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Abstract

Transition metal-catalyzed olefin metathesis reactions play a significant role in
chemical synthesis. These reactions are currently applied across several disciplines, and
their full potential has not yet been reached. This project details the synthesis of spiro[3-
cyclopentene-1,9’-[9H]fluorene], 1-(1-amino-2-methylpropyl)-3-cyclopentenol, and the
eugenol dimer via olefin metathesis reactions catalyzed by the second generation Grubbs
catalyst. The unique structural properties of each compound help demonstrate the

widespread abilities of these reactions.

Also reported are the novel three-dimensional crystal structures of both spiro[3-
cyclopentene-1,9’-[9H]fluorene] and the eugenol dimer. These structures were
determined via X-ray diffraction crystallography methods using a Bruker SMART X2S
Single Crystal Diffractometer. Both of these structures have R-values within the

accepted publication range of 0.00 — 5.00%
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Introduction

In the modern scientific community, major research efforts are devoted to
furthering the field of chemical synthesis. Advances in areas such as biology, material
and polymer science, and medicine are all heavily dependent on efficient synthetic
procedures, many of which are developed by organic chemists.™* Given the rapid
expansion of scientific knowledge over the past few decades, synthetic demands have
seemingly reached an all-time high. To contextualize the importance of chemical
synthesis within today’s highly interdisciplinary world, a 2006 report from the director of
the National Institutes of Health (NIH) stated that synthetic organic chemistry was the
most substantial obstacle for many biological researchers.” In an effort to meet
aforementioned demands, many classifications of reactions have been developed. One
group of reactions, known as metal-catalyzed olefin metathesis reactions, has made

significant contributions to chemical synthesis.®**
Purpose

The primary objective of this project was to synthesize three structurally unique
compounds via metal-catalyzed olefin metathesis reactions utilizing the second
generation Grubbs catalyst. Specifically, ring-closing metathesis mechanisms were
applied to the compounds 9,9-diallylflourene and a terminal diene derivative of L-valine,
a common amino acid, and a cross metathesis dimerization mechanism was applied to
eugenol. Once these compounds had been synthesized, they were characterized using
nuclear magnetic resonance (NMR) techniques and, when applicable, x-ray diffraction

crystallography. Ultimately, gaining a more complete understanding of these reactions



and their products will provide more opportunities for future synthetic and

crystallographic works.
Olefin metathesis reactions

The underlying principle of transition metal-catalyzed olefin metathesis reactions
involves the rearrangement of the carbon atoms around two C=C bonds, known as
alkenes or olefins, through the use of an appropriate transition metal-based catalyst.
Several advantages to olefin metathesis reactions exist. First and foremost, they enable
the synthesis of a very structurally complex product from two simpler compounds.*
Additionally, these reactions tend to be highly efficient, often producing either no
undesirable byproduct or an easily removable byproduct such as ethylene gas.*? Finally,
olefin metathesis reactions are often used to interconvert molecules from one form to
another. The pi bonds found within an olefin are reactive enough to be useful in a wide
array of transformations yet stable enough to retain structure for extended periods of

time.*

Olefin metathesis reactions are divided into three major categories: cross
metathesis, ring-closing metathesis (RCM), and ring-opening metathesis. These reactions
differ from one another in the way the C=C bonds are rearranged."® Theoretically, olefin
metathesis reactions are reversible. In result, synthetic schemes must be carefully
planned to prevent undesired reverse reactions from occurring.” Table 1 shows the
overview of each of the three forms of olefin metathesis reaction in the presence of an

appropriate catalyst.



Table 1: Overview of Olefin Metathesis Reactions

Reaction Overview
Ci——=0C, catalyst c, G,
Cross metathesis o c - ” ”
3— Ly
C; Cy4
Ring-closing
. —— 1 C
metathesis 1 2 catalyst _ | | | |2
03_04 3 C4
Ring-opening
. 1 C —_
metathesis ” ”2 catalyst _ ==C,
3 C4 03 — C4

As shown in Table 1, cross metathesis involves the transposition of compounds
C1=C, and C3=C, to C;=C3 and C,=C,."* Depending on the structure of each involved
olefin, cross metathesis reactions tend to revert back to starting materials more regularly
than do ring-closing or ring-opening reactions. Also, in recent years, cross metathesis has

proven to be a viable method of dimerization.**

Ring-closing metathesis, the most commonly used form of olefin metathesis in
industry, involves the reaction of two terminal alkenes in the presence of the catalyst.™
This process produces a cyclic olefin and another, smaller olefin that can often be easily
removed. Removing the smaller product can prevent the reverse reaction from occurring,
thus enabling ring-closing reactions to go to completion in the forward direction in some

cases. > 1°

In ring-opening metathesis, a cyclic olefin reacts with an acyclic olefin to produce
an acyclic diene.’® Due to the release of ring strain, the forward reaction is highly

favorable.” Ring-opening reactions are very useful in industry, as they can be used to




synthesize several important polymers through a process called ring-opening metathesis

polymerization (ROMP).*8%

This project focused on the application of ring-closing and cross olefin metathesis
reactions. Generalized mechanisms of transition metal-catalyzed ring-closing and cross
reactions are given in Figures 1 and 2, respectively. In both mechanisms, the M=Y bond
represents the metal carbene that interacts with the olefins of interest. Also, the
mechanisms in Figures 1 and 2 were prepared as stepwise representations of the ring-

closing and cross metathesis reactions listed in Table 1.

M=Y
C

o c==c

|

M [

™\

Q
[§]

= =

Figure 1: General ring-closing olefin metathesis mechanism™®
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Figure 2: General cross olefin metathesis mechanism™®

The second generation Grubbs catalyst

Several catalysts have been developed for olefin metathesis reactions. To date,

the most effective catalysts have proven to be those containing a ruthenium (atomic

symbol Ru) or a molybdenum (atomic symbol Mo) central atom.* The central atom plays

a significant role in the catalyst’s properties. Generally, catalysts containing

molybdenum are more active than those containing ruthenium when prepared and
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handled under an inert atmosphere.??® Moreover, molybdenum catalysts can remain
active in the presence of structurally exposed phosphines or amines, while ruthenium
catalysts often cannot.”” However, ruthenium catalysts are advantageous when working
with substrates containing aldehyde, carboxylic acid, or alcohol groups, all of which have
displayed the ability to render molybdenum catalysts inactive.”®?* The second generation
Grubbs catalyst was used in this project. The catalyst’s structure is shown below in

Figure 3.

Figure 3: Structure of the second generation Grubbs catalyst

As shown in Figure 3, the second generation Grubbs catalyst is ruthenium-based
and achiral. The catalyst’s main point of activity with regard to olefin metathesis is the
Ru=C bond, commonly called a ruthenium carbene. 332 This catalyst has a greater
tolerance for water and air than many previous ruthenium- and molybdenum-based
catalysts. Additionally, the catalyst has been shown to demonstrate higher ring-closing
activity at elevated temperatures with respect to many of its predecessors. Of particular
interest is its exceptional catalytic activity at levels as low as 0.05 mol %, making it

11



among the most cost efficient olefin metathesis catalysts available to an undergraduate

research laboratory.?

The catalyst was suspended in paraffin wax to preserve its potency. This solid
suspension, which will be referred to as the second generation Grubbs catalyst wax
dispersion, has been shown to significantly increase the catalyst’s shelf life from
approximately 30 days to over 18 months.*® While the paraffin wax does not interfere
with the catalyst’s reactivity, additional procedures are necessary to isolate the desired

reaction product from residual wax.
Substrates used

Previous members of Dr. Knight’s research group synthesized a considerable
amount of 9,9-diallylfluorene, a yellow liquid. This supply was used to synthesize
spiro[3-cyclopentene-1,9'-[9H]fluorene], a four ring system first made via ring-closing
metathesis in 1999.>* However, to date, the synthesis of this compound using the second
generation Grubbs catalyst has not been reported, and a solved crystal structure for the
compound has not been published.

In recent years, a need for stabilized forms of amino acids has been established.
One potential method of increasing stability involves the synthesis of cyclic derivatives
of amino acids.® In this project, L-valine methyl ester hydrochloride, a salt derivative of
the common nonpolar amino acid valine, was used to synthesize a cyclic derivative. The
first synthetic step of this process involved creating a valine derivative containing two

terminal allyl (-CH,-CH=CH,) groups. Once this was completed, ring-closing metathesis

12



procedures using the second generation Grubbs catalyst were performed, thus making 1-

(1-amino-2-methylpropyl)-3-cyclopentenol.

Eugenol, a natural product derivative of cinnamon and other spices, has several
unique properties that make it a desirable compound for olefin cross metathesis.®** To
date, several cross metathesis reactions of eugenol with other compounds have been
reported.®”® Despite this, neither a eugenol dimerization via cross metathesis using the
second generation Grubbs catalyst nor a solved crystal structure of the eugenol dimer has

been published.
X-ray crystallography

X-ray crystallography, a commonly used technique for determining the structure
of crystalline compounds, involves exposing a crystalline sample to incident X-ray
electromagnetic radiation.® Because wavelengths in the X-ray region are approximately
the same as the distances between the planes of a crystal, the crystal is able to diffract the
incident X-rays. By analyzing the intensities and angles of diffraction, the bond lengths,
bond angles, relative atom locations, and atomic vibrations of the molecule of interest can

be approximated.*

X-ray crystallographic methods are commonly grouped under two classifications:
powder diffraction and single crystal diffraction. Single crystal diffraction requires large,
homogenous surface area crystals, whereas powder diffraction does not. Generally
speaking, powder diffraction data provide far less structural information than do single
crystal diffraction data. This is partially due to the random orientation of powder

diffraction patterns, which causes the three-dimensional lattice to collapse and appear

13



one-dimensional. Furthermore, this one-dimensional appearance causes an overlapping
of peaks, resulting in increased difficulty when trying to determine individual intensity
values. In result, reflection conditions and, ultimately, the determination of a space group
are not possible. Both of these are needed to determine a molecular arrangement. In
contrast, single crystal diffraction techniques are better able to facilitate the collection of

three-dimensional data that can lead to a reliable structural determination.*

This project implemented single crystal diffraction techniques to gather structural
data. The crystal data were collected using a Bruker SMART X2S Single Crystal X-ray
Diffractometer. The computer programs SHELXS97 and SHELXL97 were used to solve
and refine crystal structures, respectively.*’ OLEX2 version 1.1 was used as the
graphical user interface (GUI) for crystal analysis.*> This combination of programs can
enable the determination and refinement of structures in a fast and efficient manner. The
reliability of a structure determined via X-ray diffraction is presented in terms of its R-
value, with lower R-values correlating to greater reliability. Generally, publishable
structural data have an R-value below 5.00%. Additional viewing studies of the crystal

structures were performed using version 3.0.1 of Mercury.*
Intermolecular forces

Intermolecular forces are defined as the repulsive or attractive forces which act
between neighboring chemical species such as molecules or atoms. Additionally, they
generally provide molecular stability in the solid and liquid states of matter and are
responsible for many molecular properties, including the ability to crystalize.

Noncovalent interactions, those that deal with electrostatic attractions, are responsible for

14



many of the properties observed in chemical species known to exhibit intermolecular

forces.**

Biomolecules such as DNA, RNA, proteins, and enzymes are heavily influenced
by noncovalent interactions, notably hydrogen bonding and pi stacking.*> For example,
the nitrogenous base pairs of the DNA double helix are held together by hydrogen
bonding, a noncovalent interaction in which a hydrogen atom of one molecule interacts
electrostatically with a highly electronegative (electron-drawing) atom such as fluorine,

oxygen, or nitrogen belonging to an adjacent molecule.***’ Pj

stacking interactions,
interactions dealing with the attractive forces between certain pi electron systems, also
play important roles in the chemical properties of several biologically important

molecules.*® *°

One of the most stable forms of pi stacking is T-shaped stacking. This
interaction, also called edge-to-face stacking, involves the placement of a region of
positive electrostatic potential (the edge of a ring) in close proximity or contact with an
area of negative electrostatic potential (the face of another ring).>® These interactions
often create a “T” shape, and rings that exhibit T-stacking are often perpendicular to one

another.%® %0

Chromatographic methods

Chromatography is a broad range of methods that are employed to separate a
mixture into its individual components. Chromatographic separations are dependent on
the movement of a mobile phase through a stationary phase.”* Three methods of

chromatography were employed during this project. Thin layer chromatography (TLC)

15



was used to track the progress of several reactions. TLC plates used during the project

utilized silica gel as the stationary phase and an appropriate solvent as the mobile phase.
After placing the plate in a closed chamber containing the solvent, capillary action drew
the solvent up the plate. Differences in movement between the starting material and the
reaction mixture indicated the formation of a compound with polarity that differed from

that of the starting material.>

Column chromatography is a common method used to separate the components of
non-uniform products.>® Particularly, this method was used in conjunction with TLC to
isolate the desired product of interest from any residual starting materials, side products,
catalyst, and paraffin wax. A large glass column with a stopcock was used when multiple
impurities needed to be removed. Silica gel served as the stationary phase and was
packed into the glass column on top of a layer of glass wool. Multiple solvent mixtures
were prepared and were used as mobile phases. These separations were very time
consuming and did not always provide sufficient impurity removal, especially for
samples over 2 grams. In situations that only required the removal of the catalyst wax
dispersion, Pasteur pipet micro-columns were used. These micro-columns were prepared
by packing silica gel and glass wool into a small, disposable Pasteur pipet. Normally,

only the reaction solvent was used in these separations.

The third chromatographic method used in this project was flash chromatography,
an improved form of traditional column chromatography.> These separations used the
same large glass column as described above. To apply this method, a rubber hose
attached to a nitrogen gas line was first fitted through a hole in a rubber septum. The

septum was then secured at the top of the glass column. The flow of low-pressure

16



nitrogen gas through the column significantly improved both separation time and quality,

particularly for samples with masses over 2 grams.

Results and Discussion

Synthesis of spiro[3-cyclopentene-1,9'-[9H]fluorene] via RCM

As shown below in Figure 4, spiro[3-cyclopentene-1,9’-[9H]fluorene] (compound
2, also called dibenzaspirocyclopentane), a yellow crystalline compound, was synthesized
from 9,9-diallylfluorene (compound 1), a yellow liquid, via a ring-closing metathesis
reaction catalyzed by the second generation Grubbs catalyst. The reaction follows the
general ring-closing mechanism shown in Figure 1. Petroleum ether was chosen as the
solvent primarily because it does not coordinate to the catalyst. Substantial bubbling was
observed in the reaction vial, signaling the emission of ethylene gas. The percent yields
of the recovered product using both 2 mole percent and 5 mole percent catalyst were very
similar (46.0 % and 42.3 %, respectively), thus demonstrating the catalyst’s potency at

low concentrations.

Second generation Grubbs catalyst

(petroleum ether) ‘

1 2
Figure 4: Synthesis of spiro[3-cyclopentene-1,9’-[9H]fluorene]

Y
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Figure 5 shows two perspectives of the X-ray crystallographic structure of
compound 2. This structure was obtained via the X-ray diffraction analysis of crystals
grown through slow evaporation from petroleum ether. The R-value for this structure

was 4.39 %, which falls within the accepted publication range.

Figure 5: X-ray crystallographic structure of spiro[3-cyclopentene-1,9'-[9H]fluorene]

Preliminary structural analysis shows that three of the compound’s rings are in the
same plane, while the fourth lies perpendicular to the others, as is demonstrated by a 90°
dihedral angle. Figure 6 shows the crystal lattice packing of compound 2, which suggests
the presence of pi stacking. More specifically, the compound demonstrates T-shaped

stacking, as is shown in the alignment between the edges and faces of adjacent rings.

18



Figure 6: Crystal packing of spiro[3-cyclopentene-1,9'-[9H]fluorene]

A summary of important acquisition and crystallographic data is provided in

Table 2, and unit cell parameters are given in Table 3. The complete .cif report for this

compound is provided in Appendix I.
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Table 2: Acquisition and Crystal Data for

Spiro[3-cyclopentene-1,9'-[9H]fluorene]

Formula C17H1 4
Molecular Weight 218.28 g/mol
Crystal Density 1.198 g/cm3
Z 8
Acquisition Temperature 200 K
Volume 2421.0 (10) A
Space Group P121/c1
Hall Group -P 2ybc
R 0.0439
WR 0.1426

Table 3: Spiro[3-cyclopentene-1,9'-[9H]fluorene] Unit Cell Parameters

a=19.532(5) A b=6.9894 (17) A c=18.712 (5) A
a=90° B=106.947 (8)° v =90°

Synthesis of 1-(1-amino-2-methylpropyl)-3-cyclopentenol

The first step in synthesizing the cyclic valine derivative 1-(1-amino-2-
methylpropyl)-3-cyclopentenol involved making a terminal diene (compound 4) from L-
valine methyl ester hydrochloride (compound 3), which is shown in Figure 7. L-valine
methyl ester hydrochloride was first dissolved in anhydrous diethyl ether and was then
stirred under static nitrogen to facilitate the reaction with allylmagnesium bromide, an
air-sensitive Grignard reagent. Upon the addition of allylmagnesium bromide, salt
formation was observed. Deionized (DI) water was added to the reaction mixture to
quench the excess Grignard reagent. This process caused additional salt formation. A

typical aqueous workup using diethyl ether and DI water was performed to separate the

20



aqueous, salt-containing bottom layer from the top organic layer. Initially, the reaction
mixture was very alkaline due to the presence of MgBrOH salt. To make the separation
process easier while still maintaining the diene’s protonated form, 1 M hydrochloric acid
(HCI) was added dropwise to make the mixture slightly alkaline, which was marked by a
change from dark blue to faint green on pH paper. After removing the organic solvent,

the diene, a yellow liquid, was isolated.

O OH
>_HJ\O-—"" 1) excess ’//\/MgBl‘ s \/O\/ Z
g
NH, 2) H,0 , HClI (aq) NH, N
3 HCl 4

Figure 7: Synthesis of L-valine methyl ester-derived terminal diene

The proposed mechanism of the terminal diene synthesis is shown in Figure 8.
The first two steps deal with the addition of allylmagnesium bromide to L-valine methyl
ester hydrochloride. The first equivalent of allylmagnesium bromide deprotonates the
nitrogen atom. Next, the second equivalent attacks the carbonyl group, resulting in both
the delocalization of an electron pair from the carbonyl C=0 bond onto the oxygen atom
and the formation of a tetrahedral intermediate containing the first allyl group. The
carbonyl C=0 bond is then reformed, and the CH3O group acts as a leaving group. An
additional Grignard equivalent adds the second allyl group, which also delocalizes a pair
of electrons onto the oxygen atom. Due to the inability of the carbonyl carbon’s four
substituents to act as a leaving group, the tetrahedral structure is maintained. Upon the

addition of DI water, both the oxygen atom and amino group are protonated.
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1 OH

2 H,0

*NH NH,

Figure 8: Mechanism of L-valine methyl ester-derived terminal diene synthesis

As shown in Figure 9, 1-(1-amino-2-methylpropyl)-3-cyclopentenol (compound
5), a white solid, was synthesized via the ring-closing metathesis reaction of the terminal
diene 4 catalyzed by the second generation Grubbs catalyst. Dichloromethane was used
for this reaction because of its ability to dissolve the terminal diene, which showed
significantly reduced solubility in petroleum ether. This reaction follows the general
ring-closing metathesis mechanism shown in Figure 1. Traditional column and thin layer

chromatography methods were used to isolate the desired product.
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OH OH
/
Second generation Grubbs catalyst
S g y o

e

(dichloromethane)
NH, NH,

4 5
Figure 9: Synthesis of 1-(1-amino-2-methylpropyl)-3-cyclopentenol

Synthesis of eugenol dimer via cross metathesis

Eugenol (compound 6) was dimerized via a cross metathesis reaction catalyzed by
the second generation Grubbs catalyst to form compound 7, (E)-4,4’-(but-2-ene-1,4-
diyl)bis(2-methoxyphenol), as shown in Figure 10. This reaction follows the general
cross metathesis mechanism shown in Figure 2 when C,=C, and C3=C, are the same
compound. The driving force of the reaction is the emission of ethylene gas. A detailed
mechanism for the eugenol dimerization is shown in Figure 11, in which X represents all
non-drawn substituents of the second generation Grubbs catalyst, and Ph represents the
phenyl group attached to the carbene. Reflux conditions under static nitrogen were
utilized to drive the reaction in the forward direction. This reaction was performed on a
relatively large scale, which resulted in a substantial amount of paraffin wax from the
catalyst dispersion in the final reaction mixture. Flash and thin layer chromatography

methods were used to isolate the desired product, a slightly opaque, crystalline solid.

OH
O
- / /o Z O o Vs
Second generation Grubbs catalyst
o HO

HO (n-hexane) (reflux)

6
Figure 10: Synthesis of eugenol dimer
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Figure 11: Mechanism of eugenol dimerization
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The X-ray crystallographic structure of the eugenol dimer (compound 7) is shown
in Figure 12. This structure was obtained through the X-ray diffraction analysis of
crystals grown through slow evaporation from a mixture of n-hexane and ethyl acetate.

The structure’s R-value is 3.26 %, which falls within the acceptable publication range.

Figure 12: X-ray crystallographic structure of the eugenol dimer

The eugenol dimer’s crystal lattice packing, shown in Figure 13, suggests the
presence of significant pi stacking. Also, the C=C bond in the chain that links the two
rings provides structural rigidity while seemingly maintaining the electronic

independence of each ring system.
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Figure 13: Crystal packing of the eugenol dimer

Preliminary structural analysis suggests the presence of two weak intramolecular
hydrogen bonds within the crystal lattice packing. These bonds, shown in Figure 14 and
Table 4, have lengths that fall just outside the generally accepted range for this
classification of hydrogen bonding.> In Table 4, A represents the hydrogen bond donor,

and B represents the hydrogen bond acceptor.
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Molecule 2

Molecule 1

Figure 14: Hydrogen bonding in eugenol dimer lattice

Table 4: Notable hydrogen bond lengths for eugenol dimer

Bond (A—H---B) Length (A) H-Bond Type

0O8(molecule 1)-H8(molecule 1)-
3.341 Weak/Electrostatic

O1(molecule 3)

Cl(molecule 1)-H1B(molecule 1)-
3.629 Weak/Electrostatic

O8(molecule 2)

A summary of important acquisition and crystallographic data is provided in

Table 5, and unit cell parameters are given in Table 6.

27




Table S: Acquisition and Crystal Data for the

Eugenol Dimer

Formula C1 g H20 O 4
Molecular Weight 300.34 g/mol
Crystal Density 1.291 Mg/m3
Z 4
Acquisition Temperature 198 K
Volume 1545.33(10) A
Space Group Pbca
R 0.033
WR 0.094

Table 6: Eugenol Dimer Unit Cell Parameters

a=4.8846(2) A b = 10.7002(4) A ¢ =29.5666(11) A
o0 =90° B =90° y=90°

Experimental
General comments

All solvents were used as obtained from their respective manufacturers,
unmodified in any way. The mass ratio of the second generation Grubbs catalyst wax
dispersion used for these reactions was 10 g paraffin wax per 1 g catalyst. All *H and *C
experiments performed during this project were carried out using a JEOL 400 MHz FT-
NMR, and all NMR data were analyzed using version 4.3.6 of JEOL Delta NMR
Software. Crystals were examined using a Meiji Techno polarizing light microscope, and
those deemed suitable for X-ray crystallographic analysis were mounted on a Bruker

SPINE-Pin using Krytox Vacuum Grease. A Bruker SMART X2S Single Crystal X-ray
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Diffractometer was used to collect all crystal structural data, and structural solutions were
determined and refined using SHELXS97 and SHELXL97 through the OLEX2 version
1.1. graphical user interface. Version 3.0.1 of Mercury was then used to view the

molecular structures.

Spiro[3-cyclopentene-1,9'-[9H]fluorene]

The second generation Grubbs catalyst wax dispersion (707 mg, 2 mol % catalyst)
and 9,9-diallylfluorene (1.026 g) were added to a 10 mL screw cap vial containing a spin
vane. Petroleum ether was added to bring the reaction mixture volume to 9 mL. The
contents were stirred for 36 hours at room temperature while monitored by thin layer
chromatography (TLC). After the reaction had run to completion, the mixture
components were separated using a Pasteur pipet micro-column. The desired product
was collected in a 100 mL beaker and was left for recrystallization via slow evaporation.
Once slow evaporation had occurred, the yellow crystals were isolated from residual
paraffin wax. The product collected in an optimum yield of 0.418 g (46.0 %). Crystals
were then examined under a microscope and were analyzed via x-ray crystallography.
The sample was also characterized via 'HNMR. 'H NMR (400 MHz, CDCl;, ppm) o
7.70 (d, J = 8.2 Hz, 2H), 6.69 (d, J = 6.3 Hz, 2H), 6.67 (s, 2H), 5.63 (m, 2H), 5.45 (s, 2H),

3.85 (s, 6H), 3.29 (d, ] = 5.0 Hz, 4H).

1-(1-amino-2-methylpropyl)-3-cyclopentenol
Allylmagnesium bromide (31.20 g, 214.7 mL) and L-valine methyl ester
hydrochloride (6.000 g) were added in a 6:1 equivalent ratio to a 250 mL Schlenk flask

and were stirred in anhydrous diethyl ether under nitrogen gas. After 10 minutes of
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stirring, deionized (DI) H,O was added to the flask to quench the reaction. The pH was
adjusted until slightly alkaline using 1M HCI and pH paper. A standard aqueous workup
using deionized water and diethyl ether was performed to separate the aqueous and
organic layers. The organic layer was removed via rotary evaporation. The product, a
yellow liquid, was collected in an optimum yield of 2.766 g (41.93%) and was
characterized via "H NMR using D,0 as the solvent. 'H NMR (400 MHz, D,0O, ppm): &
5.77 (m, 2H), 5.08 (m, 2H), 5.04 (s, 1H), 4.67 (m, 2H), 2.25 (d, ] = 7.3 Hz, 1H), 2.02 (d,
J=4.6 Hz, 4H), 1.58 (m, 1H), 0.89 (d, J = 6.9 Hz, 6H), 0.82 (s, 2H).

The yellow liquid (100 mg) and the second generation Grubbs catalyst wax
dispersion (12 mg) were added in a 200:1 equivalent ratio to a 10 mL screw cap vial
containing a spin vane. Dichloromethane was added to bring the reaction mixture
volume to 9 mL. The vial contents were stirred for 48 hours at room temperature and
were monitored by TLC. After stirring had completed, the reaction mixture was
separated via flash chromatography on silica gel utilizing varying gradients of n-hexane
and ethyl acetate. The product, a white solid, was isolated with a yield of 20.6 mg
(24.3%). The product was then characterized via 'H using CDCl; as the solvent. 'H
NMR (400 MHz, CDCls, ppm): 6 5.59 (m, 2H), 5.02 (s, 1H), 2.45 (m, 2H), 2.22 (m, 2H),

2.21 (m, 1H), 1.57 (m, 1H), 0.87 (d, J = 6.4 Hz, 6H), 0.82 (s, 2H).

Eugenol dimer
Eugenol (8.000 g) and the second generation Grubbs catalyst wax dispersion
(100 mg) in an equivalent ratio of 100:1 were refluxed in 125 mL of n-hexane under

static nitrogen for 48 hours. The reaction mixture components were then separated via
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flash chromatography on silica gel utilizing varying gradients of ethyl acetate, n-hexane,
and diethyl ether. The fractions were examined using TLC. All fractions were left for
slow evaporation, which resulted in the crystal formation. The crystals were isolated with
a yield of 2.531 g (34.60%) and were characterized via 'H NMR using CDCl; as the
solvent. Crystals were then examined under a microscope and were analyzed via x-ray
crystallography. "H NMR (400 MHz, CDCls, ppm): & 6.83 (d, J = 8.2 Hz, 2H), 6.69 (d, J
= 6.3 Hz, 2H), 6.67 (s, 2H), 5.63 (m, 2H), 5.45 (s, 2H), 3.85 (s, 6H), 3.29 (d, J = 5.0 Hz,

4H).

Future Works

The results of this project could lead to additional research endeavors for Dr.
Knight’s group. First, a complete crystallographic analysis of spiro[3-cyclopentene-1,9°’-
[9H]fluorene] and the eugenol dimer could be performed. Once this has been completed,
the findings could be compared to compounds of similar characteristics as found in the
chemical literature. The compounds made in this project could be used for additional
synthetic works.

Conclusion
The goal of this project was to synthesize spiro[3-cyclopentene-1,9’-
[9H]fluorene], 1-(1-amino-2-methylpropyl)-3-cyclopentenol, and the eugenol dimer via
olefin metathesis reactions catalyzed by the second generation Grubbs catalyst.
Ultimately, spiro[3-cyclopentene-1,9°-[9H]fluorene] and 1-(1-amino-2-methylpropyl)-3-
cyclopentenol were made using ring-closing metathesis reactions, and the eugenol dimer

was synthesized via cross metathesis dimerization. Additionally, novel crystal structures

31



for spiro[3-cyclopentene-1,9’-[9H]fluorene] and the eugenol dimer were reported with R-
values of 4.39 % and 3.26 %, respectively. To this point, only basic analysis of these
crystal structures has been performed. Gaining a better understanding of the synthesis of
these compounds not only contributes to the general knowledge of transition metal-
catalyzed olefin metathesis reactions, but it also provides opportunities for future research
into reactions involving these types of compounds.
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Appendix 1

Spiro[3-cyclopentene-1,9°-[9H]fluorene] Report

Table 1. Crystal data and structure refinement for dibenzaspirocyclopentane.

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

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 17.66°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

dibenzaspirocyclopentane
Ci7His
218.28
200(2) K
0.71073 A
Monoclinic
P12l/c1
a=19.352(5) A
b=6.9894(17) A
c=18.712(5) A

o= 90°
B =106.947(8)°
y=90°
2421.1(10) A®
8
1.198 Mg/cm’
0.067 mm™
928
0.05 x 0.35 x 0.44 mm’
1.10 to 17.66°

-16<=h<=15, -5<=k<=5, -15<=1<=15

11618
1561 [R(int) = 0.0607]
99.6%

Multiscan
0.9966 and 0.8161

Full-matrix least-squares on F*

1561/0/308
1.109
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Final R indices [[>2sigma(I)] R1=0.0447, wR2 =0.1088

R indices (all data) R1=0.0716, wR2 = 0.1503
Extinction coefficient 0.014(2)
Largest diff. peak and hole 0.207 and -0.222

Table 2. Atomic coordinates (x104) and equivalent isotropic displacement

parameters (A2x103) for dibenzaspirocyclopentane.

U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

Atom X y z U(eq)
Cl 8448(3) 4599(9) 4133(3) 72(2)
C2 8326(3) 2684(7) 3784(3) 55(2)
C3 8829(3) 2653(7) 3275(3) 41(1)
C4 8533(4) 1541(8) 2555(4) 42(2)
C5 7910(4) 1813(8) 1971(5) 57(2)
Cé6 7768(3) 629(10) 1351(4) 62(2)
C7 8242(4) -801(9) 1306(4) 59(2)
C8 10668(4) 822(10) 4514(3) 57(2)
C9 10055(5) 1960(7) 4297(4) 50(2)

C10 9537(3) 1595(8) 3637(4) 40(2)
Cl11 8960(3) 4811(7) 3159(3) 56(2)
C12 8785(3) 5740(8) 3789(3) 71(2)
C13 8862(4) -1097(7) 1884(4) 47(2)
Cl4 9014(3) 63(8) 2514(4) 35(1)
C15 9627(4) 89(8) 3182(4) 37(1)
Cl16 10246(4) -1064(7) 3405(4) 46(2)
C17 10757(3) -686(9) 4068(5) 51(2)
C18 6667(4) 3263(9) -592(4) 73(2)
C19 6239(3) 4157(7) -1290(4) 73(2)
C20 6375(3) 6375(7) -1153(4) 59(2)
C21 5713(3) 7368(9) -1048(4) 56(2)
C22 5361(5) 6988(8) -533(4) 73(2)

C23 4745(5)  8018(12) -552(4) 85(2)



Atom
C24
C25
C26
Cc27
C28
C29
C30
C31
C32
C33
C34

X
4498(4)
6931(4)
6410(5)
5921(3)
5946(4)
6474(4)
6973(3)
7028(3)
7091(3)
5472(4)
4864(4)

y
9445(10)

8262(12)
9626(10)
9917(8)
8830(9)
7415(9)
7134(8)
6465(9)
4480(11)
8306(9)
9854(7)

VA
-1081(5)
-2834(5)
-3064(4)
-2668(5)
-2054(4)
-1817(4)
-2212(5)

-439(4)
-136(4)
-1575(4)
-1593(4)

U(eq)
79(2)
84(2)
76(2)
58(2)
49(2)
55(2)
78(2)
82(2)
74(2)
49(2)
60(2)

Table 3. Bond lengths (A) and angles (°) for dibenzaspirocyclopentane.

C1-C12
C1-C2
C2-C3
C3-C4

C3-C10

C3-Cl1
C4-C5

C4-Cl4
C5-Co
Co6-C7

C7-C13

C8-C17
C8-C9

C9-C10

C10-C15
C11-C12
C13-C14
C14-C15
C15-Cl16
Cl16-C17

1.312(6)
1.478(7)
1.549(6)
1.515(7)
1.530(7)
1.555(6)
1.384(7)
1.407(6)
1.386(7)
1.376(7)
1.378(7)
1.386(7)
1.387(7)
1.369(7)
1.395(6)
1.469(6)
1.390(7)
1.450(7)
1.403(7)
1.368(6)
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C18-C32
C18-C19
C19-C20
C20-C21
C20-C29
C20-C31
C21-C33
C21-C22
C22-C23
C23-C24
C24-C34
C25-C26
C25-C30
C26-C27
C27-C28
C28-C29
C28-C33
C29-C30
C31-C32
C33-C34

C12-C1-C2
C1-C2-C3
C4-C3-C10
C4-C3-C2
C10-C3-C2
C4-C3-Cl1
C10-C3-C11
C2-C3-Cl1
C5-C4-Cl14
C5-C4-C3
C14-C4-C3
C4-C5-Cé6
C5-Co6-C7
C13-C7-C6
C17-C8-C9
C10-C9-C8
C15-C10-C9

1.310(7)
1.467(7)
1.580(7)
1.519(8)
1.499(7)
1.550(7)
1.390(7)
1.358(7)
1.384(8)
1.388(8)
1.377(7)
1.364(8)
1.388(8)
1.375(7)
1.367(7)
1.398(7)
1.456(7)
1.391(8)
1.490(8)
1.379(7)

111.9(5)
103.7(4)
101.7(4)
114.3(4)
112.1(4)
114.2(4)
111.6(4)
103.3(4)
119.7(5)
130.4(6)
109.9(6)
119.6(5)
120.8(6)
120.3(5)
120.4(5)
119.8(5)
120.1(5)
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C15-C10-C3
C9-C10-C3
C12-C11-C3
C1-C12-C11
C7-C13-C14
C13-C14-C4
C13-C14-C15
C4-C14-C15
C10-C15-Cl16
C10-C15-C14
Cl16-C15-C14
C17-C16-C15
C16-C17-C8
C32-C18-C19
C18-C19-C20
C21-C20-C29
C21-C20-C31
C29-C20-C31
C21-C20-C19
C29-C20-C19
C31-C20-C19
C33-C21-C22
C33-C21-C20
C22-C21-C20
C21-C22-C23
C24-C23-C22
C23-C24-C34
C26-C25-C30
C25-C26-C27
C28-C27-C26
C27-C28-C29
C27-C28-C33
C29-C28-C33
C28-C29-C30
C28-C29-C20
C30-C29-C20
C29-C30-C25
C32-C31-C20

110.4(6)
129.4(6)
103.5(4)
112.9(5)
119.9(5)
119.7(6)
131.0(6)
109.4(6)
120.0(6)
108.6(6)
131.5(6)
119.2(5)
120.6(5)
112.7(6)
104.4(5)
101.7(5)
112.1(5)
115.2(5)
111.3(5)
113.3(5)
103.6(4)
120.7(6)
111.1(6)
128.2(7)
119.1(6)
120.5(6)
120.3(5)
121.2(6)
119.7(6)
120.7(6)
120.2(6)
130.5(7)
109.3(6)
119.2(6)
110.3(6)
130.5(7)
119.1(6)
104.2(5)
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C18-C32-C31 113.0(6)

C21-C33-C34 120.6(6)
C21-C33-C28 107.7(6)
C34-C33-C28 131.7(7)
C33-C34-C24 118.8(5)

Table 4. Anisotropic displacement parameters (A2x103) for

dibenzaspirocyclopentane.

The anisotropic displacement factor exponent takes the form: -27°[ h* a*

U+ .. +2hka b U?]

u" v?  u¥ |0 " v
Cl 985 584) 7945 -8(4) -8(4) 124
C2  554) 524) 684 13 13 9Q3)
C3  49(4) 304) 50(4) -13) -13)  503)
C4  46(5) 24(4) 67(6) 54 54 4@
C5  44(5) 52(4) 70(5) 18(4) 18(4)  12(3)
C6  59(5) 60(4) 60(6) 5(4)  5(4)  -5(5)
C7 575 61(5) 57(5) -83) -8(3) -16(4)
C8  56(5) 63(4) 51(4) 64  6(4)  -7(4)
C9  57(5) 424) 595) 34 34 04

CI10 46(5) 34(4) 43(5) 2(4) 2(4) -8(4)



Cll  734) 314 684) 13) 13 203)
C12 1055 38(4) 80(5) -14(4) -14(4) 10(3)
C13  44(5) 40(4) 60(5) -1(4) -1(4) -12(3)
Cl4 405 31(4) 37(5) -2(4) -2(4) -18(4)
C15 40(5) 28(4) 47(5) -4(4) -4(4)  -6(4)
Cl6 454) 384) 59(5) -2(4) -2(4) 34
Cl7  42(5) 504) 61(5 94 94  4(3)
CI8 595 49(4) 1096) 155 15(5)  6(4)
C19  65(4) 41(5) 97(6) 13(4) 13(4) 12(3)
C20 48(5) 354 755) 14 14 1(3)
C21  61(5) 44(5) 59(5) -4(4) -4(4) -84
C22  81(6) 56(4) 73(5) -14) -1(4) 205
C23 100(7) 72(5) 95(6) -5(5) -5(5) -8(5)
C24  66(5) 67(5) 107(6) -13(5) -13(5)  5(4)
C25 87(6) 64(5) 112(7) -9(5) -9(5) -18(5)
C26  72(5) 45(5) 107(6) 3(4) 34 -2
C27  42(4) 354) 926) -6(5) -6(5) -1(3)
C28  49(5) 24(4) 63(5) 84 84  -94)
C29 42(4) 294) 83(5) 4(4) 44 04

C30 45(5) 50(5) 131(7) -10(5) -10(5) 7(3)
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u" v? ¥ |0 v U
C31  55(5) 76(5) 91(5) 11(4) 11(4) 204
C32 495 77(5) 89(5) 39(5) 39(5) 22(4)
C33  41(5) 304) 6450 54 54  -6(4)

C34  48(5) 42(4) 80(5) 1(3) 1(3) 5(4)

Table 5. Hydrogen coordinates (x104) and isotropic displacement parameters

(A%x10%) for dibenzaspirocyclopentane.

X y z U(eq)

HI 8300 4961 4555 87
H2A 7814 2517 3488 66
H2B 8458 1663 4167 66
HS5 7583 2806 1995 69
H6 7337 806 952 75
H7 8141  -1588 873 71
HS8 11029 1077 4971 68
H9 9995 2990 4605 60
HITA 9469 5048 3176 67

HIIB 8640 5273 2676 67



X y z U(eq)

H12 8904 7031 3932 85
H13 9186 -2093 1852 56
H16 10309 -2095 3100 55
H17 11176 -1465 4224 61
HI8 6639 1943  -482 87
HI9A 5720 3849 -1393 88
HI9B 6404 3721 -1717 88
H22 5535 6028 -166 88
H23 4490 7748 -200 102
H24 4074 10142 -1090 94
H25 7273 8080 -3104 101
H26 6384 10371 -3496 92
H27 5564 10883 -2823 70
H30 7337 6183 -2059 94
H31A 7473 6845  -561 98
H31B 6938 7388  -75 98
H32 7406 4133 338 89

H34 4700 10839 -1952 72
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