the activity of dolastatin 11 (18). However. conformational studies have not been run on

analog 45 in water. Possibly when studies are run in water a higher energy conformation
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in chloroform will drop in energy. Also, the gaps between the 5 lowest energy
conformations of analog 45 in chloroform were quite large compared to those in
dolastatin 11 (18C). This suggests that important conformations of analog 45 may have
been missed. More conformational studies should be run on analog 45 to determine if
this is true.

Monte Carlo calculations on analog 49 in which y-aminobutyric acid was
substituted for the [bu fragment showed one major conformation (49C1). Testing results
on analog 49 should give some insight into the importance of the Ibu fragment for
activity. Analog 49 is missing the ketone carbonyl group and should be expected to have
a drop-off in activity if this carbonyl is involved in hydrogen-bonding at the active site.

Calculations on analog 41, the major by-product of the dolastatin 11 (18)
synthesis, showed two important conformations. The lowest energy conformation 41C1
was very similar to 18C1 and 18W2, suggesting that if 18W2 is involved in the activity,
41 should also be active. Biological testing on analog 41 should give some insight into
what is important for activity.

The 3-4 angle in 18C1 differs by ~120° from the 3-4 angle in any of the other
low-energy conformations. Replacement of the Map fragment by (S,S)-B-
aminocyclopentanecarboxylic acid giving analog 57 should lock the conformation of 3-4
bond into the same range as in 18C1. Analog 58 with (R,R)-p-
aminocyclopentanecarboxylic acid substituted for Map should lock the 3-4 bond into the

range of the other low-energy conformations.
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Biological testing on analogs 57 and 58 should give insight into which of the low-
energy conformations of dolastatin 11 (18) is involved in the activity, especially if one of
these analogs (57 or 5§8) is very active and the other shows no or little activity.

Conformational analysis gave some insight into what conformations may be
involved in dolastatin 11’s (18) activity. These results led to the design of analogs that
should begin to show which conformations are important for activity. However, many
questions about the pharmacophore remain unanswered. Further calculations, synthesis

and biological testing will be required to answer these questions.



APPENDIX A

'H NMR SPECTRA OF 18, 25-27, 29, 33-35, 37-38, 40-45. 50-52
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APPENDIX B

MACRO MODEL. MONTE CARLO AND MINIMIZATION PROGRAMS



Monte Carlo setup for Macro Model for dolastatin 11 (18),

1000 structures minimized in gas phase.

/user4d/bates/cstessman/dolmcl.dat
/user4d/bates/cstessman/dolmcl.out

FFLD
MCMM
MCNV
MCSS
MCoP
DEMX
coMP
coMp
coMp
coMp
COMP
COMP
CoMP
coMp
coMp
coMp
coMp
coMp
coMp
CcoMP
CoMP
coMp
coMp
coMp
READ
CHIG
CHIG
CHIG
ATEQ
ATEQ
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
RCA4
MINI

3

[
o
o
o

owmrEr or NN

0

™ w
nranvnooooo

'™

=
w0

24

0

0

o oo

5000

a

0.0000
Q.0000

50.0000

50.0000

0.0000
0.0000
0.0000
0.0000
90.0000
¢.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.5000
0.0000

0.0000
Q.0000

0.0000

90.0000
90.0000
80.0000
80.0000
180.0000
90.0000
30.0000
90.0000
90.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
+.0000
0.0000

¢.0000

0.0000

0.0000

¢.0000
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Monte Carlo setup for Macro Model for dolastatin 11 (18),

5000 structures minimized in gas phase.

/user4d/bates/cstessman/dolmc2.datc
/userdid/bates/cstessman/dolmc2 .out

FFLD
MCMM
MCNV
MCSs
MCOP
DEMX
comp
COMP
coMP
coMP
COMP
coMp
COMP
coMp
COMP
COMP
COMP
COMP
COMP
coMP
COMP
COMP
COMP
COMP
READ
CHIG
CHIG
CHIG
ATEQ
ATEQ
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
RCA4
MINI

3
5000

1}

(%]

nH-HHononNoOoooo

[¢]

0

[~ =]

16
38
67

10
15
24
29
37
S1
63
66

12
17
20
25
30
37
41
48
52
SS
61
67
68

10
5000

o]

Q
(¢}
4]

11
16
25
30
38

0.
0.

50.

50.

0.

0.

0.

0.
90.

0.

Q.
.0000
.Qo00
.0000
.0000
.0000
.gooc
.0000
.0000
.0000
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

OO0 O0OO0OO0DO0OO0O0O0O

0000
ocooe

0000

0000

0000
0000
0000
0000
00G0
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000
5000
0000

0.
0.

0.

90.
90.
90.
90.
180.
90.

90
90
90
180
180
180

0000
0000

0000

0000
0000
0000
0000
0000
0000

.0000
.0000
.0000
.0000
.0000
.0000
180.
180.
180.
180.
180.
180.
180.
180.
180.
180.
180.
180.

4.

a.

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0.0000

0.0000

0.0000

0.0000
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Monte Carlo setup for Macro Model for dolastatin 11 (18).

10000 structures minimized in gas phase.

/user4d/bates/cstessman/dolmecl .dac
/user4d/bates/cstessman/dolmec3.out

FFLD
MCMM
MCNV
MCSss
MCOP
DEMX
coMp
comp
comp
coMP
comp
comp
comp
COMP
COMP
coMpP
COMP
COMP
COMP
coMp
CoMP
COMP
coMmp
coMmp
READ
CHIG
CHIG
CHIG
ATEQ
ATEQ
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
RCA4
MINI

3
10000

Q
Q
2

mMwooow

o]

o]

o]
0
0

16
38
67

10
15

<
29
37
51
63
66

11
16
19
25
30
37
38
47
52
S5
61
67
68

10
5000

0

o]
Q
Q

16
25
30
38
52

0.0000C
0.0000

50.0000

$0.0000

0.0000
¢.0000
0.0000
0.0000
90.0000
0.0000
0.0000
0.0000
¢.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.5000
0.0000

.
Q.

0.

s0.
S0.
90.
S0.
180.
.0000
90.
.0000
.0000
.0000
.0000
.0000
.0000
.0000
180.
180.
180.
180.
180.
180.
180.
180.
180.
180.
4.
c.

S0

90

90
180
180
180
180
180

0000
0000

0000

0000
0000
0000
0000
0000

0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0.0000

0.0000

0.0000

0.0000
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Macro Model setup for minimization of dolastatin 11 (18) gas phase
structures in chloroform.

/user4d/bates/cstessman/dolme3 .out
/usersd/bates/cstessman/dolmc3 . reduce

SOLV 3 S 0 o] 0.0000 0.000C0 0.0000 3.0000
EXNB 0 0 o] a 0.0000 0.0000 0.0000 ¢.0000Q
FFLD 3 1 0o a 1.0000 0.0000 ¢.0000 ¢.Q00Q
MULT

DEMX 0 0 o] (o] 50.0000 0.0000

BGIN

COMP 1 2 3 4

COoMP S 6 7 8

COMP 10 11 12 13

COMP 14 15 16 17

COMP 18 13 20 2%

COMP 22 24 25 28

COMP 27 28 29 30

CoMP 31 32 33 33

CoMP 35 36 37 38

COMP 39 40 41 42

coMP 43 44 45 46

COMP 47 48 49 S1

COMP 52 53 54 S5

COMP 56 57 11 59

COMP 60 61 62 63

COMP 64 65 66 7

COoMP 68 69 75 71

COMP 72 73 0 o}

READ

CHIG 2 S 16 20

CHIG 30 33 8 52

CHIG 55 61 67 68

ATEQ 46 45 0 0

ATEQ 44 43 0 o]

MINI 1 0 10000 o} 0.0000 0.0000 0.0000 0.0000

END



Macro Model setup for minimization of dolastatin 11 (18) gas phase
structures in water.

/user4d/bates/cstessman/dolme3.cut
/userdd/bates/cstessman/dolh20.reduce

SOLV 3 1 0 ¢} 0.0000 0.0000 0.0000
EXNB 0 0 0 s} Q.0000 0.0000 0.0000
FFLD 3 1 0 Q 1.0000 0.0000 ¢.0000
MULT

DEMX 0 0 o} Q 50.0000 0.0000

BGIN

CoMP 1 2 3 +

COMP 5 ] 7 8

coMpP 10 i1 12 13

CoMP 14 15 16 7

COMP 18 19 20 21

coMp 22 24 25 26

coMP 27 28 29 - 30

CoMP 31 32 33 34

CoMP 3s 36 37 38

coMpP 39 40 41 42

CcoMP 43 44 45 46

comMp 47 48 49 Sl

COMP 52 S3 54 55

COMP 56 57 58 59

COMP 60 61 62 63

coMP 64 65 66 67

COMP 68 69 70 71

coMP 72 73 1] Q

READ

CHIG 2 5 16 20

CHIG 30 33 38 52

CHIG S5 61 67 68

ATEQ 46 45 o] ¢}

ATEQ 44 43 0 o]

MINI 1 0 10000 o] 0.0000 0.0000 0.0000

END

0.0000
g.0000
0.0000

0.Q000
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Monte Carlo setup for Macro Model for analog 45.
1000 structures minimized in chloroform.

/userdid/bates/cstessman/kell.dat
/userd4d/bates/cstessman/kell .out

SOLV 3 S 0 ¢ ¢.0000 0.0000 0.0000 0.0000
EXNB 0 0 0 ¢ 0.0000 0.0000 0.0000 0.0000
FFLD 3 1 0 a 1.0000 0.0000 0.0000 0.0000
MCMM 1000 0 o} Q 0.0000 0.0000
MCNV 2 27 o] Q

MCSS 2 0 ] 0 50.0000

MCcop 1 0

DEMX 0 Y] o} o] 50.0000 0.0000
COMP b3 2 3 4

coMP 5 6 7 8

CcoMP 10 11 12 13

coMp 14 15 16 17

CcoMP 18 19 20 21

COMP 22 24 25 26

COoMP 27 28 29 30

COMP 31 32 33 4

COMP 3s 36 37 38

COMP 39 40 41 42

COoMP 43 44 45 46

COMP 47 48 49 S1

COMP 52 53 S4 55

COoMP 56 s7 S8 59

coMp 60 61 62 63

comMp 64 €S 66 67

coMp 68 69 70 Q

READ

CHIG 2 S 16 20

CHIG 30 33 38 S2

CHIG sS &1 Q o]

ATEQ 16 45 0 [¢]

ATEQ 14 43 0 o]

TORC 4 3 10 11 0.0000 90.0000
TORC 13 12 15 16 Q.0000 90.0000
TORC 18 17 24 25 0.0000 90.0000
TORC 27 26 29 30 0.0000 90.0000
TORC 32 31 37 38 90.0000Q 180.0000
TORC 40 39 S1 52 0.0000 90.0000
TORC 60 S6 63 61 0.0000 90.0000
TORC 64 62 66 67 0.0000 90.0000
TORC 70 (3] 1 2 0.0000 90.0000
TORS 1 2 2 5 0.0000 180.0000
TORS S ) 11 2 0.0000 180.0000
TORS i5 16 16 17 0.0000 180.0000
TORS 16 19 19 20 0.0000 180.0000
TORS 24 25 25 26 0.0000 180.0000
TORS 29 30 30 3 0.0000 180.0000
TORS 30 33 37 38 0.0000 180.0000
TORS 38 39 g 41 0.0000 180.0000
TORS 41 42 47 4e 0.0000 180.0000
TORS S1 s2 52 54 0.0000 180.0000
TORS 54 55 S5 56 0.0000 180.0000
TORS 61 62 61 63 0.0000 180.0000
TORS 66 67 67 68 0.0000 180.0000
TORS 63 69 0 ] 0.0000 180.0000
RCA4 2 3 10 11 0.5000 4.0000

MINI 1 ] 5000 0 ¢.0000 0.0000 0.0000 0.0000



Monte Carlo setup for Macro Model for analog 49,
1000 structures minimized in chloroform.

/userd4d/bates/cstessman/gabachlmml.dat
/user4ad/bates/cstessman/gabachlmml.out

SOLV 3 S Q Q 0.0000 0.0000
EXNB 0 o 0 a 0.0000 0.0000
FFLD 3 1 0 0 1.0000 0.0000
MCMM 1000 o} 0 o 0.0000 0.0000
MCONV 2 30 Q e

MCSS 2 o} Q 0 50.0000

MCOP 1 o]

DEMX 0 o] 0 o} 50.0000 0.0000
COMP 1 2 3 4

COMP 5 6 7 g

COMP 10 11 12 1z

COMP 4 15 16 17

COMP 18 1s 20 22

coMp 22 24 25 26

COMP 27 28 29 30

coMp 31 32 33 34

COoMP 35 36 37 38

coMp 39 40 41 42

COMP 43 44 45 46

coMpP 47 48 49 S1

coMP 52 53 54 S5

coMp 56 57 S8 5%

coMp 60 61 62 63

coMp 64 65 66 7

comp 68 69 4] 3

REARD

CHIG 2 5 16 290

CHIG 30 33 38 57

CHIG 63 64 0 0

ATEQ 46 45 4] 0

ATEQ 44 43 0 o]

TORC 4 3 10 1z 0.0000 90.0000
TORC 13 12 1s 15 0.0000 90.0000
TORC 1g 17 24 P 0.0000 90.0000
TORC 27 26 2% 30 0.0000 90.0000
TORC 32 31 37 8 90.0000 180.0000
TORC 10 39 51 52 ¢.0000 90.0000
TORC S6 SS 59 7 0.0000 90.0000
TORC 60 58 62 63 0.0000 90.0000
TORC 69 65 1 2 0.0000 90.0000
TORS 1 2 2 3 0.0000 180.0000
TORS 5 6 11 12 0.0000 180.0000
TORS 15 16 16 7 0.0000 180.0000
TORS 16 19 19 20 0.0000 180.0000
TORS 24 25 25 26 0.0000 180.0000
TORS 29 30 30 3 0.0000 180.0000
TORS 30 33 37 38 0.0000 180.0000
TORS 38 39 38 4z 0.0000 180.0000
TORS 41 42 51 52 c.0000 180.0000
TORS s2 53 S3 5S4 0.0000 180.0000
TORS 54 55 57 S8 0.0000 180.0000
TORS 57 S9 62 63 0.0000 180.0000
TORS 63 64 63 67 0.0000 180.0000
TORS 64 65 2 3 0.0000 180.0000
TORS 10 11 1 6% 0.0000 180.0000
RCA4 2 3 10 1z 0.5000 4.0000

MINI 1 0 5000 2 0.0000 0.0000

0.0000
0.0000
0.0000

0.0000

0.0000
0.0000
0.0Q00

0.0000
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Monte Carlo setup for Macro Model for analog 49.
1000 structures minimized in chloroform. second time.

/userad/bates/cstessman/gabachlmm2 .dac
/user4d/bates/cstessman/gabachlmm?2 .out

SOLV 3 5 0 3 0.0000 0.0000
EXNB 0 o} o} o 0.000¢C 0.0000
FFLD 3 1 ¢] bl 1.0000 0.0000
MCMM 1000 0 0 Q 0.0000 0.0000
MCNV 2 29 (o] o

MCSS 2 Q o] o S0.0Q000

MCOoP 1 ¢}

DEMX o] ¢} 0 0 50.0000 0.0000
coMP 1 2 3 +

COMP 5 6 7 3

COMP 10 11 12 13

COMP 14 15 16 17

coMpP 18 18 20 21

coMpP 22 24 25 25

CoMP 27 28 29 30

coMp 31 32 33 34

CoMP 35 36 37 38

COMP 39 40 41 42

COoMP 43 44 45 48

CcoMpP 47 48 49 Si

CoMP 52 53 54 S3

coMpP 56 87 58 5%

coMp 60 61 62 63

COoMP 64 65 66 [

coMp 68 69 o] el

READ

CHIG 2 S 16 20

CHIG 30 33 38 57

CHIG 63 64 o] o

ATEQ 46 45 Q Q

ATEQ 44 43 o} Q

TORC 4 3 10 11 0.0000 90.0000
TORC 13 12 is 1s 0.0000 90.0000
TORC 18 17 24 25 c.0000 90.0000
TORC 27 26 29 30 0.0000 90.0000
TORC 32 31 37 38 90.0000 180.0000
TORC 40 39 S1 S2 0.0000 30.0000
TORC 56 SS 59 7 0.0000 90.0000
TORC 60 58 62 63 0.0000 90.0000
TORC 69 €S 1 ) 0.0000 390.0000
TORS 1 2 2 3 0.0000 180.0000
TORS S 6 11 2 0.0000 180.0000
TORS 15 16 16 17 0.0000 180.0000
TORS 16 19 138 23 0.0000 180.0000
TORS 24 25 25 28 0.0000 180.0000
TORS 29 30 30 32 0.0000 180.0000
TORS 30 33 37 38 0.0000 180.0000
TORS 38 39 38 4 0.0000 180.0000
TORS 41 42 51 52 0.0000 180.0000
TORS 52 53 S3 S+ 0.0000 180.0000
TORS 54 S5 57 58 0.0000 180.0000
TORS 57 59 62 63 0.0000 18Q.0000
TORS 63 64 63 67 0.0000 180.0000
TORS 64 65 2 3 0.0000 180.0000
TORS 1 65 0 0 0.0000 180.0000
RCR4 2 3 10 1 0.5000 4.0000

1
MINI 1 0 5000 Q 0.0000 0.0000

¢.0000
0.0000
0.0000

0.0000

0.0000
0.0000
0.0000

0.0000

187



Monte Carlo setup for Macro Model for analog 41.
1000 structures minimized in chloroform.

/user4d/bates/cstessman/epdlimml.dat
/user4d/bates/cstessman/epdlimml.out

SOLV 3 5 [¢] a 0.0000 0.0000
EXNB 0 0 0 el 0.0000 0.0000
FFLD 3 1 0 o 1.0000 0.0000
MCMM 1000 0 Q ¢ G.0GoQ 0.0000
MCNV 2 30 o] 3

MCSS 2 0 (o] c 50.0000

Mcop 1 0

DEMX ] 0 [¢] 3 50.0000 g.0000
COMP 1 2 3 +

COMP 5 6 7 g

COoMP 10 11 12 13

CoMP 14 15 16 17

coMpP 18 19 20 22

coMp 22 24 25 25

~oMP 27 28 29 39

coMp 31 32 33 34

caoMpP 3s 36 37 38

CoMP 39 40 41 42

coMp 43 44 45 46

coMp 47 48 49 S1

coMp 52 53 54 S5

coMp 56 57 58 59

CoMP 60 61 62 63

COMP 64 65 66 67

coMpP 68 63 7 7

coMp 72 73 o] o

READ

CHIG 2 5 16 23

CHIG 30 33 38 s2

CHIG 55 61 67 68

ATEQ 46 45 o] 3

ATEQ 44 43 o] 2

TORC 4 3 10 1z 0.0000 90.0000
TORC 13 12 15 18 0.0000 90.0000
TORC 18 17 24 25 ¢.0000 90.0000
TORC 27 26 2% 3C 0.000C 90.0000
TORC 32 31 37 33 90.0000 180.0000
TORC 40 35 S1 s 0.0000 $0.0000
TORC 60 13 63 z 0.0000 90.0000
TORC 64 62 66 6~ 0.0000 90.0000
TORC 73 69 A 2 0.0000 90.0000
TORS 1 2 2 5 0.0000 180.0000
TORS s 6 11 1z 0.0000 180.0000
TORS 15 16 16 17 0.0000 180.0000
TORS 16 19 19 20 0.0000 180.0000
TORS 24 25 25 26 0.0000 180.0000
TORS 29 30 30 31 0.0000 180.0000
TORS 30 33 37 38 0.0000 180.0000
TORS 38 39 38 42 0.0000 180.0000
TORS 41 42 51 S2 0.0C00 180.0000
TORS 52 54 54 55 0.0000 180.0000
TORS 55 56 61 62 0.0000 180.0000
TORS 61 63 66 §7 0.0000 180.0000
TORS 67 68 67 7z 0.0000 180.0000
TORS 68 63 1 639 0.0000 180.0000
TORS 2 3 10 1z 0.0000 180.0000
RCA4 2 3 10 il ¢.5000 4.0000

MINI 1 0 5000 3 0.0000 0.0000

0.0000
0.0000
0.0000

0.0000
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/user4d/bates/cstessman/RRmmichl . dat
/userad/bates/cstessman/RRmmlchl.cut

SOLV
EXNB
FFLD
MCMM
MCNV
MCSS
MCOP

COMP
coMpP
coMp
COMP
coMp
COMP
COMP
COMP
coMp
COMP
coMP
COoMP
COMP
COMP
CcoMP
comp
CcoMP
COMP

CHIG
CHIG
CHIG
ATEQ
ATEQ
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORC
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
TORS
RCA4
MINI

3
0
3
250

[N)

(%]
VuHOANNOOOGMNROKHOW

SOOI D S bW WNN P
WO QWD OONDS

33
el
45
43

12
17
26
31
39
S6
62
69

16
s
25

33
39
42
52
55
62
87

3

0

oo 0000

16
38
67

10
15
24
29
37
51
63
66

11
16
1s
25
30
37
38
47
52
SS
61
68
10
5000

Q

Q
0
Q
o]
a

O e O

10y 1o

IS

(&

g.aco¢
0.0000
1.0000
g.oao0

S0.0000

50.0000

0.0000
0.0000
0.0000
0.0000
90.0000
g.co00
0.0000
¢.0000
§.0000
0.0000
¢.0000
0.0000
0.goo0
0.0000
0.0000
0.0000
0.0000
0.0QQQ
0.0000
0.0000
0.0000
g.0000
0.5000
0.0000

0.0000
0.0000
0.0000
0.0000

0.0000

90.0000
90.0000
g0.0000
90.0000
180.0000
90.0000
90.0000
90.0000
90.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
180.0000
4.0000
0.0000

0.0000
0.0000
0.0000

0.0000

0.0000
0.0000
0.0000

0.0000
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Monte Carlo setup for Macro Model for analog 57.
1000 structures minimized in chloroform.

/user4d/bates/cstessman/RRmm2chl . dat
/user4ad/bates/cstessman/RRmm2chl . ocut

SOLV 3 S 0 3 ¢.0000 0.0000
EXNB 0 a 0 3 €.0000 0.0000
FFLD 3 < a 2 ~.d00¢C 0.0000
MCMM 1000 Q c 2 0.co000 0.0000
MCNV 2 27 0 =

MCSS 2 0 0 3 50.0000

MCOP 1 0

DEMX 0 Q o] 3 50.0000 0.0000
coMp 1 2 3 +

COMP S [ 7 3

COMP 10 11 12 13

coMp 14 15 16 17

coMp 18 19 20 21

COMP 22 24 25 26

COMP 27 28 29 30

coMP 31 32 33 34

COMP 35 36 7 33

coMP 33 40 41 42

COMP 43 44 45 45

COoMP 47 48 49 SL

coMpP 52 S3 54 53

coMp 56 S7 58 S3

COMP 60 61 62 3

COMP 64 6S 66 €7

coMP 68 69 70 7L

COMP 73 142 s} 3

READ

CHIG 2 5 16 20

CHIG 30 33 38 pd

CHIG 55 61 67 €8

ATEQ 46 45 o] o

ATEQ 44 43 0 o}

TORC 4 3 10 il 0.0000 90.0000
TORC 13 12 15 15 0.0000 90.0000
TORC 18 17 24 25 0.0000 90.0000
TORC 27 26 29 30 0.0000 90.0000
TORC 32 31 37 38 90.0000 180.0000
TORC 40 38 51 S2 0.0000 90.0000
TORC 60 56 63 pa 0.0000 90.0000
TORC 64 62 66 67 0.0000 $0.0000
TORC 73 69 1 z 0.0000 $0.0000
TORS 1 2 2 3 0.0000 180.0000
TORS 5 6 1z 12z C.0000 180.0000
TORS 15 16 1s 1~ 0.0000 180.0000
TORS 16 19 15 22 €c.0000 180.0000
TORS 24 25 25 25 0.0000 180.0000
TORS 29 30 30 32 0.0000 180.0000
TORS 30 33 37 38 0.0000 180.0000
TORS 38 33 38 42 0.0000 180.0000
TORS 41 42 47 48 0.0000 180.0000
TORS Sl 52 52 S+ 0.0000 180.0000
TORS 54 55 55 L] ¢.cgo0cC 180.0000
TORS 61 62 6L . 0.0000 180.0000
TORS 66 67 68 ) 0.09000 180.0000
TORS 10 11 o] 3 0.0c00 180.0000
RCA4 2 3 10 1 0.5000 4.0000
MINI 1 ] 5000 o} 0.0000 0.0000

0.0000
0.0000
0.0000

0.0000
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APPENDIX C

COORDINATES FOR MINIMUM ENERGY CONFORMATIONS



00000 ZOOO0O00O0O0ZOOODO0OZIONONODOONDOZOONODZINOOOO0OOO0OO

Table C-1 Coordinates of Atoms in 18C1 (XYZ)

-10.39972 75.79337 11.00502
-11.20983 76.63180 10.15393
-12.63406 76.07851 10.00672
-13.46457 76.65630 9.31008
-10.50615 76.79283 8.79148
-10.31079 75.43581 8.08003
-9.16245 77.51193 8.99065
-9.70920 75.57104 6.68730
-12.21024 74.49904 11.21080
-12.91641 74.94417 10.64152
-14.19509 74.26600 10.57859
-14.12969 73.06293 11.52355
-13.13082 72.93617 12.23751
-16.35172 72.30340 10.74807
-15.14154 72.18021 11.56631
-15.08248 71.07252 12.53165
-15.81144 69.80760 12.06132
-17.03263 69.78986 11.91826
-15.62887 71.55121 13.88883
-15.60015 70.48356 14.99906
-14.17941 69.98408 15.29458
-16.19685 71.07975 16.27970
-14.06049 68.76050 11.98070
-15.07181 68.71761 11.89125
-15.63042 67.41274 11.60988
-14.50643 66.38222 11.72344
-13.45709 66.70998 12.27679
-15.92240 64.77647 10.52363
-14.67410 65.16622 11.18173
-13.59817 64.16515 11.23074
-13.37522 63.62195 9.80798
-13.90883 62.56047 9.49058
-13.94290 63.05286 12.25063
-12.74824 62.10967 12.45655
-14.32314 63.64008 13.61894
-12.46293 63.74218 7.57941
-12.65355 64.32261 8.91144
-12.05077 65.64362 9.17202
-12.47724 66.68349 8.12660
-12.29600 66.48069 6.92823
-10.51938 65.54781 9.25530
-10.00983 64.62021 10.34131
-9.84736 65.08340 11.65916

IIIIIXIIIIIIIIIIIIIIIIOONOONOONDODONODOOOZOOZOO000002Z

-13.01204 67.82618 8.56526
-10.64011 69.93636 8.05833
-11.53809 72.14612 8.65466
-14.08889 71.07763 8.43534
-12.47328 69.42032 10.80567
-10.68132 70.72748 12.51314
-9.92289 71.94731 13.03483
-10.76628 70.84916 11.07005
-8.69497 71.95592 13.05826
-9.97044 69.42239 12.88969
-10.65448 72.98656 13.43911
-10.11235 74.16114 14.10830
-9.51960 75.17013 13.09557
-10.56075 75.98589 12.31890
-11.53359 73.77022 16.17346
-11.18204 74.74798 15.04697
-8.63874 76.12228 13.79378
-11.37646 76.71781 12.80955
-13.40991 68.90717 7.67349
-14.88012 68.71439 7.28031
-13.17194 70.27445 8.32746
-11.76544 70.63532 8.84222
-11.69988 70.25163 10.32787
-11.28093 74.95088 7.98226
-8.73453 77.78925 8.02796
-9.31286 78.42410 9.56861
-8.46219 76.86673 9.52197
-8.67793 75.91843 6.74261
-9.71917 74.59626 6.19866
-10.29917 76.27028 6.09394
-14.37195 73.93745 9.55352
-14.98252 74.94951 10.89899
-17.23665 72.21660 11.37856
-16.42894 73.25980 10.23615
-16.36806 71.51811 9.99137
-14.04141 70.78979 12.67765
-15.04466 72.41077 14.21964
-16.66197 71.87318 13.75232
-16.21888 69.63252 14.71091
-14.19654 69.32473 16.16288
-13.78680 69.41856 14.45009
-13.52117 70.82767 15.50292
-16.21932 70.32383 17.06534

IIIIIIIrIrIrXI I I IIIIIIIIIIIIIIIIIIIIIIIIIIIIICITCT

13.54820
6.95885

-15.25025 64.20847
-13.33081 63.96818
-11.56917 64.12292 7.08965
-12.34788 62.65875 7.63610
-12.36291 66.04987 10.12478
-10.10354 65.24090 8.29635
-10.13451 66.54790 9.46045
-10.08944 66.10674 11.90690
-9.81506 62.90156 9.04853
-9.25940 64.60094 13.67259
-8.99707 61.40012 10.78717
-7.93437 60.27480 14.09888
-9.14613 60.17513 12.81369
-7.46310 60.65181 12.43583
-12.82101 68.88088 6.75566
-15.18271 69.49819 6.58483
-15.00884 67.74649 6.79489
-15.51367 68.75838 8.16716
-10.73332 70.15272 6.99367
-10.66390 68.85920 8.20968
-8.67013 70.29582 8.40315
-10.51552 72.42859 8.90260
-11.72818 72.41929 7.61606
-12.22004 72.70264 9.29365
-11.68027 70.71113 12.95029
-9.85580 69.37137 13.97286
-10.56167 68.56863 12.55809
-8.98521 69.37947 12.42400
-9.28724 73.82615 14.74034
-8.91939 74.60001 12.38390
-12.26675 74.23248 16.83504
-11.95903 72.85418 15.76389
-10.64012 73.52722 16.74929
-12.09448 74.96720 14.49125
-10.81501 75.66834 15.50057
-8.06538 76.76090 13.04712
-8.06040 76.75386 14.51234
-7.76386 75.55324 14.30792
-10.12690 71.50210 10.64307
-11.65936 72.93799 13.29223
-11.30116 77.63778 10.56916
-11.13580 77.42373 8.16141
-9.66372 74.79561 8.69056

193



IOO0OOOO0OO

-9.69385 63.27998 10.05410
-9.37581 64.22453 12.66623
-9.22339 62.41927 11.06104
-9.05724 62.88324 12.38483
-8.60389 62.08541 13.41496
-8.27135 60.72407 13.16468
-13.06362 68.00871 9.56349

IIIIIXTIIX

-15.59638 71.92584 16.61567
-17.21634 71.41753 16.09069
-16.41290 67.18170 12.33397
-16.04494 67.42385 10.60152
-16.78591 65.14863 11.07530
-15.94137 65.18063 9.51060

-16.02628 63.69405 10.46438

I IIIIXITITXT

-13.02446 61.31132 13.14567
-12.44434 61.65926 11.51192
-11.90642 62.66037 12.87534
-14.47304 62.83364 14.33712
-13.62752 64.29328 13.97909
-14.78513 62.45736 11.89747
-12.66084 64.57956 11.59662
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-30.23115 §5.94001
-29.47353 56.08839
-28.70906 54.82851
-27.89717 54.89168
-30.42421 56.58062
-31.56308 55.57219
-30.98040 57.96497
-32.45882 55.96760
-29.67537 53.68746
-28.96671 53.68971
-28.29823 52.42927
-27.40579 52.09539
-27.95174 51.73566
-25.43929 52.68459
-26.06556 52.17607
-25.17414 51.81565
-24.14226 50.77167
-23.22535 51.08543
-24.51333 53.07885
-23.52661 52.80611
-24.19585 52.13102
-22.90823 54.13403
-24.99501 49.28093
-24.26322 49.52456
-23.37393 48.46489
-23.80389 47.11097
-24.50282 47.09163
-22.79810 46.01398
-23.42041 45.97966
-23.71916 44.66512
-24.86732 44.02478
-24.58988 43.54496
-22.46829 43.75361
-22.77596 42.47788
-21.28561 44.46832
-27.15426 43.41438
-26.14079 43.99803
-26.62166 44.55644
-27.70132 45.62129
-28.83926 45.31396
-27.10420 43.44732
-27.44054 43.96263
-28.76201 44.30399
-26.43172 44.12943

Table C-2 Coordinates of Atoms in 18C2(XYZ)

14.77382
15.99119
16.42882
17.34964
17.10062
17.34967
16.73082
18.52853
15.06315
15.78886
16.04057
14.83749
13.79215
16.18414
14.96012
13.84404
14.29636
15.05348
13.25601
12.10456
10.90112
11.64960
13.18084
13.84367
14.28415
13.70447
12.69138
15.64954
14.32394
13.73228
14.53946
15.63754
13.67559
12.87673
13.00294
14.97522
14.09315
12.81935
13.03839
13.38761
11.87102
10.48366
10.14321
9.51750

IIIIIIIIIIIIIIIIIIIIIIOOOOOOOZOOZOOOOOOOOOOO

-28.27279
-28.50992
-27.61166
-28.41009
-29.85524
-27.75104
-28.38668
-26.42056
-30.77698
-31.43223
-31.36483
-30.08860
-31.03546
-32.01393
-31.68370
-31.78179
-30.41548
-29.51315
-34.20951
-32.82277
-29.64612
-28.32100
-29.31349
-31.92375
-28.72324
-29.84272
-32.17978
-31.13406
-31.65950
-31.51347
-30.16097
-33.02896
-33.15963
-31.85129
-27.77681
-29.06823
-24.38935
-25.92442
-25.51299
-25.75066
-25.30274
-23.96195
-22.71633
-23.48620

47.99833
48.50122
49.07307
49.75030
50.00700
51.07122
48.83309
49.30907
49.36849
51.37631
52.80977
50.95672
53.03851
50.43268
53.78355
55.18757
55.91591
55.79671
55.23495
55.87335
§5.51838
55.65087
51.43914
§3.53367
56.86854
56.68597
55.47457
54.59626
§7.88642
58.39727
58.63504
56.86607
§5.15727
56.14122
§2.42435
51.65970
§2.93264
53.60533
51.93731
51.38432
§3.73982
§3.60576
52.16721
52.06302

12.74306
14.17119
11.88009
10.76044
11.20377
10.32446
9.52449

12.02747
10.70151
12.46943
12.98781

12.11033
14.14630
13.52920
12.13533
12.51614
12.41478
13.65571

11.75536
11.61326
11.14353
13.62293
12.56183
11.18791

15.84606
18.01833
16.45528
17.57864
15.88143
17.57681
16.46969
18.29435
18.73179
19.41720
16.99562
16.09927
16.05382
16.50129
16.97499
13.03360
12.89516
14.03289
12.45866
10.07615

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-23.39357
-21.89019
-23.49826
-22.52979
-23.94451
-22.15869
-21.89161
-23.58491
-23.06517
-21.57108
-20.96666
-20.44318
-27.36271
-28.08663
-26.79884
-25.84693
-26.31422
-27.98526
-29.55532
-25.40910
-30.08628
-25.92232
-27.90667
-26.66905
-26.95550
-29.21647
-29.19257
-28.94920
-27.56485
-26.76400
-27.64072
-28.36523
-28.94062
-27.35837
-28.84002
-32.08190
-31.38518
-33.01398
-32.07967
-32.17519
-30.62831
-34.92566
-34.19581
-34.52679

48.45533
46.61784
46.44054
45.02781
44.76924
43.43298
41.84066
41.92143
42.72836
44.80976
45.32525
43.78185
44.10798
43.19809
42.47249
45.05850
42.70094
4295118
44.18922
43.87573
45.06942
44.74358
46.07594
46.38638
44.72348
47.67439
49.34869
47.70836
48.81283
50.87777
51.74458
51.55877
49.29112
48.66047
47.86913
51.34600
50.42929
60.76975
49.41939
55.26341
56.98235
55.79438
54.20084
§5.26332

15.37294
15.62376
16.36894
16.01854
12.67853
14.66934
12.84727
13.35071
11.85557
12.00745
13.59522
12.91458
15.79076
14.45835
16.39610
12.26019
11.77928
12.27640
10.86816
9.75694
8.62912
7.53695
4.77084
5.99631
5.40023
12.30184
14.15732
14.77692
14.61784
9.90432
11.17414
9.56681
8.70428
9.20498
9.75999
11.59248
14.41998
13.80352
13.13240
13.53073
12.33316
11.15272
11.41099
12.79830
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-29.06489 44.80805 8.86713
-26.73390 44.63236 8.23975
-28.05929 44.98176 7.89860
-28.42146 45.48327 667188
-27.42350 45.67351 5.66120
-26.38354 47.07849 12.52828

ZIIIXITITCX

-24.51182 51.12089 11.15888
-25.06013 52.71262 10.57941
-22.18103 53.95271 10.85752
-23.68550 54.80097 11.27501
-22.39974 54.61263 1248717
-27.35116 46.87761 12.77454

IIIITIIT

-32.51993 55.82004 10.56758
-32.90689 56.92313 11.89832
-28.77381 56.16348 11.03226
-29.30461 54.48506 11.21547
-30.27222 55.63083 10.25996
-22.36043 48.68341 13.94568
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-14.67215 77.83018
-13.38133 78.46872
-12.37599 77.95723
-11.19913 78.31084
-13.55470 80.00274
-14.33806 80.54932
-14.28244 80.44868
-13.55512 80.52269
-13.79675 76.88908
-12.80907 77.10784
-11.91772 76.42058
-12.65282 75.24710
-13.79563 74.98415
-10.64727 74.74606
-12.04285 74.53146
-12.74437 73.38225
-12.41036 73.16787
-11.26855 72.89465
-12.44714 72.11659
-13.14346 70.84187
-14.67247 70.96569
-12.73020 69.65753
-14.34575 73.50088
-13.42747 73.24135
-13.33772 7297710
-14.68203 72.39534
-15.35349 71.77728
-14.33125 73.30003
-15.12552 72.59296
-16.40881 72.01097
-17.25020 73.07301
-17.18799 73.14649
-16.16464 70.75304
-17.48727 70.03216
-15.22948 69.75104
-18.88891 74.84776
-18.03406 73.91523
-17.99643 74.06245
-17.75334 75.53447
-18.65957 76.27419
-19.26474 73.48734
-19.22013 73.45988
-20.12283 74.21850
-18.26691 72.67405
-20.05732 74.20468

Table C-3 Coordinates of Atoms in 18C3 (XYZ)

3.45590
3.39370
4.43779
4.38858
3.42577
4.63627
2.14754
5.95334
5.43043
5.36758
6.28036
6.93377
6.55577
8.29838
7.89835
8.49509
9.97950
10.34470
7.67020
8.18335
8.17027
7.30102
10.48677
10.83168
12.25501
12.70336
11.87936
14.96295
13.95747
14.39040
15.12249
16.34785
15.25939
15.56380
14.56423
15.16101
14.42587
12.96558
12.62754
12.25147
12.31115
10.79205
10.02443
10.11929
8.61987

I I I I IITITITIIIIITIIITIIIIIITIOOOONONOOONZOOZO000000000002Z2T

-15.81563
-16.50259
-16.02106
-16.28154
-14.52379
-14.03819
-14.90470
-14.14752
-12.56020
-13.74600
-15.25118
-16.31941
-16.22715
-16.27758
-15.54553
-17.67687
-16.93303
-17.10168
-16.13244
-14.69638
-19.54066
-18.56402
-16.10946
-13.72935
-14.91011
-17.47630
-12.92980
-12.56578
-14.57772
-15.27577
-14.33518
-13.74206
-15.29476
-12.56761
-14.09878
-13.45278
-11.58442
-11.06299
-10.10856
-10.10391
-10.60517
-13.81855
-12.75696
-11.37181
-12.81767

75.28520
75.95420
77.27670
78.23959
77.15118
77.29293
76.36111
78.76667
76.89766
76.90231
75.25731
76.16633
76.72858
76.79328
77.73077
76.52852
76.11646
76.64565
75.98543
76.53916
77.19127
76.43416
74.45430
75.90232
77.64791
75.30545
78.24224
80.46415
81.59508
80.00639
81.53709
80.09963
80.04385
80.96330
81.10210
79.50582
77.12587
76.04247
73.79868
75.40858
75.17768
73.55973
72.29186
71.93748
70.62610

13.11415
12.79932
12.45296
13.61676
12.16421
10.71438
9.85199
10.27993
10.59038
13.07564
10.27030
7.85794
6.44317
8.65014
6.23207
8.46808
5.48992
4.14060
3.12387
3.11012
4.61420
3.70737
3.26541
2.78727
8.25338
5.75197
242555
3.41132
4.44025
4.75820
2.10966
1.26721
2.12897
5.81359
6.69997
6.32479
7.04217
5.71761
8.29935
7.62897
9.29805
8.44220
6.63916
7.67738
9.20200

I I I I IIIrIIrIIrIIrXTCIIIIrIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIICI

-11.64611
-12.54635
-13.12594
-13.28035
-14.42677
-14.65535
-17.00006
-15.70620
-17.29385
-18.16703
-17.96444
-15.62413
-14.23114
-15.14744
-18.28331
-19.67562
-19.37193
-17.15302
-19.39079
-20.13679
-20.86910
-17.57527
-20.75817
-17.42984
-18.44886
-18.41649
-17.15902
-16.54811
-15.88033
-17.35459
-15.80208
-13.61368
-15.19061
-13.70333
-12.24643
-11.93999
-12.42082
-16.19355
-18.47574
-17.79341
-17.75242
-16.95819
-16.51966
-20.55342
-19.50776

69.54119
72.25826
73.92224
73.01808
74.37656
73.06038
71.64863
71.03233
69.15404
70.68800
69.71471
69.49026
70.17287
68.84514
75.66824
76.25864
74.34135
73.53828
72.45985
74.05483
74.82872
72.06545
74.80047
72.05874
71.54613
72.67584
72.78040
77.65108
79.22371
78.32790
77.87373
79.39667
79.08292
78.91305
76.97482
77.55742
75.87236
75.08237
76.20296
76.04512
77.60915
77.72694
76.205%4
77.07574
76.79366

7.32130
12.47113
12.75397
14.89062
14.81512
15.97458
13.54982
16.20862
16.18053
16.10737
14.63612
13.58166
14.45102
15.16521
15.54813
14.52930
15.99824
12.53138
12.65406
12.63568
10.51240
10.68095

8.05267

8.25753

6.15191
4.79416
6.03647
11.57444
13.37281
13.78965
14.52561
10.99250
10.24933

9.29475
9.55017
11.19805
10.93085

7.83477

7.80563

9.43813

8.59345
4.14043

2.12868

4.22710

5.62822
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-18.19191 72.66878
-19.08207 73.44618
-19.03972 73.50276
-18.21480 72.57087
-17.11475 74.04343

8.71649
7.94445
6.57166
5.85972
3.20509

I T XXX

-15.12050 70.00522
-15.00119 71.69759
-15.01592 71.26672
-13.18688 68.74023
-13.05278 69.82443

8.42664
8.90721
7.18020
7.67407
6.27276

I T XIXITX

-19.28751 78.25173
-18.82649 75.37681
-18.69425 76.80597
-15.51814 74.02290
-15.65500 74.17126

4.63347
3.72942
2.69007
2.45696
4.21563
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-21.71679 65.59985
-22.19406 66.24580
-21.92636 67.75855
-22.37278 68.49143
-21.55168 65.57513
-20.01478 65.57044
-22.09238 64.14423
-19.33724 65.17550
-20.83983 67.61020
-21.20179 68.23769
-21.02528 69.65260
-20.36678 69.82480
-20.24603 68.83051
-20.10740 72.22899
-19.92602 71.03764
-19.23764 71.21806
-18.00375 72.12015
-18.12303 73.31757
-20.19219 71.80374
-21.37257 70.89465
-22.37457 71.69853
-20.91718 69.67740
-16.71470 70.57925
-16.81105 71.56646
-15.57001 72.28791
-14.40182 71.36462
-14.63767 70.31101
-12.89545 72.95727
-13.15536 71.72343
-11.99432 70.90806
-11.15549 70.58421
-10.30699 71.39137
-11.16536 71.62449
-10.04861 70.70795
-12.04507 72.03660
-10.44180 69.09240
-11.35112 69.43517
-12.41536 68.47005
-13.02535 67.94351
-12.94145 66.76212
-11.85182 67.35580
-12.89238 66.47797
-13.15330 65.17760
-13.60738 66.94463
-14.10774 64.36083

Table C-4 Coordinates of Atoms in 18C4 (XYZ)

13.60718
14.80314
14.77326
15.65223
16.03312
15.93271
16.18051
17.24909
13.05843
13.76361
13.51469
12.14407
11.42476
12.60574
11.76933
10.47849
10.62324
10.87777
9.41872
9.03042
8.19247
8.21332
10.23558
10.43103
10.61586
10.26034
9.66769
11.35895
10.61347
10.22626
1147718
11.85054
9.13382
8.61141
7.94325
13.24425
12.14848
11.84359
13.14742
13.47018
10.94294
10.27221
10.74155
9.15431
10.11075

I I IIIXIIIITIIIIIIIIIIIITOONONONONOOZOOZOOO00O0N0000002

-13.60548 68.85232
-14.22022 68.54807
-13.13018 68.31904
-15.12653 69.71492
-16.62599 69.63345
-16.76847 69.18267
-17.32747 68.68812
-17.28511 71.01399
-14.65287 70.69648
-16.42284 69.93491
-17.46737 67.44506
-18.35524 66.20885
-17.27574 67.97485
-18.03413 65.31786
-16.12073 67.05476
-19.45049 66.13908
-20.23297 64.91404
-21.74767 65.20478
-22.41338 65.85661
-20.32359 62.77460
-19.61984 64.10946
-22.04497 66.01646
-23.41776 66.51458
-17.55342 67.35560
-19.70597 66.96070
-23.27423 66.11513
-21.84816 66.14244
-19.69778 64.87862
-19.66688 66.56867
-21.76313 63.52799
-21.74290 63.69925
-23.18236 64.16084
-19.55950 64.13938
-18.25744 65.28034
-19.67661 65.82762
-20.39406 70.07227
-22.00230 70.13808
-19.20139 72.41093
-20.32034 73.10527
-20.94475 72.13348
-18.87160 70.26397
-20.58701 72.75111
-19.61562 72.01629
-21.88985 70.55328
-23.21995 71.06625

13.93053
15.21165
16.26774
15.61314
15.29732
13.83656
16.28968
15.46659
16.16749
12.92903
12.24507
12.36311
13.58328
13.14556
11.63300
11.60096
11.44438
11.27285
12.49525
10.01554
10.28185
10.00114
12.45753
14.33174
11.06247
14.89648
16.91715
15.15187
15.67017
15.34334
17.11117
16.20109
17.50166
17.13964
18.05438
14.29762
13.51679
13.18516
11.99527
13.29426
10.10076
9.78463

8.51716

9.92711

7.91919

I XTI I I II I I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIITIITIICIT

-15.85702 73.16113 9.96239
-15.50571 72.60049 11.65874
-13.49658 73.78059 10.97317
-13.13401 72.80130 12.41184
-11.85561 73.26946 11.28647
-12.29630 69.98026 9.74663
-10.69653 72.52392 953322
-9.47455 71.22856 7.84440
-9.37071 70.43398 9.41986
-10.47499 69.80167 8.18014
-12.57234 71.16730 7.54879
-12.77211 72.78939 8.24721
-11.42344 72.46297 7.15558
-10.77344 69.58124 14.16094
-10.40296 68.01534 13.40771
-9.42440 69.41868 13.02283
-13.24452 68.94752 11.32898
-11.26532 67.81657 10.14764
-11.17091 66.73088 11.52191
-12.61799 64.79584 11.59911
-13.42725 67.93864 8.77155
-14.27013 63.37374 10.51581
-15.09463 66.50782 7.66169
-16.78973 62.30975 8.09148
-15.12336 62.12986 8.65892
-16.39935 62.71216 9.76921
-14.80907 67.63326 15.13394
-13.59544 68.14697 17.23888
-12.53081 67.44624 16.00827
-12.47860 69.19112 16.33531
-17.20699 69.07001 17.30413
-16.89872 67.68659 16.25111
-18.39282 68.63276 16.06364
-18.34012 70.95705 15.20240
-17.19796 71.35349 16.49929
-16.79995 71.74380 14.81658
-17.91912 68.19563 11.60005
-16.30292 66.57674 10.67175
-15.50648 67.93951 11.47255
-15.59463 66.35616 12.28465
-20.11680 64.28378 12.32808
-22.25521 64.24686 11.16710
-19.73681 62.20007 9.29820
-20.40637 62.20470 10.94154
-21.31543 62.93794 9.59506
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-14.55859 66.12769 8.51963
-14.82546 64.82748 8.98711
-15.77273 64.08205 8.32780
-16.02718 62.73452 8.74431
-13.62457 69.81220 13.61518

IITITITX

-22.74563 72.54627
-21.89533 72.06633
-21.78638 69.08429
-20.39918 70.00344
-20.25059 69.04523

8.76936
7.28458
7.92756
7.31096
8.79719

I T IIXITX

-18.58448 63.88446 10.54278
-19.60766 64.70078 9.36624
-23.12261 66.14509 9.89432
-21.58301 67.00085 10.05877
-21.68142 65.49869 9.11549
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Table C-5 Coordinates of Atoms in 18W1 (XYZ)

-16.12601 50.23897 26.23619
-16.57192 51.10144 27.29766
-15.31842 51.60108 28.02889
-16.27340 52.72000 28.53826
-17.50463 50.28721 28.21820
-18.71831 49.78295 27.41292
-17.96845 51.11663 29.42626
-19.61834 48.83438 28.21128
-14.37224 49.86172 27.60369
-14.28962 50.75866 28.06723
-13.00790 51.03470 28.68230
-12.14605 49.78037 28.51475
-12.47616 48.95952 27.65685
-10.59103 50.61340 30.23137
-11.08322 49.58222 29.31310
-10.31034 48.33490 29.19598
-9.81454 47.80058 30.54879

-9.03185 48.44570 31.24549

-9.15092 48.53017 28.20428

-8.32676 47.25485 27.94586

-9.16982 46.11963 27.34905

-7.18534 47.58937 26.97911

-10.91297 46.11888 30.30432
-10.23550 46.58906 30.89657
-9.82778 45.88250 32.09732

-9.80164 44.38283 31.78446

-9.58752 44.02877 30.62549

-10.26392 43.89733 34.14461
-10.04369 43.48573 32.75601
-10.00638 42.04044 32.47234
-11.27008 41.36789 33.04213
-11.23643 40.88123 34.17150
-8.70343 41.41315 33.02319

-8.56428 39.95520 32.55960

-7.45944 42.18100 32.55133

-13.56434 40.61861 32.85421
-12.40118 41.32824 32.31605
-12.58241 42.00798 31.02633
-13.88537 42.81065 31.05862
-14.89543 42.43837 30.46440
-12.51184 40.99607 29.87033
-12.54285 41.61452 28.48371
-11.51357 42.47344 28.05721
-13.59693 41.33825 27.59419
-11.54245 43.05801 26.77968

N
Cc
(o4
Cc
C
C
(o4
(o4
o
o
Cc
c
N
o
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(o4
o
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o3
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H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

-13.85018 43.91330 31.80214
-14.95683 44.83512 31.98553
-15.90194 44.29551 33.06479
-14.36180 46.18136 32.40449
-14.38401 47.34249 31.40211
-13.90293 46.78792 30.05246
-15.80053 47.94141 31.33664
-13.44227 48.46880 31.85565
-13.84173 46.30371 33.50671
-12.83041 46.18871 29.97707
-14.37564 46.43601 27.66650
-15.24970 47.17105 26.65315
-14.67764 46.96899 28.98301
-16.46787 47.21039 26.82338
-14.69266 44.93867 27.63645
-14.64054 47.74015 25.60980
-165.33689 48.35383 24.48008
-14.89420 49.82220 24.25475
-15.63054 50.84665 25.20689
-15.61565 46.07814 23.38039
-15.08366 47.50634 23.22084
-13.36687 49.98632 24.25620
-15.47851 52.03914 25.05730
-15.54951 47.47356 29.05990
-13.63144 47.70101 25.57642
-17.13303 51.95332 26.90763
-16.94952 49.42343 28.58550
-19.30983 50.63118 27.06588
-18.36977 49.22886 26.54107
-18.54961 51.97538 29.08892
-18.57822 50.51051 30.09440
-17.11268 51.47020 30.00041
-20.14460 49.36909 29.00115
-20.35621 48.39842 27.54031
-19.02095 48.03200 28.64567
-13.16648 51.26555 29.73611
-12.53466 51.87882 28.17923
-8.50213 50.64545 30.22375

-10.92226 51.61145 29.94832
-10.93736 50.40419 31.24416
-10.95363 47.56265 28.77766
-9.55857 48.87929 27.25465

-8.48017 49.29763 28.59135

-7.88065 46.90722 28.87879

-8.51850 45.29483 27.05846
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-8.83371 46.19472 32.41985

-10.55562 46.11436 32.87428
-9.57138 44.69147 34.42588

-11.28828 44.25309 34.26406
-10.10206 43.07671 34.84141
-9.96780 41.83388 31.40352

-8.70709 41.42255 34.11358

-7.64629 39.52709 32.96329

-9.40441 39.35784 32.91319

-8.52707 39.90759 31.47076

-7.44803 42.24380 31.46273

-7.44705 43.18688 32.97059

-6.55933 41.66463 32.88585

~13.25915 39.69259 33.34403
-14.07158 41.25102 33.58402
~14.27165 40.34957 32.07032
-11.81291 42.75194 30.85257
-11.57736 40.44073 29.95723
-13.32879 40.28034 29.96273
-10.68326 42.68950 28.71201
-14.40075 40.68051 27.89251
~10.72776 43.71177 26.50709
-14.44704 41.68836 25.64980
-12.00293 44.66082 23.21786
-11.72400 45.16613 24.88918
-10.73701 43.86406 24.16115
-15.52533 44.93779 31.06027
-16.70442 45.01345 33.23719
-16.33844 43.35143 32.73796
-15.36078 44.13465 33.99798
-16.10550 48.26438 32.33266
-16.51833 47.20102 30.98143
-15.81685 48.80741 30.67468
-13.44668 49.27077 31.11966
-13.76709 48.87121 32.81572
-12.42607 48.08891 31.95954
-13.32003 46.57219 27.42777
-15.71728 44.76272 27.96576
-14.58535 44.57534 26.61550
-14.00750 44.39476 28.28614
-16.41767 48.34660 24.63306
-15.24162 50.10714 23.26099
~15.49864 45.54398 22.43715
-15.05996 45.54612 24.15268
-16.67284 46.10132 23.64646

201
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-13.62332 41.91416 26.31288
~12.60475 42.78820 25.88933
-12.70062 43.33933 24.63480
-11.73116 44.30975 24.21340
-12.98783 44.14042 32.27708

I T ITIXITX

-9.88174 45.74142 28.08192
-9.70816 46.47363 26.46930
-6.56668 46.70634 26.81567
-7.58883 47.92419 26.02287
-6.56210 48.37895 27.40024

IITIICX

-14.01811 47.45130 22.99990
-15.59368 47.96524 22.37273
-13.11600 51.01026 23.97757
-12.96427 49.79229 25.24878
-12.90072 49.31276 23.539%44
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Table C-6 Coordinates of Atoms in 18W2 (XYZ)

-16.12601 50.23897 26.23619
-16.57192 51.10144 27.29766
-15.31842 51.60108 28.02889
-15.27340 52.72000 28.53826
-17.50463 50.28721 28.21820
-18.71831 49.78295 27.41292
-17.96845 51.11663 29.42626
-19.61834 48.83438 28.21128
-14.37224 49.86172 27.60369
-14.28962 50.75866 28.06723
-13.00790 51.03470 28.68230
-12.14605 49.78037 28.51475
-12.47616 48.95952 27.65685
-10.59103 50.61340 30.23137
-11.08322 49.58222 29.31310
-10.31034 48.33480 29.19598
-9.81454 47.80058 30.54879

-9.03185 48.44570 31.24549

-9.15092 48.53017 28.20428

-8.32676 47.25485 27.94586

-9.16982 46.11963 27.34905

-7.18534 47.58937 26.97911

-10.91297 46.11888 30.30432
-10.23550 46.58906 30.89657
-9.82778 45.88250 32.09732

-9.80164 44.38283 31.78446

-9.68752 44.02877 30.62549

-10.26392 43.89733 34.14461
-10.04369 43.48573 32.75601
-10.00638 42.04044 32.47234
-11.27008 41.36789 33.04213
-11.23643 40.88123 34.17150
-8.70343 41.41315 33.02319

-8.56428 39.95520 32.55960

-7.45944 42.18100 32.55133

-13.56434 40.61861 32.85421
-12.40118 41.32824 32.31605
-12.58241 42.00798 31.02633
-13.88537 42.81065 31.05862
-14.89543 42.43837 30.46440
-12.51184 40.99607 29.87033
-12.54285 41.61452 28.48371
-11.51357 42.47344 28.05721
-13.59693 41.33825 27.59419
-11.54245 43.05801 26.77968
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-13.85018 43.91390 31.80214
-14.95683 44.83512 31.98553
-15.90194 44.29551 33.06479
-14.36180 46.18136 32.40449
-14.38401 47.34249 31.40211
-13.90293 46.78792 30.05246
-15.80053 47.94141 31.33664
-13.44227 48.46880 31.85565
-13.84173 46.30371 33.50671
-12.83041 46.18871 29.97707
-14.37564 46.43601 27.66650
-16.24970 47.17105 26.65315
-14.67764 46.96899 28.98301
-16.46787 47.21039 26.82338
-14.69266 44.93867 27.63645
-14.64054 47.74015 25.60980
-15.33689 48.35383 24.48008
-14.89420 49.82220 24.25475
-15.53054 50.84665 25.20689
-15.61565 46.07814 23.38039
-15.08366 47.50634 23.22084
-13.36687 49.98632 24.25620
-15.47851 52.03914 25.05730
-15.54951 47.47356 29.05990
-13.63144 47.70101 25.57642
-17.13303 51.95332 26.90763
-16.94952 49.42343 28.58550
-19.30983 50.63118 27.06588
-18.36977 49.22886 26.54107
-18.54961 51.97538 29.08892
-18.57822 50.51051 30.09440
-17.11268 51.47020 30.00041
-20.14460 49.36909 29.00115
-20.35921 48.39842 27.54031
-19.02095 48.03200 28.64567
-13.16648 51.26555 29.73611
-12.53466 51.87882 28.17923
-9.50213 50.64545 30.22375

-10.92226 51.61145 29.94832
-10.93736 50.40419 31.24416
-10.95363 47.56265 28.77766
-9.55857 48.87929 27.25465

-8.48017 49.29763 28.59135

-7.88065 46.90722 28.87879

-8.51850 45.29483 27.05846
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-8.83371 46.19472 32.41985
-10.55562 46.11436 32.87428
-9.57138 44.69147 34.42588
-11.28828 44.25309 34.26406
-10.10206 43.07671 34.84141
-9.96780 41.83388 31.40352
-8.70709 41.42255 34.11358
-7.64629 39.52709 32.96329
-9.40441 39.35784 32.91319
-8.52707 39.90758 31.47076
-7.44803 42.24380 31.46273
-7.44705 43.18688 32.97059
-6.55933 41.66463 32.88585
-13.25915 39.69259 33.34403
-14.07158 41.25102 33.58402
-14.27165 40.34957 32.07032
-11.81291 42.75194 30.85257
-11.57736 40.44073 29.95723
-13.32879 40.28034 29.96273
-10.68326 42.68950 28.71201
-14.40075 40.68051 27.89251
-10.72776 43.71177 26.50709
-14.44704 41.68836 25.64980
-12.00293 44.66082 23.21786
-11.72400 45.16613 24.88918
-10.73701 43.86406 24.16115
-15.52533 44.93779 31.06027
-16.70442 45.01345 33.23719
-16.33844 43.35143 32.73796
-15.36078 44.13465 33.99798
-16.10550 48.26438 32.33266
-16.51833 47.20102 30.98143
-15.81685 48.80741 30.67468
-13.44668 49.27077 31.11966
-13.76709 48.87121 32.81572
-12.42607 48.08891 31.95954
-13.32003 46.57219 27.42777
-15.71728 44.76272 27.96576
-14.58535 44.57534 26.61550
-14.00750 44.39476 28.28614
-16.41767 48.34660 24.63306
-15.24162 50.10714 23.26099
-15.49864 45.54398 22.43715
-15.05996 45.54612 24.15268
-16.67284 46.10132 23.64646
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-13.62332 41.91416 26.31288
-12.60475 42.78820 25.88933
-12.70062 43.33933 24.63480
-11.73116 44.30975 24.21340
-12.98783 44.14042 32.27708

I T XTXITX

-9.88174 45.74142 28.08192
-9.70816 46.47363 26.46930
-6.56668 46.70634 26.81567
-7.58883 47.92419 26.02287
-6.56210 48.37895 27.40024

jo e sfibe i o

-14.01811 47.45130 22.99990
-15.59368 47.96524 22.37273
-13.11600 51.01026 23.97757
-12.96427 49.79229 25.24878
-12.90072 49.31276 23.53944
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-14.60710 77.79758
-13.33614 78.47234
-12.31474 77.98415
-11.13369 78.32096
-13.55421 79.99978
-14.34845 80.52525
-14.30341 80.41944
-13.56307 80.52425
-13.73347 76.95869
-12.74223 77.16192
-11.86010 76.48779
-12.60441 75.30711
-13.73245 75.03675
-10.63641 74.79079
-12.02549 74.58751
-12.75855 73.44884
-12.41452 73.17641
-11.28131 72.83853
-12.52492 72.19644
-13.28360 70.94633
-14.80325 71.15404
-12.94479 69.77126
-14.32311 73.58775
-13.41535 73.27156
-13.32160 72.96526
-14.66384 72.37296
-15.33784 71.76577
-14.28693 73.22178
-15.10286 72.55012
-16.39342 71.98292
-17.20975 73.04840
-17.14940 73.09493
-16.16873 70.70416
-17.50240 69.99348
-15.24115 69.70621
-18.80017 74.87199
-17.97026 73.92574
-17.96203 74.06942
-17.74309 75.54115
-18.66143 76.26100
-19.23780 73.47311
-19.23514 73.43514
-20.15156 74.19855
-18.31240 72.63185
-20.13455 74.16743

Table C-7 Coordinates of Atoms in 18W3 (XYZ)

3.45499
3.38220
4.42165
4.33926
3.41661
4.62883
2.14276
5.94425
5.45428
5.37751
6.31175
6.94133
6.52625
8.34999
7.92094
8.49987
9.97304
10.31369
7.63633
8.11884
8.12749
7.19492
10.51572
10.84238
12.25854
12.70077
11.86936
14.97342
13.96929
14.38918
15.14619
16.37406
15.23166
15.50818
14.52205
15.21689
14.46799
13.00631
12.64879
12.26031
12.38811
10.86948
10.12371
10.17562
8.71868
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-16.49911
-16.03257
-16.30230
-14.53383
-14.05477
-14.91587
-14.16479
-12.57719
-13.74705
-15.24683
-16.29361
-16.18823
-15.28612
-15.50548
-17.67620
-16.87235
-17.02245
-16.02233
-14.60045
-19.47608
-18.47133
-15.96527
-13.61258
-14.93957
-17.41117
-12.88621
-12.57983
-14.61613
-16.27213
-14.38973
-13.75854
-15.30330
-12.58780
-14.12019
-13.43387
-11.55697
-10.98538
-10.09559
-10.08748
-10.60746
-13.82469
-12.83018
-11.45858
-12.95969
-15.30092

75.98277
77.31031
78.27640
77.20416
77.32510
76.38271
78.79344
76.92825
76.98543
75.27358
76.14824
76.70858
76.80401
77.71111
76.45828
76.08304
76.58443
75.91670
76.50507
77.08060
76.34141
74.39231
75.89108
77.67557
75.26883
78.25811
80.49091
81.56412
79.95943
81.50570
80.08577
79.98443
80.99040
81.09378
79.51337
77.19578
76.11968
73.84513
75.48849
75.17503
73.67313
72.41228
71.96799
70.68052
70.20991

12.81478
12.46043
13.61890
12.16960
10.71593
9.85952
10.26488
10.59399
13.08263
10.27870
7.83857
6.42273
8.65312
6.21160
8.41997
5.46413
4.10286
3.12231
3.11345
4.52663
3.64510
3.31762
2.80442
8.27432
5.72310
2.41036
3.39536
443158
4.75271
2.10239
1.25914
2.13062
5.80135
6.68877
6.32285
7.08373
5.77369
8.31086
7.72193
9.36928
8.46746
6.61174
7.63328
9.12608
8.35089
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-12.53056
-13.105851
-13.24157
-14.36380
-14.60652
-16.99342
-15.71337
-17.32579
-18.18014
-17.97405
-15.63253
-14.23680
-15.17364
-18.18019
-19.59994
-19.26909
-17.12142
-19.34251
-20.10868
-20.87500
-17.61062
-20.84695
~17.55459
-18.48976
-18.51815
-17.28133
-16.56356
-15.91012
-17.37583
-15.81971
-13.63465
-15.20835
-13.71758
-12.26448
-11.95581
-12.43637
-16.13317
-18.44778
-17.78721
-17.80318
-16.89821
-16.40030
-20.47956
-19.45433
-19.24199

72.24036 12.45446
73.89619 12.78187
72.92310 14.88758
74.30299 14.85072
72.96566 15.98232
71.64711 13.54386
70.95682 16.18984
69.10120 16.10948
70.64671 16.05726
69.69937 14.56996
69.46877 13.53236
70.11777 14.42413
68.78770 15.10559
75.69247 15.58074
75.28212 14.60110
74.38052 16.07083
73.55263 12.55652
72.44640 12.74047
74.03033 12.73337
74.82288 10.62835
72.02084 10.72213
74.76722 8.16922
71.97505 8.29293
71.51489 6.16666
72.69129 4.84860
72.83195 6.10548
77.67683 11.58099
79.26269 13.36880
78.35689 13.79140
77.92091 14.53008
79.43219 10.97230
79.10778 10.22890
78.93152 9.27995
76.99468 9.55283
77.59589 11.19179
75.80718 10.94632
75.06883 7.81828
76.08170 7.75148
75.98768 9.39679
77.53643 8.52326
77.66775 4.08554
76.09444 2.11502
76.95290 4.12309
76.70481 5.54556
78.15551 4.53806

(18]
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-18.28763 72.60612 8.77115
-19.19687 73.38271 8.02088
-19.21062 73.41466 6.64729
-18.32036 72.56206 5.91245
-15.80369 75.33204 13.15059

I X IITX

-15.08699 71.87312
-15.13822 71.51086
-13.44449 68.86770
-13.27122 69.98703
-11.86820 69.59763

8.89496
7.15309
7.54571
6.17698
7.19583

I XXX X

-18.71487 75.27973
-18.58870 76.70016
-15.36226 73.94632
-15.50963 74.15080
-16.96111 73.95670

3.67298
2.62157
2.52609
4.27855
3.26989
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-7.91542
-6.88167
-6.71152
-6.13413
-5.57412
-5.81379
4.55144
-6.07090
-7.68902
-7.20296
-7.05249
-7.74644
-8.57604
-6.52760
-7.44653
-8.07639
-7.11606
-6.82886
-9.36576

108.72711
108.32301
108.50099
108.96004
109.40298
108.95715
110.30850
108.85707
106.93558
107.26541
106.31531
105.01990
105.08233
103.75854
103.85516
102.61173
101.41948
100.90340
102.35626

Table C-12 Coordinates of Atoms in 41C1 (XYZ)

16.78107
15.97377
14.68795
13.70651
16.79278
18.21269
16.08626
19.25067
15.52430
14.70212
13.62006
14.04886
14.95981
12.31276
13.45025
13.91745
13.84734
12.76885
13.11864

-10.12813 101.08717 13.54137
-10.56983 101.13369 15.00983
-11.36606 100.93040 12.65094
-6.88991 101.43308 15.86776
-6.62863 100.97254 15.00173
-5.66155 99.89912 15.09431
-4.29726 100.53535 15.37561
-4.14367 101.08288 16.46596
-3.47971 99.76763 13.18795
-3.32315 100.50496 14.44409
-2.05443 101.22195 14.66369
-1.78750 102.21830 13.50945
-1.48866 101.76419 12.40760
-0.88732 100.22482 14.83799
0.39798 100.96437 15.23659
-1.20078 99.18057 15.92017
-1.87309 104.43434 12.51735
-1.86154 103.55464 13.68815

-1.99478
-3.46682
-4.32017
-1.34418
-1.38847
-2.23079
-0.60960
-2.30009

104.20262
104.29306
104.64971
105.58579
106.20280
107.29288
105.66489
107.82180

14.99919
15.40599
14.59642
15.05332
16.44389
16.72783
17.48477
18.02752
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-3.75502
-5.08013
-5.56881
-4.99209
-6.25047
-7.47592
-6.01359
-6.47295
-3.89960

103.99986 16.66949
103.99787 17.23433
105.44442 17.41145
103.28989 18.59186
102.75497 19.29531
102.81203 18.37126
101.29274 19.70809
103.54398 20.59925
103.19874 19.14078
-7.56559 102.04140 17.41754
-9.64755 103.81858 17.84435
-10.18808 105.23498 18.01460
-8.43889 103.69717 18.63687
-10.51364 105.63570 19.12920
-10.67896 102.79028 18.31908
-10.28779 105.98872 16.91971
-11.01432 107.24867 16.86248
-10.16411 108.42402 17.39835
-9.16455 108.98875 16.38359
-12.54011 106.35158 15.04463
-11.55296 107.45611 15.43663
-11.07815 109.55014 17.89930
-8.45945 109.60662 15.39722
-8.37433 104.31795 19.43087
-9.90151 105.61891 16.05512
-7.15364 110.34557 15.70303
-5.14325 108.40503 16.87257
-4.92780 110.49651 18.54952
-6.64872 110.65918 18.20136
-3.63586 110.37795 16.67311
-4.28925 109.90434 15.10947
-4.96363 111.30991 15.95817
-5.20831 108.19318 19.30892
-6.22142 109.31823 20.22716
-6.95461 108.27171 19.00356
-7.52768 106.70673 12.71988
-5.98891 106.16183 13.44314
-6.92781 103.07823 11.56171
-6.38376 104.71289 11.80974
-5.55691 103.38959 12.64613
-8.35455 102.72208 14.96262
-10.02540 103.21646 13.23923
-9.11278 102.26590 12.06179
-9.49744 100.20972 13.39153
-11.21195 100.27956 15.22671
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-5.92699
-5.70131
-4.19702
-2.54497
-3.81672
-2.10289
-0.69136

1.21052

0.68340

0.25021
-0.33278
-1.45037
-2.03703
-2.08421
-2.65255
-0.90435
-1.43438
-0.29964
-1.84872

99.28233 15.95309
99.26277 14.21453
100.27866 12.54463
99.65893 12.64465
98.75036 13.38475
101.73673 15.61335
99.69919 13.90320
100.24787 15.36014
101.67567 14.46127
101.49784 16.17604
98.53978 16.07662
99.67701 16.85857
98.55207 15.61473
103.89793 11.59176
105.18904 12.61789
104.92326 12.41365
103.64050 15.74219
105.51383 14.75038
106.27980 14.37164

-2.84004
0.04962
-2.95261
-0.07352
-1.19124
-1.21809
0.13524
-5.74015
-6.57213
-6.57793
-4.89809
-5.17762
-5.78134
-6.90802
-7.36723
-5.61700
-6.57488
-8.43772

107.72527
104.83124
108.65736
105.73395
107.83511
106.23074
107.35695
103.46529
105.95710
105.46911
105.97038
101.22208
100.69221
100.88987
103.18745
103.41257
104.60890
103.62563

15.94741
17.29121

18.23054
19.55024
22.32439
21.57867
21.25571

16.54164
16.45156
17.81852
18.09162
20.40469
18.82732
20.18406
21.11196
21.26236
20.38697
16.79451

-11.59797 102.90578 17.74375
-10.29379 101.78084 18.17350
-10.90021 102.94053 19.37649
-11.88040 107.15302 17.51971
-9.61873 108.07400 18.27673

-12.93799 106.56265 14.05166
-12.04169 105.38217 15.02280
-13.36480 106.31827 15.75711
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-0.68457 106.18966 18.78635
-1.53790 107.27657 19.07521
-1.66634 107.83241 20.32453
-0.93906 107.27396 21.42460
-3.02931 103.68076 17.29811

I XTIIXITX

-9.70510 101.08115 15.67056

-11.12287 102.05271 15.20566
-11.89756 100.01486 12.91239
-12.03462 101.78174 12.78303
-11.06391 100.87189 11.60474

I ITIXITIXITX

-10.73332 107.44961 14.71666
-12.06988 108.41392 15.37429
-10.46714 110.35084 18.31747
-11.67320 109.95406 17.08041
-11.74273 109.17526 18.67810
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Table C-8 Coordinates of Atoms in 45C1 (XYZ)

-10.36375 75.79783 10.95802
-11.20657 76.64444 10.14827
-12.62651 76.07796 10.00188
-13.46772 76.65971 9.32141
-10.52815 76.85410 8.77939
-10.32122 75.51807 8.04030

-9.19400 77.59196 8.97437
-9.75156 75.70045 6.62955

-12.18396 74.48262
-12.89476 74.93026
-14.16803 74.24236
-14.09397 73.04145
-13.08485 72.91190
-16.32597 72.28285
-15.11054 72.16531
-15.04977 71.07141
-15.78931 €9.80437
-17.01226 69.79037
-15.58313 71.57337
-15.52853 70.52950
-14.09688 70.06075
-16.12487 71.14247
-14.04327 €8.75019
-15.05583 68.71027
-15.62233 67.40715
-14.49993 66.37297
-13.44426 66.69390
-15.93238 64.77944
-14.67645 65.16122
-13.60383 64.15604
-13.39519 63.61978
-13.93801 62.56350
-13.94414 63.03928
-12.75209 62.08961
-14.30977 63.62005
-12.49513 63.74456
-12.67521 64.32044
-12.06326 65.63687
-12.48243 66.68281
-12.30486 66.48123
-10.53224 65.53082
-10.02354 64.59900

11.17919
10.61808
10.55319
11.50015
12.19948
10.75159
11.56276
12.54332
12.09656
11.96875
13.89720
15.02865
15.32237
16.30156
12.00233
11.92637
11.65306
11.74788
12.29312
10.55110
11.19935
11.23287
9.80523
9.48611
12.24945
12.43948
13.62448
7.57168
8.90721
9.16996
8.12731
6.92819
9.24942
10.33221

-9.85022 65.06042 11.64930
-9.71773 63.25698 10.04243
-9.37736 64.19830 12.€5292
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-13.00448 67.83011
-13.38585 68.92019
-14.85679 68.74721
-13.13335 70.28180
-11.72556 70.62103
-11.67592 70.22581

8.56925
7.68117
7.28161
8.34201
8.86830
10.35192

-10.60443 69.91238
-11.47608 72.13019
-14.03989 71.09725
-12.46355 69.40148 10.81857
-10.66960 70.67863 12.54860
-9.90396 71.89152 13.07520
-10.73997 70.80538 11.10492
-8.67656 71.88515 13.11854
-9.97440 69.36609 12.92822
-10.62602 72.94726 13.45325
-10.05917 74.14420 14.06035
-9.46768 75.09602 13.01003
-10.53029 75.91576 12.27950
-11.38196 76.57219 12.81341
-10.09008 71.45335 10.68636
-11.62996 72.91393 13.29299
-11.30431 77.63386 10.60026
-11.17879 77.48980 8.17607
-9.64966 74.87544 8.61071
-11.28294 75.01475 7.93989
-8.78780 77.90119 8.01199
-9.35062 78.48637 9.57789
-8.47325 76.94635 9.47697
-8.72692 76.06854 6.67279
-9.75112 74.73793 6.11710
-10.36819 76.40111 6.06572
-14.34047 73.91031 9.52852
-14.96130 74.92020 10.87124
-17.20666 72.21464 11.39034
-16.39926 73.22922 10.22089
-16.35373 71.48345 10.01011
-14.00953 70.78462 12.68462
-15.00326 72.44502 14.20288
-16.62086 71.88299 13.76730
-16.13504 69.66253 14.76285
-14.09442 69.42474 16.20808

8.08713
8.69143
8.44662

-13.70490 69.47847
-13.44952 70.91998
-16.12834 70.40299

14.48900
16.50071
17.10299

I I I I IrIIrIIrI X I I I I IrIIrIrIIIrIIIIIIIIIIIIIIIIIIIILIIIIICI

-15.96004 65.19007 9.54088
-16.04041 63.69779 10.48595
-12.66188 64.56512 11.59276
-14.79197 62.44933 11.90039
-13.02637 61.28767 13.12519
-12.45734 61.64452 11.48943
-11.90497 62.63399 12.85570
-14.45644 62.81005 14.33931
-13.50831 64.26797 13.98124
-15.23520 64.19247 13.56542
-13.36210 63.98352 6.95471
-11.59825 64.11763 7.08167
-12.39201 62.65962 7.62196
-12.37211 66.04283 10.12409
-10.12129 65.22268 8.28875
-10.14047 66.52821 9.45456
-10.08439 66.08508 11.89300
-9.84739 62.87989 9.03843
-9.25229 64.57349 13.65871
-9.02719 61.37271 10.77012
-7.94766 60.24010 14.07397
-9.16842 60.14738 12.79683
-7.48557 60.61581 12.40808
-12.79367 68.89075 6.76555
-15.14747 69.53807 6.58906
-14.99537 67.78342 6.79074
-15.49294 68.79416 8.16647
-10.68814 70.13649 7.02328
-10.64295 68.83473 8.23147
-9.63218 70.25723 8.44034
-10.45210 72.39950 8.94879
-11.65490 72.41248 7.65327
-12.15554 72.69147 9.32837
-11.67196 70.67230 12.97760
-9.86849 69.31188 14.01209
-10.57192 68.51917 12.59037
-8.98619 69.31408 12.46978
-9.26239 73.84911 14.74506
-8.85355 74.53365 12.30504
-8.82120 75.80571 13.52674
-10.82818 74.65843 14.63810
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-9.24580 62.39300 11.04592
-9.06821 62.85536 12.36879
-8.61255 62.06448 13.39557
-8.28857 60.69165 13.14231
-13.05457 68.00993 9.56810

I IIXITIX

-15.53619 72.00538 16.61474
-17.15144 71.45901 16.11413
-16.39397 67.17776 12.38919
-16.05291 67.42100 10.65146
-16.78920 65.15070 11.11370
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Table C-9 Coordinates of Atoms in 45C2 (XYZ)

-8.56127 75.56909 10.84793
-9.13589 76.48931 9.89615
-10.62952 76.22114 9.65995
-11.26742 76.89050 8.85111
-8.32537 76.41650 8.58624
-8.35834 75.00088 7.97890
-6.88150 76.87340 8.84369
-7.65670 74.92032 6.61908
-10.64075 74.70419 11.01145
-11.18982 75.22827 10.34492
-12.57387 74.82064 10.21459
-12.84219 73.74744 11.27324
-11.94178 73.48132 12.07482
-15.12782 73.41462 10.38929
-14.03476 73.13065 11.32412
-14.30577 72.18537 12.41806
-15.26338 71.06084 12.00798
-16.45043 71.28600 11.77790
-14.82955 72.97047 13.63758
-14.88811 72.22202 14.98511
-16.00994 71.17979 15.07438
-13.54543 71.58997 15.37290
-13.77351 69.66765 12.12410
-14.76458 69.83002 11.96948
-15.57545 68.65424 11.73664
-14.72038 67.41876 12.02032
-13.66044 67.55865 12.62986
-16.38427 66.05819 10.83566
-15.12514 66.22344 11.56420
-14.31339 65.01786 11.78701
-14.12864 64.29978 10.43807
-14.87130 63.35890 10.16335
-14.97122 64.11762 12.86086
-14.04324 62.95583 13.24561
-15.29414 64.90765 14.13889
-13.06646 63.98987 8.29507
-13.20644 64.72752 9.55361
-12.33235 65.89824 9.75764
-12.42704 66.89371 8.59294
-12.20486 66.53389 7.43911
-10.87524 65.46835 9.98967
-10.67200 64.56336 11.1893%
-10.49232 65.10767 12.47358
-10.66182 63.16445 11.04284
~10.30329 64.26991 13.58563

N
Cc
C
c
C
Cc
C
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o
(o]
C
c
N
(o)
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N
C
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C
(o]
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

8.88107
7.87001
7.34504
8.43370

-12.71563 68.16561
-12.77500 69.21278
-14.21245 69.31911
-12.27571 70.54974
-10.87336 70.62986 9.06704
-11.03005 70.38879 10.57596
-9.88178 €69.61948 8.46262
-10.27852 72.02296 8.79118
-12.98113 71.54828 8.37723
-12.02020 69.81377 11.03018
-10.11885 70.82883 12.81530
-9.14075 71.89176 13.31305
-10.04600 70.81975 11.36628
-7.95237 71.62334 13.46860
-9.77175 69.44177 13.36817
-9.63272 73.11070 13.53876
-8.85556 74.21098 14.09358
-7.89520 74.90201 13.02527
-8.79553 75.85064 12.13397
-9.52029 76.72179 12.53037
-9.23368 71.26002 10.96168
-10.60451 73.28025 13.29067
-9.05081 77.51700 10.25590
-8.77388 77.11221 7.87470
-7.88831 74.29079 8.66020
-9.39601 74.70325 7.82727
-6.34557 76.99461 7.90802
-6.88533 77.83553 9.36153
-6.35902 76.14336 9.46750
-6.58291 75.06792 6.73065
-7.82639 73.93349 6.18734
-8.06145 75.67581 5.94491
-12.73443 74.41827 9.21349
-13.22033 75.68258 10.38516
-16.04684 73.61158 10.94150
-14.94587 74.28722 9.76634
-156.27871 72.56055 9.72785
-13.37295 71.70473 12.70566
-14.16734 73.82354 13.79097
-15.82160 73.36385 13.41258
-15.11402 72.98114 15.73618
-16.14322 70.88548 16.11588
-16.94534 71.60453 14.70864
-15.76577 70.28893 14.49889
-13.58860 71.25864 16.41091

I I I I IrIrI I I IrI I I I I I I I I IIIIIIIIIIIIIIIIIIIIITIIITCI

-16.24573 66.36035 9.79670
-16.72691 65.02464 10.85067
-13.33205 65.24741 12.19743
-15.90332 63.69393 12.48618
-14.54171 62.31139 13.97000
-13.78908 62.35815 12.37056
-13.12716 63.34277 13.69086
-15.67219 64.23041 14.90504
-14.39462 65.39899 14.51152
-16.05877 65.65893 13.94267
-13.80721 64.35014 7.58033
-12.07419 64.10116 7.86299
-13.22008 62.92043 8.44637
-12.60889 66.46069 10.63952
-10.47583 64.98083 9.10112
-10.28349 66.37141 10.14672
-10.50248 66.17883 12.61363
-10.80192 62.72437 10.06623
-10.16825 64.70928 14.56375
-10.47622 61.25895 11.98702
-9.93466 60.26053 15.46169

-11.04770 60.31332 14.08754
-9.27841 60.34808 13.82109

-12.13607 68.96091 7.02254
-14.26522 70.07667 6.56217
-14.52489 68.36149 6.92745
-14.88773 69.58451 8.15622
-9.83082 69.74455 7.38061

-10.17098 68.59628 8.69285
-8.88736 69.78196 8.87934

-9.24399 72.09004 9.12662

-10.30682 72.22879 7.72055
-10.86305 72.77983 9.30850
-11.12688 71.08570 13.14188
-9.76623 69.47660 14.45799

-10.51772 68.71626 13.04312
-8.78839 69.12831 13.01581

-8.19422 73.82056 14.86879

-7.47282 74.15211 12.42928

-7.24570 75.50603 13.53712

-9.52801 74.93474 14.55570
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-10.47424 62.32510 12.15479
-10.29128 62.86995 13.44512
-10.10516 62.10748 14.57270
-10.09259 60.67831 14.46740
-12.80331 68.45574 9.85104

-13.32827 70.72667 14.74379
-12.74582 72.32452 15.27107
-16.43829 68.66171 12.40400
-15.90663 68.66384 10.69789
-17.17495 66.66089 11.28284

19
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-2.13111
-1.30800
-0.47339
0.04426
-0.42100
-1.20468
0.32731
-2.35582
-0.77838
-0.31914
0.48474
0.41378
-0.57380
2.50787
1.42655
1.45533
2.88459
3.62653
0.74705
0.68411
-0.07527
-0.01072
2.67085
3.2177
4.56414
4.62869
3.64625
6.96622
5.76711
5.85793
6.95501
8.09697
6.12020
6.05556
5.07994
7.83488
6.69635
5.37767
5.34060
5.99988
4.96956
3.55019
3.30426
2.45049
1.98832

85.66206
86.77949
87.25067
88.36467
86.34637
85.58461
87.53523
86.38385
85.49237
86.39242
86.66942
85.44759
84.71523
86.13487
85.18413
83.90322
83.36782
83.79491
84.05859
82.76532
81.64168
83.06550
82.14206
82.40780
81.75715
80.61323
80.38500
80.28803
79.91207
78.74423
79.00992
78.61996
77.45891
76.21263
77.29466
79.97234
79.68330
80.18926
81.72250
82.38294
79.62045
79.97220
80.88259
79.40438
81.23126

Table C-10 Coordinates of Atoms in 49C1 (XYZ)

6.56439
6.95437
5.75596
5.74085
8.14012
9.22869
8.76344
9.85117
4.78815
4.75062
3.57705
2.66047
2.74411
1.55539
1.81875
1.10020
0.94333
0.06051
-0.25772
-1.09229
-0.37383
-2.42603
2.55479
1.77774
1.69467
2.71147
3.41808
2.07780
2.82930
3.71930
4.77090
4.53362
2.89669
3.79325
1.77699
6.78442
5.91022
6.32568
6.30431
7.10462
7.69687
8.10514
9.14969
7.43516
9.50014
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4.54161
4.33623
3.25466
2.10888
1.32825
1.81921
-0.78592
-2.19439
0.09582
-2.87805
-0.71804
-261572
-3.94091
-4.09979
-3.22314
-4.15964
-4.21841
-5.56988
-3.49002
-0.26829
-1.97043
-1.92772
0.33061
-1.60990
-0.51398
0.86258
1.05638
-0.36818
-3.09360
-2.84250
-1.98181
0.09210
1.50909
3.37537
2.79249
2.20462
0.90408
-0.27127
1.26862
1.69421
-0.20236
0.48292
-1.05762
-0.02996
-1.03368

82.28798
83.71795
84.21863
83.22904
82.79417
82.87153
81.89391
82.36830
82.33513
81.75264
80.36901
83.47745
84.05885
84.73573
85.97875
84.26463
85.00430
85.07539
87.07817
82.30010
83.93087
87.61375
85.65747
84.66326
85.30182
87.21086
87.93244
88.33000
86.64716
85.76991
87.28991
87.54387
86.85412
85.88794
86.10907
87.16025
83.15841
84.40661
84.81756
82.41892
80.79517
81.29811
81.99486
82.16777
83.39975

5.39778
5.25611
6.22605
6.49678
5.26102
4.13848
4.40286
4.74703
5.46917
5.56167
4.27097
4.13925
4.29414
5.67586
5.86041
1.77013
3.11162
5.96061
5.45676
6.41108
3.49740
7.29092
7.75551
8.80812
10.02418
9.65611
8.05762
9.03243
9.09375
10.60964
10.32678
3.05672
3.90213
2.16865
0.50392
1.76439
1.67179
-0.08006
-0.84174
-1.31493
-1.04928
0.49664
-0.05830
-3.04473
-2.24985

I I I I I I I rIIrIIrIIIIIrIIIXIIIIIIXIIIIIIIIIIIIIIIIIIIIICT

7.78808
4.91044
7.10791
6.24494
6.81065
5.07025
5.23875
4.07322
5.17258
8.59163
7.56838
8.27162
4.59179
5.04638
5.64608
4.12927
2.61293
1.82277
0.32790
-2.41770
-1.55703
-1.51200
5.26550
-0.48737
-1.39193
0.29949
-1.01225
-4.66698
-3.82146
-4.42882
-3.15425
-4.86335
-3.48593
-5.21412
-5.66242
-5.92593
-6.18961
4.04195
1.42107
2.51428
3.73403
2.84316

79.59132 2.22928
78.51901 4.19967
77.48525 243637
75.32037 3.19586
76.26614 4.57742
76.12787 4.25258
76.34644 1.26284
77.30733 2.1959¢
78.09717 1.04562
80.52689 6.22734
80.56455 7.65622
79.03573 7.13393
79.85957 5.66182
78.53332 7.65530
79.97210 8.47425
81.33459 9.68146
78.69759 6.63415
81.94012 10.29903
79.28825 7.23862
80.87261 9.06770
80.64161 7.54223
79.37507 8.80170
84.25689 5.44806
82.31418 3.44374
80.04408 3.47772
80.06850 4.01813
79.89082 5.20479
83.24554 4.24311
84.00672 6.43854
84.95344 0.96897
83.88737 1.58154
83.43179 1.77309
85.81232 3.09263
85.43559 3.20822
85.42677 6.98885
85.86071 5.29460
84.18710 5.83680
83.92863 4.22826
83.68724 7.20612
82.33724 6.96358
84.42413 7.18417
85.15350 5.84339

t9
(V)



C 1.13407 79.75029 7.78711
C 0.88601 80.67919 8.82151
O -0.37349 81.07476 9.20130
C -1.52175 80.44939 861352
H 3.99488 81.68500 4.79047

IITXTITXT

0.53358 83.84559 -2.95929

4.69784 81.36108
5.33932 82.49320
6.75172 80.31081
7.30519 81.27374

0.68737
1.90926
1.00917
2.39862
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-1.40870 68.35445
-2.01859 69.36331
-2.92162 70.25474
-3.81878 70.92609
-0.90745 70.17863
0.19939 69.29105
-1.47417 71.12308
-0.29844 68.29746
-1.93382 69.70823
-2.67048 70.28573
-3.38968 71.13471
-2.80219 70.92434
-2.26082 €9.84517
-3.64827 73.13438
-2.86890 71.91741
-2.12362 71.82584
-1.43489 73.15600
-2.06828 74.07951
-3.06539 71.41811
-3.56152 69.96587
-4.67927 €9.78931
-2.44039 68.96555
0.35488 72.52219
-0.12946 73.25629
0.64533 74.42197
2.13705 74.15202
2.48530 73.07769
2.57638 76.42384
3.02231 75.10990
4.47155 74.88129
5.06089 75.90537
5.51440 76.95752
5.13234 74.95952
6.61628 74.56701
4.43902 74.01537
5.53420 76.77415
5.05382 75.68730
4.57209 74.46551
3.29076 74.73601
3.30941 75.43866
§.67342 73.83551
5.30101 7247497
5.02507 72.30952
5.20905 71.35340
4.64497 71.05456

Table C-11 Coordinates of Atoms in 49C2 (XYZ)

5.95810
6.78628
5.92332
6.42692
7.47988
8.08479
8.55153
9.14141
423398
4.61626
3.68794
2.29103
2.04620
1.62561
1.38795
0.12287
-0.21337
-0.72205
-1.03667
-0.99083
-2.02622
-1.30527
0.53144
0.02050
-0.35891
-0.14099
0.35013
-0.92717
-0.45892
-0.35167
0.64102
0.19409
-1.74971
-1.67728
-2.74513
2.82707
1.97167
2.63598
3.43464
4.44315
3.50781
4.06869
5.43861
3.22363
5.94525
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217771
0.88324
0.75741
1.47132
0.99103

74.14803
74.23067
73.147077
71.84038
71.11282
0.36725 71.69942
0.88170 68.95582
0.38312 67.65067
1.28141 69.81541
1.18202 66.79633
2.07375 68.72469
-0.93692 67.51143
-1.58997 66.33495
-1.41215 66.27062
-2.21077 67.33766
-3.18938 66.21770
-3.06366 66.31094
-1.75434 64.87305
-3.37832 67.26054
1.78317 69.38055
-1.52194 68.27393
-2.62901 68.90461
-0.43354 70.80110
0.69285 68.73203
0.95117 69.93357
-0.65857 71.61464
-2.08873 71.89336
-2.08578 70.57264
-1.02186 67.60732
0.55001 67.72171
-0.75311 68.82355
-4.44680 70.86619
-3.26722 72.16825
-3.01887 73.88718
-4.04197 73.54008
-4.51183 72.93558
-1.32873 71.08457
-3.91477 72.08799
-2.51764 71.55584
-3.97999 69.74725
-5.05326 68.76541
-5.50333 70.46752
-4.30164 70.00318
-2.85360 67.95845
-1.97674 69.20835

2.99292
3.64392
4.74883
4.45627
3.20527
2.32488
2.03531
2.64837
3.13503
3.02561
1.10111
2.77666
3.33446
4.86972
5.62458
1.36792
2.89136
5.40617
5.89648
3.89683
2.44414
7.56677
6.72169
7.28852
8.54502
9.08239
8.08602
9.26608
8.70812
9.51246
9.98018
3.68550
4.01308
2.10205
0.69496
2.26011
0.19456
-1.05083
-1.97603
-0.00835
-1.99666
-1.80245
-3.02665
-1.36250
2.26177

I I I IrrI I IIrIIIrII I I IIIIIIIIXIIIIIIIIITITIIIIIIIIICIT

3.40677
4.70555
5.07474
7.06180
7.15901
6.71956
4.96899
4.43735
3.41144
4.96761
5.43315
6.58851
4.32763
6.56834
5.92607
5.08733
5.42250
4.42760
4.77354
3.84179
3.43808
5.14622
0.73749
0.09018
1.77457
2.39768
2.90317
-1.10343
-0.35383
4.24336
-2.75798
-2.67487
-3.57434
-3.56765
-1.51236
-2.81486
-1.16786
0.10561
1.34173
2.53516
1.20059
-0.29996

77.08720
73.86685
75.97158
74.63086
75.24131
73.54607
74.03101
72.99656
74.33133
77.68280
76.56206
76.96122
73.69042
73.71189
74.49163
73.15339
71.45360
70.95216
69.27179
66.71129
67.63922
67.35120
75.22067
69.40956
68.06046
69.67721
68.27186
65.45445
66.41260
66.15601
67.10137
65.32794
67.21558
65.44553
64.82906
64.65558
64.11788
74.08364
71.18375
72.02296
73.58041
72.98223

-1.16012
-0.04257
-2.15076
-2.67041
-1.01500
-1.30849
-3.69780
-2.35626
-2.92312
+2.61742
3.88851
2.61840
1.92401
2.88677
4.33938
6.11076
2.16914
6.99900
3.03769
548115
4.03299
4.4696S
4.07921
1.44151
0.28982
0.68001
1.64376
291118
5.09410
1.09575
0.90031
1.00403
3.22421
3.32009
6.46862
5.28410
4.88244
2.89485
5.31558
4.34519
5.65755
4.93929

(89
W
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4.83242 70.09731
4.53495 69.93407
4.14274 68.74029
4.14582 67.55069
2.24033 73.54953

3.73013
5.10094
5.65577
4.85579
2.17516

I ITIITITTXT

-1.68083 68.98204 -0.52511
0.46176 74.64024 -1.41148
0.32822 75.26591 0.25426
1.98045 76.31858 -1.83395
1.97619 76.90603 -0.15479

216
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Table C-13 Coordinates of Atoms in 57C1 (XYZ)

-10.01699 73.59194 15.03935
-10.03904 72.69440 16.16991
-11.47940 72.31758 16.54744
-11.71287 71.40288 17.33291
-9.28484 73.34262 17.34716
-9.93274 74.67537 17.76933
-7.80953 73.53858 16.96418
-9.25669 75.30460 18.99201

-12.19756 73.78130
-12.44598 73.03239
-13.86230 72.75390
-14.56084 73.65640
-13.85627 74.35162
-16.77446 72.85075
-15.90103 73.66972
-16.53598 74.47742
-17.94232 74.96291

-18.88304 74.17699
-16.55934 73.67362
-17.17389 74.42533
-16.40526 75.70946
-17.17061 73.50220
-17.30998 76.90125
-18.10645 76.27281

-19.39528 76.89920
-19.19713 78.41357
-18.13599 78.85105
-21.42478 78.70345
-20.16258 79.22347
-19.98890 80.68333
-20.32503 81.22710
-21.44690 81.68905
-20.85643 81.31823
-20.53984 82.81302
-20.61756 80.64035
-19.79468 81.71561

-19.42486 81.15106
-18.09264 80.52811
-17.85740 79.46351
-17.98658 79.73837
-16.98019 81.58801
-17.06840 82.62439
-16.50215 82.37448
-17.71847 83.85291
-16.58174 83.33498

15.34703
15.97944
16.08239
15.06145
14.32101
15.82010
14.97366
13.92218
14.29242
14.38985
12.60807
11.41320
11.07354
10.18870
14.39422
14.43440
14.63172
14.55954
14.11462
15.54884
15.01989
15.00689
16.40698
16.60760
13.89303
13.73670
12.53466
18.70765
17.40671
17.28704
18.36827
19.55898
17.31820
16.21478
14.95198
16.43084
13.92962
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-17.46742
-17.15665
-18.42495
-16.00640
-14.66828
-14.71996
-14.37209
-13.51850

78.24775
77.17614
76.35127
76.30387
76.96222
77.27473
78.23976
75.98672

17.97503
18.91233
19.16571
18.39207
18.00670
16.50380
18.81301
18.32255

18.28864
15.90645
14.44518
14.12790
15.88228
14.42327
13.99945
13.55587
13.16274

-16.14461
-15.79300
-13.40000
-11.95306
-13.55235
-11.04414
-13.71359
-11.72622
-10.39137 75.56602
-10.33407 74.08759 12.74428
-10.35118 73.04185 13.86639
-9.00184 75.33958 11.15595
-9.94645 76.29733 11.89018
-9.02180 74.03996 11.96255
-10.62935 71.88474 13.70713
-12.69232 77.39835 16.40892
-12.51367 75.36968 13.44439
-9.51419 71.76854 15.92454
-9.32673 72.65120 18.19076
-9.90185 75.38760 16.94354
-10.97423 74.49348 18.03293
-7.22640 73.82938 17.83726
-7.39965 72.60405 16.58023
-7.71660 74.30843 16.19758
-8.25164 75.64420 18.74317
-9.84006 76.16555 19.31981
-9.20706 74.58019 19.80552
-14.20499 72.96930 17.09459
-14.04189 71.70596 15.83817
-17.44762 7226309 15.19555
-16.23124 72.14712 16.44654
-17.36194 73.49127 16.47859

75.09242
77.37074
77.55795
77.18584
77.43%00
77.95765
78.99068
76.00195

-15.93487 75.37006
-15.53872 73.38961
-17.13525 72.76174
-18.21131 74.68342
-16.79999 76.13973

13.75505
12.35023
12.77204
11.63062
10.15266

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIITIIIICIICT

-20.08273
-19.77970
-21.78071
-21.28062
-22.20972
-18.97200
-21.91580
-21.18991
-20.70211
-19.50286
-21.17347
-18.55546
-20.86020
-20.36879
-18.92346
-20.40241
-17.97171
-16.96246
-16.02531
-16.00322
-18.16422
-16.14053
-18.31033
-17.85163
-18.98054
-17.43719
-16.83869
-18.21660
-19.21148
-18.76703
-14.41020
-15.08291
-13.37682
-12.54710
-13.59519
-13.57559
-14.08290
-13.52705
-14.76112
-13.08343

76.58038
76.60641
77.86262
78.37789
79.45821
80.97788
81.22121
83.24928
83.34282
82.94362
81.16589
80.66238
79.60609
80.97968
82.00787
82.61377
80.01196
82.09270
81.07037
81.43589
84.06452
83.12192
85.73976
87.28614
86.58279
87.30004
77.58817
75.56625
76.99515
75.89568
78.02625
79.02908
78.61122
76.46230
75.64825
75.12163
76.88187
79.08600
79.22024
79.70097

13.84709
15.60922
14.95338
16.57995
15.53198
14.75528
14.13209
12.97800
14.67504
13.42878
11.75789
12.28798
12.55644
19.27173
19.29015
18.58832
16.34364
18.28346
17.21550
14.75866
17.39187
12.96632
15.62687
12.34632
13.51286
14.06618
19.87100
19.89368
19.56047
18.23550
19.88164
18.57886
18.56716
18.18971
19.35652
17.66493
13.93121
12.92941
14.19581
14.53597

-8.66169 75.77129 13.94873
-8.37825 75.15939 10.14782
-7.98922 75.74213 11.10390
-9.45023 77.23793 12.13427
-10.80827 76.49603 11.25074
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-17.79970 84.81435 15.40848
-17.22903 84.56642 14.14034
-17.27371 8546117 13.09878
-17.92494 86.72512 13.27798
-17.27748 78.07088 16.99263

I T ITITITX

-16.52078 76.44726 11.86696 H -8.96462 73.16052 11.31972
-15.34639 75.48785 10.93637 H -8.18540 74.04006 12.66376
-17.63756 74.00699 9.34236 H -11.15496 73.87985 12.05603
-16.14768 73.23288 9.92353
-17.73386 72.59453 10.40804
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-14.90789
-13.61305
-12.58777
-11.39376
-13.76525
-14.40942
-14.586€0
-14.40247
-14.02596
-13.02938
-12.13511
-12.85582
-14.01483
-10.80265
-12.20982
-12.87048
-12.47603
-11.34079
-12.55665
-13.50562
-13.32097
-13.25718
-14.33802
-13.43012
-13.29045
-14.58076
-15.18067
-14.33695
-15.06472
-16.32494
-17.23825
-17.22098
-16.03373
-17.32242
-15.03060
-18.97504
-18.03908
-17.92237
-17.71007
-18.62815
-19.12583
-18.98681
-19.91826
-17.91495
-19.76152

77.77670
78.39243
77.87289
78.13262
79.92506
80.37453
80.41389
81.89685
76.99243
77.13160
76.46270
75.29906
75.04321
74.78701
74.57439
73.39683
73.18292
72.82327
72.16357
70.96528
69.98943
70.20089
73.70723
73.37473
73.11301
72.43685
71.71175
73.45888
72.66846
72.03233
73.06235
73.15211
70.80833
70.02377
69.83973
74.74081
73.85758
74.03051
75.51635
76.24223
73.42571
73.43639
74.10813
72.77342
74.13629

Table C-14 Coordinates of Atoms in §7C2 (XYZ)

3.49334
3.36367
4.38408
4.24591
3.43087
4.75597
2.22719
4.93253
5.52649
5.39940
6.32519
7.01244
6.68180
8.30590
7.94685
8.53474
10.00446
10.31116
7.66364
7.85998
6.69004
9.16725
10.60273
10.91119
12.33316
12.80731
12.01720
15.03438
14.04104
14.46760
15.15861
16.38427
15.37066
15.66361
14.72461
15.12254
14.42647
12.97315
12.67910
12.30485
12.22638
10.71118
9.89787
10.08662
8.50008
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-16.47416
-16.01765
-16.27784
-14.52230
-14.06202
-14.94999
-14.17358
-12.58837
-13.72564
-15.26896
-16.46213
-16.39406
-16.37383
-15.69854
-17.78510
-17.13414
-17.31072
-16.39370
-14.96141
-18.58129
-18.70152
-16.33479
-14.02719
-15.02446
-17.67657
-13.20778
-12.76760
-15.43892
-13.85360
-14.57339
-14.15686
-15.61842
-15.05980
-14.76070
-13.38902
-11.79941
-11.28145
-10.25766
-10.28932
-10.72804
-13.95260
-12.65355
-11.52632
-14.53873
-14.00191

75.96297
77.30605
78.21526
77.21519
77.38476
76.47377
78.86749
76.98528
76.96832
75.35255
76.33974
76.84238
76.94203
77.82021
76.77917
76.20069
76.66407
75.94398
76.47749
76.45460
76.27585
74.89362
75.81880
77.80782
75.40317
78.16190
80.36193
80.01857
79.94503
81.50175
80.02557
80.07118
82.37221
82.14088
82.28181
77.18514
76.07220
73.84528
75.49188
75.16659
73.53627
72.47414
71.84277
71.31480
69.14466

12.88829
12.58926
13.79540
12.27587
10.82031
9.95777
10.41926
10.65946
13.17137
10.35173
8.03922
6.60273
8.78643
6.33043
8.67488
5.69708
4.32815
3.32251
3.18556
2.31885
3.82845
3.61085
2.81551
8.39904
6.00766
2.37616
3.35982
4.80832
5.58981
2.17465
1.30354
2.30985
4.20531
§.93310
4.81578
7.06953
5.76928
8.23857
7.65676
9.32468
8.51430
6.62261
7.82069
7.84328
6.79860

I I IO IIrIrI I I I XX IIIIIIIITIIIIIIIIIIIIIIIIIIIIIIIIITT

-12.44783
-13.13349
-13.26832
-14.50253
-14.66106
-16.88464
-15.61259
-17.09635
-18.04936
-17.76019
-15.38928
-14.05418
-14.91255
-18.43329
-19.75388
-19.46613
-17.03744
-19.23440
-20.03640
-20.75825
-17.20047
-20.48764
-16.89125
-17.62263
~17.62416
-16.51946
-16.56127
-15.89485
-17.35002
-15.78195
-13.61762
-15.21527
-13.75416
-12.29468
-11.95296
-12.44644
-16.37935
-18.61935
-17.90059
-17.80012
-17.22127
-17.15072
-19.32468
-18.70044
-19.48169

72.45129
74.06987
73.24729
7452174
73.22472
71.62794
71.13509
69.17144
70.65300
69.66007
69.52854
70.31183
68.95753
75.59232
75.10922
74.20655
73.53985
72.38645
73.95435
74.61952
72.22460
74.66441
72.30435
71.79118
72.99062
73.19811
77.71069
79.21495
78.27880
77.81953
79.47955
79.18989
79.03116
77.07689
77.63247
75.95422
75.25265
76.49160
76.31293
77.86353
77.74949
76.01791
75.86467
77.51160
76.91022

12.53715
12.82943
14.98491
14.85480
16.04751
13.62415
16.32209
16.30489
16.17659
14.73347
13.74295
14.61908
15.35420
15.53643
14.45599
15.93746
12.58613
12.53797
12.50748
10.34536
10.67757
7.89858
8.27837
6.07023
4.77289
6.13923
11.73457
13.58824
13.98391
14.68265
11.13056
10.42321
9.42601
9.61443
11.26496
10.98067
8.04572
8.03779
9.65291
8.78835
4.25445
1.98728
1.78073
2.07480
4.25147
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-17.74673 72.81457 8.69310
-18.66295 73.51300 7.87746
-18.53005 73.61809 6.51305
-17.51318 72.85364 5.84829
-15.77700 75.30167 13.19567

ITITITX

-13.53923 70.49053 5.74638
-12.29488 69.62051 6.67004
-13.84227 69.28090 9.17247
-12.20055 €9.94892 9.26260
-13.56649 70.79254 10.02539

H
H
H

-18.90712 75.22794 4.05261
-16.69663 76.74928 1.31651
-17.14703 75.03746 1.50920
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Table C-15 Coordinates of Atoms in S8C1 (XYZ)

-10.75561 75.91038 11.20552
-11.55234 76.73821 10.33328
-12.94819 76.13715 10.11253
-13.77858 76.71559 9.41633
-10.79491 76.93543 9.00492
-10.51996 75.59115 8.30411
-9.48806 77.70001 9.26891
-9.86765 75.75979 6.92791

-12.49899 74.51452
-13.20410 74.96098
-14.44562 74.22877
-14.38329 73.00417
-13.41304 72.88924
-16.54072 72.18887
-15.36820 72.08079
-15.31929 70.97278
-15.98908 69.69186
-17.19877 69.64605
-15.93930 71.42007
-15.90394 70.35036
-14.47274 69.92682
-16.58802 70.90867
-14.21367 68.68217
-15.21603 68.61886
-15.72952 67.30370
-14.59518 66.29427
-13.569497 66.63512
-15.88945 64.67660
-14.69817 65.08312
-13.60559 64.10494
-13.27384 63.59130
-13.75936 62.52361
-13.99374 62.96828
-12.79441 62.04839
-14.48065 63.52396
-12.22051 63.77274
-12.51084 64.32388
-11.95523 65.65178
-12.33765 66.70364
-12.08066 66.52768
-10.43066 65.58597

11.24990
10.68039
10.52699
11.44475
12.19840
10.55231
11.42663
12.38105
11.86784
11.65183
13.71713
14.82494
15.18258
16.07874
11.89802
11.74247
11.42412
11.60438
12.23506
10.28870
11.03627
11.14436
9.73182
9.36233
12.12080
12.39416
13.46831
7.57070
8.89711
9.21998
8.16955
6.98084
9.40012

-9.97269 64.64697 10.49928
-9.91088 65.08503 11.83417
-9.60570 63.32084 10.20738
-9.48780 64.21553 12.85354
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-12.92044 67.82713
-13.28401 68.91949
-14.72183 68.70610
-13.11748 70.27656
-11.75387 70.65552
-11.76947 70.23610
-10.56748 69.99974
-11.55020 72.17567

8.59622
7.70381
7.21378
8.40019
9.00807
10.48684
8.28012
8.86883

-14.05677 71.05817
-12.54114 69.36688
-10.90556 70.69812
-10.29505 71.97425 13.31973
-10.90789 70.84786 11.30039
-9.07612 72.12153 13.34182
-10.09929 69.45698 13.14068
-11.15466 72.90541 13.73867
-10.84015 74.22064 14.28544
-10.06840 75.13047 13.31152
-10.99836 76.05022 12.51326
-9.10097 75.92329 14.20641
-9.98768 74.15422 15.55422
-9.46611 74.53456 12.62477
-11.82335 76.78163 12.98943
-10.26859 71.53483 10.93015
-12.13451 72.73029 13.53364
-11.69428 77.73370 10.75926
-11.41837 77.54874 8.35177
-9.87369 74.97089 8.92613
-11.46484 75.06879 8.15383
-9.02676 77.99869 8.32831
-9.69704 78.60239 9.84408
-8.79041 77.07632 9.82859
-8.85408 76.14716 7.02715
-9.81909 74.78879 6.43412
-10.46027 76.43931 6.31464
-14.54636 73.91839 9.48609
-15.28075 74.86878 10.81488
-17.45204 72.07735 11.13995
-16.61589 73.14503 10.03870
-16.50163 71.40745 9.79244
-14.27766 70.71845 12.56931

8.46635
10.89514
12.74321

-15.40918
-16.97988
-16.46283
-14.49217

72.30399
71.69508
69.46892
69.26945

14.07362
13.54041
14.50739
16.05235
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67.05398
67.31137
65.02254
65.09473
63.59320
64.53314
62.36025
61.23267

-16.55067
-16.08128
-16.79662
-15.84787
-15.96515
-12.70528
-14.79562
-13.09862

12.09741
10.39218
10.78458
9.28203
10.20845
11.58061
11.70131
13.05039

11.46592
12.87821
14.16201
13.89257
13.34223
6.89970
7.14529

-12.41621
-11.99609
-14.66104
-13.72695
-15.41350
-13.05283 63.98815
-11.30786 64.18468
-12.08104 62.69168 7.61699
-12.33578 66.03230 10.15836
-9.94739 65.30722 8.46447
-10.08172 66.58935 9.64884
-10.19409 €6.09692 12.08532
-9.64964 62.96160 9.18852
-9.44873 64.57256 13.87286
-8.91498 61.44182 10.94831
-8.05113 60.26958 14.30139
-9.17038 60.16996 12.93490
-7.47786 60.69347 12.68227
-12.63766 68.92486 6.82512
-14.99656 69.49886 6€.51686
-14.79900 67.74680 6.70108
-15.41119 68.71780 8.05913
-10.59959 70.24088 7.21720
-10.57708 68.91879 8.40398
-9.62887 70.37024 8.69332
-10.55080 72.47570 9.18258
-11.68484 72.46879 7.82701
-12.28111 72.70321 9.47766
-11.92461 70.58122 13.11436
-10.05208 69.38775 14.22782
-10.58429 68.56206 12.75034
-9.08594 69.51927 12.74234
-8.08482 75.57097 14.02295
-9.14962 76.99795 14.02425
-9.13402 73.48692 15.43733
-10.57412 73.86752 16.42797
-9.48616 75.59135 15.64972

61.62071
62.61034
62.70249
64.18830
64.07304



IO0OOo0O0O0n

-9.18380 62.44938 11.22655
-9.11876 62.88819 12.56763
-8.71729 62.08871 13.61024
-8.33507 60.73117 13.35565
-13.03421 67.98832 9.59307

I xTxTxX

-14.01686 69.37974 14.35795
-13.86804 70.80417 15.41439
-16.60526 70.14938 16.86124
-16.04919 71.78410 16.44280
-17.61469 71.19247 15.84500

H -8.63990 75.68634 16.33132
H -10.30116 76.24216 15.97086
H -11.77890 74.70645 14.55733

i)



APPENDIX D

ABBREVIATIONS



ADP - adenosine diphosphate

ATP - adenosine triphosphate

Boc - t-butyloxycarbonyl

Bop-Cl - bis(2-o0x0-3-oxazolidinyl)phosphinic chloride

Bn - benzyl group

BrOP - tris(dimethylamino)phosphoniumbromide hexafluorophosphate
CDI - carbonyldiimidazole

DCC - dicyclohexylcarbodiimide

DIEA - diisopropylethylamine

DMAP - 4-dimethylaminopyridine

DMF - N, N-dimethylformamide

EDC - 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

EN - triethylamine

EtOAc - ethyl acetate

GDP - guanosine diphosphate

GTP - guanosine triphosphate

HBTU - O-Benzotriazol-1-yl-N,N,N’ N -tetramethyluronium hexafluorophosphate
HOAT - 1-hydroxy-7-azobenzotriazole

HOBT - 1-hydroxybenzotriazole hydrate

IBCF - isobutyl chloroformate

Map - 3-amino-2-methylpentanoic Acid



Me - methyl group

NMM - 4-methylmorpholine

TBTU - O-benzotriazol-1-yl-N, N, N’,N -tetramethyluronium tetrafluoroborate
TFA - trifluoroacetic acid

THF - tetrahydrofuran

TMS - tetramethylsilane

Z - carbobenzyloxy
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