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ABSTRACT

Steam-methane reforming (SMR) reaction and the water-gas shift (WGS) reaction are
the major processes for the dihydrogen production in the U.S., which cost enormous
amount of energy. As a result, utilization of the products for SMR and WGS processes (Hz,
CO and CO2) more efficiently could create economic benefits. In the past few decades,
many homogenous catalytic processes that use Hz, CO or CO> to produce higher-value

chemicals with transition metal catalysts have been developed.

My primary focus of this Dissertation was to study the redox chemistry of a series of
capping arene-ligated rhodium complexes during catalysis. Olefin hydrogenation was
selected as the model for this study because Rh-catalyzed olefin hydrogenation has been
well-developed, and the proposed mechanisms for Rh-catalyzed olefin hydrogenation
included the formal oxidation state change on the Rh catalysts. The ligand influence on
olefin hydrogenation using four capping arene ligated Rh(I) catalyst precursors (FP)Rh(n?-
C2H4)CI {FP = capping arene ligands, including 6-FP (8,8’-(1,2-phenylene)diquinoline),
6-"PFP (8,8'-(2,3-naphthalene)diquinoline), 5-FP (1,2-bis(N-7-azaindolyl)benzene) and 5-
NPEP [2,3-bis(N-7-azaindolyl)naphthalene]} has been studied. Our studies indicate that
relative observed rates of catalytic olefin hydrogenation follow the trend (6-FP)Rh(n?-
C2H4)CI > (5-FP)Rh(n?-C2H4)CI. Based on combined experimental and density functional
theory modeling studies, we propose that the observed differences in the rate of (6-
FP)Rh(n?-C2H4)Cl and (5-FP)Rh(n?-C2Ha4)Cl-catalyzed olefin hydrogenation are most
likely attributed to the difference in the activation energies for the dihydrogen oxidative
addition step. We are unable to directly compare the rates of olefin hydrogenation using

(6-NPFP)Rh(n?-C2H4)Cl and (5-NPFP)Rh(n?-C2H.)CI as the catalyst precursor since (5-



NPEP)Rh(n2-C2H4)CI undergoes relatively rapid formation of an active catalyst that does

not coordinate 5-NPFP.

The cobalt-catalyzed styrene hydrogenation has also been studied. A capping arene-
ligated cobalt complex (5-FP)CoCl> was successfully synthesized. The hydrogenation of
styrene was observed when using (5-FP)CoCl; as the catalyst and Zn(0) as an additive. The
reaction conditions are further optimized, and the styrene hydrogenation reached 5.5 + 2.4

turnovers with the best conditions.

Moreover, the capping arene ligated Rh and Ir complexes have also been studied for
their catalytic activities on Mel promoted methanol carbonylation. A series of capping
arene ligated Rh or Ir carbonyl complexes with the general formula [(FP)M'(CO)2]BF4 (FP
=5-FP or 6-FP, M = Rh or Ir) were synthesized. The performances of these complexes on
Mel promoted methanol carbonylation were examined. The turnovers using
[(FP)M'(CO),]BF4 (FP = 5-FP or 6-FP, M = Rh or Ir) as the catalyst were not improved
when compared to catalysis using [Rh(CO)2(u-Cl)]2 or [Ir(COE)2(n-Cl)]. Mechanistic
studies revealed that the [(5-FP)Rh(CO).]BF4, [(5-FP)Ir(CO).]BF4+ and [(6-
FP)Rh(CO)2]BF4 are unstable at 135 °C without Mel. When Mel is present, all four
[(FP)M'(CO).]BF4 complexes as well as the 5-FP and 6-FP ligands show reactivity with
Mel at 135 °C. The decomposition products for [(5-FP)Rh(CO)2]BFs+ or [(5-
FP)Ir(CO).]BF4 with Mel at 135 °C are identical to the decomposition product of 5-FP
ligand reacting with Mel. Similarly, the decomposition products for [(6-
FP)Rh(CO);]BFsor [(6-FP)Ir(CO)2]BFs with Mel at 135 °C are identical to the
decomposition product of 6-FP ligand reacting with Mel. The identical decomposition

products could suggest that the capping arene ligand falls off from the Rh or Ir complexes.



Thus, the active catalyst for the methanol carbonylation using [(FP)M'(CO),]BF4 and Mel
is likely a metal complex without the capping arene ligand, which can explain why no

ligand effect is observed for the methanol carbonylation with Mel promoter.

Additionally, carbon dioxide (CO>) offers the possibility of a C1 synthon because of
the low expensive, low toxicity, and high abundance. Thus, the direct carboxylation of
hydrocarbons would have many advantages compared to current processes for the
carboxylic acids production (e.g. hydroformylation of ethene followed by oxidation). A
mechanism for direct carboxylation of benzene under basic condition catalyzed by PCP-
ligated {(PCP = 2,6-(R2PCH>).CsHs; R = isopropyl, tertbutyl, or phenyl} palladium
complexes has been proposed and analyzed by DFT calculations in order to predict the
feasibility of the reaction. A series of PCP Pd complexes have been prepared to study the
direct carboxylation of benzene with CO,. As CO; insertion into the Pd—Ph bond is an
important step in the proposed catalytic cycle, the reactivity of the Pd pincer complex with
COz is studied. (P"PCP)PdPh ( iPr PCP = 2,6-(iPr.PCH2)2CsHs) has been prepared and the
CO insertion product, (iPrPCP)PdOBz (OBz = benzoate), has been observed by *H NMR
spectroscopy. Under optimized conditions, the yield of the CO; insertion product is
approximately 70% after 2 h. The next step in the proposed catalytic cycle involves the C—
H activation of benzene. The ability of (P"PCP)PdOBz to activate a C—H bond of benzene

has been studied.
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1 Introduction

1.1 Broad overview and motivation of small molecule activation

Steam-methane reforming (SMR) reaction and the water-gas shift (WGS) reaction
(Scheme 1.1.1), processes that produce dihydrogen (Hz), carbon monoxide (CO) and
carbon dioxide (COz) from methane and water, are responsible for 95% of H; (c.a. 9.5
million metric tons annually) production in the United States.> The products of SMR and
the WGS reactions (H2 and CO) have broad applications in industry, including for the

production of ammonia, carboxylic acids, aldehydes, and other fine chemicals.* 614

Scheme 1.1.1 Steam-methane reforming and the water-gas shift reaction.

CH4 + H,O heat CO + 3H, steam-methane reforming reaction (SMR)

catalyst

CO + HyO CO, + 3Hy,  water-gas shift reaction (WGS)

In the past few decades, chemists have spent enormous efforts to enhance the efficiency
of utilizing the products of SMR and the WGS reaction. One of the approaches to reach a
faster conversion rate is to use transition metal catalysts to activate H2, CO and CO, thus
increasing the reaction rate. In the next few chapters, some examples for the utilization of

H>, CO, and CO by transition metal catalysts are introduced.

1.2 Utilization of dihydrogen (H2)
1.2.1 Properties of H

Dihydrogen can be considered as the simplest molecule, due to the fact that it consists
of only two hydrogen atoms connected by a single covalent bond. The molecular orbital

diagram of dihydrogen includes a bonding orbital (c1s) with 2 electron, and an empty anti-



bonding orbital (c*1s) (Figure 1.2.1).1 The bond dissociation energy (BDE) for the H-H
single bond is relatively high at 104 kcal/mol,'® 1" and the pKa for H; is estimated to be 35
in THF.18:1° Therefore, homolytic cleavage and heterolytic cleavage of H; are both difficult

without catalysts.

Figure 1.2.1 Molecular orbital diagram for Ho.

The activation of dihydrogen can be achieved by transition metal complexes. As Figure
1.2.2 summarizes, possible pathways for transition metal assisted H» activation include: (1)
forming a stable M(n?-Hz) complex; (2) undergoing homolytic cleavage to form a bis-
hydride complex; and (3) undergoing heterolytic cleavage to form a metal hydride complex
by releasing a proton.?° For the heterolytic cleavage, an external base is generally required,

although proton transfer to a coordinated base also has precedent.



Figure 1.2.2 Possible pathways for H activation.
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As Figure 1.2.3 shows upon coordination to a transition metal, the electrons in
dihydrogen’s 15 orbital can donate to an empty orbital (c-symmetric), and the electrons in
a m-symmetric metal d orbital can back-donate to the H, o*1s orbital (z-symmetric). It is
also revealed that the H-H distance of an n?-H (usually 1.0 A to 1.5 A) is elongated
compared to free Hz (0.74 A).?? This increased H—H distance could suggest that the bond
strength of H; is weakened.?® For example, Morris and coworkers have reported that the
BDE for the H-H in complexes [Os(n?-Hz2)(L?)(dppe)2]#*?* (L? = H-, CH3sCN, CI-, Br) are
70-80 kcal/mol, which is significantly lower than free Hz (104 kcal/mol).?* 2" The lowered
BDE is clear evidence of dihydrogen activation by transition metal complexes. Although
there is no clear defined classification for elongated M(n?-Hz) complexes and bis-hydride
complexes based on the H-H distance, it can be implied that the longer H-H distance
represents more complete homolytic cleavage.?’ The heterolytic cleavage of Hz can also be
achieved by polarizing Hz with the assistance of an acid or a base.?" 2830 Recently,
“frustrated Lewis pairs” (FLP), a Lewis acid with a base that do not bond, such as
P(Mes)s/B(CsFs)s (Mes = mesityl), have been reported for facilitating heterolytic cleavage

of Hz under mild conditions.?® 3% 32



Figure 1.2.3 The s-donation and m-back bonding of an n?-Hz with transition metals (M)

SM :ﬂ T n-back bonding

H
MQ <—@ c-donation
H

1.2.2 Examples of catalytic H2 utilization

Many M(n?-Hz) complexes and metal-hydride complexes have been synthesized in the
past century.®3->! Researchers have discovered that M(n?-Hz) complexes and metal-hydride
complexes can serve as potent catalysts for the hydrogenation of alkenes, alkynes,
aldehydes, ketones and imines.> The following paragraphs in this section will introduce a

few examples of H> utilization with transition metal complexes.

In 1960s, Wilkinson and coworkers developed a catalytic olefin hydrogenation using
[Rh(PPh3)sCl] as the catalyst, which is also called “Wilkinson’s catalyst.”**"*" Wilkinson’s
catalyst is capable of catalyzing the hydrogenation of a wide range of mono- and di-
substituted olefins, while the reaction rates can vary based on the conformational and steric
properties of the olefin substrate.>? As a result of the varied rates, Wilkinson’s catalyst is
used for selective hydrogenation of substrates with multiple C=C bonds.%® >° The
mechanism for the olefin hydrogenation catalyzed by Wilkinson’s catalyst has been studied
and illustrated by Halpern and coworkers (Figure 1.2.4).5%%* Wilkinson’s catalyst is first
converted to a new Rh(l) complex [Rh(L)2(S)(CI)] (L = phosphine ligand, S = solvent),

followed by the oxidative addition of H> to form the Rh(lll)-bishydride complex



[Rh(L)2(H)2(S)(CN]. Then, the olefin substrate is exchanged with coordinated solvent to
form [Rh(L)2(H)2(olefin)(Cl)]. After that, the migratory insertion of hydride into the olefin
leads to the formation of [Rh(L)2(H)(alkyl)(Cl)]. Finally, the hydrogenated product is
released from the catalyst by reductive elimination, and the active catalyst [Rh(L)2(S)(CI)]
is regenerated. This mechanism is also called the “hydrogen first” mechanism because H»

joins the catalytic cycle prior to the olefin.

Figure 1.2.4 Proposed catalytic cycle for olefin hydrogenation catalyzed by Wilkinson’s
catalyst.
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In the 1970s, Osborn and Schrock reported cationic Rh catalyst precursors with the
general formula [Rh(L)2(diene)]* (L = phosphine ligand) for catalytic olefin hydrogenation,
known as the Schrock-Osborn catalyst.>®” Crabtree and coworkers also developed a

cationic Ir catalyst, [Ir(COD)(py)(PR3)]" (py = pyridine; R = cyclohexyl or isopropyl), for



olefin hydrogenation (Crabtree’s catalyst).%8’° Both the Schrock-Osborn catalyst and
Crabtree’s catalyst exhibit significantly faster rates compared to Wilkinson’s catalyst for
olefin hydrogenation. The mechanism for olefin hydrogenation catalyzed by the Schrock-
Osborn catalyst (Figure 1.2.5) is found to be different from the hydrogen first
mechanism.”>" In this case, the proposed active catalyst [Rh(L)2(S)2]* (L = phosphine
ligand, S = solvent) is formed by ligand exchange. The olefin substrate can replace
coordinated solvent to form [Rh(L)2(olefin)(S)]". Oxidative addition of H then takes place,
and the complex is transformed to [Rh(L)2(H)2(olefin)(S)]". After that, the coordinated
olefin substrate insert into the Rh—H bond via migratory insertion and converted to
[Rh(L)2(H)(alkyl)(S)2]". Finally, reductive elimination of the hydrogenated product and
coordination of the solvent regenerates the active catalyst [Rh(L)2(S)2]*. The major
difference between the mechanism for Schrock-Osborn catalyst and Wilkinson’s catalyst
is that coordination of the olefin substrate is proposed to occur before oxidative addition
of Ha for the olefin hydrogenation catalyzed by Wilkinson’s catalyst. This mechanism is

referred to as the “alkene first” mechanism.



Figure 1.2.5 Proposed catalytic cycle for olefin hydrogenation catalyzed by the Schrock-

Osborn catalyst.
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It remains unclear if olefin hydrogenation catalyzed by Crabtree’s catalyst undergoes
the hydrogen first mechanism or the alkene first mechanism, as the reaction rate is fast and
mass transport of hydrogen becomes rate-limiting, which makes Kkinetic studies
challenging.>> '8 There are DFT computational data supporting a mechanism in which the

complex follows an Ir(111)/1r(V) catalytic cycle (Figure 1.2.6).7": 8



Figure 1.2.6 Proposed Ir(I11)/1r(V) catalytic cycle for Ir catalyzed olefin hydrogenation.
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Aldehyde and ketone hydrogenation can also be catalyzed by Rh and Ru complexes.*"
7986 Figure 1.2.7 shows the calculated mechanism for acetone hydrogenation catalyzed
by Ru(H)2(NH2CH2CH2NH2)(PH3)2.8" The dihydrido(diamine) Ru(ll) complex can
transfer one of the hydride ligands to the carbonyl carbon to form the intermediate
Rh(H)[OCH(CHs)2](NH2CH2CH2NH2)(PHs)2. Then, the isopropoxy group abstracts a
proton from the diamine nitrogen to release isopropanol, and the Ru complex is converted
into Ru(H)(NHCH.CH>NH2)(PHs).. After that, dihydrogen is coordinated. Unlike the
homolytic cleavage in the olefin first mechanism and the hydrogen first mechanism
described in Figure 1.2.4 and Figure 1.2.5, the dihydrogen can undergo a heterolytic

cleavage to form the dihydrido(diamine) Ru(ll) complex.



Figure 1.2.7 Calculated mechanism for Rh(H)2(NH.CH2CH2NH.)(PH3). catalyzed
acetone hydrogenation.
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Catalytic ketone hydrogenation can also occur by an ionic pathway. For example, in
Figure 1.2.8,%8 the molybdenum or tungsten complex [M(Cp)(CO)2(PR3)(OCR2)]* (M =
Mo or W) can first dissociate the ketone to form [M(Cp)(CO)2(PR3)]*, followed by
oxidative addition of dihydrogen to form [M(H)2(Cp)(CO)2(PR3)]*. Then, proton transfer
leads to the formation of M(H)(Cp)(CO)2(PR3) and (HOCR>)* carbocation. Next, a metal-
alcohol complex [M(Cp)(CO)2(PR3)(HOCHR?)]" is generated via hydride transfer. Finally,
the hydrogenation product is released, and the active catalyst [M(Cp)(CO)2(PR3)]" is

regenerated.



Figure 1.2.8 Proposed mechanism for ketone hydrogenation
[M(Cp)(CO)2(PR3)(OCR2)]* (M = Mo or W).
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1.3 Utilization of carbon monoxide (CO)

1.3.1 Properties of CO

catalyzed

10

by

The molecular orbital diagram of CO is more complicated than that of H, (Figure

1.3.1). In the molecular orbital diagram of CO, all three pairs of electrons are located in the

bonding orbitals, so the bond order for CO is 3. The 1z orbitals are lower in energy than

the 3o orbital. Hence, the HOMO of CO is a ¢ bonding orbital, and the LUMO of CO is a

m* antibonding orbital.2° Since the CO 3o orbital is the combination of two carbon atomic

orbitals (2p; and 2s) but only one oxygen atomic orbital (2p;), the lobe of the 3o orbital on

the carbon side is slightly larger than the lobe on oxygen side.?® The 1n* orbitals are closer

in energy to the carbon 2p orbitals than the oxygen 2p orbitals. Thus, the better energy

matching leads to a greater contribution from the carbon side to the 1z* orbitals.
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Carbon monoxide can coordinate to transition metals tightly, because CO can serve as
both a o donor and a n-acceptor (Figure 1.3.2). The metal-to-ligand n-back bonding can
significantly lower the C=0 bond strength by donating electron density into the LUMO of
CO, which is a C-O =* orbital. One example of direct evidence is that the frequencies for

the C—O stretch in many metal carbonyl complexes are often lower than that of free CO.%%

91

Figure 1.3.1 Molecular orbital diagram for CO.
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Figure 1.3.2 c-donation and m-back bonding of a k*-CO with transition metals (M).
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1.3.2 Examples of catalytic CO utilization
Carbon monoxide is a synthon for the production of aldehydes and carboxylic acids.
There are two well-known industrial process that incorporate CO: methanol carbonylation

and hydroformylation. These two processes will be discussed in this section.

Methanol carbonylation is the reaction between methanol and CO to produce acetic
acid or methyl acetate. During the last 50 years, industrial methanol carbonylation
processes have been developed rapidly. Perhaps the first example of catalytic methanol
carbonylation was reported in the 1950s, in which Reppe and coworkers at BASF used
cobalt(I) iodide to catalyze the production of acetic acid (AcOH) or its derivatives from
methanol (MeOH) and carbon monoxide (CO) under relatively harsh conditions (c.a.
250 °C, 600 bar).%2 % In the 1960s, Paulik and Roth at Monsanto developed a rhodium
catalyzed methanol carbonylation method (Monsanto process) using methyl iodide and
iodide salts as promoters under milder conditions than the previously reported Co catalyzed

methanol carbonylation (c.a. 175 °C, 30 bar).** The Monsanto acetic acid process was able
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to improve the selectivity of the reaction from 90% to > 99% based on methanol, and from
70% to 85% based on CO, compared to the cobalt catalyzed methanol carbonylation
described above. In 1996, BP Chemicals announced the Cativa™ process, an iodide
promoted iridium catalyzed methanol carbonylation system, which exhibits a greater
stability than the Rh-based processes.*>*’

The mechanism for the iodide promoted Rh and Ir-catalyzed methanol carbonylation
has been studied extensively in the past few decades.?®*% In methanol carbonylation
chemistry, the oxidative addition of methyl iodide (Mel) to Rh(l) or Ir(l) plays an important
role in the catalytic reaction (Figure 1.3.3). Through the oxidative addition of Mel to the
Rh(I) or Ir(1) catalysts, Rh(IlI) or Ir(I1l) intermediates are formed (Step | in Figure 1.3.3).
Then, the migratory insertion of CO into the M—Me (M = Rh or Ir) bond leads to the
formation of a M(III)-acetyl complex (Step ii in Figure 1.3.3) and then reductive
elimination follows which gives a M(1)-n?-acetyl iodide complex (Step iii in Figure 1.3.3).
Finally, acetyl iodide on the complex exchanges with CO and free acetyl iodide is
hydrolyzed to form acetic acid and HI. Mel is regenerated by the reaction of methanol with

HI.
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Figure 1.3.3 Proposed mechanism for rhodium and iridium catalyzed methanol
carbonylation.
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Additionally, various ligands have been reported to facilitate Rh catalyzed methanol
carbonylation. Figure 1.3.4 shows some examples of the ligands that have been studied for
Rh catalyzed methanol carbonylation.%-1% Comparison of catalytic performance of Rh
catalyzed methanol carbonylation with dppmO, dppeO, dppmS and Ph2PN(Ph)PPhy(S) has
been reported by Baker and coworkers.!®® The addition of dppmO, dppeO or
Ph2PN(Ph)PPh2(S) to [Rh(u-CO)2Cl]2 only exhibits minimal improvements (less than 2
fold improvement on turnover frequency compared to using [Rh(u-CO)2Cl].). However,
the addition of dppmsS significantly enhances methanol carbonylation by 8.5 times in rate
compared to the reaction with the same conditions catalyzed by [Rh(CO).Cl],.10% 102
Further, mechanistic studies suggests that the oxidative addition of Mel to
[Rh(CO)(dppmS)I] is approximately 40 times faster than the oxidative addition of Mel to
[Rh(u-CO)2l2] 104 195 Although the rate for [(dppe)Rh(1)(CO)]-catalyzed methanol
carbonylation is slower than [Rh(p-CO).Cl].-catalyzed methanol carbonylation, the
diphoshine ligated Rh catalysts exhibits better longevity under harsh conditions (i.e. 150-

200 °C, 10-60 bar C0).1%? It was also reported that diphosphine ligands with a larger bite
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angle to Rh metal center can enhance the rate of methanol carbonylation.% For example,
the turnover of methanol carbonylation using [(Xantphos)Rh(CI)(CO)] is approximately

1.5 times greater than methanol carbonylation using [Rh(u-C0)2Cl]2.1%

Figure 1.3.4 Examples of ligands studied for Rh catalyzed methanol carbonylation.
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Hydroformylation is the reaction of an alkene, CO and H> to produce aldehydes.’®” A
series of metal-carbonyl complexes with the general formula [HM(CO)xLy] (M = Rh, Co,
Ir, Ru, Os, Pt, Pd, Fe or Ni; L = organic ligands or CO) have been reported for catalyzing
the hydroformylation reaction, and Rh and Co-based complexes generally show the best
performances.'®! The mechanism of hydroformylation catalyzed by Co or Rh has been
studied by many groups.!'>12! The proposed mechanism of HCo(CO)s catalyzed
hydroformylation is illustrated in Figure 1.3.5. The HCo(CO)4 catalyzed hydroformylation
starts with the dissociation of CO (Step i in Figure 1.3.5). The olefin then coordinates to
the vacant site to form the n2-olefin complex Co(olefin)(H)(CO)s (Step ii in Figure 1.3.5).
The n?-olefin complex becomes the Co-alkyl complex, Co(alkyl)(CO)s, via migratory
insertion of hydride into the olefin (Step iii in Figure 1.3.5). The coordination of CO (Step
iv in Figure 1.3.5) followed by migration insertion of CO into the alkyl group (Step v in

Figure 1.3.5) forms the intermediate Co(COCHRCH3)(CO)s. Then, the coordination of H»
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takes place (Step vi in Figure 1.3.5), and the reductive elimination of the aldehyde product

regenerates the HCo(CO)s (Step vii in Figure 1.3.5).

Figure 1.3.5 Proposed mechanism for HCo(CO)4 catalyzed hydroformylation.
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The mechanism for Rh catalyzed hydroformylation follows a similar pathway to the
Co-catalyzed hydroformylation (Figure 1.3.6).”> ° In contrast, Rh catalyzed
hydroformylation exhibits higher reactivity and better regioselectivity for the linear
product compared to the Co catalyzed hydroformylation.!?? 122 Although the unmodified
(i.e. with Rhs(CO)12) catalyzed hydroformylation yields almost 1:1 ratio for the linear and
branch products,'?* the presence of a ligand can tune the regioselectivity to prefer the linear
products. For example, Hjortkjaer and coworkers reported that HRh(CO)(PPhs)s catalyzed
hydroformylation of propene can reached a linear:branch ratio at 9.8:1.1% The

regioselectivity of Rh catalyzed hydroformylation of 1-alkenes with bidentate phosphine
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ligands also have been studied. The researchers found that the bite angle of the biphosphine
ligand was an important factor for the regioselectivity.’?® Figure 1.3.7 shows some
examples of the bite angles of the ligands on Rh complexes, and the linear: branch ratios
for the catalytic hydroformylation of 1-hexene.*?613 |t has been proposed that the wider
bite angle for the diphosphine ligands can increase the steric effect for the coordinated
olefin in the square pyramidal transition states for the olefin insertion step, so the less
hindered conformation will be favored (Figure 1.3.8).12% 130 |t is worth noting that the
electronic properties of the ligand can also affect the regioselectivity. It was suggested that
electron-withdrawing ligands can both lead to better selectivity towards the linear

hydroformylation products and enhance the reaction rate, 2 131-133
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Figure 1.3.6 Proposed mechanism for Rh catalyzed hydroformylation.
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Figure 1.3.7 The bite angles for biphosphine ligands on Rh and the linear:branch (I:b)
ratios for catalytic hydroformylation of 1-hexene.
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Figure 1.3.8 Steric hinderance of biphosphine ligands in square pyramidal transition states
of the olefin insertion step.
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1.4 Utilization of carbon dioxide (COz)

1.4.1 Properties of CO2

As Figure 1.4.1 shows, the HOMO of CO: is a non-bonding orbital, and the LUMO is
the w-anti-bonding orbital. Since the HOMO orbital is localized on the oxygen atoms, the
oxygens can be considered Lewis basic. For similar reasons, the carbon can be described

Lewis acidic since the LUMO is localized on the center carbon.3*

It has been summarized that there are four general binding modes for CO> coordinated
to transition metals (Figure 1.4.2):134 135 (1) n}(C): a metal d; orbital donates electrons to
the * orbital of CO2, which is usually favored by electron-rich metals;**¢*° (2) n%(C,0):
bent CO. coordinates with the metal via a side-on fashion. The HOMO of CO> donates
electrons to the metal d; orbital, and the metal orbital can also form a back-bonding with
the LUMO of CO2;1%%142 (3) n}(0): linear (or weakly bent) CO, coordinates to the metal in
an end-on fashion. The n*(O) coordination of CO2to U(IV) and V/(111) has been observed.4*
144 (4) 12(0,0): bent CO; coordinates to the metal with both oxygen atoms. It is proposed
that the n?(0,0)-CO- can be described as metal carboxylate M*CO2".*** This coordination

mode can be often observed with alkali and alkaline-earth metals.4% 146



Figure 1.4.1 MO diagram for CO,.
C
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Figure 1.4.2 Possible binding modes for CO> coordinated to transition metals.
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1.4.2 Examples of catalytic CO: utilization
As a result of increasing CO, concentration in the atmosphere (420 ppm in 2022),'4
the demand for CO; fixation techniques has increased in the past few decades.'*® It has

been proposed that CO> can be harnessed and used as a C1 synthon.

One example of utilizing CO> in synthetic chemistry would be producing carboxylic
acids. Table 1.4.1 provides a brief summary of the examples of the catalytic carboxylation
reaction with various substrates.*® As Table 1.4.1 shows, catalytic carboxylation reactions
using organotin reagents,%-1°3 organoboron reagents,*>*16! organozinc reagents? 163 and
organic (pseudo)halides'®* 1 are reported. Although the substrates for the carboxylation
reactions involving C—C bond formation shows a large diversity, the mechanism for the
carboxylation reactions usually involves the formation of a metal-alkyl/aryl/vinyl
intermediate, followed by the direct carboxylation to form the corresponding metal

carboxylate.}*® The direct carboxylation of hydrocarbon is more remarkable due to the
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challenging C—H activation step. A few examples of direct carboxylation of hydrocarbon

will be introduced in Chapter 3.

Table 1.4.1 Examples of catalytic carboxylation reaction with various substrates

o
®@x CO,, cat. ®/C\OH
® X Catalyst

Allyl SnBu3 or SnPhs Pd cat 149-153
aryl, vinyl Bnep Rh(I),'>* Cu(1),'>> Ag(1)!*” or Ni(II) cat.'®

Allyl Bpin Cu(l) cat.'
alkyl, vinyl 9-BBN Cu(T) cat.!6%- 1!

ZnX (X=Cl,
alkyl, aryl Pd(II) or Ni(II) cat.'® 163
Br, I)

a 19 alk 1) X X = Cl, BI',
v g ( Cu(l),l66, 167 Pd(H)164, 168,169 . Ni(I) cat 165 170-174
vinyl I, OTs)

Bnep = 5,5-dimethyl-1,3,2-dioxaborinyl; Bpin = 4,4,5,5-tetramethyl-1,3,2-dioxaborolyl;
9-BBN = 9-Borabicyclo[3.3.1]nonane

It is also worthy to note that CO> can also be reduced to formic acid or methanol
chemically or electrochemically.t”>"" Moreover, processes for cyclic carbonate
production involving CO2 have been also reported.1’® In conclusion, although utilizing CO2
is challenging, CO: can still serve as a C: source in synthetic chemistry with the right

catalysts and conditions.
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1.5  Summary and Conclusions

The SMR and WGS reactions are the major industrial processes for Hz production,
which are both energy intensive and broadly used. Thus, utilizing the SMR and WGS
products (CO, Hz and COy) efficiently can be beneficial to the economy by making

production of these chemicals more cost-effective.

In the following chapters, studies on the utilization of CO, H2 and CO> are described.
In Chapter 2, olefin hydrogenation reactions were used as a model to study the redox
chemistry during the catalytic cycle for capping arene ligated Rh complexes. In Chapter 3,
direct carboxylation of benzene catalyzed by palladium catalysts was studied. In Chapter
4, methanol carbonylation chemistry catalyzed by capping arene Rh or Ir complexes was
studied. In Chapter 5, a new capping arene Co complex was synthesized, and styrene
hydrogenation catalyzed by the capping arene Co complex was studied. In Chapter 6, some

possible future directions for my studies are proposed.
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2 Capping Arene Ligated Rhodium Catalyzed Olefin Hydrogenation

This chapter is adapted with permission from “Zhang, K.; Musgrave, C. B.; Dickie,
D. A.; Goddard, W. A.; Gunnoe, T. B. Capping Arene Ligated Rhodium Catalyzed Olefin
Hydrogenation: A Model Study of the Ligand Influence on a Catalytic Process that
Incorporates Oxidative Addition and Reductive Elimination. Organometallics. ASAP
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2.1 Introduction

Many homogeneous catalytic processes based on transition metal catalysts occur
through catalytic cycles that form transition metal intermediates in different formal
oxidation states. For example, for transition metal-based catalytic processes, oxidative
addition and reductive elimination reactions are often key steps in catalytic processes, and
these fundamental reactions increase formal metal oxidation state and coordination number
(oxidative addition) or decrease formal metal oxidation state and coordination number

(reductive elimination).t*°

A common motif for processes based on group 9 metals is for a catalytic cycle to
involve d® (+1 oxidation state) and d® (+3 oxidation state) intermediates.” 1*1° For example,
methanol carbonylation catalyzed by Rhls is proposed to undergo a catalytic cycle that

involves a Rh(I) d® specie [Rn(CO)2l2]" and a Rh(l1l) d® specie [Rh(CH3)(CO)2ls] 1% To
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improve catalytic activity, studies have been directed toward understanding trends for
oxidative addition and reductive elimination by tuning a variety of features (e.g., electronic

properties of the metal and ligand, steric properties of the ligand).2%-3!

For catalytic processes that proceed through different transition metal redox states, the
different oxidation states present variable d-electron counts and idealized geometries. For
example, a d® configuration is often stable with a square planar geometry, and a d°
configuration is often stable with an octahedral geometry.3 Ligand design that selectively
stabilizes, or destabilizes, a specific formal metal redox state, based on d-electron count
and/or a preferred geometry/coordination number, can be potentially used to optimize rates

of catalysis.?32% 33-3

Recently, our group has reported on the use of “capping arene” ligands (FP) with Co,
Rh, and Ir metals.?” 364! Capping arene ligands are a group of nitrogen-based bidentate

ligands linked by arene groups, for example, 6-FP (8,8'-(1,2-phenylene)diquinoline), 6-
NPEP (8,8'-(2,3-naphthalene)diquinoline), 5-FP (1,2-bis(N-7-azaindolyl)benzene) and 5-

NPEP (2,3-bis(N-7-azaindolyl)naphthalene) (Scheme 2.1.1). When capping arene ligands
coordinate to a metal, the arene moiety can block one of the coordination sites for an
octahedral complex. Furthermore, the arene to metal bonding interaction can be adjusted

by controlling arene-metal distances for 6-FP and 5-FP.
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Scheme 2.1.1. Examples of capping arene ligands.

\7/ a \7/ N
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For capping arene-Rh complexes, we have studied the ability of the capping arene
structure to modulate the reductive elimination of MeX (X = halides, pseudohalides) from
(FP)Rh"(Me)(X)2.% In the study, ligand effects were observed on reductive elimination of
MeTFA from (FP)Rh"'(Me)(TFA),, for which the (5-FP)Rh"'(Me)(TFA), and (5-
NPEP)Rh!"(Me)(TFA) exhibit faster MeTFA formation than (6-FP)Rh'"'(Me)(TFA) or (6-

NPEPYRK!(Me)(TFA)..

In this work, we sought to extend our studies of the impact of capping arene ligands
using a model catalytic reaction. To do so, we sought a catalytic reaction with a well-
defined set of possible mechanistic pathways and clear involvement of M" and M"*2 formal
oxidation states that are formed via oxidative addition and reductive elimination reactions.
Rh-catalyzed olefin hydrogenation was selected for the model study. Previously, two
mechanisms have been proposed for Rh-catalyzed olefin hydrogenation (Scheme 2.1.2).%
17.42-51 Iy the “hydrogen-first mechanism,” the active species Rh(L)2(S)(CI) (L = ligand, S
= solvent) first mediates oxidative addition of Hz to form Rh(H)2(L)2(S)(CI), followed by
the coordination of olefin substate and olefin migratory insertion to form

Rh(H)(alkyl)(L)2(S)(CI). Finally, the hydrogenated product and the active catalyst are
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generated by reductive elimination of alkane. In a “olefin-first mechanism,” the active
species [Rh(L)3(S)]" first undergoes a ligand exchange with the olefin substrate to form
[Rh(L)3(olefin)]*. Oxidative addition of Hx to [Rh(L)s(olefin)]* then takes place which
forms [Rh(H)2(L)s(olefin)]*. After that, the [Rh(H)2(L)s(olefin)]* is transformed to
[Rh(H)(alkyl)(L)s]" via migratory insertion. Subsequently, the hydrogenated product is
released by the reductive elimination of alkane, and [Rh(L)3(S)]" is regenerated. Although
specific mechanisms may vary based on ligand(s), olefin substrate, and conditions, the key
steps of Rh-catalyzed olefin hydrogenation are usually proposed to be oxidative addition
of Hy to form Rh(lll)-dihydride complex, olefin coordination, migratory insertion of
coordinated olefin into a Rh-hydride bond, and reductive elimination from a Rh"'(H)(alkyl)
intermediate to release the hydrogenated product and form a Rh(l) product (Scheme
2.1.2).5:17.42:51 previous studies have shown that oxidative addition of Hy is often the rate-
determining step for Rh(1)-catalyzed olefin hydrogenation.® **” Thus, we anticipated that
the capping arene ligated Rh(l)-catalyzed olefin hydrogenation would follow one of the
general mechanisms shown in Scheme 2.1.2, for which the oxidative addition of H, on the

Rh(I) metal center would likely play an important role in the catalytic cycle.
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Scheme 2.1.2 General mechanisms for homogenous Rh-catalyzed olefin hydrogenation
reactions.
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Herein, we report on studies of capping arene ligated Rh(l)-catalyzed olefin
hydrogenation including combined experimental and computational studies to understand
the mechanism and quantify catalytic performance. Our studies reveal that the reaction rate
of olefin hydrogenation is dependent on the capping arene ligands on Rh, for which the
trend is identified to be (6-FP)Rh(n?-C2H4)Cl > (5-FP)Rh(?-C2H4)Cl (Scheme 2.1.3).
Combined experimental and computational modeling studies allow us to understand and
explain the relative rates of reaction based on the identity of the Rh catalyst precursor.
Catalytic olefin hydrogenation using (5-N"FP)Rh(n?-C2H4)Cl and (6-N"FP)Rh(n?-C2H4)CI
was also studied; however, under conditions of catalysis, the complex (5-N"FP)Rh(n?

C2H4)ClI likely forms an active catalyst that is not ligated by the 5-NPFP ligand, and thus
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comparison of catalysis using (5-N"FP)Rh(n?-C2Ha4)Cl versus (6-NPFP)Rh(n?-C2H4)Cl was

not possible.

Scheme 2.1.3 Trend of ligand impact on rate of catalytic olefin hydrogenation using
capping arene ligated Rh complexes as catalyst precursors.

A B A B

X, o == X
+ Hy —————>

C D C D

\7/N,>Rh\/0|" . /7\N/\Rh\/CI||

(6-FP)Rh(n2-CzH4)CI (6FP-A) (5-FP)Rh(n2-CQH4)CI (5FP-A)

2.2  Comparison of olefin hydrogenation rate with various olefins catalyzed by
capping arene rhodium complexes

We studied four capping arene Rh(l) complexes as catalyst precursors for olefin
hydrogenation of the general formula (capping arene)Rh(n?-C2H4)CI. The capping arene
ligands that we studied include (6-FP)Rh(n?-C2H4)Cl (6FP-A), (6-NPFP)Rh(n?-C2H4)CI
(6NPFP-A), (5-FP)Rh(n>-CzH4)Cl (5FP-A) and (5-N°PFP)Rh(n?-C2H4)Cl (5NPFP-A)
(Scheme 2.2.1). Our previous studies indicated that the arene groups (benzene for FP, and
naphthalene for N°FP) can coordinate to the Rh center in a dihapto fashion, and the
quinolinyl or N-7-azaindolyl backbones can be used to tune the coordination of the arene
based on the structure and position of the arene moiety.® 3% Structures based on single-
crystal X-ray diffraction data show that the distances from Rh center to the closest carbon(s)
on the arene moiety are shorter in 6FP-A than that in 5FP-A (~2.6 A vs. ~3.1 A).% This
structural difference could influence the relative stabilities of Rh(I) complexes, which often

favors a square planar structure, versus Rh(111), which often favors an octahedral structure.
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Thus, we anticipated that the relative rates of catalytic olefin hydrogenation would depend

on the identity of the capping arene ligand.
Scheme 2.2.1 Examples of (capping arene)Rh(n?-C2H4)Cl complexes used in this study.

\*/N/\Rh\/CIH 7 N Csrn—]|
() =

(6-FP)Rh(n2-C,H,)CI (6FP-A)  (5-FP)Rh(n?-C,H,)CI (5FP-A)

: N/Rh <l ‘ N——Rh=_,

(6-NPFP)Rh(n2-C,H4)Cl (BNPFP-A)  (5-NPFP)Rh(n2-C,H,)CI (SNPFP -A)

The preparation of capping arene ligands and the Rh complexes in this study followed
previously reported methods.*® The 6-FP and 6-N°FP ligands are synthesized by Suzuki
coupling reactions, and the 5-FP and 5-NPFP ligands are synthesized by an Ullmann
Reaction (Scheme 2.2.2). The capping arene-Rh complexes are prepared by mixing the

corresponding ligands with [Rh(n?-C2H.)Cl]2 (Scheme 2.2.3).

Scheme 2.2.2 Synthetic routes for capping arene ligands used in this study.
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Scheme 2.2.3 General synthetic routes for capping arene ligated Rh complexes used in this
study.

cl N\
/\Rh/ \Rh/\ + FP LU (FP)Rh(n?-C,H,4)CI
N t, 24 h
\/ N r

We compared Rh-catalyzed hydrogenation of various olefins (Figure 2.2.1) by
monitoring catalysis in situ using *H NMR spectroscopy. In a representative experiment, a
J. Young tube was charged with 0.4 mL of a 1 mM solution of Rh complex, 4 mM of
hexamethylbenzene (HMB, internal standard), and 44 mM of olefin in CD,Cl; followed by
pressurizing with 50 psig of Hz. The reaction tube was heated to 45 °C, and 'H NMR
spectra were collected at 0, 1, 2 and 4 hours. The *H NMR spectra for the 6NPFP-A
catalyzed olefin hydrogenation reactions were recorded at 0, 20, 40 and 60 minutes of the
reaction, considered to be initial rates, due to the decomposition of catalyst (see below for
more details). The concentration of the hydrogenated product was determined by the
integration ratio of the product versus HMB. The reaction rate was determined by
monitoring the change in concertation of the hydrogenated product versus time. A sample
stacked 'H NMR spectra for the catalytic hydrogenation of cyclohexene with 6FP-A is
provided to demonstrate more details (Figure 2.2.2). The concentration of olefin,
dihydrogen and the hydrogenated product were determined by the integration with respect
to the internal standard HMB. For the hydrogenation of cyclohexene, styrene, trans-2-
pentene and cis-2-pentene (Figure 2.2.1), the reaction rate data show that the rate of
hydrogenation using both 6FP-A and 6NPFP-A are faster than 5FP-A. The catalyst
precursor 5NPFP-A gives the most rapid catalysis, but we have evidence that 5NPFP-A

converts to a catalyst that is not ligated by the 5-NPFP ligand (see below for more details).
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In comparison, the rates for hydrogenation of 3,3-dimethyl-1-butene with the three
catalysts do not show a statistically significant difference. The hydrogenation of tri-
substituted and tetra-substituted olefins 2-methyl-2-butene and 2,3-dimethyl-butene does
not occur with any of the Rh catalysts. Also, the hydrogenation of trans-stilbene was not

observed.

Figure 2.2.1 Comparison of olefin hydrogenation catalyzed by four capping arene Rh
complexes.
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The bars show rate data from at least three independent experiments with standard deviations
shown as error bars. Standard deviations were determined by the standard error of the slope for the
linear regression (Figure 2.2.5 — Figure 2.2.22). * The complex 6NFP-A is not stable during
the reaction. Thus, the rate was determined using data collected at 0, 20, 40 and 60 minutes. ** The
isomerization of cis-2-pentene to trans-2-pentene and 1-pentene competes with the hydrogenation
of cis-2-pentene. Thus, the rate of catalytic hydrogenation of cis-2-pentene could not be accurately
quantified.



55

Figure 2.2.2 A sample of catalytic hydrogenation of cyclohexene with "capping arene™
ligated Rh catalyst.
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The assignments of the important peaks are labeled on the top of each peak with abbreviations
(cHex = cyclohexene, HMB = hexamethylbenzene, CyH = cyclohexane, H, = dihydrogen). The
reaction is performed with 1mM (5-""FP)Rh(n?-C.H.)CI (5"NPFP-A), 44 mM cyclohexene, 50 psig
H; at 45 °C in CD,Cl.. The peaks are integrated against the hexamethylbenzene (internal standard).
The reaction time for each spectrum is noted on top left of the corresponding spectrum.

The decomposition of 6NPFP-A was observed by H NMR spectroscopy during
catalytic styrene hydrogenation. As the reaction progressed, the coordinated ligand peaks
for 6NPFP-A decreased and new peaks appeared (Figure 2.2.3). The rate of the olefin
hydrogenation exhibits a significant decrease as the catalyst is deactivated (Figure 2.2.15
— Figure 2.2.17). In comparison, the decomposition of 6NPFP-A during the first hour of

the catalytic reaction (Figure 2.2.4) was not as significant as the decomposition for more

prolonged reaction times shown in Figure 2.2.3. As a result, the *H NMR spectra for
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6NPFP-A catalyzed olefin hydrogenations were acquired at 0, 20, 40 and 60 minutes of

each reaction.

Figure 2.2.3 Sample 'H NMR spectra showing the observed decomposition of (6-
NPEP)Rh(n?-C2H4)Cl (6NPFP-A) during catalytic of styrene hydrogenation.
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The reaction was conducted with 1mM of 6N"FP-A, 44 mM styrene, 50 psig Hz at 45 °C in CD.Cl..
The reaction time is indicated on the top left of each spectrum.
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Figure 2.2.4 Sample 'H NMR spectra for the observation of (6-NPFP)Rh(1-C2H4)ClI
(6NPFP-A) with minimal decomposition at shorter time points during the catalysis of
styrene hydrogenation for comparison with Figure 2.2.3.
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The reaction was conducted with 1mM 6NPFP-A, 44 mM styrene, 50 psig H. at 45 °C in CD.Cl..
The reaction time is indicated on the top left of each spectrum.

The results for catalytic olefin hydrogenation using (6-FP)Rh(n?-C2H4)Cl (6FP-A)
(Figure 2.2.5 — Figure 2.2.9), (5-FP)Rh(n?-C2H4)CI (5FP-A) (Figure 2.2.10 — Figure
2.2.14), (6-N"FP)Rh(n3-C2H4)CI (6NPFP-A) (Figure 2.2.15 — Figure 2.2.17) and (5-
NPEP)Rh(n2-C2H4)Cl (5NPFP-A) (Figure 2.2.18 — Figure 2.2.22) are plotted by the
concentration of hydrogenation product (mM) versus time (s). In some of the plots below,
the concentration of product at 0 second of the reaction is not zero. The reason for the non-
zero initial concentration is because our t = 0 includes time to acquire the first tH NMR

spectrum.
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Figure 2.2.5 Plot of [cyclohexane] (mM) vs. time (s) for (6-FP)Rh(n>-C2H4)Cl (6FP-A)
catalyzed cyclohexene hydrogenation.
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The reaction was performed in triplicate with 1 mM 6FP-A, 44 mM cyclohexene, 50 psig Hz, 45 °C.
CyH = cyclohexane in CD,Cl,. The error bars represent the standard deviations of the concentration
of CyH among the three trials.

Figure 2.2.6 Plot of [ethylbenzene] (mM) vs. time (s) for (6-FP)Rh(n?-C,H4)Cl (6FP-A)
catalyzed styrene hydrogenation.
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The reaction was performed in triplicate with 1 mM 6FP-A, 44 mM styrene, 50 psig Ha, 45 °C.
EtPh = ethylbenzene. in CD,Cl,. The error bars represent the standard deviations of the
concentration of EtPh among the three trials.
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Figure 2.2.7 Plot of [2,2-dimethylbutane] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)ClI
(6FP-A) catalyzed 3,3-dimethylbutene hydrogenation.
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The reaction was performed in triplicate with 1 mM 6FP-A, 44 mM 3,3-dimethylbutene, 50 psig
Hy, 45 °C. TBA = tert-butyl ethane = 2,2-dimethylbutane in CD,Cl,. The error bars represent the
standard deviations of the concentration of TBA among the three trials.

Figure 2.2.8 Plot of [pentane] (mM) vs. time (s) for (6-FP)Rh(n?-C.H4)Cl (6FP-A)
catalyzed trans-2-pentene hydrogenation.
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The reaction was performed in triplicate with 1 mM 6FP-A, 44 mM trans-2-pentene, 50 psig Ho,
45 °C in CD.Cl,. The error bars represent the standard deviations of the concentration of pentane
among the three trials.
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Figure 2.2.9 Plot of [pentane] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed cis-2-pentene hydrogenation.
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The reaction was performed in triplicate with 1 mM 6FP-A, 44 mM cis-2-pentene, 50 psig Ho,
45 °C in CD.Cl,. The error bars represent the standard deviations of the concentration of pentane
among the three trials.

Figure 2.2.10 Plot of [cyclohexane] (mM) vs. time (s) for (5-FP)Rh(n?-C2H4)CI (5FP-A)
catalyzed cyclohexene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5FP-A, 44 mM cyclohexene, 50 psig Ho, 45 °C.

CyH = cyclohexane in CD,Cl,. The error bars represent the standard deviations of the concentration
of CyH among the three trials.
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Figure 2.2.11 Plot of [ethylbenzene] (mM) vs. time (s) for (5-FP)Rh(n?-C2H4)CI (5FP-A)
catalyzed styrene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5FP-A, 44 mM styrene, 50 psig Ha, 45 °C.
EtPh = ethylbenzene in CD:Cl,. The error bars represent the standard deviations of the
concentration of EtPh among the three trials.

Figure 2.2.12 Plot of [2,2-dimethylbutane] (mM) vs. time (s) for (5-FP)Rh(1?-C2H4)ClI
(5FP-A) catalyzed 3,3-dimethylbutene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5FP-A, 44 mM 3,3-dimethylbutene, 50 psig
Hy, 45 °C. TBA = tert-butylethane = 2,2-dimethylbutane in CD,Cl,. The error bars represent the

standard deviations of the concentration of TBA among the three trials.
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Figure 2.2.13 Plot of [pentane] (mM) vs. time (s) for (5-FP)Rh(n?-C2H4)Cl (5FP-A)
catalyzed trans-2-pentene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5FP-A, 44 mM trans-2-pentene, 50 psig Ho,

45 °C in CD.Cl,. The error bars represent the standard deviations of the concentration of pentane
among the three trials.

Figure 2.2.14 Plot of [pentane] (mM) vs. time (s) for (5-FP)Rh(n?-C2H4)Cl (5FP-A)
catalyzed cis-2-pentene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5FP-A, 44 mM cis-2-pentene, 50 psig Ho,

45 °C in CD.Cl,. The error bars represent the standard deviations of the concentration of pentane
among the three trials.
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Figure 2.2.15 Plot of [cyclohexane] (mM) vs. time (s) for (6-N"FP)Rh(n?-C2H4)CI (6NPFP-
A) catalyzed cyclohexene hydrogenation.
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The reaction was performed in triplicate with 1 mM 6N°FP-A, 44 mM cyclohexene, 50 psig Ha,
45 °C. CyH = cyclohexane in CD.Cl,. The error bars represent the standard deviations of the
concentration of CyH among the three trials.

Figure 2.2.16 Plot of [ethylbenzene] (mM) vs. time (s) for (6-N"FP)Rh(n?>-C2H4)CI (6NPFP-
A) catalyzed styrene hydrogenation.
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The reaction was performed in triplicate with 1 mM 6"PFP-A, 44 mM styrene, 50 psig Hz, 45 °C.
EtPh = ethylbenzene in CD,Cl,. The error bars represent the standard deviations of the
concentration of EtPh among the three trials.
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Figure 2.2.17 Plot of [2,2-dimethylbutane] (mM) vs. time (s) for (6-NPFP)Rh(12-C2H4)ClI

(6NPFP-A) catalyzed 3,3-dimethylbutene hydrogenation.
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The reaction was performed in triplicate with 1 mM 6N°FP-A, 44 mM 3,3-dimethylbutene, 50 psig
Hy, 45 °C. TBA = tert-butylethane = 2,2-dimethylbutane in CD,Cl,. The error bars represent the
standard deviations of the concentration of TBA among the three trials.

Figure 2.2.18 Plot of [cyclohexane] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (SNPFP-
A) catalyzed cyclohexene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5"PFP-A, 44 mM cyclohexene, 50 psig Ho,
45 °C. CyH = cyclohexane in CD:Cl,. The error bars represent the standard deviations of the

concentration of CyH among the three trials.
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Figure 2.2.19 Plot of [ethylbenzene] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NPFP-
A) catalyzed styrene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5NPFP-A, 44 mM styrene, 50 psig Hz, 45 °C.
EtPh = ethylbenzene in CD:Cl,. The error bars represent the standard deviations of the

concentration of pentane among

the three trials.

Figure 2.2.20 Plot of [2,2-dimethylbutane] (mM) vs. time (s) for (5-NPFP)Rh(1?-C2H4)ClI
(5NPFP-A) catalyzed 3,3-dimethylbutene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5"PFP-A, 44 mM 3,3-dimethylbutene, 50 psig
Hy, 45 °C. TBA = tert-butylethane = 2,2-dimethylbutane in CD,Cl,. The error bars represent the

standard deviations of the concentration of TBA among the three trials.
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Figure 2.2.21 Plot of [pentane] (mM) vs. time (s) for (5-N°"FP)Rh(n?-C2H4)CI (5NPFP-A)
catalyzed trans-2-pentene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5NPFP-A| 44 mM trans-2-pentene, 50 psig Ho,

45 °C in CD.Cl,. The error bars represent the standard deviations of the concentration of pentane
among the three trials.

Figure 2.2.22 Plot of [pentane] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NFPFP-A)
catalyzed cis-2-pentene hydrogenation.
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The reaction was performed in triplicate with 1 mM 5NPFP-A, 44 mM cis-2-pentene, 50 psig Ho,

45 °C in CD.Cl,. The error bars represent the standard deviations of the concentration of pentane
among the three trials.
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2.3 Mechanistic studies

2.3.1 Overview of possible catalytic mechanism

To understand the trend of the ligand effect shown in Figure 2.2.1, a series of
mechanistic studies was performed. Scheme 2.3.1 shows two mechanisms for catalytic
olefin hydrogenation using (FP)Rh(n?-C>H4)Cl based on the general mechanisms of Rh
catalyzed olefin hydrogenation shown in Scheme 2.1.2.517:43:51 The proposed mechanism
on the left (Scheme 2.3.1A) is the “olefin first” mechanism. In this mechanism, the
precursor (FP)Rh'(n?-C2H4)CI first undergoes olefin exchange to form (FP)Rh'(n?-
olefin)CI (Step a). Then, oxidative addition of H takes place to generate the cationic Rh(lll)
complex [(FP)Rh"'(H)2(n?-olefin)]* with an outer sphere chloride anion (Step b). After that,
olefin migratory insertion leads to the formation of [(FP)Rh"'(H)(x!-hydrocarbyl)]CI (Step
c). Finally, the hydrogenated product is released by reductive elimination, and the Rh
complex coordinates another equivalent of olefin to form (FP)Rh'(n-olefin)CI (Step d).
The proposed mechanism on the right (Scheme 2.3.1B) is the “hydrogen first” mechanism.
In this mechanism, (FP)Rh'(n2-C2H4)CI reacts with H first to give the oxidative addition
product (Step €), followed by olefin exchange to form [(FP)Rh'"'(H)2(n?-olefin)]CI (Step f).
The catalytic cycle starting with [(FP)Rh"'(H)2(n?-olefin)]Cl is similar to the cycle in
Scheme 2.3.1A, which undergoes an olefin migratory insertion (Step g), reductive

elimination and olefin coordination (Step h), and H> oxidative addition (Step ).



Scheme 2.3.1 Two proposed mechanisms for FP-Rh catalyzed olefin hydrogenation.
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2.3.2 Kinetic studies of 6FP-A catalyzed styrene hydrogenation
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To further understand the mechanism of the FP-Rh catalyzed olefin hydrogenation, we

studied the dependence of reaction rate on dihydrogen pressure using 6FP-A and styrene

using the method of initial rates. The initial concentration of dihydrogen in solution phase

was determined by the integration of the resonance due to dissolved H> compared to the

internal standard HMB. A plot of In(kobs) versus In[Hz] (Figure 2.3.1A) shows a slope close

to 1, indicating the reaction likely has a first order dependence on dihydrogen concentration.

Next, we studied dependence of reaction rate on 6FP-A concentration. The plot of In(keps)

versus In[6FP-A] (Figure 2.3.1B) shows a slope of 0.95(5), indicating a likely first order

dependence on the concentration of 6FP-A. Then, the dependence of reaction rate on

styrene concentration was studied. A plot of 1/kobs versus 1/[styrene] shows a linear
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relationship, indicating a Michaelis—Menten relationship (Figure 2.3.1C). One possible
explanation for the Michaelis—Menten relationship based on concentration of styrene is a
reversible exchange of ethylene between 6FP-A and styrene prior to the H, oxidative
addition.>> When the styrene hydrogenation is performed with a substantial excess of
styrene, which is calculated to be 0.33(9) mol/L for the experimental condition (see below
for more details), the styrene exchange becomes the fast step, which would lead to a zero-
order rate law in styrene.>® Based on these studies, a rate equation for the 6FP-A catalyzed
styrene hydrogenation is shown in Eqg. 2-1. When styrene concentration is significant (>
1.0(4) M for the studied reaction conditions), the rate equation can be expressed by EQ.

2-2.

Figure 2.3.1 Studies of reaction order for hydrogenation of styrene using (6-FP)Rh(CI)(n?-
C2Ha) (6FP-A).
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The reaction conditions are: For the determination of order in Hz (A): 1 mM 6FP-A, 44 mM styrene,
variable psig of Hz (20, 30, 40 or 50 psig) in CDCl, 45 °C. For the determination of order in 6FP-
A (B): variable mM 6FP-A (0.2, 0.5, 1, 2 or 4 mM), 44 mM styrene, 50 psig H, in CDCl,, 45 °C.
For the determination of order in styrene (C): 0.5 mM 6FP-A, variable mM styrene (11, 44, 87,
174 or 348 mM), 50 psig H. in CD-.Cl;, 45 °C. The standard deviations for (B) and (C) were
determined from the standard deviation of three trials with the same condition (see Figure 2.3.8
— Figure 2.3.17).
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rate = k[6FP-A][Hz][styrene] Eq. 2-1

rate = K[6FP-A][Ha] Eq. 2-2

The initial rate method was used to determine the dependence on concentration of Hy,
6FP-A and styrene for 6FP-A catalyzed styrene hydrogenation. Due to the low
concentration, the peaks for ethylbenzene (EtPh) would have a relatively lower S/N ratio.
Thus, an alternative quantification method was used. Instead of determining the
concentration of ethylbenzene from the integration of ethylbenzene relative to
hexamethylbenzene (HMB, internal standard), the decrease in concentration of styrene was
quantified. In the absence of by-product formation, based on the principle of mass
conservation, the sum of [styrene] and [EtPh] at any points of the reaction should be
constant which equals [styrene]o (Eq. 2-1). During this catalytic styrene hydrogenation
reaction, the sum of integration for styrene and EtPh is constant (Figure 2.3.2). Hence, the
rate of styrene consumption is determined, which should equal to the rate of EtPh formation
(Eq. 2-2).

Figure 2.3.2 Scatter plots for [J(styrene)+/(EtPh)/2]/[(HMB) vs. time (s) for (6-FP)Rh(n?*
C2H4)CI (6FP-A) catalyzed styrene hydrogenation.
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The data are selected from (A): kinetic studies for the order on [Rh], the reaction condition were 1
mM 6FP-A, 44 mM styrene, 50 psig Hz in CD,Cly, 45 °C; (B): kinetic studies for the order on [H-],
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the reaction conditions were 1 mM 6FP-A, 44 mM styrene, 50 psig H, in CD.Cly, 45 °C; (C):
kinetic studies for the order on [styrene], the reaction conditions were 0.5 mM 6FP-A, 44 mM
styrene, 50 psig H, in CD,Cl,, 45 °C.

In some of the kinetic plots below (Figure 2.3.4 — Figure 2.3.17), the slopes shows a
decrease during the starting c.a. 500—1000 seconds. The changed slopes potentially can be
attributed to the instrumental error caused by a disturbed shimming during the prolonged
experiment, which causes a slight decrease in the integration of the HMB peak (Figure
2.3.3). Although such decrements on the HMB peak integration are trivial (c.a. 5%), it is

enough to cause changes in slope. The detailed plots for Kinetics studies in Figure 2.3.1

are illustrated (Figure 2.3.4 — Figure 2.3.17):

Figure 2.3.3 [HMB vs. time (s) plot for (6-FP)Rh(n?-C2H4)Cl (6FP-A) catalyzed styrene
hydrogenation.
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The reaction was performed in triplicate with 4 mM 6FP-A, 44 mM styrene, 50 psig Hz in CD,Cl,
45 °C.
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Figure 2.3.4 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 1 mM 6FP-A, 44 mM styrene, 20 psig Hz in CD.Cl,,

45 °C in triplicate.
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Figure 2.3.5 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 1 mM 6FP-A, 44 mM styrene, 30 psig Hz in CD.Cl,,
45 °C in triplicate.
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Figure 2.3.6 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(>-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation 1 mM 6FP-A, 44 mM styrene, 40 psig Hz in CD,Cl;, 45 °C
in triplicate.
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Figure 2.3.7 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation 1 mM 6FP-A, 44 mM styrene, 50 psig Hz in CD,Cl;, 45 °C
in triplicate.
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Figure 2.3.8 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 4 mM 6FP-A, 44 mM styrene, 50 psig Hz in CD.Cl,,
45 °C in triplicate.
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Figure 2.3.9 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n>-C2H4)Cl (6FP-A)

catalyzed styrene hydrogenation with 2 mM 6FP-A, 44 mM styrene, 50 psig Hz in CD.Cl,,
45 °C in triplicate.
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Figure 2.3.10 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 1 mM 6FP-A, 44 mM styrene, 50 psig Hz in CD.Cl,
45 °C in triplicate.
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Figure 2.3.11 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 0.5 mM 6FP-A, 44 mM styrene, 50 psig Hz2 in CD,Cl,,
45 °C in triplicate.

A C
43.0 41.0 43.0
y =-2.05E-4 x + 42.84 y=-127E-4x+40.8 y =-2.14E-4 x + 42.92
R?=0.9936 R?=0.9938 R?=0.9958
—~42.5 —~40.5 ~ 4251
= = =
E E £
©'42.0 @'40.0 ©'42.0
g g [
Z 3 a3
—415 =395 =415
41.0 . : : r ; 39.0 ‘ ‘ ; ‘ r 41.0 . . . . .
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
time (s) time (s) time (s)

Figure 2.3.12 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 0.25 mM 6FP-A, 44 mM styrene, 50 psig H2 in
CD:Cly, 45 °C in triplicate.
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Figure 2.3.13 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 0.5 mM 6FP-A, 11 mM styrene, 50 psig Hz in CD:Cl,,
45 °C in triplicate.
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Figure 2.3.14 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 0.5 mM 6FP-A, 44 mM styrene, 50 psig Hz2 in CD,Cl,,
45 °C in triplicate.
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Figure 2.3.15 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 0.5 mM 6FP-A, 87 mM styrene, 50 psig Hz2 in CD,Cl,,
45 °C in triplicate.
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Figure 2.3.16 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 0.5 mM 6FP-A, 174 mM styrene, 50 psig H> in

CD:Cl,, 45 °C in triplicate.
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Figure 2.3.17 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation with 0.5 mM 6FP-A, 348 mM styrene, 50 psig H2 in

CD:Cly, 45 °C in triplicate.
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The Michaelis-Menten equation (Eqg. 2-3 and Eq. 2-4) was used to demonstrate the

dependence of [styrene] on 6FP-A catalyzed styrene hydrogenation, in which v = rate of

reaction; Vmax = maximum rate that could be achieved by the system; [S] = concentration

of substrate; Km = Michaelis constant.>? Using the rate data collected in Figure 2.3.13 —

Figure 2.3.17, a kobs Vs. [Styrene] plot with a curve fit using the functiony = ax/ (b + x) (a

= Vmax, b = Kwm) is shown in Figure 2.3.1C. The estimated Michaelis constant Km, which

is the value of the b from Figure 2.3.1C, is 0.10(4) M. Thus, to achieve a nearly zero-order

rate law in styrene, [S] needs to be at least greater than 10Kwm so that the dependence of v
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on Km would be negligible in Eq. 2-3 (shown in Eq. 2-5). In this case, the dependence on
styrene for 6FP-A catalyzed styrene hydrogenation would be close to zero-order on styrene

when [styrene] > 1.0(4) M with the given condition in Figure 2.3.1C.

V= Vmax[S]/(KM + [S]) Eq. 2-3
1/v= (KM + [S])/Vmax[S] = (KM/ Vmax)x(l/[S]) +1/ Vimax Eq. 2-4
When [S] >> KM, then v = Vmaxx([S]/[S]) = Viax Eq. 2-5

2.3.3 Eyring equation determination on catalytic hydrogenation of styrene with
6FP-A
To estimate the activation energy for our Rh-catalyzed styrene hydrogenation, an
Eyring analysis was performed by measuring the reaction rate at temperatures from 25 °C
to 55 °C. The resulting Eyring plot shows a linear fit with R? > 0.95. The AH¥ and AS*
values were calculated to be 12.5(6) kcal/mol and —23(2) cal/K-mol, respectively (Figure
2.3.18). The negative value of activation entropy (AS%) is similar to the AS* for styrene

hydrogenation catalyzed by Wilkinson’s catalyst (—21.5 cal/K-mol).%?
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Figure 2.3.18 Eyring plot for the hydrogenation of styrene catalyzed by (6-FP)Rh(n?
C2H4)CI (6FP-A).
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All data points and standard deviations are based on at least three independent experiments.
Reaction conditions: 1 mM 6FP-A, 44 mM styrene, 50 psig H, in CD.Cl,,, variable temperature
(24, 34, 39, 43, 49 or 54 °C).

The temperatures for all variable temperature NMR experiments were calibrated based
on the chemical shift difference between the two solvent resonances of a MeOH-d4
standard using Eq. 2-6, in which T = calculated temperature, Ad = difference between the
two solvent resonances of a MeOH-d4 standard (resonance for OH, & = 4.85 ppm at 25 °C;
resonance for CHD2, & = 3.31 ppm at 25 °C).>* The set temperature, observed chemical
shifts for the MeOH-d4 standard, and the calibrated temperature used for this study are
shown in Table 2.3.1. The detailed [styrene] (mM) vs. time (s) plots are illustrated in

Figure 2.3.19 — Figure 2.3.24
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Eq. 2-6

Table 2.3.1 The set temperature, observed chemical shifts for the MeOH-d4 standard and
the calibrated temperature used for the Eyring equation determination.

Set temperature

6(OD) o(CDs3)

Ad

Calculated

Calculated

(°O) (ppm) (ppm) (ppm) temperature (K) temperature (°C)
25 4.85 3.31 1.54 297 24
35 4.76 3.31 1.45 307 34
40 4.72 3.31 1.41 312 39
45 4.68 3.31 1.37 316 43
50 4.62 3.31 1.31 322 49
55 4.58 3.31 1.27 327 54

Figure 2.3.19 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n>-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation. The reaction is performed in triplicate with 1 mM 6FP-
A, 44 mM styrene, 50 psig Hz in CD,Cly, 24 °C.
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Figure 2.3.20 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?>-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation. The reaction is performed in triplicate with 1 mM 6FP-
A, 44 mM styrene, 50 psig Hz in CD.Cl,, 34 °C.
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Figure 2.3.21 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n>-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation. The reaction is performed in triplicate with 1 mM 6FP-
A, 44 mM styrene, 50 psig Hz in CD,Cly, 39 °C.
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Figure 2.3.22 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n?-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation. The reaction is performed in triplicate with 1 mM 6FP-
A, 44 mM styrene, 50 psig Hz in CD.Cl,, 43 °C.
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Figure 2.3.23 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n>-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation. The reaction is performed in triplicate with 1 mM 6FP-
A, 44 mM styrene, 50 psig Hz in CD.Cl,, 49 °C.
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Figure 2.3.24 Plots of [styrene] (mM) vs. time (s) for (6-FP)Rh(n>-C2H4)Cl (6FP-A)
catalyzed styrene hydrogenation. The reaction is performed in triplicate with 1 mM 6FP-
A, 44 mM styrene, 50 psig Hz in CD,Cly, 54 °C.
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2.3.4 Observation and characterization of (6-FP)Rh(Cl)(n?-styrene)

While monitoring styrene hydrogenation using 6FP-A as catalyst precursor by 'H

NMR spectroscopy, new resonances in the aromatic region were observed, which could be

due to an intermediate for the Rh-catalyzed styrene hydrogenation or a catalyst precursor.

To study the identity of this new Rh complex, styrene and 6FP-A were mixed in CD2Cl,

which leads to the formation of (6-FP)Rh(C1)(n?-styrene) (6FP-B). Since the new aromatic

resonances in the *H NMR spectrum of styrene hydrogenation catalyzed by 6FP-A are

consistent with the chemical shifts of the isolated 6FP-B formed by olefin exchange, we
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propose that the first step of this styrene hydrogenation reaction is likely to be the formation

of 6FP-B.

The 'H NMR spectrum of isolated 6FP-B shows two sets of resonances with an
integration ratio of ~1:1.5. This ratio does not show a detectable change at different
concentrations of 6FP-B. Exchange peaks between the two species observed by *H NMR
spectroscopy were observed by a 2D-Exchange Spectroscopy (2D-EXSY) experiment,
which indicates that the two species likely undergo exchange (Figure 2.3.25). The rate
constant for the exchange between the two species was determined to be 0.076 s* (see
below for more details). Coalescence or line broadening of the two species is not observed
by raising the temperature of the NMR probe up to 70 °C. Instead, decomposition of 6FP-

B is observed at 70 °C.

Scheme 2.3.2 Synthesis of (6-FP)Rh(Cl)(n?-styrene) (6FP-B).

(=g < ong, (SR -
* 1, 24 h
< <

The calculations on the exchange rate for the two species observed in CD,Cl; solution
of 6FP-B is based on Eq. 2-7, in which k is the exchange rate constant, tm is the mixing
time for 2D-EXSY experiment (0.600 s for this experiment), Xa and Xg are the mole
fractions of A and B. laa, Ieg, las and Iga are the peak intensity of the cross peaks or
dihedral peaks between A and B. In this case, Xa and Xg are determined to be 0.41 and
0.59, and laa, Ieg, las and Iga are 9.27, 12.5, 0.24 and 0.24 respectively. Therefore, the

calculated rate constant k is 0.076 s ..
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For an exchange reaction: A ki 5
k4
k=k + k-1 =(1/tw)In[(r+1)/(r—1)] Eq. 2-7
1 = 4XaXs(Iaa+BB)/(IaB+BA)-(XA-XB)? Eq. 2-8

Figure 2.3.25 The 2D-Exchange Spectroscopy (2D-EXSY) plot for (6-FP)Rh(Cl)(n?-
styrene) (6FP-B).

PRV TV S 1)

55 B
12 (ppm)

The resonances in phase with the dihedral resonances (red) indicate the exchange between the two
sets of peaks described above. The resonances in blue represent COSY -like signals.
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Figure 2.3.26 2D-EXSY peaks used for the exchange rate for the two species observed in
CD2ClI; solution of (6-FP)Rh(n?-styrene)Cl (6FP-B) based on 2D-EXSY.

It is established that the generally preferred olefin orientation in square planar and d®
complexes is with the C=C bond perpendicular to the square plane;** > ¢ however, the
capping arene ligand of 6FP-B can potentially be considered a tridentate ligand, which
complicates consideration of the coordination environment around Rh including olefin
orientation and rotational dynamics (Figure 2.3.27).%° A single crystal X-ray diffraction
study of 6FP-B indicates that the 6-FP capping arene ligand serves as a tridentate ligand,
coordinating to the Rh center with two quinoline nitrogen atoms (N1, N2) and the benzene
ring in n? fashion (C10 and C11) (Figure 2.3.28). The geometry of 6FP-B is approximately
trigonal bipyramidal, in which the triangular plane consists of one of the quinoline nitrogen
(N1), arene moiety on the ligand (C10 and C11) and the styrene (C25 and C26), and the
axial positions are coordinated to the second quinoline nitrogen (N2) and the chloride (CI1).
The bond angles are slightly distorted from the ideal trigonal bipyramidal geometry. The
bond angle between N1 and the centroid of C10 and C11 is 88.1°. The angles between the

centroid of the styrene C=C bond and N1 or centroid of C10 and C11 are 137.2° and 133.7°,
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respectively. The styrene C=C bond is oriented in the trigonal plane with a slight distortion
(the dihedral angle between the plane of N1-Rh1-C10-C11 and the plane of N1-Rh1l-
C25-C26 is 6.01°). The bond lengths between Rh center and ligated atoms do not exhibit
a significant difference from the corresponding bond lengths in 6FP-A (> 0.04 A).%
Interestingly, although the DFT calculations on the structure of 6FP-B in the solid-state
are consistent with the crystal structure, DFT calculations (performed by Charles Musgrave
Il and William Goddard 111 from Caltech) suggest a square planner conformation with the
arene moiety at the axial position of the plane when 6FP-B is dissolved in dichloromethane.
One explanation for the preference of trigonal bipyramidal conformation for 6FP-B in the
solid phase is that the -7 stacking between the phenyl ring of coordinated styrene and the
quinoline ring with N2 (the distance between the centroids of these two rings is 3.484 A)

could stabilize the trigonal bipyramidal conformation (Figure 2.3.28).

Figure 2.3.27 DFT calculated structure of (6-FP)Rh(Cl)(n?-styrene) (6FP-B).

The left structure is calculated using solvent parameters with dielectric constant = 8.93 and probe
radius = 2.33 A to match dichloromethane. The right structure is calculated using crystal
optimization.

Figure 2.3.28 ORTEP of (6-FP)Rh(Cl)(n?-styrene) (6FP-B). Ellipsoids are drawn at 50%
probability level. Hydrogen atoms and noncoordinating solvents are omitted for clarity. Selected
bond lengths for 6FP-B (A): Rh1-N1 2.188(4), Rh1-N2 2.093(10), Rh1-Cl1 2.3448(12), Rh1-C10
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2.541(5), Rh1-C11 2.522(16), Rh1-C25 2.060(5), Rh1-C26 2.122(5), C25-C26 1.420(8). Selected
bond angles for 6FP-B (deg): CI1-Rh1-N1 94.08(10), CI1-Rh1-N2 178.4(3), CI1-Rh1-C10
95.98(12), CI1-Rh1-C11 104.0(3), ClI1-Rh1-C25 87.08(16), CI1-Rh1-C26 88.88(15), N1-Rh1-N2
86.2(3), N1-Rh1-C10 71.86(16), N1-Rh1-C11 104.6(3), N1-Rh1-C25 117.2(2), N1-Rh1-C26
156.53(19), N2-Rh1-C10 83.6(3), N2-Rh1-C11 74.4(4), N2-Rh1-C25 94.2(3), N2-Rh1-C26
91.5(4), C10-Rh1-C11 34.7(3), C10-Rh1-C25 170.6(2), C10-Rh1-C26 131.12(18), C11-Rh1-C25
136.0(4), C25-Rh1-C26 39.6(2). The distance between the centroid of the phenyl ring of
coordinated styrene and the centroid of the quinoline ring containing N2 is 3.484 A.

The observation of exchange peaks in the *H NMR spectrum of 6FP-B are attributed
to dynamics of the C=C bond of coordinates styrene. Assuming a preferred C=C orientation
in the square plane of the approximately square planar structure (see above and Figure
2.3.27), four styrene isomers are possible (Scheme 2.3.3). The four isomers can undergo
exchange by either rotation of the styrene C=C bond or face flipping (either with or without
styrene dissociation).>”®* The observation of two isomers by *H NMR spectroscopy
indicates that the conformational changes are likely slow on the NMR timescale and that
two isomers are likely thermodynamically favored. The thermodynamics of these
conformers were probed with DFT by Musgrave and Goddard (Scheme 2.3.3). DFT
predicts the LC (lower-cis, cis relative to the 6-FP backbone) conformation to be the lowest
in Gibbs free energy due to favorable Van der Waals (VdW) interactions between the aryl

ring of styrene and the capping arene. At 318 K, the UC (upper-cis) conformation lies 1.5
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kcal/mol above the LC conformer according to DFT. UC also benefits from favorable VdwW
interactions with the 6-FP moiety, although here the n-r stacking is poorly aligned such
that UC is not stabilized as much as LC. The UT (upper-trans) and the LT (lower-trans)
structures reside 4.71 and 4.74 kcal/mol above the LC configuration. Neither of these
conformers exhibit VdW stabilizing interactions between styrene and the capping arene.
Thus, the DFT calculations predict that the two experimentally observed species are LC
(major) and UC (minor), and the calculated AAG (AAG = AGuc — AG.c) for LC and UC is
1.5 kcal/mol. This AAG value agrees with the 1.5 for Keq (AAG = 0.2 kcal/mol) observed

experimentally (see above).

Scheme 2.3.3 Possible conformational isomers of (6-FP)Rh(Cl)(n?-styrene) (6FP-B) and
proposed exchange pathways

Upper-cis (UC) Upper-trans (UT)
1.5 kcal/mol 4.7 kcal/mol
N, N N, N
Ph Rh Ph RN N N
T‘ ‘ o | ‘ - N—Rh—Cl N—Rh—Cl
styrene Ph / /F/h
flipping 7 If
minor
N N
styrene styrene / /
rotation rotation N—Rh—Cl N—Rh—ClI

styrene
N

<

Lower-trans (LT)
4.7 kcal/mol

major

Lower-cis (LC)
0.0 kcal/mol

0, flippin No, W /
Rh’ pping Rh’ J ‘Lph
K |
P Ph
phenyl group cis to 6FP phenyl group trans to 6FP

The conformers’ short-hand names and DFT free energies at 318 K are boxed; U (upper) indicates
the phenyl group of styrene points to the opposite position of the arene moiety of the 6-FP ligand,
L (lower) indicates the phenyl group of styrene points towards the arene moiety of the 6-FP ligand,
C indicates cis to the 6-FP ligand backbone, T indicates trans to the 6-FP ligand backbone, which
is illustrated on the right of Scheme 2.3.3
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2.3.5 lIsotopic studies on styrene hydrogenation catalyzed by (6-FP)Rh(Cl)(n?-
C2Ha)
A study using D> and styrene was performed to further explore the catalytic styrene
hydrogenation. In a J. Young tube, a CD>Cl> solution with 180 mM of styrene, 30 mM of
6FP-A was charged with 50 psig D2 and heated to 40 °C. The reaction reached completion

after 48 hours. The NMR spectra of the reaction solution were recorded.

The result of this isotopic study showed that deuterium from D is incorporated into
ethylbenzene most selectively in the terminal methyl position of the ethyl group (Scheme
2.3.4). For a catalytic process that involves irreversible oxidative addition of Hz (or D>), it
is expected that D might be nearly equally incorporated into the benzylic and methyl
positions of ethylbenzene.®? Monitoring the conversion of styrene and D> to ethylbenzene
using 6FP-A as catalyst precursor reveals that the benzylic position of ethylbenzene
contains 0.54(3) ?D and 1.46(3) 'H (or 27% deuterated), and the methyl position of
ethylbenzene contains 1.38(6) 2D and 1.62 (6) *H (or 46% deuterated). Hence, the styrene
hydrogenation process likely involves reversible activation of Hz and irreversible
ethylbenzene formation because the distribution of D on ethylbenzene would be equivalent
at both the benzylic and methyl positions if an irreversible H, oxidative addition pathway
is followed. Further, isotopic scrambling between styrene and D, was observed. After 48
hours of reaction with the conditions indicated in Scheme 2.3.4, the product of H/D
exchange was observed by 'H NMR spectroscopy (Figure 2.3.29). The major H/D
exchange products for styrene are the terminal substituted products, trans-1-deutero-
styrene (6.74 ppm, 3Jun = 11 Hz; 5.25 ppm, d, Jun = 11 Hz) and cis-1-deutero-styrene

(6.75 ppm, d, 3Jun = 18 Hz; 5.77 ppm, d, 3Jun = 18 Hz). Additionally, resonances for free
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HD (4.59 ppm, t, }Jnp = 43 Hz) and H2 (4.59 ppm, s) are observed, which can be attributed
to the H/D exchange between styrene and D.. Thus, the observation of isotopic scrambling

between styrene and D provides evidence that the activation of styrene and dihydrogen

are likely both reversible.

Scheme 2.3.4 lIsotopic study for (6-FP)Rh(Cl)(n>-C2Hs) (6FP-A) catalyzed styrene
hydrogenation.

0.54(3) D: 1.46(3) H; 27% deuterated
6FP-A 30 mM

Vs
1.38(6) D: 1.62(6) H; 46% deuterat
X 50 psig Dy - 1:38(6) 62(6) H; 46% deuterated
40 °C

180 mM DCM-d

The reaction is performed in triplicate with the following conditions: 0.5 mL CD,Cl,, 180 mM
styrene, 30 mM 6FP-A, 50 psig D,, 40 °C. The reaction is monitored by *H NMR spectroscopy
every 24 hours. The data for deuterium incorporation are after 48 hours of reaction.

Figure 2.3.29 'H NMR spectroscopy evidence for H/D exchange between styrene and D».
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(A), (B), (C): the three vinyl peaks for styrene. (D): the HD and H» peaks. The reaction was
performed in triplicate with the following conditions: 0.5 mM CD,Cl,, 180 mM styrene, 30 mM
(6-FP)Rh(CI)(n*C.Ha) (6FP-A), 50 psig D,, 40 °C. The reaction was monitored by *H NMR
spectroscopy every 24 hours. The data for deuterium incorporation correspond to 48 hours of

reaction.
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Based on our experimental studies, a mechanism for the styrene hydrogenation process
using 6FP-B as catalyst is proposed (Scheme 2.3.5). The oxidative addition of D2 (or Hy)
to 6FP-B forms [(6-FP)Rh(D)2(n?-styrene)]Cl (6FP-C-d2), and 6FP-C-d2 can mediate
migratory insertion of styrene into a Rh—-D bond to form [(6-FP)Rh(D)(1-phenyl-2-D-
ethyl)]CI or [(6-FP)Rh(D)(1-D-2-phenylethyl)]CI (6FP-D-d2 or 6FP-D’-d2). The reverse
reaction, B-hydride elimination, can form [(6-FP)Rh(H)(D)(n?-styrene-d1)]CI (6FP-C’-d2),
which can undergo ligand exchange with free styrene to generate free styrene-d; and [(6-
FP)Rh(H)(D)(n?-styrene)]Cl (6FP-C-di1). Net H-D reductive elimination of [(6-
FP)Rh(H)(D)(m?-styrene)]Cl can occur to form the observed formation of free HD. The
formation of dihydrogen (H2) is likely generated from H/D exchange between HD and
styrene via the same pathway. Moreover, the observation of the terminal exchange product
(CeHs—CH=CHD) can be explained by the favored formation of the branched olefin
insertion product [(6-FP)Rh(D)(1-phenyl-2-D-ethyl)]CI (6FP-D"-d2) rather than the olefin
insertion product [(6-FP)Rh(D)(1-D-2-phenylethyl)]CI (6FP-D-d2).

Scheme 2.3.5 Proposed mechanism that explains deuterium incorporation into

ethylbenzene during styrene hydrogenation using (6-FP)Rh(C1)(n?-C2Ha) (6FP-A) as
catalyst precursor and Do.
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2.3.6 Kinetic studies on 5NPFP-A catalyzed styrene hydrogenation

In all cases, catalysis with 5NPFP-A is substantially faster than the other capping arene
Rh complexes. The rate dependences on [H2] and [Rh] for the 5NPFP-A catalyzed styrene
hydrogenation were determined. Similar to 6FP-A catalyzed styrene hydrogenation, a first-
order dependence on [H2] was observed (Figure 2.3.30A). However, the results in Figure
2.3.30B suggest a half-order dependence on the concentration of 5NPFP-A, which is
different from the first-order relationship with the catalyst for 6FP-A catalyzed styrene
hydrogenation. This half-order dependence on [5NPFP-A] suggests the possible formation
of a dimeric Rh complex from 5NPFP-A.%3 ¢ For example, dissociation of the 5-NFP
ligand could form a chloride-bridged Rh dimer, which could serve as the catalyst precursor.
Consistent with this hypothesis, the rate dependence on [Rh] using [Rh(n?-C2Ha)2(1-Cl)]2
as the catalyst precursor for styrene hydrogenation revealed a half-order dependence
(Figure 2.3.30C), and the observed rate is at least 10 times faster than the 5NPFP-A
catalyzed styrene hydrogenation under the same conditions. Although the active species in
5NPEP-A catalyzed styrene hydrogenation could be different from the active species for
[Rh(n?-C2Ha)2(u-CD)]2, the difference in rate law on [SNPFP-A] and [6FP-A] for their
catalytic styrene hydrogenation is evidence that the catalytic styrene hydrogenation for
5NPEP-A and 6FP-A undergoes different mechanisms, in which 5NPFP-A is likely to form
a dimeric species without the 5-NFP ligand during the catalysis, while the active catalyst

for 6FP-A maintains the monomeric form during catalysis.
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Figure 2.3.30 Studies of reaction order for hydrogenation of styrene using (5-
NPEP)Rh(C1)(n%-C2Ha) (5NPFP-A) or [Rh(n?-C2Ha)(p-Cl)]2.
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Reaction conditions: For the determination of order in Hz (A): 1 mM 5"°FP-A, 87 mM styrene,
variable psig of H, (20, 30, 40 or 50 psig) in CD,Cl,, 45 °C. For the determination of order in
5NPEP-A (B): variable mM 5NPFP-A (0.5, 1, 1.5, 2 or 4 mM), 87 mM styrene, 50 psig Hz in CDCly,
45 °C. For the determination of order in [Rh(n?-C,H4)(u-Cl)]2 (C): variable mM 5NPFP-A (0.25,
0.5, 0.75, 1 or 2 mM), 44 mM styrene, 50 psig H, in CD,Cl;, 45 °C. The standard deviations for
(B) and (C) were determined from the standard deviation of three trials under the same conditions
(see Figure 2.3.31 - Figure 2.3.43).

The rate order dependences on the concentration of Hz and 5NPFP-A for 5NPFP-A
catalyzed styrene hydrogenation were determined by measuring the observed rate (Kobs)
under different concentrations of Hy or 5NPFP-A, respectively. Similar to the method
described in the kinetic studies for the 6FP-A catalyzed styrene hydrogenation, the rate for
styrene consumption was used instead of the rate for ethylbenzene (EtPh) formation to
avoid the interference of low S/N ratio when the EtPh concentration is low. The [styrene]

vs. time plots used for kons determination are shown in Figure 2.3.31 — Figure 2.3.38.
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Figure 2.3.31 Plots of [styrene] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NPFP-A)
catalyzed styrene hydrogenation. The reaction was performed in triplicate with 1 mM
5NPEP-A, 87 mM styrene, 50 psig Hz in CD.Cl,, 45 °C.
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Figure 2.3.32 Plots of [styrene] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NPFP-A)
catalyzed styrene hydrogenation. The reaction was performed in triplicate with 1 mM
5NPEP-A, 87 mM styrene, 40 psig Hz in CD.Cl,, 45 °C.
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Figure 2.3.33 Plots of [styrene] (mM) vs. time () for (5-N"FP)Rh(n?-C2H4)CI (5NFFP-A)
catalyzed styrene hydrogenation. The reaction was performed in triplicate with 1 mM
5NPEP-A, 87 mM styrene, 30 psig Hz in CD.Cl,, 45 °C.
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Figure 2.3.34 Plots of [styrene] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NPFP-A)
catalyzed styrene hydrogenation. The reaction was performed in triplicate with 1 mM
5NPEP-A, 87 mM styrene, 20 psig Hz in CD.Cl,, 45 °C.
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Figure 2.3.35 Plots of [styrene] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NPFP-A)
catalyzed styrene hydrogenation. The reaction was performed in triplicate with 4 mM
5NPEP-A, 87 mM styrene, 50 psig Hz in CD.Cl,, 45 °C.
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Figure 2.3.36 Plots of [styrene] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NFFP-A)
catalyzed styrene hydrogenation. The reaction was performed in triplicate with 2 mM
5NPEP-A, 87 mM styrene, 50 psig Hz in CD.Cl,, 45 °C.
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Figure 2.3.37 Plots of [styrene] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NPFP-A)
catalyzed styrene hydrogenation. The reaction was performed in triplicate with 1 mM
5NPEP-A, 87 mM styrene, 50 psig Hz in CD.Cl,, 45 °C.
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Figure 2.3.38 Plots of [styrene] (mM) vs. time (s) for (5-N"FP)Rh(n?-C2H4)CI (5NPFP-A)
catalyzed styrene hydrogenation. The reaction was performed in triplicate with 0.5 mM
5NPEP-A, 87 mM styrene, 50 psig Hz in CD.Cl,, 45 °C.
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The [Rh(n?-C2Ha4)2(u-CI)]2 catalyzed styrene hydrogenation exhibits a much higher
reactivity than (6-FP)Rh(n?-C2H4)CI (6FP-A) and (5-N°FP)Rh(n?-C.H4)Cl (5NPFP-A). As
a result, it is difficult to apply the initial rate method in this case because (1) the [Rh(n?-
C2Ha)2(u-Cl)]2 catalyzed styrene hydrogenation is too rapid for the determination of initial
data at high concentration of the Rh catalyst; and (2) due to the reaction before the data

acquisition, the consumption of Hz has already started. Thus, the initial concentration of
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Ho is inconsistent for different experiments. To avoid the complications in the initial rate
method, an alternative method was applied for rate determination. Based on the
concentration vs. time plots (Figure 2.3.39), we elucidated that the reaction is first-order
on the concentration of H> and styrene. The rate equation is shown in Eq. 2-9, in which
[Rh] represents the concentration of [Rh(n2-C2Ha)2(u-Cl)]2, and the variable x is the order
on [Rh(n2-C2Ha4)2(u-Cl)]2 that needs to be determined. Since [Rh(n?-C2Ha4)2(u-Ch)]z is the
catalyst, the [Rh] should be a constant during the reaction. Thus, for each entry with a
known initial [Rh], the rate equation could be expressed as a second-order reaction with

first-order kinetics on both styrene and H (Eq. 2-10).

Figure 2.3.39 Plots of [styrene], [ethylbenzene] and [H2] (mM) vs. time (s) for [Rh(n?-
C2H4)2(p-Cl)]2 catalyzed styrene hydrogenation.
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The reaction was performed in triplicate with 0.25 mM [Rh(1?>-C2H4)2(u-Cl)]2; 44 mM styrene, 50
psig Hz in CDCl5, 45 °C.

rate = d[EtPh]/dt = A[Rh]*[H2][styrene] Eq. 2-9



rate = k [Hz][styrene] (K’ = k[Rh]¥)
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Eq. 2-10

For a second-order reaction that is first-order in both reactants, Eq. 2-11 can be used to

estimate k, in which {[B]o-[Alo}t is proportional to IN{[B][A]«/[A][B]o}.>® & In this study,

it is proposed that k’ can be estimated by solving for the slope of plot for

{[styrene]o—[Hz]o}t vs. In{[styrene][Hz]o/[H2] [styrene]o}, which is shown in Figure 2.3.40

— Figure 2.3.43 with the reaction conditions and estimated slopes indicated.

For a reaction A + B == P and rate = k[A][B]

In{[B]J[A]o/[A][B]o} = {[Blo—[A]o}At

Eq. 2-11

[A], [B] = detected concentration at time #; [A]o, [B]o = original concentration of A and B

Figure 2.3.40 Plots of In{[styrene][H2]o/[H2][styrene]o} vs. {[styrene]o-[H2]o}t (MM-s) for
[Rh(n2-C2Ha4)2(u-CI)]2 catalyzed styrene hydrogenation. The reaction was performed in
triplicate with 2 mM [Rh(n?-C2Ha4)2(-Cl)]2, 44 mM styrene, 50 psig Hz in CD,Cly, 45 °C.
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Figure 2.3.41 Plots of In{[styrene][H2]o/[H2][styrene]o} vs. {[styrene]o-[H2]o}t (MM-s) for
[Rh(n2-C2Ha4)2(u-CI)]2 catalyzed styrene hydrogenation. The reaction was performed in
triplicate with 1 mM [Rh(n?-C2Ha)2(u-C1)]2, 44 mM styrene, 50 psig Hz in CD,Cl,, 45 °C.
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Figure 2.3.42 Plots of In{[styrene][H2]o/[H2][styrene]o} vs. {[styrene]o-[H2]o}t (MM-Ss) for
[Rh(n?-C2Ha)2(u-Cl)]2 catalyzed styrene hydrogenation. The reaction was performed in
triplicate with 0.5 mM [Rh(n?-C2H4)2(1-Cl)]2, 44 mM styrene, 50 psig Hz in CDCl,, 45 °C.
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Figure 2.3.43 Plots of In{[styrene][Hz]o/[H2][styrene]o} vs. {[styrene]o-[H2]o}t (MM-s)for
[Rh(n2-C2Ha4)2(u-CI)]2 catalyzed styrene hydrogenation. The reaction was performed in
triplicate with 0.25 mM [Rh(n2-C2Ha)2(u-Cl)]2, 44 mM styrene, 50 psig Hz in CD,Cl,, 45 °C.
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As shown in Figure 2.3.44, (5-N°FP)Rh(n?-C2H4)CI (5NPFP-A) is partially transformed
to multiple species when mixing with styrene and dihydrogen (Figure 2.3.44a). Although
5NPEP-B has not been successfully isolated, a crystal structure of 5NPFP-B was obtained
by reacting 5NPFP-A with excess of styrene, followed by vapor diffusion of pentane into
the concentrated benzene solution. The *H NMR spectrum of the crude product from the
reaction between styrene and 5NPFP-A is consistent with the new peaks shown in Figure
2.3.44a compared to Figure 2.3.44c. After 1 hour of the catalytic hydrogenation, although
the peaks for the proposed 5NPFP-B remain, the resonances for 5NPFP-A have disappeared
(Figure 2.3.44b), which likely undergo a ligand dissociation process. We were unable to
isolate the Rh products from dissociation of the capping arene, but it seems reasonable that
a dimeric complex(es) with bridging chloride ligands could form, and this speculation is

consistent with our kinetic studies.

Figure 2.3.44 'H NMR evidence for the decomposition of (5-N"FP)Rh(n?-C,H4)CI (5NPFP-
A) during the catalytic styrene hydrogenation. Conditions: (a) 4 mM 4, 87 mM styrene, 50
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psig Hz, 25 °C, 0 hour in CD2Cly; (b) 4 mM 4, 87 mM styrene, 50 psig Hz, 45 °C, 1 hour
in CD2Clz; (c) 4 in CD2Clo.
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Figure 2.3.45 ORTEP of (5-N"FP)Rh(CI)(n?-styrene) (SNPFP-B). Ellipsoids are drawn at

50% probability level. Hydrogen atoms and noncoordinating solvents are omitted for
clarity.

Selected bond lengths for 5NPFP-B (A): Rh1-N1 2.043(6), Rh1-N4 2.141(5), Rh1-Cl1
2.347(2), Rh1-C25 2.107(8), Rh1-C26 2.137(6), C25-C26 1.38(1). Selected bond angles
for 5NPFP-B (deg): N1-Rh1-N4 83.2(2), N1-Rh1-C25 92.7(3), N1-Rh1-Cl1 176.0(2), N4-
Rh1-Cl1 93.4(2), CI1-Rh1-C25 90.3(2).

Figure 2.3.46 Comparison of the *H NMR spectra for (1) 4 mM 5NPFP-A, 87 mM styrene,
50 psig Hz, 25 °C, 0 hour in CD2Cl; (above); (2) crystal of 5NPFP-B in CD2Cl; (below).
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2.3.7 Mechanistic Studies based on Density Functional Theory
In this part, all the computational results are from our collaborator Charles B. Musgrave

Il and William A. Goddard Il from the California Institute of Technology.

To understand how the capping arene ligand identity influences the Rh-catalyzed
hydrogenation of olefins, we performed Density Functional Theory (DFT) calculations.
These calculations utilized the B3LYP functional with the D3 correction for London

dispersion (van der Waals attraction) forces.

The mechanism we studied, based on experimental results (see above), begins with
displacement of a coordinated ligand with the olefin to be hydrogenated. The metal catalyst
then undergoes oxidative addition by H, to generate two hydride ligands. With two
hydrides and the olefin present, the olefin then undergoes insertion into an [M]-H bond (M
= metal) to form an alkyl ligand. Finally, the catalyst reductively eliminates the second

hydride to form the alkane.

Starting with (5-FP)Rh(C2H4)CI (5FP-A), displacement of ethylene with styrene is
uphill by 3.7 kcal/mol. As expected, styrene prefers to bind the Rh via the alkenyl chain as
opposed to the phenyl ring. The DFT calculations predict little geometric change between
Rh and the capping arene when ethylene and styrene are exchanged. The Rh—Ccsp distances
for 5SFP-A are calculated to be 3.14 A and 3.16 A; whereas when styrene is coordinated
these distances are both calculated to be 3.12 A. With the formation of (5-FP)Rh(n?*
styrene)Cl (5FP-B), the complex can now dissociate chloride and undergo subsequent H»
oxidative addition towards [(5-FP)Rh(H)2(n?-styrene)]CI (5FP-C). The oxidative addition
transition state (5FP-TS1) lies 21.0 kcal/mol above the starting state. In 5FP-TS1, one of

the H atoms from H> maintains a non-covalent interaction with the nearby chloride, leading
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to unequal Rh—H distances: one Rh—H distance is 1.53 A while the other is 1.67 A (the
former H being in-plane with the N-Rh-N and the latter being the axial H directed towards
CI). Additionally, in 5FP-TS1, the C=C bond of styrene orients parallel to the N-Rh-N
plane (Figure 2.3.48), despite the preferred orthogonal orientation in 5FP-B. Following
oxidative addition of dihydrogen, the free energy of 5FP-C lies 16.0 kcal/mol above the
starting state; this high free energy confirms the bias towards Rh(l) when bound to the
capping arene ligand. The complex 5FP-C can undergo styrene migratory insertion into a
Rh—H bond to form 5FP-D. This migratory insertion transition state (5SFP-TS2) has 4
possible styrene conformations. The aryl ring of styrene can reside in the UC, LC, UT, or
LT conformations, where U and L are upper and lower (relative to the N-Rh-N plane), C
and T are cis and trans (relative to the 5FP backbone). DFT predicts the 5SFP-TS2-LC
conformation to be the most favorable, resulting in a free energy barrier of 16.5 kcal/mol
relative to 5FP-A. The LC conformation enables favorable interaction between styrene and
the 5-FP ligand, similar to 6FP-B. In ascending free energy and relative to 5FP-A, the
other 5FP-TS2 barriers for UC, LT, and UT are 17.6, 20.8, and 22.9 kcal/mol, respectively.
Again, we see the C conformations to be lower in free energy due to the favorable VdW
interactions between styrene and the 5-FP ligand. In 5FP-D, the H axial to the N-Rh-N
plane reorients to reside in the plane; the chloride subsequently binds to Rh via the axial
coordination site so that Rh remains 5-coordinate. Finally, the complex overcomes the last
barrier (5FP-TS3) in which the second H atom is transferred leading to reductive
elimination of ethylbenzene. The transition state 5SFP-TS3 lies 18.9 kcal/mol above 5FP-
A, and the reduced intermediate [(5-FP)RhCI]* and free ethylbenzene (5FP-E) are —5.6

kcal/mol relative to the starting state. Our calculations are consistent with the oxidative



104

addition of dihydrogen (5FP-TS1) being the rate-limiting step; 5FP-TS3 requires 2.1

kcal/mol less than 5FP-TS1.

Scheme 2.3.6 DFT free energies at 318 K for conversion of styrene to ethylbenzene using
(5-FP)Rh(n?>-C2H4)CI (5FP-A) as catalyst precursor. Free energies are in kcal/mol.
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For comparison, we also predicted the Gibbs free energy surface for the catalytic
hydrogenation of styrene using 6FP-A as catalyst precursor. Experiments reveal that at 318
K, Rh with the 6-FP ligand produces ethylbenzene nearly twice as fast as Rh with the 5-FP
ligand. The complex 5FP-A generates ethylbenzene at a rate of 0.41(4) uM/s while 6FP-
A gives a catalytic rate of 0.822(8) uM/s (Figure 2.2.1). The rate-limiting oxidative
addition barrier for the 5-FP ligand is calculated to be 21.0 kcal/mol (5FP-TS1). We
anticipated that the 6-FP ligand might lower the activation barrier and improve the
thermodynamics for oxidative addition of dihydrogen since the arene moiety would be
positioned closer to the Rh center and consequently favor the Rh(Ill) product, hence
providing a stabilizing effect. The free energy surface for conversion of styrene to

ethylbenzene by 6FP-A is displayed below (Scheme 2.3.7).
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Scheme 2.3.7 DFT free energies at 318 K for conversion of styrene to ethylbenzene via
the (6-FP)Rh(n?-C2H4)CI (6FP-A) catalyst. Free energies are in kcal/mol.
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Starting with 6FP-A at 0.0 kcal/mol, the displacement of ethylene by styrene is
endergonic by 3.4 kcal/mol (6FP-B). For 6FP-A, the Rh—Ccsp distances are calculated to
be 2.96 A and 3.03 A; for 6FP-B, these same distances are decreased to 2.91 A and 3.00
A. Oxidative addition of H, requires a free energy barrier of 19.8 kcal/mol (6FP-TS1),
leading to 6FP-C at 15.0 kcal/mol above the starting state. For subsequent styrene insertion
into a Rh—H bond, DFT predicts a barrier of 16.9 kcal/mol (6FP-TS2-UC). For 6FP-TS2,
the LC, UT, and LT conformers stand 17.3, 19.2, and 20.7 kcal/mol above 6FP-A, such
that the UC yields the lowest barrier. Again, the C conformations are lower in energy than
the T analogs; however, 6FP-TS2 prefers structure UC while 5FP-TS2 prefers LC. This is
a consequence of the stacking orientation of styrene with the 5-FP and 6-FP ligands. The
following intermediate, (6-FP)Rh(CgHo)Cl (6FP-D) lies significantly lower than the 5-FP
analog at 8.0 kcal/mol relative to 6FP-A. We hypothesize that this lowering in free energy
is due to stabilization of the Rh""' center by the 6-FP capping arene moiety. Rh""' is a

saturated 18-electron system that prefers an octahedral coordination environment. The 5-
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FP ligand prevents Rh"' of this preferred 6-coordinate geometry since the arene is
positioned at a distance that challenges arene to Rh electron-donation; however, 6-FP
allows the Rh""" in 6FP-D to achieve a pseudo-octahedral coordination with a Rh—Ccsp
distance of 2.49 A, thus making 6FP-D a low-energy intermediate. In comparison, the
analogous Rh—Cqap distance in 5FP-D is 2.74 A. The trend that a Rh""' complex with 6-FP
ligand is more stable than the similar Rh'"' complex with 5-FP ligand is consistent with our
previous studies, in which the reductive elimination of (5-FP)Rh(Me)(TFA). (TFA =
trifluoroacetate) is faster than (6-FP)Rh(Me)(TFA)..% Finally, reductive elimination to
form free ethylbenzene through 6FP-TS3 is predicted by DFT to be 18.7 kcal/mol above
the starting state, leading to (6-FP)RhCI (6FP-E) and free ethylbenzene at —5.6 kcal/mol.
A comparison of the energy diagram for the styrene hydrogenation catalyzed by 6FP-A

and 5FP-A is shown in Figure 2.3.47.
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Figure 2.3.47 Comparison of the energy diagram for the styrene hydrogenation catalyzed
by 6FP-A and 5FP-A.
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Because TS1 is calculated to be the highest barrier for catalyst precursors with both the

5-FP and 6-FP mechanisms, it is likely the primary contributor to the Kinetic rate for styrene
hydrogenation. In calculated pathway using the 5-FP ligand, AG§FP for the dihydrogen

oxidative addition is 21.0 kcal/mol. For the 6-FP ligand, AG6*FP is reduced to 19.8 kcal/mol.
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The calculated AG,, is consistent with the experimental value from the Eyring plot, which

is 20.0(8) kcal/mol.

The difference in barriers for dihydrogen oxidative addition (AAG¥= AG,, — AGE,,

is —1.2 kcal/mol. Using the Eyring equation along with our computed AAG*, we predict
that the 6-FP ligand enables Rh to produce ethylbenzene 6.6 times faster than 5-FP, which,
given deviations in both experimental and computational data, agree well with the
experimentally observed rate enhancement of approximately 2-fold for 6-FP over 5-FP.
These results are consistent with our hypothesis that 6-FP ligands should favor Rh(llI)
states more than 5-FP ligands. Our rationalization is that the 6-FP structure places the arene
group of the capping arene ligand in closer proximity to Rh(Ill), hence enhancing arene to
Rh donation and providing a more stable complex. In contrast, the 5-FP structure, which
positions the arene group farther, should relatively destabilize the Rh(lll) state. The
calculated Rh—Cecsp distances in both the transition states for dinydrogen oxidative addition
and the products are consistent with this explanation. In 5FP-TS1 the Rh—Ccqp distances
are 3.04 and 3.28 A. The analogous distances for 6FP-TS2 are 2.82 and 3.14 A (Figure
2.3.48). Table 2.3.2 shows a comparison of the Ccap — Ccap bond distances of the two closest
carbon on the arene moiety for 5FP-A and 6FP-A measured from the crystal structures.
The Rh—Ccqp distances are 3.041 A and 3.110 A for 5FP-A, and the Rh—Ccsp distances are
2.578 A and 2.553 A for 6FP-A. The Ccap — Ceap bond distance for 6FP-A is 0.020(4) A
longer than for the 6-FP ligand; whereas the Ccap — Ccap bond distance for 5SFP-A does not
show a statically meaningful difference from the 5-FP ligand {1.397(3) vs. 1.399(1)}. The
elongated Ccap — Ccap bond in 6FP-A is consistent with the proposed electronic interaction

between the capping moiety and the Rh metal center. Additionally, the non-covalent
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interaction of the outer-shell CI- with the reacting H> seems to play a role. In 5FP-TS1, the
CIl-H distance is quite short at 1.86 A (not shown), whereas this distance is increased to
2.05 A in 6FP-TS1, indicating a weaker interaction. Because Cl- induces a partial positive
charge on the H, a stronger interaction means a more positive H, which is less likely to
bind to Rh. Indeed, the free energy surfaces show this to be the case. The CI-H distance in
5FP-TS1 is shorter by 0.19 A, resulting in a stronger dipole and thus more positive charge

on H, which in turn requires a higher free energy barrier to oxidize Rh.

Figure 2.3.48 DFT-optimized transition states (6FP-TS1 and 5FP-TS1) and products
(6FP-C and 5FP-C) for H. oxidative addition for: (5-FP)Rh(n?-styrene)Cl (left) and (6-
FP)Rh(n?-styrene)Cl (right).
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DFT-optimized transition states (6FP-TS1 and 5FP-TS1) and products (6FP-C and 5FP-C) for
H. oxidative addition for: (5-FP)Rh(n?-styrene)Cl (left) and (6-FP)Rh(n?-styrene)Cl (right).
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Table 2.3.2 Rh—Ccap distances and Ccap—Cecap bond distance for (5-FP)Rh(n?-CzHa)Cl
(5FP-A) and (6-FP)Rh(1?-C,H.)Cl (6FP-A).

N—prp—|

NI ~cl

Ceap-Ceap distance

Rh—Ceap distances  Ccap—Ceap bond distance

Molecule
A) A)
5-FP ligand N/A 1.399(1)
6-FP ligand N/A 1.402(2)
S5FP-A 3.041, 3.110 1.397(3)
6FP-A 2.578,2.553 1.422(4)

Although the transition states for the reductive elimination of ethylbenzene from 5FP-
D and 6FP-D show a very close relative energy (~0.2 kcal/mol difference) with respect to
the catalyst precursor (5FP-A or 6FP-A, respectively), the difference between the
activation energies for the reductive elimination of 5FP-D and 6FP-D is significant. The
calculated activation energy for the reductive elimination of 5FP-D is 4.6 kcal/mol,
whereas the activation energy for the reductive elimination of 6FP-D is 10.7 kcal/mol. This
activation barrier difference in reductive elimination could be attributed to the difference

in stability of 5FP-D and 6FP-D, as discussed above.

2.4  Summary and Conclusions
We have investigated the ligand effect of four capping arene-Rh complexes on olefin
hydrogenation reactions. The trend on reaction rates indicates an observed dependence on

the coordinated capping arene ligand where 5NPFP-A > 6FP-A > 5FP-A, while the 6NPFP-
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A undergoes rapid decomposition process to generate free ligand. Based on the kinetic and
computational modeling studies, an “olefin first” hydrogenation mechanism has been
proposed. For the comparison of 5FP-A and 6FP-A, the DFT calculations are consistent
with our hypothesis. Relative to 5-FP, the structure of the 6-FP ligand stabilizes Rh(lll)
complexes and the dihydrogen oxidative addition transition state that forms the first Rh(I1l)
intermediate. Our computational modeling suggests that the rate-determining step is
probably the oxidative addition of dihydrogen, and the calculated activation barrier for
6FP-A catalyzed styrene hydrogenation is 1.2 kcal/mol lower than that for 5FP-A, which
is consistent with our experimental results. We anticipate that the strategy of using the
structural features of capping arene ligands, and specifically metal/arene distance and
bonding, to modulate the energetics of intermediates and transition states can be extended
to other catalytic reactions, especially those that proceed via formal redox and coordination

number/geometry changes.

2.5  Experimental section

General Methods. Unless otherwise noted, all reactions were operated under a
dinitrogen atmosphere in a glovebox (O2 < 10 ppm) or using standard Schlenk line
techniques. All solvents were dried, degassed and stored in the glovebox with 4A molecular
sieves. All glassware was dried in an oven (150 °C) overnight before use. All NMR spectra
were recorded on Varian Inova 600 MHz spectrometer or Bruker Advance 111 800 MHz
spectrometer. The operating frequency for 3C{*H} NMR spectroscopy is 150 MHz (on
600 MHz instrument) or 201 MHz (on 800 MHz instrument). All *H NMR and “C{*H}
NMR spectra are referenced against the residual *H resonances (*H NMR) or the *C{*H}

resonances (**C{*H} NMR) of the deuterated solvents. All spectra were recorded at 25 °C
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unless otherwise indicated. The temperature for all variable temperature NMR experiments
were calibrated using a MeOH-da standard.®® The preparation of [Rh(n2-C2Ha4)2(u-Cl)]2, 5-
FP, 6-FP, 5-N°FP, 6-NPFP, (5-FP)Rh(CI)(n?-C2H4), (6-FP)RNh(CI)(n?-C2Hs), (5-

NPEP)RN(CI)(n?-C2Ha), (6-NPFP)Rh(CI)(n3-C2Ha) followed reported procedures.®: 57

Synthesis and Characterization of (6-FP)Rh(CI)(y?-styrene). To a THF solution (25
mL) of (6-FP)Rh(CI)(n2-C2Ha4) (20 mg, 40 umol), styrene (0.20 mL, 182 mg, 1.75 mmol)
was added and stirred at room temperature for 24 hours. The reaction solution was filtered
through a Buchner funnel with fine fritted disc. The amount of solvent was reduced by
vacuum to obtain a concentrated solution. 30 mL of pentanes was added to the solution,
and the products precipitated as an orange powder. X-ray quality crystals of (6-
FP)RNh(CI)(n?-styrene) were obtained by slow vapor diffusion of n-pentane into a benzene
solution. Two isomers were obtained with a molecular ratio of approximately 1 (species A)
to 1.5 (species B). *H NMR (600 MHz, CD2Cl) § 9.95 (d, J = 4 Hz, 1H, Ar-H, A), 9.85
(d, J =4 Hz, 1H, Ar-H, B), 8.33 (d, J = 4 Hz, 1H, Ar—H, B), 8.21 (d, J = 8 Hz, 1H, Ar-H,
A), 8.13 (d, J = 8, 1H, Ar-H, B), 8.08 (d, J = 8 Hz, 1H, Ar-H, B), 8.05 (d, J = 8 Hz, 1H,
Ar-H, A), 7.97 (d, J = 7 Hz, 1H, Ar-H, A), 7.77 (t, = 8 Hz, 1H, Ar-H, B), 7.73 (t, J = 8
Hz, 1H, Ar—H, A), 7.63 — 7.59 (m, 2H, Ar-H, B), 7.58 (d, J = 7 Hz, 1H, Ar-H, A), 7.56 —
7.50 (m, 5H), 7.47 — 7.45 (m, 1H, Ar—H, B), 7.44 (d, J = 8 Hz, 2H, Ar-H, B), 7.43 — 7.39
(m, 2H, Ar-H, A), 7.32 (t, J = 8 Hz, 1H, Ar-H, A), 7.30 — 7.27 (m, 1H, Ar—H, A; 1H, Ar—
H, B), 6.98 (t, J = 8 Hz, 1H, Ar-H, A), 6.96 — 6.93 (m, 1H, Ar—H, A; 1H, Ar-H, B), 6.87
(dd, J =7 Hz, 1H, Ar—H, A), 6.82 (d, J =5 Hz, 1H, Ar-H, A), 6.76 — 6.69 (m, 4H), 6.45 (t,
J=7Hz, 1H, Ar-H, B), 6.31 (t, J = 7 Hz, 2H, Ar-H, B), 6.25 (d, J = 7 Hz, 2H, Ar-H, B),

5.88 (dd, J = 8, 5 Hz, 1H, A), 5.46 — 5.40 (m, 1H, PhCH=C, A), 3.99 (d, 3Ju = 8 Hz, 1H,
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PhC=C-H, B), 3.68 (t, *Jun = 10 Hz, 1H, PhCH=C, B), 2.92 (d, 3Jun = 11 Hz, 1H, PhC=C—
H, B), 2.12 (d, 3Jun = 12 Hz, 1H, PhC=C-H, A), 1.73 (d, 3Jun = 8 Hz, 1H, PhC=C-H, A).
13C NMR (201 MHz, CD:Cl,) § 156.6, 154.3, 154.1, 153.9, 151.1, 150.2, 150.2, 147.0,
146.8, 141.3, 141.2, 140.7, 140.6, 138.1, 137.4, 136.9, 136.8, 135.5, 135.1, 134.9, 134.6,
133.9, 133.4, 132.8, 132.5, 131.5, 131.4, 131.2, 130.2, 127.8, 127.6, 127.5, 127.4, 127 .2,
127.1, 126.9, 126.8, 126.7, 126.4, 126.3, 124.4, 1241, 122.4, 122.2, 121.8, 121.5, 120.5,
114.1,57.8 (d, “Jrn_c = 18 Hz, Ph—C for coordinated styrene on A), 48.2 (d, *Jrnc = 13 Hz,
Ph—C for coordinated styrene on B), 41.6 (d, *Jrn-c = 21 Hz, PhC=C for coordinated styrene
on B), 33.5 (d, }Jrn-c = 13 Hz, PhC=C for coordinated styrene on A). We were unable to

obtain satisfactory elemental analysis since the complex decomposes under vacuum.

Eyring plots for (6-FP)Rh(CI)(#?>-C2H4) catalyzed styrene hydrogenation. The
sample preparation is similar to the Kinetic studies described above. A J. Young tube was
loaded with 0.40 mL of stock solution in CDCl; containing 1 mM (6-FP)Rh(CI)(#?-C2Ha),
44 mM styrene and 0.6 mM HMB (internal standard) under N2 atmosphere, and then
pressurized with 50 psig Ho. The J. Young tube was heated to the designated temperature
noted in Figure 2.3.18 in the NMR instrument. Arrayed *H NMR spectra were obtained to

measure the initial rates of the styrene hydrogenation.

Isotopic study for (6-FP)Rh(CI)(#?-C2Ha) catalyzed styrene hydrogenation. In a J.
Young tube, 8 mg (0.02 mmol) (6-FP)Rh(CI)(#?-C2Ha4) and 10 pL (9.1 mg, 0.087 mmol)
styrene were added and dissolved in 0.5 mL CD2Cl. under N2 atmosphere. The tube was
charged with 50 psig of D2, and heated to 40 °C in an oil bath. The reaction was monitored

by H NMR every 24 hours.
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Computational Methods. All Density Functional Theory calculations were performed
using the Jaguar v10.9 software package by Schrodinger Inc.% All calculations utilized the
B3LYP hybrid functional®® 7 but including the Grimme-Becke-Jonson D3 correction for
London dispersion forces.”* Rh atoms were described using the Los Alamos large-core
pseudopotential (9 explicit electrons)’> ™ augmented with diffuse and polarization
functions. All other atoms were described by the 6-311G**++ basis set, including
polarization and diffuse functions (designated LAV3P**++ in Jaguar). All calculations
also included implicit solvent as described by the PBF Poisson Boltzmann continuum
model.” ™ We use solvent parameters of: dielectric constant = 8.93 and probe radius =

2.33 A to match dichloromethane.

Following geometry optimizations, we performed frequency calculations. These
calculations served to confirm the intermediate states (no negative eigenmodes in the
Hessian) and transition states (single negative eigenmodes in the Hessian). Frequency
calculations also served to predict the thermochemical properties (enthalpies, entropies,

and free energies) at 318 K.

We also performed periodic calculations using the VASP Software.”® These
calculations utilized the PBE GGA functional’” with the Grimme-Becke-Johnson D3
correction for London dispersion. PAW pseudopotentials were used for all atoms. The
plane-wave basis set cutoff was set to 500 eV. Implicit solvent via the VASPsol’® " module

was used with a dielectric constant = 8.93.

Crystallographic Details. A crystal of 6FP-B or 5NPFP-B was coated with Paratone
oil and mounted on a MiTeGen MicroLoop. The X-ray intensity data were measured on a

Bruker D8 Venture Photon Il Kappa four-circle diffractometer system equipped with an
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Incoatec IuS 3.0 micro-focus sealed X-ray tube(Mo Ka, A =0.71073 A; CuKa, A =1.54178
A) and a HELIOS double bounce multilayer mirror monochromator. The frames were
integrated with the Bruker SAINT software package® using a narrow-frame algorithm.
Data were corrected for absorption effects using the Multi-Scan method (SADABS).2° The
structure was solved and refined using the Bruker SHELXTL Software Package®! within
APEX3/4% and OLEX2%. Non-hydrogen atoms were refined anisotropically. Each solvent
site and part of the main molecule were disordered over two positions. The vinylic
hydrogen atoms on C25 and C26 in 5NPFP-B were located in the electron density map and
refined isotropically. All other hydrogen atoms in both structures were placed in
geometrically calculated positions with Uiso = 1.2Uequiv Of the parent atom. In 6FP-B, each
solvent site and part of the main molecule were disordered over two positions. The relative
occupancy at each site was freely refined. Constraints and restraints were used on the
anisotropic displacement parameters and bond lengths of most of the disordered atoms.
CCDC 2166578 and 2201532 contains the supplementary crystallographic data for this

chapter.

Table 2.5.1 Crystal Structure Data for (6-FP)Rh(Cl)(n?-styrene) (6FP-B) and (5-
NPEP)Rh(CI1)(n?-styrene) (5NPFP-B).

(6-FP)Rh(Cl)(n*
styrene) (6FP-B)

(5-NPFP)Rh(Cl)(n*-
styrene) (5NPFP-B)

CDCC

Chemical
formula

FW (g/mol)

T (K)

A (A)

Crystal size (mm)
Crystal habit
Crystal system

2166578
C4H36CIN2Rh

731.11
100(2)
0.71073
0.028 x 0.044 x 0.190
orange plate
monoclinic

2201532
C3oH24CIN4RN

602.91
100(2)
1.54178
0.040 x 0.059 x 0.078
red plate
monoclinic
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Space group P 2:/n P 2i/c

a(A) 10.6104(5) 12.7659(4)

b (A) 11.3240(6) 13.8981(4)

c(A) 28.4021(18) 15.6464(5)

a (°) 90 90

B 93.462(2) 107.682(2)

Y (®) 90 90

V (A3) 3406.3(3) 2644.86(14)

Z 4 4

pealc (g/cm3) 1.426 1.514

i (mm-t) 0.615 6.371

F(000) 1504 1224

0 range (°) 2.01t0 26.39 3.63 t0 68.40

Index ranges -13<h <13 -15<h<15
-12<k<14 -16 <k <16
-35<1<35 -17<1<18

Reflections 36901 23031

collected

Independent 6980 [R(int) = 0.1088] 4844 [R(int) = 0.1311]

reflections

Data /restraints / 6980/ 186 / 487 484470/ 355

parameters

Goodness-of-fit 1.127 1.045

on F?

R1 [I>26(D)] 0.0680 0.0577

wR2 [all data] 0.1116 0.1400
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3 Direct carboxylation of benzene using PCP-Pd complexes as a catalyst

3.1 Introduction

Carboxylic acids have broad applications in polymers, agrochemicals, material
coatings, food additives, cosmetic ingredients and medicines.>® The major industrial route
to synthesize C4-C11 carboxylic acids is by oxidation of aldehydes, which are usually
prepared by hydroformylation of alkenes with carbon monoxide and dihydrogen catalyzed
by cobalt or rhodium complexes (Scheme 3.1.1).% 1% One of the major concerns for this
synthetic route is the usage of carbon monoxide. Although carbon monoxide is a traditional
C1 building block, it is a hazardous and poisonous gas, requiring extra effort for safety and
waste processing.!! Additionally, the production of syngas (CO and H.) requires a
tremendous amount of energy.!? Thus, CO2 could be a useful C1 starting material,

especially with efficient future carbon capture techniques.*?

Scheme 3.1.1 The two-step carboxylic acid synthesis by hydroformylation followed by
oxidation.
CO,H (O] R o]

R~ WZF RWO s & \/\f

: OH
Compared to current methods, the direct carboxylation of hydrocarbons using carbon
dioxide provides a more straightforward method for the synthesis of carboxylic acids
(Scheme 3.1.2). In this case, carbon dioxide is formally inserted into a C—H bond to yield
the carboxylic acid. This synthetic route could have an economic advantage over the route
in Scheme 3.1.1 because CO; is an abundant C1 source. Also, due to the toxicity of CO,
using can be more dangerous than using CO».!! More importantly, the oxidant used for the

aldehyde oxidation can also oxidize other functional groups, which can limit application
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for some types of compounds. As a result, the one-step direct carboxylation of
hydrocarbons without an oxidation step would be advantageous. Thus, my research project
seeks to develop a catalytic process that directly yields carboxylic acids from hydrocarbons
using CO» as a C1 source.

Scheme 3.1.2 Proposed reaction for carboxylic acid synthesis.

O

R-H + CO, cat. R)LOH

The use of CO; for carboxylic acid synthesis has been studied by several groups.
Boogaerts and coworkers developed a direct carboxylation method catalyzed by Au(l) N-
heterocyclic carbene (NHC) complexes (Scheme 3.1.3).1% ¥ Although this reaction
operates efficiently under mild conditions, its application is limited by the requirement of
an acidic Caryi—H bond. It is found that the proton pKa (in DMSO) must be lower than 30
in order for the hydroxyl group of the NHC-Au(l)-OH complexes to deprotonate the
aromatic C—H bond, which is a key step of the mechanism. Thus, the carboxylation of less
acidic C-H bonds, such as benzene (pKa =47, in DMSO), cannot be achieved by the NHC-
Au(1)-OH complexes, which limits the substrate scope for these catalysts. Additionally, the
Iwasawa and Takaya groups reported the direct carboxylation of benzene catalyzed by Rh(l)
complexes using AlMe1 s(OEt)1 5 as a methylating reagent (Scheme 3.1.4).1® The reaction
is proposed to be initiated by the methylation of Rh(I)—Cl to form a Rh(I)-Me intermediate.
The Rh(I)-Me intermediate activates a C—H bond of benzene via oxidative addition to form
Rh(I11)(Me)(Ph)(H), which then undergoes reductive elimination to release methane and

form a Rh(1)-Ph complex. Thus, the activation of one equivalent of benzene requires one
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equivalent of methylating reagent, which is less atom-economically efficient compared to

direct carboxylation routes.

Scheme 3.1.3 Direct carboxylation of acidic heteroaromatic C—H bond by NHC-Au(I)-OH
catalysts.

0
[Au] aq. HCI
T e e
—H A+ CO T o RJ\OH

R
o= @[ > N
[Au] = [ >—Au-OH
N
— \
S Q0 R
\< N R = 2,6-diisopropylphenyl, mesityl, tert-Bu

Scheme 3.1.4 Carboxylation of benzene by a Rh catalyst assisted by aluminum based
methylating reagents.

1 atm CO,

Cy\/ L CV
COOAI(OE), COOH

A|Me1 5(0Et)1 5

DMA+TMU, 85-145 °C

Despite these fundamental advancements using COx to directly yield carboxylic acids
following the activation of hydrocarbyl C—H bonds, the direct carboxylation of unactivated
C—H bonds without using strong reducing reagents is rare. In fact, the conversion of
benzene and CO: to benzoic acid is thermodynamically disfavored under ambient
conditions (AH = -9.9 kcal/mol; AG = 5.8 kcal/mol at 298 K).1" 18 The analogous reaction,
hydrogenation of CO, is also exothermic (AH = -7.5 kcal/mol) but thermodynamically
unfavorable (AG = 7.6 kcal/mol at 298 K).1"-18 The use of additives, such as a base, could
be a possible solution to the thermodynamic difficulty because the negative AG of an acid-
base reaction can reduce the overall free energy, making the reaction favorable (Scheme

3.1.5). The strategy has been successful with the hydrogenation of CO> yielding formate



130

with over 10,000 turnovers (Scheme 3.1.5), in which the acid-base reaction shifts the

chemical equilibrium towards the product side.-23

Scheme 3.1.5 Comparison of direct carboxylation of benzene and CO; hydrogenation.

COOH
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O -
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§
Q

AHZQBK =-9.9 kcal/mol
AG298K = 5.8 kcal/mol

AH298K = -7.5 kcal/mol
AGZQSK = 7.6 kcal/mol

Proposed

> 10,000 TOs

In addition to the thermodynamic challenge, activation of an inert C—H bond and CO-

is challenging. According to the proposed mechanism (Scheme 3.1.6), a carboxylate group

coordinated to a metal center may be able to activate the Cayi—H bond by undergoing

carboxylate-assisted C-H activation (Scheme 3.1.6, TS2), which is also known as

concerted metalation deprotonation (CMD).?*? Furthermore, if the CO; insertion step is

facilitated by n-basic (electron-rich) metal centers, the basicity of the metal center can be

enhanced by using strongly electron-donating ancillary ligands.?®-3! Thus, we propose that

benzene and its derivatives might undergo late transition metal catalyzed direct

carboxylation under basic conditions.
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Scheme 3.1.6 Proposed mechanism for direct carboxylation of arenes under basic

conditions.
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In 1984, the Fujiwara group reported benzene direct carboxylation using CO> catalyzed
by Pd(OAC), under acidic conditions (Scheme 3.1.7).32 Although Fujiwara and coworkers
only achieved a 13% yield based on amount of Pd(OAc)2, performing the Pd(I1)-catalyzed
direct carboxylation of benzene under basic conditions may give an opportunity to achieve

higher yields than 13% since the equilibrium might be shifted toward the benzoate product.

Scheme 3.1.7 Reported direct carboxylation of benzene catalyzed by Pd(OAc). under

acidic conditions.3?

Pd(OAc), 1 mmol COOH

CO; 30 atm
HOAc 5 mL
20 mL 150 °C, 20h )
13% relative to Pd(OAc),
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In collaboration with the Ess group at Brigham Young University, we have
computationally probed the viability of our proposed mechanism using a simple Pd salt
and a Pd-pincer complex, and examined the free energies of potential intermediates and
transition states (Table 3.1.1).333%% As shown in Table 3.1.1, the catalytic cycle for
phenyl{2,6-bis[methyl(dimethylphosphino)]phenyl}palladium [(M*PCP)PdPh] has lower
activation energies for transition states and free energies for intermediates than that of the
corresponding intermediates for Pd(OAC).. The lower calculated AG* for (M®PCP)PdPh
compared to that for Pd(OAC) is consistent with the prediction that electron donating
ligands could improve the reactivity of the catalyst, since the o-donation from phosphine’s
lone pair electrons of the PCP as well as the phenyl-carbon increases the electron density
of the metal center. In particular, the transformation of 1 to 2 is endergonic for Pd(OACc)z,
while exergonic for the Pd(I1) pincer complex. The Ess group also calculated the effect of
base on the overall free energy for Pd(OAc): facilitated direct carboxylation (Table 3.1.2).
Each of the three bases lead to a significant decrease in the free energy, indicating that the
overall reaction would become more favorable with the addition of base. With the help of
preliminary calculations, we considered that PCP ligated palladium complexes might be

capable of catalyzing direct carboxylation of benzene under basic conditions.
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Table 3.1.1 Proposed mechanism and DFT calculations for Pd(OAc). and (M¢PCP)PdPh.

AG = 0.0 kcal/mol

[

_HCOOPh

AG,Pd’ : %PhAG1

? i %

AGH, Me,P—Pd—PMe,
CeHe Ph

AGi# AGYt AG1 AG?
Catalyst

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Pd(OAc) 30.9 31.9 9.1 15.3
(MePCP)PdPh 25.2 31.7 -5.8 15.0

Table 3.1.2 DFT calculations for the effect of base on overall free energy.

H
"00CPh Base “0OCPh
Pd’ — HBase* + Pd,
Ph Ph
AGwithout base, 298K AGwith base, 298K
Base
(kcal/mol) (kcal/mol)
DBU“ 15.3 2.3
KOBu 15.3 -15.6
NEt3 15.3 10.9

a. DBU = 1,8-Diazabicyclo(5.4.0)undec-7-ene
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3.2  Preliminary conditions screening for Pd catalyzed direct carboxylation of
benzene under basic conditions.

Guided by the computational results from the Ess group, several bases were screened
for Pd catalyzed carboxylation of benzene using Pd(OAC): as the catalytst. A modification
of Fujiwara’s method was used for the base screenings on Pd(OAc)., and the results are
summarized in Table 3.2.1.%% In all cases, a large amount of black precipitate formed
during the reaction, which could not be dissolved by 37% HCI (aqg), indicating that
Pd(OAC): is likely being reduced to Pd(0). As Table 3.2.1 shows, only the entries for
Pd(OAc)2 with no base or with NaOAc yields biphenyl, while entries 2-4 yield neither
benzoic acid nor biphenyl. The formation of biphenyl is likely from the reductive
elimination from a diphenylpalladium(11) complex, which results in the formation of Pd(0).
Thus, the formation of biphenyl implies that Pd(OAc):2 is capable of performing benzene
C—H activation.®” One possible reason for the suppression of C—H activation is the ligand
substitution in the presence of a stronger base than acetate, in which an acetate group is
released from Pd(OAc)2. This subsequently inhibits C—H activation viaa CMD mechanism.
Thus, base screening with the addition of 10 equivalents of NaOAc and 10 equivalents of
strong base (KOtBu or Cs,COz) were tested (entries 6 and 7). An 11% yield of benzoic
acid, relative to Pd, was observed for Cs2COs (entry 7), while no products were detected
using KOtBu (entry 6). This suggests that the substitution of acetate group by Cs2COs
might be mitigated by the addition of an acetate source, while the basicity of KO'Bu is too
strong for Pd(OAC)2 catalyzed direct carboxylation. Under some conditions (Table 3.2.1,

entries 1 and 5), the formation of biphenyl is observed. The formation of biphenyl has also
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been reported by Fujiwara and coworkers under similar conditions, which can be explained

by the C—H activation of benzene followed by the C—C coupling of phenyl ligands.?

Table 3.2.1 Yields of benzoic acid and biphenyl for screenings on Pd(OAc). catalyzed
benzene direct carboxylation under basic conditions

COOH
Pd(OAc), 0.0318 mmol
CO, (440 psig) _ .
Base 10 equiv. O
150 °C, 20h

s mt byproduct

Yield of benzoic acid Yield of biphenyl

Entry Base
(o) (%)

1 None 0 162

2 KO'Bu 0 0

3 Cs2COs 0 0

4 NEt; 0 0

5 NaOAc 0 161

6 NaOAc + KO'Bu 0 0

7 NaOAc + Cs2COs 11 Trace

a. Isolated yield relative to Pd(OAc).

Based on DFT calculations (Table 3.1.1), palladium (Il) PCP-pincer complexes are
predicted to be viable catalysts for the direct carboxylation of benzene. Moreover,
according to Selander and Szabo, the tridentate coordination provides stability against
complex decomposition to Pd(0), a suspected decomposition product of Pd(OAc)..%®
Furthermore, the o-donation of the PCP-pincer ligand will electronically enrich the Pd

metal center, which should promote CO; insertion into a Pd(11)-Ph bond.3® Phenyl{2,6-



136

bis[methyl(di-tert-butylphosphino)]phenyl}palladium trifluoroacetate [(‘UPCP)Pd(TFA)]
and  phenyl{2,6-bis[methyl(diphenylphosphino)]phenyl}palladium trifluoroacetate
[(P"PCP)PA(TFA)] were prepared following the procedures shown in Scheme 3.2.1.494
Phenyl{2,6-bis[methyl(isopropylphosphino)]phenyl}palladium benzoate
[(P"PCP)Pd(OBz)] was synthesized by the method described in Scheme 3.2.2.4+47 The
detailed synthetic procedure and the NMR spectra of the palladium(ll) PCP-pincer
complexes mentioned above can be found in the Experimetal Section (Section 3.6). The
base screening of (BYPCP)Pd(TFA) and ("PCP)Pd(TFA) mediated carboxylation of
benzene was performed under the same conditions used for Pd(OAc)2, and the results are
summarized in Table 3.2.2. Although no black precipitate was observed after any of the
reactions, no quantifiable amounts of benzoic acid or biphenyl were detected. One possible
reason explanation could be that the sterics of the tert-butyl and phenyl groups suppress
benzene coordination and subsequent C—H activation. Therefore, palladium(ll) pincer
complexes with less steric bulk on phosphine moieties were deemed as the next synthetic

targets.

Scheme 3.2.1 Synthetic routes for (BUPCP)Pd(TFA) and (""PCP)Pd(TFA).

HP('Bu), NaOMe Pd(TFA),
MeOH toluene, 130 °C, 1hr

Br Br P(Bu);  P(Bu) (Bu),P—Pd—P('Bu),
TFA
nBuli ¢ ¢ Pd(TFA),
HPPh2 “THF ovemight THF, rt, 6 hr

PPh, PPh, Ph,P—Pd—PPh;
TFA
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Scheme 3.2.2 Synthetic routes for (""PCP)Pd(OBz).

\(n‘:Y .

_Pd(MeCN),Cl,

toluene reflux

Br

1. MeCN, 15 h, 100 °C

(iPr),
QM Cl
P(iPr),

2. Mg(0), 2 h, 0 °C
0°Ctort., 2h

AgOBz
__THF

ZP(iPr)z

P(iPr),

(iPr),

QPd OBz
P(iPr),

OBz = benzoate

Table 3.2.2. Yield of benzoic acid and biphenyl for screenings of (RPCP)Pd(TFA)

catalyzed benzene direct carboxylation under basic conditions.

O of

(RPCP)Pd(TFA) 0.0318 mmol
CO, (440 psig)
Base 10 equiv.

5oL 150 °C, 20h byproduct
Yield of benzoic Yield of
Entries R Base
acid (%)“ biphenyl (%)“
1 tBu None 0 0
2 tBu NaOMe 0 0
3 tBu Cs2C0; Trace 0
4 tBu NaxCOs 0 0
5 tBu NEt; 0 0
6 tBu NaOAc 0 0
7 tBu NaOAc + Cs2CO3 0 0
8 Ph None 0 0
9 Ph NaOMe 0 Trace
10 Ph NaOAc + Cs2COs3 0 0
11° iPr None 0 0
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12° iPr Cs>,COs3 0 0

13b iPr DBU® 0 0

a. Isolated yield of product is relative to Pd catalyst.

b. (P"PCP)PdOBz (OBz = benzoate) is used instead of (""PCP)PdTFA

c. DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene

In addition to PCP pincer ligands, some bidentate ligands have been tested for catalytic
carboxylation of benzene (Table 3.2.3) because these ligands can facilitate the direct
carboxylation driven by a methylating reagent.!® With the addition of ligands, the
formation of Pd(0) is not significant in this reaction. The addition of 1 equivalent of
diphenylphosphinopropane (dppp) ligand to generate (x*-dppp)Pd(OAC) in situ resulted
in 12% isolated yield of benzoic acid relative to Pd(OAC). Increasing the loading of dppp
to 2 equivalents gives a significant increase in the yield of benzoic acid to 65% compared
to 1 equivalent of dppe (entries 1 and 2), whereas increasing the amount to 4 equivalents
leads to only 11% vyield of benzoic acid (entry 3). One explaination for this observation is
that dppp ligand not only forms the (x2-dppp)Pd(OAc), complex in situ, but also may
facilitate the reaction by serving as a base. However, the addition of a larger excess of dppp
to the reaction mixture suppresses the reaction (entry 3). The addition of large excess of
dppp might lead to in situ formation of [(x*-dppp)2Pd][OACc]2, which is likely to be
catalytically inactive. The chelation effect of dppp prevents ligand dissociation to provide
a site for substrate coordination to the Pd center. Additionally, stronger bases (Cs.COz and
DBU) result in lower yields of benzoic acid (entries 5-7). Although simple bidentate
phosphine ligands provided a positive result, extention to simple nitrogen based bidentate

ligands, such as bipyridine, provided no observed benzoic acid or biphenyl under identical
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conditions (entries 7-11). This could be attributed to differences in nucleophilicities due to

the m-acidity of the bipyridine ligands.
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Table 3.2.3 Yields of benzoic acid and biphenyl for screenings on bidentate assisted Pd(I1)
catalyzed benzene direct carboxylation under basic condition.

[Pd] 0.0318 mmol

COOH
ligand
© CO, (440 psig) (j . O
Base 10 equiv. O
5mL 150 °C, 20h ©sproduct
Yield of benzoic Yield of
Entries Catalysts Base
acid (%) biphenyl (%)”
dppp (1 eq.) +
1 NaOAc (10 eq.) 12 1
Pd(OAc),
dppp (2 eq) +
2 NaOAc (10 eq.) 13 1
Pd(OAc),
dppp (4 eq) +
3 NaOAc (10 eq.) 11 1
Pd(OAc),
dppp (1 eq) +
4 NaOAc (40 eq.) 39 2
Pd(OAc),
dppp (1 eq) + NaOAc (10 eq.) +
5 Trace Trace
Pd(OAc), Cs2COs (10 eq.)
dppp (1 eq) + NaOAc (10 eq.) +
6 7 Trace
Pd(OAc):; DBU (10 eq.)
7 ("B"bpy)Pd(OAc)> NaOMe (10 eq.) 0 0
8 (B'bpy)Pd(OAc), NEt; (10 eq.) 0 0
9 ("B"bpy)Pd(OAc)> KOBu (10 eq.) 0 0
10 (B'bpy)Pd(OAc), NaOAc (10 eq.) 0 0
NaOAc (10 eq.) +
11 (B'bpy)Pd(OAc), 0 0

Cs2COs (10 eq.)
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3.3  Studies of CO2 insertion using (RPCP)PdPh complexes

Although the Pd catalyzed benzene direct carboxylation was not entirely successful, it
would be beneficial to understand what caused the unexpected low reactivity. Thus, a series
of studies were performed to investigate the proposed mechanism (Scheme 3.1.6).
Therefore, the CO- insertion into the Pd—Ph complex, and the Pd-catalyzed benzene C-H

activation were studied.

The synthesis of (BYPCP)PdPh was attempted by mixing (B'PCP)PdACI with various
phenylating reagents including PhMgBr, LiPh, Ph,Mg and Ph,Zn. The *H NMR and 3P
NMR spectra indicate the (B“PCP)PdCI was mostly transformed to a new (PCP)Pd species
in situ with 1.5 equivalents of PhMgBr (Figure 3.3.1). However, isolation of the new
(PCP)Pd complex was not sucessful. Only (BYUPCP)PdCI was observed from the crude

material by removing THF (solvent) in vacuo from the reaction solution.
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Figure 3.3.1 'H NMR (top) and 3P NMR (bottom) evidence for in situ formation of new
PCP-Pd species through reaction of (BYPCP)PdPh and PhMgBr.
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To circumvent the obstacle in the synthesis of (B'PCP)PdPh, (P"PCP)PdPh was
successfully synthesized (Scheme 3.3.1) following a previously reported procedure. Also,
(P"PCP)PdOBz (OBz = benzoate) was synthesized by the reacting (P"PCP)PdCI with silver
benzoate (Scheme 3.3.2). The NMR spectra and single crystal X-ray diffraction data are
shown in Figure 3.3.2 — Figure 3.3.7. The crystal structure of (""PCP)PdPh (Figure 3.3.4)
indicates that (P"PCP)PdPh complex possesses -symmetry with a mirror plane along C15—
Pd1-C1-C2 plane. The plane of the phenyl group is perpendicular to the C15-Pd1-C1-P1
plane. The benzoate group in (""PCP)PdOBz is coordinated to the Pd in «* fashion (Figure
3.3.7). The distance between Pd1 and O1 is 2.100(3) A, and the distance between Pd1 and
02 s 3.240 A. The ("PCP)PdOBz does not show the similar c-symmetry as (""PCP)PdPh.
In comparison, the dihedral angle between the plane for the benzoate group and the Pd1-
P1-P2-C13-01 plane is 60.1°. Moreover, the PCP backbone is slightly distorted, as the
the dihedral angle between the Pd1-P1-P2-C13-01 plane and the C8-C12-C13 plane is

10.68°.

Scheme 3.3.1 Synthesis of (""PCP)PdPh.
P(iPr), P(iPr),
P‘dfCI + PhMgBr T';'tF P‘dfPh
‘ . overnight ‘ .
P(iPr), P(iPr),
Scheme 3.3.2 Synthesis of (""PCP)PdOBz (OBz = benzoate).

P(iPr), P(iPr),
Pd—Cl + AgOBz T‘T’ Pd—0Bz
| T |
P(iPr), P(iPr),
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Figure 3.3.2_1H NMR spectrum of phenyl {2,5-di[(di-iso-propyl phosphino)methyl]phenyl
palladium} (P"PCP)PdPh in CDsCN. Unlabeled peaks are from residual solvent (n-pentane)
in the NMR solvent due to the atmosphere in the glovebox.
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Figure 333 3P NMR spectrum for  phenyl  {25-di[(di-iso-propyl
phosphino)methyl]phenyl palladium} (P"PCP)PdPh in CD3sCN.
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Figure 3.3.4 ORTEP of phenyl{2,5-di[(di-iso-propyl phosphino)methyl]phenyl palladium}
(P"PCP)PdPh. Ellipsoids are drawn at 50% probability level. Hydrogen atoms are omitted
for clarity.

@A

Selected bond lengths for (""PCP)PdPh (A): Pd1-P1 2.267, Pd1-C1 2.096, Pd1-C15 2.073,
P1-C7 1.846, P1-C10 1.842, C1-C2 1.411, C1-C10 1.402, C13-C14 1.515(2), C14-C15
1.414. Selected bond angels (deg): P1-Pd1-C1 97.03, P1-Pd1-C15 82.98, P1-Pd1-P1
165.39, C1-Pd1-C15 179.92, C1-Pd1-P1 97.03, C15-Pd1-P1 82.98, Pd1-P1-C7 116.37,
Pd1-P1-C10 119.86, Pd1-P1-C13 104.53, C7-P1-C10 105.80, C2—C1-C6 115.6.

Figure 3.3.5 'H NMR spectrum of 2,5-di[(di-iso-propyl phosphino)methyl]phenyl
palladium benzoate (P"PCP)PdOBz in CD3CN. Unlabeled peaks are from residual solvent
(Et20 and THF) in the NMR solvent due to the atmosphere in the glovebox.
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Figure 3.3.6 3P NMR spectrum for 2,5-di[(di-iso-propyl phosphino)methyl]phenyl
palladium benzoate (P"PCP)PdOBz in CDsCN.
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Figure 3.3.7 ORTEP of 25-di[(di-iso-propyl phosphino)methyl]phenyl palladium
benzoate [(P"PCP)PdOBZ]. Ellipsoids are drawn at 50% probability level. Hydrogen atoms
are omitted for clarity.

Selected bond lengths for (""PCP)PdOBz (A): Pd1-P1 2.289(1), Pd1-P2 2.268(1), Pd(1) —
01 2.100(3), Pd1-C13 2.010(5), P1-C1 1.842(6), P1-C4 1.837(5), P1-C7 1.838(5), P2
C14 1.837(5), P2-C15 1.837(5), P2—-C18 1.827(5), 01-C21 1.281(6), 02—C21 1.232(7),
C7-C8 1.507(6), C8-C13 1.410(7), C12-C13 1.416(6), C12-C14 1.509(7), C21-C22
1.516(7). Selected bond angels (deg): P1-Pd1-P2 167.36(5), P1-Pd1-O1 98.32(9), P1-
Pd1-C13 83.7(1), P2-Pd1-01 94.19(9), P2-Pd1-C13 83.6(1), O1-Pd1-C13 174.1(2),
Pd1-P1-C1 117.9(2), Pd1-P1-C4 115.8(2), Pd1-P1-C7 102.2(2), C1-P1-C4 107.7(2),
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C1-P1-C7 105.0(2), C4-P1-C7 107.0(2), Pd1-P2-C14 103.3(2), Pd1-P2-C15 113.4(2),
Pd1-P2-C18 117.0(2), C14-P2-C15 107.4(2), C14-P2-C18 108.6(2), C15-P2-C18
106.7(2), Pd1-01-C21 122.1(3), C7-C8-C13 119.8(4), C13-C12-C14 120.0(4).

With the characterization data of (P"PCP)PdPh and (P"PCP)PdOBz, the CO; insertion
reaction of (P"PCP)PdPh to form (P"PCP)PdOBz was studied using *H NMR spectroscopy.
Figure 3.3.8 displays the *H NMR reasonances for (P"PCP)PdOBz and ("PCP)PdPh in
MeCN-ds during the CO2 insertion of (P"PCP)PdPh. A series of NMR scale reactions were
performed with 5 mg (P"PCP)PdPh, 120 psig CO and various NMR solvents. Interestingly,
the CO; insertion of (""PCP)PdPh exhibited a dependence on the solvent (Table 3.3.1).
Although no/minimal CO; insertion into (""PCP)PdPh was observed in THF-ds, benzene-
ds or DMSO-dg, the formation of (""PCP)PdOBz was detected when the CO; insertion was

performed in MeCN-dz and DMF-d7 with 37% and 19% yield respectively.
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Figure 3.3.8 *H NMR spectra for CO; insertion into (P"PCP)PdPh to form (P"PCP)PdOBz.
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Table 3.3.1 NMR scale studies on CO insertion into (""PCP)PdPh.

P(iPr), P(iPr),
Pd—Ph + CcO, —oavent, Pd—0Bz
| 120 °C |
P(iPr)y 150 h P(iPr)y

5 mg 120 psig

Solvent % NMR Yield of (*"PCP)PdOBz

THF-ds trace
benzene-ds 0
MeCN-d; 37
DMF-d; 19
DMSO-ds 0

To mimic the catalytic conditions used in Table 3.2.2, the CO2 insertion into

(P'PCP)PdPh under higher CO, pressure was examined (Table 3.3.2). Similar to the NMR
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scale conditions with lower pressure (Table 3.3.1), (""PCP)PdPh also reacted with COz in
MeCN, which gave a 72% NMR yield. Dimethylacetylamide (DMA) is also capable of
facilitating CO2 insertion, in which 55% of (*"PCP)PdPh is transformed to (""PCP)PdOBz.
Benzene, propylene carbonate, and THF were also tested, but no (""PCP)PdOBz was
observed. When 2,2,2-trifluoroethanol was used as the solvent, 2,2,2-trifluoroethanol
immediately reacted with (P"PCP)PdPh, leading to the formation of benzene (Figure 3.3.9).

Table 3.3.2 Studies on CO insertion into (""PCP)PdPh with high pressure of CO2

P(iPr), P(iPr),
| Solvent ‘
Pd—Ph ~ ——— > Pd-OBz
‘ CO,, 30 atm ‘
P(Pr),  120°C,12h P(iPr),

Solvent % NMR Yield of (*"PCP)PdOBz
MeCN 72
DMA 55
CF;CH2OH 0
benzene 0
propylene carbonate 0

THF 0
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Figure 3.3.9 Observed formation of benzene in the *H NMR spectra for (P"PCP)PdPh in
2,2,2-trifluoroethanol.
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In summary, the CO; insertion into (""PCP)PdPh exhibits a signficant dependence on
the solvent. It needs to be pointed out that, despite the fact that the CO> can react with
(P'PCP)PdPh in some solvents such as MeCN, DMF and DMA, no evidence for the CO;
insertion into (""PCP)PdPh in benzene can be found. Hence, the result from the studies on
CO; insertion into (P"PCP)PdPh suggests that with the conditions shown in Table 3.2.2, in
which benzene serves as both a reactant and a solvent, the CO- insertion step could be

troublesome.

3.4  Studies of benzene C—H activation by (P"PCP)PdOBz

The mechanism in Scheme 3.1.6 proposes that C—H activation of benzene is mediated
by the Pd-carboxylate species after the CO: insertion. Thus, the possibility of C—H
activation of benzene by (RPCP)PdX (R = tBu, Ph or iPr; X = carboxylate) was evaluated.
It was speculated that if (RPCP)PdX could C—H activate benzene, the formation of the
corresponding (RPCP)Pd-Ph complex should be observed. Hence, (""PCP)PdOBz was

selected as a model for this study because the observation of (""PCP)PdPh would be easier
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to detect than (|YPCP)PdPh thanks to the relatively more complete characterization data
for the isolated (P"PCP)PdPh. (P"PCP)PdOBz and base additive were added to a solution
with at least 10 equivalents of benzene (Table 3.4.1). The solution was pressurized with
100 psig N2, and then heated to the temperature listed in Table 3.4.1. The consumption of
(P"PCP)PdOBz and the formation of (""PCP)PdPh were monitored by *H NMR and 3'P
NMR spectroscopy. Although the consumption of (P"PCP)PdOBz can be observed in some
conditions, the detection of (""PCP)PdPh in the reaction solution was not achieved in any

of the reactions with the conditions shown in Table 3.4.1.

Table 3.4.1 Investigation of (""PCP)PdOBz mediated benzene C—H activation.

P(Pr)2  Benzene 10 equiv. P(iPr),
| Additive 10 equiv. |

Pd-OBz ———————— > Pd—Ph
‘ 100 psig N,, 48 h ‘
P(iPr), Temp. P(iPr),

Solvent

Conditions (P'PCP)PdOBz (P"PCP)PdPh
Solvent  Additive = Temperature (°C) consumed? formed?
None 120 No No
Cs2C0O3 100 Yes No
DMAP 100 Yes No
CDsCN
DMAP 120 Yes No
NEts 100 Yes No
NEts 120 Yes No
None 120 No No
CeDs Cs2CO3 120 No No

NaOMe 120 No No
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None 150 No No

Cs2CO3 150 No No

Cs2CO3 120 No No

CeHs DBU 120 No No
NEts 150 Yes No

Another method to investigate the C—H activation of benzene with (""PCP)PdOBz is

to study the H/D exchange between benzene and benzene-ds. In this study, 2 mL of 1:1

(v:v) mixture of benzene and benzene-ds was mixed with 10 mg of (""PCP)PdOBz, and

then diluted to 5 mL with MeCN, THF or toluene. The solution was heated at 150 °C for

48 hours. The reaction solution was anaylzed by GC-MS. If the H/D exchange between

benzene and benzene-ds occurs, an expected observation is the detection of isotopologues

of benzene, such as benzene-dis, which can be distinguished from the peak of protio

benzene using GC-MS based on their differing m/z of their molecular ion peaks. Figure

3.4.1-Figure 3.4.3 demonstrate the comparison of the percentage of different benzene

isotopologues in the stock solution and the reaction solution. In all three attemped

conditions, the distribution of the benzene isotopologues does not show a significant

change. This result could suggest that the C—H activation of (""PCP)PdOBz does not occur.
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Figure 3.4.1 Changes in the percentage of different isotopic labeled benzene. Conditions:
1 mL benzene, 1 mL benzene-ds, 3 mL acetonitrile, 10 mg (*"PCP)PdOBz, 150 °C, 48

hours.
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Figure 3.4.2 Changes in the percentage of different isotopic labeled benzene. Conditions:
1 mL benzene, 1 mL benzene-ds, 3 mL tetrahydrofuran, 10 mg (""PCP)PdOBz, 150 °C, 48

hours.
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Figure 3.4.3 Changes in the percentage of different isotopic labeled benzene. Conditions:
1 mL benzene, 1 mL benzene-ds, 3 mL toluene, 10 mg (""PCP)PdOBz, 150 °C, 48 hours.
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3.5  Conclusions

Based on previous studies, a synthetic route to benzoic acid through base-mediated
direct carboxylation of benzene catalyzed by (PCP)PdX (X = carboxylate) was proposed.
DFT calculations predicted that the (M®PCP)PdOAc-catalyzed benzene direct
carboxylation has achievable activation barriers for both C—H activation of benzene via
concerted metalation deprotonation (CMD) and CO: insertion into the Pd—Ph bond of
(MePCP)PdPh. Although a series of the conditions (Pd catalysts and base additives) were
screened, the formation of benzoic acid or benzoate salts were not observed for a majority

of the attempted conditions.

In order to investigate the Kinetic challenges in the proposed catalytic cycle, the CO;
insertion into the (P'PCP)PdPh complex and the C—H activation of benzene by
(P'PCP)PdOBz were both studied. The insertion of CO; into the Pd—Ph bond of
(P'PCP)PdPh was examined with various solvents, temperatures and pressures of COx.
Although COz insertion into (""PCP)PdPh is observed when the reaction was performed in
MeCN, THF, DMA and DMF, no evidence can be found for CO; insertion using
(P'PCP)PdPh is active in benzene, which serves as both the solvent and the substrate for
the screenings on catalytic direct carboxylation of benzene. Moreover, no evidence could

support that (""PCP)PdOBz is able to perform C—H activation benzene.

3.6  Experimental section

General Procedures. All experiments with metal complexes and phosphine ligands
were performed under an atmosphere of dinitrogen in a glovebox or using Schlenk
techniques. All solvents were reagent grade or better. Solvents in the glovebox were

distilled from either potassium and benzophenone (for THF and diethy! ether) or CaH> (for



155

MeCN), purged under dinitrogen flow, and then stored with molecular sieves.*® Deuterated
solvents were kept in the glovebox with molecular sieves (3A or 4A, depending on the type
of solvent*®). Molecular sieves were dried in a vacuum oven at 150 °C overnight before
transferring into the glovebox. All celite used in this chapter was Celite™ 545 purchased
from Fisher Chemical (LOT 225266). Commercially available reagents were used as

received.

'H and *P NMR spectra were collected at 600 MHz and 243 MHz frequencies,
respectively, on a Varian NMRS 600 with multiple probes. 'H NMR spectra were
referenced against residual proton signals of the deuterated solvent.*® 3P NMR spectra

were referenced against an external HsPO4 standard (O ppm).

GC-MS data were collected on a Shimadzu GCMS-QP 2010 gas chromatograph mass
spectrometer with a DB-FFAP capillary column (60 m x 0.250 mm x 0.25 pum). The
temperature of the oven was set to start from 50 °C and hold for 0.5 min, then heat up by a
15 °C/min increment until the temperature reached 230 °C, and finally hold at 230 °C for
10 min. The retention time of hexamethylbenzene (HMB, internal standard), biphenyl, and
benzoic acid were 12.59 min, 13.32 min, and 17.44 min, respectively. Calibration curves
for biphenyl and benzoic acid were recorded for quantitative measurements (Figure 3.6.1

and Figure 3.6.2).
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Figure 3.6.1 Calibration curve for quantification of biphenyl using hexamethylbenzene as

a standard.
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Figure 3.6.2 Calibration curve for quantification of benzoic acid using hexamethylbenzene

as a standard.
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Synthesis of 1,3-di[(diphenylphosphino)methyl]benzene (P°"PCPH). The procedure
is adapted from a reported procedure with minor modifications.®® In a Schlenk flask,
diphenylphosphine (1.0 mL, 2.9 mmol) was dissolved in 15 mL THF. The solution was
cooled to -40 °C under N2 flow. The base, 1.6 M n-butyllithium in hexane solution (1.8
mL, 2.9 mmol), was added dropwise and stirred for 30 minutes. The pale-yellow solution
turned orange. The mixture was warmed to room temperature and stirred for 1 hour. The
mixture was then cooled to -70 °C. A 5 mL THF solution of a,0’-dichloro-m-xylene (0.500
g, 1.45 mmol) was added to the mixture dropwise. The solution was allowed to warm to
room temperature and stirred overnight under N2 flow. In a glove box, the solvent was
removed under reduced pressure. The white solid that formed was extracted with diethyl
ether. Diethyl ether was removed under reduced pressure and a colorless paste was
obtained. Washing the paste with pentane and drying under vacuum yielded a white solid.
The white solid was washed with 5 mL pentane and dried three times, and 1.15 g (2.4 mmol,
84% yield) of ""PCPH was obtained. *H NMR (600 MHz, chloroform-d) § 7.37 — 7.33 (m,
Ar-H, 8H), 7.30 (m, Ar-H, 12H), 6.95 (t, 3Jn.u = 7 Hz, 1H), 6.87 (s, Ar-H, 1H), 6.78 (d,

834-n =7 Hz, 2H), 3.30 (s, PCH2, 4H). 3'P{*H} NMR (243 MHz, chloroform-d) & -10.2.

Figure 3.6.3 *H NMR spectrum for 1,3-di[(diphenylphosphino)methyl]benzene (""PCPH).
Unlabeled peaks are from residual solvent (including Et.O, THF, DCM, toluene) in the
NMR solvent due to the atmosphere in the glovebox.
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Figure 3.6.4 3'P NMR spectrum for 1,3-di[(diphenylphosphino)methyl]benzene (""PCPH).
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Synthesis of 1,3-di[(di-tert-butylphosphino)methyl]benzene (*BY“PCPH). The
procedure is adapted from a reported procedure with minor modifications.*" #? In a glove
box, a,a’-dibromo-m-xylene (0.380 g, 1.45 mmol) was dissolved in 10 mL methanol in a
round bottom flask. Di-tert-butylphosphine (0.55 mL, 2.9 mmol) was added dropwise. The
mixture was stirred for 24 hours. Sodium methoxide (0.156 g, 2.90 mmol) was added to
the reaction solution and stirred for 4 hours. Methanol was evaporated under reduced
pressure. 30 mL of dichloromethane was used to wash the solid. Filtration under reduced
pressure through celite was performed to remove sodium bromide. Dichloromethane was
removed under reduced pressure to yield ®'PCPH as a white solid (0.488 g, 1.24 mmol,
85% yield). 'H NMR (600 MHz, benzene-dg) & 7.63 (s, 1H, Ar—H), 7.30 (d, 3Jn.n = 7 Hz,
2H), 7.18 (overlaped with benzene-ds, 1H), 2.79 (d, 2Jup = 2 Hz, 4H), 1.08 (d, ®Jn» = 11

Hz, 36H). 3P{*H} NMR (243 MHz, benzene-ds) 5 33.7.
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Figure 3.6.5 'H NMR spectrum for 1,3-di[(di-tert-butylphosphino)methyl]benzene
(BYPCPH). Unlabeled peaks are from residual solvent (including Et,O, THF, cyclohexane)
in the NMR solvent due to the atmosphere in the glovebox.
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Figure 3.6.6 3P NMR spectrum for 1,3-di[(di-tert-butylphosphino)methyl]benzene
(BUPCPH).
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Synthesis of 1,3-di[(di-iso-propylphosphino)methyl]benzene (P'PCPH). The
procedure is adapted from a reported procedure with minor modifications.** In a glovebox,
di-iso-propylphosphinochloride (610 mg, 0.64 mL, 4.0 mmol) was dissolved in 5 mL
acetonitrile. A solution of a,a’-dibromo-m-xylene (528 mg, 2.00 mmol) in 5 mL of
acetonitrile was added to the di-iso-propylphosphinochloride solution dropwise. The
mixture was stirred at 100 °C for 15 hours. The solution was then cooled in an ice bath and
then polished magnesium powder (122 mg, 5.00 mmol) was added under nitrogen
atmosphere. The reaction mixture was stirred in ice bath for 2 hours, and allowed to stir at
room temperature for another 2 hours. The product was extracted with pentane (3x20 mL)

in a glovebox. Solvent was removed under reduced pressure, yielding 465 mg (68 % yield)
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of P'PCPH as a yellow oil. *H NMR (600 MHz, benzene-ds) & 7.44 (br s, 1 H), 7.16 (m, 3
H), 2.69 (br s, 4 H), 1.61 (dsp, 2Jus = 2 Hz, 331 = 7 Hz, 4 H), 1.02 (d, 3Jpn = 7 Hz, 12

H), 1.00 (d, 3Ju-n = 7 Hz, 12 H). 3P{*H} NMR (243 MHz, benzene-ds): 5 10.3.

Figure 3.6.7 'H NMR spectrum for 1,3-di[(di-iso-propylphosphino)methyl]benzene
(P'PCPH).
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Figure 3.6.8 3Ip NMR spectrum for 1,3-di[(di-iso-propylphosphino)methyl]benzene
(PPCPH).
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Synthesis of 2,5-di[(diphenylphosphino)methyl]phenyl palladium trifluoroacetate
(P"PCP)Pd(TFA). The procedure is adapted from a reported procedure with minor
modifications.*® To a 10 mL THF suspension of palladium(ll) trifluoroacetate (175 mg,
0.53 mmol), 10 mL of a toluene solution of BYPCPH (250 mg, 0.53 mmol) was added
dropwise to a Schlenk flask. The reaction mixture was stirred at room temperature for 6
hours during which the yellow solution turned black. The solution was filtered through
celite, and the resulting solid was extracted with methanol. The methanol was removed in

vacuo, resulting in formation of (""PCP)Pd(TFA) (105 mg, 28% yield) as a pale-yellow
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solid. *H NMR (600 MHz, benzene-ds) & 7.77 (m, 8H), 7.01 (t, 3Ju-n = 7 Hz, 8H), 6.95 (m,
5H, Ar-H), 6.87 (d, 3Jun = 8 Hz, 2H), 3.32 (vt, 4H). 3'P{*H} NMR (243 MHz, benzene-

de) 5 36.4.

Figure 3.6.9 'H NMR spectrum for 2,5-di[(diphenylphosphino)methyl]phenyl palladium
trifluoroacetate (""PCP)Pd(TFA). Unlabeled peaks are from residual solvent (including
Et,O, THF, DCM) in the NMR solvent due to the atmosphere in the glovebox.
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Figure 3.6.10 P NMR spectrum for 2,5-di[(diphenylphosphino)methyl]phenyl
palladium trifluoroacetate (""PCP)Pd(TFA).

w >
o~
)

2

<
-

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 T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -l
f1 (ppm)

Synthesis  of  2,5-di[(di-tert-butyl  phosphino)methyl]phenyl  palladium
trifluoroacetate (B'“PCP)Pd(TFA). The procedure is adapted from a reported procedure
with minor modifications.*® To a 5 mL toluene suspension of palladium (11) trifluoroacetate
(335 mg, 1.27 mmol), 5 mL of a toluene solution of ®“PCPH (400 mg, 1.01 mmol) was
added dropwise in a pressure tube. The reaction mixture was stirred at 130 °C for 1 hour.
The solution was filtered through celite and the resulting solid was dried in vacuo. 515 mg

(86.2 % yield) of (BYPCP)Pd(TFA) was yielded as a pale yellow/white solid. *H NMR (600
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MHz, benzene-ds) § 6.98 (t, 3Ju-n = 7 Hz, 1H), 6.84 (d, 3Jun = 7 Hz, 2H), 2.84 (vt, 4H),

1.19 (vt, 36H). 3LP{'H} NMR (243 MHz, benzene-ds) 5 73.8.

Figure 3.6.11 'H NMR spectrum for 2,5-di[(di-tert-butyl phosphino)methyl]phenyl
palladium trifluoroacetate [(®'PCP)Pd(TFA). Unlabeled peaks are from residual solvent
(including Et,O, THF, DCM, n-pentane) in the NMR solvent due to the atmosphere in the
glovebox.
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Figure 3.6.12 3P NMR spectrum for 2,5-di[(di-tert-butyl phosphino)methyl]phenyl
palladium trifluoroacetate ("®“PCP)Pd(TFA).
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Figure 3.6.13 ®F NMR spectrum for 2,5-di[(di-tert-butyl phosphino)methyl]phenyl

palladium trifluoroacetate (®'PCP)Pd(TFA).
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Synthesis of 2,5-di[(di-tert-butyl phosphino)methyl]phenyl palladium chloride
(BYPCP)PdCI. The procedure is adapted from a reported procedure with minor
modifications.®® 0.14 g (0.49 mmol) ammonium tetrachloropalladate, (NH4),PdCls, was
dissolved in 20 mL 2-methoxyethanol under nitrogen atmosphere. 0.20 g (0.51 mmol)
BUPCPH (free ligand) was quickly added to the flask under nitrogen flow, followed by
degassing to remove residual air. The mixture was heated at 100 °C for 40 minutes. The
reaction solution solvent was removed to ca. 5 mL in vacuo, and 15 mL DI water was
added to the mixture to obtain a white precipitate. The precipitate was isolated by filtration
through a fine grade frit, and washed with 10 mL 4:1 (v:v) ethanol and water 3 times. The
resulting product was dried under vacuum overnight, yielding 145.9 mg (23.6 mmol, 48%
yield) product as a white powder. *H NMR (600 MHz, chloroform-d) § 6.97 (d, 3Ju.n =7
Hz, 2H), 6.91 (t, 3Ju-n = 7 Hz, 1H), 3.23 (vt, 4H), 1.42 (vt, 36H). 3P{'H} NMR (243 MHz,

Chloroform-d) 6 72.7.
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Figure 3.6.14 'H NMR spectrum for 2,5-di[(di-tert-butyl phosphino)methyl]phenyl
palladium choloride (B“PCP)PdCI
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Figure 3.6.15 3P NMR spectrum for 2,5-di[(di-tert-butyl phosphino)methyl]phenyl
palladium choloride [("®“PCP)PdCI]
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Synthesis of 2,5-di[(di-iso-propyl phosphino)methyl]phenyl palladium chloride
(P'PCP)PdCI. The procedure is adapted from a reported procedure with minor

modifications.*® In a glovebox, 0.200 g (0.70 mmol) dichloro(1,5 -

cyclooctadiene)palladium, Pd(COD)Cly, and 0.234 g (0.70 mmol) P'PCPH (free ligand)
were dissolved in 50 mL toluene. The solution was heated to reflux under N2 atmosphere
for 8 hours. The solvent was then removed in vacuo and the crude product was washed
with 10 mL n-pentane 3 times. It was then dissolved in Et2O followed by filtration. The
Et>O solution was concentrated under vacuum, and the product was crystallized from the

ethereal solution at -30 °C as a white solid (145 mg, 0.30 mmol, 43% yield). *H NMR (600
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MHz, benzene-ds) & 7.07 — 7.03 (t, 3Ju.n = 8 Hz), 6.98 (d, 3Ju.n = 8 Hz, 2H), 2.80 (vt, 4H),
2.10 — 2.04 (M, 4H), 1.40 — 1.34 (m, 12H), 0.92 — 0.87 (m, 12H). 3P NMR (243 MHz,

benzene-ds) 6 61.9.

Figure 3.6.16 H NMR spectrum for 2,5-di[(di-iso-propyl phosphino)methyl]phenyl
palladium choloride (""PCP)PdCI.
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Figure 3.6.17 31P_NMR spectrum  2,5-di[(di-iso-propyl phosphino)methyl]phenyl
palladium choloride (P"PCP)PdCI.
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Synthesis of phenyl {2,5-di[(di-iso-propyl phosphino)methyl]phenyl palladium}
(P'PCP)PdPh. The procedure is adapted from a reported procedure with minor
modifications. ** In a glovebox, 250 mg (0.522 mmol) (P"PCP)PdCI was dissolved in 15
mL THF. 0.53 mL of 1.5 M (0.79 mmol) THF solution of phenylmagnesium bromide was
added to the solution dropwise. The mixture was stirred under a dinitrogen atmosphere at
room temperature overnight. The solvent was then removed in vacuo, and the resulting
white solid was dissolved in 20 mL Et>O and filtered through a frit. The filtrate was

collected, and the solvent was removed in vacuo. The solid was washed with 5 mL n-
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pentane 3 times and filtered through a frit. The product was dried in vacuo and 0.254 g
(0.487 mmol, 93.4% vyield) product was obtained. *H NMR (600 MHz, acetonitrile-ds) &
7.48 (d, 3Jun = 7Hz, 2H), 7.04 (d, 3Jn-n = 7 Hz, 2H), 6.94 — 6.86 (M, 3H), 6.73 (t, 3Jn-n =
7 Hz, 1H), 3.42 (vt, 4H), 2.17 — 2.09 (m, 4H), 1.10 (dvt, 12H), 0.97 (dvt, 12H). 3P NMR

(243 MHz, acetonitrile-ds) 6 57.4.

Figure 3.6.18 'H NMR spectrum  for  phenyl  {2,5-di[(di-iso-propyl
phosphino)methyl]phenyl palladium} (""PCP)PdPh. Unlabeled peaks are from residual
solvent (n-pentane) in the NMR solvent due to the atmosphere in the glovebox.
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Figure 3.6.19 3P NMR spectrum for phenyl {2,5-di[(di-iso-propyl

phosphino)methyl]phenyl palladium} (*"PCP)PdPh.
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Figure 3.6.20 ORTEP of phenyl{2,5-di[(di-iso-propyl phosphino)methyl]phenyl
palladium} ('PCP)PdPh. Ellipsoids are drawn at 50% probability level. Hydrogen atoms
are omitted for clarity.
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Selected bond lengths for (""PCP)PdPh (A): Pd1-P1 2.267, Pd1-C1 2.096, Pd1-C15 2.073,
P1-C7 1.846, P1-C10 1.842, C1-C2 1.411, C1-C10 1.402, C13-C14 1.515(2), C14-C15
1.414. Selected bond angels (deg): P1-Pd1-C1 97.03, P1-Pd1-C15 82.98, P1-Pd1-P1
165.39, C1-Pd1-C15 179.92, C1-Pd1-P1 97.03, C15-Pd1-P1 82.98, Pd1-P1-C7 116.37,
Pd1-P1-C10 119.86, Pd1-P1-C13 104.53, C7-P1-C10 105.80, C2—C1-C6 115.6.

Synthesis of 2,5-di[(di-iso-propyl phosphino)methyl]phenyl palladium benzoate
(PrPCP)PdOBz. In a glovebox, 100 mg of (""PCP)PdCI (0.209 mmol) was dissolved in
20 mL of THF. Silver benzoate (52.2 mg, 0.209 mmol) was then added to the solution. The
solution was stirred in the dark at room temperature for 1 hour. The reaction solution was
filtered through a plug of celite, and the solvent was removed from the filtrate in vacuo.
The solid was extracted with Et,O followed by filtration and the removal of solvent. The
crude product was dissolved in n-pentane and cooled to -35 °C. The product was obtained

as X-ray quality crystals (white, 109 mg, 0.193 mmol, 92.3%). 'H NMR (497 MHz,
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chloroform-d) & 8.04 (d, 3Ju-n = 7 Hz, 2H), 7.38 — 7.29 (m, 3H), 6.98 (d, 3Ju-x = 7 Hz, 2H),
6.92 (t, 3Jn-n = 7 Hz, 1H), 3.17 (vt, 4H), 2.32 (m, 4H), 1.31 (m, 12H), 1.19 (m, 12H). 3P
NMR (201 MHz, chloroform-d) 6 61.6.

Figure 3.6.21 'H NMR spectrum for 2,5-di[(di-iso-propyl phosphino)methyl]phenyl

palladium benzoate (""PCP)PdOBz. Unlabeled peaks are from residual solvent (Et.O and
THF) in the NMR solvent due to the atmosphere in the glovebox.
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Figure 3.6.22 3P NMR  spectrum for 2,5-di[(di-iso-propyl phosphino)methyl]phenyl
palladium benzoate (P"PCP)PdOBz
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Figure 3.6.23 ORTEP of 2,5-di[(di-iso-propyl phosphino)methyl]phenyl palladium
benzoate [(P"PCP)PdOBZ]. Ellipsoids are drawn at 50% probability level. Hydrogen atoms
are omitted for clarity.
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Selected bond lengths for (PPCP)PdOBz (A): Pd1-P1 2.289(1), Pd1-P2 2.268(1), Pd(1) —
01 2.100(3), Pd1-C13 2.010(5), P1-C1 1.842(6), P1-C4 1.837(5), P1-C7 1.838(5), P2—
C14 1.837(5), P2-C15 1.837(5), P2-C18 1.827(5), 01-C21 1.281(6), 02-C21 1.232(7),
C7-C8 1.507(6), C8-C13 1.410(7), C12-C13 1.416(6), C12-C14 1.509(7), C21-C22
1.516(7). Selected bond angels (deg): P1-Pd1-P2 167.36(5), P1-Pd1-O1 98.32(9), P1-
Pd1-C13 83.7(1), P2-Pd1-O1 94.19(9), P2-Pd1-C13 83.6(1), O1-Pd1-C13 174.1(2),
Pd1-P1-C1 117.9(2), Pd1-P1-C4 115.8(2), Pd1-P1-C7 102.2(2), C1-P1-C4 107.7(2),
C1-P1-C7 105.0(2), C4-P1-C7 107.0(2), Pd1-P2-C14 103.3(2), Pd1-P2-C15 113.4(2),
Pd1-P2-C18 117.0(2), C14-P2-C15 107.4(2), C14-P2-C18 108.6(2), C15-P2-C18
106.7(2), Pd1-01-C21 122.1(3), C7-C8-C13 119.8(4), C13-C12-C14 120.0(4).

General procedures for the condition screening for direct carboxylation of
benzene experiments (Table 3.2.1 — Table 3.2.3). All experiments involving CO:
incorporation were performed in custom-built stainless steel high-pressure reactors (VCO
reactors) each fitted with a Teflon cup (Figure 3.6.24). Chemicals other than CO, were
loaded into the Teflon cup and sealed in the VCO reactor in a glovebox under N:

atmosphere. The reactor was then tightened and pressurized with CO> using a custom-built
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stainless steel high-pressure line. The high-pressure line was degassed and filled with CO>
for three cycles before pressurizing. The amount of CO> added was measured by recording
the weight of each reactor before and after pressurizing. Following heating, the reactors
were cooled to room temperature before weights were recorded. After slowly releasing
COo, the solution was filtered over a frit and washed with 5 mL 37% HCI aqueous solution
and 3 mL benzene. The solvent was removed under reduced pressure at 55 °C. The resulting
solid was dissolved in benzene, and 1 mL HMB standard solution in benzene (0.0318 M)
was added in a 10 mL volumetric flask. The yields of benzoic acid and biphenyl were

analyzed by GC-MS.

Figure 3.6.24 Images of high-pressure reaction vessel used (VCO reactor).

Teflon cup & stir bar

Stainless steel shell

General procedures for 'H NMR scale studies on COz insertion of (P"PCP)PdPh.
In a Swagelok cap NMR tube, a solution of 3 mg of (P"PCP)PdPh and a known amount of
hexamethyldisiloxane (HMDSO, internal standard) was dissolved in 0.35 mL MeCN-d3
was added. The NMR tube was then charged with a known pressure of CO2. The solution
was heated at a designated temperature for a designated period of time. The concentration
of (""PCP)PdPh and the CO; insertion product (P"PCP)PdOBz were determined by the

integrations of resonances in *H NMR compared to the HMDSO internal standard.
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General procedures for studies on CO: insertion of (P"/PCP)PdPh using VCO
reactors. In a \VVCO reactor, a solution of 10.4 mg (0.02 mmol) (""PCP)PdPh and a known
amount of hexamethyldisiloxane (HMDSO, internal standard) in 5 mL MeCN was
combined. The reactor was then charged with a known pressure of CO>. The solution was
heated at a designated temperature for a designated period of time. 0.5 mL of the reaction
solution is transferred into an NMR tube. A capillary loaded with DMSO-ds is also added
to the NMR tube to help locking. The concentration of (P"PCP)PdPh and the CO; insertion
product (P"PCP)PdOBz were determined by the integrations of resonances (5 = 8.04 ppm
for (""PCP)PdOBz, and & = 7.48 ppm for (""PCP)PdPh) in *H NMR with a pre-saturation

pulse on the resonance of MeCN (6 =2.21 ppm) compared to the HMDSO internal standard.

General procedures for studies on (P"PCP)PdOBz mediated C—H activation of
benzene by formation of (P"PCP)PdPh. In a Swagelok cap NMR tube, 0.3 mL solution
of 1.8 mg (0.0053 mmol) (P"PCP)PdOBz, 10 equivalents (4.1 mg, 4.7 pL, 0.053 mmol) of
benzene, 10 equivalents (0.053 mmol) of base additive, known amount of cyclohexane
(internal standard) in solvent (MeCN-d3, benzene-ds, or benzene) were added. The NMR
tube was pressurized with 100 psig N2 to prevent the loss of solvent at raised temperature.
The reaction solution was then heated at the designated temperature for 48 hours. The
concentration of (P"PCP)PdPh and ("PCP)PdOBz were determined by the integrations of

their resonances in *H NMR.

General procedures for studies on (P"PCP)PdOBz mediated C-H activation of
benzene by detection of H/D scrambling between CsHs and CsDs. In a VCO reactor, a
solution of 10 mg (P"PCP)PdOBz, 1 mL benzene, 1 mL benzene-dg in 3 mL solvent (MeCN,

THF or toluene) were loaded. The solution was pressurized with 100 psig N2 to prevent the
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loss of solvent at raised temperature. The reaction solution was then heated at 150 °C for
48 hours. The H/D scrambling between CsHs and CsDs Was determined by the distribution

of the benzene molecular ion via GC-MS.

Methods for DFT calculations DFT calculations were performed using the M06
functional. Geometries were calculated using the 6-31+g(d,p) and lanl2dz basis sets. An
energy correction was provided using the 6-311+G(2d,2p)*® and LANL2TZ9(f) basis sets.
All structures were optimized in solution phase using the SMD solvation model®* (solvent

= benzene) in Gaussian 09.%°
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4  Catalytic methanol carbonylation using rhodium or iridium catalysts ligated by

“capping arene” ligands
4.1 Introduction

Acetic acid is an industrially important chemical with the global annual production
reaching 13 million tons in 2015, and the production of acetic acid was estimated to reach
18 million tons in 2020.1 One of the major applications of acetic acid is to produce polymers
such as poly(vinyl acetate) and cellulose acetate (acetate fibers).? 3

During the last 50 years, the industrial methanol carbonylation process has been
developed for the synthesis of acetic acid. An early example of catalytic methanol
carbonylation was reported in the 1950s, in which Reppe and coworkers at BASF used
cobalt iodide to catalyze the production of acetic acid (AcOH) or its derivatives from
methanol (MeOH) and carbon monoxide (CO) under relatively harsh conditions (c.a.
250 °C, 600 bar).* ® In the 1970s, Paulik and Roth at Monsanto developed a rhodium
catalyzed methanol carbonylation method (Monsanto process) using methyl iodide and
iodide salts as promoters under milder conditions (c.a. 175 °C, 30 bar).® The Monsanto
process was able to improve the selectivity of the reaction from 90% to > 99% based on
methanol, and from 70% to 85% based on CO, compared with the cobalt catalyzed
methanol carbonylation described above. In 1996, BP Chemicals announced the Cativa™
process, an iodide promoted iridium-catalyzed methanol carbonylation system, which
exhibits greater stability than the Rh-based processes.”®

The mechanism for the iodide-promoted Rh- and Ir-catalyzed methanol carbonylation
has been studied extensively in the past few decades.’®? In methanol carbonylation

chemistry, the oxidative addition of methyl iodide (Mel) to Rh(l) or Ir(l) is proposed to
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play an important role in the catalytic reaction (Scheme 4.1.1). Through the oxidative
addition of Mel to the Rh(l) or Ir(l) catalyst, the Rh(Ill) or Ir(l1l) intermediate is formed
(Step i). Then, the migratory insertion of CO into the M—Me (M = Rh or Ir) bond leads to
the formation of a M(l11)-acetyl complex (Step ii), reductive coupling to form a M(1)-n?-
acetyl iodide complex follows (Step iii). Finally, acetyl iodide exchanges with free CO and
free acetyl iodide is hydrolyzed to acetic acid. Mel is regenerated by the reaction of

methanol with HI.

Scheme 4.1.1 Proposed mechanism for rhodium or iridium catalyzed methanol
carbonylation
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Haynes and coworkers have studied the reactivity of a series of Rh(I)-iminophosphine
complexes with Mel.*® It was suggested that the reactivity toward Mel significantly
increases when a methoxy group is present on the ortho position of the phenyl group
connected to the imine nitrogen (Table 4.1.1, entry e). It was rationalized that the methoxy

group could coordinate to the axial position of the PN-Rh—CO plane, forming a cationic
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Rh(I1l) intermediate after oxidative addition of Mel. This neighboring group effect is

proposed to explain the faster oxidative addition.+8

Table 4.1.1 Second-order rate constants (ki, 25 °C) for the oxidative addition of Mel to

PN-Rh(I) complexes

]
(P:Rh/\co + Mel
N [

Ri Rz R3 R4 Rs  ki(L-molls?)
a H H H H H 3.60
b Me Me H H H 7.50
c 'Pr Pr H H H 9.10
d Et H H H H 7.71
e OMe H H H H 31.4
f H H H H OMe 2.61
g H H CF CFs H 0.78

Recently, our group has studied a series of bidentate “capping arene” ligands (FP)

coordinated to Rh or Ir* complexes.'®2* The capping arene ligands are a series of nitrogen-

based bidentate ligands linked by arene groups. The most typical “capping arene” ligands

include 6-FP (8,8'-(1,2-phenylene)diquinoline) and 5-FP (1,2-bis(N-7-azaindolyl)benzene)

(Figure 4.1.1). Recent studies revealed that the arene moiety can be positioned at the axial

position of the square plane for 6-FP and 5-FP ligated Rh(l) or Ir(I) complexes. Due to the

structure of the ligand backbones, Rh(I) or Ir(I) complexes with 6-FP and 5-FP have a

significant difference (~0.5 A) in the distance from the metal center to the arene moiety,
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which could influence the stability and reactivity of the “capping arene” Rh and Ir
complexes.’® 2 Furthermore, the electronic properties of the capping arene complexes can
be tuned by changing the substituents on the arene groups. For example, 5-MeFP (1,2-bis(N-
7-azaindolyl)-4,5-dimethylbenzene) or 5-NPFP (2,3-bis(N-7-azaindolyl)naphthalene) can

be used as the ligand instead of 5-FP (Figure 4.1.1).

Figure 4.1.1 Examples of “capping arene” ligands

\*/N /7\N @N @N
8@ N N \ NQMZMG

5-NPFp 5.MeFp

Inspired by the neighboring group effect on Mel oxidative addition of Ir(l) and Rh(I)
complexes described above, we speculated that oxidative addition to capping arene M(l)
(M = Rh or Ir) complexes might also favor the formation of a cationic M(l11) product,
which could lead to a faster oxidative addition of Mel, and thus possibly faster catalytic
methanol carbonylation. In this work, a series of [(FP)M(CO)2]BF4 (FP = 5-FP or 6-FP, M
= Rh or Ir) complexes were synthesized, and their catalytic performance for methanol
carbonylation was evaluated under an optimized condition. Unfortunately, the
experimental results suggest that the rate of methanol carbonylation is not dependent on
the ligated capping arene ligands. Further mechanistic studies provide evidence that the
capping arene could react with the Mel additive, resulting in dissociation of the capping

arene ligands.
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4.2  Synthesis and characterization of [(FP)M'(CO)2]BF4 (FP = 5-FP or 6-FP, M =
Rh or Ir) complexes

The syntheses of [(5-FP)Rh(CO).]BF4 and [(6-FP)Rh(CO)2]BF4 follow similar one-pot
procedures. The precusor [Rh(CO)2(u-Cl)]2 is mixed with 2 equivalents of capping arene
ligand (5-FP or 6-FP) in acetonitrile followed by the addition of 2 equivalents of silver
tetrafluoroborate. The detailed procedures and characterizations for [(5-FP)Rh(CO)2]BF4

and [(6-FP)Rh(CO),]BF4 are described in the Experimental section.

Figure 4.2.1 Procedures for the syntheses of [(5-FP)Rh(CO)2]BF4 and [(6-

FP)Rh(CO)2]BF4
—IBF4
AN T e=M=—C0
[Rh(u-COLClL, + \ N 25 °C, 20 min AgBF, \ N co
H 22 O Q MeCN 25 °C, overnight O Q
\ \ col”T
/ /" N\——Rh=_g

25 °C, 20 min AgBF,

N
SN MeCN 25 °C, overnight SN >C

The syntheses of [(5-FP)Ir(CO)2]BF4 and [(6-FP)Ir(CO)2]BF4 follow the procedures

[Rh(n-CO),Cll, +

reported by a former group member.? The [Ir(CO)2(u-Cl)]2 precursor is formed in situ by
substituting cyclooctene ligands of [Ir(n?-COE)2(u-Cl)]. with CO. The addition of 2
equivalents of capping arene ligand (5-FP or 6-FP) and 2 equivalents of silver(l)

tetrafluoroborate produces the capping arene ligated Ir complexes.
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Figure 4.2.2 Procedures for the syntheses of [(5-FP)Ir(CO)2]BF4 and [(6-FP)Ir(CO).]BF4
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The *H NMR and *C NMR spectra for [(FP)M'(CO)2]BFs (FP = 5-FP or 6-FP, M =

[Ir(COE),Cll, %» [Ir(CO),Cll,

Rh or Ir) complexes suggest that the complexes are possess mirror symmetry (Figure 4.6.3
— Figure 4.6.13). Only one coordinated CO resonance is observed for each of the
[(FP)M!(CO).]BFs complexes, for which the chemical shift, multiplicity and the

frequencies for the C-O stretch are summarized in Table 4.2.1.

Table 4.2.1 *3C NMR resonances of coordinated CO in [(FP)M'(CO)2]BF4 (FP = 5-FP or
6-FP, M =Rh or Ir)

J vco (KBr, cm™)

Complex o (ppm) for M-CO Multiplicity
(Hz)
[(5-FP)Rh(CO),]BF4 182.1 d 70 2037, 2098
[(6-FP)Rh(CO):]BF4 183.4 d 72 2026, 2088
[(5-FP)Ir(CO)2]BF4 169.3 S N.A. 2019, 2084

[(6-FP)Ir(CO)2]BF4 170.0 s N.A. 2011, 2082
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4.3  Methanol carbonylation catalyzed by [(FP)M'(CO)2]BF4 (FP = 5-FP or 6-FP,
M = Rh or Ir) complexes

Methanol carbonylation catalyzed by capping arene ligated Rh(l) or Ir(I) complexes
promoted by Mel was attempted. The major products for the catalytic methanol
carbonylation are methyl acetate (MeOAc) and acetic acid (HOAC). The yields of MeOAc

and HOAc were quantified by GC-MS using cyclohexane as the standard (Figure 4.3.1).

Figure 4.3.1 Example of GC-MS chromatogram for the quantification of methyl acetate
(MeOAC) and acetic acid (HOAC) using cyclohexane as the standard.
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The optimization of Mel promoted methanol carbonylation condition was performed
using [(5-FP)Ir(CO)]BFs as the catalyst, which is summarized in (Table 4.3.1). It can be
concluded that the production of MeOAc is enhanced with increased concentration of Mel.

Moreover, the presence of water likely inhibits the carbonylation of methanol.

Table 4.3.1 Condition optimization of Mel promoted methanol carbonylation catalyzed
by [(5-FP)Ir(CO)2]BF4

[(5-FP)Ir(CO),]BF4 2 mM

CHj3l x equiv. o 0
MeOH + CO +
y°C,24h AOMe AOH
3mL zmL H,O

CO (bar) Mel (equiv.) H20(mL) Temp.(°C) MeOAc(TO) HOAc(TO)
10 1 0 80 Trace N.D.
15 20 0 80 15 0
15 50 0 80 18 0
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With the optimized conditions (2 mM catalyst, 400 equiv. Mel, 15 bar CO at 135 °C),

the performance of catalysts was evaluated. The yields of MeOAc and HOAc for methanol

carbonylation catalyzed by [(FP)M'(CO);]BFs (FP = 5-FP or 6-FP, M = Rh or Ir) or

[(FP)Ir'(CO)21BAr, are reported in Figure 4.3.2. Comparing [(FP)Rh'(CO).]BF4 (FP = 5-

FP or 6-FP) with [Rh(CO)2(u-Cl)]2, the vyields are statistically identical. Similarly,

[(FP)Ir'(CO),]BF4 versus [(FP)Ir'(CO).]BArf4 (FP = 5-FP or 6-FP) does not show a

signicant difference compared with [Ir(COE)2(u-Cl)]2. The complex [Ir(COE)2(pu-Cl)]2 can

rapidly form [Ir(CO)2(u-Cl)]2 in situ under a CO atomsphere. When the catalyst is replaced

by 5-FP ligand, 6-FP ligand, nickel(ll) chloride or no catalyst, the yield of MeOAc is

sharply decreased.

Figure 4.3.2 Comparison of methanol carbonylation catalyzed by “capping arene” ligated
Ir or Rh complexes.
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44  Mechanistic studies on methanol carbonylation catalyzed by
[(FP)Rh(CO)2]BF4 complexes

To investigate the reason for the similar catalyst performance of “capping arene”
ligated Rh and Ir complexes with [M(CO)2]u-Cl)]2 (M = Rh or Ir), a series of mechanistic
studies were performed. One possible explanation is that the active catalyst for both
“capping arene” ligated and unligated Rh/Ir complexes are identical, which means the
“capping arene” ligated Rh/Ir complexes likely undergo a ligand dissociation pathway

before the methanol carbonlyation catalysis occurs.

It is proposed that the [(FP)MI(CO).]BF4 (FP = 5-FP or 6-FP, M = Rh or Ir) could
decompose under increased temperature. To test this hypothesis, the stability of
[(FP)M!(CO),]BF4 at 135 °C in MeOH-ds was studied using *H NMR spectroscopy
(Figure 4.4.1-Figure 4.4.4). Among the four complexes, [(6-FP)Rh(CO)2]BF4 exhibited
the fastest decomposition (Figure 4.4.2). The decomposition of [(5-FP)Rh(CO).]BF4 and

[(6-FP)Ir(CO)2]BF4, although not as rapid as [(6-FP)Rh(CO)2]BF4, could be observed after
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4 hours at 135 °C in MeOH-ds (Figure 4.4.1 and Figure 4.4.3). However, the
decomposition of [(6-FP)Ir(CO).]BF4 was not observed under the same conditions (Figure
4.4.4). It was also demonstrated that both 5-FP ligand and 6-FP ligand are stable at 135 °C
(Figure 4.4.5 and Figure 4.4.6). Interestingly, none of the *H NMR resonances of the

decomposition product for [(FP)M'(CO)2]BF are consistent with 5-FP or 6-FP ligands.

Figure 4.4.1 Stacked 'H NMR spectra for the stability of [(5-FP)Rh(CO);]BF4 at 135 °C
in MeOH-da. The top spectrum is the *H NMR spectrum of 5-FP ligand for comparison.
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Figure 4.4.2 Stacked *H NMR spectra for the stability of [(6-FP)Rh(CO)2]BF at 135 °C
in MeOH-da. The top spectrum is the *H NMR spectrum of 6-FP ligand for comparison.
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Figure 4.4.3 Stacked *H NMR spectra for the stability of [(5-FP)Ir(CO);]BF4 at 135 °C
in MeOH-d4. The top spectrum is the *H NMR spectrum of 5-FP ligand for comparison.
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Figure 4.4.4 Stacked *H NMR spectra for the stability of [(6-FP)Ir(CO)2]BF4 at 135 °C
in MeOH-da. The top spectrum is the *H NMR spectrum of 6-FP ligand for comparison.
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Figure 4.4.5 Stacked *H NMR spectra for the stability of 6-FP ligand at 135 °C in MeOH-
da.
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Figure 4.4.6 Stacked *H NMR spectra for the stability of 5-FP ligand at 135 °C in MeOH-
da.

l
8h
4h
0h

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

10.2 100 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 6.6 6.4

The reaction of methyl iodide with [(FP)M'(CO).]BF4 (FP = 5-FP or 6-FP, M = Rh or
Ir) was also studied (Figure 4.4.7-Figure 4.4.12). All four capping arene complexes
showed a rapid reaction at 135 °C in the presence of methyl iodide (Figure 4.4.7-Figure
4.4.10). Interestingly, the 5-FP ligand and 6-FP ligand also exhibited reactions with methyl
iodide at raised temperature (Figure 4.4.11 and Figure 4.4.12). A comparison of the
products from the reactions of [(FP)M'(CO)]BF4 (FP = 5-FP or 6-FP, M = Rh or Ir) or the
5-FP and 6-FP free ligands with Mel at 135 °C are shown in Figure 4.4.13 and Figure
4.4.14. Based on the comparison of 'H NMR reasonances, it can be concluded that the
products for [(5-FP)Rh(CO)2]BFs and [(5-FP)Ir(CO).]BF4 are identical to the product
when using 5-FP ligand with Mel at 135 °C (Figure 4.4.13). Similarly, the products for
[(6-FP)Rh(CO)2]BF4 and [(6-FP)Ir(CO)2]BF4 with Mel are likely identical to the product
for 6-FP ligand with Mel at 135 °C (Figure 4.4.14). This observation suggests that in the

presence of Mel, the capping arene ligand on [(FP)M'(CO);]BF: complexes might




193

dissociate from the metal center, followed by conversion into the decomposition product.
It has been reported that both 7-azaindole and quinoline can react with methyl iodide,
forming the 7-methyl-IH-pyrrolo [2,3-b]-pyridinium iodide and 1-methylquinolin-1-ium
iodide respectively (Scheme 4.4.1).2% 2" Therefore, it is speculated that the the capping
arene ligands undergo a similar methylation process with methyl iodide, which causes an
irrevesible ligand dissociation for the [(FP)M'(CO).]BF4 (FP = 5-FP or 6-FP, M = Rh or
Ir) complexes. Thus, we conclude that Rh or Ir complexes without the ligation of the
capping arene are likely the active catalysts for the Mel promoted methanol carbonylation,

which exhibit similar reactivity to the [Rh(CO)2(u-Cl)]2 or [Ir(COE)2(u-Cl)]2, respectively.

Figure 4.4.7 Stacked *H NMR spectra for the reaction [(5-FP)Rh(CO)2]BF4 in the presence
of Mel at 135 °C.
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Figure 4.4.8 Stacked *H NMR spectra for the reaction [(6-FP)Rh(CO),]BF4 in the presence
of Mel at 135 °C.
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Figure 4.4.9 Stacked *H NMR spectra for the reaction [(5-FP)Ir(CO)2]BF in the presence
of Mel at 135 °C.
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Figure 4.4.10 Stacked *H NMR spectra for the reaction [(6-FP)Ir(CO)2]BF4 in the presence
of Mel at 135 °C.
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Figure 4.4.11 Stacked *H NMR spectra for the reaction 6-FP ligand in the presence of Mel
at 135 °C.
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Figure 4.4.12 Stacked *H NMR spectra for the reaction 5-FP ligand in the presence of Mel

at 135 °C.
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Figure 4.4.13 Comparison of the products for the reaction of [(5-FP)Ir(CO)2]BFa, [(5-
FP)Rh(CO)2]BF4 or 5-FP ligand with methyl iodide at 135 °C after 6 hours. The
decomposition products show identical *H NMR reasonances for the three samples.
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Figure 4.4.14 Comparison of the products for the reaction of [(6-FP)Ir(CO);]BFa, [(6-
FP)Rh(CO)2]BFs or 6-FP ligand with methyl iodide at 135 °C after 6 hours. The
decomposition products show identical *H NMR reasonances for the three samples.
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Scheme 4.4.1 Reported reaction between quinoline or 7-azaindole and methyl iodide.?® 2
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45  Summary and Conclusion

A series of capping arene ligated Rh or Ir carbonyl complexes with the general formula
[(FP)M!(CO).]BF; (FP = 5-FP or 6-FP, M = Rh or Ir) were synthesized. The performances
of these complexes on Mel promoted methanol carbonylation were examined. The turnover
frequency using [(FP)M'(CO),]BF4 (FP = 5-FP or 6-FP, M = Rh or Ir) as the catalyst was

not improved when compared to catalysis using [Rh(CO)2(u-Cl)]2 or [Ir(COE)2(u-Ch]2.
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Mechanistic studies revealed that the [(5-FP)Rh(CO)2]BF4, [(5-FP)Ir(CO)2]BF2 and [(6-
FP)Rh(CO)2]BF4 are unstable at 135 °C without Mel. When Mel is present, all four
[(FP)M'(CO)2]BF4 complexes as well as the 5-FP and 6-FP ligands show reactivity with
Mel at 135 °C. One of the decomposition products for [(5-FP)Rh(CO);]BFs or [(5-
FP)Ir(CO)2]BF4 with Mel at 135 °C are identical to the decomposition product of 5-FP
ligand reacting with Mel. Similarly, one of the decomposition products for [(6-
FP)Rh(CO);]BFasor [(6-FP)Ir(CO)2]BFs with Mel at 135 °C are identical to the
decomposition product of 6-FP ligand reacting with Mel. The identical decomposition
products could suggest that the capping arene ligand dissociates from the Rh and Ir
complexes. Thus, the active catalyst for the methanol carbonylation using
[(FP)M!(CO)]BF4 and Mel is likely a metal complex without the capping arene ligand,
which explains why no ligand effect is observed for the methanol carbonylation with Mel

promoter.

4.6  Experimental section

General Procedures. All experiments with metal complexes and capping arene
ligands were performed under an atmosphere of nitrogen in a glovebox, or using standard
Schlenk techniques. All solvents were reagent grade or better. Solvents in the glovebox
were distilled from a mixture of solvent and potassium/benzophenone (for EtO and THF)
or CaH: (for MeCN), or obtained from an MBraun solvent purification system (for DCM,
benzene, pentane) and purged under nitrogen flow, and then stored with molecular sieves.?®
Deuterated solvents were kept in the glovebox with molecular sieves (3A or 4A, depending

on the type of solvents?). Molecular sieves were dried in a vacuum oven at 150 °C

overnight before transferring into the glovebox. All celite used in this chapter was Celite™
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545 purchased from Fisher Chemical (LOT 225266).Commercially available reagents were

used as received.

'H NMR spectra were obtained at 600 MHz by a Varian NMRS 600 with multiple
probes, or at 800 MHz by a Bruker Advance 111 800 MHz spectrometer. 13C NMR spectra
were obtained at 201 MHz by a Bruker Advance 111 800 MHz spectrometer. 'H NMR and
13C NMR were referenced against residual proton or 13C signals of the deuterated solvent,

respectively.?®

GC-MS data were collected by a Shimadzu GCMS-QP 2010 gas chromatograph mass
spectrometer with a DB-FFAP capillary column (60 m x 0.250 mm x 0.25 pum). The
temperature of the oven was set to start at 50 °C and hold for 5 min, then heat up by a
15 °C/min increment until the temperature reached 200 °C. The retention time of
cyclohexane (internal standard), methyl acetate, and acetic acid were 3.76 min, 4.34 min,
and 13.12 min respectively. The calibration curves for methyl acetate, and acetic acid were

recorded for quantitative measurements (Figure 4.6.1 and Figure 4.6.2).
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Figure 4.6.1 Calibration curve for the quantification of methyl acetate (MeOAC) versus
cyclohexane (internal standard, CyH).
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Figure 4.6.2 Calibration curve for the quantification of acetic acid (HOAc) versus
cyclohexane (internal standard, CyH).
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Synthesis of [(5-FP)Rh(CO)z]BF4. In a glovebox, 40.0 mg (0.103 mmol) of
[Rh(CO)2(u-Cl)]2 was mixed with 63.9 mg (0.206 mmol) of 5-FP ligand to create a 15 mL
suspension in MeCN. The solution was allowed to stir for 20 minutes at room temperature,
then 40.1 mg (0.206 mmol) of AgBF4were added to the mixture and reacted overnight.
The reaction mixture was filtered through a plug of Celite. Then, the filtrate was dried in
vacuo, and the resulting solid was dissolved in a minimal amount of THF (c.a. 3 mL),
followed by the addition of 100 mL of pentanes, and the orange product precipitated out
from the solution. The mixture was filtered through a Bichner funnel with a fine fritted
disc, and the product was collected and dried in vacuo as an orange solid (0.0934 g, 0.168
mmol, 81.5% yield). The product was characterized by *H NMR, **C NMR, single crystal
X-ray diffraction and IR spectroscopy. *H NMR (600 MHz, methylene chloride-d,) & 8.42
(d, 3Jun = 5 Hz, 1H), 8.07 (dd, 3Jun = 8 Hz, 1H), 8.04 (dd, 3Jun = 6, 4 Hz, 1H), 7.73 (dd,
83un =6, 4 Hz, 1H), 7.39 (d, 3Jun = 4 Hz, 1H), 7.23 (dd, %Jun = 8, 6 Hz, 1H), 6.68 (d, 3Ju+
=4 Hz, 1H). *C NMR (201 MHz, methylene chloride-d2) & 182.1 (d, *Jrh.c = 69 Hz, Rh—
CO), 148.7, 144.3, 135.3, 134.2, 133.1, 132.4, 132.1, 124.7, 118.5, 104.4. IR(KBIr): vco

(cmt) = 2037, 2098,

Figure 4.6.3 *H NMR spectrum for [(5-FP)Rh(CO),]BF4 in methylene chloride-d..
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Figure 4.6.4 3C NMR spectrum for [(5-FP)Rh(CO)2]BF4 in methylene chloride-d..
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Figure 4.6.5 FTIR spectrum of [(5-FP)Rh(CO).]BF4
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Synthesis of [(6-FP)Rh(CO)2] In a glovebox, 50.0 mg (0.129 mmol) of [Rh(CO)2(p-
CD]2 were mixed with 82.9 mg (0.257 mmol) of 6-FP ligand in 15 mL of MeCN. The
solution was allowed to stir for 20 minutes at room temperature, and 50.1 mg (0.257 mmol)
of AgBF4 were added to the mixture to react overnight. The reaction mixture was then
filtered through a plug of Celite. Then, the filtrate was dried in vacuo\, and the resulting

solid was dissolved in a minimal amount of THF (c.a. 3 mL), followed by the addition of
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100 mL of pentanes, and the orange colored product precipitated out from the solution. The
mixture was filtered through a Buchner funnel with fine fritted disc, and the product was
collected and dried in vacuo as an orange colored solid (0.131 g, 0.227 mmol, 88.3% yield).
The product was characterized by *H NMR, 3C NMR and IR spectroscopy. *H NMR (800
MHz, methylene chloride-d2) § 9.30 (d, 3Jun = 5 Hz, 1H), 8.33 (d, 3Jun = 8 Hz, 1H), 7.90
—7.86 (M, 1H), 7.80 (d, 3Jun = 8 Hz, 1H), 7.71 — 7.66 (m, 1H), 7.63 (d, 3Jun = 8 Hz, 1H),
7.60 — 7.54 (m, 2H). 3C NMR (201 MHz, methylene chloride-dz) & 183.4 (d, YJrnc = 71
Hz, Rh—CO), 155.5, 146.4, 141.6, 136.9, 135.3, 133.6, 130.3, 130.1, 130.0, 123.0. IR(KBT):
veo (cm™) = 2026, 2088.

Figure 4.6.6 *H NMR spectrum for [(6-FP)Rh(CO),]BF4 in methylene chloride-d..
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Figure 4.6.7 3C NMR spectrum for [(6-FP)Rh(CO).]BF4 in methylene chloride-d..
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Figure 4.6.8 FTIR spectrum of [(6-FP)Rh(CO).]BF4
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Synthesis of [(5-FP)Ir(CO):2]BF4 The synthesis of [(5-FP)Ir(CO).]BF4 followed a
previously reported procedure.? In a 100 mL Schlenk flask, 43.3 mg (0.0483 mmol) of
[Ir(COE)2(u-Cl)]2 and 30 mL of acetonitrile were added under dinitrogen. Gasous carbon
monoxide was allowed to bubble through the suspension for c.a. 5 minutes, resulting in the
formation of a green solution. A solution of 30.0 mg (0.0967 mmol) of 5-FP ligand in 10
mL of acetonitrile was added to the solution via a syringe. The flask was transferred into a
glovebox, and 18.8 mg (0.0967 mmol) of AgBF4 were added. The mixture was allowed to
react in the dark overnight, and the reaction mixture was then filtered through a plug of
Celite. The filtrate was dried in vacuo and the resulting solid was dissolved in a minimal
amount of THF (c.a. 3 mL), followed by the addition of 100 mL of pentanes, and the yellow
product precipitated from the solution. The mixture was filtered through a Buchner funnel
with fine fritted disc, and the product was collected and dried in vacuo, as a yellow solid

(48 mg, 0.074 mmol, 77% vyield). The product was characterized by *H NMR, *C NMR
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and IR spectroscopy. *H NMR (800 MHz, methylene chloride-dz) & 8.44 (d, 3Jun = 5 Hz,
1H), 8.18 — 8.10 (m, 1H), 8.07 — 7.99 (m, 1H), 7.68 (dt, 3Jun = 6, 3 Hz, 1H), 7.40 (d, 3Jun
=4 Hz, 1H),7.34-7.26 (m, 1H), 6.77 (d, *Jun = 3 Hz, 1H).*C NMR (201 MHz, methylene
chloride-dz) & 168.8 (s, Ir—CO), 148.3, 143.9, 135.3, 134.3, 132.7, 131.9, 131.4, 125.1,

118.2, 104.3. IR(KBr): vco (cm™) = 2019, 2084,

Figure 4.6.9 *H NMR spectrum for [(5-FP)Ir(CO),]BF4 in methylene chloride-ds.
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Figure 4.6.10 3C NMR spectrum for [(5-FP)Ir(CO)2]BF4 in methylene chloride-d>.
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Figure 4.6.11 FTIR spectrum of [(5-FP)Ir(CO).]BFu..
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Synthesis of [(6-FP)Ir(CO)2]BF4. The synthesis of [(6-FP)Ir(CO)2]BF4 followed a
previously reported procedure.?® In a 250 mL Schlenk flask, 107.5 mg (0.120 mmol) of
[Ir(COE)2(u-Cl)]2 and 60 mL of acetonitrile were added under dinitrogen. Gasous carbon
monoxide was allowed to bubble through the suspension for c.a. 5 minutes, resulting in the
formation of a green solution. A solution of 80.0 mg (0.241 mmol) of 6-FP ligand in 20
mL of acetonitrile was added to the solution via a syringe. The flask was transferred into a
glovebox, and 46.7 mg (0.240 mmol) of AgBF4 were added. The mixture was allowed to
react in the dark overnight, and the reaction mixture was then filtered through a plug of
Celite. The filtrate was dried in vacuo, and the resulting solid was dissolved in a minimal
amount of THF (c.a. 5 mL), followed by the addition of 100 mL of pentanes, and the yellow
product precipitated from the solution. The mixture was filtered through a Buchner funnel
with fine fritted disc, and the product was collected and dried in vacuo as a yellow solid

(127.0 mg, 0.190 mmol, 79.3% yield). The product was characterized by *H NMR, *3C
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NMR and IR spectroscopy. *H NMR (600 MHz, methylene chloride-d2) & 9.39 (dd, 3Jun =
5, 2 Hz, 1H), 8.40 (d, 3Jun =8, 2 Hz, 1H), 8.40 (dd, 3Jun =8, 2 Hz, 1H), 7.89 — 7.86 (m,
1H), 7.83 (dd, 3Jun = 8, 2 Hz, 1H), 7.83 (dd, 3Jun = 8, 2 Hz, 1H), 7.65 — 7.57 (m, 4H). 3C
NMR (201 MHz, methylene chloride-d2) 6 170.0 (s, Ir-CO), 156.7, 147.4, 142.3, 137.9,

136.2, 136.0, 133.4, 131.1, 130.3, 130.2, 123.2. IR(KBT): vco (cm™) = 2011, 2082.

Figure 4.6.12 *H NMR spectrum for [(6-FP)Ir(CO)2]BF4 in methylene chloride-d-.
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Figure 4.6.13 13C NMR spectrum for [(6-FP)Ir(CO).]BF4 in methylene chloride-d,.
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Figure 4.6.14 FTIR spectrum of [(6-FP)Ir(CO).]BF4

2.5
2.0 1
© 2082
Q5. 2011
©
£
o
L2104
<
7 M

5(|)0 | 10|00 | 15|00 | 20|00 | 25|00 | 30|00 | 35|00 | 40|00 | 45|00
Frequency (cm™)

General procedure for catalytic methanol carbonylation experiments. In a
glovebox, 2 mM of Rh or Ir catalyst, designated amount of CHsl and deionized H20O were
added to 3 mL of methanol and loaded into a custom made VCO reactor (Figure 4.6.15).
Designated pressure of CO was then charged into the sealed reactor, and the reactor was
heated to a designated temperature for 24 hours or 48 hours. After the reaction, CO was
released and the reaction solution was diluted by 10 mL of methanol. 0.1 mL of
cyclohexane stock solution in methanol (64.8 mL/L in MeOH) was added to the diluted
reaction solution. The resulting solution was analyzed by GC-MS. Further dilution of the
analyte by methanol may have been performed to avoid over saturation of signals on the

GC-MS spectrum.
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Figure 4.6.15 Images of high-pressure reaction vessel used (VCO reactor).
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5 Catalytic hydrogenation of styrene catalyzed by a “capping arene” ligated

cobalt complex

5.1 Introduction

The homogeneous catalytic hydrogenation of olefins has been well studied since the
1960s. The most successful homogeneous olefin hydrogenation processes usually feature
Rh or Ir catalysts, such as Wilkinson’s catalyst (Rh(PPhs)sCl), the Schrock-Osborn catalyst
{[Rh(L)2(diene)]" (L = phosphine ligand)} or Crabtree’s catalyst {([Ir(COD)(py)(PR3)]"
(py = pyridine; R = cyclohexyl or isopropyl)}.}* Also, in the last century, there have been
a few reported examples of first-row transition metal catalyzed olefin hydrogenation.!? 13
However, the catalytic olefin hydrogenation processes involving first-row transition metals
have not been developed to the same extent as the Rh and Ir-catalyzed processes due to
limited understanding of the mechanisms.!* In the past two decades, more examples of
first-row transition metals catalyzing olefin hydrogenation reactions were reported. Figure

5.1.1 shows a few examples of cobalt catalysts that have been reported for catalytic olefin

hydrogenation.>-%/

Figure 5.1.1 Examples of cobalt catalysts for olefin hydrogenation.

X
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Recently, our group has studied a series of capping arene ligands and corresponding
complexes.'®2* The capping arene ligands consist of two quinoline (for 6-FP, 8,8"-(1,2-
phenylene)diquinoline) or two 7-azaindole (for 5-FP, 1,2-bis(N-7-azaindolyl)benzene)

groups to ligate the metal as well as an arene moiety (benzene or naphthalene or their
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derivatives) (Figure 5.1.2). It has been proposed that the arene moiety can serve as a ligand
with n? coordination or a sterically bulky substituent, creating a unique environment for
redox chemistry on the metal center (see more details in Chapter 2 and Chapter 4).2! In this
work, (5-FP)CoCl; (1) has been synthesized. Styrene hydrogenation catalyzed by 1 reached

5.6 = 2.4 turnovers under optimized conditions.

Figure 5.1.2 Generic examples of capping arene ligated metal complexes.

(6-FP)M (5-FP)M

5.2  Synthesis and characterization of (5-FP)CoCl2

Complex 1 was synthesized by mixing anhydrous CoCl, with 5-FP ligand in MeCN for
24 hours at room temperature under dinitrogen atmosphere (Scheme 5.2.1). DCM was also
added to the solution to improve the solubility of the 5-FP ligand. X-ray quality crystals
were obtained after purification and crystallization (see Experimental section for detailed
procedures). The crystal structure of lis shown in Figure 5.2.1. Unlike the square planar

or trigonal bipyramidal capping arene-Rh(l) complexes, 1 exhibits a tetrahedral geometry.

Scheme 5.2.1 Synthesis of (5-FP)CoCl; (1).

Cl

MeCN/DCM
+ CoCl,

—
rt., 24 hr
WA= @

Figure 5.2.1 ORTEP of (5-FP)CoCl2 (1). Ellipsoids are drawn at 50% probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths for (5-FP)CoCl, (A): Col-
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Cl1 2.229(3), Col-Cl2 2.272(2), Col-N1 2.046(7), Col-N4 2.070(7). Selected bond
angels for (5-FP)CoCl; (deg): CI1-Co1-CI2 102.94(9), Cl1-Co1-N1 123.9(2), CI1-Col-

N4 121.9(2), Cl12-Co1-N1 104.0(2), Cl2—Co1-N4 104.7, N1-Co1-N4 96.9(3).

The peaks in the 'H NMR spectrum of 1 (Figure 5.2.2) are broadened and distributed
between 100 ppm and -2 ppm, which is consistent with the paramagnetic properties of a
tetrahedral d’ complex. Seven resonances were observed in the H NMR spectrum,
indicating that the complex is probably c-symmetric. In the 3C NMR spectrum of 1
(Figure 5.2.3), ten peaks are observed in the range of 120-380 ppm, which is also

consistent with the paramagnetic property and o-symmetric structure for 1.
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Figure 5.2.2 *H NMR spectrum of (5-FP)CoCl; (1) in DCM-d.
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Figure 5.2.3 13C NMR spectrum of (5-FP)CoCl; (1) in DCM-ds.
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5.3 Preliminary NMR-scale studies for (5-FP)CoCl:-catalyzed styrene

hydrogenation

The ability of 1 to catalyze styrene hydrogenation was tested on the NMR scale. As
Figure 5.3.1 shows, c.a. 0.5% of the initial styrene (0.002 turnover) was converted to
ethylbenzene based on the peak integration after 100 hours. The activity for styrene
hydrogenation with 1 and additives was also tested (Table 5.3.1). When elemental zinc

was added to the reaction, the turnovers significantly increased. However, the addition of
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stronger reducing agent Mg(0) or Mn(0) inhibited the styrene hydrogenation. Instead, the
color of the reaction turned from blue to colorless immediately after the addition of Mg(0)
or Mn(0) powder, indicating that the (5-FP)CoCl> catalyst most likely decomposed. The

addition of Cul also did not improve the catalytic efficiency.

Figure 5.3.1 'H NMR spectrum of styrene hydrogenation catalyzed by (5-FP)CoCl..
Conditions: (5-FP)CoCl (4 mg, 0.009 mmol), styrene (5.0 pL, 4.5 mg, 0.043 mmol), H>
(50 psig), DCM-d; (0.4 mL), 45 °C, 100 hours.
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Table 5.3.1 Turnovers of ethylbenzene from (5-FP)CoCl> catalyzed styrene
hydrogenation with additives.?

oy Ha T
itive
50 psig 322%2
Additive Turnovers (TO)
Zn 0.42

Mg® 0

Mn® 0

Cul 0

Zn (no Co catalyst) 0
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& Reaction conditions: (5-FP)CoCl. (4 mg, 0.009 mmol), styrene (5.0 pL, 4.5 mg,
0.043 mmol), 10 equivalents of additive, H2 (50 psig), DCM-d. (0.4 mL), 45 °C,

24 hours, 1 trial.

b The reaction solution turned from blue to colorless after the addition of Mg or Mn.

5.4  Condition optimization for (5-FP)CoCl2 catalyzed styrene hydrogenation

With the encouraging preliminary results of 1-catalyzed styrene hydrogenation on an

NMR scale, the styrene hydrogenation reaction was further studied on a larger scale.

Styrene hydrogenation was performed in a Fisher-Porter reactor under the conditions

indicated in Figure 5.4.1. The turnovers of ethylbenzene from the 1-catalyzed styrene

hydrogenation reaction reached 0.67 after 96 hours at 50 °C with 50 psig of H.. A series of

control experiments suggest that CoCl, and ZnCl; can catalyze styrene hydrogenation, but

the turnovers are much lower than that for 1. When only elemental zinc is presented, no

hydrogenation was observed.
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Figure 5.4.1 Turnovers of ethylbenzene vs. time (h) plot for catalytic styrene
hydrogenation. Conditions: styrene (50 pL, 45 mg, 0.44 mmol), catalyst (5 mol% relative
to styrene, 0.022 mmol), Zn (40 mol% relative to styrene, 0.17 mmol; 0 mmol for ZnCl>
entry), 50 psig H2, DCM (10 mL), 50 °C, 1 trial.
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The styrene hydrogenation reactions were performed in a custom-made high-pressure
reactor (VCO reactor, Figure 3.6.24) so that the pressure of Hz could be raised to 500 psig.
Although the standard deviation of the 96-hour time point in Figure 5.4.3 is large, the
ethylbenzene turnovers under 500 psig Hz (5.6 + 2.4) was significantly increased compared
to turnovers under 50 psig H2 (0.68). However, increasing the reaction temperature from
50 °C to 90 °C under 500 psig H> does not improve the ethylbenzene turnovers (3.8 £ 1.7)

(Figure 5.4.4).



Figure 5.4.2 Images of a VCO reactor.
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Figure 5.4.3 Turnovers of ethylbenzene vs. time (h) plot for (5-FP)CoCl; catalyzed styrene
hydrogenation.Conditions: styrene (50 pL, 45 mg, 0.44 mmol), (5-FP)CoCl> (5 mol%,
0.022 mmol), Zn (40 mol%, 0.17 mmol), 500 psig H2, DCM (5 mL), 50 °C. All data points
and standard deviations are based on at least three independent experiments.
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Figure 5.4.4 Turnovers of ethylbenzene vs. time (h) plot for (5-FP)CoCl> catalyzed styrene
hydrogenation. Conditions: styrene (50 pL, 45 mg, 0.44 mmol), (5-FP)CoCl, (5 mol%
relative to styrene, 0.022 mmol), Zn (40 mol% relative to styrene, 0.17 mmol), 500 psig
H>, DCM (5 mL), 90 °C. All data points and standard deviations are based on at least three
independent experiments.
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Table 5.4.1 shows a comparison of the activity of complex 1 for olefin hydrogenation
with some recently reported Co-catalyzed olefin hydrogenation reactions.’>'" As Table
5.4.1 shows, catalytic olefin hydrogenation using 1 has the harshest conditions (50 °C, 500
psig H2, 96 hours) among the four catalytic olefin hydrogenation reactions. However,
turnovers for olefin hydrogenation using 1 are the lowest. However, at this point in our
studies, it is impossible to know how much active Co catalyst is formed using 1 as the
precursors, and, thus, we are unable at this time to draw any conclusions about relative

activity compared to other molecular Co catalysts.
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Table 5.4.1 Comparison of the turnovers for (5-FP)CoCl; catalyzed olefin hydrogenation
with reported cobalt catalyzed olefin hydrogenation reactions.*>*’

Cat. Conc. | Temp. | p(H2) Time
Catalyst substrate Turnover
(mol %) | (°C) | (psig) (h)
/" N\—C ©
—Co_
T 5 50 | 500 | () | 96 |56+24
M
iPr““O—iPr 0

P\ CH,SiMe,

H
S 5 2| 500 | NS 12 | > 198
iPr—Q “iPr o

A

1

JNTNTNA
iPr(NTJ N :N> iPr 5 22 60 ©)\/ 5 >19
@,”’f CH3iPr\©

N

Csz—(Ilo”fPCyz 2 25 15 24 50

CH,SiMes

5.5  Summary and future directions

A capping arene ligated Co(ll) complex (5-FP)CoCl> (1) was successfully synthesized
and characterized. The styrene hydrogenation catalyzed by 1 shows a promising
preliminary result with 5.6 = 2.4 turnover for the best condition (0.44 mmol styrene, 5 mol%
catalyst, 40 mol% Zn, 50 °C, 500 psig Hz, 96 hours) and the yield of hydrogenated product

may be further improved by optimizing the reaction conditions.
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In the future, the catalytic activity of 1 on the hydrogenation of other olefin species can
be tested. Figure 5.5.1 shows some possible substrates to be studied for 1 catalyzed olefin
hydrogenation. The target olefins include 3,3-dimethyl-1-butene (primary), cyclohexene,
2-methyl-1-propene, 2-pentene (secondary), 2-methyl-2-butene (tertiary), methyl acrylate,
methoxyethene and acrylaldehyde (with functional groups). Although 1 may not be able to
catalyze the hydrogenation for all of the substrates, especially the more substituted olefins
such as 2-methyl-2-butene, the selectivity of 1 catalyzed olefin hydrogenation on substrates

can be interesting because the regioselective hydrogenation of multi-alkenes can be useful.

Figure 5.5.1 Possible substrates for (5-FP)CoCl> (1) catalyzed olefin hydrogenation

YO L~

OMe H

Furthermore, understanding the mechanism of 1 catalyzed olefin hydrogenation is also
important. The initial efforts could be made on kinetic studies to figure out the dependence
of Hy, Co catalyst, zinc additive and styrene on the reaction rates. The kinetic isotope
effects (KIE) and Eyring equation can also provide useful information for understanding
the mechanism. Moreover, the isolation of the active catalyst and key intermediates,
especially the reduced cobalt species by Zn(0), will provide more direct evidence for the

catalytic process.

56  Experimental section
General Procedures. All experiments with cobalt complexes were performed under

air-free environments using a glovebox. All solvents were reagent grade or better. Solvents
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in the glovebox were distilled from a mixture of solvent and potassium/benzophenone (for
Et,O), or obtained from an MBraun solvent purification system (for DCM and MeCN) and
purged under nitrogen flow, and then stored with molecular sieves.?® Deuterated solvents
were kept in the glovebox with molecular sieves (3A or 4 A, depending on the type of
solvents®). Molecular sieves were dried in a vacuum oven at 150 °C overnight before
transferring into the glovebox. All celite used in this chapter was Celite™ 545 purchased
from Fisher Chemical (LOT 225266). Commercially available reagents were used as

received.

'H NMR spectra were performed at 600 MHz using a Varian NMRS 600 MHz
spectrometer. 3C NMR spectra were obtained at 201 MHz by a Bruker Advance 111 800
MHz spectrometer. 'H NMR and *C NMR spectra are referenced against residual proton

signals of the deuterated solvent.?®

GC-MS data were collected using a Shimadzu GC-2014 gas chromatograph with a DB-
5MS capillary column (30 m x 0.32 mm x 0.25 um) and flame ionization detector (FID)
detector. The temperature of the oven was set to start of 50 °C, hold for 2.5 min, and then
increase temperature with a 20 °C/min increment until the temperature reached 240 °C, and
finally held at 240 °C for 2 min. The retention times of hexamethylbenzene (HMB, internal
standard), ethylbenzene, and styrene were 12.59 min, 13.32 min, and 17.44 min,
respectively. The calibration curves for ethylbenzene and styrene were determined for

guantitative measurements (Figure 5.6.1 and Figure 5.6.2).
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Figure 5.6.1 Calibration curve for the quantification of ethylbenzene (EtPh) against
hexamethylbenzene (internal standard, HMB).
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Figure 5.6.2 Calibration curve for the quantification of styrene against hexamethylbenzene
(internal standard, HMB).
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Synthesis of (5-FP)CoCl. (1) In a glovebox, anhydrous CoCl; (42.3 mg, 0.326 mmol)
was dissolved in 10 mL of MeCN (solution A) in a 50 mL round bottom flask. In a second
container (25 mL glass vial), 5-FP (101.3 mg, 0.326 mmol) was dissolved in 2 mL of DCM,
and then diluted to 10 mL by MeCN (solution B). Solution B was dropwise added into
solution A with stirring. The mixture was stirred for 24 hours at room temperature. The
solvent was removed in vacuo, and the crude blue product was dissolved in 5 mL of DCM.
The DCM solution was filtered by a plug of Celite to remove remaining CoCls. The filtrate
was collected, and the solvent was removed in vacuo. The blue solid was dissolved in a
minimal amount of DCM, and X-ray quality crystal was obtained by solvent diffusion of
Et,O into DCM. The deep blue product (97.8 mg, 0.222 mmol, 68.1 % vyield) was
characterized by *H NMR, 3C NMR, X-ray diffraction and elemental analysis. *H NMR
(600 MHz, DCM-d2) & 97.9 (s, 1H), 36.6 (s, 1H), 23.5 (s, 1H), 12.2 (s, 1H), 2.5 (s, 1H), -
1.0 (s, 1H), -1.5 (s, 1H). 3C NMR (201 MHz, DCM-d2) § 375.4, 358.9, 204.5, 177.8, 174.9,
167.4, 166.6, 165.6, 146.3, 127.2. Anal. Calcd. For C20H14CloCoN4: C, 54.57; H, 3.21; N,

12.73. Found: C, 54.55; H, 3.15; N, 12.63.

Figure 5.6.3 *H NMR spectrum for (5-FP)CoCl; (1) in DCM-d;
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Figure 5.6.4 3C NMR spectrum for (5-FP)CoClz (1) in DCM-d..
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Figure 5.6.5 ORTEP of (5-FP)CoCl»(1). Ellipsoids are drawn at 50% probability level.

Hydrogen atoms are omitted for clarity. Selected bond lengths for (5-FP)CoCl. (A): Col-
Cl1 2.229(3), Col-CI2 2.272(2), Col-N1 2.046(7), Col-N4 2.070(7). Selected bond
angels for (5-FP)CoCl; (deg): CI1-Co1-CI2 102.94(9), Cl1-Co1-N1 123.9(2), Cl1-Col-
N4 121.9(2), Cl12-Co1-N1 104.0(2), CI2-Co1-N4 104.7, N1-Co1-N4 96.9(3).

General procedures for NMR scale styrene hydrogenation experiment. In a J.
Young NMR tube, a designated amount of styrene, catalyst, additive, hexamethylbenzene
(internal standard) and DCM-d were loaded under dinitrogen atmosphere. Dihydrogen (50

psig) was then added into the tube. The reaction was heated in an oil bath at 50 °C. The H
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NMR spectra were recorded, and the concentration of styrene and ethylbenzene was

quantified based on the integrations of their *H NMR peaks.

General procedures for styrene hydrogenation experiments using Fisher-porter
reactor. In a Fisher-porter reactor, the designated amount of styrene, catalyst, additive,
hexamethylbenzene (internal standard) and DCM were loaded under a dinitrogen
atmosphere. Dihydrogen (50 psig) was then added to the reactor. The reaction was heated
in an oil bath at 50 °C. The sample (c.a. 0.2 mL) was obtained using a 1 mL syringe with
an 18-inch stainless steel needle under N. flow and transferred into a GC vial. The
concentrations of styrene and ethylbenzene were determined based on their peak

integrations from the GC chromatogram.

General procedures for styrene hydrogenation experiments using VCO reactor.
In a custom-made high-pressure reactor (VCO reactor, Figure 3.6.24), the designated
amount of styrene, catalyst, additive, hexamethylbenzene (internal standard) and DCM
were loaded under a dinitrogen atmosphere. 500 psig of H> was then added to the reactor.
The reaction was heated in an aluminum metal block at 50 or 90 °C. The sample (c.a. 0.2
mL) was obtained using a 1 mL syringe with an 18-inch stainless steel needle under N>
flow and transferred into a GC vial. The concentration of styrene and ethylbenzene was

determined based on their peak integrations on the GC chromatogram.
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6 Summary and Future Directions

6.1 Summary

In summary, catalytic olefin hydrogenation reactions using capping arene ligated Rh
complexes were studied as a model study of a catalytic reaction that involves formal
oxidation state changes at the transition metal catalyst. The reaction rates for the olefin
hydrogenation is dependent on the capping arene ligand coordinates to the Rh catalyst, for
which the trend is: (5-NPFP)Rh(n?-C2H4)Cl > (6-FP)Rh(n?-C2H4)Cl > (5-FP)Rh(n?-C2H4)Cl,
while the (6-N"FP)Rh(n?-C2H4)CI decomposes rapidly during the catalysis. The kinetic and
computational modeling studies suggest an “olefin first” mechanism for the catalytic
hydrogenation. Based on the computational modeling, the rate-determining step is likely
oxidative addition of dihydrogen, and the calculated activation energy for oxidative
addition of dihydrogen on (6-FP)Rh(n?-styrene)Cl is 1.2 kcal/mol lower than that on (5-

FP)Rh(n?-styrene)Cl, which is consistent with our experimental results.

Moreover, although a catalytic process for the direct carboxylation using Pd catalysts
was not successfully developed, CO- insertion into the Pd—Ph bond of (""PCP)PdPh
complex and C—H activation of benzene by (""PCP)PdOBz (OBz = benzoate) were both
investigated. The insertion of CO; into the Pd—Ph bond of (P"PCP)PdPh complex shows a
dependence on the solvent, and the reaction is favored in MeCN and DMF compared with
THF and benzene. However, there is no evidence that (""PCP)PdOBz can facilitate the C—

H activation of benzene to complete a catalytic cycle.

The performance of Mel promoted methanol carbonylation using a series of capping

arene ligated Rh and Ir carbonyl complexes were compared. However, no improvement on
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the turnover frequency was observed compared to catalysis using [Rh(CO)2(u-Ch]2 or
[Ir(COE)2(u-Cl)]2. Mechanitic studies suggests that the capping arene ligated Rh or Ir
carbonyl complexes likely undergo a decomposition pathway when Mel is present,
resulting in the formation of an active catalyst without the corrdination of capping arene

ligands.

Last, a capping arene ligated Co(ll) complex, (5-FP)CoCl,, was synthesized and
characterized. Preliminary result for the styrene hydrogenation catalyzed by (5-FP)CoCl;
produced 5.6 £ 2.4 equivalents (based on (5-FP)CoCl,) of ethylbenzene for the best

condition.

6.2 Future Directions

6.2.1 Co-catalyzed alkyne partial hydrogenation to produce alkene

Although (5-FP)CoCl: is speculated to be a less active catalyst for olefin hydrogenation
than the capping arene Rh(l) catalysts based on the current results, this advantage can be
utilized by using (5-FP)CoCl> to catalyze the partial hydrogenation of alkyne to produce

alkene.

One of the early reports for partial reduction of alkynes is catalyzed by the Lindlar
catalyst, a heterogenous Pd based catalyst that is treated with calcium carbonate and lead
acetate. ! Catalytic alkyne partial hydrogenation reactions have been further developed by
using Ru, Ir and Pd catalysts.>” Recently, a few examples of Co-catalyzed alkyne partial
hydrogenation have been reported, which has been mainly focused on Co catalysts with
pincer ligands (Figure 6.2.1).2* However, these Co-catalyzed alkyne partial
hydrogenation reactions usually require either NHsBHs as the hydrogen source® ¥ or

highly reactive reducing agent (such as NaBHa)® or catalyst (Co' catalyst).!*
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Figure 6.2.1 Reported cobalt catalysts for alkyne partial hydrogenation.®1!

QD

(tBu),P ofP tBu),
PPh3 Br  Br K/O

We speculate that the (5-FP)CoCl. can also catalyze alkyne partial hydrogenation
without NH3BH3 or strong reducing agents such as NaBHa4. The capping arene ligand might
destabilize the high valent intermediate (likely Co'") by preventing the formation of an
octahedral complex due to the steric effect. The destabilized high valent intermediate could
potentially lead to a faster reductive elimination of the olefin product. The preliminary
studies could be performed on some liquid phase alkynes shown in Figure 6.2.2, which

includes terminal alkyne, internal alkyne, and conjugated alkynes.

Figure 6.2.2 Proposed target substrates for the studies on Co catalyzed alkyne partial
hydrogenation

=" woe=" =)

6.2.2 Development of ""capping arene' ligands

Despite the reactivity of capping arene catalyst observed in this work and previous
works, there are some improvements can be made by designing the new capping arene
ligands. The new features for the new “capping arene” ligated complexes may include: (1)
higher thermal stability; (2) better tolerance toward additives or solvents. For example, in
Chapter 4, it is demonstrated that the capping arene Rh or Ir complexes are unstable with
Mel at high temperature; (3) faster oxidative addition or reductive elimination reaction for

“new capping arene” ligated complexes.



236

Figure 6.2.3 shows some examples for the new designs for the capping arene ligands.
We speculate that the new capping arene ligands can form more stable metal complexes
against ligand dissociation due to the n-back bonding between phosphine and the metal
center. Additionally, there are many examples for catalytic methanol carbonylation
promoted by Mel using rhodium complexes with phosphine ligands, which suggests that
the phosphine-based ligands are tolerant to Mel.*>* Thus, the phosphine-based capping
arene Rh or Ir complexes should also be tolerant for environment with Mel, which might

be used to catalyze the methanol carbonylation with Mel promoter.

Figure 6.2.3 Proposed new capping arene ligands.
O Ppizhz PPh & N
(P (O U

1 2 3

Moreover, the capping arene complex with the two quinolyl groups in para or meta

positions on the benzene moiety might create a larger bite angle when coordinated to the
metal (Figure 6.2.3, ligand 3 and 4). It has been concluded that the bite angle of
biphosphine ligands on transition metal complexes can affect the rate of the oxidative
addition and reductive elimination reactions.® Since the oxidative addition and reductive
elimination reactions can often be the rate determining step of catalytic reactions,®%’
enhancing the rate of oxidative addition and reductive elimination reactions would improve
the rate of the catalytic processes. Hence, it will be an interesting topic to study the effect
of bite angle of these capping arenes on oxidative addition and reductive elimination

reactions.
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