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Abstract

The twisted and sterically hindered 4,5-dibromophenanthrene, was synthesized
from 2,6-dibromoiodobenzene in a four-step pathway, or from 1,3-dibromobenzene in a
three-step pathway. Then, 4,5-dibromophenanthrene was subjected to a Kumada
coupling, leading to the synthesis of an even more twisted 4-bromo-5-zert-
butylphenanthrene. Computational studies using density functional theory were
performed to compare experimental and theoretical characteristics of these compounds,
such as dihedral angles, optimized structures, and transition state energy barriers.

The purpose of these experiments is to fill gaps in chemical databases, synthesize
more pronounced twists in normally planar phenanthrene molecules, and to ultimately
synthesize 4,5-bis-fert-butylphenanthrene, which may have interesting spectral results

due to the close proximity of its substituent fert-butyl groups.



Introduction
Overview
Phenanthrene molecules belong to a larger category of compounds called
polycyclic aromatic hydrocarbons or PAHs. Specifically, phenanthrene (Figure 1) is a
structural isomer of anthracene, which is a linear arrangement of three benzene rings.

Additionally, phenanthrenes, and many simple PAHs are planar molecules.

7 10
8 9

Figure 1. Phenanthrene and numbering of positions.

Phenanthrenes play a unique and crucial role in chemistry. In the medical field,
phenanthrene, along with other PAHs like benzo[a]pyrene, is a known constituent of
cigarette smoke and has been found—when smoked—to be converted into diol epoxides,
which are highly carcinogenic.? The slightly twisted nature of the diol epoxides may
expose the reactive epoxide site, leading to an increase in reactivity. In a different light,
phenanthrenes form the core structure of opiates such as morphine and codeine, as shown
in Figure 2. The twisted nature of these opiates may provide direction and specificity for

the interaction with p-opioid binding sites located in the brain.
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Figure 2. Chemical structures of morphine and codeine.

Due its aromaticity, phenanthrene is planar. However, when substituents are
added to the 4 and 5 positions (called the bay area), the molecule starts to twist away
from planarity due to the steric interactions between substituent groups as shown in

Figure 3.

Figure 3. Representation of a twisted phenanthrene

Phenanthrenes are also recurring compounds in Professor Thamattoor’s lab,
where other investigators synthesize phenanthrene-based precursors for the

photochemical generation of carbenes as shown in Figure 4.
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phenanthrene

Figure 4. Photochemical generation of carbenes from phenanthrene-based precursor

Generation of Twisted Phenanthrenes

A common method of generating twisted phenanthrene is from the photochemical
cyclization of a stilbene in the presence of oxygen and a catalytic dose of iodine, as
shown by Frank Mallory.? Irradiation with light renders the cis/trans stereochemistry of
the stilbene irrelevant, due to photochemical conversion of the trans isomer into the cis

form.

Ry
R
R;
\ hv
—b.
I, ,0O
R] 2 2 Rl
Ry

Figure 5. The Mallory reaction for photochemically generating phenanthrenes

In addition to Mallory’s reaction, shown in Figure 5, it has been shown that other,
more extensive polycyclic aromatic hydrocarbons can be synthesized. For example,
Thomas Katz et al. showed that helicenes can be synthesized through a photochemical
procedure similar to the Mallory method. In 1991, he modified Mallory’s recipe to

increase the synthesis yields of the polycyclic aromatic hydrocarbons and to decrease the

11



generation of side products. As shown in Figure 6, Katz reported using two equivalents of
iodine, excess propylene oxide, and an inert atmosphere was more effective in generating
twisted phenanthrenes.* In addition, Katz showed that other substituents—in his case,

bromine—could influence stereochemistry of the photocyclization product.’

Ry

Figure 6. The Katz reaction for photochemically generating phenanthrenes

More recently, in 2012, Wang et al. determined another method for the generation
of polycyclic aromatic compounds using heat. As shown in Figure 3 below, dicarbonyl
compounds can be converted into their corresponding bis(N-tosylhydrazone)s by reaction
with p-toluenesulfonyl hydrazide. The resulting compound can then be converted into its
corresponding phenanthrene through a carbene intermediate in the presence of three

equivalents of LiO7Bu, a catalytic amount of rhodium, and heat. °

R? R3
7 |
Rhy(OAC),, A N
— =
LiOtBu, toluene
‘ N
/\ R*

Figure 7. The Wang reaction for thermochemically generating phenanthrenes
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Like the previous methods, this approach maintains the flexibility in the choice of
substituent groups. In contrast, it provides an alternative method to those involving
photochemical techniques. The Wang method was preferred for use in experiments due to
the availability of reagents and the higher degree of success obtained with the available

apparatuses.

Previous Works

In the past, a variety of polycyclic aromatic compounds, such as helicenes, have
been synthesized. Helicenes are complex PAHs—which resemble extensions of
phenanthrenes—arranged in an angular fashion to form a helical shape. Carbohelicenes
have been synthesized through a variety of methods, including photocyclizations, Diels-
Alder reactions, Friedel Crafts-type reactions, metal-catalyzed cyclizations, and radical
cyclizations. In 1967, Martin et al. reported the first synthesis of heptahelicene (A) via
photochemical methods.®® Another relevant example is the synthesis of a helicenes (B)

using a radical double-cyclization approach, reported by Wang et al.®

-
e
OQ

A B

t-Bu

Figure 8. Previously synthesized helicenes
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Twisted phenanthrenes have also been synthesized in the past. For example,
Mannschreck et al. managed to synthesize a methyl-tert-butyl phenanthrene (Figure 9) in

1983 through a photochemical procedure similar to that used by the Mallory group.’

Figure 9. 2,4-dimethyl-5,7-bis-tert-butylphenanthrene

In 2013, James Shaum from Colby College synthesized 2,4-dimethyl-5,7-

diphenylphenanthrene (Figure 10) also using the Mallory reaction template.®

Figure 10. 2,4-dimethyl-5,7-diphenylphenanthrene

Shaum discovered that the degree of twist in the above phenanthrene was 30.3°. By
extension, it is expected that larger groups in the bay area would take up more volume,

inducing a larger degree of twist in the phenanthrene backbone.

14



Phenanthrene Characterization

One can quite easily determine the angle of twist by measuring the dihedral angle
about the bay area, as shown below in the phenanthrene scheme. The dihedral angles of
the bonds between the starred carbon atoms in Figure 11 can be a standard for measuring

the twisted nature of a given phenanthrene molecule.

Figure 11. Measurement of twist in phenanthrene via dihedral angles between starred
carbons.

Due to the chirality of twisted phenanthrenes, it is also possible to calculate the energy

barrier for the enantiomeric interconversion (Figure 12).

Figure 12. Enantiomeric interconversion of twisted phenanthrenes

15



Project Goals

In my project, I undertook the synthesis of 4,5-dibromophenanthrene and 4,5-bis-
tert-butylphenanthrene (Figure 13, 4 and 5, respectively) from their corresponding
dialdehyde compounds using the thermal method used by Wang’s group. The purpose
was to subject the phenanthrene compound to as much strain as possible while

maintaining its p-orbital overlap for aromaticity.

Br t-Bu

4 5
Figure 13. 4,5-dibromophenanthrene (4) and 4,5-bis-tert-butylphenanthrene (5)

Previous work on 4,5-dibromophenanthrene has been very limited and was only
referenced in one paper, which offered no synthesis methods or characterization of the
compound whatsoever.'! Therefore, synthesizing 4,5-dibromophenanthrene would add a
novel compound to the chemical database.

In addition, 4,5-bis-fert-butylphenanthrene is intriguing as the bis-zert-butyl
groups in such close proximity of each other could potentially create a molecular gear,
thereby restricting free rotation of each group. This obstructive interaction in the bay area
would lead to nondegenerate 'H NMR shifts for each methyl group in the zert butyl

groups, which normally have degenerate methyl signals.

16



Synthetic Plan
To synthesize 4,5-dibromophenanthrene (1), the Wang procedure was followed
for the most part other than the use of KO7Bu in lieu of LiOsBu, as shown in Figure 14.

R3

R3?

7

AN

Rhy(0Ac),, A
—_—
KOtBu, toluene

N
| /\

R4

Figure 14. Synthesis of 4,5-dibromophenanthrene

Making 4,5-bis-tert-butylphenanthrene is slightly more complicated. In 2011,
Biscoe et al. used a Kumada coupling procedure to react aryl bromides with terz-butyl

magnesium halides to form tert-butyl aromatic compounds as shown in the scheme

below.’
N t-Bu
t-BuMgCl NiCl, - (H20); 5
+ IM in THF -
(2 equiv)
- MeO

Figure 15. Exchange of a halide with a tertiary alkyl group—Biscoe et al.

Using the above process, 4,5-dibromophenanthrene can be converted into 4,5-bis-fer¢-

butylphenanthrene using the procedure from Biscoe’s group (Figure 16).

17



t-Bu

NiCly + (HyO) 5
—b..
t-BuMgCl
IM in THF
Br (4 equiv)
Br

Figure 16. Synthesis of 4,5-bis-tert-butylphenanthrene using the Biscoe et al. procedure.

Characterization Plan

Following the synthesis of 4,5-dibromophenanthrene and 4,5-bis-tert-
butylphenanthrene, these compounds were isolated and identified using a multitude of
spectroscopy tools. Then, single crystals were grown, and X-ray crystallography was
used to measure physical traits of these compounds such as: the degree of ring twist in the
phenanthrene. Lastly, computational analysis was performed to compare theoretical
models of phenanthrenes to the experimental results. To paint a more detailed picture of
these compounds, optimization and frequency calculations, and dihedral angle and
transition states measurements were conducted using the DFT B3LYP/6-31G (d) method
and basis set combination.'*

Working with twisted phenanthrenes can be fascinating and possibly daunting due
to the unlimited number of substituents one can add to the 4,5 position (bay area).
Synthesis of the above compounds offers physical insight into twisted phenanthrenes and

opens doors to other syntheses in the future.

18



Results & Discussion
Synthesis Results

To synthesize the two phenanthrene-based products (Figure 12), two different

pathways were used: Method 1 and Method 2 (Figure 17).

NH;

I
Br Br Br Br
1. NaNO; (aq)
Method 1 —_— 1

2. KI (aq)

3. Nagso 3 (aq)
1. "BuLi, Et,0
2. CuCl,

Br Br
1. LDA
Method 2 >

2. LiCl, CuBr 2

. Br
3. benzoquinone

1. "BuLi, hexanes
OHC

CHO 2. N,N-DMF
3. Hy,0*
1. TsNHNH, l

2. Rhy(OAc);, A 3
B
Br KOtBu, toluene Br '
Br
4
t-Bu. t-Bu
t-Bu
t-BuMgCl Br
IM in THF
(2 equiv)
NiCl, - (H;0); 5
5b 5
? Not formed

Figure 17. Complete Synthesis Pathway
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The first method begins with a two-step reaction of commercially available 2,6-
dibromoaniline into 2,6-dibromoiodobenzene (1) via a Sandmeyer-like reaction.'? The
synthesis of 1 was confirmed by GC/MS (m/z = 361.8) and 'H NMR spectroscopy, which
showed a triplet at 7.09, and a doublet at 7.55, which correspond to the two unique
protons on the benzene rings. In addition, the '*C NMR showed 4 shifts between 109.0
and 131.5, which correspond to the 4 unique carbons on the benzene rings.

Then, compound 1 was subjected to an Ullmann-like reaction involving a
bromine-lithium exchange to yield 2,2',6,6'-tetrabromo-biphenyl (2).!° The synthesis of 2
was confirmed by were GC/MS (m/z = 469.8) and '"H NMR spectroscopy, which showed
a doublet shift at 7.65 and a triplet at 7.15, which correspond to the two unique protons
on the benzene rings. In addition, the '*C NMR showed 4 shifts between 124.2 and 142.1,
which correspond to the 4 unique carbons on the benzene rings.

The second method is a more efficient one-pot procedure adapted from Perron et
al. and also involves an Ullmann-like reaction.'® Commercially available 1,3-
dibromobenzene undergoes aromatic deprotonation with the addition of lithium
diisopropylamide (LDA). The subsequent copper transmetallation with the addition of
CuBr and reductive elimination of Cu with the addition of benzoquinone yields the
tetrabromobiphenyl product (2). Although this latter method is more difficult to purify, it
was used over the former because it produced comparable yields to the first method and
also eliminated a whole step. The spectral results matched the results obtained from the
first method.

From 2, the two pathways converge into a two-step route to the synthesis of 4,5-

dibromophenanthrene. The next step involves a Bouveault aldehyde synthesis reaction

20



through the addition of an organolithium reagent and N,N dimethylformamide (DMF),
resulting in the dicarbaldehyde compound (3).!* The synthesis of 3 was confirmed by
GC/MS (m/z =367.8) and 'HNMR spectroscopy, which showed a singlet shift at 9.60
corresponding to proton of the aldehyde group, and a triplet at 7.55, doublet at 7.95, and
doublet at 8.05, which correspond to the protons located directly on the benzene rings. In
addition, 3C NMR showed 7 shifts between 125.5 and 189.5, agreeing nicely with the 7
unique carbons of 3.

From 3, compound 4 was synthesized through a rhodium(II)-catalyzed reaction
that involved the addition of bis(N-tosyl- hydrazone) and KO7Bu. As shown by the Wang
group, this procedure allows the formation of an intramolecular C=C bond through a
carbene radical intermediate.® The synthesis of 4 was verified via NMR spectroscopy,
which showed 4 multiplets between 6 7.40 and 7.80, which correspond to the 4 unique
protons on the phenanthrene rings. Similar to 3, 4 has 7 unique carbon shifts that
correspond to the protons of phenanthrene. GC/MS analysis showed a parent peak at m/z
=335.9, which corresponds to the molar mass of 4, and fragments at m/z = 255 and 176,
which correspond to 4 after it loses a bromine and two bromines, respectively, and the
melting point was found to be between 170-171 °C, which is well above the melting
point of phenanthrene (101 °C). Lastly, X-ray crystallography was used to find a crystal

structure and confirm the synthesis of 4, as shown in Figure 18.
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Figure 18. X-ray crystal structure of 4.

From the X-ray data, it was determined that the unit cell of 4 has the following
measurements: a = 16.812(3) A, b=28.6002(13) A, and ¢ = 8.1323(12) A, where a, b, and
c correspond to the lengths of the sides of the cell. The angles of the cell are: o =90°, B =
103.745(2)°, and y = 90°. Thus, the crystal was determined to have c-centered monoclinic

type cell packing with a volume of 1142.1 A3 and a refinement value of 2.41%.

From here, the synthesis of 4,5-bis-fert-butylphenanthrene was attempted with a
Ni-catalyzed Kumada cross-coupling between 4 and a Grignard reagent (1M solution of
t-butylMgCl). Biscoe et al. discovered through optimization reactions that specifically
hydrated NiCl,e(H20): s produced the most favorable yields.® From GC/MS analysis, it
was found that synthesis of 4,5-bis-tert-butylphenanthrene was unsuccessful. However,
trace amounts of 4-bromo-5-(tert-butyl)phenanthrene were detected via GC/MS (m/z =

312.0 and 314.0), but not isolated.

22



Figure 19 illustrates the different twisted phenanthrenes synthesized (attempted)
in Professor Thamattoor’s laboratory. More specifically, the following are the compounds

that I have worked with.

Br t-Bu t-Bu
Ph
4 5 5b 6

Figure 19. Comparison of Various Twisted Phenanthrenes

Computational Results

All geometry and optimization calculations were performed using Becke’s three
parameter hybrid density correlation functional of density functional theory (DFT)
established by Lee, Yang, and Parr (B3LYP) on Gaussian 09.!° More specifically, the 6-
31G(d) basis set was used for all geometry optimization and frequency calculations. The
optimized structures are shown in Figure 20.

Dihedral angles were measured using including C4 and C5 and the in between for,
4, 5, Sh, and 6. These four carbons were chosen because they best represented the twist
created by various substituents in each phenanthrene.

Transition state calculations were carried out with QST2 optimizations on the
optimized enantiomers of 4, 5, 5b, and 6 with the B3LYP/6-31G(d) method, but the
enantiomeric interconversion was only allowed for 4. These calculations were followed
up with frequency calculations to confirm imaginary normal modes of each transition

state.
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Figure 20. Optimized structures of various twisted phenanthrenes. Clockwise from the
top left: 2,4-dimethyl-5,7-diphenylphenanthrene, 4,5-dibromophenanthrene, 4-bromo-5-
tert-butylphenanthrene, and 4,5-bis-tert-butylphenanthrene.

The calculated and actual dihedral angles in the bay area of each phenanthrene are
listed in Table 1. Also, due to the chiral nature of twisted phenanthrenes, it is possible to
calculate the energy barrier for the enantiomeric interconversion of 4 (Table 2, Figure
21).

Table 1. Energies, and Calculated and Actual Dihedrals for 4-5b, and 6.
Compound Calculated Dihedral Actual Dihedral (°)

4 34.32° 32.8°
5b 36.76° n/a
5 47.32° n/a
68 30.08° 30.31°
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Table 2. Comparison of Transition State Energy Barriers for 4

Compound I Energy Barriers
4 20.3 kcal/mol
A
o] /4203, f
g / .
— pis
4] X \
3) : 3
> /! S
a5 4 ‘\\
o 0 ¢ — 0
g=i
=
(3] d J)
S 3
> Y "‘
J* ) é) 32 @ f"
d J d e I 2

Figure 21. Transition State for the Enantiomeric Interconversion of 4
Unfortunately, the energy barriers for S, Sb, and 6 could not be calculated due to
the steric restrictions in the phenanthrene bay area. Interestingly, the energy barrier for
4,5-dibromophenanthrene was not substantial: a slightly higher energy than what is

available at room temperature, indicating that the enantiomeric interconversion is not

very difficult.
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Conclusion/Future Work/Plot Twists

Under the reaction pathways and conditions of my research, 4,5-
dibromophenanthene (4) and possibly 4-bromo-5-tert-butylphenanthrene (5b) were
synthesized. However, it was determined that the reaction conditions were not optimal for
the synthesis and isolation of 4,5-bis-tert-butylphenanthrene (5).

Future syntheses pathways for 5 may include one that performs the Kumada
coupling with 3 before the rhodium(II)-catalyzed intramolecular C=C bond formation in
hopes that the smaller steric hindrance in 3 would allow for easier cross coupling with the
tert-butyl Grignard reagent. Another hope for the future is that other substituents, such as
adamantane and triptycene, may be added to the bay area of the phenanthrene to induce a

much larger twist and energy barrier for enantiomeric interconversion.
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Experimental

General Procedures

All manipulations were conducted at ambient pressure unless noted otherwise.
Tetrahydrofuran and diethyl ether was dried by passage through two columns (2 ft x 4 in)
of activated alumina. All solvents and reagents were used as obtained from commercial
sources. The synthesis of 1,3-dibromo-2-iodobenzene (1) and 4,5-dibromophenanthrene
(4) were carried out following literature procedures.'> ® All other reactions were carried
out under an argon atmosphere in oven dried glassware. Flash chromatography was
performed using a Teledyne ISCO Combiflash Rf 200 instrument on pre-packed silica gel
columns (70-230 mesh). NMR spectra were recorded at 500 MHz for 'H and 125 MHz
for 13C in the indicated solvents. NMR spectra were recorded at 500 MHz for 'H and 125
MHz for 13C in CDCls. The shifts are reported in § ppm and referenced to
tetramethylsilane (TMS). Infrared spectra were recorded on a Perkin-Elmer Spectrum
One FT-IR Spectrometer and analyzed with OPUS software. Melting point data were
recorded with the OptiMelt Automated Melting Point System. GC/MS data were obtained
with a capillary gas chromatograph interfaced with a quadrupole, triple-axis mass

selective detector operating in the electron impact (EI) mode.
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Synthesis Methods

1.3-dibromo-2-iodobenzene (1). '?

NH, I

Br Br Br Br

To a milky white suspension of 2,6-dibromoaniline (13.1 g, 52.5 mmol) in 12 M HCI (50
mL) at 0 °C, a solution of NaNO; (4.0 g, 58 mmol) in H>O (30 mL) was added drop wise
producing an orange color and heat. Then, this mixture was stirred for 2 hrs. Another
batch of NaNO; (1.0 g, 15 mmol) in 20 mL of H>,O was added to the mixture and stirred
for 45 min. Then, over 15 min, this yellow-orange reaction mixture was slowly added to a
solution of KI (86.1 g, 519 mmol) in H>O (130 mL), at 0 °C producing a foamy maroon
solution. The solution was warmed to room temperature and stirred for 16 h and 30 min,
yielding a black solution. To this mixture, a solution of Na>SOs3 (7.1 g, 57 mmol) in H2O
(55 mL) was added, producing a clear yellow mixture. The addition of 100 mL of CH2Cl
and 2 h of stirring returned the solution to a red color. The dichloromethane layer was
separated and the aqueous layer was extracted with CH2Cl> (4 x 50 mL). Then, the
combined organic layers were washed with brine (3 x 50 mL) and dried over MgSO4. The
resulting solid was then recrystallized in hexanes to yield 1 as red crystals (13.6 g, 37.9
mmol, 72.2%). mp: 97-98 °C; 'H NMR (500 MHz, CDCls) § 7.09 (t, 1H), 7.55 (d, 2H).
B3C NMR (125 MHz, CDCls) § 131.5, 131.0, 130.0, 109.0. LRMS (EI) m/z 361.8 (M"),

234.9.
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2.2'.6.6'-Tetrabromo-biphenyl (2). '°

Br
Br

Br
Br

A solution of "BuLi (2.5 M in hexanes, 43.2 mmol, 17.2 mL) was added dropwise to a
maroon solution of 1,3-dibromo-2-iodobenzene (15.8 g, 43.6 mmol) in Et,O (300 mL) at
-78 °C. This mixture was stirred at -78 °C for 2 h. Then, anhydrous CuCl; (17.4 g, 129
mmol) was added and stirred at -78 ° C for 2h, producing a dark brown solution, before
allowing the mixture to warm to room temperature. Cold water (300 mL) was added and
the mixture was stirred until all brown residues disappeared. The ether layer was
separated, and the aqueous layer was extracted with Et,O (3 x 250 mL) and toluene
(100mL). The combined organic layers were dried over Na>SOg4, and the solvent was
evaporated. The resulting solid was recrystallized from boiling cyclohexane to afford 2 as
a brown solid (2.2 g, 4.7 mmol, 22%). mp: 217-218 °C; '"H NMR (500 MHz, CDCl3) &
7.65 (d, 4H), 7.15 (t, 2H). 3*C NMR (125 MHz, CDCls) § 142.2, 132.0, 131.0, 124.2

LRMS (EI) m/z 469.8 (M), 388.8, 309.9, 150.0.

Subsequently, a more efficient procedure was adapted to synthesize 2,2',6,6'-tetrabromo-

biphenyl as demonstrated below.
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2.2'.6.6'-Tetrabromo-biphenyl (2). '°

Br
Br

Br Br

Br
Br

A solution of "BuLi (2.5 M in hexanes, 57.5 mmol, 23 mL) was added over 10 min. to a
degassed solution of diisopropylamine (7 mL, 50 mmol) and THF (100 mL) at -78 °C
and stirred for 1 h. Then, 1,3 dibromobenzaldehyde (50 mmol, 6 mL) was added at the
same temperature and stirred for 2 h, producing a milky yellow solution. Then, CuBr (3.6
g, 25 mmol) and LiCl (1.3 g, 30. mmol) were added and stirred for 2 h, instantly
producing a turquoise hue. Subsequently, benzoquinone (8.2 g, 76 mmol) and THF (10
mL) were added and stirred for 1 h before the reaction mixture was warmed to room
temperature overnight, producing a deep violet color. The reaction was quenched with
distilled water (50 mL) and the aqueous layer was extracted with dichloromethane (3 x 50
mL). mp: 217-218 °C; '"H NMR (500 MHz, CDCls) § 7.65 (d, 4H), 7.15 (t, 2H). 1*C
NMR (125 MHz, CDCls) § 142.1, 132.1, 131.0, 124.2. LRMS (EI) m/z 469.8 (M"),

388.8, 309.9, 150.0.
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6.6'-dibromo-[1,1'-biphenyl]-2.2'-dicarbaldehyde (3). !

To a light brown solution of 2 (1.8 g, 3.9 mmol) in dry THF (350 mL), "BuL.i solution in
hexanes (2.5 M, 7.35 mL, 18.3 mmol) was added at -78 °C under Argon, and the mixture
was stirred for 2 h at -78 °C. Then, to this solution, N,N-dimethylformamide (1.4 mL, 18
mmol) was added and stirred 30 min at -78 °C. After addition of saturated NH4Cl (50
mL), the mixture was warmed up to room temperature over 1 h. The organic layer was
isolated and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined
organic layers were washed with 1 M HCI (2 x 50 mL) and brine (100 mL). Then, the
organic layer was dried over MgSO, and filtered. The solvent was evaporated, and the
crude product was purified by silica gel column chromatography to give the dialdehyde,
3, as a yellow solid (477 mg, 1.29 mmol, 33.6%). mp: 117.5-122.5 °C 'H NMR (500
MHz, CDCl3) § 7.55 (t, 2H), 7.95 (d, 2H), 8.05 (d, 2H), 9.60 (s, 2H). '*C NMR (125
MHz, CDCI3) 6 189.5, 140.1, 138.0, 136.0, 130.5, 128.5, 125.5. LRMS (EI) m/z 367.8

(M), 289.0, 259.0, 180.0.
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4.5-dibromophenanthrene (4). °

OHC
CHO

Br
Br Br

The dialdehyde compound, 3, (107 mg, 0.291 mmol), p-toluenesulfonyl hydrazide (114
mg, 0.615 mmol), and toluene (2 mL) were successively added to a flame-dried flask
under argon. The milky white mixture was heated at 60 ° C and stirred for 10 min. Then,
toluene (14 mL) was added, and the solution was cooled to room temperature. Then, 4 A

molecular sieves (100 mg), KOtBu (100. mg, 0.891 mmol), Rh,(OAc), (2 mg, 0.0045

mmol), and toluene (14 mL) were added successively. The reaction system was degassed
with argon and the resulting solution was stirred at 90 ° C for 1 h, producing a deep
brown-red color after 20 min. The mixture was then cooled to room temperature and the
crude product was purified by silica gel column chromatography to give 4, as colorless
crystals (24 mg, 0.071 mmol, 24%). mp: 170-171 °C; 'H NMR (500 MHz, CDCl3) & 7.40
(m, 1H), 7.50 (m, 1H), 7.70 (m, 1H), 7.80 (m, 1H). 3C NMR (125 MHz, CDCI3) § 135.0,

132.1,129.2, 128.0, 127.0, 126.0, 122.1. LRMS (EI) m/z 335.9 (M"), 255, 176.
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4-bromo-5-tert-butylphenanthrene (5b). °

Br

Br

To a degassed mixture of 4 (57 mg, 0.16 mmol) and NiCl,e(H20)1.5 (2.7 mg, 0.017
mmol) and 1,3-bis(cyclohexyl)imidazolium tetrafluoroborate (5.4 mg, 0.016 mmol), a
solution of ~-BuMgCl (1M in THF, 0.68 mL, 0.68 mmol) was slowly added at -10 °C,
producing a light yellow color. The mixture was stirred for 2 h, inducing a color change
to a dark forest green. Ice chips were added to quench the reaction, and after the mixture
warmed to room temperature, a solution of saturated NH4CI (10 mL) was added. Then,
the aqueous layer was extracted with ethyl acetate (3 x 10 mL), and the combined organic
layers were washed with brine (10 mL). The isolated organic layer was then dried over
NazSO4. The crude product was then purified by silica gel column chromatography.

LRMS (EI) m/z 312.0, 314.0 (M").
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Computational Procedures

All geometry and optimization calculations were performed using Becke’s three
parameter hybrid density correlation functional of density functional theory (DFT)
established by Lee, Yang, and Parr (B3LYP) on Gaussian 09.'° The 6-31G(d) basis set
was used for all geometry optimization and frequency calculations. Dihedral angles were
measured between C4 and C5 for all phenanthrene molecules.

Transition state calculations were carried out with QST2 optimizations on the
optimized enantiomers of 4, 5, Sb, and 6 with the B3LYP/6-31G(d) method, but only that
for 4 was possible. These calculations were followed up with frequency calculations to

confirm imaginary normal modes of each transition state.
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Appendix A: Spectral Data (GC/MS, NMR, Melting Point,
IR, X-Ray Data)

1,3-dibromo-2-iodobenzene (GC/MS, 'H NMR,
BCNMR). ..ot i
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BCNMR). ..o, \%

OHC
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Br
Br
3
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GC/MS spectrum for 1,3-dibromo-2-iodobenzene (1)
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"H NMR spectrum for 1,3-dibromo-2-iodobenzene in CDCl5 (1)
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13C NMR spectrum for 1,3-dibromo-2-iodobenzene in CDCl; (1)
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GC/MS spectrum for 2,2',6,6'-Tetrabromo-biphenyl (2)
Abundance TIC: NK031716005.D\data.ms
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'"H NMR spectrum for 2,2',6,6'-Tetrabromo-biphenyl in CDCl; (2)
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13C NMR spectrum for 2,2',6,6'-Tetrabromo-biphenyl in CDCl; (2)
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GC/MS spectrum for 6,6'-dibromo-[ 1,1'-biphenyl]-2,2'-dicarbaldehyde (3)
Abyndance TIC: NK021616002.D\data.ms
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"H NMR spectrum for 6,6'-dibromo-[1,1'-biphenyl]-2,2'-dicarbaldehyde in CDCl; (3)
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13C NMR spectrum for 6,6'-dibromo-[1,1'-biphenyl]-2,2'-dicarbaldehyde in CDCl; (3)
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GC/MS spectrum for 4,5-dibromophenanthrene (4)

Abundance TIC: NK041216002.D\data.ms
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"H NMR spectrum for 4,5-dibromophenanthrene in CDCl5 (4)
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13C NMR spectrum for 4,5-dibromophenanthrene in CDCl; (4)
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IR spectrum for 4,5-dibromophenanthrene (4)
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Crystal Structure Report for 4,5-dibromophenanthrene (4)

A clear colourless block hexago-like specimen of C7HsBr, approximate dimensions
0.070 mm x 0.110 mm x 0.250 mm, was used for the X-ray crystallographic analysis. The X-
ray intensity data were measured.

The total exposure time was 10.27 hours. The frames were integrated with the Bruker
SAINT software package using a narrow-frame algorithm. The integration of the data using a
monoclinic unit cell yielded a total of 4359 reflections to a maximum 6 angle of 26.45° (0.80
A resolution), of which 1171 were independent (average redundancy 3.722, completeness =
99.6%, Rint = 1.81%, Rsig = 1.58%) and 1043 (89.07%) were greater than 26(F?). The final cell
constants of a = 16.812(3) A, b =8.6002(13) A, ¢ = 8.1323(12) A, p = 103.745(2)°, volume =
1142.1(3) A3, are based upon the refinement of the XY Z-centroids of 2282 reflections above
20 o(I) with 4.988° <26 < 52.89°. Data were corrected for absorption effects using the multi-
scan method (SADABS). The ratio of minimum to maximum apparent transmission was
0.710. The calculated minimum and maximum transmission coefficients (based on crystal
size) are 0.2710 and 0.6380.

The final anisotropic full-matrix least-squares refinement on F? with 73 variables
converged at R1 = 2.41%, for the observed data and wR2 = 6.39% for all data. The goodness-
of-fit was 1.101. The largest peak in the final difference electron density synthesis was 0.625
e/A% and the largest hole was -0.247 /A3 with an RMS deviation of 0.087 e/A3. On the basis
of the final model, the calculated density was 1.966 g/cm? and F(000), 656 ¢".

Table 1. Sample and crystal data for 4.

Identification code 4
Chemical formula C7HsBr
Formula weight 169.02 g/mol
Temperature 173(2) K
Wavelength 0.71073 A
Crystal size 0.070 x 0.110 x 0.250 mm
Crystal habit clear colourless block hexago
Crystal system monoclinic
Space group Cl2/kcl1
Unit cell dimensions a=16.812(3) A a=90°
b =28.6002(13) A B =103.745(2)°
c=8.1323(12) A vy =90°
Volume 1142.13) A®
Z 8
Density (calculated) 1.966 g/cm®
Absorption coefficient 7.063 mm!
F(000) 656
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Crystal Structure Report for 4,5-dibromophenanthrene (4) continued

Table 2. Data collection and structure refinement for 4.

Theta range for data collection 2.49 to 26.45°
Index ranges -20<=h<=20, -10<=k<=10, -9<=I<=10
Reflections collected 4359
Independent reflections 1171 [R(int) = 0.0181]
Coverage of ipdependent 99 6%
reflections
Absorption correction multi-scan
Max. and min. transmission 0.6380 and 0.2710
Refinement method Full-matrix least-squares on F?
Refinement program SHELXL-2014/7 (Sheldrick, 2014)
Function minimized T w(Fo? - FP)?
Data / restraints / parameters 1171/0/73
Goodness-of-fit on F? 1.101
Final R indices 1043 data; I>20(I) R1=0.0241, wR2 =0.0614
all data R1=0.0288, wR2 =0.0639
1 [=2(E 2 2
Weighting scheme w—l/[cw(llf grggg(%igfigcg};l 88P]
Largest diff. peak and hole 0.625 and -0.247 eA
R.M.S. deviation from mean 0.087 eA

Table 3. Atomic coordinates and equivalent isotropic atomic displacement parameters (A?)
for 4.

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

x/a y/b z/c U(eq)
Brl 0.41184(2) 0.94244(3) 0.60763(3) 0.03213(12)
C1 0.31148(17) 0.6252(4) 0.8762(4) 0.0376(7)
C2 0.33324(16) 0.7628(3) 0.8066(3) 0.0324(6)
C3 0.40451(15) 0.7693(3) 0.7505(3) 0.0254(5)
C4 0.45980(15) 0.6426(3) 0.7685(3) 0.0238(5)
C5 0.42911(16) 0.4985(3) 0.8160(3) 0.0273(5)
C6 0.35698(17) 0.4942(4) 0.8744(4) 0.0338(6)
C7 0.46864(17) 0.3553(3) 0.7881(3) 0.0336(6)
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Crystal Structure Report for 4,5-dibromophenanthrene (4) continued

Table 4. Bond lengths (A) for 4.

Brl-C3
Cl1-C2
C2-C3
C3-C4
C4-C4
C5-C7
C7-C7

Table 5. Bond angles (°) for 4.

1.911(3)
1.397(4)
1.381(4)
1.417(3)
1.453(5)
1.443(4)
1.344(6)

C6-C1-C2  119.6(3)
C2-C1-H1 120.2
C3-C2-H4 120.0
C2-C3-C4  122.3(2)
C4-C3-Brl  121.76(18)
C3-C4-C4  126.75(16)
C6-C5-C4  120.7(3)
C4-C5-C7  119.2(2)
C1-C6-H2 119.5
C7-C7-C5  120.90(16)
C5-C7-H3 119.6

C1-C6  1.364(5)
C1-HI 0.95
C2-H4 0.95
C4-C5  1.430(4)
C5-C6  1.404(4)
C6-H2 0.95
C7-H3 0.95
C6-C1-H1 120.2
C3-C2-C1  120.0(3)
C1-C2-H4 120.0
C2-C3-Brl  114.76(19)
C3-C4-C5  115.1(2)
C5-C4-C4  117.98(16)
C6-C5-C7  119.8(3)
C1-C6-C5  120.9(3)
C5-C6-H2 119.5
C7-C7-H3 119.5

Table 6. Torsion angles (°) for 4.

C6-C1-C2-C3
C1-C2-C3-Brl
Br1-C3-C4-C5
Br1-C3-C4-C4

C4-C4-C5-Co

C4-C4-C5-C7

C4-C5-Ce6-C1

C6-C5-C7-C7

-5.9(4)
164.5(2)
-154.62(18)
20.3(4)
171.7(3)
-14.2(4)
4.6(4)
171.3(3)

CI1-C2-C3-C4
C2-C3-C4-C5
C2-C3-C4-C4
C3-C4-C5-C6
C3-C4-C5-C7
C2-C1-Ce6-C5
C7-C5-Ce6-Cl
C4-C5-C7-C7

Xvii

-3.3(4)
12.3(3)
-172.7(3)
-12.9(3)
161.3(2)
5.2(4)
-169.5(2)
-2.8(4)



Crystal Structure Report for 4,5-dibromophenanthrene (4) continued

Table 7. Anisotropic atomic displacement parameters (A?) for 4.
The anisotropic atomic displacement factor exponent takes the form: -2n°[ h? a™ Uy,
+..+2hka" b U]

Un Uz Uss Uas Uiz Uiz
Brl 0.03698(19) 0.02313(17) 0.03713(19) 0.00530(10) 0.01051(12) 0.00638(10)
C1 0.0276(14) 0.0502(18) 0.0370(15) -0.0020(13) 0.0117(11) -0.0097(13)
C2 0.0275(13) 0.0355(15) 0.0337(14) -0.0023(11) 0.0064(10) 0.0010(11)
C3 0.0285(12) 0.0215(12) 0.0255(12) -0.0008(9) 0.0048(9) -0.0016(10)
C4 0.0269(12) 0.0209(12) 0.0215(11) -0.0014(9) 0.0016(9) -0.0014(9)
C5 0.0306(13) 0.0237(12) 0.0237(12) 0.0019(10) -0.0016(10) -0.0038(10)
C6 0.0352(15) 0.0333(15) 0.0310(14) 0.0039(12) 0.0043(11) -0.0113(12)
C7 0.0460(16) 0.0187(13) 0.0318(14) 0.0021(10) 0.0010(11) -0.0040(11)

Table 8. Hydrogen atomic coordinates and isotropic atomic displacement
parameters (A2) for 4.

x/a y/b z/c U(eq)
H1 0.2653  0.6229  0.9244  0.045
H4 0.2990 0.8518 0.7978  0.039
H2 03396 03987 09131 0.041
H3 04501 0.2596  0.8240 0.04
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GC/MS spectrum for 4-bromo-5-fert-butylphenanthrene (5)

Abundance TIC: NK042016002.D\data.ms
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Appendix B: Computational Results
Gaussian Optimization Structures and Outputs

2,4-dimethyl-5,7-diphenylphenanthrene (6)...............cccceiiiiiiii e XX

4,5-dibromophenanthrene (4).........o.eiiniiiiniii e XXiil
4-bromo-5-tert-butylphenanthrene (Sb)...........coooiiiii i XX1V
4,5-bis-tert-butylphenanthrene (5)..........cooviiiiiiiii e XXVi

Transition State Structure and Output

Transition state of 4,5-dibromophenanthrene (4)...........ccovvviiiiiiiiiiiii i, XXViil

XX



Computational Results

2,4-dimethyl-5,7-diphenylphenanthrene (6):

Zero-point correction=
Thermal correcticn to Energy=
Thermal correcticon to Enthalpy=

Thermal correcticon to Gibbs Free Energy=
Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum

of

electronic

and

thermal Free Energies=

xx1

o O O O

.303588
.315127
L320071
.261396

—-809.
—-809.
-809.
-809.

(Hartree/Particle)

582220
566681
565737
624412



Output Orientation

Center Atomic Atomic Coordinates (Angstroms)
Mumbet Mumbet Type H i Fa
1 B ] =5, 712607 -3,421932 1, 096336
2 B 0 -4,389953 -3,307136 -0,230949
3 B 0 -3.806610  -2,124085  -0,652624
4 B 0 -4,599062  -0,931638  -0,712628
5 B 0 -5,902931  -0,988272  -0,114420
& B 0 -6.437366  -2,231767 0, 234837
7 B 0 —2,388300  -2,063471  -0,867580
a8 B 0 -3,987653 0,209939 -1,318006
3 B 0 -2,004717 0,318497  -1,358936
10 = 0 -1,780995  -0,863198 -1,093485
11 = 0 -1,894855 1.497581 -1,764043
12 1 0 —0, BOFEI0 1.520195  -1,746749
13 = 0 -2, 617493 2.580782  -2,221622
14 E 0 -4, 005193 2,.456282 -2,36B6E051
15 E 0 -4, TO2301 1,319147 -1,961320
16 1 0 -1, 807742 -2,967200 -0, 7E7396
17 1 0 -6,.164450 -4, 370073 0, 375165
18 1 0 -3, 77638 -4,248783 -0,294219
19 1 0 7. 417695 -2, 2618594 0, 7O0Eas
20 1 0 -0,698573  -0,794506 -1,176133
21 1 ] -2, 114574 2.490388 -2, hEV2RY
22 1 ] o s 2.25072 -2,80105E
23 B ] -6,6E1194 0, 206552 0,359541
24 B ] -8,058349 (1, 280163 0, 224863
20 B ] -6, 003752 1,237359 1,056663
26 B ] -8.777350 1, 350659 0,754339
27 1 ] -8, 581556 -0,493087  -0,323054
28 B ] -6,728183 Z2,309374 1.580544
23 1 0 -4,933385 1,1592393 1.192681
30 B 0 -8, 115095 2.373239 1.435635
a1 1 0 -9, 856336 1,388347 0, 627967
22 1 0 -6, 201906 3093121 2.124276
33 1 0 -8,.673523 3.209323 1.847971
34 B 0 -6, 155340 1.234464 -2,381221
35 1 0 -6, 822627 1.790893  -1,716685
36 1 0 -6, 2059881 1,662603  -3,384672
v 1 0 -6,512425 0,203132  -2,420651
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4,5-dibromophenanthrene (4):

(Angstroms)

[+ TS B R ) BT O PR T L S

T N T R = =y S
WhN 2o Wm0 & Wik 2 oW

24

| e e e e e e 0 T T T e T O & T T O T T 6 A R S A T I

L
n

35

Output Orientation
Coordinates
X Y

-4.867020 -3.134558
-3.496810 —-3.080100
=-2.799727 -1.863894
-3.510996 —-0.642590
-4.876677 -0.785361
-5.550392 -1.992210
-1.3632100 -1.861675
—-2.754251 0.605910
-1.343027 0.540797
-0.680103 -0.733865
-0.587832 1.721697

0.472721 1.636273
-1.173245 2.961425
-2.501038 3.03816l
—-3.255149 1.884112
-0.844667 —-2.807073
-5.405579 -4.069234
—-2.529878 —-3.9811%28
-6.595783 —-2.051469

0.397561 —-0.755794
-0.594248 3.871507
—-2.931596 3.992055
-5.815871 0.555553
—-4.879376 2.093652

.180456
347322
189273
.045716
.408283
260039
.134474
.001015
L237646
.186014
.396375
617729
228986
218917
.366160
L2T1228
.30B533
.5659867
.541265
. 325357
.353796
.5000186
.401358
.364007

xx1il



Zero—point correction=

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic
Sum of electronic
Sum of electronic

Sum of electronic

Energy=
Enthalpy=

and
and
and
and

Gibbs Free Energy=
zero—point Energies=
thermal Energies=
thermal Enthalpies=

thermal Free Energies=

.173861
.186284
.187228
.133705
-5681.
-5681.
-5681.
-5681.

(Hartree/Particle)

o o o o

546017
533594
532650
586172

4-bromo-5-tert-butylphenanthrene (Sb):

Zero—point correction=
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electranic and
Sum of electranic and
Sum of electronic and
Sum of electronic and

Energuy=

Enthalpy=

Gibbz Free Energuy=
zero—point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

XX1V

0,297353 (Hartree/Particle)
0,313610
0,3140054
0,254750
-3267 . 557416
-3267 . 541159
-3267 ., 040214
3267 600013



Output Orientation

Center Atomic Atomic Coordinates [Angstroms)
Humber Humber Type kS i il
1 B ] -H,644491  -4,593397 -1, 265EVH
2 B ] -4,369517 —-4,643307 -0,741183
3 B 0 -3, 7f6ROE  —3,481203  -0,224393
q B ] -4, 461323 -2, 222V06 —0,239937
] B ] =L, 873005 -2, 248838 -0,538113
G G ] -6,394402  -3,421828 -1.099936
7 G ] -2,0h16992  -3.56R122 (0, 465936
a B ] -3,610269 -1,039173 -0,112129
q B ] -2,.426953 -1,158208 (,681516
10 B ] -1,936839  -2,468022 1,012147
11 B ] -1,6h3818  -0,018102 1,000689
12 1 ] -0,792887 -0,1392/3 1,64R445
13 B ] -1.,957524 1,214097 0,451974
14 B ] -2.981073 1,307733  —0,5013381
15 B ] -3, TE1E30 (0,138523 -0, FEEERT
16 1 ] -2,073231 -4,.500645 0,592013
17 1 ] -6,103502 -G 472003 -1, 710606
13 1 ] -3. 814148 -L,5EEF07 -0, 708336
13 1 ] =7.A450173 -3,463043 -1,347220
20 1 ] -1,028181 -2.546633 1,603213
21 1 ] -1,360431 2,089367 0, E690243
22 1 ] -3,144263 2,229869 -1,048264
23 B ] -6,9%4276 -1,Z27E306 0, 0E0342
24 B ] -7 B738EE -2,111145 1.159935
20 1 ] -8,164500  -3,002748 Q,7h2167
26 1 ] -6,974161  -2,437605 1.932404
27 1 ] -8.450893 -1.497625 1.641680
28 B ] -6,431612  -0,020239 Q,783430
29 1 ] -h,BE10FY -0, 261493 1,.522012
a0 1 ] -6, 037000 0, 728196 Q,098327
a1 1 ] -7 . 268924 0, 440436 1,320569
32 B ] -8,004269  -0,833824  -0,5336151
a3 1 ] -8, 7R7E20  -0,28228 -0, 502303
a4 1 ] =7 hd3hdE -0, 253269 -1, 788582
ah 1 ] -8.0521969 -1,6889743 -1,442067
36 35 ] -4, 911600 0371391 -2,317228
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4,5-bis-tert-butylphenanthrene (5):

Zero-point correction= 0,420615 (Hartree/Particle)
Thermal correction to Energy= 0,440734

Thermal correction to Enthalpy= 0,441728

Thermal correction to Gibbs Free Energu= 0374742

Sum of electronic and zero-point Energies= -803,005h196

Sum of electronic and thermal Energies= -803, 030029

Sum of electronic and thermal Enthalpies= -803,034084

Sum of electronic and thermal Free Energies= -803,E01071

XXV1



Output Orientation

Center Atomic Atomic Coordinates (Angstroms)
Humber Humbet Tupe kA f il
1 B 0 -6,248218 -4,791512 0, 002559
g B ] -4,886877  -4,832204 0, 232556
3 B ] -4,121942  -3,BhB5212 0, 109453
4 B ] -4,7BE2R2  -2,396098 -0,133814
5 B 0 —-£,084515  -2,433352 -0,710021
E B 0 -£,807802 -3,B26306  -0,5400E9
7 B 0 -2.634014  -3.721866 0, 085703
8 B 0 -3,990004  -1,197567 0,1365a12
g B ] -2,007570 1,301l -0, 152036
10 B ] -1,951373  -2,61b380 -0,199752
11 B ] -1,7hdags  -0,163557  -0,240138
12 1 0 -0,705234 -0,2060245 -0,520634
13 B 0 -2,234469 1.075802 0,074143
14 B 0 -3,570445 1,128536 [, BhBaaz
15 B 0 -4,339508 0,011187 0, 7aE107
16 1 0 -2,213384 -4,695915 0,194191
17 1 ] -6,860204  -h,EB1142 0,124329
18 1 ] -4,385417  -b,765936 0475172
19 1 ] 7821171 -3,.BB83ER  -0,922603
20 1 0 -0,876704  -2,B7EEE1  -0,3h2357
21 1 0 -1.702515 1.383400 -0, 014667
22 1 0 -3,882316 2,076125 1,073207
23 B 0 -5,503E07a 0049623 1,066558
24 B ] -0, 443441 1,337504 2,720213
25 1 ] -4,454801 1,468116 3,172330
26 1 ] -5,683199 2,228584 2,14401E
27 1 0 -6.174317 1.272515 3,033214
2a B 0 —-6,B02773  -1,483590 -1,840023
29 B 0 -2,1256506 -1.217EY0 -1,779171
a0 1 0 -8,415220 -0,620191  -Z,6001819
31 1 0 -8,719030  -2,136182 -1,812010
32 1 ] -2,414433  -0,BE04923 -0,384803
33 B ] -h,887863 -0,127773 -1,986876
34 1 ] -6, 045272 0033683 -1,136159
35 1 0 -4,808932 -0,243852 -Z2,12485%
a6 1 0 -6, 2823023 0.A76581  -2,87E3E2
av B 0 -6,315474  -2,262690  -3,1087E3
24 1 0 -£,8005026  -2,214357  -Z,190837
39 1 ] -6,625157  -1,B63505 -4, 024187
40 1 ] -h,246292 -2,479259 -3,209448
41 B ] -5,301970  -1,138426 2,836748
42 1 0 -4,230533 -1,105793 3. 207626
43 1 0 -6,016833  -1,083384 3,BBE335
44 1 0 -5,430602  -2,1040604 2,343419
45 B 0 -6,933139 -0,022061 1,349563
4f 1 ] -7, 213862 0, 808297 0673653
47 1 ] -7,182028 -0,961709 0,836793
43 1 ] -7, B7O037 0044211 2,198568

XXVii



Transition State of 4,5-dibromophenanthrene (4):

Zero-point correction=

Thermal correction to
Thermal correction to
Thermal correction to

Sum
Sum
Sum
Sum

of
of
of
of

electronic
electronic
electronic
electronic

and
and
and
and

(Hartree/Particle)

(Angstroms)

00 -1 gy L1 W R

I R e e = T = = T = S e
LW T o I S W o O Y O 3 ST 5O P Y % I S s B

24

L

BT R e T = T e N N R S s e S s B B e B B e O« O O

0.174094
Energy= 0.185841
Enthalpy= 0.186785
Gibbs Free Energy= 0.133371
zero—-point Energies= -5681.512880
thermal Energies= -5681.501132
thermal Enthalpies= -5681.500188
thermal Free Energies= -5681.553602
Output Orientation
Atomic Coordinates
Type X T
0 —-3.596356 1.164715
0 —2.7486274 2.219854
0 -1.382476 2.022602
0 -0.751594 0.714999
0 -1.720339 -0.343751
0 —3.060455 —0.109451
0 -0.668935 3.250343
0 0.7329019 0.718321
0 1.3272876 2.028746
0 0.648160 3.253281
0 2.752622 2.232127
0 3.109217 3.256382
0 3.618612 1.180817
0 3.073270 —-0.095761
0 1.711866 -0.336099
0 —-1.222821 4,178389
0 —4.644830 1.3017%6
0 -3.101375 3.242518
0 —-3.705258 —-0.5568482
0 1.197255 4.,183783
0 4.682927 1.322813
0 3.724003 —-0.951899
0 -1.545753 —2.261985
0 1.508710 —-2.255178

.751798
.557999
.250950
106643
.291267
.608650
.098118
179304
277651
.154575
.496902
.549392
.632272
.568020
.367117
202266
.997376
.642110
L.T38397
.262114
LT792021
.686824
.152849
.432801
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