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ABSTRACT OF THE DISSERTATION

Explorations in Cobalt Promoted Cyclocarbonylation, Intramolecular Cyclization of Vinyl

Ethers, and Formation of Metal-Carbene Complexes with mRNA 5°-Cap Analogs

by

Carl John Ferber
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2022

Professor Craig A. Merlic, Chair

Chapter one describes a [2+2+1+1] reaction for the synthesis of quinones from alkynes.
Cobalt octacarbonyl, in a mechanism reminiscent of the Pauson-Khand reaction, combines two
equivalents of an alkyne with two equivalents of carbon monoxide via a series of insertions and
reductive eliminations, to form a quinone. In theory, this reaction provides rapid access to
complicated quinone structures. Unfortunately, a competing [2+2+2] reaction which is catalyzed
by cobalt to give benzene derivatives out competes the desired reaction, and high yields were
never achieved.

Chapter two details the investigation of three different intramolecular cyclization reactions
which endeavor to take advantage of the unique reactivity of vinyl ethers. Using complex vinyl
ether substrates synthesized by methods previously described by our group, these reactions

should provide easy access to relatively complex fused ring systems. The chapter primarily



focuses on the [2+2] cycloaddition of vinyl ethers with both ketenes and ketene iminium ions,
which yield cyclobutanone products. Also described is the investigation into the nucleophilic
attack of epoxides by vinyl ethers. Although perfectly sound from a mechanistic perspective, as
born out by intermolecular examples, the challenge of performing these intramolecular reactions
remains the incompatibility of vinyl ethers with certain necessary reaction conditions.

Chapter three describes the synthesis of a metal carbene complex using gold and an analog of
the 5’-cap of mMRNA,; the first such example to be synthesized via in situ generation of a carbene
at the C8 position of guanosine. The only previous example was generated via an oxidative
addition with platinum under extreme conditions. In our example we use extremely mild
conditions which suggest the possibility of forming such a complex with mRNA
oligonucleotides, and perhaps even in vivo. Such reactivity of mRNA is unprecedented and could

lead to interesting pharmaceutical possibilities.
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Chapter 1
Cobalt Promoted Cyclocarbonylation of Alkynes



1.1 Background

Quinones have long been studied for their wide-ranging biological activities.* They act in
beneficial roles as vitamins, antioxidants, antibacterial agents and anticancer drugs; but they have
also been shown to be acutely toxic, carcinogenic and even toxic towards the immune system.
These negative effects are generally due to their photoreactivity, including the presence of
quinones in the atmosphere as pollutants. Thanks to this relevance in a wide range of scientific
studies, new synthetic methods to access a variety of quinone structures continues to be of
interest. This chapter will specifically focus on methods of quinone synthesis using
stoichiometric transition metal complexes and catalysts.

The first report of a metal carbonyl complex reacting with an alkyne to form a hydroquinone

is the Reppe reaction, in which iron tetracarbonyl dihydride and acetylene react in water to give

Scheme 1.1 Chemical Equation of the Reppe Reaction and Intermediate

A.

OH
H2Fe(CO)4 +4 Csz +2 Hzo _— > 2 /©/ + Fe(OH)2
HO

0 0
[Rh(CO),Cl], + Me——=——Me I+ | -fRhCI| + +
benzene
80 °C
1-1 1-2 1-3
0
I ——— 11+12+ \ o
CHCly TRhCI
1-4 2



Scheme 1.3 Benzoquinones from the Photoreaction of Alkynes and Fe(CO)s.

A. (0] O
I: ___ Fe(CO)s .
o hv
(0] (0]
0]
/  Fe(CO Et Et
B. — (CO)s 1-5 Ce(lV)
hv
Et Et
0]
1-6

hydroquinone (Scheme 1.1A).2 Following this report, Wender and co-workers further elucidated
the metal complexes involved in this reaction, including the discovery that prior to reduction, the
product exists as a quinone coordinated to iron (Scheme 1.1B).2 Several years later, Kang and
co-workers described the reaction of rhodium carbonyl chloride and dimethyl acetylene, which
gave a mixture of several products; most interestingly duroquinone 1-3 and the duroquinone
rhodium complex 1-1 (Scheme 1.2).# Inspired by results they obtained in experiments with vinyl
cyclopropanes, Victor and co-workers observed that irradiation of cyclopropylacetylene with
iron pentacarbonyl gave a mixture of quinone isomers (Scheme 1.3A).°

Table 1.1 Disubstituted Benzoquinones from the Photoreaction of Primary Alkynes and Fe(CO)s.

O O
R R R
R—==H + Fe(CO)s a) hv, benzene N
b) Ce(lV), aq. EtOH
O O
1-7 1-8
Entry R % Yield 1 % Yield 2

1 -(CH2)sCHs 28 22
2 -(CH2)sCl 11 9
3 -(CH2)sCO2CH3 22 16
4 -CeHs 22 9
5 -CeH4CH3 18 9
6 -CeH4Cl 17 10



3-Hexyne also led to the quinone product, although treatment of an unknown intermediate 1-5,
likely an iron-quinone complex, with Ce(IV) was required to liberate the product 1-6 (Scheme
1.3b). While searching for methodology for the synthesis of disubstituted benzoquinone
derivatives, the group of Kazuhiro Maruyama undertook a more thorough examination of this
reaction with more common primary alkynes, and found the yields to be lacking (Table 1.1).%

They concluded that internal alkynes are much more suited to this reaction than primary alkynes.

Table 1.2 Synthesis of Naphthoquinones.

0 O
1
AgBF, R
M + Rl-——R?
CH3CN, 110 °C R2
o) sealed tube o

1-9 M = Co(PPh;),Cl
1-10 M = Fe(CO),

Entry R! R? % Yield from 1-9 % Yield from 2-10
1 Me Me 73 99
2 Et Et 90 95
3 Ph Ph 68 88
4 Ph Me 78 100
5 n-Bu H 65 95
6 Ph H 57 94
7 t-Bu Me 72 37
8 Et Allyl 80 75
9 EtO- Et 89 Low
10 n-Bu SiMes 68 22
11 Ph -(CH2),0H 27 81
12 Me COzEt 0 74
13 Et Ac 68

The first truly general syntheses of quinone compounds using alkynes and transition metal
complexes were developed by the group of Lanny Liebeskind at Florida State University.
Wender and co-workers reported dicobalt octacarbonyl complexes with alkynes in the 1950’s,
and more recently Michael Jung’s group had developed a Diels Alder reaction between

benzoquinone and substituted benzocyclobutene-1,2-diones.” Combining these precedents with



the knowledge of some intermediates isolated by Kang, Liebeskind and co-workers developed
the reaction shown in Table 1.2, reacting both iron and cobalt metalla-2-indane-1,3-diones with
alkynes to form a variety of substituted naphthoquinones.®® The basic mechanism of this
reaction is shown in Scheme 1.4. They were also able to make use of this reaction to affect an
intramolecular ring closure in the racemic total synthesis of Nanaomycin A (Figure 1.1),

completing the synthesis in nine steps and an overall yield of 6.8 percent.’ In a follow-up study,

Figure 1.1 Nanaomycin A. | jepeskind and co-workers were able to greatly expand the substrate
OH O =

scope of the reaction to include alkyl cyclobutendiones.!! Once the

COH maleoylcobalt complexes 1-11 have undergone ligand exchange to

the dimethylglyoxime complexes 1-12 (Scheme 1.5), they are able
to react with a wide variety of alkynes without AgBF4 to give the substituted benzoquinone
products shown in Table 1.3. Most notable of these results is the clear trend toward electronically
controlled regioselectivity when both an asymmetric cyclobutadiene and alkyne are used (1-13h-

). Further tuning of the dimethylglyoxime complex and addition of a different Lewis acid

Scheme 1.4 Mechanism of Quinone Synthesis via Metallacyclopent-3-ene-2,5-dione.

O

0O
R —_ '
L '—R reductive R R
n ———> '\
i i elimination
R \ insertion R’
@]
Scheme 1.5 More Effective Maleocobalt Complexes.
Me H
AN
_N X, OH o ©°
"R cicoPphy) p PPy MO \\H\N r N
/ o] - , ] . /
O e bl TR T
S o CeMe 60°C R % PPhy pyridine R A
O\ /O
1-11 o112
L = pyr



provided excellent regioselectivity with asymmetric alkynes, especially those bearing an electron
withdrawing group (Table 1.4).%2

Table 1.3 Alkyl Benzoquinone Products (% Yield, Isomeric Ratio, Favored Isomer Shown).

0 X O O OFF

1-13a 81% 1-13b 85% 1-13c 85% 1-13d 79% 1-13e 88%
0 0 0 0 0
Qf’?\/\/ Meo;(ka Meo: : : AN Meo;@\/\/ -
0 0 0 0 0
1-13F 84% 113g80%  1-13h 81%,5:1  1-13i 89%, 3.7:1 113 73%, 2.8:1
(0] (0]
MeO CO,Et MeO
OEt
(0] (0]
1-13k 64%, 3.7:1 1-131 81%, 13.5:1

Table 1.4 Trifluoroacetate Substituted Cobalt Complex Reaction.

/H\
o o
Me | = RI——R? Me R’
| o
xN Lewis Acid, rt )
C DCM, 12-48 hrs MO R
“H 0]
L = pyridine major isomer
X = OCOCF;

Entry R? R? Lewis Acid % Yield Isomeric Ratio
1 n-Bu H SnCls 71 10:1
2 n-Bu H Zn(SOsCFs); 74 12:1
3 Me COzEt SnCls 76 18:1
4 Me COqEt Zn(SO3CF3)2 79 21:1
5 t-BuMe2SIOCH2- Me SnCly 55 20:1
6 t-BuMe2SiOCHa2- H SnCly 57 10:1



Scheme 1.6 Synthesis of Trisquinones.

R? | O/Q
Co

R'"  OMe N
R4
2 (0]
R c=s,
s R* = Me, benzo
MeO R L = SMe,, CO

OMe OMe
This methodology was also leveraged for the synthesis of trisquinones in high yield, a

traditionally challenging structural motif of great interest for their biological activity (Scheme
1.6).13

While the work of Liebeskind represented a huge step forward in the use of metals to
synthesize benzoquinone derivatives, the stoichiometric metal required posed a major limitation
on the practicality of the reaction. Taking inspiration from the well-studied Pauson-Khand
reaction, Mitsudo and co-workers developed a set of conditions for the general reaction of

alkynes with electron deficient alkenes and carbon monoxide to yield hydroquinone products

Table 1.5 Synthesis of Functionalized Hydroquinones via Ruthenium Catalyzed Carbonylation.

OH
[Cp*RUCl,], (3 mol %) R
R———R' + CO + ZORo
20 atm DMF, 140°C, 20-40 hrs R
OH
OH OH OH OH OH
Pr Pr Pr Pr Pr
Pr Ac  Pr CN  pr CO.Et Pr NMe, br
OH OH OH OH O OH (|3
1-14a 79% 1-14b 68% 1-14c 75% 1-14d 46% 1-14e 39%
OH OH OH OH OH OH
Pr Et Me Pr Et AcO
Et
Pr Et Ac Pr Ac Me Ac AcO Ac Et Ac
OH O OH OH OH OH OH
1-14h, 1-14h’ 1-14i, 1-14i'
1-14f 549 1-14g 60% ’ ,
o4% goum 62% (57:43) 75% (60:40)



catalyzed by ruthenium (Table 1.5).* The hydroquinone results from tautomerization of the
initial 2-cyclohexene-1,4-dione product. Comparing these results to earlier [2+2+1+1] reactions

Table 1.6 Rhodium Catalyzed Cyclocarbonylative Coupling of Alkynes.

O
RhCI(CO
o [(2.5 r(nol 2/§])2 R R™ R R
R—==—R' + COIN, YV ¥
1:1 bubbling refl;ri, 24’ hrs R R R’ R’
o] 0]
115 115
Entry R R’ % Yield 1-15:1-15°
1 C2Hs CzHs 87
2 n-CsHo n-CsHo 96
3 n-CsHu1 CHs 28 48:52
4 PhCH:> n-CsHu 35 53:47
5 p-CICsH4CH> n-CsHig 40 51:49
6 Ph CHs 89 80:20
7 Ph C2Hs 85 84:16
8 Ph n-CaHo 65 51:49
9 Ph n-CsHu1 59 46:54
10 p-CH3CsH4 n-CsHu1 87 52:48
11 p-CH30CsH4 n-CeHis 80 50:50
12 p-CH3OCsH4 N-CsHas 86 47:53
13 p-CH30CsH4 NC(CH2)3 53 49:51
14 n-CsH11 50 52:48
ads
15 p-ClCeH4 N-CsHas 40 59:41
16 R n-CsHu1 45 59:41
O
17 Q%“ n-CsHu1 31 75:25
CO,Me
18 Me n-CsHu 26 61:39

involving two alkynes and two molecules of carbon monoxide such as that of Kang and
Maruyama discussed earlier, the high pressure of carbon monoxide appears to be vital to the
success of the reaction. By switching to a rhodium catalyst, Huang and Hua were able to

successfully perform the [2+2+1+1] cyclocarbonylative coupling between two alkynes in good to

8



excellent yield, resulting in the benzoquinone product directly, rather than the hydroquinone
(Table 1.6).2%° Unfortunately, this reaction only showed a moderate regioselectivity of 4:1 in
the best example.
1.2 Introduction

The Hua reaction for the cyclocarbonylative homocoupling of alkynes is the current state of
the art for synthesis of quinones from alkynes. There are, however, two major drawbacks to the

method. Firstly, the high cost of rhodium metal, roughly nine times the price of gold, and second,

Scheme 1.7 Discovery of Cobalt Promoted [2+2+1+1] Cycloaddition.

Co(CO);
A.
(OC)3Co{
0
NMO (6 equiv) 0
o slow addition
MeCN, 50 °C,
\ 14 h, 44% H
(@)
B. (OC)3C0—Co(CO)
NH,OH Q oH O
(16 equiv) -~ X
1,4-Dioxane [ _—
90 °C, 48 h, 17%
O OH O
C.
~oN A~
NH4OH Q oH ©
(OC) 3Co (11 equiv)
(OC) 3C0 1,4-Dioxane
90 °C, 36 h, 26%
O OH O~
D S~ A~
O OH O

Co,(CO)g (0.25 equiv)
NH4OH (2.5 equiv)

1,4-Dioxane
90 °C, 17 h, 21%



the requirement for use of highly toxic carbon monoxide gas. We hoped to develop a method
which overcomes both of these shortcomings.

A previous member of the group made a serendipitous discovery while developing the
transannular Pauson-Khand reaction shown in Scheme 1.7A, using cobalt complexes of alkynes
to promote the reaction.® It was found that the complex formed between dicobalt octacarbonyl
and an alkyne would undergo a [2+2+1+1] cycloaddition to form the hydroquinone product
under the correct conditions and with addition of the ammonium hydroxide as an additive
(Scheme 1.7A-B). Ammonium hydroxide is known to accelerate the rate of the Pauson-Khand
reaction by promoting the decomplexation of carbon monoxide.!” Surprisingly, similar results
were also achieved using uncomplexed alkyne and dicobalt octacarbonyl (Scheme 1.7D). The
remainder of this chapter will describe efforts to optimize this [2+2+1+1] reaction for the
practical synthesis of quinones and hydroquinones.

1.3 Efforts Towards a Practical Synthesis of Quinones via a [2+2+1+1] Cycloaddition of
Alkynes and Dicobalt Octacarbonyl

Optimization of the reaction began using 1,4-dimethoxy-2-butyne 1-16 as the substrate (Table
1.7). Repetition of the previously reported conditions gave not the expected hydroguinone, but
the oxidized quinone form 1-17 in 22% vyield, with low conversion of 1-16 (entry 1). The crude
NMR of this reaction clearly shows two products and the starting material with only trace
impurities. Increasing the temperature of the reaction to 120 °C gave an entirely different
product, a hexa-substituted benzene ring 1-18, in 75% vyield (entry 2). Lowering the temperature
to 70 °C greatly reduced conversion of the starting material, giving only a 6 % yield of 1-18 and
trace quantities of 1-17 (entry 4). Increasing the molar equivalents of the Co2(CQO)s complex

gave 1-17 in 16.6% yield and a 50% yield of 1-18, with almost total consumption of substrate
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(entry 3). In previous preliminary results addition of carbon monoxide gas was shown to have
no positive effect of the outcome of the reaction. At this point the workup was modified from
the original report to better remove cobalt by adding a wash with ethylenediaminetetraacetic acid
to complex and extract into an aqueous layer the cobalt which could not be removed by physical
filtration. The model substrate was also changed to the propyl compound 1-19 for ease of

handling due to the increased molecular weight of the substrate (Scheme 1.8A).

Table 1.7 Initial Reaction Optimization.

MeO

OMe Cox(CO)s OMe O  OMe OMe
| | 2.5 equiv. NH,OH .\ MeO
1,4-dioxane B} OMe
OMe 1on. 4 OMe O  OMe OMe \ome
1-16 117 1-18
Entry Temperature (°C)  Co2(CO)g equiv. 1-17 % yield 1-18 % yield

1 90 0.25 22 -
2 120 0.25 0 75
3 90 0.5 16.6 50
4 70 0.5 trace (6)

Switching substrates to 1-19 led to a mixture of the hydroquinone and quinone products 1-20
and 1-21, as well as the substituted benzene product 1-22. Presumably, 1-20 is generated via the
reduction of 1-21. The proposed mechanism for the formation of quinone 1-21 is shown in
Scheme 1.8B. Dicobalt octacarbonyl complexes to the alkyne 1-19 to form complex I, which
then undergoes two rounds of carbon monoxide insertion promoted by aqueous ammonia to give
complex III. The cobalt then forms a m-complex with another equivalent of 1-19, followed by a
migratory insertion leading to complex V. Two rounds of reductive elimination leads to VI,
which can then release quinone 1-21. This process is not technically catalytic, but the cobalt
complex should, in theory, react multiple times until the carbon monoxide is consumed. The

catalytic cycle for the formation of substituted benzene 1-22 is shown in Scheme 1.8C. Dicobalt

11



Scheme 1.8 Reaction Products and Proposed Mechanisms

A.
OPr Coy(CO)g OPr OH OPr  OPr O OPr
|| NH,4OH . PO
1,4-dioxane
OPr A OPr OH OPr OPr O Pr
1-19 1-20 1-21 1-22
B.
0
A _ 0C)sC OC Co NH3
o) 1419 (OC)3Co—Co(CO); NH3 (OC)s O\Co(CO NH3 )2

(OC)3Co—Co(CO)

i - > “Co(co),
3
c’ 2CO . R
0O |nsert|on msertlon

0o - NH,4 l +1-19
R R
R R
R R R 0 xR
o) 2 NH; (OC)5Co R 2CO OC 2CO R - NH; OC ZCO NH3
-~ i -~ co(coy, ~——— Co(co),
1-21 (OC)sCo R reductive insertion
R elimination
+ o x2
/NH3 VI v v
(OC)3C0o—Co(CO)3 —— 3 more cycles
H3N
VII
C.
? R—=R
C 1-19 (OC)3CO\_CO(CO)3 -CO (OC)3C0\_CO(CO)2 1-19
(OC)3Co—Co(CO); ———= — —2> (0C)3Co—Co(CO),
C -2CO R R R R
o I VI R R«
1-19 insertion | CO
R (OC)sCo~__
X1 R R R / \ Co(CO)s repeat last (0C)3CO=Co(CO),
(OC)3Co—Co(CO); ~— Egggsgz « & R 3 steps . O~R
3
* R R reductive R R R R
R R elimination R «
R R X1 x2 XI
R R
R
1-22

octacarbonyl and 1-19 again form complex I, which then exchanges a carbon monoxide ligand

for a m-complex with 1-19 (1X). The alkyne then inserts to give complex X. This process then
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repeats to give XI, which can then undergo two rounds of reductive elimination to give complex

XI1. Release of the product 1-22 then restarts the cycle.

Table 1.8 Optimization of Conditions

OPr Co,(CO)g OPr OH OFPr OPr O OFPr
NH,OH
| | 1,4-dioxane, A
OPr OPr OH OFPr OPr O OFr
1-19 1-20 1-21
Entry  Time (h) Co02(CO)s equiv. NHsOH equiv. [M] Combined Yield (%)?
1 16 0.25 2.5 0.5 27
2 16 0.25 2.5 0.25 (25)
3 16 0.35 2.5 0.5 (16)
4 16 0.5 2.5 0.5 (26)19
5 16 0.5 2.5 0.25 22
6 16 0.75 2.5 0.5 (28)
7 16 1.0 25 0.5 (20)
8 16 0.5 15 0.5 23
9 16 0.5 3.5 0.5 (22)
10 48 0.25 2.5 0.25 (37)

(a) numbers in parenthesis are nmr standard yield.

A range of reaction conditions were examined with ammonium hydroxide as an activator
(Table 1.8). It is known that the acidity of the glass of the reaction flask can affect the yield of
Pauson-Khand reactions.® Believing our reaction to follow a similar mechanism, we pre-treated
the pressure tube in a bath of concentrated potassium hydroxide in isopropyl alcohol. This
resulted in an increased ratio of 1-20 to 1-22, so this method was used for all subsequent
reactions (entry 1). Concentration did not have an effect on the result of the reaction (entries 1-2).
Varying the molar equivalents of the cobalt complex had no significant effect, positive or
negative, on the yield of the reaction (entries 3-7). Varying the equivalents of ammonium
hydroxide had a small negative effect on the yield (entries 8-9). A significantly increased

reaction time did have a small, but meaningful, positive effect on yield due to increased
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conversion (entry 10). Yields in parenthesis were obtained by internal *H NMR standard in all
tables.

Convinced that simply altering the conditions would not lead to a practical yield, we
screened several alternative activators (Table 1.9).*° Out of the six activators screened, n-
butylamine was the only reagent that led to yields comparable to ammonium hydroxide. No
additional activator led to the [2+2+2] reaction pathway, indicating that the activator serves to

promote the [2+2+1+1] pathway over the thermodynamically preferred pathway.

Table 1.9 Activator Screen

OPr C02 CO OPr OH OPr OPI’ O P
| | act|vator
1 ,4-dioxane
90 °C, 16 h
(0]
1-22

Pr OPr OH OFPr OPr O OPr

1-19 1-20 1-21

Entry Activator Product Yield (%)?2
1 NHMe; NR -
2 BnMe3NOH 1-21/1-22 (1.7)/(34)
3 Pyridine 1-22 (13)
4 n-butylamine 1-20 + 1-21/1-22 15.5(32)/19
5 Pyrrolidine 1-21/1-22 (10.5)/(24)
6 Dimethyl Sulfoxide NR -
7 none NR -

(a) numbers in parenthesis are nmr standard vyield.

A series of experiments were also performed attempting to find a reductive or oxidative
workup which would yield only hydroquinone or only quinone product. Ceric ammonium nitrate
and sodium borohydride were both examined, but failed to give a single quinone derived
product. Zinc dust provided exclusively the reduced hydroquinone form, and sodium thiosulfate

the oxidized quinone, but both resulted in reduced yields (Scheme 1.9).
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Scheme 1.9 Reductive and Oxidative Workups.

OPr
Il + C0,(CO)g + NH,OH

OPr
1-19

B. OPr

|+ Coy(CO)g + VNHZ

1-19

a) 1,4-dioxane
90 °C, 16 h

b) Zinc dust

a) 1,4-dioxane
90 °C, 16 h

b) N328203

OPr OH OPr opr O
+ OPr
PrO
OPr OH OFPr OPr
ProO
1-20 1-22
14% yield 15% yield
OPr
OPr O OPr OPr
OPr
+
PrO
OP
OPr O OFPr Pro r
1-21 1-22
10% yield

Having seen no significant improvement in yield with any alteration of the conditions or

reagents, a handful of alternative substrates were examined (Table 1.10). The t-

butyldimethylsilyl ether protected diol 1-23 gave a yield of the quinone product comparable to

that of 1-19. Diphenyl acetylene (1-24) was consumed under reaction conditions, but led to

undesired side products. The diacetate 1-25 and 3-hexyne (1-26) were both unreactive, with most

of the starting material recovered.

Table 1.10 Additional Substrates Examined

OTBS

TBSO

1-23
(19% yield)

O
Ph
(@)
|\| l I
Ph )J\O
1-24 1-25 1-26
(0% yield) (NR) (NR)

15



1.4 Conclusion

At this time we stopped pursuing the optimization of this reaction. As discussed above,
significant effort to find a proper set of conditions has yielded only a very small amount of
progress, and alternate substrates also appear to have no positive effect on the results. The
requirement for the reaction to be run in a pressure tube also prevents practical safe scale-up, at
least in an academic lab setting. Ultimately, the [2+2+2] reaction out competes the desired
[2+2+1+1] pathway, despite our best efforts, and prevents the quinone product from being
obtained in high yields.
1.5 Experimental Section
General Information

Unless otherwise specified, reactions were run under nitrogen using dry solvents. DCM was
distilled over CaH». Dioxane was used as purchased from Fisher Scientific. All chemicals were
used as purchased from commercial sources. NMR data was obtained using a Bruker ARX-400
instrument and calibrated to the solvent signal (CDCls : § = 7.26 ppm for *H NMR, & = 77.2 ppm
for 13C NMR). Data for 'H NMR spectra are reported as follows: chemical shift (5 ppm),
multiplicity, coupling constant (Hz), then integration. Data for **C NMR spectra are reported in
terms of chemical shift. The following abbreviations are used for the multiplicities: s = singlet, t
= triplet, sex. = sextet. Flash column chromatography was performed using 40-63 mesh silica
gel.
Experimental Procedures
Table 1.7 Representative Procedure (Entry 1)

To a glass pressure tube was added dioxane (2 mL), 1-16 (0.114 g), and cobalt octacarbonyl

(0.085 g), then while stirring added ammonium hydroxide (4 M in H20, 0.625 mL), flushed with
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nitrogen gas and capped. The reaction was heated at 90 °C for 16 hours. After cooling to room
temperature, the dark green solution was diluted with EtOAc, filtered through celite, and
concentrated in vacuo to an orange oil. The crude product was purified by flash column
chromatography (silica gel, 65:35 hexanes/EtOAC) to give pure 1-17 (32 mg, 22% yield) as a
pale-yellow oil. tH NMR (400 MHz, CDCls): § 4.43 (s, 8 H), 8 3.38 (s, 12 H).
Synthesis of 1,4-Dipropoxy-2-butyne (1-19)

PrO

HO KOH .
\T\ + /\/Br W \T\

OH OPr
1-19

A round bottom flask under nitrogen atmosphere was charged with 1,4-dihyroxy-2-butyne
(1.08 g) and DMSO (20 mL). KOH (1.75 g) dissolved in H20 (5 mL) was added and stirred for
30 minutes. The reaction immediately changed from a light orange to a dark orange brown color
upon addition. The reaction was cooled to 0 °C and bromopropane (2.5 mL) was added
dropwise. After 10 minutes the reaction was heated at 70 °C for 24 hours. The reaction was then
cooled to 0 °C and 35 mL of H20 was added. The solution was then extracted 3x with Et.O, and
the combined organic layer was washed 3x with H-O, dried with anhydrous MgSOsa, filtered, and
concentrated in vacuo to a pale-yellow oil. The crude product was purified via flash column
chromatography (silica gel, 95:5 hexanes/EtOAc) to give 1-19 as a colorless oil (1.22 g, 57%
yield). *H NMR (400 MHz, CDCla): & 4.18 (s, 4 H), § 3.46 (t, J = 6.7, 4 H), § 1.61 (sex, J = 7.4,
4 H),50.93 (t,J =7.4,6 H). BC NMR (100 MHz, CDCl3): § 10.5, 22.8, 58.3, 71.9, 82.3.
Tables 1.8 and 1.9 Representative Procedure (Table 1.8, Entry 8)

A pressure tube which was pretreated in a potassium hydroxide and isopropanol base bath
was charged with cobalt octacarbonyl (0.171 g), evacuated, and backfilled with nitrogen gas.

Dioxane (4 mL), 1-19 (0.17 g), and ammonium hydroxide (4 M in H20, 0.375 mL) were added.
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The tube was sealed and heated at 90 °C for 16 hours. After cooling to room temperature, the
reaction was diluted with Et,O and filtered through filter paper to remove precipitate. The filtrate
was washed once with aqueous EDTA, dried over anhydrous MgSQyg, filtered, and concentrated
in vacuo to an orange oil. The crude product was purified via flash column chromatography
(silica gel, 93:7 hexanes/EtOAC) to yield 1-20 as a white solid (22 mg, 11% yield) and 1-21 as a
yellow oil (23 mg, 12% yield). 1-20 *H NMR (400 MHz, CDCl3): 8 8.11 (s, 2 H), § 4.71 (s, 8 H),
§3.45(t,J=6.7,8 H), 5 1.61 (sex., J= 6.8, 8 H), § 0.91 (t, J = 7.4, 12 H). 1-21 *H NMR (400
MHz, CDCls): § 4.48 (s, 8 H), § 3.45 (t, J = 6.7, 8 H), § 1.57 (sex., J = 6.8, 8 H), 5 0.89 (t, J =
7.4, 12 H).

Reductive Workup with Zn (Scheme 1.9A)

A pressure tube which was treated in a base bath was charged with cobalt octacarbonyl (0.171
g), evacuated, and backfilled with nitrogen gas. Dioxane (4 mL), 1-19 (0.17 g), and ammonium
hydroxide (4M in H20, 0.625 mL) were added. The tube was sealed and heated at 90 °C for 16
hours. After cooling to room temperature, the reaction was diluted with Et.O and filtered through
filter paper to remove precipitate. The filtrate was washed once with aqueous EDTA, dried over
anhydrous MgSOsa, filtered, and concentrated in vacuo to an orange oil. The crude product was
dissolved in 2 mL of AcOH and Zn dust (100 mg) was added. After sonication for five minutes
the Zinc dust was removed via filtration and the solution was concentrated in vacuo, giving 1-20
in 14% yield by NMR mesitylene internal standard, 1-19 in 14% yield by NMR mesitylene
internal standard, and 1-22 in 15% yield by NMR internal standard.

Oxidative Workup with Na2S203 (Scheme 1.9B)
A pressure tube which was treated in a base bath was charged with cobalt octacarbonyl (0.171

g), evacuated, and backfilled with nitrogen gas. Dioxane (4 mL), 1-19 (0.17 g), and butylamine
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(0.24 mL) were added. The tube was sealed and heated at 90 °C for 16 hours. After cooling to
room temperature, Na»S>03 was added (0.32 g), followed by water until all solid was dissolved.
After the reaction was stirred vigorously for 30 minutes, Et,O was added and the organic layer
isolated. The organic solution was washed with aqueous EDTA, dried over anhydrous MgSQsa,
filtered, and concentrated in vacuo. 1-21 was obtained in 10% yield by NMR mesitylene internal
standard.

Synthesis of 1,4-bis(tert-butyldimethylsilyloxy)-2-butyne (1-23)

\N/
H
HO . A, M mesa eSO
oH || _ [N/> DCM oTBS
N

1-23

Anhydrous DCM (80 mL) was added to a flame dried round bottom flask under nitrogen
atmosphere. 1,4-dihydroxy-2-butyne (1.00 g, 11.6 mmol) was added and stirred vigorously,
followed by DMAP (0.14 g) and imidazole (1.9 g), giving a semi-transparent yellow suspension.
Tert-butyldimethylsilyl chloride (4.2 g) was added, immediately turning the reaction opaque
white. After 1 hour 10% aqueous potassium carbonate (40 mL) was added, and the aqueous layer
was isolated and extracted with Et2O (3x 40 mL). The combined organic layers were washed
with brine, dried over anhydrous MgSOsa, filtered, and concentrated in vacuo to give an orange
yellow oil. The crude product was purified via flash column chromatography (98:2
hexanes/EtOAC) to give 1-23 as a colorless oil (3.47 g, 95% vyield). *H NMR (400 MHz, CDCly):
8434 (s, 4 H), 50.90 (s, 18 H), 5 0.11 (s, 12 H).

Synthesis of 1-27

OH
TBSO _ NH4OH, COz(CO)g TBSO OTBS
OTBS dioxane, 90 °C TBSO OTBS

1-23 8

1-27
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A pressure tube which was pretreated in a NaOH isopropanol base bath was charged with
cobalt octacarbonyl (0.171 g), evacuated, and backfilled with nitrogen gas. Dioxane (4 mL), 1-23
(0.315 g), and ammonium hydroxide (4M in H20, 0.625 mL) were added. The tube was sealed
and heated at 90 °C for 16 hours. After cooling to room temperature, the reaction was diluted
with EtOAc and filtered through silica to remove precipitate. The filtrate was concentrated in
vacuo, diluted with Et,O washed once with aqueous NazS, then with H.O. The aqueous layer
was then back extracted with Et,O, and the combined organic layers were dried over anhydrous
MgSOs, filtered, and concentrated in vacuo to an orange brown solid. The crude product was
purified via flash column chromatography (97.5:2.5 hexanes/Et20) to give 1-27 (67 mg, 19%
yield). *H NMR (400 MHz, CDCl3): & 8.40 (s, 2 H), § 4.90 (s, 8 H), 5 0.89 (s, 36 H), & (s, 24 H).

13C NMR (100 MHz, CDCls): § 124.1, 59.3, 25.9, 18.2, -5.4.

1.6 'H and 13C NMR Data
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Chapter 2

Intramolecular Cyclization Reactions of Vinylic Ethers
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2.1 Background

The [2+2] cycloaddition of ketenes with alkenes was first discovered by Staudinger and co-
workers in 1906.* This included the reaction of cyclopentadiene, shown in scheme 2.1, which
was originally expected to undergo a Diels-Alder reaction. The regioselectivity of this reaction
was determined simultaneously several years later by both Lewis and Smith.? Over the last 100
years an enormous amount of research has been conducted on this reaction. This mini review
will focus on work which directly influenced the experiments which are the main focus of this

chapter; for more detailed relevant reviews, see the writings of Brady, Snider, Hyatt, and

Reynolds.?
Scheme 2.1 [2+2] Cycloaddition of Cyclopentadiene and Diphenyl Ketene
Ph H o
>:C:O + —_—
Ph heat Ph
H Ph

Vinyl ethers have been known to form cyclobutanones with ketenes since the early Staudinger
reports. However, it was Huisgen and co-workers who demonstrated that when using propenyl
propyl ether, the cis isomer of vinyl ethers reacts at a rate at least two orders of magnitude faster
than the trans isomer.* This turns out to be a general trend for all alkenes, including simple alkyl-
substituted double bonds. This fits into the mechanism of Staudinger’s cycloaddition which was
debated for decades, with evidence presented to support both stepwise and concerted
mechanisms. Loss of stereochemistry with trans alkenes and kinetic isotope effects imply a step-
wise mechanism; while retention of cis alkene stereochemistry, a lack of solvent effect, and
adherence to Woodward-Hoffman rules suggest a concerted mode with a single transition state.
As is the case with so many reaction mechanisms, the reality lies somewhere in the middle, and
is dependent on the substrates. Neil Issacs provides a good summary of evidence and an

explanation of the mechanism.® The transition state takes on an orthogonal orientation, with the
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ketene adding antarafacially and the alkene reacting suprafacially (Figure 2.1). The suprafacial
reaction of the alkene leads to conservation of the alkene stereochemistry. Trans olefins react
slower due to steric interactions between one of the alkene substituents with one on the ketene,
whereas cis olefins are able to avoid this steric conflict. The mechanism can be best described as
semi-concerted, with bond A in the transition state being more fully formed than bond B, which
has some diradical character. More steric hinderance between the olefin and ketene leads to a
less concerted mechanism. It’s also worth noting that because little solvent effect was observed,
it is likely that polarity of the substrates has little effect on the mechanism, although it does

influence regiochemistry.

Figure 2.1 Cis Vs Trans Olefin Transition States

R
O
B—H"
Ph ShiH
/‘\ 2 - Te—
Steric TR
] Ph
Interaction
cis-Alkene trans-Alkene

The first attempt at general conditions for the cyclization of vinyl ethers with ketenes was
reported by Aben and Sheeren (Table 2.1).% They used zinc chloride as a catalyst, which
presumably acts as a Lewis acid to activate the ketene. Unfortunately, yields were poor unless a
more electron rich ethoxyketene was used. Much more recently, Matsuo and co-workers
developed a much more general set of conditions using modern chemical techniques which gave
generally good yields across the board (Table 2.2).” Bulky aromatic R groups on the ketene
strongly favored trans relative stereochemistry (entry 10-18), while bulky alkyl groups do not
(entry 1-9). While the trans product is more thermodynamically stable, there is little
differentiation in the steric environments of positions 1 or 2 for the ether group. This implies that
an aromatic group promotes a more stepwise reaction mechanism where rotation may occur
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about the axis of the vinyl ether olefin.

Table 2.1 Zinc Catalyzed Cycloaddition of Ketene and Vinyl Ethers

0]
cat. ZnCl,
_—

H
2
R0 X+R" +  =c=0
H heat 1 P
CH,;CN R'O R

3 equiv.
o) 0
o A= (s (N ¢
EtO 0 eto”  Et EtO OEt et0”  “OEt
40 °C 50 °C 35°C 80 °C 80 °C
30% yield 20% yield 55% yield 85% yield 85% vield
0 o) H o " o
MeO*’:/[ MeO~’:('—OMe (ﬂ Cﬁ
OMe Me MeO OMe o 4 OMe
25°C 25 °C 45°C 60 °C
35% yield 40% yield 45% yield 60% yield

Table 2.2 Cyclization of Ethyl Vinyl Ether and Ketenes

0O ~ base (1.2 equiv.) O O
+ >
R\)J\CI - O,Et sealed tube )f'/ ¥ )j
10 equiv. 90 °C, 2 hrs EtO R EtO R
Entry R Base % Yield Cis/Trans

1 H I-PraNEt 37 -

2 Me i-Pr2NEt 77 53:47
3 Et I-PraNEt 78 16:84
4 Pr i-Pr2NEt 71 27:73
5 n-Bu I-PraNEt 76 30:70
6 Hex i-Pr2NEt 77 58:42
7 i-Bu I-PraNEt 77 24:76
8 i-Pr i-Pr2NEt 50 31:69
9 t-Bu EtsN 74 54:46
10 Ph 2,6-lutidine 75 11:89
11 p-MeOCsH4 2,6-lutidine 74 14:86
12 p-MeCsHa 2,6-lutidine 56 11:89
13 0-MeCeH4 2,6-lutidine 74 6:94
14 p-ClCeHa 2,6-lutidine 56 12:88
15 1-Naph 2,6-lutidine 83 7:93
16 2-Naph 2,6-lutidine 64 6:94
17 2-Thienyl 2,6-lutidine 62 7:93
18 3-Thienyl 2,6-lutidine 70 7:93
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In the 1980’s the group of Leon Ghosez thoroughly developed the [2+2] cyclization of olefins
with ketene iminium ions. They also invented a method of forming ketene iminium ions from
amides, allowing for exceptionally stable substrates; which was previously a barrier to the
practical use of ketene iminiums (Scheme 2.2).2 After the amide attacks triflic anhydride,
deprotonation leads to intermediate 1. This can then collapse to form the ketene iminium, which
undergoes cyclization with the olefin. Hydrolysis yields the cyclobutanone product. Ding and
Fang performed DFT calculations on this reaction, and found that it follows a more stepwise

mechanism than the ketene reaction which inspired it.°
Scheme 2.2 Formation of Ketene Iminium with Triflic Anhydride and Cyclization

VY, V.V

(0] T % O

(0]
Tf,0 collidine R OoTf R ;1) alkene
R\HJ\ 22, R ® 3
N ~ - C=N®
N = ST R R

R R RINM92 R &

To the best of our knowledge, the first intramolecular [2+2] cycloaddition of a ketene and an
olefin was reported in 1965 by J. J. Beereboom, although he appears to have misinterpreted his
results.'® Baldwin and Page demonstrated than even in an unconstrained intramolecular system,
the cyclobutanone is in fact obtained via the [2+2] mechanism.!* The groups of Ghosez and
Snider collaborated on a thorough investigation of intramolecular [2+2] reactions with olefins
which served as the primary inspiration for the work described later in this chapter.*?> Ghosez and
co-workers investigated ketenes and ketene iminium ions, while Snider and co-workers focused
on alkoxyketenes (Table 2.3). Between the two reports a wide variety of fused ring systems were
synthesized, with the main limitation being the focus on primary alkenes. However, a
particularly interesting result can be seen in entries 23 and 24 of Table 2.3, showing that a cis
alkene failed to cyclize with a ketene, while successfully reacting with ketene iminium to form

the fused cylobutanone. This is because the transition state of the concerted ketene mechanism
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would force the cis alkene into a sterically untenable orientation, while the stepwise mechanism
of the ketene iminium allows for more flexibility.

Table 2.3 Intramolecular [2+2] Cycloaddition of Ketenes and Ketene Iminium lons

0 o ) TF,0O H o
e . P B

I

s

H
Entry Substrate Product % Yield
1 o H 1) 3
W\)Lc| CH
H
2 o N o 75
H
3

o) Ho o 80
WC| Cﬁ
0

83

</ E 0
Z H
5 o M o 84
N O cl
b

7 - Ly 87
WNQ CF]//

8 0 H 65
MNQ CHHO

9 /\/\/\HoL 0 89
- N Cﬁ

0 H

10 \/\/\/\)(i P e
0 o

11 o © Me o 78
WNQ CH@f

12 0 H o 72
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13 (j\/\/\)oL 0 30
NQ %\H
X NQ
O H
15 W{Vo&km f;ﬁo e
Me
16 Q H 62
)k/\/o\)kq © °
Me
17 (0] H o 73
Wo%m Mew
Me
18 Q e H 58
)L/\ro\)km M © ?
Me
O H
= WHVO&CI %O/\UO e
Me Me
20 Q H 16
\/\/Odku QO/\HO
H
21 ° H' o 79
\/\/O\)LNQ f;ﬁ
H
H 70

22 ©\/0\/YC'

23 lmo QO%. {);Hﬁ:o 0

24 Moﬂ,\,\g fﬂo H+ N/&O 47,9

25 o j% _ /&0 52
o

26 2 30
Y\/ﬁ/oﬁc' MeN‘"(O\/R

(@]
O,
T
O

In a follow up paper, Snider demonstrated that intramolecular cyclization of a trans alkene

with a ketene follows inverse regioselectivity to that of primary and 1,1 substituted alkenes,
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yielding not a fused, but rather a bridged bicyclic product (Scheme 2.3 A).™ They found this
trend to be consistent; the regioselectivity is governed by the substitution of the alkene (Scheme
2.3 B, Table 2.3 entries 25-26). The proposed transition state for intramolecular cyclization with
Scheme 2.3 Regioselectivity of Trans Alkenes
X X OH b) Et3N, benzene' N\
reflux, 2 hrs O
56% yield

B.
R = Me %42%yield
J\ EtsN -0 o)
RN NN IR NN C
\

cl cl Cl o
R=H 35% yield

ketene and a 1,2 substituted alkene is shown in Figure 2.2. When comparing the steric

A.

environments of R! and R?, it becomes clear why a trans-alkene is able to react and cis-alkene is
not. The intramolecular nature of the reaction forces the alkene to attack from the more hindered
side, leading to strong steric interactions at R* in the case of a cis-alkene. Several other groups
have applied this chemistry and updated it’s use with more modern techniques, but the chemistry
of Ghosez and Snider is yet to be expanded.'*

Figure 2.2 Transition State of Intramolecular [2+2] Reaction with 1,2-Substituted Olefins
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2.2 Introduction

Our group previously developed a copper promoted coupling of vinyl boronates and alcohols
to synthesize vinyl ethers (Scheme 2.4).2® This methodology allows access to compounds with
complex functionality on the vinyl side of the vinyl ether, not previously accessible via other
established methods of vinyl ether synthesis such as Lewis acid catalyzed transetherification.®
Further development has shown that pi-ligands on copper greatly improve the results of this
reaction, and updates to the conditions now allow for use of stoichiometric equivalents of the
alcohol coupling partner.t” This chapter focuses on our efforts to enact intramolecular cyclization
reactions between vinyl ethers synthesized using this method and a variety of electrophilic
functional groups. These reactions should provide rapid access to heterocyclic structures of
significant complexity.

Scheme 2.4 Copper Promoted Coupling of Vinyl Boronates and Alcohols

2 equiv. Cu(OAc),

neat /\/OH
rt, 16 hrs

Bn/ON\Bpin Bn/o\/\/\O/\/

2.3 Intramolecular [2+2] Cyclization of Vinyl Ethers and Ketene Iminium lons

The intramolecular cyclization of vinyl ethers with ketene iminium ions was investigated first
because of the inherent stability of amides, the simplest and most practical precursor to a ketene
iminium. Vinyl ethers are, in our experience, quite reactive, especially under acidic conditions.
Therefore, we foresaw the greatest challenge of this project to be the generation of two highly
reactive functional groups in the same molecule. Concerns over the acidity of a carboxylic acid
with respect to the vinyl ether led us to investigate ketene iminium ion cyclization first.

Our copper coupling chemistry for the synthesis of vinyl ethers turned out to be very

challenging with amides located on the alcohol coupling partners (Scheme 2.5). Two different
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substrates were synthesized, compound 2-3 using copper coupling and 2-4 using an old mercury
catalyzed method,'® but neither of these cyclized when submitted to the conditions developed by
Ghosez and coworkers to generate the ketene iminium ion. The copper coupling of 2-6 was

unsuccessful.
Scheme 2.5 Initial Ketene Iminium Experiments

o o

H
% Et;N
0 + N B HO\/\)J\
100 °C NQ 2 eq. Cu(OAc), © collidine

82.5% yield 21
by 409 BN /\/O\/\)J\N o
50 °C, tol. 0%

. DCM
pinacol 14% yield -
N B(OH):2  MgsO, _ ©/va'” °Y 23
©N Et20

76% yield

o 0 collidine
Hg(OAc

HO\/\)J\N + /\O/\ a( )2 \/O\/\)J\N ﬂ, NR
39% vyield DCM
241 2-4

H X Bpin
OH p-TsOH Q NO ©/\/
ol. ol.
OHO g e OHO 2 eq. Cu(OAc),

110 °C 110 °C 4 eq. Et;N, DCM
2-5 75% vyield
over 2 steps

An intermolecular analogue of the reaction was examined in hopes of finding viable reaction

2-6

conditions before improving the synthesis of the substrates (Table 2.4). Lithium diisopropyl
amine was added in order to further activate the amide for ketene iminium ion generation via an
amide enolate. The reaction temperature was altered, as well as the equivalents of the vinyl ether.
The substrates were also modified to increase molecular weight for ease of handling. Authentic
samples of the products were synthesized via ketene and the increased molecular weight of the
butyl ether led to a much higher yield thanks to easier isolation and purification (Scheme 2.6).
We then discovered the reason the reaction employing amides and vinyl ethers failed. It was
found that ethyl vinyl ether, when combined with triflic anhydride, rapidly forms ethanol triflate,

as shown in Scheme 2.7. This reaction occurs extremely fast, and precludes any chance of a
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vinyl ether surviving the conditions required for the intramolecular cyclization to occur from

amide based substrates.
Table 2.4 Intermolecular Reaction Optimization

0 O
R o o 222 f
N’ 77 OR® 11,0, collidine
|'Q1 c) H,O R0
Entry R? R? Temp. After Tf20 (°C)  Equiv. Vinyl Ether
1 Me Et 20 1
2 Me Bu 20 1
3 Pyrrolidine Bu 20 1
4 Pyrrolidine Bu 20 4
5 Pyrrolidine Bu 55 1
6 Pyrrolidine Bu 70 1

Scheme 2.6 Synthesis of Authentic Product Samples
O
o) i-Pr,NEt
M 2o
cl pressure tube
90 °C EtO
2-7 23% vyield

)
O i-Pr,NEt
L+ Ao
cl pressure tube
90 °C BuO

2-8 46% vyield
Scheme 2.7 Reaction of Ethyl Vinyl Ether and Triflic Anhydride

A 07N + ThO ——— 7 0oTf
CDCl,
2-9 100% conv.

2.4 Intramolecular [2+2] Cyclization of Vinyl Ethers and Ketenes

Disappointed with the previous results, we turned our attention to the cyclization of ketenes.
After successfully reproducing Matsuo’s results (Scheme 2.8),” we set about finding an alternate
method of acid chloride formation, as thionyl chloride, the standard method, reacts with vinyl

ethers (Scheme 2.9).
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Scheme 2.8 Replication of Matsuo's Results

0]
a SOCI Q i-Pr,NEt
/\)J\ 2 /\)J\ + /\0/\ —>2
Ph OH reflux Ph Cl pressure tube Ph
10 equiv. 90 °C EtO

2-10 99% yield
2-11 69% yield

Scheme 2.9 Thionyl Chloride Decomposes Vinyl Ethers

0
SOCl,
Ph/\)\OH + ph” "0y — = No Vinyl Ether Recovered

2-12
Ethyl chloroformate and trichlorotriazine have both been reported to convert carboxylic acids

to acid chlorides, but neither worked in this case (Scheme 2.10).1® Hoveyda and co-workers
reported that pivaloyl chloride can be used for this conversion via the mixed anhydride.*°

However, variation of reaction time, temperature, solvent, equivalents of pivaloyl chloride and

Scheme 2.10 Failed Alternative Access to Acid Chlorides

O O Et;N
Ph/\)J\OH ¥ CI)J\O/\

acetone/H,0
Cl
0O Et3N
N™ SN 3 . NR

+
Ph/\)J\OH Cl)l\N/)\CI DCM

even adding base only gave a maximum conversion of 70% to the desired acid chloride (Table

2.5). The possibility of using triphenylphosphine dibromide was also examined.?® Best results

were achieved when using the TMS protected carboxylic acid 2-15, rather than the free

carboxylic acid or the carboxylate salt (Scheme 2.11). Before this reaction was optimized,

however, it was found that triphenylphosphine dibromide decomposes vinyl ethers, and is

therefore not up to the task (Scheme 2.12).
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Table 2.5 Acid Chloride Synthesis using Pivaloyl Chloride

o) ) 0

base
Ph/\)J\OH ’ %CI solv. Ph/\)J\CI
2-10
Entry Equiv. Piv.  Time (hrs) Temp. (°C) Base Solvent  Conversion
Chloride (%)
1 1 2 20 - DCM 25
2 1 24 20 - DCM 33
3 10 24 20 - DCM 70
4 40 24 20 - DCM 52
5 10 24 50 - CHCIs 55
6 10 24 50 - DCM 68
7 10 24 20 (i-Pr)2NEt DCM 63

Scheme 2.11 Acid Bromide Synthesis

O PhsPBr,
—— NR
Ph ONa DCM
2-13
O PhsPBr, o

—_—
Ph/\)J\OH DCM Ph Br

2-14 29% crude yield

o) PhyPBr, Q
[
Ph/\)J\OTMS DCM Ph Br
2-15 2-14 47% crude yield

Scheme 2.12 Triphenylphosphine Dibromide Decomposes Vinyl Ether

Ph™ "0 X + PhsPBr, W No Vinyl Ether Recoverd
212

Previous reports by the Romo and Wu groups have shown that mixed anhydrides can be used

as precursors to ketenes for cyclization with ketones.?* Therefore, we decided to continue

working with pivaloyl chloride, but make use of the mixed anhydride itself rather than

converting to the acid chloride. After using conditions reported by Nishioka and co-workers?? for

the synthesis of the mixed anhydride and changing the extraction solvent in Matsuo’s workup

from ethyl acetate to dichloromethane, the intermolecular [2+2] cycloaddition product 2-11 was
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Scheme 2.13 Investigation of Intermolecular Model

o]
A. a. TEA, DCM
cl Pr),NE
(i-Pr) t EtO Ph
207N 2-11 58% yield
B. 0) O O
/\)J\ + a. TEA, DCM
Ph OH Cl b. TEA
: EtO Ph
207N 15% yield
C. .
') 0] a. (i-Pr),NEt 0]
+ DCM
Ph/\)J\OH Cl i ):/</
b. (-ProNEt £y Ph
207 trace
D.
Q o TEA ©
Ph/\)J\OH + >HJ\CI + 2NN —
EtO Ph
trace
O
i-Pr);NEt
CI DCM Ph
EtO
NR

obtained in an isolated yield of 58% (Scheme 2.13A). Surprisingly, triethylamine and Hunig’s
base were required for each of their respective steps. Attempting to use only one or the other led
to very poor results under otherwise identical conditions (Scheme 2.13B-C). Even worse results
were obtained if the vinyl ether was added at the beginning of the reaction to better represent
intramolecular conditions (Scheme 2.13D-E).

Table 2.6 shows alterations made to the reaction conditions in an attempt to optimize the
intermolecular model reaction. Extending the reaction time of each step of the reaction had small
positive effects on the yield of the reaction, but only to a point (entries 2, 5-6). Lowering the

temperature of the mixed anhydride formation did not improve results (entries 3-4), and other
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amine bases proved ineffective for formation of the mixed anhydride (entries 7-8). Despite the
low yield of 28% for 2-11, an intramolecular substrate was synthesized to test the viability of the
conditions before undertaking the laborious task of further optimization. The isopropyl ester
form of the substrate (2-19) was made with little difficulty using a combination of known
chemistry and our groups’ copper coupling protocol (Scheme 2.14). The isopropyl ester was
found to work better in the hydroboration than methyl ester. Hydrolysis of the isopropyl ester
required a small solvent screen to find viable conditions, with a 1:1 mixture of dioxane and water
providing the product 2-20 in 69% yield (Table 2.7). When this compound was subjected to the

cyclization conditions, no reaction occurred, ending our investigation of ketenes (Scheme 2.15).

Table 2.6 Optimization of Intermolecular Model

a. EtsN, DCM
Z 0 -
Ph OH >H\C' b. (i-Pr),NEt E0 Ph
90 °C, 2 hr 211
Entry Change in Conditions Result

1 none 10% vyield
2 step (a) ran 4 hours 23% yield
3 step (a) ran 24 hours at -20 °C 19% vyield
4 step (a) ran at 0 °C 17% yield
5 step (b) ran for 4 hours 28% yield
6 step (b) ran for 8 hours 13% vyield
7 replaced EtsN with pyridine NR
8 replaced EtsN with 4-dimethylaminopyridine NR

Scheme 2.14 Synthesis of Intramolecular Substrate Ester

//\/\/\OH CI'O3 2804 /\/\)J\ lPrOH /\/\)J\ J\
= acetone, H,O HZSO4

2-17 82% vyield over

2 steps
o) J\ CuloRe: )\ HBpin, EtsN
473 /\/\/\)J\
Eto/\/\/\)J\O EtOH pinB”~ ™ (CsHs),ZrHCI
40% vyield 2-18 58% yield

2-19
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Table 2.7 Hydrolysis of Ester Solvent Screen

(0]
J\ 6 equw NaOH /\/\/\)]\
EtO EtO” X OH

solvent
2-19 2-20
Entry Solvent Result
1 9:1 DCM/MeOH NR
2 1:1 THF/H2O 0% yield
3 1:1 dioxane/H.0O 69% vyield

Scheme 2.15 Attempted Intramolecular Cyclization

0] /O
/\/\/\)J\ a Et3N’ bev v&/
\ .
EtO OH b. (i-Pr),NEt OEt

2-20 NR

2.5 Lewis Acid Promoted Cyclization of Vinyl Ethers with Epoxides
A handful of examples exist in which a vinyl ether participates as a nucleophile in a

cyclization reaction; the most notable of which is shown in Scheme 2.16.2° Yamamoto and co-

Figure 2.3 Potential Reaction Pathways of Vinyl Ether Cyclization with Epoxides
Rl
b
a
R' R'
/ N
® ®
& c;o
H
H R'" R’

\ \

71



Scheme 2.16 Precedent for Nucleophilic Vinyl Ether

1%

OH

/’,,— ;‘\ “, O o
O -yt | me O
R (@) H H

2-21 83% yield
workers utilized the alkyl vinyl ether in compound 2-21 to perform an intramolecular Sn2

reaction as part of a synthesis of (-)-Lardolure. Our proposal for a new cyclization reaction is that
when an epoxide is activated by a Lewis acid, one of four cascading pathways could occur
driven by the inherent nucleophilic reactivity of the vinyl ether (Figure 2.3).

Coupling partners for the synthesis of a model substrate were made using known reactions
(Scheme 2.17). Table 2.8 shows the optimization of the copper coupling reaction used to
synthesize a substrate for an intramolecular cyclization. Initial results were poor despite
alteration of temperature, solvent, and equivalents of the alcohol coupling partner (entries 1-4),
but switching to a substituted epoxide and benzyl ether substrates immediately yielded better
results (entry 5). Switching to toluene as solvent gave the desired product in an acceptable yield
of 49% (entry 6). Adding an allene ligand did not improve this reaction, although added ligand
has worked for our group in the past.

Scheme 2.17 Synthesis of Coupling Partners for Intramolecular Substrate

1.8 eq. NaH 1.1 eq. HBpin
10 mol% NEt ,
— . 5mol% TBAI = s N «_Boin
HO/\/ A THE Ph O/\/ 10 mol% (CgHg)zrHCl T ©
0°C—rt 2-22 81.1% yield 2-23
86% yield
1.1 eq. mCPBA
)\/\ 0.5M ag. NaHCO5 )Q)/\
OH % vi OH
53% yield 224
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Table 2.8 Synthesis of Epoxide Cyclization Substrate

i 0
i 2 3N, ligan O R
R1O/\/\/Bpm * HOvﬂ/R solvent, 18 hrs‘ R1O/\/\/ Vﬂ/z
R? 2-25,2-26 R
Entry R! R? Ligand Temp. (°C)  Solvent Equiv. % Yield
Epoxide
1 TBS H cyclononallene 55 toluene 4 NR
2 TBS H cyclononallene 20 none 60 trace
g TBS H none 20 none 60 trace
4 TBS H none 55 CH3CN 2 4
5 Bn Me none 20 benzene 6 40
6 Bn Me none 55 toluene 4 49
7 Bn Me cyclononallene 50 toluene 4 46

With a substrate in hand, a few different Lewis acids were examined as activators for the

intramolecular cyclization (Table 2.9). Tin tetrachloride led to rapid opening of the epoxide

forming a diol by trace water, despite the use of dry solvents and glassware (entry 1).

Triisopropyl borate did not react at all (entry 6). Boron trifluoride etherate was examined more

closely, varying the temperature of the reaction and the equivalents of the Lewis acid (entries 2-

5). It was also unreactive however, save for higher equivalents at which point the substrate was

decomposed.
Table 2.9 Attempted Cyclization with Epoxide
0 Lewis Acid
Bno/\/\/o Me Lewis Aci NR
DCM, 1 hr
2-26 Me
Entry Lewis Acid Lewis Acid Equiv.  Temp. (°C) Result
1 SnCl, 1.1 -78 Epoxide opened to diol
2 BF3+OEt: 0.5 -78 0% yield
3 BF3+OEt: 0.1 -78 NR
4 BF3+OEt: 0.1 -40 NR
5 BF3*OEt, 0.1 0 NR
6 B(OiPr)s 0.1 0 NR
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2.6 Conclusion

We had hoped that vinyl ethers would make good nucleophilic partners in a variety of
intramolecular cyclization reactions. Unfortunately, in all cases some aspect of their reactivity
proved incompatible with conditions. Vinyl ethers react rapidly with the triflic anhydride
required to form ketaminium ions, precluding them as partners in a [2+2] cyclization. Ketenes
are also very difficult to form in the presence of vinyl ethers, and although the intermolecular
[2+2] was achieved, it could not be translated into an intramolecular system. Cyclization via
nucleophilic attack on epoxides appears to have failed mainly due to the relative rates of
competing side reactions, i.e. opening of the epoxide into a diol or breakdown of the vinyl ether
into an alcohol and aldehyde. This is known to occur under acidic conditions. Of these three
reactions, the epoxide system seems the most likely to remain achievable, as there are many
more Lewis acids of varying reactivities which could be examined given enough time and
resources.
2.7 Experimental Section
General Information

Unless otherwise specified, reactions were run open to air using dry solvents. DCM and EtsN
were distilled over CaH>. All chemicals were used as purchased from commercial sources. NMR
data was obtained using a Bruker ARX-400 instrument and calibrated to the solvent signal
(CDCl3 : § = 7.26 ppm for 'H NMR, & = 77.2 ppm for *C NMR). Data for *H NMR spectra are
reported as follows: chemical shift (6 ppm), multiplicity, coupling constant (Hz), then
integration. Data for 3C NMR spectra are reported in terms of chemical shift. The following

abbreviations are used for the multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, quin.
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= quintet, sex. = sextet, hept. = heptet, dd = doublet of doublets, dt = doublet of triplets, td =
triplet of doublets. Flash column chromatography was performed using 40-63 mesh silica gel.
Experimental Procedures
Synthesis of 2-1

An oven dried round bottom flask was charged with triethylamine (70 mL), y-butyrolactone
(9.14 mL), and pyrrolidine (19.7 mL). The reaction was placed under a nitrogen atmosphere and
heated at reflux for 16 hours. After cooling to room temperature, the reaction was concentrated
in vacuo to give 2-1 as a neon orange oil. The crude product was vacuum distilled at 180 °C and
3 mm Hg to give pure 2-1 (15.57 g, 82.5%). *H NMR (400 MHz, CDCls): § 3.65 (m, 3 H), 5 3.42
(m, 4 H), 52.44 (q,J = 6.2, 2 H),  1.89 (m, 6 H).
Synthesis of 2-2

E-Styrylboronic acid (1.48 g), pinacol (1.42 g), MgSOs (1.44 g), and Et2O (25 mL) were
stirred in a round bottom flask for 1 hour. The reaction was then filtered through silica gel and
concentrated in vacuo to give a pale-yellow oil. The crude product was purified by flash column
chromatography (silica gel, 90:10 hexanes/Et,0), giving pure 2-2 (1.74 g, 76% yield). *H NMR
(400 MHz, CDCls): & 7.49 (d, J=8.3,2 H), 5 7.4 (d, J=18.4, 1 H), § 7.32 (m, 3 H), § 6.17 (d, J
=18.4, 1 H), § 1.32 (s, 12 H).
Synthesis of 2-3

An oven dried flask was charged with toluene (12 mL), 2-2 (0.46 g), 2-1 (1.26 g),
triethylamine (1.12 mL), and cupric acetate (0.73 g), equipped with a reflux condenser and
flushed with nitrogen atmosphere. The reaction was heated at 50 °C overnight. After cooling to
room temperature, the reaction was diluted with aqueous NaHCO3 and extracted 3x with Et-0.

The combined organic layer was washed with saturated NaHCO3 and brine, dried over MgSOs,
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filtered, and concentrated in vacuo to a brown oil. The crude product was purified by flash
column chromatography (silica gel, 35:64:1 hexanes/EtOAC/EtzN) to give pure 2-3 (76 mg, 14%
yield). 'H NMR (400 MHz, CeDs): & 7.08 (m, 4 H), § 6.96 (m, 1 H), § 6.92 (d, J=13.0, 1 H),
5.85 (d, J=13.0, 1 H), § 3.67 (t, J=5.8, 2 H), $ 3.29 (t, J = 6.3, 2 H), § 2.63 (t, J = 6.8, 2 H), &
2.01 (m, 4 H), & 1.18 (m, 4 H).
Synthesis of 2-4

Mercury (1) acetate (0.16 g) was added to a flask charged with 2-1 (0.79 g) and ethyl vinyl
ether (15 mL), and stirred at room-temperature for 48 hours. The reaction was then quenched
with saturated aqueous NaHCO3 (15 mL) and extracted 3x with Et2O. The combined organic
layer was dried over MgSOs, filtered, and concentrated in vacuo to a neon orange oil. The crude
product was purified by flash column chromatography (silica gel, 59:40:1 EtOAc/hexanes/EtsN)
to give pure 2-4 (0.354 g, 39% yield). *H NMR (400 MHz, CDCls): § 6.44 (dd, J = 14.4,6.8, 1
H), 5 4.17 (dd, J=14.4,2.0, 1 H), § 3.97 (dd, J = 6.8, 2.0, 1 H), 8 3.74 (t, J = 6.0, 2 H), § 3.43
(m, 6 H), § 2.36 (m, 3 H), & 1.83 (m, 3 H). 3C NMR (100 MHz, CDCl3): § 170.8, 151.8, 86.6,
67.3, 46.5, 45.6, 30.9, 26.1, 24.4.
Synthesis of 2-5 24

2-Hydroxyphenylacetic acid (1 g), toluene (14 mL) and p-toluenesulfonic acid in a round
bottom flask were placed under Dean-Stark conditions and heated at reflux for 18 hours. After
cooling to room temperature, the reaction was washed 3x with NaHCOs3 and brine. The aqueous
layer was back extracted with EtOAc, and the combined organic layers were washed with H>0,
dried over MgSOyg, filtered, and concentrated in vacuo to give 2-5 as a red orange oil, which was

used without further purification (1.02 g).
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Synthesis of 2-6

An oven dried flask was charged with toluene (40 mL), 2-5 (0.75 g), and pyrrolidine (0.68
mL), and heated at 110 °C for 18 hours. After cooling to room temperature, the reaction was
acidified to pH 1 using 1M aqueous HCI. The aqueous layer was extracted with EtOAc and the
combined organic layers were washed with H20 and brine, then dried over MgSQOyg, filtered, and
concentrated in vacuo to a pale yellow crystalline solid 2-6, and used without further purification
(1.01 g, 75% vyield over 2 steps). *H NMR (400 MHz, DMSO-d6): & 9.89 (br s, 1 H), § 7.20 (m, 2
H),$7.00 (d,J=7.2,1H),56.81 (t, J=7.2, 1 H), 5 3.66 (m, 4 H), 53.46 (t, J = 6.8, 2 H), &
1.99 (quin., J= 6.7, 2 H), & 1.87 (quin., J = 6.7, 2 H).
Failed Procedure for cyclization of 2-3 and 2-4

An oven dried flask under nitrogen atmosphere containing the substrate (0.25 mmol) was
charged with dry DCM (1.1 mL), then collidine (0.04 mL), the triflic anhydride (0.04 mL). The
reaction was stirred at room temperature for 18 hours. Concentrated aqueous NaHCO3 (1 mL)
was added and stirred overnight. The aqueous layer was extracted with DCM 3x, and the
combined organic layers were dried over MgSO4, and concentrated in vacuo to an orange oil
containing starting material and phenylacetaldehyde in the case of 2-3.
Representative Procedure for Table 2.4

The amide and vinyl ether substrates (1 mmol) and THF (2 mL) were added to a flask under
nitrogen atmosphere at -78 °C. LDA (0.14 mL) was prepared under standard conditions and
added to the reaction via canula. After 1.5 hours triflic anhydride (0.17 mL) was added, turning
the reaction orange, and the reaction was allowed to warm to room temperature. After 18 hours,
aqueous saturated NaHCO3 was added, and stirred for 24 hours. The reaction was diluted with

DCM and H20, and the aqueous layer was extracted with DCM. The combined organic layers
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were washed with brine, dried over MgSOsa, filtered, and concentrated in vacuo to give an orange
oil, which primarily contained the amide substrate and no traces of 2-7 or 2-8 were detected by
examination of spectra from authentic samples.
Synthesis of 2-7

Ethyl vinyl ether (6.7 mL), Hunig’s base (1.5 mL), and acetyl chloride (0.5 mL) were added
to a glass pressure tube, which was sealed and heated at 90 °C overnight. After cooling to room
temperature, the reaction was quenched with aqueous saturated NaHCO3, and the aqueous layer
was extracted with EtOAc. The combined organic layers were washed with brine, dried over
MgSOs, filtered, and concentrated in vacuo to a red oil. The crude product was purified by flash
column chromatography (silica gel, 8:1 hexanes/Et,0) to give 2-7 (186 mg, 23% yield). *H NMR
(400 MHz, CDCls): & 4.28 (m, 1 H), § 3.50 (q, J = 7.0, 2 H), § 3.22 (m, 2 H), & 3.08 (m, 2 H),
0.88 (t, J = 6.7, 3 H).
Synthesis of 2-8 7

Butyl vinyl ether (5.1 mL), Hunig’s base (0.84 mL), and acetyl chloride (0.27 mL) were
added to a glass pressure tube, which was sealed and heated at 90 °C overnight. After cooling to
room temperature, the reaction was quenched with aqueous saturated NaHCO3, and the aqueous
layer was extracted with EtOAc. The combined organic layers were washed with brine, dried
over MgSOy, filtered, and concentrated in vacuo to a red oil. The crude product was purified by
flash column chromatography (silica gel, 8:1 hexanes/Et,0) to give 2-8 (260 mg, 46% yield). *H
NMR (400 MHz, CDCls): § 4.26 (m, 1 H), 5 3.43 (t, J = 6.6, 2 H), & 3.22 (m, 2 H), 5 3.07 (m, 2
H), 5 1.59 (quin., J=6.7, 2 H), § 0.9 (m, 5 H). 3C NMR (100 MHz, CDCl3): § 205.3, 69.4,

63.9,54.2,31.7,19.4, 13.9.
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Synthesis of 2-10 7

An oven dried flask was charged with hydrocinnamic acid (1.24 g) and thionyl chloride (1.5
mL), and equipped with a reflux condenser and a drying tube containing CaCl,. The reaction was
heated at 80 °C for 3 hours. After cooling to room temperature concentration in vacuo gave 2-10
which was used without further purification (1.37 g, 99% yield). *H NMR (400 MHz, CDCls): &
7.32 (m, 2 H), 8 7.21 (m, 3 H), § 3.21 (t, J=7.4,2 H), $ 3.02 (t, J = 7.7, 2 H).
Synthesis of 2-11 7

2-10 (0.67 g) was added to a pressure tube containing ethyl vinyl ether (3.8 mL) and Hunig’s
base (0.84 mL). The tube was sealed and heated at 90 °C for 2 hours. After cooling to room
temperature, the reaction was quenched with aqueous saturated NaHCO3. The aqueous layer was
extracted with EtOAc, and the combined organic layers were washed with brine, dried over
MgSOs, filtered and concentrated in vacuo to give a red oil. The crude product was purified by
flash column chromatography (silica gel, 88:12 hexanes/EtOAC) to give pure 2-11 as 2
diastereomers (424 mg, 69% yield). *H NMR (400 MHz, CDCls): § 7.25 (m, 5 H), § 4.13 (m, 1
H), 5 3.49 (m, 2 H), § 3.08 (m, 5 H),  1.19 (t, J = 7.0, 3 H).
Synthesis of 2-12

Hg(OAC). (0.024 g) was added to a flask charged with hydrocinnamyl alcohol (0.41 g) and
ethyl vinyl ether (4.8 mL). The reaction was stirred for 72 hours, and then quenched with
aqueous saturated NaHCOz. The aqueous layer was extracted 3x with Et2O, and the combined
organic layers were dried over MgSQOyg, filtered, and concentrated in vacuo to a pale yellow oil.
This oil was passed through a silica gel plug (80:20 hexanes/EtOAC) to give 2-12, which was

used without further purification (395 mg, 81% vyield). *H NMR (400 MHz, CDCls): § 7.28 (m, 2
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H), § 7.20 (m, 3 H), 5 6.49 (dd, J=14.3, 6.8, 1 H), 4.17 (dd, J = 14.3, 1.9, 1 H), § 3.99 (dd, J =
6.8,1.9, 1 H), 53.69 (t, J=6.3,2 H), § 2.73 (t, = 7.4, 2 H), 5 1.98 (quin., J = 6.4, 2 H).
Representative Procedure for Table 2.5

Hydrocinnamic acid (0.15 g), solvent (2 mL), and pivaloyl chloride were added to a flask and
stirred under a nitrogen atmosphere. After the designated time, the reaction was concentrated in
vacuo, and the percent conversion was measured by *H NMR.
Synthesis of 2-15

Hexamethyldisilazane (1.05 mL) was added to an oven dried flask charged with pyridine (1
mL) and hydrocinnamic acid (0.15 g), and stirred at room temperature for 1 hour. The reaction
was then concentrated in vacuo to give 2-15 as a pale yellow oil which was used without further
purification (222 mg, 99% yield). *H NMR (400 MHz, CDCls): § 7.28 (m, 2 H), § 7.19 (m, 3 H),
§2.93 (t,J=7.6,2 H), § 2.63 (t, J = 8.0, 2 H), § 0.26 (s, 9 H). 13C NMR (100 MHz, CDCl3): §
173.5,140.7, 128.4, 128.3, 126.2, 37.4, 31.1, -0.3.
Synthesis of 2-14

Bromine (0.05 mL) was added to an oven dried flask charged with triphenylphosphine (0.26
g) and DCM (2 mL) at 0 °C and stirred for 30 minutes. 2-15 (0.22 g) was then added as a
solution in DCM (2 mL), and stirred at room temperature for 30 minutes. The reaction was then
concentrated in vacuo to a thick red oil. This oil was extracted 4x with 4 mL of 1:1
hexanes/Et.O. The combined solution was concentrated in vacuo to give the crude product, a
mixture of 2-14 and hydrocinnamic acid as a pale yellow oil. *tH NMR (400 MHz, CDCls): § 7.3

(m, 2 H), §7.21 (m, 3 H), §2.97 (t, J = 8.0, 2 H), 5 2.69 (t, J = 6.9, 2 H).
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Representative Procedure for Scheme 2.13 and Table 2.6 (Scheme 2.13 A)

An oven dried glass pressure tube was charged with hydrocinnamic acid (0.15 g), cooled to 0
°C and flushed with a nitrogen atmosphere. Dry DCM (2 mL) and triethylamine (0.31 mL) were
added and stirred for 1 hour. Ethyl vinyl ether (0.95 mL) and Hunig’s base (0.21 mL) were
added, and the tube was sealed and heated at 90 °C for 2 hours. After cooling to room
temperature, the reaction was quenched with aqueous saturated NaHCO3. The aqueous layer was
extracted 3x with DCM, and the combined organic layers were then washed with brine, dried
over MgSOyg, filtered, and concentrated in vacuo to an orange oil. The crude product was purified
by flash column chromatography (silica gel, 88:12 hexanes/EtOAC) to give pure 2-11 (119 mg,
58% yield).

Synthesis of 2-17

Jones reagent was created by adding 6 mL of H2SO4 to a 12 mL solution of chromium
trioxide (6.22 g) in H20. The Jones solution was added dropwise to a flask charged with acetone
(50 mL) and 6-heptynol (3.36 mL). Addition was stopped once an orange color persisted in
solution. The reaction was quenched with isopropanol, then extracted 2x with CHCl3. The
combined CHCI3 layers were washed with brine, dried over MgSOs, filtered, and concentrated in
vacuo to give 2-16, which was used without further purification. Sulfuric acid (0.1 mL) was
added to a flask charged with 2-16 () and isopropanol (325 mL). The reaction was heated at
reflux for 18 hours, then concentrated in vacuo to give 2-17, which was used without further
purification (3.67 g, 82% yield over 2 steps). *H NMR (400 MHz, CDCls): § 5.00 (hept., J = 6.3,
1H),82.29(t,J=7.3,2H),5221 (td, J=7.1,2.7,2 H), 5 1.94 (t, J = 2.6, 1 H), & 1.73 (quin., J

—7.4,2H), 5 1.56 (quin., J=7.1,2 H), 5 1.22 (d, J = 6.2, 6 H).
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Synthesis of 2-18

A flame dried flask under a nitrogen atmosphere was charged with 2-17 (3.67 g),
pinacolborane (3.5 mL), EtsN (0.31 mL), and zirconocene hydrochloride (0.57 g). The reaction
was heated at 60 °C for 18 hours. The reaction was concentrated in vacuo, then purified by flash
column chromatography (silica gel, 90:10 hexanes/EtOAC) to give 2-18 as a colorless oil (2.13 g,
58% vield). 'H NMR (400 MHz, CDCls): & 6.60 (dt, J = 17.1, 5.5, 1 H), § 5.42 (d, J = 17.9, 1 H),
§4.99 (hept., J=6.2, 1 H), 52.25 (t, J=7.7,2 H),  2.16 (q, J = 6.8, 2 H), 5 1.61 (m, 2 H), &
1.44 (m, 2 H), § 1.26 (s, 12 H), 5 1.22 (d, J = 6.3, 6 H).
Synthesis of 2-19

An oven dried flask under a nitrogen atmosphere was charged with 2-18 (1.66 g), EtOH (18
mL), EtsN (3.12 mL), and anhydrous cupric acetate (2.03 g). The reaction was stirred for 18
hours at room temperature. The reaction was then diluted with agueous NaHCO3 and extracted
3x with Et20. The combined organic layer was washed with saturated NaHCO3 and brine, dried
over MgSOy, filtered, and concentrated in vacuo to an oil. The crude product was purified by
flash column chromatography (silica gel, 97:2:1 hexanes/EtOAc/Et3N) to give pure 2-19 (483
mg, 40% yield). 'H NMR (400 MHz, CDCls): § 6.21 (d, J = 12.6, 1 H), § 4.99 (hept., J = 6.3, 1
H), 5 4.74 (dt,J=12.6,7.4, 1 H), § 3.69 (q, J=7.0, 2 H), § 2.25 (t, J=7.4,2 H), 56 1.92 (q, J =
7.4,2 H), 8 1.61 (quin., J=7.5, 2 H), § 1.35 (quin., J=7.6, 2 H), 5 1.25 (t, = 7.0, 3 H),  1.22
(d, J = 6.3, 6 H). 3C NMR (100 MHz, CDCls): & 173.3, 146.2, 103.7, 67.4, 64.6, 34.6, 30.2,
27.4,24.4,21.9, 14.8.
Synthesis of 2-20

2-19 (0.11 g) was added to a flask charged with dioxane (2.5 mL), H20 (2.5 mL), and NaOH

(0.15 g). The reaction was heated at reflux for 2 hours, and then after cooling to room
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temperature, was acidified to pH 4 using 1M aqueous HCI. The reaction was extracted with
DCM, and the combined organic layers were washed with brine, dried over MgSQOyg, filtered, and
concentrated to give 2-20 as a pale yellow oil which was used without further purification (119
mg, 69% yield). 'H NMR (400 MHz, CDCls): § 9.77 (s, 1 H), 8 6.22 (d, J = 12.6, 1 H), § 4.74
(dt, J=12.6,7.4, 1 H),53.69 (q,J=7.0,2 H), 52.35(t, J=7.4,2 H), 5 1.93 (q, J=7.3, 2 H), 5
1.64 (quin., J=7.5,2 H), § 1.39 (quin., J= 7.4, 2 H), § 1.25 (t, J = 7.0, 3 H). *C NMR (100
MHz, CDCls): 8 146.31, 103.5, 64.7, 33.6, 30.1, 27.4, 24.0, 14.8. (A likely peak around 170 is
indiscernible from noise.)
Synthesis of 2-22

3-Butynol (10.9 mL) was added to a dried flask under nitrogen atmosphere at 0 °C containing
dry THF (110 mL) and NaH (4.3 g). After 30 minutes tetrabutylammonium iodide (4.84 mmol)
was added, and benzyl bromide (11.9 mL) was added dropwise. The reaction was allowed to
slowly warm to room temperature. After 18 hours the reaction was cooled to 0 °C and quenched
with NH4ClI until the solution was clear orange. The aqueous layer was extracted 4x with Et20,
and the combined organic layers were washed with H20O and brine, dried over MgSOs, filtered,
and concentrated to a clear orange oil. The crude product was vacuum distilled (3 mmHg, 100
°C) to give 2-22 as a pale yellow oil (12.55 g, 86% yield). *H NMR (400 MHz, CDCls): § 7.35
(d,J=4.5,4H), 5 7.30 (m, 1 H), 4.57 (s, 2 H), §3.61 (t, J=7.0,2 H), § 2.51 (td, J = 6.9, 2.7,
2 H),51.99 (t,J=2.7, 1 H).
Synthesis of 2-23

A flame dried flask under a nitrogen atmosphere was charged with 2-22 (3.2 g),

pinacolborane (3.2 mL), EtsN (0.28 mL), and zirconocene hydrochloride (0.52 g). The reaction

was stirred at room temperature for 18 hours. The reaction was concentrated in vacuo, then
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purified by flash column chromatography (silica gel, 90:10 hexanes/EtOAC) to give 2-23 as a
colorless oil (4.68 g, 81% yield). *H NMR (400 MHz, CDCls): & 7.33 (m, 4 H), 7.27 (m, 1 H), §
6.63 (dt, J=18.0, 6.4, 1 H), 3 5.52 (dt, J =18, 1.6, 1 H), 5 4.51 (s, 2 H), 3.56 (t, J = 6.9, 2 H), &
2.49 (qd, J=6.8, 1.6, 2 H), 1.26 (s, 12 H).
Synthesis of 2-24 2

Prenol (6.1 mL) was added at 0 °C to a flask containing 0.5M NaHCO3 in H,O. MCPBA
(11.4 g) was added slowly, then after 15 minutes the reaction was allowed to warm up to room
temperature, and stirred for 18 hours. The reaction was then saturated with NaCl, then extracted
5x with DCM. The combined organic layers were dried over MgSOsa, filtered, and concentrated
in vacuo to a colorless oil. The crude product was purified by flash column chromatography
(silica gel, 70:30 hexanes/EtOAC) to give 2-24 (3.27 g, 53% yield). *H NMR (400 MHz, CDCls):
§3.84 (dd, J=12.0,4.2, 1 H), § 3.68 (dd, J = 12.0, 6.6, 1 H), 52.97 (dd, J = 6.6, 4.4, 1 H), 5
1.33 (s, 3 H), 5 1.32 (s, 1 H).
Synthesis of 2-26

Cupric acetate (0.18 g) was added to a dry flask charged with 2-23 (0.144 g), 2-24 (0.2 g),
EtsN (0.28 mL), and toluene (3 mL) under nitrogen atmosphere. The reaction was heated at 55
°C for 24 hours, then cooled to room temperature and filtered through a silica plug. The crude
product was then purified via flash column chromatography (silica gel, 93:7 hexanes/EtOAc) to
give 2-26 (65 mg, 49.5% yield). *H NMR (400 MHz, CDCls): § 7.34 (m, 4 H),  7.27 (m, 1 H), §
6.35(d, J=12.6, 1 H), 5 4.83 (dt, J = 12.6, 7.4, 1 H), 5 4.51 (s, 2 H), 5 3.81 (dd, J = 11.2, 4.8, 1
H), $3.73(dd, J=11.2,5.9, 1 H), $3.45 (t, J=6.8,2 H), 2.99 (t, J = 5.0, 1 H), §2.24 (q, J =
6.9,2 H), 5 1.35 (s, 3 H), 5 1.30 (s, 3 H).

2.8 'H and 13C NMR Data

84



24N
8€8"
gG8*
L8
068°
§G06°
¢e6”
0v6 "
LS6 "
0cy -
8EV "
2N
eLy”
L8E"
vow -
Tew”*
qev”
EVy”
097"
709-
0%9"
989"
0L9"
SLe9”
€8g9-
689°
goL”

892 " L—

SE——

HO.

21

85

ppm




L. &
0,
: Q
[
o
= I &
S I
9TE T— —~5§ ~089°2T
b w
—= =
i
; o
I o
[Fe]
N
: o
[ o
c
=
< 5
7/ « "
™~
_O
=T
0
<«
_O
0
e}
0
o
819 o ]
" . —_————
¥61°9 — ' "000°T
862" L G
L82" LA\ P ©
p0E "L I
6TE" L o
eee” L 5%
L e —— —E96°T_
VSS'L—; %—“‘7 & f,.rw
LG Lo —— [~ ~IE0F
bZI?'L_J// = TN
8Ly L/
08 L~/ i

86



£
(o}
[oN)
mn
o
POT T+ o
0LT" T\ =4 -
9LT T\ ; |
6LT T —% — L =Sv8"v
811/ 1 o
€61 1/ T [w
12" 17 J —
909" T~
P10°Z— S N
€19°Z~ K
629°C7—= —= I Y T960°Z
9¥9°2~
<
0LE €~ [ o
L8T €~ — | —GR0°%
g0€ €~ o
$S9°€ AR
699°€—= —= | T ££0°Z
£89°¢~ _;] [
o
<
) o
= <
o
o
6
2
™~
Q o
2/ T
8€8°G I e
0L8°S — = =1 fo —.000°T
106°9 o ©
€€6°9 |
€769} .
2569\ !
LG6° 9} ©
6569 \\‘&
L9679 - — o —€70°Z
- - TN — =
€L6°9 ¢ s s —
Sp0° L~ .
090°L 7/
990 L~ w0
o

87



818"
2%
4°h
LT16"
€€6°
056"
256"
266"
800"
920°
L¥E"
G9e"
€8¢e”
08¢"
v8e”
L6E"
T0%°
viv”
6TV
0€Y "
LEY®
8% ¥”
vov-
geL”
8EL”
€SL”"
€66 °
866"
oL6"
GL6”"
671"
PST”
g8T1”
06T"

eLi"
0€V”
6F7h"
99p:"

8G¢C”

T

|

i
s
——————

S |
=
I

LA
&

\ 7/
\ft

B

|

P———
=

e L
=N
Sy, Nl

L

-
CONSIeT

Lk
]

55
—

MMM OOMOMNMOOONOMOOOOMOMOANNNNN A
s )
e /
e =
==

9-
9-3

9 P

)

2-4

88

T

ppm

3.i0

D

4

B .0

6.0

6

7

~000°T



|4 A
OET™

698"

£19"
8€G”

ZIE™

096G~

7C—
9g—"

0€ —

S
==

L9 —

98

24

Y

GLLTTST

LZ8 O0LT

89

T R N |

160 150 140 130 120 1.0 100 90 80 70 60 50 40 30 20 jeu

170



£
o
-
—
Jo
268 T~ N
698'1\\\\ J
282‘1& S 7 8l6°T
L6 T—7F — FN " Z90°¢
066'TJ/// 3 T —
D0 g —
zscz/ <
=™
TVy €
8GF "€ -\ J I
SLy € — =5, [ —U0E
869 “E-F ﬁ L 0L6°E
L89 €~ b«
<
—
T6L°9+ - o
60879 | D
LZ8°9-)
7969\ i 7
7869 -\ — ' | TGL60
STO L — e~ 856°1
€0 LY —_— ; 006°T
SSI'L/,[ 1 F T
1L
1€ L '
0sz L+ -
( ; 1.9' m_\
o~N \\
Or | \

. o | \
988_6>_ / S 8L8°0
8686 \ 3 |

/
} f
[
i
\ ;
—

90



09870~
8L8°0—
56870

670"
GG0°
090~
ZL0”
€80°
L60"
€0T”
60T"
881"
voc-
01C"
6T¢"
9€c”
8EC”
ove:
A A
vSc”
vLY "
43
606"
L2S"
6ve”
09¢-
g9¢-
ZLe”
Lie”
18¢°
88¢"
€6¢”
§soe”

8886 " L—

‘l
Ul

;j"
EtO

2-7

91

J“'(_me ﬁ\:‘wi “u

\
e

|

ppm

.0

6.5

08T L

9961

99671

—60T°C

TN

—000°T




=
2€6° 0 8
056" 0+
696" 04 "
7 B
99€" T4 -
V8€ I \‘\.\\ }
68€° T . i
EOV'Tﬂ:‘{\:\\t =——-_ | © 8cec’9
807 T~ —
227 T\ —
SSS‘I}\ — "
695" T~ 2 o —aerz
P85 T — -
685" 1 3
66617 )
LO9 T [~
€29° 1
9€0°
80" e
680" ~
160"
L60" -
Eg% —_—— [« e
= — zZE0°Z
861" —
v0Z" s [0 =TE0E
€1e” i ™
Zee" 1
LvZ®
TT%° =
8zy " =
iAA7 e — 7 000°T
62¢" 0
192" ol
9ve”
€62"
LSC" o
292" w0
69¢"
wie® -
98¢z" :
mn
o
& <
o =
o~ Yo}
o C e
=
@
o
~
8GZ L— J
[Te]
.

92



€98 ET—
LSE"6T—

SOL*TE—

G0C" PG —

96 €9 —
GZh 69 —
€0L 9L
120" LL—=
8EELL-

¢1e"60¢

BuO

2.8

93

0 ppm

200 180 160 140 120 100 80 60 40 20

220



06T
602"
01C”
Eve”
8G¢"
662C°
81¢€"
9te”
8€E"

Cl

210

Ph

94

ppm



€5T°

8ce”
9ve-
€9¢”
098"
088"
z88°
926"
0€6°
23N
8€6°
vv6"
866"
90"
wes
€5¢°
gLe”
162"
T6€"
807"
Piv”
LER"
0€G"
L¥S”
LEG"
056"
7G6”
796"
L96"
086"
89¢"
9Lec
v8¢"
L8T"
T6¢"
vec”
c0e”

80¢~
¢ie’
LZG"
8G¢"
96¢"

Ph

EtO

2-11

MMW .|

}

i

LU

" g N

e

95

ppm

6.0

.




G96°
186°
€86°
L86"
000°
€00°

80L"
8eL”
9vL"

8L9"
769°
0TL"
9L6"
186°
€66°
866"
061"
PoT"
G8T"
061"

697"
9LV "
6"
AR
SdL"
98T~
E6 L
86T"°
goe*
8G¢C"
eLe”
06¢"°
60€"

S

]

J

VW

\j{

\
e \\
=33

Lk
N

PR P 00 00) D) 100) 00 I0) 1 0%)
S

B

]
i
i 2
-
J,i
|
—
)
{
o
™~
-
§,.-,
oo
Q.
-‘J
]

96

ppm

6.0

6

—9T1°2

|
<
o™
—
N

J UL

~000°T

—060"¢€
_6L9°¢




€69°
969~
SLL”
066"
oLe”
886"
LOO"
gzo°¢e
0oe-
oce”
BEE"

T0C"
v0Z*"
ge¢e:
8G¢"
662C°
81€"

Br
214

Ph

97

ppm

2

3

D

6.0

6

7

—066°0

609° ¢

—6GS°T

S|

. "
SE0°L



| L&
] Q
292°0— 2 [ T Lv6°8
_Lﬂ
o
VO
.
[Te}
o
_O
N
£T8 B b
Z€9°Z- I
Z59° 2" | T 010°¢
igg'g\};z —= [ o 0002
9¥6°2- ¥
[Te]
™
,O
<
Te]
gg L <
<)
70
o~
_Lﬂ
£ 0
o
o
[Te}
o
06T L~
G6T" L) -
702" LA\ [ o
A\ :
0TZ"L-\ = )
992‘[.’/’,;/’/ [Te) S
182" L) O
v82Z" L]
zoe- L/

98



962" 0-

PLO"TE

LEV LE

CLL" 9L~
0€0" LL—=

LVE LL-

G9T1°92T
8TE° 82T —_

9pv 82T

6TL OVT —

OTMS
215

Ph

9GP ELT

99

AN A .|

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

180



217

£56 "y
6967\
586" .\
000°G ;%
910§~/
Z€0°G6/
150G/

8GC°L—

100

1.0 ppm

1.5

6

.5




602"
Gee”
LSE"
ey
44
19"
0LS"
€LG”
L8SG"
S09°
gc9”
EVo-
gET”
€8T"
0LT"®
88T~
1€¢”
nee”
0se-
69¢C°
LLe”

LS6"
656"
ZLe”
SL6”
886"
166°
€00°
900"
810"
2eo-°
T0%°
S0 -
9P -
0S¥ -

oG-
8LG"
186"
L6S"
609"
geg-
gz¢9-”
6€9°

8G¢C"

oh

i

L
e

et \ / //J?/
N

I’

| /

SN

===

N N NN N N i o o o e

Tl

PN

A A

1

Tl

oo/k

Bpin

)

‘__nﬁ'\\._/

f!’w
J

JJLUJL___N

218

A

L

s

101

6.0

B

<
(e ]
—
N

000°T

000°T



— &
PIE T o
zee”
8€¢€ [ 0
15¢€ o
8G€
0LE
68€ 'S
€LS J ™
L8S - 987 °6
:; ——— -
;gg == o _6L1'¢
119 g ~ —19z'¢
5Z9 '
0€9 == o 090°2
679 : N
168 —_ K
768 -
606 L
216 3
826
0€6 o
9%6 " e
676"
622"
6%2" 0
Loz L
299" — | " 650°C
089
L69 L5
GIL €/ i
€0L ¥~
ZTL B\ e
SEL"7A) &
0L 7~ ] ——T AT
‘So | V4f _’l &
ZLL T —< —= LS T o101
£96 7 /[ o o = —
Lae : -
010"/ - -
920°6/ -
o~
_O
. O
i / R —000°1T
o 0
w o
70
o
oi ) — —
7Lﬁ
o

102



q08"

TL8"
6LE’
ovv-
8LT"
z58°

AN
89¢"

OTL®
820°
ave”

-
L9 —

9L
LL—>
LL-

889 °€0T

LZT 971

8TEELT—

OOJ\

ElO73Ry

219

103

10 ppm

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

180



| F&
2L T+ N
8ve" I
L9E" I o
SLE T Pl
cge” R‘ [
Z6€° T -
POb " T .9
€27 T o
209 T\ [ —19S°¥
029" T\ E I o — BLLT'E
0F9 " T-\ =k
el ﬁ—;ij 5 6€G°€
659" |t
8L9" e | © — 662°C
506" L~
806" R —
o = oy L9V °C
926" o
Zv6”
ST N
096" o
£96° I
gze"
LyvE" -
GoE" /] LA
899" - " ez
689" =y =
€0L" o
0ZL° s
SOL ¥+ i
sza'v—\ C ot
9EL P -\ ™=~
IDL'V% —_—= ~ETI0°T
SSL v - [ ©
cLL v o 0
o
[Te]
i
S )
™~ (=]
% [¥e}
22?3‘;- / — _000°T
o L
w Vo)
] (=
=
867 L— -
[Te]
e

104



708 VT —
€T0°7C ~_
90V " LT —

590" 0€—
529" €€ —

€99°'79 —

QLL =9
820" LL—>=
SPE"LL

EEGTEQT

PLE 9V T-

OH

ElO73Sg

2-20

105

100

140

180

120 80 60 40 20 0 ppm

160

200



=
Q,
Q,
[T9)
f o
’\, )
{ —l
_—
1 s
| :
258" T~ j o
986 T\ [
266" T\ s R P
666" T 2 e —dFEd
L8V "2~
€617°Z-\ .
¥0S8°¢ % —— = &= GTOE
S Y N i
TS Z‘///
12524/ ,
8zs°z-/ | @
o™
685°€ - | w
909°€—>= ;| ™ —EE0°¢
vZ9°€ —————
X
4 [«
[Te}
. . s .
G695 F — = [ & =000'¢
E 1
_O
[Te]
_Lﬁ
A .
o~ o
(N' t— .
o N -
S .
& — f— .
[« O
852" L\ [ o
S6Z° L\ ~
968'L\/\L - _1%0°T
662" L1 == - =0Z8°F
g it 3

106



J :
L g
| &
-
| -
T T— — A R
| [w
‘) —
) I
85V 2 Ce
2972\
gw'zx“-\ .
6.7 7\ — [ —mTT
z6v 2T - —_E0T°Z
967"z
6052/ I
£16°2/ [ o
™
8EG €~ o -
GGG E— —_— ™ :::61:_['2
£LS €
_O
<t
218 H— e T s e [ A
o
wn
667°G~
€09°9\\{ 1
L0S G- c I R
8%5° G/
e o ol / .
s ©
N
16679+ ~
L0979\ o 0
£29°9-3 o e
56979 7 < -
25979 £ :
8999/ [ o
0LZ L~ ~
08" L Y . r o 126°0
LZE L—F = T
LsE'LJf [
6c€° L~ o

107



ETE
LvE"

636"
0Le”"
9L6"
L86"
LG9 "
7L9 "
L89"
poL®
L18"
L¢8"°
L?8"
868"

vec”

8GZ°

_J
S )
=
\
|
1
e\ !
A i
Z _,:’\/'\; :J
z/
(328
€\ 3
E ).7= —
€ /,:,'/ \
g/
g— —_—
(@]
-+
N
™~
o
T
/- -
J
]
g
3

108

1.0 ppm

T:58

6.0

6

788579

0
Xe]
—
—




T0€”"
LVE~

o) A
8TZ"
gee”
GEC”
18¢-
wae”
89¢"
TLe”
z86°
G66°
966"
600°
GEP®
A
69%°
60L"
gecL”
LEL"
TSL*
E6L°
G08~°
TZ8°
€€8”°
T1§"
T6L"
018"
€¢8°
828"
w8
098"

0€e”
Z9€”

8G¢"
Tee”
182"
78¢"
€6’
TCE”

L4

>~ .0

Ph-"0

2-26

109

ppm

1.0

190°¢




Table 2.4 Entry 1

G909 T——
98¢ ¢c—
9LV " C¢—

7997 -
LBL T—

¥Z6" 2~
L66°C——

68L°9 —

8GZ°L—

089" L—

110

ppm




Table 2.4 Entry 2

W e SRR e e S |
Lo :

|
|

ia

&l 4_

e AT
_ ;

111



Table 2.4 Entry 3

6EV°T
GG T~

SP8 T~
S8 T——
786 T——=
Zr0 T

z6€"
607"
92y
AN
6h% €7
9T e
LEL €~/
PGLT €~

€6C°G

88 " L—

L_IJ_J_LLL;

W\JL

Il

S . N

™.

1

112

ppm




Table 2.4 Entry 4

wdd 0°'T §°1L 0°¢ S E @€ G ¢ 0¥

_¢€3_J T

113




Table 2.4 Entry 5

,,,,,,,,,

114



Table 2.4 Entry 6

cee”
0§¢*
L9T"
A
69€"
8LE”
EET”
0S¥

SE0°C—

439
607"
9¢v"
i

G80° ¥
Z0T' ¥
0ZT° ¥ -7
8ET ¥/

896" L—

M

Mt

I

W

[«“ |

BT gl T

115

y J;J‘"L-I-I‘!.

WY,

L

ppm



Scheme 2.9

SN

i

.

3

TLT T — =

60L° T <

000" € Y

8T0" €~ /

LEQ € —x= —_——

: ]

£/ |

T€T €/ J

?

1

;

1

’§

|

|

/

{

J

88T L~
S0Z° LA\

802"
ove:
85z
L6Z

€T€" !

gTe .t

116




Table 2.5 Entry 1

0P T—-

OEE T—

9L9° 2

sezied

L6 G —

80¢C"
CANA
0ce”
8ce”
GEC"
86z’
G8¢”
T0€"
€0€”
61¢"

117

ppm

w5

— 905" 11T
— 565701

— 587G

~6ZE"L
—._¥07°C
—000°¢



Table 2.5 Entry 2

ppm

e —) | _TIwE

9L9"
G69°
GEL™
066"
oLe-
686"
1¢0°
6€0°
veT”
ANA
ceT”

~80cz

' o —7668°C
= Lo — 89271
— —000°T

118



Table 2.5 Entry 3

| =
0,
o
LEL T
CEE T —
|42
—
e
| ~
| la
269" | P
gTL" ] .
896" -_:j _ 8F8°0
000" ] Ie
8T0° = =
LEQ"
€6T" —= —. 000
Z1Z €, 0
oez g | 2
! ™
o
<«
)
s
70
"
un
T
(e]
R
un
©
98T"
70z* e
7o i ~
6€C" '
8GC" =
T | L@
96¢" | ~
G1E”

119



Table 2.5 Entry 4

£
0,
o
(i _
ze€ T — —
— o3
R -
VLS " =
769" ~
669"
2L
G6L" L =7
876" N /818°1
896" ‘:3 — %8570
186" 31 ~.2ZL°0
000" = _S —ioL'z
8T0" T LM TN 687 T
LEQ" —= —_000°¢
Z6T"
€6T" 0
602" o)
TTE e
622"
T€T" o
S
)
<«
=2
o
un
o
(e]
e
un
G8T" ©
L8T"
v0Z"
Loz" |
81Z" o
viee®
85Z"
z82" B
L6Z" =
662"

120



Table 2.5 Entry 5

=
Zee” - g
LEC” i
992" =
AN -
h 1 [w
169° —
769"
Tk
geL” e
ZvL” ~
Z9L"
LLL®
S6L" )
G18" ~  /000°¢
106" = 18T
s = [ =I5zt
196" = [ ° IILT¥
896" T T 0GETE
086 - = —Gzv'e
186" '
000" ok
810" ™
LEQ"
161"
€61" o
602" =
112"
622"
1€C” o
Ay
o
T
[Te)
6
(@)
T e
L
©
G8T"
A o
81Z" —-
vee: =
86Z"
082" &
182" L o=
L6Z° LY ©
GTE L

121



Table 2.5 Entry 6

9€¢”
992"
ZeE”"
TLS”
169°
€69°
TTL”
vL”

SEL e

Lk
S6L”
86L"
I8’
G18"
LV6"
096°
L96°
086"
986"
666"

LTO €

9€0~°
T6T°
61"
602"
1te”
622"
oge”

G8T"
L8T"
70Z"
Loc"
LTS
€ee”
8€C”
8G¢Z"
962"
662"

o e el el el el ol

122

ol

M e

il

ppm

/000°T
— 0170
L L¥8°0
—99L°T
—\0L9°Z
— T
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Scheme 2.13 Entry A
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Scheme 2.13 Entry B
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Scheme 2.13 Entry C
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Scheme 2.13 Entry D
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Scheme 2.13 Entry E
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Chapter 3
Synthesis of a Gold-Carbene Complex with a mRNA 5°-Cap Analog
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3.1 Introduction

The 5°-Cap, discovered by Rottman, Shatkin, and Perry, is a conserved structural motif in
messenger RNA (mRNA) found in all eukaryotic life.! The structure of the 5°-Cap is shown in
Figure 3.1. It consists of a single guanosine nucleoside, which has been methylated at the N7

Figure 3.1 Structure of the 5'-Cap

NH,
/N \N

P OH o o o < )
O O O N™ >N

position, bound 5’ to 5” with the strand of mRNA via a triphosphate linkage. The 5’-Cap is
crucial to the central dogma of biology, hence its ubiquity across the eukaryotic domain. The cap
acts as a recognition site for a wide variety of proteins which interact with mRNA, participating
in splicing, intracellular transportation, and translation into proteins; it identifies mMRNA as
mRNA (Figure 3.2).

Thanks to its crucial role in cellular function, the interactions between the 5’-Cap and proteins
make for a tantalizing drug target. Figure 3.3 shows a crystal structure of 7-methyl guanosine
triphosphate (m’Gppp) bound to elF4E, the protein subunit which recognizes mRNA for loading
onto the ribozyme for translation. Both the anionic phosphates and the cationic imidazolium ring
are required for effective binding. Overexpression of elF4E is common in a variety of cancers, so

analogs of the 5’-Cap have been examined as competitive inhibitors.!" To the best of our
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Figure 3.2 Role of the 5'-Cap
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Figure 3.3 5'-Cap Bound to eLF4E

knowledge, however, none have made it into pharmaceutical trials. Altering the 5°-Cap itself

could provide an alternate route to blocking translation.
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From the perspective of organometallic chemistry, the imidazolium ring in the structure of the
5°-Cap appears to be primed to act as the precursor to an N-heterocyclic carbene (NHC) ligand
for a transition metal. This chapter will discuss the first example of complexation of a free 7-
methyl guanosine (7-MeG) NHC, generated in situ, to a transition metal (Scheme 3.1).
Considering the ultimate goal of performing such a reaction under biologically relevant
conditions, a few major challenges must be overcome. Water must be used as the solvent, or at
least as a co-solvent if the reaction is to be performed on an RNA oligomer. The temperature
must be kept at or below 40 °C and the pH between 7 and 9 to avoid denaturing RNA and to best

represent biological conditions.?3

Scheme 3.1 Proposed General Scheme

v 9 V9
®N MX N
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sugar sugar

3.2 Background

Recently there have been many advances in the direct complexation of NHC ligands to
transition metals. Within the last ten years bulky imidazolium derivatives, under basic
conditions, have been complexed to iridium, rhodium, palladium, and platinum.* For this project,
however, we chose to focus on silver and gold, as these two metals have much more historic
precedence for binding directly to NHCs.

Since the introduction of NHCs as organometallic catalyst ligands in the 1990’s, and their
huge rise in popularity thanks to the inclusion of the IMes ligand in Grubb’s second-generation
catalyst, the primary method of incorporating NHCs onto transition metal complexes has been
via transmetalation from silver (Scheme 3.2).° This method has been successfully applied to a

wide variety of transition metals. Non-ligated NHCs high reactivity makes them unstable, but
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they are also particularly labile when ligated to silver. This means that silver complexes are
formed easily, but will also readily undergo transmetalation to other transition metals which
don’t react fast enough with a free NHC. Therefore, silver is an obvious first choice when

working with a challenging precursor such as 7MeG.

Scheme 3.2 Transmetalation of Silver NHC Complexes
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341
There are limited reports of xanthine derivatives forming NHC complexes with silver, most

notably methylated caffeine (Scheme 3.3).6 Caffeine, while structurally similar to guanine, has
much better solubility, and is therefore often used as a guanine analog in pharmaceuticals.

Youngs and coworkers, in a patent awarded in 2005, present the chemistry shown in Scheme 3.4,
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but provide no characterization data for the final silver complex 3-1.” This particular reaction
will be elaborated on later in this chapter.

Perhaps unsurprisingly due to its chemical similarities to silver, gold has more recently
proven to readily form bonds with bulky free NHCs. There has been a particular interest in these
gold complex thanks to their anti-cancer and anti-bacterial activities.® The groups of Nolan,
Wang, and Zhu reported a variety of conditions for the direct formation of gold complexes with
imidazolium derivatives (Scheme 3.5).° Of particular interest to our work, however, is a report
by Casini and co-workers in which they demonstrate the reaction of gold with the free NHC of

methylated caffeine (Scheme 3.6).1° Although none of these reactions quite meet the

Scheme 3.5 Direct Formation of Gold-NHC Complexes
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experimental requirements set out for our project, they do instill confidence that a metal NHC
complex can be formed under biologically relevant conditions.
3.3 Synthesis of 5°-Cap Analogs and Silver NHC Complexes

We began our investigation by attempting to repeat the experiment reported by Youngs’
which is shown in Scheme 3.4. However, many details of the procedure were left out, and so
some trial and error was required (Table 3.1). Varying temperature, solvent, and concentration of
the reaction led to the isolation of what we believe to be the intermediate 3-2, but its total
insolubility in any solvents made characterization challenging (Entry 5). Repeated inability to

perform the ion exchange reported by Youngs led us to pursue alternative paths of inquiry.

Table 3.1 Attempted Replication of Youngs Patent

0]

Me,SO of T

a. Me x [©)

HN > Tsobv. N | N\>@ HBr N> 8

2N)\\ b NH,OH ™ NH4OH H,N SN N\ )\ \
3-2

Entry Equiv. Me2SO4 Temp. (°C) Solvent Concentration (M)
1 1 20 H20 0.1
2 2 35 H.O 1.0
3 2 40 EtOH 0.1
4 2 20 Et.O 0.1
5 2.5 90 DMSO 0.66

Initially, we were concerned about the numerous potentially reactive positions on guanosine,
particularly the sugar alcohols, and therefore began with methylation of the N-1 position
followed by polyacetylation of the sugar fragment (Scheme 3.7A).1! However, it turns out that
simply by using a milder base, dimethylation at the N-1 and N-7 positions without protection of
the sugar is possible, albeit in low yield (Scheme 3.7B).!2 Reaction of 3-4 with silver oxide

(Ag20) yielded an unknown undesired product based on NMR data. Guanosine has been
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Scheme 3.7 Modification of Guanosine
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reported in the past to ring open the imidazole ring under basic aqueous conditions.*® This was

concerning to us, but 3-4 proved to be stable to 30% NaOD in D20 even after 36 hours by NMR

analysis. In a move which seemed obvious in hindsight, by removing base from the methylation

conditions we were able to isolate 7-methylguanosine using an exceptionally specific solvent

mixture developed by Jones and Robins to crash out the product (Scheme 3.7C).1* When 3-5 was

reacted with Ag»0 in D20, after one hour no organic compounds were detected in solution by

NMR (Scheme 3.8). We believe the desired silver complex was created and immediately crashed

out of solution. Unfortunately, the large excess of Ag»0O stirs in water as a suspension, making

isolating the crashed-out product extremely challenging.
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Scheme 3.8 Reaction of 7-Methylguanosine with Ag,0O
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In hopes of making the silver complex more water soluble, we turned our attention to
guanosine monophosphate. Solubility of guanosine monophosphate proved to be an obstacle to
methylation of the N-7 position. Several solvents were examined and the temperature of the
reaction adjusted, but in all cases inability to solvate the substrate led to no reaction occurring

(Table 3.2). lon exchange with tetrabutylammonium iodide was also unsuccessful.

Table 3.2 Failed Methylation of Guanosine Monophosphate

0
P C
C N N)\NHz Mel 0 N N/)\NHZ
NaO-P-0— 4 X Nao_'pl'a_o o
ONa 0 ONa
oH oH HOn ol 37
Entry Equiv. Mel Solvent
1 2 Dimethyl Acetamide
2 4 Dimethyl Acetamide
3 4 1-Methyl-2-piperidone
4 4 DMSO

Finally, using a modified version of a protocol developed by Paul Gershon, we were able to

isolate the pyridinium salt of 7-methyl guanosine monophosphate (Scheme 3.9A).1° Attempts to
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Scheme 3.9 Methylation of Guanosine Monophosphate and Reaction with Ag,O
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convert back to a sodium salt were unsuccessful, so we moved forward with the pyridinium salt.

Unfortunately, with either DMF-d7 or H20 as solvent, reaction with Ag.O yielded the same
results as before: no detection of guanosine by NMR, likely due to insolubility of the silver-NHC
complex (Scheme 3.9B).
3.4 Synthesis of a Gold-NHC Complex with a 5-Cap Analog

We used the conditions reported by Nolan®® (Scheme 3.5B) as a jumping off point for gold
complex synthesis which would be compatible with actual RNA (Table 3.3). The reaction was
kept at room temperature to accommodate RNA and the time extended to 18 hours to
compensate for the change in temperature. The gold source we had on hand, Au(tht)Cl, turned
out to not be soluble in acetone (Entry 1), but a switch in solvent to DMF proved these
conditions to be equally as effective as those of Nolan with the common NHC ligand 1,3-
Dimesitylimidazol-2-ylidene (IMes) (Entry 2). While use of water as a cosolvent greatly reduced
the effectiveness of the reaction, the desired product was still obtained (Entry 3). This is

excellent precedent for the formation of a RNA NHC complex under biological conditions, since
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it is aqueous and the base is very mild.

Table 3.3 Conditions for Gold Complex Formation

@NT © K,CO5 .- r\iR
[N> + AUl = { /[N)>—AUCI
h rt, 18 h i?{
3-9, 3-10, 3-11

Entry Substrate Solvent Product Yield
1 IMes Acetone 3-9 NR
2 IMes DMF 3-9 97 %
3 IMes 1:1 DMF/H,0O 3-9 30 %
4 Dimethyl Imidazolium DMF 3-10 0%
5 Dimethyl Benzimidazolium DMF 3-11 33 %

Unsurprisingly, the much less bulky N,N-dimethylimidazolium did not react, which follows
known NHC reactivity trends (Entry 4). However, we were pleasantly surprised to find that N,N-
dimethylbenzimidazolium does in fact form a complex with gold (Entry 5). This particular result,
along with the reaction reported by Wang® (Scheme 3.5C), gave us much more confidence that
the electronic effects of guanosine and the steric bulk of the sugar would make up for the lack of
steric bulk provided by the N7 Methyl group on the 5’-Cap.

Scheme 3.10 Synthesis of Gold-NHC Complex with Guanosine
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Following these results, we moved forward and applied the conditions from Table 3.3, entry 2

to compounds 3-5 and 3-8. In both experiments we observed the products were not soluble in

any solvents, and so 3-5 was studied for easier characterization (Scheme 3.10). Based on the data
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so far, we believe we have successfully synthesized the guanosine gold NHC-complex 3-12. The
calculated exact mass of 3-12 is 791.181, and using MALDI-mass spectrometry to directly
analyze the solid crude product mixture, the main mass peak found was 791.268, an excellent
match. Analysis by solid state 3C NMR also supports this conclusion. The C8 carbon in 3-5 is
present in solid state NMR at 139.2 ppm as a very strong peak. In the spectrum recorded of the
material recovered after removal of all volatiles in vacuo, presumed to be a mixture of 3-12 and
K2COs, all the other peaks from 3-5 are present, but the peak at 139.2 ppm is clearly missing.
There is, however, a new peak at 171.9, which is in a range consistent with carbons in an NHC
bond with gold. In our own observations of compounds 3-9, 3-10, and 3-11, as well as similar
compounds described in other reports,® carbon atoms in carbene bonds to gold consistently
appear between 170-175 ppm in 3C NMR. For example, the NHC carbon in compound 3-9
appears in 1*C NMR as a peak at 173.4 ppm. Interestingly, when water is added to the crude
product mixture in order to remove the inorganic salts, the color of the solid changes from white
to red-brown, a color shift consistent with oxidation from Gold (1) to Gold (l11), and a new
primary peak is detected by MALDI at 805.449. This result is quite puzzling, and we are
currently working with a collaborator to obtain crystal structures of both of these structures using
MicroED x-ray crystallography to definitively confirm our results.
3.5 Conclusion and Future Studies

We would be remiss not to mention that during the course of these investigations, a report
was published by Ana Petronilho and co-workers, in which they reported the successful synthesis
of a platinum-NHC complex with guanosine.® There are, however, some key differences with
our work. The guanosine used for the synthesis of Petronilho’s compound contained a

polyacetylated sugar, and rather than deprotonation to form the carbene, the metal carbon bond
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was formed by heating to 100 °C to affect an oxidative addition. Once the structure of 3-12 is
confirmed by MicroED, we intend to use our mild conditions to form a similar complex with an
oligomer of RNA, which would be impossible at high temperatures, as the RNA would
decompose. We also hope to perform in vitro studies to determine whether or not formation of a
metal complex such as 3-12 forming with the 5’-cap of mMRNA could inhibit translation. In
conclusion, we have presented evidence for the first N-heterocyclic carbene bond between a
transition metal and the C8 carbon of a fully unprotected 7-methylguanosine. This complex was
formed under exceedingly mild conditions, pointing to the potential for such a complex to form
with the 5’-cap of MRNA within a eukaryotic cell.
3.6 Experimental Section
General Information

Unless otherwise specified, reactions were run open to air using dry solvents. DCM and EtsN
were distilled over CaH2. All chemicals were used as purchased from commercial sources. NMR
data was obtained using a Bruker ARX-400 instrument and calibrated to the solvent signal
(CDCls : § = 7.26 ppm for 'H NMR, & = 77.2 ppm for *C NMR). Data for *H NMR spectra are
reported as follows: chemical shift (5 ppm), multiplicity, coupling constant (Hz), then
integration. Data for 3C NMR spectra are reported in terms of chemical shift. The following
abbreviations are used for the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quin.
= quintet, sex. = sextet, hept. = heptet, dd = doublet of doublets, dt = doublet of triplets, td =
triplet of doublets. Solid State **C NMR was obtained using Bruker AV-600 with natural
abundance powdered samples spun at a rate of 10 kHz. Flash column chromatography was

performed using 40-63 mesh micron silica gel.
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Experimental Procedures
Synthesis of 3-2 (Table 3.1, Entry 4)

Guanine (0.76 g) and DMSO (7.5 mL) were added to a flask and heated to 90 °C. Dimethyl
sulfate (1.19 mL) was added and the temperature was increased to 140 °C, changing the solution
from opaque white to clear yellow orange in color over time. After 2 hours the reaction was
cooled to room temperature and MeOH (13 mL) was added. Aqueous NH4OH (3 mL) was added
and a white precipitate immediately crashed out of solution. The white precipitate, presumed to
be 3-2, was filtered out and dried overnight. 3-2 was insoluble in all solvents preventing
characterization, and was used as-is.

Synthesis of 3-3

Guanosine (0.28 g), sodium hydride (0.024 g) and DMSO (3 mL) were stirred under a
nitrogen atmosphere for 1.5 hours. Mel (0.06 mL) was added and stirred for 4 hours, after which
the reaction was heated to 70 °C and placed under vacuum at 3 mmHg. After 60 hours DMF (5
mL), pyridine (5 mL), and acetic anhydride (5 mL) were added and the reaction was heated to
140 °C for 36 hours. The reaction was then evaporated in vacuo at 80 °C for 48 hours to give the
crude product. The product was then purified by flash column chromatography (silica gel, 25:1
DCM/MeOH) to give 3-3 (185 mg, 40% yield). *H NMR (400 MHz, CDCls): § 9.73 (brs, 1 H),
§7.81 (s, 1 H),55.97(d, J=5.0Hz, 1 H), 55.82 (t, J=5.2 Hz, 1 H), 5 5.59 (m, 1 H), & 5.26 (s,
2 H),54.37(s,3 H), §3.56 (s, 3 H), 8 2.27 (s, 3 H), 5 2.07 (s, 3 H), § 2.02 (s, 6 H).

Synthesis of 3-4

Guanosine (0.28 g), Mel (0.09 mL), K2COs3 (0.17 g), and DMSO (3 mL) were stirred together

overnight. More Mel (0.03 mL) and K>COs (0.06 g) were added and once again stirred

overnight. DCM (30 mL) was added, and the solid product crashed out of solution. The solvent
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was decanted off and 3-4 was allowed to dry in open air overnight (132 mg, 30% yield). *H
NMR (400 MHz, DMSO-d6): § 9.33 (s, 1 H), 5 7.83 (brs, 2 H),  5.80 (d, J=4.1 Hz, 1 H), 5
5.60 (d, J=5.3, 1 H), 85.30 (d, J=5.4 Hz, 1 H), § 5.06 (t, = 5.3 Hz, 1 H), 5 4.34 (m, 1 H), &
4.11 (m, 1 H), 8 3.99 (s, 3 H), 5 3.95 (m, 1 H), & 3.62 (m, 2 H), § 2.50 (s, 3 H).
Synthesis of 3-5

Guanosine (5 g), Mel (2.2 mL), and dimethyl acetamide (50 mL) were stirred at room
temperature for 48 hours. Celite (2 g) was added and stirred, then filtered out of the reaction.
Ethanol (250 mL) and hexanes (600 mL) were added, and then decanted off, leaving behind an
oily residue. Acetone (300 mL) was added and stirred for 10 minutes, crashing out the product.
3-5 was isolated by filtration and washed with acetone, then Et20, and used without further
purification (1.74 g, 23.1% yield). *H NMR (400 MHz, D,0): § 8.89 (s, 1 H),  5.92 (d, J = 3.8,
1 H), 54.55(t, J=4.8, 1 H),54.25(t, J=5.4, 1 H), §4.15 (m, 1 H), 5 3.98 (s, 3 H), 5 3.84 (dd, J
=12.9,2.8, 1 H), $3.72 (dd, J = 12.8, 4, 1 H). 13C NMR (100 MHz, D20): & 155.6, 155.2, 149.5,
136.7, 108.7, 89.9, 85.3, 74.2, 69.3, 60.5, 35.8.
Attempted Synthesis of 3-6

3-5 (35 mg), D20 (2 mL), and Ag20 (49 mg) were stirred together for 1 hour. Excess solid
was filtered out to leave colorless solution which was analyzed by NMR, showing only a solvent
peak.
Representative Procedure for Table 3.2 (Entry 2)

Disodium guanosine monophosphate (0.2 g), Mel (0.12 mL), and dimethyl acetamide (10
mL) were stirred at room temperature under a nitrogen atmosphere overnight. The solvent was

removed in vacuo and the remaining solid analyzed by *H NMR, showing only starting material.
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Synthesis of 3-8

Disodium guanosine monophosphate (0.41 g), H20 (4 mL), and concentrated HCI (0.06 mL)
were stirred together. Pyridine (0.16 mL) was added and a semitransparent solid immediately
crashed out. H,O was removed in vacuo. Dimethyl acetamide (6 mL) was added under a nitrogen
atmosphere, followed by Mel (0.62 mL), turning the solution yellow, and the reaction was stirred
overnight. The solvent was removed in vacuo, then acetone was added and stirred, crashing out
the product. The acetone was decanted off and 3-8 was dried in vacuo and used without further
purification. (193 mg, 41% yield). *H NMR (400 MHz, D,0): § 9.12 (s, 1 H), § 8.58 (tt, J = 12.6,
2.1, 1 H), 5848 (t,J=10.0, 1 H), §5.99 (d, J = 4.8, 1 H), 5 5.89 (d, J = 4.8, 1 H), 5 4.58 (m, 1
H), § 4.39 (m, 1 H), 5 4.35 (s, 3 H), § 4.31 (m, 1 H), 8 4.26 (m, 1 H), § 4.18 (m, 1 H).
Synthesis of 3-9

1,3-Bis(mesityl)imidazolium chloride (0.07 g), Au(tht)Cl (0.054 g), K2COs (0.03 g), and
DMF (2 mL) were stirred together overnight. The solvent was then removed in vacuo and DCM
(2 mL) was added. The reaction was filtered through silica then concentrated to a white solid.
The solid was then stirred in hexanes, which was decanted off and 3-9 was dried in vacuo (88.5
mg, 97% vield). *H NMR (400 MHz, CDCla): § 7.09 (s, 2 H), & 6.99 (s, 4 H), § 2.34 (s, 6 H), &
2.10 (s, 12 H). 3C NMR (100 MHz, CDCla): 5 173.4, 139.8, 134.7, 130.0, 129.5, 122.1, 21.2,
17.8. HRMS (DART-TOF) m/z: Calculated for C23H27AuNz [M - Cl + Acetonitrile]: 542.1871,
found 542.1854.
Synthesis of 3-11

1,3-Dimethylbenzimidazolium iodide (0.02 g), Au(tht)CI (0.02 g), K2CO3 (0.01 g), and DMF
(1 mL) were stirred together overnight. The solvent was then removed in vacuo and DCM (1

mL) was added. The reaction was filtered through silica then concentrated to give 3-11 as a
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white solid (7 mg, 33% yield). *H NMR (400 MHz, CDCls): § 7.48 (m, 4 H), 5 4.06 (s, 6 H). °C
NMR (100 MHz, CDClz): 6 133.6, 124.7, 111.2, 34.7.
Synthesis of 3-12

3-5(0.09 g), Au(tht)CI (0.05 g), K.CO3z (0.03 g), and DMF (2 mL) were stirred together
overnight under a nitrogen gas atmosphere. The solvent was removed in vacuo, and the crude
white powder product was analyzed as a mixture of 3-12 and inorganic salts. **C NMR (600
MHz, solid state): 6 171.7, 164.1, 157.8, 148.3, 109.5, 95.2, 85.2, 71.5, 62.2, 37.3. MS (MALDI)
m/z: Calculated for C22Hsz0AuN10010: 791.181, found 791.268.

3.7 'H and 13C NMR Data
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Attempted synthesis of 3-6 shows no guanosine
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Table 3.2, Entry 2
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