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The work contained within this thesis represents contributions to our understanding of
ruthenium-mediated cycloaromatization reactions of trienes and novel cycloaromatization
reactions of nitrogen-containing enediynes. Previous work done in the O’Connor lab demonstrated
room temperature cyclizations of enediynes and dienynes via proposed hexahapto metal
coordination. Preliminary calculations suggest that #5-metal complexation to the z system lowers
the activation energy for cyclization. The mechanistic hypothesis for this transformation involves
n®-metal complexation to the triene system, followed by a 67 electrocyclization.

The first #°-acyclic conjugated triene ruthenium complex was successfully synthesized by

the reaction of [CpRu(NCMe)s]PFe with an (E,E) diphenyl-substituted 1,2-divinylcyclopentene

XXV



derivative. The presence of phenyl substituents is thought to inhibit the metal-mediated disrotatory
ring closure of the triene due to steric congestion. This complex was further characterized by
exploring electronic effects of para-substituted phenyl substituents on the overall geometry. More
specifically, electronic effects were examined by hexahapto metal complexation to 1,2-bis((E)-4-
(trifluoromethyl)styryl)cyclopentene and 1,2-bis((E)-4-methoxystyryl)cyclopentene. The more
electron-deficient #°-triene ruthenium complex adopted an s-cis/s-cis conformation, as determined
by X-ray crystallographic analysis. The more electron-rich #5-triene ruthenium complex adopted
both s-cis/s-cis and s-cis/s-trans conformations in a 3:1 ratio. Additional analysis of this ratio by
cold-probe variable temperature *H NMR spectroscopy confirms that the two isomers exists in
equilibrium at room temperature. The relative stabilities of these diastereomeric complexes were
examined by a time course migration study where the migration of ruthenium from (;°-
cyclopentadienyl)(n°-1,2-bis((E)-4-(trifluoromethyl)styryl)cyclopentene) ruthenium(I1)
hexafluorophosphate to 2-bis((E)-4-methoxystyryl)cyclopentene was monitored by *H NMR
spectroscopy. Based on the final ratio of isomers, it was estimated that the more electron-rich
ruthenium complex is > -4.0 kcal/mol more stable than the electron-deficient #%-triene ruthenium
complex.

Finally, a recently discovered thermal cyclization of enediynes was extended to include
pyridine-based enediynes. Thermolysis of 2-(1-pentynyl)-3-(1-propynyl)pyridine in CDX3 (X =
Br, 1) and 1,4-cyclohexadiene led to the regioselective formation of 5-halo-6-methyl-7-
propylquinoline derivatives. Halogen connectivity was established via HMBC and NOE NMR
spectroscopic analysis. The cyclization is proposed to involve a key diene intermediate, (E)-3-(1-
halo-1-propenyl)-2-(1-pentynyl)pyridine, which may form by one or both of the following

mechanisms. The first mechanism involves addition of HX to the alkyne (X = Br, I). The hydrogen
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halide is proposed to form in situ from the reaction of 1,4-cyclohexadiene with CDX3 (X = Br, I)
to form HX, CDHX>, and benzene. In the second mechanism, the diene intermediate is proposed
to form through free radical addition of a hydrogen atom from the cyclohexadienyl radical to an
alkyne to give a dienyne radical, followed by abstraction of a halogen atom from CDX3 to produce
the halo-dienyne intermediate. This key dienyne intermediate is then proposed to undergo a Hopf-

type cyclization to yield the halogenated aromatic product.
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Chapter 1.

Introduction and Overview of Tri-z-Systems: Facilitating Electrocyclization Reactions
Through Thermal and Metal-Mediated Pathways



A. Introduction to Tri-z Systems

Cycloaromatization reactions allow for the construct of substituted arenes through thermal
transformations of polyunsaturated systems. Herein we define the subset of polyunsaturated
molecules that contain three conjugated multiple bonds within an acyclic framework as tri-z
molecules. Widely encountered examples of tri-z molecules that undergo cycloaromatization
reactions include: enediynes (1), dienynes (2) and trienes (3; Figure 1.1). Each of these substrates
involve unique and fascinating mechanisms for the formation of arenes. However, one major
limitation that has been observed with the tri-z cycloaromatization reactions is the high activation
barrier required for these reactions to proceed; thus, these reactions are limited in their usefulness.
The major goal of the work presented in this dissertation is: (A) to demonstrate the feasibility of
accelerating 6z electrocyclizations via the intermediacy of late-metal #° tri-z complexes, and (B)

investigations into novel thermal transformations of nitrogen-containing enediynes.

Z

| C ®
X NS
1 2 3

Figure 1.1. Representative tri-z systems.

B. Concerted Electrocyclization Reactions

Concerted electrocyclization reactions provided the foundation for Woodward and
Hoffmann’s principle of conservation of orbital symmetry which utilizes the concepts of molecular
orbital theory to rationalize and predict stereochemical outcomes of concerted reactions.!

Electrocyclization reactions are one of the most powerful synthetic tools in the chemist’s toolbox.



These reactions exhibit predictable regioselectivity and stereoselectivity in the construction of

many structurally complex natural products (Figure 1.2).?

Cinanthrenol A Salvileucalin C

Thiaplidiaquinone A Dictyodendrin F

Figure 1.2. Selected examples of natural products synthesized via electrocyclization reactions.?

In a thermal system consisting of 4n =z electrons, the orbital symmetry of the highest
occupied molecular orbital (HOMO), is such that a bonding interaction between the termini will
proceed through a conrotatory process so that the orbitals on opposite faces of the system will
overlap constructively (Figure 1.3). Comparing the HOMO of the thermal system containing 4n +
2 & electrons, the orbitals on the same face of the system will have to interact. Thus, the termini
must proceed through a disrotatory motion for constructive overlap. Lastly, in photochemical

reactions, an electron from the HOMO is promoted to the lowest unoccupied molecular orbital



(LUMO), which leads to a reversal of terminal symmetry relationships and a reversal of

stereospecificity of pericyclic reactions (Figure 1.4 and Scheme 1.1).1

HOMO LUMO
hv
4n rsystems —_—
conrotatory disrotatory
hv
4n +2 rsystems e
disrotatory conrotatory

Figure 1.3. Woodward-Hoffman rules under thermal (left) and photochemical (right) conditions.

<
C - X
<
4

. ©:

Scheme 1.1. Stereochemical electrocyclization outcomes under thermal (top) and photochemical
(bottom) conditions as predicted by orbital symmetry conservation.



Interest in catalytic triene electrocyclizations began in the late 1960s, *~> however, it took
over 40 years for Bergman and Trauner to report the first catalytic 6z electrocyclization of
conjugated trienes with Lewis acids.® Utilizing density functional theory (DFT) calculations they
were able to predict reaction conditions for successful catalysis and confirmed their predictions
via experimental analysis.

Electron withdrawing groups located in the 2-postiton of a hexatriene system had been
observed previously to lower electrocyclization barriers by 10 kcal/mol.” Thus, Bergman and
Trauner reasoned that they could exploit this effect to catalyze 6z electrocyclization reactions by
coordination of a Lewis acid catalyst to a Lewis basic electron-withdrawing group located on the
2-position of a hexatriene system. They hypothesized that the coordination of the Lewis acid
should increase the electron-withdrawing effect of the substituent and thereby decrease the
activation energy barrier to cyclized products.

They began their studies by calculating the reaction energies of hexatriene systems with a
methyl ester substituent located at all possible positions and orientations. They chose a proton to
serve as the simplest Lewis acid to bind to the carbonyl oxygen. As predicted, the system with the
protonated ester in the 2-position had the lowest activation barrier of only 14 kcal/mol, which is

10 kcal/mol less than the unprotonated version.

A S
Cos. — | © ol
_ & —_—
CO,Me CO,Me CO,Me
4 - - 7
A 1%
| X T /
P — & —
CO,Me i COzMe CO,Me
5 N 8
L
N A
C — | —
MeO,C Me0,C” Me0,C
6 9

Scheme 1.2. Trienes studied computationally by Bergman and Trauner at the B3LYP/6-31G**
level of theory.



Table 1.1. Relative energies of the thermal electrocyclization (protonated carbonyl energies)*

Compound EA (kcal/mol) Product AA E?
4 31 (35) 26 (9) 4
5 24 (14) -20 (-29) -10
6 26 (24) -5 (-17) 2

* In kcal mol calculated at the B3LYP/6-31G** level of theory.

After computational analysis, Bergman and Trauner synthesized trienes 10 and 11 and

found that the rates of cyclization to products 12 and 13 were increased in the presence of the

Lewis acid, Me,AICI. They observed that the reaction is catalytic and first order in both the Lewis

acid and substrate. They also reported the Gibbs free energy of activation is 1.7 kcal/mol lower

than the thermal pathway of 10 and 2.4 kcal/mol lower than the thermal pathway of 11 (Table

1.2).

Table 1.2. Activation Parameters of the thermal and catalyzed electrocylizations.

X Ph Ph Ph Ph
X
l_ — > ® — H
0~ "OEt 07 OEt o
o 11 13

10 12

Compound AG thermal (kcal/mol) AG catalyzed (kcal/mol)
10 25.2(5) 23.5(2)
11 24.0(5) 21.6(1)

C. Forbidden to Allowed Pericyclic Reactions by Complexation of Transition Metals

After Woodward and Hoffman published their rules of conservation of orbital symmetry,

there have been reports in the literature reporting the reverse stereoselectivity of pericyclic

reactions when the substrates are coordinated to transition metals.’> In 1975, Mango published a

set of selection rules on when the forbidden-to-allowed transformations could occur. In order to
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catalyze the forbidden-to-allowed reaction path process, ideally the bonds of the substrate are fully
coordinated to the metal and retain full coordination throughout the entire pericyclic process.>
One of the most studied metal-mediated electrocyclization reaction is the ring-opening of
cyclobutene coordinated to Fe(CO)3.>'2 In the absence of metal coordination, this reaction
proceeds in a symmetry-allowed, conrotatory fashion. However, the observed mode of ring
opening for strained cyclobutenes upon Fe(CO); coordination is through a disrotatory process. For
the strained ring systems (Scheme 1.3.) the reaction is proposed to proceed first by metal
coordination to cyclobutene 14. Then for the reaction to proceed, Fe(CO)4 must lose a ligand of
CO to generate the coordinately unsaturated 16-electron intermediate 15, followed by ring opening

to give diene 16. For this system a conrotatory ring opening is not possible due to the geometry

constraints of the second cyclobutene ring.®

_co _,

Fe(CO), Fe(CO); Il:e(CO)3

14 15 16

Scheme 1.3. Fe(CO)s- mediated ring opening of a cyclobutene.®

While the unsubstituted cyclobutene system has been difficult to study experimentally,'?
Tantillo and Hoffmann performed calculations utilizing the HF-DFT-B3LYP method on the
unsubstituted system (Scheme 1.4).>!° This system allows for the direct comparison of energies
for the ring opening pathways without geometric constraints. They were able to identify two
possible pathways for the transformation of 17 to 18. The first pathway (path A) consists of loss
of one CO ligand followed by ring opening, while the second pathway (path B) consist of ring

opening, followed by CO ligand loss.



In path A, the loss of CO has an activation barrier of 31.1 kcal/mol for formation of the 16-
electron complex 19. Intermediate 19 undergoes a disrotatory ring opening with an activation
barrier of 30.6 kcal/mol to form 18. For path B, which is a non-pericyclic pathway, the first step
of the reaction is oxidative addition of Fe(CO)ato the sp>-sp> cyclobutene sigma bond, forming 18-
electron complex 20, which has a barrier of activation of 46.8 kcal/mol. Next, complex 20 loses a
CO ligand, and the barrier to CO loss is 28.0 kcal/mol, which forms a 16-electron complex. Lastly,

reductive elimination forms complex 18 with a 10 kcal/mol activation barrier.

< {ioh \ L/

Path A Fe(C0)3
Fe(CO), 18
17 \
/
Q—co
20
Path B

Scheme 1.4. Proposed ring opening pathways of 17 to 18. *1°

From the above studies, the oxidative addition pathway is the lower energy pathway. In
actual experimental systems the Fe(CO); complexed cyclobutene ring is fused to another four-
membered ring. Thus, rearrangement through pathway A would be more favorable for fused
systems, since the pericyclic ring opening step would induce strain relief. For pathway B, complex

20 would be rather sterically congested, thus progression down this pathway is unfavorable.



Lastly, Tantillo and Hoffman stated that even for systems without geometric constraints, it
is possible for the reaction to proceed in a pericyclic fashion, under the condition that CO ligand
loss is irreversible. If CO loss is irreversible, then energetic barriers that are encountered after CO
loss are negated. Dissociation of the CO ligand along path A is 15.3 kcal/mol lower in energy than
in path B; thus, the electrocyclic ring-opening pathway may dominate over the oxidative addition

pathway under certain conditions.

D. Selected Examples of Transition Metals Coordinated to Trienes

Metal-coordination to carbon-carbon double bonds has had an important impact on the
chemical sciences. Metal-coordination to alkenes often accelerates rates of reactions, or induces
reactivity that would not be possible without metal coordination.'* One of the key findings of the
19'" century, was the discovery of Zeise’s salt 21 in 1831." This is the first example of a transition
metal alkene complex, albeit the solid-state structure was not determined until 1969.'¢

The historical progression from the first metal 5>-alkene to #*-diene to #°-triene complexes
required over 100 years of experimental research. In 1930 Reihlen reported the first metal diene
complex 22 and in 1958 Wilkinson reported the first n’-triene complex 23.!7!8 Since then, there
have been numerous examples of #°-triene complexes including: n°-fulvene 24," n°-
cyclododecatriene 25,%° n®-(methylene-heptadiene) complex 26, #°-(5-methylene-1,3-diene) 27,
22 and n°-cyclohexatriene 28.* Most notably absent from the world of #°-triene complexes are

examples of alicyclic conjugated trienes, where the three double bonds are not confined within a

single ring.



I |
Cl \CI “‘Fe\ Mo
oc® co oc'| ~co
ocC ocC
21 22 23

Figure 1.4. Historically significant metal-alkene complexes.

E. Room Temperature Metal-Mediated Cycloaromatizations of Tri-z Systems

Previously, the O’Connor group demonstrated that [Cp Ru(NCMe)s]" triggers the room
temperature cyclization of conjugated enediyne 29 and dienyne 32.**%° The mechanistic
hypothesis for both of these transformations involves the formation of hexahapto tri-z complexes:
n®-enediyne 30 and #5-dieneyne 33 which cyclize to give ruthenium-arenes 31 and 34, respectively.

(Scheme 1.5).
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Scheme 1.5. [Cp"Ru]" triggers the room temperature cyclization of enediynes and dienynes. 2+

Through a series of computational and experimental studies,?® the reaction mechanism for
conversion of 29 to 31 is suggested to proceed as shown in Scheme 1.6. First, one ligand of MeCN
is lost from [CpRu(NCMe)s]" and coordination to one alkyne of enediyne 1 forms complex 35.
Calculations show 1? alkyne binding is 13.5 kcal/mol more stable than #* alkene binding. Loss of
a second MeCN and coordination of the remaining alkyne then forms intermediate 36. Calculations
illustrate that #* binding to both alkynes is 16.6 kcal/mol more stable than if the metal was bound
n* to the alkene and one alkyne. Finally, the loss of the last MeCN ligand leads to #°-coordination
complex 37. Complex 37 is proposed to undergo a spontaneous cycloaromatization reaction to p-
benzyne diradical 38, followed by hydrogen atom abstraction from a donor source to give arene

complex 39. The calculated 7°-enediyne structure, illustrates that the non-bonded distance between

11



C2 and C7is 2.98 A and the C5-C6-C7 and the C2-C3-C4 bond angles are 152° (Figure 1.5). Both

these factors are proposed to lower the activation energy for ring formation .

Cp ®
= Ccp '-L’,‘“ ® CP~Ry—L
I + |I2u® __..._'.!.‘.__'-.. — _'L-._ —
L7y - / -~
S L Lt Y
AN AN
1 35 36
L
(I3P
Cp Cp
| I RU@
Ru® Ru@®
H H 2[H1 . <
€ AN
6. p-benzyne
39 =P s y 37

L= MeCN

Scheme 1.6. Proposed mechanism for ruthenium-mediated enediyne cycloaromatization.?®

Figure 1.5. Calculated structure of CpRu(n®-enediyne).?
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In a much similar manner, Kiindig and coworkers reported [Cr(CO)s(;7°-naphthalene)]
(41) readily cyclizes acyclic enediyne 40 in THF to give chromium-arene 42 in 72% yield
(Scheme 1.7).2” While substitution of the n-propyl groups for TMS groups on the alkyne carbons
prevented enediyne 43 from cycling in the presence of 41 in THF-ds, the authors were able to
detect a potential intermediate via 13C NMR spectroscopic analysis. They observed a large
upfield shift for the alkene carbons at 6 83.8 ppm (A = 38 ppm) upon addition of 41 and they
assigned this intermediate as a THF stabilized chromium alkene complex 44. They also

calculated that the activation barrier of the #°-enediyne binding to the p-benzyne diradical is only

16.7 kcal/mol.
nPr
Z 1,4-CHD nPr
o T O
| THF-dj
X Cr(CO |
nPr r(CO); Cr(CO);
40 41 42
T™MS T™S
= 14CHD X
| + @ THF s P |[—-Cr(CO)4(THF),
X Z
™S CF(C0)3 ™S
44
43 41

Scheme 1.7. Chromium-mediated cycloaromatization of enediyne 40 and possible intermediate
4377

For the transformation of dienyne 32 to arene 34, the proposed intermediate is 33. Through

low temperature *H NMR experiments conducted at -60 °C, with 32 and [Cp " Ru(NCMe)s]", new
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resonances appeared which suggested the possible z-bound intermediate 33. Complex 33 exhibited
diagnostic '"H NMR signals a § 1.75 (s, 15H, Cp*), 3.27 (s, 1H, =CHyy,) and 0.11 (s, 1H, =CH )
The anti-hydrogen of 33 resonates significantly upfield compared to the anti-hydrogen of 32 (0
4.90) and is similar to the chemical shifts of other Cp "Ru(#’-pentadienyl) complexes. Additionally,
a crystal of 33 was obtained by layering diethyl ether on a -78 °C cooled solution of CDCI3
containing [Cp " Ru(NCMe);]" and 32. This biphasic mixture was kept at -60 °C for five days until
a single crystal formed. The crystal was kept cold during handling and the crystal was subjected
to X-ray crystallographic analysis, which confirmed #°-coordination of ruthenium to the z-bonds
of the dienyne.?*

Lastly, deuterium migration studies were conducted with 45-E and 47-Z (Schemel.8).%®
When 45-E was reacted with [Cp Ru(NCMe);]*, and monitored by 'H NMR spectroscopy, the
product exhibited a pair of doublets at 6 5.80 and 5.53 and a broad singlet at 5.65, with much lower
intensity. This result is consistent with deuterium migration from the E-position, forming complex
46. When 47-Z was reacted with [Cp Ru(NCMe)s]", and the reaction progress monitored by 'H
NMR spectroscopy, the product exhibited a pair of singlets at 6 5.80 and 5.65 and a barely visible
doublet at 5.53. This result is consistent with protium migration from the E-position of the alkene,
forming complex 48. With these results in hand, the proposed mechanism is shown in Scheme 1.9.
The reaction begins with the formation of a ruthenium #°-dieneyne complex 50. Complex 50
undergoes a disrotatory 6z electrocylization with torquoselectivity for the E-position to come
towards the metal, forming iso-benzene intermediate 51. A metal mediated [1,2]-hydride shift

forms complex 52. Next, another metal-mediated [1,2]-hydride shift yields arene product 53.
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Scheme 1.8. Deuterium migration studies.?®
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Scheme 1.9. Proposed mechanism with a hydrogen present in the E-position of the distal
alkene.?®

Lastly, Chaudret and co-workers demonstrated that (E)-1,3,5-hexatriene (53) undergoes a

reaction with [Cp"Ru(OMe)]. and CF3SOsH to form the benzene derivative [Cp*Ru(#5-CsHe)]

(CF3S03) (54) (Scheme 1.10).2°
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Scheme 1.10. Treatment of 54 with [Cp"Ru]" yields arene product 55.

While a mechanism was not discussed for this remarkable transformation, based on work presented
by Older and Styker,®® we propose that 54 cycloaromatizes via #%-intermediate 56 and
cyclohexadiene intermediate 57. Conversion from 56 to 57 is proposed to involve a concerted 6z
electrocyclization. Conversion of analogs of 57 to aromatic product 55 has been demonstrated by

Stryker to proceed through a ruthenium-assisted protolytic C-H bond cleavage (Scheme 1.11).
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_ A [Cp*Ru(OMe)]
SN B ol o ©
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56
67
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@RLII or® «— @Rlu/ H OTfe
55 57

Scheme 1.11. Proposed transformation of 1 to 2 with [Cp"Ru]*.



Therefore, we propose that [CpRu]* could trigger the cyclization of trienes at room temperature
via 7% coordination of ruthenium to an acyclic triene. In chapter 2, we explore the feasibility of
accelerating 67 electrocyclizations with late-metal % complexes via computational analysis and

investigate electronic effects of hexahapto ruthenium coordination to conjugated triene systems.
F. Chemistry of Enediynes: The Bergman Cyclization

In 1972, Bergman and Jones reported that when deuterium enriched cis-1,5-hexadiyn-3-
ene (58) was heated in the gas phase at 200 °C, it rapidly equilibrated with the cis-enediyne isomer
59, without evidence for formation of isomers that contained deuterium enrichment at both the
vinyl and terminal acetylenic positions, 61 and 62.3! When 58 was heated in atom-donor solvents
such as toluene, 1,4-cyclohexadiene (1,4-CHD), or CCls4, arynes 63, 64 and 65 were formed
(Scheme 1.12). This evidence led Bergman to propose a symmetric para-benzyne diradical (60)
as an intermediate for the interconversion of 58 and 59.

While the Bergman cyclization is fascinating from a mechanistic standpoint, the high
cycloaromatization activation barrier of 25 kcal/mol and low yields of this reaction limited it to an
academic curiosity and was largely forgotten. Interest in enediynes was renewed in 1987 when the
enediyne antitumor antibiotic Calicheamicin-y:' (Figure 1.6) was discovered.®?3® Calicheamicin-
v1' possesses a (Z)-hex-3-ene-1,5-diyne moiety which is highly reactive towards the minor groove
of DNA. Once the enediyne interacts with the minor groove of DNA, a chemical transformation
takes place which positions the enediyne under high strain conditions. This conformational change
promotes the enediyne to cycloaromatize to the highly reactive p-benzyne diradical. The diradical
then abstracts one proton from each strand of DNA, causing double-stranded DNA cleavage

leading ultimately to cell death.®*
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Scheme 1.12. Bergman’s initial observations of cycloaromatization of enediyne 1. 3

Figure 1.6. The enediyne natural product Calicheamicin-y:'.
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After Calicheamicin was discovered, there have been many efforts to understand and
explore the energetic requirements for cyclization. In 1988, Nicolaou first proposed the enediyne
“distance theory” through the use of molecular mechanics calculations on 66 and 67. Specifically,
he reported that the distance between carbons ¢ and d of 65 to be 3.35 A, while the activated 10-
membered ring 66 distance was 3.16 A (Figure 1.7).

H3C02CHN\

h— quH

| :cd

Sugar/ SH Sugar/
cd =3.35A cd=3.16 A
66 67

Figure 1.7. Shorter cd distances increase the chance of spontaneous cyclization by lowering the
activation barrier.

Nicolaou also synthesized a series of strained ring enediynes (Figure 1.8) and the distance
between the distal acetylenic carbons were measured computationally.®® These measurements were
correlated to the temperature required for cyclization. From these experiments, Nicolaou proposed
a “critical distance” for spontaneous cyclization at room temperature to be within the range of 3.0-

3.31 A. Later Schreiner and co-workers suggested that the range could be expanded to 2.9-3.4
A_36,37

-

\
\

S ESS
cd=3.25A cd=3.61A cd=4.12A
Cyclizes at 25 °C Cyclizes at 130 °C Cyclizes at 200 °C

Figure 1.8. Modeled enediynes by Nicolaou.®

19



While reducing the cd distance does correlate to increased probability for
cycloaromatizations to occur, more recent computational analysis has determined that the tendency
for enediynes to cyclize at room temperature is more closely related to the distortion of ground
state energies. Strain effects raise the ground state energy of the enediyne relative to the transition
state, therefore the barrier to cycloaromatization is lower relative to acyclic enediyne systems.3":3

Compared to the use of steric strain, there have not been as many reports in the literature
examining electronic contributions to cyclization. Schmittel and Kiau have demonstrated that
electron-withdrawing groups attached to the alkyne termini lowers the activation enthalpy of the
reaction, presumably by reducing the electron density and steric repulsion of the alkyne z-orbitals.
Also, Maier and Greiner postulated that an electron-donating arene attached to the double bond of
the enediyne inhibited cyclization by stabilizing the ground state of the starting material more than
destabilizing the transition state.®®  Furthermore, there are very few examples of
cycloaromatization reactions involving nitrogen-containing enediynes.*>#2

Therefore, in chapter three, we investigate thermal cyclization reactions of nitrogen-
containing enediynes, which may provide insight into how aromaticity and electronic factors
influence cycloaromatization reactions. If successful, these investigations would expand the scope
of these reactions. Lastly, the thermolysis of nitrogen-containing enediynes in haloforms were
investigated and we report unexpected thermal conversions of enediynes to halogenated arenes

and explore possible mechanisms of the in situ generation of HX from haloform and 1,4-

cyclohexadiene.
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Chapter 2.

Hexahapto Metal Complexes of Acyclic Conjugated Trienes
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A. Introduction

Concerted 6z electrocyclizations of trienes laid the foundation for Woodward and
Hoffmann formulating the principle of conservation of orbital symmetry,* and these reactions have
found great practical importance in the world of synthetic chemistry.? Interest in catalytic triene
electrocyclizations started in the 1960s,%° but it was not until 2008 that the first catalytic 6z
electrocyclizations of conjugated trienes were reported by Bergman and Trauner.®’ In the late
1990s, Chaudret and co-workers further demonstrated that (E)-1,3,5-hexatriene (1) undergoes a
reaction with [Cp"Ru(OMe)]. and CFsSOsH to form the benzene derivative [Cp Ru(s®-
CsHe)][CFsSO3] (2) (Scheme 2.1).8

CH,CI \Q(
I Cp*Ru(OMe HOTf —————> [ ©
1 * [EpTRuONell, = Ho RT Ru® orf

.H2

Scheme 2.1. Treatment of 1 with [Cp“Ru]* yields arene product 2.

At the time, a mechanistic rational was not discussed for this remarkable transformation;
however, based on work presented by Older and Styker,® we propose that 1 cycloaromatizes via
an n%-intermediate 3 and cyclohexadiene intermediate 4. Conversion of 3 to 4 is proposed to
involve a concerted 6z electrocyclization. Conversion of an analogue of 4 to aromatic product 2
has been demonstrated by Stryker to proceed through a ruthenium-assisted protolytic C-H bond

cleavage (Scheme 2.2).
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Scheme 2.2. Proposed transformation of 1 to 2 upon reaction with [Cp"Ru]".

Previously, the O’Connor lab demonstrated that [Cp"Ru(NCMe)s]* triggers the room
temperature cyclization of conjugated enediynes (5) and dienynes (6).1%!! The mechanistic
hypothesis for both of these transformations involves the formation of hexahapto tri-z complexes:
n®-enediyne 7 and »%-dieneyne 8 which cyclize to arene products 9 and 10, respectively (Scheme
2.3). In the former, the enediynes are proposed to cycloaromatize to an »%-arene diradical, which
is rapidly quenched via hydrogen atom abstraction from a hydrogen atom source, yielding arene
product 9. The latter is proposed to undergo a 6z electrocyclization, to form a ruthenium #*-bound
iso-benzene, followed by an intermolecular rearrangement to give arene 10. Support for this
proposed mechanism was provided by the isolation of intermediate 8, which was obtained at low

temperature, and characterized by X-ray crystallography.
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Scheme 2.3. [Cp*Ru]+ triggers the room temperature cyclization of enediynes and dienynes.

Drawing inspiration from both our previous work with dienynes and enediynes, and work
by Chaudret, we postulated that [CpRu]* could facilitate the cyclization of trienes at room
temperature via an #° coordination of ruthenium to the triene. Herein, we report the first examples
of #% coordination to acyclic conjugated trienes, complimented by computational results that
demonstrate the feasibility of accelerating 6z electrocyclizations via the intermediacy of late-metal

n® complexes.

B. Results and Discussion.
1. Computational Analysis of Hexahapto Triene Cyclization

In order to establish the feasibility of a disrotatory 6z electrocyclization for the conversion
of 11-Cp” to 13-Cp”, PB86/Def2-TZVPP(THF) calculations were performed by Kim Baldridge at
Tianjin University on model compound 11-Cp” and intermediate 12-Cp~ (Scheme 2.4). The
minimum energy triene conformation for 11-Cp” was found to be the s-cis/s-cis conformer and the

activation energy for the transformation of 11-Cp” to 12-Cp” was calculated to be 17.7 kcal/mol.
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Conversion of 11-Cp” to 12-Cp”~ was calculated to be exothermic by 5.9 kcal/mol. For comparison,
the non-metal mediated conversion of Z-1,3,5-hexatriene to cyclohexadiene was calculated at the
same level of theory and the activation energy for this thermal transformation was calculated to be
10 kcal/mol higher in energy than the metal-mediated case at 27.7 kcal/mol.*? A similar lowering
of the 6x electrocyclization activation barrier was observed by Schleyer and co-workers using a
RMP2(fc)/6-31G* basis set on the lithium complexation to 1,3-cis-hexatriene facilitating the
transformation to 1,3-cyclohexadiene.’® Taken together, these computational results support our

working hypothesis that #° metal coordination accelerates 6z electrocyclizations.

(= <P <O
®Ru 67 @ Rlu/H (-DRL||
11-Cp* 12-Cp* 13-Cp*

Scheme 2.4. Calculated #° complex 11-Cp” to agostic interaction 12-Cp” utilizing the PB86/Def2-
TZVPP(THF) basis set.}*

Taking a closer look at the calculations (Figure 2.1), the C1--C6 non-bonded distance for
the transition state structure 11/12" is significantly shorter than in precursor 11-Cp” (2.101 A and
2.759 A respectively, A = 0.658 A), indicating that the reaction is proceeding towards cyclization
(structure 12-Cp”). Additionally, the syn hydrogens (H1%and H6°, Figure 2.1) in transition state
structure 11/12™ are 0.09 A closer to ruthenium than in 11-Cp”, which is indicative of progression

towards a disrotatory ring closure.



9 )
H12 He? H1* QD D He?

Figure 2.1. Calculated structures of 11-Cp”, 11/1275, 13-Cp” and free triene 145 14

The effects of metal complexation can be further highlighted by comparison of transition
state structure 11/127 to the transition state structure in the metal-free triene electrocyclization,
1475, Metal complexation shortens the C1--C6 non-bonded distance by 0.169 A (2.101 A for
11/12™ and 2.278 A for 14™), which may assist with cyclization by bringing the cyclizing termini
closer together. Furthermore, an analysis of the transition state fold angles involving the C1-C2-
C3 and C1-C3-C4-C6 mean planes for 11/12™ and 14™ shows that the fold angle for 11/12™ is
19.2° while the fold angle of 14™ is 27.0°. Thus, the boat conformer for 11/12™ is flattened
compared to the free triene transition state structure, presumably as a means to optimize metal-

triene orbital overlap.
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Table 2.1. Selected fold angles and distances of 11/12", 11-Cp” and 14™.

Compound C1--C6 distance (A) Fold angle (°)* syn-hydrogen
distance (A)**
11/12™ 2.101 19.2 2.811
11-Cp” 2.259 12.2 2.897
1473 2.278 27.0 N/A

* Fold angle between C1-C2-C3 and C1-C3-C4-C6 mean plane. **distance from H1° and H6° from
the ruthenium metal (Figure 2.1).

The C1--C6 distances (Figure 2.2, black line) were then analyzed by scanning along the
reaction coordinate as the reaction proceeds from #°-coordination (11-Cp”) to #*-diene/agostic

interaction (12-Cp”) in a disrotatory fashion. The Ru--H1° (blue line) and Ru--H6® (red line)

3.50
3.30
3.10
2.90
2.70
2.50 — Ru--H1®

Distance (A)

2.30

Ru--H6®

2.10 — Cl__cs
1.90
1.70
1.50

0 10 20 30 40 50 60 70 80 90 100 110
RxN Coordinate

Figure 2.2. Reaction coordinate plotting Ru--H1® Ru--H6° and C1--C6 distances over time. Point
0 is complex 11-Cp” and point 110 is 12-Cp".

distances were also examined as the reaction proceeded towards 12-Cp”. Along the first one-third
of the reaction coordinate (time points 0-35) the C1--C6 distance decreases significantly, and over

the first two-thirds of the reaction coordinate (time points 1-75) the Ru--H6° and the Ru--H1°
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distances remain fairly constant at 2.75 - 2.90 A. During the last third of the reaction (time points
80-110) the Ru--H6° distance decreases to 2.101 A as the Ru--H1° distance increases to 3.262 A).

Agostic interactions are characterized by relativity short metal-hydrogen distances,
typically within the range of 1.8-2.3 A and with relatively small metal-hydrogen-carbon bond
angles between 90-140°.%5 At the start of the reaction coordinate diagram, the Ru -- H1° (2.806 A)
and Ru -- H6° (2.806 A) distances are too long to be considered classical agostic interactions. As
the 6-membered ring begins to pucker, the H6° hydrogen becomes close enough to participate in
an agostic interaction, with a hydrogen-carbon bond angle of 90° and a Ru--H6S distance of 2.101
A. Therefore, the computational data suggests that only agostic interactions prevail along the last
third of the reaction coordinate.

Furthermore, previous work on metal complexes has demonstrated that 18-electron metal
centers are able to electrostatically bond to hydrogen, creating what is called an anagostic
interaction.'® Anagostic interactions are characterized by relatively long metal-hydrogen distances,
typically within the range of 2.3-2.9 A, and the metal-hydrogen-carbon bond angles are typically
within the range of 110-170°. Based on computational analysis by Oldfield and co-workers,
anagostic interactions can vary from purely electrostatic to electrostatic with partial covalence.®
Ru(ll) has been previously observed to form anagostic complexes, such as
Ru(I'Pr2Mez)(P'Prs);HCI (15), which has a Ru--H8 (methine) distance of 2.542(1) A and a Ru-H8-
C8 angle of 131°(Figure 2.3).1” Unfortunately, while our Ru--H1S and the Ru--H6® distances are
within the range of typical anagostic interactions in the beginning of the reaction coordinate
(Figure 2.2), the metal-hydrogen-carbon bond angles are too small (between 55-60°) to be

considered classical anagostic interactions.
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Figure 2.3. ORTEP drawing of 15. An anagostic interaction has been proposed for the Ru—H8
interaction. Most hydrogen atoms have been omitted for clarity.

Finally, plotting the total energy along the reaction coordinate reveals no local energy minima
(Figure 2.4). Therefore, the conversion of 11-Cp* to 12-Cp” occurs without the formation of a
coordinatively unsaturated #*-diene intermediate.'® Therefore the computation data supports our

working hypothesis of metal complexation facilitating 6z electrocylization reactions.

Total Energy along IRC

522005 —
522,010 -

-
‘E 522,015
[}

Intrinsic Reaction Coordinate

Figure 2.4. Total calculated energy of 11-Cp” to arene product 13-Cp” via agostic interaction 12-
Cp” reveals no energy minimum.
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2. Synthesis of Acyclic Triene 18-H.

After analyzing the computational data, it was hypothesized that the reaction of trienes with
bulky substituents located on the E positions of the vinyl carbons with [CpRu(NCMe)s]PFs would
permit the formation and isolation of an #°-triene complex by hindering full disrotatory ring
closure. As such, triene 18 was synthesized for initial studies to test our hypothesis. Starting with
commercially available cyclopentanone (16), 1,2-dibromocyclopentene (17) was prepared in 35%
yield via a three-step, one-pot procedure with PCls, Br. and potassium t-butoxide.'® A double Heck

reaction with styrene in DMF at 100 °C afforded 18-H in 40% yield (Scheme 2.5).

1. PCl
0 2. Br, 5 PPh;
é 3. t-BUOK Q/ r ©/\ Pd(OAc),
—_— —_ 3
Toluene Br * NEt;
-25°C DMF
16 17 100 °C

Scheme 2.5. Synthesis of 18-H.

3. Complexation of 18-H with Ruthenium and Comparison of 19-H to the Calculated
Structure 19-H-calc.

Reaction of 18-H with [CpRu(NCMe)s]PFs in chloroform-d was monitored via *H NMR
spectroscopy and afforded #°-triene complex 19-H.2° The solution exhibited a color change from
pale yellow to bright orange and the *H NMR spectrum of the crude reaction mixture revealed new
'H NMR resonances at J 5.0 (s, 5H, Cp), 6.92 (d, Jun = 10.3 Hz, 2H, =CHAr) and 4.10 (d, Jun =
10.3 Hz, 2H, CH=CHAr). For comparison, vinyl hydrogens of free 18-H resonate at 6 7.40 and
6.54. The upfield shift of the vinyl hydrogens to ¢ 4.10 indicates that both of the E-alkenes are
bound to ruthenium. Also, in the *C NMR spectrum of 19-H, the internal alkene sp?-carbon

resonance is observed at ¢ 119, significantly upfield of the corresponding resonance of the free
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triene 18-H (0 139.8). Therefore, the spectroscopic data is consistent with ruthenium coordination

to all three of the double bonds.

< _©
@Rlu PFs
N\—Ph  [CpRu(NCMe);] PF;
_ r 74 |\/Ph
CDC|3 —
Ph Ph
18-H 19-H

Scheme 2.6. Formation of #°-triene complex 19-H.

4. Analysis of X-ray Structure of 19-H and Comparison to the Calculated Structure, 19-H-
calc

The NMR tube containing the reaction mixture of 18-H and [CpRu(NCMe)z]PFes was left
to stand overnight at room temperature, during which time compound 19-H precipitated as an
orange block crystal. A single-crystal X-ray crystallographic analysis confirmed the formation of

n®-triene complex 19-H (Figure 2.5).%°

Figure 2.5. ORTEP drawing of 19-H. Some hydrogens and the counter-ion have been omitted
for clarity.?°
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The structure of 19-H was also examined by computation, utilizing a PB86/Def2-TZVPP(THF)
basis set.!* Hexahapto 19-H adopts a shallow boat conformation with a fold angle of 12.6(9)°
(calcd 14.6°), which is similar to the fold angle in the calculated structure of the unsubstituted
triene analogue, 11-Cp” (12.2°). Significant delocalization exists in the 19-H triene z-system as
evidenced by similar bond lengths: 1.382(6), 1.421(6), 1.412(6), 1.422(6) and 1.389(7) for bonds
C1-C2, C2-C3, C3-C4, C4-C5 and C5-C6, respectively. For comparison the free calculated triene
has bond distances of C1-C2 1.364 A, C2-C3 1.436 A, C3-C4 1.386 A, C4-C5 1.436 A and C5-
C6 1.364 A.

The bond lengths of 19-H are very similar to the bond lengths observed previously in the
O’Connor lab for the X-ray structure of Cp“Ru(;%-dienyne) 20 (Figure 2.6).1* Compound 20 bond
lengths for the diene are: 1.399(5) A, 1.431(4) A, 1.431(4) A and 1.416(4) A. Interestingly, the
non-bonded C1--C6 distance of 2.7975(5) A for 20 and the non-bonded C1--C6 of 2.821(5) A for
19-H are remarkably similar. The C1--C6 non-bonded distance of both triene 19-H and dienyne
20 are very similar to the distal acetylenic distance (2.9-3.4 A) that is typical for enediynes that
undergo spontaneous enediyne cyclization at room temperature.?! Computational analysis of
strained ring enediynes has determined that the tendency for enediynes to cyclize at room
temperature is closely related to the distortion of ground state energies. Strain effects raise the
ground state energy of enediynes relative to the transition state, and thus the relative barrier to
cycloaromatization decreases.??? This concept can be applied to our transition metal complexes,
»® metal coordination may distort the ground state energies of 19-H and 20, and thereby the barrier

to cycloaromatization is lower relative to the free triene and free dienyne.
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Table 2.2. Selected Bond Distances (A) for 19-H and 19-H-calc*

Bond (A-B) Length (A)* Bond (A-B) Length (A)*
Ru-C1 2.296(4) [2.348] C1-C2 1.382(6) [1.414]
Ru-C2 2.190(4) [2.204] C2-C3 1.421(6) [1.432],
Ru-C3 2.234(4) [2.267] C3-C4 1.412(6) [1.443]
Ru-C4 2.238(4) [2.265] C4-C5 1.422(6) [1.430]
Ru-C5 2.204(4) [2.202] C5-C6 1.389(7) [1.413]
Ru-C6 2.314(4) [2.354] C1--C6 2.821(5) [2.929]

*19-H-calc was calculated with PB86/Def2-TZVPP(THF) - calculated values are in brackets
Table 2.3 Selected Angles and Torsion Angles (°) for 19-H and 19-H-calc*

Angle Degrees (°) Angle Degrees (°)
C1-Ru-C6 75.5(2) [77.0] Cipso-C1-C2-C3 166.2(5) [171.9]
C1-C2-C3 127.6(5) [129.3] Cipso-C6-C5-C4 167.1(5) [172.9]
C4-C5-C6 126.9(5) [127.7] Fold angle** 12.6(9) [14.6]

*19-H-calc was calculated with PB86/Def2-TZVPP(THF) - calculated values are in brackets. **
Fold angle between C1-C2-C3 and C1-C3-C4-C6 mean plane.

Figure 2.6. ORTEP drawing of 20 (right) and #5-cycloheptatriene complex 21 (left). The
hydrogens and the counter-ion have been omitted for clarity.
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The C1-Ru-C2 bond angle of 75.5(2)° and the C1--C6 non-bonded distance of 2.8211(5)
A for 19-H can be compared to those for #°-cycloheptatriene complex 21 (Figure 2.6).2* Complex
21 has a C1-Ru-C2 angle of 61.7(7)° and C1--C6 distance of 2.42(3) A. Lastly the ruthenium-
carbon distances are similar in both complexes. The ruthenium-carbon bond distances in 19-H are
2.296(4), 2.190(4), 2.234(4), 2.238(4), 2.204(4) and 2.314(4) A for bonds Ru-C1, Ru-C2, Ru-C3
Ru-C4, Ru-C5 and Ru-C6, respectively, while the ruthenium-carbon bond distances of 21 are
2.355(2), 2.243(2), 2.293(2), 2.286(2), 2.238 (2) and 2.315(2) A for Ru-C1, Ru-C2, Ru-C3 Ru-
C4, Ru-C5 and Ru-C6, respectively. Cycloheptatrienes undergo 6z electrocyclizations under
thermal conditions,?® however, to the best of our knowledge, there are no known examples of
metal-cycloheptatriene complexes undergoing 6z electrocyclizations.

The structural analysis of 19-H and 19-H-calc, suggests that hexahapto metal complexation
to the triene moves the triene along the reaction coordinate toward the cyclized product. The
ruthenium positions the alkene termini in close proximity to one another, and facilitates the
disrotatory 67 electrocyclization by shifting z-electron density in the direction of the diene product.
However, as 19-H cyclizes, the bulky phenyl groups move toward [CpRu]*, creating steric
congestion. This steric congestion prevents formation of the cyclized product, allowing the

isolation of hexahapto complex 19-H.

5. Preliminary Investigations into the Electronic Effects of Triene Substituents on #°
Coordination

After the initial results with 19-H, a preliminary investigation of triene electronic effects
on »% metal coordination was implemented. Therefore, electronic deficient 18-CFs and electron
rich 18-OMe were synthesized in the same manner as 18-H. A double Heck reaction in DMF at

100 °C of 17 with (trifluoromethyl)styrene or 4-methoxystyrene afforded 18-CFz and 18-OMe in
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40% and 45% yield, respectively. Next, 18-CFs; and 18-OMe were treated with
[CpRu(NCMe)s]PFe, which led to the formation of 19-CF3 as yellow needles and 19-OMe as red
block crystals (Scheme 2.7). Both compounds were characterized by X-ray crystallography (Figure
2.7 and Figure 2.8) and the structures of 19-CF3 and 19-OMe were also examined by computational

analysis using a PB86/Def2-TZVPP(THF) basis set.'*

F
Br X PPhs = F
F Pd(OAc), C)
T 3 [CPRu(NCMe)PFy @R|u PFq
NEt; cDCly 71N
17 DMF
100 °C F
19-CF; LF
PPh,
=

[CPRu(NCMe);]PF

| (o)
> ®Ru ~
CDCl; | N

18-OMe 19-OMe

NEt,
DMF
100 °C

Br X Pd(OAc),
+ —_—
Br o
17

Scheme 2.7. Synthesis of #°-triene complexes 19-CF3 and 19-OMe.

The *H NMR spectrum (DC,Cl,) of 19-CF3 exhibited diagnostic resonances at 6 4.87 (s,
5H, Cp), 6.65 (d, J = 10.2 Hz, 2H, =CHAr) and 3.54 (d, J = 10.2 Hz, 2H, CH=CHAr). These
resonances may be compared with the corresponding vinyl hydrogen resonance of the free triene
18-CF3, which are observed at ¢ 7.46 (d, J = 15.7 Hz, 2H) and 6.59 (d, J = 15.7 Hz, 2H). Also,
comparison of the *C NMR chemical shift of the internal sp?alkene carbons reveals that the carbon
resonance is shifted upfield to 0 119.3 relative to the free triene 18-CFz at 135.7. Thus, the NMR

data support an #5-triene structure for 19-CFa.
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Figure 2.7. ORTEP drawing of 19-CF3. Most of the hydrogens and the counter-ion have been
omitted for clarity.

As observed for 19-H, 19-CF3 adopts a shallow boat conformation, with a fold angle of
17.0(7)° (calcd 15.1°). Also, all the bond lengths of the triene system are significantly delocalized
as evidenced by similar bond lengths: 1.408(8), 1.423(7), 1.441(7), 1.428(6) and 1.412(6) for
bonds C1-C2, C2-C3, C3-C4, C4-C5 and C5-C6, respectively. All the bond angles, bond distances
and torsions are indistinguishable at the 3o level of statistical analysis from those of 19-H. Thus,
the electron deficient triene 19-CF3 does not significantly change the bond metrics related to

hexahapto binding of ruthenium.
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Table 2.4. Selected Bond Distances (A) for 19-CF3 and 19-CFs-calc*

Bond (A-B) Length (A)* Bond (A-B) Length (A)*
Ru-C1 2.290(5) [2.335] C1-C2 1.408(8) [1.415]
RU-C2 2.193(5) [2.202] C2-C3 1.423(7) [1.431]
Ru-C3 2.243(4) [2.273] C3-C4 1.441(7) [1.442]
Ru-C4 2.239(4) [2.270] C4-C5 1.428(6) [1.430]
Ru-C5 2.190(4) [2.201] C5-C6 1.412(6) [1.414]
Ru-C6 2.290(4) [2.340] C1--C6 2.838(7) [2.915]

*19-CF3-calc was calculated with PB86/Def2-TZVPP(THF) - calculated values are in brackets

Table 2.5 Selected Angles and Torsion Angles (°) for 19-CF3 and 19-CFs-calc*

Angle Degrees (°) Angle Degrees (°)
C1-Ru-C6 76.6(2) [77.2] Cipso-C1-C2-C3 167.8(5) [171.9]
C1l-C2-C3 125.1(5) [128.9] Cipso-C6-C5-C4 166.7(4) [172.9]
C4-C5-C6 129.3(4) [127.4] Fold angle** 17.0(7) [15.1]

*19-CF3-calc was calculated with PB86/Def2-TZVPP(THF) - calculated values are in brackets.
** Fold angle between C1-C2-C3 and C1-C3-C4-C6 mean plane.

Next analysis of 19-OMe was conducted by NMR spectroscopy. Interestingly, the reaction
of 19-OMe with [CpRu(NCMe)s]PFs gave rise to a 3:1 diastereomeric ratio of #5-triene complexes
19-OMe-meso (major) and 19-OMe-rac (minor). For 19-OMe-meso a new Cp resonance was
observed at ¢ 4.76 (s, 5H) and vinyl hydrogens resonances were observed at ¢ 6.46 (d, J = 10.3
Hz, 2H) and 3.71 (d, J = 10.3 Hz, 2H). For 19-OMe-rac the Cp resonance was observed at ¢ 4.72
(s, 5H) and vinyl hydrogen resonances were observed at 7.09 (d, J = 13.7 Hz, 1 H), 6.19 (d, J =
10.3 Hz, 1H), 4.88 (d, J = 10.3 Hz, 1H) and 3.63 (d, J = 13.5 Hz, 1H). Hence, the NMR data
supports s-cis and s-trans conformers of 19-OMe.

X-ray crystallographic analysis of 19-OMe fortuitously led to a disordered structure,
consisting of 50% occupancy of each isomer (Figure 2.8). The crystal structure supports the NMR
data in which one of the alkenes adopts an s-cis conformation (19-OMe-meso) with respect to the

internal alkene, whereas the other alkene adopts an s-trans conformation (19-OMe-rac).
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Isomer 19-OMe-meso, like the previous hexahapto complexes, adopts a shallow boat
conformation with a fold angle of 13.7(9)° (calcd 17.1°). The bond lengths of the 19-OMe-meso
isomer are significantly delocalized, as evidenced by similar bond lengths of 1.411(4), 1.431(4),
1.415(4), 1.436(7) and 1.411(9) A for bonds C1-C2, C2-C3, C3-C4, C4-C5 and C5-CS,
respectively. Lastly the C1--C6 nonbonded distance is 2.881(7) A and the C1-Ru-C6 bond angle

is 76.7(2)°.

Figure 2.8. ORTEP drawing of 19-OMe. Most of the hydrogens and the counter-ion have been
omitted for clarity. 19-OMe-rac (s-trans) conformer is labeled in blue.
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Table 2.6. Selected Bond Distances (A) for 19-OMe and 19-OMe-calc*

Bond (A-B) Length (A)* Bond (A-B) Length (A)*
Ru-C1 2.300(3) [2.383] C1-C2 1.411(4) [1.413]
Ru-C2 2.189(3) [2.207] C2-C3 1.431(4) [1.431]
Ru-C3 2.233(3) [2.258] C3-C4 1.415(4) [1.442]
Ru-C4 2.221(3) [2.259] C4-C5? 1.436(7) [1.432]
Ru-C5? 2.230(7) [2.207] C5-C6? 1.411(9) [1.413]
Ru-C6? 2.344(6) [2.384] C1--C6? 2.881(7) [2.951]
Ru-C5P 2.167(7) [2.244] C4-C5P 1.516(7) [1.454]
Ru-C6 P 2.379(6) [2.587] C5-C6° 1.360(1) [1.396]

C1--C6° 3.697(7) [3.771]

*19-OMe-calc was calculated with PB86/Def2-TZVPP(THF) - calculated values are in brackets.
319-OMe-meso,°19-OMe-rac.

Table 2.7 Selected Angles and Torsion Angles (°) for 19-OMe and 19-OMe-calc*

Angle Degrees (°) Angle Degrees (°)
C1-Ru-C6? 76.7(2) [76.5] Cipso-C1-C2-C3 170.4(3) [172.7]
C1-C2-Cc3? 126.7(3) [128.7] Cipso-C6-C5-C42 -170.1(6) [-172.7]
C4-C5-C6? 121.2(6) [128.9] Fold angle®** 13.7(9) [17.1]
C1-Ru-C6° 104.4(2) 1100.4] Cipso-C6-C5-C4° 173.8(6) [178.8]
C4-C5-C6° 113.4(5) [121.2] Fold angle®** 25.9(7) [21.7]

*19-OMe-calc was calculated with PB86/Def2-TZVPP(THF) - calculated values are in brackets.
** Fold angle between C1-C2-C3 and C1-C3-C4-C6 mean plane. 219-OMe-meso "19-OMe-rac.

Comparing 19-OMe-rac to 19-OMe-meso, the 19-OMe-rac isomer has a longer C4-C5
bond length of 1.516(7) A and a shorter C5-C6 bond length of 1.360(1) A. Also, the Ru-C6 bond
of the 19-OMe-rac isomer is longer by 0.034(7) A with a length of 2.379(6) A (calcd 2.587 A).
Lastly, the non-bonded C1--C6 distance for 19-OMe-rac is 0.816(7) A longer than the 19-OMe-
meso isomer with a non-bonded C1--C6 distance of 3.697(7) A. The calculated Ru-C6 bond length
is unusually long (calcd 2.587 A). There are two examples in the literature of bond lengths that are
similar: ruthenocene-stabilized carbocation 22 and half-sandwich ruthenium complex 23 (Figure
2.9).2627 Ruthenocene-stabilized carbocation 22 has a Ru1-C11 bond length of 2.604(8) A and the

carbocation is stabilized by resonance within the [(;°-fulvene)(s°-cyclopentadienyl)ruthenium]
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cation. Ruthenium complex 23 has a Ru-C4 bond length of 2.608(5) A, which corresponds to the
preference of the azapentadienyl ligand to engage in lone pair coordination by the nitrogen atom,

in tandem with »2-allyl coordination.

Figure 2.9. ORTEP drawing of 22 (top) and 23 (bottom). Counter-ion for 22 is omitted and all
hydrogens have been omitted for clarity.?6:?

Interestingly in the literature, CpRu(ll) fragments coordinated in #*-s-trans fashions to 1,3-
dienes are rare. To the best of our knowledge, there is only one example of a CpRu(ll) fragment
coordinated to a conjugated diene in an s-trans fashion.?® Green and co-workers synthesized s-

trans diene complexes 26 and 27 via protonation of 24 and 25 (Scheme 2.8). However, 26 and 27
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were not isolated, but instead were characterized in situ by comparison of their *H NMR chemical
shifts and J values of with known s-cis isomers 28 and 29. Identification was based on two
spectroscopic features associated with the s-cis geometry: a higher J value for J (H°-H®) across the

central double bond and a downfield shift of the signals arising from the exposed protons H? and

He (Table 2.8).
4 )
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Scheme 2.8. Synthesis of s-trans diene complexes 26 and 27.

Table 2.8. *H NMR spectroscopic data for the diene complexes 26, 27, 28 and 29.

He H?
d
H AP R R = Me, OH
He HP
Complex o H? (ppm) 0 He (ppm) J (Hb-HC) Hz
26 8.05 3.65 8.1
27 4.84 4.31 1.7
28 5.48 1.64 6.3
29 2.65 1.65 5.8

The #*-s-trans-diene coordination mode had originally only been identified in early-metal

complexes.?®3% Nevertheless, Ernst, Meléndez and Mashima have reported preferential s-trans
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diene coordination in ruthenium(Il) acetylacetonate (Ru(acac)2) compounds 30, 31 and 32 (Figure
2.10).3%2% These compounds were all isolated and characterized by X-ray crystallography.
Meléndez and Ernst suggested that trans-diene coordination occurs when the ligand to metal bond
interaction (ligand sigma donation) is more important than the metal to ligand (z-back-bonding)
interaction, as better ligand to metal donation makes the metal center more electron rich. In our
case for the 19-OMe-rac isomer, this rational could be invoked since the 19-OMe complex is more
electron donating than 19-CFs and 19-H. Therefore, evidence suggests that the barrier for s-cis to
s-trans conformational change is lower in 19-OMe than its electron deficient counterparts, 19-CF3

and 19-H.

Figure 2.10. Known Ru(;*-trans-diene) complexes.
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6. Equilibrium Experiments

Given that the 19-OMe crystallographic analysis led to a disordered structure, consisting
of 50% occupancy of each isomer, and the *H NMR data revealed a 3:1 ratio of 19-OMe-meso to
19-Ome-rac, it was proposed that the isomers exist in equilibrium. Therefore, a variable
temperature *H NMR experiment was conducted on 19-OMe. 2.0 mg (0.0031 mmol) of 19-OMe
and 1,3,5-tri-tert-butylbenzene (internal standard) were added to a J. Young tube. The tube was
placed under vacuum on a high vacuum line and the tube was cooled to -78 °C in a dry ice acetone
bath. Dry, degassed CD>Cl> (1 mL) was distilled into the tube and the tube was kept at -78 °C until
the NMR spectrometer probe was cooled to -60 °C. The J. Young tube was then quickly placed
into the NMR spectrometer. Temperature points were taken at -60 °C, -50 °C, -40 °C, -30 °C, -20
°C, -10 °C, 0 °C, 10 °C and 20 °C. Ratio of the diastereomers were determined via integration of
the vinyl hydrogens at ¢ 6.34 (19-OMe-meso) and 6.12 (19-OMe-rac) with respect to the internal
standard. At each temperature point, the sample was allowed to equilibrate for 15 min to ensure a
uniform temperature of the reaction mixture. At -60 °C, the ration of 19-OMe-meso to 19-OMe-
rac was 0.90:1.00, which is consistent with X-ray analysis. Upon warming to 20 °C, the
equilibrium ratio was reestablished, therefore the diastereomers exist in equilibrium with each

other (Figure 2.11 and Table 2.7).
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Figure 2.11. Variable temperature *H NMR of 19-OMe, CDCl,, 500 MHz.

Table 2.9. Ratios of 19-OMe-meso to 19-OMe-rac at variable temperature.

Temperature (°C) 19-OMe meso;rac ratio

-60 0.90:1.00
-50 1.00:1.00
-40 2.00:1.00
-30 2.90:1.00
-20 3.30:1.00
-10 3.30:1.00

0 3.30:1.00

10 3.30:1.00

20 3.30:1.00

Computational analysis was conducted to determine the energy difference between 19-
OMe-meso and 19-OMe-rac using a bp86Def2TZVPP(DCM) basis set and it was calculated that
19-OMe-meso is -0.39 kcal/mol more stable in energy.'* Thus, based on computational analysis

one would predict a 2:1 ratio of meso to rac isomers at room temperature. The calculations are in



line with the room temperature experimental ratio of 3.3:1 meso to rac isomers. Thus,
experimentally the 19-OMe-meso isomer is -0.71 kcal/mol more stable in energy. Next,
computational analysis was conducted utilizing a bp86Def2TZVPP(DCM) basis set on the
equilibrium between 19-CFs; and 18-OMe yielding 18-CFs and 19-OMe (Scheme 2.9).%*
Calculations revealed that AG° = -3.64 kcal/mol, thus the equilibrium lies to the right of the

reaction equation.

19-CF,

18-OMe 19-OMe

Scheme 2.9. Equilibrium experiment with 19-CF3 and 18-OMe.

Following computational analysis, the experimental ratio was calculated via a *H NMR
equilibrium experiment utilizing the equation: AG° = —RT In Keq. 3.0 mg (0.0052 mmol) of 19-
CFs and 1.7 mg (0.0052 mmol) of 18-OMe with 1,2,5-tri-tert-butylbenzene (internal standard)
were added to a J. Young NMR tube and placed under vacuum on a high vacuum line. Then, dry,
degassed CD2Cl> was distilled to the tube. The tube was then taken immediately to the NMR
spectrometer so a spectrum could be obtained on the reaction mixture. Time points were taken at
5 min, 7 h and 24 h (Figure 2.12). Ratios of the ruthenium complexes were determined via
integration of the vinyl hydrogen resonances at ¢ 3.53 (19-CF3) and 3.66 (19-OMe-meso) with
respect to the internal standard (Table 2.8). Att = 5 minutes the ratio of 19-CF3 to 19-OMe was

1.0:0.0. After 24 h, the ratio of 19-CF3 to 19-OMe was 0.0:1.0 (3:1 ratio of 19-OMe-meso0:19-
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OMe-rac) by *H NMR analysis. The *H NMR instrument sensitivity would allow one to see
approximately a 96:4 ratio of two compounds at equilibrium, thus a 96:4 ratio of 19-OMe: 19-CF3
would lead to energy difference of 1.9 kcal/mol. Therefore, we can conclude that AG® must be
greater than -1.9 kcal/mol. From this experiment we can conclude that the 19-OMe complex must
be -4.1 kcal/mol more stable in energy than the 19-CFs complex because a 4.1 kcal/mol energy

difference leads to a 99.9:0.1 ratio of two species at equilibrium.
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Figure 2.12. Equilibrium experiment with 19-CF3 and 18-OMe. Time pointes were taken at 5
min, 7 h and 24 h. Ratios were calculated via the integration of the vinyl (*H NMR DC,Cl;, 500
MHz).

Table 2.10. Ratios of 19-CF3zto 19-OMe-meso at time points 5 min, 7 h and 24 h.

Time 18-CF3: 18-OMe-rac
5 min 1.0:0.0

7h 1.0:2.3

24 h 0.0:1.0
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C. Conclusions and Future Directions

In conclusion, we have demonstrated, by computational analysis, that hexahapto transition
metal coordination to 1,3,5-hexatrienes accelerates 6z electrocyclizations by lowering the
activation energy barrier from 27.7 kcal/mol to 17.7 kcal/ mol. Also, comparing transition state
structures for the ruthenium mediated process, 11/12, and the free hexatriene, 14™, demonstrates
a decrease in the non-bonded C1--C6 distance from 2.278 A to 2.101 A. Complexation also flattens
the boat conformation from 27.0° to 19.2°, most likely in order to optimize metal d-orbital overlap
with the triene p orbitals.

The first examples of #%-acyclic triene complexes (19-H, 19-CF3, 19-OMe-meso and 19-
OMe-rac) were prepared by reaction of [CpRu(NCMe)s]PFs with 1,2-divinylcyclopent-1-ene
derivatives, 18-H, 18-CF3z and 18-OMe. The four triene complexes were characterized in solution
by NMR spectroscopy and in the solid state by X-ray crystallography. The structures and
energetics were further analyzed by computation. The more electron rich triene, 19-OMe, exhibited
s-cis and s-trans isomers in a 3.3:1 ratio. The s-trans isomer, 19-OMe-rac exhibited a very long
calculated Ru-C6 bond of 2.587 A. Variable temperature *H NMR experiments were conducted
on 18-OMe, which established that the meso and rac isomers exist in equilibrium with each other
at room temperature. Lastly, equilibrium experiments were conducted on 19-CF3 and 18-OMe,
establishing that the ruthenium complex 19-OMe is -4.1 kcal/mol more stable than the 19-CF3
ruthenium complex.

Future work for this project will explore the potential role that hexahapto triene complexes
may play in metal-accelerated 67 electrocyclization reactions. For example, a more electron rich
triene such as 4,4'-((1E,1'E)-cyclopent-1-ene-1,2-diylbis(ethene-2,1-diyl))bis(N,N-

dimethylaniline) (24) should be synthesized to further examine the electronic effects of the s-cis
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to s-trans conformational change upon #® metal coordination. Lastly, 1,2-divinylcyclopent-1-ene
(25) should be synthesized (Figure 2.13). Compound 25 can then be treated with
[CpRU(NCMe)s]PFs at low temperature to observe an agostic interaction via *H NMR
spectroscopy or X-ray crystallography. If an agostic interaction is observable this intermediate
could provide insight into our proposed mechanism: #x°-triene coordination followed by a
concerted 67 electrocyclization and ruthenium-assisted protolytic C-H bond cleavage to form

arene products.

I
«O

Figure 2.13. Future substrates of interest.
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D. Experimental
1. General Methods:

Reagents were obtained from Aldrich, Fisher Scientific, Alfa Aesar, or Fluka, and were
used without further purification unless stated otherwise. All solvents were obtained from Fisher
scientific and dried on Alumina columns prior to use. Chromatography solvents were ACS
technical grade and used without further purification. All reactions were performed using standard
Schlenk techniques or in nitrogen filled Vacuum Atmospheres or MBraun glovebox, unless
otherwise stated. 'H and '*C NMR spectra were recorded on a Bruker AVA 300 MHz, Varian
Mercury Plus 400 MHz, Varian VX 500 MHz or JOEL ECA 500 MHz instruments. Chemical shifts
are reported as ¢ in units of parts per million (ppm) referenced to residue solvent peak. Coupling
constants are reported as a J value in Hertz (Hz). Mass spec analysis was performed by the UCSD
Chemistry and Biochemistry Molecular Mass Spectrometry Facility on a ThermoFinnigan
LCQdeca mass spectrometer with an atmospheric pressure electrospray ionization (APCI) source
or an electrospray ionization (ESI) source. Infrared spectra were obtained on a Nicolet iS10 FT-
IR. All solvents were dried by refluxing over calcium hydride for 24 h and then subsequently
distilled under static vacuum into oven dried Schlenk storage tubes. Deuterated solvents were

degassed using a Freeze-Pump-Thaw procedure, typically 5 cycles.

2. Synthesis of Compounds:

Synthesis of 1,2-Dibromocyclopentene (17): To a flame-dried three-neck 500 mL flask, equipped
with a stir bar and rubber septum, phosphorus pentachloride (55.0 g, 0.264 mol) and toluene (120
mL) were added. Under a nitrogen atmosphere, cyclopentanone (20.2 g, 0.240 mmol, 21.2 mL)
was slowly added over a period of 30 min. The reaction mixture was cooled to -20 °C and bromine

(31.3g,0.196 mol, 10.0 mL) was added dropwise over the course of 30 min via an addition funnel.
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The reaction mixture was allowed to stir for an additional 20 min and then the solvent was removed
by concentrating in vacuo. The residue was dissolved in hexane (40 mL) and cooled to -25 °C. A
solution of potassium t-butoxide (27.8 g, 0.248 mol) in THF (120 mL) was slowly added over a
period of 30 min after which the mixture was allowed to warm to room temperature. Water (120
mL) and hexanes (80 mL) were added to the suspension and the suspension was filtered through a
plug of Celite. The mixture was extracted with hexanes (3 x 300 mL) and the combined organic
layers were washed once with brine (200 mL) and dried over MgSOs. The organic layers were
filtered and concentrated in vacuo. The crude material was purified by high vacuum distillation
(65 °C at 1.2 mmHg) to give known compound 17 as a colorless viscous liquid (19.1 g, 35%). *H

NMR (300 MHz, CDCls) & 2.63 (d, Jun = 7.5 Hz, 4H, CHy), 2.12-2.01 (m, 2H, CHy).

1. PClg

0 2. Br, 5
é 3. t-BuOK q r
—
Toluene
-25°C Br
16 17

Synthesis of 1,2-di((E)-styryl)cyclopent-1-ene (18-H): To an oven dried 100 mL high pressure
tube equipped with a stirbar and rubber septum, commercially available 1,2-dibromocyclopent-1-
ene (500 mg, 2.21 mmol), DMF (10 mL) and NEts (10 mL) were added, and the reaction mixture
was purged by bubbling N2 though the solution for 15 min. Under a steady stream of N, PPhz (232
mg, 0.885 mmol) and Pd(OAc). (39 mg, 0.18 mmol) were added to the stirred solution. The
mixture was allowed to stir for 10 min under N2 before styrene (1.15 g, 11.07 mmol, 1.28 mL) was
added via syringe. The needle-valve was sealed and the reaction mixture was allowed to stir at
room temperature for 15 min and at 100 °C for 12 h. After cooling the reaction vessel to room

temperature, the reaction mixture was diluted with ether (100 mL) and washed with water (3 x 100
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mL). The organic layers were washed once with brine (100 mL) and dried over MgSOs and the
solvent was concentrated in vacuo and the residue was purified by silica gel column
chromatography in hexanes. The product was recrystallized from ethanol to give known 18-H as
thin yellow needles (240 mg, 40% yield). *H NMR (400 MHz, CDCl3) ¢ 7.50 (d, Jun = 7.1 Hz,
3H, aryl), 7.42 (d, Jun = 15.8 Hz, 2H, HC=C), 7.35 (t, Jun = 7.6 Hz, 3H, aryl), 7.29 — 7.20 (m, 4H,
aryl), 6.56 (d, Jun = 15.7 Hz, 2H, HC=C), 2.77 (t, Jun = 7.6 Hz, 4H, CH), 2.05 (quint, Jyn=7.33

Hz, 2H, CHy).

Br PPh, O
Q + ©/\ Pd(OAc), Q N
Br NEt3
O

100 °C
18-H
Synthesis of 1,2-di((E)-styryl)cyclopent-1-ene (18-CF3): To an oven dried 100 mL high pressure
tube equipped with a stirbar and rubber septum, commercially available 1,2-dibromocyclopent-1-
ene (480 mg, 2.13 mmol), DMF (10 mL) and NEtz (10 mL) were added to the flask and the flask
was purged by bubbling N2 though the solution for 15 min. Under a steady stream of N, PPh3 (223
mg, 0.852 mmol) and Pd(OAc). (48 mg, 0.21 mmol) were added. The reaction mixture was
allowed to stir for 10 min before commercially available 1-(trifluoromethyl)-4-vinylbenzene (1.10
g, 6.4 mmol, 0.94 mL) was added via syringe. The needle valve was sealed and the reaction mixture
was allowed to stir at room temperature for 15 min and at 100 °C for 12 h. The solution was diluted
with ether (100 mL) and washed with water (3 x 100 mL). The organic layers were washed once
with brine (100 mL) and was dried over MgSOgs. The solvent was concentrated in vacuo and the
residue purified by silica gel column chromatography in hexanes. The product was recrystallized

from ether to give 18-CFs as yellow block crystals (348 mg, 40% vyield). *H NMR (400 MHz,
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CDCls) 6 7.70 — 7.51 (m, 8H, aryl) 7.46 (d, Jun = 15.8 Hz, 2H, HC=C), 6.59 (d, Jun = 15.7 Hz,
2H, HC=C), 2.79 (t, Jun = 7.5 Hz, 4H, CHy), 2.10 — 1.88 (quint, Jun = 7.33 Hz, 2H, CH,). 3C{*H}
NMR (100 MHz, CDCls) 6 140.85 (aryl), 140.50 (C=C), 136.40 (C=C), 131.89 (aryl), 128.51
(aryl), 126.26 (C=C), 125.34 (aryl), 123.89 (CFs), 33.50 (CHz), 21.25 (CHy). IR (NaCl, thin film):
2967, 2925, 2848, 1612 cm™. GC-MS (El) m/z calcd for [CasHisFe]* 408.13; found 408.1.

Elemental analysis: calcd: C: 67.64, H 4.44 Found: C: 67.26, H: 4.64.

Br PPh;
Br

NEt3
DMF
100 °C
FF
18-CF,

Synthesis of 1,2-di((E)-styryl)cyclopent-1-ene (18-OMe): To an oven dried 100 mL high
pressure tube equipped with a stir bar and rubber septum, commercially available 1,2-
dibromocyclopent-1-ene (500 mg, 2.21 mmol), DMF (10 mL) and NEts (10 mL) were added to
the flask and the reaction mixture was purged by bubbling N2 though the solution for 15 min.
Under a steady stream of N2, PPhs (231 mg, 0.884 mmol) and Pd(OAc)2 (50 mg, 0.22 mmol) were
added. The reaction mixture was allowed to stir for 10 min and commercially available 1-methoxy-
4-vinylbenzene (1.78 g, 13.27 mmol, 1.77 mL was added via syringe. The needle valve was sealed
and the reaction was allowed to stir at room temperature for 15 min and at 100 °C for 12 h. The
solution was diluted with ether (100 mL) and washed with water (3 x 100 mL). The organic layers
were washed once with brine (100 mL) and dried over MgSQOas. The solvent was concentrated in

vacuo and the residue was purified by silica gel column chromatography (1:9 EtOAc:hexanes).
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The product was recrystallized from ether to give 18-OMe as yellow block crystals (330 mg, 45%
yield). *H NMR (400 MHz, CDCls) § 7.43 (d, Ju+ = 8.5 Hz, 4H, aryl), 7.28 (d, Jun = 15.6 Hz, 2H,
HC=C), 6.89 (d, Jun = 8.8 Hz, 4H, aryl), 6.49 (d, Jun = 15.8 Hz, 2H, HC=C), 3.83 (s, 6H, O-CHy),
2.74 (t, Jun = 7.5 Hz, 4H, CHy), 1.97 (quint, Jun = 7.33, 2H, CH>). C{*H} NMR (100 MHz,
CDCl3) 6 158.80 (aryl), 138.48 (C=C), 130.58 (C=C), 128.51 (aryl), 127.28 (aryl), 120.35 (C=C),
113.86 (aryl), 55.12 (O-CHs), 33.54 (CHy), 21.32 (CH_). IR (NaCl, thin film) 3022, 3002, 2949,

2932, 2832, 1602 cm™. ESI-TOFMS (m/z) calcd for [C2sH250,]" 333.1849; found 333.1851.

Br PPh3 O
Q. S e, O
Br NEt3
s

100 °C
o——

18-OMe

Synthesis of (y°-cyclopentadienyl)(#°-1,2-di((E)-styryl)cyclopent-1-ene)ruthenium(l1) Hexa-
fluorophosphate (19-H): To a J. Young tube 18-H (18.0 mg, 0.066 mmol), and
Tris(acetonitrile)cyclopentadienylruthenium(ll) hexafluorophosphate (20.5 mg, 0.047 mmol)
were added. The J. Young tube was sealed and evacuated on the Schlenk line. Dry, degassed CDCl3
(1 mL) was then subsequently distilled into the J. Young tube on the Schleck line under static
vacuum. The tube was kept at 0 °C and vortexed vigorously to dissolve all solids. The tube was
left to stand for 1 hr at 0 °C which allowed the formation of orange block crystals. Filtration led to
the isolation of 19-H as an orange crystalline solid (22 mg, 83 % yield). *H NMR (300 MHz,
CDCly) 6 7.64 (d, Jun = 7.70 Hz, 4 H, aryl), 7.54 (t, J = 7.70 Hz, 4 H, aryl), 7.48 (d, J = 6.79 Hz,
1H,aryl) 7.36 - 7.41 (m, 1 H, aryl) 6.58 (d, J = 10.3 Hz, 2 H, HC=C), 4.80 (s, 5 H, Cp) 3.66 (d, J

= 10.3 Hz, 2 H, HC=C), 3.46-3.33 (m, 2 H, CHy), 3.02 (dd, J = 17.24, 8.44 Hz, 2 H, CHy), 2.27 -
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2.46 (m, 1 H, CH>), 1.87 - 2.14 (m, 1 H, CHy). *C{*H} NMR (100 MHz, CD-Cl,) § 138.86 (aryl),
129.93 (aryl), 129.25 (aryl), 126.46 (aryl), 118.18 (C=C), 88.76 (Cp), 81.23 (C=C), 77.96 (C=C),
39.50 (CH2), 23.98 (CHy). IR (NaCl, thin film): 3120, 2966, 2913 2844, 1617 cm™. ESI-MS (m/z)

calcd for [C2sH2sRu]™ 439.1001; found 439.1002.

Q N O |
— [CpRu*(NCMe);] PFg @RU\/@ ©
o PFG
O CDCl; __

18-H

19-H

Synthesis of (°-cyclopentadienyl)(#°-1,2-bis((E)-4-(trifluoromethyl)styryl)cyclopent-1-ene)
ruthenium(ll) hexafluorophosphate (19-CF3): To a J. Young tube compound 18-CF3 (15.8 mg,
0.039 mmol), and Tris(acetonitrile)cyclopentadienylruthenium(Il) hexafluorophosphate (12.6 mg,
0.029 mmol) were added. The J. Young tube was sealed and evacuated on the Schlenk line. Dry,
degassed CDCIl3 (1 mL) was then subsequently distilled into the J. Young tube on the Schleck line
under static vacuum. The tube was kept at 0 °C and vortexed vigorously to dissolve all solids. The
tube was left to stand for 1 hr at 0 °C which allowed the formation of yellow needle crystals.
Filtration led to the isolation of 19-CFs; as a yellow crystalline solid (11.7 mg, 56% yield) ‘H
NMR(400 MHz, CD2Cl,) 6 7.76 (dd, Jun = 23.4, 8.3 Hz, 8H, aryl), 6.65 (d, Jun = 10.2 Hz, 2H,
HC=C), 4.87 (s, 5H, Cp), 3.54 (d, Jun = 10.2 Hz, 2H, HC=C), 3.49 — 3.35 (m, 2H, CH?>), 3.06 (dd,
Jnn = 15.8, 8.7 Hz, 2H, CHy), 2.41-2.33 (m, 1H, CHy), 2.02-1.93 (m, 1H, CH,). 3C{*H} NMR
(100 MHz, CDCly) ¢ 150.71 (aryl), 142.75 (aryl), 126.85 (aryl), 126.83 (aryl), 126.68 (CFs),

119.27 (C=C), 89.80 (Cp), 82.14 (C=C), 75.00 (C=C), 39.42 (CH>), 23.90 (CH.). IR (NaCl, thin
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film) 2962, 2914, 2833, 1603 cm™. ESI-MS (m/z) calcd for for [CasH23FsRu]* 575.0747; found

575.0754.

Q N O o = CF;

|
_ [CpRu*(NCMe);] PFg ®Ru PF@
? ol | X 6
O CDCl; 7

CF; CF;
18-CF; 19-CF,

Synthesis of (n°-cyclopentadienyl)(s8-1,2-bis((E)-4-methoxystyryl)cyclopent-1-ene)
ruthenium(ll) hexafluorophosphate (19-OMe): To a J. Young tube compound 18-OMe (20 mg,
0.060 mmol), and Tris(acetonitrile)cyclopentadienylruthenium(I1) hexafluorophosphate (19.6 mg,
0.045 mmol) was added. The J. Young tube was sealed and evacuated on the Schlenk line. Dry,
degassed CDCl3 (1 mL) was then subsequently distilled into the J. Young tube on the Schleck line
under static vacuum. The tube was kept at 0 °C and vortexed vigorously to dissolve all solids. The
tube was left to stand for 1 hr at 0 °C which allowed the formation of red block crystals. Filtration
led to the isolation of 18-OMe as a red crystalline solid. The product was formed as a mixture of
diastereomers 3.0:1.0 (meso:rac). (13.5 mg, 60% vyield). 19-OMe-meso: *H NMR (500 MHz,
CD.Cl2) 6 7.56 (d, Jun = 8.7 Hz, 4H, aryl), 7.04 (d, Jun = 8.7 Hz, 4H, aryl), 6.46 (d, Jun = 10.3
Hz, 2H, C=C), 4.76 (s, 5H, Cp), 3.89 (s, 6H, O-CHa), 3.71 (d, Jun = 10.3 Hz, 2H, C=C), 3.32 (ddd,
Jun =16.1,11.0, 7.8 Hz, 2H, CHy), 2.93 (dd, Ju = 16.0, 8.1, 2H, CHy), 2.39—2.27 (m, 1H, CH>),
2.02-1.92 (m, 1H, CHa). 19-OMe-rac: *H NMR (500 MHz, CD:Cl2) & 7.69 (d, Jun = 8.7 Hz, 2H,
aryl), 7.27 (d, Jun = 8.7 Hz, 2H, aryl), 7.10 (d, Jun = 8.7 Hz, 2H, aryl), 7.09 (d, Jun = 13.7 Hz, 1
H, HC=C), 6.69 (d, Ju+ = 8.7 Hz, 2H, aryl), 6.19 (d, Jun = 10.3 Hz, 1H, HC=C), 4.88 (d, Jun =
10.3 Hz, 1H, HC=C), 4.72 (s, 5H, Cp), 3.90 (s, 3H, O=CHs3), 3.79 (s, 3H, O-CHs), 3.63 (d, JuH =
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13.5 Hz, 1H, HC=C), 3.14 (ddd Ji =16, 11.0, 7.8 Hz, 1 H, CHy), 2.69-2.62 (m 1H, CHy), 2.57
(dd Jun = 16.1, 8.5 Hz, 1H, CHy), 2.17 (dd Juw = 16.5, 8.3 Hz, 1H, CHy), 1.81-1.65 (M, 2H, CHy).
18-OMe B3C{*H} NMR (100 MHz, CD,Cl,) & 130.78, 127.76, 116.90, 115.54, 115.21, 88.03,
87.67, 83.77, 80.25, 79.76, 55.51, 39.29, 23.88. ESI-MS (m/z) calcd for [CasH200,Ru] * 499.1213;

found 499.1203. IR (NaCl thin film,) 3111, 2959, 2837, 1607 cm™.

OMe @
Q N O I OMe
— [CpRu*(NCMe);] PFg @ RL:\/©/ ©
ot

| PFg
O cDCl, 7 103
OMe OMe
18-OMe 19-OMe

3. Equilibrium Experiments:

Cold-probe VT NMR experiments with 19-OMe: To a J. Young tube 19-OMe ( 2.0 mg, 0.0031
mmol) and 1,3,5-tri-tert-butylbenzene (internal standard) were added. The J. Young tube was
evacuated on a high vacuum line and was cooled to -78 °C and dry CD2Cl, was distilled into the
tube (1 mL). The tube was kept at -78 °C in the dry ice/acetone bath while the NMR probe was
cooled down to -60 °C. After the NMR probe was cooled to -60 °C, the NMR tube was quickly
inserted. NMR temperature points were taken at: -60 °C, -50 °C, -40 °C, -30 °C, -20 °C, -10 °C, 0
°C, 10 °C and 20 °C. Ratio of the diastereomers were determined via integration of the vinyl

hydrogens at ¢ 6.34 (19-OMe-meso) and 6.12 (19-OMe-rac) with respect to the internal standard.

Equilibrium Experiment with 19-CF3 and 18-OMe:
To aJ. Young tube. 3.0 mg (0.0052 mmol) of 19-CFz and 1.7 mg (0.0052 mmol) of 18-OMe with

tri-tert-butylbenzene (internal standard) were added. The NMR tube was placed under vacuum on
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a high vacuum line. Then, dry, degassed CD-Cl. was distilled into to the tube. The tube was then
taken immediately to the NMR so a spectrum could be obtained. Time points were taken at 5 min,
7 h and 24 h. Ratios of the ruthenium complexes were determined via integration of the vinyl

hydrogens at ¢ 3.53 (19-CF3) and ¢ 3.66 (19-OMe-meso) with respect to the internal standard.

60



E. Appendix
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Figure 2.14. *H NMR spectrum of 18-CF3 (CDCls, 400 MHz).
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Figure 2.15. *C{*H} NMR spectrum of 18-CF3 (CDCls, 100 MHz).
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Figure 2.16. *H NMR spectrum of 18-OMe (CDCls, 400 MHz).
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Figure 2.17. 3C{*H} NMR spectrum of 18-OMe (CDCls, 100 MHz).
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Figure 2.18. *H NMR spectrum of 19-H (CDCl,, 300 MHz).
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Figure 2.19. 3C{*H} NMR spectrum of 19-H (CD.Cl, 100 MHz).

66



~1200

= CF, 1100
_u;. vmm -Hooo

S~
CF, -900

~800

A e

79 78 7.7 76 75 74

6.9 6.7 6.5 36 34 32 30 ~500
-400
-300
-200
-100
ﬁw LLﬁ - ? [
HWQ_ .H?w_ | mo | Wo | mo | Wo _.WQ | Lo | Wo | Mo | mo | Qo_
f1 (ppm)

67

Figure 2.20. *H NMR spectrum of 19-CF3 (CD,Clz, 400 MHz).
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Figure 2.21. 3C{*H} NMR spectrum of 19-CF3 (CD2Cl, 100 MHz).
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Figure 2.23. *C{*H} NMR spectrum of 19-OMe (CDCl,, 100 MHz).
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Table 2.10. Crystal data and structure refinement for 18-CFs.

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

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal color, habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°

Absorption correction

KMV2-134
C28 H23 F12 P Ru

719.51

100.0 K

0.71073 A

Monoclinic

P2yb

a=13.5614(5) A o= 90°.
b =13.4214(5) A
c=17.1969(6) A ¥ =90°.

3126.9(2)A3

4

1.782 glcm3

0.902 mm-1

1664

0.16 x 0.09 x 0.055 mm3

Orange Block

1.1851t0 26.777°.

-17<=h<=16, -16<=k<=16, -21<=I<=21

38361
13285 [R(int) = 0.0395]
100.0 %

Semi-empirical from equivalents
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Table 2.10 continued. Crystal data and structure refinement for 18-OMe.

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

0.04910 and 0.04482
Full-matrix least-squares on F2
4824 /114 /370

1.040

R1 =0.0334, wR2 = 0.0765
R1 =0.0452, wR2 = 0.0852
n/a

0.362 and -0.436 e.A-3

Table 2.11. Crystal data and structure refinement for 18-OMe.

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

Unit cell dimensions

Volume
Z

Density (calculated)

KMV2_153
C28 H29 F6 02 P Ru
643.55
100.0 K
0.71073 A
Orthorhombic
Pbca
a=18.2369(4) A o= 90°.
b =13.1440(3) A B=90°.
c=21.9889(4) A ¥ =90°.
5270.87(19) A3
8

1.622 g/lcm3
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Table 2.11 continued. Crystal data and structure refinement for 18-OMe.

Absorption coefficient

F(000)

Crystal size

Crystal color, habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

Extinction coefficient

Largest diff. peak and hole

0.723 mm-1

2608

0.187 x 0.176 x 0.092 mm3
Reddish Orange Block

1.852 to 25.354°.

-21<=h<=17, -15<=k<=15, -26<=1<=26

47061

4824 [R(int) = 0.0864]

100.0 %

Semi-empirical from equivalents
0.0852 and 0.0611

Full-matrix least-squares on F2
4824 /114 /370

1.040

R1=0.0334, wR2 = 0.0765
R1 =0.0452, wR2 = 0.0852
n/a

0.362 and -0.436 e.A-3
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Chapter 3.

Novel Cycloaromatization Reactions of Nitrogen-Containing Enediynes with
Incorporation of Halide from Haloform and Hydrogen from 1,4-Cyclohexadiene
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A. Introduction

In 1972, Bergman and Jones reported that when deuterium enriched cis-1,5-hexadiyn-3-
ene (1) was heated in the gas phase at 200 °C, it rapidly equilibrated with the cis-enediyne isomer
2, without evidence for formation of isomers that contained deuterium enrichment at both the vinyl
and terminal acetylenic positions (4 and 5). When 1 was heated in atom-donor solvents such as
toluene, 1,4-cyclohexadiene (1,4-CHD), or CCls, arynes 6, 7 and 8 were formed (Figure 3.1). This
evidence led Bergman to propose a symmetric para-benzyne diradical (3) as an intermediate for

the interconversion of 1 and 2.1

H

D o . ~
H |(>/) 200°C [ H D ] D i z
- T—_—
) gas phase HI.ID D \\
H
2

TN
D
1 3
D D
H // D //
| |
N SN
H H
4 5
H
> cl
PhCH, ccl,
- | —
X
CH,Ph N cl

Figure 3.1. Bergman'’s initial observations of cycloaromatization of enediyne 1.
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Previously, in the O’Connor lab, it was demonstrated that Cp'Ru* triggers
cycloaromatization reactions of enediynes 9 and 10 in the presence of 1,4-CHD at room

temperature, to yield arene products 11 and 12 in good to excellent yields.??

Z PFO sg' PFa
Z ‘@’ ®”  1,4cHD '
—> (

( © ®Ru
+
MeCN“R” CcDCI
3
X MeCN/ “NCMe RT
9 (n=2) 11 (n=2)
10 (n = 1) 12 (n = 1)

Scheme 3.1. Ruthenium-mediated cyclization of acyclic enediynes

As an extension to this work, the O’Connor group sought to compare the activation parameters for
the metal-mediated and thermal reactions. Thus, compounds 9 and 10 were examined under
thermolysis conditions in chloroform with 1,4-CHD as the hydrogen atom donor.*® Unexpectedly,
there was no spectroscopic evidence that 13 or 14 were formed. Instead, halogenated arene
products 15 and 16 were formed as the major products in 85% and 76% yield respectively. Minor

products 17 and 18 were also formed in 7.7% and 19% vyield, respectively.

)
__coc, 1)
1,4-CHD
165 °C
0
cf I>s

// AN

=2)
=1)

16(n:1) 18(n=1)

Scheme 3.2. Thermal conversion of enediynes 9 and 10 to halogenated arenes.
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The connectivity for 15 was established by reaction with [Cp"Ru(NCMe)s]PFs to yield the
sandwich complex 19, and X-ray crystallography characterization revealed that the chlorine and

ethyl substituents are para to each other.

Cl - o
S L
[Cp*Ru(NCMe);]PF¢ @é} =
r Ru1

CH,Cl, J

15 cH 19

Scheme 3.3. Absolute structure determination of 15 through the formation of Cp*Ru complex 19.4

A key observation that provided insight into the possible mechanism of formation of
products 15-18 was the presence of a resonance at 6 5.29 (t, Jup = 1.0 Hz) in the *H NMR spectra
taken on the crude reaction mixtures. Additionally, there was a resonance observed at ¢ 53.35 (t,
Jep = 27.3 Hz) in the 3C{*H} NMR spectra taken on the crude reaction mixtures. These resonances
are consistent with the formation of CDHCI..° Therefore, it was hypothesized that under
thermolysis conditions the chloroform and 1,4-CHD are converted to benzene, CDHCI, and HCI
(by mass balance). This observation led to a theory that HCI would promote the cyclizations of 9
and 10 without 1,4-CHD as the hydrogen atom source. When compound 9 and HCI were heated
at 150 °C for 46 h, 15 was formed in 55% vyield along with vinyl chloride 20-E in 12% yield
(Scheme 3.4).

Additionally, 20-E was synthesized in 85% yield by reacting 9 with 2 M HCI in diethyl
ether. Compound 20-E was reacted at 165 °C for 42 h and yielded the cyclized product 15 in 96%

yield. In a similar fashion, compound 10 was reacted with 2M HCI in diethyl ether to afford the
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isolated vinyl chloride 21 (96:4 E/Z ratio). Thermolysis of 21 under the same reaction conditions

as those employed for 20 afforded cyclized product 16 in 93% yield.*®

clI cl
. S
el S
(PR
z e
( R 15 (n = 2) 20-E
A .
%,
9 (n=2) O %0 cl cl
10 (n =1 y
=1 7 : Xy 165°C
SRy
X
20-E (n=2) 15 (n =2)
21 (n=1) 16(n=1)

Scheme 3.4. Reactions of 9 and 10 with HCI.*®

In a final experiment, 9 was prepared with *C-enrichment located in the propargylic
methyl groups. **C-enriched 9 was heated at 140 °C in CDCls in the presence of HCI for 3 days.
Product 15 was observed with the *3C-enrichment located at the C7 carbon position and at the
methyl carbon of the ethyl group. With these results in hand, the mechanism for conversion of 9
to 15 was proposed to begin with in situ generation of HCI. The HCI then adds across one of the
alkynes, forming vinyl chloride 20-E. Compound 20-E then undergoes a 1,7-H shift to form allene
22, followed by 67 electrocyclization to form 23. Lastly, a rearrangement affords aromatized

product 15 (Scheme 3.5).*
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Scheme 3.5. Mechanistic hypothesis of the conversion of 9 to 15.*

In the literature, there are few examples of cycloaromatization reactions involving nitrogen-
containing enediynes.”1% Exploring thermal cyclizations with heteroatom-containing enediynes
could provide insight into how aromaticity and electronic factors influence cycloaromatization
reactions. Also, preparing nitrogen-containing enediynes could provide insight into functional
group tolerance for the thermal conversion of enediynes to halogenated aromatics. Herein, this
chapter further explores the mechanism of HCI generation from chloroform and the

cycloaromatization reactions of nitrogen-containing enediynes.
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B. Results and Discussion
1. Synthesis of 2-(1-pentynyl)-3-(1-propynyl)pyridine (26).

Pyridine enediyne 26 was synthesized from commercially available 2-bromo-3-
pyridinecarboxaldehyde (23) in three steps in 62% overall yield. Sonogashira coupling of 23 with
1-pentyne afforded 24 in 90% vyield. Installation of the second alkyne functional group was
achieved via a homologation reaction with trimethylsilyldiazomethane and n-BuL.i to afford 25 in
80% vyield. Lastly, target compound 26 was synthesized by deprotonation of the terminal acetylene

hydrogen by LIHMDS and subsequent methylation with methyl iodide.

o Cul 0
| _ \\/\ —— |
N Br Benzene \N N
90%
1.-N ~ l 7
SN _Si
XN 2 1.LIHMDS &
2. nBulLi 7 I 2. Mel 2 |
—_— —_—
THF J THF S
.78 °C to RT N XX 0°C to RT N
80% 25 85% 26

Scheme 3.6. Synthesis of enediyne 26.

2. Cycloaromatization Reactions of Interest

After synthesizing compound 26 the thermal reactivity of this compound was examined
under standard thermal Bergman conditions and in the presence of haloform (CHX3). It was
hypothesized that thermal Bergman conditions would afford compound 27, and in the presence of
haloform would produce 1,7-H shift product 28 (Figure 3.2).
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Figure 3.2. General cycloaromatization reactions of interest.
3. Cycloaromatization Products

Unexpectedly, when 26 (0.027 mmol) was heated for 24 h at 165 °C in a flame-sealed
NMR tube with 10 equivalents of 1,4-CHD (0.27 mmol) in benzene-ds with 1,4-
bis(trimethylsilyl)benzene (internal standard), no reaction was observed based on 'H NMR
spectroscopic analysis of the crude reaction mixture. The thermolysis of 26 (0.027 mmol) was then
conducted under similar reaction conditions in neat THF-dg (1 mL), which also afforded no
reaction. In a flame-sealed NMR tube 26 (0.027 mmol) was then heated for 24 h at 165 °C in
CDCl3 (1 mL) with added 1,4-CHD (0.27 mmol), leading to large amounts of dark intractable
solids. The presence of the solids prevented us from obtaining a high resolution *H NMR spectrum
of the crude reaction mixture. Consequently, the reaction was scaled up to 0.56 mmol of 26 (100
mg) and 5.5 mmol of 1,4-CHD (0.55 mL) in 15 mL of CDCIs and heated at 165 °C for 24 h.
Preparative TLC was utilized in an attempt to purify any arene products. However, the purification
was difficult due to large amounts of dark, insoluble materials that had formed in the reaction
mixture. The intractable solids may be polyquinoline-type compounds. Also, *H NMR analysis
was conducted on the isolated bands from the preparative TLC, however there were no *H NMR
signals that corresponded to either arene products or starting material. There were broad

resonances centered around ¢ 1.50, 1.25 and 0.86 which might be due to aliphatic oligomers. No
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further experiments were conducted with CDCl3 due to unproductive formation of unidentifiable

side products.

Following the above results, other haloforms were examined and the next haloform chosen
was bromoform. When a solution of 26 (100 mg, 0.56 mmol), CHBr3 (0.050 mL, 0.56 mmol), and
1,4-CHD (0.50 mL, 5.6 mmol) in benzene (15 mL) was heated at 165 °C for 24 h in a pressure
tube equipped with a Teflon needle-valve, the formation of compound 28 was not observed by
NMR spectroscopic analysis of the crude reaction mixture. Instead, two unanticipated compounds
were formed, 29-Br and Bergman product 27 in 30% and 10% isolated yield, respectively (Scheme
3.7).

Compound 29-Br was tentatively assigned based on its *H NMR spectrum. This compound
exhibited four resonances in the aromatic region: ¢ 8.84 (d, Jun = 2.7 Hz, 1H, aryl), 8.58 (d, Jun =
8.5 Hz, 1H, aryl), 7.88 (s, 1H, aryl) and 7.44 (dd, Ju+ = 8.6, 4.3 Hz, 1H, aryl). Compound 29-Br
also exhibited resonances that are indicative of a methyl group ¢ 2.64 (s, 3H, CH3) and an n-propyl
group [6 2.85 (t, Jun = 7.5 Hz 2H, CH2), 1.74 (sex, Jun = 7.7 Hz, 2H, CH2) and 1.05 (t, Jun = 7.3
Hz, 3H, CH3)]. These observations led to the tentative identification of 29-Br, however, the initial
NMR data did not establish regiochemistry.

Compound 27 was also assigned based on its *H NMR spectrum. This compound exhibited
five resonances in the aromatic region: ¢ 8.85 (d, Jun = 2.8 Hz, 1H, aryl), 8.11 (d, Ju+ = 8.0 Hz,
1H, aryl), 7.93 (s, 1H, aryl), 7.61 (s, 1H, aryl) and 7.36 (dd, Jun = 8.1, 4.3 Hz, 1H, aryl). Compound
27 also exhibited resonances that are indicative of a methyl group ¢ 2.51 (s, 3H, CHs) and an n-
propyl group [0 2.81 (t, Juw= 7.7 Hz 2H, CH>), 1.77 (seX, Ju+ = 7.3 Hz, 2H, CH>) and 1.07 (t, JnH

= 7.3 Hz, 3H, CHa)].
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The reaction was then repeated with iodoform in place of bromoform. A solution of 26
(100 mg, 0.56 mmol) CHIs (215 mg, 0.56 mmol) and 1,4-CHD (0.55 mL, 5.6 mmol) in benzene
(15 mL) was reacted at 165 °C for 24 h in a pressure tube equipped with a Teflon needle-valve.
Once again compound 28 was not formed, based upon *H NMR spectroscopic analysis. Instead,
the Bergman cyclization product, 27, was formed in 15% yield along with a second product, 29-1
in 30% yield, that was tentatively assigned as an iodo-quinoline (Scheme 3.6).

Compound 29-1 exhibited four resonances in the aromatic region: 6 8.79 (d, Jun = 4.40 Hz,
1H, aryl), 8.49 (d, Ju1= 9.0 Hz, 1H, aryl), 7.86 (s, 1H, aryl) and 7.40 (dd, Jun = 8.62, 4.22 Hz, 1H,
aryl). Compound 29-I also exhibited indicative resonances of a methyl group 6 2.74 (s, 3H, CHz)
and an n-propyl group [ 2.92 (t, Jun= 7.7 Hz 2H, CH>) 1.79 (sex, Jun= 7.3 Hz 2H, CH>) 1.06 (t,
Jnn = 7.33 Hz, 3H, CH3)]. As with 29-Br, these observations led to the tentative identification of
29-1, however, the initial NMR data did not establish regiochemistry of the product. Lastly, 27 was
identified via *H NMR spectroscopy and exhibited identical *H NMR resonances as previously
stated above.

One equivalent of haloform was chosen for the above reactions in order to minimize
possible unproductive decomposition pathways, as was previously observed for the thermolysis of
9 and 10 in the presence of bromoform and iodoform.® It should be noted that *H NMR vyields for
reactions of 28 in bromoform and iodoform were not obtained due to the formation of large

amounts of intractable solids in the NMR tube which led to broadening of the NMR signals.
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Scheme 3.7. The thermolysis of 26 afforded 27 and 29.

4. Connectivity of Halogenated Quinoline Derivatives

From the above results, halogen connectivity needed to be verified for 29-Br and 29-1 since
the initial *'H NMR experiments did not establish regiochemistry. The halogen needed to be
verified if it was connected to the C5 or C8 position of 29-Br and 29-I. Therefore, heteronuclear
multiple bond correlation (HMBC) NMR experiments were conducted on 29-Br and 29-1.

Compound 29-Br exhibits a HMBC correlation (Figure 3.3) of the methyl hydrogen
resonance at ¢ 2.64 with the *C NMR resonance at 123.78 (carbon K). The aromatic hydrogen
resonance on C8 (carbon E) at J 7.85 (s) exhibits a HMBC correlation with the *3C resonance at
123.78 (carbon K). Lastly, the aromatic proton resonance on C3 (carbon I) at 6 8.58 (d, Jun = 8.5
Hz) exhibits a HMBC correlation with the 3C resonance at 123.78 (carbon K). The assigned

connectivity was also supported by nuclear Overhauser effect (NOE) spectroscopy (Figure 3.4).
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Irritation at the aromatic hydrogen resonance at ¢ 7.85 for compound 29-Br led to enhancement of
the n-propyl group resonances at 2.83, 1.72 and 1.05.

Next, a HMBC experiment was conducted on 29-l1. This compound has a HMBC
correlation (Figure 3.5) of the methyl hydrogen resonance at § 2.74 (s) with the **C resonance at
106.23 (carbon K). The aromatic proton resonance on C8 (carbon E) at 6 7.86 (s) has a HMBC
correlation with the *3C resonance at 106.23 (carbon K). Lastly, the aromatic proton resonance on
C3 (carbon 1) at § 8.49 (d, Jun = 9.0 Hz) has a HMBC correlation with the *C resonance at
106.23(carbon K). Also, a NOE spectroscopy experiment was conducted to verify relative
connectivity. Irradiation of the aromatic hydrogen resonance at 6 7.86 for compound 29-1 resulted
in enhancement of the signals of the n-propyl group at 2.88, 1.72 and 1.04 (Figure 3.6). These
results establish that the halogen functional group is connected to the C5 carbon of the quinoline

derivatives for both 29-Br and 29-I.
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5. Proposed Mechanism of the Generation of HX via Haloform

From previous studies, it was hypothesized that HX was generated from the thermolysis of
chloroform and 1,4-CHD at 165 °C based on the generation of CHDCI, which exhibited a signal
at 9 5.27 (t, J = 1 Hz) in the *H NMR spectrum of the crude reaction mixture. Also, calculations
on the thermolysis reaction indicate that the net reaction is exothermic by 42.2 kcal/mol (Scheme

3.8).1

A
@ + CDCl; —m» CDHCI, + HCI + ©

AG° = -42.2 kcal/mol

Scheme 3.8. Enthalpy calculation for the conversion of 1,4-CHD and chloroform to benzene,
CDHCI2 and HCI. Calculations performed by Kim Baldridge using BP86 density functional, Def2-
TZVPP basis set, GAMESS Program.

A set of control experiments confirmed that HCI is generated under the reaction conditions.
Heating a solution containing CDCl3, 1,4-CHD and 1,3,5-tris(trifluoromethyl)benzene (internal
standard) in a flame-sealed NMR tube at 165 °C for 24 h resulted in the formation of benzene (o
7.36, s) in 70% yield and CDHCI: (6 5.32, t, Jup = 1.0 Hz) in 67% vyield, based on consumed 1,4
CHD (53%). After the reaction was complete, the tube was opened and N,N,N',N'-tetramethyl-1,8-
naphthalenediamine (proton sponge) was added, and a subsequent *H NMR spectrum was
acquired. This spectrum exhibited a broad resonance at ¢ 18.96, which is indicative of the
protonated diamine.? Notably, when the CDCIs solvent was dried over CaH and distilled under a
N2 atmosphere in the dark, no reaction occurred between 1,4-CHD and the solvent at 165 °C. When

the solution was subsequently photolyzed utilizing a broad-spectrum UV irradiation source (Oriel
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1000 watt Universal Xenon ArcLamp model 8540) for 30 min, the formation of CDHCI, was
observed by *H NMR spectroscopy.

The methylene carbon-hydrogen bond strength in 1,4-CHD is 76.9 kcal/mol while the
carbon-chlorine bond strength for CHCl; is 76.6 kcal/mol. '*!'* As a result, the conversion of 1,4
CHD and CDCI; to benzene, CDHCl,, and HCI, must be a radical chain reaction for it to occur
efficiently at 165 °C. While it is difficult to determine the initiation step for radical chain
mechanisms, chloroform often contains impurities such as Cl, and phosgene.!®> On the basis of the
control reactions described above, a radical chain mechanism is proposed for the generation of
HCI upon thermolysis of CDCI3 and 1,4-CHD (Scheme 3.9). Light possibly triggers homolytic
cleavage of the CI-Cl bond to give radical initiators for the chain reactions (Scheme 3.9 and 2.12.)
After initiation, radical propagation occurs via the CDCI, radical 30. This radical then abstracts a
hydrogen atom from 1,4-CHD, forming CHDCI; and cyclohexadienyl radical 31 (step 1, Scheme
3.9). Next, 31 abstracts a chlorine atom from CDClI3, to generate benzene, HCl and a new CDCL

radical, 30 (step 2, Scheme 3.9), continuing the radical process.

H—Cl
+ D H H
clI—c-cl
[ ]
N "

step 2 step 1

NG
Cl—C-CI

? ) H
CI—?—CI |
Cli H
HH
31

Scheme 3.9. Proposed radical chain mechanism for HCI generation.

92



There are three reports in the literature that support the proposed mechanism. Foremost,
the bond dissociation energy for cyclohexadienyl radical 31 is approximately 22 kcal/mol.! It has
been reported that 31 undergoes a homolytic hydrogen-carbon bond cleavage at 186 °C, to generate
a hydrogen radical and benzene (Scheme 3.10).!7 Lastly, it has been demonstrated that hydrogen
radicals generated by pulse radiolysis react quantitatively with benzyl chloride to form HCI and

benzyl radicals (Scheme 3.11).'%

H
186 °C
—_— + He
H H
31

Scheme 3.10. Generation of a hydrogen radical from 31."

H_ H H
()
©)<C| + He —— ©)\H + H=CI

Scheme 3.11. HCl is formed via reaction of a hydrogen radical with benzyl chloride.'

6. An Alternative Radical Chain Mechanism for Incorporation of Hydrogen from 1,4-CHD
and Halogen from Haloform

Another plausible mechanism for the incorporation of hydrogen from 1,4-CHD and
halogen from haloform begins with the CDX> radical 30-X. This radical then abstracts a hydrogen

atom from 1,4-CHD, forming CHDX: and cyclohexadienyl radical 31 (step 1, Scheme 3.12) Next,
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free radical addition of a hydrogen atom from 31, forms radical 32 and benzene (step 2, Scheme
3.12). Lastly, radical 32 abstracts a halogen atom from CDX3, to generate 33 and a new CDX»
radical 30-X (step 3, Scheme 2.12), continuing the radical process. One or both of the mechanisms
proposed in sections 5 and 6 may be occurring during the course of the thermolysis reaction of 26.
Dienyne 33 is proposed to undergo a Hopf-type cycloaromatization mechanism to form 29-Br and

29-7 (Section 7).
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H H H
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[ H H
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\N I Me
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H H
31
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Z z
Q S
N
26 nPr

Scheme 3.12. An alternative radical chain mechanism to that shown in Scheme 3.9.
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7. Proposed Mechanism of the Generation of 29-Br and 29-1

The observation that HX is formed from 1,4-CHD and CDX3 suggested that HX would
promote the cyclization of 26 in the absence of 1,4-CHD. Hence, 26 was protonated with aqueous
mineral acids, HBr and HI, to form pyridinium compounds 32-Br and 32-1 in quantitative yields.
Thermolysis of 32-Br and 32-1 in benzene at 165 °C for 24 h yielded 29-Br and 29-1 in 50% and

64% isolated yields, respectively (Scheme 3.13).

Me Br
ﬁj; 165 °C z
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N Benzene \N
HB C>E <:>
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Me 32-Br 29-Br
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HI Z
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’ 165°C
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ol X
I@H

32-/ 29-/
100% 60%

Scheme 3.13. Synthesis and thermolysis of pyridinium variants 32-Br and 32-I.

Based upon the above results, a mechanism for the formation of 29-Br and 29-1 can be
proposed. Dienyne 33 is proposed to form from either (or both) the free radical addition of a
hydrogen atom from a cyclohexadienyl radical and halogen abstraction from haloform and/or the
in situ generation of HX which then adds across propynyl triple bond of 26.

If HX is generated in situ, it would lead to reversible protonation of 26 at nitrogen to form
pyridinium salt 26-H. Addition of mineral acid to alkynes has been suggested to favor a concerted
cis-addition in non-polar solvents.'® Consequently, at elevated temperatures, HX is proposed to
add across the alkyne to form dienyne 33-E, which then undergoes a 6z electrocyclization to form
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iso-benzene 34. A [1,2]-H shift forms carbene biradical 35 and another [1,2]-H shift would form

arene product 29 (Scheme 3.14).
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Scheme 3.14. Proposed mechanism of the formation of 29 from 26. In blue: the free radical
addition of a hydrogen atom from cyclohexadienyl radical and halide from haloform. In black: the
in situ generation of HX.

The addition of HX to alkynes, promoting enediyne cyclization to arene products, is
supported by reports by Liu and co-workers.?’ They proposed a double addition of aqueous HX

(X =Cl, Br, and I) to 1,2-diethynylcyclohexene (36). Upon heating 36 and HI at 100 °C in 3-
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pentanone, cyclized product 38 (X = 1) was isolated in 46% yield along with 37 (X =1) in 33%
yield. Upon heating 36 with HCI or HBr, mono-halogenated aromatic products 38 (X =ClI, Br)
were formed in 54% and 51% yield respectively via the proposed loss of HX. They did not observe

the formation of 37 (X = ClI, Br) upon reaction of 36 with HX (X = Cl, Br) (Scheme 3.15).

=y o
S ~
X
36 - 37 - 38

Scheme 3.15. Cyclization of enediynes 36 and 37 observed by Liu.?°

Additionally, the mechanism that we propose is similar to Hopf’s proposed mechanism
for conversion of dienyne 39 to benzene at 274 °C (Scheme 3.16).2! Based on both experimental
and computational results, he proposed that dienyne 39 undergoes a 6z electrocyclization via a
disrotatory ring closure to form isobenzene intermediate 40. Intermediate 40 then undergoes a
[1,2]-H shift, to give singlet or triplet carbene 41 and 42. The singlet/triplet gap for 41 and 42 was

calculated to be 1 kcal/mol. Lastly, another [1,2]-H shift on intermediate 41 yields benzene.??3

H
// 274°c H., H L ~ "TI X IH
| =— IH =—= H
~ gas phase Y/ H H
41 42

39 40

Scheme 3.16. Proposed Hopf cycloaromatization of dienynes to form aromatic products.?22
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8. Regioselectivity of Product 29-Br and 29-1

One interesting observation concerning the thermolysis of 26 in haloform is the

regioselective formation of quinoline derivatives 29-Br and 29-1, with no evidence of quinoline

X
CHX;
7’z
1,4-CHD
N
Benzene N
Me 165 °C 29

isomers 43-Br or 43-1 (Scheme 3.17).

/
/I =
N
N X CHX,
26 1,4-CHD Z
Benzene \N
165 °C X
43
X =Br, |

Scheme 3.17. Regioselectivity of the thermolysis of 26 in haloform.

If HX is added across the methyl alkyne in a syn fashion, there will be a buildup of positive
charge on the C2, C4 and C5 positions of the pyridine ring and the vinyl carbon. However, if HX
is added across the n-propyl alkyne, there will be positive charge buildup on the vinyl carbon, C3,
C5, and nitrogen of the pyridine ring. Nitrogen is more electronegative (3.04) than carbon (2.55)
based on the Pauling scale of electronegativity.?* Therefore, one plausible explanation for the
selectivity of formation of products 29-Br and 29-1 is due to the positive charge buildup on the
nitrogen atom, which is a relatively minor resonance contributor. Consequently, addition of HX is
selective to the alkyne to give the regioisomer with the greatest resonance stabilization. (Scheme

3.18).
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Scheme 3.18. Resonance forms for the intermediate formed upon protonation of 26.

I

9. Formation of Bergman Product in the Presence of Haloform

Another curious result is that Bergman product 27 only formed in the presence of haloform,
but not under standard Bergman cyclization conditions. This result is unexpected since it has been
reported that electron withdrawing groups lower the activation energy for cycloaromatization.?®
Also, Russell and co-workers reported a similar enediyne 44 cyclizes to Bergman product 45,
upon thermolysis of 44 in CCl4 at 120 °C for 20 h. Product 45 was detected by GC-MS analysis,
and no yield was given (Scheme 3.19). Russell and co-workers determined that the activation
energy of this reaction was 21.5 kcal/mol by plotting the rate of disappearance of 44 via analytical

gas chromatography and calculated the activation energy from the slope of the Arrhenius plot.°

99



Cl

s
_ | z CCl,, 20h Y |
N 120 °C J
N
S N
Cl
44 45

Scheme 3.19. Bergman cyclization reported by Russell.®

It is still unclear why 26 did not form 27, however one theory consistent with the results
and literature reports? is that the activation energy of 26 might be higher due to the presence of
electron donating methyl and n-propyl groups on the terminal alkynes. It has been shown in the
literature that electron donating alkyne substituents increase the activation energy for thermal
cycloaromatization because the steric repulsion is increased between the in-plane z-orbitals.?>%

One hypothesis for the formation of 27 in haloform is that protonation of the ring nitrogen
may increase the rate of the Bergman cyclization, since the pyridinium variants are more electron-
withdrawing than the parent enediyne 27. Russell and co-workers synthesized 4-substituted-1,2-
diethynylbenzene derivatives 46, 47 and 48 and determined that electron-deficient aromatic
enediyne 46 (t., = 4.3 min) cyclized faster than electron-rich derivative 48 (t» = 15.6 min) (Scheme

3.20).77
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Scheme 3.20. Russell’s observations that electronic deficient aromatic enediynes cyclize faster
than electron-rich enediynes.

To test this hypothesis, pyridinium enediyne 50 was synthesized in quantitative yield beginning
with refluxing 26 and methyl iodide in MeCN to form 49. To increase the solubility of 49 in
benzene, counter-ion exchange was performed by dissolving 49 in methanol and precipitating 50
upon addition of aqueous NHsPFs (Scheme 3.21). Subsequently, upon thermolysis of 50 in
benzene with 10 equivalents of added 1,4-CHD, 51 was formed in 10% yield (Scheme 3.22) This
result suggests that the formation of 27 is facilitated by protonation of the enediyne. Protonation

creates an electronic deficient enediyne, which in turn causes the rate of the reaction to increase.
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Scheme 3.21. Synthesis of enediyne 53.
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Scheme 3.22. Thermolysis of 54 in 1,4-CHD yields Bergman product 55.

C. Conclusions and Future Directions.

In conclusion, the thermolysis of pyridine enediyne 26 in bromoform or iodoform, leads to
the unprecedented regioselective formation of halogenated quinoline products 29-Br and 29-I,
along with Bergman product 27. Halogen connectivity was established by HMBC and NOE NMR
spectroscopic analysis. Also, a Hopf-type mechanism is proposed for the conversion of 26 to the
halogenated aromatics 29-Br and 29-1. The key dienyne intermediate 33, is proposed to form by
one (or both) of two mechanisms: a) via an unprecedented radical chain mechanism for the in situ
generation of HX, CDHX>, and benzene from 1,4-CHD and haloform; or b) free radical addition
of a hydrogen atom from cyclohexadienyl radical 31, followed by abstraction of halide from
haloform. Electron-poor enediyne 49 was synthesized and observed to undergo Bergman

cyclization in benzene and 1,4-CHD, whereas the parent enediyne 26 did not undergo cyclization

102



under similar conditions. The formation of cyclized product 50 was hypothesized to form due to
the electronic-deficient nature of 49.

Future directions for this project are centered around the synthesis of 2,3-di(prop-1-yn-1-
ylpyridine (52), 1,2-di(prop-1-yn-1-yl)benzene (53) and 1-(pent-1-yn-1-yl)-2-(prop-1-yn-1-
yl)benzene (54) (Figure 3.7). Thermolysis of these enediynes in the presence of haloform or acid
could give insights on the electronic and steric effects of halogen selectivity of compound 29.
Future outlooks on this project are also centered around computational analysis. Computational
studies could produce valuable information on the selectivity of 6z electrocyclizations versus

[1,7]-H shifts of the aromatic and alicyclic enediynes.

A Z z
P

VX X X
52 53 54

Figure 3.7. Enediyne molecules of future interest.

D. Experimental

1. General Methods

Reagents were obtained from Aldrich, Fisher Scientific, Alfa Aesar, or Fluka, and were
used without further purification unless stated otherwise. All solvents were obtained from Fisher
scientific and dried on Alumina columns prior to use. Chromatography solvents were ACS
technical grade and used without further purification. 'H NMR and *C NMR spectra of all
compounds were recorded on a Bruker AVA 300 MHz, Varian Mercury Plus 400 MHz, Varian VX
500 MHz, or JOEL ECA 500 MHz instruments. Chemical shifts are reported as J in units of parts
per million (ppm) referenced to residue solvent peak. Coupling constants are reported as a J value
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in Hertz (Hz). Mass spec analysis was performed by the UCSD Chemistry and Biochemistry
Molecular Mass Spectrometry Facility on a ThermoFinnigan LCQdeca mass spectrometer with an
atmospheric pressure electrospray ionization (APCI) source or an electrospray ionization (ESI)
source. Infrared spectra were obtained on a Nicolet iIS10 FT-IR. Deuterated NMR solvents, used
for routine NMR analysis and NMR scale reactions, were dried over 3 A activated molecular sieves
and then distilled under static vacuum into oven-dried Schlenk storage tubes. Deuterated solvents

were degassed using a Freeze-Pump-Thaw procedure, typically 5 cycles.

2. Synthesis of Enediynes:

Synthesis of 2-(pent-1-yn-1-yl)nicotinaldehyde (24): To a flame-dried 200 mL Schlenk flask,
equipped with a stir bar and rubber septum, commercially available 2-bromonicotinaldehyde (2.00
g, 10.75 mmol), benzene (50 mL) and trimethylamine (50 mL) were added and the flask was
purged by bubbling N2 through the solution for 15 min. Under a steady stream of N2, Cul (290 mg,
1.150 mmol) and Pd(PPh)sCl> (380 mg, 0.53 mmol) were added to the stirred solution. The mixture
was allowed to react, under N2, for 10 min before 1-pentyne (2.12 mL, 21.43 mmol) was added
via syringe. After stirring for an additional 3 h, the reaction mixture was filtered through a plug of
celite, which was subsequently washed with methylene chloride (100 mL). The combined
washings were concentrated in vacuo and purified by silica gel column chromatography (1:9
EtOAc:hexanes) to give 24 as a yellow oil (1.70 g, 90%). *H NMR (400 MHz, CDCls) & 10.54 (s,
1H, C(O)H), 8.74 (d, Juw = 4.6 Hz, 1H, aryl), 8.15 (d, Jun = 7.9 Hz, 1H, aryl), 7.34 (dd, Jun = 7.5,
4.9 Hz, 1H, aryl), 2.51 (t, Jun = 7.0 Hz, 2H, CHy), 1.72 (sex, Jun = 7.2 Hz, 2H, CH>), 1.08 (t, JnH
= 7.3 Hz, 3H, CHs). BC{*H} NMR (100 MHz, CDCl3) § 191.59 (C(O)H), 154.61 (aryl), 146.92

(aryl), 134.83 (aryl), 131.94 (aryl), 123.01 (aryl), 98.74 (C=C), 77.03 (C=C) 21.93 (CH>), 21.75
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(CH>), 13.94 (CH>). IR (KB, thin film): 2964, 2931, 2870, 2226, 1696 cm L. ESI-MS (m/z) calcd

for [C11H11NO]* 174.0913; found 174.0916.

9 Cul
Ny H Pd(PPh;), XY H
® X~ —3 [
N~ O Br Benzene N N
Et;N, 90% oa S

Synthesis of 3-ethynyl-2-(pent-1-yn-1-yl)pyridine (25): To a flame-dried 100 mL round-bottom
flask, equipped with a stir bar and rubber septum, THF( 30 mL) and trimethylsilyldiazomethane
(1.73 mL, 2.00 M in ether, 3.46 mmol) were added and the flask was purged by bubbling N2
through the solution for 5 min. The solution was cooled to -78 °C and n-BuLi (2.66 mL, 1.30 M
in hexanes, 3.46 mmol) was added dropwise. The reaction mixture was allowed to react for 1 h. A
degassed THF (5 mL) solution of 24 (1.50 g 8.65 mmol) was added dropwise via syringe over the
course of 20 min. The reaction mixture was then allowed to react for 1 h at -78 °C, and then for 30
min at 0 °C. The reaction mixture was warmed to room temperature over the course of 1 h,
quenched with a saturated aqueous NH4Cl solution, and the mixture extracted with Et2O (3 x 25
mL). The combined organic layers were washed once with brine (25 mL) and dried over MgSOe..
The organic layers were filtered and the volatiles were concentrated in vacuo. The crude material
was purified by silica gel column chromatography (1:9 EtOAc:hexanes) to give 25 as a yellow oil
(1.17 g, 80%). *H NMR (400 MHz, CDCl3) 6 8.51 (d, Jun = 4.6 Hz, 1H, aryl), 7.77 (d, Jun = 7.9
Hz, 1H, aryl), 7.17 (dd, Jun = 7.9, 4.9 Hz, 1H, aryl), 3.40 (s, 1H, -C=CH), 2.50 (t, Jun = 7.0 Hz,
2H, CHy), 1.69 (sex, Jun = 7.1 Hz, 2H, CHy), 1.09 (t, Jun = 7.3 Hz, 3H, CHs). ¥C{*H} NMR (100
MHz, CDCIz) ¢ 149.30 (aryl), 146.23 (aryl), 139.91 (aryl), 121.68 (aryl), 121.51 (aryl) 95.76

(C=C), 83.34 (C=C), 80.39 (C=C), 79.47 (C=C), 22.00 (CH5), 21.73 (CH), 13.81 (CH.). IR (KBr,
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thin film): 3284, 2958, 2930, 2229 cm*. ESI-MS (m/z) calcd for [C12H12N]* 170.0963; found

170.0964.
1. 'N\\ |/
0O N*\\,Sl\
| N H 2. n-BulLi | A
—>
p
N N THF -78°C to RT <
A 80% N X

25

Synthesis of 2-(pent-1-yn-1-yl)-3-(prop-1-yn-1-yl)pyridine (26): To a flame-dried 200 mL
round-bottom flask, equipped with a stir bar and rubber septum, THF (55 mL) and
hexamethyldisilazane (1.84 mL, 8.85 mmol) were added and flask was purged by bubbling N
through the solution for 15 min. The flask was cooled to -78 °C and n-BuLi (6.36 mL, 1.30 M in
hexanes, 8.26 mmol) was added dropwise. The reaction mixture was warmed to 0 °C and the
mixture was allowed to react for an additional 30 min. A degassed THF (5 mL) solution of 25 (1.0
g, 5.91 mmol) was added dropwise via syringe. The reaction mixture was maintained at 0 °C for
3 h before quickly adding methyl iodide (11.00 mL, 177 mmol) via syringe. The mixture was
stirred for 2 h before quenching with a saturated aqueous NH4Cl solution. The reaction mixture
was extracted with Et.O (3 x 25 mL) and the combined organic layers were washed once with
brine (25 mL) and dried over MgSO4. The combined organic extracts were filtered, and the
solution was concentrated in vacuo. The crude material was purified by silica gel column
chromatography (1:9 EtOAc:hexanes) to give 26 as a dark yellow oil (920 mg, 85%). *H NMR
(400 MHz, CDClz3) ¢ 8.43 (d, Jun = 3.6 Hz, 1H, aryl), 7.66 (dd, Jun= 7.9, 1.7 Hz, 1H, aryl), 7.13
(d, Jun = 4.8 Hz, 1H, aryl), 2.50 (t, Jun = 6.9 Hz, 2H, CH), 2.12 (s, 3H, CH3), 1.69 (seX, Jun = 7.2
Hz, 2H, CHy), 1.11 (t, Jun = 7.4 Hz, 3H, CH3). 3C{*H} NMR (100 MHz, CDCls) & 147.49 (aryl),

144.96 (aryl), 138.83 (aryl), 122.92 (aryl), 121.25 (aryl), 94.65 (C=C), 92.27 (C=C), 79.29 (C=C),
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76.20 (C=C), 21.53 (CH>), 21.28 (CHy), 13.18 (CH2), 4.41(CHs). IR (KB, thin film): 2959, 2934,

2911, 2870 2223 cm ™. ESI-MS (m/z) calcd for [C13H13N]* 184.1121; found 184.1120.

Z LiHMDS _
I\ = Mel ~—7
—
Z THEo°CtoRT U _
N 85% N R
25 26

Synthesis of 2-(pent-1-yn-1-yl)-3-(prop-1-yn-1-yl)pyridinium bromide (32-Br): A DCM
solution (1.5 mL) of 26 (48 mg, 0.26 mmol) was added to a 5 mL round-bottom flask equipped
with a stir bar. Concentrated HBr (8.9 M, 0.03 mL, 0.029 mmol) was then added. The reaction
mixture was allowed to react for 1 h at ambient temperature. The volatiles were concentrated in
vacuo. The crude material was then taken up in a minimum of DCM (~0.5 mL) and the product
was precipitated upon addition of cold diethyl ether. Filtration led to isolation of 32-Br as an
amorphous tan solid (65.5 mg, 100% yield). *H NMR (400 MHz, CDCls) §8.62 (d, Jun = 5.50 Hz,
1H, aryl) 8.23 (d, Jun = 6.97 Hz, 1H, aryl) 7.65 (dd, Jun = 8.07, 5.87 Hz, 1H, aryl) 2.65 (t, JuH =
6.97 Hz, 2H, CHy) 2.19 (s, 3H, CH3) 1.82 (sex, Jun = 7.33 Hz, 2H, CHy) 1.13 (t, Jun = 7.33 Hz,
3H, CHs) *C{*H} NMR (100 MHz, CDCls) § 151.76 (aryl), 146.77 (aryl), 139.55 (aryl), 127.16
(aryl), 123.63 (aryl), 111.47 (C=C), 99.17 (C=C), 73.22 (C=C), 72.07 (C=C), 22.02 (CHz), 21.01
(CHy), 13.34 (CHy), 4.71 (CHa). IR (KB, thin film): 3059, 2964, 2939, 2886, 2234, 2215 cm'™.

ESI-MS (m/z) calcd for [C13H14N]* 184.1121; found 184.1122.

> Z
N = HBr | X 7
» CH,CI, 7
N \\ Quant. B _+|!| \\
26
32-Br
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Synthesis of 2-(pent-1-yn-1-yl)-3-(prop-1-yn-1-yh)pyridinium iodide (32-1): A DCM solution
(2.0 mL) of 26 (109 mg, 0.60 mmol) was added to a 5 mL round-bottom flask equipped with a stir
bar. Concentrated HI (7.5 M, 0.2 mL, 0.1.19 mmol) was then added. The reaction mixture was
allowed to react for 1 h at ambient temperature. The volatiles were concentrated in vacuo. The
crude material was then taken up in a minimum of DCM (~0.5 mL) and the product was
precipitated upon addition of cold diethyl ether. Filtration led to isolation of 32-1 as an amorphous
yellow/brown solid (181 mg, 100% yield). *H NMR (400 MHz, CDCls) 68.68 (d, Jun = 5.50 Hz,
1H, aryl) 8.27 (d, Jun = 8.07 Hz, 1H, aryl) 7.73 (dd, Jun = 7.88, 5.68 Hz, 1H, aryl) 2.66 (t, JuH =
6.97 Hz, 2H, CH2) 2.20 (s, 3H, CH3) 1.86 (sex, Jun = 7.33 Hz 2H, CH2) 1.14 (t, Jun = 7.52 Hz,
3H, CHa). BC{*H} NMR (100 MHz, CDCls) 6 146.93 (aryl), 139.46 (aryl), 136.87 (aryl), 127.05
(aryl), 123.66 (aryl), 111.68 (C=C), 99.36 (C=C), 72.92 (C=C), 71.74 (C=C), 21.86 (CH,), 20.86
(CH>), 13.27 (CHy), 4.66 (CHa). IR (KB, thin film): 3052, 3016, 2958, 2922, 2871, 2851, 2221

cmL. ESI-MS (m/z) calcd for [C13H14N]* 184.1121; found 184.1119.
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Synthesis of 1-methyl-2-(pent-1-yn-1-yl)-3-(prop-1-yn-1-yl)pyridinium iodide (49): An
acetonitrile solution (20 mL) of 26 (306 mg, 1.66 mmol) and methyl iodide (0.21 mL, 474 mg,
3.34 mmol) were added to a 100 mL round-bottom flask equipped with a stir bar and reflux
condenser. The reaction mixture was heated to reflux for 6 h. The volatiles were concentrated in
vacuo to give 49 as an amorphous brown powder (540 mg, 100% yield). *H NMR (400 MHz,

CDCls) § 9.88 (d, Jum = 6.23 Hz, 1H, aryl) 8.30 (d, Jun = 8.07 Hz, 1H, aryl) 7.98 (dd, Jum = 8.07,
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6.23 Hz, 1H, aryl) 4.64 (s, 3H, -N-CHz) 2.71 (t, Jun = 6.97 Hz, 2H, CHy) 2.18 (s, 3H, CH3) 1.77
(sex, Jun = 7.19 Hz, 2H, CH3) 1.17 (t, Jun = 7.33 Hz, 3H, CH3). *C{*H} NMR (100 MHz, CDCls)
0 146.06 (aryl), 145.98 (aryl), 139.51 (aryl), 128.15 (aryl), 125.27 (aryl), 116.02 (C=C), 99.51
(C=C), 73.39 (C=C), 72.00 (C=C), 48.59 (N-CHj), 22.08 (CHy), 20.92 (CH>), 13.15 (CH,), 4.63
(CHs). IR (KBr, thin film): 3016, 2958, 2922, 2871, 2221 cm*. ESI-MS (m/z) calcd for

[C14H16N]" 198.1277; found 198.1280.
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Synthesis of  1-methyl-2-(pent-1-yn-1-yl)-3-(prop-1-yn-1-yl)pyridinium  hexafluoro-
phosphate (50): A methanol solution (2 mL) of 49 (480 mg, 1.48 mmol) was added to a 25 mL
beaker equipped with a stir bar. NH4PFe (aq) (2 mL), 1.20 g, 7.38 mmol) was added to the solution
and the product precipitated from solution. Filtration led to the isolation of 50 as a tan amorphous
solid (508 mg, 100% yield). *H NMR (300 MHz, CDCl3) § 8.75 (d, Jun = 6.24 Hz, 1H, aryl) 8.29
(d, Jun = 8.07 Hz, 1H, aryl) 7.83 (dd, Jun = 8.16, 6.33 Hz, 1H, aryl) 4.44 (s, 3H, N-CH3) 2.72 (t,
JuH = 6.97 Hz, 2H, CH>) 2.20 (s, 3H, CH3) 1.79 (sex, Jun = 7.15 Hz, 2H, CH) 1.16 (t, Jhn = 7.34
Hz, 3H, CHs). BC{"H} NMR (100 MHz, CDCl3) ¢ 150.19 (aryl), 146.06 (aryl), 145.08 (aryl),
128.38 (aryl), 125.13 (aryl), 116.16 (C=C), 99.39 (C=C), 73.35 (C=C), 71.95 (C=C), 48.20 (N-
CHz), 21.96 (CH?), 20.89 (CH2), 13.13 (CH>), 4.58 (CH3). 1*F NMR (376 MHz, CDCls) & -72.49,
-74.38. IR (KBr, thin film): 3117, 2975, 2936, 2875, 2223 cm ™! ESI-MS (m/z) calcd for [C1aH1N]*

198.1277; found 198.1279.
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3. Thermolysis of Chloroform (Control Reactions):

Thermal Reaction of 1,4-CHD in CDClIs exposed to ambient light: 1,4-Cyclohexadiene (37.7
mg, 0.47 mmol), and 1,3,5-tris(trifluoromethyl)benzene (internal standard) were added to an oven
dried medium-walled NMR tube. Chloroform-d (0.4 mL) was distilled into the tube and the
solution was freeze/pump/thaw/degassed five times. The NMR tube was then flame-sealed under
vacuum. An initial *H NMR spectrum was obtained prior to submerging the tube in a constant
temperature oil bath maintained at 165 °C. After heating for 24 h at 165 °C, a *H NMR spectrum
of the sample indicated 53% conversion of 1,4-CHD. Resonances at ¢ 7.38 and 5.29 (t, Jup= 1.0
Hz) indicated the formation of benzene and CDHCI> in 70% and 67% vyield, respectively, based
on consumed 1,4-CHD. In addition, a new resonance was observed at ¢ 0.96 ppm (s, br). The NMR
tube was opened and 1,8-bis(dimetylamino)naphthalene (proton sponge; 30.0 mg, 0.140 mmol)
was added. A subsequent *H NMR spectrum exhibited resonances attributed to the HCI salt of

proton sponge at ¢ 18.96 ppm (s, br, 1H), and ¢ 3.43 (s, 12H).

CDCl;
—_— + CDHCI, + HCI
In Light

165°C 24 h

Thermal Reaction of 1,4-CHD in CDCls in the dark: All manipulations were carried out in the
dark, taking extra care that the chloroform was not exposed to ambient light, during the drying and

distilling process. Also, the NMR tube was wrapped in aluminum foil during the experimental
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procedure. 1,4-CHD (37.7 mg, 0.47 mmol), and 1,3,5-tris(trifluoromethyl)benzene (internal
standard) were added to an oven dried medium-walled NMR tube. The NMR tube was placed
under vacuum and CDClz (0.4 mL) was distilled into the NMR tube. The resulting solution was
subsequently degassed via 5 cycles of freeze/pump/thaw. The medium-walled NMR tube was then
subsequently flame sealed under vacuum. An initial *H NMR spectrum was taken immediately.
The tube was submerged in a constant temperature oil bath maintained at 165 °C for 24 h. The
tube was removed from the oil bath and allowed to cool to room temperature and a *H NMR
spectrum was collected, indicating no generation of CDHCI, or HCI had occurred.

Photolysis was then performed via broad spectrum UV irradiation from an Oriel 1000 watt
Universal Xenon ArcLamp, model 8540 for 30 min. Another *H NMR spectrum was collected,
indicating no generation of CDHCI, or HCI had occurred. The tube was then submerged again in
the constant temperature oil bath maintained at 165 °C for another 24 h. The tube was then
removed from the oil bath and allowed to cool to room temperature and a *H NMR spectrum was
collected. The spectrum showed 7% conversion of the starting 1,4-CHD. The benzene signal at 6
7.38 ppm was formed in 28% yield. The benzene signal was normalized from the starting amount
of benzene in the initial reaction by integration with the internal standard. An *H NMR resonance
for CDHCI> was observed at 6 5.29 ppm (t, J = 1.0 Hz), which was formed in 27% yield.

Additionally, a new *H NMR resonance was formed at § 0.96 ppm (s, broad), which is formed in

CDClI;
—— + CDHCI, + HCI
In Dark

165°C 24 h

26 % yield.

4. Thermal Cycloaromatization Reactions:
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Procedure for the Thermal Cycloaromatization with Bromoform: To a flame-dried 20 mL
pressure tube compound equipped with a rubber septum, 26 (100 mg, 0.56 mmol), CHBr3 (0.050
mL, 0.56 mmol), 1,4-CHD (0.55 mL, 5.6 mmol) and benzene (15 mL) were added. The pressure
tube was purged by bubbling N2 through the solution for 15 min. The pressure tube was
subsequently sealed with a Teflon needle-valve and was placed in a 165 °C oil bath up to the
solvent level of the pressure tube for 24 h. The tube was allowed to cool to room temperature and
the solution was transferred to a 50 mL round-bottom flask and the volatiles were concentrated in
vacuo. The crude material was purified via preparative TLC (1:99 acetone:toluene) to give 29-Br
(44.5 mg, 30%) and 27 (10.4 mg, 10%) as tan amorphous powders. Compound 29-Br: *H NMR
(300 MHz, CDCls) 6 8.84 (d, Jun = 2.7 Hz, 1H, aryl), 8.58 (d, Jun = 8.5 Hz, 1H, aryl), 7.88 (s, 1H,
aryl), 7.44 (dd, Jun = 8.6, 4.3 Hz, 1H, aryl), 2.85 (t, Jun = 7.5 Hz 2H, CHy), 2.64 (s, 3H, CHy),
1.74 (sex, Jun = 7.7 Hz, 2H, CHy), 1.05 (t, Jun = 7.3 Hz, 3H, CHs). *C{*H} NMR (100 MHz,
CDCl3) ¢ 151.32 (aryl), 149.79 (aryl), 147.25 (aryl), 143.83 (aryl), 135.90 (aryl), 135.31 (aryl),
127.79 (aryl), 123.78 (aryl), 121.24 (aryl), 36.92 (CH>), 22.79 (CH2), 19.88 (CHs), 13.79 (CHb).
IR (KBr, thin film): 2964, 2926, 2871 cm™*. ESI-MS (m/z) calcd for [C13H1sBrN]* 264.0382; found
264.0378.

Compound 27: *H NMR (400 MHz, CDCls3) 6 8.85 (d, Jun = 2.8 Hz, 1H, aryl), 8.11 (d, Jun = 8.0
Hz, 1H, aryl), 7.93 (s, 1H, aryl), 7.61 (s, 1H, aryl), 7.36 (dd, Jun = 8.1, 4.3 Hz, 1H, aryl), 2.81 (t,
Jun= 7.7 Hz 2H, CHy), 2.51 (s, 3H, CHa), 1.77 (sex, Jun = 7.3 Hz, 2H, CHy), 1.07 (t, Jun = 7.3
Hz, 3H, CHs). BC{"H} NMR (100 MHz, CDCls) 6 151.68 (aryl), 149.11 (aryl), 143.72 (aryl),
135.82 (aryl), 134.82 (aryl), 127.51 (aryl), 127.18 (aryl), 126.53 (aryl), 120.07 (aryl), 35.33 (CH>),
22.67 (CHy), 19.14 (CHs), 13.87 (CHa). IR (KBr, thin film): 3039, 3010, 2958, 2922, 2871 cm™.

ESI-MS (m/z) calcd for [C13H16N]* 186.1277; found, 186.1274,
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Procedure for the Thermal Cycloaromatization with lodoform: To a flame-dried 20 mL
pressure tube equipped with a rubber septum, 3 (100 mg, 0.56 mmol), CHI3 (215 mg, 0.56 mmol),
1,4-CHD (0.55 mL, 5.6 mmol) and benzene (15 mL) were added. The pressure tube was purged
by bubbling N2 through the solution for 15 min. The pressure tube was subsequently sealed with
a Teflon needle-valve and was placed in a 165 °C oil bath up to the solvent level of the pressure
tube for 24 h. The tube was allowed to cool to room temperature and the solution was transferred
to a 50 mL round-bottom flask and the volatiles were concentrated in vacuo. The crude material
was purified via preparative TLC (1:99 acetone:toluene) to give 29-1 (44.5 mg, 30%) and 27 (10.4
mg, 15%) as tan amorphous powders. Compound 29-1: *H NMR (400 MHz, CDCls) 6 8.79 (d, Ju
= 4.40 Hz, 1H, aryl) 8.49 (d, Jun = 9.0 Hz, 1H, aryl) 7.86 (s, 1H, aryl) 7.40 (dd, JuH = 8.62, 4.22
Hz, 1H, aryl) 2.92 (t, Jun= 7.7 Hz 2H, CH>) 2.74 (s, 3H, CH3) 1.79 (sex, Jun = 7.3 Hz 2H, CH>)
1.06 (t, Jun = 7.33 Hz, 3H, CH3). 3C{*H} NMR (100 MHz, CDCls) § 151.66 (aryl), 149.79 (aryl),
143.43 (aryl), 140.78 (aryl), 140.3 (aryl), 129.25 (aryl), 128.80 (aryl), 121.67 (aryl), 106.23 (aryl),
37.56 (CH2), 26.29 (CHy), 22.85 (CHs), 13.77 (CHs). IR (KB, thin film): 2961, 2919, 2871, 2845

cm*, ESI-MS (m/z) calcd for [C1sH1sIN]* 312.0244; found, 312.0244.
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Thermal Cycloaromatization with 1-methyl-2-(pent-1-yn-1-yl)-3-(prop-1-yn-1-yl)pyridin-1-
ium Hexafluorophosphate (54): synthesis of 1,6-dimethyl-7-propylquinolinium (55): To a
flame-dried 20 mL pressure tube equipped with a rubber septum, 54 (220 mg, 0.64 mmol) and
THF (20 mL) were added. The pressure tube was purged by bubbling N2 through the solution for
15 min. The pressure tube was subsequently sealed with a Teflon needle-valve and was placed in
a 165 °C oil bath up to the solvent level of the pressure tube for 24 h. The tube was cooled to room
temperature and the solution was transferred to a 50 mL round bottom flask and the volatiles were
concentrated in vacuo. The crude material was purified via preparatory HPLC utilizing a Jupiter
Proteo90 A phenomenex column (150 x 4.60 mm) with a gradient of 20%-40% ACN:H20 over
40 min with a 4 mL flow rate to give 55 as a light yellow amorphous solid. Percent conversion
(10%) was calculated via an *H NMR tube scale reaction with 1,4-bis(trimethylsilyl)benzene as
an internal standard. *H NMR (500 MHz, CDCls) §10.30 (d, Jun = 4.01 Hz, 1H, aryl) 8.73 (d, Jnn
=8.02 Hz, 1H, aryl) 7.97 - 8.00 (m, 1 H) 7.96 (s, 1H, aryl) 7.95 (s, 1H, aryl) 4.83 (s, 3H, -N-CHy)
2.99 (t, Jun = 8.02 Hz 2H, CHy) 2.63 (s, 3H, CH3) 1.79 (seX, Jun = 8.02 Hz, 2H, CH2) 1.12 (t, Jun
=7.45Hz, 3, CH3) ¥C{*H} NMR (100 MHz, CDCls) § 152.26 (aryl), 151.57 (aryl), 144.71 (aryl),
140.59 (aryl), 137.34 (aryl), 129.72 (aryl), 127.81 (aryl), 121.27 (aryl), 116.09 (aryl), 44.78 (N-
CHa), 36.29 (CH2), 22.83 (CHz), 19.43 (CH3), 13.82 (CHa). IR (KBr, thin film): 3116, 2967, 2938,

2876 cm L ESI-MS (m/z) calcd for [C12H1sN]* 200.1434 observed 200.1435..
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Synthesis of 5-bromo-6-methyl-7-propylquinoline (29-Br) via 32-Br: To a flame-dried pressure
tube compound equipped with a rubber septum, 29-Br (11 mg, 0.042 mmol) and benzene (5 mL)
were added. The pressure tube was purged by bubbling N2 through the solution for 15 min. The
pressure tube was subsequently sealed with a Teflon needle-valve and was placed in a 165 °C oil
bath up to the solvent level of the pressure tube for 24 h. The tube was cooled to room temperature
and the solution was transferred to a 50 mL round bottom flask and the volatiles were concentrated
in vacuo. The crude material was purified via preparative TLC (1:99 acetone:toluene) to give 29-

Br as a tan amorphous powder (5 mg, 50%).

// Br
= | Benzene Z
N 165 °C S
- N X ° N
Br X 14 hrs

Synthesis of 5-iodo-6-methyl-7-propylquinoline (29-1) via 32-1: To a flame dried pressure tube
equipped with a rubber septum, 32-1 (5 mg, 0.015 mmol) and benzene (5 mL) were added. The
pressure tube was purged by bubbling N2 through the solution for 15 min. The pressure tube was
subsequently sealed with a Teflon needle-valve and was placed in a 165 °C oil bath up to the
solvent level of the pressure tube for 24 h. The tube was cooled to room temperature and the
solution was transferred to a 50 mL round bottom flask and the volatiles were concentrated in
vacuo. The crude material was purified via preparative TLC (1:99 acetone:toluene) to give 29-1 as

a tan amorphous powder (3 mg, 64%).
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Figure 3.8. *H NMR spectrum of 24 (CDCl3, 400 MHz).
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Figure 3.9. 3C{*H} NMR Spectrum of 24 (CDClIs, 100 MHz).
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Figure 3.10. *H NMR spectrum of 25 (CDCls, 400 MHz).
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Figure 3.11. 3C{*H} NMR spectrum of 25 (CDCls, 100 MHz).
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Figure 3.12. 'H NMR spectrum of 26 (CDCls, 400 MHz).
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Figure 3.13. *C{*H} NMR spectrum of 26 (CDCls, 100 MHz).
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Figure 3.14. *H NMR spectrum of 32-Br (CDCls, 400 MHz).
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Figure 3.15. 3C{*H} NMR spectrum of 32-Br (CDCls, 100 MHz).
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Figure 3.16. *H NMR spectrum of 32-1 (CDCls, 400 MHz).
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Figure 3.17. 3C{*H} NMR spectrum of 32-1 (CDCls, 100 MHz).
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Figure 3.18. 'H NMR spectrum of 52 (CDCls, 400 MHz).
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Figure 3.20. *H NMR spectrum of 53 (CDCls, 300 MHz).
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Figure 3.21. 3C{*H} NMR spectrum of 53 (CDCls, 100 MHz).

129



LV T Tt 0 oL W LT AP LM it A

-30

T T

-50

-70 -90 -120 -150 -180

360
ww$o
wwNo
wwoo
wmmo
wNmo
240
MNNO
wNoo
meo
WHmo
140
wHNo
wHoo
wmo

wmo

on

WNo
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Figure 3.23. *H NMR spectrum of 1,4-CHD in CDCls, exposed to light after heating at 165 °C
for 24 h (400 MHz).
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Figure 3.25. *H NMR spectrum of 1,4-CHD in CDCls, in the dark after heating at 165 °C for 24
h (400 MHz).
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Figure 3.26. *H NMR spectrum of 27 (CDCls, 400 MHz).
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Figure 3.27. 3C{*H} NMR spectrum of 27 (CDCls, 100 MHz).
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Figure 3.28. *H NMR spectrum of 29-Br (CDCls, 300 MHz).
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Figure 3.29. ¥*C{*H} NMR spectrum of 29-Br (CDCls, 100 MHz).
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Figure 3.30. *H NMR spectrum of 29-1 (CDCls, 400 MHz).
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Figure 2.31. 3C{*H} NMR spectrum of 29-1 (CDCl;,100 MHz).
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Figure 2.32. *H NMR spectrum of 55 (CDCl3, 500 MHz).
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Chapter 4.

Dual Responsive Polymeric Nanoparticles Prepared by Direct Functionalization of
Polylactic Acid-Based Polymers via Graft-From Ring Opening Metathesis Polymerization
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A. Introduction

Polymers with hydrolyzable backbones such as polylactic acid (PLA) have opened new
avenues for research and development with their enhanced biodegradability and resulting low
toxicity for in vivo use.! PLA has been utilized heavily as a biodegradable polymer in numerous
in vivo applications ranging from surgical sutures,? surgical implants® and drug delivery systems.*®
However, the utility of PLA is limited as the polymer backbone is difficult to chemically
functionalize. As such, significant effort has been expended to increase functionalization of PLA
polymers and to tune its mechanical properties.®®

Current strategies for functionalizing PLA typically involve copolymerization of D,L-
lactide with functionalized lactides in the presence of a catalyst and an initiator to generate
functionalized PLA copolymers via ring opening polymerization (ROP).1%1> While this technique
has led to the development of a range of functionalized PLA polymers, it remains synthetically
challenging to produce high molecular weight polymers with a large weight percentage of the
added functionality. This is likely due to decreased rates of polymerization resulting from the steric
bulk of functionalized lactides, leading to incomplete polymerization of the substituted
monomer.tt® Therefore, ring substitution has a major impact on the polymerizability of
functionalized lactide monomers.t® To generate PLA polymers with a higher degree of
functionality, post polymerization modification strategies via a graft-to approach have been
demonstrated. For example “Click” chemistry allows functionality to be incorporated into the
polymer relatively easily since the backbone and the side chains can be prepared separately prior
to coupling.12*>17-20 However, efforts to increase graft densities are usually limited as a result of

steric repulsion between the bulky side chains.?:2* Another way to prepare functionalized PLA
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materials is to utilize a graft-through polymerization method. In this scenario, a macromonomer is
polymerized via polymerizable end groups to create a brush polymer. PLA polymers have been
synthesized via this method by coupling the PLA polymer to a strained olefin and subsequently
polymerizing the olefin, synthesizing bottle-brush PLA polymers.?>2 Utilizing this grafting-
through technique is attractive for polymer synthesis because it does not entail orthogonal
chemistries for grafting various side chains. However, this polymerization technique can be
challenging due to the increased steric hindrance of the propagating polymer chain. As a result,
polymerizations can be slow and not proceed to complete conversion.?*-24

An alternative technique utilizes a graft-from polymerization strategy to incorporate
initiation groups into ROP monomers, such as cyclic esters and carbonates, prior to ROP. This
novel technique has been demonstrated in the literature only a handful of times.?®-3 In this method,
polymer chains are grown from the polymer as a macroinitiator, with multiple initiation sites
located along its backbone. This technique should allow for greater graft densities along the
polymer backbone since only small monomers are added to the growing polymer chain, mitigating

steric repulsion.?*24
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Figure 4.1. Strategies for the functionalization of PLA. (A) Copolymerizing R-functionalized
lactide (B) graft-to polymerization. (C) graft-through polymerization. (D) graft-from
polymerization (this work).
The purpose of this current research is to further expand upon the graft-from
polymerization techniques by installing chemical functionality onto a PLA backbone via ring
opening metathesis polymerization (ROMP). ROMP was chosen as the grafting technique because

it can be initiated by catalysts with known tolerance to a range of functional groups and results in

polymers with narrow dispersity.®* In this method, PLA polymers containing ROMP-reactive
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norbornene handles were first prepared. The norbornene units on this starting polymer were then
used to prepare an initiator, which could be readily functionalized by reaction with substituted
norbornene monomers. In addition, to demonstrate the utility of this strategy, nanoparticles that

change morphology in response to both pH and UV light were prepared and evaluated.

B. Results and Discussion
1. Synthesis of Monomer 1 and Polymer 2

Preparation of a norbornene-functionalized PLA backbone began with the synthesis of the
bifunctional lactide 1 which was prepared in five steps from commercially available exo-5-
norbornenecarboxylic acid in 14% overall yield. Specifically, exo-5-norbornenecarboxylic acid
was reduced to alcohol 1.1 utilizing LiAlH4 in quantivative yeild. Compound 1.1 was subsequenly
oxidized to the corrisponding aldyhde 1.2 utalizing Dess—Martin periodinane in 80% yield. A
Passerini-Type condensation of 1.2 gave N-acylindole 1.3 in 41% yield. Hydrolysis of 1.3 under
basic conditions gave alpha hydroxy acid 1.4 in 86% yield. Bifunctional lactide 1 was synthesized
by reacting 1.4 with 2-bromopropionyl bromide and trimethylamine in 42% yeild. Norbornene-
substituted PLA polymers were then synthesized by copolymerizing lactide with 15 mol % of
monomer 1, utilizing 0.7 mol % of stannous octoate as the catalyst and 4-tert-butylbenzyl alcohol

as an initiator (Scheme 4.1).!!
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Scheme 4.1. Synthesis of polymer 2.

The resulting polymers were then characterized by size exclusion chromatography coupled
with multiangle light scattering (SEC-MALS) and 'H-NMR to determine the percent conversion
of lactides to polymer, the number-average molecular weight (M,), and the dispersity (D or
Mw/M,) of the copolymers. ROP of the lactides afforded a 98% conversion of monomers to
norbornene functionalized polymer 2, with a M, of 13 kg/mol, My of 15 kg/mol and a dispersity

of 1.2 (Figure 4.2A).
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Figure 4.2. SEC-MALS traces of (A) polymer 2 in DMF as the eluent My= 32,260, D=1.4 and (B)
polymer 3 in chloroform as the eluent M= 51,290, B=1.8
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2. Synthesis and Nanoparticle Formation of Polymer 3

The norbornene units on polymer 2 were then prepared as initiation sites by addition of
polymer 2 dropwise to a pyridine-modified variant of Grubbs’ second generation catalyst,
(IMesH2)(CsHsN)2(Cl1)RuCHPh.* This catalyst was chosen due to its exceptional functional
group tolerance and favorable rates of initiation and propagation to afford well-defined polymers
with low dispersity. Polymer 2 was pre-loaded with 1.1 equivalents of Grubbs’ catalyst with respect
to the norbornene units for 10 min. The polymer was precipitated with methanol and
excess/unreacted catalyst washed away to avoid competing polymerization events not originating
from the PLA polymer-bound initiation sites. Following polymer resuspension in methylene
chloride, phenyl-modified monomer 3 (5 equivalents with respect to norbornene units on the PLA
backbone) was added to the catalyst-loaded polymer 2 and allowed to stir for 1 hour before

quenching with ethyl vinyl ether, generating polymer 3 (Scheme 4.2).
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Scheme 4.2: Synthesis of polymer 3.

This technique allowed for the generation of polymer 3 without generating any free ROMP
polymer as verified by the presence of a monomodal distribution in the SEC-MALS chromatogram
(Figure 4.2B). SEC-MALS also verified the success of the grafting technique by showing an
increase in molecular weight of the PLA polymer 3 from M, = 32,000 (b 1.4) to M= 51,000 (b
1.8) after the addition of the phenyl monomer (Figure 4.2A,B). As a negative control,

unfunctionalized PLA polymers were exposed to the same solution conditions and reagents
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including the Ru-initiator that were used for the preparation of polymer 3. This treatment yielded
unfunctionalized PLA and no free homopolymer of monomer 3, based on 'H-NMR and SEC-
MALS, demonstrating the reliability of the precipitation step to eliminate any free, unreacted

initiator from solution (Figure 4.3).

11
0.9
z
F 07
-
£ o5
%03
3

&
01

0.1

T

|H|.|\\Il\l\‘l—.|||\|‘|||\|\|H|\I_:H\\I\I‘ [|||ﬁ‘\1|Li|||[||\.T1|||\\._\‘|\I._|||‘\1|_-|4‘|\|1

8 6 4 2 0 8 6 4 2
Chemical Shift (ppm) Chemical Shift (ppm)

~, —15 —RI
‘ 09

Time (min)

8 6 4 2 0
Chemical Shift (ppm)

Figure 4.3. (A) Before reaction SEC-MALS in DMF as the eluent (Mn= 12,000 and B 1.2) and
'H NMR. Unfunctionalized PLA polymer was added to a solution of 2" generation Grubb’s
catalyst followed by precipitate with cold degassed methanol (B) Add 5 equivalents of phenyl
monomer *H NMR t = 30 min. None of the phenyl peaks in the NMR are broadened and olefin
peak 6 = 6.26 ppm is still present which indicates no polymerization. (C) After the reaction: SEC-
MALS in DMF as the eluent (Mn= 13,000 and B 1.3) and *H NMR. The product was precipitated
with cold MeOH which yielded unfunctionalized PLA.

151



In order to demonstrate that no undesired cross linking of the PLA polymers were taking
place, another control reaction was performed. Polymer 2 was resynthesized and this polymer was
added to the Grubbs’ catalyst. The solution was let to stir for 1 hour and then a large excess of
ethyl vinyl ether (30 equivalents with respect to norbornene backbone units) was added to the
reaction to produce a cross metathesis product and to terminate the opened olefin. Polymer 2 was
analyzed by SEC-MALS before the reaction (M,= 44,000 b= 1.1) and after the reaction
(Mn=46,000 and B=1.1). The M, did not increase a substantial amount, confirming no crosslinked

product. (Figure 4.4).
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Figure 4.4. SEC-MALS traces of cross-linking control reaction. (A) SEC-MALS traces of
polymer 2 in DMF as the eluent M= 44,000 D=1.1 and (B) after loading 2" generation Grubb’s
and utilizing ethyl vinyl ether as a cross metathesis reactant. DMF as the eluent M= 46,000 B=1.1
There is no evidence of crosslinked polymers based on SEC-MALS.

To demonstrate graft-from polymers could be prepared as higher molecular weight
assemblies, the polymers were allowed to assemble by dissolution in THF followed by slow
addition to water and concentration in vacuo to form polymeric nanoparticles. Transmission
electron microscopy (TEM) was then used to verify the formation of these nanoscale assemblies.

Samples for TEM were prepared on carbon TEM grids by drop deposition followed by staining

with 1% uranyl acetate solutions. Comparison of these TEM images (Figure 4.5) and dynamic
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light scattering (DLS) data (Figure 4.6) of unfunctionalized PLA, polymer 2 and polymer 3,
indicated that each material had very similar morphology, consisting of spherical nanoparticles

with diameters of 100 - 200 nm.

Figure 4.5. TEM images of nanoparticles comprised of (A) unfunctionalized PLA, (B) polymer
2, and (C) polymer 3 with phenyl functionality. Stained with 1% uranyl acetate. Scale bars = 200
nm. These nanospheres were prepared by the solvent evaporation method by dissolving each
polymer in THF and adding DI water dropwise. The polymers formed nanospheres after
concentrating the solutions in vacuo.
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Figure 4.6. DLS of (A) unfunctionalized PLA (B) polymer 2 and (C) polymer 3. All DLS traces
are in DI water.
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3. Synthesis of Polymer 4 and Polymer 4b

To exhibit one potential application of this graft-from polymerization technique, graft
polymers featuring a stimuli-responsive functional moiety were synthesized. In this example, a
grafted PLA polymer was synthesized by incorporating a norbornene monomer functionalized with
a 5-dimethoxy-2-nitrobenzyl caged imidazole moiety. This moiety was chosen due to its potential
to change its physical properties in response to two separate stimuli; UV light (via cleavage of the
2-nitrobenzyl cage) and pH (by way of protonation of the imidazole unit). Moreover, imidazole,
in particular, was of interest since its protonation (pKa of the immidazolium ion is ~7) is within a
biologically relevant range (pH 5.0-7.4) and would demonstrate the possibility of triggering a
morphology change in this material upon exposure to mild changes in pH environments.

The caged imidazole-containing norbornenyl monomer 4 readily polymerized, yet the
resulting polymer 4 (Scheme 4.3 (A)) formed only amorphous aggregates rather than well
dispersed spherical particles. As such, this monomer was copolymerized with tetra(ethylene
glycol) norbornene monomer 5 to increase the water solubility of the resulting polymer 4b
(Scheme 4.3 (B)). The polymers were characterized by 'H-NMR to determine the degree of
polymerization (DP=59 kg/mol) (Figure 4.7). Note: a detailed characterization of the polymer’s

molecular weight was not possible by SEC-MALS due to aggregation on the SEC column.
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Figure 4.7: 'H NMR and SEC-MALS in DMF as the eluent of polymer 4b. Dispersity was not
able to be determined since the polymer aggregates in the conditions used for SEC-MALS.
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4. Morphology Studies of Polymer 4b

Nanoparticles of polymer 4b were formulated by dialysis from DMSO into buffered water
of'and spherical nanoparticles of 100 nm diameter were formed at both pH 7.4 and 5.5 as evidenced
by TEM (Figure 4.8 A, B) and DLS (Figure 4.9 A, B). Deprotection of the nitrobenzyl caged-
imidazole via treatment of the nanoparticles with 350 nm UV light for six minutes at either pH 5.5
or 7.4. The cleavage of the nitrobenzyl group was monitered by by UV absorption spectra of
polymer 4b. Cleavage of the protecting group was complete after 6 min of UV light exposure
indicated by the disappearance of the peak at 350 nm (Figure 4.10). After exposing to 350 nm UV
light, particles in pH 7.4 buffer remained discrete nanostructures as evidenced by TEM (Figure 4.8
C) and DLS (Figure 4.9 C). At pH 5.5, we observed a change to micron-sized aggregates from

discrete spherical structures as evidenced by TEM (Figure 4.8 D) and DLS (Figure 4.9 D).
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Figure 4.8. Responsive imidazole derivatized PLA nanoparticles. Polymers were dialyzed from

DMSO to buffered water at a concentration of 1mg/mL. Spherical nanoparticles of 100 nm
diameter were formed at both pH 7.4 (a) and 5.5 (c). After exposing to 350 nm UV light, particles
in pH 7.4 buffer remained discrete nanostructures (b) and particles at pH 5.5 transformed from
nanospheres to micron scale aggregates (d). This suggests that protonation of the liberated
imidzaole moiety is necessary for the shape change, due to putative electrostatic repulsion of the

positively charged imidazolium ions at low pH. Stained with 1% uranyl acetate. Scale bar = 200
nm.
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Figure 4.9. DLS of polymer 4b (A) Before UV irradiation pH 7.4 in 0.02M MOPS buffer (B)
After UV irradiation 3 min pH 7.4 in 0.02M MOPS buffer (C) Before UV irradiation pH 5.5 in
0.02M MES buffer and (D) After UV irradiation 3 min pH 5.5 in 0.02M MES buffer.
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Figure 4.10. Absorbance spectra of polymer 4b upon photolysis at 350 nm after 6 minutes the
nitrobenzyl group is fully cleaved from polymer 4b.

We attribute this change in shape of polymer 4b to both removal of the bulky nitrobenzyl
group and to protonation of the newly liberated imidazole moiety after exposure to UV light in an
acidic environment. The disruption of the nanoparticle morphology of 4b after exposure to UV
light is likely due to electrostatic repulsion of the positively charged imidazolium groups and also
to removal of the potentially self-associating 2-nitrobenzyl moieties. Imidazole-containing
nanoparticles generated by removal of the 2-nitrobenzyl group from polymer 4b in pH 7.4 buffered
water (Figure 4.8 A) could be made to form the same aggregated structures as shown in Figure 4.8
D by decreasing the pH of the solution via slow addition of HCI to pH 5.5 (Figure 4.11), indicating
the necessity of both stimuli, a reduction in pH and the application of UV light, to facilitate the
morphology changed observed for polymer 4b. Likewise, note that alkyl imidazoles, such as 2-

nitrobenzyl protected polymer 4b, should also be protonated at pH 5.5, however, this material does
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not aggregate until exposed to UV-light, indicating that a decrease in pH is not alone sufficient for

the morphology change.

Figure 4.11. (A) Nanoparticles of polymer 4b after UV exposure for 6 min in 0.02M pH 7.4
MOPS buffer. (B) Reduction of the pH from pH 7.4 to pH 5.5 with 0.1M HCI resulted in a
morphology change to micron scale aggregates. Scale bar = 200 nm.

C. Conclusion

In summary, we have synthesized novel PLA-based materials via graft-from ROMP to
install a high density of functionality from relativity low density branch points along the PLA
backbone. As a proof-of-principle, we synthesized polynorbornyl grafts derivatized with a phenyl
group along the PLA backbone and generated well-defined polymers and polymeric nanoparticles.
We then synthesized 2-nitrobenzyl-protected imidazole graft variants to illustrate that chemical
handles with increasing functionality can be incorporated into PLA via this method by capitalizing
on the high functional group tolerance of the Grubbs’ second generation modified catalyst.
Photoprotected imidazole PLA polymers were formulated into nanoparticles and demonstrated a
morphology change only in the presence of both the UV trigger and reduced pH as dual stimuli.
This work represents a significant step toward highly functionalizable PLA materials that are
potentially useful for a wide range of biomedical or materials applications.
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D. Experimental

1. General Methods

All synthetic reagents were from Aldrich, Fisher Scientific, Alfa Aesar, or Fluka, and were
used without further purification unless stated otherwise. All solvents used for reactions were
obtained from Fisher scientific and dried on Alumina columns prior to use. Solvents used for
chromatography were ACS technical grade and used without further purification. Water (18.2
puQ/cm) was filtered through a NANOPure DiamondTM (Barnstead) water purification system
before use. All 'HNMR spectra of all polymers and small molecule precursors were recorded on a
Varian Mercury Plus 400 MHz NMR spectrometer in CDCls, CD,Cl or (CD3),NC(O)D. 3C NMR
spectra of the products were obtained on a Varian VNMRS NMR spectrometer equipped with a
500MHz XSens Cold Probe in CDCl3. Chemical shifts are reported as 6 in units of parts per million
(ppm) referenced to residue solvent peak. Coupling constants are reported as a J value in Hertz
(Hz). Mass spec analysis was performed by the UCSD Chemistry and Biochemistry Molecular
Mass Spectrometry Facility on a ThermoFinnigan LCQdeca mass spectrometer with an
atmospheric pressure electrospray ionization (APCI) source or an electrospray ionization (ESI)
source. Polymer dispersities and molecular weights were determined by size-exclusion
chromatography (Phenomenex Phenogel 5u 10, 1K-75K, 300 x 7.80 mm in series with a Phenomex
Phenogel 5u 10, 10K-1000K, 300 x 7.80 mm (0.05 M LiBr in DMF, 0.75 mL/min 600C)) using a
Hitachi-Elite LaChrom L-2130 pump equipped with a UV detector (Hitachi- Elite LaChrom L-
2420), a multi-angle light scattering detector (DAWN-HELIOS: Wyatt Technology) and a
refractive index detector (Optilab T-rEX: Wyatt Technology). Data analysis was performed using

the ASTRA software package. TEM images were acquired on a carbon Formvar grid (Ted Pella,

160



Inc.) with 1% uranyl acetate stain on a FEI Tecnai G2 Sphera at 200 kV. The Grubbs’ 2™ generation
modified catalyst (IMesH2)(CsHsN)2(Cl);Ru=CHPh was prepared according to the published
protocols.! Irradiation with 350 nm UV light was performed using a Rayonet photoreactor
equipped with 8UV-A lamp (8 W maximum intensity).

2. Synthesis of Lactide

Synthesis of exo-5-Norbornene-2-methanol (1.1): To flame dried 250 mL 3-neck flask, equipped
with a stir bar, exo-5-norbornenecarboxylic acid (5.00 g, 36.0 mmol) was added. The flask was
purge with N> and 125 mL of THF was added via a cannula to dissolve the exo-5-
norbornenecarboxylic acid. The flask was cooled in a 0 °C ice bath. While still under N, in the
ice bath the powdered LiAlH4 (2.75 g, 72.3 mmol) was added slowly. After addition, the reaction
was set to reflux for 2 hrs. The reaction was quenched with saturated NH4Cl solution in an ice
bath. The solution was filtered with ether and washed once with water. The organic layer was dried
over sodium sulfate and concreted in vacuo to give the known alcohol as clear oil (4.49 g,
quantitative yield). 'H-NMR (400 MHz, CDCl3) § 6.09 (ddd, J = 14.5, 5.7, 3.0 Hz, 2H), 3.78 —
3.64 (m, 1H), 3.55 (d, J=9.3 Hz, 1H), 2.82 (s, 1H), 2.75 (s, 1H), 1.61 (d, J= 6.3 Hz, 1H), 1.39 (s,

1H), 1.33 (dd, J=6.1,4.2 Hz, 1H), 1.31 — 1.27 (m, 1H), 1.27 — 1.22 (m, 1H), 1.15 — 1.06 (m, 1H).

Synthesis of 5-Norbornene-2-carboxaldehyde (1.2): Exo-5-Norbornene-2-methanol 1.1 (4.49 g,
36.2 mmol) was dissolved in 150 mL dichloromethane and allowed to stir in a 250 mL round
bottom flask at 0 °C in an ice bath. Dess—Martin periodinane (18.42 g, 43.4 mmol) was added and
the flask was purged with N>. The solution was allowed to stir in the ice bath, under N2, for 4 hrs.
The reaction was filtered through a silica plug (100% EtOAc) to purify giving the known aldehyde

as yellow oil (4.41 g 80%). 'H NMR (400 MHz, CDCl3) §=9.79 (d, J = 2.4 Hz, 1H), 6.16 (ddd, J

161



=25.4,5.6,3.1 Hz, 2H), 3.17 - 3.08 (m, 1H), 2.98 (s, 1H), 2.34 — 2.20 (m, 1H), 1.96 (dt,J=11.9,
4.0 Hz, 1H), 1.43 — 1.31 (m, 1H), 1.34 — 1.21 (m, 2H). ESI-MS (m/z) calculated for : CsH;0O [M]"

122.07; found [M+ Na]" 145.21

Synthesis of 2-(bicyclo[2.2.1]hept-5-en-2-yl)-2-hydroxy-1-(1H-indol-1-yl)ethan-1-one (1.3):
To a 250 mL round bottom flask 1-(2,2-dimethoxyethyl)-2-isocyanobenzene (7.61g, 39.8 mmol),
which was synthesized as previously reported®, and 1.2 (5.84 g, 47.8 mmol) were dissolved in
dichloromethane. While stirring, DI water was added (1.43 g, 79.6 mmol). After 5 min, the
camphor sulfonic acid was added to the solution (1.99 g, 8.0 mmol). The solution was allowed to
stir for 12 hr, then the reaction was concentrated in vacuo and immediately purified by column
chromatography (6:4 DCM: hexanes) giving the desired N-acylindole as a white solid (4.33 g,
41%) . 'H NMR (400 MHz, CDCls) & 8.50 (t, J = 8.0 Hz, 1H), 7.59 (d, J = 7.7 Hz, 1H), 7.50 (d, J
= 3.8 Hz, 1H), 7.46 — 7.36 (m, 1H), 7.33 (t, J = 7.1 Hz, 1H), 6.70 (t, J = 3.7 Hz, 1H), 6.16 — 6.01
(m, 2H), 4.94 (dd, J = 8.0, 5.5 Hz, 1H), 3.34 (d, J = 8.1 Hz, 1H), 2.81 (d, J = 62.0 Hz, 2H), 1.88-
1.80 (M, Hz, 1H), 1.68 — 1.50 (m, 2H), 1.42 — 1.24 (m, 2H). 3C NMR (100 MHz, CDCl3) § 173.43,
137.82, 137.57, 136.82, 130.60, 125.60, 124.48, 121.16, 117.00, 110.33, 74.40, 46.43, 43.93,

43.22, 42.05, 29.13. ESI-MS (m/z) calculated for C17H17NO2 [M]* 267.13; found [M+H]" 268.11.

Synthesis of 2-(bicyclo[2.2.1]hept-5-en-2-yl)-2-hydroxyacetic acid (1.4): To a 250 mL round
bottom flask a solution of (1.3) (4.33 g, 16. 2 mmol) in 150 mL of THF at 0 °C was added 1.0 M
LiOH(aq) (32.1 mL, 32.1 mmol). After 2 hrs, 1.0M NaOH (10 mL) was added to the reaction to
ensure a basic pH. The aqueous phase was washed with EtOAc (3 x 100 mL) to remove the indole
byproduct. The combined organic layers were back-extracted with 1.0M NaOH (2 x 25 mL). The

combined aqueous layers were acidified to pH 2 using 6M HCI and then extracted with ether (6 x
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100 mL) The combined organic layers were dried with sodium sulfate and concentrated in vacuo
to give the a-hydroxy acid as a tan solid (2.31 g, 86%). 'H NMR (400 MHz, CDCls) § 6.22 — 6.01
(m, 2H), 4.14 (dd, J=73.4, 7.5 Hz, 1H), 3.02 — 2.77 (m, 2H), 1.84 — 1.70 (m, 1H), 1.58 (tdd, J =
16.1, 12.9, 4.1 Hz, 2H), 1.39 (dd, J = 37.0, 8.6 Hz, 2H). >*C NMR (100 MHz, CDCls) § 179.89,
137.47, 136.26, 74.06, 45.93,43.62, 43.44, 41.74, 28.79 ESI-MS (m/z) calc [M]" for CoH 203

168.08; found [M-H] 167.14

Synthesis of 3-(bicyclo[2.2.1]hept-5-en-2-yl)-6-methyl-1,4-dioxane-2,5-dione (1): Compound
1.4 (1.00 g, 5.94 mmol) and triethylamine (0.63 g, 0.87 mL, 0.062 mmol) were added to a 100 mL
flask and dissolved in 50 mL dry acetonitrile and allowed to stir at 0 °C under nitrogen. After 5
min, 2-bromopropionyl bromide (1.4 g, 0.65 mL, 6.24 mmol) was added and the solution was
allowed to stir at 0 °C for 30 min. Another equivalent of triethylamine (0.63 g, 0.87 mL, 0.062
mmol) was added and the reaction was allowed to stir at 70 °C for 3 hrs. The product was filtered
through a silica plug in EtOAc and concentrated in vacuo. The product was recrystallized in
toluene, giving the product as a white solid (760 mg, 42%). '"H NMR (400 MHz, CDCl3) § 6.31 —
5.99 (m, 2H), 5.03 (q, J = 6.7 Hz, 1H), 4.75 (dd, J = 24.3, 8.7 Hz, 1H), 3.11 — 2.80 (m, 2H), 2.03
(d, J=4.7Hz, 1H), 1.66 (dt,J= 6.7, 3.4 Hz, 3H), 1.57 (dd, /= 12.1, 8.6 Hz, 1H), 1.50 — 1.43 (m,
1H), 1.37 (dd, J = 20.4, 9.0 Hz, 2H)."*C NMR (100 MHz, CDCl3) § 167.66, 166.55, 137.56,
135.84, 79.22, 72.14, 45.08, 42.25, 39.88, 30.31, 28.31, 15.81 ESI-MS (m/z) calc [M]" for

C12H1404 [M]" 222.09; found [M-H] 221.17 and [M+H,0-H] 239.22.
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3. Synthesis of Monomers:

Synthesis of (N-Benzyl)-5-norborene-exo-2,3-dicarboximide (phenyl monomer 3): To a stirred
solution of N-benzylamine (2.85 g, 26.6 mmol) in dry toluene (125 mL) were added 5-norbornene-
exo-2,3-dicarboxylic anhydride (4.10 g, 25.0 mmol) and triethylamine (3.83 mL, 27.5 mmol). The
reaction was heated to reflux overnight under an atmosphere of N». The reaction was cooled to
room temperature and washed with 10% HCI (3 x 50 mL) and brine (2 x 50 mL). The aqueous
layers were combined and extracted with ethyl acetate (60 mL). The combined organic layers were
dried with MgSOQy, filtered, and concentrated to dryness, yielding a pale yellow solid that was then
recrystallized from ethyl acetate/hexanes to give the known product (4.98 g,79%) as white crystals.
'"H NMR (CDCls): § 7.25-7.40 (m, 5H), 6.28 (s, 2H), 4.61 (s, 2H), 3.26 (s, 2H), 2.69 (s, 2H), 1.42
(d,1H, J=9.6 Hz), 1.07 (d, 1H, J/=9.6 Hz). ). '>*C NMR (100 MHz, CDCl3) & 177.94, 137.71, 135.02,

133.68, 117.20, 47.73,45.01, 42.56, 38.18, 25.06.

Synthesis of 2-(2-(1H-imidazol-4-yl)ethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-
1,3(2H)-dione (imidazole monomer 4a): To a flame dried 100 mL round bottom flask, cis-5-
Norbornene-exo-2,3-dicarboxylic anhydride (200 mg, 1.21 mmol) and histamine dihydrochloride
(336 mg, 1.82 mmol) were added. The flask was purged with nitrogen and dry DMF was added
via a syringe. Triethylamine (1.19 mL, 8.52 mmol) was then added drop wise to the flask while
stirring. A condenser was added to the flask and the flask was placed in a 130°C oil bath for 12
hrs. The reaction was concentrated in vacuo and purified by column chromatography (9:1:90
MeOH:Et;N:DCM) giving the product as a brown solid (180 mg, 60%). '"H NMR (400 MHz,
CDCl3) 6 11.54 (s, 1H), 7.63 (s, 1H), 6.83 (s, 1H), 6.20 (s, 2H), 3.73 (t, J = 7.4 Hz, 2H), 3.15 (s,

2H), 2.88 (t, J = 7.4 Hz, 2H), 2.59 (s, 2H), 1.38 (d, J= 9.8 Hz, 1H), 1.05 (d, J= 9.8 Hz, 1H). 1*C
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NMR (100 MHz, CDCls) & 177.94, 137.71, 135.02, 133.68, 117.20, 47.73, 45.01, 42.56, 38.18,
25.06. ESI-MS (m/z) calc [M]" for CisHi7N30, [M]* 257.12; found [M+H]* 258.17 and [M+Na]*

280.16.

Synthesis of  2-(2-(1-(4,5-dimethoxy-2-nitrobenzyl)-1H-imidazol-4-yl)ethyl)-3a,4,7,7a-
tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione (photo-protected imidazole monomer
4): Imidazole monomer (4a) (100 mg, 0.38 mmol) and 4,5-Dimethoxy-2-nitrobenzyl bromide
(128.8 mg, 0.47 mmol) were added to a flame dried 100 mL round bottom flask. The flask was
then purged with N2 and DMF was added via syringe. Potassium carbonate (64.5 mg, 0.47 mmol)
was then added to the reaction. The reaction was allowed to stir for 24 hrs at room temperature
under a nitrogen atmosphere. The reaction was then diluted with 200 mL DCM and washed with
saturated sodium bicarbonate solution (3 x 100 mL ), brine (100 mL) and dried over sodium
sulfate. The reaction was then filtered, concentrated in vacuo and purified by column
chromatography (100:0 = 100:3 DCM: MeOH) to yield the product as a pale yellow solid (45 mg,
25%). '"HNMR (400 MHz, CD3CN) § 7.73 (d, J=26.1 Hz, 1H), 7.50 (s, 1H), 6.82 (s, 1H), 6.60
(s, 1H), 6.28 (s, 2H), 5.42 (s, 2H), 3.90 (s, 3H), 3.85 (s, 3H), 3.63 (t,J = 7.3 Hz, 2H), 3.05 (s, 2H),
2.74 (t,J = 7.3 Hz, 2H), 2.58 (s, 2H), 1.29 (d, ] = 9.6 Hz, 1H), 1.14 (d, J=9.7 Hz, 1H).">*C NMR
(100 MHz, CDCI3) & 177.63, 153.81, 148.17, 139.80, 137.57, 137.34, 127.43, 116.19, 109.57,
108.03, 56.20, 47.97, 47.53, 44.81, 42.43, 38.18. 26.19 ESI-MS (m/z) calc [M]" for C24H26N40Os

452.17; found [M+H]" 453.14 and [M+Na]"475.07
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Synthesis of 2-(2,5,8,11-tetraoxatridecan-13-yl)-3a,4,7,7atetrahydro-1H-4,7-
methanoisoindole-1,3(2H)-dione (tetra(ethylene glycol) norbornene monomer 5): A solution
of cis-5-Norbornene-exo-2,3-dicarboxylic anhydride (1.5 g, 9.1 mmol) and 2,5,8,11-
tetraoxatridecan-13-amine® (2.27 g, 11.0 mmol) in toluene (50 mL) was heated at reflux
overnight under a nitrogen atmosphere. The reaction mixture was cooled to room temperature,
concentrated to dryness and purified by flash chromatography (2% MeOH in CH.Cl,) to give the
product as a light yellow oil, 3.12g (97%). *H NMR, 400MHz, CDCls, § 6.26 (m, 2H), 3.5-3.7
(m, 16H), 3.36 (s, 3H), , 3.24 (m, 2H) , 2.66 (s, 2H) , 1.47, (m, 1H), 1.35 (m, 1H). 13C NMR,
100MHz, CDCE, § 177.91, 137.73, 71.83, 70.50, 69.77, 66.78,58.95, 47.73, 45.19, 42.63, 37.64

HRMS Calc [M+Na]* = 376.1736, Obs. = 376.1730.

4. Synthesis of Polymers

Procedure for ring opening polymerization (ROP) (Polymer 2): The polymerization was
carried out with tin(II) 2-ethylhexanoate (stannous octoate, Sn(Oct)>) (purchased from Alfa Aesar)
and 4-tert-butylbenzyl alcohol (purchased from Acros) without further purification. The
polymerization method is similar to that described by Baker and coworkers.®> Sn(Oct) (0.01M in
anhydrous toluene, 7.76 mL) and 4-fert-butylbenzyl alcohol (0.01M in anhydrous toluene, 7.76
mL) were added to a small 20 mL pear shaped flask and the solution was concentrated in vacuo.
To the flask was then added D,L-lactide ( 1.0 g, 9.7 mmol) (freshly recrystallized from toluene)
and compound (1) (333.6 mg, 1.5 mmol). The flask was then equipped with a small stir bar and
placed under vacuum. After 1 hour, the flask was flushed with nitrogen, tightly sealed and heated
at 130 °C in a silicone oil bath for 2 hrs. After the reaction was complete, the flask was cooled in

an ice bath, dissolved in CD>Cl, and the crude was analyzed by '"H NMR. A small aliquot of the

166



CDxCl; solution was concentrated in vacuo, redissolved in DMF, filtered through a Whatman
Anontop 10 0.2 um filter and analyzed by SEC-MALS to determine the molecular weight of the
polymer. To purify, the polymer was dissolved in dichloromethane and precipitated with cold
methanol. The degree of polymerization (conversion of monomer to polymer) calculated from 'H

NMR was 98%. The polymer was obtained as a light brown solid (1.55 g, 90%).

Procedure for graft-from ring opening metathesis polymerization of phenyl monomer
(Polymer 3): Graft-from PLA polymers were polymerized using Grubbs’ modified second
generation catalyst [(H2IMES)(pyr)2(Cl);Ru=CHPh]. Polymer 2 (10 mg, 0.0026 mmol) was
dissolved in in dry, degassed CH2Cl> (8 mL) in a 10 mL vial under a nitrogen atmosphere. The
catalyst (2.13 mg, 0.0029 mmol) 1.1 equivalents with respect to norbornene units, was also
dissolved in dry, degassed CH2Cl; in a separate vial (0.2 mL). The polymer solution was added to
the Grubb’s catalyst and the solution was allowed to stir for 10 min. Degassed cold MeOH was
added to the vial via a syringe to precipitate out the catalyst loaded PLA polymer. The vial was
centrifuged at 4000 rpm for 5 min. The supernatant was removed via syringe, to ensure that there
was no free Grubbs’ catalyst in solution. The polymer was resuspended in degassed
dichloromethane and monomer 3 was added (3.36 mg, 0.013 mmol), 5 equivalents with respect to
norbornene units. The reaction was left to stir for 1 hr before quenching with ethyl vinyl ether. The
polymer was purified by precipitation into cold ether. 'H-NMR, in CD>Cl, was used to determine
the degree of polymerization of the PLA-ROMP polymer. A small aliquot of the polymer was
dissolved in DMF, filtered through a Whatman Anontop 10 0.2 um filter and analyzed by SEC-

MALS to determine the molecular weight and dispersity of the polymer.
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Procedure for the mnegative control reaction: verification of precipitation step:
Unfunctionalized PLA (10 mg, 0.0030 mmol) is dissolved in 8 mL of degassed, dry CD->Cl> and
added to a solution of Grubb’s catalyst (2.40 mg, 0.033 mmol), 1.1 equivalents with respect to the
number of norbornene units on polymer 2 and was stirred for 10 min under a nitrogen atmophere.
Degassed cold MeOH was added to the vial via a syringe to precipitate out the unfunctionalized
PLA polymer. The vial was centrifuged at 4000 rpm for 5 min. The supernatant was removed via
syringe, to ensure that there was no free Grubbs’ catalyst in solution. The polymer was then
resuspended in degassed CD>Cl; and monomer 3 was added (3.80 mg, 0.150 mmol), 5 equivalents
with respect to norbornene units on polymer 2. The reaction was left to stir for 30 min before taking
an 'H NMR spectrum. None of the phenyl peaks in the NMR are broadened and olefin peak & =
6.26 ppm is still present which indicates no polymerization. After the reaction: the polymer was

precipitated with cold MeOH, which yielded unfunctionalized PLA.

Procedure for graft-from ring opening metathesis polymerization of nitro benzyl protected
imidazole monomer (Polymer 4): Graft-from PLA polymers were polymerized using Grubbs’
modified second generation catalyst [(H2IMES)(pyr)2(Cl)2Ru=CHPh]. Polymer 2 (10 mg, 0.0026
mmol) was dissolved in in dry, degassed CH>Cl (8§ mL) in a 10 mL vial under a nitrogen
atmosphere. The catalyst (2.13 mg, 0.0029 mmol), 1.1 equivalents with respect to norbornene units
was also dissolved in dry, degassed CH>Cl in a separate vial (0.2 mL). The polymer solution was
added to the Grubb’s catalyst and the solution was allowed to stir for 10 min. Degassed cold MeOH
was added to the vial via a syringe to precipitate out the catalyst loaded PLA polymer.. The vial

was centrifuged at 4000 rpm for 5 min. The supernatant was removed via syringe, to ensure that
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there was no free Grubbs’ catalyst in solution. The polymer was resuspended in degassed
dichloromethane and the imidazole ROMP monomer 4, was added (6.03 mg, 0.013 mmol), 5
equivalents with respect to norbornene units on PLA polymer 2. The reaction was left to stir for 6
hrs before quenching with ethyl vinyl ether. The polymer was purified by precipitation into cold
ether. 'H-NMR, in CDCl; was used to determine the degree of polymerization of the PLA-ROMP
polymer and molecular weight (M,). Dispersity (D) was not able to be determined since the

polymer aggregates in the conditions used for SEC-MALS.

Procedure for graft-from ring opening metathesis polymerization of nitro benzyl protected
imidazole monomer 4 with tetra(ethylene glycol) norbornene monomer 5 (Polymer 4b):
Graft-from PLA polymers were polymerized using Grubbs’ modified second generation catalyst
[(H2AIMES)(pyr)2(Cl)2Ru=CHPh]. The PLA polymer (10 mg, 0.0026 mmol) was dissolved in in
dry, degassed CH2Clz in a 10 mL vial under a nitrogen atmosphere. The catalyst (2.13 mg, 0.0029
mmol), 1 equivalent with respect to norbornene units on the PLA backbone, was also dissolved in
dry, degassed CH2Cl,. Polymer 2 was added to the Grubb’s catalyst solution and the solution was
allowed to stir for 10 min. Degassed cold MeOH was added to the vial via a syringe to precipitate
out the catalyst loaded PLA polymer. The vial was centrifuged at 4000 rpm for 5 min. The
supernatant was removed via syringe, to ensure that there was no free Grubbs’ catalyst in solution.
The polymer was resuspended in degassed dichloromethane and the imidazole ROMP monomer
4, was added (6.03 mg, 0.013 mmol), 5 equivalents with respect to the norbornene units. The
reaction was left to stir for 6 hrs before the tetra(ethylene glycol) norbornene monomer 5, (4.17
mg, 0013 mmol), 5 equivalents with respect to norbornene units, was added. The reaction was left

to stir for another 3 hrs before quenching with ethyl vinyl ether. The polymer was purified by
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precipitation into cold ether. 'H-NMR, in CDCl; was used to determine the degree of
polymerization of the PLA-ROMP polymer and molecular weight (M,). Dispersity (D) was not

able to be determined since the polymer aggregates in the conditions used for SEC-MALS.

5. Procedure for Nanoparticle Synthesis

Procedure for nanoparticle formation via the solvent evaporation: 2 mg of polymer 2 or
unfunctionalized PLA was dissolved into 2 mL of THF. This solution was added to 2 mL of DI
H>O via syringe pump at a rate of 8 mL/hr. The solution was allowed to stir for 30 min and was
subsequently concentrated in vacuo to remove the THF. Nanoparticles were analyzed by DLS and

TEM.

Procedure for nanoparticle formation via the dialysis method: Unsuccessful attempts with
polymer 4: Many solvents were screened to attempt to formulate nanoparticles of polymer 4 via
the solvent evaporation method. The polymer was only soluble in methylene chloride, THF, DMF
and DMSO. Methylene chloride is not soluble in water thus 2 mg of the polymer was added to 2
mL of DI H20 and 2 mL of methylene chloride and sonicated attempting formulation of
nanoparticles via the nanoprecipitation method, but the only result was large aggregated polymers,
not well defined nanostructures. Polymer 4 was only sparingly soluble in THF, even with heating.
When nanoparticle formation was attempted at the same concentrations as above, the polymer
crashed out of solution. Luckily the polymers were very soluble in DMF and DMSO, however
both solvents have a higher boiling point than water so the solvent evaporation method was not

possible. Therefore the dialysis method was used to formulate nanostructures of polymer 4. 1 mg
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of polymer 4 was dissolved in 900 uL. of DMSO. 100 uL of DI H.O was added to the solution
over 10 min while stirring. The solution was allowed to stir for 12 hrs. The solution was transferred
to a MWCO 3,500 Slide-A-Lyzer™ MINI Dialysis Device, 2 mL and placed in 1 L of 0.02M pH
7.4 MOPS buffer or 0.02M pH 5.5 MES buffer. The dialysis water was changed 3 times over 24
hrs. This procedure yielded only large aggregates and not well-dispersed spherical particles. Thus
in an attempt to create spherical nanoparticles polymer 2 was polymerized with monomer 4 and
the tetra(ethylene glycol) norbornene monomer 5 to increase water solubility(yielding polymer
4b.) Dialysis conditions (DMSO into water or buffer) was utilized to create well-defined
nanostructures. Dialyzing from DMSO gave more uniform nanostructures than dialyzing from

DMEF into water or buffer.

Procedure for nanoparticle formation via the dialysis method: Successful attempts with
polymer 4b: 1 mg of polymer 4b was dissolved in 900 pL of DMSO. 100 pL of DI H20 was
added to the solution over 10 min while stirring. The solution was allowed to stir for 12 hrs. The
solution was transferred to a MWCO 3,500 Slide-A-Lyzer™ MINI Dialysis Device, 2 mL and
placed in 1 L of 0.02M pH 7.4 MOPS buffer or 0.02M pH 5.5 MES buffer. The dialysis water was
changed 3 times over 24 hrs. Nanoparticles were transferred to a small Eppendorf tube for TEM

and DLS analysis.
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Figure 4.12. *H NMR spectrum of compound 1.3.
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Figure 4.13. 3C{*H} NMR spectrum of compound 1.3.
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Figure 4.19. *C{*H} NMR spectrum of compound 4a.
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