








Figure 12. Proposed cationic mechanism of the addition of 1 mol difluorocarbene to disubstituted cyclobutene.

This reaction is believed to follow a cationic mechanism (Figure 12). When the
difluorocarbene is added to the cyclobutene, it forms a strained housane intermediate. One
fluoride ion leaves, allowing the ring to expand and relieving the strain. The allylic ion expands
into a five-membered ring. A proton is immediately expelled, forming a double bond and leaving
behind an even more stable, neutral fluorocyclopentadiene structure. A second equivalent of
difluorocarbene is then added and reacts with the non-fluorinated double bond of the
cyclobutadiene (Figure 13). It is thought that the non-fluorinated double bond is attacked in the
second step because it is more electron rich than the other double bond, which is under the
electron withdrawing effect of the fluorine substituent.'* The 1,3-difluorobenzene is complete

with the loss of a fluoride ion and proton to form the aromatic ring.
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This cationic mechanism is consistent with the results of reactions using symmetrically
substituted cyclobutenes as precursors. This study investigates an asymmetric cyclobutene which
will result in the possible formation of various isomers (Figure 14). By determining which
isomer is the major one, the validity of the cationic mechanism can be determined. Using a
cation-stabilizing substituent like benzene should allow for the control of the preferred location

of the cation after the addition of the first mole of difluorocarbene.
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Figure 14. Possible isomers formed from the reaction of difluorocarbene with 1-phenyl-2-methylcyclobutene.

Investigation of the potential cyclopentadiene intermediates shows differences in stability
based on the orientation of the  system. The presence of a phenyl group on the cyclopentadiene
provides the possibility for conjugation or cross-conjugation. This is related to a conjugated ©
system, where an alternating pattern of single and double bonds allows the general delocalization
of electrons. The flow of electrons through the system stabilizes the molecule, which is present
in benzene for example. Cross conjugation occurs when only a limited number of a set of ©

bonds interact with each other. While these molecules may look like normally conjugated
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molecules, inspection of their resonance structures shows that not all the & bonds participate in
resonance (Figure 15). The cross-conjugated molecules are higher in energy because of reduced
intramolecular electron delocalization and resonance capability than are their fully conjugated
systems relatives.*? Of the two potential intermediates that would be formed by the cationic
mechanism, one is cross-conjugated and one is fully conjugated, leading to the formation of
compounds 1 and 3 respectively (Figure 14). The identification of the major isomer formed will
provide more evidence toward the validity of this cationic mechanism and the ability to use this

synthesis for the production of 1,3-difluorobenzenes from disubstituted cyclobutene.
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Figure 15. Resonance structure differences between fully conjugated (top) and cross conjugated (bottom)
systems.
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Chapter 3

Results and Discussion
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Figure 16. Overall reaction scheme.

The synthesis of 1,3-difluoro-2-methyl-4-phenylbenzene was achieved by the addition of
Seyferth’s reagent (Ph-Hg-CF3) to 1-phenyl-2-methylcyclobutene (Figure 16). A solution of
1-phenyl-2-methylcyclobutene (5) was added to dried Nal and Seyferth’s reagent. After heating
to reflux for 24 hours, the reaction was filtered and concentrated.

Previous attempts have shown this reaction with Seyferth’s reagent to be very
temperamental. The reagent itself is not reliable to work on a consistent basis. The reaction will
also only work if the starting cyclobutene is extremely pure. The purification of this molecule
was found to be difficult, especially the separation from its starting material,
Z-1,4-diiodo-4-phenyl-3-methyl-3-butene (4). Extreme care was taken to combine only the
fractions of the column that had completely separated products. All reagents used in the ring
expansion reaction were dried under vacuum to ensure the absence of water. Despite these

efforts, trace contaminants could still prevent the production of the 1,3-difluorobenzene product.
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The product 3 was characterized using GC/MS, which showed the major peak at 6.5
minutes with a parent ion peak having a 204 mass to charge ratio. This matches the expected
value for either isomer of the difluorobenzene that was expected from this reaction. A *F NMR
confirmed the addition of two fluorine atoms and therefore the structure of 3 (Figure 16).
Aromatic fluorine atoms have a chemical shift in the -100 to -150 ppm region. Two signals were
found at around -120 ppm which are consistent with expected peaks for the placement of the
fluorine atoms on the benzene ring. With the purification of the product, exact peaks could be
assigned but due to impurities, just the existence of signals in the aromatic region confirms the
addition of two fluorine atoms to the benzene ring. The exact structure was confirmed by the
cleaner 'H NMR.

The *H NMR showed interesting coupling due to the fluorine atoms and confirmed that
isomer 3 was formed, with the methyl group situated between the two fluorine atoms on the

benzene ring. Since fluorine is similar to hydrogen in size, there is very strong coupling between
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Figure 17. Magnified view of aromatic region of *H NMR of 1,3-difluoro-2-methyl-4-phenylbenzene 3.

19



protons and fluorine atoms. Fluorine can couple up to seven bonds away due to electron pairs,
causing extra splitting in the *H spectrum. The peak assigned to the protons on the methyl
substituent at 2.09 ppm (J = 5.16 Hz) appeared to be a triplet because of coupling from fluorine
atoms on either side of it. The presence of a doublet in this peak would suggest only one fluorine
neighbor and the formation of isomer 1, with the phenyl group in between the two fluorine atoms
instead of the methyl group.

A magnified view of the aromatic region of the *H NMR of 3 showed two smaller peaks
on either side of the multiplet assigned to the phenyl substituent group at 7.39 ppm (Figure 17).
An apparent triplet was found at 7.14 ppm (J = 7.65 Hz) and a doublet of doublets was found at
7.72 ppm (J = 8.34 Hz, J = 1.17 Hz). These were assigned to Hp, next to Fy,, and H,, next to the
phenyl substituent, respectively. These splitting patterns are expected with the structure of this
isomer. The atom F, and H, split Hpat 7.14 ppm into an apparent triplet while F, and Hy, split H,
at 7.72 ppm into a doublet of doublets. This splitting pattern combined with the splitting of the
methyl substituent protons supports the formation of isomer 3 over isomer 1 and provides further
evidence for the validity of a cationic mechanism with a fully conjugated fluorocyclopentadiene
intermediate for the addition of difluorocarbene to an asymmetric disubstituted cyclobutene.

It has not yet been confirmed whether Seyferth’s reagent can be recommended without a
doubt for the use of this ring expansion reaction to make 1,3-difluorobenzenes. The lack of
consistent success of the reaction invites further studies to improve the reaction. Other
investigations are being done using differently substituted alkenes to make various cyclobutenes.
This will demonstrate the regioselectivity of the reaction and how substituents with different

sizes and properties affect the reaction. It is still a desire to declare with more certainty the
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successful completion of this reaction for efficiency in production of various industrially useful

compounds.
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Chapter 4
Experimental

General Procedure

All reagents were used as received from the manufacturer. All solutions were prepared in
dry solvents from the solvent purification system separately right before use and cannula
transferred to the reaction flask. All reactions were performed under inert gas conditions. Product
concentration was accomplished using a Buchi Rotavapor R-114. An Agilent 6890N gas
chromatograph with an HP-5MS 0.25mm x 30m x 0.25 um column coupled to an Agilent 6460
triple quadrupole (QgQ) mass spectrometer was used to confirm products. A Bruker 400 MHz
NMR was used to characterize all products. CDCl3 was used as the solvent, and chemical shifts
are reported in ppm downfield from tetramethylsilane (6 scale). Procedures were modified from

the original procedure by Morrison et al.*®

Preparation of Z-1,4-diiodo-4-phenyl-3-methyl-3-butene (4)

Compound 1 was prepared by dissolving 1.26 g ZrCpCl, (4.3 mmol) in dry THF in a
250 mL round bottomed flask. To this, 4.5 mL EtMgBr (8.6 mmol) in ether was added dropwise
to the flask and reaction allowed to stir at -78°C for one hour. Phenylpropyne (0.5 g, 4.3 mmol)
in dry THF was added and stirred at 0°C for 6 hours and at room temperature overnight. The
reaction was brought back to 0°C before adding 3.28 g I, (12.9 mmol) in dry THF and stirred at
room temperature overnight. Work-up involved removal of THF under reduced pressure
followed by the addition of ether. The ether solution was treated with 3M HCI and allowed to stir
for 10 minutes. The organic layer was separated and sequentially washed with 10% NaHCO3 and
10% Na,SO0s. The organic layer was retained, dried over Na,SQO,, gravity filtered, and

concentrated. The crude product was purified on a silica gel column eluted with cyclohexanes to
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give a yield of 64%. The structure of the product was confirmed by GC-MS and NMR analyses.
'H NMR (CDCls) &: 1.78 (s, 3H), 3.04 (t, 2H, J = 7.52), 3.35 (t, 2H, J = 6.96), 7.28 (m, 5H);

GC/MS (El) m/z = 272, r.t. = 18 min.

Preparation of 1-phenyl-2-methylcyclobutene (5)

Pure products of 1 were combined and solvent was removed in vacuo. Dry ether was
added to 500 mg of product (1.837 mmol), followed by the syringe addition of 0.346 mL
n-butyllithium (3.675 mmol, 2.5 M in hexanes). The reaction was stirred for 1 hour at -78°C,
after which 1 mL H,0O was added to quench the reaction. The reaction was allowed to stir until
coming to room temperature. Crude product was purified on a silica gel column eluted with
pentanes to give a yield of 17%. The structure of the product was confirmed by GC-MS and
NMR analyses. *H NMR (CDCls) &: 1.28 (m, 4H), 1.56 (s, 3H), 7.29 (m, 5H); GC/MS (EI)

m/z = 115, r.t. = 7 min.

Preparation of 1,3-difluoro-2-methyl-4-phenylbenzene (3)

A large excess of Nal was ground into a powder in a mortar and pestle and then added to
a 25-mL 3-necked round bottom flask with a stir bar. It was dried under vacuum at 150°C for
24 hours. Phenyl(trifluoromethyl)mercury(Il) (Seyferth’s reagent) (264 mg, 0.763 mmol) was
added to the flask and dried under vacuum at room temperature for 24 hours. A solution of
10 mL dry benzene (Na/benzophenone) added to 50 mg of 2 (0.347 mmol) was added to the
reaction flask. The flask was heated to reflux for 24 hours. The structure of the product solution
was gravity filtered. The product was confirmed by GC-MS and NMR analyses. *H NMR
(CDCls) &: 2.09 (apparent t, 3H, J = 5.16), 7.13 (t, 1H, J = 7.65), 7.39 (m, 5H), 7.72 (d, 1H,
J=8.34,J=1.17); GC/MS (El) m/z = 204, r.t = 6.5 min
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Appendix

Z-1,4-diiodo-4-phenyl-3-methyl-3-butene (4): GC/MS

File :D:\Data\Lewis Group\RM\F19.D .
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Acquired : 24 Mar 2016 14:13 using AcgMethod LEWISMAN.M
Instrument : Agilent GCMS
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Z-1,4-diiodo-4-phenyl-3-methyl-3-butene (4): '"H NMR
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Z-1,4-diiodo-4-phenyl-3-methyl-3-butene (4): *C NMR
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1-phenyl-2-methylcyclobutene (5): GC/MS

File :D:\Data\Lewis Group\RM\CYBU 9,11 CO1 F72.D
Operator : RM

Acquired : 4 Mar 2016 10:20 using AcgMethod LEWISMAN.M
Instrument : Agilent GCMS
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1-phenyl-2-methylcyclobutene (5): *H NMR
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1-phenyl-2-methylcyclobutene (5): *C NMR
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1,3-Difluoro-2-methyl-4-phenylbenzene (3): GC/MS

File :D:\Data\Lewis Group\RM\DFBEN 2.D

Operator : RM

Acquired : 31 Mar 2016 11:23 using AcgMethod LEWISMAN.M
Instrument : Agilent GCMS
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1,3-Difluoro-2-methyl-4-phenylbenzene (3): *H NMR
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1,3-Difluoro-2-methyl-4-phenylbenzene (3): ** F NMR

[wdd]

00e -
I

EUEDE B§0F J 7 Sussuwsqriusgd-g-Tiyssu-7-sUssuagoIOnTITE-E'I

dnozBgIMITVO0EERHAE3TPEREN'E T T W 2 § ©93d0.

35



[wdd] ogL - 5Z1 - 0zl - SLL- oLL - 50l -

1,3-Difluoro-2-methyl-4-phenylbenzene (3): **F NMR aromatic zoom
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