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Abstract

In Chapter 1, tetrahydroxydiboron (B2(OH)4)) is shown to effect 2 novel reductions
involving palladium. First, we demonstrate a novel synthesis of Pd(P'Bus). using B2(OH)4 as a
reducing agent. Next, | discuss the attempted development of the diboron(4) reagent mediated
homogeneous system for the hydrogenation of olefins catalyzed by Pd(P'Bus)z, which was
unsuccessful. Subsequently, | found and developed a Pd/C catalyzed deoxygenation of aromatic
ketones in which B2(OH)s is the sole reductant and hydrogen atom donor. | demonstrated the
hydrogen atoms originating on the hydroxyl moieties of Bo(OH)4 were incorporated into the final
deoxygenated product, which had never been demonstrated previously. A small scope of
deuterated products is presented using the deuterated B>(OD)4. A key intermediate postulated to
be a borate ester was identified and a putative mechanism is proposed, including a key
hydrogenolysis of a borate ester.

In Chapter 2, | disclose attempts to synthesize thermally responsive emissive compounds
based on the TM-DBCOD scaffold. The unique ability of the DBCOD scaffold to exist stably in
both the Boat and Chair conformers allows for the potential to design thermally responsive
materials. | attempted to exploit this conformational change to reversibly form a species capable
of excimer formation based on the spatial separation of the pendant excimer formers, both
anthracene and pyrene. Three novel compounds with pendant anthracene or pyrene were
synthesized and examined for their photophysical properties. These compounds were designated
1-PyreneAmide, 1-AnthraAmide, and 2-AnthraAmide. 1-PyreneAmide exhibited exclusively
excimer emission, indicating spatial separation of ~10A could not be achieved in this system,
regardless of temperature. 2-AnthraAmide exhibited an interesting dependence on solvent polarity
indicating an end-to-end overlap excimer may be forming, as a function of solvent polarity.
Additionally, 2-AnthraAmide was shown to isomerize into the intramolecular [4+4] photo isomer.
Thermal reversion of the proposed photo isomer was observed. Initial results were collected on
the 1-AnthraAmide showing probable excimer formation, but further experiments are needed to
characterize its behavior.

In Chapter 3, | discuss two side projects arising from observations made in the chapter 1
work. First, I discuss the development of a hydride mediated palladium catalyzed hydrogenation
of alkenes. A combination of potassium tertbutoxide and pinacol borane effectively mediated
hydrogenation of C=C bonds under palladium catalysis. I demonstrated the addition of a
stoichiometric oxidant allowed for closure of the catalytic cycle. Next, I discuss the isolation and
identification of a benzo oxetane product discovered during the diboron(4) mediated
deoxygenation of aromatic ketones work.

viii



Chapter 1. Diboron(4) mediated reductions involving palladium
Abstract

The following dissertation chapter discusses the use of tetrahydroxydiboron (B2(OH)4) as
an effective reducing agent in the synthesis of Pd(P'Bus).. This novel preparation of Pd-
(P'Bus), offers bench chemists a convenient synthesis of this useful catalyst. A diboron
mediated palladium catalyzed deoxygenation of aromatic ketones was developed,
intermediates identified, and a reaction pathway proposed. In this chemistry, the sole
reductant and hydrogen atom donor is B2(OH)a.

Introduction to diboron(4) compounds

g S

|
/B‘ /B\ HO\ /B\
O-g-%-0 O~g-B~0 5-B0H

@,o >§(a b

Bis(catecholato)diboron Bis(pinacolato)diboron  Tetrahydroxydiboron
B,(cat), B,(pin), B2(OH)4
MW - 237.81 MW - 253.94 MW - 89.65

Figure 1.1. The structure of tetrahydroxydiboron, bis(pinacolato)diboron, and bis(catecholato)
diboron

Diboron tetrachloride was synthesized in 1925 by striking an arc across zinc
electrons immersed in boron trichloride and isolation in 1% yield. Thankfully since then
more efficient routes have been devised to forming B-B bonds leading to many
derivatives.? Figure 1.1 shows the most relevant of these compounds to this dissertation.
The electropositive nature of boron leads to the B-B bond being electron rich. These
electrons can be unlocked in a myriad of synthetically useful ways. With an estimated BDE
of 68 kcal/mol the B-B in diboron (4) reagents and the very stable B-O bond being 120
kcal/mol the thermodynamic driving force to make B-O bonds is quite large. Coupled with
the ~AH 180 kcal/mol for the formation of two B-O bonds the thermodynamic driving
force to drive reactions is present.? The hybridization of the B-B varies from sp'? in
B2(OH)4 to sp'®° in tetrakis(pyrrolidino)diborane, with Bx(pin), and Bx(cat) falling between
at sp*#” and sp3 respectively. Increasing the donating ability of the ligands on the boron
increases the p character and weakens the B-B bond.® A typical B-B is 1.70A making it
relatively long for a single bond. Simple hydrolysis of B2(OH)s with water releases H> and
B(OH)s and is a well-established process.* For these reasons diboron (4) reagents have
emerged as versatile useful reducing agents in recent years.

Tetrahydroxydiboron (B2(OH)J) is the simplest of the diboron (4) reagents that
contain a B-B single bond. Originally conceived as borylating agents, they have found
great utility as a reducing agent in recent years as reductants, especially under palladium



catalysis. While the chemistry of bis(pinacolato)diboron (B2(pin).) is significantly more
developed it’s is much less atom economical, considering the large amount of carbon it
contains as empty mass. Additionally, it can be troublesome as it decomposes into pinacol
which is difficult to remove from reaction mixtures. B2(OH)s is significantly cheaper than
B2(pin)2. Analysis (December 2022) of both reagents bought at the 25 g scale from supplier
Sigma Aldrich prices out B2(OH)4 to cost $0.79/mmol while Bz(pin)2 costs $2.43/mmol.
Clearly, there is an economical and practical incentive to replace B2(pin)2 with B2(OH)4
wherever possible. Leveraging the strong propensity of boron to form bonds with oxygen
methods can be developed for both inorganic synthesis and reduction of unsaturated
organic moieties. While the exact role of palladium in some of these systems remains up
for debate, our understanding of diboron (4) chemistry is rapidly advancing, allowing us to
utilize it in more useful organic transformations.

Introduction and background on palladium catalysis in organic synthesis

The discovery and emergence of palladium catalyzed cross coupling reactions in
the 1970’s revolutionized synthetic chemistry by giving chemists new ways to construct
C-C and C-N bonds. Among the many reactions like the Suzuki-Miyaura, Stille, Negishi,
Heck, Sonagashira, Buchwald-Hartwig with electrophiles (often abbreviated as Ar-X) such
as aryl halides, aryl triflates, and sulfonyl chlorides among other coupling partners.®> The
general mechanistic scheme is shown in Figure 1.2. Overall, the zero valent palladium is
generated from a Pd(Il) precatalyst (or Pd (0) is pre-formed) followed by an oxidative
addition of the aryl electrophile and subsequent transmetalation to give a biaryl palladium
that undergoes reductive elimination affording the biaryl coupled product. Pd (0) is
necessary for the initial oxidative addition step and must be generated by some manner of
reduction. In many procedures, in situ reduction of a Pd (I1) precatalyst such as Pd(OAc):
to the active Pd(0) must occur before the oxidative addition. In a catalytic reaction in which
a Pd (I1) salt (e.g. PdA(OACc). or PdCIy) in situ reduction to the active Pd(0) species is well
studied.® However, translation to synthesis and isolation of a Pd (0) complex is rarely
described. This is due to the fact bisphosphine palladium (0) complexes are typically air
sensitive making them difficult to store and synthesize. Methods to efficiently generate the
active catalyst in cross coupling reaction help alleviate the ambiguity in the in-situ
reduction of the precatalyst to active catalyst. The general steps of and methods for the
generation of the active catalysts are of the upmost importance in developing more efficient
catalytic species and much effort is dedicated to such understanding. Figure 1.3 illustrates
the generally accepted and described pathways for the reduction of Pd(Il) under catalytic
conditions.
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Figure 1.2 Generally accepted mechanism of palladium cross coupling reactions between
aryl halides and aryl boronate. Arrow feeding into cycle represents the reduction of the
precatalyst to the active catalyst.

Background on generation of palladium (0) complexes in catalysis

Generally, two strategies are employed when employing palladium in cross
coupling reactions. First is to use a Pd(0) precatalyst such as Pd(dba). and desired ligand.
This strategy has the palladium already in the desired oxidation state and able to
immediately perform an oxidative addition and begin the catalytic cycle. Other known
Pd(0) species that can be isolated and used in catalytic reactions include Pd(PCya)2,
Pd(P'Bus)2 , and Pd(Po-tols)2.

R:M R R-R
Path 1 \ - / A
N > L,Pd{
2M-X R
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Figure 1.3. Pathways for the generation of zero valent palladium from Pd(lI1) precatalyst
under catalytic conditions

Generation of Pd (0) from Pd (1) precursors is described under a myriad of different
catalytic conditions.® Figure 1.3 provides an overview of the commonly invoked pathways
for the reduction of Pd(Il). Path 1 involves an organometallic coupling partner such as



Grignard reagent or alkyl lithium reagents. Two successive transmetalations followed by a
reductive elimination furnishes Pd(0). Path 2 involves B-hydride elimination of coordinated
group such as an alcohol amine, or alkane followed by base promoted reductive
elimination. Path 3 involves reduction by a phosphine ligand reliant upon the presence of
water. Figure 1.4 illustrates the proposed mechanism in Path 3. Pioneering work by
Amatore showed PPhs can act as the reducing agent to form Pd°(PPhs)s when Pd(OAC): is
employed as the starting material.” They postulate Pd"(PPhs)2(OAc). reduces by an
intramolecular mechanism and the acetate ion proves to be crucial in the reduction step.
Water also appeared to be necessary for hydrolysis of the triphenyl phosphonium acetate
byproduct. The PPh3 acts as both the ligand and reducing agent in this system with an
equivalent of triphenyl phosphine oxide produced serving as evidence to this claim.
Amatore and coworkers additionally demonstrated for bidentate phosphine ligands an
amine, phosphine, and water were all required to produce a final Pd(0) species in bidentate
phosphine systems.’

PhsP  OAc
Pd{} —> Pd%PPh;) + AcO-PPh;" +OHAC
Aco)’ PPhg
2 PPh PdO(PPhs);
H,0 stable 16 e + O=P(Ph);  AcOH
complex

Figure 1.4 . Triaryl phosphines as a reducing agent in formation of Pd(0) as described by
Amatore and coworkers.

While these 3 paths describe the mechanism for the generation of Pd(0) in under catalytic
conditions, the principals are seldom applied to the synthesis and isolation of the complexes
themselves. Mechanistic understanding of these pathways can help guide the development
of methods to independently synthesize these valuable catalysts.

Established methods for the synthesis of Pd(P!Bus)2

Figure 1.5. Skeletal structure of bis tritertbutyl phosphine palladium (0)

Pd(P'Bus). is a crystalline white air sensitive compound that must be handled in
an inert atmosphere. Pd(P'Bus); is among the most useful bisphosphine Pd(0) compounds
as it catalyzes an extremely wide range of cross coupling reactions. See Figure 1.6 below
for a select review of the synthetic utility.®® It’s bulky and electron rich tertiary alkyl
phosphine ligands both promote the oxidative addition and reductive elimination steps of
the catalytic cycle in cross coupling reactions shown in Figure 1.2. Although not the most
widely used of the palladium catalysts Pd(P'Bus). has been found to catalyze some
specialized reactions as shown in Figure 1.6. Coupling between alkyl lithium reagents and



aryl- and alkenyl bromide, synthesis of acid chlorides forgoing the use of SOCI,., and
synthesis of chromates through a diastereoselective carboiodination are all reported with
Pd(P'Bus).. It has also been shown to effectively couple many specialized coupling partners
such as alkylgermanes, alkali-metal silanolates and triorgano-indium reagents.® These are
important tools for chemists constructing new molecules.

0,
Ar-BrH + RLi Pd(PtBus), (5 mol%) - Ar-R
0,
R = alkyl PhMe, rt upto 99 %
0
N
0,
R_:()/ + GO+ Phy-P—BnCl _PA(PBU3); (1--2.5 mol%) - Xy e
PhMe 110-130 °C (=
24 h
71-98%
|
[ J
2 N
R1_:> )R\)I\ PA(PIBUS)y (5 mol%) .
o~ !
(6) TEA, PhMe, 110 °C ZNo” “R2
70-98%
drs > 90:10

Figure 1.6. Synthetic utility of Pd(P'Bus). in cross coupling reactions.

The first synthesis and isolation of Pd(PtBus). was reported in 1976 by reacting
P'Bus with [Pd(n°-CsHs)(m3-C3Hs) in hexanes in a 60% isolated yield(top, Figure 1.7).1°
The authors remarked it exhibited a rich reactivity and forthcoming investigations where
ongoing. Unfortunately, the starting material [Pd(n°-CsHs)(n3-C3Hs)] is very moisture and
air sensitive, as well as very expensive, compared to other palladium precursors, such as
Pd(OAC)2. A mechanism for this reduction could not be found and doesn’t appear to have
been studied though one could envision a path where P'Bus acts as the reducing agent,
hence explaining why 3.0 equivalents are necessary. The instability and volatility of
(Pd(n®-CsHs)(n®-C3Hs) can be alleviated by reacting with NaCgHs to form Pd(n®-CsHs)(n®-
1-PhCsHa4), which serves a more stable and easily handled replacement for generation of
bis-phosphine palladium(0) complexes.® While this serves to make palladiums precursors
more easily handled, the cost of such reagents is still restrictive for a chemist looking to
synthesize Pd(P'Bus). in a cost effective manner.
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Figure 1.7 Published methods for the generation of Pd(P'Bus). and this work

Reports of methods to isolate Pd(P'Bus) since its initial report are rare and have
yet to be reported using Pd(OAC): as the starting material. The most practical synthesis
came from Li and coworkers who demonstrated Pd(COD)Br2 could be used and does not
require a sacrificial phosphine.® A stepwise pathway to the generation the Pd(PRs)2 product
in which the olefin ligand cyclooctadiene (COD) ligand plays a crucial role, thus Pd(OACc)
could not be substituted under these conditions. This was evidenced by the observed
formation of (1E,5Z)-1-methoxycycloocta-1,5-diene indicating the coordinated alkene
ligand undergoes nucleophilic attack by a methoxide anion to generate the species di-p-
dibromobispalladium species depicted in Figure 1.8. Base mediated reductive elimination
gives the final Pd (0) product. This methodology was used to synthesize a handful of
bistrialkylpalladium phosphine (0) complexes in good yield.

2 NaOH/MeOH H 4RP
\ Br
MOl Spd/l.)"OMe o ocrt
MeO. AN T»

2 NaBr
Br 2 NaOH/MeOH 2 O\
1 0-75°C -
RsP—Pq—PRg \ » |2 Pd(PR3) OMe
H
2 NaBr

R = PBu,P('Bu),Np, P(o-tolyl);, P(‘Bu),Ph, Q-Phos, PCy;

Figure 1.8. Proposed base mediated mechanism of reduction of Pd(COD)Br, and synthesis
of palladium (0) bisphosphines

Wei and coworkers demonstrated reacting Pd(PCyz)2(OAc). with B2(pin)2 the zero
valent Pd(PCys); is produced.’® Additionally, the authors demonstrated in the Miyaura



borylation that ‘pre-aging’ the Pd(Pcys)(OAC)2 precatalyst with an equivalent of Bz(pin):2
could eliminate an induction period preluding product formation. The mechanism of the
Miyaura borylation is known to begin with an oxidation addition to an aryl halide by Pd
(0). The authors concluded the Bz(pin) acts as an efficient reducing agent to furnish Pd (0)
complexes useful for catalysis. The authors never reported a procedure to isolate the zero
valent species, instead characterized the products by 3'P-NMR. The proposed a base
promoted phosphine mediated path that lead to formation of monoligated Pd(PR3) which
disproportionate to one equivalent each of Pd(PR3). and Pd black. Isolation of Pd(P'Bus)2
from these conditions would have likely been complicated by the presence of pinacol.

While PPhz is a suitable reducing agent for the generation of Pd(0) under the
conditions reported by Amatore, its alkyl counterpart P'Bus is unable to perform an
analogous reduction described in Figure 1.8 and simply mixing P'Bus with Pd(OAc),
doesn’t result in and reduction to Pd(0), nor the formation of O=P(‘Bu)s;. An external
reducing agent is required if PA(OAc):2 is to be employed. Diboron(4) reagents were proven
effective in this manner, thus were screened for this purpose.

Synthesis of Pd(P'Bus)z using tetrahydroxydiboron as the reducing agent

To my knowledge since the first report, the synthesis and isolation of Pd(P'Bus).
has been reported through one novel method and one derivative as discussed above.®® We
envisioned a clean production of Pd(P'Bus). using B2(OH)s as the reducing agent, the
byproducts of would be soluble in polar protic solvents. In an argon filled dry box
combining 3.0 equivalents P'Bus, Pd(OAc), and 10 equivalents of B2(OH)4 in hexanes the
resulted in formation of Pd(P'Bus)2 in excellent yield of 91% after purifications(entry 1,
Table 1.1). Interestingly, the reaction mixture turned from yellow/orange to clear and
colorless through the course of the reaction (Image 1.1), suggesting the Pd(Il) species is
being consumed and a Pd(0) species is produced. The 3P NMR shifts of the known
complexes have been reported by Colacot et al and were used to confirm the identity and
purity of Pd(P'Bus).. Although recrystallization out of hot methanol can achieve pure
product, simply removing the solvent and under vacuum and rinsing with methanol also
affords pure Pd(P'Bus).. Lowering the equivalents of BoOH)4 to 5.0 led to a slight drop in
isolated yield (Table 1.1, entry 2). Lowering both the P'Bu and B2(OH). to 2.1 equivalents
resulted in a lower but fair yield of 77% (Table 1.1, entry 3) When 2.5 equivalents of
B2(OH)4 and 2.1 P'Bu were employed a drop in yield was observed, and interestingly new
peaks upfield of zero in the 3P NMR were starting to be observed, indicating C-H
activation products were forming.



Table 1.1. Influence of Additives on Synthesis of Pd(P'Bus)2

B2(OH)4
Pd Source + P(1Bu)s tﬁzxa:::se Pd(PBus),

(Enry  PdSource  PlBu (xequiv) BaOHk(eauY) temp (C) t(h)  yield A
1 Pd(OAc), 3 10 70 12 91
2 Pd(OAc), 3 5 70 12 85
3 Pd(OAc), 2.1 2.1 60 1 77
4 Pd(OAc), 2.1 25 60 1 69
5P Pd(OAc); 3 0 70 12 oP
6 Pd(MeCN),Cl, 3 10 70 12 15
7 PdCl, 3 10 70 12 0
8¢ Pd(OAc), 2.1 5 70 1 nd®

a. All yields are isolated, and all reactions run on 0.3 mmol scale in an argon filled glovebox b.
Analysis by 3P NMR revealed trace product but attempts to purify failed c. Precipitation of Pd
black observed

Image 1.1. Left — Difference in observed color of reaction where B2(OH)4 is omitted (left)
and included (right). A clear yellow color is observed when B2(OH)4 is omitted, indicating
no reaction is occurring.

A control experiment omitting B2(OH)a4 did not result in the same color change and
only trace product was detected with *!P-NMR (Table 1.1, entry 5). The presence of an
acetate counter ion appeared essential for reaction success. Considering the driving force
of this reaction is formation of a B-O bond, this is unsurprising. Pd(Il) salts lacking an



acetate gave drastically lower yields (Table 1.1, entries 6,7) or failed entirely. The lowered
solubility of PdCI> and Pd(MeCN)2Cl> could also be responsible for the drop in yield. This
result agrees with reports that Ba(pin), fails to reduce [(CysP):PdCl] to Pd(PCys)2.%°
Computational studies of transmetalation suggest the high energy of the B-Cl (as opposed
to B-OAc) product makes a transmetalation unlikely to occur on a Pd-Cl species.'* Highest
results were observed with 3.0 equivalents of likely due to the propensity of Pd(OAc)2 to
form cyclometalated species with PtBuz mentioned above. When the P'Bus equivalents are
lowered to 2.1 with respect to the Pd(OAc)2 cyclometalated side products were observed
in the 3'P-NMR but the major product is still Pd(P'Bus).. The 3P-NMR peaks up field of
zero observed indicated the cyclometalated species, explored by Henderson and coworkers
(Figure 1.9).2° Regarded as off-cycle catalytic species, cyclometalated species were tested
for catalytic performance in Buchwald-Hartwig coupling reactions and they exhibited
decreased activity, with yields ranging from 6-34%. The authors showed a cyclometalated
species could be synthesized with 1:1 stoichiometry Pd(OAc). to PtBus (Figure 1.9). The
lowered equivalent of P'Bus likely allows for the deleterious C-H activation leading to
cyclometallation, eroding the yield and complicating purification. When lowered
equivalents of P'Bu is used with excess B2(OH)4 the precipitation of Pd black is observed
after about 30 minutes of stirring at 60 °C in hexanes. This may be due to the rapid
disproportionation of monoligated Pd-P'Bus to Pd black and Pd(P'Bus)2.%3

tBu

P'Bus (2.0 equiv) OAc . 4
: Jo
THF, 23 OC’ 2h 3tBuP_P_Pd_P(tBu) -P BU3 </\

2 .0ACc /———=
+P'Bus Pd \)

Figure 1.9. Suspected cyclometalated Pd species observed in crude reaction mixtures.

Pd(OAc), (Bu,

Although all results reported were using the trimer Pd3(OAC)s, it is worth noting
that both polymeric [Pd(OAc)2], and trimeric Pd3(OACc)s are suitable Pd sources for this
reaction and both exhibited practically identical reactivity. This is relevant considering the
possible differences in reactivity exhibited by different Pd(OAc)2 in recent works, showing
[Pd(OAC).]» may be unsuitable for use certain cross coupling reactions.'® Additionally, this
method benefits from being run in the solvent the phosphine is commonly sold in making
for easy operating procedure and easy removal of solvent during purification. It is worth
noting that Bz(cat). was also observed to produce Pd(P'Bus). but its cost and atom economy
brings no benefit.

The proposed mechanism is given in Figure 1.10. Transmetalation to produce a
palladium boryl species and reductive elimination both of which produce an equivalent of
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Figure 1.10. Proposed mechanism for the tetrahydroxydiboron mediated reduction of
Pd(OAc); to Pd(P'Bus).

(OH)2-B-Oac. Studies of the Miyaura borylations suggest the presence of an acetate
promotes a transmetalation. Bases such as acetate, as well as fluoride, alkoxides, N-
heterocyclic carbenes, substituted pyridines, and phosphines are known to create transient
sp?-sp® Lewis base-diboron adducts rendering the sp? boron nucleophilic.t” When PdCl; is
employed as the starting material and 5.0 equivalents of NaOAc is included a significant
amount of Pd(P'Bus). is observed through 3P-NMR (Figure 1.1) Additionally, the 3!P-
NMR spectrum revealed the presence of cyclometalated species (- 14.4 and -12.6 ppm) and
small unidentified peaks at 68.4 ppm and 70.3 ppm. External addition of acetate promoting
product formation suggests a transmetalation like the Miyaura borylation is operative, but
side reactivity leading to the cyclometalated complexes cannot be suppressed, rendering
PdClI; an ineffective starting material. Only trace Pd(P'Bus), was detected when PdCl, was
substituted for Pd(OAc)2 under standard conditions (Table 1.1, entry 7). An unidentified
product at 82.29 ppm was also observed.

Attempts to extend this method to other bulky monodentate phosphines were
unsuccessful, notably Pcys failed as a ligand to afford the bisphosphine complex with B-
2(OH)4. [Pd(PCsys)(OAc).] proved unreactive under these conditions and no Pd(PCys)2
was detected using TB as a reducing agent. Sterically and electronically similar, the
divergent reactivity between PCys and P'Bus is difficult to rationalize. The formation of
O=P('Bu)s was never observed when oxygen was rigorously excluded from the reaction
mixture. This observation is of note because previous mechanisms for generation of Pd
(0) invoke a phosphine as the reducing agent, but clearly that is not operative reduction
conditions. B2(OH)s is the sole reductant in this transformation.
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P'Bus (2.0 equiv) pa-P(BU)
B,(OH), (5 equiv) ¢ —E{Bu)z
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Figure 1.11. Control reaction in which Pd(Cl). was employed and NaOAc added
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Figure 1.12. 3P NMR (202 MHz, hexanes) of Figure 1.11 reaction with included NaOAc
revealing some conversion of PdCl; to Pd(P'Bus).
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P'Bus (2 equiv)
B,(OH), (5 equiv)
—>

hexanes, 60 °C

Figure 1.13. Control reaction in which Pd(ClI)> was employed and no NaOAc added.
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Figure 1.14. 3'P-NMR (202 MHz, hexanes) of Figure 1.13 reaction without added NaOAc
revealing trace conversion of PdCl, to Pd(P'Bus).

Conclusion for synthesis of Pd(P('Bu)s)2 by B2(OH)4 reduction

B2(OH)4 can be effectively and cleanly used to reduce a mixture of Pd(OAc)2 and
P'Bu into the corresponding bisphosphine palladium(0) complex. An excess of phosphine
is required to obtain a high yield. This is the first method to synthesize Pd(P(tBu)s)2 that
utilizes the ubiquitous Pd (OAc). starting material. This method provides bench chemists
with a facile way to prepare this useful catalyst from an easily handled palladium source.
Acetate plays an important role in the transformation and deleterious C-H bond activations
produce unwanted cyclometalated Pd complexes, which have been identified as off-cycle
complexes in Pd cross coupling reactions.
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Attempted development of a diboron (4) mediated homogeneous Pd-catalyzed
hydrogenation of olefins

In 2016, Cummins and coworkers reported a B2(OH)s mediated Pd/C catalyzed
transfer hydrogenation of olefins using water as a stoichiometric hydrogen atom donor.'8
The proposed mechanism is given in Figure 1.15. The original goal of all the
aforementioned work was to use a homogeneous catalyst to catalyze this reaction.
Subsequent studies suggested B2(OH)4 could reduce Pd(OAC) in the presence of P(tBu)s
to give Pd(P"Bus)2, but a method for the isolation was not yet developed and the reaction
was not achieved. Now with a facile method to synthesize the desired catalyst in-hand, |
set out to develop a homogeneous variant to the reaction depicted in Figure 1.16.

pr~Ph (HO);B—B(OH),

reductive [Pd] oxidative
elimination addition
H—[Pd]
)\rph (HO),B-[Pd]-B(OH),
Ph H,0

B(OH), y‘mH Y
®

® H-(I)H
HO—H (HO)B—PAI-B(OH),

I
(HO)8-1Pd] 6

)\(Ph
Ph
9 H ’AB(OH)a

>\ (HO),B—[Pd]-H
(HO),B—[Pd] 7
H,0 Ph %

Ph migratory Ph/\/ Ph
8 H insertion

Figure 1.15. Proposed mechanism of palladium catalyzed diboron mediated transfer
hydrogenation of alkenes using water as a stoichiometric hydrogen atom donor.

With interest in development of a homogeneous method of the above reaction to
expand the published reaction, | began to investigate if such reducing conditions would
allow for the retention of a discrete palladium complex and not formation of palladium
particles. This could allow for spectroscopic analysis of palladium intermediates and
kinetics experiments. Initially no reaction was observed (Figure 1.16, reaction 1) in an air-
free glove box of argon when air was rigorously excluded from the reaction mixture in any
solvent tested. This strongly suggested Pd (P'Bus)> was unreactive towards the diboron(4)
reagents, as visually no change in color or hydrogenated product observed, even trace. The
14e” complex was unable to engage with B2(OH)4 even at elevated temperatures (Figure
1.17, reaction 1). Only when a small amount of oxygen (air) was present a notable color
change to orange/red was observed, high yields of hydrogenated product. The color change
was ascribed to the presence of Pd (1) species participating in the catalytic cycle. Exposure
to air likely oxidized the phosphine ligands, desaturating the palladium making it available
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for catalysis. If this reaction was allowed to run to completion the mixture was observed to
go clear with small black flake suspended in solution (Figure 1.16, reaction 2).

Finally, to test the true homogeneity, a mercury drop experiment gave a yield of
hydrogenated product was practically zero when the mercury was added at the beginning
of the reaction. Addition of excess elemental mercury to a heterogeneous reaction will
poison the catalyst by binding up the active sites, thus preventing catalysis. In retrospect,
this should have been the expected result since under reducing conditions palladium is
known to aggregate and form large palladium particles and such larger particles would
likely have lower catalytic activity due to the reduced surface area. This line of research
was ceased when it became clear a homogeneous reaction was unlikely under these
conditions.

Pd(PtBus), (1 mol %)
B,OH,4 (1.1 equiv)
H,O (5 equiv )

THF or CgHg, Argon 0%

rt, 5 hr

Pd(PtBus), (1 mol %)
B,OH, (1.1 equiv)
H,0 (5 equiv )

THF or CgHg, air exposure >95%

rt, 5 hr

Pd(PtBug), (1 mol %)
B,OH, (1.1 equiv)
HO (5equiv) Ph\/\Ph 3
Ph\/\Ph THF or CgHg air exposure <59%

rt, 5 hr

Hg Drop
Figure 1.16. Attempts to develop a homogeneous B2(OH)s mediated method of olefin

hydrogenation with Pd(P'Bus)2

Introduction to palladium catalyzed diboron (4) mediated reductions

Figure 1.17 shows three noteworthy examples of palladium catalyzed diboron (4)
mediated reductions that exemplify this methodology. Note all three methods shown in
Figure 1.18 were published within one year of each other (2016), highlighting the attention
these reagents had begun to receive in this timeframe.
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Stokes 20168
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Ph 1.1 equiv By(OH), Ph H
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PH CHaCl PH
rt, 5h >95%
Ojha 20161°
Pd(OAc),

Pd(OAc) H,O
HoA e 2 2. PCys Ph\/\Ph
Ba(pin), Ph~ph, 94%

Song 201620

20 rt 95%

Figure 1.17. Select examples of palladium catalyzed diboron(4) mediated reductions

Generally, palladium catalyzed diboron(4) mediated reduction rely upon a protic
hydrogen atom donor as in all three examples shown in Figure 1.17.2%6:27 Although the
proposed mechanisms for all of these vary slightly, the overarching theme is the formation
a boric acid derivative, B(OR)s. An oxidative addition across the B-B is invoked in many
of these reactions to form the key (OR:)- B-Pd-B(OR2) species but the nature of this
oxidative addition is not well understood or described. Next a sigma bond metathesis for
the formation of a Pd-H species as depicted in the transformation from Il 211l and V -
I11. The proposed mechanism in the bottom reaction follows a somewhat different path in
which the initial Pd-B(pin) species is achieved through an acetate mediated
transmetalation, not unlike the proposed mechanism in Figure 1.10 shown earlier. Next the
Lewis acidity of the boryl ligand leads to sigma bond metathesis formation of palladium
hydride Il in Figure 1.19.

BPin
. . HQO BPin MeOH
— PlnBl—ﬁ’sz b BPin _PinB—PdL,
PinB’V O BPin PinB 1/ 1 \< :
. BPin
/_Pmtls_n?sz B PinB—Pd "
[PdL2] , O—H % o—fr O
H, Ho_BPIw H ™ Hy Me”
’A/ " / MeO—a‘BPin K /<
orsof g, PinB—bdL, HO-Me PiNB—PdL,” \MeO-BPin
2 I n 3

Figure 1.18. Proposed mechanism for the palladium catalyzed evolution of Hz using
B.(pin), and water (left) or methanol (right).
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Figure 1.19. Diboron-assisted palladium-catalyzed transfer hydrogenation of N-
heteroaromatics in water

Understanding the governing forces of this fundamental step would provide a much
deeper understanding of these systems and would allow for the development of new
methodologies. As discussed above, in 2015 Cummins and coworkers disclosed the first
palladium catalyzed system for the hydrogenation of alkenes in which water was added as
a stoichiometric hydrogen atom donor.*® Key findings from this publication are highlighted
in Table 1.2 below. Figure 1.15 shows the originally proposed mechanism by Cummins
and coworkers including the same fundamental steps as also proposed by Song®® and
Prabhu.?

Table 1.2 B2(OH)s Mediated Pd/C Catalyzed Transfer Hydrogenation of Olefins with
Stoichiometric Water Used as a Hydrogen Atom Source

o additive (1.1 equiv) o
)
>= © o catalyst (5 mol A)); >_
PH solvent (0.3 M) PH
rt, 18 h

1 Pd/C B,(OH), DCM 21 >95
2 Pd/C Bo(OH),4 DCM 0 0
3 Pd/C B,(OH), MeOH 0 65
4 Pd/C B2(OH), THF 0 50
5¢ Pd/C Bo(OH),4 DCM 5
6 Pd(PPhz)4 B,(OH), DCM 5
79 Pd/C Bo(OH), DCM 5 10
8 Pd(OAc), B,(OH), DCM 5 >95
9 Pd/C B,cat, DCM 5 >95
10 Pd/C B,pin, DCM 5 <5
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These reactions employed untreated catalysts unless otherwise noted and were conducted on 0.2 mmol
scale. In all cases, the substrate conversion matched the yield. Petermined by *H NMR analysis of reaction
mixtures upon filtration using 1,3,5-trimethoxybenzene as an internal standard. Reduced Pd/C was used in
this experiment. ¢ Reaction was conducted in the presence of 145 equivalents of Hg per Pd.

However, Cummins and coworkers noticed an intriguing result when THF was
employed under anhydrous conditions. In THF with no added water a 50% yield of 2a was
observed. While not disproving the proposed pathways it strongly suggested alternative
reaction modes were operative. This prompted us to investigate the nature of this
‘waterless’ reaction and seek to develop novel palladium catalyzed reductions with B-
2(OH)4 that don’t rely upon a protic hydrogen atom donor. We set out to investigate if
B2(OH)4 could be utilized as the sole reductant under palladium catalysis.

ﬁ 1.1 equiv By(OH)s | S
N* DMF, 25 °C, 20 min 2

Figure 1.20 (Top) Deoxygenation of amine and pyridine N-Oxides with
tetrahydroxydiboron (Bottom) Proposed mechanism.

Aside from metal catalyzed reductions, tetrahydroxydiboron can reduce certain
organic moieties on its own. The oxophillic nature of boron suggests it could be used in
deoxygenation, where presumably the removed oxygen would end up bound to boron.
Indeed, B2(pin)> was used in the deoxygenation of amine and pyridine N-Oxides (Figure
1.20) in which the driving force of the reaction is the formation of B-O bond.®> Knowing
the strong tendency of boron to form stable bonds to oxygen, | envisioned a catalytic
method in which ketones could be reduced using diboron reagents under palladium
catalysis.

Traditional and newer catalytic methods for deoxygenation of ketones

Clemmensen Wolff-Kishner

j’\ (Zn)Hg )H<H j\ HaN-NH, )H<H
—_ EeT—

R R HCl R R R R KOH A R R

Figure 1.21 Clemmensen and Wolf-Kishner - traditional methods of deoxygenation that
use harsh conditions
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Before discussing the diboron mediated reaction, a discussion about the state of the
deoxygenation of ketones is necessary. Deoxygenation of aromatic ketones provides a
synthetic route to alkylated arenes, especially after a Friedel-Crafts acylation. Traditional
methods ketone deoxygenation includes Wolff-Kishner (W-K) and Clemmensen
reductions. These are associated with harsh conditions that limit their substrate scope?! The
most utilized non-catalytic method by far is the Wolff-Kishner which usually employs
temperatures in excess of 150 °C in strongly basic conditions. Silylated hydrazine and
catalytic Sc(OTf)s were shown to achieve the W-K reaction at room temperatures.?? The
need for gentle catalytic methods of ketone deoxygenation is clear. Transition metal-
catalyzed deoxygenations using H> gas involve either high reaction temperature or
pressure, specialty non-commercial catalysts, or electrolytic Hz generation.?®32
Alternatively, catalytic transfer deoxygenation of ketones allows for reactions with simple,
procedurally safe, and often mild operating conditions. Such transfer deoxygenation
methods predominantly employ polymeric silanes as hydrogen atom donors.®33¢ Notably,
Adolfsson, and co-workers developed a heterogeneous palladium-catalyzed transfer
deoxygenation of ketones at ambient temperature using polymethylhydrosiloxane (PMHS)
as the hydride source (Figure 1.22).3 Pd-catalyzed systems often require the addition of an
acid or acid-generating co-catalyst (in this example chlorobenzene) to promote the
hydrogenolysis of an alcohol intermediate. An Fe(Cl)s catalyzed deoxygenation requires
high temperatures, high catalyst loading, and microwave irradiation to achieve
deoxygenation.® Argouarch showed rhodium was capable of deoxygenation with silanes,
but this method requires cooling the mixture to 0 °C and an extremely expensive catalyst
in rhodium.®® Borohydride reagents in carboxylic acid media (typically trifluoroacetic acid)
have also been used to achieve ketone deoxygenation.®
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SO

95% PMHS
Pd(OAc), (5 mol %)
4 equiv PMHS @AMe
0.1 equivPhCl
2 equiv KF(aq) 100%

THF, rt

Fe(Cl); 6 H,O (10 mol %) Me
PMHS (2.7 equiv) _ /@/\
" MeO

DCE, MW, 120 °C 1 hr

81%
[Rh(z-CI)(CO)]» (1 mol%)
H-SiEts (2 equiv) /@/\Me
0°C ->rt, 24 hr, DCM  Ph
84%

Figure 1.22. Recent examples of palladium catalyzed deoxygenations of ketones using

silanes as hydrogen atom donors
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Introduction to tetrahydroxydiboron mediated palladium catalyzed deoxygenation of
aromatic ketones

Ketones resist B,(OH)4-mediated catalytic transfer hydrogenation
(Lakshman and co-workers, 2020)%7

o Me  B,(OH), (2.2 equiv) OH
N Pd/C (5 mol %)
+ -
O Me [ j 1,2-DCE (0.3 M) O Me
o~ 50 °C, 24 h
(5.0 equiv) 12% (13% conv.)
" "This work: B,OH,-mediated catalytic ketone transfer deoxygenation
0 B,(OH),4 (2.2 equiv)
Pd/C (3 mol %) Me
Me -
THF (0.4 M) Ph
Ph 60 °C,2h f 99%

o-BOH): HO, OH

W
H—Pd—B(OH), _ | Pd” }o
—_—
Ar”|"Me S

H Ar Me

A H
(observed by TH NMR)

*high atom economy using B,(OH), as sole additive
deuteriation by B,(OD), with perfect fidelity

Figure 1.23. Example of palladium-catalyzed transfer deoxygenation of ketones. (Top).
An example showing slow B2(OH)s-mediated catalytic transfer semi-reduction of ketones
in 1,2-dichloroethane. (Bottom) This work: B2(OH)s-mediated catalytic ketone transfer
deoxygenation in THF, with key putative mechanistic intermediates

As discussed above, tetrahydroxydiboron and other diboron(4) reagents have
recently emerged as versatile reductants in palladium-catalyzed transfer hydrogenations,
with tetrahydroxydiboron being the most atom economical.*®-2%:3-41 | akshman and co-
workers reported a Pd-catalyzed method that utilizes B2(OH)4 and N-methylmorpholine
(NMM) to reduce a variety of functional groups including aryl halides, alkenes, and
aldehydes, with aldehydes being semireduced to alcohols. Ketones were not readily
reduced, and full deoxygenation was not reported (see Figure 1.23, top).3” Diboron (4)-
mediated ketone deoxygenation had never been reported, despite similar conditions being
reported. Herein | describe a catalytic system for deoxygenation of aromatic ketones using
B2(OH)4 as the sole source of H atoms (Figure 1.23 bottom). Mechanistically, the C-O
bond cleavage of the indicated borate ester intermediate observed by *H NMR and may
occur via reductive elimination upon complexation with H-Pd—B(OH)z.
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Table 1.3. Probing the Role of the Diboron (4) Mediator in Pd-Catalyzed Ketone Deoxygenations.

(D)H H(D)
Me
o Pd/C (3mol%)  Ph ”a
Me additive(s) (equw)= N
THF (0.4 M) H,O H(D)
Ph 60 °C, 12 h
Me
1a
Ph
3a
1 B,(OH), (1.1) 20 n/a 54
2 B,(OH), (2.2) >95 n/a 0
32 B,(OH), (2.2) 78 n/a 18
4b Ba(pin), (2.2) trace n/a trace
55 By(pin), (2.2) + H,O (5) 70 n/a 20
6° B,(0OD)4 (2.2) >95 85 0
7 By(OH), (2.2) + D,O (10) >95 67
84 B2(OH)4 (2.2) >95 0

Reactions were conducted on 0.3 mmol scale in anhydrous THF (<25 ppm H,O per Karl Fischer titration)
under N, atmosphere in a sealed one-dram vial unless otherwise noted. Percent conversion, percent yield,
and % deuterium incorporation were determined by *H NMR using 1,3,5-trimethoxybenzene as an internal
standard. [ Reaction was performed unsealed under a blanket of N2 on 1.0 mmol scale. 1 Reaction was
performed at 80 °C. [ B(OD)4 was prepared as 85% deuterium enriched. [ Reaction was performed in d-
8 THF.

Unreduced palladium on carbon was the best-performing catalyst that we
evaluated, and THF the optimal solvent. Pd(OAc). perfromed poorly in this reaction only
giving up to 60% vyield of 2a despite increased catalyst loading and increased B2(OH)a4
equivalents. Reactions employing Pd(OAc). quickly exhibited black particles indicating
aggregation into large insoluble catalytically inactive material. Other solvents led to
significantly reduced conversion. Non-coordinating solvent 1,2-dichloroethane gave
markedly lower yield and conversions. The coordinating nature of THF is postulated to
help promote the reaction by perhaps activating the B2(OH)4 through a Lewis acid-base
interaction. 60 °C gave the most consistent yields and was elected as the optimal
temperature. See Table 1.6 below for complete optimization details. A slight excess of
B>(OH), afforded deoxygenated product 2a and semireduced 3a in 20% and 54% vyield,
respectively (entry 1, Table 1.2). Doubling the B>(OH)s load afforded quantitative
deoxygenation of 1la to 2a (entry 2). A reaction conducted under a blanket of nitrogen in
an open system afforded 78% of 2a and 18% of 3a, indicating a closed flask is necessary
for the success of the reaction. In stark contrast, the use of B2(pin). instead of B2(OH)s
leads to only trace reduction (entry 4), suggesting that the hydrogen atoms are transferred
from B2(OH)s and not some other source (such as THF). B2(pin)2 proved capable of
mediating the deoxygenation if exogenous water is added, though 80 °C is required, and
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pinacol byproduct complicate the purification (entry 5, Table 1.3). Importantly, 2.2
equivalents of B2(OD)s (85% D) quantitatively deoxygenated 2a with perfect 85%
deuterium incorporation (entry 6); previous methods for deoxygenative deuteration include
the use of expensive and typically pyrophoric reagents, such as LiAID4 or D, gas.314%44
When 10 equivalents of DO with B2(OH)4 were employed, quantitative deoxygenation
with deuterium incorporation of 67% was observed (entry 7). This result indicates protons
from B2(OH)4 and deuterons from water exchange and become available for reduction.
Addition of 5.0 equivalents of D,O resulted in quantitative dueteration but only 50%
deuterium incorporation (not shown). Lastly, a reaction performed using ds-THF resulted
in no deuterium incorporation (entry 8), indicating that THF is not a hydrogen atom donor
in the reaction. The resultant specta are presented in Figure 1.25 and Figure 1.26 below.
Additionally, Bz(cat), with addition of 5 equivalents of water was observed to mediate the
reaction is high (91%) yield but due to the loss in atom ecomomy was not pursued further.

Deoxygenation of 4-acetylbiphenyl (1a) in THF-ds

This is the reaction corresponding to entry 8 in Table 1.3. The standard reaction was
conducted in THF-dg with 4-acetlylbiphenyl. The crude reaction was filtered through Celite
and analyzed by *H NMR and 3C NMR in THF-ds (referenced to the residual THF solvent
peaks at 1.73 ppm and 25.5 ppm, respectively). No deuterium incorporation was observed
by either *H-NMR or 3C-NMR. >95% conversion to 4-ethylbiphenyl was observed with
the remaining material (>5%) being converted to the alcohol (3a).

O B,(OH)4 (2.2 equiv) H
H
O)LMG Pd/C (3 mol %)
» Me
PH THF-dg (0.4 M)
2hr 60 °C Ph

Figure 1.24. Deoxygenation of 1a conducted in THF-ds yielded no detectable deuteration
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Figure 1.25. *H NMR (500 MHz in THF-ds) of 4-ethylbiphenyl (2a)
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Figure 1.26. 3C NMR (125 MHz, THF-ds) of 4-ethylbiphenyl (2a)
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Table 1.4. Evaluation of the Generality of the Reductive Deoxygenation of Aryl Ketones

Pd/C (3 mol%)
(0] B,(OH)4 (2.2 equiv)

A
AC SR THF (0.4 M) A R
. 2
1 60°C, 2 h
PH (HO),B AcHN
2a 99% 2b 78%°2 2¢c 95%
OMe O
o e OO
MeO
2d 93% 2e 75% 2f 91%
MeO M
HO Me e Me ©
o]
29 97% 2h 97% 2i 96%
©/\Q @ Meo/‘/\‘\iion\ﬂe
2j 94% 2k 93% 21 85%
‘/\‘O O - Me F ‘/\‘ F
2m 99% 2n 97% 20 97%
2p 73% 2q 97%"

Reactions were conducted on 0.5 mmol scale in anhydrous THF under air in a sealed one-dram vial unless
otherwise noted. All yields are isolated unless otherwise noted. @ Yield was determined using *H NMR with
1,3,5-trimethoxybenzene as an internal standard. [°1 Reaction was performed on 4.70 g (21.2 mmol) scale.

The optimized conditions of 2.2 equivalents of B2(OH)s and 3 mol % of Pd/C in
THF lend themselves to high yield transfer deoxygenation of a variety of aromatic ketones.
Para-biphenyl-substituted methyl ketone 1a s was isolated in 99% yield on 0.5 mmol scale
(Table 1.4). Other methyl phenyl ketones evaluated include para-boronic acid (1b) and
para-acetamide (1c) derivatives, which were deoxygenated in high yield. Ortho-substituted
methyl phenyl ketones were also tolerated, as exhibited by dimethoxyaryl substrate 1d and
1-naphthyl substrate 1e, the latter of which reacted more sluggishly giving yield of 75% .
In contrast, 2-naphthyl ketone substrate 1f afforded 2f in 91% yield. Two meta-substituted
methyl phenyl ketones were also cleanly deoxygenated, including free hydroxyl 1g (97%
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yield) and methyl ether 1h (also 97% yield). Dialkyl ketones proved unreactive in this
reaction as shown in the deoxygenation of diketone 1i, wherein only the more easily
reduced benzylic carbonyl is removed. Other alkyl aryl ketones that were cleanly reduced
include cyclobutyl phenyl ketone 1j (94%) and 1-indanone 1k (93%). The retention of the
cyclobutane of 1j suggests that a benzylic radical is not formed during the reaction, as the
cyclobutyl group would likely undergo a ring opening reaction if this were the case.*
Additionally 4-CF3 acetophenone was deoxygenated but required 80 °C and 3.0 equivalents
of B2(OH)4 (not shown). Four symmetric diaryl ketones were also cleanly deoxygenated,
name 4,4’-dimethoxybenzophenone an, benzophenone (Am), 4,4°-
dimethylbenzophenone (1n), and 4,4’-difluorobenzophenone (10). Conformationally
inflexible dibenzosuberone 1p proved slower to convert and resulted in attenuated yield of
73%. A multigram scale reaction was also performed in high yield using ketone 1q, and
we have been using the dibenzocyclooctadiene product 2q as a precursor for a model
monomer in functional polymer materials synthesis.*®4" Reducible functional groups such
as aryl halides, alkenes, alkynes, nitro, and nitriles were not evaluated based on the
understanding that competing reactions would dominate. 8741

Deoxygenative deuteration of select substrates.

Deuteration of pharmaceuticals is an important tool the development of new and
improved drugs. Deuterium substitution impedes oxidative metabolism thus allowing the
drug to act longer. Methods to selectively deuterate molecules are extremely important in
helping develop such drugs.®® To that end we looked to exhibit the deoxygenative
deuteration of some aromatic ketones. 1f and para-acetylanisole were each subjected to
these conditions, and both also incorporated deuterium with perfect fidelity. 1c was
screened and while near quantitative deoxygenation was observed, an eroded deuteration
incorporation was observed, likely due to the exchangeable amide proton scrambling.
Table 1.5 summarizes these results. The limiting factor to achieving high deuteration
incorporation is synthesis of B2(OD)4 of high isotopic purity. Additionally, when following
Cummins procedure for the synthesis of B2(OD)4 dimethylamine hydrochloride (2.65 ppm)
must be completely removed from the product as even the slightest of trace quantities shut
down the reaction. This can be achieved by extensive washing with CDCls and DCI:D>0.

Table 1.5. Evaluation of the Deuteration of Aromatic Ketones Using B2(OD)4

Pd/C (3 mol%) D D
+ By(OD)y —]/————>»
Ar Me (23 eqUiV) THF (04 M) Ar Me
1 60 °C,12h 2

D D D D D D D D
Ph MeO AcHN

1-(ethyl-1,1-d2)-4- rord
9772?5;;’3/ py ~ Mmethoxybenzene 95'3/2(1:;?)/ D) 95% Fe;sf/ D)
(] 0
oEEe 95% (85% D) oA
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The optimized protocol was followed but using 2.3 equivalents of B2(OD)4 as the
diboron(4) source (Table 1.5). The deuterium incorporation was determined by integration
and lack of signal at the known chemical shift in the 'H NMR. The spectral data is included
below. The isotopic purity of B>(OD)4 was determined to be 85% D/15% H using 1,3,5-
trimethoxybenzene as an internal standard. See Figure 1.28 for *H NMR of material used
in this work.

MezN\ INMez D20DC| DO\ IOD
B—B — B—B
’ \ 0 OC / \
MesN NMe, DO oD
70%

(85% D-inc)

Figure 1.27 Method for the synthesis of Bo(OD)a as reported by Cummins et al.?°
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Figure 1.28. 'H NMR (500 MHz, DMSO-ds) of B2(OD)4 used in this work
Deuteration of 4-acetylbiphenyl (1a) with D20 and Bz(pin)2

60 mg of 4-acetylbiphenyl (1a), 163 mg of B2(pin). and 50 pL D>O were added to
a one-dram vial and capped with a PTFE lined screw top cap. Then 0.75 mL of THF was
added via syringe and the reaction was stirred at 80 °C for 12 h. The crude reaction mixture
was passed through a silica/Celite plug followed by eluent removal using rotary
evaporation. Near perfect deuteration was observed under these conditions. Palladium
catalyzed hydrolysis of B2(pin)2 has been described multiple times so it is possible simple

26



evolution of D; is operating in this reaction.’® Quantitative D, evolution under these
conditions seems unlikely since the gas would escape the reaction mixture likely leading
to a much lower yield than observed.

Pd/C (3 mol%)

9 D, O (5.5 equiv) D
2.2 equivB,(pin

Me  2:2equivBy(pin), e
THF (0.4 M)

80°C,12h

Figure 1.29. Deoxygenative deuteration 1a with B2(pin)2 and D20

mmmmmmmmmmmmmmmmmmmmmmmmmmm
ARSI R R R

nnnnnnnnnnnnnnnnnnnnnnnnnnn

2.65

o
-
[

3.51=%

T T T T T T T T T T T T 1
14 13 12 11 10 9 8 6 4 3 2 1 0 -1 2
f1 (ppm)

Figure 1.30. 'H NMR (500 MHz in CDCls) of deoxygenative deuteration of 4-acetyl
biphenyl using B2(pin)2 and D20.

Failed substrates under optimized conditions

Figure 1.31 shows a handful of substrates that were tested but could not be
deoxygenated under these conditions. The steric demanding substrate 1r showed trace
deoxygenation but isolation of 2r was not attempted. 9-acylanthracene (1s) also proven
unreactive to these conditions and was fully recovered from the reaction mixture.
Interestingly 1t proved unreactive, perhaps due to the B-N interaction disrupting the
catalysis.
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Figure 1.31. Substrates that failed to undergo diboron(4) mediated deoxygenation.

Evidence of borate ester intermediate in the deoxygenation of aromatic ketones
under anhydrous conditions

g o
0 B,(OH)4 (1.1 equiv) HO’B\O 0] :
Pd/C (3 mol %) > H /@/\ : /@)\
0 ‘
O T Qﬁﬁ " o
Ph '
1a 4a 1a 2a 3a

35% 47% 18% 35%

T

Figure 1.32. Reaction scheme devised for the detection of borate ester (4a)

HO), B
(HO), o

DHO H
H (D)
@*MeL ve
Ph Ph
4a 3a

-

T T T T T T T T T T T T T T
5.60 5.55 5.50 5.45 5.40 5.35 5.30 5.20 5.15 5.10 5.05 5.00 4.95 4.90

<’ (opm)
Figure 1.33. Comparing *H NMR (500 MHz in CDCls) before (blue) and after (red)
addition of DO of reaction depicted in Figure 1.33. Small signal at 5.30 ppm is attributed

to DCM.
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Figure 1.34. 'H NMR (500 MHz in CDCls) of reaction depicted in Figure 1.32 before
addition of D20.
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Figure 1.35 'H NMR (500 MHz in CDClIs) of reaction depicted in Figure 1.32 after
addition of DO

The possibility of a hydroboration event leading to a borate ester was investigated using
shortened reaction time and fewer equivalents of B2(OH)s to increase the chances of
detecting semireduced intermediates (Figure 1.32). A standard reaction with 1a using 1.1
equivalents of tetrahydroxydiboron and stirred at 60 °C for 20 minutes. The reaction was
filtered through a pad of Celite m and glass wool followed by eluent removal in vacuo and
uptake of the residue in CDCI3 for *H NMR analysis (500 MHz). After workup, *H NMR
in CDCl3 revealed a poorly resolved multiplet at 5.50 ppm that and the putative alcohol
(3a) was not present. The ratio of the products was found to be 18% of 4-ethylbiphenyl
(2a), 35% of the borate ester, and 47% of 4-acetylbiphenyl (1a). Upon addition of D20, a
quartet resonance assigned to the benzylic proton of 3a at 4.94 ppm appeared, indicating
hydrolysis, shown in Figures 1.33-35. Integrations showed the starting material (1a) and
alkane (2a) were unchanged. The benzylic protons of borate esters like 4a are reported to
have characteristic chemical shifts around 5.50 ppm in CDCl3.** |solation of the borate
ester was unsuccessful, so further characterization was not possible. A similar experiment
with benzophenone (1m) was also conducted revealing a similar suspected borate ester.

Hydrogen evolution has been reported for other transition metal-catalyzed reactions
involving B2(OH)4 although not under anhydrous or additive-free conditions.?2233738 Tg
probe Hz evolution in our system, B2(OH)s and Pd/C were stirred in anhydrous THF at
60 °C and the headspace was bubbled into CDClI3z through a canula within an NMR tube,
which then showed H: gas at 4.62 ppm in *H NMR.>! See Figure 1.37 for the spectroscopic
evidence showing H: gas observed in *H NMR.
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Figure 1.36. Hydrogen gas observed by *H NMR in anhydrous THF by mixing B2(OH)4
and Pd/C
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Figure 1.37. 'H NMR (500 MHz, CDCls) spectrum showing H2 gas evolved from Pd/C
and B2(OH)a in anhydrous THF
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Post catalytic H/D exchange experiment on 4-ethylbiphenyl (2a)
(H)D

3 mol% Pd/C D(H)
2 eqUiV Bz(OD)4
'
/©/\ THF (0.4 M)
Ph
Ph

2 hr60 °C )
65% deuteration

Figure 1.38. Experiment showing post catalytic H/D exchange in the benzylic position of
4-acetlybiphenyl with B2(OD);

To examine the possibility of post-catalytic H/D exchange the following experiment was
conducted. 54 mg of 2a, 9 mg of 10% w/w Pd/C, 64 mg of B2(OD)4, 0.75 mL of THF, and
a magnetic stir bar were charged to a one dram vial and capped with a PTFE lined screw
top septum and stirred at 60 °C for 2 h. Filtration through Celite and removal of solvent
revealed 56 mg of recovered 2a which was analyzed by NMR in CDCl3 (Figure 1.39) which
shows 65% deuterium incorporation at the benzylic position. This result suggests that post
catalytic H/D exchange is occurring in these reactions. Benzylic H/D exchange after Pd-
catalyzed oxidative cleavage is established in the literature.® Interestingly no appreciable
deuterium appeared to be incorporated in the terminal methyl showing a greater selectivity
over the published method that unselectively exchanges the isotopes through an alkyl chain,
many carbons away.
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Figure 1.39.*H NMR (500 MHz in CDCls) spectrum of partially deuterated 2a by post-
catalytic exchange. Inset — zoomed into the methylene signal showing splitting due to
incorporated deuterium atoms.

Putative catalytic cycle for the deoxygenation of aromatic ketones with
tetrahydroxydiboron

PR S Me
>/ Pd BZ(OH)4
HO OH \
\B/
LnP(Ij’ \t:O’B(OH)z H2
H 2 (OH),B—Pd—B(OH),
Ph” "Me |
v H-Pd—H
\\H(<8=O
H—Pd—B(OH), B(OH),

I H—Pd—B(OH),

o
/i\ 1l
Ph ! Me I_I%(OH)Z
) >\ o / g
/i\ Me
Pd Ph Me 1d

H
1]

Figure 1.40. Putative catalytic cycle for the palladium catalyzed tetrahydroxydiboron
mediated deoxygenation of aromatic ketones.
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A putative mechanism is shown in Figure 1.40 using acetophenone (1d) as a model
substrate. Oxidative addition across the B—B bond gives a diboryl complex | from which
B-hydride elimination could yield H-Pd—-B(OH)2 species Il and metaborate (HO-B=0),
which has been suggested previously.?®>*> Migratory insertion of the carbonyl into the Pd—
H bond of Il could afford alkoxy palladium intermediate 111, from which reductive
elimination could afford borate ester 4d. Subsequent coordination of 4d to 11 followed by
a fragmenting reductive elimination via a five-membered transition state could afford 2d.
An analogous reductive elimination involving H-Pd-H instead of H-Pd-B(OH). cannot
be ruled out. Boric anhydride ((HO)2-B-(OH)2) was postulated as the side product of the
product forming step but not characterized spectroscopically. Similarly, an alternative
pathway from 1d to 4d could involve reaction of 1d with PdH>, as has previously been
reported for Pd-catalyzed reduction of aldehydes and ketones to alcohols using HB(pin)
but this would be expected to afford an alcohol intermediate, which we did not observed
in situ.

Chapter 1 conclusions

This work expanded the use of B2(OH)s as a reducing agent to two novel processes.
Both reactions relied upon the strongly oxophillic nature of boron and the formation of B-
O bonds in their reaction pathways. In the synthesis of Pd(P'Bus), this was formation of
AcO-B(OH). and in deoxygenation the formation of a borate ester and boric anhydride
were integral in reaction success. We showed B2(OH)4 can act as the sole reducing agent
as well as a hydrogen atom donor. While the formation of the palladium reducing species
is unclear, the perfect fidelity of in deuterium transfer unequivocally proves the origin of
the hydrogen atoms is B2(OH)s. The mechanism of hydride transfer (Figure 1.40 | - 1)
is unknown and worthy of further investigation. This method is amenable to the
development of selective benzylic perdeuteration of small molecules, an important tool in
emerging pharmaceuticals. Additionally, the reagents B>(OD)4 holds much potential for
selective H/D exchange reactions, with the selective installation of deuterium remaining a
challenge. This work highlights that the hydroxyl moiety of B2(OH)as is still far from
understood. A detailed mechanistic study of the deoxygenation reaction would likely open
the door to developing alternative chemistry. This work also further cements that diboron
(4) reagents are much more than just borylating agents. There is a rich future in the field of
B2(OH)4 and palladium chemical systems and those who chose to study it. I hope this work
can lead to further discovery and innovation in the field.

During this work an interesting trace side product benzo-oxete was discovered. The
isolation and characterization of this compound is discussed in chapter 3 of this thesis. The
discovery of such a unique structure under such unassuming conditions serves as potent
examples that the chemistry of diboron (4) reagents under palladium catalysis is far from
developed, and new interesting chemistry are still to be discovered.
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Table 1.6. Full Optimization of the Deoxygenation Reaction.

Pd catalyst (mol %)
(0] B,(OH), (x equiv) OH
H,O (x equiv)
/©)LM8 solvent (0.4 M) Q/\Me + /©)\Me
0o
Ph 60 °C, t Ph Ph
1a 2a 3a

1 PhMe 3.0 12 0 Pd/C (3) 95 41 45
2 DCE 21 3 0 Pd/C (3) 80 19 58
3 DCE 2.1 3 5 Pd/C (3) 99 59 40
4 DCE 21 20 0 Pd/C (3) 64 22 20
5 DCE 2.1 20 5 Pd/C (3) 94 48 39
6 MeCN 2.1 3 0 Pd/C (3) 80 45 20
7 MeCN 25 3 5 Pd/C (3) 90 15 64
8 THF 2.1 12 5 Pd/C (3) 100 97 trace
9?2 THF 21 12 0 Pd/C (3) 97 86 1"
10° THF 2.1 3 5 Pd/C (3) 98 83 15
112 THF 21 1 5 Pd/C (3) 99 77 21
122 THF 2.1 12 10 Pd/C (3) 95 80 7
13 THF 2.1 12 5 Pd/C (3) 97 8 85
14 THF 21 12 5 Pd/C (3) 99 8 92
15 THF 1.1 5 5 Pd/C (3) 80 20 54
16 THF 21 12 5 Pd/C (3) 100 90 10
17 THF 2.2 12 5 Pd/C (3) 100 71 18
18 THF 2.3 12 5 Pd/C (3) 100 75 15
19° THF 2.2 12 0 Pd/C (3) 100 100 0
20 THF 2.2 12 5 Pd/C (3) 99 94 5
21 THF 2.2 12 2.1 Pd/C (3) 100 93 4
22¢ THF 3.0 6 0 Pd/C (5) 100 99 0
23 THF 3.0 6 0 Pd/C (1) 100 80 20
24 THF 3.0 6 0 Pd/C (3) 100 100 0
25 THF 2.5 6 0 Pd/C (1) 100 98 trace
26 THF 2.1 6 0 Pd/C (3) 97 92 5
27 THF 3 6 0 Pd(OAc), (5) 100 55 42
28 THF 5 6 0 Pd(OAc), (10) 100 60 40

a. All reactions were conducted on an on 0.3 mmol scale under N in a closed flask unless otherwise noted.
Yields were determined usingl,3,5trimethoxy benzene as internal standard unless otherwise noted. a
Reaction run at 50 °C. b Reaction run in closed vial under air c. Isolated yield.

General Procedure for the Evaluation of the Scope of the Deoxygenation Reaction

Reactions were carried out on 0.5 mmol scale unless otherwise noted. 16 mg of 10 weight
% of unreduced Pd/C (3 mol%), 0.5 mmol of the ketone substrate, and 98 mg of
tetrahydroxydiboron (2.2 equivalents), and a PTFE coated magnetic stir bar were charged
to a one-dram vial and 1.25 mL (0.4 M) of dry and degassed THF was added. The vial was
firmly capped with a PTFE-lined screw-top septum cap and the suspension stirred at 60
°C for 2 hours unless otherwise noted. The reaction was allowed to cool to room
temperature and analyzed by TLC for completion. The crude mixture was passed through
a mixed silica/Celite plug rinsing the reaction vial with 5% MeOH/95% DCM,; the eluent
was removed by rotary evaporation. Compounds 1d, 11, and 1p were not fully converted
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after 2 hours, so column chromatography was employed to isolate the deoxygenated
product.

Experimental section for synthesis of Pd(P'Bus)2

A 3.7 ml dram vial in argon filled glove box was charge with 67mg (0.3mmol) of
Pd(OAc)2, 135 mg of B2(OH)4, and 1.82 g (3.0 eq) of P(/Bu); 10 weight% in hexanes (2.67
ml). The vial was sealed with a teflons septa and stirred for 12 hours at 70 °C, during with
time the reaction became lighter in color and a precipitate produced. After allowing the
mixture to cool, the vial was opened and the supernatant passed through a 0.2 micron -
syringe filter and the solvent was removed under reduced pressure, yielding a white
crystalline solid. After the all the solvent was removed the remaining solid was washed 2x
with dry degassed methanol. For further purification 1 ml of hexanes was added and the
vial was resealed. The solution was heated at 70 °C until all the solids were solubilized and
it was placed in a glovebox freezer (-35 °C) overnight, yielding 138 mg (91%) of
Pd(P(zBu)s)2) as colorless crystals. The recrystallization step can be substituted for washing
the crude material with rigorously degassed methanol. This step will remove any yellow
color from the white powder and furnish spectroscopically pure Pd(P‘Bus), shown in Figure
1.41.°'PNMR - 89.64 ppm. The controls experiments were conducted in the same manner
and scale with Pd(Cl), and NaOAc.

89.64

Pd(PBus),
3P NMR

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
190 170 150 130 110 90 80 70 60 50 40 f30( 20) 10 0 -10 -30 -50 -70 -90 -110 -130
1 (ppm

Figure 1.41. 3P NMR spectrum (202 MHz, unreferenced) of recrystallized Pd(P'Bus): in
toluene
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Tabulated spectroscopic data from Chapter 1 (2a-2q)

o
Ph

4-Ethylbiphenyl 2a. 98 mg of 4-acetylbiphenyl (1a) was subjected to the general
procedure. Upon filtration and evaporation 90 mg (99%) of 2a was isolated as a colorless
solid. NMR data obtained matched the literature.? 'H NMR (500 MHz, CDCls): § 7.68 (d,
J=7.7Hz, 2H), 7.62 (d, J=8.1 Hz, 2H), 7.51 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.5Hz, 1H)

40



7.37 (d, J = 8.0 Hz, 2H), 2.79 (g, J = 10 Hz, 2H), 1.38 (t, J = 7.5 Hz, 3H); 23C NMR (125
MHz, CDCls): § 143.5, 141.3, 138.7, 128.8, 128.4, 127.2, 127.1 (2C), 28.7, 15.7.

oy
(HO),B

4-Ethylphenylboronic acid 2b. 82 mg of 4-acetylphenylboronic acid (1b) was subjected
to the general procedure. Due to the acidity of the boronic acid, *H NMR yield was
employed and revealed 78% yield. NMR data obtained matched literature.® *H NMR
(CDCls, 400 MHZ): 6 8.17 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 2.75 (g, J = 8.0
Hz, 2H), 1.31 (t, J = 8.0 Hz, 3H); 13C NMR (100 MHz): & 161.6, 149.3, 135.9, 127.7, 29.4,
15.5.

o
AcHN

N-(4-Ethylphenyl)acetamide 2c. 88 mg of N-(4-acetylphenyl)acetamide (1c) was
subjected to general procedure. Upon filtration and evaporation 78 mg (95%) of 2c was
isolated as a white solid. NMR data obtained matched literature.* *H NMR (500 MHz,
CDCla): & 8.43 (s, 1H), 7.41 (d, J = 8.3 Hz, 2H), 7.10 (d, J = 8.2 Hz, 2H), 2.58 (9, J = 7.5
Hz, 2H), 2.11 (s, 3H), 1.19 (t, J = 7.6 Hz, 3H); ¥*C NMR (125 MHz, CDClz): § 169.2,
140.3, 135.7, 128.2, 120.5, 28.3, 24.2, 15.7.

OMe
Me
MeO

1-Ethyl-2,4-dimethoxybenzene 2d. 90 mg of 1-(2,4-dimethoxyphenyl)ethan-1-one (1d)
was subjected to general procedure. Flash chromatography using EtOAc:Hexanes (9:1) as
eluent gave 76 mg (93%) of 2d as a white solid. NMR data obtained matched the literature.®
'H NMR (500 MHz, CDCls): § 7.07 (d, J = 8.5 Hz, 1H), 6.47-6.44 (m, 2H), 3.82 (s, 3H),
3.81 (s, 3H), 2.60 (q, J = 7.5 Hz, 2H), 1.19 (t, J = 7.5 Hz, 3H); ©°C NMR (125 MHz,
CDCl3): 6 159.1, 158.3, 129.1, 125.2, 103.9, 98.6, 55.5, 55.4, 22.7, 14.6

<

1-Ethylnapthalene 2e. 85 mg of 1-acetylnapthalene (1e) was subjected to general
procedure. Upon filtration and evaporation 59 mg (75%) of 2t was isolated as a clear oil.
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NMR data obtained matched literature.> *H NMR (500 MHz, CDCls): § 8.14 (d, J = 10
Hz, 1H), 7.94 (d, J = 10 Hz, 1H), 7.79 (d, J = 10 Hz, 1H), 7.54-7.61 (m, 2H), 7.49 (t, J =
5.0 Hz, 1H), 7.42 (d, J = 5.0 Hz, 1H), 3.20 (g, J = 5.0 Hz, 2H), 1.47 (t, J = 5.0 Hz, 3H);
13C NMR (125 MHz CDCls): § 140.4, 134.0, 131.9, 128.9, 126.5, 125.8 (2C), 125.5, 125.0,
123.9, 26.0, 15.2.

Me

2-Ethylnapthalene 2f. 85 mg of 2-acetylnapthalene (1f) was subjected to the general
procedure. Upon filtration and evaporation 71 mg (91%) of 2t was isolated as a clear liquid.
NMR data obtained matched the literature.” *H NMR (500 MHz, CDCls): § 7.91-7.86 (m,
3H), 7.73 (s, 1H), 7.56-7.44 (m, 3H), 2.91 (q, J = 7.5 Hz, 2H), 1.44 (t, J = 7.6 Hz, 3H), °C
NMR (100 MHz CDClz): 6 141.9, 133.8, 132.1, 127.9, 127.7, 127.5, 127.2, 125.9 125.7,
125.1,29.2,15.7.

HO
\©/\Me

3-Ethylphenol 2g. 68 mg of 3-acetylphenol (1g) was subjected to the general procedure.
Upon filtration and evaporation 60 mg (97%) of 2g was isolated as a clear liquid. NMR
data obtained matched the literature.* *H NMR (500 MHz, CDCls): § 7.18 (t, J = 7.5 Hz,
1H), 6.81 (d, J = 7.5 Hz, 1H), 6.72 (s, 1H), 6.69 (d, J = 8.0 Hz, 1H), 5.47 (s, 1H), 2.63 (q,
J =75 Hz, 2H), 1.24 (t, J = 7.5 Hz, 3H); *C NMR (125 MHz, CDCls): § 155.5, 146.4,
129.6, 120.6, 115.0, 112.7, 28.8, 15.5.

MeO
\©/\Me

1-Ethyl-3-methoxybenzene 2h. 75 mg of 1-(3-methoxyphenyl)ethan-1-one (1h) was
subjected to the general procedure. Upon filtration and evaporation 67 mg (97%) of 2h was
isolated as a clear liquid. NMR data obtained matched literature.* *H NMR (500 MHz,
CDClIz): 6 7.26 (t, J = 7.8 Hz, 1H), 6.82 (s, 1H), 6.79 (d, J = 8.2 Hz, 1H), 3.85 (s, 3 H),
2.70 (g, J = 7.6 Hz, 2H), 1.30 (t, J = 7.6 Hz, 3H); 1*C NMR (125 MHz, CDCls): § 159.8,
146.0, 129.4, 120.4, 113.8, 110.9, 55.2, 29.1, 15.6

Me
Y
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5-Phenylpentan-2-one 2i. 88mg of 1-phenyl-1,4 pentadienone (1i) was subjected to the
general procedure. Upon filtration and evaporation 77mg (96%) of 2i was isolated as a
clear liquid. NMR data obtained matched literature.® *H NMR (500 MHz, CDCls): § 7.31-
7.17 (m, 5H), 2.65 (t, J = 8.0 Hz, 2H), 2.46 (t, J = 8.0 Hz, 2H), 2.14 (s, 3H), 1.94 (p, J =
4.0 Hz, 2H); **C NMR (125 MHz, CDCl3): § 208.7, 141.6, 128.5, 128.4, 126.0, 42.8, 35.0,
30.0zz25.2.

o

(Cyclobutylmethyl)benzene 2j. 80 mg of cyclobutyl(phenyl)methanone (1j) was
subjected to the general procedure. Upon filtration and evaporation 69 mg (94%) of 2j was
isolated as a clear liquid. NMR data obtained matched literature.® *H NMR (500 MHz,
CDCl3) 6 7.32-7.17 (m, 5H), 2.73 (d, J = 7.6 Hz, 2H), 2.60 (sep, J = 9.0 Hz, 1H), 2.09-2.05
(m, 2H) 1.94-1.71 (m, 4H); *C NMR (125 MHz, CDCls): & 141.4, 128.7, 128.3, 125.7,
43.2,37.4,28.4,18.5.

0

Indane 2k. 66mg of 1-indanone (1k) was subjected to the general procedure. Upon
filtration and evaporation 54 mg (93%) of 2k was isolated as a clear oil. NMR data obtained
matched literature.® *H NMR (500 MHz, CDCls): § 7.25-7.27 (m, 2H), 7.15-7.17 (m, 2H),
2.95 (t, J=7.5,4H), 2.10 (q, J = 7.5 Hz, 2H). 3*C NMR (125 MHz CDCls): § 144.3, 126.1,
1245, 33.0, 25.5.

4,4’-Dimethoxydiphenylmethane 2I. 121 mg of 4,4’dimethoxybenzophenone (1l) was
subjected to the general procedure. TLC analysis revealed incomplete conversion to 21 and
column chromatography with EtOAc:Hex (2:8) afforded 98 mg (85%) of isolated 2l as a
clear solid. NMR data obtained matched literature.® *H NMR (500 MHz, CDClz): § 7.16
(d, J = 8.6 Hz, 2H), 6.89 (m, 2H), 3.93 (s, 2H), 3.83 (s, 6H); *C NMR (125 MHz CDCls):
6 158.0, 133.8, 129.8, 113.9, 55.3, 40.2.
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Diphenylmethane 2m. 91 mg of benzophenone (1m) was subjected to the general
procedure. Upon filtration and evaporation 82 mg (99%) of 2m was isolated as a clear
solid. NMR data obtained matched literature.*® *H NMR (500 MHz, CDCls) 7.41-7.38 (m,
4 H) 7.32-7.30 (m, 6H), 4.1 (s, 2H); 1°C NMR (125 MHz, CDCls) 141.2, 129.1, 128.6,
126.2, 42.1.

4,4’-Dimethyldiphenylmethane 2n. 105 mg of 4,4’-dimethlybenzophenone was
subjected to the general procedure. Upon filtration and evaporation 95 mg (97%) of 2n was
isolated as a clear solid. NMR data obtained matched the literature.** *H NMR (500 MHz,
CDCls): 6 7.17-7.20 (m, 8H), 4.01 (s, 2H), 2.41 (s, 6H); *C NMR (125 MHz, CDCls): &
138.5, 135.5, 129.2, 128.9, 41.2, 21.1.

POA SN

4,4’-Difluorodiphenylmethane 20. 109 mg of 4,4’difluorobenzophenone (10) was
subjected to the general procedure. Upon filtration and evaporation 99 mg (97%) of 2p was
isolated as a clear solid. NMR data obtained matched literature.’* *H NMR (400 MHz,
CDCl3) 7.12 (m, 4H), 6.91 (m, 4H), 3.94 (s, 2H). 3C NMR (100 MHz, CDCl3) § 161.5 (d,
Jcr = 240 Hz), 136.6 (d, Jcr = 3.0 Hz), 130.3 (d, Jcr = 8.0 Hz), 115.4 (d, Jcr = 21 Hz),
40.4. *F NMR (376 MHz, CDCl3) § —117.1.

o

10,11-Dihydro-5H-dibenzo[a,d][7]annulene 2p. 107 mg of dibenzosuberone (1p) was
subjected to the general procedure using 134 mg (3.0 equiv) of B2(OH)4. TLC analysis
revealed incomplete conversion and column chromatography with EtOAc:hexanes (1:9)
afforded 70 mg (73%) of 2p isolated as a white solid. NMR data obtained matched
literature.® *H NMR (500 MHz, CDCls): § 7.26-7.17 (m, 8H), 4.19 (s, 2H), 3.25 (s, 4H);
13C NMR (125 MHz, CDCls): § 139.4, 139.1, 129.7, 129.1, 126.7, 126.2, 41.1, 32.6.

5,6,11,12-Tetrahydrodibenzo[a,e][8]annulene 2q. 4.70 grams (21.2 mmol) of 1q, 4.18
grams (46.6 mmol) of B2(OH)4, 670 mg of 10% w/w Pd/C, and a magnetic stir bar was
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charged to a 250 mL round bottom flask and fitted with a rubber septa. The septum was
secured to the top of the flask by braiding with metal wire. 50 mL of THF was added
through the septum and the reaction was placed in an oil bath preheated to 60 °C.
Significant bubbling and buildup of pressure was observed. The reaction stirred for 2 hours
and a needle was used to release the pressure through the septum. The reaction mixture
was filtered through silica and the eluent was evaporated, leaving 4.26 g (97%) of 2q as a
white powder. NMR data obtained matched the literature.*® *H NMR (500 MHz, CDCls):
§ 7.02-6.98 (m, 8H), 3.08 (s, 8H); 13C NMR (125 MHz, CDCls): § 140.8, 129.8, 126.3,
35.3.

1. General Procedure for the Deoxygenative Deuteration of la, 1f, and para-
acetylanisole .

0.3 mmol of ketone substrate, 2.3 equivalents (64 mg, 0.69 mmol) of B2(OD)s, 9 mg of
10% w/w Pd/C (3 mol %), and a magnetic stir-bar were charged to a one-dram vial. 0.75
mL of dry and degassed THF was added and the vial firmly capped with a PTFE-lined
screw-top septum cap. The reaction was then stirred at 60 °C for 2 hours. The reaction
mixture was filtered through mixed Celite and silica pipet plug rinsing the vial with
methanol and DCM (5:95). The eluent was then removed by rotary evaporation and the
residue was assessed using NMR spectroscopy.

2. Tabulated NMR Data of deuterated compounds 2a-d2, 2f-d2, and 1-(ethyl-1,1-d2)-
4-methoxybenzene.

D

D
o
Ph

4-(ethyl-1,1-d2)-1,1'-biphenyl 2a-d2. 59 mg of 4-acetylbiphenyl was subjected to the
general procedure. Upon filtration and evaporation 54 mg (97%) of 2a-d2 was isolated as
a white powder. NMR data obtained matched literature.!’ *H NMR (500 MHz, CDCl3): &
7.63 (d, J =7.0 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 7.46 (t, J = 8.0 Hz, 2H), 7.36 (t, J = 8.0
Hz, 1H), 7.31 (d, J = 8.5 Hz, 2H), 2.77-2.71 (m, 0.3H - 85% deuterium incorporation),
1.33 (m, 3H). (125 MHz, CDCls): 8 1243.5, 141.3,138.8, 128.8, 128.4,127.2,127.2, 127.1,
28.5-27.8 (m), 15.7, 15.6.

2-(ethyl-1,1-d2)naphthalene 2f-d2. 51mg of 2-acetylnapthalene (1f) was subjected to the
general procedure. Upon filtration and evaporation 45 mg (95%) of 2f-d2 was isolated as
a colorless liquid. NMR data obtained matched literature.*® *H NMR (500 MHz, CDCl5):
6 7.84-7.79 (m, 3H), 7.66 (s, 1H), 7.49-7.37 (m, 3H), 2.87-2.82 (m, 0.3H = 85% deuterium
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incorporation), 1.36 (m, 3H). *C NMR (125 MHz, CDCls): § 141.7, 133.7, 132.0, 127.8,
127.6 127.4,127.1, 125.8,125.6, 125.0, 28.9-28.2 (m), 15.5, 15.4.

D D

o
MeO

1-(ethyl-1,1-d2)-4-methoxybenzene. 45mg of para-acetylanisole was subjected to
general procedure. Upon filtration and evaporation 39 mg (95%) of 1-(ethyl-1,1-d2)-4-
methoxybenzene was isolated as a clear liquid. NMR data obtained matched literature.®
'H NMR (500 MHz, CDCls): § 7.12 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 9.0 Hz, 2H), 2.60—-
2.55 (m, 0.3H = 85% deuterium incorporation), 1.20 (m, 3H). *C NMR (125 MHz,
CDClIs): 6 157.7, 128.8, 113.9. 55.4, 23.5 (suppressed due to splitting), 16.0, 15.9.
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Chapter 2 - Synthesis and characterization of anthracene and pyrene containing
DBCOD compounds

Abstract

3 novel compounds based on the DBCOD scaffold for use as functional material
are described. These compounds contained pendant polyaromatic hydrocarbons
fluorophores and showed promise for reversible excimer formation based on solvent
polarity and potentially temperature. Results indicate in a pyrene containing (1-
PyreneAmide) compound an excimer emission is unavoidable under all temperature ranges
and solvent conditions tested. However, when anthracene in the 2-position (2-
AnthraAmide) is substituted an excimer emission ascribable to ‘end-to-end’ overlap is
observed in solution and shows dependence to the solvent polarity. Additionally, intriguing
solvatochromism is observed in 1-AnthraAmide. To my knowledge, this is the first
example a dynamic scaffold exhibiting both a monomer and excimer emission from one
compound based on a dynamic scaffold. Initial results will be shown collected on
compound 1-AnthraAmide.

Introduction to DBCOD based materials.

Designing stimuli responsive materials has received significant attention in
material and chemical science. Molecular design to achieve a shape changing molecule
opens the door to the design of many functional materials. In the present case,
dibenzo[a]cyclooctadiene (DBCOD) is known to adopt two conformers, boat and chair.
The conformational flexibility of the 8-membered ring moiety is shown below in Figure
2.1.

Cooling

Chair

With H-bonds

AS* <0 Without H-bonds
il
AS* >0
S
o AGH
&5 ) AG*
Chair
| AGH v
- S —— A
Boat Boat AG2:  Chair

Conformational State
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Figure 2.1. Top : Chemical structure of a DBCOD Unit and Possible Substitution Positions
on the Phenyl Rings (1—10) Bottom: Energy vs. Conformational state diagram of boat to
chair conformational change.

This structure has been exploited to drive low energy conformational changes in
compounds containing carefully tailored substituents in the 1 and 10 -positions in which
an intramolecular hydrogen bond stabilizes the otherwise less stable Boat. These systems
can be examined using variable temperature *H NMR (VT NMR). The coalescence
temperature (T¢) is the temperature where the rate of exchange between the Boat and Chair
approaches the NMR timescale and a distinct peak broadening occurs. At temperatures
above T the NMR spectrum appears to blur indicating fast exchange between the two

¢ P9 &

TM-DBCOD 1,10-di-Ph-amide 1,10-di-PhEster

Figure 2.2. Chemical structures of TM-BDCOD (left) 1,10-di-Ph-amide (middle) and
1,10-di-PhEster (right)

conformers. At temperatures below the T distinct peaks corresponding to the Boat and
Chair conformers arise and quantification is possible through integration of the *H NMR
spectrum. For example, the unsubstituted TM-DBCOD (1) gave a coalescence temperature
(T¢) at -80 °C. In stark contrast, the 1,10-di-Ph-amide exhibited a coalescence temperature
at the elevated temperature of 60 °C. Fu and coworkers rationalized this impressive result
invoking an intramolecular hydrogen bond O=C-NH---O=C-NH located on the key amide
moiety. Ester containing molecule 1,10-di-PhEster was also synthesized, but the chair was
overwhelmingly preferred as indicated by T. of -35 °C indicating the ester moiety does
little to stabilize the Boat conformer. Very cold temperatures were required to
spectroscopically view the Boat conformer in 1,10-di-PhEster. DFT calculations indicated
there were repulsive forces between the pendant esters.! Solvent polarity was also
demonstrated to be an important factor in the conformational dynamics as demonstrated
below in Figure 2.3. The inclusion of more nonpolar DCM resulted in the observance of
more Boat conformers. This is a result of the strong hydrogen bonding ability of DMSO
and it’s ability to disrupt the intramolecular hydrogen bond. DCM is unable to destabilize
the Boat conformer as it is not a hydrogen bond donor or acceptor.
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Figure 2.3. 'H NMR spectra of 2 mg/mL 1,10-di-Ph-amide in different deuterated
solvents at 23 °C. B and C denote the Boat and Chair conformations, respectively.

This laid the groundwork for a scaffold in which temperature or solvent polarity can be
used to actuate a conformational change in a single molecule. From a molecular
engineering standpoint this opens a myriad of possible applications. Herein, I disclose my
attempts to design and synthesize a system in which the boat/chair conformation change
could be used to reversibly induce the formation of excimers of polyaromatic hydrocarbons
such as anthracene and pyrene. The ensuing change from monomer to excimer emission of
the pendant fluorophores could serve as a scaffold for a switchable fluorescent material
actuated by temperature or solvent polarity. In essence, the color of emission would change
as a function of temperature or solvent polarity, as do so reversibly if successful. A
schematic of such a design is shown in Figure 2.4. Fluorescence thermometers could be
fashioned out of such materials. The structure on the left side of the arrow would, in theory,
emit a lower energy wavelength (green light) due to the excimer emission while the chair
conformer would emit a higher blue shifted wavelength.

o " cooling/nonpolar media

HN 'jN/ heating/polar media }
N\

Figure 2.4. Strategy for reversible excimer formation in TM-DBCOD based scaffolds. 2-
AnthraAmide is depicted here as the model compound.
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Background on excimer formation in pyrene.

The emission spectrum of pyrene in dilute solutions consists of five well-defined
peaks at ~375, 379, 385, 385, and 410 nm respectively. Attributed to the = = 7" transitions
these well-defined peaks are generally called monomeric emission.?2 Monomeric emission
is defined as a single noninteracting pyrene emission. The same concept applies to
anthracene (An), which also exhibits well defined peaks in monomer emission. An excimer
is a photophysical process in which an excited state of a single molecule interacts with a
ground state of the same molecule and the resulting complex has a smaller HOMO-LUMO
band gap. The emission of an excimer is structureless red shift band compared to monomer
emission and in classic cases unmistakable from the monomer emission. The general MO
diagram formation of an excimer is shown in Figure 2.5 (top). When two pyrene molecules
are within ~10 A an excimer will occur. This concept is widely used in labeling biological
molecules to determine. Figure 2.5 (bottom) gives an example of a series of spectra
exhibiting both the monomer and excimer emissions, which is highly dependent on the
concentration of pyrene. When this spatial interaction occurs an excimer emission

Energy

S|

Exciter monomer Exciter dimer - excimer

When adjacent pyrene is in close proximity....

104 Excimer e

Monomer
0.5 382

372 377|387 392

Normalized fluorescence

0 T T T T T T T T
350 375 400 425 450 475 500 525 550 575

Wavelength (nm)

Figure 2.5. Top - Simplified orbital description of excimer formation in pyrene. Bottom -
Example spectra showing both the emissions of monomer and excimer.

ranging from 425-550 nm is exhibited as a broad structureless peak. With increasing

concentration, the excimer peak increases accordingly.® In pyrene, the excimer was studied
extensively in the 1960’s by Birks. In solution, when the concentration of pyrene exceeds
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0.1 mM a large peak centered at 482 nm is observed in the emission spectrum, attributable
to the excimer. Pyrene is well known in the field of biochemistry for its unique spectral
features that allow investigation of protein structure and conformation.?#

Background of anthracene excimer in solution

The emission spectrum of monomeric anthracene is like that of pyrene and exhibits
distinct monomeric peaks, as shown in Figure 2.6 labeled AN in bulk. The excimer of
anthracene is well characterized and studied in the solid state. Nominally a distance of 3.4A
is required for the excimer of anthracene to form. However, the excimer of anthracene
(AN) in solution is much less understood and the topic of recent investigation.® The known
photodimerization (Figure 2.7) of AN to dianthracene (diAn) is known to erode the
photophysical properties of AN adding a difficult problem to overcome in the development
of fluorescent AN containing material. Prevention of this dimerization is paramount, as
diAn doesn’t exhibit fluoresence. To this end, Das and co-workers envisioned a system
where a host guest interaction between octaacid and anthracene allowed for
preorganization. Octa acid served as a cage in which two anthracenes could be pre-
organized with the required m-m overlap to observe excimer formation. Additionally,
enclosure in the host octa acid prevented the deleterious photodimerization. This to my
knowledge is the only definitive example of an anthracene excimer forming in solution and
observation of the associated emission.

(a)

(a) (b)
1.0 AN OA 1.0 AN OA
S 0.8 ANinbulk  —suM:sum | T 0 8- —— SuM:SpM
& &
> 0.6 > O.G-AN@OA2 T -
g 0.4+ g |  AN,@0A,
£ 0.2 =
0.0— . . | 0.0+— ; T —T
400 450 500 550 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
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Figure 2.6. Top: Skeletal representation of octaacid and anthracene host guest interaction
giving rise to excimer emissions. Bottom: emission of anthracene as a function of octaacid
concentration showing increase in redshifted band attributed to excimer.

OO
JOOOL,
Anthracene O O

Dianthracene

Figure 2.7. Photodimerization of anthracene to dianthracene and thermally reversibility
of dimerization

A growing body of literature has investigated compounds like di-anthracene
benzene (DAB) and similar derivatives. In stark contrast to the pyrene excimer, extremely
limited work investigating the nature of the anthracene excimer in solution has been done,
due to the intrinsic difficulties associated.

_] .;xidalion \‘\ ’ﬁ’ hy
& & e &

Figure 2.8. Oxidation and photoisomerization of DAB

Anthracene is known to exhibit many different types of excimer emission depending on
the degree of overlap between the n-m planes. A pure unsubstituted anthracene will emit
around 530 nm but this emission will change dramatically depending on the system and
extent of overlap.

Synthesis of tetramethyldibenzocyclooctadiene (TM-DBCOD) scaffold

The synthetic pathway for the synthesis of TM-DBCOD is given below in Figure
2.9. A Diels Alder cycloaddition between 2,3-dimethylbutadiene and methylacetylene
dicarboxylate gave the adduct in quantitative yield and subsequent dehydrogenation gave
1,2,4,5 substituted arene that could be reduced using LiAlH4 to the diol. Subjection of the
diol to an equivalent of PBrs quantitatively yielded dibenzylbromo-orthoxylene. Sonication
for 3 days in dry THF with excess of lithium metal ribbon yielded the key tetramethyl
dibenzocyclooctadiene (TM-DBCOD). This step was far and away the lowest yield with
an average of 15% of the desired product. Although TM-BDCOD could be isolated, though
painstakingly difficult column chromatography, this was found unnecessary, and the crude
mixture could be carried through. The subsequent Reich formylation with TiCls and a,a-
dichloromethyl methyl in DCM yielded formylated products and fortunately the desired
1,10-diCHO could be isolated relatively easily from the other products. After isolation of
the desired 1,10-diCHO, a Pinnick oxidation affords the diCO2H in a good yield of around
70%. Next, reflux of the diCO2H in SOCI, until a clear solution is observed and subsequent
distillation of excess SOCI, afforded the acyl chloride. Suspension of appropriate solvent
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and addition of amine with excess freshly distilled TEA would afford the final products.
For detailed synthetic procedure see below. All steps preceding the synthesis of the final
compounds have been described in literature.**

CO,Me
Me 2 o Me CO,Me  Pd/C cat, Me CoMe  |iaH Me OH
- : 4
| | 60°C,, acrylic acid —_— OH
M neat — Me COMe 0 °C —=3» reflux Me
e
CO,Me Me’ CO,Me H,0, reflux 2 THF 95%
98% 9
° 94% CIYO\Me CHO CHO
Me Me Me Me Me
PBr; j@CBr LiMetal 0.0 o .
Br sonication TiCly
DCM Me' THF Me' N— f Me 0°C > rt Me Me
low yielding ~15% 35% yield of isomer
99%
CO,H CO,H
NaClO, 2 2
NaHzF’Og, SOCIZ Me | Ar- ArNH, (2-5 equiv)
H20, reflux O O TEA (5 equ|v)
MeCN/H,0 DCM or PhMe
rt 70%

.........................................................................

R R ®
OsaNH HN__O
Me I Me = 2- AnthraAam|de I
Me I . I Me OOO

1-PyreneAmide :
1-AnthraAamide :

Figure 2.9. Synthetic Scheme for the synthesis of DBCOD based compounds appended
with pyrene or anthracene.

Fortunately, the 2-aminoanthanthracene is available commercially but the 1-
aminopyrene must be prepared through a nitration-hydrogenation, which is described in
the literature.® The synthesis of 9-aminoanthracene was attempted but rapid oxidation
thwarted it’s use in this chemistry. Note that 1,10 substitution on the TM-DBCOD scaffold
is assumed in the naming convention of these compounds thus they are named based on
the position of the amine on the pyrene or anthracene as denoted on Figure 2.9 in the boxed
final structures.

Synthesis of 1-PryeneAmide

As discussed above, pyrene is the most well studied excimer former, thus made
sense to incorporate into this system. Below is the characterization of the titular compound.
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Figure 2.10 Skeletal structure of 1-PyreneAmide

164 mg of diCO2H (0.514 mmol) was refluxed in 10 ml of SOCI> overnight under
air resulting in a clear solution. The excess SOCI> was removed under vacuum distillation
resulting in a grey/brown powder. The resulting acyl chloride was immediately protected
under N2 and immersed in an ice-water bath. 10 ml of dry DCM was added to the flask and
vigorously stirred resulting in a cloudy solution. 444 mg (2.05 mmol, 4 equivalents) of 1-
aminopyrene and 0.207 ml (2.05 mmol, 4 equivalents) of freshly distilled triethylamine
dissolved in 10 ml of dry DCM were added drop wise under the protection of N2. Upon
full addition the ice water bath was removed, and the solution was allowed to warm to
room temperature. Solvent was then removed by rotary evaporation and ~30 ml of distilled
water was added, and the resulting suspension collected through vacuum filtration. This
step removed the TEA-HCI from the crude product. Drying under vacuum and assessment
of the resulting powder dissolved in DCM by thin layer chromatography showed 2 products
with pure DCM as the eluent when viewed under irradiation at 365nm (longwave) with the
suspected product appearing green on the TCL plate with an rf of ~0.05 in pure DCM. The
other compound present (rf = 0.6 in pure DCM) appeared blue under irradiation at 365 nm.
The bottom spot was isolated using column chromatography and a solvent system of DCM
-> 10% MeOH:DCM once the top spot had fully eluted. The product was isolated as an
orange powder in 25% vyield. Observed Mass 751.329 m/z. Calculated Mass 751.332 m/z.
'H NMR (500 MHz, CDCls) 8.60 (N-H), 8.27, 8.18, 8.11, 8.09, 7.97, 7.88, 7.79, 7.67, 6.87,
3.52,3.22,2.28, 2.21.

Results and discussion on 1-PyreneAsmide

Upon synthesis and spectroscopic verification of 1-PyreneAmide the temperature
dependance of this compound was examined and results discussed below.
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Figure 2.11. Variable temperature fluoresence of 1- PyreneAmide in DMSO (10 uM) and
340 nm excitation 1 mm slit width.

From Figure 2.11 it is clear 1-PyreneAmide did not exhibit the desired dual
monomer-excimer emission as a function of temperature. It should be noted the
concentration required to observe an excimer is around 0.1 M. The concentration of 1-
PyreneAmide is 5 orders of magnitude lower than the required concentration for
intermolecular excimer formation, thus the observed emission is presumed to be result of
an intramolecular interaction between the pendant pyrenes, and not a bimolecular
interacting between two molecules. From the variable temperature *H NMR (Figure 2.17)
coalescence of the peaks occurs around 60 °C suggesting fast interconversion between the
boat and chair conformation. A similar coalescence temperature was observed in the 1,10
di-PhAmide by Fu and coworkers.! The only observed change in fluoresence spectra was
a loss in intensity, which is to be expected with increasing temperature. Additional
experiments in which ratios of DMF:water from (from 10:0 - 0:10) were employed as
solvent also only rendered the excimer emission. Additionally, the fluoresence intensity
was greatly attenuated with increasing fraction of water indicating aggregation induced
quenching could be occurring. Also of note is that in CDCls a clean spectrum could not be
acquired despite being chromatographically purified 1-PyreneAmide. This could be due to
the lower solubility but was not thoroughly investigated. This compound was not further
pursued.
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NMR Characterization of 1-PyreneAmide
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Figure 2.12. 'H NMR (500 MHz, CDCls) spectrum of 1-PyreneAmide
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Figure 2.13 *H-13C HSQC (500 MHz, CDCls) of 1,10-PyreneAmide in the aromatic region
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Figure 2.14. 'H-3C HSQC (500 MHz, CDCls) of 1-PyreneAmide in the methylene and

methyl region

80



O o
HN.__O Os_NH . ' Ly
llIi]'lll'llliD ‘.' F2

H-"H cosY ;
3
!
F4
B
g
| s
ré
.k -
ro
(] }
Y N
|
r9

T
100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f2 (ppm)

Figure 2.15. 'H-'H COSY (500 MHz, CDCls) of 1-Pyrene Amide

1-PyreneAmide High Resolution Mass Spectrum
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Figure 2.16. High resolution mass spectrum of 1-PyreneAmide
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Figure 2.17. Variable temperature *H NMR (500 MHz, CDCls) of 1-PyreneAmide
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After having synthesized 1-PyreneAmide and concluding pyrene was not a suitable
fluorophore for this purpose, | directed efforts to synthesize an analogue containing
anthracene. Synthesis and purification of this compound was much more difficult than its
pyrene counterpart, due to the very low solubility of both the product and starting material
2-aminoantharcene in many common solvents. Extremely dry solvents and freshly distilled
TEA are essential for the success of the following procedure.

Synthesis of 2-AnthraAmide

HY

Figure 2.18. Skeletal structure of 2-AnthraAmide

In a 100 ml round bottom flask 172 mg of diCO2H was refluxed in 10 ml SOCI,
overnight rendering a transparent solution. The excess SOCI, was removed by vacuum
distillation and the resulting acyl chloride was protected immediately under an atmosphere
of N2 and suspended in 15 ml of a mixture of DCM : PhMe (1:2) and immersed in an ice
bath. of 2-aminoanthracne 235 mg (2.5 equivalents, 0.488 mmol) and 338 pL (5
equivalents, 246 mg, 0.976 mmol) of freshly distilled triethylamine were mixed with 20 ml
of DCM : PhMe (1:2) and added drop wise to the flask. 2-aminoanthracne is not fully
soluble and a suspension will form, rinse as thoroughly as possible and be aware clogging
of the syringe may occur. Note — TEA freshly distilled from CaH. appeared essential for
the success of this reaction. After addition the mixture was allowed to warm to room
temperature and the solvent removed by rotary evaporation. 20 ml of DCM was added to
the flask and the flask sonicated to suspend all the contents. The power was collected by
vacuum filtration and continued to be washed until the filtrate was colorless yielding a
green powder found to be 2-AnthraAmide. This compound is sparingly soluble in DCM
and the washing removes the starting materials and side products while leaving the product.
'H NMR (500 MHz, DMSO-ds ) § 10.2, 8.69, 8.55, 8.05, 7.99, 7.85, 7.45, 7.29, 7.11, 7.05,
6.89, 2.28, 2.24. High resolution mass spectroscopy - Calculated: 703.332 m/z. Found :
[M+H*] 703.328 m/z (see figure 2.19)
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Figure 2.19. High resolution mass spectrum of 2-AnthraAmide confirming the molecular
weight as 703.32 g/mol.

L[k._ I WS | NS \,/ ‘U“\N _,

807 f\ N\/\/U\/\\ i
S - E

60°C A
N X
\\\w V™ \\___\_/ﬁ/\\_/\// \\_/ \’/\\\'\—‘
50°C . = ) A\ /\
A\ A N\ / /\ / N\ \ ~
B ) T e el ) X AR
Ll il T sl
40°C || N N
> f & ~] - 7N A \ / NN s A - -/ —

23°C | \

—

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
103 10.1 9.9 89 88 87 86 85 84 83 8.2 Bfl( 8.0) 79 78 77 76 75 724 73 72 71 70 69 6.8 6.7 6.6
1 (ppm]

Figure 2.20. VT- 'H NMR (500 MHz, DMSO-d6) of aromatic region of 2-AnthraAmide
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Figure 2.21. VT- 'H NMR (500 MHz, DMSO-d6) of methyl region of 2-AnthraAmide
Results and discussion on 2-Anthraamide

Variable temperature NMR revealed coalescence of peaks around 60 °C in DMSO-
de. Interestingly 2 sets of peaks ascribable to the boat and chair conformers were not
observed in this system. The explanation for this is unknown and precluded assigning ratios
of conformers by simple NMR spectroscopy, as in previous work with the phenyl amide.
Regardless variable temperature fluoresence was conducted in N-Methyl pyrrolidine
(NMP) in 50 M concentration. 2 distinct features were observed centered around 440 nm
and 485 nm respectively with smaller features observed around 410 nm and 520 nm. The
ratio of the 2 peaks never changed throughout the course of the variable temperature
experiment, with only thermal attenuation of the peaks observed. While disappointingly
the desired thermal responsiveness was not observed, it appeared the two major features
could be ascribed to 2 different photophysical processes. To this end | decided to examine
the effects of differing solvent polarity
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Figure 2.22. Variable temperature (°C) fluoresence spectrum of 2-Anthraamide in N-
Methylpyrolidone (NMP)

Fluorescence in 4 different solvents (Figure 2.23) shows a strong dependence on
the polarity on the emission of 2-AnthraAmide. It appears to give rise to 2 different features
in all the solvents tested but at drastically different ratios. Structureless monomer emission
centered at 445 nm and a structureless peak centered at 480nm which has been described
as a twisted & end-overlapped excimer are observed.® Another feature is observed around
500 nm which could be presumably another excimer attributed to a conformation that
allows better overlap, thus red shifted emission. In the less polar solvents such as TCE and
1,2, dichlorobenzene (DCB) (dielectric constants 8.42 and 9.33 respectively) the presumed
monomer peak is much smaller. In more polar solvents and better hydrogen bond
donating/accepting solvents NMP and Dioxane the peak at 450 nm is larger relative to the
peak at 480 nm, suggesting the pendant anthracenes are separated as a function of solvent
polarity or hydrogen bond/donating capability of the solvent. This trend also contradicts
the classic solvatochromism effect which states the more polar a solvent will cause a
bathochromic (red shift) in emission.
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Figure 2.23. Fluoresence spectrum of 2-amide anthracene in various solvents. 1 nm slit
width and 345 nm excitation.

Next, the possibility of an intramolecular isomerization giving rise to a photo-
isomer was investigated. One could envision if 2-AnthraAmide were photoexcited while
occupying the Boat state, the [4+4] cycloaddition may occur to give the compound depicted
below in Figure 2.25. To this end, | took a freshly prepared sample and took an *H NMR
spectrum (Figure 2.24 top) of 2-AnthraAmide and upon radiation the distinctive
brown/green color began to fade. 'H-NMR analysis after irradiation with a TLC lamp at
365 nm overnight revealed a completely different spectrum. All aromatic peaks were
shifted up-field (Figure 2.24, middle). This combined with the fact the color had faded led
me to postulate the photo-isomer had been formed, since breaking of the aromaticity on
the central ring of anthracene would lead to these observations and spectrum. The [4+4]
cycloaddition is reported to be thermally reversible and upon heating of the NMR tube in
an oil bath at 160 °C for 48 hours the original spectrum was observed. The thermally
reversible nature an intramolecular [4+4] cycloaddition of anthracene has recently been
described in the literature but only been described twice to my knowledge.>® This would
be the first example outside of the Dianthracene benzene family of molecules.
Additionally, given the propensity for endoperoxides to form under photoexcitation when
oxygen is present this must be considered a possibility. However, since complete
reversibility back to the original compound was observed, | do not believe an endoperoxide
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or oxygen is playing a role, since an oxygenated compound would result, and reversibility
would not be observed.
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Figure 2.24. 2-AnthraAmide *H-NMR in DMSO-d6. Middle : after irradiation at 365 nm
for 24 hr. Bottom - After heating at 160 °C in oil bath for 48 hr. New peaks at ~4.5 ppm
are ascribed to photo-isomer shown in Figure 2.25 below.
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Figure 2.25. Proposed structure of the photo-isomer of 2-AnthraAmide.

This kind of reversible switch is of interest to many scientific communities and
could find utility as a photoswitch or other molecular photoswitch. The quantitative
reversion back to the 2-AnthraAmide without any deleterious side reactions is certainly
an interesting result and could be further pursued.
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Synthesis of 1-AnthraAmide and initial results

OaNH

I

Figure 2.26. Skeletal structure of 1-AnthraAmide

1-AnthraAmide was prepared using the same general procedure as for the 1-
PyreneAmide with 333mg of 1-aminoanthracene and 250 mg of di-CO;H. 1-
aminoanthracene is soluble in DCM, thus 500 pl and 5 ml of DCM were used add the
amine dropwise into the acid chloride after the distillation step. The reaction mixture was
allowed to stir overnight and warm to room temperature. The solvent removed and the
crude reaction suspended in DCM and filtered. This step removes any unreacted di-COzH
which can be recycled for future use. TLC (5% MeOH in DCM) revealed a compound with
a retention factor of 0.50. This spot was isolated with column chromatography and
determined to be the desired product by NMR spectroscopy. The *H NMR spectrum is
presented below in Figure 2.27. Up to 60 °C coalescence is not clearly observed. Mass of
this compound was not confirmed in this work, although the *H NMR spectrum fully
supports the proposed structure.
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Figure 2.27. VT 'H NMR (500 MHz, CDCls) of 1-AnthraAmide

89



—— DMSO
—— DCM

Normailized intensity (a.u.)
e it o =
E=N (=] [ws] o
1 1 1 1

©
[
1

0.0

1 1 1 1 1 1 1 1 1 1
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2.28. Fluoresence spectrum of 1-AnthraAmide in DCM and DMSO.

Interestingly the spectrum in DMSO is blue shifted compared to in DCM. DCM
exhibits emission at 500 nm while DMSO at 460 nm (Figure 2.28). This is counter intuitive
as classic solvatochromism states more polar solvents will lead to a red shifted emission.
Studies on the excimer emission of pyrene-3-carboxaldehyde state the fluoresence maxima
in nonpolar solvents is around 530 nm and in polar solvents about 560 nm, indicating a
bathochromic shift would be expected. Additionally, increasing the fraction of water in
mixtures of H20: dioxane also exhibit a marked red shift with the increase of water in the
system.?® This shift observed in 1-AnthraAmide may be attributed to the increased
polarizability of DCM over DMSO, but this was not determined for this system Further
experiments would be required to determine the true dependence of solvent polarity on the
emissive properties of this compound.

Conclusions on chapter 2

3 novel DBCOD based compounds containing pyrene and anthracene were
synthesized in an attempt to exploit the conformational dynamics to reversibly control the
nature of the emissive properties. 1-PyreneAmide exhibited excimer emission up to the
limits of temperature in our fluorimeter (90 °C). This suggests the TM-DBCOD scaffold
wasn’t large enough to separate the pyrenes the >10A required to form monomeric
emission, even in the chair conformer. VT 'H NMR in CDCI; confirmed coalescence
around 60 °C, thus suggesting that even interconversion between the Boat and Chair
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conformers in occurring in solution but it doesn’t attenuate the excimer emission. While
neither of the compounds exhibited the desired thermal response, 2-AnthraAmide
exhibited an intriguing response to solvent polarity and photo-thermal isomerization. 1-
AnthraAmide exhibited an interesting solvent dependence that warrants further
investigation. While these compounds are in their infancy the prospect of developing
responsive materials based on the DBCOD scaffold remains an extremely promising
avenue of research. The main problem to overcome in developing anthracene-based
systems will be to prevent the [4+4] photoisomerization, substitution on the anthracene
ring may prevent this. Additionally, the 1-AthraAmide compound needs to be more
thoroughly characterized. Shown below in Figure 2.29 is a proposed solution to preventing
the photoisomerization of these compounds, since substitution on the 9 positions of
anthracene is known to suppress the [4+4] cycloaddition. Additionally, during the course
of this work, care was not taken to exclude oxygen, which could be playing an unforeseen
role in the emissive properties of these compounds.

SO

Figure 2.29. Proposed substitution on 2-AnthraAmide to prevent deleterious
photoisomerization.
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Chapter 3. H-BPin/KO'Bu mediated palladium catalyzed hydrogenation of
trans-stilbene and discovery of benzo-oxetenes side product in B2(OH)4
mediated deoxygenation of aromatic ketones — Side Projects

Abstract

During the studies outlined in chapter 1 | envisioned a novel method for the
hydrogenation of olefins that employed an alternative hydrogen atom source. To my
knowledge, borohydride had not been employed in palladium catalysis for the
hydrogenation of olefins. | showed that under palladium catalysis the addition of
potassium tertbutoxide to pinacol borane is capable of hydrogenation of trans-stilbene
to dibenzyl. The addition of an external oxidant appeared to close the catalytic cycle
allowing for catalytic palladium to affect this transformation. While this reaction was
not further developed, this strategy could hold promise in asymmetric hydrogenation
of unactivated olefins, one of the most difficult transformations in all synthetic
chemistry. Additionally, | describe the isolation and initial characterization of a unique
benzo-oxetane side product discovered during the work done in chapter 1. The unique
strained ring of this product has yet to be described in any literature. Spectroscopic
characterization is presented supporting the unexpected structure.

Hydride mediated alkene hydrogenation

In 2018 Webster and coworkers showed an B-diketiminate iron(ll) precatalyst with
HBpin and a sacrificial amine could be used to hydrogenation unactivated olefins
Figure. 3.1. Although this method uses a 1% row transition metal, the catalyst
preparation is laborious and requires use of "BuL.i and air free techniques. This method
could be extended to hydrogenate even terpene natural products as well as
aminoalkanes. Trisubstituted a-methylstryrene did require 90 °C for 4hr for complete
conversion.
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Figure 3.1. p-diketiminate iron (1) catalyzed hydrogenation of alkenes using H-Bin.®

The strategy of employing an activated hydride of H-BPin and a catalytic alkali
alkoxide base (NaOEt) was first employed by Clark in a metal free reduction of ketones
to alcohols in 2011. The Thomas Group used a similar system for the activation of 1%
row transition metal catalysts for hydroboration and other reactions. | envisioned this
species could be used as a hydride source in a palladium catalyzed olefin
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hydrogenation. In 2018 the Thomas Group showed that boranes in the presence of
many nucleophiles decomposes into BHs, which in turn can be used in hydroboration
of unsaturated C-C bonds. The authors investigated a myriad of nucleophiles including
LiO'Bu, NaO'Bu, and KO'Bu finding a 7.5 M solution with 0.5M solution of the
nucleophile afforded only a 0.02 M solution of BHa. This surprising result that BHs is
formed under these conditions is relevant to the reaction discussed next.

Nu + H-Bin —3 BH,

Nu = M(OR), LiINR, RMgX LiAlH; MHBR;

Figure 3.2. Nucleophile promoted decomposition of HBpin to form BHz as
demonstrated by Thomas™

Table 3.1. Optimization and Proposed mechanism of H-Bin/KO'Bu Palladium
Catalyzed Hydrogenation of Trans-Stilbene

[Pd] cat H
2.5 equiv H-BPin
Ph iv KO- Ph
Ph/\/ 2.1 eqL.nv KO-Bu - Ph)\(
Oxidant H
THF (0.2M) P it .
2h,50°C ; oBu !
6a 6b : O\B/ K
Enty Pasourse Pd loading (%] Oxidant (sau) Comversontosb| (7 ||
; : B :
1 Pd(PBus), 5 none >5 ' :
2 Pd(OAc), 20 none 20 PRI "-
3 Pd(OAc), 100 none 100 : 0
4 Pd(OAc), 20 BQ (1.1) 70 .
5 PdCl, 5 none >5 :
6 PdCl, 5 BQ (1.1) 70 :
7% Pd(OAc), 10 BQ (1.1) 100 ; (o}
a. Reaction in benzene. Conversion determined by "H-NMR 5_??{‘_299_“_@919_ (B
Possible Mechanism
Ph
2B 2(pin)BOBuU PR N~
\_ Ph~pn  HPg A
Pd" _ >  H-PdH ——— Pd0
Hydride Formation Migratory Ph)\/Ph Reductive
Insertion Elimination
2e- Oxidation
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Table 3.1 outlines the reactions run to test this hypothesis if palladium could be
used in this manner to conduct a catalytic reaction. A mixture of palladium salts, H-
BPin, KO'Bu, and an oxidant was examined in the presence of model substrate trans-
stilbene. First, Pd(P'Bus), was screened, and it showed very little activity under these
conditions giving only a trace conversion to 2b (Table 3.1, entry 1) . No hydroboration
products were detected in entry 1 suggesting BH3 formation is suppressed as it would
likely lead to hydroboration. Next, a high catalyst loading of 20 mol% of Pd(OAc).
(entry 2) gave the interesting and peculiar result of 20% conversion to 2b. Intrigued by
this result a stoichiometric reaction in which 100 mol% of Pd(OAc), gave a full
conversion to 2b. This result and the failure of a zero valent palladium catalyst strongly
suggested a Pd(I1) species is the active catalyst involved in engaging the borohydride
to begin product formation. Obviously stoichiometric palladium is not amenable to a
practical method for the hydrogenation of an alkene, thus I sought to make the reaction
catalytic by enabling turnover of the palladium catalyst. Reductive elimination is likely
the product determining stop of this reaction, as with traditional palladium catalyzed
hydrogenations. Since Pd(P'Bus). (Table 3.1, entry 1) proved to be an inactive catalyst
under these conditions | proposed it the catalytic dead end. To this end, | employed the
oxidant benzoquinone (BQ) to re-oxidize the Pd (0) to Pd(Il) and hopefully complete
the catalytic cycle. BQ is known to act as an oxidant in palladium catalyzed C-H
functionalization reactions, in reactions such as the oxidative Heck, to reoxidize a Pd(0)
species back to Pd (I1). Upon inclusion of 1.1 equivalents of BQ the yield increased to
quantitative hydrogenation using 10 mol% Pd(OAc). making this method catalytic
(Table 3.1, entry 4). The byproduct fate of the benzoquinone was not established and
could potentially give insight into the nature of the presumed oxidation. The mild
oxidant Selectfluor was also screened but gave very low yield presumably unable to
effectively re-oxidize the generated Pd(0) back to Pd(Il). Additionally, there were no
hydroboration products observed during this study in any reaction mixture. However,
hydroboration and subsequent deborylation-protiation cannot be ruled out under the
current understanding of this reaction, especially given the likely formation of BH3 in
the reaction mixture. It is my hope that these results will help inform someone
attempting a similar method.

Although this work was not further pursued, it could lay the groundwork for
development of an asymmetric hydrogenation of unactivated olefins if a chiral
phosphine ligand is incorporated into the reaction mixture. The use of a more atom
economical alkoxide like sodium methoxide could help improve the atom economy.
Also, to this end, screening mild oxidants added over the course of the reaction could
also help improve this reaction. This work was not expanded to screen the functional
group tolerance of this method, which could reveal a robust method for asymmetric
hydrogenation of unactivated olefins, which remains a difficult problem in synthetic
chemistry.
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Isolation and identification of a novel benzo-oxetane product in the diboron
mediated deoxygenation of aromatic ketones

Through the course of all this work, no side products of observable quantity were
observed when THF was employed as the solvent. However, in MeCN an additional
product was observed by thin layer chromatography in levels in anhydrous conditions.
The identity of this compound remained unknown for some time until careful isolation
by column chromatography and subsequent NMR and high resolution mass
spectroscopy revealed it to be the odd benzo-oxetane (5a, Figure 3.4). This structure
had never been reported, although a similar structure was recently synthesized
summarized in Figure 3.4. 2’-hydroxyacetophenones were found to cyclize into benzo-
oxetes using sulfuryl fluoride at high temperatures in DMSO.3

OH O 0
R —
AN SOze, KzCO3 a R
R RE |
= DMSO0, 90 °C, 20 h NN
up to 98%
o Pd/C (3 mol%) P
B,(OH),4 (1.5 equiv)
o MeCN (0.4 M) on +1a+2a+3a
60 °C, 1h 5a not quantified

~5%
Figure 3.3. (Top) Sulfuryl fluoride mediated synthesis of benzo-oxetes from 2’-

acetophenones. (Bottom) Side product of benzo-oxetane when MeCN is employed as
solvent.
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Image 3.1. Picture of TLC plate of reaction depicted in Figure 3.4 bottom in the left
most lane . The other lanes are from fractions of the column chromatography used to
isolate the unknown product. Eluent - EtOAc:Hexanes (1:4).

From observing the TLC plate it was apparent a new product was being formed in
significant quantities under slightly altered condition from those optimized for
deoxygenation. A picture of the TLC plate is given as Figure 3.4 above. Strangely,
the new product when viewed under 254nm excitation of the UV lamp glowed violet
blue, which was distinctly different from the other spots on the plate. Typically most
organic compounds show as pink under the TLC lamp. Qualitatively aryl ethers and
phenols also exhibit this color when viewed on a TLC plate. This observation began a
series of structural determination experiments.
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Figure 3.5 *C NMR (101 MHz, CDCls) of isolated 5a



The doublet at 1.54 ppm integrated to 3 hydrogens and quartet at 4.62ppm integrated
to 1 hydrogen. These distinct features of this compound immediately rule out the
characterized 2a, 3a and 4a. The integration of the aromatic peaks at eight hydrogens
immediately stood out as being lower than expected with nine hydrogens being in the
starting material. The doublet at 1.54 ppm clearly indicated only 1 hydrogen on the
neighboring carbon.’3C NMR revealed the spectrum presented in Figure 3.5. A peak at
22.98 ppm and 74.31 ppm are observed. The resonance of 74.31 ppm is indicative of an
ethereal carbon, which led me to believe a C-O bond could have potentially been formed,
with signals in that region corresponding to ethereal carbons. To help elucidate the
correlation between the observed peaks *C-'H HSQC was conducted (Figure 3.6)
revealing cross peaks 4.62-74.31ppm and 1.53-22.7ppm. 3*C-'H HMBC (Figure 3.7)
showed multiple bond correlation between the 1.51-74.24 ppm indicating the presumed
methyl hydrogen is on the carbon adjacent to the methyl, confirming the connectivity of
the atoms giving rise to those signals. A cross peak at 4.60-126.68ppm indicated the
presumed ethereal proton is multiple bonds away from the aromatic ring. None of these
data disproved the proposed structure of 5a.
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Figure 3.6 . *C - *H HSQC (500 MHz, CDCls) of 5a.
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Figure 3.7. 3C-'H HMBC (500 MHz, CDCls) of 5a.

After gathering these data through NMR spectroscopy, high resolution mass
spectroscopy was performed revealing a compound with an m/z of 197.0959 which
perfectly agrees with the structure of 5a which would exhibit an exact mass of 197.097
m/z when protonated (Figure 3.8) providing almost definitive proof to the identity of
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Figure 3.8. High resolution mass spectrum of 5a showing an m/z = 197.0959.

Conclusions to chapter 3

First discussed, the method for hydrogenation of unactivated olefins described in
the former section of this chapter represents an interesting and potentially useful
method to be developed further by future researchers. The obvious drawback of this
method is the atom economy. Use of a more atom economical oxidant than benzo
quinone to achieve catalytic turn over could be a good place to begin investigation.
Additionally, this reaction was not tested using a simple borane adducts (BH3) which
if successful could lead to a significantly improved atom economy. And finally, the
inclusion of a prochiral substrate with an asymmetric palladium complex may afford
the coveted asymmetric hydrogenation of unactivated olefins if successful.

On the later section of this chapter, optimizing the formation of the benzo-oxete
product would be a worthwhile endeavor. While this structure has never been
investigated or previously reported, traditional oxetanes are known to engender
desirable changes in pharmaceutical compounds when compared to ketones. While it
is unknown what appending an oxetane fused to a benzene ring like this would have
since it has never been synthesized, it stands to reason compounds with this moiety
would be worth investigating for their bioactivity. The mechanistic pathway for the
formation of this compound was not postulated but | suspect the intermediate borate
ester (4a) may play a key role in its formation since 5a was only observed under
anhydrous conditions. Borate ester 4a rapidly converts to 3a in the presence of water
or any protic source and thus couldn’t be transformed into 5a. Isolation of the borate
ester and subjection to various conditions could yield answers to the origin of the C-O
bond forming step.
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